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Abstract: It is well-known that the physiological uterine peristalsis, related to several phases of
reproductive functions, plays a pivotal role in fertility and female reproductive health. Here, we have
addressed the role of hydrogen sulfide (H,S) signaling in changes of uterine contractions driven by
diabetes in non-obese diabetic (NOD) mice, a murine model of type-1 diabetes mellitus. The isolated
uterus of NOD mice showed a significant reduction in spontaneous motility coupled to a generalized
hypo-contractility to uterotonic agents. The levels of cyclic nucleotides, cAMP and cGMP, notoriously
involved in the regulation of uterus homeostasis, were significantly elevated in NOD mouse uteri.
This increase was well-correlated with the higher levels of H,S, a non-specific endogenous inhibitor of
phosphodiesterases. The exposure of isolated uterus to L-cysteine (L-Cys), but not to sodium hydrogen
sulfide, the exogenous source of H,S, showed a weak tocolytic effect in the uterus of NOD mice.
Western blot analysis revealed a reorganization of the enzymatic expression with an upregulation of
3-mercaptopyruvate-sulfurtransferase (3-MST) coupled to a reduction in both cystathionine-3-synthase
(CBS) and cystathionine-y-lyase (CSE) expression. In conclusion, the increased levels of cyclic nucleotides
dysregulate the uterus peristalsis and contractility in diabetic mice through an increase in basal H,S
synthesis suggesting a role of 3-MST.

Keywords: contraction; diabetes; hydrogen sulfide; 3-mercaptopyruvate-sulfurtransferase; non-obese
diabetic mice; spontaneous motility; uterus

1. Introduction

Diabetes mellitus (DM), either type-1 diabetes mellitus (T1IDM) or type-2 diabetes mellitus (T2DM),
is a lifelong condition that affects millions of individuals worldwide [1,2], and it represents a strong
risk factor for the development of atherosclerotic coronary and peripheral arterial disease [3,4]. It has
been reported that changes in the balance of hydrogen sulfide (H,S) play an important role in the
pathogenesis of 3-cell dysfunction that occurs in response to TIDM and T2DM [5,6]. H,S is synthesized
by mammalian tissues, and it serves various important regulatory functions [7-9]. It is endogenously
produced in mammalian cells from the amino acid L-cysteine (L-Cys) through the activation of two
pyridoxal-5-phosphate-dependent enzymes, i.e., cystathionine-3-synthase (CBS) and cystathionine-y-lyase
(CSE) or 3-mercaptopyruvate-sulfurtransferase (3-MST). Both CSE and CBS are expressed within the
pancreas, and H;S is involved in glucose homeostasis [5]. Indeed, H,S production and signaling are
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altered during both T1IDM and T2DM [6,10-13]. In vivo and in vitro studies suggest that an excess of H,S
in pancreatic islets could be involved in both TIDM and T2DM [14]. In vivo, in streptozotocin-induced
diabetes, a T2DM model, the levels of CBS and CSE increase in both the pancreas and liver as well as in
islet 3 cells of diabetic animals [15,16]. In addition, both CBS and CSE are expressed in insulin-secreting
pancreatic 3 cells and the H;S produced inhibits insulin secretion by activating ATP-sensitive potassium
channels [14]. In this scenario, whether this increase in islet of H,S biosynthesis represents a protective
mechanism or it is involved in the pathophysiology of the disease is not clearly defined. On the other
hand, in diabetic patients, the plasmatic levels of H,S are significantly lower as compared to the normal
subjects [17].

Despite the fact that numerous studies have described the role of H,S in complications associated
to diabetes, little is reported on the contribute of H,S in genitourinary tract disorders and particularly
in uterine homeostasis in non-pregnant condition in diabetes.

With the onset of TIDM menstrual cycle disturbance, subfertility, earlier menopause, as well as
pregnancy complications have been described [18-21]. TIDM is thought to disrupt the physiological
morphology of the myometrium and then the normal uterus functionality [22-24]. It is well known that
the physiological uterine peristalsis, related to several phases of reproductive functions, plays a pivotal role
in fertility and female reproductive health [25-27]. Indeed, the correct alternation between contractions
and periods of quiescence helps ova and sperm transport directs the embryo to its implantation site and
contributes to the expulsion of menstrual debris [27,28]. Poorer contractility, in terms of amplitude and
duration, has been observed in uteri from diabetic patients compared with normoglycemic subjects. This
reduction in force has been associated with a reduction in muscle content, smooth muscle cell myofibrils,
and calcium channel receptors and signaling in myometrial tissues [22,29]. Other reports show that
diabetes affects not only the morphology of the myometrium but also its normal function such as the
contractile response of the myometrium to oxytocin stimulation [30].

H;S modulates uterus contraction. Its tocolytic effect is mainly driven by the CSE-derived H;S as
demonstrated by experiments performed on CSE”" mice [31]. Non-obese diabetic (NOD) mice are a
consolidated murine model of TDM1 that is characterized by i) an impairment of endogenous H,S
biosynthesis at vascular level ii) a reduction in H,S plasmatic levels that paralleled to the severity of
disease [12] and iii) a uterine weight loss involving both the endometrium and the myometrium [32].
Alterations in H,S signal could be causative for the onset of uterus disorders such as oligomenorrhea,
premature menopause, polycystic ovarian syndrome that can interfere with the female reproductive
health occurring in diabetic patients. Therefore, in order to better clarify the role played by H,S
pathway in changes driven by diabetes, we investigated the possible mechanism responsible for the
alteration of uterine contractions in NOD mice aiming to evaluate the involvement of H,S signaling.

