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Abstract: Metformin, a cornerstone treatment for type 2 diabetes, has recently emerged as a
multifunctional therapeutic agent with applications extending far beyond glycemic control. This
mini-review explores its promising roles within extracellular matrix (ECM)-based three-dimensional
(3D) cell culture models, which closely mimic the in vivo cellular microenvironment. Through
modulation of key pathways—including AMPK activation, inhibition of TGF-$ signaling,
suppression of aerobic glycolysis, and regulation of microRNAs—metformin exerts profound effects
on ECM remodeling, fibrosis attenuation, and tumor progression. Furthermore, its integration into
ECM-inspired drug delivery systems and regenerative scaffolds has shown great potential in
applications such as diabetic wound healing, bone repair, and implant integration. Collectively,
current findings highlight metformin as a versatile agent capable of modulating ECM biology in
disease-specific 3D systems, paving the way for innovative therapeutic strategies in oncology,
metabolic disorders, and tissue engineering.
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1. Introduction

Metformin, a drug primarily used to treat type 2 diabetes, has garnered substantial attention in
medical research. Beyond its glucose-lowering effects, studies have revealed that metformin can exert
therapeutic benefits in various diseases through multiple cellular mechanisms, including metabolic
regulation, inflammation reduction, and modulation of ECM properties, as evidenced by recent
review articles [1-3].

The ECM plays a crucial role in maintaining cell structure, signaling, and tissue homeostasis,
and serving as a structural and functional support for cells, plays a pivotal role in physiological and
pathological processes [4,5]. Alterations in ECM structure and function can contribute to various
diseases, including cancer, fibrosis, and metabolic disorders [6-8].

In three-dimensional (3D) cell culture systems, which more accurately mimic the physiological
microenvironment compared to traditional 2D cultures, ECM dynamics are essential for cell
proliferation, differentiation, and migration [9,10]. Emerging evidence suggests that metformin can
alter ECM composition and mechanics, potentially influencing cell-ECM interactions, remodeling
processes, and mechanotransduction pathways [11].These findings highlight a novel avenue for
metformin’s therapeutic applications in conditions where ECM remodeling is dysregulated, such as
tumor microenvironments and fibrotic diseases.

Understanding metformin’s role in ECM regulation could pave the way for novel therapeutic
strategies that leverage its pleiotropic effects, particularly in cancer treatment and tissue engineering.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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This review aims to explore the multifaceted roles of metformin in ECM regulation within 3D cell
cultures, emphasizing its potential applications beyond traditional glycemic control

2. Metformin: Its Properties and Applications

Metformin is a widely used medication primarily for managing type 2 diabetes, known for its
glucose-lowering effects. Beyond its metabolic actions, metformin also exhibits several non-metabolic
effects that are gaining attention. Metformin primarily reduces hepatic glucose production,
improving hyperglycemia and insulin sensitivity through both AMPK-dependent and independent
pathways [12,13]. It influences mitochondrial respiration, enhancing energy metabolism in the liver
and other tissues and also decreases lipid secretion from intestinal cells and enhances fatty acid
oxidation in adipose tissue and muscles, contributing to improved metabolic profiles [13,14].
Metformin has favorable effects on cardiovascular health, reducing heart failure incidence and
mortality by improving myocardial energy metabolism and reducing cardiac remodeling [15,16].

It exhibits potential anti-cancer effects by inhibiting mitochondrial complex I, causing
bioenergetic stress in cancer cells, and affecting cancer cell metabolism [17,18]. Metformin resulted in
cell cycle arrest in the sub-G1 phase with G1 and indicate the positive impact in treating human breast
cancer [19].Also, Metformin reduces pro-inflammatory markers and regulates adipokines, which are
beneficial in conditions like metabolic syndrome and has been linked to increased levels of
neurotrophic factors [20,21] (Figure 1).
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Figure 1. Application of Metformin.

