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Concentrations of fat-soluble nutrients and blood
inflammatory compounds in mother−infant dyads at birth
Melissa K. Thoene1, Matthew C. Van Ormer1, Elizabeth R. Lyden2, Maranda K. Thompson1, Ana G. Yuil-Valdes3,
Sathish Kumar Natarajan4, Maheswari S. Mukherjee5, Tara M. Nordgren6, Jeremy D. Furtado7, Ann L. Anderson-Berry1,
Corrine K. Hanson8 and Jessica N. Snowden9

BACKGROUND: Perinatal inflammation adversely affects health. Therefore, aims of this IRB-approved study are: (1) compare
inflammatory compounds within and between maternal and umbilical cord blood samples at the time of delivery, (2) assess
relationships between inflammatory compounds in maternal and cord blood with birth characteristics/outcomes, and (3) assess
relationships between blood and placental fat-soluble nutrients with blood levels of individual inflammatory compounds.
METHODS: Mother−infant dyads were enrolled (n= 152) for collection of birth data and biological samples of maternal blood,
umbilical cord blood, and placental tissue. Nutrient levels included: lutein+ zeaxanthin; lycopene; α-, β-carotene; β-cryptoxanthin;
retinol; α-, γ-, δ-tocopherol. Inflammatory compounds included: tumor necrosis factor-α, superoxide dismutase, interleukins (IL) 1β,
2, 6, 8, 10.
RESULTS:Median inflammatory compound levels were 1.2–2.3 times higher in cord vs. maternal blood, except IL2 (1.3 times lower).
Multiple significant correlations existed between maternal vs. infant inflammatory compounds (range of r= 0.22–0.48). While
relationships existed with blood nutrient levels, the most significant were identified in placenta where all nutrients (except δ-
tocopherol) exhibited relationships with inflammatory compounds. Relationships between anti-inflammatory nutrients and
proinflammatory compounds were primarily inverse.
CONCLUSION: Inflammation is strongly correlated between mother−infant dyads. Fat-soluble nutrients have relationships with
inflammatory compounds, suggesting nutrition is a modifiable factor.
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IMPACT:

Mother and newborn inflammation status are strongly interrelated.

Levels of fat-soluble nutrients in blood, but especially placenta, are associated with blood levels of proinflammatory and anti-
inflammatory compounds in both mother and newborn infant.

As fat-soluble nutrient levels are associated with blood inflammatory compounds, nutrition is a modifiable factor to modulate
inflammation and improve perinatal outcomes.

INTRODUCTION
Presence of systemic inflammation in adults negatively impacts
health outcomes and risk for chronic disease development. However,
the presence of inflammation must be considered throughout the
life course, especially during fetal development when physical
growth is exponential; inflammatory stimuli (i.e. cytokines) are able
to cross the blood−brain barrier and any inflammatory-mediated
physiological changes carry the risk of lifelong impact.
Past research indicates a strong inverse relationship between

levels of proinflammatory compounds during the perinatal period

and adverse outcomes in offspring. In example, proinflammatory
compounds in either maternal blood or umbilical cord blood have
been associated with increased risk of offspring developing
cerebral palsy,1,2 depression,3 schizophrenia,4 or psychosis.5

Maternal inflammatory compound levels during pregnancy have
also been associated with offspring brain damage6 or white
matter alterations7 as identified by magnetic resonance imaging.
Inflammatory compound levels may vary in accordance with
preterm birth,8 but inflammation in preterm infants has been
associated with decreased weight gain and linear growth,
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decreased developmental outcomes at 18–24 months of age, and
an increased risk of failing a newborn hearing screen.9–12 Mode of
infant delivery has also been identified to alter inflammatory
compound levels in infants13–15 and placental tissue,16 with others
concluding no difference.17 Despite evidence highlighting the
relationship between perinatal inflammation and offspring out-
comes, the relationships between levels of maternal and newborn
infant blood inflammatory compounds are not well understood.
Furthermore, it is undetermined if mother vs. infant levels of
inflammatory compounds have stronger associations with birth
outcomes, and how the placenta may mediate these relationships.
There are a multitude of maternal factors that increase fetal

