ING'S
OPEN (5 ACCESS College
LONDON

King’s Research Portal

DOI:
10.1016/j.niox.2018.06.001

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):

Shaalan, A., Carpenter, G., & Proctor, G. (2020). Inducible nitric oxide synthase-mediated injury in a mouse
model of acute salivary gland dysfunction. NITRIC OXIDE, 78, 95-102.
https://doi.org/10.1016/j.niox.2018.06.001

Citing this paper

Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volumel/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

*Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
*You may not further distribute the material or use it for any profit-making activity or commercial gain
*You may freely distribute the URL identifying the publication in the Research Portal

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 09. Jan. 2025


https://doi.org/10.1016/j.niox.2018.06.001
https://kclpure.kcl.ac.uk/portal/en/publications/6048fda6-d603-4c6a-a1a4-10310f179544
https://doi.org/10.1016/j.niox.2018.06.001

Accepted Manuscript -
P P Nitric
xide
Inducible nitric oxide synthase-mediated injury in a mouse model of acute salivary
gland dysfunction
Abeer Shaalan, Guy Carpenter, Gordon Proctor

PII: S1089-8603(18)30016-8
DOI: 10.1016/j.niox.2018.06.001
Reference: YNIOX 1797

To appearin:  Nitric Oxide

Received Date: 16 January 2018
Revised Date: 31 May 2018
Accepted Date: 4 June 2018

Please cite this article as: A. Shaalan, G. Carpenter, G. Proctor, Inducible nitric oxide synthase-
mediated injury in a mouse model of acute salivary gland dysfunction, Nitric Oxide (2018), doi: 10.1016/
j-niox.2018.06.001.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.niox.2018.06.001

Title: Inducible Nitric Oxide Synthase-Mediated Injury in a Mouse Model of Acute Salivary Gland
Dysfunction

Authors: Abeer Shaalart?, Guy Carpenter' and Gordon Proctor

! Mucosal and Salivary Biology, Dental Institute, Kng's College London, United Kingdom

2 Corresponding author: Abeer Shaalan, Floor 17 ToweWing, King's College London, Dental Institute,

Guy's & St Thomas' Hospitals, Great Maze Pond, Londn, SE1 9RT abeer.shaalan@kcl.ac.uk




Abstract

Aim: Inducible nitric oxide synthase (INOS) is a kegulator of the innate immune system. The aim ef th
current study was to explore whether innate immmmeeiated iINOS and reactive nitrogen species acutely
perturb acinar cell physiology and calcium homesistaf exocrine salivary tissues.

Methods: Innate immunity in the submandibular gland off85/6 mice was locally activated via intraductal
retrograde infusion of polyinosinic:polycytidylicia (poly (I:C). Expressions of iINOS and the adyivof the
reactive nitrogen species peroxynitrite, were ea@d by immunohistochemistry. Mice were pre-treateth
the selective INOS inhibitor aminoguanidine in artte substantiate the injurious effect of the reitive signal
on the key calcium regulator sarcoplasmic/endoplaseticulum calcium ATPase (SERCA2b) and calcium
signalling.

Results Challenging salivary gland innate immunity witbly (I:C) prompted upregulated expression of iINOS
and the generation of peroxynitrite. Inhibition ibfOS/peroxynitrite revealed the role played by gulated
nitrosative signalling in: dysregulated express@nSERCA2b, perturbed calcium homeostasis and ¢dss
saliva secretion.

Conclusion iNOS mediates disruption of exocrine calcium aiting causing secretory dysfunction following

activation of innate immunity in a novel salivargigd injury model.

Keywords: 3-Nitrotyrosine; calcium; inducible nitric oxidsynthase; innate immunity; salivary gland;

SERCA2bD.



1. Introduction

Saliva performs a number of important functiong tn@ essential for the maintenance of oral hdalthThe
key trigger for saliva secretion is initiated byrgsympathetic nerve mediated stimuli and by théoaodf
acetylcholine on acinar cell muscarinic receptoducing an increase in intracellular calcium Ga[2].
Increased acinar cell [¢% leads to regulation of ion channel activities,retion of electrolyte and generation
of the appropriate osmotic gradient required toedifluid secretion [3]. Termination of the autonomeiic
signal requires pumping out of calcium by plasmanbene-C&™-activated-ATPase, or PMCA [4] and Cee-
uptake into the endoplasmic reticulum by the samdeplasmic-reticulum-Gaactivated ATPase, or SERCA
[5; 6].

