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Abstract

Background Epidemiological studies that have simultaneously explored the effects of placental and cord blood
inflammatory cytokine levels on neurodevelopment in offspring, as well as the role of maternal vitamin D in these
associations, are lacking. To investigate the associations of placental and cord blood inflammatory cytokine levels
with neurodevelopment in 18-month-old children, and the potential modification effect by maternal vitamin D.

Methods Based on the Ma‘anshan birth cohort, the current study involved 1241 mother—child pairs. The placental
inflammatory cytokine mRNA expression levels, cord serum inflammatory cytokine concentrations, and mater-

nal serum vitamin D concentrations were determined. Children’s neurodevelopmental outcomes were defined

as the Chinese version of the Ages and Stages Questionnaire (Third Edition) subdomain scores below the established
cutoff scores. Generalized linear models were utilized to assess the effects of placental and cord serum inflammatory
cytokines on neurodevelopmental outcomes and to examine the modification effects of maternal vitamin D.

Results After adjusting for confounders, each one-unit increase in placental IL-6 (OR=1.30, 95% Cl: 1.09, 1.55,
P-rpr=0.024), IL-8 (OR=1.25, 95% Cl: 1.05, 149, P-rpz=0.036), and IFN-y level in the cord serum (OR=1.74, 95% ClI:
1.16, 2,61, P-rpr =0.042) was associated with an increased risk of fine motor delay. Elevated levels of placental TNF-a
(OR=1.38,95% Cl: 1.12, 1.69, P-rpg=0.012), IL-6 (OR=1.29,95% Cl: 1.04, 1.61, P--5g=0.042), and IL-8 (OR=1.31,95%
Cl:1.06, 1.62, P-rpg=0.036) were associated with an increased risk of personal-social delay. Stratified analyses showed
that lower maternal vitamin D levels (< 20 ng/mL) moderated the associations between inflammatory markers

and delays in fine motor, gross motor, and personal-social subdomains.

Conclusions Elevated levels of specific inflammatory cytokines in the placenta and umbilical cord blood were
associated with developmental delays on a parental-reported screening tool. Maternal vitamin D status can modify
the adverse effects of the intrauterine pro-inflammatory milieu on the neurodevelopment of children.
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Background

The period from early pregnancy until childbirth is a crit-
ical window for fetal brain and neural development [1, 2].
During this delicate and complex stage, healthy neurode-
velopmental processes can provide a solid foundation
for the subsequent positive growth and development of
individuals. Moreover, multiple prenatal factors can also
lead to deviations from the typical trajectories of neu-
rodevelopment [3], which may correspondingly result in
a variety of adverse outcomes later in life, such as child-
hood neurodevelopmental delay [4], behavior and mental
health outcomes [5], impaired academic performance [6],
and low socioeconomic status [7].

The maternal immune activation (MIA)-induced inflam-
matory perturbations in utero are considered important
risk factors for abnormalities in fetal neurodevelopment.
Among the multiple inflammatory biomarkers, cytokines
such as tumor necrosis factor-a (TNF-a), interferon-y
(IFN-y), and interleukin-6 (IL-6) are the most frequently
measured indicators of the inflammatory response [2,
8]. As key hubs for the exchange of nutrients and various
metabolites at the mother-fetus interface, the placenta and
umbilical cord play pivotal roles in the association between
MIA and fetal neurodevelopment [9, 10]. MIA-induced
inflammatory cytokines can either trigger a placental
inflammatory response directly [11] or enter the fetus via
the vertical transfer pathway through the umbilical cord
[12], both of which can disrupt the precise balance between
inflammatory cytokines in the maternal—fetal circulation
and elicit a long-lasting effect on fetal neurodevelopmental
processes via direct (e.g., inflammatory perturbations in the
fetal brain) [2] or indirect pathways (e.g., altered placental
secretion and metabolic function) [13].

