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Abstract

Importance: Dyslipidemia in young adults in the United States during their childbearing years is
common and the consequences for the next generation are poorly understood. Further
understanding of the harmful consequences of elevated low-density lipoprotein cholesterol (LDL-
C) in young adults may help inform population screening and management strategies.

Objective: To examine whether adult levels of serum LDL-C are associated with maternal pre-
pregnancy LDL-C beyond that attributable to inherited genetic sequence polymorphisms, diet,
physical activity, and body mass index.

Design: The Framingham Heart Study, a population-based inception cohort initiated in 1948.

Setting: A multi-generational study of families in Framingham, Massachusetts.
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Participants: The analyses included 538 parent-offspring pairs with parental LDL-C measured
in the study prior to the offspring’s birth (241 mother-offspring, 297 father-offspring pairs, mean
offspring age 26 [SD 3] years). Parental pre-birth, parental concurrent, and adult offspring
assessments occurred in 1971-1983, 1998-2001 and 2002-2005, respectively.

Exposure: Maternal pre-pregnancy LDL-C with comparison to paternal pre-pregnancy LDL-C
in relation to concurrent parental-offspring LDL-C.

Main outcomes and measures: Adult offspring LDL-C examined as both a continuous and
dichotomous outcome (using a threshold of 130 mg/dL).

Results: Adult offspring LDL-C was associated with maternal pre-pregnancy LDL-C after
adjustment for family relatedness and offspring lifestyle, anthropometric, and inherited genetic
factors (p=0.32 [SE 0.05] mg/dL, p<0.0001). After multivariable adjustment, adults exposed to
elevated maternal pre-pregnancy LDL-C were at a 3.8 (95% CI 1.5, 9.8) times higher odds of
having elevated LDL-C (p=0.004) and had an adjusted LDL-C 18 (95% CI 9, 27) mg/dL higher
than those unexposed. Maternal pre-pregnancy LDL-C explained 13% of the variation in adult
offspring LDL-C beyond common genetic variants and classic risk factors for elevated LDL-C.

Conclusions and Relevance: Adult offspring dyslipidemia is associated with maternal pre-
pregnancy dyslipidemia in excess of measured lifestyle, anthropometric, and inherited genetic
factors. The findings support the possibility of a maternal epigenetic contribution to cardiovascular
disease risk in the general population. Further research is warranted to determine if ongoing public
health efforts to identify and reduce dyslipidemia in young adults prior to their childbearing years
may have additional potential health benefits for the subsequent generation.

Keywords
maternal exposure; dyslipidemia; epigenetics

INTRODUCTION

Maternal health and /n utero exposures are important determinants of long-term
cardiometabolic outcomes among adult offspring, with maternal adiposity and
hyperglycemia comprising the bulk of the studied effects.1~3 Independent of adiposity and
hyperglycemia, elevated low-density lipoprotein cholesterol (LDL-C) is a well-established
causal risk factor for atherosclerotic cardiovascular disease (CVD).* However, the impact of
maternal lipoprotein abnormalities on offspring cardiovascular health in the general
population has been underexplored despite the frequent occurrence of dyslipidemia among
women of childbearing age.® In the United States, a quarter of women of childbearing age
had an elevated LDL-C (>130 mg/dL) in the 2007-2008 U.S. National Health and Nutrition
Examination Survey (NHANES).6

Maternal hypercholesterolemia has been linked to abnormal offspring cholesterol regulation
in a fetal pathology case series,’ a pediatric observational cohort® and among adults with
Familial Hypercholesterolemia (FH).>-11 For example, individuals with FH, an autosomal
dominant disorder of lipoprotein metabolism, have significantly elevated LDL-C throughout
life. Adult offspring with a maternal history of heterozygous FH, and therefore higher /in
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utero exposure to LDL-C, were found in some studies to have higher LDL-C as compared to
those with paternal inheritance of FH.2:10 Subsequently, a higher mortality rate was observed
among offspring with maternal as compared to paternal inheritance of the same FH genetic
variant.12 Similarly, a higher burden of offspring atherosclerosis is also seen in animal
models of maternal hypercholesterolemia.13-15 It is unknown whether higher pre-pregnancy
maternal LDL-C is associated with increased offspring dyslipidemia and CVD risk in the
general population. Exposure to elevated maternal LDL-C may explain an additional
component of inter-individual variation in LDL-C beyond that attributable to lifestyle factors
and inherited genetic sequence variation.16

The paucity of evidence on the effect of maternal dyslipidemia on adult offspring outcomes
is likely due to the lack of cholesterol screening or routine measurement of cholesterol levels
in young healthy women prior to pregnancy in previous generations. The Framingham Heart
Study (FHS), a multigenerational population-based cohort, provides a unique opportunity to
study lipoprotein levels in adulthood among a subset of participants whose parents were
assessed in the study with LDL-C levels prior to their birth.

