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Abstract
Background and Aims: Non‐alcoholic fatty liver disease (NAFLD) is the most com‐
mon chronic liver disease in children and adolescents today. In comparison with adult 
disease, paediatric NAFLD may show a periportal localization, which is associated 
with advanced fibrosis. This study aimed to assess the role of genetic risk variants for 
histological disease pattern and severity in childhood NAFLD.
Methods: We studied 14 single nucleotide polymorphisms (SNP) in a cohort of 70 
adolescents with biopsy‐proven NAFLD. Genotype was compared to an adult control 
cohort (n = 200) and analysed in relation to histological disease severity and liver tis‐
sue proteomics.
Results: Three of the 14 SNPs were significantly associated with paediatric NAFLD after 
FDR adjustment, rs738409 (PNPLA3, P = 2.80 × 10−06), rs1044498 (ENPP1, P = 0.0091) 
and rs780094 (GCKR, P = 0.0281). The severity of steatosis was critically associated 
with rs738409 (OR=3.25; 95% CI: 1.72‐6.52, FDR‐adjusted P = 0.0070). The strongest 
variants associated with severity of fibrosis were rs1260326, rs780094 (both GCKR) 
and rs659366 (UCP2). PNPLA3 was associated with a portal pattern of steatosis, inflam‐
mation and fibrosis. Proteome profiling revealed decreasing levels of GCKR protein with 
increasing carriage of the rs1260326/rs780094 minor alleles and downregulation of the 
retinol pathway in rs738409 G/G carriers. Computational metabolic modelling high‐
lighted functional relevance of PNPLA3, GCKR and UCP2 for NAFLD development.
Conclusions: This study provides evidence for the role of PNPLA3 as a determinant 
of portal NAFLD localization and severity of portal fibrosis in children and adoles‐
cents, the risk variant being associated with an impaired hepatic retinol metabolism.

See Editorial on Page 440
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1  | INTRODUC TION

Since the marked increase in obesity prevalence, non‐alcoholic fatty 
liver disease (NAFLD) has become the most frequent chronic liver 
disease in adults and children alike.1 NAFLD is strongly associated 
with obesity as well as insulin resistance and has been proposed 
as the hepatic manifestation of the metabolic syndrome. However, 
marked differences in the prevalence of NAFLD according to eth‐
nicity have highlighted the importance of genetic influence in addi‐
tion to environmental factors. In an autopsy study of 742 children in 
the US, NAFLD was five times more likely to occur in children with 
Hispanic ethnicity as compared to Black ethnicity.2 This finding was 
further reflected in adult US citizens,3 and ultimately in general pop‐
ulation prevalence of NAFLD, with highest rates registered in South 
America, while prevalence remains low in Africa. Heritability stud‐
ies, including twin studies,4,5 have shown the increased familial risk 
of NAFLD for first‐degree relatives and monozygotic twins. Overall, 
the estimation of heritability of NAFLD is thought to be roughly 
50%.6 Another indicator of the interplay of environment and genetic 
factors is the high interindividual variability of disease progression 
of NAFLD. While exact data on the natural history of the disease 
are sparse due to the lack of prospective cohorts with sequential 
liver biopsies, it is estimated that only one‐quarter of NAFLD pa‐
tients develop non‐alcoholic steatohepatitis (NASH).7 Furthermore, 
the well‐known differing histological patterns in paediatric NAFLD, 
presenting with a portal/zone 1‐predominant type or an “adult” zone 
3‐predominant type,8 suggest a distinct genetic impact on the devel‐
opment of disease.9 This phenomenon is of particular importance, 
since the portal/zone 1 pattern is more frequent in younger chil‐
dren and associated with an increased risk of advanced fibrosis.10,11 
Genetic variants associated with the portal/zone 1‐predominant 
type in paediatric NAFLD have not yet been identified.

Since the advent of genome‐wide association studies, multi‐
ple genes have been proposed to influence the development and 
progression of NAFLD. These include variants of genes involved 
in insulin response, fatty acid metabolism, oxidative stress control 
and endotoxin response, inflammatory cytokines and modifiers of 
fibrogenesis (for overview, see Table 1 and Table S1). The missense 
variant of PNPLA3 is now seen as a main contributor to NAFLD 
and modifies all aspects of disease progression. Although variants 
of several genes, particularly PNPLA3 and GCKR, have been asso‐
ciated with childhood NAFLD, only few studies have looked at his‐
tological disease severity.12 It would be of high clinical relevance to 
identify genetic markers that allow discrimination of patients at risk 
of early progressive disease. To reach this goal, the Berlin adoles‐
cence NAFLD cohort (BaNA) has recently been established. For all 
patients of this cohort, liver biopsies are available that have been 
categorized according to the severity of steatosis, inflammation 

and fibrosis. DNA of all patients was analysed for 14 SNPs previ‐
ously shown to be associated with adult NAFLD, and the results 
were analysed in relation to histological scores and the proteome 
of the biopsies.

2  | PATIENTS AND METHODS

2.1 | Paediatric NAFLD cohort

The study protocol conformed to the guidelines of the Declaration 
of Helsinki and was approved by the local institutional review 
board at Charité University Medicine Berlin. Informed consent was 
obtained from all parents or guardians. Patients were recruited 
from the paediatric obesity outpatient clinic and paediatric gas‐
troenterology outpatient clinic of Charité between June 2014 and 
July 2017. Standard serologic tests were obtained for exclusion of 
alpha‐1‐antitrypsin deficiency, coeliac disease, autoimmune hepa‐
titis, viral hepatitis A, B and C, active CMV or EBV infection, and 
Wilson's disease. Overweight or obese children and adolescents 
aged 10 to 17 years with suspected non‐alcoholic steatohepatitis 
(NASH) and a clinical indication for liver biopsy were evaluated 
for enrolment in the study. Exclusion criteria were as follows: age 
≥18 years, any concurrent liver disease, severe underlying chronic 
disease (eg, cardiopulmonary or autoimmune disease), alcohol 
consumption >20 g alcohol per day and pregnancy. In all patients 
included in our study, anthropometric measures (height, weight, 
waist circumference) were taken, laboratory analysis including 
a hepatic panel and complete blood count was performed, and 
metabolic (serum lipid profile, HOMA‐IR, lactate, pyruvate, uric 
acid) parameters were assessed. For comparison, we studied 200 
adult individuals without reported NAFLD (Neuss Bladder Cancer 
case‐control series) that have already been used as a Caucasian 
reference group for SNP analyses in previous studies.13

K E Y W O R D S

genetics, metabolic modelling, paediatric NAFLD, proteomics

Key points

• PNPLA3 148M is the strongest determinant of paediat‐
ric NAFLD and is associated with histological disease 
severity and periportal zonation.

• PNPLA3 148M is associated with downregulated retinol 
metabolism on proteomic analysis.

• GCKR variant regulates the actual liver protein level and 
is associated with the presence of fibrosis.

