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Abstract

Background & Aims: Little is known regarding the risk of hepatic steatosis (HS) among adult
children of affected parents. We examined the association between parental and offspring HS in
the multigenerational Framingham Heart Study, which characterized HS using computed
tomography.

Methods: We performed multivariable logistic regression models adjusted for age, sex, alcohol
use, and body mass index to generate the odds of HS according to parental HS. We determined the
proportion of participants with HS according to parental HS and the presence or absence of
hypertension, diabetes, or obesity (BMI =30 kg/m?). After excluding heavy alcohol use (n = 126)
and missing covariates (n = 1), 785 offspring with at least one parent were included.

Results: Approximately 23% (183/785) had at least one parent with HS and 1.1% had two
affected parents (9/785). In adjusted models, participants with at least one parent with HS had a
nearly two-fold increased odds of HS compared to participants without a parental history of HS
(OR 1.86, 95% confidence interval 1.15-3.03). Among participants without hypertension,
diabetes, or obesity, a higher proportion had HS if they had a parental history of HS compared to
those without (16.1% vs 5.2%, P < 0.001). However, for participants with cardiometabolic risk
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factors, we did not observe a difference in HS among those with and without parental HS (30.3%
vs 28.5%, P=0.78).

Conclusions: Individuals with a parental history of HS are at increased risk for HS. Specifically,
a parental history of HS may be an important factor among those that are otherwise metabolically
healthy.

Keywords
computed tomography; disease risk; familial; fatty liver disease; heritability

1| INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), the most common cause of chronic liver disease,
is characterized by hepatic steatosis in the absence of excess alcohol intake or other causes.
1.2 |n a minority of individuals, hepatic steatosis can progress to steatohepatitis and fibrosis
though it is not fully understood why some people develop liver fibrosis and others have a
relatively benign disease course.? Hepatic steatosis is associated with features of the
metabolic syndrome, including obesity, insulin resistance, hypertension, and dyslipidemia;
however, these traits alone are not sufficient to produce hepatic steatosis.* Recent genetic
association studies have suggested an association between the patatin-like phospholipase
domain-containing 3 (PNPLA3) genotype, among others, and hepatic steatosis.>-11
However, the PNPLAS3 genotype explains only 10-12% of the variance in the trait®;
therefore, there remains much to be discovered regarding the genetic susceptibility to hepatic
steatosis.

To date, there has been limited investigation regarding the risk of hepatic steatosis among
children of affected parents. Prior studies utilizing twin cohorts suggest hepatic steatosis is
heritable; however, these studies have been limited by relatively small sample sizes or the
use of serum aminotransferase levels as a surrogate for hepatic steatosis.12-14

We examined the association between parental hepatic steatosis and risk of hepatic steatosis
in offspring by utilizing the multigenerational Framingham Heart Study cohorts which
characterized hepatic steatosis using computed tomography. We hypothesized that offspring
with one or more parents with hepatic steatosis will have an increased odds of hepatic
steatosis. Further, we hypothesized that this relationship would be maintained after adjusting
for potential confounding factors including body mass index (BMI).

2| MATERIALS AND METHODS

2.1] Study sample

Data for the present study were obtained from second-generation and third-generation cohort
participants in the multigenerational Framingham Heart Study (FHS) who had previously
undergone multidetector computed tomography (MDCT) from 2002 to 2005 as part of a
sub-study.2>-17 The MDCT sub-study of the FHS has been described in detail.1> Inclusion
criteria for participating in the MDCT sub-study were as follows: residing in the greater
New England area; an age of >40 for women and age =35 years for men; and body weight
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<450 Ibs owing to the weight restrictions of the MDCT scanner. Pregnant women were also
excluded. Of the 1883 third-generation participants with adequate measurement of hepatic
steatosis in the MDCT study, 912 had at least one parent in the second-generation cohort
who also participated in the MDCT sub-study. Participants were excluded if they or a parent
participant were significant alcohol users defined as >14 drinks per week for women and
>21 drinks per week for men® (n = 126) or if covariates were missing (n = 1) which yielded
a final sample of study sample of 785 third-generation participants (Figure 1). The
institutional review boards of the Boston University Medical Center and the Massachusetts
General Hospital approved the study protocol. Participants provided written informed
consent.

