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Prevention of Chlamydia-Induced Infertility by
Inhibition of Local Caspase Activity
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Tubal factor infertility (TFI) represents 36% of female infertility and genital infection by Chlamydia tracho-
matis (C. trachomatis) is a major cause. Although TFI is associated with host inflammatory responses to
bacterial components, the molecular pathogenesis of Chlamydia-induced infertility remains poorly under-
stood. We investigated the hypothesis that activation of specific cysteine proteases, the caspases, during
C. trachomatis genital infection causes the disruption of key fertility-promoting molecules required for
embryo development and implantation. We analyzed the effect of caspase inhibition on infertility and the
integrity of Dicer, a caspase-sensitive, fertility-promoting ribonuclease III enzyme, and key micro-RNAs in
the reproductive system. Genital infection with the inflammation- and caspase-inducing, wild-type C. tracho-
matis serovar L2 led to infertility, but the noninflammation-inducing, plasmid-free strain did not. We con-
firmed that caspase-mediated apoptotic tissue destruction may contribute to chlamydial pathogenesis.
Caspase-1 or -3 deficiency, or local administration of the pan caspase inhibitor, Z-VAD-FMK into normal
mice protected against Chlamydia-induced infertility. Finally, the oviducts of infected infertile mice showed
evidence of caspase-mediated cleavage inactivation of Dicer and alteration in critical miRNAs that regulate
growth, differentiation, and development, including mir-21. These results provide new insight into the molec-
ular pathogenesis of TFI with significant implications for new strategies for treatment and prevention of
chlamydial complications.
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Genital infection by Chlamydia trachomatis causes
severe complications, including pelvic inflammatory
disease (PID), ectopic pregnancy and tubal factor in-
fertility (TFI) [1]. TFI accounts for 36% of female in-
fertility [2] and the emerging antibiotic resistant
strains [3] and absence of a vaccine require a better
understanding of the pathogenesis of specific chla-
mydial diseases. The pathogenesis of Chlamydia-
induced infertility remains poorly understood. Clinical
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and experimental evidence of immunopathogenic
basis for chlamydial complications implicates both
acute and chronic inflammation in the pathologic
process of tubal scarring and damage, causing obstruc-
tion or dysfunction sometimes associated with TFI
[4]. Thus, Chlamydia-induced infertility is traditional-
ly studied by measuring nonspecific inflammatory
responses (ie, proinflammatory cytokines, cellular acti-
vation signaling, fibrosis), specific immune effectors,
and immunoreactive microbial virulence factors [5, 6].
In summary, secreted chlamydial and plasmid compo-
nents [7], candidate substrate effectors for the type III
secretion apparatus, interact with host’s Nod-like re-
(NLRs) to
caspase-1 activation and proinflammatory cytokines

ceptors induce the inflammasomes,
[8, 9]. Tumor necrosis factor o (TNF-o)-mediated

pathologies [10] involve cellular signaling for caspase
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activation, initiation of fibrosis [11] and apoptotic tissue de-
struction [12], such as oviductal interstitial cells of Cajal
(ICCs) that may lead to ectopic pregnancy [13].

