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Abstract

Background: α-Calcitonin gene-related peptide (α-CGRP) is a 37-amino acid neuropeptide 

involved in several pathophysiological processes. α-CGRP is involved in the regulation of 

cholangiocyte proliferation during cholestasis. In this study, we aimed to evaluate if α-CGRP 
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regulates bile duct ligation (BDL)-induced liver fibrosis by using a α-CGRP knockout (α-CGRP
−/−) mouse model.

Methods: α-CGRP−/− and wild-type (WT) mice were subjected to sham surgery or BDL for 7 

days. Then, liver fibrosis and cellular senescence as well as the expression of kinase such as p38 

and C-Jun N-terminal protein kinase (JNK) in mitogen-activated protein kinases (MAPK) 

signaling pathway were evaluated in total liver, together with measurement of cellular senescence 

in cholangiocytes or hepatic stellate cells (HSCs).

Results: There was enhanced hepatic expression of Calca (coding α-CGRP) and the CGRP-

receptor components (CRLR, RAMP-1 and RCP) in BDL and in both WT α-CGRP−/− and BDL 

α-CGRP−/− mice, respectively. Moreover, there was increased CGRP serum levels and hepatic 

mRNA expression of CALCA and CGRP receptor components in late-stage PSC samples 

compared to healthy control samples. Depletion of α-CGRP reduced liver injury and fibrosis in 

BDL mice that was associated with enhanced cellular senescence of hepatic stellate cells and 

reduced senescence of cholangiocytes as well as decreased activation of p38 and JNK MAPK 

signaling pathway. Cholangiocyte supernatant from BDL α-CGRP−/− mice inhibited the activation 

and increased cellular senescence of cultured human HSCs (HHSCs) compared to HHSCs 

stimulated with BDL cholangiocyte supernatant. Taken together, endogenous α-CGRP promoted 

BDL-induced cholestatic liver fibrosis through differential changes in senescence of HSCs and 

cholangiocytes and activation of p38 and JNK signaling. Modulation of α-CGRP/CGRP receptor 

signaling may be key for the management of biliary senescence and liver fibrosis in 

cholangiopathies.
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Introduction

Liver fibrosis is a common consequence of acute damage and chronic reversible wound-

healing response to liver injury 1. Progressive liver fibrosis results in cirrhosis 2, 3, which is a 

major risk factor for hepatocellular carcinoma (HCC) 4. However, the mechanisms of liver 

fibrosis (a major health problem worldwide) are not completely elucidated. A hallmark of 

liver fibrosis is the activation and transdifferentiation of hepatic stellate cells (HSCs), which 

also serve as major producer of fibrogenic extracellular matrix (ECM) 5. Therefore, targeting 

the activation of HSCs may be a promising approach to reduce liver fibrosis and the 

consequent risk of liver cirrhosis.

Cellular senescence is a stable form of cell cycle arrest program, which may limit the 

proliferative activity of cells. Recent studies have demonstrated that senescent cells exhibit 

large and flattened morphology, and accumulate senescence-associated β-galactosidase (SA-

β-gal) activity 6. Some studies have shown that the senescence of activated HSCs down-

regulates extracellular matrix synthesis to limit liver fibrosis 6, 7. Cholangiocytes are the 

target cells of cholangiopathies including primary sclerosing cholangitis (PSC) and primary 

biliary cholangitis (PBC) 8 and in animal models of cholestasis including bile duct ligation 
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(BDL) and the multidrug resistance protein 2 (Mdr2−/−) mouse model of PSC 9, 10. 

Senescence of cholangiocytes has been shown to be an important player in the development 

of cholestatic liver injury and biliary fibrosis 11, 12. During tissue injury, neuropeptides such 

as tachykinins and α-calcitonin gene-related peptide (α-CGRP) are released by tissue 

peripheral nerve terminals and have local functions such as neurogenic inflammation 13. α-

CGRP is a 37-amino acid peptide that is primarily localized to sensory neurons. α-CGRP is 

also distributed in various tissues and CGRP receptors are found in the brain, heart, liver, 

lung and spleen 14, 15. CGRP receptor is composed of three subunits: calcitonin receptor-like 

receptor (CRLR), receptor activity modifying protein 1 (RAMP1) and receptor component 

protein (RCP). CGRP levels are higher in the serum of cirrhotic patients compared to 

healthy controls 16. Studies have shown that: (i) α-CGRP stimulate cholangiocyte 

proliferation during BDL-induced cholestasis 15; and (ii) CGRP contributes to the activation 

of protein kinase C (PKC) resulting in activation of the mitogen-activated protein kinases 

(MAPKs) such as extracellular signal-regulated kinase (ERK), C-Jun N-terminal protein 

kinase (JNK) and p38 kinase and it is involved in the stimulation of biliary hyperplasia as 

well as the development of renal fibrosis 17, 18. On the basis of these findings, we performed 

studies aimed to evaluate the intracellular mechanisms by which α-CGRP modulates biliary 

damage and liver fibrosis during cholestasis.

