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Abstract

Uterine rupture during a trial of labor after caesarean delivery (CD) is a serious compli-
cation for mother and fetus. The lack of knowledge on histological features and molec-
ular pathways of uterine wound healing has hindered research in this area from
evolving over time. We analysed collagen content and turnover in uterine scars on a
histological, molecular and ultrastructural level. Therefore, tissue samples from the
lower uterine segment were obtained during CD from 16 pregnant women with at least
one previous CD, from 16 pregnant women without previous CD, and from 16 non-
pregnant premenopausal women after hysterectomy for a benign disease. Histomor-
phometrical collagen quantification showed, that the collagen content of the scar area
in uterine wall specimens after previous CD was significantly higher than in the
unscarred myometrium of the same women and the control groups. Quantitative real-
time PCR of uterine scar tissue from FFPE samples delineated by laser microdis-
section yielded a significantly higher COL3A1 expression and a significantly lower

COL1A2/COL3A1 ratio in scarred uteri than in samples from unscarred uteri.

Abbreviations: ATP5B, ATP synthase F1 subunit beta; CD, caesarean delivery; COL1A2, collagen type | alpha 2 chain; COL3A1, collagen type Ill alpha 1 chain; EIF2A, eukaryotic translation
initiation factor 2A; group PS, group ‘pregnant scarred uterus’; group PU, group ‘pregnant unscarred uterus’; HPLC, high-performance liquid chromatography; IQR, interquartile range; LUS, lower
uterine segment; RO, region of interest; TEM, transmission electron microscopy.
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1 | INTRODUCTION

Caesarean delivery (CD) leaves a scar in the uterus and constitutes
the main risk factor for uterine rupture during subsequent delivery.
Until today, there are no drugs or techniques that enhance uterine
wound healing at the time of CD to such an extent that the risk of
uterine rupture during subsequent pregnancy could be eliminated.>®
While scarring and fibrosis in the skin or the lung have been very
intensively researched with stem cells-based organoid models and
novel biological therapy approaches, scarring of the uterine wall is still
a ‘neglected disease’ in the research area of tissue regeneration.*””
One reason might stem from the fact that there exists no common
histological definition of a uterine scar to date. Some publications
have pointed out that uterine scars consist of more collagen than
specimens from the unscarred uterine wall, but so far the amount of
collagen in histological sections from uterine scars has not been quan-
tified systematically.®"* However, to compare wound healing of the
uterus and to standardise analyzes of uterine scar tissue, a common
definition of a uterine scar and quantifiable parameters of fibrosis of
the uterine wall are needed. This is especially true when it comes to
translating and comparing results from animal models to the human
condition.?"** Therefore, we sought to define the scarred region of
the uterine wall histologically by quantifying the main characteristic
of scars: their collagen content. As we believe that research on uterine
scars will not evolve if we stay on the microscopic level by performing
histology and immunohistology, we used laser-microdissection to per-
form RNA isolation, reverse transcription and, quantitative TagMan
real-time PCR analysis (QRT-PCR) from designated scar areas to test
whether overexpression of collagen type | alpha 2 (COL1A2) and col-
lagen type Ill alpha 1 (COL3A1) is the origin of histologically high
collagen content. Collagen Il is characterised by thinner fibril diame-
ters and lowered mechanical strength than collagen 1151 We there-
fore calculated the COL1A2/COL3A1 ratio to test whether uterine
scars exhibit a shift towards more collagen Il which might explain a
reduced mechanical strength of uterine scar tissue compared to
unscarred myometrium.”*8 In comparison to these targeted investi-
gations, we performed hydroxyproline measurements to quantify the
collagen content in fresh frozen tissue without prior histological tar-

geting as previously published by Buhimschi et al.'® Furthermore,
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Histological collagen content and the expression of COL1A2 and COL3A1 were posi-
tively correlated, while COL1A2/COL3A1 ratio was negatively correlated with the his-
tological collagen content. Transmission electron microscopy revealed a destroyed
myometrial ultrastructure in uterine scars with increased collagen density. We conclude
that the high collagen content in uterine scars results from an ongoing overexpression
of collagen | and Ill. This is a proof of concept to enable further analyses of specific fac-

tors that mediate uterine wound healing.

caesarean section, collagen, tissue remodelling, uterine rupture, uterine wound healing

collagen cross-links were quantified based on the pyridinoline and
deoxypyridinoline content of fresh frozen samples via high-
performance liquid chromatography (HPLC).1° At last, the ultrastruc-
ture of scarred versus unscarred myometrium was evaluated qualita-
tively using transmission electron microscopy (TEM).

