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Abstract

Purpose We aimed to investigate the association between nocturia and serum metabolites identified using metabolomics
analysis.

Methods This study enrolled 66 men aged 65-80 years, recruited from the outpatient department of a university hospital.
The participants were stratified as follows: Nocturia group [45 men with any total international prostate symptom score
(IPSS) and an average of 3 nights > 1.5 micturitions/night] and Control group (21 men with total IPSS <8 and an average
of 3 nights < 1.5 micturitions/night). The 24-h frequency—volume chart, IPSS, and Quality-of-Life questionnaire were used
to evaluate micturition behavior. Serum metabolite profiles were obtained using liquid chromatography—mass spectrometry
(LC-MS)-based metabolomics analysis and compared between the two groups using the unpaired ¢ test. The relationship
between serum metabolites and nocturia was determined using multivariable logistic regression analysis.

Results There were no differences in background factors between the Nocturia and Control groups. In the IPSS, mean total
scores in the Nocturia and Control groups were 12.4 and 4.0, respectively. On frequency—volume chart analysis, nocturnal
urine volume and micturition frequency during daytime and nighttime were significantly higher in the Nocturia group.
LC-MS highlighted 13 serum metabolites as potential biomarkers of nocturia. On multivariate analysis, increased levels of
palmitoylethanolamide, 4-hydroxydocosahexaenoic acid, 9-hydroxyoctadecadienoic acid, 20-hydroxydocosahexaenoic acid,
13-hydroxyoctadecadienoic acid, arachidonoylethanolamide, eicosapentaenoic acid, 12-hydroxy-eicosatetraenoic acid, and
arachidonic acid were associated with nocturia.

Conclusions In aged men, the pathogenesis of nocturia involves abnormal metabolism in several signaling pathways involv-
ing omega-3 and omega-6 polyunsaturated fatty acids, as well as endocannabinoids.
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Introduction

Nocturia represents an exceedingly widespread lower uri-
nary tract symptom (LUTS) with detrimental effects on
quality of life (QOL), quality of sleep, and overall health
condition in older people [1]. The etiology of nocturia is
multifactorial and may be due to several factors acting alone
or in combination; such factors include polyuria, noctur-
nal polyuria, reduced bladder capacity, sleep disorders, and
aging. Nocturia is also associated with numerous morbidities
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including obesity, obstructive sleep apnea, coronary artery
disease, diabetes mellitus (DM), hypertension (HT), and
metabolic syndrome (Mets) [1-3]. The exact etiology of
nocturia remains unclear, and no single treatment has been
proven universally effective and safe in elderly patients with
nocturia [4].

Low-molecular-weight biomarkers are compounds that
can serve as characteristic features to recognize particular
pathologies. Metabolomics analysis can be used to identify
novel biomarkers and screen for biomarkers of interest. The
metabolomics approach has been successfully applied to
profile small-molecule metabolites and reveal insights into
the specific metabolic phenotypes linked with several dis-
eases [5, 6]. Liquid chromatography—mass spectrometry
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(LC-MS) represents a sensitive analytical technique that
has been included in metabolomics pipelines to produce
an effective screening method for the detection of blood
biomarkers for Alzheimer’s disease and for ovarian, liver,
lung, and pancreatic cancer [7, 8]. However, no reports have
described the use of LC-MS-based metabolomics analyses
for screening serum samples from patients with nocturia.

Here, we performed an LC-MS-based metabolomics
analysis to investigate the association between serum metab-
olites and nocturia in aged men.

Materials and methods
Ethics statement

We conducted a single-center, prospective study from
November 2013 to May 2015. The Regional Ethics Com-
mittee of our university, which is responsible for the evalu-
ation of epidemiological studies, reviewed and approved this
study, which was performed according to the guidelines of
the Declaration of Helsinki and its later amendments. All
participants provided written informed consent before study
enrollment.

