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ABSTRACT

Excessive inflammation during pregnancy alters homeostatic mechanisms of the developing fetus and has
been linked to adverse pregnancy outcomes. An anti-inflammatory diet could be a promising avenue to
combat the pro-inflammatory state of pregnancy, particularly in obese women, but we lack mechanistic
data linking this dietary pattern during pregnancy to inflammation and birth outcomes. In an ethnically

KEYWORDS
diverse cohort of 1057 mother-child pairs, we estimated the relationships between dietary inflammatory Birthweight; cytokines; diet;
potential [measured via the energy-adjusted dietary inflammatory index (E-DII™)] and birth outcomes DNA methylation;

overall, as well as by offspring sex and maternal pre-pregnancy body mass index (BMI). In a subset of
women, we also explored associations between E-DII, circulating cytokines (n = 105), and offspring
methylation (n = 338) as potential modulators of these relationships using linear regression. Adjusted
regression models revealed that women with pro-inflammatory diets had elevated rates of preterm birth
among female offspring [8 = —0.22, standard error (SE) = 0.07, P<0.01], but not male offspring (=0.09,
SE = 0.06, P<0.12) (Pinteraction = 0.003). Similarly, we observed pro-inflammatory diets were associated
with higher rates of caesarean delivery among obese women (8 = 0.17, SE = 0.08, P = 0.03), but not
among women with BMI <25 kg/m? (Pieraction = 0.02). We observed consistent inverse associations
between maternal inflammatory cytokine concentrations (IL-12, IL-17, IL-4, IL-6, and TNF&) and lower
methylation at the MEG3 regulatory sequence (P<0.05); however, results did not support the link between
maternal E-DIl and circulating cytokines. We replicate work by others on the association between maternal
inflammatory diet and adverse pregnancy outcomes and provide the first empirical evidence supporting
the inverse association between circulating cytokine concentrations and offspring methylation.

epidemiology; imprinted
genes; inflammation

Abbreviation: BMI, Body Mass Index; DII, Dietary Inflammatory Index; DMR, Differentially Methylated Region; E-DII,
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Introduction
Data from animal and human studies suggest that maternal

The developmental origin of health and disease hypothesis pos-
its that maternal factors, through an altered in utero environ-
ment, have the capacity to contribute substantially to the
offspring’s health in adulthood."” There is accumulating evi-
dence that prenatal conditions and exposures, including mater-
nal body size, nutrition, and exposure to toxicants, can alter
gene expression profiles of offspring. These factors also influ-
ence embryonic, placental, and fetal growth, and thereby pre-
dispose the offspring to adult chronic conditions, including
obesity, cardiovascular disease, type 2 diabetes, and cancer.**

nutrition during pregnancy has long-term health consequences
for her offspring.” These outcomes may be driven by epigenetic
changes, i.e., modifications that result in differential levels of
gene expression without altering the base nucleotide sequence
and thus could be important targets for behavioral and clinical
intervention. Because many epigenetic marks, especially those
regulating genomically imprinted genes, are established before
gastrulation and are maintained in somatic tissues,® the down-
stream effects of early perturbations could be extensive.””
However, beyond single-nutrient analysis,'”"’ the role of
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maternal dietary patterns and nutrition on the offspring’s epi-
genome and early outcomes remains understudied.

One pathway through which diet could possibly affect the
epigenome is inflammation. There is a well-established link
between diet and inflammatory biomarkers in the non-preg-
nant population,'* and though pregnancy itself induces a state
of inflammation, evidence suggests the link persists among
pregnant mothers.'>'® Chronic inflammation during preg-
nancy—such as that observed in obese women and the associ-
ated release of pro-inflammatory cytokines from adipose
tissue—may alter homeostatic mechanisms of the developing
fetus and has been linked to adverse pregnancy outcomes
including prematurity, intrauterine growth restriction, and pre-
eclampsia.’” ' Recent data show that maternal diet is associ-
ated with both inflammation and early-life outcomes in
offspring.'>'° In a cohort of approximately 1800 women living
in Massachusetts, the dietary inflammatory index (DII), a tool
for assessing the inflammatory potential of the diet, was associ-
ated with small-for-gestational-age (SGA) infants among moth-
ers with pre-pregnancy obesity."> Maternal DII also was
associated with maternal markers of inflammation [C-reactive
protein (CRP)]; however, the mechanistic links between these
markers and fetal adiposity remain obscure.”” Mechanistic
insights into the association between maternal diet, inflamma-
tion, and offspring adiposity could provide a promising avenue
to combat the pro-inflammatory state of pregnancy, particu-
larly in obese women.

Given the strong relationship between diet and the epige-
nome, a promising hypothesis is that a pro-inflammatory die-
tary pattern produces elevated concentrations of cytokines and
other inflammatory molecules that alter the regulation of key
genes in the developing fetus, mediated by epigenetic mecha-
nisms. Therefore, in an ethnically diverse population of 1057
mother-child pairs participating in the Newborn Epigenetic
Study (NEST), the objectives of this analysis are to: (1) examine
the association between maternal DII and offspring birth out-
comes; (2) explore the effects of higher cytokine concentrations
on the methylation patterns of genomically imprinted genes in
offspring at birth; and (3) examine the relationship between
maternal DII and circulating cytokines (Fig. 1). We also esti-
mated the direct effect of pro-inflammatory diet on offspring
DNA methylation of 9 differentially methylated regions
(DMRs) of genomically imprinted genes, including the IGF2
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Figure 1. Diagram of previous findings and proposed study aims among 1057
mother-child pairs enrolled in the Newborn Epigenetics STudy cohort.
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DMR, H19 DMR, MEG3-IG DMR, MEG3 DMR, MEST DMR,
NNAT DMR, PEG3 DMR, SGCE/PEGI0 DMR, and the
PLAGLI DMR. These DMRs are known to be important for
regulating the associated imprinted genes with regard to their
critical roles in fetal growth and development,**** and associate
with birthweight in our study population.'* Given known asso-
ciations between inflammation and maternal obesity, as well as
the sex-specificity of certain epigenetic perturbations,” we also
examined potential modification by maternal pre-pregnancy
obesity and infant sex.

