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I M M U N O L O G Y

Stiffness sensing via Piezo1 enhances macrophage 
efferocytosis and promotes the resolution of 
liver fibrosis
Yang Wang1†, Jin Wang1†, Jiahao Zhang1†, Yina Wang1, Yuanyuan Wang1, Haixia Kang1,  
Wenying Zhao1, Wenjuan Bai1, Naijun Miao1, Jing Wang1,2*

Tissue stiffening is a predominant feature of fibrotic disorders, but the response of macrophages to changes in tis-
sue stiffness and cellular context in fibrotic diseases remains unclear. Here, we found that the mechanosensitive ion 
channel Piezo1 was up-regulated in hepatic fibrosis. Macrophages lacking Piezo1 showed sustained inflammation 
and impaired spontaneous resolution of early liver fibrosis. Further analysis revealed an impairment of clearance of 
apoptotic cells by macrophages in the fibrotic liver. Macrophages showed enhanced efferocytosis when cultured 
on rigid substrates but not soft ones, suggesting stiffness-dependent efferocytosis of macrophages required Piezo1 
activation. Besides, Piezo1 was involved in the efficient acidification of the engulfed cargo in the phagolysosomes 
and affected the subsequent expression of anti-inflammation genes after efferocytosis. Pharmacological activation 
of Piezo1 increased the efferocytosis capacity of macrophages and accelerated the resolution of inflammation and 
fibrosis. Our study supports the antifibrotic role of Piezo1-mediated mechanical sensation in liver fibrosis, suggest-
ing that targeting PIEZO1 to enhance macrophage efferocytosis could induce fibrosis regression.

INTRODUCTION
Liver cirrhosis is a major cause of morbidity and mortality world-
wide and has limited therapeutic options. Fibrosis is a characteristic 
feature of chronic liver disease regardless of the etiology (1). It is now 
understood that liver fibrosis arises from various insults that lead to 
liver injury, triggering a wound-healing response. With repeated and 
chronic injury, the normal wound healing response becomes aberrant, 
leading to hepatic stellate cell (HSC) activation, extracellular matrix 
(ECM) deposition, tissue remodeling, and subsequent tissue stiffening. 
The increased stiffness of the liver has been correlated with fibrosis 
progression (2). Several cell types have been reported to be involved 
in sensing the change in mechanical properties. Myofibroblasts 
transdifferentiated from HSCs are the major source of ECM produc-
tion and contribute to hepatic fibrosis. A stiff environment alone can 
promote myofibroblastic activation of HSCs (3). This feed-forward 
loop between HSC activation and tissue stiffening may further en-
hance fibrogenesis. Sinusoid angiogenesis has been established as a 
hallmark of liver fibrogenesis. Liver sinusoid endothelial cells plated 
on a soft substrate (140 to 610 Pa) formed capillary-like structures, 
simulating angiogenesis during the early stage of liver fibrosis in 
contrast with a hard substrate (>1.2 kPa) (4). Despite the growing 
understanding of the mechanical properties in mediating fibrosis, 
how immune cells are regulated by mechanical signals during liver 
fibrosis remains largely unexplored.

Macrophages have long been considered to be key drivers of fibro-
genesis (5). However, several recent studies have revealed the complex 
and often paradoxical role of macrophages in regulating liver fibro-
sis (6, 7). It is well recognized that macrophages exhibit either pro- 
or antifibrotic functions during tissue repair since macrophages are 

heterogeneous populations with considerable plasticity (8). There 
are at least two subsets of hepatic macrophages, the liver resident 
macrophages (Kupffer cells) and recruited monocyte-derived macro-
phages (MoDMs). During the early stages of liver injury, Kupffer 
cells are activated by damage-associated molecular patterns released 
from dead hepatocytes and release cytokines or chemokines that 
further recruit circulating monocytes (9). Ly6chigh monocytes are 
recruited during the progression of liver injury and gradually con-
verted into Ly6clow macrophages. The Ly6clow macrophages display 
a restorative phenotype that can promote fibrosis resolution (6). 
Many pro- or antifibrotic effectors secreted from these subsets have 
been studied intensively, but the mechanisms underlying the regulation 
of these functions remain largely unknown. In addition, the function 
of macrophages is highly regulated by tissue environmental cues such 
as tissue localization, neighboring cells, and the mechanical properties 
of the tissue. Although it has been shown that macrophages cultured 
on a rigid substrate are more prone to pro-inflammatory phenotype 
(10, 11), how changes in mechanical properties regulate different 
macrophages in the context of liver fibrosis remains elusive. Piezo1 
is a mechanical-sensitive ion channel protein crucial in various patho-
physiological processes (12). Previous studies have demonstrated that 
myeloid-specific depletion of Piezo1-protected mice against pulmo-
nary fibrosis and renal fibrosis (13, 14). In both studies, Piezo1 activa-
tion by cyclic stretch enhanced the expression of pro-inflammatory 
cytokines and chemokines in macrophages. Nonetheless, whether 
piezo1-mediated stiffness sensing by macrophages also contributes 
to liver fibrotic disease remains unclear.

In this study, we sought to explore the role of mechanical signals 
in regulating macrophage response during liver fibrosis. We found 
that Piezo1 was highly expressed in both human and murine fibrotic 
liver, and mice lacking piezo1 in macrophages exhibited more severe 
liver inflammation and fibrosis due to the impaired clearance of apop-
totic cells. Using an in vitro culture system that mimics the stiffness 
of a fibrotic liver, we revealed the protective role of piezo1 in promot-
ing phagocytosis and clearance of apoptotic cells by macrophages, a 
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process known as efferocytosis. Besides, Piezo1 could promote the 
acidification and digestion of apoptotic cargo in phagosomes. Sub-
sequently, Piezo1-dependent efferocytosis limited the expression of 
pro-inflammatory signatures and converted macrophages into anti-
inflammatory phenotype. Systemic administration of the Piezo1-
specific agonist, Yoda1, accelerated the resolution of inflammation 
and fibrosis, suggesting that Piezo1 may be a potential therapeutic 
target for fibrosis treatment.

RESULTS
Disease-associated up-regulation of piezo1 in 
liver macrophages
To investigate the association between PIEZO1 and liver fibrosis, 
we first performed an analysis with public repositories of transcrip-
tion profiling datasets of the liver from patients with various stages 
of nonalcoholic fatty liver disease. We found that PIEZO1 positively 
correlated with genes encoding collagens such as COL1A1, COL3A1, 
and COL6A1 (Fig. 1, A to C) (15). Gene Ontology (GO) enrichment 
analysis of genes showed a positive correlation with PIEZO1, sug-
gesting that these genes were linked to biological processes, includ-
ing regulation of cell morphogenesis, guanosine triphosphatase 
(GTPase) activity, actin cytoskeleton organization, cell-substrate junc-
tion assembly, cellular response to growth factor stimulus, and ECM 
organization (Fig. 1D). Meanwhile, genes negatively correlated with 
PIEZO1 were mostly linked to biological functions of the liver, such 
as the metabolism of protein, peptides, vitamins, cofactors, fatty acids, 
and the tricarboxylic acid cycle (fig. S1A). Analysis of public reposi-
tories of transcription profiling datasets of mice liver revealed an 
increased Piezo1 expression with nonalcoholic fatty liver disease 
(NASH, nonalcoholic steatohepatitis) disease modeling (Fig. 1E) 
(GSE83596).

Previous studies have reported the expression of Piezo1 in bone 
marrow–derived macrophages (BMDMs) and liver resident Kupffer 
cells (KCs) (13, 16). To validate whether Piezo1 was up-regulated in 
liver macrophages during fibrosis, we analyzed the levels of transcripts 
of Piezo1 in liver macrophages using published transcriptomic pro-
filing data of mice liver macrophages. We found up-regulated expres-
sion of Piezo1 in KCs with the development of the NASH disease 
model (Fig. 1F) (17). Furthermore, circulating monocytes can infiltrate 
the liver and undergo differentiation into macrophages. Notably, these 
macrophages can be classified into two distinct populations based on 
the expression of Ly6c. We found that compared with the other sub-
populations of liver macrophages, Ly6clo and Ly6chi recruited macro-
phages expressed higher levels of Piezo1 transcripts (Fig. 1G).

