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ABSTRACT: Gastric cancer remains a leading cause of cancer-related mortality worldwide, with its complex tumor
microenvironment (TME) playing a crucial role in tumor initiation, progression, and therapeutic response. As key
components of the TME, mesenchymal stem cells (MSCs) influence tumor cell proliferation, invasion, and treatment
resistance through cytokine secretion, exosomal communication, and metabolic regulation. MSCs enhance cancer
stemness and therapy resistance by modulating glycolysis and fatty acid oxidation (FAO), while also promoting tumor
progression through immune modulation and interactions with surrounding microenvironmental elements. Despite
their potential for therapeutic applications, the clinical use of MSCs in gastric cancer is limited by challenges such
as functional variability, safety concerns, and their capacity to support tumor growth. Advancing this field requires
strategies to optimize MSC-based therapies, including genetic modifications, pharmacological interventions, and
cell-free approaches utilizing MSC-derived exosomes. Additionally, metabolic inhibitors targeting pathways such as
FAO and glycolysis present promising therapeutic avenues. This review explores the role of MSCs in gastric cancer
across three key dimensions-immune suppression, interactions with the tumor microenvironmental, and metabolic
modulation-highlighting innovative strategies for therapeutic advancement. These findings highlight the dual role of
MSCs in gastric cancer progression and therapy, providing crucial insights for developing targeted strategies to harness
their therapeutic potential while mitigating tumor-promoting effects.
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1 Introduction
Gastric cancer (GC), a leading cause of cancer-related deaths worldwide, is characterized by its

aggressive progression and resistance to conventional therapies [1]. Among the numerous factors driving GC
progression, the tumor microenvironment (TME) plays a pivotal role in orchestrating malignant behavior,
enabling immune evasion, and modulating therapeutic response. The TME consists of cancer cells, immune
cells, mesenchymal stem cells (MSCs), cancer-associated fibroblasts (CAFs), and the extracellular matrix
(ECM), forming a highly dynamic and interactive system that supports tumor initiation and metastasis [2–6].
Globally, gastric cancer ranks as the fifth most common malignancy and fourth leading cause of cancer-
related deaths, with 5-year survival rates below 30% in advanced stages [7,8]. This review specifically
examines the multifaceted roles of mesenchymal stem cells in gastric cancer pathogenesis and therapy.

Mesenchymal stem cells, first identified in the 1960s as fibroblast-like colonies in bone marrow, are
multipotent stromal cells capable of differentiating into osteoblasts, adipocytes, and chondrocytes [9,10].
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These cells are present in various tissues, including bone marrow, adipose tissue, and the umbilical cord,
where they contribute to tissue repair, immune regulation, and inflammation [11–14]. The role of MSCs in
cancer biology is paradoxical-while they possess potent anti-inflammatory and tissue-reparative properties,
they also promote tumorigenesis through multiple mechanisms, including immune modulation, dynamic
ECM (extracellular matrix) remodeling, and metabolic crosstalk within the TME [15–18].

In GC, tumor-associated MSCs (TA-MSCs) significantly influence disease progression. By secret-
ing cytokines, chemokines, and growth factors such as TGF-β, IL-6, and VEGF, MSCs drive immune
suppression, stimulate angiogenesis, and enhance tumor proliferation, invasion, and metastasis [6,19,20].
Additionally, recent studies highlight the role of MSCs in metabolic reprogramming, particularly through
glycolysis and fatty acid oxidation (FAO), processes that sustain the cancer stem cell phenotype and
contribute to chemotherapy resistance in GC cells. For instance, MSCs upregulate glycolytic enzymes such as
hexokinase 2 (HK2) and FAO-related enzymes like CPT1A, fostering a metabolic environment that supports
tumor survival and progression [21–24].

MSCs also interact with immune cells within the TME to suppress antitumor responses. They promote
the polarization of tumor-associated macrophages (TAMs) into the M2 immunosuppressive phenotype
and facilitate the recruitment of regulatory T cells (Tregs), thereby creating a niche conducive to tumor
advancement [6,25,26]. Furthermore, MSC-derived exosomes, which carry bioactive molecules such as
miRNAs and proteins, play a crucial role in intercellular communication. These exosomes modulate immune
responses and metabolic pathways, further contributing to GC progression [27,28].

Despite their tumor-promoting effects, MSCs hold significant potential for therapeutic innovation.
Current research focuses on leveraging their immunomodulatory functions, metabolic influence, and
exosome content to develop targeted treatments for GC. However, challenges such as MSC heterogeneity
and their context-dependent effects remain barriers to clinical application.

This review explores the multifaceted role of MSCs in GC, emphasizing their interactions within the
TME, their contributions to immune suppression and metabolic reprogramming, and their potential as
therapeutic targets. By unraveling the complex interplay between MSCs and GC cells, we aim to identify
novel pathways for effective and innovative gastric cancer treatments.

