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ARTICLE INFO ABSTRACT

Keywords: Background and aim: Although studies have associated elevated prenatal obesity with increased
Allergic diseases risk of various diseases in offspring, little is known regarding the immune system. The aim of this
Cord blood

study was to evaluate the relationship between prenatal obesity and levels of cytokines in um-
bilical cord blood and development of allergic disease during the first 10 years of life in an
offspring.

Methods: A cohort of term infants born at the ShaoXing Women and Children Hospitals in China in
2011 was enrolled in this study. Flow cytometry was performed to measure levels of various cord
blood cytokines, namely IL1p, IL2, IL10, IL6, IL8, IL17, IL12, TNF-a and IFN-y. Next, logistic
regression was used to explore the association of prenatal BMI with the development of allergic
disease. The relationship between levels of each cord blood cytokine with prenatal BMI, and
allergic disease development was tested using linear and logistic regression analyses, respectively.
Results: After 10 years of follow-up, higher prenatal BMI was significantly associated with
development of allergic disease in children (HR = 2.45, 95% CI:1.08-5.57, P = 0.033). We also
adjusted for maternal age, education and infant gender, and found that prenatal BMI was
significantly associated with higher levels of IL12 (P = 0.023) and IL1$ (P = 0.049) in cord blood.
Moreover, we adjusted for maternal age, education, allergic dermatitis, gestation age and infant
gender, and found that increase in each unit (1.26 pg/ml) in IL17 was associated with a 55.5%
higher risk of allergic disease in 10-year-old children (HR = 1.55, 95%Cl: 0.99-2.45, P = 0.056).
Meanwhile, after adjusting for maternal age, education level, gestation age, prenatal BMI,
gestational weight gain, infant gender and birthweight, we found that for every unit increase in
IL10, IL6 and IL1p, the risk of overweight/obesity in children after 10-year follow-up increased by
18.7% (HR = 1.19, 95%Cl: 1.01-1.40, P = 0.042), 13.9% (HR = 1.14, 95%Cl: 1.02-1.27, P =
0.021) and 41.3% (HR = 1.41, 95%Cl: 1.02-1.95, P = 0.036), respectively.

Conclusions: Prenatal obesity was positively correlated with allergic diseases in offspring. Cord
blood cytokine may play mediating roles in the associations of prenatal obesity with offspring
allergic diseases.
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1. Introduction

Obesity is a current global health problem that is becoming more common among pregnant women and children [1,2]. Recent
studies have associated obesity with asthma and allergies [3,4], while other investigations have demonstrated that prenatal obesity can
cause obesity and changes of immunophenotype in offspring [5-7]. These alterations are considered part of the fetal programming (or
fetal imprinting) phenomenon. Fetal programming is a series of adaptive mechanisms incited by stimuli acting during critical periods
of growth and development, that affect local fetal cellular environments through changes in gene expression, with profound and
permanent consequences on tissues structure and function. The ensuing changes can be transmitted from offspring to the next gen-
eration. Studies have shown that obesity can affect several factors, including growth factors, cytokines and hormones.

Allergic diseases are characterized by skewed balance of the Th1/Th2 ratio, away from Th1 and towards allergy-promoting Th2
cells. Numerous studies, targeting cord blood mononuclear cells (CBMCs) obtained at birth, have demonstrated that newborns who
subsequently develop allergy and atopy exhibit obviously low levels of Thl-associated cytokines, such as IFN-y and IL-12 [8-10].
Several studies have quantified levels of cord blood immunoglobulin E (IgE) and phytohemagglutinin (PHA) stimulated
cytokine-response profiles and demonstrated their potential as early predictive markers for allergic diseases [11]. To date, however, no
consensus has been reached on the subject, and information regarding the apparent relationship between prenatal BMI umbilical cord
blood of cytokine and development of allergic diseases in children remains dearth. In this study, we hypothesized that prenatal obesity
not only alters cytokine levels in cord blood, but this alteration also contributes to development of allergic diseases or obesity in
children aged 0-10 years.

2. Methods
2.1. Study participants and selection criteria

We recruited mothers and infants in this prospective newborn study. A total of 500 pregnant women (>37 weeks, singleton
pregnancy) who visited the ShaoXing Women and Children Hospitals in 2011 were enrolled. The study objectives were explained to
the subjects, who later voluntarily signed a written informed consent prior to enrolment. The study was approved by the Ethics
Committee of Shaoxing Maternity and Child Health Care Hospital (Approval No. 2018035). Pregnant women were excluded from the
study if they met the following criteria: had pre-existing medical conditions such as diabetes mellitus, seizures, and serious psychiatric

In 2011, 500 pregnant women
(>37 weeks, singleton pregnancy) were enrolled

Exclusion criteria (mother):

(1) pre-existing medical conditions;

(2) drug or alcohol abuse;

(3) sexually transmitted diseases;

(4) In vitro fertilization and ovulation induction;
(5) preterm premature rupture of membranes.

