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Abstract 

Background and Aims: Liver fibrosis is the common pathological pathway of chronic liver diseases and 
its mechanisms of which have not been fully declared. Macrophages play essential roles in progression of 
liver fibrosis partially by sensing abnormal mechanical signals. The aim of the study is to investigate the 
functions of macrophage Piezo1, a mechano-sensitive ion channel, in liver fibrosis. 
Approach and Results: Immunofluorescence in human and murine fibrotic liver samples revealed that 
expression of macrophage Piezo1 was increased. Myeloid-specific Piezo1 knockout (Piezo1ΔLysM) 
attenuated liver fibrosis by decreased collagen deposition and epithelial-mesenchymal transition (EMT). In 
Piezo1ΔLysM mice, less inflammation during development of liver fibrosis was observed by lessened 
macrophage infiltration, decreased M1 polarization and expression of inflammatory cytokines. RNA-seq 
data showed macrophage Piezo1 regulated transcription of cathepsin S (CTSS). Piezo1ΔLysM inhibited 
expression and activity of CTSS in vitro and in vivo and regulated T cell activity. Furthermore, inhibition of 
CTSS reversed macrophage inflammatory response driven by Piezo1 activation and LPS. Macrophage 
Piezo1 activation promoted CTSS secretion due to increased activity of Ca2+-dependent calpain 
protease induced by Ca2+ influx to cleave lysosome-associated membrane protein-1 (LAMP1). 
Pharmacological inhibition of calpain activity partially blocked Piezo1 mediated CTSS secretion. 
Conclusions: Macrophage Piezo1 deficiency limits the progression of liver fibrosis by inhibited 
inflammatory response and decreased secretion of CTSS. These findings suggest that targeting Piezo1 
channel may be a potential strategy for treating hepatic fibrosis. 
Keywords: liver fibrosis; Piezo1; macrophage; inflammation; cathepsin S 

Introduction 
Chronic liver inflammation caused by various 

factors such as cholestasis, virus infection, alcohol, 
non-alcoholic steatohepatitis or autoimmune diseases 
leads to liver fibrosis [1, 2]. Liver fibrosis is a complex 
process that can either progress to cirrhosis and 
hepatocellular carcinoma (HCC) or potentially be 

reversed [3]. Abnormal repetitive wound healing and 
uncontrolled inflammation are regarded as the 
characteristics of liver fibrosis, leading to excessive 
collagen deposition produced by activated 
myofibroblasts in extracellular matrix (ECM) [1]. 
Immune cells, especially macrophages, including 
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monocyte-derived macrophages and Kupffer cells, 
play an essential role in the process of hepatic fibrosis 
[4, 5]. The infiltrating macrophages activate to 
proinflammatory phenotype and release cytokines to 
damage hepatocytes and activate hepatic stellate cells 
during liver fibrosis, while Ly-6Clow macrophages 
show restorative phenotype by secreting matrix 
metalloproteinases (MMPs)[6-8]. Thus, understanding 
the underlying mechanisms of macrophage in liver 
fibrosis are necessary for targeted therapy in ongoing 
liver fibrosis. 

Under physiological conditions, cells sense 
multiple mechanical stimuli, including shear stress, 
compression, etc., which play an essential role in 
maintaining their functions. Pathological mechanical 
signals, such as increased tissue stiffness and portal 
hypertension were observed in the progression of 
hepatic fibrosis [1, 9, 10]. Normal stiffness of human 
liver is about 5 kPa, while the liver stiffness could 
exceed 30 kPa in human cirrhotic livers [11, 12]. 
Piezo1 was first discovered in 2010 [13]. As a 
mechanically sensitive cation channel protein, 
activation of Piezo1 allows influx of K+, Na+, Ca2+, and 
Mg2+ (with a certain preference for Ca2+) [14]. The 
important roles of Piezo1 were identified in 
pathophysiological processes of fibrosis, including 
renal fibrosis [15, 16], cardiac fibrosis [17, 18], 
pulmonary fibrosis [19, 20] and others [21-23]. 
Macrophages regulate their biological functions by 
sensing micro-environments of varied stiffness [24, 
25]. Compared with other mechanosensory ion 
channels, high expression of Piezo1 was detected in 
macrophages [19, 26]. Macrophage Piezo1 could 
regulate iron metabolism through modulating 
phagocytic activity [27]. Additionally, a recent study 
unveiled liver sinusoidal endothelial cells could sense 
cyclic stretch via Piezo1, subsequently facilitating 
neutrophil recruitment and promoting portal 
hypertension [28]. However, how macrophage Piezo1 
influences liver fibrosis has not been reported. 

Cathepsin S (CTSS), a lysosomal protease, is 
mainly expressed in macrophages and dendritic cells 
[29]. Its functions are best known for antigen 
processing and ECM remodeling [30, 31]. Inhibition of 
CTSS could attenuate inflammatory response in 
macrophages during liver injury [32]. Furthermore, 
the secretion of CTSS can be controlled by 
intracellular Ca2+ concentration and inhibition of 
extracellular CTSS activity could reverse intestinal 
fibrosis [33, 34]. 

