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Nonalcoholic steatohepatitis (NASH) is a condition that progresses from nonalcoholic fatty liver disease (NAFLD) and is characterized
by hepatic fat accumulation, inflammation, and fibrosis. It has the potential to develop into cirrhosis and liver cancer, and
currently no effective pharmacological treatment is available. In this study, we investigate the therapeutic potential of targeting
ceruloplasmin (Cp), a copper-containing protein predominantly secreted by hepatocytes, for treating NASH. Our result show that
hepatic Cp is remarkedly upregulated in individuals with NASH and the mouse NASH model. Hepatocyte-specific Cp ablation
effectively attenuates the onset of dietary-induced NASH by decreasing lipid accumulation, curbing inflammation, mitigating
fibrosis, and ameliorating liver damage. By employing transcriptomics and metabolomics approaches, we have discovered that
hepatic deletion of Cp brings about remarkable restoration of bile acid (BA) metabolism during NASH. Hepatic deletion of Cp
effectively remodels BA metabolism by upregulating Cyp7al and Cyp8b1, which subsequently leads to enhanced BA synthesis
and notable alterations in BA profiles. In conclusion, our studies elucidate the crucial involvement of Cp in NASH, highlighting its

significance as a promising therapeutic target for the treatment of this disease.
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Introduction

Nonalcoholic steatohepatitis (NASH) is a liver disease charac-
terized by the presence of fat accumulation and severe inflam-
mation within the liver, which can ultimately lead to damage
of hepatocytes. Furthermore, the condition may worsen by the
deposition of collagen fibers within the liver, exacerbating the
severity of the disease. NASH is a progressive form of nonalco-
holic fatty liver disease (NAFLD) and represents a critical stage in
the progression to fibrosis and cirrhosis of the liver (Michelotti
et al.,, 2013; Sheka et al., 2020; Loomba et al., 2021; Huby
and Gautier, 2022). The occurrence of NASH increases the risk
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of liver cirrhosis and liver cancer, resulting in an elevated inci-
dence and mortality rate (Michelotti et al., 2013). Globally, the
prevalence of NAFLD exceeds 25% and is rapidly increasing, with
an estimation of 10%—-59% of patients progressing to the NASH
stage (Goh and McCullough, 2016; Younossi et al., 2016, 2018;
Zhou et al., 2020). Currently, the treatment options for NASH
are limited, as there are no approved pharmacotherapies to
combat this prevalent medical condition (Harrison et al., 2023).
Therefore, itis imperative to conduct further research to pinpoint
the key molecular regulators responsible for the advancement
and escalation of NASH, thus facilitating the development of
effective therapeutic options for its treatment.

Ceruloplasmin (Cp), as a copper-containing liver secretory
protein, plays a crucial role in maintaining copper balance within
the body by binding to ~90% of copper ions in the plasma
and controlling their distribution (Linder, 2016; Samygina et al.,
2017; Blades et al., 2021). Cp also possesses antioxidant prop-
erties and acts as an oxidase, facilitating the oxidation reac-
tions of polyphenols and polyamines. Furthermore, Cp exhibits
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ferroxidase activity, which is essential for the metabolism of
iron elements (Harris, 2000; Blades et al., 2021). Cp is closely
associated with metabolic disorders, as demonstrated by clin-
ical studies revealing elevated levels of Cp in the patients af-
flicted with metabolic syndrome, diabetes, and cardiovascular
diseases (Manttdri etal., 1994; Kim et al., 2002; Engstrom et al.,
2003). Our previous findings showed that liver-specific knock-
out of Cp in mice leads to ameliorated NAFLD by reducing hep-
atic steatosis and enhancing mitochondrial function (Xie et al.,
2022). This signals potential therapeutic targets for NAFLD by
restoring copper homeostasis and adenosine monophosphate-
activated protein kinase (AMPK) activation. Cp acts as an acute-
phase reactant protein and its plasma concentration increases
in response to inflammation, trauma, tissue damage, or infec-
tion (Vasilyev, 2010). Moreover, Cp serves as a regulator of
copper and iron metabolism (Roeser et al., 1970; Gulec and
Collins, 2014). Recent research suggests a link between the
metabolic processes of copper and iron within the body and
the development of inflammation and fibrosis (Hubscher, 2003;
Aigner et al., 2010; Preziosi et al., 2017; Flemming, 2023).
Hence, it is plausible that Cp potentially contributes to the
progression of liver inflammation and fibrosis, either through a
direct regulation or by influencing copper and iron metabolism.
However, the role of Cp in inflammation and fibrosis in relation
to NASH remains inconclusive without definitive research.

With the development of metabolomics, the role of various
small-molecule metabolites in the occurrence and progression
of metabolic diseases has attracted increasing attention. Bile
acids (BAs) are a class of biologically active molecules with mul-
tiple functions (Jiao et al., 2022). They are primarily synthesized
in the liver and released into the intestine by the gallbladder,
where they participate in the metabolism and absorption of
nutrients through their emulsification effect. Primary BAs syn-
thesized in the liver are further converted into secondary BAs
by the gut microbiota (Chiang, 2004; Wahlstrom et al., 2016).
Primary and secondary BAs in the intestine can then be di-
rectly transported back to the liver through the enterohepatic
circulation via the portal vein, serving as important signaling
molecules involved in metabolic regulation within the body (de
Aguiar Vallim et al., 2013). Endogenous BAs undergo changes
under various physiological, pathological, or therapeutic con-
ditions, and these changes may further drive the occurrence of
related metabolic abnormalities. Numerous studies have shown
that alterations in serum BA levels and composition have close
association with several diseases such as obesity, diabetes,
NAFLD, and coronary artery atherosclerotic heart disease (Brandl
et al., 2018; Fiorucci et al., 2021; Masoodi et al., 2021; Cortes
and Eckel, 2022). Meanwhile, BA analogs are also employed in
the treatment of NASH. Currently, the only medication demon-
strating significant efficacy and showing promise as the first ap-
proved candidate compound for NASH treatment is obeticholic
acid (OCA) (Eslam et al., 2019; Younossi et al., 2019). OCA is
a semi-synthetic derivative of BA and functions as an effective
and selective farnesoid X receptor (FXR) agonist. It can alleviate
hepatic fat accumulation, inflammation, and fibrosis. However,

