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Salivary glands are essential for oral health, but their function can be compromised by cancer,
autoimmune disorders, infections, and physical traumas, severely impacting quality of life.
There is currently no cure for salivary gland dysfunction, and treatment is symptomatic.
Objective: To explore the cellular and molecular mechanisms involved in the development,
maturation, and regeneration of salivary glands, with a focus on tissue engineering and
regenerative medicine. Methods: A comprehensive review was conducted using PRISMA and
information was fetched through PUBMED, EMBASE, Medline, and Google Scholar databases.
Results: The FGF pathway, part of the growth factor family, plays a significant role in salivary
gland homeostasis, while the Wnt pathway is crucial for gland maturation. Various receptors
and signaling molecules are involved in the gland's functioning. Recent advancements in
regenerative medicine have demonstrated that activating endogenous stem cells can lead to
positive outcomesinrestoringinjured salivary glands. Technological advancementsin 3D tissue
culturing using patient cells have enabled the creation of functional artificial salivary gland
organs. However, no cell line completely mimics natural salivary gland cells, and their inherent
tumorigenic potential delays their therapeutic application. Conclusions: Understanding these
mechanisms is vital for developing effective therapies. While recent advancements show
promise, further research is necessary to create safe, accurate cell lines for therapeutic use.
This knowledge is crucial for establishing therapeutic avenues that could potentially lead to
directregeneration, reconstruction, andreplacement of functioning salivary glands.

INTRODUCTION

The Salivary Glands (SGs) perform pivotal actions required
for the sustenance of oral health. Dysfunction in these
glands can lead to significant deterioration in oral
functioning and the emergence of other health issues[1].
The parotid, submandibular, sublingual, and numerous
minor salivary glands secrete salivainresponse to avariety
of biochemical signals and environmental stimuli [2].
Saliva, composed of water, mucus, antimicrobial
substances, electrolytes, and a variety of enzymes, is
essential for speaking, eating, swallowing, digestion, and
maintaining the health of teeth and gingival tissues [3].
Irreversible damage to the SG secretion pathway resultsin
hyposalivation, exhibited as xerostomia, or dry mouth, in

individuals with autoimmune diseases like Sjogren's
syndrome or those undergoing radiation therapies for head
and neck tumors [4]. Globally, at least 3.1 million adults
suffer from Sjogren’'s syndrome, predominantly affecting
middle-aged and older women [5]. Additionally, radiation
therapy for head and neck cancer impacts about 1 million
new patients annually [6, 7]. Current treatments for
hyposalivation are palliative and provide only temporary
relief from xerostomia [8]. Therefore, re-engineering SGs
could offerlong-term, practical methods to restore normal
salivation [9]. In 1999, Bruce Baum and colleagues
identified three key strategies for re-engineering salivary
epithelial cell functions: generating artificial SGs, mending
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hypofunctional SGs, and redesigning secretory functions
[10]. Since then, numerous tissue engineering techniques
have been explored to restore salivation, with some
progressing to clinical studies[11,12]. Stem cell therapy, in
combination with specific cell culture techniques such as
scaffold materials, hanging drop and rotating culture
vessels, and spontaneous cell aggregation has shown
promise in clinical trials for developing functional
secretory epithelial organs [13-15]. Gene therapies also
offer novel treatment opportunities for radiation-induced
xerostomia [16-18]. Despite these advancements,
maintaining the effective secretory capacity of SG cells
remains challenging. Researchers have explored the
combination of various cell types and biomaterials to
create the ideal implant material for SG tissue engineering
[19,20]

The objectives were to summarize the current body of
knowledge regarding stem cell anatomy, structure, and
function related to SGs. The review aims to summarize
current knowledge on stem cell anatomy, structure, and
function in relation to salivary glands (SGs), investigate
stem cell pathologies and dysfunctions within SGs, and
identify key components of tissue engineering strategies
for SGregeneration.

METHODS

The systematic review adhered to PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines and explored cellular and molecular
mechanisms in salivary gland development, maturation,
and regeneration, with a focus on tissue engineering and
regenerative medicine. Databases such as PUBMED,
EMBASE, Medline, and Google Scholar were searched using
terms like “Salivary gland,” “Salivary gland maturation,” and
“Salivary gland regeneration.” Inclusion criteria covered
studies from 1995 to 2022 in English, while excluding
studies on non-human salivary glands, pre-1995
publications, and non-English studies. The review process
involved identification, screening, eligibility, and inclusion
phases to address the research inquiry on molecular
mechanisms relevant to salivary gland tissue engineering
andregenerative medicine.

