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PCOS, a major cause of anovulatory sterility, is associated with obesity, insulin resistance
and chronic inflammation. New evidence suggests that the immune system aggra-
vates the clinical features of PCOS. Our aim was to study the immune, metabolic and
endocrine features of a mouse model of PCOS elicited by androgenisation using dehy-
droepiandrosterone (DHEA). We observed a significant weight gain and insulin resistance
in DHEA-androgenised mice, coupled with the formation of ovarian follicular cysts. DHEA
up-regulated the expression of vascular cell adhesion molecule (VCAM)-1 and intercellular
adhesion molecule (ICAM)-1 in the granulosa cell layer of the majority of cysts, and VCAM-1
expression in the theca cell layer of all follicles and cysts. The expression of these markers
was low in control tissue. Peritoneal cells from PCOS-mice showed enhanced production
of inflammatory cytokines, suggesting an association between chronic inflammation and
PCOS. In addition, DHEA-androgenisation induced the activation of CD4" cells both in vivo
and in vitro, and their expression of the respective ligands for VCAM-1 and ICAM-1, VLA-4
and LFA-1, as assessed in vitro. CD4* cells were present in androgenised ovaries, especially
in the granulosa cell layer of cysts with high VCAM-1 expression. Herein, we present novel
evidence that the immune system is activated systemically and locally in a mouse model for
PCOS. We propose that VCAM-1 is involved in aggravating PCOS symptoms by promoting
leukocyte recruitment to the ovaries and perpetuating local inflammation. These findings
offer novel therapeutic opportunities for PCOS, such as blockage of VCAM-1 expression.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Polycystic ovary syndrome (PCOS) is

constituting the main cause for anovulatory infertility
(Franks et al., 2008). The manifestation of PCOS is het-
one of the most erogeneous and complex, involving both reproductive and

common endocrine disorders in premenopausal women, metabolic features. Currently, it is diagnosed if two of

* Corresponding author. Tel.: +49 40741058710;
fax: +49 40741040183.

E-mail address: e.solano@uke.uni-hamburg.de (M.E. Solano).

1 These authors contributed equally to this work.

the following symptoms are present: polycystic ovaries,
hyperandrogenism and/or ovulatory dysfunction (upon
exclusion of specific disorders, i.e. congenital adrenal
hyperplasia) (Rotterdam, 2004). In addition to infertility,
women with PCOS frequently suffer from obesity (Hahn
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et al,, 2005; Martinez-Bermejo et al., 2007) and abdominal
distribution of body fat, along with metabolic alterations
such as insulin resistance (Hahn et al., 2005) and dyslipi-
daemia (Meyer et al., 2005a,b).

Despite its high prevalence (5-8%) of women dur-
ing their reproductive years are affected (Asuncion et al.,
2000; Azziz et al., 2004; Diamanti-Kandarakis et al., 1999;
Knochenhauer et al., 1998), only very limited insights are
available with regard to the pathophysiology of PCOS (as
reviewed by Pasquali et al. (2011)). However, published
evidence suggests that the anovulation and cystogene-
sis seen in PCOS patients result from alterations in the
development of the ovarian follicles (Franks et al., 2008;
Hughesdon, 1982; Maciel et al., 2004). To ensure normal
folliculogenesis, ovulation and corpus luteum formation
and regression, a fine-tuned immune response is required
(Brannstrom and Norman, 1993; Bukulmez and Arici, 2000;
Sander et al., 2008; Wu et al., 2004). Hence, alterations in
immune cells infiltrating the ovary and of cytokines in fol-
licular fluid - as observed in patients with PCOS (Amato
et al,, 2003; Gallinelli et al., 2003; Jansen et al., 2004; Omu
et al,, 2003; Wu et al., 2007) - may account for the onset
and severity of PCOS symptoms. It is also known that sev-
eral markers of systemic inflammation, such as C-reactive
protein (CRP), leukocyte frequencies, pro-inflammatory
cytokines (Amato et al., 2003; Benson et al., 2007; Mohlig
et al., 2004; Puder et al., 2005; Sayin et al., 2003) and
the soluble forms of cellular adhesion molecules (CAMs)
intercellular adhesion molecule (ICAM)-1 and vascular
cell adhesion molecule (VCAM)-1 (Diamanti-Kandarakis
et al., 2006; Escobar-Morreale et al., 2003) are increased
in women with PCOS. In addition, epidemiological data
reveal that markers of early vascular dysfunction, such as
arterial stiffness and carotid intimal media thickness, are
associated with obesity and insulin resistance in women
with PCOS (Meyer et al., 2005a, 2005b). Thus, low-grade
chronic inflammation - along with hyperandrogenism and
metabolic disorders - has been proposed to be a major
risk factor for the occurrence of cardiovascular disease in
women affected by PCOS (Orio et al., 2005).