Participants

A total of 66 men aged 65—-80 years were recruited from the
outpatient department of our university. The frequency—vol-
ume chart (FVC) for 3 consecutive days, international pros-
tate symptom score (IPSS), and QOL score were used to
evaluate LUTS. The presence of comorbidities such as HT,
DM, and hyperlipidemia was determined by interviewing
the participants and reviewing their medical charts. Men
with any total IPSS and an average of 3 nights > 1.5 micturi-
tions per night were assigned to the Nocturia group, whereas
those with total IPSS < 8 and an average of 3 nights< 1.5
micturitions per night were assigned to the Control group.
The exclusion criteria were cancer, bladder pain syn-
drome, urinary tract infection, polyuria (40 mL/kg/24 h),
nocturnal polyuria index (NPi)>70%, residual urine vol-
ume > 100 mL, or serious systemic complications such as
central nervous system disorders, chronic kidney disease,
and heart failure. NPi was calculated as urine production
during nighttime divided by 24-h urine production. Noctur-
nal polyuria was defined as NPi> 0.33 [9].

Serum sampling and sample preparation
Blood serum samples from fasted patients were collected
at our department between 8:00 and 9:00 am, and stored

at — 80 °C for metabolic analysis. A total of 3 mL were
obtained per patient. After agitation of the sample, 200 puL of
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serum were added to 800 pL of methanol-containing inter-
nal standards, prostaglandin E2 (PGE2-d4), arachidonic acid
(AA-d8), leukotriene B4 (LTB4-d4), and 12-hydroxyeicosa-
tetranoic acid (12-HETE-d8). The solution was thoroughly
mixed and centrifuged at 3000xg and 4 °C for 10 min. The
supernatant was collected and added to 5 mL of hydrochloric
acid solution. The mixture was applied to an Oasis® HLB
30 mg cartridge (Waters, Milford, MA, USA) conditioned
with 4.5 mL of methanol solution and Milli-Q for solid-
phase extraction. After washing the cartridge with 4.5 mL
of Milli-Q and 3 mL of hexane, the retained analytes were
eluted using 500 pL of methanol. The eluent was dried using
nitrogen gas and re-dissolved using 50 pL of 50% acetoni-
trile for LC-MS analysis.

LC-MS conditions and analysis

Chromatographic separation was performed using Agilent
1200 Series equipment (Agilent Technologies, Palo Alto,
CA, USA). Gradient elution was performed on Kinetex C8
columns (2.1 mm X 150 mm, 2.6 pm, kept at 40 °C; Phe-
nomenex, Torrance, CA, USA) using 0.1% (v/v) formic
acid in acetonitrile (mobile phase A) and 0.1% (v/v) formic
acid in Milli-Q water (mobile phase B) with a flow rate of
0.4 mL/min. The total runtime was 24 min, and the injection
volume was 5-10 pL. MS detection was conducted on an
Agilent 6460 triple-quadrupole mass spectrometer (Agilent
Technologies). Electrospray ionization was performed in
both positive- and negative-ion modes. The equipment was
controlled using the MassHunter B06.00 software (Agilent
Technologies), and the collected data were processed using
the MassHunter Quantitative Analysis software, version B.
07.00 (Agilent Technologies). The peaks were extracted to
obtain peak information including m/z, LC retention time,
and peak area. Peak annotation was performed using an
internal database of retention times and m/z values for ref-
erence compounds. Lipid species were identified according
to a list of retention times and selected reaction monitoring
transitions acquired in a separate run for 90 lipid mediators.
The peak areas were normalized against those of the internal
standards, and the peak area ratios were used for further
statistical analyses.

Statistical analyses

Subject characteristics and FVC parameters were analyzed
using the unpaired Welch ¢ test, while Fisher’s exact test
was used for categorical variables. Metabolite profiles were
compared between the Nocturia group and the Control group
using the Welch ¢ test as a non-adjusted analysis. To deter-
mine the relationship between metabolites and nocturia,
we also performed multivariable logistic regression analy-
sis and obtained odds ratios and 95% confidence intervals.
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The following covariates and adjustments were included:
age (continuous), body mass index (continuous), 24-h urine
production (continuous), use of drugs for LUTS treatment
(yes/no), and presence of metabolic comorbidities includ-
ing HT, DM, or hyperlipidemia (yes/no). p values < 0.05
were considered to indicate statistical significance. Statisti-
cal analyses were performed using SPSS version 22 (IBM
Corp., Armonk, NY, USA).

