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Abstract:

Background & Aims:

Alterations in liver phosphatidylcholine (PC) metabolism have been implicated in the
pathogenesis of non-alcoholic fatty liver disease (NAFLD). Although genetic variation
in the phosphatidylethanolamine N-methyltransferase (PEMT) enzyme synthesizing
PC has been associated with disease, the functional mechanism linking PC
metabolism to the pathogenesis of non-alcoholic steatohepatitis (NASH) remains
unclear.

Methods:

Serum PC levels and liver PC contents were measured using proton nuclear
magnetic resonance (NMR) spectroscopy in 169 obese individuals [age 46.6 + 10
(mean * SD) years, BMI 43.3 = 6 kg/m?, 53 men and 116 women] with histological
assessment of NAFLD; 106 of these had a distinct liver phenotype. All subjects were
genotyped for PEMT rs7946 and liver mRNA expression of PEMT and glycine N-
methyltransferase (GNMT) was analyzed.
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Results:

Liver PC content was lower in those with NASH (P=1.8x10®) while serum PC levels
did not differ between individuals with NASH and normal liver (P=0.591).
Interestingly, serum and liver PC did not correlate (rs=-0.047, P=0.557). Serum PC
and serum cholesterol levels correlated strongly (rs=0.866, P=7.1x10"°), while liver
PC content did not correlate with serum cholesterol (rs=0.065, P=0.413). Neither
PEMT V175M genotype nor PEMT expression explained the association between
liver PC content and NASH. Instead, liver GNMT mRNA expression was decreased
in those with NASH (P=3.8x10™) and correlated with liver PC content (rs=0.265,
P=0.001).

Conclusions:
Decreased liver PC content in individuals with the NASH is independent of PEMT
V175M genotype and could be partly linked to decreased GNMT expression.

Lay summary:

We demonstrated that liver phosphatidylcholine (PC) content is decreased in those
with non-alcoholic steatohepatitis. Although phosphatidylethanolamine N-
methyltransferase (PEMT) gene regulates PC metabolism, the PEMT V175M gene
variant did not explain the decreased liver PC content in NASH. Interestingly, glycine
N-methyltransferase (GNMT) expression in the liver was decreased in those with
NASH and it was associated with liver PC content, suggesting a potential role of
GNMT in altering PC metabolism in NASH.

Introduction

Non-alcoholic fatty liver disease (NALFD) is the most common liver disease affecting
approximately 25 percent of individuals worldwide . The disease presents primarily
as steatosis of liver, but it can progress to non-alcoholic steatohepatitis (NASH) .
Steatosis develops when excess fat is stored into liver as triglycerides (TGs) ®. This
process is determined by the one-carbon cycle that generates phosphatidylcholine
(PC) and S-adenosylmethionine (SAM) . Accordingly, hepatic PC metabolism has
been associated with NAFLD * ® and differences in PC subclasses have been
reported between individuals with and without NASH ©. Furthermore, it has been

shown that reduced PC synthesis impairs VLDL secretion ” and may lead to liver
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steatosis ®. In line with these observations liver PC content is also decreased in
humans with steatosis ®? and NASH @9,

The regulation of liver PC metabolism is complex and the mechanism how it relates
with  NASH are unknown. About 30 % of PC synthesis is regulated by
phosphatidylethanolamine N-methyltransferase (PEMT), which catalyzes methyl
transfer from SAM to phosphatidylethanolamine (PE) * V. Accordingly, Pemt” mice
develop NASH when fed a choline deficient diet “?. Another important enzyme
taking part in the synthesis of PC from SAM and PE is glycine N-methyltransferase
(GNMT), which catalyzes the conversion of SAM to S-adenosylhomocysteine (SAH)
. In humans, mutations in the GNMT gene have been reported to lead to liver
disease ™ and decreased GNMT expression in the liver has been associated with
NAFLD and advanced fibrosis .