Study design

We conducted an analysis of prospectively collected clinical and laboratory data from the
Offspring and Third Generation cohorts of the FHS, a community-based multigenerational
cohort of families in Framingham, MA, USA. The design of the FHS has been previously
described, but briefly, in 1971, 5124 children and spouses of children of the Original cohort
were enrolled in the FHS Offspring cohort.1” In 2002, 4095 Third Generation participants,
who had at least one parent in the Offspring cohort, were enrolled and underwent standard
clinical examinations.18 The current study analyses drew upon participant data from the
Offspring cohort examination cycles 1-2 (1971-1983), Offspring cohort examination cycle 7
(1998-2001) and Third Generation cohort examination cycle 1 (2002-2005). Details of the
FHS examinations and protocols are available at http://www.framinghamheartstudy.org/
researchers/.

The current study examined the association between elevated maternal pre-pregnancy LDL-
C (participants from the FHS Offspring Cohort) and adult offspring LDL-C (participants
from the FHS Third Generation Cohort) with successive adjustments for potential
confounders (body mass index [BMI], smoking, diet, physical activity, and inherited genetic
sequence variants known to be associated with LDL-C levels). Potential confounders were
identified based on established mechanisms in published literature and depicted in Figure
1.19 pPaternal pre-pregnancy LDL-C levels were examined as a comparison of a parental
association lacking the /in utero exposure but similar contribution of inherited genetic
sequence variation and shared early life environment. Parental (maternal and paternal) LDL-
C measured concurrent with the adult offspring’s LDL-C were examined as an additional
comparison to demonstrate the contribution of shared adulthood environmental factors and
genetic components. The purpose of the multiple adjustments and comparisons was to
determine if there is a residual association of maternal pre-pregnancy and adult offspring
LDL-C in excess of shared early and later life environment, learned behaviors (diet and
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physical activity), anthropometric features (BMI) and inherited genetic sequence variation --
a contribution that may be attributable to maternal intergenerational epigenetic transmission.
The hypothesis that maternal pre-pregnancy dyslipidemia may impart an effect on adult
offspring dyslipidemia beyond that of measured confounders and genetic factors and of a
greater magnitude compared to paternal pre-pregnancy dyslipidemia was pre-specified prior
to the start of the analyses.

Study Sample

For the present analysis, we studied participants in the Third Generation cohort (comprising
the “adult offspring’ in the current study) who: 1) attended the first examination cycle (2002
to 2005), 2) had at least one parent in the preceding generation cohort who was examined
prior to their birth (Offspring cohort exam cycles 1-2; 1971-1983), and 3) had serum LDL-
C measurements available for both the parental pre-birth assessment and adult offspring at
enrollment. We did not include parents in the Original cohort as LDL-C was not available in
the early examination cycles (1950s). Biological parent-offspring pairs were identified using
self-reported relationships and confirmed with genetic pedigree data to avoid issues of non-
paternity. There were 597 parent-adult offspring pairs with parental pre-birth and adult
offspring examinations (281 mother-offspring and 316 father-offspring). We excluded pairs
with an individual on lipid-lowering therapy at either the parental pre-birth assessment or
adult offspring assessment (n=5; 1 father and 4 adult offspring), triglyceride level >400
mg/dL, as LDL-C could not be accurately calculated (n=5), and those with missing parental
or offspring lipid measurements (n=49). After exclusions, there were 538 biological parent-
offspring pairs (241 mother-offspring and 297 father-offspring pairs), of which 116 adult
children were in both mother-offspring and father-offspring pairs (Figure 2). Parental LDL-
C measured concurrently with the adult offspring LDL-C (parental LDL-C from the
Offspring Cohort exam cycle 7; 1998-2001) was available for 507 parent-offspring pairs
(223 mother-offspring and 284 father-offspring pairs).

The Boston University Medical Center Institutional Review Board approved the main study
protocols and all participants signed written informed consent.

