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Background: Restenosis is one of the worst side effects of percutaneous coronary intervention (PCI) due to
neointima formation resulting from the excessive proliferation and migration of vascular smooth muscle cells
(VSMCs) and continuous inflammation. Biodegradable Mg-based alloy is a promising candidate material
because of its good mechanical properties and biocompatibility, and biodegradation of cardiovascular stents.
Although studies have shown reduced neointima formation after Mg-based CVS implantation iz vive, these
findings were inconsistent with iz vitro studies, demonstrating magnesium-mediated promotion of the
proliferation and migration of VSMCs. Given the vital role of activated macrophage-driven inflammation
in neointima formation, along with the well-demonstrated crosstalk between macrophages and VSMCs, we
investigated the interactions of a biodegradable Mg-Nd-Zn-Zr alloy (denoted JDBM), which is especially
important for cardiovascular stents, with VSMCs via macrophages.

Methods: JDBM extracts and MgCl, solutions were prepared to study their effect on macrophages. To
study the effects of the JDBM extracts and MgCl, solutions on the function of VSMCs via immunoregulation
of macrophages, conditioned media (CM) obtained from macrophages was used to establish a VSMC-
macrophage indirect coculture system.

Results: Our results showed that both JDBM extracts and MgCl, solutions significantly attenuated
the inflammatory response stimulated by lipopolysaccharide (LPS)-activated macrophages and
converted macrophages into M2-type cells. In addition, JDBM extracts and MgCl, solutions significantly
decreased the expression of genes related to VSMC phenotypic switching, migration, and proliferation in
macrophages. Furthermore, the proliferation, migration, and proinflammatory phenotypic switching of
VSMC:s were significantly inhibited when the cells were incubated with CMs from macrophages treated with
LPS + extracts or LPS + MgCl, solutions.

Conclusions: Taken together, our results suggested that the magnesium in the JDBM extract could affect
the functions of VSMCs through macrophage-mediated immunoregulation, inhibiting smooth muscle

hyperproliferation to suppress restenosis after implantation of a biodegradable Mg-based stent.
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Introduction

Atherosclerosis is one of the leading causes of morbidity
and mortality in developed countries (1). In recent decades,
the incidence of atherosclerosis has been increasing
rapidly in developing countries due to the increasing
popularity of western lifestyles, resulting in this disease
becoming a global health concern (2,3). Percutaneous
coronary intervention (PCI), which involves implanting a
stent into a diseased artery, is regarded as an effective and
widely acceptable atherosclerosis treatment (4). However,
restenosis is still one of the major challenges associated
with PCI in the clinic. Neointima formation is reported to
be the main cause of restenosis, primarily due to excessive
proliferation and migration of vascular smooth muscle cells
(VSMCs) (5,6).

VSMCs, which are major cellular components of
the vasculature, are involved in various physiological and
pathological changes in the vascular wall (7,8). Because
these cells are not terminally differentiated, VSMCs
exhibit phenotypic and functional plasticity and play an
important role in responding to vascular injury (8). Under
physiological conditions, VSMCs exhibit a quiescent-
contractile phenotype and regulate blood pressure and
the redistribution of blood flow (8,9). The quiescent-
contractile phenotype of VSMCs is characteristic of the
stable expression of specific proteins, such as a-smooth
muscle actin (a-SMA), SM220, SM myosin heavy chain
(MHC), myocardin (MyoC), and H1-calponin (9,10).
Once the vessel is injured or stimulated by external signals,
VSMCs can switch from the contractile phenotype to the
pro-inflammatory phenotype. The latter phenotype exhibits
decreased expression of the proteins mentioned above and
increased proliferation and motility, thereby promoting
vascular wall repair (7). However, excessive VSMC
phenotypic transformation is a critical pathomechanism
of some vascular diseases, such as atherosclerosis, cerebral
microangiopathy, and hypertension (10-12).

