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Abstract

Background: The pathogenesis of developing gestational diabetes mellitus (GDM) inte-
grated with pregnancy-specific urinary incontinence (PSUI) may be related to immunologi-
cal and hormonal factors. Inflammatory cytokines influence the function and regulation
of the urinary tract, and changes in melatonin concentration are a predisposing factor for
smooth muscle dysfunction and cystometric changes. Objective: This study examines the
influence of melatonin, MT1 and MT2 receptors, and inflammatory cytokines in the blood
and urine of pregnant women with GDM and PSUI. Methods: Two hundred sixty-nine preg-
nant women were approached during the diagnostic investigation of GDM and answered a
specifically structured questionnaire about the involuntary loss of urine. According to these
criteria, mothers were divided into four groups: continent normoglycemic (NG-C), inconti-
nent normoglycemic (NG-I), continent GDM (GDM-C), and incontinent GDM (GDM-UI).
Blood and urine samples were collected to determine the levels of melatonin, melatonin
sulfate, melatonin receptors (MT1 and MT2), and inflammatory cytokines. Results: Blood
level of melatonin and IL-10 was lower, but MT1, MT2, IL-1β, IL-8, and TNF-α were higher
in GDM-UI compared with the NG-C group. The melatonin sulfate level was lower in the
urine of the GDM-UI group compared with the NG-C group. Conclusions: Maternal hyper-
glycemia associated with urinary incontinence generates an inflammatory environment
characterized by reduced melatonin and IL-10 and increased IL-1β, IL-8, and TNF-α in the
blood of mothers with GDM with UI. This environmental condition may be involved in the
pathogenesis of these pathologies.
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1. Introduction
Pregnancy is associated with metabolic changes that involve the increased release of

insulin counter-regulatory hormones, leading to insulin resistance and glucose intolerance,
which can contribute to the development of Gestational Diabetes Mellitus (GDM) [1]. This
condition impacts maternal and neonatal health worldwide, increases health care costs, and
predisposes to maternal–fetal complications [2,3]. Women with GDM are at higher risk of
developing pregnancy-specific urinary incontinence (UI) [4], a condition that significantly
affects biopsychosocial aspects of pregnancy. Hyperglycemia has been associated with
increased relaxation of pelvic floor muscles [5], while insulin resistance contributes to
muscle atrophy and weakness, both of which predispose to urinary incontinence [6,7].

The hyperglycemic maternal microenvironment in GDM is also associated with inflam-
mation, as it releases proinflammatory cytokines [8]. These molecules regulate inflamma-
tory responses, act in the brain and spinal cord, influence micturition, and have peripheral
effects on bladder function. Oxidative stress and inflammation are also key mediators in
the onset and progression of smooth muscle dysfunctions [9].

Genetic and hormonal factors and maternal eating habits are also involved in GDM and
PSUI. Systemic inflammation modulates the uptake of molecules and directly influences the
production of hormones, such as melatonin [10,11]. Melatonin is the immunomodulatory
agent mainly produced and secreted by the pineal gland during its nocturnal peak [11–13],
being directly influenced by the light diffused through the retina to the hypothalamic
suprachiasmatic nucleus in the Central Nervous System (CNS) [10].

Melatonin has been related to the regulation of the circadian cycle and rhythmically
participates in the modulation of the secretion of insulin and glucose molecules [11], favors
the differentiation of neurons, and has the anti-apoptotic and antioxidative potential [14,15],
being excreted in the form of its metabolite melatonin–sulfate (6-Sulfatoxymelatonin) in
the urine [16].

This molecule also exerts protective effects on smooth muscle physiology by restoring
detrusor contractility, normalizing mitochondrial function, and modulating neuromuscular
activity, thereby preventing cystometric changes and inflammation [15]. Its biological
actions are mediated by MT1 and MT2 receptors, expressed not only in the CNS but also in
peripheral tissues, which synchronize circadian rhythm and metabolic functions [17–19].
Imbalance in this signaling system is directly linked to the pathophysiology of diabetes
and related complications [20].