3. Three-Dimensional(3D) Cell Culture Models of Disease

Three-dimensional (3D) cell culture models that incorporate extracellular matrix (ECM)
components are crucial for accurately mimicking the in vivo environment in disease research. These
models provide a more physiologically relevant context for studying cellular behavior, disease
mechanisms, and drug responses [22,23].

3D cultures are particularly useful in cancer research, where they help in understanding tumor
biology, including cell-extracellular matrix interactions and the development of hypoxic
microenvironments, which are crucial for evaluating drug responses and resistance mechanisms [23—
25]. They also play a role in studying neurodegenerative diseases, such as Alzheimer’s, by mimicking
the brain’s extracellular matrix [26,27].
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Beyond cancer and neurodegenerative diseases, 3D models are applied in studying other
diseases such as endometriosis, liver diseases, infectious diseases and metabolic disorders offering
insights into cellular and molecular mechanisms [28,29].

4. Extracellular Matrix (ECM)

The ECM is composed of proteins such as collagens, elastin, laminins, and fibronectin, as well
as proteoglycans and glycosaminoglycans (GAG) [4,30]. These components form a dynamic network
that interacts with cell surface receptors to influence cell behavior [30,31]. It provides structural
support, facilitates cell adhesion, and transduces signals that regulate cell survival, growth,
migration, and differentiation [30,32].Abnormal ECM remodeling is linked to various diseases,
including cancer, fibrosis, and metabolic disorders. It can influence tumor progression and metastasis
by modifying the tumor microenvironment [33-35].

Creating an extracellular matrix (ECM) for 3D cell cultures involves using various natural and
synthetic materials to mimic the in vivo environment and can be categorized based on the presence
or absence of scaffolds into two main types: scaffold-based ECM and scaffold-free ECM.

I. scaffold-based ECM

This type involves the use of engineered scaffolds that mimic the natural ECM, providing
structural support and biochemical cues for cell attachment, proliferation, and differentiation. These
scaffolds can be made from various materials, including synthetic polymers, natural component and
decellularized tissues, and are designed to facilitate tissue regeneration in applications such as bone,
cartilage, and skin repair [36]. Scaffold-based approaches allow for controlled architecture, which can
influence cellular behavior and tissue organization [37].

a-Natural ECM Components

Matrigel: A gelatinous protein mixture derived from mouse sarcoma, commonly used for its
ability to support cell growth and differentiation [38].

Hydrogels: These are water-swollen networks that can be made from natural polymers (like
alginate or collagen) or synthetic materials. They provide a scaffold for cells, promoting interactions
and mimicking tissue properties [39].

b-Synthetic ECM

These are engineered using materials chemistry to replicate the in vivo cell microenvironments.
They involve tuning biochemical and structural features to regulate cell fate, using scaffolds that
incorporate signaling biomolecules to create bioresponsive environments [40].

c-Decellularized ECM (dECM):

dECM is derived from tissues and used to create physiomimetic 3D tumor models. It closely
mimics the native tumor-supporting matrix, providing a robust platform for cancer research [41].

IL scaffold free ECM

In scaffold-free systems, cells are allowed to aggregate and form their own ECM without the aid
of external scaffolding materials. This method can lead to the creation of more physiologically
relevant tissue constructs, as cells interact directly with each other and produce their own ECM [42].
Scaffold-free techniques are particularly advantageous for high-throughput applications, such as
drug screening and disease modeling, although they may face challenges in maintaining cell viability
and function over time [43].