In this study, we aimed to investigate the 
functions of macrophage Piezo1 in hepatic fibrosis. 
First, expression of Piezo1 was measured in fibrotic 
liver samples of human and mice. Second, the 
expression of macrophage Piezo1 was detected in 

human and murine fibrotic liver samples and 
myeloid-specific deletion of Piezo1 (Piezo1ΔLysM) mice 
were generated to elucidate functions of macrophage 
Piezo1 in liver fibrosis induced by bile duct ligation 
(BDL) and carbon tetrachloride (CCl4) injection. Third, 
we explored the mechanisms of macrophage Piezo1 in 
regulating hepatic fibrosis and inflammation. 

Methods 
Human liver samples 

Liver biopsy samples from patients who 
underwent necessary pathological diagnosis were 
obtained by hepatectomy. The diagnosis of liver 
fibrosis was confirmed by Hematoxylin & Eosin 
(H&E) and Masson’s staining. A total of 20 cases were 
collected, including 3 patients suffered from colorectal 
adenocarcinoma with liver metastasis (liver function 
test was normal and postoperative pathological 
section revealed no obvious liver fibrosis in adjacent 
tissues of the metastatic tumor), 4 patients with 
hepatitis B cirrhosis-related hepatocellular carcinoma 
(HCC), 5 patients with primary biliary cirrhosis 
(PBC), 4 patients with biliary atresia (BA) and 4 
patients with cholangiectasis and hepatolithiasis. 
Control samples were acquired from the edge of 
metastasis tumor in liver tissues. The detailed 
information of patients was shown in Table S1. 

Animals 
About 6–8-week-old male mice were maintained 

under a SPF environment at appropriate temperature 
and humidity on 12 h light/12 h dark cycle with 
normal diet. BDL and CCl4 injection were used to 
induce murine liver fibrosis. For BDL, mice were 
anesthetized by 2% isoflurane inhalation and the 
abdominal incision was opened through midline. The 
common bile duct was separated, then ligated with 
5-0 operative suture at two different locations. The 
mice were sacrificed 14 days after the surgery. For 
CCl4-induced liver fibrosis, mice were intraperitoneal 
injected olive oil or 2 mL/kg CCl4 dissolved in olive 
oil (1:4 volume ratio) three times a week for 4 weeks. 
The mice were killed 24 h after last injection.  

Data analysis 
All data were presented as mean ± S.E.M. Tests 

for statistical significance were performed using the 
SPSS 20 software and the graphs were managed by 
OriginPro 2018. Student’s t-test or Mann-Whitney U 
test were used to compare the two data sets. One-way 
ANOVA followed by Bonferroni multiple comparison 
tests were performed in some data sets. P-value < 0.05 
was considered statistically significant. 

Detailed methods are described in the 
supplemental materials. 
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Results 
Increasing macrophage Piezo1 expression is 
correlated with liver fibrosis. 

To investigate Piezo1 expression in liver fibrosis, 
we collected 20 human liver samples for slice staining. 
H&E and Masson’s staining were used to confirmed 
the diagnosis of liver fibrosis in human liver samples. 
Compared with control samples, immunochemistry 
staining showed that Piezo1 expression was 
remarkedly elevated in human fibrotic liver samples 
(Figure 1A, left part). Then C57BL/6J mice subjected 
to BDL surgery and CCl4 injection, immunochemistry 
staining and RT-qPCR showed Piezo1 expression was 
markedly increased in BDL and CCl4 model (Figure 
1B-C).  

To determine participation of Piezo1 in liver 
fibrosis, Piezo1+/+ (wildtype) and Piezo1+/- 

(heterozygous) mice were used to induce liver 
fibrosis. The progression of liver fibrosis, which was 
detected by H&E, Masson’s and Sirius red staining, 
were significantly slowed down in Piezo1+/- mice 
compared with that in Piezo1+/+ mice (Figure S2A-C). 
Similarly, serum alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) in hepatic fibrotic 
Piezo1+/- mice were significantly lower than Piezo1+/+ 
mice (Figure S2D-E). These data showed that Piezo1 
may involve in liver fibrosis. 

Next, we determined whether Piezo1 expression 
increased in liver macrophages. Immunofluorescence 
of Piezo1 and CD68 in liver sections of human 
samples showed a significant accumulation of CD68+ 

cells in human fibrotic livers, while the labeling of 
Piezo1 in these cells were significantly stronger than 
control samples. (Figure 1A, right part). The 
specificity of the Piezo1 antibody was measured in 
slices of human fibrotic liver samples (Figure S1). 
Also, consistent with human fibrotic livers, the 
number of CD68+ cells and their intensity of Piezo1 in 
liver sections were markedly increased in BDL- 
subjected and CCl4-injected C57BL/6J mice (Figure 
1D). In addition, bone marrow-derived macrophages 
(BMDMs) isolated from C57BL/6J mice were treated 
with physical stimuli (mechanical stretch) or chemical 
stimuli (LPS). The mRNA expression of Piezo1 in 
stretch or LPS-treated BMDMs were significantly 
elevated compared with their controls (Figure 1E). 
These finding indicated that macrophage Piezo1 may 
play an essential role in liver fibrosis. 

Myeloid Piezo1 deletion attenuates liver 
fibrosis 

In order to investigate functions of macrophage 
Piezo1 in liver fibrosis, myeloid-specific Piezo1 
deficiency mice (Piezo1ΔLysM) were used in this study. 