• Computational modelling reveals mechanistic signifi‐
cance of PNPLA3, GCKR and UCP2.
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2.2 | Histological assessment

All liver biopsies were evaluated and scored by pathologists with 
many years of experience in hepatic pathology. All histological 
scoring was carried out blinded to clinical data. Discrepancies 
were discussed, and a consensus was reached on a final score. 
Formalin‐fixed, paraffin‐embedded biopsy samples were scored 
by using 2‐µm sections stained with haematoxylin and eosin, chro‐
motrope aniline blue trichrome, Masson trichrome and Gomori sil‐
ver. All biopsy specimens were considered technically adequate 
for evaluation. Liver biopsies were staged and graded by using the 
histological scoring system for non‐alcoholic fatty liver disease 
(NAFLD) by the NASH Clinical Research Network (NASH CRN).14 
We defined F ≥ 1 as “any,” F ≥ 2 as “progressive” and F = 3 as “ad‐
vanced” fibrosis. Moreover, to account for specific features of 
paediatric NASH, we defined zonal steatosis pattern as 1 = “pre‐
dominantly zone 1,” 3 = “predominantly zone 3,” 4 = “panlobu‐
lar” or 0 = “azonal” distribution) and scored portal inflammation 

(0 = none; 1 = mild; 2 = more severe than mild). Additionally, an 
individual score for periportal septa (0 = no portal fibrosis or en‐
larged portal field without infiltrative septa; 1 = enlarged portal 
field with short infiltrative septa <50% of the porto‐portal dis‐
tance; 2 = long infiltrative septa >50% of the porto‐portal dis‐
tance, may present with or without porto‐portal bridging) was 
introduced.

2.3 | Analysis of polymorphisms

Genotypes of rs738409[C/G], rs2294918[A/G], rs1260326[C/T], 
rs780094[C/T], rs58542926[C/T], rs13412852[C/T], rs4880[T/C], 
rs3750861[C/T], rs641738[C/T], rs659366[C/T], rs1044498[A/C], 
rs1801278[A/G], rs12979860[C/T] and rs12137855[C/T] were de‐
tected viaTaqMan® SNP Genotyping Assay (Applied Biosystems, 
Darmstadt, Germany).15 Experimental details are given in Table 
S2A and Methods S1. All SNPs were in Hardy‐Weinberg equilibrium 
(Table S2B).

TA B L E  1   Single nucleotide polymorphisms (SNPs) analysed in the present study, SNP function, associated genes and frequency among 
cases and controls

SNP Gene Gene Function
Chromosome : 
Location

Controls 
MAF in %

Cases 
MAF in %

rs738409[C/G] PNPLA3 Patatin‐like phospholipase 
domain‐containing 3

Missense 22:43928847 [G]: 23 49

rs2294918[A/G]a PNPLA3 Patatin‐like phospholipase 
domain‐containing 3

Missense 22:43946236 [A]: 39 28

rs1260326[C/T] GCKR Glucokinase (hexokinase 4) regulator Downstream variant 
500B, missense

2:27508073 [T]: 41 52

rs780094[C/T] GCKR Glucokinase (hexokinase 4) regulator Intron 2:27518370 [T]: 39 52

rs58542926[C/T] TM6SF2 Transmembrane 6 superfamily 
member 2

Missense 19:19268740 [T]: 5 9

rs13412852[C/T] LPIN1 Lipin 1 Intron 2:11774815 [T]: 35 34

rs4880[T/C]b SOD2 Superoxide dismutase 2, 
mitochondrial

Missense, utr variant 5′ 6:159692840 [C]: 48 53

rs3750861[C/T] KLF6 Kruppel‐like factor 6 Intron 10:3782241 [T]: 8 8

rs641738[C/T] MBOAT7, 
TMC4

Membrane‐bound O‐acyltransferase 
domain‐containing 7, transmem‐
brane channel‐like 4

Downstream variant 
500B, missense, nc 
transcript variant

19:54173068 [T]: 44 44

rs659366[C/T] UCP2 Uncoupling protein 2 (mitochondrial, 
proton carrier)

Upstream variant 2KB 11:7398370 [T]: 40 32

rs1044498[A/C] ENPP1 Ectonucleotide pyrophosphatase/
phosphodiesterase 1

Missense 6:131851228 [C]: 8 19

rs1801278[A/G]c IRS1 Insulin receptor substrate 1 Missense 2:226795828 [A]: 6 6

rs12979860[C/T] IFNL4 Interferon, lambda 4 (gene/
pseudogene)

Intron 19:39248147 [T]: 36 40

rs12137855[C/T] LYPLAL1 Lysophospholipase‐like 1 Intron 1:219275036 [T]: 19 21

MAF, minor allele frequency.
Location according to GRCh38.p7.
a[A] is the minor allele (about 43% in Europeans), and the risk allele [G] is the major allele (about 57% in Europeans). 
b[C] corresponding to the exchange to [Ala] is the minor allele (about 48% in Europeans), and [T] corresponding to [Val] is the major allele (about 52% 
in Europeans). 
c[A] is the minor allele (about 7% in Europeans), and [G] is the major allele (about 93% in Europeans). 
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TA B L E  2   Study group characteristics

Variable

Cases Controls

n % n %

Gender

Female 16 23% 77 39%

Male 54 77% 123 62%

Total 70 100% 200 100%

Age

Prepubertal/early puberty 28 40% 0 0%

Pubertal/post‐pubertal 42 60% 0 0%

Total 70 100% 200 100%

Range 10 ‐ 17 18 ‐ 70.5

Interquartile range 13 ‐ 16 31.25 ‐ 60.85

Mean 14.11  46.73  

SD 2.15  16.03  

BMI

Range 21.4 ‐ 50.4

Interquartile range 30.9 ‐ 37.8

Mean 34.63

SD 6.11

Total 70

BMI z‐score

Range 1.29 ‐ 3.86   

Interquartile range 2.47 ‐ 3.14   

Mean 2.76    

SD 0.58    

Total 70    

Portal Inflammation

None 25 36%

Mild 37 53%

More severe than mild 8 11%

Total 70 100%

Lobular Inflammation

None 21 30%   

<2 foci/ 200x field 39 56%   

2‐4 foci/200x field 10 14%   

Total 70 100%   

Ballooning

Absent 36 51%

Few 27 39%

Prominent 7 10%

Total 70 100%

NAS

NAS < 5 46 66%   

NAS ≥ 5 24 34%   

Total 70 100%   

(Continues)
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2.4 | Proteome profiling

Liver biopsy specimens were extracted under denaturing conditions 
and digested by trypsin for subsequent analysis by mass spectrom‐
etry.16 For one patient, no proteome data were available. The soft‐
ware tools MaxQuant17 and gene set enrichment analysis (GSEA)18 
were used for peptide identification and pathway analyses respec‐
tively (see Methods S1 for details).

2.5 | Statistical methods

Case‐control genotype differences were analysed by chi‐squared 
tests and logistic regression models. FDR was used to adjust for 
multiple testing. A backward selection on all SNPs assuming an 
additive (trend) model was done with SAS/STAT, version 9.3 (SAS 
Institute Inc, Cary, NC). Differences within NAFLD cases regard‐
ing age, gender, histopathological findings, proteins and genetic 

Variable

Cases Controls

n % n %

Steatosis

5–33% of hepatocytes 13 19%

34–66% of hepatocytes 24 34%

>66% of hepatocytes 33 47%

Total 70 100%

Steatosis Zonation

Zone 1 (periportal) 11 16%   

Zone 3 (centrolobular) 28 40%   

Panlobular 19 27%   

Azonal 12 17%   

Total 70 100%   

Fibrosis

No fibrosis 19 27%

Portal/periportal or zone 3 19 27%

Portal/periportal and zone 3 14 20%

Bridging fibrosis 18 26%

Total 70 100%

Periportal Septa

No septa 35 50%   

Short infiltrative septa 12 17%   

Long infiltrative septa or porto‐portal bridging 23 33%   

Total 70 100%   

ALT

Range 51 ‐ 338

Interquartile range 62 ‐125

Mean 108.20

SD 68.49

Total 70

HOMA‐IR

Range 1.3 ‐ 21.0   

Interquartile range 4.6 ‐ 8.95   

Mean 7.04    

SD 3.73    

Total 68    

Prepubertal or early puberty: girls 10‐12, boys 10‐13 years old.
Pubertal or post‐pubertal: girls 13‐17, boys 14‐17 years old.
SD: standard deviation.

