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Abstract
Purpose

We tried to explore the potential role of the α-Lipoic acid-plus (LAP) in endothelial injury in vitro and vivo
models. Simultaneously, possible endovascular protective mechanisms of LAP were also investigated
further.

Methods

In vitro, oxyhemoglobin (OxyHb) stimulating human umbilical vein endothelial cells (HUVECs) simulated
intimal injury. In vivo, carotid artery angioplasty injury was used to generate a model of rat carotid artery
intimal injury (CAII). HUVECs and rats were treated with desferrioxamine (DFO) and LAP.

Results

In experiment 1, we found that the expressions of Cathepsin B/D in endothelial tissue increased and
reached peak point in 48 hours post rat CAII. In experiment 2, �rstly, the protein levels of Cathepsin B/D,
cleaved-caspase-3, Bax, Ferritin, Transferrin Receptor (TfR) markedly increased after CAII and reversed by
DFO and LAP treatments. Besides, DFO and LAP treatments also reduced oxidative stress level and
endothelial cells (ECs) necrosis of the damaged endometrium. In experiment 3, �rstly, the protein levels of
Cathepsin B/D, cleaved-caspase-3, Bax, Ferritin and TfR apparently increased post OxyHb stimulation,
which were further aggravated by the addition of iron and decreased by DFO and LAP treatments.
Moreover, DFO and LAP signi�cantly ameliorated oxidative stress level, HUVECs injury, iron level,
mitochondrial damage and were bene�cial to maintain lysosomal integrity. Finally, LAP may have exerted
more signi�cant endovascular protective effects than DFO.

Conclusions

LAP probably exerted endovascular protective effects via inhibiting the apoptosis pathway mediated by
intralysosomal Cathepsins by chelating excessive iron in endothelial lysosomes post intimal injury.

Introduction
Carotid artery stenosis is a recognized risk factor of ischemic stroke, contributing to up to 10%-20% of
strokes or transient ischemic attacks [1]. Although precautionary medical treatment have increased, the
proportion requiring surgical intervention remains high [2]. Both open operation and interventional surgery
can induce different degrees of vascular injury, which triggers a cascade of reaction aimed at maintaining
vascular homeostasis. In brief, the repair process of blood vessels comprises injured site
reendothelialization, vascular remodeling, and intimal hyperplasia (IH) formation [3, 4]. Excessive IH
formation is the primary cause of restenosis and vascular interventions therapy failure [5]. Endothelial
cells (ECs) injury is identi�ed as the �rst step toward postoperative IH formation [6]. The injured site is
incapable of producing anti-proliferative factors and the ability of regulation of vascular homeostasis isLoading [MathJax]/jax/output/CommonHTML/jax.js
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further weakened. The damaged area is coated with platelets, �brinogen, circulating RBCs and
macrophages that release thrombotic factors (�brinogen and Von Willebrand factor) and growth factors
(platelet-derived growth factor and transforming growth factor). Among them, the toxic effects of
erythrocyte metabolites, especially the release of catalytically redox-active iron, are often neglected by us
[7]. Reendothelialization represents an important process in vascular healing depending on migration and
proliferation of ECs [8]. Thus, stimulation of ECs proliferation and migration is critical in order to promote
endothelial healing and improve vascular function in response to loss of ECs resulting from intimal injury.
The occurrence of delayed reendothelialization is one of the important causes of excessive IH due to ECs
apoptosis and degeneration.

Iron is an important and necessary element for human growth and development, which is not only used
for hemoglobin synthesis but also participated in mitochondrial respiration and DNA replication. However,
iron is also a “double-edged sword”, excessive iron intake causes the damage of cells, organs, and even
the entire body, which has raised su�cient attention [9]. Iron increased the production of reactive oxygen
species (ROS) and calcium in�ux into mitochondria, which disturbed mitochondrial respiration function
and eventually led to loss of mitochondrial membrane potential (ΔΨm). A signi�cant increase in
apoptotic cells and endothelial microparticles (EMPs) were found under iron intervention [10]. ROS plays
an important role in the pathophysiological process of cells and tissues caused by iron overload and
have pathological signi�cance in a wide range of cardiovascular and endothelial dysfunctions [11]. Iron
overload can cause excessive ROS generation by participating in the Fenton reaction, resulting in
mitochondrial membrane depolarization, mitochondrial permeability increase, cytochrome c (cyt c)
releasing into the cytoplasm, caspase family activating, and ultimately leading to cells apoptosis. In
addition, iron overload and iron-mediated free radical production cause loss of tight junction proteins and
degeneration of ECs, then leading to opening of the blood-brain barrier (BBB) after transient forebrain
ischemia [12]. The previous literature manifests that iron induces EMPs generation and ECs apoptosis in
association with increased oxidative stress. Therefore, iron overload has been regarded as a risk factor
for cardiovascular events [13]. In this experiment, we aim to investigate the effects of redox-active iron on
ECs status in vitro and vivo condition and relevant damage mechanisms.