Piezo1fl/fl and Piezo1ΔLysM BMDMs were used to 
validate Piezo1 deletion in myeloid cells (Figure 
S3A-D). To examine whether myeloid Piezo1 
knockout influence the process of liver fibrosis, 
Piezo1fl/fl and Piezo1ΔLysM littermates were treated with 
BDL surgery or CCl4 injection. The mRNA expression 
of Piezo1 in fibrotic livers of Piezo1ΔLysM mice were 
extremely decreased compared with BDL-operated 
and CCl4-injected Piezo1fl/fl mice (Figure S4A). Sirius 
red and immunofluorescence staining of collagen I 
(Col1) and collagen III (Col3) which showed the 
formation of fibrosis in liver sections of Piezo1ΔLysM 

mice were extremely decreased compared with 
BDL-operated and CCl4-injected Piezo1fl/fl mice (Figure 
2A-C). Also, immunochemistry staining of 
alpha-smooth muscle actin (α-SMA), fibronectin and 
vimentin, which are regarded as EMT markers, 
showed lower expression in fibrotic livers of 
Piezo1ΔLysM mice than those Piezo1fl/fl littermates (Figure 
S5A-C). Similarly, lower mRNA levels of Col1, Col3, 
α-SMA, fibronectin (FN) and vimentin (Vim), 
transforming growth factor (TGF)-β and Snail1 in 
fibrotic livers of Piezo1ΔLysM mice than Piezo1fl/fl 
littermates were observed (Figure 2D-E). In addition, 
higher serum ALT and AST were measured in hepatic 
fibrotic Piezo1fl/fl mice than Piezo1ΔLysM littermates 
(Figure 2F). Taking together, our results showed 
Piezo1 knockout in myeloid cells attenuate liver 
fibrosis. 

Myeloid-specific Piezo1 regulates macrophage 
infiltration in murine fibrotic livers 

We examined whether myeloid-specific Piezo1 
effects on macrophage infiltration during liver 
fibrosis. H&E staining showed infiltration of immune 
cells in hepatic fibrotic Piezo1ΔLysM mice were less than 
Piezo1fl/fl littermates (Figure 3A). Immunochemistry 
staining of CD11b and F4/80 showed significant 
accumulation of positive cells in fibrotic livers of 
Piezo1fl/fl mice compared with Piezo1ΔLysM littermates 
(Figure 3B-C). Then, we assessed the population of 
myeloid cells isolated from murine livers and spleens 
using flow cytometry (FCM). Figure S6A and Figure 
S7A showed the gating strategy of hepatic and splenic 
myeloid cells, including neutrophils and 
macrophages. Compared with fibrotic livers of 
Piezo1fl/fl mice, the frequency of hepatic myeloid cells 
and macrophages were markedly reduced in fibrotic 
livers of Piezo1ΔLysM littermates (Figure 3D). However, 
no significant differences were observed in the 
abundance of neutrophils between the two groups 
(Figure S6B). No disparity in the percentage of splenic 
myeloid cells, macrophages and neutrophils were 
detected between the experimental groups (Figure 
S7B). 
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Figure 1. Expression of Piezo1 in macrophage has increased in fibrotic livers. (A) Representative images of H&E, Masson’s, immunochemistry staining of Piezo1 and 
dual immunofluorescence staining with CD68 (green) and Piezo1 (red) in human liver samples. Scale bar, H&E and Masson’s, 400 μm; immunochemistry, 200 μm; 
immunofluorescence, 50 μm, enlarge, 5.75 μm. (B) Representative images of Piezo1 staining and quantification of positive area in liver sections of C57BL/6J mice. Scale bar, 50 
μm. (C) Relative mRNA expression of Piezo1 in liver tissues of C57BL/6J mice. (D) Representative images of dual immunofluorescence staining with CD68 (red) and Piezo1 
(green) in liver sections of C57BL/6J mice. Scale bar, 25 μm; enlarge, 5 μm. (E) Relative mRNA expression of Piezo1 in BMDMs isolated from C57BL/6J mice. Data are presented 
as mean ± S. E. M.; Human samples: control (n = 3), HBV-related HCC (n = 4), PBC (n = 5), BA (n = 4), cholangiectasis (n = 4); mice samples (n = 6 for each group); cell samples 
(n = 4 for each group). *P < 0.05. 
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Figure 2. Myeloid Piezo1 deletion attenuates liver fibrosis. (A) Representative images of Sirius red staining in liver sections of Piezo1fl/fl and Piezo1ΔLysM mice. Scale bar, 100 
μm. Immunofluorescence staining of (B) collagen I (Col1, red) and (C) collagen III (Col3, red) in liver sections of Piezo1fl/fl and Piezo1ΔLysM mice were detected. Scale bar, 50 μm. 
(D) Relative mRNA levels of Col1, Col3, α-SMA, FN and Vim in liver tissues of Piezo1fl/fl and Piezo1ΔLysM mice were measured. Heatmap shown the z-score of gene levels. (E) Relative 
mRNA levels of TGF-β and Snail1 in liver tissues of Piezo1fl/fl and Piezo1ΔLysM mice were quantified. (F) Serum concentrations of ALT and AST were measured. Data are presented 
as mean ± S. E. M.; n = 6 for each group; *P < 0.05. 



