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ischaemia–reperfusion injury

Megan L Jones, Peter J Mark and Brendan J Waddell

School of Anatomy, Physiology and Human Biology, The University of Western Australia, 35 Stirling Highway,
Crawley, Western Australia 6009, Australia

Correspondence should be addressed to B J Waddell; Email: brendan.waddell@uwa.edu.au
Abstract

Placental oxidative stress plays a key role in the pathophysiology of several placenta-related disorders. Oxidative stress occurs when

excess reactive oxygen species (ROS) damages cellular components, an outcome limited by antioxidant enzymes; mitochondrial

uncoupling protein 2 (UCP2) also limits ROS production. We recently reported that maternal dietary omega-3 polyunsaturated fatty

acid (n-3 PUFA) supplementation reduced placental oxidative damage and enhanced fetal and placental growth in the rats. Here, we

examined the effect of n-3 PUFAs on placental antioxidant defences and whether n-3 PUFA supplementation could prevent growth

restriction induced by placental ischaemia–reperfusion (IR), a known inducer of oxidative stress. Rats were fed either standard or

high-n-3 PUFA diets from day 1 of pregnancy. Placentas were collected on days 17 and 22 in untreated pregnancies (termZday 23)

and at day 22 following IR treatment on day 17. Expression of several antioxidant enzyme genes (Sod1, Sod2, Sod3, Cat, Txn1 and Gpx3)

and Ucp2 was measured by quantitative RT-PCR in the placental labyrinth zone (LZ) and junctional zone (JZ). Cytosolic superoxide

dismutase (SOD), mitochondrial SOD and catalase (CAT) activities were also analyzed. Maternal n-3 PUFA supplementation increased

LZ mRNA expression of Cat at both gestational days (2- and 1.5-fold respectively; P!0.01) and female Sod2 at day 22 (1.4-fold, P!0.01).

Cytosolic SOD activity increased with n-3 PUFA supplementation at day 22 (1.3-fold, P!0.05). Sod1 and Txn1 expression decreased

marginally (30 and 22%, P!0.05). JZ antioxidant defences were largely unaffected by diet. Despite increased LZ antioxidant defences,

maternal n-3 PUFA supplementation did not protect against placental IR-induced growth restriction of the fetus and placental LZ.
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Introduction

The developing fetus requires substantial amounts of
fatty acids to support rapid cellular growth and activity,
and among these, the omega-3 polyunsaturated fatty
acids (n-3 PUFAs) are particularly important (Haggarty
2010). Maternal dietary supplementation with n-3
PUFAs has beneficial effects on pregnancy outcomes,
including increased gestation length (Szajewska et al.
2006), reduced risk of pregnancy complications (Olsen
et al. 2000, Oken et al. 2007, Zhou et al. 2012), and
increased fetal growth (Olsen et al. 1990, Jones et al.
2013b). Potentially, n-3 PUFAs may exert beneficial
effects via their involvement in several physiological
pathways, including anti-oxidative pathways. Indeed,
we recently reported that maternal dietary n-3 PUFA
supplementation reduced placental oxidative damage
and increased fetal and placental growth in rats (Jones
et al. 2013b).

Oxidative stress occurs when cellular production of
reactive oxygen species (ROS), by-products of cellular
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respiration, exceeds the protective capacity of local
antioxidant defences and thus damages cellular com-
ponents (Burton & Jauniaux 2011). ROS levels are
limited by a range of antioxidant enzymes including
the superoxide dismutases (SODs), which catalyze
conversion of superoxide to H2O2 and oxygen. Three
isoforms of the SOD enzyme exist: cytosolic SOD1 and
extracellular SOD3 are Cu/Zn dependent, whereas
mitochondrial SOD2 is Mn dependent. H2O2, itself a
strong oxidizer, may then be inactivated by catalase
(CAT), glutathione peroxidase (GPX) and/or the thiore-
doxin (TXN) system (Burton & Jauniaux 2011). Alter-
natively, oxidative damage may be limited by inhibition
of ROS production. For example, it has been proposed
that uncoupling proteins (UCPs) may limit ROS gener-
ation by uncoupling oxidative phosphorylation
(Mailloux & Harper 2011), a primary metabolic source
of ROS. Oxidative stress is commonly associated with
inflammation and vice versa, as pro-inflammatory
cytokines are produced in response to ROS and
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subsequently stimulate further ROS production by target
cells (Burton & Jauniaux 2011).

