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ABSTRACT

Ovulatory dysfunction occurs in women with endometriosis,
yet the mechanisms are unknown. We have shown that
endometriotic lesions synthesize and secrete tissue inhibitor of
metalloproteinase (TIMP) 1 into the peritoneal cavity in humans
and a rat model of endometriosis, where excess TIMP1 localizes
in the ovarian theca in endometriosis and modulating peritoneal
TIMP1 alters ovarian dynamics. Here, we evaluated whether
mechanisms whereby excessive peritoneal fluid TIMP1 nega-
tively impacts ovarian function are matrix metalloproteinase
(MMP)-dependent and/or MMP-independent actions. Rats were
treated with a mutated TIMP1 without MMP inhibitory function
(Ala-TIMP1), wild-type TIMP1 (rTIMP1), or PBS. Rats treated
with Ala-TIMP1 or rTIMP1 had fewer antral follicles, fewer new
corpora lutea, and the presence of luteinized unruptured follicle
syndrome compared with PBS rats. Ala-TIMP1 and rTIMP1
differentially caused downstream changes in gene expression
and protein localization related to ovulation, as measured by
whole-genome microarray with quantitative real-time PCR
validation and immunohistochemistry. More vascular endothe-
lial growth factor and FN were expressed and localized in
ovaries of Ala-TIMP1-treated rats compared to rTIMP1- and PBS-
treated rats inferring MMP-independent functions. Less caspase
3 localized in ovaries of rTIMP1 compared with the other two
groups, and was thus dependent on MMP action. Furthermore,
after coimmunoprecipitation, more CD63 was bound to TIMP1
in ovaries of rats treated with Ala-TIMP1 than in rTIMP1-treated
rats, providing evidence for another MMP-independent mecha-
nism of ovulatory dysfunction. We predict that MMP-dependent
and MMP-independent events are involved in improper fortifi-
cation of the follicular wall through multiple mechanisms, such
as apoptosis inhibition, extracellular matrix components and
angiogenesis. Collectively, excessive peritoneal TIMP1 causes
changes in ovarian dynamics, both dependently and indepen-
dently of MMP inhibition.

endometriosis, extracellular matrix, ovary, ovulation

INTRODUCTION

Endometriosis-associated subfertility is connected with
many reproductive anomalies including ovulatory dysfunction
leading to fewer oocytes being ovulated and the presence of
luteinized unruptured follicle (LUF) syndrome (LUFS), but the
mechanisms causing these reproductive anomalies are un-
known [1–3]. Due to limitations associated with preclinical,
randomized, controlled studies affecting the function of human
ovaries, animal models have been utilized to study the
mechanisms underlying the pathophysiologies of endometri-
osis [1, 2]. Pathophysiologies of human endometriosis,
including pain and subfertility, are replicated in a rat model
of endometriosis with surgically induced disease (Endo) [2–6].
Research from our laboratory has found ovulatory dysfunction,
including reduced numbers of antral follicles, fewer oocytes
ovulated, and the presence of LUFs in Endo compared with
control rats with a control surgery (Sham) [5, 6].

Matrix metalloproteinases (MMPs) and their inhibitors
(tissue inhibitors of metalloproteinases [TIMPs]) have been
studied in the pathophysiologies of endometriosis occurring in
both women [7–10] and in a rat model [5, 6, 9]. Both eutopic
and ectopic endometrium synthesize and secrete MMPs and
TIMPs [9, 10]. Importantly, TIMP1 represents 10%–15% of
total proteins secreted into the peritoneal cavity by human
endometriotic lesions and rat endometriotic implants [9, 10].
TIMP1 synthesized and secreted from the lesions is likely
acting directly on extracellular matrix (ECM) remodeling of the
lesions themselves [9]. Furthermore, this excess TIMP1 could
cause disruption of normal MMP/TIMP functions throughout
the reproductive tract.