Interestingly, PEMT V175M G to A substitution at rs7946 has been associated with
1.5 times increased risk of NAFLD in a meta-analysis *®. Based on these findings, it
has been suggested that decreased PC synthesis, due to genetic factors or limited
dietary choline intake @, could lead to decreased VLDL export and ultimately to TG

accumulation in the liver @& 19

Since the mechanism behind disturbed PC homeostasis in humans with NASH are
unknown, we decided to analyze the role of PEMT V175M genotype and mRNA
expression of PEMT and GNMT as regulators of PC metabolism in humans with
normal liver, steatosis and NASH. For this purpose, we assessed serum total PC
levels and liver total PC content, PEMT V175M genotype and liver mRNA expression
of PEMT and GNMT in 169 individuals who participated in Kuopio Obesity Surgery

Study (KOBS).
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Methods

Subjects. A total of 169 subjects undergoing bariatric surgery were included into this
study from the KOBS study (53 male and 116 female, age 46.6+£10 (mean+SD)
years, BMI 43.3+6 kg/m?; characteristics see Table S1) . Criteria for the surgery
were in line with the current guidelines . Study subjects participated in one-day
visit, including an interview on the history of previous diseases and current drug
treatment, before the surgery. Fasting blood samples were drawn after 12 hours of
fasting after 4 weeks of very low-calorie diet (VLCD). All patients with alcohol
consumption of more than 20 g per day were excluded from the study. Chronic
hepatitis B virus (HBV) and hepatitis C virus (HCV) were excluded using serology if
alanine aminotransferase (ALT) values were elevated prior to surgery (HCV and
HBV infections are rare in Finland). Hemochromatosis was excluded based on
histological analysis of liver biopsies, and by normal serum ferritin levels in subjects
with elevated serum ALT level. Informed consent was obtained from each participant
and the study protocols were approved by the Ethics Committee of Northern Savo
Hospital District and were in accordance with the Helsinki Declaration.

Clinical and laboratory measurements. Plasma glucose, insulin, and serum lipids
and lipoprotein lipids were determined as previously described 7).

Quantitative NMR spectroscopy. Fasting concentration of total PC (mmol/L) was
analyzed by proton nuclear magnetic resonance (NMR) spectroscopy in native
serum samples. In addition, NMR analysis was used to measure cholesterol and TG
concentration in different sized lipoproteins in serum. NMR analysis was also used to
measure total PC content in the liver (nmol/mg). The details of this methodology

19, 20)

have been described previously Serum and liver phosphatidylcholine

measurements consist mainly phosphatidylcholines. This biomarker contains minor
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amounts of some other glycerophospholipids, such as phosphatidylethanolamines
and phosphatidylserines, but their concentrations are very low compared to the main
glycerophospholipids. Thus, the NMR analysis is basically quantifying only different
phosphatidylcholines (i.e. phosphatidylcholines with different fatty acid chains at sn-1
and sn-2 positions of glycerol backbone). ¢

Mass spectrometry metabolomics. Choline, alanine, betaine and methionine were
measured with metabolomics approach with mass spectrometry as described
previously 3.

Liver biopsies and histology. Liver biopsies were obtained using Trucut needles
(Radiplast AB, Uppsala, Sweden) or as a wedge biopsy during elective gastric
bypass operations. Overall histological assessment of liver biopsy samples (n = 169)
was performed by one pathologist according to the standard criteria ®* 2. We
divided subjects into three categories based on a liver phenotype based on the
EASL Clinical Practice Guidelines ©®® : 1. Normal liver without any steatosis,
inflammation, ballooning or fibrosis, 2. Simple steatosis (steatosis > 5%) without
evidence of hepatocellular ballooning, inflammation or fibrosis, and 3. NASH. When
the subjects were divided into study groups based on the phenotype of their liver
histology 60 had normal liver, 22 had simple steatosis and 24 had NASH (Table 1).
Sixty-three out of 169 subjects could not be categorized into distinct phenotype (for
example those with fatty liver but also mild fibrosis). However, all subjects were
included into correlation analyses. NAFLD activity score (NAS) was calculated as an
unweighted sum of steatosis (0-3), lobular inflammation (0-3) and hepatocellular

ballooning (0-2) scores .
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Liver gene expression and genotyping. Total RNA was extracted and purified
using miRNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany). Total RNA was
converted to cDNA with random primers using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA) according to
manufacturer’s protocol. The expression of PEMT and GNMT was determined by the
TagMan Gene Expression Assays (Applied Biosystems) (Hs00540979 ml1 and
Hs00219089_m1 respectively) according to the protocol, and their expression was
normalized to expression of two validated endogenous control genes RPLPO and
TBP (Hs99999902_m1, Hs00427620_m1 respectively).