Methods and Materials

Materials

Reagents were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) unless 

otherwise indicated. The mouse monoclonal antibody against receptor activity modifying 

protein 1 (RAMP1) was purchased from Santa Cruz Biotechnology (Dallas, TX). The 

following antibodies were purchased from Abcam (Burlingame, CA): (i) rabbit polyclonal 

antibodies against cyclin-dependent kinase inhibitor 2A (p16) (Ab189034) and α-smooth 

muscle actin (α-SMA) (Ab5694); (ii) rabbit monoclonal antibody against desmin (marker of 

HSCs) 10, 19, 20 (Ab185033); and (iii) rabbit polyclonal antibody to fibronectin (Ab2413). 

The rat monoclonal antibody against cytokeratin-19 (CK-19) was purchased from TROMA-

III. The mouse antibody against p16 (sc-166760) was purchased from Santa Cruz 

Biotechnology. The antibodies against SAPK/JNK (9252), p-JNK (4668), p-38 MAPK 

(9212S) and p-p38 MAPK (9211) were purchased from Cell Signaling Technology 

(Danvers, MA). CGRP EIA kits (for detecting CGRP levels) were purchased from Peninsula 

Laboratories International, Inc. (San Carlos, CA). Rat α-CGRP was purchased from Phoenix 

Pharmaceuticals, Inc. (Burlingame, CA). The CGRP receptor antagonist (CGRP8–37) 15 was 

purchased from Peninsula Laboratories International, Inc. (San Carlos, CA). The RNeasy 

Mini Kit for RNA purification and all selected primers were purchased from Qiagen 

(Valencia, CA). The iScript cDNA Synthesis Kit (170–8891) and iTaq Universal SYBR 

Green Supermix (172–5124) were purchased from Bio-Rad (Hercules, CA). All primers for 

qPCR were purchased from Qiagen (Valencia, CA); specific information about the primers 

used in this project is listed in Supplemental Table 1.
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Animal Models

All animal experiments were performed in accordance with protocols approved by the 

Baylor Scott & White Healthcare IACUC Committee. C57BL/6 wild-type (WT) mice were 

purchased from Charles River (Wilmington, MA). The α-CGRP knockout (α-CGRP−/−) 

mouse model was generated as described 21. The mice were maintained in a temperature-

controlled environment (20–22°C) with 12:12-hr light/dark cycles and fed with standard 

mouse chow with free access to drinking water ad libitum. Male WT and α-CGRP−/− mice 

(approximately 25–30 g, 10–12 weeks of age) underwent BDL 22 or sham surgery for 1 

week before collecting serum, total liver samples, cholangiocytes and cholangiocyte 

supernatant.

Human healthy control and PSC samples

The serum (n=3) and liver tissue (n=4) samples from healthy human and patients with early 

(n=2) and advanced stage (3–4, n=3) of PSC (Table 1) were obtained from Dr. Pietro 

Invernizzi under a protocol approved by the Ethics Committee of the Humanitas Research 

Hospital; which was reviewed by the Veterans’ Administration IRB and International 

Research Committee. The use of human tissue was approved by the Texas A&M HSC 

College of Medicine Institutional Review Board.

Isolated mouse cholangiocytes and HSCs, and cell lines of immortalized murine 
cholangiocytes and human hepatic stellate cells

Mouse cholangiocytes were obtained by immunoaffinity separation 22, 23. Mouse HSCs were 

isolated by laser capture microdissection (LCM) using an antibody against desmin, a marker 

of HSCs 24. The RNA from LCM-isolated HSCs was extracted with the Arcturus PicoPure 

RNA isolation kit (Thermo Fisher Scientific CO, Mountain View, CA) according to the 

instructions provided by the vendor. Expression of fibrosis and senescence markers was 

measured in these cells by quantitative polymerase chain reaction (qPCR).

The in vitro studies were performed in human hepatic stellate cell lines (HHSCs) and murine 

immortalized biliary cell lines (IMCLs) 23 that were purchased from ScienCell Research 

Laboratories (Carlsbad, CA). These cells were seeded into six-well plates and treated with 

0.2% BSA (basal) or α-CGRP (10−9 M) for 24 hr in the absence/presence of CGRP8–37 (1 

μM) 15. Cells were harvested and the expression of fibrosis and senescence genes were 

evaluated by qPCR. In other in vitro experiments, HHSCs were treated with cholangiocyte 

supernatant from the aforementioned animal groups before evaluating the mRNA and 

protein expression of fibrosis and senescence markers by qPCR and by 

immunofluorescence. All of these studies were performed in triplicate. Data are expressed as 

relative mRNA levels ± SEM of the selected gene to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) ratio.