Previous epidemiologic studies have reported the
effects of inflammatory cytokine levels in the placenta
or cord blood on multiple neurodevelopmental out-
comes in offspring. Data from the Boston Birth Cohort
revealed that placental histological chorioamnionitis
(based on data from pathological reports) is a risk fac-
tor for offspring neurodevelopmental disorders (e.g.,
attention-deficit/hyperactivity ~disorder and autism
spectrum disorder) [14]. In the Maanshan birth cohort
(MABC), our team noted that placental inflammation
(TNF-a, IEN-y, C-reactive protein, IL-1p, IL-6, IL-8, IL-4,
and IL-10) is associated with cognitive performance and
behavioral problems in preschool children [15, 16]. Fur-
thermore, a longitudinal study suggested that the levels
of inflammatory cytokines (TNF-«, IFN-y, and IL-12p70)
in umbilical cord blood are associated with verbal and
performance intelligence quotients in children (includ-
ing preterm birth and small-for-gestational-age children)
[17]. Wang et al. reported that higher high-sensitivity
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C-reactive protein levels in the cord blood of children
increase the risk of neurodevelopmental delay [10]. How-
ever, previous studies have selected only a single bio-
specimen (either the placenta or umbilical cord blood)
for the measurement of inflammatory cytokine levels,
and the types of detected cytokines in different biospeci-
mens have varied, thus underestimating the true impact
of the intrauterine immune environment on offspring
neurodevelopment. When considering that a consistent
inflammatory cytokine profile in the placenta and cord
blood can provide a complete picture of the fetal immune
environment compared with a single biospecimen, there
is an urgent need to simultaneously explore the effects of
placental and cord blood inflammatory cytokine levels on
neurodevelopment in offspring.

The development of safe, cost-effective, and highly fea-
sible interventions for neurodevelopmental impairments
in children has been an ongoing priority in public health.
Recently, increasing evidence from prospective birth
cohort studies has indicated that appropriate maternal
vitamin D levels can attenuate the negative effects of pre-
natal immune function-related adverse environmental
exposure on the neurodevelopmental process of the fetus
[18-20]. As an essential nutrient for maintaining normal
pregnancy, the level of vitamin D in pregnant women
not only influences fetal neurodevelopment [21] but
also affects the intensity of maternal and fetal inflamma-
tory responses by regulating the differentiation, matura-
tion, and function of immune cells (such as natural killer
cells, macrophages, dendritic cells, B lymphocytes, and T
lymphocytes) [22]. Therefore, it is important to elucidate
whether maternal serum vitamin D status can modify the
increased risk of neurodevelopmental delay in offspring
due to exposure to an adverse intrauterine immune
environment.

Based on data from the MABC, we aimed to evalu-
ate the associations between placental and cord blood
inflammatory cytokine levels and neurodevelopment in
18-month-old children, as well as the potential modifica-
tion effect by maternal vitamin D.

Methods

Study population

In Ma’anshan city, China, 3474 pregnant women were
recruited for the MABC (2013-2014). With informed
consent obtained from the participants, the MABC col-
lected demographic and medically relevant information
(No. 20131195). Among the population, 3273 mothers
with singleton live births were followed [23]. Placenta
and cord blood samples were collected after delivery by
obstetricians, and neurodevelopment assessments of
the children were conducted at 18 months of age. After
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excluding 1943 mother—child pairs without placenta and
cord blood samples and 89 children without information
on neurodevelopment assessments at 18 months, a total
of 1241 mother—child pairs were included in our study
(Additional file 1: Fig. S1).

Placental inflammatory cytokine mRNA expression assay
Placental tissues were collected within half an hour of
delivery. After rinsing with normal saline, we removed
an intact placental lobule (which was free of maternal
decidua, calcification, and fascia) vertically from the full-
thickness placenta at a periumbilical position of 5 cm.
The extracted placental lobule was subsequently longitu-
dinally sectioned into tissue pieces measuring less than
or equal to 0.5 cm in size; these pieces were treated with
RNAlater and stored at—80 °C for measurement. The
expression of placental tumor necrosis factor-a (TNF-a),
interferon-y (IFN-y), interleukin-1f (IL-1p), IL-6, IL-8,
and IL-10 mRNA were determined by real-time quanti-
tative polymerase chain reaction (RT-qPCR). The oligo-
nucleotide sequences that were utilized in RT-qPCR are
shown in Additional file 1: Table S1. To normalize all of
the RT-qPCR data, 185 rRNA was selected as the endog-
enous reference RNA. The delta cycle threshold (ACt)
was calculated to represent the difference between the
target mRNA and the normalized RNA, and the ACt was
calculated as the Ct mRNA minus Ct normalized mRNA.
The detailed procedures have been previously described
[15].

Cord serum inflammatory cytokine measurement
Umbilical cord blood samples were collected after deliv-
ery, and the serum samples were separated and stored
at—80 °C. The method that was used to measure inflam-
matory cytokines in cord serum has been reported else-
where [24]. The detection rates of TNF-a, IEN-y, IL-1,
IL-6, IL-8, and IL-10 were 99.99%, 96.13%, 94.76%, 100%,
100%, and 100%, respectively. The limits of detection
(LODs) for TNF-a, IFN-y, IL-1p, IL-6, IL-8, and IL-10
were 0.16, 0.48, 0.14, 0.11, 0.13, and 0.56 (pg/mL), respec-
tively. The concentrations of inflammatory cytokines in
cord serum below the LODs were replaced by the LODs
divided by the square root of 2 for further analyses.