5. Effects of Metformin on ECM

Metformin has notable effects on the extracellular matrix (ECM) across various tissues, primarily
through its action on cellular signaling pathways. Metformin reduces excessive ECM deposition in
white adipose tissue and liver by activating AMP-activated protein kinase (AMPK) and inhibiting
the transforming growth factor-betal (TGF-p1)/Smad3 signaling pathway. This action decreases
collagen deposition and fibrotic gene expression, which is beneficial in conditions like obesity and
liver fibrosis [44,45]. In hepatocellular carcinoma (HCC), metformin’s effects are influenced by the
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stiffness of the ECM. It inhibits the proliferation, migration, and invasion of cancer cells by
modulating the PTEN/PI3K/Akt pathway. However, increased matrix stiffness can attenuate these
effects, indicating a complex interaction between metformin and the ECM in cancer settings [46]. In
aged female mice, metformin alters ECM-related gene expression in the heart [47], although it does
not improve cardiac function. In intervertebral disc cells, metformin affects ECM-like structures,
potentially leading to adverse effects [48]. Conversely, it enhances the release and quality of
extracellular vesicles from mesenchymal stem cells, which may aid in intervertebral disc regeneration
[49]. Metformin inhibits ECM-related processes such as vascular calcification and tumor cell
migration by affecting pathways like ferroptosis and matrix metalloproteinase-9 (MMP-9) activation,
respectively. These actions are mediated through AMPK activation and other signaling pathways
[50,51].

6. Key Mechanisms Underlying Metformin’s Effects on the ECM

To elucidate how metformin exerts its diverse effects on ECM remodeling within 3D systems,
we outline the core molecular mechanisms underpinning its activity.

I. Modulation of miRNAs

Metformin upregulates miR-33a, which targets and downregulates c-MYC, reducing ECM
deposition and fibrosis [52]. It increases DICER expression (critical for miRNA processing), altering
energy metabolism-related miRNAs that suppress ECM-related genes [52,53].

In cancer, metformin elevates miR-34a and miR-200, inhibiting epithelial-mesenchymal
transition (EMT) and collagen production. It Also, regulates miR-143-3p, to inhibit ECM deposition
Metformin [53,54].

II. Inhibition of Aerobic Glycolysis

Metformin suppresses PFKFB3 (a key glycolytic enzyme), reducing lactate production and
glucose consumption. This inhibition is mediated via AMPK/mTOR signaling, lowering collagen I/III
and a-SMA synthesis [53,55]. Blocking glycolysis with metformin prevents ECM remodeling in
fibrotic conditions.

III. AMPK Activation

Mitochondrial complex I inhibition: Metformin reduces ATP, increasing AMP/ATP ratios to
activate AMPK, which inhibits mTOR and ECM synthesis [55].

Lysosomal v-ATPase pathway: At clinical doses, metformin binds PEN2, inhibiting v-ATPase
and activating AMPK independently of AMP levels [56].AMPK phosphorylates ACC1/2 and
suppresses mTOR/4E-BP1, reducing collagen and fibronectin production [56,57].

IV. TGF-B Inhibition

Metformin blocks TGF-Bl-induced Smad2/3 phosphorylation, preventing myofibroblast
differentiation and ECM accumulation. AMPK activation by metformin disrupts TGF-g/Smad3
signaling, lowering a-SMA and fibronectin expression [44], suppresses TGF-f signaling, a key driver
of fibrosis in various diseases [58].

These mechanisms not only highlight metformin’s pleiotropic influence on ECM dynamics but
also underpin its therapeutic efficacy in 3D disease models—particularly in cancer, fibrosis, and
metabolic dysfunctions—as explored in the following sections (Figure 2).
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Figure 2. Key Mechanisms underlying Metformin’s Effects on the ECM.:1. Modulation of
miRNAs: Research has demonstrated that miR-143-3p regulates cell proliferation and apoptosis by targeting
ERKS8(extracellular signal-regulated kinase),2. Inhibition of Aerobic Glycolysis,3. AMPK Activation: Metformin
activates AMPK (Mitogen-activated protein kinase) inhibits the TGF-31/Smad3 signaling pathway that leads to
a decrease protein synthesis in collagen deposition and fibrotic gene expression,4. TGF-f3 Inhibition: Metformin
suppresses TGF-{3 signaling, a key driver of fibrosis, LOXL1 (Lysyl oxidase like 1)- an enzyme involved in the
crosslinking of collagen and elastin- TIMP1 (Tissue inhibitor of metalloproteinases 1)- TIMP1 is a protein that
inhibits matrix metalloproteinases (MMPs) which is degrade the ECM-,a-SMA (alpha-smooth muscle actin)-
expressed in myofibroblasts which are a major source of ECM production- EMT(Epithelial-Mesenchymal
Transition)- biological process where epithelial cells (cells that line the surfaces of your body) lose their