Results

Demographic and clinical characteristics of the 1057 study par-
ticipants appear in Table 1. The study participants’ characteris-
tics included: a race-ethnicity distribution of 43% African-
American, 34% White, and 23% Hispanic; 59% aged less than
30 years; 73% nonsmokers; and 49% with a household income
lower than $25,000. The median E-DII score in the study
cohort was —1.37 with a range of —5.00 to 4.96. African-Amer-
ican race, higher maternal BMI and smoking were associated
with a more pro-inflammatory diet (i.e., higher E-DII score),
while older age, higher income and education were associated
with a more anti-inflammatory diet (i.e., lower E-DII score).
E-DII scores did not differ by other factors, including birth out-
comes (mode of delivery, gestational age at delivery, birth-
weight for gestational age, and infant sex).

E-DII and birth outcomes

Birthweight

After adjustment for maternal age at delivery, race/ethnicity,
household income and maternal cigarette smoking, we
observed no association between infant birthweight and mater-
nal E-DII score, overall, or when stratified by infant sex or
maternal pre-pregnancy BMI (Table 2).

Gestational age at delivery

While maternal E-DII score was not associated with gestational
age at delivery overall, we did observe sex-specific effects with a
more pro-inflammatory diet associated with lower gestational
age at delivery among female offspring (8 = —0.22, SE = 0.07,
P<0.01), but unrelated to gestational age at delivery in male
offspring ($=0.09, SE = 0.06, P<0.12) (P for interaction =
0.003). These associations did not vary by maternal pre-preg-
nancy BMI (Table 2).

Birthweight for gestational age

There was no association between the E-DII score and birth-
weight for gestational age [small for gestational age (SGA) or
large for gestational age (LGA)] in our study population
(Table 2). There was no evidence that associations were modi-
fied by infant sex or maternal pre-pregnancy BMI (P for inter-
action >0.05).

Mode of delivery

The E-DII was not associated with rate of cesarean delivery in
our study population overall, or when stratified by infant sex.
However, we found a positive association between dietary
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Table 1. Study participant characteristics by dietary inflammatory index (DIl) quartiles.

more anti-inflammatory <— DIl quartile— more pro-inflammatory

Total (n = 1057) Q1 (n = 264) Q2 (n = 264) Q3 (n = 265) Q4 (n = 264)
n Median (interquartile range”)
DIl (overall) 1057 —1.37 (2.78) —3.54(0.93) —1.96 (1.31) —0.68 (0.76) 1.19 (1.30)
DIl (peri conceptional period) 599 —1.70 (2.87) —3.63 (0.87) —1.96 (0.60) —0.75 (0.82) 1.22 (1.40)
DIl (first trimester) 123 —0.99 (2.63) —3.60 (1.08) —2.22(0.71) —0.50 (0.64) 1.32 (1.36)
DIl (entire pregnancy) 260 —0.48 (2.38) —3.25 (0.94) —1.78 (0.50) —0.58 (0.70) 1.04 (1.34)
n Median (SD)
Birthweight (grams) 1057 3332 (593) 3367.5 (542) 3386.0 (588) 3340.0 (608) 3210.0 (620)
Gestational age}‘ 1056 39 (2.03) 39 (1.77) 39 (2.03) 39 (2.05) 39 (2.24)
N (%)