In recent years, biodegradable metallic stents,
such as magnesium (Mg)-based stents, have been
regarded as promising biomedical implants due to their
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good mechanical properties, biocompatibility, and
biodegradability, which help to avoid sequelae such
as late in-stent restenosis and neoatherosclerosis after
implantation (6,12-14). Moreover, the rapid degradation
of Mg-based stents, whose main degradation product is
Mg ions, alters the vascular microenvironment, further
affecting the immune response and revascularization in
the vessel wall (15,16). In fact, although previous data
have demonstrated provascularization and proangiogenic
effects of Mg-based alloys in vitro and in vive (15-17),
only a few reports have studied the effects of alloys on
VSMCs. Waksman et a/. examined the biocompatibility
of bioabsorbable Mg alloys in porcine coronary arteries,
and the results showed that there was significantly less
neointima formation in segments with Mg alloy stents
than in those with stainless steel stents (18). Notably, this
in vivo finding seems to be inconsistent with previous in
vitro reports, showing that the Mg-based alloy extract
promoted the proliferation and migration of VSMCs (19).
To date, the underlying mechanism of these seemingly
contradictory effects of Mg-based alloys in vivo and in vitro
has remained unclear and needs to be elucidated.

In addition to the contribution of excessive VSMC
proliferation and migration, neointima formation is also
driven by local inflammation after PCI by means of early
neutrophil recruitment followed by prolonged macrophage
accumulation in stented arteries (20,21). Restenosis
resulting from intimal hyperplasia and the failure of re-
endothelization was reportedly correlated with an excessive
inflammatory response (20). Macrophages play an essential
role in the inflammatory response after PCI in terms
of their polarization into M1-type (proinflammatory)
and M2-type (anti-inflammatory) cells (22-26). M2
macrophages play a vital role in resolving inflammation
by switching gene expression toward anti-inflammatory
molecules (27). In particular, the complicated interaction
between macrophages and VSMCs during vascular injury,
which further leads to intimal hyperplasia, has been well
demonstrated (28). Herein, we hypothesized that Mg-
based alloys might affect the migration and proliferation
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of VSMCs via immunoregulation by macrophages. The
present study aimed to explore the potential mechanisms by
which Mg in Mg-based alloys regulated intimal hyperplasia
using a macrophage-VSMC coculture system in vitro.

We present the following article in accordance with the
Materials Design Analysis Reporting (MDAR) checklist
(available at https://dx.doi.org/10.21037/atm-21-1375).

Methods
FDBM extract preparation

The composition of the Mg-Nd-Zn-Zr alloy ingot (denoted
as JDBM), which was especially designed for vascular stents,
has been described in previous studies. The composition of
the biodegradable JDBM alloy is as follows (mass percent):
Mg: 97%, Nd: 2.1%, Zn: 0.21%, Zr: 0.5%, Mn: 0.009%,
Si: 0.006%, Cu: 0.005%, Fe: 0.002% (29-32). JDBM discs
(18 mm in diameter and 2.0 mm in height) were immersed
in an ultrasonic cleaning bath with ethanol and acetone
for 10 min and then sterilized by exposure to ultraviolet
light for 1 h before use. JDBM extracts were prepared
according to the ISO 10993 guidelines. Briefly, JDBM discs
were immersed in DMEM (High glucose, Gibco, USA)
supplemented with 10% fetal bovine serum (FBS) (Gibco,
USA) and 1% penicillin-streptomycin (PS) (HyClone, USA)
with a surface area/volume ratio of 1.25 cm’/mL at 37 °C
and 5% CO, for 72 h. After that, the extracts were then
harvested, filtered by a 0.2 pm filter, and stored at 4 °C (30).
"To avoid the cytotoxicity of full-strength extract (30), the
JDBM extracts were further diluted to 15% and 5% with
fresh complete DMEM supplemented with 10% FBS
(Gibco, USA) and 1% PS (HyClone, USA). Subsequently,
we detected the concentration of Mg ions from JDBM by
inductively coupled plasma atomic emission spectrometry
(ICP-AES, Perkin-Elmer Optima 2000, USA), and the
concentration of Mg ions from the 15% JDBM extract was
approximately 150 ppm (ppm equals 1 mg of substance per
liter, mg/L). As the molecular weight of Mg is 24 g/mol,
we prepared MgCl, solution at 6 mM of the final Mg ion
concentration similar to that of the 15% extract (150 mg/L).
Then, 2 mM MgCl, solutions were prepared to simulate
the Mg ion concentration of the 5% extract (50 mg/L).
Finally, the Mg, Nd, Zn, and Zr ion concentrations were
determined by ICP-AES, and pH of the complete DMEM
medium (control), JDBM extracts, and MgCl, solutions
were determined by a pH detector (PB-10, Sartorius,
Germany). ICP-AES is a method of emission spectroscopy
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that excites atoms and ions with a plasma, causing it to emit
electromagnetic radiation at wavelengths characteristic of
a particular element. For pH detection, the pH meter was
calibrated with pH buffer solutions (4.00 and 6.86) before
detecting the pH values of the solutions.