As a radical scavenger, α-lipoic acid (LAP) has been demonstrated to exert neuroprotective effects in rat
models of subarachnoid hemorrhage (SAH). According to the previous literatures, we discovered LAP
containing a weak base (pKa = 8.0), should be easier to get into lysosomes (PH = 4.6-5.0) via proton
trapping approach. In addition, the reduced forms of LAP, namely DHLAP, could supply sulfydryl to
interact with iron [14, 15]. The structures of DFO, LAP and DHLAP were shown in Fig. 1. Though LAP
could protect cells against oxidant challenges in vivo and alleviate early brain injury after SAH, whether
LAP could inhibit endovascular injury induced by balloon compression and the underlying mechanisms
were still not investigated deeply. Therefore, the purpose of this study was to evaluate the role of LAP in
the reduction of ECs apoptosis via the regulation of oxidative stress, with the goal of identifying novel
medication for the treatment of carotid artery intimal injury (CAII).
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Methods
Experimental animals

Experiments were approved by the Ethics Committee of the First A�liated Hospital of University of
Science and Technology of China and were performed in accordance with the guidelines of the National
Institutes of Health on the care and use of animals. Adult male Sprague-Dawley (SD) rats weighing
between 270 and 300 g were used in this experiment and purchased from Zhaoyan New Drug Research
Center (Suzhou, China) Co., LTD. The rats were housed in temperature- and humidity-controlled animal
quarters with a 12-h light/dark cycle. Animal body temperature was maintained at 37˚C.

Experimental design and intervention

Experiment 1 was designed for con�rming involvement of the cathepsin B/D in endothelium following CA
intimal injury (CAII). In experiment 1, 54 rats were stochasticly assigned to 9 groups (n = 6): Sham, 6-, 12-,
24-, 48-, 72-hour, 1-week, 2-week and 4-week CAII groups. The CAs collected from Sham and CAII rats at
different time points for western blot, immuno�uorescence (IF) assay. The whole experimental �ow is
shown in Fig. 2a. Experiment 2 was designed for exploring the mechanisms of LAP alleviating endothelial
injury induced by CAII. In experiment 2, 90 male SD rats were randomly divided into 7 groups of 18 rats
each: Sham group, CAII, CAII + vehicle group, CAII + DFO (25mg/kg), CAII + LAP (100 mg/kg) group, CAII +
LAP (150 mg/kg) group, CAII + LAP (200 mg/kg) group. LAP was synthesized by LA (branch company of
Agilent Technologies, Beijing, China) and mixed with 0.5 % methylcellulose (Sinopharm Chemical
Reagent Co., Ltd, Shanghai, China) before oral administration. DFO was administered through
intraperitoneal injection and LAP was administered through an orogastric tube at 4 h after the induction
of CAII and continued for 48 h once a day. The dose of DFO and LAP administered was based on
previous study [15, 16]. 6 rats CAs in every group were cut into slices and used for IF staining and Fluoro-
Jade B (FJB) staining. The remaining 6 rats in every group were executed, perfused and brain tissue
samples collected for western blot assay and oxidative stress evaluation. The experimental �ow is
displayed in Fig. 2b. Experiment 3 was designed for exploring the roles and mechanisms of LAP
alleviating Human umbilical vein endothelial cells (HUVECs) injury induced by OxyHb in vitro. In
experiment 3, logarithmically growing HUVECs were divided into 7 groups: Control, OxyHb, OxyHb + Iron,
OxyHb + DFO, OxyHb + LAP-L, OxyHb + LAP-M, OxyHb + LAP-H groups. HUVECs were exposed to OxyHb
(10µM) and DFO (1 mM) or LAP (0.2 µM, 0.3 µM and 0.4 µM) were treated for 24 h prior to conducting
any subsequent assays [14]. After the treatments, �rstly, the living cell were collected for cell viability
assays, Lactate dehydrogenase assay (LDH), AO staining, Live-dead cells staining, Lyso-Tracker Red,
Measurement of mitochondrial membrane potential (MMP) and oxidative stress evaluation. Secondly,
HUVECs was �xed with paraformaldehyde for IF staining. Total protein of HUVECs was collected for
western blot assay. Speci�c experimental procedures were displayed in Fig. 2C.

Rat carotid artery balloon injury model
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A right CAII was established based on an approach described in our previous literature [17]. Speci�c
stereotactic head frame was designed and manufactured by the experimental group members. In
addition, a catheter and balloon were purchased from Medtronic Inc. and manufactured by the group
members of this experiment. A T-branch pipe and 1-ml syringe were used to modulate the size and
pressure of the balloon. Brie�y, the catheter was inserted through the external CA and slipped into the
common CA, where it was in�ated to ~2 atm and the inner surface of the common CA was rubbed back
and forth three times. The catheter was then removed and the impaired external CA was sutured tightly
using a 12-0 proline under the operating microscope (M651; Leica Microsystems). The 2-cm common CA
injured region was cut for analysis in this experiment.

Cell culture and treatment

HUVECs were obtained and cultured as described previously [18]. To evaluate the effect of LAP in vitro,
the HUVECs were exposed to LAP at a gradient concentration for 24 h prior to conducting any subsequent
assays.

Western blot analysis

Western blot analysis was performed as described previously [19]. The CAs were added into cell lysis
buffer and grounded. The lysates were centrifuged at 12,000 g for 10 min at 4°C twice, subsequently, the
supernatant was extracted and the protein concentration was measured by Enhanced BCA protein assay
kit. Protein samples (12 µg/lane) were loaded, separated, electrophoreted and transmembraneed. The
nitrocellulose �lter membranes were blocked with 5% bovine serum albumin (BSA; BioSharp, Hefei, AH,
China) for 1 h at room temperature and then incubated overnight at 4˚C with primary antibodies of
Cathepsin B (1:2000, ab214428, abcam), Cathepsin D (1:1000, #2284s, Cell Signaling Technology),
Cleaved Caspase-3 (1:1000, ab2302, abcam), Bax (1:1000, ab182733, abcam), Ferritin (1:1000, ab75973,
abcam) and Transferrin Receptor (TfR) (1:1000, ab269513, abcam). Next, the membranes were washed
three times and incubated with the anti-mouse IgG, horseradish peroxidase conjugated-linked-secondary
antibody and anti-rabbit IgG, horseradish peroxidase conjugated-linked-secondary antibody (1:3000,
7076S and 7074s, Cell Signaling Technology, Boston, MA, USA) for 2 h at room temperature. Finally, the
display of protein bands was detected with a luminescent image analyzer (Clinx ChemiScope5300, Clinx
Science Instruments, Shanghai, China). The protein levels were analyzed with ImageJ software (National
Institutes of Health, Bethesda, MD, USA) and normalized to the relative density of the sham or control
group.

