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ABSTRACT OF THE THESIS
Socioeconomic conditions, and not genetics alone,

predict progression of nonalcoholic fatty liver disease

by

Maria Christine Rieman-Klingler

Master of Arts in Anthropology

University of California San Diego, 2022

Professor Amy Non, Chair

Nonalcoholic fatty liver disease (NAFLD) is the leading cause of chronic liver disease
globally, with an estimated prevalence exceeding 25%. Variants in the PNPLA3 and HSD17B13
genes have been a focus of investigations surrounding the etiology of NAFLD and are believed
to contribute to the greater burden of disease experienced by Hispanic Americans. However,
little is known about socioeconomic factors influencing NAFLD progression or its increased

prevalence among Hispanics. We cross-sectionally analyzed 264 patients to assess the role of

viii



genetic and socioeconomic variables in the development of advanced liver fibrosis in individuals
at risk for NAFLD. Adjusting for age, sex, body mass index (BMI), and PNPLA3 genotype,
lacking a college degree was associated with 3.3 times higher odds of advanced fibrosis (95%
Cl: 1.21-8.76, p=0.019), an effect comparable to that of possessing the PNPLA3 risk variant.
Notably, the effect of PNPLA3 genotype on advanced fibrosis was attenuated to non-significance
following adjustment for education and other socioeconomic markers. The effect of the
protective HSD17B13 variant, moreover, diminished after adjustment for education (OR: 0.39
[95% CI: 0.13-1.16, p=0.092]), while lower education continued to predict advanced fibrosis
following multivariable adjustment with an odds ratio of 8.0 (95% ClI: 1.91-33.86, p=0.005).
Adjusting for education attenuated the effect of both genotype and Hispanic ethnicity on liver
fibrosis, suggesting that social factors—rather than genes or ethnicity alone—may be driving
disease severity within this population. This study reveals the importance of including

socioeconomic variables when considering the role of genetics or ethnicity in complex disease.



INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver
disease globally, with an estimated prevalence of over 25% ('Younossi et al., 2016).
Characterized by the accumulation of excessive hepatic fat in the absence of significant alcohol
consumption, NAFLD is recognized as an umbrella category encompassing a spectrum of
diseases that range in severity from simple steatosis, also known as nonalcoholic fatty liver
(NAFL), to nonalcoholic steatohepatitis (NASH). While both NAFL and NASH involve the
initial deposition of surplus fat within liver hepatocytes, NAFL may be a relatively benign
condition, whereas NASH is a more serious and aggressive form of disease that involves liver
inflammation and hepatocellular injury subsequent to the process of fatty change. This
inflammation and injury can cause fibrosis, or scarring and stiffening, of the liver, which may
eventually progress to cirrhosis (advanced scarring), liver failure, and hepatocellular carcinoma
(Brunt et al., 2015; Friedman et al., 2018; Huang et al., 2021; Rinella, 2015). While once a
relatively obscure and unrecognized disorder (Ludwig et al., 1980; Pais et al., 2016), NAFLD
has increased dramatically in prevalence over the past three decades (Ge et al., 2020; Pais et al.,
2016; Younossi et al., 2018, 2019) and now constitutes the fastest growing indication for liver
transplantation in Western nations (Burra et al., 2020). With predictive models forecasting an
exponential increase in the mortality and burden of disease caused by NAFLD (Estes et al.,
2018), elucidating the precise causes of the disorder has become a major effort in biomedical
research (Farrell & Larter, 2006; Sanyal et al., 2016; Zhu et al., 2020) and an endeavor with
particular relevance to global public health.

Although the precise etiology of NAFLD is unknown, the disease is highly associated

with features of metabolic syndrome, such as obesity, insulin resistance and type 2 diabetes,



elevated serum triglyceride levels, and low serum levels of HDL cholesterol (Angulo, 2002).
Beyond these metabolic abnormalities, risk factors for the development and progression of
NAFLD include belonging to particular racial and ethnic groups. Within the United States,
recent estimates have placed the overall prevalence of NAFLD above 30% (Ciardullo &
Perseghin, 2021; Zou et al., 2020), but significant racial and ethnic disparities—particularly
characterized by a disproportionately high rate of disease among Hispanics—are present. In a
systematic review and meta-analysis of literature published through 2016, for example, Rich and
colleagues (2018) analyzed 34 studies characterizing racial/ethnic disparities in NAFLD
prevalence, severity, or prognosis in the United States, and found pooled disease prevalence to
be highest in Hispanic individuals (23%), intermediate in non-Hispanic Whites (14%), and
lowest in non-Hispanic Blacks (13%). Among patients with NAFLD, moreover, the study found
a higher pooled relative risk of NASH in Hispanic Americans than in either non-Hispanic White
or non-Hispanic Black Americans.” These general race-based trends are supported by the
findings of many studies (Lim et al., 2019; Patel et al., 2020; Zou et al., 2020), and both NAFLD
and NASH are thus well-established to exhibit heterogeneous distributions across racial and
ethnic groups in the United States, with Hispanics bearing a greater burden of disease.

The strong relationship between NAFLD and metabolic conditions, particularly those of
obesity and insulin resistance, has resulted in a general recognition of the disease as the hepatic
manifestation of metabolic syndrome (Katsiki et al., 2018; Kim & Younossi, 2008). However,

some incongruities in these metabolic relationships render a simple explanation of metabolic

* Of note, Rich et al. (2018) report that between-race differences in NAFLD prevalence were greater in population-
based cohorts (ranging from 13% to 23%) than in high-risk cohorts (ranging from 47.6% to 55.5%) composed
primarily of patients with obesity or other metabolic risk factors. While among high-risk patients, for example,
Blacks maintained a lower risk of NAFLD than Whites, the risk of NAFLD in high-risk Hispanics was not
significantly different from that in high-risk Whites.



difference unlikely to fully account for the observed racial disparities in disease outcomes. For
example, although roughly 95% of individuals with NAFLD in the United States are overweight
or obese (Zou et al., 2020), this proportion is reduced to roughly 80% worldwide (Ye et al.,
2020). Thus, while some evidence has suggested that elevated body mass index (BMI) may be
independently associated with NAFLD and increase the risk of fatty liver in a dose-dependent
fashion (Fan et al., 2018), a subset of NAFLD does occur in individuals of normal weight,
suggesting that factors beyond obesity are involved in its development. In the United States, the
higher prevalence of obesity in Hispanic relative to White Americans—with recent estimates of
45.6% and 41.4%, respectively—is itself insufficient to explain racial disparities in NAFLD
prevalence, as Black Americans have a higher rate of obesity than both Hispanics and Whites, at
49.4% (Stierman et al., 2021), yet exhibit the lowest prevalence of NAFLD of the three racial
subgroups. NAFLD and hepatic fibrosis are additionally highly associated with insulin resistance
(Angulo, 2002; Angulo et al., 2004; Bugianesi et al., 2005; Jinjuvadia et al., 2017; Marchesini et
al., 1999, 2001; Marusi¢ et al., 2021), and although Hispanic Americans have a higher
prevalence of type 2 diabetes than Whites (22.2% vs. 12.0%), this proportion is not significantly
different from that of other major racial subgroups, such as Asian (18.1%) or Black (18.8%)
Americans (Stierman et al., 2021). Paradoxically, Black Americans experience a drastically

lower degree of NAFLD in comparison to Hispanics, despite having a similar prevalence of type



2 diabetes and a higher average BMI." These discrepancies suggest that disparate rates of
individual metabolic conditions alone are unlikely to explain the racial and ethnic disparities
observed in the distribution and progression of NAFLD.

The complexity of these associations, in conjunction with the characteristically high
frequency of NAFLD within Hispanic populations, has garnered the attention of genetic
researchers. Gene variants in multiple chromosomal regions are believed to modify an
individual’s susceptibility to NAFLD, the most well-characterized of which is a non-
synonymous variant (rs738409 C>G p.1148M) in the patatin-like phospholipase domain-
containing protein 3 (PNPLA3) gene, which codes for adiponutrin, a protein found in fat and
liver cells (Trépo et al., 2016). The risk variant at this locus, characterized by the substitution of
cytosine (C) with guanine (G), is robustly associated with NAFLD across different geographical
and ethnic contexts and predicts a higher risk of hepatic steatosis (Romeo et al., 2008), NASH
(Sookoian & Pirola, 2011; Zain et al., 2012), advanced fibrosis (Ajmera et al., 2021), cirrhosis
(Emdin et al., 2021), and hepatocellular carcinoma (Huang et al., 2021; Liu et al., 2014; Trépo et
al., 2014). Notably, this G risk variant is more prevalent in Hispanic than in Black or White
Americans, with allele frequencies previously reported as 0.49, 0.17, and 0.23, respectively

(Romeo et al., 2008).