Besides, the requirement for caspase activation and the
cryptic plasmid in chlamydial inflammatory pathologies [6,
14-16] suggests that disruption of pro-fertility biologic pro-
cesses in the reproductive tract is a potential mechanism of
Chlamydia-induced infertility. This may involve the modula-
tion and functional alteration of key determinants of fertility
in the reproductive system, including Dicer, estrogen recep-
tors, the cannabinoid receptor-1 (CB-1) and ICCs [13, 17].
Dicer (encoded by Dicerl) is a multidomain ribonuclease III
enzyme required for the biogenesis of the small noncoding
regulatory RNAs, microRNAs (miRNAs), and small interfer-
ing RNAs (siRNAs), key regulators of posttranscriptional
gene expression [18]. Dicer is necessary for the normal de-
velopment and physiological function of several tissues and
organ systems, the reproductive system, and cellular process-
es such as apoptosis and other responses to external stimuli
including infection [19]. The loss or abnormality of Dicer
expression and function in the reproductive system results
in the abnormal development and dysfunction of the ovi-
ducts, cyst formation, ectopic pregnancy, non-implantation,
neoplasia, premature death of oocytes, zygote and embryos,
and infertility [17, 19-21]. The oocytes and zygotes contain
10-15-fold higher Dicer transcripts than any other cells and
tissues (BioGPS; http://biogps.gnf.org/) [22], and its expres-
sion is regulated by key factors such as estrogen and the
receptors [23]. Thus, abnormality in Dicer- or miRNAs-
dependent hormonal and physiological functions in the
reproductive system caused infertility [23], prominently
exerted during postfertilization zygotic development [24]. In-
terestingly, Dicer is the target of certain caspases for cleav-
age inactivation [25]; therefore, cellular insults, stimuli, or
signaling events that activate the caspases (eg, infections, in-
flammasome, apoptosis, and proinflammatory cytokines)
cause Dicer inactivation and negatively impact Dicer-depen-
dent processes [25, 26]. Intriguingly, the adverse reproductive
consequences and pathologic features of Dicer deficiency in
female animals bear striking similarities to Chlamydia-
induced tubal abnormalities, especially the infertility associ-
ated ectopic pregnancy, poor survival rate of fertilized
oocytes and early embryos, cyst formation, and oviduct in-
flammation and dysfunction [20]. Taken together, we hy-
pothesized that the pathogenesis of Chlamydia-induced
infertility involves Chlamydia-encoded gene products acting
as pathogenic ligands, inducing the caspases, deleterious in-
flammatory and cellular processes and dysfunction of key
determinants of fertility, including Dicer, in the reproductive
system. The present study focuses on caspase and its target
molecule Dicer and miRNAs in the oviducts.

MATERIALS AND METHODS

Chlamydia trachomatis Strains, Animal Infection and
Assessment of Infertility

Stocks of C. trachomatis serovar L2 and the plasmid-free L2
(L2R) mutant, the original L2 (25667R) isolate [27], kindly
provided by Dr Luis de la Maza (University of California,
Irvine, CA), were propagated in HeLa cells. The purified ele-
mentary bodies were titered as inclusion-forming units per
milliliter (IFU/mL) by standard procedure [28]. Female
C57BL/6 mice, 5-8 weeks old, including specific caspase gene-
knockouts and strain controls, were obtained from either
Taconic Farms, Inc (Hudson, NY) or Jackson Laboratory (Bar
Harbor, MA) and infected intravaginally with 1 x 10° IFU per
mouse with each chlamydial strain while under the long-
acting anesthetic sodium pentobarbital (30 ug/body weight;
Sigma-Aldrich, St Louis, MO) approximately 5 days after in-
tramuscular administration of 2.5 ug/mouse Depo Provera
(medroxy-progesterone Acetate; Pfizer Inc, NY). These condi-
tions are a key factor to a successful mouse model of chlamyd-
ial genital infection using the human chlamydial strains [29].
Control mice were sham infected. The course of the infection
was monitored by periodic (every 3 days) cervicovaginal
swabbing of individual mouse and tissue culture isolation and
enumeration of chlamydial inclusions by a standard immuno-
fluorescence method [28]. To assess Chlamydia-induced infer-
tility, mice were infected twice at 4-6-week intervals to ensure
repeated infection that enhanced infertility [30] and mated
with proven fertile males, followed by monitoring daily
weight-gain for approximately 21 days. A consistent 3 days of
weight gain by mice was considered evidence of pregnancy.
The numbers of pregnant mice and the mean number of pups
in the different groups were enumerated and calculated. In ad-
dition to fertility assessment, animals were visually and micro-
scopically inspected and scored for uni- and bilateral
hydrosalpinx or cysts, and presence of other abnormalities in
the reproductive system [30, 31]. The cell permeable, irrevers-
ible pan-caspase inhibitor, N-benzyloxy-cabonyl-Val-Ala-
Asp- fluoromethyl ketone (Z-VAD-FMK; R&D Systems, Inc,
Minneapolis, MN) was applied intravaginally by administering
0.02 mL of a 50 pM solution in phosphate-buffered saline per
mouse under anesthesia. Control animals were treated with
the prescribed inhibitor control, Z-FA-FMK, at the same
concentration.

