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Abstract
Hepatocellular carcinoma (HCC) is a significant global health challenge, being one 
of the leading causes of cancer-related mortality. This review focuses on the intricate 
interactions within the tumor microenvironment and mesenchymal stem cells (MSCs) 
and it’s secretome in HCC and possible therapeutic responses. MSCs, characterized 
by their multipotent differentiation and self-renewal capabilities, can influence tumor 
behavior maybe through its secreted factors, including cytokines, growth factors and 
extracellular vesicles. This review summarizes the recent findings on role of MSCs in 
HCC, highlighting its involvement in different cell signaling pathways, including NF-
κB, Wnt/β-catenin, Notch1, Stat3, and TGF-β, which play a significant role in HCC and 
possibly exhibit both tumor-suppressive and/or tumor-promoting effects depending 
on the activation or deactivation of signaling pathways. Publications related to the 
topic between 2016 to 2025 were searched using databases like PubMed, Scopus, 
Google Scholar with keywords viz. HCC, mesenchymal stem cells, secretome, tumor 
microenvironment, and signaling pathways. Findings from different research studies 
depict that MSCs and their secretome can exert anti-tumor effects by inducing 
apoptosis and enhancing immune responses, they may also promote alternate 
effects like tumor proliferation and metastasis under certain conditions, related to the 
activation or deactivation of different signalling pathways. This review aims to provide 
a comprehensive understanding of the multifaceted roles of MSCs in HCC. The dual 
role and the complexities of MSCs is context dependent. However, advancements 
in MSC research showed that the modifications of MSCs and secretome-based 
therapies and targeting the signaling pathways may have the potential to overcome 
challenges like drug resistance in HCC treatment.

Keywords  Hepatocellular carcinoma, Mesenchymal stem cells, MSC secretome, Tumor 
microenvironment, Extracellular vesicles, Therapeutic intervention

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1007/s12672-025-03088-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s12672-025-03088-9&domain=pdf&date_stamp=2025-7-7


Page 2 of 19Jayachandran et al. Discover Oncology         (2025) 16:1276 

1  Introduction
Liver cancer is one of the leading causes of cancer-related deaths worldwide, with nearly 
800,000 deaths reported each year [1]. Hepatocellular carcinoma (HCC) is the most 
common type of liver cancer, accounting for approximately 85–90% of primary liver can-
cers, and is associated with high recurrence rates and poor treatment outcomes. Various 
risk factors, including chronic liver diseases, hepatitis B/hepatitis C infection, alcohol 
use, and environmental exposures to carcinogens, influence the development and pro-
gression of HCC, as shown in Fig.  1 [2]. Liver diseases such as hepatitis C, alcoholic 
liver disease, and non-alcoholic fatty liver disease tend to develop and worsen with older 
age, leading to adverse outcomes. HCC is characterized by advanced pathophysiologi-
cal interactions, a high malignancy rate, and a tendency to reoccur [3]. Liver transplan-
tation, surgery, radiation therapy, immunotherapy, ablation therapy, and embolization 
are some of the treatment options for HCC [4]. Understanding the mechanisms driving 
HCC progression is crucial for the advancement of effective therapeutic approaches [5].

Mesenchymal stem cells (MSCs) are emerging as a promising therapeutic approach 
in treating diseases such as Neurodegenerative diseases, Cardiovascular diseases, Auto-
immune diseases, Inflammatory diseases, hepatic disorders, and cancer [6, 7]. Some 
advantageous properties of MSCs include reduced immunogenicity, trans-differen-
tiation ability to other lineage cells, especially neuronal cells, cardiomyocytes, hepato-
cytes, and epithelial cells, the ability of chemotaxis, and the ability to target tumor sites 
with precision [8]. MSCs are multipotent stromal cells present in multiple tissues, such 
as bone marrow and adipose tissue [9]. They can differentiate into multiple cell types 
and play significant roles in tissue homeostasis and repair [10, 11]. Studies have dem-
onstrated that MSCs play a substantial role in oncogenesis and cancer cell dynamics by 
altering the tumor microenvironment (TME) [12]. Various factors influence the immune 
response and regulate tumor behavior by inhibiting or promoting tumor growth and 
progression [13]. Specifically, in HCC, MSCs have exhibited both tumor-suppressing 

Fig. 1  An illustrative diagram showing the progression of Hepatocellular carcinoma from liver cirrhosis, highlight-
ing key risk factors such as hepatitis B/hepatitis C Virus, diabetes, and alcohol consumption
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and tumor-promoting properties [14]. MSCs can also alter the extracellular matrix 
(ECM), which subsequently influences tumor metastasis and cellular migration [15]. The 
secretome of MSCs, which collectively refers to the molecules they secrete, including 
proteins, lipids, nucleic acids, growth factors, cytokines, and extracellular vesicles (EVs), 
such as exosomes and microvesicles, may play an important role in mediating the effects 
[16]. MSCs secretomes and HCC interact through several signaling pathways, including 
Wnt/β-catenin, NF-κB, Notch1, STAT3, and Transforming Growth Factor-beta (TGF-β) 
[17]. This review aims to consolidate key findings from the most relevant recent research 
on the role of MSCs and it’s secretome in HCC, highlighting the importance of targeting 
underlying signaling pathways in HCC. Additionally, we have summarised the role of 
MSCs and their secretome in the possible promotion and reduction of HCC depending 
on the activation/deactivation of the signaling pathways after doing a very rigorous lit-
erature review of the research evidence published by different researchers from 2016 to 
2025 [18–27].

2  Soluble and vesicular components of MSC secretome
Currently, increasing attention has been directed toward investigating the secretome 
produced by MSCs and its use as an alternative therapeutic approach in some difficult-
to-cure diseases. Limitations of only mesenchymal stem cell-based treatments include 
the possibility of tumorigenicity and cancer progression [28]. Additionally, heterogeneity 
and lack of standardization in MSC populations make it challenging to ensure consistent 
therapeutic outcomes after the treatments [29]. Another critical issue is unpredictable 
differentiation and integration, as MSCs may not always differentiate into the desired 
cell types or properly integrate into host tissues, potentially leading to unintended 
effects. Moreover, despite their immunomodulatory properties, MSC-based therapies 
can trigger an immune response against implanted MSCs [30]. Limited survival and 
engraftment post-implantation further reduce the long-term effectiveness of MSC treat-
ments, as many implanted cells fail to persist in the host environment [31]. Given these 
challenges, researchers are increasingly focusing on the MSC secretome, comprising 
both the soluble factors, cytokines, chemokines, growth factors, and vesicular compo-
nents like EVs are being explored as a potential approach to leverage the regenerative 
and immunomodulatory properties of MSCs [32].

MSC-derived soluble factors, including cytokines and chemokines, significantly influ-
ence various processes involved in disease progression, especially in conditions like 
cancer, liver fibrosis, neurodegeneration, and autoimmune disorders [33]. These small 
molecules can exert immunomodulatory effects by directly or indirectly regulating 
immune cell activity and their response to tissue or cellular damage [34]. Additionally, 
specific growth factors and cytokines present in the MSC secretome, such as transform-
ing growth factor-beta isoform 3 (TGF-β3), hepatocyte growth factor (HGF), interleu-
kin-10 (IL-10), and tumor necrosis factor-alpha (TNF-α), are known to modulate key 
cellular signaling pathways [35]. These factors contribute to fibrogenesis and can reduce 
liver fibrosis by promoting tissue repair and reducing excessive scar formation [36].

MSC-derived extracellular vesicles (MSC-EVs) offer several advantages over their par-
ent cells due to their unique cargo property, which includes mRNAs, microRNA, and 
proteins that can be effectively transferred to recipient cells, influencing various bio-
logical processes [37]. Compared to MSC-based therapies, MSC-EVs present significant 
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benefits in terms of storage, handling, and large-scale production, making them more 
practical for clinical application [38].

3  Current therapeutic strategies for HCC treatment
HCC remains a significant challenge, with existing therapeutic strategies demonstrating 
limited efficacy and posing substantial risks [39]. Treatments like liver transplantation, 
surgical resection, and local ablation are primarily effective in early-stage HCC but may 
have less efficacy in advanced cases [40]. The multi-kinase inhibitor Sorafenib tosylate 
was the first systemic therapy approved for advanced HCC, demonstrating a modest 
improvement in overall survival [41]. However, the development of drug resistance fre-
quently restricts its efficacy, and significant adverse effects may include hand-foot skin 
reactions, diarrhea, and hypertension, and not all HCC tumors are equally responsive to 
systemic therapy or anti-angiogenic antibodies [42].

Recent advancements have introduced immune checkpoint inhibitors, including 
Nivolumab and Pembrolizumab, which function by targeting the PD-1/PD-L1 pathway 
for HCC treatment [43]. While these agents have shown promise, their response rates 
in HCC patients remain variable, and immune-related adverse events can occur, neces-
sitating careful patient selection and monitoring [44]. The therapeutic combination of 
Atezolizumab, a monoclonal antibody targeting PD-L1, and Bevacizumab, an antibody 
that inhibits VEGF, has become the first choice for treating advanced HCC because it 
works better than Sorafenib tosylate [45]. Despite these advancements, challenges such 
as tumor heterogeneity and the development of resistance continue to impede long-term 
treatment success [46]. Stem cell therapy has recently emerged as a novel strategy for 
restoring deteriorated tissues and to manage HCC, especially those with end-stage liver 
disease.

Preclinical studies show that MSC secretomes support hepatocyte survival, lower 
oxidative stress, and protect against liver damage by switching immune responses and 
encouraging tissue regeneration [47]. For example, a conditioned medium made from 
MSCs derived from adipose tissue has been shown to aid tissues in healing and reduce 
inflammation in models of liver injury caused by drugs [47]. Similarly, MSC-derived 
EVs from human umbilical cord tissue have been shown to protect the liver by lowering 
apoptosis and oxidative stress in hepatocytes [48]. Further research is required to eluci-
date the way they function fully and to evaluate their safety as well as effectiveness in the 
setting of clinical use [49]. In summary, while recent advancements in newer therapies 
have enhanced the treatment of advanced HCC, they present limitations such as adverse 
effects and resistance [50]. Under these limitations, researchers have restored to cell-free 
regenerative therapies. One promising approach is exploring the secretome of MSCs, 
which is a complex mixture of soluble proteins, lipids, nucleic acids, and EVs, including 
exosomes. MSC secretome has multiple effects on hepatocytes and the tumour micro-
environment via regulating paracrine signaling pathways [51]. In HCC models, compo-
nents of the MSC secretome have been shown to reduce hepatocyte apoptosis, regulate 
oxidative stress, and inhibit pro-inflammatory and fibrotic signaling pathways. The 
delivery of certain microRNAs (e.g., miR-122, miR-199a-3p), growth factors (e.g., HGF, 
IGF-1), and anti-inflammatory cytokines (e.g., IL-10, TGF-β3) have been illustrated to 
promote liver regeneration and tumour suppression [52].
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Moreover, the secretome modulates several oncogenic pathways such as PI3K/Akt, 
Wnt/β-catenin, and NF-κB, contributing to reduced cell proliferation, migration, and 
angiogenesis in HCC. Exosomal cargo has also been shown to reprogram immune cell 
behavior within the tumor microenvironment, promoting a shift from an immunosup-
pressive to an immune-reactive phenotype, thereby enhancing anti-tumor immunity 
[53]. In addition, MSC-derived secretome therapy offers significant translational advan-
tages, including reduced immunogenicity, absence of tumorigenic risk, ease of storage 
and standardization, and potential for targeted delivery via engineered vesicles [54]. This 
therapeutic strategy indicates a significant change in advanced HCC treatment, moving 
away from generalised cytotoxic drugs and towards mechanism-based, precision regen-
erative medicine methods, both liver damage and tumour growth while reducing sys-
temic toxicity.

4  MSCs secretome as a promising therapeutic option for HCC
MSC-derived conditioned medium (MSC-CM) contains a diverse range of bioactive 
molecules, such as cytokines, chemokines, immunomodulatory agents, and growth 
factors. These components contribute to immunomodulation, suppress cell death and 
fibrosis, and may also help reduce cancer progression, as shown in Fig. 2 [55].

