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e Autophagy maintains liver endothelial cell homeostasis.

e Autophagy deficiency in LSEC increases oxidative stress.

e Autophagy regulates nitric oxide bioavailability and main-

tains LSEC phenotype.

o Impairment of endothelial autophagy enhances endothelial

dysfunction and exacerbates fibrosis.
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Lay summary

Liver endothelial cells are the first liver
cell type affected after any kind of liver
injury. The loss of their unique phenotype
during injury amplifies liver damage by
orchestrating the response of the liver
microenvironment. Autophagy is a mech-
anism involved in the regulation of this
initial response and its manipulation can
modify the progression of liver damage.
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Background & Aims: Endothelial dysfunction plays an essential
role in liver injury, yet the phenotypic regulation of liver sinu-
soidal endothelial cells (LSECs) remains unknown. Autophagy
is an endogenous protective system whose loss could under-
mine LSEC integrity and phenotype. The aim of our study was
to investigate the role of autophagy in the regulation of
endothelial dysfunction and the impact of its manipulation dur-
ing liver injury.

Methods: We analyzed primary isolated LSECs from Atg7¢onto!
and Atg7°"% mice as well as rats after CCl, induced liver injury.
Liver tissue and primary isolated stellate cells were used to ana-
lyze liver fibrosis. Autophagy flux, microvascular function, nitric
oxide bioavailability, cellular superoxide content and the
antioxidant response were evaluated in endothelial cells.
Results: Autophagy maintains LSEC homeostasis and is rapidly
upregulated during capillarization in vitro and in vivo. Pharma-
cological and genetic downregulation of endothelial autophagy
increases oxidative stress in vitro. During liver injury in vivo,
the selective loss of endothelial autophagy leads to cellular dys-
function and reduced intrahepatic nitric oxide. The loss of
autophagy also impairs LSECs ability to handle oxidative stress
and aggravates fibrosis.

Conclusions: Autophagy contributes to maintaining endothelial
phenotype and protecting LSECs from oxidative stress during
early phases of liver disease. Selectively potentiating autophagy
in LSECs during early stages of liver disease may be an attractive
approach to modify the disease course and prevent fibrosis
progression.

Lay summary: Liver endothelial cells are the first liver cell type
affected after any kind of liver injury. The loss of their unique
phenotype during injury amplifies liver damage by orchestrat-
ing the response of the liver microenvironment. Autophagy is
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a mechanism involved in the regulation of this initial response
and its manipulation can modify the progression of liver
damage.

© 2018 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction

Chronic liver injury from any source leads to progressive fibro-
sis, yet treatments are elusive. A better understanding of the
early changes that disrupt cellular homeostasis, and initiate
and perpetuate fibrogenesis following liver injury is needed.
Liver sinusoidal endothelial cells (LSECs) constitute the liver's
first barrier of defense because of their unique position lining
the sinusoidal lumen. They are also the initial liver cell type to
sense injury. Maintenance of the LSEC phenotype associated
with cellular pores, or fenestrae, is critical to maintaining home-
ostasis in the whole liver parenchyma. Following hepatic dam-
age, sinusoidal endothelial dysfunction may arise and it is
characterized by the loss of both fenestrae (capillarization)
and of its anti-fibrotic, anti-thrombotic and anti-vasodilatory
properties, which are essential for the maintenance of liver
integrity.! LSEC injury also plays an essential role in initiation
and progression of liver injury. Indeed, signals derived from
the sinusoidal endothelium during liver damage determine
the outcome of pro-regenerative vs. pro-fibrotic processes.”>
Despite its primary role in maladaptive healing and liver fibro-
sis,*> the phenotypic regulation of endothelial dysfunction is
not fully understood.

Autophagy is a major intracellular recycling system that
maintains cellular homeostasis under basal conditions, and
plays an integral role in regulating the cellular adaptive
response during stress.® Although autophagy has been impli-
cated in the regulation of other resident liver cells (hepato-
cytes,’ stellate cells® and macrophages®'®) and cardiovascular
endothelial cell biology and physiopathology,'! its role in regu-
lating liver endothelial phenotype during acute liver injury
remains largely unknown.

In the present study we hypothesized that endothelial autop-
hagy is an endogenous protective system whose loss could
undermine LSEC integrity and phenotype, ultimately leading
to liver fibrosis. Therefore, the aim of our study was to
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investigate the role of autophagy in the regulation of endothe-
lial dysfunction and the impact of its manipulation during liver

injury.

Materials and methods

Animals

Animals were housed in polycarbonate cages and maintained in
a temperature and light controlled facility under standard food
and water ad libitum. All procedures were performed in accor-
dance with Spanish legislation and approved by the Animal
Research Committee of the University of Barcelona and were
conducted in accordance with the European Community guide-
lines for the protection of animals used for experimental and
other scientific purposes (EEC Directive 86/609).

Generation of endothelial Cell-specific Atg7 knockout mice
Previously described Atg7™'*/f°% mice on the C57BL/6 back-
ground'? were crossed with a line expressing Cre recombinase
under the control of the VE-Cadherin promoter to generate
Atg7-VE-Cadherin-Cre (Atg7°"%°) mice, a mouse model with a
selective deficiency of the essential autophagy gene Atg7 in
endothelial cells.