Precise choreography of expression and action of MMPs
and TIMPs throughout the reproductive cycle is required for
normal ovarian function [11–15]. TIMPs have a two-domain
structure with N- and C-terminal regions, each with unique
functions [16]. The N-terminal domain is sufficient for
inhibition of MMPs. However, unique MMP-independent
features of TIMPs in regulation of apoptosis, cell growth,
and angiogenesis are facilitated in part by specific protein-
protein interactions mediated by their C-terminal domain [16–
18]. For example, Chirco et al. identified CD63, a cell surface-
binding member of the tetraspannin family, as a TIMP1-
binding protein [16]. Experimental downregulation of CD63
effectively reduced TIMP1 binding to the cell surface of human
breast epithelial MCF10A cells, and consequently reversed
TIMP1-mediated activation of cell survival signaling and its
inhibition of apoptosis, demonstrating the functional signifi-
cance of TIMP1 interaction with CD63.

Previous studies from our laboratory have shown that more
endometriotic TIMP1 from the peritoneal fluid localized to the
theca layer in antral follicles of Endo rats compared with Sham
rats [5, 6], and is associated with reduced numbers of follicles,
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ovulatory dysfunction, and poor embryo quality. Introduction
of a TIMP1 function-blocking antibody into the peritoneal fluid
mitigated the impact of endometriosis on the ovary. Reducing
TIMP1 function in Endo rats restored the number of follicles,
corpora lutea (CLs), and zygotes to levels observed in Sham
rats. Conversely, increasing TIMP1 by intraperitoneal injection
was able to block ovarian function as described. Sham rats
treated with TIMP1 had numbers of follicles, CLs, and zygotes
reduced to levels similar to those of Endo rats. An increase of
TIMP1 protein localization, but not gene expression, was seen
in rats treated with TIMP1, suggesting that TIMP1 from the
peritoneal milieu was able to enter into antral follicles. While
this work provided a foundation for the role of endometriotic
TIMP1 in ovulatory dysfunction, it is not clear if TIMP1 is
working through MMP-dependent or -independent mecha-
nisms. Therefore, the objective of this study was to evaluate
TIMP1 in ovulatory dysfunction in regard to its MMP-
dependent and -independent actions in the occurrence of
LUFS, the reduction in numbers of antral follicles or CLs.

MATERIALS AND METHODS

Animal Management

Mature female Sprague-Dawley rats (250 g; Harlan, Indianapolis, IN)
exhibiting regular 4- to 5-day estrous cycles were housed in an environmentally
controlled room with a 14L:10D cycle. All rats were allowed an acclimation
period in the vivarium for 14 days. The experiments were conducted with the
approval of the University of Missouri Institutional Animal Care and Use
Committee and in accordance with the National Research Council’s Guide for
Care and Use of Laboratory Animals [19].

In Vivo Treatments and Validation of Reproductive Cyclicity

Rats received intraperitoneal injections (200 ll/injection) of mutated
TIMP1, where the N-terminal mutation included an addition of an alanine
residue (Ala-TIMP1; 2.8 lg/kg; a kind gift of Dr. William G. Stetler-Stevenson,
National Institutes of Health, Bethesda, MD) to prevent MMP inhibition, also
tagged with poly-histidine [20, 21] (n¼8), recombinant rat TIMP1 (rTIMP; 2.8
lg/kg; R & D Systems, Minneapolis, MN; n¼ 7), or PBS (n¼ 7) as a control.
The doses of the TIMP1 treatments were based on in vivo levels of endogenous
TIMP1 in peritoneal fluid of Endo rats, as in our previous experiments [6].
Treatments (intraperitoneal injections) started on the morning of the second
proestrus after LHRH synchronization, as previously described [6] (Sigma-
Aldrich Co., St. Louis, MO), and were repeated every 3 days for a total of three
injections.

Vaginal cytology was monitored daily in all rats as an indication of
reproductive cyclicity [22]. Postovulatory Endo and Sham rats were euthanized
in a CO

2
chamber between 0700 and 0800 h, with general necropsy

observations noting no gross differences among treatments. Only the right
ovary (nearest to the treatment injection site) was used for experimentation,
based on the endometriosis model in rats in which only the right ovary is
present [2]. One-half of the ovary was fixed for histology in 10% buffered
formalin before paraffin embedding. The remaining half was snap frozen in
liquid nitrogen for nucleic acid and proteomic analysis.

Experimental Supplies

All commercially available products were used as per manufacturers’
recommendations unless otherwise noted. This includes products for both
nucleic acid and proteomic experiments.

