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Abstract: Omega (n)-3 fatty acids are vital to neonatal maturation, and recent investigations reveal
n-3 fatty acids serve as substrates for the biosynthesis of specialized pro-resolving lipid mediators
(SPM) that have anti-inflammatory and immune-stimulating effects. The role SPM play in the
protection against negative maternal-fetal health outcomes is unclear, and there are no current
biomarkers of n-3 fatty acid sufficiency. We sought to ascertain the relationships between n-3 fatty
acid intake, SPM levels, and maternal-fetal health outcomes. We obtained n-3 fatty acid intake
information from 136 mothers admitted for delivery using a food frequency questionnaire and
measured docosahexaenoic acid (DHA)-derived SPMs resolvin D1 (RvD1) and RvD2 in maternal and
cord plasma. We found significantly elevated SPM in maternal versus cord plasma, and increased
SPM levels were associated with at-risk outcomes. We also identified that increased DHA intake was
associated with elevated maternal plasma RvD1 (p = 0.03; R? = 0.18) and RvD2 (p = 0.04; R? = 0.20) in
the setting of neonatal intensive care unit (NICU) admission. These findings indicate that increased
n-3 fatty acid intake may provide increased substrate for the production of SPM during high-risk
pregnancy/delivery conditions, and that increased maternal plasma SPM could serve as a biomarker
for negative neonatal outcomes.

Keywords: omega-3 fatty acid; docosahexaenoic acid (DHA); specialized pro-resolving lipid mediator
(SPM); resolvins; pregnancy; fetal health

1. Introduction

The health benefits of diets high in omega-3 fatty acids are well established, including in the
context of maternal-fetal health [1-5]. However, the mechanisms underlying these benefits are less
clear. Polyunsaturated fatty acids have recently been found to serve as substrates for the biosynthesis
of specialized pro-resolving lipid mediators (SPM), whereby unesterified fatty acids are enzymatically
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modified (e.g., oxidation reactions) to yield bioactive lipid metabolites that regulate inflammation
resolution [6,7]. SPM are primarily derived from the omega (n)-3 fatty acids docosahexaenoic acid
(DHA; producing the resolvin D [RvD]-, maresin-, and protectin- series SPM) and eicosapentaenoic
acid (producing the resolvin E [RvE]-series SPM), while the lipoxin series of SPM are derived
from n-6 fatty acids [8]. Preclinical investigations reveal these SPM potently limit inflammatory
processes and promote tissue restitution while having immune-stimulatory and protective effects
against infection [6—12]. Interestingly, SPM are present in human breast milk in up to 100-fold higher
levels than typically found in adult serum during the first month of lactation [13-15]. Furthermore,
infants transitioned from a soybean oil-based lipid emulsion (SOLE) to a fish oil-based lipid emulsion
(FOLE; high in n-3 fatty acids) exhibit increased anti-inflammatory, pro-resolving lipid mediator
production [16]. These findings indicate an important biological role for SPM in infant health [17].
However, it is not currently known how SPM contribute to maternal-fetal health, infant health, and
disease risk. Furthermore, dietary reference intakes for n-3 fatty acids have not been standardized for
pregnant women or women of childbearing age, and US population-level analyses indicate that these
women have n-3 fatty acid intakes that fall well below recommendations [18,19]. It is unclear how
maternal omega-3 fatty acid intake correlates with SPM production during pregnancy and infant SPM
levels, particularly during inflammatory outcomes when SPM would likely be endogenously produced.

To address these gaps of knowledge, we obtained n-3 fatty acid intake information from pregnant
women admitted for delivery to a Midwestern academic medical center using food frequency
questionnaires and collected plasma samples from mothers following admission and from cord
blood upon delivery. We assessed levels of the DHA-derived SPM RvD1 and RvD2 in these blood
samples and compared them to adverse infant health outcomes, including neonatal intensive care unit
(NICU) admission and preterm delivery. We also assessed how maternal n-3 supplement usage and
DHA intake correlated with circulating SPM levels. Through these investigations, we identified that
circulating maternal plasma levels of RvD1 and RvD2 are increased compared to infant cord plasma
levels. Furthermore, RvD1 and/or RvD2 levels were increased in maternal-fetal pairs with NICU
admission upon delivery and preterm delivery, with increases in these negative outcomes associated
with maternal DHA intake. These findings suggest that increased n-3 fatty acid intake may provide
increased substrate for SPM production during high-risk pregnancy /delivery conditions and increased
maternal plasma SPM could serve as a biomarker for these at-risk conditions.

