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Summary

Sjögren’s syndrome (SS) is a chronic autoimmune disease characterized by a
progressive oral and ocular dryness that correlates poorly with the autoim-
mune damage of the glands. It has been proposed that a loss of homeostatic
equilibrium in the glands is partly responsible for salivary dysfunction with
acinar cells involved actively in the pathogenesis of SS. The non-obese diabetic
(NOD) mouse model of Sjögren’s syndrome develops secretory dysfunction
and early loss of glandular homeostatic mechanisms, with mild infiltration of
the glands. Based on the vasodilator, prosecretory and trophic effects of the
vasoactive intestinal peptide (VIP) on acini as well as its anti-inflammatory
properties we hypothesized that the local expression of VIP/vasoactive intes-
tinal peptide receptor (VPAC) system in salivary glands could have a role
in acinar cell apoptosis and macrophage function thus influencing gland
homeostasis. Here we show a progressive decline of VIP expression in sub-
mandibular glands of NOD mice with no changes in VPAC receptor expres-
sion compared with normal mice. The deep loss of endogenous VIP was
associated with a loss of acinar cells through apoptotic mechanisms that could
be induced further by tumour necrosis factor (TNF)-a and reversed by VIP
through a cyclic adenosine-5�-monophosphate (cAMP)/protein kinase A
(PKA)-mediated pathway. The clearance of apoptotic acinar cells by macroph-
ages was impaired for NOD macrophages but a shift from inflammatory to
regulatory phenotype was induced in macrophages during phagocytosis of
apoptotic acinar cells. These results support that the decline in endogenous
VIP/VPAC local levels might influence the survival/apoptosis intracellular set
point in NOD acinar cells and their clearance, thus contributing to gland
homeostasis loss.

Keywords: acinar cell apoptosis and clearance, Sjögren’s syndrome, VIP

Accepted for publication 23 August 2011

Correspondence: C. Pérez Leirós, Ciudad

Universitaria, Pab. II, 4° piso, 1428 Buenos

Aires, Argentina.

E-mail: cpleiros@qb.fcen.uba.ar

Introduction

Sjögren’s syndrome (SS) is a chronic autoimmune disease
with a prevalence of 0·3–0·5% in adults that affects mainly
women, in a 9 : 1 relationship [1–4]. The hallmark of SS is a
progressive oral and ocular dryness that correlates poorly
with the focal infiltration, within large areas of morphologi-
cally intact parenchyma, found in salivary gland biopsies. It
has been proposed that a loss of homeostatic equilibrium in
the glands is partly responsible for salivary dysfunction
which would, in turn, increase the susceptibility of the glands
to the autoimmune attack [3–6]. In line with this, labial

biopsies and acinar cell primary cultures from SS patients
show an aberrant expression and activation of inflammatory
mediators in epithelial cells together with defective activity
and localization of key enzymes and channels involved in
saliva secretion [5–8]. This observation supports the hypoth-
esis that acinar cells are involved actively in the pathogenesis
of SS and provides new evidence to the search of early biom-
arkers for diagnosis and/or disease activity. At the predia-
betic stage, the non-obese diabetic (NOD) mouse model of
Sjögren’s syndrome has the unique characteristic of devel-
oping a deep secretory dysfunction with mild infiltration of
the glands [9–11] consistent with a structural–dysfunctional
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aetiology. In keeping with this, early neurotransmitter
receptor-signalling alterations have been reported in NOD
females’ submandibular glands unrelated to the onset of the
autoimmune response [12–14]. Among them, a progressive
loss of activity of the neural isoform of nitric oxide synthase
(NOS 1) in NOD exocrine glands at the Sjögren’s syndrome-
like period has been described [12,15]. The lower levels of
NOS activity were found in glands of 16-week-old NOD
mice that presented increased apoptosis of acinar cells and
increased levels of tumour necrosis factor (TNF)-a, among
other T helper type 1 (Th1) cytokines in the serum [15,16].
Vasoactive intestinal peptide (VIP), described initially as a
vasodilator and prosecretory neuropeptide, has trophic
effects on acini [17,18] and strong anti-inflammatory prop-
erties in several models of chronic inflammatory diseases
[19–21]. Prediabetic NOD mice treated systemically with
VIP showed increased serum interleukin (IL)-10 and
reduced Th1 cytokine levels [22] while gene-transfer of VIP
onto NOD submandibular glands prevented saliva secretion
loss and partly reduced glandular Th1 cytokine expression
[23]. Furthermore, VIP showed a clear anti-apoptotic effect
on acinar cells isolated from NOD submandibular glands
driven to apoptosis through TNF-a/TNF-aR1-mediated
pathways [16].