Exclusion criteria (infant):
(1) respiratory distress syndrome
(2) pathological jaundice

Y

338 participants were measured cord blood cytokines levels

10-year follow-up

A

In 2021, child height and weight were measured,
Information of children’s allergic diseases were abstracted
from medical records

Exclusion:
lack of prenatal BMI or cord blood cytokine
levels or children’s allergic diseases or BMI

A

169 pairs of mothers and their infants were included in the
statistical analysis

Fig. 1. Flow diagram showing selection of study subjects.
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disorders; drug or alcohol abuse; sexually transmitted diseases; in vitro fertilization and ovulation induction; and preterm premature
rupture of membranes. Neonates with respiratory distress syndrome and pathological jaundice after birth were also excluded. Analysis
was limited to 169 of 338 enrolled participants in whom cytokines were measured and pregnancy BMI and childhood anthropometric
measurements were available. Selection criteria of the enrolled subjects are summarized using a flow chart in Fig. 1.

2.2. Data collection

Women were interviewed at enrollment, and information on their education as well as current and previous pregnancies collected.
We also recorded maternal height and weight at enrollment, with the latter assessed based on maternal recall. Maternal pregnancy BMI
(kg/m?) was calculated. Data involving the parity, mode of delivery, pregnancy complications, intrapartum complications, allergic
dermatitis, asthma, and smoking were collected. A sterile needle puncture was used to obtain cord blood samples immediately after
cord clamping, which typically occurred within 60 s of delivery. Serum was separated from the umbilical cord blood within 6-24 h, by
centrifuging it for 10 min at 300 g. The serum was immediately stored at —80 °C until further analysis. Levels of IL-2, IL4, IL-6, IL-8, I-
10, IL-1p, IL-12, IL-17, IFN-y, and TNF-a in cord blood serum were determined via flow cytometry microsphere chip capture tech-
nology level. The human T helper cell 1/2 cytokine kit II (BDTM CBA Human Th1/Th2 Cytokine Kit II, product of BD Biosciences) and
FACSCalibur flow cytometer (American BD company) were used according to the manufacturer’s instructions with minor modifica-
tions. Briefly, 96-well filter-bottom plates were first wetted with buffer, and beads conjugated with capture antibodies targeting each
cytokine added. Serum (in duplicate wells) was then added to the wells, followed by serial dilutions of cytokine standards. Plates were
incubated at room temperature on a shaker for 2 h, then for another 18 h at 4 °C. Next, the plates were washed on a vacuum manifold,
then incubated with a biotin-labeled detector antibody cocktail for 2 h at room temperature on a shaker. The plates were washed again
and incubated with streptavidin-PE for 40 min. A final set of washes was performed and the beads resuspended in reading buffer.
Samples were acquired on the Luminex MAP200 instrument, with collection criteria set for 100 beads per analyte (2000 beads total).
Data were analyzed using MasterPlex software (Hitachi Software Engineering America Ltd., MiraiBio Group). Each infant’s height and
weight were also measured at every visit. We also extracted each child’s status on allergic diseases from medical records and infor-
mation collected during study visits. Allergic diseases included food allergies, atopic dermatitis, allergies rhinitis and allergic asthma.
Offspring’s data were compiled annually for 10 years.