Induction of fibrosis in mice

Carbon tetrachloride (CCly) (Sigma) was used to induce mild
acute liver injury. Mice received 3 intraperitoneal (i.p.) injec-
tions of 10% CCl, (diluted in olive oil) at a dose of 0.5 pl/g body
weight!® or vehicle (olive oil) every other day for 1 week.® Ani-
mals were sacrificed 48 h after the last dose under ketamine/
midazolam anesthesia. At least 5 animals per group were used
in isolation experiments and 6 to 12 animals per group in total
tissue experiments making a total of 81 mice analyzed. All
experiments were performed with mice between 10 and
14 weeks of age. We analyzed the effect of liver injury in male
and female mice and the effect was similar in both genders,
so all subsequent experiments were performed indistinctly in
male and female mice.

Induction of fibrosis in rats

Hepatic injury was induced in 250-300 g male Sprague-Dawley
(SD) rats (Charles River) by CCl4 (50% CCl, diluted in olive oil at
a dose of 1 /g of body weight) with 3 i.p. injections per week
for 1, 4 or 6 weeks and compared with control rats injected with
vehicle (olive oil)."> A minimum of 3 animals per group were
used in isolation experiments accounting for a total of 36 rats.
Animals were sacrificed 48 h after the last dose (CCls) under
ketamine/midazolam anesthesia.

Cell lines and culture conditions

Unless otherwise specified, chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Culture media and supple-
ments for cell culture were from Gibco-Invitrogen (Carlsbad,
CA, USA) and plastic ware was from TPP (Trasadingen, Switzer-
land). Human umbilical vein endothelial cells (HUVEC, Lonza)
were cultured on gelatin coating with M-199 (Gibco) medium
supplemented with 20% FBS, 1% i-Glutamine, 1% penicillin/
streptomycin (PS) and 1% endothelial cell growth supplement
(ECGS). Mouse LSECs (TSECs) were kindly provided by Dr. V
Shah'* and cultured with endothelial cell medium (ECM, Scien-
Cell) with 5% FBS, 1% PS and 1% ECGS. Rat and mouse LSECs as
well as mouse hepatic stellate cells (HSCs) were isolated as pre-
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viously described.'*!° In brief, livers were perfused through the
portal vein and digested with a collagenase solution. After minc-
ing the liver, cells were filtered and centrifuged at 50xG to
remove hepatocytes. Non-parenchymal cells were then sepa-
rated by differential centrifugation using a Percoll gradient.
Kupffer cells were eliminated by plastic pre-culture for
30 min. LSEC were plated in collagen coating dishes in RPMI-
1640 medium with 10% FBS, 1% 1-Glutamine, 1% PS, 1% Fungi-
zona (Reactiva) and 1% ECGS. HSC cells were cultured in
DMEM/F12 with 20% FBS, 1% PS and 1% Fungizona.

ROS induction studies

HUVECs and TSECs were seeded in 6-well plates and grown for
24 h before treatment with hydrogen peroxide (0.25 and
120 pM, respectively) and collected after 72 h.

Western blotting

Extracted proteins were analyzed by western blot. Antibodies
used were: SQSTM1/p62 (Cell Signaling, 1/1000), LC3B
[MAP1LC3B] (Cell Signaling, 1/1000), ATG7 (Cell signaling,
1/1000), aSMA [ACTA2] (Sigma, 1/1000), PDGFRB (Santa Cruz,
1/500), total eNOS [NOS3] (BD Bioscience, 1/1000), eNOS phos-
phorylated Ser1177 (Cell Signaling, 1/1000), HMOX1 (Enzo Life
Sciences, 1/1000), NQO1 (Abcam, 1/1000). GAPDH (Santa Cruz,
1/1000) and B-actin [ACTB] (Sigma, 1/1000) served as house-
keeping controls. Images were acquired with a LAS-3000 appa-
ratus (Fujifilm, TDI, Alcobendas, Spain) and measurements
made with the Multi Gauge software from Fujifilm following
manufacturer’s instructions. Protein ratios were normalized to
housekeeping proteins (B-actin or GAPDH) and fold-change
was calculated relative to control group.

Autophagy flux: As autophagy is a dynamic process influenced
by the degradation activity of the cargo and recycling, autophagic
flux was measured using the lysosomal inhibitor chloroquine
(CQ) (20 uM) for 2 h. Briefly, CQ inhibits degradation of the cargo
in the autophagosome leading to the accumulation of autophagic
vacuoles that can be measured by quantifying the lipidated form
of MAP1LC3B/LC3B (microtubule-associated protein 1 light chain
3 beta) (LC3BII) present in the autophagic vacuole membrane,
using western blot.

Quantitative real-time polymerase chain reaction
Total RNA was isolated by RNeasy Micro and Mini kit (Qiagen).
First-strand cDNA was synthesized using the QuantiTect Rev-
erse transcription kit (Qiagen) according to the manufacturer’s
instructions. Quantitative real-time PCR (qPCR) was performed
using either TagMan® Universal Master Mix or PowerUp™
SYBR® Green Master Mix (Applied biosystems) with technical
duplicates using an ABI Prism® 7900 HT Cycler (Applied Biosys-
tems). PCR cycle parameters were as follows: 95 °C for 10’ fol-
lowed by 40 cycles at 95 °C for 15” and 60 °C for 1'. Results
were obtained with the Sequence Detection System 3.2 software
(Applied Biosystems) and further analyzed by the 274ACt
method. GAPDH or B-actin was used as a loading control.
Results are shown as fold-change relative to the control group.
Primer specific sequences are listed in supplementary
materials.

