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Abstract. Infection with Gram-negative bacteria is a major cause of aberrant inflammation in the oviduct; consequences 
can include tubal-based infertility and/or ectopic pregnancy. Understanding the inflammatory response is necessary for the 
development of novel treatment options that counter inflammation-induced infertility. The aim of the present study was to 
determine the effect of intraperitoneal (i.p.) administration of Escherichia coli-derived lipopolysaccharide (LPS) on the 
acute expression of inflammatory mRNAs and microRNAs (miRNAs) in the oviduct. On the day of oestrus, 6- to 8-week-
old CD1 mice were injected i.p. with 0, 2 or 10 mg LPS in 100 mL phosphate-buffered saline. Mice were killed 24 h later and 
the oviducts collected for gene expression analyses. The effect of treatment on the expression of mRNAs and miRNAs was 
evaluated by one-way analysis of variance (ANOVA), with treatment means of differentially expressed (P , 0.05) 
transcripts separated using Scheffé’s test. LPS treatment affected 49 of 179 targeted inflammatory mRNAs and 51 of 578 
miRNAs (P , 0.05). The identity of differentially expressed miRNAs predicted as regulators of chemokine and 
interleukin ligand mRNAs was then extracted using the microRNA.org database. The results of the present study indicate 
that systemic treatment with LPS induces a robust inflammatory response in the oviducts of mice, and identify key mRNAs 
and putative miRNAs modulating this effect.
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Introduction

Salpingitis or aberrant inflammation of the oviduct is one of the
most common forms of pelvic inflammatory disease (PID), and is

one of themost important components of the PID spectrumdue to
its effect on female fertility (for a review, see Sweet 2011). This
uncontrolled inflammation results in oviductal epithelial cell

death, tubal scarring and eventually occlusion (Punnonen et al.

1984; Donnez and Casanas-Roux 1988; Perfettini et al. 2000;
Garcı́a-Ulloa and Arrieta 2005; Steffl et al. 2008). The incidence
of tubal pathology is high (survey data indicate that tubal dys-

function is comparable in aetiology to ovulatory defects or
endometriosis as an indication for the treatment of female infer-
tility; Wright et al. 2008) and secondary effects, including

inflammation-induced tubal ectopic pregnancies, can be life
threatening (Shao 2010; Shaw et al. 2010; Creanga et al. 2011).
Therefore, understanding the inflammatory response is necessary

for the continued development or refinement of treatment options
that specifically target inflammation within this organ.

Inflammation of the oviduct is often a continued immune

response to infection with sexually transmitted bacterial patho-
gens (Mårdh 2004). These pathogens are known to target the
oviduct, manipulating signalling pathways in an intricate bal-
ance to both exploit and protect the host (Koomey 2001; Zhong

2009). Infection with Chlamydia trachomatis is currently at
record high levels in the US (Centers for Disease Control and
Prevention 2016) and treatment of Neisseria gonorrhoeae, the

second most reported of these notifiable sexually transmitted
diseases, is becoming increasingly plagued by resistance to
antibiotic therapy (Deguchi et al. 2010). Several mouse models

are routinely used to investigate both Chlamydia- (Rasmussen
et al. 1997; Maxion and Kelly 2002; Zhong 2011; Kessler et al.
2012; Igietseme et al. 2013) and N. gonorrhoeae-induced
(Feinen and Russell 2012; Hobbs et al. 2013; Liu et al. 2013)

genital infection. The importance of these animal models to the
investigation of inflammation in the oviduct is unequivocal;
however, the response to infection can be dependent upon

bacterial serovar, route of administration, dose and, importantly,
the genetic strain of mice used within any particular study
(Tuffrey et al. 1986; Darville et al. 1997, 2001).

To circumvent the potential inconsistencies associated with
investigating inflammation of the mouse oviduct using these
models, the aim of the present study was to determine the

response within the oviduct to a systemic injection of Escher-
ichia coli-derived lipopolysaccharide (LPS), an animal model
previously characterised to study inflammatory responses of the
uterus, including implantation (Deb et al. 2004), embryo

CSIRO PUBLISHING

Reproduction, Fertility and Development

https://doi.org/10.1071/RD17241

Journal compilation � CSIRO 2017 www.publish.csiro.au/journals/rfd



viability (Mayorga et al. 2004) and pregnancy loss (Diamond
et al. 2007; Phillippe et al. 2011). Importantly, the endotoxin,

the hydrophobic anchor of LPS, is a glucosamine-based phos-
pholipid of the outer membranes of most Gram-negative bacte-
ria (for a review, see Raetz and Whitfield 2002), including

C. trachomatis and N. gonorrhoeae. A targeted nanostring
approach was used to determine the effect of treatment with
LPS on the expression of inflammatory mRNAs within the

oviduct, and amore inclusivemicroRNA (miRNA)-based nano-
string assay was used to identify putative miRNAs that may be
inducing post-transcriptional modification of inflammatory
gene function. For mRNAs encoding the chemokine and inter-

leukin ligands that were included in the inflammatory mRNA
panel, miRNAs that were predicted to target each mRNA and
were affected by treatment with LPS were then identified.