Quantification of Follicle and CL Numbers

Differences in the numbers of follicles and CLs between treatment groups
(Ala-TIMP1 [n¼ 8]; rTIMP1 [n¼ 7]; PBS [n¼ 7]) were evaluated histologically
and quantified morphometrically, as described previously, spanning 408 lm of
the ovary [6]. These morphometric calculations were based on size, so that no
antral follicle, CL, or LUF was counted more than once in each ovary. New CLs
were identified by size, presence of blood, presence of basement membrane, and
the lack of many infiltrating fibroblast cells. All morphological and
morphometric analyses were performed by the two investigators blinded to the
study group. Differences in the numbers of follicles and in the number of new

CLs between treatments were analyzed by one-way ANOVA and Student-
Newman-Keul test for post hoc pairwise multiple comparisons.

Downstream Gene Expression after TIMP1 Treatment with
and Without MMP Activity

Total RNA was isolated from one-quarter of the ovary (;20 mg) using the
RNeasy Mini Kit (Qiagen, Valencia, CA). A TotalPrep Kit was used to
synthesize biotin-labeled cRNA (Illumina, Inc., San Diego, CA). Biotin-labeled
cRNA (750 ng) from individual rats was hybridized to the Illumina RatRef-12
whole-genome microarray chip by the MU DNA Core, and analyzed using the
Illumina BeadArray Reader.

For statistical analysis, the log fold change of ovarian mRNA levels was
computed, along with adjusted P values and the estimated log-odds ratios of
differential expression, as previously described [23]. Due to small sample sizes,
samples with a fold change greater than 1 and a P value � 0.05 were
considered differentially expressed. Genes of interest were selected using the
DAVID Bioinformatics Resources 6.7 pathway analysis [24, 25] and biological
relevance to known pathways in ovulation, as evidenced in the literature.

Genes from the whole-genome microarray chip chosen for further gene
expression analysis included: anti-mullerian hormone (Amh, assay id
Rn00563731_g1), caspase 3 (Casp3, Rn00563902_m1), collagen, type III, a
1, (Col3a1, Rn01437681_m1), collagen, type XVIII, alpha 1 (Col18a1,
Rn01428995_m1), fibronectin 1 (Fn1, Rn00569575_m1), PYD and CARD
domain-containing protein (Pycard, Rn00597229_g1), Mothers against deca-
pentaplegic homolog 1 (Smad1, Rn00565555_m1), synaptic vesicle glycopro-
tein 2B (Sv2b, Rn01478297_m1), transforming growth factor beta 1 (Tgfb1,
Rn00572010_m1), and vascular endothelial growth factor (Vegfa,
Rn01511601_m1).

The mRNA levels of these genes were confirmed by quantitative real-time
PCR (Q-PCR), as previously described [6]. Ovarian RNA (500 ng) from a
different quarter of the same ovary from each rat (Ala-TIMP1 [n¼ 8]; rTIMP1
[n ¼ 7]; PBS [n ¼ 7]) was reverse transcribed into cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad,
CA). Note that this is an alternative method for isolating RNA than that
performed for isolating the RNA for the microarray experiments (RNeasy Mini
Kit; Qiagen), further validating the fidelity of these data. Q-PCR was performed
using Taqman PCR Mix from Applied Biosystems in an ABI 7500 Real-Time
PCR System. Ribosomal 18s gene expression was used to normalize the target
gene expression data. Validated primer/probe sets were purchased from
Applied Biosystems. All samples were tested in triplicate on the same 96-well
plate for each individual gene. Statistical differences were calculated using the
DCt method (Ct of target gene � Ct of 18s housekeeping gene expression).
Hence, the lower the DCt, the greater the amount of gene transcript present in a
sample. Fold changes in gene expression are reported. An ANOVA was
performed with post hoc pairwise comparisons performed using the Student-
Newman-Keuls test. Genes with a P value trend demonstrating a trend toward
significance (P¼ 0.05–0.10) in the microarray analyses (caspase 3, collagen III
a1) were individually analyzed by Student t-test.

Proteins Complexed with TIMP1 with and Without MMP
Inhibitory Activity

Using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher
Scientific, Waltham, MA), snap-frozen ovarian tissues (20 mg) were
homogenized, and cytoplasmic and nuclear protein fractions were extracted.
Total protein was evaluated by the DC Protein Assay (Bio-Rad Laboratories,
Hercules, CA).

