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Serum Bile Acid, Vitamin E, and
Serotonin Metabolites Are Associated
With Future Liver-Related Events in
Nonalcoholic Fatty Liver Disease

Kara Wegermann ,! Catherine Howe,” Ricardo Henao,’ Ying Wang,1 Cynthia D. Guy,4 Manal F. Abdelmalek,! Anna Mae Diehl,’
and Cynthia A. Moylan & 1

Identifying patients at higher risk for poor outcomes from nonalcoholic fatty liver disease (NAFLD) remains chal-
lenging. Metabolomics, the comprehensive measurement of small molecules in biological samples, has the potential to
reveal novel noninvasive biomarkers. The aim of this study was to determine if serum metabolite profiles in patients
with NAFLD associate with future liver-related events. We performed a retrospective single-center cohort study of
187 participants with biopsy-proven NAFLD. Metabolomic analysis was performed on serum using ultrahigh perfor-
mance liquid chromatography/tandem mass spectrometry and gas chromatography/mass spectrometry. We identified
liver-related events (variceal bleeding, ascites, spontaneous bacterial peritonitis, hepatic encephalopathy, hepatocellular
carcinoma, hepatopulmonary or hepatorenal syndrome) by manual chart review between index biopsy (2007-2013) and
April 1, 2018. Generalized linear models and Cox proportional hazards models were used to test the association of
metabolites with liver-related events and time to first liver-related event, controlling for covariates and fibrosis stage.
Over a mean * SD follow-up of 6.9 + 3.2 years, 11 participants experienced 22 liver-related events. Generalized linear
models revealed 53 metabolites significantly associated with liver-related events (P < 0.05). In Cox proportional haz-
ards modeling, 69 metabolites were significantly associated with time to future liver-related events (P < 0.05), seven
of which met the false discovery rate threshold of 0.10: vitamin E metabolites gamma-carboxyethyl-hydroxychroman
(gamma-CEHC) and gamma-CEHC glucuronide; primary bile acid metabolite taurochenodeoxycholate; serotonin me-
tabolite 5-hydroxyindoleacetate; and lipid metabolites (i) 2-hydroxyglutarate, (ii) 3beta,17beta-diol disulfate 1, and (iii)
eicosenoyl sphingomyelin. Conclusion: Metabolites of a primary bile acid, vitamin E, and serotonin were associated with
future liver-related events. Our results suggest metabolite pathways may be useful for predicting which patients with
NAFLD are at higher risk for hepatic decompensation. (Hepatology Communications 2021;5:608-617).

t is estimated that one quarter of the world’s liver-related morbidity and mortality and a leading

population has nonalcoholic fatty liver dis- indication for liver transplantation.(l’z) The preva-

608

ease (NAFLD), making it a major source of lence of NAFLD is projected to increase, paralleling
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4, fibrosis-4; gamma-CEHGC, gamma-carboxyethyl-hydroxychroman; GC, gas chromatography; MS/MS, tandem mass spectrometry; NAFL,
nonalcoholic fatty liver; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; TCDCA, taurochenodeoxycholate.
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the global rise in obesity, and will result in increased
liver-related morbidity and mortality.(3) Among adults
with NAFLD in the United States, complications of
cirrhosis are the leading cause of death.*¥

At present, staging NAFLD, which encompasses
nonalcoholic fatty liver (NAFL; simple steatosis) and
nonalcoholic steatohepatitis (NASH; the more severe
form of NAFLD), is challenging. The gold standard for
quantifying inflammation and fibrosis remains a liver
biopsy, an invasive test that comes with risks of bleeding
and infection. About one quarter of patients with NASH
will progress to cirrhosis, and among those with cirrho-
sis, about 5% per year develop clinical decompensation.
Fibrosis stage is a strong predictor of overall clinical
outcomes, liver-related decompensation, and cardiovas-
cular events.*
remains unknown which specific patients with NAFLD
are at high risk for clinical progression and subsequent
decompensation. As such, improving noninvasive bio-
markers to diagnose, stage, or risk stratify NAFLD is
essential. Biomarkers would potentially identify patients
needing intensive monitoring or screening, identify key
dysregulated pathways associated with specific outcomes
of disease, and promote personalized treatment given
the possibility of U.S. Food and Drug Administration-
approved drugs for NAFLD in the near future.