An adequate balance of apoptosis of epithelial cells and
their silent clearance by professional phagocytes is central
for gland homeostasis. On this basis, we hypothesized that
the local expression of VIP/VPAC system could modulate
acinar cell apoptosis and clearance, thus influencing gland
homeostasis. We present evidence on a progressive decline
of VIP expression in submandibular glands of NOD mice
that encompasses a loss of acinar cells through apop-
totic mechanisms. We also show that apoptotic acinar
cells are removed by NOD macrophages with a reduced
phagocytic efficacy compared to control macrophages,
although in a suppressor manner that is stabilized by
VIP.

Materials and methods

Animals

NOD and BALB/c female mice were bred and maintained
in the Central Animal Care facility at the School of Exact
and Natural Sciences, University of Buenos Aires. They
were tested routinely for blood glucose levels and consid-
ered prediabetic, as their values of serum glucose on two
occasions over a 24-h period did not differ significantly
from those of control mice (0·9 � 0·1 g/l, n = 42). NOD
mice of 16 weeks of age used in this study presented a
reduced saliva flow rate (>35% reduction) compared with
BALB/c control mice. Studies were conducted according to
standard protocols of the Animal Care and Use Committee
of the School of Exact and Natural Sciences, University of
Buenos Aires.

Acinar cell and macrophage isolation and cultures

Submandibular glands were removed and transferred imme-
diately to ice-cold RPMI-1640, 10% fetal bovine serum
(FBS) for acinar cell isolation, as described previously [16].
Acinar cells were washed and seeded on flat-bottomed
24-well microtitre plates (Corning Glass, Corning, NY, USA)
and incubated for 2 h at 37°C in a humidified incubator
with 5% CO2 to separate immune adherent cells and viabi-
lity determination [16]. When used, recombinant TNF-a
(Promega, Madison, WI, USA) (5–10 ng/ml) was added
to acinar cell culture for 3·5 h [reverse transcription–
polymerase chain reaction (RT–PCR)] or for 6 h (annexin V
staining and immunoblotting). In some experiments, cells
were preincubated for 30 min with 100 nm VIP (PolyPeptide
Labs, Strasbourg, France) before TNF-a addition in the pres-
ence or absence of H89 (1 mm). Macrophages were obtained
by washing the peritoneal cavity with ice-cold RPMI-1640,
as reported [24,25]. Cells were seeded at 5 ¥ 105 cells/well
(Corning Glass), incubated at 37°C for 2 h and washed thor-
oughly before co-cultures, nuclear factor (NF)-kB activation
or cytokine determination.

Co-cultures and assessment of phagocytosis and
macrophage phenotype

Macrophages were co-cultured with freshly isolated acini or
acini previously induced to apoptosis with TNF-a. Incuba-
tions were run at 37°C for the times indicated. VIP
(100 nm) was added 30 min before the addition of acini.
After incubation, acini were removed and macrophages
were washed with fresh medium. Haematoxylin and eosin
(H&E) staining was used for phagocytosis determination
[24]. Cells were collected for cytokine expression by quan-
titative RT–PCR (qRT–PCR) or flow cytometry analysis;
nitrite production was determined by the Griess in super-
natants, as described previously [24,25]. For flow cytom-
etry, cells were stained with fluorescein isothiocyanate
(FITC)-conjugated anti-F4/80 monoclonal antibody for
30 min (eBioscience, San Diego, CA, USA), fixed in 4%
paraformaldehyde/phosphate-buffered saline (PBS)–2%
FCS, permeabilized with 0·5% saponin (Sigma, St Louis,
MO, USA) and incubated with phycoerythrin (PE)-
conjugated anti-IL-10 monoclonal antibody (BD) or with
the PE-conjugated immunoglobulin (Ig)G1 isotype; 10 000
events were acquired in a fluorescence activated cell sorter
(FACS)Aria cytometer® and results analysed using the
WinMDI software®. Cytokines were determined by ELISA
and prostaglandin E2 (PGE2 ) by radioimmunoassay (RIA),
as described [24,25].