characteristics and gain those of mesenchymal cells-, HSCs(Hepatic Stellate Cells), MFBs Myofibroblasts.

7. Application of Metformin in 3D Disease Models
7.1. Cancer

Metformin shows significant effects on tumor cell organization and behavior in 3D models. The
drug reduces sphere-forming ability and targets cancer stem/progenitor cell populations, though it
does not completely eliminate them [59]. In 3D spheroid models, metformin treatment leads to
decreased invasive capacity of cancer cells, with treated spheroids showing reduced growth after 37
hours compared to untreated controls [60].

A key mechanism of metformin’s impact on cell behavior involves its effect on cell-.ECM
adhesion. The drug increases cell adhesion to collagen by approximately 35% [61]. This enhanced
adhesion is partly due to metformin’s ability to upregulate integrin 31 expression, which plays a
crucial role in maintaining cell-matrix adhesion [62]. In terms of cell migration and invasion,
metformin demonstrates significant inhibitory effects. Studies have shown that the drug can reduce
cell migration by approximately 63% in the absence of ECM and decrease invasion by about 40% in
the presence of ECM [63]. These effects appear to be consistent across different glucose conditions,
suggesting that metformin’s impact on invasion is not dependent on glucose levels [60].

In multicellular spheroid models, metformin disrupts large single-cluster formation, causing
cells to become more loosely attached to each other [64]. However, when used as a single agent in
some contexts, such as pancreatic microtumors with cancer-associated fibroblasts, metformin’s
efficacy may be limited, though it can enhance the effectiveness of other treatments like oxaliplatin
or photodynamic therapy [65] (Table 1).
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7.2. Fibrose

The understanding of fibrosis and its relationship with the extracellular matrix (ECM) is
fundamental to studying metformin’s therapeutic potential. Fibrosis is characterized by excessive
deposition of ECM proteins, with collagens and fibronectins being the predominant components [66].

At the cellular level, fibroblasts are the primary cells responsible for maintaining and producing
various ECM components, including collagen, elastin, and proteopolysaccharides [67].

During fibrotic tissue remodeling, a crucial transformation occurs where fibroblasts become
activated and differentiate into myofibroblasts. These activated cells are characterized by their
expression of a-smooth muscle actin (xSMA) and increased production of ECM proteins [68].

The myofibroblasts significantly contribute to structural and functional changes in tissues by
increasing the deposition of ECM components, particularly collagen types I and III [68,69].

The regulation of ECM production and degradation involves complex molecular mechanisms.
Fibroblasts secrete various growth factors, including TGF-3 and TNF-«, as well as matrix
metalloproteinases (MMPs). These MMPs are metal-dependent proteolytic enzymes that play crucial
roles in ECM degradation, cell migration, differentiation, and tissue reconstitution [67].

Metformin demonstrates consistent effects in reducing the production and accumulation of
extracellular matrix components across multiple studies. At concentrations of 1-10 mmol/L,
metformin significantly decreases the expression of major ECM proteins, including collagen type I
(COL1A1) and collagen type III (COL3A1) [3].This reduction extends to other ECM components, such
as elastin (ELN) and hyaluronic acid (HA), suggesting a broad impact on matrix composition [3,70].

