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Abstract
Background & Aims: Nonalcoholic fatty liver disease (NAFLD) is a major health bur-
den associated with the metabolic syndrome leading to liver fibrosis, cirrhosis and 
ultimately liver cancer. In humans, the PNPLA3 I148M polymorphism of the phos-
pholipase patatin-like phospholipid domain containing protein 3 (PNPLA3) has a well-
documented impact on metabolic liver disease. In this study, we used a mouse model 
mimicking the human PNPLA3 I148M polymorphism in a long-term high fat diet (HFD) 
experiment to better define its role for NAFLD progression.
Methods: Male mice bearing wild-type Pnpla3 (Pnpla3WT), or the human polymorphism 
PNPLA3 I148M (Pnpla3148M/M) were subjected to HFD feeding for 24 and 52 weeks. 
Further analysis concerning basic phenotype, inflammation, proliferation and cell 
death, fibrosis and microbiota were performed in each time point.
Results: After 52 weeks HFD Pnpla3148M/M animals had more liver fibrosis, enhanced 
numbers of inflammatory cells as well as increased Kupffer cell activity. Increased 
hepatocyte cell turnover and ductular proliferation were evident in HFD Pnpla3148M/M 
livers. Microbiome diversity was decreased after HFD feeding, changes were influ-
enced by HFD feeding (36%) and the PNPLA3 I148M genotype (12%). Pnpla3148M/M 
mice had more faecal bile acids. RNA-sequencing of liver tissue defined an HFD-
associated signature, and a Pnpla3148M/M specific pattern, which suggests Kupffer cell 
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1  |  INTRODUC TION

The metabolic syndrome linked to non-alcoholic fatty liver disease 
(NAFLD) is becoming increasingly relevant due to its widespread oc-
currence in all populations, particularly among those with a seden-
tary lifestyle. In addition to lifestyle and nutrition, genetic risk factors 
play a major role for the progression of NAFLD, of which the patatin-
like phospholipid domain containing protein 3 (PNPLA3) I148M 
polymorphism is of major relevance. In Caucasian populations, this 
polymorphism has an allele frequency of 0.28. Homozygote allele 
carriers have a 3.3-fold increased incidence of nonalcoholic steato-
hepatitis (NASH) and liver fibrosis in a European cohort.1,2

PNPLA3 I148M mutation has been shown to be associated with 
increased hepatic lipids accumulation.3 Li et al. found increased 
triglycerides (TGs) synthesis in mice expressing human PNPLA3 
I148M.4 Conversely, the hepatic de novo lipogenesis (DNL) was 
lower in a human PNPLA3 I148M cohort.5 Moreover, the sterol reg-
ulatory element binding protein 1c (SREBP-1c) which is the key en-
zyme for DNL was decreased.5 Additionally, it was reported that the 
PNPLA3 I148M variant protein showed less lipase activity especially 
the lysophosphatidic acid acyltransferase (LPAAT) effect.6,7 Wang 
et al. also reported that PNPLA3 I148M together with comparative 
gene identification-58 (CGI-58) would inhibit adipose triglyceride li-
pase on lipid droplet.8 Therefore, it is more reasonable to assume 
that the PNPLA3 I148M mutation leads to a loss of function, thereby 
exacerbating disease progression.

Fibrogenesis, as a hall marker for NAFLD, could be accelerated 
by the PNPLA3 I148M mutation directly or indirectly. In wild type 
mice, PNPLA3 protein has a protective role, can promote retinoids 
release from hepatic stellate cells (HSCs), which may decrease ex-
tracellular matrix formation and remodelling. However, when the 
PNPLA3 I148M mutation is present, this function was lost.9 On the 
other hand, under liver injury, HSCs can release inflammatory cyto-
kines and trigger stronger inflammation, which in turn promotes fi-
brosis. Primary human HSCs with the PNPLA3 I148M polymorphism 
were shown to release higher levels of proinflammatory cytokines 
such as chemokine (C-C motif) ligand 5 (CCL5).10 During this pro-
cess, monocyte derived macrophages and liver resident Kupffer cells 
play a key role in releasing proinflammatory mediators and activate 
myofibroblasts.11 However, it is poorly understood how PNPLA3 
I148M influences the function of macrophages and Kupffer cells. 

Furthermore, related genes or pathways activated specifically by the 
PNPLA3 I148M genotype are not fully understood.

Nevertheless, obesity is essential to amplify the impact of the 
PNPLA3 I148M genotype on hepatic triglyceride content (HTGC) 
and liver damage. In a lean population with a body mass index (BMI) 
of lower than 25 kg/m2, wild-type(I148I) or I148M homozygous in-
dividuals have similar levels of HTGC and AST. In contrast, PNPLA3 
I148M homozygous carriers show significantly higher HTGC and 
AST levels compared to the wild type, when an increased BMI is 
present.12 In addition, I148M homozygous individuals are more fre-
quent among obese individuals who also have a higher likelihood to 
develop the metabolic syndrome.13

The current study aims to define the impact of the PNPLA3 
I148M genotype on NAFLD especially in obese and older animals 
after long-term hypercaloric feeding. We here define that PNPLA3 
I148M-specific changes in gene signature and microbiota composi-
tion is associated with stronger monocyte-derived inflammation and 
liver disease progression in NAFLD.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

PNPLA3 I148M knock-in (KI; Pnpla3148M/M) mice were generated with 
genetically modified embryonic stem cells in which the codon for 
Isoleucine 148 (ATT) was replaced by Methionine codon (ATG).14,15 
Pnpla3WT and Pnpla3148M/M animals were both on a C57Bl/6J mice 
background. Before starting the experiments both animals were in-
tercrossed and heterozygote Pnpla3WT/Pnpla3148M/M animals were 
generated. These mice were intercrossed to generate Pnpla3WT, 

Key points

PNPLA3 I148M polymorphism triggered stronger inflam-
mation, apoptosis and fibrosis in mice liver under long-term 
high fat diet experiment. RNA-Sequencing revealed a clus-
ter of genes increase macrophages and Kupffer cells infil-
tration and thus promote the disease progression.
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and monocytes-derived macrophages as significant drivers of liver disease progres-
sion in Pnpla3148M/M animals.
Conclusion: With long-term HFD feeding, mice with the PNPLA3 I148M genotype 
show exacerbated NAFLD. This finding is linked to PNPLA3 I148M-specific changes 
in microbiota composition and liver gene expression showing a stronger inflammatory 
response leading to enhanced liver fibrosis progression.
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    |  3SU et al.

