L)

Check for
updates

Received: 17 June 2020 Revised: 4 November 2020 Accepted: 18 November 2020

DOI: 10.1111/1iv.14743

ORIGINAL ARTICLE

Liver WILEY

Serum aromatic and branched-chain amino acids associated
with NASH demonstrate divergent associations with serum

lipids

Vanessa D. de Mello!

| Ratika Sehgal® | Ville Minnist6?> | Anton Klavus® |

Emma Nilsson® | Alexander Perfilyev® | Dorota Kaminska! | Zong Miao* |
Pisivi Pajukanta®*® | Charlotte Ling® | Kati Hanhineva® | Jussi Pihlajamakil”’

Lnstitute of Public Health and Clinical
Nutrition, Department of Clinical Nutrition,
University of Eastern Finland, Kuopio, Finland

2Department of Medicine, University of
Eastern Finland and Kuopio University
Hospital, Kuopio, Finland

SEpigenetics and Diabetes Unit, Department
of Clinical Sciences, Lund University Diabetes
Centre, Malmo, Sweden

4Department of Human Genetics, David
Geffen School of Medicine at University of
California Los Angeles (UCLA), Los Angeles,
CA, USA

SInstitute for Precision Health, School of
Medicine, UCLA, Los Angeles, CA, USA

%Department of Biochemistry, Food
Chemistry and Food Development Unit,
University of Turku, Turku, Finland

’Department of Medicine, Endocrinology and
Clinical Nutrition, Kuopio University Hospital,
Kuopio, Finland

Correspondence

Jussi Pihlajaméki, MD, PhD, Dean, Faculty
of Health Sciences, Professor in Clinical
Nutrition, Institute of Public Health and
Clinical Nutrition, University of Eastern
Finland, 70210 Kuopio, Finland.

Email: jussi.pihlajamaki@uef.fi

Funding information
Finnish Diabetes Research Foundation;
Kuopio University Hospital Project, Grant/

Abstract

Background & Aims: Non-alcoholic fatty liver disease (NAFLD) has been associated
with multiple metabolic abnormalities. By applying a non-targeted metabolomics ap-
proach, we aimed at investigating whether serum metabolite profile that associates
with NAFLD would differ in its association with NAFLD-related metabolic risk factors.
Methods & Results: A total of 233 subjects (mean + SD: 48.3 + 9.3 years old; BMI:
431 +54 kg/mz; 64 male) undergoing bariatric surgery were studied. Of these par-
ticipants, 164 with liver histology could be classified as normal liver (n = 79), simple
steatosis (SS, n = 40) or non-alcoholic steatohepatitis (NASH, n = 45). Among the
identified fasting serum metabolites with higher levels in those with NASH when
compared to those with normal phenotype were the aromatic amino acids (AAAs:
tryptophan, tyrosine and phenylalanine), the branched-chain amino acids (BCAAs:
leucine and isoleucine), a phosphatidylcholine (PC(16:0/16:1)) and uridine (all FDRp
< 0.05). Only tryptophan was significantly higher in those with NASH compared to
those with SS (FDRp < 0.05). Only the AAAs tryptophan and tyrosine correlated posi-
tively with serum total and LDL cholesterol (FDRp < 0.1), and accordingly, with liver
LDLR at mRNA expression level. In addition, tryptophan was the single AA associated
with liver DNA methylation of CpG sites known to be differentially methylated in
those with NASH.

Conclusions: We found that serum levels of the NASH-related AAAs and BCAAs
demonstrate divergent associations with serum lipids. The specific correlation of
tryptophan with LDL-c may result from the molecular events affecting LDLR mRNA

expression and NASH-associated methylation of genes in the liver.

