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Abstract

Objectives

Gut-vascular barrier (GVB) disruption in cirrhotic portal hypertension (PH) exacerbates hepatic and
systemic damage via the gut-liver-organ axis, but the underlying mechanism is unclear. The
mechanosensitive channel Piezo1, known to regulate endothelial homeostasis, may mediate GVB
dysfunction, requiring validation.

Methods

Carbon tetrachloride (CCl,)-induced liver cirrhosis and partial portal vein ligation (PPVL)-induced pre-
hepatic PH model were established in Piezo11¥/fX and endothelial cells (ECs)-specific Piezo1-deficient
(Piezo12EC) mice. Portal pressure, GVB permeability, intestinal and systemic inflammation, and Piezo1
expression in mucosal ECs were measured. Cultured intestinal microvascular ECs were treated with the

Piezo1 agonist Yoda1 or hydrostatic pressure to investigate Piezo1-mediated endothelial barrier
regulation.

Results

PH induced significant GVB breakdown in CCl, and PPVL mice, presented as increased permeability
from the gut-to-blood and also leakage from blood-to-gut, accompanied by increased Piezo1 and
VEGFR2 expression in ECs, along with systemic and intestinal inflammation and leaky epithelium. These
effects were reversed in Piezo12EC mice, and Piezo1 knockout in ECs reduced VEGFR2 expression which
in turn inhibited intestinal leakage and inflammatory infiltration, and meanwhile improved systemic
inflammation. Moreover, Yoda1l or hydrostatic pressure promoted VEGFR2 phosphorylation and ECs
monolayer disruption, blocked by siRNA of Piezo1 or Vegfr2.

Conclusion

Endothelial Piezo1 contributed to GVB dysfunction in PH via VEGFR2 pathway. The outward and inward
hyper-permeability of GVB in PH may initiate the intestinal inflammation and trigger epithelial leakage,
and further cause systemic inflammation and injury. Therefore, Piezo1-mediated GVB damage may be a
novel explanation and potential therapeutic target for deterioration of liver cirrhosis with PH.

INTRODUCTION

Cirrhosis, the end stage of chronic liver disease caused by various reasons(1), is a major global health
concern with high morbidity and mortality rates worldwide(2). Portal hypertension (PH) and declined
liver function are the main features of progressive cirrhosis(3). In particular, patients with cirrhosis are
susceptible to microbiota translocation and entry of enterogenous toxins into the bloodstream, which
may trigger systemic inflammation and injury(4). These bacterial infections promote the progression and
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decompensation of cirrhosis, in some cases, can lead to life-threatening acute-on-chronic liver failure
and even multi-organ failure via the gut-liver-organ axes(5-7). Currently, targeting the gut-liver axis has
become an important strategy and viewpoint for preventing further liver damage and related multi-organ
injury in cirrhosis.

Intestinal mucosal barrier dysfunction is commonly found in chronic liver disease and cirrhosis(8), with
destroyed integrity of mucus layer and capability of immune defense, and increased epithelial
permeability(9). Recently, beneath the epithelial barrier, a newly gut-vascular barrier (GVB) was
characterized and proved important role in liver injury(9—11), which is the structural and functional unit
formed by microvascular endothelial cells (ECs), pericytes and enteric glial cells (Figure S1)(12, 13). GVB
acts as the last key guard between the intestine and liver, as well as the blood circulation, it defends
against the dissemination of bacteria and luminal antigen that escaped from the epithelial barrier(14,
15). Most of the invaded pathogens from the intestinal epithelium are denied entry to the internal
environment by GVB, and are finally phagocytose and clear by macrophages and other
immunocytes(13). Indubitably, GVB disruption may directly result in liver injury, and was confirmed in
various intestinal inflammatory conditions(15) and hepatic diseases, such as metabolic associated fatty
liver disease (MAFLD), alcoholic liver disease (ALD) and cirrhosis(11, 16, 17). However, the specific
target and mechanism underlying GVB collapse is far from clear.

Liver cirrhosis may disrupt the intestinal barrier integrity through gut dysbiosis and abnormal bile acid
metabolism in enterohepatic circulation as reported in previous studies(18, 19). Even so, the direct
mechanisms of liver cirrhosis on intestinal barrier, especially for the GVB, are still largely unclear. It is
well-known that PH can cause direct damage to the gastrointestinal tract, so called portal hypertensive
enteropathy(20). The intestinal microvascular ECs may bear the first brunt from PH-induced rise of
intravessel pressure and blood stasis, which is speculated to bring about GVB collapse, and intestinal
edema and inflammation. To date, little is known about vascular mechanical sensing in inducing
endothelial barrier disruption.

Piezo1, a mechanosensitive ion channel expressed in ECs, is activated by elevated pressure and other
mechanical stimuli(21). Piezo1 was proven to play a crucial role in the endothelial homeostasis and
angiogenesis, such as pulmonary artery(22, 23), coronary artery(24), brain capillary(25-27) and
intestinal microvessel(28). Piezo1 could sense disturbed blood flow and activated endothelial
inflammatory signaling(29, 30). Upregulation of Piezo1 in ECs leads to vascular remodeling and
pulmonary hypertension induced by high shear stress(23). In particular, endothelial Piezo1 mediated
pressure-induced lung vascular hyper-permeability via disruption of adherens junctions, while inhibition
or deletion of Piezo1 in ECs markedly prevented capillary stress failure and lung edema(22). Also, our
preliminary findings indicated that endothelial Piezo1 might facilitate GVB disruption in response to
elevated vascular pressures related to PH.

Here, we addressed the possibility that Piezo1, as a mechanical sensor of high vascular pressure in the
PH condition, is responsible for GVB breakdown in cirrhosis. In further, we explored the key role and
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underlying mechanism of Piezo1-mediated bi-directional GVB hyper-permeability in the intestinal and
systemic inflammation that maybe the basis for the progress of liver cirrhosis. The study may provide
new insights and potential targets for preventing the deterioration of liver cirrhosis with PH.