IF microscopy

The injured CA was excised, �xed, embedded in para�n and cut into 4-µm sections and examined by IF
staining. Homoplastically, the disposed HUVECs were �xed by 4% paraformaldehyde. As previously
described [20], The sections and HUVECs were incubated with primary antibodies to Cathepsin B (1:100,
ab214428, abcam), Cathepsin D (1:200, #2284s, Cell Signaling Technology), Ferritin (1:50, ab75973,
abcam) and TfR (1:50, ab269513, abcam) at 4°C overnight. Then, it was incubated with the Donkey anti-Loading [MathJax]/jax/output/CommonHTML/jax.js

https://www.so.com/link?m=aCPhPjKxtbxmYETYsoYq42NH2YJEF+/Ue4LAuTlDolzEnvXWeG107hGsUJuUJ4180unD6meRYa4K9k1jfKZQUMrZgdauPR/N/k6YgstPziOzLs0KAOxVUH9U8NuQiofuP2eDBUnHo6oVGwB3Ap/YlL0Q/lr4=


Page 6/26

Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (1:300, A32790, Invitrogen)
and Alexa Fluor 555 (1:300, A32794, Invitrogen) and Goat anti-Mouse IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488 (1:300, A-11001, Invitrogen) and Alexa Fluor 555 (1:300, A-21424,
Invitrogen) at 37°C for 1 hour after washed 3 times on the following day. Next, the sections were added
into 4,6-diamino-2-phenylindole (SouthernBiotech, Birmingham, AL, USA) for coverslipping. In the end, the
sections were observed under a �uorescence microscopeOLYMPUS BX50/BX-FLA/DP70; Olympus Co.,
Japan, and ImageJ software was used for quantizing the �uorescence intensity.

Prussian blue reaction

Intracellular and intralysosomal iron level of HUVECs was estimated approximately by Prussian blue
reaction of living HUVECs according to the manufacturer’s programs (G1422, Solarbio, Beijing, China).
The results were observed under a light microscope (×100) in accordance with the approach described in
a previous literature [21].

Oxidative stress indicator assay

The concentrations of ROS and MDA and activitives of SOD and GSH-Px in the impaired CAs and
HUVECs were measured by detection kits (E004-1-1, A003-1-2, A001-3-2, A005-1-2, Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China), as per the manufacturer's instructions, and as previously
described [22].

FJB staining

FJB is a hypersensitive and speci�c �uorescent dye that can be used to indicate ECs degradation and the
operation process was based on the previous literature [23]. Brie�y, the CA sections were immersed in
0.06% KMnO4 solution in dark environment at room temperature for 15 minutes after being dewaxed.
Next, the sections were added and incubated with FJB working solution (AG310, Sigma-Aldrich, St. Louis,
Missouri, USA) (adding 0.1% acetic acid solvent) for 1 hour after being washed. Then, the sections were
air-dried at fuming cupboard. Finally, the stained sections were sealed with neutral balsam mounting
medium and observed in �uorescence microscope and take photos in parallel to count FJB-positive cells.

Cell viability assays

After indicated treatments, the HUVECs were �xed with 50% trichloroacetic acid and stained with a
sulforhodamine B (SRB) solution (230162, Sigma-Aldrich, St. Louis, Missouri, USA) as described
previously [24]. Next, SRB was measured from the absorbance at 565 nm wave length using a BioRad
microplate reader. The assay was performed in triplicate and repeated at least three times independently.

Lactate dehydrogenase (LDH) assay

Based on the manufacturer’s protocol of LDH assay kit (C0016; Beyotime Institute of Biotechnology,
shanghai, China), the LDH assay was performed to evaluate apoptosis and necrosis of cultured HUVECs
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[25].

Live-dead cells staining in vitro

HUVECs apoptosis was examined by live-dead cells staining at 48 hours after OxyHb and iron
interventions. We used calcein-AM/propidium iodide double-stain kit (Thermo Fisher Scienti�c, Shanghai,
China) to detect cultured HUVECs apoptosis according to the manual [26]. Primarily, culture medium was
removed and living HUVECs were washed for 3 times. Next, the pre-con�gured working reagent mixed
with calcein-AM and propidium iodide was added into the HUVECs and incubated for half 1 hour at room
temperature. Finally, the apoptosis rate was analyzed and counted under a �uorescence microscope.

AO staining

HUVECs at logarithmic growth stage were planted into 24-well plates. The cells continued to be cultivated
for 24 h. Then, the original culture medium was removed from each hole, and 1 ml culture medium
containing corresponding concentrations of OxyHb, DFO and LAP was added to each hole respectively.
Next, the original culture medium in each hole was removed and washed with PBS post continuous
culture for 24h. AO dye solution (A7847, Sigma-Aldrich, Missouri, USA) was added and reacted at room
temperature for 1 min. Finally, the cells were observed, photographed and recorded under a �uorescence
microscope after the PBS buffer was removed and the cells were washed [27].