Conventional and real-time RT–PCR

Total RNA was extracted from acinar cells or macrophages
with Trizol (Gibco, Carlsbad, CA, USA), as described
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[16,24]. Reverse-transcribed cDNAs were amplified using
specific primers for VIP, VPAC1, VPAC2, bax, TNF-a and
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) and
conditions as stated previously [16,24–27]. The following
sequences were used for forward and reverse primers.
Bax: 5′-GGAATTCCAAGAAGCTGAGCGAGTGT-3′ and 5′-
GGAATTCTTCTTCCA GATGGTGAGCGAG-3′; VPAC1:
5′-GTGAAGACCGGCTACACCAT-3′ and 5′-TGAAGAGG
GCCATATCCTTG-3′; VPAC2: 5′-CCAAGTCCACACTGCT
GCTA-3′ and 5′-CTCGCCATCTTCTTTTCAG-3′; VIP:
5′-TTCACCAGCGATTACAGCAG-3′ and 5′-TCACAGCCA
TTTGCTTTCTG-3′; TNF-a: 5′-CCTTGTTCGGCTCTC
TT TTGC-3′ and 5′-AGTGATGTAGCGACAGCCTGG-3′
GAPDH: 5′-TGATGACAT CAAGAAGGTGGTGAAG-3′ and
5′-TCCTTGGAGGCCATGTAGGCCAT-3′. PCR products
were size-fractionated on 2% agarose gels and visualized by
staining with ethidium bromide using a size molecular
marker. For real-time experiments, VIP and TNF-a expres-
sion were determined as described [26,27].

NF-kB activation assays

Western blot (WB) assays and confocal microscopy were
used to analyse NF-kB activation in acinar cells or mac-
rophages. For WB assays, both cytosolic and nuclear frac-
tions were analysed independently after cell isolation.
Isolated cells were washed gently and homogenized in
10 mm HEPES pH 7·9; 1 mm ethylenediamine tetraacetic
acid (EDTA); 1 mm ethylene glycol tetraacetic acid (EGTA),
5 mm sodium fluoride (NaF), 1 mm NaVO4, 1 mm dithio-
threitol (DTT), 10 mm KCl, 0·5% NP-40 with protease
inhibitors, as described [16,24]. After 15 min on ice,
samples were centrifuged at 8000 g for 15 min. Superna-
tants (cytosolic extracts) were fractionated in 12% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels and immunoblotted with rabbit polyclonal
anti-I-kB-a or goat polyclonal anti-actin (Santa Cruz Bio-
technology, CA, USA) [24]. Nuclear extracts were obtained
by resuspending pellets in 10 mm HEPES pH 7·9, 1 mm
EDTA, 1 mm EGTA, 5 mm NaF, 1 mm NaVO4, 10 mm
Na2MO4, 1 mm DTT and 0·4 m KCl, 20% glycerol. Proteins
were fractioned on 10% SDS-PAGE gels and immunoblot-
ted with anti-p65 or goat polyclonal anti-actin (Santa Cruz
Biotechnology) Bands were revealed with peroxidase-
conjugated antibodies and enhanced chemiluminescence
detection system (Pierce, Rockford, IL, USA). Densitometry
analysis of proteins was performed with ImageQuant®. For
confocal microscopy studies, acini or macrophages were
fixed and permeabilized with methanol at -20°C, incubated
with mouse p65 antibody (Santa Cruz Biotechnology)
and FITC-conjugated anti-mouse antibody (BD Phar-
mingen, San Diego, CA, USA), washed and stained with
0·5 mg/ml propidium iodide (PI) and observed at confocal
microscope Olympus FV 300 coupled to Olympus
BX61.