Cell culture and treatments

RAW?264.7 macrophage-like cells were cultured in DMEM
complete medium supplemented with 10% FBS and 1%
PS in a humidified 5% CO, incubator at 37 °C. To study
the effects of JDBM extracts and MgCl, solutions on
macrophages, cells were activated by lipopolysaccharide
(LPS, 1 mg/mL, Invitrogen, USA) for 6 h and then washed
with phosphate-buffered saline (PBS) 3 times. After that,
the activated RAW264.7 cells were treated with or without
5% extract, 15% extract, 2 mM MgCl,, or 6 mM MgCl,
for another 72 h. To prepare conditioned media (CM),
at the end of the culture time, the supernatants of each
group were sequentially collected, centrifuged for 5 min at
1,500 rpm, mixed with fresh DMEM complete medium at
a ratio of 1:1, and stored at -80 °C until use. A7r5 VSMCs
were cultured in different CMs for another 72 h before a
series of functional assays.

Cell proliferation and viability assays

The cell counting kit-8 (CCK-8) assay (Dojindo, Japan)
evaluated cell proliferation and viability according to the
manufacturer’s instructions. Briefly, RAW264.7 cells or
A7r5 cells were seeded into 96-well plates and then treated
as described above. Then, the cell media culture was
removed, and the cells were washed with PBS twice. After
that, 100 pL. of DMEM containing 10% CCK-8 solution
(Dojindo, Kumamoto, Japan) was added to each well,
followed by incubation for 3 h in a humidified 5% CO,
incubator at 37 °C. Finally, the absorbance was measured
in a microplate reader (BioTek, Winooski, VI, USA) at a
450 nm test wavelength.

Apoptosis and necrosis detection by flow cytometry

Annexin V-FITC and propidium iodide (PI) (BD, USA)
were used to measure cell apoptosis and necrosis according
to the manufacturer’s instructions. The target protein of
Annexin V-FITC is Annexin V, and PI is a fluorescent dye
that binds to DNA. The cells were treated, harvested, and
washed with cold PBS. Then, the cells were suspended
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in 1x Annexin binding buffer and stained with Annexin
V-FITC and PI for 15 min in the dark at room temperature.
Finally, apoptotic and necrotic cells were analyzed by flow
cytometry (FACS, Canto II, BD, USA). For the gating
strategies, forward versus side scatter (FSC vs. SSC) gating
was used to identify cells of interest based on size and
granularity (complexity), then a two-parameter density plot
was used to distinguish specific cell populations by creating
a plot of Annexin V vs. PI. Each quadrant represented a
specific cell population: (I) Annexin V-/PI-: living cells; (II)
Annexin V+/PI-: early apoptotic cells; (IIT) Annexin V+/PI+:
late apoptotic cells; (IV) Annexin V-/PI+: necrotic cells.

Cell cycle analysis by flow cytometry

A7r5 cells were harvested after being cultured in different
CMs for 72 h. The cells were washed once with cold PBS,
fixed in ice-cold 70% ethanol, and then stored at -20 °C
overnight. After that, the cells were washed with PBS,
suspended in 500 pL of PBS containing 100 pg/mL RNase
A and 150 pg/mL PI (Beyotime, China), and incubated at
4 °C for 30 min. Finally, the cells were collected and
analyzed by FACS (Canto II, BD, USA).

