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Purpose: To investigate the effect of doxazosin on autophagy and the activation of hepatic 
stellate cells (HSCs) in vivo and in vitro and determine the underlying mechanism.
Methods: In vivo, a mouse liver fibrosis model was induced by the intraperitoneal injection 
of carbon tetrachloride (CCl4). Doxazosin was administered at doses of 2.5, 5 and 10 mg/ 
(kg*day) by gavage. After 20 weeks, blood and liver tissues were collected for serological 
and histological analysis, respectively. Blood analysis, hematoxylin and eosin (HE) staining, 
Masson’s trichrome staining, immunohistochemistry and immunofluorescence staining were 
used to measure the extent of liver fibrosis in model and control mice. In vitro, the human 
HSC cell line LX-2 was cultured and treated with different doses of doxazosin for the 
indicated times. The effects of doxazosin on LX-2 cell proliferation and migration were 
examined by Cell Counting Kit-8 (CCK-8) and Transwell assays, respectively. The number 
of autophagosomes in LX-2 cells was observed by transmission electron microscopy (TEM). 
Infection with green fluorescent protein (GFP)-LC3B adenovirus, GFP-red fluorescent pro-
tein (RFP)-LC3B adenovirus and mCherry-EGFP-LC3 adeno-associated virus was per-
formed to examine changes in autophagic flux in vitro and in vivo. Cell apoptosis was 
measured by flow cytometry in vitro and by TUNEL assays both in vitro and in vivo. 
Immunoblotting was performed to evaluate the expression levels of proteins related to 
fibrosis, autophagy, apoptosis, and phosphatidylinositol 3-kinase (PI3K)/protein kinase 
B (Akt)/mammalian target of rapamycin (mTOR).
Results: Doxazosin inhibited HSC proliferation and migration. HSC activation was attenu-
ated by doxazosin in a concentration-dependent manner in vivo and in vitro. Doxazosin also 
blocked autophagic flux and induced apoptosis in HSCs. In addition, the PI3K/Akt/mTOR 
pathway was activated by doxazosin and regulated fibrosis, autophagy and apoptosis in 
HSCs.
Conclusion: The study confirmed that doxazosin could inhibit autophagy by activating the 
PI3K/Akt/mTOR signaling pathway and attenuate liver fibrosis.
Keywords: doxazosin, liver fibrosis, autophagy, apoptosis, mTOR

Introduction
Liver fibrosis is a complicated pathophysiological process that serves as an inter-
mediate stage for various chronic liver diseases, including liver cirrhosis.1 Portal 
hypertension (PHT) and hepatic failure usually occur in the late stage of liver 
cirrhosis.2 Although strategies for the diagnosis and treatment of liver cirrhosis 
have improved, this disease still causes more than one million deaths each year 
worldwide.3 Thus far, apart from ameliorating the underlying cause or performing 
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liver transplantation, no effective clinical therapies are 
available to inhibit the pathological progression of liver 
fibrosis,4 and safe and effective drugs are urgently needed.

The activation of hepatic stellate cells (HSCs) is crucial 
for liver fibrogenesis because they transdifferentiate into 
myofibroblasts, which are the primary cells responsible for 
synthesizing the extracellular matrix (ECM) in the liver.5 

Activated HSCs can produce alpha smooth muscle actin 
(α-SMA) and type I collagen (COL1, formed by two 
molecules of COL1A1 and one molecule of COL1A2),6,7 

ultimately leading to an imbalance in ECM production and 
degradation.

Autophagy is a crucial intracellular pathway, through 
which damaged organelles and impaired proteins are 
degraded to supply eukaryotic cells with energy to main-
tain homeostasis.8 Previous studies have shown that the 
phosphatidylinositol 3-kinase (PI3K)/protein kinase 
B (Akt)/mammalian target of rapamycin (mTOR) pathway 
plays an important role in regulating cellular autophagy, 
including that in HSCs.9–11 Autophagy can provide energy 
for HSC activation by regulating the degradation of lipid 
droplets stored in cells,12 and the autophagy substrate p62, 
can inhibit fibrogenic responses in HSCs.13 On the other 
hand, facilitating autophagy can activate HSCs.14 Thus, 
we can confirm that HSC activation is strongly associated 
with autophagy.

Our previous studies confirmed that carvedilol, an 
inhibitor of β1-, β2- and α1-adrenoreceptors, could attenu-
ate carbon tetrachloride (CCl4)-induced liver fibrosis and 
ameliorate intrahepatic angiogenesis and portal 
pressure.15,16 In addition, we found that carvedilol attenu-
ated fibrosis by suppressing autophagy and inducing apop-
tosis in HSCs.17 Autophagy and apoptosis are two 
catabolic pathways that are vital for organismal homeos-
tasis, especially in the liver, and their dysregulation con-
tributes to liver fibrosis.18 Thus, the manipulation of 
autophagy and apoptosis may be a promising strategy for 
the treatment of liver fibrosis.

Doxazosin is a traditional α1-adrenergic receptor 
(α1AR) antagonist that can inhibit hypertension. This 
drug has several potential additional advantages, including 
a long half-life of 22 h, minimal impacts on renal function, 
and an outstanding antihypertensive effect due to the 
reduction of smooth muscle tension in peripheral vascular 
beds that thereby reduces the total peripheral resistance 
without significantly affecting the heart rate or cardiac 
output.19,20 In benign prostatic hyperplasia, doxazosin 
relieves bladder outflow obstruction by reducing the 

prostate tone mediated by α1AR blockade.20 Doxazosin 
can also inhibit prostate cancer by inhibiting protein kinase 
B (PKB)/Akt activation and thereby inducing cell apopto-
sis via an α1AR-independent mechanism.21 The antifibro-
tic effect of doxazosin on hamsters has been reported,22,23 

and prazosin, another α1AR antagonist, has been reported 
to have a hemodynamic effect on the reduction in PHT,24 

suggesting that α1AR antagonists play important roles in 
the treatment of liver fibrosis and PHT.