Cytoplasmic fractions were subjected to coimmunoprecipitation. An anti-
TIMP1 rabbit polyclonal antibody, designed to recognize TIMP1 amino acids
58–207 (Santa Cruz Biotechnologies, Inc., Santa Cruz, CA), was purified using
Pierce Antibody Clean-up Kit (Thermo Fisher Scientific). A total of 50 lg
purified antibody was used per 750 lg of total protein to immunoprecipitate
TIMP1. The Pierce Co-Immunoprecipitation Kit was used to carry out
immunoprecipitation procedures (Thermo Fisher Scientific). Using kit
components, a negative control was created where anti-TIMP1 bound to the
resin was quenched, eliminating specific binding sites of the antibody. All
proteins precipitated by the quenched antibody control were considered
nonspecific binding.

Western blot analysis for CD63 was performed as previously described [6].
Total protein (2 mg) was separated by 12% SDS-PAGE and electrophoretically
transferred to a nitrocellulose membrane. The membrane was incubated with
polyclonal rabbit anti-rat CD63 (1:100 ng/ml; Santa Cruz Biotechnologies) at
48C overnight. A biotinylated secondary antibody, anti-rabbit IgG (5 mg/ml;
Vector Laboratories, Burlingame, CA), was used before visualization of the
bands by an ABC kit (Vector Laboratories) with diaminobenzidine.

STILLEY AND SHARPE-TIMMS

2 Article 47

D
ow

nloaded from
 w

w
w

.biolreprod.org. 



Western blot analysis for the histidine tag located on the mutated Ala-
TIMP1 was performed using the left ovary. This confirmed the presence of the
mutated protein in rats treated with Ala-TIMP1, but not rTIMP1 or PBS (data
not shown).

Immunolocalization of Proteins Corresponding to Gene
Products Identified by Microarray and Q-PCR

Immunohistochemistry (IHC) was performed as previously described [5].
Formalin-fixed, paraffin-embedded, and routinely processed tissues sectioned
at 8 lM were incubated with antibodies, including rabbit polyclonal anti-
TIMP1 (1 lg/ml; Cell Applications, Inc., San Diego, CA), rabbit polyclonal
anti-63 histidine (100 lg/ml; Abcam, Cambridge, MA), mouse monoclonal
anti-VEGF (2 lg/ml; Santa Cruz Biotechnologies), or mouse monoclonal anti-
FN1 (2 lg/ml; Santa Cruz Biotechnologies), and mouse monoclonal anti-
CASP3 (2 lg/ml; Santa Cruz Biotechnologies) at 48C overnight. Appropriate
anti-rabbit or anti-mouse biotinylated secondary antibodies were used (Vector
Laboratories), and then fluorescein isothiocyanate-labeled avidin was used to
visualize protein localization (Vector Laboratories). Tissues were then
incubated with 40,6-diamidino-2-phenylindole to stain cell nuclei.

Immunofluorescence of protein relating to the genes identified by Q-PCR
was quantified using Image J software [26]. Each tissue represented on the
image was traced and measured for comparison. All data were reported as mean
intensity per area and compared using ANOVA and Student-Newman-Keuls
for post hoc testing.

RESULTS

Exogenous TIMP Altered Ovarian Function Regardless of
MMP-Inhibitory Activity

Numbers of antral follicles quantified was similar between
Ala-TIMP1 and rTIMP1 (P ¼ 0.421), but significantly lower
than PBS treatment (P¼ 0.007 and 0.017, respectively; Fig. 1).
Likewise, the numbers of newly formed CLs were similar
between Ala-TIMP1- and rTIMP1-treated rats (P¼ 0.631), but
lower than in PBS-treated rats (P ¼ 0.001 and 0.004,
respectively). LUFs were found in ovaries of Ala-TIMP1-
treated rats (38%) and rTIMP1-treated rats (29%), but not in
ovaries of those treated with PBS (0%).

Downstream mRNA Levels Were Different in MMP-
Independent TIMP1-Treated Ovaries Compared with
Treatment with Fully Functional TIMP1

Of the 22 000 genes analyzed on the microarray, 50 genes
were differentially expressed when comparing all treatments
(Supplemental Fig. S1; available online at www.biolreprod.