Results

Of the 66 men enrolled in the study, 45 were assigned to
the Nocturia group and 21 to the Control group. The two
groups did not differ regarding age, body mass index, preva-
lence of any specific lifestyle-related disease, or use of most
drugs for LUTS, but the numbers of participants receiving

Table 1 Baseline characteristics of study participants stratified into
the Control and Nocturia groups

Characteristic Control Nocturia p value
Age, years 70.5+4.0 72.3+4.0 0.1119
Body mass index, kg/m? 229+2.4 23.0+3.0 0.8802
Lifestyle-related disease Number Number

Hypertension 2 14 0.0697
Diabetes mellitus 1 >0.99
Hyperlipidemia 0 5 0.1691
Either of above diseases 2 17 0.0209
Drug for LUTS Number Number

a(1)-Receptor antagonist 12 36 0.0753
Sa-Reductase inhibitors 5 8 0.7406
Anticholinergic drug 0 8 0.0478
B(3)-Receptor agonist 2 9 0.4802
PDE(5)-inhibitor 1 1 0.5385

Values are mean+ SD
LUTS lower urinary tract symptoms, PDE phosphodiesterase

anticholinergic drugs or having a lifestyle-related disease
(any of the three evaluated here) were significantly higher
in the Nocturia group (Table 1).

FVC analysis revealed that micturition frequency dur-
ing daytime and nighttime, urine production during night-
time, NP1, and prevalence of nocturnal polyuria were sig-
nificantly higher in the Nocturia group than in the Control
group, whereas voided volume per micturition during day-
time and nighttime was significantly smaller in the Nocturia
group. There were no significant differences between the two
groups regarding urine production during daytime or 24-h
total urine production (Table 2).

Of the 90 lipid metabolites investigated in this LC-MS-
based metabolomics study, 39 were detected in the serum
samples. After excluding lipids with levels below 20%,
19 lipids were included in the analysis. According to the
unpaired ¢ test, the levels of 13 serum metabolites were sig-
nificantly higher in the Nocturia group than in the Control
group (Table 3).

Multivariable logistic regression analysis revealed
that increased levels of palmitoylethanolamide (PEA),
4-hydroxydocosahexaenoic acid (4-HDoHE), 9-hydroxy-
octadecadienoic acid (9-HODE), 20-HDoHE, 13-HODE,
arachidonoylethanolamide (AEA), eicosapentaenoic acid
(EPA), 12-HETE, and arachidonic acid were significantly
associated with nocturia in aged men (Table 4).

Discussion

This LC-MS-based metabolomics study identified several
serum biomarkers for nocturia in aged men. While LC-MS
revealed 13 serum metabolites potentially associated with
nocturia, logistic multivariable regression analysis sug-
gested that increased levels of nine metabolites are sig-
nificantly associated with nocturia. Because these metabo-
lites are n-3 or n-6 polyunsaturated fatty acids (PUFAs) or
endocannabinoids, our findings suggest that abnormalities

Table 2 Frequency—volume
chart parameters describing the

micturition behavior of patients
in the Nocturia and Control
groups

Parameter Control Nocturia p value
Micturition frequency during daytime 6.28+2.2 7.96+2.3 0.0055
Micturition frequency during nighttime 0.69+0.5 2.47+0.7 <0.0001
Voided volume per micturition during daytime, mL 208 +83 158 +63 0.0084
Voided volume per micturition during nighttime, mL 307+132 204 +57 <0.0001
24-h total urine production, mL 1530480 1715+413 0.11
Urine production during daytime, mL 1055425 1022 +337 0.74
Urine production during nighttime, mL 475+150 694+ 177 <0.0001
NPi 0.325+0.1 0.41+0.09 0.0005
No. of nocturnal polyuria pts. 8 35 0.002

Values are mean +SD

NPi nocturnal polyuria index

@ Springer



2202

World Journal of Urology (2019) 37:2199-2205

Table 3 Metabolomic profiles of serum samples from subjects with
nocturia and those without nocturia

Compound Ratio Non-
adjusted p
value

Palmitoylethanolamide 1.35 <0.0001

4-HDoHE 1.87 0.00013

9-KODE 1.66 0.0056

13-KODE 1.71 0.0059

9-HODE 1.37 0.0061

20-HDoHE 1.50 0.0071

13-HODE 1.36 0.0076

Arachidonoyl ethanolamide 1.34 0.012

Eicosapentaenoic acid 1.57 0.013

Docosahexaenoic acid 1.30 0.026

19,20-diHDoPE 1.33 0.028

12-HETE 1.26 0.046

Arachidonic acid 1.26 0.048

The ratio refers to the value noted in subjects with nocturia, divided
by the value noted in subjects without nocturia

p values refer to the between-group differences

HDoHE hydroxydocosahexaenoic acid, KODE oxo-octadecadienoic
acid, HODE hydroxyoctadecadienoic acid, HETE hydroxy-eicosa-
tetraenoic acid

