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Advanced Glycation End Products Increase Salivary Gland
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Abstract: A declined salivary gland function is commonly observed in elderly people. Advanced
glycation end products (AGEs) are believed to contribute to the pathogenesis of aging. Although
physical exercise is shown to increase various organ functions in human and experimental models, it
is not known whether it has a similar effect in the salivary glands. In the present study, we evaluated
the AGEs burden in the salivary gland in the aging process and the protective effect of physical
exercise on age-related salivary hypofunction. To accelerate the aging process, rats were peritoneally
injected with D-galactose for 6 weeks. Young control rats and D-galactose-induced aging rats in the
old group were not exercised. The rats in the physical exercise group ran on a treadmill (12 m/min,
60 min/day, 3 days/week for 6 weeks). The results showed that the salivary flow rate and total
protein levels in the saliva of the D-galactose-induced aging rats were reduced compared to those
of the young control rats. Circulating AGEs in serum and secreted AGEs in saliva increased with
D-galactose-induced aging. AGEs also accumulated in the salivary glands of these aging rats. The
salivary gland of aging rats showed increased reactive oxygen species (ROS) generation, loss of
acinar cells, and apoptosis compared to young control mice. However, physical exercise suppressed
all of these age-related salivary changes. Overall, physical exercise could provide a beneficial option
for age-related salivary hypofunction.
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1. Introduction

Most elderly people have a clinical symptom of age-related hyposalivation [1]. The
maintaining of normal salivary function is important for a healthy oral environment.
The hypofunction of the salivary gland can induce several clinical discomforts, such as
swallowing problems, xerostomia, and halitosis [2]. Furthermore, this functional disorder
of the salivary gland worsens quality of life and increases the prevalence of various oral
diseases, such as periodontitis, mucositis, and tooth decay [3]. The pathogenic risk factors of
salivary gland hypofunction are chemical medications, several chronic diseases, radiation
therapy, and the aging process [4]. To control this clinical symptom, there are several
treatment options, such as artificial saliva, chewing gum, malic acid, and pilocarpine [5].
However, these medications only provide temporary relief from symptoms by increasing
salivary flow.

Advanced glycation end products (AGEs) are non-enzymatic modifications of proteins
or lipids with sugars. AGEs form in vivo in hyperglycemic environments and during ag-
ing. [6,7]. AGEs accumulate in various tissues and bind to AGE-specific receptors (RAGEs),
which play an important role in the development of age-related organ hypofunction [8].
Evidence shows that AGEs can cause the generation of reactive oxygen species (ROS) [9].
Cells in the human body are chronically exposed to oxidative stress during the aging
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process, causing cell injury [10]. The irreversible formation of AGEs increases the risk of
developing periodontitis and pulptitis in oral tissues [11]. RAGE is present in the sali-
vary gland and is highly expressed in the salivary gland with Sjogren syndrome [12]. In
humans and animals, the rate of accumulation of AGE correlates inversely with species
longevity [13]. However, it is not clear whether AGE accumulation is due to aging or
age-related salivary gland hypofunction.

Regular physical exercise can remove oxidative stress and AGEs burden [14,15]. Mod-
erate exercise induces an enhanced expression of antioxidant enzymes, resulting in a
decrease in oxidative stress [16]. Physical exercise decreased the prevalence of periodontal
disease [17] and increased the salivary flow rate, protein, and lysozyme secretion [18]. Thus,
in the present study, we evaluated the AGEs burden in the aging salivary gland. In addition,
we examined the effects of physical exercise on age-related salivary gland hypofunction.

2. Results
2.1. Physical Exercise Improves Hyposalivation in D-Galactose-Induced Aging Rats

Body weight in the D-galactose-injected old group increased slightly compared to
that in the young control group and was not significantly altered by physical exercise
(Figure 1A). The salivary flow rate was reduced in D-galactose-induced aging rats, but
reduced saliva secretion was significantly recovered following physical exercise (Figure 1B).
Based on saliva analysis, the total secreted proteins were decreased in aging rats and
significantly increased in the exercise group (Figure 1C). These data suggest that aging
individuals suffer from salivary hypofunction due to decreased saliva secretion, which can
be alleviated by physical exercise.
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2.2. Physical Exercise Decreases the Levels of Circulating AGEs in Serum and Secreted AGEs
in Saliva

To determine whether physical exercise reduced the AGEs formation in the body, we
examined the levels of circulating AGEs in serum and secreted AGEs in saliva. As shown
in Figure 2, both circulating and secreted levels of AGEs in aging rats were significantly
higher compared to young control rats. Physical exercise decreased the levels of circulating
and secreted AGEs compared with the old control group.