FIG. 1. Treatment with TIMP1 influences ovarian dynamics. Bar graphs: A) treatment with TIMP1, regardless of MMP-inhibitory status (Ala-TIMP1 or
rTIMP1), resulted in fewer antral follicles compared to vehicle (PBS) treatment; B) both TIMP1 treatments also reduced the number of new CLs.
Photomicrographs: A) normal antral follicle from PBS-treated rat, which may ovulate in the next cycle (arrowhead: oocyte); B) normal CL from a PBS-
treated rat (this CL has newly formed); C) appearance of LUFs in rTIMP1-treated rat CL (arrow: oocyte entrapped in CL); D) appearance of LUFs in Ala-
TIMP1-treated rat newly forming CL (arrow: retained oocyte in CL). Original magnification 3100.

TIMP1 ALTERS OVARIAN FUNCTION INDEPENDENTLY OF MMP
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TABLE 1. Quantification of relative mRNA expression levels of selected genes by quantitative real-time RT-PCR.a

Gene symbol ANOVA P value Fold change (if applicable) P value of fold changeb Kegg pathway cluster

Amh 0.773 TGFB
Casp3* 0.088 Ala-TIMP1 v. rTIMP1 - 2.1 0.05 (t-test) Apoptosis
Col3a1 0.054 Ala-TIMp1 v. rTIMP1 - 2.3 0.069 (t-test) ECM, TGFB, Integrin
Col18a1 0.287 ECM, Apoptosis, Angiogenesis, Integrin
Fn1* 0.048 Ala-TIMP1 v. rTIMP1 - 3.9 0.04 ECM, Apoptosis, Integrin

AAla-TIMP1 v. PBS - 1.6 0.424
rTIMP1 v. PBS - 2.5 0.112

(SNK)
Pycard 0.749 Apoptosis
Smad1 0.324 TGFB
Sv2b 0.111 ECM
Tgfb1 0.445 TGFB, Apoptosis
Vegfa* 0.010 Ala-TIMP1 v. rTIMP1 - 1.9 0.041 Angiogenesis, Apoptosis

Ala-TIMP1 v. PBS - 2.9 0.008
rTIMP1 v. PBS - 1.5 0.208

(SNK)

a Bold indicates trend or significance; *indicates selection for protein valuation.
b t-test, Student t-test; SNK, Student Newman-Keul test.

FIG. 2. VEGF protein immunolocalization and quantification by morphometric analysis. A) More fluorescent intensity of VEGF (green) localized in
ovaries from Ala-TIMP1-treated rats compared with ovaries from (B) rTIMP1-treated rats or (C) PBS-treated rats. Theca (t), granulosa (g), and ovarian cortex
(c) are marked. The bottom images in A, B, and C show nuclear staining (40,6-diamidino-2-phenylindole [DAPI], blue) and a negative control using IgG, as
indicated. Original magnification 3100. D) Quantitative analysis shown in graph (ANOVA: P ¼ 0.004).
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org). The 50 genes were then functionally clustered by KEGG
analysis, revealing several pathways in ovulation that may be
affected, including TGF-beta signaling implicated in ovulatory
failure [27], ECM-receptor interaction, integrin signaling
pathway, regulation of apoptosis, and angiogenesis. From
these genes and clusters, 10 genes were selected for further
analysis using Q-PCR (Table 1). Overall, the fold change in
gene levels detected by Q-PCR was of the same magnitude and
direction as found by microarray.

Protein Localization of Targets Identified by mRNA

Expression Were Different in MMP-Independent TIMP1-

Treated Ovaries Compared with Treatment with Fully

Functional TIMP1

Based on differential gene expression and functional
relevance to ovulation, three targets were chosen to be further
evaluated by analyzing protein in the ovary. Protein localiza-
tion of those targets (VEGF, FN1, and CASP3) was performed

by IHC. These targets were selected for their roles in
angiogenesis, ECM, and apoptosis, respectively.

VEGF localized in the ovary, including the follicular theca
and granulosa cells, plus the new CL and cells of the cortex.
Overall, more VEGF localized in the ovaries of Ala-TIMP1-
treated rats than in those of rTIMP1-treated (P ¼ 0.006) or
PBS-treated rats (P ¼ 0.008; Fig. 2). However, VEGF
localization did not differ between rTIMP1-treated and PBS-
treated rats (P ¼ 0.912).

