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Abstract

Animal and human studies suggest that prenatal exposure to stress is associated with adverse

health outcomes such as type 2 diabetes. Epigenetic modification, such as DNA methylation,

is considered one possible underlying mechanism. The 1998 Quebec ice storm provides a

unique opportunity to study an independent prenatal stressor on child outcomes. C-peptide is

the best measure of endogenous insulin secretion and is widely used in the clinical manage-

ment of patients with diabetes. The objectives of this study are to determine 1) the extent to

which prenatal exposure to disaster-related stress (maternal objective hardship and maternal

cognitive appraisal) influences children’s C-peptide secretion, and 2) whether DNA methyla-

tion of diabetes-related genes mediates the effects of prenatal stress on C-peptide secretion.

Children’s (n = 30) C-peptide secretion in response to an oral glucose tolerance test were

assessed in blood at 13½ years. DNA methylation levels of selected type 1 and 2 diabetes-

related genes were chosen based upon the genes associated with prenatal maternal objective

hardship and/or cognitive appraisal levels. Bootstrapping analyses were performed to deter-

mine the mediation effect of DNA methylation. We found that children whose mothers experi-

enced higher objective hardship exhibited higher C-peptide secretion. Cognitive appraisal was

not directly associated with C-peptide secretion. DNA methylation of diabetes-related genes

had a positive mediation effect of objective hardship on C-peptide secretion: higher objective

hardship predicted higher C-peptide secretion through DNA methylation. Negative mediation

effects of cognitive appraisal were observed: negative cognitive appraisal predicted higher C-

peptide secretion through DNA methylation. However, only one gene, LTA, remained a signifi-

cant mediator of cognitive appraisal on C-peptide secretion after the conservative Bonferroni

multiple corrections. Our findings suggest that DNA methylation could act as an intervening

variable between prenatal stress and metabolic outcomes, highlighting the importance of epi-

genetic mechanisms in response to environmental factors.
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Introduction

The prevalence of metabolic diseases has recently escalated among children and adolescents,

holding lifelong implications for health [1]. Animal studies suggest that prenatal exposure to

stress or glucocorticoids (GC) is associated with type 2 diabetes, hyperglycemia, and features

of insulin resistance [2–6]. Human studies similarly demonstrate that prenatal exposure to

high levels of GCs, either exogenous or as a consequence of prenatal maternal stress (PNMS),

is associated with poor fetal growth [7–9] and the deregulation of the HPA axis [10], which is

involved in metabolic pathways [11] and likely represents one pathway linking PNMS with

later metabolic outcomes [12–15]. Furthermore, higher levels of PNMS exposure are associ-

ated with low birth weight and intrauterine growth restriction [12, 15] which are both associ-

ated with increased metabolic disease risk [16, 17].

The impact of PNMS on specific features of glucose-insulin metabolism among humans is

not entirely clear. Retrospective case-control studies [15, 18] suggest that there is increased

risk of insulin resistance among young adults whose mothers experienced stressful life events

during pregnancy: a PNMS group of young adults who reported that their mothers had had

stressful life events during pregnancy showed elevated fasting insulin, elevated insulin after an

oral glucose tolerance test, higher C-peptide levels, and decreased low density lipoprotein

(LDL) levels compared to a non-stressed comparison group, even after controlling for body

mass index (BMI) and other potential confounding variables [18]. However, the conclusions

that one can draw from these data are limited by challenges that commonly affect human

PNMS studies. First, retrospective approaches are unable to distinguish which aspect of the

maternal stress experience is associated with the outcome. Second, depression or relationship

difficulties during pregnancy are not randomly assigned; studies showing associations between

maternal psychosocial characteristics or life events and child outcomes cannot disentangle the

genetic transmission of parental traits from effects of the intrauterine environment and from

conditions in the postnatal environment. Finally, mothers in retrospective studies may be

biased in their reporting of life events based on their impressions of their children’s health out-

comes. These limitations could be partly overcome by a human model analyzing a stressor that

is independent of the parents’ potential influence, and whose severity is randomly distributed.