2. Materials and Methods

2.1. Animals

NOD mice represent a strain with an elevated susceptibility in developing T1DM [33]. These mice
show changes with the evolution of pathology; in particular, there is an early phase characterized by
localization of inflammatory cells, such as T cells and activated macrophages, around the pancreatic
islet, inducing peri-insulitis (4-10 weeks of age); consequently, these cells infiltrate islets and initiate
progressive destruction of pancreatic 3 cells, resulting in a drastic reduction in insulin plasma levels
(12-30 weeks of age). The progression of diabetic pathology and its clinical outcomes in these animals
are similar to those in humans and associated with vascular disorders. NOD mice are classified as NODI
in which diabetic state is not yet present, NODII has glycosuria and elevated glycaemia, and NODIII
displays a severe pathology with even higher levels of glycosuria and glycemia [34]. In a preliminary
set of experiments, CD1 control mice showed a similar profile with NODI mice (Figure 1A-C); for this
reason and in line with the literature [34,35], this work was carried out on NODIII mice and age-matched
CD1 control mice (CTR) (Charles River, Italy).
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Diabetes was assessed through the measurement of glycemia (monitored weekly) by applying a
drop of blood to a chemically treated, disposable “test-strip’, which is then inserted into an electronic
blood glucose meter. When glycemia values were higher than 500 mg/dL, mice were euthanized and
named NODIII. Virgin female mice were kept at temperatures of 23 + 2 °C, humidity range 40-70% and
12 h light/dark cycles. Food and water were provided ad libitum. All animal care and experimental
procedures in this study were performed according to the Declaration of Helsinki (European Union
guidelines on the use of animals in scientific experiments) and the ARRIVE guidelines, and the study
was authorized by national and local animal care office (Italian Health Minister and Centro Servizi
Veterinari, Universita degli Studi di Napoli Federico II-CD9CF-N.NCQ).
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Figure 1. cGMP, cAMP, and H,S levels in CD1 and NODI mouse uteri. The basal levels of cGMP (A),
cAMP (B), and H,S (C) were not significantly different between CD1 (control mice (CTR)) and NODI
mice. NODI mice have normal glucose levels.
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2.2. Organ Bath Studies

Mice were euthanized during the estrus period and uteri, rapidly dissected, and cleaned of fat and
connective tissue, and were placed in a dish containing Krebs’ solution [115.3 mM NaCl; 4.9 mM KCl;
1.46 mM CaCl2; 1.2 mM MgSO4; 1.2 mM KH2PO4; 25 mM NaHCO3; 11.1 mM glucose (Carlo Erba,
Milan, Italy)].

The uteri, harvested from both CTR and NODIII mice, were dissected and divided into two horns.
Each horn was cross-cut into two strips and mounted in an isolated organ bath containing oxygenated
(95% 02 and 5% CO2) Krebs’ solution at 37 °C, as previously described [31]. Tissues, connected to
isometric transducers (FORT25, World Precision Instruments, 2Biological Instruments, Besozzo VA,
Italy) associated to Power Lab 8/35 (2Biological Instruments, Besozzo VA, Italy), were stretched until a
resting tension of 0.3 g. After 30 min of equilibration, when the homogeneous spontaneous contractility
was observed, the response to acetylcholine (Ach, 10 uM, Sigma, Milan, Italy), oxytocin (Oxy, 0.005
U/mL, Sigma, Milan, Italy), or prostaglandin F2« (PGF2«, 0.1 uM, Sigma, Milan, Italy) was evaluated.
In another setting of experiments, on stable spontaneous contractility, a concentration-response curve
of L-Cys (100 nM-300 uM) or sodium hydrogen sulfide (NaHS, 100 nM-300 uM) was obtained. Data
were calculated as frequency (peaks/min or % of spontaneous motility) or as force (g or dyne/mg tissue).
Results were expressed as the mean + SEM (n = 6 mice) and analyzed by using analysis of variance
(ANOVA) followed by Bonferroni post hoc test or unpaired Student’s ¢-test as needed. p < 0.05 was
considered significant.

2.3. H»S Determination

H,S production was measured in NODIII and CTR mice in samples of horn uterus homogenates,
as previously described [36]. The samples were lysed in a modified potassium phosphate buffer
(100 mM, pH 7.4, sodium orthovanadate 10 mM, and proteases inhibitors). Protein concentration was
determined by using the Bradford assay (Bio-Rad Laboratories). Homogenates were added to a reaction
mixture containing pyridoxal-5’-phosphate (2 mM), L-Cys (10 mM) or vehicle. H,S production was
measured in presence of vehicle corresponds to the basal values and took into account the contribution
of all three enzymes; the addition of L-Cys to the homogenates caused an increase in H,S production
derived from CBS and CSE activity. In another setting of experiments, the inhibitors of H,S biosynthesis,
DL-propargylgicine (PAG, 10 mM, CSE inhibitor), aminoxiacetic acid (AOAA, 1 mM, CBS inhibitor), or a
combination of both were added 5 min before addition of L-Cys in uterus homogenates. The reaction
was performed in sealed Eppendorf tubes and initiated by transferring tubes from ice to a water bath at
37 °C for 40 min. Next, the trichloroacetic acid solution (TCA, 10% wt/vol) was added to each sample
followed by zinc acetate (1% wt/vol). Subsequently, N,N-dimethyl-p-phenylendiamine sulfate (DPD;
20 mM) in HCI (7.2 M) and FeCl3 (30 mM) in HC1 (1.2 M) were added, and optical absorbance of the
solutions was measured after 20 min at a wavelength of 668 nm. All samples were assayed in duplicate,
and H,S concentration was calculated against a standard curve of NaHS (3-250 uM). Data were
calculated as nmol/mg protein*min-1. Results were expressed as mean + SEM (n = 6 mice, experiments
performed in the presence of inhibitors) or mean + SEM (n = 10 mice, experiments performed in the
absence of inhibitors). Data were analyzed by one-way ANOVA followed by Bonferroni post-test.
mboxemphp < 0.05 was considered significant.

2.4. Western Blot Analysis

Western blot was performed on samples of horn uterus harvested from NODIII mice or CTR mice
as previously described [37]. Samples were homogenized in modified RIPA buffer (50 mM Tris-HCI
pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM EDTA, 1%
Igepal) (Roche Applied Science, Italy) and protease inhibitor cocktail (Sigma-Aldrich, USA). Protein
concentration was determined by Bradford assay using albumin (BSA) as standard (Sigma-Aldrich,
USA). Denatured proteins (50 png) were separated on 10% sodium dodecyl sulfate-polyacrylamide gels
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and transferred to a polyvinylidene fluoride membrane. The membranes, blocked in PBS containing
0.1% /v Tween 20 and 5% non-fat dried milk for 1 h at room temperature, were incubated with
mouse monoclonal antibody for CSE (1:1000; Abnova, Milan, Italy), rabbit polyclonal for CBS (1:1000;
Santa Cruz Biotechnology, Inc.), or rabbit polyclonal for 3-MST (1:500, Novus Biologicas, Cambridge,
UK) overnight at 4 °C. Membranes were washed in PBS containing 0.1% v/v Tween-20 and then
with horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. Next,
membranes were extensively washed and developed using Chemidoc (Biorad, Milan, Italy). The target
protein band intensity was normalized over the intensity of the housekeeping protein 3-actin (1:5000,
Sigma-Aldrich, Milan, Italy). Data were calculated as OD*mm?2 as optical density (OD)*mm2. Results
were expressed as mean + SEM (n = 8 mice) and analyzed by unpaired Student’s t-test. p < 0.05 was
considered significant.