 This apparent contradiction may be partially resolved in light of the significantly lower frequencies of high
triglyceride and low HDL cholesterol levels observed in Black relative to White Americans (Park et al., 2003; Yu et
al., 2012) or Mexican Americans (Park et al., 2003), as these are two features of metabolic syndrome highly
associated with NAFLD (Cortez-Pinto et al., 1999; Fukuda et al., 2016). Some data have actually suggested that
serum triglyceride level alone may be a stronger predictor of fatty liver than obesity, as well as an independent
commonality among patients with NAFLD irrespective of BMI (Bonacini et al., 2021; Fan et al., 2019;
Wagenknecht et al., 2009). NAFLD also appears to relate more strongly to visceral adipose tissue than to overall
obesity or BMI, and Blacks display less visceral adiposity, on average, than both Hispanics and Whites, despite
having higher BMI (Carroll et al., 2008; Wagenknecht et al., 2009). Still, even in subgroup analyses restricted to
individuals with insulin sensitivity or with low visceral adiposity, Wagenknecht et al. (2009) have shown that the
lower prevalence of hepatic steatosis in Blacks compared to Hispanics remains persistent.



In contrast, an additional variant of particular interest in NAFLD is a protective protein-
truncating splice variant (rs72613567:TA) in HSD17B13 (Abul-Husn et al., 2018), a gene
encoding a hepatic lipid droplet protein, 173-hydroxysteroid dehydrogenase-13, involved in
lipogenesis (Su et al., 2014). Individuals with this HSD17B13 T to TA insertion variant have
reduced serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST)—
two markers of hepatocellular injury—and a decreased risk of NASH, hepatic fibrosis, and other
forms of fatty liver disease (Abul-Husn et al., 2018; Wang et al., 2020). This protective TA
allele, furthermore, is less common in Hispanic than in non-Hispanic individuals, with minor
allele frequencies previously reported as 0.09 and 0.23, respectively (Ajmera et al., 2021).

Given the higher prevalence and progression of NAFLD in Hispanics, and the relative
frequencies of the PNPLA3 G risk variant and HSD17B13 TA protective variant among
Hispanics, scientists have speculated that the PNPLA3 and HSD17B13 genes may causally
contribute to both the development of NAFLD as well as to its increased incidence and severity
among Hispanics (Krawczyk et al., 2020). While there has been explosive interest in determining
the genetic and metabolic underpinnings of the disease, however, few studies have approached
these disparities with a social, rather than a molecular, lens. Fibrosis stage, which describes the
presence and extent of extracellular protein buildup and hepatic scarring in liver disease, is the
only histologic marker consistently associated with long-term outcomes and mortality in patients
with NAFLD (Angulo et al., 2015; Ekstedt et al., 2015). Yet, at the time of writing, remarkably
few studies could be found that analyze the risk of advanced fibrosis according to axes of social
inequality, such as income, education level, occupation, or other social-environmental
characteristics. Available analyses of social factors have primarily focused on food and

nutritional access, and have revealed an important association between food insecurity and the



presence of advanced fibrosis among low-income, U.S. adults (Golovaty et al., 2020). While
some research has addressed other environmental and lifestyle risk factors for advanced fibrosis,
these are typically limited to those involving individual choices and behavior, such as patterns of
diet and exercise (Heredia et al., 2022; Kistler et al., 2011). Although understanding these factors
is highly relevant, understanding only these factors may foster a belief that personal choices,
irrespective of systemic and structural issues, are alone responsible for between-group
differences in health outcomes.

In addition, studies have reported the prevalence of NAFLD and liver disease outcomes
according to racial and ethnic group, but without determining the driving factors contributing to
these disparities. Investigations of NAFLD that attempt to assess effects of ethnicity have
typically controlled, if at all, for biochemical markers or metabolic conditions alone, thus
omitting potential mediatory environmental or socioeconomic variables. Evidence from multiple
studies has revealed an association between NAFLD and Hispanic ethnicity, but much of this
research has consequently attributed the association a priori to genetic or molecular causes,
without adjusting for social or environmental circumstances that could confound the relationship.
Since ethnic groups may share particular genetic variants, but are likely to share particular social
and environmental circumstances as well, additional research is needed that incorporates genetic,
racial/ethnic, and social variables in order to disentangle the relationships between predictive
genetic markers of disease and disease outcomes themselves. To our knowledge, no studies of
advanced fibrosis in NAFLD have simultaneously controlled for genetic, social, and racial/ethnic
variables.

The purpose of the current study is to explore the relationship between social variables,

genetics, and disease progression in NAFLD. Examining a well-described cohort of patients at



risk for NAFLD, we comparatively assessed the value of social-environmental markers and
genetic variants in PNPLA3 and HSD17B13 in predicting the development of advanced liver
fibrosis, the primary indicator of progression and prognosis in fatty liver disease. While a prior
study of this same cohort demonstrated strong associations between these gene variants and
advanced fibrosis, adjustment for variables beyond age, sex, and BMI was absent from this
research. Here we hypothesized that education level and other social markers would associate
with advanced liver fibrosis measured by magnetic resonance elastography (MRE), and that

associations would persist following adjustments for genotype.



METHODS

Study Design

A cross-sectional analysis was performed on a well-characterized prospective cohort of
264 patients who had visited the University of California, San Diego (UCSD) NAFLD Research
Center between 2011-2017 for a standardized research assessment. The assessment included a
clinical physical exam and collection of anthropometric measurements; documentation of past
medical history and social history; performance of biochemical laboratory tests, MRE
assessment of liver stiffness, and PNPLA3 and HSD17B13 genotyping; and collection of
socioeconomic and demographic data via patient questionnaire. Written, informed consent was
obtained from all participants prior to their enrollment in the study, and the study was approved

by the UCSD Institutional Review Board.

Participants

All patients in the study were 18 years of age or older and had provided written informed
consent prior to their enrollment. Patients were ineligible for the study if they met one or more of
the following criteria: alcohol intake > 7 drinks/week for women or > 14 drinks/week for men
within the previous two years; evidence of current substance use; clinical- or laboratory-based
evidence of other causes or chronic conditions associated with fatty liver disease, such as
nutritional disorders, HIV infection, or use of steatosis-inducing medications (such as
amiodarone, glucocorticoids, methotrexate, I-asparaginase, and valproic acid); presence of
underlying liver disease aside from NAFLD, including viral hepatitis (determined using serum
hepatitis B surface antigen and hepatitis C RNA assays), autoimmune hepatitis, alpha-1

antitrypsin deficiency, Wilson’s disease, glycogen storage disease, hemochromatosis, and



vascular or cholestatic liver disease; decompensated liver disease (cirrhosis), defined as having a
Child-Pugh score above 7 points; major systemic diseases; ineligibility for magnetic resonance
imaging (MRI) assessment, based on the presence of metallic implants, claustrophobia, or a body
circumference greater than the capacity of the MRI chamber; current pregnancy or active
attempts to become pregnant; and any other conditions believed by the principal investigator to
impact a patient’s ability to complete the study. A total of 264 patients met inclusion and

exclusion criteria and were included in the study.

Biomedical Variables

Each patient was seen at the research center for a standardized clinical assessment, which
included a detailed history and a physical examination (comprising vital signs, height, weight,
and other anthropometric measurements) conducted by a trained clinical investigator. BMI was
calculated using the standard formula kg/m? (body weight [in kilograms] divided by height [in

meters] squared).

PNPLA3 and HSD17B13 Genotyping

Patient DNA was extracted from whole-blood samples obtained during the research visit
using Qiagen DNeasy® Blood & Tissue Kits. PNPLA3 and HSD17B13 genotyping was
conducted in triplicate using Applied Biosystems SNP assays and were analyzed using Quant

Studio.

Socioeconomic Variables

Patients completed a registration form and questionnaire during the research visit that



asked them to report their highest education level (selecting one of the following eight options:
“never attended school”; “kindergarten or below”; “grade 1-5”; “grade 6-8”; “grade 9-11";
“completed high school”; “some college”; “bachelor’s degree or higher”); marital status
(selecting one of the following four options: “single/never married”; “married/marriage-like
relationship”; “separated/divorced/annulled”; “widowed”); annual household income (selecting
one of the following four options: “less than $15,000/year”; “$15,000-$29,999/year”; “$30,000-
$49,999/year”; “$50,000/year or more™); and race (selecting one of the following six options:
“American Indian or Alaska Native”; “Asian”; “Black or African American or Negro or
Haitian™; “Caucasian’; “Hispanic or Latino or Latina”; “Native Hawaiian or other Pacific
Islander”).

