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a b s t r a c t

Women with polycystic ovary syndrome (PCOS) have elevated circulating androgens during pregnancy
and are at an increased risk of adverse pregnancy outcomes. Here we tested the hypotheses that
maternal androgen excess decrease placental and fetal growth, and placental expression of markers of
steroidogenesis, angiogenesis and sympathetic activity, and that acupuncture with low-frequency elec-
trical stimulation prevents these changes. Pregnant rats were exposed to vehicle or testosterone on
gestational day (GD)15-19. Low-frequency electroacupuncture (EA) or handling, as a control for the EA
procedure, was given to control or testosterone exposed dams on GD16-20. On GD21, blood pressure was
measured and maternal blood, fetuses and placentas collected. Placental steroid receptor expression and
proteins involved in angiogenic, neurotrophic and adrenergic signaling were analyzed.

EA did not affect any variables in control rats except maternal serum corticosterone, which was
reduced. EA in testosterone exposed dams compared with controls increased systolic pressure by 30%,
decreased circulating norepinephrine and corticosterone, fetal and placental weight and placental
VEGFR1 and proNGF protein expression, and increased the VEGFA/VEGFR1 ratio, mature NGF (mNGF)
and the mNGF/proNGF ratio.

In conclusion, low-frequency EA in control animals did not have any negative influence on any of the
studied variables. In contrast, EA in pregnant dams exposed to testosterone increased blood pressure and
impaired placental growth and function, leading to decreased fetal growth.

© 2016 Published by Elsevier Ireland Ltd.
1. Introduction

Women with polycystic ovary syndrome (PCOS) have elevated
circulating androgens during pregnancy and are at an increased
risk of adverse pregnancy outcomes such as gestational diabetes,
preterm birth and preeclampsia (Boomsma et al., 2006; Falbo et al.,
2010; Qin et al., 2013; Roos et al., 2011). During pregnancy, women
with PCOS are more likely to have elevated blood pressure inde-
pendent of body mass index (BMI) (Hu et al., 2007). They also have
tener-Victorin).
impaired uterine artery blood flow, which is related to poor preg-
nancy outcomes (Falbo et al., 2010; Palomba et al., 2010). This may
in turn affect placental development including angiogenesis and
steroidogenesis. Women with PCOS are more likely to give birth to
small for gestational age (SGA) infants (Boomsma et al., 2006; Falbo
et al., 2010; Qin et al., 2013; Mehrabian and Kelishadi, 2012), or
large for gestational age (LGA) infants (Roos et al., 2011; Anderson
et al., 2010), and infants born to mothers with PCOS have a higher
incidence of meconium aspiration, admission to neonatal intensive
care unit, and perinatal mortality (Roos et al., 2011). Daughters of
women with PCOS have an increased risk of developing a PCOS
related phenotype including excessive hair growth, reproductive
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and metabolic derangements in adult life (Sir-Petermann et al.,
2007, 2009).

It is unclear whether these alterations are consequences of
maternal androgen excess or maternal hyperinsulinemia, which
alters the intrauterine milieu and directly affects the fetus, or
whether maternal androgen excess alters the placental function
and indirectly the fetus. Pregnant women with PCOS have higher
circulating androstenedione, testosterone and dehydroepiandros-
terone sulfate (DHEAS) levels than pregnant women without PCOS
independent of the sex of the fetus (Sir-Petermann et al., 2002).
Furthermore, placental 3b-hydroxysteroid dehydrogenase (3b-
HSD) type 1 activity is increased and P450 aromatase activity is
decreased in mothers with PCOS, suggesting an androgenized in-
trauterine environment (Maliqueo et al., 2013). In support of this
hypothesis, higher umbilical androgen levels have been found in
PCOS pregnancies at term compared with controls (Mehrabian and
Kelishadi, 2012; Barry et al., 2010), although these differences were
not observed in all studies (Hickey et al., 2009; Caanen et al., 2016).

Maternal (prenatal) androgen (PNA) exposure is a well-
established model in rodents, sheep, and non-human primates,
and their offspring are usually born growth restricted and develop a
PCOS-like phenotype including reproductive and metabolic alter-
ations in adult age (Abbott et al., 2008, 2009; Witham et al., 2012;
Sullivan and Moenter, 2004; Wu et al., 2010; Birch et al., 2003). In
PNA rats, fetal and placental weights are lower (Hu et al., 2015) in
both male and females (Sathishkumar et al., 2011). Sathishkumar
and coworkers reported that maternal androgen excess caused
down-regulation of placental aminoacid transporter expression,
decreased placental amino acid transfer (Sathishkumar et al., 2011),
reduces the uterine blood flow and affects placental angiogenesis
(Gopalakrishnan et al., 2016) which resulted in fetal growth re-
striction (FGR), without affecting fetal testosterone levels, sug-
gesting that androgen excess have adverse effects on fetal
development mediated by changes in placental function
(Sathishkumar et al., 2011). Interestingly, gestational hypertension
and preeclampsia, conditions related to FGR, may be mediated by
increased sympathetic activity and by elevated androgen levels
(Carter, 2012). In fact, placental androgen receptor (AR) expression
and testosterone concentrations are increased in preeclamptic pa-
tients (Sathishkumar et al., 2012), and aromatase expression is
decreased (Perez-Sepulveda et al., 2015), suggesting a link between
androgens, arterial pressure and FGR. However, if FGR is related to
sympathetic activation remains to be elucidated.