Theranostics 2023, Vol. 13, Issue 15 
 

 
https://www.thno.org 

5423 

 
Figure 3. Myeloid-specific Piezo1 regulates macrophage infiltration in murine fibrotic livers. (A) Representative images of H&E in liver sections of Piezo1fl/fl and 
Piezo1ΔLysM mice. Scale bar, 100 μm. Immunohistochemistry staining of (B) CD11b and (C) F4/80 were detected in liver sections of Piezo1fl/fl and Piezo1ΔLysM mice. Scale bar, 50 μm. 
(D) Total live myeloid cells (FVD-CD45+CD11b+) and macrophages (FVD-CD45+CD11b+F4/80+) were quantified in livers of Piezo1fl/fl and Piezo1ΔLysM mice by flow cytometry 
(FCM). (E) Relative mRNA expression levels of CCL2 and CCR2 in liver tissues of Piezo1fl/fl and Piezo1ΔLysM mice were measured. (F) Relative mRNA expression of CCL2 in AML-12 
were measured. (G) Relative mRNA expression of CCR2 in BMDMs were measured. (H) CCR2+ cells in BMDMs and its median fluorescence intensity (MFI) were quantified by 
FCM. Data are presented as mean ± S. E. M.; mice samples: n = 6 for each group; cell samples: n = 4 for each group; *P < 0.05. 
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Monocyte chemoattractant protein-1 (CCL2) can 
mediate C-C chemokine receptor-2 (CCR2)+ 

macrophage infiltration to promote liver fibrosis [35]. 
We found that the mRNA levels of CCL2 and CCR2 
were substantially increased in fibrotic livers of 
Piezo1fl/fl mice compared with Piezo1ΔLysM littermates 
(Figure 3E). A recent study revealed that injured 
hepatocytes expressed CCL2 [36]. We treated AML-12 
cells with LPS to induce injured state. The expression 
of CCL2, as assessed by RT-qPCR, was significantly 
elevated in LPS-treated AML-12 cells compared with 
the control group (Figure 3F). Next, the conditioned 
culture medium (CM) of AML-12 were used to treat 
BMDMs (Figure S8). The mRNA expression of CCR2 
was significantly up-regulated in AML-12-LPS-CM 
treated Piezo1fl/fl BMDMs compared with Piezo1ΔLysM 
BMDMs (Figure 3G). Similarly, FCM displayed that 
the population of CCR2+ cells and its median 
fluorescence intensity (MFI) were notably increased in 
AML-12-LPS-CM treated Piezo1fl/fl BMDMs (Figure 
3H). Taken together, Piezo1 could moderate 
macrophage infiltration in vivo and in vitro. 

Myeloid-specific Piezo1 deficiency decreases 
inflammation and M1 polarization in fibrotic 
livers 

Next, we investigated the potential role of 
myeloid Piezo1 in the regulation of inflammation 
within fibrotic livers. RT-qPCR showed higher 
expression of TNF-α, IL-1β, IL-6 and NOS2, while 
lower expression of IL-10 in fibrotic livers of Piezo1fl/fl 
mice than Piezo1ΔLysM littermates (Figure 4A). M1 
macrophages, regarded as pro-inflammatory 
phenotype and characterized by high expression of 
CD80 and CD86, participate in hepatic inflammation 
and fibrosis. The mRNA levels of CD80 and CD86 in 
fibrotic livers of Piezo1fl/fl mice were significantly 
higher than Piezo1ΔLysM littermates (Figure 4B). 
Similarly, FCM showed that the population of CD80+ 

and CD86+ macrophages and its MFI were 
significantly increased in fibrotic livers of Piezo1fl/fl 
mice compared with Piezo1ΔLysM littermates (Fig 
4C-D). In addition, higher mRNA expression of MRC1 
and Arg1 were detected in hepatic fibrotic Piezo1ΔLysM 
mice than Piezo1fl/fl littermates (Figure 4E). Herein, 
RT-qPCR and FCM analysis revealed that 
myeloid-specific Piezo1 regulates inflammation and 
M1 polarization in fibrotic livers. 

Activation of myeloid Piezo1 enhances 
cathepsin S (CTSS) expression and activity in 
vitro and in vivo 

As unveiled by our research group and 
corroborated by others, Piezo1 could mediate Ca2+ 
activity in macrophages [16, 26, 37]. To investigate the 

mechanisms of macrophage Piezo1 influences liver 
fibrosis, BMDMs from Piezo1fl/fl mice were treated 
with mechanical stretch for RNA-seq experiments. 
The heatmap showed differentially expressed genes 
in stretch and control Piezo1fl/fl BMDMs (Figure S9). 
The volcano plot exhibited that CTSS was 
significantly up-regulated in mechanical stretched 
BMDMs compared with control BMDMs (Figure 5A). 
We found that the mRNA expression of CTSS 
markedly amplified in Piezo1fl/fl BMDMs treated with 
mechanical stretch or Piezo1 specific agonist Yoda1 
relative to that in controls, but the growth trend in 
Piezo1ΔLysM BMDMs was significantly restrained 
(Figure 5B). Similarly, the same trend was obtained by 
the measurement of CTSS activity (Figure 5C). 