In early-stage HCC, MSCs can reduce oxidative stress, reduce reactive oxygen spe-
cies (ROS) accumulation, and maintain genomic stability [56]. MSC-secreted cytokines 
and EVs can also trigger immune activation and induce apoptosis in HCC cells [57]. For 
example, MSC-derived EVs containing miR-122 have been reported to enhance HCC 
sensitivity to chemotherapeutic agents like sorafenib by targeting cyclin G1 [58]. Addi-
tionally, miR-199a, another MSC-derived microRNA, downregulates the mTOR path-
way, an essential regulator of cellular growth and metabolism, thereby inhibiting tumor 
proliferation [25, 59]. Furthermore, an HCC animal model was successfully created 
through the scaffold-free transplantation of three cell sheets into rats’ livers: HCC cells 
alone, HCC cells with BMSCs, and HCC cells with UCMSCs [60]. All transplanted cell 
sheets induced tumors, but the addition of MSCs, particularly UCMSCs, reduced tumor 
size, suggesting an adverse effect on tumor development. This approach highlights the 

Fig. 2  A flowchart detailing the various components of the Mesenchymal stem cell and its secretome (cytokines, 
chemokines, growth factors, EVs) and their associated functions in Hepatocellular carcinoma
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potential for using certain MSC subtypes in cancer treatment and offers a valuable 
method for creating solid tumor models for clinical research [61]. The study demon-
strated that exosomes derived from human umbilical cord MSCs (hUCMSC-Ex) possess 
hepatoprotective properties by enhancing antioxidant defenses, thereby arresting the 
progression from liver injury to fibrosis and tumor development in HCC [62].

However, further research is required to figure out the mechanisms by which hUC-
MSC-Ex exerts these antioxidant effects during liver disease development [63]. This 
highlights the complexity of hepatotropic networks involved in tissue regulation and 
homeostasis. Additionally, the study by Tang et al. (2016) and other researchers dem-
onstrated that UC-MSCs effectively suppress the proliferation of HepG2 cells, and 
apoptosis is induced by decreasing the expression of AFP, Bcl-2, and Survivin, which 
are associated with apoptotic signaling pathways [20, 64]. These findings indicate that 
UC-MSCs could represent a potential and valuable cell source for MSC-based therapeu-
tic strategies aimed at treating HCC. The study also demonstrated that human amni-
otic mesenchymal stem cells (hAMSCs) inhibit the proliferation of HepG2 cells and 
promote apoptosis by blocking the Wnt/β-catenin and IGF-1R/PI3K/AKT signaling 
pathways [23]. This suggests that the administration of hAMSCs and their conditioned 
medium (hAMSC-CM) could be a novel clinical strategy for treating HCC. Moreover, 
co-culturing HCC cell lines with adipose-derived mesenchymal stem cells (ADMSCs) or 
their conditioned medium significantly inhibited cell proliferation and increased apop-
tosis while also reducing migration and invasion. This effect was linked to changes in key 
gene expressions and the suppression of important HCC markers, indicating ADMSCs’ 
potential as a therapeutic strategy for HCC [65].

In some recent comparative studies, it is illustrated that the therapeutic efficacy of 
MSCs derived from adipose tissue (AD-MSCs), bone marrow (BM-MSCs), and umbili-
cal cord (UC-MSCs) in the treatment of HCC can vary, significantly as a result of their 
distinct biological properties and secretory profiles [66]. AD-MSCs have significant 
pro-apoptotic and anti-migratory effects on HCC cells by secreting specific microRNAs 
and bioactive compounds that control apoptosis-related genes such as BAX, BCL-2, and 
Caspases. These MSCs also produce paracrine factors that inhibit EMT markers, reduc-
ing the invasive and metastatic potential of HCC cells [20]. UC-MSCs are active immu-
nomodulators, secreting anti-inflammatory cytokines such as IL-10, TGF-β, and PGE2. 
These factors contribute to immunological reprogramming by separating macrophages 
from M2 to M1, suppressing T cell proliferation, and modulating dendritic cell matura-
tion. UC-MSCs also had a better proliferation index, more in vitro growth capability, 
and lower immunogenicity than AD-MSCs and BM-MSCs [22].

A selection of intrinsic and extrinsic variables, such as donor age, physiological sta-
tus, tissue origin, and culture conditions, impact the functional heterogeneity of MSCs 
from various tissues. As a result of senescence-related alterations in their secretory 
nature, BM-MSCs generated from older persons frequently have reduced regenerative 
and anti-tumor activities. MSCs from younger or perinatal tissues, such as AD-MSCs 
and UC-MSCs, seem to have enhanced proliferative and bioactive characteristics [67]. 
Furthermore, external variables such as the composition of the culture medium, oxy-
gen content, and passage number during in vitro growth can significantly modify the 
molecular composition of the MSC secretome, influencing therapeutic efficiency. 
Understanding these biological changes is important for selecting MSC sources adapted 
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to the different stages of HCC. Personalised therapies, derived from molecular analy-
sis of the tumour microenvironment and patient-specific immunological characteristics, 
may improve therapy results [68]. Additional high-throughput proteome and transcrip-
tome investigations of MSC-derived secretome are required to determine the most 
therapeutically beneficial MSC variation for clinical applications in HCC. Researchers 
have also emphasized the dual-edged sword behavior of MSCs and their secretome in 
both progression and as targeted therapy for cancer [69]. Exosomes derived from cancer 
tissues/tumors play an important role in immunomodulation, and cancer-derived exo-
somes play a critical role in immunomodulation [70]. The impact of MSCs and their sec-
retome on cancer cells is complex and cancer stage dependent. TGF-β and IL-10 are the 
cytokines secreted by MSCs that contribute to an immunosuppressive TME that fosters 
tumor growth, while other factors like IFN-γ can enhance anti-tumor immune responses 
[71]. Additionally, MSC-derived EVs can influence the PI3K/AKT and Wnt/β-catenin, 
which regulate cancer cell survival and metastasis [72]. This dual nature underscores the 
importance and understanding of MSCs secretome for developing targeted cancer ther-
apies [73].

Moreover, MSC-derived EVs containing microRNAs such as miR-21 and miR-1247 
have been shown to enhance HCC cell proliferation and invasiveness via the PI3K/AKT 
and Wnt/β-catenin pathways, thereby contributing to treatment resistance [74]. Recent 
research has demonstrated that human MSCs (hMSCs) facilitate tumor growth through 
the activation of the MAPK signaling pathway and increase progression via epithelial-
mesenchymal transition (EMT) in vivo [75]. Another study demonstrated that hMSCs 
when administered to the HCC group, CD56 expression showed a significant reduc-
tion, whereas levels of TNF-α and IL-6 exhibited an increase, potentially contributing to 
tumor progression. RNA sequencing revealed that hMSCs enhanced hepatocyte migra-
tion and invasion by targeting ITGA5 [76].

5  Mesenchymal stem cell‑derived exosomes (MSCsEXOs) and HCC
MSC-based therapies face several limitations, including challenges in maintaining a con-
sistent nature of cells with stable phenotypes and the high costs associated with their 
isolation, characterization, and maintenance [77]. Additionally, MSCs present potential 
risks such as immune rejection and the possibility of tumor formation [78]. On the other 
hand, MSC-EXOs offer distinct advantages unlike MSCs, exosomes are more readily 
produced and stored, and their cell-free nature helps to reduce immune rejection and 
tumorigenesis [79]. Furthermore, their nanoscale types and bilayer lipid development 
facilitate targeted delivery to organs by crossing biological barriers [80].

MSC-EXOs possibly exhibit therapeutic effects in HCC. However, their role in cancer 
regulation is complex, acting as a double-edged sword [81]. As part of the tumor stro-
mal cell population, MSCs contribute to the formation of the TME [82]. Some studies 
indicate that MSC-EXOs can transfer tumor-associated factors, potentially promoting 
cancer cell proliferation [83]. Conversely, MSC-EXOs have also demonstrated therapeu-
tic potential, as research has shown that animals treated with exosomes develop signifi-
cantly smaller tumors with reduced volume ratios.

Compared to the control group, rats treated with exosomes displayed an increased pro-
portion of circulating Natural Killer T (NKT) cells on day 5 and day 15 following treat-
ment. Exosomes derived from adipose tissue mesenchymal stem cells (AMSC-EXOs) 
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have been shown to augment the anti-tumor activity of rat NKT cells, thereby facilitat-
ing the suppression of HCC and promoting low-grade tumor differentiation [84]. Simi-
larly, exosomes derived from bone marrow mesenchymal stem cells (BMSC-EXOs) have 
been shown to induce apoptosis and suppress the cell cycle progression of HepG2 cells 
[85]. Furthermore, in HCC rat models, the injection of BMSC-EXOs significantly sup-
pressed tumor angiogenesis, metastasis, and invasion in vivo [86]. hUCMSC-EXOs can 
treat CCl4-induced liver fibrosis in rats by significantly reducing type II and III collagen 
expression within three weeks of transplantation [87]. They also reduce liver damage by 
inhibiting the TGF-β1/Smad pathway and preventing EMT. Similarly, hBM-MSC-EXOs 
suppress Wnt/β-catenin signaling, reducing activation of hepatic stellate cells (HSCs), 
ultimately reducing CCl4-induced liver fibrosis [87]. Given the dual role of MSC-EXOs 
in tumor progression, exosomes that have been artificially engineered can also be used 
and offer greater advantages in HCC treatment [88]. miR-199a-3p-modified AMSC-
EXOs enhance HCC cell chemosensitivity by delivering miR-199a-3p and targeting the 
mTOR pathway. Overexpression of mTOR counteracts AMSC-EXO-199a’s effects on 
4EBP1 and 70S6K phosphorylation, as well as HCC cell chemoresistance [89]. Similarly, 
miR-451a-modified hUCMSC-derived exosomes enhance apoptosis, reduce resistance 
to paclitaxel, and regulate the cell cycle in HCC. Studies suggest that miR-451a from 
hUCMSC-derived exosomes inhibit the progression of EMT by downregulating Disinte-
grin and Metallopeptidase 10 (ADAM10), functioning as a suppressor of HCC [90].

6  MSC secretome-mediated modulation of target signaling pathways for HCC 
treatment
MSC secretomes have emerged as promising therapeutic agents in HCC due to their 
ability to regulate key oncogenic signaling pathways [91]. Various studies highlight 
their role in suppressing HCC proliferation by modulating pathways such as NF-κB, 
Wnt/β-catenin, Notch1, STAT3, and TGF-β [92]. These pathways are crucial in tumor 
progression, immune evasion, and therapeutic resistance, making MSC-derived factors 
valuable in targeting HCC at multiple levels. MSC secretomes exhibit direct and indirect 
tumor-suppressive effects by influencing cytokine release, such as anti-tumor cytokines, 
angiogenesis, apoptosis induction, and immune modulation [93]. Mechanisms of action 
of MSC secretome in HCC are integral to exploring its therapeutic potential, as shown 
in Table 1. It summarizes the role of key signaling pathways in HCC, highlighting how 
MSC secretomes influence these pathways through the delivery of miRNAs, cytokines, 
and regulatory proteins. By modulating STAT3, NF-κB, and MAPK/ERK pathways, 
MSC secretomes can suppress tumor progression, reduce inflammation, and enhance 
apoptosis, as evidenced by various research studies.

Shiota et al. (2017) have shown that the MSC secretome can suppress HCC cell pro-
liferation by regulating signaling pathways, including NF-κB, Wnt/β-catenin, Notch1, 
Stat3, and TGF-β [77]. Qiao et al. (2008) demonstrate that the conditioned media from 
human mesenchymal stem cells inhibit the proliferation of hepatoma and breast can-
cer cells, likely by downregulating specific factors of NF-κB signaling pathways and 
other related mechanisms [99]. Also, a recent investigation revealed that conditioned 
media from ADMSCs significantly inhibit the HCC cell proliferation and induction 
of programmed cell death. Studies also noted that treatment with ADMSCs resulted 
in the increased expression of tumor suppressor genes such as p53 and the decreased 
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expression of oncogenes like c-Myc and CTNNB1 [23]. These findings suggest that 
MSC-derived factors can influence pathways associated with β-catenin degradation 
and help suppress tumor growth [73]. ELISA and Western blot analysis revealed that 
MSCs secrete Dkk-1, inhibiting Wnt pathway factors like bcl-2 and β-catenin, leading 
to HepG2 cell apoptosis. Animal studies also confirmed that MSC secretomes suppress 
tumor growth in a dose-dependent manner, highlighting their therapeutic potential 
[100].

The Notch1 signaling pathway is a highly conserved pathway essential for regulating 
cell differentiation, tissue organization, and morphogenesis [101]. Emerging evidence 
indicates that this pathway is often dysregulated in various cancers and can function 
as either an oncogene or a tumor suppressor, depending on the cellular situation [102]. 
Recent studies have demonstrated that MSC secretome effectively inhibits HepG2 cell 
growth through the downregulation of Notch1 signaling. Furthermore, research indi-
cates that novel curcumin derivative (NCD) amplifies the antitumor effects of MSC sec-
retome by suppressing Notch1-regulated gene expression. These findings suggest that 
targeting the Notch1 pathway with MSCs and NCD could serve as a promising thera-
peutic strategy for HCC [103].