2. Materials and Methods

2.1. Cohort Recruitment and Collection of Plasma Samples

This project was conducted at the University of Nebraska Medical Center (UNMC) and its’ clinical
partner, Nebraska Medicine. UNMC is the only public academic health science center in the State of
Nebraska, and the major teaching and referral center serving rural and urban populations in Nebraska
and the Midwest. The IRB for the University of Nebraska Medical Center provided human subjects
approval under IRB# 115-12-EP. No power analysis for overall study recruitment was calculated,
as this is an ongoing longitudinal cohort implemented with the intent of assessing and monitoring
nutritional status in a Midwestern maternal-child cohort. Recruitment included oversampling of
NICU admissions for sample size purposes. After informed consent, peripheral blood (ethylene
diamine tetraacetic acid plasma (EDTA plasma)) was collected from 136 mothers when admitted for
delivery. Cord blood (EDTA plasma) samples were collected from 138 infants at the time of delivery.
Exclusion criteria included congenital abnormalities, gastrointestinal (GI), liver, or kidney disease, or
inborn errors of metabolism in the infant or the mother. Samples were protected from heat and light
immediately upon collection and processed/frozen at —80 degrees. Demographic information was
collected on the mother and infant after enrollment. Additional clinical outcomes collected included
delivery method, admission to the NICU, a clinical diagnosis of or suspected chorioamnionitis in the
mother, a clinical diagnosis of Respiratory Distress Syndrome (RDS) in the infant, and administration
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of antibiotics to the infant. Prenatal vitamin usage was collected from the medical record, which
includes prenatal visits, and mothers were asked to take a Willet Food Frequency Questionnaire (FFQ)
during admission for labor and delivery. The FFQs were analyzed by trained personnel at the Harvard
School of Public Health, and individualized nutrient intakes were calculated based on the known
nutrient content of foods. Subjects with average daily intakes outside a biologically plausible range
(less than 700 kcal or greater than 7000 kcal) were excluded from the analyses.

2.2. Lipid Mediator Measurement

Maternal and cord plasma levels of RvD1 and RvD2 were measured using commercially
available enzyme immunoassays (Cayman Chemical, Ann Arbor, MI, USA) performed according
to manufacturer’s directions. Assay results calculations were performed using the Cayman
Chemical-provided enzyme immunoassay data analysis computer spreadsheet.

2.3. Statistical Analyses

Descriptive statistics were calculated for all variables. To test for normal distribution of the
maternal and cord blood plasma levels of RvD1 and RvD2, column statistics were run in GraphPad
Prism software (San Diego, CA, USA) including the D’Agostino & Pearson omnibus normality test.
Samples did not pass the normality test. Thus, maternal and cord blood plasma levels of RvD1
and RvD2 were compared to pregnancy/delivery conditions using nonparametric two-tailed Mann
Whitney tests. Correlations between RvD1 and RvD2 were evaluated using nonparametric Spearman
correlation tests. Linear regression models were used to evaluate the association between SPM levels
and DHA intakes. Receiver-operating characteristic (ROC) curves were generated to assess the capacity
of the maternal plasma SPM levels to discriminate between term /preterm delivery or NICU admission
outcomes. Resulting p values < 0.05 were considered to be significant.

3. Results

3.1. Maternal and Infant Cohort Characteristics

The final number of participants included in the study was 136 mothers and 138 infants. Mother
and infant characteristics are summarized in Table 1. Within this cohort, the mean DHA intake
(including diet and supplementation) was 119 mg/day, with 18% of women reporting the use of
n-3 fatty acid-containing supplements. By comparison, the recommended minimum DHA intake
suggested by the Workshop on the Essentiality of and Recommended Dietary Intakes for Omega-6
and Omega-3 Fatty Acids is 300 mg/day for pregnant women [20].

Table 1. Participant Characteristics.

