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국문초록

Neuropeptide는 FGF/FGFR 신호 전달 경로를 통해 배아 
타액선형성 조절

NGUYEN KHANH TOAN
지도교수 안상건
치의 학과
조선대학교 대학원

타액선 분지형성은 신경 신호전달의 기능적 통합에 의해 

조절되지만, 기본적인 기전은 명확히 규명되지 않았다. 본 

논문에서 우리는 신경전달물질인 SP와 NPY가 노화 마우스 

Kl-/- 의 배아 타액선에서 분지형태형성에 영향을 주는지 

조사하였다. Kl-/- 마우스 배아 타액선의 형태학적 분석 및 

면역염색 분석에서 상피아 형성, 신경 세포 증식/분화, 유관 

세포의 타액선 기능적 마커인 ZO-1의 감소를 확인하였다. 
SP/NPY의 48h 처리는 분지형태형성, 부교감신경분포와 

상피세포의 증식을 유도하였다. ERK 억제제 U0126은 배아 

타액선에서 신경 물질에 의해 유발된 상피아 형성을 

특이적으로 억제하였다. RNA-seq profiling 분석은 배아 

타액선(E15)에 SP/NPY 처리가 FGFs/FGFRs의 발현을 

유의성있게 조절한 것을 밝혔다. FGFR억제제인 BGJ389는 

SP/NPY 처리와 ERK1/2 발현에 의해 유도된 신생 분지형성을 

억제한다. 이러한 결과는 신경 펩티드 인 SP/NPY가 

FGFR/ERK1/2 매개된 신호전달을 따라 배아 타액선의 발달을 

유도하는 것을 보여준다.
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ABSTRACT

Neuropeptides regulate embryonic salivary gland branching through 
FGFs/FGFRs signaling pathway

Nguyen Khanh Toan
Advisor: Prof. Sang-Gun Ahn, Ph.D.

Department of Pathology, School of Dentistry, 
Graduate School of Chosun University

Salivary gland branching morphogenesis is regulated by the functional integration of 

neuronal signaling, but the underlying mechanisms are not fully understood. Here, we 

investigated whether the neuropeptides SP and NPY affect the branching morphogenesis 

of embryonic salivary glands in aging Kl-/- mice. In the salivary glands of embryonic 

Kl-/- mice, morphological analysis and immunostaining revealed that epithelial bud 

formation, neuronal cell proliferation/differentiation, and the expression of the salivary 

gland functional marker ZO-1 were decreased in ductal cells. Incubation with SP/NPY 

for 48 h promoted branching morphogenesis, parasympathetic innervation and epithelial 

proliferation. The ERK inhibitor U0126 specifically inhibited neuronal substance-induced 

epithelial bud formation in the embryonic salivary gland. RNA-seq profiling analysis 

revealed that the expression of FGFs/FGFRs was significantly regulated by SP/NPY 

treatment in the embryonic salivary gland (E15). The FGFR inhibitor BGJ389 inhibited 

new branching formation induced by SP and NPY treatment and ERK1/2 expression. 

These results showed that the neuropeptides SP/NPY induced embryonic salivary gland 

development through FGFR/ERK1/2-mediated signaling.
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I. INTRODUCTION

Salivary glands are essential component in human daily activity, playing crucial

roles in food digestion and maintaining oral health [1]. The main roles of these

glands are producing and secreting saliva, a fluid that participated in multiple

roles, includes initiate food digestion, maintenance of oral pH, protection of oral

structures, and assistance in speaking and articulation through lubrication [1,2].

Saliva loss, also known as hyposalivation, can lead to painful and devastating

oral condition and deterioration of oral health, including difficulty in eating,

increased dental decay, disrupted oral homeostasis, increase oral disease and

periodontitis [3]. Hyposalivation is commonly observed in head-and-neck cancer

patients, often as a consequence of radiotherapy treatment. It can also manifest

as a result of autoimmune diseases such as Sjögren’s syndrome, adverse effects

of medications, or the natural aging process [3-5]. In contrast to younger

individuals, salivary glands from aged population exhibits acinar atrophy, ductal

dilation, reduced blood vessel density, and increased deposition of fibro-adipose

tissue. Additionally, there's an upsurge in immune response signals, heightened

infiltration of inflammatory cytokines, accompanied by a decrease in

mitochondrial numbers and impaired oxidative phosphorylation [4,5]. All these

age-associated alterations in salivary gland morphology and function contribute

to the physiological changes observed in the elderly [4]. Despite substantial

research on xerostomia and dry mouth syndrome treatments, success has been

limited, as evidenced by numerous clinical trials yielding minimal outcomes and

no permanent solution to restore damaged acinar cells in the salivary gland [3].

Klotho-deficient (Kl-/-) mice model is an accelerated aging mice model that also

developed postnatal salivary gland dysfunction [6]. Kl-/- mice displayed

hyposalivation, smaller glands, less connective tissue, and fewer granular ducts

and serous acini than WT littermates. [7,8]. Downregulation of growth factors,

transcription factors and ion pumps are observed in the Klotho-deficient mice

salivary gland [8,9]. Subsequent studies also demonstrated that multiple

metabolic pathways in the salivary glands of Klotho-/- mice are dysfunctional,
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including acetylbiosynthesis, ascorbic acid biosynthesis, and glutathione pathway

in salivary glands [10,11]. Neuropeptides are small proteins that secreted by

neurons, which mostly bind to G-protein coupled receptors to stimulate long

term effect in the nervous system, and thus, impact majority the innervated

organs [12]. Impacts of neuropeptides in salivary glands varied from basic

functions such as stimulating protein and fluid secretion. to complicated ones

such as modulating immune response, facilating salivary gland development, or

being involved in feeding behavior. [13-16].n the other hands, several

neuropeptides can induce hyposalivation, such as opioids [17]. NPY and SP are

two neuropeptides that are capable of induce protein and fluid secretion in

salivary gland, and possess great potential in regenerative medicine [18,19]. NPY

and SP were successfully applied in cardiovascular regeneration, wound healing,

neurogenesis, and anti-aging [20-23]. We designed this study, using ex vivo

embryonic salivary gland culture system, to investigate the embryonic salivary

gland development in the aging-accelerated Kl-/- mice and evaluate the potential

impact of neuropeptides NPY and SP toward salivary gland.

In this study, we demonstrated that the embryonic salivary gland of Kl-/- mice,

while resembling similar morphology and development process, exhibits lower

number of epithelial buds, as well as had lower expression in neuronal and

ductal markers. Treatment of neuropeptide NPY and SP can promote the

branching morphogenesis, neurogenesis and epithelial proliferation of salivary

gland in both Kl-/- and Kl+/+ mice. Beneficial effect of neuropeptide NPY and

SP are dependent on the FGF/FGFR/ERK signaling, as demonstrated through

loss-of-function experiments. Our data provided a novel insight in the potential

function of neuropeptide NPY/SP in the development of embryonic salivary

gland.



- 3 -

II. BACKGROUND

2.1. Salivary glands

Salivary glands are essential component in human daily activity, playing

crucial roles in food digestion and maintaining oral health [1]. The main roles

of these glands are producing and secreting saliva, a fluid that participated in

multiple roles, includes initiate food digestion, maintenance of oral pH,

protection of oral structures, and assistance in speaking and articulation

through lubrication [2]. 90 percent of saliva are secreted by three major

glands; the parotid, submandibular and sublingual glands, while numerous

minor glands produced the remaining 10% [24]. Saliva, the primary secretion

of the salivary glands, is composed of water, electrolytes, mucins, enzymes,

growth factors, and antibacterial substances [4,25-28]. The production of saliva

is regulated by the autonomic nervous system, specifically the parasympathetic

division, which stimulates salivary gland activity in response to sensory

stimuli such as the smell, sight, or taste of food [29]. The main secretory

component in the salivary gland are acinar cells, which are bundled together

by lateral membranes and tight junction proteins, called acini [1]. Acini and its

secretion product are depending on the composition of acinar cells, either

serous, mucous or seromucous [30]. Secreted saliva from acini will be modified

and transported through the ductal system [31]. Other components that created

the salivary glands microenvironments are myoepithelial cells, extracellular

matrix, sympathetic and parasympathetic nerves, a diverse population of

immune cells, an intricate microvasculature system, as well as adipose and

muscle tissue [32-35].

2.2. Saliva

Saliva, the primary secretion of the salivary glands, is composed of water,

electrolytes, mucus, enzymes, and antibacterial substances. Despite participating

in multiple essential roles, the importance of saliva only noticed when it is

absent. Saliva loss, also known as hyposalivation, can lead to painful and
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devastating oral condition and deterioration of oral health, including difficulty

in eating, increased dental decay, disrupted oral homeostasis, increase oral

disease and periodontitis [3]. Hyposalivation usually occurred in head-and-neck

cancer patients, as a side effect of radiotherapy treatment; or as a result of

autoimmune disease like Sjögren’s syndrome; or even from the side effects of

medication or from the natural aging process [1,3,4].

Saliva secretion is a two stages process that is controlled by calcium level

[31, 36]. Dysregulation of calcium signaling associated with salivary gland

dysfunction [36]. In the first stage, calcium (Ca2+) is released from endoplasmic

reticulum, raising intracellular Ca2+ concentration; which activates multiple ion

channels and recruits the water-secretion channel Aquaponrin5 (Aqp5) to the

apical acinar membranes [37]. As a result, an isotonic, sodium (Na+) and

chloride (Cl-) ion rich fluid is released into the lumen of acini [31]. In the

second stage, as the initial fluid travels through the ductal system, epithelial

sodium channel (ENaC) and the cystic fibrosis transmembrane conductance

regulator (CFTR) induces the Na+ and Cl- reuptake into ductal cells [38].

Bicarbonate (HCO3-) is released to saliva through both CFTR and solute

carrier family 26 member 6 (Slc26a6), resulting in a hypotonic, neutral pH

saliva [38-40].

Saliva secretion is initiated after receiving signal from nervous system. It is

wildly accepted that the water and electrolyte release from acinar cell is

regulated by parasympathetic nervous system, while protein and mucin

secretion is controlled by sympathetic nerves signaling [29,31,32]. Acetylcholine,

the main neurotransmitter in the parasympathetic nervous system, activates G

protein-coupled receptors muscarinic receptors M1 and M3 to induced the

production of inositol triphosphate (IP3). IP3 binds to IP3 receptors in the

endoplasmic reticulum leading to release of Ca2+ from internal storages, raising

intracellular Ca2+ concentration [41-43].

Sympathetic nervous system controls saliva secretion through α and β-

adrenergic receptors. Since these receptors are also coupled with different
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G-proteins, activation of these receptors by epinephrine and norepinephrine

also resulted in elevation of intracellular Ca2+ level [44]. Additionally, selective

activation of α1 adrenergic receptors by phenylephrine induces Aqp5

translocation to membrane through cyclic guanosine monophosphate (cGMP)

and protein kinases G (PKG) signaling pathway [37]. Furthermore, activation

of β adrenergic receptors also raising intracellular Ca2+ concentration through

cyclic adenosine monophosphate (cAMP) and protein kinases A (pKA)

pathway [45,46]. Finally, several nonadrenergic, noncholinergic neuropeptides

can stimulate saliva secretion, such as substance P (SP) and vasoactive

intestinal peptide (VIP). VIP stimulates protein secretion through cAMP/PKA

pathway, while SP binds to neurokinin 1 receptors and induce production of

IP3 to increase intracellular Ca2+ concentration [47].