OCA may induce side effects such as lipid abnormalities and
dose-dependent pruritus. Given that NASH is a chronic disease
requiring long-term medication, there is a higher demand for
the safety of drugs and patient compliance. Therefore, further
research is still needed to identify new targets for NASH treat-
ment and develop safer and more effective medications. The
interaction between Cp and BAs may serve as a potential ther-
apeutic target. Both Cp and BAs are synthesized in hepatocytes
and can be excreted through the bile duct. Hepatocytes utilize
cytochrome P450 enzymes (CYPs) to mediate cholesterol oxida-
tion and synthesize primary BAs (Pikuleva, 2006). CYPs are a
superfamily of enzymes that contain the heme cofactor, which
is a coordinated complex containing an iron ion (Meunier et al.,
2004). Cp possesses ferroxidase activity, which can oxidize Fe?*
to Fe3+ (Harris, 2000; Blades et al., 2021). The synthesis, secre-
tion, and metabolism of BAs and Cp can all respond to changes
in the nutritional status of the body. Therefore, there may exist
mutual regulatory interactions between BAs and Cp.

In this study, we investigated the therapeutic potential of
hepatic Cp deficiency in a high-fat with methionine and choline-
deficient diet (HFMCD)-induced mouse NASH model. By tran-
scriptomic and metabolomic analyses, we revealed a novel
mechanism involving the modulation of BA metabolism by Cp
in regulating NASH.

Results
Hepatic Cp levels are positively associated with NASH

Given that overnutrition has been shown to cause an upregu-
lation of Cp during the development of NAFLD induced by high-
fat diet (HFD) (Xie et al., 2022), we investigated the relationship
between Cp and NASH. Consistent with our previous findings, CP
levels were increased in individuals with NAFL (Figure 1A). More
significantly, the level of CP was markedly higher in individuals
with NASH compared to those with NAFL or in the normal group
(Figure 1A). Consistently, we observed a profound upregulation
of hepatic CP protein level in individuals with NASH (Figure 1B
and C). We also observed a noteworthy rise in the levels of
Cp expression in the livers and serum from mice with NASH
induced by HFMCD compared to that from non-NASH control
mice (Figure 1D-G). Furthermore, the level of Cp in primary
hepatocytes was significantly upregulated by the treatment
with palmitic acid (PA) (Figure 1H), which acts as an inducer of
NASH in vitro (Zhang et al., 2018). The expression of Cp in
primary hepatocytes was also significantly upregulated
with increasing durations of PA treatment (Figure 11-K).
Thus, an increase in Cp expression may be associated with
the progression of NASH. We retrieved high-throughput
sequencing datasets from the Gene Expression Omnibus
database (GEO) and found a significantly higher CP
expression level in individuals with NASH compared to
those with NAFL (GSE167523; Figure 1L). Similarly, in a NASH
mouse model induced by a diet rich in fat, fructose, and
cholesterol (FFC), Cp exhibited significantly higher expression
compared to those fed chow diet (GSE164084; Figure 1M).
In an in vitro liver system model constructed by human
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Figure 1 Hepatic Cp levels are positively associated with NASH. (A—C) gRT-PCR analysis of CP mRNA level (A) and immunoblot (B) with
quantitative analysis (C) of CP protein level in the livers from individuals with NAFL (n = 17), individuals with NASH (n = 12), or healthy
controls (n = 14). (D—F) gRT-PCR analysis of Cp mRNA level (D) and immunoblot (E) with quantitative analysis (F) of Cp protein level in the
livers from mice fed normal chow diet (NC) or HFMCD for 8 weeks (n = 5). (G) Immunoblot analysis of Cp protein level in the serum from
mice with NC or HFMCD feeding. (H) gRT-PCR analysis of Cp mRNA level in the primary hepatocytes treated with PA at various concentrations.
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hepatocytes, CP showed higher expression under NASH-
inducing condition compared to the control group treated with
low glucose and low insulin (LGLI) (GSE89063; Figure 1N).
Further analysis of the GSE167523 dataset revealed significant
positive correlations between CP and inflammation-related
genes TNFo (Figure 10) and /L18 (Figure 1P) and fibrosis-
related genes including COL1a 1 (Figure 1Q), TGFB1 (Figure 1R),
and COL3a1 (Figure 1S). In two additional human NASH
datasets, CP also showed positive correlations with aspartate
aminotransferase (AST) level (GSE89632; Figure 1T) and body
mass index (BMI) (GSE115193; Figure 1U). Collectively, these
findings suggest a positive correlation between Cp expression
and the progression of NASH.

