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SPONTANEOUSLY ARISING DISEASE

Altered Expression of Pro-inflammatory Cytokines
in Ovarian Follicles of Cows with Cystic
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Summary

A growing body of evidence suggests that ovulation shares many of the features of an inflammatory reaction
and that cytokines play many diverse and important roles in reproductive biology. The aim of this study
was to examine the expression of the pro-inflammatory cytokines interleukin (IL)-1a, IL-6 and tumour necro-
sis factor (TNF)-a in ovarian cells from cows with cystic ovarian disease (COD) as compared with that in
ovarian structures from regularly cycling cows. Expression of genes encoding IL-1a, IL-6 and TNF-a was de-
tected by real-time polymerase chain reaction in follicular cells from ovaries from healthy cows and cows with
COD with no significant differences. However, immunohistochemistry showed increased expression of IL-1a,
IL-6 and TNF-a in cystic follicles, suggesting that this expression may be related to the persistence of follicular
cysts. The effect of COD was evident for IL-1a and TNF-a, and a follicular structureedisease interaction was
observed in the expression of all the cytokines evaluated. Thus, altered expression of these proinflammatory
cytokines may be related to ovulation failure and development of follicular cysts.

� 2015 Elsevier Ltd. All rights reserved.
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Introduction

Ovulation, which is induced by the pituitary release
of luteinizing hormone (LH), involves many cell
types. The ovulatory process includes changes in
gene expression in theca cells, granulosa cells, oocytes
and invading leucocytes, which are the main cellular
components of the follicle (Espey and Richards, 2002;
Br€annstr€om et al., 2010).

Several features of mammalian ovulation indicate
that this process is similar to an inflammatory
response and many cytokines have been linked to
this process by demonstration of their expression
within the ovary after stimulation by LH (Espey,
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1994; Espey et al., 2004; Br€annstr€om et al., 2010).
Most of these ovulation-associated cytokines are pro-
duced by activated macrophages and are also ex-
pressed in granulosa and theca cells (Espey et al.,
2004; Sirotkin, 2011). The production of cytokines
in the ovary and their influence on some ovarian
processes suggests that cytokines could be important
autocrine, paracrine or endocrine regulators of
ovarian function (Sirotkin, 2011; Smolikova et al.,
2012; Sheldon et al., 2014).

One of the mediators of inflammation is the inter-
leukin (IL)-1 system, which consists of two different
pro-inflammatory cytokines, IL-1a and IL-1b
(Dinarello, 1998). The IL-1 system has several sites
of synthesis in the ovary and IL-1-like bioactivity
has been reported in human, equine and porcine
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follicular fluid at the time of ovulation (Hurwitz et al.,
1992; Terranova and Rice, 1997). IL-1 may be
involved in several ovulation-associated events such
as the synthesis of proteases, regulation of plasmin-
ogen activator activity and prostaglandin and nitric
oxide production. IL-1 also regulates ovarian ste-
roidogenesis (G�erard et al., 2004).

IL-6 is a regulator of inflammation and immunity,
which may represent a physiological link between the
endocrine and immune systems, and is a modulator of
ovarian function (Buyalos et al., 1992). IL-6 is pro-
duced in rat, porcine and bovine granulosa cells,
which suggests a potential role for this cytokine in
the autocrine and/or paracrine regulation of ovarian
function (Alpizar and Spicer, 1993; Gorospe and
Spangelo, 1993). Immature rat granulosa cells have
been reported to secrete IL-6 in vitro and a role for
this cytokine as a potential regulator of steroidogene-
sis was suggested by the finding that follicle stimu-
lating hormone (FSH) inhibits its release and that
IL-6 inhibits FSH-induced progesterone synthesis
(Gorospe and Spangelo, 1993). IL-6 is also produced
by human granulosa cells in pre-ovulatory follicles at
the time of ovulation (Kawasaki et al., 2003).

Tumour necrosis factor (TNF)-a is a mediator of
the immediateeearly response and can promote
ovarian cell proliferation. In undifferentiated ovarian
cells, TNF inhibits steroidogenesis, while in differenti-
ated cells, it stimulates progesterone synthesis
(Terranova and Rice, 1997; Bornstein et al., 2004).

Cystic ovarian disease (COD), one of the most
important causes of reproductive failure in cattle,
causes economic losses to the dairy industry because
it increases the calving to conception interval
(Garverick, 1997). COD is the most frequently occur-
ring ovarian disorder associated with impaired ovula-
tion and incidence ranges from 1 to 30% depending
on herd and breed conditions (Peter, 2004; Silvia
et al., 2005; Vanholder et al., 2006; Rizzo et al., 2011;
Cattaneo et al., 2014). The pathogenesis and
mechanisms of cyst formation are not fully
understood, but it is accepted that the main
component of the aetiopathogenesis of COD is altered
function of the hypothalamicepituitaryeovarian
axis (Silvia et al., 2002). However, the persistence of
follicles over time is related to an intra-ovarian
component.

