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Abstract: Pilates has been known as exercise intervention that improves the function of pelvic floor
muscle (PFM) associated with impacting urinary incontinence (UI). This study investigated the effect
of Pilates on UI in Korean women by determining the change in functional movement of PFM (FMP)
and metabolic profiles. UI group with Pilates (UIP, n = 13) participated in 8-weeks Oov Pilates
program, and 8 subjects were assigned to Control and UI group with no Pilates (UINP), respectively.
Before and after 8 weeks, plasma samples were collected from all participants, and ultrasonography
was used to measure the functional change of PFM for calculating FMP ratio. Plasma samples
were analyzed by mass spectrometry to identify the change of metabolic features. After 8-weeks
intervention, FMP ratio was remarkably decreased in UIP (48.1% ↓, p < 0.001), but not in Control and
UINP (p > 0.05). In metabolic features, L-Glutamine (m/z: 147.07 [M + H]+), L-Cystathionine (m/z:
240.09 [M + NH4]+), L-Arginine (m/z: 197.1 [M + Na]+), and L-1-Pyrroline-3-hydroxy-5-carboxylate
(m/z: 147.07 [M + NH4]+) were significantly elevated solely in UIP (p < 0.001). Our study elucidated
that Pilates can ameliorate the FMP and enhance the specific metabolic characteristics, which was
potentially associated with invigorated PFM contractility to effectively control the bladder base
and continence.

Keywords: pelvic floor muscle (PFM); Oov Pilates; core exercise; urinary symptom; xMWAS; un-
targeted metabolomics; liquid chromatography-mass spectrometry (LC-MS); amino acid; exercise
biomarker; exercise metabolism

1. Introduction

Urinary incontinence (UI) is a medical symptom known as an involuntary leakage of
urine [1], and has shown a prevalence rate of between 4 and 8% in world population [2].
In 2018, the total number of population experiencing UI was estimated at 420 million,
consisting of 300 million women and 120 million men. More importantly, epidemiological
approaches also asserted that UI symptoms can prevalently occur in female population [3]
primarily between 45 and 59 years old [4]. Occurrence of UI was associated with complex
neuro-muscular mechanisms to control the bladder muscles and voiding functions [3],
and can also be caused by the sarcopenia or progressive muscle atrophy in pelvic floor
muscle (PFM) [5]. Considering that surgical interventions for UI were found to have a
profound impact on the quality of life of middle-aged people, and may accompany medical
complications after the invasive treatments [3], alternative non-invasive approaches using
medications and medical devices were recommended to manage the UI symptoms [3].

Previous studies reported that exercise interventions such as Kegel and CrossFit
program [6,7] could provide a beneficial leverage to ameliorate the dysfunctional muscle
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groups that induce UI symptoms. Based on the score of life quality, PFM training (PFMT)
programs could play a pivotal role as a first-line intervention in women experiencing
UI [8], which improves the strength, endurance, power, and relaxation in PFM group [9].
In this context, given that Pilates has been considered as a specialized physical activity to
strengthen and improve the PFM function [10–13], clinical benefits of Pilates on UI need to
be scientifically verified by means of novel scientific method.

Metabolomics is the comprehensive analytical study of chemical compounds within
cells, bio-fluids, and tissues; interactions within a biological property and metabolism can
be collectively explained by metabolites known as a final product of biological metabolism.
In particular, untargeted metabolomics can create “metabolomic snapshot” that provides
the unbiased identification of thousands of metabolites, whereas targeted metabolomics
focuses on quantifying the pre-determined metabolites of interest [14] As metabolomics
have developed into cornerstone of systems biology to scientifically depict the large-scaled
analysis of metabolites [15], the field of metabolomics could be powerful experimental
impetus to understand further the metabolic responses to physical activities such as Pilates.
Studies also showed that technological advancements in metabolomics could provide the
underlying mechanisms and changed metabolic phenotype not only in demanding exercise
conditions [16,17] but also in clinical-settings, diabetes, and hypertension [18,19].

To date, studies showed that Pilates has positive kinesiological effects on isokinetic
exercise performance, postural balance, chronic low back pain, and body composition of
sedentary obese women [20–23] whose methodological approaches mainly concentrated
on macroscopic advantages derived from Pilates. Metabolomics has a scientific capability
to discover the phenotypic information of living organism among the various metabolic
pathways [24], therefore changed metabolic characteristics in UI following Pilates program
can be fundamentally understood, indicating that microscopic aspects of Pilates can be
confirmed in terms of “Sportomics,” interdisciplinary field combined with omics and sports
science [25]. As biological information and change regarding cellular metabolisms can be
verified by the metabolomics [24,26,27], it is speculated that high resolution untargeted
metabolomics will pin-point the effect of Pilates on UI through discovering the change of
existing metabolic biomarkers.

Therefore, the primary aim of our study is to explicate the potential efficacy of Pi-
lates on the functional change of PFM and what metabolic features can be changed in
Korean women experiencing UI after 8-weeks Oov Pilate under the high resolution untar-
geted metabolomics technology using liquid chromatography-mass spectrometry (LC-MS)
quadrupole time-of-flight (Q-TOF).

2. Results
2.1. Anthropometrical Data and PFM Function of Subjects

In body mass (kg), BMI (kg/m2), and body fat (%), there were no significant differences
between pre and post-intervention in all groups. FMP ratio in UIP was significantly
decreased (48.1% ↓) after 8-weeks Pilates (p < 0.05), but not in Control (7.4% ↓) and UINP
(8.7% ↓) (p > 0.05) as shown in Table 1. No statistical differences was observed in the age
(year) and height (cm) (p > 0.05) among the three groups (Table 1).
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Table 1. Demographic characteristics and pelvic floor muscle (PFM) function of participants.

Group Control UIP (UI + Pilates) UINP (UI + No Pilates)

Participant
(n) 8 13 8

Age
(yr) 42.5 ± 6.2 42.4 ± 5.1 46.4 ± 8.5

Height
(cm) 161.9 ± 8.3 160.7 ± 5.1 156.6 ± 10.5

Pre Post Pre Post Pre Post
Body mass

(kg) 63.2 ± 12.2 62.2 ± 11.3 64.1 ± 10.2 63.8 ± 9.5 62.0 ± 12.6 62.2 ± 12.3

BMI 23.9 ± 3.3 23.3 ± 3.0 24.7 ± 3.0 24.6 ± 2.8 24.3 ± 3.1 24.6 ± 2.9
Body fat

(%) 32.3 ± 7.2 30.1 ± 6.3 32.4 ± 4.6 31.8 ± 4.6 32.9 ± 6.5 34.2 ± 5.6

FMP ratio 0.9 ± 0.1 0.9 ± 0.4 0.8 ± 0.2 0.4 ± 0.2 * 0.9 ± 0.1 0.8 ± 0.4

PFM: Pelvic floor muscle; Control: control group; UIP: urinary incontinence group with Pilates; UINP: urinary incontinence group with no
Pilates; Pre: measurement conducted before 8-weeks intervention; Post: measurement conducted after 8-weeks intervention; BMI: body
mass index; FMP: functional movement of PFM; FMP ratio: calculated ratio where the movement distance of bladder base during PFM
contraction state is divided by that during PFM resting state, contraction/resting state; * (p < 0.05): Significantly different from Pre. Values
are expressed as mean ± SD.

2.2. Discrimination of Metabolic Profiles in and between Pre- and Post-Intervention

To confirm the discrimination of metabolic profiles among all groups in pre-intervention
(Figure 1A), all groups in post-intervention (Figure 1B), and between pre- and post-intervention
in each group (Figure 1C–E), median-summarized 6574 metabolic features obtained from
xMSanalyzer were analyzed by SIMCA 14.1 (Umetrics AB, Umeå, Sweden) with unit vari-
ance (UV) scaling function. When performing the discriminative analytical approach for all
cases, the explanatory and predictive ability in each case of model were evaluated based
on R2 and Q2, respectively, where the numerical value for perfect model is defined as 1.0
(100.0%) [28]. As shown in Figure 1C–E, discriminative analysis was individually conducted
for each group; visualized configurations demonstrated a distinct separation between pre-
and post-intervention, which indicates differentiated metabolic characteristics between two
intervention time-points. To evaluate the validity of the model, R2 and Q2 in Control, UIP,
and UINP were calculated: Control (R2: 99.9%, Q2: 83.3%), UIP (R2: 99.7%, Q2: 77.9%), and
UINP (R2: 99.9%, Q2: 71.6%) (Figure 1C–E), indicating that all produced models are not
over-fitting, and are reliable. However, in discriminative analysis of metabolic profiles among
all groups allocated in two interventional time-points, marginal predictability was found in
all models: pre- (R2: 94.2%, Q2: 26.3%) and post-intervention (R2: 93.4%, Q2: 12.7%) in all
groups (Figure 1A,B).
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Figure 1. Multivariate statistical analysis using PLS-DA among all groups in pre-intervention, all groups in post-intervention,
and between pre- and post-intervention in each group. PLS-DA: partial least squares discriminant analysis; Control: control
group; UIP: urinary incontinence group with Pilates; UINP: urinary incontinence group with no Pilates; t [1]: first principal
component score; t [2]: second principal component score; R2X: cumulative variance contribution rate; Hotelling’s T2:
indication that all samples are located within 95% confidence interval.

