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1 | INTRODUCTION

The prostate-specific antigen (PSA) was believed to be produced
exclusively by prostatic epithelial cells, and it was considered the
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Abstract

Obijectives: The presence of prostate-specific antigen (PSA) in saliva and salivary
glands has been reported. Nevertheless, its release pathway in these glands remains
to be elucidated. Here, we showed PSA subcellular distribution focusing on its plausi-
ble route in human salivary parenchyma.

Materials and Methods: Sections of parotid and submandibular glands were subjected
to the immunohistochemical demonstration of PSA by the streptavidin-biotin method
revealed by alkaline phosphatase. Moreover, ultrathin sections were collected on nickel
grids and processed for immunocytochemical analysis, to visualize the intracellular dis-
tribution pattern of PSA through the observation by transmission electron microscopy.
Results: By immunohistochemistry, in both parotid and submandibular glands PSA
expression was detected in serous secretory acini and striated ducts. By immuno-
cytochemistry, immunoreactivity was retrieved in the cytoplasmic compartment of
acinar and ductal cells, often associated with small cytoplasmic vesicles. PSA labeling
appeared also on rough endoplasmic reticulum and in the acini's lumen. A negligible
PSA labeling appeared in most of the secretory granules of both glands.

Conclusions: Our findings clearly support that human parotid and submandibular
glands are involved in PSA secretion. Moreover, based on the immunoreactivity pat-
tern, its release in oral cavity would probably occur by minor regulated secretory or

constitutive-like secretory pathways.
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biochemical marker of prostatic cancer (Carlsson & Vickers, 2020).

However, circumstantial evidence confirmed that, in both women

and men, other tissues and organs express PSA (Dash, 2015; Eklund
et al., 2017; Musrap & Diamandis, 2016; Pérez-lIbave et al., 2018).
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Now, it is widely accepted that PSA is not prostate-specific
(Mashkoor et al., 2013); hence, its screening utility has been ques-
tioned (Filella, 2020; Gandaglia et al., 2019).
Immunohistochemically, PSA was detected in some human exo-
crine glands, as mammary gland, acinar pancreatic cells, thyroid gland,
uroepithelial cells, periurethral glands, and Skene glands, known as
the female prostate (Andrews et al., 2020; James et al., 1996; Tazawa
et al., 1999; Van Krieken, 1993), as well as in various tumors (Olsson
et al., 2005). The presence of PSA was also described in several
body fluids, such as serum, urine, and milk (Diamandis & Yu, 1997;
Yu & Diamandis, 1995). It remains to be ascertained whether non-
prostatic PSA is enzymatically active and further its physiologic role
in tissues and body fluids. It was speculated that PSA might be in-
volved in the regulation of steroid hormones, and itself could possi-
bly act as a growth factor (Yousef & Diamandis, 2001).
Furthermore, PSA was detected in salivary glands and saliva
(Aksoy et al., 2002; Khan et al., 2018), where a proteolytic- and
digestion-related function was presumed (Elgamal et al., 1996). In
the past, it was believed that salivary PSA was derived exclusively
from prostatic secretion since the salivary PSA level reflected that
of serum. However, Breul and Colleagues detected a high concen-
tration of total PSA in saliva which did not correlate with the serum
concentration (Breul et al., 1994). On the other hand, Ayatollahi and
Colleagues reported that there was a significant correlation between
the ratio of free/total PSA in saliva and that of the serum of men with
a normal prostate, but no correlation was found between serum and
salivary total PSA or free PSA (Ayatollahi et al., 2007). Similar data
were obtained by Turan and Colleagues (Turan et al., 2000). Although
serum and salivary PSA were positively related in women during the
menstrual cycle (Aksoy et al., 2002), higher salivary PSA levels were
observed compared with those in serum in women taking oral con-
traceptives (Mannello et al., 1996). The authors attributed this in-
crease to the stimulation of PSA synthesis in the salivary glands by
the content of progesterone and estrogens in the contraceptive pills,
suggesting that the salivary glands themselves may be considered an
extra-prostatic source of PSA (Mannello et al., 1996). This assump-
tion was strengthened by the detection of the PSA gene expression
in salivary glands (Ishikawa et al., 1998; Yousef et al., 1999) and by
the occurrence of PSA reactivity in small-sized duct epithelial cells
of human parotid and submandibular glands (Elgamal et al., 1996;
Musrap & Diamandis, 2016; Olsson et al., 2005; Tazawa et al., 1999).
The parotid and submandibular glands exert, by their different
types of saliva, digestive, protective, and trophic functions. Parotid
glands show only serous acini, while submandibular glands show se-
rous and mucous tubules capped by serous cells called Giannuzzi's
demilunes. Numerous ducts modify the composition of the saliva
before it reaches the oral cavity. The glands are mostly regulated
by the autonomic nervous system, but are also under endocrine in-
fluence, as recently exemplified by some gastrointestinal hormones
(Ekstrom et al., 2017; Isola et al., 2018; Loy et al., 2012).
The present manuscript is intended to verify the presence of PSA
in parotid and submandibular glands, focusing on its plausible route
in human salivary parenchyma. To accomplish this, we performed
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an immunohistochemical and an immunocytochemical analysis on
salivary gland (parotid and submandibular) samples, not compro-
mised by tumors or other oral pathologies, using the streptavidin-
biotin-alkaline phosphatase method on paraffined sections and
post-embedding immunogold staining technique. This precise inves-
tigation method allows to elucidate in detail the subcellular localiza-
tion of PSA, a method earlier applied by us to demonstrate a number

