
Original Research ajog.org
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Impact of polypropylene prolapse mesh on vaginal
smooth muscle in rhesus macaque
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BACKGROUND: The use of polypropylene prolapse mesh to treat RESULTS: Compared with sham, the implantation of Gynemesh PS
pelvic organ prolapse has been limited by mesh-related complications.

Gynemesh PS mesh, implanted via sacrocolpopexy in rhesus macaques,

had a negative impact on the vagina with thinning of vaginal muscularis

and decreased vaginal smooth muscle contractility. The negative effect

was attenuated when a bioscaffold derived from urinary bladder extra-

cellular matrix was used as a composite with Gynemesh PS.

OBJECTIVE: The objective of the study was to further elucidate the

impact of Gynemesh PS polypropylene mesh and MatriStem extracellular

matrix bioscaffolds on the vaginal smooth muscle in terms of micromor-

phology of vaginal smooth muscle (muscle bundles and individual myo-

cytes), innervation, and nerve-mediated contractile function following their

implantations in a rhesus macaque model via sacrocolpopexy.

STUDY DESIGN: Thirty-two middle-aged rhesus macaques were ran-
domized to undergo either a sham surgery (sham, n ¼ 8), or the implan-

tation of Gynemesh PS alone (n ¼ 8) vs composite mesh comprised of

Gynemesh PS plus 2-ply MatriStem (n¼ 8) vs 6-ply MatriStem alone (n¼ 8)

via sacrocolpopexy. The graft-vagina complexes were harvested 3 months

later. Histomorphometrics of smooth muscle bundles and myocytes were

performed by immunofluorescent labeling of alpha smooth muscle actin,

caveolin-3 (membrane protein), and cell nuclei followed by confocal imag-

ing. The cross-sectional diameters of smooth muscle bundles and individual

myocytes were quantified using images randomly taken in at least 5 areas of

each section of sample. Contractile proteins alpha smooth muscle actin and

smoothelin were quantified by Western immunoblotting. Nerve density was

measured by immunohistochemical labeling of a pan-neuron marker,

PGP9.5. Nerve-mediated smooth muscle contractility was quantified using

electrical field stimulation. One-way analysis of variance and appropriate

post hoc tests were used for statistical comparisons.
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alone resulted in a disorganized smooth muscle morphology with the

number of small muscle bundles (cross-sectional diameter less than 20

mm) increased 67% (P¼ .004) and the myocyte diameter decreased 22%

(P< .001). Levels of contractile proteins were all decreased vs sham with

alpha smooth muscle actin decreased by 68% (P¼ .009), low-molecular-

weight smoothelin by 51% (P ¼ .014), and high-molecular-weight

smoothelin by 40% (P ¼ .015). Nerve density was decreased by 48%

(P ¼ .03 vs sham) paralleled by a 63% decrease of nerve-mediated

contractility (P ¼ .02). Following the implantation of composite mesh,

the results of measurements were similar to sham (all P > .05), with a

39% increase in the myocyte diameter (P< .001) and a 2-fold increase in

the level of alpha smooth muscle actin relative to Gynemesh (P ¼ .045).

Following the implantation of MatriStem alone, the number of small

muscle bundles were increased 54% vs sham (P¼ .002), while the other

parameters were not significantly different from sham (all P > .05).

CONCLUSION: The implantation of Gynemesh PS had a negative

impact on the structural and functional integrity of vaginal smooth

muscle evidenced by atrophic macro- and microscopic muscle

morphology, decreased innervation, and impaired contractile property,

consistent with a maladaptive remodeling response. The extracellular

matrix bioscaffold (MatriStem), when used with Gynemesh PS as a

composite (2 ply), attenuated the negative impact of Gynemesh PS; when

used alone (6 ply), it induced adaptive remodeling as evidenced by an

increased fraction of small smooth muscle bundles with normal

contractility.
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ymptomatic pelvic organ prolapse is
S a common debilitating gynecologi-
cal condition, affecting 6e31% of the
general population, with an estimated
12.6% lifetime risk for women of un-
dergoing a surgical repair by age 80
years.1e6 While a woman’s own tissues
are often used to restore support to the
pelvic organs, large multicenter trials
show that 40% of these surgeries fail by 2
years,7,8 and the rate increases to 70% at
5 years.9