2.3. Integrative and Differential Network Analysis between Metabolic Features and FMP Ratio

Integrative and differential network analysis was performed using xMWAS (v0.552)
that provides the community detection and visualized correlations (Blue and red edge)
between measured metabolites (value of m/z) with metabolic intensity and comparative
data (Body mass, BMI, body fat percentage, and FMP ratio). A total of 399, 214, and 647
metabolic features in control, UIP, and UINP, respectively, was positively and negatively
correlated with FMP ratio (Y4) based on applying the correlational threshold of 0.5 and
p-value threshold of Student’s t-test set at 0.05. Among the total metabolites, UIP had
180 metabolic features that showed a negative correlation with Y4, which accounts for
the highest percentage (84.1%, 180 negatively correlated features in total) compared to
Control (47.1%, 188 negatively correlated features in total) and UINP (39.5%, 256 negatively
correlated features in total). As shown in Figure 2, when comparing to Control and
UINP, UIP showed the most conspicuous independent community with dense negative
correlation clusters between metabolic profiles and FMP ratio (Y4).
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Figure 2. Integrative and differential network analysis between metabolic profiles and anthropomet-
rical data/FMP ratio in Control, UIP, and UINP. Control: control group; UIP: urinary incontinence
with Pilates; UINP: urinary incontinence with no Pilates; Y1: body mass; Y2: BMI; Y3: body fat
percentage; Y4: FMP ratio; green circular node: anthropometrical data and FMP ratio (Y1, Y2, Y3,
and Y4); orange squared node: metabolic profiles; blue edge: negative correlation between node
variables; red edge: positive correlation between node variables.

2.4. Identification of Metabolic Pathways Associated with FMP Ratio

In all groups, to identify the metabolic pathways that can be found between metabolic
profiles and FMP ratio (Y4), a total number of positively and negatively correlated metabolic
profiles (Control: 399; UIP: 214; UINP: 647 features) with m/z, R/T, and ionic intensity were
produced by xMWAS and consecutively entered into HMDB (https://hmdb.ca) (accessed
on 15 November 2020) to acquire the identifier of human metabolome, “KEGG ID” obtained
by annotating the metabolic features with m/z and R/T. In MetaboAnalyst 4.0, 404, 168,
and 496 annotated metabolites for Control, UIP, and UINP, respectively, were used to
produce the metabolic pathway and related statistical information. When the top three
significant primary pathways in UIP were statistically confirmed (Table 2 and Figure 3),
those were designated as a comparison criteria that can be compared with that of Control
and UINP. As shown in Table 2, D-glutamine and D-glutamate metabolism in UIP had
the highest pathway impact (PI) (PI = 1.0, p = 0.0004) compared to Control (PI = 0 and
p = 0.2845) and UINP (Not identified). In UIP, glycine, serine and threonine (p = 0.0023)
and arginine and proline metabolism (p = 0.0059) were also significantly identified in UIP,
but not in both Control and UINP (p > 0.05).

Figure 3. Identified metabolic pathways associated with FMP ratio in Control, UIP, and UINP. Control: Control group; UIP:
Urinary incontinence group with Pilates; UINP: urinary incontinence group with no Pilates; pathway impact: statistical
value calculated based on the metabolic importance of matched metabolites in each pathway, which uses the pathway
topology analysis using the relative-betweeness centrality.

https://hmdb.ca
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Table 2. Statistical overview of metabolic pathways associated with FMP ratio.

Group Pathway Name
(Metabolism) Match Status p-Value −Log(p) Pathway

Impact

Control
D-Glutamine and D-glutamate 2/6 0.2845 1.2571 0
Glycine, serine and threonine 4/33 0.8577 0.1535 0.0029

Arginine and proline 3/38 0.9745 0.0258 0.1106

UIP
D-Glutamine and D-glutamate 4/6 0.0004 7.7956 1.0
Glycine, serine and threonine 8/33 0.0023 6.0662 0.3381

Arginine and proline 8/38 0.0059 5.1278 0.2205

UINP
D-Glutamine and D-glutamate N.I N.I N.I N.I
Glycine, serine and threonine 6/33 0.6212 0.4762 0.0503

Arginine and proline 7/38 0.6053 0.5020 0.3554

Match status: Value indicating the number of matched metabolic feature in pathway, e.g., 2/6 is showing two matched metabolic feature
of total six features in D-Glutamine and D-glutamate metabolism pathway; pathway impact: statistical value calculated based on the
metabolic importance of matched metabolites in each pathway, which uses the pathway topology analysis using the relative-betweeness
centrality. Control: control group; UIP: urinary incontinence group with Pilates; UINP: urinary incontinence group with no Pilates; N.I:
not identified.

2.5. Change in Identified Metabolic Features Associated with FMP Ratio

In D-glutamine and D-glutamate metabolism, L-glutamine (m/z: 147.07 [M + H]+) in
UIP showed significantly elevated metabolic intensity (p = 0.03) by 13.4% following 8-weeks
intervention, whereas there were no significant ionic intensity changes in Control (3.1%
↑) and UINP (7.4% ↓) (p > 0.05) (Figure 4). UIP also showed a significantly up-regulated
metabolome change (22.6% ↑, p = 0.0001) in L-cystathionine (m/z: 240.09 [M + NH4]+)
under the glycine, serine, and threonine metabolism, however, attenuated intensity of L-
cystathionine was found in both Control (2.7% ↓) and UINP (1.4% ↓) (p > 0.05). In arginine
and proline metabolism, two metabolic features were also significantly increased in UIP
(p < 0.05); L-arginine (m/z: 197.1 [M + Na]+) and L-1-pyrroline-3-hydroxy-5-carboxylate
(m/z: 147.07 [M + NH4]+) were significantly up-regulated by 18.6% (p = 0.02) and 13.4%
(p = 0.03), respectively. However, in Control and UINP, none of two metabolites in arginine
and proline metabolism was significantly changed after 8-weeks (p > 0.05) (Figure 4).
Additionally, to compare the metabolic net change between the three groups in each
metabolite, net difference (post minus pre) of MPI between pre- and post-intervention
was calculated, which was analyzed using one-way ANOVA. As shown in Figure 5, UIP
showed a positive net change in all metabolic features, the calculated value of which was
significantly higher compared to that of UINP (p < 0.05); the net metabolic intensity in
UINP had a negative trend in all metabolites. Statistical significant net difference was not
found between Control and UIP (p > 0.05), except for L-cystathionine (p = 0.021). In UIP,
net change of L-cystathionine (m/z: 240.09 [M + NH4]+) was the most prominent (22.6%
↑), which was followed in numerical order by L-arginine (18.6% ↑), L-glutamine (13.4% ↑),
and L-1-pyrroline-3-hydroxy-5-carboxylate (13.4% ↑). In UINP, the highest negative net
change was found in L-arginine (m/z: 197.1 [M + Na]+) (8.6% ↓); ∆ metabolic intensity in
UIP (∆14,453.0) was 200.8% significantly higher (p = 0.036) than that of UINP (∆−7270.0)
(metabolic net change in L-arginine, Figure 5). Comparing UIP and UINP, L-glutamine in
UIP was up-regulated by 223.1% higher than UINP (UIP: ∆79,572.5; UINP: ∆−46,306.0)
(p = 0.019) and not significantly differentiated from the Control (∆19,286.3) (p > 0.05).
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Figure 4. Change in identified metabolic features associated with FMP ratio between pre- and post-intervention in Control,
UIP, and UINP. Control: control group; UIP: urinary incontinence group with Pilates; UINP: urinary incontinence group with
no Pilates; m/z: mass-to-charge ratio in ions that quantifies molecules in chemical or biological mixture. Pre: before 8-weeks
intervention; post: after 8-weeks intervention. * (p < 0.05): significantly different from Pre. ** (p < 0.001): significantly
different from Pre. ns means non-significant.

Figure 5. Cont.
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Figure 5. Net change in identified metabolic features associated with FMP ratio between pre- and post-intervention in Control, UIP,
and UINP. Control: control group; UIP: urinary incontinence group with Pilates; UINP: urinary incontinence group with no Pilates;
m/z: mass-to-charge ratio in ions that quantifies molecules in chemical or biological mixture; ∆ metabolic intensity (post minus pre):
metabolic net difference where MPI in pre-intervention substracted from post-intervention. * (p < 0.05): significantly different between
groups. ns means non-significant.