To determine the expression of Piezo1 in liver macrophage during 
fibrosis, we next used a liver fibrosis mice model in which chronic 
liver injury was induced by repeated intraperitoneal injection of carbon 
tetrachloride (CCl4). Using flow cytometry, we successfully identi-
fied three heterogeneous populations of liver macrophages during 
CCl4-induced liver fibrosis, including CD11blo CD64hi F4/80hi KCs, 
CD11bhi CD64lo F4/80lo Ly6clo monocyte-derived macrophages 
(Ly6clo MoDMs), and CD11bhi CD64lo F4/80lo Ly6chi monocyte-
derived macrophages (Ly6chi MoDMs) (fig. S1B). We also performed 
quantitative polymerase chain reaction (qPCR) analysis of several 
sorted myeloid cell populations to measure the mRNA level of Piezo1 
and found that Ly6clo MoDM had the highest Piezo1 mRNA expres-
sion level (fig. S1C). To confirm the protein level of Piezo1 expres-
sion, we induced liver fibrosis in Piezo1P1tdT transgenic mice, in 

which Piezo1 was tagged with the fluorescent protein tdTomato. By 
comparing the mean fluorescence intensity (MFI) of tdTomato with 
wild-type (WT) control mice, we found that Piezo1 expressed in all 
three liver macrophage populations and hepatic sinusoidal endo-
thelial cells (HSECs). Piezo1 was also detected in neutrophils and 
eosinophils with relatively lower expression. Besides, the expression 
of Piezo1 was up-regulated during CCl4-induced chronic liver injury 
in HSECs, KCs, and Ly6chi MoDMs (Fig. 1H). Liver fibrosis caused 
a prominent accumulation of macrophages and neutrophils in the 
fibrotic region, defined by enriched a-SMA+ myofibroblasts area 
(fig. S1D). Consistent with the result of flow cytometry, immuno-
fluorescent staining revealed that Piezo1 was colocalized with F4/80+ 
macrophages and was significantly up-regulated during chronic liver 
injury. Besides, macrophages in the fibrotic region showed the highest 
Piezo1 expression (Fig. 1, I and J). Therefore, these data suggested a 
strong correlation between Piezo1 expression and liver fibrosis in 
humans and mice and up-regulation of Piezo1 in liver macrophages, 
indicating Piezo1 may play an essential role in liver fibrosis.

Myeloid-specific Piezo1 deficiency exacerbates liver fibrosis
To explore the role of macrophage Piezo1 in liver fibrosis, we generated 
Piezo1fl/fl Lyz2Cre mice to specifically deplete Piezo1 in myeloid cells 
and induced liver fibrosis in these mice and their littermate controls 
(Piezo1fl/fl mice) by eight injections of CCl4. Sirius red staining showed 
that the fibrotic area in Piezo1fl/fl Lyz2Cre mice was comparable with 
Piezo1fl/fl mice 24 hours after the last CCl4 injection. However, Piezo1fl/fl 
Lyz2Cre mice displayed significantly increased fibrotic area 48 hours 
after the last CCl4 injection (Fig. 2, A to C). Similarly, after the last CCl4 
injection, immunofluorescent staining of α–smooth muscle actin (α-
SMA) showed an increased α-SMA–positive area in Piezo1fl/fl Lyz2Cre 
mice at 48 hours but not at 24 hours (Fig. 2, D to F). Besides, mRNA 
levels of fibrosis-related genes, including α-SMA, Timp1, Col1a1, 
Col3a1, and Col6a1, were also increased in the liver from Piezo1fl/fl 
Lyz2Cre mice at 48 hours but not at 24 hours (Fig. 2, G and H). Piezo1 
conditional knockout in myeloid cells also resulted in higher serum 
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) 
levels at both 24 and 48 hours (Fig. 2, I to L). Unexpectedly, there was 
no difference between the level of serum ALT and AST in Piezo1fl/fl 
Lyz2Cre mice and their littermate controls after an acute liver injury 
induced by one single dose of CCl4 injection (fig. S2, A and B). We also 
used another liver fibrosis model induced by a high-fat choline-
deficient, l-amino acid–defined (CDAHFD) diet (18). Similarly, serum 
ALT and AST were higher in Piezo1fl/fl Lyz2Cre compared to their litter-
mate control (Fig. 2, M and N). mRNA levels of fibrosis-related genes 
were also increased in Piezo1fl/fl Lyz2Cre mice (Fig. 2O). Sirius red 
staining also revealed more fibrosis in the liver from Piezo1fl/fl Lyz2Cre 
mice (Fig. 2, P and Q). These data suggest that Piezo1 in liver macro-
phages contributes to the resolution of liver injury and fibrosis during 
chronic liver disease.

Piezo1 deficiency is related to impaired efferocytosis 
function in fibrotic mice
To further elucidate how myeloid-specific depletion of Piezo1 affects 
the resolution of chronic liver injury and fibrosis, we assessed the 
proportion of major myeloid cells in the liver using flow cytometry. 
Neutrophils, but not macrophages, showed an increased abundance 
at 24 and 48 hours after the last CCl4 injection (Fig. 3, A to D, and 
fig. S3, A and B), which was validated by immunofluorescent stain-
ing (Fig. 3, E to G). The proportion and absolute count of neutrophils 
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Fig. 1. Increased expression of Piezo1 in liver macrophages during the progression of NASH. (A to C) Correlation analysis of PIEZO1 with COL1A1 (A), COL3A1 (B), and 
COL6A1 (C) using human transcription profiling dataset from public data. Every spot represents an individual patient. The P values and correlation coefficients were calcu-
lated using Pearson’s correlation analysis. (D) Biofunction analysis of top 100 genes positively correlated with PIEZO1 in human transcription profiling dataset. Pathways 
mentioned in the text are highlighted. (E) Normalized Piezo1 expression in mice liver during NASH progression analyzed by transcription profiling dataset from public data. 
Each spot represents a biological duplication of samples. (F and G) Normalized Piezo1 expression in Kupffer cells (F) and different monocyte or macrophage subpopulations 
(G) during NASH progression analyzed by transcription profiling dataset from public datasets. Each spot represents a biological duplication of samples (E to G). (H) Histo-
gram plots of tdTomato intensities of HSECs, KCs, Ly6chi MoDMs, Ly6clo MoDMs, neutrophils, and eosinophils measured by flow cytometry. The mean fluorescence intensity 
(MFI) of cells from wild-type mice liver (WT oil control), Piezo1P1tdT mice liver treated with corn oil (Piezo1-tdT oil control) or repetitive CCl4 challenge (Piezo1-tdT chronic) 
was shown in the corresponding colors. (I) Representative confocal images of liver sections showing tdTomato (red) expression in F4/80-positive (cyan) liver macrophages 
in WT mice, Piezo1-tdT oil control mice, normal region, and fibrotic region of Piezo1-tdT oil control mice. Scale bars, 10 μm. (J) Quantification of tdTomato expression in 
liver macrophages in (I). Data are displayed as means ± SD. Unpaired Student’s two-tailed t test (E and F). One-way analysis of variance (ANOVA) with Tukey’s multiple com-
parisons test (J). ns, nonsignificant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Data are representative of two independent experiments (I and J).
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Fig. 2. Macrophage piezo1 knockout exacerbates liver fibrosis. (A to C) Representative image of Sirius red staining of the liver sections (A) and their quantifications of 
Piezo1fl/fl Lyz2Cre mice and their littermate controls at 24 (B) and 48 hours (C) after the last injection of CCl4. Scale bars, 200 μm. n = 3 to 5 mice. (D to F) Representative 
immunofluorescence staining image of α–smooth muscle actin (α-SMA) of the liver sections (D) and their quantifications of Piezo1fl/fl Lyz2Cre mice and their littermate 
controls at 24 (E) and 48 hours (F) after chronic CCl4 injury. Scale bars, 50 μm. Each dot represents one region of interest (ROI). (G and H) qPCR analysis of mRNA level of 
fibrosis-related genes in the liver of Piezo1fl/fl Lyz2Cre mice and their littermate controls at the time point of 24 (G) and 48 hours (H) after chronic CCl4 injury. n = 3 to 5 mice. 
(I to L) Quantification of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels of Piezo1fl/fl Lyz2Cre mice and their littermate controls at 
24 (I and J) and 48 hours (K and L) after chronic CCl4 injury. n = 3 to 5 mice. (M and N) Quantification of serum ALT (C) and AST (D) levels of Piezo1fl/fl Lyz2Cre mice and their 
littermate controls fed with choline-deficient, l-amino acid–defined (CDAHFD) diet for 6 weeks. n = 5 mice per group. (O) qPCR analysis of mRNA level of fibrosis-related 
genes in the liver. n = 5 mice per group. (P and Q) Sirius red staining of the liver sections (P) and their quantifications (Q). n = 5 mice per group. Data are displayed as 
means ± SD. Unpaired Student’s two-tailed t test (B, C, E, F, I to N, and Q). Two-way ANOVA with multiple comparisons test (G, H, and O). *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001. Data are representative of three independent experiments.
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were also higher in CDAHFD-fed Piezo1fl/fl Lyz2Cre mice compared 
to the littermate control (Fig. 3, H and I). Considering the low ex-
pression of Piezo1 in neutrophils within the liver (Fig. 1H), we did 
not attribute the observed effects on neutrophils to the impact of 
myeloid Piezo1 knockout. In addition, the number of neutrophils 
infiltrating the liver after acute injury was not changed (fig. S2, A 
and B), indicating that the activation signals derived from sensing 
damaged tissue may not contribute to Piezo1 activation. Besides, the 
neutrophil abundance in the bone marrow and blood was compa-
rable between Piezo1fl/fl Lyz2Cre mice and Piezo1fl/fl mice at both 24 and 
48 hours after chronic liver injury (fig. S3, C to F), which suggested 
that Piezo1 knockout was unlikely to cause a difference in neutro-
phil recruitment during inflammation.

