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ARTICLE INFO ABSTRACT

Keywords: The symptom of hyposalivation associated with hypofunction of the salivary glands is a common
Gemigliptin feature of diabetes. Inadequate saliva production can cause tissue damage in the mouth, making it
Methylglyoxal susceptible to infections and leading to oral health diseases. Previous studies have highlighted the
?;?5::;1;?,?2?““&0“ harmful effects of methylglyoxal (MGO) and MGO-derived advanced glycation end products
Anti-glycation (AGEs) in diabetes. In this study, we investigated the protective effects of gemigliptin, a dipep-
Diabetes tidyl peptidase-4 (DPP-4) inhibitor, against MGO-induced salivary gland dysfunction. MGO

treatment of immortalized human salivary gland acinar cells induced apoptosis via reactive ox-
ygen species (ROS)-mediated pathways, but this effect was mitigated by gemigliptin. In vivo
experiments involved the simultaneous administration of MGO (17.25 mg/kg) with amino-
guanidine (100 mg/kg) and gemigliptin (10 and 100 mg/kg) daily to rats for two weeks. Gem-
igliptin increased the saliva volume and amylase levels in MGO-injected rats. Gemigliptin reduced
the DPP-4 activity in both the salivary glands and serum of MGO-injected rats. Furthermore,
gemigliptin exerted anti-glycation effects by reducing the accumulation of AGEs in the saliva,
salivary glands, and serum and suppressing the expression of the receptor for AGEs. These actions
protected the salivary gland cells from ROS-mediated apoptosis. Overall, gemigliptin protected
the salivary gland cells from ROS-mediated cell death, reduced the accumulation of amylase and
mucins in the salivary glands, and enhanced the salivary function by upregulating aquaporin 5
expression, and it exerted protective effects against MGO-induced salivary gland dysfunction by
enhancing the anti-glycation, antioxidant, and salivary secretion activities. Our findings suggest
gemigliptin as a potential therapeutic for patients with salivary gland dysfunction caused by the
complications of diabetes.

1. Introduction

Saliva contributes significantly to the maintenance of oral health and homeostasis, and it acts as an antimicrobial and assists
digestion, taste, and cleansing [1,2]. The symptom of hyposalivation associated with hypofunction of the salivary glands is a common
feature of diabetes [3]. When saliva production is insufficient, the oral cavity is vulnerable to infection due to tissue damage [4].
Salivary secretion disorders are currently treated temporarily, but underlying causes remain unaddressed [5]. Therefore, mechanisms

Abbreviations: AGEs, advanced glycation end products; AQP5, aquaporin 5; DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide 1; MGO,
methylglyoxal; RAGE, receptor for advanced glycation end products; ROS, reactive oxygen species.
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of salivary gland dysfunction caused by underlying conditions should be further explored to improve the salivary gland functions.

Persistently high blood glucose levels increase the accumulation of advanced glycation end products (AGEs), which alter the
protein function [6]. Under hyperglycemic conditions, methylglyoxal (MGO) is the precursor of AGEs that affects aging and diabetes
via dietary intake [7]. MGO stress, characterized by the abnormal accumulation of MGO, increases the protein and DNA modifications.
This triggers the formation of AGEs, impairs the cell and tissue functions, and contributes to the development of various diseases. MGO
induces the formation of AGEs in both intracellular and extracellular proteins, lipids, and DNA [8,9], acts as a regulator of insulin
resistance [10], and causes structural and functional abnormalities in insulin, contributing to the development of insulin resistance
[11]. AGEs are significantly associated with dental and periodontal pathologies. Furthermore, AGE levels in the saliva correspond to
their levels in other bodily fluids and are associated with both general and oral pathologies [12].

In metabolic disorders, such as diabetes, elevated levels of MGO increase the oxidative stress, thereby affecting the cell and tissue
functions [13]. Hyperglycemia induces excess superoxide production, leading to oxidative damage in patients with hyperglycemia and
diabetes [14]. ROS contribute substantially to the complications associated with diabetes because diabetics produce more reactive
oxygen species (ROS) and have reduced antioxidant defense mechanisms [15]. Oxidative stress triggers lipid peroxidation, DNA
oxidation, protein oxidation, and disturbances in nitric oxide synthesis in cells [16]. Polydatin improves the diabetes-related salivary
gland dysfunction via its antioxidant and anti-glycation effects [17,18]. Increased ROS levels can lead to salivary gland dysfunction. A
person with diabetes may suffer from hyposalivation and hypofunctioning salivary glands as a result of poor blood circulation in the
salivary glands, dehydration, and impaired blood sugar control [5]. Accumulation of MGO contributes to salivary gland dysfunction by
inducing oxidative stress, circulatory disturbances, and internal functional impairment in patients with diabetes and associated
complications.