Abbreviations: AAAs, aromatic amino acids; AAs, amino acids; BCAAs, branched-chain amino acids; BMI, body mass index; CpG, 5'Cytosine—phosphate—Guanine3'; CPM, count per
million; CVD, cardiovascular disease; DNL, de novo lipogenesis; FDR, false discovery rate; HDL-c, high density lipoprotein- cholesterol; IQR, interquartile range; KOBS, kuopio obesity
surgery study; LDL-c, low density lipoprotein- cholesterol; LDLR, low density lipoprotein receptor; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis;
PC(16:0/16:1), phosphatidylcholine(16:0/16:1); PCA, principal component analysis; SD, standard deviation; SS, simple steatosis; T2D, type 2 diabetes; TMM, trimmed mean of M values;

VLCD, very-low calorie diet.
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1 | INTRODUCTION

The global epidemic burden of non-alcoholic steatohepatitis (NASH)
is increasing aIarmineg.1 NASH is a chronic progressive hepatic dis-
ease often preceded by non-alcoholic fatty liver disease (NAFLD)
and characterized by accumulation of fat, inflammation and possible
fibrosis in the liver.?

Dysregulation of hepatic lipid metabolism starts from the early
phases of NAFLD and contributes to several cardiovascular disease
risk factors including type 2 diabetes, peripheral insulin resistance
and dyslipidemia.>> Although there are many studies highlighting
the presence of these risk factors in individuals with NAFLD and
NASH, the exact mechanisms behind these risk factors are not fully
elucidated. This is also highlighted by the fact that known NAFLD
candidate genes have been associated with distinct metabolic pro-
files.>” We have previously proposed that some of these abnormal-
ities could be related to epigenetic modifications, mainly to altered
DNA methylation in the liver.®

Metabolomics approach has proposed various serum or plasma
biomarkers for NAFLD. Of those, branched-chain amino acids
(BCAASs) and glutamic acid have been extensively studied.”** Non-
targeted metabolite profiling, an approach that allows hypothe-
sis-free assessment of a wide spectrum of metabolites resulting
from endogenous metabolism, dietary intake, and gut microbial
activity, broadens the possibility of novel discoveries related to the
pathogenesis of NAFLD. In the present study, we therefore utilized
a non-targeted approach to identify metabolic differences in serum
among individuals with normal liver, simple steatosis (SS) and NASH.
Furthermore, we investigated whether the serum metabolite pro-
file that associates with NAFLD would differ in its association with
NAFLD-related metabolic risk factors.

2 | METHODS
2.1 | Study participants

Participants included in this metabolomics study were from the
ongoing Kuopio Obesity Surgery Study (KOBS).!? A total of 233
subjects (mean + SD: 48.3 + 9.3 years old; body mass index (BMI):
43.1 + 5.4 kg/m?; 64 male) undergoing bariatric surgery were in-
cluded upon the availability of both fasting serum sample and
liver histology. Study subjects participated in a 1-day visit, includ-

ing an interview on the history of previous diseases and current

aromatic amino acids, DNA methylation, epigenetics, LDL cholesterol, NAFLD, NASH, non-
targeted metabolomics, tryptophan

Key points

e Using serum non-targeted metabolomics, BCAAs and
AAAs were identified to be different among persons
with normal liver, SS and NASH; with only tryptophan
differing between SS and NASH.

e However, these NASH-associated AAs display diver-
gent association with the serum lipids with the aromatic
amino acid, tryptophan correlating strongly with LDL-c.

e Specifically, the correlation of tryptophan with LDLR
MRNA expression and NASH-associated methylation of
genes in the liver potentially links LDL-c to both NASH
development and CVD risk.

drug treatment, before the surgery. Fasting blood samples were
drawn after 12 hours fasting after 4 weeks of very low-calorie diet
(VLCD). Plasma glucose, insulin and serum lipids were determined
as previously described.}?> Written informed consent was obtained
from all participants and the study protocol was approved by the
Ethics Committee of the Northern Savo Hospital District (54/2005,
104/2008, and 27/2010).

2.2 | Liver histology

Liver biopsies were obtained using Trucut needles (Radiplast AB,
Uppsala, Sweden) or as a wedge biopsy during elective gastric by-
pass operations. Overall histological assessment of liver biopsy
samples (n = 233) was performed by one pathologist according to
the standard criteria, as previously described.*® Histological diagno-
sis was divided into three categories: (i) Normal liver without any
steatosis, inflammation, ballooning or fibrosis, (ii) Simple steato-
sis (steatosis > 5%) without evidence of hepatocellular ballooning,
inflammation or fibrosis and (iii) NASH. When the subjects were
divided into study groups based on the phenotype of their liver
histology; 79 had normal liver, 40 had simple steatosis and 45 had
NASH (see Table 1). Still, 69 of 233 subjects could not be categorized
into these distinct histological phenotypes (for example those with
steatosis but also mild fibrosis). However, all participants (n = 233)
were included into the correlation analyses (136 with steatosis; 97
with fibrosis; 72 with lobular inflammation; 7 with portal inflamma-

tion and 58 with ballooning).
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TABLE 1 Clinical characteristics and
liver histology of study participants
according to histological liver phenotype
(mean + SD or median (IQR))

