
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 54, 2013 2247

Copyright © 2013 by the American Society for Biochemistry and Molecular Biology, Inc.

acids (PUFAs) are particularly important ( 2 ). Although 
subject to some controversy, maternal dietary supplemen-
tation with n-3PUFAs has demonstrated benefi cial effects 
on human pregnancy outcomes, including increased ges-
tation length ( 3 ), reduced risk of pregnancy complications 
( 4–6 ), and increased fetal growth ( 7 ). We have recently 
shown that dietary supplementation with n-3PUFAs in 
pregnant rats enhanced placental and fetal growth in 
association with reduced placental oxidative stress ( 8 ). 
Omega-3 PUFAs are involved in several physiological path-
ways that may account for such benefi cial effects. For 
example, n-3PUFAs are ligands for the peroxisome prolif-
erator-activated receptors, transcription factors involved 
in gene regulation of anti-infl ammatory, metabolic, and 
developmental processes ( 9 ). The anti-infl ammatory prop-
erties of n-3PUFAs are particularly well documented, 
whereby they interrupt pro-infl ammatory eicosanoid 
generation through competition for active sites of prosta-
glandin-endoperoxide synthase 2 (PTGS; also known as 
cyclooxygenase) and lipoxygenase (ALOX) enzymes ( 10 ); 
they also play a role in inhibiting cytokine production, cell 
adhesion molecule expression, nitric oxide synthesis, mem-
brane fl uidity and function, and NF- � B activity ( 11 ). 

 Serhan et al. ( 12 ) have described a family of potent anti-
infl ammatory and pro-resolving lipid mediators derived 
from n-3PUFAs named “resolvins” and “protectins.” These 
fatty acid-derived mediators drive an active process to 
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  Fatty acids are important biological constituents that 
serve a range of structural, energetic, and signaling roles 
( 1 ). The developing fetus requires substantial amounts of 
fatty acids to support rapid cellular growth and activity, 
and among these, the omega-3 (n-3) polyunsaturated fatty 
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and maintained under controlled conditions as described previ-
ously ( 22 ). 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-3PUFA (Hn3) isocaloric semi-
pure diet (Specialty Feeds, Glenn Forrest, Australia). Both diets 
included 5% total fat; Std diet contained 0.8% of total fatty acids 
as n-3PUFAs (<0.02% as EPA and <0.02% as DHA), while the 
Hn3 diet contained 33.2% (5.4% as EPA and 23.8% as DHA). 
Detailed fatty acid composition of the diets was described by 
Jones et al. ( 8 ). All procedures involving animals were conducted 
under approval by the Animal Ethics Committee of the Univer-
sity of Western Australia. 

 Tissue collection 
 Rats were anesthetized with isofl urane/nitrous oxide at either 

day 17 or 22 of gestation. Three fetus-placenta pairs were ob-
tained from the mid-region of each uterine horn (total of six per 
mother) and weighed. Each placenta was then dissected into 
junctional and labyrinth (LZ) zones, which were weighed indi-
vidually and snap frozen in liquid nitrogen. Measurement of 
genes that are differentially expressed between placental zones 
confi rms adequate separation by this method ( 22 ). A blood sam-
ple was obtained from the dorsal aorta and mixed with 10:1 (v/v) 
0.6 M ethylenediaminetetraacetic acid 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  � 80°C until further 
analysis. Fetal sex was determined by PCR amplifi cation of the  Sry  
gene in day 17 fetuses as previously described ( 8 ) and at day 22 
by measuring anogenital distance ( 23 ). 

 Quantitation of resolvins and protectins 
 The following fatty acid-derived mediators were quantitated as 

previously described ( 24 ) in female LZ samples: 18R/S-hydroxy-5Z,
8Z,11Z,14Z,16E-eicosapentaenoic acid (18R/S-HEPE); 17S-hydroxy-
4Z,7Z,10Z,13Z,15E,19Z-docosahexaenoic acid (17R/S-HDHA); 
7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-docosahexaenoic 
acid (RvD1); 7S,8R,17R-trihydroxy-4Z,9E,11E,13Z,15E19Z-doco-
sahexaenoicacid (17R-RvD1); 7S,16R,17S-trihydroxy-4Z,8E,10Z,
12E,14E,19Z-docosahexaenoic acid (RvD2); 10R,17S-dihydroxy-
4Z,7Z,11E,13E,15Z,19Z-docosahexaenoic acid (protectin D1, 
PD1); and 10S,17S-dihydroxy-4Z,7Z,11E,13Z,15E,19Z-docosa-
hexaenoicacid (10S,17S-DiHDHA). Stereochemical assignment 
of RvD1 and 17R-RvD1 ( 25 ); RvD2 ( 26 ); and PD1 and 10S,17S-
DiHDHA ( 27 ) have been described previously. The PD1 standard 
was kindly provided as a gift by Professor Charles N. Serhan 

