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Abstract Autophagy has been extensively studied and occurs in many biological settings.
However, a question remains as to whether ischemia enhances Beclin-1/LC3-II-dependent
macroautophagy in vascular endothelial cells, as has been previously thought. Furthermore,
the effect of the level of autophagy on cell or skin flap survival still requires elucidation.
We created a lethal ischemia model in human umbilical vascular endothelial cells (HUVECs),
performed quantitative proteomics and bioinformatics analyses, and verified the autophagic
status and effect both in vitro and in vivo. The significantly upregulated proteins encoded
by autophagy-related genes (ATGs) included ATG2A, ATG3, ATG4B, ATG5, ATG7, ATG9A,
ATG12, ATG16, and ATG101. The significantly enhanced lysosomal proteins were cathepsin
B, cathepsin D, lysosome-associated membrane protein 1 (LAMP1), and LAMP2. However, the
differentially expressed proteins excluded Beclin-1, microtubule-associated protein light chain
3 (LC3)-I, and LC3-II. Western blot analyses verified that the protein expression levels of
Beclin-1, LC3-I, and LC3-II were neither upregulated nor downregulated in ischemia-
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challenged HUVECs. The autophagic status was not enhanced by rapamycin in ischemic HUVECs
but appeared to be inhibited by chloroquine. Our in vivo study on rats showed that a downre-
gulation in autophagic status jeopardized skin flap survival. In conclusion, Ischemia neither
enhanced nor inhibited Beclin-1/LC3-II-dependent canonical macroautophagy both in vitro
and in vivo, in contradiction to previous studies. An appropriate autophagic homeostasis can
minimize cell or skin flap damage.
Copyright ª 2021, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Autophagy aiming to regain post-stress homeostasis is an
intracellular self-digestion pathway responsible for the
removal of long-lived or malformed proteins and organelles
damaged during biosynthesis by lysosomes.1 Macro-
autophagy, microautophagy, and chaperone-mediated
autophagy are the three major autophagy processes
involved in lysosomal degradation and extracellular release
of cytosolic cargoes under excessive stress.2 Autophagy has
been extensively studied in various pathophysiological
settings both in vitro and in vivo.

Most researchers have described the activation of
autophagy under conditions of ischemia or ischemia/
reperfusion (IR). Rogg et al.3 showed that autophagy was
upregulated to supply nutrients to endothelial cells during
ischemia. Sachdev et al.4 revealed that autophagy occurred
in human dermal microvascular endothelial cells in
response to hypoxia or serum depletion. Ischemia activates
autophagyelysosome cascades through nitrosative stress,
and these actions are pharmacologically inhibited by
nitrosative stress antagonists, leading to the suppression of
ischemia-induced autophagyelysosome cascades and the
degradation of tight junction proteins.5 Autophagy has
been reported to be involved in tissue hypoxia/reoxyge-
nation injury,6 because hypoxia/reoxygenation-induced
expression of inducible nitric oxide synthase is associated
with the upregulation of autophagy. Furthermore, an
inducible nitric oxide synthase-specific inhibitor can abolish
IR-induced autophagy.7 IR has been mainly reported to
induce marked autophagy through the mammalian target of
rapamycin (mTOR) pathway in various settings, such as skin
flaps,8 and myocardial hypoxia/reoxygenation injury.6

The effect of autophagy on cell survival remains strongly
debatable,9 and most scientists advocate that autophagy
has a beneficial role in cell survival. Various autophagic
pathways regulate cell homeostasis by supporting the
recycling or degradation of macromolecules or organelles,
thereby promoting cell survival.10 Li et al.11 reported that
autophagy in brain microvascular endothelial cells may
have a beneficial effect on the integrity of the bloodebrain
barrier in IR injuries. During IR, reactive oxygen species
(ROS) specifically activate autophagy-related gene (ATG)-
encoded protein 7, promoting autophagic flux and forma-
tion of microtubule-associated protein light chain 3 (LC3)e
IIepositive puncta around mitochondria in primary human
liver endothelial cells.12 Inhibition of ROS could reduce the
autophagic flux in liver endothelial cells during IR and
induce necrosis.12 Malat1 serves as a competing endoge-
nous RNA by sequestering miR-26b and upregulating Unc-
51-like autophagy-activating kinase 2 expression, promot-
ing the autophagy and survival of brain microvascular
endothelial cells under oxygen-glucose deprivation and
reoxygenation conditions.13 Xue et al.1 indicated that pi-
tuitary adenylate cyclase-activating polypeptide-enhanced
autophagy ameliorated cellular damage and diminished
necrosis in H2O2-stressed primary hepatocytes. Shi et al.14