For the treatment of type 2 diabetes, dipeptidyl peptidase-4 (DPP-4) inhibitors are used because of their low side effects and
excellent safety profile. In 2012, the Korean Food and Drug Administration approved gemigliptin, a DPP-4 inhibitor developed by LG
Life Sciences (Seoul, Korea), as a therapeutic for type 2 diabetes. Through inhibition of glucagon-like peptide 1 (GLP-1), DPP-4 in-
hibitors inhibit incretin hormone inactivation and influence their physiological effects. This incretin hormone stimulates glucose-
dependent insulin secretion and suppresses glucagon secretion in the L cells to regulate blood glucose levels [19,20]. There is evi-
dence that DPP-4 inhibitors protect against diabetic complications in various ways [21]. Gemigliptin exerts anti-glycation effects. In
vitro and in vivo studies have shown that gemigliptin inhibits AGE cross-linking and exerts anti-glycation effects [22]. Moreover,
gemigliptin promotes salivary gland function through antioxidant and antiapoptotic mechanisms in diabetes [23]. However, the
anti-glycation and salivary gland function-improving effects of gemigliptin remain ambiguous, warranting further studies on its action
mechanisms and therapeutic effects. Therefore, we examined whether gemigliptin may protect against MGO-induced salivary gland
dysfunction regardless of its ability to lower blood glucose, one of these DPP4 inhibitors’ intrinsic functions.

2. Materials and methods
2.1. Cell cultures

Immortalized human salivary gland acinar cells (SGACs) were kindly provided by Professor Sang-Gun Ahn (Department of Oral
Pathology, School of Dentistry, Chosun University, South Korea) and cultured on a keratinocyte serum-free medium (Gibco BRL, Grand
Island, NY, USA) supplemented with 100 U/mL penicillin and 100 pg/mL streptomycin. Cultures were maintained in a humidified
atmosphere of 95 % air and 5 % CO5 at 37 °C.

2.2. Cell viability assay

Cells were seeded in a 96-well plate at a density of 1 x 10* cells. After reaching 70 % confluency, the cells were treated with various
concentrations of gemigliptin (0, 2.5, 5, 10, 25, 50, and 100 uM; LG Life Sciences, Seoul, Korea), aminoguanidine (AG; 0, 2.5, 5, 10, 25,
50, and 100 pM; Sigma Aldrich, Louis, MO, USA), and MGO (0, 50, 100, 200, 300, 400, 500, and 600 pM; Sigma Aldrich) for 24 h,
following the group conditions. Cell survival rates were assessed using the 3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium
bromide (MTT) assay kit (Sigma Aldrich). Cell viability in each well was determined using the Spark Multimode Microplate Reader
(Tecan, Mannedorf, Switzerland).

2.3. Measurement of ROS levels

Cells were seeded in a 96-well plate at a density of 1 x 10* cells. After 24 h of treatment with MGO (500 pM) and gemigliptin (0,
0.25, 0.5, 1, 2.5, 5, and 10 pM), cells were treated with a final concentration of 10 uM 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA; Sigma Aldrich) for 30 min and washed with Hanks’ Balanced Salt solution (Welgene, Gyeongsan, Korea). DCFH-DA-
positive signal intensity was measured using the Spark Multimode Microplate Reader (Tecan). Green fluorescence intensity of
DCFH-DA-positive cells was detected using a fluorescence microscope (BX51; Olympus, Tokyo, Japan).

2.4. Western blotting analysis

Protein analysis was performed using cell and tissue lysates. Western blotting was performed as described previously [24]. The
membranes were probed with Bax rabbit monoclonal (1:1000; Cat. # ab32503, Abcam, Waltham, MA, USA), Bcl2 mouse monoclonal
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(1:1000; Cat. # ADI-AAM-072-E, Enzo, Beverly, MA, USA), caspase-3 rabbit monoclonal (1:1000; Cat. # 14220, Cell Signaling
Technology, Beverly, MA, USA), caspase-9 mouse monoclonal (1:1000; Cat. # 9508, Cell Signaling Technology), cleaved caspase-9
rabbit monoclonal (1:1000; Cat. # 9507, Cell Signaling Technology), PARP rabbit monoclonal (1:1000; Cat. # 9532, Cell Signaling
Technology), p-actin mouse monoclonal (1:2000; Cat. # sc-8432, Santa Cruz Biotechnology, CA, USA), catalase rabbit monoclonal
(1:2000; Cat. # 14097, Cell Signaling Technology), SOD1 rabbit monoclonal (1:2000; Cat. # 37385, Cell Signaling Technology), AGE
mouse monoclonal (1:1000; Cat. # KH001, TransGenic, Inc., FUK, JP), and aquaporin 5 (AQP5) rabbit polyclonal (1:1000; Cat. #
BS3477, Bioworld Technology, Louis Park, MN, USA) antibodies followed by incubation with appropriate secondary antibodies.

2.5. Animals

Sprague-Dawley (SD) rats aged six weeks were obtained from Damul Science in Daejeon, Korea. MGO was administered for two
weeks at a dosage of 17.25 mg/kg to induce salivary gland dysfunction. A week after acclimatization, the rats were randomly split into
five groups as shown in Table 1. The administration was repeated once daily for two weeks. All animal procedures were approved by
the Institutional Animal Care and Use Committee of Jeonbuk National University Laboratory Animal Center (IACUC approval no.:
JBNU 2020-0148).

2.6. Saliva collection

Savliva collection was performed as described previously [24]. To collect saliva, cotton balls were placed in the rats’ mouths for 15
min, centrifuged, and the saliva was collected.

2.7. Histopathological examination via hematoxylin and eosin (H&E) staining

Salivary gland tissues were fixed with 10 % formalin and rinsed with running tap water to remove all residual fixatives. After
dehydration with ethanol, the tissues were embedded in paraffin and sectioned into 4-pm slices. Finally, H&E staining was performed
for histological evaluation. The microscopic evaluation was analyzed by three oral pathologists in a blinded fashion.

