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ABSTRACT 
 
Dry mouth that occurs after menopause significantly reduces the quality of life of the elderly. The 
extracellular vesicles derived from mesenchymal stem cells are being studied for application in various 
pathological conditions in the field of tissue regenerative medicine. This study is to investigate the 
therapeutic effect on salivary gland dysfunction occurring after ovariectomy using tonsil mesenchymal 
stem cells (T-MSCs)-derived extracellular vesicles. The rats were divided into the following groups: sham-
operated rats (SHAM), rats that underwent ovariectomy (OVX), and rats that underwent OVX surgery and 
were simultaneously injected with T-MSC-derived extracellular vesicles (OVX+EV). The rats were sacrificed 
6 weeks after ovariectomy. Estradiol levels decreased in the OVX group compared with those in the SHAM 
group. Extracellular vesicles had no effect on estradiol levels or estrogen receptor β expression. The 
evaluation of pro-inflammatory cytokines, TNF-α and IL-6, increased in the OVX group and decreased in the 
OVX+EV group. The expressions of collagen I and TGFβI increased in the OVX group but decreased in the 
OVX+EV group. Moreover, to examine submandibular gland function, AQP5 and α-amylase expressions 
were downregulated in the OVX group, but improved upon exosome injection. In conclusion, T-MSC-
derived extracellular vesicles are useful for the prevented submandibular gland dysfunction that occurs 
after menopause. 

mailto:voicelee@pusan.ac.kr
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/


www.aging-us.com 2195 AGING 

INTRODUCTION 
 
Menopause is a physiological process characterized by 
the cessation of menstruation, resulting from a loss of 
ovarian function. Menopausal changes can induce 
vasomotor symptoms, such as hot flushes, night sweats, 
and dyspareunia, as well as dry eyes and dry mouth [1]. 
Menopause is accompanied by physical and functional 
changes in the oral cavity. Previous studies have 
revealed that these changes are caused by 
postmenopausal hormone deficiency, which could 
induce a reduction in salivary gland secretions [2]. 
Menopause-induced xerostomia induces dry mouth, 
which is associated with oral pain and difficulties in 
speech. [3, 4]. Therefore, xerostomia reduces the quality 
of life of women after menopause. Studies on the 
mechanism of reduction of salivation after menopause 
are important for the prevention of oral diseases and 
salivary gland dysfunction. However, the mechanism 
associated with the reduction of salivary gland function 
during menopause has not been well studied. 
 
Mesenchymal stem cells (MSCs) have great therapeutic 
potential because of their ability to self-renew and 
differentiate into multiple tissues. MSCs are multipotent 
cells that can self-renew and differentiate into several 
cell types of the same mesenchymal lineage, including 
osteocytes, adipocytes, and chondrocytes [5, 6]. The 
proliferation and differentiation potential of MSCs are 
used in several tissue engineering and regenerative 
medicine fields, including in studies on radiation-
induced salivary gland dysfunction [7]. Recently, 
human palatine tonsils have emerged as a new source of 
mesenchymal stem cells (T-MSCs) [8, 9]. T-MSCs 
contributed to the attenuation of excessive inflammation 
in surgical lesions, as well as to the augmentation of 
epidermal and dermal regeneration [10]. Compared with 
other MSCs, T-MSCs can be more easily obtained from 
the palatine tonsil tissue through tonsillectomy, the most 
commonly performed surgery in otolaryngology. In our 
previous study, we found that the proliferation potential 
of T-MSCs, which is the most important functional 
factor of stem cells, was significantly higher than that of 
bone marrow-derived MSCs or adipose tissue-derived 
MSCs [11]. Therefore, we assessed the therapeutic 
effects of T-MSCs on menopause-induced xerostomia. 
 
MSCs are a good candidate for cell therapy in tissue 
engineering and regenerative medicine, and the 
therapeutic function of MSCs can be attributed mainly 
to their paracrine effect [12]. Extracellular vesicles 
containing exosomes derived from MSCs have 
paracrine effects [13]. Differentiation of engrafted 
MSCs into unwanted cells, such as osteocytes and 
chondrocytes, and the induction of immune responses 
by allogeneic MSCs transplantation have been reported 

[14–16]. Therefore, the safety of allogeneic MSCs 
transplantation is still controversial [17]. 
 