proved the protective effect of autophagy by the finding
that autophagy suppression by histone deacetylase 9 was
associated with endothelial dysfunction. However, under
environmental stress or injury, imbalancd autophagic
pathways can enhance the degradation of macromolecules
or organelles, diminish biosynthetic processes, and cause
cell death.9 Zhu et al.7 reported that autophagy was
involved in irreversible cell injury and death under extreme
conditions. Tang et al.15 further demonstrated a detri-
mental effect of autophagy on cell survival. They suggested
that glycyrrhizic acid could decrease autophagy in coronary
artery endothelial cells, and that the protective effect of
glycyrrhizic acid against hypoxia/reoxygenation was abol-
ished by autophagy promotion.

The effect of autophagy on tissue survival is also
controversial. Upregulated autophagy can supply nutrients,
while metabolic switching can improve available substrate
utilization. These prosurvival mechanisms may diminish
cardiac damage.3 Autophagy in the ischemic brain has been
shown to protect brain tissue from damage caused by low
oxygen stress.11 Li et al.16 showed that cerebral ischemia-
induced autophagy-like injury was regulated by the nu-
clear factor kappa-B pathway, suggesting a potential
treatment for ischemic stroke. ROS-dependent autophagy
promotes the survival of liver endothelial cells during liver
IR injury, and therapeutic targeting of this signaling
pathway may reduce liver damage following trans-
plantation.12 However, it has also been shown that auto-
phagy can contribute to ischemia-induced cell death in the
brain.16

Skin flap grafting is a common surgical procedure and
frequently results in ischemia or IR injury. Therefore, skin
grafts could represent as an ideal model to study the ef-
fects of autophagy on tissue survival in vivo. The stimula-
tion of autophagy has been shown to have proangiogenic,
antiapoptotic, and antioxidative effects, and to exhibit a
prosurvival effect on skin flaps that could be reversed by
the autophagy inhibitor 3-methyladenine.17e19 Wu et al.8

suggested that the prosurvival effect of autophagy may
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be achieved through the mTOR signaling pathway. Lin
et al.20 observed that resveratrol activated autophagy in
skin flaps through increased expression of Beclin-1, LC3-II,
and cathepsin D, which may be another underlying mech-
anism for flap survival. These studies indicate that auto-
phagy has a beneficial effect on skin flap survival.

However, no agreement has been reached on the effect
of autophagy on skin flap survival. Chen et al.21 revealed
that sitagliptin-induced autophagy was detrimental for flap
survival and that its inhibition by 3-methyladenine could
improve flap survival. Wang et al.22 showed that hypoxia-
inducible factor-1a-induced autophagy had a detrimental
effect on multiterritory perforator flap survival by aug-
menting oxidative stress and apoptosis, and that its disad-
vantageous effect could be reversed by 3-methyladenine.
These findings suggest that autophagy has a detrimental
effect on skin flap survival.

We aimed to investigate the role of Beclin-1/LC3-II-
dependent macroautophagy in human umbilical vascular
endothelial cells (HUVECs) under conditions of ischemia,
because of the inconsistent effects of autophagy on cell or
tissue survival. We established a lethal ischemia model in
HUVECs, performed quantitative proteomics and bioinfor-
matics analyses in vitro, and then verified the inactivated
autophagy status and its effect on both HUVECs and skin
flaps.

Materials and methods

Cell culture

HUVECs were kindly provided by Professor Deqin Yang at
Chongqing Medical University.23 HUVECs at 1 � 105 cells/
mL (10 mL) and 1 � 104 cells/mL (0.2 mL) were seeded
into 100-mm dishes and 96-well culture plates, respec-
tively. The ischemia condition was applied to cells at log
phase and 60%e80% confluency, where cells were
cultured in ischemia buffer (118 mM NaCl, 24 mM
NaHCO3, 20 mM sodium lactate, 16 mM KCl, 2.5 mM
CaCl2, 1 mM NaH2PO4, 0.5 mM sodium EDTA, pH 6.8)7

without glucose and fetal bovine serum in a hypoxia
incubator (N2:O2:CO2 Z 94%:1%:5%) at 37 �C for desig-
nated time periods. HUVECs after ischemia treatment
were incubated in Dulbecco’s modified Eagle’s medium
supplemented with 1 g/L glucose, 10% fetal bovine
serum, 100 units of penicillin and 100 mg of streptomycin
in a regular incubator (5% CO2, 37 �C) for 24 h to mimic
reperfusion conditions.