2.3. Salivary gland development

In mammalian; salivary gland contains three major component –

submandibular gland (SMG); sublingual gland (SLG) and parotid gland (PG),

and several minor glands. Salivary gland development started at embryonic

day 11 (E11) in mice; at gestational age week 6 in human and continue

postnatally [29-32]. The developmental pattern is consistent in both human

and mice: Epithelial cells multiplied and thickened the oral epithelium layer,

which invaginated into a loosen mesenchyme to form the initial bud.

Mesenchyme then condensed while the epithelial cells from the epithelial buds

started to extends deeply and branched extensively into the underlying

mesenchyme and differentiated into acinar and ductal cells; which is called

branching morphogenesis [48-51].

Embryonic salivary gland development was studied exhaustively using the

organic culture of murine embryonic SMG as model. In detail; there are five

stages in the embryonic salivary gland development: (1) Prebud stage, (2)

Initial bud stage, (3) Pseudoglandular stage, (4) Canalicular stage and (5)

Terminal differentiation stage.

Prebud stage (E11.5 – 12.5 in murine embryos): Proliferation of oral
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epithelium was induced by mesenchymal-epithelial interaction. The sign of this

stage is the formation of an epithelial placode from the thickened oral

epithelium, also called the prebud [30].

Initial bud stage (E12.5 – 13.5 in murine embryos): The epithelial placode

invaginated into the condensing mesenchyme, formed a plant-like structure

with a spherical epithelial bud and a long epithelial stalk, which eventually

developed into the main duct [51]. The neuronal-epithelial interaction started in

this stage, with the neuronal precursor wrapped around the epithelial stalk and

coalesce to form the submandibular parasympathetic ganglia [52,53]. The

basement membrane divided the epithelial bud from the mesenchyme, stabilized

the epithelium structurally and actively participated in the branching

morphogenesis in later development stage [49]. During this stage, the

mesenchyme continued its condensation, which eventually formed the capsule

of salivary gland [49].

Pseudoglandular stage (E13.5 – E14.5 in murine embryos): This staged is

marked by extensive branching of the epithelium through multiple successive

rounds of cleft formation, duct elongation, and duct lumen formation.

Epithelium buds extended to the condensed mesenchyme, created new stalks

from the main duct [49]. At the same time, clefts formed on the peripheral

area of the epithelial buds, separated the epithelial cells at the location, then

deepened and divided the primary buds into daughter ones [54]. In the

epithelial stalks, ductal lineage cells differentiated into basal cell layer and

luminal cell layer, and the keratin 19 (Krt19) – expressing luminal cells

started to condense at the midline of the stalks [14]. Microlumens are

generated from the apical membrane of these polarized Krt19+ luminal cells;

then microlumens merged to create a continuous lumen across the midline of

the stalks [14].

Canalicular stage (E14.5 – E15.5): This staged is marked by the expanding of

lumen in the stalks, creating the “canal” or tube for fluid secretion in the

future. Luminal cells at the center of lumen went through apoptosis while
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these one around the new formed lumen proliferated. Initially, these observed

differential apoptosis was considered as the main mechanism driving the lumen

expansion to create a hollowed tube, however, it was revealed that

neuropeptide vasoactive intestinal peptide (VIP) regulated the lumen

expansion/tubulogenesis through increased flow of electrolytes and fluid

transport [14,49].

Terminal differentiation stage (E15.5 forward): This stage began when the

ducts and acini are completely hollowed out and continued postnatally.

Epithelial cells both differentiated morphologically and functionally during this

stage. Ductal cells developed into excretory, striated, and intercalated ducts

while acinar cells developed into serous or seromucous secretory acini, as well

as myoepithelial cells.

Development of embryonic salivary gland are orchestrated by multiple

signaling pathways that regulated the interaction between epithelium and

mesenchyme, which was reviewed thoroughly in previous literatures [48-56].

Among these developmental pathways, fibroblast growth factors (FGF)

signaling and epidermal growth factors signaling (EGF) are two major drivers

of salivary gland organogenesis.

FGF system involves 23 secreted FGFs and 4 transmembrane tyrosine kinase

receptors and its involvement in salivary gland development was

well-recorded. Fgfr2b or its ligand Fgf10 knockout model failed to develop its

salivary glands as well as other epithelial organs, including lungs, kidneys,

and pancreas [58,59]. Even delete one allele of either Fgfr2b or Fgf10 leading

to hyposalivation due to hypo-plasticity of submandibular salivary gland [60,

61]. Recently, it was discovered that Fgfr1 and Fgfr2 signaling exhibits

combinatorial function in regulation of salivary gland development [62].

Although inactivation of single allele of Fgfr1 doesn’t reduce branching; fully

knockout of Fgfr1 reduced branching morphogenesis significantly in the

presence of intact Fgfr2. Alternatively, losing one allele of Fgfr2 significantly

reduced branching to the similar level of Fgfr1 knockout model, and knockout
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of Fgfr2 severely hampered the salivary gland organogenesis [62]. In vitro

supplementation of FGF1, FGF2, FGF7, and FGF10 induced branching

morphogenesis of epithelial structures [63]. However, deletion of negative

regulator of FGF signaling Sprouty (Spry) leading to excessive FGFs signal,

which in turn prevents parasympathetic innervation, gangliogenesis and

reduced progenitor cell population significantly in embryonic salivary glands

[52].

The mechanism of how FGF signaling in salivary gland development are

well-defined through exhaustive researches [1, 48]. Activation of FGF

signaling activates its canonical downstream pathway, particularly

MAPK/ERK1/2 and PI3K pathways, which is involved in proliferation of

epithelial cells and expansion of epithelial buds [63]. Fgfr2b activation induced

Kit signaling and expanded the KIT+K14+SOX10+ epithelial progenitor cells in

the end buds, which is essential for new branches formation [64]. A recent

study revealed a non-canonical pathway of Fgfr1/Fgfr2 system that regulate

branching morphogenesis through modulation of basement membrane and

cell-cell adhesion [62].

The EGF system plays a crucial role during organ development,

morphogenesis, repair, and epithelial regeneration [65]. EGF ligands can bind to

four kinase receptors, EGFR/Erbb1, Erbb2, Erbb3, and Erbb4 [1, 48]. The

EGFR-null SMG has smaller SMG, reduced cell proliferation, and branching

morphogenesis [66]. Similarity, Erbb3 knockout mice exhibits smaller SMG due

to impaired acinar specification, while remaining an intact ductal system [67].

EGF, a ligand for Erbb1, mediates end buds branching through ERK-1/2 and

PI3K pathways, while inhibition of PKC signaling greatly boosted

EGF-induced branching [68]. Additionally, Acetylcholine signaling induced

epithelial morphogenesis and maintained proliferation of keratin 5-positve

progenitor cell in an EGF-dependent manner [53]. Acinar specification is

driven through a neuronal-epithelial interaction between

(NRG1)-ERBB3-mTORC2 signaling [67].
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2.4. Aging and salivary gland dysfunction

Up to date, multiple histological alteration and functional reduction were

observed in the salivary glands of elder population, however, there were no

clear explanation about the cellular and molecular mechanisms that leading to

the aging-induced salivary gland dysfunction [4,5]. Histological analysis from

human, naturally and accelerated aging mice model illustrated that aging

salivary gland exhibits acini atrophy, ductal dilation, lower vessel density and

increased in fibro-adipose tissue deposition [4,5]. Additionally, there is an

increase in the immune response signal, increased infiltration of inflammatory

cytokines, paired with reduction in mitochondrial number and impaired

mitochondrial function [5]. In the aged salivary gland tissues, a decline in both

proliferation activity and number of stem cells were observed, therefore the

endogenous regeneration of acinar in salivary gland could be slowed down

[69]. Systemic meta-analysis summarized evidences that aging induced a

medication-independent loss of unstimulated saliva in human [70].

Aging-induced structural deterioration in salivary gland secretory components

lead to a reduction in saliva mucin protein and antioxidants [5,71]. Salivary

dysfunction usually leads to hyposalivation and xerostomia, leaving a great

burden in quality of life, especially after the COVID-19 pandemic [1,3].

Unfortunately, most of the approved medications for hyposalivation and

xerostomia are artificial saliva and secretagogues, which came up with several

shortcomings. Commercially available artificial saliva mimics the viscosity of

saliva, but failed at all other aspects, including elasticity, lubricity and

antibacterial [3,72]. Notably, commercial artificial saliva failed to prevent

bacterial adherence, an important role of saliva in protecting oral structures

[72]. Medication that are capable of stimulating saliva secretion are

parasympathomimetic drugs that target muscarinic receptors M1 and M3 [3].

However, due to the widespread of non-neuronal cholinergic system, these

medications usually associated with undesired, severe side effects, including

vomiting, vasodilation, hypotension and bradycardia [3]. Other intervened
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methods, such as transplantation of stem cells or bioengineered organoid, and

viral-based gene therapies, are still in clinical trials [1,3]. Therefore, it is an

urgent need to develop novel and sustainable therapy for salivary glands

dysfunction, to improve living quality of elder population and patients suffered

from hyposalivation and xerostomia.

2.5. Klotho

Klotho is an anti-aging protein discovered on 1997 by Dr. Kuro-O. Klotho

deficient mice are indistinguishable compare to wild type and heterogenous

littermate, but exhibits multiple aging-resemble phenotypes after 4 weeks old,

including growth retardation, hyperphosphatemia, hypercalcemia, osteopenia,

pulmonary emphysema, cognitive impairment, and multi-organ atrophy [6].

Klotho expression inversely correlated with aging and aging-related diseases

progression, including Alzheimer’s disease, kidney injury, vascular disease,

muscular dystrophy and diabetes. Overexpression of klotho increased life span

in rodents by approximately 20-30%, as well as therapeutic effects against

multiple disease, such as mitigating amyloid-β accumulation in Alzheimer’s

disease, delaying the progression of chronic kidney diseases, and inhibiting

tumor progression and drug resistance [73-77].

The most well documented function of Klotho is its involvement in the

homeostasis of phosphate, calcium and vitamin D; which is maintained by the

triangles of intestinal absorption, renal secretion/resorption and

mobilization/storage in bones [78]. Klotho is an essential co-factor for

fibroblast growth factor 23 (FGF23) and plays a crucial role in enhancing the

interaction between FGF23 and fibroblast growth factor receptors (FGFRs)

[79]. Klotho can bind to either FGF23 or FGFRs, which increases the affinity

of FGFRs to FGF23 and stabilize the ligand/receptors interaction, thereby

initiating downstream signaling cascades of FGF23 signaling pathways [79].

The relationship between klotho and FGF23 was discovered from the similarity

of phenotypes between klotho-deficient mice and FGF23-deficient mice,

including growth retardation, premature death and hyperphosphatemia [79].
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FGF23 is a hormone that mainly produced in the bone cells that target kidney

cells at the proximal renal tubule. Both Klotho and/or FGF23 could suppress

expression of sodium-phosphate cotransporters (NaPi-2a and NaPi-2c), thus

reduces renal reabsorption of inorganic phosphate (Pi) from urine [80,81]. In a

klotho-dependent manner, FGF23 inhibits the expression of 25-hydroxyvitamin

D 1-α-hydroxylase and induces the expression of 1,25-dihydroxyvitamin D

24-hydroxylase, two enzymes that catalyzes the synthesis and degradation of

calcitriol, the physiologically active form of Vitamin D [82].

FGF23-mediated regulation of vitamin D biosynthesis is critical in maintaining

calcium and phosphate homeostasis. By preventing excessive production of

calcitriol, FGF23 helps to reduce the absorption of dietary calcium and

phosphate, instead promoting their excretion [82]. Besides the effect of

Klotho/FGF23 signaling, Klotho also regulate mineral homeostasis through

transient receptor potential cation channel subfamily V (TRPV channels).