Natural disasters are such events. In January 1998, a series of ice storms caused power outages

for more than 1.4 million Québec households during the coldest period of the year for periods

ranging from a few hours to more than six weeks. The ice storm has been described as Canada’s

most costly natural disaster in history [19, 20]. Project Ice Storm has been following a cohort of

children whose mothers were pregnant during the Quebec ice storm. In June 1998 we assessed

maternal stress levels in terms of their objective degree of hardship experienced, the mothers’ sub-

jective distress, and their cognitive appraisal of the disaster. Analyses from this cohort have shown

that storm-related objective hardship and subjective distress are associated with cognitive [21, 22],

linguistic [23, 24], immunological [25, 26], motor [27] and behavioral outcomes [28]. Further-

more, the severity of maternal objective stress exposure was associated with risk for obesity at 5½
years [29], with the PNMS effect increasing in magnitude between the ages of 5½ and 15½ [30].

Thus, results from Project Ice Storm demonstrate that an independent stressor can have

long-term effects on later cardiometabolic outcomes, consistent with our expectations from

animal studies and from retrospective studies of PNMS among humans. However, the under-

lying molecular mechanisms responsible for these effects are still not well understood. Epige-

netic processes, such as DNA methylation, are proposed to be strong candidates that mediate

the effects of PNMS on metabolic health in offspring, but few studies are able to conduct

empirical tests of these effects. Previous analyses of the Project Ice Storm cohort demonstrated

that an epigenetic signature with alteration of the genome-wide DNA methylation pattern is
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triggered by both objective hardship exposure and maternal cognitive appraisal, but not by

maternal subjective distress [31, 32]. Furthermore, we demonstrated a mediating role of DNA

methylation of selected genes related to type 1 and 2 diabetes mellitus in the association

between objective hardship and children’s body mass index (BMI) and measures of central

adiposity [33]. Likewise, we reported the mediation effect of DNA methylation of genes related

to NF-κB signaling pathway on the association between objective hardship and cytokine levels

in 13½ year-old adolescents[34]. More recently, we reported the mediation effect of DNA

methylation levels of genes related to type 1 and 2 diabetes mellitus on the relationship

between prenatal maternal cognitive appraisal and adolescent BMI and central adiposity [35].

Previously, we reported that the objective hardship was significantly positively correlated

with children’s insulin secretion as well as with BMI at age 13½, suggesting that prenatal stress

independently predicts metabolic outcomes in adolescence [36]. C-peptide, which is formed

during cleavage of insulin from proinsulin, is produced in equal amounts to insulin and is not

removed by the liver. Therefore, C-peptide is the best measure of endogenous insulin secretion

and is widely used in the clinical management of patients with diabetes [37]. Thus, the objec-

tives of this study were to determine 1) the extent to which prenatal exposure to disaster-

related stress (maternal objective hardship and maternal cognitive appraisal) influences chil-

dren’s C-peptide secretion, and 2) whether DNA methylation of diabetes-related genes medi-

ates the effects of prenatal stress on C-peptide secretion. As no DNA methylation level was

found to be associated with subjective distress in our previous analyses [31, 32], we excluded

this predictor variable from our mediation analyses.

Materials and methods

Participants

In June 1998, 5 months after the onset of the ice storm, we identified women who were 18

years or older, and who were pregnant on January 9, 1998 (the peak of the ice storm), or who

became pregnant within 3 months of that date. Participants were a subset of our Project Ice

Storm cohort who had been assessed multiple times since birth. Blood was obtained from 32

13½ year-old adolescents; however, data from two adolescents were excluded as their DNA

methylation data were missing. Therefore, data from 30 adolescents (18 boys and 12 girls)

were used for the analyses. All participants were French-speaking Caucasians.

All phases of this study were approved by the Research Ethics Board of the McGill Univer-

sity-affiliated Douglas Hospital Research Center in Montreal, Canada. We obtained written

informed consent from parents and written assent from children.

Child metabolic outcome measures at age 13½ years

The blood sample collection has been described in greater detail elsewhere [38]. Briefly, we col-

lected venous blood samples after an overnight fast, followed by collection 30 minutes after an

oral glucose challenge (1.75g/kg, maximum 75g). Serum C-peptide levels were analyzed using

chemiluminescent immunoassay at Ste. Justine Hospital, Montreal. Fasting and stimulated C-

peptide levels were used for the current study. C-peptide secretion was estimated using the C-

peptide-genic index [(C30–C0)/(G30–G0)]. The raw data are shown in S1 Table.