Maternal serum 25-hydroxyvitamin D (25(OH)D)
measurement

Maternal blood samples from the three trimesters were
collected and stored at — 80 °C until measurement. Mater-
nal serum total 25(OH)D was determined via a Diasorin
kit (DiaSorin Inc, Stillwater, MN, USA) by well-trained
experimenters [25]. The intra- and inter-coefficients of
variation were less than 10%. In our study, the maternal
serum 25(OH)D concentrations were 18.34+8.34 ng/
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mL, 21.38+9.47 ng/mL, and 19.08+9.63 ng/mL during
the first, second, and third trimester, respectively. The
average serum 25(OH)D concentrations of the three tri-
mesters were calculated and divided into two groups
(“deficiency, <20 ng/mL” and “non-deficiency,>20 ng/
mL”) to reflect maternal vitamin D status during preg-
nancy [18, 26].

Assessment of child neurodevelopment

In MABC, neurodevelopment in 18-month-old children
was assessed via the Chinese version of the Ages and
Stages Questionnaire, Third Edition (ASQ-3). The ASQ-3
is an affordable, cost-effective, and validated instrument
that effectively screens for potential early neurodevelop-
mental delays in Chinese children [27]. The ASQ-3 con-
sists of the following five domains: communication, gross
motor, fine motor, problem solving, and personal-social.
Each dimension consists of six items with three options,
including “yes,” “sometimes,” and “not yet,” scoring 10,
5, and 0, respectively. The total score for each domain
ranges from 0 to 60 points. In the current study, under
the supervision and guidance of a professional pediatric
psychologist, parents completed the ASQ-3 via face-to-
face or phone interviews. A child’s score below the cutoff
scores (the mean score minus 2 standard deviations) in
one of the domains was considered to indicate develop-
mental delay in that domain [28].

Covariates

In the MABC, maternal age, pre-pregnancy body mass
index (BMI), family monthly income, maternal smoking
and drinking statuses, maternal fever, maternal infec-
tion or inflammation conditions, maternal folic acid sup-
plementation during pregnancy, birth weight, the child’s
main caregiver, breastfeeding duration, and child age at
neurodevelopmental testing were collected via struc-
tured questionnaires or medical records. The Pregnancy-
Related Anxiety Questionnaire was employed to assess
maternal pregnancy-related anxiety [29]. Placental effi-
ciency was calculated as birth weight divided by placental
weight [30]. Information on delivery mode, gestational
age, and child sex was obtained from clinical medical
records.

Statistical analysis

Student’s ¢-test or the chi-square test was employed to
compare characteristics between the included and source
populations. The distributions of placental inflammatory
cytokine mRNA expression levels, cord serum inflamma-
tory cytokine concentrations, and ASQ domain-specific
scores are presented as selected percentile values, and the
neurodevelopmental delay of each domain is expressed
as frequencies with percentages. The correlations
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between different placental and cord serum inflamma-
tory cytokines were assessed via Spearman’s rank corre-
lation coefficient. Due to the skewed distribution of the
placental and cord serum inflammatory cytokine levels,
natural logarithm-transformed (In-transformed) values
were calculated for further analyses.

Restricted cubic splines (RCS) were performed to
explore the nonlinear associations between placental and
cord serum inflammatory cytokines and children’s devel-
opmental delay in each domain. In the RCS model, statis-
tical significance was defined as a p value less than 0.05.
Generalized linear models were utilized to estimate the
associations between placental and cord serum inflam-
matory cytokines and suspected developmental delay
in each domain, based on the ASQ-3 cutoff scores. The
odds ratios (ORs) and their 95% confidence intervals
(ClIs) were used as indicators of the strength of these
associations. In adjusted models, potential confounders
were identified based on a directed acyclic graph (Addi-
tional file 1: Fig. S2), which included maternal age, pre-
pregnancy BMI, delivery mode, family monthly income,
smoking and drinking during pregnancy, maternal fever
during pregnancy, maternal infection or inflamma-
tion conditions during pregnancy, maternal pregnancy-
related anxiety, placental efficiency, gestational age,
children sex, and children’s age at neurodevelopmental
testing. False discovery rate (FDR) corrected p values
were calculated for multiple tests [31], and FDR cor-
rected p values<0.10 were considered to be statistically
significant [32].