Lifestyle, Clinical, Laboratory, and Genetic Assessments

At each study visit, participants underwent a medical history interview and routine physical
examination, including measurement of height, weight, and blood pressure using
standardized approaches. Details of the covariate measurements are described in the
Supplemental Methods. In summary, dietary intake was ascertained in the adult offspring
(Third Generation cohort) via a 126-item semi-quantitative self-reported food frequency
questionnaire. A physical activity index (PAI), expressed in metabolic equivalents (METS),
was calculated by assigning each self-reported activity category a MET value based on the
oxygen consumption required to perform activities in the category and deriving a weighted
average of the MET values based on the proportion of time spent on activities in each
category.20. Plasma total cholesterol (TC), high density lipoprotein cholesterol (HDL-C),
and triglycerides (TRIG) were measured on morning samples obtained after an 8-hour fast.
LDL-C was calculated according to the Friedewald equation.?! To convert TC, HDL-C, or
LDL-C from mg/dL to mmol/L, multiply by 0.02586. To convert TRIG from mg/dL to
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mmol/L, multiply by 0.01129. The LDL-C genetic risk score (GRS) for each participant
included 37 known LDL-C related SNPs reported in 2010 by the Global Lipids Genetic
Consortium16 weighted by summation of genotypes (coded additively for the risk allele)
multiplied by the reported effect-size estimates (eTable 1).

Statistical Analysis

We generated summary statistics with counts, frequencies, means and standard deviations
for the demographic and clinical characteristics of the sample. Generalized estimating
equations (GEE) with a linear (“identity”) link for continuous outcomes and logit link for
binary outcomes were used to account for familial correlations between measurements
(PROC GENMOD in SAS; REPEATED statement). A compound symmetry correlation
matrix was specified with robust variance estimators. For continuous LDL-C exposure and
outcomes, GEE models were run with successive adjustment for: model 1 (M1) parental age
and adult offspring age and sex, M2) previous covariates plus parental and adult offspring
BMI and parental smoking status, M3) previous covariates plus adult offspring dietary and
physical activity measures, and M4) previous covariates plus the adult offspring’s LDL-C
GRS. There were no statistically significant interactions for offspring sex and parental LDL-
C in any models (p>0.1) so sex-pooled analyses are presented.

LDL-C levels were dichotomized at 130 mg/dL for both parent and offspring in agreement
with published guidelines as elevated.22 For dichotomous exposures and outcomes, GEE
models were conducted with elevated LDL-C in the adult offspring as the outcome, elevated
LDL-C in the parent as the predictor of interest, and successive adjustments for the same
covariates as described above. For dichotomous exposures and continuous outcomes, the
adjusted mean difference in adult offspring LDL-C (M4) for those exposed to elevated
parental pre-pregnancy LDL-C compared to unexposed was generated. For continuous
exposures and dichotomous outcomes, restricted penalized cubic splines were used to
illustrate the relation between the continuous parental pre-pregnancy LDL-C levels and the
fully adjusted (M4) odds ratio (OR) for elevated adult offspring LDL-C.23

The additional association of the maternal pre-pregnancy LDL-C as compared to paternal
pre-pregnancy LDL-C was contrasted by including both parental pre-pregnancy LDL-C
values in the same regression model for a subset of participants with LDL-C data on both
parents. In addition, we utilized measures of model improvement to contrast the parental
models, namely c-statistic, net reclassification index (NRI), and integrated discrimination
index (IDI). Details are provided in the Supplemental Methods. The dichotomized elevated
parental pre-pregnancy LDL-C, as opposed to the continuous measure, was focused on as it
represents a clinically relevant measure to exert a pathologic effect above a homeostatic
normal range, is more easily elicited in a clinical medical history interview and is a current
threshold to promote healthy lifestyle changes in young adults.

Additional analyses were conducted on the other lipid panel components (HDL-C and TG).
There were insufficient maternal pre-pregnancy hypertriglyceridemia (> 150mg/dL) cases or
parental post-pregnancy low HDL-C (< 40 mg/dL in men and < 50 mg/dL in women) cases
to include in dichotomous models (n=9 and 18, respectively), so only models examining
continuous exposure/outcomes are presented.
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Several sensitivity analyses were conducted. First, parents who were started on lipid-
lowering therapy after their initial assessment and were on lipid-lowering therapy at the
concurrent assessment with adult offspring LDL-C (n=15) were excluded from the
successive GEE models, as described above. We conducted an additional sensitivity analysis
to account for statin therapy with a second approach. For participants on lipid lowering
therapy (at either the pre-birth parental examination [n=1], concurrent parental examination
[n=15] or adult offspring examination [n=4]), we multiplied the treated LDL-C by 1.35 to
account for the average lowering effect of statin therapy in order to estimate the untreated
LDL-C.24 For the dichotomous models, treated individuals were included in the elevated
LDL-C group. Successive GEE models that included participants with the estimated
untreated LDL-C levels were then conducted. A third sensitivity analysis excluded maternal
examinations taken within 9 months prior to the offspring’s birth (n=21; 14/21 [67%] within
the first trimester) to account for any measurements taken during the pregnancy. Ordinary
least squares linear and logistic regression models (not adjusted for family structure) were
conducted, with successive covariate adjustment as described above, resulting in minimal
difference in estimates as compared to the GEE models. A bias factor was calculated to
determine the magnitude of unmeasured residual confounding that would have to be present
to explain away any significant associations between maternal pre-pregnancy LDL-C and
adult offspring LDL-C.2°

All analyses were conducted using SAS 9.3 (Cary, NC). A two-sided p-value of < 0.05 was
considered statistically significant.