inflammatory exposures, including infection, suboptimal nutri-
tion, limited exercise, smoking, chronic disease development (i.e.
diabetes), and obesity. Of these, nutrition status remains the
most modifiable, dually important for mother and infant, and
applicable to all subsets of perinatal populations. Nutritional
factors may ameliorate or exacerbate inflammatory stimuli,18 so
assessment remains most critical during pregnancy when higher
dietary intakes of nutrients are recommended to support fetal
growth and ameliorate oxidative stress induced by
pregnancy.19,20 Nutrition status is also essential in preterm
infants who are at risk for deficiency related to limited accrual
of intrauterine nutrients and a subsequent reliance on adequate
postnatal dietary supplementation.21 Nutrients of particular
interest are fat-soluble vitamins and carotenoids, including
retinol (vitamin A), isoforms of vitamin E (α-tocopherol, γ-
tocopherol, δ-tocopherol), and lutein, zeaxanthin, lycopene, α-
carotene, β-carotene, and β-cryptoxanthin (carotenoids).20 Preg-
nant women and infants must acquire these compounds through
dietary sources as they are unable to be synthesized by
humans.20,22,23 Many of these nutrients are primarily obtained
through intake of plant-based foods, though others are present
in animal-based products.24 Fat-soluble nutrients are theorized to
hold anti-inflammatory properties, with the exception of γ-
tocopherol which is proinflammatory.22 In contrast, little is known
about the inflammatory effects of isoform δ-tocopherol. While
nutrition may impact inflammation status, no previous research
has compared the relationships between blood or placental
concentrations of these fat-soluble nutrients with blood inflam-
matory compounds during the perinatal period. However,
understanding these relationships could have important implica-
tions for nutrition interventions that seek to regulate inflamma-
tion and enhance birth outcomes.
Therefore, the primary aims of this study were to (1) compare

inflammatory compounds within and between maternal and
umbilical cord blood samples at time of delivery, (2) assess the
relationships between inflammatory compounds in maternal and
umbilical cord blood with birth characteristics/outcomes, and (3)
assess the relationships between blood and placental fat-soluble
nutrients with blood levels of individual inflammatory compounds.

METHODS
Subject enrollment
All subjects gave their written informed consent for inclusion
before they participated in the study. The study was approved by
the Institutional Review Board by the University of Nebraska
Medical Center. Mother−infant dyads were enrolled at the time of
delivery at Nebraska Medicine Hospital (Omaha, NE, USA) between
June and August of 2016–2018. Inclusion criteria included mothers
at >19 years of age, delivering at least one live-born infant, and
able to make their own medical decisions. Mothers <19 years of
age were able to participate with their parental consent. Mother
−infant dyads must be free of renal, metabolic, or hepatic diseases
that impair normal nutrient metabolism. Preterm infants were
included if they met initial criteria. In cases of multiple gestation,
data were collected for the first-born infant only. Following

enrollment, demographic and clinical data were collected from
the electronic medical record.

Data and sample collection
Continuous demographic and outcome variables collected
included: maternal age, pre-pregnancy body mass index (BMI) in
kilograms/meters2 (kg/m2) based on maternal self-reported height
and weight at time of delivery, infant corrected gestational age
(CGA) at delivery, birth weight (grams, g) and growth percentile,
birth length and head circumference (centimeters, cm) with
growth percentile, and infant 1-min and 5-min Apgar score.
Maternal BMI was calculated from self-reported measurements as
pre-pregnancy measurements were not available for all mothers
within the electronic health record. Growth percentiles for infant
anthropometric measurements were taken from the World Health
Organization 0–2-year growth chart for infants born >37 weeks
CGA or the 2013 Fenton growth chart for preterm infants born
<37 weeks CGA. Categorical variables collected included: maternal
race, maternal smoking status, delivery mode, infant sex, and
incidence of maternal obesity (BMI ≥ 30 kg/m2), maternal diabetes
during pregnancy (type 1, type 2, or gestational), preeclampsia,
infant admission to the newborn intensive care unit (NICU), infant
respiratory distress syndrome (RDS), preterm birth (defined as
birth <37 weeks gestational age25), and newborn failed hearing
screen.
A sample of maternal blood (target volume of 1 mL) was

collected as part of a routine blood draw. A sample of umbilical
cord blood was collected (target volume of 5 mL), as this is
collected at all deliveries and stored in the hospital laboratory for
use when needed. A placental tissue sample (taken as a cross-
section of the placental disk) was collected at delivery (target
weight 10 g). All samples were light protected and frozen
immediately at −80 °C once attained by the research team in
order to preserve integrity.