2 Fundamental Characteristics of Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are adult stem cells capable of differentiating into multiple cell

types. They are found in various tissues, including bone marrow, adipose tissue, umbilical cord, placenta,
endometrium, and dental pulp [11,16]. In culture, MSCs typically adhere to plastic surfaces and exhibit
a fibroblast-like, spindle-shaped morphology. Their phenotype is defined by the expression of surface
markers such as CD73, CD90, and CD105, while they lack markers like CD34, CD45, and HLA-DR, which
are associated with hematopoietic or immune cells [29–33]. The hallmark of MSCs is their multipotent
differentiation capability, allowing them to differentiate into osteoblasts, chondrocytes, adipocytes, and
hepatocyte-like cells. Under specific conditions, they can also give rise to neural cells, endothelial cells, or
cardiomyocyte-like cells [16,34–36]. This differentiation process is regulated by lineage-specific transcription
factors, including Runx2, Sox9, PPARγ, MyoD, GATA4, and GATA6 [37]. Although their self-renewal
capacity is limited, MSCs proliferate rapidly in vitro while maintaining their differentiation potential.

One of the most notable features of MSCs is their potent immunomodulatory ability. They can
inhibit the activity of T cells, B cells, and natural killer (NK) cells through the secretion of cytokines
such as IL-10, TGF-β, and PGE2, as well as via direct interactions with immune cells. Additionally, MSCs
influence macrophage polarization, promoting immunosuppressive and anti-inflammatory effects during
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inflammatory processes [38–41]. Their low immunogenicity, attributed to minimal expression of major his-
tocompatibility complex class II (MHC-II), makes them particularly suitable for allogeneic transplantation.

MSCs also release a variety of bioactive molecules, including growth factors such as VEGF, HGF,
and EGF, along with exosomes. These secretions play essential roles in promoting cell survival, migration,
proliferation, tissue repair, and neuroprotection [16–18]. Bone marrow-derived MSCs (BM-MSCs), the
first type of MSCs identified and applied clinically, exhibit robust immunoregulatory and differentiation
capabilities [42–44]. Adipose-derived MSCs (AD-MSCs) have gained popularity in therapeutic applications
due to their ease of isolation and high proliferation potential [30,45–48]. Umbilical cord-derived MSCs
(UC-MSCs) are emerging as a promising alternative source for MSC-based therapies due to their strong
immune evasion properties, high yield, and ethical advantages. Unlike bone marrow-derived MSCs, human
umbilical cord MSCs (HUCMSCs) can be harvested painlessly and display superior self-renewal capacity.
Furthermore, different parts of the umbilical cord, such as Wharton’s jelly, perivascular tissue, and the
umbilical membrane, harbor stem cells capable of differentiating into cells from all three germ layers,
contributing to tissue repair, immune regulation, and anticancer effects [49,50]. Notably, MSC behavior
varies significantly by tissue origin: BM-MSCs exhibit stronger pro-angiogenic effects, while UC-MSCs
show greater immunomodulation [51]. However, all MSC types carry risks of malignant transformation and
unintended immune activation, particularly through human leukocyte antigen (HLA) mismatch or excessive
cytokine release [52]. These safety concerns necessitate rigorous donor screening and functional validation
before clinical application.

HUCMSCs have demonstrated therapeutic potential in several disease models, including intervertebral
disc degeneration, premature ovarian failure, and colorectal cancer [53–56]. These attributes have positioned
MSCs at the forefront of clinical and translational research, particularly in oncology, where their unique
properties are being leveraged to develop innovative cancer treatments [57–59].

3 MSCs in Immunomodulation and Tumor Progression
MSCs play a crucial role in immunomodulation, regulating immune response and evading immune

detection through diverse mechanisms. By releasing cytokines, exosomes, and microRNAs (miRNAs), MSCs
modulate local immunity, suppress inflammation, and promote tissue repair [27,60–62], and exhibit multi-
faceted therapeutic potential, with particularly significant progress in mechanistic research on liver fibrosis
and cancer therapy [63–65]. Within the tumor microenvironment (TME), MSCs exert immunosuppressive
effects by inhibiting T cells, natural killer (NK) cells, and dendritic cells, thereby facilitating tumor progres-
sion [66–68]. Additionally, MSCs exhibit dual immunomodulatory properties of both immunosuppression
and immune evasion through the secretion of factors such as IL-10, TGF-β, and TNF-α [19,69–71]. This dual
function enables MSCs to impair immune surveillance, allowing cancer cells to evade detection.