There is currently no treatment for pregnancies complicated by
FGR. Metformin (Salvesen et al., 2007) and aspirin (Jamal et al.,
2012) have been shown to improve uterine artery blood flow
from the first to second trimester in women with PCOS without
complications (Salvesen et al., 2007), however, without reduction
of adverse pregnancy outcomes. Acupuncture with low-frequency
electrical stimulation (EA) of the needles activates somatic
afferent nerve fibers in skin and muscle (predominantly Ad and C
fibres) and has been shown to modulate efferent autonomic nerve
activity to various internal organs through somato-autonomic re-
flexes (Kimura and Sato, 1997; Uchida et al., 2003). Repeated EA has
been shown to decrease high muscle sympathetic nerve activity in
women with PCOS (Stener-Victorin et al., 2009), and increase
ovarian and uterine artery blood flow in rats and non-pregnant
women undergoing in vitro fertilization, an effect that was medi-
ated by the sympathetic nerve fibers innervating the ovary (Stener-
Victorin et al., 1996, 2003a, 2003b, 2006). Low-frequency EA also
restore the protein expression of increased ovarian nerve growth
factor (NGF), amodulator of sympathetic nerve activity, and its low-
affinity receptor p75NTR, in an estradiol valerate induced PCOS
model (Bai et al., 2004; Manni et al., 2005; Stener-Victorin et al.,
2000). In normal pregnancies, acupuncture decreases third
trimester umbilical artery systolic/diastolic ratio, as measured us-
ing Doppler ultrasound, consistent with a decreased vascular
resistance (Zeisler et al., 2001).

As maternal androgen excess has a negative impact on the
maternal vascular system, placental function and fetal growth and
because there is no treatment available for FGR, herein we tested
the hypotheses that maternal androgen excess decrease placental
and fetal growth, and placental expression of markers of ste-
roidogenesis, angiogenesis and sympathetic activity, and that
acupuncture with low-frequency electrical stimulation prevents
these changes.

2. Materials and methods

2.1. Animals

Time pregnant Wistar rats (Charles River, Germany) arrived on
gestational day (GD) 7. Animals were housed two per cage under a
12 h light/dark cycle, at a temperature of 21e22 �C and 55e65%
humidity. They were fed with standard chow (no. 2016; Harlan
Winkelmann, Harlan, Germany) and provided with tap water ad
libitum. All animal procedures were approved by the Animal Ethics
Committee of the University of Gothenburg (reference number: 53-
2013), in accordance with the legal requirements of the European
Community (Decree 86/609/EEC).

2.2. Experimental design and methods

The experimental design including the timing of injections,
treatment and measurements is presented in Fig. 1. From GD15 to
19, animals were injected with either testosterone propionate or
vehicle. Rats were randomly divided into four groups: control with
handling (Ctrl, n ¼ 10), control with low-frequency EA treatment
(Ctrl þ EA, n ¼ 10), testosterone with handling (Testo, n ¼ 10) and
testosterone with acupuncture treatment (Testo þ EA, n ¼ 10).

Rats in the Testo and Testo þ EA groups received subcutaneous
injections (in the interscapular area) of 0.5 mg/kg of testosterone
propionate (T1875, Sigma) in a mixture 1:1 of sesame oil (S3547,
Sigma) and benzil benzoate (B6630, Sigma) in a total volume of
0.5 ml. Control dams received 0.5 ml of the oil mixture without
testosterone.

Low-frequency EAwas given daily from GD16 to 20 to conscious
rats. Two acupuncture needles, 0.20 mm in diameter and 15 mm in
length (HEGU Svenska, Landsbro, Sweden) were inserted into
rectus abdominis and two needles were placed perpendicularly
into the triceps surae muscle in each leg. Needles in the abdominal
and hindlimb muscles on each side were connected to electrodes
attached to an electrical stimulator (CEFAR ACU II; Cefar-Compex
Scandinavia, Malmo, Sweden) and stimulated at 2 Hz frequency
with 0.1-sec, 80-Hz burst pulses to induce visible muscle contrac-
tion for 15 min on the first day and 20 min the following days. The
intensity varied from 0.7 to 1.4 mA during stimulation and was
adjusted to produce local muscle contractions. The locations of the
acupuncture needles are in somatic segments corresponding to the
ovaries and uterus (i.e., from spinal levels T10 to L2 and at the sacral
level). This acupuncture protocol and stimulation paradigm has
been used in previous experimental studies without causing and
unfavorable effects including stress (Maliqueo et al., 2015;
Manneras et al., 2008; Johansson et al., 2013; Feng et al., 2012).