2.6. Change of Anthropometrical Data and FMP Ratio between Pre- and Post-Intervention

After 8-weeks intervention, no significant changes in body mass, BMI, and percent-
age of body fat were found (p > 0.05) in all groups. However, UIP showed significantly
decreased FMP ratio (p = 0.0002) by 48.1% (Pre: 0.79 ± 0.17; Post: 0.41 ± 0.21), but not in
Control (p = 0.63, 7.4% ↓) (Pre: 0.95 ± 0.09; Post: 0.88 ± 0.38) and UINP (p = 0.61, 8.7% ↓)
(Pre: 0.92 ± 0.07; Post: 0.84 ± 0.4) (Figure 6). Based on the interpretation of FMP ratio men-
tioned in Materials and Methods (4.4. Ultrasonography—Functional Movement of PFM),
UIP indicating the smallest FMP ratio (0.41± 0.21) in post-intervention showed a significant
functional improvement in PFM contractility following 8-weeks Oov Pilates program.

Figure 6. Cont.
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Figure 6. Change of anthropometrical data and FMP ratio between Pre- and Post-intervention in Control, UIP, and UINP. Control:
control group; UIP: urinary incontinence group with Pilates; UINP: urinary incontinence group with no Pilates; FMP: functional
movement of PFM; FMP ratio: calculated ratio where the movement distance of bladder base during PFM contraction state is
divided by that during PFM resting state, contraction/resting state; pre: before 8-weeks intervention; post: after 8-weeks intervention.
** (p < 0.001): Significantly different from Pre. ns means non-significant.

3. Discussion

The primary aim of this study was to provide the metabolomics perspectives whether
the 8-weeks Pilates can induce the change of metabolic profiles in Korean women experienc-
ing the symptoms of UI. To the best of our knowledge, this is first scientific approach that
used the high resolution untargeted metabolomics to discover the underlying mechanism
between Pilates and functional change of PFM known to be associated with UI symp-
toms. Our main findings demonstrated that, in UIP, Oov Pilates program can facilitate the
functional movement of intrinsic muscles around pelvic floor area (Figure 6) as well as
up-regulation of metabolic pathways and features (Table 2 and Figure 4). We also found
that 8-weeks Oov Pilates was the physical intervention that can significantly maintain the
intensity of metabolic feature, especially such as L-cystathionine (m/z: 240.09 [M + NH4]+),
which was apparently opposite metabolomics trend in UINP (Figure 5). However, 8-weeks
Pilates program using the Oov could not change physical activity-related anthropometrical
factors such as body mass, BMI, and body fat percentage (Table 1 and Figure 6).

In PLS-DA (Figure 1), although the distinct metabolic discrimination between pre-
and post-intervention was observed in all groups (Figure 1C–E), xMWAS [29] enabled the
detection of candidate metabolic profiles that were biologically networked with anthropo-
metrical data and FMP ratio, which was a key-analytical method that helped to select the
essential metabolites interrelated with functional or clinical alteration of PFM.

As studies reported that Pilates has a clinically effective role in improving the strength
and functional action of PFM in non-pregnant (Culligan et al., 2010) and nulliparous
women [12] without UI symptoms, application of Pilates to UI individuals may also be a
beneficial exercise intervention considering UI is associated with declined strength [13] and
attenuated morphological change [5] in PFM. In our study, 8-weeks Oov Pilates program
was a kinesiologically efficacious activity in ameliorating the functional action of PFM
(Table 1 and Figure 6), which is consistent with the previous studies employing the Pilates
exercise programs [10–12].

Although studies already demonstrated the efficacy of Pilate by measuring the PFM
function per se in terms of managing UI symptoms [8,10–13], microscopic viewpoint re-
garding the underlying exercise mechanism of Pilates have not been extensively attempted,
reported, and understood. In this context, our study raised a scientific speculation that



Metabolites 2021, 11, 118 10 of 18

Pilates generating the action of PFMT will affect the change of metabolic profiles in individ-
uals with UI symptoms. As our result showed that FMP ratio was significantly decreased
(p < 0.001) by 48.1% in only UIP (Figure 6), Pilates can be a beneficial method to effectively
mobilize the PFM that helps maintain the continence of urination by assisting the pelvic
organs [30]. Consequently, it is assumed that Pilates using Oov is an exercise method to
enhance the PFM contraction, thereby robustly supporting the overall bladder base area
and consistently maintaining the continence action in urethral passage for urinary func-
tions [31]. More importantly, only in UIP, significant metabolic up-regulation was found
in all identified metabolites, L-glutamine (m/z: 147.07 [M + H]+), L-cystathionine (m/z:
240.09 [M + NH4]+), L-arginine (m/z: 197.1 [M + Na]+), and L-1-pyrroline-3-hydroxy-5-
carboxylate (m/z: 147.07 [M + NH4]+) (Figure 4), which assumes that decreased FMP ratio
defined as the improvement of PFM function can be associated with enhanced metabolic
features (Figures 4 and 6).

Glutamine is known to be the most plentiful free amino acid in human muscle and
plasma [32] and released from skeletal muscle considered as a primary tissue for glutamine
synthesis to the circulation at 50 mmol/h [33]. In this sense, it is assumed that significant
elevation of L-Glutamine (m/z: 147.07 [M + H]+) in UIP (Figure 4) may stand for increased
formation of skeletal muscle fibers in PFM area, given that intramuscular concentration of
glutamine is associated with the rate of protein synthesis [34,35] Furthermore, in UIP, there
was also significantly increased metabolic intensity in L-arginine (m/z: 197.1 [M + Na]+)
(p = 0.02, 18.6% ↑) (Figure 4) following 8-weeks intervention; its increment can be explained
by the extent of L-glutamine change (m/z: 147.07 [M + H]+) (13.4% ↑) as glutamine is a
major precursor for arginine in human plasma [36]. Studies of exercise science reported
that short-term exercise induces the accumulation of plasma glutamine [37,38], whereas
long-term physical activities accompanying strenuous physiological responses such as
long distance running tends to reduce the glutamine concentration in blood [39–41], and
in case by <500 µmol/L [37]. Scientific evidence for VO2max of Pilates has still remained
inconclusive [42–44], however, Pilates may not be included in the category of exhaustive
activities in terms of scientific common sense. Hence, provided that exercise intensity
of Pilates meets the moderate and short-term level, significant increase of L-glutamine
(m/z: 147.07 [M + H]+) in UIP is demonstrated by the view of metabolomics; Pilate is
the activity that drives D-glutamine and D-glutamate metabolism as shown in pathway
analysis (p = 0.0004, PI = 1.0) (Table 2 and Figure 3). Furthermore, since arginine can be
originated from glutamine in terms of metabolic manner [45], hypothetically, significant
elevation of L-glutamine (m/z: 147.07 [M + H]+) (p = 0.03, 13.4% ↑) in UIP may also affect
the plasma concentration of L-arginine (m/z: 197.1 [M + Na]+) (p = 0.02, 18.6% ↑) if Pilates
as a moderate and short-term exercise was properly performed. In human plasma under
the fed state, it is reported that L-arginine concentration was approximately 200 µmol/L,
and has been known to play a critical role in synthesizing the proline, glutamate, and
creatine responsible for maintaining the cellular physiology [46] as well as serving as a
precursor for the global protein synthesis in human body [47]. Based on the aforementioned
scientific investigations, elevated blood concentration of either L-glutamine or L-arginine
following 8-week Pilates program may be partly related to protein synthesis in PFM group,
which can metabolically mediate the FMP and UI symptoms. However, our study did
not measure the change of protein synthesis using proteomics or Western-blot so that the
change of metabolic features (L-glutamine and L-arginine in Figures 4 and 5) may not fully
explain the morphological change of muscle fibers and remain speculative.

L-Cystathionine is formulated by transsulfuration of cystathionine β-synthase (CBS)
through condensing L-homocysteine with L-serine [48], and has not been spotlighted
whether its concentration or synthesis is affected by physical activities or sports. Although
L-homocysteine functioning as adjacent precursor of L-cystathionine in an irreversible reac-
tion was not identified in our study, a significant elevation of L-cystathionine (m/z: 240.09
[M + NH4]+) (p = 0.0001, 22.6% ↑) in UIP (Figure 4) may be a considerable metabolic candi-
date since L-cystathionine has been recognized to eliminate the production of superoxide
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radical [49,50], apoptosis [51], and endoplasmic reticulum stres [52]. In particular, studies
found that L-cystathionine plays a crucial role in preventing the mitochondrial human
apoptosis by excessive superoxide production [53] and mitochondria-dependent human
apoptosis in vascular endothelial cell [54]. Therefore, increased intensity (Figure 4) and
maintained net metabolic net change (Figure 5) in L-cystathionine (m/z: 240.09 [M + NH4]+)
after 8-weeks Pilates program can be meaningful result when considering L-cystathionine
can protect the biological property from oxidative stress and cellular apoptosis, which
indicates that human vascular endothelial cell apoptosis may be delayed so that healthy
condition of human vascular cells can be teleologically maintained in PFM groups. Al-
though no studies have reported which type of physical activities or sports induce the
change of L-cystathionine or cystathionine, our result indicated that 8-weeks Pilates pro-
gram can be at least a tentative exercise intervention to amplify the metabolic intensity of
L-Cystathionine (m/z: 240.09 [M + NH4]+). Our study found that UIP showed increased
metabolic profiles in L-1-pyrroline-3-hydroxy-5-carboxylate (m/z: 147.07 [M + NH4]+)
after 8-weeks Pilates program (Figure 4), however, there were no studies on how other
physical activities or UI symptoms have an influence on the change of L-1-pyrroline-3-
hydroxy-5-carboxylate. Although the human metabolomics database reported that the
L-1-pyrroline-3-hydroxy-5-carboxylate belongs to organic compounds known as α-amino
acids and moderately basic compound [55], studies found neither the functional implica-
tion between L-1-pyrroline-3-hydroxy-5-carboxylate and exercise intervention nor tangible
action of L-1-pyrroline-3-hydroxy-5-carboxylate in human-derived samples.

