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Abstract

Medial arterial calcification (MAC), a systemic vascular disease different from
atherosclerosis, is associated with an increased incidence of cardiovascular events.
Several studies have demonstrated that ambient temperature is one of the most
important factors affecting cardiovascular events. However, there has been limited
research on the effect of different ambient temperatures on MAC. In the present study,
we showed that cold temperature exposure (CT) in mice slowed down the formation of
vitamin D (VD)-induced vascular calcification compared with room temperature
exposure (RT). To investigate the mechanism involved, we isolated plasma-derived
exosomes from mice subjected to CT or RT for 30 days (CT-Exo or RT-Exo,
respectively). Compared with RT-Exo, CT-Exo remarkably alleviated the
calcification/senescence formation of vascular smooth muscle cells (VSMCs) and
promoted autophagy by activating the phosphorylation of AMP-activated protein
kinase (p-AMPK) and inhibiting phosphorylation of mammalian target of rapamycin
(p-mTOR). At the same time, CT-Exo promoted autophagy in B-glycerophosphate (-
GP)-induced VSMCs. The number of autophagosomes and the expression of
autophagy-related proteins ATGS5 and LC3B increased, while the expression of p62
decreased. Based on a microRNA chip microarray assay and real-time polymerase
chain reaction, miR-320a-3p was highly enriched in CT-Exo as well as thoracic aortic
vessels in CT mice. miR-320a-3p downregulation in CT-Exo using AntagomiR-320a-
3p inhibited autophagy and blunted its anti-calcification protective effect on VSMCs.
Moreover, we identified that programmed cell death 4 (PDCD4) is a target of miR-
320a-3p, and silencing PDCD4 increased autophagy and decreased calcification in
VSMCs. Treatment with CT-Exo alleviated the formation of MAC in VD-treated mice,
while these effects were partially reversed by GW4869. Furthermore, the anti-arterial
calcification protective effects of CT-Exo were largely abolished by AntagomiR-320a-
3p in VD-induced mice. In summary, we have highlighted that prolonged cold may be

a good way to reduce the incidence of MAC. Specifically, miR-320a-3p from CT-Exo
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could protect against the initiation and progression of MAC via the AMPK/mTOR
autophagy pathway.

Keywords: Cold exposure, Arterial calcification, Plasma-derived exosomes,

Autophagy, Senescence, miR-320a-3p, PDCDA4.
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Introduction
The benefits of outdoor swimming in the winter and cold bathing are well known.
Indeed, the physiological response of humans to cold environments has been studied
for a long time. So-called cold exposure refers to the direct exposure of the human body
to an environment lower than normal temperature (20°C). In a cold environment, the
human body can produce a series of physiological reactions, but no definitive
conclusion has been reached because this special environment has many influences on
the human body, and the individual responses to the cold environment are also different.
Researchers have shown that cold exposure can affect the activities of the nervous[1],
cardiovascular[2, 3], musculoskeletal[4, 5], immune[6] and endocrine systems[7]. Cold
environments induce long-term effects that increase the risk of cardiovascular disease
(CVD) morbidity and mortality[8]. However, no studies have been reported on the
effect of cold environments on the development of medial arterial calcification (MAC).
The founder of modern medicine, William Osler, once put forward the view of
‘vascular ageing, a man is as old as his arteries’, revealing the important connection
between vascular ageing and individual ageing[9]. MAC is an important part of
vascular ageing. It is a systemic vascular disease that is distinct from atherosclerosis
and is commonly seen in diabetes, end stage renal disease and ageing, resulting in
increased vascular stiffness[10, 11], diastolic heart failure[12], impaired coronary
perfusion[13] and chronic limb ischaemia[14]. MAC was previously thought to be a
simple passive deposition of calcium and phosphorus. However, researchers have paid
more attention to the pathogenesis of arterial calcification since the discovery of bone
morphogenetic protein (BMP) in tissue with MAC[15-19]. Nonetheless, the
pathogenesis of MAC has not been fully elucidated — except for the pathogenesis of
arterial calcification caused by a single gene mutation, which has been clearly studied
— and there is a lack of treatment for the disease.
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According to MISEV 2018, extracellular vesicles (EVs) can be divided into two
subgroups: small EVs (sEVs or exosomes, < 100 nm or < 200 nm) and medium/large
EVs (m/IEVs, > 200 nm)[20]. Exosomes are membranous vesicles secreted by cells,
usually 50-150 nm in diameter, which are widely present in various body fluids and
carry lipids, proteins, messenger RNAs (mRNAs), microRNAs (miRNAs), non-coding
RNAs (ncRNAs) and other important biological function molecules[21-25].
Calcification of the major arteries is an important phenotype of vascular ageing.
Researchers have found that exosomes play different roles in MAC[26-29]. Thus, we
hypothesis exosomes may serve as communication vesicles and mediate vascular
calcification at an ambient temperature.

Autophagy is associated with many physiological and pathological processes, such
as development, differentiation, neurodegenerative diseases[30, 31], stress[32],
infection[33] and cancer[34]. Mammalian target of rapamycin (RAPA) (mTOR) is an
important kinase that regulates the induction of autophagy. Activated mTOR acts via
AKT and mitogen-activated protein kinase (MAPK) signalling to inhibit autophagy,
while adenosine monophosphate—activated kinase (AMPK) and p53 signalling
negatively regulate mTOR to promote autophagy. Studies have shown that autophagy
is particularly closely related to ageing[35]. Cell ageing and autophagy have a common
regulatory pathway that involves key proteins such as mTOR, SIRTL and p53. With
ageing, cellular senescence is usually accompanied by a decrease in the level of
autophagy as well as the degradation of damaged organelles and proteins; the decrease
in the level of autophagy can accelerate the ageing process[13, 36]. Multiple studies
have shown that autophagy occurs in the context of atherosclerosis[37-39] and
hypertension[40]. Evidence suggests that RAPA, an inducer of autophagy, prevents
phenotypic switching and the hyperproliferation of vascular smooth muscle cells
(VSMCs)[41]. Therefore, autophagy may act as an endogenous protective mechanism
to alleviate calcification in VSMCs[42]. These phenomena suggest that autophagy
plays a key role in arterial calcification.

In the present study, we hypothesised that plasma-derived exosomes isolated from
mice subjected to cold temperature exposure (CT-Exo) protect against the calcification
and senescence of the aortic media by regulating the level of autophagy. We thoroughly
explored the effects of CT on the pathogenesis of MAC and clarified its mechanism,
investigating whether cold temperature exposure (CT) can protect against MAC,
whether autophagy is involved in arterial calcification during CT and whether plasma-
derived exosomes play a protective role by regulating autophagy. Our findings might
provide new ideas and new ways to explore the pathogenesis and prevention of MAC.

Methods and materials

Cell Culture

VSMCs were purchased from the National Platform of Experimental Cell Resources
for SciTech (Beijing, China). They were incubated in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Gibco, Grand Island, NY, USA) with 10% foetal bovine serum
(FBS; Gibco) and 1% penicillin-streptomycin (P1400, Solarbio, Beijing, China). The
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culture medium was refreshed every 3 days and the cells were cultured at 37°C with a
humidified atmosphere of 5% COxz. To induce calcification, VSMCs were cultured in a
medium containing 10 mM B-glycerophosphate (B-GP; 50020, Sigma-Aldrich, St.
Louis, MO, USA) to induce the osteoblastic differentiation of VSMCs. To reveal the
effect of exosomes isolated from mice subjected to room temperature exposure (RT-
Exo) or CT-Exo on the osteoblastic differentiation of VSMCs and the mechanism
involved, VSMCs were incubated with 200 ng/uL of CT-Exo or RT-Exo in subsequent
experiments. To investigate the effect of autophagy on VSMC calcification, cells were
pre-treated with 5 mM of the autophagy inhibitor 3-MA (5142-23-4; SelleckChemm,
USA) or 1 uM of the autophagy inducer RAPA (53123-88-9; SelleckChem) for 30 min.
The cells were treated with B-GP for various times and then collected for different
experiments: after 3 days, cells were collected for western blotting; after 10 days, cells
were collected for senescence-associated -galactosidase (SA-B-gal) staining (C0602;
Beyotime Institute of Biotechnology, Shanghai, China); after 14 days, cells were
collected for alkaline phosphatase (ALP) activity detection (A059-1-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) and ALP staining (Solarbio); and
after 28 days, cells were collected for ARS staining (G1038; Servicebio, Wuhan,
China).Agonists and inhibitors of the AMPK/mTOR signalling pathway were used to
investigate its role in calcification. VSMCs were stimulated with 10 uM of Compound
C (S7306; SelleckChem) or 10 uM of MHY 1485 (S7811; SelleckChem) for 30 min and
then treated with 200 ng/uL of CT-Exo for 48 h. p-AMPK, t-AMPK, p-mTOR, t-mTOR
and RUNX2 protein expression was evaluated in the cell lysates. The SA-B-gal and
ARS staining was the same as described above; CT-Exo, Compound C and MHY 1485
were changed once every 3 days for a period of 10 or 28 days, respectively.