Articles withdrawn before

screening;

Articles from Duplicates removed
Pubmed, EMBASE, MedLine (n=100)

and Google Scholar Removed for other reasons;
(n=212) (insufficient data for analysis,
non-peer reviewed sources)
(n=44)

Screening Papers excluded;
Papers screened (n=44)
(n=68) Only abstract present
Eligibility

Figure 1: PRISMA flow-chart for studies selection

Identification

So Total Excluded:
Reason | (n=100)
Reason 2 (n=44)
Reason 3 (n=44)

Etc.

Eligible papers
(n=24)

Studies included in this
Systematic Review
(n=24)
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RESULTS

The information collected after reviewing the articles
stated that SG function relies on a complex network of
molecular pathways that regulate cellular homeostasis,
growth, and response to injury. These key pathways,
including Fibroblast Growth Factor (FGF), Wnt, Hedgehog
(Hh), and Notch signaling, coordinate gland maturation,
repair, and functional regeneration. This regulatory
framework also includes specific growth factors and
signaling molecules that guide cellular differentiation,
maintain glandular structure, and support tissue
engineering strategies for potential regenerative
therapies. Salivary gland functionisregulated by acomplex
network of molecular pathways. The Fibroblast Growth
Factor (FGF) pathway is essential for maintaining gland
homeostasis, with FGF-receptor 2 in intercalated and
excretory duct cells and FGF-7 in salisphere-forming cells,
indicating its trophic role. Another study reported that in
Vivo Fibroblast Growth factor receptor-1 (FGFR1) and
Fibroblast Growth factor receptor 2b and (FGFR2b)
signaling are indispensable for SMG development. The Wnt
pathway is essential in the maturation of salivary glands,
playing roles during mesenchymal activation and the
differentiation of the ductal epithelium and lumen
development [21-23]. Mature salivary gland ductal
epithelium maintains Wnt signaling expression, supporting
regeneration after damage. This study explores the role of
Wnt signaling in regulating salivary gland (SG)
development, focusing on the balance between pro-acinar
differentiation and duct formation. Wnt signaling is shown
tomaintainendbud cellsinanundifferentiated state during
early development by suppressing Proto-Oncogene
Receptor Tyrosine Kinase (KIT) expression through the up
regulation of Myb transcription factor, which inhibits the
Phosphatidylinositol 3-Kinase - KT (PI3K-AKT) pathway
[24]. This suggests that Wnt Signaling requlates SGs repair
after wound injury. Hedgehog(Hh) signaling is triggered by
branching morphogenesis and is inhibited when the ligand
is blocked in vivo and in vitro [25]. Glioma-associated
oncogene homolog 1 (Gli1), a Hh-target gene, promotes
epithelial proliferation during functional regeneration, with
overexpression linked to the reactivation of multiple
salivary gland progenitors [26]. Hh signaling is vital for
salivary gland tissue regeneration as it supports the
preservation of functional salivary stem/progenitor cells
and sustains parasympathetic innervation, both of which
are critical for restoring gland function following damage,
such as that caused by irradiation [27]. Glilmediated
Hedgehog signaling aids salivary gland regeneration by
restoring function and macrophage interactions post-
injury, with minimal involvement in fibrosis. Hh pathway
activation, similar to SMG regeneration post-duct ligation,
was confirmed in salisphere cultures. Hedgehog plays a
critical role in regulating epithelial branching and salivary
gland morphogenesis by positively interacting with Fgf8.
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The Notch signaling pathway, involving target gene Hesl
and receptors NOTCH1 and NOTCH4, along with ligands
JAGGED1, JAGGED2, and DELTAT1, regulates growth and
differentiation in adult murine salivary glands [28-30].
Notch signaling is active during regeneration after duct
damage, crucial for maintaining SG tissue homeostasis
[31]. Notch signaling directs salivary gland morphogenesis
by promoting luminal cell differentiation from Krt8+
bipotent progenitors and restricting basal/myoepithelial
fates. Its inhibition disrupts branching and epithelial
organization, highlighting its essential role in lineage
specification [32, 33]. Innervation is crucial for salivary
gland (SG) function, with Glial cell line-Derived
Neurotrophic Factor(GDNF)driving parasympathetic nerve