2.3. Physical Exercise Decreases the Accumulation of AGEs in the Salivary Gland

To evaluate the burden of salivary AGEs in D-galactose-induced aging rats, we exam-
ined the immunohistochemical staining of AGEs in the salivary gland tissues. As shown
in Figure 3, AGEs accumulations were largely increased in both acinar and tubular cells
compared with the young control rats. Physical exercise significantly prevented AGEs
accumulations in the aging rats to a level similar to that observed in young control rats.
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Figure 3. AGE accumulations in the salivary gland of D-galactose-induced aging rats. Immunohistochemical staining
for AGEs in the salivary gland. Scale bar indicates 500 µm. Values in the bar graphs represent the means ± SE, n = 8.
* p < 0.05 vs. young group, # p < 0.05 vs. old group.

2.4. Physical Exercise Decreases the Generation of ROS in the Salivary Gland

To evaluate salivary ROS levels in D-galactose-induced aging rats, we examined
ROS ELISA assay and immunohistochemical staining of 8-hydroxy-2-deoxyguanosine
(8-OHdG), an oxidative DNA damage marker, in salivary gland tissues. As shown in
Figure 4, ROS generation and 8-OHdG expression were largely increased in the D-galactose-
induced aging rats. Physical exercise significantly prevented the generation of ROS and
oxidative DNA damage in the aging rats.
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2.5. Physical Exercise Inhibits Apoptosis in the Salivary Glands of D-Galactose-Induced
Aging Rats

H&E staining revealed that the number of acinar cells decreased, but the number of
convoluted tubes was increased in D-galactose-induced aging rats. These histopathological
changes in the aging rats were ameliorated by physical exercise (Figure 5A). TUNEL
staining was used to determine whether acinar cells die due to apoptosis. As shown in
Figure 4B, apoptosis was detected by TUNEL staining and was increased in the old group
and restored by physical exercise (Figure 5B). Physical exercise protects salivary gland
tissues by reducing apoptosis.



Curr. Issues Mol. Biol. 2021, 43 2063Curr. Issues Mol. Biol. 2021, 1, FOR PEER REVIEW 5 
 

 

 
Figure 5. Histopathological changes and apoptosis in the salivary gland from D-galactose-induced aging rats. (A) Repre-
sentative salivary glands were stained with H&E. (B) Representative TUNEL staining in the salivary glands. Scale bar 
indicates 500 μm. TUNEL-positive cells were determined. Values in the bar graphs represent the means ± SE, n = 8. *p < 
0.05 vs. young group, # p < 0.05 vs. old group. 

3. Discussion 
The gradual decline in salivary function is commonly observed in older people. The 

patients with salivary hypofunction have a high risk factor for developing oral diseases 
such as tooth decay and periodontitis [19,20]. Thus, the age-related decline in salivary 
function should be managed to maintain the healthy oral environment. In this study, we 
assessed physical exercise to improve salivary gland function by reducing the burden of 
AGEs. 

Our study showed evidence that an increased burden of AGEs occurred in the sali-
vary gland of aging rats. The functional alteration of the salivary gland was significantly 
induced in aging rats compared to young control rats. These findings indicate that the 
significant burden of AGEs in the salivary glands led to the significant hypofunction of 
this tissue. This hyposalivation is in agreement with the results of Yamauchi et al. [21], 
who observed a decrease in salivary flow rate and increased oxidative stress in 72-week-
old mice. Our results described the link between age-related hypofunction of the salivary 
gland and AGEs burden. In addition, we showed that physical exercise exerts preventive 
effects on salivary glands in aging rats. 

Zhang et al. reported that the injection of a low dose of D-galactose into mice could 
induce changes that resembled accelerated aging [22]. This D-galacotose-induced aging 
process included a decreased neuromuscular activity, increased production of free radi-
cals, decreased anti-oxidant enzyme activity, and diminished immune response [23]. Be-
cause these biochemical and physiological changes resemble observations in the normal 
aging process, the D-galactose-induced aging model in mouse and rat is widely used for 
aging research and drug testing [24]. The underlining mechanism, responsible for D-ga-
lactose-induced aging changes, remains largely unknown. 