Also, the STAT3 pathway’s critical transcription factor is frequently activated in HCC, 
playing a pivotal role in tumor progression and survival [104]. It drives carcinogenesis 

Table 1  Mechanisms of action of mesenchymal stem cells and its secretome in hepatocellular 
carcinoma
Signaling 
pathway

Role in HCC MSC secretome’s influence Mechanisms of action Refer-
ences

Wnt/β-Catenin Promotes cell prolif-
eration, migration, 
and survival; linked 
to tumor growth and 
poor prognosis.

MSC-derived exosomes can 
carry miRNAs that promote 
β-catenin degradation and 
reduce its nuclear activity.

Modulation through 
miRNAs such as miR-
145 and miR-34a that 
downregulate Wnt 
pathway components.

 [88]

TGF-β It acts as a tumor sup-
pressor in early HCC 
but promotes EMT 
and metastasis in later 
stages.

MSC secretome factors can 
counterbalance TGF-β’s 
tumor-promoting effects, 
potentially restoring its sup-
pressive role.

Includes cytokines and 
miRNAs that modulate 
TGF-β signaling, inhibit-
ing EMT and enhancing 
anti-tumor immune 
response.

 [94]

STAT3 Drives cell proliferation, 
angiogenesis, immune 
suppression, and 
chemoresistance.

MSC-derived EVs with 
miRNAs such as miR-124 and 
anti-inflammatory cytokines 
reduce STAT3 activity, promot-
ing apoptosis.

Direct inhibition of 
STAT3 phosphorylation 
and transcriptional 
activity.

 [95]

NF-κB Regulates inflamma-
tory responses and 
supports cell survival, 
contributing to chronic 
liver inflammation and 
HCC progression.

MSC secretome carries miR-
NAs (e.g., miR-146a) that can 
downregulate NF-κB signal-
ing, reducing inflammation.

Inhibition of cytokine 
production and interfer-
ence with NF-κB activa-
tion pathways.

 [96]

PI3K/AKT Promotes cell growth, 
survival, and metabolic 
activity in HCC

MSC-derived exosomes 
transfer miR-21 and miR-
199a to modulate PI3K/AKT 
activity, potentially reducing 
chemoresistance.

Regulation through the 
modulation of PTEN 
and other signaling 
inhibitors.

 [97]

MAPK/ERK Associated with cell 
differentiation and pro-
liferation; implicated 
in tumor growth and 
progression.

Factors from the MSC secre-
tome can modulate MAPK/
ERK pathways to promote 
apoptosis in HCC cells.

MSC-derived exosomes 
containing regulatory 
proteins inhibit ERK 
signaling.

 [98]
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by regulating genes that regulate cell proliferation, apoptosis inhibition, and angiogen-
esis. Frequent activation of STAT3 contributes to tumor aggressiveness, therapeutic 
resistance, and the modulation of the tumor microenvironment, making it a key target 
for HCC therapies [105, 106]. The MSC secretome modulates the TME in HCC, includ-
ing the regulation of cytokines that influence STAT3 activation. Recent studies have 
shown that MSC-derived factors can help inhibit aberrant STAT3 signaling in tumor 
cells, promoting apoptosis and reducing tumor progression [107]. Certain anti-inflam-
matory cytokines released by MSCs have been reported to downregulate STAT3 activity, 
offering potential therapeutic benefits in HCC treatment [20]. Additionally, MSCs can 
enhance anti-tumor immunity by modulating immune responses through the release of 
specific cytokines, which can counteract the pro-tumorigenic effects of STAT3 activa-
tion in HCC [108]. This paracrine signaling effect positions MSCs as a promising tool for 
targeting STAT3 signaling and improving therapeutic outcomes in HCC [109].

Additionally, TGF-β signaling plays an important role in maintaining liver function 
and promoting tissue repair while also regulating cell proliferation and apoptosis. In 
HCC, it inhibits cell proliferation in the early stages but promotes EMT and metastasis 
in advanced stages [110]. Additionally, TGF-β influences the tumor microenvironment 
by regulating MMP expression and immune evasion. MSC-derived factors can counter-
act TGF-β’s pro-tumor effects, restoring its tumor-suppressive function [111]. However, 
a recent study indicates that TGF-β can also exert anti-tumor effects under certain con-
ditions by enhancing the immune response against tumors [94]. Targeting TGF-β signal-
ing could, therefore, help restore its tumor-suppressive functions [112]. While TGF-β is 
often associated with tumor promotion, MSCs secrete other factors that can counteract 
its effects on cancer cells, potentially reestablishing its function as a tumor suppressor 
by augmenting immune responses against neoplasms [113]. Sohrabi et al. (2022) and 
Ferreira et al. (2018) emphasize that certain factors within the secretome can enhance 
immune responses and inhibit tumor growth by counteracting the immunosuppressive 
effects of TGF-β, thus restoring its tumor-inhibiting function. Altogether, these studies 
indicate that TGF-β signaling has a complex role in liver health and disease, affecting 
processes like cell proliferation, differentiation, and immune response within the TME 
[114, 115].

7  Potential therapeutic roles of MSCs and their secretome in HCC
Genetic modification of MSCs represents a promising strategy to enhance their anti-
tumor properties [115]. A study demonstrated that genetically engineered MSCs can 
deliver therapeutic agents directly to HCC cells, utilizing their natural homing ability 
to target tumor sites effectively. This method not only enhances the local concentration 
of anti-tumor agents but also minimizes systemic toxicity, making it a compelling strat-
egy for HCC treatment [85]. Exosomes derived from MSCs, which are extracellular ves-
icles of nanosize, are being explored for their therapeutic potential [116]. Research has 
shown that exosomes enriched with specific microRNAs can inhibit HCC cell prolifera-
tion and induce apoptosis. Adipose tissue-derived MSCs have demonstrated the ability 
to enhance radiotherapy’s effectiveness on HCC cells by altering the expression of the 
TGF-β pathway [117].

Targeting specific signalling pathways influenced by the MSC secretome may offer new 
therapeutic strategies. TGF-β is recognized as an important factor in the development of 
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HCC and the development of fibrosis [26]. A study highlighted that MSC-derived factors 
could inhibit TGF-β1-induced EMT, a critical process in cancer metastasis. The STAT3 
pathway is another target influenced by the MSC secretome. Evidence suggests that 
inhibiting STAT3 signaling can reduce tumor growth and enhance apoptosis in HCC 
cells. Studies have found that AT-MSCs can downregulate STAT3 expression, thereby 
enhancing the therapeutic efficacy of combined treatments like radiotherapy on HCC 
cells [118]. Despite the promising advantages of MSCs and their secretome in the man-
agement of HCC, they encompass a wide range of bioactive factors that facilitate tissue 
repair, regeneration, and the modulation of immune responses [119]. It is also defined 
as the aggregation of soluble proteins, nucleic acids, lipids, and EVs secreted by MSCs, 
which can exert significant biological effects on target cells [120].

In myocardial infarction, MSC secretomes have demonstrated the ability to enhance 
cardiac function by reducing myocardial apoptosis and promoting angiogenesis, possi-
bly through the activation of growth factors within the secretome, such as insulin-like 
growth factor (IGF) and VEGF, which contribute to these effects [121]. MSC secretomes 
may help in neuronal differentiation and protection against ischemic damage [122], 
which depicts their diverse role. However, the secretome can inhibit T-cell activation 
and clonal expansion, thereby reducing the severity of autoimmune responses. This is 
particularly relevant in conditions like systemic lupus erythematosus (SLE), where MSC-
derived factors have been demonstrated to reduce symptoms by influencing T-cell dif-
ferentiation [118]. Also, the capacity of MSC secretomes to stimulate angiogenesis is 
important for effective tissue repair. Factors like FGF and VEGF found in the MSC sec-
retome stimulate the proliferation and migration of endothelial cells, leading to the for-
mation of additional blood vessels [121].

Among various sources of MSCs for prospective HCC therapy, UC-MSCs are 
observed to be a viable and potentially superior alternative to BM-MSCs. UC-MSCs 
possess a more primitive phenotype, higher proliferative capacity, and lower senescence 
rates compared to BM-MSCs [123]. These characteristics allow UC-MSCs to maintain 
their stemness and therapeutic functionality over prolonged culture periods, which is 
essential for secretomes for clinical use. Furthermore, UC-MSCs are more resistant to 
oxidative stress and hypoxic conditions, which enhances their viability and activity in the 
tumor microenvironment commonly observed in HCC [59].

In addition to their proliferative advantage, UC-MSCs have a more significant immu-
nomodulatory profile than BM-MSCs. They secrete higher concentrations of immu-
nosuppressive factors such as IL-10, TGF-β, and indoleamine 2,3-dioxygenase, which 
reduce pro-inflammatory responses and enhance immunological tolerance by regulating 
T cell activity and macrophage polarization [124]. Moreover, the UC-MSC secretome 
contains a distinct composition of anti-fibrotic and anti-tumor microRNAs and proteins 
that target key signaling pathways implicated in HCC progression, including Wnt/β-
catenin, PI3K/Akt, and TGF-β/Smad [125]. These molecular characteristics not only 
support hepatocyte survival and tissue regeneration but also suppress tumor growth 
and metastasis. Given the possibility of isolating via non-invasive procedures, less ethi-
cal issues, and constant therapeutic output, UC-MSCs are an excellent cell source for 
the development of sophisticated, cell-free regenerative treatments for HCC. The MSC 
secretomes role has been the focus of a comprehensive investigation on wound healing. 
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MSC-CM has been demonstrated to enhance wound healing by promoting re-epithelial-
ization, granulation tissue formation, and collagen deposition [126].

While MSC-derived secretomes have therapeutic potential, they also exhibit a dual 
role in cancer, which is context dependent and the therapeutic targets of MSC secre-
tome in HCC, is shown in Table 2, which highlights therapeutic strategies using MSC 
secretomes in HCC, including gene-modified MSCs, exosome-mediated drug delivery, 
miRNA-enriched exosome therapy, immune modulation, anti-angiogenesis, and liver 
regeneration support. Each approach offers benefits like targeted therapy, reduced cel-
lular toxicity, and enhanced immune response, though challenges such as stability, off-
target effects, and balancing immune activity remain, further elucidating their complex 
role. TME and MSC secretomes can either inhibit or promote tumor growth depend-
ing upon the activation or deactivation of different cancer specific signaling pathways 
[127]. As research progresses towards understanding the precise mechanisms involved 
and optimizing production methods, MSC secretomes may pave the way for innovative 
cell-free therapies that harness the regenerative capabilities inherent in stem cell biology 
[128].

Table 2  Therapeutic targets of mesenchymal stem cells and its secretome in hepatocellular 
carcinoma
Therapeutic targets MSC secretome 

component
Mechanism of 
action

Potential 
benefits

Challenges Ref-
er-
ences

Genetically engi-
neered MSCs

TRAIL-expressing 
exosomes

Induce targeted 
apoptosis in HCC 
cells through death 
receptor activation.

Selective induc-
tion of cancer 
cell death with 
minimal side 
effects.

Stability and 
targeted delivery 
in in vivo model.

 [129]

Exosome-mediated 
Drug Delivery

Exosomes loaded 
with doxorubicin

Facilitates targeted 
chemotherapy 
delivery, enhancing 
drug cytotoxicity in 
HCC cells.

Reduces sys-
temic toxicity and 
improves drug 
concentration at 
the tumor site.

Optimization 
of drug loading 
and release 
mechanisms.

 [130]

miRNA-Enriched Exo-
some Therapy

miR-122, 
miR-199a

Sensitize HCC 
cells to sorafenib 
and inhibit 
growth through 
mTOR pathway 
downregulation.

Overcomes 
drug resistance 
and enhances 
the efficacy of 
chemotherapies

Potential risk of 
off-target effects 
and miRNA 
degradation.

 [131]

Immune Modulation Cytokines (e.g., 
IL-10, IFN-γ) and 
growth factors

Modulates immune 
response, enhanc-
ing T cell and NK 
cell activity and 
inhibiting immune 
evasion.

Boosts anti-
tumor immune 
response 
and reduces 
tumor immune 
suppression

Potential immune 
overactivation 
and balanc-
ing anti-tumor 
vs. pro-tumor 
responses.

 [132]

Anti-angiogenesis VEGF inhibitors in 
MSC secretome

Suppresses VEGF 
signaling, reducing 
tumor vasculariza-
tion and growth.

limits blood 
supply to the 
tumor, impairing 
nutrient access 
and metastasis 
potential.

