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Abstract

Cardiovascular diseases remain the leading cause of death worldwide. However,
conventional therapies incompletely address disease heterogeneity, and
conventional in vitro models do not accurately recapitulate the complex vascular
microenvironment. Embryonic stem cells, induced pluripotent stem cells, and adult
stem cells, including adipose-derived mesenchymal stem cells and bone marrow
mesenchymal stem cells, provide a robust cellular foundation for constructing
functional vascular networks through multidirectional differentiation and paracrine
signaling. Advanced technologies for generating vascularized organoids, including
co-culture systems, bioprinting, and growth factor modulation, have markedly
enhanced organoid survival, structural stability, and physiological fidelity. These
organoids have enabled the formation of functional vascular networks in multiple
organ systems, including the brain, kidney, and heart, while faithfully reproducing
both disease-associated pathological features and normal physiological functions.
As aresult, they serve as versatile platforms for investigating mechanisms of vascular
disease, performing high-throughput drug screening, evaluating drug efficacy
and toxicity, and developing personalized therapeutic strategies. Furthermore,
vascularized organoids facilitate mechanistic studies on angiogenesis, vascular
remodeling, and cell-cell interactions within physiologically relevant three-
dimensional contexts, offering insights that are difficult to obtain from conventional
two-dimensional cultures or animal models. This review systematically summarizes
the roles of various stem cells in angiogenesis, outlines strategies for constructing
vascularized organoids, and highlights their emerging applications in modeling
vascular-associated diseases and regenerative therapy, providing a comprehensive
reference for advancing both basic research and clinical translation in vascular
medicine.

Keywords: Vascularized organoid; Stem cell; Angiogenesis; Vascular remodeling;
Cardiovascular disease; Precision medicine

1. Introduction

Vascular lesions represent a broad spectrum of diseases characterized by structural or
functional abnormalities of blood vessels. As the leading cause of death worldwide,
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cardiovascular diseases account for more than 34.9% of
global mortality annually.'! According to the Global Burden
of Disease study, cardiovascular diseases are among the
leading contributors to global disability-adjusted life
years, with major vascular disorders imposing a profound
healthcare and socioeconomic burden worldwide.? Despite
advances in pharmacological therapies, clinical treatment
still faces significant challenges. Current drugs can delay
disease progression or reduce the incidence of high-risk
events; however, limitations remain, including incomplete
understanding of disease mechanisms, insufficient long-
term safety data, and variable individual responses.* In
addition, many existing clinical and preclinical studies
are subject to population-related biases, including the
underrepresentation of females, younger individuals, and
certain racial or ethnic groups. These limitations may
further constrain the generalizability of current findings.*

The pathological mechanisms of vascular diseases, such
as atherosclerosis, have shifted from the early hypothesis
of endothelial dysfunction to complex systemic disorders
involving multicellular ~communication networks.’
Traditional in vitro models, such as two-dimensional cell
culture, are overly simplified and fail to recapitulate the in
vivo microenvironment. Similarly, animal models suffer
from interspecies differences, leading to limited clinical
translatability.®

Organoid technology offers a promising strategy to
overcome these limitations. Organoids are self-organizing
three-dimensional multicellular structures generated in
vitro that can partially recapitulate the architecture and
functions of their corresponding organs. The successful
establishment and long-term maintenance of organoids
rely heavily on pluripotent stem cells, which provide a
self-renewing and multipotent cell source essential for
mimicking organ development and function. The advent
of human pluripotent stem cells has further advanced
organoid research and regenerative medicine. Since the
first derivation of human embryonic stem cells (hESCs) in
1998, their self-renewal and pluripotency have opened new
avenues for disease modeling. However, ethical concerns,
immune rejection, and limited availability have restricted
the clinical utility of hESCs. The emergence of induced
pluripotent stem cell (iPSC) technology in 2007 addressed
these issues, enabling patient-specific therapies through
somatic cell reprogramming. When combined with gene-
editing tools such as clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas9, iPSCs have greatly
facilitated mechanistic studies and drug discovery.”

In parallel, organoid technology has expanded the
applications of stem cells. Organoids derived from ESCs/
iPSCs are established through developmental protocols
that mimic embryogenesis, making them suitable for early
developmental and disease studies. In contrast, adult stem
cell-derived organoids are obtained directly from mature
tissues’; by supplementing with niche-specific growth
factors, these models can replicate tissue homeostasis,
investigate normal physiological processes, and establish
disease models for precision medicine. Collectively, these
advances provide an integrated platform that bridges basic
research and clinical translation.

This narrative review is based on targeted searches of
PubMed and Web of Science, focusing on recent peer-
reviewed studies relevant to vascular organoids and stem
cell-based vascularization strategies.

2. Cellular basis of vasculogenesis

Pluripotent stem cells, such as ESCs and iPSCs, are key
for organoid development due to their self-renewal and
differentiation capabilities, with iPSCs offering ethical
advantages for disease modeling and translational research.
In addition to PSCs, adipose-derived mesenchymal stem
cells (ASCs) maintain tissue-specific differentiation
potential and can generate organoids that recapitulate
the structure and function of their original tissue when
cultured under defined growth factor conditions. While
mesenchymal stem cells (MSCs) are rarely used as the sole
cellular source for organoid formation, they are frequently
integrated as supportive elements, contributing to stromal
organization, paracrine signaling, and microenvironmental
regulation. Notably, the choice of stem cell source not only
determines organoid lineage commitment and maturation
but also significantly affects the processes through which
vascularization is achieved within organoids. As a result,
distinct vascularization strategies are observed between
PSC-derived and ASC-derived organoid systems.