PEMT V175M (rs7946) and patatin-like phospholipase domain-containing protein 3
(PNPLA3) 1148M (rs738409) were genotyped using the TagMan SNP Genotyping
Assays (Applied Biosystems) according to the manufacturer’s protocol.

Statistical analysis. Data are presented as mean = SD. Differences in categorical
variables were evaluated by the x? test. Differences between the study groups were
compared using Kruskal-Wallis independent samples test. In histological analyses,
we primarily focused on subjects, which could be characterized into three study
groups (normal liver, steatosis, NASH, n = 106), but when making correlation
analyses with individual variables all study subjects were included. Spearman’s rank
correlation was used for correlation analyses. Analyses were conducted with the
SPSS version 24 program (IBM Inc., Armonk, NY). P value of less than 0.05 was

considered statistically significant.
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Results

Clinical characteristics

A total of 169 individuals were included in this study [53 male and 116 female, age
46.6+10 (mean+SD) years, body mass index (BMI) 43.3+6 kg/m?]. Characteristics of
the study population based on the liver phenotype (normal liver, simple steatosis and
NASH) are shown in Table 1. Age, BMI and ALT did not differ between study groups.
In addition, cholesterol and TG levels were similar between the study groups.
However, VLDL-TG levels were significantly higher in those with NASH as compared
to the ones with normal liver or simple steatosis (0.88+0.5, 1.01+0.4 and 1.19+0.5
mmol/L, respectively, P=0.024) data not shown), as suggested before using detailed
serum NMR analysis ?". Fasting glucose and fasting insulin levels were higher in
those with NASH when compared to those with normal liver (P=1.2x10” and
P=0.005, respectively; Table 1). Type 2 diabetes was more frequent in those with
NASH when compared to those with normal liver (P=3.9x10®, x? test). In addition,
statin treatment was more frequently used in those with NASH (P=0.006).

Characteristics of the whole study population are shown in the Table S1.

Serum total phosphatidylcholine level is not altered in those with NASH

Serum total PC level was not different between the study groups (1.65+0.3, 1.66+0.3
and 1.60+£0.4 mmol/L respectively; P=0.591, Kruskal-Wallis test for significance, Fig.
1). When we analyzed only those without statin treatment, the results were

essentially similar (Table 2).
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Liver phosphatidylcholine content is decreased in NASH

Liver total PC content was different between study groups (22.2+4.8, 18.3+2.6 and
16.6+4.1 nmol/mg, respectively; P=1.8x10°). More specifically, liver PC content was
lower in those with simple steatosis and NASH when comparing to those with normal
liver (P=4.7x10" and P=6.3x10°, respectively) (Fig. 1). In addition, when we
adjusted the linear model with statin usage, there was still a significant association
with NASH (P=2.3x107). In line with this, liver total PC content correlated strongly
with grade of steatosis (rs=-0.571, P=5.3x107°), lobular inflammation (rs=-0.281,
P=2.0x10%), ballooning (rs=-0.293, P=1.1x10) and fibrosis (rs=-0.294, P=1.0x10"%
(Table 2). Because of the observed negative correlation of liver PC content with
steatosis, we wanted to estimate if the other correlations with liver PC were
independent of the total TG content of the liver. Thus, we calculated the ratio of liver
PC to total liver triglycerides. The ratio was significantly different between study
groups. Those with steatosis and those with NASH had lower PC/triglyceride ratio
compared to those with normal liver (P=1.4x10™"* and P=3.4x10"*°, respectively, Fig.
1). In fact, correlations of the ratio with histology were stronger than with PC content
(r=-0.790 P=8.5x10"%*for NASH). When we excluded those on statin medication from
the correlation analysis, the results were similar (Table 2). In contrast to liver PC,
serum PC level did not differ between the groups with different liver phenotypes. In
fact, serum and liver PC did not correlate with each other, indicating differential

regulation (rs=-0.047, P=0.557, Fig. 1).
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Serum and liver PCs correlated divergently with metabolic disturbances