Lentiviral Atg7 small interfering RNA construction

Lentiviral supernatants of small hairpin (sense-loop-antisense)
RNAs against mouse Atg7 (siAtg7) and its corresponding empty
vector (VEC) were a kind gift from Dr. Czaja.®'” TSECs were
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transduced with lentivirus for 24 h followed by puromycin
selection. Cultures were more than 90% GFP positive at the time
experiments were performed.

Histologic and immunohistochemical studies

Liver samples were formalin fixed, paraffin embedded and 4 pm
sections obtained. Hematoxylin and eosin (H&E) staining was
performed for structural analysis. Sirius Red was used to deter-
mine collagen deposition; sections were stained with Sirius Red
solution (saturated picric acid containing 0.1% Direct Red 80) to
visualize collagen. The red stained area per total area was deter-
mined using AxioVision software and values are expressed as
the mean of 10 fields at 20x magnification obtained with a Zeiss
Axiovert 135 microscope.

Immunohistochemical staining of aSMA, Von Willebrand
factor (VWF) and desmin were performed with anti-aSMA
(1/200, Abcam), anti-VWF (1/100, Dako) and anti-desmin
(1/100, Dako). Bound antibodies were visualized with Dako
REAL™ EnVision™ Detection System Peroxidase/DAB + kit, and
slides were counterstained with hematoxylin. Fifteen images
at 20x magnifications were captured for immunohistochemical
quantification with a Zeiss Axiovert 135 microscope and quan-
tified with Image] software (NIH).

Histological analysis

Histological analysis of the samples was performed on H&E
stained slides by an expert pathologist. The inflammatory infil-
trates in the liver parenchyma were evaluated in the portal, peri-
central and lobular area using a score from 0 to 3 according to the
following criteria: 0 = none; 1 =mild; 2 = moderate; 3 = severe.
The regenerative aspect of hepatocytes was determined, consid-
ering the peculiarity of these cells’ nucleus, by analyzing the pres-
ence of diploid hepatocytes and open chromatin, as well as the
number of cells undergoing mitosis in the liver parenchyma.
The assessment of necrosis was performed as follows: 1 =<5%;
2 =5-29%; 3 =>30% of the analyzed parenchyma. Ballooning of
hepatocytes was considered as 1 (mild) when it represented
<4%, 2 (moderate) when it represented between 5 and 15% of
the hepatic cells and finally, 3 (marked) when ballooning was
seen in >15% of the liver parenchyma.

Hydroxyproline content

Hydroxyproline content was measured with Hydroxyproline
Colorimetric Assay Kit (Biovision) following manufacturer’s
instructions.

Briefly, liver tissues were homogenized in H,Omilli-Q. HCl
(12 M) was added to the homogenate and samples were incu-
bated at 120 °C for 3 h. Kit reagents were added and absorbance
at 560 nm was read in a plate reader and expressed as ng of
hydroxyproline/mg liver.

Electron microscopy

Livers were perfused through portal vein with a fixation solu-
tion containing 2.5% glutaraldehyde and 2% paraformaldehyde
in 0.1 M sodium cacodylate, pH 7.4 and fixed overnight at
4 °C. Samples were washed 3 times with 0.1 M cacodylate
buffer.

Transmission electron microscopy (TEM) was used to quan-
tify the number of autophagosomes in LSECs. For TEM studies,
fixed samples were then treated with 1% osmium tetraoxide
for 1 h, then dehydrated in acetone gradients and embedded
in Spurr resin. Ultrathin sections (50 nm) were counterstained
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with uranyl acetate and lead citrate.'® Samples were analyzed
using a JEOL ]J1010 electron microscope with an ORIUS camera
(Gatan, Inc.; Roper Technologies, Inc.).

Scanning electron microscopy (SEM) was used to quantify
liver sinusoidal fenestrae. Liver sections were fixed with 1%
osmium in cacodylate buffer, dehydrated in ethanol, and dried
with hexamethyldisilazane. Blocks were mounted onto stubs,
and sputter coated with gold. Ten images per animal were
acquired at a resolution of 15,000 using a JSM-6380 SEM (JEOL
Ltd, Tokyo, Japan). Liver sinusoidal fenestrations were quanti-
fied using Image] software.'® Porosity (percentage of LSEC sur-
face occupied by fenestrae) was measured in SEM in liver
tissue; in brief, total surface area and the open area of individual
fenestrae were quantified.

Measurement of the cellular superoxide content in liver
tissue

In situ superoxide (03) levels were assessed in HUVEC previ-
ously treated with either rapamycin or CQ, siAtg7 TSECs and
in fresh liver cryosections (10 um) obtained from Atg7°"® and
control mice, with the oxidative fluorescent dye dihydroethid-
ium (DHE; Molecular Probes Inc.) as described.!® Six fields at
20x from each condition were randomly selected. Fluorescent
images were obtained with an inverted microscope, Zeiss Axio-
vert, and quantitative analysis was performed with Image]. In
each experiment the same threshold was set for all images
and integrated density (the product of Area and Mean Gray
Value) was measured. For HUVECs and TSECs, the intensity
was normalized to numbers of nuclei in each image.

