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BACKGROUND: Structural and functional changes of the rat pelvic RESULTS: Unsupervised clustering of the data showed clear
floor muscles during pregnancy, specifically, sarcomerogenesis, increase

in extracellular matrix content, and higher passive tension at larger strains

protect the integral muscle components against birth injury. The mech-

anisms underlying these antepartum alterations are unknown. Quantitative

proteomics is an unbiased method of identifying protein expression

changes in differentially conditioned samples. Therefore, proteomics

analysis provides an opportunity to identify molecular mechanisms un-

derlying antepartum muscle plasticity.

OBJECTIVE: To elucidate putative mechanisms accountable for

pregnancy-induced adaptations of the pelvic floor muscles, and to identify

other novel antepartum alterations of the pelvic floor muscles.

MATERIALS AND METHODS: Pelvic floor muscles, comprised of

coccygeus, iliocaudalis, and pubocaudalis, and nonpelvic limb muscle,

tibialis anterior, were harvested from 3-month-old nonpregnant and late-

pregnant Sprague-Dawley rats. After tissue homogenization, trypsin-

digested peptides were analyzed by ultra-high-performance liquid chro-

matography coupled with tandem mass spectroscopy using nano-spray

ionization. Peptide identification and label free relative quantification

analysis were carried out using Peaks Studio 8.5 software (Bioinformatics

Solutions Inc., Waterloo, ON, Canada). Proteomics data were visualized

using the Qlucore Omics Explorer (New York, NY). Differentially expressed

peptides were identified using the multi-group differential expression

function, with q-value cutoff set at <0.05. Proteomic signatures of the

pelvic floor muscles were compared to nonpelvic limb muscle and

between nonpregnant and pregnant states.
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separation between samples from nonpregnant and pregnant ani-

mals along principal component 1 and between pelvic and nonpelvic

muscles along principal component 2. Four major gene clusters

were identified segregating proteomic signatures of muscles exam-

ined in nonpregnant vs pregnant states: (1) proteins increased in the

pelvic floor muscles only; (2) proteins increased in the pelvic floor

muscles and tibialis anterior; (3) proteins decreased in the pelvic

floor muscles and tibialis anterior; and (4) proteins decreased in the

pelvic floor muscles alone. Cluster 1 included proteins involved in

cell cycle progression and differentiation. Cluster 2 contained pro-

teins that participate in mitochondrial metabolism. Cluster 3 included

proteins involved in transcription, signal transduction, and phos-

phorylation. Cluster 4 comprised proteins involved in calcium-

mediated regulation of muscle contraction via the troponin tropo-

myosin complex.

CONCLUSION: Pelvic floor muscles gain a distinct proteomic

signature in pregnancy, which provides a mechanistic foundation for

the antepartum physiological alterations acquired by these muscles.

Variability in genes encoding these proteins may alter plasticity of the

pelvic floor muscles and therefore the extent of the protective

pregnancy-induced adaptations. Furthermore, pelvic floor muscles’

proteome is divergent from that of the nonpelvic skeletal muscles.
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proteomics, rat
elvic floor disorders, including
P pelvic organ prolapse and urinary
and fecal incontinence, are exceedingly
common conditions, with a prevalence
of 23.7% among community-dwelling
women in the United States.1 These
chronic disorders have a tremendous
negative impact on quality of life. Pelvic
floor muscle (PFM) dysfunction is a
major risk factor for the development of
pelvic floor disorders, especially pelvic
organ prolapse. Although multiple pre-
disposing and promoting factors have
been identified, the single most signifi-
cant event accountable for PFM
dysfunction is vaginal delivery. During
vaginal birth, PFMs are hypothesized to
elongate up to 300% of resting length.2,3

In the limb skeletal muscles, such strains
consistently result in muscle injury,
suggesting that all vaginally parous
women should sustain PFM injury.4

Surprisingly, only w30% of vaginally
parous women demonstrate radiologi-
cally visible PFM injury.5 PFMs likely
undergo adaptations that change muscle
physiological limits to facilitate fetal de-
livery, while protecting against maternal
injury. Given ethical constraints associ-
ated with directly probing these muscles
in living women, we rely on direct tissue-
level studies of PFMs in animal models
to help us uncover the reasons for the
above. The rat model is used in this
study, as it has been previously demon-
strated to be an excellentmodel for tissue
changes in pregnancy,6e8 and the rat
pelvic floor muscle anatomy and archi-
tecture are similar to those of humans.9,10

