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BACKGROUND: Increased Ser'? phosphorylation of insulin receptor substrate (IRS)-1 is one possible molecular
mechanism of insulin resistance in polycystic ovary syndrome (PCOS). We investigated whether laparoscopic
ovarian electrocautery (LOE) improved insulin sensitivity in women with PCOS and examined the underlying mole-
cular mechanism of LOE. METHODS: Adipose tissue and blood samples from 12 women with PCOS before, and
3 months after, LOE were analysed. RESULTS: Before LOE, women with PCOS were found to have significantly
higher 2 h glucose, fasting and 2 h insulin levels, homeostasis model insulin resistance index and lower fasting
glucose-to-insulin ratio (G /I,) than healthy, lean, age-matched controls. Serum levels of glucose and insulin were sig-
nificantly decreased, and G,/ ratio was significantly increased 3 months after LOE. Levels of activated extracellular
signal-regulated kinase 1/2 in PCOS women were higher than in controls, but were significantly decreased after LOE.
Levels of insulin receptor, glucose transporter-4 and phosphatidylinositol 3-kinase were lower in PCOS patients
before LOE than in controls and increased after LOE. Levels of Ser312-phosphorylated IRS-1 in PCOS women
before LOE were higher than in controls and decreased significantly after LOE, whereas IRS-1 tyrosine phosphoryl-
ation in PCOS women before LOE was lower than in controls and increased significantly after LOE. CONCLUSION:
Over the short observation period of this study, our results demonstrated that LOE effectively ameliorated insulin

resistance in women with PCOS via decreased IRS-1 Ser

312

phosphorylation.
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Introduction

Polycystic ovary syndrome (PCOS) is a common endocrino-
pathy characterized by chronic anovulation, hyperandrogenism
and multiple small subcapsular cystic follicles in the ovary
on ultrasonography (Franks, 1995), which affects 5-10%
of women of reproductive age (Dunaif, 1997; Diamanti-
Kandarakis et al., 1999; Asuncion et al., 2000). It is frequently
associated with insulin resistance accompanied by compensa-
tory hyperinsulinaemia and therefore presents an increased
risk of type 2 diabetes (Ehrmann et al., 1999; Legro et al.,
1999). In vitro and in vivo studies have shown that, in
women with PCOS, the sensitivity of glucose metabolism to
insulin is subnormal and that modest hyperinsulinaemia pre-
vails (Dunaif et al., 1991).

© The Author 2007. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology.

Insulin action is initiated when insulin binds to the insulin
receptor. Insulin binding induces autophosphorylation of the
insulin receptor on specific tyrosine residues and increases
the intrinsic kinase activity of its (B-subunit. The tyrosine-
phosphorylated protein then activates phosphatidylinositol
(PD)3-kinase through insulin receptor substrate (IRS)1/2, then
PI3-kinase mediates insulin’s action on glucose metabolism,
antilipolysis and protein synthesis (Virkamaki et al., 1999).
Another signaling pathway acts through activation of the
mitogen-activated protein kinase (MAPK) isoform of extra-
cellular signal-regulated kinases (ERKs) 1 and 2 to mediate
the mitogenic and other gene-regulatory effects of insulin
(Virkamaki et al., 1999).
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The molecular mechanism of insulin resistance in PCOS is
unknown. However, several studies have demonstrated that
PCOS manifests a post-binding defect in insulin signaling in
adipocyte and decreased activity of PI3-kinase in muscle biop-
sies during euglycemic hyperinsulinaemic clamps (Ciaraldi
et al., 1992; Dunaif et al., 2001; Seow et al., 2004). Dunaif
et al. (1995) reported that the impaired action of insulin on
glycogen synthesis in cultured skin fibroblasts from POCS
women is associated with constitutively increased insulin
receptor (IR)B-subunit serine phosphorylation and decreased
insulin receptor tyrosine kinase activity. In addition, Corbould
et al. (2005) showed that in cultured skeletal muscle cells from
PCOS women Ser”'? phosphorylation of IRS-1 is constitutively
increased. Furthermore, MAPK activity that is constitutively
increased in the skeletal muscle of women with PCOS
(Corbould et al., 2006) suggests that ERK1/2 or ERK-regulated
kinases are responsible for the increased Ser’'? phosphorylation
of IRS-1. These observations provide strong support for the
hypothesis that increased Ser>'? phosphorylation is an important
mechanism for insulin resistance in PCOS.

Laparoscopic ovarian electrocautery (LOE) is an alternative
treatment for PCOS women who are clomiphene citrate-
resistant (Li ez al., 1998). Wedge resection was the forerunner
of LOE and was first introduced by Stein and Leventhal (1935)
for seven anovulatory women with PCOS and resulted in
resumption of menses and pregnancy. In addition, following
LOE in women with PCOS, there is a marked decrease in
serum androgen levels, an increase in FSH levels, a reduction
in the amplitude of LH pulses, a reduction in the LH/FSH
ratio and a reduction in ovarian volume (Campo et al., 1993;
Amer et al., 2002). Furthermore, several studies have reported
that LOE has a long-term effect (more than 6 years) on the nor-
malization of endocrine abnormality in women with PCOS
(Neather et al., 1994; Gjonnaess, 1998; Amer et al., 2002).
However, the mechanism of action of LOE is unclear.