Given that carvedilol is more effective at reducing PHT 
than traditional nonselective beta-blockers (NSBBs) 
because it also blocks α1AR,25 we hypothesize that the 
improvements in PHT are pronounced because of the sig-
nificant effect of α1AR antagonists on reducing liver fibro-
sis. However, the mechanism by which doxazosin 
attenuates liver fibrosis is still unclear. Published literature 
indicates that doxazosin can inhibit diseases by regulating 
autophagy,26 and autophagy plays an important role in 
HSC activation.5 Thus, we hypothesize that the doxazosin- 
mediated regulation of autophagy and apoptosis in HSCs 
is one of the most important mechanisms by which this 
compound attenuates liver fibrosis and that the PI3K/Akt/ 
mTOR signaling pathway is involved. In the present study, 
we aimed to investigate the effect of doxazosin on HSC 
activation and to clarify the underlying mechanism and the 
main pathway.

Materials and Methods
Reagents and Antibodies
Doxazosin was purchased from Sigma-Aldrich (Missouri, 
USA), and a 60 mM stock solution was prepared in 
dimethyl sulfoxide (DMSO, MP Biomedicals, California, 
USA) and stored at −80 °C. Dulbecco’s modified Eagle’s 
medium (DMEM) and fetal bovine serum (FBS) were 
obtained from Gibco (California, USA), rapamycin 
(RAP) and chloroquine (CQ) were purchased from 
MedChemExpress (New Jersey, USA), and bafilomycin 
A1 (Baf-A1) and MHY1485 were obtained from 
SelleckChem (Texas, USA).

Primary antibodies against LC3B (ab192890), p62 
(ab109012), Bcl-2 (ab182858), p-PI3K p85 (Y607) 
(ab182651), PI3K p85 (ab191606), α-SMA (ab7817), and 
p-mTOR (Ser2448) (ab109268) were procured from 
Abcam Technology (Massachusetts, USA). Primary anti-
bodies against ATG5 (#12994), Beclin 1 (#3495), α-SMA 
(#19245), COL1A1 (#72026), PARP (#9532), Bax 
(#5023), mTOR (#2983), Akt (#4691) and p-Akt 
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(Ser473) (#4060) were purchased from Cell Signaling 
Technology (Massachusetts, USA). A primary antibody 
against beta-actin (β-actin) and HRP-conjugated secondary 
antibodies were acquired from Proteintech (Illinois, USA). 
DyLight 488-conjugated, DyLight 549-conjugated and 
DyLight 649-conjugated secondary antibodies were 
obtained from Abbkine (Wuhan, China). Green fluorescent 
protein (GFP)-LC3B adenovirus, GFP-red fluorescent pro-
tein (RFP)-LC3B adenovirus and mCherry-EGFP-LC3 
adeno-associated virus were obtained from Hanbio 
(Shanghai, China).

Cell Culture
The human HSC cell line LX-2 (Procell, Wuhan, China) 
was cultured in DMEM supplemented with 10% FBS at 
37 °C and 5% CO2.

Animals
Male C57BL/6 mice (Vital River Company, Beijing, 
China), weighing 20–22 g, were housed at the 
Laboratory Animal Center of Shandong Provincial 
Hospital affiliated with Shandong University under 
a standard 12 h light/dark cycle with a constant tempera-
ture of 22 ± 2 °C and had free access to standard water 
and food. All mice in this study were healthy and 
immune-normal. This study was carried out in strict 
accordance with the National Institute of Health 
Guidelines for the Care and Use of Laboratory Animals. 
Animal-related experiments were approved by the 
Animal Care and Utilization Committee of Shandong 
Provincial Hospital affiliated with Shandong University 
(NSFC: no. 2019-251).

Preliminary Experiment
A total of 30 mice were randomly and equally divided into 
five groups. Doxazosin was suspended in water at varying 
doses according to the groups. 1) Normal control group 
mice were given water by gavage every day for 20 weeks. 
Mice in the 2) doxazosin 2.5 group, 3) doxazosin 5 group, 
and 4) doxazosin 10 group were given 2.5 mg/kg, 5 mg/kg 
and 10 mg/kg doxazosin, respectively, every day by 
gavage for 20 weeks. 5) In the olive oil group, mice 
were intraperitoneally injected with olive oil twice weekly 
and concurrently given water by gavage daily for 20 
weeks. Survival was recorded, and liver and blood samples 
were collected for further analysis.

Experimental Design
Seventy-five mice were randomly divided into five groups, 
with 15 mice in each group. ① Mice in the olive oil group 
were treated as described above. In the ② CCl4 group, 
mice were intraperitoneally injected with CCl4 twice 
weekly and concurrently administered water by 
gavage daily for 20 weeks. Mice in the ③ CCl4+doxazosin 
2.5 group, ④ CCl4+doxazosin 5 group, and ⑤ CCl4+dox-
azosin 10 group were intraperitoneally injected with CCl4 

twice weekly and simultaneously administered 2.5 mg/kg, 
5 mg/kg and 10 mg/kg doxazosin, respectively, by gavage 
daily for 20 weeks. CCl4 was dissolved in olive oil (20%, 
0.5 mL/100 g).

Blood Analysis
Blood samples were collected from each mouse, and the 
serum was then separated and stored at −80 °C until use. 
The levels of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), total bilirubin (TBIL), blood 
urea nitrogen (BUN), and creatinine (CR) were measured 
by an automatic biochemical analyzer (Rayto, Chemray 
800, Shenzhen, China) according to the manufacturer’s 
instructions.

Liver Histology
Fresh liver tissues were snap-frozen or fixed in 4% buf-
fered formalin for 24 h at room temperature and then 
embedded in paraffin blocks for histological evaluation. 
Tissue slides of serial 5-μm-thick sections were stained 
with hematoxylin and eosin (HE) and Masson’s trichrome 
(MT) and then observed by light microscopy. 
Morphometric quantification of the positive areas was 
performed using Image-Pro Plus 6.0 software 
(Baltimore, USA).

Immunohistochemical Staining
Mouse liver tissues were fixed with 4% paraformaldehyde, 
embedded in paraffin, and sliced into 5-μm-thick sections. 
After deparaffinization and hydration, the sections were 
incubated with citrate and blocked with 3% H2O2. The 
slides were placed in 5% bovine serum albumin (BSA) 
and then incubated with primary antibodies, including 
anti-α-SMA (1:200) and anti-COL1A1 (1:100), overnight 
at 4 °C. The sections were incubated with appropriate 
biotinylated secondary antibodies (goat anti-rabbit IgG, 
Origene Technologies, Beijing, China), stained with dia-
minobenzidine (DAB) and then counterstained with 
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hematoxylin. The positively stained areas in five different 
fields of view were determined by microscopy (Olympus, 
Japan) and measured by Image-Pro Plus 6.0 software.