Our previous investigations have also
demonstrated protective pregnancy-
induced adaptations of the rat
PFMs that favorably alter muscle
response to strains associated with de-
livery.11 These adaptations, specifically,
sarcomerogenesis, increase in intramus-
cular extracellular matrix content, and
higher passive tension at larger strains,
appear to be critical to the PFMs’ ability
to withstand excessive parturition-
related strains by attenuating sarcomere
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Why was this study conducted?
This study elucidates putative mechanisms underlying protective pregnancy-
induced adaptations in rat pelvic floor muscles and identifies novel antepartum
proteomic alterations of pelvic muscles.

Key findings
� Pregnancy increases pelvic floor muscles’ expression of proteins that stimulate

cell proliferation and decrease apoptosis.
� Expression of fast skeletal muscle protein isoforms decreases in pelvic floor

muscles during pregnancy, suggesting fast to slow fiber type transition.
� Muscle metabolism in pregnancy favors aerobic respiration with increased

expression of oxidative enzymes and mitochondrial proteins, consistent with
the transition in fiber phenotype.

What does this add to what is known?
We identified candidate modulators of protective pregnancy-induced adapta-
tions of rat pelvic floor muscles, specifically pathways involved in muscle resident
stem cell component and muscle metabolism. Understanding antepartum
changes in pelvic muscles is essential to harness their endogenous potential to
prevent or mitigate maternal birth injury.
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hyperelongation and thus preventing
muscle injury.11e13 Consequently, a
deeper understanding of the cellular and
molecular mechanisms underlying these
structural and functional adaptations is
needed to be able to harness the endog-
enous plasticity of PFMs. Building on
our previous studies, we sought to obtain
a global understanding of the rat PFMs’
response to pregnancy, by using an un-
biased quantitative proteomic approach.

Quantitative proteomics offers an op-
portunity to simultaneously identify and
quantify thousands of proteins within a
tissue. With quantitative mass spec-
trometry analysis, identification of rela-
tively small changes in protein expression
between different conditions can be
accomplished. As a result, small but
biologically significant protein alterations
in multiple signaling pathways can be
studied concurrently. Proteomics pro-
vides direct assessment of the biologically
relevant protein levels, which often
only modestly correlate with mRNA
expression due to posttranscriptional
regulatory mechanisms.14e16 Here, we
used an unbiased quantitative proteomic
approach to accomplish the following
objectives: (1) to elucidate putative
mechanisms accountable for pregnancy-
induced adaptations of PFMs, and (2)
to identify other novel antepartum
alterations of PFMs.

Materials and Methods
Muscle procurement
The University of California San Diego
Institutional Animal Care and Use
Committee approved all study proced-
ures. Nulligravid nonpregnant (n ¼ 3)
and primigravid late pregnant (n ¼ 3)
3-month-old Sprague-Dawley rats were
obtained from Envigo (Indianapolis,
IN). Nonpregnant animals were in
similar parts of the estrous cycle as
determined by vaginal smear. Pregnant
rats were in day 20e21 of gestation.
Animals were sacrificed, and pelvic
floor muscles, including coccygeus (C)
and the individual components of the
levator ani, pubocaudalis (PCa) and
iliocaudalis (ICa), were harvested.17

Tibialis anterior (TA), a hind limb
skeletal muscle, served as a nonpelvic
control.