2 | MATERIALS AND METHODS

21 | Patient population

Women were recruited into three study groups: group PS (‘pregnant
scarred uterus’): pregnant women with at least one previous CD, group
PU (‘pregnant unscarred uterus’): pregnant women without previous
CD and the control group: non-pregnant premenopausal women under-
going hysterectomy for a benign disease (uterus myomatosus, hyperme-
norrhea etc.). All women were healthy and older than 18 years of age.
Enrollment took place prospectively at Charité—Universitatsklinikum in
Berlin, Germany. Pregnant women were only enrolled in cases of single-
ton pregnancy. This study complied with all relevant national regula-
tions, institutional policies and is in accordance with the tenets of the
Helsinki Declaration (as revised in 2013) and has been approved by the
authors' Institutional Review Board (Charité—Universitatsklinikum Ber-
lin, Berlin, Germany; EA4/159/16). Informed consent was obtained

from all individuals included in this study.

22 | Sampling

Sampling of uterine tissue from group PS and group PU was per-
formed during elective (repeat) CD from the contraction-free uterus.
After laparotomy, intraoperative ultrasound was performed to iden-
tify the thinnest part of the lower uterine segment, as previously
described by us.'” Next, the uterine incision was performed 2 cm
cranially to the thinnest part of the LUS (lower uterine segment) as
the area of interest. Immediately after delivery of the infant and
before administration of oxytocin and removal of the placenta, a
sample of ~0.5 x 4.0 cm? was excised with a surgical scissor. To aid

orientation of samples during further processing, a yellow dye was
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applied to the serosal side of the sample and a green dye was
applied to the side facing the uterotomy. Sampling of tissue from
the control group was performed immediately after abdominal or
laparoscopic hysterectomy. Control groups specimens were excised
from a healthy area of the posterior LUS. All samples were divided
into two parts: the first part was formalin fixed immediately and
paraffin-embedded for further analyses. The second part was imme-
diately frozen in liquid nitrogen and stored at —80°C. From samples
of three women from group PS, a third part was prepared for TEM

and processed as described below.

2.3 | Gomori trichrome staining to identify
collagen fibres

Gomori trichrome Staining was performed as previously described.?°
Paraffin sections 5-um thick were cut and dewaxed in xylene
(2 x 5 min; J. T. Baker, Radnor, USA). Rehydration was carried out in
ethanol (2 min each in 96%, 70%, 50%; Carl Roth, Karlsruhe,
Germany) followed by incubation for 30 min at 56°C in Bouin solu-
tion. The sections were rinsed under running water for 5 min and
incubated in Weigert's iron haematoxylin (Merck, Darmstadt,
Germany) for 10 min followed by another rinsing under running water
for 10 min. Afterwards, samples were incubated in trichrome solution
(Sigma-Aldrich, Taufkirchen, Germany) for 25 min. Differentiation was
done in 0.5% acetic acid (Merck, Darmstadt, Germany) for 2 min and
1 min followed by dehydration in ethanol (1 min 96%, 2 x 2 min
100%) and xylene (2 x 5 min). The sections were then covered with
Entellan® Neu (Merck, Darmstadt, Germany) and a cover glass. Due to
staining, cytoplasm and erythrocytes are red, fibrin and muscle pink,
nuclei blue to black, and collagen fibres green.

24 | Image acquisition and macro-based analysis

Images of the tissue sections were taken with digital microscopy sys-
tems Axioskop and Leica DMé B and the high-resolution digital colour
cameras AxioCam MRc 5 (Zeiss, Oberkochen, Germany) and Leica
DFC9000 GT (Leica, Wetzlar, Germany). The samples were scanned at
high magnification (x50) and processed in mosaic mode with the Axio-
vision 4.8.2 software (Zeiss, Oberkochen, Germany) or Leica Application
Suite X (Leica, Wetzlar, Germany) to produce images of whole tissue
sections. Afterwards, the area percentages of muscle tissue and collagen
(the main component of scars?l) were automatically calculated with a
newly developed macro for the image processing software Fiji (NIH,
Bethesda, USA), as previously described (Supporting Information 1
and 2).2 Three slides were examined per patient. The macro allows the
user to draw a box-shaped region of interest (ROI) into the image of the
tissue section. Subsequently, using thresholds for colour saturation or
manual cutout, empty areas at the edge of the tissue or within a
section were excluded from the analysis. Collagen areas around blood
vessels were also excluded, as they constitute the adventitia and might
distort the analysis. Then, the muscle and scar areas were dichotomized
through thresholding of the hue, based on the Gomori trichrome

staining: muscle cells in pink and fibrous tissue in green. For group PS,
the rectangular ROl was defined with the aim to contain as much of the
collagen-rich scarred area of the specimen as possible and to extend
beyond the transition area with decreasing content of fibrotic tissue to
the unscarred myometrium. The ROl was subdivided into three sub-
ROIs corresponding to the homogenous scar area, the unscarred myo-
metrium and the transition area in the middle between scar and myo-
metrium. This subdivision into three areas was based on our hypothesis
that uterine ruptures may not necessarily occur exactly within uterine
scars, but that possibly the transition area between muscle and scar rep-
resents the predetermined rupture site and should therefore be ana-
lysed separately. For group PU and the control group, the ROI was
defined with the aim to contain a representative part of the sample,
excluding the edges of the sample. Lastly, the areas occupied by scar tis-
sue and muscle tissue in each (sub-)ROI were calculated automatically

by the number of pixels and output as percentages.

