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Abstract

Background

Associations have been shown between concurrent assessment of dietary intake of AGEs and
childhood allergic outcomes. We examined the association between maternal AGEs intake and
development of offspring asthma, wheeze, atopic dermatitis, allergic rhinitis, and food allergies, and
sought to determine whether intake of AGEs was associated with cord sera cytokines/chemokines.
Methods

Pregnant women = 16 years were recruited in the Healthy Start study, a prospective pre-birth cohort
from Colorado (N =1410). The analysis included 962 dyads with adequate diet (=2 recalls) and
allergy outcome details. AGEs intake was estimated for each mother by matching intakes reported
using 24-hour dietary recalls during pregnancy to a reference database of commonly consumed
foods’ AGEs values. Child diagnoses of asthma and allergies up to 8 years were obtained from
electronic medical records. Cord sera cytokines and chemokines were analyzed in a subset (N =
462) of children.

Results

The median [IQR] AGEs intake for the overall sample was 11919 kU/day [8293, 16573]. Unadjusted
analysis showed a positive association between maternal AGEs intake in pregnancy and rhinitis up
to 8 years of age (HR = 1.03; 95% CI: 1.01, 1.06), but the association was attenuated and no longer
significant in adjusted models (HR = 1.01; 95% CI: 0.98, 1.04). Both adjusted and unadjusted models
showed no associations between AGEs intake in pregnancy and any of the other outcomes (p>0.05).
There were no significant associations between any cytokine or chemokine measured and AGEs
intake or any of the outcomes studied (p>0.05).

Conclusion

The study showed that maternal AGEs intake was not associated with offspring asthma and allergy
outcomes. AGEs exposure during pregnancy may not have the same impact on child development to

postnatal exposure.
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Key messages

o AGEs exposure during postnatal life has been associated with multiple adverse health
outcomes.

o Maternal intake of AGEs during pregnancy was not associated with offspring allergies.

¢ Maternal intake of AGEs during pregnancy was not associated with cord blood cytokine or

chemokine levels.
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Introduction

Allergic diseases are an increasing public health concern.”? The four major presentations of allergic
diseases include asthma, atopic dermatitis, allergic rhinitis, and food allergies. Atopic dermatitis is
usually the first manifestation of allergic diseases, followed by food allergies, asthma and allergic
rhinitis, a process of allergic disease development referred to as the atopic march.® Although allergic
diseases share a common immunological profile involving T-helper 2 (Th2) and inflammatory cells
and their cytokines and chemokines, each condition may also appear separately with its own

individual gene/environment interactions.*

Early life factors, including maternal diet during pregnancy, have been studied as a possible risk
factor for offspring allergic diseases. However, despite the large number of studies focusing on
maternal dietary intake in pregnancy and offspring allergic outcomes, the results do not give clear
guidance on which dietary factors to address.>® The European Academy of Allergy and Clinical
Immunology also concludes that the role of the maternal diet in the development of offspring allergy
outcomes is unclear.” Much more progress has been made in terms of the infant diet and allergy
prevention, with most international allergy prevention guidelines advising against delaying

introduction of food allergens, particularly peanut and egg. 87210

Observational data indicates that increased intake in childhood of foods typical of the Western diet,
such as burgers, sugar and high fructose corn syrup,'* and food preparations, such as frying, may be
associated with the increase in allergic diseases.'? Advanced glycation end products (AGEs) are
compounds formed when sugar binds to protein or it is formed via lipoxidation.!" It is postulated that
the Western diet is high in AGEs and via its effect on both Th2 and inflammatory cytokines, may
contribute to the increase in allergic outcomes. This is also referred to as the false alarm

hypothesis.?

Inflammatory cytokines and chemokines include, but are not limited to IL-1, IL-6, IL-8, IL-4, IL-5, IL-
13, alarmins (IL-25, IL-33 and TSLP), and TNF-a.'3'* The Receptor for Advanced Glycation End
Products (RAGE) is activated by ligands, including endogenous pathogen associated molecular
patterns (PAMPs), and also dietary derived AGEs, which are high in the western diet. The AGEs
receptor (RAGE) is linked to up-regulation of TNF-q, IL-1, IL-6 and IL-8."% Induction of alarmins (IL25,

IL33, TSLP) and the importance of this is reinforced by models of atopic dermatitis and allergic
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asthma that show RAGE and its activation ligands are central to the development of sensitization
and allergic responses.'?1%16 |In addition, higher levels of soluble RAGE (a decoy ligand) is protective
against asthma.'” Further inflammatory mechanisms related to AGEs products are: 1) induction
of glycation of intracellular proteins including transcription factors, 2) alteration of the pericellular
matrix, resulting in signaling changes and cellular dysfunction, 3) oxidative stress and mitochondrial
dysfunction, 4) methylglyoxal — an archetypal AGE binds to lysine on DNA and induces
oxidative/nitrogen induced damage and DNA cleavage. Each of the fore-mentioned mechanisms
may have more impact on a developing fetus than a child/adult and is worthy of investigation in the
context of development of atopic disease. In animal models of food allergy, resveratrol, a well-
defined anti-oxidant, reduces development of ovalbumin allergy in a cholera-toxin adjuvant model
with both reduced sensitization of ovalbumin and a reduction in dendritic cell activation.'® Soy
isoflavones, daidzien and genistein, have been shown to suppress allergic reactions in a murine
model of peanut allergy.’ Furthermore, in-vitro studies of resveratrol have shown a reduction of
AGEs induced dendritic cell (DC) maturation, decreased dendritic cell RAGE receptor activation in
response to AGE-albumin, and reduced dendritic cell activation to AGE-albumin stimulated DC

(cytokines, co-stimulatory cells, mitogen activated protein kinases and NF-kB ).2°

Based on the underlying inflammatory processes in allergic conditions, particularly asthma and
wheeze, we previously studied the association between the maternal diet and asthma/wheeze in the
child. We concluded that the inflammatory profile of the maternal diet was not associated with
cytokine and chemokine levels at birth. However, the results suggested that a maternal diet that
scored higher on the dietary inflammatory index (DIl) was associated with increased odds of
offspring asthma and/or wheeze by age 4 years.?' The DIl is a complex index that provides an
estimate of the inflammatory potential of the diet based on the inflammatory potential of foods and
nutrients in single index.??2 AGEs are proteins or lipids that become glycated after exposure to sugars

during heating and is considered to be one aspect of an inflammatory diet.!

