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ABSTRACT

Endometriosis causes severe chronic pelvic pain and infertil-
ity. Because the standard medication and surgical treatments of
endometriosis show high recurrence of symptoms, it is necessary
to improve the current treatment options. In the initial study, we
examined whether niclosamide can be a useful drug for treating
endometriosis in a preclinical setting. Endometriotic implants
were induced using an established mouse model involving
transimplantation of mouse endometrial fragments to the
peritoneal wall of recipient mice. When the recipient mice
were treated with niclosamide for 3 wk, niclosamide reduced
the size of endometriotic implants with inhibition of cell
proliferation and inflammatory signaling, including RELA (NFKB)
and STAT3 activation, but did not alter expression of steroid
hormone receptors. To identify genes whose expression is
regulated by niclosamide in endometriotic implants, RNA-
sequencing was performed, and several genes downregulated
by niclosamide were related to inflammatory responses, WNT,
and MAPK signaling. In a second study designed to assess
whether niclosamide affects reproductive function, the recipient
mice started receiving niclosamide after the induction of
endometriosis. Then, the recipient mice were mated with wild-
type males, and treatments continued until the pups were born.
Niclosamide-treated recipient mice became pregnant and
produced normal size and number of pups. These results suggest
that niclosamide could be an effective therapeutic drug and acts
as an inhibitor of inflammatory signaling without disrupting
normal reproductive function.

endometriosis, inflammation, mouse model, niclosamide,
reproductive function

INTRODUCTION

Endometriosis affects 6%—10% of women of reproductive
age [1]. Although endometriosis is a benign disorder,
approximately 50% of affected women experience severe

This work was supported by NIH CA179214 and SIU-SOM Concept
Development Award (to K.H.). This study was presented in part at the
7th Annual lllinois Symposium on Reproductive Sciences, October 12,
2015, University of lllinois at Urbana-Champaign, Illinois. RNA-seq
data deposited in the GEO database (accession no. GSE79698).
2Correspondence: Kanako Hayashi, Department of Physiology, South-
ern Illinois University School of Medicine, 1135 Lincoln Dr., Carbon-
dale, IL 62901. E-mail: khayashi@siumed.edu

Received: 14 March 2016.

First decision: 18 April 2016.

Accepted: 16 August 2016.

© 2016 by the Society for the Study of Reproduction, Inc. This article is
available under a Creative Commons License 4.0 (Attribution-Non-
Commercial), as described at http:/creativecommons.org/licenses/by-nc/
4.0

elSSN: 1529-7268 http://www.biolreprod.org

ISSN: 0006-3363

chronic pelvic pain and/or infertility [2, 3]. Long-term
treatment of patients with chronic pelvic pain associated with
endometriosis involves repeated courses of therapy: surgical,
medical, or both [4]. However, current strategies for the
treatment of endometriosis only temporarily relieve the
symptoms of the disease. Laparoscopic surgery provides
temporary pain relief, but the recurrence rate is conservatively
estimated to be 50% after 5 yr [5, 6]. The most widely used
medical drugs are oral contraceptives, GnRH agonists, and
progestins, which suppress ovarian function and reduce pelvic
disease and associated pain [1, 7]. However, GnRH agonist
therapy carries a significant risk of bone loss due to the induced
hypoestrogenic state [8] and has a 50% or higher rate of
recurrence of symptoms [9, 10]. Progesterone resistance
commonly arises as a major complication to progestin therapy,
leading to escalation of estrogen function [11]. Although
hysterectomy with oophorectomy may be the best treatment, it
elicits irreversible fertility loss. Therefore, it is important to
identify therapeutic targets and efficient drugs that are
improvements over current treatment options.

Endometriosis is defined as the presence of endometrium-
like tissue, consisting of proliferating endometrial glands and
stroma outside the uterine cavity, primarily on the pelvic
peritoneum and ovaries [7, 12]. Major molecular distinctions in
endometriotic lesions are overproduction of estrogen, prosta-
glandins, and cytokines [13—16]. Estrogen enhances the
survival and persistence of endometriotic lesions, whereas
prostaglandins and cytokines mediate pain, inflammation, and
infertility [7, 12-16]. Remarkably, increased macrophage,
prostaglandin, cytokine, and chemokine contents have been
found in the peritoneal fluid from endometriosis patients [16—
24]. This milieu of cytokines and growth factors creates a
microenvironment that encourages endometrial cell attachment,
invasion, and vasculogenesis [16, 22-25]. Chemokines play a
major role in the recruitment of macrophages to the site of
endometrial tissue engraftment in the peritoneal cavity, a
critical step for endometriotic growth and progression [26, 27].
Thus, the inflammatory environment further enhances inflam-
mation and consequently promotes endometriotic cell survival
and growth [26-28].