Exosomes are included in extracellular vesicles that are 
generated inside the cell and released to the outside that 
are small membrane particles (40–150 nm in size) of 
endosomal origin. They play crucial roles in cell-cell 
communication and mediate gene expression by 
delivering miRNAs, mRNAs, and proteins to recipient 
cells [18, 19]. Recently, exosomes have been 
recognized as paracrine factors that are released by 
almost all cell types, and there are studies on their 
application for the treatment of various diseases in 
several organs [20–23]. T-MSCs has high proliferation 
ability compared to other MSCs [9]. It is expected that 
the constituents of the isolated extracellular vesicles 
will differ depending on the type of MSCs, but there are 
still no studies on the differences between T-MSCs and 
extracellular vesicles derived from other MSCs. Further, 
we plan to study the differences in exosomes isolated 
from tonsil MSC cells or other cells. Moreover, there 
are no studies on the therapeutic or preventive effects of 
extracellular vesicles on various symptoms caused by 
menopause, especially xerostomia. Therefore, in order 
to investigate the therapeutic effect of T-MSCs-derived 
extracellular vesicles on menopause-induced 
xerostomia, we evaluated the morphological and 
functional changes in the submandibular gland by 
injecting T-MSCs-derived extracellular vesicles into 
ovariectomized rats.  
 
RESULTS 
 
Characteristics and differentiation of T-MSCs 
 
The characteristics of human T-MSCs are shown in 
Figure 1. The results of flow cytometry showed that 
both T-MSC#1 (Figure 1A, upper panel) and T-
MSC#2 (Figure 1A, lower panel) were positive for 
CD73 and CD44, but negative for CD34 and CD45. In 
addition, we verified the characteristics of MSCs by 
differentiating the cells, and we determined 
adipogenesis, osteogenesis, and chondrogenesis in the 
differentiated T-MSCs (Figure 1B). 
 
Identification of T-MSCs-derived extracellular 
vesicles 
 
The ultrastructure and size distribution of extracellular 
vesicles derived from T-MSCs #1 (Figure 2A, upper 
panel) and T-MSCs #2 (Figure 1A, lower panel) were 
determined by conducting a nanoparticle tracking 
analysis. First, 10 nm gold particles were immersed in 
water and visualized with a 532 nm (green) laser of a 
NanoSight instrument. The video shows the light 
scattered from the particles as they move under 
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Brownian motion. The nanoparticles were small, and 
hence, the particles were quite dim and moved very 
quickly (Figure 2A, Supplementary Videos 1 and 2). 
Next, we identified purified T-MSCs-derived 
extracellular vesicles through western blotting. The 
surface markers, HSP70, CD63, CD9 and CD81, were 
detected in both T-MSCs #1 and T-MSCs #2-derived 

extracellular vesicles (Figure 2B). Analysis of the size 
and concentration of isolated T-MSC-derived 
extracellular vesicles using NTA demonstrated a bell-
shaped curve, with the majority of the area under the 
curve falling within the characteristic extracellular 
vesicles size range of 50~150 nm. The FTLA 
distribution values (average size/concentration) for T- MSCs 

 

 
Figure 1. Characterization of human tonsil mesenchymal stem cells (T-MSCs). Surface marker profiling determined by 
fluorescence-activated cell sorting in T-MSCs. The cells were positive for CD73 and CD44 and negative for CD45 and CD31; the upper panel 
is T-MSCs #1 and the lower panel is T-MSCs #2 (A). The adipogenesis, chondrogenesis, and osteogenesis of T-MSCs were examined by oil 
red staining, alizarin red staining, and Alcian blue staining, respectively; the upper panel is T-MSCs #1 and the lower panel is T-MSCs #2 (B).  



www.aging-us.com 2197 AGING 

#1-derived extracellular vesicles were 130.4 ± 2.1 nm 
and T-MSCs #2-derived extracellular vesicles were 
132.3 ± 2.2 nm, respectively (Figure 2C). Generally, the 
size range of extracellular vesicles is 50~150 nm. The 
T-MSCs-derived extracellular vesicles were 
extracellular vesicles in size and properties. The total 

extracellular vesicles concentrations for T-MSCs #1-
derived extracellular vesicles were 9.22e + 010 ± 7.64e 
+ 008 particles/ml and T-MSCs #2-derived extracellular 
vesicles were 7.40e + 010 ± 1.60e + 009 particles/ml. 
We also investigated microRNA and protein analysis of 
T-MSC-derived extracellular vesicles. The presence of 

 

 
 

