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A B S T R A C T

In-stent restenosis after interventional therapy remains a severe clinical complication. Current evidence indicates
that neointimal hyperplasia induced by vascular smooth muscle cell (VSMC) proliferation is a major cause of
restenosis. Thus, inhibiting VSMC proliferation is critical for preventing in-stent restenosis. The incidence of
restenosis was reduced in nitrided iron-based stents (hereafter referred to as iron stents). We hypothesized that
the corroded granules produced by the iron stent would prevent in-stent restenosis by inhibiting VSMC prolif-
eration. To verify this hypothesis, we introduced a dynamic circulation device to analyze the components of
corroded granules. To investigate the effects of corroded granules on VSMC proliferation, we implanted the
corroded iron stent into the artery of the atherosclerotic artery stenosis model. Moreover, we explored the
mechanism underlying the inhibition of VSMC proliferation by iron corroded granules. The results indicated that
iron stent produced the corroded granules after implantation, and the main component of the corrosion granules
was iron oxide. Remarkably, the corroded granules reduced the neointimal hyperplasia in an atherosclerotic
artery stenosis model, and iron corroded granules decreased the neointimal hyperplasia by inhibiting VSMC
proliferation. In addition, we revealed that corroded granules reduced VSMC proliferation by activating auto-
phagy through the AMPK/mTOR signaling pathway. Importantly, safety of iron corroded granules was evaluated
and proved to be satisfactory hemocompatibility in rabbit model. Overall, the role of corroded granules in
restenosis prevention was described for the first time. This finding highlighted the implication of corroded
granules produced by iron stent in inhibiting VSMC proliferation, pointing to a new direction to prevent in-stent
restenosis.
1. Introduction

Vascular smoothmuscle cells (VSMC) are the predominant cell type in
the medial layer of vessel walls. VSMCs exhibited high contractility and
low proliferation rates under physiological conditions [1–3]. However,
they are not terminally differentiated and can switch to synthetic phe-
notypes under certain conditions (e.g., vessel wall injury). The synthetic
phenotype of VSMC was characterized by the loss of contractility, high
proliferation rate, and increased motility, which contributed to neo-
intimal hyperplasia after stenting [4,5]. Drugs such as paclitaxel and
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rapamycin, when coated on the stent surface, inhibited intimal hyper-
plasia by suppressing VSMC [6,7]. However, in addition to inhibiting
VSMC, the neo-endothelial formation was also delayed, as the
anti-proliferative effects were not specific to VSMC [8,9]. Therefore,
stents that specifically target VSMCs are the next revolution in inter-
ventional technologies.

Bioresorbable stents were heralded as the fourth revolution in inter-
ventional technology and were designed to avoid the long-term health
risks posed by drug-eluting stents (DES) [10,11]. Iron has demonstrated
excellent biocompatibility and mechanical performance [12–14]. In
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addition, iron is an essential element involved in diverse physiological
processes, including DNA synthesis and oxygen binding [15–17]. More-
over, iron played a beneficial role by antagonizing VSMC proliferation.
By introducing the cell culture model at phenotypic and molecular level,
Mueller et al. observed that iron inhibit VSMC proliferation by regulating
the genes that requiring for cell proliferation, cell cycle progression or
Fig. 1. Dynamic circulation device and corroded granules produced by iron stent. (a
pulsation, the silastic tube was connected to the peristaltic pump, and the pump tra
environment of the vessel, agarose was used to cover the iron stent. The stainless-ste
stent and iron stent, respectively. (c) Localized corrosion could be observed in iron
Uniform corrosion was exhibited on surfaces of the iron stent after 7 days' dynamic ci
struts. (d–e) Pitting corrosion was extensively generated in iron stent, and the surface
detected to be much more complex than those of the new iron stent. The elemen
increased, whereas the ratio of Fe and P decreased). (For interpretation of the refere
this article.)
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DNA replication [18]. Moreover, by co-culture with iron particles, the
viability of VSMC was dose-dependently affected due to the
up-regulation of oxidative stress gene heme oxygenase-1 [19,20]. It also
indicated that iron particles arrested VSMC in the G0/G1 phase by
inducing the generation of hydroxyl radicals [21–23]. However, this
beneficial effect has only been demonstrated in vitro and warrants in vivo
) Schematic of circulation model: a peristaltic pump was applied to mimic vessel
nsferred plasma from one end to the other. (b) To mimic the corroded micro-
el stent (S316L) was set as the control. Red and green arrows indicate the S316L
stent after 3 days' dynamic circulation test. The stent turned reddish brown.

rculation test, and insoluble yellow corroded granules were observed around the
became rough and uneven. (f) The components of the corroded iron stent were

t ratio changed in corroded granules (e.g., element ratios, including O and C,
nces to colour in this figure legend, the reader is referred to the Web version of
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validation. The incidence of intimal hyperplasia was lower in iron stents
than in S316L stainless-steel stents [12,24]. The production of corroded
iron granules was the major difference between the two stents. There-
fore, corroded granules were assumed to prevent restenosis by inhibiting
VSMC proliferation. To verify this hypothesis, we implanted a corroded
iron stent in the carotid artery. Iron-corroded granules were found to
inhibit VSMC proliferation by activating autophagy through the
AMPK/mTOR signaling pathway, which prevents restenosis after iron
stent implantation. Notably, we also found that the corroded granules
were hemocompatible. Overall, this study highlights the role of
iron-corroded granules in VSMC proliferation and provides a new
framework for restenosis prevention after stenting.