Placental ROS generation is high due to the high
metabolic activity of placental cells (Myatt & Cui 2004),
and so all major antioxidant systems are present within
the placenta (Myatt & Cui 2004, Perkins 2006, Jones
et al. 2010). Several placenta-related disorders such as
pre-eclampsia (PE), intrauterine growth restriction
(IUGR), miscarriage, and gestational diabetes mellitus
are characterized by increased placental oxidative stress
(Coughlan et al. 2004, Biri et al. 2006, 2007, Jauniaux
et al. 2006, Myatt 2010). In the case of PE, shallow
implantation leads to intermittent placental blood flow
through retention of vascular reactivity (Burton &
Jauniaux 2011). This predisposes the placenta to
ischaemia–reperfusion (IR) injury and is associated
with heightened oxidative stress and inflammation
(Burton & Jauniaux 2011). An experimental rat model
of placental IR injury, termed ‘uterine artery occlusion’
(UAO), increases placental oxidative damage (Ishimoto
et al. 1997, Nagai et al. 2008) and inhibits fetal growth
(Ishimoto et al. 1997, Nakai et al. 2002, Thaete &
Neerhof 2006, Yamazaki et al. 2006, Nagai et al. 2008).

In this study, we tested the hypothesis that maternal
dietary n-3 PUFA supplementation increases placental
antioxidant defences in an otherwise normal pregnancy.
Placental mRNA expression and activity of the major
antioxidant enzymes andUcp2were measured at days 17
and 22 of rat gestation (termZday 23), covering the major
period of fetal growth. We also examined whether
maternal n-3 PUFA supplementation could prevent
placental IR-induced fetal growth restriction, potentially
via anti-oxidative and anti-inflammatory mechanisms.
Materials and methods

Animals and diets

Nulliparous albino Wistar rats, 8–12 weeks old, were obtained
from the Animal Resources Centre (Murdoch, WA, Australia)
and maintained under controlled conditions as described
previously (Hewitt et al. 2006). Rats were mated overnight,
with day 1 of pregnancy designated as the day on which
spermatozoa were present in a vaginal smear. On day 1 of
pregnancy, mothers were placed on either a standard (Std) or
high n-3 PUFA (Hn3) iso-caloric semipure diet (Specialty
Feeds, Glenn Forrest, WA, Australia). Both diets consisted of
5% total fat; detailed fatty acid composition of the diets is
described by Jones et al. (2013b). Mothers were either left
untreated or placental IR was induced on day 17 of gestation
(see below). All procedures involving animals were conducted
under approval by the Animal Ethics Committee of The
University of Western Australia.
Placental IR induction by UAO

On day 17 of gestation, mothers were anaesthetized by i.p.
injection of 40 mg/kg body weight (BW) ketamine (Parnell
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Laboratories, Sydney, NSW, Australia) and 0.05 mg/kg BW
medetomidine hydrochloride (Pfizer). UAO was conducted
according to the technique of Tanaka et al. (1994). Briefly,
midline abdominal incisions (w3 cm) were made sequentially
in the skin and muscle layers, and the uterine horns exposed.
Microvascular clamps (Fine Science Tools, North Vancouver,
BC, Canada) were placed on the lower and upper ends of
uterine vessels of the right uterine horn for 30 min, during
which time the vasculature visually darkened as oxygen was
depleted. This effect was notably isolated to the occluded area.
Body temperature was closely monitored and regulated to
37 8C via a warming pad and infra-red warming lamp. Further
heat loss was minimized by placement of temporary sutures in
the skin layer to close the incision. Following removal of the
microvascular clamps, the muscle and skin layers were sutured
separately. Animals were then administered the analgesic,
buprenorphine hydrochloride (0.01 mg/kg BW, s.c.; Reckitt
Benckiser, West Ryde, NSW, Australia) and 10 ml 0.18% sterile
saline with 4% glucose for rehydration. Atipamezole
hydrochloride (0.5 mg/kg BW; medetomidine hydrochloride
reversal agent; Pfizer) was administered by i.m. injection to
assist in recovery from anaesthesia. Control animals underwent
a ‘Sham’ procedure, which was identical to the UAO
procedure, except that microvascular clamps were not placed
on uterine vessels.
Tissue collection