Acinar cell apoptosis assays

To study apoptosis of acinar cells WB, RT–PCR and annexin
V/propidium iodide staining and cytometric detection were
used. For WB, acinar cells were homogenized at 4°C in
50 mm Tris-HCl buffer pH 7·5 with 0·15 % Triton X-100, as
reported previously [16]. After centrifugation at 5000 g
10 min, supernatants were frozen at -80°C until used.
Extracts (50 mg protein/lane) subjected to 10% SDS-PAGE
were immunoblotted with antibodies to total Bad, phospho-
rylated Bad (Santa Cruz Biotechnology) and revealed by
enhanced chemiluminescence (ECL) detection system
(Pierce). Densitometric analysis of protein levels was per-
formed with ImageQuant software. The frequency of apop-
totic acini cells was also assessed by flow cytometry analysis
with Annexin V/IP double staining following the manufac-
turer’s recommendations (BD). Flow cytometry data were
acquired in a FACSAria cytometer® and results analysed
using WinMDI software®. For bax expression assays, acinar
cells were homogenized either freshly or after induction with
TNF-a and RT–PCR experiments were carried out as indi-
cated above and previously [16].

Statistical analysis

Statistical significance of differences was determined by the
two-tailed t-test for independent populations. When mul-
tiple comparisons were necessary, the Student–Newman–
Keuls test was used after analysis of variance. Differences
between groups were considered significant at P < 0·05.

Results

Expression pattern of VIP/VPAC in NOD mice
submandibular glands

Figure 1a shows the expression kinetics of VIP and their
receptors in submandibular glands isolated from NOD mice
of different ages from postnatal day 2 to 20 weeks of age.
Compared to normal mice, NOD mice showed the highest
level of VIP expression at 4 weeks of age and decreased
thereafter. The progressive decrease in VIP expression from
the fourth week takes place with no changes in VPAC1 and
VPAC2 receptors. A clear reduction of VIP levels was evident
in NOD submandibular glands at 16 weeks of age (Fig. 1a),
which was confirmed by qRT–PCR (Fig. 1b). The decline in
VIP/VPAC1 relative expression over time is similar to the
kinetics of neural nitric oxide synthase (nNOS) activity and
salivary secretion loss shown previously [12].

Effect of VIP on apoptosis-prone acinar cells from
NOD glands

NF-kB appears as an intracellular pivotal determining factor
that conditions the apoptotic or survival fate of TNF-a-
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stimulated cells [28]. Thus, we analysed NF-kB activation
and apoptosis in response to TNF-a in NOD acinar cells. As
shown in Fig. 2a, acinar cells from NOD glands present a
basal translocation of p65 of NF-kB to the nucleus (merge
image with PI-stained nuclei) that is not seen in normal
BALB/c mice. Consistent with this, WB analysis of I-kB in
the cytosolic fraction or p65 in the nuclear fraction revealed
that p65 appeared located to the nucleus, while I-kB expres-
sion was increased in cytosol of acini in basal conditions
(Fig. 2b). Moreover, when treated in vitro with TNF-a, NOD
mice acinar cells showed an abnormal NF-kB activation
kinetics compared with BALB/c acinar cells (Fig. 2a,b).
Figure 2c shows that NOD freshly isolated acini were prima-
rily committed to apoptosis and that TNF-a further induced
this effect at concentrations that were not effective in control
acinar cells, consistent with the higher expression of TNF-
aR1 in NOD acini reported previously [16].

To analyse the role of VIP/VPAC system in isolated acinar
cells, we determined VIP and VPACs expression. Figure 3a
shows that VPAC1 is expressed on acinar cells while VIP and
VPAC2 receptor subtypes are not. We assessed that VIP inhi-
bition of bax expression and apoptosis of acinar cells entails
the VPAC1/cyclic adenosine-5′-monophosphate (cAMP)/
protein kinase A (PKA) signalling pathway involving the
phosphorylation of Ser 112 on Bad by PKA, as both VIP-
reduced bax expression and Bad phosphorylation were

inhibited with H89 (Fig. 3b). There was no effect of VIP on
NF-kB activation in this acinar cell preparation (not shown).

