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Abstract

The parotid gland is the largest salivary gland. It produces watery saliva, rich in proteins (amylase, lysozymes, and antibodies).
Due to the gland’s morphological cytoarchitecture composed of only serous acini, it contributes almost 50% of total salivary
volume upon stimulation. It has been reported that the prevalence of saliva secretion impairments, periodontitis, delayed wound
healing, and xerostomia increase in diabetic patients. Herein we evaluated the acute effects of insulin on insulin receptor
phosphorylation status and its substrates IRS-1 and IRS-2 in the parotid glands of adult male Wistar rats, using Western blot
analyses. We confirmed an acute effect of insulin on IR/IRS/PI3K/Akt and MAPK intracellular pathway activation in the parotid

glands of male Wistar rats similar to the classical metabolic targets of the hormone, like the liver.
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Introduction

Insulin is a protein hormone produced and secreted by the
pancreatic B-cells mainly in response to elevated blood glucose
levels. Its actions involve modulating tissue targets by binding
to the transmembrane insulin receptor (IR) and subsequent
promotion of the tyrosine kinase activity of its receptor [1, 2]. It
is well established that the initial intracellular insulin signaling
pathway targets tissues associated with metabolic homeostasis,
such as the liver, adipose tissue, and skeletal muscle [3-6].
The IR is a heterotetrameric transmembrane glycoprotein
with intrinsic protein tyrosine kinase activity, composed of
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two o and two P-subunits [7, 8]. The a-subunits are com-
pletely extracellular and contain the insulin-binding domain,
whereas the P-subunits contain an extracellular domain, a
transmembrane domain and an intracellular tail [9, 10]. The
intracellular domain contains a Tyr-specific protein kinase
that is immediately activated after insulin binding, initiating a
cascade of autophosphorylation events within the p-subunits
and leading to the phosphorylation of its substrates, namely
IRS-1 and IRS-2 [11-13]. The phosphorylation of these
substrates is linked to the activation of two main signaling
pathways, the phosphatidylinositol 3-kinase (PI3K)-AKT/
protein kinase B (PKB) and the ras-mitogen-activated protein
kinase (MAPK) [14-21]. Once activated, MAPK stimulates
serine-kinase proteins, including the ERKSs, which ultimately
catalyze transcription factors, inducing cellular differentiation
and proliferation [22].

Several studies have shown that individuals with type 2
diabetes mellitus (T2DM) present differences in the salivary
parameters, including total salivary protein and ion concentra-
tions [23-26]. In diabetic rats, it was reported that the volume,
flow rate, and protein secretion rate of saliva were reduced after
acid stimulation, especially in the parotid gland [27].

Despite the parotid gland being the largest salivary
gland and only containing serous cells, the most studied
salivary gland is the submandibular gland. Indeed, strep-
tozotocin diabetes mellitus (STZ-DM) rats or physiolo-
gical aged rats present modifications in the intracellular
insulin signaling pathway in the submandibular salivary
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glands [28, 29]. However, while the submandibular and
sublingual glands support basal saliva secretion, the par-
otid gland produces ~50% of the saliva upon stimulation.
Moreover, the acinar serous produces and secretes
amylase and other proteins, including immunoglobulin,
lactoperoxidase, = melanotransferrin, and  deoxyr-
ibonuclease [30]. Previous studies have shown that the
principal regulatory mechanism of salivary gland pro-
duction and secretion involves the autonomous nervous
system [30, 31]. In this sense, the sympathetic branch
regulates the secretion of the saliva proteins and the
parasympathetic nerve regulates the saliva secretion.
Interestingly, the potential use of glucose and amylase in
saliva has been proposed as a diagnostic tool for the early
detection of T2DM [32-34].

In diabetic animals, the proposed mechanism involves a
dysfunctional autonomic nerve system [35, 27], inflammatory
cellular infiltration and oxidative stress [27] in the salivary
glands. However, the potential effect of insulin on the parotid
gland cannot be ruled out. Thus, in the present study, we
analyzed the intracellular insulin signaling pathway in the
parotid gland of male adult rats and observed an activation
pattern of the IR/IRS/PI3K/AKT/MAPK pathway similar to
classical insulin signaling in other insulin targeted tissues.