2.5 | Laser microdissection and quantitative
TaqMan real-time PCR analysis

RNA isolation from FFPE uterine scar tissue sections followed by RNA
expression analyses in areas delineated by laser microdissection was
carried out as previously published.?? Briefly, FFPE sample sections
mounted on glass slides were stained with haematoxylin and eosin
(HE). We stained a corresponding slide according to Gomori trichrome
for orientation. Regions of interest in HE-stained samples were marked
with laser microdissection (LMD) and subsequently scratched off the
slide with a sterile scalpel. RNA extraction with RNeasy FFPE Kit
(Qiagen, Hilden, Germany) and cDNA synthesis with iScript cDNA Syn-
thesis Kit (BioRad, Feldkirchen, Germany) were carried out, and quanti-
tative real-time PCR was performed on an ABI 7500 Real Time PCR
System (Applied Biosystems, Life Technologies GmbH, Darmstadt,
Germany). ATP synthase F1 subunit beta (ATP5B) and eukaryotic trans-
lation initiation factor 2A (EIF2A) were evaluated as reference genes.
mRNA expression ATP5B was unaffected by respective study group
conditions. Therefore, ATP5B was used for normalisation.”> We used
Applied Biosystems TagMan primer assays (exon-spanning) (ID:
COL1A2: Hs01028956 m1; COL3A1: Hs00943809 m1; ATP5B:
Hs00969569 m1; EIF2A: Hs00230684 m1). Agarose gel (5%) electro-
phoresis was used to validate the amplified qRT-PCR products sizes
and banding. Data are shown as ACq-values. COL1A2/COL3A1 ratio

was calculated from respective ACg-values.

2.6 | Quantification of collagen: Hydroxyproline
measurement

Hydroxyproline was measured in uterine tissue with a hydroxyproline
assay (Cat. No. #MAKO008, Sigma-Aldrich St. Louis, MO, USA) according
to the manufacturer's protocol. 10 mg of fresh frozen uterine tissue was
minced and lysed in 200 puL 6 M HCI solution for 4 h at 120°C and then
cooled down. Hydrolysates were centrifuged, and the clarified superna-
tant was used for measurements. 10ul of the 1 mg/mL hydroxyproline
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FIGURE 1

Quantitative ultrastructural collagen analysis. (A) Transmission electron microscopy image of an area determined by systematic

uniform random area sampling with a fibroblast surrounded by collagen fibrils. (B) Same image as in A, overlaid with 25 counting frames. Inset
shows an area for detailed evaluation. Cross-sectioned fibrils were included in the analysis if they appeared completely within the counting frame
or touched the acceptance line (green) without touching the forbidden line (red). Scale bars = 100 nm. *, fibroblast; Col, collagen fibrils; M,

mitochondrion.

standard solution was diluted in water to 0.1 mg/mL. Standards and the
hydrolysate supernatant were pipetted in duplicates, transferred 2 pL to
a 96-well plate and then dried on a heat plate at 60°C for 2 h. After-
wards, the assay reagents were prepared. 100 pL chloramine T/oxidation
buffer mixture was added to all reaction wells. Incubation was performed
at room temperature for 5 min. Colour development was achieved by
incubation with 100 uL 4-dimethylaminobenzaldehyde/perchloric acid/
isopropanol mixture at 60°C for 90 min. The absorbance was measured
at 560 nm (Fluostar Omega, BMG Labtech GmbH, Ortenberg, Germany).
All measurements were performed in a single assay to avoid inter-assay
variability. The intra-assay variability was 8.6%. The total collagen con-
centration in the hydrolysate was calculated based on the assumption
that collagen contains approximately 14% hydroxyproline.?* Collagen

concentrations were expressed in micrograms per milligram tissue.

2.7 | Quantification of collagen cross-linking,
pyridinoline and deoxypyridinoline

Pyridinoline (PYD) and deoxypyridinoline (DPD) were quantified by
ion pair chromatography on a RP-18 column, using perfluorobutyric
acid (PFBt, HFBT) (Thermo Fisher Scientific, Waltham, MA, USA) as
jon pair reagent, as previously published.2%2° Fresh frozen sample tis-
sue (100 mg) was minced and lysed in 600 uL 10 N (32%) HCI solu-
tion for 20 h at 120°C. The cooled hydrolysates were centrifuged, and
the clear supernatant was mixed with 2.6 mL washing solution B (ace-
tonitrile [Fisher Scientific, Schwerte, Germany]/acetic acid 4:1 v/v,
w/o water). Crosslinks were isolated from the diluted hydrolysate by
applying solid phase extraction on self-packed cellulose solid phase
extraction (SPE) columns. These cellulose columns were prepared
from 100 mg of cellulose powder (Sigma-Aldrich, St. Louis, MO, USA)
and pre-fritted 6 mL SPE columns (Supelco, Bellefonte, PA, USA),