The aim of this study was to evaluate whether LOE could
correct hyperinsulinaemia in women with PCOS and to
assess the possible molecular mechanism involved in the
normalization of serum insulin and glucose levels. We hypoth-
esized that LOE would correct hyperinsulinaemia in women
with PCOS via reduced Ser’'? phosphorylation of IRS-1 in
adipocytes. To investigate this possibility and to evaluate the
mechanism of the post-binding defect in insulin receptor-
mediated signal transduction, we examined insulin receptor
protein tyrosine kinase activity in the adipose tissue of PCOS
women obtained by laparoscopic surgery before, and three
months after, ovarian electrocautery surgery.

Materials and methods

Subjects

Twelve women (four obese and eight non-obese: obesity defined as
body mass index (BMI) >31kgm 2 non-obese as BMI
<31kgm ) who fulfilled the inclusion criteria for PCOS below
were enrolled in this study. All were in good health and had not
taken oral contraceptives within the last 3 months. All PCOS
women had anovulatory infertility of >1 year duration and had
been unsuccessfully treated with clomiphene citrate at up to
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150 mg day ' for 5 days prior to LOE. The protocol was reviewed
and approved by the Institutional Review Boards of both the Shin
Kong Wu Ho-Su Memorial Hospital and Taipei Veteran General
Hospital. All patients entered this study only after informed written
consent was obtained.

PCOS was defined by clinical, laboratory and ultrasound criteria
according to the consensus criteria reported by the Rotterdam group
(2004). All PCOS women had menstrual disturbances and hyperandro-
genism and/or polycystic ovaries. The clinical criteria included oligo-
menorrhoea (menstrual interval >6 weeks) or amenorrhoea (no
menstrual loss for >3 months) dating from menarche. None of the sub-
jects had acanthosis nigricans. The biochemical criteria were an
increased LH concentration (>6 mIU ml_', normal follicular range
1-6 mIU ml_l), a normal FSH concentration and an elevated total
serum testosterone concentration (>0.8 ng ml~', normal range 0.06—
0.80 ng mlfl)‘ The ultrasound criteria were enlarged ovaries with an
increased stroma and the presence of 12 or more follicles in each
ovary measuring 2—9 mm in diameter and/or an increased ovarian
volume (>10 ml) under transvaginal ultrasonographic examination
(Balen et al., 2003). Serum prolactin and thyroid hormone levels
were checked in all patients and were within the normal limits.
Cushing’s syndrome and androgenic tumours were excluded by appro-
priate testing. Congenital adrenal hyperplasia were excluded by a
morning serum 17-hydroxyprogesterone level of <2ng ml™".

Ten healthy, lean, age-matched women served as controls. None
were hirsute, and all had a normal regular cycling menstrual period.
None were taking oral contraceptives. All had a normal appearance
of the ovaries on ultrasound and normal LH and FSH levels and
none had elevated androgen levels.

Reagents

Monoclonal mouse antibodies against the human IR B-subunit, p85
regulatory subunit of PI3-kinase, or IRS-1 were purchased from
Upstate Biotechnology Inc. (Lake Placid, NY, USA). Polyclonal
rabbit anti-GLUT-4 antibodies and human anti-B-actin antibodies
were purchased from Chemicon Inc. (Temecula, CA). Polyclonal
mouse antibodies against human ERK1/2, phospho-ERK1/2 and
phospho-c-Jun N-terminal kinase (JNK) were from Cell Signaling
Technology (Beverly, Mass, USA). Polyclonal rabbit antibodies
against human phospho-Ser’'?-IRS-1 and phospho-tyrosine-IRS-1,
not directed at a specific site, were purchased from Sigma Chemical
Co. (St Louis, Mo, USA).

Oral glucose tolerance test, fasting glucose-to-insulin ratio and
homeostasis model insulin resistance index

A 2 h oral glucose tolerance test (OGTT) with 75 g of glucose load
was performed after an overnight fast during the early follicular
phase (days 3—7) on all women before, and 3 months after, LOE.
For amenorrhoeic women, progesterone was given to induce withdra-
wal bleeding. Four blood samples were collected at 0, 30, 60, and
120 min and the plasma stored at —20°C until assayed for glucose
and insulin. The fasting glucose-to-insulin ratio (Go/1) was measured
as described previously (Legro ef al., 1998). The homeostasis model
insulin resistance index (HOMA) was calculated using the
formula: fasting glucose (mgdl™') x fasting insulin (uIU ml~ ')/
405 (Matthews er al., 1985). A HOMAi value of =3.8 or Gy/I,
ratio <4.5 indicates insulin resistance in PCOS (Kauffman et al.,
2002).