Sample analysis
Pro- and anti-inflammatory compound levels were selected for
analysis on the basis that they have been previously proposed to
correlate with infant neurologic outcomes or have potential
neuroprotective anti-inflammatory effects (though primarily in
non-infant populations).1,26,27 Selected inflammatory mediator
levels were measured via a commercially available multi-analyte
bead array (Millipore; Burlington, MA) per the manufacturer’s
instructions. This included testing for tumor necrosis factor-α
(TNFα), interleukin-1β (IL1β), interleukin-6 (IL6), interleukin-8 (IL8),
interleukin-10 (IL10), and interleukin-2 (IL2). Superoxide dismutase
(SOD), an endogenous anti-oxidant enzyme that plays a role in the
anti-inflammatory effects of some nutritional compounds,28 was
measured in maternal and infant samples using the SOD assay kit-
WST (WST-1, 2-(4-Iodopheny)-3-(4-nitrophenyl)-5-(2,4-disulfophe-
nyl)-2H-tetrazolium, monosodium salt) from Dojindo (Rockville,
MD).29 This assay measures the percent inhibition of WST
reduction by SOD, with one unit of SOD representing the amount
of enzyme in 20 µL of the sample that results in a 50% reduction
of WST-123. Inflammatory compounds are reported in picograms/
milliliter (pg/mL).
Serum carotenoid and tocopherol levels were analyzed by the

Nutritional Biomarker Lab at the Harvard T. H. Chan School of
Public Health using high-performance liquid chromatography
(HPLC) as described by El-Sohemy et al.30 Measured levels
included that of combined lutein+ zeaxanthin, β-cryptoxanthin,
total lycopene, total α-carotene, total-β-carotene, retinol, α-
tocopherol, δ-tocopherol, and γ-tocopherol. HPLC also measured
serum concentrations of α- and γ-tocopherol, but with methods as
described by Hanson et al.22 Placenta tissue samples were
weighed and homogenized by mechanical pulverization (Polytron
PT1200, Kinematica AG; Lucerne, Switzerland), then formed into
an aqueous slurry with distilled, deionized water. Samples were
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mixed with ethanol containing rac-Tocopherol (Tocol) as an
internal standard, then lipophilic components were extracted with
hexane, evaporated to dryness under nitrogen, and reconstituted
in ethanol, dioxane, and acetonitrile. HPLC quantified samples on
a Restek Ultra C18 150mm× 4.6 mm column, 3 μm particle size
encased in a Hitachi L-2350 column oven to maintain consistent
temperatures and furnished with a trident guard cartridge system
(Restek, Corp.; Bellefonte, PA). Acetonitrile, tetrahydrofuran, and
methanol were mixed and used as a mobile phase when
combined with a 1% ammonium acetate solution (68:22:7:3). A
flow rate was set at 1.1 mL/min using a Hitachi Elite LaChrom
HPLC system equipped with an L-2130 pump in isocratic mode, an
L-2455 Diode Array Detector (monitoring at 300 and 445 nm), and
a programmable AS-2200 auto-sampler with chilled sample tray.
Peak integration and data acquisition was completed with the
system manager software (Hitachi; San Jose, CA). The minimum
detection limits in plasma were 3.86 micrograms/Liter (mcg/L) for
lutein+ zeaxanthin, 3.88 mcg/L for β-cryptoxanthin, 5.44 mcg/L
for lycopene, 4.24 mcg/L for α-carotene, and 4.80 mcg/L for β-
carotene. Two replicates each of a large-volume two-level plasma
pool were included in each sample batch. These four sample
controls provided estimates for internal quality control. Quality
control was also assessed externally by participation in the
standardization program for carotenoid analysis through the
National Institute of Standards and Technology, USA.
For the purposes of this analysis, inflammatory compounds and

fat-soluble nutrients were categorized as proinflammatory, anti-
inflammatory, or unknown/pleiotropic effects as shown in Table 1.

Statistical analysis
Descriptive statistics for continuous variables are reported as
median, minimum, maximum, and interquartile range (IQR).
Categorical data are presented as counts and proportions. The
Mann−Whitney U test was used to compare continuous measures
between dichotomous groups. Spearman’s correlation coefficients
assessed relationships between continuous variables. Multivariate
regression analysis, with log transformation of both nutrient levels
and inflammatory measures, was used to predict changes in blood
inflammatory compound levels based on fat-soluble nutrient
levels in blood or placenta after adjusting for race, delivery mode,
maternal smoking, maternal pre-pregnancy BMI, and birth CGA. A
p value of ≤0.05 was considered statistically significant.

RESULTS
In total, 152 mother−infant dyads were included in the study and
variables were analyzed as available from the electronic medical
record. Demographic data are reported in Table 2. Categorical
responses are reported in Table 3. Median levels of fat-soluble

nutrients in maternal serum, umbilical cord blood, and placenta
are reported in Table 4. Median levels of both mother and infant
inflammatory compounds are listed in Table 5. As detailed in
Tables 2 and 3, the study population included primarily term
infants (median CGA of 39 4/7 weeks) without significant prenatal
or postnatal complications.

