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serious liver inflammation, hepatic
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tumorigenesis and cardiovascular injury
mimics human nonalcoholic steatohepatitis

There are no approved therapeutic drugs for
nonalcoholic steatohepatitis (NASH) due to the many bot-
tlenecks, including the lack of preclinical animal models
that can perfectly mimic human NASH features, such as
systemic metabolic disorders, hepatic steatosis, intense
liver inflammation and fibrosis, liver tumorigenesis, and
cardiovascular complications.”? Pigment epithelium-
derived factor (PEDF) is a lipid metabolism regulator with
high expression in the liver, and its reduced expression in
the liver is closely related to the development of nonalco-
holic fatty liver disease (NAFLD).>“ Besides, high-fat diet
(HFD)-fed low-density lipoprotein receptor knockout (LDLR
knockout, LKO) mice are often used as animal models to
study atherosclerosis and fatty liver.” Here, we attempt to
further knock out PEDF in HFD-fed LKO mice to induce
premature development of inflammation and fibrosis,
leading to a better NASH model. The results showed that
HFD-fed LDLR/PEDF double knockout (LDLR/PEDF DKO, L/P
DKO) mice can ideally mimic the disease progression and
pathological characteristics of human NASH, not only show
systemic changes but also experience disease progression
from mild to severe NASH accompanied by serious liver
inflammation, tumorigenesis, and cardiovascular injury.
The multiomics analysis and related validation results sug-
gest that PEDF deficiency is involved in the occurrence and
development of NASH by affecting lipid and glutathione
metabolism.

Animals of the wild-type (WT) + standard chow diet
(SCD), WT + HFD, LKO + HFD, and L/P DKO + HFD groups
were sampled and tested at 32 and 48 weeks after the start
of the experiment. The body weight (BW), circulating total
cholesterol (TC), and triglycerides (TG) levels in L/P DKO
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mice were significantly increased compared to those in
other groups of animals after HFD feeding for 32 and/or 48
weeks (Fig. STA—C). Furthermore, the results of the intra-
peritoneal glucose tolerance test (IPGTT) and the intra-
peritoneal insulin tolerance test (IPITT) confirmed that L/P
DKO mice exhibited significantly impaired insulin and
glucose tolerance compared to other groups of animals
after HFD feeding for 32 weeks (Fig. 51D, E). Moreover, the
serum insulin (INS) and blood glucose levels in L/P DKO mice
were significantly increased compared to those in other
groups of animals after HFD feeding for 32 and 48 weeks
(Fig. S1F, G).

We then evaluated the liver lesions in each group of
animals by biochemical and pathological indices. After 32
weeks of HFD feeding, L/P DKO mice exhibited a more se-
vere fatty liver phenotype than animals in other groups, as
evidenced mainly by a significantly larger liver size, higher
liver weight (LW), LW/BW ratio, and serum glutamic pyruvic
transaminase (ALT) and glutamic oxaloacetic transaminase
(AST) levels, and more severe hepatic steatosis and
ballooning degeneration than animals in the other groups
(Fig. S2A—H). However, although the L/P DKO mice at this
time point had significantly higher levels of liver inflam-
mation and fibrosis than animals in the WT + SCD and
WT + HFD groups, they were not significantly different
from animals in the LKO + HFD group and still exhibited a
mild NASH phenotype (Fig. S2I—K). In contrast, after 48
weeks of HFD feeding, L/P DKO mice not only exhibited a
significantly higher LW, LW/BW ratio, and serum ALT and
AST levels than the other groups of animals but also a sig-
nificant difference in the change from hepatic steatosis and
ballooning degeneration to hepatic inflammation and
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Figure 1  L/P DKO mice develop hepatic steatosis, ballooning degeneration, serious liver inflammation, and severe fibrosis (HFD
for 48 weeks). (A) LW (n = 6—9). (B) LW/BW ratio (n = 6—9). (C) Serum ALT levels (n = 6). (D) Serum AST levels (n = 6). (E) Liver
HE staining (50 x , 200 x ) and (F) CD45 immunohistochemistry staining (200 x ) of representative mice in the groups of WT + SCD,
WT + HFD, LKO + HFD, and L/P DKO + HFD. Histology score for steatosis (G), hepatocyte ballooning (H), and lobular inflammation
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fibrosis compared with LKO mice. Thus, they exhibited a
serious NASH phenotype accompanied by serious hepatic
inflammation and severe hepatic fibrosis, as shown by HE
staining and leukocyte common antigen (CD45) immuno-
histochemistry staining (Fig. 1A—L).