Hormonal profile
Blood was withdrawn from the antecubital vein for serum E2, FSH,
LH and testosterone measurements on the day of the OGTT before
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and after LOE. For women with amenorrhoea, 75 mg of progesterone
was given i.m. to induce withdrawal bleeding and the blood sample
was collected on cycle day 3 or 4. Serum levels of FSH, E2, testoster-
one and LH were measured by immunoassay using Immulite® kits
(Diagnostic Products Corporation, Los Angeles, CA, USA). For
FSH, the sensitivity was 0.1 mIU ml~ " and the intra-assay and inter-
assay coefficients of variance 7.7% and 7.9%, respectively. The corre-
sponding values were 0.1 mIU ml_l, 6.5% and 7.1% for LH;
15 pgml ! (55 pmol 17 1), 6.3% and 6.4% for E2 and 0.1 ngml ™",
4.0% and 5.6% for testosterone.

Laparoscopic ovarian electrocautery

The procedure was performed in the lithotomy position using video-
monitoring equipment. All procedures were performed by the first
author (K.M.S) and an assistant doctor. Before and during the operation,
500 ml of 5% dextrose in water (125 ml h™ ") was given intravenously to
stimulate insulin secretion and thus insulin signaling. A 10 mm trocar
was inserted in the umbilical position and two 5 mm trocars in the
right- and left-side lower quadrant lateral to the inferior epigastric
artery 6—8 cm oblique to the pubic rami. A pair of grasping forceps
was introduced through one of the 5-mm trocars to grasp the
utero-ovarian ligament and lift the ovary away from the bowel and
ureter. A 2.5-mm hook monopolar diathermy needle electrode was
introduced through the other 5-mm trocar. Cauterization of the
ovaries was performed using a Force 2 Valleylab® electrosurgical gen-
erator (Valleylab Inc., Boulder, CO, USA). A monopolar coagulating
current at 40-W power setting was used and a total of 10 punctures
made in each ovary in all the PCOS women. The duration of each pen-
etration was about 3 s. The bilateral ovaries were cooled by irrigation
with distilled water and a check for bleeding was performed. All patients
were discharged the same day without intraoperative complications.

Adipose tissue sampling

Adipose tissue weighing about 5—6 g was obtained by laparoscopy on
the day of LOE from the omental fat tissue of all PCOS women before
LOE. For control subjects, adipose tissue was obtained at the same
time as the laparoscopic examination for tubal infertility. The
adipose tissue of PCOS and control subjects was extracted via one
of the two 5-mm trocars and immediately stored at —80°C until
tested by western blotting. Three months after the LOE, a second-look
operation was performed by laparoscopy. Peri tubal or peri ovarian
adhesions were recorded and adhesiolysis performed, then 5-6 g of
adipose tissue was removed and stored at —80°C until analysis.

Western blotting

Whole cell lysates from PCOS and control patients were prepared by
sonication in lysis buffer (1% Triton X-100, 50 mM KClI, 25 mM
HEPES, PH 7.8, 10 pg ml~ ' of leupeptin, 20 wg ml~ ' of aprotinin,
125 pM dithiothreitol and 1 mM phenylmethylsulfonyl fluoride)
and analysed on the same western blots. Samples (50 g of total
protein) were mixed with 50 pl of SDS sample buffer and boiled
for 10 min, then the proteins were separated on 7.5% SDS gels (for
phospho-ERK, ERK, phospho-JNK, PI3-kinase, IR-3 and GLUT 4) or
5% SDS gels (for phospho-Ser*'? IRS-1 and phospho-tyrosine IRS-1)
and transferred to a polyvinylidene fluoride membrane. The membrane
was then blocked for 1 h at room temperature using 5% skimmed milk in
phosphate-buffered saline containing 0.5% Tween-20 and immuno-
blotted with antibodies against human phospho-ERK, ERK,
phospho-INK, PI3-kinase, IR-B, anti-GLUT 4, phospho-Ser’'* IRS-1,
or phospho-tyrosine IRS-1 followed by incubation for 60 min at room
temperature with horseradish peroxidase-conjugated secondary anti-
body (Jackson Immunoresearch) and was revealed with

Pcos and insulin receptor substrate-1 serine phosphorylation

Chemiluminescence Reagent (Amersham Bioscience, Buckingham-
shire, England). Chemiluminescence was quantified using a Personal
Densitometer (Molecular Dynamics, USA) with a range of 0.01-4.0
optical density (OD) units.

Statistical analysis

Data are presented as the mean + SD. Statistical analysis was carried
out using Student’s #-test or paired #-test, as appropriate. Computations
were performed using SPSS (Statistical Package for Social Science;
Window version 10.0) software. In all cases, the threshold for signifi-
cance was taken as P < 0.05.

Results

The mean age of the PCOS women was 29.5 + 4.9 years and
that of the controls 28.3 + 3.3 years. None of the subjects had
type 2 diabetes. Four of the women with PCOS had impaired
glucose tolerance, whereas the other eight women with PCOS
and all control subjects had normal oral glucose tolerance.
Three of the PCOS women still required progesterone stimu-
lation for withdrawal bleeding after LOE (3/12, 25%). Resump-
tion of menses by LOE in nine of the patients (9/12, 75%).