Klotho possesses the enzymatic activity of β-glucuronidase, which allow it to

hydrolyze the extracellular sugar residues of TRPV2/5/6 channels, stabilizing

the channel in the cellular membrane and stimulating its activation, thus

promote Ca2+ reabsorption into the renal and pancreatic β cells [83, 84].

Another important function of klotho is its participation in modulation of

reactive oxygen species (ROS), which is mainly produced in mitochondrial

during cellular respiration. Supplementation of exogenous klotho effectively

reduces oxidative stress and mitochondrial damage [85-87]. Klotho can

promote expression of several antioxidants, including manganese superoxide

dismutase (Mn-SOD) and heme oxygenase-1 (Ho-1), through activating both

Keap1-Nrf2 and FoxO transcription factors [88,89]. Additionally, recent studies

suggested that Klotho can ameliorate mitochondrial dysfunction through

inhibition of Wnt/β-catenin pathway and promote autophagy clearance through

activation of AMPK/PGC1α pathway, which induce nuclear translocation of

transcription factor EB (TFEB) [90].
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2.6. Salivary gland dysfunction in Klotho deficient

(Kl-/-) mice

Dwarfism, organ shrinkage, organ deterioration, and a shorter life span were

all observed in Klotho-deficient mice [6]. The initial study on the klotho

finding indicated that klotho deficiency caused harm to a wide range of

organs, including the stomach, thymus gland, gonads, lungs, skin, bones, and

muscles [6]. Further research indicated that the salivary glands are also

affected. Klotho-deficient mice had hyposalivation, reduced gland diameters,

lack of connective tissue, and fewer granular ducts and serous acini than WT

littermates [7,8]. Downregulation of epidermal growth factor (EGF), nerve

growth factor (NGF), connective tissue growth factor (CTGF) and intracellular

ion pump such as sodium/potassium-transporting ATPase subunit alpha-2

(ATP1a2) and sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (ATP2a1)

in the Klotho-deficient mice salivary gland [7,8]. Subsequent studies

demonstrated that multiple metabolic pathways in the salivary glands of

Klotho-/- mice are dysfunctional, including acetylcholine biosynthesis, the

ascorbic acid biosynthesis pathway, and the glutathione pathway in salivary

glands [10,11]. In particular, the levels of antioxidant glutathione as well as

several precursors in glutathione biosynthesis, including cysteinyl-glycine,

cysteine, and glutamyl-cysteine, are depleted in the salivary glands of

klotho-deficient mice [10]. A similar pattern was observed in ascorbic acid

biosynthesis, with a reduction of precursor glucose-6-phosphates,

UDP-glucuronic acid, D-glucuronic acid, and L-ascorbic acid [11]. Finally, in

the acetylcholine biosynthesis pathway, the expression and concentration of the

catalytic enzyme choline acetyltransferase (ChAT) were depleted in

klotho-deficient mice [10]. These findings revealed that the loss of klotho had

a multi-factorial influence on the salivary gland from a histological, genetic,

metabolic, and functional perspective.
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2.7. Neuropeptide and salivary gland function

Neuropeptides are small proteins that secreted by neurons, which mostly bind

to the G-protein coupled receptors to stimulate long term effect in the

nervous system, and thus, impact majority the innervated organs [12]. More

than 60 families of neuropeptides were discovered across 500 different species

[91]. This sheer number makes neuropeptide one of the biggest and most

diverse group of molecules that facilitate intercellular communication and play

critical role in multiple biological processes, ranging from the macro level

(behavior modulation, physiological regulation) to micro level (alternation of

signaling pathway) [91].

The biosynthesis of neuropeptide started with the translation of encoded

DNA into inactive precursors, pro-neuropeptides that requires protease

activity to generate active neuropeptides (usually range from 3-40 amino

acids) [12]. Several proteases have been identified to participate in

neuropeptide biosynthesis pathway, including cysteine proteases cathepsin L,

cathepsin H, cathepsin V and serine proteases proprotein convertase 1/2/3.

The active neuropeptides are usually flanked by dibasic (Lys-Lys; Lys-Arg;

Arg-Arg and Arg-Lys), and monobasic Arg residues [92]. Multiple

neuropeptides can be generated from a single pro-neuropeptide, such as opiod

hormones proenkephalin (PENK) and Prodynorphin (PDYN) [91,92].

The summary of neuropeptide family effect on salivary glands are listed on

Table 1. Beside basic function like stimulating/inhibiting protein and fluid

secretion, several neuropeptides exhibits more complicated impact in

modulation of immune response, facilitated salivary gland developments, or

involved in the feeding behavior (as saliva’s role is aiding for food digestion

and tasting). Several neuropeptides are used as potential biomarkers for quick

and non-invasive testing using saliva as primary sources [93,94].
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Table 1: Impact of neuropeptides on salivary glands function

Neuropeptide 
family

Impact toward salivary glands References

ACBP/DBI Inhibits saliva secretion [95]
Adrenomedullin Antibacterial, promote epithelial proliferation [96,97]
Bombesin Maintains salivary gland immunity [98]
Bradykinin Modulate pro-inflammatory cytokine expression, 

stimulate cytosolic Ca2+ signaling
[15]

Calcitonin and 
Calcitonin-related 
peptides

Facilitate Ca2+ signaling in submandibular 
ganglion; capable to stimulate peroxidase 
secretion at relatively high dose.

[99,100]

Chromogranin A 
and its cleaved 
products

Potentially involved in acinar cells migration, 
proliferation and differentiation during postnatal 
development; antifungal, antibacterial, 
antiparasitic, 

[101,102]

Endothelin and 
Sarafotoxin

Growth factor, wound healing, assists in 
innervation, involved in saliva secretion

[103-105]

Galanin Induce saliva secretion [13]
Gastrin and 
Cholecystokinin

Induce protein and amylase secretion, 
anti-inflammation

[106]

PACAP and 
Glucagon

Invoke saliva/protein secretion, promote 
lumenization during salivary gland development

[14,107]

Leptin Hyperleptinemia decreased saliva function and 
composition

[108]

Natriuretic 
peptides

Potentially regulates SG homeostasis through 
control electrolyte secretion/re-absorption, 
modulating autonomous nervous system and 
vasoconstriction/vasodilation.

[109]

Neurotensin Capable to evoke the cytosolic K+ signalling [110]
NPY Stimulate protein release in the salivary glands [18]
Nucleobindin Capable to evoke the cytosolic Ca2+ signalling [111]
Opioid Induced hyposalivation, xerostomia, reduced 

saliva composition.
[17]

Orexin Regulate feeding behavior, potentially control 
circadian rhythm of salivation

[16]

Resistin Could involve in development of IR and local 
inflammation of Sjogren syndrome

[112]

Somastostatin Induce protein secretion in salivary glands [113]
Tachykinin Stimulate saliva secretion [19]
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Neuropeptide Y (NPY) is a 36 amino acid peptide belong to the pancreatic

polypeptide family, discovered from porcine hypothalamus since 1982 by

Tatemoto [114]. NPY is synthesized from a 97 amino acid precursor named

pre-pro-neuropeptide Y (preproNPY). This precursor was cleaved multiple

times at the endoplasmic reticulum to generate the biologically active

NPY1-36 (NPY) [115]. Most of NPY function came from its interaction with

six G-protein coupled receptors: (Y1, Y2, Y3, Y4, Y5 and Y6). NPY is

widely expressed in both central and nervous system, and plays critical role

in regulating multiple physiological processes, including food consumption,

cognitive behavior, immune response and neuroprotection [116]. In the

concept of anti-aging, NPY overexpressed transgenic mice had longer

lifespan than its littermate, partially through regulation of energy metabolism

and calories restriction, which effect is diminished in NPY-deficient mice

[117,118]. NPY also provides significant neuroprotective properties against

multiple neurodegenerative diseases, including Parkinson’s disease, Alzheimer’s

disease, Huntington’s disease and Amyotrophic Lateral Sclerosis [20,116].

NPY can induce dopaminergic neurons viability by activation of AKT and

MAPK pathway; ameliorate inflammation side effect by preventing

accumulation of microglia and inhibit interleukin release from microglia;

reverted Amyloid β-induced neurodegeneration in both in vivo and in vitro

condition [119-121]. Furthermore, NPY supplementation can improve protein

homeostasis either through upregulation of chaperones or by promoting

autophagy pathways [122,123]. NPY possesses great therapeutic potential as

an anti-aging and neuroprotective agents.

Substance P (SP), an 11-amino acid peptide, is a member of tachykinin

neuropeptide family and was the first neuropeptide was discovered in history

by von Euler and Gaddum in 1931. SP is synthesized from the precursor

gene preprotachykinin-1 (TAC1) [124,125]. Through alternative splicing, 4

isoforms of TAC1 were produced: alpha, beta, gamma and delta. All of these

isoforms can produce SP but beta and gamma isoforms can produce another
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neuropeptide called neurokinin A (also known as Substance K) [125,126].

Similar to other neuropeptides, firstly the signal peptide is cleaved from

preprotachykinin-1 to produce protachykinin-1; then protachykinin-1 got

cleaved two more times to produce matured SP [126]. As the first discovered

neuropeptide, effect of SP was studied exhaustively. SP is a recognized

inflammatory modulator and a potent vasodilator [126]. SP is produced by

peripheral nerves and immune cells in wounded tissue and subsequently

attaches to its preferred receptors, NK1R, to regulate the wound-healing

process through a series of events. [127]. As a vasodilator and a

lymphocytes attractant, SP can enhance the delivery of lymphocytes to the

injury sites, stimulate the production of cytokines from immune cells to

create a pro-inflammatory microenvironment, which, in turn, induces the

proliferation of endothelial cells and promotes angiogenesis [127-129].

Pro-wound healing effect of SP was also observed in the fibroblasts, cornea

and intestine epithelial [130-132]. Additionally, several researches reported

neurogenesis and neuroprotective effects of SP, suggested its high potential

for further regeneration therapy [134,135].
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2.8. Project aims and objectives

The aim of this project is (1) understanding of salivary gland dysfunction

using aging-accelerated klotho knock-out mice model (2) to investigate

potential roles of neuropeptides, such as NPY and SP in branching

morphogenesis in embryonic salivary gland.

(1) Salivary gland dysfunction was well recorded in the postnatal

development of aging-accelerated klotho knock-out mice model, however,

there are limited studies about the impact of klotho deficiency toward

embryonic salivary gland development. Several mice models overloaded with

damage generated from primary hallmarks of aging exhibit both

developmental defects and premature aging, therefore, we hypothesized that

the salivary gland dysfunction in the klotho-deficient mice could originate at

the developmental state, and used ex vivo culture method to analyze the

embryonic development of salivary glands in this aging-accelerated model.

(2) Embryonic salivary gland development required a fine-tuning

co-operation from epithelial, mesenchymal, neuronal, myoepithelial, lymphatic

and endothelial cell population [1, 30]. Nervous system exhibits a multifront

impacts toward salivary gland development, from maintaining the stemness

of epithelial population through neurotransmitter Acetylcholine, regulating the

acinar differentiation by Ngr1/Erbb3/mTor signaling and regulating the

tubulogenesis through neuropeptide VIP [14,53,67, 135]. Despite the role of

neuropeptides was studied exhaustively on matured salivary gland, there are

limited research conducted to evaluate their potential impact on the salivary

gland organogenesis. Therefore, organ culture system was applied to assess

the possible influence of neuropeptide NPY or SP on embryonic salivary

gland development.
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III. MATERIALS AND METHOD

3.1. Compounds

The pan-FGFR inhibitor BGJ398 was purchased from Selleckchem (Houston,

TX, USA). The MEK/ERK1/2 inhibitor U0126 was purchased from Promega

(Madison, WI, USA). The neuropeptides NPY and SP were purchased from

Tocris Bioscience (Bristol, UK). Acetylcholine chloride (Ach-A6625) was

purchased from Sigma (St. Louis, MI, USA). Atropine sulfate (A10236) was

purchased from Thermo (Waltham, MA, USA). These compounds were

diluted directly into the organ culture medium below the membrane filter,

while embryonic salivary glands were cultured on top.