Plasma Collection and Administration

CT plasma or CT-Exo™® plasma was isolated from mice subjected to CT for 30 days
(4-8°C). CT-Exo™ plasma was produced as follows: CT plasma was diluted with PBS
(1:4, v/v), and then ultracentrifuged at 100,000 g for 18 h to collect the supernatant.
After centrifugation, the exosomes were concentrated at the bottom of the test tube and
about 80% of the upper plasma had been collected, CT-Exo™ plasma was filtered by
0.22 pm filter and centrifuged at 4,000 g to approximately the initial plasma volume by
ultrafiltration in a 15 mL Amicon Ultra-15 centrifugal filter unit (Millipore, Billerica,
MA, USA). The exosomes were stored at -80°C before use.

Six-week-old male mice (n = 6) were systemically treated with phosphate-buffered
saline (PBS), CT plasma or CT-Exo™ plasma (100 pL/injection) via tail intravenous
injection 8 times over 24 days (From 0 day to 24" day)[43]. On the 14™ day, the mice
were intraperitoneally injected with vitamin D (VD) for 5 consecutive days and mice
were sacrificed after waiting for another week of PBS, CT plasma or CT-Exo™® plasma
treatment.

Isolation and Identification of Exosomes

Plasma samples were obtained from RT mice (kept at 22-25°C) or CT mice (kept at 4—
8°C) for 30 days. Briefly, we collected the whole blood of mice using cardiac blood
collection technology into Eppendorf (EP) tubes containing Ethylene Diamine Tetra
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Acetic Acid (EDTA) anticoagulant. Blood samples were processed within 30 min of
collection. The mixture was centrifuged to collect the plasma at 3,000 g for 20 min.
Subsequently, the plasma underwent successive centrifugation at 3,000 g for 20 min
and then 10,000 g for 30 min to discard dead cells and cellular debris. Then supernatant
was collected, supernatant:PBS=1:4 Plasma+PBS suspension was added to the ultra-
high centrifuge tube. The final supernatant was ultracentrifuged at 100,000 g for 120
min. The supernatant was removed, with 500 pL left at the bottom and then 11 mL PBS
was added to resuspend, before being ultracentrifuged again at 100,000 g for 120 min
(avoiding freeze-thaw cycles) and then re-suspended in 15 mL of PBS. The suspension
was filtered through a 0.22 um filter steriliser (Millipore) and centrifuged at 4,000 g to
approximately 200 uL by ultrafiltration in a 15 mL Amicon Ultra-15 centrifugal filter
unit (Millipore). All procedures were performed at 4°C. Exosomes were stored at -80°C
or used for the downstream experiments.

The exosomal protein content was quantified with the BCA protein assay kit (P0012;
Beyotime). Transmission electron microscopy (TEM; H-7650, Hitachi, Tokyo, Japan)
and dynamic light scattering (DLS) with a Nanosizer™ instrument (Malvern
Instruments, Malvern, UK) were used to observe the morphology and measure the size
distribution of exosomes, respectively. The protein expression of exosomal markers
(TSG101, CD81 and CD9Y) was assessed by western blotting.

For in vitro assays, exosomes in different groups were used at a concentration of 200
ng/uL. For in vivo experiments, exosomes were used at 200 pg (dissolved in 100 pL
PBS for intravenous injection) per time and per mouse.

TEM

VSMCs were fixed overnight in 2.5% glutaraldehyde and post-fixed in 1% osmic acid
for 2 h. The samples were then dehydrated, embedded and sectioned. After being double
stained with 3% uranyl acetate and lead nitrate, the autophagic structures in the cells
were viewed using a TEM (H-7650, Hitachi, Tokyo, Japan).

Exosome Uptake Assay and Tracing
In vitro, CT-Exo were labelled with PKH26 red fluorescent dye (MINI26-1KT, Sigma-
Aldrich) according to the manufacturer’s protocol. After removing the unbound dye,
CT-Exo were added to the VSMCs and incubated at 37°C for 6 h. After discarding the
culture supernatant and washing the cells with PBS, the cells were fixed with 4%
paraformaldehyde (PFA) for 15 min and then incubated with DAPI (C0065; Solarbio)
to stain the nuclei. The uptake of the red PKH26-labeled CT-Exo by VSMCs was
determined with a fluorescence microscope (Nikon Instruments Korea, Seoul, Korea).
In vivo, to explore whether CT-Exo could be transported from bone to blood vessel
walls after intramedullary injection, 100 pL of 1 pg/uL. CT-Exo was labelled with 5 uLL
of 200 pg/mL 1,1'-dioctadecyl-3,3,3",3'-tetramethylindotricarbocyanine iodide (DiR;
2024243, Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
Then, the same was ultracentrifuged to remove unbound dye. Mice were injected with
DiR-labelled CT-Exo via the tail vein injection for 3 consecutive days. Live imaging
was performed 24 h after the last injection. The mice were killed, organs removed for
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imaging, the thoracic aorta of the mice was dissected and immunofluorescence staining
was performed on quick frozen sections to analyse the uptake of exosomes in arterial
vessels. An anti-TSG101 antibody (1:250, bs-1365R, Bioss, Beijing, China) was used
to label exosomes.

Measurement of Reactive Oxygen Species (ROS) Generation

Intracellular ROS production was measured by flow cytometry using the cell-
permeable fluorogenic probe DCFH-DA (S0033S; Beyotime) according to the
manufacturer’s instructions. Briefly, calcified VSMCs were treated with 200 ng/uL of
CT-Exo or PBS for 6 days, washed three times with PBS and then incubated with 1 x
107> uM DCFH-DA at 37°C for 20 min.

Apoptosis Assay

VSMCs were treated with CT-Exo or PBS with or without B-GP for 3 days. Apoptosis
was measured using the Annexin V-FITC/PI Detection Kit (556547, BD Bioscience,
USA) according to the manufacturer’s protocol. For Annexin V-FITC/PI staining, the
treated cells were harvested, washed twice with PBS and resuspended in 300 pL of 1%
binding buffer, at room temperature in the dark, followed by incubation with 5 pL of
Annexin V-FITC for 15 min and 10 pL of PI solution for 5 min. Next, the cell
suspension was diluted with 200 pL of annexin V binding buffer and analysed by flow
cytometry.

Animal Study

Mice were housed in the Animal House of the Second Xiangya Hospital with a 12-h
photoperiod. All experiments were started on 7-8 week old mice. Mice were placed in
RT (22-25°C) or CT (4-8°C) environments, and their hair changes, mental state and
activity were observed. Their body mass was measured and recorded at regular intervals
every week. On the 30™ day after modelling, blood was taken to measure ALT levels.
Mice were shaved to observe whether their skin was frostbitten, important organs were
collected for photography and the mass of the heart, liver, spleen, lung, and kidney
tissues was measured. The organ indices and lung wet/dry weight of the mice were
calculated.

Mice were injected intraperitoneally with VD (500 U/g/day) for 5 days to induce
arterial calcification and ageing. Mice were fed with regular chow throughout the entire
experiments. The RT mice were kept at 22-25°C for 30 days. The CT mice were first
kept at 18°C for 7 days (for adaptation) and then kept at 4—8°C for another 30 days. The
4-8°C cold room was equipped with a ventilation system that allowed cold air to
circulate.

After 30 days of RT or CT, the mice were administered a high-dose of VD for 5
consecutive days, followed by waiting for 7 days. This treatment occurred at either RT
or CT, depending on the initial 30-day treatment. All live mice (n = 6) were sacrificed
via the intraperitoneal injection of sodium pentobarbital (50 mg/kg) followed by
cervical dislocation. Blood samples were collected to detect the levels of
aminotransferase (ALT), using an automatic biochemical analyser (Chemray 800; Redu
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Life Technology, Shenzhen, China). The thoracic aorta was embedded in paraffin,
sectioned and then stained with ARS. The artery from the aortic arch to the iliac branch
was isolated for the determination of arterial wall calcium content. No mice died during
the experiment.

In another experiment, CT mice were injected intraperitoneally with GW4869 (2
mg/kg; S7609, SelleckChem) to inhibit circulating exosomes[44, 45].
Immunohistochemistry was carried out to determine RUNX2 expression in aortic
tissues. ARS staining were used to detect MAC. Finally, the calcium content was
measured. The impact of CT-Exo and RT-Exo on acute arterial calcification and the role
of miR-320a-3p in the CT-Exo-induced alleviation of arterial calcification were also
evaluated. Mice were injected intravenously with 200 pg of CT-Exo, AntagomiR-320a-
3p or AntagomiR-NC-pre-treated CT-Exo, or an equal volume of PBS (100 pL per
mouse) every 3 days until the end of the experiment (n = 6 per group). At the same time,
the mice were injected with VD for 5 consecutive days, followed by waiting for 7 days.
Blood samples were collected to detect the levels of blood urea nitrogen (BUN),
creatinine (CREA), calcium, and phosphorus using an automatic biochemical analyser.
The thoracic aortas were dissected. Immunohistochemistry was carried out to determine
the levels of RUNX2 in aortic tissues. ARS or Von Kossa staining (G1043; Servicebio)
was used to detect artery calcification. Finally, the calcium content was measured.

To explore whether miR-320a-3p was the only effective component in CT-Exo, we
intravenously injected 200pug CT-Exo, Smg/kg AgomiR-320a-3p, Smg/kg AgomiR NC,
or equivalent volume of PBS (100 per mouse) into mice every 3 days until the end of
the experiment (n = 6 per group). Meanwhile, mice were continuously injected with
VD for 5 days and then waited for 7 days. The thoracic aorta was dissected, ARS
staining was performed to detect the content of mineralised nodules in the arteries and
calcium content was measured. Immunohistochemical detection of RUNX2 levels was
performed on the aortic mesomembrane.