In the clinical point of view, we expected that UINP under effect of UI symptoms will
have a significantly differentiated metabolites that can be useful information to understand
the symptoms. Our result showed, on the other hand, that four identified metabolites were
not significantly changed following 8-weeks intervention although all metabolites in UINP
showed a diminished tendency in metabolic intensity (Figure 4). Instead, in comparison of
metabolic net change between UIP and UINP (Figure 5), occurrence of consistent negative
metabolic net change in UINP may be a referential clinical indicator to characterize the UI
symptoms in female population. Based on this metabolic phenomenon, it is speculated
that, in UIP, maintained net metabolic status following 8-weeks Pilates-intervention could
partly invigorate the physiological functions of PFM groups, which plays a pivotal role in
ameliorating the FMP (Figure 5). Studies also reported candidate metabolic profiles related
to lower urinary tract symptoms (LUTS) and stress urinary incontinence (SUI) [56,57],
however, there were not UI-causing metabolic features in common between our result and
two studies mentioned above.

In the realm of sports science, majority of studies focused on the change of exercise
performance and anthropometric change following the oral supplementation of glutamine
and arginine [58,59]. Therefore, as a benefit in return, how the exercise types, intensities, or
duration determine the waxing and waning of metabolic profiles needs to be verified as
Oov Pilates program in our study led to the change of specific metabolites associated with
short-term and moderate exercise intensity.

In summary, 8-weeks Pilates program using Oov was the exercise intervention that can
significantly improve FMP (48.1% ↑, p = 0.0002) and enhance the characteristics of human
metabolomes, especially L-glutamine (m/z: 147.07 [M + H]+), L-cystathionine (m/z: 240.09
[M + NH4]+), and L-arginine (m/z: 197.1 [M + Na]+). The efficacy of 8-weeks Oov Pilates
was also demonstrated in the view of metabolic net change when comparing the net change
of UIP with that of UINP, especially in L-cystathionine (m/z: 240.09 [M + NH4]+) (Figure 5).
These results highlighted that Oov Pilates can ameliorate the function of intrinsic deep
muscles, PFM, (Figure 6) associated with clinically managing symptoms of UI, which was
potentially related to up-regulated intensity of metabolic features as a positive physiological
effect (Figure 4). Therefore, we speculate that 8-weeks Oov Pilates is an intervention that
can achieve the improved functional movement of PFM and enhancement of metabolic
feature, thereby ultimately mitigating the symptoms of UI in Korean women.
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4. Materials and Methods
4.1. Ethical Approval

This study was approved by the Institutional Review Board (IRB) of Korea University
and conducted in accordance with the ethical guidelines outlined by Korea University’s
IRB (KUIRB-2019-0087-01). Written informed consent was obtained from all participants
before participation of the study.

4.2. Participants

A total of twenty-nine subjects (n = 29) (Age: 43.5 ± 6.5 years; Height: 159.9 ± 7.7 cm;
Body mass: 63.2 ± 11.1 kg; Body mass index, BMI: 24.4 ± 3.0) were recruited from Sejong
City in South Korea, and reported the pre-menopausal state with regular menstruation.
Twenty-one subjects (n = 21) experienced the symptoms of UI more than one and less
than ten times within a week, and were randomly assigned into two groups, UI group
with Pilates (UIP, n = 13) (Age: 42.4 ± 5.0 years; Height: 160.7 ± 5.1 cm; Body mass:
64.1 ± 10.3 kg; Body mass index, BMI: 24.7 ± 3.0) and UI group with no Pilates (UINP,
n = 8) (Age: 46.4 ± 8.5 years; Height: 156.6 ± 10.5 cm; Body mass: 62.0 ± 12.6 kg; Body
mass index, BMI: 24.3± 3.0) (Table 1). Control group (Control, n = 8) (Age: 42.5± 6.2 years;
Height: 161.9 ± 8.3 cm; Body mass: 63.2 ± 12.2 kg; Body mass index, BMI: 24.0 ± 3.3)
had no clinical symptoms of UI. UIP and UINP had urological and gynecological-related
symptoms, however, underwent neither the invasive surgical treatments nor non-invasive
interventions including hormonal oral-medication. All subjects were instructed to maintain
their normal activities during their participation, but to refrain from caffeine, alcohol, and
strenuous physical activities on the day of blood collection and ultrasonography test.

4.3. Exercise Intervention—Pilates

UIP performed the Pilates using the Oov known as an ergonomic-shape durable form
that helps to achieve the natural curve of the spine and motor learning by mimicking the
anatomical movement of spine [60]. UIP conducted 60-min Oov Pilates 3 times weekly
for 8 weeks, which was composed of 10-min warm-up, 40-min main exercise, and 10-min
cool-down and designed to mainly enhance the abdominal muscles and PFM. To maintain
the exercise intensity in main exercise, target heart rate (THR) suggested by Karvonen [61]
and rating of perceived exertion (RPE) were individually measured during 8 weeks so that
each participant could decide their own intensity for upcoming sessions. Until by 4-weeks
of main exercise, THR was decided by 55–75% of heart rate reserve (HRR), and RPE of
11–13 was administrated to the participants. Exercise intensity for main exercise between 5
and 8-weeks period was progressively increased to 65–75% of HRR and RPE of 13–15.

4.4. Ultrasonography—Functional Movement of PFM

Functional movement of PFM (FMP) was measured by SONON Convex 300C (Heal-
cerion, Seoul, Korea) equipped with multiple frequencies technology (5.0, 7.5, 10.0 MHz)
and wireless convex array transducer. To achieve the accurate data collection, we followed
previously approved clinical procedures for the measurement [13,62,63], and one desig-
nated professional practitioner operated the ultrasonography apparatus to observe the
FMP. For the acquisition of vivid ultrasonography data in bladder base, subjects were asked
not to visit the restroom for the urination 1 h before the examination, and to be hydrated
by drinking 2 cups of water in 30 min before the examination. During the assessment, the
angle of knee was 60◦ in supine position; block-shaped probe was located above pubic
bone at the sagittal angle and steered to measure toward the direction of transverse plane
by the angle of 15–30◦. FMP was equivalently created by contracting the muscle groups
of anus. After practicing the contraction of anus area once, baseline FMP was measured
during the resting period, and maximal contraction of anus was maintained for 3 s in order
to measure the maximal FMP [64]. Maximal FMP was measured 3 times with 1 min resting
period between sessions [65], and averaged FMP was used for final data analysis. FMP
ratio was the calculated value where the movement distance of bladder base during PFM’s
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contraction state is divided by that during PFM’s resting state; small ratio represents the
ameliorated or improved FMP, and vice versa.

4.5. Hematology and Blood Sample Preparation

For all subjects, blood sample collection was performed at the time point of pre
and post-Pilates intervention. Before the experimental day, all subjects were asked to
follow ≥8 h overnight fast and fluid restriction, non-caffeinated drinks, and non-intense
physical activity. When arrived in laboratory next day, they were asked to maintain
10 min-controlled sitting posture to prevent the plasma volume change and variation [66].
Whole blood was collected from prominent forearm antecubital vein by 4.0 mL K2 EDTA
(Lavender-top) Vacutainer method. The tube was immediately centrifuged by 1600× g for
15 min, and plasma sample as a supernatant was obtained and transferred to Microtainer
tube by 500 µL aliquot that was stored in cryogenic freezer (at −80 ◦C) until use. Total
of 50 µL aliquot of plasma was added to the mixture of 100 µL containing 95 µL of
LC-MS grade acetonitrile (ACN) and 5 µL of three isotope standards ([3-Methyl-13C]-
Caffeine; [Dimethyl-D6]-N,N-Diethyl-M-Toluamide; [13C5, 15N]-L-Methionine) (1:2, v/v).
The samples were vortexed for 1 min and consecutively centrifuged at 13,000 rpm at 4 ◦C
for 10 min to perform the protein precipitation and extraction of metabolic feature. The
supernatant containing the polar metabolic substances was obtained and consecutively
transferred to the LC-MS vial for LC-MS/MS measurement.