The most severe forms of long-lasting, irreveesittly mouth are seen in patients exposed to itiadigherapy
of the head and neck and patients with the autoinemdisease Sjogren's syndrome [1]. Loss of saliva
production in these patients severely affects theality of life due to difficult with swallowingiampant dental
caries, oral mucosal lesions and fungal infectidie latest advances in elucidating the pathogsmégrimary
Sjogren’s syndrome suggest that innate immune dyaton drives the disease, with patients expein
salivary hypofunction [7; 8] as well as aberranf'Gsignalling [3; 9]. However, the molecular linkstiveen
these proposed mechanisms have not been previelusigated.

Inducible nitric oxide synthase (iINOS) is an inflaatory mediator, the expression of which is incegalsy a
wide range of stimuli, such as microbial productsl aytokines [10]. In contrast to the constitutiM®S
isoforms (NOS1 or nNOS, produced by neurons; NOSSNDS, produced by endothelial cells), which paadu
nitric oxide (NO) within seconds, with direct antost acting activities, INOS produces very largexic
amounts of NO in a sustained manner [11]. In aolditNO and superoxide formed during the inflammator
response react, yielding peroxynitrite (ONOO-) anihich is a potent oxidant and nitrating age@ [INOS-
derived NO and ONOO- have been implicated as pefentediators of exocrine gland damage in murine
models of Sjogren's syndrome [13] and irradiati@d] [and studiesn vitro have indicated that nitric oxide
donors can interfere wth acinar cell calcium sifingl (Smith & Dawson) . However, the early physgio
responses of the SGs to acute iINOS and ONOO- ilmdulciive not been previously investigated.

In a previous study, the innate immune stimulany gbC) prompted TLR3-mediated SMG injury and lass
function, which paralleled extensive upregulatidnaginar iINOS [15]. Aminoguanidine (AG), a seleetiv

inhibitor of INOS, is a phenylhydrazine compoundiethhas many biological effects with nontoxic fupat



[16]. In the present work, mice were pre-treatethvAG to investigate the underlying mechanisms ugio

which acute nitrosative stress signals can dighgSG physiology.



2. Materials and Methods

2.1 Mice

Female C57BL/6 mice weighing 18-21 grams (Harlabd atd., Loughborough, UK) and aged 10-12 weeks
were housed in a temperature-controlled environraader a 12 h light—dark cycle, with free acces®tal and
water. All procedures were approved by the lochlcstcommittee and performed under general ana@athe
under a Home Office license.

2.2Poly (I:C) injury model and assessment of secretion

The C57BL/6 mouse SMGs were cannulated as previalesicribed [17]. For recovery experiments, miceewe
anaesthetised intraperitoneally (i.p.) with 0.1ahtombined 5 mg Ketamine/1 mg Xylazine. Brieflply(1:C)
(P1530-25MG, Sigma-Aldrich) was diluted in salidm@/ml) and pre-mixed with Trypan blue (T8154-
100ML-Sigma- Aldrich). Eighty micrograms of poly.@) in 20 pls were loaded into a 0.3 ml syringe34400,
VWR International), attached to a glass cannulgpéBw, 25715, PA- USA) which was inserted into Wbiis
duct under a stereomicroscope. Poly (I:C) was iafeslowly and constantly into the left SMG. Thensa
volume of the vehicle was delivered to the right GMs a contralateral negative control. For funetion
assessment, mice were anaesthetized with 150pkwfoParbital Sodium (Euthatal, Merial) 1 mg/ml (j,p
followed by endotracheal intubation. SMG ducts wesatrally exposed and cut. Saliva was collectegri
weighed Eppendorf tubes. Saliva collection procdefter 5 min following stimulation with pilocarpine
(0.5mg/kg i.p.). The volume of saliva was calcullatss 1mg = {ll saliva and results were expressed as pl
saliva/min.