Phagocytosis of apoptotic acinar cells
by NOD macrophages

One of the ultimate goals of the apoptotic programme is the
silent clearance of apoptotic bodies by phagocytic cells for
the maintenance of tissue homeostasis. To analyse the mac-
rophage function in the maintenance of gland homeostasis
in NOD mice and the role of VIP, we intended to reconstitute
the first steps in vitro of the interaction between apoptotic
acinar cells and macrophages. Figure 4a shows the rapid
morphological changes undergone by NOD macrophages
30 min after addition of apoptotic acinar cells, as well as the
phagocytic function of NOD and control macrophages.
Figure 4a also shows a lower phagocytic function of NOD
macrophages compared with control cells which was not
modified by VIP. The phagocytic defect of NOD macroph-
ages could be determined with acinar cells induced or not to
apoptosis with TNF-a, remaining at the lowest levels detect-
able in either condition (Fig. 4a). In the case of BALB/c,
phagocytosis was only assayed with TNF-a-induced apop-
totic acini. We then analysed the phenotypic profile of NOD
and BALB/c peritoneal macrophages before and after inter-
action with homologous apoptotic acinar cells. Figure 4b

Fig. 1. Vasoactive intestinal peptide/vasoactive

intestinal peptide receptor-1(VIP/VPAC1)

relative expression in submandibular glands of

non-obese diabetic (NOD) mice. Glands from

NOD and control BALB/c mice of the ages

stated in the figure were excised and processed

for VIP, VPAC1 and VPAC2 expression

determined by reverse transcription–

polymerase chain reaction (RT–PCR) (a) or

real-time RT–PCR (b), as indicated in Materials

and methods. Gels shown are representative of

at least six others carried out for each cDNA.

The density of the bands for VIP and VPAC1

obtained in all the assays were plotted as

mean � standard error of the mean (s.e.m.) for

either control or NOD glands. *P < 0·05 versus

4 weeks in NOD glands and 16 weeks in

BALB/c.
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shows that NOD macrophages expressed an inflammatory
phenotype in resting conditions revealed by the basal acti-
vation of NF-kB (merge image and p65 abnormal levels in
cytosol and nucleus), by the higher basal levels of TNF-a,
IL-12, nitric oxide (NO) and reduced levels of PGE2.
However, when they were faced with apoptotic acinar cells,
the inflammatory profile of NOD macrophages was shifted
to a regulatory phenotype (Fig. 4c). Regardless of the extent
of apoptosis of acinar cell preparations, TNF-a and NO
production in NOD macrophages were reduced drastically
to normal levels similar to BALB/c macrophages, while IL-10
levels were increased. VIP further stabilized an anti-
inflammatory and suppressor phenotype with high IL-10
(10·7� 0·2% double-positive cells) and low nitrite produc-
tion to undetectable values (<5 mm).

Discussion

We analysed the expression profile of VIP and its VPAC
receptors in submandibular glands of NOD mice from

birth throughout the Sjögren’s syndrome-like disease
period and the effect of the neuropeptide on the apoptosis
and clearance of acinar cells isolated from salivary glands.
Our results indicate a progressive loss of VIP/VPAC1 rela-
tive expression in NOD glands, with the lowest levels
observed at 16 weeks of age coincident with an increased
apoptosis of NOD acinar cells. VIP/VPAC1 expression did
not vary in BALB/c glands with mouse age and, in contrast
with NOD glands, freshly isolated acinar cells seemed not
to be prone to apoptosis. Acinar cells from NOD mice
could be further induced to apoptosis with a concentration
of TNF-a (10 ng/ml) that was almost ineffective in normal
acinar cells. VIP inhibited TNF-a-induced apoptosis in
NOD acinar cells through a VPAC1/cAMP/PKA pathway,
while neither VPAC2 receptors nor the neuropeptide could
be detected in acini, indicating that their expression in
whole glands would not correspond to acinar cells. Finally,
we found a reduced phagocytic index of NOD macroph-
ages to engulf apoptotic acinar cells compared to normal
macrophages, but their basal inflammatory phenotype was
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Fig. 2. Nuclear factor (NF)-kB activation and apoptosis in non-obese diabetic (NOD) acinar cells. (a) Acinar cells isolated from 16-week-old

NOD and BALB/c submandibular glands were incubated with p65 antibody or propidium iodide for confocal assays, as indicated in Materials
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suppressed during phagocytosis and VIP stabilized this
suppressor regulatory phenotype.

