
Abstract. Background/Aim: Underwater exercise is aimed
at preventing aging, maintaining, and improving motor
function, and improving physical function. However, its
rehabilitation effects have not been well evaluated. In order
to gain insight into the molecular basis of its rehabilitation
effects, possible changes in the salivary metabolites of four
older persons with disability (mean age: 72.5 years) during
underwater exercise were investigated. Materials and
Methods: Halitosis was measured by Breathtron; salivary
bacterial number by bacterial counter; amino acids by
amino acid analyzer; 8-oxoguanine by ELISA; and
intracellular metabolites by capillary electrophoresis, time-
of-flight mass spectrometry, liquid chromatography, and
triode quadrupole mass spectrometry. Results: Underwater
exercise induced apparent declines in two major salivary
amino acids (glycine and proline) and bacterial numbers in
the cheek mucosa and salivary, without apparent changes in
the halitosis and urine 8-oxoguanine concentration. Older
subjects showed higher concentrations of most of 166

metabolites compared to young volunteers (mean age: 38.8
years old). Fifteen compounds were significantly reduced
with the progression of underwater exercise. Conclusion:
Improvement of upright balance function with underwater
exercise is correlated with several salivary components.

Developed countries have already entered into a super-aging
society, making us deal with how to fill the gap between
healthy lifespan and biological lifespan. Needless to say, to
accomplish this, “prevention of diseases” and “prevention of
frailty syndrome and long-term care” based on lifestyle-
related diseases are important. Since the aging-associated
decline in physical functions is also a physiological
phenomenon, appropriate nutrition and exercise load are
necessary, especially to combat the decline in the mass and
strength of muscles.

It has become technically possible to simultaneously
analyze the salivary metabolites by metabolome analysis.
Recent reports suggest the possible link between salivary
metabolites and oral (1) and general health (2) and between
the salivary bacterial flora and health status (3, 4).

We have reported previously that age-associated increase
in the salivary concentration of glycine (the most abundant
amino acid) and lysine with aging, suggesting that these two
amino acids can be considered as possible aging markers (5).
Also, it has been reported that the pattern of salivary
metabolites may be influenced by exercise (6-9). However,
most of previous studies have focused on the elite athlete,
rather than on the elderly, especially with disability. 

PubMed survey (August 15, 2021) demonstrated the
publication of 51 studies regarding the aquatic exercise of
older people, and 85 studies about physiotherapy and
underwater exercise. However, no study has been published
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on the effects of underwater exercise on salivary metabolites,
halitosis, oral bacterial number, and aging marker. In the
present small-scale trial, we preliminarily investigated
whether underwater exercise improves these factors in four
older subjects with lumbar stenosis, spinal canal stenosis,
cervical disc herniated spine, and cerebral hemorrhage with
right hemiplegia and if so, identify salivary components that
might be responsible for the improvement. 

Materials and Methods
Subjects. Physically malfunctioned older people usually stay in bed,
use a wheelchair to move, or go to a rehabilitation center. Therefore,
it was very difficult to collect large numbers of people who wish to
participate in years-long experiments. Luckily, two males [subject
1 (74-year-old) and, subject 4 (66 years old)] and 2 females [subject
2 (78 years old) and subject 3 (73 years old)] (mean age 72.5 years)
declared consent for participating in the underwater exercise therapy
(indicated by a light blue color bar in Figure 1) in 2018. Before 6,
11, 6, and 3 years ago (that is; in the years of 2012, 2007, 2012, and
2015), subjects 1, 2, 3, and 4 could not walk due to heavy lumbar
stenosis, spinal canal stenosis, cervical disc herniated spine, and
cerebral hemorrhage with right hemiplegia, respectively, they had
attended the pre-training (indicated by light yellow bars in Figure
1). On March 26, 2018, all of four participants became capable of
walking in the pool, with support for subject 3. In the land, subjects
1, 2, and 3 became capable of walking 10 m, while subject 4 still
needed the wheelchair. At that time, we started the underwater
exercise therapy. At four time points thereafter [1st (a), 2nd (b), 3rd

(c), and 4th], four subjects were tested for various parameters
(March 2018~September 2019) (Figure 1). All four participants
strictly adhered to the underwater training, under the guidance of
Dr. Kazu Mizuno. First, saliva and urine were collected and frozen,
and halitosis and bacteria number were measured in Meikai
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Figure 1. Protocol for underwater exercise therapy. During exercises (March 26, 2018~September 9, 2019), samples were taken at four different
time points for the analysis [1st (June 18, 2018) (a), 2nd (September 10, 2018) (b), 3rd (April 15, 2019) (c) and 4th (September 9, 2019)].