MATERIALS AND METHODS
Animals

C57BL/6 mice were supplied by Shulaibao Biotech Co., Ltd (Wuhan, China). Piezo119/fX mjice (Cat. NO:
NM-CKO0-200275) were customized by Shanghai Model Organisms Center, Inc. (Shanghai, China). Cdh5-
CreERT2 mice (Strain NO: T014691) were purchased from GemPharmatech Co., Ltd. (Nanjing, China).
Piezo1fo¥/flox mjce were crossed with Cdh5-CreERT2 mice to generate ECs-specific Piezo1-deficient
mice (Piezo14EC) with the deletion of exon 4 and 5 of Piezo1 cDNA (NCBI ID: 234839). The Piezo14EC
mice were intraperitoneally given 1 mg of tamoxifen (dissolved in corn oil; Sigma-Aldrich Chemistry) for
5 days to induce the complete deletion of Piezo1 specific on ECs. The Piezo119%/flox mjce were used as
controls (Piezo1"T). The mice were raised in the SPF environment (Animal Experimental Center, Tongji
Medical College, HUST, China) with a constant temperature and humidity, and with the light / dark
alternate time 12h/12h. All animal experiments were approved by the Institutional Animal Care and Use
Committee of Tongji Medical College, HUST, China.

CCl-induced Liver Cirrhosis Model

Liver cirrhosis model was established through the administration of carbon tetrachloride (CCl,) in
mice(31). CCl, (C822982, Macklin, China) was diluted at 5:5 (v/v) in olive oil (0815211, Macklin, China)
for modeling. Male mice (8 weeks old) were injected subcutaneously with CCl, diluent at a dose of 3

ml/kg twice a week for 12 weeks. As a control, other mice administrated with 3 mi/kg olive oil only twice
a week for 12 weeks. To further increase portal pressure, part of the CCl, mice were subjected partial

portal vein ligation (26G) at the 8th week, while others conducted a sham operation as control.

Partial Portal Vein Ligation (PPVL)-induced PH Model

Mice model of pre-hepatic portal hypertension was induced by PPVL as previously described(32, 33).
Briefly, mice were performed median laparotomy under anaesthesia, and the portal vein was carefully
isolated. A blunt-tipped needle (26G or 27G) was placed on the portal vein, and a constricting ligature
was conducted both on the needle and the portal vein with 7 - 0 silk. The needle was removed later on,
leaving a calibrated stenosis (diameter about 0.46mm or 0.41mm) of the portal vein, and then the
abdominal incision was sutured. A sham operation was performed in the control mice with portal vein
isolated but not ligated. After a two-week recovery period following surgery, the mice were used for
subsequent experimental testing.
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Portal Venous Pressure Measurement

The portal pressure was measured via the water column method(32). The mice were anesthetized with
pentobarbital sodium, performed laparotomy incision and the portal vein was dissociated. An 26G
infusion cannula was cannulated into the portal vein, and connected to a glass-tube manometer with
water column (containing heparin sodium physiological saline). The portal pressure was recorded as the
height of water column when the water column in the glass-tube manometer was stayed stationary.

Assessment of Gut-Vascular Barrier Function

The function of GVB was assessed by detecting the endothelial PV1 expression, and measuring the
macromolecular permeability from the gut to blood and from blood to the gut.

Endothelial PV1 expression. The PV1 distribution density was assessed via immunofluorescence, and
present as the ratio of PV1*/CD31* area in the ileal and colonic slices.

Permeability from the gut to blood. To assess the in-flux permeability of GVB, FITC-labeled dextran 70kDa
(FD70, 2mg prepared in 2 ml physiological saline; Sigma-Aldrich Chemistry) was injected into a 4 cm-
length intestinal loop (ligated at both ends with suture) through laparotomy incision under
anesthesia(34). One hour later, the blood samples were collected from the abdominal aorta, and the
plasma FD70 level was detected via a fluorescence microplate reader (BioTek Instruments, USA).
Meanwhile, the liver and spleen tissues were obtained under light-proof conditions, and fixed with 4%
paraformaldehyde, made into 20 pm frozen sections, then imaged on a confocal fluorescence
microscopy (Olympus Corporation, Japan). The density of FD70 particles in the liver and spleen were
quantified via Imaged software (National Institutes of Health, USA).

Permeability from blood to the gut. To assess the out-flux permeability of GVB, Evans blue or FD70 was
intravenous injected and the vascular leakage of these macromolecular was detected(34-36). (1) Evans
blue (30 mg/kg in 100ul normal saline; Sigma-Aldrich Chemistry) was injected into the tail vein of mice.
The mice were killed 20 min later, the ileal and colonic tissues (the same segment for each mouse) were
removed, and then cut along the sagittal direction, removed the faeces and blotted dry. Tissues were
immersed in Tml formamide overnight at 55°C to extract the Evans blue dye in the ileum and colon. The
content of Evans blue was measured via spectrophotometry at 600nm, and the result expressed as
pg/mg tissue. (2) 200 pl FD70 (2 mg/ml in normal saline; Sigma-Aldrich Chemistry) was injected into the
tail vein of mice. After 2 h post injection, the mice were anesthetized and performed cardiac perfusion
with physiological saline. The ileal and colonic tissues (the same segment for each mouse) were
removed, and then fixed in 4% paraformaldehyde for 24 h, made into 20 pm frozen sections. The vascular
ECs were labeled by immunofluorescent with anti-CD31 primary antibody and Alexa Fluor 594-
conjugated secondary antibody. The sections were imaged on a confocal laser scanning microscope
(Nikon, Japan), and the FD70 fluorescent extravasation was observed. The FITC positive area
represented the vascular leakage of FD70 was quantified using ImageJ software.
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Assessment of Intestinal Epithelial Permeability

The function of intestinal epithelial barrier was assessed via detecting the plasma endotoxin (LPS) on
portal vein, and measuring the trans-epithelial cell resistance (TER) and the permeability to
macromolecules in an Ussing Chamber method.

Plasma endotoxin assay. Portal vein plasma were collected in endotoxin-free tubes and stored at - 80°C
until assessment. LPS concentration was detected using a Mouse Endotoxin ELISA Kit (Bioswamp,
China) following the manufacturer's instructions. In brief, 100 pl plasma sample was firstly reacted 100
pl limulus amebocyte lysate at 37°C for 5 min, incubated with 100 pl chromogenic substrate solution at
37°C for 5 min, and then terminated by reconstituted stop solution. The optical density (OD) was
measured at 405 nm using a microplate reader (BIOBASE, China). Plasma endotoxin level was quantified
against a standard curve.