2.5. cGMP and cAMP Measurement

Samples of horn uterus harvested from both CTR and NODIII mice were dropped into 5-10 vol
(mL buffer/g tissue) of TCA (5%) and homogenized by using a polytron-type homogenizer. Samples
were centrifuged at 1500g for 10 min and cyclic guanosine monophosphate (cGMP) or cyclic adenosine
monophosphate (cCAMP) were measured in supernatants as described in the manufacture’s protocol of
c¢GMP and cAMP EIA Kit (Cayman, Vinci Biochem, Vinci, Italy) [38,39]. All samples were assayed in
duplicate, and cyclic nucleotide concentrations were calculated against a calibration curve of standard
c¢GMP or cAMP. Data were calculated as pmol/g tissue. Results were expressed as mean + SEM (n = 6 mice)
and analyzed by unpaired Student’s ¢-test. p < 0.05 was considered significant.

3. Results

3.1. Diabetes Strongly Reduces Uterine Spontaneous Motility

As showed in the typical tracer in Figure 2A, uteri harvested from NODIII mice show a reduction in
the frequency (peak/min) of spontaneous motility compared to CTR mice. The frequency of spontaneous
motility is significantly reduced in NODIII mice compared to CTR mice (Figure 2B; *** p < 0.001).

3.2. Diabetes Strongly Reduces Uterine Spontaneous Contractility

In the same setting of experiments, the contraction force of spontaneous contraction has been
evaluated. The force of contraction expressed as gram (g) is significantly reduced in the uterus of
NODII mice compared to CTR mice (Figure 2C, ** p < 0.01). This effect is also showed in the typical
tracer (Figure 2A). In order to ascertain this finding, the force of contraction has been also evaluated
taking into account the weight of uterus. The horn uterus weight is significantly (* p < 0.05) reduced in
NODIII mice of about 30%, i.e., CTR 15.85 + 2.5 (n = 12 mice) vs. NODIII 9 + 0.4 mg (n = 12 mice).
Because of the significant difference in uterus weight, the data on contractility have been expressed
also as dyne/mg tissue. The contraction force is significantly lower in NODIII mice compared to CTR
(Figure 2D; ** p < 0.01).
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Figure 2. Spontaneous contractility in NODIII mice. A typical tracer of the basal contractility signal
recorded by uteri harvested from CTR or NODIII mice (A). The basal response of uteri harvested
from NODIII mice is significantly reduced compared to CTR mice. Data are reported as frequency,
i.e., peak/min (B) (*** p < 0.001); contraction force, expressed in grams (panel C; ** p < 0.01); or as
dyne/mg tissue (D) (** p < 0.01). Results are calculated as mean + SEM (1 = 12 mice) and analyzed by
unpaired Student’s t-test.

3.3. Isolated Uterus of NODIII Mice Displays an Impaired Response to Different Contracting Agents

Typical tracers of the isolated uterus response to Ach, Oxy, or PGF2«x are reported (Figure 3A,D,G).
The contraction has been evaluated as force of contraction and expressed as g and dyne/mg tissue
(Figure 3). The contractile response to Ach is significantly reduced in NODIII mice in terms of both g
and dyne/mg tissue (Figure 3B,C, respectively; ** p < 0.01). Oxy-induced effect on uterus motility is
also significantly reduced compared to CTR mice (Figure 3E,F; * p < 0.05; ** p < 0.01). Similarly, PGF2«
contraction is significantly lower in NODIII mice compared to CTR mice (Figure 3H,I; * p < 0.05).
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Figure 3. Uterine response to contracting agents in NODIII mice. (A) shows a typical tracer of Ach-induced
contraction of uteri harvested from either CTR or NODIII mice. The contractile response to Ach (10 uM)
is shown as gram (B) or dyne/mg tissue (C). It is significantly reduced in NODIII mice vs. CTR mice
(** p < 0.01). (D) shows a typical tracer of Oxy-induced contraction of uteri harvested from CTR or NODIII
mice. The contractile response to Oxy (0.005 U/mL) is reported as gram (E) or dyne/mg tissue (F), and it is
significantly reduced in NODIII mice vs. CTR mice (* p < 0.05, ** p < 0.001, respectively). (G) shows a
typical tracer of PGF2x-induced contraction of uteri harvested from CTR or NODIII mice. The contractile
response to PGF2« (0.1 uM) is shown as gram (H) or dyne/mg tissue (I), and it is significantly reduced in
NODII mice vs. CTR mice (* p < 0.05). Results are calculated as mean + SEM (1 = 6 mice) and analyzed
by unpaired Student’s ¢-test.

3.4. The Content of cAMP and cGMP Is Higher in Uteri Harvested from NODIII Compared to CTR Mice

To evaluate the possible mechanism involved in the dysmotility of the diabetic uterus, cyclic
nucleotides have been evaluated. The content of cGMP (Figure 4A) and cAMP (Figure 4B) is significantly
increased in the uterus of NODIII mice (* p < 0.05). The levels of both cyclic nucleotides are increased
by 2 fold over the control values.
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Figure 4. Changes in cAMP and cGMP content in uteri of CTR and NODIII mice. The uterus content of
cGMP (A) or cAMP (B) is significantly increased in uteri harvested from NODIII mice vs. CTR mice
(* p < 0.05). Results are expressed as pmol/g tissue and calculated as mean + SEM (1 = 6 mice). Results
are analyzed by unpaired Student’s ¢-test.