Immunoblotting Analysis
Total protein was extracted using modified RIPA buffer 
containing a protease and phosphatase inhibitor cocktail 
(Roche Diagnostics, Mannheim, Germany), and protein 
concentrations were measured using a bicinchoninic acid 
(BCA) protein assay kit (Beyotime, China). Proteins (20 
μg or 40 μg) were separated by 8–12% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and then transferred onto polyvinylidene fluoride (PVDF) 
membranes (Millipore, USA). After being blocked with 
5% nonfat dry milk in Tris-buffered saline plus Tween-20 
(TBST) for 1 h at room temperature, the PVDF mem-
branes were incubated overnight at 4 °C with the indicated 
primary antibodies and then with secondary antibodies for 
1 h at room temperature. Protein bands were visualized 
using enhanced chemiluminescence (Millipore, USA) with 
an Amersham Imager 680 (GE Healthcare, USA). Band 
intensities were quantified with Image-Pro Plus 6.0 soft-
ware and normalized to that of β-actin.

Cell Counting Kit-8 (CCK-8) Assay
LX-2 cells (5 × 103 cells/well) were seeded in 96-well 
plates and cultured overnight, and the culture medium was 
then replaced with fresh medium containing different con-
centrations of doxazosin (1, 5, 10, 20, 30, 40, 50, and 60 
μM; DMSO was used as a control). After incubation for 24 
h, the cells were washed with phosphate-buffered saline 
(PBS), and 10 μL of CCK-8 solution (Dojindo 
Laboratories, Japan) was then added to each well. The 
optical density (OD) values at 450 nm were measured 
every 15 min with a spectrophotometer (Thermo Fisher, 
Finland). The OD values at 1 h were chosen for analysis.

Transwell Migration Assay
For the cell migration assay, LX-2 cells (1×104 cells/well) 
were cultured together with 10 μM doxazosin in the upper 
chambers of 24-well Transwell plates (Corning, 
New York, USA) for 6, 12, and 24 h or with 0.1% 
DMSO for 24 h as a control, and the lower chambers 
contained 10% FBS. The cells were cultured at 37 °C 
and allowed to migrate for the indicated times. 
Unmigrated cells in the upper chambers were removed 
using cotton tips, and the migrated cells on the underside 
of the filters were fixed and stained with hematoxylin. The 

stained cells were counted in five random fields using 
a microscope (Olympus, Japan) and analyzed with Image- 
Pro Plus 6.0 software.

Immunofluorescent Staining
Slides of mouse liver tissues or LX-2 cells were fixed with 
4% paraformaldehyde for 15 min and then blocked with 5% 
BSA for 1 h at room temperature. Afterwards, the slides or 
cells were incubated with primary antibodies, including 
anti-α-SMA (1:200), anti-COL1A1 (1:100), anti-LC3B 
(1:400), and anti-p62 (1:400), at 4 °C overnight and then 
with fluorescently labeled secondary antibodies for 90 min 
at 37 °C. Subsequently, the samples were incubated with 
DAPI for 6 min, and images were obtained by laser con-
focal microscopy (Leica TCS SP8, Germany). Fluorescence 
staining was quantified by Image-Pro Plus 6.0 software.

siRNA Transfection
An siRNA targeting ATG5 (siATG5) and a control siRNA 
(Genomeditech, Shanghai, China) were transfected into LX- 
2 cells at 100 pmol (six-well plates) using Lipofectamine 
3000 (Life Technologies, USA) when the cells reached 60– 
70% confluence according to the manufacturer’s instructions. 
The target interfering sequences were as follows: siATG5 (5ʹ- 
GGG AAG CAG AAC CAU ACU ATT-3′(sense), 5′-UAG 
UAU GGU UCU GCU UCC CTT-3′(antisense)), and nega-
tive control siRNA (5′-UUC UCC GAA CGU GUC ACG 
UTT-3′(sense), 5′-ACG UGA CAC GUU CGG AGA ATT-3′ 
(antisense)). After 36 h of transfection, the cells were treated 
with indicated chemicals for 24 h and then subjected to real- 
time quantitative polymerase chain reaction (qRT-PCR), 
Western blot and immunofluorescence staining analyses.

qRT-PCR Analysis
Total RNA was isolated from LX-2 cells using TRIzol 
reagent, and cDNA was then synthesized with a reverse 
transcription kit (Takara, Japan). qRT-PCR was per-
formed using the SYBR Green PCR kit (Takara, Japan) 
according to the manufacturer’s protocol. The primer 
sequences for the amplification of LC3B, p62, ATG5 
and β-actin were as follows: LC3B (5ʹ-AGT TGG CAC 
AAA CGC AGG GTA-3ʹ, forward; 5ʹ-TTA GGA GTC 
AGG GAC CTT CAG CA-3ʹ, reverse), p62 (5ʹ-AGT CTC 
TGG CGG AGC AGA TGA-3ʹ, forward; 5ʹ-TCT GGC 
ATC TGT AGG GAC TGG A-3ʹ, reverse), ATG5 (5ʹ- 
CCA TCA ATC GGA AAC TCA TGG A-3ʹ, forward; 5ʹ- 
ATC TGC AGC CAC AGG ACG AA-3ʹ, reverse), and 
β-actin (5′-TGG CAC CCA GCA CAA TGA A-3′, 
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forward; 5′-CTA AGT CAT AGT CCG CCT AGA AGC 
A-3′, reverse). The levels of mRNAs were normalized to 
that of β-actin, and fold changes were calculated by the 
2−ΔΔCT method. Each experiment was performed three 
times independently.