Overall, the effects of treatment with LPS on the level of
expression of approximately 750 mRNAs and/or miRNAs were
investigated. Those mRNAs and miRNAs affected by treatment

are reported herein; however, the physiological importance of
mRNAs and/or miRNAs that did not differ with treatment
cannot be discounted.

Materials and methods

Animals and tissue collection

Animal procedures involved in this study were approved by the
University of Kentucky Animal Care and Use Committee. Prior
to treatment, the progression of normal oestrous cycles was

confirmed in 6- to 8-week-old CD1 mice by analysis of vaginal
cytology, as described previously (Jeoung and Bridges 2011;
Bridges et al. 2012). Briefly, vaginal smears were collected

daily, at the same time each day, using phosphate-buffered
saline (PBS) and a bent, blunted borosilicate glass pipette.
Vaginal cytology was evaluated under a Motic AE21 inverted

microscope (Motic Instruments), classified according to well-
established morphological criteria (Caligioni 2009) and digital
images recorded for later reference. On the morning of oestrus,
mice (n¼ 8 in each group)were injected intraperitoneally with 0

(control) or 2 or 10 mgLPS fromE. coli serotype 055:B5 (Sigma-
Aldrich) in 100mL PBS (low- and high-dose groups respec-
tively). The rationale for treatment on the morning of oestrus

was that treatment at oestradiol-induced sexual receptivity will
induce an inflammatory response at the time of typical exposure
of the oviduct to freshly ovulated cumulus–oocyte complexes,

associated follicular debris, spermatozoa, seminal fluids and,
putatively, any foreign pathogens introduced at mating. To
investigate the acute response to LPS-induced inflammation,

mice were killed 24 h later and whole oviducts collected, frozen
on dry ice and then stored at �808C (for ,1 month) before
extraction of total RNA.

RNA extraction and analysis

To determine the effect of treatment on the expression of
inflammatory mRNAs, total RNA was extracted from oviducts

(n¼ 4 mice per treatment) using TRIzol reagent (Invitrogen)
and purified with RNeasy columns (Qiagen) according to the
manufacturer’s instructions and as described previously (Jeoung

et al. 2010; Bridges et al. 2012). To determine the effect of

treatment on the expression of miRNAs, total RNA was
extracted from oviducts (n¼ 4 mice per treatment) using the

miRNeasy Mini Kit (Qiagen) according to manufacturer’s
instructions. In each case, RNA quality was analysed by deter-
mining the RNA integrity number (RIN) using an Agilent 2100

Bioanalyzer (Agilent Technologies) at the University of Ken-
tucky Microarray Core Facility. For all samples, RINs were
greater than 9.7 (for mRNA analysis) and 9.8 (for miRNA

analysis), and 28S/18S rRNA absorbance ratios were greater
than 2.0 (for mRNA analysis) and 1.7 (for miRNA analysis). All
samples passed the quality control measurements outlined by
Nanostring Technologies for their use within each platform.

Nanostring analysis of mRNA and miRNA

For the determination of inflammatory mRNAs, the nCounter
GX Mouse Inflammation Kit (Nanostring Technologies) was
used, which consists of 179 inflammation-related genes and six

internal reference genes. For the determination of miRNAs, the
nCounter Mouse v.1.5 miRNA Expression Assay (Nanostring
Technologies) was used, which targets 578 mouse miRNAs, 33
viral miRNAs and four internal reference genes. For both

mRNA and miRNA, analyses were performed according to the
manufacturer’s instructions at the University of Kentucky
Microarray Core Facility. The digital multiplexed NanoString

nCounter analysis system uses molecular barcodes to detect and
count transcripts. Briefly, 100 ng total RNA from each sample
was hybridised with reporter and capture probes that hybridise

directly to target molecules. After hybridisation, sample pro-
cessing allows for probe–target complexes to be immobilised on
the nCounter cartridge and unbound probes removed. After

sample processing, digital data acquisition allows for barcodes
on reporter probes to be tabulated for each target molecule. The
raw reported code count data generated from the nCounter
Digital Analyzer was then exported to nSolver software

(NanoString Technologies) for normalisation, background
assessment and molecule count summarisation, as described
previously (Koti et al. 2015). Following normalisation proce-

dures, background adjustment and count summarisation, the
resulting data were subjected to statistical analyses. Data were
first tested for normality and homogeneity of variance using

the Shapiro–Wilk (Shapiro andWilk 1965) and Levene (Levene
1960) tests respectively. The data for 12 transcripts (chemokine
(C-C motif) ligand 2 (Ccl2), chemokine (C-C motif) ligand 3
(Ccl3), chemokine (C-Cmotif) ligand 7 (Ccl7), chemokine (C-C

motif) ligand 19 (Ccl19), chemokine (C-X-C motif) ligand 1
(Cxcl1), chemokine (C-X-Cmotif) ligand 5 (Cxcl5), chemokine
(C-X-C motif) ligand 10 (Cxcl10), complement component 1, r

subcomponent A (C1r), complement factor B (Cfb), colony
stimulating factor 1 (Csf1), signal transducer and activator of
transcription 1 (Stat1) and interleukin (IL)-23 receptor (Il23r))