Niclosamide is an efficacious, minimally toxic and Food
and Drug Administration (FDA)-approved antihelminth drug
that has been used in patients for decades [29, 30]. The
antiparasitic activity of niclosamide was originally reported to
be mediated by inhibition of mitochondrial oxidative phos-
phorylation and anaerobic ATP production [31]. Recently,
several groups, including ours, have reported that niclosamide
disrupts multiple signaling pathways, including NFkB,
STAT3, and WNT signaling in a variety of cancer models
[32—41]. Thus, we hypothesized that niclosamide could be an
inhibitor of endometriosis progression by blocking these
signaling pathways.
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FIG. 1.

In the present study, we report that niclosamide reduces the
size of endometriotic implants in a mouse model of
endometriosis by targeting inflammatory mechanisms. Further-
more, we demonstrate that the treatment with niclosamide does
not disrupt reproductive function in female mice.

MATERIALS AND METHODS

Animals

Mice were maintained in the vivarium at Southern Illinois University
according to the National Institutes of Health guidelines for the care and use of
laboratory animals (Assurance A3078-01). Tg (UBC-GFP)30Scha (Strain of
Origin: C57BL/6, also known as B6-GFP, Jax 004353) and C57BL/6 (also
known as B6, Jax 000664) mice were obtained from the Jackson Laboratory.
The genotypes of B6-GFP mice were determined by PCR analysis of tail
genomic DNA as previously described [42].

Mouse Model of Endometriosis and Experimental Design

An experimental mouse model of endometriosis was established adopting
procedures described previously with some modification [43]. Briefly, the
uterine horns were removed from 8-wk-old female B6-GFP mice (donor)
during the diestrus stage of the reproductive cycle. Both horns were opened
longitudinally and cut into a total of four tissue pieces (two sets of each
diameter punch) using 2-mm and 3-mm dermal biopsy punches (15111-20 for 2
mm and 15111-30 for 3 mm, the initial average implant volume with four tissue
pieces being 4.95 + 0.37 mm?; Ted Pella, Inc.). Then, the uterine pieces were
maintained in warmed DMEM/F12 (10-090; Corning). As recipient mice, B6
mice (8 wk old) were selected during the diestrus stage and anesthetized. A
longitudinal abdominal incision was made, and uterine pieces from donor mice
were sutured to the right or left side of peritoneal walls (each 2-mm and 3-mm
piece/one side) using a 6-0 braided silk suture (SUT-1073-11; Roboz). Then,
the abdominal incision was closed with a 4-0 braided silk suture (SUT-1073-
31; Roboz).

In study 1, we first examined inhibitory effects of niclosamide on
endometriotic implants. After 3 days recovery from the transimplantation
surgery, recipient mice orally received niclosamide (N3510; Sigma-Aldrich) at
a dose of 0 (n=38), 100 (n=15), or 200 (n = 10) mg/kg b.w./day (where b.w. is
body weight) for 3 wk (Fig. 1). For oral administration, niclosamide was mixed
in gelatin (Knox) with artificial flavors (Sweetener, Splenda, and Berry
Pomegranate). Note that the mice were generally housed four per cage, but
during the treatment, the mice were placed individually in a cage devoid of
bedding and provided the gelatin mix. After a few days of training, more than
95% of mice ate their complete dosage of niclosamide (~150 mm?® gelatin)

Examine lesions

Experimental design of studies 1 and 2. Legend: E, embryonic day; PND, postnatal day.

within 30 min. The mice that did not completely eat the gelatin were eliminated
from the studies. After 3 wk of treatment, the recipient mice in the diestrus
stage were necropsied, and the endometriotic implants were distinguished
under the Fluorescence Stereo Microscope (Leica) and collected for further
analysis. The total weight and growth including four implants were recorded.
The implant volume was calculated according to the formula (L X W?), where L
is length and W is width measured by a digital caliper (VWR) [44, 45].

In study 2, we next determined whether there is an effect of niclosamide
treatment on reproductive functions. Endometriotic implants were induced in
female mice (total 18 mice) as described in study 1. Then, mice were randomly
assigned for control (n=11) or niclosamide (n=7) group. Sham surgeries were
performed in female mice (n =5) following the same steps as the endometriosis
surgery except that no donor tissues were implanted to the peritoneal walls
(only sutures). After 3 days of surgical recovery, recipient mice started
receiving niclosamide orally at a dose of 0 or 200 mg/kg b.w./day (Fig. 1). The
recipient mice continuously received the treatment throughout pregnancy until
the pups were born. Seven days after the surgery, the recipient mice started
mating with B6 male mice, and the time of a plug was recorded as Embryonic
Day 0.5. Finally, the recipient mice were necropsied when the pups were
weaned on Postnatal Day (PND) 21. Gestational length, number of pups, and
pup weight at birth and on PND 21, as well as implant volume. were calculated.