MSCs also contribute to the development of tumor-associated macrophages (TAMs) by secreting factors
like CXCL8, IL-6, and IL-8, which activate the PI3K/AKT and NF-κB signaling pathways. These pathways
sustain TAMs in an M2-like immunosuppressive phenotype while enhancing regulatory T cell (Treg)
activity, further reshaping the TME to support tumor survival and proliferation [6,72–74]. MSCs secrete key
cytokines, including IL-6, TGF-β, and VEGF that collectively drive immune suppression [75]. Through exo-
somal transfer of oncogenic miRNAs (e.g., miR-21, miR-221) and lncRNAs (e.g., H19), MSCs promote EMT
by downregulating E-cadherin and upregulating N-cadherin/vimentin. These alterations promote fibroblast
activation and angiogenesis through HIF-1α/VEGF signaling [76], driving a transformation of the tumor
microenvironment from immunogenic to immunosuppressive through three key mechanisms: 1) inducing
M2 macrophage polarization via the IL-10/STAT3 pathway; 2) enhancing regulatory T cell proliferation
through TGF-β signaling; and 3) impairing natural killer cell cytotoxic function via Prostaglandin E2 (PGE2)
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upregulation. This dual role of MSCs makes them both a potential therapeutic target and a challenge in
treating solid malignancies like gastric cancer.

Another key property of MSCs is their ability to differentiate into various cell types, including
osteoblasts, chondrocytes, and adipocytes, under specific induction conditions [43,77,78]. This differenti-
ation potential underlies their applications in tissue engineering, organ regeneration, and cancer therapy.
Research suggests that MSCs infiltrate tumor tissues and contribute to tumor growth, metastasis, and therapy
resistance by secreting growth factors and cytokines.

4 Research Progress on Mesenchymal Stem Cell Therapy for Gastric Cancer
In recent years, mesenchymal stem cells (MSCs), recognized for their multipotent differentiation

abilities, have shown significant progress in gastric cancer research. Their therapeutic potential in gastric
cancer primarily arises from their ability to influence the tumor microenvironment, regulate immune
responses, and promote tissue regeneration. Despite these promising attributes, the precise mechanisms
by which MSCs contribute to gastric cancer treatment remain under investigation. Ongoing foundational
studies continue to provide essential theoretical insights, paving the way for the clinical application of MSCs
in oncology.

4.1 MSCs Influence the Progression of Gastric Cancer through Interactions with Various Components of
the Tumor Microenvironment
The tumor microenvironment (TME) plays a critical role in tumorigenesis, progression, and drug

resistance. In gastric cancer (GC), the TME is characterized by hypoxia, acidity, and inflammation and
comprises cancer cells, mesenchymal stem cells (MSCs), T cells, NK cells, macrophages, cancer-associated
fibroblasts (CAFs), and the extracellular matrix [79–81]. MSCs influence tumor growth, metastasis, and
response to chemotherapy by regulating these TME components [25,82] (Fig. 1).

MSCs modulate immune responses in the GC microenvironment through the secretion of cytokines,
chemokines, and growth factors such as TGF-β, TNF-α, IL-6, and IL-10 [83]. For example, TGF-β secreted
by MSCs suppresses local immune cell activity, facilitating immune evasion and tumor growth. MSCs
also release vascular and lymphangiogenic factors, including VEGF, FGF-2, VEGF-C, and VEGF-D, which
promote endothelial cell proliferation and migration [84]. The NF-κB/VEGF pathway has been shown
to regulate VEGF expression in GC cells in vitro and in vivo, playing a crucial role in MSC-driven
endothelial tube formation, migration, and tumor colony development in Human Umbilical Vein Endothelial
Cells [84]. Furthermore, human gastric cancer-derived MSCs (hGC-MSCs) promote tumor growth in a
dose-dependent manner and enhance the expression of MMP-2, MMP-7, MMP-9, and MMP-14, driving
cell proliferation, invasion, and epithelial-mesenchymal transition (EMT) [85]. Through TGF-β/Smad
signaling, MSCs directly induce EMT transcriptional programs (Snail, Twist) while secreting MMP-2/9 to
degrade the basement membrane. Simultaneously, MSC-educated fibroblasts deposit pro-angiogenic ECM
components (fibronectin, collagen I) that support endothelial tube formation, creating a permissive niche
for metastasis [6].

The dysfunction of NK cells, frequently observed in solid tumors, is exacerbated by GC-MSCs. These
cells release soluble factors that suppress the mTOR pathway, impairing NK cell activity and reducing
their antitumor effects [86]. Chemoresistance, particularly to oxaliplatin (OXA), remains a major challenge
in GC therapy. Studies indicate that MSCs enhance ECM stiffness and promote mitochondrial transfer
to GC cells through mechanosensitive signaling, reducing mitochondrial autophagy and inducing OXA
resistance. Inhibiting the RhoA/ROCK1 pathway has been shown to mitigate this resistance [82,87,88].
Additionally, lactate accumulation in the GC microenvironment activates MSCs via the MCT1/TGF-β1
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pathway, increasing fibroblast activation protein (FAP) expression. These lactate-activated MSCs promote
tumor proliferation and migration through PD-L1 signaling [89].

