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Objective: To analyze the distribution and quantification of the key structural extracellular matrix
components of the urethral tissue in a rat model of hyperglycemia and pregnancy.

Study design: A total of 120 female Wistar rats were distributed into the following four experimental
groups: virgin, pregnant, hyperglycemic and hyperglycemic + pregnant groups. The urethra was
harvested for histochemical, morphometric, immunohistochemical, Western blot and glycosaminogly-

IéeJl’l""ords" can analyses. All protocols were approved by the Institutional Animal Care and Use Committee of
otlagen Botucatu Medical School (process number 828-2010).

Diabetes . L . . . .

Extracellular matrix Results: The hyperglycemic + pregnant group showed significantly increased stiffness in urethral tissue.

Pregnancy The total striated muscle was decreased, with increased deposition of collagen fibers around the muscle

Rats fibers and a change in the organization of the collagen fibrils. An increase in the relative collagen type I/IIl
Urethra ratio and a decrease in total glycosaminoglycans were also observed.
Conclusions: This study provides the first line of experimental evidence supporting a metabolic
relationship between hyperglycemia and urethral remodeling of connective tissue in pregnant rats. The
different organization of the collagen fibrils and the profile of glycosaminoglycans found in urethral
samples suggest that the pathology of the urethral fibromuscular system could be related to
hyperglycemia-induced pelvic floor dysfunction in women, which has direct clinical implications with
the possibility to develop new multidisciplinary treatments for improving the health care of these
women.
© 2017 Elsevier B.V. All rights reserved.

Introduction

Pelvic floor disorder (PDF) and diabetes mellitus (DM) are two
prominent conditions that affect thousands of people worldwide.
DM is reaching epidemic proportions worldwide, with estimates
that the prevalence will reach 592 million cases in 2035 [1].
Furthermore, the weighted prevalence rate of one or more PFDs
was 25.0% of adult women in the U.S., including 17.1% of women
with moderate-to-severe urinary incontinence (UI), 9.4% with fecal
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incontinence, and 2.9% with prolapse [2]. Moreover, the associa-
tion between DM and PFD has been recently described in
epidemiologic studies [3] and reviews [4], and it has been shown
that urinary tract symptoms are present in 75% of DM patients [5]
and that worsening glycemic control is associated with an
increased risk for stress incontinence [6] and pelvic organ prolapse
[7] in women.

However, the impact of DM during pregnancy on postpartum
PFD has not been widely investigated. Researchers of two different
countries independently but simultaneously reported that gesta-
tional DM confers long-term postpartum genitourinary dysfunc-
tion that persists for two years after delivery [8,9]. This is a
surprising outcome because it contradicts traditional knowledge
that the effects of DM disappear soon after childbirth.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejogrb.2017.12.032&domain=pdf
mailto:gabriela.marini@usc.br
https://doi.org/10.1016/j.ejogrb.2017.12.032
https://doi.org/10.1016/j.ejogrb.2017.12.032
http://www.sciencedirect.com/science/journal/03012115
www.elsevier.com/locate/ejogrb

82 G. Marini et al. / European Journal of Obstetrics & Gynecology and Reproductive Biology 221 (2018) 81-88

Several clinical studies have provided evidence that pelvic floor
skeletal muscles [10,11] and extracellular matrix (ECM) compo-
nents such as collagen [12] and glycosaminoglycans (GAGs) [13]
contribute to female pelvic floor function, and research with
animals, according to the “bedside to bench” principle of
translational research, have been revealed that both muscle and
the ECM play important roles in muscle dysfunction, motivating
further research regarding what alterations occur in the urethral
ECM of diabetic pregnant rats.

The ECM plays a key role in muscle fiber force transmission,
maintenance, and repair. It is considered an important factor for
genitourinary tract supportive structures [14]. Alterations in ECM
components have been reported in women with PFD [15,16], and
decreased synthesis of ECM components or increased proteolysis
in the urethra were observed in mice undergoing vaginal
distension [17].

Some studies have examined the relationship between ECM
components (particularly collagens) and diabetes [18], PFDs [19]
and pregnancy [20], although few comparative data are available.

Given the importance of the ECM in maintaining healthy
skeletal muscle and the necessity to use a biochemical approach to
consistently explore the alterations induced by hyperglycemia and
pregnancy in urethral tissue, the aim of this study was to analyze
the distribution and quantification of the key structural ECM
components, such as type I and III collagens, the collagen type I/III
ratio and GAGs, in the urethras of streptozotocin (STZ)-induced
hyperglycemia in pregnant rats.