Measuring hepatic steatosis

Hepatic steatosis was measured from MDCT scans of the abdomen as previously described
in detail.# A total of 25 contiguous images (5 mm slices) of the abdomen were obtained
from participants in the supine position (Light Speed Ultra, General Electric, Milwaukee,
WI; 120 KVp, 400 mA,; gantry rotation time, 500 milliseconds; table feed, 3:1). A
radiopaque phantom (Image Analysis, Lexington, KY) was visualized on each image
obtained. The mean Hounsfield units (HU) across three separate areas of the liver were
averaged to determine the liver HU attenuation from the MDCT scans. We calculated the
liver phantom ratio (LPR) as the ratio between the average liver HU and the phantom HU as
previously described.1® As the LPR decreases, the fat content of the liver increases. We
defined hepatic steatosis by a LPR <0.33, which was shown in our prior work to be highly
sensitive and specific for detecting liver fat.4

Parental and offspring hepatic steatosis

Our primary exposure of interest was parental hepatic steatosis defined as a LPR <0.33 in at
least one parent of a participant in the third-generation cohort. Secondary exposures were
maternal hepatic steatosis (defined as LPR <0.33 in a participant’s mother), paternal hepatic
steatosis (defined as LPR <0.33 in a participant’s father), and both parents with hepatic
steatosis. The primary outcome was the presence of hepatic steatosis defined as a LPR <0.33
in the third-generation cohort participants.

Covariates

Covariates were assessed at the first examination (2002—2005) for the FHS third-generation
cohort participants at the time of the MDCT scan. Information pertaining to the alcohol use
of parent participants in the second-generation FHS study was assessed at the seventh
examination (1998-2001). Alcohol use was assessed on the basis of a physician-
administrated questionnaire and recorded as drinks per week or drinks per month.
Participants were considered current smokers if they had smoked at least one cigarette per
day in the year preceding the FHS examination. BMI was computed by participants’ weight
in kilograms divided by height in metres squared. Obesity was specified as BMI 30 kg/m? or
higher. Plasma glucose and serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were obtained from fasting morning samples using an automated
Roche method (Roche Cobas 501). Elevated ALT or AST was defined as an ALT or AST
>19 U/L for women and >30 U/L for men.
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Diabetes was defined as fasting plasma glucose =126 mg/dL or treatment with a
hypoglycaemic agent or insulin. Impaired fasting glucose was defined as fasting glucose
>100 to < 126 mg/dL in the absence of hypoglycaemic use. The homeostatical model
assessment for insulin resistance (HOMA-IR) was calculated using fasting glucose and
insulin levels. Dyslipidemia was defined as the use of lipid-lowering therapy. Hypertension
was defined as a systolic blood pressure 2140 mm Hg, a diastolic blood pressure = 90 mm
Hg, or the use of antihypertensive medications. Cardiovascular disease was defined as new-
onset angina, myocardial infarction, transient ischaemic attack, stroke, heart failure, or
intermittent claudication noted at the FHS clinical encounter with a study physician and
from available medical records. Cardiovascular disease events were adjudicated by a
committee of three FHS investigators.

Statistical analysis

Generalized estimating equation (GEE) models were used to account for familial
correlation. We applied GEE using multivariable logistic regression to generate the odds of
hepatic steatosis (LPR <0.33) in individuals according to the exposure category. The primary
exposure category was at least one parent with hepatic steatosis compared to those without a
parental history of hepatic steatosis (referent group). Secondary exposures included:
maternal hepatic steatosis, paternal hepatic steatosis, and both parents with hepatic steatosis.
Models were adjusted for age, sex, and alcohol use (base model). A multivariable model
additionally adjusted for BMI. We performed two sensitivity analyses. We had available
HOMA-IR and lipid-lowering treatment on 679 participants and added adjustment for log-
transformed HOMA-IR and lipid-lowering treatment to the regression models. Additionally,
we repeated the multivariable regression analyses without excluding heavy alcohol
consumers, which increased the sample size to n = 816.

Given that a few genetic determinants of hepatic fat content have recently been identified in
genome-wide association studies (GWAS), we performed an exploratory analysis to
additionally adjust by the genetic risk for NAFLD. We have genetic data available on
741/785 (94.4%) of Third Generation participants. We have previously created a weighted
genetic risk score (GRS)1? for NAFLD based on a published GWAS in adults of European
ancestry that had replication or functional studies available for validation.® Five SNPs
(rs738409, rs2228603, rs12137855, rs780094, rs4240624) were selected. The weighted GRS
was created by summing together the product of the number of NAFLD-associated risk
alleles and the corresponding regression coefficient derived from the GWAS.19 For the
exploratory analysis, we additionally adjusted for the GRS in the regression models.