Establishment of a lethal ischemia model in HUVECs

In the first round, HUVECs were cultured in ischemia buffer
for 0, 3, 6, 9, and 12 h together with a starvation control
(ischemia buffer with glucose but without fetal bovine
serum) in the hypoxia incubator, followed by a 24-h
reperfusion treatment. In the second round, HUVECs were
cultured in ischemia buffer for 0, 1, 2, 3, 4, 5, and 6 h
together with a starvation control in the hypoxia incubator,
prior to the 24-h reperfusion treatment.
Apoptosis analysis

Apoptosis analysis was conducted as previously described.24

Exponentially-growing HUVECs were collected and stained
with an Annexin V-FITC/PI Assay Kit (BestBio, Shanghai,
China) in accordance with the manufacturer’s protocol.
The apoptosis detection included three groups: 3-h
ischemia group (group I), 3-h ischemia/24-h reperfusion
group (group IR), and 3-h normal control group (group NC).
The cells were then subjected to flow cytometry analysis
using a BD Influx (BD Bioscience, San Jose, CA, USA). The
acquired flow cytometry data were analyzed with FlowJo
v10.0 software (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). The assay was performed in triplicate
under each condition.
Quantitative proteomics study

To determine the autophagic status of HUVECs under
conditions of ischemia, ischemic HUVECs were assessed
by proteomics analysis using a PTM-BIO (PTM-Biolabs Co.
Ltd., Hangzhou, China) protocol. Briefly, HUVECs in the I,
IR, and NC groups were collected and sonicated three
times on ice using a high-intensity ultrasonic processor
(Scientz, Ningbo, China) in lysis buffer (8 M urea, 1%
protease inhibitor cocktail) followed by centrifugation at
12,000�g and 4 �C for 10 min. The supernatants were
collected, and the protein concentrations were deter-
mined with a Bicinchoninic Acid Kit (Beyotime, Shanghai,
China) in accordance with the manufacturer’s protocol.
After trypsin digestion, the peptides were desalted on a
Strata X C18 SPE column (Phenomenex, Torrance, CA,
USA) and vacuum dried. Then peptides were recon-
stituted in 0.5 M triethylammonium bicarbonate and
processed in accordance with the manufacturer’s proto-
col for the 9-plex tandem mass tag kit (Thermo Fisher
Scientific, MA, USA). The tryptic peptides were fraction-
ated by high-pH reverse-phase high-performance liquid
chromatography (HPLC) using an Agilent 300Extend C18
column (5-mm particles, 4.6-mm ID, 250-mm length; Agi-
lent Technologies Inc., Santa Clara, CA, USA). The pep-
tides were subjected to mass spectrometry in a Q
Exactive Plus Hybrid Quadrupole-Orbitrap (Thermo Fisher
Scientific) followed by liquid chromatographyetandem
mass spectrometry (LC-MS/MS) in a Q Exactive� Plus
(Thermo Fisher Scientific) coupled online to the HPLC
system. Intact peptides were detected in the Orbitrap at
a resolution of 70,000. Peptides were selected for LC
during LC-MS/MS using a normalized collision energy of
30 J and ion fragments were detected in the Orbitrap at a
resolution of 17,500. A data-dependent procedure that
alternated between one MS scan and 20 LC-MS/MS scans
with 15.0 s dynamic exclusion was used. Automatic gain
control was employed to prevent overfilling of the Orbi-
trap. The fixed first mass was set at 100 m/z. Tandem
mass spectra were searched against the SwissProt Human
database. Trypsin/P was specified as the cleavage enzyme
and up to two missing cleavages were allowed. The mass
tolerance for precursor ions was set at 20 ppm in the first
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search and 5 ppm in the main search, and the mass
tolerance for fragment ions was set at 0.02 Da. For the
protein quantification method, the LC-MS/MS data were
processed using the Mascot search engine (v.2.3.0). The
false discovery rate was adjusted to <1% and the peptide
ion score was set at � 20.