In our pursuit to find the specific dietary factors in pregnancy that are associated with offspring
outcomes, we investigated the role of maternal dietary AGEs intake and offspring asthma, wheeze,
atopic dermatitis, allergic rhinitis and food allergy. The primary aim of this study was to assess the
associations between maternal AGEs intake during pregnancy and offspring diagnosis of asthma,

wheeze, allergic rhinitis, atopic dermatitis, and food allergy up to 8 years. We hypothesized that
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increased maternal AGEs intake during pregnancy would be associated with an increased rate of
development of these outcomes in offspring. The secondary aim of this study was to examine
associations between maternal AGEs intake and cord sera levels of cytokines and chemokines. We
hypothesized that maternal AGEs intake would be associated with cord sera cytokines and
chemokines, and that the effect might be exacerbated by maternal obesity, as both AGEs and

obesity are related to inflammatory processes.'223

Methods

Study sample

This analysis included data from a longitudinal pre-birth cohort of 1410 mother-child dyads. Pregnant
women aged 16 years or older with singleton pregnancies were recruited from obstetrics clinics at
the local hospital from 2009 to 2014. The Healthy Start study protocol was approved by the Colorado
Multiple Institutional Review Board (IRB number: 09-0563; Healthy Start 1; 2009-2014 and Healthy
Start 2; 2015-present) and was registered as an observational study
at clinicaltrials.gov as NCT02273297. Further details regarding the study have been published

elsewhere.?3

At recruitment, the cohort included 1410 mother-child dyads. Following written consent, pregnant
women completed questionnaires on medical history at enrollment in early pregnancy and were
asked to give consent for the review of offspring electronic medical records up to age 4 years.
Additional consent for review of offspring electronic medical records up to age 8 was requested when

mothers and children came in for a follow-up visit after age 4.

Participants were excluded from this analysis if they did not provide consent for child medical record
review from birth up to 4 years of age (n=9), had offspring who died prior to birth (n=6), or who had
insufficient data available to search for the child in the electronic medical records system (n=66).
Among the 1329 participants eligible for inclusion in the electronic medical record search, 68 children
had no records in the electronic medical record system, resulting in a total of 1261 participants with
allergy outcome information. Mothers were asked to complete 1 dietary recall per month during
pregnancy. The analytic cohort included 962 mother-offspring dyads that completed =2 dietary

recalls over the course of pregnancy and had valid offspring allergy outcome information. For the
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immunological analysis, data from N=462 mother-offspring dyads with data on cord sera cytokine

and chemokine levels were used (Supplemental Figure 1).

Maternal daily AGEs intake

Maternal dietary intake was measured 2-8 times throughout pregnancy, from the second trimester
onward, using the Automated Self-Administered 24-hour dietary recall (ASA24).2* To estimate AGEs
intake from the reported dietary intake, a reference database of commonly consumed foods’ AGEs
values (in kU/100g) built by Uribarri et al.'" was used. Food descriptions from the ASA24 diaries
were matched to the AGEs database by name and cooking process where possible. Foods without
simple matches as well as complex multi-ingredient foods were decomposed into gram equivalents
for 23 food components specified in My Pyramid,?*3 e.g. 1 cup of broccoli = 1 dark-green vegetable
and 1 English muffin = 1 grain equivalent. The gram equivalents for each code were estimated from
My Pyramid by decomposing food codes using the USDA food and nutrient database for dietary
studies 3.0 ingredient list.2% Average AGEs (kU/g) values were then created from the Uribarri et al.!"
AGEs list for each of the 23 components based on general cooking type (fried, baked, stewed, or
fresh), as cooking method is the main determinant of AGEs scores. Components for discretionary
fats and sugars were excluded from this step due to difficulties with calculating accurate AGEs
scores. Finally, daily dietary AGEs intake was calculated (in kU) based on quantity of the food/food
component consumed. Median daily AGEs intake (kU/day) was calculated for each individual based
on total number of dietary recalls available due to the right skewed nature of the AGEs distribution.
Median daily AGEs were also standardized to amount per daily caloric intake (kU/1000kcal/day) to

compare to previous literature.

Child allergy outcomes

The outcomes of interest for the present paper were child diagnosis of allergic diseases (asthma,
wheeze, allergic rhinitis, atopic dermatitis, food allergy) up to 8 years of age based on data obtained
from the electronic medical records. “Any outcome” was defined as diagnosis of one or more of the
following diseases: asthma, wheeze, allergic rhinitis, atopic dermatitis, food allergy. Children’s
medical record data was abstracted for participants who consented to child medical record review
and whose records were available in the Epic medical records system, as described previously.?3 In
short, the following search terms were used: 1) allergic rhinitis: “allergic rhinitis”, “allergic

rhinoconjunctivitis”, “hay fever”, “rhinitis”, “seasonal allergies”; 2) asthma: “asthma”; 3) atopic
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dermatitis/feczema: “atopic dermatitis”, “eczema”; 4) wheeze: “wheeze.” Search terms related to IgE-

mediated food allergies and food allergens included: “food allergy”, “almond”, “cashew”, “clam”,

“crab”, “egg”, “fin fish”, “fish”, “milk”, “pecan”, “peanut”, “salmon”, “sesame seed”, “scallop”, “shellfish”,
“shrimp”, “soy”, “sunflower seed”, “tree nut”, “tuna”, “wheat”. The electronic medical records were
reviewed by two clinician researchers, who assigned diagnoses for asthma, wheeze, allergic rhinitis,
atopic dermatitis/eczema, and food allergies, after extensive review of medical notes.

For any participant with suspected food allergy, we recorded whether the child had IgE-mediated
food allergy, the age of diagnosis, and the age at development of tolerance to the food if tolerance
had been developed. Children with Eosinophilic Esophagitis (EoE) or Food Protein induced
enterocolitis (FPIES) were not considered to have IgE-mediated food allergies unless they also had

co-existing IgE-mediated food allergies.

Cord blood collection
Cord blood samples were obtained at delivery, stored on ice for up to 20 minutes, and processed by
centrifugation. Serum aliquots were stored at 4°C for up to 24 hours before being transported (on ice)

to an 80°C freezer for long-term storage. 267

Cord sera cytokines and chemokines

Under a separate ancillary study (NIH: ROOES025817) focusing on sera analysis from maternal-
offspring dyads with available sera and cord blood, stored frozen umbilical cord sera extracted at
birth was analyzed for a range of cytokines and chemokines. Cord blood inflammatory biomarkers
were processed by the University of Colorado Cancer Center Flow Cytometry Shared Resource.
Plasma cytokine/chemokine concentrations were determined by multiplex panel immunoassay
according to manufacturer’s instructions (EMD Millipore Corporation, Billerica, MA 01821). Cytokines
including IL-18, IL-4, IL-6, IL-10, and TNF-a; and chemokines IL-8 and MCP-1, were measured in
units of pg/mL. For each analysis, samples were run in duplicate, and the percent coefficient of
variation was computed as a quality control measure. If both replicates were out of range, the value
was designated as being below (or above) the limit of detection. Values that were below the lower
limit of detection were marked as “out-of-range low” and values that were above the upper limit of
detection were marked as “out-of-range high”.?' The cytokines and chemokines studied were
previously selected to be analyzed for an NIH grant (ROOES025817) and included those that were

related to either air pollution exposure or pregnancy/birth outcomes.
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Covariate data