Angiogenesis within organoids involves two related but
distinct processes: vasculogenesis, the de novo formation
of blood vessels from angioblasts that aggregate into a
primitive vascular plexus and angiogenesis, the subsequent
remodeling of these vessels through sprouting, migration,
and pruning to form a functional vascular network. The
balance between these mechanisms varies depending
on organoid type and culture conditions. In iPSC/ESC-
derived organoids (e.g., brain or cardiac organoids),
mesodermal precursor cells such as angioblasts can
self-organize into primitive capillary-like networks that
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recapitulate key aspects of early embryonic vasculogenesis.
In contrast, ASC-derived organoids (e.g., intestinal or
tumor organoids) rely on pre-existing endothelial cells,
which respond to vascular endothelial growth factor
(VEGF) and other signaling pathways, thus resembling the
angiogenic processes typically observed in adult tissues.’

2.1. Embryonic stem cells

Embryonic stem cells, derived from the inner cell mass,
possess pluripotency and have demonstrated substantial
value in regenerative medicine. Their robust trilineage
differentiation potential and stable long-term expansion
capacity make them particularly promising for endothelial
cell generation and vascular regeneration therapies.
ESCs can be directed toward endothelial lineages, with
differentiation confirmed by endothelial markers such as
fetal liver kinase 1 and VE-cadherin, and can form vascular
sprouts under the induction of bone morphogenetic
protein family members, a phenomenon confirmed to
be stable and durable in vivo.'*!" Park et al.'* further
demonstrated that hESC-derived endothelial progenitor
cells (EPCs) exhibit superior proliferative and secretory
functions compared to cord blood-derived EPCs.

With advances in gene-editing technologies, ESC-based
strategies for angiogenesis have focused on enriching
endothelial subtypes and designing immune-evasive
cells. For instance, iPSC-derived CD157* endothelial
cells (day 14) display enhanced angiogenic potential
and improved blood flow recovery in murine ischemic
models.”® In parallel, immune-evasion designs such as
beta-2-microglobulin/class II transactivator knockout
combined with CD24 overexpression have shown promise
in reducing transplant rejection risks in ESC-derived
endothelial cells.”* Nevertheless, the clinical application of
ESCs remains constrained by several challenges, including
potential immunogenicity, tumorigenic risk, as well as
ethical, legal, and regulatory concerns. These limitations
have further spurred interest in iPSC-based technologies
as alternative approaches. Currently, most human
organoid studies are not subject to the same rigorous
ethical oversight frameworks that apply to embryonic or
pluripotent stem cell research. However, the International

Society for Stem Cell Research has recommended that
institutional-level prospective ethical review, similar to
embryo research oversight, should be implemented for
embryo-like or complex organoid systems possessing
overall developmental potential. It also underscores the
importance of avoiding overstatement as these technologies
advance toward clinical use."

2.2, Induced pluripotent stem cells

Induced pluripotent stem cells are a class of pluripotent
stem cells generated by reprogramming somatic cells, such
as dermal fibroblasts.' This technology was pioneered
by Takahashi et al.'” in 2006 through the introduction of
four transcription factors—Oct3/4, Sox2, Klf4, and c-Myec.
Compared with ESCs, iPSCs circumvent ethical concerns
and the risk of immune rejection, while also possessing
unlimited expansion capacity.'®

In terms of differentiation potential, iPSCs can give
rise to all three germ layers, including endothelial cells
with angiogenic functions. For example, ECs derived from
porcine iPSCs have demonstrated vascularization capacity
both in vitro and in vivo using Matrigel transplantation
assays.” In tissue engineering, iPSC-derived cells, such
as EPCs or co-grafting systems of endothelial cells and
smooth muscle cells (SMCs), have been shown to markedly
enhance neovascularization in diabetic wound models.”
Notably, iPSC-derived microvesicles act as paracrine
mediators that accelerate angiogenesis by upregulating
pro-angiogenic signaling.?' Similarly, conditioned medium
from iPSCs has been reported to promote the proliferation,
tube formation, and metabolic activity of human umbilical
vein endothelial cells via extracellular signal-regulated
kinase pathway activation, outperforming medium derived
from umbilical cord MSCs.*

Collectively, evidence indicates that iPSCs enhance
angiogenesis through multiple mechanisms, including
direct cell transplantation, scaffold-based delivery, and
paracrine effects. Moreover, iPSC-derived organoids are
widely used for in vitro disease modeling. Importantly,
iPSCs can differentiate into endothelial cells, pericytes, and
SMCs (Figure 1), all of which are critical for angiogenesis
and vascular network formation.
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Figure 1. Differentiation of iPSCs into vascular-related cell types. This figure illustrates the differentiation of iPSCs through the mesodermal stage into
three vascular-related cell types: ECs, PCs, and SMCs. All differentiation pathways start with mesoderm induction using BMP4 and Activin A.» (A) EC
differentiation: endothelial progenitors are induced by VEGF and FGF2, followed by maturation with VEGF and EGE*** (B) Pericyte differentiation:
mesenchymal stem cells are induced by PDGF-BB and TGF-f, with Notch ligands promoting maturation.”®* (C) SMC differentiation: progenitors are
induced by TGF-p and PDGF-BB, followed by maturation with retinoic acid. Created in BioRender. Yu, B. (2026) https://BioRender.com/jpc58jk.