4.6. Untargeted Data Acquisition Using LC-MS Q-TOF

An high resolution untargeted metabolomics was used to acquire the metabolic pro-
files of plasma samples [67]. The metabolomics data acquisition was performed through
high performance liquid chromatography system (HPLC) (1290 Infinity, Agilent, City of
Santa Clara, CA, USA) equipped with Agilent 6550 iFunnel quadruple-time of flight liquid
chromatography/mass spectrometry (Q-TOF LC/MS) (Agilent, CA, USA). The separation
in LC was achieved by Hypersil GOLD aQ C18 column (100 mm × 2.1 mm; particle size of
1.9 µm) (Thermo, Waltham, MA, USA) of which system temperature was maintained at
45 ◦C. For the mobile phases, solvent A was LC-MS grade water (H2O) (JT-Baker, USA)
with 0.1% formic acid (CH2O2) (Sigma-Aldrich, St. Louis, MO, USA), and solvent B was
the LC-MS grade acetonitrile (CH3CN) (ACN) (J.T.Baker, Avantor, Allentown, PA, USA)
mixed with 0.1% formic acid. The HPLC mixing gradient of aforementioned mobile phases
was programmed as follow: 0.0–1.0 min, 5% in solvent B; 1.0–9.0 min, 45% solvent B;
9.0–12.0 min, 90% solvent B; 12.0–13.5 min, 90% solvent B; 13.5–13.6 min, 5% solvent B,
which was conducted for 15 min in total. The treated plasma sample injection volume by
auto-sampler and solvent flow rate were 3 µL and 0.4 mL/min, respectively. The capillary
voltage was set at 3.5 kV, and temperature of the drying and sheath gases were 250 ◦C.
To detect the mass/charge ratio (m/z) in ions, selection criteria was set at between the
m/z of 50.0 and 1000.0 with resolution of 20,000, which was obtained through positive
electro-spray ionization (+ESI) mode. All plasma samples in LC-MS were randomly run in
triplicate to guarantee the potential statistical reliability and reproducibility. An equivalent
volume (150 µL) of 100% ACN was added to the actual samples’ line-up to ensure the
cleaning of sample injection needle and prevent the sample contamination. Since randomly
assigned 29 plasma samples were ran during the individual day, and may have potential
non-biological factors during the metabolomics measurement, we performed a batch effect
correction by using R-based xMSanalyzer designed to conduct the automatic correction on
the peak data through the improved metabolic peak detection [68].

The characteristics of metabolites was specified by m/z, retention time (R/T), and
intensity [69], and real-time spectra using total ion chromatogram (TIC) and base peak
chromatogram (BPC) were also observed and check during the measurement.
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4.7. LC/MS Data Processing and Statistical Analysis
4.7.1. Data Extraction of LC/MS Raw Files

The spectral LC-MS raw data (‘.d’ type file) was converted to ‘.MZXML’ file by using
MSConvert (Proteowizard, http://proteowizard.sourceforge.net/index.html (accessed
on 16 July 2020), command-line tool for mass spectrometry file conversion. Then, the
converted files (MZXML) were processed through apLCMS (R-driven package, ver. 3.4.3)
that provides computational algorithm to achieve the metabolic feature detection and
quantification as well as accurate feature alignment [70], which included m/z, R/T, and
metabolic peak intensity (MPI). The output files of apLCMS were evaluated and corrected
by xMSanalyzer that enables the integration of apLCMS files, evaluation of sample quality,
metabolic feature consistency, and batch-effect correction in triplicate measured plasma
samples [68].

4.7.2. Discriminative Analysis between Pre and Post-Intervention in Control, UIP, and
UINP

To verify discrimination of metabolic profiles in and between pre- and post-intervention
in Control, UIP, and UINP (Figure 1), median-summarized 6574 metabolic features contain-
ing m/z, RT, and MPI acquired by xMSanalyzer were entered to SIMCA 14.1 (Umetrics AB,
Umea, Sweden) with unit variance (UV) scaling function in order to produce the partial
least squares-discriminant analysis (PLS-DA) known as supervised multivariate analysis.
In addition, the analytical procedure of 7-fold cross validation embedded in SIMCA 14.1
by default could evaluate the quality of PLS-DA model and minimize the risk of model’s
over-fitting. To confirm the goodness of fit and predictive ability in PLS-DA model, both
R2 and Q2 were assessed in three experimental groups.

4.7.3. Integrative and Differential Network Analysis Using xMWAS

The median-summarized data including m/z, R/T, and MPI was obtained by xMSan-
alyzer, and used to operate the xMWAS (v0.552, https://kuppal.shinyapps.io/xmwas (ac-
cessed on 10 September 2020) that facilitates the data integration, differential network anal-
ysis using topological approach, and visualized factor clustering [29] between metabolic
profiles and comparative data (Y1: Body mass; Y2: BMI; Y3: Body fat percentage; and Y4:
FMP ratio) (Figure 2). When visualizing the clusters between metabolic profiles and fours
variables (Y1, Y2, Y3, and Y4), all of each raw dataset were entered and analyzed in xMWAS
at once. In Control, UIP, and UINP, to confirm the correlation between metabolomic profiles
and Y4, cluster information table obtained from xMWAS was systemically filtered based on
Y4, which consequently displayed the key metabolites associated with FMP ratio defined
as a functional change of PFM.

4.7.4. Metabolomics Analysis for Metabolic Pathway

To identify the metabolic pathways and potential metabolism affected by 8-weeks
intervention in Control, UIP, and UINP (Table 2 and Figure 3), dataset including m/z and
R/T from xMWAS (v0.552, https://kuppal.shinyapps.io/xmwas (accessed on 10 Septem-
ber 2020) was annotated using Human Metabolome Database (HMDB) (https://hmdb.ca
(accessed on 15 November 2020) [71] known as web-enabled metabolic database pro-
viding m/z, KEGG identifier, and compound name; we used m/z error tolerance of
± 10 ppm (± 0.001%) to minimize the inclusion of irrelevantly annotated metabolites.
For pathway analysis, KEGG ID (https://www.genome.jp/kegg/tool/conv_id.html (ac-
cessed on 18 November 2020) produced by HMDB was entered into MetaboAnalyst 4.0
(https://www.metaboanalyst.ca (accessed on 20 November 2020), web-based comprehen-
sive metabolomic analysis [72], in order to produce the overview of pathway analysis in
metabolites (Table 2). When deciding the potential metabolic pathways in MetaboAnalyst
4.0, the Summary of Metabolome View and Table of Detected Pathways were equivalently
considered in selecting putative metabolites in Control, UIP, and UINP.

http://proteowizard.sourceforge.net/index.html
https://kuppal.shinyapps.io/xmwas
https://kuppal.shinyapps.io/xmwas
https://hmdb.ca
https://www.genome.jp/kegg/tool/conv_id.html
https://www.metaboanalyst.ca
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4.8. Statistical Analysis and Analytical Data Visualization

To visualize the analytical data, MPI of selected metabolites was analyzed and illus-
trated using the GraphPad Prism software Ver. 8.0 (GraphPad, San Diego, CA, USA), which
was performed between pre- and post-intervention. Data were presented as mean ± SD,
and all statistical significance level was set at p < 0.05.

Author Contributions: Conceptualization, G.K., H.L., M.S., J.K., S.L., and Y.P.; methodology, G.K.,
H.L., J.K., S.L., and Y.P.; software, G.K.; validation, G.K. and Y.P.; formal analysis, G.K. and J.K.;
investigation, G.K., H.L., and J.K.; resources, G.K., H.L., M.S., S.L., and Y.P.; data curation, G.K.;
writing—original draft preparation, G.K.; writing—review and editing, G.K., S.L., and Y.P.; visualiza-
tion, G.K.; supervision, S.L. and Y.P.; project administration, G.K., H.L., and M.S.; funding acquisition,
H.L., S.L., and Y.P. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by National Research Foundation (NRF) in Republic of Korea
(Grant no. NRF-2017M3A9F1031229 and NRF-2020RIA2C2103067).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board of Korea University
(KUIRB-2019-0087-01, 5 April 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. Data is available on request from the corresponding author because we are
managing the raw data and results based on laboratory policy.

Acknowledgments: We would like to thank to the developers, especially Jones and Uppal, of xMWAS
(v0.552) that was a key-methodological analysis tool in our study and all participants who showed
a consistent endeavor for our team to achieve the inter-disciplinary investigation between exercise
science and metabolomics.

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

References
1. Haylen, B.T.; de Ridder, D.; Freeman, R.M.; Swift, S.E.; Berghmans, B.; Lee, J.; Monga, A.; Petri, E.; Rizk, D.E.; Sand, P.K.; et al. An

International Urogynecological Association (IUGA)/International Continence Society (ICS) joint report on the terminology for
female pelvic floor dysfunction. Int. Urogynecol. J. 2010, 21, 5–26. [CrossRef]

2. Global Forum on Incontinence. About Incontinence. Available online: https://www.gfiforum.com/incontinence (accessed on 4
January 2021).

3. Aoki, Y.; Brown, H.W.; Brubaker, L.; Cornu, J.N.; Daly, J.O.; Cartwright, R. Urinary incontinence in women. Nat. Rev. Dis. Primers
2017, 3, 17042. [CrossRef] [PubMed]

4. Nitti, V.W. The prevalence of urinary incontinence. Rev. Urol. 2001, 3 (Suppl. 1), S2–S6. [PubMed]
5. Stav, K.; Alcalay, M.; Peleg, S.; Lindner, A.; Gayer, G.; Hershkovitz, I. Pelvis architecture and urinary incontinence in women. Eur.