Education data were binned as a binary categorical variable prior to statistical analysis.
Given the high level of education within this cohort (40% of patients reported having obtained a
bachelor’s degree or higher), responses from the bottom seven education levels (“never attended
school” through “some college™) were recombined into a single category, “less than college
degree.” Data from the top (highest) education level, “college degree or higher,” served as the
reference category in all analyses. This method of data reclassification was informed by previous
research suggesting that degree attainment may be a stronger predictor of health than overall
quantity or years of schooling. In other words, individuals possessing a degree may experience
additional benefits to health relative to those who lack official credentials but possess an
equivalent number of years of education—a phenomenon known as the “sheepskin” effect (Liu
et al., 2011, 2013). For these reasons, we chose attainment of a college degree as our threshold
for patient categorization, separating those possessing degrees from those reporting some college

completion.
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Data on annual household income (AHI), consisting of four possible responses from the
patient questionnaire, were additionally binned as a binary categorical variable. Responses in the
upper two income levels of the patient questionnaire were regrouped into a single income
category, “$30,000/year or more.” Responses in the lower two income levels of the patient
questionnaire were regrouped into one income category, “less than $30,000/year.”

Alcohol intake was reported outside of clinical appointments but was confirmed in the
clinic with the Alcohol Use Disorders Identification Test (AUDIT; Saunders et al., 1993)) and
the Lifetime Drinking History (LDH; Skinner & Sheu, 1982). Secondary causes of liver disease,
such as alcohol overconsumption, were systematically excluded based on patient history and

results from clinical laboratory testing.

Magnetic Resonance Elastography (MRE) Assessment of Liver Fibrosis

Magnetic resonance imaging (MRI) of the abdomen was obtained using a single 3 Tesla
MR scanner (GE Signa EXCITE HDxt 3.0T; GE Healthcare) at the UCSD MR3T Research
Laboratory. Liver stiffness was calculated in kilopascals (kPa) using two-dimensional MRE—the
most accurate non-invasive method to quantitatively assess liver stiffness as a proxy for liver
fibrosis—as previously described (Imajo et al., 2016; Park et al., 2017). In brief, an acoustic
passive driver was secured to the body wall over the liver and paired with an acoustic active
driver located outside of the exam room. Continuous 60 Hertz shear waves, propagated by the
passive driver and directed into the liver, were imaged and processed to create transverse liver
stiffness maps, known as elastograms. Four transverse slices were obtained; co-localized
anatomical regions of interest were specified manually, as described previously (Dulai et al.,

2016).

11



Definition of Advanced Fibrosis

Patients were classified as having advanced fibrosis if their estimated liver stiffness upon
MRE assessment was at least 3.63 kPa. Previous studies have indicated that a threshold of >3.63
kPa on MRE provides a diagnostic accuracy of 0.92 for the detection of advanced fibrosis in
individuals with biopsy-proven NAFLD, measured as the area under the ROC curve (AUROC)

for discriminating advanced fibrosis (Imajo et al., 2016; Loomba et al., 2014; Park et al., 2017).

Statistical Analysis

In comparing patient descriptive characteristics stratified by the presence or absence of
advanced fibrosis, significance was assessed using Mann-Whitney U test for continuous
variables and Fisher’s exact test for categorical variables (Table 1). Significance was assessed
analogously in comparisons of the prevalence of advanced fibrosis stratified by patient
characteristics (Figure 1). Direction of effect for characteristics involving more than two possible
subcategories (e.g., to test for the presence of an ordered association between advanced fibrosis
and the three possible PNPLA3 genotypes) was confirmed using the Cochran-Armitage test for
trend. Logistic regression analyses were performed to determine the odds of advanced fibrosis
(outcome measure) associated with particular patient characteristics. All logistic regression
models were multivariable-adjusted for patient age, sex, and BMI, with additional adjustments
made, where noted, in individual analyses. Linear regression analyses were also conducted to
assess the effect of various patient characteristics on the outcome of liver stiffness as a
continuous measure, with adjustment for the same covariates as those in the logistic models. P-
values below 0.05 were considered statistically significant.

Regression models were first tested to replicate the effects of genotype on advanced

12



fibrosis, with adjustments for patient age, sex, and BMI (as in Ajmera et al., 2021). For each
series of analyses, we then conducted a comparative model that controlled for patient age, sex,
BMI, and education level in place of genotype. We next sequentially added education level and
other socioeconomic variables (marital status, income, ethnicity) to the initial “genotype-only”
model, assessing effects on the outcome measure of advanced fibrosis.

All logistic regression and linear regression analyses were performed in Python
programming language version 3.8.12 (Python Software Foundation). Logistic regression
analyses used the logistic regression function from Statsmodels software package version 0.13.0,
and linear regression analyses used the linear regression function from Scikit-learn software
package version 1.0.2.

Figures were generated in Python programming language version 3.8.12, in combination

with Matplotlib version 3.5.1 and Seaborn version 0.11.2.

13



RESULTS

I. Patient Characteristics

Two hundred sixty-four genotyped patients with liver stiffness assessed by MRE were
included in this study. The median age of all patients was 58 years (IQR 42-65), with 63.3% of
individuals identifying as female. The median participant BMI was 28.4 kg/m? (IQR 24.7-33.6)
(Table 1).

Patients were stratified according to their presentation with or without advanced fibrosis
on MRE assessment (>3.63 kPa or <3.63 kPa, respectively; Table 1). Thirty-four patients (13%)
presented with advanced fibrosis. Patients with advanced fibrosis, relative to those without,
displayed significantly higher age (median age of 66 years vs. median age of 57 years in patients
with no advanced fibrosis, p < 0.01), lower attainment of a four-year college degree (23%
college graduates vs. 43% college graduates in patients with no advanced fibrosis, p < 0.05),
greater Hispanic ethnicity (53% Hispanic vs. 28% Hispanic in patients with no advanced
fibrosis, p < 0.01), and greater prevalence of the PNPLA3 G risk variant (15% C/C, 41% C/G,
and 44% G/G vs. 42% C/C, 38% C/G, and 20% G/G in patients with no advanced fibrosis, p <
0.001).

Select patient characteristics from Table 1 are displayed in inverse form in Figure 1,
revealing the percentage of patients with advanced fibrosis stratified by patient characteristic.
There was a statistically significant difference in the prevalence of advanced fibrosis according
to patient PNPLA3 genotype (with 5%, 14%, and 25% prevalence among patients of genotypes
C/C, CIG, and G/G, respectively, p < 0.001). The Cochran-Armitage test for trend confirmed the
presence of an ordered association between advanced fibrosis and PNPLA3 genotype (p <

0.001), indicating that advanced fibrosis was positively associated with the number of copies of

14



the G risk allele. The prevalence of advanced fibrosis was additionally significantly lower among
college graduates than among those without a college degree (7% vs. 16%, p = 0.033), and

significantly higher in Hispanic than in non-Hispanic individuals (22% vs. 9% p = 0.005).

Table 1: Patient characteristics stratified by the presence or absence of advanced fibrosis. Age
and BMI data are displayed as sample median (IQR); all other data are displayed as sample
number (proportion). P-values comparing difference in characteristic between patients with
and patients without advanced fibrosis were calculated using Mann-Whitney U test for
continuous variables and Fisher’s exact test for categorical variables. Bold font signifies
statistical significance at p < 0.05.