Table 1
Demographic and clinical characteristics of mothers and infants.
L-BMI (n = 84) H-BMI (n = 85) P-value
Mothers
Prenatal BMI (kg/m?) 24.43 £1.51 28.81 + 2.99 <0.001
Gestational weight gain (kg) 14.37 £+ 3.10 16.33 + 3.36 <0.001
Gestational age (weeks) 39.20 +£1.12 39.26 + 1.87 0.812
Maternal age (years) 26.96 + 3.47 27.56 + 3.59 0.271
18-24 34 (40.5) 28 (32.9) 0.591
25-34 48 (57.1) 55 (64.7)
35+ 224 2(2.4)
Parity
1 66 (78.6) 67 (78.8) 0.833
2 16 (19.0) 17 (20.0)
3 2(2.4) 1(1.2)
Mode of delivery
Vaginal 73 (86.9) 59 (69.4) 0.006
Cesarean section 11 (13.1) 26 (30.6)
SBP (mmHg) 123.32 +10.11 126.05 + 9.54 0.073
DBP (mmHg) 75.49 + 6.82 76.28 £ 7.59 0.475
Infection 4 (4.8) 10 (11.8) 0.099
Pregnancy complications 27 (32.1) 31 (36.5) 0.554
Intrapartum complications 24 (28.6) 22 (25.9) 0.695
Allergic dermatitis 14 (16.7) 17 (20.0) 0.576
Asthma 0 (0.0) 2(2.4) 0.497
Smoking 38 (45.2) 37 (43.5) 0.823
Education (graduate and above) 48 (57.1) 49 (57.6) 0.947
Infants
Child’s sex
Male 41 (48.8) 43 (50.6) 0.817
Female 43 (51.2) 42 (49.4)
Child’s age 10.31 + 0.27 10.30 + 0.28 0.813
Birthweight, kg 3.25 £0.34 3.42 £ 0.40 0.004
High birthweight (>4000 g) 224 5(5.9) 0.450

L-BMI, prenatal BMI<26.36 kg/m? H-BMI, prenatal BMI>26.36 kg/m?.
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2.3. Statistical analysis

We used the median prenatal BMI (26.36 kg/m?) to stratify the mothers into two groups. Continuous variables were presented as
means + standard deviation (SD), whereas categorical data were presented as frequencies and proportions. Levels of inflammatory
factors were log-transformed prior to subsequent regression analysis. Comparisons between L-BMI and H-BMI groups were performed
using t-test or non-parametric test for continuous variables and with 2 or Fisher’s exact tests for categorical variables.

The relationship between prenatal obesity, and cord blood cytokine levels with children’s allergic diseases was analyzed using a 3-
step statistical analysis. Firstly, we employed logistic regression to determine the association between prenatal BMI and children’s
allergic disease, then applied linear regression models to determine the relationship between maternal prenatal BMI and levels of each
cytokine in umbilical cord blood (log-transformed). Next, we employed logistic regression models to evaluate the relationship between
levels of each cytokine in umbilical cord blood (10-fold log-transformed) with child anaphylactic disease, and overweight/obesity. All
analyses were performed using IBM SPSS software version 23, and packages implemented in R version 4.0.3. All tests were two-tailed,
and data followed by P < 0.05 considered statistically significant.

3. Results
3.1. Participant characteristics

A total of 169 subject pairs (a mothers and her infant) completed the 10-year follow-up and were included in the final analysis. The
mean maternal and gestational ages of the study group at delivery were 27 years and 39 weeks, respectively, with an average weight
gain of 15.3 kg during pregnancy. The mean ages of the children were 10.3 years. A summary of demographic and clinical charac-
teristics of mothers and infants is shown in Table 1. The mean prenatal BMI for the L-BMI and H-BMI groups were 24.43 and 28.81 kg/
m?, respectively. There were significant differences in gestational weight gain between the L-BMI and H-BMI groups (14.37 kg vs.
16.33 kg, P < 0.05). Notably, patients in the H-BMI group had significantly higher numbers of cesarean section deliveries than those in
the L-BMI group (P < 0.05). Moreover, subjects in the H-BMI group exhibited higher SBP (P = 0.073) and more infections during
pregnancy (P = 0.099) than their L-BMI counterparts, although the differences were not statistically significant. Similarly, we found no
statistically significant differences between the two groups with regard to prenatal characteristics, including parity, gestational age,
pregnancy complications, intrapartum complications, allergic dermatitis, asthma, smoking, and maternal education (P > 0.05).
Analysis of infants revealed that half of them were males, with those in the H-BMI group exhibiting significantly higher birthweights
than their L-BMI counterparts (P < 0.05).

3.2. Relationship between prenatal BMI and development of allergic diseases in children

Profiles of the relationship between prenatal BMI (exposure) and childhood allergic diseases (outcome) are presented in Table 2. In
summary, high prenatal BMI was associated with children’s allergic disease (HR = 2.45, 95% CI:1.08-5.57, P = 0.033) after 10 years of
follow-up.