Western Blotting

Western immunoblotting was used to determine the expres-
sion levels of specific proteins in oviduct lysates. Briefly,
lysates of oviduct tissues stored at —80°C were prepared by
homogenization in RIPA lysis buffer supplemented with 1
mmol/L phenylmethylsulfonyl fluoride and protease inhibitor
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cocktail on ice. Equal amounts of total proteins from each
sample were loaded onto a 4%-20% SDS-PAGE gradient gel,
electrophoresed, and transferred on to nitrocellulose mem-
branes. The blots were incubated with a primary antibody
(against Dicer or the pro- or activated caspases) at 4°C over-
night. A primary antibody against glyceraldehyde 3 phosphate
dehydrogenase (GAPDH) was used as the housekeeping gene
expression control. The secondary antibody was detected by
Western ECL-enhanced luminol reagent (PerkinElmer Inc,
Morrisville, NC).

Caspase-Dependent Apoptosis

Infection-induced apoptosis was measured by the Millipore
TUNEL apoptosis detection kit (Temecula, CA) according to
the manufacturer’s protocol [32]. Briefly, HeLa cells were
grown on 8-well chamber-slides, treated with 50 M of either
Z-VAD-FMK or the control Z-FA-FMK (R&D Systems, Inc.
Minneapolis, MN) for 90 minutes and then infected for 72
hours with C. trachomatis at a multiplicity of infection (MOI)
of 1. Bovine DNase I at 5 pg/mL and 500 nM of Staurosporine
(Streptomyces staurospores; R&D Systems, Inc, Minneapolis,
MN) were used as positive controls, whereas negative controls
were stained in the absence of terminal deoxynucleotidyl trans-
ferase enzyme. Following post-treatment, the cells were fixed
with 4% paraformaldehyde in 0.1 M NaH,PO,, pH 7.4 and
incubated with a reaction mix containing biotin-dUTP and
terminal deoxynucleotidyl transferase for 60 minutes. Avidin-
FITC was applied to the infected cells, which were then incuba-
ted in the dark for 30 minutes. In situ detection of fluorescein-
labeled fragmented DNA were visualized and photographed on
a Nikon Eclipse 80i fluorescence microscope. The total
number of TUNEL-positive cells were counted under the 20 x
objective in 17 randomly selected microscopic fields and nor-
malized to the total number of cells per slide. Data were ana-
lyzed as the mean (+SEM) of TUNEL-positive cells.

