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Abstract

Pelvic organ prolapse (POP) in lysyl oxidase like-1 knockout (Loxl1 KO) mice occurs primarily in

parous mice and is rare in nulliparous mice. We determined the effect of Loxl1 deficiency on

postpartum regulation of connective tissue metabolism genes and degradative enzyme activity

in the vagina at 20 days gestation or 4 h, 48 h, 7 days, 15 days, 25 days, 7 weeks, or 12

weeks postpartum. Nulliparous Loxl1 KO and wildtype (WT) mice aged 11, 18, or 23 weeks were

controls. Gene expression and enzyme activity were assessed using real-time quantitative reverse

transcription PCR and fluorescein conjugated gelatin zymography, respectively. Parity, but not

aging, had a significant influence on gene expression both with time postpartum and between

KO and WT mice. Mmp2, Timp1, Timp2, Timp3, Timp4, Col1a1, Col3a1, Acta2, and Bmp1 were

differentially expressed between KO and WT mice. Correlational analysis of gene-gene pairs

revealed 10 significant differences between parous KO and WT groups, 5 of which were due to lack

of co-expression of Bmp1 in KO mice. The overall enzyme activity that could be attributed to MMPs

was significantly higher in WT compared to KO mice both 25 days and 12 weeks postpartum, and

MMP activity was significantly lower 15 days and 25 days postpartum compared to KO nulliparous

controls, but not WT. These findings suggest that Loxl1 deficiency combined with parity has a

significant impact on postpartum regulation of connective tissue metabolism, particularly as it

relates to co-expression of Bmp1 and altered proteolytic activity.
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Summary Sentence

Loxl1 deficiency combined with parity has a significant impact on regulation of connective tissue

metabolism in the vagina during puerperium, particularly as it relates to the co-expression of genes

with Bmp1.
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Introduction

Pelvic organ prolapse (POP) is defined as the descent of the anterior,
posterior, and/or apical vaginal compartment(s) with protrusion
of one or more pelvic organs (e.g., bladder, uterus, posthysterec-
tomy vaginal cuff, small bowel, or rectum) into the vagina [1].
Nearly half of all women in their fifth decade and beyond have evi-
dence of POP on physical exam [2]. Symptomatic POP significantly
affects quality of life in terms of discomfort, pain, and embarrass-
ment that negatively impacts self-esteem, relationships, and sexual
health [1].

POP is a highly prevalent condition accounting for nearly
1.5 million office visits annually [3]. Moreover, 12.6% of women
will require surgical repair for POP by the age of 80 [4]. Despite the
high incidence of POP, little is known regarding its pathophysiology.
Therefore, current treatment options primarily involve surgical
reconstruction, which does not address the underlying mechanisms
of disease [5, 6]. Unfortunately, many of these surgeries, which
aim to lift the prolapsed organs back into their anatomical
position(s), have proven suboptimal with reoperation rates as high as
29.2% [7].

Collagens in pelvic connective tissues are composed primarily of
collagen III (82%) and collagen I (13%) [8]. The major components
of these proteins are encoded by collagen type I alpha 1 (Col1a1) and
collagen type III alpha 1 (Col3a1) genes. Unlike collagens, elastic
fibers are normally a stable component of the extracellular matrix
(ECM) and turn over primarily during pregnancy and parturition [9].
The synthesis of elastic fibers requires tropoelastin (the monomeric
form of elastin) and several cross-linking enzymes including lysyl
oxidases and fibulins [10]. Lysyl oxidases, which cross-link both
collagens and elastin, require activation by bone morphogenetic
protein 1 (Bmp1), a matrix metalloproteinase that also cleaves the
C-terminal propeptide of procollagen chains [11].

Lysyl oxidase like 1 (LOXL1) is known to be involved in the
cross linking of tropoelastin monomers to generate mature elastin
polymers. LOXL1 expression has been shown to be aberrant in
patients with POP compared to those without POP [12–17]. Among
other phenotypic characteristics, parous mice deficient in the Loxl1
gene develop POP [18]. The biomechanical properties of the vagina
and its support tissues are similar in nulliparous Loxl1 KO and
WT mice with the exception of ultimate load at failure, which is
suggestive of mechanically weaker tissues [19]. Yet, unlike other
mouse models of POP (e.g., Fbln5 KO), nulliparous Loxl1 KO mice
rarely develop POP [20, 21]. In women, parity is a leading risk factor
for POP, and likewise, parity drives POP development in Loxl1 KO
mice [21–23]. Less than 30% of primiparous mice develop POP
by 12 weeks after delivery, whereas over 50% of mice allowed to
breed to parity 3 develop POP by 12 weeks after first delivery, and
over 80% develop POP by parity 5 [23]. Furthermore, like women,
evading the process of parturition via Cesarean section (C-section)
reduces but does not eliminate the risk of POP in these mice [24,
25]. Therefore, understanding the mechanisms of postpartum tissue
recovery in Loxl1 KO mice may lead to a better understanding of
the pathophysiology of POP in parous women.