2.3 Aminoguanidine (AG) mouse model

For short term inhibition, the selective iINOS Initalp; aminoguanidine Hydrochloride, 98+% (Sigmaf394)
was used (100mg/kg i.p. AG and 0.1 mg AG combingh poly (I:C)). For long term inhibition [18]: 2% AG

in drinking water for 7 days and 0.1 mg AG combimdgth poly (I:C). While in short term experimentsaliva
and tissues were collected after 9 hr of poly (li@ction, in long term experiments, sample cditat took

place after 24h.

2.4 Western Blot
Tissues stored in RNAlater® were retrieved, homaggghin cell lysis buffer (AA-LYS-10 ml- RayBiotech
Inc., Norcross, GA) plus protease inhibitor codk4i10 dilution, Calbiochem, UK) using a FastPrepiue

homogenizer (MP Biomedicals Santa Ana, CA). Proteincentration was measured using the Qubit® protei



assay kit (Q33211, Invitrogen™, UK) and Qubit® Eldorometer (Q33216, Invitrogen™, UK) and a tothl o
15 ug /lane of the different lysates were separatedSBB-PAGE on a 4-12% Novex polyacrylamide gel
(Invitrogen, UK). Electro-transfer of proteins wasne for 1 hour to 0.2 pm pore—size nitrocellulosambrane
(1620112, Bio-Rad, UK) according to standard protag¢nvitrogen, UK, Paisley), followed by membrane
blocking with 5% bovine serum albumin. Membranegen@cubated at 4°C overnight with an antibody to
mouse monoclonal 3-nitrtyrosine (3-NT) (Millipor€&5-233, 1:1000) in blocking buffer then washed and
incubated with the HRP conjugated anti-mouse seayrahtibody in blocking buffer at room temperatftoel

h. For signal development, an Enhanced Chemiolwuemce substrate (ECL, GE Healthcare, UK) was
prepared following the kit manufacturer's recomnsgimhs and applied over the membranes. Positive and

negative protein expression was assessed and edpising ChemiDoc™ MP System (Bio-Rad, UK).

2.5Immunohistochemistry and image analysis

Three um tissue sections were deparaffinized, maltgd, and unmasked in a single step using TrilogZ#I
Marque, Rocklin, CA, 920P-06). To block endogenqesoxidase activity and non-specific background,
sections were incubated in 3% hydrogen peroxidetisol for 20-30 minutes. To block all epitopes ba tissue
samples and prevent nonspecific antibody bindiagtiens were incubated with 1% BSA in 1X TBS, pHft6

5 minutes. Primary antibody (Table 1) was appliedh® appropriate working dilution overnight at 4°C
followed by secondary antibody (Table 1) for 60 snat room temperature. Colour was developed foms im
DAB solution (Pierce™ 34002) and slides countenstdiin Mayer haematoxylin and DPX-mounted for light
microscopy. For semi-quantitative image analysis SERCA2 immunoexpression, fifteen random high
magnification fields (five from three independerperiments) were captured and colour images of 6480
pixel resolution were then analysed by semi-quatii digitalized image analysis using ImageJ, N[#9].
Briefly, images were transformed by threshold mtaleocate the positive immunostained area, thevexed

to 8-bit images in grey scale. Subsequently, ttea grercentage of SERCA2 positive immunostaining was
calculated by the area fraction command within meag mode which was expressed as the percentaggs of

pixels/SMG tissue section.

2.6 Confocal microscopy
Fluorescent images were captured on a Leica SPanmicroscope with an HCX PL APO CS 40x oil

objective.



2.7 Acute Isolation of SMGs and intracellular C&* measurement

The protocol that was optimized and implementedn&masure changes in intracellular’Ceoncentrations, is
detailed in [20]. Changes in resting and stimulaf€d’’]; were determined in the acutely isolated SMG
physiologic units adhered to 96-well black walleldtps (Costar, Tewksbury, MA), using a Flexstati®n
(Molecular Devices) multi-mode microplate readeheTunits were loaded with Fura 2-AM and assays were
carried out at 37 °C. Basal emission ratios withitation wavelengths of 340 nm and 380 nm were oreas
and changes in dye emission ratio determined d¥eedonds after compound addition.