Total, N (men/women)
Age (years)
BMI (kg/m?)

fS-Total cholesterol
(mmol/L)

fS-HDL cholesterol
(mmol/L)

fS-LDL cholesterol
(mmol/L)

fS-Triglycerides
(mmol/L)

fP-glucose (mmol/L)
fS-insulin (mU/L)

Type 2 diabetes, N(%)

Lipid lowering
medication, N(%)

Glucose lowering
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medication, N(%)
Steatosis grade, N
<5%
5%-33%
33%-66%
>66%

Lobular inflammation,
N

Portal inflammation, N

Ballooning, N

Fibrosis, N (stage
range)

Normal liver Simple steatosis NASH p?

79 (20/59) 40(9/31) 45 (18/27) 14

47.4 +9.7 46.5+8.6 495+ 9.6 31

42.6+5.5 43.3+4.8 434 +54 .61

42+0.8 42+09 45+11 .27

1.2+03 11+0.2 1.2+04 .27

24+07 24+09 2.5+1.0 .80

1.3(1.0-2.3) 1.4 (0.9-2.0) 1.6 (1.3-2.2) .60

60+1.3 63+19" 7.3+22 .0005

13.8 16.0 (11.0-23.4) 20.5(14.4-28.8) .00006
(7.8-18.6)"

15 (18.9) 11 (27.5) 26 (57.8) .00003

22 (28.6) 9 (22.5) 20 (44.4) .07

14 (17.7) 11 (25) 24 (53.3) .0002

79 0 0

0 32 13

0 19

0 13

0 0 45

o
w

37
42 (1-3)

Note: Data are shown as mean + SD or median (IQR).

fS, fasting serum; fP, fasting plasma; HDL, High density lipoprotein; LDL, Low density lipoprotein;

N, number of individuals.

?One-way ANOVA test (continuous variable) or chi-squared test (categorical variable), after Post
hoc Bonferroni correction used for multiple testing.

*P < .05 vs NASH,
**P <.001 vs NASH,
***P <.0001 vs NASH.

2.3 | Non-targeted LC-MS metabolite
profiling analysis

An aliquot (100 plL) of stored (-80°C) fasting serum samples
was mixed with 400 uL of acetonitrile (ACN;VWR International,
Belgium), and mixed in vortex at maximum speed for 15 seconds,
incubated on ice bath for 15 minutes to precipitate the proteins,
and centrifuged at 16 000 g, 10 minutes to collect the superna-
tant. The supernatant was filtered through 0.2 um PTFE filters
in a 96-well plate. Aliquots of 2 uL were taken from at least half
of the plasma samples, mixed in one tube and were used as the

quality control sample in the analysis. Additionally, a solvent blank

was prepared in the same manner. Small aliquots of the analytical
samples were combined to constitute the quality control sample.
The samples were analysed with a UHPLC-qTOF-MS system (1290
LC, 6540 qTOF-MS, Agilent Technologies, Waldbronn, Karlsruhe,
Germany). The samples were analysed using two different chro-
matographic techniques, reversed phase (RP) and hydrophilic
interaction (hilic) chromatography. Data were acquired in both
positive (+) and negative (=) electrospray ionization. The sample
tray was kept at 4°C during the analysis. The data acquisition soft-
ware was MassHunter Acquisition B.04.00 (Agilent Technologies).
The quality control and the blank samples were injected after
every 12 samples and in the beginning of the analysis. The sample

order of the analysis of the samples was randomized. Details on
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the technical procedures, parameters and data collection are de-
scribed in the Supplementary Methods.