TA B L E  2   (Continued)



     |  545HUDERT ET al.

TA
B

LE
 3

 
PN

PL
A

3 
m

is
se

ns
e 

SN
P 

rs
73

84
09

, E
N

PP
1 

m
is

se
ns

e 
SN

P 
rs

10
44

49
8 

an
d 

G
C

K
R 

in
tr

on
 S

N
P 

rs
78

00
94

 s
ho

w
ed

 F
D

R‐
ad

ju
st

ed
 s

ig
ni

fic
an

t d
iff

er
en

ce
s 

be
tw

ee
n 

ca
se

s 
an

d 
co

nt
ro

ls
. A

, 
C

ru
de

 a
nd

 F
D

R‐
ad

ju
st

ed
 P

‐v
al

ue
s 

fo
r t

he
 m

os
t i

m
po

rt
an

t g
en

et
ic

 m
od

el
s.

 F
D

R‐
ad

ju
st

ed
 P

‐v
al

ue
s 

fo
r t

he
 re

ce
ss

iv
e 

an
d 

do
m

in
an

t m
od

e 
of

 in
he

rit
an

ce
 a

re
 g

iv
en

 in
 T

ab
le

 S
4.

 P
‐v

al
ue

s 
be

lo
w

 
0.

05
 a

re
 p

rin
te

d 
re

d 
an

d 
bo

ld
 fa

ce
. B

, U
na

dj
us

te
d 

P‐
va

lu
es

, o
dd

s 
ra

tio
s 

(O
R)

 a
nd

 9
5%

 c
on

fid
en

ce
 in

te
rv

al
s 

(C
I) 

fo
r t

he
 g

en
ot

yp
e 

di
ff

er
en

ce
s,

 a
dd

iti
ve

 (t
re

nd
) a

nd
 m

ul
tip

lic
at

iv
e 

(a
lle

le
s)

 m
od

e 
of

 
in

he
rit

an
ce

. S
N

Ps
 a

nd
 P

‐v
al

ue
s 

<0
.0

5 
th

at
 w

er
e 

si
gn

ifi
ca

nt
 in

 th
e 

ca
se

‐c
on

tr
ol

 a
na

ly
si

s 
ar

e 
pr

in
te

d 
re

d

A Te
st

Li
ke

lih
oo

d 
ra

tio
 (L

R)
 te

st
G

en
ot

yp
e 

tr
en

d 
te

st
A

lle
le

 W
al

d 
te

st

SN
P

G
en

e
U

na
dj

us
te

d
FD

R 
ad

ju
st

ed
U

na
dj

us
te

d
FD

R 
ad

ju
st

ed
U

na
dj

us
te

d
FD

R 
ad

ju
st

ed

rs
73

84
09

PN
PL

A
3

3.
36

×1
0‐0

8
4.

71
×1

0‐0
7

2.
00

×1
0‐0

7
2.

80
×1

0‐0
6

1.
62

×1
0‐0

8
2.

27
×1

0‐0
7

rs
10

44
49

8
EN

PP
1

0.
00

13
0.

00
92

0.
00

13
0.

00
91

0.
00

07
0.

00
50

rs
78

00
94

G
C

K
R

0.
01

82
0.

08
47

0.
00

60
0.

02
81

0.
00

70
0.

03
29

rs
58

54
29

26
TM

6S
F2

0.
03

32
0.

11
63

0.
08

91
0.

19
67

0.
07

50
0.

17
51

rs
12

60
32

6
G

C
K

R
0.

04
66

0.
13

06
0.

01
64

0.
05

75
0.

01
98

0.
06

00

rs
22

94
91

8
PN

PL
A

3
0.

07
11

0.
16

60
0.

02
54

0.
07

12
0.

02
14

0.
06

00

rs
12

13
78

55
LY

PL
A

L1
0.

10
68

0.
21

35
0.

44
46

0.
62

24
0.

44
99

0.
62

98

rs
64

17
38

M
BO

AT
7,

 T
M

C
4

0.
17

95
0.

31
41

0.
98

81
0.

98
81

0.
98

83
0.

98
83

rs
48

80
SO

D
2

0.
26

80
0.

37
51

0.
28

12
0.

49
21

0.
27

55
0.

48
21

rs
65

93
66

U
C

P2
0.

24
81

0.
37

51
0.

09
83

0.
19

67
0.

10
00

0.
20

00

rs
13

41
28

52
LP

IN
1

0.
63

07
0.

67
48

0.
83

81
0.

97
78

0.
83

69
0.

97
64

rs
37

50
86

1
K

LF
6

0.
64

05
0.

67
48

0.
96

78
0.

98
81

0.
96

75
0.

98
83

rs
12

97
98

60
IF

N
L4

0.
66

11
0.

67
48

0.
39

98
0.

62
19

0.
36

99
0.

57
54

rs
18

01
27

8
IR

S1
0.

67
48

0.
67

48
0.

67
52

0.
85

93
0.

68
47

0.
87

14

Th
e 

lik
el

ih
oo

d 
ra

tio
 (L

R)
 te

st
 w

as
 u

se
d 

fo
r t

he
 g

en
ot

yp
e 

m
od

el
 (g

lo
ba

l g
en

ot
yp

e 
di

ff
er

en
ce

s)
. T

he
 g

en
ot

yp
e 

tr
en

d 
te

st
 c

or
re

sp
on

ds
 to

 th
e 

ad
di

tiv
e 

m
od

el
 fo

r i
nc

re
as

in
g 

nu
m

be
r o

f r
is

k 
al

le
le

s 
in

 th
e 

ge
no

ty
pe

. T
he

 a
lle

le
 W

al
d 

te
st

 c
or

re
sp

on
ds

 to
 th

e 
m

ul
tip

lic
at

iv
e 

m
od

el
.

B SN
P

G
en

et
ic

 m
od

el
G

en
ot

yp
e

Co
nt

ro
ls

C
as

es
LR

 te
st

W
al

d 
te

st
 

P‐
va

lu
e

O
R

95
%

 C
I

L
U

rs
73

84
09

G
en

ot
yp

es
C

/C
11

8
59

%
20

29
%

3.
36

×1
0‐0

8
Re

fe
re

nc
e

PN
PL

A
3

C
/G

71
36

%
31

44
%

0.
00

35
2.

58
1.

38
4.

92

G
/G

11
6%

19
27

%
2.

40
×1

0‐0
7

10
.1

9
4.

31
25

.3
7

Tr
en

d
In

cr
ea

si
ng

 [G
]

2.
00

×1
0‐0

7
3.

05
2.

02
4.

71

M
ul

tip
lic

at
iv

e
[C

]
30

7
77

%
71

51
%

Re
fe

re
nc

e

[G
]

93
23

%
69

49
%

1.
62

×1
0‐0

8
3.

21
2.

14
4.

82

rs
22

94
91

8
G

en
ot

yp
es

A
/A

33
17

%
5

7%
0.

07
11

Re
fe

re
nc

e

PN
PL

A
3

A
/G

89
45

%
29

41
%

0.
14

50
2.

15
0.

82
6.

73

G
/G

78
39

%
36

51
%

0.
03

23
3.

05
1.

18
9.

46

Tr
en

d
In

cr
ea

si
ng

 [G
]

0.
02

54
1.

61
1.

07
2.

47

[A
]

15
5

39
%

39
28

%
Re

fe
re

nc
e

[G
]

24
5

61
%

10
1

72
%

0.
02

14
1.

64
1.

08
2.

52

(C
on

tin
ue

s)



546  |     HUDERT ET al.