Polypropylene meshes are frequently
used to overcome the limitations of native
tissue repairs. Unfortunately,meshes have
been associated with increased compli-
cations,10 most commonly mesh expo-
sure through the vaginal epithelium and/
or pain, despite improved anatomical
outcomes.11,12 The impact of poly-
propylene mesh on the vagina and the
mechanism of complications are not
completely understood.
In a primate sacrocolpopexy model,
Gynemesh PS (Gynemesh), a
commonly used prototype of urogyne-
cological mesh (Ethicon, Somerville,
NJ), induced thinning of the vagina
with the greatest impact on the thick-
ness of the vaginal smooth muscle layer
(muscularis) and vaginal contrac-
tility.13,14 Such degenerative changes
likely negatively affect the maintenance
of vaginal tone and future sexual
function, thus having important impli-
cations for a women’s quality of life. To
overcome these mesh-induced degen-
erative changes in the vaginal smooth
muscle, a better understanding of the
pathogenesis is necessary.
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What is the purpose of this study?
Polypropylene prolapse mesh has a negative impact on vaginal smooth muscle
structure and function, which is undesirable. Here we aim to define the
mechanism by which polypropylene mesh exerts its negative effects and further
explore whether the use of an extracellular matrix bioscaffold can modify this
response.

Key findings
Implantation of a polypropylene mesh (Gynemesh PS) induced a maladaptive
remodeling response in vaginal smoothmuscle evidenced by atrophicmacro- and
microscopic muscle morphology, decreased innervation, and decreased
contractility. An extracellular matrix bioscaffold, when used in conjunction with
polypropylene mesh as a composite (2-ply), attenuated the negative impact.
When used alone, the bioscaffold (6-ply) induced tissue remodeling as evidenced
by an increased proportion of small smooth muscle bundles but with normal
myocyte size and normal contractility.

What does this add to what is known?
This study provides critical insight into mechanisms by which Gynemesh PS
exerts a negative impact on vaginal smoothmuscle structure and function and the
modification of that response via application of an extracellular matrix
bioscaffold.
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As one of the stiffest prolapse meshes
available on the market with a stiffness
measured at 0.29 � 0.02 N/mm,15,16 the
implantation of Gynemesh on the vagina
is likely to induce stress shielding, a
phenomenon occurring when a stiffer
material (mesh) shields the softer ma-
terial (vagina) from forces it normally
sustains. Resultantly, the less stiff mate-
rial undergoes a maladaptive remodeling
response characterized by degeneration
and atrophy, often resulting in func-
tional impairment.17e20

We hypothesize that Gynemesh in-
duces a maladaptive remodeling response
in the vaginal smooth muscle through
stress shielding, resulting in thinning of
muscle layer with atrophy of muscle
bundles and myocytes.

In addition, we have shown that a
non-cross-linked extracellular matrix
(ECM) bioscaffold, MatriStem (ACELL,
Columbia, MD), when used in
conjunction with Gynemesh as a com-
posite mesh, attenuated the negative
impact of Gynemesh on the vagina. ECM
bioscaffolds have been shown to pro-
mote tissue reconstructive remodeling
and facilitate tissue regeneration through
immune modulation and progenitor
cell recruitment.21,22 Thus, we further
hypothesize that the microstructure of
vaginal smooth muscle will be improved
by the ECM component in the com-
posite mesh.
In this study, we aimed to test our

hypotheses by characterizing the
microstructure and contractile com-
ponents of vaginal smooth muscle
following the implantation of Gyne-
mesh and the composite mesh with a
2-ply MatriStem via sacrocolpopexy in
a rhesus macaque model. To determine
the independent impact of the ECM
bioscaffold on the vagina, we also
implanted a 6-ply MatriStem alone.
Our rationale for using a 6-ply alone vs

a 2-ply in the composite was to maintain
the initial stiffness of each implant to be
similar to that of Gynemesh. Experi-
mental measurements included cross-
sectional diameters and size distribu-
tions ofmuscle bundles andmyocytes and
expression of smooth muscle contractile
proteins (alpha smooth muscle actin
(aSMA) and smoothelin). Because
innervation is critical for maintaining
normal smooth muscle morphology and
function,23 we also characterized the
nerve density (PGP9.5; a pan-neuron
OCTOBER 2019 Ameri
marker) with a test of nerve-mediated
smooth muscle contractility.