Autophagic Flux Measurement
To analyze the autophagic flux in LX-2 cells, GFP-LC3 
and GFP-RFP-LC3 adenoviruses were used according to 
the manufacturer’s instructions. Briefly, adenoviruses were 
added to the medium at an MOI of 30 when the cells 
reached 60% confluence. The cells were incubated at 37 
°C for 12 h before being transferred into complete fresh 
medium. After 24 h of GFP-LC3 or GFP-RFP-LC3 ade-
noviral infection, the cells were treated with the indicated 
chemicals or transfected with the indicated siRNAs. The 
cells were then fixed with 4% formaldehyde for 15 min 
and stained with DAPI for 6 min at room temperature. 
Fluorescence images were captured using a laser confocal 
microscope (Leica TCS SP8, Germany). Autophagic flux 
measurement was performed as described previously.27 

Briefly, GFP degrades in acidic environments, whereas 
RFP does not. When autophagy is activated, the red 
puncta, which indicate autophagic lysosomes, are more 
numerous than yellow puncta (formed by the overlap of 
red and green), which indicates the presence of autopha-
gosomes, and more yellow puncta than red puncta indi-
cates autophagy suppression. Three regions were selected 
randomly, and five cells were counted per group.

The mouse was infected with mCherry-EGFP-LC3 
adeno-associated virus (100 μL) via the tail vein four weeks 
before sacrifice. The liver was removed carefully and 
trimmed immediately after the mouse was sacrificed. Then, 
the tissue was embedded in optimal cutting temperature 
(OCT) compound (Sakura, Torrance, USA), serial sections 
(6 μm) were mounted on slides, and immunofluorescence 
staining of α-SMA was performed as described above. After 
staining with DAPI for 6 min, the sections were scanned with 
a laser confocal microscope (Leica TCS SP8, Germany). The 
relative fluorescence intensity was recorded in each section 
and analyzed using Image-Pro Plus 6.0 software.

Transmission Electron Microscopy (TEM)
After treatment with 10 μM doxazosin or DMSO for 24 h, 
LX-2 cells were fixed with 2% glutaraldehyde and 1% 
osmium tetroxide and then rinsed with 0.1 M sodium phos-
phate buffer (pH 7.2). After being dehydrated in a graded 
alcohol series, the samples were embedded in epon and cut 

into ultrathin sections, which were then collected on formvar- 
coated grids and stained with 1% lead citrate and 10% uranyl 
acetate. All samples were examined with a transmission 
electron microscope (Hitachi, HT7800, Japan).

Detection of Apoptosis by TUNEL 
Staining
TUNEL staining was performed using an in situ cell death 
detection kit (Roche, Mannheim, Germany) according to 
the manufacturer’s protocol. Briefly, LX-2 cells were fixed 
with 4% paraformaldehyde for 15 min at room tempera-
ture and then incubated with PBS containing 0.3% Triton 
X-100 for 5 min at room temperature. Liver slices that had 
been incubated with primary antibodies against α-SMA 
(1:200) overnight and LX-2 cells processed as described 
above were then incubated with a terminal deoxynucleoti-
dyl transferase (TdT) buffer solution (in the presence of 
fluorescence-conjugated secondary antibodies simulta-
neously for liver slices) for 1 h at 37 °C. After staining 
with DAPI, fluorescence was examined under a laser con-
focal microscope (Leica TCS SP8, Germany). The results 
were analyzed by Image-Pro Plus 6.0 software and are 
expressed as the apoptosis index, which was calculated 
as follows: (TUNEL-positive cells)/(total cells)×100%.

Detection of Apoptosis by Flow 
Cytometry
LX-2 cell apoptosis was examined using the PE Annexin 
V Apoptosis Detection Kit I (BD Biosciences, USA). First, 
LX-2 cells were cultured with different concentrations of 
doxazosin (5, 10, 15, and 20 μM; DMSO was used as 
a control) for 24 h; with 10 μM doxazosin for 24 or 36 h; 
or with 0.1% DMSO for 36 h. LX-2 cells were treated 
with 10 μM doxazosin alone, 10 μM doxazosin together 
with 100 nM rapamycin, 10 μM MHY1485, or 0.1% 
DMSO for 24 h. Then, the cells were processed according 
to the kit instructions and analyzed by flow cytometry 
(FACSCalibur Flow Cytometer, BD Biosciences, USA) 
within 15 min.

Statistical Analysis
Statistical analysis was performed using SPSS 22.0 (IBM, 
Chicago, USA). All data are presented as the means ± 
standard deviations (SDs). Differences were analyzed 
with Student’s t-test for the comparison of two groups 
and by one-way analysis of variance for the comparison 
of multiple groups. Overall survival (OS) was defined as 
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the time between the initial experiment and all-cause 
death. The survival rate was observed for 20 weeks after 
the start of the experiment. Survival curves were deter-
mined by the Kaplan-Meier method and compared using 
the Log rank test. Differences were considered statistically 
significant when the P-value was less than 0.05.

Results
Doxazosin Has No Adverse Effects on 
Survival or Liver Function in Mice
After 20 weeks, all of the mice that were administered 
2.5 mg/(kg*day), 5 mg/(kg*day), or 10 mg/(kg*day) dox-
azosin survived, as did mice in the normal control group 
and olive oil group. HE and Masson staining were per-
formed to analyze histopathological changes and the 
extent of fibrosis in the livers (Figure 1A). The expression 
of fibrosis-related proteins, such as α-SMA and COL1A1, 
was measured by immunohistochemistry (Figure 1A) and 
immunoblotting (Figure 1B). Serum biochemical indica-
tors, including ALT, AST, TBIL, BUN, and CR, were 
measured to investigate the effects on mouse liver and 
kidney functions (Figure 1C). The results showed no sig-
nificant differences among the five groups in our study, 
which revealed that doxazosin had no adverse effects on 
survival or liver function in mice and confirmed the safety 
of doxazosin in mice even at concentrations as high as 
10 mg/(kg*day), guaranteeing the safety of doxazosin use 
in subsequent mice experiments.

Doxazosin Inhibits HSC Proliferation, 
Activation and Migration in vitro
As shown in Figure 2A, LX-2 cell proliferation was mark-
edly inhibited by doxazosin in a concentration-dependent 
manner, and the IC50 was 30.69 μmol/L. The immuno-
blotting results indicated that doxazosin significantly 
inhibited the protein expression of COL1A1 and α-SMA 
in LX-2 cells (Figure 2B). Remarkably, doxazosin (2–15 
μM) counteracted LX-2 cell activation, and the level of α- 
SMA was not significantly different in cells treated with 10 
μM and 15 μM doxazosin. Therefore, we chose the opti-
mum dose (10 μM) of doxazosin for the subsequent 
experiments with LX-2 cells. After treatment with 10 μM 
doxazosin for 6, 12, and 24 h or with DMSO for 24 h, LX- 
2 cell migration was examined. The results showed that 
HSC migration was significantly decreased by doxazosin 
treatment (Figure 2C).