formation and its genetic deletion reducing innervated
acini. Nerve Growth factor(NGF), essential for sympathetic
innervation, is concentrated in the murine submandibular
gland, where it requlates cell survival, axonal development,
angiogenesis, tissue remodeling, and wound healing
through its high and low-affinity receptors[33]. In another
study, Neural Cell Adhesion Molecule (NCAM) In the group
withintactinnervation, NCAM expression was significantly
increased during the early stages of regeneration,
suggesting importance of intact parasympathetic
innervation in promoting ductal cell proliferation and
overall regeneration of the submandibular gland [34]. The
polarity of apical and basal cell regions is regulated by Int-3
and Int-1, while cell-extracellular matrix contact and
branchingmorphogenesis depend onintegrinreceptor Int-
6 and its interaction with Laminin-1. Int-6, Int-1, and Int-4
are found in multipotent cellsin adult tissues. Autoimmune
Sjogren's syndrome is characterized by low levels of
Laminin-1[35-37]. The a3pB1 integrin is essential for the
differentiation of salivary gland cells, with its absence
leading to altered expression of important extracellular
matrix (ECM) components and adhesion molecules,
including laminin and E-cadherin [38]. Another study
highlights the critical roles of B1and B4 integrins in salivary
gland development, particularly in cytodifferentiation and
tissue organization, while B3 integrin is associated with
vascular development and adult glands. Integrins are
essential for gland morphogenesis and function [39]. In
vivo outcomes on the role of Sonic Hedgehog (Shh) in
salivary gland (SMG) development suggest that Shh is a
critical downstream mediator of Ectodysplasin (Eda)
signaling[40]. Shh Expression Correlates with Eda Levels
Shh transcript levels in developing SMGs were found to
correlate with Eda statuswhich in turn drives SMG
branching morphogenesis[41]. Shh expression in Eda-null
(Eda-/-) glands was lower than in wild-type and K14-Eda
transgenic glands, suggesting other regulatory factors.
Treatment with recombinant Shh increased branching in
Eda-/-glands, hadaweaker effectin controlglands,and no
effect in K14-Eda glands, indicating Eda modulates Shh's
impact on branching. Both Shh and Eda proteins partially
rescued the Eda-/- phenotype by increasing end bud
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numbers. Cyclopamine inhibition of hedgehog signaling
reduced branchingin controland K14-Eda glands but notin
Eda-/- glands, highlighting dependence on Eda signaling.
Shh was mainly localized in the epithelium of developing
SMGs, with higher expression in Kl4-Eda glands and
reduced in Eda-/-glands[42]. This suggests that, Edaisa
key regulator of Shh which induces branching
morphogenesis of SGs. The differential effects of
recombinant Shh and Cyclopaminealso suggest that Eda
act as modulator on how Shh influences branching
morphogenesis. SGdysfunction can lead to hyposalivation
(xerostomia) or hypersalivation (sialorrhea). Xerostomia
affects at least 10% of adults, with higher prevalence in
women and the elderly [43]. Sialorrhea may result from
primary SG modifications, drug side effects, or
neurological diseases [44]. Saliva is crucial for food
processing, tooth protection, and microbial defense [45].
Mucosal alterations and infections predispose individuals
to chronic SG hypofunction [46]. Drug side effects are
common causes of SG hypofunction, especially in older
adults [486, 47]. SG inflammation (sialadenitis) is often
linked to hyposalivation and duct blockage [48]. Sjogren's
syndrome, affecting 0.1-4.8% of the population,isachronic
autoimmune condition with a 9:1female to male ratio [49,
50]. Symptoms include dry mouth and dry eyes [51].
Radiation therapy for head and neck cancer affects a large
number globally, leading to irreversible SG damage [52].
Remaining SG regeneration capacity after radiation may
offer new therapeutic avenues [53]. Current xerostomia
treatments, including stimulant drugs, secretagogues,
salivary replacements, or artificial saliva, provide only
temporary relief [54]. Gene therapy, stem cell therapy and
SG bioengineered models are considered promising for
restoring SG function. Tissue engineering for SG
regeneration involves combining cells, bioactive
substances, and biomaterials [565-59]. Cells are essential
for SG regeneration, with single cells or those preserving
