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Abstract: Sjogren’s syndrome (SS), a chronic inflammatory disease involving the salivary and lacrimal
glands, presents symptoms of sicca as well as systemic manifestations such as fatigue and muscu-
loskeletal pain. Only a few treatments have been successful in management of SS; thus treatment
of the disease is challenging. Metformin is the first-line agent for type 2 diabetes and has anti-
inflammatory potential. Its immunomodulatory capacity is exerted via activation of 5" adenosine
monophosphate-activated protein kinase (AMPK). Metformin inhibits mitochondrial respiratory
chain complex I which leads to change in adenosine mono-phosphate (AMP) to adenosine tri-
phosphate (ATP) ratio. This results in AMPK activation and causes inhibition of mammalian target
of rapamycin (mTOR). mTOR plays an important role in T cell differentiation and mTOR deficient T
cells differentiate into regulatory T cells. In this manner, metformin enhances immunoregulatory
response in an individual. mTOR is responsible for B cell proliferation and germinal center (GC)
differentiation. Thus, reduction of B cell differentiation into antibody-producing plasma cells occurs
via downregulation of mTOR. Due to the lack of suggested treatment for SS, metformin has been
considered as a treatment strategy and is expected to ameliorate salivary gland function.
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1. Introduction

Sjogren’s syndrome (SS) is an autoimmune disease involving salivary and lacrimal
glands. Although one to 10 per 1000 individuals have been reported to suffer from the
disease, no effective treatment has been suggested [1]. Both innate and adaptive immune
response have been considered responsible for the pathogenesis of SS [2]. Environmental
triggers, such as viral infection, upregulate interferon alpha (IFN-co) in the mucosal epithe-
lial cells of individuals with susceptible genetic factors for SS. This increase in IFN-o causes
enhanced secretion of B cell activating factors (BAFF), resulting in autoantibody production
within ectopic germinal center (GC)-like structures. In addition, epithelial cells produce
autoantigens and form immune complex (IC), leading to production of more IFN-« [3]. In
consequence, this immune response results in damage to tissue of the target organs.

Management of SS is challenging and no specific guidelines have been suggested due
to the heterogenetic manifestation of the disease. Metformin (dimethyl biguanide), a repre-
sentative hypoglycemic agent used worldwide for type 2 diabetes, has anti-inflammatory
and immunomodulatory capacities. 5" adenosine monophosphate-activated protein kinase
(AMPK) has been suggested as a key regulator of this anti-inflammatory effect [4]. AMPK
regulates the inflammatory pathway via inhibition of nuclear factor-«B (NF-«B) and down-
regulation of the Janus kinase/signal transducer and activator of transcription (JAK/STAT)
signaling pathways [5].

The aim of this review is to evaluate the pathogenesis of SS and to enumerate anti-
inflammatory and immunomodulatory properties of metformin, an old drug with sig-
nificant potential. Furthermore, we present a new aspect of the drug and suggest it as a
strategy for treatment of SS.

Int. ]. Mol. Sci. 2021, 22, 7231. https:/ /doi.org/10.3390/ijms22137231

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://doi.org/10.3390/ijms22137231
https://doi.org/10.3390/ijms22137231
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22137231
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22137231?type=check_update&version=2

Int. . Mol. Sci. 2021, 22, 7231

20f 10

2. Metformin and Its Anti-Inflammatory and Immunomodulatory Effect

Metformin, a representative drug for treatment of diabetes, is used worldwide. It
controls hyperglycemia by reducing hepatic gluconeogenesis via AMPK-dependent and
AMPK-independent mechanisms [6—10]. AMPK is an important energy sensor in mainte-
nance of cellular energy homeostasis. The mitochondrial respiratory chain complex, which
is bound in the inner layer of mitochondrial membrane, catalyzes nicotinamide adenine
dinucleotide (NADH) oxidation which leads to synthesis of adenosine tri-phosphate (ATP).
This series of processes is known as oxidative phosphorylation [11]. Metformin inhibits
mitochondrial respiratory chain complex Idirectly and, as a result, causes depletion of ATP
and an increase of adenosine mono-phosphate (AMP) [10,12]. This change in AMP to ATP
ratio promotes activation of AMPK [6] which leads to ATP-generating catabolic pathways
and simultaneously inhibits ATP-consuming pathways [13].

The mammalian target of rapamycin (mTOR), a downstream molecule of AMPK
signaling, is an important regulator of T cell differentiation. mTOR-activated T cells
differentiate into effector T cells, such as T helper 1 (Th1), T helper 2 (Th2), and T helper 17
(Th17) cells while mTOR deficient T cells differentiate into regulatory T cells (Treg) [14,15].
Delgoffe et al. [15] demonstrated that metformin specifically targets mTOR complex 1
(mTORC1), which was proven to influence Th1l and Th17 cells. Interestingly, metformin
was found to improve obesity-induced inflammation. Brown adipose tissue (BAT) is
known to delay diet-induced obesity and inhibit development of metabolic disorders.
Fibroblast growth factor 21 (FGF21), a main regulator for obesity, reduces obesity-mediated
inflammation. FGF21 was recently reported to have reduced inflammatory cytokine release
and diminished the Th17- interleukin (IL)-17 axis through the STAT3 pathway [16,17].
Metformin increased FGF21 levels in BAT and thus ameliorated inflammation in obese
collagen-induced arthritis (CIA) mice [18].

Although T cells are mainly known to contribute in many autoimmune diseases,
B cells play a crucial role in many autoimmune conditions. In one study, conditional
deletion of the mTOR gene in B cells significantly diminished B cell proliferation and
GC differentiation [19]. As a result of IL-21, CD154 and other stimuli, signal transducer
and activator of transcription 3 (STAT3) is activated, resulting in differentiation of B
lymphocytes into plasma cells [20,21]. Metformin suppresses STAT3 activation through
the AMPK/mTOR pathway and, as mentioned, STAT3 activation results in differentiation
of B cells into antibody-producing plasma cells. Using Roquin $2"/$2" mice as a murine
model for systemic lupus erythematosus (SLE), Lee et al. verified that metformin may
improve kidney and liver inflammation in addition to reduced anti-ds DNA antibody
production [22].

Macrophages may polarize in two phenotypes, “classically activated” M1 and “alterna-
tively activated” M2. M1 macrophages mainly produce pro-inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-«), IL-1, IL-6, IL-12, IL-23 and monocyte chemoattractant
protein-1 (MCP-1) as M2 macrophages produce anti-inflammatory cytokines such as IL-10
and transforming growth factor beta (TGF-f3) [23]. Metformin was associated with altering
macrophage polarization to anti-inflammatory M2 macrophages via the AMPK pathway
in addition to reduction of IL-6 and TNF-« levels [24]. Increased expression of mTOR
is a signature phenomenon found in gout patients. Autophagy of monosodium urate
(MSU) crystals in macrophages leads to release of IL-18, resulting in activation of NLRP3-
inflammasome [25-27]. Moreover, MSU crystals enhance the mTOR pathway, release IL-18,
IL-6, IL-8, and IL-18 as well as provoke cell death in monocytes in vitro. Therefore, mTOR
inhibitor metformin may inhibit the inflammatory process in gout patients [28].