resolve infl ammation, and they are derived directly from 
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic 
acid (DHA; 20:6n-3) by a series of biosynthetic steps in-
volving ALOX enzymes and CYP450 or PTGS2/aspirin 
( 13 ) (  Fig. 1  ).  Resolvins can be generated from either EPA 
(E-series resolvins; RvE) or DHA (D-series resolvins; RvD), 
whereas protectins are derived only from DHA ( 14 ). The 
potent pro-resolving and anti-infl ammatory effects of re-
solvins and protectins were initially identifi ed by Serhan 
and colleagues ( 15, 16 ) and have since been confi rmed by 
many in vivo and in vitro studies (for reviews, see Refs.  13  
and  17 ). Evidence that basal levels of these fatty acid-
derived mediators can be enhanced by increasing substrate 
supply via dietary supplementation with n-3PUFAs is limited, 
although this has been demonstrated for rodent liver ( 18 ) 
and bone marrow ( 19 ) and in human blood ( 20, 21 ). 

 The aims of this study were to measure resolvins, protec-
tins, and their precursors in the placental labyrinth zone 
(LZ) of the rat. The LZ was chosen because it is the site of 
maternal-fetal exchange, and as such, enhancing the ca-
pacity of this placental zone to resolve infl ammation could 
signifi cantly impact fetal growth outcomes. To assess 
whether the benefi cial effects of n-3PUFAs on fetal growth 
and placental oxidative state are associated with increased 
levels of resolvins and protectins, we investigated the im-
pact of maternal dietary supplementation with n-3PUFAs 
on placental levels of these specialized pro-resolving lipid 
mediators, as well as maternal and placental infl ammatory 
markers. Since levels of resolvins and protectins changed 
signifi cantly with maternal diet and/or gestational age, we 
also measured mRNA expression of the ALOX enzymes 
involved in their production by real-time qPCR. Measure-
ments were made on days 17 and 22 of gestation (term = 
day 23) to encompass the major period of fetal growth. 

 MATERIALS AND METHODS 

 Animals and diets 
 Nulliparous albino Wistar rats, 8 to 12 weeks old, were ob-

tained from the Animal Resources Centre (Murdoch, Australia) 

  Fig.   1.  Resolvin and protectin generation path-
ways. EPA is converted to E-series resolvin precursor, 
18-HEPE of the R- and S-confi gurations (18R/S-
HEPE), by either CYP450, PTGS2/Aspirin, or ALOX 
activity followed by peroxidase activity. ALOX5 then 
initiates RvE generation. DHA is converted to the 
D-series resolvins and protectins precursor, 17-HpDHA 
of the R- and S-confi gurations (17R/S-HpDHA), by 
either ALOX15 (type A and/or B), CYP450, or PTGS2/
Aspirin. This is then converted to protectin D1 
(PD1) via hydroxylase, or 17R/S-HDHA via peroxi-
dase activity. The S-confi guration (17S-HDHA) is 
then converted to the protectin 10S,17S-DiHDHA 
via peroxidase, or alternatively, ALOX5 initiates RvD 
generation. (Modifi ed from Ref.  12 ).   
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with variation attributed to maternal diet, gestational age, and 
fetal sex. Differences in placental levels of resolvins and protec-
tins and in plasma levels of pro-infl ammatory cytokines were 
assessed by two-way ANOVA, with variation attributed to maternal 
diet and gestational age. For all ANOVAs, when signifi cant inter-
action between sources of variation was seen, separate compari-
sons were conducted by two-way ANOVA or unpaired  t -test 
as appropriate. Where the  F  test reached statistical signifi cance 
( P  < 0.05), subsequent post hoc analyses were performed using 
least-signifi cant-difference (LSD) tests ( 30 ). 