Many studies have evaluated the presence of
different cytokines in the normal ovary, but how these
cytokines are altered during ovarian dysfunction has
not been elucidated fully. Considering the multiple
factors involved in ovulation, we hypothesized that
the alteration of one or more components in this pro-
cess may contribute to the pathogenesis of COD in
cows. Comparison of gene and protein expression
may aid in understanding additional causes of COD
and will be vital in understanding the process of anov-
ulation and cyst formation. Because the ovary is a site
of inflammatory reactions and ovarian cells could
represent sources and targets of cytokines, the aim of
this study was to examine IL-1a, IL-6 and TNF-a
expression in somatic ovarian cells from healthy
cows and cows with spontaneously arising COD.
Materials and Methods

All procedures were evaluated and approved by the
Institutional Ethics and Security Committee of the
Facultad de Ciencias Veterinarias, Universidad Na-
cional del Litoral, Santa Fe, Argentina (protocol
number: 84/11) and were consistent with the Guide

for the Care and Use of Agricultural Animals in Research

and Teaching (2010).
Collection and Preparation of Tissues

Samples were collected from local dairy farms. Twenty
healthy multiparous (66.2� 25.4 month old; 2.8� 1.3
lactations) Holstein cows, at least 45 days after calving
(55.3 � 9.1 days in milk) and with high yield (mean
26.7 � 9.2 kg of milk per day at diagnosis), were
assigned to the control group (n¼ 20). Oestrous cycles
were synchronized using the Ovsynch protocol as
follows: animals were injected with a gonadotropin-
releasing hormone (GnRH) analogue (buserelin
acetate; Gonaxal�; Biog�enesis-Bag�o, Buenos Aires,
Argentina, 10 mg/animal) on day 0, a prostaglandin
F2a analogue (D+Cloprostenol, Enzaprost D-C�,
Biog�enesis-Bag�o, 150 mg/animal) on day 7 and a
GnRH analogue (Gonaxal�, 10 mg/animal) on day
9. The time of ovulation was monitored by transrectal
ultrasonography using a real-time B-mode scanner
equipped with a 5MHz linear array transrectal trans-
ducer (HondaHS101V, Tokyo, Japan) andwas desig-
nated as day 1 of the oestrous cycle, because ovulation
occurs 24e32 h after the second injection of GnRH
(Pursley et al., 1995). Follicular development was
monitored daily by ultrasonography to obtain samples
of normal growing follicles (approximately day 18)
when the dominant follicle reached a diameter
>10 mm. Spontaneous follicular cysts were identified
fromHolstein cows at local dairy farms as one follicular
structure of 20 mm in diameter, persisting for at
least 10 days in the absence of a corpus luteum
(Bartolome et al., 2005; Vanholder et al., 2006).
Twenty multiparous (64.8 � 24.9 month olds;
3.3 � 1.5 lactations) Holstein cows, at least 45 d after
calving (65.9 � 27.8 days in milk) and with high
yield (mean 29.7 � 6.2 kg of milk per day at
diagnosis), with COD were selected. Diagnosis and
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confirmation were made by transrectal ultrasonogra-
phy and the absence of other diseases, as well as abnor-
malities in the reproductive system, was confirmed
clinically.

For real-time polymerase chain reaction (PCR),
follicular fluid from both antral follicles from control
cows and cystic follicles from cows with COD was
aspirated from 15 animals in each group, using a dig-
ital ultrasound system (8300vet Chison) equipped
with a microconvex transducer of 5.0 MHz mounted
on a transvaginal probe for follicular aspiration (Wa-
tanabe Applied Technology Ltd., Cravinhos, Sao
Paulo, Brazil). Follicular fluid samples were collected,
cooled on ice and then centrifuged for 10 min at
2,700 g to obtain pelleted cells. The pellets of follicular
cells were resuspended in TRIzol LS reagent (Invi-
trogen, Life Technology, Carlsbad, California,
USA) for mRNA extraction and stored at�80�C un-
til RNA purification. The follicular fluid, after pellet
cell extraction, obtained from the cystic follicles and
controls was stored at �20�C for 17b-oestradiol and
progesterone determination to confirm the physiolog-
ical state of the follicular structures.