Fibronectin 1 fluorescence intensity was also greater in the
ovaries of Ala-TIMP1-treated rats compared with rTIMP1-
treated (P¼0.018; Fig. 3) and PBS-treated rats (P¼0.019), but
did not differ between rTIMP1-treated and PBS-treated rats (P
¼ 0.838). The staining pattern preferentially localized to theca
cells, but was also present in lesser amounts in the granulosa
cells, CL and cortex of the ovary.

Caspase 3 protein fluorescence intensity was also increased
in all cell types of the ovaries of Ala-TIMP1 rats compared
with rTIMP1 rats (P¼ 0.019; Fig. 4). However, there was not
an increase between Ala-TIMP1-treated rats and PBS-treated

FIG. 3. FN1 protein immunolocalization (1003) and quantification by morphometric analysis. Fluorescence intensity of FN1 (green) was significantly
greater in ovaries from (A) Ala-TIMP1-treated rats compared with (B) rTIMP1-treated rats or (C) PBS-treated rats. Theca (t), granulosa (g), and ovarian cortex
(c) are marked. The bottom images in each panel show DAPI localization (blue) and a negative control using IgG, as indicated. Original magnification
3100. D) Quantitative analysis shown in graph (ANOVA: P¼ 0.014).
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rats (P¼ 0.259). There was a trend for caspase 3 fluorescence
intensity to be greater in the ovaries of rTIMP1-treated rats than
PBS-treated rats (P ¼ 0.089). These increases in protein
localization help substantiate the increase in mRNA level
found in these studies. Levels of mRNA were correlated with
protein fluorescence intensity using Pearson correlation, where
a low DCt correlated with a high protein fluorescence intensity
(�0.28, P ¼ 0.045). Recall that a lower DCt indicates more
mRNA; thus, as gene expression increased, protein localization
intensity did as well.

Proteins Coimmunoprecipitated with TIMP1 Depends on

MMP-Inhibitory Status

Cytoplasmic fractions of ovarian lysate proteins complexed
to TIMP1 were immunoprecipitated. Proteins from eluates
from the coimmunoprecipitation were subjected to Western
blot analysis to visualize the presence of CD63 complexed to
TIMP1. More CD63 was complexed to TIMP1 in the ovarian
eluates of Ala-TIMP1-treated rats than in that of rTIMP1-

treated rats, showing that CD63 does, in fact, bind to the
TIMP1 independently of MMPs (Fig. 5).

DISCUSSION

The results of these studies provide evidence that inappro-
priate localization of TIMP1 in the ovary contributes to
ovulatory failure in both MMP-dependent and -independent
mechanisms. Exogenous TIMP1, with or without MMP-
inhibitory activity, negatively impacted ovarian dynamics
through disruption of folliculogenesis, as shown by the reduced
numbers of antral follicles in rats treated with Ala-TIMP1 or
rTIMP1 compared with controls. Numbers of new CLs were
also reduced, indicating that treatments may also have affected
the numbers of follicles ovulated soon after treatment began.
The rapid effect of exogenous TIMP1 on ovulatory function
illustrates the sensitivity of the ovary to disruption of the ECM
remodeling during ovulation. Considering these data, the
ability of TIMP1 to contribute to ovulatory disruption in
endometriosis may be more complex than previously antici-
pated. It is not clear exactly how this exogenous TIMP1 is able

FIG. 4. CASP3 protein immunolocalization (1003) and quantification by morphometric analysis. Fluorescence intensity of CASP3 was greater in (A) Ala-
TIMP1-treated rats compared with (B) rTIMP1-treated rats. However, there was not a difference between PBS-treated rats and Ala-TIMP1-treated rats or
rTIMP1-treated rats (C). Theca (t), granulosa (g), and ovarian cortex (c) are marked. The bottom images in each panel show nuclear staining (DAPI, blue)
and a negative control using IgG, as marked. Original magnification 3100. D) Quantitative analysis shown in graph (ANOVA: P ¼ 0.024).
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to access the ovarian follicles—perhaps by transport by the
circulatory system or by direct transport into the cell.

The presence of LUFs in the treated animals provides
further evidence for the involvement of TIMP1 in the potential
risks of ovulatory failure in women with endometriosis [28–
30]. Even after short-term exposure to exogenous TIMP1 at
endometriotic levels of endogenous TIMP1, these rats showed
anomalies in ovarian function, which is in agreement with
findings from our previous study [6]. In this case, the presence
of LUFs in rats treated with MMP-independent Ala-TIMP1
indicates that ECM components are being misregulated beyond
remodeling by MMPs alone.