Given that repeat parity consistently results in POP develop-
ment in these animals, we aimed to investigate the regulation of
connective tissue metabolism genes around puerperium of parity
1. We hypothesized that the expression profile of genes involved
in connective tissue metabolism is altered after vaginal delivery. To
test this hypothesis, we determined expression levels of key matrix
metalloproteinases (Mmp2, Mmp9, Mmp12), tissue inhibitors of
metalloproteinases (Timp1, Timp2, Timp3, Timp4), and several
genes involved in ECM synthesis including collagen type 1 (Col1a1),
collagen type 3 (Col3a1), fibulin 5 (Fbln5), alpha smooth muscle
actin (Acta2), and bone morphogenetic protein 1 (Bmp1) in the
vagina of Loxl1 KO and WT mice across a series of time points. We
further evaluated degradative enzyme activity in these mice during
and after puerperium.

Materials and methods

Animals

All animal protocols were approved by the Institutional Animal Care
and Use Committee of the Cleveland Clinic. Loxl1 KO mice (n = 85)
were obtained from multiple breeding pairs in an already established
colony in our laboratory. Female wild-type B6129F1/J mice (n = 80)
were obtained from Jackson Laboratory (Cat #101043, Bar Harbor,
MA, USA). The B6129SF1/J strain was chosen because Loxl1 KO
mice are of a similar genetic background.

Female mice were housed with male mice in single breeding
pairs at 8–9 weeks of age and allowed to breed ad libitum. The
pairs were allowed to cohabitate for 2 weeks at which time the
males were removed from the cage. All animals were housed under
a 12-h light cycle. We chose to study Loxl1 KO mice because they
provide a relevant animal model of POP in which development of
POP is generally dependent on repeat parity and occurs many weeks
postpartum [21]. Since the focus of this study was on gene expression
during peurperium of parity 1, we did not observe POP in the mice
in this study.

Experimental design

Given that the primary interest of this study was to assess postpartum
changes in the vagina, we studied seven postpartum time points,
one pregnant time point, and three ages of nulliparous mice as
age-matched controls (Table 1). For all postpartum time points, the
pups were removed immediately after birth (4 and 48 h postpartum
groups) or within 24 h of birth (7 days, 15 days, 25 days, 7 weeks,
and 12 weeks postpartum groups). The pregnant time point (∼20
gestation) was included to assess connective tissue metabolism just
prior to delivery. Female mice in our colony consistently deliver
pups approximately 21 days after the date they are first set up
with a male. For the pregnant time point, if vaginal plugs were
not observed after cohabitation, then visibly pregnant mice were
euthanized 20 days after the date a male was placed in the cage.
Additionally, fetal crown-rump lengths were assessed to confirm late
gestation pregnancy.
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Table 1. Experimental design.

Time Point KO WT mRNA Enzyme Activity Age Euthanized

Pregnant n = 7 n = 5 X 11–12 weeks
4 h postpartum n = 6 n = 7 X 11–12 weeks
48 h postpartum n = 7 n = 9 X 11–12 weeks
7-Day postpartum n = 11 n = 12 X 12–13 weeks
15-Day postpartum n = 7 n = 7 X X 13–14 weeks
25-Day postpartum n = 11 n = 8 X X 14–15 weeks
7-Week postpartum n = 8 n = 7 X 18–19 weeks
12-Week postpartum n = 8 n = 7 X X 23–24 weeks
11-Week nulliparous n = 10 n = 10 X X 11–12 weeks
18-Week nulliparous n = 5 n = 4 X 18–19 weeks
23-Week nulliparous n = 6 n = 5 X X 23–24 weeks
Subtotal n = 86 n = 81
Total n = 167

Note: n values represent the number of animals used for gene expression analyses. An n of 4–6 was used for enzyme activity assays at each time point.

To assess the effect of aging and to provide a nulliparous control
arm to the study, Loxl1 KO and WT nulliparous animals (aged 11,
18, and 23 weeks) were utilized.

At each time point, vaginas were harvested under anesthesia using
2.5% isoflurane in oxygen. Briefly, a midline abdominal incision was
made, and the pubic symphysis was disarticulated. The bladder was
dissected from surrounding tissues. The urethra was carefully dis-
sected from the anterior vaginal wall using microsurgical instruments
and a surgical microscope. The uterine horns were transected, and
the cervix was used to apply traction to the vagina. The vagina was
removed via incisions at the fornices and junction with the perineal
skin. In the initial phases of the study, the vaginas were placed in
cryovials on dry ice and stored in −80 ◦C following the procedure.
However, preliminary analyses showed that half of each vagina
was sufficient for extraction of mRNA and protein. Therefore, for
most animals, the vagina was transected longitudinally to produce
symmetrical halves—one half was allocated for mRNA and another
half for protein extraction.