Serum total PCs correlated strongly with serum total cholesterol (rs=0.866,
P=7.1x10"), low density lipoprotein (LDL) cholesterol (rs=0.731, P=1.2x102"), high
density lipoprotein (HDL) cholesterol (rs=0.567, P=7.6x10™"), triglycerides (rs=0.249,
P=0.002), very Ilow density (VLDL) triglycerides (rs=0.165, P=0.038) and
apolipoprotein B (apoB) (rs=0.659, P=4.6x10%%), but not with BMI, fasting glucose or
fasting insulin levels. In contrast, liver PC content correlated negatively with BMI (rs=-
0.160, P=0.039), serum fasting glucose (rs=-0.247, P=0.002) and insulin levels (rs=-
0.316, P=4.8x107), but not with serum total, LDL or HDL cholesterol serum
triglyceride levels (Fig. 1). Results were essentially similar when analyzing only those

with distinct liver phenotype (n=106) (Fig S1).

PEMT V175M genotype does not explain the decrease of liver PC content in
NASH

Next, we tested if PEMT V175M (G to A substitution) explains the detected decrease
in liver total PC content in those with NASH. Clinical characteristics based on the
PEMT V175M genotype are shown in Table 3. First, the PEMT V175M allele
frequency was not significantly different between liver phenotypes (Table 1).
Secondly, serum total PC levels (1.64+0.4, 1.64+0.3 and 1.69x0.4 mmol/L,
respectively; P=0.593) or liver total PC content (18.6+4.5, 18.4+5.1 and 20.6%5.0
nmol/mg, respectively, P=0.061) were not different between the individuals with
different PEMT V175M genotypes. In addition, liver PC to TG ratio was not

significantly different between individuals with different PEMT genotypes. (Fig. 2).
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Serum choline levels or alterations in PEMT mRNA expression do not
associate with liver PC content

Because PEMT V175M was not associated with the decreased PC content in the
liver in those with NASH, we analyzed other possible regulators of liver PC content.
First, we investigated serum choline levels (reflecting the supply for the primary
synthesis pathway of PC ™). Most importantly, the choline level did not differ
between individuals with different liver phenotypes (Fig. S2) Thus, the association of
the PEMT V175M genotype with serum choline levels was not likely to explain that
those with AA genotype had significantly lower choline levels in serum (P=0.017),
although they tended to have higher PC content in the liver, compared to those with
genotypes GA and GG (Table S2, Fig. 2). Alanine betaine and methionine levels
were not different between study groups (Fig. S2).

Next, we investigated if changes in the expression of PEMT in the liver associate
with liver PC content. PEMT mRNA expression in the liver was not different between
the liver phenotypes and was not significantly different between the PEMT
genotypes. In addition, PEMT mRNA expression associated neither with serum nor
liver PC (Fig. 3, Table S2). Furthermore, there was no correlation between PEMT

MRNA and serum choline (data not shown).

GMNT expression is associated with NASH and with PC metabolism.

The other potential regulator of liver PC metabolism in addition to PEMT is GNMT.
Interestingly, liver GNMT expression was significantly decreased in those with NASH
(Fig. 3). Furthermore, GNMT correlated negatively with histological grade of
steatosis (rs=-0.314, P=3x10") lobular inflammation (rs=-0.260, P=0.001), fibrosis

(rs=-0.249, P=0.001) and with NAFLD activity score (rs=-0.306, P=5.8x10") (Fig. 3).
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Importantly, GNMT expression was positively correlated with liver PC content
(rs=0.265, P=5x10"). GNMT expression correlated also positively with LDL
cholesterol (rs=0.193, P=0.014) and negatively with VLDL triglycerides (rs=-0.157,
P=0.047), but not with total cholesterol (rs=0.141, P=0.076), HDL cholesterol
(rs=0.073, P=0.362), triglycerides (rs=-0.130, P=0.101) and apoB (rs=0.065, P=0.413)
(Fig. 3). Liver MAT1A expression correlated negatively with histological grade of
steatosis (rs=-0.178, P=0.021) lobular inflammation (rs=-0.174, P=0.024), fibrosis
(rs=-0.192, P=0.013), NASH phenotype (rs=-0.205, P=0.036) and with NAFLD activity
score (rs=-0.174, P=0.025). However, there was no significant association with lipids,
serum PCs or liver PCs (Fig. 3). Results were similar if we take into analyses only

those, who had distinct liver phenotype (n=106) (Fig S3).
Discussion

In this study, we analyzed serum and liver total PCs with NMR in a well
characterized cohort of 169 severely obese individuals undergoing obesity surgery
and having detailed information about liver histology. Interestingly, we found that
liver phosphatidylcholines associate with NASH and liver GNMT expression but not

with circulating phosphatidylcholines.