Figure 2. Identification of T-MSCs derived-extracellular vesicles. Nanoparticle tracking analysis of T-MSCs derived-extracellular 
vesicles. Normal cell (left) and screen shot from video of light scatter of placental vesicles overlaid with a graph of vesicle size and 
concentration, as determined by nanoparticle tracking analysis (right) (A). Western blot illustrating the characteristic surface markers of 
extracellular vesicles, HSP70, CD63, CD9, and CD81, present in the extracellular vesicles (B). Histogram of the nanoparticle tracking analysis 
demonstrating the size distribution of T-MSCs-derived extracellular vesicles after isolation through centrifugation (C). The presence of 
microRNA (miRNAs) in T-MSC-derived extracellular vesicles. T-MSCs-derived exosomes contain approximately 26 anti-inflammatory miRNAs 
and approximately 22 anti-fibrotic miRNAs (D). T-MSCs-derived extracellular vesicles contain 25 proteins (E).  
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large amounts of small RNAs in T-MSCs-derived 
extracellular vesicles suggests that extracellular vesicles 
may contain microRNAs (miRNAs). Therefore, NGS 
analysis was used to identify the miRNAs in the T-
MSC-derived extracellular vesicles. The results showed 
that the T-MSC-derived extracellular vesicles carried 
approximately 26 anti-inflammatory miRNAs, such as 
92a-3p, 181a-5p, 21-5p, and 181b-5p, and 
approximately 22 anti-fibrotic miRNAs, including 107, 
122-5p, 26a-5p, 133a, and 26b-5p (Figure 2D). 
Moreover, proteomics analysis was used to identify the 
proteins in the T-MSCs-derived extracellular vesicles. 
Results indicated that T-MSCs-derived extracellular 
vesicles carried 25 proteins, and the most abundant 
protein was THBSI (Figure 2E). 
 
Serum levels of estradiol and the expression of 
estrogen receptor β 
 
We determined the levels of estradiol and the 
expression of estrogen receptors in ovariectomized rats. 
The result shows the changes in the serum levels of 
estradiol (Figure 3A). The level of serum estradiol in 
the OVX group was lower than that in the SHAM 
group. However, the estradiol concentration in the OVX 
group was similar to that observed in the OVX+EV 
group. To evaluate the effect of sex hormones on sex 
hormone receptors, we performed qPCR analysis to 
determine the expression levels of two isoforms of 
estrogen receptor, ERα and ERβ, in the submandibular 
gland. In our previous study, we could not detect the 
expression of ERα in the submandibular gland of 
female rats with qPCR [24]. Hence, in this study, qPCR 
was conducted to evaluate the expression levels of ERβI 
and ERβ. The expression levels of ERβI and ERβII 
were not significantly different between the groups 
(Figure 3B). Ovariectomy led to a significant reduction 
in the amount of estradiol, and EXO had no effect on 
both serum estradiol levels and ERβ expression. 
 
Secretion of pro-inflammatory cytokines 
 
The levels of tumor necrosis factor alpha (TNF-α, p < 
0.05), interleukin 1β (IL-1 β, p < 0.01), and interleukin 
6 (IL-6, p < 0.01) significantly increased in the OVX 
group, compared with the SHAM group. However, the 
OVX+EV group showed the decreased levels of pro-
inflammatory cytokines (TNF-α, p < 0.05; IL-6, p < 
0.05). In addition, there were no significant differences 
in the levels of interferon γ (IFN-γ) between the groups. 
The results also revealed that the secretion of pro-
inflammatory cytokines was significantly increased in 
the OVX groups, but upon the injection of extracellular 
vesicles, the levels of cytokines and inflammatory 
response decreased in the submandibular gland of 
ovariectomized rats (Figure 4). 

Improvement of fibrosis 
 
The results of MT staining showed that the degree of 
fibrosis in the submandibular gland tissue was 
significantly higher in the OVX group (p < 0.001) than 
that in the SHAM group. However, the OVX+EV group 
showed significantly decreased fibrosis (p < 0.01) 
(Figure 5A upper panel and Figure 5B). The collagen I 
deposition increased in the OVX group, and decreased 
by extracellular vesicles injection. We also confirmed 
that the mRNA expression of collagen I and collagen III 
in the OVX group was significantly higher (p < 0.01) 
than that in the SHAM group. However, the OVX+EV 
group showed significantly decreased mRNA 
expression of collagen I (p < 0.01) and III (p < 0.05) 
(Figure 5C). After extracellular vesicles treatment, 
TGF-β1 returned to levels comparable to those in the 
SHAM group (Figure 5A, bottom panel). In addition, 
the mRNA expression of TGF-β1 (p < 0.001) and TGF-
βII (p < 0.01) was significantly upregulated in the OVX 
group, and the OVX+EV group showed significantly 
decreased expression of TGF-β1 (p < 0.001) 
(Figure 5D). 
 