Patients with advanced Patients with no advanced
All patients fibrosis (>3.63 kPa) on MRE fibrosis on MRE p-value
Characteristic (n=34) (n=230)
Age (years) n=263 n=34 n=229 0.00001
58 (42-65) 66 (61-71) 57 (37-64)
Sex n=264 n=34 n=230 0.851
Female 167 (63.3%) 21 (61.8%) 146 (63.5%)
Male 97 (36.7%) 13 (38.2%) 84 (36.5%)
BMI (kg/m®) n=256 n=33 n=223 0.103
28.4 (24.7-33.6)  30.6 (26.4-34.9) 28.1 (24.4-33.5)
BMI (kg/m’) class n=256 n=33 n=223 0.249
<25 (normal or below) 67 (26.2%) 5(15.2%) 62 (27.8%)
25-29.9 (overweight) 84 (32.8%) 11 (33.3%) 73 (32.7%)
>30 (obese) 105 (41.0%) 17 (51.5%) 88 (39.5%)
Type 2 diabetes n=264 n=34 n=230 0.067
Yes 116 (43.9%) 20 (58.8%) 96 (41.7%)
No 148 (56.1%) 14 (41.2%) 134 (58.3%)
PNPLA3 genotype n=264 n=34 n=230 0.0009
C/C 102 (38.6%) 5 (14.7%) 97 (42.2%)
C/G 102 (38.6%) 14 (41.2%) 88 (38.3%)
G/G 60 (22.7%) 15 (44.1%) 45 (19.6%)
HSDI17B13 genotype n=242 n=30 n=212 0.086
T/T 158 (65.3%) 25 (83.3%) 133 (62.7%)
T/TA 79 (32.6%) 5(16.7%) 74 (34.9%)
TA/TA 5(2.1%) 0 (0%) 5 (2.4%)
Ethnicity n=259 n=34 n=225 0.005
Hispanic 81 (31.3%) 18 (52.9%) 63 (28.0%)
Non-Hispanic 178 (68.7%) 16 (47.0%) 162 (72.0%)
Education n=250 n=31 n=219 0.033
College degree 101 (40.4%) 7 (22.6%) 94 (42.9%)
No college degree 149 (59.6%) 24 (77.4%) 125 (57.1%)
Annual household income n=238 n=30 n=208 0.460
<§15,000 40 (16.8%) 6 (20%) 34 (16.3%)
$15,000-$29,999 38 (19.2%) 3 (10%) 35 (16.8%)
$30,000-$49,999 43 (26.9%) 8 (26.7%) 35 (16.8%)
>$50,000 117 (49.2%) 13 (43.3%) 104 (50.0%)
Marital status n=250 n=32 n=218 0.570
Married 133 (53.2%) 19 (59.4%) 114 (52.3%)
Not married 117 (46.8%) 13 (40.6%) 104 (47.7%)
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Figure 1: Presence of advanced fibrosis stratified by patient characteristics.

16



A significantly higher proportion of Hispanics relative to non-Hispanics possessed the
PNPLA3 G risk variant (85.2% of Hispanics vs. 49.4% of non-Hispanics, p < 0.0001).
Conversely, a significantly lower proportion of Hispanics than non-Hispanics possessed the
protective HSD17B13 TA variant (18.7% of Hispanics vs. 42% of non-Hispanics; p < 0.001)
(Figure 2). The PNPLAS3 G risk allele frequency was 0.42 and the HSD17B13 TA protective
allele frequency was 0.18 in our sample overall. Hispanic ethnicity was associated with a greater
number of copies of the G risk allele (G allele frequency 0.66 compared to 0.30 in non-
Hispanics, p < 0.00001), and with a lesser number of copies of the TA protective allele (TA

allele frequency 0.09 compared to 0.23 in non-Hispanics, p < 0.001; Table 2).

Table 2: PNPLA3 and HSD17B13 genotypes and allele frequencies stratified by Hispanic
ethnicity.

Genotype and . . . . .
allele frequency All patients Hispanic Non-Hispanic Unknown
N=264 n=81 n=178 n=5
PNPLA3 genotype, n (%)
C/C 102 (38.6%) 12 (14.8%) 90 (50.6%) 0 (0%)
C/G 102 38.6%) 31 (38.3%) 69 (38.8%) 2 (40%)
G/G 60 (22.7%) 38 (46.9%) 19 (10.7%) 3 (60%)
n (%) with G allele 162 (61.4%) 69 (85.2%) 88 (49.4%) 5 (100%)
G allele frequency 0.42 0.66 0.30 0.80
N=242 n=75 n=162 n=5
HSDI7B13 genotype, n (%)
T/T 158 (65.3%) 61 (81.3%) 94 (58.0%) 3 (60%)
T/TA 79 (32.6%) 14 (18.7%) 63 (38.9%) 2 (40%)
TA/TA 52.1%) 0 (0%) 5(3.1%) 0 (0%)
n (%) with TA allele 84 (34.7%) 14 (18.7%) 68 (42.0%) 2 (40%)
TA allele frequency 0.18 0.09 0.23 0.20
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Prevalence of PNPLA3 Prevalence of HSD17B13
G Risk Variant 100 TA Protective Variant

p <0.0001 p <0.001

Percentage With Variant

Hispanic  Non-Hispanic Hispanic  Non-Hispanic
Patient Ethnicity Patient Ethnicity

Figure 2: Proportion of patients possessing the PNPLA3 G risk allele and HSD17B13
TA protective allele, stratified by Hispanic ethnicity.

The education levels and annual household incomes of participants were skewed in the
direction of the higher subcategories of both variables. Over 40% of patients reported having
obtained at least a bachelor’s degree, and an additional 39% reported having some college
education. Only 21% of patients fell within the bottom six subcategories (which encompassed
“never attended school” through “completed high school”). With regard to annual household
income (AHI), almost half (49%) of study participants reported having an AHI within the highest
income level of $50,000 or more (Figure 3).

Mean patient liver stiffness as a function of patient education level and patient annual

household income is shown in Figure 4. Plotting mean liver stiffness against patient annual
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household income suggested an overall negative trend toward decreasing average liver stiffness
with increasing AHI, but this relationship was not consistently linear, given the reversal of the
trend within the middle two income categories. Plotting mean liver stiffness by patient education
level revealed a consistently negative, linear association—as patient education level increased,

mean liver stiffness tended to decrease (Figure 4).

Distribution of Patient Education Level and Annual Household Income
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Figure 3: Distribution of patient education level and annual household income.
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Mean Liver Stiffness by Patient Education Level and Annual Household Income
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Figure 4: Mean liver stiffness (in kPa) as a function of patient education level and annual
household income. Vertical bars represent 95% confidence intervals for the means.

Il. Factors Associated with the Presence of Advanced Fibrosis
A. Logistic Regression Analyses with PNPLA3 Risk Variant
As previously demonstrated in Ajmera et al. (2021), the presence of at least one copy of
the PNPLA3 G risk variant (i.e., genotypes C/G and G/G), when controlling only for age, sex,
and BMI, was associated with 4.3 times higher odds of advanced fibrosis compared to the odds
of advanced fibrosis in patients of genotype C/C (95% CI: 1.6-11.8, p < 0.01) (Table 3a, Model
0). In a new model adjusting for patient age, sex, BMI, and education level in place of PNPLA3

genotype, not having a college degree was associated with 3.7 times higher odds of advanced
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fibrosis (95% ClI: 1.4-9.9, p < 0.01) compared to the odds of advanced fibrosis in college
graduates (Table 3a, Model 1).
Table 3a: Effect of PNPLA3 genotype and education level on the presence of advanced liver

fibrosis. Progressive multivariable-adjusted logistic regression models; the reference category for
genotype is C/C; bold font signifies statistical significance at p < 0.05; BMI = body mass index.

Model 0: Genotype only Model 1: Education only
Variable OR (95% CI)) p-value OR (95% CI) p-value
Age (per year) 1.067 (1.032-1.103) <0.001 1.066 (2.029-1.103) <0.001
Sex (female) 0.923 (0.403-2.118)  0.851 0.819 (0.349-1.921)  0.646
BMI (per kg/m’) 1.030 (0.975-1.087)  0.291 1.032 (0.974-1.094)  0.281
Genotype (C/G or G/G) 4.275 (1.550-11.792)  0.005 e --
Education (no college degree) i = 3.731 (1.411-9.867)  0.008

We then tested the effect of adding a series of socioeconomic variables, in succession, to
the initial genotype-only model (Table 3b, Models 1a-1c). The strength of effect of PNPLA3
genotype on advanced fibrosis progressively decreased after cumulative adjustment for education
(Table 3b, Model 1a) and marital status (Table 3b, Model 1b), and was eventually attenuated to
non-significance following adjustment for annual household income in Model 1c. In this final
model, advanced fibrosis was associated with higher patient age (with each additional year of
age predicting 1.1 times higher odds of advanced fibrosis [95% CI: 1.03-1.11, p < 0.001]) and
with lack of a college degree, which was associated with 5.2 times higher odds of advanced
fibrosis compared to the odds for college graduates (95% CI: 1.7-15.9, p = 0.004). In all of these
logistic regression models, the effect of lack of a college degree on the outcome measure of
advanced fibrosis was comparable to that of possessing the PNPLA3 G risk allele.