Ussing chamber analysis. The intestinal mucosal patches were prepared by stripping the seromuscular
layer as previously described(37). The intact mucosal patches were mounted on the sliders with a
rectangular hole (opening area 0.15 cm?) in the center, and the sliders were fixed on the U-type chambers
filled with 37 °C oxygenated Krebs' solution at both the serosal and mucosal sides. Then, the U-type
chambers were installed on an Ussing Chamber System (World Precision Instruments, USA). After a 20-
min stability, the TER was recorded through the automatic voltage clamp model. To evaluate the
mucosal-to-serosal flux of macromolecules, FITC-labeled dextran 4kDa (FD4, T mg/ml; Sigma-Aldrich
Chemistry) was added into the mucosal side of the U-type chambers, and sampled from the serosal side
every 30 min for a 2-h period. The FD4 concentration was further detected on a fluorescence microplate
reader (BioTek Instruments, USA). The epithelial permeability was determined as the increase of FD4
intensity in the serosal side within 2 hours.

Cell Culture of Intestinal Microvascular ECs

ECs monolayer culture and interventions. Human intestinal microvascular endothelial cell (HIMECs;
PriCells, China) were cultured in primary endothelial cell complete medium (MED-0002, PriCells) with
growth supplement (SUP-0002, PriCells) of 5 ng/ml rh-VEGF, 5 ng/ml rh-EGF, 5 ng/ml rh-FGF, 15 ng/ml rh-
IGF-1, 10 mM L-glutamine, 0.75 U/ml heparin sulfate, 1 pg/ml hydrocortisone and 50 pg/ml ascorbic acid
at 37 °C in 5% CO,. As reached 80% confluence, the cells were rinsed twice with PBS, digested with
0.125% trypsin for 2 min, and passaged at a 1:2 dilution ratio, and cultured for no more than 3
generations. ECs were seeded on transwell membrane or coverslips in 24-well plates as the requirement
of different experiments. Upon formation of stable intercellular connections, the cells were subjected
interventions of Yoda1 (1 pM, 5uM) or hydrostatic pressure (2cm, 15cm, 30cmH,,0) for 24 h for further
detection, and preconditioned with siRNA transfection to silence Piezo1 or Vegfr2 when needed.
Specially, the hydrostatic pressure was produced via an experimental apparatus (Fig. 6A) as previously
described (38, 39). The culture chamber (a closed culture bottle) was filled with medium, where the cell-
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planted transwell membrane or coverslip was placed. The height of the medium reservoir was adjusted
to maintain the pressure in the culture (2cm, 15cm, 30cm). The medium in the culture chamber and the
medium reservoir was circulated by a peristaltic pump to ensure gas exchange and maintain stable
oxygen tension. The entire device was placed in the incubator with 37 °C and 5% CO.,.

Transmembrane resistance and permeability assay. ECs were inoculated on the transwell membrane with
0.4pm pore size (Corning, USA) to form an endothelial monolayer. The transendothelial electrical
resistance (TEER) was measured using an EVOM2 volt-ohmmeter (World Precision Instruments, USA),
and calculated as Q-cm?(40). A transwell with only culture medium was set as a blank control to

measure the baseline membrane resistance. The TEER reached 180 Q-cm? indicated formation of
functional monolayer barrier, and then it could be used for further barrier studies. The transendothelial
permeability was evaluated by apical-to-basolateral transmission of FITC-labeled bovine serum albumin
(FITC-BSA; Solarbio Life Science). Briefly,10 mg/ml FITC-BSA was added into the upper compartment of
the transwell chamber for 2 h, and then 100 pl medium was sampled at the lower compartment and
detected FITC-BSA concentration via a Fluorescence Microplate Reader (BioTek Instruments, USA). The
BSA throughput was calculated as the ratio between the fluorescence intensity in the lower chamber and
upper chamber, and the data were presented as a percentage of the control(41, 42).

Small Interfering RNA (siRNA) Transfection

The gene silence of Piezo1 or Vegfr2 in ECs was achieved via specific siRNA. The siRNAs against human
Piezo1, Vegfr2, and negative control were designed and chemically synthesized (Tsingke Biotech, China).
The designed siRNAs were as follows: Piezo1-targeting siRNA (Piezo1-si) sequences were sense (5-3')
CUCAAGUACUUCAUCAACU(dT)(dT), antisense (5-3') AGUUGAUGAAGUACUUGAG(dT)(dT), Gene ID:
9780; and Vegfr2-targeting siRNA (Vegfr2-si) sequences were sense (5-3")
GGAAAUCUCUUGCAAGCUA(dT)(dT), antisense (5-3') UAGCUUGCAAGAGAUUUCC(dT)(dT), Gene ID:
3791. For cell transfection, ECs were seeded on BioFlex 6-well culture plates coated with type IV
collagen. The cells were serum-starved for 6 hours, and transfected with 40 nM siRNA (Piezo1-si, Vegfr2-
si, or control siRNA) via Lipofectamine™ 3000 reagent (L3000075, Invitrogen, Life Science) following the
manufacturer’s instructions. The mRNA and protein expression was detected by RT-gPCR and Western
blot at 48 h post transfection to confirm effect of knockdown.

Data Availability

The supporting data for this study are available from the corresponding authors upon reasonable
request. The expanded methods are provided in the Supplementary Methods.

Statistical Analysis

All data were presented as the mean + SEM. Statistical analysis and graphic production were performed
using GraphPad Prism 10 (GraphPad Software, USA). The Shapiro-Wilk test and Brown-Forsythe test
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were employed to assess the normality of data distribution and the homogeneity of variances,
respectively. Comparisons between groups were conducted performed using unpaired two-tailed
Student's t-test (for two groups) or one-way analysis of variance (ANOVA) followed by least significant
difference test (for multiple groups), if the data conformed to normal distribution and equal variance;
otherwise, the non-parametric Mann-Whitney U test or Kruskal-Wallis test with Dunn's post hoc
correction was applied accordingly. Pearson correlation was applied to assessed the correlations
between parameters. A P < 0.05 was considered statistically significant.