2.4 | Liver RNA expression and DNA methylation

To gain insight into the underlying molecular effects of the amino
acids and differential effect on the lipid profile, liver LDL receptor
(LDLR) mRNA expression in the same individuals (n = 179; from
which 55 individuals (30%) did not have a clean phenotype of nor-
mal liver, SS or NASH) obtained from the existing liver RNA se-
quencing (lllumina HiSeq 2000) data' was analysed. Total RNA
was extracted and purified using the miRNeasy Mini Kit. RNA
sequencing libraries were constructed with the Ribo-Zero Gold
(Hllumina) and underwent 50-nucleotide long paired-end sequenc-
ing on Illlumina HiSeq 2500 machine. The reads were aligned
against the human reference genome GRCh38 (release 29) using
two-pass STAR RNA-aligner.> On average, 37.5 million (77.4%)
read-pairs were mapped to a unique site of the human genome
and were used for further analysis. The Rsubread R package16 was
used to count all reads mapping within exon features. To reduce
random variability resulting from low counts, we required at least
80% of samples to have at least 10 reads resulting in 15 243 genes
in the final analysis.

The gene level count values were then normalized using a
trimmed-mean of M-values (TMM), converted to count per million
(CPM) and were logarithmically (log2) transformed using edgeR.'
The technical factors were obtained from STAR RNA-aligner (sum-
mary of mapping statistics) and from Picard®® (quality metrics).
Principal component analysis (PCA) was used to identify effects of
confounding factors on the transcriptome. The following technical
factors were included in the analysis: uniquely aligned reads % and 3’
bias. For DNA methylation studies, DNA from human liver biopsies
was extracted using DNeasy blood and tissue kit (QIAGEN) as per
the standard protocol provided by the manufacturer. The extracted
DNA concentration and purity were measured followed by analysis
of DNA methylation in liver using Infinium HumanMethylation 450
bead chip (lllumina), as described previously.® For the correlation
analysis between liver DNA methylation and serum non-targeted
metabolomics, 58 participants (normal liver, 24; simple steatosis (SS),
19 and NASH, 14; in addition to one with only mild fibrosis) with
both measurements available were used.

2.5 | Statistical analysis and selection of metabolites
to be identified

Data are presented as mean + SD or median (interquartile range:
IQR). In histological analyses, we primarily focused on subjects, who
could be characterized into three study groups (normal liver, simple
steatosis (SS) and NASH; n = 164), but when conducting correlation
analyses with individual variables all study subjects were included
(n = 233, see Methods).

For the non-targeted metabolomics analyses, after data nor-
malization, differential features across study groups were identified
using a linear model fit separately for each feature using R version
3.5.3 (R Core Team, 2017, Vienna). The feature level was used as the
dependent variable, and the group as the independent variable. The
significance of the difference between the groups was tested using
a type lll F-test. Results were adjusted for multiple comparisons
using Benjamini-Hochberg false discovery rate (FDR). FDR adjusted
P < .05 were considered significant. After this filtering procedure,
the differential metabolites were identified based on the MS/MS
spectral comparison with pure standard compounds, or via search
of the candidate compounds in the databases including the Human
Metabolome database, METLIN, ChemSpider and SciFinder, and the
results were verified with the MS/MS spectral features included in
the in-house database based on pure chemical compounds, public
databases or from data reported in earlier publications. We also
tested the significant findings for pairwise differences using pair-
wise t-tests based on estimated marginal means as implemented
in the ‘emmeans’ R-package version 1.2., and further corrected for
multiple testing using FDR.Y

For the metabolites that remained significant after the adjust-
ments for multiple testing we further investigated their correla-
tion with variables of interest (BMI, fasting plasma glucose, serum
insulin and serum lipid levels, liver histology, LDLR expression and
DNA methylation). For that, we calculated cross-sectional correla-
tions using Pearson's test for variables with normal distribution or
for those natural-log-transformed to obtain normal distribution. For
testing correlations with categorical liver histology data (steatosis
grade, lobular inflammation, and fibrosis stage) Spearman's rank
test were used. The results were adjusted for multiple comparisons
using Benjamini-Hochberg FDR for clinical variables, liver histology,
liver mMRNA expression and NASH-associated DNA methylation in-
dependently. A two-sided FDR P < .1 was considered statistically
significant for all the correlation analyses performed, which were
conducted with the SPSS version 25 program (IBM Inc, Armonk, NY).