Table 4 Metabolomic biomarkers of nocturia

Biomarker Odds ratio  95% CI p value
Palmitoylethanolamide 2.262 1.342,3.813 0.002
4-HDoHE 2.111 1.161,3.839  0.014
9-KODE 2.365 0.903,6.199  0.08
13-KODE 1.291 0.996, 1.673 0.054
9-HODE 3.006 1.267,7.131 0.013
20-HDoHE 1.561 1.024,2.380  0.039
13-HODE 2.006 1.097,3.667  0.024
Arachidonoyl ethanolamide  10.934 1.519,75.155 0.015
Eicosapentaenoic acid 1.897 1.010, 3.564 0.047
Docosahexaenoic acid 1.282 0.982, 1.674 0.068
19,20-diHDoPE 1.239 0.960, 1.600  0.099
12-HETE 1.823 1.060, 3.135 0.030
Arachidonic acid 1.650 1.046, 2.601 0.031

95% CI 95% confidence interval, HDoHE hydroxydocosahexaenoic
acid, KODE oxo-octadecadienoic acid, HODE hydroxyoctadeca-
dienoic acid, diHDoPE dihydroxy-docosapentaenoic acid, HETE
hydroxy-eicosatetraenoic acid

in signaling pathways involving these metabolites play a
role in the pathogenesis of nocturia in aged men. Relevant
metabolites detected on the LC—MS analysis include: the
n-3 PUFAs EPA, 4-HDoHE, 20-HDoHE, docosahexae-
noic acid (DHA), and 19,20-dihydroxy-docosapentaenoic
acid (19,20-diHDoPE); the n-6 PUFAs arachidonic acid,
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12-HETE, 9-HODE, 13-HODE, 9-oxo0-octadecadienoic acid
(9-KODE), and 13-KODE; the endocannabinoids AEA and
PEA.

Among the 13 serum metabolites potentially associated
with nocturia in aged men, arachidonic acid, 12-HETE,
9-HODE, 13-HODE, 9-KODE, and 13-KODE are part of
the n-6 PUFA metabolism. Among the contributors to n-6
PUFA metabolism, cyclooxygenase-1 (COX-1) and COX-
2, which regulate arachidonic acid metabolism pathways,
play a key role in cell inflammation. COX-2 was found
to be highly expressed in human prostate tissue [10], and
inflammation is known to play a role in benign prostatic
hyperplasia and associated LUTS. Prostanoids are believed
to be involved in the pathophysiology of LUTS, and several
nonsteroidal anti-inflammatory drugs have shown efficacy
in the treatment of nocturia. Thus, the effects of COX inhibi-
tors such as diclofenac [11] and celecoxib [12] have been
evaluated in benign prostatic hyperplasia patients with noc-
turia. Although COX inhibitors may induce several toxic
side effects, our results suggest that the COX pathway may,
indeed, be a suitable treatment target in nocturia.

Mets is comprised of several cardiovascular risk factors
such as obesity, HT, DM, and dyslipidemia. A previous epi-
demiological survey revealed that Mets is also associated
with nocturia [2]. Another survey from Japan confirmed that
the risk for nocturia increases significantly with the number
of Mets components [13]. This is in agreement with our
present observations, namely that the number of lifestyle-
related diseases was significantly higher in the Nocturia
group. Moreover, logistic multivariable regression analy-
sis indicated an association of nocturia with 9-HODE and
13-HODE, which are metabolites of linoleic acid (an n-6
PUFA). It has been suggested that both these HODEs are
involved in the development of interleukin-1b-mediated vas-
cular dysfunction and atherosclerosis and may become com-
ponents of atheromatous plaques [14, 15]. Furthermore, the
previous reports showed that, in aged men, atherosclerosis
was associated with erectile dysfunction and LUTS, includ-
ing nocturia [16, 17]. Thus, we speculate that 9-HODE or
13-HODE could be involved in nocturia due to the role of
such compounds in atherosclerosis and vascular dysfunction.