2.8. Apoptosis analysis via TdT-mediated dUTP nick-end labeling (TUNEL) staining

We analyzed apoptosis in the salivary gland tissues of rats. The samples were fixed with formaldehyde, dehydrated, embedded in
paraffin blocks, and sectioned. Next, the tissue sections were deparaffinized twice in xylene (5 min each) and rehydrated with ethanol.
TUNEL assay was performed as described previously [24]. ImageJ 1.53 software (NIH, Bethesda, MD, USA) was used to determine the
number of TUNEL-positive cells. Salivary gland sections were analyzed in five different fields from each (n = 5) section.

2.9. Histochemical examination via periodic acid-Schiff (PAS) and alcian blue staining

We stained the sections with PAS and alcian blue to assess neutral mucin accumulation and acidic mucin accumulation, respec-
tively. Staining with PAS and alcian blue was performed as described previously [24].

2.10. Immunohistochemistry (IHC) assay

Immnunohistochemical staining was performed as described previously [24]. The following primary antibodies were used:
8-hydroxy-2'-deoxyguanosine (8-OHdG; 1:1000; Abcam), high mobility group box 1 (HMGB1; 1:1000; Cell Signaling Technology),
AGEs (1:500; TransGenic, Inc.), receptor for AGEs (RAGE; 1:500; Santa Cruz Biotechnology), and AQP5 (1:500; Bioworld Technology).
In order to quantify the optical density, the average optical density was measured at 200 x magnification using the ImageJ software
(NIH). Salivary gland sections were analyzed in five different fields from each (n = 5) section.

2.11. Measurement of DPP-4 activity and DPP-4 and GLP-1 levels

An lysis buffer containing protease inhibitors was prepared for homogenization of frozen salivary gland tissues, which contained
150 mM NacCl, 1 % Triton X-100, and 10 mM Tris, pH 7.4. The volume of lysis buffer was determined in relation to the amount of

Table 1
Animal experimental groups.
Name of groups Numbers of animals Drug intervention
Normal group 7 PBS only
MGO group 7 rats treated with MGO via an intraperitoneal (i.p.) injection
AG group 7 rats treated with MGO via an i.p. injection and orally administered 100 mg/kg of AG
GG10 group 7 rats treated with MGO via an i.p. injection and orally administered 10 mg/kg of gemigliptin
GG100 group 7 rats treated with MGO via an i.p. injection and orally administered 100 mg/kg of gemigliptin
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salivary gland tissue present. lysis was performed by determining the volume of lysis buffer based on the salivary gland weight ratio.
DPP-4 activity and GLP-1 and DPP-4 levels were measured using the DPP-4 activity assay kit (Enzo), rat GLP-1 ELISA Kit (MyBio-

Source, CA, USA), and rat DPP-4 ELISA kit (MyBioSource), respectively, following the manufacturers’ instructions. The results were
measured using the Spark Multimode Microplate Reader (Tecan).

2.12. Measurement of amylase alpha 1 and AGE levels
Salivary amylase levels were determined with a Rat Amylase Alpha 1 ELISA Kit (MyBioSource, CA, USA), following the manu-

facturer’s instructions. The levels of AGEs in the salivary gland tissues, saliva, and serum were mesured using rat AGEs ELISA Kkits
(MyBioSource) according to the manufacturer’ protocol.

2.13. Statistical analyses

Following Levene’s test, a one-way ANOVA was performed, and significant differences between groups were detected. According to
the homogeneity of dispersion, a post-hoc test was conducted (Tukey’s multiple comparison test for homogeneous dispersion or
Dunnett’s T3 test for heterogeneous dispersion) using a Graphpad Prism 8.0 software (GraphPad, San Diego, CA, USA). We expressed
all data as means =+ standard errors. A p-value less than 0.05 was considered significant.
3. Results

3.1. Gemigliptin inhibits MGO-induced apoptosis and increases GLP-1 levels in SGACs

Cytotoxic effects of MGO on SGACs were assessed by culturing the cells with various concentrations of MGO for 24 h. MGO
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Fig. 1. Effects of gemigliptin (GG) on methylglyoxal (MGO)-treated immortalized human salivary gland acinar cells (SGACs). (A) Effects of 24-h
treatment with methylglyoxal (MGO) on the viability of SGACs. (B) Cell viability of SGACs treated with GG and aminoguanidine (AG) for 24 h.
(C) Effects of gemigliptin and AG on the viability of immortalized human SGACs treated with MGO for 24 h. (D) Glucagon-like peptide 1 (GLP-1)
levels in SGACs treated with different concentrations of gemigliptin and AG. All data are presented as the mean =+ standard error of the mean (n =
5). *p < 0.05.
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suppressed the cell viability in a dose-dependent manner. Cell viability was maintained at approximately 50 % when the concentration
of MGO was set to 500 pM (Fig. 1A). Based on these results, we chose a concentration of 500 pM MGO for 24 h as the optimal modeling
condition for further studies. In the cytotoxicity assay of gemigliptin and AG, gemigliptin exhibited cytotoxicity starting from a
concentration of 25 pM, while AG did not show toxicity up to a concentration of 100 pM (Fig. 1B). Experiments were conducted using
non-toxic concentrations of gemigliptin, which were 10 pM or lower. Gemigliptin (0, 2.5, 5, and 10 pM) dose-dependently inhibited the
decrease in cell viability caused by MGO. Also, when compared to the control compound 10 uM AG, cells treated with 10 pM gem-
igliptin exhibited higher cell viability (Fig. 1C). To investigate the effect of gemigliptin on GLP-1 expression in the MGO-treated SGACs,
GLP-1 levels were examined. The results confirmed that GLP-1, which was significantly decreased in the MGO group compared to the
control group, exhibited a dose-dependent increase with gemigliptin treatment (Fig. 1D). Therefore, it has been confirmed that
gemigliptin inhibits the cytotoxicity of MGO in SGACs and increases GLP-1 levels.