of biological molecules (Isola et al., 2012, 2019).

2 | MATERIALS AND METHODS
2.1 | Patients and study design

Fragments of salivary glands were obtained from 9 male patients
(aged 30-50years) undergoing surgery for the removal of tumors
of the mouth and neck regions at the Otorhinolaryngology Clinic,
University of Cagliari. Only glandular fragments not compromised
by tumors or other oral pathologies were selected. Gland eligibility
was confirmed by light (LM) and transmission electron microscopy
(TEM), based on an accurate macroscopic and histological evalua-
tion. Patients were neither habitual smokers, alcohol consumers, nor
obese. Moreover, they had not been subjected to chemotherapy or
radiotherapy before surgery. Demographic and clinical information
on patients was available in all cases.

The study was approved by the local Institutional Ethic
Committee for human experimentation at the Azienda Sanitaria
Locale 8 (ASL 8), Cagliari (Italy), and written consent was obtained
from all patients before the beginning of the study, according to the
World Medical Association Declaration of Helsinki.

2.2 | Immunohistochemical analysis

Among the total number of samples, 5 specimens of parotid
and 5 of submandibular glands were fixed in 10% formalin and
processed for paraffin embedding. Three microtome histologi-
cal sections (6-7um thick) per sample were subjected to im-
munohistochemistry (IHC) for the demonstration of PSA by the
streptavidin-biotin-alkaline phosphatase method, as previously
described (Maxia et al., 2018, 2023; Murtas et al., 2017). They
were dewaxed, rehydrated, and rinsed in phosphate-buffered
saline (PBS), pH7.4. Proteolytic antigen retrieval was obtained
by immersion in a solution containing 0.1% Trypsin (Difco,
Becton, Dickinson and Company, Sparks, MD), at 37°C for 5min.
Furthermore, sections were treated with 10% non-immune serum
for 45min at room temperature (RT) to block non-specific bind-
ing. Anti-human PSA mouse monoclonal antibody (1:100, A67-B/
E3; Abcam, Cambridge, UK), raised against the 30kDa protein
fraction prepared from human seminal plasma, was used as pri-
mary antiserum for 1h at RT. Biotinylated anti-mouse secondary
antiserum (1:200; Vector Laboratories, Burlingame, CA, USA) was
incubated for 30 min at RT; then, the sections were treated with
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alkaline phosphatase-streptavidin (1:1000; Vector Laboratories)
for 30 min at RT and were reacted with SIGMA FAST™ Fast Red
substrate-chromogen system (SIGMA, St. Louis, MO, USA). All
sections were carefully rinsed in PBS after each step, finally coun-
terstained by Carazzi hematoxylin, and mounted in glycerol gelatin
(SIGMA). Table 1 includes reported source, dilution, time of incu-
bation, and the details of the primary and secondary antibodies
used for the IHC staining, according to the Resource Identification
Initiative (Bandrowski et al., 2015).