2. Materila and methods

2.1. Stent parameters and performance

The microstructure and composition of nitrided iron-based (Fe
alloyed with 0.074 wt% N) stent were presented in a previous study [25].
The nitrided iron used in this study was Fe alloyed with 0.074 wt% N,
struts thickness: 70 μm, Φ:3.0 � 18 mm. The S316L stent had the same
design as the nitrided iron stent, and the parameters of the S316L stent
were as follows: strut thickness, 70 μm; Φ, 3.0 � 18 mm. Iron and S316L
were manufactured by Lifetech Scientific Co. Ltd. (Shenzhen, China).
Vacuum plasma nitrided at 50 Pa (N2:H2 ¼ 1:3) at 500 �C for 2 h was
applied to produce the nitrided iron stent. All nitrided iron stents/S316L
stent were electrochemically polished and crimped into the balloon of a
rapid exchange catheter using an automatic crimping machine. All de-
vices underwent the final ethylene oxide sterilization process.

2.2. Corroded granules produced by iron stent

As presented in Fig. 1a–b, the device used in this experiment con-
sisted of three different parts: agarose covering the stent setup, the
monitoring machine, and the pumping system. The device workflow is as
follows. First, one end of the silastic tube was firmly connected to the
recycling pump, whereas the other end was immersed in Hank's solution.
The pump was used to transfer Hank's solution from one end to the other,
and a monitor machine was connected to the conduit system. This
monitoring machine was used to record changes in parameters such as
pH, Hank's solution temperature, and the dynamic velocity of the flow.
Hank's solution temperature was set between 36 �C and 37 �C, and the pH
was set between 7.35 and 7.45. The flow field parameters of peristaltic
pump are presented as following: Hank's solution in reservoir was
circulated at a constant rate of 550 ml/min. To calculate the corrosion
rate of the iron stent, the initial mass of iron stents was recorded prior
experiment. Agarose was used to cover the iron stent to mimic the
corroded microenvironment of the vessels. The S316L stent was used as a
control. All the stents were placed in the middle of the conduit. The stent
appearance and corrosion pits were monitored during system operation.
Different time points, including 24, 36, and 72 h, were used to evaluate
changes to the stent.

2.3. Iron corroded granules collection

Iron-based stent and S316L stent were cut into 0.1 � 0.1 mm pieces.
Then those granules were stored in a desiccator for 24 h and sterilized by
exposure to ultraviolet irradiation. After the sterilized process, the dy-
namic corrosion bench was applied. The pH value (7.35–7.45), tempera-
ture (37 � 0.5 �C), and dissolved oxygen (2.8–3.2 mg) of this device were
well controlled to approach the common values in human artery. Modified
HyCloneTM Hanks' Balanced Salt Solution was used for the corrosive
media as its ionic composition is similar to that of blood plasma. The
granules were immersed into the HyCloneTM Hanks’ Balanced Salt So-
lution for 7 days. After the corrosion procedure, the corrosion granules
were taken out, and then rapidly dried by the cool air from a blower.
3

2.4. RNA isolation and real-time PCR

An RNeasy Mini Kit (Qiagen) was used to collect cellular RNA
following the manufacturer's instructions. A TaqMan reverse transcrip-
tion kit (Applied Biosystems) was used for reverse transcription following
the manufacturer's instructions. The iQTM SYBR Green Supermix (Bio-
Rad) was used for amplification. The comparative Ct method was used to
determine relative mRNA quantities. The process was normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH forward
primer, 50-ACAGCAACAGGGTGGTGGAC-30 and reverse primer, 50-
TTTGAGGGTGCAGCGAACTT-30.

2.5. Stent implantation

All the rabbits received 10 mg aspirin and 10 mg clopidogrel the day
before the surgery. Before anesthesia and mechanical ventilation, the
rabbits were subcutaneously injected with diazepam (1 mg/kg) and ke-
tamine (25 mg/kg). The right femoral artery was surgically exposed and
a 4 F guide catheter was introduced using a 0.014-inch guidewire. A
stent/stent was introduced and positioned on the right side of the carotid
artery. The balloon catheters were inflated to 7–9 atm for 30s to deploy
the stent/stent. The parameters of the stent/stent have been described in
section 2.1. To avoid clotting during surgery, heparin (200 IU/kg) was
administered via catheter to maintain an activated coagulation time of
>300 s. All animals were fed a normal diet produced by the Guangzhou
Feed Institute. A minimum of six animals were used in each experimental
group. The initial mass of the stent was recorded before implantation. All
experimental procedures were approved by the Institutional Animal
Ethics Committee of Xiangya Hospital.

2.6. Carotid artery angiography detection

Angiographic images of the carotid artery were obtained using the
CGO-2100 Cath-Lab system (Wandong, China). Briefly, an angiographic
catheter was introduced at the proximal end of the carotid artery, and a
contrast agent was injected into the artery through the angiographic
catheter. Thereafter, the CGO-2100 Cath-Lab system was used to obtain
X-ray images of the same artery location, both before and after injecting
the contrast agent. The images were subtracted using the system to
obtain results. The protocol and procedures employed were reviewed and
approved by the appropriate institutional review committee.