B SN
P

G
en

et
ic

 m
od

el
G

en
ot

yp
e

Co
nt

ro
ls

C
as

es
LR

 te
st

W
al

d 
te

st
 

P‐
va

lu
e

O
R

95
%

 C
I

L
U

rs
12

60
32

6
G

en
ot

yp
es

C
/C

66
33

%
15

21
%

0.
04

66
Re

fe
re

nc
e

G
CK

R
C

/T
10

5
53

%
37

53
%

0.
20

24
1.

55
0.

80
3.

12

T/
T

29
15

%
18

26
%

0.
01

54
2.

73
1.

22
6.

24

Tr
en

d
In

cr
ea

si
ng

 [T
]

0.
01

64
1.

65
1.

10
2.

50

M
ul

tip
lic

at
iv

e
[C

]
23

7
59

%
67

48
%

Re
fe

re
nc

e

[T
]

16
3

41
%

73
52

%
0.

01
98

1.
58

1.
08

2.
34

rs
78

00
94

G
en

ot
yp

es
C

/C
71

36
%

15
21

%
0.

01
82

Re
fe

re
nc

e

G
CK

R
C

/T
10

2
51

%
37

53
%

0.
11

49
1.

72
0.

89
3.

44

T/
T

27
14

%
18

26
%

0.
00

58
3.

16
1.

40
7.

23

Tr
en

d
In

cr
ea

si
ng

 [T
]

0.
00

60
1.

77
1.

18
2.

69

M
ul

tip
lic

at
iv

e
[C

]
24

4
61

%
67

48
%

Re
fe

re
nc

e

[T
]

15
6

39
%

73
52

%
0.

00
70

1.
70

1.
16

2.
52

rs
58

54
29

26
G

en
ot

yp
es

C
/C

18
4

92
%

58
83

%
0.

03
32

Re
fe

re
nc

e

TM
6S

F2
C

/T
14

7%
12

17
%

0.
01

76
2.

72
1.

17
6.

22

T/
T

2
1%

0
0%

0.
98

88
–

–
–

Tr
en

d
In

cr
ea

si
ng

 [T
]

0.
08

91
1.

89
0.

89
3.

94

M
ul

tip
lic

at
iv

e
[C

]
38

2
96

%
12

8
91

%
Re

fe
re

nc
e

[T
]

18
5%

12
9%

0.
07

50
1.

99
0.

91
4.

20

rs
13

41
28

52
G

en
ot

yp
es

C
/C

83
42

%
32

46
%

0.
63

07
Re

fe
re

nc
e

LP
IN

1
C

/T
93

47
%

28
40

%
0.

40
92

0.
78

0.
43

1.
40

T/
T

24
12

%
10

14
%

0.
85

67
1.

08
0.

45
2.

46

Tr
en

d
In

cr
ea

si
ng

 [T
]

0.
83

81
0.

96
0.

64
1.

43

M
ul

tip
lic

at
iv

e
[C

]
25

9
65

%
92

66
%

Re
fe

re
nc

e

[T
]

14
1

35
%

48
34

%
0.

83
69

0.
96

0.
64

1.
43

rs
48

80
G

en
ot

yp
es

T/
T

54
27

%
18

26
%

0.
26

80
Re

fe
re

nc
e

SO
D

2
C

/T
10

2
51

%
30

43
%

0.
71

47
0.

88
0.

45
1.

75

C
/C

44
22

%
22

31
%

0.
28

24
1.

50
0.

72
3.

17

Tr
en

d
In

cr
ea

si
ng

 [C
]

0.
28

12
1.

23
0.

84
1.

82

M
ul

tip
lic

at
iv

e
[T

]
21

0
53

%
66

47
%

Re
fe

re
nc

e

[C
]

19
0

48
%

74
53

%
0.

27
55

1.
24

0.
84

1.
82

rs
37

50
86

1
G

en
ot

yp
es

C
/C

17
1

86
%

59
84

%
0.

64
05

Re
fe

re
nc

e

K
LF

6
C

/T
27

14
%

11
16

%
0.

66
86

1.
18

0.
53

2.
47

T/
T

2
1%

0
0%

0.
98

88
–

–
–

(C
on

tin
ue

s)

TA
B

LE
 3

 
(C

on
tin

ue
d)



     |  547HUDERT ET al.

B SN
P

G
en

et
ic

 m
od

el
G

en
ot

yp
e

Co
nt

ro
ls

C
as

es
LR

 te
st

W
al

d 
te

st
 

P‐
va

lu
e

O
R

95
%

 C
I

L
U

Tr
en

d
In

cr
ea

si
ng

 [T
]

0.
96

78
1.

01
0.

48
2.

01

M
ul

tip
lic

at
iv

e
[C

]
36

9
92

%
12

9
92

%
Re

fe
re

nc
e

[T
]

31
8%

11
8%

0.
96

75
1.

02
0.

48
2.

02

rs
64

17
38

G
en

ot
yp

es
C

/C
59

30
%

25
36

%
0.

17
95

Re
fe

re
nc

e

M
BO

AT
7,

 T
M

C
4

C
/T

10
8

54
%

29
41

%
0.

15
06

0.
63

0.
34

1.
18

T/
T

33
17

%
16

23
%

0.
72

77
1.

14
0.

53
2.

43

Tr
en

d
In

cr
ea

si
ng

 [T
]

0.
98

81
1.

00
0.

67
1.

49

M
ul

tip
lic

at
iv

e
[C

]
22

6
57

%
79

56
%

Re
fe

re
nc

e

[T
]

17
4

44
%

61
44

%
0.

98
83

1.
00

0.
68

1.
48

rs
65

93
66

G
en

ot
yp

es
C

/C
71

36
%

32
46

%
0.

24
81

Re
fe

re
nc

e

U
C

P2
C

/T
98

49
%

31
44

%
0.

23
22

0.
70

0.
39

1.
26

T/
T

31
16

%
7

10
%

0.
14

10
0.

50
0.

19
1.

20

Tr
en

d
In

cr
ea

si
ng

 [T
]

0.
09

83
0.

71
0.

46
1.

06

M
ul

tip
lic

at
iv

e
[C

]
24

0
60

%
95

68
%

Re
fe

re
nc

e

[T
]

16
0

40
%

45
32

%
0.

10
00

0.
71

0.
47

1.
06

rs
10

44
49

8
G

en
ot

yp
es

A
/A

17
1

86
%

46
66

%
0.

00
13

Re
fe

re
nc

e

EN
PP

1
A

/C
26

13
%

22
31

%
0.

00
06

3.
15

1.
63

6.
06

C
/C

3
2%

2
3%

0.
32

80
2.

48
0.

32
15

.3
8

Tr
en

d
In

cr
ea

si
ng

 [C
]

0.
00

13
2.

50
1.

43
4.

40

M
ul

tip
lic

at
iv

e
[A

]
36

8
92

%
11

4
81

%
Re

fe
re

nc
e

[C
]

32
8%

26
19

%
0.

00
07

2.
62

1.
49

4.
58

rs
18

01
27

8
G

en
ot

yp
es

G
/G

17
8

89
%

61
87

%
0.

84
02

Re
fe

re
nc

e

IR
S1

A
/G

22
11

%
9

13
%

0.
67

52
1.

19
0.

50
2.

66

A
/A

0
0%

0
0%

—
—

—
—

Tr
en

d
In

cr
ea

si
ng

 [A
]

0.
67

52
1.

19
0.

50
2.

66

M
ul

tip
lic

at
iv

e
[G

]
37

8
95

%
13

1
94

%
Re

fe
re

nc
e

[A
]

22
6%

9
6%

0.
68

47
1.

18
0.

50
2.

55

rs
12

97
98

60
G

en
ot

yp
es

C
/C

88
44

%
28

40
%

0.
66

11
Re

fe
re

nc
e

IF
N

L4
C

/T
81

41
%

28
40

%
0.