Evaluation of CGRP serum levels in human PSC samples and hepatic mRNA expression of 
Calca and CGRP receptor components in cholestatic mouse models and PSC samples

CGRP serum levels from human healthy controls and early and late-stage PSC patients 

(n=5) were measured by EIA kits (see above). Total RNA was extracted paraffin-embedded 

section samples from 5 PSC patients by the kit RNeasy FFPE kit (Qiagen). The RNA from 
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mouse liver was extracted by using the RNeasy Mini Kit for RNA purification (Qiagen). The 

mRNA expression of Calca (coding α-CGRP), CGRP receptor components (CRLR, 

RAMP-1 and RCP) in isolated cholangiocytes of the selected mouse samples (n=4) and in 

total liver of PSC (n=5) and healthy control samples (n=4) was evaluated by qPCR. Data are 

expressed as relative mRNA levels ± SEM of the selected gene to GAPDH ratio.

Assessment of serum chemistry and liver fibrosis

The serum levels of alanine aminotransferase (SGTP), aspartate aminotransferase (SGOT) 

and total bilirubin were measured by a Catalyst One Chemistry Analyzer from IDEXX 

Laboratories, Inc. (Westbrook, ME). In addition, we measured the serum levels of IL-6 and 

TGF-β1 in cholangiocyte supernatant by the BD OptEiA™ Mouse IL-6 ELISA Kit and the 

TGF-β1 ELISA kit (Affymetrix Inc., Santa Clara, CA), respectively 10. Liver histology was 

evaluated in paraffin-embedded liver sections (4–5 μm thick) from the selected groups of 

mice by hematoxylin and eosin (H&E) staining. Observations were processed by Image-Pro 

Plus software (Media Cybernetics) in a blinded fashion by a board-certified pathologist. 

Liver fibrosis was measured by: (i) Sirius red staining (10 different fields analyzed from 3 

different samples from 3 animals) and Masson trichrome staining in liver sections (4–5 μm 

thick); (ii) Hydroxyproline levels in total liver samples using the Hydroxyproline Assay Kit 

(MAK008; Sigma-Aldrich); and (iii) immunoblots for α-SMA in total liver. We also 

evaluated the mRNA expression of: (i) TGF-β1 and Smad2 in total liver; (ii) α-SMA, Fn-1, 

and Col1α1 in total liver and isolated cholangiocytes; and (iii) Col1α1 in LCM-isolated 

HSC by qPCR (20).

Measurement of cellular senescence

Cellular senescence was measured in frozen liver sections (10 μm thick) by staining for 

senescence-associated β-galactosidase (SA-β-gal) using a commercially available kit 

(MilliporeSigma, Billerica, MA); all the experiments were performed in 3 different liver 

samples from 3 different animals. Cellular senescence was also evaluated by measuring the 

mRNA expression of the senescent markers: (i) p16, p21, CCL2 and PAI-1 in total liver 

samples; (ii) p16 and p21 in isolated cholangiocytes and HSCs by qPCR 23; and (iii) p16 in 

total liver by immunoblots. In addition, other senescent-associated secretory phenotypes 

(SASP) such as IL-6, IL-8, IL-1β and matrix metalloproteinase-2 (MMP2) was measured in 

isolated cholangiocytes. Immunoreactivity for p16 was also measured by 

immunofluorescence in frozen liver sections (6–8 μm thick); the images were analyzed by 

using Leica AF 6000 Modular Systems.

Measurement of MAPK expression in total liver

Protein was extracted from total liver with lysis buffer and quantified by the bicinchoninic 

acid method (Pierce Biotechnology, Inc., Rockford, IL). Then, the expression of p-JNK and 

p-p38 MAPK (expressed as ratio to total protein expression of JNK and p38) was evaluated 

by immunoblots 24 and visualized and quantified using the LI-COR Odyssey Infrared 

Imaging System (LI-COR Bioscience, Lincoln, NE).
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Statistical analysis

All data are expressed as the mean ± SEM. Differences between groups were analyzed by 

Student’s unpaired t-test when two groups were analyzed or ANOVA followed by Tukey 

post-hoc test for multiple comparisons when more than two groups were analyzed using 

SPSS software 22.0 (Armonk, NY). A value of p<0.05 was considered significant.

Results

Enhanced hepatic mRNA expression of Calca, increased liver injury in BDL mice and 
enhanced hepatic expression of CALCA and CGRP receptor components as well as CGRP 
serum levels in human PSC samples

There was increased mRNA expression of Calca in isolated cholangiocytes from BDL WT 

compared to control WT mice, increase that was reduced in BDL α-CGRP−/− mice 

compared to BDL WT mice (Figure 1A). Furthermore, there was enhanced mRNA 

expression of the CGRP-receptor components (CRLR, RAMP-1 and RCP) in cholangiocytes 

from α-CGRP−/− mice compared to WT mice (Figure 1A). The expression of CRLR and 

RAMP1 was also increased in cholangiocytes from BDL α-CGRP−/− compared to BDL WT 

mice (Figure 1A). All together, these data suggest that the lacking of α-CGRP expression in 

BDL mice induces a compensatory response from cholangiocytes by increasing the 

expression of CGRP receptor components. The mRNA expression of CALCA and CGRP 

receptor components increased in total liver samples from PSC patients compared to healthy 

controls (Figure 1B). The serum levels of SGPT and SGOT (Figure 1C) and total bilirubin 

(Supplemental Figure 2A) were also increased in BDL WT mice compared to WT mice, but 

significantly decreased in BDL α-CGRP−/− mice compared to BDL WT mice. Furthermore, 

the CGRP serum levels were higher in PSC patients compared to healthy controls (Figure 

1D). There were no differences in the serum levels of IL-6 between normal WT and CGRP
−/− mice, but there was a significant reduction of IL-6 serum levels in BDL CGRP−/− mice 

compared to BDL WT mice (Supplemental Figure 2B).