RESULTS

Portal Hypertension Mediated GVB Disruption Promoted
Intestinal and Systemic Inflammation in CCl -induced Liver

Cirrhosis

Liver cirrhosis and related PH was induced by CCl4 administration (Fig. 1A). CCl, induced significant
liver injury and fibrosis, with diffuse inflammatory cell infiltration and vacuolar fat changes (Fig. 1B),
elevated serum ALT and AST levels (Fig. 1D), increased areas of collagen (Sirius red positive, Fig. 1E) and
a-SMA expression (Fig. 1F). The portal venous pressure markedly increased in CCl, mice, and further
elevated in the CCl, mice with PPVL (Fig. 1C). PH was associated with hepatic injury, manifesting as
more severe inflammatory infiltration and elevation of serum ALT and AST in CCl,+PPVL mice compared
with CCl, mice (Fig. 1B, 1D).

There were obvious intestinal and systemic inflammation in CCl,-induced liver cirrhosis, and aggravate in
the CCl,+PPVL mice. The levels of plasma endotoxin and circulating inflammatory cytokines, including
TNF-q, IL-1B and IL-6, were increased in CCl, mice and CCl,+PPVL mice (Fig. 1G, 1H), which were
positive correlated with the portal venous pressure (Figure S2). Furthermore, the microvascular dilation,
inflammatory infiltration and the concentrations of inflammatory TNF-q, IL-13 and IL-6 were also
markedly increased in ileum and colon of CCl, mice and CCl,+PPVL mice (Fig. 1I-J; Figure S3). And the
intestinal inflammation was accompanied by disruption of mucosal epithelial barrier, with reduced TER
and increased FD4 permeability (Fig. 1K-L). All above indicated that PH may contribute to the local
inflammatory injury and leaky gut, and meanwhile promote the circulating inflammation, in status of liver
cirrhosis.

Importantly, it observed significantly GVB disruption in CCl, mice, and more serious GVB damage in
CCl,+PPVL mice. As it shown, there was increased FD70 density detected in liver and spleen when
administered through the intestine in CCl, mice (Fig. 1M, 1P-Q), which implied increased influx of

enterogenous macromolecules into the bloodstream. The ileal and colonic PV1 expression, a marker of
endothelial permeability, was also increased in CCl, mice which confirmed the GVB disruption in liver
cirrhosis (Fig. TN, 1R; Figure S4). On the other hand, the vascular leakage of circulating macromolecules
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into the gut was also increased in CCl, mice, with raised FD70 (Fig. 10, 1S) and evans blue (Fig. 1T)
levels in the ileal and colonic mucosa when administered via tail-vein injection. Moreover, the GVB
disruption was more remarkable in the CCl,+PPVL mice relative to the sham group. It further verified the
inward and outward hyper-permeability of GVB in portal hypertension and liver cirrhosis.

Impaired GVB Initiates Gut Inflammation and Leakage, and Led to Systemic Injury in PPVL-induced
Portal Hypertension

Prehepatic PH was induced via partial portal vein ligation with 26G and 27G needles (Fig. 2A). PPVL led
to significant increase in portal venous pressure (Fig. 2C), and presented with local inflammatory cell
infiltration and blood stagnation in the hepatic sinusoid (Fig. 2B), but without elevation of serum ALT and
AST levels (Fig. 2D). Similarly, PPVL-induced PH appeared increased levels of plasma LPS and pro-
inflammatory TNF-q, IL-1B and IL-6 (Fig. 2E-F), as well as inflammatory infiltration and increased
concentrations of TNF-q, IL-1B and IL-6 in ileum and colon (Fig. 2G-H; Figure S5) with reduced TER and
increased FD4 permeability (Fig. 2I-J). The GVB dysfunction was also observed in PH mice induced by
PPVL, including increased endothelial PV1 expression in the ileum and colon (Fig. 2L, 2P; Figure S6),
increased FD70 permeability from the gut to blood (Fig. 2K, 2N-0), and increased FD70 and evans blue
leakage from blood to the gut (Fig. 2M, 2Q-R). It again pointed out that PH destroyed the GVB may
initiate the gut inflammation and leakage, and cause systemic inflammation and injury.

Upregulation of Piezo1 in the Intestinal Microvascular ECs Under Portal Hypertension of CCI , and
PPVL Mice

Expression of mechanosensitive Piezo1 was up-regulated in the intestinal microvascular ECs at PH
state. As it shown with immunofluorescence, Piezo1 intensity in CD31* ECs of the ileum and colon was
enhanced in both the CCl, and PPVL induced PH mice (Fig. 3A). Additionally, we further identified the
CD45°CD90°CD31* vascular ECs in the ileum and colon via flow cytometry (Figure S7; Figure S8). The
results revealed an increased average expression of Piezo1 in the intestinal vascular ECs from the CCl,

and PPVL mice compared with the sham controls (Fig. 3B-I). It indicated that Piezo1 may mediate the
pressure sensation of intestinal vascular ECs in PH and liver cirrhosis.

Endothelial Piezo1 Knockout Improved GVB Dysfunction
and Leaky Gut Induced by Portal Hypertension

Silence of endothelial Piezo1 effectively improved the GVB dysfunction, and relieved the intestinal and
systemic inflammation in CCl, and PPVL induced PH mice. The PH-induced high expression of
1AEC 1T mice

endothelial PV1 in the ileum and colon declined in the Piezo mice compared to the Piezo

(Fig. 4L, 40; Figure S11). In Piezo12EC mice, PH-induced GVB hyper-permeability was obviously
suppressed, which presented as decreased FD70 permeability from the gut to blood (Fig. 4J, 4M-N), and
reduced FD70 and evans blue leakage from blood to the gut (Fig. 4K, 4P-Q). Piezo1 knockout relived the
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GVB function which was associated with declined circulating levels of LPS and pro-inflammatory
cytokines TNF-q, IL-1B and IL-6 in CCl, and PPVL mice (Fig. 4D-E), and as well reduced hepatic
inflammatory infiltration and injury (Fig. 4A-B; Figure S9). Moreover, the restored GVB function also
improved the intestinal inflammation, reduced mucosal TNF-q, IL-1B and IL-6 secretion (Fig. 4H-I; Figure
$10), and recovered epithelial barrier and lessened gut leakage in the CCl, and PPVL mice (Fig. 4F-G).