78
81

1.
09

0.
59

1.
99

T/
T

31
16

%
14

20
%

0.
36

71
1.

42
0.

65
3.

01

Tr
en

d
In

cr
ea

si
ng

 [T
]

0.
39

98
1.

17
0.

81
1.

70

(C
on

tin
ue

s)

TA
B

LE
 3

 
(C

on
tin

ue
d)



548  |     HUDERT ET al.

risk factors were tested using normal logistic, multinomial logistic 
and ordinal logistic regression. Histology‐SNP associations were 
additionally analysed adjusted for age, gender, BMI z‐score and 
HOMA‐IR. A detailed description is given in the Methods S1.

2.6 | Computational modelling

We simulated stimulus implications of GCKR, UCP2 and PNPLA3 pol‐
ymorphisms on hepatic glucose and fat metabolism with a metabolic 
model of central hepatic metabolism and hepatic lipid droplet metabo‐
lism.19,20 Please refer to Methods S1 for full details. For all simulations, 
we used MATLAB release 2012a (The MathWorks, Inc, Natick, MA).

3  | RESULTS

3.1 | Clinical study cohort characteristics

The recently established Berlin Adolescent NAFLD cohort consists 
of 70 patients in the age range of 10‐17 years. Clinical and labora‐
tory characteristics are summarized in Table 2. The mean age of the 
study group was 14.1 ± 2.2 years, and 77% (n = 54) were boys. The 
prevalence of extreme obesity was 70% (n = 49) with a mean BMI 
of 34.63 ± 6.11 kg/m2 (mean BMI z‐score: 2.76 ± 0.58). All patients 
displayed severe insulin resistance (mean HOMA‐IR: 7.04 ± 3.73). 
Alanine aminotransferase levels were roughly 2.5‐fold above the 
upper limit of normal (mean ALT: 108 ± 68 U/L). All patients were 
diagnosed with NAFLD upon histological evaluation of clinically in‐
dicated liver biopsy.

3.2 | Genetic variants associated with paediatric 
NAFLD in a case‐control design

In an explorative analysis, six of the 14 analysed SNPs were associated 
with paediatric NAFLD with P‐values smaller than 0.05 in the unad‐
justed likelihood ratio (LR) test or in the unadjusted trend test (Table 3A). 
Remarkably high odds ratios (OR) were obtained, 10.2 (95% CI: 4.3‐25.4; 
P = 2.4 × 10−7) for the G/G genotype of rs738409 and 3.2 (95% CI: 
1.6‐6.1; P = 6 × 10−4) for the A/C variant of rs1044498 (Table 3B, see 
also Table S3). Haplotype analysis of PNPLA3 SNP rs738409 and a sec‐
ond SNP in this gene rs2294918 showed that the quite frequent high‐
risk group rs738409 G/G contained only rs2294918 G/G genotypes 
but not vice versa (Table S4). The odds ratio of this SNP combination 
was 12.1 (95% CI: 3.6‐49.5; P = 1 × 10−4) and so higher as of rs738409 
alone. However, adjusting effects of rs738409 to rs2294918 and vice 
versa showed that only rs738409 was associated with NAFLD (Table 
S5).

Backward selection including all SNPs in a logistic regression model 
indicated that four SNPs significantly differ between paediatric NAFLD 
patients and the normal population (Table S6). Weighted risk allele scores 
indicated that genetic risks add up to ORs of more than 10 for persons 
carrying most risk alleles compared to those with few risk alleles (Table 
S7).B SN
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F I G U R E  1   Differential steatosis zonation may present with zone 1‐predominant steatosis (A), zone 3‐predominant steatosis (B), 
panlobular steatosis (C) or azonal steatosis (D). (E) shows an enlarged portal triad with a moderately dense, mainly lymphocytic, inflammatory 
infiltrate, and (F) depicts fibrous periportal septa infiltrating into the parenchyma. Micrographs A‐D: haematoxylin and eosin (H&E) staining, 
40× magnification, E, H&E, 200× magnification, and F, chromotrope aniline blue trichrome (CAB), 100× magnification. PT, portal tract; CV, 
central vein

(A)

(E) (F)

(B) (C) (D)

F I G U R E  2   Zone 1‐predominant steatosis is associated with the severity of portal inflammation, periportal septa and stage of fibrosis. A, 
Stratification of fibrosis stages according to steatosis zonation. B, Venn diagram for the distribution of zone 1‐predominant steatosis, portal 
inflammation and periportal septa. C, Stratification of PNPLA3 genotype according to steatosis zonation
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3.3 | Histological features of disease progression

Histological features of the BaNA cohort represent a wide spec‐
trum of NAFLD ranging from simple steatosis to progressive 
NASH (Table 2). Nearly half of the patients presented with se‐
vere steatosis (n = 33, 47.1%) and roughly a quarter had advanced 
fibrosis (n = 18, 25.7%). The risk of progression to fibrosis was 

not significantly associated with BMI (P = 0.2814), BMI z‐score 
(P = 0.3431) or sex (P = 0.2195; Table S8). However, an associa‐
tion of fibrosis with younger age could be observed (P = 0.0048). 
After multiple linear regression analysis of histological features 
(steatosis, lobular inflammation, portal inflammation, hepato‐
cellular ballooning), only portal inflammation remained inde‐
pendently associated with fibrosis stage. While the severity of 

TABLE 4 Results of the trend test assuming an increasing or decreasing effect of the risk alleles. Italic print indicates FDR‐adjusted  
significance for associations of SNPs with the histological features given in the topmost line. Correspondingly, P‐values that reached  
significance only without FDR adjustment are printed bold (black). For P‐values that did not reach any significance (black, not bold),  
neither the OR nor the 95% CIs are given. Italic print in the columns “Gene” and “SNP” indicates an FDR‐adjusted significant difference  
between cases and controls. Correspondingly, P‐values for comparisons between cases and controls that reached significance only without  
FDR adjustment are printed bold (black). P‐values of the multiplicative model are given in Tables S10B,C

P‐value (unadjusted) OR (95% CI) Inflammation NAS Steatosis Fibrosis

Gene SNP Portal Lobular Ballooning All grades <5 vs ≥5 All grades Severe = S3
Zonation 1, 3, pan, 
azonalb All stages Any ≥ F1 Progressive ≥ F2

Periportal 
Septa

PNPLA3 rs738409 0.0605 0.2010 0.9164 0.0262 
OR = 1.90 
(1.09‐3.38)

0.1472 0.0005c 
OR = 3.25 
(1.72‐6.52)

0.0003d 
OR = 4.58 
(2.14‐11.32)

0.0005e 
OR1 vs azonal = 5.56 
(1.35‐25.00), 
OR1 vs 3 = 5.26 
(1.61‐16.67), 
OR1 vs pan = 1.23 
(0.22‐6.67)

0.0888 0.3285 0.1556 0.0106 
OR = 2.26 
(1.23‐4.35)

PNPLA3 rs2294918a 0.1720 0.0361 
OR = 0.44 
(0.20‐0.94)

0.5218 0.0193 
OR = 0.46 
(0.24‐0.88)

0.0836 0.0210 
OR = 0.43 
(0.21‐0.87)

0.0178 
OR = 0.36 
(0.15‐0.81)

0.0442 
OR1 vs azonal = 0.51 
(3.7 × 10‐29‐7.1 × 1027), 
OR1 vs 3 = 0.31 
(0.10‐0.93), 
OR1 vs pan = 1.20 
(0.35‐4.17)

0.0966 0.3024 0.1461 0.0239 
OR = 0.42 
(0.19‐0.86)