RNA isolation and cDNA generation

Frozen vagina specimen were placed a pocket of aluminum foil
and placed in liquid nitrogen for approximately 15 s. Subsequently,
a hemostat was used to pulverize the tissue within the foil. The
crushed tissue was then placed in a microcentrifuge tube, and total
RNA was isolated using an RNAqueous-4PCR kit (Cat. AM1914,
Life Technologies, Grand Island, NY, USA) according to the man-
ufacturer’s protocol. Following DNase treatment and inactivation,
the RNA concentration of each sample was determined using a
NanoDrop ND-1000 Spectrophotometer (Thermo Scientific, Wilm-
ington, DE, USA). Reverse transcription was performed using a High-
Capacity cDNA Reverse Transcription Kit with RNase Inhibitor
(Cat. 4374966, Life Technologies, Grand Island, NY, USA) in a 20-
μL reaction volume with ∼ 300 ng of total RNA, random primers,
dNTP mix, and 1 unit of MultiScribe reverse transcriptase at 25 ◦C
for 10 min, 37 ◦C for 120 min, and 85 ◦C for 5 min.

Real-time quantitative reverse transcription PCR

Real-time quantitative reverse transcription PCR (qRT-PCR) was
used to assess gene expression. Approximately, 30 ng of input cDNA
was used in each 25 μL amplification reaction using TaqMan Gene
Expression Master Mix (Cat. 4369016, Life Technologies, Grand

Table 2. Primer probes.

Gene Name Gene Symbol Assay ID

Matrix metalloproteinase 2 Mmp2 Mm00439498_m1
Matrix metalloproteinase 9 Mmp9 Mm00442991_m1
Matrix metalloproteinase 12 Mmp12 Mm00500554_m1
Tissue inhibitor of
metalloproteinase 1

Timp1 Mm00441818_m1

Tissue inhibitor of
metalloproteinase 2

Timp2 Mm00441825_m1

Tissue inhibitor of
metalloproteinase 3

Timp3 Mm00441826_m1

Tissue inhibitor of
metalloproteinase 4

Timp4 Mm01184417_m1

Collagen type I alpha 1 Col1a1 Mm00801666_g1
Collagen type III alpha 1 Col3a1 Mm01254476_m1
Fibulin 5 Fbln5 Mm00488601_m1
Bone morphogenetic protein 1 Bmp1 Mm00802220_m1
Smooth muscle alpha actin 2 Acta2 Mm01546133_m1
18s Ribosomal RNA 18 s 4319413E

Note: All primer probes purchased from Life Technologies, Inc.

Island, NY, USA) and TaqMan primer-probes (Table 2). Each reac-
tion was carried out using the ABI 7500 Real-time PCR system (Life
Technologies, Grand Island, NY, USA). The standard curve method
was used to determine the relative amount of each target gene.

Protein extraction

Protein was extracted from vaginal specimen by first pulverizing
tissues using aluminum foil and liquid nitrogen as detailed above.
Subsequently, the pulverized sample was placed in a microcentrifuge
tube and 100 μL of homogenization buffer per 10 mg tissue (wet
weight). The homogenization buffer consisted of 10 mM Tris–
HCl (pH 7.4), 150 mM NaCl, 10 mM CaCl2, and 0.1% Triton-X
100. Following addition of the homogenization buffer, the samples
were placed on ice and homogenized using a tissue grinder and
microcentrifuge pestle. The samples were then centrifuged at 10 000
× g for 30 min at 4 ◦C in a microcentrifuge. The supernatant was
collected and frozen at −80 ◦C until testing.
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Enzyme activity assay

The BCA protein quantification assay (Cat # 23225, Pierce Biotech-
nology, Thermo Scientific, Rockford, IL, USA) was used to quantify
the protein concentration of each sample according to manufac-
turer’s instructions. Bovine serum albumin in phosphate buffered
saline was used as the standard curve. Absorbance was read at
562 nm, and a second-order polynomial fit was used to extrapolate
protein concentrations. For analysis of enzyme activity, the EnzChek
Gelatinase/Collagenase Assay Kit (Cat # E-12055, Molecular Probes,
Eugene, OR, USA) was used according to manufacturer’s instruc-
tions. This assay utilizes a proprietary fluorescein conjugated gelatin
substrate (DQ gelatin), whose fluorescence is quenched in the undi-
gested form. Upon digestion with gelatinases and collagenases, the
substrate yields highly fluorescent peptides. The change in fluores-
cence is proportional to proteolytic activity.

To determine the optimal incubation time, concentration of
DQ gelatin, and input protein, a series of preliminary assays were
performed. Incubation times ranging from 4 to 24 h, DQ gelatin
concentrations ranging from 6.25 to 75 μg/mL per reaction, and
input protein amounts ranging from 2 to 30 μg per 200 μL reaction
were tested in an optimization matrix. The combination with the
optimal signal-to-noise ratio was chosen as follows: incubation
time, 24 h; DQ gelatin concentration, 100 μg/mL; input protein,
15 μg/200 μL reaction.