Hepatocyte-specific Cp deficiency ameliorates HFMCD-induced
NASH

To determine the functional role of Cp in NASH development,
we generated liver-specific Cp knockout (Cp*°) mice by crossing
Cpflox/flox mice with Alb-cre mice and fed Cp*® mice and their
littermate controls (Cp"°*/f9X) with HFMCD for 8 weeks. Notably,
Cp*° mice exhibited smaller liver size (Figure 2A) and weight
(Figure 2B), as well as a lower ratio of liver weight to body weight
(Figure 2C), compared to Cp"/fox mice, despite both groups
had similar body weights (Figure 2D). Next, we conducted a
histological analysis of the liver tissue using hematoxylin and
eosin (H&E) staining. Cp'*® mice exhibited less lipid accumula-
tion (Figure 2E) and lower NAS score (Figure 2F). Consistently,
Cp*© mice showed significantly lower serum triglyceride (TG)
(Figure 2G), total cholesterol (TC) (Figure 2H), and hepatic non-
esterified fatty acid (NEFA) (Figure 2J) levels and a decreasing
trend in serum NEFA level (Figure 21) compared to Cpo¥/flox mice,
In addition, we performed an immunohistochemical (IHC) analy-
sis to evaluate the impact of Cp ablation on the inflammatory re-
sponse, which is another hallmark of NASH. Cp*© mice showed
smaller amount of Tnfa in the liver, indicating a reduction in
inflammatory infiltration (Figure 2K and L). Additionally, Cp*<©
mice showed significantly lower levels of serum biomarkers for
liver injury, such as alanine aminotransferase (ALT) and AST,
and lower AST-to-ALT ratio (Sorbi et al., 1999; Kew, 2000; Gu
et al., 2023) compared to the control group (Figure 2M-0).
Histological analysis of Masson and Sirius Red demonstrated
that the hepatic fibrosis deposition was ameliorated in CpX©
mice (Figure 2P—R). Thus, liver-specific Cp ablation mitigates the
progression of NASH.

Cp deficiency suppresses genes linked to hepatic steatosis,
inflammation, and fibrosis

To further delve into the influence of liver-specific Cp knockout
on NASH progression, we examined the mRNA levels of genes
involved in lipid metabolism, inflammatory response, and fibro-
genesis. The expression levels of genes involved in fatty acid
B-oxidation (FAO) in the liver, including Ppara, Cptia, Acadm,
and Hmgcs2, were significantly higher in CpX'° mice (Figure 3A).
Consistently, the protein levels of Ppara and Cptla were en-
hanced in the livers from Cp*® mice in comparison to Cpflox/flex
mice (Figure 3B and C). However, the mRNA levels of genes
related to lipid synthesis or fatty acid uptake did not signifi-
cantly change (Figure 3D). These results were consistent with
our previous report that Cp ablation enhances the level of FAO
to alleviate the progression of NAFLD (Xie et al., 2022). Fur-
thermore, enzyme-linked immunosorbent assay (ELISA) demon-
strated significantly lower serum Tnfa levelin Cp*© mice than in
Cpflox/flox mice (Figure 3E). The mRNA levels of pro-inflammatory
markers associated with NASH (Figure 3F) and fibrotic genes
(Figure 3G) were also noticeably lower in the livers from Cpt©
mice. These results indicate that hepatic ablation of Cp can
alleviate lipid accumulation, inflammatory response, and liver
fibrosis in response to HFMCD feeding.

The lessening of inflammation and fibrosis likely results from
the alleviation of liver steatosis by Cp deficiency

To investigate the direct effect of hepatic Cp deficiency on
lipid accumulation in vitro, primary hepatocytes from Cp*© mice
and Cpfox/flox mice were extracted and subjected to PA exposure.
Nile Red staining results showed a significant reduction in PA-
induced lipid droplet accumulation in hepatocytes lacking Cp
compared to the control group (Figure 4A). Moreover, quanti-
tative real-time polymerase chain reaction (qRT-PCR) analysis
revealed an obvious upregulation of genes related to FAO in
hepatocytes with Cp deficiency (Figure 4B), while mRNA levels
of genes associated with fatty acid uptake and synthesis re-
mained unchanged (Figure 4C). To assess how Cp deficiency
affects inflammation and fibrosis in the liver, we next extracted
hepatic parenchymal cells (HPCs) and non-parenchymal cells
(NPCs) from the livers of Cpflox/flox and Cpt*O mice fed HFMCD
for a duration of 8 weeks. In line with the findings in cultured
primary hepatocytes, a significant upregulation of FAO-related
gene expression was observed exclusively in HPCs, but not
NPCs, of Cp**© mice (Figure 4D), while notable downregulation