Materials and Methods
The Institutional Animal Care and Use
Committee at the University of Pitts-
burgh authorized the use of nonhuman
primates for this study under Institu-
tional Animal Care and Use Committee
number 1008675.

Surgery
Tissues samples tested in this study were
acquired as described.14,24 Briefly, 32
middle-aged parous rhesus macaques
(Macaca mulatta) underwent proced-
ures of sacrocolpopexy after hysterec-
tomy. Animals were randomized to
undergo either sham surgery (sham, n¼
8) or implantation of Gynemesh PS
(Gynemesh, n ¼ 8), a composite mesh
comprised of Gynemesh plus 2-ply
MatriStem (composite, n ¼ 8) or a 6-
ply MatriStem alone (MatriStem, n ¼
8). All animals had regular menstrual
cycles and were noted to have minimal
prolapse (no prolapse past the hymen)
on standardized preoperative evaluation.

For the implantation of grafts, indi-
vidual 3 � 10 cm2 straps of Gynemesh,
composite mesh, or 6-ply MatriStem
were sutured to the anterior and poste-
rior walls of the vagina using 3-0 poly-
dioxanone suture (Ethicon) and then
fixed to the longitudinal ligament of the
sacrum at S1eS2 using 2 individual
delayed absorbable sutures. In the sham
surgeries, the same dissections were
performed but no mesh was implanted.

Sample preparation
At 3 months following implantation, the
graft-vagina complexes (GVCs) were
removed en bloc and the anterior
portion of the GVCs were processed for
the purposes of morphological,
biochemical and contractile experi-
ments. For histomorphological testing,
full-thickness tissue biopsies were ob-
tained from the anterior grafted vaginal
wall, approximately 2 cm from the apex
and 1 � 0.5 cm2 in size, fixed in 4%
paraformaldehyde, and embedded in
optimum cooling temperature medium
(Tissue-Tek; Miles Laboratories Inc,
Elkhart, IN).
can Journal of Obstetrics & Gynecology 330.e2
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TABLE 1
Demographics of nonhuman primates in the study

Groups Age (y) Gravidity Parity Weight (kg)

Sham (n ¼ 8) 11 (10, 15) 5 (2.75, 6) 2 (1.75, 4.5) 7.1 � 1.3

Gynemesh PS (n ¼ 8) 13 (11.5, 14) 5 (4, 5.75) 3.5 (2, 4) 8.0 � 1.7

Composite (n ¼ 8) 8 (7, 10.25) 3 (1.75, 5) 2 (1.75, 4.25) 7.8 � 1.9

MatriStem (n ¼ 8) 13.5 (12.25, 14) 4 (3.75, 5) 3.5 (3, 4.25) 8.5 � 1.4

P valuea .05 .356 .777 .597

Results are expressed as mean � SD for weight or median (first quartile, third quartile) for age, gravidity, and parity.

a Overall comparison of P value among the groups.

Shaffer et al. Impact of mesh implantation on vaginal smooth muscle. Am J Obstet Gynecol 2019.

Original Research GYNECOLOGY ajog.org
For biochemical analysis, the tissuewas
snap frozen in liquid nitrogen, pulverized,
and stored at e80oC. For contractility
testing, circumferential vaginal strips of
GVCs measuring approximately 2 � 7
mm2 were dissected and tested within 30
minutes of tissue harvest.

Immunofluorescence for the
microstructures of vaginal smooth
muscle
The tissue blocks were cut into 7 mm and
oriented such that the tissue was cut 90o

to the longitudinal axis of vagina.
Caveolin-3 was used to label the cell
membrane of individual myocytes.25,26

aSMA was labeled to delineate the
cytoskeleton of muscle cells and
boundary of muscle bundles.