Recovery of salivary gland dysfunction 
 
To determine if T-MSCs-derived extracellular vesicles 
improved the function of the submandibular gland, we 
investigated the expression of AQP5 and α-amylase. 
The immunostaining and protein expression revealed 
that AQP5 (middle panel) and α-amylase (down panel) 
were significantly lower in the OVX group than in the 
SHAM group (Figure 6A). However, the injection of T-
MSCs-derived extracellular vesicles increased the 
staining densities of AQP5 and α-amylase, relative to 
those observed in the OVX group. According to the 
results of western blot analysis, the expression of AQP5 
and α-amylase was significantly lower in the OVX 
group than in the SHAM group (p < 0.001) (Figure 6B). 
The expression of AQP5 and α-amylase increased in the 
OVX+EV group (p < 0.01). We also confirmed that the 
mRNA expression of the representative aquaporin 
subtypes involved in saliva secretion, AQP3 and AQP5, 
was significantly lower in the OVX group (p < 0.05) 
than in the SHAM group. However, the OVX+EV 
group showed significantly increased mRNA expression 
of AQP3 and AQP5 (p < 0.05) (Figure 6C). These 
results indicate that T-MSCs-derived extracellular 
vesicles can reverse the effect of ovariectomy and 
improve the functions of the submandibular gland.  
 
DISCUSSION 
 
Menopause-induced xerostomia greatly affects the 
quality of life of postmenopausal women. There is no 
standard effective treatment for salivary gland
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Figure 3. Serum estradiol levels and expression of estrogen receptor β. Serum estradiol levels were lower in the OVX group than in 
the SHAM group. Exosome treatment did not affect the serum estradiol levels (A). Quantitative polymerase chain reaction analysis of genes 
encoding representative estrogen receptor β in the submandibular gland. The expression of ERβI and ERβII did not change between the 
groups (B). One-way ANOVA test; ***p < 0.001 vs. SHAM. 
 

 
 

Figure 4. Anti-inflammatory effect of T-MSCs-derived extracellular vesicles. Quantitative polymerase chain reaction analysis of 
tumor necrosis factor alpha (TNF-α), interferon γ, interleukin 1β (IL-1 β), and interleukin 6 (IL-6) in the submandibular gland. The mRNA 
expression of TNF-α, IL-1, and IL-6 was higher in the OVX group than in the SHAM group. Extracellular vesicles treatment decreased the 
TNF-α and IL-6 levels. One-way ANOVA test; *p < 0.05 and **p < 0.01 vs. SHAM, #p < 0.05 vs. OVX.  
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dysfunction that occurs after menopause. There has 
been an increase in elderly population, and hence, the 
quality of life of the elderly has become important. 
Studies on xerostomia using MSCs derived from bone 
marrow or umbilical cord have been reported, but there 
are no reports of the use of MSCs-derived exosomes 
[25, 26]. The safety of allogeneic MSCs is still 
controversial. Several studies have used exosomes 
instead of MSCs to study multiple tissue regeneration 
[27, 28], but there are no studies on their use for 
menopause-induced xerostomia. 
 
This is the first study to investigate the usefulness of 
MSCs-derived exosomes for the improvement of 

salivary gland dysfunction that occurs after 
ovariectomy. Various MSCs have been clinically 
studied in tissue engineering or regenerative medicine, 
but there is still controversy over the immunological 
safety of allogenic MSCs transplantation [17, 29]. 
Therefore, many recent studies have involved the use of 
exosomes, which, unlike MSCs, cannot cause 
pulmonary embolization and cannot cross the blood 
brain barrier due to their size (40–150 nm) [30]. 
Exosomes are enriched in many bioactive molecules, 
such as lipids, proteins, mRNA, transfer RNA, long 
noncoding RNA, miRNA, and mitochondrial DNA 
[31]. Extracellular vesicles containing exosomes are 
crucial messengers that are present in biological fluids 

 

 
 