Study Sample Characteristics

Association

There were a total of 538 parent-offspring pairs (241 mother-offspring and 297 father-
offspring). The characteristics of the study sample with parental characteristics at the pre-
pregnancy examination are outlined in Table 1 and parental characteristics at the concurrent
examination with the offspring’s LDL-C are reported in eTable 2. The fathers were on
average slightly older than the mothers (29 vs. 27 years old) with higher BMIs (26.0 vs. 22.3
kg/m?2). Smoking was common in the pre-pregnancy parental examinations — 46% of
mothers and 40% of fathers. Parental concurrent examinations were unavailable for 17 (7%)
mothers and 14 (5%) fathers. As expected, the current study sample differs from the overall
FHS sample because the study sample was selected for having a pre-pregnancy parental
examination and is therefore a younger subset (eTable 3).

of Maternal Pre-Pregnancy LDL-C with Adult Offspring LDL-C

Maternal pre-pregnancy LDL-C was significantly correlated to adult offspring LDL-C
(p=0.38 [SE=0.06] mg/dL, p<0.0001) in the age and sex adjusted models (M1; scatterplot in
eFigure 1). After successive adjustments for anthropometric, lifestyle, and inherited genetic
factors (Table 2a), the association between maternal pre-pregnancy LDL-C and adult
offspring LDL-C was attenuated but remained significantly correlated (M4; p=0.32
[SE=0.05] mg/dL, p<0.0001). In excess of those confounding factors, maternal pre-birth
LDL-C explained 13% of the variation in adult offspring LDL-C (partial r2=0.13; M4). In
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the fully adjusted models (Table 2b; M4), the odds of elevated LDL-C (>130 mg/dL) among
adult offspring was 3.8 (95% CI 1.5, 9.8) times higher for those exposed to elevated
maternal pre-pregnancy LDL-C compared to unexposed (p=0.005). The mean adult
offspring LDL-C was 18 (95% CI 9, 27) mg/dL greater among those exposed to elevated
maternal pre-birth LDL-C as compared to unexposed. The relationship between maternal
pre-pregnancy LDL-C and the OR for elevated adult offspring LDL-C is presented in Figure
3a. The full regression model output for all covariates is reported in eTable 4 and eTable 5.

Comparison of Maternal vs. Paternal Pre-Pregnancy Contribution

The association between paternal pre-pregnancy LDL-C and adult offspring LDL-C was
attenuated after adjustment for anthropometrics, lifestyle, and genetic factors (continuous
exposure/outcome in Table 2a and dichotomous exposure/outcome in Table 2b; scatterplot in
eFigure 2). The regression beta coefficient for the association of parental pre-pregnancy
LDL-C with adult offspring LDL-C were approximately twice as great for maternal as
compared to paternal pre-pregnancy LDL-C (Table 2; M4).

In a second approach to contrast the association between maternal and paternal pre-
pregnancy LDL-C, the subset of adults adult offspring among whom pre-pregnancy lipids
were available for both parents were examined (n=116). When both maternal and paternal
pre-pregnancy LDL-C were added to the same regression model, the maternal pre-pregnancy
LDL-C remained associated with adult offspring LDL-C while the paternal pre-pregnancy
LDL-C did not (OR=6.2 [95% CI 1.6, 24], p=0.009 and OR=0.6 [95% CI 0.2, 2.3], p=0.5
for mothers and fathers, respectively). Results from the analyses comparing model c-
statistic, NRI and IDI, are presented in the Supplemental Results. The full regression model
output for all covariates is reported in eTable 6 and eTable 7.

Comparison of Parental Pre-Pregnancy vs. Concurrent LDL-C Assessments

There were 507 parent-offspring pairs (223 mother-offspring and 284 father-offspring pairs)
in the concurrent parental LDL-C examination with the adult offspring LDL-C measure.
There were no parental losses between pre-birth and concurrent assessments due to known
coronary heart disease-related deaths. Concurrent parental measurements were not
associated with adult offspring LDL-C in the fully adjusted models (Table 3; M4).

Analyses for Parental-Offspring HDL-C and TG

Additional models for HDL-C and log-transformed TG (study sample distributions available
in eTable 8) are presented in eTable 9 and eTable 10. A differential association for maternal
over paternal pre-pregnancy and pre-pregnancy vs. concurrent examinations was not
observed for HDL-C and logTG.