Tissue sections were incubated with a
mouse monoclonal anti-aSMA (Sigma,
St Louis, MO) at 1:150 for 2 hours at
room temperature followed by a goat
polyclonal antibody caveolin-3 (Santa
Cruz Biotechnology, Dallas, TX) at 1:50
overnight at 4�C. Secondary antibodies
were then applied including Texas Red
conjugated donkey antimouse (Vector,
Burlingame, CA) at 1:300, and fluores-
cein isothiocyanate conjugated bovine
antigoat (Jackson ImmunoResearch,
West Grove, PA) at 1:300. 40, 6-
Diamidino-2-phenylindole was included
in the mounting medium (Vectashield
mounting mediumwith 40, 6-diamidino-
2-phenylindole; Vector) for labeling of
nuclei.

For analysis, 5 randomly selected fields
per section were analyzed using a 90i
Nikon light-fluorescence microscope
330.e3 American Journal of Obstetrics & Gynecol
(Nikon Instruments, Melville, NY) using
a �20 objective for smooth muscle bun-
dles or a Nikon A1 confocal microscope
using a �60 objective for individual
myocytes. Images were analyzed using
NIS-Elements AR3.2 software (Nikon).
Smooth muscle bundles and individual
myocytes were outlined circumferentially
and the minimum cross-sectional di-
ameters were extrapolated using the
software measured as miniferets.

Immunohistochemistry for the
innervation of vaginal smooth
muscle
PGP9.5, a general marker for neuronal
cell bodies and axons, was labeled. The
tissue sections were incubated with a
mouse monoclonal antibody for PGP9.5
(Abcam, Cambridge, MA) at 1:150
overnight at 4�C. Horseradish peroxi-
dase conjugated donkey antimouse
antibody (Vector) was then applied for 1
hour at room temperature. The color
was developed using diaminobenzidine
substrate kit (Abcam) followed by a
counterstain using hematoxylin (Sigma).
Brown color denoted positive labeling.
Nerve density was reported as the per-
centage of PGP9.5-positive area relative
to the measured muscle area.

Western blot for contractile
proteins
Following tissue extraction using a high-
salt buffer (pH 7.5) as previously
described,27 total protein concentration
was determined (DC protein assay;
Bio-Rad, Hercules, CA). Primary anti-
bodies included aSMA at 1:500
ogy OCTOBER 2019
(SAB2500963, goat polyclonal; Sigma),
and smoothelin at 1:500 (R4A, mouse
monoclonal; Invitrogen, Rockford, IL).

Signal intensity of bands was visual-
ized on ChemiDoc touch imaging sys-
tem (Bio-Rad) and quantitated via
Image Lab (version 5.2.1; Bio-Rad). The
blotted membranes were stained with
Coomassie Blue and the protein bands
were quantified as loading controls for
each well. Protein amounts were
expressed as arbitrary units, relative to
the loading control and an internal
positive control (protein extract from a
human prolapsed vagina) that was
loaded in duplicate on each gel.

Contractility testing
An electrical field stimulation (EFS) test
was performed as described.28 Contrac-
tile responses are reported as pro-
portions of maximal contractility
responses induced chemically using 120
mM potassium chloride that were re-
ported in our previous study.14 Histori-
cal data for sham and Gynemesh29 were
reviewed for the comparisons with the
data obtained for the composite mesh
and MatriStem.

Statistical analysis
Sample size was determined using pre-
vious published data (smooth muscle
thickness and contractility) for sham and
Gynemesh PS,13,24 in which at least 8
animals were needed in each group to
achieve significance with a error of
0.05 and power of 0.80. Statistical com-
parisons were made using SPSS 18.0
(SPSS Inc, Chicago, IL).
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FIGURE 1
Morphology and sizes of smooth muscle bundles in vagina

Morphology and sizes (diameter as measured by miniferet) of smooth muscle bundles in the vagina at 3 months following the implantation of Gynemesh
PS, composite mesh, and 6-ply MatriStem. Green represents immunofluorescent labeling of caveolin-3; red represents immunofluorescent labeling of a
smooth muscle actin; blue represents nuclei. Scale bar ¼ 50 mm. Asterisk indicates statistical difference with P < .01.
A, 6-ply MatriStem; G, Gynemesh PS; GA, Gynemesh PS plus 2-ply MatriStem; S, sham.