Data regarding maternal race/ethnicity, parity, maternal history of allergy (asthma and/or allergic
rhinitis), and age of introduction of solid foods were obtained through self-reported questionnaires.
Maternal history of asthma was assessed using the following question, “Has a health professional
such as a doctor, physician assistant, or nurse practitioner ever told you that you have asthma?”
Maternal history of allergic rhinitis was assessed using the following question, “Has a health
professional such as a doctor, physician assistant, or nurse practitioner ever told you that you have
hay fever, seasonal allergies or allergic rhinitis?” Mothers were considered to have a history of
allergy if they answered yes to one or both of the preceding questions. Pre-pregnancy weight was
obtained from either medical records or self-reported early in pregnancy. Maternal height was
measured at the first research visit via stadiometer. Pre-pregnancy body mass index (BMI) was
calculated using pre-pregnancy weight (kg) divided by height (m) squared. Pre-pregnancy BMI was
categorized as follows: lean (BMI <25 kg/m?), overweight (BMI 25-29.99 kg/m?), and obese (BMI 230
kg/m?).2¢ Observed gestational weight gain was calculated as the difference between the last
available weight recorded during pregnancy and the pre-pregnancy weight.?’® Gestational weight
gain was categorized as less than recommended, within the recommended range, or more than
recommended (excessive weight gain) based on pre-pregnancy BMI categories, as described by the
2009 Institute of Medicine (IOM) guidelines.?® Information on total caloric intake during pregnancy
(kcal/day) was obtained using repeated 24-hour recalls, as described above. Breastfeeding duration
was computed as breastmilk months, a product of breastfeeding duration and intensity, using feeding
information reported by mothers at the 18 months postnatal interview. For exclusively breastfed
infants, breastmilk months is equivalent to the duration of breastfeeding (e.g., 8 months of
breastfeeding = 8 breastmilk months). For infants fed both breastmilk and formula, breastmilk months
is the duration of exclusive breastfeeding plus the weighted duration of mixed feeding (e.g., 4 months
of exclusive breastfeeding + 2 months of 50% breastmilk and 50% formula = 5 breastmilk months.)

For infants fed formula exclusively, breastmilk months is 0.3°

Statistical Analysis
Descriptive statistics were calculated for maternal and offspring characteristics, including means and
standard deviations or median and interquartile range (IQR) for continuous variables dependent on

distribution. Categorical variables were presented as frequencies and percentages. Demographic
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variables were compared between those with or without available cytokine data using statistical
tests, including t-tests for normally distributed continuous variables, Wilcoxon rank sum tests for non-
normally distributed continuous variables, and chi-square tests for categorical variables. We
computed cumulative incidence of the medical record verified respiratory and allergy outcomes up to
1 year, 2 years, 3 years, and 4 years of age to describe the burden of these diseases in the cohort.
Hypothesis testing was conducted at an alpha level of 0.05. In the final models, we reported, where
appropriate, beta estimates, hazard ratios, 95% confidence intervals, and p-values and for the

associations.

Associations between maternal AGEs intake during pregnancy and offspring diagnosis of asthma,
wheeze, allergic rhinitis, atopic dermatitis, and food allergy

Cox proportional hazards models were fit to examine the associations between maternal daily AGEs
intake (kU) and development of child allergic diseases (asthma, atopic dermatitis/eczema, food
allergy, allergic rhinitis, wheeze, and any allergy) up to age 8 years. A literature review?°® identified a
set of covariates used in previous publications seeking to identify associations between maternal diet
during pregnancy and offspring allergy and respiratory outcomes. Two models were performed for
the outcome: a base adjusted model 1, and an expanded adjusted model 2. Adjusted Model 1 was
the base model with factors most commonly associated with allergy outcomes?3° and included child
race/ethnicity, child sex, nulliparity, gestational smoking, and energy intake during pregnancy.
Adjusted Model 2 was based on factors previously included when studying maternal diet and
childhood allergy outcomes.?® These included all variables in model 1, and additionally: mode of
delivery, maternal history of allergy, breastfeeding duration, age of introduction of solid foods,
maternal pre-pregnancy BMI category (Supplemental Figure 2). We constructed a directed acyclic
graph to represent hypothesized causal relationships and confirmed that none of the covariates were
either intermediates or colliders. To test the hypothesis that the effect of maternal AGEs intake on
allergy onset may be exacerbated by maternal obesity and excessive gestational weight gain, we
included interaction terms between maternal AGEs intake with pre-pregnancy BMI category and IOM
gestational weight gain category into Adjusted model 2. Non-significant interactions (p > 0.05) were
removed from the final adjusted models. The follow-up age was different for each child. This
occurred for one of two reasons: 1) consent was only given to review child medical records from birth
up to age 4 years, but not from age 4 to 8 years; or 2) consent was given to review child medical

records from birth up to age 8 years, but the child had not yet reached 8 years of age at the time of
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the electronic medical record search (e.g. the child was only 6 years old when the search was
conducted). The Cox proportional hazards modeling approach allowed us to censor participants at
the latest follow-up age for which they had available electronic medical record data, due to one of the
two reasons described. For children with multiple recorded diagnoses of a disease outcome, their
age at their first diagnosis was used. We checked that the assumption of proportional hazards was
met for the “any outcome” prior to interpreting the results of these models. A sensitivity analysis was
also performed dividing AGEs intake into quartiles to test for non-linear associations.

Associations between maternal AGEs intake and cord sera levels of cytokines and chemokines.

To examine the associations between maternal intake of AGEs and cytokines, two separate
modeling strategies were used depending on the detection rate of the values. For each of the
cytokines and chemokines, we determined the number and percentage of values that were outside
the detection range. In addition, we calculated the median and IQR for each of the cytokines and
chemokines. Cord sera cytokines and chemokines with <20% of values outside the detection range
were treated as continuous variables (IL-6, IL-8, TNF-a, MCP-1)." When the cytokines or chemokines
were treated as continuous variables, values below the limit of detection were assigned values equal
to half the lowest value observed on the standard curve® 2° and values above the limit of detection
were assigned values equal to 1.5 times the highest value on the standard curve. Cord sera
cytokines and chemokines with 220% of values outside the detection range were treated as
categorical variables and dichotomized as detectable or not detectable (IL-1pB, IL-4).

For chemokines with <20% of values outside of the detection range, separate general linear
univariate models were fit. Prior to fitting models for each of the cytokines and chemokines, the
values of these cytokines and chemokines (IL-6, IL-8, TNF-a, MCP-1) were natural log transformed
to account for the positively skewed distributions . For cytokines with 220% values outside of the
detection range (IL-1B, IL-4), separate logistic regression models were fit to estimate the odds that
the value of the cytokine or chemokine was detectable. For both cytokines and chemokines with
<20% or 220% of values outside the detection range, unadjusted models included maternal intake of
AGEs as the only predictor. Adjusted models were fit for each cytokine/chemokine, with the
covariates and hypothesized interactions tested determined a priori. The adjusted models for the
inflammatory cytokines (IL-1B, IL-6, TNF-a) and chemokines (IL-8, MPC-1) included nulliparity, child
race/ethnicity, child sex, pre-pregnancy BMI category, IOM gestational weight gain category, and
total caloric intake (kcal/day) as covariates (Supplemental Figure 3). The adjusted models for the T-

regulatory cytokine (IL-10) and Th2 cytokine (IL-4) included the same covariates as were included for
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the inflammatory cytokines, in addition to maternal history of allergy. To test the hypothesis that the
effect of maternal AGEs intake on inflammatory cytokines and chemokines may be exacerbated by
maternal obesity and excessive gestational weight gain, we included interaction terms between
maternal AGEs intake with pre-pregnancy BMI category and with IOM gestational weight gain
category. Non-significant interactions (p > 0.05) were removed from the final adjusted models. A
sensitivity analysis was again performed dividing AGEs intake into quartiles to test for non-linear

associations.