Sample preparation for mass
spectroscopy
Muscles were snap frozen in liquid ni-
trogen and sectioned on Leica Cryostat
(Buffalo Grove, IL) to mechanically
disrupt the tissue. Tissue was suspended
in 1% sodium dodecyl sulfate in
AUGUST 2019 Ameri
phosphate-buffered saline solution and
incubated overnight at room tempera-
ture. Samples were then centrifuged, and
pelleted solids were resuspended in 1%
sodium dodecyl sulfate in phosphate-
buffered saline solution and then dis-
rupted by brief homogenization. Next,
tryptic digest and peptide isolation were
performed by filter-aided sample prep-
aration, as previously described.18 In
brief, samples in 4% sodium dodecyl
sulfate and 10 mM dithithreotide were
applied to spin filters, incubated at room
temperature for 10 minutes, and boiled
at 100�C for 5 minutes. Spin columns
were washed with 0.1 M Tris 8M urea.
Samples were carboxymethylated with
0.5 mg/mL of iodoacetamide for 20 mi-
nutes at 37�C in the dark and then
washed with urea solution. Tryptic digest
was performed on spin filter with 0.03
mg/mL trypsin in 50 mM ammonium
bicarbonate overnight at 37�C. Spin fil-
ters were washed with 50 mM ammo-
nium bicarbonate, and peptides were
eluted with 0.5 M sodium chloride.
Elutant was dried with speed vac and
resuspended in 0.5% trifluoracetic acid
and 5% acetonitrile. Samples were zip
tipped (Millipore, Burlington, MA) per
the manufacturer’s instructions.

Mass spectroscopy
Trypsin-digested peptides were analyzed
by ultra-high-pressure liquid chroma-
tography coupled with tandem mass
spectroscopy using nano-spray ioniza-
tion. The nanospray ionization experi-
ments were performed using a TripleTof
5600 hybrid mass spectrometer
(ABSCIEX) interfaced with nano-scale
reversed-phase ultra-high-pressure
liquid chromatography (Waters Corpo-
ration nano ACQUITY, Milford, MA)
using a 20 cme75 mm ID glass capillary
packed with 2.5 mm C18 (130) CSHTM
beads (Waters Corporation). Peptides
were eluted from the C18 column into
the mass spectrometer using a linear
gradient (5e80%) of acetonitrile (ACN)
at a flow rate of 250 mL/min for 1 hour.
The buffers used to create the ACN
gradient were as follows: buffer A (98%
H2O, 2% ACN, 0.1% formic acid, and
0.005% trifuoroacetic acid), and buffer B
can Journal of Obstetrics & Gynecology 130.e2
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FIGURE 1
Principal component analysis of tryptic peptides from the rat pelvic floor
muscles and tibialis anterior

Unsupervised clustering of the data demonstrating a clear separation between samples from
nonpregnant (NP) (spheres) and pregnant (P) (squares) rats along principal component 1 (PC1).
Clustering separated pelvic floor muscles (pubocaudalis (PCa), blue; iliocaudalis (ICa), green; and
coccygeus (C), orange) from tibialis anterior (TA) (black) along principal component 2 (PC2).
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(100% ACN, 0.1% formic acid, and
0.005% trifuoroacetic acid). MS/MS
data were acquired in a data-dependent
manner in which the MS1 data were
acquired for 250 milliseconds at m/z of
400e1250 Da and the MS/MS data were
acquired from m/z of 50e2000 Da. The
independent data acquisition parameters
were as follows: MS1-TOF acquisition
time of 250 milliseconds, followed by 50
MS2 events of 48 milliseconds acquisi-
tion time for each event. The threshold
to trigger MS2 event was set to 150
counts when the ion had the charge
state þ2, þ3, and þ4. The ion exclusion
time was set to 4 seconds. Peptide iden-
tification and label-free quantification
analysis were carried out using Peaks
Studio 8.5 software (Bioinformatics So-
lutions Inc, Waterloo, ON, Canada).

Statistical and functional analysis
For power analysis, the effect size and
standard deviation are needed a priori,
which is not possible for exploratory
studies such as this one, as no prior data
are available. We opted for a resource
equation approach with repeated-
measures analysis of variance, based on
which our sample size calculation yiel-
ded 3 animals per group. Proteomics
data were visualized using the Qlucore
Omics Explorer (Qlucore, New York,
NY). Differentially expressed peptides
were identified using the multigroup
differential expression function (equiv-
alent to analysis of variance), with a q-
value cutoff set at <0.05 and log2FC set
at �1.5. Proteomic signatures of the
pelvic floor muscles were compared to
nonpelvic limb muscle, as well as in
nonpregnant and pregnant states.
Significantly different peptides were
imported into the online Database for
Annotation, Visualization and Inte-
grated Discovery (DAVID) v6.8 to iden-
tify biological pathways. P-values
and Benjamini scores (globally corrected
P value to control for familywise false
discovery rate) were generated by
DAVID using previously established
methods.19e23