Stratified analyses were conducted to evaluate the
influence of maternal vitamin D status on the associa-
tions between placental and cord serum inflammatory
cytokines and developmental delay in each domain. We
tested for maternal 25(OH)D status differences by add-
ing a multiplicative interaction term (maternal 25(OH)
D status X inflammatory cytokines) to the multivariable
logistic regression models. Furthermore, these associa-
tions were also examined after stratification by trimester.
In addition, analyses stratified by the sex of the chil-
dren were conducted based on the sex-specific effects of
inflammatory cytokines [16], and interaction terms (child
sex X inflammatory cytokines) were added to the models.
We also tested whether delivery mode affected the asso-
ciations between placental and cord serum inflammatory
cytokines and developmental delay in children. The mul-
tiplicative interaction term p values<0.10 were consid-
ered to be statistically significant [33].

Three sensitivity analyses were conducted to test the
robustness of the results. First, to investigate the effects
of placental and cord serum inflammatory cytokines
on neurodevelopment in full-term birth children,
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we excluded 39 preterm birth children. Second, we
excluded 19 infants with low birth weights. Third, we
further controlled for maternal folic acid supplementa-
tion during pregnancy, children main caregivers, and
breastfeeding duration.

All of the analyses were performed via SPSS (version
23.0) and R (version 4.3.1). RCS was implemented in R
via the “rcssci” package.

Results

Characteristics of participants

The characteristics of the participants are shown in
Table 1 and Additional file 1: Table S2. The maternal
age and pre-pregnancy BMI were 26.63 + 3.55 years and
20.59 +2.88 kg/m?, respectively. A total of 42.0% of the
households had a per capita monthly income between
2500 and 4000 Chinese yuan (CNY). During pregnancy;,
the vast majority of mothers took folic acid supple-
ments (91.2%), did not smoke or drink alcohol (91.0%),
did not have a fever (87.7%), and were not in a state of
infection or inflammation (91.9%). More than half of
the pregnant women did not experience anxiety dur-
ing pregnancy (52.6%), and the average serum 25(OH)
D concentration was less than 20 ng/mL (58.7%). In
addition, placental weight, placental efficiency, birth
weight, gestational age, and children’s age at neurode-
velopmental testing were 571.96+162.77 g, 6.39 £ 2.87,
3382.68 +429.32 g, 39.14 +1.27 weeks, and 18.16 £ 0.60
months, respectively. More than half of the children
were boys (50.7%), were delivered by cesarean Sect.
(55.1%), or were breastfed for more than 4 months
(56.8%); additionally, their primary caregivers were par-
ents and grandparents (73.2%).

Distribution of placental and cord serum inflammatory
cytokines and children’s neurodevelopment

With respect to placental inflammatory cytokines, the
median values of the mRNA expression levels (ACt)
for TNF-a, IFN-y, IL-1p, IL-6, IL-8, and IL-10 were
6.09, 3.44, 2.77, 2.90, 2.05, and 2.79, respectively. In
the umbilical cord serum, the median concentrations
(pg/mL) of TNE-a, IFN-y, IL-1p, IL-6, IL-8, and IL-10
were 12.81, 1.40, 0.46, 1.82, 6.91, and 7.25, respectively
(Table 2). The correlations between placental and cord
serum inflammatory cytokines are shown in Fig. 1. In
addition, the prevalence of each domain-specific neu-
rodevelopment delay in children is displayed in Table 3,
including communication (4.8%), gross motor (3.6%),
fine motor (5.9%), problem solving (4.3%), and per-
sonal-social (3.9%).
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Table 1 Demographic characteristics of the participants

[mean=SD or n (%)]

Characteristics Total (n=1241)

Maternal and family characteristics

Maternal age at enroliment (years) 26.63+355

Pre-pregnancy BMI (kg/m?) 20.59+2.88
Delivery mode

Vaginal delivery 557 (44.9)

Cesarean section 684 (55.1)

Family monthly income per capita (CNY)

<2500 342 (27.6)

2500-4000 522 (42.0)

>4000 377 (304)
Smoking and drinking during pregnancy

Yes 112 (9.0)

No 1129 (91.0)
Maternal fever during pregnancy

Yes 153(12.3)

No 1088 (87.7)
Maternal infection or inflammation conditions during pregnancy

Yes 100 (8.1)