GCKR rs1260326 0.5619 0.6376 0.2841 0.7287 0.1493 0.2653 0.2364 0.1089 0.0845 0.0275 
OR = 2.59 
(1.15‐6.36)

0.1100 0.2702

GCKR rs780094 0.5619 0.6376 0.2841 0.7287 0.1493 0.2653 0.2364 0.1089 0.0845 0.0275 
OR = 2.59 
(1.15‐6.36)

0.1100 0.2702

TM6SF2 rs58542926 0.6832 0.6611 0.6056 0.9762 0.4601 0.9481 0.6768 0.8797 0.4438 0.3777 0.7574 0.2930

LPIN1 rs13412852 0.8205 0.5486 0.1643 0.0466 
OR = 0.54 
(0.29‐0.98)

0.1184 0.0489 
OR=0.52 
(0.27‐0.99)

0.0618 0.1292 0.2608 0.2547 0.4868 0.3382

UCP2 rs659366 0.0498 
OR = 2.03 
(1.01‐4.21)

0.1512 0.0214 
OR = 2.40 
(1.15‐5.14)

0.0583 0.0377 
OR = 2.30 
(1.07‐5.26)

0.7795 0.7742 0.5845 0.0449 
OR = 2.04 
(1.02‐4.15)

0.3666 0.0226 
OR = 2.48 
(1.17‐5.64)

0.0691

ENPP1 rs1044498 0.5939 0.4948 0.2277 0.5541 0.1562 0.4921 0.5775 0.6490 0.8804 0.3101 0.9594 0.5576

LYPLAL1 rs12137855 0.0217 
OR = 2.51 
(1.16‐5.64)

0.5123 0.2683 0.8139 0.6040 0.7195 0.7419 0.6609 0.6949 0.0382 
OR = 3.74 
(1.26‐16.42)

0.5104 0.4316

Trend tests include depending on the statistical model, logistic regression, ordinal logistic regression, trend over increasing progression scores and 
increasing number of minor alleles.
After FDR adjustment steatosis, P‐values of rs738409 remain significant:
aOR and 95% CI for increasing number of minor allele [A]. 
bTrend over number of risk alleles but not over zonation results in rs738409. 
cFDR‐adjusted P = 0.0070. 
dFDR‐adjusted P = 0.0042. 
eFDR‐adjusted P = 0.0070. 
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steatosis was not correlated with fibrosis, a significant effect of 
the zonality of steatosis was evident (Figure 1). All patients with 
zone 1‐predominant steatosis displayed also portal inflammation 
and any degree of fibrosis (Figure 2A,B). Moreover, the sever‐
ity of steatosis, portal inflammation, periportal septa and fibro‐
sis are distinctively aggravated in zone 1‐predominant steatosis 
(Table S9).

3.4 | PNPLA3 modifies the zonal pattern and 
severity of steatosis

Two of the SNPs, rs738409 (missense of PNPLA3) and rs13412852 
(intron of LPIN1), were associated with the severity of steatosis 
(Table 4). PNPLA3 rs738409[G] increased the risk of severe steato‐
sis by a factor of 4.58 (P = 0.0003) and was also strongly associated 

TABLE 4 Results of the trend test assuming an increasing or decreasing effect of the risk alleles. Italic print indicates FDR‐adjusted  
significance for associations of SNPs with the histological features given in the topmost line. Correspondingly, P‐values that reached  
significance only without FDR adjustment are printed bold (black). For P‐values that did not reach any significance (black, not bold),  
neither the OR nor the 95% CIs are given. Italic print in the columns “Gene” and “SNP” indicates an FDR‐adjusted significant difference  
between cases and controls. Correspondingly, P‐values for comparisons between cases and controls that reached significance only without  
FDR adjustment are printed bold (black). P‐values of the multiplicative model are given in Tables S10B,C

P‐value (unadjusted) OR (95% CI) Inflammation NAS Steatosis Fibrosis

Gene SNP Portal Lobular Ballooning All grades <5 vs ≥5 All grades Severe = S3
Zonation 1, 3, pan, 
azonalb All stages Any ≥ F1 Progressive ≥ F2

Periportal 
Septa

PNPLA3 rs738409 0.0605 0.2010 0.9164 0.0262 
OR = 1.90 
(1.09‐3.38)

0.1472 0.0005c 
OR = 3.25 
(1.72‐6.52)

0.0003d 
OR = 4.58 
(2.14‐11.32)

0.0005e 
OR1 vs azonal = 5.56 
(1.35‐25.00), 
OR1 vs 3 = 5.26 
(1.61‐16.67), 
OR1 vs pan = 1.23 
(0.22‐6.67)

0.0888 0.3285 0.1556 0.0106 
OR = 2.26 
(1.23‐4.35)

PNPLA3 rs2294918a 0.1720 0.0361 
OR = 0.44 
(0.20‐0.94)

0.5218 0.0193 
OR = 0.46 
(0.24‐0.88)

0.0836 0.0210 
OR = 0.43 
(0.21‐0.87)

0.0178 
OR = 0.36 
(0.15‐0.81)

0.0442 
OR1 vs azonal = 0.51 
(3.7 × 10‐29‐7.1 × 1027), 
OR1 vs 3 = 0.31 
(0.10‐0.93), 
OR1 vs pan = 1.20 
(0.35‐4.17)

0.0966 0.3024 0.1461 0.0239 
OR = 0.42 
(0.19‐0.86)

GCKR rs1260326 0.5619 0.6376 0.2841 0.7287 0.1493 0.2653 0.2364 0.1089 0.0845 0.0275 
OR = 2.59 
(1.15‐6.36)

0.1100 0.2702

GCKR rs780094 0.5619 0.6376 0.2841 0.7287 0.1493 0.2653 0.2364 0.1089 0.0845 0.0275 
OR = 2.59 
(1.15‐6.36)

0.1100 0.2702

TM6SF2 rs58542926 0.6832 0.6611 0.6056 0.9762 0.4601 0.9481 0.6768 0.8797 0.4438 0.3777 0.7574 0.2930

LPIN1 rs13412852 0.8205 0.5486 0.1643 0.0466 
OR = 0.54 
(0.29‐0.98)

0.1184 0.0489 
OR=0.52 
(0.27‐0.99)

0.0618 0.1292 0.2608 0.2547 0.4868 0.3382

UCP2 rs659366 0.0498 
OR = 2.03 
(1.01‐4.21)

0.1512 0.0214 
OR = 2.40 
(1.15‐5.14)

0.0583 0.0377 
OR = 2.30 
(1.07‐5.26)

0.7795 0.7742 0.5845 0.0449 
OR = 2.04 
(1.02‐4.15)

0.3666 0.0226 
OR = 2.48 
(1.17‐5.64)

0.0691

ENPP1 rs1044498 0.5939 0.4948 0.2277 0.5541 0.1562 0.4921 0.5775 0.6490 0.8804 0.3101 0.9594 0.5576

LYPLAL1 rs12137855 0.0217 
OR = 2.51 
(1.16‐5.64)

0.5123 0.2683 0.8139 0.6040 0.7195 0.7419 0.6609 0.6949 0.0382 
OR = 3.74 
(1.26‐16.42)

0.5104 0.4316

Trend tests include depending on the statistical model, logistic regression, ordinal logistic regression, trend over increasing progression scores and 
increasing number of minor alleles.
After FDR adjustment steatosis, P‐values of rs738409 remain significant:
aOR and 95% CI for increasing number of minor allele [A]. 
bTrend over number of risk alleles but not over zonation results in rs738409. 
cFDR‐adjusted P = 0.0070. 
dFDR‐adjusted P = 0.0042. 
eFDR‐adjusted P = 0.0070. 
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with steatosis zonation, increasing the odds of zone 1‐predomi‐
nant steatosis (FDR‐adjusted P < 0.01; per allele OR ≥3; Table 4, 
Figure 2C).