 RESULTS 

 In this same cohort of animals, we have previously 
demonstrated increased fetal (6%) and placental (12%) 
weights at day 22 with Hn3 diet, the latter attributable pri-
marily to growth of the LZ. Furthermore, levels of EPA 
(1.8- to 3-fold) and DHA (3.2- to 4-fold) were elevated in 
the LZ with Hn3 diet ( 8 ). 

 Placental levels of resolvins and protectins 
 The E-series and D-series precursors, 18R/S-HEPE and 

17R/S-HDHA, respectively, were both detected in the pla-
cental LZ (  Fig. 2  ).  In Std diet-fed animals, 18R/S-HEPE 
levels were unaltered from day 17 to day 22 of gestation 
( Fig. 2A ), while 17R/S-HDHA increased (5.2-fold,  P  < 
0.001) over the same period ( Fig. 2B ). Consumption of 
the Hn3 diet increased levels of these precursors at both 
gestational days; 18R/S-HEPE levels were 12-fold higher 
( P  < 0.001) at day 17 and 54-fold higher ( P  < 0.001) at day 22 
( Fig. 2A ), while the increases in 17R/S-HDHA concentra-
tions were far more modest (1.5- to 2.3-fold, overall 
 P  < 0.01;  Fig. 2B ). 

 Placental LZ levels of the two protectins, PD1 and 
10S,17S-DiHDHA, were similarly affected by gestational 
age and diet (  Fig. 3A , B ).  Both PD1 and 10S,17S-DiHDHA 
concentrations increased from day 17 to day 22 of gesta-
tion (5.4- and 11-fold, respectively;  P  < 0.001). While the 
Hn3 diet increased levels of both, this effect was greater 
for 10S,17S-DiHDHA (2.1- to 3.4-fold, overall  P  < 0.01; 
 Fig. 3B ) compared with PD1 (1.5- to 2.2-fold, overall 
 P  < 0.05;  Fig. 3A ). 

 Levels of both 17R-RvD1 and RvD1 were unaltered from 
day 17 to day 22 of gestation and were not affected by the 
Hn3 diet at day 17 ( Fig. 3C, D ). At day 22, however, levels 
of both 17R-RvD1 and RvD1 were signifi cantly increased 
(4.7- and 6.7-fold, respectively;  P  < 0.001;  Fig. 3C, D ) by the 
Hn3 diet. Placental levels of RvD2 were unaltered from 
day 17 to day 22, but increased with Hn3 diet (day 17: 2.1-
fold,  P  < 0.05; day 22: 2.7-fold,  P  < 0.05;  Fig. 3E ). 

 Placental expression of lipoxygenase enzymes 
 Gene expression of  Alox15  was overall higher in LZ 

of female fetuses than LZ of male fetuses at day 22 of preg-
nancy (44 to 71% higher;  P  < 0.01); however, gestational 
and dietary changes were similar between sexes. For all 
other genes, fetal sex did not affect placental mRNA 
expression, so male and female data were pooled for fur-
ther analyses. 

(Harvard Medical School, Boston, MA). Briefl y, samples were 
homogenized in 15% methanol (v/v) using a Polytron PT1200B 
homogenizer (Kinematica, Switzerland). Leukotriene B 4 -d 4  
(80 ng; Cayman Chemicals, MI) was added as the internal stan-
dard. Samples were then acidifi ed to pH 3 with 0.25 M HCl and 
applied to solid-phase extraction cartridges (Bond Elut C18 500 mg; 
Agilent Technologies, Vic, Australia) and washed in 15 ml 15% 
methanol, 15 ml double-distilled H 2 O, and 15 ml hexane. Resolvins 
and protectins were eluted with 10 ml methyl formate, dried under 
nitrogen, and then reconstituted in 100 µl 5 mmol/l ammonium 
acetate (pH = 9)/methanol (50/50; v/v) for analysis by liquid 
chromatography-tandem mass spectrometry as described previ-
ously ( 24 ). 

 We previously reported that male and female LZ exhibit simi-
lar gestational age and dietary responses with regard to growth 
outcomes, fatty acid profi les, and oxidative states ( 8 ). Therefore, 
resolvin and protectin analyses were limited to female placentas. 

 RNA sample preparation 
 Total RNA was isolated from placental LZ samples using Tri-

Reagent (Molecular Resources Centre, Cincinnati, OH) as per 
the manufacturer’s instructions. Total RNA (1  � g) was used as a 
template for cDNA synthesis by murine Moloney leukemia virus 
Reverse Transcriptase RNase H Point Mutant and random hex-
amer primers (Promega, Madison, WI) as per the manufacturer’s 
instructions. The resultant cDNAs were purifi ed using the Ultra-
clean PCR Cleanup kit (MoBio Industries, Solana Beach, CA). 