Cyclic guanosine monophosphate levels

Levels of cyclic guanosine monophosphate (cGMP) were mea-
sured as a marker of nitric oxide (NO) bioavailability in liver
homogenates using an enzyme immunoassay following manu-
facturer instructions (Cayman Chemical Co., Ann Arbor, MI)."
Briefly, equal amounts of liver tissue were dropped into 10 vol-
umes of 5% trichloroacetic acid and homogenized at 4 °C. The
precipitate was removed by centrifugation at 2000xG for
15 min at 4 °C. The supernatant was transferred to a clean test
tube, washed with water-saturated diethyl ether 3 times and
lyophilized. The dried extract was dissolved in assay buffer
and cGMP levels were determined by enzyme immunoassay.
Results were expressed as picomoles/g liver.

Nitrotyrosine fluorohistochemistry

Quantitative tyrosine nitration detection was assessed as previ-
ously described.?®?! Briefly, slides of liver sections were
deparaffinized, hydrated, incubated with aqueous sodium
dithionite solution (10 mM) for 10 min, washed with distilled
water and then incubated overnight at 4 °C with an equimolar
solution of AICl; and salicylaldehyde (200 mM). Next morning,
the aqueous solution was removed and sections were mounted
in Fluoromount-G medium (Southern Biotech, Birmingham, AL).
Negative and positive internal controls were included. Fluores-
cence images were obtained with a fluorescence microscope
OLYMPUS BX51 and quantitative analysis of at least 6 images
per sample was performed with Image].

Immunofluorescence

LSECs were seeded onto 12 mm micro coverglasses (Electron
Microscopy Sciences). At different time-points (Oh, 24 h,
48 h), cells were fixed with 4% paraformaldehyde for 10 min
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at room temperature, rinsed with PBS and permeabilized with
0.1% triton X-100 (Sigma) for 5 min. Thereafter, cells were
blocked for 30 min with 1% BSA in PBS and consequently incu-
bated with primary antibodies against LC3B (1:200, cell signal-
ing) and Lamp2 (1:100, Santa Cruz) overnight at 4 °C.
Incubation with secondary antibodies conjugated with Alexa
Fluor 488/555 (1:300, Invitrogen) was performed at room tem-
perature for 1 h along with DAPI (3 ng/ml, Invitrogen). Prepara-
tions were then mounted using Fluoromount-G and dried
overnight. Eight images per preparation and channel (visible;
green, 488 nm; red, 555 nm) were obtained acquiring confocal
z-stacks with a spectral confocal microscope (Leica TCS SPE).
Images were then analyzed with the Image] software calculat-
ing the Pearson’s coefficient per cell. The Pearson’s correlation
coefficient is a quantitative measurement that estimates the
degree of overlap between fluorescence signals obtained in
the 2 channels (green and red). The Pearson coefficients were
averaged, and a standard error of the mean was calculated.??

Statistical analysis

Statistical analysis was performed using SPSS 23.0 or GraphPad
5.01 for Windows. Groups were compared by ANOVA with
post hoc tests when ANOVA analysis was significant (LSD and
Tukey correction) or Student’s t test when comparing 2 groups
as adequate. All data are reported as means + SEM. Differences
were considered significant at a p value <0.05 with power of
80%.

Results

Autophagy is upregulated during LSEC capillarization in vitro
and in vivo

After 24 h of growth on plastic in culture, isolated LSECs typi-
cally lose their fenestrated phenotype;? in the absence of
growth factors, they become dysfunctional by 48 h and lose via-
bility.?® To link these changes to autophagic activity, freshly iso-
lated LSECs from untreated SD rats were cultured up to 48 h on
collagen-coated plastic. After 24 h in culture, LSECs expressed
the previously reported typical transcriptional changes that
accompany capillarization in vitro,*?*?> which include the
downregulated expression of vascular endothelial growth factor
receptor 2 (Vegfr2 [Kdr]) and upregulation of endothelin-1
(Edn1) mRNAs (Fig. 1A). These changes were accompanied by
increased autophagic activity. As seen in Fig. 1B, primary LSECs
cultured for 24 h demonstrated enhanced autophagic flux based
on an increase of LC3BII levels in the presence of the autophagy
inhibitor CQ (Fig. 1B) and colocalization of LC3B and LAMP2
(Fig. 1C). However, after longer periods of culture (48 h) when
LSECs are completely dysfunctional, autophagy levels began
declining (Fig. 1B, C).

Because in vitro experiments, even using freshly isolated
LSECs, may not adequately represent the complexity of the LSEC
defenestration process, we determined whether autophagic
activity increases during endothelial dysfunction in vivo after
liver injury. SD rats were treated with CCl, (i.p. injection every
other day) at different time-points and the grade of liver fibrosis
was assessed. Whereas 1-week of CCl; did not induce either
endothelial dysfunction or autophagy (data not shown), after
4 weeks mild fibrosis was induced and after 6 weeks fibrosis
was severe; thus in vivo studies were conducted at 4 and
6 weeks. Cells isolated from SD rats with CCls-induced mild
fibrosis (4 weeks) or severe fibrosis (6 weeks) developed an
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abnormal phenotype characterized by downregulation of Vegfi2
and upregulation of Edn1 mRNAs (Fig. 1D). LSECs from rats with
mild fibrosis displayed an augmented autophagy flux that reca-
pitulated their in vitro response, but was unable to further
increase when fibrosis was more severe (6 weeks) (Fig. 1E,
Fig. S1), implicating a role of endothelial autophagy during early
phases of liver injury. Also, in agreement with this observation,
when dysfunctional LSECs isolated from rats with CCls-induced
mild fibrosis were cultivated on plastic, they were unable to fur-
ther upregulate autophagy levels (Fig. S2).