Sensitivity Analyses

The OR for elevated LDL-C in an adult offspring was lower in the sensitivity analysis after
excluding parents taking lipid-lowering therapy at the parental concurrent assessment (OR
for elevated adult offspring LDL-C 1.3 [95% CI 0.5, 3.5], p=0.6 and OR 2.1 [95% CI 0.7,
6.2], p=0.2, due to elevated concurrent maternal and paternal LDL-C, respectively). There
were no substantial changes in the results after utilizing a correction factor (1.35) to estimate
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untreated LDL-C (eTable 11). The sensitivity analysis excluding maternal assessment within
9 months prior to the birth of a offspring had little effect on the OR for maternal pre-birth
assessment on the adult offspring’s elevated LDL-C (OR 3.5 [95% CI 1.2, 10.1], p=0.02).

Bias factor for unmeasured residual confounding

The bias analyses indicated that a large amount of unmeasured confounding would have
been required to account for the association between elevated maternal pre-pregnancy LDL-
C and elevated adult offspring LDL-C. For example, the unmeasured confounder(s) would
be required to result in an over 3-fold increase in elevated adult offspring LDL-C and be
present in 70% of exposed vs. 30% unexposed (see eTable 12 for a range a bias scenarios).

DISCUSSION

We demonstrated that elevated LDL-C in mothers prior to the birth of a child was associated
with an increased risk of elevated LDL-C in their adult offspring. The association persisted
after adjustment for maternal BMI, smoking, and adult offspring lifestyle factors, BMI, and
inherited genetic variants known to be associated with LDL-C. To our knowledge, this is the
first study demonstrating a link in the general population between elevated maternal pre-
pregnancy LDL-C and adult offspring LDL-C -- a major contributor to atherosclerotic CVD.
The explanation for an enduring risk associated with elevated maternal pre-pregnancy LDL-
C beyond genetic variants and lifestyle factors is likely multifactorial and may be mediated
by direct effects on the developing fetal organ systems and through epigenetic modifications
transferred via gametes or introduced /in utero due to the nutrient milieu.

LDL-C is taken up by the maternal aspect of the placenta and cholesterol is used as a
nutrient source for the developing fetus.26 In humans, low maternal serum cholesterol is
associated with preterm birth and lower birthweights;2’ replicating similar results from
experimental studies in mice.28 In contrast, fetal over-nutrition with excess cholesterol due
to increased LDL-C uptake likely has pathological effects on the developing fetus. In
humans, fetuses of hypercholesterolemic mothers have an increase of aortic fatty streaks;’
also replicating findings from experimental studies in animals.2? Intrauterine exposure to
elevated LDL-C may leave lasting effects on organ systems or epigenetic metabolism
dysregulation that ultimately influences the ability of the offspring to regulate LDL-C in
later life, as observed in this study, with important implications for risk of a higher future
burden of atherosclerosis and CVD.

In the FHS, adult offspring without maternal pre-birth elevated LDL-C exposure were
observed to have a lower LDL-C of a clinically relevant degree (18 mg/dL). A meta-analysis
of randomized trials of statin treatment from the Cholesterol Treatment Trialists’
Collaboration revealed that a comparable decrease in LDL-C resulted in a 20% decrease in
ischemic heart disease events.30 The elevated LDL-C outcomes observed in the adult
offspring occurred at a relatively young age (mean 26 years). Available evidence
demonstrates that early and prolonged exposure to elevated LDL-C carries significant
adverse CVD consequences beyond that of developing dyslipidemia later in life.3! It was
previously shown in the FHS that an increasing length of exposure to elevated LDL-C levels
was associated with increased subclinical atherosclerosis, as measured by coronary artery
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calcium burden, 32 and higher CVD mortality.33 The early development of LDL-C elevation
among adult offspring exposed to maternal pre-pregnancy elevated LDL-C levels may carry
further consequences for the subsequent generation. Early development of dyslipidemia may
accelerate a transgenerational cycle as an even greater proportion of young adult offspring
go on to develop dyslipidemia in their childbearing years.

The association observed between concurrent parental LDL-C and adult offspring LDL-C in
the unadjusted model is largely attenuated in the fully adjusted model. This suggests that the
relationship is largely accounted for by measurable inherited genetic and lifestyle factors and
only when the pre-birth level is considered is the larger maternal effect observable. In the
fully adjusted model, maternal pre-birth LDL-C explained 13% of the inter-individual
variation in adult offspring LDL-C. Further study of the underlying mechanisms linking
maternal pre-birth LDL-C and adult offspring LDL-C, may reveal novel causal pathways
resulting in dyslipidemia that are independent of inherited genetic sequence variants.