Piezo1 Activation by Yoda1 and Hydrostatic Pressure
Triggered the Increased Permeability of Intestinal
Microvascular ECs

Yoda1 activated Piezo1 channel and triggered Ca?* influx in intestinal microvascular ECs (Fig. 5A-C).
Piezo1 activation significantly increased the permeability of endothelial barrier, with decreased
transendothelial cell resistance (TER) and increased passage of macromolecular FITC-BSA (Fig. 5D-E),
and also with increased PV1 levels and down-regulated expression of junctional proteins such as VE-
cadherin, occludin, claudin-1, ZO-1 and JAM-A (Fig. 5F-L).

Additionally, the hydrostatic pressure (2cm, 15cm, and 30cmH,0) induced Piezo1 activation was further

tested (Fig. 6A). It indicated that elevated pressure stimulated Piezo1 expression and Ca?* influx in
intestinal ECs, which could be obviously inhibited by Piezo1 silence with specific siRNA (Fig. 6B-D). Also,
there was marked reduce in TER and increase in FITC-BSA permeability in ECs as the pressure stimulus
elevated (Fig. 6E-F). High hydrostatic pressure promoted the expression of PV1, and disrupted the
adhesion and tight junctions among ECs, with weak expression of VE-cadherin, occludin, claudin-1, Z0O-1
and JAM-A (Fig. 6G-L; Figure S14). The pressure-mediated hyper-permeability and junctional damage of
ECs could be blocked by Piezo1-siRNA.

Piezo1 Promoted Endothelial Hyperpermeability and GVB
Dysfunction via Activating the VEGFR2 Signaling

The differential genes were identified and exhibited via volcano plot based on the RNA sequencing data
(Fig. 7A), and the GSEA analysis illustrated the enrichment of the VEGF signaling pathway and the
VEGFR regulation pathway in ECs treated with Yoda1 (Fig. 7B-C; Figure S15). The RT-PCR assay further
confirmed that Yoda1 and hydrostatic pressure significantly promoted the mRNA expression in ECs,
which could be blocked by Piezo1-siRNA (Fig. 7D, 7N). In addition, Piezo1 activation by Yoda1 (1uM and
5uM) and hydrostatic pressure (15cm and 30cmH,0) facilitated the endothelial expression of VEGFR2
(Fig. 7E-H), particularly promoted the phosphorylated level of VEGFR2 (Fig. 7I-M). And hydrostatic
pressure (30cmH,0) induced high expression of VEGFR2 and p-VEGFR2 was obviously inhibited by
Piezo1-siRNA. In vivo study also indicated a remarkable increase of VEGFR2 expression in ileal and
colonic vascular ECs in CCl, and PPVL mice, while it was repressed in the Piezo14E¢ mice (Fig. 70;
Figure S16). The mRNA and protein expression of VEGFR2, and the phosphorylation level, in the gut of
CCl, and PPVL mice were evidently inhibited in the Piezo1 knockout state (Fig. 7P-T; Figure S16). All
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above suggested that endothelial Piezo1 may promote the GVB dysfunction via activating the VEGFR2
signaling.

Silence of VEGFR2 Alleviated Piezo1-mediated
Dysfunction and Hyper-permeability of Intestinal
Microvascular ECs

EC-model with silence of VEGFR2 was successfully established via specific siRNA (Fig. 8A-E; Figure
S17). It demonstrated that VEGFR2 knockdown ameliorated the dysfunction of endothelial barrier
induced by Yoda1 (5uM) and hydrostatic pressure (30cmH,0), with increased TER and decreased FITC-

BSA permeability (Fig. 8G-H). Moreover, VEGFR2-siRNA inhibited the PV1 expression in ECs upon Piezo1
activation by Yoda1 and hydrostatic pressure, and it in turn restored the cell junctions by promoting the
expression of VE-cadherin, occludin, claudin-1, ZO-1 and JAM-A (Fig. 8F, 8I-N). These further clarified the
role of VEGFR2 activation in Piezo1-induced hyper-permeability of intestinal microvascular ECs and GVB
dysfunction.

DISCUSSION

Gut dysfunction played an important role in the progression of chronic liver disease and cirrhosis, due to
the closely anatomical and functional relations of the gut-liver axis(8, 43). The degeneration of multiple
intestinal barriers, including the biochemical, immunological and physical barrier, has been identified in
liver injury(44, 45). It was highly concerned but several questions are still open, especially for the newly
defined GVB which is last key guard from the intestine to liver. Here, we focused on the GVB disruption,
to elucidate its role and mechanism in the development of liver cirrhosis.

GVB breakdown was remarkable in CCl,-induced cirrhosis mice, presented as upregulated endothelial

PV1 expression, and increased permeability to macromolecular particles such as LPS, FD70 and Evans
blue. The hyper-permeability of GVB was responsible for the dissemination of luminal bacteria in
experimental cirrhosis(10, 11). Normally, the invaded pathogens and antigens escaped from the
epithelial barrier are denied entry to the internal environment by GVB, and are finally clear by the mucosal
immune system(15, 46). This highlighted the importance of GVB integrity in preventing the aggravation
of liver cirrhosis and systemic inflammatory damages.

As we shown, the GVB manifested as bi-directional hyper-permeability in CCl, mice, namely, increased
passage from the gut to blood (inward) and also increased leakage from blood to the gut (outward). On
the one aspect, the increased in-flux permeability of GVB directly resulted in bacterial translocation to the
portal vein, which may further give rise to liver injury with increased ALT and AST levels, increased
hepatic inflammation and fibrosis, and also systemic inflammation with increased levels of serum IL-18,
IL-6 and TNF-a. On the other hand, the raised out-flux permeability of GVB with microvascular leakage
may initiate local inflammation in the intestine and trigger or aggravate epithelial leakage. It was true
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that GVB damage was associated with increased inflammatory infiltration, and then decreased TER and
elevated epithelial permeability to FD4 in ileum and colon. This may also be one potential explanation for
the cause of intestinal damage and leaky gut in liver cirrhosis. The epithelial leakage, in turn, leads to
more entries of luminal antigens forming a vicious cycle of systemic damage.

