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Immune cell infiltration and glandular dysfunction are the hallmarks of autoimmune diseases such as primary
Sjogren’s syndrome (pSS), however, the mechanism(s) is unknown. Our data show that metformin-treatment
induces Ca2+ signaling that restores saliva secretion and prevents immune cell infiltration in the salivary glands of
IL14a-transgenic mice (IL14a), which is a model for pSS. Mechanistically, we show that loss of Ca2+ signaling is a
major contributing factor, which is restored by metformin treatment, in IL14a mice. Furthermore, the loss of Ca2+
signaling leads to ER stress in salivary glands. Finally, restoration of metformin-induced Ca2+ signaling inhibited the
release of alarmins and prevented the activation of ER stress that was essential for immune cell infiltration. These
results suggest that loss of metformin-mediated activation of Ca2+ signaling prevents ER stress, which inhibited

the release of alarmins that induces immune cell infiltration leading to salivary gland dysfunction observed in

pSS.

1. Introduction

Primary sjogren’s syndrome (pSS), a well-established chronic sys-
temic autoimmune disease is characterized by intensified lymphocytic
infiltration in exocrine glands, and damage of both salivary and lacrimal
glands [1]. The most common clinical symptoms are xerophthalmia (dry
eyes), causing eye inflammation and corneal abrasions, and xerostomia
(dry mouth) which leads to oral candidiasis, caries, and other oral in-
fections [2]. Even though the etiology and pathogenesis are not fully
known, studies have shown that Sjogren’s syndrome might be the result
of various factors that include genetic predisposition, environmental
factors, hormones, and immune dysregulation [3]. Sjogren’s syndrome
patients have also been diagnosed in conjunction with other autoim-
mune diseases, such as rheumatoid arthritis, systemic lupus erythema-
tosus (SLE), and systemic scleroderma [4-7].

Even though the pathogenesis of pSS is not entirely comprehended, it
has been shown that it can be a result of both innate and adaptive im-
mune response; an increase in CD4 T cells induces inflammatory cyto-
kines, which is directly related to the augmented secretion of B cells, a
key feature of primary Sjégren’s syndrome, resulting in high secretion of
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autoantibodies, that precedes most autoimmune diseases [4,8]. More
than 60% of patients suffering from pSS show irregular levels mostly of
autoantibodies such as anti- SS-A/Ro or anti SS-B/La, muscarinic re-
ceptor, anti-fodrin receptor antibodies, and rheumatoid factor, causing
aggravating symptoms and life-threatening comorbidities. While these
specific antibodies might not be specific for this autoimmune disease, it
has been shown that they are associated with the early development of
the disease, also they might be responsible for salivary gland lympho-
cytic infiltration and dysfunction, hypergammaglobulinemia and other
dysfunctions related to high B-cell activation [9].

Metformin is a well-known prescription drug for Type II diabetes, an
oral anti-hyperglycemic agent that improves insulin sensitivity via
AMPK-dependent and AMPK-independent mechanisms, resulting in a
direct decrease in glucose. Metformin has also been studied for its
anticancer effects exhibiting a decrease in regulatory T cells in tumors,
and inhibitory effects on angiogenesis [10]. In a recent study, metformin
was discovered as a newfound benefit in autoimmune diseases, for
showing anti-inflammatory antiproliferative, antifibrotic, antioxidant
effects and immunomodulatory effects [5-7]. Other studies have also
suggested that metformin actions go further, such as germinal center
formation, macrophage polarization, cytokine production, etc, thereby
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Abbreviations

(pSS) Primary Sjogren’s syndrome
(Ca2+) calcium

(IL14a) Interleukin 14 o

(ER) Endoplasmic reticulum

(DAMPS) Danger-Associated Molecular Patterns

making metformin a candidate for treatment for immune-mediated
diseases [11]. Similarly, metformin has been shown to reduce salivary
gland inflammation and decreased in pSS incidences were observed in
patients taking metformin [12,13], suggesting that it can help Sjogren’s
patients, but the mechanism is not known.