3.2. Gemigliptin protects against MGO-induced oxidative stress and apoptosis in SGACs

To understand the inhibition of MGO-induced apoptosis by gemigliptin, the levels of relevant apoptotic proteins and ROS were
examined. After culturing SGACs in a medium with 500 pM MGO for 24 h, a significant increase in fluorescence intensity was observed.
However, co-treatment with MGO and gemigliptin attenuated the increase in ROS production in a dose-dependent manner. While the
treatment with AG also reduced the ROS induced by MGO in a dose-dependent manner, it is noteworthy that at a concentration of 10
pM gemigliptin exhibited a stronger inhibition of ROS production compared to AG (Fig. 2A and B). To investigate the effect of
gemigliptin on MGO-induced apoptosis in SGACs, western blotting analysis was performed to examine the expression of Bax, caspase-
3, caspase-9, Bcl2, and PARP. MGO treatment significantly increased the levels of pro-apoptotic proteins (Bax, cleaved caspase-3,
cleaved caspase-9) and cleaved PARP, while decreasing the levels of the anti-apoptotic protein (Bcl2). Compared to the MGO
group, significant dose-dependent downregulation of Bax, cleaved caspase-3, and cleaved caspase-9 levels and upregulation of Bcl2
levels were observed in the gemigliptin-treated group (Fig. 2C and D). These results confirmed that gemigliptin dose-dependently
reduced the ROS levels in SGACs increased by MGO and inhibited apoptosis.
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Fig. 2. GG reduces MGO-induced reactive oxygen species (ROS) levels and apoptosis in immortalized human SGACs. (A) ROS levels were deter-
mined via fluorescence microscopy with 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) as a fluorescent probe. (B) Quantitative analysis of
DCFH-DA staining intensity. (C) Western blotting analysis of apoptosis-related proteins in SGACs. SGACs were treated with 0, 1, 2.5, 5, and 10 M of
GG and 500 pM of MGO for 24 h. (D) Optical density values of the protein bands from the Western blot were statistically quantified. p-actin was used
as an internal control. All data are presented as the mean + standard error of the mean (n = 5). *p < 0.05.
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Fig. 3. GG ameliorates salivary gland dysfunction and pathological alterations in MGO-injected rats. (A) Body weight in each group. (B) Salivary
gland weight in each group. (C) Bilateral salivary gland weight divided by body weight. (D) Total salivary secretion and flow in each group. (E)
Measurement of amylase concentration in the collected saliva. (F) Measurement of amylase concentration in the salivary gland lysate. (G)
Representative salivary glands stained with hematoxylin and eosin (H&E) (scale bar = 100 pm). (H) Quantitative evaluation of acinar cell and duct
Eegions in salivary glands. All data are presented as the mean =+ standard error of the mean (n = 5). *p < 0.05.

3.3. Gemigliptin prevents MGO-induced dysfunction and pathological alterations of the salivary gland

We conducted in vivo experiments to investigate the effect of gemigliptin on the impairment of salivary gland function in MGO-
injected rats. The rats were simultaneously administered MGO (17.25 mg/kg), AG (100 mg/kg), and gemigliptin (10 mg/kg and
100 mg/kg) daily for two weeks. Body weight and salivary gland weight decreased in the MGO group, but increased with AG and
gemigliptin treatment (Fig. 3A and B). The ratio of salivary gland weight to body weight showed a slight increase in the MGO group,
but no significant difference was observed compared with the other groups (Fig. 3C). The salivary flow was significantly decreased in
the MGO group than in the normal group. However, treatment with gemigliptin (100 mg/kg) significantly increased the salivary flow
(Fig. 3D). Amylase levels in saliva decreased in the MGO group and increased in a dose-dependent manner in the gemigliptin-treated
groups. In addition, gemigliptin-treated rats (100 mg/kg) had significantly higher concentrations of amylase than AG-treated rats (100
mg/kg) (Fig. 3E). However, there was an increase in salivary amylase concentration in the MGO group and a decrease in the gem-
igliptin group. (Fig. 3F). In order to observe changes in morphology in salivary glands, H&E staining was employed. The ratio of the
ductal area to the serous acinar area was examined in the salivary glands, and it was observed that the area of ductal cells increased,
whereas the area of serous acinar cells decreased in the MGO group. Conversely, in the gemigliptin-treated group, the area of the ductal
cells decreased, whereas that of the serous acinar cells increased (Fig. 3G and H). Therefore, we confirmed that the MGO-induced
reduction in salivary flow rate, changes in amylase levels in saliva and salivary glands, and morphological changes contributed to
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Fig. 4. Effects of GG on dipeptidyl peptidase-4 (DPP-4) activity and DPP-4 and GLP-1 levels in the salivary glands and serum of MGO-injected rats.
(A) DPP-4 activity in the salivary glands. (B) DPP-4 activity in the serum. (C) DPP-4 levels in the salivary glands. (D) DPP-4 levels in the serum. (E)
GLP-1 levels in the salivary glands. (F) GLP-1 levels in the serum. All data are presented as the mean =+ standard error of the mean (n = 5). *p
< 0.05.
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Fig. 5. TdT-mediated dUTP nick-end labeling (TUNEL) assay and western blotting of apoptosis-related proteins in salivary gland tissues. (A) TUNEL
staining of apoptotic cells in the salivary gland sections (scale bar = 50 pm). Arrow heads indicate TUNEL-positive cells. (B) Quantitative analysis of
TUNEL-positive cells in the salivary glands. (C) Effects of GG on the expression levels of Bax, Bcl2, caspase-3, and caspase-9 proteins. (D) Optical
density values of the protein bands from the Western blot were statistically quantified. p-actin was used as an internal control. All data are presented
as the mean + standard error of the mean (n = 5). *p < 0.05.