Avoidance of 
compensa-
tory angiogenesis 
pathways.

 [133]

Liver Regeneration HGF and FGF in 
MSC secretome

Stimulates regen-
eration of healthy 
liver tissue while 
targeting tumor 
growth

Supports post-
treatment liver 
recovery and 
reduces risk of 
recurrence.

Risk of inadver-
tently promoting 
tumorigenic 
pathways.

 [134]



Page 13 of 19Jayachandran et al. Discover Oncology         (2025) 16:1276 

8  Challenges and future perspectives in MSC-based therapy for HCC
Large-scale clinical studies, improved delivery systems, and regulatory standardization 
of MSC-derived secretome products are to be the primary areas of future research [135]. 
Furthermore, bioengineered exosomes loaded with chemotherapeutic agents or siRNAs 
offer an exciting platform for targeted therapy, reducing systemic toxicity and improv-
ing HCC outcomes [136]. Promoting upon this, the clinical translation of MSC-derived 
secretome-based therapies requires standardization of manufacturing protocols, includ-
ing the source of MSCs, culture conditions, and methods of secretome isolation and 
purification [137]. This standardization is essential to ensure batch-to-batch consistency, 
reproducibility, and regulatory compliance for clinical-grade secretome-based products.

Additionally, advancements in nanotechnology have enabled the engineering of EVs, 
particularly exosomes, as targeted drug-delivery vehicles [138]. By functionalizing the 
surface of exosomes with ligands that bind to receptors overexpressed in HCC cells, 
or by incorporating tumor-homing peptides, these vesicles can achieve selective deliv-
ery to tumor sites. Encapsulation of siRNAs, miRNAs, or small-molecule drugs within 
exosomes not only protects the therapeutic cargo from enzymatic degradation but also 
facilitates endocytosis-mediated uptake by cancer cells. This targeted approach has the 
potential to enhance intracellular drug bioavailability, bypass multidrug resistance mech-
anisms, and minimize off-target effects in healthy tissues [139]. Future research should 
focus on optimizing the loading efficiency, stability, and biodistribution of bioengineered 
exosomes, as well as conducting rigorous preclinical and clinical evaluations to support 
their therapeutic application in HCC. However, there are still safety concerns because 
one recent study has revealed that MSCs might unintentionally encourage tumor growth 
by improving the TME through pathways like Wnt/β-catenin and MAPK [133]. Before 
MSCs were used in the healthcare sector, the regulatory bodies placed more importance 
on high standards of research outcomes to ensure the quality and functional efficacy.

Moreover, MSCs frequently discover the difficulty of targeting HCC sites, so enhanc-
ing homing efficiency is still a concern to address. A greater understanding of the haz-
ards is necessary because the delivery of MSCs has a risk of thromboinflammatory 
reactions, which can result in problems, including pulmonary embolism [132]. Ulti-
mately, the shortage of long-term monitoring and efficacy in current research empha-
sizes the necessity of extensive longitudinal studies to assess potential negative effects 
over time. Future directions for MSC-based therapies for HCC depend on developing 
innovative methods to improve their therapeutic efficacy and safety. The MSC secre-
tome is an exciting new therapeutic alternative for liver diseases as an acellular regen-
erative or reparative treatment. Almost every postnatal tissue, including the umbilical 
cord, bone marrow, and adipose tissue, has MSCs [36, 140]. Personalized therapy proce-
dures that modify the MSC therapy profile and tumor type are also expected to improve 
results. Assessing the efficacy of MSC therapies while they go from the experimental to 
the clinical stages will also require developing a strong regulatory system. Additionally, 
the exact mechanism of action, potency, long-term efficacy, and safety of administering 
MSCs and its secretome in patients with HCC need to be validated further. MSCs and 
its secretome therapy are a new approach as they possess flexible differentiation poten-
tial and the ability to release cytokines and chemokines that enhance angiogenesis and 
aid in cell division and proliferation. In general, these developments have great potential 
for developing MSC-based therapies for HCC in the future [141].
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9  Conclusion
This review summarises the pivotal roles of MSCs and their secretome in HCC. The 
nature of MSCs, characterized by their ability to both inhibit and promote tumor 
growth depending on the disease stage, presents significant challenges and opportuni-
ties for further validation of their therapeutic interventions in HCC. Since in the major-
ity of advanced HCC cases, therapeutic options are limited due to underlying chronic 
liver cirrhosis and poor response to chemotherapy, advances in MSC engineering and 
secretome-based therapies promise to overcome drug resistance and enhance clinical 
outcomes in HCC. However, the specific mechanism of action by which MSCs, their 
secretome, and their paracrine factors exert their trophic and therapeutic effects in HCC 
still needs extensive research. Key signaling pathways, including Wnt/β-catenin, TGF-
β, STAT3, and NF-κB, mediate these interactions, highlighting the complexity of MSC 
contributions to HCC dynamics. Further long-term clinical trials are warranted, with 
specific notes on route of administration, nature of transplanted cells, and HCC stage 
and association with other comorbidities, which might offer critical direction for clini-
cians and researchers in pursuit of the further translation of such therapies. Ultimately, 
integrating molecular insights with therapeutic perspectives, this review aims to provide 
a comprehensive understanding of the multifaceted roles of MSCs in HCC.
Acknowledgements
The authors are thankful to the Chettinad Academy of Research and Education (CARE) for providing the infrastructural 
and financial support.

Author contributions
AB, AKD and AKR designed the study and conceptualized the work. JJ, RAT, and AM collected the datasets, performed all 
the data analysis and wide-ranging aspects of the manuscript preparation, and designed the pictorial representations. 
JJ, RAT, and AB designed the images and tables. AKR, AB, and AKD critically reviewed the draft manuscript and provided 
critical suggestions on the data analyses. All authors have read and approved the final manuscript.

Funding
Open access funding provided by University of Oslo (incl Oslo University Hospital). The authors acknowledge the 
Chettinad Academy of Research and Education (CARE) for their support. JJ acknowledges Chettinad Academy of 
Research and Education (CARE) for providing the JRF fellowship.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
NA.

Consent for publication
All authors have read and approved the final version of the manuscript. All authors have given consent for publication of 
this review article.

Competing interests
The authors declare no competing interests.

Received: 21 April 2025 / Accepted: 25 June 2025

References
1.	 Sayiner M, Golabi P, Younossi ZM. Disease burden of hepatocellular carcinoma: a global perspective. Dig Dis Sci. 

2019;64(4):910–7. https://doi.org/10.1007/s10620-019-05537-2.
2.	 Giri S, Singh A. Epidemiology of hepatocellular carcinoma in India– an updated review for 2024. J Clin Exp Hepatol. 

2024;14(6):101447. https://doi.org/10.1016/j.jceh.2024.101447.
3.	 Saha B, Pallatt S, Banerjee A, Banerjee AG, Pathak R, Pathak S. Current insights into molecular mechanisms and potential 

biomarkers for treating Radiation-Induced liver damage. Cells. 2024;13(18):1560–80. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​c​e​l​l​s​1​3​1​8​1​5​6​
0​​​​​.​​​

4.	 Worlikar T, Zhang M, Ganguly A, Hall TL, Shi J, Zhao L, et al. Impact of histotripsy on development of intrahepatic metasta-
ses in a rodent liver tumor model. Cancers (Basel). 2022;14(7):1612–29. https://doi.org/10.3390/cancers14071612.

https://doi.org/10.1007/s10620-019-05537-2
https://doi.org/10.1016/j.jceh.2024.101447
https://doi.org/10.3390/cells13181560
https://doi.org/10.3390/cells13181560
https://doi.org/10.3390/cancers14071612


Page 15 of 19Jayachandran et al. Discover Oncology         (2025) 16:1276 

5.	 Li J, Wang QB, Liang YB, Chen XM, Luo WL, Li YK, Chen X, Lu QY, Ke Y. Tumor-associated lymphatic vessel density is a 
reliable biomarker for prognosis of esophageal cancer after radical resection: a systemic review and meta-analysis. Front 
Immunol. 2024;20:15:1453482–94. https://doi.org/10.3389/fimmu.2024.1453482.

6.	 Hoang DM, Pham PT, Bach TQ, Ngo AT, Nguyen QT, Phan TT, Nguyen GH, Le PT, Hoang VT, Forsyth NR, Heke M. Stem cell-
based therapy for human diseases. Signal Trans Target Ther. 2022;6(1):272–313. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​3​9​2​-​0​2​2​-​0​1​1​3​
4​-​4​​​​​.​​​

7.	 Ding Y, Luo Q, Que H, Wang N, Gong P, Gu J. Mesenchymal stem cell-derived exosomes: a promising therapeutic agent for 
the treatment of liver diseases. Int J Mol Sci. 2022;23(18):10972–90. https://doi.org/10.3390/ijms231810972.

8.	 Zhidu S, Ying T, Rui J, Chao Z. Translational potential of mesenchymal stem cells in regenerative therapies for human dis-
eases: challenges and opportunities. Stem Cell Res Ther. 2024;15(1):266–87. https://doi.org/10.1186/s13287-024-03885-z.

9.	 Kannan S, Viswanathan P, Gupta PK, Kolkundkar UK. Characteristics of pooled wharton’s jelly mesenchymal stromal cells 
(WJ-MSCs) and their potential role in rheumatoid arthritis treatment. Stem Cell Rev Rep. 2022;18(5):1851–64. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​0​0​7​/​s​1​2​0​1​5​-​0​2​2​-​1​0​3​4​4​-​w​​​​​.​​​

10.	 Deka D, Baildya N, Anandan B, Adhikary S, Sahare P, Pathak S, Thakkar N, Paul S, Banerjee A. The potential of Rutin and 
Curcumin in inducing differentiation of mouse C3H10 cells towards a Neuronal-Like lineage. Revista Brasileira De Farma-
cognosia. 2024;34(6):1413–25. https://doi.org/10.1007/s43450-024-00592-x.

11.	 Banerjee A, Bizzaro D, Burra P, Di Liddo R, Pathak S, Arcidiacono D, et al. Umbilical cord mesenchymal stem cells modulate 
dextran sulfate sodium-induced acute colitis in immunodeficient mice. Stem Cell Res Ther. 2015;6(1):79–82. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​1​8​6​/​s​1​3​2​8​7​-​0​1​5​-​0​0​7​3​-​6​​​​​.​​​

12.	 Atiya H, Frisbie L, Pressimone C, Coffman L. Mesenchymal stem cells in the tumor microenvironment. Adv Exp Med Biol. 
2020;1234:31–42. https://doi.org/10.1007/978-3-030-37184-5_3.

13.	 Hass R. Role of MSC in the tumor microenvironment. Cancers (Basel). 2020;12(8):2107–24. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​c​a​n​c​e​r​s​
1​2​0​8​2​1​0​7​​​​​.​​​

14.	 Liu J, Gu L, Zhang D, Li W. Determining the prognostic value of Spliceosome-Related genes in hepatocellular carcinoma 
patients. Front Mol Biosci. 2022;9:759792–804. https://doi.org/10.3389/fmolb.2022.759792.

15.	 Ruiz-Manriquez LM, Carrasco-Morales O, Sanchez ZEA, Osorio-Perez SM, Estrada-Meza C, Pathak S, Banerjee A, Bandyo-
padhyay A, Duttaroy AK, Paul S. MicroRNA-mediated regulation of key signaling pathways in hepatocellular carcinoma: a 
mechanistic insight. Front Genet. 2022;2:13910733. https://doi.org/10.3389/fgene.2022.910733.

16.	 Hou L, Wang X, Zhou Y, Ma H, Wang Z, He J, et al. Inhibitory effect and mechanism of mesenchymal stem cells on liver 
cancer cells. Tumor Biology. 2014;35(2):1239–50. https://doi.org/10.1007/s13277-013-1165-5.

17.	 Li J, Liang YB, Wang QB, Li YK, Chen XM, Luo WL, Lakang Y, Yang ZS, Wang Y, Li ZW, Ke Y. Tumor-associated lymphatic vessel 
density is a postoperative prognostic biomarker of hepatobiliary cancers: a systematic review and meta-analysis. Front 
Immunol. 2025;7(15):1519999–20013. https://doi.org/10.3389/fimmu.2024.1519999.

18.	 Eleuteri S, Fierabracci A. Insights into the secretome of mesenchymal stem cells and its potential applications. Int J Mol Sci. 
2019;20(18):4597–620. https://doi.org/10.3390/ijms20184597.