Abbreviations: BMP4: Bone morphogenetic protein 4; EC: Endothelial cell; EGF: Epidermal growth factor; FGF2: Fibroblast growth factor 2; iPSC:
Induced pluripotent stem cell; PC: Pericyte; PDGF-BB: Platelet-derived growth factor-BB; SMC: Smooth muscle cell; TGF-f: Transforming growth factor

beta; VEGF: Vascular endothelial growth factor.

2.3. Adipose-derived mesenchymal stem cells

Adipose-derived MSCs exhibit distinct therapeutic
potential in angiogenesis. Owing to the lack of major
histocompatibility complex class II antigen expression on
their surface, they possess notable immunosuppressive
properties, providing a natural advantage in allogeneic
transplantation. The International Federation for Adipose
Therapeutics and Science defines ASCs as a multipotent
cell population with plastic adherence capacity within
adipose tissue. Their discovery can be traced back to the
pioneering work of Rodbell’s group in the 1960s, and was
further validated by Zuk et al.*® in human fat aspirates in
2001. ASCs are primarily localized in the stromal vascular
fraction of adipose tissue, which also contains vascular
SMCs, endothelial cells, and other cellular components.
Importantly, although both white and brown adipose
tissues can serve as ASC sources, the derived cells differ
significantly in their biological properties.”” Compared
with other stem cell types, ASCs offer several advantages,
including easy accessibility, absence of ethical controversy,
strong proliferative capacity in vitro, high genetic stability,

and multipotent differentiation potential, making them
highly valuable in tissue engineering and regenerative
medicine.

In angiogenesis, ASCs act mainly through two
complementary mechanisms: (i) direct differentiation into
endothelial cells to participate in vascular construction,
and (ii) paracrine secretion of pro-angiogenic factors.
Transplanted ASCsnotonlyintegrateinto vascular networks
to form functional endothelial cells but also continuously
secrete growth factors such as VEGE, transforming growth
factor-p (TGF-P), platelet-derived growth factor (PDGF),
and hepatocyte growth factor, thereby improving blood
perfusion in ischemic tissues.**** Furthermore, ASC-
derived exosomes carrying small RNAs (e.g., miR-21)
have been shown to markedly enhance endothelial cells’
angiogenic capacity.*® Under hypoxic conditions, these
exosomes further promote neovascularization through
activation of the protein kinase A signaling pathway and
the VEGF/VEGF-R system.* Collectively, these findings
provide a strong theoretical basis for the clinical application
of ASCs in ischemic disease therapy.
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2.4. Bone marrow mesenchymal stem cells cells and contribute to vessel formation, BM-MSCs exert
substantial paracrine effects through their secretome. They
release a wide array of pro-angiogenic factors, including
angiopoietin, angiopoietin-1, CXCL16, endothelin-1,
FGF7, heparin-binding EGE and pentraxin-3.** These
secreted factors act on multiple vascular-associated cell
types, while BM-MSC-derived exosomes provide natural
targeting for precise delivery, thereby minimizing systemic
side effects. Furthermore, exosomes mediate synergistic
regulation of angiogenesis, anti-inflammatory responses,
and antioxidative processes.*!

Bone marrow (BM) is one of the primary sources of MSCs
in humans. Within BM, two major stem cell populations
coexist: hematopoietic stem cells, which give rise to all
blood lineages, and stromal stem cells, which differentiate
into adipocytes, chondrocytes, and osteocytes. BM-MSCs
belong to the latter population, namely stromal stem cells,
and are characterized by their remarkable multidirectional
differentiation potential. They are capable of differentiating
into cells of all three germ layers: ectoderm, mesoderm,
and endoderm. The pioneering work of Friedenstein et
al¥, who first successfully isolated and characterized

BM-MSCs, laid a crucial foundation for subsequent
research in this field. Invivo,vascular networks are indispensable for maintaining

physiological functions such as nutrient and oxygen
delivery, waste clearance, and growth factor transport. In
recent years, organoid technology has advanced rapidly,
providing powerful platforms for studying human organ
development, disease modeling, and drug screening
(Figure 2). However, before organoids can be broadly
applied in preclinical research and clinical translation,

3. Construction of vascularized organoids

Bone marrow MSCs play a pivotal role in angiogenesis,
particularly in promoting neovascularization and
accelerating wound healing. Compared with dermal
fibroblasts, BM-MSCs secrete significantly higher levels of
collagen, fibroblast growth factor (FGF), and VEGF in vitro.
Beyond their ability to directly differentiate into endothelial

Figure 2. Key technologies and applications of vascularized organoids. This diagram outlines the principal applications and enabling technologies for
vasculature-on-a-chip organoids (VOs)—miniaturized models of vascularized tissues. Enabling technologies: High-throughput drug screening, CRISPR/
Cas9-based genetic engineering, and multi-omics analysis support the selection of specialized vascular cell types (e.g., endothelial cells, SMCs), optimize
vascularization strategies (e.g., three-dimensional scaffold design, angiogenic factor modulation), and validate VO functionality for downstream clinical
applications. Core applications: VOs provide robust in vitro platforms to (i) elucidate how specific vascular cell types contribute to developmental processes
and pathological remodeling in vascular diseases; (ii) uncover ancestry-associated phenotypic traits of vascular cells and their influence on vascularization
efficiencys; (iii) explore interactions between VOs and microbes, including their effects on vascular homeostasis; and (iv) generate vascularized tissues (e.g.,
cardiac microtissues) by integrating defined cell type combinations with targeted vascularization strategies for disease modeling and preclinical evaluation.
Created in BioRender. Yu, B. (2026) https://BioRender.com/ozvx9jh.