were log transformed to attain normality and/or homogeneity of
variance. Data that were normally distributed and with a
homogeneous variance were then subjected to a one-way anal-

ysis of variance (ANOVA) to determine differences in relative
molecule counts, with significance set toP, 0.05. If differences
were detected, treatment means were separated using Scheffé’s
test to determine which means differed (Scheffé 1959). An
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expression difference between treatments of P, 0.05 was
considered statistically significant. With the goal of providing

others full access to the data generated, complete data files have
been deposited into the Gene Expression Omnibus (National
Center for Biotechnology Information; Edgar et al. 2002) with

the SuperSeries Accession no. GSE89096 (http://www.ncbi.
nlm.nih.gov/geo, accessed 15 April 2017). Within this acces-
sion, data files for themRNA andmiRNA analyses are available

as accessions GSE89095 and GSE89094 respectively.

Real-time reverse transcription–polymerase chain
reaction analysis of mRNA

Real-time reverse transcription–polymerase chain reaction (RT-

PCR)was performed to confirm the level of expression ofmRNAs
encoding CCL5, CXCL1, CXCL10, Chemokine (C-X-C motif)
receptor 2 (CXCR2, IL18RB) and IL-18 receptor accessory pro-

tein (IL18RAP), using glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as the housekeeping gene. Real-timeRT-PCRwas
performed using an Eppendorf Mastercycler ep realplex2 system

with iQ SYBR Green Supermix (Bio-Rad), as described previ-
ously (Jeoung et al. 2010; Bridges et al. 2012). The following
oligonucleotide primer pairs were used: for Ccl5, CCTCAC

CATATGGCTCGGAC (forward) and ACGACTGCAAGA
TTGGAGCA (reverse); for Cxcl1, ACTCAAGAATGGTCG
CGAGG (forward) and GTGCCATCAGAGCAGTCTGT
(reverse); for Cxcl10, CTATCCTGCCCACGTGTTGA (for-

ward) and TCCACTGGGTAAAGGGGAGT (reverse); for
Cxcr2, CTTAGCCAAGGAGGGAAGGC (forward) and
GGGCTCTGCTAAGAACGGTGA (reverse); for Il18rap,

TGGAATGAAGCGGCATCTGT (forward) and CCGGTG
ATTCTGTTCAGGCT (reverse); and for Gapdh, CCCCCA
ATGTGTCCGTCGTGG (forward) and TGAGAGCAA

TGCCAGCCCCG (reverse).
For each sample, cDNA was synthesised using the Super-

Script III 1st Strand Synthesis System (Invitrogen), with 0.5mg
RNAused for each reverse transcription reaction. Real-timeRT-

PCRwas performed in a total volume of 25 mL per reaction, with
each reaction containing 5mL cDNA, 1mL of a 10mM stock of
each primer (forward and reverse), 12.5 mL of 2� SYBR Green

PCR Master Mix and 5.5 mL nuclease-free water. The typical
dissociation curves of these cDNA, plus GAPDH as the house-
keeping gene, were confirmed and gene expression was ana-

lysed by the 2DDCq method (Livak and Schmittgen 2001).

Results

NanoString nCounter gene expression analysis of
inflammatory mRNA

Of the 179 targeted mRNAs within the nCounter GX Mouse
Inflammation Kit, 49 were affected by treatment with LPS
(P, 0.05). Among these 49 mRNAs, 14 transcripts encoded

chemokine ligands and/or their receptors (Table 1). The level of
expression of 13 of these 14mRNAswas increased by treatment
with 10 mg LPS. The level of expression of one mRNA (Ccl22)

was increased by treatment with 2 mg LPS, but not by 10 mg LPS.
Nine (of 49) transcripts affected by treatment with LPS encoded
complement components (Table 1), with the level of expression
of all nine of these mRNAs increased by treatment with 10mg

LPS. The remaining 26 of 49 transcripts affected by treatment
with LPS encoded a variety of inflammatory proteins (Table 2).

The level of expression of 24 of 26 of these mRNAs was
increased by treatment with 10 mg LPS. The level of expression
of one mRNA (phosphatidylinositol 3-kinase, C2 domain con-

taining, gamma polypeptide (Pik3c2g)) was increased by
treatment with 2 but not 10 mg LPS, and the level of expression
of onemRNA (src homology 2 domain-containing transforming

protein C1, transcript variant 2 (Shc1)) was decreased by treat-
ment with 2mg LPS.

Real-time RT-PCR analysis of selected transcripts

Five mRNAs (Ccl5, Cxcl1, Cxcl10, Cxcr2 and Il18rap) among

the nanostring platform were selected for quantification by real-
time RT-PCR. Comparisons of the effects of treatment on the
expression of these mRNAs as determined by Nanostring

analysis and real-time RT-PCR are available in Fig. S1, avail-
able as Supplementary Material. Although no formal statistical
comparisons of the results from the two procedures were per-

formed, the results obtained by NanoString and real-time
RT-PCR appeared consistent.