Pnpla3148M/M and Pnpla3WT/Pnpla3148M/M. Pnpla3148M/M and Pnpla3WT 
(Pnpla3+/+) mice of male gender were housed in the Central Animal 
Facility University Hospital RWTH Aachen with a 12/12-h light/
dark cycle and free access to food and water. All mice were fed with 
standard chow diet (V1534-300, Ssniff) until 8–10 weeks old and 
started with diet experiments. The chow diet group was fed with the 
standard chow diet while the HFD group changed to a 40 kcal% fat, 
20 kcal% fructose and 2% cholesterol diet (D09100308, RESEARCH 
DIETS Inc.) for 24 and 52 weeks. The mice were set to fast for 3 h 
before sacrifice. Animal experiments were performed in accordance 
with the criteria of the German administrative panels on laboratory 
animal care and approved by the local Animal Care Committees 
(#AZ-84-02.04.2016.A443).

2.2  |  Methods

Microbiota samples were analysed by 16 s RNA sequencing 
(Helmholtz Centre for Infection Research). RNA-Sequencing of 
liver tissue was performed at the Leibniz Research Centre for 
Working Environment and Human Factors (IfADo) at the TU 
Dortmund as previously described.16 Bile acids were investi-
gated by ultra-performance liquid chromatography–tandem mass 
spectrometry (Wallenberg Laboratory at Sahlgrenska University 
Hospital, Sweden). Plasma AST and ALT levels were measured in 
the clinical laboratories of the Institute of Clinical Chemistry and 
Pathobiochemistry in Uniklinik RWTH Aachen. Western blot, real-
time PCR, immunostaining, histological analysis, flow cytometry 
analysis of intrahepatic immune cells, microbiota data analysis and 
RNA-Seq data analysis are described in detail in the supplementary 
information. The primers used in the real-time PCR were listed in 
Supplementary Table S1.

2.3  |  Statistics

Statistical analysis was performed in GraphPad Prism 9. Unpaired 
two-tailed Student's t-test was employed for comparisons of two 
groups. Two-way ANOVA and Tukey's multi-comparisons test was 
used in grouped diagrams. Data were considered significant be-
tween experimental groups as: *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. Analysis procedure for microbiome and RNA-Seq 
can be found in the supplementary information.

3  |  RESULTS

3.1  |  Long term hypercaloric diet exacerbates 
features of NAFLD in Pnpla3148M/M mice

To study the influence of the PNPLA3 I148M genotype on NALFD 
disease progression Pnpla3148M/M knock-in mice, in which hyper-
caloric feeding is known to cause the enrichment of PNPLA3 on 

the membrane of lipid droplets,15 were fed with HFD for 24 and 
52 weeks.

When compared to Pnpla3WT mice of the same genetic back-
ground, Pnpla3148M/M animals gained significantly more body weight 
over time, which was first evident after 17 weeks of HFD (Figure 1A). 
The highest amount of weight gain was accounted for liver weight 
(Figure 1B) and subcutaneous adipose tissue mass, according to body 
composition study upon sacrifice after 52 weeks HFD (Figure  1C). 
When compared to WT controls, Pnpla3148M/M livers were substan-
tially heavier and macroscopically showed steatosis after 52 weeks 
(Figure  1D). Liver histology revealed abundant hepatic lipid depo-
sition. After 24 weeks HFD, the pattern of ballooning degeneration 
was comparable between both genotypes. However, Pnpla3148M/M 
livers showed more parenchymal and non-parenchymal cells includ-
ing immune cells at 52 weeks (Figures 1E and S1A). In Pnpla3148M/M 
mice, serum liver injury markers (AST, ALT) were significantly higher 
compared to Pnpla3WT mice after 24 and 52 weeks (Figure  1F,G). 
With a selected range of body weight, Pnpla3148M/M mice have 
higher mean AST values compared to WT mice but did not reach 
statistically significant differences after 16 and 24 weeks of HFD 
(Figure S3F). Pnpla3148M/M mice fed with HFD showed significantly 
more liver lipids than WT mice (Figure 1H,I).

In summary, the data demonstrate that long term HFD feeding 
resulted in a significantly more pronounced NASH-related pheno-
type in Pnpla3148M/M compared to Pnpla3WT mice.

3.2  |  HFD triggers a stronger inflammatory 
response in Pnpla3148M/M livers

Inflammation is a driver of liver injury and consecutively triggers 
fibrosis progression. As a result, we investigated the presence of 
relevant immune cell populations in the liver tissue of our animals. 
In comparison to Pnpla3WT controls, Pnpla3148M/M mice had more 
CD45+ inflammatory cells in their livers after HFD feeding for 
52 weeks. In contrast, no significant differences were found after 
24 weeks of HFD (Figure  2A,B). Thus, we concentrated on the 
52 weeks timepoint for more detailed analysis. Flow cytometry 
of immune cells from liver tissue showed increased numbers of 
CD45+ cells in Pnpla3148M/M mice (Figure 2C). After 52 weeks, HFD 
Pnpla3148M/M livers compared to Pnpla3WT controls had more CD8+ 
and NK T-lymphocytes and NK cells among those cells (Figure 2D–
F). Furthermore, monocyte-derived macrophages were signifi-
cantly higher in Pnpla3148M/M compared to WT livers (Figure 2G). 
CD11b+ Ly6G+ neutrophils were increased, in line with these find-
ings (Figure  2H). The PNPLA3 I148M mutation triggers STAT3 
activation both in vivo and in vitro.17,18 Western Blot analysis re-
vealed that P-STAT3 expression was increased only after 52 weeks 
of HFD feeding in Pnpla3148M/M livers compared to Pnpla3WT livers 
(Figure 2I). Livers of NEMOΔhepa/JNKΔhepa mice19 were used as a 
positive control.