Urol. 2007, 52, 239–244. [CrossRef]
6. Cavkaytar, S.; Kokanali, M.K.; Topcu, H.O.; Aksakal, O.S.; Doganay, M. Effect of home-based Kegel exercises on quality of life in

women with stress and mixed urinary incontinence. J. Obstet. Gynaecol. J. Inst. Obstet. Gynaecol. 2015, 35, 407–410. [CrossRef]
7. Yang, J.; Cheng, J.W.; Wagner, H. The effect of high impact crossfit exercises on stress urinary incontinence in physically active

women. Neurourol. Urodyn. 2019, 38, 749–756. [CrossRef] [PubMed]
8. Dumoulin, C.; Cacciari, L.P.; Hay-Smith, E.J.C. Pelvic floor muscle training versus no treatment, or inactive control treatments, for

urinary incontinence in women. Cochrane Database Syst. Rev. 2018, 10, Cd005654. [CrossRef]
9. Bo, K.; Frawley, H.C.; Haylen, B.T.; Abramov, Y.; Almeida, F.G.; Berghmans, B.; Bortolini, M.; Dumoulin, C.; Gomes, M.; McClurg,

D.; et al. An International Urogynecological Association (IUGA)/International Continence Society (ICS) joint report on the
terminology for the conservative and nonpharmacological management of female pelvic floor dysfunction. Neurourol. Urodyn.
2017, 36, 221–244. [CrossRef]

10. Gomes, C.S.; Pedriali, F.R.; Urbano, M.R.; Moreira, E.H.; Averbeck, M.A. The effects of Pilates method on pelvic floor muscle
strength in patients with post-prostatectomy urinary incontinence: A randomized clinical trial. Neurourol. Urodyn. 2018, 37,
346–353. [CrossRef] [PubMed]

11. Culligan, P.J.; Scherer, J.; Dyer, K.; Priestley, J.L.; Guingon-White, G.; Delvecchio, D.; Vangeli, M. A randomized clinical trial
comparing pelvic floor muscle training to a Pilates exercise program for improving pelvic muscle strength. Int. Urogynecol. J.
2010, 21, 401–408. [CrossRef]

http://doi.org/10.1007/s00192-009-0976-9
https://www.gfiforum.com/incontinence
http://doi.org/10.1038/nrdp.2017.42
http://www.ncbi.nlm.nih.gov/pubmed/28681849
http://www.ncbi.nlm.nih.gov/pubmed/16985992
http://doi.org/10.1016/j.eururo.2006.12.026
http://doi.org/10.3109/01443615.2014.960831
http://doi.org/10.1002/nau.23912
http://www.ncbi.nlm.nih.gov/pubmed/30620148
http://doi.org/10.1002/14651858.CD005654.pub4
http://doi.org/10.1002/nau.23107
http://doi.org/10.1002/nau.23300
http://www.ncbi.nlm.nih.gov/pubmed/28464434
http://doi.org/10.1007/s00192-009-1046-z


Metabolites 2021, 11, 118 16 of 18

12. Torelli, L.; de Jarmy Di Bella, Z.I.; Rodrigues, C.A.; Stüpp, L.; Girão, M.J.; Sartori, M.G. Effectiveness of adding voluntary pelvic
floor muscle contraction to a Pilates exercise program: An assessor-masked randomized controlled trial. Int. Urogynecol. J. 2016,
27, 1743–1752. [CrossRef]

13. Bo, K. Pelvic floor muscle strength and response to pelvic floor muscle training for stress urinary incontinence. Neurourol. Urodyn.
2003, 22, 654–658. [CrossRef] [PubMed]

14. Wang, J.H.; Byun, J.; Pennathur, S. Analytical approaches to metabolomics and applications to systems biology. Semin. Nephrol.
2010, 30, 500–511. [CrossRef] [PubMed]

15. Weckwerth, W. Metabolomics: An integral technique in systems biology. Bioanalysis 2010, 2, 829–836. [CrossRef] [PubMed]
16. Lawler, N.G.; Abbiss, C.R.; Gummer, J.P.A.; Broadhurst, D.I.; Govus, A.D.; Fairchild, T.J.; Thompson, K.G.; Garvican-Lewis, L.A.;

Gore, C.J.; Maker, G.L.; et al. Characterizing the plasma metabolome during 14 days of live-high, train-low simulated altitude: A
metabolomic approach. Exp. Physiol. 2019, 104, 81–92. [CrossRef]

17. Manaf, F.A.; Lawler, N.; Peiffer, J.J.; Maker, G.L.; Boyce, M.C.; Fairchild, T.J.; Broadhurst, D. Characterizing the plasma metabolome
during and following a maximal exercise cycling test. J. Appl. Physiol. 2018. [CrossRef]

18. Liu, X.; Wang, Y.; Gao, R.; Xing, Y.; Li, X.; Wang, Z. Serum metabolomic response to exercise training in spontaneously hypertensive
rats. J. Am. Soc. Hypertens. JASH 2017, 11, 428–436. [CrossRef] [PubMed]

19. Brugnara, L.; Vinaixa, M.; Murillo, S.; Samino, S.; Rodriguez, M.A.; Beltran, A.; Lerin, C.; Davison, G.; Correig, X.; Novials, A.
Metabolomics approach for analyzing the effects of exercise in subjects with type 1 diabetes mellitus. PLoS ONE 2012, 7, e40600.
[CrossRef]

20. Campos de Oliveira, L.; Gonçalves de Oliveira, R.; Pires-Oliveira, D.A.d.A. Effects of Pilates on muscle strength, postural balance
and quality of life of older adults: A randomized, controlled, clinical trial. J. Phys. Ther. Sci. 2015, 27, 871–876. [CrossRef]

21. Bird, M.L.; Fell, J. Positive long-term effects of Pilates exercise on the aged-related decline in balance and strength in older,
community-dwelling men and women. J. Aging Phys. Act. 2014, 22, 342–347. [CrossRef] [PubMed]

22. Byrnes, K.; Wu, P.J.; Whillier, S. Is Pilates an effective rehabilitation tool? A systematic review. J. Bodyw. Mov. Ther. 2018, 22,
192–202. [CrossRef] [PubMed]

23. Savkin, R.; Aslan, U.B. The effect of Pilates exercise on body composition in sedentary overweight and obese women. J. Sports
Med. Phys. Fit. 2017, 57, 1464–1470. [CrossRef]

24. Kim, S.J.; Kim, S.H.; Kim, J.H.; Hwang, S.; Yoo, H.J. Understanding Metabolomics in Biomedical Research. Endocrinol. Metab.
2016, 31, 7–16. [CrossRef] [PubMed]

25. Bongiovanni, T.; Pintus, R.; Dessì, A.; Noto, A.; Sardo, S.; Finco, G.; Corsello, G.; Fanos, V. Sportomics: Metabolomics applied to
sports. The new revolution? Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 11011–11019. [CrossRef]

26. Idle, J.R.; Gonzalez, F.J. Metabolomics. Cell Metab. 2007, 6, 348–351. [CrossRef]
27. Beger, R.D.; Dunn, W.; Schmidt, M.A.; Gross, S.S.; Kirwan, J.A.; Cascante, M.; Brennan, L.; Wishart, D.S.; Oresic, M.; Hankemeier,

T.; et al. Metabolomics enables precision medicine: “A White Paper, Community Perspective”. Metab. Off. J. Metab. Soc. 2016, 12,
149. [CrossRef] [PubMed]

28. Triba, M.N.; Le Moyec, L.; Amathieu, R.; Goossens, C.; Bouchemal, N.; Nahon, P.; Rutledge, D.N.; Savarin, P. PLS/OPLS models
in metabolomics: The impact of permutation of dataset rows on the K-fold cross-validation quality parameters. Mol. Biosyst.
2015, 11, 13–19. [CrossRef]

29. Uppal, K.; Ma, C.; Go, Y.-M.; Jones, D.P. xMWAS: A data-driven integration and differential network analysis tool. Bioinformatics
2017, 34, 701–702. [CrossRef]

30. Bø, K.; Sherburn, M. Evaluation of Female Pelvic-Floor Muscle Function and Strength. Phys. Ther. 2005, 85, 269–282. [CrossRef]
31. Raizada, V.; Mittal, R.K. Pelvic floor anatomy and applied physiology. Gastroenterol. Clin. N. Am. 2008, 37, 493–509. [CrossRef]
32. Curi, R.; Lagranha, C.J.; Doi, S.Q.; Sellitti, D.F.; Procopio, J.; Pithon-Curi, T.C.; Corless, M.; Newsholme, P. Molecular mechanisms

of glutamine action. J. Cell. Physiol. 2005, 204, 392–401. [CrossRef]
33. Gleeson, M. Dosing and efficacy of glutamine supplementation in human exercise and sport training. J. Nutr. 2008, 138,

2045s–2049s. [CrossRef]
34. Rennie, M.J.; MacLennan, P.A.; Hundal, H.S.; Weryk, B.; Smith, K.; Taylor, P.M.; Egan, C.; Watt, P.W. Skeletal muscle glutamine

transport, intramuscular glutamine concentration, and muscle-protein turnover. Metab. Clin. Exp. 1989, 38, 47–51. [CrossRef]
35. MacLennan, P.A.; Brown, R.A.; Rennie, M.J. A positive relationship between protein synthetic rate and intracellular glutamine

concentration in perfused rat skeletal muscle. FEBS Lett. 1987, 215, 187–191. [CrossRef]
36. Ligthart-Melis, G.C.; van de Poll, M.C.G.; Boelens, P.G.; Dejong, C.H.C.; Deutz, N.E.P.; van Leeuwen, P.A.M. Glutamine is an

important precursor for de novo synthesis of arginine in humans. Am. J. Clin. Nutr. 2008, 87, 1282–1289. [CrossRef] [PubMed]
37. Walsh, N.P.; Blannin, A.K.; Robson, P.J.; Gleeson, M. Glutamine, Exercise and Immune Function. Sports Med. 1998, 26, 177–191.

