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Abstract

BACKGROUND: Hepatic fibrosis (HF) is a histopathological change in the process of long-term liver injury caused by

cytokine secretion and internal environment disturbance, resulting in excessive liver repair and fiber scar. Nogo-B protein

is widely distributed in peripheral tissues and organs and can regulate the migration of endothelial cells by activating TGF-

b1 in vascular remodeling after injury. Nogo-B has been shown to promote organ fibrosis. This study was to determine the

role of Nogo-B in HF.

METHODS: An HF model was built by intraperitoneal injections with 20% carbon tetrachloride. Localization of Nogo-B

was detected by FISH. The interaction between Nogo-B and BACE1 was confirmed by Co-IP. Autophagy flux was

analyzed using tandem mRFP-GFP-LC3 fluorescence microscopy, electron microscopy, and western blotting. Detection of

serum AST and ALT and H&E staining were utilized to detect the degree of liver injury. The HF was evaluated by Masson

trichromatic staining. RT-qPCR, western blotting, and immunofluorescence were employed to detect relevant indicators.

RESULTS: Reducing Nogo-B suppressed AST and ALT levels, the accumulation of collagen I and a-SMA, and

expressions of pro-fibrotic genes in mouse liver. BACE1 was a potential downstream target of Nogo-B. Nogo-B was

upregulated in TGF-b1-activated hepatic stellate cells (HSCs). Knocking down Nogo-B caused the downregulation of pro-

fibrotic genes and inhibited viability of HSCs. Nogo-B knockdown prevented CCL4-induced fibrosis, accompanied by

downregulation of extracellular matrix. Nogo-B inhibited HSC autophagy and increased lipid accumulation. BACE1

knockdown inhibited HSC autophagy and activation in LX-2 cells.

CONCLUSION: Nogo-B knockdown prevents HF by directly inhibiting BACe1-mediated autophagy.
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1 Introduction

Hepatic fibrosis (HF) is a histopathological change in the

process of long-term liver injury caused by cytokine

secretion and internal environment disturbance, resulting in

excessive liver repair and fiber scar [1]. HF is characterized

by chronic liver injury caused by a variety of toxic

metabolites and the imbalance of repair mechanism, lead-

ing to hepatic stellate cell (HSC) activation and then

excessive deposition of extracellular matrix (ECM) [2, 3].

Clinical treatment of HF remains at the etiological level,

and there is still a lack of effective anti-fibrosis drugs [4, 5].

Without effective intervention, nodules form in the HF

tissue, destroy liver function and structure, develop into

cirrhosis, lead to liver failure, and even progress to liver

cancer.
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Nogo protein is a member of the reticular protein family,

which is a transmembrane protein. The gene encoding the

Nogo protein is located in human chromosome

2p16.1–2p16.3, and the Nogo mRNA produced is trans-

lated into three homologs Nogo-A/B/C by different pro-

moters and splicing methods [6]. Nogo-B, also known as

reticular 4B, is located primarily in the endoplasmic

reticulum [7]. It is a spliced variant of Nogo-A and is

expressed in most tissues [8]. Nogo-B protein is widely

distributed in peripheral tissues and organs and can regu-

late the migration of endothelial cells by activating TGF-b1
in vascular remodeling after injury [9]. Nogo-B has been

shown to promote organ fibrosis [10]. Abnormally high

plasma Nogo-B levels are associated with cirrhosis and

Child–Pugh score [11]. Nogo-B can regulate endothelial

and smooth muscle cell responses after injury to various

organs/tissues, including blood vessels [12], lungs [13],

kidneys [14], 29, and liver [6]. Nogo-B can mediate vas-

cular remodeling, cell migration and diffusion, epithelial-

mesenchymal transition, and tumor angiogenesis [15]. It is

clearly illustrated that a lack of Nogo-B can block fibro-

sis/cirrhosis and portal hypertension in HF [16].

