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ABSTRACT

Loss of pelvic organ support (i.e., pelvic organ prolapse) is
common in menopausal women. Surgical reconstruction of
pelvic organ prolapse is plagued with high failure rates. The
objective of this study was to determine the effects of estrogen
on biomechanical properties, lysyl oxidase (LOX), collagen
content, and histomorphology of the vagina with or without
surgical injury. Nulliparous ovariectomized guinea pigs were
treated systemically with either 50 lg/kg/day estradiol (E2,) or
vehicle. After 2 wk, vaginal surgery was performed, and animals
were treated with either beta-aminopropionitrile (BAPN, an
irreversible LOX inhibitor), or vehicle to determine the role of
LOX in recovery of the vaginal wall from injury with or without
E2. Estradiol resulted in (i) significant growth, increased smooth
muscle, and increased thickness of the vagina, (ii) increased
distensibility without compromise of maximal force at failure,
and (iii) increased total and cross-linked collagen. In the absence
of E2, BAPN resulted in decreased collagen and vaginal wall
strength in the area of the injury. In contrast, in E2-treated
animals, increased distensibility, maximal forces, and total
collagen were maintained despite BAPN. Interestingly, LOX
mRNA was induced dramatically (9.5-fold) in the injured vagina
with or without E2 at 4 days. By 21 days, however, LOX levels
declined to near baseline in E2-deprived animals. LOX mRNA
levels remained strikingly elevated (12-fold) at 21 days in the
estrogenized vagina. The results suggest that prolonged E2
induced increases in LOX, and collagen cross-links may act to
sustain a matrix environment that optimizes long-term surgical
wound healing in the vagina.

collagen, estradiol/estradiol receptor, lysyl oxidase, matrix
remodeling, menopause, pelvic organ prolapse, vagina

INTRODUCTION

Pelvic organ prolapse is a distressing condition in which the
uterus, cervix, bladder, rectum, and vaginal wall herniate
through the vaginal introitus. This condition occurs with a high
prevalence in women after menopause with a lifetime risk of
surgery for prolapse or urinary incontinence of 11% [1, 2].
Every year, nearly 200 000 women undergo surgical interven-
tion to repair prolapse, and this figure is likely to increase as

the number of women over the age of 50 is expected to increase
by 72% over the next 3 decades [3, 4].

The exact cause of pelvic organ prolapse is poorly
understood and likely multifactorial, but several risk factors
have been postulated including vaginal childbirth, aging,
hypoestrogenism, menopause, genetic factors, connective
tissue diseases, race, chronically increased intraabdominal
pressure, smoking, and prior surgery [2, 5, 6]. Surgical failure
has been attributed to impairment of surgical wound healing
[7], suggesting a contributing molecular or genetic basis to the
pathogenesis of the disease. The molecular defects in
connective tissue that underlie initial failure of pelvic organ
support may also contribute to failure of reconstructive pelvic
surgery.

Wound healing is a highly regulated and dynamic series of
events involving numerous mediators, blood factors, stromal
cells, and extracellular matrix elements that ultimately
culminate in collagen deposition and scar formation [8, 9].
The enzyme lysyl oxidase (LOX) is essential for cross-linking
collagen for scar formation that imparts strength to wounds.
LOX is inhibited by beta-aminopropionitrile (BAPN), and
animals exposed to BAPN develop loss of connective tissue
tensile strength and develop multiple diseases affecting
mesenchymal tissues [10–13].

Estrogen may play an important role in the pathogenesis and
progression of pelvic organ prolapse. Studies in this regard,
however, are conflicting, and the effect of hormone treatment
on pelvic floor support in postmenopausal women remains
poorly understood [1, 6, 14–17]. Thus, the objective of the
current investigation was to test the hypothesis that estrogen
regulates wound healing of the vaginal wall through increased
expression of LOX and biosynthesis of mature collagen.
Further, we propose that LOX enzyme activity is crucial for
optimal wound healing in the vaginal wall and restoration of
pelvic organ support. Here, we used a novel guinea pig model
to determine the effects of estrogen on collagen biosynthesis in
the vaginal wall and vaginal wound healing in response to
surgical injury.

MATERIALS AND METHODS

Guinea Pigs

All the guinea pigs were studied and euthanized in accordance with the
standards of humane animal care described by the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, using protocols approved
by the Institutional Animal Care and Use Committee of University of Texas
Southwestern Medical Center. A total of 48 virginal female adult Hartley strain
(Charles River Laboratories, Wilmington, MA) guinea pigs at 12 wk of age
were housed in Institutional Animal Care and Use Committee-approved
facilities under a 12L:12D cycle at 228C.