An imbalance in the biological actions of this hormone is linked to the pathophysiology
of metabolic diseases, including diabetes mellitus [20]. However, the roles of inflammatory
regulatory cytokines and melatonin in maintaining urinary continence in pregnant women
with GDM are still unclear. This study evaluated the levels of melatonin, MT1 and MT2
receptors, and inflammatory cytokines in the blood and urine of pregnant women with
GDM and PSUI.

2. Materials and Methods
2.1. Study Population

This study is a cross-sectional observational study conducted at the Perinatal Diabetes
Research Center at the Botucatu Medical School (FMB—UNESP, Brazil). Pregnant women
who met the following inclusion criteria were included: age between 18 and 40 years,
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GDM diagnosis, and a single pregnancy with a live fetus. Patients signed the Informed
Consent Form. Pregnant women with urinary incontinence before pregnancy, Type 1 or
Type 2 diabetes mellitus, pregnant women with polycystic ovary syndrome, or conception
by assisted reproduction were excluded from the study. Multiple pregnancies, collagen
diseases, autoimmune diseases, use of tricyclic antidepressants, and fetal malformations
were also excluded from the study.

Two hundred sixty-nine pregnant women were approached during the GDM diag-
nostic investigation, which included the 75-g oral glucose tolerance test (OGTT), fast-
ing glucose, and glycemic profile. The diagnosis of gestational diabetes mellitus (GDM)
was established according to the American Diabetes Association [21] criteria, based on
plasma glucose. The participants answered the International Consultation on Incontinence
Questionnaire—Short Form (ICIQ-SF) [22], a questionnaire validated in Brazil that assesses
the impact of UI on women’s quality of life to classify urinary loss and determine the sever-
ity index of UI [23]. The questionnaire was validated as a quantitative and semi-objective
measure of UI severity.

Following the selection criteria of the participants, 114 pregnant women were included
in the study and classified into the following study groups: continent normoglycemic
(NG-C, 29 patients), normoglycemic with pregnancy-specific urinary incontinence (NG-I,
31 patients), continent with GDM (GDM-C, 26 patients), and GDM with pregnancy-specific
urinary incontinence (GDM-I, 28 patients). The scheme for obtaining samples and exper-
imental design is described in Figure 1. All patients signed the Informed Consent Form.

Figure 1. Representative scheme for obtaining samples and experimental design.
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2.2. Blood and Urine Samples

Blood samples (8 mL) were collected in Vacutainer® tubes (Becton Dickinson, Franklin
Lakes, NJ, USA) without anticoagulant and centrifuged (160× g, 15 min, at room tempera-
ture). The serum was separated and stored at −80 ◦C for further analysis. The leukocytes
were separated by density gradient and lysed with Triton X-100 (Sigma, St. Louis, MO,
USA) for 5 min at room temperature. The lysate was centrifuged (1500× g, 10 min, 8 ◦C) to
remove cellular debris.

Urine samples (15 mL) were collected in the morning, as the first voids of the day, to
reduce circadian variability in melatonin metabolite levels. During a period of moderate
urinary flow, samples were collected in sterile urine containers in accordance with aseptic
collection guidelines. Subsequently, urine samples were centrifuged (160× g, 15 min, at
room temperature), and supernatants were stored at −80 ◦C for later analysis.

2.3. Melatonin Determination

Quantitative determination of melatonin hormone concentration in human serum was
performed by enzyme immunoassay on ELISA microplates with an ELISA kit (Imuno-
Biological Laboratories-Melatonin-ELISA RE54021-IBL, Hamburg, Germany). The lower
detection limit was 1.6 pg/mL, with intra-assay and inter-assay coefficients of variation
(CV%) of 3.0% to 11.4% and 6.4% to 19.3%, respectively. The melatonin was extracted by
affinity chromatography and concentrated in a vacuum centrifuge (500× g, 180 min, 4 ◦C).
Reaction was measured by absorbance at 450 nm in a plate spectrophotometer (ThermoPlate
TP-Reader, Thermo Fisher Scientific, Waltham, MA, USA). The results were calculated
against a melatonin standard curve and expressed in picograms per milliliter (pg/mL).