Rats were anaesthetized with isoflurane/nitrous oxide at either
day 17 (untreated pregnancies only) or day 22 (untreated
pregnancies and placental IR study) of gestation. For untreated
pregnancies, three fetus–placenta pairs were obtained from the
mid-region of each uterine horn (total of six per mother) and
weighed. For IR-treated pregnancies (Sham and UAO), six
fetus–placenta pairs were obtained from the right uterine horn
in Sham-treated mothers, six fetus–placenta pairs were
obtained from the ‘occluded’ (right) uterine horn for UAO-
treated mothers, and six from the ‘contralateral’ (left) uterine
horn. Each placenta was then dissected into labyrinth zone (LZ)
and junctional zone (JZ), which were weighed individually and
snap frozen in liquid nitrogen. Measurement of genes that are
differentially expressed between placental zones confirms
adequate zonal separation by this method (Mark et al. 2009).
A blood sample obtained from the maternal dorsal aorta was
mixed with 10:1 (vol:vol) 0.6 M EDTA and centrifuged at
13 000 g for 6 min to obtain plasma. All tissues and plasma
samples were snap frozen in liquid nitrogen and stored at
K80 8C until further analysis. Fetal sex was determined by PCR
amplification of the Sry gene in day 17 fetuses as described
previously (Jones et al. 2013b), and at day 22 by measuring
anogenital distance (Imperato-McGinley et al. 1986).
RNA and cDNA sample preparation

Total RNA was isolated from placental zones using Tri-Reagent
(Molecular Resources Centre, Cincinnati, OH, USA) as per the
manufacturer’s instructions. Total RNA (1 mg) was used as a
template for cDNA synthesis by murine Moloney leukemia
virus Reverse Transcriptase RNase H Point Mutant and random
www.reproduction-online.org
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hexamer primers (Promega) as per the manufacturer’s instruc-
tions. The resultant cDNAs were purified using the Ultraclean
PCR Cleanup kit (MoBio Industries, Solana Beach, CA, USA).
Real-time quantitative RT-PCR

Analyses of mRNA expression levels for the antioxidant genes
Sod1, Sod2, Sod3, Cat, Txn1, Gpx3, and Ucp2 for the pro-
inflammatory genes tumor necrosis factor a (Tnf ) and
prostaglandin-endoperoxide synthase-2 (Ptgs2) and for the
reference genes Ppia, Sdha, and Ywhaz were performed by
real-time RT-PCR on the Rotorgene 6000 (Corbett Industries,
Sydney, NSW, Australia) using 0.2 mM of primers, SYBR Green
(Molecular Probes, Eugene, OR, USA) at 1/40 000 of stock, and
0.25 U of Immolase DNA polymerase (Bioline, Alexandria,
NSW, Australia) per reaction. Primer pairs for all genes of
interest (Table 1) were designed using Primer-BLAST (http://
www.ncbi.nlm.nih.gov/tools/primer-blast (Rozen & Skaletsky
2000)). Each of the selected primer pairs were positioned to
span introns to ensure no product was amplified from genomic
DNA, and the resulting amplicons were sequenced to confirm
specificity. Standard curves for each amplicon were generated
with tenfold serial dilutions of gel-extracted (QIAEX II, Qiagen)
PCR products using the Rotorgene 6000 Software. All samples
were normalized against Ppia, Sdha and Ywhaz using the
GeNorm algorithm (Vandesompele et al. 2002).
Placental antioxidant enzyme activity

Activities of SOD and CAT were measured in placental zone
homogenates of untreated pregnancies using commercial assay
kits (Cat #706002 and 707002 respectively; Cayman Chemical
Table 1 Primers and PCR conditions used to measure rat placental e
and reference genes by real-time RT-PCR.