3.3. Prenatal BMI and levels of cytokines in cord blood

The distribution profile of cytokines in cord blood for patients in the L-BMI and H-BMI groups are presented in Fig. 2. Nonpara-
metric tests showed that subjects in the H-BMI group had higher IL-8 (P = 0.083) and IL-10 (P = 0.029) than their counterparts in the L-
BMI group. Levels of cytokines in cord blood caused by prenatal BMI, based on Linear regression, are presented in Fig. 3A. After
adjusting for maternal age, education and infant gender, prenatal BMI was significantly associated with higher concentrations of IL12
(p =0.006, P =0.023) and IL1p (f = 0.006, P = 0.049) in cord blood. In addition, prenatal BMI was marginally associated with high
levels of IL2 (f = 0.003, P = 0.062), TNF (p = 0.005, P = 0.051), and IFN-y (§ = 0.006, P = 0.099). Epidemiologically, these results
indicated that for every 1 kg/m2 increase in prenatal BMI, IL12, IL14, IL2, TNF, and IFN-y increased by 0.0139, 0.0139, 0.0068, 0.0116,
and 0.0139 pg/ml, respectively.

3.4. Relationship between cytokine levels in cord blood and development of allergic diseases in children
The association of cytokine levels in cord blood with childhood allergic diseases and overweight/obesity are presented in Fig. 3B

Table 2
Association between prenatal BMI (exposure) and childhood anaphylactic disease.

Childhood anaphylactic disease”

B SE OR (95%CI) P-value
L-BMI (n = 84)" 1.00
H-BMI (n = 85) 0.895 0.420 2.45 (1.08, 5.57) 0.033

& Mothers were divided into two groups based on the median prenatal BMI (26.36 kg/mz).
b Adjusted for maternal age, parity, mode of delivery, gestational age, infant sex and birthweight.
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Fig. 2. Profiles of distribution of nine inflammatory factors in umbilical cord blood of subject in L-BMI (n = 84) and H-BMI (n = 85) groups. *, P <
0.1; **, P < 0.05.

and C, respectively. In summary, after adjusting for maternal age, education, allergic dermatitis, gestation age, and infant gender, each
unit increase (1.259 pg/ml) in IL17 was associated with a 55.5% increased risk of allergic diseases in 10-year-old children (HR = 1.55,
95%Cl: 0.99-2.45, P = 0.056). Meanwhile, after adjusting for maternal age, education level, gestation age, prenatal BMI, gestational
weight gain, infant gender and birthweight, for every unit increase in IL10, IL6 and IL1p, the risk of overweight/obesity in children
after 10-year follow-up increased by 18.7% (HR = 1.19, 95%Cl: 1.01-1.40, P = 0.042), 13.9% (HR = 1.14, 95%Cl: 1.02-1.27, P =
0.021) and 41.3% (HR = 1.41, 95%Cl: 1.02-1.95, P = 0.036), respectively.

4. Discussion

This is the first study to demonstrate the cytokines profile in cord blood of obese pregnant women, and explore their impact on the
development of allergic diseases and obesity in their offspring. Based on our results, we conclude with the following three points: (1)
prenatal obesity is positively related with levels of IL12 and IL1p in cord blood; (2) high prenatal BMI may affect the occurrence of
allergic diseases in offspring; and (3) cytokines in umbilical cord blood can mediate the effect of prenatal obesity on the development of
childhood allergic diseases.

Studies have shown that overweight before or excessive weight gain after pregnancy can affect the growth and development of
children, possibly through the inflammatory pathway [5,12-14]. Our results showed that prenatal BMI was positively correlated with
the development of allergic diseases in offspring, consistent with previous studies which showed that high maternal BMI was linked to
postnatal wheeze and eczema [15,16]. In the present study, we provide the first report of the impact of BMI levels in mothers before
delivery on the immune system and their possible inflammatory factor pathways. Analysis of cytokine levels in cord blood in 169 pairs
of mothers demonstrated that prenatal BMI was positively correlated with levels of IL12 (P < 0.05) and IL1 (P < 0.05) in cord blood.
These results were consistent with findings from previous reports, and support the hypothesis that maternal obesity is associated with
low-grade chronic systemic inflammation due to higher levels of pro-inflammatory cytokines, such as IL-1$ and induce placental
inflammation [17-19]. Studies have also shown that obesity induces IL12 production [20]. However, the specific magnitude of the
increase in inflammatory factors may vary slightly among different studies [5,7,21], which may be due to several factors such as race
or other unknown variables. Nevertheless, it is generally acknowledged that obesity leads to elevated cytokine levels. Levels of
maternal cytokines were more skewed to the Th2 response in cases where their offspring had allergic disease. Previous studies have
shown that IL17 not only plays an important role in Th2 differentiation [22], but is also involved in pathogenesis of allergic skin
diseases, extrinsic atopic dermatitis, and asthma [23-25]. IL17A might can stimulate the Th2 cytokine [26]. Our results showed that
each unit increase in IL17 was marginally increased risk of allergic disease in 10-year-old children. Our results were consistent with
findings from previous studies, where IL17 produced by Th2 cells was not only highly expressed in sensitized mice, but was also
associated with food allergy [27,28]. However, only a handful of studies have described the relationship between IL17 levels and
development of allergic diseases in children. To our knowledge, this is the first report to demonstrate the association of maternal
cytokine profiles with the development of allergic disease in 10-year-old children.