To determine the differential contribution of MMPs and serine
proteases on overall proteolytic activity, parallel assays using
ethylenediaminetetraacetic acid (EDTA) and phenylmethylsulfonyl
fluoride (PMSF) were performed. EDTA is a well-established
inhibitor of MMPs and was used at a final concentration of
10 mM per reaction. PMSF, which is a broad-spectrum serine
protease inhibitor, was used at a final concentration of 2.2 mM
per reaction. Background fluorescence values were obtained from
appropriate blank reactions (i.e., reaction buffer only, reaction
buffer + EDTA, reaction buffer + PMSF). Fluorescence without
inhibitors, fluorescence in the presence of inhibitors, and percent
MMP and serine protease activity were reported. The latter was
calculated using the following equations:

%MMP activity =
(

Fno inhibitors − FEDTA

Fno inhibitor

)
× 100

%Serine protease activity =
(

Fno inhibitors − FPMSF

Fno inhibitor

)
× 100

where Fno inhibitors is the fluorescence without any inhibitors, FEDTA

is the fluorescence in the presence of EDTA, and FPMSF is the
fluorescence of PMSF.

Statistical analyses

All statistical analyses were performed using GraphPad Prism Ver-
sion 6.05 (GraphPad Software Inc., La Jolla, CA, USA). To determine
the effect of Loxl1 deficiency, we compared KO and WT groups at
each time point using one-way ANOVA followed by the Holm-Sidak
posthoc test. To determine changes in gene expression as a function
of age, we compared nulliparous mice in various age groups (11, 18,
and 23 weeks) in Loxl1 KO and WT mice using one-way ANOVA
followed by the Holm-Sidak posthoc test. In addition to determin-
ing significant differences in overall expression levels of each gene
between KO and WT mice, we also investigated the correlational
relationships between these genes [26]. To identify genes that are
co-expressed (i.e., linearly associated) Pearson’s correlations analysis
was performed between genes within each group. To determine

Table 3. Demographics.

KO WT P-Value

Age at breeding (weeks)a 8.5 ± 0.6 8.5 ± 0.7 0.882
Age at delivery (weeks)b 11.7 ± 0.6 11.4 ± 0.6 0.057
Gestation (days) 21.6 ± 1.4 20.7 ± 1.6 0.003
Number of pups/deliveryc 7.4 ± 1.7 8 ± 1.4 0.044
Animal weights (g)d

48 h postpartum 19.9 ± 0.7 21.9 ± 0.8 0.172
7-Day postpartum 19.6 ± 1.2 21.5 ± 0.9 0.172
25-Day postpartum 19.9 ± 0.4 24 ± 1.9 0.004
7-Week postpartum 19.1 ± 1.1 22.5 ± 0.8 0.001
12-Week postpartum 20.7 ± 1.3 22.4 ± 2.4 0.172
11-Week-old nulliparous 16.3 ± 0.5 18.5 ± 1.1 0.172
18-Week-old nulliparous 18.7 ± 0.7 23.5 ± 1 <0.001
23-Week-old nulliparous 18.4 ± 1 27.6 ± 4.8 <0.0001

Overall P-value <0.0001

Note: Data presented as mean ± standard deviation. A two-tailed t-test was used to assess
significance with P < 0.05 indicating a significant difference between groups.
aAge of animals at the date of initial male/female cohabitation.
bAge of animals at date of delivery.
cIncludes stillborn and live pups.
dWeight of animal prior to euthanasia.

whether correlation coefficients in KO mice were significantly differ-
ent from WT mice, the Fisher r-to-z transformation was performed
and z was applied using a normal distribution to determine P-values
[27]. To determine whether the magnitude of effect of one gene on
another gene was significantly different in KO mice compared to WT
mice, linear regression analysis was performed between genes within
each group. Preliminary analyses showed that the average distance
between points and the regression line was proportional to values on
the Y-axis. Therefore, the linear regression was weighted by 1/Y2. To
determine whether regression slopes in KO mice were significantly
different from WT mice, z was computed as the difference between
KO and WT slopes divided by the standard error of the difference
between the slopes. Subsequently, z was applied using a t-distribution
to determine P-values [28].

GraphPad Prism’s ROUT (Robust regression and Outlier
removal) algorithm, which is based on methods developed by
Motulsky and Brown [29], was used to identify potential outliers
prior to statistical analyses. For assessment of relative gene
expression, the ROUT coefficient (Q) was set at 1% (at least 99%
of the identified outliers will be real be outliers). This identified
outliers at each time point for each group. One-way ANOVA,
Pearson’s correlation, and linear regression analyses were performed
on data once outliers were removed. P < 0.05 was used to determine
statistical significance. Data are presented as mean ± standard error.