Gene Forward/reverse primer

Sod1 F: 5 0-CGTCATTCACTTCGAGCAGA-30

R: 5 0-AAAATGAGGTCCTGCAGTGG-3 0

Sod2 F: 5 0-GGCCAAGGGAGATGTTACAA-30

R: 5 0-GCTTGATAGCCTCCAGCAAC-30

Sod3 F: 5 0-TCAGAGGCTCTTTCTCAGGC-3 0

F: 5 0-CTGCTAAGTCGACACCGGAC-30

Cat F: 5 0-ACATGGTCTGGGACTTCTGG-30

R: 5 0-CAAGTTTTTGATGCCCCTGGT-3 0

Txn1 F: 5 0-AGCTGATCGAGAGCAAGGAA-30

R: 5 0-TCAAGGAACACCACATTGGA-30

Gpx3 F: 5 0-GGCTTTGTGCCTAATTTCCA-30

R: 5 0-CCCACCAGGAACTTCTCAAA-3 0

Ucp2 F: 5 0-TCATCACTTTCCCTCTAGACACC-3 0

R: 5 0-AAGCTCATCTGGCGCTGTAG-30

Tnf F: 5 0-TACTGAACTTCGGGGTGATTGGTCC-3 0

R: 5 0-CAGCCTTGTCCCTTGAAGAGAACC-30

Ptgs2 F: 5 0 GAAGGGACACCCTTTCACAT 3 0

R: 5 0-TGGGGAGACCATGGTAGAAC-30

Ppia F: 5 0-AGCATACAGGTCCTGGCATC-3 0

R: 5 0-TTCACCTTCCCAAAGACCAC-3 0

Sdha F: 5 0-TGGGGCGACTCGTGGCTTTC-30

R: 5 0-CCCCGCCTGCACCTACAACC-3 0

Ywhaz F: 5 0-GACGGAGCTGAGGGACATCTGC-3 0

R: 5 0-GGCTGCGAAGCATTGGGGATCA-30

www.reproduction-online.org
Company, Ann Arbor, MI, USA). LZ and JZ tissues (w40 mg of
each) were homogenized using the POLYTRON-Aggregate
(Kinematica, Lucerne, Switzerland). For the SOD activity assay,
tissues were homogenized in 10 vol of 20 mM HEPES buffer (pH
7.2, containing 1 mM EGTA, 210 mM mannitol and 70 mM
sucrose). Samples were initially centrifuged at 1500 g for 5 min
at 4 8C, and the cell lysate supernatant was again centrifuged at
10 000 g for 15 min to obtain aqueous and pelleted portions;
the aqueous phase contained cytosolic SOD and the pelleted
portion contained mitochondrial SOD. The pelleted portion
was resuspended in 30 ml 20 mM HEPES buffer (pH 7.2,
containing 1 mM EGTA, 210 mM mannitol and 70 mM
sucrose). For the CAT activity assay, tissues were homogenized
in 10 vol 50 mM potassium phosphate buffer (pH 7.0,
containing 1 mM EDTA) and then centrifuged at 10 000 g for
15 min at 4 8C and the cell lysate supernatant was obtained. All
samples were stored at K80 8C until they were assayed for
protein concentration by Bradford assay. Activity assays were
performed as per the manufacturer’s instructions and read at
either 440 or 540 nm (SOD and CATactivity assays respectively)
on the Labsystems Multiskan plate reader (Labsystems, Vantaa,
Finland). Values are expressed as units per gram protein.
Measurement of F2-isoprostanes

Levels of F2-isoprostanes were measured in female placental LZ
samples of IR-treated animals. Tissues (w50 mg) were ground
to a fine powder with a porcelain mortar and pestle chilled with
liquid nitrogen. F2-isoprostanes were extracted and then
measured in duplicate by gas chromatography–mass spectro-
metry using electron capture chemical ionization as described
previously (Barden et al. 2012).
xpression of antioxidant genes, Ucp2, pro-inflammatory genes,

Annealing
temperature (8C)

Amplicon
size (bp)

MgCl2
(mM)

60 145 3

60 149 3

60 195 2

61 197 3

60 160 3

60 188 3

57 190 2

60 295 3

59 178 4

62 127 3

60 134 2

60 75 2
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Figure 1 Labyrinth zone expression of (a) Cat, (b) Txn1, and (c) Gpx3
mRNAs at days 17 and 22 of pregnancy (fetal sex pooled). Mothers were
fed either a Std or Hn3 diet from day 1 of pregnancy. Values are meanG
S.E.M. (nZ7–8 per group). *P!0.01 and **P!0.001 compared with
corresponding Std diet group (two-way ANOVA and post hoc LSD tests
or unpaired t-test); †P!0.05 overall compared with Std diet (three-way
ANOVA) and §P!0.001 compared with day 17 (three-way ANOVA).
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Pro-inflammatory cytokine quantitation

Levels of the pro-inflammatory cytokines, tumor necrosis factor
a (TNFa), interleukin 6 (IL6) and IL1b, were measured in
maternal plasma of IR-treated animals using MILLIPLEX MAP
Kit; Rat Cytokine/Chemokine (Cat #RCYTO-80K; Merck
Millipore, Billerica, MA, USA). Samples were centrifuged at
13 000 g for 5 min prior to analysis. The assay was performed
as per the manufacturer’s instructions and read on CS1000
Autoplex Analyzer (PerkinElmer, Waltham, MA, USA), using
Luminex xPONENT program (Luminex, TX, USA).
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Figure 2 Labyrinth zone expression of (a) Sod1, (b) Sod2 (female only),
and (c) Sod3 mRNAs at days 17 and 22 of pregnancy (fetal sex pooled
except for Sod2). Mothers were fed either a Std or Hn3 diet from day 1
of pregnancy. Male Sod2 data is not presented because expression was
unaffected by maternal diet. Values are meanGS.E.M. (nZ7–8 per
group). *P!0.01 compared with corresponding Std diet group
(two-way ANOVA and post hoc LSD tests or unpaired t-test); †P!0.05
overall compared with Std diet (three-way ANOVA); §P!0.01 overall
compared with day 17 (pooled diet groups, three-way ANOVA) and
§§P!0.001 compared with day 17 value of same diet group
(unpaired t-test).
Statistical analysis