Hence, these results showed that HFD in Pnpla3148M/M livers 
leads to a stronger inflammatory response compared to WT controls.
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3.3  |  Distinct proliferative pattern in Pnpla3148M/M 
livers after long term hypercaloric diet

Increased liver cell proliferation is characteristic of NAFLD and is 
required for the initiation and progression of hepatic fibrosis in both 
human and animal models of the disease.20,21 Since Pnpla3148M/M liv-
ers had increased cell numbers per view field in H&E staining after 
52 weeks HFD feeding, we stained liver tissue for Ki-67 to study 

changes in hepatic cell proliferation. In the livers of Pnpla3148M/M 
mice, we found a significant increase in Ki-67 positive cells after 24 
and 52 weeks of HFD (Figure 3A,B). In line with increased prolifera-
tion, Tunel staining of liver tissue suggested increased cell death 
after HFD. Tunel positivity was significantly higher in Pnpla3148M/M 
compared to WT livers after 24 and 52 weeks of HFD feeding 
(Figures  3C and S1B). Further analysis showed higher staining for 
cleaved caspase 3 in Pnpla3148M/M livers under HFD after 52 weeks 
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F I G U R E  1  Long term hypercaloric diet exacerbates features of NAFLD in Pnpla3148M/M mice. (A) Pnpla3WT and Pnpla3148M/M mice were 
treated with diet experiments at around 8–10 weeks old and were fed with HFD or chow diet for up to 52 weeks. Pnpla3148M/M mice receiving 
HFD showed significant differences in body weight from 17 weeks. Each value represents the mean value of one group and shown as every 
2 weeks. Two-way ANOVA and Tukey's multiple comparisons test were performed. (n = 5–10/group) *p ≤ 0.05, **p ≤ 0.01. (B) The liver weight 
is shown before feeding (0 weeks) and after 24 and 52 weeks of feeding. Pnpla3148M/M mice fed with HFD had more liver weight at 52 weeks. 
Data is represented as mean ± SD. Two-way ANOVA and Tukey's multiple comparisons test were performed. *p ≤ 0.05, **p ≤ 0.01 (n = 5–10/
group). (C) Adipose tissue weight from both PNPLA3 genotypes fed with chow diet and HFD for 24 and 52 weeks. Pnpla3148M/M mice with 
HFD gained more weight of sWAT at 52 weeks. (p ≤ 0.0001) Values are presented as mean ± SD. Two-way ANOVA and Tukey's multiple 
comparisons test were performed. (n = 5–10/group). (D) Macroscopic pictures of liver of each genotype are shown for 0, 24, 52 weeks 
of feeding. (E) Representative H&E staining (10X) before feeding and at 24 and 52 weeks of treatment. (F, G) Serum levels of ALT (F) and 
AST (G) measured upon sacrifice after 0, 24 and 52 weeks of feeding. The liver transaminases were higher in Pnpla3148M/M mice at 24 and 
52 weeks. Data are represented as mean ± SD. Two-way ANOVA and Tukey's multiple comparisons test were performed. (n = 5–10/group) 
*p ≤ 0.05, **p ≤ 0.01. (H) Representative Oil Red O staining for mice from both genotypes at 24 weeks' time point. (I) Quantification of Oil 
Red staining. Data are represented as mean ± SD. Two-way ANOVA and Tukey's multiple comparisons test were performed. (n = 4–10/group) 
*p ≤ 0.05. ALT, alanine transaminase; AST, aspartate transaminase; HFD, high fat diet; sWAT, subcutaneous white adipose tissue; vWAT, 
visceral adipose tissue.

F I G U R E  2  HFD triggers a stronger inflammatory response in Pnpla3148M/M livers. (A) Representative CD45+ staining (10X) images of liver 
tissue from Pnpla3WT and Pnpla3148M/M animals fed with chow diet or HFD for 24 and 52 weeks (n = 4–9/group). (B) Quantification of CD45+ 
staining by the percentage area of positive cells per view field. More CD45+ immune cells infiltrated in Pnpla3148M/M mice liver at 52 weeks. 
Data are shown as mean ± SD. Two-way ANOVA and Tukey's multiple comparisons test were performed. (n = 4–9/group) ***p ≤ 0.001. (C) 
CD45+ quantification of liver immune cells by FACS analysis after 24 and 52 weeks of feeding using both genotypes. Data showed that 
the Pnpla3148M/M mice liver had more CD45+ immune cells infiltrated after 52 weeks HFD feeding. Data are shown as mean ± SD. Two-way 
ANOVA and Tukey's multiple comparisons test were performed. (n = 4–8/group). **p ≤ 0.01. (D–H) Different immune cell liver subsets were 
isolated from mice liver and quantified by FACS analysis in both genotypes after 52 weeks of chow or HFD feeding. CD8+ T cells (D), NK 
T cells (E), NK cells (F), monocytes derived macrophages (G) and CD11b Ly6G neutrophils (H) are significantly increased upon HFD in the 
I148M group. (n = 5–8/group). Data are shown as mean ± SD. Two-way ANOVA and Tukey's multiple comparisons test were performed. 
*p ≤ 0.05, **p ≤ 0.01. (I) Representative Western Blot for P-STAT3 from mouse livers after 24 and 52 weeks of feeding showing both 
genotypes. (+) refers to positive control.
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(Figure  3D,E). Stronger cell proliferation in NASH can potentially 
be explained by a stronger ductular response.22 Here we found in-
creased cytokeratin-19 (CK19) positive cells after 24 and 52 weeks 
HFD in Pnpla3148M/M compared to Pnpla3WT livers (Figure  3F,G). 
When the animals were separated by body weight, we found that 
CK19 positive area in the livers was linked to increased body weight 
in Pnpla3148M/M mice, but not in WT mice fed an HFD for 52 weeks 
(Figure  3H). However, it should be considered that on average 
Pnpla3148M/M mice gained more weight under HFD than WT animals.