It is noteworthy that the time–course of VIP/VPAC1 rela-
tive expression decline is similar to the kinetics of nNOS
activity loss shown previously and parallels the reduction in
the secretory response to muscarinic acetylcholine receptor
stimulation [12]. It also coincided with the loss of acinar cell
homogeneous structure of the glands and a higher ductal to
acinar cell ratio in the glands at 16 weeks of age [12]. The
localization of this enzyme is normally confined to neural
fibres in close proximity to gland epithelial cells where NO
contributes to salivary flow. Consistent with this, NOD mice
submandibular glands showed a reduced NOS activation
through VIP receptors that coincided with the reduction in
salivary flow [15]. While VIP can induce NOS in peripheral
and central neurones, VIP expression is regulated by neural
NOS activity and knock-out mice for neural NOS isoform
express lower neuronal VIP levels [29]. In rat salivary glands
VIP is localized in nerve fibres rather than in acinar cells,
being mainly released from nerves surrounding acini where
it displays trophic effects on epithelial cells [17,18]. In fact,
the release of trophic and anti-apoptotic stimuli from nerve
terminals with long-term effects on salivary gland paren-
chyma is the rationale of a newly designed device to restore
salivary flow in patients with SS and other sicca-associated
pathologies [30]. Acinar cells from both normal and NOD
submandibular glands express only VPAC1 receptors, as
reported previously [16]. In these cells, VIP was able to
reduce apoptosis via cAMP/PKA pathway, as derived from
the fact that H89 reversed VIP effect on bax expression [16]
and Bad phosphorylation, a step previous to the loss of its
apoptotic effect through binding to 14–3–3 in cytosol [31].

Evidence shown here indicates that acinar epithelium of
NOD but not BALB/c glands present increased apoptosis
along with a dysregulated NF-kB basal activation consistent
with a predominant apoptosis-to-survival intracellular set-
point. This was confirmed when cells were incubated with
TNF-a, as this cytokine induced a significant increase of
acinar cell apoptosis, but it failed to activate NF-kB in NOD
acinar cells, providing new evidence to the role of this
nuclear factor in acinar cell fate.

Apoptosis of the secretory epithelium as a triggering
factor of early dysfunction and autoimmune response has
been explored in SS patients and models [32–34] and the
potential of certain TNF-a superfamily members, as SS sus-
ceptibility biomarkers has emerged from microarray studies
in a transgenic mice model of SS [35]. Remarkably, local
over-expression of TNF-aR1 in murine glands was shown to
reduce saliva secretion [36], while TNF-a has been reported
as a potent inducer of acinar apoptosis and TNF-aR1
expression in prediabetic NOD mice [16]. However, TNF-a/
TNF-aR1effects are also commonly associated with cytokine
synthesis and cell survival in immune cells, being the final
cellular fate determined primarily by a pivotal factor
such as NF-kB [28]. NF-kB is dysregulated in autoimmune
disorders and, particularly in SS patients but not in other
autoimmune disorders, a lack of a proteasome subunit –
multi-functional peptidase 2 – in immune cells could result
in a lower NF-kB activity [37].

Finally, macrophage high functional plasticity guarantees
the silent clearance of apoptotic cells that involves the syn-
thesis of anti-inflammatory mediators IL-10, PGE2 and
TGF-b to maintain tissue homeostasis [38]. While NOD
macrophages expressed an inflammatory profile in resting
conditions, a shift to a regulatory phenotype of NOD mac-
rophages was seen when faced to apoptotic acinar cells. Inter-
estingly, NOD macrophages presented lower phagocytosis of
acinar apoptotic cells. A lower avidity and efficacy to engulf
apoptotic thymocytes has been reported previously for NOD
macrophages [39–41]. In contrast to results presented
herein, phagocytosis of apoptotic thymocytes elicited an
inflammatory profile in NOD macrophages, suggesting that
selective suppressor mechanisms might be involved in the
clearance of apoptotic acinar cells. Evidence presented here
also suggests that VIP might contribute to the homeostatic
surveillance function of macrophages in the glands by stabi-
lizing a regulatory phenotype for silent phagocytic clearance.
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