Table I. Improvement in eye-opening and closing by underwater
exercise.

                                         Eye-opening time (s)        Eye closing time (s)

Subject Date (%)1 (%)2

1 a                           6                 10                  3                   5
b                         16                 26                  3                   5
c                         38                 63                16                 26
c-a                     +32               +53              +13               +21

2 a                         10                 16                  0                   0
b                         15                 25                  3                   5
c                         18                 30                  7                 11
c-a                        +8               +13                +7               +11

3 a                         15                 25                  3                   5
b                         30                 50                12                 20
c                         43                 71                  5                   8
c-a                     +28               +46                +2                 +3

1% of the eye-opening time during 60 s; 2% of eye closure time of 1
min. Measured on Jun 2018 (a), Sep 2018 (b), Apr 2019 (c). c-a:
subtraction of the value at c from the value at a.



University Research Institute of Odontology (M-RIO). Then, four
subjects moved to Josai University gymnasium (located 10 min
walking distance from M-RIO). All experiments in the present study
were conducted in coherence with the Declaration of Helsinki and
the study was approved by the ethics committee of Meikai
University School of Dentistry (approval no. A1709). 

Outline. Four subjects received the following balanced test and
exercises (Borg scale: 9-10; total 45-60 min) in the swimming pool
(space: 25 m×13 m; depth: 1.2 m; water temperature: 32±1˚C),
twice a week throughout experimental periods. 

Balance test. Standing on tiptoes (30-s×3 times): With eyes closed
or open, spread both hands on one leg and stand on one leg to see
how many seconds the subjects can hold. In general, it can be
maintained for 30-40 s. 

Exercises. The following four tests were performed (i) Squat (30-s×5
times), (ii) Walking in the poolside (25 m×3 times) <rested 5 min>, (iii)
Underwater walking without support: 25 m×4 times <rested 5 min>;
(iv) Floating in a backstroke fashion for 3 min×3 times.

Assay of halitosis. Breath was collected for 45 s through a
mouthpiece, and the concentration of volatile sulfur compounds
(VSCs) in the breath was measured by the commercially available
Breathtron [150 mm (W)×150 mm (H)×230 mm (D)] (Yoshida Co.,
Ltd., Tokyo, Japan) and recorded in parts per billion (ppb),
according to the instructions of the manufacturer (10). Each
volunteer was subjected to repeated measurements 3 times for the
calculation of the mean value.

Assay of bacterial number. Bacteria on the center of the dorsum of
the tongue were gently scraped off by cotton swab (three strokes)

and immersed in 5 ml of water in a disposable cup, and the number
of bacteria was determined by a bacteria counter [144 mm (W)×147
mm (H)×189 mm (D)] (Panasonic Healthcare Co. Ltd., Tokyo,
Japan), according to the instructions of the manufacturer (10). Each
volunteer was subjected to repeated measurements 3 times for the
calculation of the mean value.

Amino acids determination. Whole saliva was collected into a
beaker for 5 min in the daytime (10:00-11:00 or 14:00-15:00).
Saliva (0.1 ml) was mixed with 0.1 ml of 10% trichloroacetic acid
(Wako Pure Chem Co., Tokyo, Japan). After centrifugation for 5
min at 21,000×g at 4˚C, the deproteinized supernatant was collected
and stored at −30˚C. The supernatants (20 μl) were subjected to a
JLC-500/V amino acid analyzer (JEOL, Tokyo, Japan) and amino
acids were detected by the ninhydrin reaction (5).

Determination of 8-oxoguanine. Urine was corrected and
immediately frozen and urinary 8-oxoguanine was measured by
ELISA [Japan Institute for the Control of Aging (JaICA), NIKKEN
SEIL. Co., Ltd., Shizuoka, Japan].

