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A B S T R A C T   

Dysfunction of the vascular angiocrine system is critically involved in regenerative defects and fibrosis of injured 
organs. Previous studies have identified various angiocrine factors and found that risk factors such as aging and 
metabolic disorders can disturb the vascular angiocrine system in fibrotic organs. One existing key gap is what 
sense the fibrotic risk to modulate the vascular angiocrine system in organ fibrosis. Here, using human and mouse 
data, we discovered that the metabolic pathway hydrogen sulfide (H2S)-AMP-activated protein kinase (AMPK) is 
a sensor of fibrotic stress and serves as a key mechanism upregulating the angiocrine factor plasminogen acti
vator inhibitor-1 (PAI-1) in endothelial cells to participate in lung fibrosis. Activation of the metabolic sensor 
AMPK was inhibited in endothelial cells of fibrotic lungs, and AMPK inactivation was correlated with enriched 
fibrotic signature and reduced lung functions in humans. The inactivation of endothelial AMPK accelerated lung 
fibrosis in mice, while the activation of endothelial AMPK with metformin alleviated lung fibrosis. In fibrotic 
lungs, endothelial AMPK inactivation led to YAP activation and overexpression of the angiocrine factor PAI-1, 
which was positively correlated with the fibrotic signature in human fibrotic lungs and inhibition of PAI-1 
with Tiplaxtinin mitigated lung fibrosis. Further study identified that the deficiency of the antioxidative gas 
metabolite H2S accounted for the inactivation of AMPK and activation of YAP-PAI-1 signaling in endothelial cells 
of fibrotic lungs. H2S deficiency was involved in human lung fibrosis and H2S supplement reversed mouse lung 
fibrosis in an endothelial AMPK-dependent manner. These findings provide new insight into the mechanism 
underlying the deregulation of the vascular angiocrine system in fibrotic organs.   

1. Introduction 

Fibrosis is a chronic and progressive medical condition due to dys
regulated connective tissue repair response. Various organs and tissues 
can develop fibrosis, including skin, heart, kidney, liver, and lung. The 
combined annualized incidence of fibrosis-related diseases is about 
4968 per 100,1000 person-years [1]. Approximately 45% of all deaths in 
developed countries are caused by fibrosis [2], indicating an unmet 
clinical need. Lung fibrosis, a consequence of chronic lung injury, can 
lead to compromised gas exchange, dyspnea, and diminished quality of 
life [3]. Only two drugs, Pirfenidone and Nintedanib, have been 

approved by the US Food and Drug Administration (FDA) in 2014 for the 
treatment of the fibrotic lung disease, idiopathic pulmonary fibrosis 
(IPF) [2,4,5]. However, these two drugs can only improve lung function 
and slow down the progression of lung fibrosis, but cannot reverse 
fibrotic lungs. Hence, in-depth research on the pathogenesis of lung 
fibrogenesis is essential to identify specific diagnostic biomarkers and 
therapeutic targets. 

In addition to epithelial cell injury/senescence and uncontrolled 
activation/proliferation of fibroblasts, immune and vascular cells also 
participate in organ fibrosis [6]. Endothelial cells, lining the lumen of 
blood vessels, are not only passive conduits for delivering blood to 
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transport oxygen and nutrients throughout the body but are also 
recognized as specialized niche cells secreting angiocrine factors, such 
as plasminogen activator inhibitor type-1 (PAI-1), Jagged 1, 
Thrombospondin-1 (TSP-1), and metallopeptidase 14 (MMP14) [7–11]. 
Previous studies aimed to identify individual angiocrine factors and 
explore their functions in tissue regeneration and fibrosis. 
Tissue-specific endothelial cells produce specific angiocrine factors that 
regulate blood coagulation, inflammatory cell trafficking, metabolic 
homeostasis, and tissue development. Notably, angiocrine factors from 
endothelial cells are indispensable for guiding responses to regeneration 
and fibrosis [12,13]. In fibrotic livers, vascular endothelial cells produce 
extracellular vesicles, containing angiocrine factors Insulin-like growth 
factor–binding protein 7 (IGFBP7) and ADAMTS1, to enrich fibrogenic 
TH17 cells [14]. For lung fibrosis, endothelial dysfunction and vascular 
remodeling also lead to regenerative defects and promote fibrosis [7,12, 
15,16]. Our previous studies have also shown that lung capillary 
endothelial cells produce MMP14 to promote the proliferation of 
epithelial progenitor cells for alveologenesis and activate CXC chemo
kine receptor (CXCR7) to protect against epithelial damage after injury 
[10,16,17]. In addition to the identification of angiocrine factors, pre
vious studies from our lab and others have also found the effects of 
fibrotic risk factors, such as aging and metabolic disorders, on the 
deregulation of the angiocrine system and the facilitation of tissue 
fibrosis [13,18–22]. Thus, identifying the key responders that sense 
fibrotic risk to modulate the vascular angiocrine system in organ fibrosis 
is urgently needed and could offer new therapeutic options for fibrotic 
lung diseases. 

Growing evidence supports the notion that endothelial function is 
critically regulated by its metabolic pattern [23,24], and metabolic 
regulators can modulate endothelial identity and biological functions 
such as angiogenesis [25–27]. The key metabolic regulator is 
AMP-activated protein kinase (AMPK), a vital cellular energy sensor and 
regulator that controls the shift from anabolic to catabolic metabolism. 
In mammals, AMPK comprises catalytic α-subunits and regulatory 
β-subunits, γ-subunits [28]. Upon changes in the ATP-to-AMP ratio, 
AMPK is activated by phosphorylation of the α-subunit. AMPK is 
involved in multiple pathological processes including cancer, obesity, 
diabetes, and fibrosis [29–32]. An increasing number of studies have 
found that AMPK modulates the response of endothelial cells to various 
diseases including endothelial function and phenotype transition 
[33–37]. For instance, AMPK regulates endothelial 
angiotensin-converting enzyme 2 (ACE2) phosphorylation at S680 to 
increase its stability and maintain eNOS-derived nitric oxide bioavail
ability, endowing endothelial cells with lung hypertension-protective 
phenotype [36–38]. Endothelial-specific AMPK activation protects 
endothelial progenitor cell function against diabetes-induced impair
ment and reendothelialization by the induction of heme oxygenase-1 
[39]. AMPK activation also protects the vascular endothelium against 
chronic systemic inflammation, such as atherosclerosis [40,41]. These 
facts highlight the pivotal role of AMPK in regulating endothelial ho
meostasis and prompted us to explore whether the metabolic orches
trator AMPK serves as a sensor to regulate the vascular angiocrine 
system in fibrotic lungs. 

Here, with multiple layers of evidence, we demonstrated that the 
dysfunction of the metabolic pathway hydrogen sulfide (H2S)-AMPK is a 
key mechanism upregulating the angiocrine factor PAI-1 in endothelial 
cells and participates in lung fibrosis of humans and mice. This study 
provides new insights into the dysregulated vascular angiocrine system 
in fibrotic lungs. 

2. Materials and methods 

2.1. Human samples and ethical approval 

Fibrotic (n = 5) and control (n = 5) lung tissues were collected at the 
West China Hospital, Sichuan University. This study was approved by 

the Medical Ethics Committee of the West China Hospital of Sichuan 
University. 