These data suggest that upregulation of endothelial autop-
hagy may play a role in the adaptive response at early stages
of liver injury, but it is overcome if the damage persists, and
thus endothelial dysfunction arises.

Endothelial autophagy maintains LSEC homeostasis

We then addressed the prospect that endothelial autophagy
might regulate the phenotype of LSECs and orchestrate the early
response to liver injury. To determine the role of endothelial
autophagy during liver fibrosis in vivo, we generated a trans-
genic mouse line in which expression of the essential autophagy
gene Atg7 was specifically deleted in endothelial cells (Atg7e"°
mice) (Fig. 2). As previously described,'? Atg71°%/1°X mice?® were
crossed with mice carrying the Cre recombinase under the
endothelial-specific promoter VE-cadherin (Jackson laboratory)
(Fig. 2A). Primary LSECs were isolated from the Atg7¢"° mice
and Atg7 knockdown was confirmed by immunoblotting and
gPCR (Fig. 2B,C). In agreement with previous studies,?® LSECs
isolated from Atg7°"%° mice displayed a downregulation of
autophagy levels, indicated by a reduced number of autophagic
vacuoles compared with their control littermates (Atg7<°™!)
when quantified by electron microscopy (Fig. S3), accumulation
of p62 and decrease LC3BII/I ratio measured by western blot
(Fig. 2Q).

At baseline, mice with autophagy-defective LSEC (Atg7°"°)
displayed a normal liver architecture (Fig. 3A) without hepato-
cyte injury (Fig. 3B) and did not show an obvious phenotype
beyond a reduced body weight (Fig. 3C) when compared with
their control littermates (Atg7<°®™™"). However, following mild
acute liver injury (1 week of CCly)® Atg7°"° mice developed
amplified endothelial dysfunction (Fig. 4), demonstrated by
the upregulation of mRNA levels of Edn1 and downregulation
of Vegfr2 (Fig. 4A). Although these mRNAs have been proposed
as surrogate markers of capillarization, it remained critical to
evaluate the actual loss of fenestrae by SEM,?”?® which is con-
sidered the gold standard technique for this purpose. SEM
enables the assessment of large areas of the endothelial surface
and measurement of size, frequency and porosity (the percent-
age of LSEC membrane that is occupied by fenestra-
tions).*82829 SEM analysis confirmed a significant decrease
in porosity and the number of fenestrae (Fig. 4B), further con-
firming the greater level of endothelial dysfunction in the
Atg7®"% mice after mild acute liver injury. We also evaluated
endothelial dysfunction in whole liver tissue by quantifying
levels of the glycoprotein vVWF, which were increased, consis-
tent with a more dysfunctional phenotype (Fig. 4C).

Together, these data confirm that endothelial autophagy
impairment provokes endothelial dysfunction, suggesting that
as in other cells, autophagy may be an adaptive response to
stress.

Loss of endothelial autophagy aggravates liver fibrosis with-
out affecting liver inflammation
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Fig. 1. Autophagy is upregulated during in vitro and in vivo induced capillarization. Primary LSECs were isolated from untreated SD rats, directly plated
(t=0h) and grown on plastic tissue culture or onto coverglasses for 24 h (t=24h) and 48 h (t=48h). Cells were then fixed and processed for
immunofluorescent microscopy. For autophagy flux assay by western blot cells were treated with CQ or vehicle during 2 h and collected thereafter. (A) mRNA
changes (qPCR analysis) associated with endothelial dysfunction, showing a decrease in Vegfr2 and an increase in Edn1 and (B) LC3BIl immunoblotting with and
without addition of CQ showing an increase in autophagy flux at 24 h that decreases at 48 h of culture. (C) Representative immunofluorescent images and
quantification of autophagosomes (LC3B, green) with lysosomes (Lamp2, red) colocalization (R value) in LSECs confirming autophagy upregulation during
capillarization. Primary LSECs isolated from rats treated with CCl, or vehicle for 4 and 6 weeks: (D) mRNA changes (qPCR analysis) associated with endothelial
dysfunction, showing a decrease in Vegfr2 and an increase in Edn1 and (E) LC3BIl immunoblotting with and without addition of CQ showing autophagy flux
displaying an increase at 4 weeks and incapability of further increase at 6 weeks. Data shows mean value + SEM of at least 3 experiments. mRNA and protein
expressions are expressed as fold-change relative to control (*p <0.05, **p <0.01, ***p <0.001, Student’s t test or ANOVA). CCly, carbon tetrachloride; CQ,
chloroquine; LSEC, liver sinusoid endothelial cell; qPCR, quantitative real-time PCR; SD, Sprague-Dawley.

We next evaluated the role of autophagy in fibrosis after
mild acute liver injury. In Atg7°"° mice liver fibrosis was greatly
amplified when compared with Atg7<°®"! mice (Fig. 5). Collagen
accumulation evaluated by Sirius Red and hydroxyproline con-
tent was increased (Fig. 5A), together with the increased expres-
sion of the HSC activation marker aSMA, as evaluated both by
western blot analysis of primary isolated HSC and total liver
immunohistochemistry (Fig. 5B,C). In contrast, there were no
differences in the expression of desmin (Fig. 5C) or the prolifer-
ation marker PDGFRB (Fig. 5D), suggesting that the effect on
fibrosis was due to activation of HSCs and not an increase in
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the total HSC number or their proliferation. Interestingly,
Atg7°"%° mijce had conserved regenerative capacity (Fig. 5E)
and a similar degree of liver injury as Atg7<°®"" (Fig. 5E,F).