Though its aetiology is not completely understood, it
has been suggested that PCOS results from an intrinsic dys-
function in androgen synthesis (Escobar-Morreale and San
Millan, 2007). As a cure for PCOS remains elusive, current
therapies focus on targeting the prevailing symptoms in
order to minimize the impact of the syndrome on qual-
ity of life and health in the long term (Goodarzi et al.,
2011). Over the past years, several animal models have
been developed with the intent of studying the complexity
of PCOS (reviewed by Abbott et al. (2005)). Among them,
hyperandrogenism provoked by application of steroid hor-
mone dehydroepiandrosterone (DHEA) in rodents has been
shown to reproduce the main clinical features of PCOS, such
as ovarian cysts, anovulation and altered endocrine envi-
ronment (Lee et al., 1991; Luchetti et al., 2004; Roy et al.,
1962).1t should be noted that mice enter estrous cycles sub-
sequent to the discontinuation of DHEA application (Yan
etal., 1997). This model has been extensively used to study
ovarian and endocrine disorders, investigate pathological
mechanisms and new therapies (Bas et al., 2011; Lee et al.,
1998; Henmi et al., 2001; Sander et al., 2006). However,

insights on metabolic parameters observed in patients with
PCOS are largely elusive in DHEA-treated mice.

In the present work, we employed this model in order
to study the role of the immune system in relation to major
clinical aspects of PCOS pathology, ovarian dysfunction and
metabolic parameters. We also aimed to test different pro-
tocols of PCOS induction in mice in order to identify which
approach would reproduce the clinical symptoms of PCOS
most accurately in mice. Finally, to elucidate whether the
systemic and ovarian effects of DHEA administration were
due to direct actions of the hormone on immune cells, we
performed in vitro experiments in which cell phenotype as
well as expression of CAMs were determined after DHEA
stimulation.

2. Materials and methods
2.1. Animals and experimental protocol

New born Balb/c animals were kept with their respec-
tive mothers in an animal facility with a 12 h light/dark
cycle. Water and food were available ad libitum. At the
age of 21 days, female animals were weaned and sorted
for subsequent experiments. Animal care and experimental
procedures were followed according to institutional guide-
lines and conformed to requirements for animal research
conduct in Germany and Canada.

Ina group of animals, PCOS like symptoms were induced
by s.c. injection of DHEA (60 mg/kg BW/day dissolved in
0.1 ml neutral oil) to 23 days old (Protocol 1) and to 30
days old females (Protocol 2) for 20 consecutive days.
Age and weight matched control females received vehi-
cle alone over a period of 20 days. The respective stage
of the estrous cycle were determined daily upon obtain-
ing vaginal smears collected over the entire course of the
experiment, as described in the Supplementary methods.
Body weight was assessed every 3 days during the exper-
iment. A second group of naive 23 days’ old females was
used to obtain tissue for in vitro experiments.

2.2. Tissue collection and cell isolation

On day 20 of DHEA or vehicle administration, ani-
mals were anesthetized by i.p. injection with a solution
of 20 mg/kg ketamine and 100 mg/kg xylacine in PBS and
sacrificed by cervical dislocation. Two blood samples were
collected from each female. The first one was centrifuged
to obtain serum for estradiol determination. The second
sample was heparinized and incubated for 5 min with RBC
lysis buffer (e-bioscience) in order to enrich leukocytes
for flow cytometry staining. For detailed information on
the protocols for estradiol determination and flow cytom-
etry staining and on the antibodies used, consult the
Supplementary methods.

Peritoneal cells were harvested by peritoneal lavage
with 5ml of PBS. Cells were washed with AimV cul-
ture medium and stimulated for cytokine production as
described in the Supplementary methods.

One ovary of each animal was fixed in paraformalde-
hyde 4% in PBS and embedded in paraffin; the second one
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was embedded in OCT media (Tissue Tek) and snap frozen
in liquid Nj.

The second group of naive 23 days old females was euth-
anized. Inguinal, axillar and mesenteric lymph nodes from
each animal were pooled and mechanically disaggregated
through a 100 wm mesh (Becton and Dickinson) in PBS.

2.3. Invitro stimulation with DHEA

Lymph node cells from naive animals were cultured in
vitro (37 °C, humidified atmosphere of 95% O,: 5% CO- ) for
21 and 48 h with 0, 0.1, 1 or 10 wM DHEA in 10% FCS RPMI-
1640 culture media. DHEA dilutions were prepared from
a stock solution of DHEA dissolved in ethanol. After the
incubations, the frequency and phenotype of cells were
determined by flow cytometry assay, as detailed in the
Supplementary methods.

2.4. Fasting glucose and insulin determination

In an independent experiment, animals received DHEA
or vehicle, respectively, for 20 days commencing on day 23
of age. On day 20 of treatment, the females were deprived
of food from 8:00 a.m. to 2:00 p.m., for 6 h (Andrikopoulos
et al.,, 2008). Blood samples were taken to determine glu-
cose levels in the moment by precision extra glucose strips
in the Accu-check Advantage II Blood Glucose Monitor
(Roche Diagnostics) and to obtain serum. Serum insulin
concentrations were quantified using the Ultra Sensitive
Mouse Insulin ELISA Kit (Crystal Chem Inc.) according the
manufacturer’s instructions. These results were used to cal-
culate the Homeostasis Model of Assessment of Insulin
Resistance (HOMA-IR)= {[fasting insulin (pM)] x [fasting
glucose (mM)]}/405 (Berglund et al., 2008; Muniyappa
et al., 2008) as an index of insulin resistance.