Comparisons within and between maternal and infant
inflammatory compounds
While there remain no standardized reference ranges for
comparison, all median levels of anti- and proinflammatory
compounds in our study were estimated at 1.2–2.3 times higher
in umbilical cord compared to maternal blood with the exception
of IL2, which was 1.3 times lower in infants compared to mothers
(Table 5).

Table 1. Designated inflammation status of inflammatory compounds
and fat-soluble nutrients.

Variable Proinflammatory Anti-inflammatory Unknown or
pleiotropic
effects

Inflammatory
compound

TNFα
IL1β
IL8

IL10
SOD

IL2
IL6

Nutrient γ-tocopherol Lutein+
zeaxanthin
Lycopene
α-carotene
β-carotene
β-cryptoxanthin
retinol
α-tocopherol

δ-tocopherol

Table 2. Continuous responses of maternal and infant demographic
outcomes.

Variable n Median Minimum Maximum IQR

Maternal age (years) 148 28.0 17.0 43.0 8.0

Maternal pre-pregnancy
BMI (kg/m2)

137 25.5 16.0 47.0 8.8

Birth CGA (weeks.days) 149 39.4 25.0 42.1 1.9

Birth weight (g) 149 3437 860 4617 665

Birth weight% 149 64.7 1.6 99.8 43.4

Birth length (cm) 148 49.5 32.0 55.2 3.1

Birth length % 148 58.1 0.0 99.8 58.3

Birth head
circumference (cm)

148 34.3 24.0 47.6 2.6

Birth HC % 148 64.2 0.0 99.9 50.9

1-min Apgar score 147 8 1 9 1

5-min Apgar score 147 9 3 10 0

Table 3. Categorical responses of maternal and infant demographics
and outcomes.

n Frequency (%)

Infant sex 152 61 female (40.1%)
91 male (59.9%)

NICU admit 151 29 (19.2%)

RDS 150 12 (8.0%)

Preterm birth 149 17 (11.4%)

Failed hearing screen 152 15 (9.9%)

Delivery mode 149 114 vaginal (76.5%)
35 Cesarean (23.5%)

Maternal diabetes during
pregnancy (any type)

149 12 (8.1%)

Preeclampsia 148 3 (2.0%)

Maternal race 152 103 Caucasian (67.8%)
26 African American (17.1%)
8 Hispanic (5.3%)
4 Asian/Pacific
Islander (2.6%)
1 American Indian (0.6%)
10 Other/Unknown (6.6%)

Smoking status at delivery 148 95 never smoker (64.2%)
20 current smoker (13.5%)
33 former smoker (22.3%)

Maternal pre-pregnancy obesity 137 40 (29.2%)
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Correlations between individual maternal inflammatory com-
pounds and individual infant compounds are all positive and
displayed in Fig. 1. All listed raw r values are significant at p < 0.05,
with the exception of the correlation between M-IL2 and M-IL8
(r= 0.22) with p value equivalent to 0.05. Figure 2 displays the
significant relationships between maternal and infant inflamma-
tory markers; all list positive r values with p < 0.05. Notably, Fig. 1
demonstrates the highest r values between inflammatory

compounds IL6 and IL8 in both mothers and infants (0.90 and
0.80 respectively), as well as some balancing relationships
between proinflammatory IL1β and pleiotropic IL2 in mothers
(0.75) and infants (0.85). Figure 2 displays similar, albeit weaker,
correlations between maternal and infant inflammatory com-
pounds, with positive correlations between maternal and infant
proinflammatory IL6 and IL8 and similar balancing with pro- and
anti-inflammatory compounds.

Relationships between inflammatory compounds and birth
characteristics and outcomes
Characteristics. Maternal pre-pregnancy BMI was inversely corre-
lated with M-SOD (r=−0.46; p= 0.02). Median maternal (M)-IL6
(14.8 vs. 8.9, p= 0.025) and M-IL10 (16.0 vs. 11.5; p= 0.069) were
significantly higher in white vs. non-white mothers. There were no
significant differences in the median levels of inflammatory
compounds between mothers with or without a smoking history.
Median umbilical cord blood (C)-TNFα approached significant

differences between male vs. female infants (55.5 vs. 48.3; p=
0.09). No other significant differences were noted in inflammatory
compounds with regard to infant sex. Median C-IL1β levels
showed trend with a decrease in white infants compared to non-
white (8.3 vs. 14.5; p= 0.069).