After facility acclimation, all the animals underwent bilateral oophorectomy
through 1 cm dorsal flank incisions. Prior to skin closure, Alzet osmotic
minipumps (Model 2006; Durect Corporation, Cupertino, CA) containing
either 50 lg/kg/day estradiol (E2) (n ¼ 24), or polyethylene glycol as the
vehicle control (n¼24) were inserted into the subcutaneous space. This dose of
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estrogen was chosen because it is well-known to deliver serum estrogen levels
approximate to that of cycling rats (29–71 pg/ml) and causes increases in
uterine weight similar to those observed in estrus [18–23]. After a 2-wk period
to wash out endogenous estradiol and allow pump equilibration and steady state
hormone levels, a modified vaginal posterior colpoperineorrhaphy was
performed in all the guinea pigs (Fig. 1). Briefly, the posterior introitus was
incised, and the posterior vaginal wall was undermined, with excision of a 2.0
3 0.3 cm strip of full-thickness posterior wall. The surgical wound was
primarily reapproximated with absorbable suture, and the excised vaginal wall
strip was snap-frozen in liquid N

2
and stored at�808C as baseline noninjured

control tissue for hydroxyproline assays.
To gain insight into potential mechanisms of estrogen on wound healing,

one-half of each group was treated with either oral 0.4% BAPN (n¼ 12) in a
5% sucrose solution or 5% sucrose alone (n¼ 12) on the day prior to vaginal
surgery. These treatments were continued in the drinking water for the
remainder of the study. Because BAPN is known to cause weight loss and
reduced oral intake among test animals [12, 13], water intake was monitored
daily and animals were weighed twice weekly (Supplemental Table S1,
available online at www.biolreprod.org). At both 4 and 21 days after vaginal
surgery, the animals were killed and the vaginal tube harvested for
biomechanical testing, histomorphology, and determination of hydroxyproline
content and mRNA levels (n¼ 6 for each group at each time point). In animals
killed on Day 21, uterosacral ligaments were harvested from sacral attachments
to insertion on the cervix.

Tissue Processing

After euthanasia, the right flank was examined to confirm pump placement
and integrity, and the abdominal cavity was opened. The pubic symphysis was
disarticulated, and the uterine horns, bladder, cervix, and vagina were dissected
down to the perineal skin. In animals killed on Day 21 (n ¼ 24), the ureters
were identified bilaterally, dissected away from the uterosacral ligaments,
which were harvested from sacral attachment sites to insertion on the cervix.
Using microsurgical instruments and a dissection microscope, the perineal skin
was removed, and the bladder and urethra were dissected from the anterior
vaginal wall. Uterine horns and cervix were removed from the vaginal tube at

the vaginal fornices. Wet weights of the pelvic organs were determined, vaginal
tube length was measured, and the entire length of the posterior wall injury was
identified. At the superior margin of the injury, the vagina was divided
transversely into upper and lower vaginal segments. Microscopic examination
of each segment confirmed an intact upper vagina and injured lower vagina.
Rings (3 mm in width) were excised from each segment for biomechanical
testing and histology. Thereafter, tissues from each segment were snap-frozen
in liquid N

2
and stored at �808C.

Biomechanical Testing

Each vaginal ring was suspended loosely between two stainless steel wire
mounts, fastened to a steel rod mounted with a calibrated mechanical drive on
one end and to a force transducer (Grass FT.03C; Grass Instrument Company,
Quincy, MA) on the other. Tissues were maintained in physiologic salt solution
in water-jacketed baths at 378C with 95% O

2
and 5% CO

2
. After acclimation

for 15 min, the ring diameter was equilibrated to slack length (i.e., length of
initial resting tone) as measured by the calibrated mechanical drive and
confirmed with digital calipers sensitive to 0.01 mm. Rings were then distended
in 1 mm increments with 30-sec intervals between successive changes in length
to allow forces to return to steady state before the next distention. This series of
step-strains was continued until failure (ring breakage) or until force generation
plateaued. Wet weights of vaginal rings were determined after testing. Stress
(N/m2) was calculated as maximum force per unit area and plotted against
strain (change in length divided by slack length), producing a sigmoid-shaped
curve. The modulus of elasticity, an index of tissue stiffness, was calculated
from the slope of the linear portion of the curve.