Microarray and Real Time Polymerase Chain Reaction

For miRNA microarray analysis, the Signosis’ miRNA Array III
service was used according to the company’s standard procedure
(Signosis, Inc, Sunnyvale, CA). Briefly, total RNA was isolated
from homogenized oviduct tissues and 5 pug from each sample
incubated with and annealed to a biotin-UTP labeled oligonucle-
otide probe mixture corresponding to 140 randomly selected
miRNAs, which have been reported to play a role in inflamma-
tion, apoptosis and cancer by literature search [33]. After hybrid-
ization of biotin-UTP labeled probes, the miRNA expression
arrays were detected by Streptavidin-HRP chemiluminescence.
The chemiluminescent signals were acquired using the Alpha in-
notech FluorChem FC2 imaging system. With the array assay,
the expression of 140 miRNAs was profiled in the samples.
Quantitative real-time polymerase chain reaction (PCR) was
used to validate the microarray data for 7 selected miRNAs based
on a minimum of 2-fold increase among the experimental
groups observed in the microarrays. There was a focus on
miRNAs showing a decrease in the oviducts from infected infer-
tile mice. For real-time miRNA PCR, the miRNA-specific oligo
mix was used instead of the random oligomix. The ligated prod-
ucts were eluted, heated, and mixed with miRNA specific quanti-
tative PCR primers and SYBR miRNA PCR buffer mix. The
real-time PCR was conducted on the ABI 7700 system using
TagMan small RNA assays (Applied Biosystems) and subjected
to 35 PCR cycles: 95°C 15 seconds and 50 seconds. The small
RNA U6 was used as an internal (endogenous) control, and so
the relative expression of miRNAs was normalized to U6
miRNA expression. Real-time PCR data were analyzed using the
ddCT method by the standard procedure [33]. Information
about miRNA target mRNA genes was obtained from several
Web-accessible miRNA database searching programs, including
http:/www.microrna.org, http://www.miRBase.org, http:/www.
targetscan.org, and published reports [20]. The complete micro-
array data are available to any requestor and provided as Supple-
mental file 1. Results presented in Table 1 were derived from

Table 1.

Integrity of Select MicroRNAs (miRNAs) in the Oviducts of Infertile and Fertile Mice

Fold Change (Decrease

Functional/Biological

miRNA Category miRNA IDs in Expression) Significance
Decrease in infertile (WT-L2-infected) mir-21 2.52%* Target genes are involved in cell proliferation,
as compared to fertile uninfected growth & differentiation; apoptosis, cancer,
or PF-L2 infected mice inflammation
mir-103 2.6** Target genes: Hoxa10, Fzd1, Mapk?7,
Wnt4
mm-mir-107 3.2%% Target genes: Hoxa10, Fzd1, Wnt4
mm-let-7i 2.2* Target genes: Cald1, Hoxa9, Tagin
mm-mir-92b 2.0* Target genes: Hoxa9, Fzd1

Only miRNAs showing decreased expression are shown. Changes are statistically significant with P value range from .02 to .001.

* Slightly significant.
** Significant.
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Figure 1. Fertility of mice infected with wild-type Chlamydia tracho-
matis 12 (WT-CT-L2) and the plasmid-free C. trachomatis (PF-CT-L2).
Groups of C57BL/6 female mice were infected intravaginally with either
WT-L2 or PF-L2, mated and scored for pregnancy and no. of pups, as
described in the Materials and Methods section. The plotted data are
the means (SEM) for groups from 4 independent experiments with 6
mice per experimental group.

oviducts harvested at 2, 4, or 6 weeks after infection. Experiments
were repeated 2 times with at least 6 oviducts in each group.

Statistical Analysis

The data derived from different experiments were analyzed
and compared by performing a 1- or 2-tailed ¢ test, and the
relationship between different experimental groupings was as-
sessed by analysis of variance (ANOVA). Statistical signifi-
cance was judged at P <.05.

RESULTS

Chlamydia-Induced Infertility Requires an Intact Chlamydial
Cryptic Plasmid.

The female mouse model of chlamydial genital disease exhib-
its vital aspects of human infection [34, 35], thus providing a
reliable experimental system to analyze the molecular basis of
Chlamydia-induced infertility. To better define the host and
pathogen factors and conditions for development of infertility,
we initially compared the fertility of female mice after genital
infection with the wild-type C. trachomatis L2 (WT-L2) and
the plasmid-free C. trachomatis L2 (PF-L2). The results pre-
sented in Figure 1 revealed that WT-L2 infection caused sig-
nificant infertility in the mice with approximately 80 percent
reduction in the mean number of viable embryos or pups per
mouse (P <.002). However, mice infected with PF-L2 retained
fertility that was comparable to noninfected mice in both
number of mice pregnant and average pups per mouse. As all

animals were productively infected by both the WT-L2 and
PF-L2, these results showed that the chlamydial cryptic
plasmid is required for Chlamydia-induced infertility. Because
caspase-1 deficiency also prevented the onset of tubal inflam-
mation after chlamydial genital infection [6, 36], we next ana-
lyzed the role of caspases in Chlamydia-induced pathologies
in vitro and in vivo.