In the liver, apoptotic neutrophils are widely thought to be 
cleared by KCs via efferocytosis (19, 20). Failure to clear apoptotic 
neutrophils during alcoholic liver disease can result in increased 

liver injury (21). Here, we hypothesized that myeloid depletion of 
Piezo1 impairs the efferocytosis of neutrophils by liver macro-
phages. To confirm whether this clearance program also occurs in 
CCl4-induced chronic liver injury, we first used immunofluores-
cence to assess the colocalization of neutrophils and macrophages. 
We observed neutrophils were localized in the cell body of macro-
phages during chronic liver injury, especially in the fibrotic region 
(Fig. 4, A and B). In the fibrotic region of Piezo1fl/fl mice, we ob-
served a higher proportion of neutrophils that were localized within 
macrophages, despite the lower overall abundance of neutrophils, 
compared to Piezo1fl/fl Lyz2Cre mice (Fig.  4, C and D), indicating 
that macrophages engulfed fewer neutrophils in Piezo1fl/fl Lyz2Cre 
mice. To determine the contribution of KCs, Ly6clo MoDMs, and 
Ly6chi MoDMs to neutrophil efferocytosis during chronic liver fi-
brosis, we developed a gating strategy using flow cytometry to iden-
tify engulfing macrophages by intracellular staining of Ly6g (Fig. 4, 

Fig. 3. Piezo1 deficiency resulted in more neutrophil accumulation in fibrotic mice. (A to D) Representative fluorescence-activated cell sorting (FACS) plot of neutrophil 
subsets and statistics of their frequencies in the liver of Piezo1fl/fl Lyz2Cre mice and their littermate controls at 24 (A and B) and 48 hours (C and D) after chronic CCl4 injury. After 
gating for CD45+ living singlets, neutrophils were defined as CD11b+ Ly6g+ cells. n = 4 to 6 mice per group (B and D). (E to G) Representative immunofluorescence staining 
image of neutrophils (Ly6g, cyan) of the liver sections (E) and their quantifications of Piezo1fl/fl Lyz2Cre mice and their littermate controls at 24 (F) and 48 hours (G) after 
chronic CCl4 injury. Liver macrophages were visualized by F4/80 (red), and the nucleus was stained by Hoechst (blue). Scale bars, 50 μm. Each dot represents one ROI. (H and 
I) Frequency and numbers of neutrophils in the liver of Piezo1fl/fl Lyz2Cre mice and their littermate controls after 6-week CDHFAA diet. n = 5 mice per group. Data are displayed 
as means ± SD. Unpaired Student’s two-tailed t test (B, D, and F to I). *P < 0.05, **P < 0.01, and ****P < 0.0001. Data are representative of three independent experiments.
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Fig. 4. Piezo1 deficiency impaired efferocytosis of macrophages in fibrotic mice. (A and B) Representative confocal image of immunofluorescence staining showing 
the colocalization of neutrophils (Ly6g, cyan) and liver macrophages (F4/80, red) in the non-fibrotic region and fibrotic region; the nucleus was stained by Hoechst (blue) 
(A). Neutrophils localized in macrophages were indicated with white arrows. Scale bars, 30 μm. The percentage of neutrophils localized in macrophages was quantified as 
in (B). n = 4 mice per group. (C and D) Representative confocal image of immunofluorescence staining (C) and their quantifications (D) showing the colocalization of 
neutrophils (Ly6g, cyan) and liver macrophages (F4/80, red) in the fibrotic region of Piezo1fl/fl Lyz2Cre mice liver and their littermate controls. Neutrophils localized in mac-
rophages were indicated with white arrows. Scale bars, 15 μm. n = 4 mice per group. (E) Experimental scheme for the identification of neutrophil-engulfing liver macro-
phages. (F) Representative FACS plot for the identification of neutrophil-engulfing liver macrophages. (G) Absolute cell numbers of neutrophil-engulfing liver macrophages 
of control mice treated with corn oil vehicle or chronic CCl4 injury mice. (H and I) Representative confocal image of terminal deoxynucleotidyl transferase–mediated de-
oxyuridine triphosphate nick end labeling (TUNEL; yellow) staining of liver sections (H) and their quantifications (I) of Piezo1fl/fl Lyz2Cre mice and their littermate controls 
at 24 hours after chronic CCl4 injury. Liver macrophages were visualized by F4/80 (red), neutrophils were visualized by Ly6g (cyan), and the nucleus was stained by Hoechst 
(blue). Scale bars, 70 μm. Each dot represents one ROI. (J) Percentage of Ly6g-positive or -negative, TUNEL+ (apoptotic) cells. n = 4 mice per group. Data are displayed as 
means ± SD. Unpaired Student’s two-tailed t test (B, D, I, and J). Two-way ANOVA with multiple comparisons test (G). **P < 0.01 and ****P < 0.0001. Data are representa-
tive of three independent experiments.
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E and F). Our findings revealed that Kupffer cells were the primary 
liver macrophage population responsible for engulfing neutrophils 
under steady-state conditions. However, during chronic liver injury, 
the absolute count of neutrophil-engulfing KCs remained unchanged 
despite an increase in infiltrating neutrophils. Instead, during chronic 
liver injury, the absolute count of neutrophil-engulfing Ly6clo and 
Ly6chi MoDMs was significantly increased compared to the steady 
state. The abundance of engulfing Ly6chi MoDMs in the fibrotic liver 
was comparable to that of KCs (Fig. 4G). We also observed the existence 
of ingested Ly6g+ cellular debris in all three liver macrophage popula-
tions isolated from fibrotic liver, which confirmed that the neutro-
phils were taken up by liver macrophages in vivo (fig. S3G).

Consistent with the hypothesis that Piezo1 knockout in macro-
phage impairs efferocytosis, we found that the TUNEL+ (terminal 
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick 
end labeling–positive) apoptotic cells were significantly increased in 
Piezo1fl/fl Lyz2Cre mice (Fig. 4, H and I). Neutrophils represent only 
a small part of apoptotic cells during chronic liver injury (Fig. 4J), 
suggesting that apoptotic neutrophils were not the only dying cells 
cleared by macrophages. Hepatocyte death is prominent in liver 
fibrosis (22). Immunofluorescent staining of hepatocyte nuclear 
factor 4 alpha (HNF4A) revealed less HNF4A-positive debris inside 
macrophages in Piezo1fl/fl Lyz2Cre mice compared to WT mice, indi-
cating impaired clearance of dead hepatocytes in macrophages lacking 
PIEZO1 (fig. S3H). Overall, these data demonstrated a pivotal role 
for Piezo1 in regulating macrophage efferocytosis in the context of 
tissue fibrosis.