Figure 5. Anti-fibrotic effect of T-MSCs-derived extracellular vesicles. In the results of morphometric analysis, the fibrotic area was 
significantly higher in the OVX groups than in the SHAM group. The OVX+EV group showed decreased collagen type I and TGF-βI 
expression. Quantitative polymerase chain reaction (qPCR) analysis of collagen I and III in the submandibular gland (A and B). The mRNA 
expression of collagen I and III increased in the OVX group and decreased mRNA expression of collagen I and III in the OVX+EV group, 
compared with that in the SHAM group (C). qPCR analysis of TGF-β1 and TGF-βII in the submandibular gland. The mRNA expression of TGF-
β1 and TGF-βII increased in the OVX group and decreased mRNA expression of TGF-β1 in the OVX+EV group, compared with that in the 
SHAM group (D). One-way ANOVA test; **p < 0.01 and ***p < 0.001 vs. SHAM. ##p < 0.01 and ###p < 0.001 vs. OVX. 
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and are involved in multiple physiological and 
pathological processes [32]. MSCs-derived exosomes 
have shown promising therapeutic effects in several 
tissues or organs through the regulation of angiogenesis, 
anti-inflammation, anti-fibrosis, anti-apoptosis, and 
immunomodulation [33–36]. The NGS results of the 
extracellular vesicles of T-MSCs showed the presence 
of anti-inflammatory miRNAs, such as 92a-3p, 181a-
5p, 21-5p, and 181b-5p. In addition, miRNAs involved 
in anti-fibrosis, such as 107, 122-5p, 26a-5p, 133a, and 
26b-5p, were also observed. In addition, THBSI, which 
has an anti-inflammatory effect, was the most abundant 
protein in extracellular vesicles of T-MSCs. 
 
The exact mechanism of menopause-induced xerostomia 
has remained unclear. The induction of ferroptosis in the 
submandibular gland of ovariectomized rats, which 
increases inflammatory cytokine secretion and fibrosis in 
the submandibular gland, has been reported as an 
important mechanism associated with salivary 

dysfunction [37]. In this study, the secretion of 
inflammatory cytokines and fibrosis increased in the 
submandibular gland after ovariectomy. In addition, our 
results showed that salivary gland dysfunction occurred 
through decreased expression of AQP and amylase. Upon 
the injection of T-MSCs-derived extracellular vesicles, 
the secretion of inflammatory cytokines and fibrosis in 
the submandibular gland decreased and the expression of 
aquaporin and amylase increased. These findings indicate 
that T-MSCs-derived extracellular vesicles can prevent 
postmenopausal salivary gland dysfunction by anti-
inflammation and anti-fibrosis mechanisms. In a recently 
published chronic liver disease model study, it was 
reported that T-MSCs-derived small extracellular 
vehicles had an anti-fibrotic effect, which was similar to 
our study [38]. 
 
In this study, TNFα, IL-1β, and IL-6 levels increased 
significantly in the submandibular gland tissue after 
ovariectomy. However, when T-MSCs-derived 

 

 
 

Figure 6. Increased salivary gland function by injected T-MSCs-derived extracellular vesicles. The AQP5- and α-amylase-positive 
areas significantly decreased in the OVX groups compared with those in the SHAM group. However, AQP5 and α-amylase expression 
increased in the OVX+EV treatment group (A and B). The mRNA expression of AQP3 and AQP5 decreased in the OVX group and increased 
mRNA expression of AQP3 and AQP5 in the OVX+EV treatment group, compared with that in the SHAM group (C). One-way ANOVA test; 
and *p < 0.05 and ***p < 0.001 vs. SHAM, #p < 0.05 and ##p < 0.01 vs. OVX.  
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extracellular vesicles were injected, TNFα and IL-6 
levels significantly decreased in the salivary gland. In a 
previous study, adipose tissue-derived autologous 
MSCs-derived exosomes attenuated renal inflammation, 
decreased TNF-α, IL-6, and IL-1-β in the renal vein 
[22], and reduced the serum levels of TNF-α, IFN-γ, IL-
6, IL-18, and IL-1β in a hepatitis model [39, 40]. These 
findings are consistent with the result of this study, and 
they indicate that MSCs-derived exosomes reduce 
inflammation in several disease models. 
 
The expression of fibrosis-associated collagen I, TGF-
βI and TGF-βII increased in the submandibular gland 
after ovariectomy. However, when T-MSCs-derived 
extracellular vesicles were injected, the expression of 
collagen I and TGF-β I decreased significantly and 
fibrosis decreased generally. Human umbilical cord 
MSCs ameliorated liver fibrosis by inhibiting both the 
epithelial-mesenchymal transition of hepatocytes and 
collagen production. Similarly, exosomes derived from 
human umbilical cord MSCs increased renal capillary 
density and reduced fibrosis in rats with renal ischemia-
reperfusion injury [41]. Moreover, human umbilical 
cord MSCs-derived exosomes reduced TGF βI in an 
animal model of liver injury [42]. These findings are 
similar to the results of this study, and they indicate that 
MSC-derived exosomes can reduce fibrosis in various 
disease models. 
 