Our first important finding was that liver total PC content is decreased in those with
steatosis and NASH compared to those with normal liver, while serum PC levels
were associated neither with NAFLD nor with NASH (Fig. 1). Thus, we replicated in
our cohort the previous findings that PC content is decreased in the liver of those
with simple steatosis and NASH © * 9 |nterestingly, lately Kim et al. published a

study, where they had human liver samples from those with normal liver, steatosis
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and NASH, with 15 individuals in each group. They reported that liver PC content is
increased in those with steatosis compared to those with normal liver, but that in
those with NASH liver PC content is decreased when compared to those with normal

liver ® which supports our results of decreased PC content in NASH.

Even though it has been hypothesized that decreased PC content in the liver could
lead to accumulation of hepatic TGs ® and to NAFLD progression ©®, by
decreasing VLDL secretion, we could not find a correlation between liver PC content
and serum VLDL-TG. However, serum total PC level correlated with VLDL-TG
indicating that serum PCs reflect VLDL export from the liver. However, it is important
to notice that we measured only total PC content. Thus, there might be changes in
the fatty acyl-chain composition of PCs in those with NASH. It is known that PCs
produced via PEMT pathway (in a process using SAM and generating SAH) are rich
in polyunsaturated fatty acids and are preferred to synthesize VLDL particles .
Thus, we cannot exclude the possibility that specific PCs associate with VLDL export
in those with NASH.

The role of intrahepatic PC metabolism was also supported by the finding that liver
PC-TG ratio associated with steatosis and NASH. Importantly, we also observed that
serum and liver PCs associated with different metabolic disturbances. Serum PC
had a strong positive correlation with serum levels of total cholesterol, LDL
cholesterol and HDL cholesterol, which is logical because they are imported in
lipoproteins together with PC ©? (Fig. 1). In contrast, liver PC content showed a
negative correlation with BMI, serum fasting glucose and insulin levels, while liver
PC content did not correlate with serum lipids. These differences also strengthen the

conclusion that different regulatory mechanism may exist for VLDL secretion and

This article is protected by copyright. All rights reserved.



liver PC metabolism in NASH. Taken together, our findings raised the possibility of a

direct link between low liver PC content and NASH.( %19

We considered the role of genetic regulation behind liver PC metabolism. Liver PC
content was not different based on the PEMT V175M genotype, although those with
AA genotype tended (P=0.061) to have higher liver PC content (Fig. 2). However, AA
is a risk genotype for NAFLD ®® and thus the notified trend is inverse to what would
be expected if the liver PC content would be a mediator for the genetic risk. In any
case this indicates that the dysregulation of liver PC in NASH is not caused by the
PEMT genotype. Interestingly, individuals with PEMT AA genotype had lower serum
levels of choline (Fig. 2), which may reflect increased synthesis of PCs from the
primary (i.e. Kennedy) pathway when PEMT pathway is suppressed. Previously, G
to A substitution have been reported to lead to 30% decreased PEMT expression
compared to the wild type . However, in our study PEMT expression in the liver
was not different between the PEMT genotypes. Taken together, our findings
indicate that PEMT gene is not a major determinant of the observed low total PC

content in the liver of those with NASH.