Metabolomic analysis. Eight normal volunteers (6 males and 2
females, mean ages 38.8 years old) without joining the underwater
exercise, kindly provided their saliva for use as a control level of
salivary components. Frozen saliva was thawed and filtered through
a 5-kDa cut-off filter (Millipore, Bedford, MA, USA) at 9,100×g
for at least 2.5 h at 4˚C to remove macromolecules. The
metabolomic analysis of saliva samples was conducted following
the protocol (11, 12).

For capillary electrophoresis time-of-flight mass spectrometry
(CE-TOFMS) analysis, sample (45 μl) was then aliquoted into a
1.5-ml Eppendorf tube (Sigma-Aldrich, St. Louis, MO, USA) along
with 2 mM of internal standards including methionine sulfone, 
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Table II. Effect of underwater exercise on muscle and movement functions.

                                                                             Forward walk Sideway walk Backward walk 
                                                                                   (25 m) (25 m) (25 m)

Subject Date s Steps s Steps s Steps

1 a                                    45                        31                                    45                        25                                    66                        78
b                                    45                        36                                    45                        27                                    60                        60
c                                    43                        32                                    53                        25                                    56                        54
c-a                                  –2                        +1                                   +8                          0                                  –10                       –24

2 a                                    69                        42                                    62                        47                                    63                       137
b                                    70                        45                                    60                        47                                    61                       106
c                                    72                        43                                    63                        50                                    60                       110
c-a                                  +3                        +1                                   +1                        +3                                    –3                       –27

3 a                                    63                        39                                    59                        42                                    62                       137
b                                    67                        39                                    57                        42                                    60                       106
c                                    66                        44                                    60                        44                                    64                       113
c-a                                  +3                        +5                                   +1                        +2                                    +2                       –24

4 a                                  122                        56                                 152                        55                                  122                     33st1
b                                  116                        56                                 163                        55                                  168                      38st
c                                    93                        61                                    67                        50                                    55                      33st
c-a                                –29                        +5                                  -85                         -5                                  –67                       0st

s: Seconds. 1Subject 4 (SH) performed a one-handed crawl of 25 m, instead of backward walking. Measured on Jun 2018 (a), Sep 2018 (b), Apr
2019 (c). c-a: subtraction of the value at c from the value at a.



2-[N-morpholino]-ethanesulfonic acid, d-camphol-10-sulfonic acid,
sodium salt, 3-aminopyrrolidine, and trimesate. 

For liquid chromatography-triple-quad MS (LC-QQQMS)
analysis, saliva sample (10 μl) was mixed with methanol (30 μl)
containing 149.6 mM ammonium hydroxide (1% (v/v) ammonia
solution) and 2.5 μM internal standards (d8-spermine, d8-
spermidine, d6-N1-acetylspermidine, d3-N1-acetylspermine, d6-
N1,N8-diacetylspermidine, d6-N1,N12-diacetylspermine,
hypoxanthine-13C,15N, and 1,6-diaminohexane). After centrifugation
at 15,780×g for 10 min at 4˚C, the 30 μl supernatant was transferred
to another tube, mixed with 50 μl water, and centrifuged at
15,780×g for 10 min at 4˚C, and then 1 μl of the supernatants were
subjected to LC-QQQMS (11, 12).

The data processing processes of these MS data were described
elsewhere (11). Briefly, the process starts from the data
conversion from the vendor-supplied format file to a readable
one. Peaks were detected and integrated to calculate the peak
area, and this value was divided by the one of internal standard
(relative peak area), to eliminate the unexpected bias caused by
the fluctuation of mass sensitivity. The migration times of each
peak were corrected and peak matching across multiple datasets

was conducted. For each metabolite, the ratio of the relative peak
area in each sample and standard mixture was used to calculate
the absolute metabolite concentration in saliva samples. Before
measuring samples, the standard mixtures of various dilutions
were analyzed and the lower and upper limits of linearity between
metabolite concentration and peak area were confirmed. The
peaks under the lower limit were considered as not detected and
0 was substituted and the peaks over the upper limit were
considered as saturated peaks.