 Real-time RT-PCR 
 Analyses of mRNA expression levels for the lipoxygenase en-

zymes  Alox15  (also known as  12/15-Lox ),  Alox15b ,  Alox5 , and  Alox5  
activating protein ( Alox5ap ); for the pro-infl ammatory mediator 
genes tumor necrosis factor- �  ( Tnf �  ), interleukin-1 �  ( Il1 �  ), in-
terleukin-6 ( Il6 ),  Ptgs1 , and  Ptgs2 ; and for the reference genes 
 Ppia ,  Sdha , and  Ywhaz  were performed by real time RT-PCR on 
the Rotorgene 6000 (Corbett Industries, Sydney, Australia) using 
iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). Primer pairs 
for all genes of interest (  Table 1  )  were designed using Primer-
BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast) ( 28 ), 
with the exception of  Il1 �  , which was purchased (QT00181657; 
Qiagen, Melbourne, Australia). Each of the selected primer pairs 
were positioned to span introns to ensure no product was ampli-
fi ed from genomic DNA, and the resulting amplicons were se-
quenced to confi rm specifi city. Standard curves for each amplicon 
were generated with 10-fold serial dilutions of gel-extracted 
(QIAEX II, Qiagen, Melbourne, Australia) PCR products using 
the Rotorgene 6000 software. All samples were normalized 
against  Ppia ,  Sdha , and  Ywhaz  using the GeNorm algorithm ( 29 ). 

 Pro-infl ammatory cytokine quantitation 
 Levels of the pro-infl ammatory cytokines TNF � , IL1 � , and IL6 

were measured in maternal aortic plasma using a MILLIPLEX 
xMAP Kit; Rat Cytokine/Chemokine (Cat# RCYTO-80K; Merck 
Millipore, MA). Samples were centrifuged at 13,000  g  for 5 min 
prior to analysis. The assay was performed as per manufacturer’s 
instructions using a CS1000 Autoplex Anaylzer (PerkinElmer, 
WA), running Luminex xPONENT software (Luminex). 

 Statistical analysis 
 All analyses were conducted using Genstat version 14 (VSN 

International Ltd., Hemel Hempstead, UK). Where data were 
not normally distributed (based on residuals plot analyses), val-
ues were log transformed prior to statistical analysis. In all in-
stances, “n” refers to the number of litters analyzed. Variation in 
placental gene expression was assessed by three-way ANOVA, 
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 DISCUSSION 

 This is the fi rst report describing the presence of resolvins 
and protectins in rat placenta. The major fi ndings were 
that relatively high levels of the resolvins 17R-RvD1, RvD1, 
and RvD2, the protectins PD1 and 10S,17S-DiHDHA, 
and their respective precursors 18R/S-HEPE and 17R/
S-HDHA were detected in the rat placental LZ in the 
fi nal third of gestation, with levels of protectins increas-
ing over this period. Moreover, levels of resolvins, pro-
tectins, and their respective pathway precursors were 
markedly increased by maternal dietary supplementation 
with n-3PUFAs, whereas markers of infl ammation were 
not suppressed. 

 All of the measured resolvins and protectins were readily 
detectable in rat placental LZ, and although current litera-
ture is limited, levels appeared to be high relative to other 
tissues. For example, concentrations of RvD1, RvD2, and 
PD1 were higher than levels recently reported in human 
subcutaneous adipose tissue by approximately 60-fold, 

 In Std diet-fed animals, gene expression of  Alox15,  a li-
poxygenase enzyme that drives the initial step in resolvin and 
protectin formation, increased from day 17 to day 22 of preg-
nancy (male: 4-fold; female: 5.7-fold, both  P  < 0.001;   Fig. 4A  ), 
 whereas  Alox15b  remained similar between gestational days 
( Fig. 4B ). Those enzymes responsible for the fi nal stages of 
resolvin production,  Alox5  and  Alox5ap , were not different 
between gestational days ( Fig. 4C, D ). Maternal Hn3 diet in-
creased LZ mRNA expression of  Alox15b  and  Alox5  at day 22 
(by 3.4- and 1.9-fold, respectively;  P  < 0.001), while expression 
of  Alox15  and  Alox5ap  were unaffected by Hn3 diet. 