Consequently, we investigated whether 
myeloid-specific Piezo1 knockout suppresses CTSS 
expression and activity in livers of BDL-operated and 
CCl4-injected mice. The mRNA expression of CTSS 
was significantly decreased in fibrotic livers of 
Piezo1ΔLysM mice compared with Piezo1fl/fl littermates 
(Figure 5D). Hepatic CTSS expression, which was 
measured by immunochemistry staining, western blot 
and Elisa, was markedly increased in BDL-operated 
and CCl4-injected Piezo1fl/fl mice compared with 
Piezo1ΔLysM littermates (Figure 5E-G). The same trend 
was observed with CTSS activity (Figure 5H). These 
data suggested that macrophage Piezo1 regulates 
CTSS expression and activity. 

Macrophage Piezo1 regulates proliferation and 
activation of T cells in fibrotic livers 

As mentioned above, myeloid Piezo1 regulates 
macrophage infiltration, M1 polarization and CTSS 
expression in fibrotic livers. No alterations were 
observed in the proportion of hepatic and splenic 
dendritic cells (DCs) in fibrotic Piezo1fl/fl and 
Piezo1ΔLysM mice (Figure S10). Next, we explored 
whether myeloid-specific Piezo1 has a role in T cell 
proliferation and activation during liver fibrosis. FCM 
showed the proportion of CD3+ T cells and CD8+ T 
cells were decreased, whereas the number of CD4+ T 
cells were markedly increased in fibrotic livers of 
Piezo1ΔLysM mice compared with Piezo1fl/fl littermates 
(Figure 6A-C, Figure S11). CTSS regulates MHC-II 
signaling pathway to control CD4+ T cell activation 
[30]. As antigen processing cells, macrophages 
regulate the T cell function [38, 39]. FCM showed 
lower population of MHC I-A/I-E+ macrophages in 
fibrotic livers of Piezo1ΔLysM mice than Piezo1fl/fl 

littermates (Figure 6D). No alterations were found in 
the proportion of Th1 cells in fibrotic livers between 
Piezo1ΔLysM and Piezo1fl/fl littermates (Figure 6E). The 
population of Th17 cells was significantly expanded, 
while Treg cells exhibited an opposite trend in hepatic 
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fibrotic Piezo1fl/fl mice compared with Piezo1ΔLysM mice 
(Figure 6F-G). In spleen, the frequency of CD4+ T cells 
was markedly reduced in fibrotic Piezo1ΔLysM mice. 
The percentage of CD8+ T cells showed a reduction 
after undergoing BDL surgery in Piezo1ΔLysM mice. 

However, no significant changes were observed in the 
percentage of CD3+ T cells (Figure S12A-C). Thus, our 
data suggested that macrophage Piezo1 could alter 
proliferation and activation of T cells in fibrotic livers. 

 

 
Figure 4. Myeloid-specific Piezo1 deficiency decreases inflammation and M1 polarization in fibrotic livers. (A) Relative mRNA expression levels of TNF-α, IL-6 , 
IL-1β, NOS2 and IL-10 in liver tissues of Piezo1fl/fl and Piezo1ΔLysM mice were measured. Heatmap shown the z-score of gene levels. (B) CD80 and CD86 mRNA levels in liver tissues 
of Piezo1fl/fl and Piezo1ΔLysM mice were measured. The percentage of hepatic (C) CD80+ macrophages and (D) CD86+ macrophages were shown by Histogram (left panels), their 
proportion (middle panels) and MFI (right panels) were quantified by FCM. (E) MRC1 and Arg1 mRNA levels in liver tissues of Piezo1fl/fl and Piezo1ΔLysM mice were measured. Data 
are presented as mean ± S. E. M.; n = 6 for each group; *P < 0.05. 
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Figure 5. Myeloid Piezo1 activation enhances cathepsin S expression and activity in vitro and vivo. (A) Volcano plots were shown based on the result of RNA-seq. 
Green and yellow color represents low and high expression values, respectively. (B) Relative mRNA expression of CTSS and (C) CTSS activity in Piezo1fl/fl and Piezo1ΔLysM BMDMs 
were measured. (D) Relative mRNA expression of CTSS, (E) immunochemistry staining of CTSS, (F) western blot images with CTSS, (G) the protein expression of CTSS 
detected by ELISA and (H) CTSS activity in liver tissues of Piezo1fl/fl and Piezo1ΔLysM mice were measured. Scale bar, 100 μm. Data are presented as mean ± S. E. M.; mice samples: 
n = 6 for each group; cell samples: n = 4 for each group; western blot: n = 4 for each group; *P < 0.05. 
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Figure 6. Macrophage Piezo1 regulates T cells proliferation and activation in fibrotic livers. The percentage of hepatic (A) CD3+ T cells (FVD-CD45+CD3+), (B) 
CD8+ T cells (FVD-CD45+CD3+CD8+) and (C) CD4+ T cells (FVD-CD45+CD3+CD4+) were quantified in liver tissues of Piezo1fl/fl and Piezo1ΔLysM mice by FCM. (D) The 
percentage of hepatic MHC I-A/I-E+ macrophages shown by Histogram (left panels), their proportion (middle panels) and MFI (right panels) were quantified by FCM. The 
population of (E) Th1 cells (FVD-CD45+CD3+CD4+IFN-γ+), (F) Th17 cells (FVD-CD45+CD3+CD4+IL-17A+) and (G) Treg cells (FVD-CD45+CD3+CD4+CD25+Foxp3+) were 
quantified in livers of Piezo1fl/fl and Piezo1ΔLysM mice by FCM. Data are presented as mean ± S. E. M.; (A-C) n = 4-5 for each group; (D) n = 6 for each group; (E-G) n = 4 for each 
group; *P < 0.05. 