For immunohistochemistry (IHC), ovaries were
removed by transvaginal ovariectomy (Marelli
et al., 2014) from the remaining five control cows
and five cows with COD. During the dissection of
the ovaries, the external follicular diameter was
measured with callipers and follicular fluid from
each follicle was aspirated and stored separately at
�20�C to evaluate the follicular health status in a par-
allel study (Amweg et al., 2013). Small pieces from ter-
tiary follicles were frozen immediately at �80�C
for western blotting analysis. Ovaries were fixed
in 4% buffered formaldehyde for 8 h at 4�C, dehy-
drated and embedded in paraffin wax. Sections
(4 mm) were mounted on slides previously treated
with 3-aminopropyltriethoxysilane (SigmaeAldrich,
St. Louis, Missouri, USA). Haematoxylin and eosin
staining was performed for preliminary observation
of ovarian structures.
Semiquantitative Analysis of Cytokine mRNA Expression

Total RNA was isolated from the follicular cell pellet
from control and cystic follicles after treatment with
TRIzol LS reagent (Invitrogen), according to the
manufacturer’s instructions (Rey et al., 2010;
Marelli et al., 2014).

To avoid genomic DNA contamination, RNA
samples were treated with DNAse (Invitrogen) ac-
cording to the manufacturer’s instructions. First-
strand cDNA was synthesized using a master mix
containing Moloney murine leukaemia virus
(MMLV) buffer, dithiothreitol (DTT), RNAout,
MMLV reverse transcriptase, deoxyribonucleotide
triphosphate (dNTP) and random primers (Invitro-
gen). The reverse transcription conditions consisted
of 10 min of annealing at 25�C, 50 min of cDNA syn-
thesis at 37�C and 15 min of DNAse inactivation
at 70�C.

Cytochrome P450 aromatase (CYP19a1) and cyto-
chrome P450 17 hydroxylase/17, 20-lyase (CYP17a1)
gene sequences were amplified to confirm bovine
granulosa and theca cell mRNA in all samples
using primers described by Lagaly et al. (2008)
(Table 1).

An optimized real-time PCR protocol was used to
analyse the mRNA expression of IL1-A, IL-6 and
TNF-a genes using SYBR Green I technology (Invi-
trogen; Pfaffl, 2001) and according to MIQE guide-
lines (Bustin et al., 2009). The relative amount of the
mRNA of the cytokines was normalized to a constant
amount of b-actin mRNA as the reference gene
(Robinson et al., 2007). PCR was performed by using
defined concentrations of specific forward/reverse
primers as detailed in Table 1. IL-1A and b-actin

primers were described by Riollet et al. (2001). IL-6
and TNF-a primers were designed by Primer-
Quest software (http://www.idtdna.com/Primerquest/
Home/Index). Primers and amplification products
were verified in silico using the Basic Local Alignment
Search Tool (BLAST; http://www.ncbi.nlm.nih.gov/
BLAST) to confirm gene specificity.

Each PCR reaction was performed in duplicate in a
total volume of 20 ml containing 4 ml of cDNA
(500 ng/ml), 4 ml of � 5 Phire reaction buffer, 0.5 ml
of each 10 mM forward/reverse primer, 0.2 mM
dNTPs, 1 ml SYBR Green I (Invitrogen), 0.05 ml
Phire Taq polymerase (Thermo Fisher Scientific
Company, Espoo, Finland) and 14 ml of sterilized
diethylpyrocarbonate-treated water.

Transcript levels were estimated by relative quanti-
tative real-time PCR using the Step One Real-Time
PCR System (Applied Biosystems, Life Technology,
Foster City, California, USA). Thermal cycling condi-
tions included 40 cycles of denaturation at 98�C for
5 sec, annealing at 58�C (IL-1A), 56�C (IL-6), 62�C
(TNF-a) and 60�C (b-actin) for 20 sec and extension
at 72�C for 25 sec. A single initial denaturation step
at 98�C for 3 min and a final extension step at 72�C
for 10 min were performed.

Efficiency of PCRs and relative quantities were
determined from a six-point standard curve. Stan-
dard curves were constructed from a dilution series
of pooled cDNAs and PCR efficiency was calculated
using the StepOne v2.2 software (Applied Bio-
systems).