We found that elevated serum levels of the endocannabi-
noids PEA and AEA were associated with nocturia in aged
men. The endocannabinoid system consists of the cannabi-
noid receptors (cannabinoid receptor type 1, type 2, and the
G-protein-coupled receptor 55), ligands such as AEA, PEA,
and 2-arachidonoylglycerol, and related enzymes for biosyn-
thesis or degradation. Evidence from many animal studies
suggests that components of the endocannabinoid system are
involved in the regulation of lower urinary tract function [18,
19]. For example, using fatty acid amide hydrolase inhibi-
tors to prevent the degradation of endocannabinoids and
related amidated signaling lipids results in the amplification
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of endocannabinoid activity and appears to be an attractive
approach for treating lower urinary tract dysfunction [18,
19]. However, clinical studies on the effects of interfering
with the cannabinoid system in LUTS are scarce and essen-
tially restricted to actions of cannabinoid extracts in patients
with multiple sclerosis, and the results have so far not been
convincing [20]. It has been suggested that dysfunction of
the endocannabinoid system might be associated with obe-
sity and Mets, because overproduction of endocannabinoids
may induce reward system dysfunction [21]. In this context,
our findings support the hypothesis that abnormal levels of
serum cannabinoids might be involved in the etiology of
nocturia due to the relationship of such compounds with the
development of Mets.

Our LC-MS analysis identified n-3 and n-6 PUFAs,
which are metabolites of essential fatty acids, as relevant
in nocturia. Essential fatty acids cannot be synthesized
by mammals and must, therefore, be obtained from food.
While an increased n-6/3 PUFA ratio, which is character-
istic of current Western dietary patterns, was reported to
be associated with increased risk of obesity, type 2 DM,
and cardiovascular disease, diets with a good n-6/3 PUFA
ratio are considered to provide health benefits [22]. Since
obesity, type 2 DM, and cardiovascular disease are associ-
ated with nocturia, it may be hypothesized that an increased
n-6/3 PUFA ratio might also be associated with nocturia. In
this context, our present findings suggest that participants
categorized in the Nocturia group may have consumed a
diet with an inappropriate n-6/3 PUFA ratio, contributing
to nocturia. However, the n-3 PUFAs EPA and DHA are
known to have neuroprotective, anti-inflammatory, cardio-
protective, and antioxidative effects [23, 24]. Considering
these positive effects, one may speculate that elevated serum
levels of EPA and DHA would be associated with reduced
nocturia symptoms. However, our present findings contradict
this expectation. Furthermore, a previous prospective cohort
study reported that increased intake of EPA and DHA was
associated with higher risk of benign prostatic hyperplasia
[25].

It is generally considered that Mets comorbidities, which
include lifestyle-related diseases such as HT, DM, and hyper-
lipidemia, play a key role in nocturia. Therefore, lifestyle
intervention or education regarding Mets comorbidities might
improve nocturia. A questionnaire-based study reported that
a self-management program including fluid management and
avoidance of caffeine and alcohol in addition to the standard
care resulted in a significant improvement of nocturia in men
[26]. An FVC-based study found that, following 1 year of
intervention, there were no differences in nocturia between
lifestyle intervention focused on weight loss and diabetes sup-
port and education in men with type 2 DM [26, 27]. Thus,
whether lifestyle intervention to improve Mets comorbidities
can also improve nocturia remains unclear. Considering the

results of the present study, future research is warranted to
elucidate the role of lifestyle interventions, including those
focused on the dietary intake of n-3 and n-6 PUFAs.

This study has several limitations. First, the sample size
was small and all participants were aged men. In addition,
this study had a cross-sectional design. Finally, we did not
have enough data about diet, fluid consumption, or caffeine
intake. Because the serum metabolites of n-3 and n-6 PUFAs
depend on dietary food intake, future investigations should
have a longitudinal study design containing lifestyle habit and
a larger sample, including both men and women.

Conclusion

Our findings suggest that abnormal metabolism in the n-3, 6
PUFA, and endocannabinoid signaling pathways are associ-
ated with nocturia in aged men. Future studies with longi-
tudinal setting and employing metabolomics analysis are
warranted to identify potential targets for new treatments of
nocturia.
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