2.4. Melatonin Receptors Determination

A sandwich enzyme immunoassay ELISA kit (Cloud Clone Corporation, Houston,
TX, USA) was used for in vitro quantitative measurement of melatonin receptor 1A (MT1)
and 1B (MT2) in lysed human blood cells according to the manufacturer’s instructions. The
lower detection limit was 156 pg/mL (0.156 ng/mL), and intra-assay and inter-assay CV%
were <10% and <12%, respectively. Reaction was measured by absorbance at 450 nm in a
plate spectrophotometer (Thermo Plate TP-Reader, Thermo Fisher Scientific, Waltham, MA,
USA). The results were calculated against MT1 and MT2 standard curves and expressed as
picograms per milliliter (pg/mL).

2.5. Urinary Melatonin–Sulfate Measurement

The concentration of melatonin–sulfate urine (sMT6a) was measured by enzyme im-
munoassay on microplates using an ELISA kit (Imuno-Biological Laboratories–Melatonin–sulfate
Urine ELISA RE54031-IBL, Hamburg, Germany). The lower detection limit was 1.0 ng/mL,
and the intra-assay and inter-assay coefficients of variation (CV%) were 5.2% to 12.2% and
5.1% to 14.9%, respectively. Reaction was measured by absorbance at 450 nm in a plate
spectrophotometer (ThermoPlate TP-Reader, Thermo Fisher Scientific, Waltham, MA, USA).
The results were calculated against a melatonin sulfate standard curve and expressed in
nanograms per milliliter (ng/mL). For the melatonin/melatonin–sulfate ratio, the results
of melatonin–sulfate were expressed in pg/mL.

2.6. Cytokines Determination

Cytokine concentrations in serum and urine samples were evaluated using the Cy-
tometric Bead Array (CBA) Kit (BD Bioscience, Franklin Lakes, NJ, USA) according to
the manufacturer’s instructions. The cytokines IL-1β, IL-6, IL-8, IL-10, IL-12, and TNF-α
were analyzed using flow cytometry (FACS Calibur, BD Bioscience, USA). The results were
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generated using the BD CellQuest Pro Software Acquisition (version 5.1, BD Biosciences,
USA) and analyzed using the FCAP Array Software v3.0 (BD Biosciences, San Jose, CA,
USA).

2.7. Statistics

Statistical analyses were performed using BioEstat® version 5.0 software (Mamirauá
Institute, Belém, Brazil). Data were expressed as means ± standard deviations (SD). The
sample size was estimated using the same software, assuming a statistical power of 80%
(β = 0.20) and a significance level of 5% (α = 0.05). The calculation was based on previous
studies from our research group that evaluated similar immunometabolic parameters and
indicated an expected difference of approximately 20% between groups.

The D’Agostino normality test was applied to assess data distribution. Two-way
analysis of variance (ANOVA) followed by the Bonferroni post-test was used for group
comparisons. Pearson’s correlation test was applied to evaluate associations between
cytokine levels, melatonin concentrations, and metabolic parameters. The adopted signifi-
cance criterion was p < 0.05.

Additionally, Cohen’s d was used to estimate the magnitude of intergroup differences,
and results were interpreted according to conventional thresholds: d = 0.2 (small), d = 0.5
(medium), and d ≥ 0.8 (large).

3. Results
3.1. Study Groups

The clinical information of the mothers is given in Table 1. Mothers with GDM,
regardless of the presence or absence of urinary incontinence, were older than those in the
corresponding normoglycemic groups. The GDM groups had higher BMI and glycaemia
(p < 0.05), and the GDM-UI group had a higher HbA1c level than all other groups. However,
no significant difference in urine density was observed between the groups.

Table 1. Clinical data on pregnant women.

NG-C
(n = 29)

NG-UI
(n = 31)

GDM-C
(n = 26)

GDM-UI
(n = 28)

Age 25.0 ± 4.6 27.1 ± 7.2 30.5 ± 6.1 * 30.9 ± 6.3 *†
BMI 29.0 ± 4.2 30.0 ± 5.5 34.7 ± 8.2 * 36.0 ± 7.1 *†
Glucose (mg/dL) 76.2 ± 6.9 76.2 ± 7.9 93.2 ± 10.6 * 92.0 ± 10.3 *†
HbA1c (%) 4.9 ± 0.3 5.0 ± 0.3 5.0 ± 0.4 5.2 ± 0.4 *†
Urinary density 1.0 ± 0.1 1.01 ± 0.1 1.0 ± 0.1 1.2 ± 0.1