While the histology of the two exogenous TIMP1 treatment
groups appeared similar, it is likely that these groups were
acting through different molecular mechanisms. The genome-
wide microarray is a useful tool in discovering the downstream
effects of MMP-independent functions of exogenous TIMP1 in
the ovary. After confirmation by Q-PCR, genes influenced by
MMP-independent functions of TIMP1 included genes in-
volved in ECM receptor signaling, apoptosis, and angiogen-
esis.

Ala-TIMP1 upregulated the expression and localization of
VEGF compared with rTIMP1. VEGF is the hallmark for new
vascular growth. During folliculogenesis, the microvascular
beds of follicles undergo vast changes to support the growth of
the follicle and oocyte [31]. However, shortly before follicular
rupture, blood flow stops in the follicular wall where ovulation
will occur [31]. TIMP1 appears to directly affect vasculariza-
tion in the ovary. Mice lacking the Timp1 gene had greatly
reduced vascularity in their ovaries [14]. VEGF is also
implicated in the inhibition of apoptosis [32]. Furthermore,
VEGF is also regulated by gonadotropins. After withdrawal of
LH, Ravindranath et al. noted that VEGF was reduced [33].
These data suggest that, following the LH surge triggering
ovulation (at the time that these rats were killed), VEGF should
be reduced.

Additionally, VEGF itself has been implicated in subfertil-
ity. For example, increased levels of VEGF in follicular fluid of
women seeking treatment with assisted reproductive techniques
were associated with poor conception rates and fewer oocytes
retrieved during assisted reproductive technique procedures
[34]. VEGF has also been implicated in endometriosis,
specifically as a contributor to peritoneal milieu [35]. Levels

FIG. 5. CD63 Western blot analysis of coimmunoprecipitated proteins. A) Representative Western blot with visible bands of CD63. Lane 1 is a molecular
marker. Lane marked i. is neat ovarian protein extracts as a positive control. Lanes marked ii. are Ala-TIMP1 eluates from TIMP1 coimmunoprecipitation.
Lanes marked iii. are rTIMP1 eluates from TIMP1 coimmunoprecipitation. Bands are expected at 24–25 and 42 kDa, as indicated by the arrows (AbCam).
B) Coomassie blue-stained gel of albumin of about 50 kDa before immunoprecipitation as a load control. C) Ala-TIMP1 rats had more relative intensity of
CD63 in coimmunoprecipitation eluates using Western blot analysis than rTIMP1 rats (P¼ 0.014).
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of VEGF in the follicular fluid of women with endometriosis
are increased [36]. Our study showed that, in ovarian tissue,
elevated concentrations of VEGF are associated with anoma-
lous ovarian function.

Treatment with Ala-TIMP1 also upregulated the gene
expression and protein content of FN1 compared with rTIMP1.
FN1 is an ECM glycoprotein that binds to integrins and other
ECM components [37]. Breakdown of FN1 is important during
the extensive tissue remodeling during ovulation [38].
Increased FN1 due to treatment with Ala-TIMP1 may stabilize
the ECM instead of allowing for disassembly of the ECM in
the follicular wall of an antral follicle. Additionally, while Q-
PCR did not detect a significant difference, ovarian levels of
the ECM component Col3a1 [39] mRNA tended (P¼0.069) to
be higher in ovaries from Ala-TIMP1-treated rats compared
with rTIMP1 rats measured by microarray technology and
validated by Q-PCR. Although COL3A1 protein localization
was not tested, an increased Col3a1 mRNA in the ovary would
also stabilize the ECM, similar to the consequence of increased
FN1. These data suggest that TIMP1 can affect ECM
components (Fn1 and Col3a1) independently of MMPs. Since
Ala-TIMP1 cannot inhibit MMPs, endogenous MMPs should
have been able to breakdown these increased ECM compo-
nents, but they did not. It is possible that the excessive Ala-
TIMP1 cannot trigger an overexpression of MMPs; therefore,
the excess ECM overwhelms the endogenous enzymes to cause
an accumulation.