Results

Descriptive statistics

Table 1 reports descriptive statistics for maternal and offspring characteristics of the overall sample
of Healthy Start participants who had both maternal AGEs intake and offspring electronic medical
record data. Table 1 also compares maternal and offspring characteristics between the subset of
participants with cytokine/chemokine data and the subset without cytokine/chemokine data. There
were no significant demographic differences in the cohort included in analysis (N = 962,
Supplemental Figure 1) and those excluded (data not shown). The median [IQR] AGEs intake for the
overall sample was 11919 kU/day [8293, 16573]. Accounting for daily caloric intake, the median
[IQR] AGEs intake was 6485.0 kU/1000kcal [4669.6, 8546.6]. Birthweight (g) was statistically, but not
clinically, significantly higher in participants with cytokine and chemokine data compared to
participants without cytokine and chemokine data (32901433 vs. 31961541, p=0.002), as was
gestational age at birth (weeks) (39.48+1.24 vs. 39.21+1.95, p=0.01). Maternal age (years) at
delivery was also statistically, while not substantially, different at 28.25+6.03 for those with cytokine
and chemokine data compared to 29.17+5.84 for those without (p=0.02). AGEs intake, total caloric
intake, breastfeeding duration, gestational age, age of introduction of solids, nulliparity, gestational
smoking, ethnicity, pre-pregnancy BMI, IOM gestational weight gain, maternal history of allergy, and
child sex were not significantly different between those with and without cord sera cytokine and
chemokine data. Supplemental Table 1 shows cumulative incidence of allergy outcomes in the
offspring. There were no statistically significant differences between those participants with or without
cytokine data for any of the outcomes studied: any outcome, wheeze, asthma, atopic dermatitis,

allergic rhinitis, and food allergy (p >0.05, data not shown).

Associations between maternal AGEs intake and offspring diagnosis of allergic outcomes
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Unadjusted analysis showed a positive association between a 1000kU/day increase in maternal
AGEs intake in pregnancy and development of allergic rhinitis up to 8 years of age (HR = 1.034; 95%
Cl:1.012, 1.057), but the association was attenuated and no longer significant in adjusted model 1
(HR = 1.01 (95% CI: 0.986, 1.043). In the base adjusted analysis for any outcome, asthma, atopic
dermatitis, food allergy, and wheeze, there were no statistically significant associations between
AGEs scores and childhood allergy outcomes up to 8 years of age, with all Hazard Ratio values
nearing 1 (p>0.05, Table 2). For these allergic outcomes, fully adjusted regression models gave
similar results (Figure 1). There was also no evidence of a non-linear relationship between AGEs
intake and any outcome (p > 0.05, Supplemental Table 4). There were no significant interactions
between AGEs and BMI category (p > 0.05) for any of outcomes except for allergic rhinitis (p = 0.01)
and wheeze (p = 0.02), and thus interactions are not reported in the adjusted model 2 in Table 2. For
allergic rhinitis, women with a pre-pregnancy BMI categorized as “lean” were the only group with a
significant AGEs effect with a hazard ratio of 1.054 for a 1000kU/day increase in AGEs (95% CI:
1.014, 1.095; p = 0.008). For wheeze, only women with a pre-pregnancy BMI categorized as “obese”
had a significant AGEs effect with a hazard ratio of 0.934 for a 1000kU/day increase in AGEs (95%
Cl: 0.883, 0.989; p = 0.02) (Supplemental Table 3).

Associations between maternal AGEs intake and cord sera cytokine/chemokine levels

Supplemental Table 2 reports the frequency and percentage of values outside of the detection range
for each cytokine/chemokine, and records whether the out-of-range values were low (below the lower
limit of detection) or high (above the upper limit of detection). The median and IQR for levels of each

cytokine/chemokine are also reported.

The hypothesized interaction between AGEs intake and pre-pregnancy BMI category for each of the
cytokines/chemokines examined was non-significant (all p>0.05). After removing all non-significant
interaction terms, the associations between continuous maternal AGEs scores and cord sera levels
of the cytokines/chemokines remained non-significant in the final adjusted models (all p>0.05; Tables
3 and 4). There was also no evidence of a non-linear relationship between AGEs intake and any cord

sera levels of the cytokines/chemokines (p > 0.05, Supplemental Table 5)

Discussion
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Previous studies have indicated that AGEs intake may be implicated in non-communicable diseases
such as diabetes,?'32 chronic kidney disease,®® non-alcoholic fatty liver disease,?* coronary heart
disease,®? obstructive airway diseases,®® cancer,’® dementia and aging®, arthritis,3®
asthma/wheeze,?%4° chronic bronchitis. 4! 374243 Studies focusing on allergy outcomes, showed an
association between the childhood diet, studied at a similar time as allergic outcomes.'?4445 In this
study, we examined the association between maternal AGEs intake during pregnancy and offspring
allergy outcomes. The unadjusted analysis showed a positive association between maternal AGEs
intake in pregnancy and offspring allergic rhinitis up to 8 years of age, but the association was no
longer significant in adjusted models. For all other offspring allergy outcomes, we did not find a
significant association with maternal AGEs intake, before or after adjusting for potential confounders.
For allergic rhinitis, a significant interaction between maternal pre-pregnancy BMI and AGEs intake
was observed, showing that the association between increased AGEs intake and “lean’based on
their pre-pregnancy BMI. A significant interaction between AGEs intake and pre-pregnancy BMI was
also observed for wheeze, indicating increased intake of AGEs was associated with reduced risk of
offspring wheeze only among women categorized as obese based on their pre-pregnancy BMI.
Immunological data from previous studies'?'%16 indicates that intake of AGEs may be associated with
development of allergic disease via its effect on RAGE receptors, leading to a cascade of
inflammatory processes. In the study presented here, no significant associations between maternal

AGEs intake and cord sera levels any of the cytokines or chemokines studied were observed.

Studies examining the relationship between AGEs intake and allergy outcomes, have been
conducted in children, focusing on the child’s diet and the child’s concurrent allergic symptoms. The
International Study of Asthma and Allergies in Children (ISAAC) study reported that eating fast foods
2 3 times a week by adolescents was associated with asthma, rhino-conjunctivitis and eczema in
these study participants.*® The authors hypothesized this this effect may be due to the AGEs content
of the food. Another prospective study reported on intake of AGEs in children and found that higher
fast food consumption rates in urban children in South Africa was associated with atopic dermatitis
than those with lower consumption rates. Urban children with high fried/microwaved meat
consumption also had higher rates of any allergy compared to those with lower intakes.** These
foods were once again used as a proxy for AGEs intake, rather than using a robust measurement of
AGEs content of the whole diet, as was done for the Healthy Start cohort in the study presented

here. More recently, a study from the US indicated that increased AGEs intake was significantly
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associated with increased odds of wheezing, wheeze-disrupted sleep, and wheezing requiring

prescription medication.*0

Following on from the results of these studies,*%4445 we sought to test whether maternal AGEs intake
during pregnancy was associated with offspring allergic outcomes. In both the unadjusted and
adjusted models for any outcome, asthma, atopic dermatitis, and food allergy up to 8 years, we
found no statistically significant findings for the association between maternal AGEs intake and
offspring allergy outcomes. The primary reason we suspect may explain the discrepancy between
our study findings and the findings of the previous studies listed, is that previous studies examined
concurrent AGEs intake of the child in which allergic disease was also studied, whereas we
prospectively studied maternal intake of AGEs during pregnancy and examined allergy in offspring.
This may indicate that AGEs intake in pregnancy may not affect child allergy outcomes. The results
of our study indicated that among women with a pre-pregnancy BMI categorized as lean weight
women, increased AGEs intake during pregnancy was associated with increased risk of offspring
allergic rhinitis; and among women with a pre-pregnancy BMI categorized as obese, increased AGEs
intake was associated reduced risk of offspring wheeze. These findings are difficult to interpret and

further studies may be able to clarify these results.