The localization and expression of collagen types and GAGs
have not yet been examined in urethral tissue. Therefore, we
hypothesized that the proposed analyses would reveal another
facet of tissue damage caused by hyperglycemia in pregnancy and
provide a translational research strategy to better understand the
mechanisms related to PFD incidence in diabetic women. These
findings also point to new therapeutic approaches for the
treatment of PFD.

Materials and methods
Experimental animals and design

All protocols were approved by the Institutional Animal Care
and Use Committee of Botucatu Medical School (process number
828-2010). The animals were maintained under controlled
temperature conditions (22-25°C), relative humidity (55%),
and a 12 h photoperiod (light period beginning at 7 a.m.). The
animals had free access to water and chow. The female rats were
randomly allocated into the following four groups: a virgin group
(N=30), a pregnant group (N=30), a hyperglycemic group
(N=30) and a hyperglycemic + pregnant group (N=30). Hyper-
glycemia was induced at 90 days of age through one STZ (Sigma
Chemical Company, St. Louis, MO, USA) injection. STZ was
administered intravenously at 40 mg/kg to produce a permanent
and severe hyperglycemic state. Blood samples were taken 72 h
after the STZ injection to confirm hyperglycemia (i.e., a blood
glucose level >300 mg/dL). Blood glucose concentrations were
measured with a One-Touch Ultra glucometer (LifeScan, Johnson
and Johnson®, Milpitas, CA, USA), and the values were expressed
in mg/dL. Hemoglobin Alc (HbA1lc) levels (n=10/group) were
determined using a turbidimetric commercial assay Kit (HBA1C
Turbiquest, Labtest, MG, Brazil). The Kit utilizes latex immunoas-
say agglutination to measure the HbA1lc level in whole blood
hemolyzed.

In the hyperglycemic + pregnant group, mating activities were
initiated 7 days after hyperglycemia induction. The female rats were
mated overnight with non-hyperglycemic male rats. The morning
when sperm was found in the vaginal smear was designated

gestational day 0. Glycemic levels were assessed three times during
pregnancy (7th, 14th and 21th days).

All groups of the female rats were killed on day 21 of pregnancy
via 80mg/kg i.p. Thiopentax® injection. The offspring were
removed, weighed and lethally anesthetized with sodium thio-
pental (3% Thiopentax®), and the maternal urethrovaginal tissues
were harvested (a cross-section of the mid-urethra and anterior
vagina). The anterior vagina just was removed to better preserve
the urethral tissue. The investigators controlled the longitudinal
axis (proximal to distal) of the urethra by marking with a
permanent ink pen to identify the distal urethra. All analyses
were performed at the same points along the urethral longitudinal
axis: the mid-urethra region, where the striated muscle layer
becomes denser [21].

Histological examination, immunohistochemical stain, and
morphometric analysis

A portion of the samples (N = 10 samples/group) was immersed
for a period of 4h in neutral buffered formalin containing 4%
formaldehyde and then embedded in paraffin. Then, 4-pum-thick
sections were cut in the mid-urethra using a rotor microtome. The
sections were stained with Masson’s trichrome (used for
distinguishing collagen fibers from muscle tissue) and picrosirius
red (to enhance the birefringence of collagen fibers observed under
polarized light) for histological examination and morphological
analyses. Cross-sections of the specimens were examined under
normal and polarized light, and the images were digitalized using a
Leica DMLB 80 microscope connected to a Leica DC300FX camera
and digitalized. Morphometric analysis was performed by
interactive measures under x20 magnification in four different
fields, from 10 different individual urethral sections for each
experimental group. Morphometric analysis was performed with
Image-Pro Plus 7.0 image analysis software (Media Cybernetics,
Ins. USA) at Case Western Reserve University (Ohio, USA).
Interactive measurements were used to delimit the striated and
smooth muscle areas, and automatic detection of red and blue
colors in the Masson’s trichrome-stained sections were used to
determine the area in mm? of muscle and connective tissue. With
the mean area of each urethral striated muscle, smooth muscle and
connective tissue, we determined the ratio among these compo-
nents.

For immunohistochemistry (N =10 samples/group), the sam-
ples were frozen in liquid nitrogen and kept at —80 °C for cryostat
sectioning (6 pm thick). Sections were incubated with antibodies
directed towards type I collagen (1:500; ab90395; Abcam™) and
type Il collagen (1:500; ab6310; Abcam™). The primary antibody
was detected using a secondary peroxidase-conjugated antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). Chromogen color
development was accomplished with 3,3’-diaminobenzidine
tetrahydrochloride (Sigma, St. Louis, MO, USA). Slides were
counterstained with Harris’s hematoxylin.