Maternal/Infant Characteristics N Mean (SD)
Maternal Age, years 136 28.9 (5.55)
Maternal pre-pregnancy BMI, m/kg? 80 26.9 (6.64)
Maternal DHA intake, grams 100 0.119 (0.131)
Birth EGA, weeks 138 38.2 (3.04)
Infant Birthweight, grams 138 3176.1 (704.8)
Infant Birth Head Circumference, cm 138 33.7 (2.79)
Infant Birth Length, cm 138 48.6 (4.84)
N %
Maternal n-3 Supplement Use (Y/N) 23/104 18/82
Infant Sex (M/F) 71/67 51/49
Infant NICU Admission at Birth (Y/N) 40/98 29/71
Placental Chorioamnionitis (Y/N) 20/118 14/86
Infant Antibiotic Use at Birth (Y/N) 26/112 19/81
Infant Respiratory Distress Syndrome (Y/N) 17/121 12/88

BMI: Body Mass Index; DHA: Docosahexaenoic Acid; SD: Standard Deviation; EGA: Estimated Gestational Age;
Y /N: Yes/No; M/F: Male/Female.
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3.2. SPM Levels in Maternal and Cord Blood Plasma upon Admission for Childbirth

Recent preclinical and clinical investigations indicate a potential increase in circulating lipid
medjiator precursors in maternal blood in late pregnancy and during childbirth [21,22]. However, the
levels of RvD1 and RvD2 in maternal-fetal circulation at the time of delivery have not been reported.
Using maternal and cord blood plasma samples taken upon admission for delivery and at childbirth,
respectively, we assessed the levels of DHA-derived SPM RvD1 and RvD2. As shown in Figure 1A,B,
the median maternal blood plasma levels of RvD1 and RvD2 were 2617 pg/mL and 819.0 pg/mL,
respectively. The median cord blood plasma levels of RvD1 and RvD2 were 61.0 pg/mL and 6.4 pg/mL,
respectively. Maternal plasma levels of RvD1 and RvD2 were both significantly higher than measured
cord blood plasma levels (p < 0.0001 for each analysis). As shown in Figure 1C, maternal RvD1 and
RvD2 levels were strongly correlated, while cord blood RvD1 and RvD2 levels were also positively
correlated (Figure 1D).

A B

p < 0.0001 p < 0.0001
10000004 100000
o %e
1000004 -::::° 10000, .
= o O
?E.» 100004 g:o.o:::o.b" ° %) 1000 oo
o
= 10004 \--.s;"""" = 0q0®
= LIy oo ® ° N — 2
e Oo0 e e 1001 W
g 1004 WV E Saae
10 104 L
[ ) ‘. .'
1 1 . San
N > > O
Q}o’b o é«\"’ o
& &
A\ )
Spearman Correlation p < 0.0001 Spearman Correlation p = 0.01
— 10° 10°]
-
E 405 -
3 10 - * E 10%] .
~ 100 * et g .
[a)] 3 o ° ~ 10°7
é 10 o, R . e ) F g}
— o, o 14 1
% 102 {:..... - s 10 . :#?.
2 ° Q 1 [}
T 19 o 10} ‘n
= ° cO
L1 A I R R R Bagr 100 S
10° 10 10~ 10° 10" 10 10 100 100 10 10° 10 10
Maternal RvD1 (pg/mL) Cord RvD1 (pg/mL)

Figure 1. Resolvin D1 (RvD1) and Resolvin D2 (RvD2) levels in maternal and cord blood plasma.
Enzyme immunoassays were performed on maternal and cord blood plasma samples collected upon
admission for delivery and at birth, respectively. (A) RvD1 levels in maternal and cord blood plasma;
(B) RvD2 levels in maternal and cord blood plasma; (C) comparison of maternal RvD1 and RvD2
plasma levels; (D) comparison of cord RvD1 and RvD2 plasma levels.

3.3. Maternal and/or Cord Blood Plasma SPM Levels Are Associated with High-Risk Delivery and
Maternal-Fetal Health Scenarios

