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Objectives. Previously the authors reported age-related changes in the activities of anti-oxidative enzyme activities and
protein expressions in the tongues of rats. Because more information is required about relations between aging and
oxidative stress and anti-oxidative enzyme efficiency, the authors investigated differences between the expression of
master regulator of anti-oxidative enzymes (nuclear factor erythroid 2-related factor 2 [Nrf2]), levels of reactive oxy-
gen species (ROS), and mitochondrial structures in the tongues of young and aged Fischer 344 rats.

Methods. Age-dependent changes in Nrf2 protein and ROS were determined by Western blotting and using chemical kits,
respectively. Tongue specimens were examined by electron microscopy. The study was conducted using rats aged 7

months (young, n=8) or 22 months (old, n=8).

Results. Nrf2 protein levels in the tongues of aged rats were lower than in young rats. ROS levels were higher in older rats
and mitochondrial structural deficits were observed their tongues. Three young rats showed moderate mitochondrial
degeneration, whereas profound degeneration with mitochondrial cristae disruption, swelling, rupture, or intramito-
chondrial vacuole formation was observed in all 8 old rats. Notably, mitochondrial rupture was observed in 5 old rats.

Conclusion. Antioxidant defense systems of old rats were compromised by Nrf2 deficiency, which could lead to the delete-
rious accumulation and release of ROS and probably mitochondrial structural deficits in aged tongue tissues.
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INTRODUCTION

Aging is an unavoidable fact of life. Aging increases the vulnera-
bility of cells to environmental insults, which leads to progres-
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sive, global impairment in tissue function, and increases the
risks of disease and death [1]. Antioxidant enzymes, such as,
glutathione peroxidase (GPX), catalase (CAT), and manganese
superoxide dismutase (Mn-SOD), protect against the harmful ef-
fects of reactive oxygen species (ROS) by reducing them to hy-
drogen peroxide (H20:) and finally to water [2]. Aerodigestive
organs are particularly susceptible to ROS damage, because they
are continuously exposed to atmospheric oxygen [3]. However,
only a few studies have addressed the subject of ROS-induced
insults in tongues [4].

In a previous study, we showed the activities of total SOD,
GPx, and Cu/Zn-SOD were lower in the tongues of aged rats
than in those of young rats, and that their protein expressions
were down-regulated in old rats [5]. On the other hand, al-
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though the protein expressions of Mn-SOD and CAT were lower
in old rats, their enzyme activities were not [5]. Aging-associated
impaired mitochondrial biogenesis has been associated with re-
duced levels and activities of nuclear factor erythroid 2-related
factor 2 (Nrf2) [6]. In particular, the electron transport chain
(ETC) in the inner membrane of mitochondria generates most
ROS as a byproduct of the respiratory chain. Thus, mitochondria
are exposed to the greatest amount of oxidative stress [7], which
is defined as an imbalance between ROS production and anti-
oxidant response [8].

The aim of this study was to document tongue Nrf2, ROS,
and mitochondrial morphologic age-associated damage profiles.

MATERIALS AND METHODS

Experimental animals

Fischer 344 rats aged 7 months (young rats, n=8) and 22
months (old rats, n=8) were obtained from the Aging Tissue
Bank (ATB) of Busan National University. Animals were anes-
thetized with carbon dioxide, and tongues were quickly re-
moved. Epithelium and intrinsic muscle were extracted from the
apex and body of tongues (anterior two thirds), excluding the
tongue root. One portion of tongue tissue was sliced into <1
mm?® fragments, which were then placed in glutaraldehyde
(2.5%) for observation under a transmission electron micro-
scope. Remaining tissue was minced on ice until homogenous,
placed in liquid nitrogen, and stored at -80°C until required. The
Institutional Animal Care and Use Committee of Gachon Uni-
versity Gil Medical Center (Korea) approved all animal proce-
dures (LCDI-2015-0023).