The mRNA expression levels of the genes were re-
corded as a cycle threshold (Ct) value that
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Table 1

Primer pairs for real-time PCR

Name Sequence (50e30) GenBank accession

number

Amplicon size

(base pairs)

Annealing temperature Reference

IL-1A

Forward TGCAAGCTATGAGCCACTTC M37210 291 58�C Riollet et al., 2001

Reverse GCATTCCTGGTGGATGACTC

IL-6

Forward GATGCAGTCTTCAAACGAGTGGGT X57317.1 163 56�C This study
Reverse AGGTTTCTGACCAGAGGAGGGAAT

TNF- a

Forward GTGCCTCAGCCTCTTCTCCTTCCT Z14137 181 62�C This study
Reverse GTGGGCTACCGGCTTGTTACTTGA

CYP17A1

Forward GGAGGCGACCATCAGAGAAGTGC NM_174304 319 60.8�C Lagaly et al., 2008

Reverse CAGCCGGGACATGAAGAGGAAGAG
CYP19A1

Forward TAAAACAAAGCGCCAATCTCTACG BTCYP19 341 55.4�C Lagaly et al., 2008

Reverse GGAACCTGCAGTGGGAAATGA

b-actin

Forward CGGAACCGCTCATTGCC BT030480 290 60�C Riollet et al., 2001

Reverse ACCCACACTGTGCCCATCTA

IL, interleukin; TNF, tumour necrosis factor; CYP17A1, cytochrome P450 17hydroxylase/17, 20-lyase; CYP19A1, cytochrome P450 aromatase
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corresponded to the number of cycles at which the
fluorescence signal could be detected above a
threshold value and was calculated using StepOne
v2.2. Negative DNA template controls were included
in all assays. Product purity was established by disso-
ciation curves and random samples were subjected to
agarose gel electrophoresis to verify the product sizes.

The specificity of the PCR products was confirmed
by DNA sequencing using the Macrogen Sequencing
Service (Macrogen Inc., Seoul, Korea). Oligonucleo-
tide primers and amplification products were then
tested using BLAST to confirm gene specificity and
to determine nucleotide locations, making sure that
they were not designed from any homologous regions
encoding other genes.
Table 2

Reagents used for immunohistochemistry

Antibody

specificity

Type and supplier Dilution Conditions

IL-1a Polyclonal (P420A), Endogen,

Woburn, USA

1 in 150 Overnight

at 4�C
IL-6 Monoclonal (Clone 77830;

MAB 686), R&D Systems,
Minneapolis, USA

1 in 400 Overnight

at 25�C

TNF-a Polyclonal (AHP852Z),

AbD Serotec, Kidlington, UK

1 in 100 Overnight

at 25�C

IL, interleukin; TNF, tumour necrosis factor.
Immunohistochemical Localization and Quantification of

Cytokines

Histological sections were used to locate and quantify
the protein expression of IL-1a, IL-6 and TNF-a in
the follicular wall.

The extravidinebiotin immunoperoxidase method
usedwas described by Salvetti et al. (2009) and the an-
tibodies used were previously validated by western
blotting (Baravalle et al., 2011) and with the ovarian
samples as described below. The homology between
the target peptide of the antibody and the corre-
sponding bovine protein was tested with the BLAST
software to determine the peptide location and to
confirm antigen specificity. The homology between
the target peptide of each antibody and the corre-
sponding bovine protein was more than 90% for all
antibodies.

Briefly, after dewaxing and rehydration, endoge-
nous peroxidase activity was inhibited with H2O2

3% in methanol, and non-specific binding was
blocked with 10% normal goat serum. No pretreat-
ment was required for antigen retrieval. All sections
were incubated with the primary antibodies and
detection was performed with the CytoScanTM

HRP Detection System (Cell Marque; Rocklin, Cal-
ifornia, USA) for 30 min at 25�C. Conditions of the
IHC and suppliers of the primary antibodies are re-
ported in Table 2. The chromogen used was 3, 3’-di-
aminobenzidine (Liquid DAB-Plus Substrate Kit;
Zymed, San Francisco, California, USA). Finally,
the slides were washed in distilled water, counter-
stained with haematoxylin, dehydrated and
mounted. To validate the blocking step for
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endogenous peroxidase activity, some sections were
incubated with DAB alone. Specificity was deter-
mined by replacing the primary antibodies with
non-immune serum and by incubation with a pri-
mary antibody raised against human antigens with
a proven negative reaction to bovine tissues (poly-
clonal rabbit anti-human Ki67; Dako, Carpinteria,
California, USA).