Inflammation and fibrosis can impair the functions of 
the salivary gland. The salivary gland hypofunction that 
occurs with Sjögren’s syndrome is associated with an 
increase in TNF-α. An increased level of TNF-α cause a 
reduction in the expression of AQP 5, resulting in 
salivary gland hypofunction [43, 44]. However, 
treatment with TNF-α is not effective for salivary gland 
hypofunction. Some conditions, such as menopause and 
Sjögren’s syndrome, are associated with various 
cytokines. Therefore, the use of extracellular vesicles 
with various anti-inflammatory and anti-fibrotic 
functions can exert enhanced therapeutic effect in 
diseases involving various cytokines. 
 
In the current study, T-MSCs-derived extracellular 
vesicles alleviated salivary gland dysfunction caused by 
menopause through anti-inflammatory and anti-fibrosis 
mechanisms. T-MSCs-derived extracellular vesicles 
contain many miRNAs and proteins involved in the 
mechanism of inflammation and fibrosis. Through the 
interaction of these molecules, T-MSCs-derived 
extracellular vesicles can exert preventive and 
therapeutic effects on salivary gland dysfunction that 
occurs after ovariectomy. In the absence of an effective 
standard treatment for menopause-induced xerostomia, 
T-MSCs-derived extracellular vesicles may be 
considered as an alternative method. Further studies 

involving extracellular vesicles are necessary to identify 
miRNAs and proteins that play important roles in the 
impairment of salivary gland function after menopause. 
 
METHODS 
 
Isolation and characterization of T-MSCs 
 
T-MSCs were isolated from human tonsil tissue, as 
described in our previous studies [19]. For this study, 
palatine tonsils were obtained from two different 
patients diagnosed with chronic tonsillar hypertrophy 
who had undergone a tonsillectomy. All procedures 
using human tonsil tissue or tissue-derived cells were 
conducted in accordance with guidelines approved by 
the Pusan National University Hospital Institutional 
Review Board. We utilized the cells that we verified the 
characteristics of T-MSCs by determining the 
proliferation, differentiation, and surface markers with 
Flow cytometry (FACS) as we previously reported [12]. 
 
Purification and identification of T-MSCs-derived 
extracellular vesicles 
 
T-MSCs were changed with the Exo-FBS™ Exosome-
FBS (System Biosciences, CA, USA). Media 
supplement for an additional 48 h. After 48 hours, the 
culture medium of T-MSCs was obtained and 
centrifuged at 2,000 × g for 15 min to eliminate dead 
cells and cellular debris. The obtained medium 
underwent centrifugation at 10,000 × g for 60 min, and 
the supernatant was then filtrated with 0.22 µm filters to 
remove cellular debris and large particles further. Cell 
supernatants were collected and, after filtering by 
0.22 μm filters, the supernatants were stored at −80°C 
and EV were isolated using an Exo Quick-TC kit 
(System Bioscience, CA, USA) according to the 
manufacturer’s instructions. Briefly, the cells were 
centrifuged at 3,000 g for 15 min to remove cells and 
cell debris. The supernatant was transferred to a sterile 
vessel, and an appropriate volume of Exo Quick-TC 
(1:5) was added. The samples were mixed before 
incubation overnight at 4°C for 24 hr. EV were isolated 
by centrifugation for 30 min at 1500 g. The common 
exosomal surface markers CD9, CD63, CD81 and HSP 
70 were measured by western blotting with ExoAb 
Antibody Sampler Kit (BioCat, Heidelberg Germany). 
 
Intra/inter-assay variation of NanoSight 
measurements 
 
The ultrastructure and size distribution of extracellular 
vesicles were analyzed by NanoSight NS500 
instruments (Malvern Instruments, Amesbury, UK) 
respectively. The instruments were equipped with a 
488 nm laser, a high sensitivity sCMOS camera and a 
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syringe pump. There is no pre-treatment, we used to 
dilute in particle-free PBS (0.02 µm filtered) to obtain a 
concentration within the recommended measurement 
range 106 to 109 particles per ml. Experiment videos 
were analyzed using NTA 2.3 software (Malvern) after 
capture in script control mode (2 videos of 10 s per 
measurement). Samples were captured and analyzed by 
applying either identical or instrument settings [45]. 
 
Dynamic light scattering of exosomes 
 
The size of isolated extracellular vesicles was 
determined using dynamic light scattering using a 
Zetasizer Nano ZS DLS instrument (Malvern 
Instruments, UK) as previously described [46]. All 
experiments were performed in triplicate. 
 