B cell growth factor cytokine IL-14a was first identified from Burkitt
lymphoma cells, and it was associated with increased B cell prolifera-
tion, mainly of germinal center B cells that includes B1 cells (CD5 pos-
itive) and activated B2 cells (CD5 negative). Importantly, B1 population
have been further divided into two subpopulations: Bla lymphocytes
that express CD5, and B1b lymphocytes that do not express CD5, but
share all the other attributes of B1 cells [14], thus could be further used
to differentiate various B cells in SS patients. It was well established that
transgenic mice IL-14a exhibits a phenotype that is very similar to some
autoimmune diseases, such as Systemic lupus erythematosus (SLE) and
Sjogren’s syndrome [15]. These transgenic mice expressing IL-14a in the
B cell compartment has demonstrated first an increased autoantibodies
and cytokines, followed by hypergammaglobulinemia, lymphocytic
infiltration of parotid glands and large B cell lymphomas, all symptoms
observed in SS patients [15-18]. Thus, we use IL-14a Tg mice as a model
for Sjogren’s syndrome progression and showed that metformin treat-
ment decreases lymphocytic infiltration, restore saliva production, and
blocks DAMPS (danger-associated molecular patterns) release. More-
over, to understand the mechanism, we showed that metformin treat-
ment also inhibits ER stress progression on IL-14a Tg mice and increase
Ca?" signaling.

2. Materials and methods
2.1. Human samples, animals, and HSG cells culture

8-12 female mice all 9-month-old of age, control (wild type; C57BL/
6) and IL14a Tg were used for these experiments. The IL14x Tg-mice
were generated as previously described in Refs. [15,16]. Animals were
housed in an AAALAC accredited animal housing close monitored by the
University of Texas-San Antonio Laboratory Animal Resources where
temperature is controlled under a 12/12-h light/dark cycle with free
access to food and water. Institutional guidelines were followed in all
animal experiments. To study the effect of metformin (Sigma, St. Louis,
MO) on IL14a Tg-mice, animals were fed orally using polypropylene
feeding tubes (Instech, Plymouth Meeting, PA USA). The compound was
given daily for 90 days at the concentration of 5 mg/kg bodyweight/day.
Once the treatment timeline was ended mice were sacrificed and organs
and blood collected for experiments. Human minor salivary glands that
fulfilled the 2016 ACR-EULAR criteria for pSS were classified as pSS
whereas patients that do not show at least 4 classifications (lymphocytic
sialadenitis with a focus score >1 foci/mm?, autoantibodies positivity,
Schirmer test <5 mm/5 min, and an unstimulated salivary flow rate
<0.1 ml/min) were identified as non-SS (nonSS-SICCA) and were used
as controls from NIH. Informed consent was obtained from patients and
the samples used were discarded tissues without identifying information
after disease diagnosis. Human Submandibular Gland (HSG) cells [19]
were cultured (2 x 10° cells/ml) in MEM medium supplemented with
10% FBS, penicillin (50U/ml) and streptomycin (50 pg/ml) and cells
were maintained at 37 °C with 95% humidified air and 5% CO.

Journal of Translational Autoimmunity 7 (2023) 100210
2.2. Saliva collection and analysis

All C57BL/6 wild type and IL14a Tg mice were anesthetized 5 min
before testing and then intraperitoneally injected with pilocarpine (0.5
mg/ml) at 1 pl/g body weight (Sigma, St. Louis, MO). Following the
injection, mice were laid on heated (37 °C) small blue hospital pads (Size
23 x 36 inch) with the head tilted slightly downward into a pre-
weighted 1.0 ml tube (Eppendorf, Enfield, CT) the secreted saliva was
collected in every 4 min interval for a total length of 16 min and was
quantified gravimetrically.

2.3. Immunohistochemistry and imaging

C57BL/6 wild type and IL14a Tg (n = 8) mice had their salivary
glands removed and fixed in 4% paraformaldehyde for up to Shr then
transfer to a 70% ethanol container and sent to University of Texas-San
Antonio Histology and Immunohistochemistry Laboratory. Paraffin-
embedded, formalin-fixed human and mice salivary gland tissue sec-
tions, 5-pm-thick, were stained with hematoxylin and eosin (H&E) and
focal lymphocytic infiltration areas in H&E slides were captured and
assessed using BZ-X800 All-in-one Fluorescence Microscope technology
(Keyence, Osaka, Japan). For fluorescent confocal imaging, salivary
gland sections from respective animals were permeabilized with 0.1%
TritonX-100 in PBS (pH 7.4), blocked (using 5% BSA in PBS) and probed
overnight with the respective primary antibodies in a hydrated chamber
maintained at 4 °C. Following incubation with the primary antibodies,
the slides were washed and incubated with fluorophore-conjugated
respective secondary antibodies for 1 h at room temperature. There-
after the slides were washed, and coverslip mounted using Vectashield
hardest mounting media with DAPI (Vector Laboratories, CA). Images
were acquired at 10x magnifications using a confocal laser LAS X Life
Science Microscope (Leica Microsystem, Deerfield, IL). Morphological
details and fluorescence were analyzed using Image-J software (NIH).
The microscopic images were imported to Keyence BZ-X800 analyzer
(Osaka, Japan), selected areas (n = 4) at low magnification were used
for infiltration analysis into the salivary gland tissue, once confirmed at
high magnification that invasive proliferation of cells was present. To
count the infiltrated cells, we use the function Hybrid cell counter at
higher magnification.