A key mechanism of metformin’s anti-fibrotic action involves its ability to suppress the
transformation of fibroblasts into myofibroblasts, as evidenced by decreased expression of a-smooth
muscle actin (a-SMA) [71]. This effect has been demonstrated across multiple tissue types, including
cardiac tissue, where metformin treatment significantly reduced fibrotic gene expression and ECM
deposition [72,73].

At the molecular level, metformin’s effects are mediated through the suppression of key
signaling molecules involved in ECM production. The drug reduces the expression of transforming
growth factor-f3 (TGF-3), platelet-derived growth factor-p (PDGF-f3), and downstream signaling via
SMAD-2 [3]. Additionally, metformin decreases the production of fibronectin, another major ECM
component, particularly in response to PDGF-BB stimulation [45].

A particularly interesting mechanism is metformin’s ability to promote trans differentiation of
myofibroblasts. Through AMPK activation, metformin triggers a phenotypic switch from
myofibroblasts to lipo-fibroblasts, involving increased bone morphogenetic protein 2 expression and
peroxisome proliferator-activated receptor-gamma phosphorylation [74]. This process, also termed
fibrosis reversion, represents a promising therapeutic approach, particularly in lung tissue [75].

In cardiac tissue models, metformin administration significantly reduces the expression of
collagen types I and III, leading to improved cardiac fibrosis outcomes and reduced histopathological
necrotic areas [76].

Studies on orbital fibroblasts (OFs) in thyroid-associated ophthalmopathy demonstrate that
metformin inhibits TGF-f1-induced expression of multiple fibrosis-related molecules, including
aSMA, various collagen types (COL1A1, COL2A1, COL3A1), and fibronectin (FN1) [77].

In renal tissue models, metformin effectively blocks angiotensin II-induced ECM
overproduction in cultured renal fibroblasts. This effect extends to in vivo models, where metformin
treatment reduces the expression of fibronectin and collagen I in unilateral ureteral obstruction
(UUO) mouse models [78].In bone tissue models, metformin influences ECM composition differently,
promoting the formation of mineralized extracellular matrix rich in calcium and phosphorous
deposits [79]. The development and validation of more sophisticated 3D culture methods represent
a critical next step in understanding metformin’s therapeutic potential. These advanced models are
needed to better evaluate drug efficacy, optimal dosage regimens, and administration routes (Table
1).
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7.3. Diabetes and Metabolic Diseases

The application of 3D culture techniques in diabetes research has shown promising potential in
both regenerative medicine and drug discovery [80].

These models are especially valuable because diabetes affects multiple organs, and 3D systems
can more accurately replicate the pathophysiology of diabetic complications through various formats
such as spheroids, organoids, and bioprints [80].

Researchers have successfully demonstrated practical applications, such as the formation of
insulin-producing cells from human amniotic epithelial cells in 3D spheroid cultures, showing
glucose-dependent insulin secretion [81,82].

The response to metformin in 3D models varies depending on glucose concentration and cell
type. Ghandour.f et al. using co-culture systems has shown that metformin’s effects on angiogenic
factors are glucose-dependent. For instance, in endothelial cells, metformin inhibits pro-angiogenic
factors like EMMPRIN and MMP-9 across various glucose concentrations, while its effect on VEGF
secretion is only observed under high glucose conditions [83].

Metformin’s effects in 3D culture models have been extensively studied across various tissue
types, revealing its diverse therapeutic mechanisms. In intestinal organoids, metformin inhibits cell
proliferation through two main pathways: AMPK activation and p53-dependent activation of
REDD1, which leads to mTOR inhibition and cell cycle arrest [84,85].

In pancreatic models, metformin shows significant protective effects, particularly in maintaining
cell viability under high glucose conditions [86]. The drug protects beta cells from fatty acid-induced
apoptosis through AMPK-mediated autophagy activation [87].

The drug’s effects on adipose tissue in 3D models are particularly noteworthy. Metformin
impairs adipogenesis by improving stemness in human adipose-derived stem cells through
autophagy activation and mTOR signaling inhibition [88]. Interestingly, metformin’s effects on
adipogenesis appear to be dose-dependent, with lower concentrations potentially promoting and
higher concentrations inhibiting adipogenesis [89,90].