Age at delivery (years) 1057
<20 32 (3%) 5 (2%) 5 (2%) 7 (3%) 15 (6%)
20-29 587 (56%) 113 (43%) 122 (46%) 166 (62%) 186 (70%)
30-39 414 (39%) 140 (53%) 130 (49%) 87 (33%) 57 (22%)
40+ 24 (2%) 6 (2%) 7 (3%) 5 (2%) 6 (2%)
Race/ethnicity 926
Black 394 (43%) 49 (22%) 61 (27%) 103 (44%) 181 (74%)
White 317 (34%) 102 (46%) 88 (39%) 74 (32%) 53 (22%)
Hispanic 215 (23%) 72 (32%) 76 (34%) 55 (24%) 12 (5%)
Marital status 1019
Married 452 (44%) 159 (62%) 126 (50%) 105 (41%) 62 (24%)
Never married 272 (27%) 4 (13%) 6 (22%) 70 (28%) 112 (44%)
Living with partner 244( 49%) 5 (21%) 64 (25%) 66 (26%) 59 (23%)
Other 51 (5%) 9 (4%) 6 (3%) 2 (5%) 24 (9%)
Household income 853
<$25,000 412 (49%) 74 (33%) 89 (43%) 113 (56%) 136 (62%)
$25,000-$49,999 137 (16%) 32 (15%) (14%) 31 (15%) 44 (20%)
$50,000-$100,000 190 (11%) 61 (28%) 7 (27%) 35 (17%) 37 (17%)
>$100,000 114 (14%) 54 (24%) 4 (16%) 25 (12%) 1 (1%)
Education 1023
College graduate 351 (34%) 122 (48%) 100 (40%) 78 (31%) 51 (20%)
High school/GED 213 (21%) 38 (15%) 9 (15%) 67 (26%) 69 (27%)
Less than high school 282 (28%) 64 (25%) 80 (32%) 67 (26%) 71 (27%)
Some college 177 (17%) 32 (12%) 4 (13%) 43 (17%) 68 (26%)
Parity (at enroliment) 1032
Multiparous 656 (64%) 159 (62%) 164 (64%) 161 (62%) 172 (66%)
Nulliparous 376 (36%) 99 (38%) 92 (36%) 97 (38%) 88 (34%)
Body mass index (kg/m?)’ 1003
18.5-24.99 412 (41%) 117 (46%) 106 (42%) 97 (39%) 92 (37%)
25-29.99 277 (28%) 67 (27%) 76 (30%) 76 (30%) 58 (23%)
>29.99 314 (31%) 67 (27%) 71 (28%) 77 (31%) 99 (40%)
Gestational weight gain 1039
Adequate 249 (24%) 65 (25%) 65 (25%) 66 (25%) 53 (20%
Less than adequate 246 (24%) 53 (21%) 65 (25%) 61 (24%) 67 (26%)
Excessive 544 (52%) 140 (54%) 132 (50%) 133 (51%) 139 (54%)
Smoking status 1015
No smoking 736 (73%) 217 (86%) 199 (78%) 171 (68%) 149 (58%)
Smoking prior to pregnancy 114 (11%) 25 (10%) 37 (15%) 29 (11%) 23 (9%)
Smoking during pregnancy 165 (16%) 11 (4%) 18 (7%) 53 (21%) 83 (33%)
Alcohol 1009
No alcohol in pregnancy 995 (99%) 249 (98%) 245 (98%) 250 (99%) 251 (98%)
Alcohol in pregnancy 14 (1%) 4 (2%) 4 (2%) 2 (1%) 4 (2%)
Folic acid supplementation 1005
Yes 903 (90%) 213 (85%) 230 (90%) 225 (91%) 235 (94%)
No 102 (10%) 39 (15%) 25 (10%) 22 (9%) 16 (6%)
Gestational diabetes 1041
No 977 (94%) 243 (93%) 243 (94%) 249 (95%) 242 (93%)
Yes 64 (6%) 18 (7%) 16 (6%) 13 (5%) 17 (%)
Infant sex 1057
Male 560 (53%) 142 (54%) 140 (53%) 137 (52%) 141 (53%)
Female 497 (47%) 122 (46%) 124 (47%) 128 (48%) 123 (46%)
Gestational age® 1056
<34 28 (3%) 4 (1%) 6 (2%) 9 (3%) 9 (3%)
34-<37 62 (6%) 12 (5%) 17 (7%) 12 (5%) 21 (8%)
>37 966 (91%) 247 (94%) 241 (91%) 244 (92%) 234 (89%)
Method of delivery 1055
Vaginal 712 (67%) 178 (68%) 183 (69%) 175 (66%) 176 (67%)
Cesarean 343 (33%) 85 (32%) 81 (31%) 90 (34%) 87 (33%)
Birthweight (grams) 1057
Low, <2500 77 (7%) 13 (5%) 16 (6%) 21 (8%) 27 (10%)
Normal, 2500-4500 964 (91%) 248 (94%) 242 (92%) 239 (90%) 235 (89%)

(Continued on next page)
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more anti-inflammatory < DIl quartile— more pro-inflammatory

Total (n = 1057) Q1 (n =264) Q2 (n = 264) Q3 (n = 265) Q4 (n = 264)
High, >4500 16 (2%) 3(1%) 6 (2%) 5 (2%) 2 (1%)
Size for gestational age 1057
Small for gestational age 126 (12%) 24 (9%) 22 (8%) 39 (15%) 41 (15%)
Average for gestational age 855 (81%) 219 (83%) 221 (34%) 207 (78%) 208 (79%)
Large for gestational age 76 (7%) 21 (8%) 21 (8%) 19 (7%) 15 (6%)

*(25th percentage quartile, 75th percentage quartile).
SWeeks at delivery.
TAt last menstrual period.

inflammatory potential and cesarean delivery restricted to
women with BMI >30 kg/m” at LMP (P for interaction = 0.02)
(Table 2). Obese women had an approximately 20% increased
rate of cesarean delivery per unit increase in maternal E-DII
score (8 =0.17, SE = 0.08, P = 0.03).

For all outcomes, upon restricting our study population to
women with E-DII scores computed from FFQ1 only, results
were not substantially altered (data not shown).

Cytokines and cord blood leukocyte methylation

We investigated the association between maternal circulating
cytokines and methylation at 9 differentially methylated
regions (DMRs) measured in infant cord blood (Table 3). In
multivariate analyses, lower MEG3 methylation was associated
with higher levels of IL-12 (=-0.22), IL-17 (=-0.16), IL-4
(B = —0.16), IL-6 (8 = —0.65), and TNF-« (8 = —0.37). We
also observed a suggestive association between the MEST DMR
and TNFa (8 = —0.25, SE = 0.13, P = 0.06). Estimates for
other regions were modest and imprecise.

E-DII, cord blood methylation, and inflammatory cytokines

We estimated the association between maternal E-DII and
methylation at the same 9 DMRs (Table 4). We found no evi-
dence of association, even upon restricting to women with E-
DII computed from FFQ 1 (Table S1). Further, with the

exception of a weak unstable relationship with IL-1B (r
=—0.16), maternal E-DII did not correlate with maternal cyto-
kine circulation (data not shown).