Note: NG-C: normoglycemic continent, NG-UI: normoglycemic with urinary incontinence, GDM-C: gestational
diabetes mellitus continent, and GDM-UI: gestational diabetes mellitus with urinary incontinence; BMI at 24 to
28 weeks of pregnancy; HbA1c, glycated hemoglobin; PSUI, pregnancy-specific urinary incontinence. The age,
BMI, Glycemia, HbA1c, and urinary density are expressed as mean ± S.E.M. * p < 0.05 versus NG-C and NG-UI.
† p < 0.05 versus NG-UI.

3.2. Blood Melatonin and Melatonin Receptors

The levels of melatonin, as well as those of the MT1 and MT2 receptors, were measured
in blood samples from pregnant women. The serum level of melatonin was higher in GDM-
C but lower in GDM-UI groups compared with NG-C or NG-UI groups (Figure 2A). The
melatonin serum level was lower in the GDM-UI group compared with the GDM-C group.
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Figure 2. Blood levels of melatonin and its receptors in pregnant women. (A) Melatonin con-
centration; (B) MT1 receptor level; (C) MT2 receptor level; (D) MT1/melatonin (MT1/MLT) ratio;
(E) MT2/melatonin (MT2/MLT) ratio. Measurements were performed in women with normo-
glycemia (NG) or gestational diabetes mellitus (GDM), without urinary incontinence (NG-C, GDM-C)
or with urinary incontinence (NG-UI, GDM-UI). Data are presented as mean ± standard error
of the mean (S.E.M.). Significant differences between normoglycemic and GDM groups were ob-
served for melatonin (p = 0.0268), MT1 (p = 0.0394), MT2 (p = 0.0205), MLT/MT1 (p = 0.0066), and
MLT/MT2 (p = 0.0205). Symbols of significance: * difference between the control group (NG-C) and
the other groups (NG-UI, GDM-C, and GDM-UI); # difference between NG-UI and GDM-UI groups;
†—difference between GDM-C and GDM-UI (p < 0.05 vs. GDM-C).

The MT1 receptor level in the blood of NG-UI and GDM-UI groups was higher than
in NG-C and GDM-C groups (Figure 2B). The MT2 receptor level was higher in the blood
of GDM-C and GDM-UI but lower in the NG-UI groups compared with the NG-C group
(Figure 2C). Additionally, the MT2 receptor blood level in the NG-UI group was lower than
in the GDM-C and GDM-UI groups.

The MT1/melatonin ratio was higher in NG-UI and GDM-UI but lower in GDM-C
compared with NG-C groups (Figure 2D). The MT1/melatonin ratio in GDM-UI was also
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higher than that of the GMD-C group. However, the MT2/melatonin ratio was higher in
the GDM-UI group compared with all other groups in this study.

Serum melatonin and its MT1 and MT2 receptors demonstrated distinct modulation
patterns between groups (Figure 3). Effect size analysis revealed that MLT concentrations
were moderately increased in GDM-C (Cohen’s d = −0.98 vs NGC) but reduced in GDM-UI
(Cohen’s d = 0.67 vs NG-C). For the receptor, the most pronounced difference was observed
in MT1 (Cohen’s d = −7.51, NG-C vs GDM-UI).

Figure 3. Heatmap of Effect Sizes (Cohen’s d) for melatonin and its receptors. Heatmap representing
the effect sizes (Cohen’s d) of group comparisons for circulating and their receptors. Each square
indicates the magnitude and direction of the difference between groups (NG-C, NG-UI, GDM-C,
and GDM-UI). Lighter colors denote higher effect sizes, illustrating the most pronounced differences
observed in MT1 and MLT/MT1 markers, particularly in the GDMI group.

3.3. Urine Melatonin–Sulfate Level

Melatonin–sulfate levels were measured in urine samples from pregnant women.
Urinary melatonin–sulfate concentrations were lower in NG-UI, GDM-C, and GDM-UI
groups compared with the normoglycemic continent group (NG-C) (Figure 4A). The
blood melatonin-to-urine melatonin–sulfate ratio was higher in GDM-C compared with all
other groups (Figure 4B). Conversely, the inverse ratio (urine melatonin–sulfate to blood
melatonin) was lower in NG-UI and GDM-C and elevated in GDM-UI (Figure 4C).