Metabolomics, the identification of small molecules
or metabolites, holds promise in NAFLD biomarker
development. Metabolites point to pathways impli-
cated in NAFLD pathogenesis, potentially identifying
promising drug targets. Lipid metabolism has been of
interest given that the hallmark feature of NAFLD
is abnormal fat accumulation in the liver. Studies
have found that triglyceride levels”® and polyun-
saturated fatty acids” are able to distinguish NAFL
from NASH. Phospholipid metabolism appears to

) However, beyond the fibrosis stage, it
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be altered in mouse models of NASH.®? Bile acids
are increasingly recognized as signaling molecules
with pleiotropic effects on liver physiology, and bile
acid metabolites may be future NAFLD biomarkers.
In one study, participants with NAFLD had higher
serum levels of glycocholate, taurocholate, and glyco-
chenodeoxycholate compared to healthy controls.™

Amino acid metabolism has also been found to
differ across the NAFLD spectrum; this has been
measured both in serum™? and in urine."® Vitamin
and nutrient metabolism has been of interest based on
the clinical observation that low vitamin D levels are
associated with NAFLD.® Levels of beta-carotene
and retinol were associated with histologic severity in
one study,(ls) while another identified an association
between serum homocysteine (a choline metabolite)
and histologic severity in NAFLD.!¢)

A recent large cross-sectional study from a pro-
spective cohort of 156 participants with biopsy-
proven NAFLD identified a 10-metabolite signature
that outperformed the fibrosis-4 (FIB-4) score and
NAFLD fibrosis score in predicting advanced fibro-
sis in two separate validation cohorts. The signature
included eight lipids (six of which were choles-
terol-derived steroid hormones), one amino acid
(taurine), and one carbohydrate (fucose). In total,
32 metabolites were significantly associated with
advanced fibrosis.!”

Although the majority of proposed NAFLD bio-
markers have been studied using cross-sectional
histology (including studies of progression evalu-
ating individuals with different stages of NAFLD
cross-sectionally), few efforts have been made to
study NAFLD progression in a longitudinal man-
ner. One study from China found that serum sex
hormone-binding globulin levels were independently
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associated with NAFLD development and regres-
sion."® However, detailed metabolomic profiling of
patients with NAFLD who experience clinical pro-
gression has not been performed.

Metabolomic studies in NAFLD to date have
been limited by small sample sizes, and many relied
on clinical or imaging diagnosis of NAFL or NASH.
Here, we attempt to address these limitations by pre-
senting a longitudinal follow-up of a cohort of 187
individuals with biopsy-proven NAFLD. We hypoth-
esized that metabolite profiles assessed at the time of
index liver biopsy differ in those who suffer future
liver-related events compared to those who do not.
The specific aim of the present study was to deter-
mine if serum metabolite profiles in patients with
NAFLD associate with future liver-related events.

Participants and Methods
DESIGN AND PROCEDURES

We performed a retrospective single-center cohort
study of individuals with biopsy-proven NAFLD. The
Duke University Health System NAFLD Biorepository
is approved by the Duke University Institutional
Review Board and contains clinical information and
frozen liver and serum specimens from study partic-
ipants who underwent standard of care diagnostic
liver biopsies between 2007 and 2013. Further details
regarding the biorepository and its enrollment crite-
ria have been published.'? For this study, participants
specifically consented for genomic and metabolo-
mic analysis of their specimens through the NAFLD
biorepository. Patient and sample selection are detailed
in Supporting Fig. S1. All authors had access to the
study data and approved the final manuscript.

NAFLD was defined as (1) presence of >5%
hepatic steatosis on liver biopsy; (2) absence of
histologic and serologic evidence for other forms
of chronic liver disease; and (3) little or no alco-
hol consumption (<20 g/day for women and <30 g/
day for men). Demographic and clinical data were
obtained at the time of liver biopsy. Serum samples
were collected from participants at the time of liver
biopsy following a 12-hour fast. The study cohort
was selected for inclusion into the metabolomic
cohort based on severity of hepatic fibrosis at the
time of biopsy.
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The study cohort included different stages of fibro-
sis in roughly equal numbers (mild, Metavir fibro-
sis stage 0-1; intermediate, stage 2; advanced, stage
3-49%) and included only those participants who
had high-quality serum and liver biopsy collected at
the same time. Fibrosis groups were matched for sex,
age, and body mass index (BMI). Liver biopsy speci-
mens were independently reviewed and scored by one
pathologist (C.G.) usin%ll)\IASH Clinical Research

Network scoring criteria.