 Placental expression of pro-infl ammatory mediators 
 LZ mRNA expression of  Tnf �  ,  Il1 �  ,  Ptgs1 , and  Ptgs2  in-

creased from day 17 to day 22 of rat pregnancy ( Tnf �  : 
4-fold,  P  < 0.001;  Il1 �  : 3.4-fold,  P  < 0.001;  Ptgs1 : 95%,  P  < 
0.001; and  Ptgs2 : 31-fold,  P  < 0.001), while  Il6  remained 
consistent between gestational days (  Fig. 5  ).  Surprisingly, 
mRNA expression of  Il1 �   and  Il6  was higher with Hn3 di-
etary intake at day 22 (2.2- and 1.6-fold, respectively;  P  < 
0.001), and  Ptgs1  was higher at both day 17 and day 22 (by 
22%,  P  < 0.05, and 27%,  P  < 0.01, respectively). 

 Plasma pro-infl ammatory cytokine levels 
 Maternal systemic levels of TNF �  increased from day 17 

to day 22 (2.5-fold,  P  < 0.05;   Fig. 6A  ),  whereas levels of IL6 
did not change ( Fig. 6B ). Plasma IL1 �  concentrations de-
creased overall (both diets pooled) from day 17 to day 22 
( P  < 0.05), but this only reached signifi cance by post hoc 
analysis in the Hn3 group ( Fig. 6C ). Plasma TNF �  levels 
were unaffected by maternal diet at day 17, but by day 22, 
levels were reduced by 25% with maternal Hn3 dietary in-
take ( P  = 0.01). In contrast, plasma IL1 �  levels increased 
with maternal Hn3 dietary intake (2.3- to 3.4-fold, overall 
 P  < 0.05), while IL6 levels were unaffected. 

 TABLE 1. Primers and PCR conditions used to measure placental expression of the infl ammatory genes, 
lipoxygenase enzymes, and reference genes by real time RT-PCR 

Gene Forward/Reverse Primer Sequence Annealing Temp.(°C)
Amplicon Size 

(bp) MgCl 2  (mM)