3.2. Embryonic salivary gland isolation and culture

Mouse embryonic salivary glands were isolated at embryonic day 13.5

(E13.5). At E13.5, the uteri were removed from the timed pregnant mice and

placed in ice-cold DMEM/F12 medium. The embryos were removed from

their respective uteri using Dumont #5 forceps (Fine Science Tools,

11251–20). Embryos were placed in a 35-mm cell culture dish filled with 3

ml of PBS supplemented with P/S prior to salivary gland isolation. Under

an Olympus SZ51 dissecting microscope (Olympus Corporation, Tokyo,

Japan), the embryos were decapitated using Dumont #5 forceps. The

embryonic tails were removed and placed in a 1.5 ml Eppendorf tube for

genotype verification. The mandible and the tongue, which surround the

salivary gland, were removed from the decapitated head by slicing the

forceps across the mouth. The isolated mandible was subsequently placed on

the cover of the 35-mm cell culture dish with the tongue facing down.

Subsequently, the prongs of the forceps were slid into the space between

the mandible and the tongue, and the midline of the mandible was sliced to

expose the tongue and two salivary glands attached to the base of the

tongue. After the surrounding tissues were removed, the glands were

detached using forceps and collected in a 96-well plate on ice with 200 μl of
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DMEM/F12 until all the embryos were dissected.

Isolated salivary glands were cultured on top of a 0.2 μm nucleopore

track-etched membrane (Whatman, Maidstone, UK, and GVS, Italy) that

floated on 1 ml of Organ Culturing Medium in the glass bottom area of the

IVF culture dishes (Cat. No. 20260, SPL Life Sciences, Gyeonggi, South

Korea) at 37 °C with 5% CO2. The organ culture medium used was

DMEM/F-12 supplemented with 150 mg/mL ascorbic acid (Millipore-Sigma,

St. Louis, MI, USA), 50 mg/mL holo-transferrin (Millipore-Sigma, St. Louis,

MI, USA), and 1X Pen/Strep (100 units/mL penicillin, 100 mg/mL

streptomycin; Thermo Fisher, Waltham, MA, USA).

For compound treatment, NPY, SP, and Ach were diluted in the media to a

concentration of 100 nM. The dose of atropine (a cholinergic inhibitor) was

40 μM, while both BGJ398 and U0126 were used at a concentration of 10

μM. The media for embryonic organ culture were replaced every 24 h.
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3.3. Genotyping of embryonic salivary gland tissue

We verified the genotypes of the isolated salivary gland samples by

performing PCR using genomic DNA isolated from the embryonic tail. Two

hundred microliters of tail lysis buffer (0.1 ml of 50 mM Tris (pH 8.0), 100

mM EDTA, 0.5% SDS, and 0.5 mg/ml proteinase K) was added to 1.5 ml

Eppendorf tubes containing embryonic tail samples. The tubes were heated

at 55 °C for 1 h to lyse the whole sample. Two hundred microliters of

protein precipitation solution (Promega, Madison, WI, USA) was added to

each tube, which was then centrifuged at 12000 rpm at room temperature

(RT) for 5 min to pellet the protein. A total of 150 μl of supernatant was

collected, and genomic DNA was precipitated by adding the same volume of

ice-cold isopropanol. The mixture was then incubated on ice for 10 min,

followed by centrifugation at 12000 rpm at RT for 5 min. The genomic

DNA was washed with 400 μl of ice-cold ethanol (70%) prior to being

diluted in 50 μl of DW. The concentration and quality of the isolated

genomic DNA were determined using a NanoDrop spectrophotometer DS-11

(DeNovix, Wilmington, DE, USA).

Genotyping was performed using the polymerase chain reaction (PCR) with

two pairs of primers containing a common forward primer and a specific

reverse primer for the wild-type allele or the mutant allele. The expected

amplification products were 815 bp and 419 bp for the wild-type and mutant

strains, respectively. Detailed information about the genotyping primers is

listed in Table 1. The PCR procedure was as follows: denaturation at 94 °C

for 5 min; 30 cycles of 94 °C for 30 s, annealing at 66 °C for 30 s, and

extension at 72 °C for 45 s; and a final extension at 72 °C for 10 min. The

PCR products were loaded into 1% agarose gels and visualized under a UV

lamp (SL-20, SeouLin Bioscience, Gyeonggi, Korea).
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Table 2: Primers for genotyping.

Target Sequences 
Klotho WT F: 5’ - TTGTGGAGATTGGAAGTGGACGAAAGAG - 3’

R: 5’- CTGGACCCCCTGAAGCTGGAGTTAC - 3’
Klotho MT F: 5’ - TTGTGGAGATTGGAAGTGGACGAAAGAG - 3’

R: 5’- CGCCCCGACCGGAGCTGAGAGTA - 3’

3.4. Quantification of epithelial growth rate

Bright-field images of isolated embryonic salivary glands were collected

every 24 h by an Olympus IX71 (Olympus Corporation, Tokyo, Japan)

inverted microscope. The number of epithelial buds was counted using the

image processing software FIJI. The epithelial growth rate was calculated as

a Spooner ratio using the following equation:

The foldchange increase in the epithelial growth rate = the number of

epithelial buds at 24 or 48 h ÷ the number of epithelial buds at 0 h.

3.5. qRT-PCR

Total RNA was isolated from the pooled embryonic salivary glands (up to

10 samples per condition) by utilizing the TaKaRa MiniBEST Universal

RNA Extraction Kit (Takara Bio, Inc., Shiga, Japan) following the

manufacturer’s protocol. In brief, pooled embryonic salivary glands were

lysed in 600 μl of extraction solution + 5% DTT by pipetting, and then,

genomic DNA was removed by running the lysis solution through a gDNA

Eraser Spin Column (provided by the manufacturer). Total RNA was

precipitated by adding 70% EtOH to the flow-through mixture and then

transferred to an RNA spin column (provided by the manufacturer). Total

RNA was bound to the silica membrane in the RNA Spin Column and

washed extensively to remove excess reagents. DNAse I was applied to

remove remaining genomic DNA, after which the total RNA was eluted

from the RNA spin column. The quality and concentration of total RNA

were measured by a NanoDrop Spectrophotometer DS-11 (DeNovix,
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Wilmington, DE, USA) to ensure that the A260/A280 ratio fell into a range

between 1.8 and 2.1.

Total RNA was used as a template for quantitative real-time PCR

(qRT‒PCR) using a GoTaq 1-Step RT‒qPCR System Kit (Promega,

Madison, WI, USA) according to the manufacturer’s protocol. The primers

used for qRT‒PCR are listed in Table 1. Rps29 was used as a reference

gene. PCR was carried out as follows: 1 cycle of 95 °C for 10 min; 40

cycles of 95 °C for 20 s, 60 °C for 20 s, and 72 °C for 20 s; and a melting

curve beginning at 60 °C and increasing by 1 °C every 6 s, with SYBR

green fluorescence measured at every interval. The PCR was performed on

a qTOWER3 real-time PCR thermal cycler (Analytik Jena AG, Thuringia,

Germany), and cycle threshold results were analyzed using qPCRsoft version

4.0 by Analytik Jena AG (Thuringia, Germany). Changes in gene expression

were tested for statistical significance (p < 0.05) relative to the control by

Student’s t test.
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Table 3: Primers for qRT-PCR.

Target Sequences 
Rps29 F: 5’ - TCACCAGCAGCTCTACTGGAGT - 3’

R: 5’- TGAAGCCTATGTCCTTCGCGTA - 3’
FGF1 F: 5’ - GAAAGTGCGGGCGAAGTGTA- 3’

R: 5’- CATTTGGTGTCTGCGAGCC- 3’
FGF7 F: 5’ - GGCAAAGTGAAAGGGACCCA- 3’

R: 5’- CAATCCTCATTGCATTCTTTCTTTG- 3’
FGF10 F: 5’ - GTCAGCGGGACCAAGAATGA- 3’

R: 5’- CGTTGTTAAACTCTTTTGAGCCA- 3’
FGFR2b F: 5’ - AAGGTTTACAGCGATGCCCA - 3’

R: 5’- AGAGCCAGCACTTCTGCATT - 3’
Muc19 F: 5’ - CTGGGTCTGGAAGTAGAAGTA- 3’

R: 5’- TCTAAGCCACAGAAGGAGAT- 3’
Smgc F: 5’ - TGGCTCTGCAACACAACAGT- 3’

R: 5’- GGCGAAAAGCTCCCAGGTAA- 3’
Dcpp1 F: 5’ - CGAAACCTCTCAGCCAGACTTT- 3’

R: 5’- AGTGCAGGAATGTTTTCCAACT- 3’
Mist1 F: 5’ - GCTGACCGCCACCATACTTAC- 3’

R: 5’- TGTGTAGAGTAGCGTTGCAGG- 3’
Krt5 F: 5’ - CAACGTCAAGAAGCAGTGTGC- 3’

R: 5’- CAGCTCTGTCAGCTTGTTTCTG- 3’
Krt14 F: 5’ – GCAGCAGAACCAGGAGTACAA - 3’

R: 5’- CGGTTGGTGGAGGTCACATCT - 3’
Krt15 F: 5’ – ATTCTGGCTGCCACCATTGA - 3’

R: 5’- GGGTCAGCTCATTCTCATACTTGA - 3’
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3.6. RNA-seq and data analysis

Total RNA was isolated from the pooled embryonic salivary glands (up to

10 samples per condition) by utilizing the TaKaRa MiniBEST Universal

RNA Extraction Kit (Takara Bio, Inc., Shiga, Japan) following the

manufacturer’s protocol. RNA quality was assessed by an Agilent 2100

bioanalyzer using an RNA 6000 Nano Chip (Agilent Technologies,

Amstelveen, The Netherlands), and RNA quantification was performed using

an ND-2000 spectrophotometer (Thermo Fisher, Waltham, MA, USA). Next,

a QuantSeq 3’ mRNA-seq Library Prep Kit (Lexogen, Vienna, Austria) was

used to construct the library for sequencing following the manufacturer’s

protocol. In brief, 500 ng RNA was reverse transcribed with Oligo-dT

primers. The RNA template was removed after cDNA synthesis was

complete. A tagged double-stranded cDNA library was synthesized from the

single-stranded cDNA with random primers containing an

Illumina-compatible linker sequence. Magnetic beads were used to purify the

double-stranded cDNA library, and then the cDNA library with adapters and

barcodes was generated by another round of PCR and magnetic bead

purification. High-throughput sequencing was performed as single-end 75-bp

sequencing using an Illumina NextSeq 500 (Illumina, Inc., San Diego, CA,

USA).