Abbreviations: CRISPR/Cas9: Clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9; SMCs: Smooth muscle cells.
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significant challenges remain. A major limitation is the
lack of intrinsic vasculature, which restricts oxygen and
nutrient diffusion, leading to necrotic core formation and
premature cell differentiation. Beyond this, the limited
and poorly defined extracellular matrix complexity—often
relying on animal-derived matrices—further restricts
organoid maturation and translational applicability.*?
Thus, establishing vascularized organoids with functional
vascular systems is critical for enhancing their long-term
survival, recapitulating complex in vivo physiological
processes, and facilitating clinical applications.

Induced pluripotent stem cells represent a promising
cell source for in vitro modeling and play a central role
in organoid vascularization. Current vascularization
strategies can be broadly divided into four categories.
First, in vivo implantation, in which organoids cultured
in vitro are transplanted into immunodeficient hosts
(e.g., mice or pigs), allowing host vasculature to infiltrate
and establish a functional vascular network. Second,
modulation of angiogenic factor expression, achieved by
gene editing to enhance VEGF levels, or by manipulating
physical cues such as fluid shear stress and interstitial flow
within the culture environment. Third, co-culture systems,
where organoids are cultured together with endothelial
cells or pre-vascularized organoids to promote vascular
network formation and integration. Fourth, engineering-
based approaches, including organ-on-a-chip platforms
for generating perfusable microvasculature to sustain
organoids, or three-dimensional bioprinting to fabricate
pre-designed vascular scaffolds that endow organoids with
vascular functionality. Taken together, these strategies
provide complementary avenues that can be strategically
chosen or combined to meet diverse clinical and
experimental objectives, from long-term in vivo functional
validation, precise modulation of vascular growth, and
rapid network integration, to scalable platforms for drug
testing and translational research.

These emerging vascularization strategies have
markedly advanced the application of organoids in fields
such as disease modeling, drug discovery, and regenerative
medicine.

3.1.Vascularization of brain organoids

Brain organoids are derived from the ectoderm and, due
to their lack of intrinsic vasculature, face severe limitations
in oxygen and nutrient diffusion during in vitro culture. As
a result, necrotic regions typically appear after only a few
months of survival.* Current vascularization strategies for
brain organoids primarily involve two approaches: in vivo
transplantation and in vitro co-culture.

Mansour et al.* demonstrated that transplanting human
brain organoids into the brains of adult mice enables the
establishment of vascularized, functional brain organoid
models in vivo. Alternatively, co-culture approaches using
iPSC-derived endothelial cells have been widely adopted.
For instance, Pham et al.*® generated vascularized brain
organoids by differentiating patient-specific iPSCs into
both endothelial cells and brain organoids, embedding
endothelial cells with Matrigel at day 34 of organoid culture,
and subsequently obtaining vascularized structures by
day 54. These organoids contained neurons, astrocytes,
and neural progenitor cells.** Upon transplantation
into immunodeficient mouse brains, CD31* vessels
were observed within and surrounding neural rosettes,
confirming functional vascular integration.*’

In addition, Ham et al.*® reported that supplementing
culture media with VEGF significantly promoted
endothelial cell formation and enhanced angiogenesis in
brain organoids without interfering with neuronal marker
expression. Moreover, the combined administration of
VEGF and Wnt7a at later differentiation stages further
augmented vascularization levels. Collectively, these
findings establish an essential foundation for applying
vascularized brain organoids to studies of human brain
development and neuropsychiatric disorders.

3.2. Vascularization of renal organoids

The kidney possesses a highly intricate vascular network
that participates in blood pressure regulation, filtration, and
endocrine activity.* Therefore, establishing vascularized
kidney organoids is essential for faithfully recapitulating
renal physiology. Although kidney organoids theoretically
retain angiogenic potential, their practical application is still
hampered by restricted vascular outgrowth and immature
tubular development. To address these limitations, multiple
in vitro vascularization strategies have been developed to
promote vascular network formation in human kidney
organoids. These include chip-based platforms to enhance
fluid dynamics®**!, decellularization or recellularization of
extracellular matrix scaffolds®, bioprinting, subcapsular
transplantation, supplementation with VEGF, and time-
dependent modulation of Wnt family member 1 (WNT1)
and FGF9.7%

A major breakthrough was reported by Maggiore
et al®, who integrated iETV2-hiPSCs, an inducible
human iPSC line expressing the transcription factor ETS
translocation variant 2, which plays a key role in directing
endothelial cell differentiation, into a bioreactor culture
system for human kidney organoids. This approach
successfully reconstructed an endothelial niche that

Volume X Issue X (2026)

doi: 10.36922/GTM025350068


https://doi.org/10.36922/GTM025350068

Global Translational Medicine

Vascular organoids in CVD

developed in synchrony with renal organogenesis. Their
findings demonstrated that iETV2-hiPSCs can sense
microenvironmental cues from developing kidney
organoids, thereby generating kidney-specific vascular
networks and promoting epithelial maturation.* Of
particular significance, the newly formed endothelial
network exhibited classical fenestrated ultrastructural
features—namely, regularly arranged nanoscale pores on
the surface of endothelial cells, which are essential for
glomerular selective filtration. This achievement marks a
substantial technological advance in the vascularization of
renal organoids and exemplifies the co-culture strategy for
organoid vascularization.