Outcomes. M-IL8 was significantly lower in moms with diabetes
during pregnancy (median 4.6 vs. 8.9; p= 0.03). There were no
significant differences in the median levels of inflammatory
compounds between vaginal vs. Caesarean deliveries.
Median M-IL2 was higher in cases of infant NICU admission

compared to non-admitted infants (10.7 vs. 6.6; p= 0.03). Median
C-IL6 and C-IL8 were significantly elevated in infants diagnosed
with RDS compared to healthy newborns (10.7 vs. 77.9, p= 0.005;
11.6 vs. 67.5, p= 0.003). Infant 1-min Apgar scores were inversely
correlated with M-IL6 (r=−0.23, p= 0.045), C-IL6 (r=−0.21, p=
0.055), and C-IL8 (r=−0.34, p < 0.001), but correlated positively
with M-SOD (r= 0.39, p= 0.054). Infant 5-min Apgar scores
correlated negatively with C-IL6 (r=−0.27, p= 0.016) and C-IL8
(r=−0.28, p= 0.003), but correlated positively with C-IL10 (r=
0.26, p= 0.020). There were no significant differences in the
median levels of inflammatory compounds in term vs. preterm
infants or in cases of infant hearing screen failure.
Infant anthropometric measurements at birth revealed relation-

ships with inflammatory compounds. Birth weight was negatively
correlated with C-IL1β (r=−0.32, p= 0.004) and C-IL10 (r=−0.19,
p= 0.041), as well as birth weight percentile (r=−0.34, p= 0.002;
r= 0.21, p= 0.02). M-SOD inversely correlated with birth weight
percentile (r=−0.39, p= 0.052) and birth length percentile (r=
−0.45, p= 0.027). Birth head circumference size (r=−0.30, p=
0.007) and head circumference percentile (r=−0.21, p= 0.060)
was also inversely correlated with M-IL6.

Relationships between fat-soluble nutrients and inflammatory
compound levels
Table 6 displays results for multivariate regression analysis to
predict how log-transformed nutrient levels impact log-
transformed inflammatory compounds after adjusting for race,
delivery mode, maternal smoking, maternal pre-pregnancy BMI,
and birth CGA. Included were identified significant relationships
(p ≤ 0.05) or those that approached significance (p < 0.07). In
example interpretation, results predict a 10% increase in (log-
transformed) lutein+ zeaxanthin in umbilical cord blood would
lead to a 3.7% decrease in (log-transformed) M-IL2. While findings
were significant among varying nutrient levels in maternal or
umbilical cord blood, the strongest and most consistent findings
were among nutrient levels in placenta. In fact, all placental
nutrient levels except for δ-tocopherol showed significant
relationships with inflammatory compounds after adjusting for
covariates.

Table 4. Fat-soluble nutrient levels in maternal serum, umbilical cord
blood (maternal serum and umbilical cord blood levels measured in
mcg/L) and placenta (placental concentrations measured in mcg/g).

n Median Minimum Maximum IQR

Lutein+ Zeaxanthin

Maternal serum 148 207.9 9.2 605.5 112.4

Umbilical
cord blood

138 35.3 11.7 144.7 27.9

Placenta 81 0.10 0.03 0.46 0.07

β-cryptoxanthin
Maternal serum 148 138.6 8.0 538.6 104.5

Umbilical
cord blood

138 17.2 2.8 683.4 14.4

Placenta 81 0.02 0.0 0.09 0.01

Lycopene (total)

Maternal serum 148 591.4 25.8 1128.2 323.6

Umbilical
cord blood

138 25.7 1.6 454.9 19.0

Placenta 81 0.06 0.01 0.16 0.05

α-carotene (total)

Maternal serum 148 44.3 2.4 1,022.3 51.1

Umbilical
cord blood

138 3.8 0.0 939.4 5.5

Placenta 81 0.01 0.0 0.08 0.01

β-carotene (total)