We assessed whether RvD1 and RvD2 maternal or cord blood levels were associated with
maternal-fetal health risks. As shown in Figure 2, when comparing maternal or cord blood plasma
RvD1 and RvD2 levels with infant NICU admissions following delivery, maternal RvD1 (Figure 2A),
maternal RvD2 (Figure 2B), and cord RvD2 (Figure 2D) levels were significantly elevated in samples
from mother-infant pairs where infants were admitted to the NICU upon delivery. In pregnancies
resulting in preterm delivery (defined in this study as delivery at less than 36 weeks infant gestational
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age), RvD1 and RvD2 maternal plasma levels were significantly elevated compared to women
delivering at term (36 weeks or greater gestational age; Figure 3A,B). Cord blood RvD2 levels were also
significantly increased in pairs delivering preterm (Figure 3D). To assess the utility of maternal RvD1
and RvD2 as biomarkers for preterm delivery and NICU admission, we generated Receiver-operating
characteristic (ROC) curves. The area under the ROC curves for RvD1 and RvD2 levels in preterm
vs. term deliveries were found to be 0.68 (p = 0.02) and 0.72 (p = 0.007), respectively (Figure 4A). The
area under the ROC curves for RvD1 and RvD2 levels in NICU admission were 0.62 (p = 0.03) and 0.68
(p = 0.003), respectively (Figure 4B).
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Figure 2. Comparison of maternal and cord blood plasma RvD1 and RvD2 levels and infant NICU
admission at birth. Samples were stratified based on infant NICU admission at birth (yes/no) and
maternal and cord blood plasma RvD1 and RvD2 levels were compared. (A) Maternal RvD1 levels;
(B) maternal RvD2 levels; (C) cord RvD1 levels; (D) cord RvD2 levels. n.s.: no significant difference.
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Figure 3. Comparison of maternal and cord blood plasma RvD1 and RvD2 levels and gestational age
at delivery. Maternal and cord blood RvD1 and RvD2 levels were separated into infants delivering
at less than 36 weeks estimated gestational age versus infants delivered at greater than or equal to 36
weeks estimated gestational age and compared. (A) Maternal RvD1 levels; (B) maternal RvD2 levels;
(C) cord RvD1 levels; (D) cord RvD2 levels. n.s.: no significant difference.

A B

RvD1: p = 0.02, area under curve = 0.68 RvD1: p = 0.03, area under curve = 0.62
RvD2: p = 0.007, area under curve = 0.72 RvD2: p = 0.003, area under curve = 0.68

-& RvD1 Sensitivity%
-©- RvD2 Sensitivity%

Sensitivity %

Sensitivity %

[\ T 1 (] T 1
0 50 100 0 50 100

100% - Specificity% 100% - Specificity%

Figure 4. Receiver-operating characteristic (ROC) curves of sensitivity and specificity of maternal RvD1
and RvD2 in discriminating preterm birth, defined as infants delivered at less than 36 weeks estimated
gestational age versus infants delivered at greater than or equal to 36 weeks gestational age (A), and
NICU admission (B) outcomes.
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3.4. Association between Maternal n-3 Intake and SPM Levels in Maternal and Cord Blood

RvD1 and RvD2 are biosynthesized from the n-3 fatty acid DHA. When comparing SPM levels in
mothers who responded to an FFQ including DHA intake data, we identified that in mothers whose
infant was admitted to the NICU upon delivery, there was a positive association between increased
DHA intake and maternal plasma RvD1 and RvD2 levels (Figure 5A,C), but not in mothers whose

infants were not NICU-admitted (Figure 5B,D).
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Figure 5. Relationship between DHA intake and maternal RvD1 and RvD2 plasma levels. Maternal
RvD1 and RvD2 plasma levels were stratified based on infant NICU admission upon delivery and
compared with DHA intake. (A) Linear regressions of maternal RvD1 levels and DHA intake in
mothers with (A) and without (B) infant NICU admission upon delivery; Linear regression of maternal
RvD2 levels and DHA intake in mothers with (C) and without (D) NICU admission upon delivery.

4. Discussion

In these investigations, we identified increased circulating levels of the omega-3 fatty acid derived
SPM RvD1 and RvD2 in maternal peripheral blood plasma upon admission for delivery compared to
infant cord plasma levels. In addition, significant associations were found between increased maternal
plasma levels of RvD1 and RvD2 and cord plasma levels of RvD2 and high-risk maternal-fetal health
conditions, including birth at less than 36 weeks estimated gestational age and infant NICU admission
following delivery. We also identified that increased DHA intakes were associated with increased
SPM levels in these at-risk scenarios. These findings suggest an important physiological role for SPM
during human pregnancy and delivery, and also indicate a potential relationship between increased
n-3 fatty acid intake, maternal SPM production, and high-risk maternal-fetal health conditions.