Child birth outcome measures

Children’s birth weight, birth length, birth ponderal index and gestational age were obtained

from maternal reports (transcribed from Quebec birth records given at discharge) 6 months

after the birth, and from hospital records.
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Predictor variables (The raw data are shown in S1 Table)

Storm-related variables. At recruitment in June 1998, objective hardship was estimated

using the mothers’ responses to questionnaire items tapping into categories of exposure used

in other disaster studies: Threat, Loss, Scope, and Change [39]. Because each natural disaster

presents unique experiences to the exposed population, questions pertaining to each of the

four categories must be tailor-made. Each of the four dimensions was scored on a scale of 0–8,

ranging from low exposure to high exposure. A total objective hardship score (Storm32) was

computed by summing scores from all four dimensions using McFarlane’s approach [40]. A

full presentation of the Storm32 items and scoring has been published previously [25].

The assessment of the mothers’ cognitive appraisal of the ice storm was also included in the

recruitment questionnaire [32]. Briefly, we included the following item: “Overall, what were

the consequences of the ice storm on you and your family?”; response options were on a five-

point scale of “Very negative” (1), “Negative” (2), “Neutral” (3), Positive (4), and “Very posi-

tive” (5). In the subgroup of 30 mothers whose children participated in the blood studies, none

had rated the consequences of the storm as “Very negative”, while 9 (30.0%) had given a rating

of “Negative”, 4 (13.3%) had given a “Neutral” rating, 16 (53.3%) had given a rating of “Posi-

tive”, and 1 (3.3%) had considered the consequences “Very positive”. As our interest is the

effect of negative cognitive appraisal about the ice storm on child outcomes, we compared the

participants who had rated the consequences as negative (“Negative cognitive appraisal group,

recoded as 0) with a “Positive cognitive appraisal group” (recoded as 1) combining the partici-

pants who had rated the consequences as neutral, positive or very positive.

Maternal variables. Maternal psychological functioning was assessed with a validated

French version of the widely used General Health Questionnaire-28 (GHQ) [41]. The GHQ is a

self-report screening tool for psychiatric symptoms and includes seven items in each of the anxi-

ety, dysfunction, somatization, and depression sub-scales. Items are scored on a 4-point Likert

scale indicating the degree to which each symptom was experienced in the preceding 2 weeks.

In the present study, each item was re-scored as either 0 (a rating of 0 or 1) or 1 (a rating of 2 or

3), according to the Goldberg method [41], resulting in a minimum possible score of 0 and a

maximum possible score of 28. The total score was used in analyses. The GHQ was included in

the June 1998 recruitment questionnaire, and also when their children were 13½ years of age.

Exposure to other potentially stressful maternal life events was assessed in a questionnaire

sent 6 months after each woman’s due date, and again at the 13½ year assessment. Women

answered the Life Experiences Survey [42], a self-report measure that lists 57 life changes, such

as death of a spouse or a work promotion. To keep the questionnaire length reasonable, we

reduced this to 29 events by eliminating items not likely to have occurred in this sample (e.g.,

combat experience). At the 6-month postnatal questionnaire, women indicated events that

occurred during the 6 months since the baby’s due date, the 9 months of pregnancy, and the 3

months before conception. At 13½ years, they reported on events occurring since the child’s

12th birthday. Women gave the approximate date of each event experienced, and rated the

impact of each event on a 7-point Likert scale ranging from “extremely negative” to “extremely

positive.” The numbers of life events at each assessment were used in analyses.

Data on maternal and paternal age and education, and parental job classification, were col-

lected in June 1998 and were used to compute a socio-economic status (SES) score as using

Hollingshead Index criteria [43].