A comparison of the effect of all variables in models with and without inclusion of

socioeconomic data is depicted in a forest plot in Figure 5. The PNPLAS risk allele, lack of a

21



college degree, never being married, higher age, and higher BMI all increased the odds of

advanced fibrosis. The largest effect was seen with lack of a college degree, which was the only

variable other than age to retain statistical significance in the model including all variables.

Table 3b: PNPLA3 genotype and socioeconomic variables associated with advanced liver
fibrosis. Progressive multivariable-adjusted logistic regression models; the reference category for
genotype is C/C; bold font signifies statistical significance at p < 0.05; BMI = body mass index;

AHI = annual household income.

Model 1a Model 1b Model 1¢
Variable OR (95% CI) p-value  OR (95% CI) p-value OR (95% CI)  p-value
Age (per year) 1.064 (1.028-1.101) <0.001  1.066 (1.029-1.104) <0.001  1.072 (1.032-1.113)  0.003
Sex (female) 0.778 (0.324-1.867)  0.574  0.778 (0.324-1.867) 0.574  0.668 (0.268-1.664)  0.386
BMI (per kg/m?) 1.026 (0.967-1.089)  0.392  1.027 (0.968-1.090)  0.375  1.036 (0.973-1.103)  0.264
Genotype (C/G or G/G) 3.348 (1.187-9.443)  0.022  3.401 (1.201-9.629)  0.021  2.790 (0.952-8.176)  0.061
Education (no college degree) 3.260 (1.213-8.761)  0.019  3.295(1.224-8.869)  0.018  5.226 (1.722-15.862)  0.004
Marital Status (never married) £= 1.237 (0.408-3.753)  0.706 1.633 (0.443-6.022) 0.461
AHI (<8$30,000) - - - - 0.356 (0.119-1.058) _ 0.063
I
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Figure 5: Forest plot of factors predicting advanced fibrosis, comparing odds ratios and 95%
confidence intervals of PNPLA3-only model (Table 3a, Model 0) and model incorporating
PNPLAS3 and socioeconomic variables (Table 3b, Model 1c).
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Models 1d and 1e, presented in Table 4, display the effect of adding Hispanic ethnicity to

the previous analysis. Because education level was the most significant predictor of advanced

fibrosis of the socioeconomic variables modeled above, we incorporated Hispanic ethnicity with

and without adjustment for education to explore whether adjustment for education might

attenuate an otherwise-present association between Hispanic ethnicity and advanced fibrosis.

Controlling for age, sex, BMI, marital status, income, and the presence of the PNPLA3 G risk

allele, Hispanic ethnicity was associated with 2.9 times higher odds of advanced fibrosis

compared to the odds of advanced fibrosis in non-Hispanics (Table 4, Model 1d; 95% ClI: 1.14-

7.22, p = 0.025). In this model, age and ethnicity were the only variables that retained statistical

significance at p < 0.05. When education level was added in Model 1e, the odds ratio for

advanced fibrosis in those of Hispanic ethnicity was attenuated to non-significance, while

lacking a college degree was associated with a fourfold increased odds of advanced fibrosis

(Table 4, Model 1le; 95% CI: 1.27-13.17, p = 0.018).

Table 4: Multivariable-adjusted logistic regression models for advanced fibrosis incorporating
PNPLAS3 genotype, socioeconomic variables, and Hispanic ethnicity. The reference category for
genotype is C/C; bold font signifies statistical significance at p < 0.05; BMI = body mass index.

AHI = annual household income.

Variable
Age (per year)
Sex (female)
BMI (per kg/m?)
Genotype (C/G or G/G)
Education (no college degree)
Marital Status (never married)
AHI (<§30,000)
Ethnicity (Hispanic)

Model 1d:

Inclusion of ethnicity without

adjustment for education

OR (95% CI)
1.065 (1.029-1.103)
0.811(0.331-1.990)
1.036 (0.972-1.104)
2.663 (0.903-7.853)
1.507 (0.418-5.439)
0.496 (0.176-1.400)
2.871(1.142-7.218)

p-value
<0.001

0.648
0.274
0.076
0.531
0.185
0.025

Model 1e:

Inclusion of ethnicity with
adjustment for education

OR (95% CI)
1.070 (1.031-1.111)
0.654 (0.260-1.650)
1.033 (0.968-1.102)
2.381(0.776-7.311)

4.092 (1.272-13.166)
1.754 (0.469-6.563)
0.328 (0.108-0.989)
1.827 (0.679-4.913)

p-value
<0.001

0.369
0.330
0.130
0.018
0.404
0.048
0.233
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B. Logistic Regression Analyses with HSD17B13 Protective Variant

We then performed an analogous series of logistic regression analyses with HSD17B13
genotype in place of that of PNPLA3. Adjusting for patient age, sex, and BMI (Model 0;
replicated analysis of Ajmera et al., 2021), the TA allele in HSD17B13 was associated with
lower odds of advanced fibrosis (OR: 0.33 [95% CI: 0.12-0.94, p = 0.04]). Adding education to
this model attenuated the protective effect of the TA allele to non-significance (Table 5, Model
1a), while lower education was associated with 5.2 times higher odds of advanced fibrosis (95%
Cl: 1.61-16.75, p = 0.006). In all subsequent analyses that included both the TA variant and
education level as variables, education level, age, and income were the only characteristics

significantly associated with advanced fibrosis (Table 5, Models 1a-1c).
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A comparison of the effect of all variables in models with and without inclusion of
socioeconomic data is depicted in a forest plot in Figure 6. In the final model incorporating
HSD17B13 genotype and socioeconomic variables (Table 5, Model 1c), lack of a college degree
and higher age were the only variables significantly associated with increased odds of advanced

fibrosis on MRE.

Age
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Sex I
(female)

BMI |
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Figure 6. Forest plot of factors predicting advanced fibrosis, comparing odds ratios and 95%
confidence intervals of HSD17B13-only model (Table 5, Model 0) and model incorporating
HSD17B13 and socioeconomic variables (Table 5, Model 1c).

Models 1d and 1e, presented in Table 6, show the effect of adding Hispanic ethnicity
before and after adjustment for education. Controlling for age, sex, BMI, marital status, income,
and the presence of the HSD17B13 protective TA allele, Hispanic ethnicity was associated with
3.5 times higher odds of advanced fibrosis relative to non-Hispanic ethnicity (Table 6, Model 1d;

95% CI: 1.36-9.09, p = 0.010). In this model, age and ethnicity were the only variables that
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retained statistical significance at p < 0.05. When education level was added in Model 1e, the

effect of Hispanic ethnicity was attenuated to non-significance, while lacking a college degree

was associated with an eightfold increased odds of advanced fibrosis (Table 6, Model 1e; 95%

Cl: 1.91-33.86, p = 0.005).

Table 6: Multivariable-adjusted logistic regression models for advanced fibrosis incorporating
HSD17B13 genotype, socioeconomic variables, and Hispanic ethnicity. The reference category
for genotype is T/T; bold font signifies statistical significance at p < 0.05; BMI = body mass
index; AHI = annual household income.

Variable
Age (per year)
Sex (female)
BMI (per kg/m”)
Genotype (T/TA or TA/TA)
Education (no college degree)
Marital Status (never married)
AHI (<830,000)
Ethnicity (Hispanic)

Model 1d:

Inclusion of ethnicity without

adjustment for education

OR (95% CI)
1.085 (1.039-1.133)
1.188 (0.443-3.188)
1.046 (0.976-1.122)
0.385 (0.126-1.177)
1.173 (0.280-4.916)
0.446 (0.149-1.338)
3.515 (1.359-9.087)

p-value
<0.001
0.732
0.201
0.094
0.828
0.150
0.010

Model 1e:

Inclusion of ethnicity with
adjustment for education

OR (95% CI)
1.094 (1.044-1.147)
0.818 (0.289-2.318)
1.043 (0.970-1.121)
0.376 (0.118-1.202)

8.035 (1.907-33.858)
1.450 (0.325-6.470)
0.259 (0.078-0.858)
1.794 (0.634-5.073)

p-value
<0.001
0.705
0.258
0.099
0.005
0.626
0.027
0.270

I11. Factors Associated with Advanced Fibrosis as a Continuous Measure

A. Linear Regression Analyses with PNPLA3 Risk Variant

Linear regression analyses were performed to assess the effects of patient characteristics

on liver stiffness on MRE as a continuous measure After adjusting for age, sex, and BMI,

possession of the PNPLA3 G risk variant was associated with a 0.55 kPa increase in liver

stiffness on MRE (Table 7, Model 0; 95% CI: 0.23-0.88, p < 0.01). In a subsequent, analogous

model adjusting for age, sex, BMI, and education level in place of PNPLA3 G risk variant