Maternal serum 148 181.8 7.1 3,003.1 233.3

Umbilical
cord blood

138 10.5 0.0 286.6 16.4

Placenta 81 0.03 0.0 0.23 0.04

Retinol

Maternal serum 148 294.7 113.3 590.4 116.5

Umbilical
cord blood

138 170.0 72.9 298.6 70.1

Placenta 81 0.13 0.04 0.82 0.04

α-tocopherol
Maternal serum 148 18,246.8 3,898.3 35,528.3 5,836.0

Umbilical
cord blood

138 2972.1 394.5 11,904.2 1,483.3

Placenta 81 1.43 0.0 16.0 1.95

γ-tocopherol
Maternal serum 148 1618.0 169.7 5,695.3 1,072.1

Umbilical
cord blood

138 212.1 57.8 763.5 126.1

Placenta 81 0.45 0.05 1.83 0.35

δ-tocopherol
Maternal serum 148 111.1 8.3 575.1 117.2

Umbilical
cord blood

138 17.5 0.0 115.0 17.2

Placenta 81 0.05 0.01 0.15 0.05
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Multiple anti-inflammatory fat-soluble nutrients in blood
demonstrate significant inverse relationships with proinflamma-
tory compounds. In maternal serum or umbilical cord blood, these
include β-cryptoxanthin, α-carotene, β-carotene, and retinol with
mixed effects identified between lutein+ zeaxanthin, α-toco-
pherol, and δ-tocopherol and pleiotropic/unknown inflammatory
compounds (IL2). In placenta, inverse relationships exist between
anti-inflammatory fat-soluble nutrients (all except α-tocopherol)
and proinflammatory blood compounds, primarily M-IL8 and M-
IL1β. There are also positive relationships between anti-
inflammatory compounds and fat-soluble nutrients, such as
placental retinol and α-tocopherol with IL10. However, other
relationships remained variable, such as that between anti-
inflammatory fat-soluble nutrients and pleiotropic/unknown
inflammatory compounds like IL2.

DISCUSSION
In this single-center cohort of mother−infant dyads, we observed
several significant correlations within and between maternal and
infant blood inflammatory compounds at time of birth. We also
identified relationships between inflammatory compounds with
birth characteristics/outcomes and fat-soluble nutrient levels. Fat-
soluble nutrient levels, primarily those in placental tissue,
exhibited significant relationships with blood inflammatory
compounds after adjusting for multiple covariates. These inte-
grated results suggest optimizing maternal status of fat-soluble

nutrients may favorably alter perinatal inflammation and result in
enhanced infant birth outcomes.

Inflammatory compounds
Assessment of perinatal inflammatory status remains highly
complex, yet strongly interrelated, as demonstrated by the
multiple relationships between maternal and infant inflammatory
compounds in Figs. 1 and 2. Notably, all relationships demonstrate
weak to moderate positive correlations, concluding that an
increase in any singular inflammatory compound demonstrates
a ripple effect with increasing additional singular pro- or anti-
inflammatory compounds in mothers and infants. Individual
inflammatory compound levels showed similar significant relation-
ships between both maternal and infant samples for TNFα, IL1β,
IL2, and IL10, which were all interrelated. Likewise, both maternal
and infant samples showed significant relationships between IL6
with IL8 and IL2 with IL10.

Birth outcomes
Achieving an optimal balance of pro- and anti-inflammatory
mediators may have a significant impact on neonatal outcomes.
High levels of maternal+ inflammatory compounds such as IL6
have been associated with increased preterm birth.31 Though we
found no difference in inflammatory compounds between infants
born term vs. preterm, we did identify infants diagnosed with RDS
to have higher median levels of IL6 and IL8 in umbilical cord
blood. This mimics prior research, as An et al. reported these

Table 5. Measures of maternal serum and umbilical cord blood inflammatory compounds (units of measurement in pg/mL).

Mother Infant

Variable n Median Min Max IQR n Median Min Max IQR p value between mother vs. infant levels

IL1β 84 6.3 2.0 20.1 5.9 82 8.5 0 133.7 6.6 0.0084

TNFα 118 25.2 5.4 474.0 17.6 114 52.1 16.4 298.8 22.1 <0.0001

IL6 79 11.1 3.1 216.8 39.5 84 13.7 0 1997.0 43.9 0.65

IL8 100 8.0 2.9 125.3 11.3 117 13.0 3.1 1325.0 21.8 0.0004

IL2 90 7.4 2.6 26.5 6.2 84 5.7 2.3 21.8 6.5 0.96

IL10 116 15.0 2.6 105.4 17.1 122 21.3 2.9 473.0 19.7 0.0002

SOD 26 190.5 62.5 974.4 207.8 28 443.3 176.6 1234.2 409.1 0.37

TNFα

IL1β IL6

a b

IL8

IL10IL2

SOD

TNFα

IL1β IL6

IL8

IL10IL2

SOD

0.6
4

0.
65

0.
75

0.61

0.2
2

0.7
3

0.2
1

0.51
0.55

0.90

0.36

0.
39

0.
85

0.45

0.46

0.
32

0.45

0.31

0.29

0.30

0.80

Weak correlation (0.0 – 0.3)
Moderate correlation (>0.3 – 0.7)
Strong correlation (>0.7 – 1.0)

Blue lines indicate simliar relationships found in both maternal and infant samples.
Orange lines indicate relationships only found in respective samples.