2.5. Ovarian morphology

Serial paraffin histological sections (5wm) from the
entire ovarian tissue specimen were stained for H&E
and evaluated using a Zeiss Axioscope light microscope
with the Zeiss KS400 software. Ovaries form both groups
showed follicles in different stages of development. In rare
cases ovaries from both groups presented corpora lutea.
Ovarian cysts were identified as large fluid filled follicles
with attenuated granulosa cell layer. Cyst frequency was
determined and their histological characteristics, such as
size, thickness of granulosa and theca cell layers, were
quantified and compared to the largest tertiary follicle
observed in each control ovary.

2.6. Immunohistochemical detection of VCAM-1, ICAM-1,
CD11c, MHC-II and CD4

The staining was carried out as described before (Prados
et al.,, 2011). Briefly, cryostat sections (8 wm) were incu-
bated with avidin, biotin and protein-blocking solutions
(Vector), followed by overnight incubation with the anti-
bodies (Ab) against the surface antigens: MHCII, CD4,
VCAM-1 and ICAM-1 (for additional information about the

Ab and dilutions used, refer to Table 2 in Supplemen-
tary methods) at 4°C in humid chamber. Sections used
as negative controls followed the same protocol, but were
incubated with 1% FCS in TBS (representative photos are
displayed in Supplementary Fig. 2). After washing, the
sections stained for ICAM-1 underwent the amplification
and revealing steps. The remaining sections were incu-
bated with biotinilated 0.5% goat anti-rat IgG Ab (Jackson
Laboratories) in 4% mouse normal serum and 2% FCS in
TBS for 30 min. As amplification system, we used ABC-AP
(VECTASTAIN®, Vector) 1:100 in TBS for 30 min. The tissue
expression of the protein of interest (CD4, MHC II, VCAM or
ICAM) was unveiled using alkaline phosphatase substrate
solution, which allows to identify expression of proteins
of interest by its dark pink colour, followed by a light blue
counterstaining with 0.1% Meyer’s haematoxylin.

Slides were examined using a Zeiss Axioscope light
microscope and photo documentation was performed with
a digital image analysis system (Zeiss KS400). Follicular
stages were differentiated as previously described (Cheng
et al., 2002). Briefly, primary follicles were observed as an
oocyte surrounded by a single layer of cuboidal granulosa
cell, whereas secondary follicles presented the oocyte sur-
rounded by two or more layers of granulosa cells with no
antrum. Tertiary follicles were identified by the presence of
a fluid-filled antrum. The theca cell layer of all the primary,
secondary, tertiary and cystic follicles of every ovary and
the stromal tissue was scored by the intensity of the VCAM-
1 and ICAM-1 and the frequency of infiltrating MHCII* and
CD4* cells. Tissue expression of the respective marker was
semi-quantified as follows: 0, absence of positive signals;
+, low; ++, moderate; +++, high expression. The percent-
age of primary, secondary, tertiary and cystic follicles per
ovary presenting positive cells for VCAM-1, ICAM-1, MHCII
and CD4 in the granulosa cell layer was also evaluated. In
ovaries, it is difficult to identify vessels by morphological
criteria, as they are often collapsed. Thus, we refrained to
include them in the analysis.

2.7. Statistical analysis

Analyses were carried out using SPSS 15.0 for windows
and means were compared by the Mann-Whitney U test.
Statistical significance was set at p <0.05.

3. Results

3.1. DHEA androgenisation induced the formation of
cysts

Analysis of ovarian histological sections revealed that
the administration of DHEA for 20 days induced the forma-
tion of 1-3 follicular cysts per ovary (Fig. 1). Cysts appeared
as enlarged ovarian follicles with increased antrum and
attenuated and compacted theca and granulosa cell layer.
The granulosa cell layer was frequently detached to the
antrum and showed evidence of cell infiltration (Fig. 1D-F).
Tissue from both, control and DHEA treated female mice
showed viable and atretic follicles at different stages of
development (Fig. 1A, B, D and E) and no follicular cysts
were observed in control ovaries (Table 1).
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Fig. 1. DHEA androgenisation induced key ovarian features of PCOS. Photomicrographs of ovaries from control (A-C) and androgenised animals (D-F).
Animals were 23 (A and D) or 30 days of age (B and E) at the beginning of DHEA injections. Control and DHEA-androgenised ovaries showed follicles at
different stages of development. Androgenised ovaries also exhibited the formation of follicular cysts (FC). Representative examples of the follicular wall of
atertiary follicle (E) and of a cyst (F) show the antrum (An), theca cell layer (TCL) and granulosa cell layer (GCL). The arrow points a leukocyte in the antrum.
Serum estradiol levels (G) were increased upon DHEA androgenisation. (H) Estrous cycle arrest was observed by means of the % of females exhibiting
complete estrous cycles. (I) Photomicrographs of the vaginal smears from control and androgenised animals stained for H&E show examples of proestrous,
estrous, metaestrous and diestrous stages, if applicable. Values are the mean + SEM; n=7. *p <0.05 control vs. DHEA-androgenised mice, Mann-Whitney
U test. N.A,, not applicable; (A, B, D and E) Magnification: 25x and (C, F and H) 200 x.