Results
We assessed differential peptide expres-
sion in PFMs (PCa, ICa, C) and TA,
130.e3 American Journal of Obstetrics & Gynecol
procured from nonpregnant and preg-
nant rats using principal component
analysis. Principal component 1, which
accounted for 12% of the variability
among samples, drew a clear separation
between samples from nonpregnant and
pregnant animals (Figure 1). Principal
component 2 segregated PFMs from TA,
accounting for an additional 10% vari-
ability between samples (Figure 1). A total
of 63 peptides had significantly different
expression between nonpregnant and
pregnant states. Of these, 9 proteins were
increased and 8 were decreased specif-
ically in PFMs of the pregnant rats,
whereas 17 were increased and 13 were
decreased in the pregnant group in all
muscles examined. This allowed the
identification of 4 separate clusters as
follows: (1) proteins increased only in
PFMs in pregnancy; (2) proteins
increased in both PFMs and TA, in
pregnancy; (3) proteins decreased in both
PFMs and TA in pregnancy; and (4)
proteins decreased only in PFMs in
pregnancy (Figure 2).
Cluster 1
Pathway analysis of the proteins
comprising cluster 1 (Figure 3A), to our
surprise, did not identify any pathways
containing more than 1 of these proteins.
Consequently, we decided to examine the
ogy AUGUST 2019
specific expression pattern for each pro-
tein. Using this approach, we identified 2
categories of proteins, as demonstrated in
Figure 3B: (1) proteins with high expres-
sion in nonpregnant rats that undergo
minimal changes during pregnancy; and
(2) proteins with low expression in
nonpregnant animals that undergo large
changes during pregnancy.

We focused on the proteins in the
second category, as they had the great-
est changes in expression during preg-
nancy. Of the 5 proteins identified,
none have been previously well char-
acterized in skeletal muscle. However,
two proteins (S100a6 and Camk2b)
have known functions in cell prolifera-
tion, which was intriguing in the
context of sarcomerogenesis that occurs
during pregnancy selectively in
PFMs.12,13 S100a6 is a member of the
S100 family of proteins, known to
regulate cell proliferation and differen-
tiation in a calcium dependent
fashion.24 Camk2b has been shown to
prevent apoptosis in hippocampal
neurons.25 Although these proteins
seem unrelated, their concurrent
change during pregnancy likely con-
tributes to the sarcomerogenesis of
PFMs. S100a6, which is known to
stimulate cell proliferation, may stimu-
late resident muscle stem cells, termed

http://www.AJOG.org


FIGURE 2
Heat map of tryptic digest peptides from rat pelvic floor muscles (PFMs) and
tibialis anterior (TA)

Heat map demonstrating 4 major gene clusters (black boxes). Cluster 1: proteins increased in
pregnancy only in PFMs. Cluster 2: proteins increased in in pregnancy in both PFMs and TA. Cluster
3: proteins decreased in pregnancy in both PFMs and TA. Cluster 4: proteins decreased in pregnancy
only in PFMs. Colors represent relative quantification of protein abundance in log2 intensity scale,
with blue indicating the lowest and red the highest protein expression. Gene names encoding
differentially expressed proteins are listed on the right side of the heatmap.
C, coccygeus; ICa, iliocaudalis; PCa, pubocaudalis.

Burnett et al. Proteomic alterations during pregnancy in rat pelvic muscles. Am J Obstet Gynecol 2019.
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satellite cells, that are imperative for
sarcomerogenesis, whereas Camk2b
may limit apoptosis in the same cellular
compartment.