salivary gland dysfunction, which was improved by gemigliptin treatment.

3.4. Effects of gemigliptin on DPP-4 activity and DPP-4 and GLP-1 levels in the salivary gland and serum
This study aimed to investigate the effects of gemigliptin on DPP-4 activity and level in the salivary glands and serum, along with its

effect on GLP-1 levels. There was a significant reduction in DPP-4 activity in both the salivary gland and serum in the gemigliptin-
treated group compared to the MGO-treated group. (Fig. 4A and B). Similarly, The gemigliptin group had significantly lower
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Fig. 6. Effect of GG on ROS production in the salivary glands of MGO-injected rats. (A) Immunohistochemical analysis of 8-hydroxy-2"-deoxy-
guanosine (8-OHdG) expression in the salivary glands (scale bar = 50 pm). (B) Quantification of 8-OHdG signal intensity. (C) Immunohistochemical
analysis of high mobility group box 1 (HMGB1) expression in the salivary glands (scale bar = 50 pm). (D) Quantification of HMGBI1 signal intensity.
(E) Effects of GG on the expression levels of catalase (CAT) and superoxide dismutase 1 (SOD1) proteins were determined via western blotting. (F)
Optical density values of the protein bands from the Western blot were statistically quantified. f-actin was used as an internal control. All data are
presented as the mean + standard error of the mean (n = 5). *p < 0.05.
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Fig. 7. Effect of GG on the accumulation of advanced glycation end products (AGEs) in the salivary glands of MGO-injected rats. (A) Immuno-
histochemical analysis of AGE expression in the salivary glands (scale bar = 50 ym). (B) Quantification of AGE signal intensity. (C) Immunohis-
tochemical analysis RAGE expression in the salivary glands (scale bar = 50 pm). (D) Quantification of RAGE signal intensity. (E) Effects of GG on the
expression levels of AGEs were determined via western blotting. (F) Optical density values of the protein bands from the Western blot were sta-
tistically quantified. p-actin was used as an internal control. (G) Measurement of AGE concentration in the salivary glands. (H) Measurement of AGE
concentration in the saliva. (I) Measurement of AGE concentration in the serum. All data are presented as the mean =+ standard error of the mean (n
= 5). *p < 0.05.

salivary gland and serum DPP-4 levels than the MGO group (Fig. 4C and D). In contrast, There was a significant increase in GLP-1 levels
in the salivary glands and serum in the gemigliptin-treated group compared to the MGO-treated group, suggesting an enhanced GLP-1-
mediated effect (Fig. 4E and F). Based on these findings, gemigliptin appears to be effective in decreasing DPP-4 activity in salivary
glands and serum, thereby increasing GLP-1 levels. This could have implications for the treatment of salivary gland dysfunction.

3.5. Gemigliptin inhibits apoptosis in the salivary glands of MGO-injected rats

To confirm that gemigliptin alleviates apoptosis in rats injected with MGO, TUNEL assays were performed as well as Western blot
analysis. In the salivary gland TUNEL assay, the number of TUNEL-positive apoptotic cells, which was significantly increased in the
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Fig. 8. Effects of GG on mucin accumulation and aquaporin 5 (AQP5) expression in the salivary glands of MGO-treated rats. (A) Immunohisto-
chemical analysis of AQP5 expression in the salivary glands (scale bar = 50 pm). (B) Quantification of AQP5 signal intensity. (C) Periodic acid-Schiff
(PAS) and Alcian blue (AB) staining of the salivary glands (scale bar = 100 pm). (D) Effect of GG on the expression of AQP5 was determined via
western blotting. (E) Optical density values of the protein bands from the Western blot were statistically quantified. p-actin was used as an internal
control. All data are presented as the mean + standard error of the mean (n = 5). *p < 0.05. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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MGO group, exhibited a concentration-dependent decrease in the gemigliptin-treated group. Moreover, in comparison with the control
group treated with AG at 100 mg/kg, the gemigliptin 100 mg/kg group demonstrated a notable reduction in TUNEL-positive cells
(Fig. 5A and C). As compared to MGO-exposed glands, gemigliptin-treated samples showed altered expression profiles of apoptosis-
associated proteins. Apoptosis-promoting proteins Bax, cleaved caspase-3, and cleaved caspase-9 increased in the MGO group.
Further, Bcl2 was found to be less expressed, which would be an indication of an increase in apoptosis. However, apoptosis-promoting
proteins, Bax, cleaved caspase-3, and cleaved caspase-9, decreased in a dose-dependent manner after gemigliptin administration, while
anti-apoptotic proteins, Bcl2, increased (Fig. 5C and D). It seems that gemigliptin inhibits MGO-induced salivary gland apoptosis.