Lyso-Tracker Red

1µl Lyso-Tracker Red solution was added to 20ml cell culture medium and mixed to form Lyso-Tracker
Red working solution. Then, cell culture medium was removed, and the lyso-Tracker Red working solution
preincubated at 37℃ was added. Next, The cells continued to be incubated for 30-120 minutes at 37℃.
Finally, Lyso-Tracker Red working solution was removed and new cell culture solution was added again.
The lysosomes in the cytoplasm were stained with bright and intense �uorescence under �uorescence
microscopy.

Measurement of mitochondrial membrane potential (MMP)

The MMP was detected with a JC-1 kit (Beyotime, Shanghai, China) according to the instruction book
[26]. HUVECs in culture media within 12-well plates were washed with PBS and treated with JC-1 work
solution in the dark room for 20 minutes. At last, the cultured cells were analyzed under a �uorescent
microscope.

Statistical analysis

GraphPad Prism 7.0 software (San Diego, California, USA) was used for data processing and analyzing.
The data was shown as the mean ± SEM (standard error of mean). One-way or two-way Analysis of
Variance (ANOVA) was used for multiple comparisons, and Bonferroni’s or Tukey’s post hoc test was used
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for comparison between two pairs in multiple groups. P < 0.05 was considered as signi�cantly statistical
standard.

Results

Cathepsin B/D is activated following CAII
To detect the changes of Cathepsin B/D expressions after CAII, western blot and IF were performed.
Western blot results manifested that the expressions of Cathepsin B/D obviously increased after CAII,
attained the highest peak at 48 hours, and then gradually recovered within 4 week (P < 0.05 or P < 0.01 or
P < 0.001; Fig. 3a-d). Simultaneously, IF also showed that the immunopositivities of Cathepsin B/D
increased at each time points after SAH compared with Sham group (P < 0.01; Fig. 3e-h). These above
results indicated that the Cathepsin B/D may participate in the pathological process during CAII, and is
apparently activated following CAII. Further, 48 hours after CAII might be the most appropriate time point
for intervention in experiment 2. Therefore, 48 hours was regarded as an optimal intervention point in
further study.

DFO and different gradient concentration LAP alleviated Cathepsin B/D, cleaved-caspase-3 and Bax
expression levels after experimental CAII

Western blot was applied to assess target protein expression in the CAs tissue after treatments with DFO
and different concentrations of LAP (Fig. 4a-f). The results displayed that the expressions of Cathepsin
B/D, cleaved-caspase-3 and Bax in CAII and CAII + Vehicle groups appeared a distinct rise than Sham
group (P < 0.05 or P < 0.001). In contrast, the expressions of Cathepsin B/D, cleaved-caspase-3 and Bax in
CAII + DFO, and CAII + LAP groups were decreased in comparison with CAII + Vehicle group respectively (P 
< 0.01 or P < 0.001). It's worth noting that high dose of LAP further attenuated Cathepsin B/D, cleaved-
caspase-3 and Bax expressions compared with DFO group respectively (P < 0.05 or P < 0.01). Moreover,
immuno�uorescent staining also showed that the similar trends in Cathepsin B/D, cleaved-caspase-3 and
Bax after SAH (Fig. 4g-j)

DFO and different gradient concentration LAP alleviated Cathepsin B/D, cleaved-caspase-3 and Bax
expression levels post HUVECs injury

Western blot was applied to assess target protein expression in the HUVECs after treatments with DFO
and different concentrations of LAP (Fig. 5a-f). The results displayed that the expressions of Cathepsin
B/D, cleaved-caspase-3 and Bax in OxyHb group appeared a distinct rise than Control group (P < 0.05 or P 
< 0.01 or P < 0.001). In contrast, Iron treatment further increased the levels of Cathepsin B/D, cleaved-
caspase-3, Bax and LAP decreased the levels of Cathepsin B/D, cleaved-caspase-3 and Bax respectively
(P < 0.05 or P < 0.01 or P < 0.001). It's worth noting that high dose of LAP further attenuated Cathepsin
B/D, cleaved-caspase-3, Bax expressions compared with DFO group respectively (P < 0.05 or P < 0.01 or P 
< 0.001). Moreover, immuno�uorescent staining also showed that the similar trends in Cathepsin B/D,
cleaved-caspase-3 and Bax post HUVECs injury by OxyHb stimulation.Loading [MathJax]/jax/output/CommonHTML/jax.js
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DFO and different gradient concentration LAP alleviated oxidative stress level under endothelium and
HUVECs injury condition

The assay of oxidative stress indicators was shown in CAs tissue (Fig. 6a–d) and HUVECs (Fig. 6e–h). In
the CAII + Vehicle group, the average levels of ROS and MDA in the CAs samples showed a marked
increase, as compared with the Sham group (P < 0.05 or P < 0.01), while DFO and LAP administration
abolished the elevation in the CAs tissue (P < 0.05 or P < 0.01). Conversely, CAII caused a signi�cant
depletion of SOD and GSH-Px activitives in CAs (P < 0.05 or P < 0.001), while DFO + LAP could
signi�cantly suppress the reduction of SOD and GSH-Px activities (P < 0.05 or P < 0.01or P < 0.001). In the
OxyHb + Vehicle group, the average levels of ROS and MDA in the HUVECs showed a marked increase, as
compared with the Control group (P < 0.05 or P < 0.01). Moreover, Iron treatment further increased average
levels of ROS and MDA under OxyHb treatment condition (P < 0.05 or P < 0.01). while LAP administration
abolished the elevation in the HUVECs (P < 0.05 or P < 0.01). Conversely, OxyHb caused a signi�cant
depletion of SOD and GSH-Px activities in HUVECs (P < 0.05 or P < 0.001), while LAP could signi�cantly
suppress the reduction of SOD and GSH-Px activities (P < 0.05 or P < 0.01). On the whole, LAP was a more
potent antioxidant than DFO because the comparative results revealed high dose of LAP reduced the
indexes about oxidative stress more strongly than DFO (P < 0.05 or P < 0.01).