2.7. Transmission electron microscopy (TEM)

VSMCs were collected to detect autophagosomes using TEM (H7500,
Hitachi). Pretreated samples were fixed in 2.5% glutaraldehyde in 0.1 M
PBS buffer and 1% osmium tetroxide (OsO4). The samples were then
dehydrated in alcohol and infiltrated with Araldite-Epon. TEM was used
to capture the autophagosomes in the samples. Each sample was analyzed
more than thrice.

2.8. Statistical analysis

The SPSS software package (version 18.0; SPSS Inc. Chicago. USA)
was used for statistical analysis. One-way analysis of variance (ANOVA)
was used to assess statistical differences between groups. Statistical sig-
nificance was set at P < 0.05.

3. Results

3.1. Detailed observation of corroded granules produced by iron stent

To detect the corroded granules produced by the iron stent, a peri-
staltic pump was used to mimic the pulsation of the vascular artery, as
shown in Fig. 1a–b. The iron stent showed no conspicuous changes on the
surface after 1 day of the dynamic circulation test. Notably, localized
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corrosion was observed in the iron stent after 3 days' circulation test, and
the stent appeared reddish brown. When the iron stent was corroded for
seven days, uniform corrosion was observed on the surfaces of the iron
stent, and yellow insoluble corroded granules were observed around the
struts (Fig. 1c). In particular, pitting corrosion was generated extensively
in the iron stent, the corrosion morphology of iron stent was exhibited in
Fig. 1d–e. The surface of the corroded iron stent become rough and un-
even, with large cracked shell-shaped corrosion products generated and
distributed throughout the surface. The weight of iron stent was reduced
by 2.1 � 0.6, 6.2 � 1.9, and 14.1 � 2.2 mg at 24, 48, and 72 h after the
circulation test. The average corrosion rate was 0.38� 0.08 mm/year. X-
ray diffraction (XRD) was performed to identify the components of iron
corroded granules further. According to the XRD analysis, major peaks
were attributed to the iron matrix. In addition, weak peaks of iron oxide
were found in the 2θ range of 30–70�. The characteristic peaks at 2θ ¼
32.9�, 33.5� and 36.2� were also found by diffraction patterns, corre-
sponding to the (100–0), (0002) and (100–1) planes of the crystal,
respectively.

3.2. VSMC proliferation was inhibited by implanting the corroded iron
stent

To detect the effects of corroded granules on VSMC proliferation, we
implanted the corroded iron stent into the carotid artery in a rabbit
model, and the S316L stent was used as the control (Fig. 2a–d). All
rabbits (n¼ 12; weight 5.0 kg� 0.4 kg) were successfully stented, and no
peri-procedural complications occurred during the experiment period.
Month 6 was set as the time point to evaluate the results. All rabbits
remained healthy until the final follow up. HE staining showed that the
intimal thickness was much lower in the corroded iron stent-implanted
group (Fig. 2e–f), and the intima/media (I/M) ratio was also
decreased. The proliferation of VSMCwas assessed using flow cytometry,
and the results indicated that the percentage of VSMC in the S phase was
reduced in the corroded iron stent group. However, no differences were
detected in the G0/G1 and G2/M phases (Fig. 2g–h). To investigate the
inhibition of VSMC proliferation further, osteopontin (OPN) expression
was detected using IF staining. Its expression was reduced in the
corroded iron stent group (Figs. S1a–b). Moreover, we measured α-SMA
expression in both groups. Consistent with the OPN results, the expres-
sion of α-SMA also decreased in the intima layer in the corroded iron
stent-implanted group (Figs. S1c–d). S100A4 demonstrated to be the
reliable marker of synthetic phenotype VSMCs by inhibiting phosphor-
ylation of target proteins. Then we measured the expression of S100A4
between corroded iron stent group and the control. The expression of
S100A4 was decreased in corroded iron stent group (Fig. S4h).

Because corroded granules are produced several days after stent im-
plantation, VSMC should not be affected following implantation of the
iron stent in the initial period. Based on this fact, we evaluated VSMC
proliferation at both month 1 and month 6 after stent implantation. As
expected, a few corroded granules were detected on month 1, whereas
numerous corroded granules were observed on month 6 (Fig. 2i). In
accordance with the deposition of corroded granules, the expression of
both OPN and α-SMA decreased on month 6 (Fig. 2j–k). Collectively,
these findings are consistent with the results drawn above, further con-
firming that corroded granules play an important role in VSMC
proliferation.

3.3. Corroded granules inhibit VSMC proliferation in vitro

To further investigate the effects of corroded granules on VSMC
proliferation, we performed a co-culture experiment. As shown in
Fig. 3a–b, more VSMCs were observed on the surface of the S316L stent
than on the corroded iron stent after 72 h. VSMC proliferation was
detected using the EdU assay. Consist with the results of the co-culture
assay, there were three-fold fewer EdU-positive cells detected in the
group pretreated with corroded iron granules (Fig. 3c). In addition, flow
4

cytometry was conducted to measure VSMC proliferation. The percent-
age of VSMC was markedly decreased in the S phase in the corroded iron
granule group (Fig. 3d–e). Moreover, corroded granules attenuated
VSMC proliferation in a dose-dependent manner (the optimal concen-
tration was about 10 mg/L) (Fig. 3f–g). In addition to VSMC prolifera-
tion, VSMC migration also proved to be associated with neointima
formation after stenting. Thus, scratch-wound assays were performed to
determine the role of corroded granules in this process. However, no
statistically difference was yield of the VSMC migration when pretreated
with the corroded iron granules. Similar results were obtained in trans-
well migration assay (data not shown). Those data suggested that iron
corroded granules inhibit VSMC proliferation but not migration in vitro.
Moreover, the co-culture experiment was performed to explore the ef-
fects of iron corroded granules on endothelial cell further. As presented in
Figs. S4a–b, no statistic differences were detected in the number of
HUVECs. CCK-8 assay revealed the absorbance value at 450 nm were
almost the same between the two groups (Fig. S4c).