In the state of stress conditions such as inflammation, activation of nicotinamide
adenine dinucleotide phosphate (NADPH) leads to generation of reactive oxygen species
(ROS) and, consequently, neutrophil extracellular traps (NETs) are released. NETs consist
of DNA, histones, and antimicrobial peptides, which are regarded as a major source for SLE
pathogenesis. NETosis refers to a specific form of cell death in neutrophils and formation of
NETs [5,29]. Knight et al. demonstrated this widely accepted theory with a New Zealand
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mixed 2328 (NZM) mouse model of SLE [30]. Metformin reduces NADPH oxidase and
downregulates the NET pathway. In addition, an in vitro study showed that metformin
diminished release of NET DNA and reduced generation of CpG-stimulated plasmacytoid
dendritic cells- (PDCs) induced IFN« [31].

Due to their immunomodulatory and anti-inflammatory capacities, mesenchymal
stem cells (MSCs) are considered as a treatment for autoimmune disease [32]. The thera-
peutic effect of adipose-derived mesenchymal stem cells (Ad-MSCs) toward autoimmune
disease was equivalent to that of bone marrow mesenchymal stem cells (BM-MSCs) [33].
Ad-MSCs cause cell-to-cell contact and secretion of soluble factors such as hepatocyte
growth factor, prostanglandin-E2 (PGE2), indoleamine 2, 3-dioxygenase (IDO), IL-10, and
TGF-f3, leading to suppression of pro-inflammatory T cell proliferation and regulation of
immune response [34,35]. Interferon gamma (IFN-y) promotes overexpression of STAT1
and causes suppression of MSC-mediated T cells [36]. Vigo et al. demonstrated that mTOR
inhibition leads to phosphorylation of STAT1 and STAT3, which mediates IFN-y- induced
immunoregulation [37]. In this manner, Jang et al. showed that STAT1 phosphorylation
by metformin promotes the immunoregulatory effect of MSCs in Murphy Roths Large-
lymphoproliferation strain (MRL/Ipr) mice which develop severe SLE manifestation [38].
In addition, another study demonstrated the anti-inflammatory and chondroprotective
capacities of metformin-stimulated Ad-MSCs in osteoarthritis (OA) mouse models [39].

Metformin appears to be effective in treatment of ankylosing spondylitis (AS), an
autoimmune disease; fibroblasts play a critical role in the pathogenesis [5]. TNF-« is the key
cytokine in the pathogenesis of AS, and TNF inhibitor is the mainstream of its treatment.
Metformin blocks TNF-« through the AMPK pathway. Results of a recent study showed
that administration of metformin resulted in reduced osteogenic-specific markers and
inhibited ossification. Metformin inhibits ossification of fibroblasts in many ways. First, it
blocks release of IL-6, which is thought to suppress fibroblast ossification. Moreover, AMPK
also alleviates ossification and, as mentioned above, metformin enhances AMPK [40].

Due to these anti-inflammatory and immunomodulatory effects, metformin has been
proven effective in animal models of autoimmune diseases and inflammatory diseases
such as SLE, rheumatoid arthritis (RA), OA, gout, and SS, in addition to the treatment of
diabetes, and recently, human clinical trials have been attempted (Table 1).

Table 1. Experimental animal and human studies concerning metformin and its anti-inflammatory effect in autoimmune

and inflammatory disease.

Systemic lupus
erythematosus

AMPK/mTOR/STAT3 regulation leads to suppression of B cell differentiation into plasma cells in
Roquin san/san mjce [22].

Administration of metformin enhanced AMPK, STAT1 expression, and downregulated STAT3, mTOR
in Ad-MSCs and, as a result, improved disease activity in MRL/lpr mice [38].
Proof-of-Concept Trial of metformin established an association between mtDNA in NETs,
anti-mtDNA antibodies, and PDC IFN« pathogenesis in SLE [31].

Normalization of CD4* T cell metabolism via glycolysis and mitochondrial metabolism inhibition
improved lupus activation in vitro and in vivo [41].

Post hoc analyses from two randomized trials revealed that metformin reduced disease flares in
patients with SLE [42].
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Table 1. Cont.

Rheumatoid arthritis

Metformin had an anti-inflammatory effect via inhibition of Th17 cell differentiation in a CAIA
murine model [43].
Diminished IL-17 producing Th17 cells, enhanced Treg cells, suppressed osteoclastogenesis in a CIA
model [44].

Metformin and CoQ10 combination therapy showed more improved joint inflammation by reduction
of Th17 cells, induction of Treg cells and inhibition of osteoclastogenesis than metformin or CoQ10
alone in a CIA murine model [45].

Enhanced AMPK, FGF21 production and BAT differentiation resulted in reciprocal Th17/Treg
balance and improved CIA in a murine model of diet-induced obesity [18].
IGF-IR/PI3K/AKT/mTOR pathway caused inhibition of RA-FLS proliferation, which is important in
development of RA [46].

Rapamycin-metformin reduced clinical arthritis score and ameliorated the metabolic profile in obese
mice with CIA [47].

Insulin resistance is linked to both BMI and synovitis in RA and metformin reduced GLUT-1
expression in synovial tissue from RA patients [48].

Treatment with metformin lowered the risk of RA in a retrospective cohort study [49].
Combination therapy with metformin and COX-2 inhibitor lowered the admission rate of T2DM
patients with RA [50].

The inhibitory effects of metformin (e.g., suppressed osteoclastogenesis and reduced expression of
inflammatory cytokines) on RA pathogenesis were investigated in vitro [51].

Metformin inhibited degradation of the cartilage-layer matrix, osteoclast formation, and chondrocyte
apoptosis [52].

In combination with LMT-28, which suppressed IL-6 mediated signaling, metformin improved
arthritic score in CIA mice [53].

Metformin proved to be beneficial when combined with MTX in a double-blind placebo-controlled
study of RA patients. AMPK activator (metformin) promoted an increase in HAPLNT1 level in
RA-FLS [54].

Osteoarthritis

Upregulated autophagy resulting from enhanced SIRT1 protein expression by metformin alleviated
cartilage degradation in an OA mouse model [55].
Metformin promoted activation of AMPK, resulting in NF- k B inhibition in IL-1p-induced ATDC5
cells and protected chondrocytes [56].
Articular cartilage change in type 2 diabetes can be protected by metformin via an anti-inflammatory
effect in a mouse model [57].
Administration of metformin after DMM surgery restricted OA development and progression via
AMPK activation [58].

Obese OA patients had reduced disease progression in a prospective cohort study [59].
Combination therapy of metformin and COX2 inhibitor reduced the joint replacement surgery rate in
OA and type 2 diabetic patients [60].

Metformin ameliorated structural worsening and pain in mouse models [61].
Metformin-stimulated Ad-hMSCs had a greater antinociceptive and chondroprotective effect than
unstimulated Ad-hMSCs [39].

Gout

Metformin inhibited mTOR signaling leading to a reduction in cell death and a decrease in
inflammatory mediators from MSU crystal- stimulated monocytes [28].

Sjogren’s syndrome

Metformin improved salivary gland function by regulating T cells and B cells in a mouse model [62].

Ankylosing spondylitis

Suppressed ossification and inflammation in AS fibroblasts [40].