Lack of α-CGRP reduces liver fibrosis and activation of MAPK signaling pathway during 
BDL-induced cholestasis

Previously, we have demonstrated reduced intrahepatic biliary mass in BDL α-CGRP−/− 

mice compared to BDL WT mice 15. Thus, we hypothesize that α-CGRP may be a 

profibrotic factor during BDL-induced liver fibrosis. By H&E staining, severe histological 

changes were observed in liver sections of BDL mice compared to WT mice, which was 

reduced in BDL α-CGRP−/− mice (Supplemental Figure 1A). While the hepatic architecture 

of normal WT mice was normal, we observed sinusoidal congestion and reactive nuclear 

changes in hepatocytes in the liver of normal α-CGRP−/− mice; rare necrotic hepatocytes 

were present. No inflammation, ductular reaction or definite fibrosis was identified 

(Supplemental Figure 1A). Liver sections of BDL WT mice show portal areas expanded by a 

mild ductular reaction, with a mild patchy periductal concentric fibrosis and acute 

inflammation extending into the bile duct epithelium. There was mild, patchy activity at the 

limiting plate with few small and rare large islands of necrotic hepatocytes in the lobules. 

There was patchy mild lobular acute inflammation and focal mild collapse. A portion of 

extrahepatic bile duct is present with marked granulation tissue and foreign body giant cell 
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reaction (Supplemental Figure 1A). Liver sections of liver of BDL α-CGRP−/− mice show 

portal areas expanded by marked ductular reaction and periductal concentric fibrosis. There 

was mild acute inflammation extending into the bile duct epithelium with patchy activity at 

the limiting plate. There were large islands of necrotic hepatocytes in the lobules and single 

cell necrosis with early bridging fibrosis (Supplemental Figure 1A).

By Sirius red staining, there was enhanced collagen hepatic deposition in BDL WT mice 

compared to WT mice, which was significantly reduced in BDL α-CGRP−/− compared to 

BDL WT mice (Figure 2A); similar results were obtained by Masson trichrome staining 

(Supplemental Figure 1B). Moreover, by measurement of hydroxyproline levels in total liver 

samples there was reduced collagen deposition in BDL α-CGRP−/− mice compared to BDL 

WT mice (Figure 2B). By qPCR, there was enhanced expression of α-SMA and fibronectin 

(Fn1) in total liver from BDL WT mice compared to WT mice, increase that was reduced in 

BDL α-CGRP−/− mice compared to BDL WT mice (Figure 2, C-D). Furthermore, BDL-

induced α-SMA protein expression was decreased in total liver samples from BDL α-CGRP
−/− mice compared to BDL WT mice (Figure 3A). There was: (i) decreased mRNA 

expression of: TGF-β1 and Smad2 in total liver (Figure 3B); and (ii) reduced TGF-β1 levels 

in cholangiocyte supernatant (Figure 3C) from BDL α-CGRP−/− mice compared to BDL 

WT mice. Additionally, the MAPK signaling pathway was activated during BDL, which was 

evidenced by enhanced expression of p-JNK and p-p38 MAPK in total liver of BDL WT 

mice compared to WT mice, expression that was partly reduced in BDL α-CGRP−/− mice 

(Figure 3 D-E).

Lack of α-CGRP decreases BDL-induced cellular senescence in total liver and isolated 
cholangiocytes, but increases cellular senescence in HSCs from BDL mice

Since biliary senescence contributes to liver fibrosis in PSC and PBC 8 as well as in 

cholestatic mouse models 10, we evaluated if the changes of cellular senescence underlie the 

effect of α-CGRP on liver fibrosis during cholestasis. By SA-β-gal staining, we 

demonstrated that there was enhanced cellular senescence in liver sections from BDL WT 

mice compared to WT mice (Figure 4A). On the contrary, cellular senescence was reduced 

in total liver from BDL α-CGRP−/− mice compared to BDL WT mice (Figure 4A). By 

qPCR, there was: (i) increased expression of p16, p21, CCL2 and PAI-1 in total liver from 

BDL WT mice compared to WT mice; and (ii) decreased expression of these senescent 

genes in total liver samples from BDL α-CGRP−/− mice compared to BDL WT mice (Figure 

4B). By immunoblots, decreased expression of p16 was observed in total liver from BDL α-