(Model 1), lacking a college degree was associated with a 0.38 kPa increase in liver stiffness on
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MRE (95% CI: 0.05-0.71, p = 0.024). After adjusting for education and the presence of the G
risk variant (Model 1a), as well as cumulatively controlling for education, genotype, and marital
status (Model 1b), the association between college education and increased liver stiffness fell to
marginal statistical significance (p = 0.053 and p = 0.051, respectively). Surprisingly, adding
adjustments for income (Table 7, Model 1c) and Hispanic ethnicity (Table 8, Model 1e) revealed
new associations between liver stiffness as a continuous measure and lack of a college degree,
the effect sizes of which were similar in magnitude to those of PNPLA3 genotype (Table 7;
Table 8). Consistent with previous analyses, a significant association observed between Hispanic
ethnicity and increased liver stiffness was attenuated to non-significance once education level

was added to the models (Table 8, Models 1d-1e).
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B. Linear Regression Analyses with HSD17B13 Protective Variant
After adjusting for age, sex, and BMI, possession of the HSD17B13 TA protective variant

was associated with a 0.41 kPa decrease in liver stiffness on MRE (Table 9, Model 0; 95% CI: -
0.77--0.05, p < 0.05). After adjusting for education level and the presence of the TA protective
variant together (Model 1a), the effect of the variant on decreased liver stiffness fell to marginal
statistical significance (Table 9, Model 1a; 8 =-0.35 [95% CI: -0.71-0.004], p = 0.053), and
decreased further following adjustment for marital status (Model 1b), income (Model 1c), and
Hispanic ethnicity (Table 10). After cumulative adjustment for all variables in Table 10 (Model
le), lacking a college degree was associated with a 0.32 kPa increase in liver stiffness (95% CI:

0.01-0.63, p = 0.016), and retained statistical significance in all previous models.

30



L800  (859°0-5%0°0) LOEO S10°0 (8LL°0-S80°0) ZEY'0 (oruedsiy) Hpupy
1050 (STT0-8S¥°0) LIT°0 16L°0 (18€0-067°0-)S+0°0 (000°0£$>) IHV
LLTO  (€£99°0-€21°07) 0LTO 6970 (0€9°0-9L1°07) LTT0 (paLrew 19A9U) SMB)S [BILIBIA]
9100  (€€9°0-¥10°0) ¥TE0 = = (22132p 232[[05 ou) uoneINpPH
000  (80L°0-2L0°0) 06€°0 0200 (069°0-650°0) ¥LE0O (VL/VL10yL/1) ad&youan
1o (0v0°0-700°0-) 810°0 180°0 (€40°0-€00°0~) 020°0 (/33 1od) NG
9900  (610°0-TLS07) LLTO- 101°0 (050°0-LSS°07) #ST0- (orewdy) xag
10000> (€£€0°0-10°0) ¥20°0 10000>  (€€0°0-€10°0) €20°0 (104 10d) 23V
anjea-d (D %s6) anjea-d (D %56) dIqeLiep
JUIIIYJI0I BlIyg JUIIILJI0D BlAY

*aW0dUl pjoyasnoy
[enuue = |HV "Xapul ssew Apog = [INg 'S0°0 > d 1e aouedijiubis [eansnels

salj1ubis uo) pjog "Aud1uyla d1uedsIH pue ‘sajgelteA d1Lou0990120s ‘adA1oush
£19/TASH Buneiodiodur sjppow uoissaibial seaul] paisnipe-sjgerieAn|niA (0T 3]geL

€S€0  (¥81°0-¥1S0) S91°0- - - - - - - - - (000°0€$>) THV|
8570 (0¥9°0-€L1°07) v€T0 9,00  (0T80-1¥0°07) 06£°0 - - - - - - (paLureW 19A3U) SMYE)S [EIIBIA
10000 ($88°0-1%T°0) €950  620°0  (¥EL0-6£0°0) 98€'0  L€0°0  (0TL'0-€T0°0) TLE'O  +20°0  (LOL0-1S0°0) 6LE°0 - - (22133p 239[[00 o) UOEBINPYH
9,00  (0€0°0-665°0-) S8T'0- 1900  (910°0-569°0-) 6€€°0- €500  (¥00°0-01L°0-) £SE°0- - - 920'0  (8+0°0--S9L0-) LOV 0" (VI/V1 10 V1/L) ?d&joudan
19%0°0  (9¥0°0-000°0) €20°0  820°0  (¥S0°0-€00°0) 8200  6¥0°0  (0S0°0-000°0) STO'0 SO0  (840°0-000°0-) ¥2T0'0  LP0O'0  (8+0°0-000°0) +T0'0 (Juy3y 1od) TN E
6610 (801°0-v15°0) €0T°0- €€4°0 (€1T°0-S6¥°07) 1¥1°0- 89v°0  (PTTO-L8F'0-) I€1°0- +0€0  (091°0-01S5°0-) SLI'0- 0090  (19T°0-1S+°0°) S60°0- (orewdy) xa8
100°0> ($€0°0-S10°0) $2T0°0  100°0> (8€0°0-910°0) LZO'0  100°0> (££0°0-€10°0) €20°0  100°0> (1€0°0-T10°0) 2200 100°0> (¥€0°0-¥10°0) ¥T0°0 (1804 10d) 28y
J— (1D %s6) " (1D %s6) — (1D %se) — (1D %s6) J— (1D %se6)
JUIDIJI0I BlOY JUIDIJI0I BlIYg JUIIIJI0D BlOY JUIDIJI0I BlIYg JUIDYJI0I BlIYg

*alWodul Pjoyasnoy fenuue

= |HV "Xapul ssew Apoq = NG 'S0°0 > d 1e aouraijiubis [eansnels salyiubls U0y Pjog ‘S|apow uoissaifal Jeaul] paisnlpe-ajgerieAn|nin
*2INSLaW SNONUINUOD B SB YA UO SSBUYJIS JSAI| LIIM PaJRId0SSe Sa|geIIeA 21LWou0290100s pue adA1oush €19/ TASH :6 910el

31



DISCUSSION

Main Findings

Analyzing a phenotypically diverse, well-described cohort of 264 patients at risk for
NAFLD, we demonstrate that patient education level is significantly associated with the presence
of advanced liver fibrosis with an effect comparable to that of possessing the PNPLA3 gene risk
variant (OR: 3.3; controlling for age, sex, BMI, and PNPLA3 genotype). The association
between PNPLA3 genotype and advanced fibrosis was attenuated with the addition of each social
variable to regression analysis, eventually losing statistical significance following cumulative
adjustment for education, marital status, and annual household income. Lacking a college degree,
in contrast, continued to predict advanced fibrosis in the cumulatively adjusted model with an
odds ratio of 5.2. In logistic regression analyses incorporating HSD17B13 genotype, the
protective effect of the TA allele was no longer significant following adjustment for education,
while lower education predicted advanced fibrosis across HSD17B13 models, with an odds ratio
of 10.5 following cumulative adjustment for education, marital status, and annual household
income.

Modeling liver stiffness continuously to test for linear trends, continuous measure of
fibrosis in NAFLD, we additionally found that lacking a college degree was significantly
associated with a 0.41 kPa increase in liver stiffness after controlling for age, sex, BMI, marital
status, income, and PNPLA3 genotype. This increase, which was similar in magnitude to that of
possessing the PNPLA3 risk allele, decreased to 0.32 kPa (p = 0.016) following adjustment for
Hispanic ethnicity. This reduced effect of education was still roughly comparable to that of
PNPLA3 genotype (8 = 0.39 kPa, p = 0.040). In linear models incorporating HSD17B13 in place

of PNPLAS3, the protective effect of the TA allele on liver stiffness fell to marginal statistical
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significance (3 = -0.35 kPa, p = 0.053) after controlling for age, sex, BMI, and education level,
and this effect progressively lessened following further adjustment for marital status, income,
and Hispanic ethnicity. In contrast, lacking a college degree was significantly associated with a
0.48 kPa increase in liver stiffness after adjustment for HSD17B13 and all social variables, and
remained positively and significantly associated with liver stiffness across all linear models.
Notably, in all regression analyses incorporating social variables and either PNPLA3 or
HSD17B13 genotype, both genotype and Hispanic ethnicity were significantly associated with
advanced fibrosis only in the absence of education level from the analysis. In other words,
adding education to the model resulted in a decreased significance and strength of effect for both
genotype and ethnicity, suggesting that a patient’s level of education may partially mediate the

observed relationships between genotype or ethnicity and advanced fibrosis.