NanoString nCounter analysis of miRNA

Of the 578 targeted mouse miRNAs within the nCounter Mouse
v.1.5 miRNA Expression Assay, 51 were affected by LPS
treatment (Table 3; P, 0.05). Treatment of mice with 2mg LPS
resulted in the differential expression of 36 miRNAs compared

with treatment ofmicewith PBS alone. Of these 36miRNAs, the
expression of 20 was increased and the expression of 16 was
decreased compared with PBS treatment alone. Treatment of

mice with 10 mg LPS affected the expression of 45 of 51 dif-
ferentially expressed miRNAs compared with PBS treatment
alone. Of these 45 miRNAs, the expression of 27 was increased

and the expression of 18 was decreased compared with PBS
treatment alone.

Predicted miRNAs targeting mRNAs encoding chemokine
and interleukin ligands

A prediction of the miRNAs targeting a subset of inflammatory
mRNAs is included in this report. Using the microRNA.org

database (Betel et al. 2010), targets of conserved miRNAs with
an miRSVR score#0.01, a PhastCons score$0.0 and at least 6
mers seed complementarity are indicated. Of the 12 chemokine
ligands with a C-C motif that were included in the nCounter GX

Mouse Inflammation Kit, the level of expression of eight tran-
scripts differed in the oviducts of mice treated with LPS
(P, 0.05). For these 12 mRNAs, miRNA target prediction was

performed, and the identities of the miRNAs that were affected
by treatment with LPS and predicted as post-transcriptional
modulators of each of these mRNAs are given in Table 4. Dif-

ferentially expressedmiRNAswere predicted to target 9 of 12 of
these transcripts. In contrast, of the 18mRNAs encoding ligands
of the interleukin family that were included in the nCounter GX

Mouse Inflammation Kit, the expression of only three tran-
scripts differed in the oviducts of mice treated with LPS
(P, 0.05). The identities of the miRNAs that were affected by
treatment with LPS and predicted as post-transcriptional
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modulators of each of these 18 mRNAs are given in Table 5,
with differentially expressed miRNAs predicted to target 13 of
18 of these transcripts.

Discussion

The aim of the present study was to determine acute LPS
challenge-induced changes in the level of expression of
inflammatory mRNAs and miRNAs in the mouse oviduct,
increasing our understanding of the genetic regulation of

inflammation in this reproductive organ. We hypothesised that
systemic treatment with LPS would lead to an increase in the
expression of mRNAs encoding inflammatory mediators in the

oviduct. We found an effect of treatment on 49 of 179 targeted
inflammatory mRNAs and on 51 of 578 miRNAs that may be
acting as post-transcriptional regulators of inflammatory gene

function. Overall, systemic treatment with LPS induced a rapid,
robust inflammatory response in the mouse oviduct.

Treatment with LPS induced the differential expression of a
range of mRNAs encoding chemokines, complement compo-

nents, interleukins and tumour necrosis factor (TNF) family
members, as well as several transcripts not easily classified
within an inflammatory grouping. Chemokines are perhaps best

recognised for their regulatory role in stimulating the migration
of immune cells to, and within, an injured or inflamed tissue via

chemotaxis (Fernandez and Lolis 2002; Le et al. 2004). Con-
versely, interleukins are widely considered as cytokines that
modulate growth, differentiation and the activation of cells

during the immune response (Brocker et al. 2010; Commin
et al. 2010). The complement system acts as a bridge between
innate and acquired immunity, functioning to recruit and

enhance phagocytosis of target cells (Nesargikar et al. 2012),
and the TNF superfamily can be broadly classified as a grouping
of inflammatory cytokines that induce (in part through the
activation of nuclear factor (NF)-kB) processes including cell

proliferation, morphogenesis and apoptosis (Aggarwal et al.
2012). Overall, the response to an inflammatory insult is a
multitiered and highly coordinated process.

Although LPS is widely used to induce an inflammatory
response, to our knowledge very limited information regarding
the effects of LPS on the mouse oviduct is available. Some

consistency with the reported effect of treatment with LPS on
bovine oviductal epithelial cells in vitro can be found, with LPS
reported to increase the expression of Il4, Il10, Il1b and TNFa
(Kowsar et al. 2013), as well as Il1b, TNFa and TGFb1 (Ibrahim
et al. 2015) mRNAs in bovine oviductal epithelial cells. We
observed increased expression of Il1b, Il7, Il15, TGFb1 and
TNFmRNAs after systemic treatment of mice with LPS in vivo.

Among the chemokines, our nanostring analysis detected an
increase in the level of expression of Ccl2, Ccl3, Ccl4, Ccl7,

Table 1. Expression of mRNAs encoding chemokines, complement components and/or their receptors that differed with lipopolysaccharide (LPS)

treatment (P , 0.05)

Mice were treated with 0, 2 or 10mg LPS in 100mL phosphate-buffered saline on the morning of oestrus and killed 24 h later for extraction of RNA from

oviducts and subsequent mRNA expression analysis. Data are provided as the least squares mean� s.e.m. for each mRNA affected by LPS treatment. Model

P-values are indicated from the one-wayANOVAused to determine an effect of treatment. If differences were detected, treatment means were separated using

Scheffé’s test (P, 0.05). Within rows, different superscripts indicate significant differences in the level of expression (P, 0.05)

Gene symbol Gene description P-value LPS (mg)