Figure 1: The tumor microenvironment plays a vital role in gastric cancer progression and drug resistance, involving
cancer cells, immune cells, MSCs, CAFs, and ECM. MSCs regulate the TME by secreting cytokines, chemokines,
and exosomes, influencing immune evasion, EMT, and chemotherapy resistance. They promote M2-like macrophage
polarization, Treg recruitment, and PD-L1 expression, supporting tumor growth and metastasis. MSCs can also
transform into CAFs via TGF-β signaling, enhancing tumor invasion and ECM remodeling. Furthermore, lactate-
activated MSCs drive FAP expression and metabolic reprogramming in GC cells. MSCs: mesenchymal stem cells; GC:
gastric cancer; CAFs: cancer-associated fibroblasts; NK: natural killer; TAMs: tumor-associated macrophages

MSCs modulate immune cells within the gastric cancer (GC) microenvironment through various mech-
anisms, targeting tumor-associated macrophages (TAMs), natural killer (NK) cells, and T cells [26,90,91].
One key function of MSCs is facilitating the polarization of TAMs into the M2 phenotype, which supports
epithelial-mesenchymal transition (EMT) in GC cells. Blocking IL-6 and IL-8 using neutralizing antibodies
significantly inhibits the M2-like polarization induced by GC-MSCs via the JAK2/STAT3 signaling path-
way [6]. Additionally, bone marrow-derived MSCs (BM-MSCs) have been shown to activate the WNT and
TGF-β signaling pathways, contributing to tumor initiation and progression by sustaining and remodeling
cancer stem cell populations [92]. CD4+ T cells in the GC microenvironment are activated by increased
levels of IL-15, which promote regulatory T cell (Treg) expansion through STAT5 signaling. This process
enhances GC cell stemness, drives EMT, and facilitates migration [26]. Extracellular vesicles (MSC-EVs)
released by MSCs further regulate immune responses by reducing T cell proliferation and suppressing
Th1 differentiation. MSCs promote CAF differentiation via TGF-β signaling, which concurrently enhances
FAO-driven chemoresistance [93].
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Fibroblasts are essential components of the GC microenvironment, contributing significantly to tumor
initiation, progression, and metastasis. Among them, cancer-associated fibroblasts (CAFs) play a pivotal
role in GC development by directly interacting with cancer cells and regulating other components of the
TME, such as NK cells [94–97]. CAFs share a close relationship with MSCs within the TME [90]. MSCs
can transformation into CAFs through TGF-β signaling and work in tandem with CAFs by releasing pro-
angiogenic factors, immunosuppressive molecules, and ECM remodeling enzymes, thereby fostering tumor
proliferation, invasion, and metastasis [5]. Research indicates that exosomes derived from GC cells can
induce the expression of CAF markers in human umbilical cord MSCs via TGF-β signaling and Smad-2
phosphorylation, an effect that is mitigated by TGF-β receptor 1 kinase inhibitors [93]. Furthermore, MSCs
expedite the remodeling of the tumor microenvironment by recruiting CAF precursors. Although MSCs
may exhibit anti-tumor properties under specific conditions, they are frequently reprogrammed into CAFs,
amplifying their tumor-promoting activities [98–100]. Regulating the interplay between MSCs and CAFs
may present novel therapeutic opportunities for cancer treatment.

In inflammation-driven mouse models of GC, CAFs derived from MSCs are recruited to dysplastic
gastric tissues, where they express IL-6, Wnt5α, and BMP4. These CAFs exhibit DNA hypomethylation
and promote tumor growth through mechanisms dependent on TGF-β and SDF-1α signaling [83]. Addi-
tionally, tumor-educated neutrophils (TENs) are instrumental in driving MSC transformation into CAFs,
significantly enhancing GC growth and metastasis. Mechanistically, TENs release inflammatory mediators
such as IL-17, IL-23, and TNF-α, activating the AKT and p38 signaling pathways in MSCs. Neutralizing
antibodies targeting these inflammatory factors or inhibitors of the associated pathways can prevent TEN-
induced transformation of MSCs into CAFs [101]. MSCs influence the progression of gastric cancer through
interactions with various components of the gastric cancer microenvironment (Fig. 1).