Bioinformatics analysis

To interpret the proteins that were isolated, fractioned,
and purified in the proteomics analysis, gene ontology
proteome annotation was performed using the UniProt-GOA
database (http://www.ebi.ac.uk/GOA/). First, each
identified protein ID was converted to a UniProt ID and
mapped to the gene ontology ID. For identified proteins
that were not annotated by the UniProt-GOA database,
InterProScan software (http://www.ebi.ac.uk/interpro/)
was used to assign a gene ontology annotation to the
protein based on a protein sequence alignment method.
The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was employed to identify enriched pathways by
a two-tailed Fisher’s exact test that compared the enrich-
ment of differentially expressed proteins against all iden-
tified proteins. The identified pathways were classified into
hierarchical categories according to the KEGG website
(http://www.genome.jp/kegg/). In the functional
enrichment-based clustering analysis, the quantified pro-
teins in this study were initially divided into three quanti-
tative categories according to the following quantification
ratios: Q1 (0 < I/NC ratio < 1/1.5), Q2 (1/1.5 < I/NC
ratio < 1.5), and Q3 (I/NC ratio > 1.5). A corrected P-value
< 0.05 was considered significant. Next, quantitative
category-based clustering was performed. All substrate
categories obtained after enrichment were collated along
with their P-values and then filtered for those categories
that were enriched in at least one of the clusters with a P-
value < 0.05. The filtered P-value matrix was transformed
using the function x Z �log10 (P-value). Finally, the x-
values were z-transformed for each category. The resulting
z-scores were clustered by one-way hierarchical clustering
(Euclidean distance, average linkage clustering) in Genesis.
Clustering membership was visualized by a heat map using
the “heatmap.2” function in the “gplots” R-package
(Lucent Technologies Inc., Murray Hill, NJ, USA).

Western blot analysis

Western blot analysis was conducted as previously
described25 to verify the differentially expressed proteins in
ischemic HUVECs. Briefly, HUVECs after various ischemia/
reperfusion treatments were collected, lysed in modified
RIPA buffer (Beyotime), centrifuged, and quantified by the
bicinchoninic acid method (Beyotime) in accordance with
the manufacturer’s protocol. After quantification of the
protein concentration, equal amounts of protein lysate were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis according to established protocols. Proteins
were transferred from the gels to PVDF membranes (Milli-
pore Sigma, Burlington, MA, USA) in a sandwich model at
200 mA for 90 min. The membranes were probed and incu-
bated with primary antibodies against Beclin-1 (1:1000; Zen
BioScience, Sichuan, China), phospho-AKT (Thr308) (1:500;
Zen BioScience), LC3-I/II (1:1000; Zen BioScience), or-b
actin (1:1000; Zen BioScience) at 4 �C overnight. After
washing with phosphate buffered saline with 0.05% Tween-
20, all membranes were incubated with horseradish
peroxidase-conjugated anti-rabbit/anti-mouse secondary
antibodies (1:4000; Abcam, Cambridge, UK) at room tem-
perature for 1 h. The immunoreactive proteins were visu-
alized with a ChemiDoc� MP Imaging System (Bio-Rad,
Hercules, CA, USA). ImageJ 1.46r software (National In-
stitutes of Health, Bethesda, MD, USA) was used to deter-
mine the protein expression levels, which were recorded as
the ratio of the target protein relative to b-actin.

Gain/loss of function analysis in vitro: cell viability

To assess the effect of the altered autophagic status on
HUVECs, cells were treated with rapamycin (MedChemEx-
press, Monmouth Junction, NJ, USA) or chloroquine phos-
phate (MedChemExpress). Quantitative cell viability was
assessed using a Cell Counting Kit-8 (CCK-8; Beyotime) in
accordance with the manufacturer’s protocol. Briefly, sub-
confluent HUVECs were treated during the 3-h ischemia
treatment with rapamycin at 0, 10, 50, and 100 nM or chlo-
roquine at 5, 12.5, and 25 mM. After the 3-h ischemia treat-
ment, the CCK-8 reagent was added and the HUVECs were
incubated in darkness at 37 �C for 60min. The absorbancewas
read at 450 nm. The assay was performed in duplicate.

Autophagic flux detection

To detect the status change of the autophagic flux in
ischemia-challenged HUVECs, cells were double-marked
with red fluorescent protein (RFP) and green fluorescent
protein (GFP) by transduction with Ad-mRFP-GFP-LC3
(Hanbio Biotechnology Co. Ltd., Shanghai, China) in
accordance with the manufacturer’s protocol. Briefly,
HUVECs at log phase and 60%e80% confluency were trans-
duced with recombinant adenovirus encoding the LC3 gene.
One million cells were transduced with the purified
adenovirus at 1.25 � 1010 pfu/mL and a multiplicity of
infection of 50, and lightly agitated on a swing bed incu-
bator for 48 h at 37 �C. Prior to 24-h reperfusion, the cells
were exposed to 0, 3, 6, and 12 h nutrient deprivation
treatment. The cells were visualized for autophagic flux
after reperfusion via a laser scanning confocal microscopy
(Leica Microsystems Inc., Mannheim, Germany).