Western immunoblotting (Nrf2)

Tongues were homogenized (10%, w/v) at 4°C in a lysis buffer
(Roche Diagnostics GmbH, Penzberg, Germany), which con-
tained 150 mM NaCl, 1% Triton X-100 (Sigma-Aldrich, St.
Louis, MO, USA), 20 mM Tris-Cl (pH 7.4), 2 mM ethylene
glycol-bis(2-aminoethylether)-N,N,N",N"-tetraacetic acid
(EGTA) and protease inhibitors. Homogenates were centrifuged

H|1|GIHIL]I]|G|H]|T]S]

= Nuclear factor erythroid 2-related factor 2 (Nrf2) protein lev-
els were lower in the tongues of old rats than in those of
young rats (P<0.05).

= Reactive oxygen species (ROS) levels were higher in the
tongues of older rats (P<0.05).

= Mitochondrial structural deficits were observed in the tongues
of older rats (P<0.001).

= Antioxidants were compromised by Nrf2 deficiency, which
can cause ROS accumulation and mitochondrial destruction.

at 4°C for 10 minutes at 1,000 g, and nuclear fragments and
tissue debris were removed. Proteins (50 pg) were separated by
15% SDS-PAGE (ProtoGel, National Diagnostics, Atlanta, GA,
USA) and then transferred to nitrocellulose membranes, which
were blocked at room temperature in 5% nonfat skim milk in
phosphate-buffered saline (PBS) for 1 hour, and incubated over-
night with primary antibodies for Nrf2 and GAPDH (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). After washing
membranes three times in a Tris-buffered saline solution con-
taining Tris-buffered saline solution containing 0.1% Tween 20
(TBST), they were incubated for 30 minutes with secondary an-
tibodies (horseradish peroxidase-conjugated anti-rabbit IgGs
[1:5,000]). After a final wash with TBST, an ECL detection sys-
tem (Bio-Rad Laboratories Inc., Hercules, CA, USA) was used
to visualize blots.

Intracellular ROS assay

ROS levels were determined using the OxiSelect In Vitro ROS/
RNS Assay Kit (Cell Biolabs Inc., San Diego, CA, USA). This
method uses 2°,7 -dichlorodihydrofluorescein DiOxyQ (DCFH-
DiOxyQ); a fluorogenic probe), which is deacetylated in cytosol
to the non-fluorescent 2,7"-dichlorodihydrofluorescein (DCFH).
DCFH rapidly reacts with ROS and reactive nitrogen species
(RNS) (predominantly NO and ONOO") to form the fluorescent
product 2°,7"-dichlorodihydrofluorescein (DCF). Thus, the total
amount of ROS and RNS present is proportional to the intensity
of DCF fluorescence (Aex=480 nm, Aem=530 nm). Briefly, cells
(1x10° cells/mL) were collected by centrifugation (1,000 g, 10
minutes) and lysed using 300 uL of 0.1% sodium dodecyl sul-
fate (SDS; dissolved in PBS) on ice for 30 minutes. The lysates
were adjusted to equal protein concentrations (range, 1 to 10
mg/mL) using PBS. Protein concentrations were analyzed using
the Bradford assay, and ROS/RNS levels were assayed using the
above described OxiSelect kit using a calibration curve obtained
using standard solutions of DCF in PBS. Absorbances were
measured on a Tecan Infinite F200 PRO microplate reader
(Tecan Austria GmbH, Mannedorf, Austria).