Effect size analysis supported these findings, indicating a moderate difference between
GDM-C and NG-C (Cohen’s d = 0.63), a small effect for GDM-UI (d = 0.18), a large difference
between NG-C and NG-UI (d = 0.82), and a moderate difference between NG-UI and GDM-
UI (d = −0.66).
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Figure 4. Dynamics of Urinary and Circulating Melatonin in Women with and without Ges-
tational Diabetes Mellitus and Urinary Incontinence. (A) Urinary melatonin–sulfate concentra-
tion (MLT-S). (B) Serum melatonin/urinary melatonin–sulfate ratio (MLT/MLT-S) and (C) Urine
melatonin–sulfate/melatonin serum ratio (MLT) by group, calculated from measured data. Groups
are color-coded as NG-C (gray), NG-UI (blue), GDM-C (red), and GDM-UI (yellow). Measurements
were performed in women with normoglycemia (NG) or gestational diabetes mellitus (GDM), with-
out urinary incontinence (NG-C, GDM-C) or with urinary incontinence (NG-UI, GDM-UI). Data are
expressed as mean ± standard error of the mean (S.E.M.). Significant differences between normo-
glycemic and GDM groups were observed for melatonin–sulfate (p = 0.0093), MLT serum/MLT urine
(p = 0.0153), and MLT urine/MLT serum (p = 0.0048). Symbols of significance: * p < 0.05 vs. control
group (NG-C).

3.4. Serum and Urine Cytokine Levels

The levels of IL-1β, IL-6, IL-8, IL-10, IL-12, and TNF-α cytokines were assessed in the
serum and urine (Figures 5 and 6). The serum level of IL-1β was higher in GDM-C and
GDM-IU compared with NG-C and NG-UI groups (Figure 5A). However, the level of this
cytokine in the urine remained unchanged. The IL-1β level in serum was lower compared
with urine only in the NG-C and NG-UI groups. The IL-6 levels were similar across all
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experimental groups (Figure 5B). The serum level of IL-8 was higher in the NG-UI and
GDM-UI groups than in the NG-C and GDM-C groups; however, the urine level of this
cytokine was unchanged between the groups (Figure 5C). All IL-8 concentrations detected
in the urine were higher than those in blood samples in all patient groups.

Figure 5. Cytokine concentrations (pg/mL) measured in serum and urine samples. (A) IL-1β; (B) IL-6;
(C) IL-8; (D) IL-10; (E) IL-12; (F) TNF-α. Analyses were conducted in women with normoglycemia
or gestational diabetes mellitus (GDM), classified as continent or with urinary incontinence (UI).
Data are presented as mean ± standard error of the mean (S.E.M.). Group abbreviations: NG-
C, normoglycemic continent; NG-UI, normoglycemic with urinary incontinence; GDM-C, GDM
continent; GDM-UI, GDM with urinary incontinence. Significant differences with corresponding
p-values were observed as follows: IL-1β (p = 0.0010), IL-6 (p = 0.6241), IL-8 (p = 0.0484), IL-10
(p = 0.0120), IL-12 (p = 0.0229), and TNF-α (p < 0.0001) between normoglycemic and GDM groups (*);
IL-1β (p = 0.0001), IL-6 (p = 0.3994), IL-8 (p = 0.0231), IL-10 (p = 0.0416), IL-12 (p = 0.5645), and TNF-α
(p = 0.1181) between continent and incontinent groups (#); and IL-1β (p = 0.0001), IL-6 (p = 0.5888),
IL-8 (p = 0.0308), IL-10 (p = 0.0450), IL-12 (p = 0.8397), and TNF-α (p = 0.3035) between serum and urine
samples (†). Symbols: * normoglycemic vs. GDM; # continent vs. incontinent; † serum vs. urine.

The serum level of IL-10 was lower in GDM-UI compared with all other groups in
both serum and urine (Figure 5D). IL-12 serum levels in GDM-C and GDM-UI were lower
than in the NG groups (Figure 5E). However, the level of TNF-α in serum was higher in
GDM-UI than in all other groups, both in serum and in urine (Figure 5F).