No 1141 (91.9)
Maternal pregnancy-related anxiety

Yes 588 (47.4)

No 653 (52.6)
Maternal folic acid supplementation during pregnancy

Yes 1132(91.2)

No 109 (8.8)
Average concentrations of maternal serum 19.60+6.05
25(0OH)D during pregnancy
<20 ng/mL 728 (58.7)
>20ng/mL 513(41.3)
Placental characteristics
Placental weight (g) 57196+162.77
Placental efficiency 6.39+2.87
Children’s characteristics

Birth weight (g) 3382.68+429.32

Gestational age (weeks) 39.14£1.27

Children’s age at neurodevelopmental test- 18.16+0.60
ing (months)
Sex

Boys 629 (50.7)

Girls 612 (49.3)
Main caregivers

Parents 246 (19.8)

Parents and grandparents 908 (73.2)

Others 87 (7.0)
Breastfeeding duration (months)

<1 363(29.3)

1-4 173 (13.9)

>4 705 (56.8)

SD Standard deviation, BMI Body mass index, CNY Chinese yuan
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Table 2 Distribution of placental inflammatory cytokine
mMRNA expression and cord serum inflammatory cytokine
concentrations (n=1241)

Inflammatory Percentile
cytokines

10th 25th 50th 75th 90th

Placenta (ACt)
TNF-a 0.64 1.86 6.09 14.90 30.53
IFN-y 033 1.00 344 11.08 28.62
I-13 044 1.01 2.77 6.74 15.90
IL-6 0.56 1.12 2.90 7.27 16.25
IL-8 041 0.86 2.05 5.58 11.96
IL-10 0.50 1.12 2.79 848 23.02

Cord serum (pg/mL)
TNF-a 5.05 8.63 12.81 17.64 22.70
IFN-y 0.63 0.95 140 213 2.66
IL-13 0.17 0.31 046 0.63 0.90
IL-6 0.62 1.08 1.82 2.86 5.792
IL-8 2.90 4.58 6.91 10.20 15.00
IL-10 337 544 7.25 9.30 14.55

CT Cycle threshold

Associations between placental and cord serum
inflammatory cytokines and children’s neurodevelopment
Figure 2 shows the associations between placental and
cord serum inflammatory cytokine levels and the chil-
dren’s domain-specific neurodevelopment delay. Each
one-unit increase in placental IL-6 (OR=1.30, 95%
CIL 1.09, 1.55, P-ppr=0.024) and IL-8 (OR=1.25, 95%
CL: 1.05, 149, P-;pr=0.036) was associated with an
increased risk of fine motor delay. Furthermore, the
IFN-vy level in the cord serum was positively associated
with an increased risk of fine motor delay (OR=1.74,
95% CI. 1.16, 2.61, P-ppr=0.042). Each one-unit
increase in placental TNF-a (OR=1.38, 95% CI: 1.12,
1.69, P-;pr=0.012), IL-6 (OR=1.29, 95% CI: 1.04, 1.61,
P-ppr=0.042), and IL-8 (OR=1.31, 95% CI: 1.06, 1.62,
P-ppr=0.036) was associated with an increased risk of
personal-social delay. Additionally, the RCS results sug-
gested that there were no nonlinear associations between
placental (Additional file 1: Fig. S3) or cord serum
(Additional file 1: Fig. S4) inflammatory cytokines and
neurodevelopmental delay in children (all nonlinear p
values >0.05). Based on sex-stratified analyses (Addi-
tional file 1: Table S3), we observed a positive association
between placental IFN-y and gross motor delay in boys
(OR=1.35, 95% CIL: 1.10, 1.66, P-ppz=0.018, P-; .rac.
tion="0.002). Furthermore, we did not observe significant
differences in the associations between placental and
cord serum inflammatory cytokines and children’s neu-
rodevelopmental delay stratified by delivery mode (Addi-
tional file 1: Table S4).
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Fig. 1 Spearman correlation coefficients between placental and cord serum inflammatory cytokines. Abbreviations: C, cord serum; P, placenta.
Note: *p value < 0.05, **p value < 0.01, ***p value < 0.001

Table 3 Distribution of children’s neurodevelopmental assessments (n=1241)

ASQ scores Min Percentile Max Developmental

delay®
25th 50th 75th

Communication 10 40 50 60 60 59 (4.8)

Gross motor 10 55 60 60 60 45 (3.6)

Fine motor 15 50 55 60 60 73(5.9)

Problem solving 10 45 50 55 60 53(4.3)

Personal-social 20 45 50 55 60 49 (3.9)