Caspase Activation Is Required for Chlamydia-Induced
Apoptosis at the Late Stage of Infection

Chlamydiae resist apoptosis of infected cells during the early
stages of infection to ensure successful establishment of infec-
tion and inclusion growth [37]; however, caspase-mediated
forms of apoptosis contribute to the release of elementary
bodies and inflammatory tissue destruction at the later stages
of infection [38]. To demonstrate the involvement of caspase
activation in Chlamydia-mediated tissue destruction via apo-
ptosis during infection, we chemically inhibited the caspases
during an in vitro infection and measured the effect on apo-
ptosis. Results presented in Figure 2 show that treatment of
infected cells with the pan-caspase inhibitor Z-VAD-FMK ab-
rogated Chlamydia-induced apoptosis. Also, we showed that
Chlamydia-induced apoptosis was minimal during the early
stages of infection (24 and 48 hours) but became pronounced
during the later stages (Figure 2a), which confirmed previous
reports that Chlamydia inhibits apoptosis during the early
stages of the infection. Thus, we focused our subsequent
studies on the involvement of the caspases in Chlamydia-
induced infertility.

Caspase 1 and 3 Are Involved in Chlamydia-Induced Infertility
Activation of caspase-1 (required for the maturation of inter-
leukin 1B, interleukin 18, and interleukin 33) has been shown
to be necessary for Chlamydia-induced inflammatory patholo-
gies in the upper genital tract of mice; thus mice deficient in
caspase-1 failed to develop severe pathologies in the upper
genital tract although were susceptible to chlamydial infection
[6]. To determine whether caspase-1 and caspase-3, which are
centrally located on the caspase cascade pathway, are involved
in mediating Chlamydia-induced infertility, caspase-1 and
caspase-3 knockout (KO) mice were genitally infected with
wild-type C. trachomatis (WT-L2) and evaluated for infertility
by mating. As shown in Figure 3, although caspase-1 and -3
KO mice as well as the control mice were productively infect-
able with WT-L2, the fertility of infected and noninfected
animals was indistinguishable. As shown in Figure 1, infected
normal (caspase-1- and -3-positive) mice exhibited approxi-
mately 80% infertility after a similar genital infection. The
results suggest that the activation of the host’s caspase-1 and
-3 are required for chlamydial induction of infertility.
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Figure 2. Caspase-dependent processes during Chlamydia infection. Hela cells were treated with 50 pM of either Z-VAD-FMK or the control Z-FA-
FMK for 90 min and then infected for 72 h with Chlamydia trachomatis at a MOI of 1. (4) Cells were fixed, incubated with a reaction mix containing
biotin-dUTP, terminal deoxynucleotidyl transferase and avidin-FITC, as described in the Materials and Methods. Fluorescein-labeled fragmented DNA
were visualized and photographed on a Nikon Eclipse 80i fluorescence microscope. (B) For quantification, the total number of TUNEL-positive cells were
counted under in 17 randomly selected microscopic fields and normalized to the total number of cells per slide. Data were analyzed as the mean
(+ SEM) of TUNEL-positive cells. The experiment was repeated 3 times. Bovine DNase | at 5 pg/mL and 500 nM of Staurosporine (Streptomyces
staurospores) were used as positive controls.
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Figure 3. Caspase-1 and -3 knockout mice are fertile. Groups of
caspase-1 and -3 knockout female mice were infected intravaginally with
wild-type C. trachomatis 12 (WT-L2), as described in the Materials and
Methods section. Infected and noninfected control mice were mated and
scored for pregnancy and no. of pups. The plotted data are the means
(SEM) for groups from 2 independent experiments with 6 mice per exper-
imental group.