finally sealed with a second frit (Supelco). The columns were equilibrated
with 5 mL washing solution A (acetonitrile/acetic acid/water 4:1:1 v/v) in
parallel on a vacuum manifold (Machery-Nagel, Diren, Germany) with a
vacuum of 800 mbar. The diluted hydrolysate solution was transferred
onto the SPE column and allowed to soak in with the aid of a slight vac-
uum. Afterwards, the column was washed four times each with 5 mL of
washing solution A and the eluates were discarded. Finally, the absorbed
crosslinks were eluted by purging the SPE column five times each with
1 mL of distilled water and collecting the eluates in a single 20 mL falcon
tube. The final eluate was lyophilized to dryness and stored at —20°C
until HPLC measurement. For HPLC measurements, the lyophilizate was
resuspended in 15% MeCN/15 mM perfluorobutyric acid (PFBt) and
applied to a Waters Nova-Pak C18 column (4 um, 150 x 3.9 mm?,
Waters Corp., Milford, MA, USA), with 15% MeCN/15 mM PFBt as
mobile phase in isocratic measuremnts at 21°C with a flow rate of
1,5 mL-min-1. A Smartline HPLC system (Knauer, Berlin, Germany),
equipped with an autosampler and a RF-20A fluorescence detector
(Shimadzu, Berlin, Germany) was employed. Pyridinoline and deoxypyridi-
noline were identified and quantified by their autofluorescence at 297 nm
excitation and 395 nm emission based on comparison with an external
calibration standard (Quidel, Athens, OH, USA). The fluorescence sensitiv-
ity magnification was set to 4096. The calibration range was between 1.5
and 76 fmol (PYD) and 0.7-37 fmol (DPD) per injection (5 uL each).

2.8 | Transmission electron microscopy

From three patients, tissue samples were fixed with 2% paraformalde-
hyde (Electron Microscopy Sciences, Hatfield, United States) and
2.5% glutaraldehyde (Serva, Heidelberg, Germany) in 0.1 M sodium
cacodylate buffer (Serva, Heidelberg, Germany) for 30 min at RT and
stored at 4°C. The samples were postfixed with 1% osmium tetroxide
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TABLE 1 Demographic data of the study population.
Variable Group PS (n = 16) Group PU (n = 16) Control group (n = 16) p value
Maternal age (years)® 36 (30-38) 36 (27-38) 44 (39-50) <0.001
BMI? 27 (20-36) 27 (22-32) 26 (23-30) 0.85
Gravidity” 4(3-5) 2(1-3) n/a <0.01
Parity® 2(1-3) 1(0-2) n/a 0.02
Number of previous CD” 1(1-3) 0 n/a <0.001
Years since last delivery®® 4 (2-5) 5(3-11) n/a 0.15
Gestational age at CD (weeks)® 39 (39-39) 39 (39-40) n/a 0.88

Note: Statistically significant p-values (<0.05) are marked as bold text.
Abbreviations: BMI, body mass index; CD, caesarean delivery.

?Data presented as median (IQR) and analysed with Kruskal-Wallis test.
bData presented as median (IQR) and analysed with Mann-Whitney U test.

“Group PS: years since last caesarean delivery, group PU: years since last vaginal delivery (n = 8 patients in group PU with at least one previous delivery).

FIGURE 2 Histomorphology of uterine scars and unscarred myometrium. Samples from group PS (A-C), group PU (D-F), and the control
group (G-1). Histological sections of the harvested tissue stained according to Gomori Trichrome. Staining shows muscle cells in pink and collagen
fibres in green. (A) Uterine wall specimen from group PS. (B) Magnification of the scarred area outlined in (A). (C) Region of interest (ROI) as
defined in the software program Fiji. Muscle tissue is shown in pink and scarred tissue in blue. The sub-ROI corresponding to the scarred area is
denoted as ‘S’, the area of unscarred myometrium is denoted as ‘M’ and the transition area in between as ‘T°. (D) Histological section of a tissue
specimen from group PU. (E) Magnification of the area outlined in (D). (F) Region of interest (ROI) as defined in the software program Fiji. As no
scar tissue is present, only a single ROI containing most parts of the sample was analysed. (G) Histological section of a tissue specimen from the
control group. (H) Magnification of the area outlined in (G). (I) Region of interest (ROI) as defined in the software program Fiji. As no scar tissue is
present, only a single ROI containing most parts of the sample was analysed. Sample surface facing the outer (serosal) oriented upwards and the
surface facing the inner (endometrial) side is oriented downwards. Scale bars = 2 mm.
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(Electron Microscopy Sciences, Hatfield, USA) and 0.8% potassium ferro-
cyanide Il (Roth, Karlsruhe, Germany) in 0.1 M cacodylate buffer. After
dehydration in a graded ethanol series the samples were transferred to
Epon resin (Roth, Karlsruhe, Germany). Finally from the hardened tissue
blocks, ultrathin sections (70 nm) were prepared using an ultramicrotome
(Leica, Wetzlar, Germany) and a diamond knife (Diatome, Nidau,
Switzerland), collected on pioloform-coated copper grids (Plano, Wetzlar,
Germany) and stained with lead citrate (Merck Millipore, Darmstadt,
Germany) according to Reynolds.?® Grids were examined with a Zeiss Leo
906 electron microscope (Carl Zeiss, Oberkochen, Germany) at 80 kV
acceleration voltage equipped with a slow scan 2 K CCD camera (TRS,
Moorenweis, Germany). For quantitative analyses, investigators were
blinded. The images were taken using a systematic uniform random sam-
pling protocol at a primary magnification of x21.560.2” The numerical
density of cross-sectioned collagen fibrils was stereologically evaluated
with an unbiased counting frame.?® In addition, the diameter of collagen
fibrils was measured simultaneously. The open source software Image)
(Version 1.52, NIH, Bethesda, USA) and the counting frame macro
(https://imagej.nih.gov/ij/macros/Unbiased_Frames.txt) =~ were  used.
Twenty five counting frames were analysed per image (Figure 1). A cross-
sectioned fibril was only included in the analysis if it was completely
within the counting frame or if it touched the acceptance line without
touching the forbidden line (Figure 1B inset). Not clearly identifiable fibrils
due to orientation or overlap within the section, were not included in the
analysis. Collagen density and fibril diameter in scarred and unscarred
myometrium were compared. A minimum of 100 counting events was
evaluated in each sample. The fibril density was defined as the sum of all