3.3. Vascularization of cardiac organoids

Research on cardiac organoids has progressed relatively
slowly, owing to the complexity of cardiac development
and the organ’s reliance on precise structure-function
relationships. As one of the most densely vascularized
organs in the human body, the heart’s elaborate vascular
network directly reflects its exceptionally high metabolic
demands. This anatomical and physiological feature
dictates that the success of cardiac organoid culture in vitro
critically depends on the degree of vascularization.

In 2020, Kupfer et al>® introduced an innovative
bioink by optimizing the photocrosslinking formulation
of natural extracellular matrix proteins, enabling the

three-dimensional bioprinting of human iPSC-derived
cardiac structures. The biomimetic construct was designed
with dual chambers and fluidic channels to resemble
the multi-chamber architecture of the heart. Following
directed differentiation, the engineered tissue exhibited
hallmark cardiac functions, including continuous action
potential propagation, responsiveness to pharmacological
and electrical stimulation, coordinated chamber-specific
pumping, and pressure-volume loop dynamics.® This
demonstrated the potential of biomaterials and three-
dimensional printing in advancing vascularized cardiac
organoid engineering.

Nevertheless, self-vascularization of cardiac organoids
remains a formidable challenge due to the heart’s intricate
architecture and functional complexity. A major advance
was achieved in 2021 by Drakhlis and colleagues®, who
embedded human pluripotent stem cell aggregates into
a stromal matrix and induced cardiac differentiation
using biphasic WNT pathway modulation. This approach
yielded complex, highly organized three-dimensional
heart-forming organoids containing endocardioid cells,
septum-like vascular structures, and both anterior and
posterior endodermal tissues. Importantly, these heart-
forming organoids developed vascular networks with
distinct spatial and molecular characteristics, representing
a significant step toward modeling functional vascularized
cardiac tissue in vitro®” (Table 1).

Table 1. Vascularization strategies and functional characteristics of brain, kidney, and cardiac organoids

Organoid

Organoid

Common

Vascularization

Functional

L. . In vitro longevity ~ References
category system vascularization strategy efficiency and features assessment
No dedicated Cell viability,
o Delayed vascularization A .
. vascularization . . neuronal maturation,  Several months
Conventional . (typically within 2 weeks .
. . strategy; relies on host . synapse formation, (e.g,upto8
brain organoids A post-transplantation); low Lo
vessel ingrowth after . electrophysiological ~ months)
. vessel density .
transplantation activity
Early vascularization Reduced apoptosis;
Co-culture with i PP
- . (within 14 days post- enhanced
. human umbilical vein . . . . -
Vascularized . transplantation); higher electrophysiological ~ >100 days in vitro
. . . endothelial cells or stem . . .
Brain brain organoids . . vessel density; earlier maturation; CD31* (DIV) 44,45,58-60
cell-derived endothelial L
cells anastomosis with host vascular marker
vasculature expression
Improved neuronal
Markedly reduced -
. . . . . structural continuity;
Brain organoids = Dynamic nutrient necrotic cores; .
. s . . . stronger electrical
on microfluidic  and gas exchange via enhanced angiogenesis, A >120 days
A . . A activity; increased
chips microfluidic systems neurogenesis, and
. . vascular marker
corticogenesis .
expression
(Contd...)
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Table 1. (Continued)

Organoid Organoid Common Vascularization Functional . .
R R In vitro longevity References
category system vascularization strategy efficiency and features assessment
Intact glomerular
Vascularization promotes  filtration and Not clearly defined
organoid maturation proximal tubule in vitro; long-term
Renal cancer . . . .
. - while preserving tumor reabsorption maintenance
organoids . . . . . o
proliferation and invasive ~ (validated by after in vivo
capacity intravital imaging transplantation
window)
Limited in vitro
R Vascularization facilitates ~ Glomerular filtration  culture; long-
. . Transplantation under . . . .
Kidney Kidney maturation and formation  and proximal tubule  term survival 61-63
. the renal capsule of . . . . .
organoids . . . of functional nephron-like  function validated by  and functional
immunodeficient mice . s .
units in vivo imaging maturation after
transplantation
Recruitment
. . Formation of lymph node- .
High Co-culture with i of antigen-
. . . like structures; enhanced )
endothelial fibroblastic reticular cells . presenting cells
. . adaptive immune
venule (HEV) followed by implantation . and lymphocytes;
. . . responses and antitumor .
organoids into mice . enhanced immune
activity s
activation
Formation of endogenous  Spontaneous beating;
. Spontaneous self- . .
Self-organized . . vascular networks and calcium transients; .
. assembly or induction . . Stable beating > 8
cardiac . K chamber-like structures; chamber-specific
. via endothelial cell . . . weeks
organoids recapitulates cardiac gene expression; drug
co-culture
development responses
. . Contractile force;
Co-encapsulation of Scaffold-guided L .
. . . . electrophysiological ~ Several weeks in
Engineered cardiomyocytes and angiogenesis; controllable . .
o . 1 . . . signals; vitro; months after
cardiac tissues  endothelial cells within ~ architecture with relatively . .
. . . cardiomyocyte transplantation
biomaterial scaffolds low complexity :
maturation markers
Heart Real-time 64-72
Construction of . multiparametric
. . Precise control of o
vascularized tissues or . . monitoring Long-term
Heart-on-a- . . microenvironment (e.g., . .
. simulation of blood . (contraction, dynamic culture
chip . ... oxygen gradients); enables .
flow within microfluidic . o electrophysiology, (weeks to months)
functional vascularization .
channels metabolic
consumption)
Functional inteeration Cell-cell interactions
. Assembly of cardiac na tegra and activation of Primarily short-
Cardiac . . of cardiac tissue with . .
. organoids with vascular signaling pathways term studies
assembloids . vascular networks;
organoids . at the assembly (several weeks)
promotes maturation .
interface