4.2 Targeting the Immunomodulatory Effects of MSCs Impacts Gastric Cancer Treatment
Mesenchymal stem cells (MSCs) play a pivotal role in modulating immune responses [102], suppressing

inflammation, and facilitating immune evasion within the tumor microenvironment, thereby contributing
to the progression of gastric cancer (GC). By secreting various cytokines and interacting with immune
cells, MSCs suppress inflammation in the tumor stroma and enable tumor cells to evade immune detection.
Within the GC microenvironment, MSCs express markers such as CD73, CD90, and CD105. Notably, the
presence of CD105-positive MSCs is strongly associated with larger tumor sizes, advanced disease stages,
venous and lymphatic invasion, lymph node metastasis, and poorer patient outcomes [103]. Immune evasion,
a hallmark of malignant tumors like GC, is significantly influenced by MSCs. These cells promote tumor
growth by directly suppressing the activity of immune cells, including T cells and NK cells. Moreover,
MSCs interact with other immune cell types, such as B cells, dendritic cells, and macrophages, inhibiting
their antigen-presenting functions, further enabling tumor cells to bypass immune surveillance. Through
the secretion of paracrine inhibitory cytokines (e.g., TGF-β, IL-10, and IL-8) and chemokines (e.g., CCL2
and CXCL16), MSCs recruit regulatory T cells (Tregs) to the tumor site, fostering an immunosuppressive
microenvironment. This process is recognized as a central mechanism underlying immune evasion in
GC [75,104–106]. Additionally, GC-associated MSCs (GC-MSCs) enhance programmed death-ligand 1
(PD-L1) expression in GC cells, contributing to resistance against CD8+ T cell-mediated cytotoxicity.
However, targeting IL-8 produced by GC-MSCs has been shown to counteract PD-L1-induced immune
evasion in GC cells [107]. Further studies indicate that GC-MSCs enhance cancer stem cell (CSC)-like traits
in GC cells through PD-L1 signaling, thereby promoting chemoresistance [108]. Collectively, GC-MSCs drive
tumor progression by engaging in bidirectional interactions with both the innate and adaptive immune
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systems [109]. MSCs regulate metabolic pathways in gastric cancer (GC) cells by secreting various substances,
thereby contributing to therapeutic strategies for improving GC prognosis (Fig. 2).

Figure 2: MSCs influence gastric cancer treatment by regulating cellular metabolism. MSCs regulate metabolic
pathways in GC cells by secreting various substances, including HGF, lnc-RNAs, circle-RNAs, and IL-8. These factors
modulate key metabolic enzymes, such as the glycolytic enzyme HK2 and the fatty acid oxidation (FAO) enzyme
Cpt1a. Therefore, interventions targeting these metabolic pathways may offer therapeutic strategies to improve GC
prognosis. HGF: hepatocyte growth factor; ETX: etomoxir; FAP: fibroblast activation protein; FAO: fatty acid oxidation;
EV: extracellular vesicles

4.3 MSCs Influence Gastric Cancer Treatment by Regulating Cellular Metabolism
The metabolic characteristics of tumor cells are key drivers of their proliferation and invasion, with

the gastric cancer (GC) microenvironment exhibiting significant metabolic heterogeneity. This complexity
arises from alterations in glycolysis, fatty acid oxidation (FAO), and glutamine metabolism, which collectively
shape tumor’s progression [81] (Fig. 2). A hallmark of GC metabolism is its reliance on glycolysis for
energy production and biosynthesis, commonly referred to as the Warburg effect [110,111]. Variations in
glycolytic activity have been observed among different GC cell subpopulations. Targeting glycolysis through
approaches such as TNF-α inhibition in GC-MSCs, B7H3 knockdown, or treatment with the glycolysis
inhibitor 2-DG has effectively reduced oxaliplatin (OXA) and paclitaxel (PTX) resistance induced by
GC-MSC-conditioned media (CM) [21]. Upregulation of glycolysis-related enzymes, including hexoki-
nase 2 (HK2) and glucose-6-phosphate dehydrogenase (G6PD), highlights the glycolytic dependence of
GC cells [112–114]. GC-MSCs are known to express high levels of G6PD, while hepatocyte growth factor
(HGF) secreted by these cells enhances the c-Myc-HK2 signaling axis, promoting glycolysis, proliferation,
and metastasis in GC. This is mediated by G6PD-driven NF-κB activation, which increases HGF production
in GC-MSCs. Suppressing HGF secretion reduces GC cell proliferation, metastasis, and angiogenesis in
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vivo [24]. The interplay between G6PD and HK2 underscores the synergistic contributions of glycolysis and
gluconeogenesis to the tumor microenvironment.