Protein extraction and Western blot analysis for collagen I and
collagen Il

The frozen urethra samples (N =5 samples/group) for protein
extraction and collagen I and collagen III Western blot analysis
were mechanically homogenized in 50 mM Tris-HCl buffer pH 7.5,
0.25% Triton X-100 and EDTA using a Polytron homogenizer
(Kinematica, Lucerne, Switzerland) for 30s at 4°C. Following
centrifugation of the homogenate, the protein was extracted from
the supernatant and then quantified, as described by Bradford
(1976). Equal amounts of protein (70 pg) from the frozen urethra
samples were heated at 95°C for 5min in the sample-loading
buffer and then subjected to SDS-PAGE under reducing conditions
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and transferred to nitrocellulose membranes (Sigma Chemical Co.,
St. Louis, MO).

The blots were blocked with 3% bovine serum albumin in TBST
(10 mM Tris-HCI pH 7.5, 150 mM Nacl, and 0.1% Tween-20) for 1 h
and probed overnight with the primary antibody, anti-type I
collagen (1:500; ab90395; Abcam™) and anti-type III collagen

(1:200; ab6310; Abcam™). Goat anti-B-actin antibody (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) served as the
loading control. After incubation with the corresponding horse-
radish peroxidase-conjugated secondary antibodies, the blots were
detected through chemiluminescence (Immun-Star™ HRP Chemi-
luminescent Kit, BIO-RAD). Protein expression levels were

Fig.1. Transverse section of urethra stained by Masson'’s trichome (A, D, G, ]) and picrosirius red observed under normal (B, E, H, K) and polarized light (C, F, I, L). Virgin group
(A, B, C), Pregnant group (D, E, F), hyperglycemic group (G, H, I) and hyperglycemic + pregnant group (J, K, L). A: Lumen (L), epithelium (ep), smooth muscle (Sm), striated
muscle (St), vaginal tissue (Vt). L: note the change in the organization and an increase in the area of collagen fiber birefringence (asterisk*) and the disruption of striated
muscle fibers (arrow?) in the pregnancy + hyperglycemic group. Scale bars: A, D, G, J=500 wm; B, C, E, F, H, I, K, L=100 pm.
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obtained by analyzing the densitometry of the bands and
expressed as integrated optical density (IOD). The expression
levels of type I and type Il collagens were normalized to the
[B-actin values. The analysis was performed with Image] 1.48a
software (Wayne Hasband, National Institute of Health). Normal-
ized data are expressed as the means =+ SD.

Quantification and characterization of sulfated glycosaminoglycans

After washing in phosphate-buffered saline (PBS, 5mM
phosphate buffer, 0.15M NaCl and 50 mM EDTA), total urethra
(n=5) were immersed into acetone for 12h and dried in a
histological oven (37 °C) for 12 h. GAGs were extracted with papain
solution (40 mg/g tissue) in 100 mM sodium phosphate buffer (pH
6.5) containing 40 mM EDTA and 80 mM [3-mercaptoethanol for
24h at 50°C. After precipitation using 90% trichloroacetic acid
(TCA) for 10 min at 5°C, the samples were centrifuged and
submitted for precipitation with methanol for 12 h at 5°C. The
precipitate was resuspended in water and used to measure the
total sulfated GAGs. Before electrophoresis, 5 jug of each sample
was treated with DNAse (10 mg/mL) in 20 mM Tris-HCI buffer, pH
7.4 for 30 min at 37 °C. Then, the GAGs, chondroitin sulfate (CS),
dermatan sulfate (DS) and heparan sulfate (HS) were separated by
electrophoresis in agarose gel (0.5%) in 0.05 M propylene diamine
at 0.1 mA for 45 min. The agarose gels were fixed in Cetavlon and
stained with 0.2% TB. The gels were washed with a solution
containing 50% ethanol and 1% acetic acid to observe the bands.
The identification of GAGs was confirmed by digestion with
chondroitinases B and AC. With the exception of CS, the bands of
DS and HS GAGs were identified and quantified using the Image]™
software for each sample (as quintuplicates). The IOD was
obtained, and the analysis was performed with Image] 1.48
software (Wayne Hasband, National Institute of Health). Data were
expressed as the means + SD.

Statistical analysis

Results are expressed as the means + SD. Comparisons of the
measurements of the virgin, pregnant, hyperglicemic and hyper-
glicemic+ pregnant groups were performed individually using
ANOVA. Dunnett's test was used to compare the “hyperglyce-
mic + pregnant” study group with the other three control groups
(virgin, pregnant and hyperglycemic), and P < 0.05 was considered
to be significant. All analyses were performed using SAS software
for Windows, v.9.2.