In Dialogue With Published Research

Of the social variables included in our study, the strongest and most consistent
association with advanced fibrosis was observed for education. Educational attainment has long
been recognized as varying inversely with mortality (Kitagawa & Hauser, 1973; Kunst &
Mackenbach, 1994), and numerous studies in the United States and abroad have reported a
higher life expectancy of several years among college-educated individuals in comparison to
high school graduates (Kitagawa & Hauser, 1973; Meara et al., 2008; Richards & Barry, 1998).
Health itself is known to vary with education, with the more educated in the United States
reporting better health, fewer health conditions, and less frequent engagement in high-risk
behaviors such as smoking (Cutler & Lleras-Muney, 2010, 2012). Molecular indicators of health

correlate with education as well, and less educated individuals have been shown to exhibit a
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greater prevalence of high-risk values in biomarkers of inflammatory, metabolic, and
cardiovascular disease (Seeman et al., 2008). In apparent agreement with these trends, the
attainment of a college degree among U.S. adults is associated with a lower risk of NAFLD
(Vilar-Gomez et al., 2022). While minimal research has assessed the relationship between
education and advanced fibrosis specifically, the inverse association observed within our own
study was therefore not unexpected.

Our analyses incorporating education data and ethnicity produced findings similar to
those of other chronic disease studies that have explored the effects of adding education level to
models including only biological or genetic data. Non et al. (2012) have reported that adding
education level to a model of blood pressure revealed a 0.51 mm Hg reduction in systolic blood
pressure with each increasing year of education, and additionally attenuated the association
between blood pressure and African genetic ancestry. Interestingly, the observed effects of
education were stronger among Black than among White Americans, revealing an interaction
between race and education that may highlight the importance of considering potential social-
environmental influences on producing observed social disparities in disease.

The mechanisms mediating this general association between education and health are not
entirely understood, but a factor that appears to be universally involved is that social support and
socioeconomic position—which is determined, in part, by educational attainment (Galobardes,
2006)—affect access to resources that help people avoid risk factors for death and disease (Herd
et al., 2007; Link & Phelan, 1995). Thus, while one may speculate as to the precise, individual
causes mediating the relationship between education and fibrosis—perhaps college graduates, for
example, are able to attain jobs with higher pay, greater prestige, and health insurance benefits—

it may be more helpful to view educational attainment as reflective of a general societal position
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corresponding to a complex of social, emotional, behavioral, and structural forces that coalesce
to produce better health. To commit to pinpointing a single risk factor, or determining to identify
its precise causal mechanism, can sometimes miss the point of the larger picture. The “resources”
that help us to avoid risk factors may be material goods, such as healthier food or immunizations;
or they may be abstract concepts, like the accruement of knowledge, loving relationships with
others, or freedom from the stress of experiencing racism. In this light, strategies aimed at
identifying and ameliorating individual risk factors or proximal causes of illness are unlikely to
be as ultimately effective as efforts addressing fundamental social and internal experience, as it
is what places individuals “at risk of risks” (Link & Phelan, 1995), and less an individually-
based risk factor itself, that is likely to affect numerous disease pathways simultaneously and
impact health in a multitude of ways.

Education is thought by some to be a superior variable to income in predicting health
(Seeman et al., 2008; Smith, 2004; Winkleby et al., 1992). Although there is a lack of consensus
on this issue, one benefit of utilizing education data is that income is typically an acute measure
of a moment in time, which can sometimes fail to represent an individual’s true wealth,
generational assets, or overall access to resources. In this way, income may often, but not always,
accurately reflect a person’s social class, which is a core element underlying the concept of
socioeconomic status (SES) (Saegert et al., 2006). Still, income is a traditional component in
assessments of SES and one that often correlates highly with health and disease (Herd et al.,
2007; Sabanayagam & Shankar, 2012). Interestingly, we did not find any consistently significant
associations between advanced fibrosis and annual household income in our study.
Unexpectedly, in the three instances in which a significant association was present (Table 4,

Model 1d; Table 5, Model 1c; Table 6, Model 1d), this relationship was positive in direction:
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lower AHI (below $30,000) predicted decreased odds of advanced fibrosis. The reason for this
effect is unclear. One possibility is that the positive relationship was merely a random artifact of
our relatively small sample size of under 300 individuals. It is also possible that the four
response categories constructed for the collection of income data, of which the highest had a
minimum threshold of only $50,000 per year, may not have provided enough range or resolution
to detect a meaningful or valid direction of effect for income and fibrosis in our sample.
However, we also acknowledge the possibility that the positive association seen between income
and advanced fibrosis is a real effect produced by some underlying, as-of-yet undetermined,
variable. For example, one very speculative possibility could relate to alcohol intake. Studies
have found that individuals in higher income groups consume alcohol significantly more
frequently than those in lower income groups (Huckle et al., 2010). An international analysis of
moderate- to high-income countries, moreover, revealed that alcohol may constitute a normal
good, that is, a product for which demand increases following an increase in income (Cutler &
Lleras-Muney, 2012). (This same study also revealed that higher education increased the odds of
drinking in almost every country examined.) Although the precise level of alcohol consumption
required to cause fatty liver is unknown, some evidence has suggested that the greater prevalence
of NAFLD observed in men than in women may be related to the higher prevalence of alcohol
consumption among men (Weston et al., 2005). It may therefore warrant investigating whether
the ingestion of alcohol, even in moderate amounts, could influence the onset or progression of
disease. More research assessing individual alcohol use, alcohol consumption as a function of

income, and the effect of moderate alcohol intake on the progression of NAFLD is needed.
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Strengths and Limitations

This study evaluated a phenotypically diverse sample of patients at risk for NAFLD, 44%
of whom identified as non-White. Detailed biological data, genotyping, and socioeconomic
information were collected from participants, including a measurement of liver stiffness assessed
by MRE—the most accurate non-invasive, continuous measure of fibrosis in NAFLD. Statistical
analyses included adjustment for multiple biological, genetic, and social variables, strengthening
the reliability of observed associations. Still, certain limitations merit acknowledgment. First, we
employed a cross-sectional design, which limits our ability to sequence events or definitively
determine the factors influencing, or being influenced by, our patients’ health status.
Longitudinal, prospective studies are needed to better assess whether and how social conditions
may causally mediate the development of higher-risk NAFLD. Moreover, this was a single-
center study with a relatively small sample size, which likely limited our ability to detect all
potentially relevant associations; employing a greater number of patients will increase the power
of future studies and strengthen the ability to detect meaningful existing relationships. Finally,
and perhaps most importantly, our assessment of socioeconomic position was limited in
granularity, restricted to pre-determined and approximate subcategories for variables such as
“race” and “annual household income.” Future research will benefit from offering more nuanced
and individualized characterizations of the social, economic, and environmental circumstances of
participants, and we hope that such social determinants of health soon become as critical a focus

in mainstream medical literature as genetic and biological data are now.

NAFLD in the Context of Genetic Research

Evaluating over 250 patients with descriptive genetic and socioeconomic data in addition
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to outcome data quantifying liver fibrosis, this study employed an intersectional approach that is
frequently absent in published genetic literature. While previous research has demonstrated an
association between variants in PNPLA3 and HSD17B13 and liver stiffness on MRE in NAFLD
(Ajmera et al., 2021), this prior research controlled only for biological variables, limiting its
ability to derive precise and meaningful associations between genes and disease. As observed
through initial analysis in the present study, lacking a college degree—while adjusting only for
age, sex, and BMI—predicted odds of advanced fibrosis similar to those predicted by the
presence of the PNPLA3 risk variant in an analogous, genotype-only model previously presented
by Ajmera et al. (2021). While the current study is by no means exhaustive in its identification of
potential factors related to disease progression in NAFLD, these findings may help to illustrate
the intricacies of correlation in studies of complex liver disease.