Data analysis of the QuantSeq 3’ mRNA-seq reads was performed by

aligning the reads using Bowtie2. Differentially expressed genes were

determined based on counts from unique and multiple alignments using

coverage in Bedtools. The read count (RC) data were processed using the

TMM + CPM normalization method in the EdgeR package within R using

Bioconductor. ExDEGA software from Ebiogen was used to analyze the

RNA-seq data and generate the final figures.
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3.7. Whole-mount immunofluorescence staining

Embryonic salivary gland samples were fixed by replacing the organ culture

media below the membrane filter with an approximate volume of 10%

neutral buffered formalin and then incubated at 4 °C overnight with gentle

rocking. Samples were collected in a 12-well plate, washed with PBS (3 ×

15 min), and permeabilized by incubating with PBSTx (PBS + 0.2% Triton

X-100) for 1 h at RT with gentle rocking. Following permeabilization, the

samples were blocked in 5% normal goat serum diluted in PBSTx for 1 h

at RT with gentle rocking (300 μl solution per well). Then, the samples

were incubated with primary antibodies diluted in PBSTx + 5% normal goat

serum for 48 h at 4 °C with gentle rocking (300 μl solution per well). After

the primary antibody incubation was complete, the samples were washed 3

× 15 min in PBSTx at RT with gentle rocking. After washing, the samples

were incubated with labeled secondary antibodies and DAPI diluted in

PBSTx + 5% normal goat serum for 48 h at 4 °C with gentle rocking (300

μl solution per well). Detailed information on the antibodies used is listed in

Table 3. After 48 h of incubation, the samples were washed 3 × 15 min in

PBS to remove all excess staining reagents prior to mounting.

Before mounting, the samples were submerged in 500 μl of PBS in a single

well of a 12-well plate. The samples were transferred onto a glass

microscope slide (Marienfeld Superior, Germany) by pipetting. Excess PBS

was removed by pipetting and using paper towels. Forceps were used to

separate the samples to circumvent contact. One hundred microliters of

Malinol mounting solution (Muto Pure Chemical, Tokyo, Japan) was pipetted

on top of the samples before a 22 × 22 mm thick, #1.5 coverslip (Marienfeld

Superior, Germany) was placed on top. After all the samples were mounted,

the microscope slides were placed in a dark container at RT for 24 h to

allow the mounting media to solidify. The samples were subsequently

analyzed by a Nikon Eclipse Ti A1 (Nikon, Tokyo, Japan) confocal

microscope. Fluorescence images were acquired by z-stack imaging with a
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3.0 μm step size and a 10X objective, unless otherwise stated. After the

z-stack images were acquired, the final images were generated through

maximum intensity Z-projection using NIS-Elements software from Nikon

(Nikon, Tokyo, Japan).

3.8. Western Bloting

For Western blotting, total protein was isolated from the pooled embryonic

salivary glands (up to 10 samples per condition). Embryonic salivary gland

samples were collected in a 1.5 mL Eppendorf tube, and 200 µl of RIPA

buffer containing 1 g/mL phosphatase inhibitor and protease inhibitor was

added to the tube. The Eppendorf tubes were then placed in an ultrasonic

bath for 5 min to lyse all the embryonic salivary gland tissues. The sample

lysates were subjected to SDS‒PAGE and transferred to PVDF membranes

(Millipore, Burlington, MA, USA), which were blocked with 5% skim milk

for 2 h and incubated with primary antibodies diluted in TBST (TBS + 1%

Tween 20) overnight at 4 °C with gentle rocking. The next day, the PVDF

membranes were washed with TBST 3 times for 5 min before they were

incubated with the appropriate secondary antibodies for 1 h at RT with

gentle rocking. Detailed information on the antibodies used is listed in Table

3. The membranes were subsequently washed with TBST for 3 × 5 min,

after which the protein concentration was detected via the chemiluminescence

method. Briefly, the membrane was covered with a 1:1 mixture of Immobilon

Western Chemiluminescent HRP Substrate (Millipore, Burlington, MA, USA),

and protein signals were visualized using an Amersham ImageQuant 800

system (Amersham, UK).
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Table 4: Antibodies for Western Blot and Immunofluorescence.

Antibodies Manufacturer Identifier
Mouse monoclonal TUBB3 Santacruz sc-51670
Mouse monoclonal Actin Santacruz sc-47778
Mouse monoclonal FGF1 Santacruz sc-55520
Mouse monoclonal FGF7 Santacruz sc-365440
Mouse monoclonal AKT Santacruz sc-81434
Mouse monoclonal p-AKT Santacruz sc-293125
Rabbit polyclonal FGFR1 Abcam ab137781

Rabbit polyclonal ERK1/2 Cell Signaling
Technology 9102S

Rabbit polyclonal p-ERK1/2 Cell Signaling
Technology 9101S

Rabbit monoclonal mTOR Cell Signaling
Technology 2983S

Rabbit polyclonal Aqp5 Cell Signaling
Technology 59558S

Rabbit polyclonal p-p38 ProteinTech 28796-1-AP
Rabbit polyclonal ZO-1 ProteinTech 21773-1-AP
Rabbit polyclonal SOX2 ProteinTech 11064-1-AP
Rabbit polyclonal FGFR2 ProteinTech 13042-1-AP
Rabbit polyclonal KRT5 ProteinTech 28506-1-AP
Rabbit polyclonal KI67 ProteinTech 27309-1-AP
Mouse monoclonal p-mTOR ProteinTech 67778-1-IG
Goat anti-mouse IgG, HRP conjugated Promega W401B
Goat anti-rabbit IgG, HRP conjugated Promega W402B
Goat anti-Mouse IgG, Alexa Fluor™ 488 Invitrogen A28175
Goat anti-Rabbit IgG, Alexa Fluor™ 488 Invitrogen A27034
Alexa Fluor™ 594 goat anti-rabbit IgG Invitrogen A11012
Alexa Fluor™ 594 goat anti-mouse IgG Invitrogen A11005
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3.9. Short interference RNA (siRNA) transfection.

Predesigned siRNAs targeting murine FGFR1 (ID: 14182-1) and FGFR2 (ID:

14183-1) were purchased from Bioneer (Daejeon, Korea) and transfected into

cultured embryonic salivary glands using Lipofectamine RNAiMAX reagent

(Invitrogen, Waltham, MA, USA). One microliter of siRNA and 6 μl of

Lipofectamine RNAiMAX were diluted in 100 μl of OptiMEM (Thermo

Fisher, Waltham, MA, USA) separately; the mixture was mixed together and

incubated at room temperature for 5 min. The final complexes were added to

the organ culture medium below the floating membrane and were changed

every 24 h. Embryonic organs were cultured with the siRNA complex for 48

h prior to downstream analysis.

3.10. Statistical analysis

All experimental results are presented as the mean ± SD of at least three

independent experiments. Differences between groups were analyzed by

multiple t-tests and ANOVA, followed with Bonferroni adjustment.

Differences were considered significant at p < 0.05 (*p < 0.05, **p < 0.01,

***p < 0.01).
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IV. RESULTS

4.1. Embryonic salivary gland development in aging

accelerated Kl-/- mice

Salivary gland branching morphogenesis is a complex process that requires

the cooperation of numerous signaling factors. We adapted ex vivo culture of

embryonic salivary glands to adequately mimic this process and to analyze

the morphogenesis of the salivary gland during organogenesis. As shown in

Figure 1, the number of epithelial buds in the salivary glands was markedly

lower in Kl-/- mice than in wild-type mice. Quantification of epithelial buds

revealed that at the initial timepoint (E14), the wild type mice had a slightly

greater number of epithelial buds than did the Kl-/- mouse samples.

However, the difference in epithelial bud number between wild-type and

Kl-/- embryonic salivary glands became more pronounced in a

time-dependent manner. On E15, wild type had 44 % more epithelial buds

than Kl-/- mice; and on E16; wild type mice showed a higher number of

epithelial buds (approximately 62 %) than the Kl-/- mice (Figure 1B).

Interestingly, the epithelial growth rate was not significantly different

between wild type and Kl-/- mice (Figure 1C). The results of the

immunofluorescence staining assay for the neuronal marker β-tubulin III

revealed that the innervation of cholinergic neuronal cells in salivary glands

were reduced in Kl-/- embryonic salivary glands compared to wild type

salivary glands. At E16, expression of ZO-1, a marker of ductal

differentiation, was also significantly reduced in the lumen of the main duct

of the Kl-/- embryonic salivary gland (Figure 1D).
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Figure 1. Lacking of klotho slightly altered salivary gland development

in vitro.

Embryonic salivary glands from Kl+/+ and Kl-/- mice were harvested at E13.5

and cultured ex vivo for 48 hours. Pictures were taken at the time of culture

(0h) as the baseline and every 24 hours using an inverted microscope.

Wholemount immunofluorescent staining against Tubb3 and Zo-1 were

performed and pictures were taken by Nikon A1 Confocal Microscope (A).

Brightfield images of Kl+/+ and Kl-/- embryonic salivary glands at E16. (B-C).

Quantification of number of epithelial buds per glands and epithelial growth

rate (n = 3 glands per genotype; mean ± SD; Student’s t test. ∗p < 0.05,

∗∗p < 0.01). (D). Immunofluorescence staining of parasympathetic nervous

system marker Tubb3 from WT and KL MT embryonic salivary gland at

E15. (E). Immunofluorescence staining of ductal marker ZO-1 from WT and

KL MT embryonic salivary gland at E16.5.
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4.2. Neuropeptides NPY and SP induces embryonic

salivary gland branching morphogenesis

To examine the potential effect of neuropeptides in salivary gland branching

morphogenesis, E12 Kl -/- embryonic salivary glands were isolated and

cultured in the organ culture medium with supplement of either SP or NPY

over 48 hours, to cover the pseudoglandular and canalicular stage of salivary

gland organogenesis. Over 48 hours, treatment of SP significantly promoted

the branching development of salivary gland, as demonstrated in the number

of epithelial buds (Figure 2). On the other hand, treatment with NPY

promoted a noticeable but not statistical difference in Kl -/- embryonic

salivary glands. In detail, SP treatment increase bud numbers by

approximately 3 times after 24 hours and 48 hours. From these results, we

proposed that the neuropeptides SP/NPY could promote the branching

morphogenesis in the embryonic salivary glands.
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Figure 2. Neuropeptides SP and NPY induce branching morphogenesis in

embryonic salivary gland from klotho -/- mice.

Embryonic salivary glands from Kl-/- mice were harvested at E12.5 and

cultured ex vivo for 48 hours. 100 nM of neuropeptide SP/NPY was added to

the culture media and refreshed for every 24 hours. Pictures were taken at the

time of culture (0h) as the baseline and every 24 hours using an inverted

microscope. (A) Brightfield images of Kl+/+ and Kl-/- embryonic salivary glands

after 48 hours of neuropeptide treatment. (B) Quantification of number of

epithelial buds per glands. (n = 3 glands; ∗p < 0.05).
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4.3. Neuropeptides SP and NPY induce branching

morphogenesis in dependent of parasympathetic

nervous system.

To examine potential signaling pathway induced by neuropeptide SP and

NPY, we used the cholinergic inhibitor Atropine to evaluate effect of SP and

NPY under the inhibition of parasympathetic nervous innervation in

embryonic salivary glands. As demonstrated in figure 3A; cholinergic

inhibition significantly abrogated salivary gland branching morphogenesis;

however, supplementation of either neuropeptide SP or NPY can rescue

Atropine-induced reduction of epithelial branching, as the quantification of

number of epithelial buds were demonstrated in figure 3B. Confocal images of

immunostaining with neuronal marker Tubb3 confirmed a reduction in

parasympathetic innervation in Atropine-treated samples, which was

rejuvenated in the presence of neuropeptide SP or NPY (figure 3C). These

data suggested that Neuropeptide SP and NPY can induce the branching

morphogenesis in dependent of parasympathetic nervous system.
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Figure 3. Neuropeptides SP and NPY induce branching morphogenesis

in dependent of parasympathetic nervous system.