2.8 Statistical analysis

Results were shown as mean + SD. For multiple coisgoas, one-way ANOVA with Sidak’s (selected pairs)
pairwise tests were used. The calculations wer®peed with the statistical software package GraghPrism

(version 7). P values 0.05 were considered statistically significant.

3. Results

3.1iNOS upregulation and peroxynitrite formation are early responses following innate immune
stimulation.

Western blot was conducted to investigate the egpva of INOS in the control and poly (I:C)-injedte

submandibular glands (SMGs). Results revealedpbigt (1:C) induced upregulation of the INOS protékig.

1a), which was intensely expressed in the acinids, @s early as 4 hrs post poly (I:C) administnat{Fig. 1b).

Peroxynitrite reacts with tyrosine residues in piad, leading to the formation of stable 3-nitrosine (3-NT),

which can be detected by immunohistochemistry [Rligroscopic examination of the stained sectiormasdd

remarkable upregulation of 3-NT following poly ()-hjection with more intense staining noted nédw basal

surfaces of acinar cells (Fig. 1c).

3.2 Extensive acinar INOS upregulation triggered SMG dgfunction.

It was important subsequently to investigate if BIONOO- have compromised the secretory machinetiyen

acutely infected glands. Short (9h) and long-te@#h] inhibitions of INOS using AG, protected the GM

functions from the poly (I:C) induced secretory fuygtion (Fig. 2a).



3.3 Peroxynitrite-induced nitration of SMG proteins.
To investigate the nitration of SMG proteins witbrgxynitrite, western blot analysis was conducfBdsue
lysates of glands injected with the vehicle andyg&iC) in presence or absence of AG were probetth an
antibody to 3-NT. Results revealed excessive imtnadf gland proteins, 9h following exposure toirsgte poly
(I:C) dose. In contrast, AG suppressed the peritnitgn stress signal and the pattern and extenB-dfT
expression returned to near control levels (Fig. 2b
3.4 Sarcoplasmic/endoplasmic reticulum calcium ATPaseSERCA2b) co-localization with 3-

Nitrotyrosine.
Peroxynitrite can severely damage the key regulafocytosolic C&" SERCA [22], which constitutively
replenishes the endoplasmic reticulum (ER§*Gwores [23]. To explore if the abundantly exprds3eNT co-
localized with SERCA2b, immunohistochemistry wagf@ened. Confocal microscopy displayed the co-
labelling of parenchymal cells with antibodies ttNB and SERCA2b, 9h after poly (I:C) retrogradesatjon.
Following AG treatment, the iNOS inhibitor succeédie blocking ONOO- formation and 3-NT co-localiimat
with the calcium pump (Fig. 3a).
3.5Altered expression of SERCAZ2b in the SMGs in respa@e to innate immune challenge.
Immunolocalization confirmed distinct distributiaxf the SERCA2b isoform within the SMG parenchymal
cells. In the normal SMGs, the granular cytoplasBERCA2b was ubiquitously expressed in every gglét
(all ductal and acinar cells). In contrast, theyp@LC)-injected glands revealed an extremely digant
(p<0.0001) downregulation of SERCA2b expressionfdlowing exposure to the innate immune stimulant.
the infected glands, SERCA2b expression was batetgctable in the acinar cells, with a patchy gl
pattern exhibited in the duct cells. IntriguinglxG efficiently protected SERCA2b from the poly ():C
deteriorating effect and maintained it at a lewswhparable to the control glands (Fig. 3b).
3.6iINOS-mediated disruption of calcium homeostasis.
It was hypothesized that co-localization of nitrogine with SERCA2b might result in inhibition dfet latter.
In order to test the hypothesis, carbachol stiredaEd* release from the ER, basal cytosolic calcium and
calcium levels in the intracellular stores in A@dted and non-treated SMGs were measured. A noveiqol
was optimized and implemented whereby changes &f @dease from the ER was recorded using the
muscarinic receptor agonist carbachol [20]. Furat® (340/380) of fluorescence versus time wasitmoed
for 60 seconds. Experiments conducted revealedatidition of carbachol [S0uM] to the vehicle-injedtSMG