Transwell migration and wound healing assays

For the transwell migration assay, A7r5 cells were seeded
at a density of 5x10%mL in 100 pL of serum-free DMEM
in the upper chamber of the inserts (8 pm pore size,
Corning, USA), and different CMs were added to the lower
chambers. After 8 h of incubation in a humidified 5% CO,
incubator at 37 °C, the cells on the upper side of the insert
were removed, and cells on the bottom side were washed
with PBS, fixed with 4% paraformaldehyde for 10 min, and
stained with hematoxylin and eosin. Finally, images were
captured, and the cell number was determined by counting
5 random microscopic fields (x200).

For the wound healing assay, A7r5 cells were seeded at a
density of 5x10° cells/well in a 6-well plate. After incubation
for 24 h, adherent A7r5 cells were scratched with pipette
tips and washed with PBS. Different CMs were added to
the cells and incubated for 48 h, and then NIH ImageJ 1.46
software was used to quantify the migration ability of cells by
subtracting the scratch distance at 0 h from the area at 48 h.

Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated using TRIzol reagent
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(Invitrogen, USA), and ¢cDNA was synthesized with a
ReverTra Ace qPCR RT kit (Toyobo, Japan) according
to the manufacturer’s instructions. Subsequently,
qPCR was performed with SYBR Green real-time
PCR master mix (Toyobo, Japan). The quantity and
quality of RNA were determined by NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, USA). The
expression levels of target genes were evaluated using the
AACt method and were normalized to GAPDH. The
primer sequences of the target genes are listed in Table S1.

Statistical analysis

The data are presented as the mean = standard deviation
(SD). Statistical analysis was performed using the Mann-
Whitney U test or one-way ANOVA with Tukey’s honestly
significant difference (HSD) test and SPSS software. The
differences were considered significant at a P value <0.05.

Results

The cytotoxic effects of FDBM extracts and MgCl, solutions
on macrophages

Since Mg ions are the main degradation product of Mg-
based alloys, we investigated the role of Mg ions from
JDBM in this study by preparing 15% and 5% JDBM
extracts and MgCl, solutions with equivalent Mg ion
concentrations of 6 and 2 mM, respectively (Figure 1A4).
The control group, which was comprised of a DMEM
complete medium, also contained a low concentration of
Mg (Figure 1A4), providing a basal Mg level for cells.

Then, we evaluated the cytotoxic effects of JDBM
extracts and MgCl, solutions on macrophages. After
incubation for 72 h, the cell viability and percentages of
apoptotic and necrotic cells were similar between groups,
indicating that neither JDBM extracts nor MgCl, solutions
exerted cytotoxic effects on macrophages (Figure 1B,1C).

The effects of FDBM extracts and MgCl, solutions on the
polarization of macropbages

After the macrophages were treated with LPS for 6 h,
the activated macrophages were incubated with JDBM
extracts and MgCl, solutions for another 72 h. As shown in
Figure 2A4,2B, compared with the control treatment, the
15% JDBM extract and 6 mM MgCl, solution significantly
downregulated the expression of proinflammatory genes,
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Figure 1 The cytotoxicity of JDBM extracts and MgCl, solutions on RAW264.7 cells. (A) The magnesium concentration and pH of JDBM
extracts and MgCl, solutions were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) and a pH detector,
respectively, and each experiment was repeated 3 times. After incubation with JDBM extracts or MgCl, solutions for 3 days, the viability
of RAW264.7 cells was determined by the cell counting kit-8 (CCK-8) assay (n=8), (B) and the percentages of apoptotic and necrotic cells
were determined by flow cytometry. Forward versus side scatter (FSC vs. SSC) gating was used to identify cells of interest based on size and
granularity (complexity), then a two-parameter density plot was used to distinguish specific cell populations by creating a plot of Annexin
V vs. propidium iodide (PI). Each quadrant represents a specific cell population: (I) Annexin V-/PI-: living cells; (II) Annexin V+/PI-: early
apoptotic cells; (IIT) Annexin V+/PI+: late apoptotic cells; (IV) Annexin V-/PI+: necrotic cells (C). Statistical analysis was performed by one-
way ANOVA, and P value <0.05 was considered as significant.