During inflammatory cascades, hydrolysis of n-3 or n-6 fatty acids from cell membranes and
subsequent modifications (e.g., oxidation and /or elongation reactions) yield bioactive lipid metabolites
that have pro-inflammatory and pro-resolution effects; temporal regulation of these mediators is
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critical in regulating inflammation resolution and wound repair [7,13,14,17]. Recently, SPM have been
identified at high levels in human breast milk during the first month of lactation [13,14], and the
resolvin SPM pathway precursor 17-HDHA (generated from the oxidation of DHA), was identified
as being elevated in both maternal and cord blood plasma when measured at 34-36 weeks gestation
and at delivery, respectively [21]. Our findings of high maternal RvD1 and RvD2 at delivery provide
additional corroboration for the elevation of these lipids during gestation and delivery. Interestingly,
we identified that maternal RvD1 and RvD2 levels were significantly higher than cord blood levels,
which has not been previously reported. In addition to this finding, we have also identified associations
between high maternal or cord blood SPM levels and adverse maternal-fetal outcomes. We found
significant associations between high RvD1 and/or RvD2 levels and birth at less than 36 weeks
gestational age and infant NICU admission upon birth. These findings suggest SPM may be elevated
in these mothers or infants in response to inflammation or other adverse processes associated with
these outcomes, which aligns with the known role of SPM in the active resolution of inflammatory
environments [7,13,14]. It is important to note that many of the mother-infant pairs in our study who
were NICU-admitted were also born preterm, thus these comparisons are recognizably overlapping
and our findings should be considered bearing this in mind. Furthermore, our N for these comparisons
are low, limiting the conclusions that can be drawn from these findings. Bearing these limitations in
mind, our ROC curve findings generated from maternal RvD1 and RvD2 levels and preterm delivery
or NICU admission do suggest that increased SPM levels could have utility as a biomarker for negative
maternal-fetal outcomes.

The derivation of SPM primarily from n-3 fatty acids suggests a mechanism for benefit from
n-3 supplementation during pregnancy. Indeed, previous reports have identified increased SPM
precursors in the maternal blood, cord blood, and placental tissue in women with higher n-3 fatty acid
intake or in those taking n-3 supplements [17,21,22]. Furthermore, in a preclinical study addressing
the role of soybean oil-based lipid emulsion (SOLE) feeding versus fish oil-based lipid emulsion
(FOLE) feeding, mice fed the FOLE exhibited higher circulating levels of SPM [16]. In the same
study, five infants switched from the SOLE to the FOLE also experienced enhanced production of
anti-inflammatory and pro-resolving lipid mediators in their serum [16]. It has been reported that
DHA intake is associated with anti-inflammatory activities and with the prevention of numerous
maternal-fetal health risks [1-3,20,23-25], and it has also been reported that SPM are produced during
inflammatory responses [8,26]. Based on this, it is reasonable to postulate that sufficient intake of
DHA may be required to create the repositories of SPM precursors, which can later be readily utilized
during times of inflammation to produce SPM [21,22,27]. In support of this hypothesis, we identified a
positive association between increasing maternal DHA intake and increased in RvD1 levels in maternal
plasma in the setting of NICU admissions. This same trend was not seen in maternal-fetal pairs that
were not admitted to the NICU upon delivery. It is notable that we identified this trend even though
there was a potential deficiency of DHA intake in our population, whereby mean DHA intake was
119 mg/day, while the recommended minimum DHA intake is 300 mg/day for pregnant women, as
suggested by the Workshop on the Essentiality of and Recommended Dietary Intakes for Omega-6
and Omega-3 Fatty Acids [20]. Using the National Health and Nutrition Examination Survey data,
we and others have previously identified consistently low intakes of DHA in pregnant women and
women of childbearing age in the US, with intake levels that closely reflect levels identified in our
current study [18,19].

Our investigations utilized a commercially available enzyme immunoassay kit for determining
RvD1 and RvD2 levels. Previous investigations have compared SPM levels taken from adult plasma
(including EDTA collection, as in our investigation) using detection by liquid chromatography-tandem
mass spectrometry whereby levels of RvD1 and RvD2 ranged from 2.6 pg/mL and undetectable
in SRM 1950 NIST reference plasma (a composite of 100 healthy individuals) to 31.4 pg/mL and
26.4 pg/mL (respectively) in fish oil-supplemented individuals [15,28]. In addition, one published
report has assessed serum SPM levels in five infants following being switched from a SOLE to FOLE
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diet [16]. One infant (born premature with respiratory distress syndrome and a history of necrotizing
enterocolitis) exhibited a >1000-fold increase in serum RvD1 levels at 4 weeks following the lipid
emulsion switch, with identified RvD1 levels around 1,400,000 pg/mL after one month of the fish
oil-based lipid emulsion. This study substantiates the physiological relevance of the RvD1 and RvD2
levels we have identified, and also supports our finding of increased SPM levels in association with
at-risk fetal conditions. We are unaware of published reports directly assessing plasma SPM levels
measured using the enzyme immunoassay method of detection in a side-by-side comparison to
measurement by liquid chromatography-tandem mass spectrometry. Although, one investigation has
utilized the enzyme immunoassay method to measure RvD1 levels in serum of a limited number of
healthy controls, and found samples to fall within a range of ~75-200 pg/mL [29]. This range falls
below the RvD1 levels in maternal plasma found in our study, but does more closely correspond
with our findings in cord blood plasma. This suggests that maternal plasma levels of RvD1 could be
elevated, with cord blood levels falling within a normal range.