Shaffer et al. Impact of mesh implantation on vaginal smooth muscle. Am J Obstet Gynecol 2019.
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Because all data followed a normal
distribution, 1-way analysis of variance
with a Tukey post hoc procedure
comparing between groups and a Dun-
nett procedure comparing experimental
groups with sham was performed.
Because the muscle bundles were cate-
gorized by size and represented by per-
centages, the data were also analyzed
using Kruskal-Wallis tests with Mann-
Whitney tests (adjusted for multiple
comparisons) to compare between
groups. Significance was set at P < .05.

Results
Demographic data showed no overall
differences in age, gravidity, parity, or
weight among the groups (Table 1).
Because animals in the composite group
were younger than those in the sham
(P ¼ .028), multivariable regression
modeling was performed, which showed
that age did not have an impact on any of
the experimental outcomes (P > .15).

Histomorphometrics of vaginal
smooth muscle bundles
Vaginal smooth muscle bundles were
clearly demarcated. Following the
implantation of Gynemesh, muscle bun-
dles appeared small and scattered,
whereas bundles in the sham group
appeared larger and more organized
(Figure 1). The average size of muscle
bundles was not significantly different
between sham and Gynemesh (P ¼ .06,
Table 2). However, when bundle sizes
were grouped into small- (<20 mm),
medium- (20e50 mm), and large (>50
mm)-sized bundles, small bundles in
Gynemesh were increased by 67% (65%
� 15% in Gynemesh vs 39% � 13% in
sham, P ¼ .028) with a proportionally
decreased number of medium bundles
(29%� 12% in Gynemesh vs 45%� 8%
in sham, P ¼ .028) and no difference in
the number of large bundles (6%� 7% in
Gynemesh vs 16% � 11% in sham, P ¼
.23).
With the composite mesh, muscle

bundles appeared more organized when
compared with Gynemesh (Figure 1).
The numbers of small (52% � 22%),
medium (37% � 17%), and large (10%
� 5%) bundles were not significantly
different from sham (P ¼ .16, P ¼.18,
and P ¼.44, respectively) or Gynemesh
(P ¼ .61, P ¼ .61, and P ¼ .28,
OCTOBER 2019 Ameri
respectively). The average diameter of
muscle bundles in the composite mesh
was between the values of sham and
Gynemesh (composite vs sham, P ¼ .33;
composite vs Gynemesh, P ¼ .41,
respectively, Table 2).

With the 6-ply MatriStem alone, the
muscle bundles appeared smaller but
were well organized, similar to sham
(Figure 1). The number of small bundles
(60% � 7%) was increased by 54%
(MatriStem vs sham, P ¼ .033) with a
parallel decrease in the medium (32% �
6%, MatriStem vs sham, P ¼ .039) and
large (8%� 4%,Matristem vs sham, P¼
.13) bundles relative to sham. The
average diameter of muscle bundles in
the MatriStem was 26% lower than the
sham (MatriStem vs sham, P ¼ .018,
Table 2).

Histomorphometrics of vaginal
smooth muscle myocytes
Following Gynemesh implantation,
myocytes appeared irregular and flat-
tened as opposed to cuboidal or round-
like myocytes present in sham
(Figure 2). The average size of individual
myocytes, represented by minimal
can Journal of Obstetrics & Gynecology 330.e4
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TABLE 2
Functional and morphometric analysis of the vaginal smooth muscle after the implantation of Gynemesh PS (n[ 8),
composite mesh (n [ 8), and 6-ply MatriStem (n [ 8) as compared with sham (n [ 8)

Variables

Morphometrics Innervation Contractility

Bundle size in average (mm) Myocyte size in average (mm) Nerve density (ratio) EFS (g/g)

Sham 30.5 � 8.0 3.6 � 0.3 0.048 � 0.016 0.48 � 0.28a

Gynemesh PS 22.4 � 7.2 2.8 � 0.2b 0.024 � 0.009b 0.18 � 0.16a,b

Composite 26.1 � 9.5 3.9 � 0.6 0.054 � 0.027 0.41 � 0.24

MatriStem 22.5 � 2.8b 3.4 � 0.2 0.045 � 0.011 0.47 � 0.25

P valuec .117 < .001 .114 .281

Results are expressed as mean � standard deviation. EFS: electrical field stimulation.

a historical data.29; b P < .05 when compared with sham; c P values of overall comparisons among groups.