Mitochondrial structures
Samples of tongue tissues were cut into <1 mm? pieces, placed
in glutaraldehyde (2.5%) for 2 hours and then treated with os-
mium tetroxide (1%) for 1 hour. Sections were stained with ura-
nyl acetate 1% (16 hours), dehydrated using an ethanol series,
and embedded in Epon resin. Reynold’s stain was used to stain
Ultra-thin sections (600-900 A). A JEOL transmission electron
microscope (JEOL Ltd, Tokyo, Japan) was used for the analysis.
Two sections per sample were processed for ultrastructural
analysis by two observers. Mitochondrial degeneration in epi-
thelial cells was assessed by awarding one point to each of the
following: (1) mitochondrial cristae disruption; (2) intramito-
chondrial vacuole formation; (3) mitochondrial swelling; and (4)
mitochondrial rupture. No differences were found between the
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Fig. 1. Western blot analysis of nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) protein expressions in the tongues of young (7 months)
rats (n=8) and old (22 months) rats (n=8). Protein (50 pg) lysates
from tongue homogenates of young and old rats were resolved by
SDS-PAGE (National Diagnostics) and probed with Nrf2 antibodies.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as a loading control. (A) Western blot image of tongue samples. (B)
Relative Nrf2 protein expressions were normalizing versus GAPDH.
Results are expressed as median values. *P<0.05 vs. young rats by
the Mann-Whitney U-test.

assessments made by the two observers. Samples were classified
as exhibiting normal, moderate, or profound degeneration based
on the number of pathologic alterations observed. ‘Normal’ was
defined as the presence of one or no pathologic alterations;
moderate degeneration as two alterations, and profound degen-
eration as three of four alterations.

Statistical analysis

Significances of differences were determined using the Mann-
Whitney U-test or Fisher exact test. P-values <0.05 were con-
sidered statistically significant. The statistical analysis was con-
ducted using IBM SPSS ver. 20.0 (IBM Co., Armonk, NY, USA).

RESULTS

Nrf2

Western blotting was used to assess Nrf2 protein levels in
tongue tissues. Band densities were normalized versus GAPDH
(the internal control). Relative expression levels of Nrf2 in the
tongue tissues of 7- and 22-month-old rats are shown in Fg. 1.
Notably, Nrf2 protein levels significantly decreased with age
(P=0.021).

ROS

ROS levels were significantly higher in the tongue tissues of old
rats (P=0.001; old rats: 7,133+345 and young rats: 5,247+
418 nmol DCF/mg tissue) (Fig. 2).
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Fig. 2. Reactive oxygen species (ROS) levels in the tongue tissues
of young (7 months) and old (22 months) (n=8 animals/group). Re-
sults are expressed as median values, *P<0.05 vs. young rats by
the Mann-Whitney U-test. DCF, 2,7 -dichlorodihydrofluorescein.

Table 1. Transmission electron microscopic findings of mitochondria
in rat tongue samples and grades of mitochondrial degeneration in
young and old animals

Young Old
group  group  P-value
(n=8) (n=8)
Assessment points
Mitochondrial cristae disruption 3(37.5) 8(100) 0.026
Intramitochondrial vacuole formation 2(25.0) 8(100) 0.007
Mitochondrial swelling 3(37.5) 8(100) 0.026
Mitochondrial rupture 0 5(62.5) 0.026
Grade of degeneration® <0.001
Normal appearance® 5 0
Moderate degeneration® 8 0
Profound degeneration® 0 8

Values are presented as number (%).

@Mitochondrial degeneration assessment with electron microscopy using
the described four-point system. ®Normal appearance: 0 or 1 point. “Mod-
erate degeneration: 2 points. “Profound degeneration: >2 points.

Ultrastructural analysis

Mitochondrial alterations were present in 3 of the 8 young rats
and in all 8 old rats (n=8) (Table 1). These 3 young rats showed
moderate degeneration with partial mitochondrial cristae dis-
ruption, mitochondrial swelling, or intramitochondrial vacuole
formation (Fig. 3). Profound degeneration with mitochondrial
cristae disruption, swelling, rupture, or intramitochondrial vacu-
ole formation was observed in all 8 old rats (Fig. 4). Notably, mi-
tochondrial rupture was observed in 5 old rats.