Results

A total of 167 mice were used for this study. Demographics are
presented in Table 3. Loxl1 KO mice delivered approximately 1 day
later than WT mice (P = 0.003) and, the litter size of Loxl1 KO
mice was significantly smaller than WT mice (P = 0.044). Overall,
WT mice were heavier than Loxl1 KO mice at each time point
(P < 0.0001).

Aging did not play a significant role in gene expression
at the studied time points with the exception of Bmp1, which
was upregulated in 18-week-old nulliparous WT mice compared to
nulliparous 11-week-old WT mice (Figures 1 and 2).
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Figure 1. Relative Mmp and Timp gene expression levels in lysyl oxidase like-1 (Loxl1) knockout (KO) and wildtype (WT) mice at several time points postpartum

and in pregnant (Preg) and age-matched nulliparous mice. Symbols represent mean ± standard error of data from n = 5–10 mice. P < 0.05 considered

statistically significant (one-way ANOVA with Holm-Sidak posthoc test). WT vs KO statistical significance indicators: †Parous WT vs Parous KO; ‡Nulliparous

WT vs Nulliparous KO; aNulliparous KO vs Parous KO; bNulliparous WT vs Parous WT. Nulliparous KO vs Nulliparous KO statistical significance indicators:
c11 weeks vs 18 weeks, d11 weeks vs 23 weeks, and e18 weeks vs 23 weeks. Nulliparous WT vs Nulliparous WT statistical significance indicators: f11 weeks vs

18 weeks, g11 weeks vs 23 weeks, and h18 weeks vs 23 weeks.
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Figure 2. Relative gene expression levels of Col1a1, Col3a1, Fbln5, Acta2, and Bmp1 in lysyl oxidase like-1 (Loxl1) knockout (KO) and wildtype (WT) mice at

several time points postpartum and in pregnant (Preg) and age-matched nulliparous mice. Symbols represent mean ± standard error of data from n = 4–10

mice. P < 0.05 considered statistically significant (one-way ANOVA with Holm-Sidak posthoc test). WT vs KO statistical significance indicators: †Parous WT vs

Parous KO; ‡Nulliparous WT vs Nulliparous KO; aNulliparous KO vs Parous KO; bNulliparous WT vs Parous WT. Nulliparous KO vs Nulliparous KO statistical

significance indicators: c11 weeks vs 18 weeks, d11 weeks vs 23 weeks, and e18 weeks vs 23 weeks. Nulliparous WT vs Nulliparous WT statistical significance

indicators: f11 weeks vs 18 weeks, g11 weeks vs 23 weeks, and h18 weeks vs 23 weeks.

Mmp2, Timp1, Timp2, Timp3, Timp4, Col1a1, Col3a1, Acta2, and
Bmp1 were all differentially expressed between KO and WT animals
(Figures 1 and 2). Beginning with the earliest time points, Bmp1
was downregulated 4 h postpartum in KO compared to WT mice.
Subsequently, Timp1 was downregulated 48 h postpartum, whereas

Timp4 was upregulated at the same time point in KO compared to
WT mice. Seven days postpartum, Mmp2, Timp2, Timp3, Col1a1,
Col3a1, and Acta2 were downregulated in KO compared to WT
mice. However, there were no differences between KO and WT
mice 15 days, 25 days, 7 weeks, or 12 weeks postpartum. Among



922 Ali Borazjani et al., 2019, Vol. 101, No. 5

nulliparous animals, only Timp3 and Acta2 were upregulated
in 18-week-old nulliparous WT mice compared to age-matched
nulliparous KO mice.

There was a distinct pattern of upregulation in Mmp9, Mmp12,
Timp1, and Bmp1 beginning at 4 or 48 h followed by a return
to prepregnancy expression levels by 25 days postpartum in WT
mice (Figures 1 and 2). This pattern was preserved in KO mice with
the exception of Bmp1, which was not upregulated until 15 days
postpartum. There were no differences between 7 or 12 weeks
postpartum mice and their age-matched nulliparous mice (18 and
23 weeks age, respectively) in any of the genes assessed.

Compared to 11-week-old nulliparous mice, Timp2, Col1a1,
Col3a1, and Acta2 were upregulated at 20 days gestation (G20D)
in KO but not WT mice. However, Mmp9, Mmp12, and Timp1
were upregulated 48 h postpartum in both WT and KO mice. Mmp2
and Timp4 were upregulated 48 h in KO, but not WT mice. Mmp9
was upregulated 7 and 15 days postpartum in WT, but not KO
mice. Fifteen and 25 days postpartum, Timp3 was downregulated
in KO mice, whereas Bmp1 was upregulated compared to 11-
week-old nulliparous mice (Figures 1 and 2). Although Fbln5 was
downregulated 25 days postpartum in KO mice, there were no other
significant differences either within groups or between groups in its
gene expression.