0 2 10

Ccl2 Chemokine (C-C motif) ligand 2 ,0.001 49.3� 7.2a 119.3� 40.8a 683.6� 92.2b

Ccl3 Chemokine (C-C motif) ligand 3 0.006 8.8� 0.4a 17.6� 3.3a,b 29.4� 6.5b

Ccl4 Chemokine (C-C motif) ligand 4 0.003 8.8� 1.5a 15.4� 3.0a 30.5� 4.3b

Ccl7 Chemokine (C-C motif) ligand 7 ,0.001 8.6� 2.6a 17.8� 6.9a 152.6� 16.4b

Ccl8 Chemokine (C-C motif) ligand 8 0.001 80.4� 28.9a 382.3� 77.9a 723.3� 110.5b

Ccl17 Chemokine (C-C motif) ligand 17 0.038 17.1� 1.5a 19.1� 3.4a,b 29.5� 3.7b

Ccl19 Chemokine (C-C motif) ligand 19 0.006 58.0� 4.2a 84.0� 16.9a,b 157.2� 25.3b

Ccl22 Chemokine (C-C motif) ligand 22 0.017 10.9� 0.8a 6.8� 0.6b 9.7� 1.1a,b

Cxcl1 Chemokine (C-X-C motif) ligand 1 ,0.001 9.9� 1.9a 15.2� 3.5a 70.3� 15.1b

Cxcl2 Chemokine (C-X-C motif) ligand 2 0.049 1.5� 0.4a 4.1� 1.4a,b 6.7� 1.6b

Cxcl5 Chemokine (C-X-C motif) ligand 5 0.016 10.4� 5.2a 16.6� 2.7a,b 68.3� 22.5b

Cxcl10 Chemokine (C-X-C motif) ligand 10 ,0.001 21.4� 4.1a 72.1� 21.1b 331.5� 42.6c

Ccr7 Chemokine (C-C motif) receptor 7 0.03 2.8� 0.9a 9.8� 3.1a,b 12.4� 1.9b

Cxcr2 Chemokine (C-X-C motif) receptor 2 ,0.001 4.5� 0.6a 22.2� 3.9b 48.4� 6.3c

C1s Complement component 1, s subcomponent ,0.001 2745.7� 572.6a 49 98.2� 1065.8a 12 490.2� 1051.8b

C1r Complement component 1, r subcomponent A ,0.001 1064.3� 98.3a 1815.7� 392.1a 4605.7� 248.3b

Cfb Complement factor B ,0.001 81.8� 18.4a 696.9� 316.9b 2204.3� 289.8c

C3 Complement component 3 ,0.001 10 832.8� 2251.4a 18 472.3� 3741.6a 42 404.1� 3318.1b

C4a Complement component 4A 0.001 871.8� 158.0a 1353.5� 234.4a 3073.6� 424.2b

C2 Complement component 2 0.003 891.2� 134.8a 1246.8� 249.4a 2075.5� 118.4b

C3ar1 Complement component 3a receptor 1 0.005 141.3� 22.0a 262.9� 47.2a,b 340.9� 19.2b

C1qb Complement component 1, q subcomponent, b polypeptide 0.007 920.1� 77.2a 1802.0� 427.1a,b 2487.4� 130.2b

C1qa Complement component 1, q subcomponent, a polypeptide 0.012 554.0� 56.4a 1227.1� 324.4a,b 1614.9� 79.0b
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Ccl8, Ccl17, Ccl19, Ccl22, Cxcl1, Cxcl2, Cxcl5, Cxcl10, Ccr7
and Cxcr2 (Il18rb) mRNAs in the oviducts of mice treated with
10 mg LPS. In addition, targeted RT-PCR revealed an LPS-

induced increase in the level of expression of Ccl5mRNA. The
expression of mRNA encoding CCL5 and CXCL9 has been
reported to increase in the oviducts of C. trachomatis-infected
mice (Maxion and Kelly 2002), and serum concentrations of

CCL5 (also known as regulated upon activation, normal
T expressed and secreted (RANTES)) are reported to increase
in women with antibodies indicative of previous infection with

C. trachomatis (Shibahara et al. 2003), suggesting insult-
specific induction of this class of inflammatory mediators.
The relative level of Cxcl1 mRNA in the upper genital tract of

mice exposed toChlamydia muridarum is reported to differ with
the variant of C. muridarum used (Yeruva et al. 2014), and
CXCL1-deficient mice exhibit a decreased white blood cell and

neutrophil count in response to challenge with Klebsiella

pneumoniae (Batra et al. 2012). Overall, CXCL1 is associated
with Gram-negative bacterial infections, exerting neutrophil
attractant activity through the chemokine receptor CXCR2, also

referred to as IL18RB (Jin et al. 2014). Increases in the
expression of CXCR2 have also been suggested to be associated

with inflammation-induced tubal ectopic pregnancies in women,
but it has not been determined whether CXCR2 expression plays
a role in the development of ectopic pregnancy or is induced by

ectopic pregnancy (Balasubramaniam et al. 2012).
Increasing attention is nowbeing given to post-transcriptional

modification bymiRNAs.However, a great dealmore research is
required before the full effects of these small non-coding RNAs

on gene and protein expression are delineated. For example, we
detectedmmu-let-7c (with themature sequence now identified as
mmu-let-7c-5p) as a highly abundant LPS-induced miRNA. The

microRNA.org database (Betel et al. 2010) predicted .5000
targeted mRNAs for this miRNA, and TarBase v7.0 from the
DIANA laboratory group (Vlachos et al. 2015), when set with a

high precision miRNA targeted gene (miTG) score of .0.6,
revealed .400 validated mRNA targets. With our interest in
inflammation, we therefore used an alternative approach and

predicted miRNA targets for a selection of the inflammatory
mRNAs thatwere included in the nanostring panel.Among these,
Ccl22, Il1a, Il6, Il10 and Il13 mRNAs were all predicted as
targets of the LPS-induced mmu-let-7c.