All analyses were conducted using Genstat version 14 (VSN
International Ltd., Hemel Hempstead, UK). Where data were
not normally distributed (based on residual plot analyses),
values were log transformed prior to statistical analysis. In all
instances, ‘n’refers to the number of litters analyzed. Variation in
placental SOD activity was assessed by five-way ANOVA, with
variation attributed to subcellular location (cytosolic or
mitochondrial), maternal diet, gestational age, placental zone,
and fetal sex. Variation in CAT activity and placental gene
expression was assessed by four-way ANOVA, with variation
attributed to maternal diet, gestational age, placental zone, and
fetal sex. Variation in plasma levels of pro-inflammatory
cytokines was assessed by two-way ANOVA, with variation
attributed to maternal diet and gestational age. For all ANOVAs,
when a significant interaction was seen between sources of
variation, separate comparisonswere conducted by four-, three-,
two-way ANOVA, and/or unpaired t-tests as appropriate. Where
the F test reached statistical significance (P!0.05), subsequent
post hoc analyses were performed using least significant
difference (LSD) tests (Snedecor & Cochran 1989).
Reproduction (2013) 146 539–547
Results

We have previously reported that maternal n-3 PUFA
supplementation in this same cohort of animals
increased fetal (6%) and placental (12%) weights at
day 22, the latter attributable primarily to enhanced
growth of the LZ (Jones et al. 2013b). Furthermore, levels
of the oxidative stress marker, F2-isoprostanes, were
reduced in both the placental LZ (31 and 11% at days 17
and 22 respectively) and JZ (29% lower at day 22) with
the Hn3 diet (Jones et al. 2013b).
Effects of n-3 PUFAs on placental antioxidant gene
expression

Labyrinth zone

The maternal Hn3 diet increased LZ expression of Cat
at both day 17 (twofold, P!0.001) and day 22 (1.5-fold,
P!0.01; Fig. 1a) and Sod2 expression in female LZ
at day 22 (1.4-fold; P!0.01; Fig. 2b); male Sod2
expression was unaffected by Hn3 diet (data not
shown). By contrast, Sod1 and Txn1 expression
decreased overall in response to maternal Hn3 diet
(30%, P!0.05 and 22%, P!0.05; Fig. 1a and 2b), and
LZ expression of Sod3, Gpx3, and Ucp2 was unaffected.

LZ antioxidant enzyme expression varied with gesta-
tional age (Figs 1, 2 and 3). Most notably, mRNA
expression of Cat, Gpx3 and Ucp2 increased from
days 17 to 22 (pooled diet groups; all P!0.001). Con-
versely, Sod1 and Txn1 decreased over the same period
www.reproduction-online.org
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(overall, P!0.01 and P!0.001), whereas that of Sod3
did not vary with gestational age. These gestational age
effects were unaffected by Hn3 diet, with the exception
of Sod2 in females, where a significant interaction term
between gestational age and diet was observed
(P!0.01). Specifically, the Sod2 gestational increase
from days 17 to 22 was greater in the Hn3 group
(2.1-fold increase, P!0.001) than the Std group (1.5-fold
increase, P!0.001; Fig. 2b).

Junctional zone

JZ mRNA expression of antioxidant enzymes and Ucp2
was largely unaffected by the Hn3 diet, with the
exception of Txn1, which increased in female JZ at
day 17 (2.5-fold, P!0.01), and Sod3, which decreased
overall (both gestational days, 42–45%, P!0.001)
(Supplementary Figures 1, 2 and 3, see section on
supplementary data given at the end of this article).
JZ expression of antioxidant genes was generally higher
in male compared with female samples, most notably for
Sod2, Cat, and Txn1 (see Supplementary Figures 1 and 2).
Despite this, diet and gestational age effects were similar
in the JZ of males and females.