Gain/loss of function analysis in vivo: free flap
survival

To verify the effect of the autophagic status change on free
flap survival, a rat epigastric axial skin flap model was
adopted on SpragueeDawley rats treated with rapamycin or
chloroquine. Briefly, 15 male SpragueeDawley rats (the
Central Animal Laboratory of Chongqing Medical University)
weighing 220e280 g were housed under specific pathogen-
free conditions and treated in accordance with the National
Institute of Health Guidelines. Rats were anesthetized by
intraperitoneal injection of sodium pentobarbital (30 mg/kg)
to facilitate the establishment of skin flaps. The right
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superficial epigastric artery- and vein-based axial skin flaps
were dissected. Each flap was sized approximately 3 � 8 cm
and comprised skin and subcutaneous fascia, including the
panniculus carnosus as previously described.25 Rats were
randomly allocated to groups I, IR, and NC, and half an hour
before the initiation of ischemia, animals received 1 mL
intraperitoneal administration of rapamycin (1 mg/kg),
chloroquine (10 mg/kg), or sterile saline, respectively (nZ 5
per group). Ischemia was induced by clamping the pedicle
vessels in the free flaps with double microvascular clamps.
The clamps were removed after 3 h, and the flaps were
sutured back to their original sites. The diet, mental status,
and skin flap survival of the rats were observed and recorded
daily. The skin flaps were photographed on postoperative
day 7. The survival status of the skin flaps, including skin
color, presence of bleeding upon cutting, gross appearance,
and surface area regardless of scar tissue coverage, was
assessed in a blinded manner as previously described.25 The
flap survival area and total flap surface area were evaluated
using Image-Pro Plus software (version 5.0; Media Cyber-
netics LP, Silver Spring, MD, USA). The necrotic ratio was
expressed as the percentage of necrotic area relative to the
total flap surface area. This in vivo study was approved by
the Chongqing Medical University Medical Center Institu-
tional Animal Care and Use Committee (IRB: (2020)044).

Data analysis

Analysis of variance (Tukey test) and/or a non-parametric
test (Bonferroni test) were employed to evaluate the dif-
ferences between groups using SPSS software (Version 19.0;
IBM Corp., Armonk, NY, USA). Values of P < 0.05 were
considered statistically significant. The original figures
were produced using GraphPad Prism 8 software (GraphPad
Company, San Diego, CA, USA) and the final figures were
assembled using CorelDRAW Graphics Suite X4 (Corel,
Ottawa, Ontario, Canada).

Results

Lethal ischemia model in HUVECs

HUVECs were completely disrupted after �6-h ischemia
followed by 24-h reperfusion on a 0, 3, 6, 9, and 12 h
ischemia schedule. HUVECs were completely disrupted
after �4-h ischemia followed by 24-h reperfusion on a 0, 1,
2, 3, 4, 5, and 6 h ischemia schedule (data not provided).
Hence, 3-h ischemia/24-h reperfusion was selected as the
optimal lethal ischemia time, which was confirmed by
apoptosis detection by flow cytometry (Fig. 1). Apoptosis
detection revealed significant differences in apoptotic ra-
tios between the experimental groups and the control
group (P < 0.05), but no significant difference between
group I and group IR (P > 0.05).

Quantitative proteomics study

Quantitative proteomics analyses of the global proteome in
I, IR and NC HUVECs were performed by 9-plex tandem mass
tag labeling, HPLC fractionation, and LC-MS/MS. A fold
change ratio above 1.5 in group comparisons (I/NC, IR/NC,
and IR/I) was considered upregulation, while a ratio below
1/1.5 was considered downregulation. In the I/NC ratio
comparison, a total of 2050 proteins were upregulated and
1560 proteins were downregulated (Supplementary mate-
rials, P < 0.05). The strong negative correlation between
protein mass and coverage distribution confirmed extreme
peptide quality that met the requirements for quality
control (Fig. 2). A heatmap of the Pearson correlation co-
efficients showed the consistency of the repeated biolog-
ical measurements. There were strong positive correlations
among the specimens in the specific groups (all > 0.60), and
negative correlations between the control group and the
experimental groups. Boxplots of relative standard de-
viations indicated intense consistency of repeatability. All
data showed very weak fluctuation of relative standard
deviations and met the repeatability standard for 75% of
relative standard deviations below 20%.