Pearson’s correlation analysis revealed multiple co-expressed
genes in both parous and nulliparous mice (Figure 3). The total
number of statistically significant correlations was higher in parous
animals than in nulliparous animals (KO mice: 33 nulliparous vs 39
parous; WT mice: 27 nulliparous vs 45 parous).

As was observed with analyses of relative gene expression
levels, parity resulted in increased aberrant co-expression of genes
in KO compared to WT mice (Figure 4). In total, 16 significant
differences were identified among correlation coefficients, the
majority of which occurred only in parous animals. Of the 10
significant differences observed in parous animals, 5 involved Bmp1
(Figure 4A). These specific gene–gene pairs included Bmp1-Timp3,
Bmp1-Col1a1, Bmp1-Col3a1, Bmp1-Fbln5, and Bmp1-Acta2.
These five differences were all a result of a lack of co-expression with
Bmp1 in KO mice (Figure 3A). Analyses of linear regression lines
showed that the slopes between these genes were all significantly
higher in WT compared to KO mice, with the exception of Bmp1-
Acta2 (Figure 4B). Overall, the following gene–gene pairs were
found to have both significantly different correlation coefficients
and slopes: Bmp1-Timp3 (parous only), Bmp1-Col1a1 (parous
and nulliparous), Bmp1-Col3a1 (parous only), Bmp1-Fbln5 (parous
only), Bmp1-Acta2 (nulliparous only), Timp1-Mmp9 (nulliparous
only), and Timp1-Mmp12 (nulliparous only).

There were no differences in overall collagenase/gelatinase activ-
ity between Loxl1 KO and WT mice (Figure 5A). There was sig-
nificantly more enzyme activity in 15 days postpartum WT mice
compared to nulliparous WT controls. As a result, there was also
significantly more enzyme activity in the presence of EDTA and
PMSF in 15 days postpartum WT mice compared to nulliparous
WT controls (Figure 5B and C). Overall, enzyme activity steadily
decreased from 15 days to 12 weeks postpartum in WT mice
(Figure 5A). In contrast, this trend was not observed in KO mice.
The percentage of overall enzyme activity that could be attributed to
MMPs was significantly higher in WT compared to KO mice at both
25 days (69.9 ± 4.4% vs 39.1 ± 6.1%, P = 0.003) and 12 weeks
postpartum (75.4 ± 5.8% vs 50.1 ± 8.1%, P = 0.006) (Figure 5D).
Moreover, percent MMP activity was significantly lower 15 and
25 days postpartum compared to nulliparous controls in KO, but

not in WT mice (Figure 5D). There were no significant differences
between groups or time points with regards to percent serine protease
activity.

Discussion

Epidemiological studies suggest that the pathologic processes leading
to POP likely begin with pregnancy and vaginal childbirth [1].
Intriguingly, some women, even after several vaginal deliveries, never
develop the disorder, while others may be afflicted after a single deliv-
ery. Furthermore, evading the process of parturition via Cesarean
section may not completely eliminate the risk of POP [30].

ECM remodeling of the pelvic soft tissues occurs during the
peripartum period, and is likely modulated by connective tissue
degradative enzymes including matrix metallopeptidases (MMPs)
and their tissue inhibitors (TIMPs) [31–34]. Case-controlled studies
investigating alterations in connective tissue metabolism (as evident
by changes in MMPs and TIMPs) have found significant differences
between patients with POP compared to those without POP [35].

Although a few studies that investigate the regulation of con-
nective tissue metabolism genes during pregnancy and puerperium
in the mouse vagina have been performed [31, 36], our study was
the first to investigate both Mmps and Timps, as well as key genes
involved in connective tissue synthesis (i.e., Col1a1, Col3a1, Fbln5,
and Acta2). We found that several genes (including Mmp9, Mmp12,
Timp1, and Bmp1) demonstrated a distinct pattern characterized by
upregulation in gene expression during the early postpartum period
followed by a return to prepregnancy state. This is consistent with
a previous study by Drewes et al. that found a surge in elastic
fiber synthesis and Mmp gene expression following delivery [36]. In
our study, the earliest regulated event was evident 4 h postpartum,
when Bmp1 was significantly upregulated compared to nulliparous
controls in WT mice. This finding was not observed in KO mice,
until at least 15 days postpartum. Given that BMP1 is required for
activation of LOXL1, which is required for physiologic elastic fiber
repair, it is plausible that the lack of upregulation in KO mice may
be due to a decreased demand for Bmp1 [11, 18, 37].

In addition to activation of LOXL1, BMP1 is known to play
a significant role collagen synthesis [38, 39]. Therefore, aberrant
regulation of Bmp1 could impact the regulation of other connec-
tive tissue metabolism genes. Indeed, we found that of the 10
significant differences observed between correlational analysis of
gene–gene pairs, 5 involved Bmp1. These specific gene–gene pairs
included Bmp1-Timp3, Bmp1-Col1a1, Bmp1-Col3a1, Bmp1-Fbln5,
and Bmp1-Acta2. Moreover, all these differences were a result of
a lack of co-expression of Bmp1 in KO mice. These results were
further confirmed by linear regression analyses, which showed that
the slopes between these genes were all significantly higher in WT
mice compared to KO mice, with the exception of Bmp1-Acta2.