The control for EA treatment was a handling procedure without
needle insertion. All rats, with or without testosterone treatment
and with or without acupuncture treatment were handled in the
sameway to control for environmental factors. Rats were conscious
and secured in a fabric harness and suspended above the desk. This
control situation was selected because there are no existing inert



Fig. 1. Experimental design, time line and outcome measures. Time pregnant Wistar rats arrived at day 7 of pregnancy. At gestational day (GD) 15, they were randomized into 2
groups and received a daily subcutaneous injection of 0.5 mg/kg testosterone propionate or vehicle (control) until GD 19. At GD 16 dams were assigned to receive daily acupuncture
treatment or handling until GD 20. Arterial blood pressure (tail cuff) was measured before dissection at GD 21. Blood was collected and tissues dissected and snap frozen in liquid
nitrogen and stored in �80C until analyses by ELISA or western blot (WB) related to steroidogenesis, angiogenesis and adrenergic system.
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sham acupuncture techniques (MacPherson et al., 2016). As soon as
a needle is inserted (e.g. superficial, in wrong site) it activates
sensory afferent nerve fibers and is therefore not an adequate
control.

At GD21, dams were anesthetized with isoflurane at 2e4% and
blood pressure was measured using tail-cuff plethysmography
(Harvard Apparatus, Holliston, MA, USA). Subsequently, laparotomy
was performed and maternal blood was collected by cardiac
puncture, centrifuged and stored as serum and plasma at �80 for
later analyses.
2.3. Fetal, placental and maternal tissue collection

Each fetus with its placenta was dissected, separated from the
fetal membranes and umbilical cord, and weighed. The tail of each
fetus was collected for sex determination by PCR. One third of each
placenta from each damwas pooled and immediately washed in ice
cold Tris-Saline buffer (10 mM Tris-HEPES, 154 mM NaCl) and ho-
mogenized on ice in buffer D (10mM Tris-HEPES), 250 mM sucrose,
1 mM EDTA, and protease and phosphatase cocktail inhibitors (cat
P8340, P5276 and P0044, Sigma) using a polytron. Aliquots were
snap frozen and stored to �80 �C. Maternal adrenal glands, kidneys
and liver were dissected, weighed, and snap frozen in liquid ni-
trogen and stored at �80 �C.
2.4. Analytical methods

Norepinephrine was measured by high pressure liquid chro-
matography (HPLC) with electrochemical (EC) detection, reference
interval 0.18e2.36 nmol/L. Corticosterone (Cat, 80554, Crystal
Chem) and sFLT1 (Cat, RF0110, Neobiolab) were measured in serum
with intra-assay coefficients of variability (CV) of 7.1 and 12.8%,
respectively. VEGFA (cat, RAB0511-1 KT, sigma Aldrich) and VEGF
receptor 1 (VEGFR1, cat RV0026, Neobiolab) were measured in
placental homogenates by enzyme-linked immunosorbent assay
(ELISA) with CV of 7.4 and 8.9%. Moreover, VEGFA was measured in
placenta homogenates with a CV of 7.4%, while Testosterone
(Crystal Chem, Cat #80550) had a CV 8.4%. Mature NGF (mNGF) and
proNGFwere detected and quantified usingMAB5260Z clone 27/21
and EP1318Y antibodies (Merck Millipore) respectively, using a
homemade sandwich ELISA as previously described (Soligo et al.,
2015). The CV for mNGF was 15.8% and for proNGF was 15.7%.
2.5. Sex genotyping

Each fetus and its corresponding placenta were weighed and
data recorded. Because the placenta, as a product of conception, has
the same sex as the fetus, a piece of the tail from each fetus was
collected and DNA extracted (Promega, cat A2361), and conven-
tional PCR using HotStartTaq®MasterMix Kit (Qiagen, 203445) was
performed to amplify the sex-determining region Y (SRY) gene to
identify the sex of each fetus and placenta. The PCR primers used
for amplification were: forward 50-CACAAGTTGGCTCAACAGAATC-
30 and reverse 50-AGCTCTACTCCAGTCTTGTCCG-30.
2.6. Western blot

Briefly, placental homogenates were centrifuged at 13,000 g for
10 min at 4 �C, the supernatant was collected and protein con-
centration was measured with a spectrometer (Direct detect, Mil-
lipore, USA). 30 mg of total protein was loaded in Criterion™ TGX
(Tris-Glycine eXtended) Stain-Free™ precast gels (Biorad). The gel
was activated with the ChemiDoc MP imager (Biorad) and trans-
ferred to polyvinylidene difluoride membranes (PVDF) in the turbo
system Trans-Blot turbo transfer (Biorad). Thereafter, membranes
were blocked and incubated with primary antibody (Table 1). The
protein expression in each sample was normalized to total amount
of loaded protein in each sample using Image Lab 5.0 (Biorad).

Western blot analysis for proNGF, p75NTR, phospho-TrkA,
phospho-Akt (Ser473) and phospho-JNK was performed on 6 tis-
sue samples from each group, as follows: samples (30 mg of total
protein) were separated by 8% or 12% SDS-PAGE, and electropho-
retically transferred to PVDF membrane overnight. Thereafter,
membranes were blocked and incubated with specific antibodies
(Table 1). After washingwith TBS-T, membranes were incubated 1 h
with horseradish peroxidase-conjugated anti-rabbit IgG or horse-
radish peroxidase-conjugated anti-mouse IgG as the secondary
antibody (Cell Signaling Technology, MA, USA) at room tempera-
ture. The blots were developed with an ECL chemiluminescent as
the chromophore (Millipore, MA, USA). The GAPDH bands were
used as a control for equal protein loading. The public domain
Image J software (http://rsb.info.nih.gov/ij/) was used for gel
densitometry and protein quantification following the method
described at http://lukemiller.org/index.php/2010/11/analyzing-
gels-and-western-blots-with-image-j/.The integrated density of
GAPDH bands was used as normalizing factor.

http://rsb.info.nih.gov/ij/
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Table 1
Antibodies and dilutions used in western blot.