Materials and Methods
Reagents

The reagents and apparatus for SDS-PAGE and Western
blotting procedures were from Bio-Rad (Richmond, CA,
USA). The chemicals Tris, phenylmethylsulfonylfluoride
(PMSF), aprotinin and dithiothreitol were from Sigma-
Aldrich (St Louis, MO, USA). Sodium thiopental was
from Cristdlia (Itapira, SP, Brazil). Human recombinant
insulin (Humulin R) was purchased from Eli Lilly Co.
(Indianapolis, IN, USA). Anti-IR, anti-IRS-1, anti-IRS-2, anti-
phosphotyrosine and anti-SHP2 antibodies came from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The anti-PI3-
kinase (p85 subunit) antibody was from Upstate Biotechnol-
ogy (Lake Place, NY, USA). Phospho-AKT (Ser473) and
phospho-ERK 12 (Thr***/Tyr*®) antibodies were from New
England Bio Labs (Beverly, MA, USA). The enhanced che-
miluminescence (ECL) reagent kit and the protein A-
Sepharose 6 MB were from Amersham-Pharmacia Biotech
(Buckinghamshire, UK).

Animals
Fifty-four male Wistar rats (250-300 g), 8—12 weeks old, were

employed for the present study. The animals were provided
with standard rodent chow and tap water ad libitum. They
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were housed in a temperature-controlled room at 25 °C with a
12/12-hour dark and light cycle. Before the experiment, the
animals fasted for 12-14 h. All the procedures involving ani-
mal experimentation were conducted in strict accordance with
Brazilian legislation (N°. 11794) and the Ethics Committee on
the Use of Animals at ICB-USP.

Methods

The rats were deeply anesthetized with sodium thiopental
(50 mg/kg body weight). Under basal conditions, we
extracted rat bilateral parotid glands before or 3, 5, and
10 min after administering 6 ug of insulin through the portal
vein. Liver fragments were also extracted 30 s after insulin
infusion, representing a positive control for insulin intra-
cellular pathway activation under basal conditions [4]. The
samples were then processed and insulin-induced tyrosine
phosphorylation of the insulin receptor (IR) and the insulin
receptor substrates (IRS-1 and IRS-2) was evaluated using
Western blot analysis.

Another set of anesthetized rats was infused with 0.5 mL
of a saline solution (0.9% NaCl) with or without 0.03 ng,
0.3 ng, 3ng, 0.03 ug, and 0.3 ug of insulin. The data from
this set of experiments was used to determine the dose-
dependent effects of insulin.

The relative abundance of IR, IRS-1 and IRS-2 was
assessed by first removing the parotid gland, adding
200 pl of ice-cold homogenization buffer (100 mM Tris,
pH 7.6, 1% Triton X-100, 0.01 mg/ml aprotinin, 2 mM
PMSF, 10 mM Na3zVO,, 10 mM NaF, 10 mM Na,P,0,
and 10mM EDTA), and homogenizing the sample in a
Polytron PTA 2100 for 30s. Insoluble material was
removed by centrifugation for 30 min at 30,000 x g in a
Beckman 70.1 Ti rotor (Palo Alto, CA, USA) at 4 °C.
Aliquots of the isolated supernatants represent the whole
tissue extract of the samples, which were loaded onto
SDS-PAGE gels and subjected to SDS-PAGE. In addi-
tion, 150 pg of total protein was removed from each whole
tissue sample and immunoprecipitated with 10 pl (0.2 pg/
ml) of anti-IR, anti-IRS-1 or anti-IRS-2 antibodies.
Target-bound antibodies were recovered using protein A-
Sepharose 6MB, and the samples were resolved by SDS-
PAGE electrophoresis. The SDS-PAGE procedure
employed for separating the whole tissue extract and
immunoprecipitated proteins involved adding Laemmli
sample buffer [36] containing 100 mM DTT, loading the
samples onto 6.5% or 8% gels and running the gels in a
miniature lab gel apparatus.

The gel proteins were transferred to nitrocellulose
membrane by applying 120 V for 90 membranes in a Bio-
Rad transfer apparatus. The nitrocellulose membranes were
incubated overnight at 4 °C in blocking buffer (5% non-fat
dry milk, 10 mM Tris, 150 mM NaCl and 0.02% Tween 20)
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to reduce non-specific protein binding. Then the membranes
were incubated at 22 °C for four hours with primary anti-
bodies against anti-phosphotyrosine, anti-p85 PI3K,
anti-SHP2, anti-pSer AKT, and anti-pMAPK diluted, as
indicated by the manufacturer, in blocking buffer with 3%
non-fat dry milk. Next, the membranes were washed, and
the appropriate secondary antibodies were applied at dilu-
tions recommended by the manufacturer. Finally, the
immunoblots were washed, developed using ECL and
exposed to radiographic film.

Data Analysis

The results are presented as the mean + standard deviation
(SD) of arbitrary units (AU). Band intensities were quan-
tified using the Image J software (https://imagej.nih.gov).
Statistical analyses included one-way ANOVA and Tukey’s
post-test of multiple comparisons using the GraphPad Prism
version 9.1.0 software. The level of statistical significance
was set at p <0.05.