Discussion

Our study sought to elucidate the relationships between mater-
nal dietary inflammatory potential and birth outcomes, as well
as gain mechanistic insights involving maternal cytokines and
offspring methylation. While we found no relationship between
E-DII and birth outcomes, overall, we observed differences in
the association between E-DII and gestational age by infant sex,
with pro-inflammatory maternal diet inversely associated with
gestational age among female offspring only, which warrants
additional investigation. We also found that obese women with
pro-inflammatory diets had a higher rate of caesarean delivery
compared with obese women with more anti-inflammatory
diets. Despite limited sample size, we observed consistent
inverse associations between maternal cytokines and offspring
hypomethylation at the MEG3 DMRs. Although many of the
biomarkers we used were key in the development of the DII as
an assessment tool,”>*” our data do not support the link
between maternal E-DII and circulating cytokines (we observed
a single weak correlation between E-DII and IL1p).

To our knowledge, Sen et al. are the only other investigators
to conduct a comprehensive assessment of maternal inflamma-
tory diet and pregnancy outcomes. They report an increased

Table 2. Adjusted”™ regression coefficients for association between maternal dietary inflammatory index (DII, per unit change) and birth outcomes, overall and by infant

sex and maternal body mass index.

B coefficient, standard error, P-value

Infant sex Maternal body mass index
Overall (n = 766) Male (n =399) Female (n =367) P-value! 18.5-24.99 (n = 291) 25-29.99 (n = 197) 30+ (n =248) P-value!

Continuous Outcomes —
Birthweight (g) -9.05,12.68,0.48 9.02,16.64,0.59 -22.35,19.10,0.24 0.747  -19.48,18.83,0.30  20.58,26.02,0.43 -23.31,23.91,033 0.564
Gestational age® -0.07,0.04,0.14  0.09,0.06,0.12  -0.22,0.07,0.001  0.003 -0.08, 0.06, 0.14 0.01,0.10, 0.93 -0.08, 0.09, 0.39 0.874
Binary Outcomes

Small for gestational age  0.01,0.07,0.89  -0.05,0.10,0.59  0.11,0.10, 0.31 0.186 0.05,0.11, 0.66 -0.12,0.17,0.49 0.03,0.12,0.81 0.555
Large for gestational age -0.06, 0.08,0.44  0.02,0.12,090 -0.17,0.12,0.16 0.187 -0.04,0.17,0.82 -0.09, 0.15, 0.56 0.12,0.14,0.38 0211
Cesarean delivery 0.05,0.05,0.28  0.03,0.07,0.66  0.08,0.07,0.25 0.366 -0.14,0.09, 0.13 0.10,0.10,0.33 0.17,0.08, 0.03 0.023

*Adjusted for maternal age at delivery, race/ethnicity, household income, and maternal cigarette smoking.

fAt last menstrual period.
?P for interaction (test for homogeneity)
SWeeks at delivery
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Table 3. Adjusted” regression coefficients for the association between maternal cytokines (per unit change) and differentially methylated regions (DMRs) in cord blood

DNA among term births.

Mean methylation

DMR n % (SD) IFNy IL12 IL17A IL18 IL4 IL6 TNFa
B coefficient, Standard Error, P-value

IGF2 9  48.39(3.80) —0.003,0.03,0.92 0.05,007, 043 0.04,005039 0.090.13,051 0.03,007070 022021,029 0.080.12 049
H19 96 51.44 (4.25) —0.009, 0.03,0.74 0.06,0.07,0.40 0.01,0.05,0.83 —0.12,0.14,0.38 —0.03,0.08, 0.71 0.16,0.22,0.47 0.18,0.13,0.16
DLK1/MEG3 91 71.26 (5.82) —0.07,0.04,0.08 —0.22,0.11, 0.04 —0.16, 0.07,0.02 —0.33,0.21,0.12 —0.31,0.11, 0.006 —0.65, 0.32, 0.04 —0.37, 0.19, 0.04
DLK1/MEG31G 86  50.12(2.86)  —0.05,0.03, 0.05 —0.00, 0.05,0.99 —0.06, 0.04,0.11 —0.12,0.12,0.30 —0.03, 0.06, 0.59 —0.21,0.17,0.23 —0.08, 0.10, 0.39
MEST 85 44,05 (4.01) —0.05,0.03,0.12 —0.13,0.08,0.10 —0.07, 0.05, 0.13 —0.11,0.14,0.41 —0.07, 0.08, 0.34 —0.20, 0.22, 0.38 —0.24, 0.13, 0.06
NNAT 85 5532 (4.83) —0.08,0.04,0.06 —0.11,0.10,0.27 —0.06, 0.07,0.33  0.11,0.19,0.54  0.09,0.10,0.37 —0.09, 0.30, 0.77 —0.26,0.17,0.13
PEG3 87 35.93(2.95) —0.02,0.02,0.34 0.06,0.06, 0.35 —0.04, 0.04,0.37 —0.005,0.12,0.97 0.01,0.06,0.85 0.04,0.18,0.81 0.004,0.11,0.97
SGCE/PEG10 89 4579 (3.72)  —0.02,0.03,0.52  0.03,0.07, 0.63 —0.004, 0.05,0.94 0.08,0.15,0.60 0.12,0.09,0.20 —0.01, 0.22,0.95 —0.07, 0.13, 0.60
PLAGLT 105 56.38(5.73) —0.03,0.04,0.44 0.04,0.10,0.72 0.07,0.07,0.28 —0.27,0.19,0.15 0.08,0.11,0.48 0.25,0.31,0.42 0.08,0.18, 0.64

*Adjusted for maternal race/ethnicity, household income, body mass index at last menstrual period, and maternal smoking.

rate of SGA among obese mothers with similar pro-inflamma-
tory diets.'”> We were unable to replicate this association using
the same United States national reference.”® A novel positive
association reported here between E-DII and cesarean delivery
appears among obese women representing approximately 30%
of our study population. This result contrasts with that of Sen
et al, and may be attributable to the lower percent of obese
women in their study (<15%) resulting in lower statistical
power that limited ability to detect the association. Notably, the
NEST study cohort was younger and had a larger proportion of
Black and Hispanic women, which also may influence maternal
pre-pregnancy obesity and offspring outcomes.