Stiffness sensing promotes macrophage efferocytosis via 
Piezo1 in vitro
To determine whether Piezo1 is essential for efferocytosis, we 
cocultured primary mouse BMDMs from Piezo1fl/fl Lyz2Cre mice 
or their littermate controls with labeled freshly isolated bone 
marrow neutrophils or induced apoptotic neutrophils. As ex-
pected, Piezo1-deficient BMDMs showed a decreased efferocyto-
sis, whereas BMDMs from Piezo1fl/fl Lyz2Cre mice and Piezo1fl/fl 
mice both showed a low-level uptake of fresh neutrophils (Fig. 5, 
A and B). In addition, we found that BMDMs from Piezo1fl/fl 
Lyz2Cre mice were usually smaller than BMDMs from Piezo1fl/fl 
mice (Fig. 5C), attributed to the deficiency of Piezo1 impairing 
the calcium influx and downstream cytoskeletal organization in 
BMDMs (16, 23). Both extracellular calcium and intracellular 
calcium are essential for efferocytosis (24, 25). To investigate 
whether Piezo1 activation affects calcium influx during efferocy-
tosis, we used live-cell imaging techniques to visualize calcium 
signals in BMDMs labeled with Fluo-8 during efferocytosis. Our 
observations revealed that, compared to fresh neutrophils, BMDMs 
exhibited more frequent calcium influx events when incubated 
with apoptotic neutrophils (Fig. 5D and movie S1). WT BMDMs 
cocultured with fresh or apoptotic neutrophils only uptake apop-
totic neutrophils in the presence of extracellular Ca2+ in the 
medium (Fig. 5E), which suggested that calcium signaling is in-
dispensable for efferocytosis. Using live-cell imaging, we also 
found that Piezo1 deficiency in BMDMs greatly reduced the fre-
quency of calcium influx in BMDMs during efferocytosis (Fig. 5F 
and movie S2). Consistently, Piezo1 activation induced by Piezo1-
specific agonist Yoda1 significantly increased efferocytosis in 
BMDMs from Piezo1fl/fl mice but not from Piezo1fl/fl Lyz2Cre mice 
(Fig. 5G). Similar results were obtained using flow cytometry to 

detect efferocytosis after coculture BMDMs with apoptotic neu-
trophils or hepa1–6 labeled with carboxyfluorescein diacetate 
succinimidyl ester (CFSE) or pHrodo Deep Red (Fig. 5, H and I, 
and fig.  S4, A and B). Treatment with cytochalasin D, a potent 
phagocytosis inhibitor that interferes with actin polymerization, 
almost completely blocked phagocytosis. After cytochalasin D 
treatment, we found that the binding of BMDM to apoptotic neu-
trophils or hepa1–6 cells was comparable (fig.  S4, C and D). 
Piezo1 deficiency did not affect the expression of known recep-
tors that are responsible for efferocytosis (fig. S4E). It has been 
reported that Piezo1 activation modulates cytoskeleton rearrange-
ment via Rac1 (23). Rac1 is a small GTPase that can be activated 
by calcium and is crucial for phagocytosis (26, 27). Immunofluo-
rescent staining of active Rac1 showed stronger activation of Rac1 
in WT macrophages during phagocytosis (Fig.  5, J and K). To-
gether, these studies demonstrated that the Piezo1-mediated cal-
cium signaling and Rac1 activation in macrophages are essential 
for efferocytosis.

Piezo1 is activated by various types of distinct mechanical 
stimulations, and previous studies suggested that the activation of 
Piezo1 can be modulated by substrate stiffness (23, 28–30). Nor-
mal liver tissue has been reported to have an elastic modulus 
around several kilo Pascal, whereas fibrosis causes increased tis-
sue rigidity to up to 20 kPa (Fig. 5L) (31, 32). We hypothesized 
that Piezo1 could sense the increased tissue stiffness in the fibrot-
ic liver and promote efferocytosis by macrophages during chronic 
liver injury. It is worth noting that the plastic plate or cover glass 
commonly used for macrophage culture is much stiffer (hundreds 
of times) compared to natural biological tissue. To better mimic 
the in  vivo microenvironment, we measured the efferocytosis 
ability of BMDMs seeded on different stiffness culture matrices 
(0.2, 0.5, 2, 8, 16, 32, 64 kPa). We found that the uptake of apop-
totic neutrophils by BMDMs increased with increased substrate 
stiffness (Fig.  5M). However, Piezo1-deficient BMDMs did not 
show an enhanced engulfment and maintained a low efferocytosis 
level on the stiffer matrix (Fig.  5N), suggesting that stiffness-
mediated efferocytosis of neutrophils by macrophages is depen-
dent on Piezo1. We also assessed whether increased substrate 
stiffness could enhance the phagocytosis activity of macrophages 
using fluorescent polystyrene beads (1-μm diameter). We found 
that the phagocytosis of beads was increased on the stiffer matrix 
both in WT and Piezo1-deficient BMDMs. However, Piezo1-
deficient BMDMs showed less phagocytosis activity than WT 
BMDMs (fig. S4, F and G). Together, these data suggest that the 
efferocytosis by macrophages is enhanced by a stiffer substrate, 
which relies on the activation of Piezo1. The above results also 
explain why Piezo1 conditional knockout in myeloid cells only 
exacerbates liver inflammation and fibrosis in chronic liver injury.

Stiffness sensing and efferocytosis reprogram macrophages 
into an anti-inflammatory phenotype
To assess the overall effect of Piezo1 knockout on liver macro-
phages during chronic liver injury, three populations of liver mac-
rophages, including KCs, Ly6clo MoDMs, and Ly6chi MoDMs from 
the fibrotic liver of Piezo1fl/fl Lyz2Cre mice and Piezo1fl/fl mice were 
sorted and subjected to RNA sequencing (RNA-seq) analysis. Prin-
cipal components analysis (PCA) analysis revealed a clear separa-
tion among three liver macrophage populations. Piezo1-deficient 
macrophages were separated from their counterparts, especially in 
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Fig. 5. Stiffness sensing promotes efferocytosis via piezo1 in vitro. (A) Representative confocal image of macrophages engulfing neutrophils. BMDMs (F4/80, red) 
were cocultured with CFSE-labeled fresh or apoptotic neutrophils (green) for 30 min. The nucleus was stained with Hoechst (blue). Scale bars, 15 μm. (B) Quantification of 
efferocytosis in experiments in (A). Each dot represents one ROI. (C) Quantification of cell volumes of BMDMs from indicated groups. Each dot represents one ROI. 
(D) Frequency of calcium influx in BMDMs cocultured with freshly isolated neutrophils or apoptotic neutrophils. Each spot represents an individual cell. (E) Efferocytosis 
of BMDM with or without calcium ion. Each spot represents an individual ROI. (F) Frequency of calcium influx in BMDMs from indicated mice cocultured with apoptotic 
neutrophils. Each spot represents an individual cell. (G) Efferocytosis of BMDMs with or without Yoda1 treatment. Each spot represents an individual ROI. (H and I) Repre-
sentative FACS plot and quantifications of efferocytosis of BMDM from indicated mice, the cells were pregated from Ly6g− F4/80+ population. n = 4 mice per group. (J and 
K) Active Rac1 staining (purple) in macrophages (green) with and without coculture with apoptotic hepa1–6 cells. Data are quantified as the mean fluorescent intensity 
of Rac1 staining in (K). Scale bars, 15 μm. n = 5 mice per group. (L) Stiffness of different tissues and plastic or glass surfaces. (M) Efferocytosis of BMDMs cultured in sub-
strates with different stiffness. Each spot represents an individual ROI. (N) Efferocytosis of BMDMs from indicated mice cocultured with carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE)–labeled apoptotic neutrophils for 30  min in substrates with different stiffness. Each spot represents an individual ROI. Data are displayed as 
means ± SD. One-way (M) or two-way ANOVA with multiple comparisons test (B, E, G, I, K, and N). Unpaired Student’s two-tailed t test (C, D, and F). *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001. Data are representative of three independent experiments.
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Ly6chi MoDMs (Fig. 6A). GO annotation showed that up-regulated 
genes in Piezo1-deficient Ly6chi MoDMs were related to an ECM 
organization, positive regulation of cell migration, inflammatory 
response, positive regulation of the apoptotic process, and neutro-
phil degranulation (Fig.  6B). Further analysis also revealed that 
genes related to chemotaxis, pro-inflammatory macrophage, and 
ECM were up-regulated in Piezo1-deficient Ly6chi MoDMs. In con-
trast, growth factors and anti-inflammatory macrophage-related 
genes were mostly down-regulated (Fig.  6C). Moreover, recent 
studies have identified a previously unidentified recruited liver 
macrophage subset as “lipid-associated macrophages” (LAMs) in 
mouse and human NASH, which has been shown to protect against 
adverse liver remodeling (33), and more LAM signature genes were 
enriched in WT but not Piezo1-deficient Ly6chiMoDMs (Fig. 6C). 
Analysis of KCs and Ly6clo MoDMs revealed similar changes 
(fig. S5, A to D). These results provided compelling evidence of the 
anti-inflammatory and anti-fibrosis role of Piezo1 in liver macro-
phage during fibrosis.