3.5. Diabetes Interferes with H»S Pathway

To assess the role of H,S, a concentration-response curve of L-Cys (10 nM-300 uM), the endogenous
substrate for H,S production, has been performed on horn uteri harvested from both NODIII and
CTR mice (Figure 5A). Interestingly, the tocolytic effect induced by L-Cys is significantly reduced in
NODIII compared to CTR mice (Figure 5A; *** p < 0.001). NaHS (10 nM-300 uM) induces a tocolytic
effect at the same extent in NODIII and CTR mice (Figure 5B). Unexpectedly, the basal amount of
H,S in diabetic uteri is 2-fold and significantly higher when compared with CTR mice (Figure 5C;
***p <0.001). The evaluation of enzymatic ability, i.e., CBS and CSE in the uterus has been tested by
incubating the homogenized tissue samples with L-Cys. The amount of H,S produced is significantly
higher as compared to the respective control (Figure 5C; ***, °°° p < 0.001). The inhibition of either CBS
or CSE significantly reduces the H,S production induced by L-Cys in homogenized tissue obtained
from CTR but not from NODIII mice (Figure 5D; ° p < 0.05; °° p < 0.01).



Antioxidants 2020, 9, 917 9 of 15

A B
£ 100, £ 100
g g
= =3
5 601 wRE i 60+
° by e
S 401 3 < 401
g 20 g 20
g -=- NODII $ g -= NODII v
g 0od < CR g ol Cr
= f T T T T - r T T T T
8 7 6 5 4 = 8 7 6 5 4
log [L-Cys] log [NaHS]
C CTR NODIII
3 t { | {
= sedeske 00
.): RRR
T 24 T
©w S
= 2
%Il 14 o
=
g
£ oA

Ll Ll T Ll
basal stimulated basal stimulated

CTR NODII

*R* #
——

=
—

w
J

(]
1
o

H,S
(nmolmg proteiu*miu‘l)

[ H
I

L-Cys S S S S S
PAG - - + - + - - + - +
AOAA - - - o+ 4+ - - - 44

Figure 5. Changes in H;S pathway in uteri of CTR and NODIII mice. The tocolytic effect of L-Cys
(10 nM-300 uM) is significantly reduced in NODIII mice vs. CTR mice (A) (*** p < 0.001). The tocolytic
effect of NaHS (10 nM-300 uM) does not significantly differ between NODIII and CTR mice (B). Results
are expressed as frequency (% of basal motility) and calculated as mean + SEM (1 = 6 mice) and analyzed
by using analysis of variance (ANOVA) followed by Bonferroni post hoc test. The basal amount of H,S
is significantly increased in NODIII mice vs. CTR mice (*** p < 0.001). H,S production induced by
L-Cys is significantly increased in CTR mice (*** p < 0.001) or in NODIII mice (°°° p < 0.01) vs. the
respective basal values (C). Results are expressed as nanomoles per milligram of protein per minute
and calculated as mean + SEM (n = 10 mice). Results are analyzed by one-way ANOVA followed
by Bonferroni post-test. L-Cys significantly increases H,S production in both CTR and NODIII mice
uterus (*** p < 0.001 and # p < 0.05, respectively). DL-propargylgicine (PAG) (10 mM, CSE inhibitor),
aminoxiacetic acid (AOAA) (1 mM, CBS inhibitor), or their combination were added before L-Cys
(10 mM) challenge in uterus homogenates. The incubation with inhibitors significantly reduced the
increase in H,S production induced by L-Cys in CTR mice (° p < 0.05 and °° p < 0.01) but not in NODIII
mice (D). Results are expressed as nanomoles per milligram of protein per minute and calculated as
mean + SEM (1 = 6 mice). Results are analyzed by one-way ANOVA followed by Bonferroni post-test.
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3.6. Diabetes Alters the Expression of CBS, CSE, and 3-MST

Western blot analysis clearly shows that the expression of 3-MST is significantly higher in the
uterus of in NODIII mice (Figure 6B; ** p < 0.01). Conversely, CBS and CSE expression are significantly

reduced in NODIII mice (Figure 6C,D; * p < 0.05).
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Figure 6. Expression of 3-MST, CSE, and CBS in uteri of CTR and NODIII mice. Representative western
blot for 3-MST, CBS, and CSE (A). Expression of 3-MST is significantly higher in NODIII mice uteri vs.
CTR mice (B) (** p < 0.01). CSE expression is significantly reduced in NODIII mice vs. CTR mice (C)
(* p < 0.05). CBS expression is significantly reduced in NODIII mice vs. CTR mice (D) (* p < 0.05). Results
are normalized against 3-actin as housekeeping protein and calculated as mean + SEM (n = 8 mice).
Data were calculated as OD*mm?2 as optical density (OD)*mm2. Results are analyzed by unpaired

Student’s t-test.
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4. Discussion

Diabetes mellitus (DM), encompassing T1IDM and T2DM, one of the most common noninfectious
progressive and chronic diseases worldwide, is liable for deleterious effects in many organs and systems.
The disease development leads to microvascular and macrovascular complications that alter organ
perfusion with significant changes also in the reproductive system [2,40]. However, alteration of the uterus
functionality in female diabetic patients is an under-investigated complication [41-44]. The intensification
of insulin therapy and the improvement of metabolic control ameliorate menstrual and reproductive
disorders, although they do persist [18,45]. Despite improvements in diabetes therapy patients still
face abnormalities in their pubertal development, menstrual cycles, fertility, and age of menopause,
with hyperandrogenism and oligomenorrhoea being the most prevalent problems in young adult DM
patients. Alterations in the structure, biochemistry, and innervation of the uterus may lead to the
dysregulation of the correct alternation of contractions and periods of quiescence [27]. The present
study takes into account this lack of information about uterus functionality in diabetes in non-pregnant
condition. Therefore, the research has been carried out by using NOD mice, a mouse model for long
term T1DM, where female mice exhibit the pathophysiological features of human T1DM [23]. Indeed,
considering the high levels of glycemia, hypoinsulinemia, duration of diabetes, and the alteration of
myometrium morphology and function, NODIII mice reproduce the characteristics of long-term DM
in women [22]. Poor myometrial contractility has been demonstrated in vitro in women with DM and
gestational diabetes [29]. In line with these findings, we demonstrate that NODIII mouse isolated
uterus displays a weak spontaneous motility in terms of both force of contraction and peak frequency.
To further investigate the nature of changes driven by the high glucose blood levels on the control of
uterine tone, we used several well-known uterotonic endogenous agents, i.e., Ach, Oxy, or PGF2«x.
As expected, an NODIII isolated uterus displays a generalized impairment to all three agents tested.
This finding is consistent with the clinical evidence reporting that diabetic women require higher doses
of Oxy to induce or augment labor [46,47]. The role of the second messengers cAMP and cGMP in the
regulation of myometrial function has been widely demonstrated [48,49]. It is well recognized that both
cAMP and cGMP are involved in the maintenance of uterine homeostasis [49,50]. The uncontrolled
hyperglycemia leads to a two-fold elevation of both cAMP and cGMP in uterus harvested from NODIII
mice. This alteration of cAMP and cGMP levels in uterine tissue contributes to the unbalance of the
uterine functionality.