Autophagy is a key pathway for damaged cellular

organelles and protein degradation, providing energy for

eukaryotic cells to maintain homeostasis [17]. Autophagy

is a necessary condition for coping with and adapting to

environmental changes [18]. Autophagy-related genes

(Atgs) regulate autophagy maturation [19]. Autophagy

inhibits HSC fibrosis by regulating the degradation of lipid

droplets and p62 [20, 21] and activates HSC [22]. There-

fore, HSC activation is closely related to autophagy.

Therefore, we hypothesize that Nogo-B-mediated

autophagy and apoptosis in HSCs are the regulatory

mechanisms by which this compound alleviates HF and

involves autophagy pathways.

2 Materials and methods

2.1 CCl4-induced HF in mice

Twenty one-month-old male C57BL/6 mice were inhaled

with CCl4 for 12 weeks. The mice were given drinking

water containing phenobarbital (0.35 g/L) 3 days before

CCl4 inhalation to worsen fibrosis/cirrhosis. The mice were

placed in a gas chamber (60 9 40 9 20 cm) and inhaled

CCl4 three times a week. In the first 3 weeks, the inhalation

time of CCl4 was 1–2 min, and then increased to 3–5 min

thereafter. Five–seven days before the experiment, the

inhalation of CCl4 was stopped and the consumption of

phenobarbital was also stopped. All animal studies were

approved by the Ethics Committee of The Second Medical

Center and National Clinical Research Center for Geriatric

Diseases, Chinese PLA General Hospital. The mice were

euthanized by air embolization.

2.2 LX-2 activation

LX-2 (Fudan IBS Cell Center, Shanghai, China) were

maintained in DMEM (Sigma-Aldrich, St. Louis, MO,

USA) containing 10% FBS (Gibco; Thermo Fisher Scien-

tific, Waltham, MA, USA) and activated by TGF-b1 at

1.25, 2.5, 5, and 10 nM, respectively.

2.3 Nogo-B and si-BACE1 transfection

Nogo-B-KD, BACE1 siRNA (si-BACE1), and negative

controls were transfected into LX-2 cells using Lipofec-

tamine 2000 (Invitrogen, Carlsbad, CA, USA). Nogo-B-

KD and Nogo-B-NC were treated in C57BL/6 mice 4 times

per week for 2 weeks using siRNA-MateTM transfection

reagent (Gema, Shanghai, China).

2.4 HE and Masson staining

Fresh liver tissue (about 0.5 cm2) was fixed with 4%

paraformaldehyde, embedded in paraffin, and prepared to

4 lm. H&E and Masson staining were performed to assess

changes in liver damage and HF. Images were obtained

under a BX-51 microscope (Olympus, Tokyo, Japan). The

degree of HF was graded according to the metavir score,

and each case was semi-quantitatively classified into 0–4

scores. 0 score indicated no fibrosis, 4 score indicated

cirrhosis, and 1–3 score indicated portal vein enlargement

with different degrees of diaphragm. HF was quantified and

analyzed using ImageJ V1.8.0 software.

2.5 Serum biochemistry

Serum ALT and AST were measured by biochemical

assays (C010-2-1 and C009-2-1, Nanjing Jiancheng Bio-

engineering Institute, Nanjing, China). Optical density was

read at 510 nm.

2.6 RT-qPCR

Total RNA from LX-2 cells and liver tissue was obtained

using RNAiso Plus reagent (9109; Takara; Beijing, China).
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cDNA was produced with Prime Script RT kit (RR036A;

Takara). Gene quantification was conducted with the TB

Green fluorescence quantitative PCR kit (RR420A; Takara)

using Light Cycler 480 software. PCR procedures included

45 cycles of denaturation at 95 �C for 15 s and annealing at

60 �C for 30 s, followed by extension at 95 �C for 5 s.

Target gene levels were analyzed using the 2-DDCt method.