3D spatial arrangement used forimplantation[60, 61]. Flow
cytometry or selective enhancement duringinvitro growth
divides single cells into subpopulations of parenchymal
and stromal cells [62]. The challenge lies in combining SG
stem/progenitor cells with biocompatible, biodegradable
scaffolds, ensuring cell survival and function for
therapeutic relevance [63]. Stem cells are a type of
immature cell which possesses an astonishing capacity to
regenerate and repairany tissue or organin the body owing
to their unique ability to proliferate, differentiate, and
renew themselves[64]. Stemcelltherapyisatype of tissue
engineering that helps to develop biological substitutes
that can restore, maintain, or improve the function of
damaged tissues or organs [65]. It is reported that tissue
aging and structural changes are primary reasons for SG
dysfunction. Genetic tracing in animal models identified
progenitor cells in mature SGs. Acini produce new acinar
cells post-damage, not ductal cells, indicating an innate
fate-commitment program [66, 67]. Sex-determining
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Region Y box gene (SOX2)-labeled acinar cells can develop
into Mucin 19(MUC19)expressing acinar cells after radiation
[15]. SOX2 expression in adult major SGs suggests its use
forregeneration[68]. In vitro stem cell expansion systems,
like submandibular gland-derived stem cell culture,
enhance the pool of functionally committed cells [69].
Radiation exposure impacts stem cells, which can be
effectively transplantedinvivo. This study investigated the
role of androgensin salivary gland remodeling, focusing on
their effects onlamininalchainandintegrin(INT)aland a2
subunit expression in human salivary gland cells and labial
salivary gland (LSG) tissues from healthy individuals and
patients with Sjogren's Syndrome (SS). Androgens such as
DHEA and testosterone increased INT al and a2 subunit
mRNA and protein levels in intercalated duct and acinar
cells from healthy individuals, while laminin al-chain
expression remained unaffected. However, this androgen-
driven upregulation was absent in SS LSG, suggesting
defective androgen regulation in SS contributes to
impaired outside-in signaling, acinar cell atrophy, and
ductal cell hyperplasia, hallmark features of the disease
[70]. This suggested thatSOX2-positive cells are a
promising target for regenerating damaged salivary
glands, especially after injury caused by radiation. Kit-
expressing cells are located in peripheral epithelial end-
bud cells of the Submandibular Gland Keratin 14 (Krtl14)
expressing progenitors are influenced by Kit signaling and
FGFr2b, with Krt5+ epithelial progenitors preserving the
neuronal niche [71]. Krt5 progenitors in mature glands are
mainly restricted to the SMG duct. KIT and KRT14 mark a
shared progenitor population in the SG that plays a critical
role in ductal system maturation and granulated duct (GD)
formation during development. The dynamic expression of
KRT14 and its later restriction to junctional regions imply a
maintained progenitor-like state in these cells, potentially
supporting long-term SG homeostasis and regeneration
[72]. Mesenchymal progenitor cells in healthy adult SGs
multiply locally in response to wounds, regenerating both
acini and ducts [73]. ASCL3-expressing ductal cells
produce both ductal and acinar cells Krtb-progenitors
persist in smaller glands after Ascl3+-population
elimination[74, 75]. These findings indicated that multiple
progenitor populationsin SGs capable of compensating for
each other's losses. Bi-dimensional tissue cultures lack
cell-to-cell and cell-to-extracellular matrix interactions
suggesting that the microenvironment's impact on cell
renewal, proliferation, and differentiation is crucial.
Modeling diseases requires considering the altered
microenvironment to understand disease complexity.
Advancements in 3D tissue culturing have enabled the
creation of functional artificial salivary glands using
bioengineered templates with cell-seeded scaffolds,
replicating structural complexity for research. While
primary cells have limited growth and lifespan, techniques
using cell lines offer promise, though no cell line fully
replicates natural SG cells, hindering therapeutic progress
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Table 1: Summary of Salivary Gland Molecular Pathways and their
rolein possible Regenerative Strategies