We have previously reported that H,S pathway is involved in uterus homeostasis in physiological
condition where a significant role is played by CSE-derived H,S [31]. It is of particular interest the finding
that in NODIII mice the amount of HyS is 2-fold higher as compared to control mice. The intracellular
cyclic nucleotides levels are controlled by the action of specific phosphodiesterases (PDEs) that rapidly
hydrolyze the nucleotides. H;S acts as an endogenous nonspecific inhibitor of PDE activity, thereby
enhancing cGMP levels [51,52]. Indeed, H;,S increases cGMP levels in mouse aorta and can inhibit
both cGMP and cAMP breakdown into a cell-free system [51]. Thus, within the diabetic uterine
tissue, the increased endogenous H,S levels contribute to the shift toward a relaxing tone by elevating
c¢GMP and cAMP. Among the three enzymes deputed to the biosynthesis of H,S within the uterus,
the expression of CSE and CBS is reduced, while the 3-MST expression is significantly increased,
in NODIII mice. These data suggest that within the diabetic uterus a major role could be played
by 3-MST derived H,S. To further address this issue, we performed a pharmacological modulation
study in vitro by using the isolated uterus and the enzymes’ endogenous substrate, i.e., L-Cys. It is
important to note that the basal production of H,S in NODIII uterus homogenates is already 2-fold
higher than the matched value of normoglycemic mice and that the incubation with L-Cys leads to
a significant increase of about 45% as compared to the unstimulated uterus samples. Interestingly,
in normoglycemic mice, the increase in L-Cys-induced H,S is higher than NOD mice reaching a 2-fold
increase as compared to control values. As expected, the treatment with CSE or/and CBS inhibitors
causes a significant reduction in H,S production in CTR mice. When the NODIII uterine tissues are
incubated with L-Cys in presence of either CSE or CBS inhibitors or their combination, H;S levels
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are not significantly modified. These data may indicate that the source of H;S is mainly due to
3-MST, as also suggested by the western blot analysis. Thus, we hypothesize that 3-MST-derived H,S
plays a major role in modulating uterus tone in diabetic condition. The minor role for H,S derived
CBS/CSE obtained by the enzymatic activity evaluation in NODIII mice is confirmed by the functional
studywhere L-Cys-induced relaxation is markedly impaired in NODIII mice. Thus, the data so far
indicate that in NODIII mice uterus, there is a disruption of the endogenous H,S pathway leading to
an increase in 3-MST-derived H,S that in turn elicits an increase in cAMP and cGMP. However, if these
endogenous changes lead to alterations in the uterus response to exogenous H;S, it is an important
issue to address. The exposure of an isolated uterus to NaHS shows a similar profile between NODIII
and CTR mice indicating that the dysregulation of the H,S pathway within the uterus leads also to a
tolerance to exogenous H;S response as opposed to what happens within the vasculature. Indeed,
isolated aorta rings harvested by NODIII mice display a reduced response to L-Cys coupled to an
increased relaxation to NaHS in presence of an over-expression of CBS and CSE [12].

In conclusion, in NODIII mice, the increase in H;S levels within the uterus is mainly 3-MST-derived,
and it contributes to the shift toward a relaxing tone leading to a reduction in the spontaneous endogenous
contractions. This disrupted environment translates into a generalized hypo-contractility to stimuli, such
as PGF2a and Oxy, that are also clinically used to induce labor. A better understanding of the role played
by the H,S pathway may lead to define novel therapeutic targets.

Author Contributions: Conceptualization: E.M., R.d.d.V.B., R.S,; data curation: EM., D.V,, C.T.; formal analysis:
D.V, C.T; investigation: E.M., D.V,, C.T.; project administration: R.d.d.V.B., R.S; visualization: E.M., R.d.d.V.B,,
R.S.; writing—original draft: E.M.; writing—review and editing: R.d.d.V.B., R.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank the veterinarian Antonio Baiano, Giovanni Esposito, and Angelo Russo for animal
care assistance.

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

References

1.  Shaw, ].E; Sicree, R.A.; Zimmet, P.Z. Global estimates of the prevalence of diabetes for 2010 and 2030. Diabetes
Res. Clin. Pract. 2010, 87, 4-14. [CrossRef] [PubMed]

2. Kizilay, F.; Gali, H.E.; Serefoglu, E.C. Diabetes and sexuality. Sex Med. Rev. 2017, 5, 45-51. [CrossRef]
[PubMed]

3.  Strain, W.D.; Paldanius, PM. Diabetes, cardiovascular disease and the microcirculation. Cardiovasc. Diabetol.
2018, 17, 57. [CrossRef]

4. Elkeles, R.S. Coronary artery calcium and cardiovascular risk in diabetes. Atherosclerosis 2010, 210, 331-336.
[CrossRef] [PubMed]

5. Pichette, J.; Gagnon, J. Implications of Hydrogen Sulfide in Glucose Regulation: How H,S Can Alter Glucose
Homeostasis Through Metabolic Hormones. Oxid. Med. Cell Longev. 2016, 2016, 3285074. [CrossRef]

6.  Szabo, C. Roles of Hydrogen Sulfide in the Pathogenesis of Diabetes Mellitus and Its Complications. Antioxid.
Redox Signal. 2012, 17, 68-80. [CrossRef]