Clinical and endocrine metabolic characteristics

The clinical features and baseline hormonal and metabolic
parameters for the control and PCOS women before, and
three months after, LOE are shown in Table 1. There was no
significant difference in BMI between women with PCOS
and controls, but the PCOS women had a higher waist—hip
ratio. As expected, women with PCOS had significantly
higher LH/FSH ratios and serum testosterone levels than con-
trols. Fasting glucose levels did not differ significantly, but the
2 h glucose result after a 75 g glucose load was significantly
higher in PCOS women than controls (P < 0.05). The fasting
insulin and 2 h insulin post-75-g glucose load values were sig-
nificantly higher in PCOS women than controls (P < 0.05),
consistent with the presence of insulin resistance. In addition,
the HOMA g was significantly higher in PCOS women than
controls (4.8 + 3.8 versus 1.03 + 0.7, P = 0.005). Further,
the Go/I, ratio was significantly lower in PCOS before LOE,
compared with control (P = 0.001).

The clinical features and baseline hormonal and metabolic
parameters of PCOS women before, and three months after,
LOE were also compared. Serum LH, the LH/FSH ratio and
testosterone were significantly lower 3 months after LOE.
Furthermore, the 2 h glucose, fasting insulin and 2 h insulin
levels were significantly improved after LOE (P < 0.05). The
HOMA R value was reduced to 2.5 + 1.7 after LOE, but the
difference was not statistically significant. However, the Go/I,
ratio was significantly higher in women with PCOS after
LOE compared with before (9.9 + 3.8 versus 5.4 + 2.0,
P = 0.003). Five of the patients were found to have a mild peri-
ovarian or peritubal adhesion (Shimanuki et al., 1987) (33.3%,
5/12) in the second-look operation.

Glucose tolerance

The PCOS women had significantly increased levels of
glucose (Figure 1A) and insulin (Figure 1B) during a 75-g
OGTT compared to the age- and weight-matched controls.
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Table I. Clinical and endocrine-metabolic characteristics of women with PCOS and control subjects

Controls (n = 10) PCOS before LOE (n = 12) P? PCOS after LOE (n = 12) P°
Age (year) 283 + 3.3 295 +49 NS 29.7 + 4.8 NS
Height (cm) 1597 £ 6 159.6 + 10 NS 159.6 + 10 NS
Weight (kg) 572 + 149 652 +17.8 NS 64.8 + 16.8 NS
BMI (kg m 2 225 + 149 253 +6.3 NS 25.1 £ 6.0 NS
Hip (cm) 92.5+ 5.3 101.1 £+ 12.1 0.036 102 + 12.8 NS
Waist (cm) 705 +7.2 84.7 + 13.6 0.008 82.6 + 13 NS
WHR 0.76 + 0.04 0.83 + 0.08 0.014 0.81 + 0.04 NS
FSH (mIUm™ ') 52+ 1.7 57+ 1.6 NS 6.6 +13 NS
LH (mIUm Y 6.2 +3.8 13.1 £ 3.9 <0.0001 59+ 19 <0.0001
LH/FSH 1.2 +0.84 25+ 1.0 0.004 09+ 0.3 <0.0001
E, (pgml™ ") 46.3 + 199 50.5 + 30.4 NS 453 + 18.3 NS
T (ng ml™ ) 0.38 + 0.1 0.83 £ 0.2 <0.0001 045+ 0.2 <0.0001
Fasting glucose (mg dlfl) 86.1 +3.8 92 + 8.9 NS 90 + 6.0 NS
2 h glucose (mg dh 95 + 249 128 + 34 0.034 100 + 21 0.005
Fasting insulin (mIU mlfl) 4.8 + 3.1 21.1 + 14 0.002 10.1 + 2.6 0.024
2 h insulin (mIU ml™") 14.4 + 9.75 138.7 + 163.5 0.029 343+ 154 0.042
HOMA R 1.03 + 0.7 4.84 + 3.8 .005 25+ 1.7 NS
Go/ly 194 + 9.6 54 +20 0.001 9.9 + 3.8 0.003
Mean + SD.

LOE, Laparoscopic ovarian electrocautery; BMI, body mass index; WHR, waist to hip ratio; FSH, follicle stimulating hormone; LH, luteinizing hormone; E,,
estradiol; T, testosterone; HOMA g, homeostasis model insulin resistance index assessment; Go/ Iy, fasting glucose-to-insulin ratio.

“Student’s t-test, PCOS versus control.
Paired t-test, PCOS before LOE versus after LOE.

Three months after LOE, glucose and insulin levels were sig-
nificantly decreased; insulin levels in the PCOS women were
significantly higher than in controls, but there was no signifi-
cant difference in glucose levels between the two groups
(Figure 1).

Mitogenic signaling in adipose tissue

In adipose tissue from PCOS women, levels of phospho-ERK
1/2 before LOE were significantly higher than in controls
and decreased significantly after LOE to control levels
(Figure 2). However, no difference was seen in the amounts
of phospho-JNK protein between PCOS women and controls
before LOE or between PCOS women before and after LOE
(data not shown).