Intriguingly, our novel finding was that GNMT mRNA expression correlated
negatively with histological grade of steatosis, lobular inflammation, fibrosis and a
liver phenotype (Fig. 3). In addition, GNMT mRNA expression had a positive
correlation with liver total PC content. Our results confirm the earlier findings of low
GNMT expression in humans with NAFLD @32 GNMT is an enzyme (accounts for 1
% of cytosolic protein), which catalyzes the conversion of SAM to SAH. This

conversion is a competitive pathway for phosphatidylcholine synthesis via the PEMT
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“ because SAH can inhibit PEMT ©¥. Accordingly, increased expression of Pemt in
mice has been associated with overproduction of SAH ©¥ and deletion of GNMT
leads to accumulation of SAM " ®)_Interestingly, deletion of Pemt does not regulate

@9 Previously, it has been shown that Gnmt” mice

liver SAM content in mice
develop steatohepatitis ©®? and HCC ©”. Based on these findings it has been
suggested that the role of GNMT is to optimize the ratio of SAM to SAH ©® and
transmethylation flux caused by the absence of PEMT is suggested to be
compensated by GNMT ©. In fact, the balance in the levels of PC and SAM has
been suggested to be changed in NAFLD ©®. Previously, based on the serum
metabolomics profiles, two different subtypes of NASH have been defined and the
other one is suggested to be caused by SAM deficiency “?. We found that liver
GNMT expression is lower in those with NASH compared to those with normal liver,

and liver GNMT expression and liver PC content had a positive correlation.

Therefore, our results suggest dysregulation of liver GNMT in those with NASH.

Interestingly, liver GNMT expression also correlated positively with serum LDL and
negatively with serum VLDL TGs, as opposed to e.g. liver PEMT expression (Fig. 3).
It is known that excess SAM disrupts VLDL assembly in the GNMT knockout mice “%
linking GNMT to VLDL export. Furthermore, it has been suggested that GNMT may
regulate cholesterol metabolism and take part in the development of hyperlipidemia
and cholesterol accumulation in the liver 2. Liver GNMT expression showed also
correlations with several other liver lipids in the liver (Table S3). Thus, the role of
GNMT as a regulator of liver lipid homeostasis as well as its role in the pathogenesis

of NASH needs further studying.
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We also found that liver MAT1A expression correlated negatively with NASH (Fig. 3)
Previously, it has been published that MAT1A expression is decreased in the liver in
those with NASH @Y. More interestingly, mice deficient in Matla have been reported
to have reduced liver SAM, polyunsaturated fatty acids containing PC, impaired
VLDL export and spontaneous development of NASH “?. Although we found an
association between MAT1A expression and NASH, there was no correlation of
MAT1A expression with total serum and liver PCs or with VLDL triglycerides (Fig. 3).
Thus, it seems that MAT1A does not fully explain low total liver PCs in those with
NASH. However, it is possible that MAT1A would have correlation with PC species
containing polyunsaturated fatty acids “?. Taken together, our finding of decreased
GNMT and MAT1A mRNA expression in the liver in those with NASH suggests that

directly or indirectly dysregulation of GNMT contributes the development of NASH.

This study has some limitations. First, we could not measure different PC species in
the serum or in the liver. In addition, we were not able to measure liver PE content to
comprehensively evaluate the PE to PC pathway. In addition, measurement of SAM
or SAH could have shed more light into the mechanism behind the association
between liver PC content and NASH. Thus, further human studies including these
measurements are needed to clarify the role of PC metabolism in NASH combining
the measurements of different PCs, lyso-PCs and PEs together with the assessment

of SAM and SAH levels in the liver and serum.
Based on our results, we suggest that NASH associates with liver total PC content

but not with circulating total phosphatidylcholine level. Our results did not support the

conclusion that alterations in PC metabolism in NAFLD/NASH could be explained by
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variation in the PEMT gene. In contrast, the associations of GMNT expression with
liver PC content and NASH suggest that altered GNMT expression may contribute to

decreased PC content in those with NASH.

Figure legends:

Figure 1. Phosphatidylcholine (PC) metabolism is altered in individuals with non-
alcoholic steatohepatitis (NASH). Level of total phosphatidylcholine in serum was not
altered in those with NASH (A), but total phosphatidylcholine content in the liver was
lower in those with NASH (B). Scatter plot shows that serum and liver
phosphatidylcholines did not correlate, r = Spearman correlation (C). Liver total
phosphatidylcholine content to liver total triglyceride (PC to TG) ratio, was lower in
those with simple steatosis and NASH when compared to those with normal liver (D).
Interestingly, serum and liver phosphatidylcholines had divergent correlations with
metabolic phenotypes (E). Asterisk indicates P < 0.05 comparing to those with
normal liver.