Interestingly, mild acute liver injury did not modify liver
inflammation in our Atg7°"%° mice compared with Atg7<onto!
mice. Acute CCls-induced injury induced mild pericentral
inflammation similarly in the 2 groups of animals
(Fig. 5G,H).

These results suggest that endothelial autophagy impair-
ment under stress conditions (mild acute liver injury) aggra-
vates liver fibrosis by directly activating HSCs.
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Loss of LSEC autophagy is associated with an insufficient
antioxidant response
Reduction in endothelial NO bioavailability has been identified
as one of the main governors of LSEC defenestration. Both a
decrease in NO production and an increase in the reactive oxy-
gen species O3, which reacts rapidly with NO to form peroxyni-
trite, reducing NO bioavailability. Moreover, oxidative stress
plays a central role in the development and progression of liver
fibrosis'® by inducing oxidative injury and endothelial dysfunc-
tion.>?3! Because autophagy has been identified as a major
mechanism, which protects cells from oxidative stress in a wide
range of cells,®>?>% we reasoned that autophagy might help to
maintain LSEC phenotype providing an adequate redox balance
in endothelial cells.

To mimic the effect of intracellular oxidative stress genera-
tion, we directly stimulated endothelial cells with exogenous
H,0,. We used 2 different cell lines, human endothelial cells
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(HUVECs) and mouse LSECs (TSECs). H,0, provoked upregula-
tion in autophagy in both cell lines (Fig. S4).

Therefore, we examined if pharmacological manipulation of
endothelial autophagy modified oxidative stress. HUVECs were
treated with the autophagy inhibitor CQ (Fig. 6A) or the autop-
hagy inducer rapamycin (Fig. S5) and O3 levels were measured
by DHE; this data shows that inhibition of autophagy increases
oxidative stress, which was attenuated when autophagy was
upregulated. To establish a more specific link between autop-
hagy and oxidant injury, TSECs were transduced with a lentivi-
ral vector expressing small hairpin RNA to Atg7 (siAtg7 cells) or
with an empty lentivirus control (VEC) (Fig. S6). As predicted,
genetic deletion of Atg7 amplified O3 levels (Fig. 6B), further
suggesting that endothelial autophagy maintains liver home-
ostasis at least in part by alleviating oxidative stress.

We next corroborated these data in vivo by evaluating oxida-
tive stress levels in Atg7®"%° mice after mild acute liver injury.
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Intracellular O3 production measured by DHE (Fig. 6C) and the
content of hepatic nitrotyrosinate proteins, a fingerprint of per-
oxynitrite formation and a marker of NO scavenging by O> were
markedly elevated (Fig. 6D) in whole liver tissue of the Atg7e"d®
mice compared to Atg7<°""! mice suggesting a decreased NO
bioavailability. Indeed, cGMP a marker of intrahepatic NO avail-
ability, was significantly reduced in the Atg7°"4° mice compared
to Atg7<°"°! mice (Fig. 6E).

Reduction in NO bioavailability may result from a decrease in
endothelial NO production but also from impaired ROS
removal.'*"'® Furthermore, recent data in vascular endothelial
cells from kidney and the cardiovascular system have demon-
strated that autophagy regulates eNOS production.'®?? We
therefore examined whether inhibition of autophagy impairs
NO production in our endothelial autophagy-deficient mice
after CCl, induced liver injury. Decreased NO production due
to reduced eNOS activity (measured by eNOS phosphoryla-
tionSer1177/eNOS total ratio) was observed in the Atg7°"° mice
compared to Atg7<°"™°! mice (Fig. 6F) suggesting that endothe-
lial autophagy helps to cope with CCls-induced oxidative stress
by directly regulating intrahepatic NO bioavailability.

However, autophagy may control the antioxidant response in
LSECs by additionally removing oxidative species. We evaluated
the detoxifying response of LSECs after mild acute liver injury.
We evaluated the classical antioxidant enzymes, superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase
(GPx), in primary isolated LSECs from Atg7¢"d° and Atg7contr!
mice after acute CCls-induced injury. As shown (Fig. 7A), a sig-
nificant downregulation in these protective genes was observed.
The antioxidant activity of these genes in whole liver tissue was
also insufficient to alleviate the accumulation of oxidative spe-
cies provoked by endothelial-specific autophagy impairment,
reinforcing the importance of LSEC as the main scavenger cell
type of the liver (Fig. S7).