3.4. Corroded iron granules inhibited VSMC proliferation by activating
autophagy

Autophagy has been shown to inhibit VSMC proliferation to prevent
neointimal hyperplasia. VSMCs were restrained after the corroded
granules were produced. Thus, we determined whether the corroded
granules regulate autophagy in VSMC after the iron stent was implanted.
Western blotting showed that the expression of p62 protein and LC3-II,
which are biomarkers of autophagy, was higher in the corroded iron
stent group than in the S316L stent implanted group (Figs. S2a–c).
Moreover, using transmission electron microscopy, we found that the
formation of autophagosomes was markedly increased in the iron stent
group (Figs. S2d–e). To further clarify whether the corroded granules
induced autophagy in PDGF-treated VSMC in vitro, we conducted co-
culture experiments; p62 and LC3-II were remarkably upregulated in
the corroded granule group. However, the effect vanished after pre-
treatment with the autophagy inhibitor 3-MA (Figs. S2f–g). To investi-
gate whether the corroded granules inhibited VSMC proliferation by
activating autophagy, we performed an EdU assay in the study. The
number of EdU-positive cells in the corroded granules group were much
fewer than that in the stainless granules group. However, this effect was
eliminated after pretreatment with 3-MA (Fig. S2h). Consistent with the
EdU test, the CCK-8 assay also indicated that the corroded iron granules
remarkably reduced cell viability in PDGF-stimulated VSMC, but this
effect was attenuated after co-treatment with 3-MA (Fig. S2i).

3.5. Corroded granules induced autophagy through AMPK/mTOR
signaling pathway

Activation of the AMPK/mTOR pathway induces autophagy was re-
ported to restrain VSMC proliferation in balloon-injured arteries. Thus,
we speculated that the corroded granules induced autophagy by acti-
vating the AMPK/mTOR signaling pathway. To test this hypothesis, we
measured the expression of AMPK/mTOR-related proteins in vitro.
Western blotting showed that the phosphorylation of AMPK (p-AMPK)
and the protein level of LC3-II were increased in the pre-treated group,
whereas the phosphorylation of mTOR (p-mTOR) was reduced
(Fig. 4a–c). To confirm the role of AMPK activity in autophagy regulated
by corroded granules, we performed si-AMPK transfection experiments.
LC3-II and p62 expression was induced by corroded granules decreased
in AMPK-deficient VSMC (Fig. 4d). Additionally, the number of EdU-
positive cells was remarkably increased in AMPK-deficient VSMC
(Fig. 4e–f). To further address the role of mTOR in autophagy, we
introduced the specific autophagy inducer rapamycin, which inhibits the
mammalian target of rapamycin (mTOR) pathway by binding to
mTORC1. After rapamycin inhibited the mTOR pathway, the decreased
protein expression of p62 and LC3-II were elevated in the negative
control group (Fig. 4g). Rapamycin pretreatment significantly reduced



Fig. 2. VSMC proliferation was inhibited by implanting the corroded iron stent. (a) Stent implantation surgery in rabbits. The right femoral artery was surgically
exposed, and a 4 F guide catheter was introduced with guidewire. All rabbits (n ¼ 12; weight 5.0 kg � 0.4 kg) were successfully stented. (b) Carotid artery angiography
during stent implantation. (c) The balloon catheter was inflated to 7–9 atm to deploy the stent; red arrow indicates the balloon catheter in the right carotid artery. (d)
Corroded iron stent was implanted into the right carotid artery; red arrow indicates position of the stent implanted into carotid artery. (e–f) HE staining showed that
the intimal thickness was lower in the corroded iron stent-implanted group. Yellow dashed lines demarcate the intimal hyperplasia after stenting. (g–h) Percentage of
VSMCs in the S phase were reduced in corroded iron stent group (flow cytometry) (i) Numerous corroded granules were produced around the struts on month 6 after
the iron stent implantation (the right one). However, few corroded granules could be found on month 1 (the left one). The green arrow indicates the corroded granules
accumulated around the struts of the iron stent. (j–k) Both OPN and α-SMA were decreased on month 6. Bars represent mean � SD. *P < 0.05; **P < 0.01. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Corroded granules inhibited VSMC proliferation in vitro. (a–b) VSMC proliferation was reduced on surface of the corroded iron stent. White arrows indicate
VSMC. (c) Numbers of EdU-positive cells were decreased when pretreated with corroded granules. (d–e) Corroded granules decreased the percentage of VSMCs in the
S phase (flow cytometry). (f–g) Corroded granules attenuated VSMC proliferation in a dose-dependent manner. White arrows indicate VSMCs. Bars represent mean �
SD. *P < 0.05; **P < 0.01.
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the number of EdU-positive cells in the control group (Fig. 4h). Similar
results were obtained from in vivo experiments. The iron stent-implanted
group exhibited increased AMPK expression and mTOR downregulation
compared to that of the S316L stent-implanted group (Fig. 4i). Collec-
tively, these data revealed that corroded granules stimulated autophagy
to inhibit VSMC proliferation via the AMPK/mTOR pathway.
3.6. Corroded iron stent inhibits VSMC proliferation in atherosclerotic
stenosis