DISCUSSION

Nrf2 is a redox-sensitive transcription factor that functions in
antioxidant defense, and typically is activated by xenobiotics [9],
and may be involved in the pathogenesis of cell and tissue dam-
age. In particular, Nrf2 plays a crucial role in protecting cells by
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Fig. 3. Transmission electron microscopy image of mitochondrial structures in young (7 months) rats (Reynold’s stain, X30,000). (A) Mitochon-
dria were normal and mitochondrial cristae were well preserved (arrow). (B) However, some mitochondrial cristae disruption and swelling (arrow-

head) were observed.
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Fig. 4. Transmission electron microscope image showing mitochondrial structure in old (22 months) rats (Reynold’s stain, X50,000). (A) Pro-
found degeneration was evidence by mitochondrial cristae loss, swelling (arrow), and vacuole formation (arrowhead). (B) Mitochondria
showed cristae loss, vacuole formation, and membranous rupture (asterisk).

inducing the expressions of many cytoprotective genes following
exposure to electrophilic or oxidative stress [10]. Keap1 is essen-
tial for Nrf2 activity regulation [11]. Normally, Nrf2 interacts
with Keap1 in cytoplasm, and this interaction causes Nrf2 reten-
tion in cytoplasm and renders it liable to ubiquitination and pro-
teasome degradation. However, Keap1 is inactivated when cells
are exposed to ROS or electrophiles. This inactivation disrupts
the Keap1/Nrf2 interaction and causes the release of Nrf2,
which then translocate to the nucleus. In the nucleus Nrf2 acti-
vates the transcriptions of many genes that encode for enzymes
and proteins that have detoxifying and antioxidant effects. In
particular, the genes targeted by Nrf2 play roles in the synthesis
of glutathione, ROS elimination, metabolism of xenobiotics, and

protection against xenobiotic and oxidative stresses [12]. Ohko-
shi et al. [13] reported Nrf2-knockout mice had a greater sus-
ceptibility to 4-nitroquinoline-1-oxide-induced carcinogenesis of
the tongue and esophagus than wild-type mice.

In the present study, Western blotting showed that Nrf2 ex-
pression was suppressed in the tongue tissues of aged rats, which
is in-line with our previous observation that antioxidant enzyme
levels were diminished in aged rat tongues [5]. Smith et al. [14]
focused on miRNA-146a, the expression of which leads to age-
associated reductions in Nrf2 expression. In addition, miRNA-
146a has been shown to block infections and treat inflammation,
and functionally its effects are not diminished by aging. Howev-
er, in aged rat’s liver, it has been reported that the translocation
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of Nrf2 was reduced by 55%. Additional studies are needed to
measure miRNA-146a levels in tongues and to determine the
influence of the interaction between miRNA-146a and Nrf2 on
age-related degenerative changes observed in mitochondria.

Bone growth in rats tapers at 7 months, whereas human
growth plates close in the 20’s. Thus, in the present study, we de-
fined a 7-month-old rat to be equivalent to a 20-year-old hu-
man. Female rats reach reproductive senescence at 15 to 25
months of age (average, 20 months) while in humans the aver
age menopausal age is 51 years, which indicates a 22-month-old
rat is equivalent to a 55-60-year-old human (adult phase: 11.8
rat days=1 human year) [15]. Accordingly, in the present study,
we defined 7- and 22-month-old rats as young and old rats, re-
spectively.

Cell differentiation and proliferation can be promoted by a
moderate increase in ROS level [16], whereas extreme increases
can cause irreversible damage to bio-macromolecules and lead
to apoptosis and cell death [17]. Therefore, the preservation of
ROS balance is crucial for cellular health and survival. Further-
more, moderate ROS enhancement has been linked to cancer
growth and the disruption of redox homeostasis [17]. Harris et
al. [18] reported that normal epithelial cells exposed long-term
to low amounts of exogenous oxidants became resistant to sub-
sequent oxidative insults, which suggests cells are able to adapt
and survive in the presence of oxidative stress, and that surviv-
ing cells have acquired mechanisms to counteract ROS toxicity
and/or promote cell-survival pathways [16]. Oxidative damage
by oxygen-derived free radicals has also been reported to be a
causative factor of high mitochondrial DNA mutation rates in
aged tissues [19]. Further studies are needed to assess whether
aged tongue tissues are prone to certain mitochondrial DNA
mutations and to identify the factors that contribute to such mu-
tations. In the present study, ROS were found to be up-regulated
in an aged rat tongues, and based on our previous finding that
antioxidant enzyme levels were reduced in aged rat tongues [5],
we suggest the up-regulation of ROS was possibly caused by di-
minished antioxidant enzyme levels.