CGRP−/− mice compared to BDL WT mice (Figure 4C). Furthermore, the expression of 

fibrosis and senescence markers increased in cholangiocytes from BDL WT mice compared 

to normal mice; these changes were partially reduced in BDL α-CGRP−/− mice (Figure 

5A-5B). Moreover, reduced expression of IL-6, IL-8, IL-1β and MMP2 was observed in 

cholangiocytes from BDL α-CGRP−/− mice compared to BDL WT mice (Figure 5C). By 

immunofluorescence in liver sections, increased expression of p16 in cholangiocytes was 

observed from BDL WT mice compared to WT mice, however, the expression of p16 was 

decreased in cholangiocytes from BDL α-CGRP−/− mice compared to BDL WT mice 

(Figure 5D). Conversely, senescence gene (p16 and p21) and protein (p16) expression was 

increased in HSCs from BDL α-CGRP−/− mice compared to BDL WT mice (Figure 6B). It 
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was observed decreased co-localization of the HSC specific marker, desmin 20, 25, 26, and 

p16 in BDL mice compared to BDL α-CGRP−/− mice, which suggests that senescence of 

HSCs is reduced in BDL mice compared to BDL α-CGRP−/− mice (Figure 6C). Meanwhile, 

depletion of α-CGRP decreased the expression of Col1α1 in HSCs during BDL- induced 

liver injury (Figure 6A). The fact there are no changes of fibrosis and senescence in α-

CGRP−/− mice compared with WT mice (Figures 4-5) is likely due to the fact that there is no 

activation of HSCs to convert quiescent HSCs into activated HSCs as happens in the BDL 

model that activates proliferative, senescent and fibrogenic events in cholangiocytes.

Effect of α-CGRP and CGRP8–37 on the expression of fibrosis and senescence genes in 
IMCLs and HHSCs

We observed that receptor activity-modifying protein 1 (RAMP1) is expressed by both 

IMCLs and HHSCs (Figure 7A). To determine the direct effect of α-CGRP and CGRP8–37 

on cholangiocytes and HHSCs in vitro, we treated IMCLs and HHSCs with α-CGRP (10−9 

M) with or without the CGRP receptor antagonist (CGRP8–37, 1 μM) for 24 hours before 

measuring fibrosis and senescence mRNA expression by qPCR. Treatment of IMCLs and 

HHSCs with α-CGRP (10−9 M for 24 hr) increased the expression of α-SMA and Col1α1 in 

both cell types, increase that was partially reduced by treatment with CGRP8–37 (Figure 7, 

B-C). The profibrogenic effects of α-CGRP on IMCLs and HHSCs were associated with 

increased senescence of IMCLs but reduced senescence of HHSCs; the effects were 

prevented by incubation with CGRP8–37 (Figure 7D).

Effect of cholangiocyte supernatant on the expression of senescence and fibrosis markers 
in HHSCs

When HHSCs were treated with cholangiocyte supernatant from BDL WT mice, there was 

decreased mRNA expression of the senescent markers, p16, p18 and p21, (Figure 8, D-F) 

and increased expression of the fibrotic genes, TGF-β1, TIMP1 and Fn1, compared to 

HHSCs treated with cholangiocyte supernatant from WT mice (Figure 8, A-C). The extent 

of these increases was reduced when HHSCs were treated with cholangiocyte supernatant 

from BDL α-CGRP−/− mice compared to HHSCs treated with cholangiocyte supernatant 

from BDL WT mice (Figure 8, A-F). The protein expression of Fn1 was decreased, whereas 

the expression of p16 was increased in HHSCs treated with cholangiocyte supernatant from 

BDL α-CGRP−/− mice compared to HHSCs treated with cholangiocyte supernatant from 

BDL WT mice (Supplemental Figure 3, A-B).

Discussion

Liver fibrosis is a hallmark of acute and chronic liver diseases and is accompanied by a 

multicellular response with the activation of HSCs as a critical component 27, 28. Therefore, 

inhibition of the accumulation of activated HSCs by modulating either their activation and/or 

proliferation, or by promoting HSC apoptosis and senescence, is an important potential 

target in patients with hepatic fibrosis. In this study, we demonstrated that there was 

increased hepatic expression of Calca (coding α-CGRP) in BDL mice compared to normal 

WT mice. Furthermore, the expression of CGRP receptor components are elevated in α-

CGRP−/− mice as a compensatory response due to lacking of α-CGRP. We also 
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demonstrated an increase in CGRP serum levels and hepatic mRNA expression of CALCA 

and CGRP receptor components in human PSC samples compared to healthy controls. 

Knock-out of α-CGRP reduced liver injury and fibrosis in BDL mice that was associated 

with enhanced cellular senescence in HSCs along with inhibition of MAPKs expression and 

decreased senescence of cholangiocytes. Furthermore, treatment with cholangiocyte 

supernatant from BDL α-CGRP−/− mice decreased the activation and increased the 

senescence of cell lines of human HSCs compared to human HSCs stimulated with 

cholangiocyte supernatant from BDL WT mice.