acinar units resulted in prompt [€p mobilization from intracellular ER stores, thatsmaflected as a sharp



signal increase, followed by a plateau phase. hinpoly (I:C) treated glands, an overall decreas¢he
amplitude of [C4]; release from the ER was detected, despite theghpsiologic carbachol dose used. On the
contrary, efficient preservation of the intracy@ghic calcium [CH]; levels was noted in the glands from AG
treated animals, of suggesting that extensive iN@&egulation had detrimental consequences for acina
calcium homeostasis (Fig. 4a and 4b). To investigdtether INOS mediated a reduced carbachol respoas
depleting intracellular stores, we assessed theuatnaf [C&']er Using ionomycin (an ionophore that, in the
absence of external €a releases G4 from the ER in a receptor-independent manner =], These
experiments demonstrated that in the calcium-frefieh C&" release from intracellular stores induced by
ionomycin was significantly decreased in the pdI€) injected glands and that the AG-mediated cosag®n

of the carbachol-stimulated calcium release, pelell a relatively maintained [€%:r level (Fig. 4c). The
Flexstation™ further permitted recording of the dédaee calcium, prior to compound addition, which
surprisingly revealed an extremely significant aase in Fura-2 340/380 ratio in the poly (I:C) atgel glands
compared to the control group.

In order to dually assess the impact of extracailloblcium and iINOS inhibition on resting calciuenéls in the
control and poly (I:C) injected glands, two setse&periments were conducted, whereby the physiologits
were distinctly incubated in two buffers, one camitag 1M EGTA to chelate calcium and the other \E&3T A-
free and contained CaClBaseline recording of calcium revealed some @stgng findings that can be
summarized as follows: (i) removal of calcium frahe buffer and addition of a chelator, did not d&n
baseline calcium levels in all tivehicle-injected controlglands of the tested groups. In fiady (I:C)-injected
group (ii) the extremely significant increase (p<0.0001)baseline calcium of the poly (I:C) injected rylis
(52% more than the vehicle-injected control gland&s extremely reduced (p<0.00001) when calciura wa
removed from the incubation buffer. (iii) Even imetabsence of extracellular calcium, acinar urfithe poly
(I:C) injected glands showed an extremely signifidacrease in basal calcium compared to the velgbcted
control (p=0.0004). In théG-treated group: (iv) although poly (I:C) still induced an extrelpesignificant
increase in basal calcium (p<0.0001), the percentmgrease represented only 13%, compared to the
contralateral vehicle-injected control gland. (vilem the physiologic units were incubated in a catefree
buffer, the resting [Cd]; nearly paralleled the reference levels recordetércontrol gland (Fig. 4d).

3.7 AG inhibited lysosomal discharge

The persistent increase in baselinean the poly (1:C)-injected glands despite calcivemoval from the

extracellular medium, directed us towards assurteagage of an intracellular €arich organelle. Lysosomes
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contain up to 600 mM calcium [26; 27], nearly matghthe concentration described for ER, the clasalcium
storage organelle [28]. To assess whether poly) (hGuced lysosomal membrane breach and consequenti
release of the organelle contents, we assessdzhad immunoexpression of the lysosomal proteattepsin-

B, in the control SMGs, following poly (I:C) injéoh and treatment with AG-. In the control vehiaiected
glands, cathepsin B was exclusively seen in thmpelear regions of the SMG duct cells. Followingraductal
infusion of poly (I:C), cathepsin B was depletednfr the peri-nuclear, ductal confinement and shofaéu,
widespread immunostaining. In contrast, in respdosAG priming, the SMGs showed maintained effitien

preservation of lysosomal membrane integrity amthpelear Cathepsin B immunolocalization (Fig. 5).

4. Discussion

In the current study, the physiological responsethe mouse SMG to acute induction of nitrosatitess
signals were comprehensively characterized. iINO8gipation and ONOO- overproduction, which were
prompted following innate immune activation of t86s, impaired saliva secretion via dysregulatiorCef
homeostasis (Fig. 6). One important finding in fiesent study, is the demonstrated ability of S@&hefal
cells to overexpress iINOS and the reactive nitrgpaties ONOO-. By expressing these mediatorsrhsasad
to 6h after injection of an inflammagen, the patgmaal cells clearly demonstrate their central inleeleasing
the first inflammatory signals in response to exé@us injuries, independent of the bystander reségaed to
infiltrating immune cells [17].