Antioxidant enzymes importantly protect the cells of aerobic
organs from oxidative stress. In particular, SOD’s, such as, mito-
chondrial Mn-SOD and cytosolic Cu/Zn-SOD reduce the highly
toxic radical O to less harmful H,O,, which is further reduced
by CAT and GPx into water. However, if the levels of these anti-
oxidant enzymes are diminished, ROS cannot be removed and
its accumulation challenges nearby mitochondria [20]. In a pre-
vious study, our protein level and enzyme activity results indi-
cated reduced antioxidant ability in the tongue tissues of older
rats, despite similar enzyme Mn-SOD and CAT activities in old
and young animals [5]. In another study, diminished glutathione
(GSH) levels and elevated oxidized glutathione (GSSG) levels in
the cardiac tissue of aged rats, caused CAT activity to increase
as a compensatory mechanism to convert H»O to water [21].
We surmise this increase in CAT activity was higher in aged rats

because metabolically active tissues are susceptible to aging-in-
duced glutathione (GSH) depletion and redox state perturba-
tions.

Mitochondria are known to be involved in the etiologies and
pathogeneses of a variety of diseases and in the aging process
[22,23]. Mitochondrial morphology may also change during ag-
ing in skeletal muscle, that is, some mitochondria become non-
functional, depolarized, or enlarged [24]. Furthermore, as com-
pared with young animals, which typically have elongated mito-
chondria, the mitochondria found in the skeletal muscle of aged
animals are more rounded [25], which suggests the fusing ability
of mitochondria may be compromised [2]. Aged mitochondria
also become significantly swollen due to increased calcium re-
tention [26]. In addition, in a previous study, deficient cristae
formation was found to lead to the homogenization of constitu-
ents in mitochondrial compartments by transmission electron
microscopy [27].

Degenerative changes in aged rat tongues have rarely have
described in the literature. Barlagiannis et al. [28] reported that
by 5 months, rat tongues already began to show evidence of de-
generation, that is, moderate disruption of inter-epithelial junc-
tions and lipid droplet formation, which concurs with our obser-
vations. Three 7-month-old rats exhibited moderate mitochon-
drial degeneration, whereas at 12 and 18 months, rat tongues
showed profound degeneration, including edema of inter-epithe-
lia, swelling of mitochondrial, lipid droplet formation, abnormal
nuclear morphology, and cristae disruption. Takahashi [29] re-
ported epithelium, propria mucosae, and muscle layers at the
tongue apex became thin with aging, and that boundaries be-
tween these layers became unclear, which suggests some rela-
tionship between degenerative changes and motion dysfunction,
pain, and paresthesia of the tongue. Choi et al. [30] reported
age-related functional and structural changes of salivary glands,
that is, acinar cell atrophy, cytoplasmic vacuolization, lympho-
cyte infiltration, smaller mucin component, and more periductal
fibrosis in histomorphometric examinations of 90-week-old
mice. Additional studies are needed to determine whether the
tongue undergoes similar age-related structural changes, and to
characterize changes at the mitochondrial level in major head
and neck organs.

This study expands understanding of the mechanism respon-
sible for aging of the tongue. In particular, in old rats, attenua-
tion of the antioxidant defense system, probably because of
Nrf2 deficiency, might have increased the release and accumula-
tion of ROS and caused mitochondrial structural deficits in ag-
ing tongue tissues.
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