The current study has limitations. This study was limited to a subset of participants in the
FHS because it required participants’ parents to have been enrolled and assessed prior to
their birth. Second, we used pre-pregnancy elevated LDL-C as a proxy for intrauterine
exposure and, lipids are known to increase during pregnancy. It has been previously
demonstrated that maternal pre-pregnancy lipids predict peri-pregnancy lipids34 and that
those entering pregnancy higher remain higher throughout. Further studies with direct
measures of LDL-C during pregnhancy would further support our findings. However,
misclassification of mothers who did not have elevated pre-pregnancy LDL-C but went on to
develop abnormal LDL-C during pregnancy would attenuate and not inflate the observed
effect. Third, we only had data on cross-sectional adult offspring diet and physical activity
and were not able to include any consideration of childhood diet and physical activity or
parental pre-pregnancy diet and physical activity. Similarly, we had no data on offspring
LDL-C during childhood. Residual confounding from a larger maternal environmental
contribution to offspring LDL-C may exist. For example, mothers may play a larger role
than fathers in establishing lifelong eating behaviors that contribute to adult offspring LDL-
C levels. Fourth, birth outcomes data (such as birthweight) were not available for the adult
offspring in our study and therefore whether the associations we observed are independent
of birthweight and other birth outcomes cannot be assessed in this study. Fifth, we are
unable to confirm co-habitation of offspring with one or both parents during childhood and
development, which may falsely attenuate the concurrent exam analysis results. Sixth, our
findings are limited to a population of European-descent and may not be generalizable to
other ethnicities. Seventh, intergenerational epigenetic transmission is a hypothesized
mechanism underlying our findings, and these phenomena (e.g. DNA methylation, histone
modifications, etc.) were not examined directly in this study. Recent evidence of altered
offspring DNA methylation in relation to maternal diet and metabolic intrauterine
environment supports this premise.35-39 Aside from epigenetic mechanisms, the association
between maternal pre-pregnancy and adult offspring LDL-C after adjustments may be due to
unmeasured residual confounding (e.g. from shared environment, learned behaviors,
inheritance of maternal mitochondrial DNA or unmeasured rare genetic variants). Rare
genetic variants are likely not a major source of unmeasured confounding as recent studies
show that rare variants explain very little additional inter-individual variation in lipid levels
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in the general population beyond the common variants included here.*%:41 The bias analysis
demonstrates that any unmeasured confounding would need a large effect size and be
relatively frequent suggesting that the maternal pre-birth LDL-C association results are fairly
robust to unmeasured confounding. We did observe a statistically significant association of
continuous paternal pre-birth LDL-C with adult offspring LDL-C with a 2.5-times larger
regression coefficient for maternal vs paternal associations in the fully adjusted model (0.32
vs 0.13 mg/dL increase in adult offspring LDL-C for each 1 mg/dL increase in parental pre-
birth LDL-C). The smaller paternal pre-birth association is less robust to residual
confounding and may be due to the inability to completely account for inherited lifestyle and
genetic factors. However, transgenerational epigenetic inheritance from the paternal line
transmitted via sperm is described in animal models,#243 and we may be observing this
effect; albeit smaller than for the maternal LDL-C association.

The strength of the study is that the mothers had lipid measurements obtained at a relatively
young age prior to the birth of their children and the testing was not based on any indication
(e.g. obesity or family history of heart disease), which was not standard practice at the time.
This allowed us to assess outcomes in adult offspring with no parental testing bias. In
addition, father-offspring pairs were confirmed using genetic data excluding any possibility
that non-paternity issues would artificially reduce the father-offspring associations.

An improved understanding of the CVD risk associated with the intrauterine environment
may inform population-based lifestyle strategies for women in their childbearing years to
identify those at risk and to direct lipid-specific nutritional and lifestyle interventions or
therapeutics. Further research is needed to determine if the knowledge of the risk associated
with maternal pre-pregnancy dyslipidemia may motivate behavior change in young women
of childbearing age driven by considerations of their child’s health beyond the consideration
of their own health. Regardless, if the association is driven by epigenetic mechanisms or
shared environment and learned behaviors, early lifestyle interventions would have the
potential to affect either mechanism. For example, behavioral counselling for young adults
with elevated LDL-C to increase physical activity and replace saturated and trans fats with
polyunsaturated fats is recommended in the American Heart Association / American College
of Cardiology guidelines.*4 Although further research is required, our results support the
possibility of benefits for the subsequent generation as well from these interventions in
young adults. Additional studies with larger sample sizes would be needed to support our
findings and improve the precision and confidence intervals of the effect estimates. Lastly,
incorporating intrauterine exposures into CVD risk prediction models may improve
discriminative properties, although this remains to be formally addressed.