Immunohistochemical and Terminal Deoxynucleotidyl!
Transferase dUTP Nick End Labeling Analyses

Immunolocalization of MKI67 (Ki67), PECAMI1 (CD31), ESR1, PGR, p-
CHUK (IKK), p-STAT3, NOS2 (iNOS), and PTGS2 (COX2) was determined
in cross sections (5 pm) of paraffin-embedded implant sections using specific
primary antibodies and Vectastain Elite ABC Kit (PK-6101), Mouse on Mouse
Basic Kit (BMK-2202; Vector laboratories), or DyLight-conjugated secondary
antibody (711-516-152; Jackson ImmunoResearch Lab). Antibodies used in
these analyses were anti-MKI67 (Ki67, 1.25 pg/ml, 550609; BD Biosciences),
anti-PECAMI1 (CD31, 1:100 dilution, ab28364; Abcam), anti-ESR1 (1 pg/ml,
sc-542; Santa Cruz Biotechnology), anti-PGR (1 pg/ml, RB-9017-P0; Thermo
Scientific), anti-p-CHUK (IKK, 1:150 dilution, 2697; Cell Signaling
Technology), anti-p-STAT3 (1:50 dilution, 9145; Cell Signaling Technology),
anti-NOS2 (iNOS, 5 pg/ml, 610333; BD Biosciences), and anti-PTGS2
(COX2, 1:50 dilution, RM-9121; Thermo Scientific). The terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed
according to manufacturer’s instructions using ApopTag Fluorescein In Situ
Apoptosis Detection Kit (S7160; Millipore). Cell-specific MKI67, ESR1, PGR,
p-CHUK, p-STAT3, NOS2, and PTGS2 positive and total cell number of either
epithelial or stromal cells were counted in an area of 0.007 mm? (three different
areas from each section and four different implants), and the percentage
(positive cells/total cells) was semiquantitatively analyzed. Cell-specific
TUNEL- and PECAM 1-positive cells were counted in the area of 0.02 mm?
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(three different areas from each section and four different implants) and
semiquantitatively analyzed.

RNA Sequencing and Quantitative PCR Analyses

For RNA sequencing (RNA-seq), total RNA was isolated from the implants
collected from the recipient mice in study 1 at a dose of 0 (n=3) or 200 (n=3)
mg/kg b.w. of niclosamide using the RNeasy mini kit (74104; Qiagen). Note
that one of the control samples was pooled from four different recipient mice
due to limited amount of RNA, while all the other samples were from a single
mouse. RNA quality was assessed, and the samples were sent to the Carver
Biotechnology Center at the University of Illinois for sequencing in the High-
Throughput Sequencing and Genotyping Unit. Briefly, the stranded RNA-seq
libraries were prepared with Illumina’s TruSeq Stranded RNA Sample Prep kit
(RS-122-2201; Illumina) using 1 pg total RNA. The libraries were pooled in
equimolar concentration, and the pool was quantitated by quantitative PCR
(qPCR) and sequenced on one lane for 101 cycles on a HiSeq2500 (Illumina)
using a HiSeq SBS sequencing kit (FC-401-4002; Illumina). Fastq files were
generated and demultiplexed with the bcl2fastq v1.8.4 Conversion Software
(Illumina).

The data were then sent to the High-Performance Biological Computing
Group of the Carver Biotechnology Center for bioinformatics and statistical
analysis. Each sample’s fastq file was run through Trimmomatic 0.33 to first
remove any remaining standard Illumina TruSeq SE v3 adapters, then to trim
bases from both ends with quality scores below 28, and finally to remove reads
shorter than 30 bp (parameters ILLUMINACLIP:/home/apps/trimmomatic/
trimmomatic-0.33/adapters/TruSeq3-SE.fa:2:15:10 LEADING:28 TRAIL-
ING:28 MINLEN:30). Each sample was then aligned to the National Center
for Biotechnology Information (NCBI) GRCm38.p3 genome using STAR
2.4.2a with gene models ref GRCm38.p3_top_level.gff3.gz (NCBI Mus
musculus Annotation Release 105) and parameter —sjdbGTFtagExonParent-
Gene gene. Read counts for each gene were generated using featureCounts
(from subread v 1.4.6-p4) with parameters -s 2 -g gene -t exon.