Abbreviations: BMI, Body mass index; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; VLDL, very-low-density lipoprotein; ApoB, apolipoprotein B.
Figure 2: Phosphatidylethanolamine N-methyltransferase (PEMT) V175M genotype
did not associate with serum total phosphatidylcholine levels (A), but those with
genotype AA had higher total phosphatidylcholine content in the liver (B). Liver total
phosphatidylcholine to liver total triglyceride (PC to TG) ratio was not different

between genotypes (C). Serum choline levels were lower in those with simple
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steatosis and non-alcoholic steatohepatitis (NASH) when compared to those with
normal liver (D). Asterisk indicates P < 0.05 comparing to those with normal liver.
Figure 3: Liver phosphatidylethanolamine N-methyltransferase (PEMT) mRNA
expression was not different between individuals with different liver histology (A), but
liver glycine N-methyltransferase (GNMT) mRNA expression was lower in those with
simple steatosis and non-alcoholic steatohepatitis (NASH) when compared to those
with normal liver. Asterisk indicates P < 0.05 (B). Liver PEMT mRNA expression did
not correlate with liver histology, serum and liver total phosphatidylcholines (PC) or
metabolic disturbances. However, GNMT mRNA expression had negative correlation
with liver steatosis, inflammation and fibrosis. GNMT expression also had a positive
correlation with low-density lipoprotein (LDL) cholesterol and a negative correlation
with very-low-density lipoprotein (VLDL) triglycerides. GNMT expression had positive
correlation with liver total PC content. MAT1A expression correlated negatively with
liver steatosis, inflammation and fibrosis (C). Asterisk indicates P < 0.05 comparing
to those with normal liver.

Abbreviations: ApoB, apolipoprotein B; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; NAFLD, non-alcoholic steatohepatitis; VLDL; very-low-density

lipoprotein.
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Table 1. Characteristics based on the liver phenotype on the whole study cohort.

Normal liver Simple steatosis NASH P value
(n=60) (n=22) (n=24)

Sex (male/female) 17/43 7/15 12/12 0.162
Age (years) 445 = 10.7 46.0 = 8.8 49.0 £ 10.0 0.076
BMI (kg/m?) 428 £ 5.4 434 = 4.9 442 + 6.1 0.549
Type 2 diabetes (%) 8 (13) 7 (32) 19 (79) 3.9x108 +*
Fasting glucose (mmol/L) 5.8 + 0.8 6.2 + 1.0 76 £ 2.0 1.2x107° ***
Fasting insulin (mU/L) 143 = 7.9 17.3 £ 89 249 + 174 0.005 *
Total cholesterol (mmol/L) 4.17 + 0.8 421 + 1.0 3.90 + 0.8 0.313
LDL cholesterol (mmol/L) 240 £ 0.7 247 £ 1.0 210 £ 0.8 0.161
HDL cholesterol (mmol/L) 1.14 £+ 0.3 1.06 £ 0.2 1.08 + 0.3 0.471
Total triglycerides (mmol/L) 142 + 0.6 1.62 = 0.7 161 = 0.6 0.268
ALT (U/L) 35.0 £+ 18.1 46.4 + 35.6 53.0 + 36.0 0.080
Statin medication (%) 16 (27) 4 (18) 14 (58) 0.006 **
Steatosis grade (n) 3.6x102
<5 % 60 0 0
5-33 % 0 17 9
33-66 % 0 3 8
>66 % 0 2 7
Lobular inflammation grade (n) 5.2x10722
None 60 22 0
<2 foci per 200x field 0 0 14
2-4 foci per 200x field 0 0 10
>4 foci per 200x field 0 0 0
Fibrosis stage (n) 2.1x10™"°
0 60 22 1
1 0 0 17
2 0 0 3
3 0 0 3
4 0 0 0
PEMT V175M genotype 0.888
GG 4 (6.7%) 2 (9%) 3 (12.5%)
GA 31 (51.7%) 11 (50%) 10 (41.7%)
AA 25 (41.7%) 9 (40.9%) 11 (45.8%)
PNPLA3 |148M genotype 0.867
GG 42 (70.0%) 13 (59.1%) 15 (62.5%)
GC 15 (25.0 %) 8 (36.4%) 8 (33.3%)
CcC 3 (5.0%) 1 (4.5%) 1 (4.2%)

Data are given in mean * standard deviation. Kruskal-Wallis test for significance (Chi-Square

for categorical variables).