Two different experimental approaches were tested for
DHEA-androgenisation in order to identify the most accu-
rate resemblance to PCOS ovarian symptoms. In the first
approach, we commenced androgenisation on day 23 of
age (Luchetti et al., 2004). In a novel approach, the effect
of DHEA administration commencing on day 30 of age was
tested. Morphological analysis of the ovaries from animals

androgenised according the different protocols revealed
similar morphological features. However, cysts were larger
and more frequent when DHEA was administrated to
mice beginning at an age of 23 days (Table 1). Hence,
in subsequent experiments, we employed the approach
of experimental cystogenesis induction by commencing
DHEA treatment at an age of 23 days.
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Table 1

Morphometric analyses of histological sections of ovarian tissue from control and androgenised animals treated according protocols 1 and 2. The values

represent the mean 4+ SEM.

Age at initiation of
DHEA treatment

23 days (Protocol 1)

30 days (Protocol 2)

n per group 6 7 7 6

DHEA Nil + Nil +

Number (and percentage) of 0 7(100) 0 5(71)
mice with FC development

Cysts per ovary 0.0+£0.0 2.74+0.6" 0.0+0.0 14+04

Thickness of TCL (um) 182+1.1 10.9+0.9" 2444104 20.7+22"

Thickness of GCL (pm) 449+5.2 33.2+3.0 53.1+49 333+3.0

* p<0.05, Mann-Whitney U test.
" p<0.01, Mann-Whitney U test.

3.2. Ovarian steroidogenic function is altered after DHEA
administration

PCOS diagnosis in humans depends not only in the for-
mation of ovarian cysts, as induced by DHEA in this murine
model, but also in the presence of oligo- or anovulation
and hyperandrogenism. To confirm the presence of these
clinical features in DHEA-treated mice, we analysed serum
estradiol levels as a marker for steroidogenic function
and observed a significant increase in DHEA-treated mice
(Fig. 1G). The altered ovarian function was independently
confirmed by the absence of the normal estrous cycling,
as estrous stages were limited to estrous or metaestrous
upon DHEA treatment (Fig. 1H and I). In contrast, control
animals began to exhibit regular cycling activity at an age
of 39.3 £ 2.7 days. The formation of ovarian cysts together
with the absence of ovarian cycles further strengthens that
DHEA-induced PCOS-like symptoms in mice mirror pivotal
clinical features of PCOS in humans.

3.3. Metabolic changes after DHEA androgenisation

Next, we investigated whether DHEA-treatment mir-
rors metabolic changes seen in women with PCOS. An
increase in body weight could be observed in androgenised
mice compared to the age-matched control mice, which
reached levels of significance 17 days upon of initiation of
DHEA-treatment (Fig. 2A). In addition, the androgenisation
increased fasting levels of serum insulin (Fig. 2B) and blood
glucose (Fig. 2C). These alterations resulted in higher values
for HOMA-IR in androgenised animals, indicating increased
insulin resistance compared to controls (Fig. 2D).

3.4. Markers of chronic inflammation were increased
after DHEA administration

Since PCOS in humans has been linked to chronic
inflammation (Benson et al.,, 2007), we then aimed to
analyse the production of inflammatory cytokines by peri-
toneal immune cells in mice treated with DHEA, compared
to untreated control mice. CBA analyses of the cytokine
production by peritoneal cells revealed an increased pro-
duction of the proinflammatory cytokines IL-12p70, TNF,
IFN-y, MCP-1 and IL-6 as well as the anti-inflammatory
cytokine IL-10 (Fig. 3A-G).

3.5. Ovarian expression of cell adhesion molecules

It is well established that inflammatory processes
such as cytokine changes can up-regulate the tissue
expression of CAMs. Also, insulin can selectively induce
VCAM-1 expression (Madonna et al., 2008). Based on the
above described alterations in DHEA-treated mice, i.e. ele-
vated serum insulin and increased cytokine production by
peritoneal immune cells, we then aimed to immunohisto-
chemically analyse the presence and localization of CAMs
in the ovaries upon experimental cystogenesis induction.
Strikingly, in DHEA androgenised ovaries, all the follicles as
well as the cysts expressed high amounts of VCAM-1 in the
theca cell layer. Furthermore, the majority of ovarian cysts
expressed also VCAM-1 in the granulosa cell layer (Fig. 4B
and D and Table 2). Conversely, expression of VCAM-1 was
low in ovaries from control mice (Fig. 4A and C). Here,
VCAM-1 expression was distributed in the theca cell layer
of the follicles and - rather faint - in the stroma. In ovaries
from both groups only a low percentage of secondary and
tertiary follicles expressed VCAM-1 in the granulosa cell
layer (Table 2).

Further, in androgenised ovaries, ICAM-1 expression
could be detected in the majority of cysts expressed in
granulosa cell layer (Fig. 4H and Table 2), whereas, in con-
trol and androgenised ovaries, [CAM-1 expression was low
in theca cell layer of developing follicles, in granulosa cell
layer of few secondary follicles and moderate in the stroma
(Fig. 4E-H and Table 2).