3 | RESULTS
3.1 | Metabolites associated with NASH

The clinical characteristics of the participants in this study accord-
ing to liver histology groups are shown in Table 1. While there were
no significant differences in age, BMI or serum lipids between the
study groups, individuals with normal liver had lower levels of fasting
glucose (P < .05) and insulin (P < .0001) as compared to individuals
with SS and NASH (all P < .05) Accordingly, in the normal liver group
there were less participants with type 2 diabetes (T2D) and those
using glucose lowering treatment compared to group with NASH
(P <.0001).

From a total of 362 metabolic features nominally associated with
NASH, we focused on the identified metabolites that remained as-
sociated with NASH at FDRp < 0.05 (linear regression model after
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correction for multiple testing, Table S1). Still, among the unidenti-
fied features significantly associated with NASH, we observed that
the majority of them (six of 10) were lipids (Table S1).

The most prominent differences were found in amino acids
(AAs), among them the aromatic AAs (AAAs) tryptophan, tyrosine
and phenylalanine and BCAAs leucine and isoleucine (Figure 1).
Serum levels for all these AAs were higher in individuals with
NASH compared to those with normal liver (FDRp < 0.001).
Tyrosine, phenylalanine, leucine and isoleucine were also in-
creased in individuals with SS compared to those with normal liver
(FDRp < 0.05). Tryptophan was the only AA significantly higher in
those with NASH when compared to those with SS (FDRp < 0.05,
Figure 1).

From metabolites other than AAs, phosphatidylcholine
(PC(16:0/16:1)) and uridine were also higher in those with NASH
when compared with individuals with normal liver. However, lev-
els of these metabolites were not different between NASH and SS
groups or between SS and normal liver groups (Figure 1). All the
associations of NASH with the identified and non-identified meta-
bolic features remained significant (P < .05) after adjusting for age,
sex and type 2 diabetes in the linear regression models (Table S1).
Further adjustments for the use of either lipid or glucose lowering

medication also did not change the results (Table S1).

3.2 | AAAs, but not BCAAs, are related to serum
total and LDL cholesterol (LDL-c)

We next correlated the serum metabolite levels of the identi-

fied features with basic clinical characteristics (Figure 2). As
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expected, all the AAs that significantly associated with NASH cor-
related positively with fasting levels of insulin and triglycerides
(FDRp < 0.1, Figure 2). Based on the selection process, all these
top ranking identified metabolites were positively correlated with
histological steatosis and inflammation (Figure 2). However, only
tyrosine and tryptophan of the AAAs, but not the BCAAs, corre-
lated positively with both total and LDL-c (FDRp < 0.1, Figure 2).
None of the NASH-associated AAs correlated with BMI or glucose
levels (FDRp > 0.1). Both PC(16:0/16:1) and uridine correlated
positively with fasting serum levels of total cholesterol and tri-
glycerides (FDRp < 0.01, Figure 2). After excluding those partici-
pants who were not categorized into having either normal liver, SS
or NASH, the correlations remained essentially the same between
each of the metabolites and the respective clinical characteristics
(Table S2).

3.3 | Liver LDLR mRNA expression associated
strongly with the AAAs tryptophan and tyrosine

Elevated LDL-c levels in NAFLD have previously been associated
with downregulation of the LDLR.?° To gain insight into the possible
molecular effects underlying the differential lipid profile associated
with AAAs, we correlated liver LDLR mRNA expression with the AA
levels. We observed that only the levels of tyrosine and tryptophan
were significantly (FDRp < 0.1) and negatively correlated with liver
LDLR mRNA expression (Figure 3). These correlations remained sig-
nificant even after adjusting for the use of statin medication (56 of
179 individuals were statin users), which is known to directly alter