2.2. Mice 

The Prkaa1loxP/loxP mice (Stock No: 014141) were obtained from the 
Jackson Laboratory. Mice expressing endothelial cell-specific VE-Cad
herin-CreERT2 were kindly provided by Ralf H. Adams. Floxed Prkaa1 
(Prkaa1loxP/loxP) mice were crossed with endothelial cell-specific VE- 
Cadherin-CreERT2 mice to generate VE-Cadherin-CreERT2;Prkaa1loxP/loxP 

mice. Then, VE-Cadherin-CreERT2;Prkaa1loxP/loxP mice and Prkaa1loxP/loxP 

mice were intraperitoneally injected with tamoxifen (Sigma, T5648) at a 
dose of 100 mg/kg for six days and interrupted for three days after the 
third injections to obtain endothelial-specific deletion of Prkaa1 mice 
(Prkaa1△EC) and control mice (Prkaa1WT). C57BL/6 wild-type mice 
were purchased from GemPharmatech. All animal experiments were 
performed according to protocols approved by the Institutional Animal 
Care and Use Committee of West China Second University Hospital, 
Sichuan University. 

2.3. Animal experiments 

For the lung fibrosis model, 6 to 8-week mice were intratracheally 
injected with bleomycin (Selleck, S1214) at a dose of 3 U/kg, whereas 
control mice were intratracheally injected with isopycnic saline. For the 
treatment of lung fibrosis, bleomycin-injured mice were intraperitone
ally injected with NaHS (10 mg/kg; Sigma, 161527), metformin (100 
mg/kg; Solarbio, D9351), or respective vehicle for 21 days. The PAI-1 
inhibitor Tiplaxtinin (5 mg/kg; TargetMol, T2030) was administered 
intragastrically for 21 days. 

2.4. Flow cytometry 

To obtain lung endothelial cells, the lung tissues were digested with 
Collagenase I (Roche, 11088793001) plus Dispase II (Roche, 
04942078001) at a working concentration of 2 mg/mL for 30 min at 
37 ◦C. Red blood cells were then disintegrated using red blood lysis 
buffer (155 mM NH4Cl,12 mM NaHCO3, 0.1 mM EDTA). The remaining 
viable cells were incubated with PerCP-Cy™5.5 Anti-Mouse CD45 
antibody (BD, 550994) and PE Rat Anti-Mouse CD31 antibody (BD, 
553373) at 4 ◦C under gentle rotation for 30 min. After centrifugation, 
the cells were washed once with PBS containing 1% donkey serum and 2 
mM EDTA. Finally, flow cytometry sorting was performed to obtain 
CD45− CD31+ lung endothelial cells with FACS Aria III (BD Biosciences). 

2.5. Magnetic-activated cell sorting (MACS) 

CD31 (BD Bioscience, 553370) or CD45 (BD Bioscience, 553076) 
antibodies were incubated with Dynabeads Sheep anti-Rat IgG (Invi
trogen, 11035) at 4 ◦C overnight. Fresh lung tissues were digested and 
then treated with red blood lysis buffer, as described above. Single-cell 
suspensions were incubated with Dynabead-conjugated CD45 antibody 
for CD45-negative selection, followed by endothelial cell purification 
with Dynabead-conjugated CD31 antibody. MACS buffer (2 mM EDTA, 
0.1% BSA, 1% penicillin/streptomycin/antimitotic in PBS) was used for 
the incubation process and for washing after antibody incubation. The 
final obtained pure lung endothelial cells were used immediately for the 
subsequent RNA and protein extraction. 

2.6. Cell culture 

Human umbilical vein endothelial cells (HUVECs) were isolated and 
cultured in Endothelial Cell Basal Medium-2 (Lonza, CC-3156) added 
with EGM™-2 SingleQuots™ Supplements (Lonza, CC-4176). HEK293T 
cells were cultured in Dulbecco’s Modified Eagle Medium (HyClone, 
SH30023.01) supplemented with 10% FBS. HUVECs were treated with 
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NaHS (0.1, 1 mM), verteporfin (0.25 μM), or the control vehicle for 24 h. 
HUVECs were treated with NaHS (1 mM) for 24 h for qRT-PCR, or 
treated with TGFβ (Proteintech; 20 ng/mL) for 24 h for RNA-seq. For 
lentivirus construction, the targeting shRNAs (shPRKAA1, 5′- 
GTTGCCTACCATCTCATAATA-3’; shYAP, 5-CCCAGTTAAATGTTCAC
CAAT-3′) were cloned into PLKO.1 plasmid and generated in HEK293T 
first. Then, HUVECs were infected with lentivirus carrying shPRKAA1, 
shYAP, or negative control. Puromycin (1 μg/mL) was used to screen 
successfully infected cells after 48 h. For knockdown of MPST by siRNA, 
siMPST (siMPST-1#, 5′-AGAGTGTTTCTTCACTCAA-3’; siMPST-2#, 5′- 
AGACCTACGAGGACATCAA-3′) or negative control were transfected 
into HUVECs with Lipofectamine RNAiMAX (Invitrogen, 13778150) for 
48 h. 

2.7. Immunostaining, histological analysis, and H2S measurement 

Fresh mouse lung tissues and human lung tissues were embedded in 
OCT and stored at -80 ◦C. Then, tissues were cut into 6 μm for subse
quent H2S measurement or immunofluorescent staining. For histological 
analysis, fresh mouse lung tissues were fixed in 4% paraformaldehyde 
for 24 h, and then the fixed tissues were cut into 5 μm for H&E staining, 
Sirius red staining, or Masson staining. For immunofluorescent staining, 
tissue slices were warmed at room temperature and then washed with 
PBS for 5 min. Then, tissue slices were fixed in 4% paraformaldehyde for 
5 min at room temperature. After two washes with PBS for every 5 min, 
tissue slices were blocked in PBS containing 4% donkey serum and 
0.05% tween-20 for 1 h at 37 ◦C. Later, they were incubated with pri
mary anti-Collagen I (Proteintech, 14695-1-AP) or anti-α-SMA (Abcam, 
ab7817) antibodies overnight at 4 ◦C. Tissue slices were washed and 
then incubated with Alexa Fluor 488 Donkey Anti-Rabbit IgG (Jackson, 
711-545-152) or Alexa Fluor 488 Donkey Anti-Mouse IgG (Jackson,715- 
545-150) for 1 h at 37 ◦C. Then, tissue slices were washed three times 
and incubated with DAPI (Roche, 10236276001) for 10 min at room 
temperature. Finally, the slices were washed and sealed with an anti- 
fluorescence attenuation sealer, followed by image capture and pro
cessing using LSM980 (Zeiss) and Zen Blue (Zeiss). For H2S measure
ment, the content of H2S in lung tissue slices was monitored using 
Sulfidefluor 7 AM (Tocris, 4943). Freshly isolated tissue slices were 
loaded with Sulfidefluor 7 AM (10 μM) and incubated at 37 ◦C for 45 
min. Then, tissue slices were washed twice with PBS, followed by DAPI 
staining for 5 min, and washed with PBS. Images were captured at the 
excitation and emission wavelengths of 495 and 520 nm, respectively. 