Shaffer et al. Impact of mesh implantation on vaginal smooth muscle. Am J Obstet Gynecol 2019.

Original Research GYNECOLOGY ajog.org
cross-sectional diameter, was 22%
smaller as compared with sham (2.8 �
0.2 mm in Gynemesh vs 3.6 � 0.3 mm in
sham, P < .001, Table 2).

The distribution histograms of the
diameter of individual myocytes showed
that the peak value of sham centered at
3e4 mm, whereas the peak value of
Gynemesh shifted left and centered at 3
mm. There were significantly more
myocytes with diameters smaller than 3
mm and fewer myocytes with diameters
larger than 5 mm in the Gynemesh as
compared with sham (all P < .01,
Figure 2).

With the composite mesh, the myo-
cytes showed a typical round contour
similar to sham (Figure 2). The average
cell size was measured at 3.9 � 0.6 mm,
which was 39% larger than that for
Gynemesh (composite vs Gynemesh, P
< .001) and similar to that of sham
(composite vs sham, P¼.2, Table 2). The
distribution histogram of myocyte di-
ameters exhibited a pattern similar to
sham.

With MatriStem alone, the myocytes
appeared round with a similar
appearance to that of sham (Figure 2).
The average cell size was 3.4 � 0.2 mm,
which was 21% larger than that for the
Gynemesh (MatriStem vs Gynemesh, P
< .001) and similar to sham (MatriS-
tem vs sham, P ¼ .28, Table 2). The
distribution histogram of myocyte di-
ameters showed a pattern similar to
sham (Figure 2).
330.e5 American Journal of Obstetrics & Gynecol
Vaginal contractile proteins
A single band (w42 kDa) was detected
for aSMA and 3 bands (w130, 70, and
73 kDa) for smoothelin (Figure 3).
Smoothelin is a marker of highly differ-
entiated contractile smooth muscle cells
with a long isoform typically expressed
in vessels and a short isoform expressed
in visceral muscle.30 Here we identified
the long isoform at approximately 130
kDa (smoothelin high molecular weight
[HMW]) and the short isoform as a
doublet at roughly 70 and 73 kDa
(smoothelin low molecular weight
[LMW]).
Following the Gynemesh implanta-

tion, both contractile proteins were
reduced with aSMA decreased by 68%,
smoothelin HMW by 40%, and
smoothelin LMW by 51% relative to
sham (P ¼ .009, P ¼ .015, P ¼ .014,
respectively). With the composite mesh,
the level of aSMA was increased 2-fold
over the Gynemesh (composite vs
Gynemesh, P ¼ .045) and was similar to
sham (composite vs sham, P ¼ .48).
Smoothelin HMW and LMW were not
statistically different from sham (P¼ .21
and P ¼ .24, respectively) or Gynemesh
(P ¼ .31 and P ¼ .08, respectively).
With the MatriStem alone, both con-

tractile proteins were preserved with
levels higher than Gynemesh (MatriS-
tem vs Gynemesh: aSMA, P ¼ .003,
smoothelin HMW, P¼ .038, smoothelin
LMW, P ¼ .041) and close to sham
(MatriStem vs Sham: aSMA, P ¼ .60,
ogy OCTOBER 2019
smoothelin HMW, P ¼ .91, smoothelin
LMW, P ¼ .25).

Vaginal innervation
Overall nerve density was reduced by
48% following Gynemesh implantation
as compared with sham (Gynemesh vs
sham, P¼ .033, Table 2), consistent with
prior report.29 With the composite, the
nerve density was restored to a level
comparable with sham (composite vs
sham, P ¼ .71) but was not significantly
different from Gynemesh (composite vs
Gynemesh, P ¼ .08). With MatriStem
alone, the nerve density was not statis-
tically different from the sham (MatriS-
tem vs sham, P ¼ .74) and was 47%
higher than Gynemesh (MatriStem vs
Gynemesh, P ¼ .019).