VSMC proliferation was a key mechanism in restenosis. Thus, we
introduced the corroded iron stent to evaluate the effect of iron corroded
granules on VSMC proliferation in atherosclerotic artery stenosis, and a
6

balloon-induced intimal injury atherosclerotic stenosis model was
introduced for the study. Atherosclerotic stenosis was induced in the
carotid artery by a high-lipid diet, following balloon catheter injury to
the endothelium. Angiographic analyses were performed to verify artery
stenosis. All rabbits (n ¼ 14; weight 5.5 kg � 0.5 kg) were successfully
stented, 6 month was set as the time point to evaluate the results. No peri-
procedural complications occurred during the experiment period. As
shown in Fig. 5a, the cross-sectional area of the carotid artery decreased
after balloon injury-associated high-cholesterol feeding. Strikingly, the
stenosis segment re-expanded after deploying the corroded iron stent
(Fig. 5b), indicating a satisfactory mechanism support in atherosclerotic
stenosis. In addition, we found that the intimal thickness was lower in the
corroded iron stent-implanted group (Fig. 5c–d). Likewise, the intima/



Fig. 4. Corroded granules activated autophagy through AMPK/mTOR signaling pathway. (a–c) Phosphorylation of AMPK (p-AMPK) and the protein level of LC3-II
were increased in corroded granules group, whereas the phosphorylation of mTOR (p-mTOR) was reduced. (d) LC3-II and p62 expression induced by corroded
granules were decreased in AMPK-deficient VSMC. (e–f) EdU-positive cells were remarkably increased in AMPK-deficient VSMC. The white arrow indicates EdU-
positive cells. (g) Decreased protein expression of p62 and LC3-III were elevated in stainless granules group after introducing the rapamycin. (h) Rapamycin pre-
treatment significantly reduced the number of EdU-positive cells in stainless granules group. (i) Corrode iron stent implanted group exhibited increased AMPK
expression and mTOR down-regulation compared to that of S316L stent group. Bars represent mean � SD. *P < 0.05.
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media (I/M) ratio also decreased (Fig. 5e), and α-SMA expression was
attenuated in the intima layer (Fig. 5f). Flow cytometry analysis indi-
cated that the percentage of VSMC in the S phase was reduced, indicating
a low proliferation rate after the implantation of the corroded iron stent
(Fig. 5g). To investigate autophagy activity in atherosclerotic stenosis
areas, the expression of p62 protein and LC3-II was measured in this
study. Intriguingly, the p62 protein and LC3-II levels were higher in the
iron stent group (Fig. 5h). Consistent with the elevated levels of p62 and
7

LC3-II, autophagosome formation was found to increase after implanting
the corroded iron stent (Fig. 5i). However, after pre-treatment with the
autophagy inhibitor 3-MA, the number of autophagosomes was reduced
in the corroded iron stent-implanted group (Fig. S4g), and p62 and LC3-II
expression was also decreased (Fig. 5j). Intriguingly, no differences were
identified in the intimal thickness between the corroded iron stent-
implanted group and the S316L stent-implanted group (Fig. 5k). Taken
together, these findings indicate that the corrode granules produced by
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Fig. 5. Corroded iron stents inhibit VSMC proliferation in atherosclerotic stenosis. (a) Atherosclerotic stenosis was induced in right carotid artery by high lipid diet
following balloon catheter injury to the endothelium. The cross-section area was decreased in carotid artery after balloon-injury-associated high cholesterol feeding.
(b) The stenosis segment was re-expanded after deploying corroded iron stent. All rabbits (n ¼ 14; weight 5.5 kg � 0.5 kg) were successfully stented，and were
remained healthy until the final follow up. (c–d) Intimal thickness was lower in corroded stent-implanted group. Yellow dashed lines demarcate the intimal hy-
perplasia after stenting. (e) Intima/media (I/M) ratio was decreased in corroded stent-implanted group. (f) α-SMA expression was attenuated in intima layer in
corroded stent-implanted group. (g) Flow cytometry analysis indicated that the percentage of VSMC in the S phase were reduced in corroded iron stent-implanted
group. (h) Expression of p62 protein and LC3-II were increased in corroded iron stent-implanted group. (i) Autophagosomes formation was increased after deploy-
ing the corroded stent. (j) Expression of p62 protein and LC3-II were decreased after pre-treatment with the autophagy inhibitor 3-MA. (k) No statistical differences
were identified in intimal thickness between the two groups after pre-treatment with the autophagy inhibitor 3-MA. Bars represent mean � SD. *P < 0.05; **P < 0.01.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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iron stents prevent VSMC proliferation in atherosclerotic stenosis via
activating autophagy.