[CrossRef] [PubMed]
38. Sewell, D.A.; Gleeson, M.; Blannin, A.K. Hyperammonaemia in relation to high-intensity exercise duration in man. Eur. J. Appl.

Physiol. Occup. Physiol. 1994, 69, 350–354. [CrossRef] [PubMed]
39. Castell, L.M.; Newsholme, E.A.; Poortmans, J.R. Does glutamine have a role in reducing infections in athletes? Eur. J. Appl.

Physiol. Occup. Physiol. 1996, 73, 488–490. [CrossRef]

http://doi.org/10.1007/s00192-016-3037-1
http://doi.org/10.1002/nau.10153
http://www.ncbi.nlm.nih.gov/pubmed/14595609
http://doi.org/10.1016/j.semnephrol.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21044761
http://doi.org/10.4155/bio.09.192
http://www.ncbi.nlm.nih.gov/pubmed/21083277
http://doi.org/10.1113/EP087159
http://doi.org/10.1152/japplphysiol.00499.2018
http://doi.org/10.1016/j.jash.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28602674
http://doi.org/10.1371/journal.pone.0040600
http://doi.org/10.1589/jpts.27.871
http://doi.org/10.1123/JAPA.2013-0006
http://www.ncbi.nlm.nih.gov/pubmed/23921206
http://doi.org/10.1016/j.jbmt.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/29332746
http://doi.org/10.23736/s0022-4707.16.06465-3
http://doi.org/10.3803/EnM.2016.31.1.7
http://www.ncbi.nlm.nih.gov/pubmed/26676338
http://doi.org/10.26355/eurrev_201912_19807
http://doi.org/10.1016/j.cmet.2007.10.005
http://doi.org/10.1007/s11306-016-1094-6
http://www.ncbi.nlm.nih.gov/pubmed/27642271
http://doi.org/10.1039/C4MB00414K
http://doi.org/10.1093/bioinformatics/btx656
http://doi.org/10.1093/ptj/85.3.269
http://doi.org/10.1016/j.gtc.2008.06.003
http://doi.org/10.1002/jcp.20339
http://doi.org/10.1093/jn/138.10.2045S
http://doi.org/10.1016/0026-0495(89)90140-6
http://doi.org/10.1016/0014-5793(87)80139-4
http://doi.org/10.1093/ajcn/87.5.1282
http://www.ncbi.nlm.nih.gov/pubmed/18469251
http://doi.org/10.2165/00007256-199826030-00004
http://www.ncbi.nlm.nih.gov/pubmed/9802174
http://doi.org/10.1007/BF00392042
http://www.ncbi.nlm.nih.gov/pubmed/7851372
http://doi.org/10.1007/BF00334429


Metabolites 2021, 11, 118 17 of 18

40. Castell, L.M.; Poortmans, J.R.; Leclercq, R.; Brasseur, M.; Duchateau, J.; Newsholme, E.A. Some aspects of the acute phase
response after a marathon race, and the effects of glutamine supplementation. Eur. J. Appl. Physiol. Occup. Physiol. 1996, 75, 47–53.
[CrossRef] [PubMed]

41. Robson, P.J.; Blannin, A.K.; Walsh, N.P.; Castell, L.M.; Gleeson, M. Effects of exercise intensity, duration and recovery on in vitro
neutrophil function in male athletes. Int. J. Sports Med. 1999, 20, 128–135. [CrossRef] [PubMed]

42. Gildenhuys, G.; Fourie, M.; Shaw, I.; Shaw, B.; Toriola, A.; Witthuhn, J. Evaluation of Pilates training on agility, functional mobility
and cardiorespiratory fitness in elderly women. AJPHERD 2013, 19, 505–512.

43. Guimarães, G.V.; Carvalho, V.O.; Bocchi, E.A.; d’Avila, V.M. Pilates in Heart Failure Patients: A Randomized Controlled Pilot
Trial. Cardiovasc. Ther. 2012, 30, 351–356. [CrossRef]

44. Fernández-Rodríguez, R.; Álvarez-Bueno, C.; Ferri-Morales, A.; Torres-Costoso, A.I.; Cavero-Redondo, I.; Martínez-Vizcaíno,
V. Pilates Method Improves Cardiorespiratory Fitness: A Systematic Review and Meta-Analysis. J. Clin. Med. 2019, 8, 1761.
[CrossRef] [PubMed]

45. Morris, C.R.; Hamilton-Reeves, J.; Martindale, R.G.; Sarav, M.; Ochoa Gautier, J.B. Acquired Amino Acid Deficiencies: A Focus on
Arginine and Glutamine. Nutr. Clin. Pract. Off. Publ. Am. Soc. Parenter. Enter. Nutr. 2017, 32, 30S–47S. [CrossRef]

46. Wu, G.; Morris, S.M., Jr. Arginine metabolism: Nitric oxide and beyond. Biochem. J. 1998, 336 Pt 1, 1–17. [CrossRef]
47. Morris, S.M., Jr. Arginine: Beyond protein. Am. J. Clin. Nutr. 2006, 83, 508S–512S. [CrossRef] [PubMed]
48. Wang, L.; Jhee, K.H.; Hua, X.; DiBello, P.M.; Jacobsen, D.W.; Kruger, W.D. Modulation of cystathionine beta-synthase level

regulates total serum homocysteine in mice. Circ. Res. 2004, 94, 1318–1324. [CrossRef]
49. Zhang, J.; Sugahara, K.; Sagara, Y.; Fontana, M.; Duprè, S.; Kodama, H. Effect of cystathionine ketimine on the stimulus coupled

responses of neutrophils and their modulation by various protein kinase inhibitors. Biochem. Biophys. Res. Commun. 1996, 218,
371–376. [CrossRef] [PubMed]

50. Kodama, H.; Zhang, J.; Sugahara, K. Novel Priming Compounds of Cystathionine Metabolites on Superoxide Generation in
Human Neutrophils. Biochem. Biophys. Res. Commun. 2000, 269, 297–301. [CrossRef]

51. Ghibelli, L.; Fanelli, C.; Rotilio, G.; Lafavia, E.; Coppola, S.; Colussi, C.; Civitareale, P.; Ciriolo, M.R. Rescue of cells from apoptosis
by inhibition of active GSH extrusion. FASEB J. 1998, 12, 479–486. [CrossRef]

52. Maclean, K.N.; Greiner, L.S.; Evans, J.R.; Sood, S.K.; Lhotak, S.; Markham, N.E.; Stabler, S.P.; Allen, R.H.; Austin, R.C.; Balasubra-
maniam, V.; et al. Cystathionine protects against endoplasmic reticulum stress-induced lipid accumulation, tissue injury, and
apoptotic cell death. J. Biol. Chem. 2012, 287, 31994–32005. [CrossRef]

53. Zhu, M.; Du, J.; Chen, S.; Liu, A.D.; Holmberg, L.; Chen, Y.; Zhang, C.; Tang, C.; Jin, H. L-cystathionine inhibits the mitochondria-
mediated macrophage apoptosis induced by oxidized low density lipoprotein. Int. J. Mol. Sci. 2014, 15, 23059–23073. [CrossRef]

54. Wang, X.; Wang, Y.; Zhang, L.; Zhang, D.; Bai, L.; Kong, W.; Huang, Y.; Tang, C.; Du, J.; Jin, H. L-Cystathionine Protects against
Homocysteine-Induced Mitochondria-Dependent Apoptosis of Vascular Endothelial Cells. Oxidative Med. Cell. Longev. 2019,
2019, 1253289. [CrossRef]

55. HMDB. Showing Metabocard for (3R,5S)-1-pyrroline-3-hydroxy-5-carboxylic Acid (HMDB0062585). Available online: https:
//hmdb.ca/metabolites/HMDB0062585 (accessed on 6 January 2021).