3.6. DHEA androgenisation in vivo increases the
frequency of T helper cells and natural killer (NK) cells

Thelper cells can be recruited to the site ofinflammation
by ICAM-1 and VCAM-1. In order to study whether DHEA
treatment also affects the frequency and activation status
of CD4* T cells that can bind them, we analysed periph-
eral blood mononuclear cells by flow cytometry. We also
analysed the frequency of NK cells, as a population that
is generally increased in chronic inflammation processes
(Briitinsgaard and Pedersen, 2003). We observed that the
percentage of activated T cells (CD4*CD25*) was increased
in response to DHEA, as well as the frequency of CD4* T
helper cells alone, though the latter one did not reach lev-
els of significance (Fig. 5A-C). We also observed an increase
in the frequency of NK cells upon DHEA treatment (Fig. 5D
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Fig. 2. Weight gain and fasting glucose and insulin levels in androgenised females. (A) Growth curves for the period of the treatment for control (open
triangles) and androgenised animals (filled squares). DHEA androgenisation increased the fasting levels of insulin in serum (B) and glucose in blood (C).
The calculation of the HOMA-IR (D) showed an increase in the insulin resistance. Values represent the mean & SEM. *p <0.05, **p <0.01 control vs. DHEA,
Mann-Whitney U test.

Table 2
Qualitative and quantitative analyses of VCAM-1, ICAM-1, MHCII and CD4 ovarian tissue expression.
VCAM-1 ICAM-1 MHC II CD4

n per group 6 7 7 4 6 4 6 5
DHEA Nil + Nil + Nil + Nil +
TCL
Primary Fll N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.
Sec. Fll + 4+ + + ++ ++ + +
Tertiary FlI + 44+ + + ++ ++ + +
Cysts N.A. +H+C N.A. ++¢ N.A. ++€ N.A. +¢
Stroma?® —/+ + ++ ++ +++ +++ + +
GCL/antrum®
Primary Fll 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
Sec. Fll 3.0+3.0 17.0+12.0 3.0+3.0 25425 19.4+4.6 13.4+6.7 9.8+3.8 8.4+3.6
Tertiary Fll 6.5+2.7 16.2+6.5 0.0+0.0 0.0+0.0 83+5.2 3.8+24 72+54 16.0+9.8
Cysts N.A. 91.0+9.0¢ N.A. 100¢ N.A. 100¢ N.A. 100¢

N.A,, not applicable; FlL, follicles; Sec., secondary.
2 Intensity (VCAM-1, ICAM-1) or frequency (MHC II, CD4), quantified as absent (—), low (+), moderate (++) or high (+++).
b Frequency of follicles positive for respective marker. The percentage of follicles presenting positive cells in the GCL was determined for each ovary and
used to calculate the mean + SEM.
¢ Due to the lack of cysts in control tissue, this result could not be compared statistically.
" p<0.01, as determined by Mann-Whitney U test.
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Fig. 3. Androgenisation increased the production of cytokines by peritoneal cells. The bars show the concentration of cytokines (TNF, IFN-y, MCP-1, IL-6,
IL-12p70 and IL-10, A-F, respectively) in the culture media of peritoneal cells from control and androgenised animals, as assessed by CBA. The dotplots
show representative examples of the flow cytometry results obtained from control and androgenised samples. From top to bottom, the bead clouds show
IL-6, IL-10, MCP-1, IFN-y, TNF and IL-12p70. Values are the mean + SEM, n =5, *p <0.05, Mann-Whitney U test.
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Fig. 4. Ovarian expression of VCAM-1, ICAM-1, CD4 and MHCII. Photomicrographs of ovarian tissue specimens representative for control (A, E, I, and M)
and DHEA androgenised (B, F, ], and N) females, labelled for VCAM-1 (A and B), ICAM-1 (E and F), MHCII (I and ]J) and CD4 (M and N). The rectangles indicate
the area magnified in photos shown in (C), (D), (G), (H), (K), (L), (O), and (P). Here, a tertiary follicle from control tissue is shown in (C), (G), (K), and (O) and
a FC from DHEA-androgenised tissue in (D), (H), (L), and (P) upon labelling for VCAM-1, ICAM-1, MHCII and CD4, respectively. Tissue sections from DHEA
treated mice revealed high expression of VCAM-1 in the TCL of follicles and cysts (B and D). The GCL and antrum of the cyst also revealed the presence of
cells which could be identified as ICAM-1*, MHCII* or CD4* (H, L, and P). In ovaries of control mice, expression of these markers was rarely observed in GCL
of follicles and their distribution was limited to the TCL and stroma (A, C, E, G, [, K, M, and O). Magnification 25x (A, B, E, F, I, ], M, and N) and 200x (C, D, G,
H, K, L, O, and P). IHC detection was revealed with alkaline phosphatase, thus, cells that are positive for the respective marker appear in pink. Tissue was
counterstained with haematoxylin. Photos showing positive cells in a higher magnification and the negative controls for the staining are provided in the

Supplementary files.

and E), although at a lower frequency compared to T cells.
Taken together, these analyses — along with the enhanced
production of inflammatory cytokines by peritoneal cells -
support the association between chronic inflammation and
PCOS in the mouse model employed here.