JZ expression of several antioxidant enzymes changed
with gestational age and these shifts were variably
affected by the maternal Hn3 diet (Supplementary
Figures 1, 2 and 3). For example, while the Hn3 diet
dampened gestational increases in both Sod1 and Txn1
expression in males, it increased Cat expression over this
period in both sexes (each P!0.001). Moreover, the
gestational decline in JZ Txn1 expression in females was
enhanced by the Hn3 diet (P!0.05).
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Figure 4 Labyrinth zone activity of (a) cytosolic SOD, (b) mitochondrial
SOD, and (c) CAT at days 17 and 22 of pregnancy (fetal sex pooled).
Mothers were fed either a Std or Hn3 diet from day 1 of pregnancy.
Values are meanGS.E.M. (nZ6–8 per group). *P!0.05 compared with
corresponding Std diet group (two-way ANOVA); §P!0.01 and
§§P!0.001 compared with day 17 (three- or two-way ANOVA).
Effects of n-3 PUFAs on placental SOD and
CAT enzyme activities

Placental levels of SOD and CAT activity were similar in
males and females, and so data were pooled for all
further analyses. In the LZ, the Hn3 diet increased
cytosolic SOD activity at day 22 (29%; P!0.05; Fig. 4a)
but had no effect on mitochondrial SOD and CAT
www.reproduction-online.org
activities on either day (Fig. 4b and c). In the JZ, the Hn3
diet increased cytosolic SOD activity only at day 17
(32%; P!0.01) and had no effect on JZ mitochondrial
SOD and CAT activities (Supplementary Figure 4,
see section on supplementary data given at the end of
this article).

The maternal Hn3 diet also variably affected gesta-
tional changes (i.e. between days 17 and 22) in placental
SOD and CAT activities (Fig. 4, Supplementary Figure 4).
Most notably, the Hn3 diet prevented the gestational
decline in LZ activity of cytosolic SOD (Fig. 4a), whereas
JZ activity of cytosolic SOD decreased only in Hn3
group over the same period (15% decrease; P!0.05;
Supplementary Figure 4a).
Placental IR

Fetal and placental weights

UAO treatment affected growth outcomes of males and
females similarly, and so data were pooled for further
analysis (Fig. 5). Maternal Hn3 diet increased fetal
weight overall (4.5% increase, pooled treatment groups;
P!0.05), consistent with observed growth outcomes in
untreated pregnancies (Jones et al. 2013b). In UAO-
treated mothers, fetal weight of the occluded horn was
reduced overall compared with Sham (pooled diet
groups, P!0.01), although by LSD test this was
significant only in the Hn3 group (7.7% reduction,
P!0.05), and was a strong trend in the Std diet group
(8.3% reduction, PZ0.053). Fetal weight of the con-
tralateral horn was unaffected by UAO irrespective of
maternal diet. In Sham-treated animals, placental weight
increased with maternal Hn3 diet (9%, P!0.05), again
Reproduction (2013) 146 539–547
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consistent with untreated pregnancy (Jones et al. 2010).
In UAO-treated mothers, total placental weight was
unaffected in both diet groups, although LZ weight
was reduced in both occluded (7.9–11.3%, P!0.01)
and contralateral horns (2.5–10.9%; overall P!0.05,
pooled diet groups); JZ weight was unaffected by UAO.
Ratios between fetal, whole placental, and LZ weights
did not differ with maternal diet or UAO treatment (data
not shown).

Placental LZ F2-isoprostanes

Levels of F2-isoprostanes were measured in female LZ
samples of IR-treated mothers (Sham and UAO). Levels
decreased in response to maternal Hn3 dietary intake
(19.4–33.6% decrease; pooled treatment groups,
P!0.05; data not shown), consistent with untreated
pregnancies (Jones et al. 2013b). UAO treatment did not
affect LZ levels of F2-isoprostanes (data not shown).

Maternal circulating levels and placental gene
expression of pro-inflammatory mediators

Maternal TNFa levels were not affected by either
maternal Hn3 or UAO treatment (data not shown).
Maternal circulating levels of IL1b were increased with
Hn3 diet (53%; P!0.05), consistent with our previous
observations (Jones et al. 2013a). IL6 was undetectable
in maternal plasma, and placental LZ Tnf expression was
Reproduction (2013) 146 539–547
not affected by either the maternal Hn3 diet or the UAO
treatment (Fig. 6a). Ptgs2 expression was lower overall
in female compared with male LZ (overall sex effect,
P!0.01), but diet and UAO treatment effects were
similar for each sex. The maternal Hn3 diet reduced
Ptgs2 expression in the Occ group of UAO-treated
mothers (P!0.05 for each sex; Fig. 6b). Surprisingly,
Ptgs2 expression was higher in Sham- than in UAO-
treated LZ (occluded or contralateral; 36–49% higher;
overall treatment effect P!0.001; Fig. 6b). JZ expression
of both Tnf and Ptgs2 was unaffected by maternal diet or
UAO treatment (data not shown).
Discussion