Phosphatidylinositol 3-kinase expression

To determine whether levels of IR [B-subunit, PI3-kinase
and GLUT-4 increased after LOE in women with PCOS,
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adipose tissue from all 12 PCOS women was studied.
Levels of IR B-subunit in PCOS women before LOE were
significantly lower (P < 0.05) than in controls and
increased significantly after LOE to control levels
(Figure 3A). GLUT-4 levels in PCOS women before LOE
were significantly lower than in controls and increased sig-
nificantly after LOE to levels much higher than in before
LOE (Figure 3B). PI3-kinase levels before LOE in PCOS
women were similar to these in controls and increased
markedly after LOE (Figure 3C).

IRS-1 Ser’'? phosphorylation

We examined the levels of IRS-1 Ser’'? phosphorylation
(Figure 4A) and IRS-1 tyrosine phosphorylation (Figure 4B)
in adipose tissue of women with PCOS before LOE and
found that they displayed constitutively increased Ser®'?
IRS-1 phosphorylation and decreased IRS-1 tyrosine phos-
phorylation. Levels of total IRS-1 protein did not differ
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160 /L\I
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Figure 1. Basal glucose and insulin responses and responses after a 75-g oral glucose load in controls and women with polycystic ovary syndrome
(PCOS) before and after LOE. (A) glucose; (B) insulin. N = 10 for controls, 12 for PCOS *P < 0.05, PCOS before LOE versus after LOE or

control; **P < 0.05, PCOS after LOE versus control.
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Figure 2. Mitogenic signaling in adipose tissue from controls
and PCOS women before and after LOE (obese, n = 4; non-obese,
n = 8) and control (n = 10). Cell lysates were immunoblotted with
antibodies to phospho-ERK1/2 or total ERK1/2. Upper panel:
typical result. Lower panel: phospho-ERK1/2 results for 10 controls
and 12 PCOS women. *P < 0.05, PCOS versus control; **P <
0.05, PCOS before versus after LOE. The experiment was performed
twice with similar results. The pre- and post-LOE blots refer to the
same PCOS patient.
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between PCOS women and controls. After LOE, Ser’!?
phospho-IRS-1 levels whereas significantly reduced to
control levels, while levels of phospho-tyrosine IRS-1 were
significantly increased to control levels in all PCOS women,
including those who did not have regular menses post-LOE.

Discussion

In this study, we found that, in addition to correcting hyper-
androgenism, LOE surprisingly improved insulin sensitivity

A B
Gontrol Po0G

Gontrol

Pcos and insulin receptor substrate-1 serine phosphorylation

in women with PCOS. This result differs from that of
Lemieux et al. (1999), who found that LOE failed to correct
hyperinsulinaemia, although it successfully restored the ovula-
tory cycle and resulted in a marked reduction of serum andro-
gen levels. The present study is the first to report that LOE can
ameliorate insulin resistance in women with PCOS.

Women with PCOS have a high incidence of insulin resist-
ance (HOMA > 3.8 or Gy/l, ratio <4.5) (Legro et al.,
1998; Kauffman et al., 2002); in the present study, the inci-
dence was 41.6% (by HOMAR method) or 33.3% (by Go/I
method). Although there was no significant difference in
fasting glucose levels between control and PCOS women, sig-
nificantly higher fasting insulin levels were found in the PCOS
women, indicating that the normal fasting glucose value is due
to the effect of compensatory hyperinsulinaemia, i.e. increased
insulin secretion to overcome the insulin resistance (Goke,
1998). Furthermore, the significant difference in the 2h
glucose and 2 h insulin levels in women with PCOS indicates
that insulin sensitivity was decreased, since higher serum
insulin levels failed to normalize the 2h glucose levels
(Goke, 1998). Insulin sensitivity was significantly improved
after LOE, since serum glucose and insulin levels were
decreased. Nevertheless, insulin levels after a 75-g glucose
load in PCOS women were still significantly higher after
LOE than in controls. This may be due to the short-term
(3 months) nature of the study, and we believe serum insulin
levels may continue to decrease to more normal levels if
LOE has a long-term effect on the normalization of endocrine
abnormalities (Gjonnaess et al., 1998; Amer et al., 2002) and
insulin levels in women with PCOS.

LOE is performed on infertile women with clomiphene
citrate-resistant PCOS (Stein and Leventhal, 1935). It can
induce a significant reduction in LH and androgen levels in
women with PCOS (Naether er al., 1994; Gjonnaess, 1998;
Amer et al., 2002). A significant reduction in serum insulin
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Figure 3. Levels of insulin receptor (IR) B-subunit, GLUT-4 and PI3-kinase in controls and PCOS women before and after LOE. Cell lysates were
immunoblotted with antibodies to IR3-subunit (A) GLUT-4 (B), or PI3-kinase (C). *P < 0.05, PCOS versus control; **P < 0.05, PCOS before
versus after LOE. The experiment was performed twice with similar results. The pre- and post-LOE blots refer to the same PCOS patient.
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Figure 4. Insulin receptor substrate (IRS-1) serine and tyrosine phosphorylation in adipose tissue from controls and PCOS women before and
after LOE. Cell lysates were immunoblotted with antibodies to phospho-Ser’'? IRS-1, phospho-tyrosine IRS-1 or total IRS-1. *P < 0.0,
PCOS versus control; **P < 0.05, PCOS before versus after LOE. The experiment was performed twice with similar results. The pre- and

post-LOE blots refer to the same PCOS patient.