Next generation sequencing library generation and 
microRNA sequencing 
 
NGS libraries with isolated extracellular vesicles were 
generated with the TailorMix Micro RNA Sample 
Preparation version 2 protocol with isolated 
extracellular vesicles (SeqMatic LLC, Fremont, CA, 
USA). Briefly, 3′-adapter was ligated to the RNA 
sample and excess 3′-adapters were removed 
subsequently. 5′-adapter was then ligated to the 3′-
adapter ligated samples, followed by first strand cDNA 
synthesis. cDNA library was amplified and barcoded 
via enrichment PCR. Final RNA library was size-
selected on an 8% TBE polyacrylamide gel. Sequencing 
was performed on the Illumina NextSeq 500 platform at 
1 × 75 bp single-end at SR50. 
 
LC-MS spectrometry proteomics 
 
Half of the digested sample was analyzed by nano LC-
MS/MS with a Waters NanoAcquity HPLC system 
interfaced to a ThermoFisher Q Exactive. Peptides were 
loaded on a trapping column and eluted over a 75 µm 
analytical column at 350 nL/min using a 2 hr reverse 
phase gradient; both columns were packed with Luna 
C18 resin (Phenomenex). The mass spectrometer was 
operated in data-dependent mode, with the Orbitrap 
operating at 70,000 FWHM and 17,500 FWHM for MS 
and MS/MS respectively. The fifteen most abundant 
ions were selected for MS/MS. 
 
Western blot 
 
Western blotting was carried out as described 
previously. The protein concentration was determined 
using the BCA protein assay kit (Thermo Scientific 
Pierce). Total protein equivalents for each sample were 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) using 10% acrylamide 

gels as described by previously and transferred to PVDF 
membranes. The membrane was immediately placed 
into blocking buffer (1% non-fat milk) for 1 hr. The 
membrane was incubated with anti-AQP5 and α-
amylase (Santa Cruz, 1:2000) at 4°C overnight and 
using anti-β-actin antibody (Santa Cruz, 1:2000) as an 
internal control. After three 10-min washes, the 
membranes were incubated with goat anti-rabbit IgG 
(1:10000 dilution) for 1 h at room temperature. 
Antibody labeling was detected using West-zol Plus and 
chemiluminescence Fluorchem™ SP (Alpha Innotech 
Corporation, San Leandro, CA, USA). 
 
Animal model establishment 
 
Eighteen female Sprague–Dawley rats, aged nine weeks, 
were used in this study (Samtako, Osan, Korea). Each 
group was weight-matched at the beginning of the study. 
After a week for acclimatization, rats were randomly 
divided into three groups. Group I (n = 6, sham-operated 
rats, called HAM), group II (n = 6, ovariectomized 
surgery rats injected with saline on submandibular gland, 
called OVX), and group III (n = 6, ovariectomized 
surgery rats injected with extracellular vesicles on 
submandibular gland, called OVX+EXO). Rats were 
sacrificed 6 weeks after ovariectomy. For OVX surgery, 
the rats were anesthetized using isoflurane inhalation (3% 
dissolved in oxygen) and an incision made at the midline 
of the abdomen with the bilateral ovaries being revealed. 
In the OVX group, the ovaries were ligated and cut off 
bilaterally followed by the closure of the abdominal 
cavity. When ovariectomy was performed, extracellular 
vesicles extracted from 3 × 107 cells diluted in saline 
were injected into the left submandibular gland by 
exposing the salivary glands immediately after 
ovariectomy surgery in rats. 
 
Plasma estradiol analysis 
 
Concentrations of estradiol in serum were measured by 
rat-specific estradiol enzyme-linked immunosorbent 
(ELISA) assay plates coated with a biotin-conjugated 
binding protein kit purchased from Calbiotech (Spring 
Valley, CA, USA). A cardiac puncture was performed 
and the blood spun at 3000 rpm for 30 min. Plasma was 
separated from the blood collected during 
exsanguination, immediately frozen in liquid nitrogen, 
and then stored at −80°C. 
 
Staining and immunohistochemistry analysis 
 
The submandibular gland was isolated from each rat 
and prepared for fixation overnight in 4% formalin and 
embedded with paraffin. Cross-sections were prepared 
for Hematoxylin and eosin, Masson’s trichrome staining 
and immunohistochemistry. For quantitative analyses of
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Table 1. Primers. 