ASQ Ages and Stages Questionnaire, Third Edition, Min minimum, Max maximum

2 Number (percentage)

The modification effects of maternal vitamin D status

on the associations between placental and cord serum
inflammatory cytokines and children’s neurodevelopment
The modification effects of maternal vitamin D status are
shown in Fig. 3. Lower maternal serum vitamin D levels

(<20 ng/mL) aggravated cord serum IFN-y-associated
risks of gross motor delay (OR=2.44, 95% CI: 1.23,
4.86, P-ppr=0.066, P- ieraction=0.071). Placental TNF-«

(OR=1.30, 95% CI: 1.04, 1.63, P-;pz=0.046, P-, ...
=0.032) and IL-6 (OR=1.60, 95% CI: 1.24, 2.07,

tion
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P-.

P-

P-

interaction ™

interaction

interaction

0.040), as well as cord serum
TNF-a (OR=1.94, 95% CI: 1.05, 3.60, P-ppz=0.052,
=0.009), IL-1p (OR=1.71, 95% CI: 1.02, 2.88,
=0.095), IL-6 (OR=1.41, 95%
CL: 1.06, 1.86, P-ppz=0.052, P-
(OR=1.56, 95% CI: 1.03, 2.39, P-ppz=0.052, P-
tion=0.005), and IL-10 (OR=1.56, 95% CI: 0.95, 2.56,
=0.042), were all found to have

interaction

25 3.0

OR value and the 95% confidence intervals
Fig. 2 The associations between placental and cord serum inflammatory cytokines and children’s domain-specific neurodevelopmental delay.

Models adjusted for maternal age, pre-pregnancy BMI, delivery mode, family monthly income per capita, smoking and drinking during pregnancy,
maternal fever during pregnancy, maternal infection or inflammation conditions during pregnancy, maternal pregnancy-related anxiety, placental
efficiency, gestational age, children sex, and children’s age at neurodevelopmental testing

=0.003), IL-8

interac-

P

“interaction

0.91, P-ppp=0.093, P-,

interaction

stronger adverse associations with fine motor delay in
the maternal vitamin D deficiency group. Moreover,
higher levels of maternal serum vitamin D (>20 ng/mL)
attenuated the risk of fine motor delay induced by cord
serum IL-6 (OR=0.61, 95% CI: 0.38, 0.96, P-pp, =0.093,
=0.003) and IL-8 (OR=0.57, 95% CI: 0.35,
=0.005). Moreover, in the
vitamin D deficiency group, each one-unit increase in
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Fig. 3 The associations between placental and cord serum inflammatory cytokines and children’s domain-specific neurodevelopmental delay
stratified by maternal vitamin D status. Models adjusted for maternal age, pre-pregnancy BMI, delivery mode, family monthly income per capita,
smoking and drinking during pregnancy, maternal fever during pregnancy, maternal infection or inflammation conditions during pregnancy,
maternal pregnancy-related anxiety, placental efficiency, gestational age, children sex, and children’s age at neurodevelopmental testing

placental TNF-a was positively associated with personal-
social delay (OR=1.68, 95% CI: 1.28, 2.24, P-p; =0.006,
P-iteraction =0-043). Additionally, maternal serum vita-
min D levels less than 20 ng/mL during the first trimes-
ter could aggravate the risk of fine motor delay induced
by placental TNF-a (OR=1.29, 95% CI: 1.05, 1.60,
P-ppr=0.032, P-,ieraction="0.011) and IL-8 (OR=1.42,
95% CI: 1.14, 1.76, P-pr=0.006, P- =0.062)
(Additional file 1: Tables S5-S8).

interaction

Sensitivity analyses

In sensitivity analyses that excluded preterm birth chil-
dren (Additional file 1: Table S9) and low birth weight
children (Additional file 1: Table S10), the associa-
tions between placental and cord serum inflammatory
cytokines and the children’s domain-specific neurode-
velopmental delay were similar to those in the main
analyses. After additionally adjusting for maternal folic
acid supplementation during pregnancy, children’s main
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caregivers, and breastfeeding duration, those associations
did not substantially change (Additional file 1: Table S11).

Discussion

In this birth cohort study, we found that elevated levels
of specific inflammatory cytokines in placental (TNEF-
a, IL-6, and IL-8) and cord blood (IFN-y) samples were
associated with an increased risk of domain-specific
neurodevelopmental delay in 18-month-old children.
Maternal serum vitamin D levels less than 20 ng/mL
intensified the associations between placental and cord
serum inflammatory markers and delays in fine motor,
gross motor, and personal-social subdomains.