Figure 1 (Continued) (1-K) gRT-PCR analysis of Cp mRNA level (1) and immunoblot (J) with quantitative analysis (K) of Cp protein level in the
primary hepatocytes treated with PA (200 wM) for the indicated periods. (L) CP mRNA level in the livers from individuals with NAFL (n = 51)
or NASH (n = 47) (GSE167523). (M) Cp mRNA level in the livers from mice fed chow diet or FFC diet (GSE164084; n = 3/group). (N) CP mRNA
level in human hepatocytes incubated with LGLI (n = 9) or NASH-inducing (n = 8) medium (GSE89063). (0-S) Linear regression analysis of
CP mRNA level with TNFa (0), IL18 (P), COL1a1 (Q), TGFB1 (R), or COL3a1 (S) mRNA level in high-throughput sequencing data (GSE167523)
of human liver tissues (n = 98). Each gene expression value was transformed into log2 (transcript expression value plus one). (T) Linear
regression analysis of CP mRNA level with AST in microarray data (GSE89632) of human liver tissues (n = 63). (U) Linear regression analysis
of CPmRNA level with BMIin microarray data (GSE115193) of human livertissues (n = 9). The results are presented as mean &= SEM. *P < 0.05,
**P < 0.01, ***P < 0.001, ¥P < 0.05. CP mRNA levels in individuals with NASH and GSE167523 were analyzed by Mann-Whitney U test;
other data were analyzed by two-tailed, unpaired Student’s t-test or with Welch correction.
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Figure 2 Hepatocyte-specific Cp deficiency ameliorates HFMCD-induced NASH. (A) Representative photograph of the livers from Cpflox/flox
and Cp™*© mice fed HFMCD for 8 weeks. (B-D) Liver weight (B), liver weight-to-body weight ratio (C), and body weight (D) of Cpflox/flox mice
(n = 8) or Cp**° mice (n = 10). (E and F) H&E histology (E) with NAS quantitative analysis (F). Scale bar, 50 um. NAS score represents the
sum of scores for steatosis, hepatocellular ballooning, and lobular inflammation. (G-J) Serum TG (G), TC (H), and NEFA (1) levels and liver
NEFA content in the mice (n = 8/group). (K and L) IHC (K) with quantitative analysis (L) of Tnfa in the livers from Cp /X mice or Cpt*° mice.
(M-0) Serum ALT (M) and AST (N) levels and AST-to-ALT ratio (0) in Cp"°*/™X mice or Cp**° mice (n = 10/group). (P-R) Masson’s trichrome
staining and Sirius Red staining (P) with quantitative analysis for collagen volume (Q) and Sirius Red-stained area (R). Scale bar, 50 wm. The
results are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. ns denotes non-significant. Data were analyzed by two-tailed,
unpaired Student’s t-test or with Welch correction.
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Figure 3 Cp deficiency suppresses genes related to hepatic steatosis, inflammation, and fibrosis. Cp®/1* and Cp*© mice were fed HFMCD
for 8 weeks. (A, D, F, and G) gRT-PCR analysis of FAO-related genes (A), lipogenesis-related genes (D), pro-inflammatory genes (F), and
pro-fibrotic genes (G) in the livers. (B and C) Immunoblot (B) with quantitative analysis (C) of Cptla and Ppara protein levels in the livers.
(E) Serum pro-inflammatory cytokine levels. The results are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Ccl4 and Fn1
mRNA levels in the livers were analyzed by Mann—-Whitney U test; other data were analyzed by two-tailed, unpaired Student’s t-test or with

Welch correction.

of pro-inflammatory and pro-fibrotic gene expression was found
solely in the NPCs, but not HPCs, of Cp**® mice (Figure 4E
and F). These findings suggest that Cp**® mice exhibit distinct
cellular responses depending on the cell type. The enhanced
FAO in HPCs potentially ameliorates liver steatosis, which sub-
sequently reduces inflammation and fibrosis. The in vitro results
further support the in vivo observations that a deficiency in Cp
can effectively alleviate hepatic steatosis caused by HFMCD, and
the improvement in inflammation and fibrosis is most likely due
to the amelioration of liver steatosis.

Transcriptomic analysis uncovers the promotion of BA
metabolism by Cp deficiency

To deepen our understanding of the molecular mechanisms
underlying the therapeutic effects of Cp deletion on NASH in
mice, we conducted transcriptomic analysis with the RNA se-

quencing (RNA-seq) data of liver tissues from HFD-fed mice
treated with adenoviruses expressing short hairpin RNA of Cp
(AdshCp) or the control shRNA targeting LacZ (AdshlacZ). Prin-
cipal component analysis (PCA) unveiled a distinct demarcation
between the two groups (Figure 5A). A comprehensive analysis
of differential expression highlighted a total of 1566 genes that
exhibited significant changes in expression levels upon Cp abla-
tion, with 560 genes showing significant upregulation and 1006
genes displaying significant downregulation (Figure 5B). The
heatmap depicting differentially expressed genes (DEGs) related
to pro-inflammatory and pro-fibrotic processes provided further
evidence of Cp ablation in attenuating hepatic inflammation
and fibrosis during NASH (Figure 5C). Moreover, we conducted
Reactome pathway enrichment (RPE) analysis to further investi-
gate the upregulated DEGs and found a significant enrichment
of genes associated with CYPs and BA metabolism (Figure 5D),
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analyzed by two-tailed, unpaired Student’s t-test or with Welch correction.
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including key genes involved in hepatic BA synthesis and reab-
sorption, such as Cyp7ail, Cyp8b1, Akric20, Akrid1, Slc27a5,
Acot8, and Slc10a1 (Figure 5E). In accordance with our previous
report that in vivo knockdown of Cp can activate the FXR signal-
ing pathway (Xie etal., 2022), we observed a noticeable increase
in hepatic Fxr protein levelin Cp**° mice (Figure 5Fand G). FXR is
a critical regulator of BA metabolism and its upregulation in the
absence of Cp may have significant implications during NASH.
Therefore, these findings indicate that Cp deficiency potentially
exerts its regulatory function by modulating BA metabolism.

Hepatic Cp deficiency leads to alterations in hepatic BA
biosynthesis and composition

We next determined the liver enzymes involved in the
synthesis of BAs in Cp"*® mice fed HFMCD. The mRNA levels
of hepatic Cyp7al and Cyp8b1 were elevated in Cp*C mice
(Figure 6A), in line with the RNA-seq data. The elevation of
Cyp7al and Cyp8b1 mRNA levels was significant in Cp**© mice
fed HFD (Figure 6B), albeit with a slight variation in mice fed
normal chow diet (Figure 6C). The protein expression of Cyp8b1
was also markedly increased (Figure 6D). To gain a deeper
understanding of how Cp ablation affects BAs to improve
NASH in mice, we conducted metabolomic analysis on BAs
within the liver of Cp™*® mice and their controls (Cpflox/flox),
Orthogonal partial least-square  discriminant analysis
(OPLS-DA) demonstrated distinct compositions of BAs in
the livers of Cp© mice and Cp"o*/fox mice fed normal chow diet
(Figure 6E). Cyp7al is the first and the rate-limiting enzyme in
the classical BA synthesis pathway and catalyzes the conversion
of cholesterol to 7-a-hydroxycholesterol (Wahlstrom et al.,
2016). Cp* © mice exhibited a higher level of total BAs in the
liver, consistent with the higher Cyp7a1 mRNA level (Figure 6F).
The concentration percentages of various BA groups in Cp©
mice were not significantly different from that in Cp"/flox mice
(Figure 6G). The concentration of the 120H BA species, including
deoxycholic acid (DCA), increased (Figure 6H), in line with the
higher Cyp7a1 and Cyp8b1 mRNA levels in Cp'“© mice. However,
the elevated concentrations of non-120H BAs, including
6-ketolithocholic acid (6-ketoLCA), B-ursodeoxycholic acid
(B-UDCA), and taurochenodeoxycholic acid (TCDCA) (Figure 6H),
suggested the activation of alternative BA synthesis pathway
mediated by Cyp27al and Cyp7b1 enzymes. Surprisingly, gene
expression levels of Cyp27a1 and Cyp7b1 remained largely
unaffected. Therefore, we hypothesized that the increased
concentrations of non-120H BAs might be a result of their
reabsorption by hepatocytes.