SAMPLE HANDLING AND
ANALYSIS

All samples were stored at -80°C until processed
on the metabolomics platform at Metabolon, Inc.
(Durham, NC). Patient serum samples underwent
metabolomic analysis with ultrahigh performance
liquid chromatography/tandem mass spectrome-
try (UHPLC/MS/MS) optimized for acidic species,
UHPLC/MS/MS for basic species, and gas chroma-
tography/MS (GC/MS). Metabolites were then iden-
tified using automated comparison of the ion features
in the experimental samples to a reference library
of chemical standard entries that included retention
time, molecular weight (m/z), preferred adducts, and
in-source fragments as well as their associated MS/
MS spectra. This library allowed for rapid identifi-
cation of metabolites in the experimental samples
with high confidence. A detailed explanation of the
metabolite analysis procedure has been published.m)
Quality control details are found in the Supporting
Methods.

LIPIDOMICS PANEL

Lipids were extracted using chloroform:methanol
in the presence of authentic internal standards. Lipids
were trans-esterified in 1% sulfuric acid in methanol
in a sealed vial under a nitrogen atmosphere at 100°C
for 45 minutes. The resulting fatty acid methyl esters
were extracted from the mixture with hexane contain-
ing 0.05% butylated hydroxytoluene and prepared for
GC by sealing the hexane extracts under nitrogen.
Fatty acid methyl esters were separated and quan-
tified by capillary GC (Agilent Technologies 6890
Series GC) equipped with a 30-m DB 88 capillary
column (Agilent Technologies) and a flame ionization
detector.
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CLINICAL AND OUTCOMES DATA
Demographics, including age, sex, BMI, smoking

status, medical comorbidities, and medications, were
collected as part of the clinical database at the time of
liver biopsy. Laboratory values, including aspartate ami-
notransferase (AST), alanine aminotransferase (ALT),
and platelet count were collected within 6 months
of the liver biopsy and used to estimate the amount
of liver fibrosis by the FIB-4 score using the follow-
ing formula: (age x AST) / (platelet count x square
root[ALT]).?¥ The follow-up period for each partic-
ipant was defined as the date of the index liver biopsy
until April 1, 2018. The primary outcome was the
occurrence of liver-related events. Liver-related events
were collected through manual systematic chart review
and were defined as any one or more of the following:
ascites (on imaging or requiring paracentesis), spon-
taneous bacterial peritonitis (ascitic fluid neutrophil
count >250 cells/mm?), variceal bleeding (diagnosed
endoscopically), hepatocellular carcinoma (HCC; by
cross-sectional imaging or tissue diagnosis), hepatic
encephalopathy (clinician diagnosed or requiring lac-
tulose or rifaximin therapy), and hepatopulmonary
syndrome (diagnosed by presence of a shunt on echo-
cardiography and arterial blood gas revealing arterial to
alveolar oxygen gradient of 15 mm Hg or greater). We
defined liver-related death as any death that occurred
after a previous liver-related event and in which com-
plications of liver disease were the primary cause of
death. Participants with liver-related events before the
index biopsy or who had previously undergone liver
transplantation before the index biopsy were excluded.

STATISTICAL ANALYSIS

Chi-square tests were used to compare baseline
characteristics between participants with and with-
out liver-related events. We performed generalized
linear models to evaluate for liver-related events by
metabolite while controlling for covariates of age,
sex, diabetes, hypertension, BMI, and fibrosis stage.
Statistical significance was defined as P < 0.05. We
then estimated Cox proportional hazards models®¥
for time to liver-related events, controlling for multi-
ple comparisons and age, sex, BMI, diabetes, hyper-
tension, and fibrosis stage. Statistical significance in
the Cox proportional hazards models was defined as
P < 0.05, and we presented those metabolites with a
false discovery rate (FDR) <0.10. Generalized linear
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models were also calculated to evaluate the associ-
ation between FIB-4 score and liver-related events,
controlling for age, sex, diabetes, hypertension, and

BMI. All analyses were done using MATLAB
(MathWorks, Inc).