Sequence primers are found in Table 1

2.7 Western blotting analysis

Total protein was obtained from LX-2 cells and mouse

liver tissues by ice-incubation with a lysis buffer contain-

ing 1% PMSF and RIPA and centrifuged at 4 �C at

12,500 rpm for 15 min. The supernatant quantified with a

BCA kit (P1511-2; Applygen; Beijing, China) was mixed

with SDS protein loading buffer, denatured at 100 �C for

10 mi, separated by 10% SDS–polyacrylamide gel

(P0012A; Beyotime, Haimen, China), immediately trans-

ferred to the PVDF membrane (HVLP02500; Millipore,

Burlington, MA, USA), and incubated with primary anti-

bodies at 4 �C overnight. After corresponding secondary

antibody (1:2000) reaction 1 h, the protein membrane was

visualized using ECL kits (ANT044; Antgene; Wuhan,

China).

2.8 Cell proliferation assay

LX-2 cells (1 9 104 cells/ml) were cultured in the 96-well

plate for 24 h and treated with TGF-b1 (1.25, 2.5, 5, and

10 nM) for 24 h. After 10 lL CCK-8 reagent was incu-

bated for 2 h, the absorbance at 450 nm was measured.

2.9 Immunofluorescence

Paraffin-embedded liver sections (4 lm) were immersed in

xylene, dewaxed in graded ethanol, and then in hot citrate

buffer (pH 6.0). Next, sections were treated with 0.3%

Triton X-100, blocked with 1% donkey serum, and incu-

bated overnight with LC3B (Sigma, 1:100) and a-smooth

muscle actin (SMA) (Sigma, 1:100) at 4 �C. Alexa Fluor

488- and 594-coupled secondary antibodies (1:500) were

supplemented for 1 h, followed by 1 lg/ml DAPI (C1002;

Beyotime) for 5 min. Images were observed under a con-

focal laser scanning microscope (Olympus, FV-500,

Tokyo, Japan).

2.9.1 Co-IP assay

Cells were prepared into a lysate, centrifuged at 12,000

rpm at 4 �C for 15 min, incubated with antibody or control

IgG of interest at 4 �C overnight, and added with 10 lL
Protein A ? G agarose beads (78,610, Thermo Scientific)

at 4 �C for 2 h. Finally, the sample was loaded into SDS-

PAGE gel for Western blotting.

2.9.2 Autophagy flux analysis

LX-2 cells were transfected with mRFP-GFP-tandem flu-

orescently labeled LC3 using Lipofectamine 2000. GFP

and mRFP were observed with Olympus FV1000 micro-

scope (Olympus). The image was captured using FV10-

ASW3.0 software. Yellow dots (GFP signals combined

with RFP signals) represent early autophagosomes, and red

dots (RFP signals alone) represent late autophagosomes.

Autophagy flux was assessed by color changes in GFP/

mRFP.

2.9.3 FISH

FISH-based Nogo-B imaging was performed according to

the previously described protocol [23] and a 5 ’biotin-la-

beled probe for Nogo-B (CTGCCTGTCAAGGATGTT-

TACA) was obtained from Gema.

Table 1 Primers sequences for qRT-PCR

Genes Primer sequence (50-30)

CTGF F: 50-GGGCCTCTTCTGCGATTTC-30

R: 50-ATCCAGGCAAGTGCATTGGTA-30

TIMP-1 F: 50-CGAGACCACCTTATACCAGCG-30

R: 50-ATGACTGGGGTGTAGGCGTA-30

Vimentin F: 50-TCCACACGCACCTACAGTCT-30

R: 50-CCGAGGACCGGGTCACATA-30

a-SMA F: 50-GTCCCAGACATCAGGGAGTAA-30

R: 50-TCGGATACTTCAGCGTCAGGA-30

Collagen I F: 50-GCTCCTCTTAGGGGCCACT-30

R: 50-CCACGTCTCACCATTGGGG-30

ULK1 F: 50-TGGAGGTGGCCGTCAAATG-30

R: 50-CGCATAGTGTGCAGGTAGTC-30

ATG5 F: 50-TGTGCTTCGAGATGTGTGGTT-30

R: 50-GTCAAATAGCTGACTCTTGGCAA-30

Beclin1 F: 50-ATGGAGGGGTCTAAGGCGTC-30

R: 50-TGGGCTGTGGTAAGTAATGGA-30

ATG7 F: 50-GTTCGCCCCCTTTAATAGTGC-30

R: 50-TGAACTCCAACGTCAAGCGG-30

ATG9A F: 50-CAGTTTGACACTGAATACCAGCG-30

R: 50-AATGTGGTGCCAAGGTGATTT-30

GAPDH F: 50-CTCCTCCTGTTCGACAGTCAGC-30

R: 50-CCCAATACGACCAAATCCGTT-30
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2.9.4 Statistical analysis

Data were expressed as mean ± SE and assessed by

analysis of variance and student t-test. P\ 0.05 was con-

sidered statistically significant.