Doxazosin Contributes to Improved 
Survival and Protects Against the 
Development of Cirrhosis Induced by  
CCl4
First, a classic mouse model of liver fibrosis induced by 
the long-term administration of CCl4 was established to 
identify the effect of doxazosin on liver injury. As 
expected, CCl4 caused more deaths in the model group 
than in the olive oil group. Interestingly, doxazosin 
improved the survival rates of CCl4-induced mice in the 
CCl4+doxazosin 5 mg/(kg*day) and CCl4+doxazosin 
10 mg/(kg*day) groups, but the differences among the 
three groups were not significant, as estimated by the 
Kaplan-Meier method (Figure 3A).

In addition, the extents of CCl4-induced pathological 
alterations in HE- and Masson-stained sections of injured 
liver tissues were reduced by doxazosin, and the protective 
effect was dose-dependent (Figure 3B). In addition, serolo-
gical analysis indicated that serum levels of ALT and AST 
in the CCl4 group were significantly higher than those in the 
olive oil group, while in the CCl4 plus doxazosin groups, 
doxazosin significantly reduced the CCl4-induced increase 
in serum AST and ALT in a dose-dependent manner 
(Figure 3C). These results indicated that doxazosin could 
alleviate the pathological damage associated with liver 
fibrosis in mice.

On the other hand, the immunoblotting results showed 
that doxazosin significantly inhibited the protein expres-
sion of COL1A1 and α-SMA in mice with CCl4-induced 
liver fibrosis (Figure 3D). The immunohistochemistry 
(Figure 3A) and immunofluorescence (Figure 3E) results 
were consistent with the other results.

Doxazosin Blocks Autophagic Flux in 
Activated HSCs
To determine whether doxazosin treatment impacted autop-
hagy, the formation of autophagosomes and autophagic flux 
were investigated in LX-2 cells. The immunoblotting results 
showed that the expression of LC3B-II was significantly 
increased by doxazosin treatment in a dose- and time- 
dependent manner (Figure 4A), suggesting that autophago-
somes accumulated in the cells. Ultrastructurally, TEM 
showed that LX-2 cells formed more autophagosomes in 
response to doxazosin treatment than those in the DMSO 
group (Figure 4B). Increased formation of autophagosomes 
and decreased autophagosome turnover due to late suppression 
of autophagy can increase the number of autophagosomes. 
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Subsequently, we found that increasing the doxazosin concen-
tration did not significantly alter the protein levels of ATG5 and 
Beclin 1, important markers of autophagosome formation 

(Figure 4A), suggesting that doxazosin did not impact autop-
hagosome formation. Interestingly, the expression of p62, 
a selective autophagy substrate receptor, was enhanced as the 

Figure 1 Doxazosin has no adverse effects on mouse liver function. (A) HE, Masson, and immunohistochemical staining of α-SMA and COL1A1 in liver tissues. Scale bar, 
100 μm. (B) The α-SMA and COL1A1 protein expression levels in liver tissues were measured by immunoblotting. (C) The levels of alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), total bilirubin (TBIL), blood urea nitrogen (BUN), and creatinine (CR) in the different treatment groups were determined. 
Abbreviations: Dox, doxazosin; NS, not significant among the groups.
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concentration of doxazosin and the experiment time increased 
(Figure 4A), suggesting that autophagic flux was blocked by 
doxazosin in LX-2 cells.

To further investigate the mechanism underlying autop-
hagosome accumulation, we transfected LX-2 cells with 
GFP-LC3 adenovirus, and punctate staining of GFP-LC3 
indicated autophagosomes. As shown in Figure 4C, after 
infection with control siRNA, doxazosin (10 μM, 24 h) 
treatment significantly increased the number of GFP-LC3 
puncta compared with that in the DMSO (24 h) treatment 
group in both the absence and presence of Baf-A1 (100 nM, 
24 h), a late-stage autophagic inhibitor that primarily 
impacts intralysosomal degradation by blocking autophago-
some acidification and autophagosome-lysosome fusion.27 

It is worth noting that the increases in autophagosome 
accumulation and p62 expression were not significantly 
different among the doxazosin, Baf-A1, and doxazosin 
+Baf-A1 treatment groups, which was verified by immuno-
blotting (Figure 4D) and qRT-PCR (Figure S1A).

However, when ATG5, an E3 ubiquitin-like ligase 
required for autophagy, was silenced with a small interfer-
ing RNA (siATG5) (Figure S1B and C), the doxazosin (10 
μM, 24 h)-mediated promotion of autophagosome accu-
mulation was significantly reduced (Figure 4C), and 
siATG5 significantly increased the doxazosin-induced aug-
mentation of p62, which was confirmed by immunoblot-
ting assays (Figure 4D) and qRT-PCR (Figure S1D). These 
results indicated that doxazosin did not induce autophagy 
but rather suppressed autophagic flux in LX-2 cells.

To further investigate the effect of doxazosin treatment 
on autophagic flux, a GFP-RFP-LC3 adenovirus was trans-
fected into LX-2 cells, and the cells were treated with 
DMSO, earle’s balanced salt solution (EBSS), CQ (30 
μM), and doxazosin (10 μM) for 24 h. Then, immuno-
fluorescence was evaluated by confocal microscopy. The 
principle of this assay depends on the difference in pH. 
During the process of autophagy, GFP is degraded, 
whereas RFP is retained when autophagosomes (pH: 