Next, whether CT-Exo exerts an inhibitory effect on MAC in vivo through the
autophagy pathway was investigated. The mice were randomly divided into six groups
(n =6 per group): PBS (CTRL), VD+PBS (PS), VD+CT-Exo (CT-Exo0), VD+3-MA (3-
MA), VD+RAPA (RAPA) and VD+CT-Exo+3-MA (CT-Exo+3-MA). Mice were
intraperitoneally injected with either 3-MA (15 mg/kg) or RAPA (2mg/kg) starting 5
days before the first CT-Exo injection (CT-Exo was injected every 3 days for a total of
eight injections) until the experiment was terminated. Then, arterial calcification was
induced by VD 2 weeks before the mice were sacrificed. One mouse from the CT-
Exo+3-MA group and the RAPA group died from unknown causes after being treated
four times. Immunohistochemistry was carried out to determine p21 expression in
aortic tissues. MAC was detected by ARS and Von Kossa staining and the calcium
content was measured.

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

Total RNA was isolated from cells with TRIzol Reagent (Invitrogen) based on the
manufacturer’s instructions[46]. For miRNA detection, miRNA was reverse transcribed
and analysed by TB Green® Premix Ex Taq™ II (Tli RNaseH Plus; RR820A, Takara,
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Kyoto, Japan) based on the manufacturer’s protocol and using U6 as the normalisation
control. U6 (HmiRQP9001) and miR-320a-3p (HmiRQP0405) primers were purchased
from GeneCopoeia (Guangzhou, China).

RNA Sequencing

The RT-Exo and CT-Exo groups were selected for RNA sequencing (n = 3 per group).
Total RNA was extracted and quantified using a NanoDrop spectrophotometer and an
Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA, USA). A messenger RNA (mRNA)
library was then constructed and amplified with Phi29 to produce 100 base pair reads
on the BGIseq500 platform (BGI, Shenzhen, China). SOAPnuke (V1.5.2) was used to
filter the sequencing data and Bowtie2 (V2.2.5) was used to compare the clean reads
with the gene database established by Shenzhen Beijing Genomics Institute to calculate
gene expression levels and identify differentially expressed genes (DEGs) (fold-change >
1.5, q < 0.05). The annotated DEGs were analysed using Phyper based on Gene
Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGQG) analysis.
Gene set enrichment analysis (GSEA) was used to evaluate DEGs enriched for either
negatively or positively correlated genes.

RNA Interference

Small interfering RNAs (siRNAs) and the negative control RNA duplex (siRNA-NC)
were purchased from GenePharma Biotech (Shanghai, China). The miR-320a-3p
mimics or miR-320a-3p inhibitor and scrambled oligonucleotides (mimics NC or
inhibitor-NC) were purchased from GenePharma Biotech. These were transfected into
cells during the logarithmic growth phase. The transfection was performed using the
GP-transfect-Mate transfection reagent (GenePharma Biotech) according to the
manufacturer’s protocol. The transfected sequences of the miR-320a-3p
mimics/inhibitor and siRNA oligonucleotides are shown in Additional file 1, Table S1.
AgomiRs or AntagomiRs were purchased from GenePharma Biotech. CT-Exo were
transfected with AntagomiR-320a-3p or AntagomiR-NC at 200 nM for 60 min at 37°C.
The AgomiRs and AntagomiRs that were not transfected were removed by
centrifugation at 4,000 g for 5 min using a 100 kDa Amicon Ultra-4 Centrifugal Filter
Unit (Millipore)[26]. The internalisation of AntagomiR-NC-Cy3 by CT-Exo was
assessed by qRT-PCR. Treatment with CT-Exo and other AntagomiRs was used for
subsequent experiments.

Western Blotting

Total protein was extracted from cultured VSMCs, artery samples or exosomes with
radioimmunoprecipitation assay (RIPA) buffer (PO013B; Beyotime). The protein
concentration was measured by the BCA assay. Total protein (20—40 pg) was submitted
to 8-12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
for separation. The separated protein was transferred onto 0.2 or 0.45 pm
polyvinylidene difluoride (PVDF) membranes (Millipore). The membranes were
incubated in 5% non-fat milk or bovine serum albumin (BSA) (depending on the
primary antibody), followed by incubation overnight with primary antibody. The

8
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following primary antibodies were used: anti-CD9 (ab92726, Abcam, 1:2000), anti-
CD81 (ab109201, Abcam, 1:1000), anti-TSG101 (bs-1365R, Bioss, 1:500), anti-
RUNX2 (ab76956, Abcam, 1:1000), anti-BMP2 (bs-10696R, Bioss, 1:500), anti-p53
(10442-1-AP, Proteintech, 1:3000), anti-p62 (18420-1-AP, Proteintech, 1:2000), anti-
ATGS (66744-1-1g, Proteintech, 1:4000), anti-LC3B (14600-1-AP, Proteintech, 1:4000,
to determine the LC3B-II:LC3B-I ratio), anti-PDCD4 (12587-1-AP, Proteintech,
1:1000), anti-p-AMPK (sc33524, Santa Cruz, 1:500), anti-t-AMPK (sc25792, Santa
Cruz, 1:500), anti-p-mTOR (2971, CST, 1:1000), anti-t-mTOR (2983, CST, 1:1000),
anti-B-actin  (20536-1-AP, Proteintech, 1:3000) and anti-GAPDH (10494-1-AP,
Proteintech, 1:5000). After washing the blots, they were incubated in secondary
antibody conjugated to horseradish peroxidase (SA00001-1 or SA00001-2, Proteintech,
1:5000) for 1 h at room temperature. The immunoreactive bands were visualised with
chemiluminescent assay using a chemiluminescence kit (RPN2232, Amersham
Biosciences Ltd., UK) and then analysed with an Amersham Imager 600 (General
Electric, USA) and Image-Pro Plus software (version 6.0). The relative protein
expression level was normalised to the intensity of the B-actin or GAPDH band.

Luciferase Reporter Assay

For the luciferase reporter assay, VSMCs were co-transfected with a luciferase reporter
carrying the wild-type PDCD4 3'-untranslated region (UTR), a mutant PDCD4 3'-UTR
and miR-320a-3p mimics or scramble oligonucleotides. Forty-eight hours after
transfection, luciferase activity was quantified with the luciferase assay system
(Promega, Madison, WI, USA). The nucleotide sequences of primers for the
construction and mutation of 3" UTR PDCD4 mRNA were purchased from Ribobio
(Guangzhou, China).

Immunohistochemistry

As mentioned above, the expression of RUNX2 and p21 in aortic tissue was examined
by immunohistochemistry[45]. In brief, arterial tissue sections were incubated at 65°C
for 2 h, dewaxed in turpentine twice for 10 min each; and rehydrated in 99%, 85% and
75% ethanol for 5 min each. Antigen retrieval was performed in a trypsin-EDTA
solution. Next, sections were blocked with 5% BSA for 30 min at room temperature
and incubated with specific primary antibodies, including anti-RUNX2 (bs-1134R,
Bioss, 1:300) and anti-21 (10355-1-AP, Proteintech, 1:400) at 4°C overnight. The
following day, sections were incubated with the appropriate secondary antibody
conjugated to horseradish peroxidase (PV-9000, ZSGB-BIO, Beijing, China) at room
temperature for 30 min. For control experiments, the primary antibody was replaced by
PBS. Finally, the sections were incubated with DAB chromogenic solution (DA1015;
Solarbio) for 1 min at room temperature. Nuclei were counterstained with haematoxylin
(Solarbio) for 1 min at room temperature. The stained tissue was observed under a
CX31 light microscope (Olympus Corporation, Japan). Images were taken at 100%
magnification and images analysed using Image-Pro Plus software (version 6.0).

Analysis of Vascular Calcium Content
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Arterial samples were decalcified with 0.6 N HCI at 4°C for 48 h. After determining
the protein concentration, the calcium content in the supernatant was assessed using a
commercial kit (C004-2-1; Nanjing Jiancheng Bioengineering Institute). The vascular
calcium content was normalised to the protein concentration.

Statistical Analysis

All data are presented as the mean + standard deviation of three independent
experiments. Data were analysed and plotted using GraphPad Prism software (San
Diego, CA, USA) and ImageJ software (National Institutes of Health, Bethesda, MD,
USA). The unpaired, two-tailed Student’s ¢-test was conducted to compare two groups.
One- or two-way analysis of variance (ANOVA) with the Bonferroni post hoc test was
used to compare three or more groups. Results were considered significant when the p-
value was < 0.05. In the Figures, statistical significance is indicated as ns > 0.05; *p <
0.05; **p < 0.01; ***p <0.001 and ****p < 0.0001.