Microscopical images were digitized with a CCD
colour video camera (Motic 2000; Motic China
Group, Xiamen, China) mounted on a conventional
light microscope (Olympus BH-2; Olympus Co.,
Tokyo, Japan) with an objective magnification of
�40, and analysed with Image Pro-Plus 3.0.1 (Media
Cybernetics, Silver Spring, Maryland, USA). The
microscope was prepared for Koehler illumination.
This was achieved by recording a reference image of
an empty field for the correction of unequal illumina-
tion (shading correction) and calibrating the mea-
surement system with a reference slide to determine
background threshold values. The reference slides
contained a series of tissue sections labelled in the
absence of a primary antibody. The percentage of im-
munopositive area was calculated from the percent-
age of total area evaluated through colour
segmentation analysis, which extracts objects by
locating all objects of a specific colour (i.e. the brown
label). The positive controls were used as interassay
controls to maximize the levels of accuracy and
robustness of the method (Ranefall et al., 1998;
Ortega et al., 2010). The methodological details of
image analysis as a valid method to quantify protein
expression have been described previously (Salvetti
et al., 2007; Ortega et al., 2010).

The percentage of the immunopositive area was
calculated separately in each follicular wall layer
(i.e. granulosa and theca) of the primary (only gran-
ulosa), small preantral, large preantral, antral, atretic
and cystic follicles defined using previously estab-
lished criteria (Braw-Tal and Yossefi, 1997; Silvia
et al., 2002). Only cystic follicles with a complete
granulosa cell layer and without signs of
luteinization were analysed.
Western Blotting

To test the specificity of the antibodies to IL-6, IL-1a
and TNF-a, complete walls of tertiary follicles from
the control group were homogenized in a radio-
immunoprecipitation assay lysis buffer consisting of
1% v/v IGEPAL CA630 (octylphenyl-polyethylene
glycol), 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulphate (SDS), 1 mM EDTA, 50 mM
sodium fluoride (all from SigmaeAldrich Corp.,
St. Louis, Missouri, USA), 0.1 M phosphate buffered
saline and a protease inhibitor cocktail (Complete
Mini Protease Inhibitor Cocktail Tablets, Roche,
Mannheim, Germany). Follicle homogenates were
centrifuged at 14,000 g for 20min and the supernatant
was stored frozen at �80�C. Proteins (40 mg) were
separated by SDS polyacrylamide gel electrophoresis
(12% resolving gel), transferred onto nitrocellulose
membranes (GE Healthcare, Little Chalfont, Buck-
inghamshire, UK), blocked for 1 h in 2% non-fat
milk in Tris-buffered saline (TBS) containing 0.05%
Tween-20 (SigmaeAldrich) and then incubated over-
night at 4�C with the specific primary antibodies
(Table 2). Following washing, membranes were
treated for 1 h with goat anti-rabbit IgG conjugated
to peroxidase or goat anti-mouse IgG conjugated to
peroxidase (Santa Cruz Biotechnology, Santa Cruz,
California, USA). The immunopositive bands were
detected by chemiluminescence using the ECL-Plus
system (GE Healthcare) on Hyperfilm ECL (GE
Healthcare).
Hormone Assays

Oestradiol and progesterone levels in follicular fluid
were measured by enzyme-linked immunosorbent
assay (ELISA) kits (Estradiol EIA, DSL-10-4300;
Progesterone EIA, DSL-10-3900; Diagnostic Systems
Laboratories, Webster, Texas, USA), according to
the manufacturer’s instructions. The assay sensitivity
was 7 pg/ml for oestradiol and 0.13 ng/ml for proges-
terone.
Statistical Analysis

Results of real-time PCR were analysed with the
REST 2009 V2.0.13 software (Pfaffl et al., 2002),
which determines the difference between samples
and controls, taking into account the reaction effi-
ciency and reference gene (b-actin) normalization.

The statistical software package SPSS 11.0 for
Windows (SPSS Inc., Chicago, Illinois, USA) was
used to analyse the results of IHC analysis. The per-
centage of immunopositive area in control animals
was compared by ANOVA followed by Duncan’s
multiple range tests to determine differences between
follicular categories. The data for immunoexpression
in control and COD animals were analysed by multi-
variate analysis of variance (MANOVA) to deter-
mine the follicular category and disease effects and
follicular category by disease interaction. The hor-
monal levels in follicular fluid were compared using
an unpaired two-tailed Student’s t-test.

For all statistical analyses, P< 0.05 was considered
significant. Results are expressed as mean� standard
error of the mean (SEM).



Cytokines in Bovine Cystic Ovaries 121
Results

Follicular Characterization

Steroid concentrations in follicular fluid showed that
all large antral follicles were categorized as oestrogen-
active (oestrogen:progesterone ratio >1) and non-
atretic (oestrogen:testosterone ratio >1) and that
there were no differences in oestrogen concentrations
between cystic and large antral follicles (Table 3).
The mean progesterone concentration was signifi-
cantly higher in the follicular fluid of large antral fol-
licles, while testosterone concentration was higher in
follicular cysts. All follicles were categorized as
oestrogen-active without luteinization.
Cytokine Gene Expression

All follicular cell samples obtained by follicular aspi-
ration were positive for CYP19a1 mRNA and for
CYP17a1 mRNA, thus confirming the presence of
granulosa and theca cells in all the samples analysed
(data not shown). The identity of the PCR products
was confirmed by sequencing (range 97e99% homol-
ogy with bovine reference sequences). No differences
were detected in b-actin gene expression between the
different groups evaluated (P > 0.05).