Given the observed associations with early gestational age at
delivery and cesarean delivery in subsets of our study cohort, a
secondary goal of this study was to explore potential inflamma-
tory and epigenetic mediators of this association in regulatory
regions known to be established in early development and simi-
lar in all cell types. Cytokines have consistently been associated
with birth outcomes and data show that inflammatory pheno-
types (i.e., those that involve increased circulation of cytokines
and other inflammatory markers, such as obesity and pre-
eclampsia) are thought to influence birthweight extremes
through their effects on inflammatory biomarkers.”””" For
example, McCloskey et al. found a positive association between
maternal BMI and newborn adiposity, and upon adjusting for
maternal high sensitivity (hs)CRP, the main effect was

Table 4. Adjusted” regression coefficients for the association between maternal
dietary inflammatory index (DII, per unit change) and differentially methylated
regions (DMRs) in cord blood DNA among term births

Mean methylation B coefficient,
n % (SD) SE, P-value
per unit
IGF2 DMR 325 51.80 (4.18) -0.08, 0.14, 0.57
H19 DMR 335 47.79 (3.85) -0.15,0.13,0.25
DLK1/MEG3 DMR 313 72.47 (5.46) -0.02, 0.19, 0.90
DLK1/MEG3 IG DMR 287 49.94 (3.05) -0.05,0.11, 0.64
MEST DMR 293 43.71 (4.33) -0.09, 0.16, 0.58
NNAT DMR 274 55.45 (5.81) -0.10, 0.22, 0.65
PEG3 DMR 309 36.28 (3.68) -0.08,0.13,0.54
SGCE/PEG10 DMR 305 45.95 (5.52) 0.06, 0.20, 0.76
PLAGLT DMR 338 57.81 (6.50) 0.13,0.22, 0.56

*Adjusted for maternal race/ethnicity, body mass index at last menstrual period,
and maternal smoking. SD: Standard Deviation SE: Standard Error

attenuated by approximately 25%.”’ Similarly, data show that
women with preeclampsia in pregnancy have increased concen-
trations of pro-inflammatory markers (CRP, IL’s, TNFw, and
interferon y) that are associated with fetal birthweight.>®*'
Elevated concentrations of maternal CRP, IL-6, TNF-«, leptin,
and homocysteine have each been related to risk of low birth-
weight,”**>** a mechanism which may involve the stimulation
of phagocytosis of apoptotic cells by CRPs, and intrauterine
growth restriction by IL-6 and TNF-o.** Maternal IL-6 and
TNF-a also have been linked to preterm births,** which may,
in part, drive associations between obesity and low birthweight.
Therefore, modulation of circulating cytokines could be one
pathway through which an inflammatory diet affects offspring
outcomes.

While limited, there is accumulating evidence of an associa-
tion between maternal inflammatory conditions, such as mater-
nal obesity, and offspring methylation. Nomura et al. showed
that maternal obesity was associated with placental global
hypermethylation, which was also linked to infant length and
head size.”®> Maternal BMI also is associated with differential
methylation of individual CpG sites involved in lipid metabo-
lism and inflammation.>® The link between inflammatory phe-
notypes, aberrant methylation, and poor birth outcomes also
has been reported in the NEST study population, where mater-
nal obesity was associated with hypermethylation at the
PLAGLI DMR and hypomethylation at the MEG3 DMR.”
These regions were further identified as regulators of placental
growth and fetal development.>***’

Collectively, these data suggest that both circulating inflam-
matory biomarkers and aberrant methylation could play an
important role in the association between maternal inflamma-
tory conditions and fetal outcomes. Therefore, we hypothesized
that an inflammatory diet may similarly alter epigenetic pat-
terns that regulate growth and development through cytokine
involvement, as depicted in Fig. 1, although the limited number
of women with cytokine data preclude our ability to formally
test for mediation. To better understand this potential causal
pathway, we examined whether maternal cytokines (IFNy,
interleukins, and TNF-«) could be related to birth outcomes
through a pathway involving alterations at genomically
imprinted genes. Further, given that the E-DII was developed
to reflect the physiologic, inflammatory response to various
diets, we hypothesized that maternal E-DII would similarly



associate with offspring methylation, and the correlation
between maternal E-DII and circulating cytokines would be
strong, representing an indirect causal pathway from exposure
(maternal E-DII) to outcome (phenotypes at birth).

We observed inverse associations between cytokine concen-
trations and methylation of MEG3 DMR, as well as a suggestive
association between TNFa and methylation at the MEST DMR.
Similar to the IGF2/H19 imprinted domain where IGF2 and
H19 are reciprocally imprinted, the DLKI and MEG3 genes
(located on chromosome 14q32) also are reciprocally
imprinted.*” However, unlike most imprinted genes established
during gametogenesis, methylation at the MEG3 DMR is estab-
lished on the paternally derived allele post-fertilization during
global demethylation. MEG3 produces a long noncoding RNA.
Aberrant methylation of DMRs in the DLKI/MEG3 domain
leads to altered gene expression,*"** and has been implicated in
fetal growth and development,*’ tumorigenesis,*> and Rett’s
Syndrome.** PEGI/MEST is an imprinted gene located at chro-
mosome 7q32.2 and is expressed from the paternal allele.
Deregulated methylation or expression of PEGI/MEST have
been associated with growth retardation, defective maternal
nurturing and increased pup lethality in mice,*” and invasive
breast cancer,*® cervical cancer,”” and uterine leiomyoma® in
humans. Despite finding a novel association between circulat-
ing cytokines and offspring methylation, we observed no corre-
lation between maternal E-DII score and maternal blood
cytokine concentration. Further, maternal E-DII was not asso-
ciated with offspring methylation in our study population.