AMPK, 5'-adenosine monophosphate-activated protein kinase; mTOR, mammalian target of rapamycin; STAT3, signal transducer and
activator of transcription 3; Ad-MSC, adipose-derived mesenchymal stem cell; Mt DNA, mitochondrial DNA; NETs, neutrophil extracellular
traps; PDC, plasmacytoid dendritic cells; IFN, interferon alpha; SLE, systemic lupus erythematosus; CD4, cluster of differentiation 4; Th
17 cell, T helper 17 cell; CAIA, collagen antibody-induced arthritis; IL-17, interleukin-17; Treg cell, regulator T cell; CIA, collagen-induced
arthritis; CoQ10, coenzyme Q 10; FGF21, fibroblast growth factor 21; BAT, brown adipose tissue; IGF-IR, insulin-like growth factor 1 receptor;
PI3K, phosphoinositide kinase 3; RA-FLS, rheumatoid arthritis fibroblasts-like synoviocytes; BMI, body mass index; GLUT-1, glucose
transporter 1; COX-2, cyclooxygenase-2; T2DM, type 2 diabetes mellitus; IL-6, interleukin-6; MTX, methotrexate; HAPLN1, hyaluronan and
proteoglycan link protein 1; SIRT1, sirtuin 1; OA, osteroarthritis; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells;
IL-1B, interleukin 1 beta; DMM, destabilization of the medial meniscus; Ad-hMSC, adipose tissue-derived human mesenchymal stem cell;

MSU, monosodium urate.
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3. Immune Response Concerning Gut Flora Modulation May Be Effective on
Sjogren’s Syndrome

Gut microbiota refers to a microorganism found in the gastrointestinal tract. It is
mainly found in distal intestine and consists of more than 1000 species [63]. Many factors
attribute to the composition of gut microbiota. In neonates, mode of delivery or feeding
appears to have an effect, while in adults, dietary behavior and body mass index (BMI)
may result in certain strains inhabiting the gut [64]. It is noteworthy that individuals vary
in microbiota composition since certain strains may be related to obesity or diabetes [65,66].
Certain organisms have increased glucose intolerance; for example, reduction of Lactobacilli
may cause glucagon-like peptide I (GLP-1) resistance [67].

Certain gut microbiota are considered to have an association with specific cytokines,
which enhances the inflammatory cascade [64]. Therefore, individuals with autoimmune
diseases, such as spondyloathritis, RA, Behcet’s disease, and SS, were found to have al-
tered gut flora compared to healthy controls [68,69]. In particular, in SS, Pseudobutyrivibrio,
Escherichia/Shigella, and Streptococcus were increased and Bacteroides, Parabacteroides, Faecal-
ibacterium, and Prevotella were relatively reduced. Furthermore, reduced diversity of the
gut microbiota was observed in patients with severe SS [70].

As confirmed in many studies, metformin caused alterations in the intestinal micro-
biota [71,72]. A study showed an expanded lifespan in Caenorhabditis elegans due to altered
folate metabolism in intestinal bacteria by metformin [73]. The concentration of metformin
in the gut and in the serum is different. It is 100-fold higher in the gut lumen, which might
imply that metformin concentration may be affected by gut microbiota [74].

Changes in the intestinal microbiota are well known in SS, and the therapeutic effect
of administration of the bacterial metabolite butyrate has been proven in an animal model
of SS [74]. Therefore, further research on metformin and its immunomodulatory effect via
change in gut flora and its metabolites is necessary.

4. Pathophysiology of Sjogren’s Syndrome

Th17 cells, which are important for inflammation response at mucosal barriers, and
their representative cytokine IL-17, are found in salivary glands of SS patients. Th17 cells
and T-follicular helper (Tfh) cells play a critical role in primary SS especially at disease
onset when balance between these effector T cells and their regulatory counterparts (i.e.,
Treg cells and T-follicular regulatory (Tfr) cells) is deranged [75].

Furthermore, it seems that the STAT3 pathway participates in pathogenesis of SS.
Vartoukian et al. showed that overexpression of pro-inflammatory cytokine IL-17 in SS
patients was due to reduction of suppressor of cytokine signaling 3 (SOCS3), which is a
negative regulator for the JAK/STAT3/IL-17 pathway [76].

As demonstrated by Shah et al., rapamycin, the most potent mTOR inhibitor, im-
proved autoimmune dacryoadenitis in an SS animal model [77]. In addition, rapamycin
caused a decrease in B cell proliferation and IgG production in SS patients [78]. Finally,
metformin via STAT3 inhibition suppressed Tth and B cell differentiation and diminished
GC response [22].

GC-like structures are found in target organs of SS patients. They produce autoan-
tibodies such as anti-Ro/SSA and anti-La/SSB, resulting in loss of glandular function
and increased risk of lymphoma [79,80]. Tth cells and B cells are important in GC struc-
tures [81]. STAT3-deficient CD4*T cells had a defect in Tfh cell differentiation, which
resulted in reduction of GC B cells and production of antigen-specific antibodies [82].

Metformin inhibited differentiation of CD4*% T cells into Th17, Thl, and Tth cells,
and conversely promoted them into their regulatory counterparts, such as Treg and
Tfr cells. Metformin reduced GC B cell and serum IgG levels and induced balance be-
tween IL-10 and IL-17 producing B cells. These effects of metformin are mediated via the
AMPK/mTOR/STAT3 pathway [22,43,44,83].

To this mechanism, metformin is thought to be a strategy for treatment of SS (Figure 1).
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Figure 1. Schematic diagram of anti-inflammatory and immunomodulatory effects of metformin.

5. Treatment of Sjogren’s Syndrome

In management of SS, clinicians may find that treatment of the disease is difficult
because the symptoms are hard to control and there is no cure. SS-related comorbidities,
such as fibromyalgia, anxiety, and depression can influence the severity of the disease, and
this may lead to the need for a multidisciplinary approach in management of SS [27,84].
Only a few well-designed, controlled studies concerning treatment for SS have been
reported.

For management of oral manifestations, topical fluoride use, gustatory and mastica-
tory stimulation and chlorhexidine administration are recommended. Dry eye treatment
is suggested according to cause and severity. Disease-modifying anti-rheumatic drugs
(DMARDs) have been suggested for extraglandular manifestations of SS [85].

Targeted therapy (e.g., B cell, pro-inflammatory cytokine, Janus kinase) based on
pathogenesis has recently been attempted for the treatment of SS, which does not respond
to these conventional DMARD:s. Rituximab has been reported to be relatively effective
when used in patients with acute parotid gland swelling, not responding to corticos-
teroid, polysynovitis, pulmonary involvement, peripheral neuropathy, and cutaneous
vasculitis [85].

There is an urgency to find other strategies for management of SS. Due to the fact that
imbalance between Th17, Tth cells and Treg, Tfr cells participate in the pathogenesis of SS,
metformin has been suggested as a therapeutic option. Metformin was proven to suppress
autoimmune dacryoadenitis [77]. Kim et al. showed that salivary flow rate significantly
increased in metformin-treated mice at week 20, suggesting that metformin improves
salivary gland function when administered for a certain amount of time. Metformin
enhances Treg cells and downregulates Th1 and Th17 cells via the AMPK/mTOR pathway.
In addition, metformin had anti-inflammatory and immunomodulatory effects without
causing hypoglycemia in SS mouse models [62].

6. Conclusions

The pathophysiology of SS is still unclear and ambiguous, and no specific treatment
guidelines have been suggested. Many attempts have been made to understand the disease,
but the results were unsatisfactory. Furthermore, recent randomized trials of rituximab,
B-cell depleting agent, have failed. As a result, there is a necessity for new treatment.
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Metformin, an anti-hyperglycemic agent, has been used for decades and its safety
as a drug has been verified. Other aspects of the drug have recently been observed. Its
immunoregulatory effects gave rise to the possibility for its use in autoimmune diseases.