Mounting evidence suggests that oxidative stress in
uteroplacental tissues plays a key role in the develop-
ment of pregnancy complications, including PE and
IUGR. Maternal dietary n-3 PUFA supplementation may
be a possible therapeutic intervention for these
disorders, given their ability to reduce placental
oxidative damage (Jones et al. 2013b). The aim of this
study was to investigate the impact of maternal n-3 PUFA
supplementation on the antioxidant capacity of the late
gestation placenta. The major findings were that
maternal n-3 PUFA supplementation enhanced the
expression, and to a lesser extent activity, of various
antioxidant enzymes in the placental LZ. These obser-
vations extend our earlier report that maternal dietary
n-3 PUFA intake reduced placental F2-isoprostanes
(a highly reliable marker of oxidative damage) and was
associated with increased fetal and placental growth
(Jones et al. 2013b). Despite enhanced basal LZ levels of
antioxidant enzymes and reduced placental oxidative
stress in otherwise normal pregnancies, dietary n-3
PUFA supplementation could not prevent IR-induced
fetal and placental growth restriction.
www.reproduction-online.org
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The importance of limiting placental oxidative stress
during normal gestation has recently been shown by two
studies. First, Umekawa et al. (2008) demonstrated that
global TXN1 overexpression reduced oxidative damage
and enhanced fetal growth in a mouse model. Similarly,
we recently reported reduced placental oxidative
damage and increased fetal and placental growth with
maternal dietary n-3 PUFA supplementation (Jones et al.
2013b). Together, these studies suggest that placental
ROS tonically suppress fetal growth during normal
pregnancy. Because the placental LZ is the site of
maternal–fetal exchange, enhanced antioxidant
capacity of this placental zone could significantly impact
on fetal growth outcomes. In this study, LZ mRNA
expression of Cat was increased at both gestational days
in response to maternal n-3 PUFA supplementation, as
was Sod2 in female LZ at day 22. Concomitantly,
expression of Sod1 and Txn1 was reduced, although
these effects were marginal. These results point to a likely
redundancy in the antioxidant defences, given that
several antioxidant enzymes catalyze conversion of the
same ROS molecule. Therefore, despite the marginal
falls in Txn1 and Sod1, corresponding increases in Cat
and Sod2 mRNA expression likely account for the
previously reported reduction in F2-isoprostanes (Jones
et al. 2013b). Enhanced Cat expression in response to
maternal Hn3 diet was not matched by higher CAT
activity levels, but it is possible that this reflected lower
sensitivity of the activity assay relative to quantitative
PCR. Despite an overall slight reduction of Sod1 mRNA
expression in the placental LZ with maternal n-3 PUFA
supplementation, corresponding cytosolic SOD activity
was increased at day 22, presumably reflecting increased
enzyme efficiency or activation, potentially via post-
translational regulatory mechanisms. Overall, these
results suggest that antioxidant capacity of the placental
LZ was enhanced by maternal n-3 PUFA supple-
mentation and may in part contribute to increased fetal
and placental LZ growth (Jones et al. 2013b).

In contrast to the LZ, antioxidant responses of the JZ
to maternal n-3 PUFA supplementation were minimal.
While the LZ grows rapidly during late gestation to meet
fetal demand, the JZ regresses during this time (Waddell
et al. 2000). As such, it is perhaps unsurprising that
antioxidant responses differ between the two placental
zones in late gestation, and this highlights the need to
consider these zones separately in rodent studies. The
majority of antioxidant enzymes were more highly
expressed in the placental LZ than in the JZ, the single
exception being Gpx3 expression, which was
considerably higher in JZ, and this is consistent with
our previous findings in chow-fed animals (Jones et al.
2010). Overall, the placental LZ appeared to exhibit
enhanced antioxidant defences compared with the JZ.
Accordingly, levels of F2-isoprostanes were lower in the
placental LZ than in the JZ (Jones et al. 2013b).
www.reproduction-online.org
Placental ROS accumulation may also be controlled
by limiting ROS generation. Previous studies have
established an important role for Ucp2 in limiting
oxidative damage in other tissues, with Ucp2-null mice
showing increased ROS production in several cell types
(Arsenijevic et al. 2000, Chevillotte et al. 2007). Dietary
n-3 PUFAs have been shown to increase Ucp2 mRNA
expression in mouse white adipose tissue in vivo (Hun
et al. 1999) and in rat myocytes in vitro (Hatakeyama &
Scarpace 2001). Despite these previous observations,
maternal dietary supplementation with n-3 PUFAs did
not affect placental Ucp2 expression in this study. This
may suggest that basal placental Ucp2 expression is
already relatively high in normal pregnancy and is thus
unresponsive to further stimulation.

