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Context: Nonalcoholic fatty liver disease (NAFLD) is an emerging epidemic disease characterized
by increased hepatic fat, due to an imbalance between synthesis and removal of hepatic lipids. In
particular, increased hepatic de novo lipogenesis (DNL) is a key feature associated with NAFLD. The
genetic variations I148M in PNPLA3 and E167K in TM6SF2 confer susceptibility to NAFLD.

Objective: Here we aimed to investigate the contribution of DNL to liver fat accumulation in the
PNPLA3 I148M or TM6SF2 E167K genetic determinants of NAFLD.

Patients and Methods: The PNPLA3 I148M and TM6SF2 E167K were genotyped in two well-char-
acterized cohorts of Europeans. In the first cohort (Helsinki cohort; n � 88), we directly quantified
hepatic DNL using deuterated water. In the second cohort (Milan cohort; n � 63), we quantified
the hepatic expression of SREBP1c that we have found previously associated with increased fat
content. Liver fat was measured by magnetic resonance proton spectroscopy in the Helsinki cohort,
and by histological assessment of liver biopsies in the Milan cohort.

Results: PNPLA3 148M was associated with lower DNL and expression of the lipogenic transcription
factor SREBP1c despite substantial increased hepatic fat content.

Conclusions: Our data show a paradoxical dissociation between hepatic DNL and hepatic fat con-
tent due to the PNPLA3 148M allele indicating that increased DNL is not a key feature in all
individuals with hepatic steatosis, and reinforces the contribution of decreased mobilization of
hepatic triglycerides for hepatic lipid accumulation in subject with the PNPLA3 148M allele. (J Clin
Endocrinol Metab 100: E821–E825, 2015)

Nonalcoholic fatty liver disease (NAFLD) is now the
most common cause of liver disease and affects both

adults and children. NAFLD is characterized by an excess

of fat in the liver due to metabolic disorders in individuals
without viral, alcohol-related, congenital and autoim-
mune liver diseases. In a variable proportion of individuals
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NAFLD is associated with hepatocellular damage, inflam-
mation, and activation of fibrogenesis, ie, nonalcoholic
steatohepatitis (1), which may subsequently progress to
cirrhosis and hepatocellular carcinoma (2, 3).

The origin of the lipids accumulating into the liver is
still a matter of debate. In principle, the hepatic fat content
results from a balance among four factors: first, the influx
of fatty acids; second, the de novo lipogenesis (DNL);
third, the secretion of triglycerides in very low-density li-
poprotein; and last, catabolism of fatty acids by mitochon-
drial � oxidation. It has recently been reported that DNL
was 3-fold higher in subjects with NAFLD, suggesting
DNL was the key feature associated with fatty liver (4).

The sequence variation rs738409, a cytosine-to-gua-
nine substitution in the gene encoding for patatin-like
phospholipase containing 3 (PNPLA3 I148M) protein de-
termining an isoleucine-to-methionine aminoacidic sub-
stitution at position 148 of the protein, was found to con-
fer susceptibility to NAFLD (5–9). The PNPLA3 I148M
genetic variant is now the most widely replicated variant
associated with hepatic fat content. The genetic variant
causes hepatic steatosis through multiple pathways in-
cluding reduced liver secretion of triglycerides (10).

Recently, the rs58542926, a guanine-to-alanine sub-
stitution encoding for a glutamic acid to lysine substitu-
tion at position 167 of the protein in transmembrane 6
superfamily member 2 gene (TM6SF2 E167K) has been
identified as a genetic determinant of liver fat and damage
(11–16).

We aimed to investigate the contribution of hepatic
DNL and the hepatic expression of sterol regulatory ele-
ment binding protein 1c (SREBP1c), the main regulator of
DNL, in subjects with the PNPLA3 148M and the
TM6SF2 167K variants.

In the current study we show that the PNPLA3 148M
allele is associated with lower DNL and expression of the
lipogenic transcription factor SREBP1c despite substan-
tially increased hepatic fat content.

Subjects and Methods

The Helsinki and Milan cohorts
A detailed description of the two cohorts and of the methods

can be found in Supplemental Data.
Briefly, for the cohort from Helsinki, 88 healthy subjects of

both sexes with European ancestry were recruited at Helsinki
University Central Hospital. The cohort from Milan includes 63
obese patients who underwent bariatric surgery at the Fondazi-
one Istituto di Ricovero e Cura a Carattere Scientifico Ca’
Granda Ospedale Maggiore Policlinico di Milano, for whom
liver biopsy samples were available for gene expression analysis
and PNPLA3 genotyping (17).