EFS contractility
The values of EFS contractility (Table 2), a
measure of nerve-mediated smooth
muscle contractility, paralleled our find-
ings of nerve density. The contractility
was significantly decreased by 63% in
Gynemesh when compared with sham
(Gynemesh vs sham, P¼ .02).29 With the
composite, the contractility was increased
to a level close to sham (composite vs
sham, P ¼ .55) but not statistically
different from Gynemesh (composite vs
Gynemesh, P¼ .05). With the MatriStem
alone, the contractility was similar to
sham (MatriStem vs Sham, P ¼ .89) and
62% higher than Gynemesh (MatriStem
vs Gynemesh, P ¼ .02).
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FIGURE 2
Morphology and size distribution of smooth muscle myocytes in vagina

Morphology and size distribution (diameter as measured by miniferet) of smooth muscle myocytes in the vagina at 3 months following the implantation of
Gynemesh PS, composite mesh, and 6-ply MatriStem. Green represents immunofluorescent labeling of caveolin-3; red represents immunofluorescent
labeling of a smooth muscle actin; blue represents nuclei. Scale bar ¼ 20 mm.
A, 6-ply MatriStem; G, Gynemesh PS; GA, Gynemesh PS plus 2-ply MatriStem; S, sham.

Shaffer et al. Impact of mesh implantation on vaginal smooth muscle. Am J Obstet Gynecol 2019.
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FIGURE 3
Semiquantification of contractile proteins

Semiquantification of contractile proteins: aSMA and SMTL in the vagina at 3 months following the implantation of Gynemesh PS, composite mesh, and
6-ply MatriStem. Asterisk indicates statistical difference with P < .05.
A, 6-ply MatriStem; aSMA, a smooth muscle actin; G, Gynemesh PS; GA, Gynemesh PS plus 2-ply MatriStem; HMW, high molecular weight; LMW, low molecular weight; S, sham; SMTL, smoothelin.

Shaffer et al. Impact of mesh implantation on vaginal smooth muscle. Am J Obstet Gynecol 2019.
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Comment
Principal findings of this study
The findings of this study provide
essential evidence towards exploring the
mechanisms by which the implantation
of Gynemesh and/or ECM bioscaffold
has an impact on the vaginal smooth
muscle structure and function in terms
of micromorphology, contractile prop-
erties, and innervation. Gynemesh im-
plantation resulted in an increase in
smaller-sized smooth muscle bundles
and myocytes with decreased expres-
sions of contractile proteins and
reduced nerve density, strongly sup-
porting the hypothesis of smooth
muscle atrophy following the mesh
implantation.

The negative impact of Gynemesh was
reversed, in part, by the 2-ply MatriStem
in the composite mesh. When used
330.e7 American Journal of Obstetrics & Gynecol
alone, the 6-ply MatriStem may induce
an adaptive response in the vaginal
smooth muscle as evidenced by an
increased fraction of small smooth
muscle bundles with absence of altered
myocyte size or contractile function.

Interpretation of results and
implications
In line with our previous observation
that the loss of vaginal contractility
following the implantation of Gynemesh
was closely associated with the thinning
of vaginal muscularis,13,14,29 the findings
of this study further suggest that the loss
of contractile function is a cumulative
result of atrophy, possibly induced
by stress shielding. In virtually
all other fields of biomaterials, stress
shielding is known to induce a
maladaptive remodeling response
ogy OCTOBER 2019
characterized by degeneration and atro-
phy, similar to what we have observed
here.

As one of the stiffest prolapse
meshes15,16 on the market, Gynemesh
has an unstable pore geometry, which
further increases stiffness via pore
collapse when the mesh is tensioned and
loaded.31,32 The ensuing differences in
stiffness between the mesh and vagina
become greater and increase the negative
effect of stress shielding.

Because smooth muscle myocytes are
highly sensitive to mechanical cues and
undergo different plasticity changes
when exposed to forces at variable de-
grees,33,34 it is likely that the vaginal
muscularis undergoes atrophy in
response to the stress shielding brought
by the implantation of Gynemesh.
Notably, the stiffness of knitted
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polypropylene mesh correlates positively
to mesh weight and negatively to mesh
porosity15 (ie, less stiff mesh usually has
lighter weight and higher porosity,
properties being associated with an
improved host response). Thus, to
isolate the role of stiffness in the impact
of mesh on the vaginal smoothmuscle, it
is necessary to control the other mesh
properties (weight and porosity) in
future investigations. While other factors
such as mesh associated chronic
inflammation may also play a role in the
process of smooth muscle atrophy,35e37

more studies are needed to fully eluci-
date the mechanisms of mesh-induced
muscularis atrophy.