Manufacturer Catalog number Dilution

LKB1 Abcam Ab50183 1:1500
CamkkIIa R&D System AF4536 1:800
GRK2/3 Santa Cruz Biotechnology sc8329 1:500
VEGFR2 Cell Signaling Technology 2479 1:500
Progesterone receptor A-B Santa Cruz Biotechnology sc539 1:500
Estrogen receptor a Santa Cruz Biotechnology sc542 1:500
Estrogen receptor b Santa Cruz Biotechnology sc8974 1:1000
Androgen receptor Santa Cruz Biotechnology sc816 1:200
proNGF/mNGF Santa Cruz Biotechnology sc548 1:500
Phosphorylated TrkA Santa Cruz Biotechnology sc8058 1:1000
p75 neurotrophin receptor Santa Cruz Biotechnology sc53631 1:500
Phospho-Akt (Ser473) Cell Signaling Technology 9271 1:1000
Phospho-JNK Cell Signaling Technology 9255 1:500

LKB1: Liver kinase B1; GRK: G protein-coupled receptor kinases 2/3; CaMKKIIa: Calcium/calmodulin-dependent protein kinase kinase; VEGFR2: Vascular endothelial
growth factor receptor 2; TrkA: Tyrosine-kinase receptor A; JNK: c-jun N-terminal kinase.
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2.7. Statistical analysis

Data is presented as mean ± SEM and was analyzed with SPSS
version 21.0 (SPSS, Chicago, IL, USA) and Prism GraphPad version
6.0 (GraphPad Software, La Jolla, CA, USA). Distribution of data was
tested by Shapiro-Wilk test. As most variables were not normally
distributed we used the Kruskal Wallis test followed by the Mann
Whitney U test for group comparisons. Correlation was assessed
using the Spearman’s rank correlation test. P-values < 0.05 were
considered statistically significant.
3. Results

3.1. Maternal and fetal variables

Maternal body weight gain did not differ between the groups at
any time point (Table 2). There were no differences in organ
weights between testosterone-treated dams and controls. Adrenal
weight was greater in the testosterone group receiving EA
compared with control dams, with no effect of EA in control dams
(Table 2).

Systolic blood pressure did not differ between testosterone-
treated dams and controls (Fig. 2A). EA in testosterone-treated
dams resulted in higher systolic blood pressure compared with
controls at GD21 with no effect of EA in control dams (Fig. 2A).
Circulating level of testosterone was higher in testosterone injected
dams treated with or without EA compared with animals injected
with vehicle (Fig. 2B). Plasma norepinephrine did not differ be-
tween testosterone-treated dams and controls (Fig. 2C). EA in the
testosterone-treated dams resulted in a lower circulating
Table 2
Maternal body and tissue weights.

Control (n ¼ 9) Testosterone
(n ¼ 9)

Ctrl þ EA
(n ¼ 9)

Testo þ EA
(n ¼ 8)

Increment of Weight
(%)

24.33 ± 1.63 24.88 ± 1.08 26.21 ± 1.57 23.82 ± 1.01

Ovaries (mg) 131.20 ± 16.34 125.41 ± 8.77 132.63 ± 22.10 161.15 ± 18.5
Adrenal (mg) 70.10 ± 5.03 78.29 ± 6.73 72.62 ± 4.52 87.71 ± 6.05
Liver (gr) 14.18 ± 0.92 15.12 ± 0.60 14.33 ± 0.65 14.85 ± 0.70
Kidneys (gr) 1.91 ± 0.25 1.88 ± 0.08 1.75 ± 0.09 1.97 ± 0.05
Mesenteric (gr) 1.97 ± 0.15 1.99 ± 0.15 2.08 ± 0.22 1.96 ± 0.28
Inguinal (gr) 2.38 ± 0.31 2.35 ± 0.29 1.69 ± 0.23 2.08 ± 0.27
Retroperitoneal (gr) 1.68 ± 0.19 2.23 ± 0.41 1.96 ± 0.34 2.37 ± 0.64

Values are shown as mean ± SEM.
BW, body weight; Ctrl, Control group; Testo, Testosterone group; EA, electroacupunctur
norepinephrine compared with controls and testosterone treated
dams (P < 0.05). EA significantly decreased corticosterone levels in
control animals and in those injected with testosterone compared
with control dams (P < 0.05) (Fig. 2D).