Figure 2 Doxazosin inhibits the proliferation, activation and migration of LX-2 cells. (A) Impacts of doxazosin on the viability of LX-2 cells as determined by the CCK-8 
assay. (B) The α-SMA and COL1A1 protein expression levels in LX-2 cells were determined by immunoblotting. (C) Assay of the migration of 10 μM doxazosin-treated LX-2 
cells for the indicated times. Scale bar, 100 μm. 
Notes: *P<0.05, ***P < 0.001 compared with the DMSO group. #P<0.05, ##P < 0.01, ###P < 0.001, NS (not significant), compared between the two groups. 
Abbreviation: Dox, doxazosin.
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Figure 3 Doxazosin decreases liver fibrosis in mice. (A) Cumulative survival rates of mice as determined by Kaplan-Meier analysis. (B) HE, Masson, and immunohisto-
chemical staining of α-SMA and COL1A1 in liver tissues. Scale bar, 100 μm. (C) The levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in the 
different treatment groups were measured. (D) The α-SMA and COL1A1 protein expression levels in liver tissues were determined by immunoblotting. (E) 
Immunofluorescence staining of α-SMA and COL1A1 in mice of the five groups. Scale bar, 100 μm. 
Notes: *P<0.05, **P < 0.01, ***P < 0.001 compared with the CCl4 group. #P<0.05, ##P < 0.01, ###P < 0.001 compared between the two groups. 
Abbreviation: Dox, doxazosin.
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Figure 4 Doxazosin inhibits autophagy in hepatic stellate cells. (A) The levels of autophagy-related proteins (LC3B, p62, ATG5 and Beclin 1) in LX-2 cells were determined by 
immunoblotting. (B) Representative transmission electron microscopy images of autophagosomes (arrow) in LX-2 cells treated with doxazosin (10 μM) or DMSO. Scale bar, 1 μm. 
(C) LX-2 cells were infected with GFP-LC3 adenovirus and then transfected with the indicated siRNAs or treated with the indicated chemicals. GFP-LC3 puncta were evaluated by 
confocal microscopy. Scale bar, 20 μm. (D) The protein levels of LC3B and p62 in LX-2 cells were determined by immunoblotting. (E) LX-2 cells were infected with GFP-RFP-LC3 
adenovirus and then treated with the indicated chemicals. GFP-LC3 and RFP-LC3 puncta were evaluated by confocal microscopy. Scale bar, 20 μm. (F) Representative images of 
punctate mCherry-EGFP-LC3 staining in liver tissues. Red: mCherry-LC3; green: EGFP-LC3; purple: α-SMA; blue: nucleus. Scale bar, 20 μm. 
Notes: For (A, B, D and E): *P<0.05, ***P < 0.001 compared with the DMSO group. For (C): ***P < 0.001 compared with the DMSO group; *P<0.05 compared with the 
Dox group. For (F): *P<0.05, ***P < 0.001 compared with the CCl4 group. For all: #P<0.05, ##P < 0.01, ###P < 0.001, NS (not significant), compared between the two 
indicated groups or among the six groups. 
Abbreviations: Dox, doxazosin; Baf-A1, bafilomycin A1; EBSS, earle’s balanced salt solution; CQ, chloroquine.
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neutral) fuse with lysosomes to form autophagolysosomes 
(pH: acidic). Therefore, yellow puncta represent autopha-
gosomes, and red puncta indicate autophagolysosomes in 
the merged images.28 Cells treated with DMSO showed 
the fewest yellow puncta (autophagosomes), while cells 
treated with EBSS showed the most red puncta (autopha-
gic lysosomes) compared with those in the other three 
groups. Similar to CQ, a late-stage autophagic inhibitor, 
doxazosin significantly increased the number of yellow 
puncta in LX-2 cells compared with those in the DMSO 
group, and the numbers of yellow puncta were not sig-
nificantly different in the CQ and doxazosin groups 
(Figure 4E), demonstrating that the downstream steps of 
autophagic flux were indeed suppressed by doxazosin in 
LX-2 cells.

Subsequently, to elucidate the effect of doxazosin treat-
ment on autophagic flux in HSCs in vivo, an mCherry- 
EGFP-LC3 adeno-associated virus was injected into mice 
via their tail veins (100 μL) four weeks before sacrifice to 
act on the liver. Activated HSCs are characterized by 
positive α-SMA staining, and we specifically discuss the 
variations in autophagic flux in activated HSCs below. 
Compared with those in the olive oil group, the number 
of red puncta in the CCl4 group was significantly 
increased, while the number of yellow puncta was altered 
but not significantly different (Figure 4F), which indicated 
that fibrosis increased the number of autophagolysosomes 
in mouse HSCs. However, the increase in autophagolyso-
somes was significantly reversed by doxazosin treatment 
(Figure 4F), and the significant increase in yellow puncta 
indicated that autophagy was inhibited. Overall, these 
results suggested that doxazosin inhibited autophagy in 
activated HSCs both in vivo and in vitro.

Doxazosin Induces Apoptosis of 
Activated HSCs
To verify the effect of doxazosin on HSC apoptosis, 
immunoblotting, TUNEL and flow cytometry assays 
were performed on LX-2 cells. The protein expression 
levels of Bax (a proapoptotic protein) and cleaved PARP 
in the doxazosin-treated groups (5, 10, and 15 μM) were 
significantly higher than those in the DMSO group, and 
the expression levels of Bcl-2 (an antiapoptotic protein) 
were significantly decreased (Figure 5A). In addition, the 
TUNEL assay showed that the apoptotic ratios (purple 
nuclei in merged images represented apoptotic cells) in 
the doxazosin-treated groups (5, 10, and 15 μM) were 

significantly higher than those in the DMSO group, and 
the effect of doxazosin on apoptosis was concentration- 
dependent (Figure 5B). Furthermore, the flow cytometry 
results indicated that apoptosis was induced by doxazosin 
in a dose- and time-dependent manner in LX-2 cells 
(Figure 5C), which was consistent with the experimental 
results described above. Finally, we performed TUNEL 
assays and immunofluorescent α-SMA staining in the 
four groups of mice, revealing that doxazosin (5 and 
10 mg/(kg*day)) significantly induced apoptosis of acti-
vated HSCs in mice with CCl4-induced fibrosis 
(Figure 5D). In summary, these results indicated that dox-
azosin promoted apoptosis of activated HSCs.