Metformin has been considered as a treatment for many autoimmune diseases such
as SLE, RA, and even gout. However, these attempts have been limited to experimental
studies and well-designed randomized trials are necessary. For the need of novel treatment
for SS, metformin may serve as a promising therapeutic strategy.

Funding: This research was supported by a grant from the Korea Health Technology R&D Project
through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health
& Welfare, Republic of Korea (grant number HI20C1496).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Witte, T. Sjogren’s syndrome. Z. Rheumatol. 2019, 78, 511-517. [CrossRef] [PubMed]

2. Mariette, X,; Criswell, L.A. Primary Sjogren’s Syndrome. N. Engl. J. Med. 2018, 378, 931-939. [CrossRef] [PubMed]

3. Nocturne, G.; Mariette, X. Advances in understanding the pathogenesis of primary Sjogren’s syndrome. Nat. Rev. Rheumatol.
2013, 9, 544-556. [CrossRef] [PubMed]

4. Saisho, Y. Metformin and Inflammation: Its Potential Beyond Glucose-lowering Effect. Endocr. Metab. Immune Disord. 2015, 15,
196-205. [CrossRef]

5. Salvatore, T.; Pafundi, P.C.; Galiero, R.; Gjeloshi, K.; Masini, F; Acierno, C.; di Martino, A.; Albanese, G.; Alfano, M;
Rinaldi, L.; et al. Metformin: A Potential Therapeutic Tool for Rheumatologists. Pharmaceuticals 2020, 13, 234. [CrossRef]

6. Zhou, G.; Myers, R; Li, Y,; Chen, Y.; Shen, X.; Fenyk-Melody, J.; Wu, M.; Ventre, ]J.; Doebber, T.; Fujii, N.; et al. Role of
AMP-activated protein kinase in mechanism of metformin action. J. Clin. Investig. 2001, 108, 1167-1174. [CrossRef] [PubMed]

7. Madiraju, A.K,; Erion, D.M.; Rahimi, Y.; Zhang, X.M.; Braddock, D.T.; Albright, R.A.; Prigaro, B.].; Wood, J.L.; Bhanot, S.;
MacDonald, M.].; et al. Metformin suppresses gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase.
Nature 2014, 510, 542-546. [CrossRef] [PubMed]

8. An, H.; He, L. Current understanding of metformin effect on the control of hyperglycemia in diabetes. J. Endocrinol. 2016, 228,
R97-R106. [CrossRef]

9. Kim, J.; Yang, G.; Kim, Y.; Kim, J.; Ha, ]. AMPK activators: Mechanisms of action and physiological activities. Exp. Mol. Med.
2016, 48, e224. [CrossRef]

10. Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577-1585. [CrossRef]

11.  Lemarie, A.; Grimm, S. Mitochondrial respiratory chain complexes: Apoptosis sensors mutated in cancer? Oncogene 2011, 30,
3985-4003. [CrossRef]

12.  Chandel, N.S.; Avizonis, D.; Reczek, C.R.; Weinberg, S.E.; Menz, S.; Neuhaus, R.; Christian, S.; Haegebarth, A.; Algire, C.;
Pollak, M. Are Metformin Doses Used in Murine Cancer Models Clinically Relevant? Cell Metab. 2016, 23, 569-570. [CrossRef]

13.  Ursini, F; Russo, E.; Pellino, G.; D’Angelo, S.; Chiaravalloti, A.; de Sarro, G.; Manfredini, R.; de Giorgio, R. Metformin and
Autoimmunity: A “New Deal” of an Old Drug. Front. Immunol. 2018, 9, 1236. [CrossRef]

14. Delgoffe, G.M.; Kole, T.P; Zheng, Y.; Zarek, P.E.; Matthews, K.L.; Xiao, B.; Worley, PF,; Kozma, S.C.; Powell, ].D. The mTOR kinase
differentially regulates effector and regulatory T cell lineage commitment. Immunity 2009, 30, 832-844. [CrossRef] [PubMed]

15. Delgoffe, G.M.; Pollizzi, K.N.; Waickman, A.T.; Heikamp, E.; Meyers, D.]J.; Horton, M.R.; Xiao, B.; Worley, P.F.; Powell, ].D. The
kinase mTOR regulates the differentiation of helper T cells through the selective activation of signaling by mTORC1 and mTORC2.
Nat. Immunol. 2011, 12, 295-303. [CrossRef] [PubMed]

16. Yu, YH. Li, SM,; Liu, Y.N,; Tian, G.Y.; Yuan, Q.Y,; Bai, EL.; Wang, WE,; Zhang, Z.Y.; Ren, G.P; Zhang, Y.; et al. Fibroblast
growth factor 21 (FGF21) ameliorates collagen-induced arthritis through modulating oxidative stress and suppressing nuclear
factor-kappa B pathway. Int. Immunopharmacol. 2015, 25, 74-82. [CrossRef] [PubMed]

17.  Li,SM.,; Yu, YH,; Li, L.; Wang, W.E; Li, D.S. Treatment of CIA Mice with FGF21 Down-regulates TH17-IL-17 Axis. Inflammation
2016, 39, 309-319. [CrossRef]

18. Kim, EK,; Lee, S.H,; Lee, S.Y,; Kim, ].K; Jhun, ].Y;; Na, H.S,; Kim, S.Y.; Choi, ].Y.; Yang, C.W,; Park, S.H.; et al. Metformin amelio-
rates experimental-obesity-associated autoimmune arthritis by inducing FGF21 expression and brown adipocyte differentiation.
Exp. Mol. Med. 2018, 50, e432. [CrossRef] [PubMed]

19. Zhang, S.; Pruitt, M.; Tran, D.; du Bois, W.; Zhang, K.; Patel, R.; Hoover, S.; Simpson, R.M.; Simmons, J.; Gary, J.; et al. B
cell-specific deficiencies in mTOR limit humoral immune responses. J. Immunol. 2013, 191, 1692-1703. [CrossRef]

20. Diehl, S.A.; Schmidlin, H.; Nagasawa, M.; van Haren, S.D.; Kwakkenbos, M.].; Yasuda, E.; Beaumont, T.; Scheeren, F.A.; Spits, H.

STAT3-mediated up-regulation of BLIMP1 Is coordinated with BCL6 down-regulation to control human plasma cell differentiation.
J. Immunol. 2008, 180, 4805-4815. [CrossRef]


http://doi.org/10.1007/s00393-019-0625-8
http://www.ncbi.nlm.nih.gov/pubmed/30937527
http://doi.org/10.1056/NEJMcp1702514
http://www.ncbi.nlm.nih.gov/pubmed/29514034
http://doi.org/10.1038/nrrheum.2013.110
http://www.ncbi.nlm.nih.gov/pubmed/23857130
http://doi.org/10.2174/1871530315666150316124019
http://doi.org/10.3390/ph13090234
http://doi.org/10.1172/JCI13505
http://www.ncbi.nlm.nih.gov/pubmed/11602624
http://doi.org/10.1038/nature13270
http://www.ncbi.nlm.nih.gov/pubmed/24847880
http://doi.org/10.1530/JOE-15-0447
http://doi.org/10.1038/emm.2016.16
http://doi.org/10.1007/s00125-017-4342-z
http://doi.org/10.1038/onc.2011.167
http://doi.org/10.1016/j.cmet.2016.03.010
http://doi.org/10.3389/fimmu.2018.01236
http://doi.org/10.1016/j.immuni.2009.04.014
http://www.ncbi.nlm.nih.gov/pubmed/19538929
http://doi.org/10.1038/ni.2005
http://www.ncbi.nlm.nih.gov/pubmed/21358638
http://doi.org/10.1016/j.intimp.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25601498
http://doi.org/10.1007/s10753-015-0251-9
http://doi.org/10.1038/emm.2017.245
http://www.ncbi.nlm.nih.gov/pubmed/29371695
http://doi.org/10.4049/jimmunol.1201767
http://doi.org/10.4049/jimmunol.180.7.4805