Further comparisons of KO and WT mice revealed differential
expression of multiple genes in addition to Bmp1. Seven days post-
partum, WT mice demonstrated a pattern of upregulation involving
6 of the 12 genes we investigated. Specifically, Mmp2, Timp2, Timp3,
Col1a1, Col3a1, and Acta2 were all upregulated in WT compared to
KO mice. Interestingly, these are most of the same genes that were
aberrantly correlated with Bmp1. Overall, these findings are consis-
tent with the hypothesis that Loxl1 deficiency results in a decreased
demand for Bmp1 and that this results in aberrant downstream
regulation of other connective tissue metabolism genes.

The specific finding that Acta2 is upregulated in concert with
Col1a1 and Mmp2 is suggestive of the phenomena of fibroblast
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Figure 3. Correlation matrices and linear regression analysis. Correlation matrices with scatter plots and regression lines are presented in panels A–D. Panels A,

B, C, and D illustrate gene–gene correlations between genes in parous KO mice, parous WT mice, nulliparous KO mice, and nulliparous WT mice, respectively.

Shaded boxes indicate a significant Pearson’s correlation coefficient (P < 0.05) between the specified gene–gene pair.

activation. Fibroblasts have been shown to acquire an activated
phenotype in response to stimuli induced by tissue injury [40]. These
stimuli include transforming growth factor-β (TGFβ), epidermal
growth factor (EGF), platelet-derived growth factor (PDGF), and
fibroblast growth factor 2 (FGF2) [40, 41]. Activated fibroblasts
synthesize large amounts of ECM components, express α-smooth-
muscle actin (e.g., Acta2), and upregulate production of MMPs,
including Mmp2 [41, 42]. Overall, these changes enable alterations
in ECM composition and turnover [41].

Given that the primary markers of an activated fibroblast include
expression of alpha smooth muscle, COL1, and Mmp2 [42–45],
we propose that connective tissue recovery in Loxl1 KO mice
could be impeded by the lack of fibroblast activation. Given the
similarity between Loxl1 KO mice and women with regards to the
association of parity and POP, it is possible that a similar defect
in postpartum recovery occurs in women that go on to develop
POP. Moreover, this observation presents a potential promising
prophylactic and/or therapeutic approach for the prevention of

POP. Nonetheless, these preliminary in vivo findings merit further
investigation.

Our study was strengthened by the inclusion of multiple nul-
liparous time points (ages 11–23 weeks), which allowed us to
investigate the effect of aging on gene expression. We found that
Bmp1 was upregulated in 18-week-old WT mice compared to 11-
week-old WT mice. We found no other significant differences across
nulliparous time points in any of the other genes, suggesting that
aging did not play a significant role in gene expression at the selected
time points and that the majority of ECM enzyme regulation is parity
dependent. Since mice pups are ready to wean by 3–4 weeks of age
and dams that are allowed to breed ad libitum deliver their next litter
soon after weaning of pups [46, 47], it is probable that the process of
connective tissue recovery during puerperium in mice is complete by
approximately 4 weeks postpartum. In support of this, we found no
differences in gene expression of mice 7 and 12 weeks postpartum
compared to age-matched controls. Therefore, our results indicate
that connective tissue metabolism at the level of transcription is
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Figure 4. Statistical comparisons of correlation coefficients and regression lines. Comparisons between parous KO and parous WT correlation coefficients (using

Fisher r-to-z transformation) are presented in panel A and between nulliparous KO and nulliparous WT in panel C. Comparisons between parous KO and parous

WT regression line slopes are presented in panel B and between nulliparous KO and nulliparous WT in panel D. Shaded boxes indicate significant difference

(P < 0.05) in correlation coefficients or regression line slopes between KO and WT.

highly regulated during gestation and puerperium, but relatively
homeostatic following the recovery period.

Some case-controlled studies comparing women with and with-
out POP have suggested alterations in connective tissue degradative
activity in women with POP compared to women without POP [48,
49]. Although the design of such studies precludes the ability to
establish causality, a study using Fbln5 KO mice has shown that
vaginal protease activity precedes POP [20]. Moreover, studies using
WT mice have found that MMP2 and MMP9 activity is significantly
increased 48 h postpartum compared to nulliparous controls [31].
Given these findings, we hypothesized that changes observed in gene
expression of Loxl1 KO mice would directly or indirectly result in
increased long-term connective tissue degradation.