Blood samples and T-cell isolation at 13½ years

Blood was collected from the subjects for T cell isolation and DNA extraction using methods

which have been described previously [31]. Briefly, we isolated T cells from peripheral blood

Mediation effect of DNA methylation on C-peptide secretion

PLOS ONE | https://doi.org/10.1371/journal.pone.0192199 February 5, 2018 4 / 17

https://doi.org/10.1371/journal.pone.0192199


mononuclear cells (PBMCs) by immunomagnetic separation with Dynabeads CD3 (Dynal,

Invitrogen). We performed DNA extraction from T cells using Wizard Genomic DNA Purifi-

cation kit (Promega) according to the manufacturer’s instructions.

Infinium Human Methylation 450 BeadChip Array and data analysis

Infinium Human Methylation 450 BeadChip Array and data analysis has been described previ-

ously [33]. Briefly, Infinium Human Methylation 450 BeadChip was used to determine DNA

methylation levels in T cells from the 34 adolescents who originally participated the epigenetic

study [31]. 11648 probes on chromosomes X and Y were excluded. CpGs with an inter-quartile

range (IQR) less than 0.10 (i.e., 10% methylation difference) were not analyzed. To avoid arti-

facts due to hybridization bias, probes containing SNP with a minor allele frequency (MAF)�

5% in the HapMap CEU population were removed. The remaining 10,553 probes were tested

for association with the objective PNMS and cognitive appraisal scores. The Benjamini-Hoch-

berg algorithm was used to correct for multiple testing by computing the false discovery rate

(FDR) which was set at<0.2. All samples were analyzed at the same time on the same plate.

Illumina 450K Methylation BeadChip analyses were completed using standard procedures and

described previously [31]. Methylation data are publicly available in the Gene Expression

Omnibus (GEO) database (accession number GSE72354).

Selection of candidate genes for testing mediation by methylation

In previous studies with this sample, we identified genes from isolated T cells whose methylation

signatures were associated with either maternal objective hardship levels [29] or cognitive ap-

praisal of the ice storm [30]. In order to investigate the mediating effect of DNA methylation on

insulin and C-peptide at age 13½ years, we matched genes whose methylation had been signifi-

cantly correlated with objective hardship or cognitive appraisal to the type 1 and 2 diabetes melli-

tus pathways as classified by IPA software (www.ingenuity.com). In total, 19 genes (64 CpGs) and

12 genes (19 CpGs) associated with objective hardship were selected from the type 1 and 2 diabe-

tes mellitus pathway, respectively (S2 Table). After combination of these two diabetes mellitus

pathways, there were 75 unique CpGs corresponding to 27 genes which were used for further

analyses. Among these 75 CpGs: 10 differentially methylated CpGs were in immediate proximity

(200bp) of transcription start site (TSS); 5 were 1500 bp away from TSS (1500); 13 were in the

5’UTR; 6 were in the first exon; 29 CpGs were in gene bodies; and 12 were located in 3’UTR. The

positions of the 75 CpGs probed in the Illumina 450K array is shown in S3 Table. Likewise, 28

genes (84 CpGs) and 19 genes (29 CpGs) associated with cognitive appraisal were selected from

the type 1 and 2 diabetes mellitus pathway, respectively (S4 Table). There were 105 unique CpGs

corresponding to 41 genes which were used for further analyses. Among the 105 CpGs: 11 differ-

entially methylated CpGs were in immediate proximity (200bp) of transcription start site (TSS); 9

were 1500 bp away from TSS (1500); 18 were in the 5’UTR; 7 were in the first exon; 45 CpGs

were in gene bodies; and 15 were located in 3’UTR. The positions of the 105 CpGs probed in Illu-

mina 450K array are shown in S5 Table. Moreover, 100 of the 105 CpGs, methylation level and

cognitive appraisal associations (87 significant and 13 non-significant) were similar when either

the dichotomized or continuous (5-levels) versions of cognitive appraisal were entered into the

Spearman analyses. The Spearman correlations are presented in S6 Table and illustrated in S1 Fig.

Statistical analysis

First, we conducted Pearson Product-Moment correlations between C-peptide levels and pre-

dictors. Second, we performed mediation analyses and multiple corrections which have been

described in our previous study [44].