In conclusion, maternal pre-pregnancy LDL-C levels are associated with adult offspring
LDL-C levels beyond that attributable to measured lifestyle, anthropometric, and inherited
genetic factors. Intergenerational maternal epigenetic transmission mechanisms, currently
poorly understood, may mediate this effect. We postulate that identifying young women of
childbearing age with elevated LDL-C and initiating lipid-specific interventions may further
reduce the transgenerational cycle of dyslipidemia and CVD risk.
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Primary Analysis (Maternal pre-pregnancy LDL-C exposure):
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Figure 1.
Schematic diagram depicting the potential pathway from maternal pre-pregnancy LDL-C to

adult offspring LDL-C via in utero exposure and epigenetic transmission with confounding
by shared lifestyle factors, anthropometrics and inherited genetic variants. Paternal pre-
pregnancy LDL-C (B) exhibits similar pathways except for the /n utero exposures and
subsequent epigenetic modifications. Concurrent parental LDL-C (C) shares an adulthood
environment and genetic variants. Neither comparison group would be expected to
demonstrate an association between parental and offspring LDL-C due to /n utero LDL-C
exposure after adjusting for the confounding pathways.
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PARENTAL ASSESSMENTS ADULT OFFSPRING
5124 FHS Offspring Cohort Participants 4095 FHS Third Generation Participants
enrolled in 1971-1975 (exam cycle 1) enrolled in 2002-2005 (exam cycle 1)
(mean age 36 years) (mean age 40 years)

/

PARENT-ADULT OFFSPRING PAIRS
597 parent-adult offspring pairs with the parental assessment
in the FHS prior to the adult offspring’s birth
- 281 mother-offspring pairs
- 316 father-offspring pairs

EXCLUDED
Lipid-lowering therapy at pre-birth or adult
—> offspring exam: 5
5 with triglycerides >400 mg/dL: 5

AR Missing covariates: 49

PARENTAL PRE-BIRTH ASSESSMENTS )

538 parent-adult offspring pairs with the parental assessment
in the FHS prior to the adult offspring’s birth
(Parent: offspring cohort exam cycles 1-2; 1971-1983)
(Adult offspring: Gen3 cohort exam cycle 1; 2002-2005)

- 241 mother-offspring pairs

- 297 father-offspring pairs
\ pring p )

v

( PARENTAL CONCURRENT ASSESSMENTS )

507 parent-adult offspring pairs with the parental assessment
in the FHS concurrent to the adult offspring’s assessment
(Parent: offspring cohort exam cycles 7; 1998-2001)
(Adult offspring: Gen3 cohort exam cycle 1; 2002-2005)
- 223 mother-offspring pairs
\ - 284 father-offspring pairs )

Figure 2.
Flowchart of study sample inclusions for analyses.
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Figure 3:
Odds ratio (OR) for elevated adult offspring LDL-C (red line) and 95% CI (black lines)

across a range of maternal (A) and paternal (B) pre-pregnancy LDL-C levels estimated with
penalized restricted cubic splines in fully adjusted models for anthropometric, lifestyle and
genetic factors (model 4). Dashed line depicts no elevated risk (OR = 1).
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Characteristics of Mother-Offspring and Father-Offspring Pairs with Characteristics of Parents at the Pre-Birth

Examination
Mother - Offspring Pairs | Father - Offspring Pairs
Mothers Offspring Fathers Offspring

n 241 241 297 297
Age (years) 27 (4) 26 (3) 29 (5) 26 (3)
Time between assessment and offspring birth (years) 3.3(2.3) - 31(2.2) -
Physical activity index (METS) - 37.5(8.4) - 37.4(1.7)
Total energy intake (kcal/d) - 2193 (999) - 2257 (952)
Transfat intake (g/day) - 2.7 (1.6) - 2.7(1.5)
Saturated fat intake (g/day) - 27.6 (14.9) - 27.8 (14.6)
Current smokers 110 (46%) | 38(16%) | 120 (40%) | 47 (16%)
BMI (kg/m?) 223(31) | 255(5.2) | 260(3.2) | 25.0(5.0)
LDL-C (mg/dL) 109 (28) 100 (30) 127 (36) 97 (31)
LDL-C > 130 mg/dL, n (%) n (%) n (%) n (%) n (%)
LDL-C GRS (sum of allelesof 37 LDL-C SNPs ™ effect size estimate) - 79(74) - (.1

*
Values are mean (standard deviation) and proportions presented as n (%), unless otherwise specified.