The raw counts (27.8-34.8 million per sample) were input into R [46] 3.2.2,
and genes that did not have at least one count per million reads in at least three
samples, regardless of treatment, were deemed unreliable and filtered out;
15220 of the 41786 genes passed this filter and were analyzed using edgeR
[47] v 3.12.0. A negative binomial generalized linear model [48] was used,
which included tagwise dispersion estimates, trimmed mean of M component
normalization factors, and coefficients of treatment effect and body weight as a
covariate (the weight of the pooled sample was calculated from a weighted
mean of the individuals, based on amount of input RNA). Multiple hypothesis
test correction for the treatment effect was done using the false discovery rate
(FDR) [49] method.

Bioinformatics analysis was performed using the database for annotation,
visualization, and integrated discovery (DAVID) for a total of 199 genes
(which exhibited an FDR of less than 0.1), and gene set enrichment analysis
(GSEA) to identify additional genetic pathways affected by niclosamide
treatment, as we previously performed [50]. Briefly, to examine genomewide
expression profiles, the publicly available GSEA software package (www.
broad.mit.edu) was used for leading edge analysis to determine whether the
members of the identified gene ontology pathways were randomly distributed
throughout the ranked gene list or concentrated at the top or bottom. A
preranked list of 15220 unique native RNA-seq features was prepared using
the limma (3.10.2) BioConductor package. These sequences collapsed to
10570 unique gene signatures present within the curated gene sets that were
examined. The recommended GSEA metrics for ranking genes were
employed, such that significant negative fold changes had the lowest ranks
(i.e., they cluster at the na_neg end of the leading edge enrichment plots) and
significant, positive fold changes received the highest ranks. Pathway
statistics were evaluated by GSEA using the default parameter settings, and
gene sets were defined as significantly enriched if the FDR g-value was <0.2
when using Pearson metrics and 1000 permutations of gene sets. Lastly,
selected genes identified from the above analyses were tested by qPCR as
described previously [51]. Primer sequences were determined using NCBI’s
design tools and are provided in Supplemental Table S1 (Supplemental Data
are available online at www.biolreprod.org).

Statistical Analysis

Data were analyzed using Prism software (version 5.0; GraphPad). All
experimental data are presented as mean with standard error of the mean
(SEM). For the analyses (lesion growth, fertility assessment, and
semiquantitative immunohistochemistry scoring), involving three groups,
one-way ANOVA and Tukey multiple-comparison posttest was used to
identify differences between individual means. All data met necessary
criteria for ANOVA analysis including equal variance as determined by

Bartlett test. The qPCR data was analyzed by two-tailed Student t-test
(comparing between 0 and 200 mg/kg b.w. niclosamide treatment) with a
minimum of eight biological replicates per treatment. F-test was used to
determine whether two groups possessed equal variances. Unless otherwise
indicated, a P value less than 0.05 was considered to be statistically
significant.

RESULTS

Niclosamide Inhibits Growth of Endometriotic Implants

To investigate the effect of niclosamide on the growth of
endometriosis, we surgically induced endometrioticlike le-
sions on the peritoneal wall of mice. We implanted uterine
tissue pieces of B6-GFP mice (donor) to the same genetic
background of recipient mice (B6) because ectopic GFP-
positive implants could be microscopically examined to
evaluate the implants for accurate growth. Figure 2A shows
peritoneal vessels that surround the endometriotic implants
(arrows in Fig. 2A). We were clearly able to distinguish GFP-
positive endometriotic implants using the fluorescence
microscope. Histological analysis showed that intact epithe-
lial, stromal and some myometrial cells of the endometriotic
implants were observed in control and niclosamide-treated
mice (Fig. 2B).

After 3 wk of treatment with niclosamide or control vehicle,
all mice appeared healthy with no obvious adverse effects
including weight loss (data not shown). Estrous cyclicity was
observed in all mice by vaginal cytology, and the samples were
collected at the diestrus stage. When the mice were necropsied,
we observed a significant difference in the pattern of growth of
endometriotic implants (Fig. 3). Niclosamide-treated mice at a
dose of 100 mg/kg b.w./day showed a significant reduction of
implant weight (0.023 £ 0.004 g) and growth (4.63 = 1.00
fold from initial implant size) compared to controls (implant
weight: 0.044 = 0.007 g, and growth: 8.66 = 1.10 fold).
Niclosamide-treated mice at a dose of 200 mg/kg b.w./day also
had reduced implant weight (0.016 = 0.003 g) and growth
(1.90 = 0.40 fold) compared to controls. While we did not see
any significant differences between 100 and 200 mg/kg b.w.
niclosamide treatment, P values were smaller in the 200 mg/kg
b.w. treatment.