Int. . Mol. Sci. 2021, 22, 7231 80f10

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kwon, H.; Thierry-Mieg, D.; Thierry-Mieg, J.; Kim, H.P; Oh, J.; Tunyaplin, C.; Carotta, S.; Donovan, C.E.; Goldman, M.L.;
Tailor, P; et al. Analysis of interleukin-21-induced Prdm1 gene regulation reveals functional cooperation of STAT3 and IRF4
transcription factors. Immunity 2009, 31, 941-952. [CrossRef] [PubMed]

Lee, S.Y.; Moon, S.J.; Kim, E.K; Seo, H.B.; Yang, E.J.; Son, H.J.; Kim, ] K.; Min, ] K.; Park, S.H.; Cho, M.L. Metformin Suppresses
Systemic Autoimmunity in Roquin(san/san) Mice through Inhibiting B Cell Differentiation into Plasma Cells via Regulation of
AMPK/mTOR/STATS. J. Immunol. 2017, 198, 2661-2670. [CrossRef]

Duque, G.A.; Descoteaux, A. Macrophage cytokines: Involvement in immunity and infectious diseases. Front. Immunol. 2014,
5,491. [CrossRef]

Jing, Y.; Wu, F; Li, D,; Yang, L.; Li, Q.; Li, R. Metformin improves obesity-associated inflammation by altering macrophages
polarization. Mol. Cell. Endocrinol. 2018, 461, 256-264. [CrossRef]

Martinon, E; Petrilli, V.; Mayor, A.; Tardivel, A.; Tschopp, J. Gout-associated uric acid crystals activate the NALP3 inflammasome.
Nature 2006, 440, 237-241. [CrossRef] [PubMed]

Chung, Y.H.; Kim, D.H.; Lee, WW. Monosodium urate crystal-induced pro-interleukin-1 beta production is post-transcriptionally
regulated via the p38 signaling pathway in human monocytes. Sci. Rep. 2016, 6, 34533. [CrossRef] [PubMed]

Crisan, T.O.; Cleophas, M.C.P; Novakovic, B.; Erler, K.; de Veerdonk, EL.V.; Stunnenberg, H.G.; Netea, M.G.; Dinarello, C.A;
Joosten, L.A.B. Uric acid priming in human monocytes is driven by the AKT-PRAS40 autophagy pathway. Proc. Natl. Acad. Sci.
USA 2017, 114, 5485-5490. [CrossRef] [PubMed]

Vazirpanah, N.; Ottria, A.; van der Linden, M.; Wichers, C.G.K.; Schuiveling, M.; van Lochem, E.; Phipps-Green, A.; Merriman, T.;
Zimmermann, M.; Jansen, M.; et al. mTOR inhibition by metformin impacts monosodium urate crystal-induced inflammation
and cell death in gout: A prelude to a new add-on therapy? Ann. Rheum. Dis. 2019, 78, 663—671. [CrossRef]

Brinkmann, V.; Zychlinsky, A. Beneficial suicide: Why neutrophils die to make NETs. Nat. Rev. Microbiol. 2007, 5, 577-582.
[CrossRef] [PubMed]

Knight, J.S.; Zhao, W.P.; Luo, W.; Subramanian, V.; O'Dell, A.A.; Yalavarthi, S.; Hodgin, J.B.; Eitzman, D.T.; Thompson, PR.;
Kaplan, M.]. Peptidylarginine deiminase inhibition is immunomodulatory and vasculoprotective in murine lupus. J. Clin. Investig.
2013, 123, 2981-2993. [CrossRef]

Wang, H.; Li, T,; Chen, S.; Gu, Y.; Ye, S. Neutrophil Extracellular Trap Mitochondrial DNA and Its Autoantibody in Systemic
Lupus Erythematosus and a Proof-of-Concept Trial of Metformin. Arthritis Rheumatol. 2015, 67, 3190-3200. [CrossRef]
Figueroa, FE.; Carrion, F; Villanueva, S.; Khoury, M. Mesenchymal stem cell treatment for autoimmune diseases: A critical
review. Biol. Res. 2012, 45, 269-277. [CrossRef] [PubMed]

Kern, S.; Eichler, H.; Stoeve, J.; Kluter, H.; Bieback, K. Comparative analysis of mesenchymal stem cells from bone marrow,
umbilical cord blood, or adipose tissue. Stem Cells 2006, 24, 1294-1301. [CrossRef] [PubMed]

DelaRosa, O.; Lombardo, E.; Beraza, A.; Mancheno-Corvo, P.; Ramirez, C.; Menta, R.; Rico, L.; Camarillo, E.; Garcia, L.;
Abad, J.L,; et al. Requirement of IFN-gamma-Mediated Indoleamine 2,3-Dioxygenase Expression in the Modulation of Lympho-
cyte Proliferation by Human Adipose-Derived Stem Cells. Tissue Eng. Part A 2009, 15, 2795-2806. [CrossRef] [PubMed]
DelaRosa, O.; Dalemans, W.; Lombardo, E. Toll-like receptors as modulators of mesenchymal stem cells. Front. Immunol. 2012,
3,182. [CrossRef] [PubMed]

Mounayar, M.; Kefaloyianni, E.; Smith, B.; Solhjou, Z.; Maarouf, O.H.; Azzi, ].; Chabtini, L.; Fiorina, P.; Kraus, M.; Briddell, R.; et al.
PI3kalpha and STAT1 Interplay Regulates Human Mesenchymal Stem Cell Immune Polarization. Stem Cells 2015, 33, 1892-1901.
[CrossRef] [PubMed]

Vigo, T.; Procaccini, C.; Ferrara, G.; Baranzini, S.; Oksenberg, ].R.; Matarese, G.; Diaspro, A.; de Rosbo, N.K.; Uccelli, A. IFN-
gamma orchestrates mesenchymal stem cell plasticity through the signal transducer and activator of transcription 1 and 3 and
mammalian target of rapamycin pathways. J. Allergy Clin. Immunol. 2017, 139, 1667-1676. [CrossRef] [PubMed]

Jang, S.G.; Lee, J.; Hong, S.M.; Kwok, S.K.; Cho, M.L.; Park, S.H. Metformin enhances the immunomodulatory potential of
adipose-derived mesenchymal stem cells through STAT1 in an animal model of lupus. Rheumatology 2020, 59, 1426-1438.
[CrossRef] [PubMed]

Park, M.].; Moon, S.J.; Baek, ]J.A.; Lee, EJ.; Jung, K.A; Kim, EK.; Kim, D.S,; Lee, ].H.; Kwok, S.K.; Min, ] K,; et al. Metformin
Augments Anti-Inflammatory and Chondroprotective Properties of Mesenchymal Stem Cells in Experimental Osteoarthritis. .
Immunol. 2019, 203, 127-136. [CrossRef]

Qin, X.; Jiang, TM.; Liu, S.J.; Tan, ].C.; Wu, H.Y.; Zheng, L.; Zhao, ].M. Effect of metformin on ossification and inflammation of
fibroblasts in ankylosing spondylitis: An in vitro study. J. Cell. Biochem. 2018, 119, 1074-1082. [CrossRef]