2.8. Measurement of hydroxyproline 

The hydroxyproline content in lung tissues was measured using 
Hydroxyproline (HYP) Assay Kit (Solarbio, BC0255). Briefly, tissues of 
equal weight were cut into as many pieces as possible. Then, tissues are 
baked overnight in 12 N hydrochloric acid at 110 ◦C and neutralized 
with sodium hydroxide. Next, the samples were added to 1.4% chlora
mine T in 0.5 M sodium acetate/10% isopropanol and incubated for 20 
min at room temperature. Ehrlich’s solution was added into samples for 
30 min incubation at 65 ◦C. Finally, the absorbance values of all samples 
were measured at 560 nm, and the Hydroxyproline content was calcu
lated based on the fresh weight of tissues and the standard curve. 

2.9. Real-time quantitative PCR (RT-qPCR) 

Total RNA was extracted by TRIzol reagent (Invitrogen, 15596026). 
PrimeScript™ RT reagent Kit (TaKaRa, RR047A) was used for cDNA 
synthesis. To determine the mRNA levels of the target genes, AceQ qPCR 
SYBR Green Master Mix (Vazyme, Q111-02) was used according to the 
manufacturer’s instructions. The primers of target genes are shown in 
Table S1. 

2.10. Western blot 

Total protein was extracted by RIPA lysis buffer (Beyotime 
Biotechnology, P0013B) supplemented with protease inhibitors (Merck, 
HY-K0010) and phosphatase inhibitors (Bimake, B15002). The 
following primary antibodies are used for Western blot: AMPKα (Abcam, 
ab32047), p-AMPKα (Cell Signaling Technology, 2535S), α-SMA (Pro
teintech, 23660-1-AP), Collagen I (Proteintech, 14695-1-AP), CTGF 
(Proteintech, 23936-1-AP), PAI-1 (Proteintech, 13801-1-AP), GAPDH 
(Proteintech, 60004-1-Ig), YAP (Proteintech, 13584-1-AP), p-YAP (Cell 
Signaling Technology, 13008). Horseradish peroxidase (HRP)-conju
gated Goat Anti-Rabbit IgG (H + L) and HRP-conjugated Goat Anti- 
Mouse IgG (H + L) from Servicebio (GB23303, GB23301) were used 
as secondary antibodies. 

2.11. Bioinformatic analysis 

Microarray and Bulk RNA-seq of mouse (GSE181508, GSE148893) or 
human lung tissues (GSE38958, GSE213001), ChIP-seq of HUVECs 
(GSE163458), single-cell RNA-seq of human IPF patient lung endothelial 
cells (GSE159354) are download from GEO database. Bulk RNA 
sequencing data that support the findings of this study have been 
deposited in NCBI Gene Expression Omnibus (GSE250474). For the 
microarray datasets, the microarray probes were converted into gene 
symbols using the biomaRt R package. The Spearman correlation anal
ysis was performed to determine the correlation between PRKAA1 
expression and human lung function parameters. For bulk RNA-seq, the 
DEseq2 R package was used for differential analysis of count data. The 
results of the differential analysis were pre-ranked according to the 
log2FoldChange, and then enrichment analysis was performed using 
Gene Set Enrichment Analysis (GSEA) software. The GSVA R package 
was used for Gene Set Variation Analysis (GSVA). For Single-cell RNA- 
seq, all data were analyzed with Seurat R package. Briefly, endothelial 
cells from IPF patients and controls meeting the standard (min.cells = 3, 
min.features = 200) were used for the next normalization (Normal
izeData) and finding high variable genes (FindVariableFeatures, nfea
tures = 2000). Then, the “Find Integration Anchors” and 
“IntegrateData” functions were used to combine data and eliminate 
batch effects using high variable genes as input. The ggplot2 R package 
was used for image rendering. CHIP-seq analysis was performed as 
described previously [42]. Trim_galore was used for quality control and 
sequencing adapter elimination. Single-end sequencing data were 
aligned to the human genome using Bowtie2, followed by Samtools for 
BAM file conversion. Peak calling results were demonstrated using 
Integrative Genomics Viewer. 

2.12. Statistical analysis 

All results shown were obtained by at least three biologically inde
pendent experiments and the values are presented as means ± standard 
error of the mean (SEM). The Shapiro-Wilk test was applied to assess the 
normality of the data. The standard Student’s t-test was applied when 
there were two groups with a normal distribution, while one-way 
ANOVA with Bonferroni post hoc test was applied when there were 
more than two groups with normal distribution. Otherwise, the Mann- 
Whitney U test was used for two groups of nonparametric analysis. 
For more than two groups of nonparametric analysis, we applied the 
Kruskal-Wallis test followed by Dunn’s post hoc test to correct for mul
tiple comparisons. GraphPad Prism 8.0 was used for all the statistical 
analysis. 

3. Results 

3.1. AMPK inactivation is involved in lung fibrosis in mice and humans 

Considering the critical roles of the metabolic orchestrators in 

X. Chen et al.                                                                                                                                                                                                                                    



Redox Biology 70 (2024) 103038

4

regulating vascular endothelial cells, we hypothesized that dysfunction 
of the metabolic sensor AMPK may be a key mechanism underlying the 
dysfunction of the vascular angiocrine system in lung fibrosis. Thus, we 
analyzed the activation of the AMPK signaling pathway by reusing 
public RNA-seq data of endothelial cells (ECs) from mouse control and 
fibrotic lungs. Gene Set Enrichment Analysis (GSEA) revealed that the 
AMPK signaling pathway was repressed in endothelial cells of mouse 
fibrotic lungs compared with the control lungs (Fig. 1a). To further 
validate this finding, we purified endothelial cells from control and 
fibrotic lungs and analyzed the phosphorylation of AMPK. Indeed, the 
Western blot results showed that AMPK phosphorylation/activation was 

inhibited in endothelial cells from fibrotic lungs (Fig. 1b). Next, we 
tested whether the AMPK signaling pathway was also repressed in 
human fibrotic lungs. To this end, we analyzed the transcriptome data of 
human control and fibrotic lungs and observed that AMPK signature was 
downregulated in human fibrotic lungs (Fig. 1c), indicating that AMPK 
activation was inhibited in human fibrotic lungs. We subsequently 
explored whether AMPK inactivation was associated with lung fibrosis 
in human patients. Spearman correlation analysis revealed that AMPK 
signature was negatively correlated with fibrotic genes, including 
Collagen type I alpha 1 chain (COL1A1), Collagen type III alpha 1 chain 
(COL3A1), and Actin alpha 2 smooth muscle (ACTA2) (Fig. 1d). In 