To investigate the injurious role played by iINOS/O®- in innate immune-mediated hyposalivation, nieze
systemically pre-treated with aminoguanidine hy#itodde, a selective iNOS inhibitor [29; 30]. Sinpéot
experiments revealed that a single i.p. dose ofw&s only sufficient to inhibit INOS for up to 9h gtapoly
(I:C) retrograde injection, we employed a longerntenhibition protocol to acquire sufficient iINO$traction,
24h post poly (I:C) introduction [18], which was nuatory to conduct the calcium experiments. Funetio
analysis of the AG-treated model revealed remagkadtovery of the poly (I:C) injected glands, ate@td 24h
post infection, compared to the non-treated animals

Peroxynitrite is believed to be responsible for Hamful effects of INOS-derived NO during inflamtioa
[31]. It is a powerful oxidant formeth vivo, that can directly react with different biomolegsil[32]. An
important aspect of peroxynitrite-mediated toxidyits capability of promoting tyrosine nitratiom proteins
(substitution of a hydrogen by a nitro group (-M@ the position 3 of the phenolic ring), with N8F being the

end product [33]. Indeed, protein 3-NT is estal@slas a biomarker of oxidative stréssivo, being revealed
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as a strong biomarker and predictor of diseaset @msk progression [32]. We showed that decreadeation

of the SMG proteins and retracted 3-NT expressias accompanied by improved SG function. The reduced
expression of 3-NT in response to iINOS inhibitienim accordance with the previous demonstration tha
production of reactive nitrogen species in miceompletely dependent upon NO derived from iNOS.[34
SERCA exists as three isoforms: SERCA2a, SERCA2tbh SBERCA 3 [35]. While SERCAZ2a is mainly
expressed in excitable cells and smooth muscleRC3&b is preferentially localized in the ER of non-
excitable cells [36]. SERCA2b, which has been shtwhe present in salivary gland cells [37], playsajor
role in the rate-limiting replenishing of intraadlr calcium stores after secretagouge-stimulatdium
release [38; 39; 40; 41]. The present model redeacute reduction in SERCA2b expression in the
submandibular gland following local treatment wijhly (I:C). Previous studies have shown NO-mediated
downregulation of SERCA2b expression [42], presusnabrough interfering with binding of transcriptio
factors to the SERCA2 promoter [12]. In additiohe tpoly (I:C)-injected glands exhibited extensive c
localization of 3-NT and SERCA2b. Given the obsendecrease in SERCA2b expression and its viciaity
potent oxidant, it was surmised that would be aicddn in SERCA2b activity, and loss of its tigldntrol on

ER and cytosolic calcium levels. Our hypothesis walilated by the dramatic changes in acing’ €gnalling
measured 24h after poly (I:C) introduction. Disiaps were in the form of reduced release of'Geom the
ER, evoked by either carbachol or ionomycin irf'@eee medium, as well as elevated resting?[l;aevels
prior to compound applications.

The reduction in magnitude of Eaelease from the ER independent of activatiorP8R; i.e. with ionomycin,
suggested that [¢ger content was diminished and this was reflectedhénimpairment of carbachol-stimulated
Cée* release. The reduced expression and physicalcedization of SERCA2b and peroxynitrite may explain
the inability of the pump to replenish [ERr, accounting for the reduced Caontent in the intracellular store.
Importantly, the prevention of ONOO- accumulation &G, preserved the calcium response to carbaambl a
ionomycin stimulation, which highlights the involwent of upregulated iINOS and peroxynitrite in the
impairment of acinar cells following innate immuakeallenge. Future experiments to verify the infoitof
SERCA2b and other calcium pumps and channels iporesg to excessive iINOS production can provide
valuable insights into the mechanisms of SG dysfanassociated with disrupted redox status inaase to
proinflammatory stimuli. Resting [¢§; showed an extremely significant elevation in tldyp(I:C)-injected
glands, prior to secretagogue stimulation. Remo¥ahlcium from the extracellular buffer as welltesatment