Bioinformatics analysis

To assess the autophagic status change in ischemia-
challenged HUVECs, a bioinfomatics analysis was per-
formed. Functional enrichment analysis indicated a fold
change ratio above 1.5 in the lysosome KEGG pathway
(P < 0.05, Fig. 3). Functional enrichment-based clustering
analysis suggested that the lysosome KEGG pathway was
significantly upregulated in the I/NC group comparison, while
the autophagy KEGG pathway was weakly enhanced. The
differentially expressed proteins related to autophagic and
lysosomal digestion in the I/NC group comparison were spe-
cifically analyzed. The significantly upregulated ATG proteins
included ATG2A, ATG3, ATG4B, ATG5, ATG7, ATG9A, ATG12,
ATG16 (P < 0.001), and ATG101 (P < 0.01). The significantly
enhanced lysosomal proteins comprised cathepsin B,
cathepsin D, lysosome-associated membrane protein 1
(LAMP1), and LAMP2 (P < 0.001). However, the differentially
expressed proteins excluded Beclin-1, LC3-I, and LC3-II.

Western blot verification

To verify the expression changes in the critical proteins for
autophagy, Western blot analysis was performed in
ischemic HUVECs. The protein levels of LC3-II were signifi-
cantly decreased (P < 0.05) after HUVECs suffered from
nutrient deprivation (deprivation of glucose and amino
acids) without reperfusion (Fig. 4AeD). In contrast, the
protein level of LC3-II was significantly increased (P < 0.05)
when HUVECs suffered from starvation (deprivation of
amino acids only). The LC3-II protein level returned to
normal when HUVECs received reperfusion after nutrient
deprivation. The LC3-II protein level was significantly
increased (P < 0.05) after the starved HUVECs had access to
reperfusion. Interestingly, there were no significant dif-
ferences in the protein levels of LC3-II/I and Beclin-1 when
HUVECs suffered from ischemia (nutrient deprivation plus
hypoxia) for 0 and 3 h followed by reperfusion for 24 h. No
proteins could be collected when the ischemia time was
�6 h with a 3-h interval as cells were completely disrupted.
To further verify the expression levels of LC3-II/I and
Beclin-1, the interval was set at 1 h. No significant



Figure 1 Flow cytometry analysis. (A) Group NC. (B) Group I. (C) Group IR. There were significant differences between group NC
and the experimental groups. However, there was no significant difference between group I and group IR.
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differences in the protein levels of LC3-II/I and Beclin-1
were noted when HUVECs suffered from ischemia for 0, 1,
2, and 3 h followed by reperfusion for 24 h. No proteins
could be collected when the ischemia time was �4 h as the
cells were completely disrupted.

Gain/loss of function analysis in vitro

To assess the effect of ischemia on the autophagic level of
the HUVECs, a gain/loss of function analysis was conduct-
ed. The cell viability of ischemia-challenged HUVECs was
not significantly altered by rapamycin (10, 50, and 100 nM)
or by lower concentrations of chloroquine (5 or 12.5 mM)
(P > 0.05, Fig. 4E). However, it was significantly decreased
by 25 mM chloroquine (P < 0.05). These findings suggest that
rapamycin does not upregulate the autophagic status of
ischemia-challenged HUVECs, while a high dosage of chlo-
roquine could inhibit the autophagic status of ischemic
HUVECs.

Autophagic flux detection

To detect the status change of autophagic flux in ischemia-
challenged HUVECs, cells were transduced with Ad-mRFP-
GFP-LC3. LC3 was co-marked with RFP and GFP to indicate
its presence and status through autophagosome formation.
After the autophagosome fused with the lysosome, the
green fluorescence became weak and gradually dis-
appeared. Thereafter, only red fluorescence was observed
in the autolysosome. The accumulation of red fluorescent
puncta in merged images was not obviously enhanced in
HUVECs after 0, 3, 6, or 12 h of nutrient deprivation prior to
24-h reperfusion (Fig. 5). The red fluorescence intensity in
the 12 h group even showed a decreasing tendency. Some
nutrient-deprived HUVECs in the 12 h group showed
extreme deformity.

Gain/loss of function analysis in vivo

To verify the effect of the autophagic status change on free
flap survival, a gain/loss of function analysis was performed
in SpragueeDawley rats by utilizing rapamycin and chloro-
quine, respectively. A 3-h ischemia/7-d reperfusion chal-
lenge on the superficial epigastric axial skin flaps
(3 cm � 8 cm) showed almost complete survival on post-
operative day 7 (Fig. 6). Neither rapamycin nor chloroquine
treatment promoted skin flap survival. A larger necrotic
area or more severe edema was noted in the chloroquine
group. The necrotic ratio in chloroquine group was the
highest among the three groups (33.02% � 5.45%, P < 0.05),
while the necrotic ratios of the NC and rapamycin groups
were similar (1.92% � 1.33% and 5.39% � 2.78%, respec-
tively, both P > 0.05).