D-galactose is a reducing sugar that reacts easily with free amines of amino acids in 
proteins and peptides, both in vitro and in vivo, to form AGEs [25]. The hypothesis here 
is that accumulated D-galactose may react with proteins and peptides to form AGEs in 
vivo and that the increased AGEs can accelerate the aging process. Song et al. showed that 
D-galactose-injected mice had a significant increase in serum AGE levels, similar to aged 
controls [26]. Both D-galactose- and exogenous AGE-treated mice, resembling aged mice, 
suggest that AGEs, at least partially, account for the mechanism of this aging model. Fur-
thermore, aminoguanidine, a well-known AGE inhibitor, prevented D-galactose-induced 

Figure 5. Histopathological changes and apoptosis in the salivary gland from D-galactose-induced aging rats. (A) Represen-
tative salivary glands were stained with H&E. (B) Representative TUNEL staining in the salivary glands. Scale bar indicates
500 µm. TUNEL-positive cells were determined. Values in the bar graphs represent the means ± SE, n = 8. * p < 0.05 vs.
young group, # p < 0.05 vs. old group.

3. Discussion

The gradual decline in salivary function is commonly observed in older people. The
patients with salivary hypofunction have a high risk factor for developing oral diseases
such as tooth decay and periodontitis [19,20]. Thus, the age-related decline in salivary
function should be managed to maintain the healthy oral environment. In this study, we
assessed physical exercise to improve salivary gland function by reducing the burden
of AGEs.

Our study showed evidence that an increased burden of AGEs occurred in the salivary
gland of aging rats. The functional alteration of the salivary gland was significantly induced
in aging rats compared to young control rats. These findings indicate that the significant
burden of AGEs in the salivary glands led to the significant hypofunction of this tissue.
This hyposalivation is in agreement with the results of Yamauchi et al. [21], who observed
a decrease in salivary flow rate and increased oxidative stress in 72-week-old mice. Our
results described the link between age-related hypofunction of the salivary gland and
AGEs burden. In addition, we showed that physical exercise exerts preventive effects on
salivary glands in aging rats.

Zhang et al. reported that the injection of a low dose of D-galactose into mice could
induce changes that resembled accelerated aging [22]. This D-galacotose-induced aging
process included a decreased neuromuscular activity, increased production of free radicals,
decreased anti-oxidant enzyme activity, and diminished immune response [23]. Because
these biochemical and physiological changes resemble observations in the normal aging
process, the D-galactose-induced aging model in mouse and rat is widely used for aging
research and drug testing [24]. The underlining mechanism, responsible for D-galactose-
induced aging changes, remains largely unknown.

D-galactose is a reducing sugar that reacts easily with free amines of amino acids
in proteins and peptides, both in vitro and in vivo, to form AGEs [25]. The hypothesis
here is that accumulated D-galactose may react with proteins and peptides to form AGEs
in vivo and that the increased AGEs can accelerate the aging process. Song et al. showed
that D-galactose-injected mice had a significant increase in serum AGE levels, similar
to aged controls [26]. Both D-galactose- and exogenous AGE-treated mice, resembling
aged mice, suggest that AGEs, at least partially, account for the mechanism of this aging
model. Furthermore, aminoguanidine, a well-known AGE inhibitor, prevented D-galactose-
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induced aging changes. These results suggest that glycation, rather than free radicals, is
the main cause of aging in this animal model.

The cytotoxic effects of AGEs were shown in several studies [27]. Since the body
does not contain any enzymes capable of structural degradation of AGEs, AGEs can
accumulate in many tissues [28]. The interaction between AGE and its receptor can induce
ROS overproduction [29]. Oxidative stress is an important feature of aging [30]. ROS
production was accelerated under disease conditions and during the aging process [10],
and frequently contributed to the tissue-damaging effects [9,31]. Collectively, these results
suggest that the aging process by D-galactose can induce salivary injury through AGEs-
related oxidative stress and inflammation, which can lead to salivary gland dysfunction.

Here, we hypothesize that the reduction in AGEs burden by physical exercise may
contribute to the inhibition of salivary gland dysfunction. The current study clearly demon-
strated that physical exercise restored circulating and secreted AGEs levels to near-normal
levels in aging rats, in parallel to a marked increase in salivary flow rate. These findings
provide evidence that physical exercise has a beneficial effect on age-related salivary gland
hypofunction. Physical exercise also has a positive influence on oxidative status [32,33].
Our previous study showed that physical exercise inhibited the AGEs burden in renal
and retinal tissues [34–36]. In addition, exercise-induced increased energy demands might
decrease the pool of reactive intermediates for glycoxidation or lipoxidation [37].