Results

CT-Exo Played a Certain Role in the Progression of Protected against VD-Induced
MAC in CT Mice

Firstly, we tested the food intake and body weight of mice in the low-temperature model,
and the results showed that compared with the RT group, the average food intake of
mice in the CT group was significantly increased, indicating that low-temperature can
increase the food intake level of mice. The measurement of the weight of mice indicated
that the weight of CT group mice showed a decreasing trend within 6 days, and
gradually recovered and increased after 6 days. We observed that over time, the overall
body weight was attenuated despite the stable food intake in CT mice (Additional file 1:
Fig. s1, aand b). The level of ALT showed no significant difference between these two
groups (Additional file 1: Fig. s1c). After shaving the hair of the mice (Additional file 1:
Fig. s2a), we found that the mice showed no signs of nhumbness or frostbite, and there
was no erythema, edema, hard gangrene, infarction, or epidermal detachment on the
skin surface. After dissecting the mice, the liver, lungs, spleen, heart, and kidneys were
taken. The general morphology is shown in Additional file 1: Fig. s2b. The organ index
can objectively reflect the function of relevant organs and is one of the important
biological indicators for experimental animals. As shown in Additional file 1: Fig. s2c,
except for the increase in cardiac index in the CT group, there was no significant
difference in liver, spleen, lung, kidney organ indices and liver morphology
(Additional file 1: Fig. s2d) between two group mice, suggesting that all CT and RT
mice are in a healthy metabolic status. H&E staining of lung tissues showed that
exposure to cold stress slightly aggravated lung damage. In the lung slightly disruption
of the alveolar structure, as well as vascular base thickening, a mild thickened alveolar
wall and minimal inflammatory cell infiltration, were observed when compared to the
RT group (Additional file 1: Fig. s2d). The CT mice had higher lung interstitial
inflammation score and lung wet/dry ratio compared with the RT mice, but only by
trend (Additional file 1: Fig. s2, e and f).
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To investigate the protective effect of CT on MAC, we subjected mice to CT or RT
for 30 days and then injected with VD to induce MAC. We kept mice in the CT or RT
environment throughout the experiment (Fig. la). Based on ARS staining of the
thoracic aorta, there was a lower degree of MAC in CT mice compared with RT mice
(Fig. 1, b and c). The MAC in cold-exposed mice was significantly blunted, as
evidenced by the decreased calcium content (Fig. 1d). The effect of a cold environment
on the body’s metabolism is holistic and systemic. We wondered whether these anti-
arterial calcification protective effects of CT on MAC in mice could be transferred
through circulating blood factors. We collected plasma from CT mice and then
intravenously injected mice with MAC with CT-Exo or CT-Exo/™® plasma every 3 days
for a total of eight times (Fig. 1e). Surprisingly, the CT-Exo group had the lowest ARS-
positive area of all mice with MAC. Treatment with CT-Exo™® plasma slightly
ameliorated the degree of MAC, as shown by the ARS staining and calcium content.
However, the effect of CT-Exo™° plasma was much lower CT-Exo plasma, which might
suggest that CT-Exo play an important role in preventing calcification formation (Fig.
1, f to h). Subsequently, we explored the role of CT-Exo in CT mice with MAC. We
intraperitoneally injected the mice with the exosome inhibitor GW4869, which blocks
exosome production, every other day (Fig. 1i). The ARS staining area, RUNX2
expression and arterial calcium and calcification were significantly lower in CT mice
compared with CT+GW4869 mice (Fig. 1, j to n), suggesting that GW4869 reverse the
protective effects of CT. These results indicate that inhibition of endogenous CT-Exo
can promote MAC.

CT-Exo Mediated the CT-Induced MAC Inhibitory Effects in Mice

To directly identify the effects of exosomes, we subjected the mice to RT or CT for 30
days, isolated exosomes from them (RT-Exo or CT-Exo) and purified them by hyper-
centrifugation (Additional file 1: Fig. s3a). As viewed with TEM, CT-Exo and RT-Exo
exhibited a cup-like morphology ((Additional file 1: Fig. s3b). Nanoparticle tracking
analysis (NTA) revealed that CT-Exo and RT-Exo had mean diameters of 110.7 = 39.6
and 109.6 + 40.9 nm, respectively (Additional file 1: Fig. s3c), which are similar to a
previous report[47]. Western blotting showed that a vast majority of the isolated CT-
Exo and RT-Exo expressed exosomal markers including TSG101, CD9 and CD&8I
(Additional file 1: Fig. s3d), which further indicates that these vesicles are exosomes.
To determine whether exosomes could be incorporated by aortic VSMCs in vivo, we
injected DiR-labelled CT-Exo into mice via the tail vein and tracked their distribution.
We adjusted the fluorescence intensity of control mice to exclude the interference of
autofluorescence. We successfully injected the DiR-labelled CT-Exo into the mice
through the tail vein (Fig. 2a). Mice photography mainly detected the fluorescence
signal in the liver and spleen (Additional file 1: Fig. s4). Considering that the relatively
stronger fluorescence signal of the liver and spleen masked the fluorescence signals of
other organs, we removed the liver and spleen, then repeated the imaging. Photographs
showed that the fluorescent signals of the DiR-labeled exosomes entered the aorta after
injection in vivo (Fig. 2a). In addition, CT-Exo injection significantly increased the
expression of the exosomal marker TSG101 in VSMC:s in the aortic media (Additional
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file 1: Fig. s5). Moreover, TSG101 colocalised with alpha smooth muscle actin (a-
SMA), which suggests that VSMCs could take up the exosomes. Hence, we
successfully injected exogenous CT-Exo into mice and they were then taken up by
VSMCs in the aorta.

To investigate whether CT-Exo protect VSMCs against arterial calcification in vivo,
we analysed the calcification level by using an in vivo model of VD-induced MAC in
mice (Fig. 2b). VD-induced mice developed significant MAC compared with the
vehicle control (PBS). Intriguingly, the MAC level in CT-Exo-treated mice ranged from
undetectable to just very low, as demonstrated with the ARS (Fig. 2, ¢ and f) and Von
Kossa staining (Fig. 2, d and h). At the same time, based on the staining results, RT-
Exo treatment slightly weakened MAC compared with PBS treatment. Unfortunately,
there was no significant inhibition of MAC in the RT-Exo group compared with the
PBS group (Fig. 2, ¢ to h). Moreover, the aortic calcium content (Fig. 2g) and RUNX2
immunostaining (Fig. 2, e and 1) were significantly decreased in CT-Exo-treated mice
compared with the VD-treated and RT-Exo-treated mice. These results show that CT-
Exo serve as a protective factor in VD-induced MAC in mice.

CT-Exo Prevented Osteogenic Differentiation and Senescence of VSMCs via
Autophagy

To determine whether CT-Exo play a vital effect on the osteogenic differentiation and
senescence of VSMCs, we examined whether these exosomes could be taken up by
VSMCs. We labelled CT-Exo with PKH26 and incubated VSMCs with the labelled
exosomes. Fluorescence microscopy analysis showed that the labelled exosomes were
taken up by the VSMCs (Fig. 3a). It is widely believed that the process of MAC is
similar to bone mineralisation. ALP, RUNX2 and mineralised matrix are recognized
phenotypic markers of osteoblasts and are upregulated during osteoblast differentiation
of VSMCs[16, 47]. Consistent with our previous results, CT-Exo treatment
significantly protected VSMCs against B-GP-induced osteogenic conversion, as
demonstrated by the remarkably reduced ARS (Fig. 3, b and c) and ALP (Fig. 3f)
staining of B-GP-treated VSMCs, and markedly decreased ALP activity (Fig. 3g) and
the expression of RUNX2 protein (Fig. 3, h and 1). VSMCs senescence were also
decreased, denoted by reduced p53 expression (Fig. 3, h and 1) and fewer SA-B-gal-
positive VSMCs (Fig. 3, d and e). Thus, we verified that CT-Exo could protected
VSMCs against osteogenic differentiation and senescence in vitro.

To investigate the mechanism of anti-calcification protective effect of CT-Exo, we
first examined the effect of CT-Exo on autophagosome formation in VSMCs. CT-Exo
increased LC3B protein expression and reduced p62 protein expression during the
osteoblastic differentiation of VSMCs (Fig. 3, j and k). TEM of typical autophagic
structures provided direct evidence to support the CT-Exo-mediated increase in
autophagy: there were more autophagosomes in VSMCs treated with CT-Exo than in
the negative and positive controls (B-GP treatment alone and PS, respectively) (Fig. 31).
Studies have shown that autophagy plays an important role in the function of VSMCs
and the development of vascular diseases, suggesting that autophagy may be a potential
target to prevent vascular calcification[48]. It has previously been reported that
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activating the AMPK[49] and mTOR signalling pathway regulates autophagy directly
and indirectly[50]. AMPK could initiate autophagy either by directly phosphorylating
the serine/threonine kinase ULK1[51] or indirectly by deactivating mTORCI1[52]. As
shown in Additional file 1: Fig. s6a, exposure to B-GP triggered a significant elevation
in ROS production in VSMCs, as revealed by the increase in the percentage of cells
with green fluorescence compared with CT-Exo, suggesting that ROS-induced
oxidative injury may be involved in CT-Exo-attenuated cell death. As evidenced by
Annexin V-FITC/PI double staining with flow cytometry, CT-Exo treatment decreased
the percentages of early apoptotic (Annexin V-FITC positive/PI negative) and late
apoptotic/dead (Annexin V-FITC/PI double positive) VSMCs (Additional file 1: Fig.
s6b), revealing the CT-Exo protected VSMCs from apoptosis. Taken together, these
data suggest that CT-Exo prevented osteogenic differentiation and senescence of
VSMCs via autophagy.