Hepatic-specific knockout of Cp remodels serum BA profiles

To decipher the underlying molecular mechanism of the al-
tered BA profiles in the liver, we assessed serum BA pro-
files in Cp™*® and Cpflox/flox mice fed normal chow diet, using
ultra-performance liquid chromatography coupled with triple-
quadrupole mass spectrometry (UPLC/TQ-MS). PLS-DA score
plot demonstrated distinct clusters of serum BAs in Cp**© mice

and CpMo*/flox mice (Figure 7A). Both the heatmap and bar plots
clearly demonstrated significant fluctuations between the serum
BA profiles of Cp*® mice and CpMo*/fx mice (Figure 7B-D).
The concentrations of unconjugated BAs, including both un-
conjugated 120H BAs and unconjugated non-120H BAs, were
significantly reduced in the Cp**© group (Figure 7E). The per-
centages of unconjugated BAs in the serum closely mirrored
the concentration alterations (Figure 7F). At the distal end of
the ileum, the majority of unconjugated BAs are reabsorbed
into intestinal cells through sodium-dependent BA transporter
and transported into the portal circulation via basolateral BA
transporters (0STa, OSTB, and MRP2) (Tveter et al., 2023). Cp
knockout reduced the levels of unconjugated BAs in the serum
but did not affect that in the liver, suggesting that Cp knock-
out may affect the reabsorption of unconjugated BAs in the
intestine. Besides, the percentages of conjugated BAs, espe-
cially conjugated non-120H BAs, were significantly higher in
the Cp'*© group (Figure 7F). The concentrations of unconjugated
non-120H BAs, including 12-ketolithocholic acid (12-ketoLCA),
ursocholic acid (UCA), a-muricholic acid («MCA), murocholic
acid (muroCA), and B-muricholic acid (BMCA), and unconjugated
120H BAs, including 3-ketocholic acid (3-ketoCA) and allocholic
acid (ACA), were significantly reduced in Cp© mice (Figure 7G).
The upregulated expression of BA synthesis-related liver en-
zymes and the reduced concentrations of unconjugated BAs
in Cp™*® mice imply that Cp may influence NASH progression
through altering BA metabolism pathways.

Discussion

Hepatokines are essential in the development of metabolic
disorders and play a critical role in the pathogenesis of NASH
(Kim et al., 2021; Montgomery et al., 2022; Stefan et al., 2023).
An in-depth comprehension of the involvement of hepatokines
in hepatic steatosis and dysfunction can lead to better strategies
for NASH prevention and treatment. Cp is a copper-containing
secretory protein mainly synthesized in the liver. In this study,
we demonstrated the therapeutic potential of target ablation
of Cp for treating steatohepatitis and elucidated the underlying
mechanism involving BA metabolism. Mice with Cp depletion in
hepatocytes exhibited resistance to HFMCD-induced steatosis,
inflammation, fibrosis, and liver damage. Mechanistically, we
found that Cp depletion in the liver upregulated the expression
levels of Cyp7a1 and Cyp8b1, the key enzymes in the classical
pathway of BA synthesis, and altered the composition of BAs in
the liver and serum, thereby alleviating NASH. Thus, hepatic Cp
represents a promising therapeutic target for NASH treatment.