* P<0.05 between normal liver and NASH

# P<0.05 between simple steatosis and NASH
X P<0.05 between normal liver and steatosis
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Table 2. Spearman correlations of serum and liver phosphatidylcholines with liver

histology.
Steatosis Lobular Portal Ballooning Fibrosis NASH NAFLD
grade inflammation inflammation phenotype activity score
All patients
(n=169)
Serum PC r=-0.015 r=-0.020 r=-0.141 r=0.019 r=-0.033 r=0.0.80 r=-0.014
P=0.848 P=0.805 P=0.077 P=0.814 P=0.681 P=0.419 P=0.863
Liver PC r=-0.571 r=-0.281 r=-0.178 r=-0.293 r=-0.294 r=-0.500 r=-0.523
P=5.3x10'® P=0.0002 P=0.021 P=0.0001 P=0.0001 P=4.7x10% P=3.7x107"3
Liver PC r=-0.858 r=-0.483 r=-0.127 r=-0.455 r=-0.449 r=-0.790 r=-0.799
to liver TG P=5.6x10°° P=2.5x10° P=0.100 P=6.1x101° P=9.3x10"° P=8.5x10% P=1.5x10%®
Without statin
(n=116)
Serum PC r=-0.008 r=-0.001 r=-0.167 r=0.104 r=-0.011 r=-0.119 r=0.012
P=0.936 P=0.990 P=0.082 P=0.284 P=0.906 P=0.327 P=0.901
Liver PC r=-0.638 r=-0.285 r=-0.166 r=-0.244 r=-0.293 r=-0.492 r=-0.570
P=1.4x10* P=0.002 P=0.076 P=0.009 P=0.001 P=1.1x10° P=3.0x10™"
Liver PC r=-0.873 r=-0.463 r=-0.152 r=-0.434 r=-0.411 r=-0.782 r=-0.834
to liver TG P=2.3x10% P=1.6x10"7 P=0.104 P=1.3x10°% P=45x10% P=5.0x10"% P=6.8x10%

PC = phosphatidylcholine

This article is protected by copyright. All rights reserved.



Table 3. Characteristics of the study cohort based on the PEMT V175M genotype.

GG GA AA P value
n=13 n=86 n=70 (K-W)
Sex (male/female) 6/7 31/55 16/54 0.103*
Age (years) 48.4+8.9 45.0+9.6 48.2+9.4 0.111
BMI (kg/m?) 45.1+7.3 43.3+5.7 42.9+5.1 0.462
Total cholesterol (mmol/L) 4.1+.1.1 4.2+1.0 4.1+0.8 0.865
LDL cholesterol (mmol/L) 2.3£1.0 2.4+0.9 2.3£0.7 0.982
HDL cholesterol (mmol/L) 1.1+0.3 1.1+0.3 1.1+0.3 0.353
Triglycerides (mmol/L) 1.8£1.0 1.7£0.8 1.4+0.7 0.018
Fasting glucose (mmol/L) 6.411.4 6.61£2.2 6.51£1.6 0.763
Fasting insulin (mU/L) 20.2+21.6 19.5+11.7 17.9+17.1 0.372
ALT (U/L) 34+.23 44+25 43+27 0.152
Steatosis grade (n) 0.775*
<5 % 5 36 29
5-33 % 6 25 24
33-66 % 1 12 11
>66 % 1 13 6
Lobular inflammation 0.963*
grade (n)
None 9 61 47
<2 foci per 200x field 3 21 18
2-4 foci per 200x field 1 4 5
>4 foci per 200x field 0 0 0
Fibrosis stage (n) 0.337*
0 9 a7 37
1 2 32 30
2 2 3 2
3 0 3 1
4 0 1 0

Data are given in mean * standard deviation. Kruskal-Wallis test for significance (*Chi-

Square for categorical variables).
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