3.7. Corroded granules prevent inflammatory response in atherosclerotic
stenosis

Inflammatory mediators in atherosclerotic stenosis are essential for
stimulating VSMC proliferation after stenting. However, whether in-
flammatory cytokines are activated in response to the corroded stent is
unclear. To address this question, we investigated systemic inflammatory
cytokines after implanting the corroded iron stent. Remarkably,
compared with the S316L stent group, the levels of C-reactive protein,
TNF-α, and IL-6 were decreased in the iron-corroded stent-implanted
group (Fig. 6a). Conversely, the expression of TGF-β and IL-10 was
increased (Fig. 6b). However, no differences were identified in IL-1, IL-8,
and IL-12 levels between the groups (Fig. 6c). The development of
atherosclerotic restenosis involves complex patterns of interaction be-
tween inflammatory cells and VSMC proliferation. Thus, inflammatory
cells were associated with neoatherosclerosis and restenosis after the
stent was implanted. Therefore, we further measured inflammatory cell
infiltration. Consistent with the decrease in proinflammatory cytokines,
the percentage of neutrophil granulocytes (CD45þCD11bþLy6Gþ) was
reduced in the corroded iron stent-implanted group (Fig. 6d–e). How-
ever, the percentage of Tregs (CD4þCD25þFoxp3þ) was increased
(Fig. 6f). Notably, no significant differences were identified in M1 (F4/
80þCD11bþCD86þ) or M2 (F4/80þCD11bþCD206þ) between the
groups. These findings demonstrate that the inflammatory response in
atherosclerotic stenosis was attenuated by the iron-corroded stent.

3.8. Hemocompatibility evaluation of iron corroded granules

Corroded granules may be carried away by the blood and block
downstream distal branches. Thus, the risk of thrombosis after iron stent
implantation needs to be evaluated, and follow-up angiography was
performed in the study. As shown in Figs. S3a–c, no occlusion was found
in the distal branch of the iliac or intracranial arteries. Moreover, no
abnormalities were detected in the histomorphological observations of
the liver, kidneys, and lungs (Fig. S3d). The corroded granules could
possibly be degraded and release iron ions into the blood, which may
increase the concentration of serum iron ions and lead to heavy metal
intoxication. Therefore, we measured the levels of serum iron ions after
stent implantation. As shown in Table 1, the iron ion levels were normal,
and no statistical differences were found between the corroded iron stent
and S316L stent. Platelets are critical for restenosis after stenting, and we
measured platelet adhesion and activation on the corroded iron stent. As
shown in Fig. S3e, although numerous corrosion pits were produced on
the iron stent, almost all the platelets that adhered to the surface
remained round and showed no sign of pseudopodia-like structures,
indicating negative activation in the corroded iron stent. The PT and
APTT tests were used to evaluate the activation of coagulation factors. To
assess the effect of the corroded granules on coagulation factors, the
bioactivity of the coagulation factor was investigated further. As shown
in Fig. S3 f-g, the PT and APTT of the iron stent were almost the same as
those of the S316L stent group, indicating that the corroded granules did
not activate coagulation factors. Hemolysis ratio is critical to evaluate the
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hemocompatibility of blood-contacting materials. Thus, we evaluated the
hemolysis ratio. As presented in Fig. S4d, the hemolysis performance of
corroded iron stent and S316L stent were 0.59 � 0.18% and 0.61 �
0.17%, respectively, which was much lower than 5%, a judging criterion
for excellent blood compatibility according to ISO 10993–4. As the iron
stent corrosion changed the topography and chemistry in its surface, and
it is important to evaluate if these changes induced any toxicity to the
cells. Thus, cytotoxicity of corroded iron stent was measured using the
lactate dehydrogenase (LDH) assay. The result showed that corroded iron
stent had the similar amount of LDH expression compared to the positive
control (100% live cells), indicating neither the corroded iron stent nor
S316L stent induced cytotoxic effects (Fig. S4e). The complement system
plays an important role in the body's defense mechanism against foreign
invaders. Complement is activated by plasmin through the cleavage of C3
into C3a and C3b. Therefore, we measured the concentration of C3a in
serum after incubating with corroded iron stent and the S316L stent. As
exhibited in Fig. S4f, despite the C3a concentration was slightly higher in
corroded iron stent. However, no statistic differences were identified
between the two groups. Taken together, these data reveal that the
corroded iron stent had satisfactory hemocompatibility after
implantation.

4. Discussion

With the advent of DES, the incidence of neointimal hyperplasia has
decreased because of the suppression of VSMCs. Although the risk of in-
stent restenosis was reduced with DES, it prevented the re-
endothelialization process [26–28]. Therefore, the beneficial effects of
DES are at the cost of inhibiting neo-endothelial formation, which is
closely related to late and very late in-stent thrombosis. Thus, stents that
specifically target VSMCs but not the endothelium constitute the next
revolution in interventional technology. Bioresorbable stents were her-
alded as the fourth revolution in stents and were designed to avoid the
shortcomings posed by DES [29,30]. Iron and iron alloys are candidate
materials for bioresorbable stents because of their excellent mechanical
performance and biocompatibility [12,13,24]. Notably, the incidence of
intimal hyperplasia was previously demonstrated to be much lower in
nitrided iron-based stents than in S316L stents. We hypothesized that the
corroded granules produced by the iron stent prevented intimal hyper-
plasia by inhibiting VSMCs, as VSMC proliferation is one of the leading
causes of intimal hyperplasia.