Theranostics 2023, Vol. 13, Issue 15 
 

 
https://www.thno.org 

5428 

CTSS regulates inflammatory response 
mediated by Piezo1 in BMDMs 

A recent study revealed that macrophage 
activation can be regulated by Piezo1 [26]. To explore 
functions of Piezo1 in macrophage activation, we 
used Yoda1 to treat BMDMs from C57BL/6J mice. The 
mRNA expression levels of IL6, TNF-α and IL1β in 
Yoda1-stimulated BMDMs were slightly elevated but 
no significant changes compared with controls 
(Figure 7A). Then, Piezo1fl/fl and Piezo1ΔLysM BMDMs 
were stimulated with mechanical stretch. The mRNA 
levels of IL1β, TNF-α and IL6 in Piezo1fl/fl BMDMs were 
markedly higher than those in Piezo1ΔLysM BMDMs 
(Figure 7B). Our data indicated that Piezo1 could 
control macrophage activation. 

In order to induce macrophage inflammatory 
response, Piezo1fl/fl and Piezo1ΔLysM BMDMs were 
stimulated with LPS. The mRNA expression of TNF-α, 
IL6, IL1β and NOS2 from LPS-treated Piezo1fl/fl 
BMDMs were markedly up-regulated compared with 
LPS-treated Piezo1ΔLysM controls (Figure 7C). Similarly, 
the proportion of CD80+ and CD86+ cells and MFI 
were significantly higher in LPS-stimulated Piezo1fl/fl 
BMDMs than Piezo1ΔLysM controls (Figure 7D-E). In 
addition, compared with LPS-stimulated Piezo1fl/fl 
BMDMs, higher mRNA levels of TNF-α, IL6, IL1β and 
NOS2 were detected in LPS and Yoda1-stimulated 
Piezo1fl/fl BMDMs. However, inhibition of CTSS 
blocked the inflammatory response in Piezo1fl/fl 
BMDMs induced by LPS or both LPS and Yoda1 
(Figure 7F). These data indicated that Piezo1 regulates 
BMDMs inflammatory response. 

Myeloid-specific Piezo1 deletion inhibits 
activation of human hepatic stellate cells 
(LX-2) 

As shown above, we found macrophage Piezo1 
deletion attenuates its inflammatory activation in vitro 
assays. LPS-stimulated Piezo1ΔLysM BMDMs 
significantly reduced LX-2 activation compared with 
those in Piezo1fl/fl BMDMs (Figure S13). To investigate 
whether specific activation of Piezo1 in BMDMs 
affects activation of hepatic stellate cells (HSCs), LX-2 
cells were treated with the clarified supernatant of 
mechanical stretch or Yoda1-stimulated BMDMs for 
24h. Immunostaining of α-SMA, which is a marker of 
myofibroblast, showed LX-2 cells were remarkedly 
elongated from the CM of Piezo1fl/fl BMDMs treated 
with mechanical stretch or Yoda1, but not from that of 
Piezo1ΔLysM controls (Figure S14A, C). The gene 
expression of Col1, Col3, α-SMA, vimentin and TGF-β 
were increased in LX-2 cells stimulated by the 
supernatant from stretch or Yoda1-treated Piezo1fl/fl 
BMDMs relative to those in Piezo1ΔLysM controls 
(Figure S14B, D). Herein, macrophage Piezo1 could 

regulate fibroblast activation during liver fibrosis. 

Macrophage CTSS secretion is mediated by 
Piezo1/Calpain/LAMP1 axis 

Some studies have revealed CTSS secretion to 
extracellular space could induce ECM remodeling [34, 
40, 41]. We examined the secretion of CTSS in cell 
supernatants from BMDMs. Increased expression and 
enzymatic activity of CTSS were observed in the 
supernatant of mechanical stretch and Yoda1- 
stimulated Piezo1fl/fl BMDMs. Conversely, this growth 
trend was blunted in Piezo1ΔLysM BMDMs, indicating a 
regulatory role of Piezo1 in the secretion of CTSS in 
BMDMs (Figure 8A-B).  

Calpain activity can be regulated by Piezo1 in 
endothelial cells and macrophages [16, 42]. Indeed, 
after treating with stretch or Yoda1, calpain activity 
was markedly higher in Piezo1fl/fl BMDMs, whereas it 
was inhibited in Piezo1ΔLysM BMDMs (Figure 8C). 
Similarly, calpain activity was remarkable higher in 
fibrotic livers of Piezo1fl/fl mice than Piezo1ΔLysM 
littermates (Figure 8D). The gene expression of 
CAPN1 and CAPN2 were markedly increased in 
fibrotic livers of Piezo1fl/fl mice compared with 
Piezo1ΔLysM littermates (Figure S15). Activation of 
calpain could degrade LAMP1 to change lysosomal 
permeability and secrete Cathepsins [43]. Indeed, 
western blot and immunofluorescence staining 
showed LAMP1 expression was significantly reduced 
in Piezo1fl/fl BMDMs treated with stretch or Yoda1 
compared with controls, but it was reversed in 
Piezo1ΔLysM BMDMs (Figure 8E, Figure S16A-B).  