The serum/urine ratio for IL-1β was lower in NG-C, and the ratio for IL-12 was
higher in GDM-UI (Table 2). However, the serum-to-urine ratios for IL-6, IL-8, IL-10, and
TNF-α were similar between the groups (Table 2). Changes in blood melatonin levels
were positively correlated with IL-10 but negatively correlated with TNF-α levels (Table 3).
No significant correlation was found between blood melatonin and the other cytokines.
Additionally, changes in urinary melatonin–sulfate levels were positively correlated with
IL-6 and IL-10 levels (Table 4). No significant correlation was found between urinary
melatonin sulfate levels and the other cytokines.
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Figure 6. Fluorescence intensity of cytokines in serum and urine. Fluorescence analyses were
performed using flow cytometry (FACSCalibur, Becton Dickinson, Franklin Lakes, New Jersey, USA).
Cytokine levels were quantified as fluorescence intensity peaks (FL3 channel). Measurements were
performed in women with normoglycemia or gestational diabetes mellitus (GDM), without urinary
incontinence (NG-C, GDM-C) or with urinary incontinence (NG-UI, GDM-UI).
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Table 2. Plasma/Urine cytokine ratio.

Cytokines
Blood/Urine Ratio

Statistical
NG-C NG-UI GDM-C GDM-UI

IL-1 β 0.63 ± 0.14 0.88 ± 0.31 * 0.89 ± 0.10 * 1.06 ± 0.04 *
F = 17.6607;
p = 0.0001

IL-6 0.86 ± 0.32 0.92 ± 0. 50 0.80 ± 0.30 0.86 ± 0.28
F = 0.1333;
p = 0.9387

IL-8 0.39 ± 0.12 0.38 ± 0.11 0.37 ± 0.09 0.46 ± 0.22
F = 0.3809;
p = 0.7704

IL-10 0.97 ± 0.27 0.90 ± 0.22 0.96 ± 0.15 0.87 ± 0.22
F = 0.4176;
p = 0.7450

IL-12 1.01 ± 0.41 0.99 ± 0.34 0.94 ± 0.22 1.20 ± 0.15 *
F = 2.3077
p = 0.0482

TNF-α 0.86 ± 0.05 0.85 ± 0.18 0.98 ± 0.15 0.90 ± 0.33
F = 1.2564;
p = 0.3088

Note: Results are expressed as the mean plasma/urine ratio. * Statistical difference between ND-C and the
other groups.

Table 3. Correlation between plasma melatonin and cytokines.

Melatonin NG-C NG-UI GDM-C GDM-UI

IL-1 β
r = −0.4102
p = 0.3607

r = −0.6301
p = 0.1292

r = −0.6414
p = 0.1204

r = 0.2530
p = 0.5840

IL-6 r = 0.0710
p = 0.8797

r = 0.0690
p = 0.8831

r = −0.2908
p = 0.5269

r = 0.2798
p = 0.5433

IL-8 r = 0.4632
p = 0.2951

r = 0.2298
p = 0.6200

r = 0.2911
p = 0.5265

r = 0.0346
p = 0.9413

IL-10 r = 0.2824
p = 0.5394

r = −0.2685
p = 0.5605

r = 0.5486
p = 0.2021

r = 0.8980 *
p = 0.0470

IL-12 r = −0.4874
p = 0.2672

r = −0.0890
p = 0.8496

r = 0.4474
p = 0.3141

r = −0.0698
p = 0.8818

TNF-α r = 0.2669
p = 0.5628

r = 0.4940
p = 0.2598

r = 0.4033
p = 0.3696

r = −0.9310 *
p = 0.0427

Note: * statistical difference; r = Pearson correlation coefficient.

Table 4. Correlation between urinary melatonin–sulfate and cytokines.