These data may suggest that diet impacts outcomes through
alternative pathways. Alternatively, diet may indeed mitigate
the pro-inflammatory state of pregnant women, but our study
was unable to detect it. Notably, the possible range of scores in
the E-DII is much wider than the range captured in our popula-
tion, so while we did not observe significant associations
between E-DII score and either cytokine circulation or DMR
methylation, our results do not preclude the potential for more
extreme variations in diet to produce these associations. We
also cannot exclude the possibility that because cytokines were
measured early in pregnancy (~12 weeks), the timing of FFQ
administration was not temporally aligned with blood collec-
tion. Although we did not have information on CRP in the
NEST population, data from a cohort of women in eastern
Massachusetts showed that maternal DII scores in the first and
second trimesters were directly associated with CRP in the sec-
ond trimester—even upon adjustment for maternal BML" In
light of our findings, it also is worth considering that other fac-
tors may be more important contributors to inflammation than
diet in the pregnant population. There are many sources of
inflammatory molecules in pregnant women which could make
it more difficult to observe the contribution of diet alone.
Despite our null findings between maternal E-DII score and
both maternal cytokines and offspring methylation, the
observed association between E-DII and birth outcomes sug-
gests that diet could still be an important avenue for dietary
intervention, irrespective of the underlying mechanism.

Strengths of our study include its large population-based
study sample, prospective design, comprehensive assessment of
inflammatory diet, and consideration of modifying factors,
including maternal BMI. A limitation of our study was that we

EPIGENETICS 693

were unable to analyze all potentially pertinent DMRs associ-
ated with imprinted genes as many of the imprint control
regions are still unknown.*” However, by focusing only on 9
DMRs for which we had strong evidence of biologic relevance,
we were able to increase the power of our study and reduce
concerns around multiple comparisons. We recognize that cor-
rection for multiple comparisons of cytokine-DMR associations
could be important (72 test were performed). However, given
our study hypotheses were based on strong biologic rationale
and we targeted cytokines known to play a role in perinatal out-
comes, we were primarily interested in estimating effects and
corresponding Cls without adjusting for multiple comparisons.
Drawing inferences from study results should entail broader
considerations than P-values based on hypothesis testing,
whether or not they are adjusted. We have provided unadjusted
P-values, with the goal of letting the reader draw her/his own
conclusions and with recognition that additional studies are
needed. Another potential limitation of our study is the inher-
ent uncertainty of dietary information. FFQs were completed at
multiple time points during the study, which may have diluted
the effect of diet at any particular stage of pregnancy. In addi-
tion, while the FFQ is a fairly reliable estimate of usual diet in
the general population,” this assessment may be unreliable
among pregnant women when usual dietary habits are likely to
change. When available, we used FFQ data regarding the peri-
conceptual period, as the methylation regulating genomic
imprinting is thought to exhibit some plasticity during the
period of post-fertilization reprogramming .”' Almost half of
the women in our study (43%) did not have FFQ data from this
time period, and information about diet during pregnancy was
used instead; however, restricting to FFQ 1 did not change the
results of our analyses, and these later windows may be relevant
for other outcomes.

Conclusions

This study showed that diet-related inflammation during preg-
nancy may be associated with an increased risk of adverse birth
outcomes. We found evidence that maternal inflammatory
molecules may associate with birth outcomes, with the poten-
tial for long-term effects, through the modification of methyla-
tion patterns regulating imprinted genes. Additional higher-
powered studies are needed to determine whether diet is an
important contributor to maternal inflammation overall, and
elucidate the potential impact of dietary interventions during
pregnancy on maternal and offspring health.

Subjects and methods
Study participants

The study participants were enrolled in NEST, a prospective
cohort study of pregnant women and the index offspring. Writ-
ten, informed consent was obtained for all study participants
before data collection, and study enrollment methods have
been described previously.” Briefly, between 2009 and 2011,
English- or Spanish-speaking pregnant women aged 18 y or
older were identified from clinic logs of prenatal clinics in Dur-
ham County, NC, USA. Women were excluded from the study
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if they planned to relinquish custody of the child, did not
deliver at one of the participating obstetric facilities, anticipated
moving from the area in the subsequent 3 years, or had estab-
lished HIV infection. Among the 2548 eligible women, 1700
(66.7%) consented and were enrolled. Women enrolled in the
study were similar in age to those who declined to participate
(P = 0.66), but dissimilar with respect to race (P<0.001). Non-
participants were more likely to be Asian or Native American.
Among the 1700 consenting women, 115 were excluded due to
death of the fetus/infant before, during, or soon after birth.
Another 281 participants were excluded because either they
were illiterate and could not consent, underage, refused further
participation, or could not be located. The 1304 participants
represent 76.7% of the study population. Of these remaining
women, we restricted our analysis to 1057 mother-infant pairs
with singleton deliveries for whom dietary data and birth out-
comes were available. The NEST protocol was approved by
Duke University, Durham Regional Hospital, North Carolina
State University Institutional Review Boards, and the Univer-
sity of Texas MD Anderson Cancer Center.

Data collection

Data collection occurred at 2 major time points throughout the
study: (1) at enrollment (median ~12 weeks gestation), during
which participants provided peripheral blood samples and
completed a self-administered questionnaire that queried
women on sociodemographic, reproductive, and lifestyle
(including dietary) characteristics in the 6 months before
enrollment; and (2) upon delivery, after which birth outcomes
were abstracted from medical records and infant cord blood
specimens for methylation analyses were obtained.