Portal hypertension was associated with GVB disruption in cirrhosis. Compared with the CCl, mice, the
GVB damage was more evident in CCl,+PPVL mice, with more obvious intestinal and systemic
inflammation and injury. Also, the extent of GVB damage was positive correlated with portal pressure in
PPVL-induced prehepatic PH mice. As increasing portal pressure, the intestinal and systemic
inflammation deteriorated in PH status, with raised plasma endotoxin and levels of local and serum
cytokines such as IL-1B, IL-6 and TNF-a. These findings indicated the role of pressure-mediated GVB
disruption in liver cirrhosis with PH. Similarly, it was reported that elevated microvessel pressure induced
lung endothelial hyper-permeability and edema formation via disruption of adherens junction(22, 23).
Intraluminal pressure remodeled the endothelial tissue, and regulated their barrier function via thinned
junctions(47). Our in vitro studies further revealed that elevated hydrostatic pressure destroyed the
barrier function of intestinal microvascular ECs monolayer, with increased permeability to FITC-BSA and
declined transendothelial resistance. Hydrostatic pressure facilitated endothelial barrier damage by
increasing the expression of PV1, and breaking the endothelial adherens and tight junctions. Combined,
PH-induced breakdown of endothelial integrity and increase of GVB permeability could be a potential
explanation for the progress of liver cirrhosis and related systemic injury.

The mechanism of endothelial sense to PH and subsequent GVB collapse was largely unknown. Notably,
the mechanosensitive Piezo1 channel is distributed in ECs that directly sensing the mechanical stimuli,
such as hydrostatic pressure, shear stress and substrate stiffness(48, 49). Piezo1 is crucial for the
homeostasis and angiogenesis of various vascular endothelium(22, 24, 27), including the intestinal
microvessel ECs(28). Endothelial Piezo1 stimulated angiogenesis to offer protection against intestinal
ischemia-reperfusion injury(28). Piezo1-mediated mechanotransduction contributes to endothelial
inflammation activated by disturbed blood flow(30, 50). Deletion of endothelial Piezo1 effectively
prevented pressure-induced vascular hyper-permeability and lung edema(22). The expression of Piezo1
on intestinal vessel ECs was upregulated in CCl,- and PPVL-induced PH mice. And, specific knockout of

Piezo1 in ECs improved the GVB function in PH mice, meanwhile inhibited the systemic and intestinal
inflammation, and relieved the epithelial barrier injury. This further indicated the potential role of Piezo1
in PH-induced GVB impairment and related mucosal and circulating inflammation. It was further verified
that Piezo1 activation by Yoda1 or hydrostatic pressure destroyed the barrier function of intestinal
microvascular ECs monolayer, which could be alleviated by Piezo1 silence with specific siRNA. Also,
activation of Piezo1 by ultrasonic stimulation promoted the hyper-permeability in human umbilical vein
ECs (HUVECSs), while the suppression of Piezo1 showed a decline in cell permeability(51). Collectively,
Piezo1 acted as a key sensor to PH and mediated the GVB impairment in liver cirrhosis, which could be a
promising pharmacologic target to modulated GVB integrity.
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Piezo1 activation in ECs by Yoda1 upregulated the VEGF and downstream signaling pathway and
increased the expression of VEGFR2, deriving from the transcriptome results. Endothelial Piezo1
triggered VEGF/myc signaling by enhancing Ca®* influx could be responsible for driving the
angiogenesis(52). Piezo1 promoted angiogenesis in ileal ECs through the activation of the Ca?*/HIF-
1a/VEGF pathway during intestinal ischemia-reperfusion injury(28). These data indicated the compact
link of Piezo1 and VEGF signaling in endothelial function. We further confirmed that activation of Piezo1
by Yoda1 or hydrostatic pressure stimulated Ca?* influx, and promoted the expression and
phosphorylation of VEGFR2 in ECs, which could be repressed by Piezo1-siRNA. Moreover, the high
expression and activation of VEGFR2 in the ileum and colon of CCl, and PPVL mice were also inhibited

in Piezo12EC mice. It also prompted that Piezo1/VEGFR2 collaboration may be involved in regulating the
barrier function of ECs.

The VEGFR2 kinase signaling is an important regulator of vascular permeability, however, the effect
varies in different situations. For example, disrupt blood-retinal barrier function of diabetic
retinopathy(53), promote vascular leakage and edema in myocardial infarction(54), strengthen retinal
endothelial barrier via endothelial-pericyte interaction(55), and restore pulmonary microvascular barrier
following ischemia reperfusion injury(56). Excessive VEGFR2 trafficking to the cell surface mediated
vascular permeability, while inhibited this VEGFR2 recycling mitigated vascular leakage associated with
inflammatory diseases(57). In intestinal microvascular ECs, as we shown, inhibition of VEGFR2 with
siRNA knockdown protected Yodal and hydrostatic pressure induced barrier disruption, through
inhibiting the expression of PV1, enhancing the adherens junctions (VE-cadherin) and tight junctions
(occludin, claudin-1, Z0-1 and JAM-A). Piezo1 is required in force-induced Ca?*-dependent remodelling
of cell-cell junctions and associated cytoskeleton, especially for adherens junctions(58). Piezo1 sensing
of high vascular pressures at the endothelial surface may promote disassembly of adherens
junctions(22, 59). These further clarified the role of VEGFR2 activation in Piezo1-induced hyper-
permeability of intestinal microvascular ECs and GVB dysfunction.

This study provided a preliminary image that endothelial Piezo1 mediated GVB dysfunction in PH and
promoted deterioration of liver cirrhosis. Nevertheless, several limitations should be acknowledged,
which also offered the possible directions for future research. Firstly, our study focused on the role of
Piezo1 in ECs, but did not preclude the involvement of other mechanosensitive channels or
receptors(60) that may be responsible for pressure-induced endothelial hyperpermeability. Even so, the
molecular pathway of Piezo1 in GVB impairment was currently limited, which should be multifaceted and
requires further research to elucidate. Secondly, the actions of Piezo1 in modulating GVB function
should be validated in PH patients with liver cirrhosis and related clinical manifestations of intestinal and
systematic damage, for instance, through the study of gastrointestinal biopsy under endoscopy or
surgery. And finally, the specific monoclonal antibody or fusion protein against Piezo1 is urgently needed,
especially for the intestinal ECs-specific blocker with good in vivo safety and efficacy.
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In summary, we expounded that Piezo1 contributed to PH-induced damage of intestinal microvascular
ECs and GVB dysfunction in cirrhosis via recruiting and activating the VEGFR2 signaling. Especially, the
outward (from blood to the gut) and inward (from the gut to blood) hyper-permeability of GVB in PH
status may initiate the intestinal inflammation, trigger or aggravate epithelial leakage, and in turn lead to
more convenient bacterial translocation into the portal vein, facilitate liver and systemic damage,
forming a vicious cycle. So that, Piezo1 mediated bi-directional hyper-permeability of the GVB should be
a novel explanation and potential therapeutic target for preventing the exacerbation of liver cirrhosis with
PH.
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Figure 1