of the mice with AG, remarkably retrieved the bg€#*]; levels, suggesting that iNOS mediated a breach of
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the plasma membranes in the poly (I:C) injected SMG Interestingly, in the current model,
immunohistochemical staining revealed the preféaérbcalization of 3-NT in the acinar and duct Icel
membranes, which may suggesting that peroxynitnterced damage of plasma membranes would occur
resulting in loss of cellular Ga[43; 44] and sequential changes in membrane péititgaand fluidity [45].
Despite removal of Gafrom the prepared buffers, the baseline calciurallevas not completely restored in the
poly (I:C) injected glands, which suggested leakfxgen an intracellular source. Immunostaining of tissue
sections from poly (I:C) injected SMGs verifiedsbsomal membrane permeabilization (LMP) and the
consequent release of cathepsin B, the most abtipdatease [46]. Interestingly, cathepsin B maystikute an
amplifying feedback loop, in which a small amouht@leased cathepsin B triggers more extensive lfim
outside the lysosome [47; 48]. Several mechanismnsdisrupt the integrity of the lysosomal membrit®.
The exact trigger for disruption of lysosomes ie tturrent model has not been comprehensively ilgatst

but the rapid involvement of INOS-dependant medrasihas been verified. Further studies will be ootet

to investigate the pathological consequences diepasin B release, given its capability to protaohlty
modify molecules implicated in cell death pathw§48].

Acute depletion of [C]er is an upstream prerequisite in the pathophysiologynany diseases [50]. The
present study has identified INOS as a key medititat disrupts acinar cell calcium signalling leagito

impaired exocrine secretion following activationimhate immunity in an acute salivary gland injamgdel.
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Tables

Table 1. List of antibodies used in immunatisiemical and western blot analysis

Source & Catalogue Number Host
Antibody
iINOS Novus Biologicals, USA, NB300- Rabbit
605
3-Nitrotyrosine Millipore, 05-233 Mouse
SERCA2 ATPase Novus Biologicals, NBP2-20305 Rabbit
Cathepsin B (S-12) Santa Cruz Biotechnology, sc- Goat
6493
Polyclonal Goat Anti-Rabbit Dako, P0448 Goat
Immunoglobulins-HRP
Polyclonal Goat Anti-Mouse Dako, P0447 Goat
Immunoglobulins- HRP
Goat anti-Mouse 1gG (H+L) Thermo Fisher Scientific, A- Goat
Secondary Antibody, Alexa Fluor® 11005
594 conjugate
Donkey anti-Rabbit 1IgG (H+L) Thermo Fisher Scientific, A- Donkey
Secondary Antibody, Alexa Fluor 21206

488
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Working

Dilution

1:1000

1:1000

1:1000

1:1000

1:200

1:100

1:1000

1:1000
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Figure Legends:

Figure 1: INOS and Peroxynitrite expression in theSMGs. A: Western blotanalysis of the upregulated
protein levels of INOS, in response to poly (I:@)ection (P-PIC), compared the control, vehicle-injected
group (V-C). The data are representative of reduis three independent experimers. Photomicrographs
showing negative expression of INOS in the vehicgcted SMGs, compared to the early and intense
immunolabelling of acini (yellow outlines) followgnpoly (1:C).C: Upregulated expression of the peroxynitrite
marker 3-nitrotyrosine (3-NT) was noted in the duged outline) as well as the basal surfaces obacells

(black arrows) following poly (I:C). Original madigation=40x.

Figure 2: Salivary gland function and peroxynitrite activity. A: Functional analysis following poly (1:C)
and the selective iINOS inhibitor, aminoguanidine.Enhancement of SMG secretory function from mice
treated with aminoguanidine (AG+PIC), compared lands from mice which received poly (I:C) only (RIC
Minimum n=3 mice per group, maximum n=@®: Western blot of the peroxynitrite marker; 3-
Nitrotyrosine. Poly (I:C) prompted nitroxidative stress in the GMfollowing poly (I:C) introduction (Sh P-
PIC): a plethora of SMG proteins exhibited tyrosimiération compared to the control (V-C), which was
markedly reduced upon aminoguanidine treatment GR-PIC). Representative data from three indepgnde

experiments.