Results

STUDY PARTICIPANT
CHARACTERISTICS

A total of 196 participants had metabolomic anal-
ysis performed. Nine participants were excluded from
this analysis after further histologic and chart review
revealed they had undergone liver transplantation
before NAFLD diagnosis or steatosis resulted from an
alternative etiology (i.e., alcohol not disclosed on ini-
tial questionnaire, autoimmune hepatitis, drug-induced
liver injury). As such, 187 participants were included in
the final cohort and analyses. Baseline characteristics of
the entire cohort and the cohort stratified according to
liver-related events are shown in Table 1. Overall, the
mean + SD age at liver biopsy was 50.2 = 10.5 years,
53% of the cohort were women, and 89% of partici-
pants were Caucasian. Participants with and without
liver-related events were similar except for fibrosis stage;
as expected, more participants who experienced liver-
related events had advanced (stage 3-4) fibrosis (73%
vs. 23% without liver-related events).

LIVER-RELATED OUTCOMES

Over a mean * SD follow-up of 6.9 = 3.2 years, 11
participants experienced 22 liver-related events, shown
in Table 2. The time from baseline liver biopsy to first
liver-related event ranged from 7 months to 9.2 years.
A total of 12 participants died during follow-up; six of
these deaths were due to liver-related causes. Of the
6 participants who experienced liver-related death, 3
had prior hepatic encephalopathy, 2 had ascites, and 1
had both hepatic encephalopathy and ascites. Of the
remaining 6 participants who died, 2 had advanced
malignancy, 1 had fatal intracerebral hemorrhage, and
3 lacked documentation of cause of death.

METABOLITES DETECTED

Metabolomics data from the cohort yielded 1,151
metabolites (760 identified and 361 unnamed). These
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TABLE 1. BASELINE CHARACTERISTICS OF THE COHORT
Overall Cohort (n=187),  Patients Without Liver-Related Events  Patients With Liver-Related Events

Characteristic n (%) (n=176) (%) (n=11) (%)
Age at biopsy, years (mean + SD) 50.2+£10.5 50.0+10.7 53.6+6.2
Race

Caucasian 166 (89) 89 91

African American 12 (6) 7 0
Female sex 99 (53) 53 55
BMI (mean + SD) 353x7.2 353+7.2 34.2+6.1
Hypertension 121 (65) 65 64
Diabetes mellitus 67 (36) 35 55
Hyperlipidemia 73 (39) 39 45
Current smoker 25(13) 14 9
Fibrosis stage*

0 12 (6) 7 0

1 36 (19) 20 0

2 90 (48) 49 27

3 41 (22) 19 64

4 8 (4) 4 9

*Statistically significant for comparison between those with events and those without.

TABLE 2. LIVER-RELATED EVENTS*

Liver-Related Events Number of Patients

Hepatic encephalopathy
Liver-related death

Ascites

Spontaneous bacterial peritonitis
Hepatocellular carcinoma
Variceal bleeding

— - — U1 O~

*Clinical variables independently associated with time to liver-
related events: age, diabetes, fibrosis stage.

metabolites derived from eight superpathways: amino
157), peptides (n = 55), carbohydrates
(n = 28), energy related (n = 7), lipids (n = 307),
nucleotides (n = 34), cofactors/vitamins (n = 34), and
xenobiotics (n = 67). The unnamed metabolites were
excluded. We also excluded metabolites for which
>50% of values were missing, which was presum-
ably due to levels below the limit of detection. For
the remaining 683 metabolites, missing values were
imputed to half of the observed minimum value for
each metabolite,(zs)
by removing mean day-wise effects from each analyte
independently after log-transformation.

acids (n =

and batch effects were corrected
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ASSOCIATION OF METABOLITES
WITH LIVER-RELATED EVENTS