3.7. DHEA stimulation in vitro promoted the
up-regulation of CAM ligands

Based on the increased activation of CD4" cells and the
striking finding of the up-regulated ovarian expression of
VCAM-1, we then wished to assess whether DHEA affects
the VCAM-1-binding ligand, the integrin very late antigen

(VLA)-4, expression in T cells. VLA-4 is normally expressed
on leukocyte plasma membranes and adheres to VCAM-1
upon stimulation. Hence, we wished to test whether DHEA
directly up-regulates cellular expression of VLA-4. We per-
formed the analyses in an in vitro setting, as this allows
analyses in a dose dependent approach and limits the effect
of an indirect up-regulation of VLA-4 through, e.g. the
altered steroidogenesis. Besides VLA-4, we also focused on
lymphocyte function-associated antigen (LFA)-1 expres-
sion, which binds to ICAM-1. We observed that lymph
node-derived leukocyte stimulation with DHEA for 21 and
48 h did not alter the overall frequency of CD3*, CD4* and
CD8* cells (Supplementary Fig. 1A and Table 3). However,
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Fig. 5. Frequency of CD4*CD25* and DX5" cells in peripheral blood. Representative dot plots from flow cytometric analysis of CD4 and CD25 positivity
are displayed in (A). (B) Bars display the percentage of CD4* T cells and (C) activated (CD4*CD25") cells among lymphocytes or CD4* cell population,
respectively. (D) Representative histograms for DX5* NK cell identification by flow cytometry; (E) reveals the frequency of NK cells in blood leukocytes.
Values shown in (B), (C) and (E) are mean + SEM, n=5 per group, *p <0.05, Mann-Whitney U test.

after an incubation period of 48 h, stimulation with DHEA
resulted in an increased frequency of activated cells, as
assessed by CD25*. Interestingly, we observed that in this
time point DHEA also induced the expression of VLA-4 and
LFA-1 in activated CD4* and CD8" T cells (Supplementary
Fig. 1B and Table 3), suggesting that DHEA not only induces
the activation of T cells, but also their migration potential.

3.8. Evidence for follicular cyst infiltration by CD4* and
MHCII* cells

Based on the above effects of DHEA on T cells, we fur-

ther investigated the presence of CD4* T cells in the ovarian
tissue by immunohistochemistry (IHC). In tissue sections

Table 3

from control and androgenised ovaries, the overall fre-
quency of CD4* cells was very low. If present, CD4* cells
could be localized in the theca cell layer of follicles, in the
stromal tissue, and, rarely, in the granulosa cell layer and
antrum of few developing follicles (Fig. 4M-P and Table 2).
In ovaries from DHEA androgenised females, CD4* cells
were also observed in the granulosa cell layer and antrum
of all the cysts (Fig. 4P and Table 2).

Macrophages have been described to be the most abun-
dant immune cell population in the ovary (Bukulmez and
Arici, 2000; Wu et al., 2004). Thus, we evaluated the pres-
ence of macrophages - identified by MHCII - by IHC. Both
in control and DHEA androgenised tissue we observed the
presence of macrophages in the theca cell layer of follicles,

Effect of in vitro stimulation with DHEA on lymphocyte subsets. Flow cytometric analysis of leukocytes upon stimulation with increasing concentrations

of DHEA for 21 h or 48 h.

Frequency (%) of cell subsets/parental population?

In vitro stimulation of leukocytes with DHEA

Nil 0.1 uM 1M 10 pM
Stimulation for 21 h
CD3*/lymphocytes 739+ 1.0 740 £ 12 731 +12 738 +£ 1.0
CD25*/CD3" cells 92 +04 94 +0.2 94 +03 93 +03
CD4*CD25"/CD3* cells 55+03 54+ 0.1 55+03 55+ 0.2
CD4*CD25" VLA-4*|CD3" cells 0.6 £ 0.0 0.6 + 0.0 0.6 +£ 0.0 0.6 +£0.0
CD4*CD25* LFA-1*/CD3* cells 5.0+ 0.2 49 + 0.1 49 + 0.2 48 +£0.2
CD8*CD25*/CD3* cells 3.8 +£0.1 4.0 £ 0.1 4.0 £ 0.1 3.7+0.1
CD8*CD25" VLA-4"|CD3" cells 0.2 +£0.0 0.2 +0.0 0.2 +£0.0 0.2 £ 0.0
CD8*CD25* LFA-1*/CD3* cells 3.7 +£0.1 3.8 +0.1 3.8 +0.1 3.6 £0.2
Stimulation for 48 h
CD3*/lymphocytes 76.8 £ 0.5 77.0 £ 0.5 76.9 £ 0.6 77.1 £ 0.6
CD25*/CD3* cells 11.8 £ 0.5 14.7 + 0.6 154 + 0.2 152 + 0.8
CD4*CD25*/CD3* cells 58 +0.3 75 +04 7.8 +0.1 7.6 £ 04
CD4*CD25" VLA-4"|CD3" cells 0.6 £ 0.1 09 + 0.1 0.9 + 0.1 09 + 0.3
CD4*CD25" LFA-1*/CD3* cells 47 +£0.2 6.2 +0.3 6.2+ 03 6.9 + 0.5
CD8*CD25*/CD3* cells 59+ 0.2 74 +£ 0.2 7.5+ 03 82+ 09
CD8*CD25* VLA-4*/CD3" cells 0.3 £0.0 0.5+ 0.1 0.5 + 0.1 0.5+ 0.0
CD8*CD25" LFA-1*/CD3* cells 53+0.2 6.6 + 0.2 6.7 + 03 73 +08