Doxazosin Inhibits Autophagy by 
Activating of the PI3K/Akt/mTOR 
Signaling Pathway in HSCs
Autophagy is a complicated process that is regulated by 
various signaling pathways, such as PI3K/Akt/mTOR. To 
clarify whether doxazosin inhibits autophagy in HSCs by 
activating the PI3K/Akt/mTOR pathway, we first measured 
the protein levels of p-PI3K, total PI3K, p-Akt, total Akt, 
p-mTOR, and total mTOR in LX-2 cells treated with dox-
azosin (5, 10, and 15 µM; DMSO was used as a control) for 
24 h, or with 10 μM doxazosin for 6, 12 and 24 h (DMSO 
for 24 h was used as a control). The immunoblotting results 
showed significant dose- and time-dependent increases in 
the levels of p-PI3K, p-Akt, and p-mTOR in doxazosin- 
treated LX-2 cells compared with the control group 
(Figure 6A and B). Therefore, we concluded that the PI3K/ 
Akt/mTOR pathway may profoundly participate in doxazo-
sin-induced autophagy inhibition in HSCs.

The protein kinase mTOR is a pivotal element in the 
PI3K/Akt/mTOR signaling pathway. To determine whether 
doxazosin attenuates liver fibrosis by regulating the expres-
sion of p-mTOR and thereby inhibiting autophagy, rapamy-
cin (an inhibitor of mTOR) and MHY1485 (an agonist of 
mTOR) were used. The increased expression of p-mTOR in 
doxazosin-treated (10 μM, 24h) cells was significantly sup-
pressed by coincubation with rapamycin (100 nM, 24h) 
(Figure 6C). In addition, the expression levels of fibrosis- 
related proteins, including α-SMA and COL1A1, were sig-
nificantly increased by treatment with both doxazosin and 
rapamycin compared with doxazosin alone (Figure 6C and 
D), indicating that doxazosin may inhibit liver fibrosis by 
upregulating p-mTOR. Next, we measured the levels of 
autophagy-related proteins (LC3B and p62), revealing that 
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the inhibitory effect of doxazosin on autophagy was signifi-
cantly reversed by cotreatment with rapamycin (Figure 6C 
and D). Furthermore, the expression levels of apoptosis- 

related proteins (Bax and Bcl-2) were measured, and the 
results indicated that the doxazosin-mediated induction of 
apoptosis was significantly reversed by coincubation with 

Figure 5 Doxazosin promotes the apoptosis of hepatic stellate cells. (A) The levels of apoptosis-related proteins (cleaved PARP, Bax, and Bcl-2) in LX-2 cells were measured 
by immunoblotting. (B) Representative images of TUNEL staining in LX-2 cells. Scale bar, 100 μm. (C) The apoptosis ratios of LX-2 cells were measured and analyzed by 
flow cytometry. (D) The TUNEL assay was performed to detect apoptosis in liver tissues, and the arrows indicate positive TUNEL staining in α-SMA-positive cells. Red: α- 
SMA; green: apoptotic cells; blue: nucleus. Scale bar, 100 μm. 
Notes: For (A–C) *P<0.05, **P < 0.01, ***P < 0.001 compared with the DMSO group. For (D): *P<0.05, ***P < 0.001 compared with the CCl4 group. For all, #P<0.05, ##P 
< 0.01, ###P < 0.001, NS (not significant), compared between the two indicated groups. 
Abbreviation: Dox, doxazosin.
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Figure 6 Doxazosin inhibits autophagy by activating the PI3K/Akt/mTOR signaling pathway in LX-2 cells. The protein levels of p-PI3K, total PI3K, p-Akt, total Akt, p-mTOR, and 
total mTOR in LX-2 cells treated with the indicated concentrations of doxazosin (A) for the indicated times (B) were measured by immunoblotting. LX-2 cells were treated with 
the indicated chemicals. The protein levels of p-mTOR, total mTOR, Bax, Bcl-2, p62, LC3B, COL1A1 and α-SMA were revealed by immunoblotting (C), while those of α-SMA, LC3B 
and p62 were revealed by immunofluorescence ((D), Scale bar, 50 μm), and apoptosis was evaluated by flow cytometry (E). 
Notes: *P<0.05, **P < 0.01, ***P < 0.001 compared with the DMSO group. #P<0.05, ##P < 0.01, ###P < 0.001, NS (not significant), compared between the two indicated groups. 
Abbreviations: Dox, doxazosin; RAP, rapamycin.
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rapamycin (Figure 6C); this result was also verified by flow 
cytometry (Figure 6E). MHY1485 (10 μM, 24h) and dox-
azosin (10 μM, 24h) coadministration was used to confirm 
the hypothesis in the opposite way (Figure 6C–E).

These data suggested that the PI3K/Akt/mTOR signal-
ing pathway played an important role in mediating dox-
azosin-induced autophagy inhibition to attenuate fibrosis 
in HSCs and that apoptosis was involved in this process.

Discussion
Fibrosis can lead to severe liver dysfunction, which is clo-
sely associated with high morbidity, but there are currently 
no effective treatments. PHT is one of the most severe 
complications in patients with liver cirrhosis. A recent sys-
tematic review revealed that carvedilol, an inhibitor of β1-, 
β2- and α1-adrenoreceptors, was more effective than tradi-
tional NSBBs at decreasing portal pressure.25 Another study 
suggested that carvedilol was superior to propranolol in 
improving the functional state of the liver in subjects with 
paracetamol-induced acute toxic hepatitis and at attenuating 
CCl4-induced hepatic injury and fibrogenesis.29 Unlike tra-
ditional NSBBs, carvedilol beneficially inhibits α1AR as 
well. Because α1AR, which is distributed on the HSC mem-
brane, was reported to help regulate the development of liver 
fibrosis,30 we hypothesized that the inhibition of α1AR is 
very important for reducing liver damage in subjects with 
liver fibrosis and that an α1AR antagonist could be used to 
test this hypothesis. Doxazosin, a traditional inhibitor of 
α1AR, has shown antifibrotic effects by reducing the secre-
tion of transforming growth factor β in hamsters,31 which 
provides insight for antifibrotic treatments. Therefore, dox-
azosin was used in our study to investigate our hypothesis.