Fig. 1. AMPK is inactivated in human and mouse fibrotic lungs. (a) The AMPK signaling pathway is repressed in endothelial cells (ECs) of mouse fibrotic lungs. 
Transcriptome data (GSE181508) of lung endothelial cells from bleomycin-induced fibrotic lungs and control lungs were subjected to Gene Set Enrichment Analysis 
(GSEA) of AMPK_SIGNALING_PATHWAY. (b) AMPK phosphorylation/activation is repassed in endothelial cells of mouse fibrotic lungs. Lung fibrosis was induced by 
bleomycin for three weeks, then endothelial cells from fibrotic and control lungs were isolated by Magnetic-Activated Cell Sorting (MACS) with indicated antibodies 
(CD45− CD31+). Western blot was performed to test the phosphorylation/activation of AMPK in endothelial cells of fibrotic and control lungs. (c) The AMPK signaling 
pathway is repressed in human fibrotic lungs. Transcriptome data (GSE213001) of 41 control and 98 fibrotic lung samples were subjected to analyze the Gene Set 
Variation Analysis (GSVA) score of AMPK_SIGNALING_PATHWAY (AMPK signature). (d) AMPK signature is negatively correlated with the expression of fibrotic 
marker genes (COL1A1, COL3A1, ACTA2). Transcriptome data in (c) were subjected to Spearman correlation analysis. (e) AMPK mRNA (PRKAA1) is reduced in 
PBMCs from patients with lung fibrosis. PRKAA1 mRNA level from 45 control donors and 70 IPF patients PBMCs using the GEO public microarray dataset GSE38958. 
(f–g) PRKAA1 level is positively correlated with lung function parameters. The correlation of PRKAA1 mRNA level with lung function in patients with lung fibrosis 
was performed with Spearman correlation analysis using the GSE38958 microarray dataset. DLCO, diffusing capacity for carbon monoxide; FVC, forced 
vital capacity. 
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addition, AMPK (PRKAA1) expression level was also decreased in pe
ripheral blood mononuclear cells (PBMCs) from lung fibrosis patients 
(Fig. 1e), and PRKAA1 expression was positively correlated with the 
lung function parameters: diffusing capacity of the lungs for carbon 
monoxide (DLCO) and forced vital capacity (FVC) (Fig. 1f and g). 
Therefore, these data suggested that AMPK was systemically (endothe
lial cells, lung tissues, and PBMCs) inactivated in both human and mouse 
fibrotic lungs, and AMPK inactivation was correlated with lung fibrotic 
markers and reduced lung function in patients. 

3.2. Endothelial AMPK inactivation contributes to lung fibrosis 

The aforementioned findings suggest that endothelial AMPK inacti
vation may contribute to lung fibrosis. Thus, we next examined whether 
endothelial AMPK inactivation contributed to lung fibrosis by knocking 
out AMPK in endothelial cells specifically. Since catalytic α-subunit of 
AMPK in both humans and mice have two isoforms, α1 and α2, encoded 
by the genes Prkaa1 and Prkaa2 [43]. We first analyzed the expression 
patterns of Prkaa1 and Prkaa2 in mouse lung endothelial cells and found 
that Prkaa1 had much higher expression abundance than Prkaa2 
(Fig. 2a). Therefore, we chose to knock out Prkaa1 to mimic the inhi
bition of AMPK activation in vivo. For the construction of EC-specific 
Prkaa1 knockout mice, we bred Prkaa1 floxed mice (Prkaa1loxP/loxP) 
with mice expressing EC-specific inducible Cre (VE-Cadherin-CreERT2). 
The offspring Prkaa1loxP/loxP/VE-cadherin-CreERT2 and Prkaa1loxP/loxP 

mice were treated with tamoxifen to generate EC-specific Prkaa1 
knockout mice (Prkaa1△EC) and control wild-type (Prkaa1WT) mice 
(Fig. 2b) [17]. We performed fluorescence-activated cell sorting (FACS) 
for purifying CD45− CD31+ lung ECs and validated that Prkaa1 was 
significantly knocked out but the expression of Prkaa2 was comparable 
in Prkaa1△EC mice compared with the wild-type (Prkaa1WT) mice 
(Fig. 2c). 

To explore the roles of endothelial AMPK inactivation in lung 
fibrosis, Prkaa1△EC and Prkaa1WT mice were then subjected to single 
bleomycin challenge to induce lung fibrosis (Fig. 2d). Notably, the 
bleomycin challenge significantly induced remodeling and collagen 
deposition in mouse lung tissues and endothelial AMPK inactivation 
promoted bleomycin-induced lung fibrosis, as revealed by hematoxylin- 
eosin (H&E) and picrosirius red (PSR) staining (Fig. 2e). Further 
immunofluorescence staining of Collagen I and alpha-smooth muscle 
actin (αSMA) also validated that endothelial AMPK inhibition increased 
extracellular matrix (ECM) deposition in fibrotic lungs (Fig. 2f). 
Consistently, the expression levels of fibrotic-related gene mRNA 
(Col1a1, Col3a1, Ctgf, Fn1) and protein (Collagen I, αSMA, CTGF) in 
fibrotic lungs were also aggravated by endothelial AMPK inactivation 
(Fig. 2g and i). Accumulation of hydroxyproline is another hallmark of 
fibrotic lungs [16], we also observed enhanced accumulation of hy
droxyproline in fibrotic lungs with endothelial AMPK knockout 
compared with the wild-type mice (Fig. 2h). Thus, these data indicate 
that endothelial AMPK inactivation exacerbates lung fibrosis in mice. 

Next, we explored whether the activation of endothelial AMPK could 
reverse lung fibrosis by treating mice with the well-known AMPK acti
vator metformin (Supplementary Fig. S1a). Metformin treatment could 
activate endothelial AMPK in fibrotic lungs (Supplementary Fig. S1b). 
Accordingly, metformin decreased bleomycin-induced lung fibrosis in 
mice, as indicated by H&E, PSR, and Masson staining (Supplementary 
Fig. S1c). Therefore, endothelial AMPK inactivation contributes to lung 
fibrosis, and the AMPK agonist, metformin, can activate endothelial 
AMPK and reverse fibrosis. 

3.3. AMPK regulates PAI-1 expression via the YAP signaling pathway in 
endothelial cells 

We next sought to unravel the mechanism by which endothelial 
AMPK regulates lung fibrosis. To this end, we knocked down PRKAA1 in 
human umbilical vein endothelial cells (HUVECs) (Supplementary 

Fig. S2a). The effects of PRKAA1 knockdown on the transcriptome of 
endothelial cells were analyzed using bulk RNA-seq. GSEA was per
formed to analyze the HALLMARK gene sets, and we noticed the 
enrichment of fibrosis-associated HALLMARK gene sets in human 
endothelial cells with PRKAA1 knockdown (Fig. 3a; Supplementary 
Fig. S2b). Interestingly, the intersection of the five pivotal HALLMARK 
gene sets identified two common genes, F3 and SERPINE1, and only 
SERPINE1 was significantly upregulated following PRKAA1 knockdown 
in human endothelial cells (Fig. 3b). The SERPINE1 gene encodes plas
minogen activator inhibitor-1 (PAI-1), a member of the serine-protease 
inhibitor superfamily with important roles in tissue fibrosis [44–46]. 
Thus, we proposed that endothelial AMPK may regulate lung fibrosis via 
the anti-fibrinolytic factor PAI-1. To this end, we first explored whether 
and how AMPK regulates PAI-1 expression in endothelial cells. Consis
tent with the RNA-seq results, qRT-PCR results showed that SERPINE1 
mRNA expression was upregulated after PRKAA1 knockdown in human 
endothelial cells (Fig. 3c). To explore the potential involvement of 
endothelial PAI-1 in endothelial cells in lung fibrosis, we analyzed 
endothelial SERPINE1 expression in mouse and human fibrotic lungs. 
Serpine1 mRNA expression was significantly upregulated in endothelial 
cells of mouse fibrotic lungs compared with the control lungs (Fig. 3d). 
Consistently, the SERPINE1 expression level was also significantly 
upregulated in endothelial cells of human fibrotic lungs (Fig. 3e). The 
upregulation of PAI-1 in endothelial cells of mouse and human fibrotic 
lungs may be due to the inactivation of AMPK because we observed that 
PAI-1 was upregulated in bleomycin-treated Prkaa1△EC mice compared 
with Prkaa1WT mice (Fig. 3f). Collectively, these data suggest that PAI-1 
is a key downstream factor of AMPK in endothelial cells, and endothelial 
PAI-1 levels are reduced in endothelial cells of fibrotic lungs in humans 
and mice. 