Positive and negative controls were run simultaneously to evalu-
ate reaction specificity. Archival sections of normal human prostate
were used as positive controls. Negative controls were carried out
by omitting the primary antibody or by replacing the primary anti-
body with an isotype-matched antibody.

A Zeiss Axioplan2 microscope (Carl Zeiss Vision, Hallbergmoos,
Germany), equipped with the following objectives: 20x/0.45 Zeiss
Achroplan; 40x/0.75 Zeiss Plan-Neofluar, was used for the analy-
sis of immunolabeled slides, while image capture was performed
by a Lumenera Infinity 3-1URC camera (1.4 megapixels; Lumenera
Corporation, Ontario, Canada) and Infinity Capture 6.3.0 software
(Lumenera Corporation). The figure panels building and a slight
adjustment of brightness and contrast were carried out by Adobe
Photoshop CS3 Extended (ver. 10.0, Adobe Systems Incorporated,
CA, USA).

2.3 | Immunocytochemistry

Among the total number of samples, 4 specimens of parotid and
4 of submandibular glands were cut into small pieces and fixed
for 2 h with a mixture of 3% paraformaldehyde and 0.1% glutaral-
dehyde in 0.1 M cacodylate buffer at RT. Then, they were rinsed
in cacodylate buffer added with 3.5% sucrose, dehydrated, and
embedded in Epon Resin (Glycide Ether100, Merck, Darmstadt,
Germany). To preserve the antigenicity of the tissue, treatment
with osmium tetroxide was omitted. Semithin sections (2 pm),
stained with toluidine blue, were examined by LM to check the
histological appearance. Ultrathin sections (80nm) were col-
lected on nickel grids and processed for immunocytochemi-
cal analysis (Isola et al., 2023). The grids were treated with 1%

TABLE 1 Characteristics of the antibodies.

Primary antibody

naAnatomy  RANSINNISVEWITSAE

bovine serum albumin (BSA) and 5% normal goat serum (NGS)
in PBS solution to block non-specific binding. Then, they were
incubated overnight at 4°C with a mouse monoclonal antibody
specific for PSA (A67-B/E3; Abcam, Cambridge, UK) diluted 1:30
in PBS 1% BSA and 5% NGS. The grids were then incubated for
1h at RT with the secondary antiserum, a goat anti-mouse IgG
conjugated to 15nm gold particles (GE Healthcare, UK), diluted
1:50 in PBS 1% BSA (Table 1). After washing, they were stained
with uranyl acetate and bismuth subnitrate and finally observed
and photographed with a JEOL JEM 1400 Plus (CeSAR core fa-
cilities) and with a JEOL 100S transmission electron microscopes
(Isola et al., 2018).

Negative control sections were incubated with a non-immune

serum or without the primary antibody.

3 | RESULTS

PSA immunoreactivity was detected in parotid and submandibular
glands both by immunohistochemistry and immunocytochemistry,

that is the immunogold technique.

3.1 | Immunohistochemistry

PSA immunohistochemical labeling of salivary glands resulted in a
varying impression in terms of distribution and intensity of staining.
In both glands, a discontinuous distribution of staining in acinar se-
rous cells was observed (Figure 1a,b).

Moreover, an evident PSA immunostaining in Giannuzzi's demi-
lunes of submandibular glands was observable (Figure 1b), while mu-
cous acini were totally unreactive (Figure 1b).

Furthermore, strong immunoreaction in intercalated and striated
duct cells of both parotid and submandibular glands was observable
(Figure 1a,b). In addition, a strong staining in Wharton's duct was
also appreciable (Figure 1c).

In acinar and ductal cells of both glands, PSA reactivity ap-
peared distributed homogeneously in the cytoplasmic compartment
(Figure 1a,b); however, in submandibular glands scattered immuno-

reactive nuclei were noticed (Figure 1b).

Target Method Vendor Origin Dilution Incubation

PSA LM Abcam  Mouse (mc) 1:100 1hRT
TEM 1:30 ON

Abbreviations: mc, monoclonal; ON, overnight; RT, room temperature.