The Autophagy Inhibitor 3-MA Significantly Weakened the Pro-Autophagy Effect
of CT-Exo

We next addressed the potential role of autophagy in the osteoblastic differentiation of
VSMCs. RAPA, a pharmacological inducer of autophagy, can activate autophagy, cell
proliferation and other cellular activities by inhibiting mTOR activity. RAPA treatment
suppressed calcification and senescence of VSMCs, as demonstrated by the reduced
matrix mineralisation (Fig. 4, a and b), SA-B-gal staining (Fig. 4, ¢ and d) and ALP
staining and activity (Additional file 1: Fig. s7, a and b) compared with the PS group.
We used 3-MA, a pharmacological inhibitor of autophagy, to decrease autophagy
during osteoblastic differentiation of VSMCs. 3-MA treatment augmented matrix
mineralisation (Fig. 4a, b), SA-B-gal staining (Fig. 4, ¢ and d) and ALP staining and
activity (Additional file 1: Fig. s7, a and b) in VSMCs compared with the PS group.
CT-Exo robustly protected VSMCs against osteoblastic differentiation and senescence,
similar to RAPA, and the protective effect of CT-Exo could be reversed by 3-MA (Fig.
4, a to d and Additional file 1: Fig. s7, a and b).

In the mouse model of MAC (Fig. 4e), CT-Exo protected against VD-induced MAC.
RAPA treatment suppressed MAC and senescence of the aortic media compared with
the PS group, as demonstrated by the reduced Von Kossa staining (Fig. 4f), p21
expression (Fig. 4h), ARS staining (Additional file 1: Fig. s7, ¢ and d) and calcium
content (Additional file 1: Fig. s7e). Arterial calcification increased significantly in the
group treated with 3-MA plus CT-Exo compared with the CT-Exo-treated group,
demonstrated by the increased ARS (Additional file 1: Fig. s7, c and d) and Von Kossa
(Fig. 4, fand g) staining, the elevated calcium content (Additional file 1: Fig. s7e) and
the upregulation of p21 expression (Fig. 4, h and 1) compared with the CT-Exo-treated
group. Collectively, these results indicate that CT-Exo protects VSMCs against the
osteoblastic differentiation and arterial calcification by promoting autophagy. 3-MA
reversed the protective effect of CT-Exo on the osteoblastic differentiation of VSMCs.
Thus, both in vitro and in vivo, the protective effect of CT-Exo against calcification was
attenuated by blocking CT-Exo-induced autophagy.

To understand the role of the AMPK/mTOR signalling pathway in the induction of
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autophagy by CT-Exo, we pre-treated VSMCs with CT-Exo for 30 min before B-GP
treatment. Western blotting showed that compared with treatment with CT-Exo alone,
treatment with 3-MA significantly attenuated CT-Exo-induced autophagy, reflected by
the dramatic decrease in p/t-AMPK expression (Additional file 1: Fig. s7, f and g),
whereas p/t-mTOR expression increased significantly (Additional file 1: Fig. s7, f and
g). Interestingly, VSMCs were treated with or without CT-Exo or Compound C, an
inhibitor of AMPK, or MHY 1485, an activator of mTOR. In the presence of Compound
C, the CT-Exo-induced inhibition of RUNX2 protein expression (Additional file 1: Fig.
s8, a and b), ARS staining (Additional file 1: Fig. s8, ¢ and ¢) and SA-B-gal staining
(Additional file 1: Fig. s8, d and f) were abolished. Similarly, MHY 1485 mimicked the
effects of Compound C. Thus, these experiments demonstrate that CT-Exo inhibited
osteoblastic differentiation/ageing of VSMCs via the AMPK/mTOR signalling pathway.

miR-320a-3p was Enriched in CT-Exo and Responsible for the CT-Exo-Induced
protection VSMCs against Calcification/Ageing

To explore the mechanism involved in the CT-Exo-induced protection against MAC,
we employed an Agilent miRNA array to compare the miRNA expression profiles of
CT-Exo and RT-Exo from mouse plasma. We identified a total of 1380 miRNAs, of
which 71 were differentially expressed (absolute fold-change >1.5, p < 0.05) between
CT-Exo and RT-Exo. We found that 33 miRNAs were much higher and 38 miRNAs
were much lower in CT-Exo compared with RT-Exo (Fig. 5a). We selected miR-320a-
3p, which was the most abundant miRNA in CT-Exo compared with RT-Exo (Fig. 5b).
With qRT-PCR, we assessed the changes in miR-320a-3p expression in exosomes from
plasma obtained from CT and RT mice. As shown in Fig. 5b, miR-320a-3p expression
was higher in CT-Exo. Moreover, miR-320a-3p expression was significantly increased
in vessels from CT mice compared with vessels from RT mice (Fig. 5c). After
transfection with miR-320a-3p mimics, miR-320a-3p expression in VSMCs was
significantly higher than in VSMCs transfected with NC mimics, and miR-320a-3p
expression in VSMCs treated with miR-320a-3p inhibitor was significantly lower than
in VSMCs treated with the NC inhibitor (Fig. 5d). Moreover, miR-320a-3p
overexpression with mimics greatly decreased ALP activity, while miR-320a-3p
knockdown with an inhibitor greatly increased ALP activity (Fig. Se).

Previous studies have shown that miR-320a has a certain correlation with the
occurrence and development of atherosclerosis[53]. However, the role of miR-320a-3p
in VSMCs calcification is largely unknown. To assess the effects of miR-320a-3p on
the osteoblastic differentiation of VSMCs, we first determined the effects of miR-320a-
3p overexpression or knockdown in [-GP-induced VSMCs. miR-320a-3p
overexpression reduced the expression of RUNX2, BMP2 and p21 and increased the
expression of LC3B and ATGS (Fig. 5, f and g). In contrast, miR-320a-3p knockdown
inhibited the level of autophagy and promoted VSMCs calcification. We then used
specific AntagomiRs to silence miR-320a-3p in CT-Exo. After transfection with
Antagomir-320a-3p, miR-320a-3p expression in CT-Exo decreased significantly (Fig.
5h). ARS staining showed VSMCs treated with AntagomiR-320a-3p and CT-Exo
induced a much higher extent of mineralised nodule formation than VSMCs treated
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with AntagomiR-NC and CT-Exo (Fig. 5, i and j). Knocking down miR-320a-3p in CT-
Exo significantly reduced the ability of CT-Exo to restrain ALP activity (Fig. 51) and
ALP staining (Fig. 5k). Similarly, VSMCs treated with AntagomiR-320a-3p and CT-
Exo showed accelerated senescence of VSMCs compared with VSMCs treated with
AntagomiR-NC and CT-Exo (Fig. 5, m and n).

We assessed the role of miR-320a-3p in the CT-Exo-induced protection VSMCs
against MAC in mice subjected to VD treatment (Fig. 6a). ARS staining indicated that
ARS-positive mineralised nodule area was markedly elevated in the CT-
Exo+AntagomiR-320a-3p group compared with the CT-Exo+AntagomiR-NC group
(Fig. 6, b and c). The vascular calcium content analysis confirmed that CT-Exo
markedly increased the vascular calcium content after pre-treatment with AntagomiR-
320a-3p (Fig. 6d). These findings indicate that miR-320a-3p acts as the mediator of the
CT-Exo-induced protection VSMCs against calcification. The CT-Exo+AntagomiR-
320a-3p mice had slightly higher serum levels of BUN and CREA compared with the
CT-Exo mice. Subsequently, both calcium and phosphorus could also be detected in
CT-Exo+AntagomiR-320a-3p and CT-Exo mice, but these indicators were not
significantly different between the three groups (Fig. 6, e to h). Interestingly, from the
expression results of ARS staining (Fig. 6, j and k), calcium content (Fig. 61) and
RUNX2 expression (Fig. 6, m and n), we found that tail vein injection of AgomiR-
320a-3p can provide a certain protective effect on arterial media calcification (Fig. 61),
but its protective effect is not as good as that of the CT-Exo group, indicating that miR-
320a-3p was the main miRNA in CT-Exo, but not the only active component of CT-
Exo.

miR-320a-3p Protected VSMCs Against Calcification and Ageing by Targeting
Programmed Cell Death 4 (PDCD4)
To understand the mechanism by which miR-320a-3p restrained VSMCs calcification,
we used the online bioinformatics tool TargetScan (Version 7.2,
http://www.targetscan.org/vert 72/) and miRDB (http://mirdb.org/mirdb/index.html)
and miRWalk (https://http://mirwalk.umm.uni-heidelberg.de/) to predict potential
target genes of miR-320a-3p (Fig. 7a). Among them, PDCD4 is an important tumour
suppressor that inhibits carcinogenesis, tumour progression and invasion by inhibiting
translation[54]. Recent studies have found that PDCD4 negatively regulates autophagy
by inhibiting the expression of ATG5 in tumour cells[55] and plays a certain role in
autophagy in the treatment of atherosclerosis[56]. The sequence alignment results
illustrated that miR-320a-3p has a complementary pairing relationship with the 3'-UTR
region of PDCD4 (Fig. 7b), indicating that PDCD4 may be a target gene of miR-320a-
3p. A luciferase reporter assay also demonstrated that miR-320a-3p overexpression
reduced the activity of wild type PDCD4 promotor but not mutant PDCD4 promoter
(Fig. 7¢). In addition, western blotting showed that PDCD4 protein was downregulated
by miR-320a-3p mimics and upregulated by miR-320a-3p inhibitor (Fig. 7, d and f).
These data suggest that PDCD4 may be a target of miR-320a-3p in VSMCs.