The activity of the classical antioxidant genes can be bol-
stered by the so-called ‘phase II detoxifying enzymes’ regulated
by the nuclear factor-erythroid 2-related factor 2 (Nrf2
[Nfe212]). Under oxidative stress, Nrf2 is phosphorylated and
translocates into the nucleus, where it interacts with the
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antioxidant response element (ARE) within the promoters of
genes encoding NADPH: quinone oxidoreductase 1 (Ngol),
heme oxygenase-1 (Hmox1), glutathione-S-transferase mu sub-
unit (Gstm), glutamate-cysteine ligase catalytic (Gclc) and mod-
ulatory (Gclm) subunits and sulfiredoxin-1 (Srxn1).2>>° Besides,
Nrf2 can also be activated by the cytosolic protein p62 in condi-
tions of autophagy deficiency. p62 degradation is impaired
when autophagy is compromised and dissociates the redox-
sensitive transcription complex Nrf2-Keapl, allowing Nrf2 to
translocatet to the nucleus and activate transcription of the
ARE genes.>”*® Indeed, as shown (Fig. 7B), the Nrf2-mediated
antioxidant response in autophagy-deficient LSECs was upregu-
lated, but was not sufficient to counteract the elevated oxidative
stress, probably due, at least in part, to the shortage in NO. We
also evaluated 2 of the main Nrf2-targets and further verify its
upregulation at protein level (Fig. 7C), as an attempt to remove
ROS in the Atg7°"® mice. Remarkably, the Nrf2-mediated
antioxidant response was unchanged in whole liver tissue,
emphasizing the concept that impaired autophagy is the main
trigger for Nrf2 activation and its activation may be limited to
autophagy-deficient cells (Fig. S7).

All together these data support the concept that autophagy
regulates LSEC response to oxidative stress by regulating both
NO bioavailability and ROS removal.

Discussion
Capillarization of sinusoids represents a change in LSEC pheno-
type characterized by the loss of fenestration, which induces
HSC activation and liver fibrogenesis.! Although HSCs can be
activated through other mechanisms during liver injury, signals
coming from the endothelium determine and orchestrate the
early liver response to a given injury. Preventing endothelial
dysfunction is an attractive therapeutic strategy that could
interrupt progression to liver fibrosis; however, the mecha-
nisms controlling LSEC phenotypic changes are still not fully
understood.

Our findings demonstrate that autophagic activity modu-
lates LSEC capillarization. Loss of autophagy selectively in
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JOURNAL
OF HEPATOLOGY

Atg7 control Atg7 endo

Atg7 endo

A tg7 control

¥

Atg7 endo

200x

. Sirius Red Hydroxyproline Desmin aSMA
3 *
g 20 *x 2 300 0.056 1.5 0.6 |:|Atg7m:m
S S . — = ™
o 18 § 8 200 e 8 10 <8 04
- 1.0 5> £S sJ
e S £ 100 2% 05 29 02
X 0.5 2= [a S 5 0
g < s ~
£ 0.0 g 0 0.0 0.0
(7]
B Atg7cuntrcl Atg7e"d° D Atg7contml Atg7enaa
—— T——]
bl ol v v —— aSMA |-...‘.........-.--.‘.—.»—- |PDGFRB
“ S ———— GAPDH GAPDH
c = 25 aSMA , PDGFRp
S8 §% 15 C—Jagr
@ 15 2.0 @ E .:.Atgf
8515 £8 10
X 9 g9
9210 3 =
5 2 £ 2 05
5 & 05 [
= O o =
o = 00 a £ 00
E At g Zcontrol A tg 7endo G A tg 7oontrol A tg 7endo
(N=12) (N=12)
Regenerative hepatocytes, n |
Yes/No 12/0 12/0
Necrosis, n
0 5 6
1 0 2
2/3 7 4 200x
Ballooning, n H
0 9 12 Atg7mnlm\ Atg7endo
1 1 0 (N=12) (N=12)
2/3 2 0 Lobular inflammation grade, n
0 12 11
1 0 1
F AST ALT C—Jagr 2/3 0 0
60 60 [ Ate7 Periportal inflammation grade, n
0 12 12
J 40 * S 40 1 0 0
2 - 2 04 213 0 0
5 20 5 20 —= Pericentral inflammation grade, n
< < 0 3 4
0 0 1 9 8
2/3 0 0

Fig. 5. Loss of LSEC autophagy amplifies liver fibrosis without increasing liver injury. Atg7°"%° and Atg7<°"""! mice were treated every other day with CCl, i.
p. for 1 week to induce mild acute liver injury (n = 24). (A) Whole liver sections stained for Sirius Red and quantification of Sirius Red-positive area (left) and
Hydroxyproline stain content (right). (B) Immunoblots for «SMA in isolated HSCs from Atg7¢"%° and Atg7°°""°! mice and protein quantification. (C) Whole liver
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LSECs amplifies endothelial dysfunction and activates HSCs fol-
lowing mild acute liver injury. Basal autophagy in LSECs, as in
other cells of the liver*? is low, but it is rapidly upregulated as
an adaptive response under conditions of cellular stress both
in vitro and in vivo. In our Atg7°"° mice, the moderate reduc-
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tion of autophagy achieved in LSECs, may be sufficient to
maintain adequate levels of endothelial autophagy under basal
conditions to preserve a normal architecture. However, during
early phases of injury, autophagy upregulation plays an impor-
tant role in maintaining LSEC phenotype. Indeed, if the insult is
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either too intense or persists over time, autophagy induction is
overcome leading to endothelial dysfunction and progressive
fibrosis. In agreement with this concept, autophagy is rapidly
upregulated in hepatocytes following alcohol injury in alco-
holic liver disease, but over time there is a gradual loss of
autophagy function,*® supporting the idea that autophagy
plays an essential role in early phases of the pathological
process.

Remarkably, loss of LSEC autophagy provokes not only an
exacerbation of endothelial dysfunction under conditions of cel-
lular stress but also impacts the surrounding microenvironment
by specifically modulating HSC activation. Indeed our transgenic
animals did not have increased inflammation or prominent liver
injury, supporting the concept that LSECs act as gatekeeper of
HSC activation.?®*!