In addition to their anti-oxidative properties, the
anti-inflammatory and pro-resolving actions of n-3
PUFAs are well documented (Calder 2012). Inflam-
mation is closely associated with oxidative stress, given
that pro-inflammatory cytokines produced in response
to ROS accumulation subsequently stimulate further
ROS production by target cells (Burton & Jauniaux
2011). Furthermore, we recently reported increased
placental synthesis of pro-inflammatory cytokines
towards term in the rat (Mark et al. 2013). Consequently,
the beneficial effects of n-3 PUFA supplementation on
oxidative status could be accounted for, in part, by their
anti-inflammatory actions. Although levels of pro-
inflammatory mediators (placental and maternal) were
not suppressed by n-3 PUFA supplementation, placental
levels of the n-3 PUFA-derived pro-resolving mediators,
resolvins and protectins, were markedly increased (Jones
et al. 2013a). This could be relevant to antioxidant
capacity, as administration of resolvin D1 can limit
oxidative stress-induced inflammation in the mouse
(Spite et al. 2009), and protectin D1 confers protection
from oxidative stress-induced apoptosis in human retinal
pigment epithelial cells (Faghiri & Bazan 2010). Thus,
the enhanced levels of placental resolvins and protectins
induced by n-3 PUFA supplementation may protect
against oxidative damage.

In this study, we show that expression and activity of
antioxidant enzymes increase towards term, confirming
our previous report in chow-fed animals (Jones et al.
2010). This is consistent with an up-regulation of
placental antioxidant defences as placental oxygenation
increases, which occurs on two occasions during normal
gestation: following the rapid onset of maternal intra-
placental circulation (10–12 weeks human gestation
(Myatt & Cui 2004)) and during late gestation when fetal
demand is maximal (Takehara et al. 1990, Perkins 2006).

Omega-3 PUFA administration has also been shown
to confer protection against hepatic (Kim et al. 2013),
renal (Ashtiyani et al. 2012), intestinal (Arisue et al.
2012, Brahmbhatt et al. 2013), cerebral (Pan et al. 2009),
pulmonary (Lee et al. 2008), and myocardial (Zeghichi-
Hamri et al. 2010, Gao et al. 2011) IR injury.
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Furthermore, given our previous observation of reduced
placental oxidative damage with maternal n-3 PUFA
supplementation in normal pregnancy (Jones et al.
2013b) and increased LZ antioxidant defences as
demonstrated here, we hypothesized that maternal n-3
PUFA supplementation would prevent placental
IR-induced growth restriction. On the contrary, the
adverse impact of IR on fetal and placental growth was
similar in Std and Hn3 diet-fed mothers. This may
suggest that while maternal n-3 PUFA supplementation
is beneficial in a normal pregnancy setting, its capacity
to protect against a major IR insult is limited.

UAO treatment did not affect markers of placental LZ
oxidative damage (F2-isoprostanes), maternal or placen-
tal inflammation. This may be because these were
analyzed 5 days following UAO, thereby allowing time
for tissue recovery and resolution of inflammation. As
such it would be of interest to measure oxidative and
inflammatory markers nearer to the time of UAO
treatment. As fetal growth is maximal between days 17
and 22, collecting tissues at day 22 allowed us to best
examine the effect of UAO on fetal and placental growth
outcomes. Fetal growth was restricted by around 8%
after UAO treatment, somewhat greater than that
observed in other studies utilizing this model (e.g. as
little as 4% fetal weight restriction 5 days after treatment
(Yamazaki et al. 2006)).

In conclusion, this study demonstrates that maternal
dietary supplementation with n-3 PUFAs increases the
antioxidant capacity of the placental LZ, which may
contribute to reduced placental oxidative status and
increased fetal and placental growth outcomes (Jones
et al. 2013b). Despite this increased antioxidant
capacity, maternal n-3 PUFA supplementation did not
protect against placental IR-induced fetal and placental
LZ growth restriction.
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