LDLR expression.21

g 50 TRYPTgPHAN 3 TYR(’.ZSINE 100 ,PHENYfLiLANINE
£ * *
<ol 6 75 i
51 ES ES
= O
© 4 - 50
E<| 2 | =
g_ 10 2 25
0 0 0
LEUCINE ISOLEUCINE
[ 125 * 50 =
@
£ B | 100 40 *
(W]
T ‘; 75 30
££| 5 o , 1] PHENOTYPE
FIGURE 1 Top identified metabolites s 5 25 10
differing between participants with B 0 0 E NORMAL
normal liver, simple steatosis (SS) and non- . - ss
alcoholic steatohepatitis (NASH). Each 15 PC (16:0/16:1) 0.8 URIDINE E
box plot represents the median peak area * * NASH
for individual metabolite as the centre § 10 0.6 '
line and whiskers for 1.5*IQR; mean is £
plotted as a dot. Significance between 6 0.4 - -
groups is shown by asterisk. *Pairwise : 1] 0.2
test, FDRp < 0.05. Y-axis represents MS
peak area x10° 0 0



DE MELLO ET AL

s LwiLey-/HVEN
INTERNATIONAL

Body mass index
Serum cholesterol
Serum HDL-cholesterol
Serum LDL-cholesterol-
Serum triglycerides |

Correlation coefficient

0.3
' 0.2

0.1
Plasma glucose 0.0
Serum insulin - -0.1
Steatosis grade - - gi
Lobular inflammation ] )
Fibrosis stage- Il |
§ & 2 & £ T £
8 3 & 3 3 o 2
2 S © 9 2 S S
- [e) .
o - > b4 o
& g = =
ot ]
Q. [+
Aromatic Branched Others
Amino  Chain Amino
Acids Acids

FIGURE 2 Heatmap representing the correlations between the clinical variables (row wise) and the top identified metabolites
significantly associated with NASH (column wise). For all the clinical variables, Pearson's test was used except for the categorical histological
variables (Steatosis grade, grade of lobular inflammation, and fibrosis stage) where Spearman's correlation test was used. For serum
triglycerides and insulin log transformed values have been used. Colour of the cells indicates strength of a relationship (r). The cells marked
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Each dot corresponds to the correlation coefficient for individual
metabolite. The colour of the circle represents significance of the
correlation: black (FDRp < 0.1); white (FDRp > 0.1)

To further explore the mechanism behind altered LDLR expression,
we plotted correlations of tryptophan and tyrosine with average DNA
methylation at CpG sites mapping to LDLR. Only tryptophan (r = 0.304,
P =.021), but not tyrosine (r = 0.165, P = .217), correlated with average
methylation at CpG sites annotated to this gene.

3.4 | Tryptophan strongly correlates with liver
methylation of CpG sites related to NASH

We have previously shown that NASH associates with differen-
tial DNA methylation in the human liver.?2 To explore whether
this could link to divergent associations between AAs and NASH-
related metabolic phenotypes, we investigated the association
of the AA levels with DNA methylation of all CpG sites from the
lllumina array. In this approach we observed that all the AAs were
nominally correlated (P < .05) with DNA methylation of a high
number of CpG sites (Figure S1A). However, when we analysed
correlations only with the previously published NASH-associated
methylated sites (FDRp < 0.001)® tryptophan differed from the
other AAs because it correlated with larger number of CpG sites
associated with NASH (P < .05; 1319 of 1605 CpG's) (Figure S1B).
Of 1319 CpG's, 1287 remains significant even at FDRp < 0.1. The
tryptophan-specific association with DNA methylation is high-
lighted also when plotting correlations between the methylation
levels of the top 30 NASH-associated CpG sites with the levels
of the AAs (Figure 4A). The names of the corresponding mapped
genes related to these NASH-related CpG sites are shown in
Figure 4B. We next checked the correlations between methylation
of NASH-associated CpG sites and the tryptophan indole deriva-
tives; indole propionic acid and indole acetic acid that we identified
in the participant's serum.?? As illustrated in Figure S2, only tryp-
tophan correlated strongly with most of the respective CpG sites