Next, to determine whether reduced implant sizes after
treatment with niclosamide resulted from alterations in cell
proliferation, angiogenesis, and/or apoptosis, we performed
immunohistochemical analysis of MKI67 (Ki67) and PECAM1
(CD31) as well as the TUNEL assay (Fig. 4A). Immunohis-
tochemical and TUNEL analyses were semiquantitatively
scored by counting of positively stained cells and/or total cells
(Fig. 4B). The majority of the cells, especially epithelial cells,
were MKI67 positive in the control implants. However, in
agreement with the reduction of growth of endometriotic
implants, fewer cells were MKI67 positive in the implants of
niclosamide-treated mice (Fig. 4A). Treatment with niclosa-
mide at a dose of 200 mg/kg b.w./day significantly reduced
epithelial cell proliferation to 37.7% = 7.2 % compared with
61.6% = 59 % of control implants, but there was no
significant difference by a dose of 100 mg/kg b.w./day
niclosamide treatment (50.1% * 7.9 %). We did not observe
any differences in stromal cell proliferation, TUNEL-positive
cells, and PECAMI staining in any endometriotic implants.
Furthermore, epithelial and stromal ESR1 and PGR were
positive in the endometriotic implants, and there were no
differences between control and niclosamide-treated mice (Fig.
4), suggesting that niclosamide does not affect steroid hormone
signaling.
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FIG. 2. Assessment of the endometriotic implants. A) Morphology of the endometriotic implants was microscopically examined after 3 wk of treatment
at doses of 0 (n=28), 100 (n=15), or 200 (n = 10) mg/kg b.w./day of niclosamide. Upper panels: sutured endometriotic implants were vascularized in the
recipient mice. Middle panels: GFP-positive implants were observed under the fluorescence light. Bottom panels: the endometriotic implants were
isolated from the recipient mice. Black and white arrows show blood vessels. B) Histology of the endometriotic implants is shown. Tissues were stained
using hematoxylin and eosin. Legend: LE, luminal epithelium; M, myometrium; S, stroma.
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The effect of niclosamide on the growth of endometriotic implants. The implant weight and growth (fold increase over initial implant size) were

examined after 3 wk of treatment at doses of 0 (n =8), 100 (n =5), or 200 (n = 10) mg/kg b.w./day of niclosamide.

Downregulation of Inflammatory Signaling by Niclosamide

The importance of inflammatory signaling in the develop-
ment of endometriosis has been documented [12, 16].
Niclosamide has been shown to target NFKB and STAT3
signaling in cancer cells [32-35, 37, 38]. Therefore, activation
of CHUK and STAT3 as well as RELA (NFKB) downstream
molecules NOS2 (iNOS) and PTGS2 (COX2) were examined
(Fig. 5). Immunoreactive p-CHUK was significantly reduced in
the epithelial and stromal endometriotic implants by niclosa-
mide treatment at a dose of 200 mg/kg b.w./day. This dose of
niclosamide treatment significantly decreased STAT3 activity
in the epithelial cells of endometriotic implants. However,
NOS2 and PTGS2 were not affected by niclosamide.

While our results suggest that reduction of growth of
endometriotic implants by niclosamide are brought about
through inhibition of inflammatory mechanisms, we performed
RNA-seq in order to further identify genes whose expression is
regulated by niclosamide in endometriotic implants. We have
deposited this data in the GEO database (GSE79698). Because
a dose of 200 mg/kg b.w./day was more effective at reducing
the size of the implants, transcriptional alteration on implants
from mice treated with control or a 200 mg/kg b.w./day
niclosamide (n = 3 each treatment) for 3 wk were compared. A
total of 15220 genes (>1 count per million reads) were
identified by RNA-seq. A total of 199 genes exhibiting
differential expression (FDR less than 0.1) were classified by
functional annotation using DAVID analysis [52, 53]. These
199 genes were categorized into groups of cell-cell signaling,
immune system process, immune response, and extracellular
matrix (Supplemental Table S2). Differentially expressed
transcripts were further confirmed by qPCR (n = 8), and a
summary of representative genes is provided in Figure 6. These
results highlighted that genes related to inflammation (Ccl20,
Cxcll4, 1lIr2, Lep, Lpo, Mucl3, Trpc3, and Piprzl) were
significantly decreased in the endometriotic implants after
niclosamide treatment. Additionally, Ctgf and Coll0Oal (extra-
cellular matrix) as well as Adrald, Ednl, Foxa2, Fgflé,
Gabrb3, Htrlb, 1d4, Nkd2, Nmur2, Oxtr, Ptpn5, Vwf, Wnt5h,
and Wnt7a were also reduced in treated implants.