3 Results

3.1 TGF-b1 triggers activation and proliferation

of LX-2 cells

LX-2 cells were activated by TGF-b1 (1–10 ng/ml) and

tested by CCK-8 assay. As shown, LX-2 cell proliferation

was significantly enhanced by TGF-b1 at 1–5 ng/ml

(Fig. 1A). However, TGF-b1 at 10 ng/ml, suppressed LX-2

cell proliferation (Fig. 1A), possibly because high doses of

TGF-b1 stimulation led to excessive cytotoxic effects that

promoted more apoptosis. a-SMA and Collagen I expres-

sions were elevated in LX-2 cells treated with TGF-b1 at

10 ng/ml (Fig. 1B, C). Therefore, 10 ng/ml TGF-b1 was

used for follow-up experiments.

3.2 Nogo-B is upregulated in TGF-b1-activated
HSCs

TGF-b1-induced LX-2 activation led to up-regulation of

Nogo-B (Fig. 2A). Nogo-B level in LX-2 increased in

response to TGF-b1 (Fig. 2B). FISH data showed a major

increase in Nogo-B expression in the cytoplasm of TGF-

b1-activated LX-2 cells (Fig. 2C).

3.3 Knocking down Nogo-B inhibits LX-2 cell

proliferation, activation, and ECM

accumulation

TGF-b1-activated LX-2 cells were treated with Nogo-B

knockdown, and LX-2 cell proliferation was found to

decrease after Nogo-B knockdown (Fig. 3A). a-SMA and

Collagen I protein expression was reduced (Fig. 3B), and

a-SMA, Collagen I, and CTGF mRNA expressions were

decreased (Fig. 3C–E). Immunofluorescence showed a

significant reduction in a-SMA (Fig. 3F). Meanwhile,

levels of TIMP-1 and CTGF decreased in LX-2 cells after

Nogo-B knockdown (Fig. 3G). Decreased a-SMA, Colla-

gen I, and Vimentin protein expression further supported

the antifibrotic activity of Nogo-B knockdown in vitro

(Fig. 3H).

3.4 Knocking down Nogo-B alleviates CCL4-

induced liver injury and HF in mice

ALT and AST were reduced in CCL4-induced mice with

Nogo-B knockdown (Fig. 4A, B). HE staining found that

liver sections in CCl4-induced mice showed extensive

proliferative fibrous tissue in portal triplet and a large

number of hepatocyte edema/necrosis around the central

vein, disappearance of hepatic cord, and formation of

pseudo-lobe. Knocking down Nogo-B effectively relieved

the destruction of liver tissue structure and reduced the

proliferation of collagen fibers (Fig. 4C, D). Fibrosis score

was correspondingly lower as assessed by pathophysiology

(Fig. 4E).

3.5 Knocking down Nogo-B alleviates CCL4-

induced HF in mice by regulating autophagy

Western blotting and RT-qPCR results showed that CCl4

intervention led to LC3-II and Beclin1 accumulation, but

no significant change in LC3-I, so the LC3-II/LC3-I ratio

increased, while knocking down Nogo-B reversed LC3 and

Beclin1 expression (Fig. 5A, B). Similarly, ULK1, ATG5/

7/9, and Beclin1 mRNA levels were reduced by knocking

down Nogo-B (Fig. 5C, D). p62 expression decreased with

the intervention of CCl4, while increased after Nogo-B

knockdown treatment (Fig. 5A, B). CCl4 intervention led

Fig. 1 TGF-b1 induces activation and proliferation of LX-2 cells. A CCK8 assay analyzed cell proliferation; B, C Western blot and RT-qPCR

analysis of a-SMA and Collagen I
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to LC3-II accumulation and increased LC3-II/LC3-I ratio.