In liver models, metformin demonstrates significant anti-steatotic properties, reducing cellular
lipid content and fatty acid consumption [91,92]. The drug’s effectiveness in 3D culture environments
is enhanced by the improved cell-cell communication and more frequent drug-cell interactions
provided by these models [92].

Recent studies using multi-organ models have shown that metformin can rescue mitochondrial
dysfunction and improve glucose transport in both liver tissue and organoid islets under high
glucose conditions [93]. This demonstrates the drug’s potential to address multiple aspects of
metabolic pathology simultaneously when studied in complex 3D systems (Table 1).

Table 1. Application of Metformin in 3D disease models.

Disease Models Effects of Metformin Key Mechanisms Ref.
Upregulates integrin 31

R here-formi ilit
educes sphere-forming ability expression [59]
T .
argets Cancezesltlzm/progemtor Inhibits stemness pathways [60,61]
CANCER Disrupts large single-cluster
Decreases invasive capacity formations in multicellular [62,63]
spheroids
Inhibits cell migrati
nhibits cell migration and Enhances ECM adhesion [64,65]
invasion
Reduces ECM production [collagen Decreases COL1A1, COL3A1,
FIBROSIS types I and III, elastin, hyaluronic elastin, and hyaluronic acid [3,70]

acid] expression
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Decreases a-SMA expression and
inhibits TGF-f3, PDGF-3, and  [3,45,71]
SMAD-2 signaling
Induces AMPK activation and
phenotypic switch to lipo-
fibroblasts via BMP-2 and PPAR-
Y phosphorylation
AMPK activation and p53-

Inhibits cell proliferation in dependent activation of REDD1
intestinal organoids lead to mTOR inhibition and cell

Suppresses fibroblast to
myofibroblast transformation

Promotes fibrosis reversion [74,75]

84,85]
cycle arrest

Maintains cell viability under
high glucose conditions and
Diabetes & Protects pancreatic beta cells prevents fatty acid-induced [86,87]
apoptosis via AMPK-mediated
autophagy

Metabolic Diseases

Enhances stemness in adipose-
Impairs adipogenesis derived stem cells via autophagy  [88]
activation and mTOR inhibition
Exhibits anti-steatotic properties
Reduces liver lipid content by lowering fatty acid [91,92]
consumption

8. Other Application of Metformin with ECM

In controlled drug delivery systems, extracellular matrix (ECM) can be utilized as a drug
delivery system. Metformin-loaded ECM refers to a biomaterial system that incorporates metformin,
a widely used antidiabetic drug, into a scaffold made from ECM components. This approach aims to
enhance drug delivery and therapeutic efficacy, particularly in regenerative medicine and cancer
treatment.

A key advantage of metformin in tissue regeneration applications is its ability to influence
multiple cellular processes simultaneously. The drug shows particular promise in regulating
mesenchymal stem cells (MSCs), which are crucial for tissue repair and regeneration due to their
ability to differentiate into various cell types including osteoblasts, chondrocytes, and adipocytes.
Research has demonstrated that metformin can stimulate osteogenesis of umbilical cord MSCs while
also modulating immune responses by promoting anti-inflammatory M2 macrophages and reducing
pro-inflammatory M1 macrophages [94].

In the context of wound healing, metformin’s immunomodulatory and anti-inflammatory
properties make it particularly valuable. Studies have shown that metformin treatment can enhance
wound healing processes, increase angiogenesis, improve epithelialization, and promote both hair
follicle formation and collagen deposition [95].