3.5 | PNPLA3, GCKR and UCP2 modify the 
severity of fibrosis

The increase in PNPLA3 rs738409[G] risk alleles was significantly 
associated with advanced fibrosis (OR = 2.2; 95% CI: 1.0‐5.0; 
P = 0.0445; multiplicative model, Table S10C) and the severity of 
periportal septa (OR = 2.3; 95% CI: 1.2‐4.4; P = 0.0106, additive 
model, Table 4). The GCKR SNPs rs780094 and rs1260326, which 
are in linkage disequilibrium and therefore are perfectly corre‐
lated in cases, increased the risk of any fibrosis by a factor of 2.6 
(P = 0.0275). Rs659366 (UCP2) showed an association with fibro‐
sis as well as with portal inflammation (OR = 2.0; 95% CI: 1.0‐4.2; 
P = 0.0498) and ballooning (OR = 2.4; 95% CI: 1.2‐5.1; P = 0.0214). 
Moreover, rs12137855 (LYPLAL1), rs641738 (MBOAT7, TMC4) 
and rs1801278 (IRS1) belong to the category of inflammation/fi‐
brosis SNPs. However, the results should be interpreted with cau‐
tion, because the P‐values are only slightly below 0.05 or amount 
to significance only for single scores (Table 4, Table S10A‐C). Odds 
ratios for the prediction of progressive fibrosis are further increased, 
when a risk score compiled from a simple addition of the three SNPs 
with significant fibrosis modification (rs738409 PNPLA3, rs780094 
GCKR and rs659366 UCP2) is applied (progressive fibrosis: per allele 
OR = 2.0; 95% CI: 1.3‐3.5; P = 0.0036; Table S11).

3.6 | GCKR genotype directly affects hepatic GCKR 
protein levels

Proteomic analysis of liver tissue identified the direct protein 
products of four of the analysed SNPs, GCKR, SOD2, ENPP1 and 
LYPLAL1, while protein levels for the other studied genes were 
not detected (Figure S1). The genotype of GCKR was signifi‐
cantly associated with reduced hepatic protein levels (Figure 3A). 
Patients homozygous for the GCKR polymorphism showed a dis‐
tinct decrease (fold change 6.78, P < 0.001) of the GCKR protein 
(Figure 3B). GCKR protein level was significantly associated with 
any (P = 0.0379, Welch t test), progressive (P = 0.0134) or ad‐
vanced (P = 0.0483) fibrosis, as well as the severity of periportal 
septa (P = 0.0269, Welch ANOVA). To further investigate the im‐
pact of the GCKR polymorphism, a pathway enrichment analysis 
was performed. GSEA revealed three significantly upregulated 
and four significantly downregulated KEGG and reactome path‐
ways between rs780094 T/T and C/C (P < 0.05 and FDR <0.25; 
Table S12A,B). These included the increased pathway “lipid di‐
gestion mobilization and transport” and the decreased pathways 
“drug metabolism cytochrome P450,” “regulation of glucokinase by 
glucokinase regulatory protein” and “glucose transport.” Thus, the 
pathway analysis indicated a metabolic change towards hepatic 
insulin resistance.

3.7 | PNPLA3 variant rs738409[G] I148M is 
associated with altered hepatic retinol metabolism

The GSEA analysis revealed several significantly over‐represented 
KEGG pathways, of which retinol metabolism may be of particu‐
lar interest, since it represents a well‐established liver function 
(Table S12D). Retinol metabolism was shown to be a significantly 
downregulated pathway in homozygous PNPLA3 148M carriers 
(nominal P < 0.0001; FDR q‐value = 0.0315). Hepatic protein lev‐
els of retinol dehydrogenase 16 (RDH16) were significantly lower 
in patients with PNPLA3 rs738409 G/G compared to C/C carriers 
(mean: C/C: 1.09 × 1009, G/G: 8.17 × 1008; P = 0.0226) (Figure 3C). 
Hepatic RDH16 protein levels decreased with increasing fibrosis 
(P = 0.0252) and were significantly lower in patients with any fibrosis 
(P = 0.0139), progressive fibrosis (P = 0.0055) or advanced fibrosis 
(P = 0.0229) respectively. Hepatic levels of RBP4 were significantly 
increased in rs738409 G/G carriers compared to C/C genotypes 
(mean: C/C: 8.56 × 1008, G/G: 1.17 × 1009; P = 0.0165; Figure 3D). 
While hepatic RBP4 levels were significantly increased in liver tis‐
sue of any (P = 0.0367) and progressive fibrosis (P = 0.0181), the 
opposite was found with regard to serum RBP4. Here, decreased 
serum RBP4 was significantly associated with severity of periportal 
septa (P = 0.0177) and was found to be lower in patients with any 
(P = 0.0467) or progressive fibrosis (P = 0.0181). Serum RBP4 levels 
showed a trend for a lower abundance in rs738409 G/G carriers 
compared to C/C genotypes without reaching statistical signifi‐
cance (Figure 3E).

3.8 | Metabolic implications of GCKR, UCP2 and 
PNPLA3 polymorphisms

As GSEA hinted to metabolic changes,we used mathematical mod‐
elling to better understand the possible metabolic implications of 
GCKR, UCP2 and PNPLA3 polymorphisms on hepatic glucose and 
fat metabolism. Using the model of Berndt et al,20 we simulated the 
diurnal dynamics of hepatic glucose and fat metabolism for increased 
glucokinase (GK) and decreased UCP2 activity (one magnitude of 
order, respectively, for details please refer to Methods S1). Figure 4 
shows that compared to normal conditions (black line), increased 
GK activity (blue line) in response to decreased GCKR abundance 
leads to an increase in hepatic fat accumulation (Figure 4A), an in‐
crease in hepatic de novo synthesis of free fatty acids (Figure 4B) 
and an increase in glucose uptake (Figure 4C). While UCP2 down‐
regulation (red line) has a similar effect on hepatic triglyceride stor‐
age (Figure 4A) and de novo lipid synthesis (Figure 4B), the hepatic 
glucose response remains intact (Figure 4C). To investigate the ef‐
fects of altered PNPLA3 activity on hepatic lipid metabolism, we 
used a recent model of hepatic lipid droplet metabolism.19 As it was 
suggested recently that PNPLA3 binds competitively with ATGL 
to CGI58 on lipid droplets,21 we simulated PNPLA3 polymorphism 
by decreasing ATGL binding affinity to CGI58 to 10%. Again, simu‐
lating a diurnal cycle of lipid accumulation, Figure 4D shows that 
compared to normal conditions (black line), an increased PNPLA3 
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activity leads to severely increased hepatic triglyceride accumula‐
tion underpinning the metabolic importance of the genetic poly‐
morphisms identified in this study.

4  | DISCUSSION

The impact of genetic determinants on the development and 
progression of NAFLD has become increasingly recognized 
throughout the last decade, identifying and validating numer‐
ous candidate gene polymorphisms with significant effect size in 
adult disease.22,23 Yet, in paediatric subjects, the number of stud‐
ies analysing multiple genes in a single cohort with biopsy‐proven 
NAFLD is limited.24 The unfortunate rise of paediatric NAFLD has 
also shed light on some issues of adult disease. Most importantly, 
it has become evident that epidemiologic differences seen in 
adult disease, such as differences in sex and ethnical background, 
cannot be solely attributed to the effect of lifestyle, for example, 
higher alcohol consumption in males.2 Consequently, investigat‐
ing genetic determinants of NAFLD in children and adolescents 
constitutes the opportunity to elucidate the unadulterated 

effects of SNPs on mechanisms of disease progression. In this 
study, we analysed a set of 14 previously described NAFLD SNPs 
in a population of paediatric patients with a broad spectrum of 
NAFLD disease severity upon histological characterization.