Mediation effect of DNA methylation on C-peptide secretion

PLOS ONE | https://doi.org/10.1371/journal.pone.0192199 February 5, 2018 5 / 17

http://www.ingenuity.com/
https://doi.org/10.1371/journal.pone.0192199


To investigate whether the genes we selected mediated the relationship between exposure

to PNMS and C-peptide level, we conducted mediation analyses using bootstrapping. The

mediator model was a multiple regression model with C-peptide level as the outcome; objec-

tive hardship or cognitive appraisal as the PNMS variable of interest; and DNA methylation

levels of CpGs as mediators. The theoretical model of the mediation analysis is presented in

Fig 1. Path “a” is the effect of the predictor variable on the DNA methylation (mediator), path

“b” is the effect of the DNA methylation on the outcome variable controlling for the predictor

variable, and path “c’” is the direct effect of the predictor variable on the outcome variable con-

trolling for DNA methylation (mediator). The coefficient “a�b” indicates the mediating effect

of the predictor variable on the outcome variable through DNA methylation (mediator). We

tested the indirect effects of PNMS on the two outcomes through each CpG site by computing

95% bias-corrected bootstrap confidence intervals, in accordance with Hayes [45]. The SPSS

procedure PROCESS [45] was used to conduct the analyses. Each bootstrap resampled the

initial sample 10000 times. In order to be able to recover the same results, the random seed

for all bootstraps was fixed at 1,509,805,407 an integer randomly generated between 1 and

2,000,000,000 prior to the first bootstrap. A mediation effect was considered significant if 0

was not included in the bootstrap confidence interval.

To adjust significance criteria as a function of the number of analyses conducted for each

metabolic outcome, the confidence interval ranges were corrected using Bonferroni. However,

because two separate simple mediation analyses including two highly correlated mediators

most likely lead to very similar results, traditional Bonferroni correction would be too conser-

vative an approach. Thus, we used the method proposed by Li and Ji [46] to calculate the effec-

tive number (Meff) of independent tests, essentially reducing the denominator to a number

that more accurately reflects the number of intercorrelated groups of CpG mediators. This

method has been applied to our previous mediation analyses [44]. In order to apply this

Fig 1. Mediation analysis on the relationship between exposure cognitive appraisal and C-peptide secretion. The effect of cognitive appraisal on the DNA

methylation of cg16280132 from LTA is -0.548 (path a); the effect of the DNA methylation of cg16280132 on C-peptide level, controlling for cognitive appraisal is 1.144

(path b); the direct effect of cognitive appraisal on C-peptide level, controlling for the DNA methylation of cg16280132, is 0.661 (path c’); the mediating effect of

cognitive appraisal on C-peptide level through DNA methylation of cg16280132 is -0.627 (path a�b). Together, the combination of cognitive appraisal and DNA

methylation of cg16280132 explained 26.14% of the variance in C-peptide secretion.

https://doi.org/10.1371/journal.pone.0192199.g001
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method to the current study, four steps were performed. For the effect of cognitive appraisal on
C-peptide level through 105 CpGs: the first step was to calculate the correlations among the

methylation levels of the 105 CpGs used in the mediation analyses; the CpG methylation levels

were highly inter-correlated (|ρ| values: Min. = 0.00; Max. = 0.99; Median = 0.62). The second

step was to compute the 105 eigenvalues from that correlation matrix. The third step was then

to modify each eigenvalue following Li and Ji’s formula: f(x) = I(x� 1) + (x − |x|). Basically,

the new value’s integer portion is set to 0 if the eigenvalue was smaller than 1 and is set to 1

otherwise while the decimals remain unchanged. The last step consisted in summing the 105

new values to compute the effective number of independent tests (Meff) and use that Meff as

the correction factor in the Bonferroni method for multiple testing corrections. The resulting

Meff was 24. Therefore, the adjusted confidence intervals were recomputed for 24 tests at a

99.8% level using Bonferroni. For the effect of objective hardship through 75 CpGs: similar

analyses were performed as described above. Among 75 CpGs, most of the CpG site methyla-

tion levels were highly correlated with each other (|ρ| values: Min. = 0.05; Max. = 0.99;

Median = 0.85). The resulting Meff was 12. Therefore, the adjusted confidence intervals were

recomputed for 12 tests at a 99.6% level using Bonferroni.