Knocking down Nogo-B reversed LC3 and p62 expression

(Fig. 5E–G).

3.6 TGF-b1 induces autophagy and activation

of LX-2 cells

The effect of Nogo-B knockdown on autophagy of HSCs

in vitro was determined. Western blotting determined that

with the increase of TGF-b1 concentration, LC3-II/LC3-I

and Beclin1 expression gradually increased, while p62

level gradually decreased (Fig. 6A, B). ULK1, ATG5/7/9,

and Beclin1 mRNA expression also increased with the

increase of TGF-b1 concentration (Fig. 6C, D). In short,

TGF-b1 can stimulate the activation of LX-2 cells and

induce autophagy.

3.7 Down-regulation of BACE1 promotes

the antifibrotic effect of Nogo-B knockdown

To explore the specific mechanism of Nogo-B knockdown

to improve HF, BACE1 was identified as a potential

downstream target of Nogo-B in protein–protein interac-

tion networks (Fig. 7A). The interaction between Nogo-B

and BACE1 was confirmed by Co-IP assay (Fig. 7B).

BACE1 is the main neuronal b-secreting enzyme produced

by amyloid-b, which is degraded in lysosomes and can

maintain neuronal homeostasis in the autophagolysosomal

system [24]. BACE1 is also involved in the regulation of

autophagy [25]. After intervening BACE1 in mice, the

degree of HF was assessed by histopathological analysis.

The results showed that downregulating BACE1 alleviated

histopathological changes in the liver of mice and could

Fig. 2 Nogo-B is upregulated in TGF-b1-induced LX-2 cells. A, B Western blot and RT-qPCR analysis of Nogo-B; C FISH detection of Nogo-

B in LX-2 cells
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further improve the effect of Nogo-B knockdown. In

addition, both HE and Masson staining showed that Nogo-

B knockdown in combination with BACE1 downregulation

improved fibrosis, manifested by reduced collagen depo-

sition, reduced fibrotic area, and reduced inflammatory cell

infiltration (Fig. 7C, D).

3.8 BACE1 knockdown can improve HSC

autophagy and activation

The knockdown efficiency of BACE1 was detected by RT-

qPCR and Western blotting in LX-2 cells (Fig. 8A, B).

BACE1 knockdown significantly down-regulated a-SMA,

TIMP-1, and Collagen I (Fig. 8C), suggesting that BACE1

Fig. 3 Knocking down Nogo-B inhibits LX-2 cell proliferation,

activation, and ECM production. A CCK8 assay analyzed cell

proliferation; B Western blot analysis of a-SMA and Collagen I; C–
E: RT-qPCR analysis of a-SMA, Collagen I, and CTGF;

F Immunofluorescence detection of a-SMA expression; G–H:

Western blot analysis of CTGF, TIMP-1, a-SMA, Collagen I, and

Vimentin
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knockdown inhibited HSCs activation. BACE1 knockdown

in LX-2 cells also reduced the number of autophagosomes

(Fig. 8D). Scanning electron microscope observed that the

number of autophagy vacuoles in LX-2 cells was also

reduced after downregulating BACE1 (Fig. 8E).

4 Discussion

HF is an auto-defense reaction of the body after chronic

liver damage. Repeated wound healing leads to HF, and its

main histopathological changes are the excessive deposi-

tion of ECM in the liver [26]. It has been evidenced that

antiviral treatment for chronic hepatitis B and C could slow

down or stop HF progression [27]. Nogo-B silencing has

been shown to prevent and reverse HF [28].

Our in vitro experiments showed that Nogo-B was

highly expressed in TGF-b1-activated HSCs, and was

mainly up-regulated in the cytoplasm. It has been reported

that Nogo-B promotes congenital inflammation and con-

tributes to hepatic ischemia and reperfusion injury [6].