The discrepancy in findings between our study and previous studies may also be explained by
different measures and methods used to determine AGEs intake, or different methods for
assessment of allergy outcomes. Previous studies investigating the association between AGEs and
disease outcomes, used serum levels of AGEs,?'6 or activity of the age receptor (RAGE)374243
rather than dietary intake of AGEs as in our study. Some studies measured reported high-fructose
corn syrup sweetened soft drinks, fruit drinks3® or apple juice, apple juice, fruit drinks and soda
intake.3%41 It is postulated that intake high fructose corn syrup, leads to in situ formation of AGEs,

hence making these foods a suitable proxy for studying AGEs intake.*”

Only three studies used dietary intake of AGEs measured by food frequency questionnaires to define
AGEs intake; one study defined AGEs intake by food group3® and two studies quantified AGEs intake
based on FFQs measuring AGEs intake of commonly eaten foods.333” Our study is the first study to
our knowledge that investigated AGEs intake in pregnancy and its association with child health

outcomes. We have used detailed 24 hour recalls completed 2-8 times over the course of pregnancy
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to calculate average AGEs intake throughout pregnancy. The median AGEs intake of the women in
the Healthy Start study was 6485.0 kU/1000 kcal. In our cohort, the median [IQR] AGEs intake for
the overall sample was 11919 kU/day [8293, 16573]. There are no studies reporting AGEs intake in
pregnant women, but a review paper by Nowotny et al.*® indicates that AGEs intakes in adults can
range from 6 000 — 27 000 kU/day, which indicates that our calculated AGES intake falls within this

range.

No previous studies have explored the relationship between maternal AGEs intake during pregnancy
and cord blood cytokines and chemokines. We had expected to see that higher maternal AGEs
intake would be positively associated with proinflammatory cytokines and chemokines (IL-1(, IL-6,
TNF-a, MCP-1, IL-8) #° and negatively associated with anti-inflammatory cytokines such as IL-10.4 In
particular, we expected to see some association between AGEs intake and TNF-a and MCP-1 levels.
TNF-a is a known pro-inflammatory cytokine and higher levels of TNF-a has been associated with
increased expression of RAGE.®® MCP-1 is thought to play a role in cell-surface expression of
adhesion molecules® and RAGE is closely related to other genes coding for cell adhesion
molecules. However, we saw no significant associations between maternal AGEs intake and cord

sera cytokine or chemokine levels.

A strength of this study is that we present information from a well-characterized cohort with a large
sample size, which enabled us to take various relevant covariates into account. We were able to
study the association between a comprehensive and detailed measure of dietary AGEs intake during
pregnancy, physician diagnosed recorded outcomes, and a range of cytokines and chemokines in
cord sera. We are also the first research group to study the association between maternal AGEs and
cord sera cytokine levels as a possible underlying mechanism for the development of offspring

allergies.

We have used detailed 24 hour recalls completed 2-8 times over the course of pregnancy to
calculate average AGEs intake throughout pregnancy. Approximately 76% of the participants
completed 22 dietary recalls over the pregnancy, with a median of 3 recalls. Two recalls can be
representative of the entire pregnancy, given that dietary intake is relatively stable across
pregnancy®? and two or more recalls are sufficient to estimate usual dietary intake, per the National
Cancer Institute Dietary Assessment Primer.5 In addition, we also compared the estimated daily

AGEs values for those with below the median number of intakes (<3) to those with 4 or more entries.
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The distributions were not statistically different with those with 3 or less entries (N = 556) having a
median estimated daily AGEs intake of 12104 (IQR: 7400-17148) and those with 4+ entries (N =
406) with a median of 11824 (IQR: 8978-15577) (p = 0.49). We have used a robust method to
calculate AGEs intake, but the AGEs content of many foods is unknown and calculation of the AGEs
scores of composite foods is difficult to standardize. One particular limitation of the dietary AGEs
calculation may be that discretionary fats and sugars were excluded due to difficulties with

calculating accurate AGEs scores. These issues may partially explain the null associations.

Future studies may benefit from using an AGEs food frequency questionnaire, validated against
reliable biomarkers, such as AGEs serum levels, and other forms of dietary intake to measure
AGEs instead. This information will enable us to assess if current levels of foods are indeed correct,
especially composite foods and provide us with validated measures of dietary intake. There are
currently no studies reporting on validating measurement of AGEs intake by using biological samples
such as blood'? or skin.33% Some covariate information was collected through self-report rather than

objective measures, which might have influenced data quality.

Our results are limited as only one Th2 and one T-regulatory cytokine were measured. Measuring
cytokines in cord blood mononuclear cells, after sufficient stimulation with antigen, is preferable to
using frozen cord sera. Future studies should focus on measuring a wider range of cord sera

cytokines and chemokines, using antigen stimulation of cord blood mononuclear cells.

Other limitations included the potential bias associated with the self-report of dietary intake.55% In
addition, the sensitivity and specificity of using electronic medical record data for allergy outcomes is
not known, but this approach has been used in European cohort studies to report and validate on
asthma outcomes.®” We also acknowledge that the mechanistic consequences of the AGE/RAGE
interaction could either impact on immune responses increasing a tendency to allergic sensitization
and/or enhancing susceptibility to inflammation independent of allergy. The latter may have been
impacted by pregnancy intake of AGEs and future studies should focus on separating “allergic” from
“inflammatory” outcomes. In particular, wheezing in infancy may not indicate an allergic phenotype,
though its inflammatory characteristics®® have been well described. Most of the findings have wide

confidence intervals, highlighting the fact that further studies are required.
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480  Conclusion

481 In this study, we did not observe significant associations between maternal AGEs intake during
482  pregnancy, and offspring allergy outcomes or cord blood cytokines and chemokines. These findings
483  suggest that maternal AGEs intake during pregnancy may not impact development of allergic
484  diseases in offspring. Exposure to AGEs during pregnancy may not have the same impact on child
485  development as postnatal AGEs exposure.

486

487

This article is protected by copyright. All rights reserved



488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518

References

1.

10.

Institute of Medicine. Food Allergies: Global Burden, Causes, Treatment, Prevention and
Public Policy. National Academy of Sciences.
http://www.nationalacademies.org/hmd/Activities/Nutrition/FoodAllergies.aspx. Accessed
September 2021.