5. Conclusions

Taken together, our findings indicate an important biological role for the SPM RvD1 and RvD2 in
labor and delivery and suggest a role for these mediators in responding to high-risk maternal-fetal
health conditions. Future investigations are necessary to assess the utility of these SPM as biomarkers
for these at-risk maternal-fetal health conditions, as well as to substantiate an n-3 fatty acid intake
sufficiency threshold for optimal SPM production during neonatal inflammatory events. Taken
together, futures studies warranted to understand how n-3 supplementation during pregnancy may
alter SPM levels during labor/delivery, and/or protect against high-risk maternal-fetal outcomes.

Author Contributions: All authors (T.M.N., A.A.B.,, M.V.O.,S.Z,E.E, R],EM, C.C,KR., KW, SSM., HA,,
C.H.) designed research, conducted research, analyzed data, and wrote, edited, and/or reviewed the manuscript.
All authors read and approved the final manuscript.

Funding: This research was funded by National Institute of Environmental Health Sciences (K99ES025819,
RO0OES025819; T.M.N.) and the University of Nebraska Foundation Edna Ittner Pediatric Research Support Fund
(A.AB.,,CH., TM.N.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Olsen, S.E; Secher, N .J. A possible preventive effect of low-dose fish oil on early delivery and pre-eclampsia:
Indications from a 50-year-old controlled trial. Br. J. Nutr. 1990, 64, 599—-609. [CrossRef] [PubMed]

2. Olsen, S.F; Secher, N.J. Low consumption of seafood in early pregnancy as a risk factor for preterm delivery:
Prospective cohort study. BM] 2002, 324, 447. [CrossRef]

3.  Olsen, S.F; Osterdal, M.L.; Salvig, ].D.; Weber, T.; Tabor, A.; Secher, N.J. Duration of pregnancy in relation to
fish oil supplementation and habitual fish intake: A randomised clinical trial with fish oil. Eur. J. Clin. Nutr.
2007, 61, 976-985. [CrossRef] [PubMed]

4. De Lorgeril, M.; Salen, P. New insights into the health effects of dietary saturated and omega-6 and omega-3
polyunsaturated fatty acids. BMC Med. 2012, 10. [CrossRef] [PubMed]

5. Greenberg, ].A.; Bell, S.J.; Ausdal, W.V. Omega-3 Fatty Acid supplementation during pregnancy. Rev. Obstet.
Guynecol. 2008, 1, 162-169. [PubMed]

6.  Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 2014, 510, 92-101.
[CrossRef] [PubMed]

7.  Bannenberg, G.; Serhan, C.N. Specialized pro-resolving lipid mediators in the inflammatory response: An
update. Biochimica et Biophysica Acta 2010, 1801, 1260-1273. [CrossRef]

8. Serhan, C.N.; Krishnamoorthy, S.; Recchiuti, A.; Chiang, N. Novel anti-inflammatory—Pro-resolving
mediators and their receptors. Curr. Top. Med. Chem. 2011, 11, 629-647. [CrossRef]


http://dx.doi.org/10.1079/BJN19900063
http://www.ncbi.nlm.nih.gov/pubmed/2265175
http://dx.doi.org/10.1136/bmj.324.7335.447
http://dx.doi.org/10.1038/sj.ejcn.1602609
http://www.ncbi.nlm.nih.gov/pubmed/17299499
http://dx.doi.org/10.1186/1741-7015-10-50
http://www.ncbi.nlm.nih.gov/pubmed/22613931
http://www.ncbi.nlm.nih.gov/pubmed/19173020
http://dx.doi.org/10.1038/nature13479
http://www.ncbi.nlm.nih.gov/pubmed/24899309
http://dx.doi.org/10.1016/j.bbalip.2010.08.002
http://dx.doi.org/10.2174/1568026611109060629