We further observed liver tumorigenesis in each group of
animals by means of imaging and pathology. The results
showed that no hepatic tumors developed in WT or LKO
mice after 48 weeks of HFD or SCD feeding; however, some
(3 of 8) L/P DKO mice fed an HFD developed hepatic tu-
mors. These tumors were characterized mainly by liver
nodules with high glucose uptake, as revealed by PET/CT,
neoplastic lesions of hepatocellular adenoma with nodules
and local abnormal hyperplasia within the nodules, and
high expression of alpha-fetoprotein (AFP), as revealed by
gross observation and pathological and immunohistochem-
ical analyses (Fig. S3A—E). Additionally, immunohisto-
chemical staining for proliferating cell nuclear antigen
(PCNA) and platelet endothelial cell adhesion molecule 1
(CD31) confirmed the presence of substantial hepatocyte
proliferation and vascular hyperplasia in the tumor area in
HFD-fed L/P DKO mice but not in any other group of animals
(Fig. S3F, G).

Further, imaging and pathological methods were used to
observe cardiovascular injury in each group of animals. The
vascular ultrasound results showed that the end-diastolic
Ao Diam, the end-systolic Ao diam, and the AV Peak Vel
were significantly higher in the L/P DKO mice than mice of
WT —+ SCD and WT + HFD and (or not and) LKO + HFD groups
at 32 and/or 48 weeks of HFD induction, while the Desc Ao
Vel was not changed (Fig. S4A—G, 5A—G). The results of
whole aortic oil red O staining showed that the proportion
of aortic plaque area in L/P DKO mice was significantly
increased compared to that in the other groups of animals
(Fig. S5H, 1). More importantly, after 48 weeks of HFD in-
duction, the results of HE staining of myocardial tissue
sections showed that L/P DKO mice exhibited significant
cardiomyocyte hypertrophy, while the other groups of an-
imals had no myocardial hypertrophy (Fig. S5J, K). These
data suggest that L/P DKO mice develop a severe cardio-
vascular injury.

Finally, the lipidomics data showed that a total of 157
differential lipid molecules from different categories of
lipids were identified including 107 glycerophospholipid
(GP), 33 glycerolipids (GL), and 13 sphingolipid (SP) com-
ponents and others (Fig. S6A—C). Further analysis showed
that PEDF deficiency significantly exacerbated the disorder
of hepatic GP, SP, and GL metabolism in LKO mice, mainly
featured by consistent down-regulation of phosphatidyl-
glycerol (PG) and lysophosphatidylglycerol (LPG) compo-
nents, consistent up-regulation of sphingomyelin (SM)
components, as well as consistent or inconsistent alter-
ations in the content of diglyceride (DG) and TG

components (Fig. S6D—G). Besides, a total of 432 differ-
entially expressed genes (DEGs) were identified by tran-
scriptomics (Fig. S7A). Kyoto Encyclopedia of Genes and
Genomes (KEGG) results showed that the glutathione (GSH)
metabolism pathway was more significantly enriched in
addition to the pathways related to lipid metabolism
(Fig. S7B). Additionally, Gene Ontology (GO) and Gene Set
Enrichment Analysis (GSEA) results also further suggest that
PEDF deficiency leads to the inhibition of GSH metabolism
(Fig. S7C, D). The protein—protein interaction (PPIl)
network analysis results of the top 50 hub genes showed
that a large number of genes related to GSH metabolism are
involved in the network of PEDF action (Fig. S7E). The
further validation results showed that the GSH content in
the liver of HFD-fed L/P DKO mice were significantly
decreased compared to HFD-fed LKO mice (Fig. S7F—C).
Taking into account the effect of GSH metabolism on lipid
peroxidation and DNA damage, we tested the expression of
lipid peroxidation marker 4-hydroxynonenal (4-HNE) and
DNA damage marker 8-hydroxy-2 deoxyguanosine (8-OHdG)
in the liver of each group of animals. The results showed
that the expression of 4-HNE and the number of 8-OHdG
positive cells per 400 x field in the liver of HFD-fed L/P DKO
mice were significantly increased compared to HFD-fed LKO
mice (Fig. S7G, H).

In summary, this study provides a novel NASH mouse
model with serious liver inflammation, tumorigenesis, and
cardiovascular injury that can be used as tools to enable
the preclinical evaluation of drugs for NASH.
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