Embryonic salivary glands from Kl+/+ mice were harvested at E12.5 and

cultured ex vivo for 48 hours. 100 nM of neuropeptide SP/NPY and 40 μM

of Atropine was added to the culture media and refreshed for every 24

hours. Pictures were taken at the time of culture (0h) as the baseline and

every 24 hours using an inverted microscope. Wholemount immunofluorescent

staining against Tubb3 were also performed and pictures were taken by

Nikon A1 Confocal Microscope (A). Brightfield images of wild type

embryonic salivary glands treated with neuropeptides SP/NPY with or

without cholinergic inhibitor Atropine. (B). Quantification of number of

epithelial buds per glands (n = 3 glands per group; mean ± SD; Student’s t

test. ∗∗p < 0.01, ∗∗∗p < 0.001) (C). Immunofluorescence staining of

parasympathetic nervous system marker Tubb3 after 48 hours of treatment.
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4.4. NPY and SP promote neurogenesis in the

embryonic submandibular salivary glands.

To further confirm the involvement of neuropeptides NPY and SP in the

branching morphogenesis; E13.5 embryonic salivary glands were harvested

and treated with neuropeptides for 48 hours prior immunofluorescence

staining against Sox2, a stem cells marker and a regulator of acinar

development, and Tubb3, a marker for neuronal cell population. As

demonstrated in Figure 4A; we found that the Sox2 expressed ubiquitously in

the glands, and colocalized with the neuronal cells (Tubb3 stained). We also

found that NPY or SP could induce the neurogenesis in embryonic

submandibular salivary gland, as neuronal outgrowth with newly formed

branches extended to peripheral buds and higher expression of Tubb3 was

detected in the neuropeptide treated groups. Extensive neuronal network can

be observed clearer in the higher magnification (Figure 4B). We concluded

that treatment of NPY and SP induce the formation and branching of

cholinergic nerves in the embryonic salivary gland.
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Figure 4. Neuropeptides SP and NPY promotes neurogenesis in

embryonic salivary gland.

Embryonic salivary glands were harvested at E13.5 from Kl+/+ and treated

with 100 nM of SP/NPY for 48 hours (refresh media every 24 hours), prior

staining with neural population markers (Tubb3) and Sox2 a stem cells

marker and a regulator of acinar development. Picture were taken by Nikon

A1 Confocal Microscope. Picture at 20X magnificent were Z-stack images,

step size is 3 μm and final pictures were generated through Maximum

Intensity Z-projection option in FIJI. (A) – 20X magnificent and (B) – 60X

magnificent.
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4.5. NPY and SP induces keratin expression and

epithelial cell proliferation in embryonic salivary glands

Cytokeratin 5 (Krt5) and Cytokeratin 14 (Krt14) is one pair of intermediate

filament proteins expressed at the basal layer of epithelium. This pair of

proteins were established as the markers of the progenitor cells in the

embryonic salivary glands. Cytokeratin 15 (Krt15) is a marker for both inner

and outer ductal cells clusters in the embryonic salivary glands. mRNA

expression of Krt5, Krt14 and Krt15 were upregulated after 48 hours of

treatment with either NPY or SP (Figure 5A). qRT-PCR results of the

marker for the basal epithelial layer Krt5 were verified by

Immunofluorescence staining (Figure 5B). Staining with proliferation markers

Ki67 verified that both neuropeptide NPY and SP induced cell proliferation

effect at the peripheral epithelial buds (Figure 5C). Immunostaining with

Krt14 verified that neuropeptide treatment induced higher expression of Krt14

at the peripheral area of the epithelial buds, compare with the control

samples (Figure 5D-5E). Additionally, cyclin D1, a marker for cell cycle

progression from G1 to S phase, were also upregulated after neuropeptide

treatment. Finally, Figure 5F-5G verified the upregulation of Krt15, a marker

for epithelial cells at the intermediate layer. Our staining results showed that

Krt15-positives cells, localized mostly at the root of the main duct, and are

upregulated after 48 hours of incubation with NPY/SP. These results

suggested that these neuropeptides NPY and SP, could promote the epithelial

cell proliferation in embryonic salivary glands.
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Figure 5. Neuropeptides SP and NPY promote epithelial cell

proliferation in embryonic salivary gland.

Embryonic salivary glands were harvested at E13.5 from Kl+/+ and treated

with 100 nM of SP/NPY for 48 hours (refresh media every 24 hours). Pooled

glands were used to isolate total mRNA prior running qRT-PCR.

Additionally, wholemount immunofluorescent staining against various epithelial

markers and proliferation markers were conducted and pictures were taken

by Nikon A1 Confocal Microscope (A). qRT-PCR analysis of Krt5/Krt14 and

Krt15. Fold changes of gene expression are normalized to Rsp29. (n = 3;

mean ± SD; Student’s t test. ∗p < 0.05). (B). Immunofluorescence staining

of Krt5 - marker for epithelial progenitors. (C). Immunofluorescence staining

of Ki67 as an evaluation of cell proliferation. (D-E) Immunofluorescence

staining of Krt14 -marker for basal epithelial and Cyclin D1 – markers for

cell cycle. (D) – Pictures at 20X magnificent and (E) – Pictures at 60X

magnificent. (F-G) Immunofluorescence staining of Krt15 - marker for

intermediate epithelial. (F) – Pictures at 20X magnificent and (G) – Pictures

at 60X magnificent.
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4.6. NPY and SP induces salivary gland functional –

related markers

To further investigate the potential effect of NPY and SP in the salivary

gland development, E15.5 embryonic salivary glands were harvested and

treated with neuropeptides for 48 hours. Then the samples were harvested

and stained with the secretory protein AQP5 as the marker for acinar

maturation, and tight junction protein ZO-1 as the marker for luminal

development during the canalicular stage. Western blot was also conducted to

determine the potential signaling pathway involved in neuropeptide treatment.

As illustrated in figure 6A, AQP5 signal is upregulated after treatment with

either SP or NPY. Similarly, Tight junction protein ZO-1 expression is

upregulated in the ductal lumen of the salivary gland treated with NPY and

the size of the lumen is broader than that of control. (Figure 6B). Western

blot analysis verified the upregulation of AQP5 and ZO-1 in both SP and

NPY-treated group; also demonstrated that treatment with neuropeptide

induced the phosphorylation of mTOR and Akt; especially after treatment

with NPY (figure 6C). These data suggested that neuropeptide NPY/SP could

activated Akt/mTOR pathway, which lead to acinar maturation and ductal

lumen expansion in embryonic salivary gland during the canalicular stage.
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Figure 6. Neuropeptide SP and NPY promote ductal and acinar

markers in embryonic salivary glands.

Embryonic salivary glands were harvested at E15.5 from Kl+/+ and treated

with 100 nM of SP/NPY for 48 hours (refresh media every 24 hours).

Pooled glands were used to isolate total protein prior running Western Blot.

Additionally, wholemount immunofluorescent staining against ductal marker

ZO-1 and acinar marker AQP5 were conducted and pictures were taken by

Nikon A1 Confocal Microscope. (A-B) Immunofluorescence staining of

secretory channel AQP5 and ductal markers ZO-1, presence in the

acinar/lumen of the embryonic SMG. (C) Western Blot analysis of E17

embryonic salivary gland treated with corresponding neuropeptides.
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4.7. Inhibition of ERK1/2 signaling pathway abrogated

NPY/SP-induced branching morphogenesis

Previous literatures suggested that NPY and SP can both activate the

ERK1/2 signaling pathway, therefore we conducted several experiments to

evaluate impact of ERK1/2 signaling pathway to neuropeptide-induced

epithelial branching morphogenesis. Western blot data (Figure 7A) illustrated

that ERK1/2 signaling are activated after neuropeptides treatment at either

early stage (pseudoglandular and canalicular stage) at late stage

(acinar/lumen maturation). Co-treatment of either neuropeptides with ERK1/2

inhibitor U0126 completely negate the NPY/SP-induced branching

morphogenesis (Figure 7B). In particular, the epithelial structures grew at a

slower rate and peripheral buds stopped dividing, compare with other

groups. Compare with the control, the epithelial growth rate in the

neuropeptide treated group doubled after 24 hours and increased by 1.6

times after 48 hours. On the other hand, in the presence of ERK1/2 inhibitor

U0126; the epithelial growth rate reduced by 66% after 24 hours and

approximately 85% after 48 hours, compare with the neuropeptide-treated

group (Figure 7C). Immunofluorescence staining with neuronal markers

illustrated that the parasympathetic nervous system development is greatly

downregulated in the presence of ERK1/2 inhibitor. In the

neuropeptide-treated groups, nervous system expanded greatly to the

peripheral buds, while in the inhibition group, the nervous system mostly

localized around the main ducts and the formation of new nerve branches

are significantly inhibited (Figure 7D). These data suggested that inhibition

of the ERK1/2 signaling pathway can partially abrogate the

neuropeptides-promoted branching morphogenesis in embryonic salivary

gland.



- 53 -



- 54 -



- 55 -

Figure 7. Inhibition of ERK signaling pathway abrogated

neuropeptides-induced branching morphogenesis.

Embryonic salivary glands were harvested at E13.5 from Kl+/+ and treated with

100 nM of SP/NPY for 48 hours (refresh media every 24 hours). Pooled glands

were used to isolate total protein prior running Western Blot. Additionally,

wholemount immunofluorescent staining against neuronal marker TUBB3 were

conducted and pictures were taken by Nikon A1 Confocal Microscope. (A).

Western blot analysis demonstrated ERK1/2 is activated after treatment of SP

and NPY at early and late stages of branching morphogenesis process. (B)

Brightfield images of wild type embryonic salivary glands treated with

neuropeptides SP/NPY with or without MAPK/ERK1/2 inhibitor U0126. (C)

Quantification of epithelial growth rate (Spooner’s ratio) after 24 hours and 48

hours of treatment. (D) Immunofluorescence staining of parasympathetic nervous

system marker Tubb3.
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4.8. RNA-sequencing analysis

We conducted a high through put screening with RNA-seq to identify the

putative pathways induced by NPY and SP in the embryonic salivary glands.

High purity mRNA was extracted from pooled samples of embryonic salivary

glands treated with neuropeptides for 48 hours prior subjected for RNA-seq.

Using z-score, the significantly changed genes were clustered into five different

groups and visualized using heat map (Figure 8A). Venn diagram in figure 8B

summarized the number of significantly up and down regulated genes after

neuropeptide treatment (p-value < 0.05). In particular, NPY induced upregulation

of 234 genes and downregulation of 320 genes. Those numbers of SP-treated

group are 98 and 101 genes, respectively. Among all of these genes, 20 are

co-upregulated, and 36 are co-down regulated by both NPY and SP (Figure

8B). Scatter plot in figure 8C-8D visualized the amount of differentially

expressed genes. Detailed list of top 25 of down and up-regulated genes are

listed in the Supplementary Table 1-4. We also conducted Gene Ontology

enrichment analysis to identify the dominant biological process (BP) among the

DEGs in NPY-treated and SP-treated group. In the SP-treated group, nervous

system development, intracellular signal transduction and phosphorylation are the

BP that has highest number of DEGs involved. In the NPY-treated group, the

BPs that have highest number of DEGs are cell cycle, protein ubiquitination and

apoptotic process (Figure 8E-8F).
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Figure 8. RNA-seq profiling from the wild type embryonic SMG treated

with neuropeptides for 48 hours.