To determine whether PDCD4 mediates the inhibitory effect of miR-320a-3p on
VSMC calcification, we also used PDCD4-specific siRNA to block its expression.
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Western blot detected that all three siPDCD4 sequences could suppress > 70% of
PDCD4 protein expression; the third siRNA sequence was the most effective (Fig. 7, e
and g). Hence, we used this siRNA in subsequent experiments. PDCD4 downregulation
reduced the expression of RUNX2 and p53 (Fig. 7, h and 1) and decreased ARS (Fig. 7,
j and 1) and SA-B-gal (Fig. 7, k and m) staining, indicating that PDCD4 plays a crucial
role in VSMC autophagy and calcification. Notably, miR-320a-3p inhibitor enhanced
the ARS and SA-B-gal stained areas, but these effects were abolished by the suppression
of PDCD4 (Fig. 7, j to m). After silencing PDCD4 by siRNA and inducing calcification,
we measured the expression levels of autophagy-related and phosphorylated proteins
in VSMCs 3 days later. Silencing PDCD4 could promote the occurrence of autophagy
in VSMCs through the AMPK/mTOR signalling pathway, which was reflected in the
overexpression levels of LC3B and ATGS5 proteins (Additional file 1: Fig. s9, a and b).
Taken together, these results demonstrate that miR-320a-3p protected VSMCs against
calcification by targeting PDCD4.

Discussion

In the present study, autophagy played a vital endogenous protective role during cold
exposure under B-GP/VD induction to attenuate MAC. Furthermore, miR-320a-3p,
enriched in CT-Exo, promoted autophagy and mediated the protection VSMCs against
MAC. Meanwhile, PDCDA4 is a target gene of miR-320a-3p that regulates autophagy to
reduce MAC.

The importance of ambient temperature on mouse physiology is not limited to the
context of metabolic disease. Previous studies have shown that ambient temperature
has a profound effect on the physiological responses of mice to infection, tumours and
ageing. For example, mice exposed to higher temperatures have better immunity to
bacterial, viral and protozoal infections[57, 58]. Mice raised in thermoneutrality have
much smaller tumours[59]. Hypothermia correlates with a longer lifespan[60]. Cold
exposure has been reported to suppress obesity, insulin resistance, adipose dysfunction
and dyslipidaemia by promoting adipocyte thermogenesis[7]. The effects of cold
exposure on atherosclerosis are still under debate. Cold exposure prevents
atherosclerosis by activating fat thermogenesis, suppressing vascular inflammation and
improving dyslipidaemia[61, 62]. In contrast, thermoneutral conditions (30°C) increase
vascular inflammation and atherosclerosis by inhibiting adipose thermogenesis[63].
Dong et al.[2] found that cold exposure promoted atherosclerotic plaque growth and
instability in mice reared at 4°C with cold exposure for 3 or 7 weeks. However, another
study showed that long-term cold exposure to 16°C for 8 weeks protected against
Western diet-induced atherosclerosis[64]. These contradictory findings may be due to
the different cold exposure conditions. Chen at al.[65] showed an inverse J-shaped
association between human cardiovascular mortality and ambient temperature,
suggesting that moderate cold (ranging from -1.4-22.8°C) leads to the lowest risk of
cardiovascular death, but both extreme cold (-6.4 to -1.4°C) and heat (29.0-31.6°C)
increase cardiovascular death risk. Seki et al.[4] exposed mice to 4°C and found that
cold-activated brown fat can ‘freeze’ cancer cells to death. Based on the available
research on the effect of cold stimulation on metabolism (insulin resistance, obesity,
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diabetes, etc.), we found that most researchers used the temperature of 4°C[66, 67].

Prior to our study, the effect of cold exposure on MAC had not yet been studied;
hence, our exploration of hypothermia and MAC is both novel and very necessary.
When designing in vivo experimental cold exposure studies in mice, it is important to
consider the different metabolic, cardiovascular and heat-sensing responses evoked by
different cold stimulation temperatures. Indeed, the lack of standardisation in defining
the extent of cold exposure has posed serious challenges in the field. We chose 4-8°C
for 30 days to represent relatively chronic stimulation of low temperature in mice.
Vascular ageing is manifested by morphological abnormalities of cells and
histologically manifested as the increased deposition of collagen fibres, increased and
disordered elastic fibres, arteriosclerosis and calcification[68]. We found that
MAC/senescence can be weakened in mice subjected to chronic cold stimulation,
mainly through CT-Exo, as demonstrated by the significantly increased calcification
area of Von Kossa and ARS staining and calcium content as well as the upregulated
expression of calcification and ageing marker proteins (RUNX2 and p21). In vitro, CT-
Exo decreased SA-B-gal staining, ALP activity, RUNX2 and p53 expression and
mineralised nodule formation in B-GP-induced VSMCs.

Here, using in vitro and in vivo models of arterial calcification, we found that
autophagy plays a vital endogenous protective role during the osteoblastic
differentiation of VSMCs. CT-Exo directly potentiated autophagy, which attenuated the
osteoblastic differentiation of VSMCs in vitro and arterial calcification in vivo.
Moreover, CT-Exo increased the number of autophagosomes in -GP-induced VSMCs,
increased the expression of the autophagy-related protein LC3B and decreased the
expression of p62. The inhibition of autophagy by 3-MA significantly attenuated the
inhibitory effect of CT-Exo on the osteoblastic differentiation of VSMCs. In contrast,
the promotion of autophagy by RAPA attenuated the osteogenic differentiation of
VSMCs. CT-Exo also attenuated arterial calcification by promoting autophagy in mice,
as demonstrated by the fact that RAPA but not 3-MA blocked the effect of CT-Exo.
Thus, targeting the autophagic pathway may help to prevent or treat vascular
calcification[42, 69], which provides a theoretical basis by which CT-Exo protect
against vascular calcification.

Intracellular mTOR includes two complexes, mTORCI1 and mTORC2. mTORCI1
regulates cellular protein synthesis and cell growth through phosphorylation and
activation of downstream target proteins such as p70 ribosomal S6 kinase 1 (S6K1),
while mTORC2-related signalling pathways and functions are relatively less studied.
Therefore, the currently available research has mainly focused on mTORCI1[70].
mTOR involves multiple pathways and there are mainly two upstream signalling
pathways: the PI3K/Akt/mTOR canonical pathway and the AMPK/TSC1-TSC2/mTOR
non-canonical pathway. Regulation of cell growth, proliferation, metabolism and
autophagy is achieved through these two pathways[71]. mTOR signalling also plays an
important role in the process of cellular senescence. Numerous studies have shown that
inhibiting the mTOR signalling pathway by means of dietary restriction, RAPA or gene
knockout can significantly delay cellular senescence[72, 73]. Increased mTOR activity
is associated with ageing and autophagy deficits with age. The mTOR-specific inhibitor
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RAPA can delay replicative senescence, reduce senescence caused by DNA damage,
and reduce mitochondrial dysfunction[74]. We had previously reported that the mTOR
signalling pathway is involved in the process of arterial calcification caused by trans-
differentiation of VSMCs into osteoblasts and inhibiting the mTOR signalling pathway
can delay vascular calcification[75]. Consistent with these findings, CT-Exo activated
AMPK and inhibited mTOR in VSMCs, while AMPK inhibitors or mTOR activators
abolished the CT-Exo-induced protection effects VSMCs against osteoblastic
differentiation/ageing. Taken together, these results demonstrate that CT-Exo protects
against arterial calcification by activating AMPK/mTOR signalling.

In recent years, researchers have found that miRNAs also play an important role in
the occurrence and development of vascular ageing and ageing-related diseases[76].
Previous studies have found that miR-320a is involved in the negative regulation of
osteoblastic differentiation[77] and miRNA profiling revealed that miR-320a is
overexpressed in osteoporotic samples[78]. However, the role of miR-320a-3p in the
senescence of VSMCs has not yet been reported. We discovered the role of plasma
exosome-derived miR-320a-3p in MAC for the first time and successfully identified its
relevant downstream target gene, namely PDCDA4. In contrast, miR-320a-3p silencing
in VSMCs almost completely reversed these anti-calcification effects. Furthermore, we
confirmed that miR-320a-3p knockdown in the context of CT-Exo treatment eliminates
the anti-MAC effect in mice. PDCDA4 is a transcriptional and translational inhibitor and
tumour suppressor. Recent studies have shown that PDCD4 may also be involved in
some inflammatory diseases[79] and negatively regulate autophagy[56]. Jiang et al.[80]
found that PDCD4 deficiency attenuated atherosclerosis (a chronic inflammation of the
arterial wall) in hyperlipidaemic mice partly by upregulating the anti-inflammatory
cytokine IL-10. Meanwhile, Wang et al.[56] showed that endogenous PDCD4 promotes
the formation of macrophage foam cells and the development of atherosclerosis by
inhibiting autophagy. PDCD4 downregulation by miR-21 protects cardiomyocytes
from ischaemia/reperfusion or ROS-induced injury[81]. Our study shows that
endogenous PDCD4 promotes medial calcification/senescence and thus represents a
potential therapeutic target for patients with MAC.