In the generalized linear models, we identified
53 metabolites significantly associated with liver-
related events (P < 0.05) after controlling for age,
sex, BMI, hypertension, diabetes, and fibrosis stage.
FDR values for the top 10 metabolites ranged
from 0.17 to 0.21. The most commonly repre-
sented superpathways were lipids (26 metabolites)
and amino acids (11 metabolites). The superpath-
ways and pathways represented are shown in Fig. 1.
A full list of significant metabolites is provided in
Supporting Table S1. The top 10 metabolites (based
on FDR) are shown in Table 3. Of note, two pri-
mary bile acid metabolites (taurochenodeoxycho-
late [TCDCA] and taurocholate), two vitamin E
metabolites (gamma-carboxyethyl-hydroxychroman
[CEHC] and gamma-CEHC glucuronide), and one
serotonin metabolite (5-hydroxyindoleacetate) were
among the top 10 altered metabolites associated
with liver-related outcomes. Ten participants were
taking vitamin E and 32 participants were taking
serotonergic medications at the time of liver biopsy.
Serotonergic medications but not vitamin E were
associated with liver-related events in a univariate
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model. Controlling for serotonergic medications did
not cause 5-hydroxyindoleacetate to lose statistical
significance at the cutoff P value of 0.05.

Next, we performed Cox proportional hazards
modeling to identify metabolites associated with time
to future liver-related events. After controlling for age,
sex, BMI, diabetes, hypertension, serotonergic med-
ications, and fibrosis stage, 69 metabolites were sig-
nificantly associated with time to future liver-related
events with P < 0.05. Of these, seven metabolites met
the FDR threshold of 0.10; these are shown in Table 4.
Gamma-CEHC, gamma-CEHC glucuronide (both
decreased), taurochenodeoxycholate (increased), and
5-hydroxyindoleacetate (decreased) were all associated
with time to liver-related events. The other signifi-
cant metabolites were 2-hydroxyglutarate (increased),
4-androsten-3beta,17beta-diol disulfate 1 (increased),
and eicosenoyl sphingomyelin (decreased).

Cofactors and
vitamins
6%

Xenobiotic
metabolism
6%

Peptides
9%

Amino acid
metabolism
21%
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We calculated the FIB-4 score for each patient
to compare its performance predicting liver-related
events to the top metabolites. For participants who
experienced liver-related events, FIB-4 scores ranged
from 1.17 to 7.34 (mean, 3.27); for those who did not
experience liver-related events, the range was 0.39-
5.98 (mean, 1.57). FIB-4 was significantly associated
with liver-related events (P < 0.001). Thus, the top
metabolites performed comparably to a well-validated
scoring system despite the fact that metabolites were
evaluated in models adjusted for fibrosis stage.

Discussion

Here, we report an association between serum
metabolites and the development of future liver-related
morbidity and mortality. Using a well-characterized

Carbohydrate metabolism

2%

Lipid metabolism
49%

FIG. 1. Superpathways and pathways represented by the 53 metabolites that were significantly associated with liver-related events
(P < 0.05) in generalized linear models after controlling for age, sex, diabetes, BMI, hypertension, and fibrosis stage.
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TABLE 3. TOP 10 METABOLITES FROM GENERALIZED LINEAR MODELS

Category Subcategory Metabolite PValue FDR
Amino acids Tryptophan metabolism 5-hydroxyindoleacetate 0.003 0.22
Cofactors and vitamins Tocopherol metabolism gamma-CEHC glucuronide 0.0007 0.17
gamma-CEHC 0.002 0.21

Lipids Primary bile acid metabolism taurochenodeoxycholate 0.0009 0.17
taurocholate 0.003 0.21

Sterol beta-sitosterol 0.003 0.21

sphingolipid metabolism eicosenoyl sphingomyelin 0.001 0.17

Peptides Polypeptide HWESASXX 0.001 0.17
Dipeptide glycylproline 0.003 0.21

Xenobiofics Benzoate metabolism benzoate 0.002 0.21

Abbreviation: HWESASXX, inflammation associated complement component 3 peptide.

TABLE 4. COX PROPORTIONAL HAZARDS
MODELING OF TIME TO LIVER-RELATED EVENTS

Category Metabolite PValue  FDR Beta
Amino acid  5-hydroxyindoleacetate 0.0007 006 -2.83
Cofactors gamma-CEHC 0.0007 007  -2.07
and gamma-CEHC glucuronide  0.0001  0.07  -0.90
vitamins
Lipids taurochenodeoxycholate 0.0006 0.07 0.87
2-hydroxyglutarate 0.0004 0.08 1.89
4-androsten-3betfa,17befa- ~ 0.0006  0.09 0.79
diol disulfate 1
eicosenoyl sphingomyelin 0.0003 009 -2.42s