Litter size did not differ between the groups. Although lower,
maternal testosterone exposure did not significantly affect fetal and
placental weights compared with controls (Table 3). In contrast,
placental and fetal weights were decreased in androgenized dams
treatedwith EA as comparedwith the control group (P < 0.05), with
no effect of EA in control dams (Table 3). There were no significant
differences in fetal or placental weight between testosterone-
treated dams and controls when male and female fetuses were
studied separately (Table 3). The weight of female fetuses from
testosterone-treated dams receiving EA was lower compared with
the controls, while EA did not affect the weight of female fetuses in
controls (P < 0.05). EA did not affect male fetal and placental weight
in control or testosterone-treated dams (Table 3). The ratio of fetal
to placental weight (a crude proxy for placental efficiency) did not
differ between the groups.
3.2. Markers of placental angiogenesis

Maternal testosterone exposure with or without EA treatment
did not affect circulating levels of VEGFA, sFLT1 or VEGF/sFLT1 ratio
(Fig. 3A-C). Maternal testosterone exposure did not affect placental
expression of VEGFA, VEGFR1 or VEGFA/VEGFR1 ratio (Fig. 3D-F).
VEGFR1 expressionwas lower in placentas from dams injectedwith
testosterone and treated with EA compared with controls (Fig. 3E).
VEGFA/VEGFR1 ratio in the placenta was higher in testosterone-
treated dams receiving EA than in controls and in testosterone
Ctrl vs
testo

Ctrl vs
ctrl þ EA

Testo vs
testo þ EA

Testo þ EA vs
Ctrl þ EA

Ctrl vs
testo þ EA

ns ns ns ns ns

4 ns ns ns ns ns
ns ns ns <0.05 <0.05
ns ns ns ns ns
ns ns ns ns ns
ns ns ns ns ns
ns ns ns ns ns
ns ns ns ns ns

e; Mann Whitney test; ns: non-significant.



Fig. 2. Systolic blood pressure, circulating norepinephrine and serum corticosterone. (A) Systolic blood pressure measured by tail cuff at GD 21 (Ctrl, n ¼ 9; Testo, n ¼ 9;
Ctrl þ EA, n ¼ 9; Testo þ EA, n ¼ 8.). (B) Serum testosterone (Ctrl, n ¼ 5; Testo, n ¼ 6; Ctrl þ EA, n ¼ 7; Testo þ EA, n ¼ 8). (C) Plasma norepinephrine (Ctrl, n ¼ 9; Testo, n ¼ 9;
Ctrl þ EA, n ¼ 9; Testo þ EA, n ¼ 8). (D) Serum corticosterone (Ctrl, n ¼ 7; Testo, n ¼ 8; Ctrl þ EA, n ¼ 8; Testo þ EA, n ¼ 8). Values are means ± SEM. *P < 0.05 vs Ctrl, #P < 0.05, vs
Testo, & P < 0.05, vs Ctrl þ EA group analyzed by Kruskal Wallis followed by Mann-Whitney U test.

Table 3
Fetal and placental data.

Ctrl (n ¼ 9) Testo
(n ¼ 9)

Ctrl þ EA
(n ¼ 9)

Testo þ EA
(n ¼ 8)

Ctrl vs
testo

Ctrl vs
Ctrl þ EA

Testo vs
testo þ EA

Testo þ EA vs
Ctrl þ EA

Ctrl vs
Testo þ EA

Whole litter
Female/male ratio n, (%
Females)

39/46 (45) 57/43 (57) 54/43 (46) 50/52 (49) ns ns ns ns ns

Litter size (mean) 11.2 ± 1.0 11.3 ± 0.7 13.1 ± 0.5 13.0 ± 0.7 ns ns ns ns ns
Weight fetus (gr) 4.26 ± 0.15 4.09 ± 0.16 4.23 ± 0.16 3.87 ± 0.12 ns ns ns ns < 0.05
Weight placenta (gr) 0.56 ± 0.02 0.54 ± 0.02 0.54 ± 0.02 0.51 ± 0.01 ns ns ns ns < 0.05
Weight fetus/placenta (AU) 8.04 ± 0.55 7.76 ± 0.41 8.08 ± 0.46 7.70 ± 0.22 ns ns ns ns ns

Female fetus and placenta weight
Weight fetus (gr) 4.26 ± 0.16 3.97 ± 0.17 4.09 ± 0.15 3.78 ± 0.14 ns ns ns ns < 0.05
Weight placenta (gr) 0.56 ± 0.02 0.54 ± 0.02 0.53 ± 0.03 0.51 ± 0.02 ns ns ns ns < 0.05
Weight fetus/placenta (AU) 7.69 ± 0.47 7.51 ± 0.44 8.00 ± 0.50 7.58 ± 0.30 ns ns ns ns ns

Male fetus and placenta weight
Weight fetus (gr) 4.30 ± 0.18 4.23 ± 0.14 4.32 ± 0.16 3.98 ± 0.10 ns ns ns ns ns
Weight placenta (gr) 0.56 ± 0.02 0.54 ± 0.02 0.54 ± 0.02 0.51 ± 0.00 ns ns ns ns ns
Weight fetus/placenta (AU) 7.78 ± 0.51 7.98 ± 0.40 8.13 ± 0.44 7.84 ± 0.17 ns ns ns ns ns

Values are shown as mean ± SEM. Ctrl, Control group; Testo, Testosterone group; EA, Electroacupuncture treatment; Mann Whitney test; ns: non-significant.
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injected animals not receiving EA (Fig. 3F). Neither placental
VEGFR2 expression (Fig. 3G) nor VEGFA/VEGFR2 ratio (Fig. 3H)
differed between the groups.
3.3. Steroidogenesis