3.6. Gemigliptin inhibits oxidative stress in the salivary glands of MGO-injected rats

THC was performed to assess whether oxidative stress-induced cellular damage was evident in 8-OHdG and HMGB1 accumulation.
MGO-treated animals accumulated more 8-OHdG, whereas AG and gemigliptin-treated animals accumulated less. Further, gemigliptin
100 mg/kg showed a greater reduction in 8-OHdG accumulation than AG and MGO (Fig. 6A and B). A similar decrease in HMGB1
accumulation was observed in the MGO group after AG and gemigliptin treatments. There was a greater reduction in the gemigliptin
100 mg/kg group compared to the AG group (Fig. 6C and D). Further analysis of oxidative stress markers was done by western blotting.
MGO-injected rats’ salivary glands showed decreased expression of the antioxidant markers CAT and SOD1, which increased with AG
and gemigliptin. These markers were significantly more expressed in the group treated with gemigliptin at 100 mg/kg than in the
group treated with AG (Fig. 6E and F). In conclusion, Ageing rats treated with MGO showed a significant reduction in oxidative stress in
their salivary glands when gemigliptin was administered.

3.7. Gemigliptin reduces AGE accumulation and RAGE expression in the salivary glands of MGO-injected rats

Experiments were conducted to observe the anti-glycation effects of gemigliptin in rats injected with MGO. The accumulation of
AGEs and RAGE expression in the salivary glands was examined. A reduction in AGE accumulation occurred in the MGO group after
treatment with the control drug AG as well as gemigliptin (Fig. 7A and B). Similarly, the expression of RAGE, as shown by the IHC
results, decreased with gemigliptin treatment, following an increase observed in the MGO group (Fig. 7C and D). AGE expression was
also measured via Western blotting. AG and gemigliptin treatment reduced AGE levels in the MGO group, in accordance with IHC
results. There was the greatest reduction observed in the group treated with 100 mg/kg of gemigliptin (Fig. 7E and F). Saliva, salivary
gland lysate, and serum were also tested for AGE levels. Saliva and salivary gland levels of AGEs increased in the MGO group, but
decreased with AG and gemigliptin treatment. Serum levels of AGE were increased in the MGO group, but they decreased with AG and
gemigliptin treatment. Consequently, both AG and gemigliptin reduced AGE accumulation and RAGE expression levels in the salivary
glands, saliva, and serum of MGO-injected rats. Furthermore, the group administered 100 mg/kg gemigliptin showed a superior anti-
glycation effect than the AG group.

3.8. Gemigliptin increases AQP5 expression and mucin secretion in the salivary glands of MGO-injected rats

Salivary glands were tested for AQP5 expression using IHC. Following gemigliptin administration, the decreased expression of
AQPS5 in the salivary glands of the MGO group increased dose-dependently (Fig. 8A and B). To determine whether SGACs accumulate
neutral or acidic mucus, PAS and AB staining were conducted. When salivary gland acini were stained with AB and PAS reagents,
moderate staining was observed in the normal group. There was, however, an increase in staining intensity in the MGO group,
indicating that both acidic and neutral mucus were accumulating in the acini (Fig. 8C and D). Acini of salivary glands stained strongly
with PAS in the MGO group, but weakened in the gemigliptin group (Fig. 8C). Gemigliptin-treated individuals had a less pronounced
neutral mucine blockade than MGO-treated individuals. The intensity of AB staining was relatively high in the MGO group and
relatively low in the gemigliptin 100 mg/kg group compared to the normal group. It is interesting to note that AB staining was strongly
positive in some salivary gland acini in the MGO group (Fig. 8D). Furthermore, analyses of salivary gland lysates using western blotting
confirmed the presence of AQP5 protein. In accordance with IHC data, these results support AQP5 findings. AQP5 expression was
significantly reduced in the MGO group and increased concentration-dependently with gemigliptin administration (Fig. 8E and F). The
results showed that gemigliptin improved AQPS5 expression in the salivary glands of MGO-treated rats and reduced mucin
accumulation.

4. Discussion

Saliva plays an important role in the maintenance of homeostasis in oral health [2]. Deficiency of saliva can lead to damage and
infection in the oral tissues, which can be a cause of oral disease [4]. Salivary gland dysfunction is a common symptom in patients with
diabetes. In metabolic disorders, such as diabetes, elevated levels of MGO can increase oxidative stress, affecting cell and tissue
function [3]. However, the mechanism underlying MGO-related salivary gland function, which is closely associated with diabetes,
remains unclear [3]. In this study, gemigliptin, a DPP-4 inhibitor, was found to increase GLP-1 levels and exhibit an anti-glycation
effect in the salivary glands of mice injected with MGO. These effects alleviated salivary gland dysfunction and increased salivation.