Inhibition of Local Caspase Activation Prevented Chlamydia-
Induced Infertility

If activation of caspases is necessary for chlamydial infections
to induce pathologies, we evaluated the possible benefit of
pharmacological inhibition of caspases as a component of an
antichlamydial treatment regimen to specifically prevent infer-
tility. We tested the effect of local treatment with the
pan-caspase inhibitor (Z-VAD-FMK) on Chlamydia-induced
infertility. As shown in Figure 4, the local intravaginal treat-
ment of mice with the pan-caspase inhibitor, Z-VAD-FMK
significantly ~prevented infertility in infected animals
(P>.004); however, shedding of chlamydiae was not affected,
confirming previous reports that the ability to activate the cas-
pases is a requirement for chlamydial infections to induce

tubal pathologies.

Caspase Activation and Dicer Cleavage in the Oviducts of
Chlamydia-Infected Infertile Mice

To explored the possibility that Chlamydia-induced infertility
could occur via caspase-mediated disruption of vital fertility-
promoting biological process(es) in the reproductive system,
we focused on Dicer. Dicer is a caspase-sensitive, key fertility
promoting enzyme whose targeted genetic deletion from re-
productive tissues produces a female mouse that exhibits a re-
productive infertility profile essentially identical to that in
Chlamydia-infected, infertile female mice [17, 19-21]. Specifi-
cally, caspase-3, and to a lesser extent caspase-1, can mitigate
Dicer-dependent biological functions by cleavage inactivation
that converts Dicer from the 220 kDa protein into a major

Figure 4. Prevention of Chlamydia-induced infertility by local adminis-
tration of a pan-caspase inhibitor. Groups of C57BL/6 female mice were
treated intravaginally with 0.02 ML of a 50 yM solution of the pan-
caspase inhibitor, N-benzyloxy-cabonyl-Val-Ala-Asp-fluoromethyl ketone
(Z-VAD-FMK) or the inhibitor control, Z-FA-FMK in phosphate-buffered
saline before and after intravaginal infection with the wild-type Chlamyd-
ia trachomatis L2 (WT-L2), then mated to assess infertility, as described
in the Materials and Methods. The experiments were repeated at 4
times with 6 mice per experimental group.

N-terminal 150-190 kDa and minor C-terminal fragments
[25, 26]. Upon analysis of the integrity of Dicer and caspase-3
in the oviducts of Chlamydia-infected infertile mice, Figure 5
shows that the appearance of the ~20 kDa activated caspase-3
from day 3 postinfection coincided with the generation of a
lower sized caspase-3-cleaved Dicer (a 180 kDa N-terminal
fragment) in the oviducts of infected, infertile mice. In addi-
tion, Dicer is cleaved in the oviducts from infertile (WT-L2-
infected) but not in fertile (PF-L2 infected or noninfected)
mice (Figure 6). The results indicated that caspase-mediated
cleavage of Dicer occurred after genital chlamydial infection,
and its inadequacy possibly causes infertility, similar to the in-
fertility in Dicer-deficient mice [20].

Evidence of Alteration in Critical Developmental miRNAs

in the Oviducts of Chlamydia-Infected Infertile Mice

The molecular and biochemical basis of infertility caused by
chlamydial activation of the caspases and cleavage inactivation
of Dicer was further probed by analyzing the miRNA expres-
sion pattern in the oviducts of infected infertile mice. As
shown in Table 1, a combination of microarray and quantita-
tive real-time PCR identified among others mir-21 and
Mir-103 to be significantly decreased in the oviducts from
wild-type C. trachomatis-infected, infertile mice, as compared
to oviducts from fertile (PF-infected or uninfected) mice. This
would suggest that target genes controlled by these miRNAs,
including those involved in cell growth, differentiation, tissue
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Figure 5. Western blotting analysis of the expression of Dicer and activated caspase-3 in the oviducts after genital chlamydial infection. Qviducts
from infected and noninfected mice were homogenized, and equal amounts of total protein from each sample were loaded onto a 4%—20% SDS-PAGE
gradient gel, electrophoresed and transferred on to nitrocellulose membranes. The blots were probed with primary antibodies against Dicer, the pro- or
activated caspases). A primary antibody against Glyceraldehyde 3 phosphate dehydrogenase (GAPDH) was used as the housekeeping gene expression
control. The secondary antibody was detected by Western ECL-enhanced luminol reagent (PerkinElmer Inc, Morrisville, NC). The figure shown is a

representative of 4 independent experiments showing identical results.