 Alox15 F 5 ′  CACCGGAGACTCCAAGTACG 3 ′ 60 153 3
R 5 ′  AGTGGCCCAAGGTATCCTGA 3 ′ 

 Alox15b F 5 ′  CCCTGTTATCAGTGGCTGGA 3 ′ 60 190 3
R 5 ′  TCACGGTCTCATGGTCAAGG 3 ′ 

 Alox5 F 5 ′  TGGCATCTAGGTGCAGTGTG 3 ′ 60 133 3
R 5 ′  CCTCCAGGTTCTTGCGGAAT 3 ′ 

 Alox5ap F 5 ′  GAGAAGCTTCCAGAGGACGG 3 ′ 60 154 3
R 5 ′  ATACATCAGCCCAGCGAAGG 3 ′ 

 Tnf �  F 5 ′  TACTGAACTTCGGGGTGATTGGTCC 3 ′ 60 295 3
R 5 ′  CAGCCTTGTCCCTTGAAGAGAACC 3 ′ 

 Il6 F 5 ′  TCCGCAAGAGACTTCCAGCCAGT 3 ′ 60 148 2
R 5 ′  AGCCTCCGACTTGTGAAGTGGT 3 ′ 

 Ptgs1 F 5 ′  TGCCCTCTGTACCCAAAGAC 3 ′ 60 104 2
R 5 ′  CTCCCTTCTCAGCAGCAATC 3 ′ 

 Ptgs2 F 5 ′  GAAGGGACACCCTTTCACAT 3 ′ 59 178 4
R 5 ′  TGGGGAGACCATGGTAGAAC 3 ′ 

 Ppia F 5 ′  AGCATACAGGTCCTGGCATC 3 ′ 62 127 3
R 5 ′  TTCACCTTCCCAAAGACCAC 3 ′ 

 Sdha F 5 ′  TGGGGCGACTCGTGGCTTTC 3 ′ 60 134 2
R 5 ′  CCCCGCCTGCACCTACAACC 3 ′ 

 Ywhaz F 5 ′  GACGGAGCTGAGGGACATCTGC 3 ′ 60 75 2
R 5 ′  GGCTGCGAAGCATTGGGGATCA 3 ′ 

  Fig.   2.  Levels of female labyrinth zone resolvin/protectin pre-
cursors (A) 18R/S-HEPE and (B) 17R/S-HDHA at days 17 and 22 
of pregnancy. Mothers were fed either a standard or high n-3PUFA 
diet from day 1. Values are mean ± SEM (n = 5–8 per group). * P  < 
0.001 compared with corresponding Std diet (unpaired  t -test);  †  P  < 
0.01 overall compared with Std diet (two-way ANOVA);  §  P  < 0.001 
compared with day 17 (two-way ANOVA).   
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from picomolar (10S,17S-DiHDHA at day 17) to low micro-
molar (17R/S-HDHA at day 22) concentrations. Our anal-
ysis was conducted on tissue homogenates, so extracellular 
concentrations were not determined; therefore, it is un-
clear whether biological actions of these fatty acid-derived 
mediators are confi ned to local effects within the placenta 
or may also play a role in other target tissues. Levels of PD1 
and 10S,17S-DiHDHA and their precursor 17R/S-HDHA 
increased over late gestation in the placental LZ of Std 
diet-fed animals. Consistent with these changes, gene ex-
pression of  Alox15 , one of the enzymes that drive the initial 
step in resolvin and protectin formation, also increased 
toward term. In contrast,  Alox15b , which is similarly in-
volved in resolvin and protectin formation, did not in-
crease toward term, which may indicate this form of the 
enzyme did not drive late gestational increases in protec-
tin levels. CYP450 activity also may have contributed to ges-
tational increases of these fatty acid-derived mediators; the 
relative contribution of ALOX15 and CYP450 to placental 
resolvin and protectin generation remains to be deter-
mined. Increased protectin levels are unlikely to be simply 
due to greater substrate availability because, although 
DHA levels were higher in the placental LZ at day 22 com-
pared with day 17 (25%; see Ref.  8 ), the corresponding 
increase in protectin levels was considerably greater (5- to 
11-fold). High protectin levels in the LZ at late gestation 
may serve to maintain a healthy infl ammatory balance as 
these signals rise markedly leading up to and during par-
turition. Such a role may be specifi c to protectins, since 
neither the D-series resolvins nor the E-series precursor 
(18R/S-HEPE) increased in abundance toward term. 
Accordingly, gene expression of the enzymes responsible 
for the fi nal stages of resolvin production,  Alox5  and 
 Alox5ap , remained unchanged in the LZ, consistent with 
the stable levels of the resolvins during late gestation. 

 Excessive infl ammation in uteroplacental tissues has 
been implicated in the development of several pregnancy 
complications ( 32 ), and n-3PUFAs have been proposed as 
a possible therapeutic intervention. Maternal n-3PUFA 
supplementation enhanced placental LZ levels of those 
specialized proresolving mediators and their precursors. 
Levels of both 18R/S-HEPE and 17R/S-HDHA were sig-
nifi cantly increased by the Hn3 diet at both gestational 
days. The presence of these precursors suggests an overall 
increase in basal production of resolvins and protectins in 
the placental LZ with maternal Hn3 dietary intake. The 
pathway precursors 18R/S-HEPE and 17R/S-HDHA have 
shown to exert pro-resolving and anti-infl ammatory activ-
ity ( 18, 33–35 ), albeit at a higher concentration than their 
downstream resolvin and protectin metabolites, raising 
the possibility that they may contribute to the pro-resolving 
effects of these lipids in the placenta. Both PD1 and 
10S,17S-DiHDHA levels were also increased by the Hn3 
diet on days 17 and 22. In contrast, 17R-RvD1 and RvD1 
abundance was increased with Hn3 diet only at day 22 of 
pregnancy. Coincident with these increases, gene expression 
of  Alox15b  and  Alox5  were stimulated by the Hn3 diet at 
day 22, suggesting that exposure to dietary n-3PUFAs may 
enhance enzymatic conversion to pro-resolving mediators, 

170- to 300-fold, and 7- to 37-fold, respectively ( 31 ). Fur-
thermore, these fatty acid-derived mediators have shown 
to exhibit potent pro-resolving activity in nanomolar to 
picomolar concentrations in a variety of cell types ( 12 ); 
here placental LZ levels appear relatively high, ranging 

  Fig.   3.  Levels of female labyrinth zone protectins (A) PD1 and 
(B) 10S,17S-DiHDHA, and resolvins (C) 17R-RvD1, (D) RvD1, and 
(E) RvD2 at days 17 and 22 of pregnancy. Mothers were fed either 
a standard or high n-3PUFA diet from day 1. Values are mean ± 
SEM (n = 5–8 per group). ** P  < 0.001 and * P  < 0.05 compared with 
corresponding Std diet (unpaired  t -test or two-way ANOVA, LSD 
test);  ††  P  < 0.01 and  †  P  < 0.05 overall compared with Std diet (two-
way ANOVA);  §  P  < 0.001 compared with day 17 (two-way ANOVA).   