We next investigated whether enhanced ductular prolifera-
tion influences bile acids (BAs) levels in the liver and faeces. After 
52 weeks of HFD, there were no differences in hepatic Bas levels be-
tween WT and Pnpla3148M/M mice (Figure 3I). However, rectal faeces 
samples from Pnpla3148M/M mice exhibited considerably higher BAs 
levels after 52 weeks (Figure 3J). Additionally, HFD induced signifi-
cantly higher cholesterol levels and CYP7A1 expression than chow 
diet mice after 52 weeks (Figure 3K,L). Besides, NTCP was downreg-
ulated after HFD feeding (Figure 3M).

Thus, in comparison to WT mice, cell proliferation and cell death 
were major discriminating factors of the phenotype of NAFLD in 
Pnpla3148M/M livers, and faecal BAs were increased most likely as a 
result of dysregulated bile acid metabolism.

3.4  |  Susceptibility to liver fibrosis is increased in 
Pnpla3148M/M mice after long term hypercaloric diet

In humans, the PNPLA3 I148M polymorphism has been linked 
to more severe liver fibrosis.2 Here we studied the impact of the 
PNPLA3 I148M genotype on fibrosis in a long term HFD mouse 
model.

HFD feeding increased hepatic fibrosis detected by Sirius Red 
staining (Figure 4A) in both genotypes after 52 weeks. Importantly, 
fibrosis progression was significantly more pronounced in 
Pnpla3148M/M livers compared to controls after quantification of 

the Sirius Red positive area (Figure  4B). Next, proteins linked 
to liver fibrosis and hepatic stellate cell activation were investi-
gated. After 52 weeks of HFD, desmin expression was elevated in 
Pnpla3148M/M compared to Pnpla3WT control livers (Figure  4C,D). 
Representative Western Blot analysis for alpha SMA of entire liver 
lysates from 52 weeks fed animals further strengthened these find-
ings (Figure 4E,F). Since PNPLA3 protein expression was associated 
with HSCs activation, we analysed PNPLA3 protein expression. 
There was a trend that Pnpla3148M/M mouse livers expressed more 
PNPLA3 protein compared to Pnpla3WT mice after 52 weeks HFD. 
However, these differences did not reach statistical significance 
(Figure S3G,H). As we fasted the animals for 3 h before sacrificing, 
and PNPLA3 protein expression is regulated via food intake,23 this 
might influence PNPLA3 protein expression.

In conclusion, HFD triggered a more pronounced fibrotic reac-
tion in Pnpla3148M/M compared to Pnpla3WT control animals.

3.5  |  Exacerbated NAFLD in Pnpla3148M/M mice 
show a distinct intestinal microbial pattern, associated 
with obesity and high fat diet

The intestine microbiome is becoming increasingly recognized as 
a driver in various diseases, and changes have been connected to 
disease progression in obesity and NAFLD.24 To explore the effect 
of host genotype on microbiome composition, faecal samples col-
lected from Pnpla3WT and Pnpla3148M/M mice fed on chow and HFD 
for 52 weeks were subjected to 16S rRNA gene sequencing. The 
microbial composition was compared between the genetic groups 
on a single diet and in between diet groups for an individual geno-
type. There was no difference observed in alpha diversity in terms 
of Shannon Index and Chao1 between the genotypic groups on ei-
ther of the diets (Figure 5A). However, Pnpla3148M/M mice showed 
a significantly increased representation of Firmicutes members, 
while Bacteroidetes were decreased following HFD feeding 

F I G U R E  3  Distinct proliferative pattern in Pnpla3148M/M livers after long term hypercaloric diet. (A) Quantification of Ki-67 staining 
positive cells per view field. Pnpla3148M/M mice fed with HFD showed more proliferation in the liver at both 24 and 52 weeks. (n = 5–6/
group) *p ≤ 0.05, ***p ≤ 0.001 (B) Representative images of Ki-67 staining of liver slides in both genotypes upon 24 and 52 weeks of feeding. 
(C) Quantification of Tunel positive cells per field view from both genotypes after 24 and 52 weeks time point. Data indicate that there was 
more cell death in Pnpla3148M/M mice fed with HFD at 24 and 52 weeks. **p ≤ 0.01, ***p ≤ 0.001 (n = 4–10/group). (D) Representative images 
of cleaved caspase 3 immunofluorescence staining in the respective livers are shown after 24 and 52 weeks of feeding. (E) Quantification of 
cleaved caspase 3 staining. Percentage of positive cells to the total number of DAPI positive nuclei per view field from both genotypes after 
24 and 52 weeks time point. The expression of cleaved caspase 3 was upregulated in Pnpla3148M/M mice fed with HFD at 52 weeks. (n = 4–6/
group) **p ≤ 0.01 (F) Quantification of CK-19 positive area per view field. More CK19 positive cells were observed in Pnpla3148M/M mice at 24 
and 52 weeks in HFD. (n = 4–10/group). **p ≤ 0.01 (G) Liver CK19 IHC staining (10X) at the time points 24 and 52 weeks after feeding.  
(H) Linear regression analysis of CK19 positive area per view field versus body weight in Pnpla3WT and Pnpla3148M/M HFD group at 52 weeks. 
(I, J) Total bile acids in the liver (I) and from rectal faeces (J) were measured in samples of mice fed for 24 and 52 weeks with chow and HFD. 
Rectal faeces sample from Pnpla3148M/M mice fed with HFD contained more total bile acids at 52 weeks. (n = 4–6/group) *p ≤ 0.05. (K) Serum 
cholesterol level from mice fed with chow or HFD for 52 weeks in both genotype. Mice with HFD have significantly higher cholesterol level 
than chow diet mice. (n = 6–12/group) ****p ≤ 0.0001. (L, M) Real-time PCR analysis of CYP7A1 (L) and NTCP (M) in Pnpla3148M/M and Pnpla3WT 
livers after 52 weeks of feeding. Normalized to the Pnpla3WT chow diet group, mice with HFD showed higher CYP7A1 expression and lower 
NTCP expression levels. (n = 5–6/group) *p ≤ 0.05, ****p ≤ 0.0001 In (B, D, G–M) data are shown as mean ± SD. Two-way ANOVA and Tukey's 
multiple comparisons test were performed. CC-3, cleaved caspase 3; BAs, bile acids; CYP7A1, cytochrome P450 family 7 subfamily A 
member 1; NTCP, sodium taurocholate co-transporting polypeptide.
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8  |    SU et al.