To verify this hypothesis, we implanted the corroded stent into the
artery, we found that it attenuated VSMC proliferation, which inhibited
neointimal hyperplasia after stenting. This finding was further confirmed
in vitro in co-culture experiments. We also evaluated the safety and
biocompatibility of corroded granules after iron stent implantation.
Taken together, these results provide insights into iron-corroded granules
and a new framework for preventing neointimal hyperplasia after
stenting.

Iron is an essential element involved in diverse physiological pro-
cesses, including DNA synthesis and oxygen binding [15,16]. Iron plays a
beneficial role in intimal hyperplasia by antagonizing VSMC prolifera-
tion. In addition, in the presence of excess Fe (II), VSMC were mostly
retained in the quiescent and no proliferative G0 phase. These findings
imply that increased iron inhibits VSMC proliferation. However, this



Fig. 6. Corroded iron stents prevent inflammatory response in atherosclerotic stenosis. (a) Levels of C-reactive protein, TNF-α, and IL-6 were decreased in iron
corroded stent-implanted group. (b) Expression of IL-10 and TGF-β were increased in iron corroded stent-implanted group. (c) No statistical differences were identified
in IL-1, IL-8, and IL-12 between the iron corroded stent-implanted group and the S316L stent implanted group. (d) Gating strategies used for measurement of neu-
trophils (CD45þ CD11bþ Ly6Gþ). (e) Percentage of neutrophil granulocytes (CD45þCD11bþLy6Gþ) was reduced in iron corroded stent-implanted group. (f) Per-
centage of Tregs (CD4þCD25þFoxp3þ) were increased in iron corroded stent-implanted group. Bars represent mean � SD. *P < 0.05; **P < 0.01.
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potentially beneficial effect has only been demonstrated in vitro and re-
quires further validation in animal models. Therefore, we implanted a
corroded iron stent into the rabbit to study the role of the corroded
granules on VSMC using the S316L stent as the control. We found that the
expression of OPN, a biomarker of the synthetic phenotype, was greatly
decreased in the corroded stent group. In addition, the percentage of
VSMC in the S phase was reduced in the corroded stent group. These
findings suggest that VSMC proliferation was attenuated by the
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production of corroded granules. In addition to VSMC, neointimal hy-
perplasia was measured after iron stent implantation. Notably, we found
that the intimal thickness was much lower in the corroded stent group
and that the intima/media (I/M) ratio also decreased. Based on these
findings, we concluded that the corroded granules produced by the iron
stent inhibited VSMC proliferation, which consequently attenuated
neointimal hyperplasia after stenting.

In physiological conditions, VSMCs are in a quiescent state



Table 1
Level of serum iron ions after stenting.

Animal ID Group

S316L Stent (umol/L) Corroded Stent (umol/L)

1 67.4 75.9
2 75.9 65.4
3 65.3 77.7
4 71.4 69.3
5 82.1 86.4
6 78.3 79.5
7 68.7 76.3
P* 0.3979

*P < 0.05, considered statistically significant.
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characterized by a low rate of cell replication. However, once stimulated
by intimal injury or inflammatory remodeling, the quiescent VSMCs
demonstrated to shift from a contractile phenotype in media layer toward
a synthetic state into the intima layer. The synthetic phenotype of VSMCs
is characterized by proliferation and migration. OPN demonstrated to be
one of marker in VSMCs synthetic phenotype. As in this study, the
expression of OPN was reduced in corroded iron stent group, indicating
the percentage of synthetic phenotype decreased after the iron stent
corroded. In addition to the OPN, S100A4 demonstrated to be the reliable
marker of synthetic phenotype VSMCs by inhibiting phosphorylation of
target proteins. Then we also measured the expression of S100A4 be-
tween corroded iron stent group and the control. In consistent with the
results of OPN, the expression of S100A4 was decreased in corroded iron
stent group. Based on those results, we indicated that the percentage of
VSMCs in synthetic phenotype was decreased after iron stent corrosion.

The effects of the corroded granules on the VSMC were further vali-
dated according to the corroded phase after iron stent implantation.
Because corroded granules were generated several days after implanta-
tion, no observable effect occurred in the initial stages. Next, we assessed
the biological characteristics of VSMCs during the initial and later pe-
riods after stenting. As expected, a few corroded granules were observed
in the media layer in the initial state, and their levels increased signifi-
cantly in the later period. In line with the accumulation of corroded
granules, OPN and α-SMA expression also decreased in the later stages.
These findings are consistent with the results obtained from the animal
model presented above, further confirming that corroded granules
inhibit VSMC proliferation after iron stent implantation.

Local hemodynamic factors, including wall shear stress and blood
flow velocity, influence VSMC proliferation [31,32]. Mechanical
stretching caused by hemodynamic conditions promotes VSMC prolif-
eration by activating the PI3K/Akt, MAPK, and RhoA/Rho kinase path-
ways [33,34]. The surface of the corroded iron stent became rough and
uneven at the sites of the corroded pits. Thus, hemodynamic conditions
may change owing to themechanical structure generated by the corroded
pits. Therefore, the hemodynamic conditions between the corroded stent
and control stent must be navigated. The mechanical performance of
stents with different designs can be studied by computational analysis
using finite element analysis to assess the hemodynamic conditions
among the groups. Remarkably, although the corroded pits covered the
surface of the iron stent, no significant differences in wall shear stress
were detected between the corroded stent and control stent. This result
indicates that corrosion in the stent had minimal influence on the wall
shear stress. In addition to wall shear stress, the blood flow velocity was
almost the same between the two groups. Based on these results, the
influence of hemodynamic conditions on VSMC could be ruled out.