';‘;Itiwgr Function/Role Summary of Study Findings
Invivo, FGF-2 exhibited
strong immunostaining

Maintains Salivary inintercalated ducts and
Gland blood vessels
homeostasis: initially, while
Fibroblast Growth FGF-7 appeared on Day 0,
Factor-receptor 2 peaked on Days 3and 7,
induct cells and vanished by Day 14 [21].
Fibroblast Grthh In vivo studies show FGFR1
factor 7in and FGFR2b signaling
FGF Pathway saliosphere-forming are essential for SMG
cells. These development, with
findingé suggest knockout models
) highlighting their
that Fibroblast gnlignting )
growth factor and rglg.sffln motljp?.ogelnes.lts
fibroblast receptors anf_ é_eren 1a '?T__'GE_Q’Q'] ro
regular branching lggmgtserse\tl)?:nching
morphogenesis morphogenesis through
downstream FGFs
and BMPs[22].
In vivo studies with B-Catenin
-Activated Transgene
galactosidase
mice showed Wnt/B-catenin
signaling activity in basal
intercalated duct
cells at postnatal
Essential for day 1and increased during
mesenchymal SMG regeneration[23].
activation, ductal Wnt signaling requlates
Wnt Pathway epithelium salivary gland development
differentiation, by maintaining end bud cells
and lumen in an undifferentiated state,
development suppressing Proto-Oncogene
Receptor Tyrosine Kinase
(KIT) via Myb upregulation,
and inhibiting the
Phosphatidylinositol
3-Kinase-AKT (PI3K-AKT)
pathway to delay proacinar
differentiation[24].
Hedgehog (Hh) signaling is
triggered by branching
morphogenesis and is
inhibited when the
ligand is blocked in vivo and in
vitro[26].Hedgehog
signaling supports
salivary gland regeneration
by preserving stem/progenitor
cells and parasympathetic
Triggered by innervation essential for
branching functional recovery [27].
morphogenesis; Glil These studies examined
Heg?genha?%th) promotes epithelial Hedgehog signaling in SMG

proliferation,
linked to progenitor
reactivation

regeneration using Krtb
-rtTA/tet0-Shh mice, showing
significant upregulation of Hh
target genes in male mice
after doxycyclineinduction,
while female mice exhibited a
weaker response;
techniquesincluded gPCR,
X-gal staining, H&E staining,
immunofluorescence,Western
blot, spheroid culture, PCR
Array for Wnt components, and
RT-qPCR[28].
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Hedgehog plays a critical
role in regulating epithelial
branching and salivary gland
morphogenesis by positively
interacting with Fgf8. In
Tabby mice, Shh
downregulation due to EdaTa
mutation disrupts branching,
partially compensated by
upregulation of Egf/Tgfa/Egfr
pathways [29].

Notch Signaling

Requlates growth and
differentiation;
active during
regeneration
post-duct damage

The study examined Notch
signalingin salivary gland
development, showing that
Human Salivary Gland cells
expressedNotch receptors
and ligands, with
differentiation markers
upregulated on Matrigel and
requiring y-secretase
for activation. In vivo studies
demonstrated intenseNotch
signaling in ductal and
regenerating acinar cells,
highlighting its
essential role in glandular
cell differentiation
and injury recovery [30].

Integrins and
Laminin1

Int-3, Int-1for
polarity; Int-6 and
Laminin1for
ECM contact
and branching
morphogenesis

basement membrane defects,

3B1integrin deficiency in
embryonic SMGs causes

acinar disorganization, and
mucin increase, while Lamab
deficiency disrupts epithelial
organization and delays
development by E17.5[37].
Another study reports
that a3p1integrin is crucial
for salivary gland cell
differentiation, with its
absence disrupting
ECM components like laminin
and adhesion molecules such
as E-cadherin [38].Another
study shows B1and B4
integrins drive salivary gland
development, while 33
supports vascular
development, underscoring
their role in morphogenesis
[39]

GDNF and NGF
Signaling

GDNF for
parasympathetic
innervation, NGF
for sympathetic
innervation; NGF

controls cell survival
and angiogenesis

In the murine submandibular
gland,essential for
sympathetic innervation,
it requlates cell survival,
axonal growth, angiogenesis,
remodeling, and healing
via high- and low-affinity
receptors[331].In this study,
Neural Cell Adhesion Molecule
(NCAM)In the group with
intactinnervation,NCAM
expression was significantly
increased during the early
stages of regeneration,
suggesting importance
of intact parasympathetic
innervation in promoting
ductal cell proliferation
and overall regeneration of the
submandibular gland [34].
The study showed reduced
trkAand p75NTR protein
levels and sympathetic
axon density in NGF+/- mice,
impacting glandular
innervation. Despite no
significant change
in NGF levels in sub
mandibular salivary
glands, pineal glands
exhibited higher
NGFvariability, indicating
effects on sympathetic
neuron survival [35].
Glial cell line-derived
neurotrophic factor
(GDNF) promotes
the survival and
proliferation of salivary gland
stem cells, especially
following irradiation,
through activation of the
GDNF-RET
signaling pathway [36].