Yin, Y.; Choi, S.C.; Xu, Z.; Perry, D.J.; Seay, H.; Croker, B.P,; Sobel, E.S.; Brusko, T.M.; Morel, L. Normalization of CD4+ T cell
metabolism reverses lupus. Sci. Transl. Med. 2015, 7, 274ra218. [CrossRef] [PubMed]

Sun, EF; Geng, S.K.; Wang, H.T.; Wang, H.].; Liu, Z.; Wang, X.D.; Li, T.; Wan, W.G.; Lu, L],; Teng, X.Y,; et al. Effects of metformin
on disease flares in patients with systemic lupus erythematosus: Post hoc analyses from two randomised trials. Lupus Sci. Med.
2020, 7, €000429. [CrossRef]

Kang, K.Y.; Kim, YK Yi, H,; Kim, J.; Jung, H.R.; Kim, L].; Cho, J.H.; Park, S.H.; Kim, H.Y.; Ju, ] H. Metformin downregulates Th17
cells differentiation and attenuates murine autoimmune arthritis. Int. Immunopharmacol. 2013, 16, 85-92. [CrossRef] [PubMed]


http://doi.org/10.1016/j.immuni.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/20064451
http://doi.org/10.4049/jimmunol.1403088
http://doi.org/10.3389/fimmu.2014.00491
http://doi.org/10.1016/j.mce.2017.09.025
http://doi.org/10.1038/nature04516
http://www.ncbi.nlm.nih.gov/pubmed/16407889
http://doi.org/10.1038/srep34533
http://www.ncbi.nlm.nih.gov/pubmed/27694988
http://doi.org/10.1073/pnas.1620910114
http://www.ncbi.nlm.nih.gov/pubmed/28484006
http://doi.org/10.1136/annrheumdis-2018-214656
http://doi.org/10.1038/nrmicro1710
http://www.ncbi.nlm.nih.gov/pubmed/17632569
http://doi.org/10.1172/JCI67390
http://doi.org/10.1002/art.39296
http://doi.org/10.4067/S0716-97602012000300008
http://www.ncbi.nlm.nih.gov/pubmed/23283436
http://doi.org/10.1634/stemcells.2005-0342
http://www.ncbi.nlm.nih.gov/pubmed/16410387
http://doi.org/10.1089/ten.tea.2008.0630
http://www.ncbi.nlm.nih.gov/pubmed/19231921
http://doi.org/10.3389/fimmu.2012.00182
http://www.ncbi.nlm.nih.gov/pubmed/22783256
http://doi.org/10.1002/stem.1986
http://www.ncbi.nlm.nih.gov/pubmed/25753288
http://doi.org/10.1016/j.jaci.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27670240
http://doi.org/10.1093/rheumatology/kez631
http://www.ncbi.nlm.nih.gov/pubmed/31904843
http://doi.org/10.4049/jimmunol.1800006
http://doi.org/10.1002/jcb.26275
http://doi.org/10.1126/scitranslmed.aaa0835
http://www.ncbi.nlm.nih.gov/pubmed/25673763
http://doi.org/10.1136/lupus-2020-000429
http://doi.org/10.1016/j.intimp.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23557965

Int. . Mol. Sci. 2021, 22, 7231 9 of 10

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Son, HJ.; Lee, J.; Lee, S.Y.; Kim, EXK,; Park, M.].; Kim, KW,; Park, S.H.; Cho, M.L. Metformin Attenuates Experimental
Autoimmune Arthritis through Reciprocal Regulation of Th17/Treg Balance and Osteoclastogenesis. Mediat. Inflamm. 2014,
2014, 973986. [CrossRef]

Jhun, J.; Lee, S.; Kim, S.Y.; Na, H.S.; Kim, EK,; Kim, ].K,; Jeong, J.H.; Park, S.H.; Cho, M.L. Combination therapy with metformin
and coenzyme Q10 in murine experimental autoimmune arthritis. Immunopharmacol. Immunotoxicol. 2016, 38, 103-112. [CrossRef]
Chen, K,; Lin, Z.W.; He, S.M.; Wang, C.Q.; Yang, ].C.; Lu, Y.; Xie, X.B.; Li, Q. Metformin inhibits the proliferation of rheumatoid
arthritis fibroblast-like synoviocytes through IGF-IR/PI3K/AKT/m-TOR pathway. Biomed. Pharmacother. 2019, 115, 108875.
[CrossRef]

Kim, EK.; Min, HK; Lee, S.Y.; Kim, D.S.; Ryu, ].G.; Na, H.S,; Jung, K.A_; Choi, ].W.,; Park, S.H.; Cho, M.L. Metformin rescues
rapamycin-induced mitochondrial dysfunction and attenuates rheumatoid arthritis with metabolic syndrome. Arthritis Res. Ther.
2020, 22, 77. [CrossRef]

Gallagher, L.; Cregan, S.; Biniecka, M.; Cunningham, C.; Veale, D.J.; Kane, D.J.; Fearon, U.; Mullan, R.H. Insulin-Resistant
Pathways Are Associated with Disease Activity in Rheumatoid Arthritis and Are Subject to Disease Modification Through
Metabolic Reprogramming: A Potential Novel Therapeutic Approach. Arthritis Rheumatol. 2020, 72, 896-902. [CrossRef] [PubMed]
Naffaa, M.E.; Rosenberg, V.; Watad, A.; Tiosano, S.; Yavne, Y.; Chodick, G.; Amital, H.; Shalev, V. Adherence to metformin and the
onset of rheumatoid arthritis: A population-based cohort study. Scand. ]. Rheumatol. 2020, 49, 173-180. [CrossRef]

Lu, C.H.; Chung, C.H,; Lee, C.H,; Su, S.C.; Liu, J.S.; Lin, EH.; Tsao, C.H.; Hsieh, P.S.; Hung, Y.J.; Hsieh, C.H.; et al. Combination
of COX-2 inhibitor and metformin attenuates rate of admission in patients with rheumatoid arthritis and diabetes in Taiwan.
Medicine 2019, 98, e17371. [CrossRef]

Matsuoka, Y.; Morimoto, S.; Fujishiro, M.; Hayakawa, K.; Kataoka, Y.; Suzuki, S.; Ikeda, K.; Takamori, K.; Yamaji, K.; Tamura, N.
Metformin repositioning in rheumatoid arthritis. Clin. Exp. Rheumatol. 2020. PMID: 32828146.