To extend the bioinformatics analysis beyond these 199
genes, a list of all detected genes was prepared, ranked
according to significance and fold of differential expression,
and subjected to GSEA (a total of 10570 genes). The results

from GO, KEGG, Biocarta, and Reactome analyses were
pooled, and 30 enriched pathways downregulated in response
to niclosamide were identified (Supplemental Table S3).
Enriched pathways upregulated in response to niclosamide
were identified, but none held up to additional scrutiny and
were precluded from further analysis (data not shown). In
Supplemental Figure S1, these results highlighted downregu-
lation in WNT signaling (Wnt7a, Wnt5b, and Nkd2) as a route
for niclosamide action, and by association melanogenesis
(Wnt7a, Ednl, and Wnt5h). Interestingly, two novel path-
ways—MAPK signaling (Ptpn5, Fgfl6, and [l1r2) and
neuroactive ligand receptor interaction (Htrlb, Lep, Gabrb3,
Adrald, Nmur2, and Oxtr)—were identified as significantly
enriched among the misregulated genes. In agreement with
DAVID analysis, the extracellular matrix was identified as a
niclosamide-responsive pathway as exhibited by downregula-
tion of CollOal and Ctgf. Note that gene sets related to
inflammation were not flagged in the leading edge analysis
because they were evenly distributed across the ranked list and
not clustered at the downregulated end of the correlation with
respect to changes in transcription.

Niclosamide Does Not Affect Reproductive Function

Currently, the most widely used drugs (GnRH agonists and
progestins) suppress and/or disrupt normal ovarian function.
Therefore, we sought to determine whether niclosamide
affected reproductive function in mice (Fig. 7). As described
in Figure 1, the mice received control or niclosamide (200 mg/
kg b.w./day) beginning 3 days after the either sham or
implantation surgeries until pups were born. During the
treatment, the mice were bred with wild-type B6 males, and
vaginal plugs were determined. Most of the mice had plugs 1-4
days after breeding. No significant differences in the time to
receive vaginal plug were observed between the groups.
Furthermore, all mice exposed to niclosamide became pregnant
and gave birth. Niclosamide treatment did not cause any
alterations of gestational length, number of pups, and weight of
the pups at birth and on PND 21. These results suggest that
niclosamide does not disturb important uterine functions
including implantation, maintenance of pregnancy, fetal
growth, and parturition. Lastly, when the endometriotic
implants were examined on PND 21, the treatment of
niclosamide maintained the reduction of implant sizes even
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FIG. 4. The effect of niclosamide on proliferation, apoptosis, angiogenesis, and steroid hormone receptors in the endometriotic implants. A) MKI67
(Ki67), ESR1, and PGR were detected by immunohistochemistry. Cellular apoptosis was determined by TUNEL analysis. Endothelial cell marker, PECAM1
(CD31) was detected by immunofluorescence. Legend: GE, glandular epithelium; LE, luminal epithelium; S, stroma. B) Immunoreactive MK167, ESRT, and
PGR were semiquantitatively analyzed by counting of positive and total cell number in the epithelial and stromal cells, and the percentages of positive
cells/total cells are shown. Cell number of TUNEL- and PECAM1-positive cells is shown.

6 Article 74



NICLOSAMIDE AS A THERAPY FOR ENDOMETRIOSIS

A Niclosamide (mg/kg b.w./day)

200

2 (iNOS) p-STAT3 p-CHUK (IKK)

) NOS

PTGS2
COX2

0 100

B
Niclosamide (mg/kg b.w./day)
% 100 200
Epithelium 979+2.1 923+3.8 76.7+9.2%
-CHUK (IKK
P (IKK) Stroma 834+47 863+4.0 56.21+8.3**
Epithelium 54.1+39 59.0+54 26.4+3.8%**
-STAT3
P Stroma 11.5+44 69+19 41+1.0
Epithelium 99.5+04 99.5+0.5 86.2+£59
NOS2 (iNOS
( ) Stroma 752+46 57.8+4.3 61.9+57
PTGS2 (COX2) Epithelium 984+05 98.2+0.5 98.7+0.7
Stroma 20.1£22 203%33 22.8+2.0

% of p-CHUK, p-STAT3, NOS2 or PTGS2 positive cells / total cells / 0.007 mm?
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FIG. 5. The effect of niclosamide on inflammatory signaling in the endometriotic implants. A) Immunoreactive p-CHUK (IKK), p-STAT3, NOS2 (iNOS),
and PTGS2 (COX2) were detected. Legend: GE, glandular epithelium; LE, luminal epithelium; S, stroma. B) Immunoreactive p-CHUK, p-STAT3, NOS2,
and PTGS2 were semiquantitatively analyzed by counting of positive and total cell number in the epithelial and stromal cells, and the percentages of

positive cells/total cells are shown.

though they were examined 3 wk after the final dosage of
niclosamide was administered (Fig. 7B).