In a secondary subgroup analysis, we determined the proportion of offspring with hepatic
steatosis according to parental hepatic steatosis status. We additionally stratified according
to the presence or absence of cardiometabolic diseases including hypertension, diabetes, or
obesity (BMI =30 kg/m?2), which have previously been associated with hepatic steatosis.
Participants without hypertension, diabetes, or obesity were considered to have an “optimal”
risk factor profile while those with at least one of these conditions were considered to be at
elevated cardiometabolic risk. A chi-square test was performed to determine the difference
in proportions between groups.
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All analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC) software. All
p-values were two-sided and a £ < 0.05 was considered significant.

3| RESULTS

3.1| Study sample characteristics

Approximately 23% of our sample (183/785) had at least one parent with hepatic steatosis
(maternal hepatic steatosis (n = 95), paternal hepatic steatosis (n = 79), both parents affected
(n =9)). Participants with a parent history of hepatic steatosis were slightly younger (42.5

+ 5.1 years vs 43.9 + 5.6 years; £=0.002) and slightly more likely to smoke (18% vs 12%;
P=0.048) compared to those without a parental history of hepatic steatosis; however, there
were no significant differences between cardiometabolic traits (Table 1).

3.2 | 0Odds of hepatic steatosis in offspring according to parent hepatic steatosis status

Participants with at least one parent with hepatic steatosis had a two-fold increased odds of
hepatic steatosis compared to participants without a parental history of hepatic steatosis (OR
2.0, 95% confidence interval (CI) 1.29, 3.11). This association was slightly attenuated but
remained statistically significant in multivariable models adjusted for age, sex, alcohol use,
and BMI (OR 1.86, CI 1.15-3.03) (Table 2). Specifically, maternal hepatic steatosis was
associated with increased odds of hepatic steatosis in offspring in age-, sex-, and alcohol-
adjusted models, (OR 1.86, Cl 1.08-3.21), though the association was no longer significant
after the model was additionally adjusted for baseline BMI. The magnitude of the OR was
similar for paternal hepatic steatosis as for maternal hepatic steatosis; however, the models
were not statistically significant (Table S1). Though only a small number of participants had
2 parents with hepatic steatosis, we observed a significant increased odds of hepatic steatosis
in offspring after adjusting for age, sex, and alcohol use (OR 6.79, CI 1.79, 25.81); however,
after BMI was added to the multivariable model, the association was attenuated and no
longer statistically significant (OR 3.31, OR 0.34, 32.29) (Table 2). Additional adjustment
for log-transformed HOMA-IR and lipid-lowering treatment did not significantly change the
results (Table 2). Expanding the sample size to include heavy alcohol consumers (h = 126)
also did not significantly change the results (Table S2).

In an exploratory analysis, after accounting for a NAFLD GRS in the multivariable models,
the association with parental hepatic steatosis and risk of hepatic steatosis in the offspring
remained essentially unchanged (Table S3).

3.3 | Proportion with hepatic steatosis by parental hepatic steatosis status

Among participants with a parental history of hepatic steatosis, 21.3% also had hepatic
steatosis. In contrast, a significantly lower proportion of participants without a parental
history of hepatic steatosis had hepatic steatosis (21.3% vs 12.6%, P = 0.004) (Figure 2).

In a subgroup analysis, 39 participants with an optimal risk factor profile (no hypertension,
diabetes, or obesity (n = 514)) had hepatic steatosis on MDCT scan. A higher proportion of
those with optimal risk factors and hepatic steatosis had a history of parental hepatic
steatosis compared to those with optimal risk factors and no parental hepatic steatosis
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(16.1% vs 5.2%, P< 0.001) (Figure S1). For participants with elevated cardiometabolic risk
(defined by the presence of hypertension, diabetes, or obesity (n = 252)), 73 had hepatic
steatosis on MDCT scan. Among participants with elevated cardiometabolic risk and hepatic
steatosis, there was no difference in the proportion of those with a parental history of hepatic
steatosis compared to without a history of parental hepatic steatosis (30.3% vs 28.5%, P=
0.78) (Figure S1).