Fan, K.J.; Wu, J.; Wang, Q.S.; Xu, B.X.; Zhao, ET.; Wang, T.Y. Metformin inhibits inflammation and bone destruction in collagen-
induced arthritis in rats. Ann. Transl. Med. 2020, 8, 1565. [CrossRef]

Park, Y.H.; Jang, Y.J.; Choi, Y.; Lee, K.; Kim, H.].; Cho, O.; Lee, H.R.; Heo, T.H. Combination of LMT-28 and Metformin Improves
Beneficial Anti-Inflammatory Effect in Collagen-Induced Arthritis. Pharmacology 2021, 106, 53-59. [CrossRef] [PubMed]

Chen, Y,; Qiu, E; Yu, B.; Chen, Y.; Zuo, E; Zhu, X.; Nandakumar, K.S.; Xiao, C. Metformin, an AMPK Activator, Inhibits Activation
of FLSs but Promotes HAPLNT1 Secretion. Mol. Ther. Methods Clin. Dev. 2020, 17, 1202-1214. [CrossRef]

Wang, C.; Yao, Z.; Zhang, Y.; Yang, Y.; Liu, J.; Shi, Y.; Zhang, C. Metformin Mitigates Cartilage Degradation by Activating
AMPK/SIRT1-Mediated Autophagy in a Mouse Osteoarthritis Model. Front. Pharmacol. 2020, 11, 1114. [CrossRef] [PubMed]
Zhang, M.; Liu, Y.; Huan, Z.; Wang, Y.; Xu, ]. Metformin protects chondrocytes against IL-1beta induced injury by regulation of
the AMPK/NF-kappa B signaling pathway. Pharmazie 2020, 75, 632—-636. [CrossRef] [PubMed]

Dawood, A.F; Alzamil, N.; Ebrahim, H.A.; Kader, D.H.A.; Kamar, S.S.; Haidara, M.A.; Al-Ani, B. Metformin pretreatment
suppresses alterations to the articular cartilage ultrastructure and knee joint tissue damage secondary to type 2 diabetes mellitus
in rats. Ultrastruct. Pathol. 2020, 44, 273-282. [CrossRef] [PubMed]

Li, J.; Zhang, B.; Liu, W. Metformin limits osteoarthritis development and progression through activation of AMPK signalling.
Ann. Rheum. Dis. 2020, 79, €119. [CrossRef]

Wang, Y.; Hussain, S.M.; Wluka, A.E,; Lim, Y.Z.; Abram, E,; Pelletier, ].P.; Martel-Pelletier, J.; Cicuttini, EM. Association between
metformin use and disease progression in obese people with knee osteoarthritis: Data from the Osteoarthritis Initiative-a
prospective cohort study. Arthritis Res. Ther. 2019, 21, 127. [CrossRef]

Lu, C.H.; Chung, C.H.; Lee, C.H.; Hsieh, C.H.; Hung, Y.J.; Lin, EH.; Tsao, C.H.; Hsieh, P.S.; Chien, W.C. Combination COX-
2 inhibitor and metformin attenuate rate of joint replacement in osteoarthritis with diabetes: A nationwide, retrospective,
matched-cohort study in Taiwan. PLoS ONE 2018, 13, e0191242. [CrossRef]

Li, H.; Ding, X.; Terkeltaub, R.; Lin, H.; Zhang, Y.Q.; Zhou, B.; He, K;; Li, K,; Liu, Z.C.; Wei, ].; et al. Exploration of metformin as
novel therapy for osteoarthritis: Preventing cartilage degeneration and reducing pain behavior. Arthritis Res. Ther. 2020, 22, 34.
[CrossRef] [PubMed]

Kim, J.W,; Kim, S.M; Park, ].S.; Hwang, S.H.; Choi, J.; Jung, K.A.; Ryu, ].G,; Lee, S.Y.; Kwok, S.K.; Cho, M.L,; et al. Metformin
improves salivary gland inflammation and hypofunction in murine Sjogren’s syndrome. Arthritis Res. Ther. 2019, 21, 136.
[CrossRef] [PubMed]

Guarner, F; Malagelada, ].R. Gut flora in health and disease. Lancet 2003, 361, 512-519. [CrossRef]

Al Bander, Z.; Nitert, M.D.; Mousa, A.; Naderpoor, N. The Gut Microbiota and Inflammation: An Overview. Int. ]. Environ. Res.
Public Health 2020, 17, 7618. [CrossRef] [PubMed]

Komaroff, A.L. The Microbiome and Risk for Obesity and Diabetes. JAMA 2017, 317, 355-356. [CrossRef] [PubMed]

Pedersen, HK.; Gudmundsdottir, V.; Nielsen, H.B.; Hyotylainen, T.; Nielsen, T.; Jensen, B.A.; Forslund, K.; Hildebrand, E;
Prifti, E.; Falony, G.; et al. Human gut microbes impact host serum metabolome and insulin sensitivity. Nature 2016, 535, 376-381.
[CrossRef] [PubMed]

Grasset, E.; Puel, A.; Charpentier, J.; Collet, X.; Christensen, J.E.; Terce, F; Burcelin, R. A Specific Gut Microbiota Dysbiosis of Type
2 Diabetic Mice Induces GLP-1 Resistance through an Enteric NO-Dependent and Gut-Brain Axis Mechanism. Cell Metab. 2017,
26, 278. [CrossRef]


http://doi.org/10.1155/2014/973986
http://doi.org/10.3109/08923973.2015.1122619
http://doi.org/10.1016/j.biopha.2019.108875
http://doi.org/10.1186/s13075-020-02174-3
http://doi.org/10.1002/art.41190
http://www.ncbi.nlm.nih.gov/pubmed/31840936
http://doi.org/10.1080/03009742.2019.1695928
http://doi.org/10.1097/MD.0000000000017371
http://doi.org/10.21037/atm-20-3042
http://doi.org/10.1159/000507451
http://www.ncbi.nlm.nih.gov/pubmed/32674107
http://doi.org/10.1016/j.omtm.2020.05.008
http://doi.org/10.3389/fphar.2020.01114
http://www.ncbi.nlm.nih.gov/pubmed/32792951
http://doi.org/10.1691/ph.2020.0762
http://www.ncbi.nlm.nih.gov/pubmed/33303055
http://doi.org/10.1080/01913123.2020.1762815
http://www.ncbi.nlm.nih.gov/pubmed/32404018
http://doi.org/10.1136/annrheumdis-2019-216713
http://doi.org/10.1186/s13075-019-1915-x
http://doi.org/10.1371/journal.pone.0191242
http://doi.org/10.1186/s13075-020-2129-y
http://www.ncbi.nlm.nih.gov/pubmed/32087740
http://doi.org/10.1186/s13075-019-1904-0
http://www.ncbi.nlm.nih.gov/pubmed/31164166
http://doi.org/10.1016/S0140-6736(03)12489-0
http://doi.org/10.3390/ijerph17207618
http://www.ncbi.nlm.nih.gov/pubmed/33086688
http://doi.org/10.1001/jama.2016.20099
http://www.ncbi.nlm.nih.gov/pubmed/28006047
http://doi.org/10.1038/nature18646
http://www.ncbi.nlm.nih.gov/pubmed/27409811
http://doi.org/10.1016/j.cmet.2017.06.003

Int. . Mol. Sci. 2021, 22, 7231 10 of 10

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Xu, HH.; Liu, M.J,; Cao, J.F; Li, X.Y.; Fan, D.P; Xia, Y.; Lu, X.C; Li, ].T,; Ju, D.H.; Zhao, H.Y. The Dynamic Interplay between the
Gut Microbiota and Autoimmune Diseases. J. Immunol. Res. 2019, 2019, 7546047. [CrossRef]

Ye, Z.; Zhang, N.; Wu, C.Y.; Zhang, X.Y.; Wang, Q.F,; Huang, X.Y.; Du, L.P; Cao, Q.F; Tang, ].H.; Zhou, C.J.; et al. A metagenomic
study of the gut microbiome in Behcet’s disease. Microbiome 2018, 6, 135. [CrossRef]

De Paiva, C.S.; Jones, D.B.; Stern, M.E.; Bian, F; Moore, Q.L.; Corbiere, S.; Streckfus, C.E.; Hutchinson, D.S.; Ajami, N.J.;
Petrosino, J.F; et al. Altered Mucosal Microbiome Diversity and Disease Severity in Sjogren Syndrome. Sci. Rep. 2016, 6, 23561.
[CrossRef]