DISCUSSION

Despite the large number of women who suffer from severe
chronic pain and infertility related to endometriosis, current
treatments temporarily relieve the symptoms of the disease but
abolish fertility. In the present study, we report that the FDA-
approved small molecule, niclosamide, inhibits the growth of

endometriotic implants using an established mouse model [43].
Niclosamide has been orally administered for the treatment of
intestinal helminthic infections. One of the features of
niclosamide is low toxicity as shown when it was evaluated
by World Health Organization (WHO) and Food and
Agriculture Organization of the United Nations (FAO) in
1988, and published in Data Sheet on Pesticides, No. 63,
Niclosamide (WHO/VBC/DS/88.63) [54]. The toxicity kinetics
of niclosamide administered orally in rats for 4 wk elicits no
adverse effects up to 2000 mg/kg daily. Similarly, niclosamide

Article 74



Adrald
1.5
-
1.0 J_
05 *%
0.0 T
0 200
Cxcl14
1.5
10—
k%%
0.5
N |
0 200
Gabrb3
g 1.54
w T
0 L
Q *%
S_ 0.5
b3
o 0.0 T
< 0 200
Z Lep
X s
(S
o r=E
_2 *kk
""B' 0.5
) o
o °° 0 200
Nmur2
1.5
10—
*%
0.5
0.0 T
0 200
Trpc3
1.5
10—
**k%
0.5
i |
0 200

PRATHER ET AL.

Ccl20
1.5
1
1.0 —1—
0.5 *%k%
0.0 T i
0 200
Edn1
1.5
T
1.0 I
*%
0.5
0.0 T i
0 200
Htr1b
1.5
11
1.0 _I_
*%
0.5
0.0 T
0 200
Lpo
1.5+
1 T
1.0 1T
*%
0.5
0.0 T
0 200
Oxtr
1.5
1.01—=
*%k%
0.5
0.0 T
0 200
vwf
1.5
T
10— *
0.5
0.0 T
0 200
Niclosami

Col10a1 Ctgf
15 1.5+
I ]l T
101 1.00—-
*
05 ek 0.51
0.0 — i 0.0 —
0 200 0 200
Fgf16 Foxa2
15 1.5
10 I 1.0{— -
*%*
*%
0.5 0.5
0.0 — i 0.0 —
0 200 0 200
Id4 1r2
1.5 1.57
I 1.0 ——
1.0 .
0 R
0.5 0.5
0.04— 00—
0 200 0 200
Muc13 Nkd2
1.5+ 1.5
1.0— 1.0 I
*%*
0.5 0.57
]
0.0 | m— 0.0 ,
0 200 0 200
Ptpn5 Ptprz1
1.5 1.5+
1.0 — = 10{—
*%*
*k*
0.5 0.5
0.0 — i 0.04—
0 200 0 200
Whnt5b Wnt7a
15 15
10— 1.04—
**
05 05 *kk
0.0 — 0.0 —
0 200 0 200

de (mg/kg b.w./day)

FIG. 6. The effect of niclosamide on gene transcripts. Genes identified by RNA-seq were analyzed by qPCR. The results were normalized against Rp/19.
*P < 0.05, **P < 0.01, or ***P < 0.001 versus control (0 mg/kg b.w./day of niclosamide).

treatment in dogs is safe at doses up to 4500-6000 mg/day for
4 wk. No signs of intoxication have been observed in humans
treated at 1000 mg/day. However, it has been reported that
nausea and abdominal pain occurs in only 10% of human

patients following an oral dosage of 2000 mg/day. Acute
toxicity in mice is reported as median lethal dose >1500 mg/kg
b.w. Thus, the dosages (maximum 200 mg/kg b.w.) used in our
study, that were effective for implant reduction, were much
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FIG. 7.

The effect of niclosamide on reproductive functions. Following transimplantation or sham surgeries, mice received daily treatment of either O or

200 mg/kg b.w. niclosamide, and were subsequently mated with B6 male mice. The treatments were continued until the pups were born, and the recipient
mice were necropsied when the pups were weaned on Postnatal Day (PND) 21. A) Time of plug, gestational length, number of pups, and pup weight at
birth and on PND 21 were examined. B) Morphology and volume of the implants were determined on PND 21.

lower than the reported median lethal dose of acute toxicity in
mice. Indeed, daily administration of niclosamide at a dose of
200 mg/kg b.w. for 3 wk in study 1 to 4 wk (average) in study
2 did not cause any adverse reactions, such as weight loss or
changes in behavior in the recipient mice. Previous analyses of
niclosamide toxicity have ignored the potential impact on
reproductive function. We found that mice receiving niclosa-
mide treatment exhibited normal estrous cyclicity, and all mice
could successfully conceive. Furthermore, treatment with
niclosamide did not induce preterm birth or impact fetal
development, and normal postnatal growth curves were
observed. These results suggest that niclosamide does not
directly cause any toxic effects, and effective doses do not
disrupt critical reproductive functions, whereas complete
toxicology studies need to be done before any clinical trials.
Nevertheless, niclosamide maintained the reduction of size of

endometriotic implants. Thus, drug repurposing of niclosamide
could be a rapidly distributed, potential therapy without major
side effects for the treatment of endometriosis patients.