such as Tufa and /-6, while the 5% JDBM extract and 2 The effects of FDBM extracts and MgCl, solutions on the
mM MgCl, solution significantly inhibited 7Txfa but not I/-6 expression of genes related to VSMC phenotypic switching,
expression. Moreover, the 15% JDBM extract and 6 mM migration, and proliferation in macrophages

MgCl, solution significantly downregulated the expression

of Ml-associated genes (INOS and Cd$6) and significantly Furthermore, we evaluated the effect of JDBM extracts

upregulated the expression of M2-associated genes (C4163 and MgCl, solutions on the expression of genes related to
and C4206). However, the 5% JDBM extract and 2 mM  VSMC phenotypic switching, migration, and proliferation
MgCl, solution only significantly regulated some M1- in macrophages. The results showed that the 15% JDBM
and M2-related genes (/NOS and Cd163), and the expression extract and 6 mM MgCI, solution could significantly
of Cd86 and Cd206 was similar in the different groups (Figure downregulate the expression of matrix metalloproteinases
2C-2F). (Mmp-2 and Mmp-9), which are regulators of extracellular
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Figure 2 The effects of JDBM extracts and MgCl, solutions on proinflammatory cytokine expression and the polarization of RAW264.7
cells. After treatment with JDBM extracts and MgCl, solutions for 3 days, the expression of Tnfa (A) and I1-6 (B) in RAW264.7 cells
was determined by quantitative reverse transcription PCR (RT-qPCR). M1 macrophage-associated markers (C,D) and M2 macrophage-

associated markers (E,F) were also measured by RT-qPCR. * P<0.05 vs. the control group. Error bars represent the standard deviation

(SD) of quadruplicate experiments. Statistical analysis was performed by the Mann-Whitney U test, and P value <0.05 was considered as

significant.

matrix (ECM) composition and facilitate the migration
of VSMCs (Figure 34,3B). In addition, these treatments
significantly decreased the expression of platelet-
derived growth factor subunit B (Pdgfb), transforming
growth factor beta (Tgfb), and vascular cell adhesion
molecule 1 (Veam-1), all of which have been reported to
play roles in promoting VSMC phenotypic switching,

© Annals of Translational Medicine. All rights reserved.

proliferation, and migration (Figure 3C-3E). Unexpectedly,
it was interesting to note that the JDBM extracts and MgCl,
solutions with low but not high concentrations of Mg™* (2
mM) could increase the expression of vascular endothelial
growth factor (Vegf) in macrophages (Figure 3F). This is
in line with previous studies which showed the interaction
between M2 macrophages and VEGE. On the one hand,
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Figure 3 The effects of JDBM extracts and MgCl, solutions on the expression of genes related to vascular smooth muscle cell (VSMC)
phenotypic switching, migration, and proliferation in RAW264.7 cells. After treatment with JDBM extracts and MgCl, solutions for 3 days,
gene expression was determined by quantitative reverse transcription PCR (RT-qPCR) (A-F). *P<0.05 vs. the control group. Error bars

represent the standard deviation (SD) of quadruplicate experiments. Statistical analysis was performed by the Mann-Whitney U test, and P

value <0.05 was considered as significant.

M2 macrophages could secrete VEGF to stimulate
angiogenesis, while on the other hand, VEGF contributes
to macrophage recruitment and M2 polarization (33-36).

The cytotoxic effects of CMs on VSMCs

To study the effects of JDBM on the function of VSMCs
via macrophage-mediated immunoregulation, CMs were

© Annals of Translational Medicine. All rights reserved.