19.	 Sekar V, Veerabathiran R, Pandian A, Sivamani G. Targeting liver cancer stem cell through EpCAM therapy targeted with 
chemotherapy endorse enhanced progression in hepatocellular carcinoma. Egypt Liver J. 2023;16(1):29–38. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​1​8​6​/​s​4​3​0​6​6​-​0​2​3​-​0​0​2​6​3​-​x​​​​​.​​​

20.	 Tang YM, Bao WM, Yang JH, Ma LK, Yang J, Xu Y, et al. Umbilical cord-derived mesenchymal stem cells inhibit growth and 
promote apoptosis of HepG2 cells. Mol Med Rep. 2016;14(3):2717–24. https://doi.org/10.3892/mmr.2016.5537.

21.	 Subbarayan R, Murugan Girija D, Raja ST, Krishnamoorthy A, Srinivasan D, Shrestha R, Srivastava N, Ranga Rao S. Condi-
tioned medium-enriched umbilical cord mesenchymal stem cells: a potential therapeutic strategy for spinal cord injury, 
unveiling transcriptomic and secretomic insights. Mol Biol Rep. 2024;51(1):570–84. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​1​0​3​3​-​0​2​4​-​0​9​
5​0​3​-​8​​​​​.​​​

22.	 Jiang W, Tan Y, Cai M, Zhao T, Mao F, Zhang X, et al. Human umbilical cord MSC-derived exosomes suppress the develop-
ment of CCl4 -induced liver injury through antioxidant effect. Stem Cells Int. 2018;2018:6079642–52. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​5​
5​/​2​0​1​8​/​6​0​7​9​6​4​2​​​​​.​​​

23.	 Serhal R, Saliba N, Hilal G, Moussa M, Hassan GS, El Atat O, et al. Effect of adipose-derived mesenchymal stem cells on 
hepatocellular carcinoma: In vitro Inhibition of carcinogenesis. World J Gastroenterol. 2019;25(5):567–83. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​
.​3​7​4​8​/​w​j​g​.​v​2​5​.​i​5​.​5​6​7​​​​​.​​​

24.	 Wu L, Tang Q, Yin X, Yan D, Tang M, Xin J, et al. The therapeutic potential of adipose tissue-derived mesenchymal stem cells 
to enhance radiotherapy effects on hepatocellular carcinoma. Front Cell Dev Biol. 2019;7:267–82. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​f​
c​e​l​l​.​2​0​1​9​.​0​0​2​6​7​​​​​.​​​

25.	 Liu Q, Li J, Zhang X, Liu Y, Liu Q, Xiao L, et al. Human amniotic mesenchymal stem cells inhibit hepatocellular carcinoma in 
tumour-bearing mice. J Cell Mol Med. 2020;24(18):10525–41. https://doi.org/10.1111/jcmm.15668.

26.	 Wei JJ, Tang L, Chen LL, Xie ZH, Ren Y, Qi HG, et al. Mesenchymal stem cells attenuates TGF-β1-Induced EMT by increasing 
HGF expression in HK-2 cells. Iran J Public Health. 2021;50(5):908–18. https://doi.org/10.18502/ijph.v50i5.6108.

27.	 Liu J, Gu L, Zhang D, Li W. Determining the prognostic value of spliceosome-related genes in hepatocellular carcinoma 
patients. Front Mol Biosci. 2022;9:92–102. https://doi.org/10.3389/fmolb.2022.759792.

28.	 Huerta CT, Ortiz YY, Liu ZJ, Velazquez OC. Methods and limitations of augmenting mesenchymal stem cells for therapeutic 
applications. Adv Wound Care (New Rochelle). 2023;12(8):467–81. https://doi.org/10.1089/wound.2022.0107.

29.	 Wright A, Arthaud-Day ML, Weiss ML. Therapeutic use of mesenchymal stromal cells: the need for inclusive characteriza-
tion guidelines to accommodate all tissue sources and species. Front Cell Dev Biol. 2021;9:632717–34. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​
3​8​9​/​f​c​e​l​l​.​2​0​2​1​.​6​3​2​7​1​7​​​​​.​​​

30.	 Műzes G, Sipos F. Mesenchymal stem cell-derived secretome: a potential therapeutic option for autoimmune and 
immune-mediated inflammatory diseases. Cells. 2022;11(15):2300–22. https://doi.org/10.3390/cells11152300.

31.	 Chawla S, Das A. Preclinical-to-clinical innovations in stem cell therapies for liver regeneration. Curr Res Transl Med. 
2023;71(1):103365. https://doi.org/10.1016/j.retram.2022.103365.

32.	 Jia Z, Zhang S, Li W. Harnessing stem cell-derived extracellular vesicles for the regeneration of degenerative bone condi-
tions. Int J Nanomed. 2023;18:5561–78. https://doi.org/10.2147/IJN.S424731.

33.	 Mooli RGR, Mukhi D, Ramakrishnan SK. Oxidative stress and redox signaling in the pathophysiology of liver diseases. 
Compr Physiol. 2022;12(2):3167–92. https://doi.org/10.1002/cphy.c200021.

https://doi.org/10.3389/fimmu.2024.1453482
https://doi.org/10.1038/s41392-022-01134-4
https://doi.org/10.1038/s41392-022-01134-4
https://doi.org/10.3390/ijms231810972
https://doi.org/10.1186/s13287-024-03885-z
https://doi.org/10.1007/s12015-022-10344-w
https://doi.org/10.1007/s12015-022-10344-w
https://doi.org/10.1007/s43450-024-00592-x
https://doi.org/10.1186/s13287-015-0073-6
https://doi.org/10.1186/s13287-015-0073-6
https://doi.org/10.1007/978-3-030-37184-5_3
https://doi.org/10.3390/cancers12082107
https://doi.org/10.3390/cancers12082107
https://doi.org/10.3389/fmolb.2022.759792
https://doi.org/10.3389/fgene.2022.910733
https://doi.org/10.1007/s13277-013-1165-5
https://doi.org/10.3389/fimmu.2024.1519999
https://doi.org/10.3390/ijms20184597
https://doi.org/10.1186/s43066-023-00263-x
https://doi.org/10.1186/s43066-023-00263-x
https://doi.org/10.3892/mmr.2016.5537
https://doi.org/10.1007/s11033-024-09503-8
https://doi.org/10.1007/s11033-024-09503-8
https://doi.org/10.1155/2018/6079642
https://doi.org/10.1155/2018/6079642
https://doi.org/10.3748/wjg.v25.i5.567
https://doi.org/10.3748/wjg.v25.i5.567
https://doi.org/10.3389/fcell.2019.00267
https://doi.org/10.3389/fcell.2019.00267
https://doi.org/10.1111/jcmm.15668
https://doi.org/10.18502/ijph.v50i5.6108
https://doi.org/10.3389/fmolb.2022.759792
https://doi.org/10.1089/wound.2022.0107
https://doi.org/10.3389/fcell.2021.632717
https://doi.org/10.3389/fcell.2021.632717
https://doi.org/10.3390/cells11152300
https://doi.org/10.1016/j.retram.2022.103365
https://doi.org/10.2147/IJN.S424731
https://doi.org/10.1002/cphy.c200021


Page 16 of 19Jayachandran et al. Discover Oncology         (2025) 16:1276 

34.	 Singh S, Barik D, Arukha AP, Prasad S, Mohapatra I, Singh A, et al. Small molecule targeting immune cells: a novel approach 
for cancer treatment. Biomedicines. 2023;11(10):2621–57. https://doi.org/10.3390/biomedicines11102621.

35.	 Surowiecka A, Chrapusta A, Klimeczek-Chrapusta M, Korzeniowski T, Drukała J, Strużyna J. Mesenchymal stem cells in burn 
wound management. Int J Mol Sci. 2022;23(23):15339–55. https://doi.org/10.3390/ijms232315339.

36.	 Driscoll J, Patel T. The mesenchymal stem cell secretome as an acellular regenerative therapy for liver disease. J Gastroen-
terol. 2019;54(9):763–73. https://doi.org/10.1007/s00535-019-01599-1.

37.	 Racchetti G, Meldolesi J. Extracellular vesicles of mesenchymal stem cells: therapeutic properties discovered with extraor-
dinary success. Biomedicines. 2021;9(6):667–93. https://doi.org/10.3390/biomedicines9060667.

38.	 Lui PPY, Leung YT. Practical considerations for translating mesenchymal stromal cell-derived extracellular vesicles from 
bench to bed. Pharmaceutics. 2022;14(8):1684–722. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​3​3​​9​0​/​p​h​​a​r​m​a​c​​e​u​t​i​c​s​​1​4​0​8​​1​6​8​4.

39.	 Huang DQ, Singal AG, Kanwal F, Lampertico P, Buti M, Sirlin CB, et al. Hepatocellular carcinoma surveillance — utilization, 
barriers and the impact of changing a etiology. Nat Rev Gastroenterol Hepatol. 2023;20(12):797–809. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
3​8​/​s​4​1​5​7​5​-​0​2​3​-​0​0​8​1​8​-​8​​​​​.​​​

40.	 Llovet JM, De Baere T, Kulik L, Haber PK, Greten TF, Meyer T, et al. Locoregional therapies in the era of molecular and 
immune treatments for hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol. 2021;18(5):293–313. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​3​8​/​s​4​1​5​7​5​-​0​2​0​-​0​0​3​9​5​-​0​​​​​.​​​

41.	 Sonbol MB, Riaz I, Bin, Naqvi SAA, Almquist DR, Mina S, Almasri J, et al. Systemic therapy and sequencing options in 
advanced hepatocellular carcinoma. JAMA Oncol. 2020;6(12):e204930. https://doi.org/10.1001/jamaoncol.2020.4930.

42.	 Bruix J, da Fonseca LG, Reig M. Insights into the success and failure of systemic therapy for hepatocellular carcinoma. Nat 
Rev Gastroenterol Hepatol. 2019;16(10):617–30. https://doi.org/10.1038/s41575-019-0179-x.

43.	 Dong Y, Wong JSL, Sugimura R, Lam KO, Li B, Kwok GGW, et al. Recent advances and future prospects in immune check-
point (ICI)-Based combination therapy for advanced HCC. Cancers (Basel). 2021;13(8):1949–68. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​c​a​n​
c​e​r​s​1​3​0​8​1​9​4​9​​​​​.​​​

44.	 Coffman-D’Annibale K, Xie C, Hrones DM, Ghabra S, Greten TF, Monge C. The current landscape of therapies for hepatocel-
lular carcinoma. Carcinogenesis. 2023;44(7):537–48. https://doi.org/10.1093/carcin/bgad052.

45.	 Ahmed F, Onwumeh-Okwundu J, Yukselen Z, Endaya Coronel MK, Zaidi M, Guntipalli P, et al. Atezolizumab plus bevaci-
zumab versus Sorafenib or Atezolizumab alone for unresectable hepatocellular carcinoma: a systematic review. World J 
Gastrointest Oncol. 2021;13(11):1813–32. https://doi.org/10.4251/wjgo.v13.i11.1813.

46.	 Fortuny M, Sanduzzi-Zamparelli M, Reig M. Systemic therapies in hepatocellular carcinoma: a revolution? United Eur 
Gastroenterol J. 2024;12(2):252–60. https://doi.org/10.1002/ueg2.12510.

47.	 Schlachterman A. Current and future treatments for hepatocellular carcinoma. World J Gastroenterol. 2015;21(28):8478–
91. https://doi.org/10.3748/wjg.v21.i28.8478.

48.	 Yao J, Zheng J, Cai J, Zeng K, Zhou C, Zhang J, et al. Extracellular vesicles derived from human umbilical cord mesenchy-
mal stem cells alleviate rat hepatic ischemia-reperfusion injury by suppressing oxidative stress and neutrophil inflamma-
tory response. FASEB J. 2019;33(2):1695–710. https://doi.org/10.1096/fj.201800131RR.

49.	 Shannon AH, Ruff SM, Pawlik TM. Expert insights on current treatments for hepatocellular carcinoma: clinical and molecu-
lar approaches and bottlenecks to progress. J Hepatocell Carcinoma. 2022;9:1247–61. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​2​1​4​7​/​J​H​C​.​S​3​8​3​9​2​
2​​​​​.​​​

50.	 Wang QB, Li J, Zhang ZJ, Li YK, Liang YB, Chen XM, Luo WL, Lakang Y, Yang ZS, Liu GY, Liu Y. The effectiveness and safety of 
therapies for hepatocellular carcinoma with tumor thrombus in the hepatic vein, inferior vena cave and/or right atrium: a 
systematic review and single-arm meta-analysis. Exp Rev Anticancer Ther. 2025. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​4​​7​3​7​1​4​​0​.​2​0​2​5​​.​2​4​
8​​9​6​5​1.