Also, Nogo-B enhances angiogenesis and cardiac repair

after myocardial infarction [29]. Our in vivo experiments

also showed that Nogo-B was significantly upregulated in

mouse liver fibrotic tissue. Nogo-B knockdown inhibited

a-SMA, TIMP-1, and Collagen I and led to growth arrest of

Fig. 4 Knocking down Nogo-B alleviates CCL4-induced liver injury and HF in mice. A, B Changes of serum ALT and AST concentrations;

C HE-stained liver sections; D Masson-stained liver sections; E HF score
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HSCs, suggesting that Nogo-B knockdown may target the

matrix synthesis process by inhibiting HSC activation and

proliferation, thereby negatively regulating HF. In the

mouse model, Nogo-B knockdown significantly reduced

the severity of HF, which can be achieved through collagen

deposition and reduction in collagen content. In addition,

Nogo-B knockdown has a liver protective effect on the

process of HF by reducing AST and ALT and suppressing

HSC activation.

Autophagy is an evolutionally conserved process of self-

digestion in which cytoplasmic material is sequestered in

cytoplasmic autophagosomes and delivered to lysosomes

for degradation. As far as we know, Nogo-B is a gene

involved in fibrosis and autophagy [16]. This study proved

that Nogo-B may block HSC activation by inhibiting

autophagy in HSCs.

BACE1, as an aspartate protease, belongs to the pepsin

family [30] and was first discovered in 1999. It is especially

Fig. 5 Knocking down Nogo-B alleviates CCL4-induced HF in mice

by regulating autophagy. A Western blot analysis of LC3, p62, and

Beclin1; B RT-qPCR analysis of LC3, p62, and Beclin1; C RT-qPCR

analysis of ULK1 and Beclin1; D RT-qPCR analysis of ATG5/7/9;

E–G Immunofluorescence detection of LC3 and P62
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abundant in various neuronal cell types and exerts in

maintaining and repairing the central nervous system and

peripheral nervous system, especially in response to injury

and inflammation [31]. Nogo-B knockdown reduced

BACE1 levels in HSCs, and BACE1 was down-regulated

in the fibrotic animal model, suggesting that Nogo-B could

regulate BACE1 expression. The results indicated that

Nogo-B regulates HF by interacting with the BACE1

pathway, highlighting the therapeutic potential and poten-

tial mechanisms by which Nogo-B inhibits the BACE1

pathway for the prevention and treatment of HF.

This study originally explored the relationship between

Nogo-B, autophagy, and HF and clarified that Nogo-B is

upregulated in TGF-b1-activated LX-2 cells and mouse

liver fibrotic tissues. Nogo-B has therapeutic potential in

HF by inhibiting HSC activation, stimulating matrix

Fig. 6 TGF-b1 induces autophagy of LX-2 cells. A Western blot analysis of LC3, p62, and Beclin1; B RT-qPCR analysis of LC3, p62, and

Beclin1; C RT-qPCR analysis of ULK1 and Beclin1; D RT-qPCR analysis of ATG5/7/9
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degradation, and inhibiting collagen production. The

molecular basis of Nogo-B’s antifibrotic effect is the direct

inhibition of BACE1 leading to HSC autophagy inhibition.

These findings suggest that knockdown of Nogo-B may

block HF through an autophagy-dependent pathway and

Fig. 7 Down-regulating BACE1 promotes the antifibrotic effect of Nogo-B knockdown. A Protein interaction network analysis of Nogo-B;

B Co-IP analysis of the interaction between Nogo-B and BACE1; C HE-stained liver sections; D Masson-stained liver sections
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Fig. 8 BACE1 knockdown can improve the autophagy and activation

of HSCs. A, B Western blot and RT-qPCR analysis of BACE1

knockdown; C RT-qPCR analysis of a-SMA, Collagen I, and TIMP-

1; D Immunofluorescence detection of autophagy flux; E Scanning

electron microscopy observed autophagy vacuoles in LX-2 cells
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therefore represent a new and promising therapeutic target

for HF.
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