Acinal cell loss by apoptosis can inevitably affect the salivary flow rate, resulting in
salivary hypofunction [38]. Furthermore, high concentrations of AGEs contribute to apop-
totic cell death whenever they are generated in the context of the apoptotic process [39,40].
The present study showed that the D-galactose-induced aging process increased the number
of TUNEL-positive cells in the salivary gland. However, we found that physical exercise
markedly decreased the number of TUNEL-positive cells in aging rats. In previous reports,
physical exercise attenuated neuronal cell apoptosis in a rat model of transient middle
cerebral artery occlusion [41], and decreased mitochondrial-mediated apoptotic signaling
pathways in the aging heart [42]. Therefore, our findings suggest that physical exercise has
a potential anti-apoptotic effect in the salivary gland.

In conclusion, our study demonstrates that the AGEs burden was increased in the
salivary gland of D-galactose-induced aging rats. The physical exercise has protective
effects on the salivary gland of aging rats. These novel findings provide insight into the
effects of regular physical exercise against age-related salivary hypofunction.

4. Materials and Methods
4.1. Animals and Experimental Design

Eighteen male 6-week-old Sprague Dawley rats were randomly divided into 3 groups:
young control rats (Con, n = 8), D-galactose-induced aging rats (Old, n = 8), and D-galactose-
induced aging rats with physical exercise (Exercise, n = 8). To accelerate aging, D-galactose
(100 mg/kg/day) was intraperitoneally injected in the rats in the old and exercise groups
for 6 weeks. The rats in the exercise group were forced to run on a motorized treadmill
once a day, three times a week for 6 weeks. The treadmill velocity was at a speed of
12 m/min for 60 min. A pace of 12 m/min is considered to be a moderate walk–jog pace
for laboratory animals [43]. All of the experimental procedures were performed under the
supervision of our Institutional Animal Care and Use Committee (IACUC No. 2018-067).
To measure salivary flow rate analysis, rats were injected intraperitoneally with pilocarpine
hydrochloride (2 mg/kg, Sigma-Aldrich, St. Louis, MO, USA). Saliva samples were then
collected for 15 min. At necropsy, blood samples were collected and the submandibular
salivary glands isolated.

4.2. Quantification of AGEs in Saliva and Blood

Total protein levels in saliva and serum were examined using a Quick Start™ Bradford
protein assay kit (Bio-Rad, Hercules, CA, USA). The AGEs levels were detected using a rat
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advanced glycation end products ELISA kit (MyBioSource, San Diego, CA, USA) according
to the manufacturer’s instructions.

4.3. Oxidative Stress Assay in Salivary Gland

Frozen salivary gland tissues were homogenized in lysis buffer (150 mM NaCl, 1% Tri-
ton X-100 and 10 mM Tris, pH 7.4) containing protease inhibitor. The homogenate was
centrifuged at 10,000× g for 10 min at 4 ◦C and the supernatant was collected for measure-
ment of ROS levels. ROS levels were examined using a Rat Reactive Oxygen Species ELISA
Kit (MyBioSource, San Diego, CA, USA) according to the manufacturer’s instructions.

4.4. Histopathological Analysis

The salivary gland tissue sections were stained with hematoxylin and eosin (H&E)
and examined under light microscopy (BX51, Olympus, Tokyo, Japan).

4.5. Apoptosis Analysis

Apoptosis was determined using an in situ cell death detection kit (Roche, Mannheim,
Germany) according to the manufacturer’s instructions. The numbers of TUNEL-positive
cells were counted under a fluorescence microscope (BX51, Olympus, Tokyo, Japan).

4.6. Immunohistochemistry

Immunohistochemistry was performed as previously described [20]. The primary
antibody was mouse anti-AGEs (6D12, TransGenic, Kobe, Japan) and mouse anti-8-OHdG
(Abcam, Cambridge, MA, USA). Sections were incubated with the VECTASTAIN ABC
kit (Vector Laboratory, California, CA, USA) and visualized with 3,3′-diaminobenzidine
tetrahydrochloride. The intensity of immunohistochemical staining was analyzed using
image analysis software (ImageJ, NIH, Maryland, MD, USA).

4.7. Statistical Analysis

The results were evaluated statistically using a one-way analysis of variance followed
by Tukey’s multiple comparison test using GraphPad Prism 6.0 (GraphPad Software, San
Diego, CA, USA).
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