Forslund, K.; Hildebrand, F.; Nielsen, T.; Falony, G.; Le Chatelier, E.; Sunagawa, S.; Prifti, E.; Vieira-Silva, S.; Gudmundsdottir, V.;
Pedersen, H.K,; et al. Disentangling type 2 diabetes and metformin treatment signatures in the human gut microbiota. Nature
2015, 528, 262-266. [CrossRef]

Wu, H.; Esteve, E.; Tremaroli, V.; Khan, M.T.; Caesar, R.; Manneras-Holm, L.; Stahlman, M.; Olsson, L.M.; Serino, M.;
Planas-Felix, M.; et al. Metformin alters the gut microbiome of individuals with treatment-naive type 2 diabetes, contribut-
ing to the therapeutic effects of the drug. Nat. Med. 2017, 23, 850-858. [CrossRef]

Cabreiro, F,; Au, C.; Leung, K.Y.; Vergara-Irigaray, N.; Cocheme, H.M.; Noori, T.; Weinkove, D.; Schuster, E.; Greene, N.D.;
Gems, D. Metformin retards aging in C. elegans by altering microbial folate and methionine metabolism. Cell 2013, 153, 228-239.
[CrossRef] [PubMed]

Kim, D.S.; Woo, ].S.; Min, HK,; Choi, ].W.; Moon, ].H.; Park, M.].; Kwok, S.K,; Park, S.H.; Cho, M.L. Short-chain fatty acid butyrate
induces IL-10-producing B cells by regulating circadian-clock-related genes to ameliorate Sjogren’s syndrome. J. Autoimmun.
2021, 119, 102611. [CrossRef]

Pontarini, E.; Lucchesi, D.; Bombardieri, M. Current views on the pathogenesis of Sjogren’s syndrome. Curr. Opin. Rheumatol.
2018, 30, 215-221. [CrossRef]

Vartoukian, S.R.; Tilakaratne, W.M.; Seoudi, N.; Bombardieri, M.; Bergmeier, L.; Tappuni, A.R.; Fortune, F. Dysregulation of
the suppressor of cytokine signalling 3-signal transducer and activator of transcription-3 pathway in the aetiopathogenesis of
Sjogren’s syndrome. Clin. Exp. Immunol. 2014, 177, 618-629. [CrossRef] [PubMed]

Shah, M.; Edman, M.C.; Janga, S.R.; Shi, P; Dhandhukia, J.; Liu, S.Y.; Louie, S.G.; Rodgers, K.; MacKay, ].A.; Hamm-Alvarez, S.F.
A rapamycin-binding protein polymer nanoparticle shows potent therapeutic activity in suppressing autoimmune dacryoadenitis
in a mouse model of Sjogren’s syndrome. . Control. Release 2013, 171, 269-279. [CrossRef]

Blokland, S.L.; Hillen, M.R.; Kommer-Wichers, C.G.; Kruize, A.A.; Broen, ].C.; van Roon, J.A.; Radstake, T.R. Elevated MTORC1
Signature in B Cells from Sjogren’s Syndrome Patients Correlates with B Cell Hyperactivity That Is Abrogated by MTOR
Inhibition: A Novel Therapeutic Strategy to Halt B Cell Hyperactivity in PSS? Ann. Rheum. Dis. 2017, 76, 288-289. [CrossRef]
Salomonsson, S.; Jonsson, M.V.; Skarstein, K.; Brokstad, K.A.; Hjelmstrom, P.; Wahren-Herlenius, M.; Jonsson, R. Cellular basis of
ectopic germinal center formation and autoantibody production in the target organ of patients with Sjogren’s syndrome. Arthritis
Rheum. 2003, 48, 3187-3201. [CrossRef]

Risselada, A.P; Looije, M.E; Kruize, A.A.; Bijlsma, ].W.; van Roon, J.A. The role of ectopic germinal centers in the immunopathol-
ogy of primary Sjogren’s syndrome: A systematic review. Semin. Arthritis Rheum. 2013, 42, 368-376. [CrossRef] [PubMed]
Bombardieri, M.; Lewis, M.; Pitzalis, C. Ectopic lymphoid neogenesis in rheumatic autoimmune diseases. Nat. Rev. Rheumatol.
2017, 13, 141-154. [CrossRef] [PubMed]

Ray, J.P.; Marshall, H.D.; Laidlaw, B.J.; Staron, M.M.; Kaech, S.M.; Craft, J. Transcription factor STAT3 and type I interferons
are corepressive insulators for differentiation of follicular helper and T helper 1 cells. Immunity 2014, 40, 367-377. [CrossRef]
[PubMed]

Park, M.].; Lee, S.Y.; Moon, S.J.; Son, H.].; Lee, S.H.; Kim, E.K,; Byun, ] K.; Shin, D.Y,; Park, S.H.; Yang, C.W.,; et al. Metformin
attenuates graft-versus-host disease via restricting mammalian target of rapamycin/signal transducer and activator of transcrip-
tion 3 and promoting adenosine monophosphate-activated protein kinase-autophagy for the balance between T helper 17 and
Tregs. Transl. Res. 2016, 173, 115-130. [CrossRef] [PubMed]

Valtysdottir, S.T.; Gudbjornsson, B.; Lindqvist, U.; Hallgren, R.; Hetta, J]. Anxiety and depression in patients with primary
Sjogren’s syndrome. J. Rheumatol. 2000, 27, 165-169. [PubMed]

Vivino, EB.; Carsons, S.E.; Foulks, G.; Daniels, T.E.; Parke, A.; Brennan, M.T.; Forstot, S.L.; Scofield, R.H.; Hammitt, K.M. New
Treatment Guidelines for Sjogren’s Disease. Rheum. Dis. Clin. N. Am. 2016, 42, 531-551. [CrossRef]


http://doi.org/10.1155/2019/7546047
http://doi.org/10.1186/s40168-018-0520-6
http://doi.org/10.1038/srep23561
http://doi.org/10.1038/nature15766
http://doi.org/10.1038/nm.4345
http://doi.org/10.1016/j.cell.2013.02.035
http://www.ncbi.nlm.nih.gov/pubmed/23540700
http://doi.org/10.1016/j.jaut.2021.102611
http://doi.org/10.1097/BOR.0000000000000473
http://doi.org/10.1111/cei.12377
http://www.ncbi.nlm.nih.gov/pubmed/24827536
http://doi.org/10.1016/j.jconrel.2013.07.016
http://doi.org/10.1136/annrheumdis-2017-eular.1616
http://doi.org/10.1002/art.11311
http://doi.org/10.1016/j.semarthrit.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22995442
http://doi.org/10.1038/nrrheum.2016.217
http://www.ncbi.nlm.nih.gov/pubmed/28202919
http://doi.org/10.1016/j.immuni.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24631156
http://doi.org/10.1016/j.trsl.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27126953
http://www.ncbi.nlm.nih.gov/pubmed/10648034
http://doi.org/10.1016/j.rdc.2016.03.010

	Introduction 
	Metformin and Its Anti-Inflammatory and Immunomodulatory Effect 
	Immune Response Concerning Gut Flora Modulation May Be Effective on Sjögren’s Syndrome 
	Pathophysiology of Sjögren’s Syndrome 
	Treatment of Sjögren’s Syndrome 
	Conclusions 
	References