Given that women with prolapse
already have compromised vaginal
smooth muscle in terms of volume and
bundle size,38e41 further negative impact
incurred with mesh implantation is un-
desirable. Corresponding to our previ-
ous findings that the composite mesh
composed of Gynemesh and 2-ply
MatriStem attenuated the degenerative
changes of vagina induced by Gyne-
mesh,24 the current findings provided
further evidence on the preventive role
of MatriStem in the progression of
smooth muscle atrophy, showing im-
provements in the size of myocytes and
the levels of contractile proteins.

The ECM bioscaffold may function to
attenuate the worsening effect of stress
shielding of Gynemesh by stabilizing the
mesh geometry, thereby physically pre-
venting the mesh deformation (pore
collapse and buckling). Furthermore,
the bioscaffold may also play a role in
dampening the proinflammatory re-
sponses in the local mesh area and
facilitating the regeneration of smooth
muscle.42,43 Clinically, presurgical treat-
ments that have positive effect on the
structure of vaginal wall, such as topical
application of estrogen, may be benefi-
cial, while it is unclear whether such
treatments also counteract the negative
effect of mesh implantation.

Despite an initial stiffness similar to
that of Gynemesh, the 6-ply MatriStem
alone did not induce overall negative
impact on the microstructure, innerva-
tion, and contractility of vaginal smooth
muscle, which is in line with our
previous findings.24 Although the frac-
tion of smaller smooth muscle bundles
was increased, themytocyte morphology
and the content of contractile proteins
were not altered. Together with the
preservation of innervation and nerve-
mediated contractility, these findings
suggest that MatriStem induced an
adaptive remodeling response. Any po-
tential adverse effect of the initial high
stiffness of 6-ply MatriStem may have
been eliminated by rapid breakdown and
remodeling of the bioscaffold during the
process.

Strengths and limitations
The main strengths of the study include
the following: (1) a mechanistic study
bringing new understanding of the
impact of polypropylene mesh and/or
ECM bioscaffold on the vaginal smooth
muscle; and (2) the use of the rhesus
macaque model, a robust animal model
in pelvic organ prolapse research
resembling human closely, allows con-
trol of variables.
One limitation of this study is that a

relatively small number of animals was
used. An increased sample size may have
allowed us to see differences where they
were not observed in this study such as
the decrease of average size of muscle
bundles in Gynemesh PS vs sham, and
the improvement of nerve density and
nerve-mediated contractility in the
composite mesh relative to Gynemesh.
Indeed, a post hoc power analysis
showed that the current sample size was
able to achieve 79% and 56% power to
discern the differences of nerve density
and contractility between composite
mesh and Gynemesh respectively, sug-
gesting that an increase in sample size
will corroborate the findings of protec-
tive effect of 2-ply MatriStem in the
composite mesh on vaginal muscularis.
In addition, by using an animal model,
we must extrapolate the results to
applicability for human surgical in-
terventions. Thus, more work is needed
before the results can be directly trans-
lated to humans.

Conclusions
The implantation of Gynemesh PS had a
negative impact on the structural and
OCTOBER 2019 Ameri
functional integrity of vaginal smooth
muscle, consistent with a maladaptive
remodeling response. The ECM bio-
scaffold (MatriStem), when used with
Gynemesh PS as a composite (2 ply),
attenuated the negative impact of
Gynemesh PS; when used alone (6 ply),
induced an adaptive remodeling in the
vaginal muscularis.

Future studies are warranted to
elucidate the impact of mesh stiffness on
the vaginal smooth muscle in animal
models including the investigation of
softer polymers better matched with the
mechanical properties of the vagina.
Such studies will inform future mesh
designs for use in prolapse surgeries and
improve outcomes of prolapse
surgeries. n
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