Fatty acid oxidation (FAO) is another critical metabolic pathway influencing cancer stemness and
chemoresistance. MSCs upregulate the long non-coding RNA (lncRNA) HCP5, which regulates Cpt1a
expression via the miR-3619-5p/AMPK/PGC1α/CEBPB axis, driving FAO. In co-culture systems, MSC-
induced FAO enhances cancer stemness and chemoresistance in GC cells. MSCs are recruited to GC tissues
through natriuretic peptide receptor A (NPRA), which facilitates FAO via a feedback loop that prevents
the degradation of mitochondrial fusion protein Mfn2, enhancing its mitochondrial localization. The Cpt1
inhibitor etomoxir (ETX) significantly mitigates MSC-driven cisplatin (CDDP) resistance [115,116]. Fur-
thermore, MSC-derived TGF-β1 activates lncRNA MACC1-AS1 expression in GC cells through the TGF-β
receptor and SMAD2/3 signaling. MACC1-AS1 suppresses miR-145-5p activity, promoting GC stemness and
resistance, an effect reversed by FAO inhibition with ETX [117]. TGF-β-mediated MSC-CAF crosstalk further
amplifies FAO by upregulating CPT1A, linking stromal remodeling to metabolic reprogramming [117].
Additionally, circ_0024107 has emerged as a key mediator of FAO and metabolic reprogramming in GC,
driving lymphatic metastasis. It acts as a sponge for miR-5572 and miR-6855-5p, upregulating Cpt1a and
initiating FAO-dependent metabolic shifts [23]. A study shows that FAO reprogramming is closely linked to
GC metastasis. ATP stimulates bone marrow MSCs (BM-MSCs) to secrete IL-8 and STC1, which enhance
metastasis and increase CD44 expression in GC cells and small extracellular vesicles (sEVs). CD44, a
critical mediator of lymph node metastasis, regulates FAO through the ERK/PPARγ/CPT1A axis. Moreover,
GC-derived exosomes influence lipid metabolism in GC cells by modulating MSC activity. For instance,
miR-155 in GC exosomes targets C/EPBβ in adipose-derived MSCs (A-MSCs), suppressing adipogenesis and
enhancing brown fat differentiation, contributing to cancer-associated cachexia (CAC) [118].

Glutamine metabolism also plays a pivotal role in GC progression by generating α-ketoglutarate (α-
KG) through glutaminolysis, fueling the tricarboxylic acid (TCA) cycle to support tumor growth. This
process promotes M2 macrophage polarization, aiding GC cell proliferation, survival, and drug resistance
[119–122]. Treating MSCs with a γ-glutamyltransferase (GGT)-deficient Helicobacter pylori strain (Hp-KS-1)
significantly reduces glutamine and α-KG levels, increases histone methylation (H3K9me3 and H3K27me3),
and activates the PI3K-AKT pathway, driving proliferation, migration, self-renewal, and growth [123]. These
findings highlight the central role of MSCs in regulating FAO and related metabolic pathways, which not
only enhance GC stemness and chemoresistance but also facilitate invasion and metastasis. Targeting these
metabolic adaptations presents promising opportunities for developing novel therapeutic strategies (Table 1).

Table 1: Summary of metabolism-target and inhibitors

Targeted-site Signaling pathway Drug resistance Inhibitor Reference
HK2 HGF-c-Myc-HK2 OXA and PTX 2-DG [24]
Cpt1a miR-3619-5p/AMPK/PGC1α/CEBPB CDDP ETX [115]
Cpt1a NPRA-Mfn2 CDDP ETX [116]
Cpt1a TGF-β1-SMAD2/3- MACC1-AS1 FOLFOX ETX [117]
Cpt1a circ_0024107/miR-5572/6855-5p/CPT1A / / [23]

Note: HK2, Hexokinase 2; 2-DG, 2-Deoxy-D-Glucose; ETX, Etomoxir; OXA, Oxaliplatin; PTX, Paclitaxel;
CDDP, Cisplatin; FOLFOX, Folinic Acid, Fluorouracil, and Oxaliplatin.
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4.4 Progress of Mesenchymal Stem Cell-Derived Exosomes in Gastric Cancer Therapy
In recent years, mesenchymal stem cell-derived exosomes have garnered significant attention in gastric

cancer research due to their potential therapeutic implications. These exosomes are small membrane-bound
vesicles, typically 30–150 nm in diameter, containing various bioactive molecules such as miRNAs, mRNAs,
proteins, and signaling lipids [124]. MSC-derived exosomes play a crucial role in the development and
progression of GC by modulating the tumor microenvironment, enhancing tumor cell growth and migration,
and regulating immune responses [124–126].

Research has demonstrated that MSC-derived exosomes are enriched with specific non-coding RNAs,
such as miR-221 and miR-301b-3p, which target genes associated with proliferation, migration, and resistance
to apoptosis in GC cells. This contributes to tumor growth and increased chemoresistance [27,28]. Similarly,
exosomes from bone marrow-derived MSCs (BM-MSCs) containing high levels of miR-1228 have been
shown to significantly enhance GC cell growth [127]. These vesicles activate the Akt signaling pathway,
promoting cancer cell stemness [128], and confer resistance to 5-fluorouracil via the Raf/MEK/ERK cascade
and Ca2+/calmodulin-dependent protein kinase (CaM-K) pathways [65]. Exosomes from MSCs isolated
from GC tissue (GC-MSCs) deliver miR-221 to recipient GC cells, such as HGC-27, significantly enhancing
their proliferation and migration. This suggests that miR-221 may serve as a potential biomarker for targeted
GC therapy [27]. Additionally, GC-derived MSCs promote GC cell migration by expressing miR-374a-5p,
which activates the NF-κB signaling pathway, increases the inflammatory factor MCP-1, and decreases
Interferon-γ (IFN-γ) levels [129]. However, umbilical cord-derived mesenchymal stem cells (UMSCs) and
their exosomes (UMSC-exos) have been shown to inhibit GC activity [130], highlighting their potential as
a therapeutic option [131]. Recent advances in exosome engineering demonstrate that miRNA-loaded exo-
somes (e.g., miR-34a) can effectively target cancer stemness pathways, while microenvironment-responsive
exosomes (e.g., hypoxia-primed) show enhanced tumor targeting [64]. MSC-derived exosomes play Dual-
Edged role in gastric cancer progression and therapy resistance (Fig. 3).