7. Kimura, H. Hydrogen sulfide: Its production, release and functions. Amino Acids 2011, 41,113-121. [CrossRef]

8.  Szabo, C. Gaseotransmitters: New frontiers for translational science. Sci. Transl. Med. 2010, 2, 59ps54.
[CrossRef]

9. Calvert, JW.; Coetzee, W.A.; Lefer, D.]. Novel insights into hydrogen sulfide-mediated cytoprotection.
Antioxid. Redox. Signal. 2010, 12, 1203-1217. [CrossRef]

10. Chunyu, Z.; Junbao, D.; Dingfang, B.; Hui, Y.; Xiuying, T.; Chaoshu, T. The regulatory effect of hydrogen
sulfide on hypoxic pulmonary hypertension in rats. Biochem. Biophys. Res. Commun. 2003, 302, 810-816.
[CrossRef]


http://dx.doi.org/10.1016/j.diabres.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19896746
http://dx.doi.org/10.1016/j.sxmr.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27544297
http://dx.doi.org/10.1186/s12933-018-0703-2
http://dx.doi.org/10.1016/j.atherosclerosis.2009.11.026
http://www.ncbi.nlm.nih.gov/pubmed/19969300
http://dx.doi.org/10.1155/2016/3285074
http://dx.doi.org/10.1089/ars.2011.4451
http://dx.doi.org/10.1007/s00726-010-0510-x
http://dx.doi.org/10.1126/scitranslmed.3000721
http://dx.doi.org/10.1089/ars.2009.2882
http://dx.doi.org/10.1016/S0006-291X(03)00256-0

Antioxidants 2020, 9, 917 13 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Polhemus, D.J.; Calvert, ].W.; Butler, J.; Lefer, D.J. The cardioprotective actions of hydrogen sulfide in acute
myocardial infarction and heart failure. Scientifica 2014, 2014, 768607. [CrossRef] [PubMed]

Brancaleone, V.; Roviezzo, F.; Vellecco, V.; De Gruttola, L.; Bucci, M.; Cirino, G. Biosynthesis of H2S is
impaired in non-obese diabetic (NOD) mice. Br. J. Pharm. 2008, 155, 673-680. [CrossRef] [PubMed]

Yang, N.; Liu, Y;; Li, T.; Tuo, Q. Role of Hydrogen Sulfide in Chronic Diseases. DNA Cell Biol. 2020, 39,
187-196. [CrossRef] [PubMed]

Bettowski, J.; Wojcicka, G.; Jamroz-Wisniewska, A. Hydrogen sulfide in the regulation of insulin secretion
and insulin sensitivity: Implications for the pathogenesis and treatment of diabetes mellitus. Biochem. Pharm.
2018, 149, 60-76. [CrossRef]

Yusuf, M.; Kwong Huat, B.T.; Hsu, A.; Whiteman, M.; Bhatia, M.; Moore, PK. Streptozotocin-induced
diabetes in the rat is associated with enhanced tissue hydrogen sulfide biosynthesis. Biochem. Biophys. Res.
Commun. 2005, 333, 1146-1152. [CrossRef]

Kaneko, Y.; Kimura, T.; Taniguchi, S.; Souma, M.; Kojima, Y.; Kimura, Y.; Kimura, H.; Niki, I. Glucose-induced
production of hydrogen sulfide may protect the pancreatic beta-cells from apoptotic cell death by high
glucose. FEBS Lett. 2009, 583, 377-382. [CrossRef]

Jain, SK.; Bull, R;; Rains, J.L.; Bass, PE; Levine, S.N.; Reddy, S.; McVie, R.; Bocchini, J.A. Low levels
of hydrogen sulfide in the blood of diabetes patients and streptozotocin-treated rats causes vascular
inflammation? Antioxid. Redox. Signal. 2010, 12, 1333-1337. [CrossRef]

Thong, E.P,; Codner, E.; Laven, ].S.E.; Teede, H. Diabetes: A metabolic and reproductive disorder in women.
Lancet Diabetes Endocrinol. 2020, 8, 134-149. [CrossRef]

Sjoberg, L.; Pitkdniemi, J.; Haapala, L.; Kaaja, R.; Tuomilehto, ]. Fertility in people with childhood-onset type
1 diabetes. Diabetologia 2013, 56, 78-81. [CrossRef]

Sjoberg, L.; Kaaja, R.; Gissler, M.; Tuomilehto, J.; Tiitinen, A.; Pitkédniemi, J. Termination of pregnancy and
sterilisation in women with childhood-onset type 1 diabetes. Diabetologia 2017, 60, 2377-2383. [CrossRef]
Yarde, F; van der Schouw, Y.T.; de Valk, HW.; Franx, A.; Eijkemans, M.].; Spiering, W.; Broekmans, FJ.;
OVADIA study group. Age at menopause in women with type 1 diabetes mellitus: The OVADIA study.
Hum. Reprod. 2015, 30, 441-446. [PubMed]

Favaro, R.R.; Salgado, R.M.; Raspantini, P.R.; Fortes, Z.B.; Zorn, T.M. Effects of long-term diabetes on the
structure and cell proliferation of the myometrium in the early pregnancy of mice. Int. J. Exp. Pathol. 2010,
91, 426-435. [CrossRef] [PubMed]

Favaro, R.R.; Salgado, RM.; Covarrubias, A.C.; Bruni, F; Lima, C.; Fortes, Z.B.; Zorn, TM. Long-term type 1
diabetes impairs decidualization and extracellular matrix remodeling during early embryonic development
in mice. Placenta 2013, 34, 1128-1135. [CrossRef]

Jawerbaum, A.; Gonzélez, E. Diabetic pregnancies: The challenge of developing in a pro-inflammatory
environment. Curr. Med. Chem. 2006, 13, 2127-2138. [PubMed]

Kido, A.; Togashi, K.; Nakai, A.; Kataoka, M.; Fujiwara, T.; Kataoka, M.L.; Fujimoto, R.; Koyama, T.; Fujii, S.
Investigation of uterine peristalsis diurnal variation. Magn. Reson. Imaging 2006, 24, 1149-1155. [CrossRef]
Leyendecker, G.; Kunz, G.; Herbertz, M.; Beil, D.; Huppert, P.; Mall, G.; Kissler, S.; Noe, M.; Wildt, L.
Uterine peristaltic activity and the development of endometriosis. Ann. N.Y. Acad. Sci. 2004, 1034, 338-355.
[CrossRef]