Placental androgen receptor (AR) expression tended (P ¼ 0.07)
to be lower in testosterone-treated dams than in controls (Fig. 4A),
with no effect of EA. The placental protein expression of proges-
terone receptors (PR) A and B and estrogen receptor (ER) a and b
did not differ between the groups (Fig. 4B-E).
3.4. Nerve growth factor, a marker of sympathetic activity

Placental proNGF expression, measured by ELISA, did not differ
in testosterone-treated dams compared with controls (Fig. 5A). EA
did not change proNGF expression in controls but lowered proNGF
expression in the placenta of testosterone-treated dams compared
with testosterone-treated control dams (Fig. 5A). Mature nerve
growth factor (mNGF) expression in placenta did not differ be-
tween testosterone-treated dams and controls (Fig. 5B). While EA
did not affect placental expression of mNGF in controls, EA
increased mNGF in testosterone-treated dams compared with
controls (P < 0.05). The ratio of placental mNGF/proNGF expression



Fig. 3. Angiogenic markers in serum and placenta homogenates at GD 21. Serum VEGFA (A) and sFLt1 (B) and ratio of VEGFA/sFLT1 (C) in Ctrl (n ¼ 7e8), Testo (n ¼ 8), Ctrl þ EA
(n ¼ 6e8) and Testo þ EA (n ¼ 5e8) group. Placenta protein expression of VEGFA (D), VEGFR1 (E) and ratio of VEFGA/VEGFR1 (F), VEGFR2 (G), and ratio VEGFA/VEGFR2 (H) in Ctrl
(n ¼ 7e9), Testo (n ¼ 7e9), Ctrl þ EA (n ¼ 6e9) and Testo þ EA (n ¼ 5e8). Representative blot of VEGFR2 (I). Values are means ± SEM. *P < 0.05 vs Ctrl, #P ¼ 0.05 vs Testo, & P < 0.05
vs Ctrl þ EA group analyzed by Kruskal Wallis followed by Mann-Whitney test.
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was not affected in androgenized dams compared with controls
(Fig. 5C). EA increased the mNGF/proNGF ratio in testosterone-
treated dams compared with the control and testosterone groups
(P < 0.05), with no effects in controls dams (Fig. 5C). Next we
determined the expression of different proNGF isoforms and found
that they are differently modulated in response to experimental
treatments (Fig. 5D-E). The proNGF-A splice variant (34 kDa) and
proNGF-B splice variant (25 kDa) were not affected, neither in
testosterone-treated dams compared with controls, nor EA or EA in
combination with testosterone (Fig. 5D-E). The activated (phos-
phorylated) form of the ProNGF/mNGF receptor TrkA did not
change by either testosterone or acupuncture (Fig. 5F). The proNGF
receptor p75NTR was not changed in testosterone-treated dams
compared with controls (Fig. 5G). Neither testosterone nor EA
changed p75NTR protein levels in the placenta. The serine-473
phosphorylation of the intracellular signaling factor Akt, activated
after TrkA phosphorylation, was not affected by testosterone or EA
(Fig. 5H). The phosphorylation of the JNK signaling molecule,
activated by the challenge of p75NTR by proNGF (Al-Gayyar et al.,
2013), was increased in testosterone-treated dams compared
with controls (Fig. 5I). EA lowered JNK phosporylation in the
placenta of testosterone-treated dams compared with
testosterone-treated dams (Fig. 5I). Protein expression of the en-
ergy sensor, liver kinase B1 (LKB1), the G protein-coupled receptor
kinases (GRK)2/3 and Calcium/calmodulin-dependent protein ki-
nase kinase (CaMKK)IIa (Fig. 6A-C) was not affected by testosterone
or EA treatment compared with controls.
4. Discussion

The novel finding of this study is that low-frequency EA in
pregnant rats exposed to testosterone, contrary to our hypothesis,
resulted in lower fetal and placental weight and elevated maternal
blood pressure. This effect may be mediated via activation of the
sympathetic nervous system, as indicated by changes in the
expression of proteins that are well-established readouts of
adrenergic activity. Of note, EA did not affect any variables in
pregnant control rats.

Women with PCOS commonly give birth to either small
(Boomsma et al., 2006; Qin et al., 2013; Mehrabian and Kelishadi,
2012; Doherty et al., 2015) or large (Roos et al., 2011; Anderson
et al., 2010) babies for gestational age. Daughters of mothers with
PCOS are at increased risk of developing reproductive and meta-
bolic features of PCOS in later life (Pandolfi et al., 2008). Also, sons
of mothers with PCOS are more prone to develop metabolic alter-
ations in adulthood (Recabarren et al., 2008). Therefore it is of
importance to investigate the underlyingmechanism and the effect
of new treatment strategies.