Liver lipid overload causes severe damage to the liver, in-
cluding hepatocellular injury, inflammation, and fibrosis (Marra
and Svegliati-Baroni, 2018). The liver serves as an important
copper ion reservoir, and Cp regulates the homeostasis of cop-
per ions in the liver. Increasing evidence suggests that imbal-
ances in hepatic copper levels contribute to various metabolic
disorders (Tang et al., 2000; Harder et al., 2022). We previously
demonstrated thatin a mouse model of NAFLD, Cp knockout can
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Figure 6 Hepatic Cp deficiency leads to alterations in hepatic BA biosynthesis and composition. (A—C) gRT-PCR analysis of BA synthesis-
related genes in the livers from Cp<° and Cpo*/fox mice fed HFMCD for 8 weeks (n = 5/group), HFD for 12 weeks (n = 5/group), or NC diet for
12 weeks (n = 6/group). (D) Immunoblot analysis of BA synthesis-related liver enzymes in the livers from Cp<? and Cpflox/flox mice with HFD
feeding. (E-H) Cp"*/fox and Cp'*O mice were fed NC (n = 5/group). (E) OPLS-DA score plot of hepatic BA profiles. (F and G) Concentration (F)
and concentration percentage (G) of hepatic BA groups. (H) Altered hepatic BA species. The results are presented as mean + SEM. *P < 0.05,
***p < 0.001. ns denotes non-significant. Concentrations of conjugated 120H BAs and 6-ketoLCA in the livers were analyzed by Mann—
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effectively restore hepatic copper levels to the normal physi-
ological range and activate AMPK to promote FAO (Xie et al.,
2022). Here, we consistently observed a reduction in lipid ac-
cumulation upon Cp knockout in a mouse model of NASH,
which was achieved through the promotion of FAO. Addition-
ally, we found that Cp knockout upregulated the expression of
liver enzymes related to BA synthesis, i.e. CYPs, a large heme-
containing enzyme superfamily with multiple isoforms and sub-
types. These enzymes play crucial roles in the metabolism of
steroids, fatty acids, and xenobiotics (such as drugs and toxins)
in mammals, in the clearance of various compounds, and in the
synthesis and breakdown of hormones. Studies have shown that
copper exposure can decrease the expression and activity of
CYPs in the rat liver (Tang et al., 2018). Copper deficiency has
also been reported to have adverse effects on production of
NADPH-dependent reactive oxygen species (ROS) by CYPs in rat
liver microsomes, leading to lipid peroxidation (Hammermueller
et al., 1987). Copper deficiency-induced lipid peroxidation may
be associated with observed iron accumulation. Therefore, the
upregulation of liver enzymes involved in BA synthesis upon
Cp knockout may be linked to the restoration of normal copper
and iron metabolism. This correlation definitely warrants further
investigation. Furthermore, the upregulated expression of BA
synthesis-related liver enzymes also promotes the conversion of
cholesterol into BAs in the liver. These results suggest that Cp
knockout may exert therapeutic effects on fatty liver by increas-
ing BA biosynthesis and fatty acid oxidation.

Recent studies have shown that the presence of Cp is closely
associated with factors such as inflammation and hyperlipi-
demia (Ehrenwald et al., 1994; Ehrenwald and Fox, 1996;
Mukhopadhyay et al., 1996; Fox et al., 2000). Under these con-
ditions, Cp may interact with the surface of endothelial cells or
smooth muscle cells in blood vessels. Additionally, pathogenic
factors such as ROS can attack Cp, leading to structural damage
and the release of free copper ions (Cu®*). Subsequently, free
Cu?* can cause oxidation of low-density lipoprotein (LDL) in the
blood, resulting in the formation of oxidized LDL, which enters
endothelial cells and stimulates the production of inflammatory
factors and ROS, causing more severe vascular damage and ul-
timately leading to cardiovascular diseases. Therefore, the dele-
tion of Cp alleviates the inflammatory levels in NASH models,
possibly by reducing oxidative stress caused by decreased Cu?*
levels in the blood. As mentioned earlier, OCA carries the risk
of increasing LDL, TG, and TC levels in patients (Siddiqui et al.,
2020), which has led to delays in obtaining NASH indication
approval. Knocking out Cp can reduce serum TC and TG levels
and Cp-mediated oxidation of LDL. Therefore, Cp ablation may
reduce the risks associated with the direct use of BA analogs.
Furthermore, Cp knockout can also lower the levels of 120H
BAs in the serum. Recent research has demonstrated that 120H
BAs can activate the TGR5 receptor on hepatic stellate cells
(HSCs), leading to HSC proliferation and liver fibrosis (Xie et al.,
2021). Thus, targeting Cp in the liver could potentially reduce
the content of 120H BAs in the serum, thereby preventing or
alleviating liver fibrosis.

In conclusion, the findings of this study demonstrate a sig-
nificant correlation between the advancement of NASH and
elevated levels of hepatic Cp in both humans and mice. The
elimination of Cp leads to alterations in the BA composition in
the liver and serum of mice, specifically reducing the levels of
120H BAs in the serum, and ultimately mitigates the symptoms
of NASH. Consequently, this intervention can effectively impede
the progression of NASH.

Materials and methods
Human samples

The program was approved by the Ethics Committee of the
Sixth People’s Hospital affiliated with Shanghai Jiao Tong
University School of Medicine and registered in the
Chinese Clinical Trial Registry (trial registration number:
ChiCTR2100048122). Liver samples were obtained from 14
healthy individuals, 17 NAFL patients, and 12 NASH patients.
All study participants signed informed consent forms for the
use of clinical specimens in this research. The gender, age,
and steatosis level (%) of each individual are provided in
Supplementary Table S1.

Mouse models

The animal experiments were approved by the Ministry of
Science and Technology and conducted in accordance with the
Regulations of Animal Experimentation Management Legislation
in China and the guidelines provided. The mice were housed
under specific pathogen-free (SPF) conditions in a controlled
facility, and they had ad libitum access to standard feed
(SLACOM) and water or the specific diets as indicated (temper-
ature 20°C-22°C, humidity 45% =+ 5%, 12-h light/dark cycle).
Male C57BL/6) mice (5—-6 weeks old; SPF grade) were obtained
from GemPharmatech. A mouse NASH model was established
by feeding male C57BL/6) mice aged 6—8 weeks with HFD (60%
calories from fat, 20% calories from protein, 20% calories from
carbohydrates; Research Diets, D12492) or HFMCD (60% calo-
ries from fat with low methionine and no choline; Research Diets,
A06071302) for 8 weeks. The liver-specific Cp knockout (Cpt<°)
mice were generated as described before (Xie et al., 2022).
Cp'© mice and their control littermates (Cpflox/fox) aged 6-8
weeks were fed HFD or HFMCD for 8 weeks. The mouse NAFL
model was established by feeding male C57BL/6), Cp*©, and
Cpflox/flox mice aged 6-8 weeks with HFD for 12 weeks. At the
end ofthe experiment, the mice were euthanized, and their livers
were weighed, fixed in 4% paraformaldehyde, or frozen in liquid
nitrogen.