The inhibition of DPP-4 enhances pancreatic insulin secretion through GLP-1 and suppresses hepatic glucose production by
inhibiting its activity [25]. Gemigliptin, the drug used in the experiment, is a DPP-4 inhibitor that is used to treat type 2 diabetes [19].
Previous in vitro and in vivo experiments have shown that gemigliptin exhibits several additional activities, including anti-glycation
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and anti-inflammatory effects [22,26]. We confirmed that gemigliptin has a cytoprotective effect against MGO-induced cytotoxicity in
SGAGCs. Additionally, a relatively high cell survival rate was observed in the gemigliptin group compared to that in the control AG
group. These results are consistent with previous findings, indicating that MGO-induced cytotoxicity could be inhibited by the
increased GLP-1 levels following the DPP-4 inhibitory effect of gemigliptin [27]. Moreover, gemigliptin reduced DPP-4 activity in
MGO-injected rats’ salivary glands and serum and increased GLP-1 levels in a dose-dependent manner. These results demonstrated that
gemigliptin functions as a DPP-4 inhibitor in the salivary glands.

For patients with diabetes, gemigliptin is recommended at a dose of 50 mg daily. Gemigliptin, however, reduced plasma AGE levels
in db/db mice when given orally 100 mg/kg/day [22]. A mouse model of ureteral obstruction was also shown to be prevented from
developing renal interstitial fibrosis by oral gemigliptin consumption at 150 mg/kg/day [28]. Based on previous studies, we found that
gemigliptin has a similar effect on the salivary gland in rodents. A previous report measured gemigliptin plasma concentrations to be
62.7 ng/ml after a single 50 mg oral dose, with an area under the plasma concentration time curve (AUC) of 743.1 ng/ml h-1. Ithas a
half-life of 17.1 h to eliminate gemigliptin from the body. DPP-4 activity was inhibited for 24 h after administration [29]. However, it
was found that mice consuming 100 mg/kg of gemigliptin, had a peak plasma concentration of 2614 ng/ml, but had a 1.5-h elimi-
nation half-life. In mice, gemigliptin had an AUC of 4510 ng/ml h-1 [30]. Humans have a 6-fold lower AUC value than mice after oral
administration, however, the human half-life of gemigliptin is 11-fold longer. Further, gemigliptin’s inhibitory activity against DPP-4
was similar for 24 h after oral administration of 100 mg/kg gemigliptin in mice because of its short half-life.

We examined ROS-induced apoptosis caused by ROS in the SGACs and MGO-injected rats. Various studies have shown that MGO
increases the intracellular ROS [31,32]. ROS are important contributors to hyperglycemia-induced cell death, since antioxidants can
block MGO-induced oxidative stress [33]. In the salivary glands of MGO-injected rats, the expression of pro-apoptotic proteins
decreased with gemigliptin administration in a dose-dependent manner, whereas the levels of anti-apoptotic proteins increased.
Additionally, the number of TUNEL-positive cells, which increased in the MGO group, decreased after gemigliptin administration.

An increase in DPP-4 and a decrease in GLP-1 levels may be responsible for MGO-induced ROS production. As a result of its
antioxidant properties, GLP-1 suppresses ROS production and inflammation during hyperglycemia and in diabetic animals [34,35].
The production of ROS by endothelial cells is increased by DPP-4, while the production of ROS by cardiomyocytes is inhibited by DPP-4
deficiency [36,37]. Using animal models of diabetes and its complications as models, DPP-4 inhibitors lower ROS production [38,39].
It has also been reported that gemigliptin can alleviate mitochondrial dysfunction and reduce the production of reactive oxygen species
in liver disease and diabetes [40,41]. Previous studies and our findings indicate that gemigliptin’s cytoprotective properties are due to
its ability to reduce ROS levels by inhibiting DPP-4 activity.

MGO has already been shown to cause cytotoxicity in rat Schwann cells, human vascular endothelial cells, and bovine retinal
pericytes [42]. The present study showed that exposure to MGO led to a reduction in body weight and absolute salivary gland weight.
However, relative salivary gland to body weight slightly increased in the MGO group. No significant difference was observed compared
with the other groups. As previously reported, drinking water containing MGO resulted in about 12 % weight loss for mice when given
in drinking water. The relative organ weight was slightly increased, but no significant change was observed in MGO compared with the
control group [43].

Anti-glycation effects of gemigliptin were confirmed in this study. Controlling MGO-induced AGE formation by increasing GLP-1
levels in DPP-4-deficient mice improves diabetes and its complications [44]. Anti-glycation effects of several DPP-4 inhibitors,
including gemigliptin, have been verified in numerous studies [45,46]. Anti-glycation effect of gemigliptin was verified by capturing
MGO and inhibiting the cross-linking reaction of AGEs and proteins [22]. In diabetic rats, gemigliptin’s antioxidant effect prevented
salivary gland function decline [23]. We also confirmed the anti-glycation effect of AG, a well-known AGE inhibitor. These results
suggest that glycation is the major cause of aging in this animal model [47]. Salivary glands were damaged by MGO induced apoptosis
through ROS-induced apoptosis. A protective effect of gemigliptin was observed by inhibiting DPP-4, increasing GLP-1 levels, and
decreasing AGE accumulation.