A limitation of this study is that protein expression levels and
localization of expression of the target genes were not assessed. How-
ever, since this is the first study investigating the pathophysiology of

prolapse in Loxl1 KO mice at the molecular level, we aimed for this
study to be exploratory in nature. Focusing at the transcriptional
level enabled us to include additional time points as well as analysis
of a variety of genes known to play a role in both ECM synthesis
and degradation. A strength of our study is the utilization of robust
correlational analyses in addition to assessment of gene expression
levels. Differences in gene–gene co-expression were of particular
importance to us since co-expressed genes are likely controlled by
the same transcriptionally regulatory pathway and are functionally
related [50–52]. Another limitation of this study is that we did
not investigate tissues other than the vagina to determine whether
changes observed are specific to the vagina or systemic. However, our
aim was to study changes in pelvic connective tissue metabolism, and
therefore, we chose to focus on the vagina because it is contiguous
with the endopelvic fascia and is commonly used as a surrogate for
studies investigating pelvic organ support tissues [35, 53].
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Figure 5. Collagenase/gelatinase activity assay in lysyl oxidase like-1 (Loxl1) knockout (KO) and wildtype (WT) mice at several time points postpartum and in

pregnant (Preg) and age-matched nulliparous mice. Symbols represent mean ± standard error of data from n = 4–6 mice. (A) Overall enzyme activity, (B) enzyme

activity in the presence of 10 mM EDTA, (C) enzyme activity in the presence of 2.2 mM PMSF, (D) percent of overall enzyme activity that can be attributed to

MMPs, and (E) percent of overall enzyme activity that can be attributed to serine proteases. Summation of MMP and serine protease activities may be greater

than 100% due to cross inhibition of collagenases/gelatinases by EDTA and PMSF. P < 0.05 considered statistically significant (one-way ANOVA with Holm-

Sidak posthoc test). WT vs KO statistical significance indicators: †Parous WT vs Parous KO; ‡Nulliparous WT vs Nulliparous KO; aNulliparous KO vs Parous

KO; bNulliparous WT vs Parous WT. Nulliparous KO vs Nulliparous KO statistical significance indicators: c11 weeks vs 18 weeks, d11 weeks vs 23 weeks, and
e18 weeks vs 23 weeks. Nulliparous WT vs Nulliparous WT statistical significance indicators: f11 weeks vs 18 weeks, g11 weeks vs 23 weeks, and h18 weeks vs

23 weeks.



926 Ali Borazjani et al., 2019, Vol. 101, No. 5

We chose to use the EnzCheck Collagenase/Gelatinase Assay,
which is claimed to be capable of measuring proteolytic activity
of most, if not all, collagenases and gelatinases. In contrast to our
hypothesis, we found no differences in overall collagenase/gelatinase
activity between Loxl1 KO and WT mice during late puerperium
(i.e., 15 and 25 days) or long term (i.e., 12 weeks postpartum).
However, the percentage of overall proteolytic activity that could be
attributed to MMPs was significantly higher in WT compared to KO
mice 25 days and 12 weeks postpartum, suggesting that although
there are no differences in overall proteolytic activity, the differential
composition of proteolytic activity between KO and WT mice may
result in pathophysiological changes long after delivery.

Such alterations in proteolytic activity can result in cleavages
that generate different bioactive peptides or matrikines, bioactive
ligands derived from ECM proteins [54, 55]. Indeed, matrikines
released following MMP cleavage have been shown to be involved in
a variety of physiological and pathophysiological processes including
the ability to interact with elastin-binding protein [56–58], promote
ECM synthesis [58, 59], stimulate proliferation [58, 60], and demon-
strate chemotactic activity [58, 61, 62]. Therefore, the altered long-
term proteolytic activity we observed as a result of Loxl1 deficiency
may have profound pathophysiological effects. These results are of
particular interest given that alterations in proteolytic activity were
only observed in parous Loxl1 KO mice and not nulliparous mice,
which rarely develop POP.

In conclusion, we showed that parity, but not aging, had a
significant influence on gene expression both with time and between
KO and WT mice. Moreover, since prolapse development in Loxl1
KO mice is heavily dependent on parity, the differential expressions
observed between KO and WT mice is indicative of the patho-
physiology of prolapse in this animal model. Correlational analyses
revealed that Bmp1 may play a significant role in this pathophys-
iological mechanism through its involvement with Timp3, Col1a1,
Col3a1, Fbln5, and Acta2. Furthermore, our finding showing that
Mmp2, Col1a1, Col3a1, and Acta2 are upregulated at 7 days in
WT compared to KO mice is indicative of a diminished fibroblast
activation response in KO mice. Overall, we found no differences in
gene expression between parous KO and WT mice between 15 days
and 12 weeks postpartum. However, we did observe alterations in
proteolytic activity between the groups at 25 days and 12 weeks post-
partum, suggesting tissue remodeling during the early postpartum
period may have long-term effects on proteolytic activity. Given that
parity is the greatest risk factor for prolapse in Loxl1 KO mice and
women, our results provide insight into the potential mechanisms of
disease in women.
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