Measurements of plasma and liver parameters

After being incubated at room temperature for 2 h, whole
blood samples from mice were centrifuged at 3000 rpm at 4°C
for 15 min to isolate the supernatant for further aliquoting or
testing. The levels of ALT and AST in the serum were determined
using commercial reagent kits (Nanjing Jiancheng, C009-1-1,
C010-1-1) according to manufacturer’s instructions. The serum
TG, TC, NEFA, and hepatic NEFA levels were determined using
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commercial reagent kits for TG (Nanjing Jiancheng, A110-1-1),
TC (Elabscience, E-BC-K109-M), and NFEA (Nanjing Jiancheng,
A042-2-1), respectively, following the manufacturer’s instruc-
tions.

Histopathologic analysis

Liver tissues were fixed in 4% paraformaldehyde, embedded
in paraffin, and cut into 5-um-thick sections. The severity of
hepatic steatosis, hepatocyte ballooning, and lobularinflamma-
tion was assessed by two independent pathologists, and the
average scores for NAS were determined. Steatosis was scored
on a scale of 0-3. Hepatocyte ballooning was scored on a scale
of 0-2. Lobular inflammation was scored on a scale of 0-3
based on the number of inflammatory foci observed under a
20x magnification. The corresponding positive staining areas
were quantified using Image) software, and the results were
expressed as the percentage of positive staining area relative to
the total area.

IHC analysis

Liver tissue embedded in paraffin was processed for
deparaffinization and rehydration. The tissue sections were
then treated with 10 mM citrate buffer (pH 6.0) and subjected
to antigen retrieval using microwave heating for 3 min.
Subsequently, the sections were incubated with 3% hydrogen
peroxide solution at room temperature for 20 min to block
endogenous enzymes. Blocking was carried out using serum
from the same source as the secondary antibody, incubating at
37°C for 30 min. The sections were then incubated overnight
at 4°C with an anti-Tnfa antibody (Bioss, bs-10802R) diluted
to 1:500 in the serum corresponding to the blocking solution.
On the following day, the sections were incubated with an HRP-
conjugated goat anti-rabbit IgG secondary antibody, diluted to
1:2000, at room temperature for 1 h. Subsequently, the sections
were processed using the DAB Peroxidase Substrate Kit (MXB
Biotechnologies, DAB-4033) and stained with hematoxylin. The
stained sections were imaged and scanned using a 3D digital
slide scanner (3D HISTECH) and analyzed using Image) software.

ELISA

According to the manufacturer’s instructions, the concentra-
tions of 1118 and Tnfa in the serum were measured using mouse
ELISA kits (Abclonal, RKO0006, RK00027). The absorbance was
measured at a wavelength of 450 nm using an ELISA reader
(Molecular Devices, SpectraMax i3x).

gRT-PCR

Total RNA was isolated from hepatocytes or liver tissues using
TRIzol reagent (Thermo Fisher Scientific, 15596) according to
manufacturer’s instructions. The quality and concentration of
RNA were assessed by measuring the absorbance at 260 nm and
280 nm using a NanoDrop 2000C spectrophotometer (Thermo
Fisher Scientific). cDNA was synthesized from 1 g of RNA using
the ABScript Ill RT Master Mix (ABclonal, RK20428). The primers
for gRT-PCR analysis were synthesized by Biosun Biotech.

Subsequently, gRT-PCR was performed using the Universal SYBR
Green Fast gRT-PCR Mix (ABclonal, RK21203) on a LightCycler
480 Il (Roche Life Science). The expression levels of the target
genes were normalized to the reference gene level (Actb) and
analyzed using the AACT method. The primer sequences used
for gRT-PCR are listed in Supplementary Table S2.

Isolation and culture of primary hepatocytes

Male mice aged 6-8 weeks were anesthetized and per-
fused through the portal vein at a rate of 8 ml/min with
perfusion buffer and collagenase-l (0.5 mg/ml; Worthington
Biochemical, LS004196) at 37°C. After digestion, the liver was
excised, minced, filtered through a 70-pum cell strainer (Thermo
Fisher Scientific), and centrifuged at 400 rpm for 3 min at 4°C.
The cells were then resuspended in 50% Percoll solution (GE
Healthcare Life Sciences, 17-0891-01) and centrifuged at
700x g for 10 min at 4°C to purify the hepatocytes. The pu-
rified hepatocytes were resuspended in Medium 199 (Sigma)
supplemented with 10% fetal bovine serum (Gibco) and 1%
penicillin/streptomycin (Gibco, 15140-122) and plated at the
specified density in culture dishes. To establish an in vitro model
of NASH in hepatocytes, 0.2 mM PA (Sigma-Aldrich) was added
to the medium containing 0.5% bovine serum albumin (BSA),
and the cells were cultured for 12-36 h. Hepatocytes were
cultured at 37°C with 5% CO, under a humidified atmosphere
in a cell incubator.

Isolation of HPCs and NPCs

HPCs and NPCs were primarily extracted from male mice that
were fed HFMCD for 8 weeks. Firstly, the portal vein was exposed,
and the liver was perfused with a perfusion buffer to remove
blood. Subsequently, a collagenase-containing perfusion so-
lution was used to digest the liver, after which the digested
liver tissue was excised and dispersed to obtain cells. The cell
suspension was then filtered through a 100-pum cell strainerand
centrifugated at 50x g for 5 min to pellet HPCs, while the super-
natant was collected to obtain NPCs. HPCs were subsequently
purified by resuspending the pellet and centrifuging it several
times. Next, the supernatant was subjected to centrifugation at
100x g for 5 min to eliminate HPCs and red blood cells that
had settled at the bottom. The collected supernatant was then
centrifuged at 300x g for 5 min to retain the supernatant, after
which it was further centrifuged at 650x g for 7 min to obtain
NPCs. The collected HPCs and NPCs were then subjected to
gRT-PCR analysis.