α-CGRP is widely distributed in a variety of tissues in both mice and humans 29 and plays a 

key role as a vasodilator in regulating vascular tone and blood flow under pathophysiological 

conditions 30. In addition, α-CGRP is now recognized to be a pleiotropic peptide that 

enhances heart 31 and skeletal muscle 32 contraction, regulates the growth of various cell 

types 15, 33 and suppresses gastric acid secretion 34. Using α-CGRP−/− mice, we have 

previously shown that sensory innervation of the liver and biliary expression of α-CGRP 

regulates cholangiocyte proliferation during cholestasis, where there is damage of 

cholangiocytes and activation of HSCs resulting in the progression of liver fibrosis 15. In the 

present study, we demonstrated that knock-out of α-CGRP alleviated liver injury and hepatic 

fibrosis in cholestatic mice. Consistent with our findings, other studies have demonstrated 

that α-CGRP contributes to interstitial fibrogenesis in obstructive nephropathy 17, 35. To 

clarify the mechanisms underlying the reduction of liver fibrosis due to knock-out of α-

CGRP in BDL mice, we focused on the changes of cellular senescence in HSCs and 

cholangiocytes since senescence of these cells have been shown to be involved in the 

development or regression of hepatic fibrosis 10, 12. The differential expression of 

senescence markers between cholangiocytes and HSCs has been shown in several studies. 

For example, increased biliary senescence has been found in PSC and PBC patients 8, 11. 

Also, increased senescence of activated HSCs can limit liver fibrosis induced by CCl4 

treatment 6. In this study, we demonstrated that lack of α-CGRP increased senescence of 

HSCs and decreased biliary senescence, which likely explain why liver fibrosis is reduced in 

BDL α-CGRP−/− mice compared to BDL WT mice. Supporting our findings, another study 

has shown that increasing senescence of HSCs inhibits liver fibrosis after the treatment with 

the antiproliferative and apoptotic agent, dioscin 7. Along with this notion, increased biliary 

proliferation has been suggested to trigger liver fibrosis in various chronic liver diseases 
24, 36. Damaged or proliferative cholangiocytes can express a number of profibrogenic and 

chemotactic proteins attracting both inflammatory cells and HSCs 37. Cholangiocyte 

senescence and SASPs (i.e., senescence-associated secretory phenotypes) represent an 

important pathogenic mechanism in human cholestatic liver disorders including PSC 11. On 

the basis of these previous studies, we propose that decreased cholangiocyte senescence and 

enhanced HSCs senescence after depletion of α-CGRP both contribute to the reduction of 

liver fibrosis during cholestasis. We also propose that the sensory nerves containing 

substance P works as a profibrotic/compensatory factor by regulating the balance between 

the senescence of cholangiocytes and HSCs.

In our study, we also observed that cholangiocyte supernatant from BDL α-CGRP−/− mice 

decreased the activation of HHSCs through increasing senescence of these cells compared to 

HHSCs treated with cholangiocyte supernatant from BDL WT mice, which suggests that 
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decreased chemotactic factors secreted by cholangiocytes (due to knockout of α-CGRP) 

may reduce the activation and enhanced the senescence of HSCs during cholestasis. This 

study provides the information about the contribution of α-CGRP on liver fibrosis and 

cellular senescence during cholestatic liver injury. However, other studies have demonstrated 

that α-CGRP plays an anti-fibrotic role in pulmonary fibrosis 38 and in liver fibrosis due to 

hepatitis induced by repeated administration of concanavalin A 39. This discrepant role of α-

CGRP-regulated in fibrosis may be due to mediators of different organs and different animal 

models of liver injury used. Thus, our study extends more understanding of α-CGRP in liver 

fibrosis as well as in cellular senescence changes during cholestasis observed in our previous 

study 10.

In conclusion, this study provides evidence that α-CGRP plays an important role in the 

regulation of biliary fibrosis and cellular senescence during cholestatic liver injury. Biliary 

liver damage increases the expression of α-CGRP, enhancing activation and decreasing 

senescence of HSCs, which results in liver fibrosis. Knockout α-CGRP reverses liver 

fibrosis following cholestatic liver injury through reduced senescence of cholangiocytes and 

increased senescence of HSCs. Modulation of α-CGRP/CGRP receptor and its associated 

downstream signaling pathways may be an important therapeutic strategy for the 

management of biliary senescence and liver fibrosis in cholangiopathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

SGTP alanine aminotransferase

SGOT aspartate aminotransferase

α-CGRP α-Calcitonin gene-related peptide

α-SMA α-smooth muscle actin

BDL bile duct ligation

Calcr calcitonin receptor gene (coding CGRP receptor)

JNK C-Jun N-terminal protein kinase
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CCL2 monocyte chemoattractant protein-1

Col1α1 collagen, type I, alpha 1

CRLR calcitonin receptor-like receptor

Fn1 fibronectin 1

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HHSCs human hepatic stellate cells