counted fibrils in each sample per total counting frame area.

2.9 | Statistical analysis

Sample size calculation was performed with the software nQuery +
nTerim 3.0.2° Due to the lack of publications quantifying molecular
biological aspects of uterine wound healing, the calculation is based
on a clinical ultrasound paper by Sevket et al.>° In this study,
36 women were randomised into two groups and underwent closure
of the uterotomy by single-layer or double-layer suture during elec-
tive caesarean section. The primary outcome measure is the thickness
of the lower uterine segment in mm on transvaginal ultrasound
(hydrosonography) 6 months after CD.3C Analysis of variance showed
that to detect differences between three groups, 16 samples per
group would be needed (a = 0.05, power = 0.80). Data were tested
for normality assessing the histogram. Comparisons between groups
were performed using Mann-Whitney U test and Kruskal-Wallis test
for independent samples and Wilcoxon signed-rank test and Fried-
man's ANOVA for matched samples. Data are reported as median and
interquartile range (IQR). SPSS Version 28 (IBM, Chicago, USA) and
GenEx Professional Software (Thermo Fisher Scientific, Waltham,
MA, USA) were used for statistical analyses. Figures were prepared
with Prism 8 (GraphPad Software, San Diego, USA). In all analyses,
two-tailed p < 0.05 were considered to indicate statistical signifi-

cance. Multiple comparisons were executed stepwise step-down.

m'__wl LEY 757

(A) *
[
*
100
=,
T
Q
o=,
8 50+
C
[0
[®)]
©
8 e A
0 1 1 1
group PS group PU  control group
*
(B) |
*
100
=,
€
_9 *
5 1
8 50+
(e
& )
[®)]
= ° .
8 [ °
0 1 1 |
scar transition unscarred
area area myometrium
FIGURE 3 Histological collagen content in myometrial samples

from the three study groups (n = 48). (A) Collagen content in the scar
area of group PS contained significantly more collagen than samples
from group PU and the control group (p < 0.05). Group PU and the
control group showed similar amounts of collagen (p = 0.46). (B) For
group PS, three regions were evaluated separately (scar region,
transition region, unscarred myometrium). All regions differed
significantly in terms of collagen content (p < 0.001). Histological
collagen content in Gomori Trichrome-stained samples was
determined with the software Fiji (NIH, Bethesda, USA). *, p value
<0.05; ns, not significant.

3 | RESULTS

3.1 | Clinical characteristics of women

Demographic data of included women in the three groups is shown in
Table 1. Women in the control group were significantly older than
women in groups PS and PU (p < 0.001), however, there was no sig-

nificant difference between patient ages of group PS and group PU
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FIGURE 4 Gene expression of collagen type | alpha 2 (COL1A2) and collagen type Ill alpha 1 (COL3A1) in myometrial samples. Relative gene
expression of COL1A2 and COL3A1 normalised to reference gene ATP5B. (A) COL1A2 ACqg-values for group PS (scar area, n = 14), group PU

(n = 16) and control group (n = 16) (p = 0.22). (B) COL1A2 ACg-values from group PS for scar area, transition area and unscarred myometrium
(group PS, n = 14) (p < 0.01). (C) COL1A2 ACqg-values for group PS (scar area, n = 14), group PU (n = 16) and control group (n = 16) (p < 0.01).
(D) COL3A1 ACg-values from group PS for scar area, transition area and unscarred myometrium (group PS, n = 14) (p < 0.001). (E) COL1A2/
COL3A1 ratio (ACg-values) for group PS (scar area, n = 14), group PU (n = 16) and control group (n = 16) (p = 0.02). (F) COL1A2/COL3A1 ratio
(Cg-values) from group PS for scar area, transition area and unscarred myometrium (group PS, n = 14) (p = 0.75). *, p value <0.05; ns, not

significant.