cohort of participants with NAFLD and longitudinal
tollow-up, we found that seven metabolites measured
at the time of liver biopsy were significantly associ-
ated with time to future liver-related events (P < 0.05
and FDR, <0.10), independent of fibrosis stage.
Approximately one quarter of participants with liv-
er-related events had stage 2 fibrosis on index biopsy,
and therefore a noninvasive biomarker could have
prioritized these individuals for intensified surveil-
lance or identified candidates for treatment before the
occurrence of decompensation. Our study is unique
in that prior studies of serum metabolites have exam-
ined NAFLD histology in a cross-sectional manner.
While such studies have yielded valuable insights
into NAFLD pathophysiology as well as potential for
noninvasive diagnosis of NASH or advanced fibro-
sis, we have attempted to identify serum biomarkers
associated with future events associated with NAFLD
in individual patients. This proof of concept study
suggests that noninvasive markers associated with

NAFLD may be important predictors identifying
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patients who experience future liver-related morbid-
ity and mortality. This brings up the possibility that
modulation of such metabolites could affect disease
progression. Additionally, altered metabolite panels
could be used to risk stratify patients at the time of
diagnosis.

Our analysis found that higher serum levels of
TCDCA were associated with a shorter time to liv-
er-related events. Primary bile acids are potentially of
mechanistic and therapeutic significance in NAFLD.
TCDCA results from the conjugation of the bile acid
chenodeoxycholate with taurine. Like other bile acids,
TCDCA acts as a detergent by solubilizing fats in
the intestine and is recycled in the terminal ileum.
Bile acids have been linked to NAFLD through the
farnesoid X receptor (FXR); FXR agonist obeticholic
acid has demonstrated beneficial effects on histology
in NASH.® Norursodeoxycholic acid, a second-
ary bile acid, has also been found to have beneficial
effects on histology.*” TCDCA specifically has been
linked to progression in NAFLD in previous studies.
One study found higher postprandial concentrations
of taurine-containing bile acids in participants with
NAFLD compared to healthy controls.*® In animal
models, TCDCA is retained in the liver to a greater
degree compared to other bile acids. In one study, pro-
moting excretion of TCDCA and other hydrophobic
bile acids in mice prevented development of HCC.??
Bile acid derivatives have also been studied as thera-
peutics but with limited data to date.®”

The salt form of the principal metabolite of
serotonin 5-hydroxyindoleacetic acid (5-HIAA) is
5-hydroxyindoleacetate. In our analysis, participants

with biopsy-proven NAFLD and lower levels of
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5-HIAA experienced increased risk and a shorter
time interval for liver-related events. Serotonin is
produced in the liver by cholangiocytes and stellate
cells®? and is also produced in the gut to be con-
verted to 5-HIAA in the liver. Through its effects
on stellate-cell proliferation, serotonin likely regu-
lates fibrosis progression.m) Specific to NAFLD,
one recent paper demonstrated that inhibiting gut
synthesis of serotonin in a mouse model reduced
hepatic steatosis induced by a high-fat diet.®¥ In
rat models, fetal and neonatal exposure to fluoxe-
tine increased the incidence of NAFLD; changes
in the inflammasome and hepatic lipogenesis were
observed and were considered possible mecha-
nisms. % Interestingly in our analysis, controlling
for serotonergic medications did not cause this
metabolite to lose statistical significance, suggest-
ing that exogenous serotonin is not the cause of this
observed association between serotonin metabolites
and liver-related events. Given that serotonin modu-
lation is already possible through existing therapies,
better understanding of the relationship between
serotonin and NAFLD could have direct applica-
tions to patient care.

Our finding of altered vitamin E metabolites in
those participants with liver-related outcomes of
NAFLD is of particular interest. Vitamin E has been
studied as a NAFLD therapy in adults without dia-
betes in the Pioglitazone, Vitamin E, or Placebo for
Nonalcoholic Steatohepatitis (PIVENS) trial and was
found to be superior to placebo for improvement in
NAFLD histology.®* Vitamin E is thought to mitigate
steatohepatitis through its antioxidant properties and
may inhibit ferroptosis, a form of cell death associated
with inflammation and ischemia.®® Unsurprisingly,
therefore, we found that lower levels of two vitamin
E metabolites, gamma-CEHC and gamma-CEHC
glucuronide, were associated with increased hazard of
liver-related events. Exogenous vitamin E therapy was
assessed as a possible confounder (data not presented),
but it was not independently associated with liver-
related events. Further studies of vitamin E will hope-
tully clarify specific populations with expected benefit.