In LPS-treated bovine oviductal epithelial cells, a decrease in
the abundance of miR-146a, miR-155, miR-21 andmiR-223 has

Table 2. Expression of mRNAs encoding other inflammatory factors and proteins that differed with lipopolysaccharide (LPS) treatment (P, 0.05)

Mice were treated with 0, 2 or 10mg LPS in 100mL phosphate-buffered saline on the morning of oestrus and killed 24 h later for extraction of RNA from

oviducts and subsequent mRNA expression analysis. Data are provided as the least squares mean� s.e.m. for each mRNA affected by LPS treatment. Model

P-values are indicated from the one-wayANOVAused to determine an effect of treatment. If differences were detected, treatment means were separated using

Scheffé’s test (P, 0.05). Within rows, different superscripts indicate significant differences in the level of expression (P, 0.05). TNFRSF, tumor necrosis

factor receptor superfamily

Gene symbol Gene description P-value LPS (mg)

0 2 10

Csf1 Colony stimulating factor 1 ,0.001 365.0� 18.8a 367.5� 32.1a 703.2� 65.0b

Stat1 Signal transducer and activator of transcription 1 ,0.001 687.0� 76.6a 951.2� 141.4a 2302.4� 374.5b

Cd40 Tumour necrosis factor receptor superfamily member 5 ,0.001 21.5� 0.6a 30.3� 6.1a 60.6� 2.6b

Il15 Interleukin 15 0.001 34.4� 1.4a 42.3� 2.3a 62.0� 5.1b

Tnfsf14 Tumour necrosis factor (ligand) superfamily, member 14 0.002 6.5� 0.9a 10.0� 1.1a 15.7� 1.7b

Il18rap Interleukin 18 receptor accessory protein 0.003 6.4� 1.0a 12.3� 0.9a,b 19.5� 3.0b

Tgfb1 Transforming growth factor, b1 0.005 262.7� 11.2a 275.1� 26.4a 377.2� 18.8b

Ly96 Lymphocyte Antigen 96 0.006 214.8� 10.0a 242.6� 19.3a,b 295.5� 8.4b

Il1b Interleukin 1b 0.007 22.7� 5.2a 31.8� 5.4a 55.7� 6.1b

Tnf Tumour necrosis factor 0.012 6.3� 1.9a 10.0� 4.8a 26.3� 4.3b

Cebpb CCAAT/enhancer binding protein (C/EBP), b 0.014 1296.0� 115.5a 1299.4� 71.3a 1715.9� 76.8b

Mafk v-maf musculoaponeurotic fibrosarcoma oncogene family, protein K 0.014 142.0� 13.2a 148.5� 13.4a 200.2� 8.6b

Ltb Lymphotoxin B 0.014 64.6� 5.0a 88.9� 14.5a,b 134.3� 17.0b

Nfkb1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 0.020 671.3� 52.0a 732.5� 28.2a,b 842.3� 11.1b

Mapkapk2 Mitogen-activated protein kinase-activated protein kinase 2 0.021 1432.1� 25.4a 1565.5� 64.1a,b 1723.4� 75.0b

Itgb2 Integrin b 2 0.021 100.3� 10.4a 182.7� 37.4a,b 242.6� 31.4b

Daxx Fas death domain-associated protein 0.026 78.8� 4.7a,b 73.6� 3.8a 90.3� 1.7b

Nos2 Nitric oxide synthase 2, inducible 0.027 8.2� 1.5a 10.3� 2.1a,b 15.8� 1.4b

Maff v-maf musculoaponeurotic fibrosarcoma oncogene family, protein F 0.027 113.3� 26.4a 136.0� 8.9a,b 189.8� 7.8b

Il7 Interleukin 7 0.028 36.4� 2.1a,b 34.4� 3.1a 46.8� 3.2b

Shc1 src homology 2 domain-containing transforming protein C1, transcript variant 2 0.028 1711.4� 34.7a 1537.7� 52.6b 1651.3� 18.2a,b

Pik3c2g Phosphatidylinositol 3-kinase, C2 domain containing, gamma polypeptide 0.037 7.6� 0.6a,b 11.4� 2.0a 4.9� 1.5b

Gusb Glucuronidase, b 0.038 414.0� 12.8a 437.0� 21.3a,b 490.7� 18.8b

Ripk2 Receptor (TNFRSF)-interacting serine-threonine kinase 2 0.045 169.2� 15.9a 224.1� 15.5a,b 254.6� 27.6b