European Academy of Allergy and Clinical Immunologu. Global atlas of Allergy.
http://www.eaaci.org/globalatlas/GlobalAtlasAllergy.pdf. Accessed September 2021.
Dharmage SC, Lowe AJ, Matheson MC, Burgess JA, Allen KJ, Abramson MJ. Atopic
dermatitis and the atopic march revisited. Allergy. 2014;69(1):17-27.

Akdis M, Aab A, Altunbulakli C, et al. Interleukins (from IL-1 to IL-38), interferons,
transforming growth factor beta, and TNF-alpha: Receptors, functions, and roles in diseases.
J Allergy Clin Immunol. 2016;138(4):984-1010.

Garcia-Larsen V, lerodiakonou D, Jarrold K, et al. Diet during pregnancy and infancy and risk
of allergic or autoimmune disease: A systematic review and meta-analysis. PLoS Med.
2018;15(2):e1002507.

Venter C, Greenhawt M, Meyer RW, et al. EAACI position paper on diet diversity in
pregnancy, infancy and childhood: Novel concepts and implications for studies in allergy and
asthma. Allergy. 2020;75(3):497-523.

Halken S, Muraro A, de Silva D, et al. EAACI guideline: preventing the development of food
allergy in infants and young children (2020 update). Pediatr Allergy Immunol. 2021,
32(5):843-858

Greer FR, Sicherer SH, Burks AW, Committee On N, Section On A, Immunology. The Effects
of Early Nutritional Interventions on the Development of Atopic Disease in Infants and
Children: The Role of Maternal Dietary Restriction, Breastfeeding, Hydrolyzed Formulas, and
Timing of Introduction of Allergenic Complementary Foods. Pediatrics. 2019;143(4).

Turner PJ, Feeney M, Meyer R, Perkin MR, Fox AT. Implementing primary prevention of food
allergy in infants: New BSACI guidance published. Clin Exp Allergy. 2018;48(8):912-915.
Fleischer DM, Chan ES, Venter C, et al. A Consensus Approach to the Primary Prevention of
Food Allergy Through Nutrition: Guidance from the American Academy of Allergy, Asthma,
and Immunology; American College of Allergy, Asthma, and Immunology; and the Canadian

Society for Allergy and Clinical Immunology. J Allergy Clin Immunol Pract. 2021, 9(1):22-43

This article is protected by copyright. All rights reserved


http://www.nationalacademies.org/hmd/Activities/Nutrition/FoodAllergies.aspx
http://www.eaaci.org/globalatlas/GlobalAtlasAllergy.pdf

519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Uribarri J, Woodruff S, Goodman S, et al. Advanced glycation end products in foods and a
practical guide to their reduction in the diet. J Am Diet Assoc. 2010;110(6):911-916 €912.
Smith PK, Masilamani, M., Li, X., Sampson, H.A. “The False Alarm” hypothesis: Food allergy
is associated with high dietary advanced glycation end products and pro-glycating dietary
sugars that mimic alarmins. Journal of Allergy and Clinical Immunology.
2016;http://dx.doi.org/10.1016/j.jaci.2016.05.040.

Guarneri F, Custurone P, Papaianni V, Gangemi S. Involvement of RAGE and Oxidative
Stress in Inflammatory and Infectious Skin Diseases. Antioxidants (Basel). 2021;10(1).

Han X, Krempski JW, Nadeau K. Advances and novel developments in mechanisms of
allergic inflammation. Allergy. 2020;75(12):3100-3111.

Hammad H, Lambrecht BN. Barrier Epithelial Cells and the Control of Type 2 Immunity.
Immunity. 2015;43(1):29-40.

Ullah MA, Loh Z, Gan WJ, et al. Receptor for advanced glycation end products and its ligand
high-mobility group box-1 mediate allergic airway sensitization and airway inflammation. J
Allergy Clin Immunol. 2014;134(2):440-450.

LyuY, Zhao H, Ye Y, et al. Decreased soluble RAGE in neutrophilic asthma is correlated with
disease severity and RAGE G82S variants. Mol Med Rep. 2018;17(3):4131-4137.

Okada Y, Oh-oka K, Nakamura Y, et al. Dietary resveratrol prevents the development of food
allergy in mice. PLoS One. 2012;7(9):e44338.

Masilamani M, Wei J, Bhatt S, Paul M, Yakir S, Sampson HA. Soybean isoflavones regulate
dendritic cell function and suppress allergic sensitization to peanut. J Allergy Clin Immunol.
2011;128(6):1242-1250.e1241.

Buttari B, Profumo E, Capozzi A, et al. Advanced glycation end products of human 3,
glycoprotein | modulate the maturation and function of DCs. Blood. 2011;117(23):6152-6161.
Venter C, Palumbo MP, Sauder KA, et al. Examining Associations Between Dietary
Inflammatory Index in Pregnancy, Pro-inflammatory Cytokine and Chemokine Levels at Birth,
and Offspring Asthma and/or Wheeze by Age 4 Years. J Acad Nutr Diet. 2021, doi:
10.1016/j.jand.2021.02.015.

Shivappa N, Steck SE, Hurley TG, Hussey JR, Hebert JR. Designing and developing a
literature-derived, population-based dietary inflammatory index. Public Health Nutr.
2014;17(8):1689-1696.

This article is protected by copyright. All rights reserved


http://dx.doi.org/10.1016/j.jaci.2016.05.040

550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ahluwalia N, Andreeva VA, Kesse-Guyot E, Hercberg S. Dietary patterns, inflammation and
the metabolic syndrome. Diabetes Metab. 2013;39(2):99-110.

U.S. Department of Agriculture Human Nutrition Information Service. Food Guide Pyramid: A
guide to daily food choices. Home and Garden Development of the Food Guide Pyramid.
Nutrition. Nutrition Today. 1992;27:12.

US Department of Agriculture. The USDA food and nutrient database for dietary studies, 3.0-
Documentation and User guide.
https://www.ars.usda.gov/ARSUserFiles/80400530/pdf/fndds/fndds3_doc.pdf. Accessed
September 2021.

Lemas DJ, Brinton JT, Shapiro AL, Glueck DH, Friedman JE, Dabelea D. Associations of
maternal weight status prior and during pregnancy with neonatal cardiometabolic markers at
birth: the Healthy Start study. Int J Obes (Lond). 2015;39(10):1437-1442.

Starling AP, Brinton JT, Glueck DH, et al. Associations of maternal BMI and gestational
weight gain with neonatal adiposity in the Healthy Start study. Am J Clin Nutr.
2015;101(2):302-309.

In: Rasmussen KM, Yaktine AL, eds. Weight Gain During Pregnancy: Reexamining the
Guidelines. Washington (DC)2009.

Venter C, Palumbo MP, Glueck DH, et al. The Maternal Diet Index in Pregnancy is
associated with offspring allergic diseases: The Healthy Start Study. Allergy. 2021.

World Health Organization. World Allergy Organization White Book on Allergy.
2011:http://www.worldallergy.org/UserFiles/file/WAO-White-Book-on-Allergy_web.pdf.
Accessed September 20211.

de la Cruz-Ares S, Cardelo MP, Gutiérrez-Mariscal FM, et al. Endothelial Dysfunction and
Advanced Glycation End Products in Patients with Newly Diagnosed Versus Established
Diabetes: From the CORDIOPREV Study. Nutrients. 2020;12(1).