Melatonin–sulfate NG-C NG-UI GDM-C GDM-UI

IL-1 β
r = −0.1597
p = 0.7056

r = −0.1267
p = 0.7649

r = −0.2110
p = 0.6159

r = −0.4096
p = 0.3135

IL-6 r = −0.1461
p = 0.7298

r = 0.2588
p = 0.5360

r = 0.0018
p = 0.9966

r = 0.8984 *
p = 0.0024

IL-8 r = 0.4240
p = 0.2941

r = 0.4627
p = 0.2482

r = −0.0991
p = 0.9829

r = 0.0278
p = 0.9480

IL-10 r = 0.3738
p = 0.3617

r = 0.1833
p = 0.6639

r = −0.6275
p = 0.0958

r = 0.7669 *
p = 0.0263

IL-12 r = −0.0266
p = 0.9501

r = 0.1666
p = 0.8496

r = −0.2638
p = 0.5279

r = −0.4411
p = 0.2739

TNF-α r = −0.2657
p = 0.5247

r = 0.0696
p = 0.6933

r = 0.2398
p = 0.5672

r = −0.5681
p = 0.1417

Note: * statistical difference; r = Pearson correlation coefficient.

4. Discussion
Gestational diabetes mellitus (GDM) is a pregnancy-related metabolic disorder charac-

terized by hyperglycemia, which can compromise the structural integrity and contractile
function of pelvic and abdominal muscles through mechanisms involving insulin resistance
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and altered glucose metabolism. These alterations may lead to muscle relaxation, weakness,
and atrophy, ultimately predisposing women to the development of pregnancy-specific
urinary incontinence (PSUI) [4,6,24]. Since GDM is associated with increased release of
proinflammatory cytokines [8], and systemic inflammation increases melatonin synthe-
sis [25], this study aimed to determine whether women with GDM and PSUI showed
altered blood and urine levels of melatonin and inflammatory cytokines. The findings
suggest that women with GDM who develop PSUI show an altered pattern of cytokines in
the blood and urine in which melatonin may play a role.

Various risk factors associated with GDM include pre-pregnancy body mass index
(BMI) and gestational weight gain (GWG). The women with GDM included in this study
showed pre-pregnancy BMI higher than in normal pregnancies, agreeing with other reports
in patients with this disease [26–28]. Women in the GDM-UI group had the highest BMI
between 24 and 28 weeks of gestation, supporting the possibility that these women may
be more likely to develop GDM-associated urinary incontinence due to increased weight,
compared with women with normal or overweight BMI [29].

Several hormonal factors play key roles in response to hyperglycemia in pregnancy.
Pregnant women with type 2 diabetes mellitus (T2DM) showed elevated serum and
colostrum levels of melatonin [12,30]. The latter might be a defense mechanism trig-
gered in pregnant women with pre-established diabetes since melatonin acts as a protective
factor against smooth muscle disorders [31]. To date, melatonin has been shown to restore
the impaired contraction activity of the pelvic floor muscles in patients with urinary in-
continence, attenuate sympathetic tone, improve neuromuscular function, protect against
inflammation, and scavenge free radicals [15,32,33]. Our findings indicate that serum
melatonin concentrations were higher in pregnant women with GDM and urinary con-
tinence (GDM-C) compared with those with GDM-UI. This elevation may represent a
compensatory mechanism to maintain homeostasis in a hyperglycemic environment [28].
Conversely, women with GDM-UI exhibited reduced melatonin levels, suggesting a loss
of this protective effect. Women with urinary incontinence, regardless of glycemic sta-
tus, also showed lower urinary melatonin–sulfate concentrations, consistent with altered
melatonin metabolism.

Changes in the pressure–volume dynamics of the bladder can disrupt neuro-muscular
and smooth muscle regulation, leading to impaired detrusor contractility [33,34]. These
abnormalities have been shown to improve following melatonin treatment, reinforcing the
neuroendocrine role of melatonin in urinary control [35,36]. The hormone acts primarily
through its receptors MT1 and MT2, whose deficiency has been associated with insulin
resistance and reduced glycolytic activity, respectively [37,38]. Despite lower circulating
melatonin in GDM-UI, MT1 receptor expression was increased in leukocytes, suggesting
receptor upregulation as a compensatory response.