Discussion

We aimed to verify whether ischemia or IR can upregulate
autophagy in HUVECs. Previously reported models of hyp-
oxia, ischemia, IR, and oxygeneglucose deprivation and
reoxygenation may not typically represent ischemia or IR,
because ischemia consists of hypoxia/anoxia and nutrient
deprivation, including deprivation of both glucose and amino
acids.26,27 According to our findings, cells were completely
disrupted when the ischemia time exceeded 3 h. Thus, 3-h
ischemia/24-h reperfusion was selected as the optimal le-
thal ischemia time. Apoptosis detection revealed significant
differences in apoptotic ratios between the experimental
groups and the control group, and there was no significant
difference between group I and group IR. Thus, an optimal
lethal ischemia model was successfully established.

A quantitative analysis of the global proteome in I, IR
and NC HUVECs was performed by LC-MS/MS. A strong
negative correlation between protein mass and coverage
distribution demonstrated excellent peptide quality,
consistent with Mertins et al.28 Strong positive correlations
between the specimens of individual groups and negative
correlations between different groups suggested an
extremely high consistency in the biological measurements,
which was also confirmed by Bourassa et al.29 The repeat-
ability of the methods was assessed by calculating the
percentage of relative standard deviations.30 Our data
exhibited very weak fluctuation of relative standard de-
viations, as evidenced by the finding that 75% of relative



Figure 2 High credibility and repeatability of data for
ischemic HUVECs in a quantitative proteomics study. (A) Pro-
tein mass and coverage distribution suggested extremely good
peptide quality. (B) Pearson correlation coefficient analysis
showed excellent repeatability for the three samples in each
group. (C) Analysis of relative standard deviations indicated
excellent consistency of repeatability.
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standard deviations were below 20%. Therefore, all the
data indicated excellent peptide quality and sample
repeatability.

In the functional enrichment analysis, a fold change
ratio above 1.5 was noted in the lysosome KEGG pathway.
This finding indicated the activation of lysosome-related
digestion pathways, including macroautophagy, chaperone-
mediated autophagy,31 and lysosome-dependent cell
death.32 The lysosome KEGG pathway was significantly
upregulated in the I/NC group comparison, while the
autophagy KEGG pathway was weakly enhanced in the
functional enrichment-based clustering analysis. These re-
sults indicate that lysosome-dependent cell death may be
strongly enhanced, and macroautophagy and chaperone-
mediated autophagy may be weakly upregulated. Most
previous studies have shown that autophagy, especially
macroautophagy, is activated under cell ischemia or IR
conditions,33,34 except for one report suggesting that cold
ischemia blunted autophagic flux.35 We were eager to
determine the activation status and underlying mechanisms
of macroautophagy in ischemic HUVECs, and therefore
analyzed the differentially expressed proteins related to
autophagy and lysosomal digestion in the I/NC group com-
parison. The significantly upregulated proteins included
ATG2A, ATG3, ATG4B, ATG5, ATG7, ATG9A, ATG12, ATG16,
ATG101, cathepsin B, cathepsin D, LAMP1, and LAMP2, but
excluded Beclin-1, LC3-I, and LC3-II. These findings
confirmed that the lysosome digestion pathway was highly
activated because lysosome function or dysfunction is
shown to be closely related to the expression levels of
cathepsin B, cathepsin D, LAMP1, and LAMP2.36,37 The re-
sults also indicated that the canonical macroautophagy
pathway was not activated, as this pathway is dependent
on Beclin-1 and LC3-II.38,39

Western blot analyses were carried out to verify the
inactivated status of Beclin-1 and LC3-II. Our study is the
first to show that the expression of LC3-II is downregulated
under nutrient deprivation (deprivation of glucose and
amino acids), and can return to the normal levels after
reperfusion. These findings indicate that nutrient depriva-
tion/reperfusion did not activate macroautophagy. This
study also demonstrates that ischemia (hypoxia and
nutrient deprivation) followed by reperfusion does not
enhance the expression levels of LC3-II and Beclin-1. We
are the first to propose that the Beclin-1/LC3-II-dependent
macroautophagy pathway is neither upregulated nor
downregulated under IR conditions, which was verified by
Western blot analyses (Fig. 7).