F I G U R E  4  Susceptibility to liver fibrosis is increased in Pnpla3148M/M mice after long term HFD. (A) Representative images of Sirius red 
staining from liver slides of each genotype fed for 0, 24 and 52 weeks. (B) Quantification of Sirius red staining depicting the percentage of 
fibrotic areas per view field. Data indicating that liver fibrosis is increased in Pnpla3148M/M mice fed with HFD at late time point. Data are 
shown as mean ± SD. Two-way ANOVA and Tukey's multiple comparisons test were performed. (n = 4–8/group). *p ≤ 0.05. (C) Representative 
images of desmin staining from liver slides of each genotype fed for 0, 24 and 52 weeks. (D) Quantification of desmin positive cells per view 
field. The number of cells expressing desmin were higher in Pnpla3148M/M mice fed with HFD at 52 weeks. Data are shown as mean ± SD. 
Two-way ANOVA and Tukey's multiple comparisons test were performed. (n = 5–8/group) ***p ≤ 0.001. (E) Western Blot analysis for liver α-
SMA was performed at 52 weeks of feeding as indicated. (F) Quantification of α-SMA Western Blot analysis from an independent experiment 
in both genotypes after 52 weeks of chow or HFD feeding. Two-way ANOVA and Tukey's multiple comparisons test were performed. Data 
are shown as mean ± SD.
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(Figure  5B). Pnpla3WT and Pnpla3148M/M mice fed a HFD did not 
show any difference in gut microbiota composition (R2 = 0.06591, 
Pr(>F) = 0.403), while mice on chow diet showed difference be-
tween the groups (R2 = 0.12368, Pr(>F) = 0.001) (Figure  5C). On 
the contrary, both Pnpla3WT and Pnpla3148M/M mice showed an 
expected difference in microbiota composition in terms of both 

alpha and beta diversity when compared between chow and HFD 
(Figures 5A and S1C).

Linear discriminant analysis (LDA) was performed to identify 
taxonomic biomarkers at the family level and OTUs (Operational 
Taxonomic Units) were picked out for the relevant groups using 
the negative binomial Wald test. Pnpla3148M/M mice on chow diet 

F I G U R E  5  Exacerbated NAFLD in Pnpla3148M/M mice show a distinct intestinal microbial pattern, associated with obesity and western 
diet. All microbiota results are reported from the 52 weeks timepoint. In Pnpla3WT chow group, n = 10, in Pnpla3148M/M chow group, n = 12, 
in Pnpla3WT HFD group, n = 7, in Pnpla3148M/M HFD group, n = 9. (A) Alpha diversity in terms of Shannon Index and Chao1 in between the 
genotypic groups on either of the diet. Alpha diversity difference could only be observed between diet in each genotype. Data was shown 
as mean ± SD. *p ≤ 0.05, **p ≤ 0.01. (B) Relative abundance of Firmicutes and Bacteroidetes in chow diet and HFD in 52 weeks. The relative 
abundance of Firmicutes and Bacteroidetes reached significant differences after HFD feeding in each genotypic group. Data was shown as 
mean ± SD. *p ≤ 0.05, **p ≤ 0.01. (C) NMDS on chow and HFD and individual effect size of the diet groups using pairwise comparison. Gut 
microbiota composition showed difference in chow diet between the groups. The samples clustered within 95% confidence ellipse within 
respective groups. (D) Linear discriminant analysis (LDA) of taxonomic biomarkers at the family level in chow diet or HFD. (E, F) Relative 
abundance of DA OTUs for the relevant groups. Data was shown as mean ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. DA, 
differential abundance; OTU, operative taxonomic unit.
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showed enriched Gracilibacteraceae (Figure 5D) and from this fam-
ily Gracilibacter thermotolerans (OTU 153) was significantly en-
riched (p = 0.007) compared to that of Pnpla3WT mice. Besides, 
Faecalibaculum rodentium (OTU 9), Eubacterium oxidoreducens (OTU 
68) and Senegalimassilia anaerobia (OTU 215) were other species 
that were significantly enriched in Pnpla3148M/M mice (Figures  5E 
and S1D). Following HFD, Faecalibaculum rodentium (OTU 9) was 
further enriched in Pnpla3148M/M mice. Rikenellaceae RC9 gut group 
(OTU 182) from the family Rikenellaceae was significantly less abun-
dant (p = 0.0041) in Pnpla3148M/M mice on HFD (Figures  5D,F and 
S1D). Dysosmobacter welbionis (OTU 438) and Massiliimalia massilien-
sis (OUT 122) were two other species that were less abundant in 
Pnpla3148M/M mice following HFD feeding when compared to that 
of Pnpla3WT mice (Figures 5F and S1D). In addition, in the compar-
ison of diet in each genetic group, the families Erysipelotrichaceae, 
Enterobacteriaceae, Deferribacteraceae and Coriobacteriaceae were 
altered (Figure S1E).

Taken together, HFD diet induced faecal microbial composition 
and diversity alteration which contributed to around 36% of total 
variation, while the genotype (Pnpla3148M/M versus WT) under HFD 
contributed 12% of the variation.