Histomorphology

Injured and noninjured vaginal rings were fixed in neutral buffer formalin
(10%) for 24 h, and 5 lm cross-sections of the formalin-fixed, paraffin-
embedded tissues were obtained at 0.1 mm intervals throughout the specimen.
Tissue was stained with hematoxylin and eosin, Masson trichrome, and Hart
stain. Quantification of elastic fibers was performed on Hart-stained sections in
a blinded manner. Three to six images were captured from each slide and
quantitated using National Institutes of Health ImageJ software [24]. Sections
were set to a consistent threshold limit, and percentage elastic fiber pixel area
over total vaginal stromal area were calculated for each image and averaged for
each group.

Hydroxyproline Assay and Collagen Solubility

Collagen solubility measurements were used as an index of collagen
structure within the tissue [25]. Briefly, weights of vaginal tissues were
determined before and after lyophilization. Lyophilized tissue was extracted
with 1 M NaOH plus protease inhibitors (pancreas extract 0.02 mg/ml, pronase
0.005 mg/ml, and thermolysin 0.0005 mg/ml) at 48C for 24 h and centrifuged,
and the supernatant was saved as fraction A containing newly synthesized
noncross-linked collagen. The remaining insoluble residue was washed with
water plus protease inhibitors and extracted with 0.5 M acetic acid plus protease
inhibitors at 48C for 24 h with gentle rotation. After centrifugation, the
supernatant was saved as fraction B containing denatured collagen. The pellet
was saved as fraction C containing mature, cross-linked collagen. Collagen
content in fractions A, B, and C were determined by measurement of
hydroxyproline content by the chloramine-T method [25] after hydrolysis in 6
M HCl overnight at 1008C. Hydroxyproline values were converted to collagen
(3 7.6) and normalized to tissue wet weight. Collagen content in each fraction
is reported as percent total collagen in which total collagen¼ A þ B þ C.

Quantitative PCR

Tissues were analyzed for cola1a, col3a1, tropoelastin, LOX, and TGFb1
mRNA using quantitative PCR as described previously [26]. The housekeeping

FIG. 1. Vaginal surgical injury (posterior colpoperineorrhaphy) in the
guinea pig model. A) Stay sutures placed in posterior vaginal wall at
perineum and midvagina. B) Perineum incised and vaginal wall
undermined. C) Full-thickness strip of posterior vaginal wall excised
(arrow). D) Primary reapproximation of wound.

TABLE 1. Oligonucleotide primers used to quantify guinea pig mRNA using quantitative PCR.

Guinea pig gene Gene symbol Forward primer Reverse primer

b-2-Microglobulin B2M TGGTGCATGCTGCCTTTACA GTGATGTGTGAAACTCTGCAAGAA
Lysyl oxidase LOX CCAGGGAACGTCGGACTTC TGTGGTAATGCTGGTGACAACTG
Collagen1a2 COL1A2 TGGATACGCGGACTGTGTTG GCCTTTTTTCAGAGTTTCCAATTG
Collagen3a1 COL3A1 GTCCAGTTGGCATACCTTCGA TGTTCTTGCAGTGATAGGTGATATTCT
Transforming growth factor b 1 TGFb1 AACCCGAGCCGGACTACTATG TGCTTTTATAGATATTGTGGCTGTTGT
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gene b-2 microglobulin (B2M) was used for normalization because it was not
altered by E2 or BAPN. The primers are listed in Table 1.

Statistics

Data are presented as means 6 SEM. A two-way ANOVA was used to
compare treatments across time and between groups. The Student t-test was
used to compare differences between two groups.

RESULTS

Effect of Estrogen on Gross and Histologic Morphology of
the Female Reproductive Tract

The vaginal introitus of guinea pigs in nonestrus is
characterized by the presence of a closed thin membrane of
connective tissue that acts as a barrier and protects the vagina
(Fig. 2A). In the presence of estrogen, however, the membrane
absorbs, allowing vaginal access. In addition, the reproductive
tract undergoes marked growth, as the vagina, uterus, and
cervix demonstrated 3-, 5.6-, and 11.9-fold increases in wet
weights, respectively, compared with vehicle-treated ovariec-
tomized controls (Fig. 2B). In contrast, bladder wet weights
were similar regardless of estrogen status (negative control).
Although vaginal length was maintained, estrogen resulted in
global circumferential growth of the female reproductive tract
(Fig. 2C). In the absence of E2, vaginal epithelium was thin,
being made up of approximately one cell layer with few mucin-
laden cells (Fig. 3A, panel a). The muscularis was flattened
with poor distinction between longitudinal and circular smooth
muscle bundles. In contrast, epithelial thickness was increased
in the vaginal wall from E2-treated animals with invaginating
pseudostratified mucin-laden epithelium and clear increases in
both circular and longitudinal smooth muscle in the muscularis