levels was seen in the present study, suggesting that androgens
are related in a causal fashion to insulin sensitivity. Several
studies have suggested that elevated circulating insulin levels
impede ovulation (Lobo et al., 1982; Nestler et al., 1998; Van-
dermolen et al., 2001). The increased insulin sensitivity due to
LOE improves spontaneous ovulation and promotes fertility
(Amer et al., 2002; Campo et al., 1993). This is consistent
with the findings that administration of agents, such as metfor-
min or rosiglitazone, increases insulin sensitivity, thus indu-
cing ovulation and increasing the pregnancy rate (Nestler
et al., 1998; Vandermolen et al., 2001).

The only adverse effect of LOE is pelvic adhesions (Naether
et al., 1994; Gjonnaess, 1998; Amer et al., 2002). In the present
study, 33.3% of the patients were found to have post-operative
periovarian or peritubal adhesions; however, all were mild. Con-
sidering the excellent effect of LOE in the correction of insulin
resistance, the side-effects (i.e. pelvic adhesions) should not dis-
courage the use of this procedure in PCOS. Furthermore, studies
have shown that the endocrine changes seen after LOE are stable
over the long term (Gjonnaess et al., 1998; Amer et al., 2002).
Thus, if the improvement in insulin sensitivity due to LOE
is found to be a long-term effect, LOE may be effective in
decreasing the risk of type 2 diabetes in women with PCOS.

The exact molecular mechanism of insulin resistance in
PCOS is controversial. However, several studies have shown
that insulin resistance in PCOS is due to post-binding defects
in signal transduction and that there are multiple defects in
insulin action in PCOS that affect metabolism (Ciaraldi
et al., 1992; Dunaif et al., 2001; Seow et al., 2004). Our
results are consistent with those of these previous studies,
since levels of phospho-tyrosine IRS-1, PI3-kinase and
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GLUT-4 transporter were decreased and those of
phospho-ERK and Ser’'? phospho-IRS-1 increased. After
LOE, the observed abnormalities in the insulin-signaling
pathway were reversed in women with PCOS. To the best of
our knowledge, these are the first results obtained in human
adipose tissue showing that multiple defects in the insulin
receptor-signaling pathway are present in PCOS and are
reversed by LOE. However, although we found multiple
defects, we believe that the decreased IRS-1 tyrosine phos-
phorylation and increased IRS-1 Ser’'? phosphorylation seen
in women with PCOS (Corbould er al., 2005, 2006; Dunaif
et al., 1995) may be the initial defect in insulin resistance in
PCOS. Increased IRS-1 Ser’'? phosphorylation would inhibit
insulin receptor tyrosine kinase activity and prevent the signal
propagation that underlies many biological effects of insulin,
leading to decreased activation of the signaling pathway. Evi-
dence for this hypothesis comes from the observed reversal of
impaired insulin receptor signaling by serine kinase inhibitors
in human fibroblasts from women with PCOS (Li et al.,2002).
After LOE, IRS-1 Ser’'? phosphorylation was significantly
decreased and IRS-1 tyrosine phosphorylation increased, thus
restoring the insulin signaling pathway to increase glucose
uptake and improve hyperinsulinaemia.

The increased activation of the ERK1/2 pathway seen in PCOS
women in this study suggests that ERK1/2 is involved in serine
phosphorylation of IRS-1, resulting in decreased tyrosine phos-
phorylation and inhibition of PI3-kinase activation. This result
is consistent with Corbould ef al.’s (2006) report that ERK1 /2
is responsible for constitutive phosphorylation of IRS-1 Ser’'?
in women with PCOS. However, the mechanism by which
ERK1/2 regulates IRS-1 Ser’'? phosphorylation is unknown.
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Nevertheless, in the present study, we found that LOE decreased
ERK1/2 activation and IRS-1 Ser*'? phosphorylation in PCOS
women, resulting in ameliorated insulin resistance.

Obese women are reported to have lower levels of insulin
receptor, IRS and PI3-kinase than non-obese women (Goodyear
et al., 1995). We have measured levels of activated ERK1/2,
Ser®'? -phosphorylated IRS-1, tyrosine-phosphorylated IRS-1,
IR B-subunit, PI3-kinase and GLUT-4 in both obese and non-
obese PCOS women, and found that these two groups have no
statistical differences of these proteins and that, in both
groups, these levels are lower than in controls (data not
shown). These results suggest that non-obese and obese
PCOS women have a similar risk of developing insulin resist-
ance or type 2 diabetes.

Insulin is known to stimulate JNK activation, resulting in
activation of skeletal muscle glycogen synthase in vivo
(Moxham et al., 1996). However, in the present study, we
did not find any difference in JNK activation in adipose
tissue between PCOS women and controls. Other studies
have shown that insulin fails to activate JNK in skeletal
muscle and other cell lines (Dong et al, 1996; Goodyear
et al., 1996). In the present study, we demonstrated that JNK
was not involved in the insulin resistance of PCOS.