3.6  |  Transcriptional analysis revealed genes 
involved in NAFLD progression and specific genes 
altered by PNPLA3 I148M

To compare HFD-induced expression changes in Pnpla3WT and 
Pnpla3148M/M livers, RNA-Seq analyses were performed after 
24 weeks of high fat or chow diet. The time point of 24 weeks was 
chosen to study early events, since HFD did not yet induce fibro-
sis after this exposure time (Figure  3A,B), whereas liver enzymes 
(Figure 1E,F) were already increased. Principle component analysis 
demonstrated that Pnpla3WT and Pnpla3148M/M mice were clearly 
separated along PC2 (Figure 6A). Moreover, HFD had a strong influ-
ence and caused a shift from right to left along PC1. While the mice 
under the chow diet clustered relatively closely together, animals 
under HFD showed a larger variability along PC1.

Next, differentially expressed genes were visualized by vol-
cano plots (Figure 6B–E; Tables S2–S9). HFD induced strong gene 
expression changes in both Pnpla3WT (Figure 6B) and Pnpla3148M/M 
(Figure  6C) livers. The number of upregulated genes was approx-
imately twice as high as the number of downregulated genes. 
Compared to the influence of HFD, the number of differential genes 
between Pnpla3WT and Pnpla3148M/M in either the HFD (Figure 6D) or 
the chow diet group (Figure 6E) was much lower. Overrepresentation 
analysis of the differential genes in Figure 6B–E demonstrated that 
genes upregulated due to HFD were overrepresented in inflamma-
tion and immune response associated GO terms (Figure  S2A–D). 
In contrast, the downregulated genes were dominated by meta-
bolic processes, such as cholesterol and steroid biosynthetic pro-
cesses and further differentiated liver functions (Figure  S2E–H). 
Overrepresentation analysis of genes differentially expressed 

between Pnpla3WT and Pnpla3148M/M did not result in significant GO 
terms after adjustment for multiple testing.

To identify possible differences in global gene expression 
changes between mutant and wild-type mice, the fold-changes of 
individual genes between chow and HFD were plotted for Pnpla3WT 
and Pnpla3148M/M mice (Figure  6F). The scatter plot of individual 
genes showed a strong correlation of HFD-induced expression 
changes in both mouse strains. Validated with qPCR, we found a 
similar strong induction by HFD for example for Ccr1, Ccr5 and Ccr2, 
genes that may trigger an inflammatory response (Figure S3A–C) and 
for Timp1 and Vcan that are involved in fibrogenesis (Figure S3D,E), 
corresponding to the NAFLD phenotypes in humans.25,26 However, 
for several genes the log2-fold change differed by more than 0.5 in 
WT and mutant mice. The dots for these genes appeared outside the 
blue lines in Figure 6F. For a set of 171 genes, indicated as ‘group 1’ 
in Figure 6F, HFD caused a stronger increase in Pnpla3148M/M than 
in Pnpla3WT livers (list of genes in Tables S10 and S11). These genes 
were overrepresented predominantly in immune associated GO 
groups (Figure 6G). Among the genes more upregulated in the livers 
of mutant than WT mice after 52 weeks of HFD were Cracc and Eat2 
(Figure 7A,B). It was reported that CRACC can inhibit NK- and T-cell 
function in the absence of EAT2. However, with the participation 
of EAT2, CRACC can positively regulate NK cells and T cells, which 
promotes inflammation.27 Ephb2 expressed in HSCs is a crucial gene 
that regulates Ccl2 and Ccr2 expression.28,29 Ephb2 was significantly 
increased in Pnpla3148M/M livers both at 24 and 52 weeks (Figure 7C). 
Osteopontin encoded by Spp1 and expressed in macrophages, is a 
biomarker for liver damage and fibrosis.30 Here we found that Spp1 
expression was higher in Pnpla3148M/M mice at 52 weeks (Figure 7D). 
Besides, Pilrα, which reduces macrophage infiltration,31 was dra-
matically decreased in Pnpla3148M/M livers (Figure  7E). To confirm 
our finding, Clec4f staining was performed. Kupffer cells were sig-
nificantly enriched in Pnpla3148M/M livers at 52 weeks (Figure 7F,G). 
The proinflammatory chemokine Ccl2 was increased in line with this 
finding (Figure 7H). Osteopontin staining confirmed mRNA analysis 
(Figure 7J,K).

Taken together, the PNPLA3 I148M genotype was associated 
with genes involved in inflammation and fibrogenesis and may con-
tribute to stronger NAFLD-dependent disease progression.

4  |  DISCUSSION

In the present study, we used a knock-in mouse model for PNPLA3 
to mimic the most common genetic risk factor for disease progres-
sion of metabolic liver injury the PNPLA3 I148M genotype. This 
model helps to better understand findings in humans,32 but also 
adds essential knowledge to previous findings in the PNPLA3 mouse 
model.15 In animals with the I148M substitution we found increased 
liver damage, fibrosis, alterations in intestinal microbiota and a clus-
ter of genes associated with stronger HFD-induced expression in 
PNPLA3 I148M compared with WT mice. These observations were 
only found after long term HFD feeding.

 14783231, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/liv.15587 by R

w
th A

achen H
ochschulbibliothe, W

iley O
nline L

ibrary on [22/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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Changes in intestinal microbiota composition has been found in 
different human cohorts with liver diseases including NASH. These 
findings reflect a dysregulation within the gut-liver axis and ear-
lier results including our own recent data suggest that this finding 

is associated with increased bacterial translocation triggering a 
stronger inflammatory milieu in the liver.24 In our study, we saw 
a decrease in microbial diversity under HFD consistent with prior 
findings. These effects were mainly diet-dependent rather than 