(Fig. 3A, panel b). Quantification of tissue layers revealed that
E2 induced significant proportionate increases in both the
epithelium and muscularis (Fig. 3B).

Using Hart stain, subepithelial-branching elastic fibers were
increased in E2-treated animals (Fig. 3A, panel d). This
increase in elastic fibers was limited to the subepithelium rather
than the entire lamina propria. Further, elastic fiber density was
similar in the muscularis from vehicle and E2-treated animals
(Fig. 3C).

Effect of E2 on Expression of Collagen, Tropoelastin, TGFb,
and LOX mRNA in the Vaginal Wall

To gain insight regarding potential mechanisms by which
E2 alters collagen content in the vaginal wall, mRNA levels of
genes involved in collagen synthesis were quantified. In
ovariectomized controls, both col1a2 and col3a1 gene
expression was low, but increased modestly 4 days after
injury, returning to baseline at 21 days (Fig. 4). Interestingly,
E2 treatment resulted in 8- and 5-fold increases in col1a2 and
col3a1 gene expression in the noninjured vaginal wall (at 4
days, i.e., 2 wk of E2 treatment). Injury did not result in
substantial increases in collagen mRNA levels within 4 days.
Nonetheless, E2 treatment for 5 wk resulted in dramatic
increases in col1a2 and col3a1 gene expression that was further
amplified after injury. Similar results were found with
tropoelastin (Fig. 4C) in which E2 resulted in drastic changes
in tropoelastin mRNA in the injured estrogenized vagina.
These results indicate that E2 has a profound effect on collagen
and tropoelastin gene expression in the noninjured and injured
vagina that is time-dependent. Prolonged E2 treatment results

FIG. 2. Effect of estrogen on growth of the female reproductive tract in ovariectomized guinea pigs. A) Vulva of ovariectomized guinea pigs treated with
vehicle was characterized by a membrane covering the vaginal introitus (arrow). The membrane was dissolved in estrogen-treated animals. B) Vaginal
(vag, light gray bar), uterine (ut, dark gray bar), and cervical (cvx, black bar) weight were increased significantly in estrogen-treated animals compared
with vehicle-treated controls. Bladder (Bl, white bar) weights were similar between the two groups. Each bar represents mean 6 SEM from six animals in
each group. *P , 0.01 compared with corresponding organ from controls. C) Gross appearance of female reproductive tract in vehicle and estrogen-
treated animals.
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in increased expression of both collagen type I and type III and

tropoelastin mRNA and an augmented response to injury.

Wound healing is associated with increased expression of

TGFb, which is known to be a major regulator of LOX gene

expression [27]. To assess the effect of E2 on collagen

maturation in the vaginal wall, TGFb1 and LOX mRNA levels

were quantified in the noninjured and injured vaginal wall from

ovariectomized controls and E2-treated animals (Fig. 5).

TGFb1 and LOX mRNA were induced dramatically (P ,

0.01) in the injured vagina with or without E2 at 4 days. By 21

days, however, levels declined to near baseline levels in

controls. On the contrary, LOX mRNA levels remained

strikingly elevated (12-fold) in the injured estrogenized vagina
at 21 days.

Effect of E2 on Collagen Content of the Vagina

Hydroxyproline assays were used to determine if these
changes in collagen mRNA levels resulted in increased
collagen content. Baseline collagen content of the noninjured
vagina from ovariectomized vehicle-treated animals was
decreased significantly compared with E2-treated animals
(Fig. 6A). Injury in ovariectomized controls, however, resulted
in significant increases in collagen content after 21 days.
Estradiol treatment increased collagen content of the vaginal