As an important component of the maternal—fetal
interface, the placenta occupies a unique immunoeco-
logical niche and can maintain the immune homeostatic
environment that is necessary for the normal course of
pregnancy via complex immunoregulatory mechanisms
[34]. The concept of the “placenta-brain axis” has been
proposed to closely link the placenta and fetal central
nervous system [35]. However, when immune homeo-
stasis dominated by the placenta is dysregulated, it may
adversely affect fetal neurodevelopment. A retrospec-
tive cohort study revealed that placental inflammatory
villitis is a dominant risk factor for neonatal encepha-
lopathy and subsequent adverse neurodevelopmental
outcomes [36]. A case—control study revealed that pla-
cental inflammation increases the risk of neuropsychi-
atric disorders in children [37]. Our team previously
reported the detrimental effects of elevated placen-
tal inflammatory cytokine levels on the preschoolers’
behavioral and cognitive development [15, 16]. Simi-
larly, the current study revealed that elevated placental
TNEF-a, IL-6, and IL-8 levels can lead to fine motor and
personal-social development delays in toddlers. In sum-
mary, the pro-inflammatory milieu of the placenta may
cause both short- and long-term adverse effects on off-
spring neurodevelopment. The potential mechanisms by
which placental inflammation regulates fetal neurodevel-
opment are complex and diverse. For example, placental
inflammation can cause insufficient placental develop-
ment and impaired barrier function [38], induce placen-
tal endocrine changes [13, 39], affect placental metabolic
function [40], and change the expression levels of genes
related to fetal neurodevelopment in the placenta [13].
Furthermore, placental inflammation can influence the
intensity of the fetal immune response [41], which can
also activate inflammatory signaling pathways [42] and
oxidative stress [43] in the fetal brain.

In the present study, we observed that elevated pla-
cental IFN-y levels increased the risk of fine motor delay
in boys. Consistent with our findings, previous stud-
ies have also suggested the sexually dimorphic effects
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of placental inflammation on offspring neurodevelop-
ment. In a case—control study, Straughen et al. reported
a stronger association between placental inflammation
and autism spectrum disorder in boys [44]. The results
from the MABC suggest that the adverse effects of pla-
cental inflammation on the attention-deficit/hyperac-
tivity disorder symptoms and cognitive performance of
boys are more pronounced [15, 29]. Sex-specific mech-
anisms of placental regulation of fetal neurodevelop-
ment have been progressively identified and intensively
explored. When additional immune challenges occur in
the placenta, males are exposed to greater health risks
because of their greater inflammatory tone [45]. In terms
of endocrine action, substance transport, and other func-
tions, the male placenta exhibits greater immune-related
vulnerability [46]. Furthermore, placental inflammation
increases Toll-like receptor 4 signaling in male fetal mac-
rophages, which leads to excessive microglial phagocy-
tosis of serotonin neurons in the dorsal septal nucleus of
the developing septum and decreases serotonin bioavail-
ability in the fetal brain [47].