Data analysis. Metabolite concentrations were visualized in
heatmaps. To eliminate the bias of the overall concentration of
saliva, the concentration of each metabolite was divided by the
averaged concentration of the metabolite. To visualize these data in
color representation, each value was transferred to Z-score.
Otherwise, to visualize the relative concentration compared to the
first time point, each metabolite concentration was divided to that
of the first point, to yield the fold change (F.C.). In each heatmap,
blue (relatively low), red (relatively high), and while (average) were
assigned. To evaluate the similarity of the metabolite concentration
patterns among the saliva samples, metabolites were clustered using
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Figure 2. Water exercise affected more profoundly the concentration of salivary glycine and proline than that of urinary 8-oxoguanine in the four
subjects. 1st (Jun 2018) (a), 2nd (Sep 2018) (b), 3rd (Apr 2019) (c) and 4th (Sep 2019).



Pearson’s correlation. To assess the change in metabolite
concentrations during time, Freidman test was used.

Data analyses were performed using the GraphPad Prism software
(v.8.4.3; GraphPad Software, San Diego, CA, USA), Mev TM4
(v4.9.0) (13), and BellCurve for Excel (Social Survey Research
Information Co., Ltd., Tokyo, Japan). For heatmap visualization.
Differences with a p<0.05 were considered statically significant.

Results

Rehabilitation effects of underwater exercise. Three subjects,
1-3, were tested for the standing balance function, assessed
by the eye-opening time and eye closing time during 1 min
of underwater exercise (Table I). Eye-opening reflects the
level of balance due to the elevation of cognitive function
through visual information. Eye closing reflects the operation
ability level by somatosensory memory. Water exercise
increased both the eye-opening time and eye closing time,
suggesting the restoration of cognitive function and
improvement of balance control function, rather than simply
the learning effect (Table I). We have not conducted a one-
legged standing test for subject 4, who cannot stand on one
leg, due to the cerebral hemorrhage and right hemiplegia.
Based on the capability of walking on one-leg, we included
subjects 1-3 and excluded subject 4 in this test.

Subjects 1-3 were tested for forward, sideways, or
backward walking in the pool, assessed by the time required

for walking 25 m (that reflects muscle function) and the
number of steps (that reflects movement function) (Table II).
We confirmed that sideward walking was the fastest due to
the less frontal resistance in the water. Interestingly, we
found that underwater exercise improved the backward walk
(assessed by faster walk and increased stride), but not the
forward and sideways walk. This may relate to the fact that
a backward walk is an action that is not performed daily. On
the contrary, underwater excise improved forward, sideways,
and backward walks in subject 4. Underwater exercise
affected muscle and movement functions differently, from
satisfactorily to unsatisfactorily: Subject 4>subject 1>subject
2>subject 3.

Effect of underwater exercise on salivary amino acids,
halitosis, and oral bacterial number. An automatic amino
acid analyzer is a robust analytical instrument, providing
highly reproducible data. The basic principle of analysis is
the same as that of HPLC, in which amino acids separated
by a cation exchange resin are derivatized with a ninhydrin
reagent and then detected by a visible light detector. We
collected the saliva of subjects who underwent underwater
exercise, deproteinized them by addition of trichloroacetic
acid and centrifugation, and then subjected them to a fully
automatic amino acid analyzer (JLC-500, JEOL). Salivary
glycine and proline were present in concentrations up to 675
and 656 μM, respectively. Although fluctuated profoundly
from subject to subject, the salivary concentration of glycine
and proline declined in all cases (to 41~99% and 12~45% of
control level, respectively) (Figure 2A and B). However, the
urinary 8-oxoguanine concentration was kept between 71 to
114% of the control level, during water exercise (Figure 2C).
Since subject 4 could walk underwater, it was judged that he
had the same ability as the other three and therefore, he was
also included in this test.

We investigated the effect of underwater exercise on the
numbers of non-specified bacteria in the oral cavity. Oral
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Table IV. Effect of water exercise on halitosis.

                                                                    Halitosis (VSC)

Subject 1st 2nd 3rd 4th

1 80 47 90 81
2 48 124 46 16
3 19 18 80 69
4 75 146 72 192
Mean 56 84 72 90 
p-Value1 0.37 0.36 0.37 

VSC: Volatile sulfur compounds. 1Significant difference from 1st,
analyzed by student t-test. 1st (June 18, 2018) (a), 2nd (September 10,
2018) (b), 3rd (April 15, 2019) (c) and 4th (September 9, 2019).

Table III. Effect of water exercise on the oral bacterial number.