Figure 3: Immunohistochemistry of SERCA2 ATPase angberoxynitrite activity. A: Microphotographs of
multi-colour confocal microscopy analysis confirmirg co-localized expression of SERCA2 ATPase and 3-
NT and. In thenormal SMGs, negative 3-NT expression and intense ductal aifdi acinar clustering of the
SERCA2.9h Post infection with poly (I:C), abundant co-localization of the upregulated 3-#dining with
down-regulated SERCA2 stainingG-treated SMGs revealed the obvious decline of 3-NT expressiah the
regular SERCA2 labelling of the SMG cellB: Immunohistochemistry and digital image analysis of
SERCA2b ATPase in the control and poly (I:C)-injeced glands from the AG treated and non-treated
mice. In the control glands, SERCA2 was intensely imnaxpoessed in the basal domains of striated dusts, a
well as in the form of peri-nuclear cytoplasmicryrbes in the acinar cells. After poly (I:C) retrade infusion,
an overall retraction in the SERCA2 expression pageived, which was efficiently reversed when mieze
primed with the iNOS inhibitor, aminoguanidine (AGERCA2b immunostaining area percentage: *p= (023

and ****p<0.0001. Representative data from thregdeipendent experiments.
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Figure 4: Changes in intracellular C&" in poly (I:C) treated SMGs in response to AG predeatment. A
and B: Fura-2-detected fluorescent signals in SMGsn response to stimulation with 50 uM carbachol.
SMGs from mice treated or not treated with AG afl a® the relevant vehicle injected controls wesedis The
cholinergic agonist carbachol was added to deteet|€&"]; response in the acinar units. Stimulated*Ca
response graph represents #@410/380 (maximal [C&]; increase after carbachol application minus itsabas
expression prior to stimulation). Poly (I:C) triggd 91% reduction in the [€%, which was reduced to only
13% in the glands from AG-treated animals, compamedhe glands which received the vehicle ordy.
lonomycin-induced C&* release from the intracellular storeslsolated acinar cells of vehicle and poly (I:C)
injected SMGs from AG treated and non-treated alsimare incubated in Ca-free medium. Poly (I:C)ucst
ionomycin-stimulated CA release from the internal stores by 70%, whenedhd presence of AG, only 36%
reduction was perceived.: Baseline 340/380 ratio in the SMGs treated or ndreated with AG. Differential
changes in baseline calcium among the tested dbg#iounits as explained in the text. Ca: Calciuomaining

buffer, NCa: Incubation buffer free of CaCl2 anchtmining 1M EGTA.

Figure 5: Cathepsin B immunoexpression in the SMGsPhotomicrographs showing the characteristic fine
perinuclear granules of cathepsin B in the con®®IG ducts, consistent with its lysosomal localiaati24h
post its intraductal infusion (24h P-PIC), polyQ):induced extra-lysosomal cathepsin B releasetimoSMG
tissues. AG treatment (AG+24h P-PIC) caused theiefit retention of the peri-nuclear lysosomal pese in
the ducts of the infected glands, similar to itsnamolocalization in the control tissues. Originagnification=

40x.

Figure 6: lllustration summarising the impact of innate immune-mediated INOS overexpression on the
exocrine salivary gland secretory machineryParenchyma-expressed iNOS/ONOO- disrupted theesgjon
and possibly the activity of the SERCA2b, whichhtly controls the cytoplasmic as well as the endspplic
reticulum calcium levels. Physiological saliva puotion is entirely dependent on the integrity dfacellular
calcium signalling, the interruption of which infered with the ability of the submandibular glandssecrete

normally.
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Highlights

Innate immune stimulant poly (I:C) induced prompted the upregulated expression of iNOS
and 3-Nitrotyrosine in the C57BL/6 submandibular glands.

Aminoguanidine, a selective iNOS inhibitor blocked the nitrosative signal in vivo and
protected the SMG secretory machinery.

iNOS/peroxynitrite interfered with the SMG secretory ability via dysregulating the
expression of SERCA2b and perturbing calcium homeostasis.