NO has been previously identified as a master regulator of
LSEC phenotype and contributes to maintaining redox balance.
Because oxidant stress frequently accompanies liver injury
and fibrogenesis and can induce autophagy,*> we hypothesized
that autophagy may preserve the LSEC phenotype at least in
part by regulating NO, neutralizing ROS and maintaining cellu-
lar homeostasis. Indeed, exogenous ROS generation in endothe-
lial cells was able to trigger autophagy. Moreover, disruption of
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endothelial autophagy, either pharmacologically or genetically,
led to an aberrant antioxidant response and accumulation of
ROS.

Our data also demonstrate that endothelial autophagy defi-
ciency reduces intrahepatic NO bioavailability due to both
decreased production and increased scavenging, which impairs
the antioxidant response. In conditions of liver injury, where the
demands of maintaining redox homeostasis are increased,
autophagy-deficient LSECs are incapable of increasing NO levels
to maintain their phenotype, ROS accumulates and endothelial
dysfunction arises. LSECs are equipped with powerful antioxi-
dant systems to remove ROS. The classical major regulators of
cellular redox balance antioxidant enzyme (CAT, SOD and
GPx) could not be upregulated in LSECs from our Atg7¢"4° mice
during mild acute liver injury, leading to an inefficient adapta-
tion to oxidative stress. This inability to cope with ROS and
the loss of autophagy triggers Nrf2 activation and ARE upregu-
lation to foster a more intense antioxidant response. The
increase in p62 levels that accompanies autophagy impairment
dissociates the redox-sensitive transcription complex Nrf2-
Keap1 and leads to increased stabilization, translocation to the
nucleus and activation of the transcription of the antioxidant
genes Nqo1, Hmox1, Gstm, Gclc, Gclm and Srxn1.2® The upregulation
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Fig. 7. Loss of LSEC autophagy is associated with an insufficient antioxidant response. Atg7¢"%° and Atg7<°""! mice were treated every other day with CCl, i.
p. for 1 week to induce mild acute liver injury and primary LSECs were isolated. (A) mRNA changes (qPCR analysis) showing a downregulation of the classical
genes that protect against oxidative stress Gpx1, Gpx4, Sod1, Sod2 and Cat and (B) mRNA changes (qPCR analysis) showing upregulation of the Nrf2-dependent
antioxidative stress genes Srxn, Nqo1, Gclc, Gelm, and Gstm2. (C) Immunoblots for NQO1 and HMOX1 in isolated LSEC from Atg7°"%° and Atg7<°"™! mice
confirming an increase at the protein levels. Data shows mean value + SEM of at least 3 experiments. mRNA expression is expressed as fold-change relative to
control (*p <0.05, **p <0.01, ***p <0.001, Student’s t test). LSEC, liver sinusoid endothelial cell; qPCR, quantitative real-time PCR.

of these genes in the Atg7°"%° mice reinforces the idea that
autophagy regulates the antioxidant response in LSECs.
Together, our data support the idea that autophagy-deficient
LSECs are unable to neutralize the antioxidant stress that
accompanies liver injury, in part due to an inefficient
antioxidant response and inability to maintain adequate NO
production. However, it remains to be elucidated whether
upregulation of Nrf2 depends mainly on oxidant stress, autop-
hagy deficiency or both.

Despite all the evidence supporting the association of oxida-
tive stress and liver disease, how “antioxidant” compounds may
regulate LSEC phenotype remains largely uncovered. Moreover,
failure of antioxidant therapies in slowing fibrosis progres-
sion*>~*° in real clinical practice, favors the idea that interven-
tions only removing ROS may not be enough. Indeed, we have
shown that following acute CCls-induced damage, LSEC de-
differentiation due to autophagy dysfunction promoted
decreased NO bioavailability, ROS accumulation and liver fibro-
genesis, through HSC activation. Our data suggest that the
inability of autophagy-deficient-LSECs to handle oxidative
stress is responsible, at least in part, for promoting HSC activa-
tion; however, whether autophagy-mediated sinusoidal capil-
larization actively fosters HSC activation via release of specific
paracrine mediators remains to be determined. Indeed, capillar-
ized LSEC may contribute to HSC phenotypic and functional
modulation not only by regulating NO production, but also by
secreting other pro-fibrotic factors.>>
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Notwithstanding these functions, autophagy may also allevi-
ate oxidative stress by other additional mechanisms such as
removal of ROS-damaged organelles, such as the mitochondria
and endoplasmic reticulum, as it has been demonstrated in
other cell types, but it deserves detailed future specific studies
in LSECs. Moreover, autophagy may also regulate other cellular
pathways in LSECs besides NO and the antioxidant response.
Indeed a previous study from our group demonstrated that
autophagy upregulates the transcription factor KLF2 during
ischemia-reperfusion injury and modulates endothelial sur-
vival.’? Recently, autophagy has also been implicated in LSEC
defenestration by controlling caveolin-1 expression.*®

In conclusion, our data demonstrate that autophagy con-
tributes to maintain cellular phenotype and protects LSECs from
oxidative stress during early phases of liver injury, but may not
be enough to revert damage in advanced stages of chronic liver
injury. Endothelial autophagy dysregulation activates HSC and
aggravates fibrosis during mild acute liver injury. Potentiation
of autophagy selectively in LSECs during early stages of liver dis-
ease may be an attractive approach in order to prevent disease
progression, thus modifying the natural course of chronic liver
diseases.
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