3.4.Vascularization of other organoids

In liver organoids, vascularization is critical for promoting
the coordinated development of multiple cell types,
including hepatocytes, endothelial cells, bile duct cells,
liver mesothelial cells, hepatic stellate cells, macrophages,
mesenchymal cells, and numerous blood cell lineages.
This enables liver organoids to more faithfully recapitulate
human liver development and physiological functions.
Velazquez et al.”? demonstrated that overexpression of
the PROX1 gene enhanced angiogenic factor expression

and promoted vascularization in liver organoids by
systematically analyzing gene regulatory networks.”

Although intestinal organoids represent one of the
earliest and most widely used human organoid models,
their vascularization remains insufficiently explored. Using
single-cell RNA sequencing, Holloway et al” identified
endothelial cell populations emerging at the early stage
of intestinal organoid differentiation, which progressively
declined during culture. By optimizing the culture medium
to expand and preserve endothelial cell populations,
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the team successfully generated vascularized intestinal
organoids.”” Beyond liver and intestine, vascularization
strategies have also been applied to other tissue-specific
organoids. Dailamy and colleagues™ constructed
vascularized human tissues by integrating transcription
factor-mediated cellular reprogramming with chemically
directed organoid differentiation. Their approach yielded
neurovascular and muscular vascular organoids that
preserved both neural and vascular functions for up to 45
days.”

4, Applications of vascular organoids in
modeling and therapeutic strategies for
vascular and cardiometabolic diseases

The vascular system is fundamental for maintaining body
homeostasis and contributes critically to the development
of various disorders, including cardiovascular and
cerebrovascular diseases as well as diabetes. The onset and
progression of vascular diseases are driven by multiple

factors—such as cellular dysfunction, lipid accumulation,
inflammatory mediators, and mechanical stress—yet
current investigations still rely heavily on animal models.
However, species-specific differences in genotype and
phenotype restrict the translational potential of these
findings. Thus, there is an urgent need for reliable in vitro
models. The iPSC-derived blood vessel organoids (BVOs)
can self-organize into three-dimensional vascular networks
composed of endothelial cells, SMCs/pericytes, and
basement membrane, while faithfully recapitulating disease
phenotypes within pathological microenvironments. This
makes BVOs a promising platform for disease modeling
and drug screening (Table 2). To better recapitulate the in
vivo vascular microenvironment, vascularized organoids
are increasingly combined with microfluidic organ-on-a-
chip platforms, which enable controlled perfusion, shear
stress, and dynamic biochemical gradients. This integration
enhances vascular maturation and improves physiological
relevance, providing a more translatable platform for
disease modeling and drug screening.”

Table 2. Applications of induced pluripotent stem cell-derived models in vascular and cardiac diseases

Disease Method Culture medium and growth factors Application References
iPSC-ECs, iPSC-VSMCs Study plaque formation
'co—cultured with macrophages Differentiation: VEGE FGFE2, BMP- 'rnechamsrrbl, endothelial
. in a flow system, shear stress . . . inflammation, drug
Atherosclerosis . . 4; Modeling: high-concentration . L 78,79
loading in 3D fibrin hydrogel, or . screening (e.g., lipid-
. . oxidized LDL, TNF-q, IL-1p K .
using a BVO (vascular organoid) lowering and anti-
model inflammatory drugs)
. . Study vascular contraction/
IPSC_VSMCS in 2D or 3D Differentiation: PDGF-BB, TGF-f; relaxation function,
. culture, with mechanical stretch . . .
Hypertension . . . Modeling: vascular tension, Ang II, vascular remodeling, 80
stimulation or vascular tension - . .
. endothelin-1 antihypertensive drug
measurement devices
efficacy
Study aortic aneurysm/
. . ) dissection pathogenesis
iPSCs from patients carrying iﬁzrziflzzztezljfgl:fi;gf;-ﬁ’ (e.g., abnormal TGF-f
Marfan syndrome FBNI mutation, differentiated ysis: signaling, ECM 81

into VSMC:s for 2D or 3D culture

external factors, mainly gene mutation
expression itself

remodeling); validation
of gene therapy (CRISPR
correction)

Abbreviations: 2D: Two-dimensional; 3D: Three-dimensional; Ang II: Angiotensin II; BMP-4: Bone morphogenetic protein 4; BVO: Blood vessel
organoid; CRISPR: Clustered regularly interspaced short palindromic repeats; ECM: Extracellular matrix; EC: Endothelial cell; FBN1: Fibrillin-1; FGF2:
Fibroblast growth factor 2; IL: Interleukin; iPSC: Induced pluripotent stem cell; LDL: Low-density lipoprotein; PDGEF-BB: Platelet-derived growth
factor-BB; TGF-p: Transforming growth factor beta; TNF-a: Tumor necrosis factor alpha; VEGF: Vascular endothelial growth factor; VSMC: Vascular

smooth muscle cell.