In conclusion, our results clearly demonstrate that, within the
short observation period of this study, LOE reduces serum
androgen levels and ameliorates insulin resistance in women
with PCOS. LOE may decrease compensatory hyperinsulinae-
mia in PCOS via a reduction in IRS-1 Ser®'? phosphorylation.
LOE may therefore be an effective tool for reducing the risk of
type 2 diabetes in women with PCOS. However, further studies
will be needed to determine the long-term effects of LOE in the
improvement of insulin sensitivity in PCOS.

References

Amer SAK, Banu Z, Li TC and Cooke ID (2002) Long-term follow-up of patients
with polycystic ovary syndrome after laparoscopic ovarian drilling: endocrine
and ultrasonographic outcomes. Hum Reprod 11,2851-2857.

Asuncion M, Calvo RM, San Millan JL, Sancho J, Avila S
and Escobar-Morreale HF (2000) A prospective study of the prevalence of
the polycystic ovary syndrome in unselected Caucasian women from
Spain. J Clin Endocrinol Metab 85,2434 -2438.

Balen AH, Laven JS, Tan SL and Dewailly D (2003) Ultrasound assessment of
the polycystic ovary: international consensus definitions. Hum Reprod
Update 9,505-514.

Campo S, Felli A, Lamanna MA, Barini A and Garcea N (1993) Endocrine
changes and clinical outcome after laparoscopic ovarian resection in
women with polycystic ovaries. Hum Reprod 8,359-363.

Ciaraldi TP, el-Roeiy A, Madar Z, Reichart D, Olefsky JM and Yen SS (1992)
Cellular mechanisms of insulin resistance in polycystic ovarian syndrome.
J Clin Endocrinol Metab 75,577-583.

Corbould A, Kim Y-B, Youngren JF, Pender C, Kahn BB, Lee A and Dunaif A
(2005) Insulin resistance in the skeletal muscle of women with polycystic
ovary syndrome involves both intrinsic and acquired defects in insulin
signaling. Am J Physiol Endocrinol Metab 288,1047—1054.

Corbould A, Zhao H, Mirzoeva S, Aird F and Dunaif A (2006) Enhanced
mitogenic signaling in skeletal muscle of women with polycystic ovary
syndrome. Diabetes 55,751-759.

Diamanti-Kandarakis E, Kouli CR, Bergiele AT, Filandra FA, Tsianateli TC,
Spina GG, Zapanti ED and Bartzis MZ (1999) A survey of the polycystic
ovary syndrome in the Greek island of Lesbos: hormonal and metabolic
profile. J Clin Endocrinol Metab 84,4006—4011.

Dong C, Waters SB, Holt KH and Pessin JE (1996) SOS phosphorylation and
disassociation of the Grb2-SOS complex by the ERK and JNK signaling
pathways. J Biol Chem 271,6382-6332.

Pcos and insulin receptor substrate-1 serine phosphorylation

Dunaif A (1997) Insulin resistance and the polycystic ovary syndrome:
mechanism and implications for pathogenesis. Endocr Rev 18,774-800.
Dunaif A, Green G, Phelps RG, Lebwohl M, Futterweit W and Lewy L (1991)
Acanthosis nigricans, insulin action and hyperandrogenism: clinical,
histological and biochemical findings. J Clin Endocrinol Metab 73,590-595.

Dunaif A, Xia J, Book CB, Schenker E and Tang Z (1995) Excessive insulin
receptor serine phosphorylation in cultured fibroblasts and in skeletal
muscle: a potential mechanism for insulin resistance in the polycystic
ovary syndrome. J Clin Invest 96,801-810.

Dunaif A, Wu X, Lee A and Diamanti-Kandarakis E (2001) Defects in insulin
receptor signaling in vivo in the polycystic ovary syndrome (PCOS). Am J
Physiol Endocrinol Metab 281,E392—-E399.

Ehrmann DA, Barnes RB, Rosenfield RL, Cavaghan MK and Imperial J (1999)
Prevalence of impaired glucose tolerance and diabetes in women with
polycystic ovary syndrome. Diabetes Care 22,141—146.

Franks S (1995) Polycystic ovary syndrome. N Engl J Med 333,853—-861.

Gjonnaess H (1998) Late endocrine effects of ovarian electrocautery in women
with polycystic ovary syndrome. Fertil Steril 69,697-701.

Goke B (1998) Implications of blood glucose, insulin resistance and
beta-cell function in impaired glucose tolerance. Diabetes Res Clin
Pract 40,S15-S20.

Goodyear LJ, Giorgino F, Sherman LA, Carey J, Smith RJ and Dohm GL
(1995) Insulin receptor phosphorylation, insulin receptor substrate-1
phosphorylation, and phosphatidylinositol 3-kinase activity are decreased
in intact skeletal muscle strips from obese subjects. J Clin Invest
95,2195-2204.