LAP could rescue damaged HUVECs in vitro

The results of live-dead cellular staining was used to evaluate the survival rate of HUVECs (Fig. 7a, b).
The staining for live (green) and dead (red) cells also showed that the survival rate of HUVECs in OxyHb
group was lower than Control group (P < 0.001). However, Iron-treated group had a lower survival rate
than did those in the OxyHb group, and the HUVECs of the OxyHb + LAP-treated group had higher survival
rate than did those in the OxyHb group (P < 0.01 or P < 0.001). Middle dose and high dose LAP-treated
group exerted more signi�cantly protective effect than DFO (P < 0.05 or P < 0.01). The SRB assay was
used to measure the viability of cells (Fig. 7c). The result showed that OxyHb signi�cantly decreased the
viability of HUVECs (P < 0.001). In contrast, Iron treatment further decreased the viability of HUVECs post
OxyHb treatment (P < 0.01). Compared with the OxyHb group, the cell viability in the OxyHb + LAP-treated
group markedly increased (P < 0.001). It is certain that high dose LAP further increased the cell viability of
HUVECs than DFO (P < 0.05). Consistently, the LDH assay was used to measure the necrosis of HUVECs
(Fig. 7d). OxyHb apparently increased the activity of LDH compared with Control group (P < 0.001) and
Iron treatment further decreased the activity of LDH post OxyHb treatment (P < 0.001). Compared with the
OxyHb group, the activity of LDH in the OxyHb + LAP-treated group markedly decreased (P < 0.05 or P < 
0.01 or P < 0.001). It is certain that high dose LAP further decreased the activity of LDH than DFO (P < 
0.01). In addition, FJB staining showed no FJB-positive cells in the Sham group (Fig. 7e), whereas the
number of FJB-positive cells was signi�cantly higher in the CAII group. Compared with the CAII + Vehicle
group, the amount of FJB-positive cells was signi�cantly attenuated by DFO and LAP. Together, these
results suggested that the LAP had vascular protective effects than DFO.

LAP promotes mitochondrial transport and distribution in damaged HUVECs in vitro
Loading [MathJax]/jax/output/CommonHTML/jax.js
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Immuno�uorescent staining showed that the similar trends in mitochondria marker ATPB post HUVECs
injury by OxyHb stimulation (Fig. 8a). The immuno�uorescent intensity of ATPB was evaluate the
mitochondrial survival. The result showed that OxyHb signi�cantly decreased immuno�uorescent
intensity of ATPB (P < 0.001). In contrast, Iron treatment further decreased immuno�uorescent intensity of
ATPB post OxyHb treatment (P < 0.05). Compared with the OxyHb group, immuno�uorescent intensity of
ATPB in the OxyHb + LAP-treated group markedly increased ATPB expression (P < 0.05 or P < 0.001). It is
certain that high dose LAP further increased ATPB expression of HUVECs than DFO (P < 0.05). To study
the effect on mitochondrial damage by LAP, we stained HUVECs in vitro with the cationic lipophilic dye,
JC-1. In healthy mitochondria of HUVECs, JC-1 shown red �uorescence, while in damaged mitochondria
of HUVECs, JC-1 transforms into green �uorescence (Fig. 8b, d). The results showed the percentage of
green-�uorescent-positive signal in OxyHb group was brighter than Control group (P < 0.001), while Iron
treatment further increased the percentage of green-�uorescent-positive signal (P < 0.05). In contrast,
compared with that in the OxyHb + DFO- and OxyHb + LAP-treated group, the percentage of green-
�uorescent-positive signal was lower than OxyHb + group (P < 0.05 or P < 0.001). It is undeniable that
middle and high dose of LAP decreased the percentage of green-�uorescent-positive signal than DFO (P < 
0.01 or P < 0.001).

DFO and different gradient concentration LAP alleviated Ferritin and TfR expression levels and Iron
deposition post endothelium and HUVECs injury

Western blot was applied to assess Ferritin and TfR expression in the HUVECs after treatments with DFO
and different concentrations of LAP (Fig. 9a-f). The results displayed that the expressions of Ferritin and
TfR in CAII group and OxyHb group appeared a distinct rise than control group (P < 0.05 or P < 0.001). In
contrast, Iron treatment further increased the levels of Ferritin and TfR of HUVECs. However, DFO and LAP
decreased the levels of Ferritin and TfR in endothelium and HUVECs respectively (P < 0.05 or P < 0.01 or P 
< 0.001). It's worth noting that middle and high dose of LAP further attenuated Ferritin and TfR
expressions compared with DFO respectively (P < 0.05 or P < 0.01 or P < 0.001). Moreover,
immuno�uorescent staining also showed that the similar trends of Ferritin and TfR expressions post
HUVECs injury (Fig. 9g-j). Prussian blue reaction were performed iron content in HUVECs (Fig. 9k). In the
Control group, little iron deposition in the HUVECs could be clearly observed, while in OxyHb group, we
observed more signi�cant iron deposition in the HUVECs. Compared to OxyHb group, iron deposition in
HUVECs was markedly increased by Iron addition and reduced by DFO and oral administration of LAP. In
addition, high dose of LAP seems an added extra effect on inhibiting iron deposition than DFO and low
dose LAP.