In the first cohort including subjects with a mean body mass
index (BMI) of 25 kg/m2 (Helsinki cohort), we directly quanti-
fied hepatic DNL using deuterated water. In the second cohort
including obese subjects (Milan cohort), we quantified the he-
patic expression of SREBP1c that we have found previously as-
sociated with increased steatosis and nonalcoholic steatohepa-
titis (17). Gene expression level was determined as previously
reported (17). Briefly, gene expression was assessed by real-time
PCR assays using SYBR Green FAST master mix (Applied Bio-
systems, Foster City, CA) and nomalized to �-actin. Values were
reported as arbitrary units. Details on gene expression measure-
ment are reported in Supplemental Data.

Liver fat was measured by magnetic resonance proton spec-
troscopy in the Helsinki cohort, and by histological assessment
of liver biopsies in the Milan cohort.

The genetic variant rs738409 in PNPLA3 and rs58542926 in
TM6SF2 were analyzed using Taqman PCR method (Applied
Biosystems, Foster City, CA). Genotype distributions did not
deviate from Hardy-Weinberg equilibrium. All subjects have
been genotyped in duplicate and concordance rate of repeated
genotyping was 100%.

All study participants gave their informed written consent
and the study was approved by the Ethics Committee of the
Helsinki University Central Hospital and by the Ethics Commit-
tee of the Fondazione IRCCS Ca’ Granda for the Helsinki and
Milan cohort, respectively.

Statistical analysis
The study endpoints analyzed in the current report were de

novo lipogenesis, expression of the lipogenic transcription factor
SREBP1c, and hepatic fat content among PNPLA3 148M and

Figure 1. The PNPLA3 148M allele is associated with higher hepatic
fat and lower lipogenesis. A, Hepatic triglyceride content (left panel)
and measurement of hepatic DNL analyzed as de novo palmitic acid in
VLDL1 (%) (right panel) across the PNPLA3 I148M genotypes in the
Helsinki cohort. B, Liver fat, as estimated by the percentage of
steatosic hepatocytes, (left panel) and SREBP-1c mRNA levels (right
panel) across PNPLA3 I148M genotypes in the cohort from Milan. Bar
graphs represent mean and the whiskers SDs. P values were calculated
using linear regression analysis under a genotyping model after
adjusting for age, sex, and BMI. PNPLA3, patatin-like phospholipase
domain-containing protein 3; DNL, de novo lipogenesis; SREBP1, sterol
regulatory element-binding transcription factor 1; AU, arbitrary units;
VLDL1, very low-density lipoprotein 1.
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TM6SF2 167K genotypes. Differences were considered signifi-
cant when P � .05. SPSS statistics software (IBM SPSS, version
18.0.0, Chicago, IL) was used for all statistical comparisons
(Supplemental Data).

Results

The cohorts’ composition and clinical features are sum-
marized in Supplemental Table 1. First, we examined the
correlation between DNL and liver fat in the Helsinki co-
hort. As expected, we found a positive correlation between
DNL and liver fat (Spearman correlation coefficient, r �
0.351; P � .002).

Next, we examined the association between liver fat,
DNL and the TM6SF2 167K variant in the Helsinki cohort
and between liver fat, the expression of the SREBP1c tran-
scriptional and TM6SF2 167K variant in the Milan co-
hort. No difference in the levels of liver fat, DNL, or
SREBP1c expression level were observed among TM6SF2
genotypes (Supplemental Table 2).

Finally, we examined the association between liver fat
and DNL among PNPLA3 I148M genotypes in individ-
uals from the Helsinki and Milan cohort. As expected, the
PNPLA3 148M allele was significantly associated with
increased liver fat in both cohorts (Figure 1). In the Hel-

sinki cohort, PNPLA3 148M allele was nominally asso-
ciated with lower DNL (P � .04), also after adjusting for
liver fat content (P � .007). In contrast, no differences in
the plasma concentration of �-hydroxybutyric acid, a
marker of hepatic � oxidation, was observed among the
PNPLA3 genotypes in the Helsinki cohort (Table 1). The
transcription factor SREBP1c targets specific genes and
causes key enzymes in DNL and lipid metabolism to be
up-regulated. Given this link between SREBP1c and DNL,
we measured the expression of the transcriptional factor in
liver biopsies from the Milan cohort and found that the
148M allele was associated with lower SREBP1c mRNA
levels (P � .03; Figure 1).