Autophagy is an important biological process involved in cellular
homeostasis [35–37]. Notably, autophagy was involved in regulating
VSMC proliferation, migration, and collagen secretion in response to
stimuli [36,38]. Here, we showed that corroded granules inhibited VSMC
proliferation by activating autophagy. In line with our findings, similar
studies have showed that the activation of autophagy inhibited the VSMC
proliferation. For instance, Cho et al. indicated that indatraline induces
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autophagy and prevents VSMC proliferation by inhibiting the mTOR/S6
kinase signaling pathway [39]. Zheng et al. reported that Nkx2-3 inhibits
VSMC proliferation by promoting autophagy through the AMPK/mTOR
signaling pathway [40]. In addition, inhibition of autophagy in VSMC
results in p16-mediated G1-cell cycle arrest and promotes collagen
secretion [41]. These observations, together with our findings, suggest
that autophagy plays an important role in restenosis by regulating VSMC
proliferation. However, some studies have shown that autophagy has the
opposite effect on VSMC proliferation. For example, pre-treatment of
VSMCs with the secreted protein sonic hedgehog promoted autophagy
and led to an increase in VSMC proliferation [42]. The reason for this
disparity in VSMC responses to autophagy could be as follows: uncer-
tainty exists regarding the cell signaling pathways, stimulation type, and
transcriptional processes that were varied to induce VSMC proliferation
in response to different stimuli. Additionally, autophagy is much more
complex, involving lysosomal degradation of extracellular material,
plasma membrane proteins, and cytosolic components. Therefore, the
effects of autophagy on VSMC function could be multifactorial. Thus,
further studies are required to elucidate the mechanism through which
autophagy regulates VSMC proliferation via corroded granules.

Previously, the AMPK/mTOR signaling pathway was found to be a
major regulator of autophagy. Notably, AMPK activation inhibited VSMC
proliferation and prevented vascular intimal hyperplasia. In contrast,
mTOR negatively regulates autophagy by phosphorylating Atg1/unc-51
like autophagy activating kinase 1 (ULK1) [43]. In addition, activation
of the AMPK/mTOR signaling pathway upregulated autophagy to
restrain VSMC proliferation in balloon-injured arteries [39,44]. Thus, we
speculated that corroded granules might induce autophagy by activating
the AMPK/mTOR signaling pathway. By detecting the expression of
AMPK/mTOR-related proteins both in vivo and in vitro, we revealed that
the phosphorylation of AMPK (p-AMPK) and the protein level of LC3 II
were increased in the corroded granule group, whereas p-mTOR was
reduced. Moreover, the number of EdU-positive cells was markedly
increased in AMPK-deficient VSMC. To clarify the role of mTOR in
autophagy activation, we introduced rapamycin to inhibit the mamma-
lian target of rapamycin pathway. Rapamycin pre-treatment significantly
reduced the number of EdU-positive cells in the control group. Addi-
tionally, the decreased protein expression of p62 and LC3-II/I were
elevated in this group. Taken together, this data proves that corroded
granules enhance autophagy via the AMPK/mTOR pathway and inhibit
VSMC proliferation; to our knowledge, this is the first work that proves
this relationship. Therefore, targeting mTOR and/or AMPK may provide
effective strategies to prevent vascular remodeling and restenosis after
stenting.

It should be mention that iron stent corrosion could influenced the Fe
ion release and the PH, which might also influence the cells behavior in
the study. We intended to set the new iron stent as the control at the
beginning. However, the new iron stent could be corroded after im-
plantation, and it had the similar effects of corroded iron stent on sur-
rounding cells. Therefore, we just set the S316L stent as the control, and
the effects of Fe ion releasing as well as the PH on VSMCs proliferation
cannot be ruled out from the study currently.

5. Conclusions

Neointimal hyperplasia induced by VSMC proliferation is a major
cause of restenosis. Thus, inhibiting VSMC proliferation is critical for
preventing in-stent restenosis. In this study, we demonstrated that iron
stent produced the corroded granules after implantation, and the main
component of the corrosion granules was iron oxide. In addition, the
corroded iron stent reduced the neointimal hyperplasia in an athero-
sclerotic stenosis model. Moreover, corroded granules decreased the
neointimal hyperplasia by inhibiting VSMC proliferation. We also
revealed that corroded granules reduced VSMC proliferation by acti-
vating autophagy through the AMPK/mTOR signaling pathway. Impor-
tantly, the safety of iron corroded granules was evaluated and proved to



D. Qiu et al. Materials Today Bio 16 (2022) 100420
be satisfactory hemocompatibility in rabbit model. Overall, the role of
corroded granules in restenosis prevention was described for the first
time. These findings provide insights into the role of iron-corroded
granules in inhibiting VSMC proliferation, pointing to a new direction
to prevent restenosis after stenting.
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