that were associated with NASH and not the indole derivatives.
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4 | DISCUSSION AND CONCLUSIONS
In the current study, we applied non-targeted metabolomics profil-
ing of fasting serum of obese individuals with and without histologi-
cally proven NASH. We identified the AAAs tryptophan, tyrosine
and phenylalanine along with the BCAAs leucine and isoleucine, in
addition to PC(16:0/16:1) and uridine, as NASH-associated metabo-
lites. Although all these metabolites correlated with fasting insulin,
only the AAAs tryptophan and tyrosine were positively correlated
with fasting LDL-c indicating specific pathways related to these AAs.
Interestingly, LDLR liver mRNA expression levels correlated with the
levels of these AAs, indicating a plausible link with the LDL dysregu-
lation in NASH. Furthermore, only tryptophan correlated with both
DNA methylation of LDLR and other NASH-specific DNA methyla-
tion sites in the liver, suggesting that links between tryptophan and
liver DNA methylation may explain, at least in part, the divergent
associations of NASH-related metabolites with metabolic outcomes.
Our observation of higher AA levels in serum of subjects with
NASH and SS than in subjects with normal livers (Figure 1) are in line
with earlier reported associations between AAs and NAFLD.?%24
Both AAAs and BCAAs are found to be increased in individuals
with NAFLD and NASH, and similar to our results, many of them
(such as leucine, isoleucine and tyrosine) have been correlated with
insulin resistance and steatosis.?>? BCAAs and tyrosine have also
been linked with hepatic fat accumulation in early stages of NAFLD,

independently of insulin resistance.?* It has also been suggested

that higher rate of whole-body protein turnover and impaired AA
catabolism occurring as a late event in the progression of steato-
sis to NASH%® may be the cause of higher levels of all these AAs in
the circulation.?®?” Furthermore, altered gut permeability present
in NAFLD and NASH may drive the diet- or gut-derived metabolites
(eg the AAs) readily into the systemic circulation resulting in their
elevated levels.?

Especially AAAs as a group have been associated with the prev-
alence of liver diseases.?>*° One possible explanation for increased
AAAs in serum may be the overall impaired hepatic metabolism of
AAAs because of lipid accumulation in the liver.?*3! In line with this,
we found serum levels of the AAAs tryptophan, phenylalanine and
tyrosine to be elevated in those with NASH compared to those with
normal liver (Figure 1). Earlier, phenylalanine, the substrate for tyro-
sine in the body, has been found to be elevated in obesity, NAFLD
and NASH.?32>3233 Op the other hand, serum tyrosine levels has
also been associated with insulin resistance and with fibrotic staging
of NASH.3* Interestingly, we found specifically tryptophan levels to
be higher in serum of individuals with NASH than in those with ei-
ther SS or normal livers, but not between those with SS and normal
livers as shown for the other AAs. This highlights the possible role
of tryptophan specifically to the histological findings characterizing
NASH, such as fibrosis or liver inflammation.

The most interesting novel finding in our study is the spe-
cific correlations of tryptophan and tyrosine with LDL and total

cholesterol (Figure 2). Their levels in serum correlated with liver
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expression of LDLR suggesting a potential mechanism for ele-
vated LDL cholesterol (Figure 3). Downregulation of hepatic LDLR
mMRNA in subjects with NAFLD has been suggested to contribute
to increased amount of LDL cholesterol in the circulation.?® Taken
together, these results indicate a probable crosstalk between
tryptophan, tyrosine and the LDL biology. Therefore, our find-
ings suggest that tryptophan may contribute to both CVD risk and
NASH by modifying LDL biology.

Interestingly, only serum tryptophan levels were associated
with the average liver methylation of LDLR specific CpG sites
suggesting that this AA could be acting at the epigenetic level by
modifying DNA methylation.35'36 Furthermore, after exploring
correlations between identified NASH-associated metabolites and
methylation of CpG sites related to NASH, we observed that only
tryptophan correlated significantly with the previously shown top
30 NASH-specific DNA-methylation sites® (Figure 4A,B). This spe-
cific link between tryptophan and DNA methylation could be re-
lated to the structure of tryptophan, which differs from the other
related AAAs tyrosine and phenylalanine by the presence of an
indole moiety.®” We could not find any correlations of NASH-
associated CpG sites with the levels of the other identified indole
derivatives, indole propionic acid and indole acetic acid. However,
the possibility of regulation of DNA methylation by indole moi-
eties still remains because indole derivatives are known to be ac-
tive DNA methylation modulators.®®