Gene Direction Sequence 

ERβ1 
Forward GCTTCGTGGAGCTCAGCCTG 
Reverse AGGATCATGGCCTTGACACAGA 

ERβ2 
Forward GAAGCTGAACCACCCAATGT 
Reverse CAGTCCCACCATTAGCACCT 

TNFα 
Forward GGTCAACCTGCCCAAGTACT  
Reverse CTCCAAAGTAGACCTGCCCG   

IFNγ 
Forward AGCCTAAGGAAGCGGAAAAG   
Reverse GGCACACTCTCTACCCCAGA   

IL-1β 
Forward CCCCACTTGAAGCAGATGACC 
Reverse CCCTAAGTACTGGTAGTCCGC 

IL-6 
Forward ATCTGCCCTTCAGGAACAGC   
Reverse GAAGTAGGGAAGGCAGTGGC 

Collagen I 
Forward CAGGATGCAGTCCCTGAAAT 
Reverse GAGGTGGCCTAGGTGGTGTA 

Collagen III 
Forward GGCCCTGTGTGTACTGGTCT 
Reverse AGCATCAGAGGGAGTGAGGA 

TGFβI 
Forward GACGTTCGCCATAACCAAGT 
Reverse CTGCAGGTTCTCAATGCAAA 

TGFβII 
Forward CCAATCACGCAATAGTTCTGG 
Reverse CGCTGTATCGTATGGCGAT  

AQP3 
Forward AATTGTCTGGAGCCCACTTG 
Reverse CAGCTTGATCCAGGGCTCTC 

AQP5 
Forward CATGAACCCAGCCCGATCTT 
Reverse AGAAGACCCAGTGAGAGGGG 

GAPDH 
Forward ATCAAGAAGGTGGTGAAGCA  
Reverse AAGGTGGAAGAATGGGAGTTG 

 
collagen I, TGF βI, AQP5 and α-amylase expression, 
de-paraffinized sections were incubated for 24 h at 4°C 
with the following primary antibodies: anti-collagen I, 
TGF βI and AQP5 (200 ug/mL) (Santa Cruz 
Biotechnology, Dallas, TA, USA), anti- α-amylase 
(1:400) (Abcam, Cambridge, UK). After the primary 
antibody was removed by rinsing, sections were 
incubated with goat-anti rabbit secondary antibodies 
(1:1000) (ENZO Biochem, NY, USA) for 1 h at room 
temperature) and following double-stained with DAB 
(3,3-diaminobenzidine). Incubation with phosphate-
buffered saline supplemented with 1% bovine serum 
albumin instead of the primary antibody served as a 
negative control. 
 
Quantitative PCR 
 
The submandibular gland RNA was extracted using the 
TRIzol system (Life Technologies, Rockville, MD, 
USA). A reverse transcription kit (Applied Biosystems, 
Foster City, CA, USA) was used to perform reverse 
transcription according to the manufacturer’s protocol. 

RNA concentration was measured with NanoDrop® 
ND-1000 Spectrophotometers. The ratio of absorbance 
at 260 nm/280 nm is used to assess the purity of RNA. 
Quantitative PCR was performed according to the 
SYBR® Green PCR protocol (Applied Biosystems, 
Foster city, CA, USA). Reaction conditions were: 10 
min at 95°C (one cycle); 10 s at 95°C; and 30 s at 60°C 
(40 cycles). Gene-specific PCR products were 
continuously measured by an ABI PRISM 7900 HT 
Sequence Detection System (PE Applied Biosystems, 
Waltham, CT, USA). Primer sequences can be found in 
Table 1. Normalization consisted of using the 
differences between the cycle thresholds (delta CT) and 
the expression level for GAPDH to calculate the delta 
CT/target gene delta CT ratio. 
 
Statistical analysis 
 
Unless otherwise noted, all quantitative data were 
reported as the mean standard error of the mean from at 
least three parallel repeats. Two-way analysis of 
variance (ANOVA) was used to determine significant 
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differences between groups in which P < 0.05 was 
considered statistically significant. 
 
Data availability 
 
All the data are available in the main text and 
supplemental materials. 
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SUPPLEMENTARY MATERIALS 
 
Supplementary Videos 
 
Please browse Full Text version to see the data of Supplementary Videos 1 and 2. 
 
Supplementary Video 1. NanoSight measurements of T-MSC #1. Experiment videos were analyzed using NTA 2.3 software after 
capture in script control mode. The video shows the light scattered from the particles as they move under Brownian motion. The 
nanoparticles were small, and hence, the particles were quite dim and moved very quickly. 
 
Supplementary Video 2. NanoSight measurements of T-MSC #2. Experiment videos were analyzed using NTA 2.3 software after 
capture in script control mode. The video shows the light scattered from the particles as they move under Brownian motion. The 
nanoparticles were small, and hence, the particles were quite dim and moved very quickly. 
 