Regarding the MT2 receptor, there was an increase in both diabetic groups. This in-
crease in receptors, associated with the lower melatonin concentration in GDM-UI pregnant
women, demonstrates that, despite the availability of receptors to transmit neuroendocrine
signals, the decrease in melatonin probably reflects difficulty in improving detrusor ac-
tivity in pregnant women with GDM. In addition, the NG-UI group had lower levels of
MT2, suggesting that urinary incontinence may predispose to the worsening of myoneural
signaling involved in the hormone mechanism melatonin during pregnancy.

Effect size analysis corroborated these observations, revealing large differences be-
tween NG-C and NG-UI and moderate divergence between NG-UI and GDM-UI, consistent
with a progressive disruption of the pineal–renal feedback axis. Taken together, these find-
ings suggest that GDM-C retains circulating melatonin due to reduced renal elimination.
In contrast, GDM-UI exhibits increased urinary loss despite lower serum levels, reflecting
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inefficient renal conservation. Physiological pregnancy (NG-C) maintains a balanced mela-
tonin profile, while urinary incontinence, particularly in the context of gestational diabetes,
appears to alter melatonin homeostasis and receptor expression.

It is reported that mothers who experienced GDM have endocrine and immune system
changes [15]. Melatonin is an immunomodulatory agent during pregnancy due to its antiox-
idant effects and its potential to regulate processes involved in human reproduction [39],
primarily by modulating cytokine synthesis and release [40]. Proinflammatory cytokines,
such as IL-1β, IL-6, IL-12, IL-8, and TNF-α, regulate micturition at the spinal cord and brain
levels, leading to afferent nerve hypersensitivity and promoting hypertrophy of the bladder
muscle [41]. In the present study, women in the GDM-UI group showed increased serum
levels of IL-8 and TNF-α but reduced levels of the anti-inflammatory cytokine IL-10. These
results suggest a proinflammatory profile that contributes to the pathophysiology of GDM
associated with PSUI. However, TNF-α may be embryotoxic when increased in serum and
tissue in diabetes mellitus [42]. Therefore, the increase in serum TNF-α in women with
GDM-UI may be detrimental to the maternal-fetal binomial.

Interestingly, urinary cytokine profiles have been studied in other urinary tract dis-
orders, such as bladder pain syndrome, as potential biomarkers of the pathology [43].
However, the involvement of cytokines in the etiology of GDM-associated urinary inconti-
nence is unknown. The results show that melatonin and cytokine levels in urine and blood
were correlated only for women with GDM-UI. The reduced melatonin levels observed in
this group of pregnant women correlated positively with IL-10 and inversely with TNF-α,
reinforcing the possibility that urinary incontinence may result from a defective biological
effect of melatonin. Reduced urinary melatonin sulfate levels in women with GDM-UI
showed a positive correlation with IL-10 and melatonin, suggesting that hyperglycemia
and urinary incontinence alter endocrine and immune systems, creating an inflammatory
environment in women with GDM and pregnancy-specific urinary incontinence.

A limitation of this study is its cross-sectional design, which does not allow for
inferences about the temporal or mechanistic relationships between gestational diabetes
mellitus, pregnancy-specific urinary incontinence, melatonin levels, and cytokine profiles.
Furthermore, maternal age, body mass index (BMI), and gestational age differed between
groups, which may have influenced cytokine and melatonin levels; consequently, only
associations can be observed. Future longitudinal studies are needed to clarify the effects
of these variables and the underlying mechanisms involved.

Despite these limitations, this study has several strengths. The assessment of melatonin
levels, its receptors (MT1 and MT2), and inflammatory cytokines in serum and urine pro-
vides an integrative view of neuroimmunoendocrine interactions during pregnancy. Assess-
ment of the systemic and excretory compartments identified potential regulatory patterns
in melatonin metabolism associated with gestational diabetes and urinary incontinence.
This comprehensive approach represents a methodological advantage and contributes
new evidence supporting the involvement of the melatonin system in pregnancy-related
metabolic and inflammatory conditions.

5. Conclusions
Maternal hyperglycemia associated with urinary incontinence creates an inflammatory

environment, characterized by reduced melatonin and IL-10 and increased IL-1β, IL-8,
and TNF-α in the plasma of mothers with gestational diabetes mellitus and incontinence-
specific urinary tract issues. These changes act as modulators in the pathogenesis of
both pathologies.
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