4.1.Vascular diseases

Despite  significant advances in pharmacological
interventions for cardiovascular diseases such as
atherosclerosis, hypertension, and aortic disorders,

therapeutic efficacy remains constrained by individual
varjability and limited drug targets. Statins form
the cornerstone of atherosclerosis treatment, and in
2008, Ridker and colleagues® demonstrated that their
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low-density lipoprotein  cholesterol-lowering effects
significantlyreduced cardiovascular events.* More recently,
anti-inflammatory strategies have attracted attention: the
interleukin 1-beta antibody canakinumab was confirmed
in a 2025 meta-analysis of the CANTOS trial to reduce
cardiovascular mortality.®* With iPSC technology, Cayo
and colleagues® showed that iPSC-derived hepatocyte-like
cells could be applied to screen compounds suppressing
ApoB production, such as cardiac glycosides, while
iPSC-derived endothelial cells and vascular SMCs
have been employed to model plaque formation and
facilitate anti-inflammatory drug testing. Moreover,
Kong and collaborators® established an atherosclerotic
BVO that reproduced hallmark pathological features—
including  endothelial ~ dysfunction, inflammation,
foam cell formation, fibrous plaque development, and
calcification—under conditions of shear stress, low-density
lipoprotein exposure, pro-inflammatory cytokines, and
monocyte co-culture, and further validated the model by
demonstrating phenotype attenuation following lovastatin
treatment.

In hypertension research, findings from the
ALLHAT study” and subsequent work by Jamerson
et al® underscored the importance of individualized
combination therapy. The iPSC vascular SMC models
not only elucidate the underlying vascular pathology but
also provide predictive platforms to optimize precision
treatment.® Aortic diseases such as Marfan syndrome are
characterized by vascular wall fragility due to collagen
defects. While traditional therapies—such as B-blockers
or TGF-p inhibitors—were shown to be effective in a 2003
animal model by Neptune et al®, subsequent clinical
studies by Lacro et al.®' revealed limited translational
success. Patient-derived iPSC vascular SMC models of
Marfan syndrome, established by Granata et al® and
Park et al®* in 2017, successfully recapitulated FBNI
mutations, extracellular matrix degradation, and TGF-f
signaling abnormalities, thereby advancing applications
in regenerative medicine. Collado et al.”® further leveraged
iPSC models for biomarker discovery and small-molecule
screening. In a complementary effort, Granata et al.®
generated Marfan syndrome human iPSC-derived SMCs
that recapitulated the pathological hallmarks of Marfan
aortopathy. Mechanistic investigations identified pivotal
roles of p38 mitogen-activated kinase and Kriippel-like
factor 4 in SMC dysfunction, and notably, CRISPR-
mediated correction of FBNI mutations partially rescued
these abnormalities, highlighting potential therapeutic
targets.?%*

Beyond disease modeling, vascular organoids offer

unique advantages in drug screening and target discovery.
Unlike conventional two-dimensional cell culture systems—
often compromised by culture-induced mutations and
cross-contamination—BVQOs  preserve patient-specific
genetic and phenotypic characteristics. For instance,
nanographene oxide demonstrated therapeutic potential
in atherosclerotic BVOs by promoting macrophage
polarization toward the M2 phenotype, thereby alleviating
pathological vascular changes.” These findings underscore
the utility of organoids not only in validating established
therapies but also in evaluating novel biomaterials and
identifying innovative therapeutic targets.

4.2. Cardiometabolic diseases

The development of cardiometabolic diseases is driven
by a complex interplay of genetic predisposition and
environmental influences. Lifestyle factors such as
poor diet, smoking, chronic stress, and gut microbiome
disturbances have all been implicated in accelerating
disease progression.®> Type 2 diabetes mellitus, now a
global epidemic affecting more than 500 million people,
is particularly concerning, as cardiovascular complications
remain the leading cause of mortality in affected patients.”®
Mechanistically, type 2 diabetes mellitus impairs
myocardial function through insulin resistance and
pancreatic -cell dysfunction. Moreover, hypertension
and dyslipidemia associated with metabolic syndrome
substantially increase cardiovascular risk, with endothelial
nitric oxide dysfunction considered a key initiating factor
in atherosclerosis.”

Induced pluripotent stem cell technology provides
powerful new tools for investigating the mechanisms
of metabolic cardiovascular diseases and identifying
individualized therapeutic targets. Specifically, iPSC-
derived cardiomyocytes cultured under high-glucose and
hyperinsulinemic conditions have been widely employed
to model cardiometabolic stress and disease-associated
phenotypes. Notably, recent advances in bioelectronic
materials optimized for cardiomyocyte culture have
enabled precise electrical stimulation and real-time
recording of cardiomyocyte electrophysiological signals.
The integration of such bioelectronic platforms with
iPSC-derived cardiomyocytes and vascularized organoid
systems provides a promising strategy for functional
assessment and early prognostic evaluation of vascular and
cardiometabolic diseases.”'®

Induced pluripotent stem cell-derived cardiomyocytes
exposed to high-glucose and hyperinsulinemic conditions
successfully recapitulate the phenotype of diabetic
cardiomyopathy, as demonstrated by Patel’s group.'! Using
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this platform, Ng and colleagues'® further showed that the
sodium-glucose co-transporter 2 inhibitor empagliflozin
ameliorates diabetes-induced cardiac dysfunction.'”®
Earlier, Haffner’s team'™ was the first to report that
type 2 diabetes mellitus patients can develop diabetic
cardiomyopathy independently of other risk factors,
while Ding’s group'® further elucidated its pathogenic
mechanisms, though targeted therapies remain lacking.