  Fig.   4.  Labyrinth zone expression of (A)  Alox15  (female only), 
(B)  Alox15b , (C)  Alox5 , and (D)  Alox5ap  mRNAs at days 17 and 22 
of pregnancy with fetal sex pooled, except for  Alox15   . Mothers 
were fed either a standard or high n-3PUFA diet from day 1. Values 
are mean ± SEM (n = 7–8 per group) adjusted by GeNorm algo-
rithm. * P  < 0.001 compared with corresponding Std diet group 
(two-way ANOVA);  §  P  < 0.001 compared with day 17 (three-way or 
two-way ANOVA).   
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damaging effects of heightened infl ammation associated 
with pregnancy ( 32 ), contributing to enhanced placental 
LZ and fetal growth observed in this animal model ( 8 ). 

 We observed that the majority of pro-infl ammatory me-
diators increased in abundance toward term, consistent 
with the conventional view that pregnancy is a state of 
heightened infl ammation. This may be in preparation for 
the parturition process ( 39 ). Clear gestational increases in 

exerting benefi cial effects. CYP450 activity also may have 
contributed to enhanced resolvin and protectin produc-
tion in this regard. In contrast, expression of the ALOX5-
activating protein  Alox5ap  did not change with n-3PUFA 
consumption, which may indicate basal levels of expres-
sion are suffi cient to facilitate ALOX5 activity. 

 Our data also show that placental RvD2 levels increased 
with Hn3 diet at both gestational days, whereas RvD1 and 
17R-RvD1 were increased only at day 22. Furthermore, lev-
els of RvD2 were 3- to 4-fold higher than RvD1 in these 
tissues, and signifi cantly higher than levels found in human 
adipose tissue (approximately 170- to 300-fold) ( 31 ). Spe-
cifi c cell surface-binding sites   for RvD1 (G protein-cou-
pled receptor 32 and lipoxin A 4  receptor) ( 36 ) have been 
identifi ed in human leukocytes; however, whether these 
receptors are present in the placenta is currently unknown. 
We have confi rmed that the E-series resolvin receptors 
leukotriene B 4  receptor 1 and chemokine-like receptor 
1 ( 37 ) are expressed in the human placenta (J. A. Keelan, 
unpublished observations), although the cellular location 
remains unknown. Further studies are required to delin-
eate the effects of resolvin/protectin receptor activation 
in the placenta. Collectively, these data suggest that mater-
nal dietary supplementation with n-3PUFAs effectively 
enhances a number of resolvins and protectins in the 
placental LZ. Given the primary function of the LZ in 
materno-fetal exchange ( 38 ), a greater capacity to resolve 
infl ammation in this zone may protect the tissue from 

  Fig.   5.  Labyrinth zone expression of (A)  Tnf �  , (B)  Il1 �  , (C)  Il6 , 
(D)  Ptgs1 , and (E)  Ptgs2  mRNAs at days 17 and 22 of pregnancy 
with fetal sex pooled. Mothers were fed either a standard or high 
n-3PUFA diet from day 1. Values are mean ± SEM (n = 7–8 per 
group) adjusted by GeNorm algorithm. * P  < 0.05, ** P  < 0.01, and 
*** P  < 0.001 compared with corresponding Std diet group (two-
way ANOVA);  §  P  < 0.001 compared with day 17 (three-way or two-
way ANOVA).   

  Fig.   6.  Maternal aortic plasma levels of (A) TNF � , (B) IL6, and 
(C) Il1 �  at days 17 and 22 of pregnancy. Mothers were fed either a 
standard or high n-3PUFA diet from day 1. Values are mean ± SEM 
(n = 5–8 per group). * P  = 0.01 compared with corresponding Std 
diet group (unpaired  t -test);  †  P  < 0.05 overall compared with Std 
diet (three-way ANOVA);  §  P  < 0.05 compared with day 17 (two-way 
ANOVA).   
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