Then we explored how AMPK regulates PAI-1 expression in endo
thelial cells during lung fibrosis. AMPK regulates multiple important 
signaling pathways in cells. One such pivotal signaling pathway is the 
Hippo pathway. The Hippo/YAP pathway is involved in tissue injury, 
fibrosis, and repair by controlling the transcriptional events [47]. AMPK 
inhibits the Hippo/YAP pathway via multiple direct mechanisms during 
metabolic stress [48–50]. We tested whether the Hippo pathway was 
involved in AMPK-mediated repression of PAI-1 in endothelial cells. 
First, we validated the regulation of Hippo by AMPK in endothelial cells 
of fibrotic lungs because the Hippo effector YAP was hyper
activated/hypophosphorylation in lung endothelial cells with Prkaa1 
knockout (Fig. 3g). Activated YAP translocates to the nucleus to coop
erate with TAZ as a transcriptional cofactor to initiate translational 
events of their target genes by binding directly to promoters [47]. To 
explore whether YAP regulates SERPINE1 expression directly, we 
analyzed the binding of YAP and its partners, TAZ and TEAD1, to the 
promoter of SERPINE1 in human endothelial cells using public ChIP-seq 
data (Fig. 3h). Indeed, YAP and its partners can bind to the promoter of 
SERPINE1, suggesting that the AMPK downstream factor YAP may 
regulate SERPINE1 expression directly. We observed that 
shRNA-mediated knockdown of YAP and verteporfin-mediated inhibi
tion of YAP suppressed SERPINE1 expression in human endothelial cells 
(Fig. 3i–k). Thus, AMPK inactivation resulted in the activation of YAP in 
endothelial cells from fibrotic lungs, leading to the transcription of the 
angiocrine factor SERPINE1 (PAI-1) (Fig. 3l). 

3.4. PAI-1 contributes to lung fibrosis in human and mouse 

The angiocrine factor PAI-1 participates in tissue remodeling in both 
coagulation-dependent and -independent manners [46,51]. The roles of 
PAI-1 in the fibrosis of different organs are contradictory [45,46], and 
the roles of PAI-1 in lung fibrosis are not fully understood. Therefore, we 
investigated the role of PAI-1 in human and mouse lung fibrosis. We 
analyzed the correlation between SERPINE1 level and fibrotic marker 
genes in human fibrotic lungs using a public dataset (GSE213001). The 
Spearman correlation analysis revealed that SERPINE1 expression level 
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Fig. 2. Endothelial cell-specific Prkaa1 knockout promotes lung fibrosis. (a) FPKM value of Prkaa1 and Prkaa2 in mouse lung ECs showing higher expression 
abundance of Prkaa1 (n = 3). Bulk RNA-seq data of mouse lung ECs was downloaded from the GEO database (GSE148893). (b) Schematic diagram for generating 
endothelial-specific Prkaa1 knockout mice. (c) Validation of Prkaa1 knockout efficacy in lung endothelial cells. Lung endothelial cells (CD45− CD31+) were purified 
from Prkaa1WT and Prkaa1△EC mice with FACS, followed by qRT-PCR analysis of Prkaa1 and Prkaa2 mRNA levels (n = 3). (d) Schematic diagram showing mouse 
lung fibrosis model. Lung fibrosis was induced in Prkaa1WT and Prkaa1△EC mice by intratracheal injection with bleomycin. (e) H&E and PSR staining showing 
increased remodeling and collagen deposition in Prkaa1△EC mice compared with Prkaa1WT in bleomycin-induced fibrotic lungs. (f) Immunofluorescent staining of 
Collagen and alpha-smooth Muscle Actin (αSMA) showing increased extracellular matrix in Prkaa1△EC mice compared with Prkaa1WT. (g) Expression of fibrosis- 
related proteins (αSMA, CTGF, Collagen I) is increased in Prkaa1△EC mice lung tissue compared with Prkaa1WT. (h) Measurement of hydroxyproline content in 
lung tissues from Prkaa1△EC and Prkaa1WT mice (n = 6). (i) Measurement of fibrosis-related genes (Col1a1, Col3a1, Ctgf, Fn1) mRNA level in Prkaa1△EC and 
Prkaa1WT mice lung tissues (n = 6). 
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was positively correlated with the mRNA levels of fibrotic genes 
(COL1A1, COL3A1, CCN2, FN1) (Fig. 4a). These findings suggested that 
PAI-1 is potentially involved in lung fibrosis. To validate this finding, we 
inhibited PAI-1 using Tiplaxtinin (TPX) in mice with lung fibrosis 
(Fig. 4b). TPX treatment diminished lung tissue remodeling and collagen 
deposition in fibrotic lungs, as evidenced by H&E and PSR staining 
(Fig. 4c). Immunofluorescence staining of Collagen I and αSMA also 
showed that TPX decreased ECM deposition in fibrotic lungs (Fig. 4d). 
Consistently, fibrotic genes expression (Col1a1, Col3a1, Ctgf, Fn1) were 
downregulated in mouse fibrotic lungs treated with TPX (Fig. 4e), 
indicating the profibrotic role of PAI-1 in mouse lung fibrosis. Overall, 
endothelial AMPK inactivation induces PAI-1 upregulation, which con
tributes to lung fibrosis, and the PAI-1 inhibitor TPX can reverse lung 
fibrosis in mice. 