LAP treatments alleviated the LMP and protected the lysosomes from rupture

To detect the state and quantity of lysosomes in HUVECs, immuno�uorescence stainings was performed
with LAMP-1 attached to different dosage groups (Fig. 10a). A marked decrease of LAMP-1 expression
was observed in OxyHb group, Iron treatment further reduced LAMP-1 expression. DFO and different
doses of LAP remarkablely inhibited lysosome rupture in accordance with the alteration of LAMP-1
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�uorescent intensity of in HUVECs. But high dose of LAP treatment seemingly had a more effect on
stabilizing lysosomal membrane than other doses of LAP and DFO. As a preliminary indicator of
lysosomal state, the acidic compartments in HUVECs were observed by AO staining and Lyso-Tracker Red
staining. As shown in Fig. 10b, c, there was a normal amount of accumulation of acidic compartments in
HUVECs in the Control group. The accumulation of acidic compartments in HUVECs was signi�cantly
decreased compared with that in the Control group post OxyHb and Iron treatment. However, the
accumulation of acidic compartments in HUVECs was signi�cantly increased post DFO and LAP
treatments.

Discussion
Our results in experiment 1 proved that the apoptosis pathway mediated by intralysosomal Cathepsins
was activated and the expressions of Cathepsin B/D were elevated in damaged blood vessel tissue, with
the most noticeable activation time point being 48 hours after intimal injury. In experiment 2, we found
that DFO and LAP treatments both inhibited the apoptosis pathway mediated by intralysosomal
Cathepsins by reducing the levels of Cathepsin B/D, cleaved-caspase-3, Bax, Ferritin and TfR. In addition,
DFO and LAP treatments attenuated intimal injury by alleviating HUVECs apoptosis and degradation. In
experiment 3, we also found that DFO and LAP treatments both inhibited the apoptosis pathway
mediated by intralysosomal Cathepsins by reducing the levels of Cathepsin B/D, cleaved-caspase-3, Bax,
Ferritin and TfR. In addition, DFO and LAP treatments attenuated HUVECs injury by alleviating HUVECs
apoptosis and degradation, reducing mitochondrial damage and maintaining lysosomal integrity after
OxyHb stimulating.

Currently, vascular endothelium damage caused by iron overload in assosiation with oxidative stress and
the partial underlying mechanisms has not been con�rmed yet. The prolonged exposure to iron increases
endothelial NADPH oxidase activity by increasing p22phox gene transcription and cellular levels of iron,
heme, and p22phox protein. DFO effectually suppresses endothelial NADPH oxidase activity, which may
be helpful as an drug in reducing vascular oxidative stress and in�ammation in atherosclerosis [28].
Excessive ROS activated ROS-induced ROS release (RIRR) mechanism, reduced mitochondrial membrane
potential (MMP), and opened mitochondrial permeability transition pore (mPTP), thereby led to
mitochondrial function dysfunction [11]. In addition, iron could induce endothelial microparticles
generation and apoptosis of ECs related to increased oxidative stress and carvedilol could provide the
protection via inhibiting these mechanisms [13]. The recent research �ndings also revealed that Nobiletin
could protect HUVECs against iron overloaded damage, and the mechanism may be associated with
restraining the ROS/ADMA/DDAHII/eNOS/NO pathway. Speci�cally speaking, Nobiletin could reduce
oxidative stress and ROS generation, increase DDAHII expression and activity and NO production,
promote eNOS phosphorylation, decrease ADMA content to maintain mitochondrial function, and protect
vascular endothelium against iron overload induced damage [29]. In transient forebrain ischemia rat
models, iron overload and iron-mediated free radical production aggravate BBB injury via decreasing tight
junction proteins expressions and increasing degeneration of ECs [12]. In addition, iron overload induces
reactive oxygen species production and cultured vascular cells apoptosis, which aggravatesLoading [MathJax]/jax/output/CommonHTML/jax.js
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atherosclerosis progression, simultaneously, Iron intake restriction or iron chelation therapy can suppress
iron-aggravated atherosclerosis in ApoE-/- FPNwt/C326S mice model [30]. In our experiment, we found
that Iron could increase oxidative stress level and increase lysosomal membrane permeability. Thus, the
leaked Cathepsins from ruptured lysosomes activated mitochondrial apoptotic pathway and damaged
HUVECs. The additional important results were obtained that the content of ROS and MDA and activities
of SOD and GSH-Px were inhibited by LAP in endothelium and HUVECs suggested that LAP seemingly
had a more potent capacity of resisting oxidative stress by scavenging ROS and lowering ROS generation
in the lysosomes and cytoplasm via interacting with lysosomal iron compared to DFO.