To validate the PCR conditions, standard curves
prepared with serial dilutions of complete follicular
wall cDNAs were obtained for IL-1A, IL-6, TNF-a

and b-actin. These curves give valuable information
about the range of template concentrations that yield
similar amplification efficiency. The PCR reactions
presented efficiencies of 104.6% for IL-1A, 95.5%
for IL-6, 96.6% for TNF-a and 93.44% for b-actin.
In all cases, the amplification reactions presented
high linearity with a R2 >0.99. The absence of non-
specific PCR products and primeredimer artefacts
was checked by melting curve analysis.

IL-1A, IL-6 and TNF-a mRNA was detected in
follicular cells from cysts and control samples. IL-1A
and IL-6 mRNA was only detectable in three normal
ovaries (three of 15 samples) and TNF-amRNA was
only detectable in four normal ovaries (four of 15).
However, in the quantified samples, no significant dif-
ference was observed between the cytokine expression
Table 3

Steroid concentration in the follicular fluid samples

Oestradiol (pg/ml) Progesterone (ng/ml)

Antral follicles (n ¼ 15) 281.20 � 21.04a 57.06 � 3.30a

Cystic follicles (n ¼ 15) 217.30 � 42.12a 33.91 � 2.76b

Values represent mean� SEM; within a column, means with no com-
mon letters are significantly different (P < 0.05).
of cells from cystic follicles and that of controls
(P >0.05; Fig. 1).

Cytokine Protein Expression

Expression of IL-1a (Fig. 2A), IL-6 (Fig. 2B) and
TNF-a (Fig. 2C) was detected and localized in
different components of the ovarian tissues by
IHC. The reactions were negative in all negative
controls and a summary of the
Fig. 1. IL-1a, IL-6 and TNF-a mRNA expression levels in follic-
ular cells from cows with cystic ovarian disease (COD)
(black bars) relative to control ovaries (open bars) by
real-time PCR.Values represent themean�SD.Nodiffer-
ences are observed (P > 0.05).



Fig. 2. Representative images of (A) IL-1a, (B) IL-6 and (C) TNF-a immunolabelling in primary, preantral, antral, atretic and cystic fol-
licles from control ovaries and ovaries from cows with cystic ovarian disease (COD). T, theca cells; G, granulosa cells. Bars, 25 mm.
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Fig. 2. (continued)
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Fig. 2. (continued)
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Fig. 3. Relative protein expression (measured as percentage of im-
munopositive area) of IL-1a, IL-6 and TNF-a in primary,
small preantral, large preantral, antral and atretic follicles
from control ovaries, in granulosa (open bars) and theca
(black bars) cells. Different letters indicate significant dif-
ferences. Values represent the mean � SEM.
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immunohistochemical expression of the different cy-
tokines in follicular structures is shown in Fig. 2.
Western blotting analysis detected intense positive
bands of appropriate sizes for each of the molecules
studied by IHC.

Expression of Cytokines in Control Ovaries. Expression of
IL-1a, IL-6 and TNF-a was evaluated in follicles of
different developmental stages in oestrus-
synchronized control animals, including primary,
small and large preantral, antral and atretic folli-
cles.

Immunoexpression of IL-1a was detected in the
granulosa of early stages with significantly higher
labelling in primary and preantral follicles than
in antral and atretic follicles (P <0.05). In addition,
in theca cells, the lowest percentage of immunoposi-
tive area was observed in large preantral follicles
(Fig. 3).

Moderate expression of IL-6 was observed in gran-
ulosa and theca cells of all follicular categories. IL-6
immunoexpression in granulosa cells showed no dif-
ferences between the follicular categories and was
significantly lower in theca cells of large preantral
than in atretic follicles (P <0.05; Fig. 3).

The highest expression of TNF-a was in the granu-
losa of primary and preantral follicles and theca of
preantral and antral follicles, with significantly lower
expression in the granulosa of antral and atretic folli-
cles (P <0.05; Fig. 3).