Shh expression
and its
correlation with

Edalevels

Regulates Shh
expression, promotes
branching
morphogenesis and
inhibition of Hh
signaling

branching morphogenesis[41].

A study suggested that Shh
is critical downstream
mediator of Ectodysplasin
(Eda)signaling[40].In another
study it was reported that Eda
signaling isa key regulator of
Shh,which in turn drives SMG

Another study found that Shh
transcript levels were reduced
but not absent in Eda-/-
glands, suggesting
involvement of additional
regulatory factors.
Recombinant Shhincreased
branching in Eda-/- gland
showing Eda-dependent Shh
signaling in salivary gland
development [ 42 ].Kit
signaling cells influence
keratin 14gene which
after injury helpsin
regenerating both acini
and ducts [53].

PJHS VOL. 5 Issue. 12 Dec 2024

Sjogren's
Syndrome
and Radiation

Characterized by low
Laminin-1, androgens
(integrin aland a2)
autoimmune
epithelitis, and
radiation-induced
Salivary gland
damage

The findings of these studies
suggested SOX2
nerve-dependent mechanism
are playing important role for
regenerating damaged
salivary glands, especially
after injury caused by
radiation[68].In vitro study
findings suggested that
submandibular gland's stems
cells that provide potential for
regeneration [69].Androgens
increased integrin aland a2
subunits in salivary gland cells
and healthy tissues but not in
Sjogren's syndrome SS glands,
where defective regulation
contributes to acinar atrophy
and ductal hyperplasia[70].
In another study found that KIT
and KRT14 shared progenitor
population in the salivary
glandthat plays a critical
role in ductal system
maturation during
development. Suggesting
that it supports Salivary
gland homeostasis and
regeneration.Potentially
playing an important role in
regeneration post

radiation[72].
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DISCUSSION

The study of salivary gland tissue engineering is advancing
rapidly due to its impact on oral health and quality of life.
This review explores molecular mechanisms, pathologies,
and regenerative strategies for restoring salivary gland
function, highlighting current challenges and future
directions in the field [26, 27]. Understanding the
molecular pathways involved in salivary gland
development, maturation, and regenerationis essential for
effective therapeutic interventions. The review highlights
key pathways such as FGF, Wnt, Hedgehog (Hh), and Notch
signaling are crucial for salivary gland homeostasis, repair,
and regeneration[77-79]. The interplay of these pathways
is crucial for cellular differentiation, proliferation, and
function, essential for maintaining SG integrity.
Dysrequlation can lead to SG disorders, highlighting the
need for targeted molecular therapies to restore normal
function [80]. The high prevalence of SG dysfunction,
especially xerostomia, highlights the need for effective
treatments. Conditions like Sjogren's syndrome and
radiation-induced damage lead to chronic dry mouth, with
current treatments being mainly palliative. This review
emphasizes the importance of developing regenerative
therapies to address the underlying causes of SG
dysfunction [81]. Tissue engineering for SG regeneration
combines cells, bioactive substances, and biomaterials to
create functional substitutes. The review highlights the
promise of stem cell therapies, especially SG-derived
stem/progenitor cells, and advances in scaffold materials
and 3D culturing techniques for developing functional SG
models [82, 83]. Gene therapy represents another
innovative approach, particularly for addressing radiation-
induced SGdamage[84]. Gene therapiestargeting specific
molecular pathways could restore normal salivation by
enhancingthe regenerative capacity of salivary gland cells.
Additionally, biomimetic models and 3D tissue cultures are
valuable for studying salivary gland function and disease,
offering insights into how the microenvironment
influences cellular behavior and regeneration [85, 86].
These models can also facilitate the development of
personalized medicine approaches; tailoring treatments
to individual patients' needs. Despite progress, challenges
in SG tissue engineering include cellular differentiation,
scaffold design, and tissue integration. Future research
must refine technologies, explore novel biomaterials, and
optimize stem cell and gene therapy protocols, ensuring
safetyand efficacy throughrigoroustesting.

DOI: https://doi.org/10.54383/pjhs.v5i12.1755

CONCLUSIONS

This systematic review highlighted the potential of stem
cell and gene therapies in salivary gland (SG) tissue
engineering, emphasizing the need for targeted
approaches to restore SG function. It outlines molecular
mechanisms underlying SG development and
regeneration. Continued research promises effective,
long-term solutions for SG-related conditions, enhancing
oralhealthand quality of life.
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