To further investigate its underlying 
mechanisms, BMDMs isolated from Piezo1fl/fl mice 
were treated with stretch or Yoda1 and calpain 
inhibitor PD151746. We found that PD151746 could 
significantly inhibited calpain activity induced by 
stretch or Yoda1 in BMDMs (Figure 8F). In addition, 
western blot showed calpain inhibition reversed the 
degradation of LAMP1 induced by stretch or Yoda1 
(Figure 8G). Furthermore, the secretion and 
enzymatic activity of CTSS in the supernatant were 
markedly reduced in calpain inhibition (Figure 8H-I). 
These data indicated that Piezo1 could regulate 
LAMP1 via calpain activity to control CTSS secretion.  

Discussion 
The pivotal role of macrophage Piezo1 in liver 

fibrosis is substantiated in our investigation. First, a 
positive correlation is observed between increased 
macrophage Piezo1 expression and liver fibrosis in 
both human and mouse samples. Second, the absence 
of myeloid-specific Piezo1 regulates macrophage 
infiltration, restricts M1 polarization, and diminishes 
the inflammatory response in fibrotic livers. Third, 
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activation of macrophage Piezo1 boosts the 
expression and activity of CTSS through Ca2+ influx. 
Fourth, macrophage Piezo1 governs T cell activity and 
HSCs activation during liver fibrosis. Fifth, Piezo1 
activation partially modulates macrophage 
inflammation by affecting CTSS activity. Finally, the 

secretion of macrophage CTSS is mediated by the 
Piezo1/calpain/LAMP1 axis. Collectively, these 
findings underscore the critical contribution of 
macrophage Piezo1 as a pivotal factor in liver fibrosis 
(Figure 9). 

 

 
Figure 7. CTSS regulates inflammatory response mediated by Piezo1 in BMDMs. (A) Relative mRNA expression of TNF-α, IL-6 and IL-1β in BMDMs from C57BL/6J 
mice were quantified. (B) Relative mRNA expression of TNF-α, IL-6 and IL-1β in Piezo1fl/fl and Piezo1ΔLysM BMDMs were measured. (C) Relative mRNA expression of TNF-α, IL-6, 
IL-1β and NOS2 in Piezo1fl/fl and Piezo1ΔLysM BMDMs were measured. (D) Representative FCM Histogram showed CD80+ cells (left panels), the percentage of CD80+ cells (middle 
panels) and the MFI (right panels) in Piezo1fl/fl and Piezo1ΔLysM BMDMs. (E) Representative FCM Histogram showed CD86+ cells (left panels), the percentage of CD86+ cells (middle 
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panels) and the MFI (right panels) in Piezo1fl/fl and Piezo1ΔLysM BMDMs. (F) Relative mRNA expression of TNF-α, IL-6, IL-1β and NOS2 in Piezo1fl/fl BMDMs were measured. Data are 
presented as mean ± S. E. M.; n = 4 for each group; *P < 0.05. 

 
Figure 8. Macrophage CTSS secretion is mediated by Piezo1/Calpain/LAMP1 axis. (A) The protein level of CTSS and (B) its activity were measured in CM 
(conditioned culture medium) collected from Piezo1fl/fl and Piezo1ΔLysM BMDMs. (C) Calpain activity was detected in Piezo1fl/fl and Piezo1ΔLysM BMDMs. (D) Calpain activity in livers 
of Piezo1fl/fl and Piezo1ΔLysM mice were detected. (E) Western blot images of LAMP1 in Piezo1fl/fl and Piezo1ΔLysM BMDMs were shown. (F) Calpain activity and (G) western blot 
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images of LAMP1 were measured in mechanical stretch or Yoda1-stimulated Piezo1fl/fl BMDMs treated with or without PD151746. (H) The protein level and (I) activity of CTSS 
were measured in CM collected from mechanical stretch or Yoda1-stimulated Piezo1fl/fl BMDMs treated with or without PD151746. Data are presented as mean ± S. E. M.; mice 
samples: n = 6 for each group; cell samples: n = 4 for each group; western blot: n = 3 for each group; *P < 0.05. 

 
Figure 9. Graphic illustration on Piezo1 reprogrammed macrophage activation and CTSS function to promotes HSCs activation and regulates T cell activity during liver fibrosis.  

 
It’s widely reported that Piezo1 expression is 

correlated with progression of fibrosis in different 
mice model [15, 16, 18]. In the development of liver 
fibrosis, the gradual deposition of ECM increases 
compressional and tensional forces around cells. 
Excessive ECM induces fibrotic zones (30 kPa) much 
harder than healthy liver tissues (about 5 kPa) [11, 12]. 
On the other hand, an uncontrolled and sustained 
wound healing response results in the excessive 
accumulation of ECM, leading to the destruction of 
normal hepatic lobules, the formation of false lobules, 
and the induction of portal hypertension. [9]. All these 
can be sensed by Piezo1, which is essential for cells to 
sense mechanical forces [13]. Our data showed that 
higher Piezo1 expression was observed in human and 
mice fibrotic livers. Therefore, it’s reasonable to 
consider that expression of Piezo1 may be 
upregulated in cells upon liver injury. 