2.4. [Ca®Mi measurements

Fura2-AM fluorescence in single cells was measured by micro-
fluorimetry using a TILL Photonics spectrofluorimeter (Polychrome 4,
Applied Scientific Instrumentation and TILL Photonics In., Eugene, OR)
attached to an inverted Olympus X70 microscope with a Fluor 40x oil-
immersion objective. Images were acquired using an enhanced CCD
camera and the Metafluor software (Universal Imaging Corporation,
PA).

2.5. Electrophysiology

For patch clamp experiments, coverslips with cells were transferred
to the recording chamber and perfused with an external Ringer’s solu-
tion of the following composition (mM): NaCl, 145; KCl, 5; MgCl2, 1;
CaCl2, 1; Hepes, 10; Glucose, 10; pH 7.4 (NaOH). Whole cell currents
were recorded using an Axopatch 200B (Axon Instruments, Inc.). The
patch pipette had resistances between 3 and 5 M after filling with the
standard intracellular solution that contained the following (mM): ce-
sium methane sulfonate, 150; NaCl, 8; Hepes, 10; EGTA, 10; pH 7.2
(CsOH). Basal leaks were subtracted from the final currents and average
currents are shown. The maximum peak currents were calculated at a
holding potential of —80 mV. The I-V curves were made using a ramp
protocol ranging from —100mV to +100 mV and 100 ms duration was
delivered at 2s intervals, whereby current density was evaluated at
various membrane potentials and plotted. All experiments were carried
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out under room temperature.
2.6. Flow cytometry

For cell markers staining, cells were obtained from submaxillary
glands and blood from all mice. First, to isolate the cells from the tissue,
submaxillary glands were cut into pieces of 2-3 mm and incubated in 1
mg/ml sterile collagenase solution (Roche Diagnostics, Mannheim,
Germany) in PBS (Corning, Corning, NY) for 1 h at 37 °C, once digestion
was completed, the cell suspension was filtered through a 70-pm nylon
Falcon cell strainer (Becton Dickinson, San Jose, CA), and resuspended
in FACS buffer (1% BSA and 0.05% sodium azide in PBS) at a concen-
tration of 2 x 10° cells/ml. Second, whole blood was collected by car-
diopuncture protocol [20], and peripheral blood mononuclear cell
(PBMC) isolation were performed by density gradient centrifugation
using Histopaque®-1077 (Sigma, St. Louis, MO) solution, separated cells
were washed with PBS (Corning, Corning, NY) twice, resuspended in
Flow cytometry buffer before staining, and run through BD LSRII flow
cytometer, where 10,000-20,000 events were acquired per sample, data
was analyzed using FlowJo 9.0 (San Jose, CA, USA). Various combina-
tions of antibodies labeled with fluorescent-labeled anti-mouse anti-
bodies anti-were used at dilutions indicated below.

List of antibodies.

Antibody Host Clonality Dilution Company
factor
CD8u (2.43) Rat Monoclonal ~ 1:50 Cell Signaling
CD3 (17A2) Rabbit Monoclonal 1:1600 Cell Signaling
ELF-2a (D7D3) Rabbit  Monoclonal  1:1000 Cell Signaling
NK1.1 Mouse  Monoclonal  1:200 Abcam
CD11c (D3V1E) Rabbit ~ Monoclonal  1:200 Cell Signaling
CD8u (D4W27) Rabbit  Monoclonal  1:1000 Cell Signaling
CD19 (eBiolD3 Rabbit Monoclonal 1:1000 ThermoFisher
(1D3))
CD4 (GK1.5) Rabbit Monoclonal 1:1000 ThermoFisher
CD194 (CCR4) Rabbit Monoclonal 1:1000 ThermoFisher
(D8SEE)
CD11b (M1/70) Rabbit Monoclonal 1:1000 ThermoFisher
CD49b (HMAZ2) Rabbit  Monoclonal 1:1000 ThermoFisher
CD183 (CXCR3) Rabbit Monoclonal 1:1000 ThermoFisher
CD196 (CCR6) Rabbit  Polyclonal 1:1000 ThermoFisher