obtained from macrophages to establish an indirect VSMC-
macrophage coculture system. A7r5 cells were cultured in
different CMs for 72 h, and the cytotoxic effects of the CMs
were determined. The results showed that the percentages
of apoptotic and necrotic cells and cell cytotoxicity were
similar between groups (Figure 44,4B). The amount
of spontaneous apoptosis determined by the Bax/Bcl-
2 ratio was also similar between groups (Figure 4C-4E).
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Figure 4 The biocompatibility of conditioned medias (CMs) with A7r5 cells. CMs, which were derived from RAW264.7 cells treated with
JDBM extracts or MgCl, solutions, were added to A7r5 cells and incubated for 72 h. (A) The percentages of apoptotic and necrotic A7r5
cells were determined by flow cytometry. Each quadrant represents a specific cell population: (I) Annexin V-/PI-: living cells; (II) Annexin
V+/PI-: early apoptotic cells; (III) Annexin V+/PI+: late apoptotic cells; (IV) Annexin V-/PI+: necrotic cells. (B) The cytotoxicity of cells was
analyzed by lactate dehydrogenase (LDH) assays (n=3) (B), and the ratio of Bax/Bcl-2 was determined by quantitative reverse transcription
PCR (RT-qPCR). Error bars represent the standard deviation (SD) of quadruplicate experiments (C-E). (F) The morphology of A7r5 cells
was observed by microscopy. Scale bar =25 pm. Statistical analysis for LDH assays was performed by one-way ANOVA, and statistical
analysis for RT-qPCR was performed by the Mann-Whitney U test. P value <0.05 was considered as significant.

Furthermore, the CMs from different groups did not affect The effects of CMs on the cell cycle and proliferation of
the cellular morphology of VSMCs (Figure 4F). These VSMCs

results indicated that none of the CMs exerted cytotoxic

effects on VSMCs and could be used in further studies. Increased proliferation has been reported to be a
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Figure 5 The effects of conditioned medias (CMs) on the proliferation of A7r5 cells. A7r5 cells were treated with different CMs for 72 h.
The cell cycle was analyzed by flow cytometry (n=3) (A-D). Cell cycle proteins were measured with quantitative reverse transcription PCR

(RT-qPCR), and error bars represent the standard deviation (SD) of triplicate experiments (E,F). The cellular growth rate was analyzed by

the cell counting kit-8 (CCK-8) assay (n=8) (G). *P<0.05 vs. the control group. Statistical analysis for the cell cycle assay was performed by
one-way ANOVA, and statistical analysis for RT-qPCR and the CCK-8 assay was performed by the Mann-Whitney U test. P value <0.05

was considered as significant.

characteristic of VSMC switching to a proinflammatory
phenotype. Therefore, we evaluated the effect of different
CMs on the cell cycle and proliferation of VSMCs.
As shown in Figure 5SA-5F, compared with the control
group CM, CMs from macrophages treated with high
concentrations of JDBM extract and MgCl, solutions
induced G1-phase cell cycle arrest and the loss of p21 and
Cyclin D1. In addition, all CMs from macrophages treated
with JDBM extracts and MgCl, solutions significantly
decreased the proportions of VSMCs in S phase. Not

© Annals of Translational Medicine. All rights reserved.

surprisingly, as shown in Figure 5G, compared with the
control group CM, all CMs from macrophages treated
with JDBM extracts and MgCl, solutions significantly
inhibited the proliferation of VSMCs in a dose-dependent

manner.

The effects of CMs on the migration of VSMCs

Next, a transwell migration assay was used to study the
effects of CMs on the migration of VSMCs. The results

Ann Transl Med 2021;9(16):1292 | https://dx.doi.org/10.21037/atm-21-1375
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standard deviation (SD) (n=3). *P<0.05 vs. the control group. Statistical analysis was performed by one-way ANOVA, and P value <0.05 was

considered as significant.

showed that, compared with the control group CM, CMs
from macrophages treated with JDBM extracts and MgCl,
solutions significantly inhibited the migration of VSMCs
in a dose-dependent manner (Figure 64). The wound
healing assay (Figure 6B) further confirmed these results.
Figure 6C,6D show the statistical analysis data. These
results suggested that JDBM extracts and MgCl, solutions
could significantly inhibit the migration of VSMCs via
macrophage-mediated immunoregulation.

© Annals of Translational Medicine. All rights reserved.