HSCs hepatic stellate cells

IL-1β interleukin 1β

IL-6 interleukin 6

IL-8 interleukin 8

IMCLs Immortalized murine cell lines

LCM laser capture microdissection

MAPKs mitogen-activated protein kinases

Mdr2 multidrug resistance protein 2

MMP2 matrix metalloproteinase-2

PKC protein kinase C

PAI-1 plasminogen activator inhibitor-1

PSC primary sclerosing cholangitis

p16 cyclin-dependent kinase inhibitor 2A

p18 cyclin dependent kinase inhibitor 2C

p21 cyclin-dependent kinase inhibitor 1A

RAMP1 Receptor activity modifying protein 1

RCP receptor component protein

SA-β-gal senescence-associated β galactosidase

SASP senescence-associated-secretory- phenotype

Smad2 mothers against decapentaplegic homolog 2

TGF-β1 transforming growth factor beta 1

TIMP1 tissue inhibitors of metalloproteinase-1
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Figure 1. Increased expression of α-CGRP contributes to liver injury during cholestasis.
[A] Lack of α-CGRP induced CGRP receptor components expression (CRLR, RAMP-1 and 

RCP) in α-CGRP−/− and BDL α-CGRP−/− mice compared to WT and BDL WT mice, 

respectively, in isolated cholangiocytes (n=4). [B] Hepatic mRNA expression of CALCA 

(n=1) and CRLR (n=1), RAMP-1(n=5) and RCP (n=5) were increased in total liver from 

PSC patients compared to healthy controls (n=4). [C] Knockout of α-CGRP decreased 

SGPT and SGOT serum levels in BDL mice (n=3). [D]CGRP serum levels of PSC patient. 

CGRP serum levels were higher in PSC (n=5) patients than their control groups (n=4). 

*p<0.05 vs. WT mice or health control samples; #p<0.05 vs. BDL WT mice.
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Figure 2. Lack of α-CGRP decreases cholestatic liver fibrosis induced by BDL.
[A] There was enhanced liver fibrosis in BDL WT compared to WT mice, but reduced liver 

fibrosis in BDL α-CGRP−/− mice compared to BDL WT mice (n=3, Orig., magnification, 

20×; scale bar=50μm). [B] Hydroxyproline levels in total liver samples from BDL CGRP−/− 

mice was decreased compared to BDL WT mice (n=3). [C-D] Knockout of α-CGRP 

reduced mRNA expression of [C] α-SMA and [D] Fn1 in total liver samples from BDL α-

CGRP−/− mice compared to BDL WT mice. *p<0.05 vs. WT mice; #p<0.05 vs. BDL WT 

mice.

Wan et al. Page 16

Lab Invest. Author manuscript; available in PMC 2019 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Lack of α-CGRP reduces BDL-induced fibrosis marker expression.
[A] There was decreased protein expression of α-SMA in total liver from BDL α-CGRP−/− 

mice compared to BDL WT mice (n=3). [B] There was increased mRNA expression of 

TGF-β1 and Smad2 in total liver from BDL WT compared to WT mice, whereas the 

expression of these two genes was reduced in BDL α-CGRP−/− mice compared to BDL WT 

mice (n=3). [C] TGF-β1 levels were higher in cholangiocyte supernatant from BDL WT 

mice than those in normal cholangiocyte supernatant from WT mice but decreased in 

cholangiocyte supernatant from BDL α-CGRP−/− mice compared to BDL WT mice. [D-E] 
The protein expression of [D] p-JNK and [E] p-p38 in total liver was increased in BDL WT 

mice compared to WT mice, whereas decreased in BDL α-CGRP−/− mice compared to BDL 

WT mice (n=3). *p<0.05 vs. WT mice; #p<0.05 vs. BDL WT mice.
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Figure 4. Lack of α-CGRP reduces BDL-induced cellular senescence.
[A] Cellular senescence was enhanced in BDL WT mice compared to WT mice but reduced 

in BDL α-CGRP−/− mouse liver compared to BDL WT mice, which was verified by SA-β-

gal staining in liver sections (n=4, Orig., magnification, 40×; scale bar=100μm). [B-C] The 

mRNA expression of [B] p16, p21 and CCL2 and PAI-1 as well as [C] p16 protein levels 

were increased in total liver from BDL WT mice compared to WT mice but decreased in 

total liver from BDL α-CGRP−/− mice compared to BDL WT mice (n=3). *p<0.05 vs. WT 

mice; #p<0.05 BDL WT mice.
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Figure 5. Lack of α-CGRP decreases fibrosis and senescence marker expression in 
cholangiocytes from BDL mice.
[A] The mRNA expression of α-SMA, Col1α1 and Fn1 was decreased in cholangiocytes 

from BDL α-CGRP−/−mice compared to BDL WT mice (n=4). [B] The mRNA expression 

of p16, p21 and PAI-1 was decreased in cholangiocytes from BDL α-CGRP−/− mice 

compared to BDL WT mice (n=4). [C] The mRNA expression of SASP markers such as 

IL-6, IL-8, IL1-β and MMP2 was decreased in cholangiocytes from BDL α-CGRP−/− mice 

compared to BDL WT mice (n=4). [D] Immunofluorescence demonstrated that p16 protein 

expression was decreased in cholangiocytes from BDL α-CGRP−/− mice compared to BDL 

WT mice (n=3, Orig. magnification, 20×, scale bar= 50 μm). * p 0.05 vs. WT mice; #p<0.05 

vs. BDL WT mice.