Endothelial dysfunction was closely associated with IH formation and several drugs were discovered to
inhibit endothelial dysfunction. The previous study found that Anagliptin, the dipeptidyl peptidase IV
(DPP-4) inhibitor suppresses IH via preventing endothelial dysfunction and regulating SOD-1/RhoA/JNK-
mediated ECs migration after balloon injury [31]. Moreover, the novel mineralocorticoid receptor
antagonist, �nerenone signi�cantly reduces apoptosis of ECs and simultaneously attenuates SMC
proliferation, resulting in accelerated endothelial healing and reduced neointima formation of the injured
vessels. Thus, �nerenone appears to provide favorable vascular effects through restoring vascular
integrity and preventing adverse vascular remodeling [32]. Besides, low dosage of simvastatin can induce
cardiac microvascular ECs proliferation, migration and anti-apoptosis via PI3K/Akt/mTOR/p70S6K and
mTOR/FoxO3 signalling pathways, and then exert a bene�cial effect by regulation of NO and ROS
production in microvascular ECs [33]. In our research, we also con�rmed that iron evidently aggravated
ECs injury via aggravating lysosomal injury and LAP could alleviate ECs injury triggered by redox-active
iron decomposed by OxyHb. Therefore, LAP had a more powerful capacity to chelating iron than DFO due
to its high concentration and reduced form. Overall, we drew a conclusion that not only LAP was a more
potent antioxidant but also was a kind of agent of lysosomal membrane stabilizing and iron chelating
which targeted lysosomes in accordance with the results from our study.

Hence, we proposed this research hypotheses that partial erythrocytes attached to the walls of the blood
vessels and were decomposed into iron after CA intima damage, which was transferred into the ECs
cytoplasm through combination of TfRs. A lot of unstable and intralysosomal iron formation by
lysosomal endocytosis and degradation and accelerated more hydroxyl radical generation via Fenton
reaction. Abundant hydroxyl radical disrupted lysosomal membrane and increased the lysosomal
membrane permeability. Next, a variety of Cathepsins released into the cytoplasm and activated the
apoptosis pathway mediated by mitochondria, which accelerated ECs apoptosis and delayed endothelial
repair in injured region. LAP, as a kind of lysosomotropic and iron-chelating agent, could target to
gathering in lysosomes and inhibit the reaction of Fenton reaction by reacting with active iron. Hence,
LAP inhibited the apoptosis pathway mediated by mitochondria by reducing the generation of hydroxyl
radicals, stabilizing the lysosome membrane and decreasing the release of cathepsins. Ultimately, LAP
reduced the ECs apoptosis and injury, promoted the re-endothelialization of the damaged area, inhibited
the excessive proliferation of vascular intima and reduced the rate of vascular restenosis. A possible
mechanism that that LAP reduced the intimal injury was shown in Fig. 11.
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The current study has some limitations. Firstly, the precise concentration of intralysosomal iron in ECs
could not be measured precisely relying on our current experimental platform. Secondly, we could not
detect the distribution of reduced LAP within lysosomes in ECs. In summary, this study suggested that
LAP exerted a stronger endovascular protection than DFO, and the underlying mechanisms may be that
LAP inhibited signaling pathways mediated by Cathepsins via interacting with intralysosomal iron.
Consequently, some drugs could have great therapeutic prospects for treating endovascular injury, such
as LAP, which could target lysosomes and chelate iron.
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Figure 1

Structures of DFO, LAP, and DHLAP
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Figure 2

Experimental design. (a) Experiments 1was designed to determine involvement of Cathepsin B/D under
CAII condition. (b) Experiment 2 was designed for exploring the mechanisms of LAP alleviating
endothelial injury induced by CAII. (c) Experiment 3 was designed for exploring the roles and mechanisms
of LAP alleviating HUVECs injury induced by OxyHb in vitro.
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Figure 3

Time course of the protein levels of Cathepsin B/D after CAII. (a, b) Western blotting showing the protein
levels of Cathepsin B/D at Sham, 6, 12, 24, 48, 72 h, 1w, 2w as well as at 4w after CAII. (c, d)
Quanti�cation of Cathepsin B/D protein levels were normalized to that of β-tubulin. (e, g)
Immuno�uorescent analysis was performed with antibodies for Cathepsin B/D (red) in CAII sections.
Nuclei were labeled with DAPI (blue). Representative images of the Sham group and CAII (48 h) group are
shown. Scale bar = 100 μm. (f, h) Immunopositivities of Cathepsin B/D in the endothelium. The Sham
group was used as the standard. Data were shown as the mean ± SEM (n = 6). *P < 0.05, **P < 0.01, ***P
< 0.001 vs. Sham group.
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Figure 4

Changes in Cathepsin B/D, cleaved-caspase-3, Bax after DFO and LAP treatments under CAII conditions.
(a, b) Western blot analysis showed that Cathepsin B/D, cleaved-caspase-3, Bax expressions in Sham
group, CAII, CAII + Vehicle group, CAII + DFO group, CAII + LAP (L) group, CAII + LAP (M) group and CAII +
LAP (H) group. (c-f) The mean values of the protein levels Cathepsin B/D, cleaved-caspase-3, Bax in
Sham group were normalized to 1.0. (g, i) Immuno�uorescence analysis was performed with CathepsinLoading [MathJax]/jax/output/CommonHTML/jax.js



Page 20/26

B/D antibodies (green), and nuclei were �uorescently labeled with DAPI (blue). (h, j) The mean value of
the �uorescent intensity of Sham group was normalized to 1.0. Scale bar= 100 μm. Data are means ±
SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham group; #P<0.05, ##P<0.01, ###P<0.001 vs. CAII +
Vehicle group; $P<0.05, $$P<0.01 vs. CAII + DFO group, n=6.