Nutrients 2019, 11, 98 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Schwab, J.M.; Serhan, C.N. Lipoxins and new lipid mediators in the resolution of inflammation.
Curr. Opin. Pharmacol. 2006, 6, 414—420. [CrossRef]

Dalli, J.; Serhan, C.N. Specific lipid mediator signatures of human phagocytes: Microparticles stimulate
macrophage efferocytosis and pro-resolving mediators. Blood 2012, 120, e60—e72. [CrossRef]

Im, D.S. Omega-3 fatty acids in anti-inflammation (pro-resolution) and GPCRs. Prog. Lipid Res. 2012, 51,
232-237. [CrossRef]

Uddin, M.; Levy, B.D. Resolvins: Natural agonists for resolution of pulmonary inflammation. Prog. Lipid Res.
2011, 50, 75-88. [CrossRef] [PubMed]

Weiss, G.A.; Troxler, H.; Klinke, G.; Rogler, D.; Braegger, C.; Hersberger, M. High levels of anti-inflammatory
and pro-resolving lipid mediators lipoxins and resolvins and declining docosahexaenoic acid levels in
human milk during the first month of lactation. Lipids Health Dis. 2013, 12. [CrossRef]

Arnardottir, H.; Orr, S.K.; Dalli, J.; Serhan, C.N. Human milk proresolving mediators stimulate resolution of
acute inflammation. Mucosal Immunol. 2016, 9, 757-766. [CrossRef] [PubMed]

Mas, E.; Croft, K.D.; Zahra, P.; Barden, A.; Mori, T.A. Resolvins D1, D2, and other mediators of self-limited
resolution of inflammation in human blood following n-3 fatty acid supplementation. Clin. Chem. 2012, 58,
1476-1484. [CrossRef] [PubMed]

Kalish, B.T,; Le, H.D.; Fitzgerald, ].M.; Wang, S.; Seamon, K.; Gura, K.M.; Gronert, K.; Puder, M. Intravenous
fish oil lipid emulsion promotes a shift toward anti-inflammatory proresolving lipid mediators. Am. J.
Physiol. Gastrointest. Liver Physiol. 2013, 305, G818-G828. [CrossRef]

Elliott, E.; Hanson, C.K.; Anderson-Berry, A.L.; Nordgren, T.M. The role of specialized pro-resolving
mediators in maternal-fetal health. Prostaglandins Leukot. Essent. Fatty Acids 2017, 126, 98-104. [CrossRef]
Nordgren, T.M.; Lyden, E.; Anderson-Berry, A.; Hanson, C. Omega-3 Fatty Acid Intake of Pregnant Women
and Women of Childbearing Age in the United States: Potential for Deficiency? Nutrients 2017, 9, 197.
[CrossRef]

Zhang, Z.; Fulgoni, V.L.; Kris-Etherton, P.M.; Mitmesser, S.H. Dietary Intakes of EPA and DHA Omega-3
Fatty Acids among US Childbearing-Age and Pregnant Women: An Analysis of NHANES 2001-2014.
Nutrients 2018, 10, 416. [CrossRef]

Simopoulos, A.P,; Leaf, A.; Salem, N., Jr. Workshop statement on the essentiality of and recommended
dietary intakes for Omega-6 and Omega-3 fatty acids. Prostaglandins Leukot. Essent. Fatty Acids 2000, 63,
119-121. [CrossRef]

Mozurkewich, E.L.; Greenwood, M.; Clinton, C.; Berman, D.; Romero, V.; Djuric, Z.; Qualls, C.; Gronert, K.
Pathway Markers for Pro-resolving Lipid Mediators in Maternal and Umbilical Cord Blood: A Secondary
Analysis of the Mothers, Omega-3, and Mental Health Study. Front. Pharmacol. 2016, 7. [CrossRef] [PubMed]
Keelan, J.A.; Mas, E.; D’Vaz, N.; Dunstan, J.A.; Li, S.; Barden, A.E.; Mark, P.J.; Waddell, B.].; Prescott, S.L.;
Mori, T.A. Effects of maternal n-3 fatty acid supplementation on placental cytokines, pro-resolving lipid
mediators and their precursors. Reproduction 2015, 149, 171-178. [CrossRef] [PubMed]