To take into account the different variability in methylation across CpG sites, standardized

mediation effects were also computed by standardizing the variables included in the model

prior to running the analyses, that is, each variable was centered on the mean and then divided

by its standard deviation. All the other effects presented in the mediation results section are

unstandardized. All analyses were completed with SPSS 20.0 (SPSS, Chicago, IL).

Results

Participants’ characteristics

At the time of assessment, the children averaged 13.6 years of age (SD = 0.1) and 96.9% were

from households in the middle class and above (lower class, 3.1%; middle class, 31.3%; upper-

middle class, 53.1%; upper class, 12.5%). Table 1 shows minimum, maximum, mean and

Table 1. The characteristics of the mothers and children (N = 30).

Mean Std. Deviation Minimum Maximum

Prenatal maternal stress (PNMS)

Objective hardship 11.10 4.26 5.00 21.00

Cognitive appraisal 0.70 0.47 0.00 1.00

Mothers

SES 28.20 11.53 11.00 65.00

Life events (pregnancy) 5.70 2.93 1.00 12.00

Life events (13½ y) 3.41 2.34 0.00 9.00

GHQ anxiety (pregnancy) 0.25 0.26 0.00 0.86

GHQ anxiety (13½ y) 0.14 0.23 0.00 0.71

Children’s birth characteristics

Birth weight (g) 3400.33 667.39 1655.00 4432.00

Birth length (cm) 50.65 3.30 41.00 56.50

Birth ponderal index 26.29 3.58 20.20 34.52

Gestational age at birth (days) 98.83 96.64 -44.00 274.0

Children at age 13

C-peptide secretion (μg/ml) 0.52 1.02 -2.47 4.33

Note: SES = socioeconomic status; GHQ = General Health Questionnaire

https://doi.org/10.1371/journal.pone.0192199.t001
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standard deviation for maternal variables, child variables and storm-related variables. No ado-

lescents had diagnosed diabetes or G0�126 mg/dL (the cutoff for diagnosis). Three adoles-

cents had levels suggestive of prediabetes (100 to 125 mg/dL) (http://www.diabetes.org/

diabetes-basics/diagnosis/).

Correlations between C-peptide secretion and predictors

As presented in Table 2, objective hardship was marginally significantly correlated with C-pep-

tide secretion, with higher objective hardship predicting higher C-peptide secretion. Cognitive

appraisal did not predict C-peptide secretion. Other predictors showed no significant associa-

tions with C-peptide secretion.

Mediation analyses

Effect of cognitive appraisal. Our initial results indicated that 66 CpGs mapping to 25

genes negatively mediated the effect of cognitive appraisal on C-peptide secretion at a signifi-

cance level of p< 0.05: negative cognitive appraisal predicted higher C-peptide secretion

through DNA methylation (i.e., the value of coefficient a�b was negative) (Table 3). For 54

CpG sites corresponding to 17 genes, negative cognitive appraisal was associated with higher

methylation levels (i.e., the values of coefficient a are negative), which were, in turn, associated

with higher C-peptide production (i.e., the values of coefficient b are positive). For the remain-

ing 12 CpG sites corresponding to 10 genes, negative cognitive appraisal was associated with

lower methylation levels (i.e., the values of coefficient a are positive), which were in turn, asso-

ciated with higher C-peptide production (i.e., the values of coefficient b are negative). This

finding suggested that negative maternal cognitive appraisal could affect child C-peptide secre-

tion via epigenetic changes, by recruiting different genes in the diabetes pathways. Interest-

ingly, the highest negative mediating effects on C-peptide secretion were from CpGs located

on LTA: from cg01157951 (a�b = -0.738) and, to a lesser extent, from cg16280132 (a�b =

-0.627). Together, the combination of cognitive appraisal and DNA methylation explained

between 5.66% and 31.95% of the variance in C-peptide secretion. After Bonferroni correction

with confidence intervals at a 99.8% level, however, only one CpG site, cg16280132 from LTA,

Table 2. Pearson correlations between C-peptide secretion and predictors.