Results

On day 21 of the experiment, the hyperglycemic and
hyperglycemic + pregnant groups presented glycemic levels of
584.8 +-33.9 and 497.0 + 60.4 mg/dL, respectively, and the virgin
and pregnant groups presented glycemic levels of 81.6 + 5.0 and
82.6 + 7.7 mg/dL, respectively. HbAlc levels were significantly

Table 1
Morphometric analysis of urethral tissue in the four studied groups.

greater in the hyperglycemic groups (13.45%) than in the
normoglycemic groups (3.8%) (p < 0.05).

Histological analysis of urethral connective tissue by Masson's
trichrome and picrosirius red staining observed under polarized
light revealed mild focal disruption of the striated muscle fibers
with increased deposition of collagen fibers around the striated
muscle in the hyperglycemic + pregnant group, characterizing a
change in the organization of the collagen fibrils due to higher
cross-linking (Fig. 1).

Morphometric analysis revealed no between-group differences
in the urethral connective tissue area/total area ratio and in the
urethral connective tissue in smooth area/smooth muscle area.
However, the ratios of the urethral connective tissues in the
striated area/striated muscle area and the urethral connective
tissue in the striated area/urethral connective tissue in smooth
muscle area were significantly greater in the hyperglycemic + preg-
nant group than in the pregnant group. All ratios of these
morphologic variables are listed in Table 1.

Immunohistochemistry results showed that type I and III
collagens were homogeneously distributed in the extracellular
matrix in the four groups (Fig. 2). Western blot analysis showed no
significant differences between groups in terms of the type I
collagen and type III collagen expression levels (Fig. 2). However,
the collagen type I/Ill ratio in the urethra was higher in the
hyperglycemic + pregnant group than in the virgin group (Fig. 3).

The results of total sulfated GAG quantification analysis (mg/g
tissue) are shown in Fig. 4. GAG content was significantly reduced
in the hyperglycemic + pregnant group. Further analysis of GAG
content through densitometry showed that the amount of DS was
predominant in all groups without any significant differences. HS
was significantly lower in the hyperglycemic group than in the
virgin group. Two GAGs, CS and keratin sulfate (KS), were not
identified in the gel due to their low amounts in the tissue.

Discussion

The present study showed that in pregnant rats with
hyperglycemia, the two major components of urethral tissue
(connective tissue and striated muscle) are altered. The total
striated muscle was decreased and involved with more connective
tissue as revealed by a change in the organization of the collagen
fibrils, an increase in the relative collagen type I/IIl ratio, and a
decrease in total GAGs levels. These findings suggest that
pathology of the urethral fibromuscular system could be related
to hyperglycemia-induced pelvic floor dysfunction in women,
which has direct clinical implications with new possibilities for
studying multidisciplinary treatments to improve the health care
of these women.

Female PFD is a common disorder that disables many women
with diabetes during pregnancy but its etiology remains unclear
[[22-24],9]. Previous translational studies confirmed that a
reduction in muscle content by diabetes may negatively affect
the structural and functional integrity of the urethra [22-24].

VIRGIN PREGNANT HYPERGLYCEMIC HYPERGLYCEMIC + PREGNANT
Urethral striated muscle area/total area 0.37+0.05" 0.33+0.04*® 0.31+0.06"8 0.28 +0.08®
Urethral connective tissue area/total area 0.33+£0.08% 033+0.05" 034+0124 039401142
Urethral connective tissue in striated area/striated muscle area 0.48 +0.17"® 0.40 +0.07* 0.49 +0.17°® 0.71 +0.378
Urethral connective tissue in smooth area/smooth muscle area 0.70+£026" 0.76+0.18% 0.89+0304% 0.65+0.254
Urethral connective tissue in striated area/urethral connective tissue in smooth area 1.50 + 0.40%% 0.94 +0.31% 1.10 + 0.42°8 1.65+0828