The effects of CMs on the polarization of VSMCs

In addition to the effects of different CMs on proliferation
and migration, the effects of different CMs on the
polarization of VSMCs were also evaluated by measuring
the gene expression of VSMC contractile markers,
including sm-MHC, o-Sma, Myoc, and Sm22a. The results
showed that compared with the control group CM,
CMs from macrophages treated with JDBM extracts and

Ann Transl Med 2021;9(16):1292 | https://dx.doi.org/10.21037/atm-21-1375
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Figure 7 The effects of conditioned medias (CMs) on the polarization of A7r5 cells. A7r5 cells were treated with CMs for 72 h, then

phenotype-related markers were determined by quantitative reverse transcription PCR (RT-qPCR). Error bars represent the standard

deviation (SD) of quadruplicate experiments. *P<0.05 vs. the control group. Statistical analysis was performed by one-way ANOVA, and P

value <0.05 was considered as significant.

MgCl, solutions significantly upregulated the expression
of sm-MHC and Myoc. However, the expression of
a-Sma and Sm22a was similar in the different groups
(Figure 74-7D). These results indicated that JDBM
extracts and MgCl, solutions could significantly inhibit
the phenotypic switching of VSMCs to a proinflammatory
phenotype via macrophage-mediated immunoregulation.

Discussion

Restenosis after PCI, which is mainly due to intimal
hyperplasia, remains a significant clinical problem, such
as in coronary artery bypass graft failure (21,37). Intimal
hyperplasia is mainly caused by the proliferation and
migration of VSMCs and excessive inflammation due to
activated macrophages (25). Biodegradable Mg-based alloys,
which have been reported to be promising candidates for
cardiovascular stents, were shown to reduce neointima

© Annals of Translational Medicine. All rights reserved.

formation in vive (18,38). In contrast, iz vitro studies
showed that Mg ions could promote the proliferation and
migration of VSMCs (14). These seemingly contradictory
results suggest the presence of complex regulatory effects
on the phenotypic change in VSMCs induced by Mg-
based alloys i vive. This study aimed to elucidate the
mechanisms underlying the seemingly contradictory
results from iz vivo and in vitro studies. We simulated
the physiological environment using a macrophage-
VSMC coculture system iz vitro and demonstrated that
JDBM extract could affect VSMC phenotypic switching,
migration, and proliferation by macrophage-mediated
immunoregulation, in which Mg ions play a vital role.
Three major results were observed: (I) JDBM extracts and
MgCl, solutions significantly alleviated the inflammatory
response induced by LPS in macrophages by reversing
the polarization of proinflammatory M1 macrophages to
an anti-inflammatory M2 phenotype; (II) JDBM extracts

Ann Transl Med 2021;9(16):1292 | https://dx.doi.org/10.21037/atm-21-1375
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proliferation in macrophages, further inhibiting the phenotypic switching, migration, and proliferation of VSMCs.

and MgCl, solutions significantly decreased the expression
of genes related to VSMC phenotypic switching, migration,
and proliferation in macrophages; and (III) CMs derived
from LPS-activated macrophages treated with JDBM
extracts or MgCl, solutions inhibited VSMC proliferation,
migration, and phenotypic switching from a contractile
phenotype to a proinflammatory phenotype (Figure §8).
Increasing evidence has suggested the vital role of
inflammation in the initiation and development of
neointimal hyperplasia and subsequent restenosis (39).
An upregulation in cell adhesion molecules (CAMs) is the
initial event observed after PCI by recruiting leukocytes of
monocyte and granulocyte lineage to the damaged vessel
wall, followed by monocyte-derived macrophages invading
the forming neointima and clustering around the stent
struts (37). Other inflammatory cells, including T cells
and neutrophils, have also been reported to be involved
in the vascular response to injury and the development
of neointimal hyperplasia (39,40). These inflammatory
cells secrete various mitogens that play crucial roles in
VSMC dedifferentiation, migration, and proliferation (39).

© Annals of Translational Medicine. All rights reserved.