Il23r Interleukin 23 receptor 0.046 8.4� 1.4a 10.0� 0.9a 23.9� 3.5b

Prkcb1 Protein kinase C, b1 0.047 125.1� 7.1a 127.3� 11.3a,b 162.2� 10.9b
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Table 3. Expression of microRNAs (miRNAs) that differed with lipopolysaccharide (LPS) treatment (P , 0.05)

Mice were treated with 0, 2 or 10mg LPS in 100mL phosphate-buffered saline on the morning of oestrus and killed 24 h later for extraction of RNA from

oviducts and subsequent miRNA (miR) expression. Data are provided as the least squares mean� s.e.m. for each miRNA affected by LPS treatment. Model

P-values are indicated from the one-wayANOVAused to determine an effect of treatment. If differences were detected, treatment means were separated using

Scheffé’s test (P, 0.05). Within rows, different superscripts indicate significant differences in the level of expression (P, 0.05)

miR identity P-value LPS (mg)

0 2 10

mmu-miR-203 ,0.001 116.8� 6.2a 207.0� 6.6b 365.0� 23.6c

mmu-miR-23a ,0.001 7295.9� 251.7a 5518.8� 137.0b 4719.8� 127.4c

mmu-miR-101a ,0.001 97.6� 8.3a 186.3� 20.2b 294.3� 17.9c

mmu-miR-1942 ,0.001 51.2� 1.4a 65.3� 2.0b 71.9� 2.1c

mmu-miR-322 ,0.001 2383.3� 164.0a 1588.8� 60.9b 1231.3� 124.1b

mmu-miR-30c 0.001 6689.7� 192.4a 4730.2� 209.1b 4507.1� 227.6b

mmu-miR-30b 0.001 2138.3� 161.2a 2836.3� 108.5b 3414.1� 152.7c

mmu-miR-1896 0.001 354.3� 5.1a 317.8� 5.1b 306.0� 5.9b

mmu-miR-1187 0.001 45.8� 1.7a 38.9� 1.1a 58.5� 3.4b

mmu-miR-222 0.001 129.7� 6.9a 247.3� 11.4b 258.6� 22.4b

mmu-miR-101b 0.002 156.9� 6.9a 211.1� 16.6a 313.6� 25.2b

mmu-miR-26b 0.002 1796.6� 77.7a 2132.5� 78.7b 2520.6� 101.9c

mmu-miR-27a 0.003 5932.2� 129.0a 4225.2� 124.4b 4524.8� 328.6b

mmu-miR-30e 0.003 396.8� 17.9a 519.5� 23.8b 558.6� 20.7b

mmu-miR-375 0.004 1377.9� 19.7a 901.5� 133.7b 557.3� 116.1b

mmu-miR-26a 0.004 224.8� 14.0a 349.5� 29.6b 452.5� 38.2c

mmu-miR-29a 0.004 26 879� 1210a 30 131� 657b 33 013� 795c

mmu-miR-708 0.004 91.6� 3.4a 112.5� 1.4b 98.5� 3.9a

mmu-miR-1941-3p 0.006 57.4� 2.9a 54.0� 2.5a 67.9� 1.7b

mmu-miR-1927 0.006 51.5� 3.4a 40.2� 2.2b 34.6� 2.2b

mmu-miR-196b 0.006 818.4� 130.9a 1305.8� 53.4b 1402.8� 98.9b

mmu-miR-350 0.007 381.5� 6.4a 324.7� 4.9b 351.8� 11.9b

mmu-let-7c 0.007 20 207� 1109a 25 189� 1251a 33 816� 3079b

mmu-miR-151-5p 0.009 1353.8� 44.2a 1151.3� 41.5b 1082.5� 46.5b

mmu-miR-1186 0.01 586.5� 9.5a 524.5� 11.2b 505.0� 17.2b

mmu-miR-146a 0.011 883.2� 44.4a 1589.5� 114.6a 2480.6� 404.5b

mmu-miR-421 0.011 57.1� 3.2a 84.9� 7.6b 86.4� 2.9b

mmu-miR-149 0.011 90.7� 12.0a 48.4� 6.4b 44.6� 7.9b

mmu-miR-155 0.012 1.0� 0.0a 56.5� 22.6a 150.4� 34.0b

mmu-miR-676 0.013 228.1� 10.7a 184.1� 8.8b 172.4� 10.5b

mmu-miR-19a 0.013 545.9� 19.3a 676.0� 30.1b 695.9� 27.9b

mmu-miR-151-3p 0.015 90.4� 4.9a 70.6� 3.7b 71.3� 3.4b

mmu-miR-99b 0.023 680.1� 40.5a 820.3� 35.0a,b 925.1� 58.3b

mmu-miR-429 0.023 4398.2� 305.4a 3444.9� 199.6b 4295.2� 153.8a

mmu-miR-691 0.025 22.7� 1.2a 27.4� 5.3a 41.7� 3.3b

mmu-miR-762 0.027 43.6� 1.1a 59.0� 5.3b 61.3� 2.4b

mmu-miR-1900 0.031 272.4� 6.0a 264.1� 4.4a 243.7� 7.6b

mmu-miR-32 0.033 116.7� 8.0a 147.2� 1.8b 149.9� 10.1b

mmu-miR-16 0.034 15 154� 812a 14 239� 282a 12 103� 835b

mmu-miR-374 0.034 271.2� 20.9a 370.2� 26.7b 354.7� 15.5b

mmu-let-7f 0.035 5838.3� 238.2a 7262.8� 379.1b 7778.9� 501.8b

mmu-miR-106aþmmu-miR-17 0.035 1096.4� 36.4a 993.5� 19.4a,b 928.7� 44.9b

mmu-miR-139-5p 0.036 99.4� 4.5a 113.3� 7.3a,b 134.3� 8.8b

mmu-miR-218 0.038 768.7� 17.0a 719.7� 8.6b 757.8� 10.0a

mmu-miR-467e 0.039 55.3� 3.0a 64.5� 5.2a,b 74.6� 3.4b

mmu-miR-434-5p 0.04 39.0� 4.4a 55.7� 3.3b 48.1� 3.4a,b

mmu-miR-130a 0.042 3377.4� 102.1a 3260.1� 90.5a,b 2986.8� 80.7b

mmu-miR-664 0.042 41.7� 2.2a 44.6� 1.9a,b 50.4� 1.9b

mmu-miR-301b 0.042 100.9� 7.4a 131.7� 2.1b 121.0� 9.1a,b

mmu-miR-335-5p 0.042 169.1� 18.8a 127.2� 9.4b 116.9� 9.2b