                                                             Bacterial number (×105)

Subject Sample 1st 2nd 3rd 4th

1 Tongue               149.0            94.0           137.0           40.0 
2                        44.2            37.4           195.0           47.7 
3                        51.3            28.3             42.0           16.7 
4                      120.0          165.0           117.4         309.0 

(mean)                 91.1            81.2           122.9         103.4 
p-Value1                                     0.67             0.84           0.86 

1 Cheek mucosa             3.1               2.5               1.0             1.0 
2                          1.0               1.0               1.0             1.0 
3                          3.8               1.0               1.0             1.0 
4                          4.7               5.0               1.5             1.0 

(mean)                   3.2               2.4               1.1             1.0 
p-Value                                      0.35             0.07           0.07 

1 Saliva2               147.0            50.9             12.0           18.2 
2                        72.0               1.0               1.0             4.9 
3                          1.0            22.1               9.0             1.0 
4                          1.0               1.0               3.0             1.0 

(mean)                 55.3            18.8               6.3             6.3 
p-Value                                      0.28             0.24           0.21 

1Significant difference from 1st, analyzed by Student’s t-test. 230 μl of
saliva was collected for the bacterial count. 1st (June 18, 2018) (a), 2nd
(September 10, 2018) (b), 3rd (April 15, 2019) (c) and 4th (September
9, 2019).



bacteria are most abundant on the tongue, followed by saliva
and cheek mucosa (Table III). With the progression of
underwater exercise, the bacteria in the tongue did not
change significantly (p=0.86). However, bacteria in the
cheek mucosa and saliva declined to 1/3 or 1/9 after the 1st
underwater exercise, but not significantly (p=0.07, p=0.21)
(Table I). Underwater exercise did not significantly reduce
the halitosis of the four subjects (p=0.37) (Table IV). 

Age-related increase in salivary metabolites. Metabolomic
analyses identified and quantified 191 metabolites, and, of
these, 61 metabolites detected in more than 50% of samples
were used for the subsequent analyses. The concentrations
of salivary metabolites were divided by the mean of all
samples (young volunteers+older subjects), and almost all
metabolites in young volunteers were below the average
(indicated blue color), regardless of the collection time of
saliva, either morning (AM) or afternoon (PM). On the other
hand, many metabolites of older subjects were higher than
the average of all samples (indicated by red color) (Figure

3A). These points became much clearer when the salivary
concentration of each metabolite was expressed as the ratio
to the mean of young volunteers (Figure 3B).

Effect of water exercise on salivary metabolites. When the
salivary concentrations of each compound were normalized
with those of the first underwater exercise, many compounds
in the zone indicated by the red bracket declined with the
progression of underwear exercise (Figure 4). 

We found that metabolites indicated by the red bracket
were increased during aging and then declined by repeated
underwater exercise (Figure 5). Especially, three compounds
surrounded by the green box (agmatine, beta-alanine, and
sarcosine) declined up to a level lower than that of young
volunteers (Figure 5). Fifteen metabolites that significantly
declined by underwater exercise are shown in Figure 6. 

Lastly, we compared the improvement in physical
functions during Jun 2018 to Apr 2019 and salivary
metabolic profiles. We found that the improvement in
balance function was related to the decline in six metabolites
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Figure 3. Continued



(agmatine, adenine, beta-alanine, sarcosine, benzoate,
phosphorylcholine). However, the underwater walking
capability was only improved in subject 4, suggesting that
the decrease in glycine and GABA was mostly correlated to
the improvement in walking capability (Figure 7).

Discussion

The present study demonstrated that underwater exercise
reproducibly increased eye-opening and closing (Table I),
suggesting the improvement in the sense of balance by
reducing the wobbling. Since most of the informational
recognition is done by vision, this result suggests the
beneficial effects of underwater exercise. We also found that
underwater exercise improved the muscle and movement
function (assessed by increases of both the walking speed and
length of stride), only in the backward walk, but not in the
forward and sideway walk (Table II). This may relate to the

fact that a backward walk is an action that is not performed
daily. On the contrary, underwater exercise improved all
forward, sideways, and backward walks in older subjects with
cerebral hemorrhage with right hemiplegia (subject 4). This
suggests that underwater exercise may have improved the
symptoms of right hemiplegia.