2.7. Measurement of alarmins and cytokines levels

HGMB1, Histone 3, hsp70 levels in the supernatant were measured
using the Enzyme-Linked ImmunoSorbent Assay (ELISA) kit (Life
Technologies, Carlsbad, CA, USA) following the manufacturer’s in-
structions using standard diluent buffers designed for use with mouse
supernatant. All samples were measured on a single 96-well plate for
each cytokine, the cultured medium was centrifuged at 800 G at for 5
min 4 °C and the supernatant was used as the sample. Based on that
criterion, all cytokine values for the HSG supernatant samples examined
were above the limit of detection and within the reportable range of
each assay.

2.8. Statistical analysis

Data analysis was performed using Origin 9.0 (OriginLab, North-
ampton, MA) and Graphpad prism 8.0 (San Diego, CA). Statistical
comparisons were made using Student’s t-test. Experimental values are
expressed as means + S. D or means + S.E. Differences in the mean
values were considered to be significant at p < 0.05.
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3. Results

3.1. Lymphocytic infiltration in salivary glands is observed in Sjogren’s
syndrome

It has been established that primary Sjogren’s syndrome (pSS) pa-
tients present histopathologic presence of lymphocytic infiltration of the
salivary and other exocrines glands of the respiratory tract. Studies
showed that the infiltrate is comprised by B and T cells mostly, with the
predominance of CD4 T™ cells, characterizing by a chronic inflammation
and gland degradation [21,22]. To initially conform and to obtain a
deeper understanding of the lymphocytic infiltration on pSS patients
against control, we obtained images of a salivary gland tissue stained
with hematoxylin and eosin (H&E) protocol showing increased lym-
phocytic infiltration displayed in pSS patients (data not shown). To
identify what type of lymphocytes were preset in the samples, we per-
formed immunofluorescence staining to detect immune cells revealing
an increased number of B cells, monocytes, and natural killer (NK) cells
in pSS samples (Fig. 1A). These results are consistent with studies
showing that shows that pSS patients are known to display B-cell hy-
peractivity and increased inflammatory levels. Activated T
cell-mediated B cell activation is a marker of pSS progression; thus, we
also investigate the characteristics of the T cell infiltration. Importantly,
we use microscopic immunohistochemistry for the expression of CD3, a
known marker for T cells along with ELF-3 a transcription factor, that is
critical for T cell activation in pSS samples against control. pSS samples
displayed a higher expression of CD3"ELF-37 when compared with
control patient samples (Fig. 1B). Overall, the H&E and immunohisto-
chemistry staining showed that pSS demonstrated a high level of lym-
phocytic infiltration in salivary glands characterized mainly by B and T
cells.

In comparison with our human data, we use 6-month-old IL14a Tg
mice, a known mice model for Sjogren syndrome, and observed an in-
crease in lymphocytic infiltration (Fig. 1C). We next characterized the
different types of lymphocytes were present between age- and gender
matched wild types and IL14a Tg 6-month-old mice by flow cytometry.
Our data shows that there is a significant increase of B cells, monocytes,
and T cells in IL14a Tg mice than its counterpart wild type (Fig. 1D). For
a better understanding of when the progression of the disease occurs in
mice, we performed flow cytometry in PBMCs (peripheral blood
mononuclear cells) from these mice at different ages (1, 6 and 12 months
old). We use markers for B cell (CD19 APC), monocytes (CD11b FITC),
CD4™T cell (PE), CD8'T cell (eFlour450), Th1* (CXCR3" PerCP-cy5.5)
and Th17% (NK 1.1 PE-Cy7). We observed an increase of lymphocytes
starting at 6-month-old along with B and T cells (Fig. 1E). Together these
results are consisted with studies showing that lymphocytic infiltration
is a main trait on the progression of the pathogenesis of Sjogren’s syn-
drome, and its largely comprised by an increase of B cells, that in turns
promotes inflammation [23-25].