51.	 Zhao B, Wei J, Jiang Z, Long Y, Xu Y, Jiang B. Mesenchymal stem cell-derived exosomes: an emerging therapeutic strategy 
for hepatic ischemia-reperfusion injury. Stem Cell Res Ther. 2025;16(1):178. https://doi.org/10.1186/s13287-025-04302-9.

52.	 Cai H, Guo H. Mesenchymal stem cells and their exocytotic vesicles. Int J Mol Sci. 2023;24(3):2085. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​
i​j​m​s​2​4​0​3​2​0​8​5​​​​​.​​​

53.	 Tan S, Yang Y, Yang W, Han Y, Huang L, Yang R, Hu Z, Tao Y, Liu L, Li Y, Oyang L. Exosomal cargos-mediated metabolic repro-
gramming in tumor microenvironment. J Experimental Clin Cancer Res. 2023;42(1):59. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​s​1​3​0​4​6​-​0​2​
3​-​0​2​6​3​4​-​z​​​​​.​​​

54.	 Gemayel J, Chaker D, El Hachem G, Mhanna M, Salemeh R, Hanna C, et al. Mesenchymal stem cells-derived secretome 
and extracellular vesicles: perspective and challenges in cancer therapy and clinical applications. Clin Transl Oncol. 
2023;17(7):2056–68. https://doi.org/10.1007/s12094-023-03115-7.

55.	 Harrell C, Fellabaum C, Jovicic N, Djonov V, Arsenijevic N, Volarevic V. Molecular mechanisms responsible for therapeutic 
potential of mesenchymal stem cell-derived secretome. Cells. 2019;8(5):467–501. https://doi.org/10.3390/cells8050467.

56.	 Li Y, Yu Y, Yang L, Wang R. Insights into the role of oxidative stress in hepatocellular carcinoma development. Front 
Bioscience-Landmark. 2023;28(11):286. https://doi.org/10.31083/j.fbl2811286.

57.	 Liang W, Chen X, Zhang S, Fang J, Chen M, Xu Y, et al. Mesenchymal stem cells as a double-edged sword in tumor growth: 
focusing on MSC-derived cytokines. Cell Mol Biol Lett. 2021;26(1):3. https://doi.org/10.1186/s11658-020-00246-5.

58.	 Harrell CR, Djonov V, Volarevic V. Mesenchymal stem cell-derived microRNAs: friends or foes of tumor cells? Available from: 
https://doi.org/10.48350/183361

59.	 Shan C, Liang Y, Wang K, Li P. Mesenchymal stem cell-derived extracellular vesicles in cancer therapy resistance: from biol-
ogy to clinical opportunity. Int J Biol Sci. 2024;20(1):347–66. https://doi.org/10.7150/ijbs.88500.

60.	 Shafiq M, Ali O, Han SB, Kim DH. Mechanobiological strategies to enhance stem cell functionality for regenerative medi-
cine and tissue engineering. Front Cell Dev Biol. 2021;3:9. https://doi.org/10.3389/fcell.2021.747398.

61.	 Alshareeda AT, Alsowayan B, Almubarak A, Alghuwainem A, Alshawakir Y, Alahmed M. Exploring the potential of mesen-
chymal stem cell sheet on the development of hepatocellular carcinoma & in vivo. J Vis Exp. 2018;11(139). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​3​7​9​1​/​5​7​8​0​5​​​​​.​​​

62.	 Jiang W, Tan Y, Cai M, Zhao T, Mao F, Zhang X, et al. Human umbilical cord MSC-derived exosomes suppress the develop-
ment of CCl4 -induced liver injury through antioxidant effect. Stem Cells Int. 2018;2018:1–11. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​5​5​/​2​0​1​8​
/​6​0​7​9​6​4​2​​​​​.​​​

https://doi.org/10.3390/biomedicines11102621
https://doi.org/10.3390/ijms232315339
https://doi.org/10.1007/s00535-019-01599-1
https://doi.org/10.3390/biomedicines9060667
https://doi.org/10.3390/pharmaceutics14081684
https://doi.org/10.1038/s41575-023-00818-8
https://doi.org/10.1038/s41575-023-00818-8
https://doi.org/10.1038/s41575-020-00395-0
https://doi.org/10.1038/s41575-020-00395-0
https://doi.org/10.1001/jamaoncol.2020.4930
https://doi.org/10.1038/s41575-019-0179-x
https://doi.org/10.3390/cancers13081949
https://doi.org/10.3390/cancers13081949
https://doi.org/10.1093/carcin/bgad052
https://doi.org/10.4251/wjgo.v13.i11.1813
https://doi.org/10.1002/ueg2.12510
https://doi.org/10.3748/wjg.v21.i28.8478
https://doi.org/10.1096/fj.201800131RR
https://doi.org/10.2147/JHC.S383922
https://doi.org/10.2147/JHC.S383922
https://doi.org/10.1080/14737140.2025.2489651
https://doi.org/10.1080/14737140.2025.2489651
https://doi.org/10.1186/s13287-025-04302-9
https://doi.org/10.3390/ijms24032085
https://doi.org/10.3390/ijms24032085
https://doi.org/10.1186/s13046-023-02634-z
https://doi.org/10.1186/s13046-023-02634-z
https://doi.org/10.1007/s12094-023-03115-7
https://doi.org/10.3390/cells8050467
https://doi.org/10.31083/j.fbl2811286
https://doi.org/10.1186/s11658-020-00246-5
https://doi.org/10.48350/183361
https://doi.org/10.7150/ijbs.88500
https://doi.org/10.3389/fcell.2021.747398
https://doi.org/10.3791/57805
https://doi.org/10.3791/57805
https://doi.org/10.1155/2018/6079642
https://doi.org/10.1155/2018/6079642


Page 17 of 19Jayachandran et al. Discover Oncology         (2025) 16:1276 

63.	 Mishchenko TA, Turubanova VD, Gorshkova EN, Krysko O, Vedunova MV, Krysko DV. Glioma: bridging the tumor microenvi-
ronment, patient immune profiles and novel personalized immunotherapy. Front Immunol. 2024;14:1299064. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​3​3​8​9​/​f​i​m​m​u​.​2​0​2​3​.​1​2​9​9​0​6​4​​​​​.​​​

64.	 Liu J, Shi Y, Han J, Zhang Y, Cao Z, Cheng J. Quantitative tracking tumor suppression efficiency of human umbilical cord-
derived mesenchymal stem cells by bioluminescence imaging in mice hepatoma model. Int J Stem Cells. 2020;30(1):104–
15. https://doi.org/10.15283/ijsc19098.

65.	 Banerjee A, Bizzaro D, Burra P, Di Liddo R, Pathak S, Arcidiacono D, et al. Umbilical cord mesenchymal stem cells modulate 
dextran sulfate sodium-induced acute colitis in immunodeficient mice. Stem Cell Res Ther. 2015;16(1):79. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​1​8​6​/​s​1​3​2​8​7​-​0​1​5​-​0​0​7​3​-​6​​​​​.​​​

66.	 Han Y, Yang J, Fang J, Zhou Y, Candi E, Wang J, Hua D, Shao C, Shi Y. The secretion profile of mesenchymal stem cells and 
potential applications in treating human diseases. Signal Transduct Target Ther. 2022;7(1):92. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​3​
9​2​-​0​2​2​-​0​0​9​3​2​-​0​​​​​.​​​

67.	 Trigo CM, Rodrigues JS, Camões SP, Solá S, Miranda JP. Mesenchymal stem cell secretome for regenerative medicine: 
Where do we stand? J Adv Res. 2025. https://doi.org/10.1016/j.jare.2024.05.004.

68.	 Jiang X, Li W, Ge L, Lu M. Mesenchymal stem cell senescence during aging: from mechanisms to rejuvenation strategies. 
Aging Disease. 2023;14(5):1651. https://doi.org/10.14336/AD.2023.0208.

69.	 Wang M, Zhang B. The Immunomodulation potential of exosomes in tumor microenvironment. J Immunol Res. 
2021;27(2021):1–11. https://doi.org/10.1155/2021/3710372.

70.	 Kyurkchiev D. Secretion of immunoregulatory cytokines by mesenchymal stem cells. World J Stem Cells. 2014;6(5):552. 
https://doi.org/10.4252/wjsc.v6.i5.552.

71.	 Antoon R, Overdevest N, Saleh AH, Keating A. Mesenchymal stromal cells as cancer promoters. Oncogene. 
2024;27(49):3545–55. https://doi.org/10.1038/s41388-024-03183-1.

72.	 Taeb S, Rostamzadeh D, Amini SM, Rahmati M, Golshekan M, Abedinzade M, et al. Revolutionizing cancer treatment: 
Harnessing the power of mesenchymal stem cells for precise targeted therapy in the tumor microenvironment. Curr Top 
Med Chem. 2025;25(3):243–62. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​2​1​​7​4​/​0​1​​1​5​6​8​0​​2​6​6​2​9​9​​1​1​2​2​​4​0​5​1​4​1​0​3​0​4​8.

73.	 Gajos-Michniewicz A, Czyz M. WNT/β-catenin signaling in hepatocellular carcinoma: the aberrant activation, pathogenic 
roles, and therapeutic opportunities. Genes Dis. 2024;11(2):727–46. https://doi.org/10.1016/j.gendis.2023.02.050.

74.	 Chen J, Ji T, Wu D, Jiang S, Zhao J, Lin H, et al. Human mesenchymal stem cells promote tumor growth via MAPK path-
way and metastasis by epithelial mesenchymal transition and integrin α5 in hepatocellular carcinoma. Cell Death Dis. 
2019;29(6):425–37. https://doi.org/10.1038/s41419-019-1622-1.

75.	 Tsui YM, Tian L, Lu J, Ma H, Ng IOL. Interplay among extracellular vesicles, cancer stemness and immune regulation in driv-
ing hepatocellular carcinoma progression. Cancer Lett. 2024;597:217084–95. https://doi.org/10.1016/j.canlet.2024.217084.

76.	 Lou G, Chen Z, Zheng M, Liu Y. Mesenchymal stem cell-derived exosomes as a new therapeutic strategy for liver diseases. 
Exp Mol Med. 2017;16(6):e346-55. https://doi.org/10.1038/emm.2017.63.

77.	 Shiota G, Itaba N. Progress in stem cell-based therapy for liver disease. Hepatol Res. 2017;17(2):127–41. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
1​1​1​/​h​e​p​r​.​1​2​7​4​7​​​​​.​​​

78.	 Zhang X, Li N, Zhu Y, Wen W. The role of mesenchymal stem cells in the occurrence, development, and therapy of hepato-
cellular carcinoma. Cancer Med. 2022;3(4):931–43. https://doi.org/10.1002/cam4.4521.

79.	 Ma M, Li B, Zhang M, Zhou L, Yang F, Ma F, et al. Therapeutic effects of mesenchymal stem cell-derived exosomes on 
retinal detachment. Exp Eye Res. 2020;191:107899–908. https://doi.org/10.1016/j.exer.2019.107899.

80.	 Hassanzadeh A, Rahman HS, Markov A, Endjun JJ, Zekiy AO, Chartrand MS, et al. Mesenchymal stem/stromal cell-derived 
exosomes in regenerative medicine and cancer; overview of development, challenges, and opportunities. Stem Cell Res 
Ther. 2021;12(1):297–319. https://doi.org/10.1186/s13287-021-02378-7.

81.	 Nwabo KAH, Kamga PT, Simo RT, Vecchio L, Seke EPF, Muller JM, et al. Mesenchymal stromal cells’ role in tumor microenvi-
ronment: involvement of signaling pathways. Cancer Biol Med. 2017;14(2):129–42. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​2​0​​8​9​2​/​j​​.​i​s​s​n​​.​2​0​9​5​-​​3​9​
4​1​​.​2​0​1​6​.​0​0​3​3.

82.	 Xunian Z, Kalluri R. Biology and therapeutic potential of mesenchymal stem cell-derived exosomes. Cancer Sci. 
2020;28(9):3100–10. https://doi.org/10.1111/cas.14563.

83.	 Ko SF, Yip HK, Zhen YY, Lee CC, Lee CC, Huang CC, et al. Adipose-derived mesenchymal stem cell exosomes suppress 
hepatocellular carcinoma growth in a rat model: apparent diffusion coefficient, natural killer T-cell responses, and histo-
pathological features. Stem Cells Int. 2015;2015:1–11. https://doi.org/10.1155/2015/853506.

84.	 Bruno S, Collino F, Deregibus MC, Grange C, Tetta C, Camussi G. Microvesicles derived from human bone marrow mesen-
chymal stem cells inhibit tumor growth. Stem Cells Dev. 2013;22(5):758–71. https://doi.org/10.1089/scd.2012.0304.