3.5. Dysregulated H2S-AMPK promotes PAI-1 expression via the Hippo/ 
YAP pathway in ECs 

The aforementioned results demonstrated that AMPK inactivation 
promotes YAP activation and PAI-1 overexpression in endothelial cells, 
which facilitates the development of lung fibrosis. One major question is 
how endothelial AMPK is inhibited in fibrotic lungs. AMPK acts as a 
metabolic sensor. Its activation is critically regulated by ATP/AMP and 
other metabolites that regulate the ATP/AMP ratio. Endothelial cells are 
key sources and targets of gaseous metabolites. One such metabolite is 
endogenous hydrogen sulfate (H2S), which regulates the ATP/AMP ratio 
to activate AMPK by targeting the mitochondrial respiratory chain [52, 
53]. H2S is a critical oxidant scavenger ameliorating vascular metabolic 
stress and vascular adaptation [52,54–56], which may rely on the acti
vation effects of H2S on AMPK [52,53]. Therefore, we tested whether 
H2S could regulate the AMPK-YAP-PAI-1 signaling axis in endothelial 
cells. We found that H2S donor NaHS activated AMPK and induced YAP 
phosphorylation (inactivation) in human endothelial cells (Fig. 5a). H2S 
donor also inhibited SERPINE1 expression in human endothelial cells, 
which was abolished by PRKAA1 knockdown (Fig. 5b and c), suggesting 
that H2S can regulate SERPINE1 expression in an AMPK-dependent 
manner in endothelial cells. In mammalian cells, the gas metabolite 
H2S is naturally synthesized by three key enzymes, including cys
tathionine γ-lyase (CTH), cystathionine β-synthetase (CBS), and mer
captopyruvate sulfurtransferase (MPST) [57]. Among these three 
synthetases, MPST showed the highest expression in endothelial cells 
(Fig. 5d). Thus, we designed two siRNAs to knockdown MPST to mimic 
H2S deficiency (Fig. 5e), and tested the effects of MPST/H2S deficiency 
on AMPK-YAP-PAI-1 signal in endothelial cells. In contrast to H2S sup
plementation, MPST knockdown inhibited AMPK activation and resul
ted in YAP hyperactivation in human endothelial cells (Fig. 5f), which 
was consistent with the upregulation of SERPINE1 expression in human 
endothelial cells following MPST knockdown (Fig. 5g). 

Next, we explored whether H2S deficiency correlated with PAI-1 
expression and lung fibrosis in humans. To this end, we reanalyzed 
the scRNA-seq data of human control and fibrotic lungs and observed 
the reduction of endothelial MPST in human fibrotic lungs (Fig. 5h), 
which was coupled with H2S deficiency in fibrotic lungs (Fig. 5i). Be
sides, we also observed that MPST was negatively correlated with 
SERPINE1 in human fibrotic lungs (Fig. 5j). 

Collectively, the dysfunction of the AMPK-YAP-PAI-1 axis in endo
thelial cells of fibrotic lungs may be due to the downregulation of MPST 
and the deficiency of endogenous H2S. 

3.6. H2S alleviates lung fibrosis in an endothelial AMPK-dependent 
manner 

Since the endogenous H2S was decreased in fibrotic lungs, we 
examined the correlation between the expression of H2S synthetase 
MPST and the expression of fibrosis-related genes. Spearman correlation 
analysis showed that MPST expression was negatively correlated with 
the expression of fibrosis-related genes (COL1A1, COL3A1, CCN2, FN1) 
in human fibrotic lungs (Fig. 6a), indicating that H2S deficiency may 
contribute to lung fibrosis. 

Finally, we tested whether H2S regulated lung fibrosis via endothelial 
AMPK. To this end, H2S donor NaHS was intraperitoneally injected daily 
to treat bleomycin-induced lung fibrosis in Prkaa1△EC and Prkaa1WT 

mice (Fig. 6b). In fibrotic lungs of wild-type mice, H2S supplement 
decreased remodeling and collagen deposition (Fig. 6c), deposition of 
Collagen I and αSMA (Fig. 6d), accumulation of hydroxyproline 
(Fig. 6e), and expression of fibrotic marker genes (Col1a1, Col3a1, Ctgf, 
Fn1) (Fig. 6f). Notably, the effects of H2S in repressing lung fibrosis was 
abolished by endothelial AMPK knockout because H2S cannot repress 
lung fibrosis in Prkaa1△EC mice (Fig. 6b–f). Thus, H2S suppresses lung 
fibrosis in an endothelial AMPK-dependent manner. 

Overall, H2S deficiency is correlated with lung fibrosis in humans, 
and supplementation with H2S can reduce lung fibrosis in mice, which 
depends on endothelial AMPK activation. 

4. Discussion 

Decoding the cellular and molecular mechanisms of the vascular 
niche in fibrosis might help us elucidate how the vascular ecosystem 
contributes to organ homeostasis. Previous studies have identified 
several angiocrine factors from endothelial cells in organ fibrosis and 
have demonstrated that risk factors such as aging and metabolic disor
ders can regulate angiocrine factors to facilitate organ fibrosis. However, 
one of the key questions is which signal senses risk factors to regulate 
angiocrine factors in endothelial cells to participate in organ fibrosis. 
Here, we provide evidence that endothelial AMPK senses the deficiency 
of endogenous H2S during fibrotic stress, which leads to the 

Fig. 3. AMPK regulates PAI-1 expression through YAP in endothelial cells in fibrotic lungs. (a) AMPK regulates fibrosis-associated hallmarks in endothelial cells. 
PRKAA1 was silenced in HUVECs by lentivirus-mediated shRNA, followed by TGFβ treatment for 24 h. Then, HUVECs were collected for bulk RNA-seq, followed by 
gene set enrichment analysis (GSEA) of HALLMARK gene sets. The top enriched HALLMARK gene sets in endothelial cells with AMPK deficiency are shown. (b) 
SERPINE1 is a key downstream gene of AMPK in human endothelial cells. The intersection of key HALLMARK gene sets from a (red) identified F3 and SERPINE1 as 
two core genes in the key HALLMARK gene sets, and AMPK effects on the expression values (FPKM) of F3 and SERPINE1 are shown. (c) PRKAA1 knockdown increases 
SERPINE1 expression in human endothelial cells. HUVECs were treated as in (a), followed by qRT-PCR analysis of SERPINE1 mRNA level (n = 3). (d) Serpine1 
expression is increased in endothelial cells from mouse fibrotic lungs. Mouse lung fibrosis was induced by bleomycin (Bleo), lung endothelial cells were purified with 
the MACS method and followed qRT-PCR analysis of Serpine1 expression in lung ECs from control (Saline) or fibrotic (Bleo) lungs (Saline, n = 7; Bleo, n = 9). (e) 
Violin plot showing increased SERPINE1 expression in lung ECs from human fibrotic lungs compared with control lungs. scRNA-seq data of human lung fibrosis 
(GSE159354) was downloaded from the GEO database, and the transcriptome of lung endothelial cells was analyzed. (f) Prkaa1 knockout upregulates Serpine1 (PAI- 
1) in endothelial cells from mouse fibrotic lungs. (g) Prkaa1 knockout activates YAP (reduced phosphorylation) in endothelial cells from mouse fibrotic lungs. (h) 
ChIP-Seq profiling of HUVECs showing YAP, TAZ, and TEAD1 binding to the promoter region of SERPINE1. GSE163458 ChIP-Seq data was downloaded from the GEO 
database. (i) Inhibition of YAP with verteporfin inhibits SERPINE1 expression in human endothelial cells. HUVECs were treated with YAP inhibitor verteporfin (0.25 
μM) for 48 h, followed by qRT-PCR analysis of SERPINE1 (n = 3). (j–k) Knockdown of YAP reduces SERPINE1 expression in human endothelial cells. HUVECs were 
infected with lentivirus carrying shCtrl or shYAP for 48 h, followed by qRT-PCR analysis of YAP and SERPINE1 levels (n = 3). (l) Schematic diagram for AMPK-YAP- 
PAI-1 axis in endothelial cells of fibrotic lungs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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upregulation of the angiocrine factor PAI-1 and aggravates lung fibrosis 
(Fig. 7). These findings may fill the gaps in our understanding of how 
intracellular responders sense risk factors to regulate angiocrine factors 
in organ fibrosis. 