Furthermore, MSC-like cells (GLN-MSCs), derived from metastatic lymph nodes of GC patients,
interact with the lymph node microenvironment and sustain their tumor-promoting functions through Yes-
associated protein (YAP) activation [132]. Recent studies have confirmed that exosomal miR-424-3p secreted
by hBMSCs exhibits tumorigenic properties, primarily by promoting epithelial-mesenchymal transition
(EMT), thereby enhancing the tumorigenicity of GC cells. Interestingly, this pro-tumorigenic effect is
abolished when hBM-MSCs are treated with oxaliplatin. The underlying mechanism is that oxaliplatin
upregulates miR-424-3p levels in exosomes secreted by hBM-MSCs, thereby inhibiting the EMT process in
GC cells [133]. Additionally, exosomal miRNA-221 derived from bone marrow MSCs (BM-MSCs) promotes
tumor activity in GC [134]. Furthermore, BMSCs can differentiate into CAFs and secrete TGF-β1 when co-
cultured with GCs, accompanied by the activation of TGF-β1/Smad2 signaling [135]. Moreover, exosomes
secreted by p53-deficient mouse bone marrow MSCs (p53−/−Mbm-MSCs) carry UBR2, which stimulates GC
proliferation and metastasis by modulating the Wnt/β-catenin signaling pathway [136]. In summary, MSC-
derived exosomes play a crucial role in GC progression, metastasis, and therapy resistance. They promote
tumor growth, reshape the tumor microenvironment, and suppress immune responses, providing valuable
insights into potential biomarkers and novel therapeutic targets for GC. The effects and mechanisms of
exosomes derived from different MSC sources on GC are detailed in Table 2.
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Figure 3: MSC-derived exosomes promote GC progression by enhancing proliferation, migration, chemoresistance,
and immune modulation through key signaling pathways like Akt, NF-κB, and Wnt/β-catenin. While BM-MSC-derived
exosomes drive tumor growth and metastasis, UMSC-derived exosomes exhibit anti-tumor effects, highlighting their
potential as therapeutic agents. MSC: mesenchymal stem cell; BM-MSC: Bone marrow MSC; UMSC: Umbilical cord
MSC; GLN-MSC: Metastatic lymph node-derived MSC; HBM-MSC: Human bone marrow MSC

Table 2: Summary of the effects of MSCs and MSC-exosomes on GC progression

Source of exosomes Mechanism of action Effect on gastric cancer Reference
Bone marrow MSC

(BM-MSC)
Enriched with miR-221,

miR-301b-3p
Promotes proliferation,

migration, and
chemoresistance

[27,28]

High levels of miR-1228 Enhances GC growth via
Akt signaling

[127]

Activates Raf/MEK/ERK
cascade & CaM-K

pathway

Induces 5-FU resistance [65]

Exosomal miR-221 Promotes tumor activity [134]
Activates of

TGF-β1/Smad2 signaling
Enhances progression of

GC
[135]

(Continued)
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Table 2 (continued)

Source of exosomes Mechanism of action Effect on gastric cancer Reference
GC-derived MSC

(GC-MSC)
Transfers miR-221 to GC

cells
Enhances proliferation &

migration
[134]

Expresses miR-374a-5p Activates NF-κB
signaling, increases

MCP-1, decreases IFN-γ,
enhances migration

[129]

Umbilical cord MSC
(UMSC)

miR-13896 targets and
down-regulates the
ATG2A-mediated

autophagy pathway

Suppressing GC cell
growth and metastasis

[121]

Metastatic lymph
node-derived MSC

(GLN-MSC)

Interacts with lymph
node microenvironment

via YAP activation

Maintains
tumor-promoting

function

[132]

Human bone marrow
MSC (HBM-MSC)

Exosomal miR-424-3p
promotes EMT

Enhances tumorigenicity [133]

Upregulates miR-424-3p
in exosomes

Promotes EMT in GC
cells

[133]

p53-deficient BM-MSC
(p53−/− mBMMSC)

Exosomal UBR2
modulates Wnt/β-catenin

pathway

Stimulates proliferation &
metastasis

[136]

Despite the promising therapeutic potential of MSC-derived exosomes, several practical challenges
must be addressed before clinical translation. First, exosome isolation protocols, such as ultracentrifugation,
size-exclusion chromatography, or polymer-based precipitation, exhibit variability in yield and purity, which
may affect reproducibility [137,138]. Batch-to-batch heterogeneity due to differences in MSC sources, culture
conditions, and donor variability further complicates standardization [139]. Scalability is another critical
hurdle, as large-scale production of exosomes meeting Good Manufacturing Practice (GMP) standards
remains technically and economically demanding [140].