3.2. Lymphocytic infiltration in salivary gland tissue in IL14a Tg mice is
reversed by metformin treatment

As current therapies have limited success in pSS patients, we started
evaluating with FDA-approved drugs to see if they can reverse Sjogren’s
Syndrome symptoms in mice. Studies have shown that metformin can be
used as a treatment for different autoimmune diseases, due to its
immunoregulation ability to decrease inflammation [13]. To further
investigate the effects of Metformin on the progression of Sjogren’s
syndrome, we gathered 16 IL-14a Tg 6-month-old female mice and
divided them into 2 groups, one was the control group where we fed
them saline in a daily basis, the treatment group was fed metformin
orally daily at a concentration of 5 mg/kg of body weight. On day 0, all
mice were weighted and randomly distributed into two groups; after
that on day 1 we started the treatment, after 90 days animals were
sacrificed and blood, saliva, and salivary gland were collected for
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Fig. 1. Primary SS patients and IL14a-mice shows immune cell infiltration. Patients showing immune characteristics and IL14a Tg mice (n = 8) salivary glands were
analyzed for immune cell infiltrations. (A) Confocal images showing the expression of immune cells on the pSS slides and the activation of ER stress. Samples were
first stained with CD14 (monocyte cell marker) (FITC), CD19 (B cell marker) (FITC) and NK1.1 (Natural killer cell marker) (FITC) in salivary glands from primary
Sjogren’s syndrome (pSS) samples, representing immune cell infiltration in selected tissue. (B) Subsequently, analogous samples were stained with CD3 and ELF-2a
showing the increased ER stress in infiltrating lymphocytes in SS patients’ salivary glands against control patients. The images shown are representations of three
individual experiments. (C) Shows H&E staining in salivary gland of 6-month-old IL14a Tg-mice showing immune cells infiltration (images are representation of 6
individual samples performed in triplicate). On the smaller pictures we show the augmented presence of infiltrated immune cells. (D) Lymphocytes were isolated
from salivary glands of 6-month-old IL14a mice (n = 8) and control littermates (n = 8). Afterwards cells were stained with anti-CD19 (PerCP-Cy5.5), anti-CD4 (PE),
and anti-CD11b (APC) using multi-color flow cytometry. (E) Bars represent the immune cells quantification from flow cytometry, isolated from salivary glands from
IL14a Tg and control mice from different ages (1, 6 and 12 months), cells were stained with anti-CD11b (marker for monocytes), anti-CD4 and anti-CD8 (marker for T
cells), anti-CD19 (marker for B cells), anti-CXCR3 (marker for Th1 T cells) and anti-CCR6 (marker for Th17 T cells). Age groups used are indicated in the figure and
the images shown are representation of 3 separate experiments. Data shown are representative of three independent experiments with similar results. Bar graphs
depict average + SD for relative values, ***p < 0.001, **p < 0.01, NS = non-significant (Student’s t-test).

experiments (Fig. 2A). First, in order to determine if metformin treat- significant decrease of immune cell infiltration is observed in the
ment would influence salivary gland function, we next evaluated saliva metformin-treated IL14a Tg-mice in comparison with control saline
secretion in saline and metformin treated IL-14a Tg mice. Saliva secre- treated IL14a Tg-mice (Fig. 2D and E), which showed multiple foci
tion was initiated by the addition of pilocarpine, and both total saliva formation in the salivary gland tissue (Fig. 2D). Quantification of the
and the flow between the two groups were evaluated. Interestingly, immune cell infiltration was also determined, which confirmed that the
there was a significant increase in the total saliva secretion in metformin number of infiltration (calculation obtained by counting nuclei forma-
treated IL14a Tg-mice when compared with saline-treated IL14a Tg tion on specific and pre-determined areas on both groups) was signifi-
mice (Fig. 2B). Similarly, an increase in flow rate was also observed in cantly decreased in metformin treated IL14a Tg-mice (Fig. 2F).
IL14a Tg-mice that were treated with metformin (Fig. 2C). Collectively Furthermore, we also determined the impact of metformin treatment on
these results showed that metformin treatment can recover salivary the immune cells that were infiltrated in the salivary gland tissue. After
gland dysfunction in IL14a Tg mice, which is a major condition in the collecting the salivary gland, tissue was washed in PBS (1x) then cell
progression of SS disease. disintegration was performed before staining the cells with immune cell