PH mediated GVB disruption promoted intestinal and systemic inflammation in CCl,-induced liver

cirrhosis. (A) Modeling and grouping scheme, including the control group (olive oil with sham operation),

CCl, group (CCl, with sham operation) and CCl,+PPVL group (CCl, with partial portal vein ligation). (B)

Typical images of HE staining, Sirius red staining and immunohistochemical staining (a-SMA) of liver

tissues. (C) Portal venous pressure measured via the water column method. n=6 to 12 for each group.
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(D) Activity of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST). n=6 to 12
for each group. (E-F) The fibrosis ratio was calculated as the Sirius red* and a-SMA™ area relative to total
area. n=5 for each group. (G-H) Levels of plasma endotoxin and serum cytokines of IL-1B, IL-6 and TNF-
a. n=6 to 8 for each group. (I-J) HE staining images and levels of inflammatory cytokines of IL-1B, IL-6
and TNF-a in ileal tissues. n=6 to 8 for each group. (K-L) Transepithelial resistance (TER) and FD4
permeability of intestinal mucosa detected by Ussing chamber. n=6 to 8 for each group. (M, P-Q) The
FD70 density detected in the liver and spleen while was injected into the intestinal loop. n=5 for each
group. (N, R) The PV1 expression on vascular endothelium in the ileum, and calculated as the
PV1*/CD31* area. n=5 for each group. (0, S) The vascular leakage of FD70 into the ileal and colonic
tissues while was injected from the tail vein. (T) The vascular leakage of Evans blue into the ileum and
p<0.001,

*kk

colon while was intravenous injected. n=6 to 10 for each group. "p<0.05, “p<0.01,
**p<0.0001.

Page 22/34



A PPVL(26G)

Sham Analysis g
Sham 5
v :
l ] 1 ] | 2
f — T 1 1 a
ow 8w 9w 10w 11w a
=3
H o
PPVL(26G) Analysis 2
PPVL(26G) Z
L g
o
L 1 ! 1 ] N
f T T |
ow 8w 9w 10w 11w
PPVL(27G) e Analysis Di . s E - F _ /L-l;j -6  TNFa
=2 5 * £
AR T i
3 @ k= =
I [ © 150 g 807 » 2 1004 pmiff] =
| | g c 60 < Hkk
ow 8w 9w 10w 11w 2100 X g 4
£ 3 40 %
2 e 20 £ m
IS o 2
£ £ J oo $ o 0
- = g\\':\/{&&{ﬂ XY Qi\v« e‘i Wb\\&« Ly iﬁ%
& QR R R &
s Ea | J

Hkkk

dekdx Kk

o
=]
w

*k

*

— *k

P=0055

o
=}

E .
-
_#
X ]
Y
TER (Q-cm?)
3
A,
©
%
Ny
FD4 permeability (ug/cm?/h
(S Hﬂ
oy I

RR P\V1/CD31/DAPI

N § hiddid Og *kdk
T 3 Frkk c6 *x
[ - Q
2 3
FD70 / DAPI = 2 S
> c
z s -
lleum Colon § 1 2
Sham PPVL(26G) PPVL(27G) Sham PPVL(26G) PPVL(27G) S, $ m
- = ]
. [a] ~
o @
* 2 N
R
Q: .
~6 [=)
04 83
> [
= 2o
(73
g2 25
o &§2
~ >
2o w
20um Z0um, <
FD70/CD31/DAPI N

Figure 2

GVB collapse contributed to gut inflammation and leakage, and systemic injury in PPVL-induced
prehepatic PH. (A) Modeling and grouping scheme, including the sham group (with sham operation),
PPVL-26G group (ligation with a 26G needle) and PPVL-27G group (ligation with a 27G needle). (B)
Typical images of HE staining of liver tissues. (C) Portal venous pressure measured via the water column
method. n=8 to 10 for each group. (D) Activity of serum ALT and AST. n=8 to 10 for each group. (E-F)
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Levels of plasma LPS and serum cytokines of IL-1B, IL-6 and TNF-a. n=6 to 8 for each group. (G-H) HE
staining images and levels of inflammatory cytokines of IL-1B, IL-6 and TNF-a in ileal tissues. n=6 to 8 for
each group. (I-J) Transepithelial resistance (TER) and FD4 permeability of intestinal mucosa detected by
Ussing chamber. n=5 to 8 for each group. (K, N-O) The FD70 density detected in the liver and spleen
while was injected into the intestinal loop. n=5 for each group. (L, P) The PV1 expression on vascular
endothelium in the ileum, and calculated as the PV1*/CD31" area. n=5 for each group. (M, Q) The
vascular leakage of FD70 into the ileal and colonic tissues while was injected from the tail vein. (R) The
vascular leakage of Evans blue into the ileum and colon while was intravenous injected. n=6 to 10 for

each group. “p<0.05, “p<0.01, **p<0.001, ***p<0.0001.
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Figure 3

Upregulated Piezo1 in the intestinal microvascular ECs under portal hypertension of CCl, and PPVL

Mice. (A) The expression intensity of Piezo1(green) in microvascular ECs (CD31, red) of the ileum (left

panel) and colon (right panel) presented via immunofluorescence. DAPI (blue) displayed the cell nucleus.

(B-1) The average expression of Piezo1 (fluorescence intensity of Piezo1-FITC) in CD45CD90"CD31*

vascular ECs in the ileum and colon via flow cytometry, namely, B-C for the ileum of the CCl, and control
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mice, D-E for the ileum of the PPVL-26G, PPVL-27G and sham mice; while F-G for the colon of the CCl,
and control mice, H-I for the colon of the PPVL-26G, PPVL-27G and sham mice. n=5to 10 for each group.