Assessment of inflammatory diet via the energy-adjusted
DIl (E-DII)

Dietary data were collected by trained dieticians over the phone
using The University of Texas MD Anderson Cancer Center
Nutrition & Lifestyle Core Questionnaire, a food frequency
questionnaire (FFQ) created in Spanish and English for the
study. Typically, an electronic copy of the FFQ was sent to the
participant before the phone call for guidance during the inter-
view. FFQs were administered at 3 different time points: 1) at
enrollment with a reference period of up to 6 months before
pregnancy (i.e., diet during the periconceptional period); 2)
during the second trimester to estimate usual diet in the first
trimester; 3) between the time period of 36 weeks gestation
through delivery date to estimate diet in the last 2 trimesters of
pregnancy; and 4) at delivery, a brief version that queried diet
throughout the entire pregnancy was administered to women
who did not complete FFQs 1 or 2. To capture dietary exposure
during the periconceptional period (between fertilization and
implantation), a time window thought to heighten vulnerability
of the regulatory regions associated with genomically imprinted
genes, we gave highest priority to FFQ data from the first round
of administration (n = 599 participants with FFQ 1). The sec-
ond and third FFQs were prioritized equally (n = 198), and the
brief FFQ (which queried women on a subset of foods captured
in the full version) was used when no other FFQ data were

available (n = 260). There also were 23 participants with dupli-
cate FFQs from the same round of data collection and we aver-
aged the duplicate scores for a single final score.

FFQ-derived dietary data were used to calculate E-DII scores
for all participants. The DII is based on publications through
2010 linking diet to inflammation, and involves comparison
with a global mean intake database. A complete description of
the DII is available elsewhere.?” In previous analyses, the DII,
which was calculated from 24-hour dietary recalls and a struc-
tured questionnaire similar to an FFQ, was positively related to
hs-CRP.*® The literature base for the DII—and, by extension,
the E-DII—consists of all qualifying publications between 1950
and 2010 reporting one or more associations between dietary
components and these inflammatory markers: IL-1p, IL-4, IL-
6, IL-10, TNF-& and C-reactive protein.”” A total of 45 different
food parameters were identified as being related to the 6
inflammatory biomarkers in the literature search. Each was
assigned a “food parameter-specific inflammatory effect score”
through a process of counting the number of studies reporting
a pro-inflammatory, anti-inflammatory, and no inflammatory
effect on one or more of the 6 inflammatory markers, and
weighting the scores by study design and size of the literature
for each food parameter/inflammatory marker relationship.

To calculate E-DII scores we link data from a particular par-
ticipant to a world database derived from 11 countries that pro-
vides mean intakes and standard deviations for each food
parameter.”” For the participants of this study, the dietary data
were first linked to a version of the world database from the
same 11 countries that provided estimates of energy-adjusted
mean intake and standard deviation for each food parameter.
These values then become the multipliers to express an individ-
ual’s exposure relative to the “energy-adjusted standard global
mean” as a z-score. This is achieved by subtracting the “stan-
dard global mean” from the amount reported and dividing this
value by the standard deviation. To minimize the effect of
“right skewing” (a common occurrence with dietary data), this
value was then converted to a centered percentile score. The
centered percentile score for each food parameter for each indi-
vidual was then multiplied by the respective food parameter-
specific inflammatory effect score, which is derived from the
literature review, as described above, to obtain a food parame-
ter-specific E-DII score for an individual. All of the food
parameter-specific E-DII scores are then summed to create the
overall DII score for every participant in the study.”” Higher
E-DII scores indicate a more pro-inflammatory diet. To control
for the effect of total energy intake, the E-DII was calculated
per 1,000 calories of food consumed. The following 27 food
parameters were used for E-DII calculation: carbohydrates,
proteins, fats, alcohol, fibers, cholesterol, saturated fatty acids,
monounsaturated fatty acids, polyunsaturated fatty acids,
omega 3, omega 6, niacin, thiamin, riboflavin, vitamin B6, vita-
min B12, iron, magnesium, zinc, selenium, vitamin A, vitamin
C, vitamin D, vitamin E, folic acid, 8 carotene, and caffeine.

Assessment of birth outcomes

Trained personnel abstracted parturition data from medical
records after delivery, including mode of delivery, birthweight,
gestational age at birth (weeks), and infant sex. We calculated



sex-specific percentiles of birthweight for gestational age by
using US national reference data.”® We defined small for gesta-
tional age (SGA) as birthweight for gestational age and sex
below the 10™ percentile and large for gestational age (LGA) as
above the 90™ percentile. Both SGA and LGA were compared
with appropriate for gestational age infants. Infant birthweight
[grams (g)] and gestational age at delivery (weeks) showed no
evidence of departure from normality and were analyzed
continuously.

Assessment of covariates and effect measure modifiers

Maternal age at delivery (18-19, 20-29, 30-39, >40 years),
maternal race/ethnicity (Black, White, Hispanic), parity at enroll-
ment (multiparous, primiparous), body mass index at last men-
strual period [BMI at last menstrual period (LMP): 18.5-24.99
kg/m®, 25-29.99 kg/m’, >29.99 kg/m’], gestational weight gain
(adequate, less than adequate, excessive), and gestational diabetes
(yes, no) were self-reported by participants and subsequently ver-
ified with abstracted medical records. Infant sex (male, female)
was abstracted from medical records. Household income
(<$25,000, $25,000-$49,999, $50,000-$100,000, >$100,000),
marital status (married, never married, living with a partner,
other), maternal education (less than high school, high school/
GED, some college, college graduate), maternal cigarette smoking
(no smoking, smoking before pregnancy, smoking during preg-
nancy), and folic acid (FA) supplementation (yes, no) were self-
reported. We considered infant sex and maternal BMI (kg/m?)
as potential effect measure modifiers of the association between
maternal E-DII score and birth outcomes.