Expression of Cytokines in Ovaries from Animals with

COD. The study of cytokine expression in COD
animals revealed a significantly higher effect of follic-
ular structure on the expression of IL-1a, IL-6 and
TNF-a in theca and granulosa cells (P<0.001). Addi-
tionally, an effect of COD was evident for IL-1a and
TNF-a (P <0.05) and a follicular structureedisease
interaction in IL-1a, IL-6 and TNF-a (P <0.05;
Fig. 4).

Expression of IL-1a (P<0.01), IL-6 (P<0.05) and
TNF-a (P<0.01) was significantly higher in the gran-
ulosa of cysts than in the granulosa of antral follicles of
control and COD cows (Fig. 4). Moreover, IL-6
expression in granulosa cells of primary follicles of
COD animals was significantly higher than in control
animals (P <0.05), while TNF-a immunolabelling
was lower in granulosa cells of control primary folli-
cles than in primary follicles of animals with COD
(P <0.05).

In theca cells, IL-1a, IL-6 and TNF-a expression
showed no differences among the follicles studied
and there was no difference between the expression
in this group and the different control follicle cate-
gories (P <0.05; Fig. 4).
Discussion

Several studies have shown that cytokines not only are
expressed during immunopathological reactions, but
also regulate other physiological processes such as
ovulation (Dhillo et al., 2006). In this sense, cytokines
have very important roles in ovarian follicle develop-
ment, regulating the growth, differentiation and
death of different cellular components of the ovary
(Nash et al., 1999).



Fig. 4. Relative protein expression (measured as percentage of immunopositive area) of IL-1a, IL-6 and TNF-a in primary, small prean-
tral, large preantral, antral and atretic follicles from control ovaries (open bars) and ovaries from cows with cystic ovarian disease
(COD) (black bars), both in granulosa and theca cells.D, disease effect; F, follicular category effect; D*F, disease-by-follicular cate-
gory. Different letters indicate significant differences. Values represent the mean � SEM. *Values were significantly different at
P <0.05 as compared with the corresponding follicular category. #Values were significantly different at P <0.05 as compared
with cysts.
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The cytokines evaluated in this study have been
shown previously to be important in the mammalian
ovary. These cytokines are implicated in the regula-
tion of follicular maturation and ovulation through
paracrine and autocrine mechanisms (Br€annstr€om
et al., 1993; Terranova and Rice, 1997; Bukulmez
and Arici, 2000). Cytokine detection can be used for
characterization, prediction and regulation of the
ovarian state, as well as for the treatment of ovarian
disorders (Sirotkin, 2011; Sheldon et al., 2014).

Because a growing body of evidence suggests that
ovulation shares many of the features of an inflamma-
tory reaction, in the present study we examined the
expression of the proinflammatory cytokines IL-1a,
IL-6 and TNF-a in ovarian cells from healthy and
cystic ovaries. The results obtained provide evidence
for the first time that COD in cows is concurrent
with alterations in the expression of these cytokines
in different follicular structures. The importance of
the changes in the cell type-specific expression pattern
of these cytokines is discussed below.

Expression of IL-1a, IL-6 and TNF-a mRNA and
protein was detected by real-time PCR and IHC in
follicular cells from ovaries from healthy cows and
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cows with spontaneously arising COD. Currently,
limited information is available about the expression
of these cytokines in cows with COD. However, this
disease has features similar to polycystic ovarian syn-
drome (PCOS), a human disorder characterized by
anovulation and infertility (Barnes and Rosenfield,
1989). The role of cytokines in PCOS has been inves-
tigated, with discrepant results related to the different
analysis procedures and the different study popula-
tions (Amato et al., 2003).

The inflammatory response associated with the
ovulatory process appears to be centred within the
theca interna and granulosa cell layers (Espey,
1994). In this study, immunoexpression of all cytokines
was observed in granulosa and theca cells in follicles of
different developmental stages in oestrus-synchronized
control animals. This suggests a role for these cytokines
in intra-ovarian cell communication.

Studies in mice, rats and women have shown that
the members of the IL-1 system are expressed in the
ovary (Terranova and Rice, 1997; Kol et al., 1999).
On the other hand, Kolbus et al. (2006) have shown
that a common polymorphism of the IL-1A but not
of the IL-1B gene is associated with the presence of
PCOS and with clinical parameters of women
affected by this syndrome.