To validate these findings, we incubated CFSE-labeled human 
apoptotic HL-60 cells with BMDMs from Piezo1fl/fl Lyz2Cre mice 
and Piezo1fl/fl mice, the HL-60 engulfing BMDMs were purified for 
qPCR. This approach allows the assessment of macrophage gene 
expression after efferocytosis while excluding the contamination of 
RNA form engulfed apoptotic cargo (34). To mimic stiffness-
dependent efferocytosis in liver fibrosis in  vitro, BMDMs were 
cultured on a matrix with a stiffness of 32 kPa (Fig. 6D). We ob-
served the up-regulation of Tgfb1 and Mmp12 in Piezo1-deficient 
BMDMs after engulfing HL-60 (Fig. 6E). Besides, the expression of 
Ccl2, Ccl7, Cxcl1, Cxcl2, Cd14, Fcgr2b, and Il1b was up-regulated 
in lipopolysaccharide-primed BMDMs. As expected, we found that 
Piezo1 deficiency further increased their expressions (Fig. 6, F to 
M), while the expressions of Hgf and Marco were down-regulated 
(Fig. 6, N and O). These data are consistent with our sequencing 
data, suggesting that Piezo1-mediated efferocytosis reprograms 
macrophages into an anti-inflammatory phenotype.

Phagosome acidification in macrophages after efferocytosis 
requires Piezo1
The last step of efferocytosis involves the digestion of the cellular 
corpse. Previous studies revealed that metabolic substrates (in-
cluding fatty acids and amino acids like arginine and ornithine) 
derived from apoptotic cells could fuel nutrient requirements for 
continual efferocytosis and macrophage polarization (35, 36). The 
fact that the Piezo1-deficient macrophages failed to express anti-
inflammatory genes even after engulfing apoptotic cells prompted 
us to investigate whether Piezo1 might also be involved in the last 
step of digestion. A recent study revealed that the acidification and 
maturation of apoptotic cells containing phagosome require calci-
um signaling after efferocytosis. Abrogation of calcium-conducting 
ion channel TRPM7 in macrophages leads to impaired acidifica-
tion and digestion of phagosomal cargo (37). Thus, Piezo1 might 
also participate in the digestion of apoptotic cells and further regu-
late anti-inflammatory response in efferocytic macrophages.

To validate our assumption, we first evaluated the subcellular local-
ization of Piezo1 in macrophages during efferocytosis. BMDMs from 
Piezo1P1tdT transgenic mice were incubated with apoptotic HL-60 cells, 
murine neutrophils, or fluorescent polystyrene particles. To visualize 
the localization of Piezo1, tdTomato was labeled by anti–red fluores-
cent protein (RFP). We observed that Piezo1 was localized around 

the phagosomes containing apoptotic cells. However, this was not ob-
served around phagosomes containing polystyrene particles (fig. S6).

Next, we used the pH-sensitive dye LysoTracker to evaluate the 
acidification of phagosomes after efferocytosis. Apoptotic HL-60 cells 
were labeled with CFSE and added to BMDMs from Piezo1fl/fl Lyz2Cre 
mice or Piezo1fl/fl mice with or without Yoda1 for 30, 60, and 90 min. 
The cells were then fixed and imaged using confocal microscopy af-
ter LysoTracker staining. We observed a gradual increase in the MFI 
of LysoTracker in efferocytic BMDMs within 90 min, which reflected 
the phagosome acidification process after efferocytosis. This process 
was abolished by Piezo1 knockout in BMDMs. Meanwhile, Yoda1 
treatment accelerated the acidification process in BMDMs from 
Piezo1fl/fl mice but not in BMDMs from Piezo1fl/fl Lyz2Cre mice 
(Fig. 7, A and B). Collectively, these findings suggest that Piezo1 
is required for phagosome acidification and apoptotic cargo diges-
tion after efferocytosis, which could sustain the anti-inflammatory 
response of efferocytic macrophages.

Administration of Piezo1 agonist Yoda1 ameliorates 
liver fibrosis
We next sought to evaluate whether the global Piezo1 activation by 
Yoda1 could potentially serve as a therapeutic approach for treat-
ing liver fibrosis (Fig.  8A). Compared with dimethyl sulfoxide 
(DMSO) vehicle treatment, intraperitoneal Yoda1 administration 
markedly ameliorated liver fibrosis (Fig.  8, B to E). Meanwhile, 
neutrophil infiltration assessed by immunofluorescent staining 
showed a significant decrease after Yoda1 administration (Fig. 8, F 
and G). Flow cytometry revealed that the proportion and absolute 
count of neutrophils decreased after Yoda1 administration (Fig. 8, 
H to J), whereas liver macrophage proportions were unaffected 
(fig. S7A). We used flow cytometry to measure intracellular Ly6g+ con-
tent inside macrophages and we found increased Ly6g-positive 
staining in MoDMs (Fig. 8, K and L). Immunofluorescent staining 
of HNF4a also revealed increased HNF4a debris inside macro-
phages after Yoda1 treatment (fig. S7B). TUNEL staining of liver 
sections suggested that Yoda1 administration reduced the abun-
dance of apoptotic cells during chronic liver injury (Fig. 8, M and 
N). Consistently, mRNA levels of fibrosis-related genes measured 
by qPCR showed a significant decrease (Fig. 8O). Serum ALT and 
AST levels were also decreased after Yoda1 administration (Fig. 8, 
P and Q). Similarly, Yoda1 administration also ameliorated liver 
fibrosis in the CDAHFD-induced liver fibrotic model, as revealed 
by decreased ALT and AST levels (Fig. 9, A and B), less Sirius red–
positive staining (Fig.  9, C and D), decreased mRNA levels of 
fibrosis-related genes (Fig.  9E), less neutrophil infiltration, and 
more neutrophil efferocytosis in macrophages (Fig.  9, F to I). 
These results emphasized that Piezo1 might be a promising target 
for the clinical treatment of liver fibrosis.

DISCUSSION
Liver fibrosis is characterized by the accumulation of ECM, lead-
ing to changes in the mechanical and architectural properties of 
the liver (38). However, there is currently limited knowledge re-
garding how macrophages respond to these biophysical alterations 
and the underlying mechanisms involved. In this study, we dem-
onstrated that macrophage Piezo1 played an important protective 
role in liver fibrosis. The local rigid microenvironment can activate 
Piezo1 in macrophages, and Piezo1 activation promotes efferocytosis 



Wang et al., Sci. Adv. 10, eadj3289 (2024)     5 June 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 17

Fig. 6. Stiffness sensing and efferocytosis reprogram macrophages into an anti-inflammatory phenotype. (A) Principal components analysis (PCA) of bulk RNA-seq 
data for KCs, Ly6clo MoDMs, and Ly6chi MoDMs sorted from fibrotic liver of Piezo1fl/fl Lyz2Cre (cko) mice and Piezo1fl/fl (ctrl) mice. (B) GO enrichment analysis of genes up-
regulated in Ly6chi MoDMs from Piezo1fl/fl Lyz2Cre mice. Pathways mentioned in the text are highlighted. (C) Heatmaps of differentially expressed genes (DEGs) related to 
chemotaxis, pro-inflammatory macrophage, ECM, growth factors, anti-inflammatory macrophage, and lipid-associated macrophage (LAM) in Ly6chi MoDMs from Piezo1fl/fl 
Lyz2Cre (cko) and littermate control (ctrl). (D) Experimental design of efferocytosis assay using BMDMs from Piezo1fl/fl Lyz2Cre mice and their littermate controls with or 
without LPS stimulation (0.1 μg/ml) cocultured with CFSE-labeled apoptotic HL-60. The engulfing BMDMs (CFSE+ and F4/80+) were sorted for subsequent gene expression 
analysis. (E to O) qPCR analysis of the expression of the specified genes in efferocytic BMDMs from Piezo1fl/fl Lyz2Cre mice and their littermate controls with or without LPS 
stimulation. n = 3 mice per group. Data are displayed as means ± SD. Unpaired Student’s two-tailed t test (E to O). *P < 0.05, **P < 0.01, and ****P < 0.0001. Data are 
representative of two independent experiments.
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and clearance of apoptotic cells, thus limiting the pro-inflammatory  
response.