Embryonic salivary glands were harvested at E13.5 from Kl+/+ and treated with

100 nM of SP/NPY for 48 hours (refresh media every 24 hours). 10 glands

were pooled in to one treatment group prior isolation of total mRNA. QuantSeq

were conducted to evaluate gene expression. (A) Clustering heatmaps displaying

differential expression genes (DEGs) between Control and neuropeptide-treated

group. (B) Venn diagrams illustrated number of DEGs in NPY and SP-treated

group. (C-D) Scatter plot demonstrated number of DEGs in NPY and

SP-treated group. (E-F) GO enrichment analysis for biological process (BP)

between SP-treated group and NPY-treated group versus control samples;

generated from DAVID database. All figures were generated from ExDEGA

software of Ebiogen.
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4.9. NPY and SP regulates salivary gland branching

morphogenesis through FGFR/AKT/mTOR/ERK1/2

signaling pathway.

We used qRT-PCR to evaluate the expression of NPY and SP-specific

receptors in the embryonic salivary gland. Interestingly, qRT-PCR results

showed that neither receptors are upregulated after neuropeptide treatment

(Supplement data); similar to RNA-seq raw read data (data not shown);

suggested a potential non-canonical signaling pathway in which NPY and SP

regulated the branching morphogenesis. From RNA-seq data, we found

several genes belong to fibroblast growth factors signaling pathway are

significantly up-regulated; including Fgf1; Fgfbp1 and Cnpy2 as well as

several markers for acinar differentiation, including secretory genes Muc19,

Smgc, Dcpp1 and transcription factor Mist1. We decided to co-treat the

neuropeptide with the pan-inhibitor of Fgf receptors BGJ398 to examine the

potential connection between Fgf signaling and neuropeptide-induced

branching morphogenesis.

Firstly, we used qRT-PCR to verify the RNA-seq results. mRNA expression

of Fgf1, Fgf7 and Fgfr2b are upregulated after 48 hours treatment of either

SP or NPY, but totally inhibited in the presence of BGJ398 (Figure 9A-9B).

Similarity, the upregulation of secretory markers Muc19, Smgc, Dcpp1 and

secretory transcription factor Mist1 after neuropeptide treatment was

confirmed; and their expression is down-regulated significantly after

inhibition of Fgf receptor signaling pathway.

We also examined impact of BGJ398 on branching morphogenesis, which is

illustrated in figure 10. Pharmaceutically inhibition of Fgf receptors obstructed

the growth of the embryonic salivary gland completely, even with the

presence of neuropeptides SP or NPY. Peripheral buds lost the round shape

and the formation of new buds is totally abrogated (Figure 10A).

Quantification of epithelial growth rate showed that co-treatment of BGJ398

with neuropeptides reduced the Spooner’s ratio by 70% after 24 hours and by
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90% after 48 hours, compared with the neuropeptide-treated group only

(Figure 10B). Western blot was conducted to examined the expression of

several protein in the Fgf family and the canonical downstream pathway of

the Fgf signaling. These data showed that Fgfr1 and Fgfr2b, two receptors

that expressed mostly in the epithelial structures, are upregulated after

treatment with the neuropeptide SP or NPY, as well as two ligands Fgf1 and

Fgf7. Additionally, several canonical downstream pathways of the Fgfr

signaling, including Akt/mTor, Erk, p38 also activated after neuropeptide

treatment. Moreover, protein level of acinar secretory marker Aqp5 and lumen

structure marker ZO-1 are also induced by SP or NPY treatment. Inhibition

of Fgf receptors by BGJ398 completely reverted the upregulation of all these

genes (Figure 10C).

Finally, we used siRNA against either Fgfr1 or Fgfr2, two most important

receptors in the embryonic salivary glands, to evaluate their role in

neuropeptide-induced branching morphogenesis. As demonstrated in Figure 11,

E13.5 embryonic samples were cotreated with total four combinations of

neuropeptides and siRNAs. Knockdown on single Fgf receptor does not alter

the morphology of embryonic salivary glands in a remarkable manner,

compared with the treatment of BGJ398 (Figure 11A). Quantification of

branching morphogenesis through Spooner’s ratio demonstrated that inhibition

of any single Fgf receptors will decrease the neuropeptide-induced epithelial

growth rate to the baseline level of control group, suggest that an intact Fgf

receptor signaling system are required for the SP or NPY – induced

branching morphogenesis (Figure 11B).
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Figure 9. SP/NPY activated FGF signaling pathway and acinar

secretory markers, but treatment with FGF receptors inhibitor BGJ389

inhibited its expression.

Embryonic salivary glands from Kl+/+ mice were harvested at E13.5 and

cultured ex vivo for 48 hours. 100 nM of neuropeptide SP/NPY and 1 μM of

BGJ389 was added to the culture media and refreshed for every 24 hours.

Pooled glands were used to isolate total mRNA prior running qRT-PCR.

(A-B) qRT-PCR analysis of FGF signaling candidates mRNA expression in

presence of SP/NPY (C-D) qRT-PCR analysis of acinar secretory markers

mRNA expression in presence of SP/NPY. (n = 3; mean ± SD; Student’s t

test. ∗∗p < 0.01, ∗∗∗p < 0.001)
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Figure 10. Inhibition of FGF receptors signaling abrogated

neuropeptides-induced branching morphogenesis.

Embryonic salivary glands from Kl+/+ mice were harvested at E13.5 and

cultured ex vivo for 48 hours. 100 nM of neuropeptide SP/NPY and 1 μM of

BGJ389 was added to the culture media and refreshed for every 24 hours.

Pooled glands were used to isolate total mRNA prior running Western Blot.

Pictures were taken at the time of culture (0h) as the baseline and every 24

hours using an inverted microscope. (A) Brightfield images of wild type

embryonic salivary glands treated with neuropeptides SP/NPY with or without

FGF receptors inhibitor BGJ389. (B) Quantification of epithelial growth rate

(Spooner’s ratio) after 24 hours and 48 hours of treatment. (n = 6 glands/group;

mean ± SD; Student’s t test. ∗∗p < 0.01, ∗∗∗p < 0.001) (C) Western Blot

analysis of FGF signaling and its canonical downstream pathway, as well as

ductal and acinar markers.
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Figure 11. Inhibition of FGF receptors signaling abrogated

neuropeptides-induced branching morphogenesis.

Embryonic salivary glands from Kl+/+ mice were harvested at E13.5 and

cultured ex vivo for 48 hours. 100 nM of neuropeptide SP/NPY and 1 μM of

siRNA target either FGFR1 or FGFR2 was added to the culture media and

refreshed for every 24 hours. Pooled glands were used to isolate total mRNA

prior running Western Blot. Pictures were taken at the time of culture (0h) as

the baseline and every 24 hours using an inverted microscope. (A) Brightfield

images of wild type embryonic salivary glands treated with neuropeptides

SP/NPY with or without FGF receptors inhibitor BGJ389. (B) Quantification of

epithelial growth rate (Spooner’s ratio) after 24 hours and 48 hours of

treatment. (n = 4 glands/group; mean ± SD; Student’s t test. ∗∗p < 0.01,

∗∗∗p < 0.001)
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V. DISCUSSION

With the exception of a few outlier species, such as Turritopsis dohrnii, which

appears to defy aging, and Proteus anguinus, notable for their extraordinarily

long lifespans, it is largely accepted that aging is an intrinsic and universal

process that eventually leads to death [136]. Surprisingly, numerous ideas have

developed to explain the mechanics of aging and how they interlink aging with

the complicated developmental processes that occur throughout an organism's

existence. These developmental phases, which include embryogenesis,

histogenesis, and organogenesis, involve finely coordinated spatiotemporal

changes in genetic expression that are regulated by complex molecular

pathways.

Interestingly, several evidences illustrated that these hallmarks of aging can

impede embryogenesis. A compelling illustration of this connection is

exemplified in the Atr-Seckle mouse model, featuring mutated alleles of the

ATR gene—a homologous counterpart to the human ATR gene. This model

manifests accelerated aging phenotypes coupled with developmental defects,

including dwarfism, osteoporosis, a shortened lifespan, and a notable increase in

DNA damage within embryos, subsequently resulting in reduced embryo size

[137]. Similarly, during the embryonic and neonatal phases, there are observable

decreases in body and organ growth in the Cdc42GAP-deficient mouse model,

which is characterized by increased Cdc42 activity. These physiological changes

include a shorter life expectancy, decreased body mass, osteoporosis, muscular

atrophy, and kyphosis, which are probably caused by the surge of cellular

senescence [138,139]. Additionally, animals lacking Smarca6 activity make a

strong argument since they show extensive demethylation and an increase in

senescence markers. These mice experience a variety of early aging symptoms,

such as graying hair, a shortened lifespan, cachexia, and kyphosis [140].

Together, these modified mouse models demonstrate a strong relationship,

highlighting the possibility that the main causes of damage linked to aging

characteristics may interfere with organ development, resulting in organ atrophy
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and functional deterioration in the postnatal period.

Klotho is one of the most recognized aging-suppressing gene over the last

three decades, which is capable of extending life expectancy of mice through a

variable of mechanism, including anti-oxidative stress, anti-senescence, maintain

metabolic homeostasis, and regulation of numerous signaling pathway [77,85-90].

The development of aging-resembled phenotypes in klotho-deficient mice was

attributed to the dysfunction of phosphate, vitamin D and calcium metabolism,

with the disruption in Klotho/FGF23/FGFR1 signaling axis [78,79]. kl-/- mice

exhibit hyposalivation, reduced gland size, decreased connective tissue, and

fewer granular ducts and serous acini compared to normal mice [7,8].

Additionally, the expression of various growth factors, ion pumps, and water

channels involved in salivary gland function are also downregulated. Further

investigations have demonstrated that multiple metabolic pathways crucial for

salivary gland function, including acetylcholine biosynthesis, ascorbic acid

biosynthesis, and the glutathione pathway, are disrupted in kl-/- mice [8-11].

However, these are limited studies using klotho-deficient mice as a model to

studies the organogenesis during embryonic development, especially toward

salivary glands.

In our data, the embryonic salivary glands isolated from klotho-deficient mice

went through developmental process normally and did not suffered any

significant alteration in overall structures, beside a small reduction of developed

epithelial number (Figure 1A-B). Immunostaining revealed a small reduction in

the expression of neuronal markers Tubb3 and ductal marker ZO-1 in the

lumen of the main ducts. The reduction of neuronal population in embryonic

salivary gland is consistent with previous report, in which kl-/- mice exhibits

multiple neuronal-related defects, including behavioral impairments, synaptic

loss, hypomyelination, and neuroinflammation [6,141,142]. It was reported that

klotho supplementation triggered redox system to reduce neuronal death [143].

Tight junction protein ZO-1 is an epithelial marker and a scaffold protein that

regulates the movement of ions between endothelial and epithelial cells. ZO-1



- 72 -

expression increased with the expanding of lumen, therefore it was used as a

ductal marker during the embryonic development, together with Krt19 [14,144].

We also observed the reduction of Zo-1 in the salivary gland of kl-/- mice,

compare with the wildtype littermates. Although we didn’t conduct further

analysis to investigate how klotho deficiency could lead to disruption in the

cell-cell adhesion, multiple research reported Zo-1 and cadherin/catenin

complexes expression is reduced under excessive oxidative stress, which is

prevalence in the kl-/- mice [145]. However, the embryonic salivary glands of

kl-/- mice are fully capable of develop into ductal and epithelial bud structure,

as showing in Figure 1, suggest a possible compensatory mechanism against

klotho deficiency. Further researches are required to fully elucidate the

difference in the molecular mechanism in the salivary gland organogenesis in

kl-/- mice, as well as its connection with the aging-induced dysfunction during

postnatal development.