Results

Dose-response of Insulin Receptor B-subunit and
pp185 Tyrosyl Phosphorylation in the Parotid Gland

As shown in Fig. 1A, an acute insulin infusion increased
phosphorylated tyrosine levels in the whole gland tissue
extract in a time-dependent manner. Notably, a similar
response was also detected in liver samples, the classical
insulin tissue target (i.e., positive control), collected 30 s after
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Fig. 1 Time-course (A) and dose-dependent effect (B) of insulin-
induced tyrosyl phosphorylation during the initial steps of the intra-
cellular insulin signaling pathway. Parotid glands were extracted from
anesthetized overnight fasted rats as described in the Methods section.
The time-course effect was analyzed using whole tissue extract, and
the proteins were separated on 6% SDS-PAGE gels, followed by
Western blot analysis with anti-phosphotyrosine antibody (anti-pTyr).

250 kDa

the infusion. Upon closer examination, under basal condi-
tions, at time point 0, there are three faint bands in the parotid
gland and liver samples. Following the insulin infusion,
increased intensity of two bands was observed in both tissues.
Based on the apparent molecular weights, the upper band,
denoted ppl8S5, contains both IRS-1 and IRS-2, while the
lower band, migrating at an estimated molecular weight of
75-100 kDa, corresponds to the IR pB-subunit. Evaluating the
time dependence of the enhanced phosphorylation indicated
that maximal insulin-induced tyrosine phosphorylation in the
parotid glands occurred 5 min after the infusion.

In Fig. 1B, we investigated the effect of insulin dose on
IR phosphorylation. There was a detectable dose-
dependent increase in IR phosphorylation in samples
treated with insulin and immunoprecipitated with an anti-
IR antibody. Moreover, the lowest insulin dose required to
elicit this enhanced tyrosine phosphorylation response
was found to be on the order of 3.10™ ug. Samples treated
with 10" ug insulin, a concentration close to physiologi-
cal postprandial values, displayed intense phosphorylated
IR bands.

THe Initial Steps of Insulin Action are Activated in
Parotid Glands

Next, we immunoprecipitated the whole tissue samples
collected 3, 5 and 10 min after insulin infusion with anti-
bodies against IR (Fig. 2A), IRS-1 (Fig. 2B) and IRS-2
(Fig. 2C). Interestingly, we observed a significant 5- to 7-
fold-increase (p<0.05) in insulin-induced IR tyrosine
phosphorylation at all three times analyzed (Fig. 2A). There
was also a significant increase in insulin-induced IRS-1

B. IP:anti-R
IB: anti-pTyr
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The dose-dependent effect was evaluated in samples that were
immunoprecipitated using an antibody against the f-subunit of
the insulin receptor (anti-IR). The antibody was diluted following the
manufacturer’s instructions. The immunoblot results are representative
of three distinct experiments. Each lane corresponds to a sample from
one animal (n = 30)
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Fig. 2 Monitoring the initial steps of the intracellular insulin signaling
pathway in the parotid gland. Parotid glands were extracted from
anesthetized overnight fasted rats as described in the Methods section.
Insulin-induced tyrosyl phosphorylation of the IR (A), IRS-1 (B) and
IRS-2 (C), the insulin-induced association of IRS-1 with the
p85 subunit of PI3K or SHP2 (D), and the insulin-induced association
of IRS-2 with the p85 subunit of PI3K or SHP2 (E). The antibodies

tyrosine phosphorylation, which approached a 2.5-fold
increase three and 5 min after hormone injection. However,
after 10 min, phosphorylated IRS-1 levels were attenuated
to levels that were not statistically different from control
levels. Immunoprecipitating the samples with an antibody
against IRS-2 revealed significant insulin-induced tyrosine
phosphorylation of this protein five and 10 min after insulin
infusion. The results confirm insulin-induced activation of
the intracellular insulin pathway in the parotid glands.

The subsequent step in the intracellular insulin pathway
involves the insulin-induced association of IRS-1 and IRS-2
with the kinase PI3K and the phosphatase SHP2. Therefore,
we immunoprecipitated samples collected 0-10 after insulin
injection with an antibody against IRS-1 and IRS-2 and then
probed the isolated products using anti-PI3K and anti-SHP2
antibodies (Fig. 2D, E). These results illustrate the asso-
ciation between IRS-1/p85-PI3K, IRS-1/SHP2, IRS-2/p85-
PI3K, and IRS-2/SHP2. We observed a similar relationship
between insulin-induced IRS-1 tyrosine phosphorylation
and its association with the downstream PI3K and SHP2
proteins (Fig. 2D). In contrast, while a relationship appears
to exist between IRS-2 tyrosine phosphorylation and its
association with SHP2, this was not observed with PI3K
(Fig. 2E). These results provide further evidence of intra-
cellular insulin signaling in the parotid gland.