If the content of this study is transformed into research, it is obvious that it is
impractical to collect exosomes from individuals exposed to cold environments and
transplant them to other patients. Moveover, nucleic acids themselves are acidic and
highly unstable in the blood, making it difficult to penetrate cell membranes. How to
deliver drugs into cells from outside the body is a challenge and how to target drugs to
diseased tissues to avoid systemic toxicity is also a problem. For these reasons, we
suggest overexpressing miRNA-320a-3p in human blood extracellular vesicles before
transplantation to exert a protective effect against arterial media calcification.
Exosomes, as a naturally domesticated endogenous nanocarrier, can maintain the
biological activity of their contents in vivo and have the characteristics of low
immunogenicity and high safety. In addition, exosomes can circulate to all
compartments in the body, which has good application potential in non-liver targeted
nucleic acid drug delivery. Engineering transformation can maximise the advantages of
extracellular vesicles as nucleic acid drug carriers and may become the mainstream
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choice for extracellular nucleic acid drug carriers in the future.

There are some limitations to this study. In addition to the changes in the composition
of plasma-derived exosomes induced by cold, we hypothesised that perivascular
adipose tissue and brown adipose tissue in mice also secrete factors or vesicles that play
a role in the calcification of the media under cold exposure. This will be our next
research direction. The chronic cold stimulation at 4-8°C leads to a state of low
metabolism and the ageing and calcification of VSMCs also slows down. Next, we will
continue to study the effects of extremely cold (-10-0°C) and warm (34°C)
environments on MAC in mice and the effects of acute, chronic and intermittent cold
exposure on MAC. We believe that these results will be helpful to guide future clinical
work. Another limitation of our study is that we did not perform a ‘dose-response’
experiment to assess the effects of CT-Exo and RT-Exo on the vascular phenotype and
the pathology of vascular calcification in normal physiology. Currently, there is no
evidence for the physiological concentrations of CT-Exo and RT-Exo in vascular tissue.
Future studies should use accurate assays to determine the physiological concentrations
of CT-Exo and RT-Exo and to investigate whether there is a dose-dependent response
in CT-Exo- and RT-Exo-treated mice. Finally, it remains to be determined whether the
beneficial effects of miR-320a-3p observed in cold-exposed mice can be translated to
humans. Additional work should determine the frequency, minimum intensity, duration
and type of cold exposure required to prevent changes in MAC in patients and whether
there are any contraindications to such interventions in certain populations[82].

Conclusion

In conclusion, we have provided the first evidence that cold exposure or CT-Exo
protects against arterial calcification in VD-induced mice. Collectively, our findings
suggest a novel mechanism of MAC/senescence associated with a cold environment
(Fig. 8). We have also shown that CT-Exo could protect VSMCs against
calcification/senescence by activating the AMPK/mTOR autophagy pathway and
protecting mice against medial arterial calcification. Plasma-derived exosomes may
explain the hypothermic environment-vascular calcification remission. Moreover, CT-
Exo are rich in miR-320a-3p, which is the molecular basis for CT-Exo to protect agains
MAC. Taken together, miR-320a-3p-enriched CT-Exo protect VSMCs against
calcification/senescence by downregulating the expression of PDCD4, thereby
activating the AMPK/mTOR autophagy signalling pathway. These data suggest that
CT-Exo represent a novel molecular mechanism mediating blood-cardiovascular
crosstalk and thus may serve as a novel potential biomarker and new target of
prevention for vascular calcification and CVD.