(p = 0.97). Gravidity and parity were slightly higher in group PS than
in group PU (p < 0.01, p = 0.02).

3.2 | Histological scar tissue assessment and
collagen content measurements

As previously described, we found that only some myometrial sam-

ples taken from women after previous CD (group PS) contained a

region with a high share of collagen.'? This region constituted only
a part of the total sample and was identified as uterine scar tissue,
defined by a collagen content of more than 40% (Figure 2A-C).
Altogether, 53 samples were harvested for group PS, of which only
16 showed a histological positive detection of scar tissue. The
other 37 samples with histological negative detection of scar tis-
sue were not included in the study. Samples from groups PU and
the control group contained a homogenous distribution of myome-

trial cells with little collagen in between. In these samples, no
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12.6]) (p <0.001) (Figure 3B). The collagen content in the
unscarred myometrium of group PS was 9.8% (8.1-12.6) and was
not significantly different from the collagen contents in group PU
and the control group (p = 0.75). No outliers were excluded to
reflect the heterogeneity of uterine wall fibrosis. The inter-assay
coefficient of variation was 14.8%.

Laser microdissection and quantitative
TaqMan real-time PCR analysis

COL1A2 and COL3A1 expression analyses were successful in all sam-
ples except two samples from group PS due to limited sample material
(n = 74). There was no significant difference in the overall expression
of COL1A2 between the three study groups (Figure 4A, p = 0.22).
Within group PS, COL1A2 was significantly higher expressed in the
scar area and the transition area compared to the unscarred myome-
trium (Figure 4B, p <0.01). COL3A1 expression was significantly
higher in group PS than in group PU and the control group (Figure 4C,
p <0.01). Within group PS, COL3A1 was significantly higher
expressed in the scar area compared to the transition area and lowest
in the unscarred myometrium (Figure 4D, p < 0.001). COL1A2/
COL3AL1 ratio was significantly lower in the scar area of group PS
compared to group PU and the control group (Figure 4E, p = 0.02).
There was no significant difference in the COL1A2/COL3A1 ratio
between the three areas of interest in samples from group PS
(Figure 4F, p = 0.75). Overall, histological collagen content [in %] was
positively correlated with expression of COL1A2 (r = 0.33, p < 0.01)
and COL3A1 (r = 0.4, p < 0.001). COL1A2/COL3A1 ratio was nega-
tively correlated with the histological collagen content (r = —0.27,
p = 0.03). No outliers were excluded to reflect the heterogeneity of
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FIGURE 5 Quantification of collagen and collagen cross-linking

(n = 48). (A) Quantification of collagen by hydroxyproline
measurement in pug/mg tissue (p < 0.001). (B) Pyridinoline and
deoxypyridinoline content in myometrium specimens relative to the
total amount of collagen as estimated from hydroxyproline
measurements (PYD: p = 0.58, dPYD: p = 0.31). (C) Pyridinoline/
deoxypyridinoline ratio in biopsies from the lower uterine segment
(p = 0.46). Data are shown as median * interquartile range. *,

p < 0.05; ns, not significant; PYD, pyridinoline; dPYD,
deoxypyridinoline.

regionally differentiated distribution of collagen could be identi-
fied (Figure 2D-1). Samples from group PU and the control group
contained significantly less collagen than the scar area in samples
from group PS (group PS: 71.4% (56.8-83.6), group PU: 10.4%
(8.5-12.3), control group: 9.8% (8.1-12.3), p < 0.001) (Figure 3A).
Within group PS, collagen content of the scar area in uterine wall
specimens was with significantly higher than in the transition area
(29.6% [23.7-36.8]) and the unscarred myometrium (9.8% [8.1-

Quantification of collagen by hydroxyproline
measurement

The myometrium from fresh frozen tissue of non-pregnant women
without prior histological targeting had a collagen content of 2,9
(1-5) pug/mg tissue. This was significantly higher compared to myome-
trium from pregnant women with a scarred LUS 1,5 (1, 2, 8) ug/mg,
and with a non-scarred LUS: 1,3 (1,0-2,3) ug/mg (Figure 5A).

3.5 | Quantification of collagen cross-linking

In fresh frozen tissue without prior histological targeting, the myome-
trial pyridinoline content was 10 times higher than the deoxypyridino-
line content in the three study groups (Figure 5B). Samples from all
three groups showed a similar degree of cross-linking of the fibrillary
collagen as represented by their PYD/dPYD ratio (group PS: 15.5
[13.3-17.0] nmol/mg, group PU: 15.2 [14.6-16.7] nmol/mg, control
group: 14.1 [12.1-16.2] nmol/mg) (Figure 5C).
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FIGURE 6 Ultrastructure of unscarred (A-C) and scarred myometrium (D-F) visualised by transmission electron microscopy. (A) Overview of
smooth muscle cells. (B, C) Higher magnification of boxed areas indicated in A and B. The smooth muscle cells show a characteristic ultrastructure
with numerous myofilaments, dense oval bodies (‘corpuscula densa’), attachment plaques (‘areae densae’), caveolae and cell organelles like rough
endoplasmic reticulum and mitochondria next to the cell nucleus. (D) Overview of scar area with fibroblasts and few smooth muscle cells
surrounded by ground substance. Boxed area indicated in D is shown in higher magnification in E. (E, F) Higher magnifications showing
extracelluar matrix consisting of collagen fibrils, elastic fibres and unformed ground substance. Collagen fibrils appear more frequently. Inset with
boxed area in F shows the corresponding overview. Scale bars: A, D and inset in F = 10 um; B, C, E, F = 1 um. #, smooth muscle cell; *,
Fibroblast; Ad, areae densae; Ca, caveolae; M, mitochondrion; N, cell nucleus; RER, rough endoplasmatic reticulum; F, myofilaments; Cd,