F I G U R E  6  HFD induced gene expression alterations in Pnpla3148M/M and Pnpla3WT mice. (A) Principal component analysis of the Pnpla3WT 
and Pnpla3148M/M mice. Red and blue differentiates chow and HFD, respectively. The size of the symbols represents the body weight of the 
individual mice. (B–E) Volcano plot representation of the differential genes between Pnpla3WT HFD and chow group (B), Pnpla3148M/M HFD 
and chow group (C), Pnpla3WT HFD and Pnpla3148M/M HFD group (D), Pnpla3WT chow and Pnpla3148M/M chow group (E). (F) Scatter plot of the 
fold-changes induced by HFD for individual genes for Pnpla3148M/M and Pnpla3WTmice. Only genes with a fold change of at least √2 = 1.41 
(difference of 0.5 on log2-scale) and an fdr-adjusted p-value < 0.05 are shown. The red line is the diagonal line; blue lines indicate a 4-fold 
difference of 2 to the diagonal line (log2-scale). The dotted scores indicate genes with at least 1.41-fold higher (group 1) or lower (group 
2) fold-changes in Pnpla3148M/M compared to Pnpla3WT mice. (G) GSEA analysis of DEGs in group 1 of Figure 6F. The p-values of the GO 
groups of the BP are adjusted with an FDA of 0.05 and colour coded. A darker colour indicates a smaller adjusted p value. Hits [%] on the x 
axis is the proportion of group 1 genes in the respective GO group. The size of the circles indicated the size or total number of genes in the 
respective GO group. DEGs, differentially expressed genes; GO, gene ontology; BP, biological processes; FDA, false discovery rate.
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genotype-dependent, highlighting the relevance of nutrition in mi-
crobial gut composition.33 Ruminococcaceae were previously shown 
to be enriched in HFD while Provotellaceae and Bacteroidales S24-7 
groups which are now known as Muribaculaceae were decreased and 
this pattern complied with our models.34,35 Bacteroidaceae was more 
abundant after 52 weeks HFD in both genotypes.

When the effect of the genotypes Pnpla3148M/M versus the 
Pnpla3WT group after HFD feeding was compared, significant 

alterations were observed at the OTU level. The Rikenellaceae 
RC9 gut group (OTU 182) belonging to the Rikenellaceae family, 
Dysosmobacter welbionis (OTU 438) and Massiliimalia massiliensis 
(OUT 122) from the Ruminococcaceae family was significantly re-
duced in the Pnpla3148M/M group on HFD, while the relative abun-
dance on chow diet in both genotypes did not show significant 
differences. There was also a compositional difference observed be-
tween the genotypes on chow diet. Faecalibaculum rodentium (OTU 
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9) in Pnpla3148M/M mice was significantly more abundant compared 
to Pnpla3WT mice on chow diet and further elevated following feed-
ing with HFD showing a diet dependent pattern, while Gracilibacter 
thermotolerans (OTU 153) had lowered abundance following HFD 
regardless of genotypes. Together, these findings show that the al-
tered microbiota community confers to 36% to HFD in general and 
to 12% to the Pnpla3148M/M genotype. Changes in microbiota diver-
sity influence liver tissue via translocation of metabolic products, 
resulting in aggravation of NAFLD. Hence these differences may 
contribute to changes in liver mRNA expression between the two 
PNPLA3 genotypes.

Altered BAs concentrations in the gut have been linked to ini-
tiation and progression of NAFLD.36 We found an increase in total 
bile acids in faeces of Pnpla3148M/M compared with mice Pnpla3WT 
mice, supporting prior NAFLD studies.36 Serum cholesterol levels 
were increased after 52 weeks HFD in both genotypes. Additionally, 
the crucial bile acid synthesis enzyme CYP7A1 was upregulated in 
those liver. In contrast NTCP, allowing efficient reabsorption and re-
cycling of bile acids, was decreased. Hence BAs metabolism in the 
liver was not different between Pnpla3WT and Pnpla3148M/M mice 
after 52 weeks of HFD. As we found a 12% difference in gut micro-
biota linked to the PNPLA3 I148M genotype, it is likely that these 
differences are of relevance to explain the differences in faecal BAs 
concentration.

Increased cell proliferation following liver injury is a key event 
that drives progression of NAFLD.21 We observed an increase 
in proliferation of liver cells at 24 and 48 weeks after HFD feed-
ing in Pnpla3148M/M livers. Importantly, this observation was only 
obvious after at least 24 weeks of HDF feeding. Earlier results in 
Pnpla3148M/M animals were based on shorter feeding experiments 
and the phenotype of these animals did not completely reflect the 
findings in humans.15,37 We investigated the mode of proliferation 
by studying ductular proliferation, as cholangiocytes are candidates 
for increased proliferation. At 24 and 52 weeks, we found signifi-
cantly higher expression of CK19, as a ductular response marker, in 
Pnpla3148M/M livers compared to WT livers. Chronic liver diseases 

such as cholestasis, NAFLD, and hepatic fibrosis have all been linked 
to a stronger ductular response.22

Importantly, only after around 16 weeks of HFD, the 
Pnpla3148M/M animals showed a significantly stronger weight gain 
compared to WT control animals. When we chose a specific range 
of body weight from 40–50 g, the mean AST values in Pnpla3148M/M 
mice was higher compared with WT animals, not reaching statisti-
cal significance. Similar findings were made after 24 weeks of HFD. 
Hence our finding suggest that higher liver injury was only found 
after long term HFD feeding of Pnpla3148M/M animals reflecting the 
situation in humans where only patients with high BMI and the 
PNPLA3 I148M genotype suffer from more progressive metabolic 
liver disease.12 In accordance with the human situation, we only ob-
served first signs of more progressive liver disease after 24 weeks. 
However, the impact on fibrosis progression was only evident after 
52 weeks of HFD feeding. This cascade of events agrees with aging 
in humans showing fibrosis progression only after longer periods 
of 10–15 years in patients with NASH and not NAFLD. Therefore, 
our data in the Pnpla3148M/M mouse model reflect key aspects of 
metabolic liver disease in humans. Earlier results using these mice 
were limited as they used shorter feeding intervals not leading to 
sufficient obesity.4,38

In HFD-fed Pnpla3148M/M mice, not only liver weight, but espe-
cially subcutaneous adipose tissue contributed significantly to in-
creased body weight. Hence in Pnpla3148M/M mice compared to WT 
controls with increased disease progression the liver-fat axis seems 
to be stronger activated potentially contributing to the overall phe-
notype in these animals. In our experiments we found weight gain 
mainly in subcutaneous adipose tissue. There is evidence in humans 
that visceral adipose tissue significantly contributes to metabolic 
syndrome-related diseases.39 However, in a recent study in NAFLD 
patients, a link between liver function measured by ALT and adipose 
tissue mass was described, and here both visceral and subcutaneous 
adipose tissue contributed to the overall phenotype.40 Therefore, 
there is presently a certain lack of data to which increased subcu-
taneous adipose tissue contributes to the overall liver phenotype.