To further evaluate the effect of metformin in reversing immune cell markers. Cells were stained with markers for B cells (CD19 APC),

infiltration, we initially quantified the infiltration of lymphocytes in monocytes (CD11b FITC), macrophages F4/80 (Alexa Fluor 594),
salivary gland tissue. Studies have shown that metformin is a key CD4™T cell (PE), dendritic cells (MHC II APC-Cy7) and natural killers

component for cancer and autoimmune diseases, due to its antitumor (CD49b PE-Cy7) (Fig. 2G). Importantly, we observed a significant
activity and immunomodulatory effects, besides its use for diabetes decrease in all tested immune cells obtained from tissue lysates from
treatment [26]. Microscopic images of H&E-stained slides were animals treated with metformin and control, suggesting that this drug is
analyzed from IL14oa Tg-mice treated with metformin daily (orally 5 vital for the weakening of the progression of this disease.

mg/kg of body weight) and with saline (control), we show that a
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Fig. 2. Decreased in immune cells infiltration observed in IL14a Tg-mice when treated with Metformin: Metformin treatment improves IL14a Tg mice inflammatory
levels. (A) Schematic illustration showing 6 months old IL14a Tg mice were treated with metformin (n = 8) or saline (control, n = 8) for 90 days and then sacrificed.
Salivary glands, blood and saliva were used for further analysis. (B) Saliva flow rate in 6-month-old IL14x Tg mice treated with Metformin and saline alone is shown
as line graph, which showed a time-dependent decrease in saliva secretion. Quantification of saliva flow is shown as bar graph. Error bars represent means + SE. *
indicates p < 0.05 difference between the two groups. (C) Saliva secretion was induced by pilocarpine in 6-month-old IL14a Tg mice treated with Metformin and
saline alone and plotted. The data presented are representative of 6-8 animals in each group. Saliva was collected every 4 min, and total saliva secreted is plotted as
line graph. Quantification of total saliva secreted is shown as bar graph. Error bars represent means + SE. * indicates p < 0.05 difference between the two groups.
(D-E) Shows H&E staining in salivary glands from 6-month-old IL14a Tg-mice with saline and treated with metformin for 90 days, the presence of immune cells is
singled out (images are representation of 3 individual samples performed in duplicate). (F) Bar graph showing percentage of infiltration cells from the tissue samples
from Fig. 1D and E. Images shown are representation of 3 individual experiments. Values are expressed as mean + SE. *** indicates significance p < 0.001. (G)
Lymphocytes were isolated from salivary glands of 6 months old IL14a mice treated with saline and metformin (for 90 days). Flow cytometry was performed, and the
isolated cells were stained with anti-CD19 (PerCP-Cy5.5), anti-CD11b (PE), anti-F4/80 (Pacific blue) anti-CD4 (PE-Cy7), anti-MHCII (FITC), and anti-CD49b (Alexa-
Fluor 647) using multi-color flow cytometry. Bar graphs represent the percentage of total number cells marked positively for the specific markers. Data shown are
representative of three independent experiments with similar results. Bar graphs depict average + SD for relative values, ***p < 0.001 (Student’s t-test).

3.3. Ca®' signaling is restored in HSG cells by metformin treatment (first peak) in primary salivary cells obtained from submandibular
glands of control saline and metformin-treated IL14o Tg-mice (Fig. 3A).

To further establish the mechanism as how metformin can reverse a Importantly, ER Ca®" levels were significantly higher in acinar cells
complex part of SS pathology, we evaluated the effects of metformin obtained from metformin-treated IL14a Tg-mice (Fig. 3A and B). Simi-
treatments in key signaling processes. Ca®" signaling is not only critical larly, Tg-stimulated Ca?t entry (second peak) was also significantly
for saliva secretion, but also maintains immune cell function [27-29]. higher in acinar cells obtained from metformin-treated IL14a Tg-mice
Importantly, primary acinar cells isolated from IL14a Tg-mice showed a (Fig. 3A and B). Next, we evaluated if metformin effect is dose depen-
difference in Ca®* signaling. Addition of thapsigargin (Tg, 2 uM in the dent and a gradual increase in intracellular Ca®* levels ([Ca®*];) was
absence of extracellular Ca>"), which is a potent blocker of the sar- observed upon the addition of metformin (Fig. 3C-G). Our previous
coendoplasmic reticulum Ca®" transport ATPase and depletes intracel- studies have identified that TRPC1 is important for Ca®" entry in sali-
lular Ca%* stores, showed a significant increase in cytosolic Ca%* levels vary gland cells that modulates saliva secretion [30,31]. To further
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Fig. 3. Ca®" signaling recovery in IL14« Tg-mice after metformin treatment. (A) Representative traces in acinar cells showing Tg-mediated ER calcium release and
calcium entry in control and metformin treated IL14a Tg mice. Quantification of the ER calcium release and calcium entry is shown as bar graph from 100 to 150
individual acini’s is shown in (B). *p < 0.05, (Student’s t-test). (C-F) Representative calcium traces in human submandibular gland cells showing Tg-mediated
calcium entry in various metformin concentrations (0-10 mM) added 10 min prior to the addition of thapsigargin. (H), shows representative Tg-induced currents
in controls and metformin (10 mM) treated cells. IV curves as well as quantification of the current intensity is shown as bar graph. *p < 0.05, (Student’s t-test). (I-K)
Damage-associated molecular patterns (DAMPs) were analyzed, by colorimetric analysis in supernatants of HSG cells after SKF96365 (10 pM) and Metformin (5 mM)
treatment for 6hrs and 18hrs. Data shown are representative of three independent experiments with similar results. Bar graphs depict average + SD for relative
values, ***p < 0.001, NS = non-significant (Student’s t-test).