Metabolic dysregulation is a vital pathogenic process involved in 
fibrosis. Metabolic regulators such as AMPK, FOXOs, and HIFs are crit
ically involved in organ fibrosis. For instance, the metabolic sensor 
AMPK has been shown to participate in various tissue fibrosis, including 
non-alcoholic steatohepatitis (NASH), cardiac and lung fibrosis [31,32, 
58,59]. However, previous studies have been limited to the tissue level 
and have not focused on the activity and role of AMPK in specific cell 
types, such as vascular cells. Here, we showed that AMPK is inactivated 
in endothelial cells of fibrotic lungs. Importantly, we observed a sys
temic reduction in AMPK activation and provided evidence that AMPK 
inactivation was correlated with enhanced fibrotic signatures and 

reduced lung functions. Deficiency of endothelial AMPK promotes lung 
fibrosis in mice, whereas the AMPK activator, metformin, can activate 
endothelial AMPK and repress lung fibrosis. Thus, AMPK-mediated 
metabolic homeostasis may be critical for the anti-fibrotic function of 
endothelial cells in the lungs. Together with previous findings in other 
types of lung cells [32,60,61], our findings suggested that AMPK acti
vators, such as metformin, can serve as potential anti-fibrotic drugs. 

Indeed, the AMPK activation is critical for endothelial homeostasis 
and its anti-fibrotic function. The activation of AMPK is critically 
regulated by the ATP/AMP ratio and other metabolites that regulate this 
ratio. As a specific cell type, endothelial cells are an important source 
and target of gas metabolites such as NO, CO, and H2S. Among these 
metabolites, the rising star H2S is an essential endogenous gaseous 
transmitter involved in many biological functions, such as molecular 
signaling cascade activation, protein post-translational modification, 

Fig. 4. PAI-1 participates in lung fibrosis in humans and mice. (a) SERPINE1 mRNA expression is positively correlated with fibrotic markers. Bulk RNA-seq data of 41 
human control lung tissues and 98 fibrotic lung tissues (GSE213001) was used to analyze the correlation of SERPINE1 and the expression of fibrotic marker genes 
(COL1A1, COLA3A1, CCN2, FN1) with Spearman correlation analysis. (b) Design of PAI-1 inhibitor treatment of mouse lung fibrosis. Mouse lung fibrosis was induced 
by bleomycin, followed by PAI-1 inhibitor (Tiplaxtinin; 5 mg/kg/day; i.g.) for 21 days. (c) H&E and PSR staining reveal that Tiplaxtinin (TPX) reduces tissue 
remodeling and collagen deposition in fibrotic lungs. (d) Immunofluorescent staining reveals that Tiplaxtinin decreases Collagen and αSMA expression in fibrotic 
lungs. (e) qRT-PCR analysis reveals that Tiplaxtinin decreases the expression of fibrotic marker genes (Col1a1, Col3a1, Ctgf, Fn1) in fibrotic lungs (n = 4). 
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Fig. 5. Hydrogen sulfide regulates the AMPK-YAP-PAI-1 axis in endothelial cells. (a) Hydrogen sulfide (H2S) donor NaHS induces AMPK activation and YAP 
phosphorylation/inactivation in human endothelial cells. HUVECs were treated with/without NaHS for 24 h, followed by Western blot analysis of AMPK and YAP 
activation. (b) H2S donor NaHS inhibits SERPINE1 expression in human endothelial cells. HUVEC cells were treated with NaHS (1 mM) for 24 h, followed by qRT-PCR 
analysis of SERPINE1 expression (n = 3). (c) PRKAA1 knockdown counteracts the inhibitory effect of H2S on SERPINE1 expression in human endothelial cells. 
HUVECs were infected with lentivirus carrying shPRKAA1 and treated with NaHS (1 mM) for an additional 24 h, followed by qRT-PCR analysis of SERPINE1 
expression (n = 3). (d) Expression levels of the three H2S synthetases (CBS, CTH, MPST) in human lung ECs. Transcriptome data of human lung endothelial cells were 
obtained from the public dataset GSE159354. (e) siRNA-mediated knockdown of MPST in human endothelial cells. HUVECs were transfected with siMPST or siNC for 
24 h, followed by qRT-PCR analysis of MPST mRNA level (n = 3). (f) Knockdown of MPST inhibits AMPK activation and YAP phosphorylation/inactivation in human 
endothelial cells. HUVECs were treated as in (e). (g) Knockdown of MPST increases the expression of SERPINE1 in human endothelial cells. HUVECs were treated as 
in (e) (n = 3). (h) Expression of the key H2S synthetase MPST is reduced in endothelial cells from human fibrotic lungs. The transcriptome of endothelial cells from 
fibrotic and control lung tissues was analyzed with the public scRNA-seq dataset GSE159354. (i) H2S level is reduced in human fibrotic lungs. Endogenous H2S in 
human fibrotic and control lungs were detected with the probe Sulfidefluor 7 AM (n = 5). (j) MPST expression is negatively correlated with SERPINE1 in human lung 
tissues. The Spearman correlation analysis of SERPINE1 mRNA expression level with MPST mRNA expression level in human lung tissues was performed using the 
public dataset GSE213001. 
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Fig. 6. Hydrogen sulfide reverses lung fibrosis in an endothelial AMPK-dependent manner. (a) H2S synthetase MPST is negatively correlated with fibrotic markers in 
human fibrotic lungs. The Spearman correlation was performed to analyze the correlation of MPST mRNA expression level with fibrotic marker genes (COL1A1, 
COL3A1, CCN2, FN1) mRNA expression level in human lung tissues using the public dataset GSE213001. (b) Design of H2S-mediated treatment of lung fibrosis in WT 
mice and mice with endothelial Prkaa1 knockout. Lung fibrosis in WT mice and mice with endothelial Prkaa1 knockout was induced with bleomycin, followed by H2S 
donor NaHS (10 mg/kg/day) treatment for 21 days. (c) H&E and PSR staining reveal decreased tissue remodeling and collagen deposition in NaHS-treated mice, 
while this effect is abolished by endothelial-specific Prkaa1 knockout. (d) Immunofluorescent staining reveals decreased Collagen and αSMA expression in fibrotic 
lung tissues in NaHS-treated mice, while this effect is abolished by endothelial-specific Prkaa1 knockout. (e) Measurement of fibrotic marker hydroxyproline in lung 
tissues shows decreased fibrosis in NaHS-treated mice, while this effect is abolished by endothelial-specific Prkaa1 knockout (n = 12). (f) Fibrosis-related gene 
(Col1a1, Col3a1, Ctgf, Fn1) expression levels are decreased in NaHS-treated mice, while this effect is abolished by endothelial-specific Prkaa1 knockout (n = 6). 
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cellular biogenetics, and metabolism regulation [57,62,63]. Previous 
studies show that H2S is an endogenous activator for AMPK by targeting 
mitochondrial electron transport to induce mitochondrial uncoupling 
[52,53]. In this study, we observed that AMPK inactivation in endo
thelial cells of fibrotic lungs was partially due to the deficiency of 
endogenous H2S. The H2S synthetase MPST expression level was 
reduced in endothelial cells, which was coupled with reduced levels of 
endogenous H2S in fibrotic lungs. These findings suggest that endothe
lial H2S-AMPK is a sensor of fibrotic stress in lung fibrosis and is 
essentially involved in lung homeostasis and repression of lung fibrosis. 
Considering the limited number of human samples, which has no suf
ficient power analysis to demonstrate statistical rigor, these preliminary 
findings require follow up in larger cohorts before clinical consider
ations can be made. 