Supplementary Information

Additional fle 1: Fig. s1 General appearance of RT and CT group mice after different
temperature treatments. Body weight gain (a) and food consumption (b) of cold exposed
mice and RT controls over 30 days. (c) Alanine aminotransferase (ALT). n = 6 per
group; ns > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, unpaired
Student’s t-test. Fig. s2 (a) Observe the appearance changes and destruction of skin
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tissue in mice after shaving. (b) General morphology of organs such as the liver, lung,
spleen, heart and kidney. (c) The effect of RT or CT on different organ indices in mice.
(d) Representative histological sections of fixed lungs and livers were embedded in
paraffin and stained with hematoxylin and eosin (H&E) (scale bars, 100 um). (e)
Evaluation of interstitial inflammation scores in lung slices of the RT and CT groups.
(f) Wet/dry ratio in lung samples. n = 6 per group, ns > 0.05 and *p < 0.05, unpaired t
test with Welch's correction. Fig. s3 (a) Flow chart showing the extraction and isolation
of plasma-derived exosomes. The purification procedure is based on differential
ultracentrifugation. (b) TEM analysis of exosomes. The white scale bar is 100 nm. (c)
Diameter distribution of exosomes. (d) Western blot of exosome-specific proteins
TSG101, CD81 and CD9, which are abundant in CT-Exo and RT-Exo. Fig. s4
Fluorescence signals were detected in the organs of mice after execution (n = 3 per
group). Fig. s5 Representative fluorescence micrograph showing the CT-Exo marker
TSG101 (red) and smooth muscle marker a-SMA (green) in thoracic aortic sections (n
= 3 per group). Fig. s6 CT-Exo exerted effects on the ROS level and apoptosis of
VSMCs. (a) DCFH-DA measures intracellular ROS production by flow cytometry. (b)
Representative flow cytometric analysis of Annexin V-FITC/Pl-stained VSMCs
receiving different treatments for 3 days (n = 4 per group). Fig. s7 The autophagy
inhibitor 3-MA, through the AMPK/mTOR signalling pathway, effectively inhibited
the ability of CT-Exo to promote osteogenic differentiation. (a) Representative images
of ALP staining of VSMCs that had been pre-treated with the indicated concentrations
of 3-MA or rapamycin for 30 min and then incubated with 3-GP for 14 days (n =5 per
group). The scale bar is 200 um. (b) Quantitative analysis of the ALP activity. (c, d)
ARS staining showing calcified aorta from CRTL, PS, CT-Exo, 3-MA, CT-Exo+3-MA
and RAPA mice (n =5 per group). The black scale bar is 200 pm. (e) Vascular calcium
content measurement. (f) The expression of p/t-AMPK and p/t-mTOR was determined
with western blot in calcified VSMCs treated with CT-Exo, 3-MA or 3-MA+CT-Exo
(n =4 per group). (g) Quantitative analysis of western blotting results. The CTRL group
represented the negative control group with only PBS treatment. The PS group
represented the positive control group with only B-GP treatment. The data are expressed
as the mean =%standard deviation. The data were analysed with one-way ANOVA with
the Bonferroni post hoc test or the unpaired, two-tailed Student’s t-test. *p < 0.05; **p
<0.01; ***p < 0.001; ****p < 0.0001. Fig. s8 The AMPK/mTOR signalling pathway
mediated defensive roles of CT-Exo on calcification/aging of VSMCs. (a) Expression
of p-mTOR and p-AMPK in the B-GP-induced VSMCs treated with Compound C or
MHY 1485 were analysed by western blot (n = 4 per group). (b) The data are presented
as densitometric ratios of RUNX2/GAPDH, p/t-mTOR and p/t-AMPK respectively. (c,
d) Representative micrographs of ARS and SA-B-gal staining view were shown (n =5
per group). (e, f) The data are presented as the ratio of positive staining area, shown as
the mean =standard deviation. The data were analysed with one-way ANOVA with the
Bonferroni post hoc test or the unpaired, two-tailed Student’s t-test. *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001. Fig. s9 siPDCD4 can activate the AMPK/mTOR
signalling pathway to promote VSMCs autophagy. Western blot analysis (a) and
quantification (b) of LC3B, ATGS5, p53, p/t-AMPK and p/t-mTOR in VSMCs treated
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with siPDCD#3 or siRNA control (n = 4 per group). The CTRL group represented the
negative control group with only PBS treatment. The data are presented as the mean =+
standard deviation. The data were analysed one-way ANOVA with the Bonferroni post
hoc test. *p < 0.05; ****p < 0.0001.
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Fig. 1 Cold exposure protected against MAC in a VD-induced mouse model. (a)
The schematic flow diagram represents the in vivo treatment of CT or RT in the VD-
treated mouse model (n = 6 per group). ARS-stained sections from thoracic aorta (b)
and quantitation of positive staining area (c) are shown. The black scale bar is 200 pm.
(d) Vascular calcium content measurement. () Experimental design of the VD-induced
vascular calcification mouse model treated with PBS, CT plasma or CT-Exo™ plasma
by intravenous injection (n = 6 per group). ARS-stained sections from thoracic aorta (f)
and quantitation of the positive staining area (g) are shown. The black scale bar is 200
pm. (h) Calcium content of the thoracic aorta. (i) Schematic flow diagram represented
the in vivo treatment of CT with or without GW4869 in the VD-induced mice model (n
= 6 per group). Evaluation of the effect of pre-treatment of the exosome blocker
GW4869 on arterial calcification induced by VD calcified mice in CT treatment. ARS
staining (j, 1) and RUNX2 expression (k, n) analysis of paraffin-embedded vascular
tissue from mice. (m) Vascular calcium content measurement. The black scale bar is
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deviation with three replicates for each group. The data were analysed with Student’s
t-test or one-way ANOVA with the Bonferroni post hoc test. *p < 0.05; **p < 0.01;
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Fig. 2 CT-Exo protected against vascular calcification in the VD-induced mouse
model. (a) Uptake of DiR-labelled CT-Exo in aortic VSMCs of mice. The mice were
subjected to the intravenous administration of PBS, DiR or DiR-labelled CT-Exo
treatments (100 pg/mice, n = 3 per group). Representative in vivo fluorescence image
of CT-Exo distribution in mice 24 h after CT-Exo injection. (b) Experimental design of
the VD-induced vascular calcification mouse model treated with PBS, CT-Exo or RT-
Exo by intravenous injection (n = 6 per group). ARS (c) and Von Kossa staining (d) and
quantification of the percentages of ARS+ (f) and Von Kossa+ (h) areas. (g) Vascular
calcium content measurement. RUNX2 expression in thoracic aorta (¢) and quantitation
of positive staining area (i) are shown. The black scale bar is 200 um and the blue scale
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bar is 50 um. The CTRL group represents the negative control group with only PBS
treatment. The PS group represents the positive control group with only B-GP treatment.
The data are presented as the mean + standard deviation with three replicates for each
group. The data were analysed with one-way ANOVA with the Bonferroni post hoc test
or the unpaired, two-tailed Student’s t-test. *p < 0.05; **p <0.01; ***p <0.001; ****p
<0.0001.
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Fig. 3 CT-Exo protected VSMCs against calcification by promoting autophagy. (a)
Representative fluorescence micrograph of PKH26-labelled CT-Exo (red) internalised
by VSMCs; nuclei are shown in blue. The white scale bar is 50 pm. ARS (b) and SA-
B-gal (d) staining was evaluated in VSMCs incubated with B-GP and CT-Exo for 28 and
10 days, respectively. n = 5, the black scale bar is 200 pm. (c, €) The data are presented
as ratio of positive staining area. (f) ALP staining was measured in VSMCs incubated
with B-GP and CT-Exo for 14 days. The black scale bar is 200 um. (g) ALP activity. (h)
RUNX2 and p53 protein expression was determined by western blotting after 3-GP and
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to B-actin (i), n = 4. (j, k) Western blots (j) and quantification (k) of p62 and LC3B in
the PBS, PS and CT-Exo VSMCs, n =4. (1) VSMCs were incubated with 3-GP and CT-
Exo for 72 h and then analysed by electron microscopy; a representative image is shown.
Autophagosomes containing organelle remnants are highlighted by red arrows (n = 4
per group). The PS group represents the control group with only B-GP treatment. Each
experiment was repeated three times. The data are presented as the mean + standard
deviation with three replicates. The data were analysed with one-way ANOVA with the
Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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Fig. 4 3-MA attenuated the pro-aging/pro-calcification preventive effect of CT-Exo
in vitro and in vivo. Representative images of ARS (a) and SA-B-gal (c¢) staining of
VSMCs that had been pre-treated with the indicated concentrations of 3-MA or RAPA
for 30 min and then incubated with B-GP for 28 and 10 days, respectively. n = 5, the
scale bar is 200 pm. Quantitative analysis of the percentages of ARS+ (b, in red) and
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SA-B-gal+ (d, in green) areas. (¢) Schematic illustration of the experimental design used
to assess the effects of CT-Exo and 3-MA on the vascular phenotype in VD-induced
mice (n = 6 per group). (f, g) Von Kossa staining showed calcified aorta from CRTL,
PS, CT-Exo, 3-MA, CT-Exo+3-MA and RAPA mice (n = 6 per group). The black scale
bar is 200 um. (h, 1) p21 expression in aorta from the six groups of mice were examined
by immunohistochemistry. The black scale bar is 200 um (n = 6 per group). The CTRL
group represents the negative control group with only PBS treatment. The PS group
represents the positive control group with only B-GP treatment. The data are presented
as the mean + standard deviation. The data were analysed with one-way ANOVA with
the Bonferroni post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < (0.0001
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Fig. 5 miR-320a-3p antagonised osteogenic differentiation of VSMCs. (a) The
heatmap shows the differentially expressed miRNAs (absolute fold change > 1.5, p <
0.05) between CT-Exo and RT-Exo (n = 3 per group). (b) qRT-PCR analysis of miR-
320a-3p expression in exosomes from the plasma of the RT or CT mice (n = 6). (c) qRT-
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PCR analysis of miR-320a-3p expression in vessel s from RT or CT mice (n = 6). (d)
gRT-PCR was performed to evaluate the expression of miR-320a-3p in VSMCs
transfected with specific miR-320a-3p mimics or inhibitor (n =4). () The ALP activity
was evaluated by using specific kits in VSMCs transfected with specific miR-320a-3p
mimics or inhibitors (n = 4). (f) Western blotting was performed to determine the
protein expression of RUNX2, BMP2, LC3B, ATGS5 and p21 in VSMCs transfected
with specific miR-320a-3p mimics or inhibitors (n = 4). (g) The data are presented as
densitometric ratios normalised to B-actin. (h) qRT-PCR analysis of miR-320a-3p
expression in CT-Exo+AntagomiR-320a-3p (n = 6). ARS staining (i, j), ALP staining
(k) and ALP activity (1) quantification of SA-f-gal-stained positive cells was shown (m,
n). The black scale bar represents 200 um (n = 5 per group). The PS group represents
the positive control group with only B-GP treatment. The data are presented as the mean
+ standard deviation. The data were analysed with one-way ANOVA with the
Bonferroni post hoc test or the unpaired, two-tailed Student’s t-test. *p < 0.05; **p <
0.01; ***p <0.001; ****p < 0.0001.
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Fig. 6 miR-320a-3p effectively protected against MAC in vivo and its related
biochemical indicators. (a) Experimental design of the VD-induced vascular
calcification mouse model treated with PBS, CT-Exo+AntagomiR-NC or CT-
Exo+AntagomiR-320a-3p by intravenous injection (n = 6 per group). ARS staining and
quantitation (b, ¢) and vascular calcium content measurement (d). The black scale bar
is 200 pm. Serum BUN (e), CREA (f), calcium (g) and phosphate (h) levels in mice
with VD-induced vascular calcification (n = 6). (i) Experimental design of the VD-
induced vascular calcification mouse model treated with PBS, AgomiR-NC or
AgomiR-320a-3p by intravenous injection (n = 6). ARS staining and quantitation (j, k)
and vascular calcium content measurement (1). RUNX2 expression in the thoracic aorta
(m) and quantitation of positive staining area (n) are shown. The black scale bar is 200
pm and the blue scale bar is 50 um. The PS group represents the control group with
only B-GP treatment. The data are presented as the mean + standard deviation. The data
were analysed with one-way ANOVA with the Bonferroni post hoc test. ns > 0.05; *p
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<0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001.
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Fig. 7 PDCD4 was a direct target gene of miR-320a-3p and regulated VSMCs
calcification. (a) A Venn diagram showing bioinformatics analysis of miR-320a-3p
target genes. (b) Schematic representation of miR-320a-3p putative target sites in the
PDCD4 3'-UTR and the alignment of miR-320a-3p with wild type and mutant PDCD4
3’-UTR showing pairing. (c) Luciferase reporter assays were performed using luciferase
constructs carrying a wild type or mutant PDCD4 3'-UTR co-transfected into VSMCs
with miR-320a-3p mimics compared with empty vector control. Firefly luciferase
activity was normalised to Renilla luciferase activity. (d, f) PDCD4 protein expression
in VSMCs transfected with miR-320a-3p mimics or miR-320a-3p inhibitor was
determined by western blot (n = 4). (e and g) The efficiency of PDCD4 knockdown in
VSMCs by siRNA was measured by western blot (n = 4). (h-1)) RUNX2 expression was
measured in the VSMCs treated with siPDCD4#3 or siRNA control (n = 4). (j) ARS
staining in B-GP-treated VSMCs transfected with inhibitors of miR-320a-3p in the

36



1337
1338
1339
1340
1341
1342

1343
1344
1345
1346
1347
1348
1349
1350
1351

presence or absence of PDCD4 siRNA for 28 days; representative micrographs are
shown. (K) SA-B-gal staining was measured in VSMCs incubated with B-GP for 10
days. n = 4, the data are presented as the ratio of positive ARS (j) and SA-B-gal (m)
staining area. The scale bar is 200 um. The data are presented as the mean + standard
deviation. The data were analysed with one or two-way ANOVA with the Bonferroni
post hoc test. ns > 0.05; *p < 0.05; **p <0.01; ***p <0.001 and ****p <0.0001.
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Fig. 8 CT-Exo enrichment of miR-320a-3p under CT exposure can protect against
vascular calcification and senescence by activating autophagy through the
AMPK/mTOR pathway. CT-Exo with the high expression of miR-320a-3p can be
secreted from mice plasma exposed to a cold environment. PDCD4 was found to be a
potential target of miR-320a-3p and to increase osteogenic differentiation and
senescence of VSMCs. CT-Exo can activate AMPK/mTOR, a classical autophagy
pathway and then activate the expression of autophagy proteins (LC3B and ATGS) and
reduce the degradation of autophagy specific substrates (p62). Ultimately, this slow
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1352  down the level of senescence (p21 and p53) and decrease the level of calcification
1353  (RUNX2 and BMP2) of VSMCs.
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