Finally, we analyzed the downstream intracellular path-
ways involving the PI3K/AKT and the MAPK in the
parotid gland. A twofold increase in AKT serine
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were diluted following the manufacturer’s instructions. The data in the
graphs are presented as the mean + SD of six experiments. One-way
ANOVA and Tukey’s post-test of multiple comparisons were used to
compare samples. Results with p values less than or equal to when
0.07 are displayed. We utilized samples from 24 rats for the data
presented in this figure

phosphorylation levels was detected 3 min after insulin
infusion, and these levels remained significantly elevated
until the ten-minute time point (Fig. 3A). A similar pattern
was also observed with the phosphorylation status of
MAPK, also known as ERK1 and ERK2, in which there
was a sustained ~3-fold increase for 10 min after insulin
infusion (Fig. 3B).

Discussion

We detected insulin-induced IR tyrosine phosphorylation
in the parotid glands of healthy adult rats in the present
study. Insulin also induced IRS-1 and IRS-2 tyrosine
phosphorylation at the physiological insulin blood con-
centration [11-13]. Notably, the IRS-1/2 proteins are
essential for insulin signaling, activating several enzymes
[2] to ensure insulin’s pleiotropic effects. It is also
important to point out that, like in the liver, insulin-
induced IR, IRS-1, and IRS-2 tyrosine phosphorylation
occurs in a time-dependent fashion in the parotid gland.
Furthermore, it was found that insulin could influence the
association between IRS1/2 with and SHP2 and/or PI3K
[14] and AKT and MAPK phosphorylation. Indeed, pre-
vious work in classical insulin targeted tissues revealed
that proteins such as SHP2, Nck, GRB-2, and p85 subunit
of the PI3K, which have the SH2 domain associate with
phosphorylated IRS-1/2 [2].



Cell Biochemistry and Biophysics (2022) 80:89-95

93

A. IB: anti-pSer-AKT

AKT co- e eEm P
0.0349
0.0116
300 0.0060
2
'E 200
=
2
g
£ 100+
<
0_

0 3 5 10
minutes after insulin

Fig. 3 Insulin-induced Akt serine phosphorylation (A) and MAPK
phosphorylation (B) in the parotid gland. Parotid glands were extracted
from anesthetized overnight fasted rats as described in “Methods”
section. The antibodies were diluted following the manufacturer’s
instructions. The data in the graphs are presented as the mean + SD of

It has been reported that SHP2 is a phosphotyrosine
phosphatase with two SH2 domains [12]. Interestingly, this
phosphatase has been implicated as a positive regulator of
insulin signaling [37], participating in various signal trans-
duction processes, including the Ras-Raf-MaAP kinase, PI3
kinase, and Jak-Stat pathways [22]. Moreover, the IRS-1/
PI3-K association has been implicated in glucose transport
[38, 39], glycogen synthesis, gluconeogenesis via
phosphoenol-pyruvate carboxykinase inhibition [2, 40], and
cellular growth [39] in most tissues studied. There is also
evidence that AKT activation can overwhelm apoptosis
induced by different stimuli [41]. In this regard, some of
these biological effects could be occurring in the parotid
gland. Therefore, identifying the classic intracellular cas-
cade of insulin action in the parotid glands reveals essential
information for gland physiology and amplifies our under-
standing of endocrine regulation [32-34].

Our results are clinically relevant since it is well known
that individuals with TIDM and T2DM sometimes experi-
ence salivary flux reduction and xerostomia [42, 43]. In this
sense, an insulin resistance status increases salivary Ca’"
concentrations and reduces Mg>", Zn*", and K con-
centration, which has been associated with attenuated sali-
vary flow rate, increased oral infection occurrence, and
periodontitis development [44—46].

Although the principal mechanism of salivary flux
involves the autonomous nervous system, identifying the
initial steps of the insulin pathway in the parotid gland
opens the possibility of understanding the potential action
of this hormone in the salivary flux and amylase production
and secretion. The relatively specific anatomical identifi-
cation of islets of adipose cells in the parotid gland com-
pared to other salivary glands [47] is particularly interesting
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similar experiments. The data in the graphs are presented as the mean
+ SD of six experiments. One-way ANOVA and Tukey’s post-test of
multiple comparisons were used to compare samples. Results with p
values less than or equal to when 0.06 are displayed. We utilized
samples from 24 rats for the data presented in this figure

and requires additional functional and molecular studies
focused on insulin signaling in the salivary glands.

Conclusion

The rat parotid gland exhibits all the initial steps of the
insulin signaling pathway and appears to respond in a
manner like the liver, a classical insulin-targeted tissue.
These data open up the possibility for further research into
parotid gland insulin regulation, function and metabolism.
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