H2S is well known for its antioxidative roles in the cardiovascular 
system [64]. H2S can serve as a critical regulator of oxidative stress by 
directly reacting with reactive oxygen species (ROS) and reactive ni
trogen species (RNS), or indirectly through various other mechanisms 
[55–57,62]. For instance, H2S can activate classical antioxidants, such as 
glutathione and the antioxidative transcriptional factor Nrf2 [55–57, 
62]. Indeed, the antioxidative roles of H2S are well-known in preventing 
fibrosis of multiple organs, including the heart, skeletal muscle, kidney, 
and liver [64–66]. Notably, H2S can also reduce ROS production by 
targeting the mitochondrial respiratory chain and oxidative phosphor
ylation in the mitochondria, leading to the decline in ATP and subse
quently activation of AMPK [52,67,68], which has multiple functions 
including metabolism regulation and antioxidation [43,69,70]. In this 
study, we observed that AMPK is a sensor of endogenous H2S levels and 
the anti-fibrotic effects of H2S partially relied on endothelial AMPK in 
mouse lung fibrosis. These findings further extend our understanding of 
H2S in regulating endothelial homeostasis and organ fibrosis [52,54,62, 
71–74]. 

The dysregulation of redox homeostasis in endothelium plays a 
pivotal role in the pathogenesis of fibrosis partially via regulating 

angiocrine factors [7,12,75,76]. Angiocrine factors derived from endo
thelial cells play important roles in intercellular communication and are 
involved in organ development, regeneration, and fibrosis [7]. We 
observed that AMPK-reregulated multiple HALLMARK gene sets that 
involved angiocrine factors and we identified PAI-1 as one key down
stream effector of AMPK. Our study reveals that PAI-1 is a downstream 
effector molecule of the endothelial metabolic regulator, AMPK. As a 
member of the serine protease inhibitor superfamily, PAI-1 regulates 
fibrinolysis and participates in multiple physiological and pathological 
processes including cancer, diabetes, cardiovascular diseases, and 
fibrosis [46,51,77,78]. Notably, PAI-1 controls the activities of 
urokinase/tissue-type plasminogen activator (uPA/tPA), plasmin, and 
plasmin-dependent MMPs involved in the proteolytic degradation of 
ECM proteins. Previous studies have shown that hyperactivation of 
PAI-1 contributes to excessive ECM deposition during physiological and 
pathological processes [51,78–80]. In alveolar epithelial type II, PAI-1 
contributes to cell senescence by inhibiting P53 degradation in lung 
fibrosis [44,77]. The coagulation factor PAI-1 is predominantly 
expressed in fibroblasts/myofibroblasts and endothelial cells in lung 
tissues (data not shown); thus, endothelial cells may be the predominant 
source of PAI-1 at the beginning of the fibrotic process whereby endo
thelial cells have a relative population advantage over fibro
blasts/myofibroblasts. We found that PAI-1 was upregulated in 
endothelial cells of mouse and human fibrotic lung tissues, and PAI-1 
was positively correlated with fibrotic gene expression levels in 
human patients. Fibrosis-induced inhibition of AMPK in endothelial 
cells leads to overexpression of PAI-1, while PAI-1 inhibitor TPX could 
alleviate lung fibrosis. Thus, we revealed that endothelial AMPK inac
tivation promoted profibrotic angiocrine factor PAI-1 expression to 
accelerate lung fibrosis. However, PAI-1 can regulate tissue homeostasis 
in coagulation-dependent and independent manners [51]. For instance, 
recent studies revealed that PAI-1 modulates the immune microenvi
ronment to participate in carcinogenesis [46]. Indeed, our H&E staining 
showed that PAI-1 inhibitors reduced immune cells in fibrotic lungs, but 

Fig. 7. Endothelial H2S-AMPK regulates the YAP-PAI-1 axis to participate in lung fibrosis. During lung injury, loss of endogenous H2S triggers the inactivation of 
AMPK in endothelial cells. As a result, AMPK fails to induce YAP phosphorylation, leading to the translocation of YAP into the endothelial nucleus, thereby enhancing 
PAI-1 transcription and subsequently promoting the development of lung fibrosis. 
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further studies are needed to explore the coagulation-dependent and 
independent roles of PAI-1 in lung fibrosis. 

Another interesting finding is the involvement of Hippo in H2S- 
AMPK-mediated repression of PAI-1. YAP and the transcriptional co- 
activator TAZ are the central control modules of the Hippo pathway, 
which initiates gene expression via binding to the TEAD family of 
transcription factors. As an evolutionarily conserved signaling pathway, 
the Hippo pathway or YAP/TAZ-TEAD is associated with organ devel
opment, homeostasis maintenance, regeneration, wound healing, im
mune regulation, cancer, and fibrosis [81,82]. AMPK has been reported 
to modulate the phosphorylation of YAP and inhibit YAP transcription 
activity directly upon metabolic stress [48–50]. Notably, our studies 
showed that endothelial inactivation of AMPK led to YAP hypo
phosphorylation/activation in fibrotic lungs. Utilizing ChIP-seq anal
ysis, we found transcription complex YAP/TAZ-TEAD binds to the 
transcription start site of SERPINE1 in human endothelial cells. Inhibi
tion or knockdown of YAP decreases SERPINE1 expression. These results 
highlight the role of the endothelial AMPK-YAP-PAI-1 axis in fibrotic 
lungs. Our recent study also demonstrated that YAP regulates the im
mune response in macrophages to modulate the immune microenvi
ronment and organ fibrosis [19]. Thus, the Hippo pathway is critically 
involved in organ fibrosis through the regulation of multiple cell types, 
including endothelial cells and macrophages. The Hippo pathway plays 
multiple roles in lung homeostasis. Our findings suggest that endothelial 
Hippo may promote lung fibrosis by partially regulating the angiocrine 
factor PAI-1. Interestingly, Hippo in epithelial and endothelial cells is 
essential for lung development and alveolar regeneration [83–85]. Thus, 
the Hippo pathway may play complicated roles at different stages and in 
different cell types during lung injury, regeneration, and fibrosis. In 
addition, YAP and its subcellular localization have distinct 
compartment-specific roles in developing lungs [86], which may explain 
its complicated functions. Given these facts, accurately targeting the 
Hippo pathway to promote regeneration and repress fibrosis is tricky, 
but cell-type specific YAP inhibitors may be a good option, as we have 
provided recently [19]. 

Taken together, our study suggests that the endothelial H2S-AMPK 
axis is a sensor of fibrotic risk, and dysfunction of this sensor upregulates 
the anti-fibrinolytic factor PAI-1 via activating YAP and contributes to 
lung fibrosis. This study may provide an elucidation by which endo
thelial cells sense fibrotic stress to trigger pro-fibrotic angiocrine factors. 
This endothelial signaling axis may be a potential target for treating lung 
fibrosis. 
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