Fig. 4. Protein expression of sex steroid receptors in placenta homogenates at GD 21. Androgen receptor (AR) (A), Progesterone receptor A (PRA) (B), Progesterone receptor B
(PRB) (C), Estrogen receptor (ER)a (D), and ERb (E) in placenta homogenates from pregnant rats. Representative blot of each protein (F). Ctrl (n ¼ 8); Testo (n ¼ 7e9); Ctrl þ EA
(n ¼ 8e9); Testo þ EA (n ¼ 7e8) at day 21. Protein expression was quantified by western blot and normalized by total protein loaded in each line in the stain free blot. AR and ERb
were probed in the same blot. PRA, PRB and ERa were probed in a second blot. Both Stain free blot are shown. Values are means ± SEM analyzed by Kruskal Wallis and Mann-
Whitney test.
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Fetal and placental weight in this study was not significantly
affected by maternal testosterone exposure. The lack of effect on
placenta weight is unexpected as we recently have demonstrated
lower placental weights in the same model (Hu et al., 2015). On the
other hand, we demonstrate that female fetuses seem to be more
vulnerable for androgen exposure as demonstrated by lower (non-
significant) fetal weight in testosterone-treated dams. A previous
study using a dose ten times higher (5 mg/kg) resulted in lower
birth weight and smaller placental size (Sun et al., 2012). In order to
model the two-fold increased level of circulating testosterone in
pregnant women with PCOS, we used a ten times lower dose of
testosterone in the present study (0.5 mg/kg). This dose has been
used in previous studies and resulted in fetal growth restriction
(Sathishkumar et al., 2011; Chinnathambi et al., 2014). Despite this
we did not find any significant effect of maternal androgen expo-
sure on fetal and placental growth. One plausible explanation may
be that the number of animals was to low or that inbred Sprague
Dawley rats were used previously (Sathishkumar et al., 2011;
Chinnathambi et al., 2014), whereas we here used outbred Wistar
rats.

As there are no effective treatments for FGR and because low-
frequency EA has been shown to increase uterine and ovarian
blood flow, we therefore tested the hypothesis that EA improves
fetal and placental growth in pregnancies with maternal androgen
excess, which has been associated with FGR. Of note is the finding
that EA in control animals did not affect any variables. On the other
hand, EA given to pregnant dams exposed to testosterone resulted
in decreased fetal and placental weights, an effect that was more
pronounced among female fetuses and their placentas than in male
fetuses. This suggests that there is a negative interaction, probably
sex dependent, between maternal testosterone exposure and
acupuncture on fetal growth. In this regard, it has previously been
suggested that female fetuses may be more sensitive to an adverse
intrauterine environment (Frank et al., 2014).

In both controls and testosterone exposed dams EA resulted in
lower circulating corticosterone concentrations. These findings
suggest that, the adverse effect of low-frequency EA in testosterone
exposed pregnant dams is not mediated by maternal stress, which
is in line with previous acupuncture studies in non-pregnant fe-
male rats (Tripathi et al., 2008; Jarvis et al., 2012). EA have been
used in a large number of experimental and clinical settings
without any negative side effects (Usselman et al., 2015; Brauer,
2008; Toti et al., 2006; Tometten et al., 2004; MacGrogan et al.,
1992).

Maternal testosterone exposure alone did not affect systolic
arterial blood pressure. However, EA increased systolic arterial
blood pressure in testosterone exposed dams, despite having no
impact on controls. This effect seemed to be independent of chronic
stress as demonstrated by the low, rather than high, levels of
plasma corticosterone. It is well known that there is increased
sympathetic activity during EA stimulation, but this is followed by a
depression of sympathetic activity post-treatment (Manneras et al.,
2008; Johansson et al., 2013; Lobos et al., 2005). Blood pressurewas
measured one day after the last EA and a potential increase in
sympathetic activity due to stimulation seems unlikely. Further,
circulating norepinephrine was significantly lower in EA-treated



Fig. 5. ProNGF, mature NGF, and proNGF splicing variants and downstream signaling in placenta homogenates at GD 21. Protein expression of pro nerve growth factor (NGF)
(A), matureNGF (B), and ratio mNGF/proNGF (C) in Ctrl (n ¼ 9), Testo (n ¼ 8e9), Ctrl þ EA (n ¼ 8e9) and Testo þ EA (n ¼ 8). Protein expression of splicing variant of proNGF-A
(34 kDa) (D), and proNGF-B (25 kDa) (E), phosphorylated NGF receptor TrkA (phospho-TrkA) (F), phosphorylated Akt (Ser473) (downstream TrkA) (G), neurotrophin receptor p75
(p75NTR) (H), and phosphorylated-JNK (downstream p75NT) (I) in Ctrl (n ¼ 6), Testo (n ¼ 6), Ctrl þ EA (n ¼ 6) and Testo þ EA (n ¼ 6). (J) Representative blot of each protein. All the
proteins were probed in the same membranes which were stripped and reprobed for analyzing different proteins. Protein expressionwas quantified by western blot and normalized
by GAPDH. The red ponceau stain for the blot is shown. Values are means ± SEM, *P < 0.05 vs Ctrl, #P < 0.05 vs Testo, & P < 0.05 vs Ctrl þ EA group analyzed by Kruskal Wallis and
Mann-Whitney test.
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testosterone-exposed rats during pregnancy.
FGR is a common consequence of the hypertensive disorders of