Macrophages are regarded as crucial regulators 
in all stages of liver fibrosis, including inflammation, 
fibrosis progression and its resolution [44]. 
Macrophage Piezo1 is highly expressed compared 
with other mechanosensitive cation proteins [19, 26]. 
Increased Piezo1 expression in macrophage cell line 
when cultured in higher stiffness hydrogel or 
stimulated by LPS was reported [26]. Consistent with 
previous study, we found higher expression of Piezo1 
in mechanical stretch or LPS-stimulated BMDMs 
compared with controls in vitro. Macrophages 
regulate their differentiation when they are recruited 

to injury areas or fibrotic zones [45]. Both external 
mechanical forces (compression, stiffness, shear stress 
etc.) and internal actin polymerization induce a 
change of lipid bilayer tension, that activates Piezo1 
directly and permits Ca2+ influx [26, 46, 47]. The 
activation of Piezo1 stimulated by biomechanical 
stretch promotes nuclear factor kappa-light-chain- 
enhancer of activated B cells (NF-κB) phospho-
rylation, which is essential for macrophage activation 
[26]. In addition, Piezo1 mediates macrophage 
infiltration by regulating CCL2 and CCR2 expression 
and controlling Notch signaling pathway in BMDMs 
[16]. Significant upregulation of Piezo1 expression in 
macrophages was detected in both human and mouse 
fibrotic liver tissues. Additionally, the knockout of 
myeloid Piezo1 was found to suppress hepatic fibrosis 
by inhibiting macrophage recruitment, reducing 
inflammation, and impeding M1 polarization. 
Furthermore, through in vitro assays, we verified that 
the activation of Piezo1 promoted macrophage 
inflammatory response. 

The interaction between macrophages and HSCs 
in liver fibrosis have been widely proved [48, 49]. 
Besides macrophages, other immune cells, such as 
neutrophils [50], DCs [51], T cells [52-54], etc., 
participate in development of hepatic fibrosis 
partially by crosstalk with HSCs. Piezo1 plays a role 
on innate and adaptive immune response [19, 55]. Our 
data showed that myeloid-specific Piezo1 regulated 
immune cells infiltration. However, how myeloid 
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Piezo1 influence immune microenvironment and 
activation of HSCs during liver fibrosis needs further 
examinations. 

Overexpression of CTSS has been reported to 
play crucial roles in fibrosis [34, 56, 57]. The 
expression of CTSS is regulated by activation of 
transcription factor EB (TFEB) [58], inflammatory 
cytokines [59], or others [60, 61]. Increased 
intracellular Ca2+ concentration could induce TFEB 
activation to promote lysosomal biogenesis [62]. Our 
study found the activation of Piezo1 promoted CTSS 
synthesis in macrophages. Intracellular CTSS is 
regarded as an important factor in antigen processing 
by regulating T cell activity via MHC-I and MHC-II 
signaling pathway [30]. In addition, CTSS regulates 
secretion of inflammatory cytokines and expression of 
MHC-II and CD80 in macrophages [63]. Our findings 
suggested that the inhibition of CTSS partially 
mitigated macrophage inflammation induced by 
Piezo1 activation. Moreover, myeloid-specific Piezo1 
played a regulatory role in the subset of 
MHC-II+ macrophages and T cell activity in fibrotic 
livers. It is plausible that the interaction between CD4+ 
T cells and macrophages is mediated by Piezo1/CTSS 
axis.  

For extracellular CTSS, we noticed expression 
and activity of CTSS were increased in supernatant 
from BMDMs stimulated by Yoda1 or mechanical 
stretch. Calpain activation induced by Piezo1- 
madiated Ca2+ influx has been reported [42]. In 
addition, calpain cleaves LAMP1 and LAMP2 to 
destroy the integrity of lysosomes, then soluble 
hydrolases such as CTSS are released from lysosomes 
to extracellular space [43, 64, 65]. We found 
macrophage Piezo1 activation regulated LAMP1 
degradation by enhanced calpain activity. Further-
more, inhibition of calpain activity significantly 
limited Yoda1 or stretch-induced macrophage 
degradation of LAMP1 and secretion of CTSS. CTSS 
has been confirmed to directly enhance the ability of 
collagen synthesis in fibroblast [34]. In addition, 
decorin, a natural inhibitor of TGF-β, plays a 
protective role in liver fibrosis and can be degraded 
by CTSS [66, 67]. Currently, proving that extracellular 
CTSS/TGF-β signaling pathway mediated by 
macrophage Piezo1 requires further examinations.  

In conclusion, our study revealed the key roles of 
macrophage Piezo1 in progression of hepatic fibrosis. 
Myeloid-specific Piezo1 regulates macrophage 
infiltration, inflammation, M1 polarization as well as 
synthesis and secretion of CTSS, which promotes 
HSCs activation and T cell activity during liver 
fibrosis. Our research provides the evidences that 
Piezo1 channels are a crucial factor in regulating 
macrophage inflammatory response and 

pharmacological intervention of Piezo1 provide new 
strategies to treat chronic liver diseases. 
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