*p<0.05, ""p<0.01.
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Endothelial Piezo1 knockout improved GVB dysfunction and leaky gut induced by PH in CCl, and PPVL
mice. (A) Typical images of HE staining of liver tissues of the CCl, mice (left panel) and the PPVL mice

(right panel) with a Piezo1™® (WT) or Piezo12EC (KO) background. (B) Activity of serum ALT and AST. n=6
to 7 for each group. (C) Portal venous pressure in CCl, and PPVL mice with endothelial Piezo1 knockout.
(D-E) Levels of plasma LPS and serum cytokines of IL-1B, IL-6 and TNF-a. n=6 to 10 for each group. (F-
G) Transepithelial resistance (TER) and FD4 permeability of intestinal mucosa assessed by Ussing
chamber. n=6 to 10 for each group. (H-1) HE staining images and levels of inflammatory cytokines of IL-
1B, IL-6 and TNF-a in ileal tissues. n=8 to 10 for each group. (J, M-N) The FD70 density detected in the
liver and spleen while was injected into the intestinal loop. (L, O) The PV1 expression on vascular
endothelium in the ileum, and calculated as the PV1*/CD31" area. n=5 for each group. (K, P) The
vascular leakage of FD70 into the ileal and colonic tissues while was injected from the tail vein. (Q) The
vascular leakage of Evans blue into the ileum and colon while was intravenous injected. n=6 to 10 for
p<0.001, " "p<0.0001.
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each group. “p<0.05, “p<0.01,
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Figure 5

Piezo1 activation by Yoda1 triggered the increased permeability of intestinal microvascular ECs. (A-C)
Yoda1 activated Piezo1 channel and triggered Ca?* influx in intestinal microvascular ECs, with increased
Fluo-4AM intensity but no significant changes in Piezo1 expression. (D-E) Increased permeability of
endothelial barrier, with decreased transendothelial cell resistance (TER) and increased passage of
macromolecular FITC-BSA, upon Piezo1 activation by Yoda1. (F) Yoda1l treatment increased the mRNA
expression of PV1 and down-regulated the expression of junctional proteins in ECs. (G-L) The typical
images and expression intensity of PV1, VE-cadherin, occludin, claudin-1, ZO-1 and JAM-A in ECs treated

by Yoda1. n=5 to 6 for each group. “p<0.05, “p<0.01, **p<0.001, **“p<0.0001.
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Figure 6

Hydrostatic pressure activated endothelial Piezo1 and promoted junctional damage and hyper-
permeability of ECs. (A) The schematic diagram of experimental apparatus for hydrostatic pressure. The
culture chamber (a closed culture bottle) was filled with medium, where the cell-planted transwell
membrane or coverslip was placed. The height of the medium reservoir was adjusted to maintain the
pressure in the culture (2cm, 15cm, 30cm). The medium in the culture chamber and the medium
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reservoir was circulated by a peristaltic pump to ensure gas exchange and maintain stable oxygen
tension. (B-D) The Piezo1 expression and intracellular Ca* concentration in ECs treated with hydrostatic
pressure (2cm, 15cm, and 30cmH,0), as well as in the condition of Piezo1 silence with specific siRNA.

(E-F) Reduced TER and increased FITC-BSA permeability in ECs monolayer was shown as the hydrostatic
pressure elevated, which could be blocked by Piezo1-siRNA. (G-L) The typical images and expression
intensity of PV1, and junctional proteins including VE-cadherin, occludin, claudin-1, ZO-1 and JAM-A in
ECs treated with hydrostatic pressure and Piezo1-siRNA. n=5 for each group; “p<0.05, “p<0.01,
*p<0.001, *p<0.0001.
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Figure 7

Piezo1 promoted endothelial hyperpermeability and GVB dysfunction via activating the VEGFR2
signaling. (A) The differential genes were identified and exhibited via volcano plot based on the RNA
sequencing data, and (B-C) the GSEA analysis illustrated the enrichment of the VEGF signaling pathway
and the VEGFR regulation pathway in ECs treated with 1TuM Yoda1. n=4 for each group. (D-F) The
expression of VEGFR2 in ECs treated with Yoda1 (1uM and 5uM) and DMSO quantified by RT-PCR and IF.
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n=3 to 6 for each group. (G-H, N) The expression of VEGFR2 in ECs treated with hydrostatic pressure
(15cm and 30cmH,,0) and preconditioned by Piezo1-siRNA detected by IF and RT-PCR. n=5 for each

group. (I-M) The protein expression and phosphorylated level of VEGFR2 in ECs treated with Yoda1 or
hydrostatic pressure detected by Western blot. n=3 to 4 for each group. (0) Typical images of VEGFR2

(green) expression in ileal vascular ECs (CD31, red) in CCl, and PPVL mice with a Piezo1" (WT) or

Piezo12EC (KO) background. (P) The mRNA expression, and (Q-T) the protein expression and
phosphorylated level of VEGFR2 in ileal tissues of CCl, and PPVL mice and those with endothelial Piezo1

KO. n=3 for each group. "p<0.05, ""p<0.01, *p<0.001, *p<0.0001.
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Figure 8

Occludin

Claudin-1

Silence of VEGFR2 alleviated Piezo1-mediated dysfunction and hyper-permeability of intestinal
microvascular ECs. (A) ECs-model with silence of VEGFR2 was successfully established via specific
siRNA, and (B-E) the mRNA and protein expression of VEGFR2 were markedly inhibited by siRNA in ECs
treated with hydrostatic pressure and Yoda1, detected by IF and RT-PCR. (F) VEGFR2 knockdown by
siRNA improved the mRNA expression of PV1 and junctional proteins induced by Piezo1 activation in
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ECs, and (G-H) ameliorated the dysfunction of endothelial barrier induced by Yoda1 (5uM) or hydrostatic
pressure (30cmH,0), with increased TER and decreased FITC-BSA permeability. (I-N) The typical images
and expression intensity of PV1, VE-cadherin, occludin, claudin-1, Z0-1 and JAM-A in ECs treated with
hydrostatic pressure and Yoda1, as well as VEGFR2-siRNA. n=5 to 6 for each group. “p<0.05, *p<0.01,
“*p<0.001, "p<0.0001.
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