A gain/loss of function analysis was conducted to assess
the effect of the autophagic level on HUVEC viability. Cell
viability was not significantly altered by rapamycin at 10,
50, and 100 nM, which is inconsistent with previous reports
that rapamycin treatment could activate autophagy.40,41

However, we believe that our findings are reasonable,
because the canonical macroautophagy indicators Beclin-1
and LC3-II were not upregulated in our study. It is inter-
esting to note that cell viability was significantly decreased
after treatment with 25 mM chloroquine. This phenomenon
can be explained by two reasons. First, chloroquine is a



Figure 3 Bioinformatics analysis. (A) Functional enrichment analysis indicated enrichment of the lysosome pathway. (B) Func-
tional enrichment-based clustering analysis suggested that the lysosome pathway was strongly enhanced, while autophagy was
weakly upregulated. (C) Differentially expressed proteins in group comparisons were assessed. Autophagy-related proteins, such as
ATG5, ATG12, ATG16, and ATG101, were significantly upregulated. Lysosome function-related proteins, such as LAMP1, LAMP2,
Cathepsin B, and Cathepsin D, were significantly enhanced. However, LC3-I, LC3-II, and Beclin-1 were not activated.
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Figure 4 Western blot and CCK-8 analyses. (A, B) HUVECs exposed to nutrient deprivation without reperfusion exhibited LC3-II
downregulation but the expression levels of LC3-II returned to normal status after reperfusion. (C, D) HUVECs exposed to various
ischemia (nutrient deprivation plus hypoxia) followed by reperfusion verified that LC-II and Beclin-I were neither upregulated nor
downregulated. (E) CCK-8 analysis was performed after the addition of rapamycin or chloroquine. There were no significant dif-
ferences between the control group and the experimental groups, except between the control group and the 25 mM chloroquine
group (*, P < 0.05).
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typical inhibitor of macroautophagy,42 and second, chloro-
quine exhibits its inhibitory function by anchoring the final
stage of the macroautophagy pathway involving the fusion
of the lysosome and autophagosome.43,44 In contrast,
rapamycin targets the upstream of the macroautophagy
pathway.45,46

Double fluorescence labeling of LC3 allows the detection
of a status change in the autophagic flux in nutrient-
deprived HUVECs. LC3 double-tagged with both RFP and
GFP indicates the stage from autophagosome initiation to
autolysosome formation.47 Subsequently, only red fluores-
cence is observed in the autolysosome.48 The accumulation
of red fluorescent puncta in merged images was clear in
normal HUVECs, but was not obviously enhanced in HUVECs
treated with nutrient deprivation and reperfusion. These
phenomena suggest that normal HUVECs are equipped with
a certain level of autophagy that does not change after
treatment with nutrient deprivation/reperfusion.

The effect of the autophagic status on free flap survival
was verified by utilizing rapamycin and chloroquine. How-
ever, the results showed that neither rapamycin nor chlo-
roquine treatment promoted skin flap survival. The necrotic
ratios in the chloroquine group were significantly decreased
compared with those in the NC group. These findings sug-
gest that neither enhancement nor inhibition of autophagy
promotes skin flap survival and that appropriate autophagy



Figure 5 Autophagic flux in HUVECs transduced with ad-mRFP-GFP-LC3 under nutrient deprivation conditions. LC3 was co-
stained with red and green fluorescent labels to indicate its presence and status through autophagosome formation. There was
a certain level of macroautophagy in normal HUVECs with 0-h nutrient deprivation/24-h reperfusion. No significant upregulation of
autophagic flux was noted in HUVECs with 3- or 6-h nutrient deprivation/24-h reperfusion compared with normal HUVECs. There
even appeared to be a tendency toward a decrease in HUVECs with 12-h nutrient deprivation/24-h reperfusion compared with
normal HUVECs. White arrows point to the autolysosome.
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Figure 6 Effect of an autophagy agonist and inhibitor on the flap survival area 7 days after surgery in a rat epigastric axial skin
flap model. Rapamycin didn’t promote the skin flap survival. There was no significant difference between the control group and the
rapamycin group (P > 0.05). However, chloroquine inhibited the skin flap survival. There were significant differences between the
chloroquine group and the control group as well as between the chloroquine group and the rapamycin group (**,P < 0.01).

Figure 7 Schematic graph of inactivation of Beclin-1/LC3-II
dependent macroautophagy. This study indicates potential
targets of microautophagy or chaperone-mediated autophagy.
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could minimize skin flap damage. Thus, it is resonable to
expect that autophagic homeostasis plays an important role
in cell and skin flap health.49 Disturbance of autophagy can
facilitate cell death.50,51

In summary, we demonstrated that ischemia (or IR)
neither upregulates nor downregulates autophagy in
ischemic HUVECs and free flaps. Disruption of autophagic
homeostasis did not improve cell or tissue survival but
jeopardized cell or tissue health. Therefore, the Beclin-1/
LC3-II-independent noncanonical autophagy pathway, the
lysosome-dependent cell death pathway, or other unrec-
ognized signaling pathway may be alternative novel thera-
peutic targets to prevent cells or tissues from undergoing
death.
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