BMI = body mass index, LDL-C = low-density lipoprotein cholesterol, GRS = Genetic Risk Score. To convert LDL-C from mg/dL to mmol/L,
multiply by 0.02586. Mother-offspring and father-offspring pairs are not mutually exclusive. Pre-pregnancy LDL-C are available for both parents of
116 adult offspring for which the offspring are represented in both offspring groups.
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Association of Adult Offspring LDL-C with Parental LDL-C at Pre-Pregnancy Examinations Analyzed with a

Continuous (a) and Dichotomous (b) Approach

PRE-PREGNANCY EXAM LEVEL:

OUTCOME: Maternal LDL-C (mg/dL) Paternal LDL-C (mg/dL)

a) Adult Offspring LDL-C (mg/dL) N B (95% CI) p-value N B (95% CI) p-value
M1.: adjusted for parental age, offspring age and 241 0.38 (0.27, 0.49) <0.001 297 0.24 (0.12, 0.35) <0.001
sex
M2: M1 + adjusted for parental BMI and smoking, 241 0.35 (0.25, 0.46) <0.001 297 0.25 (0.13, 0.38) <0.001
offspring BMI
M3: M2 + adjusted for offspring diet and physical 216 0.38 (0.27, 0.48) <0.001 271 024  (0.10,0.37) <0.001
activity
M4: M3 + adjusted for offspring LDL-C genetic 209 0.32 (0.22,0.42) <0.001 263 013  (0.02,0.25) 0.02
risk score

Elevated Maternal LDL-C (>130 mg/dL) Elevated Paternal LDL-C (>130 mg/dL)
b) Elevated Adult Offspring LDL-C (>130 N OR (95% CI) p-value N OR (95% CI) p-value
mg/dL)
M1: adjusted for parental age, offspring age and 241 5.0 (2.2-11.2) <0.001 297 1.9 (1.0-3.9) 0.06
sex
M2: M1 + adjusted for parental BMI and smoking, 241 46 (2.0-10.6) <0.001 297 2.0 (1.0-4.2) 0.07
offspring BMI
M3: M2 + adjusted for offspring diet and physical 216 4.7 (1.8-12.1) 0.001 271 18 (0.8-4.0) 0.15
activity
M4: M3 + adjusted for offspring LDL-C genetic 209 3.8 (1.5-9.8) 0.005 263 1.8 (0.8-4.2) 0.18
risk score

*
LDL-C = low-density lipoprotein cholesterol, BMI = body mass index, p = linear model regression coefficient, SE = standard error, M# = model
#.
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Association of Adult Offspring LDL-C with Parental LDL-C at Concurrent Examinations Analyzed with a

Continuous (a) and Dichotomous (b) Approach

CONCURRENT EXAM LEVEL:

Elevated Maternal LDL-C (>130 mg/dL)

Elevated Paternal LDL-C (>130 mg/dL)

OUTCOME: Maternal LDL-C (mg/dL) Paternal LDL-C (mg/dL)
a) Adult Offspring LDL-C (mg/dL) N B (95% CI) p-value N B (95% CI) p-value
M1.: adjusted for parental age, offspring age and 224 0.27 (0.14, 0.41) <0.001 283 0.07 (-0.04,0.18) 0.23
sex
M2: M1 + adjusted for parental BMI and smoking, 224 0.25 (0.13, 0.38) <0.001 283 0.07 (-0.04,0.18) 0.21
offspring BMI
M3: M2 + adjusted for offspring diet and physical 201 0.23 (0.11, 0.35) 0.002 259 0.05 (-0.06,0.17) 0.37
activity
M4: M3 + adjusted for offspring LDL-C genetic 196 0.14 (0.02, 0.27) 0.02 253 0.04 (-0.08,0.17) 0.48
risk score

b) Elevated Adult Offspring LDL-C (>130 N OR (95% CI) p-value N OR (95% ClI) p-value
mg/dL)

M1: adjusted for parental age, offspring age and 224 2.6 (1.2-5.7) 0.01 283 2.3 (1.1-4.7) 0.03
sex

M2: M1 + adjusted for parental BMI and smoking, 224 2.3 (1.1-4.8) 0.03 283 2.2 (1.0-4.7) 0.05
offspring BMI

M3: M2 + adjusted for offspring diet and physical 201 25 (1.1-5.5) 0.02 259 2.0 (0.8-4.8) 0.1
activity

M4: M3 + adjusted for offspring LDL-C genetic 196 19 (0.8-4.4) 0.1 253 17 (0.7-4.3) 0.3
risk score

*
LDL-C = low-density lipoprotein cholesterol, BMI = body mass index, OR = Odds ratio, Cl = confidence interval, M# = model #.
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