85.	 Alzahrani FA, El-Magd MA, Abdelfattah-Hassan A, Saleh AA, Saadeldin IM, El-Shetry ES, et al. Potential effect of exosomes 
derived from cancer stem cells and MSCs on progression of DEN-Induced HCC in rats. Stem Cells Int. 2018;2018(27):1–17. 
https://doi.org/10.1155/2018/8058979.

86.	 Li T, Yan Y, Wang B, Qian H, Zhang X, Shen L, et al. Exosomes derived from human umbilical cord mesenchymal stem cells 
alleviate liver fibrosis. Stem Cells Dev. 2013;15(6):845–54. https://doi.org/10.1089/scd.2012.0395.

87.	 Zhu L, Sun HT, Wang S, Huang SL, Zheng Y, Wang CQ, et al. Isolation and characterization of exosomes for cancer research. 
J Hematol Oncol. 2020;10(1):152–76. https://doi.org/10.1186/s13045-020-00987-y.

88.	 Lou G, Chen L, Xia C, Wang W, Qi J, Li A, et al. MiR-199a-modified exosomes from adipose tissue-derived mesenchymal 
stem cells improve hepatocellular carcinoma chemosensitivity through mTOR pathway. J Experimental Clin Cancer Res. 
2020;2(1):4–13. https://doi.org/10.1186/s13046-019-1512-5.

89.	 Xu Y, Lai Y, Cao L, Li Y, Chen G, Chen L, et al. Human umbilical cord mesenchymal stem cells-derived Exosomal microRNA-
451a represses epithelial-mesenchymal transition of hepatocellular carcinoma cells by inhibiting ADAM10. RNA Biol. 
2021;3(10):1408–23. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​5​​4​7​6​2​8​​6​.​2​0​2​0​​.​1​8​5​​1​5​4​0.

90.	 Wu Q, Zhou L, Lv D, Zhu X, Tang H. Exosome-mediated communication in the tumor microenvironment contributes to 
hepatocellular carcinoma development and progression. J Hematol Oncol. 2019;29(1):53–64. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​s​1​3​0​
4​5​-​0​1​9​-​0​7​3​9​-​0​​​​​.​​​

91.	 Gupta R, Kadhim MM, Turki Jalil A, Obayes AM, Aminov Z, Alsaikhan F, et al. Multifaceted role of NF-κB in hepatocel-
lular carcinoma therapy: molecular landscape, therapeutic compounds and nanomaterial approaches. Environ Res. 
2023;228:115767. https://doi.org/10.1016/j.envres.2023.115767.

https://doi.org/10.3389/fimmu.2023.1299064
https://doi.org/10.3389/fimmu.2023.1299064
https://doi.org/10.15283/ijsc19098
https://doi.org/10.1186/s13287-015-0073-6
https://doi.org/10.1186/s13287-015-0073-6
https://doi.org/10.1038/s41392-022-00932-0
https://doi.org/10.1038/s41392-022-00932-0
https://doi.org/10.1016/j.jare.2024.05.004
https://doi.org/10.14336/AD.2023.0208
https://doi.org/10.1155/2021/3710372
https://doi.org/10.4252/wjsc.v6.i5.552
https://doi.org/10.1038/s41388-024-03183-1
https://doi.org/10.2174/0115680266299112240514103048
https://doi.org/10.1016/j.gendis.2023.02.050
https://doi.org/10.1038/s41419-019-1622-1
https://doi.org/10.1016/j.canlet.2024.217084
https://doi.org/10.1038/emm.2017.63
https://doi.org/10.1111/hepr.12747
https://doi.org/10.1111/hepr.12747
https://doi.org/10.1002/cam4.4521
https://doi.org/10.1016/j.exer.2019.107899
https://doi.org/10.1186/s13287-021-02378-7
https://doi.org/10.20892/j.issn.2095-3941.2016.0033
https://doi.org/10.20892/j.issn.2095-3941.2016.0033
https://doi.org/10.1111/cas.14563
https://doi.org/10.1155/2015/853506
https://doi.org/10.1089/scd.2012.0304
https://doi.org/10.1155/2018/8058979
https://doi.org/10.1089/scd.2012.0395
https://doi.org/10.1186/s13045-020-00987-y
https://doi.org/10.1186/s13046-019-1512-5
https://doi.org/10.1080/15476286.2020.1851540
https://doi.org/10.1186/s13045-019-0739-0
https://doi.org/10.1186/s13045-019-0739-0
https://doi.org/10.1016/j.envres.2023.115767


Page 18 of 19Jayachandran et al. Discover Oncology         (2025) 16:1276 

92.	 Shojaei S, Hashemi SM, Ghanbarian H, Salehi M, Mohammadi-Yeganeh S. Effect of mesenchymal stem cells‐derived 
exosomes on tumor microenvironment: tumor progression versus tumor suppression. J Cell Physiol. 2019;26(4):3394–409. 
https://doi.org/10.1002/jcp.27326.

93.	 Liu H, Li B. The functional role of exosome in hepatocellular carcinoma. J Cancer Res Clin Oncol. 2018;144:2085–95. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​4​3​2​-​0​1​8​-​2​7​1​2​-​7​​​​​.​​​

94.	 Xin X, Cheng X, Zeng F, Xu Q, Hou L. The role of TGF-β/SMAD signaling in hepatocellular carcinoma: from mechanism to 
therapy and prognosis. Int J Biol Sci. 2024;20(4):1436–52. https://doi.org/10.7150/ijbs.89568.

95.	 Tai WT, Chu PY, Shiau CW, Chen YL, Li YS, Hung MH, Chen LJ, Chen PL, Su JC, Lin PY, Yu HC. STAT3 mediates regorafenib-
induced apoptosis in hepatocellular carcinoma. Clin Cancer Res. 2014;15(22):5768–76. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​5​8​/​1​0​​7​8​-​0​4​​3​2​.​
C​C​R​​-​1​4​-​​0​7​2​5.

96.	 Liu T, Wei R, Zhang Y, Chen W, Liu H. Association between NF-κB expression and drug resistance of liver cancer. Oncol Lett. 
2019;1(1):1030–34. https://doi.org/10.3892/ol.2018.9640.

97.	 Sun F, Wang J, Sun Q, Li F, Gao H, Xu L, Zhang J, Sun X, Tian Y, Zhao Q, Shen H. Interleukin-8 promotes integrin β3 upregula-
tion and cell invasion through PI3K/Akt pathway in hepatocellular carcinoma. J Experimental Clin Cancer Res. 2019;38:1–
10. https://doi.org/10.1186/s13046-019-1455-x.

98.	 Moon H, Ro SW. MAPK/ERK signaling pathway in hepatocellular carcinoma. Cancers. 2021;17(12):3026. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​
3​9​0​/​c​a​n​c​e​r​s​1​3​1​2​3​0​2​6​​​​​.​​​

99.	 Qiao L, Zhao TJ, Wang FZ, Shan CL, Ye LH, Zhang XD. NF-κB downregulation may be involved the depression of tumor cell 
proliferation mediated by human mesenchymal stem cells. Acta Pharmacol Sin. 2008;29(3):333–40. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​
1​/​j​.​​1​7​4​5​-​​7​2​5​4​.​2​​0​0​8​.​​0​0​7​5​1​.​x.

100.	 Hou L, Wang X, Zhou Y, Ma H, Wang Z, He J, et al. Inhibitory effect and mechanism of mesenchymal stem cells on liver 
cancer cells. Tumor Biol. 2014;18(2):1239–50. https://doi.org/10.1007/s13277-013-1165-5.

101.	 Siebel C, Lendahl U. Notch signaling in development, tissue homeostasis, and disease. Physiol Rev. 2017;1(4):1235–94. 
https://doi.org/10.1152/physrev.00005.2017.

102.	 Yin L, Velazquez OC, Liu ZJ. Notch signaling: emerging molecular targets for cancer therapy. Biochem Pharmacol. 
2010;80(5):690–701. https://doi.org/10.1016/j.bcp.2010.03.026.

103.	 Abdel Aziz MT, Khaled HM, El Hindawi A, Roshdy NK, Rashed LA, Sabry D, et al. Effect of mesenchymal stem cells and a 
novel curcumin derivative on Notch1 signaling in hepatoma cell line. Biomed Res Int. 2013;2013:1–8. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​
5​5​/​2​0​1​3​/​1​2​9​6​2​9​​​​​.​​​

104.	 Xu J, Lin H, Wu G, Zhu M, Li M. IL-6/STAT3 is a promising therapeutic target for hepatocellular carcinoma. Front Oncol. 
2021;15:11–25. https://doi.org/10.3389/fonc.2021.760971.

105.	 Khan A, Ahmed E, Elareer N, Junejo K, Steinhoff M, Uddin S. Role of miRNA-regulated cancer stem cells in the pathogen-
esis of human malignancies. Cells. 2019;5(8):840. https://doi.org/10.3390/cells8080840.

106.	 García-Pras E, Fernández-Iglesias A, Gracia-Sancho J, Pérez-del-Pulgar S. Cell death in hepatocellular carcinoma: pathogen-
esis and therapeutic opportunities. Cancers (Basel). 2021;23(1):48–75. https://doi.org/10.3390/cancers14010048.

107.	 Rah B, Rather RA, Bhat GR, Baba AB, Mushtaq I, Farooq M, et al. JAK/STAT signaling: molecular targets, therapeutic opportu-
nities, and limitations of targeted inhibitions in solid malignancies. Front Pharmacol. 2022. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​f​p​h​a​r​.​2​
0​2​2​.​8​2​1​3​4​4​​​​​.​​​

108.	 Xuan X, Tian C, Zhao M, Sun Y, Huang C. Mesenchymal stem cells in cancer progression and anticancer therapeutic resis-
tance. Cancer Cell Int. 2021;4(1):595–611. https://doi.org/10.1186/s12935-021-02300-4.

109.	 Yin Z, Jiang K, Li R, Dong C, Wang L. Multipotent mesenchymal stromal cells play critical roles in hepatocellular carcinoma 
initiation, progression and therapy. Mol Cancer. 2018;28(1):178–95. https://doi.org/10.1186/s12943-018-0926-6.

110.	 Hashemi M, Sabouni E, Rahmanian P, Entezari M, Mojtabavi M, Raei B, et al. Deciphering STAT3 signaling potential in 
hepatocellular carcinoma: tumorigenesis, treatment resistance, and Pharmacological significance. Cell Mol Biol Lett. 
2023;21(1):33–65. https://doi.org/10.1186/s11658-023-00438-9.

111.	 Meng Xming, Nikolic-Paterson DJ, Lan HY. TGF-β: the master regulator of fibrosis. Nat Rev Nephrol. 2016;25(6):325–38. 
https://doi.org/10.1038/nrneph.2016.48.

112.	 Xu Y, Xiong J, Sun X, Gao H. Targeted nanomedicines remodeling immunosuppressive tumor microenvironment for 
enhanced cancer immunotherapy. Acta Pharm Sin B. 2022;12(12):4327–47. https://doi.org/10.1016/j.apsb.2022.11.001.

113.	 Wei W, Huang Y, Li D, Gou HF, Wang W. Improved therapeutic potential of MSCs by genetic modification. Gene Ther. 
2018;25(8):538–47. https://doi.org/10.1038/s41434-018-0041-8.

114.	 Sohrabi B, Dayeri B, Zahedi E, Khoshbakht S, Nezamabadi Pour N, Ranjbar H, et al. Mesenchymal stem cell (MSC)-derived 
exosomes as novel vehicles for delivery of MiRNAs in cancer therapy. Cancer Gene Ther. 2022;26(9):1105–16. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​0​3​8​/​s​4​1​4​1​7​-​0​2​2​-​0​0​4​2​7​​​​​.​​​

115.	 Ferreira JR, Teixeira GQ, Santos SG, Barbosa MA, Almeida-Porada G, Gonçalves RM. Mesenchymal stromal cell secretome: 
influencing therapeutic potential by cellular Pre-conditioning. Front Immunol. 2018. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​f​i​m​m​u​.​2​0​1​8​.​
0​2​8​3​7​​​​​. 4;9.