Figure 6. Western blotting analysis of expression of Dicer in the ovi-
ducts after genital chlamydial infection with wild-type Chlamydia tracho-
matis |2 (WT-CT-L2) or the plasmid-free C. trachomatis (PF-CT-L2).
Oviducts from mice were homogenized and equal amounts of total
protein from each sample were loaded onto a 4%—20% SDS-PAGE gradi-
ent gel, electrophoresed and transferred on to nitrocellulose membranes.
The blots were probed with a primary antibody against Dicer. A primary
antibody against Glyceraldehyde 3 phosphate dehydrogenase (GAPDH)
was used as the housekeeping gene expression control. The secondary
antibody was detected by Western ECL-enhanced luminol reagent (Perkin-
Elmer Inc, Morrisville, NC). The figure shown is a representative of 4
independent experiments showing identical results.

development, and inflammation are affected by chlamydial
infection.

DISCUSSION

The molecular basis of Chlamydia-induced infertility has re-
mained unresolved. Dicer is a key molecular determinant of
reproductive fertility [17, 19-21]; its susceptibility to cleavage
inactivation by the caspases inducible by chlamydial infection
[25] led us to investigate whether caspase-mediated processes,
including the cleavage inactivation of Dicer and miRNA alter-
ation, play a role in Chlamydia-induced infertility. Such evi-
dence may have implications for TFI caused by other agents
of sexually transmitted diseases, including Neisseria gonor-
rheae, Mycoplasma genitalium, and Trichomonas vaginalis.
Our results corroborate previous studies that the chlamydial
cryptic plasmid and caspase activation are required for chla-
mydial tubal or ocular inflammatory pathologies [6, 14-16]
and suggest that the plasmid-free chlamydial strain would not
activate the caspases. This conclusion was partly confirmed by
results showing that the local application of the pan-caspase
inhibitor Z-VAD-FMK prevented the Chlamydia-induced in-
fertility. The finding suggests that safe, human-compatible
anticaspase agents, used individually or in combination with
antichlamydial antibiotics, may prevent TFI and possibly PID,

Pathogenesis of Chlamydia-Induced Infertility e JID 2013:207 (1 April) e 1101



offering a potentially new treatment against a major chlamydi-
al sequeale in control and prevention programs. The prospect
for clinical use of caspase inhibitors to prevent caspase-
induced apoptosis was demonstrated for islet cell transplant in
mice [39].