The remaining three metabolites that were sig-
nificantly associated with time to liver-related events
have less robust mechanistic links to NAFLD pro-
gression. It is thought that 2-hydroxyglutarate accu-
mulates abnormally in malignant cells, but its links to
oncogenesis are incompletely characterized.®” The
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metabolite 4-androsten-3beta,17beta-diol disulfate is
an intermediate in the pathway of testosterone syn-
thesis from dehydroepiandrosterone (DHEA). In our
analysis, higher levels were associated with increased
hazard of liver-related events. DHEA is thought to
modulate the liver’s response to oxidative stress, and
lower circulating levels have been associated with
advanced histology in NAFLD.®® Of note, increased
free testosterone levels in premenopausal women were
associated with increased prevalence of NAFLD later
in life in one study, independent of other NAFLD
risk factors.®” The precise balance of sex hormones
that facilitates or ameliorates NAFLD remains to be
determined, but this area is under active investigation,
rightfully so, as therapies already exist.

Our results overlap with published work. Of the 32
metabolites found to associate with advanced fibro-
sis by Caussy et al,"”) three were primary bile acids,
including taurocholate. That cohort included 45.5%
of participants who identified as non-Hispanic white,
indicating that at least some metabolites may remain
significant in multiple ethnic or racial groups. Taurine
itself was also included in the metabolite signature
in that study. This and our results suggest that tau-
rine metabolism is an area for future study. In addi-
tion, 4-androsten-3beta,17betadiol monosulfate 1
was associated with advanced fibrosis in that analysis,
whereas we found association between the disulfate
form and liver-related events. DHEA and testoster-
one metabolism, therefore, could be areas relevant to
NAFLD progression.

Serum metabolites have the potential to enhance
noninvasive clinical prediction scores. Such scores
are widely used for assessing risk of advanced fibro-
sis, but they have not been validated to predict liver-
related decompensation. In our analysis, the strength of
association between top metabolites and future liver-
related events was comparable to the FIB-4 score,
despite the adjustment of our models for fibrosis
stage. Serum metabolites could complement noninva-
sive scoring systems, particularly for participants with
intermediate-stage fibrosis, in determining risk for
tuture liver-related events.

In addition, outcomes beyond liver-related clinical
deterioration should be considered in future studies.
NAFLD has been independently associated with car-
diovascular disease, including coronary artery disease,
left ventricular hypertrophy, and diastolic heart fail-

(

40,41 - - -
ure.***) Cardiovascular disease represents a major
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source of morbidity and mortality for patients with
NAFLD, and whether serum metabolites are associ-
ated with cardiovascular outcomes will be explored in
subsequent studies of this cohort. External validation
of our findings would be worthwhile as well.

The strengths of this study are that the cohort was
drawn from a well-annotated repository and database
in which all participants had biopsy-proven NAFLD
and other causes for liver disease had been excluded.
In addition, thorough baseline clinical data, including
medications, were available for the cohort. The lim-
itations are the single-center design and our racially
homogeneous population, which was almost 90%
Caucasian. Our ascertainment of liver-related events
using manual retrospective chart review leaves open
the possibility that events were not captured in our
system or were missed due to incomplete documenta-
tion. As serum metabolites were evaluated at the time
of index liver biopsy, serial measurements to indicate
metabolite trends were not available and could have
potentially yielded additional insights. This would be
a valuable area for future study. Limitations in the
metabolite assay itself include the possible presence
of unmeasured or unnamed metabolites that could be
of mechanistic or prognostic significance. This study
was not powered to assess metabolites in the subgroup
of participants with stage 2 fibrosis, but this popula-
tion warrants particular attention, given the potential
additional predictive value of noninvasive biomark-
ers. Finally, the study design precludes assessment of
causality between metabolite levels and liver-related
events.

In summary, we found that primary bile acid, sero-
tonin, and vitamin E metabolites were associated with
future liver-related events in NAFLD, independent of
fibrosis stage at the time of diagnosis. Our findings
have potential diagnostic and therapeutic implica-
tions and should be validated in larger and additional

cohorts.
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