Hutchings, G.; Gevaert, T.; Deprest, J.; Nilius, B.; Williams, O.; De Ridder, D. The effect of extracellular
adenosine triphosphate on the spontaneous contractility of human myometrial strips. Eur. J. Obs. Gynecol.
Reprod. Biol. 2009, 143, 79-83. [CrossRef]

Dodds, K.N.; Staikopoulos, V.; Beckett, E.A. Uterine Contractility in the Nonpregnant Mouse: Changes
During the Estrous Cycle and Effects of Chloride Channel Blockade. Biol. Reprod. 2015, 92, 141. [CrossRef]
Al-Qahtani, S.; Heath, A.; Quenby, S.; Dawood, F,; Floyd, R.; Burdyga, T.; Wray, S. Diabetes is associated
with impairment of uterine contractility and high Caesarean section rate. Diabetologia 2012, 55, 489-498.
[CrossRef]

McMurtrie, E.M.; Ginsberg, G.G.; Frederick, G.T.; Kirkland, J.L.; Stancel, G.M.; Gardner, R.M. Effect of a
diabetic state on myometrial ultrastructure and isolated uterine contractions in the rat. Proc. Soc. Exp. Biol.
Med. 1985, 180, 497-504. [CrossRef]


http://dx.doi.org/10.1155/2014/768607
http://www.ncbi.nlm.nih.gov/pubmed/25045576
http://dx.doi.org/10.1038/bjp.2008.296
http://www.ncbi.nlm.nih.gov/pubmed/18641671
http://dx.doi.org/10.1089/dna.2019.5067
http://www.ncbi.nlm.nih.gov/pubmed/31895585
http://dx.doi.org/10.1016/j.bcp.2018.01.004
http://dx.doi.org/10.1016/j.bbrc.2005.06.021
http://dx.doi.org/10.1016/j.febslet.2008.12.026
http://dx.doi.org/10.1089/ars.2009.2956
http://dx.doi.org/10.1016/S2213-8587(19)30345-6
http://dx.doi.org/10.1007/s00125-012-2731-x
http://dx.doi.org/10.1007/s00125-017-4428-7
http://www.ncbi.nlm.nih.gov/pubmed/25452435
http://dx.doi.org/10.1111/j.1365-2613.2010.00718.x
http://www.ncbi.nlm.nih.gov/pubmed/20586816
http://dx.doi.org/10.1016/j.placenta.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16918343
http://dx.doi.org/10.1016/j.mri.2006.06.002
http://dx.doi.org/10.1196/annals.1335.036
http://dx.doi.org/10.1016/j.ejogrb.2008.12.004
http://dx.doi.org/10.1095/biolreprod.115.129809
http://dx.doi.org/10.1007/s00125-011-2371-6
http://dx.doi.org/10.3181/00379727-180-42208

Antioxidants 2020, 9, 917 14 of 15

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Mitidieri, E.; Tramontano, T.; Donnarumma, E.; Brancaleone, V.; Cirino, G.; d Emmanuele di Villa Bianca, R.;
Sorrentino, R. L-Cys/CSE/H;S pathway modulates mouse uterus motility and sildenafil effect. Pharm. Res.
2016, 111, 283-289. [CrossRef] [PubMed]

Tatewaki, R.; Otani, H.; Tanaka, O.; Kitada, ]. A morphological study on the reproductive organs as a possible
cause of developmental abnormalities in diabetic NOD mice. Histol. Histopathol. 1989, 4, 343-358. [PubMed]
Makino, S.; Kunimoto, K.; Muraoka, Y.; Mizushima, Y.; Katagiri, K.; Tochino, Y. Breeding of a non-obese,
diabetic strain of mice. Jikken. Dobutsu. 1980, 29, 1-13.

Bucci, M.; Roviezzo, F.; Brancaleone, V.; Lin, M.1,; Di Lorenzo, A.; Cicala, C.; Pinto, A.; Sessa, W.C.; Farneti, S.;
Fiorucci, S.; et al. Diabetic mouse angiopathy is linked to progressive sympathetic receptor deletion coupled
to an enhanced caveolin-1 expression. Arter. Thromb. Vasc. Biol. 2004, 24, 721-726. [CrossRef]

Vellecco, V.; Mitidieri, E.; Gargiulo, A.; Brancaleone, V.; Matassa, D.; Klein, T.; Esposito, F.; Cirino, G.;
Bucci, M. Vascular effects of linagliptin in non-obese diabetic mice are glucose-independent and involve
positive modulation of the endothelial nitric oxide synthase (eNOS)/caveolin-1 (CAV-1) pathway. Diabetes
Obes. Metab. 2016, 18, 1236-1243. [CrossRef] [PubMed]

Mitidieri, E.; Tramontano, T.; Gurgone, D.; Citi, V.; Calderone, V.; Brancaleone, V.; Katsouda, A.; Nagahara, N.;
Papapetropoulos, A.; Cirino, G.; et al. Mercaptopyruvate acts as endogenous vasodilator independently of
3-mercaptopyruvate sulfurtransferase activity. Nitric. Oxide 2018, 75, 53-59. [CrossRef]

Yetik-Anacak, G.; Dikmen, A.; Coletta, C.; Mitidieri, E.; Dereli, M.; Donnarumma, E.; d’Emmanuele di
Villa Bianca, R.; Sorrentino, R. Hydrogen sulfide compensates nitric oxide deficiency in murine corpus
cavernosum. Pharm. Res. 2016, 113, 38-43. [CrossRef]

Mirone, V.; d’Emmanuele di Villa Bianca, R.; Mitidieri, E.; Imbimbo, C.; Fusco, E.; Verze, P.; Vitale, D.F,;
Sorrentino, R.; Cirino, G. Platelet cyclic guanosine monophosphate as a biomarker of phosphodiesterase
type 5 inhibitor efficacy in the treatment of erectile dysfunction: A randomized placebo-controlled study.
Eur. Urol. 2009, 56, 1067-1073. [CrossRef]

Brancaleone, V.; Mitidieri, E.; Flower, R.J.; Cirino, G.; Perretti, M. Annexin Al mediates hydrogen sulfide
properties in the control of inflammation. J. Pharm. Exp. 2014, 351, 96-104. [CrossRef]

Orasanu, G.; Plutzky, J. The pathologic continuum of diabetic vascular disease. J. Am. Coll. Cardiol. 2009, 53,
S34-S35. [CrossRef]

Corona, G.; Isidori, A.M.; Aversa, A.; Bonomi, M.; Ferlin, A.; Foresta, C.; La Vignera, S.; Maggi, M.; Pivonello, R ;
Vignozzi, L.; et al. Male and female sexual dysfunction in diabetic subjects: Focus on new antihyperglycemic
drugs. Rev. Endocr. Metab. Disord. 2020, 21, 57-65. [CrossRef] [PubMed]

Maiorino, M.L; Bellastella, G.; Esposito, K. Diabetes and sexual dysfunction: Current perspectives. Diab. Metab.
Syndr. Obes. Targets 2014, 7, 95-105.