The umbilical cord is the only conduit for sub-
stance exchange between the mother and the fetus. The
cytokines in umbilical cord blood are able to enter the
fetus through the fetal circulation pathway, which can
reflect the level of fetal inflammation to a certain extent
[48], and directly participate in the regulation of fetal
neurological development [49]. A prospective cohort
study indicated that high levels of various inflammatory
cytokines in umbilical cord serum were associated with
cerebral palsy in children at 5 years of age [50]. Based on
non-invasive fetal magnetoencephalography, Mercado
et al. reported that cord-blood inflammatory markers
were strongly associated with fetal brain activity [49]. In
addition, a study in Bangladesh noted that high levels
of CRP and IL-6 in cord serum were associated with an
elevated risk of fine motor delay in offspring [51]. Simi-
larly, our findings revealed that elevated cord serum
IFN-y levels increased the risk of children’s fine motor
delay. The underlying mechanism linking cord serum
IEN-y levels and neurodevelopmental delay in children
may involve microglial cell activation in the fetal brain.
Microglia, which originate from the yolk sac, are mac-
rophages that reside in the brain and exhibit remarkable
functional diversity in regulating neurogenesis, synaptic
development and refinement, myelination, and synaptic
transmission during various stages of brain development
[52]. As a fundamental mediator of microglial cell activa-
tion, IFN-y is able to program microglia to an activated
phenotype [53], thus leading to morphological and func-
tional changes that impair normal brain developmental
processes, thereby increasing susceptibility to neurode-
velopmental delays in childhood [54].
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Based on stratified analysis of maternal vitamin D lev-
els, we found that maternal vitamin D deficiency may
exacerbate the effects of an adverse intrauterine immune
environment on the risk of childhood neurodevelopmen-
tal delays. Similarly, Wang et al. reported that adequate
vitamin D in cord blood, which is strongly correlated
with maternal vitamin D levels, attenuated the damag-
ing effects of fetal immune activation on neurodevelop-
ment in children [10]. In both regional birth cohorts,
the modifying role of maternal vitamin D status in the
associations of prenatal immune-related adverse envi-
ronmental exposures with offspring neurodevelopment
was identified [18, 19]. The immunomodulatory role
of vitamin D at the maternal—fetal interface has gradu-
ally attracted increasing attention. Low levels of vitamin
D during pregnancy may induce maternal and placental
inflammation via multiple immunomodulatory pathways
(e.g., innate immunity and adaptive immunity pathways)
[55, 56], thus leading to fetal exposure to an imbalanced
intrauterine immune environment. By interacting with
the vitamin D receptor on immune cells, 1,25(0OH),D,
(which is the main activated form of vitamin D) is able
to inhibit the activation of the nuclear factor-kappa B
signaling pathway, which correspondingly reduces the
expression of inflammatory cytokines [57, 58]. Addi-
tionally, vitamin D status during pregnancy may modu-
late the maternal immune system by modifying the gut
microbiota, which correspondingly affects the intrau-
terine inflammatory milieu and fetal neurodevelopment
[59-61]. Furthermore, placental function, which is an
important determinant of fetal neurodevelopment, is
closely related to maternal vitamin D status [62]. Moreo-
ver, maternal serum 25(OH)D can enter the fetus through
the placenta and influence the fetal neurodevelopmental
process by participating in the differentiation of brain
neuronal cells, neurotransmitter synthesis, antioxidant
activity, and cytokine regulation [63, 64]. In summary,
moderate vitamin D supplementation during pregnancy
might be a potential mitigation strategy for impaired
neurodevelopment in children associated with an adverse
prenatal inflammatory environment. Future large-sample
interventional studies in representative populations are
needed to clarify the actual benefits of vitamin D sup-
plementation during pregnancy on maternal and child
health.

Using a prospective birth cohort, we measured inflam-
matory cytokine levels in both placenta and cord blood,
which enabled a more comprehensive exploration of the
actual effects of the prenatal intrauterine immune envi-
ronment on the neural development of offspring. In
addition, our findings suggest that maternal vitamin D
supplementation during pregnancy attenuates the neu-
rodevelopmental damage caused by the intrauterine
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pro-inflammatory milieu in offspring, which may facili-
tate subsequent interventional and translational studies
related to vitamin D supplementation during pregnancy.
However, several limitations must be noted. First, given
the wide variety of inflammatory cytokines, our selec-
tion of only six biomarkers may have underestimated
the impact of intrauterine immune activation on child
neurodevelopment. Second, we did not assess the lev-
els of inflammatory cytokines in the amniotic fluid or
fetal brain tissue, nor did we measure the inflammatory
state of the children after birth. Third, maternal serum
inflammatory cytokine levels during pregnancy were
not included in the current study. As a complement,
we included factors associated with maternal immune
activation, such as smoking and drinking during preg-
nancy, maternal fever, maternal infection or inflamma-
tion conditions, and maternal pregnancy-related anxiety,
as covariates in the models. Fourth, we did not measure
the vitamin D concentration in fetal cord blood. Fifth,
neurodevelopmental assessments at a single age are not
fully representative of neurological status throughout
childhood. Subsequent studies are needed to further
analyze the impacts of maternal—fetal immunity activi-
ties on neurodevelopmental outcomes at multiple time
points and neurodevelopmental trajectories in offspring.
Reporting bias may affect the accuracy of neurodevelop-
mental measurement in children. Furthermore, the ASQ
is a screening measure and not a diagnostic assessment of
development delays. Finally, the current study was con-
ducted in Ma’anshan city, which is regionally representa-
tive. Future studies need to be conducted in different
regions and ethnic groups to validate our findings.

Conclusions

Our findings suggest that a prenatal intrauterine pro-
inflammatory milieu increases the risk of neurode-
velopment delay in young children. The detrimental
relationships between placental and cord serum inflam-
matory cytokine levels and domain-specific neurodevel-
opment delays in children were amplified with maternal
vitamin D deficiency.
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