Predictors C-peptide secretion

R p

Objective hardship (Storm32) .301# .094

Cognitive appraisal (Negative vs. Neutral/Positive) .016 .935

SES -.087 .635

Life events (pregnancy) -.131 .474

Life events (13.5 y) .202 .277

GHQ anxiety (pregnancy) -.033 .859

GHQ anxiety (13.5 y) -.062 .742

Birth weight -.171 .357

Birth length -.153 .410

Birth ponderal Index -.128 .494

Gestational age -.070 .703

Note.
#p<0.1

https://doi.org/10.1371/journal.pone.0192199.t002
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remained a significant mediator (Fig 1), with the model explaining 26.24% of the variance in

C-peptide secretion (p< 0.05). The location of cg16280132 and that of the surrounding CpGs

on LTA were shown in S2 Fig.

Effect of objective hardship. Our analyses indicated that 61 CpGs, mapping to 23 genes,

positively mediated the effect of objective hardship on C-peptide secretion: higher objective

hardship predicted higher C-peptide through DNA methylation (i.e., the value of coefficient

a�b is positive) (S7 Table). For 51 CpG sites corresponding to 15 genes, higher objective hard-

ship exposure was related to higher DNA methylation (i.e., the value of coefficient a is positive),

which in turn, was associated with higher C-peptide production (i.e., the value of coefficient b is

positive). For the remaining 10 CpG sites, corresponding to 8 genes, higher objective hardship

exposure was related to lower DNA methylation (i.e., the value of coefficient a is negative),

which were in turn, associated with higher C-peptide secretion (i.e., the value of coefficient b is

negative). The highest positive mediating effect of DNA methylation (a�b = 0.072) on C-peptide

production involved the cg16280132 CpG site located on LTA in a model explaining 22.9% of

the variance in C-peptide (p< 0.05). Together, the combination of objective hardship and

DNA methylation explained between 8.83% and 24.10% of the variance in C-peptide secretion.

However, none of the CpGs associated with C-peptide secretion remained significant mediators

after Bonferroni correction with confidence intervals at a 99.6% level.

Discussion

The main objective of the current study was to determine whether DNA methylation mediated

the association between disaster-related maternal objective hardship and cognitive appraisal

and C-peptide secretion in the offspring. In this study we found that adolescents whose moth-

ers experienced higher objective hardship exhibited higher C-peptide secretion in response to

an oral glucose tolerance test (Table 2). Furthermore, DNA methylation of type 1 and 2 diabe-

tes-related genes had a positive mediation effect, triggered by objective hardship, on C-peptide

secretion (S7 Table). The combination of objective hardship and DNA methylation explained

up to 24.10% of the variance in C-peptide secretion. As for maternal cognitive appraisal of the

ice storm, DNA methylation of type 1 and 2 diabetes-related genes had a negative mediation

effect, triggered by cognitive appraisal, on C-peptide secretion (Table 3). The combination

of cognitive appraisal and DNA methylation explained up to 31.95% of the variance in C-pep-

tide secretion. As such, both a negative cognitive appraisal and higher objective hardship pre-

dicted higher C-peptide secretion through DNA methylation. However, only one CpG site

(cg16280132) from LTA remained a significant mediator between cognitive appraisal and

C-peptide secretion after conservative Bonferroni multiple corrections were conducted.

We observed that the severity of objective hardship was associated with C-peptide secretion

(at the trend level) in the children. Together with our previous study on the effect of objective

hardship on insulin secretion [29], we conclude that children whose mothers experienced

higher objective hardship exhibited both higher insulin and C-peptide secretion in response to

the oral glucose tolerance test. This finding is in accordance with those from both animal [47]

and human [18] studies demonstrating that higher stress levels during pregnancy were associ-

ated with adverse metabolic outcomes in offspring. Our mediation findings suggest a great

number of possible mediation effects from objective hardship and cognitive appraisal that

were significant at the test-wise level, but they did not survive correction for multiple testing at

the experiment-wise level given the limited sample size. Although there was not a significant

correlation between cognitive appraisal and C-peptide secretion, we did find a significant indi-

rect effect (mediation effect) of cognitive appraisal on C-peptide secretion via DNA methyla-

tion, even after the multiple corrections.
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The effects of PNMS reflect a number of interacting mechanistic pathways [48–50], including

epigenetics [50]. Given the important role of type 1 and 2 diabetes mellitus pathways on out-

comes such as obesity, insulin resistance and diabetes, we selected both type 1 and 2 diabetes-

related sets of genes in which methylation levels were associated with objective hardship or cog-

nitive appraisal to conduct the mediation analyses. Despite no observed direct relationship

between cognitive appraisal and C-peptide levels, we performed mediation analyses with DNA

methylation of selected CpGs which were observed to be related to cognitive appraisal since

mediation analyses do not require a significant association between predictor and outcome [45].