DISCUSSION

In a community-based sample, parental hepatic steatosis predicted an increased risk of
hepatic steatosis among offspring after accounting for alcohol use29 and BMI,2L which are
known to have genetic components. Our findings suggest that shared genetic and
environmental mechanisms contribute to the pathogenesis of NAFLD even among
unselected, community-based individuals. Our models were not significantly changed after
accounting for known genetic risk factors for NAFLD, which suggests additional genetic
risk factors or shared environmental factors may account for the increased risk observed. A
higher proportion of participants with a parental history of hepatic steatosis themselves had
hepatic steatosis. In particular, participants who were relatively healthy, but with a family
history of hepatic steatosis, were more likely to have hepatic steatosis compared to those
with optimal risk factors but without a parental history of hepatic steatosis. However,
parental hepatic steatosis was not a significant risk factor for hepatic steatosis among those
with elevated cardiometabolic risk.

Our study is in line with prior studies which have identified family clustering in individuals
with more advanced liver disease.1422.23 A study of 90 patients with non-alcoholic
steatohepatitis found that 18% had a first-degree relative with advanced liver disease.?3
Additionally, another small study found higher hepatic fat content in parents and siblings of
obese children with NAFLD compared to obese children without NAFLD.14 Importantly,
this association remained after accounting for age, sex, ethnicity, and BMI, indicating a
possible genetic component to hepatic steatosis separate from general adiposity. In a Finnish
twin study, hepatic steatosis as measured by magnetic imaging spectroscopy in a small sub-
set of monozygotic twins was highly correlated between twin pairs, after accounting for
BMI.24 A twin study derived from a Southern California cohort showed that both hepatic
steatosis and hepatic fibrosis are heritable traits'3 with significant shared gene effects.?> A
prospective study of probands with cirrhosis from non-alcoholic steatohepatitis showed that
both the odds of NAFLD and advanced fibrosis were significantly increased among the first-
degree relatives of patients with NASH cirrhosis compared to healthy controls.26 These data
implicate the role of familial factors in increasing susceptibility towards NAFLD. Our study
adds to the current literature by describing the impact of parental hepatic steatosis on the risk
of hepatic steatosis in offspring without apparent liver disease.

In an exploratory analysis, the risk of hepatic steatosis among offspring of affected parents
remained after accounting for multiple genes associated with NAFLD (PNPLAS3, NCAN,
LYPLALI, GCKR, and PPIR3B) in a GRS. However, the GRS did not fully explain the
heritability of NAFLD and additional genes may also contribute to NAFLD genetic risk. A
variant in the locus for the membrane bound O-acyltransferase domain-containing 7 gene
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(MBOAT7 or LPIATI) was recently associated with increased liver fat in alcoholic and non-
alcoholic fatty liver disease,2” though its role in NAFLD is not yet completely understood.28
The transmembrane 6 superfamily 2 (7TM6SF2) gene has also been associated with NAFLD
in multiple studies?®-31 though it did not reach the genome-wide significant threshold in the
GWAS study used to create the GRS.8 Additional genes, including rare variants, which have
yet to be identified, may add to our understanding of NAFLD genetics. Inherited epigenetic
changes, such as DNA methylation, histone modifications, and non-coding RNA mediated
gene silencing, may also contribute to the heritability of NAFLD, though more research is
needed.32:33

In our study, participants with optimal cardiometabolic disease defined as lack of
hypertension, diabetes, or obesity were more likely to have hepatic steatosis if they had a
parental history of hepatic steatosis compared to those without; however, this difference was
not apparent among participants with cardiometabolic disease risk factors. Prior studies of
adults demonstrate a strong association between NAFLD and metabolic disease.2434 It is
possible that once individuals develop metabolic disease, the contribution of genetic risk
factors for hepatic steatosis becomes less important. It is not known if individuals with
NAFLD but without metabolic disease will later develop liver or cardiovascular
consequences of NAFLD or will continue to have a benign course. One prior study noted
that volunteers with NAFLD because of a genotype associated with hepatic steatosis,
PNPLAS3, did not have potentially harmful adipose tissue inflammation, which was observed
in those with obesity and NAFLD.35 However, other studies have demonstrated an
association between the PNPLA3Z genotype and the severity of liver disease.36-38 Additional
genetic studies in younger aged-NAFLD cohorts or in cohorts of individuals without
metabolic disease are needed to further explore the genetics of NAFLD when gene-gene and
gene-environment interactions may be minimized.3°

The strengths of our study include the definition of hepatic steatosis based on MDCT
imaging in both the offspring and parents which reduced the potential for misclassification
had we relied on non-imaging based surrogate markers of liver fat such as serum
aminotransferase levels. Additionally, our study included unselected, community-based
participants which reduces the likelihood that our sample had unique mechanisms
underlying hepatic steatosis or that our sample included families with rare genetic
conditions.