Neuropeptides, small proteins produced by neurons that exert their effects

through G protein-coupled receptors, have a pervasive presence within the

central nervous system [12,91]. Despite the absence of NPY and SP in mice

leading to several physiological alterations, both TAC1-knockout mice and

NPY-knockout mice exhibit normal viability, fertility, and normal organ

morphology. Specifically, NPY deficiency in mice has been linked to increased

bone mass, alterations in several behavioral activities, and reduced body weight,

while TAC1-knockout mice exhibit atypical pain thresholds, heightened

resistance to Kainate-induced neurotoxicity, and compromised bone quality

[146-149]. Our data illustrated that neuropeptides NPY/SP could promote

branching morphogenesis in klotho mutant embryonic samples (Figure 2),

suggested their impacts in salivary gland organogenesis. Previously data also

showed that NPY facilitated the bud formation in embryonic kidney through

GDNF signaling [150]. In the context of embryonic salivary gland development,

the interplay between neurons and epithelial cells assumes a pivotal role. This

cross-talk governs essential aspects of salivary gland organogenesis,
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encompassing the maintenance and proliferation of pluripotent epithelial cells, the

processes of lumenization and ductal development, and the specification of

secretory acini [14,52,53,67]. Prior investigations revealed several neuronal

proteins that regulate salivary gland organogenesis, including NRTN, NRG1 and

VIP. VIP, which regulates lumenization through its receptor VIP1R and the

downstream cAMP/PKA signaling pathway, is the only neuropeptide. Our data

expand the potential involvement of neuropeptides NPY and SP in the

development of epithelial organs, then continued to investigate the deeper

cellular and molecular mechanism of how NPY and SP could regulate the

embryonic organ development.

Branching morphogenesis can be stimulated through multiple conditions,

including neuronal, epithelial, endothelial, and cell-adhesion modulation. Inhibition

of nervous signals reduced branching morphogenesis in the salivary gland

greatly [53, 135]. Brightfield images illustrated that the neuropeptide SP/NPY

can promote branching morphogenesis even when parasympathetic signaling is

inhibited by atropine (Figures 3A–3B). Atropine is an antagonist against the

muscarinic receptors, which block acetylcholine signaling in the parasympathetic

nervous system. Immunostaining showed that SP/NPY induces the recovery of

the neuronal cells, thus rejuvenating the salivary branching morphogenesis

(Figure 3C). Neurogenesis and the neuroprotective effects of both SP and NPY

were extensively recorded. SP treatment boosted the proliferation of the neural

stem cells, induced neural differentiation and accelerated recovery after ischemic

injury [133,151]. NPY promotes neurogenesis in the dentate gyrus of the

hippocampus through its receptor NPY1R and also the ERK1/2 signaling

pathway in both in vitro and in vivo conditions [152]. NPY also facilitated

neural revitalization after injury in multiple disease models, including

Parkinson's and Alzheimer’s diseases [119, 121]. Immunofluorescence staining

also verified that treatment with neuropeptides promotes neural branching and

the formation of new branches toward the peripheral epithelial bud (Figure 4).

Together with an increase in neurons, Sox2 is found to colocalize within the
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nervous system and be expressed higher in the outermost area of peripheral

buds (Figure 4). In the concept of salivary gland organogenesis, Sox2 is a

crucial factor. Losing Sox2 significantly reduced the number of epithelial buds

and prevented the development of acinar cells, while overexpression of Sox2 can

rejuvenate salivary gland tissues that underwent irradiation injuries [153,154].

Sox2-induced recovery and development are dependent on the parasympathetic

nervous system; therefore, it is possible that neuropeptide NPY/SP

supplementation could induce Sox2 expression in embryonic salivary glands by

promoting neurogenesis in a cholinergic-independent manner. Furthermore, it is

well recorded that aging induced a reduction and reorganization of innervation

architecture in the salivary glands [155]. Artificial denervation leading to acinar

atrophy an hyposalivation, but reinnervation induced the salivary gland

endogenous regeneration [156]. A recently-developed drug-releasing hydrogel,

which stimulate parasympathetic nervous system directly, promotes the

endogenous regeneration of irradiated acinar and repopulates the irradiated

salivary glands with functional secretory machines [157]. Therefore, inducing

neurogenesis could be a potential method to recover the aging-induced salivary

gland dysfunction. Our results demonstrated the significant potential of the

neuropeptides SP and NPY in promoting neurogenesis and aiding nervous

system recovery, offering promising avenues for regenerative therapies.

Cytokeratin are structural protein for cytoskeletal intermediate filaments, mainly

expressed in the epithelial cells. In the embryonic salivary glands, In the

embryonic salivary glands, Krt14 and Krt5 positive cells are progenitors of

ductal and acinar cells, while Krt15 marked the epithelia population at the

intermediate layer [57, 158]. Our research findings illuminate the influence of

neuropeptides NPY/SP on cytokeratin expression patterns. Through (qRT-PCR),

we observed significant upregulation of Krt14, Krt5, and Krt15 after exposure to

NPY/SP (Figure 5). Subsequent analysis using confocal imaging revealed

heightened Krt15 expression along the apical membrane of the ductal epithelium,

forming the lumen, while Krt14 exhibited a shift toward the peripheral buds
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following neuropeptide treatment. This intriguing observation aligns with the

known influence of acetylcholine, indicating that stimulation from the nervous

system via the cholinergic signaling pathway is imperative for pluripotent

epithelial cell repopulation.

mTOR/AKT signaling pathway is a well-known regulator of cell proliferation

and cell cycle; which functioned through two complexes mTORC1 and

mTORC2. Inhibition of mTOR signaling pathway reduced the branching

morphogenesis of salivary gland in vitro and in vivo [159]. Inhibition of

mTORC2 complex prevented the development of secretory acini, which was

regulated through a neuronal-epithelial crosstalk between NGR1-ERBB3

signaling [67]. Our data suggested that these neuropeptides (NPY and SP) could

promote the expression of salivary glands functional markers at later stage of

salivary gland development, including ZO-1 and AQP5, presumably through

mTOR signaling.

It is widely recognized that NPY and SP binds to their respective receptors to

activate their downstream signaling pathway. In the mammalian, there are five

receptors for NPY, (NPY1R, 2R, 3R, 4R and 5R); while there is only one

receptor for SP – NK1R. These G-protein-coupled receptors, when activated,

could trigger multiple signaling pathways, including MEK/EKR;

PI3K/AKT/mTOR. EKR1/2 is a central signaling pathway that regulates

numerous cellular processes, including proliferation, differentiation and cell

survival, and participated in the branching morphogenesis of epithelial organs

[160]. Our data presented that both NPY and SP can induce the ERK1/2

activation at both pseudoglandular and canalicular stages of salivary gland

development. (Figure 7A) Consistent with other literatures, pharmacological

inhibition of the MEK, upstream cascade of ERK1/2, inhibited the epithelial

branching of embryonic salivary gland (Figure 7B-7C) [160]. Additionally, we

also observed a reduction in the innervated neuron after treatment of ERK1/2

inhibitor, suggested that the neuropeptide-induced neurogenesis is blocked.

These results are consistent with several earlier reports illustrated that NPY
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and/or SP can stimulate neuron proliferation/differentiation through ERK1/2

activation. Out data proposed that ERK1/2 is an important downstream

signaling for NPY/SP-induced branching morphogenesis.

We hypothesized that the NPY and SP activated their respective receptors to

promoted the branching morphogenesis. However, the qRT-PCR results showed

no significant change in the expression of these receptors between control and

treated samples (Supplementary Figure 1), therefore we conducted a high

throughput RNA-seq analysis to identify the potential targets that got altered

by neuropeptide treatment. RNA-seqs results demonstrated neuropeptide

treatment altered the gene expression in biological processes related with

salivary gland organogenesis such as nervous system development, cell cycles,

in utero embryonic development, and fibroblast growth factor receptor signaling

pathway. Fibroblast growth factors signaling is one cornerstone of the salivary

gland development. FGF1/2/3/7/8/10/13 are expressed in the mesenchyme, while

FGF1/8/10 are expressed in the epithelium [48,161]. All four type of fibroblast

growth factor receptors can be found in the mesenchyme, while the epithelial

cells only express FGFR1 and FGFR2 [62]. FGF/FGFR signaling regulates

essential biological functions such as cell survival, proliferation, migration,

differentiation, embryonic development, organogenesis, tissue repair/regeneration,

and metabolism [162]. Mice lacking either FGFR1 or FGFR2 exhibits salivary

gland hypoplasia, with severe effects observed in FGFR2 KO mice than FGFR1

KO mice [62]. FGF receptors are composed by an extracellular ligand consist of

three immunoglobulin-like domains, a single transmembrane domain and an

intracellular domain that exhibits tyrosine kinase activity [162]. Our data

showed that several genes in the FGF signaling are upregulated after treatment

of neuropeptide to embryonic salivary gland. Pharmacologically blocking of

FGF/FGFR signal by pan-inhibitor BGJ398 abrogated the neuropeptide-induced

FGFs upregulation, branching morphogenesis, and acinar differentiation, as

demonstrated in Figure 9-Figure 10. Upon receptors activation, FGF receptors

canonically stimulate multiple signal transduction cascades, including ERK1/2,
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PI3K, and p38. Western blot data verified the activation of FGF/FGFR pathway,

upregulation of acinar secretory markers Aqp5 and ductal lumen markers ZO-1

after NPY/SP treatment. The neuropeptide-induced effects are diminished during

co-treatment of BGJ398 (Figure 10C). Additionally, genetic silencing of either

FGFR1 or FGFR2 reverted the neuropeptide-induced branching morphogenesis

to the control baseline, thus providing evidences for the involvement of

FGF/FGFR signaling pathway after treatment of neuropeptides NPY or SP in

embryonic salivary glands (Figure 11). It also proposed that an intact

FGF/FGFR receptors signaling is necessary for beneficial effects induced by

neuropeptide NPY/SP.

The connection between neuropeptides NPY and SP and the fibroblast growth

factors were recorded in previous literatures. Additionally, neuropeptide

treatment and FGF/FGFR signaling demonstrated synergistic effects on inducing

neural cell proliferation in vitro. NPY administration increases FGFR1

transcription and translation, and SP administration induces the expression of

FGF7 in fibroblasts of the cornea. Conversely, FGF2 induces the expression of

SP and its receptor TAC1R in articular chondrocytes during the inflammatory

response [164-166]. These findings are similar to our results. These results

suggest that the neuropeptides NPY/SP promote development in the embryonic

salivary gland, partially through interaction with the FGF/FGFR signaling

pathway. However, FGFs or FGFRs that directly promote aging-induced

salivary gland dysfunction and neurogenesis have not been identified.



- 78 -

VI. CONCLUSION

In this study, embryonic salivary gland branching morphogenesis of kl+/+ and

kl-/- was examined, and effects of neuropeptide treatment on embryonic salivary

glands were investigated using numerous methods, and these conclusion was

obtained:

In the aging mouse model (Klotho -/-), branching morphogenesis, neurogenesis,

and differentiation are decreased in the embryonic salivary gland. We examined

the potential effects and mechanisms of two neuropeptides, NPY and SP, on

embryonic salivary gland development in aging Kl-/- mice. These results

showed that administration of NPY or SP significantly promoted branching

morphogenesis, neurogenesis, epithelial proliferation and epithelial differentiation

through the FGF/FGFR/ERK1/2 signaling pathway during embryonic salivary

gland development. Understanding the molecular signaling involved in embryonic

salivary gland development during aging can greatly increase our understanding

of salivary gland biology and aid in diagnosing the disease state during aging

and help to identify potential therapeutic targets for regeneration and tissue

engineering approaches in the future.
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