Our results further showed that every unit increase in IL10, IL6 and IL1f, mediated an 18.7%, 13.9% and 41.3% increase in the risk



Cytokine  Median (IQR) A beta (95%Cl)  T-beta P-vae B HR (95%Cl) PC HR (95%Cl) P
IL2 9.39 (8.49, 10.36) . 0.003 (0.000,0.006) 1.0068 0.062 * 1.073(0.593, 1.942) 0.816 . 1.564 (0.855,2.861) 0.147
IL10 1.68 (1.36,2.19) . 0.002 (-0.008,0.012) 1.0045 0.726 . 0.981(0.817,1.177) 0.833 . 1.187 (1.006, 1.400) 0.042
IL6 3.09 (2.34,4.53) . 0.004 (-0.011,0.019) 1.0093 0.608 . 0.97 (0.855,1.102) 0.644 . 1.139(1.020, 1.273) 0.021
IL8 4,01(2.74,6.38) . 0,010 (-0.006,0.026) 1.0233 0.219 . 1.02(0.908, 1.145) 0.744 r 1.052(0.937,1.181) 0.392
IL17 4.39(3.92,5.04) . 0.002 (-0.003, 0.006) 1.0045 0.441 ' 1.555(0.988, 2.447) 0.056 . 0.683 (0.441, 1.059) 0.089
IL12 1.07 (0.00, 1.47) . 0.006 (0.001,0.012) 1.0139 0.023 . 1.02(0.973,1.069) 0.403 . 1.035 (0.986, 1.086) 0.162
NF 1.57 (1.27,1.82) . 0.005 (0.000,0.010) 1.0116 0.051 . 0.749(0.511,1.099) 0.140 . 0.843 (0.581, 1.223) 0.367
1B 280(231,3.25) . 0.006 (0.000,0.012) 1.0139 0.049 . 1.147 (0.854, 1.541) 0.362 . 1.413(1.023,1.952) 0.036
IFN-vy  0.00(0.00,1.47) . 0.006 (-0.001,0.012) 1.0139 0.099 . 1.051(0.820, 1.348) 0.693 ' 1.012(0.773, 1.326) 0.929
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Fig. 3. (A) Association of prenatal BMI (exposure) with each umbilical cord blood inflammatory factor (outcome); (B) Association of each inflammatory factor in umbilical cord blood (exposure) with
childhood anaphylactic disease (outcome); (C) Association of levels of each inflammatory factor in umbilical cord blood (exposure) with childhood overweight/obesity (outcome).

Model A: Adjusted for maternal age, infant sex and education. Model B: Adjusted for Model A + gestation age and maternal allergic dermatitis. Model C: Adjusted for Model A + prenatal BMI, gestational
weight gain, gestation age and infant birthweight. Cytokine data were log-transformed in linear regression of model A, and 10-fold log-transformed in logistic regression models B and C. N = 169. T-
beta, back-transformed after regression. HR, hazard ratio.
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of overweight/obesity in children after 10-year follow-up. A previous study showed that IL-6 promoted amino acid transport in the
placental system and upregulated fatty acid uptake in human trophoblast cells, thereby enhancing nutrient transport and fetal growth
[5,29,30]. Moreover, Lisa et al. [31] demonstrated that Blimp-1-regulated IL-10 secretion by Tregs white adipose tissue homeostasis.

5. Limitations

This study has several limitations that should be noted. Firstly, we found no evidence of mediating effect of cytokine, which cannot
constitute the pathway. Secondly, sample size enrolled in the present study was relatively small, larger studies are needed to confirm
this evidence of mediating effect of cytokines. Thirdly, our follow-up duration was only 10 years. Therefore, the long-term effects of
high prenatal BMI on children’s adulthood need to be further investigated.

6. Conclusion

Prenatal BMI was positively correlated with levels of IL12 and IL1f in cord blood. After 10 years of follow-up, levels of IL17 in cord
blood were associated with occurrence of allergic diseases. Although we were unable to directly link cytokine levels to maternal
obesity and development of allergic diseases in offspring, our results provide new insights into the relationship between cord blood
cytokines and maternal obesity and offspring allergic diseases. Further research is needed to validate these findings.
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