Cluster 2
A total of 17 proteins were significantly
increased in all muscles examined dur-
ing pregnancy (Figure 4A). Using DA-
VID analysis, we identified 8 pathways
that included 9 of these proteins
(Figure 4B). Closer examination of
these pathways revealed enrichment in
metabolic regulation and mitochondrial
function. Many pathways seemingly
unrelated to skeletal muscles, such as
Parkinson, Huntington, and Alzheimer
disease pathways, identified compo-
nents of the mitochondrial electron
transport chain, including Atp5f1b
(Complex I), and Ndufs1 and Ndufa5
(Complex V). These proteins were also
identified as part of the oxidative
phosphorylation pathway and meta-
bolic pathway.
The metabolic pathway also included

enzymes critical for cellular respiration
and energy production, including com-
ponents of the malate shuttle (Got2,
Mdh2) and glycolysis (Gpi, Ak1).
AUGUST 2019 Ameri
Specific expression patterns for each
protein were examined and demon-
strated 2 patterns. Metabolic enzymes
and Complex I components were
expressed in high levels in nonpregnant
animals with a small increase in preg-
nancy. On the other hand, components
of Complex V had lower expression in
nonpregnant animals and greater in-
crease in expression during pregnancy,
as illustrated in Figure 4C. Overall, we
identified 9 proteins critical for cellular
metabolism and regulation of mito-
chondrial adenosine triphosphate (ATP)
generation that were increased during
pregnancy, suggesting an upsurge in
muscle metabolic activity overall, and
mitochondrial respiration in particular.

Cluster 3
A total of 13 proteins were significantly
decreased during pregnancy in all mus-
cles examined (Figure 5A). Pathway
analysis identified 2 pathways, which
included only 4 of the proteins in this
cluster (Figure 5B). Thus, we examined
protein-specific expression changes to
identify proteins with the largest de-
creases in expression during pregnancy.
All members of this cluster had similar
baseline expression in nonpregnant an-
imals; however 8 proteins had a dramatic
decrease in expression in the pregnant
group. Many of these proteins are
involved in cell growth (Rpf2, Smc2,
Tb1d1) and cell signaling (Celsr3, Scyl2),
and 1 protein, Camk2g, has a known
function in skeletal muscle: regulation of
calcium release from the sarcoplasmic
reticulum.26 Overall, we found that
multiple cell growth and signaling pro-
teins were decreased, suggesting restric-
tion of cell growth and muscle fiber size
during pregnancy.

Cluster 4
A total of 7 proteins were significantly
decreased in pregnancy only in PFMs
(Figure 6A). Pathway analysis identified
5 pathways that contained 5 of these
proteins (Figure 6B). Interestingly,
protein-specific expression patterns
showed that all proteins exhibited a
similar decrease in expression, as illus-
trated in Figure 6C. Thus, we focused on
the pathways identified, as the pattern of
can Journal of Obstetrics & Gynecology 130.e4
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FIGURE 3
Proteomic analysis of cluster 1 proteins that are increased in pregnancy only in the pelvic floor muscles

A, Significantly increased proteins in the pelvic floor muscles during pregnancy with difference in relative quantification of protein expression derived from
peptide intensity in coccygeus (C), iliocaudalis (ICa), pubocaudalis (PCa) and nonpelvic limb muscle, tibialis anterior (TA) expressed in log2. B, Graphical
representation of protein expression in the pelvic floor muscles (pink) and nonpelvic muscle (black) expressed in log2. P values derived from 2-way
analysis of variance, followed by Tukey’s range post hoc pairwise comparisons with significance level set to 5%.

Burnett et al. Proteomic alterations during pregnancy in rat pelvic muscles. Am J Obstet Gynecol 2019.
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expression did not vary between the
proteins in this cluster. Of 5 pathways, 4
included components of mitochondrial
Complex III (Uqcrh, Uqcrb). Additional
proteins identified in these pathways
included members of the troponin
complex (Tnnc2 and Tnnt3). The
troponin complex, comprising 3 pro-
teins (troponin I, T, and C), is integral
for skeletal and cardiac muscle active
contraction. Muscle force production in
skeletal muscles is controlled primarily
by changes in intracellular calcium
130.e5 American Journal of Obstetrics & Gynecol
concentration that alter binding of the
troponins. Tnnc2 and Tnnt3 correspond
to troponin C and T isoforms found in
fast skeletal muscle.27 Parvalbumin
(Pvalb) is also found almost exclusively
in fast-contracting muscles; it accelerates
the contractionerelaxation cycle of fast
twitch muscle by speeding the rate of
relaxation via calcium shuttling.28

Overall, we found that multiple fast
skeletal muscle protein isoforms, which
are involved in regulation of muscle
contraction, are decreased in PFMs in
ogy AUGUST 2019
pregnancy, suggesting a transition from
fast to slow fiber type.