116.	 Wu L, Tang Q, Yin X, Yan D, Tang M, Xin J, et al. The therapeutic potential of adipose tissue-derived mesenchymal stem cells 
to enhance radiotherapy effects on hepatocellular carcinoma. Front Cell Dev Biol. 2019. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​f​c​e​l​l​.​2​0​1​9​.​
0​0​2​6​7​​​​​.​​​

117.	 Dituri F, Mancarella S, Cigliano A, Chieti A, Giannelli G. TGF-β as multifaceted orchestrator in HCC progression: signaling, 
EMT, immune microenvironment, and novel therapeutic perspectives. Semin Liver Dis. 2019;26(01):053–69. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​0​5​5​/​s​-​0​0​3​8​-​1​6​7​6​1​2​1​​​​​.​​​

118.	 Su Y, Xu C, Cheng W, Zhao Y, Sui L, Zhao Y. Pretreated mesenchymal stem cells and their secretome: enhanced immuno-
therapeutic strategies. Int J Mol Sci. 2023;9(2):1277–309. https://doi.org/10.3390/ijms24021277.

119.	 Dabrowska S, Andrzejewska A, Janowski M, Lukomska B. Immunomodulatory and regenerative effects of mesenchymal 
stem cells and extracellular vesicles: therapeutic outlook for inflammatory and degenerative diseases. Front Immunol. 
2021. https://doi.org/10.3389/fimmu.2020.591065.

120.	 González-González A, García-Sánchez D, Dotta M, Rodríguez-Rey JC, Pérez-Campo FM. Mesenchymal stem cells secre-
tome: the cornerstone of cell-free regenerative medicine. World J Stem Cells. 2020;26(12):1529–52. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​2​5​2​
/​w​j​s​c​.​v​1​2​.​i​1​2​.​1​5​2​9​​​​​.​​​

https://doi.org/10.1002/jcp.27326
https://doi.org/10.1007/s00432-018-2712-7
https://doi.org/10.1007/s00432-018-2712-7
https://doi.org/10.7150/ijbs.89568
https://doi.org/10.1158/1078-0432.CCR-14-0725
https://doi.org/10.1158/1078-0432.CCR-14-0725
https://doi.org/10.3892/ol.2018.9640
https://doi.org/10.1186/s13046-019-1455-x
https://doi.org/10.3390/cancers13123026
https://doi.org/10.3390/cancers13123026
https://doi.org/10.1111/j.1745-7254.2008.00751.x
https://doi.org/10.1111/j.1745-7254.2008.00751.x
https://doi.org/10.1007/s13277-013-1165-5
https://doi.org/10.1152/physrev.00005.2017
https://doi.org/10.1016/j.bcp.2010.03.026
https://doi.org/10.1155/2013/129629
https://doi.org/10.1155/2013/129629
https://doi.org/10.3389/fonc.2021.760971
https://doi.org/10.3390/cells8080840
https://doi.org/10.3390/cancers14010048
https://doi.org/10.3389/fphar.2022.821344
https://doi.org/10.3389/fphar.2022.821344
https://doi.org/10.1186/s12935-021-02300-4
https://doi.org/10.1186/s12943-018-0926-6
https://doi.org/10.1186/s11658-023-00438-9
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1016/j.apsb.2022.11.001
https://doi.org/10.1038/s41434-018-0041-8
https://doi.org/10.1038/s41417-022-00427
https://doi.org/10.1038/s41417-022-00427
https://doi.org/10.3389/fimmu.2018.02837
https://doi.org/10.3389/fimmu.2018.02837
https://doi.org/10.3389/fcell.2019.00267
https://doi.org/10.3389/fcell.2019.00267
https://doi.org/10.1055/s-0038-1676121
https://doi.org/10.1055/s-0038-1676121
https://doi.org/10.3390/ijms24021277
https://doi.org/10.3389/fimmu.2020.591065
https://doi.org/10.4252/wjsc.v12.i12.1529
https://doi.org/10.4252/wjsc.v12.i12.1529


Page 19 of 19Jayachandran et al. Discover Oncology         (2025) 16:1276 

121.	 Salgado AJ, Sousa JC, Costa BM, Pires AO, Mateus-Pinheiro A, Teixeira FG, et al. Mesenchymal stem cells secretome as a 
modulator of the neurogenic niche: basic insights and therapeutic opportunities. Front Cell Neurosci. 2015. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​3​3​8​9​/​f​n​c​e​l​.​2​0​1​5​.​0​0​2​4​9​​​​​.​​​

122.	 Hoseinzadeh A, Rezaieyazdi Z, Afshari JT, Mahmoudi A, Heydari S, Moradi R, et al. Modulation of mesenchymal stem 
cells-mediated adaptive immune effectors’ repertoire in the recovery of systemic lupus erythematosus. Stem Cell Rev Rep. 
2023;22(2):322–44. https://doi.org/10.1007/s12015-022-10452-7.

123.	 Din MA, Wan A, Chu Y, Zhou J, Yan Y, Xu Z. Therapeutic role of extracellular vesicles from human umbilical cord mesenchy-
mal stem cells and their wide therapeutic implications in inflammatory bowel disease and other inflammatory disorder. 
Front Med. 2024;11:1406547. https://doi.org/10.3389/fmed.2024.1406547.

124.	 Goldmann O, Nwofor OV, Chen Q, Medina E. Mechanisms underlying immunosuppression by regulatory cells. Front 
Immunol. 2024;15:1328193. https://doi.org/10.3389/fimmu.2024.1328193.

125.	 Yang S, Liu J, Khe JS, Lu AJ, Lim V. Emerging insights into mesenchymal stem cells and exosome-based therapies for liver 
injury. Biomol Biomed. 2025. https://doi.org/10.17305/bb.2025.12144.

126.	 Yamaguchi N, Horio E, Sonoda J, Yamagishi M, Miyakawa S, Murakami F, et al. Immortalization of mesenchymal stem cells 
for application in regenerative medicine and their potential risks of tumorigenesis. Int J Mol Sci. 2024;18(24):13562. ​h​t​t​p​s​:​/​
/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​i​j​m​s​2​5​2​4​1​3​5​6​2​​​​​.​​​

127.	 Michalopoulos GK, Bhushan B. Liver regeneration: biological and pathological mechanisms and implications. Nat Rev 
Gastroenterol Hepatol. 2021;18(1):40–55. https://doi.org/10.1038/s41575-020-0342-4.

128.	 Chen S, Liang B, Xu J. Unveiling heterogeneity in mscs: exploring marker-based strategies for defining MSC subpopula-
tions. J Transl Med. 2024;15(1):459–73. https://doi.org/10.1186/s12967-024-05294-5.

129.	 Levy O, Kuai R, Siren EMJ, Bhere D, Milton Y, Nissar N, et al. Shattering barriers toward clinically meaningful MSC therapies. 
Sci Adv. 2020. https://doi.org/10.1126/sciadv.aba6884.

130.	 Thapa N, Chwae YJ, Yoo KH, Won TB, Kang D, Choi D, Kim J. Exosomal delivery of TRAIL and miR-335 for the treatment of 
hepatocellular carcinoma. Int J Mol Med. 2022;18(1):3–20. https://doi.org/10.3892/ijmm.2022.5206.

131.	 Shieh TM, Tseng YH, Hsia SM, Wang TH, Lan WC, Shih YH. Optimization protocol of the PEG-based method for OSCC-
derived exosome isolation and downstream applications. Separations. 2022;13(12):435–46. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​s​e​p​a​r​a​
t​i​o​n​s​9​1​2​0​4​3​5​​​​​.​​​

132.	 Kosaka N, Kogure A, Yamamoto T, Urabe F, Usuba W, Prieto-Vila M, Ochiya T. Exploiting the message from cancer: the 
diagnostic value of extracellular vesicles for clinical applications. Exp Mol Med. 2019;51(3):1–9. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​1​2​
2​7​6​-​0​1​9​-​0​2​1​9​-​1​​​​​.​​​

133.	 Wu X, Jiang J, Gu Z, Zhang J, Chen Y, Liu X. Mesenchymal stromal cell therapies: immunomodulatory properties and clini-
cal progress. Stem Cell Res Ther. 2020;8(1):345–61. https://doi.org/10.1186/s13287-020-01855-9.

134.	 Yao C, Wu S, Kong J, Sun Y, Bai Y, Zhu R, Li Z, Sun W, Zheng L. Angiogenesis in hepatocellular carcinoma: mechanisms and 
anti-angiogenic therapies. Cancer Biology Med. 2023;1(1):25–44. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​2​0​​8​9​2​/​j​​.​i​s​s​n​​.​2​0​9​5​-​​3​9​4​1​​.​2​0​2​2​.​0​4​4​9.

135.	 Prado-Yupanqui JW, Ramírez-Orrego L, Cortez D, Vera-Ponce VJ, Chenet SM, Tejedo JR, Tapia-Limonchi R. The hidden 
power of the secretome: therapeutic potential on wound healing and Cell-Free regenerative medicine—A systematic 
review. Int J Mol Sci. 2025;26(5):1926. https://doi.org/10.3390/ijms26051926.

136.	 Ubanako P, Mirza S, Ruff P, Penny C. Exosome-mediated delivery of SiRNA molecules in cancer therapy: triumphs and chal-
lenges. Front Mol Biosci. 2024;11:1447953. https://doi.org/10.3389/fmolb.2024.1447953.

137.	 Singh N, Choonara YE, Kumar P. Method standardization of secretome production, collection, and characterization: new 
insights and challenges. Regen Ther. 2025;29:466–73. https://doi.org/10.1016/j.reth.2025.04.005.

138.	 Jiang H, Kumarasamy RV, Pei J, Raju K, Kanniappan GV, Palanisamy CP, Mironescu ID. Integrating engineered nanoma-
terials with extracellular vesicles: advancing targeted drug delivery and biomedical applications. Front Nanatechnol. 
2025;6:1513683. https://doi.org/10.3389/fnano.2024.1513683.

139.	 Tang X, Zhao S, Luo J, Wang B, Wu X, Deng R, Chang K, Chen M. Smart Stimuli-Responsive spherical nucleic acids: cutting‐
edge platforms for biosensing, bioimaging, and therapeutics. Small. 2024;20(24):2310732. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​s​m​l​l​.​2​0​2​
3​1​0​7​3​2​​​​​.​​​

140.	 Jothimani G, Pathak S, Dutta S, Duttaroy AK, Banerjee A.. A comprehensive cancer-associated MicroRNA expression profil-
ing and proteomic analysis of human umbilical cord mesenchymal stem cell-derived exosomes. Tissue Eng Regen Med. 
2022;19(5):1013–31. https://doi.org/10.1007/s13770-022-00450-8.

141.	 Hu C, Zhao L, Zhang L, Bao Q, Li L. Mesenchymal stem cell-based cell-free strategies: safe and effective treatments for liver 
injury. Stem Cell Res Ther. 2020;3(1):377–89. https://doi.org/10.1186/s13287-020-01895-1.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3389/fncel.2015.00249
https://doi.org/10.3389/fncel.2015.00249
https://doi.org/10.1007/s12015-022-10452-7
https://doi.org/10.3389/fmed.2024.1406547
https://doi.org/10.3389/fimmu.2024.1328193
https://doi.org/10.17305/bb.2025.12144
https://doi.org/10.3390/ijms252413562
https://doi.org/10.3390/ijms252413562
https://doi.org/10.1038/s41575-020-0342-4
https://doi.org/10.1186/s12967-024-05294-5
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.3892/ijmm.2022.5206
https://doi.org/10.3390/separations9120435
https://doi.org/10.3390/separations9120435
https://doi.org/10.1038/s12276-019-0219-1
https://doi.org/10.1038/s12276-019-0219-1
https://doi.org/10.1186/s13287-020-01855-9
https://doi.org/10.20892/j.issn.2095-3941.2022.0449
https://doi.org/10.3390/ijms26051926
https://doi.org/10.3389/fmolb.2024.1447953
https://doi.org/10.1016/j.reth.2025.04.005
https://doi.org/10.3389/fnano.2024.1513683
https://doi.org/10.1002/smll.202310732
https://doi.org/10.1002/smll.202310732
https://doi.org/10.1007/s13770-022-00450-8
https://doi.org/10.1186/s13287-020-01895-1

	﻿A review on mesenchymal stem cells and their secretome in hepatocellular carcinogenesis and its related signaling pathways: recent update
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Soluble and vesicular components of MSC secretome
	﻿3﻿ ﻿Current therapeutic strategies for HCC treatment
	﻿4﻿ ﻿MSCs secretome as a promising therapeutic option for HCC
	﻿5﻿ ﻿Mesenchymal stem cell‑derived exosomes (MSCsEXOs) and HCC
	﻿6﻿ ﻿MSC secretome-mediated modulation of target signaling pathways for HCC treatment
	﻿7﻿ ﻿Potential therapeutic roles of MSCs and their secretome in HCC
	﻿8﻿ ﻿Challenges and future perspectives in MSC-based therapy for HCC
	﻿9﻿ ﻿Conclusion
	﻿References