In the context of vascular complications, Wimmer
and colleagues'® developed a human iPSC-derived
three-dimensional vascular organoid model that
faithfully reproduced the pathological features of diabetic
microangiopathy. In parallel, they identified neurogenic
locus notch homolog protein 3-delta-like canonical Notch
ligand 4-mediated endothelial-pericyte interactions as a
critical mechanism driving diabetes-associated basement
membrane thickening.!”” Together, these findings highlight
that iPSC-derived organoids serve not only as robust
platforms for mechanistic studies but also as valuable
tools for therapeutic target discovery and drug screening,
thereby supporting the advancement of precision medicine
in cardiometabolic disorders.

5. Conclusion

This review summarizes the clinical challenges and research
bottlenecks associated with vascular lesions, highlighting
the innovative breakthroughs and application potential
of organoid technology in this field. The multidirectional
differentiation capacity of ESCs and iPSCs, combined with
the paracrine synergy of ASCs and BM-MSCs, establishes
a solid cellular foundation for constructing functional
vascular networks. Utilizing advanced vascularized
organoid engineering approaches, including co-culture,
bioprinting, and growth factor modulation, researchers
have effectively overcome the limitations of traditional
models, markedly improving organoid longevity and
physiological relevance, and providing robust platforms
for mechanistic studies, efficient drug screening, and
individualized precision therapy.

To date, vascularized organoids have successfully
generated functional vascular networks in multiple organ
systems, including the brain, kidney, and heart, and have
demonstrated promising capabilities in recapitulating
disease pathology and physiological function, offering
substantial support for regenerative medicine applications.

Nevertheless, challenges remain in organoid
vascularization: the functional maturation of vascular
networks requires further enhancement, and the fidelity
of complex human physiological microenvironments—
such as hemodynamics and barrier properties—needs
improvement. In particular, vascular organoids often

lack the dynamic flow, mechanical cues, and cellular
heterogeneity that are indispensable for faithfully
recapitulating in vivo vascular physiology. Existing
vascular organoids can recapitulate vascular-like structures
composed of endothelial cells, a basement membrane,
and periendothelial mural cells; however, these networks
are typically not integrated with a functional circulatory
system and lack sustained pulsatile perfusion. As a result,
the terminal functional maturation of the vessel wall, which
critically depends on mechanical stimuli, remainslimited.!®
Recent studies have sought to overcome this limitation
by using orthogonal transcription factor activation
to simultaneously induce iPSCs to differentiate into
endothelial and mural cell lineages, significantly improving
the structural and functional maturity of vascular organoids
and enabling successful revascularization in ischemic and
transplantation models in vivo.'” Nevertheless, substantial
variability across induction strategies and culture systems
persists, underscoring the need for further standardization
to improve vascular network maturity and reproducibility.
Moreover, long-term stability and scalability of these
models remain unsolved technical hurdles. Despite the
remarkable diversity and broad application potential
of vascularized organoids, their clinical translation
remains limited by protocol variability, batch-to-batch
inconsistencies, and the lack of unified quality control
standards.'® At the regulatory level, the Food and
Drug Administration Modernization Act 2.0 explicitly
encourages the incorporation of non-animal models,
including iPSCs, organoids, and microphysiological
systems, into drug safety and efficacy evaluation
frameworks, thereby establishing a policy foundation
for the regulatory approval and industrial translation
of organoid-based technologies. Although vascularized
organoids have demonstrated considerable potential in
“clinical trials-in-a-dish” and drug screening, their large-
scale clinical application is anticipated to be a long-term
process, necessitating further progress in standardization,
reproducibility validation, and integration with existing
clinical trial frameworks."! Future efforts should focus
on systematic characterization and standardization of
organoid cell composition, differentiation states, and tissue
structure by high-throughput single-cell and spatial omics
technologies, thereby enhancing reproducibility, cross-
study comparability, and regulatory acceptability.'?

Future studies should emphasize interdisciplinary
and multi-system integration, encompassing disciplines
such as stem cell biology, developmental biology, vascular
physiology, biomaterials science, microfluidics, and
computational modeling. For example, combining stem
cell biology with microfluidic “organ-on-a-chip” systems
can reproduce hemodynamic conditions, while integrating
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biomaterials engineering with vascular physiology
may provide scaffolds that enhance vessel maturation.
Computational modeling and artificial intelligence
further enable the prediction and optimization of vascular
network formation. Leveraging cutting-edge technologies
such as gene editing, advanced biomaterials, and artificial
intelligence can optimize organoid models and accelerate
their translation into personalized medicine. Equally
important is the integration of immunology and metabolic
science, which can refine organoid systems to better mimic
inflammation, immune regulation, and metabolic cues
relevant to vascular diseases. With continued advances in
bioengineering and materials science, vascular organoids
are poised to serve asa critical bridge between basic research
and clinical practice, not only facilitating drug screening
and disease modeling but also supporting regenerative
strategies such as vascular grafting and patient-specific
cell therapies. They offer transformative solutions and
foundational technologies to tackle cardiovascular diseases
and related major health challenges, and drive regenerative
and precision medicine toward new frontiers.
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