Antigen retrieval RRID*

Proteolytic®

Secondary antibody
AB_2134249*  Horse anti-mouse IgG® (biotinylated)

Goat anti-mouse IgG* (conjugated to
15nm gold particles)

?Proteolytic pre-treatment with Trypsin (Difco, Becton, Dickson and Company, MD, USA), 0.1% 37°C for 5 min.

BVector Laboratories, Burlingame, CA, USA, dilution 1:200 for 30 min RT.

°GE Healthcare, UK, dilution 1:50 for 1h RT.

*The Resource Identification Initiative (Bandrowski et al., 2015); Resource Identification Portal (https://scicrunch.org/resources).
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FIGURE 1 Light microscopy. Immunohistochemical staining for PSA. (a) Human parotid gland; (b, c) human submandibular gland; (d)
positive control; (e, f) negative controls. A rather variable staining in terms of distribution and intensity in both parotid and submandibular
glands was observable (a, b). It is noteworthy the evident PSA immunostaining in some serous acini (asterisks, a, b) and in Giannuzzi's
demilunes (b). A conspicuous reactivity in intercalated and striated duct cells (arrows) of both parotid and submandibular glands was
recorded (a, b). In addition, a marked staining in Wharton's duct was also noticed (c). In both acinar and ductal cells, PSA staining was
localized in the cytoplasmic compartment (a, b); some positive nuclei in submandibular glands were easily appreciable (b, arrowheads). (d)
Prostate tissue, as positive control section. (e, f) Negative controls of Wharton's duct and submandibular gland. Counterstained with Carazzi

Hematoxylin. (a-f) bar 25 pm.

Human prostate gland, used as positive control for PSA,
showed a rather strong reactivity in the secretory parenchyma
(Figure 1d). Negative controls did not show any immunoreactivity
(Figure 1e,f).

3.2 | Immunocytochemistry

At the mere observation, the reactivity of PSA, with respect to the aci-
nar serous cells of parotid and submandibular glands, seemed to match
both in distribution pattern and in strength of staining (Figures 2 and
3). Both glands expressed a PSA reactivity homogeneously scattered

in the cytoplasmic compartment (Figures 2 and 3). Specifically,
gold particles were noticed next to the perinuclear zone (Figures 2
and 3) and among the secretory granules (Figure 3). PSA reactivity
decorated basal and lateral membranes of secretory cells, as well
(Figures 2 and 3). Often, staining was associated with cytoplasmic
vesicles, spread among secretory granules (Figure 4).

Moreover, rough endoplasmic reticulum (Figure 5) and nuclei
(Figures 1-3) appeared marked for PSA.

Most of the serous granules, which are the typical secreting
organelles of acinar cells, appeared negative for PSA. A negligi-
ble positivity was observed in few serous granules of both glands.
(Figures 2-4).
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FIGURE 2 Parotid gland. Panoramic view of an acinar serous
cell by TEM. PSA reactivity was homogeneously scattered in

the cytoplasmic compartment, with gold particles located in the
perinuclear zone and among the secretory granules (arrows).

Few serous granules were weakly marked. The basal and lateral
membranes of these secretory cells were marked (arrowheads). N:
nucleus. Bar 1pm.

FIGURE 3 Submandibular gland. Electron transmission image
of serous cells. Reactivity for PSA was mainly exhibited in the
cytoplasmic area and among secretory granules (arrows). Plasma
membranes showed reactivity for PSA (arrowheads). L: lumen. N:
nucleus. Bar 1pm.

In mucous cells of submandibular glands, a weak reactivity was
observed exclusively in the thin cytoplasm surrounding the nucleus
and mucous granules (Figure 6) which were totally unreactive to PSA
(Figures 1b and 2-4).

" Anatomy RATSRTSARWITSE

In intercalated duct cells, numerous gold particles were equally
dispersed into the cytoplasmic compartment. PSA reactivity was ob-
served next to the lumen and in the apical membranes. Moreover,
PSA was highlighted in the luminal content. Small secretory granules
of these ductal cells were always unstained (Figure 7).