Mechanistically, the molecular basis of caspase-dependent
Chlamydia-induced infertility could include caspase activation
via TNF-a signaling, leading to apoptotic destruction of the
ICCs and triggering ectopic pregnancy and infertility due to
lack of electrical waves for fallopian tube smooth muscle con-
traction that transports fertilized embryos to the uterus for im-
plantation [13]. The destruction of ICCs does occur after
genital chlamydial infection, although they were regenerated
[40]; however, the extent of recovery of the molecules that
conduct, transmit, and regulate the electrical waves on the
smooth muscles of the reproductive tract, including B adrener-
gic and CB-1 receptors, and ion channels such as Ano-1 [41,
42] was not investigated. Second, Dicer is the target of cas-
pases, especially caspase-3 and to some extent caspase-1 [25,
26], which are activated during chlamydial infection [38]; and
the adverse reproductive consequences and pathologic features
of Dicer deficiency in female animals bear striking similarities
to Chlamydia-induced tubal abnormalities in mice [20].
Therefore, there may be a pathobiological link in the repro-
ductive disease outcomes associated with genital chlamydial
infection and Dicer deficiency. Our present study revealed that
the integrity of Dicer and select miRNAs in the oviducts of
infected infertile mice was impaired, with evidence of caspase-
mediated Dicer cleavage in the oviducts from Chlamydia-in-
fected infertile mice. Among the prominent differentially ex-
pressed miRNAs identified was mir-21, which plays a key
regulatory role in cell proliferation, differentiation, and
growth, such that its overexpression in certain cancers serves
as a diagnostic and therapeutic target [43]. Mir-21 will likely
be vital in early embryonic development, and its reduction
may compromise zygote and embryonic development follow-
ing fertilization. Other differentially expressed miRNAs identi-
fied in the oviducts of infection-induced infertile mice include
mir-103, mir-107, Let-7i, and mir-92b, which regulate expres-
sion of members of the wingless family of secreted glycopro-
teins (Wnt4, Wnt5a, Wnt7a) and the homeobox transcription
factors encoded by the Hox genes that have major functions
in reproductive tissues, implantation and fertility, as well as
cell signaling pathways that involve the B-catennin during host
immune response and inflammation [44-46]. Therefore,
caspase activation and Dicer cleavage inactivation may affect
the generation and function of miRNAs required for regulat-
ing gene expression during postfertilization embryonic devel-
opment as well as local inflammation and immune reactivity
in the female reproductive system. Fertilized Dicer-deficient
oocytes are arrested at the early stages of embryonic due to
limitation of de novo synthesis of critical miRNAs; they were

fragmented with reduced and disorganized spindles and chro-
mosomes [24]. Moreover, the single copy of Dicerl in the
mouse genome for the biosynthesis of both miRNAs and
siRNAs [47] implies that any alterations in Dicer expression or
the state of the enzyme in reproductive tissues will drastically
affect differentiation and physiological processes during repro-
duction. Thus, the loss of Dicer in mouse oviducts resulted in
major reproductive abnormalities, including loss of the
smooth muscle layer and disorganization of the epithelium,
particularly the isthmus, retention of fertilized embryos in the
oviduct (ie, ectopic pregnancy), poor smooth muscle contrac-
tility, and developmentally delayed embryos, which culminat-
ed in infertility [19].

Finally, the proposed caspase-Dicer-miRNA pathway to
Chlamydia-induced TFI would not necessarily invalidate the
role of inflammation-induced scarring, fibrosis, and obstruc-
tion. In fact, it is likely that both processes occur concurrently.
In addition, relevant questions for further investigation
include how caspase activation, Dicer cleavage inactivation,
and other downstream processes leading to onset of infertility
are sustained after host clearance of chlamydial infections or
whether recurrent or chronic infection is required to drive the
pathologic process. Inadequate Dicer cellular recovery will be
required to validate any sustained deficiency without reinfec-
tion to reactive the destructive caspases. Furthermore, a recent
report revealed that activation of the caspases modulates Dicer
expression in at least 2 ways; first, caspase cleavage of Dicer
inactivates its miRNA generation function [25, 26]. Second,
caspase cleavage of Dicer potentiates cellular apoptotic pro-
cesses, through the conversion of Dicer (an RNase) into a
proapoptotic DNase represented by the N-terminal fragment
[48]. Chlamydia-induced caspase-mediated cleavage of Dicer
may therefore increase cellular apoptosis in the reproductive
tract tissues, leading to cellular fragmentation, embryonic
demise, and depletion of ICCs. Consequently, we have non-
survival of embryos and inability of surviving zygotes or early
embryos to transit the oviduct to the uterus for implantation.
Finally, alteration in expression of certain miRNAs is a poten-
tial biomarker for diagnosing or monitoring the onset and
evolution of tubal pathologies into PID or infertility. Further-
more, with relevant technology, there are future prospects for
replacement therapies of Dicer gene or enzyme therapy, and
miRNA targeting.
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