corpuscula densa; Col, collagen fibrils; El, elastic fibres.

3.6 | Ultrastructure of scarred versus unscarred
myometrium

Transmission electron microscopy (TEM) revealed the altered
ultrastructure of scarred myometrial samples. Unscarred areas
(Figure 6A-C) show a regular myometrial architecture with one myo-
metrial cell next to the other. Individual cells are surrounded by a thin
basal lamina (Figure 6A). The cells exhibit the typical characteristics
like elongated cell nuclei in the middle of the cell. Ultrastructurally,
nearly lengthwise oriented myofilaments, numerous small densities in
the cytoplasm (dense bodies: corpuscula densa) and on the plasma
membrane (dense plaques: areae densae) can be seen. Numerous
caveolae are present. The cell organelles such as rough ER and mito-
chondria are located near the nucleus (Figure 6B,C). In scar areas, this
ordered structure is destroyed and replaced by large areas with extra-
cellular matrix deposition (collagen fibrils, elastic fibres and unformed
ground substance), with collagen fibrils predominating. Smooth mus-

cle cells are sparsely represented, whereas fibroblasts can be seen

(Figure 6D-F). Median fibril density was 482 fibrils/um? (exact values
from three patients: 380, 482, 578 fibrils/um?) in the scar area and
138 fibrils/um? (exact values from three patients: 92, 138, 183 fibrils/
um?) in the unscarred myometrium (p = 0.11). Median fibril diameter
was 52.1 nm (exact values 49.0, 52.1, 53.1 nm) in the scar area and
51.6 nm (exact values: 48.2, 51.6, 55.4 nm) in the unscarred myome-
trium (p = 0.59).

4 | DISCUSSION

The study has shown the accuracy of histologically-guided examina-
tion of uterine scars. The histologically assessed amount of collagen
is significantly higher in uterine scars than in unscarred myometrium
of both pregnant and non-pregnant uteri with a histological area
percentage of >40% collagen in uterine scar tissue, 20%-40% in the
transition area and <20% in unscarred myometrium. Uterine scars
showed an increased COL1A2 and COL3A1 expression compared to
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unscarred myometrium from the same patients. COL3A1 expression
was higher and the COL1A2/COL3A1 ratio was significantly lower
in scarred uteri than in samples from women with unscarred uteri.
Overall, there were significant positive correlations between histo-
logical collagen content [in %] and expression of COL1A2 and
COL3A1. COL1A2/COL3A1 ratio was negatively correlated with the
histological collagen content. Examinations without histologically
guided choice of the ROI, such as hydroxyproline measurements and
quantification of collagen cross-linking of frozen myometrial sam-
ples were not able to show differences between the groups PS and
PU. Interestingly, hydroxyproline measurements in fresh frozen tis-
sue without prior histological targeting did not show a difference in
scarred versus unscarred myometrium from pregnant women but
indicated a higher collagen content in samples from the non-
pregnant control group. The results suggest that neither the time
since the last delivery nor whether a patient had previously carried a
child to term has significantly skewed the data presented. Transmis-
sion electron microscopy revealed a destroyed myometrial ultra-
structure in uterine scars with large areas of extracellular matrix
deposition (collagen fibrils, elastic fibres and unformed ground sub-
stance), with collagen fibrils predominating. The number of smooth
muscle cells was reduced while more fibroblasts were seen. Collagen
density was more than three times higher in scarred myometrium
compared to unscarred myometrium. Thus, the qualitative impres-
sion of a higher collagen content in the scarred area, in comparison
to the unscarred area, could also be reproduced quantitatively. The
simultaneous determination of the fibril diameter did not reveal any sig-
nificant difference between unscarred and scarred areas. In this study,
37 out of 53 samples taken from the LUS of women with previous CD
(group PS) did not show a uterine scar and examinations without histo-
logically guided choice of the ROI did not yield results comparable to
the differences between the three study groups detected by histomor-
phometry and confirmed by gRT-PCR. Accordingly, a publication that
investigated the collagen content of specimens from the LUS of
68 women with or without previous CD yielded inconclusive results.*°
Wau et al. did not find different amounts of collagen after immunohisto-
chemical staining of the lower uterine segment in groups of women
with and without prior CD.? Both studies do not report an exact histo-
logical identification of the uterine scar before performing downstream
analyses. We believe that these results might reflect that the examined
tissue samples of women with prior CD did not contain the full amount
of scar tissue. As FFPE-samples from group PS contained varying
amounts of scar tissue, laser microdissection enabled effective sampling
of ROIs for downstream quantitative PCR. Without this targeted
approach, the samples contain too much unscarred myometrium. It
appears plausible that this could be the reason for the inconclusive
results of the hydroxyproline measurements and the collagen cross-
linking quantification from fresh frozen tissue performed in this study
without prior histological targeting. Besides the quantification of colla-
gen fibres as a major component of uterine scars, this study has
revealed the ongoing upregulation of collagen | and Il formation by
uterine fibroblasts. While previous histological descriptions of uterine