establish that increase in Ca®" entry is observed in metformin-treated Interestingly, the levels of histone-3, HMGB1 and hsp70 in the cells
IL14a Tg-mice, whole-cell current recordings were performed in sub- treated with metformin in the presence of SKF-96365 were significantly
mandibular cells. Addition of thapsigargin (store depletion) induces an decreased when compared with cells treated with SKF-96365 alone.
inward current which was non-selective in nature and reversed at 0 mV These results show that the power of the treatment with metformin can
(Fig. 3H). Importantly, the channel properties were similar as those be extended to also block calcium channels blockers mechanisms [33].
previously observed with TRPC1 channels and metformin-treatment To further substantiate our results, we repeated the same assay with

showed a gradual increase in Ca®" entry (Fig. 3H). data presented Tunicamycin and BFA (Fig. 1SA-C) and obtained similar results.
thus far suggest that metformin increases Ca®* entry that was critical for
the inhibition of salivary gland dysfunction and/or immune cell

infiltration. 3.4. ER stress markers are decreased in IL14a Tg mice treated with
To further elaborate on possible mechanisms, we evaluated danger- metformin

associated molecular patterns (DAMPs) release in control saline or

metformin-treated IL14o Tg-mice. It’s been established that DAMPS play Data presented in this study up to now, confirmed that metformin
a key role in the pathogenesis and progression, we use human sub- treatment demonstrated the ability to reverse in vitro SS symptoms. Our
mandibular gland (HSG) cell line to observe the effects of metformin next step was to see if the treatment would affect the activation of ER
with ER stress inducers or calcium channel blockers such as SKF-96365, stress markers, a key characteristic seen in old IL14a Tg mice. CHOP (C/
Tunicamycin and BFA in the release of HMGB1, Histone 3 and Hsp70, it EBP homologous protein) and GRP78, also known as BiP, are key reg-
is well established that ER stress is characterized by release of DAMPs ulators for endoplasmic reticulum (ER) stress due to their role as ER
into the blood stream which results in persistent inflammation, leading chaperones which control the activation of ER stress sensors, such as

to chronic diseases [32]. We seeded HSG cells (2 x 10° cells/ml) and IREla (inositol-requiring enzyme 1a) and ATF6 (activating transcription
treated them with SKF-96365 (10 pM) for 6hrs and 18hrs (Fig. 31-K) and factor 6), transmembrane receptors known to activate the unfolded

we evaluated the levels of released DAPMS in the media by ELISA assays. protein response (UPR) [31,34]. We assessed the expression of these ER
stress markers in salivary gland tissue in metformin treated IL14aTg
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mice (n = 8) against control animals (n = 8). Representative microscopic
images show a significant reduction in the presence of ER stress marker
expression in treated tissue against control (saline treatment) ones
(Fig. 4A-D). In aggregate, these findings demonstrate that metformin
inhibits the activation of ER stress by restoring Ca?" signaling, pre-
venting further damage to the tissue.