Figure 5
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Changes in Cathepsin B/D, cleaved-caspase-3, Bax after DFO and LAP treatments under HUVECs injury
conditions. (a, b) Western blot analysis showed that Cathepsin B/D, cleaved-caspase-3, Bax expressions
in Control group, OxyHb, OxyHb + Iron group, OxyHb + DFO group, OxyHb + LAP (L) group, OxyHb + LAP
(M) group and OxyHb + LAP (H) group. (c-f) The mean values of the protein levels Cathepsin B/D,
cleaved-caspase-3, Bax in Control group were normalized to 1.0. (g, i) Immuno�uorescence analysis was
performed with Cathepsin B/D antibodies (green), and nuclei were �uorescently labeled with DAPI (blue).
(h, j) The mean value of the �uorescent intensity of Control group was normalized to 1.0. Scale bar= 100
μm. Data are means ± SEM. *P<0.05, **P<0.01, ***P<0.001 vs. Control group; #P<0.05, ##P<0.01,
###P<0.001 vs. OxyHb group; $P<0.05,

P < 0.01,

$P<0.001 vs. OxyHb + DFO group, n=6.

Figure 6

The variation of oxidative stress after DFO and LAP administration under endothelium and HUVECs injury
conditions. The measurement of oxidative stress after DFO and LAP administrations in endothelium
tissue (a-d) and HUVECs (e-h). The mean values of the levels of ROS, MDA, and the activities of SOD and
GSH-Px of Sham and Control group was normalized to 1.0. Data are means ± SEM. *P<0.05, **P<0.01,
***P<0.001 vs. Sham and Control group; #P<0.05, ##P<0.01, ###P<0.01 vs. CAII + Vehicle and OxyHb
group; $P<0.05, $$P<0.01 vs. CAII + DFO group and OxyHb + DFO group, n=6.
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Figure 7

Effect of mitochondria damage after DFO and different dosages LAP treatments under HUVECs injury
conditions (a) Immuno�uorescence analysis was performed with ATPB antibodies for (green), and nuclei
were �uorescently labeled with DAPI (blue). (b) Alterations in mitochondrial membrane potential (ΔΨm).
The presence of red �uorescence indicates normal ΔΨm and a healthy state of the cells. Green
�uorescence indicates that the ΔΨm had decreased, and that the cells were most likely to be in the early
stage of apoptosis. (c) The mean value of the �uorescent intensity of Control group was normalized to
1.0. (d) JC-1 immuno�uorescence intensity ratio (Red/Green) in HUVECs in Control group, OxyHb, OxyHb
+ Iron group, OxyHb + DFO group, OxyHb + LAP (L) group, OxyHb + LAP (M) group and OxyHb + LAP (H)
group. Scale bar= 100 μm. Data are means ± SEM. ***P<0.001 vs. Control group; #P<0.05, ###P<0.001
vs. OxyHb group; $P<0.05,

P < 0.01,
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$P<0.001 vs. OxyHb + DFO group, n=6.

Figure 8

LAP attenuates cellular damage and improves cellular viability in vitro. (a) Live-dead cellular staining:
green staining indicates viable cells and red staining indicates dead cells. (b) The percentage of living
cells revealed by live-dead cellular staining. (c) Cell viability was tested by the SRB assay in HUVECs. (d)
Necrosis was tested by the LDH assay in cultured HUVECs. (e) The neuronal degeneration at 48 hoursLoading [MathJax]/jax/output/CommonHTML/jax.js
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after CAII was detected by FJB staining (green). Arrows pointed to FJB-positive cells. Scale bar =100 μm.
Data are means ± SEM. ***P<0.001 vs. Control group; #P<0.05, ##P<0.01, ###P<0.001 vs. OxyHb group;
$P<0.05, $$P<0.01 vs. OxyHb + DFO group, n=6.

Figure 9

Changes in Ferritin and TfR after DFO and LAP treatments under endothelium and HUVECs injury
conditions. (a) Western blot analysis showed that Ferritin and TfR expressions in Sham group, CAII, CAII +Loading [MathJax]/jax/output/CommonHTML/jax.js
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vehicle group, CAII + DFO group, CAII + LAP (L) group, CAII + LAP (M) group and CAII + LAP (H) group. (b)
Western blot analysis showed that Ferritin and TfR expressions in Control group, OxyHb, OxyHb + Iron
group, OxyHb + DFO group, OxyHb + LAP (L) group, OxyHb + LAP (M) group and OxyHb + LAP (H) group.
(c-f) The mean values of the protein levels Ferritin and TfR in Sham group and Control group were
normalized to 1.0. (g, i) Immuno�uorescence analysis was performed with Ferritin and TfR antibodies
(green), and nuclei were �uorescently labeled with DAPI (blue). (h, j) The mean value of the �uorescent
intensity of Control group was normalized to 1.0. (k) Iron deposition or iron clusters in the HUVECs were
observed in different groups. Representative images were shown. Scale bar= 100 μm. Data are means ±
SEM. *P<0.05, ***P<0.001 vs. Sham group and Control group; #P<0.05, ##P<0.01, ###P<0.001 vs. CAII +
Vehicle group and OxyHb group; $P<0.05,

P < 0.01,

$P<0.001 vs. CAII + DFO group and OxyHb + DFO group, n=6.

Figure 10

Effect of lysosomal integrity after DFO and different dosages LAP treatments under HUVECs injury
conditions. (a) Immuno�uorescence analysis was performed with LAMP-1 antibodies for (green), and
nuclei were �uorescently labeled with DAPI (blue). (b) Lyso-Traker Red cellular staining: red staining
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indicates intact lysosomes in HUVECs. (c) AO staining: orange staining indicates acidic compartment
accumulation in HUVECs.

Figure 11

Potential mechanisms suggesting that LAP alleviates HUVECs and endothelium damage via inhibiting
mitochondrial apoptosis pathway triggered by lysosomal Cathepsins.
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