Among the selected genes, LTA possessed the only CpG site (cg16280132) which survived follow-

ing multiple correction and showed one of the highest mediation effects in our analyses. More-

over, LTA had the greatest number of CpGs in which the DNA methylation levels mediated the

effects of cognitive appraisal and objective hardship on C-peptide secretion. Interestingly, in our

previous studies LTA was also found to mediate the effect of objective hardship on BMI, central

adiposity and cytokine secretion [33, 34], and the effect of cognitive appraisal on BMI and central

adiposity [35]. LTA is a member of the tumor necrosis factor family that is involved in the forma-

tion of secondary lymphoid organs during development, and plays a role in apoptosis [51].

Although no direct association between methylation of LTA and metabolic outcomes has been

reported, various studies have investigated the relationship between the LTA polymorphism and

insulin resistance and type 1 and 2 mellitus diabetes. For instance, the NcoI polymorphism, a

polymorphic site that is located in the first intron of the LTA, was found to decrease insulin resis-

tance in Japanese men [52]. In addition, the NcoI polymorphism was reported to be involved in

hypertriglyceridemia, one component of insulin resistance syndrome, in Spanish patients with

type 2 diabetes [53]. Likewise, the association between NcoI polymorphism of LTA and the risk

factor hyperinsulinaemia was reported in patients with coronary artery disease [54]. Finally, in a

study to investigate the impact of LTA polymorphism on serum parameters related to metabolic

disorders in patients with coronary artery disease (CAD), an association of LTA alleles with the

risk factor hyperinsulinaemia was reported, suggesting that LTA may contribute to the complex

susceptibility for metabolic syndrome in patients with CAD [55]. Together, given the above evi-

dence on the role of LTA on metabolic outcomes, methylation changes on LTA could be consid-

ered an important mechanism through which PNMS could affect C-peptide secretion.

The present results are somewhat limited by the small sample size. Moreover, we did not

obtain RNA samples due to the low amount of blood collected, and as such, the consequences

of these methylation changes and the alteration of downstream gene expression could not be

verified, an issue that should be addressed in further studies. Given the tissue and cell-specific-

ity of epigenetics, we isolated T cells from whole blood in order to minimize the heterogeneity

of the cell population; however, the heterogeneity between blood and pancreas tissue is a limi-

tation of our study. In addition, we cannot exclude the potential effects of postnatal environ-

mental factors on the modification of DNA methylation profiles in childhood. Moreover,

perhaps due to the small sample size, the mediation effect of many CpGs did not resist the con-

servative Bonferroni correction for multiple comparisons. Therefore, further research with a

larger sample is warranted to more precisely define the points as noted above. However, the

use of bootstrapping procedures in the mediation analyses is a powerful approach because it

takes into account the fact that the sampling distribution of the mediated effect is skewed away

from 0 allowing it to be applied to small-to-moderate samples.

This is the first study to demonstrate that DNA methylation mediates the relationship

between maternal cognitive appraisal of a natural disaster in pregnancy and C-peptide produc-

tion in her offspring during adolescence. Our study was able to identify epigenetic mecha-

nisms associated specifically with maternal objective hardship and cognitive appraisal, and

metabolic outcomes in the offspring. This study suggests that maternal stress could represent

Mediation effect of DNA methylation on C-peptide secretion
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one factor contributing to dysfunctions related to metabolic outcomes such as insulin resis-

tance and type 1 or type 2 diabetes mellitus among offspring.

Conclusions

These data highlight the important role of DNA methylation of diabetes-related genes on

mediating the relationship between specific aspects of prenatal maternal stress and metabolic

outcomes in offspring. Our findings add new evidence on the critical role of fetal program-

ming through epigenetic mechanisms in response to environmental factors.
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