F I G U R E  7  Specific genes altered by Pnpla3148M/M and the relation to macrophages and Kupffer cells. (A–E) Real-time PCR analysis of 
Cracc (A), Eat2 (B), Ephb2 (C), Spp1 (D), and Pilrα (E) based on list from group 1 and group 2 in Figure 6F with different expression induced 
by HFD in Pnpla3148M/M and Pnpla3WT mice. Normalized to the time point 24 weeks in Pnpla3WT chow diet mice. Data are shown as 
mean ± SD. Two-way ANOVA and Tukey's multiple comparisons test were performed. (n = 4–8/group) *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001. 
(F) Representative images (10X) of Clec4f IHC staining from both genotypic groups at 0 and 52 weeks. (G) Analysis of Clec4f staining by 
the percentage of positive cells to the total number of cells per view field from both genotypes at before feeding (0) and after 52 weeks. 
More clec4f positive cells infiltrated in Pnpla3148M/M mice fed with HFD at 52 weeks. Data are shown as mean ± SD. (n = 3–8/group) Two-way 
ANOVA and Tukey's multiple comparisons test were performed. *p ≤ 0.05. (H) Real-time PCR analysis of Ccl2 gene expression from mice fed 
in 0 or 52 weeks timepoint. Ccl2 expression level was higher in Pnpla3148M/M mice liver fed with HFD. Normalized by 0 weeks Chow diet fed 
Pnpla3WT mice. Two-way ANOVA and Tukey's multiple comparisons test were performed. (n = 3–8/group) *p ≤ 0.05. (I) Diagram about how 
the Ephb2, Ccl2, Ccr2, Pilrα influence macrophages, Kupffer cells and Osteopontin. Ephb2 is essential for the expression of Ccl2 and Ccr2. 
Ccl2 and Ccr2 are involved in the recruitment of macrophages to the liver. Besides, Kupffer cells are the key regulator of Ephb2. Pilrα could 
decrease the infiltration of macrophages in the liver. Osteopontin expressed by macrophages is a biomarker for fibrosis and liver injury 
during the progression of NAFLD. (J, K) Representative images (J) and quantification (K) of immunohistochemistry for Osteopontin. Two-way 
ANOVA and Tukey's multiple comparisons test were performed. Data are shown as mean ± SD. (n = 4–9/group) *p ≤ 0.05, ****p ≤ 0.0001. 
Clec4f, C-Type Lectin Domain Family 4 Member F; Ccl2, CC-chemokine ligand 2; Ccr2, chemokine (C-C motif) receptor 2; Ephb2, Eph receptor 
B2; Spp1, secreted phosphoprotein 1; Pilra, paired immunoglobin-like type 2 receptor alpha.
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To better define the molecular mechanism leading to more ad-
vanced liver disease progression in Pnpla3148M/M livers following long 
term HFD feeding we included RNA seq analysis. Significant expres-
sion differences were obtained between HFD and chow fed animals. 
Upregulated genes were associated with inflammation and changes 
in the immune response. Downregulated genes were linked with 
metabolism and other differentiated functions of the mature liver. 
This response pattern is known from previous studies after animals 
were challenged with hypercaloric diets rich in fat and calories16,41 
but also for toxic liver injury.42 As expected, large sets of genes were 
regulated similarly in response to HFD in Pnpla3148M/M and Pnpla3WT 
livers. Interestingly, a specific set of genes associated with immune 
regulation responded stronger to HFD in Pnpla3148M/M compared to 
wild-type livers.

In the natural course of NAFLD, NASH is an inflammatory state 
in the liver that contributes to tissue damage and fibrosis formation. 
Our study shows increased immune cell infiltration in Pnpla3148M/M 
livers, such as CD8+ T cells, NK cells, monocytes-derived macro-
phages and Kupffer cells. The study from Banini et al.17 found more 
fibrosis and increased STAT3 activation in PNPLA3 148 M/M over-
expressing mice after 16 weeks with a more intense treatment. In 
our study using PNPLA3 148 M/M knock-in animals, we found 
higher P-STAT3 activation only after 52 weeks, when severe fibrosis 
was already present in Pnpla3148M/M livers.

Consistent with these findings, the pattern of genes specifically 
found in the Pnpla3148M/M livers link increased inflammation with 
fibrosis after HFD. In Pnpla3148M/M animals, higher Ephb2 was ex-
pressed by HSCs and likely promotes higher levels of Ccl2 expres-
sion. In cooperation with Ccr2, more macrophages may be recruited 
into the liver which in turn regulate the expression of Ephb2.28,29 
Besides, earlier studies showed that Pilrα reduces macrophage in-
filtration, while in Pnpla3148M/M livers its expression was downregu-
lated indicating that this regulation might be involved in controlling a 
stronger influx of macrophages into these livers.31 Eventually, mac-
rophages expressed more Osteopontin which is a biomarker for liver 
damage. An earlier study provided evidence that Osteopontin could 
induce fibrosis by triggering ductular response.43 Taken together, 
the PNPLA3 I148M genotype supports expression of a gene cluster 
involved in monocyte-/Kupffer cell-derived inflammation, fibrosis 
and an increased ductular response in obese animals.

4.1  |  Conclusion

Our findings provide long-term data on NAFLD progression in 
a Pnpla3148M/M mouse model which mimics human liver disease. 
Pnpla3148M/M mice showed increased liver damage, cell death and 
proliferation, inflammation, fibrosis and microbiome changes com-
pared to Pnpla3WT mice. An additional set of genes were identified, 
triggering a more pronounced inflammatory response by activating 
macrophages and Kupffer cells associated with stronger fibrosis 
progression.
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