Liver fibrosis is usually characterized by the activation, 
migration and proliferation of HSCs and by fibrogenesis.32 

Activated HSCs usually transform into myofibroblasts, 
which have profibrogenic properties and secrete α-SMA 
and COLI (formed by two molecules of COL1A1 and one 
molecule of COL1A2);6,7 thus, we measured the expres-
sion of α-SMA and COL1A1 to estimate the degree of 
HSC activation. Because α-SMA is almost entirely pro-
duced by activated HSCs in the liver, it was used as 
a marker of activated HSCs in our study.33 LX-2 cells 
are HSCs that are partly activated during the culture pro-
cess, and numerous studies have used untreated LX-2 cells 
as a control model of liver fibrosis for autophagy 
research.17,34 Few studies have focused on the effect of 
doxazosin on activated HSCs. Our study showed that 
doxazosin inhibited not only the proliferation and 

activation of HSCs but also the migration of activated 
HSCs in vitro. A CCl4-induced liver fibrosis model was 
established to determine the antifibrotic effects of doxazo-
sin and its mechanism in our study. The results indicated 
that doxazosin could reduce HSC activation in vivo and 
protect against the development of CCl4-induced fibrosis. 
Consequently, we believe that doxazosin is a promising 
therapeutic for attenuating liver fibrosis and injury.

Previous studies have indicated that doxazosin induces 
the apoptosis of prostate cancer cells and that this process 
is mediated by autophagy.26 Doxazosin can induce autop-
hagy and increase the anticancer effects of osimertinib in 
cancer cells and cancer stem cells.35 Previous studies have 
confirmed that autophagy plays an important role in the 
activation of HSCs.5 HSC activation is accompanied by 
enhanced autophagic flux, and autophagy inhibition par-
tially suppresses HSC activation.36 Currently, an increas-
ing number of researchers are focusing on autophagy 
regulation in the liver to elucidate novel strategies for 
overcoming liver fibrosis,37,38 as these treatments have 
extensive prospects. We previously reported that carvedilol 
attenuated liver fibrosis by blocking autophagy in HSCs.17 

In the present study, we accidentally found that doxazosin 
caused autophagosomes to accumulate in HSCs. However, 
this phenomenon occurred not only when autophagy was 
activated but also when autophagosomes were not effec-
tively eliminated. To explain our findings, GFP-LC3 and 
GFP-RFP-LC3 adenoviruses and autophagy regulators 
were used, and the results suggested that doxazosin 
blocked autophagy in HSCs in vitro. To further confirm 
our findings, an mCherry-EGFP-LC3 adeno-associated 
virus was administered to mice, and the results showed 
that doxazosin suppressed autophagy in activated HSCs 
in vivo. Given that doxazosin alone protected against HSC 
damage, its role in autophagy was demonstrated experi-
mentally. The recent results undoubtedly warrant an inves-
tigation of the mechanism by which doxazosin affects 
autophagy to alleviate liver fibrosis.

As mentioned previously, doxazosin can restrict the 
proliferation of LX-2 cells and suppress autophagy in 
HSCs, but the mechanism triggering the death of acti-
vated HSCs remains unknown. Cell apoptosis may 
explain this phenomenon because of its intimate associa-
tion with autophagy.39 Doxazosin can promote apoptosis 
in benign and malignant prostate cells through a death 
receptor-mediated pathway40 and induce the apoptosis of 
breast cancer cells by inhibiting EGFR and NF-κB 
signaling,41 suggesting that it protects against disease by 
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promoting apoptosis. Activated HSCs express death 
receptors, and apoptosis is stimulated when they are 
bound to their ligands.42 HSC apoptosis during the reso-
lution of liver fibrosis is conducive to reducing the num-
ber of activated HSCs, and activated HSCs and excessive 
ECM accumulation contribute to the progression of 
fibrosis,5 demonstrating that inducing the apoptosis of 
activated HSCs plays an essential role in attenuating 
liver fibrosis. Thus, we measured the expression levels 
of representative apoptosis-related proteins and the apop-
tosis rates in HSCs, revealing that doxazosin induced the 
apoptosis of activated HSCs in vitro and in vivo, suggest-
ing that it combats liver fibrosis by promoting HSC 
apoptosis.

Previous studies have shown that IL-10 inhibits Ang II- 
mediated pathological autophagy by activating the PI3K/ 
Akt/mTOR pathway.43 Saikosaponin d attenuates pancrea-
tic fibrosis by suppressing autophagy in pancreatic stellate 
cells through the PI3K/Akt/mTOR pathway.44 IGFBPrP1 
promotes autophagy and HSC activation by mutually reg-
ulating H19 and the PI3K/AKT/mTOR pathway.45 The 
PI3K/Akt/mTOR pathway is crucial for autophagy in acti-
vated HSCs,11 and the antiangiogenic effect of doxazosin 
on experimental choroidal neovascularization has been 
suggested to be closely associated with the PI3K/Akt/ 
mTOR pathway;46 thus, we hypothesize that this is the 
dominant signaling pathway by which doxazosin, autop-
hagy, apoptosis, and HSC activation are associated. 
Therefore, we first measured the levels of p-PI3K, p-Akt, 
and p-mTOR in doxazosin-treated HSCs, revealing that 
they were dose- and time-dependently significantly 
increased and thereby demonstrating that doxazosin acti-
vated the PI3K/Akt/mTOR pathway to a certain extent. To 
further explore whether doxazosin ameliorates liver fibro-
sis through this classic autophagy-related signaling path-
way, a mTOR inhibitor (rapamycin) and agonist 
(MHY1485) were used in our study. The coadministration 
of rapamycin and doxazosin reversed the doxazosin- 
induced antifibrotic effects, autophagy inhibition, and 
apoptosis acceleration in HSCs, and these effects of dox-
azosin were enhanced in HSCs treated with both 
MHY1485 and doxazosin. To our knowledge, this is the 
first study to clarify the mechanism by which doxazosin 
inhibits liver fibrosis by suppressing autophagy in acti-
vated HSCs. In our study, we found that doxazosin sig-
nificantly activated the PI3K/Akt/mTOR signaling cascade 
in HSCs and confirmed that doxazosin exerted an antifi-
brotic effect through this pathway.

Conclusion
The present study mainly revealed that doxazosin pro-
tected against liver fibrosis by activating the PI3K/Akt/ 
mTOR signaling pathway, thereby inhibiting autophagy 
and inducing the apoptosis of activated HSCs. Moreover, 
our findings further our understanding of the therapeutic 
effects of doxazosin on liver fibrosis for clinical 
applications.
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