In striated duct cells, gold particles were preferentially spread
among mitochondria, which were unstained. Basal membrane folds
showed reactivity for PSA (Figure 8).

Specimens used as control samples, where the primary antibody
was omitted, did not exhibit any immunoreaction for PSA (Figure 9).

4 | DISCUSSION

This study revealed the expression pattern and subcellular localiza-
tion of PSA in human salivary parenchyma, showing its presence in
secretory serous, mucous, and ductal cells in the two types of exam-
ined glands. Our study utilized various methods to gain a compre-
hensive understanding of the PSA presence in the secretory salivary
cells. Through LM, we obtained a global view of the parenchyma,
while TEM allowed for a fine ultrastructural localization. By LM,
the results showed that PSA immunostaining was rather variable in
terms of distribution and intensity. Instead, by TEM, PSA immuno-
reactivity with respect to the secretory and ductal cells of parotid
and submandibular glands seemed to match both in distribution pat-
tern and in staining intensity. In the secretory cells, PSA was mainly
expressed in the cytoplasmic compartment. As opposite, most of
serous and mucous secretory granules were unstained. The distinct
staining pattern of PSA provided useful information regarding its
presence in salivary gland cells, and in turn, its plausible traffic aimed
at its release in the oral cavity. The immunopositivity of rough endo-
plasmic reticulum in serous cells suggests that major salivary glands
have the capability to produce PSA themselves, beyond carrying it
from plasma.

The mechanism of secretion implies that several salivary pro-
teins are stored in large secretory granules and are then released
into the saliva in response to extracellular stimuli. This pathway,
called major regulated secretion, is mainly activated by vigorous
stimuli and it occurs during eating, making available large quan-
tities of salivary proteins in support of the initial phase of diges-
tive process (Huang et al., 2001). Other proteins, not stored in
secretory granules, are secreted by either the minor regulated
secretory pathway or the constitutive-like secretory pathway
(Gorr et al., 2005), which are considered as sources of resting
(or basal) salivary secretion to sustain the physiology of the oral
cavity (Huang et al., 2001). Both minor regulated secretory and
constitutive-like secretory pathways originate from small vesi-
cles budding from immature granules. They differ because the
former needs a weak stimulus to be discharged, while the later
spontaneously releases its cargo at the apical plasma membrane
(Gorr et al., 2005). Moreover, it seems that the salivary proteins
secreted via the minor regulated secretory or the constitutive-
like secretory pathway, are different from those that are stored
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FIGURE 4 High magnification of submandibular serous cell portions. (a, b): Gold particles associated with cytoplasmic vesicles (arrows),

dispersed among secretory granules, were observed. (a, b): Bar 1pm.

FIGURE 5 High magnification of submandibular serous cell
portion. PSA labeling was appreciated in rough endoplasmic
reticulum (arrowheads). Bar: 1 pm.

in large secretory granules (Arvan & Castle, 1998). Our data sug-
gest that the PSA found in oral cavity would originate or move
from glandular parenchyma. Indeed, PSA immunoreactivity was
associated with the rough endoplasmic reticulum in both glands.
However, its release into the glandular lumen would not occur
by major regulated secretion, as seen for other salivary proteins
(Isola et al., 2010, 2019; Isola & Lilliu, 2016), but, based on the
distinct distribution pattern of PSA immunoreactivity, its secre-
tion would preferentially follow an alternative secretory path-
way. The minor regulated secretory or constitutive-like secretory
pathways would seem the more plausible pathways. If so, PSA
would be, at least in part, continuously discharged into the oral
cavity. These mechanisms would be additive to the simple pas-
sage of non-protein-bound PSA to saliva through the paracellular
pathway.