mmu-miR-129-3p 0.046 277.1� 34.0a 396.8� 25.4b 364.5� 24.7a,b

F Reproduction, Fertility and Development K. L Cerny et al.



been reported (Ibrahim et al. 2015). In the present study, we
observed an LPS-induced increase in the abundance of miR-

146a and miR-155 in the oviducts of mice, with no effect of
treatment on miR-21 or miR-223. Predicted targets for miR-
146a were Ccl8 and Il7mRNAs, and CCL8/miR-146a has been

proposed as a prognostic marker for human melanoma (Barbai
et al. 2015). Although none of the mRNAs we analysed were
predicted as targets for miR-155, transcriptome profiling of

bone marrow-derived macrophages from wild-type and miR-
155-knockout mice has revealed this miRNA as a major regula-
tor of the inflammatory M1 macrophage response (Jablonski
et al. 2016). A defined role for miR-21 in coordinating the early

innate immune response to LPS-induced peritonitis has also
been reported (Barnett et al. 2016). The relationship and role of
these miRNAs in regulating the oviducts response to an inflam-

matory insult are still to be determined.
The differential expression of miRNAs within the oviduct of

women with ectopic pregnancies has also been reported (Feng

et al. 2014). Feng et al. (2014) reported that four miRNAs
could identify tubal implantation from non-implantation sites in
women.Of these four,weobserved anLPS-induced decrease in the
abundance of one miRNA (miR-149), with identified predictive

targets including Il5 and Il6 mRNAs. Immunohistochemistry
has revealed increased expression of IL-6 near the implantation
site in women with tubal pregnancies (Balasubramaniam et al.

2012).Taking IL6 further,wedidnot observe an effect of treatment
on the expression of Il6 mRNA, but we did find an effect of
treatment on 12 miRNAs predicted as post-transcriptional regula-

tors of this inflammatory interleukin (Table 5). Further indica-
tive of the rapidly expanding field of miRNA research, in one
recent report that used miR-21-knockout mice, genetic deletion

of miR-21 resulted in increased LPS-stimulated bone marrow-
derived macrophage levels of IL6 (Barnett et al. 2016). Our
target prediction for Il6 did not identify miR-21 among the
predicted targets; it appears likely that target prediction data-

bases will in the future.
Understanding the genetic regulation of the process of

inflammation in the oviduct is instrumental to improving the

reproductive health of woman. The present study provides a
comprehensive profile of acute LPS-induced inflammatory
mRNAs and miRNAs in the oviducts of mice and our current

knowledge of predicted targets for a subset of the mRNAs we
evaluated.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

This study was supported by National Institutes of Health Grant P01

HD071875 (to Phillip J. Bridges), the University of Kentucky and Kentucky

Agricultural Experiment Station. The information reported in this paper

(Publication no. 17-07-091) is part of a project of the Kentucky Agricultural

Experiment Station and is published with the approval of the Director.

References

Aggarwal, B. B., Gupta, S. C., and Kim, J. H. (2012). Historical perspectives

on tumor necrosis factor and its superfamily: 25 years later, a golden

journey. Blood 119, 651–665. doi:10.1182/BLOOD-2011-04-325225

Table 5. Predicted regulation of interleukin (Il) ligands bymicroRNAs

(miRNAs) that differed with lipopolysaccharide treatment (P , 0.05)

Target prediction was performed using the microRNA.org database. For

each mRNA, only predicted miRNAs that differed with treatment are

indicated. Only conserved miRNAs with an miRSVR score #0.01, a

PhastCons score $0.0 and at least 6 mers seed complementarity are

included. For each mRNA of P, 0.05, P-values represent the significance

of treatment means that were separated using Scheffé’s test. NS, not
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