Although the IL-1A gene has not been detected in
equine granulosa cells (Martoriati and G�erard,
2003), in the present study we found expression of
this gene for the first time in bovine ovarian cells.
This could be attributed to some species-specific dif-
ferences concerning ovarian IL-1A gene expression.
Although it was not possible to quantify the expres-
sion of IL-1A mRNA in all control samples, real-
time PCR allowed the detection of all transcripts.
On the other hand, IL-1a protein was significantly
higher in the granulosa of early stages of control folli-
cles than in antral stage follicles. Nevertheless, limited
information is available about the cellular localiza-
tion and expression of ovarian IL-1a. In the human
ovary, both IL-1a and IL-1b are expressed in granu-
losa cells, with more pronounced IL-1b expression
(Hurwitz et al., 1992; Br€annstr€om, 2004). The
actions of the IL-1 system in the human follicle during
folliculogenesis probably take place in both granulosa
and theca cells because IL-1 receptor-1 is expressed in
these two follicular compartments (Hurwitz et al.,
1992; Br€annstr€om, 2004).

mRNA encoding IL-6 was detected by quantita-
tive real-time PCR in follicular fluid cells from human
ovaries (Wu et al., 2007). Fluctuations in IL-6 gene
expression have been correlated with the cyclic angio-
genesis that occurs during maturation of the ovarian
follicle (Motro et al., 1990). In this study, no difference
was observed in mRNA expression in control and
cystic samples, in agreement with that observed by
Wu et al. (2007) in follicular cysts from women with
PCOS compared with normal follicles from healthy
women.

Because IL-6 is produced by ovarian cells and is
found in follicular fluid, this cytokine may act as an
autocrine and paracrine regulator of ovarian function
(Adashi et al., 1990; Buyalos et al., 1992). Br€annstr€om
(2004) demonstrated that the rat ovary produces IL-6
prior to and during the ovulatory process. In this
sense, we observed a moderate expression of IL-6 in
the granulosa and theca of all follicular categories
from healthy follicles.

mRNA encoding TNF-a has been detected by PCR
in follicular fluid cells from human and rat ovarian
cells (Sancho-Tello et al., 1992; Wu et al., 2007). In
agreement with the findings of Wu et al. (2007), in
the present study we found no differences in mRNA
expression between control and cystic samples.

TNF-a expression has been reported in normal
ovaries of rats, mice, cows, women and other species,
with higher TNF-a expression mainly in granulosa
cells (Roby and Terranova, 1989; Zolti et al., 1990;
Deshpande et al., 2000). Similarly, in the present
study, TNF-a expression was higher in the granulosa
of primary and preantral bovine follicles and lower
in the granulosa of antral and atretic follicles.
Although there are few studies on the protein
expression of cytokines in mammalian ovarian cells
or on cytokines in reproductive diseases in cows, we
found no previous studies on the constitutive
expression of these three proteins in adult bovine
ovaries and in cystic bovine ovaries. In the present
study, the expression of IL-1a, IL-6 and TNF-a in
the theca layer of primary, preantral, antral, atretic
and cystic follicleswas constant,while that in the gran-
ulosa varied with follicular development. Intense
immunolabelling for all cytokines was seen in the
granulosa of cystic follicles, while less intense labelling
was seen in antral and atretic follicles from healthy
and COD animals. Similar to these findings, Amato
et al. (2003) demonstrated that in infertile women
with PCOS, TNF-a and IL-6 concentrations in serum
and follicular fluid were higher than those found in
control women. In mice, TNF-a and IL-6 immuno-
labelling is higher in cells surrounding cystic follicles,
being mainly in the theca cells and stromal cells as
compared with control mice (Deshpande et al., 2000).

The immunoexpression results differed from that
obtained at the level of gene expression in this study,
and the absence of mRNA from most of control sam-
ples may be due to post-translational modification
performed in the different cell populations.Moreover,
as was observed by Martoriati and G�erard (2003),
cytokine gene expression in granulosa cells varies
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during follicular maturation, probably under the in-
fluence of gonadotropins.

In the present study, the effect of COD was
significant for IL-1a and TNF-a and a follicular
structureedisease interaction was observed for IL-1a,
IL-6 and TNF-a expression.

Although many factors have been associated with
the predisposition of cows to COD, the causes of this
disease have not been well elucidated. In the present
study, we evaluated alterations in the expression
pattern of pro-inflammatory cytokines as a possible
cause of abnormal follicular development and anovu-
lation. Since granulosa cells are the primary compo-
nents of follicular cell compartments, a dysfunction
of these cells may contribute to the abnormal ovarian
function observed in COD (Ortega et al., 2007;
Vel�azquez et al., 2010; Salvetti et al., 2010; Marelli
et al., 2014; Matiller et al., 2014). Therefore,
increased cytokine production in granulosa cells
from cysts, as observed in this study, may affect
several important steps in follicular maturation,
ultimately contributing to anovulation and ovarian
dysfunction. In addition, the results of the present
study suggest an involvement of the immune system
in the pathogenesis of COD.
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