Emmett, PM.; Jones, L.R.; Golding, J. Pregnancy diet and associated outcomes in the Avon Longitudinal
Study of Parents and Children. Nutr. Rev. 2015, 73 (Suppl. 3), 154-174. [CrossRef]

Calder, P.C. N-3 Fatty Acids, Inflammation and Immunity: New Mechanisms to Explain Old Actions.
Proc. Nutr. Soc. 2013, 72, 326-336. [CrossRef] [PubMed]

Deckelbaum, R.J.; Torrejon, C. The omega-3 fatty acid nutritional landscape: Health benefits and sources.
J. Nutr. 2012, 142, 5875-591S. [CrossRef] [PubMed]

Basil, M.C.; Levy, B.D. Specialized pro-resolving mediators: Endogenous regulators of infection and
inflammation. Nat. Rev. Immunol. 2016, 16, 51-67. [CrossRef] [PubMed]

Jones, M.L.; Mark, PJ.; Keelan, J.A.; Barden, A.; Mas, E.; Mori, T.A.; Waddell, B.]. Maternal dietary omega-3
fatty acid intake increases resolvin and protectin levels in the rat placenta. J. Lipid Res. 2013, 54, 2247-2254.
[CrossRef]


http://dx.doi.org/10.1016/j.coph.2006.02.006
http://dx.doi.org/10.1182/blood-2012-04-423525
http://dx.doi.org/10.1016/j.plipres.2012.02.003
http://dx.doi.org/10.1016/j.plipres.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20887750
http://dx.doi.org/10.1186/1476-511X-12-89
http://dx.doi.org/10.1038/mi.2015.99
http://www.ncbi.nlm.nih.gov/pubmed/26462421
http://dx.doi.org/10.1373/clinchem.2012.190199
http://www.ncbi.nlm.nih.gov/pubmed/22912397
http://dx.doi.org/10.1152/ajpgi.00106.2013
http://dx.doi.org/10.1016/j.plefa.2017.09.017
http://dx.doi.org/10.3390/nu9030197
http://dx.doi.org/10.3390/nu10040416
http://dx.doi.org/10.1054/plef.2000.0176
http://dx.doi.org/10.3389/fphar.2016.00274
http://www.ncbi.nlm.nih.gov/pubmed/27656142
http://dx.doi.org/10.1530/REP-14-0549
http://www.ncbi.nlm.nih.gov/pubmed/25504868
http://dx.doi.org/10.1093/nutrit/nuv053
http://dx.doi.org/10.1017/S0029665113001031
http://www.ncbi.nlm.nih.gov/pubmed/23668691
http://dx.doi.org/10.3945/jn.111.148080
http://www.ncbi.nlm.nih.gov/pubmed/22323763
http://dx.doi.org/10.1038/nri.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/26688348
http://dx.doi.org/10.1194/jlr.M039842

Nutrients 2019, 11, 98 11 of 11

28. Colas, R.A,; Shinohara, M.; Dalli, J.; Chiang, N.; Serhan, C.N. Identification and signature profiles for
pro-resolving and inflammatory lipid mediators in human tissue. Am. J. Physiol. Cell Physiol. 2014, 307,
(C39-C54. [CrossRef]

29. Croasdell, A.; Thatcher, T.H.; Kottmann, R.M.; Colas, R.A ; Dalli, J.; Serhan, C.N.; Sime, PJ.; Phipps, R.P.
Resolvins attenuate inflammation and promote resolution in cigarette smoke-exposed human macrophages.
Am. ]. Physiol. Lung Cell. Mol. Physiol. 2015, 309, L888-L901. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1152/ajpcell.00024.2014
http://dx.doi.org/10.1152/ajplung.00125.2015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cohort Recruitment and Collection of Plasma Samples 
	Lipid Mediator Measurement 
	Statistical Analyses 

	Results 
	Maternal and Infant Cohort Characteristics 
	SPM Levels in Maternal and Cord Blood Plasma upon Admission for Childbirth 
	Maternal and/or Cord Blood Plasma SPM Levels Are Associated with High-Risk Delivery and Maternal-Fetal Health Scenarios 
	Association between Maternal n-3 Intake and SPM Levels in Maternal and Cord Blood 

	Discussion 
	Conclusions 
	References