Goodyear LJ, Chang PY, Sherwood DJ, Dufresne SD and Moller DE
(1996) Effects of exercise and insulin on mitogen-activated protein
kinase signaling pathways in rat skeletal muscle. Am J PHysiol
271,E403-E408.

Kauffman RP, Baker VM, Dimarino P, Gimpel T and Castracane VD (2002)
Polycystic ovarian syndrome and insulin resistance in white and Mexican
American women: a comparison of two distinct populations. Am J Obstet
Gynecol 187,1362—-1369.

Legro RS, Finegood D and Dunaif A (1998) A fasting glucose to insulin ratio is
a useful measure of insulin sensitivity in women with polycystic ovary
syndrome. J Clin Endocrinol Metab 83,2694—2698.

Legro RS, Kunselman AR, Dodson WC and Dunaif A (1999) Prevalence and
predictors of risk for type 2 diabetes mellitus and impaired glucose
tolerance in polycystic ovary syndrome: a prospective, controlled study in
254 affected women. J Clin Endocrinol Metab 84,165—-169.

Lemiecux S, Lewis GF, Ben-Chetrit A, Steiner G and Greenblatt EM (1999)
Correction of hyperandrogenemia by laparoscopic ovarian cautery in
women with polycystic ovarian syndrome is not accompanied by
improved insulin sensitivity or lipid-lipoprotein levels. J Clin Endocrinol
Metab 84,4278-4282.

Li TC, Saravelos H, Chow MS, Chisabingo R and Cooke ID (1998) Factors
affecting the outcome of laparoscopic ovarian drilling for polycystic ovary
syndrome in women with anovulatory infertility. Br J Obstet Gynecol
105,338-344.

Li M, Youngren JF, Duanif A, Goldfine ID, Maddux BA, Zhang BB and Evans
JL (2002) Decreased insulin receptor (IR) autophosphorylation in fibroblasts
from patients with PCOS: effects of serine kinase inhibitors and IR
activators. J Clin Endocrinol Metab 87,4088—-4093.

Lobo RA, Gysler M, March CM, Goebelsmann U and Mishell DR (1982)
Clinical and laboratory predictors of clomiphene response. Fertil Stril
37,168—-174.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF and Turner
RC (1985) Homeostasis model assessment: insulin resistance and [beta]-cell
function from fasting plasma glucose and insulin concentrations in man.
Diabetologia 28,412—419.

Moxham CM, Tabrizchi A, Davis RJ and Malbon CC (1996) Jun N-terminal
kinase mediates activation of skeletal muscle glycogen synthase by insulin
in vivo. J Biol Chem 271, 30765-30773.

Naether OGJ, Baukloh V, Fischer R and Kowalczyk T (1994) Long-term
follow-up in 206 infertility patients with polycystic ovary syndrome
after laparoscopic electrocautery of the ovarian surface. Hum Reprod
9,2342-2349.

Nestler JE, Jakubowicz DJ, Evans WS and Pasquali R (1998) Effective
metformin on spontaneous and clomiphene-induced ovulation in the
polycystic ovary syndrome. N Engl J Med 338,1876—1880.

Rotterdam ESHRE /ASRM-sponsored PCOS consensus workshop group(2004)
Revised 2003 consensus on diagnostic criteria and long-term health risks
related to polycystic ovary syndrome (PCOS). Hum Reprod 19,41-47.

1009

220z 1snbny 9| uo Jesn sonsnp Jo wawuedaq 'S'N A9 922569/£00 1 /7/ZZ/21onde/daiwny/wod dno-olwapeoe//:sdny woJj papeojumoq



K.-M.Seow ef al.

Seow KM, Juan CC, Wu LY, Hsu YP, Yang WM, Tsai YL, Hwang JL and Ho
LW (2004) Serum and adipocyte resistin in polycystic ovary syndrome with
insulin resistance. Hum Reprod 1,48-53.

Shimanuki T, Nishimura K, Montz FJ, Nakamura RM and diZerega GS (1987)
Localized prevention of postsurgical adhesion formation and reformation
with oxidized regenerated cellulose. J Biomed Mater Res 21,173—185.

Stein IF and Leventhal ML (1935) Amenorrhea associated with bilateral
polycystic ovaries. Am J Obstet Gynecol 29,181-191.

Vandermolen DT, Ratts VS, Evans WS, Stovall DW, Kauma SW and Nestler
JE (2001) Metformin increases the ovulatory rate and pregnancy rate

1010

from clomiphene citrate in patients with  polycystic  ovary
syndrome who are resistant to clomiphene citrate alone. Fertil Steril
75,310-315.

Virkamaki A, Ueki K and Kahn CR 1999 Protein—protein interaction in insulin
signaling and the molecular mechanisms of insulin resistance J Clin Invest
103,931-943.

Submitted on June 18, 2006, resubmitted on June 18, 2006, accepted on
November 7, 2006

220z 1snbny 9| uo Jesn sonsnp Jo wawuedaq 'S'N A9 922569/£00 1 /7/ZZ/21onde/daiwny/wod dno-olwapeoe//:sdny woJj papeojumoq