FIGURE 6 Submandibular gland mucous cell. (a, b): PSA labeling was weakly expressed in the cytoplasmic portion of mucous cells. The

mucous granules were unreactive to PSA. N: nucleus. (a, b); bar 1 pm.
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In the literature, some data related to the presence of PSA and
its expression in salivary glands of normal tissues were provided
(Ayatollahi et al., 2007; Ishikawa et al., 1998; Olsson et al., 2005;
Yousef et al., 1999). Moreover, a consistent PSA reactivity in small-
sized duct epithelial cells of major salivary glands was previously
reported (Elgamal et al., 1996; Tazawa et al., 1999). The cytoplas-
mic localization of PSA, observed in striated and intercalated ductal
cells, could mean that it would be discharged into ductal lumen with
a secretion mechanism similar to the one that we proposed in acinar
cells. Moreover, since our study demonstrated, by LM, a strong im-
munoreaction to PSA antibody in Wharton's duct, also major ducts
might share this mechanism as well, although further investigation
is needed.

The PSA expression in ductal cells observed in our study par-
tially confirmed the results of Tazawa and Colleagues who de-
tected immunoreactivity in the apical cytoplasm of ductal cells by

FIGURE 7 Parotid intercalated ductal cells. Reactivity was
scattered in the cytoplasmic portion. Some small vesicles

positive for PSA (arrowheads) were appreciable. Large and small
secretory granules were negative (asterisks). Arrows indicated PSA
localization in the apical membranes. L: lumen. N: nucleus. Bar:
1pm.

i Anatomy RUTSRTSARWITSE

paraffin-embedded samples and the immunoperoxidase method
(Tazawa et al., 1999). However, Tazawa and Colleagues did not ob-
serve PSA reactivity in the cytoplasm of the acinar cells (Tazawa
et al., 1999). This discrepancy might be due to the different ap-
proach used for protein localization. The precise information pro-
vided by electron microscopy makes it easier to visualize where
all the gold particles are localized, even if their number is limited
(Griffiths & Lucocq, 2014). Moreover, the preferentially cytoplas-
mic localization of PSA, observed in acinar and ductal cells, is in
agreement with the subcellular distribution of PSA previously
found in prostate secreting cells (Ben Jemaa et al., 2013; Sinha
etal., 1987).

Introductory, attention was drawn to the fact that the levels of
PSA in saliva did not always correspond to the levels in serum (Breul
et al.,, 1994; Mannello et al., 1996). For instance, the women on oral
contraceptives showed higher levels of PSA in saliva than in serum

FIGURE 9 Parotid gland control image. Portion of secretory
cells. Incubation of the sections without the primary antiserum did
not show any labeling for PSA. N: nucleus. Bar 1 um.

FIGURE 8 Submandibular striated duct cells. (a, b): Gold particles were preferentially spread among mitochondria, which were always
unstained. To note that luminal membranes of these ductal cells were unstained, while an opposite labeling was detectable in lateral
membrane (arrowheads). L: lumen. m: mitochondria. N: nucleus. (a, b): bar 1 pm.
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(Mannello et al., 1996). Observations that make us to consider/hy-
pothesize that the salivary glands could be the additional source of
PSAin saliva.

The secretion, pathways, and biological role of PSA in salivary
parenchyma and oral cavity are open to speculation. Salivary PSA
could act as a growth factor in normal tissues, or it could be in-
volved in regulating the function of insulin-like growth factor bind-
ing proteins (IGFBPs) (Cohen et al., 1992; Nagar & Msalati, 2013).
Also, it might have a proteolytic- and digestion-related function
(Elgamal et al., 1996). PSA could be also secreted into the inter-
stitial space to mediate, by a paracrine pathway, the interaction
between epithelial and stromal cells, as proposed for other salivary
proteins (Cossu et al., 2011; Isola et al., 2010; Loy et al., 2015) or
into the circulation, as suggested for PSA released from other tis-
sues (Olsson et al., 2005). However, given the low levels detected
in those sites, it seems unlikely that non-prostatic PSA, under nor-
mal circumstances, would interfere with PSA tests in use for pros-
tate cancer.

In summary, our findings clearly support that human major (pa-
rotid and submandibular) salivary glands are involved in PSA secre-
tion. Moreover, the distinct immunoreactive pattern displayed in the
glands may suggest a PSA release into the oral cavity by the minor
regulatory pathway and/or the constitutive-like secretory pathway.
The present study may offer basic information for further transla-
tional studies, considering pathological conditions such as salivary
gland inflammation and salivary gland tumors and possible ultra-
structural changes associated with synthesis, trafficking, and release
of PSA.
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