Fig. 1 Spearman’s correlation coefficients* between blood inflammatory compounds at time of delivery. a Correlations between blood
inflammatory compounds in mothers. b Correlations between blood inflammatory compounds in infants. *Relationships represented include
all with a statistically significant r value correlation with p ≤ 0.05.
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inflammatory compounds to be elevated in the umbilical cord
blood of preterm infants who developed chronic lung disease
(defined as need for oxygen supplementation at 28 days of life) vs.
those who did not.32 Prior research also indicates extrauterine
growth is altered in preterm infants exposed to increased
inflammatory stimuli, but our results demonstrate that intrauterine
inflammatory exposure also impacts fetal growth and resulting
birth anthropometric outcomes. This altered fetal growth may
impact metabolic programming, contributing to long-term health
consequences as a result of developmental origins of health and
disease. We also identified significant inverse relationships
between M-IL6 and infant birth head circumference size. Future
research is indicated to determine if this is a preliminary finding
for risk of altered cognition, as perinatal exposure to IL6 has
previously been associated with altered cognitive outcomes.1,7

Nutrient levels
Many identified relationships indicate fat-soluble nutrients med-
iate inflammation. Multiple anti-inflammatory fat-soluble nutrients
in blood (β-cryptoxanthin, α-carotene, β-carotene, and retinol)
demonstrate significant inverse relationships with proinflamma-
tory compounds. The strongest of these was between retinol
levels in umbilical cord blood and C-IL8, signifying a protective
effect for infants. Yet, mixed effects were identified between anti-
inflammatory lutein+ zeaxanthin, α-tocopherol, and δ-tocopherol
with IL2, which is deemed a pleiotropic/unknown inflammatory
compound. However, among relationships that remained sig-
nificant, results would predict a 10% increase in a singular (log-
transformed) fat-soluble nutrient to result in a 1.6–9.5% increase
or decrease in singular (log-transformed) blood inflammatory
cytokine. While these data identified associations between
inflammatory and fat-soluble nutrient levels, no causation can
be determined. It remains unknown if varying nutrient levels
influence inflammatory compound production or if presence of
inflammation impacts nutrient transfer from mother to infant.
The most unique relationships between inflammatory com-

pounds and fat-soluble nutrient levels were identified in the
placenta. In fact, all fat-soluble nutrients (with the exception of δ-
tocopherol) showed significant relationships with inflammatory
compounds. Not only did the placenta show the most significant
relationships, but also the strongest. Among significant findings, a
10% increase in a singular (log-transformed) fat-soluble nutrient

IL1β

TNFα

IL6

IL8

IL10

IL2

Weak correlation (0.0 – 0.3)
Moderate correlation (>0.3 – 0.7)

Red lines indicate a correlation between the same inflammatory compound
in maternal and infant blood samples.
Black lines indicate a correlation between  differing inflammatory compounds
in maternal and infant blood samples.

SOD

IL1β

TNFα

IL6

IL8

IL10

IL2

SOD

MOTHER INFANT

0.27

0.
25

0.34

0.23

0.39

0.35

0.22

0.23

0.23

0.
44

0.48

Fig. 2 Spearman’s correlation coefficients* between mother and
infant blood inflammatory compounds at time of delivery. *Values
included indicate a statistically significant r value correlation with
p ≤ 0.05.

Table 6. Relationships between blood inflammatory compounds and
fat-soluble nutrient levels in blood and placenta after multivariate
regression analysis (log-transformed multivariate regression analysis
adjusted for race, delivery mode, maternal smoking, maternal pre-
pregnancy BMI, and birth CGA).

Inflammatory
compounda,b

n β p value

Lutein+ Zeaxanthin

Maternal serum

Umbilical cord blood M-IL2 83 −0.37 0.025

Placenta M-IL8 50 −0.53 0.019

β-cryptoxanthin
Maternal serum M-IL1β 78 −0.24 0.066

Umbilical cord blood

Placenta M-IL1β 42 −0.36 0.060

M-IL8 50 −0.53 0.013

C-IL1β 47 0.67 0.001

C-IL2 46 0.41 0.015

Lycopene

Maternal serum

Umbilical cord blood

Placenta M-IL8 50 −0.47 0.021

M-IL2 49 −0.34 0.035

M-SOD 14 −0.92 0.059

α-carotene (total)

Maternal serum M-IL1β 78 −0.17 0.023

Umbilical cord blood

Placenta M-IL8 48 −0.47 0.002

β-carotene (total)