2 Data are presented as mean frequency + SEM in reference to the parental population. n =6, numbers in bold indicate significant increase over Nil at p<0.05,

analysed by Mann-Whitney U test.
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in the stromal tissue and, rarely, in the granulosa cell layer
of follicles (Fig. 41-Land Table 2). As it was reported in other
animal models (Mannerds et al., 2007; Radavelli-Bagatini
etal.,2011) we also detected macrophages in the granulosa
cell layer and antrum of cysts (Fig. 4L and Table 2).

Interestingly, in androgenised ovaries ICAM*, MHCII*
and CD4" cells were present in the antrum and granulosa
cell layer of the cysts especially near areas of high VCAM-1
expression (Fig. 4).

4. Discussion

PCOS is a complex endocrine disorder characterized by
a deregulation of androgen synthesis (Escobar-Morreale
and San Millan, 2007), anovulation and cyst formation
(Rotterdam, 2004), often leading to infertility (Franks et al.,
2008). Its association with metabolic disturbances, such
as obesity, insulin resistance and chronic inflammation,
has a significant impact on quality of life and possesses
long term health risks for affected individuals (Hahn et al.,
2005; Benson et al., 2007). We here provide evidence that
experimentally induced hyperandrogenism in mice results
in features similar to severe forms of PCOS in humans,
as mice develop polycystic ovaries, anovulation, increased
weight, insulin resistance and signs of chronic inflamma-
tion. Hence, we propose that DHEA-androgenisation serves
as a good animal model towards a better understanding
of the pathophysiology of PCOS in humans. Clearly, one
limitation of the PCOS-mouse model using DHEA is that
it does not allow conclusions about the pathogenesis of
PCOS in humans, as PCOS-like symptoms are experimen-
tally induced. Such a limitation is common in many mouse
models of human disease. Regardless, pivotal insights can
be teased apart using such models, as long as the limitations
with regard to causality of diseases are respected.

We here describe a significant weight gain and insulin
resistance as a result of DHEA-androgenisation in mice.
These observations, along with data published by others
(Eisner et al., 2003; Manneras et al., 2007), indicate that
androgens have a pivotal role on fat tissue metabolism
and glucose and insulin homeostasis. DHEA androgeni-
sation also induced an increase in the production of
largely inflammatory cytokines and in the frequency of
peripheral blood CD4*CD25* and NK cells. These signs
of chronic inflammation are similar to those observed in
PCOS patients (Benson et al., 2007; Orio et al., 2005; Puder
etal.,, 2005; Thomann et al., 2008). The interdependency of
metabolic and inflammatory disorders is well documented
in a number of studies, e.g. the secretion of adipokines
by adipose tissue is compromised with the onset of
insulin resistance and chronic inflammation in humans and
rodents (Gambineri et al., 2002; Pasquali, 2006). Insulin
resistance itself also contributes to chronicinflammation in
PCOS (Orio et al., 2005). Conversely, chronic inflammation
enhances insulin resistance, emphasizing the vicious cycle
of metabolic disorders in PCOS. Further, immune cells can
be affected directly by androgens, as revealed by our in vitro
results. Taken together, our data highlight the importance
of androgens in triggering both metabolic disorders and
inflammation. Clearly, the co-occurrence of these features
of PCOS in androgenised mice does not imply causality, but

provides a lead to test pathways or redundancies of certain
markers in future research endeavours.

We further describe that DHEA-androgenisation
resulted in the formation of follicular cysts in mouse
ovaries, which appeared at a higher frequency when
treatment was started at a younger age. This could be
related to the early onset of PCOS in humans (Ibanez et al.,
2006). Like in human PCOS, ovarian cysts occur along
with anovulation and an altered ovarian steroidogenesis,
as revealed by the estrous cycle arrest and increased
levels of serum estradiol. High levels of estradiol have
been observed in polycystic women (Codner et al., 2007),
particularly when undergoing hormonal treatment for IVF
(Suikkari et al., 1995). The ovarian dysfunction is known
to be an ultimate result of hyperandrogenism, e.g. in the
animal model we employed, but also in experimental
models, e.g. using testosterone (Manneras et al., 2007) or
in human hyperandrogenic disorders such as PCOS. Insulin
can potentiate ovarian pathologies, i.e. by triggering
similar pathways as gonadotropins to stimulate ovarian
steroidogenesis (Young and McNeilly, 2010). Accordingly,
improvement of insulin sensitivity in PCOS, i.e. by the anti-
hyperglucaemic drug metformin, often restores ovulation
in PCOS (Johnson, 2011) and improves ovarian related
parameters in DHEA androgenised mice (Sander et al.,
2006). Hence, future research should unveil if and how
metformin treatment affects PCOS-related inflammatory
symptoms in DHEA-treated mice.