Wan et al. Page 19

Lab Invest. Author manuscript; available in PMC 2019 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Lack of α-CGRP decreases fibrosis gene expression and increases senescence marker 
expression in HSCs from BDL mice.
[A] The mRNA expression of Col1α1 was decreased in HSCs isolated from BDL α-CGRP
−/− mice compared to BDL WT mice (n=3). [B] The p16 and p21 mRNA expression was 

increased in BDL α-CGRP−/− mice compared to BDL WT mice (n=3). [C] 
Immunofluorescent staining showed that p16 protein expression was decreased in HSCs 

from BDL WT mice compared to BDL α-CGRP−/− mice (n=3, Orig. magnification, 40×, 

scale bar= 25 μm). #p<0.05 vs. BDL WT mice.
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Figure 7. Effect of α-CGRP on the expression of fibrosis and senescence genes in cultured 
HHSCs and IMCLs.
[A] Representative immunofluorescence picture of receptor activity-modifying protein 1 

(RAMP1) in HHSCs and IMCLs were shown (n=4, Orig., magnification. 40×; scale 

bar=50μm). [B-C] α-CGRP stimulated the expression of α-SMA and Col1 α 1 in both [B] 
IMCLs and [C] HHSCs, which was prevented by CGRP8–37 (n=4). [D] The expression of 

p16 and p18 was decreased in HHSCs while increased in ICMLs simulated by α-CGRP; 

these effects were partly reversed by incubation with CGRP8–37 (n=4). *p<0.05 vs. Basal; 
#p<0.05 vs. α-CGRP-treated group.
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Figure 8. Effect of stimulation with cholangiocyte supernatant on fibrosis and senescence gene 
expression in HHSCs.
[A-C] The mRNA expression of [A] TGF-β1, [B] TIMP1 and [C] Fn1 increased in HHSCs 

stimulated with cholangiocyte supernatant from BDL WT mice compared to HHSCs 

stimulated with cholangiocyte supernatant from WT mice but decreased in HHSCs treated 

with cholangiocyte from BDL α-CGRP−/− mice compared to HHSCs stimulated with 

cholangiocyte supernatant from BDL WT mice (n=4). [D-F] The mRNA expression of [D] 
p16, [E] p18 and [F] p21 was increased in HHSCs treated with cholangiocyte supernatant 

from BDL α-CGRP−/− mice compared to HHSCs stimulated with BDL cholangiocyte 

supernatant (n=4). *p<0.05 vs. HHSCs treated with cholangiocyte supernatant from WT 

mice; #p<0.05 vs. HHSCs treated with cholangiocyte supernatant from BDL WT mice.

Wan et al. Page 22

Lab Invest. Author manuscript; available in PMC 2019 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wan et al. Page 23

Table 1

Characteristics of Healthy Controls and PSC Patients

Groups Patient Diagnosis Sample Gender Cirrhosis Therapy Origin

Control

1 Normal Liver Serum Male N/A N/A Humanitas Research Hospital

2 Normal Liver Serum Female N/A N/A Humanitas Research Hospital

3 Normal Liver Serum Female N/A N/A Humanitas Research Hospital

Late stage PSC

1 Late stage PSC Serum Male No N/A Humanitas Research Hospital

2 Late stage PSC Serum Male No N/A Humanitas Research Hospital

3 Late stage PSC Serum Male No Treated with UCDA Humanitas Research Hospital

Control

H1299 Normal Liver Frozen Liver Female No N/A Humanitas Research Hospital

H1255 Normal Liver Frozen Liver Female No N/A Humanitas Research Hospital

H1293 Normal Liver Frozen Liver Female No N/A Humanitas Research Hospital

H1296 Normal Liver Frozen Liver Male No N/A Humanitas Research Hospital

PSC

1 early stage PSC
RNA from 

paraffin 
sections

Female No Untreated Humanitas Research Hospital

4 Early stage PSC
RNA from 

paraffin 
sections

Male No Untreated Humanitas Research Hospital

2 Late stage PSC
RNA from 

paraffin 
sections

Female No Untreated Humanitas Research Hospital

5 Late stage PSC
RNA from 

paraffin 
sections

Female No Untreated Humanitas Research Hospital

1 late stage PSC
RNA from 

paraffin 
sections

Female Yes Untreated Humanitas Research Hospital

PSC = Primary Sclerosing Cholangitis. Unidentified human samples were obtained from Dr. P. Invernizzi (Humanitas Research Hospital, Rozzano, 
Italy).
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