pregnancy, including pre-eclampsia. Of note, elevated circulating
testosterone and increased placental AR expression have been
described in pre-eclamptic women irrespective of fetal sex
(Stener-Victorin et al., 2009), suggesting a link between andro-
gens, high arterial pressure and poor pregnancy outcomes
(Sharifzadeh et al., 2012). Interestingly, PCOS is associated with
elevated blood pressure independent of BMI during pregnancy
(Hu et al., 2007). Uterine artery blood flow is commonly
compromised in these patients and has been related to adverse
perinatal outcomes (Falbo et al., 2010). FGR, altered placentation
(Palomba et al., 2014) and lower placental aromatase expression
in preeclampsia (Perez-Sepulveda et al., 2015) suggest that it is
characterized by local hyperandrogenism at a placental level that
may alter placental function.
Poor placentation and altered angiogenesis in preeclamptic

patients (Cerdeira and Karumanchi, 2012) are related to decreased
circulating VEGF (Hentges et al., 2015) and a concomitant increase
in sFlt-1 (Tripathi et al., 2008), which indicates a lower availability
of angiogenic factors. VEGFA is the most recognized regulator of
vasculogenesis and angiogenesis in the placenta and binds to
VEGFR1 or VEGFR2 as well as s-Flt1, the truncated and soluble form
of VEGFR1, which has an antagonistic effect on VEGF (Cerdeira and
Karumanchi, 2012). In this study neither maternal testosterone
exposure nor EA in control animals affected serum or placental
VEGFA expression or serum sFlt1. The fact that EA in testosterone
exposed dams resulted in lower placental VEGFR1 expression and a
higher VEGFA/VEFGR1 ratio is consistent with impaired angio-
genesis, which may contribute to FGR.



Fig. 6. Markers of adrenergic signaling pathways molecules in placenta homogenates at GD 21. Protein expression of expression of energy cell sensor LKB1 (A) and downstream
adrenergic receptor molecules GRK 2/3 (B) and CaMKKIIa (C). Representative blot of each protein (D). In Ctrl (n ¼ 9), Testo (n ¼ 9), Ctrl þ EA (n ¼ 9) and Testo þ EA (n ¼ 8). Protein
expression was quantified by western blot and normalized by total protein loaded in each line in the stain free blot. Values are means ± SEM analyzed by Kruskal Wallis and Mann-
Whitney test.
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There is evidence of sympathetic activation in early pregnancy
(Jarvis et al., 2012). Furthermore, normal pregnant women in the
third trimester display exacerbated sympathoexcitation compared
with non-pregnant women in response to a cold pressor test
(Usselman et al., 2015). Despite increased sympathetic discharge
ability, nerve fibers in the pregnant uterus degenerates during
pregnancy and are partially regenerated after delivery, concomitant
with a decreased level of norepinephrine in the uterus (Brauer,
2008). In the present study we found that EA decreased circu-
lating norepinephrine in testosterone-exposed dams with no effect
in controls. However, how catecholamines affect placental function
is largely unknown. Here we studied GRK2/3 and CamKKII a, which
acts downstream of adrenergic receptors. Neither maternal
testosterone exposure nor EA affected the expression of these
proteins, indicating that norepinephrine does not exert its action
directly in the placenta.

As androgen excess has been shown to increase sympathetic
nerve activity and because the effect of EA is, at least in part,
mediated via the sympathetic nervous system, we next investi-
gated the expression of placental NGF, a marker of sympathetic
activity. In the placenta, NGF is present in cytotrophoblast and
syncytiotrophoblast cells as well as the extravillous trophoblast
cells in the inner layer of the maternal vessels within the decidual
component, but not in fetal vessels in the first and third trimesters
(Toti et al., 2006). NGF receptors TrkA and p75NTR have also been
identified in placental cells (Tometten et al., 2004; MacGrogan
et al., 1992) and a role for the NGF system in placentation and the
regulation of the fetal-maternal interface has been postulated
(Frank et al., 2014). The precursor of NGF, proNGF, represents the
most highly expressed form of NGF in peripheral tissues (Bierl et al.,
2005). It could exert either a pro-survival, trophic action or a pro-
apoptotic effect, depending on the relative levels of its receptor
systems, TrkA/p75NTR or p75NTR-sortilin complex respectively
(Hempstead, 2014). On the other hand, mNGF regulates survival of
nerve cells and acts via TrkA/p75NTR receptors (Levi-Montalcini,
1987). The specific action of proNGF and mNGF in the placenta
has not previously been reported. Nevertheless, in the rat uterus,
proNGF is augmented from GD7 and decreased after day 1 post-
partum, suggesting that its activity is related to the presence and
activity of nerves in the uterus (Lobos et al., 2005). Here we
demonstrate a decrease in proNGF, an increase in mNGF, and an
increasedmNGF/proNGF ratio in the placenta of dams injectedwith
testosterone and treated with EA. Moreover, our data suggest the
ability of EA in reducing the JNK signaling that is possibly activated
by proNGF, but also in increasing the ratio of mNGF/proNGF after
testosterone. This suggest a possible modulation of both placental
cell functions and uterine innervation by EA which in turn could
modulate utero-placental blood.

A large number of comparisons has been done without correc-
tions for multiple comparisons with a risk of rendering some
findings to be not significant. However, many of the independent
analyses points towards the same direction that EA activate
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autonomic tone and that this is only evident in testosterone
exposed dams.

In conclusion, low-frequency EA in control animals did not have
any negative influence on any of the studied variables. In contrast,
EA in pregnant dams exposed to testosterone increased blood
pressure and impaired placental growth and function, leading to
decreased fetal growth.
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