Assessment of inflammatory markers

Procedures for specimen collection and handling have been
described previously.”® Briefly, 10 ml of peripheral blood was
drawn at enrollment in EDTA vacutainer tubes and processed
to obtain plasma from which cytokines were measured and
buffy coat from which DNA for methylation analysis was
extracted. Plasma was stored in 200 pl aliquots to reduce degra-
dation from subsequent freeze-thaw cycles. Based on the mag-
nitude of their associations with perinatal outcomes such as
maternal and childhood obesity or steep growth trajectories,
and augmented with a literature search, we prioritized 7 cyto-
kines for analyses: IFNy, TNFe, IL-18, IL-6, IL-12p70, IL-4,
and IL-17A. To measure these cytokines, we used a custom
high-sensitivity human cytokine 8-plex MAP® kit from EMD
Millipore. We analyzed 25 ul samples in duplicate according to
the manufacturer’s recommendations. Plates were read on a
Luminex® platform by the Duke University Human Vaccine
Institute Core Facility. Data were analyzed using Milliplex Ana-
lyst® version 5.1.

Assessment of DNA methylation

Infant genomic DNA (800 ng) was modified by treatment with
sodium bisulfite using the Zymo EZ DNA Methylation® kit
(Zymo Research; Irvine, CA, USA). Pyrosequencing using
Pyromark Q96 MD® pyrosequencers (Qiagen) was performed
to measure DNA methylation at 9 imprint regulatory regions
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known to associate with fetal growth and development in
NEST study participants.”>** These DMRs were as follows: the
IGF2 and H19 DMRs regulating the Insulin-like Growth Factor
2 (IGF2) and noncoding HI19 imprinted domain, the MEG3
and MEG3-IG DMRs regulating the Delta-like homolog 1 and
noncoding Maternally Expressed Gene 3 (DLKI/MEG3)
imprinted domain, the Paternally Expressed Gene 3 (PEG3)
DMR, the Paternally Expressed Gene 1/Mesoderm-Specific
Transcript (MEST) DMR, the Epsilon Sarcoglycan and Pater-
nally Expressed Gene 10 (SGCE/PEG10) DMR, the Neuronatin
(NNAT) DMR, and the pleomorphic adenoma gene-like 1
(PLAGLI) DMR.® Assays were established using the Pyromark
Assay Design Software (Qiagen), validated and used to query
these DMRs. Polymerase chain reaction (PCR) conditions were
optimized to produce a single, robust amplification product by
adjusting annealing temperature and magnesium chloride con-
centrations. The primers, chromosomal location, coordinates,
and PCR conditions for all 9 DMRs were previously provided.®
A linear increase in detection of methylation values was identi-
fied with defined mixtures of fully methylated and unmethy-
lated control DNAs to assess the linearity in detection of
increasing amounts of input DNA methylation (Pearson’s
r >0.99 for all DMRs). Each DMR was analyzed using the same
amount of input bisulfite modified DNA from each specimen
(40 ng, assuming complete recovery following bisulfite modifi-
cation), keeping the thermocycler and pyrosequencer constant.
Controls were included for each DMR with every sample run
to determine the bisulfite conversion efficiency. The conversion
efficiency exceeded 97% for all analyzed data. Percent methyla-
tion for each CpG cytosine was determined using Pyro Q-CpG
Software (Qiagen) and between 4 and 8 CpG sites per DMR
were interrogated: IGF2 = 3, H19 = 4, MEG3-1G = 4, MEG3
= 8, PEG3 = 10, MEST = 4, SGCE/PEG10 = 6, NNAT = 3 and
PLAGLI = 6. There was a high correlation between the values
of CpGs within a DMR site (Cronbach’s as for these regions
were 0.95-0.99). Thus, the average was used.

Statistical analysis

We compared the distribution of demographic and obstetric
characteristics across quartiles of the E-DIL>* Multivariate linear
regression was used to estimate the association between maternal
E-DII score and 4 birth outcomes [birthweight, gestational age,
mode of delivery, and birthweight for gestational age (a priori 2-
sided P<0.05)]>*). For all models, we considered adjustment for
the aforementioned covariates. Final confounders were selected
based on directed acyclic graphs™ and backward elimination,
where a variable that produced a greater than 10% change in
estimate was kept as a confounder in the final set.” Our final
adjustment sets were as follows: (1) birth outcomes — maternal
age at delivery, race/ethnicity, household income, and maternal
cigarette smoking; and (2) DMRs - maternal race/ethnicity, BMI
at LMP, and maternal smoking. Effect measure modification by
infant sex and maternal BMI was assessed by examining strati-
fied models, and interaction terms were added to fully adjusted
models to assess statistical interactions.

Among 338 mother-infant pairs with methylation data available
for at least one of 9 DMRs and dietary data, we examined associa-
tions with maternal E-DII. In a subset of women (n = 105) with
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both maternal cytokine and E-DII data, we similarly estimated
associations with offspring methylation. For cytokine models we
also considered adjustment for gestational age at blood draw, but it
did not meet our minimum 10% change in estimate threshold.
Study participants with DMR data available were similar to those
without DMR data with respect to DII distribution and birthweight
(P >0.05). Multivariate linear regression analysis was computed to
examine the association between maternal E-DII score and off-
spring methylation, as well as maternal cytokine concentrations
and offspring methylation.

For all analyses we performed sensitivity analyses by restrict-
ing to women with FFQ1 (diet during the periconceptional
period). All statistical analyses were conducted in SAS® v9.3
(SAS Institute, Cary, NC, USA)
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