Maternal serum M-IL1β 78 −0.16 0.066

Umbilical cord blood M-IL8 89 −0.22 0.048

Placenta M-IL8 50 −0.36 0.005

Retinol

Maternal serum

Umbilical cord blood C-IL8 108 −0.95 0.015

Placenta M-IL8 50 −0.59 0.018

M-IL10 63 0.58 0.012

α-tocopherol
Maternal serum C-IL2 78 0.36 0.054

Umbilical cord blood

Placenta M-IL10 62 −0.25 0.014

M-IL2 48 −0.25 0.001

M-SOD 14 −0.49 0.001

γ-tocopherol
Maternal serum

Umbilical cord blood

Placenta M-IL8 50 −0.38 0.041

δ-tocopherol
Maternal serum M-IL2 84 0.17 0.057

Umbilical cord blood C-SOD 27 −0.40 0.039

Placenta

Empty boxes indicate relationships with p > 0.07.
aM=maternal serum, C= umbilical cord blood serum.
bData included for relationships meeting (p ≤ 0.05) or approaching
significance (p < 0.07).
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would predict between a 2.5 and 9.2% increase or decrease in a
singular (log-transformed) blood inflammatory cytokine. Placental
β-cryptoxanthin, lycopene, and α-tocopherol exhibited the most
relationships with inflammatory compounds, followed by retinol.
Inverse relationships exist between anti-inflammatory fat-soluble
nutrients (all except α-tocopherol) and proinflammatory blood
compounds. There were also positive relationships between anti-
inflammatory fat-soluble nutrients and anti-inflammatory com-
pounds, such as placental retinol and α-tocopherol with IL10.
However, there were also some conflicting results in which the
relationships between pro- and anti-inflammatory compounds
were not as clearly aligned, reflecting the complexity of immune
responses. In example, γ-tocopherol, commonly considered a
proinflammatory compound, showed an inverse relationship with
proinflammatory M-IL8. It may be considered if fat-soluble
nutrients express different oxidative properties dependent on
the presence in blood or tissue. Alternatively, results suggest the
placenta is the most protective defense for the developing fetus,
blunting fetal inflammatory exposure at its own expense. There-
fore, future research is indicated to further analyze the complexity
of these associations and to better understand how these
individual responses impact nutrient transfer and resulting
perinatal outcomes. Nonetheless, these results show a promising
potential benefit of optimizing perinatal nutrition.
As infant growth, neurodevelopment, and birth outcomes are

negatively impacted by inflammation, modifiable lifestyle factors
that have potential to blunt adverse effects must be considered.
As maternal blood levels of carotenoids are strongly related to
dietary intake of fruits and vegetables33 and optimizing nutrition is
a safe intervention with many other health benefits, this remains
an important target of both individual prenatal nutrition counsel-
ing as well as large-scale programmatic strategies for optimizing
perinatal nutrition. Additional research is also needed to identify
long-term outcomes related to inflammatory compound levels at
the time of birth and if threshold values exist for fat-soluble
nutrient levels that favorably modulate inflammation to support
improved perinatal health outcomes.

Strengths and limitations
The unique strengths of this study are that we assessed
relationships of multiple complex inflammatory compounds
within a diverse population of mother−infant dyads, which has
been a gap in prior research. Furthermore, we assessed nutrient
status in three primary biological samples that have the potential
to impact inflammation status. The intricate analyses conducted
significantly enhance our understanding of the interplay between
perinatal inflammation status, fat-soluble nutrient concentrations,
and resulting birth outcomes. This work provides baseline for
future interventional studies that seek to optimize perinatal
nutrition as a method to modulate inflammation and enhance
birth outcomes.
The weakness of this study is that results are cross-sectional and

do not allow for comparison of inflammation or nutrition status at
the time of conception, during pregnancy, or postpartum. While
we adjusted for multiple covariates, we acknowledge that
additional factors may impact inflammation status. Though our
cohort was diverse and included dyads with pregnancy complica-
tions like diabetes or preterm birth, a majority of mother−infant
dyads delivered at term gestational ages and were relatively free
of complications. Therefore, our results are not reflective of
inflammatory responses in pathological pregnancies (i.e. chor-
ioamnionitis, fetal inflammatory response syndrome, etc.), which
are likely to differ substantially from nonpathologic pregnancies.

CONCLUSIONS
This study demonstrates that there are significant correlations
between maternal and umbilical cord blood levels of inflammatory

compounds. Carotenoid, retinol, and tocopherol levels in blood
and placenta show relationships with inflammatory compound
levels in maternal or umbilical cord blood, suggesting nutrition is a
modifiable factor influencing perinatal inflammation status. Addi-
tional research is needed to identify long-term outcomes related to
inflammatory compound levels at the time of birth and threshold
fat-soluble nutrient values that may favorably modulate inflamma-
tion to support improved perinatal health outcomes.
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