The present study demonstrated that underwater excise did
not significantly change the number of oral bacteria (Table
III), but reduced the salivary concentration of the most
abundant amino acids (glycine, proline) (determined by the
amino acid analyzer in Figure 2) and other 15 metabolites
(agmatine, beta-alanine, benzoate, betaine, cadaverine,
carnitine, DHAP, gamma-butyro-betaine, hexanoate, N-
acetylputrescine, phosphorylcholine, sarcosine, serine,
threonine, urate) (determined by metabolome analysis in
Figure 6). This phenomenon may be explained by a
significant reduction in saliva flow rate during aging (14,
15), and by the reversal of saliva flow by the exercise (excise
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Figure 3. Comparison of the concentrations of salivary metabolites between young volunteers and older subjects. Saliva was collected from 8 young
volunteers (upper) in the morning (AM) and afternoon (PM), and four older subjects in the morning, at the 1st, 2nd, 3rd, and 4th underwater exercise.
Salivary concentration was divided by the means of all samples (A) and the means of young volunteers (B). Blue, white, and red colors indicate
low, average, and higher concentrations, respectively. 1st (Jun 2018) (a), 2nd (Sep 2018) (b), 3rd (Apr 2019) (c) and 4th (Sep 2019).
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Figure 4. Changes in the concentration of several salivary metabolites in four older subjects during underwater exercise, normalized by the data
of the first exercise. Color indicates the fold change. Gray indicates the peaks under the lower limit (not detected) in the case of agmatine, making
the denominator of “zero”, and over the upper limit (saturated) in the case of urocanate and glutamine, as described in Materials and Methods.
The concentrations of each sample are divided by those of the samples labeled with “-1”. 1st (June 18, 2018) (a), 2nd (September 10, 2018) (b),
3rd (April 15, 2019) (c), and 4th (September 9, 2019).

Figure 5. Averaged value of each group of Z-score converted metabolite concentrations. Underwater exercise reduced the levels of three compounds
(agmatine, beta-alanine, and sarcosine) to below those of younger patients (green box). 1st (Jun 2018) (a), 2nd (Sep 2018) (b), 3rd (Apr 2019) (c),
and 4th (Sep 2019).
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Figure 6. Salivary metabolites that were significantly reduced during repeated underwater exercise. Friedman test (matched, nonparametric) was
used. The X-axis indicates the times of underwater exercise. *p<0.05 and **p<0.01. 1st (Jun 2018) (a), 2nd (Sep 2018) (b), 3rd (Apr 2019) (c), and
4th (Sep 2019).

Figure 7. Correlation of the improvement in underwater capability and changes in salivary metabolites. Heatmap data of changes from 1st (Jun
2018) (a) to 3rd (Apr 2019) (c), derived from Table I. On the right panel, red, blue, and yellow indicate elevation, reduction, and no change,
respectively.



has been reported to increase the saliva flow rate (16, 17).
Salivary secretion is evoked by cholinergic parasympathetic
and adrenergic sympathetic autonomic nerves (18), which
may be stimulated by underwater exercise. We have
previously reported that glycine and proline are present in
the saliva at millimolar concentrations (5). We found here
that underwater exercise reduced glycine and proline only by
50% in older people with a history of severe diseases. The
biological significance of the considerable reduction in these
amino acids after exercise should be clarified. 

Finally, we investigated the correlation between the
improvement in underwater capability and changes in
salivary metabolites (Figure 7). Heatmap data of changes
from 1st (Jun 2018) (a) to 3rd (Apr 2019) (c) demonstrated
that approximately 1/4 of salivary metabolites increased
during underwater exercise, and there were variations in
response to exercise from subject to subject. However, the
improvement in balance function was related to the decline
in six metabolites (agmatine, adenine, beta-alanine,
sarcosine, benzoate, phosphorylcholine). Furthermore,
underwater exercise did not affect the urinary concentration
of 8-oxoguanine, one of the aging markers (19, 20) (Figure
2C), and halitosis (Table III). This suggests that underwater
exercise alone may not reverse the aging process. 

The present preliminary study was performed using limited
numbers of subjects and an inappropriate choice of control
due to the difficulty in finding a younger population with the
same diseases that older people have. Securing higher
numbers of older people with severe diseases who are willing
to participate in this long-year study are necessary. Large-
scale studies will clarify the reproducibility and whether the
phenomena observed in this study are reversible or
irreversible after the termination of the underwater exercise.
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