In support of niclosamide’s ability to reduce implant
growth, niclosamide decreased cell proliferation. One of the
key features in endometriosis is the overproduction of estrogen,
which can subsequently accelerate the growth of endometriotic
lesions [12, 16]. While systemic estrogen can be a player for
endometriosis, local estrogen production by aromatase and
development of an inflammatory environment in the presence
of prostaglandins and cytokines are hallmarks of the progres-
sion of endometriosis [7, 12, 16, 55]. The present study showed
that niclosamide did not affect steroid hormone receptors in the
endometriotic implants, suggesting that niclosamide does not
inhibit local estrogen function in the endometriotic implants or
systemic estrogen function in the ovary.
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Cytokines and growth factors that have been implicated in
proinflammatory environment in endometriosis are upregulated
by NFkB signaling [28, 56]. Aberrant STAT3 activation
enhances the etiology of endometriosis [57, 58], and its
activation is synergistically increased when endometrial
stromal cells are cocultured with macrophages while the
inflammatory environment is developing [59]. Similarly,
NFKB activation is also increased via modulation of cytokines
and growth factors [28, 56]. Niclosamide suppresses abnormal
cellular processes by targeting RELA (NFKB) and STAT3
signaling in cancer cells [32-35, 37, 38]. In the present study,
we also report that niclosamide is effective at suppressing the
activation of RELA (NFKB) and STAT3 signaling in the
endometriotic implants. Our transcriptional profiling also
indicated that several genes regulated by niclosamide were
linked to inflammatory responses. Lep, a proinflammatory
cytokine, Ccl20, a chemokine ligand, and Mucl3, a trans-
membrane mucin glycoprotein, were significantly downregu-
lated in the endometriotic implants by niclosamide treatment. It
has been reported that abundant LEP (leptin) levels are
observed in serum and peritoneal fluid from endometriosis
patients and endometriotic tissues [60—64]. LEP promotes
proliferation, migration, and invasion in endometriotic cells
through JAK2/STAT3 signaling [65, 66]. Ablation of LEP
signaling disrupts endometriotic growth in mouse model [67].
MUCI13 is also known to promote RELA (NFKB) activity and
further enhances epithelial cell inflammation [68]. CCL20 and
its receptor CCR6 system stimulated by cytokines are involved
in the migration of Th17 cells to endometriotic tissues [69]. On
the other hand, niclosamide did not inhibit PTGS2 (COX2)
expression in the endometriotic implants. Overproduction of
prostaglandins (PG) via PTGS2 is also a feature of endome-
triosis [16]. High levels of local estrogen and PGE2 are
maintained in endometriotic lesions by positive-feedback
mechanisms: PGE2 activates steroidogenic proteins and
SYP19A1 (aromatase), leading to local estrogen biosynthesis
[55], and estrogen induces PTGS2, which in turn stimulates
PGE2 production [12]. The inhibitory mechanisms of niclosa-
mide did not target estrogen and prostaglandin production and
function. While niclosamide might not directly inhibit hormone
action, niclosamide is able to effectively disrupt the inflam-
matory environment. In addition, niclosamide alters the
behavior of endometriotic cells through modulation of the
RELA (NFKB) and STAT3 signaling pathways, including
expression of their associated downstream target genes. When
we extend the bioinformatics analysis using GSEA, we found
several interesting pathways including WNT and MAPK
signaling and extracellular matrix. Although several downreg-
ulated transcripts were identified in endometriotic implants, the
precise mechanism of inhibition of growth of endometriosis
and the inflammatory environment as well as other signaling
pathways by niclosamide remains to be investigated.

Collectively, the results of the present study indicate that
niclosamide could be an effective therapeutic drug for
endometriosis and acts as an inhibitor of inflammatory
signaling without disrupting normal reproductive function.
Niclosamide is an FDA-approved drug with a favorable safety
profile. If niclosamide continues to hold promise in further
preclinical studies, repurposing may ultimately prove to have a
tremendous impact on endometriosis patients in the clinical
setting. However, our study is not able to confirm whether
fertility defects were rescued by niclosamide because surgically
induced endometriosis mouse model does not clearly affect
murine fertility. Further fertility studies in which the effects of
niclosamide on entire reproductive functions remain to be
investigated.
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