FIG. 3. Effect of E2 on histology of the vaginal wall. A) Representative photographs of Masson (a, b) and Hart (c, d) -stained vaginal rings from
ovariectomized animals treated with vehicle (a, c) or E2 (b, d) for 21 days. Note increased thickness of epithelium (epi) and muscularis (mus) in E2-treated
animals. Sections were taken at midvagina. Dotted line delineates epithelium (epi) from underlying lamina propria (l.p.) and muscularis (mus). Arrows
indicate elastic fibers. Bar¼200 lm for a, b; 50 lm for c, d. B) Thickness of epi, l.p., mus, and total wall (Total) in control (n¼6, open bar) and E2-treated
(n¼ 6, closed bar) animals. *P , 0.05 C. Elastin density in subepithelium (within 500 lm of basal lamina) and muscularis of control (open bar) and E2-
treated (closed bar) animals. Data represent mean 6 SEM of noninjured animals with similar results 21 days after the injury. *P , 0.05 compared with
control.
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wall at baseline and augmented injury-induced effects on total
collagen content (Fig. 6A). To determine the effect of E2 on
maturation of collagen in the vaginal wall, hydroxyproline
assays were conducted in fractions of vaginal homogenates
representing immature, denatured, and mature cross-linked
collagen (Fig. 6B). In noninjured ovariectomized animals,
vaginal collagen content was low and only 58% was mature.
After injury, although collagen content increased, the propor-
tion of cross-linked collagen remained at 58% (Fig. 6B).
Interestingly, E2-induced increases in total collagen content of
the noninjured vaginal wall represented a striking increase in
mature collagen (91%, Fig. 6B). After injury (21 days), there
was an E2-associated increase in the quantity of collagen in
each fraction compared to injured vehicle-treated animals.
However, compared to both injured vehicle-treated and non-
injured E2-treated animals, maturation of the collagen was
incomplete. Specifically, injury-induced collagen content
increased predominantly in the newly synthesized and
denatured fractions, whereas the proportion of mature collagen
was only 35% of the total (Fig. 6B). Although E2 induced
significant effects on vaginal weight and collagen content of
the vaginal wall, uterosacral ligaments were not affected.

Specifically, uterosacral weights were not statistically different
in vehicle and E2-treated animals (78.4 6 11.6 mg vs. 120.4 6
22 mg). Histologically, the uterosacral ligaments consisted
predominantly of adipose tissue with interspersed strands of
fibroblasts, smooth muscle bundles, and ganglia, especially at
the sacral insertion site. As expected, the collagen content was
low with only 3.1% 6 1.6% mature in vehicle-treated animals
compared with 7.2% 6 2.3% in the E2-treated group.

Taken together, these data indicate that although injury of
the vaginal wall of ovariectomized vehicle-treated animals
results in increased collagen synthesis and increased expression
of TGFb and LOX, these effects were transient. Estradiol
treatment results in marked and prolonged increases in collagen
type I, collagen type III, TGFb, and LOX gene expression at
baseline and after injury that was associated with dramatic
increases in collagen content.

Effect of BAPN on Collagen Content in Control and E2-
Treated Animals

To determine if E2-induced increases in LOX enzymes were
important in E2-induced increases in collagen content in the

FIG. 4. Effect of injury and E2 on collagen and tropoelastin mRNA in the vaginal wall. Col1A2 (A), Col3A1 (B), and tropoelastin (C) mRNA levels were
quantified in vaginal tissues from noninjured (NI) or injured (Inj) ovariectomized vehicle- (Veh) or E2-treated animals at 4 and 21 days after injury. Data
were normalized to B2M and represent the mean 6 SEM of six animals in each group. *P , 0.05 compared with NI. **P , 0.05 compared with controls,
two-way ANOVA.
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noninjured and injured vaginal wall, ovariectomized vehicle-
treated and E2-treated animals were treated with the LOX
inhibitor, BAPN, in drinking water after injury and the collagen
content was determined (Table 2). Whereas BAPN had no
effect on baseline collagen content in control or E2-treated
animals, BAPN treatment abolished injury-induced increases in
collagen content in controls and significantly mitigated injury-
induced effects in E2-treated animals (Table 2). Although total
collagen content did not change in control noninjured vaginal
tissues, BAPN reduced the fraction of mature collagen from

58% to 39% in controls and from 91% to 63% in E2-treated
animals, indicating that LOX activity is important in
maintaining maturation of collagen in the adult vagina even
in resting conditions. In the injured vagina, maturation of
collagen was severely affected by BAPN with reductions from
47% to 18% in injured animals. Hence, LOX is crucial for
injury-induced increases in mature collagen in both control and
E2-treated animals. Because baseline mature collagen content
was much greater in E2-treated animals, the impact of BAPN
on loss of mature collagen after wounding was not as profound.