Besides being positively associated with NASH in the present
study, serum levels of the BCAAs leucine and isoleucine are strongly
associated with the HDL-c and fasting insulin levels (Figure 2). This

has also been reported before®?4°

suggesting a link between HDL-c
and mechanisms that lead to insulin resistance.®*% Regarding
BCAAs in NASH, disrupted crosstalk between BCAAs and the liver
tri-carboxylic acid cycle have been reported previously suggesting a
contribution to dysfunctional mitochondrial metabolism in NAFLD.*!
Our results thus support the earlier findings that elevated levels of
BCAAs could contribute to insulin resistance and development of
NASH.40:42

Another interesting finding was that among the lipid features
associated with NASH, the levels of PC(16:0/16:1) were higher in
individuals with NASH than in the ones with SS and normal livers.
This lipid has not been previously linked to NAFLD, but proposed
as a biomarker for hepatocellular carcinoma.*® Lipids synthesized
mostly from carbohydrates in the liver by de novo lipogenesis (DNL)
are potential sources contributing to fatty liver. In fact, fasting lev-
els of PC(16:0/16:1) seem to reflect both the increase in DNL and
dietary carbohydrate-fat ratio.** This goes in line with the fact that
carbohydrate restriction has emerged, along with other measures,
an effective dietary intervention for NAFLD,*® and that short-term
carbohydrate restriction results in improved liver lipid metabolism
and decreased PC(16:0/16:1) in plasma.*®*” Therefore, the identifi-
cation of higher PC(16:0/16:1) levels in NASH in our study could be
reflecting both the advanced stage of liver disease already present
in NASH as well as the imbalance in glucose and lipid metabolism in
these patients. Thus, PC(16:0/16:1) could be a potential marker to

be further investigated as a modifiable factor in the prevention of
NAFLD/NASH.

Finally, we also found serum uridine levels to be higher in indi-
viduals with NASH compared to those with normal liver. Uridine
has been established as an intrinsic link between pyrimidine me-
tabolism and liver lipid accumulation.*® Long-term feeding of uri-
dine has been shown to induce glucose intolerance and severe
hepatic lipid accumulation in mice.*’ In humans, the evidence re-
lating uridine with fatty liver is scarce, and limited to specific situa-
tions such as to the carbohydrate-restricted diet in obese patients
with NAFLD.*

The current study is of cross-sectional nature and thus limits our
conclusions related to causation. Furthermore, because our study
subjects were morbidly obese, we also cannot generalize the re-
sults to normal weight subjects. Our patients in the study were on
a VLCD for 4 weeks before the surgery. Therefore, we cannot con-
clude that the results would be the same without preceding VLCD.
However, we had a range of liver phenotypes from normal liver to
NASH, based on liver histology, and therefore could explore factors
related to NAFLD and related metabolic phenotypes within an obese
population, known to be at high risk for NAFLD. Even though we had
limited sample size for the analyses where we included liver gene ex-
pression and DNA methylation data, the results provided us a clear
information about the possible mechanism linking NASH-associated
metabolites with metabolic outcomes. However, the availability of
data about intrahepatic metabolite content would have provided
us with better understanding about the mechanism linking NASH-
associated metabolites with metabolic outcomes at tissue-level.
Although through this technology we were able to bring new hits
associated with NASH, such as PC(16:0/16:1), some of the lipid fea-
tures derived from non-targeted metabolomics that were altered in
NASH are yet to be identified.

In conclusion, serum levels of the NASH-related AAAs and
BCAAs demonstrate divergent associations with serum lipids.
Despite similar associations with steatosis and fasting insulin, the
differences in the association with serum lipids, especially total
and LDL cholesterol, suggest AA-specific pathways. Although the
correlation of tryptophan with LDL metabolism and hepatic LDLR
mRNA expression suggest that LDL metabolism could mediate the
association of tryptophan with NASH, we acknowledge that also
other AA correlated with LDL-c, but not so strongly with NASH.
Thus, the unique strong correlation of tryptophan with methylation
of NASH-related CpG sites suggests a novel mechanism linking tryp-
tophan with LDL-c, CVD risk and development of NASH.
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