In previous studies, gemigliptin has shown various pharmaceutical beneficial effects independent of glycemic control. There is
widespread expression of DPP-4 throughout the body [48]. Increased DPP-4 activity promoted the development of oxidative stress and
inflammation [49]. The deficiency of DPP-4 protects against oxidative stress caused by H202 [37]. Further, DPP-4 is known to increase
RAGE gene expression, and DPP-4 inhibitor, linagliptin, inhibits mRNA levels of RAGE in endothelial cells [5S0]. When AGEs interact
with RAGE, oxidative stress occurs, which causes cellular dysfunction [51]. The expression of RAGE protein, salivary AGEs, and
salivary DPP-4 activity were clearly decreased with gemigliptin treatment. The present study did not show direct inhibition of ROS
production by gemigliptin or ROS generation by DPP-4, but these findings suggest that gemigliptin inhibition of DPP-4 could reduce
oxidative stress-related hypofunction of salivary glands.

In our study, we found that in rats injected with MGO, salivary secretion increased with gemigliptin administration. As observed
morphologically, the MGO group had a decreased number of acinar cells and increased numbers of ductal cells. The gemigliptin-
treated group showed an increase in the ratio of acinar to ductal cells. Similar results have been reported in several established
models of salivary gland dysfunction models [52,53]. Although we did not observe any distinct morphological abnormalities in the
salivary glands, there were differences in the composition ratio of salivary gland cells associated with salivary gland function.

MGO-induced ROS-mediated apoptosis causes salivary gland dysfunction. Among the most important enzymes present in saliva is
a-amylase, which is responsible for the initial digestion of starch. Thus, it is a reliable indicator of salivary gland function. Decreased
salivary volume is associated with salivary glands [54,55]. Our study found that both salivary volume and amylase levels decreased in
the MGO group, whereas gemigliptin administration increased both variables concentration-dependently. Conversely, amylase levels
increased in the salivary glands of the MGO group but decreased in the gemigliptin group. Low salivary amylase levels are linked to
insulin resistance, diabetes, and obesity [56,57]. Diabetes-related dry mouth has also been associated with changes in salivary flow
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rate and decreased salivary amylase activity [58,59]. Thus, we anticipated difficulties with the secretion of amylase from the salivary
gland. When ROS accumulate in salivary glands, they cause oxidative stress that can alter saliva secretion, salivary amylase levels, and
secretory functions like calcium regulation [60]. As a result of the findings, it appears that salivary oxidative stress can result in
salivary secretion disorders and that gemigliptin can alleviate salivary dysfunction by inhibiting salivary oxidative stress.

Mucins, composed of various compounds, play a crucial role in mucosal lubrication, which is a primary function of saliva [61].
Here, strong AB and PAS staining demonstrated increased mucin accumulation in the acini of salivary glands of the MGO group.
However, mucin accumulation decreased after gemigliptin administration, suggesting that gemigliptin reduced mucin accumulation in
the acini by improving salivary gland dysfunction. Diabetes-related salivary gland accumulation of acidic and neutral mucins is
associated with strong AB and PAS staining [17,62]. When salivary glands become dysfunctional, mucin composition can change [63].
MGO-induced salivary gland dysfunction may be more related to impaired secretion than to disorders affecting saliva production.
Consequently, under diabetic conditions mucous accumulates in the salivary glands, indicating that the salivary glands have abnormal
secretory function. In saliva formation, the primary fluid is generated and secreted by acini, which are the cells of the oral cavity [64].
Acinar cells synthesize these secretions and store them in cytoplasmic granules before releasing them [65]. In this study, MGO’s
salivary glands accumulated more mucins and less amylase than the control group. Our findings suggest a potential issue in the
primary saliva secretion process. However, additional experiments are required to verify this.

In order to assess the expression levels of AQPS5 in salivary glands, we assessed the importance of AQP5 in salivary secretion. In the
salivary glands of the MGO group, we found a decrease in the expression of AQP5. A crucial function of AQP5 is to control salivary
gland secretion [66]. The salivary flow stimulated by pilocarpine is significantly reduced in mice lacking AQP5, indicating the
importance of AQPS5 in regulating the water permeability in acinar cells [67]. Additionally, rats with type 2 diabetes exhibit reduced
salivary flow and decreased expression of AQP5 [68]. In this study, gemigliptin increased salivary gland expression of AQP5 in a
concentration-dependent manner. This suggests that gemigliptin improves MGO-induced salivary gland dysfunction by enhancing
AQPS5 expression levels in the salivary glands.

In conclusion, gemigliptin decreased ROS-induced apoptosis in salivary glands of rats injected with MGO, which was caused by
DPP-4 activity and AGE accumulation. Consequently, gemigliptin protected salivary gland cells from damage, increasing salivary flow
rate, increasing salivary amylase levels, reducing mucin accumulation, and increasing AQP5 expression (Fig. 9). There is no concrete
evidence of how gemigliptin directly increases salivary secretion. Pilocarpine is the FDA approved oral drug for dry mouth. As a
cholinergic agonist, this drug binds to muscarinic receptors in salivary glands and stimulates secretory nerves to secrete saliva.
However, gemigliptin improved salivary gland hypofunction rather than direct salivation simulation, thereby improving salivary
secretion. Overall, gemigliptin improved the salivary gland function, suggesting its potential as a therapeutic agent for patients with
diabetes-associated salivary gland dysfunction.
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