Poirier P, Eckel RH. Advanced glycation end products and coronary heart disease in type 2
diabetes. Diabetes Care. 2000;23(9):1441-1442.

Chen J, Wagas K, Tan RC, et al. The association between dietary and skin advanced
glycation end products: the Rotterdam Study. Am J Clin Nutr. 2020;112(1):129-137.
Fernando DH, Forbes JM, Angus PW, Herath CB. Development and Progression of Non-
Alcoholic Fatty Liver Disease: The Role of Advanced Glycation End Products. Int J Mol Sci.
2019;20(20).

This article is protected by copyright. All rights reserved


https://www.ars.usda.gov/ARSUserFiles/80400530/pdf/fndds/fndds3_doc.pdf
http://www.worldallergy.org/UserFiles/file/WAO-White-Book-on-Allergy_web.pdf

582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lam R, Kwon S, Riggs J, et al. Dietary phenotype and advanced glycation end-products
predict WTC-obstructive airways disease: a longitudinal observational study. Respir Res.
2021;22(1):19.

Peterson LL, Park S, Park Y, Colditz GA, Anbardar N, Turner DP. Dietary advanced glycation
end products and the risk of postmenopausal breast cancer in the National Institutes of
Health-AARP Diet and Health Study. Cancer. 2020;126(11):2648-2657.

Chen J, Mooldijk SS, Licher S, et al. Assessment of Advanced Glycation End Products and
Receptors and the Risk of Dementia. JAMA Netw Open. 2021;4(1):e2033012.
DeChristopher LR, Uribarri J, Tucker KL. Intake of high-fructose corn syrup sweetened soft
drinks, fruit drinks and apple juice is associated with prevalent arthritis in US adults, aged 20-
30 years. Nutr Diabetes. 2016;6:€199.

DeChristopher LR, Uribarri J, Tucker KL. Intakes of apple juice, fruit drinks and soda are
associated with prevalent asthma in US children aged 2-9 years. Public Health Nutr.
2016;19(1):123-130.

Wang JG, Liu B, Kroll F, et al. Increased advanced glycation end product and meat
consumption is associated with childhood wheeze: analysis of the National Health and
Nutrition Examination Survey. Thorax. 2021;76(3):292-294.

DeChristopher LR, Uribarri J, Tucker KL. Intake of high fructose corn syrup sweetened soft
drinks is associated with prevalent chronic bronchitis in U.S. Adults, ages 20-55 y. Nutr J.
2015;14:107.

Brinkley TE, Semba RD, Kritchevsky SB, Houston DK. Dietary protein intake and circulating
advanced glycation end product/receptor for advanced glycation end product concentrations
in the Health, Aging, and Body Composition Study. Am J Clin Nutr. 2020;112(6):1558-1565.
Zha Z, Han Q, Huo S. The protective effects of bexarotene against advanced glycation end-
product (AGE)-induced degradation of articular extracellular matrix (ECM). Artif Cells
Nanomed Biotechnol. 2020;48(1):1-7.

Levin ME, Botha M, Basera W, et al. Environmental factors associated with allergy in urban
and rural children from the South African Food Allergy (SAFFA) cohort. J Allergy Clin
Immunol. 2020;145(1):415-426.

Ellwood P, Asher MI, Garcia-Marcos L, et al. Do fast foods cause asthma, rhinoconjunctivitis
and eczema? Global findings from the International Study of Asthma and Allergies in
Childhood (ISAAC) phase three. Thorax. 2013;68(4):351-360.

This article is protected by copyright. All rights reserved



614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kim Y, Keogh JB, Deo P, Clifton PM. Differential Effects of Dietary Patterns on Advanced
Glycation end Products: A Randomized Crossover Study. Nutrients. 2020;12(6).
DeChristopher LR, Uribarri J, Tucker KL. The link between soda intake and asthma: science
points to the high-fructose corn syrup, not the preservatives: a commentary. Nutr Diabetes.
2016;6(11):e234.

Nowotny K, Schréter D, Schreiner M, Grune T. Dietary advanced glycation end products and
their relevance for human health. Ageing Res Rev. 2018;47:55-66.

Shivappa N, Hebert JR, Marcos A, et al. Association between dietary inflammatory index and
inflammatory markers in the HELENA study. Molecular Nutrition & Food Research.
2017;61(6):06.

Tanaka N, Yonekura H, Yamagishi S, Fujimori H, Yamamoto Y, Yamamoto H. The receptor
for advanced glycation end products is induced by the glycation products themselves and
tumor necrosis factor-alpha through nuclear factor-kappa B, and by 17beta-estradiol through
Sp-1 in human vascular endothelial cells. J Biol Chem. 2000;275(33):25781-25790.

Jiang Y, Beller DI, Frendl G, Graves DT. Monocyte chemoattractant protein-1 regulates
adhesion molecule expression and cytokine production in human monocytes. The Journal of
Immunology. 1992;148(8):2423-2428.

Crozier SR, Robinson SM, Godfrey KM, Cooper C, Inskip HM. Women's dietary patterns
change little from before to during pregnancy. J Nutr. 2009;139(10):1956-1963.

National Cancer Institute 24-hour Dietary Recall (24HR) At a Glance.
https://dietassessmentprimer.cancer.gov/profiles/recall/index.html. Accessed September
2021.

Birukov A, Cuadrat R, Polemiti E, Eichelmann F, Schulze MB. Advanced glycation end-
products, measured as skin autofluorescence, associate with vascular stiffness in diabetic,
pre-diabetic and normoglycemic individuals: a cross-sectional study. Cardiovasc Diabetol.
2021;20(1):110.

Lovell A, Bulloch R, Wall CR, Grant CC. Quality of food-frequency questionnaire validation
studies in the dietary assessment of children aged 12 to 36 months: a systematic literature
review. J Nutr Sci. 2017;6:e16.

Ishihara J. Challenges in Dietary Exposure Assessment in Epidemiology: Research Trends. J
Nutr Sci Vitaminol (Tokyo). 2015;61 Suppl:S33-35.

This article is protected by copyright. All rights reserved


https://dietassessmentprimer.cancer.gov/profiles/recall/index.html

645
646
647
648
649
650

57. Moth G, Vedsted P, Schiotz PO. National registry diagnoses agree with medical records on
hospitalized asthmatic children. Acta Paediatr. 2007;96(10):1470-1473.

58. Tsuang A, Chan ES, Wang J. Food-Induced Anaphylaxis in Infants: Can New Evidence
Assist with Implementation of Food Allergy Prevention and Treatment? J Allergy Clin
Immunol Pract. 2021;9(1):57-69.

This article is protected by copyright. All rights reserved



651  Figure Legends/Text:

652  Figure 1. Hazard ratios with confidence intervals for the associations between continuous maternal
653  AGE (kU/day) intake and Offspring Allergy Outcomes up to 8 years; adjusted for maternal
654  race/ethnicity, child sex, nulliparity, maternal smoking prior to pregnancy, maternal history of allergy,
655 mode of delivery, breastfeeding duration, age of introduction of solid foods, maternal pre-pregnancy
656  BMI category, and energy intake during pregnancy (all models exclude interactions).