Comment
This is the first study to examine the
molecular mechanisms accountable for
pregnancy-induced adaptations in rat
pelvic floormuscles. There are 3 primary
findings of our study. First, pregnancy
fundamentally alters protein expression
in all skeletal muscles examined. Second,
protein expression in PFMs is different
from that of nonpelvic skeletal muscles.

http://www.AJOG.org


FIGURE 4
Proteomic analysis of cluster 2 proteins that are increased in pregnancy in the pelvic floor muscles and
tibialis anterior

A, Significantly increased proteins in the pelvic floor muscles and tibialis anterior during pregnancy with difference in relative quantification of protein
expression derived from peptide intensity in coccygeus (C), iliocaudalis (ICa), pubocaudalis (PCa) and nonpelvic limb muscle, tibialis anterior (TA)
expressed in log2. P values derived from 2-way analysis of variance, followed by Tukey’s range post hoc testing with significance level set to 5%. B,
Pathways identified by Database for Annotation, Visualization and Integrated Discovery (DAVID) analysis of protein significantly increased in PFMs and TA
during pregnancy with count of proteins included in each pathway (column 2). P values and Benjamini scores (globally corrected P value to control for
familywise false discovery rate) were generated by DAVID using previously established methods.19e23 C, Graphical representation of protein expression
in the pelvic floor muscles (pink) and nonpelvic muscle (black) expressed in log2.

Burnett et al. Proteomic alterations during pregnancy in rat pelvic muscles. Am J Obstet Gynecol 2019.
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Third, individual pelvic floor muscles
have unique alterations in protein
expression under physiological condi-
tions of pregnancy.

With respect to the first point, we un-
covered that proteomic expression
changes in all skeletal muscles during
pregnancy are mainly related to muscle
metabolism. Known characteristics asso-
ciated with greater oxidative capacity of
skeletal muscle include increased mito-
chondrial density, increased oxidative
enzymes, and reduced fiber size.29,30 We
saw increased expression of proteins
critical for cellular metabolism and
regulation of mitochondrial ATP gener-
ation during pregnancy suggesting an
increase in metabolic activity, particularly
of mitochondrial respiration in response
to physiological conditions associated
with pregnancy. Consistent with this in-
crease in respiration, we observed a
decrease in multiple cell growth and
signaling proteins during pregnancy. This
decrease is suggestive of restriction of cell
growth and muscle fiber size needed to
facilitate aerobic respiration in highly
oxidative fibers.31
AUGUST 2019 Ameri
In addition to shared protein expres-
sion alterations in pregnancy, we also
identified differential protein expression
in PFMs compared to nonpelvic muscle.
These differences were evident in both
pregnant and nonpregnant states. Thus,
our data indicate that PFMs are inher-
ently different from the limb muscle
despite their structural similarity. These
findings suggest that PFMs may be
uniquely equipped to respond to the
stimuli of pregnancy with subsequent
specific proteomic alterations resulting in
muscle adaptations.
can Journal of Obstetrics & Gynecology 130.e6
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FIGURE 5
Proteomic analysis of cluster 3 proteins that are decreased in pregnancy in the pelvic floor muscles and
tibialis anterior

A, Significantly decreased proteins in the pelvic floor muscles and tibialis anterior during pregnancy with difference in relative quantification of protein
expression derived from peptide intensity in coccygeus (C), iliocaudalis (ICa), pubocaudalis (PCa), and nonpelvic limb muscle, tibialis anterior (TA)
expressed in log2. P values derived from 2-way analysis of variance, followed by Tukey’s range post hoc testing with significance level set to 5%. B,
Pathways identified by Database for Annotation, Visualization and Integrated Discovery (DAVID) analysis of protein significantly decreased in PFMs and TA
during pregnancy with count of proteins included in each pathway (column 2). P values and Benjamini scores (globally corrected P value to control for
familywise false discovery rate) were generated by DAVID using previously established methods.19e23 C, Graphical representation of protein expression
in pelvic floor muscles (pink) and nonpelvic muscle (black) expressed in log2.