Nile red staining

Primary hepatocytes were washed with phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde at room tem-
perature for 30 min. Subsequently, the cells were incubated with
1 ng/ml Nile Red (Sigma-Aldrich, 72485) for 10 min at 37°C.
Afterward, the cells were washed three times with PBS. Images
were captured using an Olympus spinning disk confocal super-
resolution microscope (IXplore SpinSR10).
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Bioinformatics analysis

Differential gene expression data were obtained from the GEO
database. The datasets GSE164084, GSE167523, GSE89063,
GSE89632, and GSE115193 related to NASH were downloaded.
For transcriptomic analysis, the raw data of RNA-seq on mouse
liver tissues were obtained from our previous study (Xie et al.,
2022). The data were imported into R (version 4.1.3), and PCA
analysis was performed using the ‘FactoMineR’ package to
identify outlier samples. Differential gene expression analysis
was conducted using the ‘DEseq2’ package, with a gene
selection threshold of P < 0.05 and |log,(fold change)| > 1. The
‘ReactomePA’ package was used for enrichment analysis of the
Reactome database to study the biological characteristics of
these genes. For the analysis of BAs, OPLS-DA and PLS-DA were
performed using the ‘mixOmics’ package in R to assess whether
the two groups could be distinguished. The relevant code for
this study is available at https://github.com/Eliauk-clumsy/
Analysis.git.

Immunoblotting

Liver or hepatocyte samples were lysed in RIPA lysis buffer
(Beyotime, PO013B) containing protease inhibitor (ApexBio
Technology, K1008) and phosphatase inhibitor (ApexBio
Technology, K1015) and incubated on a rotating shaker at 4°C
for 15 min. The lysates were then centrifuged at 3000x g for
10 min to remove debris. The supernatant was collected, and
the protein concentration was determined using a BCA Protein
Assay Kit (Thermo, 23225). The samples were diluted to a
concentration of 5 wg/wl with loading buffer and denatured
by boiling at 100°C for 5 min. After sodium dodecylsulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), the proteins
were transferred onto a polyvinylidene fluoride membrane (pore
size 0.22 pum; Millipore). The membrane was blocked in Tris-
buffered saline with 0.1% Tween-20 (TBST) containing 5% skim
milk at room temperature for 1 h. Subsequently, the membrane
was incubated overnight at 4°C with primary antibodies. The
next day, the membrane was washed three times with TBST for
10 min each, followed by incubation with secondary antibodies
at room temperature for 1 h. After washing the membrane
three times with TBST for 10 min each, the protein bands were
visualized using an ECL detection reagent (Tanon, 180-501).
a-Actinin or B-Actin served as a loading control. The relative
intensities of the bands were quantified using Image) software
(NIH). Serum samples were diluted with loading buffer. After
SDS—-PAGE, the proteins were transferred onto a polyvinylidene
fluoride membrane. Ponceau S was used to stain membrane as
a loading control. The antibodies used in this study were: rabbit
monoclonal anti-a-Actinin antibody, 1:2000 (Cell Signaling
Technology, 6487); rabbit polyclonal anti-Ceruloplasmin
antibody, 1:1000 (Thermo Fisher Scientific, PA5-14225);
mouse polyclonal anti-Cyp7al antibody, 1:1000 (Santa
Cruz, sc-518007); mouse polyclonal anti-Cyp8b1 antibody,
1:1000 (Santa Cruz, sc-101387); rabbit polyclonal anti-Cyp7b1
antibody, 1:1000 (Abclonal, A17872); rabbit monoclonal
anti-Cyp27al antibody, 1:1000 (Abclonal, A23250); rabbit

polyclonal anti-Cptla  antibody, 1:1000 (Proteintech,
15184-1-AP); rabbit monoclonal anti-Ppara  antibody,
1:1000  (Proteintech, 66826-1-lg); rabbit polyclonal

anti-B-Actin antibody, 1:1000 (Proteintech, 20536-1-AP).

BA measurement

The BA profiles in the serum and liver samples from the
mice fed normal chow diet were measured using UPLC-MS/MS
(ACQUITYUPLC-XevoTQ-S; Waters), performed at the Center for
Translational Medicine of the Sixth People’s Hospital affiliated
with the Shanghai Jiao Tong University School of Medicine. The
raw data were quantified and analyzed using MassLynx software
(v4.1; Waters). In the liver samples, a total of 46 different BAs
were detected, while in the serum samples, a total of 42 different
bile acids were detected. The total BA level represents the sum
of all quantified BAs in the samples.

Quantification and statistical analysis

The statistical analysis was performed using GraphPad Prism
9.0 software (GraphPad Software). The data were presented as
mean =+ standard error of the mean (SEM). Before conducting the
significance analysis, the normality of the data was assessed
using the Shapiro—Wilk test and Kolmogorov—Smirnov test.
For data that followed a normal distribution and exhibited
homogeneity of variance, a two-tailed, unpaired Student’s ¢-test
was used to compare the differences between two groups.
For skewed data, the Mann-Whitney U test was employed for
statistical analysis. Differences between three or more groups
were evaluated either through one-way ANOVA for normally
distributed data or the Kruskal Wallis test otherwise. The
relationship between two quantitative variables was evaluated
using linear regression analysis and Pearson’s or Spearman
correlation coefficient (r) when appropriate. A P-value <0.05
was considered statistically significant; *P < 0.05, **P < 0.01,
and ***P < 0.001. Mouse body weight measurements and
histological analysis were performed and analyzed in a blinded
manner. The sample size for each experiment was determined
based on previous studies and preliminary results conducted in
our laboratory (Chen et al., 2021; Xie et al., 2022).

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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