Discussion

Here we aimed to investigate the role of DNL for devel-
opment of NAFLD in subjects with genetic variations in
PNPLA3 and TM6SF2 contributing to increased hepatic
lipid accumulation (5–9, 11–15). We found that the PN-
PLA3 148M allele is associated with lower DNL and ex-
pression of the lipogenic transcription factor SREBP1c,
despite a substantially increased hepatic fat content. This
finding is paradoxical given that increased DNL is con-

Table 1. Characteristics of the Study Cohorts Stratified by the PNPLA3 I148 M Genotypes

Characteristic

PNPLA3 I148 M Genotype

P ValueII IM MM

Helsinki
N 53 29 6
Age, y 48 � 11 43 � 11 53 � 8 .70
Men, n (%) 22 (42) 12 (41) 4 (67) .49
BMI, kg/m2 25 � 3 24 � 2 25 � 4 .17
Glucose, mmol/L 5.3 � 0.4 5.4 � 0.5 5.5 � 0.3 .14
Tot. chol, mmol/L 5.2 � 1.0 5.0 � 1.1 4.6 � 1.2 .17
HDL-C, mmol/L 1.6 � 0.4 1.6 � 0.5 1.6 � 0.4 .69
Triglycerides, mmol/L 1.2 � 1.0 1.0 � 0.5 0.9 � 0.4 .34
� hydroxybutyric acid, mg/L 0.8 � 0.6 0.8 � 0.6 0.9 � 0.7 .98
Liver fat, % 2.6 � 3.5 2.3 � 2.1 5.2 � 5.6 .02
DNL, % 2.9 � 3.1 2.6 � 3.6 1.1 � 2.2 .04

Milan
N 26 29 8
Age, y 39 � 7 41 � 10 46 � 12 .04
Men, n (%) 7 (27) 8 (28) 2 (25) .95
BMI, kg/m2 43 � 7 43 � 9 45 � 6 .65
Glucose, mmol/L 5.1 � 0.7 5.7 � 2.2 7.3 � 3.7 .01
Tot. chol, mmol/L 5.2 � 0.8 5.0 � 0.8 5.0 � 0.8 .36
HDL-C, mmol/L 53 � 14 51 � 14 47 � 11 .28
Triglycerides, mmol/L 161 � 81 150 � 87 145 � 59 .62
Liver fat, % 27 � 27 38 � 26 49 � 31 .01
SREBP1c, AU 1.6 � 0.7 1.6 � 1 0.8 � 0.3 .03

Abbreviations: AU, arbitrary unit; HDL-C, high-density lipoprotein cholesterol; Tot. chol, total cholesterol.

Continuous variables are shown as mean � SD. Male sex is presented as n (%) and its distribution among genotypes was compared by Fisher’s
exact test. P values for continuous variables were calculated using linear regression analysis under a genotypic model after adjusting for age, sex,
and BMI when appropriate.
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sidered to be a key feature of liver steatosis (4). Plasma
concentration of �-hydroxybutyric acid did not differ
among the three genotypes suggesting that hepatic � ox-
idation is not influenced by the PNPLA3 genetic variant.
We have shown earlier that hepatic lipid accumulation in
PNPLA3 148M carriers is associated with decreased se-
cretion of triglyceride-rich lipoproteins (10).

Our data are compatible with a model in which hepa-
tocellular triglycerides are stored in a cytoplasmic pool
that is not accessible for very low-density lipoprotein se-
cretion. This model is compatible with the loss of triglyc-
eride lipase activity caused by the isoleucine to methionine
substitution at 148 of the PNPLA3 protein (18). Further-
more, it is supported by a very recent study showing that
PNPLA3 148M mutant protein localized more extensively
in lipid droplets than PNPLA3 148I wild-type protein,
suggesting that the I148M substitution alters the distri-
bution of PNPLA3 between lipid droplets and endoplas-
mic reticulum/cytosol (19). Furthermore, it is consistent
with cross-sectional data showing that PNPLA3 148M
carriers are not hypertriglyceridemic despite having in-
creased hepatic fat content (5), given that liver fat content
is the most important predictor for increased secretion of
triglyceride-rich lipoproteins and hypertriglyceridemia
(20). In addition it is possible that increased hepatic fat
content exerts a negative feedback on de novo lipogenesis.

Limitations of our study are that the two independent
cohorts were very different particularly with respect to
BMI and proportion of liver fat. Furthermore, the pheno-
typing methods were different in the two studies. How-
ever, we observed consistent results (reduced DNL in the
Helsinki cohort and reduced hepatic SREBP1c mRNA lev-
els in the Milan cohort) mitigating this potential limita-
tions. On the other side, the dissimilarity of the two study
cohorts may be viewed as a strength, suggesting that the
results can be generalized to different metabolic condi-
tions. We did not observe any differences among TM6SF2
genotypes in hepatic fat, DNL levels, or SREBP1c expres-
sion levels in the study cohorts. The lower frequency of this
variant compared with the PNPLA3 variant may result in
a lack of power in our study to detect association with liver
fat, DNL or SREBP1c expression levels.

In summary, we observed a paradoxical dissociation
between hepatic DNL and hepatic fat content due to the
PNPLA3 I148M genetic variant. Our data show that in-
creased DNL is not a key feature in all individuals with
hepatic steatosis, and reinforces the contribution of de-
creased mobilization of hepatic triglycerides for hepatic
lipid accumulation in PNPLA3 148M carriers (10).
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