Burnett et al. Proteomic alterations during pregnancy in rat pelvic muscles. Am J Obstet Gynecol 2019.
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Sarcomerogenesis, or addition of sar-
comeres in series, that increases resting
fiber length is the major structural
pregnancy-induced adaptation identified
in rat PFMs thus far.11,13 Sarcomero-
genesis is a highly regulated process of
sarcomere assembly and addition within
muscle fibers associated with increase in
myonuclei number.32e34 During these
processes, quiescent resident muscle stem
cells (satellite cells) become activated and
progress through the myogenic
lineage.35e37 Here we show a higher
expression of proteins known to increase
130.e7 American Journal of Obstetrics & Gynecol
cell proliferation and to decrease
apoptosis in PFMs during pregnancy.
Such changes appear favorable for pro-
moting satellite cell expansion, in turn
facilitating sarcomerogenesis of PFMs
that occurs under the physiological con-
ditions of pregnancy.
We also discovered a decrease in mul-

tiple fast skeletal muscle protein isoforms
in PFMs in pregnancy, supporting a
transition from fast (glycolytic) to slow
(oxidative) fiber phenotype. This fiber
phenotype transition is unique to PFMs
but complementary to the overall changes
ogy AUGUST 2019
observed in all skeletal muscles examined,
as slow fiber type is associated with
increased aerobic respiration. These novel
discoveries set the stage for the future
studies aimed at comparing PFMs’
metabolic function under nonpregnant
and pregnant conditions.

Inherent limitations of our study
include the use of an animal model to
simulate human conditions. Conse-
quently it is unknown whether these
specific protein expression changes
occur in women during pregnancy.
However, because of the inability to
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FIGURE 6
Proteomic analysis of cluster 4 proteins that are decreased in pregnancy in the pelvic floor muscles

A, Significantly decreased proteins in the pelvic floor muscles during pregnancy, with difference in relative quantification of protein expression derived
from peptide intensity in coccygeus (C), iliocaudalis (ICa), pubocaudalis (PCa) and nonpelvic limb muscle, tibialis anterior (TA) expressed in log2. P values
derived from 2-way analysis of variance, followed by Tukey’s range post hoc testing with significance level set to 5%. B, Pathways identified by Database
for Annotation, Visualization and Integrated Discovery (DAVID) analysis of protein significantly decreased in PFMs during pregnancy with count of proteins
included in each pathway (column 2). P values and Benjamini scores (globally corrected P value to control for familywise false discovery rate) were
generated by DAVID using previously established methods.19e23. C, Graphical representation of protein expression in the pelvic floor muscles (pink)
and nonpelvic muscle (black) expressed in log2.

Burnett et al. Proteomic alterations during pregnancy in rat pelvic muscles. Am J Obstet Gynecol 2019.
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directly sample PFMs in pregnant
women, animal models are critical to our
understanding of the molecular biology
of PFMs. The rat in particular has been
identified as a representative model for
studies of the pelvic floor during preg-
nancy and delivery.7,8,12,38 Despite more
favorable maternal pelvic-to-fetal size
ratio in the rat compared to humans, rat
PFMs demonstrate substantial pheno-
typic and functional adaptations. The
above suggests that the human PFMs
also undergo significant adaptations.
The current study serves as a basis for
identification of possible candidate
modulators of pregnancy-induced ad-
aptations. Whether these modulators
directly alter pelvic organ prolapse risk is
currently unknown.However, our future
goals include perturbing these signaling
pathways to directly examine their pro-
tective role against the untoward effects
of birth injury.
The diversity and extent of hormonal
and physiological alterations associated
with pregnancy that alter functionality of
virtually every organ system represent
one of the most striking nonpathological
transformations observed in
nature.39e41 Our data support the dra-
matic impact of pregnancy on skeletal
muscles, as the pregnant state accounts
for the highest degree of variability in
muscle protein expression. Future
studies are needed to validate and
localize the proteomic changes observed
in this study, and to identify the
specific stimuli during pregnancy that
direct protein expression to achieve
protective adaptations of the pelvic floor
muscles. n
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