Macrophages exhibit high plasticity and actively adapt to me-
chanically distinct microenvironments (39). Two previous studies 
have suggested a crucial role of Piezo1 in pulmonary and renal fi-
brotic models (13, 14). In both cases, piezo1 was activated by cyclic 
force and up-regulated the expression of pro-inflammatory genes. 
Activation of piezo1 in these macrophages resulted in more mono-
cyte recruitment and exacerbated inflammation. In vitro macrophages 
exposed to cyclic force or cultured on rigid substrates produce higher 
levels of pro-inflammatory cytokines driven by Piezo1 activation 
(13, 30). Therefore, activation of Piezo1 alone promotes the pro-
inflammatory response in macrophages, although the downstream 
signal pathways have not been fully identified. However, these in 
vitro systems cannot fully recapitulate the complexity of the in vivo 
microenvironment. Macrophages are widely acknowledged to be major 
phagocytes that clear cellular debris and apoptotic neutrophils during 
inflammation. Here, we directly evaluated the role of Piezo1 in macro-
phages in a hepatic fibrosis mouse model and substantiated that the 
absence of Piezo1 in macrophages exacerbated fibrosis and inflam-
matory response. The heterogeneous roles of Piezo1 in different fibro-
sis models reflect the context-dependent mechanism of action; in 
our case, the outcome of Piezo1 activation was determined by both 

the type of mechanical force and the neighboring cells (apoptotic 
cells). Other than neutrophils, hepatocyte death is also prevalent in 
chronic liver disease {Lu, 2023 #50}. Our data suggested that the 
clearance of both hepatocytes and neutrophils was impaired in the 
absence of Piezo1. Therefore, Piezo1 on macrophages might be a 
promising target to treat hepatic fibrosis.

Defective efferocytosis has been linked to fibrotic disorders. 
A previous study on the effect of strain differences in fibrosis 
susceptibility identified the phagocytic function of macrophages as 
one determinant of the different outcomes in various mouse strains 
(40). Impaired macrophage phagocytosis has been reported in cirrhotic 
patients with ascites (41). Phagocytosis of apoptotic cells or liposome 
particles allows Ly6chi MoMCs to switch to Ly6clo macrophages, 
which shows a matrix-degrading phenotype and accelerates fibrosis 
resolution. Similarly, after bleomycin treatment, the instillation of 
apoptotic cells has been shown to attenuate lung injury and fibrosis 
through enhanced production of hepatocyte growth factor (42). 
However, it is worth mentioning that enhanced efferocytosis has 
been linked to pro-fibrogenesis effects. It has also been shown that 
efferocytosis of apoptotic alveolar epithelial cells could initiate lung 
fibrosis (43). Macrophage efferocytosis can induce the production 
of transforming growth factor–β (TGF-β), a well-established profi-
brotic cytokine. We speculate that the outcome of efferocytosis 

Fig. 7. Phagosome acidification in macrophages after efferocytosis requires Piezo1. (A) Representative confocal image showing phagosome acidification in 
macrophages after efferocytosis. BMDMs (visualized by F4/80, cyan) from Piezo1fl/fl Lyz2Cre mice and their littermate controls were cocultured with CFSE-labeled apop-
totic HL-60 cells (green) for 30, 60, or 90 min. The nucleus was stained with Hoechst (blue), and phagosome acidification was indicated by LysoTracker Deep Red (red). 
Scale bars, 10 μm. (B) Quantification of the MFI of LysoTracker in efferocytic BMDMs. Data are displayed as means ± SD. Data are representative of two independent 
experiments.
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Fig. 8. Yoda1 administration ameliorates liver injury and fibrosis in the CCl4 model. (A) Experimental design. (B and C) Representative image of Sirius red staining of 
the liver sections (B) and their quantifications (C) of dimethyl sulfoxide (DMSO) vehicle treatment and Yoda1 treatment mice 24 hours after the last CCl4 injection. Scale 
bars, 200 μm. n = 5 mice per group. (D and E) Representative immunofluorescence staining image of α-SMA of the liver sections (D) and their quantifications (E). Scale 
bars, 50 μm. Each dot represents one ROI. (F and G) Representative confocal image of immunofluorescence staining of neutrophils (Ly6g, cyan) in liver sections (F) and 
their quantifications (G). Liver macrophages were visualized by F4/80 (red), and the nucleus was stained by Hoechst (blue). Scale bars, 50 μm. (H to J) Representative FACS 
plot of neutrophils (H) and statistics of their frequencies (I) and absolute count (J) in the liver. n = 5 mice per group. (K and L) Flow cytometry analysis of the frequency and 
absolute count of neutrophil-engulfing macrophages in the liver. n = 5 mice per group. (M and N) Representative confocal image of TUNEL (yellow) staining of liver sec-
tions (M) and their quantifications (N). Each dot represents one ROI. Scale bars, 70 μm. (O) qPCR analysis of mRNA level of fibrosis-related genes in the fibrotic liver. n = 5 
mice per group. (P and Q) Quantification of serum ALT (P) and AST (Q) levels. n = 5 mice per group. Data are displayed as means ± SD. Unpaired Student’s two-tailed t test 
(C, E, G, I, J, N, P, and Q). Two-way ANOVA with multiple comparisons test (K, L, and O). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Data are representative of 
three independent experiments.
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by macrophages in fibrosis depends on the tissue location and the 
disease stages.

Although Piezo1 can promote phagocytosis through modulat-
ing cytoskeleton rearrangement via Rac1, Piezo1 itself does not 
serve as a scavenger receptor. Several specific receptors respon-
sible for efferocytosis in chronic liver injury have been studied. 
In chronic CCl4 liver injury, the absence of stabilin-1, the recep-
tor responsible for taking up fibrogenic-oxidized lipids, aggra-
vates fibrosis and delays resolution after the termination of CCl4 
(44). Tim4 works synergistically with TAM (Tyro3-Axl-MerTK) 
receptors to elicit efferocytosis, and the absence of Tim4 leads 
to increased inflammation and severe steatosis in both high-fat 
diet and methionine-choline–deficient diet-induced liver injury. 
Other non-TAM receptors, such as integrins avb3 and avb5, have 
also been shown to contribute to limiting fibrosis and the inhibi-
tion of pro-inflammatory cytokine production in the chronic 
liver disease models of bile duct ligation and thioacetamide-
induced fibrosis (45). Further research is essential to investigate 

whether Piezo1 may affect the expression or function of these 
receptors.

In summary, the present study suggests that Piezo1 plays a key 
role in the resolution of inflammation in hepatic fibrosis. Further-
more, our study provides insights that pharmacologically targeting 
Piezo1 may be a promising strategy for treating liver fibrosis and 
immune-related diseases.