4. Discussion

Sjogren’s syndrome (pSS) is a systemic autoimmune disease that
mainly affects the exocrine glands, mostly salivary and lacrimal glands.
Patients may experience dry eyes, causing a gritty or burning sensation,
and dry mouth, leading to difficulty in swallowing, speaking, and an
increased risk of oral/dental problems [21,35]. pSS is also associated
with lymphocytic infiltration in the affected glands, mainly composed of
B cells and T cells (CD4 ") that mistakenly target and attacks the exocrine
glands, leading to inflammation and damage. Although lymphocytic
infiltration is observed, currently available immunotherapies have
limited success in pSS patients, suggesting that additional factors or
mechanism might be critical. Thus, in this study using primary Sjogren’s
syndrome (pSS) patients and IL14a Tg mice, we provide valuable in-
sights into the disease process, and establishing the potential therapeutic
effects of metformin in reversing the disease progression.

The histopathological analysis of salivary gland tissue from pSS pa-
tients confirmed the presence of lymphocytic infiltration. This obser-
vation is consistent with previous studies highlighting the chronic
inflammation and gland degradation associated with pSS. Immunoflu-
orescence staining further revealed an increased number of B cells,
monocytes, and natural killer (NK) cells in pSS samples, indicating B-cell
hyperactivity and increased inflammatory levels, which are character-
istic of the disease [36,37]. Importantly, the IL14a Tg mouse model,
which mimics Sjogren’s syndrome, was further used to investigate the
lymphocytic infiltration in mice. Flow cytometry analysis demonstrated
a significant increase in B cells, monocytes, NK cells, and T cells in IL14«

A
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Tg mice compared to wild-type mice. These findings align with previous
studies suggesting that lymphocytic infiltration plays a crucial role in
the pathogenesis of Sjogren’s syndrome [38,39].

To explore potential therapeutic options, this study evaluated the
effects of metformin, an FDA-approved drug with immunoregulatory
properties, in IL14a Tg mice. Treatment with metformin led to a re-
covery of salivary gland function, as indicated by increased saliva
secretion and flow rate. Moreover, metformin administration resulted in
a significant reduction in immune cell infiltration in salivary gland tis-
sue, supporting its potential as a treatment option for Sjogren’s syn-
drome. To further identify the mechanism, our data revealed that
metformin has the ability to restore Ca" signaling in primary acinar
cells isolated from IL14a Tg mice. Metformin treatment showed a dose-
dependent increase in intracellular Ca®" levels, which was mediated
through TRPC1 channels (a non-selective currents was observed, and the
current properties mimicked as observed with TRPC1 [40,41]. Impor-
tantly, TRPC1 has been previously shown to modulate saliva secretion
[42,43]. This suggests that metformin’s impact on TRPCl-mediated
Ca?* signaling contributes to the inhibition of salivary gland dysfunc-
tion and immune cell infiltration.

To further understand the consequences of the loss of calcium
signaling, our data showed that IL14a Tg mice had an increase in ER
stress markers, which were decreased upon metformin treatment. The
expression of CHOP and GRP78, key regulators of ER stress, was
significantly reduced in salivary gland tissue from metformin-treated
mice compared to control animals. This suggests that metformin in-
hibits the activation of ER stress by restoring Ca2" signaling, thereby
preventing further damage to the tissue. Along with ER stress, danger-
associated molecular patterns (DAMPs) could play a critical role in the
pathogenesis and progression of Sjogren’s syndrome. Metformin treat-
ment further showed a decrease in the release of DAMPs, such as
HMGBI1, Histone 3, and Hsp70, in salivary cells, indicating its potential
as an effective treatment in preventing persistent inflammation associ-
ated with ER stress [33,44].

Fig. 4. ER stress levels in tissue samples of salivary glands of IL14a mice are reduced by Metformin treatment. (A-D) Confocal images showing the expression of ER
stress markers (CHOP, IREIa, ATF6 and GRP78) in salivary glands from 6-month-old IL14a mice treated with saline and metformin for 90 days. Samples were stained
with Alexa-Fluor 488 labeled secondary antibodies (green) and nuclei were counterstained with DAPI (blue). Results were viewed in fluorescence microscopy; the
scale bar represents 20 pm. Images shown are representation of 3 individual experiments.
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Overall, the findings of this study highlight the significance of lym-
phocytic infiltration in the pathogenesis of Sjogren’s syndrome and
provide evidence for the potential therapeutic effects of metformin in
reversing the disease progression. The restoration of salivary gland
function, due to the modulation of Ca®* signaling that prevents ER stress
and the release of DAMPs, could be the key in the reduction in immune
cell infiltration, thereby indicating the promising role of metformin as a
treatment option for Sjogren’s syndrome. However, further studies are
warranted to translate these findings into clinical applications for the
benefit of pSS patients.
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