An increase in CASP3 expression and localization in Ala-
TIMP1-treated rats compared with rTIMP1-treated rats is
challenging to understand, because TIMP1 has been shown to
inhibit apoptosis, yet CASP3 is directly involved in the caspase
apoptotic pathway. While not different from PBS-treated rats, it

is possible that exogenous Ala-TIMP1 entering a cell could
trigger apoptotic events. However, Dassé et al. reported that
TIMP1 causes the differentiation of hematopoietic cells by
inducing CASP3 to activate mitogen-activated protein kinase
kinase [40]. If Ala-TIMP1, acting through CASP3, is working
via this mechanism and causing cell differentiation in the
follicle, it is possible that luteinization of the follicular cells
could prematurely activate ECM stabilization, preventing
follicular rupture and leading to the presence of LUFs.

Conversely, there was a trend in decreasing localization of
CASP3 localization in ovaries from rTIMP1-treated rats
compared with PBS-treated rats. These data support the work
of others suggesting TIMP1 plays a role in inhibiting apoptosis
[41]. Furthermore, these data indicate that this potential
inhibition in caspase-mediated apoptosis is MMP dependent.

Collectively, these data suggest that endometriotic TIMP1
alters the composition of ECM components and the follicular
wall in the preovulatory follicle, thereby preventing successful
rupture of the follicle, leading to fewer ovulations and the
presence of LUFs. It is likely that downstream events after
treatment with TIMP1 work together to aberrantly stabilize
ECM components in the follicle, both at the cellular level and
at the level of basement membrane, at a time when the
follicular wall should be broken down for ovulation [42, 43].

It is known that TIMP1 can bind to CD63, serving as a
receptor for intracellular signaling pathways, including gene
expression, leading to cell adhesion, motility, and survival [18,
44]. Additionally, TIMP1/CD63 binding on the cell surface can
help explain potential exogenous TIMP1 actions, such as those
seen previously in our lab. An increase in CD63 binding in the
Ala-TIMP1-treated rats provides evidence for another MMP-
independent mechanism of ovulatory dysfunction. Focused

FIG. 6. Summary of the roles of TIMP1 in ovulatory dysfunction. TIMP1 contributes to ovulatory failure by MMP-dependent and -independent
mechanisms. MMP-dependent functions of TIMP1 regulate MMPs via the N terminus, while independent mechanisms of the C terminus are able to
influence downstream gene expression as well as form complexes with other proteins. Specific details of these actions are discussed in the main text.
These functions lead to improper fortification of the ECM. Original magnification 3200.
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apoptosis in the precise location of follicular rupture is a
normal occurrence immediately before ovulation [45]. Interac-
tion of TIMP1 with CD63 may inhibit apoptosis by working
through the FAK pathway [16, 44]. This inhibition may be
preventing the normal breakdown of the follicular wall during
ovulation. In the case of endometriotic TIMP1, ovulatory
failure is likely exacerbated through both MMP-dependent
mechanisms (CASP3) and MMP-independent mechanisms
(CD63, VEGF) to inhibit normal apoptosis.

There are several limitations in this study, which future
work may address. One limitation is the ability to test the
MMP-dependent-only interactions of TIMP1. Creation of
mutated C-terminus TIMP1 to potentially prevent MMP-
independent mechanisms may be possible to test whether
ovulatory dysfunction requires MMP-independent functions.
Additional limitations include the liberal selections of genes
from the microarray; yet, in support of our outcomes, the genes
chosen were identified in the literature with roles in ovulation,
and were further explored here by Q-PCR and IHC.

Future studies are planned to evaluate whether other effects
of endometriotic TIMP1 on ovarian function found in a rat
model for human endometriosis [5, 6] will also be MMP
dependent or independent. Such studies will also address the
autocrine impact of endometriotic lesion TIMP1 on the lesions
themselves, as well as paracrine effects on other organs in the
peritoneal cavity. In order to modulate TIMP1 as a novel
therapeutic approach to ovulatory dysfunction, these issues will
need to be resolved.

Together, these data demonstrate the potential of endome-
triotic TIMP1 in MMP-dependent and multiple MMP-inde-
pendent roles in misregulating ECM breakdown and
breakdown of the follicular wall that goes beyond MMP
inhibitory events detrimental to ovulation (Fig. 6). It is possible
that multiple mechanisms, both dependent and independent, are
exploited to exaggerate these conditions. These mechanisms
may be targets for novel therapies to restore ovulatory function
in women with endometriosis.
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