A remarkable characteristic of our study population was the 
high frequency of heterozygous and homozygous carriers of the 
PNPLA3 rs738409[G] allele. Besides being the strongest deter‐
minant for the presence of NAFLD as compared to healthy con‐
trols, PNPLA3 rs738409[G] also conferred the highest risk of 
severity of steatosis and modified the presence of portal fibrosis. 
This finding is of particular interest, since homozygous PNPLA3 
rs738409[G] was also associated with a zone 1‐predominant pat‐
tern of steatosis and increased amount of portal inflammation; 
consequently, we report a linkage of PNPLA3 rs738409[G] to 
portal/periportal disease localization in paediatric NAFLD. Of 
interest, recently, hepatic progenitor cell activation and portal/
periportal histological pattern were described in adult PNPLA3 
rs738409[G] carriers presenting with NASH.25

PNPLA3 has been attributed a retinyl‐palmitate lipase activity in 
hepatic stellate cells (HSC),26 and stable overexpression of PNPLA3 

F I G U R E  3   Association of GCKR genotype with hepatic protein abundance of GCKR (A, B) and association of PNPLA3 rs738409 
genotype and retinol metabolism (C‐E). A, Volcano plot of log2 protein abundance ratios of GCKR rs780094 G/G (homozygous mutant 
allele) vs A/A (homozygous wild‐type allele) of liver tissues against the −log10 (P‐value). Indicated is the downregulated GCKR protein. The 
fold change of the GCKR homozygous mutant allele vs the homozygous wild‐type allele is 6.78, P < 0.001. Dotted line: FDR‐corrected P‐
value of 0.05. B, GCKR protein levels depending on GCKR rs1260326 genotypes and P‐values of the Welch ANOVA and pairwise Welch t 
tests accounting for heterogeneity of the variances. C, Hepatic RDH16 expression was decreased in rs738409 [G] carriers. P‐values of the 
ANOVA and one‐sided t tests are given. D, Hepatic RBP4 expression increased with increasing number of rs738409 [G] alleles. P‐values of 
the Kruskal‐Wallis test and one‐sided Wilcoxon tests are given. E, Serum RBP4 expression was decreased in rs738409 G/G genotypes. P‐
values of the ANOVA and one‐sided t tests are given
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rs738409[G] was associated with decreased retinol release from 
human HSC ex vivo and concomitantly impaired reduction in fibro‐
genic factors.27 Recently, the rs738409[G] variant has been shown 
to disrupt ubiquitination and proteasomal degradation of PNPLA3, 
resulting in accumulation of PNPLA3‐148M and impaired mobili‐
zation.28 Interestingly, hepatic levels of retinol dehydrogenase 16 
(RDH16), a critical microsomal regulator in the generation of all‐
trans‐retinoic acid, were significantly lower in homozygous PNPLA3 
rs738409[G] carriers than in patients with homozygous wild‐type 
allele and directly associated with stage of fibrosis. Thus, downreg‐
ulated retinol metabolism may in part be due to activation of fibro‐
genic HSCs.

In adult patients with NASH, high liver tissue RBP4 levels were 
independently associated with moderate fibrosis,29 while serum 
RBP4 was negatively associated with fibrosis in adults and paediat‐
ric patients.30,31 Our findings are generally in line with the reported 
studies, establishing for the first time serum and hepatic association 
of RBP4 with fibrosis in the same cohort.

The GCKR risk genotype, attributed with distinct effects on glu‐
cose and lipid metabolism,32 has been associated with progressive fi‐
brosis in adult NAFLD patients.33 While imaging studies in paediatric 
cohorts indicated an association of NAFLD with GCKR,34,35 no data 
based on histology were available so far. Here, we show that GCKR is 
indeed associated with paediatric NAFLD as compared to a healthy 
control group. Importantly, on a histological level, GCKR affects the 
amount of fibrosis, while it does not account for differences in ste‐
atosis severity. Moreover, proteomic data indicate that hepatic levels 
of GCKR are directly dependent on GCKR genotype.

We simulated the effect of activity changes in the GCKR, UCP2 
and PNPLA3 on hepatic glucose exchange flux and hepatic triglycer‐
ide accumulation. The effect of genetic polymorphisms on metabolic 
functions is difficult to assess for multiple reasons. Firstly, the changes 
on the molecular levels associated with a specific polymorphism (eg, 
activity changes, affinity changes, changes in the regulatory prop‐
erties and changes in abundance) are largely unknown. Secondly, 
activity changes in one component of a molecular network can be 
compensated by adaptive changes in other contributors of the net‐
work masking the primary effect. Thirdly, unless the changes are mas‐
sive, they will be challenging or even impossible to be assessed with 
experimental methods. Modelling is a useful tool to circumvent these 
problems as the changes in enzyme activity can be directly trans‐
ferred to changes in the metabolic state. Interestingly, our simulations 
show that all three candidate genes are important for the regulation 
of fat accumulation in the liver. Furthermore, GCKR is important in 
the regulation of the hepatic glucose exchange flux. These findings 
support the hypothesis that the indicated polymorphism supports a 
change in hepatic metabolism towards the metabolic syndrome.

A limitation of our study is the relatively small sample size. 
However, the full range of histological disease severity (besides cir‐
rhosis) could be observed in our study population, displaying a nearly 
even distribution of fibrosis stages. While this high‐risk cohort en‐
abled the identification of important genetic determinants of child‐
hood NAFLD despite the limited case numbers, less strong genetic 
effects may not have amounted to statistical significance.

For example, the TM6SF2 variant is a well‐established mod‐
ifier of adult NAFLD,36 which has repeatedly been shown to be 

F I G U R E  4   Metabolic implication of 
GCKR, UCP2 (A‐C, Model: Ref. 20) and 
PNPLA3 (D, Model: Ref. 19) polymorphism 
on hepatic metabolism. A, Hepatic 
triglyceride content for a diurnal cycle 
(GCKR blue line, UCP2 red line, wt 
black line). B, Hepatic de novo fatty acid 
synthesis for a diurnal cycle (GCKR blue 
line, UCP2 red line, wt black line). C, 
Hepatic glucose exchange for a diurnal 
cycle (GCKR blue line, UCP2 red line, wt 
black line). D, Hepatic triglyceride content 
for a diurnal cycle (PNPLA3 green line, wt 
black line)
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associated with liver fat and risk of fibrotic progression in large 
cohorts (Table S1). While we found TM6SF2 to be significantly 
(unadjusted) associated with paediatric NAFLD as compared to 
adult controls, no association with individual histological features 
was noted in our cohort. Yet, it remains elusive, whether this was 
due to our limited sample size (eg, a low frequency of the minor 
allele) or attributed to differing underlying mechanisms in paedi‐
atric disease.

A particular strength of our study was the employment of mul‐
tiple methodologies upon the same clinically well‐characterized 
patient cohort samples, ranging from detailed histopathological 
characterization to liver proteomic analysis.

Taken together, different SNPs modulate the progression of 
steatosis and fibrosis in paediatric NAFLD. The PNPLA3 SNP 
rs738409 indicates the highest risk of steatosis, while the GCKR 
SNPs rs1260326/rs780094 and the UCP2 SNP rs659366 represent 
the strongest determinants of fibrosis severity. PNPLA3 rs738409 
confers periportal preference of paediatric NAFLD and is therefore 
of particular clinical relevance for the identification of patients at 
risk of early progression of disease.
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