Among the inflammatory cells mentioned above, the
diversity and plasticity of macrophages play important
roles in multiple biological processes after PCI, including
tissue repair, inflammation, foreign body reaction, and
restenosis (41). In this study, we showed that JDBM extracts
were capable of inhibiting the inflammatory response in
LPS-activated macrophages, as well as skewing M1/M?2
polarization towards the anti-inflammatory M2 type. These
results indicated that consistent with previous studies on
biodegradable Mg-based alloys (15,32,38), JDBM had
a significant biological effect on the modulation of
macrophage function, which could further influence VSMC
dedifferentiation, migration, and proliferation. Numerous
signaling pathways have been demonstrated in previous
studies to be involved in M2 macrophage polarization,
including the NF-xB, JAK-STAT, Akt-p18-mTOR-LXR,
and PTEN/PI3k/AKT pathways, among others (41-43).
Of note, the transient receptor potential cation channel
subfamily M member 7 (TRPM?7), which is a predominant
Mg”* channel in mammalian cells, plays a pivotal role in
regulating the functions of macrophages (44). Our previous
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studies reported that Mg from the degradation products of
JDBM inhibited the inflammatory response of THP-1 cell-
derived macrophages through the TRPM7-PI3K-AKT1
signaling axis.

Furthermore, Mg ions scavenged intracellular reactive
oxygen species (ROS) to prevent the inflammatory response
based on the LPS-induced activation of the TLR-4-
MYD88-NF-kB/MAPK signaling pathway (29). However,
up to now, studies on the regulation of macrophage
polarization by Mg ions are still limited. Further studies,
for instance, high-throughput multi-omic analyses, are
still needed to reveal the underlying mechanism of Mg on
macrophages.

In fact, the crosstalk between macrophages and VSMCs
has been well documented in vascular disorders such as
atherosclerosis, in-stent restenosis, and vein graft disease
(45,46). Furthermore, there is an emerging understanding
that there is an interaction between macrophages and
VSMCs, and the macrophage secretion profile influences
the VSMC phenotype (28,47). For example, PDGEF-
BB, which has been regarded as one of the most potent
mitogens and chemoattractants for VSMCs, was reported
to induce phenotypic switching, proliferation, migration,
and MMP-2 upregulation in VSMCs (48,49). Morisaki
et al. reported that macrophages modulate the phenotype
of cultured rabbit aortic smooth muscle cells through the
secretion of PDGF (50). A similar research group reported
that PDGF suppressed the expression of the smooth
differentiation markers a-SMA, SM-MHC,

and a-tropomyosin in vivo (51). Yang er al. reported that

muscle cell

macrophage-derived MMP-8 determined smooth muscle
cell differentiation from adventitial stem/progenitor
cells and promoted neointimal hyperplasia (52). A recent
study also showed that extracellular vesicles derived from
macrophage foam cells could promote VSMC migration and
adhesion (53). In addition, it was found that some miRNAs
were also involved in the crosstalk between macrophages
and VSMCs. MiR-195 could inhibit the proinflammatory
profile of macrophages and impact crosstalk with smooth
muscle cells (45). In this study, we reported that Mg-based
JDBM extracts and MgCl, solutions significantly decreased
some macrophage-derived genes, which were reported to
promote VSMC phenotypic switching, proliferation, and
migration. These results could at least partly explain our
later observation of the effect of the different CMs on the
proliferation, migration, and polarization of VSMCs.

Our study also has some limitations. First, we used only
cell lines and not confirmed in primary human cells because

© Annals of Translational Medicine. All rights reserved.

Page 13 of 16

it is hard for us to obtain the primary human cells. Second,
we used CM to establish a macrophage-VSMC coculture
system 7z vitro to study the indirect role of Mg on VSMCs
via macrophages. However, the microenvironment and
intercellular interactions 7z vivo are quite complex; thus, the
results from iz vitro studies can only partly represent the
physiological conditions iz vive. In addition, the molecular
mechanism underlying the regulation of Mg on VSMCs via
macrophages was not determined in this study, and further
research will be done shortly.

Conclusions

In summary, in the present study, we provide novel insights
into the mechanism by which Mg-based alloys function in
preventing restenosis, namely, that Mg ion from the Mg-
based alloys could influence VSMC phenotype through
modulating macrophage functions. The protective effects of
Mg-based alloys make them an exciting therapeutic prospect
in further clinical applications of Mg-based vascular stents.
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