56. Bray, R.; Cacciatore, S.; Jimenez, B.; Cartwright, R.; Digesu, A.; Fernando, R.; Holmes, E. Urinary Metabolic Phenotyping of
Women with Lower Urinary Tract Symptoms. J. Proteome Res. 2017, 16, 4208–4216. [CrossRef]

57. Zhang, Z.; Yang, M.; Yin, A.; Chen, M.; Tan, N.; Wang, M.; Zhang, Y.; Ye, H.; Zhang, X.; Zhou, W. Serum metabolomics reveals the
effect of electroacupuncture on urinary leakage in women with stress urinary incontinence. J. Pharm. Biomed. Anal. 2020, 190,
113513. [CrossRef] [PubMed]

58. Ramezani Ahmadi, A.; Rayyani, E.; Bahreini, M.; Mansoori, A. The effect of glutamine supplementation on athletic performance,
body composition, and immune function: A systematic review and a meta-analysis of clinical trials. Clin. Nutr. 2019, 38,
1076–1091. [CrossRef] [PubMed]

59. Viribay, A.; Burgos, J.; Fernandez-Landa, J.; Seco-Calvo, J.; Mielgo-Ayuso, J. Effects of Arginine Supplementation on Athletic
Performance Based on Energy Metabolism: A Systematic Review and Meta-Analysis. Nutrients 2020, 12, 1300. [CrossRef]
[PubMed]

60. TMOov. About the OOV. Available online: https://www.theoov.com/about-the-oov/ (accessed on 11 November 2020).
61. Karvonen, J.; Vuorimaa, T. Heart rate and exercise intensity during sports activities. Practical application. Sports Med. 1988, 5,

303–311. [CrossRef] [PubMed]
62. Arab, A.M.; Behbahani, R.B.; Lorestani, L.; Azari, A. Correlation of digital palpation and transabdominal ultrasound for

assessment of pelvic floor muscle contraction. J. Man. Manip. Ther. 2009, 17, e75–e79. [CrossRef]
63. Thompson, J.A.; O’Sullivan, P.B.; Briffa, N.K.; Neumann, P. Comparison of transperineal and transabdominal ultrasound in the

assessment of voluntary pelvic floor muscle contractions and functional manoeuvres in continent and incontinent women. Int.
Urogynecol. J. Pelvic Floor Dysfunct. 2007, 18, 779–786. [CrossRef] [PubMed]

64. Henderson, J.W.; Wang, S.; Egger, M.J.; Masters, M.; Nygaard, I. Can women correctly contract their pelvic floor muscles without
formal instruction? Female Pelvic. Med. Reconstr. Surg. 2013, 19, 8–12. [CrossRef]

65. Teyhen, D.S.; Miltenberger, C.E.; Deiters, H.M.; Del Toro, Y.M.; Pulliam, J.N.; Childs, J.D.; Boyles, R.E.; Flynn, T.W. The use of
ultrasound imaging of the abdominal drawing-in maneuver in subjects with low back pain. J. Orthop. Sports Phys. Ther. 2005, 35,
346–355. [CrossRef]

http://doi.org/10.1007/s004210050125
http://www.ncbi.nlm.nih.gov/pubmed/9007457
http://doi.org/10.1055/s-2007-971106
http://www.ncbi.nlm.nih.gov/pubmed/10190775
http://doi.org/10.1111/j.1755-5922.2011.00285.x
http://doi.org/10.3390/jcm8111761
http://www.ncbi.nlm.nih.gov/pubmed/31652806
http://doi.org/10.1177/0884533617691250
http://doi.org/10.1042/bj3360001
http://doi.org/10.1093/ajcn/83.2.508S
http://www.ncbi.nlm.nih.gov/pubmed/16470022
http://doi.org/10.1161/01.RES.0000129182.46440.4a
http://doi.org/10.1006/bbrc.1996.0065
http://www.ncbi.nlm.nih.gov/pubmed/8573164
http://doi.org/10.1006/bbrc.1999.1970
http://doi.org/10.1096/fasebj.12.6.479
http://doi.org/10.1074/jbc.M112.355172
http://doi.org/10.3390/ijms151223059
http://doi.org/10.1155/2019/1253289
https://hmdb.ca/metabolites/HMDB0062585
https://hmdb.ca/metabolites/HMDB0062585
http://doi.org/10.1021/acs.jproteome.7b00568
http://doi.org/10.1016/j.jpba.2020.113513
http://www.ncbi.nlm.nih.gov/pubmed/32781319
http://doi.org/10.1016/j.clnu.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29784526
http://doi.org/10.3390/nu12051300
http://www.ncbi.nlm.nih.gov/pubmed/32370176
https://www.theoov.com/about-the-oov/
http://doi.org/10.2165/00007256-198805050-00002
http://www.ncbi.nlm.nih.gov/pubmed/3387734
http://doi.org/10.1179/jmt.2009.17.3.75E
http://doi.org/10.1007/s00192-006-0225-4
http://www.ncbi.nlm.nih.gov/pubmed/17043739
http://doi.org/10.1097/SPV.0b013e31827ab9d0
http://doi.org/10.2519/jospt.2005.35.6.346


Metabolites 2021, 11, 118 18 of 18

66. Ahlgrim, C.; Pottgiesser, T.; Robinson, N.; Sottas, P.E.; Ruecker, G.; Schumacher, Y.O. Are 10 min of seating enough to guarantee
stable haemoglobin and haematocrit readings for the athlete’s biological passport? Int. J. Lab. Hematol. 2010, 32, 506–511.
[CrossRef]

67. Patti, G.J.; Yanes, O.; Siuzdak, G. Innovation: Metabolomics: The apogee of the omics trilogy. Nat. Rev. Mol. Cell Biol. 2012, 13,
263–269. [CrossRef] [PubMed]

68. Uppal, K.; Soltow, Q.A.; Strobel, F.H.; Pittard, W.S.; Gernert, K.M.; Yu, T.; Jones, D.P. xMSanalyzer: Automated pipeline for
improved feature detection and downstream analysis of large-scale, non-targeted metabolomics data. BMC Bioinform. 2013, 14,
15. [CrossRef]

69. Gardinassi, L.G.; Cordy, R.J.; Lacerda, M.V.G.; Salinas, J.L.; Monteiro, W.M.; Melo, G.C.; Siqueira, A.M.; Val, F.F.; Tran, V.; Jones,
D.P.; et al. Metabolome-wide association study of peripheral parasitemia in Plasmodium vivax malaria. Int. J. Med. Microbiol.
IJMM 2017, 307, 533–541. [CrossRef] [PubMed]

70. Yu, T.; Park, Y.; Johnson, J.M.; Jones, D.P. apLCMS–adaptive processing of high-resolution LC/MS data. Bioinformatics 2009, 25,
1930–1936. [CrossRef] [PubMed]

71. Wishart, D.S.; Feunang, Y.D.; Marcu, A.; Guo, A.C.; Liang, K.; Vazquez-Fresno, R.; Sajed, T.; Johnson, D.; Li, C.; Karu, N.; et al.
HMDB 4.0: The human metabolome database for 2018. Nucleic Acids Res. 2018, 46, D608–D617. [CrossRef] [PubMed]

72. Chong, J.; Soufan, O.; Li, C.; Caraus, I.; Li, S.; Bourque, G.; Wishart, D.S.; Xia, J. MetaboAnalyst 4.0: Towards more transparent
and integrative metabolomics analysis. Nucleic Acids Res. 2018, 46, W486–W494. [CrossRef]

http://doi.org/10.1111/j.1751-553X.2009.01213.x
http://doi.org/10.1038/nrm3314
http://www.ncbi.nlm.nih.gov/pubmed/22436749
http://doi.org/10.1186/1471-2105-14-15
http://doi.org/10.1016/j.ijmm.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28927849
http://doi.org/10.1093/bioinformatics/btp291
http://www.ncbi.nlm.nih.gov/pubmed/19414529
http://doi.org/10.1093/nar/gkx1089
http://www.ncbi.nlm.nih.gov/pubmed/29140435
http://doi.org/10.1093/nar/gky310

	Introduction 
	Results 
	Anthropometrical Data and PFM Function of Subjects 
	Discrimination of Metabolic Profiles in and between Pre- and Post-Intervention 
	Integrative and Differential Network Analysis between Metabolic Features and FMP Ratio 
	Identification of Metabolic Pathways Associated with FMP Ratio 
	Change in Identified Metabolic Features Associated with FMP Ratio 
	Change of Anthropometrical Data and FMP Ratio between Pre- and Post-Intervention 

	Discussion 
	Materials and Methods 
	Ethical Approval 
	Participants 
	Exercise Intervention—Pilates 
	Ultrasonography—Functional Movement of PFM 
	Hematology and Blood Sample Preparation 
	Untargeted Data Acquisition Using LC-MS Q-TOF 
	LC/MS Data Processing and Statistical Analysis 
	Data Extraction of LC/MS Raw Files 
	Discriminative Analysis between Pre and Post-Intervention in Control, UIP, and UINP 
	Integrative and Differential Network Analysis Using xMWAS 
	Metabolomics Analysis for Metabolic Pathway 

	Statistical Analysis and Analytical Data Visualization 

	References