Compelling genetic evidence has suggested a role for heritability in NAFLD, but the
disease has also been repeatedly attributed to genetic causes by a striking proportion of studies
that, in fact, present no genetic evidence. An article in Gastroenterology, for example, the most
prominent journal in the field of gastrointestinal disease, explains its methodology by stating that
“a familial aggregation study was performed to test the hypothesis that NAFLD is highly
heritable” (Schwimmer et al., 2009, p. 1). Although the authors explicitly note that “heritability
estimates consider the fraction of the total variation shown by a phenotype that can be attributed
to genetic [emphasis added] factors” (p. 2), they proceed to state that they “confidently can
conclude that the heritability [of NAFLD] is high” (p. 6) based on their finding that fatty liver is
more common in parents and siblings of children with NAFLD than in parents and siblings of
children without NAFLD. This reasoning, which disregards the fact that families generally share

significant aspects of their environmental circumstances as well as their genes, renders their
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estimates of genetic heritability unfounded. Other studies within the leading, peer-reviewed
American Journal of Gastroenterology indicate similar disregard, as exemplified by an article
that asserts, in the context of NASH, that “a positive family history is frequent, suggesting a
genetic etiology for NASH” (Willner et al., 2001, p. 2957). Assumptive genetic conclusions such
as these, made in the absence of controlled evidence, are remarkably common in studies of
NAFLD and saturate well-respected journals still today. A recent publication in Nature states
that “the importance of genetic . . . risk factors in the development and severity of NASH have
been underscored by studies identifying a higher risk of fibrosis among family members of those
diagnosed with NASH” (Friedman et al., 2018, p. 908). Another, within a prominent journal of
medicine and pharmacology, argues, “the strong genetic underpinnings of NAFLD are clearly
demonstrated by familial clustering of advanced liver disease and racial/ethnic predisposition to
disease” (Ajmera et al., 2021, p. 2). While it may well be true that genetics play a significant
causal role in the development of NAFLD, or in any other disease outcome, concluding that a
disease has strong genetic underpinnings based upon the existence of familial clustering or racial
and ethnic predisposition to disease is not warranted. Indeed, results from the present study, in
which variables beyond the biological were incorporated, may suggest that some of the variation

in NAFLD progression typically attributed to genetics could, in fact, be effects of environment.
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EPILOGUE

The turn of the 21%-century marked the dawn of a new era in genetic research. With the
Human Genome Project declared formally complete in 2003, scientists had, for the first time,
successfully determined the order of nucleotides comprising nearly all gene-encoding regions of
human DNA (Collins et al., 2003). Although the first, full-length reference sequence of a human
genome—roughly three billion base pairs long—would not be finalized, gap-free, until 2022
(Nurk et al., 2022; Wang et al., 2022), this initial achievement signified a critical step in the
progression of modern genomic research. The release of the near-finished sequence was soon
followed by the widespread development of modern, high-throughput DNA sequencing
processes. In combination with the achievements of the Human Genome Project, these powerful
technologies, collectively known as next-generation sequencing, revolutionized molecular
biology and the future of genomic research. With the majority of human genes mapped and
identified, and a new potential to link sequence to function, scientists were positioned to more
efficiently examine the full spectrum of human genomic variation. In medical research
specifically, the recognition of individual differences within a shared genetic code compelled
increasing exploration of new associations between genes and disease. The conduction of
genome-wide association studies (GWAS), for example, has enabled the discovery of thousands
of specific genetic variants linked to particular traits; as of May 17, 2022, the world’s leading
GWAS repository contained nearly 377,000 such associations, and grew to house more than
400,000 by the end of July (Buniello et al., 2019). The widespread application of these findings
has followed, with increasing research and resources devoted to the development of novel

therapeutic drugs targeting diseases as diverse as schizophrenia (Allen & Bishop, 2019) to type 2
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diabetes (Imamura et al., 2016); to be sure, the pharmaceutical industry invested $83 billion
dollars in research and development in 2019, an amount that is, adjusting for inflation, roughly
ten times that of the industry’s spending per year in the 1980s (Austin & Hayford, 2021).

There is little doubt that advances in genetic technology have enhanced our
understanding and utilization of genomic information immensely. The improved efficiency and
reduced cost of DNA sequencing have brought these technologies to the individual sphere, with
personal genome sequencing becoming increasingly available to those wishing to understand
their own inherited traits or their risk of passing these on to potential offspring. And at the
societal level, GWAS have identified small genetic variations between groups that may be able
to explain why certain populations experience more, or less, relative disease burden than others.
Genomic research is appealing to medical audiences largely for its implicit promise to identify
disease-influencing mutations, the possibility of which inspires us to envision more
straightforward ways of treating and preventing disease. The power in such a capability is clear,
and it is no mystery that thousands of articles reporting gene-trait associations have been
published within the last decade (Buniello et al., 2019; Mills & Rahal, 2019), many hoping to
find a more straightforward, biological explanation for a difficult-to-understand, and oftentimes
devastating, difference in disease outcomes between individuals and populations.

But as is true with all sources of power, care should be taken to recognize the limits of
these capabilities. Although GWAS are named precisely for their ability to identify associations,
these associations are often prematurely assumed to reflect causal relationships between genes
and disease—and often by scientists themselves. Recent research amidst the COVID-19
pandemic, for example, discovered a region on chromosome 3 that is significantly associated, at

the genome-wide level, with increased illness severity and hospitalization in patients infected by
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SARS-CoV-2 (COVID-19 Host Genetics Initiative, 2020; Ellinghaus et al., 2020). In a
subsequent article published in Nature, Zeberg and Paabo (2020) report their discovery that this
genomic region is inherited from Neanderthals, and also note that the highest carrier frequency
for the risk haplotype is found in Bangladesh, where 63% of the population carry at least one
copy. Without noting whether and which social factors or comorbidities were controlled for, the
authors state that “the Neanderthal haplotype may thus be a substantial contributor to COVID-19
risk in some populations . . . In apparent agreement with this, individuals of Bangladeshi origin
in the UK have an about two times higher risk of dying from COVID-19 than the general
population” (Zeberg & Paabo, 2020, p. 611). This assertion, in the absence of sufficient controls
for potential confounding variables that could alternatively explain the increased risk of death for
Bangladeshis in the UK, is similarly problematic. Individuals within an ethnic group may share
particular genetic variants, but they are also likely to share particular environmental and social
circumstances as well. Without adequately controlling for these factors, the conclusion that a
genetic difference plays a causal role in its association with an observed disease outcome is not
justified. Zeberg and Padbo conclude their piece by stating, “with respect to the current
pandemic, it is clear that gene flow from Neanderthals has tragic consequences” (2020, p. 612).
The prematurity of such a binary (and, perhaps, a bit sensationalist) statement becomes clear in
light of a subsequent publication by the same authors, in which they report a different haplotype
on chromosome 12, also inherited from Neanderthals, that is associated with a 22% decrease in
relative risk of severe illness from COVID-19 following infection by SARS-CoV-2 (Zeberg &
Paabo, 2021).

Seeking genetic explanations for disparities in health outcomes is particularly tempting

when these disparities fall along socially-defined racial lines. It is well-documented, for example,
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that Black Americans experience higher rates of prematurity and low birth weight than do White
Americans (Costa, 2004; Osterman et al., 2021), and the potential contribution of genetics to this
disparity has been a focal point of conversation among investigators for decades (Hoffman &
Ward, 1999; Menon, 2008; Naylor & Myrianthopoulos, 1967). Despite compelling evidence
suggesting the lack of a meaningful role for genetics in producing these racial differences in birth
outcomes (David & Collins, 2007)—including a 1997 study revealing similar birth weight
distributions among infants born to U.S.-born White women and those born to African-born
Black women living in the United States (David & Collins, 1997)—scores of studies have still
been published proposing the likely involvement of genetic polymorphisms in generating the
higher incidence of prematurity observed in Blacks (Anum et al., 2009; Dizon-Townson, 2001;
Green et al., 2005; Plunkett & Muglia, 2008; Varner & Esplin, 2005; see also Fiscella, 2005).
Given that Black Americans experience higher infant mortality, lower life expectancy at birth,
and poorer outcomes with respect to most categories of health than White Americans
(Cunningham et al., 2017; Haines, 2003; Harper et al., 2021), the incessant search for so many of
these “genetic causes” is not only somewhat illogical, but also somewhat reminiscent of aspects
of nineteenth- and twentieth-century race science, in which the racial health disparities revealed
in statistical data were used as evidence that Blacks were inherently predisposed to death and
disease and thus, “biologically inferior” (Krieger, 1987; Williams & Sternthal, 2010). Of course,
respected scientists today do not work in promotion of racist ideologies, but the increasing
emphasis placed on identifying the genetic causes of observed health disparities may often, at
best, be distracting, as it suggests that poor health in America is not primarily a result of
environmental and lifestyle factors, but rather an effect of inherent differences in predisposition

to disease.
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Science is revered for its commitment to objectivity in the face of phenomenological
uncertainty. The fields of medicine and genetic research may sit at the heart of scientific inquiry,
but they are also situated within the same cultural and social contexts that impact us all and
render us susceptible to bias. Just recognition of this alone will enable even further progression

of medicine and health than we have currently.
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