Metformin-loaded scaffolds show significant potential in bone tissue engineering, particularly
when combined with mesenchymal stem cells. Studies using calcium phosphate cement scaffolds and
polylactic acid/polycaprolactone composites have demonstrated enhanced osteogenic differentiation
and bone formation in calvarial defects [96]. Calcium phosphate cement-chitosan composites
incorporating metformin have shown promise in dental tissue engineering, particularly for dentin
regeneration. These scaffolds support dental pulp cell viability while enhancing odontogenic
differentiation [97].

Guided bone regeneration (GBR) membranes containing metformin have been developed
specifically for periodontal applications. Polycaprolactone/polyvinyl alcohol membranes with 10
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wt% metformin have shown particularly good results in improving osteogenic properties and bone
regeneration [98,99].

Metformin-loaded scaffolds have demonstrated effectiveness in treating various cranio-maxillo-
facial defects. Clinical outcomes show significant improvement when compared to treatments
without metformin [98].

Sol-gel coatings containing metformin have been developed for metallic implants. These
functionalized surfaces enhance cell proliferation and metabolic activity of adipose-derived stem
cells, showing potential for improved implant integration [100,101].

Gelatin-based scaffolds incorporating metformin (GHMS) show promise for treating chronically
infected alveolar defects, with evidence of enhanced osteogenic differentiation and vascularization
potential [102].

Metformin incorporation into tissue engineering scaffolds has shown remarkable success in
promoting wound healing through multiple mechanisms. Studies have demonstrated that metformin
treatment increases wound healing rates and angiogenesis, while also improving epithelialization
and promoting both hair follicle formation and collagen deposition [95].

The combination of metformin with other therapeutic agents in composite scaffolds has proven
particularly  effective  for  diabetic ~wound healing. When incorporated into
chitosan/gelatin/polycaprolactone and polyvinyl pyrrolidone nanofibrous scaffolds alongside other
diabetes medications, metformin accelerated wound healing in diabetic rats while improving both
dermis and epidermis regeneration. These composite systems also demonstrated reduced
inflammatory cell infiltration and edema, suggesting better control of the wound healing
environment [103].

Sustained release of metformin from scaffold systems appears to be crucial for optimal wound
healing outcomes. Collagen/PLGA nanofibrous scaffold membranes designed for controlled
metformin release have shown particular success in diabetic wound models, leading to increased
collagen content and more effective wound closure [103]. The drug’s multiple beneficial properties,
including anti-inflammatory, anti-fibrotic, and antioxidant effects, work together to enhance the
overall wound healing process [95].

Metformin can also be encapsulated in nanoparticles that interact with the ECM, enhancing drug
penetration and therapeutic effects in cancer models. For instance, lysozyme-functionalized
metformin-loaded nanoparticles have shown improved anticancer efficacy by modifying the ECM of
tumor cells [104].

Metformin-loaded extracellular matrix represents a specialized drug delivery system that
combines metformin with the natural scaffold properties of extracellular matrix (ECM). The ECM
serves as a biocompatible carrier that can release metformin in a controlled manner while maintaining
its natural biological functions. This approach addresses two key challenges in drug delivery:
achieving sustained release of therapeutic compounds and providing a supportive environment for
tissue repair and regeneration. The development of metformin-loaded ECM emerged from the need
to improve drug delivery efficiency while leveraging the inherent benefits of natural tissue matrices
(Table 2).

Table 2. Other application of metformin with ECM.

Application Effects of Metformin Key Mechanisms Ref.
Stimulates Enhances differentiation into
Tissue Regeneration osteogenesis in osteoblasts, regulates immune [94]
mesenchymal stem  responses (M1 to M2 macrophage
cells (MSCs) shift)
Enhances healing,
. increases Immunomodulatory & anti-
Wound Healing . . . [95]
angiogenesis, inflammatory effects

improves
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epithelialization,
promotes hair follicle
formation & collagen
deposition
. Improves osteogenic Calcium phosphate cement scaffolds
Bone Tissue . L N
. . differentiation & bone & polylactic acid/polycaprolactone [96]
Engineering . .
formation composites
Supports dental pulp
Dental Tissue cell viability & Calcium phosphate cement-chitosan [97]
Engineering enhances odontogenic composites
differentiation
Periodontal Enhances bone Polycaprolactone/polyvinyl alcohol [98,99]
Regeneration regeneration membranes with 10 wt% metformin ’