FIG. 5. Effect of injury and E2 on TGFb1 and LOX gene expression in the vaginal wall. TGFb1 (A) and LOX (B) mRNA levels were quantified in vaginal
tissues from noninjured (NI) or injured (Inj) ovariectomized vehicle- (Veh) or E2-treated animals at 4 and 21 days after injury. Data were normalized to
B2M and represent mean 6 SEM of six animals in each group. *P , 0.05 compared with NI. **P , 0.05 compared with controls, two-way ANOVA.

FIG. 6. Effect of E2 and injury on collagen content of the vaginal wall. A) Effect of E2 on total collagen content in the vagina from ovariectomized
vehicle- (Veh) or E2-treated noninjured (NI) or injured (Inj) animals after 21 days. *P , 0.05 compared with NI. **P , 0.05 compared with NI Veh. B)
Effect of E2 on immature (open bar), denatured (grey bar), or mature (solid bar) collagen content in the vagina from ovariectomized Veh- or E2-treated NI
or Inj animals. *P , 0.05 compared with NI, paired analysis; **P , 0.05 compared with controls. Data represent mean 6 SEM of six animals in each
group.
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Effect of E2 on Biomechanical Properties of the Noninjured

and Injured Vaginal Wall

To determine if E2-induced changes in collagen synthesis
were associated with alterations in the biomechanical properties
of the vaginal wall, maximal force at failure, stiffness, distention
at maximal force, maximal length at failure, and strain at
maximal force were quantified 21 days after the injury.
Distention at maximal force, maximal length at failure and
strain at maximal force were not changed appreciably by E2
treatment (data not shown). In ovariectomized controls, injury
resulted in loss of tissue stiffness (Fig. 7), and BAPN amplified
injury-induced loss of tissue stiffness even in the noninjured
vagina. In controls, injury alone was not sufficient to alter the
strength of the vaginal wall after 21 days (Fig. 7B), yet, BAPN
resulted in loss of strength in control and injured vaginal tissues.

Biomechanical properties of the estrogenized vaginal wall
differed from those of controls. Specifically, tissue stiffness
was less than that of controls, was similar with or without injury,
and BAPN did not significantly alter this effect. Although less
stiff (i.e., more distensible), estrogenized vaginal rings main-
tained strength similar to that of controls (Fig. 7B). Importantly,
unlike controls, BAPN had no effect on vaginal tissue stiffness
or strength in E2-treated animals (Fig. 7). Thus, E2 increased
tissue distensibility and maintained tissue strength regardless of
injury.

DISCUSSION

Using a guinea pig model, we aimed to examine the effect
of estrogen on reproductive tissues and determine its role in
response to vaginal surgical wounding. The major findings of
our study indicate that estrogen functions to increase the total
amount of collagen in the vaginal wall with an increase in the
amount of mature cross-linked collagen in both noninjured and
injured animals compared to their respective controls. After
injury, E2 caused a prolonged and sustained response, which
ultimately led to larger increases in total collagen content. In
addition, biomechanical testing revealed that E2 increased
distensibility of the vagina while maintaining tissue strength,
and neither surgical injury nor BAPN altered this pattern.

Effects of E2 on the Noninjured Vaginal Wall

A large proportion of reconstructive pelvic surgery for
pelvic organ prolapse is performed in postmenopausal women.
It has been suggested that hormone therapy may mitigate some
of the effects of menopause on pelvic connective tissue by
producing a more favorable ratio of collagen subtypes [14]. In
noninjured animals, E2 increased total collagen content. After
2 wk, increased total collagen was reflected in an increase in all

TABLE 2. Effect of BAPN on collagen content in noninjured and injured
vaginas from ovariectomized animals treated with vehicle or E2 21 days
after the surgery.

Total collagen content (mg/vagina) Mature fraction

Treatment �BAPN þBAPN
�BAPN

(%)
þBAPN

(%)

Ovariectomized
vehicle treated

Noninjured 16.1 6 1.9 14.5 6 2.0 58 6 14 39 6 10
Injured 33.1 6 4.8 17.1 6 2.4* 47 6 17 18 6 10*

Ovariectomized
E2 treated

Noninjured 43.0 6 6.8 51.5 6 7.3 91 6 2 63 6 12
Injured 65.9 6 5.5 56.5 6 1.6 35 6 9 18 6 2*

* P , 0.05 compared to without BAPN.