scars might evoke the idea that the process of wound healing after a
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previous CD has resulted in a persisting scar, the upregulation of intra-
cellular COL1A2 and COL3A1 mRNA as shown with gRT-PCR proves
the enhanced collagen synthesis at the time of sampling after previous
CD. This aspect is in line with findings on tissue fibrosis of the liver, lung
or skin. Collagen is continuously produced and degraded. To prevent
organ fibrosis, the body needs to keep production and degradation in
balance.®! Especially injury can activate collagen remodelling pathways
that influence tissue integrity in fibrotic areas.>! Vascular collagen, for
example, has a normal half-life of 60-70 days,*2 which decreases by up
to 10-fold in the case of disease and injury.>® We postulate that the
growth of the uterus and the mechanical stress generated in a uterine
scar during pregnancy might induce increased collagen remodelling. As
seen in this study, collagen Il expression is increased stronger than col-
lagen | expression in uterine scars, which is also reflected in the
decreased COL1A2/COL3A1 ratio. In general, collagen Il is synthesised
in the early stages of wound healing and is replaced by collagen |, lead-
ing to an increased tensile strength of the scar tissue.*®3* Increased col-
lagen Ill production and reduced collagen I/collagen Il ratio underlines
the idea of an active scar remodelling during pregnancy that might
eventually lead to more connective tissue elasticity but possibly less
strong uterine scar tissue. This study is the first to move from descrip-
tive assessments of microscopic images of uterine scars to the molecu-
lar level by correlating uterine scar histomorphometry to local collagen
gene expression. Due to the risk of uterine scar rupture during birth
after previous CD, obstetricians are increasingly recommending a repeat
CD and pregnant women are hesitant to go for a trial of labor after pre-
vious CD. To date, no effective techniques to enhance uterine wound
healing post-CD have been described. Only a few studies have
attempted to describe uterine scarring. We hope that our approach will
help uterine scarring research to evolve further over time with the aim
of finding possible therapeutic approaches to enhance uterine wound
healing so that more women can experience a safe trial of labor after
CD without having to fear uterine rupture. This study has shown that
laser microdissection enables effective sampling of ROIls for down-
stream quantitative PCR. Without this targeted approach, samples from
the scarred LUS contain too much unscarred myometrium. We recom-
mend LMD-guided sampling of uterine scar tissue for future studies on
uterine scarring. Further research might evaluate the expression of
other genes that code for growth factors, matrix metalloproteinases or
other factors involved in wound healing and scar remodelling.2®3°
These targets could also be evaluated in trials that test the effect of dif-
ferent uterotomy closure techniques on uterine scarring.*>%¢ In addi-
tion, translational studies might test whether the knowledge gained
from animal models can be transferred to human uterine wound
healing.*2"** Furthermore, we propose that a uterine scar and the
unscarred myometrium are not two tissue entities neatly separated
from each other. Between the fibrotic LUS and the unscarred myome-
trium, there might be a transition zone. To date, whether it is actually
the fibrotic scar tissue that tears during uterine rupture remains unclear.
It could just as well be that the transition area between the scar and the
unscarred myometrium represents a predetermined breaking point. We
suggest considering this concept in future research projects. At last, fur-

ther research should be directed to understanding collagen remodelling
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of uterine scars during pregnancy, as this might be a potential risk factor
or targeting point to prevent uterine rupture. The strength of the study
lies in the new LMD-guided approach and the correlation of several
techniques to assess uterine scarring.22 Both histological assessments
and gPCR yield quantifiable results with significant differences between
scarred and unscarred tissues. A limitation is the FFPE tissue that was
used for gRT-PCR. Although an established protocol for extracting RNA
of adequate quality and quantity from FFPE samples on glass slides was
employed,?? downstream molecular applications might be simplified by
using fresh frozen samples instead.3” Comparison of collagen density
was more than three times higher in the scar area of each sample, but
did not reach statistical significance due to small sample size (p = 0.11,
n = 3). It seems reasonable to include more patients in future TEM
studies of uterine scars.

5 | CONCLUSIONS

Uterine scars have a significantly higher collagen content in compari-
son to unscarred myometrium. A high collagen content correlates pos-
itively with COL1A2 and COL3A1 gene expression and negatively
with the COL1A2/COL3A1 ratio. These quantitative assessments of
uterine scars can inform further analyses of specific factors that medi-
ate uterine wound healing.
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