The results are expressed as ratios of respective areas in mm?2, Values represent the mean + SD. Dunnett's test was used to compare the “hyperglycemic + pregnant” study
group with the other three control groups (virgin, pregnant and hyperglycemic). Different superscript letters represent statistically significant differences among the groups

with p <0.05.
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Fig. 2. Assessment of type I and III collagen protein expression in the urethral tissue. A-D Representative images of cross-sections of mid-urethra with
immunohistochemistry of type I collagen in the virgin (A), pregnant (B), hyperglycemic (C) and hyperglycemic + pregnant (D) groups. E Western blot results indicated
there was no significant difference in the average of type I collagen expression among the virgin (1-5), hyperglycemic (6-10), pregnant (11-15) and hyperglycemic + pregnant
(16-20) groups. F Data are presented as the relative density of type I collagen compared with the density of 3-actin. G-] Representative images of cross-sections of the mid-
urethra with immunohistochemistry of type III collagen in the virgin (G), pregnant (H), hyperglycemic (I) and hyperglycemic + pregnant (J) groups. K Western blot results
indicated that there was no significant difference in the average type Il collagen expression among the virgin (1-5), hyperglycemic (6-10), pregnant (11-15) and
hyperglycemic + pregnant (16-20) groups. L Data are presented as the relative density of type III collagen compared with the density of B-actin. Each bar depicts the mean

value + SD.

This change observed in the organization of the collagen fibrils
was also seen by Falconer et al. in paraurethral connective tissue in
women of fertile age with stress urinary incontinence, suggesting a
more rigid form of extracellular matrix, resulting in connective
tissue with impaired mechanical function [25].

The increased collagen type I/IIl ratio confirmed the importance
of utilizing a biological approach to understand the pathogenesis of
PFD in diabetic patients. Changes to the amount and distribution of
different types of collagen can influence the biomechanical

properties of the bladder and urethra. It has been suggested that
the collagen type I/Ill ratio is an important factor related to bladder
and urethral dysfunction [26]. Our findings suggest the presence of
a more rigid structure, supportive collagen around the urethra,
favors stiffer urethral tissue, which can impair the biomechanical
properties of the tissue and complicate urethra closure and urinary
continence [27]. All these changes have the potential to cause
significant urinary tract injury, as has been observed in radiation-
induced injury of the urinary tract [28].
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Gharaee-Kermani et al. (2013) suggested that obesity, DM,
lower urinary tract fibrosis and urinary voiding dysfunction are
inextricably and biologically linked [29]. Diabetes-associated
alterations in collagen (tissue stiffness) have been described in
human studies of vascular stiffness [30] and skeletal muscles [31],
in various animals studies of the urethra [26,32], and in studies of
the urinary bladder in rats [33,34].

Research into GAGs is still in an early stage. The increase in
reactive oxygen species (ROS) as a result of hyperglycemia may lead
to modifications of GAGs. Because of their negative charge, GAGs can
attract components of oxidant systems, thus encouraging the

formation of ROS. All GAGs have the potential to be damaged by
oxidant systems. Inflammation, commonly associated with diabetes,
may contribute to the destruction and modification of GAGs [35]. To
the best of our knowledge, there are still no data on GAG composition
in urethral tissue in a severe STZ-induced diabetic pregnant rat
model.

In addition, elevated glucose levels impair collagen production
and intensify the presence of AGEs, resulting in stiffening of
collagen tissues [36]. The primary mechanical effect of AGEs is a
loss of tissue viscoelasticity driven by matrix-level loss of fiber-
fiber sliding with potentially important implications in tissue
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damage accumulation, mechanically regulated cell signaling, and
matrix remodeling [37].

Extracellular matrix proteins are susceptible to AGE modification
because of their slow turnover rate. The formation of intermolecular
and intramolecular crosslinks with collagen (as a result of the
glycation process) leads to structural alterations, increased stiffness
and resistance to proteolytic digestion [38]. ECM remodeling in
insulin-resistant skeletal muscle is of potential significance for
muscle metabolism, and increased levels of type I and Il collagens
are found in skeletal muscle biopsies in patients with type 2 diabetes
[31]. In addition, patients with recurrent prolapse and joint
hypermobility have significantly high concentrations of type III
procollagen [39]. Furthermore, diabetes can induce increased
fibrosis in the bladders of rats, likely due to the dysregulation of
type 1 matrix metalloproteinases (MMPs) and type 1 endogenous
tissue inhibitors of metalloproteinases (TIMPs) [34].

Conclusions

This translational study provides the first line of experimental
evidence supporting a metabolic relationship between hypergly-
cemia and remodeling of urethral connective tissue in pregnant
rats. The different organization of collagen fibrils and the profile of
GAGs found in urethral samples suggest that pathology of the
urethral fibromuscular system could be related to hyperglycemia-
induced pelvic floor dysfunction in women. To further address
these questions, large cohort studies are required, including
analyses of the collagen type I/IIl ratio, to identify diabetic
pregnant women at high risk of PFD. Therefore, the processes
leading to urethral remodeling can be considered for future studies
of new therapeutic targets.
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