FIG. 7. Effect of E2 and BAPN on biomechanical properties of the vaginal wall in noninjured and injured animals 21 days after the surgery. Stiffness and
maximal force were determined in vaginal rings from noninjured (NI) or injured (Inj) ovariectomized vehicle- or E2-treated animals treated with control
(CTL) or BAPN as described in Materials and Methods. Data represent mean 6 SEM of six animals in each group. *P , 0.05 compared with corresponding
control t-test.
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maturation fractions in similar proportions, suggesting that E2
acts on multiple steps in the biosynthetic process to increase
collagen. In contrast, after 5 wk, E2-induced increases in total
collagen were primarily due to increases in mature collagen,
suggesting that E2 functions over time to ultimately increase
mature cross-linked collagen in the absence of injury. Our
findings agree with, and complement, studies in postmeno-
pausal women in which estrogen supplementation increases
collagen content of the skin, vasculature, and pelvic tissues
[14–16] and with our studies demonstrating that estradiol
increases both collagen and elastin synthesis in the vaginal wall
of mice (data not shown). Other studies, however, suggest that
estrogen may have negative effects on pelvic support [1, 6, 17,
28], underscoring the fact that hormone effects on pelvic floor
tissues in postmenopausal women are not clearly understood
[6].

Effects of E2 on the Injured Vaginal Wall

Much of our knowledge on wound healing and repair comes
from cutaneous wounds, with little data available on the female
reproductive tract. Wound healing is a dynamic process
involving mediators, cytokines, parenchymal cells, and extra-
cellular matrix, and can be divided into three overlapping
phases: inflammation, tissue formation, and tissue remodeling.
Our study mainly focused on the latter two phases. We chose to
examine healing at 4 and 21 days based on one of the only
animal studies on vaginal wound healing in which tensile
strength nadir and recovery to baseline occurred at these time
points, respectively [7]. In contrast with Abramov et al. [7],
however, we did not find a significant difference in tensile
strength between nonestrogenized and estrogenized animals at
either 4 (not shown) or 21 days. While these authors studied
vaginal wounds that healed by secondary intention, we chose
to mimic the clinical situation by closing the wounds primarily,
which may explain some of the differences in biomechanical
testing between the studies. Nonetheless, our findings agree
with previous studies in animals showing that administration of
E2 had no effect on tissue tensile strength of cutaneous wounds
compared with controls [29–33], although progressive increas-
es in tensile strength have been demonstrated by other
investigators [34–36]. These discrepancies may be explained
by a number of factors, including different species and gender,
hormones and delivery routes, and tissue type studied [8, 36].
Our biomechanical testing indicated that estrogen reduced
tissue stiffness without compromise of the maximum force at
failure, suggesting that estrogen may have a role in protecting
the vagina from further injury by allowing tissues to stretch
under traumatic stress while wound healing takes place.

Ashcroft et al. [8] found that ovariectomized rodents
exhibited significant delays in acute cutaneous wound healing
that was reversed by topical estrogen. It was suggested that the
cellular mechanism underlying these changes involved estro-
gen-induced increases in latent TGFb-1 by fibroblasts, which
accelerates wound repair by stimulating collagen deposition
during early wound healing [8]. A more recent study involving
perioperative estrogen treatment in rabbits with surgical mesh
implantation demonstrated increased deposition of collagen
with enhanced host tissue incorporation in estrogen-treated
animals, whereas collagen deposition was decreased in
ovariectomized rabbits with more technically challenging
procedures due to tissue atrophy [37]. Our results demonstrat-
ing E2-induced increases in TGFb-1 mRNA and collagen
biosynthesis in the vagina are compatible with these findings.
Overall, we suggest that estrogen plays a major role in
regulation of connective tissue remodeling, may play a

therapeutic role in healing and repair, and may complement
repair of pelvic tissues with various mesh materials.

Regulation of LOX Enzymes in the Vagina

Lysyl oxidases (LOX and LOXL1–4) are essential for cross-
linking collagen. LOX enzymes are inhibited by seeds of the
sweet pea Lathyrus oderatus. The active substance is BAPN,
and animals consuming this sweet pea develop lathyrism,
characterized by widespread loss of connective tissue tensile
strength, hernias, aneurysms, and skeletal deformities. Prolapse
of male genital organs has even been reported in BAPN-treated
animals [12, 13], but there are no available studies examining
the effects of BAPN on prolapse in females or wound healing
in the female genital tract. Interestingly, tissue abnormalities in
response to BAPN appear to be more pronounced in areas of
stress or foci of anatomic weakness [12]. Thus, BAPN is an
attractive tool to study the role of LOX enzymes in both
prolapse and wound healing.