We further observed an increased frequency of CD4*
cells in the granulosa cell layer and antrum of cysts, along
with a large number of MHCII* cells. In the ovary, CD4*
T helper cells and macrophages, through the secretion
of cytokines, metalloproteinases and other inflammatory
mediators, orchestrate tissue remodelling and apoptosis,
both of which are involved in folliculogenesis, ovulation
and CL formation (Wu et al., 2004). In healthy antral fol-
licles, leukocytes are excluded from the granulosa cells
and antral compartment by the basal membrane (Irving-
Rodgers et al., 2009). Interestingly, T helper cells have been
previously described in ovarian follicles of PCOS women
(Gallinelli et al., 2003), though their function remains
unknown. Similarly, peripheral blood CD4* T cells also
increased after DHEA androgenisation in the model we
describe here. This suggests that androgenisation acts
through specific receptors on T cells. It has been proposed
that CD4* T cells express a receptor for DHEA (Meikle et al.,
1992). Further, androgenisation may act through estro-
gen receptors present on T cells (Komesaroff, 2008). Our
in vitro data support a direct effect of DHEA on CD4" T cells.
Moreover, we observed that DHEA androgenisation in vitro
promotes the expression of the integrins VLA-4 and LFA-1
on CD4* T cells. Upon activation, these molecules can bind
VCAM-1 and ICAM-1, respectively (Blois et al., 2005).

Thus, in the present work, we describe an up-regulation
of both CAMs in the granulosa cell layer of cysts. Further,
VCAM-1 was highly expressed in the theca cell layer of
all ovarian follicles and cysts in DHEA-androgenised ani-
mals. The up-regulation of VCAM-1 and ICAM-1 could be
a result of systemic hyperinsulinemia and inflammation,
since insulin and inflammatory cytokines have previously
been reported to up-regulate the expression of these CAMs



42 M.E. Solano et al. / Journal of Reproductive Immunology 92 (2011) 33-44

(Blois et al., 2005; Madonna et al., 2008). Strikingly, in
healthy ovaries, the expression of CAMs has been shown
to be under the regulation of the estrous cycle, which in
turn controls the ovarian homing of immune cells from
blood (Bonello et al., 2004; Katayama et al., 2003). We
observed that upon DHEA treatment in mice, the expres-
sion of VCAM-1 and ICAM-1 was up-regulated particularly
in the granulosa cell layer of cysts, along with the spatial
accumulation of leukocytes. This observation suggests that
the up-regulation of adhesion molecules in ovarian follicles
facilitates cellular migration into the ovary in androgenised
mice. We envision that multiple processes are engaged in
the ovarian homing of cells, which include the enhanced
expression of CAMs in the ovary promoting cell migration
as well as the increased frequency of circulating activated
CD4* T cells co-expressing ligands for CAMs. Thus, it is
tempting to speculate that the enhanced migration of CD4*
T cells - possibly along with MHCII* activated macrophages
- to the ovaries accounts for increased granulosa cell layer
epithelialization and tissue remodelling, ultimately leading
to cyst formation and anovulation.

Further experiments are required to evaluate this
hypothesis. The lack of viable mice lacking VCAM-1 and
ICAM-1 - which could otherwise provide insight on the
biological importance of CAMs in PCOS - limits the pos-
sibility of testing the DHEA model in the presence or
absence of these CAMs. However, blockage of VCAM-1
gene expression can be achieved by the administration
of the antioxidant drug succinobucol (AGI-1067), among
other agents (Stocker, 2009). Interestingly, succinobucol
has been proven to be beneficial for diseases with inflam-
matory components, such as diabetes and atherosclerosis
(Crim et al., 2010; Preiss and Sattar, 2007; Tardif et al.,
2008). This suggests that blockage of VCAM-1 could con-
stitute a potential therapeutic target in PCOS. The soluble
form of VCAM-1 (sVCAM-1) has been detected in follicular
fluid of women undergoing IVF where its levels correlated
positively to progesterone levels (Fornaro et al., 2007),
fertilization rate, the degree of theca cell layer luteiniza-
tion, levels of vascular endothelial growth factor (Benifla
et al.,, 2001) and angiogenic effects in late follicular devel-
opmental stages (Gruemmer et al., 2005). Taken together,
these data allow us to speculate that abnormal expres-
sion of VCAM-1 in the ovary of androgenised mice could
be related not only to leukocyte migration to cysts but
also to the altered angiogenesis, theca cell layer func-
tion, and follicular development described in polycystic
ovaries (Hughesdon, 1982; Jdrveld et al., 2004; Webber
et al., 2007). Thus, the availability of this well character-
ized DHEA-induced mouse model mimicking the disease
in humans may now serve as a tool to further dissect the
inter-relationships of clinical features in PCOS.
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