Arrellano-Valdez, F.; Urrutia-Osorio, M.; Arroyo, C.; Soto-Vega, E. A comprehensive review of urologic
complications in patients with diabetes. Springerplus 2014, 3, 549. [CrossRef] [PubMed]

Giraldi, A.; Kristensen, E. Sexual dysfunction in women with diabetes mellitus. J. Sex Res. 2010, 47, 199-211.
[CrossRef] [PubMed]

Codner, E.; Merino, PM.; Tena-Sempere, M. Female reproduction and type 1 diabetes: From mechanisms to
clinical findings. Hum. Reprod. Update 2012, 18, 568-585. [CrossRef]

Frey, H.A.; Tuuli, M.G.; England, SK.; Roehl, K.A.; Odibo, A.O.; Macones, G.A.; Cahill, A.G. Factors
Associated with Higher Oxytocin Requirements in Labor. J. Matern. Fetal. Neonatal. Med. 2015, 28, 1614-1619.
[CrossRef]

Reinl, E.L.; Goodwin, Z.A.; Raghuraman, N.; Lee, G.Y.; Jo, E.Y,; Gezahegn, B.M.; Pillai, M.K; Cahill, A.G.; De
Guzman Strong, C.; England, S.K. Novel Oxytocin Receptor Variants in Laboring Women Requiring High
Doses of Oxytocin. Am. J. Obs. Gynecol. 2017, 38, 93-94. [CrossRef]

Yuan, W.; Lopez Bernal, A. Cyclic AMP signalling pathways in the regulation of uterine relaxation. BMC
Pregnancy Childbirth 2007, 7, S10. [CrossRef]

Bulbul, A.; Yagci, A.; Altunbas, K.; Sevimli, A.; Celik, H.A.; Karadeniz, A.; Akdag, E. The role of nitric oxide
in the effects of ovarian steroids on spontaneous myometrial contractility in rats. Theriogenology 2007, 68,
1156-1168. [CrossRef]

Price, S.A.; Lépez Bernal, A. Uterine quiescence: The role of cyclic AMP. Exp. Physiol. 2001, 86, 265-272.
[CrossRef]


http://dx.doi.org/10.1016/j.phrs.2016.06.017
http://www.ncbi.nlm.nih.gov/pubmed/27326921
http://www.ncbi.nlm.nih.gov/pubmed/2520469
http://dx.doi.org/10.1161/01.ATV.0000122362.44628.09
http://dx.doi.org/10.1111/dom.12750
http://www.ncbi.nlm.nih.gov/pubmed/27460695
http://dx.doi.org/10.1016/j.niox.2018.02.003
http://dx.doi.org/10.1016/j.phrs.2016.08.015
http://dx.doi.org/10.1016/j.eururo.2009.09.031
http://dx.doi.org/10.1124/jpet.114.217034
http://dx.doi.org/10.1016/j.jacc.2008.09.055
http://dx.doi.org/10.1007/s11154-019-09535-7
http://www.ncbi.nlm.nih.gov/pubmed/31863254
http://dx.doi.org/10.1186/2193-1801-3-549
http://www.ncbi.nlm.nih.gov/pubmed/25332855
http://dx.doi.org/10.1080/00224491003632834
http://www.ncbi.nlm.nih.gov/pubmed/20358461
http://dx.doi.org/10.1093/humupd/dms024
http://dx.doi.org/10.3109/14767058.2014.963046
http://dx.doi.org/10.1016/j.ajog.2017.04.036
http://dx.doi.org/10.1186/1471-2393-7-S1-S10
http://dx.doi.org/10.1016/j.theriogenology.2007.08.014
http://dx.doi.org/10.1113/eph8602182

Antioxidants 2020, 9, 917 15 of 15

51.  Bucci, M.; Papapetropoulos, A.; Vellecco, V.; Zhou, Z.; Pyriochou, A.; Roussos, C.; Roviezzo, F,; Brancaleone, V.;
Cirino, G. Hydrogen Sulfide Is an Endogenous Inhibitor of Phosphodiesterase Activity. Arter. Thromb.
Vasc. Biol. 2010, 30, 1998-2004. [CrossRef] [PubMed]

52.  Coletta, C.; Papapetropoulos, A.; Erdelyi, K.; Olah, G.; Modis, K.; Panopoulos, P.; Asimakopoulou, A.;
Gero, D.; Sharina, I.; Martin, E.; et al. Hydrogen sulfide and nitric oxide are mutually dependent in the
regulation of angiogenesis and endothelium-dependent vasorelaxation. Proc. Natl. Acad. Sci. USA 2012, 109,
9161-9166. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1161/ATVBAHA.110.209783
http://www.ncbi.nlm.nih.gov/pubmed/20634473
http://dx.doi.org/10.1073/pnas.1202916109
http://www.ncbi.nlm.nih.gov/pubmed/22570497
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Organ Bath Studies 
	H2S Determination 
	Western Blot Analysis 
	cGMP and cAMP Measurement 

	Results 
	Diabetes Strongly Reduces Uterine Spontaneous Motility 
	Diabetes Strongly Reduces Uterine Spontaneous Contractility 
	Isolated Uterus of NODIII Mice Displays an Impaired Response to Different Contracting Agents 
	The Content of cAMP and cGMP Is Higher in Uteri Harvested from NODIII Compared to CTR Mice 
	Diabetes Interferes with H2S Pathway 
	Diabetes Alters the Expression of CBS, CSE, and 3-MST 

	Discussion 
	References