In our study, significant prolapse was not detected in
response to surgical wounding in BAPN-treated animals.
Although genetically altered mice with defects in proteins
involved in elastogenesis develop pelvic organ prolapse [26],
animals used in this study were genetically normal without
preexisting connective tissue defects. Thus, impaired LOX
activity in adults does not appear to be primarily involved in
the pathogenesis of prolapse at least during short-term
observations. Our biomechanical testing results indicate that
E2 restores maximal force to near normal in BAPN-treated
animals, suggesting that E2 may be able to overcome the action
of BAPN. There is scant data in the literature examining the
effects of both BAPN and E2 together, but our findings agree
with one of the only studies available, demonstrating that
estrogen therapy reduced the effect of BAPN on collagen and
tensile properties of skin and the bony architecture [38].

Strengths and Limitations

The strengths of the present study include the ability to
study the wound-healing process on an accelerated time scale
through use of an animal model [39]. With the guinea pig
model, we were able to standardize the type, size, shape, and
depth of the wound [39], which would otherwise be difficult in
humans. The vaginal wall of the guinea pig is muscular,
expands at the vaginal fornices, and is large enough to conduct
vaginal surgical procedures. Although the rabbit has been used
as an animal model for vaginal surgery [7, 37, 40], it has a
unique structure of striated muscle underlying the vaginal
introitus that may be problematic for vaginal colpoperineor-
rhaphy used herein. In contrast to other studies on vaginal wall
wounding, we tried to reproduce the real life situation as
closely as possible by using a menopausal model and closing
the surgical wounds by primary intention. In addition, our
study design allowed us to examine multiple steps in the
collagen biosynthetic pathway and make multiple comparisons
between nonestrogenized and estrogenized animals. Further,
use of BAPN, an inhibitor of collagen cross-linking, allowed us
to confirm the results of our study and gain insights into
mechanisms by which estrogen regulates wound healing in the
vaginal wall.

Although a pure unoperated control or sham-operated
control group was not used in this study, each animal was
used as its own internal control by harvesting noninjured
vaginal tissue from each animal for analysis. Wound healing
was not studied beyond 21 days. Some investigators have
suggested that maximum tensile strength and collagen content
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is not attained until the scar is fully mature, which may take
months [35]. However, our findings suggest that the ultimate
effect of estrogen on strength and collagen content may be
underestimated. BAPN-induced inhibition of collagen accu-
mulation after injury ensures that animals were receiving the
chemical, but the dose and regularity of the drug are unknown
(daily water intake was recorded to ensure ingestion of minimal
amounts). Daily systemic injections and gavage are cumber-
some, not feasible, and may introduce unnecessary stress to the
animals.

Summary and Working Model

Wound healing in the remodeling phase is an orchestrated
event involving a delicate balance between degradative and
synthetic processes. Our results suggest that estrogen may act
on multiple steps in the wound-healing process at the molecular
level. In the absence of injury, E2-induced growth of the
vagina with increases in both epithelial and muscularis layers.
Estradiol also induced 5- to 10-fold increases in collagen gene
expression. Simultaneous 2-fold increases in LOX gene
expression ensured cross-linking of immature collagen precur-
sors in the extracellular space, thereby contributing to increases
in tissue strength.

In response to surgical insult, a similar growth is noted in
the reproductive organs. However, E2 induced prolonged and
marked (10- to 20-fold) increases in collagen, tropoelastin, and
LOX gene expression, leading to enhanced collagen biosyn-
thesis, increases in the amount of mature collagen that
contribute to ultimate strength, and increased density of elastic
fibers in the subepithelium. In addition, E2 appears to
counteract the effects of the LOX inhibitor BAPN to enhance
wound healing, either through gene upregulation and increased
enzyme production or by direct competitive inhibition, or both.
The data presented herein are compatible with this model.
Because systemic E2 is associated with significant side-effects,
further studies are warranted regarding treatment regimens that
may enhance estrogen-signaling pathways in the vaginal wall
without systemic hormonal therapy.
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