Limitations of our study include the few cases (n = 9) with two affected parents and a large
number of participants with only one parent with available data (n = 643) which potentially
led to differential misclassification and biased our results towards the null. In the subgroup
analysis of the separate contribution of maternal or paternal hepatic steatosis to hepatic
steatosis in offspring, our sample size and power were low and; therefore, our type Il error
rate was high. Moreover, our sample was 100% White of European ancestry and our results
may not be generalizable to individuals of different race or ethnicity. Additionally, we
cannot exclude early family environmental influences which may account for the observed
familial association; however, this is less likely given the mean age of the offspring was 43
years. In our subgroup analysis, we define those without obesity, diabetes, or hypertension
as having “optimal metabolic risk”; however, many of the participants in this category with
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hepatic steatosis also were overweight with central obesity and atherogenic dyslipidemia so

cannot be considered metabolically healthy.

In conclusion, individuals with a parental history of hepatic steatosis are at increased risk for
hepatic steatosis, even after accounting for BMI. Specifically, a parental history of hepatic
steatosis may be an important factor in NAFLD among those that are otherwise relatively

metabolically healthy. Additional genetic studies are needed to identify the genes and

mechanisms underlying the familial relationship.
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Key points

Multiple risk factors for hepatic steatosis have been previously identified,
including hypertension, diabetes, and obesity; however, these conditions do
not completely explain the risk for non-alcoholic fatty liver disease.

We demonstrate that participants in the community-based Framingham Heart
Study had a nearly two-fold increased odds of hepatic steatosis if they had a
family history of imaging-defined hepatic steatosis.

In particular, a parental history of hepatic steatosis may be a more important
risk factor for hepatic steatosis among those without other cardiometabolic
risk factors.

A family history of hepatic steatosis should be considered when determining
an individual’s risk for non-alcoholic fatty liver disease.
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1883 Third-generation cohort
participants in MDCT study

971 excluded due to no parent in
the MDCT study

T
912 Third-generation cohort
participants with at least 1
parent in MDCT study

127 participants excluded due to:
-Heavy alcohol consumer: n =95
-Parental heavy alcohol use: n=31
-Missing covariates: n=1

i
[ 785 participants in final analysis |

FIGURE 1.
Study sample in the analysis of risk of hepatic steatosis in offspring according to parental

history of hepatic steatosis. MDCT, multidetector computed tomography
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25 1

Percentage of offspring with HS (%)

FIGURE 2.

15 1

10 +

Page 13

No parental HS (n = 588)

Parental HS (n=178)

Proportion of third-generation cohort participants with hepatic steatosis stratified by parental
hepatic steatosis status. In our cohort, 21.3% of participants with hepatic steatosis had a
history of parental hepatic steatosis. In contrast, among participants without parental hepatic
steatosis, only 12.6% had hepatic steatosis (21.3% vs 12.6%, = 0.004)
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Unadjusted and multivariable-adjusted odds of hepatic steatosis in Third Generation Cohort participants

TABLE 2

grouped by parental hepatic steatosis status

Odds of hepatic steatosis compared
to those without parent hepatic
steatosis (reference)

OR (95% CI) P-value
At least one parent with hepatic steatosis
n 183
Unadjusted 2.00 (1.29, 3.11) 0.002
Age, sex, alcohol adjusted 1.95 (1.25, 3.05) 0.003
Age, sex, alcohol, BMI adjusted 1.86 (1.15, 3.03) 0.01
Age, sex, alcohol, HOMA-IRa, lipid-lowering treatment adjusted 1.95(1.15,3.31) 0.01
Age, sex, alcohol, HOMA-IRH, lipid-lowering treatment, BMI adjusted 1.92(1.13,3.27) 0.02
Both parents with hepatic steatosis
n 9
Unadjusted 6.43 (1.46, 28.32) 0.01
Age, sex, alcohol adjusted 6.79 (1.79, 25.81) 0.005
Age, sex, alcohol, BMI adjusted 3.31(0.34, 32.29) 0.30
Age, sex, alcohol, HOMA—IRa, lipid-lowering treatment adjusted 4.89(0.99, 24.20) 0.05
3.66 (0.52, 25.78) 0.19

Age, sex, alcohol, HOMA—IRa, lipid-lowering treatment, BMI adjusted

BMI, body mass index; GRS, gen

aHOMA-IR was log-transformed.

etic risk score; HOMA-IR, homeostatical model assessment for insulin resistance.
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