MATERIALS AND METHODS
Animals
All mice were generated on a C57BL/6 background. Lyz2cre, Piezo1P1tdT, 
and Piezo1fl/fl mouse strains were obtained from The Jackson Labo-
ratory (Jackson Laboratories stock nos. 004781, 029214, and 029213, 
respectively). Piezo1fl/fl mice were crossed with Lyz2cre mice to gener-
ate Piezo1fl/fl Lyz2cre mice. Only littermate mice were used when 
comparing WT and Piezo1 knockout. Sex-matched 7- to 10-week-old 
mice were used to induce liver injury and fibrosis, CCl4 was 

Fig. 9. Yoda1 administration ameliorates liver injury and fibrosis in the CDAHFD model. (A and B) Quantification of serum ALT (A) and AST (B) levels of control mice 
(DMSO) and Yoda1 treated mice (Yoda1) fed with CDAHFD diet for 6 weeks. n = 6 or 7 mice per group. (C and D) Representative Sirius red staining of the liver sections (C) and 
their quantifications (D) in control mice (DMSO) and Yoda1 treated mice (Yoda1) fed with HFCDAA diet for 6 weeks. Scale bars, 200 mm. n = 6 or 7 mice per group. (E) qPCR 
analysis of mRNA level of fibrosis-related genes in the liver from indicated mice. n = 6 or 7 mice per group. (F and G) Frequency (F) and total cell count (G) of neutrophils 
in liver from indicated mice. n = 5 mice per group. (H and I) Frequency (H) and total cell count (I) of intracellular Ly6g+ macrophages in the liver from indicated mice. n = 5 
mice per group. Data are displayed as means ± SD. Unpaired Student’s two-tailed t test (A, B, D, and F to I). Two-way ANOVA with multiple comparisons test (E). *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001. Data are representative of two independent experiments.
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1:9 dissolved in corn oil, and CCl4 (1.5 g/kg) was injected intraperi-
toneally twice a week for over 4 weeks (46). Mice on CDAHFD were 
started at 8 weeks of age and were maintained on the same diet for 
6 weeks. For Yoda1 treatment, Yoda1 was given every other day dur-
ing the CCl4 treatment or CDAHFD diet. All animals were main-
tained at 12-hour light/dark cycles under controlled temperature and 
humidity conditions. All animal experiments were performed in 
compliance with the animal center of Shanghai Jiao Tong University 
School of Medicine.

Cell isolation and culture
For BMDM, bone marrow cells were collected by flushing the 
femurs and tibias with phosphate-buffered saline (PBS) in a 1-ml 
sterile syringe. After red blood cell lysis by ACK (Gibco A1049201), 
1 × 107 bone marrow cells were plated in 10-cm dish and cultured in 
Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 
2 mM l-glutamine, 10% heat-inactivated fetal bovine serum (FBS) 
(Gibco), 1% penicillin/streptomycin (absin), and recombinant 
mouse macrophage colony-stimulating factor (20 ng/ml; Pepro-
Tech, 315-02). The culture medium was replaced on day 3, and the 
cells were allowed to differentiate for 7 days. For neutrophils, bone 
marrow cells after erythrocyte lysis were resuspended in Hanks’ 
balanced salt solution (HBSS) (Gibco) supplemented with 20 mM 
Na-Hepes (Solarbio, H1095) and 0.5% FBS, layered on 62.5% Per-
coll gradient (Cytiva, 17089109) and centrifuged at 1000g for 30 min 
with no break. Neutrophils were collected after discarding the upper 
layer and washed for further experiment. To induce apoptosis, puri-
fied neutrophils were incubated in RPMI 1640 medium (Gibco) 
without FBS for 24 hours (47). The apoptotic rate was confirmed to 
be >80% with annexin V and propidium iodide staining (Yeasen, 
40305BS20). HL-60 cell line was cultured in Iscove’s modified 
Dulbecco’s medium (Gibco, C12440500BT) supplemented with 
2 mM l-glutamine, 15% heat-inactivated FBS, and 1% penicillin/
streptomycin. Paclitaxel (0.1 nM; Selleckchem, S1150) was added 
to induce apoptosis; the apoptotic rate was greater than 90% after 
48 hours of paclitaxel treatment.

Efferocytosis assay
BMDMs were harvested using PBS (HyClone) supplemented 2 mM 
EDTA (Invitrogen AM9260G) and seeded at a 5  ×  104 cells/cm2 
density 24 hours before the experiment. For experiments on stiff-
ness culture matrix (Sigma-Aldrich, 5190-7EA), the matrix surfaces 
were coated with collagen I (50 μg/ml) from rat tail (Corning, 
354236) before seeding. For some experiments, BMDM was treated 
with LPS (0.1 μg/ml; Sigma-Aldrich, L2630) for 24 hours. Apoptotic 
cells were labeled with 5 μM CFSE (eBioscience, 65-0850-84) or 
pHrodo Deep Red (Invitrogen, P35357), followed by the manufac-
turer’s instructions. The apoptotic cells were then cocultured with 
BMDMs in a 5:1 ratio to BMDMs for 30 min (unless otherwise indi-
cated). Cells were washed three times with PBS and fixed with 4% 
paraformaldehyde (PFA; Servicebio, G1101) at room temperature 
for 15 min. To assess phagosome acidification, the cells were stained 
with 50 nM LysoTracker Red (Invitrogen, L7528) at room tempera-
ture for 30 min in PBS before fixation. The cells were then permea-
bilized with 0.2% Triton X-100 dissolved in PBS at room temperature 
for 15 min and followed by PE-F4/80 (BioLegend, 123110) antibody 
staining overnight at 4°C and Hoechst (Invitrogen H1399) staining 
for 15 min at room temperature. Phagocytosis was then assessed by 
confocal imaging. For flow cytometry, the cells were harvested after 

washing with PBS and stained with PE-F4/80 and Pacific Blue Ly6g 
(BioLegend, 127611) before flow cytometry acquisition performed 
on BD LSRFortessa X-20 (BD Biosciences) using FACSDiva software.

Live-cell imaging
BMDMs were harvested and then labeled with 0.5 μM CellTracker 
CMRA (Invitrogen, C34551), and apoptotic neutrophils or fresh 
neutrophils were labeled with 0.25 μM CellTracker Deep Red (Invi-
trogen, C34565), and then washed twice after incubating 30 min. 
Labeled BMDMs were then seeded into a confocal dish for 1 hour, 
3 μM Fluo-8 (Abcam, ab142773), and Deep Red–labeled neutro-
phils were added and incubated for 30 min. Time-lapse imaging was 
then performed by an inverted Olympus FV3000 confocal micro-
scope with a 20×/0.75 UPLANSAPO objective lens; images were 
taken every 20 s for 30 min.

Mice treatment and sampling
Yoda1 was purchased from MCE (HY-18723) and was dissolved 
into 10 mg/ml stock in DMSO. In some experiments, after being 
dissolved in a 1:9 ratio with corn oil, Yoda1 (3 mg/kg) was given 
intraperitoneally every other day during the CCl4 challenge. The 
control mice were given an equivalent amount of DMSO dissolved 
in corn oil. The mice were anesthetized with 2.5% Avertin (20 ml/kg) 
and sampled 24 or 48 hours after the last injection. Specifically, 
300 μl of blood was collected first from the postcava using a 1-ml 
syringe and placed on ice. One hundred microliters was used for 
flow cytometry and 200 μl for serum collection after centrifugation 
(4000 rpm, 15 min) and cryopreserved at −20°C to measure ALT 
and AST. Then, the mice were euthanized, and the liver was per-
fused with 20 ml of cold PBS. The liver tissue was sampled after per-
fusion for subsequent assays, including flow cytometry analysis, 
frozen section preparation for immunofluorescence, histology ex-
amination, and RNA isolation for qRT-PCR.

Flow cytometry
Peripheral blood from mice was lysed with ACK and centrifuged at 
1500 rpm for 5  min. Bone marrow cells were collected, as men-
tioned above. The liver was placed in RPMI 1640 complete medium 
supplemented with collagenase IV (0.2 mg/ml; Sigma-Aldrich, 
C5318) and deoxyribonuclease I (0.05 mg/ml; Sigma-Aldrich, 
D4513), cut into pieces, and incubated at 37°C 30 min for enzyme 
digest. Single-cell suspension was made after using a 1.2-mm sy-
ringe to dissociate the digested tissue. The collected cells were first 
stained with Zombie Aqua dye (BioLegend, 423102) to exclude dead 
cells. The cells were then stained with fluorophore-conjugated anti-
mouse antibodies at 4°C. Antibodies used in experiments included 
anti-CD45 (clone 30-F11), anti-CD11b (clone M1/70), anti-CD64 
(clone X54-5/7.1), anti-F4/80 (clone BM8), anti-Ly6c (clone HK1.4), 
anti-Ly6g (clone 1A8), anti-Siglecf (clone E50-2440), anti-CD31 
(clone 390), and anti-B220 (clone RA3-6B2). For intracellular stain-
ing, cells were fixed and permeabilized using the Foxp3/Transcrip-
tion Factor Staining Buffer Set (eBioscience, 00-5523-00) following 
the manufacturer’s protocol after surface staining. Intracellular Ly6g 
was stained using phycoerythrin-conjugated anti-mouse Ly6g (clone 
1A8) after intracellular Fc-blocking. The cells were resuspended in 
200 μl of fluorescence-activated cell sorting (FACS) buffer, and 
counting beads (Invitrogen C36950) were added according to the 
manufacturer’s protocol before flow cytometry acquisition. Flow 
cytometry acquisition was performed on BD LSRFortessa X-20 (BD 
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Biosciences) using FACSDiva software, and the data were analyzed 
by FlowJo software (Tree Star).