657
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Table 1. Maternal and offspring characteristics in the Healthy Start cohort

Overall Subset with Subset without
sample cytokine/chemokine cytokine/chemokine
data data
Sample size (N) 962 462 500
Continuous variables = Mean* * Mean* * SD? Mean* * SD? p-value®
SDa

Maternal
characteristics
Advanced Glycation 11919 11921.2 [7875.5, 11918.7 [8648.2, 0.21
End Product Intake [8293, 15998.7] 16890.9]
(AGEs) 16573]
(kU/day)(Median
[IQRY])
AGEs (kU/1000kcal) 6485.0 6434.0 [4510.2, 6434.0 [4510.2, 0.17
(Median [IQR]) [4669.6, 8448.9] 8448.9]

8546.6]
Age at delivery 28.7+5.9 28.25 +6.03 29.17 £ 5.84 0.02
(years)
Total caloric intake 2070 2055.58 + 378.81 2083.66 + 399.48 0.26
(kcal/day) 390
Breastfeeding 8.7+6.7 8.28 £ 6.64 9.11£6.71 0.08
duration (breastmilk
months)3*
Nulliparous 475 (49%) 239 (52%) 236 (47%) 0.18
Smoking in 64 (7%) 32 (7%) 32 (6%) 0.84
pregnancy
Pre-pregnancy body 0.28

mass index3!
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Underweight
(<18.5 kg/m?)

24 (2%)

14 (3%)

10 (2%)

Lean (25 kg/m?)

510 (53%)

232 (50%)

278 (56%)

Overweight (25-
29.99 kg/m?)

245 (25%)

120 (26%)

125 (25%)

Obese (230 kg/m?) 183 (19%) 96 (21%) 87 (17%)
IOM9 gestational 0.25
weight gain33
Less than 213 (22%) 92 (20%) 121 (24%)
recommended
Within 286 (30%) 143 (31%) 143 (29%)
recommended range
More than 460 (48%) 227 (49%) 233 (47%)
recommended
Maternal history of 334 (35%) 160 (35%) 174 (35%) 1
allergy
Offspring
characteristics
Race/ethnicity 0.94
Non-Hispanic 548 (57%) 262 (57%) 285 (57%)
white
Non-Hispanic 98 (10%) 50 (11%) 48 (10%)
black
Hispanic 213 (22%) 101 (22%) 112 (22%)
Othere 104 49 (11%) 55 (11%)
(11%)
Sex — female 503 (52%) 247 (53%) 256 (51%) 0.52
Birthweight (grams) 3242 + 3290.4 £ 432.8 3196.3 £ 541.12 0.002
595
Gestational age at 39.3+1.7 39.48 +1.24 39.21+£1.95 0.01

birth (weeks)

This article is protected by copyright. All rights reserved



660

Age solid foods 6.1+£2.0 6.1£1.9 6.2+£2.0 0.12
introduced (months)

a) SD: Standard deviation

b) p-value for hypothesis test comparing demographic variables between those with or without
any cytokine data. Statistical tests included t-tests for normally distributed continuous variables,
Wilcoxon rank sum tests for non-normally distributed continuous variables, and chi-square tests
for categorical variables.

c) Other race/ethnicity includes non-Hispanic Asian, American Indian/Alaska Native,
Hawaiian/Pacific Islander, and multi-racial

d) IOM: Institute of Medicine

*AGE intake was expressed as median [IQR] as a non-normally distributed variable.
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Table 2. Results of Cox proportional hazard models examining the association between
maternal daily AGE intake and child allergy diagnosis

Unadjusted Model ((N = ¢ Adjusted Model 1* ((N = ¢ Adjusted Model 2# (N = 782)

Outcome HR*(95% ClI) p-valu¢ HR*(95% Cl) p-valu¢ HR*(95% Cl) p-value

Any Allergy 1.007 (0.993, 1.02 0.32 | 0.995 (0.978, 1.01] 0.56 | 0.997 (0.978, 1.0 0.74

Asthma 1.014 (0.993, 1.03 0.19 | 1.009 (0.984, 1.03 0.48 | 1.008 (0.98, 1.03} 0.57

(
Atopic Dermatitiy 1.003 (0.986, 1.02 0.70 | 0.993 (0.972, 1.01} 0.49 | 0.999 (0.976, 1.0% 0.93
(

(
(

Food Allergy 1.012 (0.971,1.05 0.56 | 0.978 (0.928, 1.03 0.41 | 0.975(0.915, 1.0} 0.44
(

Rhinitis 1.034  (1.012, [ 0.002 | 1.014 (0.986, 1.04 0.34 | 1.012 (0.98, 1.04¢ 0.58*
1.057)
Wheeze 0.99 (0.969, 1.011/ 0.35 | 0.975 (0.951, 1.00 0.05 | 0.981 (0.955, 1.0( 0.17*

* Hazard ratio’s (HR) given for 1000kU increase in AGE value.

*adjusted for maternal race/ethnicity, child sex, nulliparity, maternal smoking prior to pregnancy and
energy intake during pregnancy.

*adjusted for maternal race/ethnicity, child sex, nulliparity, maternal smoking prior to pregnancy,
maternal history of allergy, mode of

delivery, breastfeeding duration, age of introduction of solid foods, maternal pre-pregnancy BMI
category, and energy intake during

pregnancy

#Significant interaction between AGE and BMI category observed. Results from models including
interactions shown in

Supplemental Table 3.
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Table 3. Associations between maternal AGE intake (kU) and natural log levels of cord

sera cytokines and chemokines

Unadjusted (N= 462) Adjusted* (N= 462)
Outcome B* SE p-value B* SE p-value
IL-6 -0.001 0.01 0.95 0.009 0.011 0.43
IL-8 -0.01 0.008 0.18 -0.005 0.009 0.57
TNF-a -0.0003 0.003 0.91 0.004 0.004 0.27
MCP-1 0.004 0.004 0.23 0.007 0.004 0.09
IL-10 -0.007 0.006 0.22 -0.001 0.013 0.92

*The beta estimate represents the change in log-pg/mL of each outcome per each 1000kU
increase in maternal AGE intake.

+ Adjusted for child race/ethnicity, child sex, nulliparity, energy intake during pregnancy, IOM
gestational weight gain category, BMI Category. The model for IL-10 additionally adjusts for

maternal history of allergy.

Table 4. Associations between maternal AGE intake (kU) and the odds of the cord sera

cytokine and chemokine value being detectable

Unadjusted Model (N= 462) Adjusted Model* (N= 462)
Outcome OR* 95% CI p-value OR’ 95% CI p-value
IL-18 0.992 (0.966, 1.019)  0.57 0.981 (0.949, 1.014) 0.26
IL-4 0.998 (0.97, 1.026) 0.87 1.015 (0.98, 1.051) 0.41

* The odds ratio (OR) represents the change in the odds that the outcome is detectable per
each 1000kU increase in maternal AGE intake.

+ Adjusted for child race/ethnicity, child sex, nulliparity, energy intake during pregnancy, IOM
gestational weight gain category, BMI Category. The model for IL-4 additionally adjusts for

maternal history of allergy.
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