Improves clinical

outcomes in bone Metformin-loaded scaffolds [98]

defect treatments
Enhances cell
proliferation &

Cranio-Maxillo-Facial
Defects

Sol-gel coatings with metformin for

Implant Integration — metabolic activity of .. [100,101]
) . metallic implants
adipose-derived stem
cells
Accelerates healing,
Diabetic Wound re'duces inflamm:.:ltion, . Compo.site scaffolds
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anticancer effects loaded nanoparticles modifying ECM

9. Challenges and Limitations

The scientific literature reveals significant contradictions in how metformin affects ECM-related
processes, particularly in angiogenesis and tissue remodeling. In vitro and in vivo studies have
shown paradoxical effects where metformin demonstrates both anti-angiogenic activity while
simultaneously enhancing pro-angiogenic mediators [105]. This duality is particularly evident in
diabetic conditions, where metformin has shown pro-angiogenic effects in wound healing,
cardiovascular disease, and tumor models [106].

The molecular pathways through which metformin affects ECM remodeling also show
conflicting patterns. While AMPK activation is widely recognized as metformin’s primary
mechanism for reducing oxidative stress and inflammation in cardiac tissue [68,107]. research has
revealed that metformin’s effects on collagen synthesis may operate independently of AMPK
activation [73]. This suggests the existence of multiple, potentially parallel mechanisms through
which metformin influences ECM dynamics, complicating our understanding of its therapeutic
effects [68].

These contradictory findings have important implications for clinical applications, particularly
in conditions where ECM remodeling plays a crucial role, such as wound healing and cardiovascular
disease. In diabetic contexts, metformin has shown beneficial effects on endothelial function and
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angiogenesis. yet the precise mechanisms and conditions under which these effects manifest remain
unclear [106].

10. Future Directions

While current evidence strongly supports the multifaceted role of metformin in 3D cell culture
models and ECM regulation, several promising directions remain for future exploration. First,
integrating ECM-based 3D models into preclinical studies, including organotypic cultures and
patient-derived cells, could enhance translational relevance and better predict clinical outcomes.
Second, the development of smart drug delivery systems— particularly those utilizing bioengineered
or decellularized ECM scaffolds—may optimize metformin’s therapeutic efficacy and targeting
capacity in specific tissues. Additionally, further investigation into the lesser-known molecular
pathways influenced by metformin within fibrotic and tumor microenvironments is warranted.
Emerging technologies like organ-on-a-chip and multi-tissue 3D constructs also offer a powerful
platform to study metformin’s systemic effects, especially in complex diseases like diabetes with
cardiovascular or renal comorbidities. Finally, incorporating patient-specific cells into 3D ECM
models may facilitate personalized medicine approaches and help stratify metformin responsiveness
across diverse populations.

11. Conclusions

Metformin, a common diabetes medication, has shown promise in regulating the extracellular
matrix (ECM) within 3D cell cultures. Beyond its metabolic effects, metformin influences ECM
composition and remodeling pathways, suggesting potential therapeutic benefits in cancer, fibrosis,
and metabolic diseases. Studies have demonstrated its ability to alter ECM stiffness, modulate cell-
ECM interactions, and inhibit fibrotic progression through both AMPK-dependent and independent
mechanisms. Additionally, its incorporation into tissue engineering and drug delivery systems
enhances its regenerative potential in wound healing and bone repair. However, conflicting findings
regarding its effects on angiogenesis and ECM remodeling highlight the complexity of its action and
the need for further research to optimize its clinical applications. Advancing 3D culture models will
be crucial in uncovering the full therapeutic potential of metformin in ECM-related diseases and
tissue engineering.
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