MACS enrichment and cell sorting
For the enrichment and sorting of liver macrophages, we used a 
modified protocol in which the liver was digested and dissociated 
by collagenase perfusion as described (48). Briefly, the liver was 
digested by perfused with 37°C prewarmed 15 ml of HBSS contain-
ing 0.5 mM EDTA and 10 ml of HBSS containing 1 mM CaCl2 and 
collagenase (6.4 mg/ml) (Sigma-Aldrich, C9407) via the vena cava 
and hepatic portal vein. Then, the liver was collected, and hepatic 
cells were released by removing the liver capsule and cutting the 
liver lobes. The cells were then filtered through a 100-μm cell 
strainer. Liver macrophages in the supernatant were then enriched 
by magnetic-activated cell sorting (MACS) before sorting. The cells 
were incubated with biotinylated anti-mouse F4/80 (1:100; clone 
BM8) antibody followed by streptavidin microbeads (1:10; Miltenyi 
Biotec, 130-048-101). Liver macrophages were positively selected 
using LS columns and a MidiMACS separator (Miltenyi Biotec) ac-
cording to the manufacturer’s instructions. Selected cells were next 
stained with fluorophore-conjugated anti-mouse antibodies, in-
cluding anti-CD45 (clone 30-F11), anti-CD11b (clone M1/70), 
anti-CD64 (clone X54-5/7.1), anti-F4/80 (clone BM8), anti-Ly6c 
(clone HK1.4), anti-Ly6g (clone 1A8), anti-Siglecf (clone E50-
2440), anti-CD31 (clone 390), anti-B220 (clone RA3-6B2) after 
dead cell staining and Fc blocking. All antibodies are from BioLeg-
end. Cell sorting was performed on a BD FACSAria III (BD Biosci-
ences) instrument to achieve >98% purity and >85% viability.

Immunofluorescence
The liver samples were fixed using 4% PFA overnight. Samples were 
embedded in an OCT compound (Sakura Finetek) and stored at 
−80°C. Frozen sections of 50 μm thickness were cut on a CM1950 
cryostat (Leica), followed by permeabilization with PBS containing 
0.2% Triton X-100 and blocking with PBS containing 0.2% Tween 20, 
1% bovine serum albumin, 0.3 M glycine, and 10% goat serum for 
2 hours at room temperature. The sections were stained with primary 
antibodies, including anti-Ly6g (clone 1A8, BioLegend), anti-F4/80 
(clone BM8, BioLegend), anti–α-SMA (clone EPR4429, Abcam), and 
anti-HNF4A (SN72-03, Thermo Fisher Scientific) diluted using PBS 
containing 0.2% Tween 20 followed by Goat anti-Rabbit secondary 
antibody (Jackson Immunoresearch, 111-605-003) and Hoechst 
staining for 2 hours. In some experiments, primary antibodies, in-
cluding anti-RFP (clone EPR18992, Abcam), anti-Ly6c (clone HK1.4, 
BioLegend), and anti-Timd4 (clone RMT4-54, BioLegend), were 
used. For TUNEL staining of the liver section, the TUNEL Apoptosis 
Detection Kit (Alexa Fluor 640, Yeasen 40308ES20) was used follow-
ing the manufacturer’s protocol.

Confocal microscopy and image processing
The image acquisition was performed on an FV3000 confocal mi-
croscope with 20×/0.75 UPLANSAPO or 60×/1.30 Sil UPLANSA-
PO objective lens. Laser excitation wavelengths of 405, 488, 561, and 
647 nm were used for fluorescence detection. A mosaic image of the 
liver section was acquired using a 4 × 4 field of view, and three re-
gions of interest (ROIs) were selected for analysis. Images were 
processed using Imaris (Bitplane) and Fiji (NIH) software. A back-
ground subtraction algorithm determined the threshold, and neu-
trophil number and α-SMA–positive volume were quantified using 

the spot and surface functions in Imaris. Histo-cytometry analysis 
was performed to quantify tdTomato fluorescence intensity as previ-
ously described (49). Briefly, surfaces of liver macrophages were cre-
ated according to F4/80 staining, and the MFI for all channels was 
obtained using Imaris. Objects were exported into FlowJo 10.3 and 
later analyzed with GraphPad Prism. To quantify efferocytosis, im-
ages were acquired with a 10×/0.40 UPLANSAPO objective lens, 
zoom ×3. The efferocytosis index was evaluated as the percentage of 
engulfing BMDMs in at least three fields per sample.

Histology
Liver samples were embedded in paraffin, and 10-μm-thick sections 
were obtained after fixation and dehydration. Dewaxed paraffin sec-
tions were stained with Sirius red solution (Servicebio, G1018) for 
8  min, and then dehydrated thrice with anhydrous ethanol. The 
sections were then sealed with neutral gum (SCRC 10004160) after 
hyalinized with xylene. The images were acquired using an FV200 
microscopy system with a 40× objective lens. The percentage of 
Sirius red–positive area was evaluated using Fiji software.

Biochemical assay
The serum ALT and AST levels were measured using the Alanine 
Aminotransferase Assay Kit and Aspartate Aminotransferase Assay 
Kit (Nanjing Jiancheng Bioengineering Institute, C009-2-1 and C010-
2-1, respectively) following the manufacturer’s protocol.

Quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen, 15596018), 
and cDNA was synthesized by reverse transcription using HiScript II 
Q RT SuperMix (Vazyme, R223-01) according to the manufacturer’s 
instructions. Gene expression was quantified using AceQ Universal 
SYBR qPCR Master Mix (Vazyme, Q511-02). Primers used to detect 
mouse genes are listed in table S1.

RNA sequencing
The total RNA of the isolated liver macrophage was extracted as de-
scribed above. Quality control of extracted RNA was performed us-
ing Agilent 4200 Bioanalyzer (Agilent Technologies, Santa Clara, 
CA, USA). The libraries were constructed using VAHTS Universal 
V6 RNA-Seq Library Prep Kit (Vazyme, NR604-01) according to 
the manufacturer’s instructions and sequenced using the Illumina 
Novoseq 6000 platform (Novogene). About 50 M of 150–base pair 
paired-end reads per sample were generated on average. After the 
removal of low-quality reads, filtered clean reads were mapped to 
the reference genome using HISAT2. FPKM (fragments per kilo-
base per million mapped reads) of each gene was then calculated, 
and the corresponding read counts were obtained by HTSeq-count.

Bioinformatics analysis
For the analysis of public repositories of human and mice transcrip-
tion profiling datasets, processed data were downloaded from Array 
Express (https://www.ebi.ac.uk/biostudies/arrayexpress/studies) 
and NCBI Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) 
and processed using R (www.r-project.org/) and Prism. The top 100 
genes positively or negatively correlated with PIEZO1 in the human 
transcription profiling dataset were calculated using R and were 
used for subsequent biological function analysis using Metascape 
(50). For the analysis of RNA-seq data, differential gene expression 
was analyzed using DeSeq2 (51), and significantly differentially 

https://www.ebi.ac.uk/biostudies/arrayexpress/studies
http://www.ncbi.nlm.nih.gov/geo/
https://www.r-project.org/
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expressed genes (DEGs) were determined by Q < 0.05 and 0.5 < log2 
(fold change)  <  −0.5. Biofunction analysis was performed using 
these DEGs with EnrichR (52). Volcano plot, PCA plot, and bar 
plots were generated using ggplot2. Heatmaps were generated us-
ing pheatmap.

Statistical analysis
Unless otherwise specified, all experiments were performed two or 
three times independently. Representative images of immunofluo-
rescence staining, Sirius red staining, and flow cytometry plots are 
shown. Statistical analyses were performed using GraphPad Prism 
software. All data replicates indicated represent the mean values ± 
SDs. Statistical significance was determined using unpaired Stu-
dent’s two-tailed t test for comparisons between two groups, and 
one-way analysis of variance (ANOVA) with Tukey’s multiple com-
parisons test or two-way ANOVA with Sidak’s multiple comparisons 
test for comparisons between multiple groups or repeated measures.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Table S1
Legends for movies S1 and S2

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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