Regarding metabolic inhibitors like etomoxir and 2-DG, while preclinical studies demonstrate efficacy
in targeting FAO and glycolysis, their clinical application is limited by off-target effects. For example,
etomoxir may induce hepatotoxicity and cardiac dysfunction by broadly inhibiting CPT1 isoforms [141],
whereas 2-DG’s lack of specificity can disrupt glucose metabolism in normal tissues, leading to adverse
effects such as fatigue and hypoglycemia [142]. Recent clinical trials have also highlighted the need for
targeted delivery systems to minimize systemic toxicity [143]. Addressing these challenges requires opti-
mizing exosome engineering techniques and developing isoform-specific metabolic inhibitors to enhance
therapeutic precision.

5 Conclusion and Perspectives
Recent advancements in mesenchymal stem cell (MSC) research for gastric cancer (GC) treatment have

underscored their potential to regulate the tumor microenvironment, influence metabolic pathways, and
modulate immune responses. MSCs contribute to tumor progression by secreting cytokines such as TGF-β,
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IL-6, and VEGF while interacting with immune cells, including T cells, natural killer cells, and macrophages.
These interactions suppress antitumor immunity and facilitate tumor immune evasion. Additionally, MSCs
drive metabolic reprogramming in GC cells by enhancing fatty acid oxidation (FAO), glycolysis, and the
pentose phosphate pathway, which sustain cancer stemness, proliferation, and resistance to chemotherapy.
For example, MSC-induced FAO supports cancer stem cell traits and exacerbates cisplatin resistance,
whereas FAO inhibitors like etomoxir have shown promise in reversing drug resistance. Moreover, MSC-
derived exosomes serve as key mediators by delivering miRNAs, mRNAs, and proteins that regulate GC cell
proliferation, migration, and chemoresistance, presenting a novel avenue for cell-free therapies.

Despite their therapeutic potential, several challenges hinder the clinical application of MSCs. Under
certain conditions, tumor cells can reprogram MSCs to promote tumor growth, metastasis, and therapy
resistance. For instance, MSC-secreted IL-6 and VEGF enhance GC cell proliferation and angiogenesis.
Furthermore, MSCs exhibit significant heterogeneity depending on their source-such as bone marrow,
adipose tissue, or umbilical cord blood, and variability among patients adds another layer of complexity.
Safety concerns also critical, as MSCs and their exosomes may inadvertently promote cancer stem cell
properties, increasing the risk of tumor recurrence and metastasis. Despite extensive research, the precise
roles of MSCs in tumor microenvironment modulation, metabolic reprogramming, and immune regulation
require further clarification.

Technical challenges also warrant attention. For exosome-based therapies, advanced characterization
methods (e.g., single-vesicle analysis and microfluidic isolation technologies) may improve consistency [144].
Meanwhile, developing metabolic pathway-specific inhibitors (e.g., CPT1A-targeted agents) that disrupt
fatty acid oxidation [145] or advanced delivery systems (e.g., nanoparticle-encapsulated 2-DG) [146] could
mitigate off-target effects while enhancing therapeutic efficacy.

To address these challenges and optimize MSC-based therapies, future research should focus on several
key areas. Genetic engineering and pharmacological interventions could enhance the antitumor potential
of MSCs by promoting the secretion of tumor-suppressive factors or minimizing their support for tumor
cells. Developing MSC-derived exosome therapies, leveraging exosome-carried miRNAs and proteins as
precise tools, offers a promising cell-free approach for GC treatment. Targeting MSC-regulated metabolic
pathways, such as FAO and glycolysis, with tailored drugs could complement existing chemotherapy
and immunotherapy, boosting their efficacy. Moreover, interdisciplinary research holds great promise.
Combining MSCs with nanomaterials may improve targeting and therapeutic efficiency, while integrating
immunological and metabolic approaches could provide deeper insights into MSC mechanisms. Rigorous
clinical trials are essential to validate MSC-based treatments for GC, establish standardized protocols for
MSC isolation, storage, and administration, and accelerate their clinical translation.

In conclusion, while significant progress has been made in understanding MSCs’ role in GC treatment,
unresolved issues such as tumor-promoting effects, safety risks, and heterogeneity persist. Future efforts
should prioritize optimizing MSC functionality, advancing exosome-based and metabolic-targeting thera-
pies, and fostering multidisciplinary research and clinical validation. These initiatives will pave the way for
innovative strategies and improved outcomes in GC therapy.
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