International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Effect of young exosomes injected in aged mice

Bo-Ram Lee'*
Jung-Hee Kim'"*
Eun-Sook Choi'?
Jung-Hoon Cho?
Eunjoo Kim'?

'Companion Diagnostics and Medical
Technology Research Group, Daegu
Gyeongbuk Institute of Science and
Technology (DGIST), Daegu 42988,
Republic of Korea; 2Global Center
for Bio-Convergence Spin System
(BicSPINS), Daegu Gyeongbuk
Institute of Science and Technology
(DGIST), Daegu 42988, Republic of
Korea; *School of Interdisciplinary
Bioscience and Bioengineering, Pohang
University of Science and Technology
(POSTECH), Pohang 37666, Republic
of Korea

*These authors contributed equally
to this work

Correspondence: Eunjoo Kim
Companion Diagnostics and Medical
Technology Research Group, Daegu
Gyeongbuk Institute of Science

and Technology (DGIST), Techno-
jungangdaero 333, Daegu 42988,
Republic of Korea

Tel +82 53 785 2530

Fax +82 53 785 3559

Email ejkim@dgist.ac.kr

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Introduction: Exosomes, nano-sized extracellular vesicles, are known to circulate through
the blood stream to transfer molecular signals from tissue to tissue.

Methods: To determine whether exosomes affect aging in animals, we primarily identified the
changes in exosomal miRNA contents during the aging process. In exosomes from 12-month-old
mice, mmu-miR-126-5p and mmu-miR-466¢-5p levels were decreased and mmu-miR-184-3p
and mmu-miR-200b-5p levels were increased significantly compared with those of 3-month-old
mice. Their levels in exosomes were partially correlated with those in tissues: levels of only
mmu-miR-126-5p and mmu-miR-466¢-5p in lungs and/or liver were decreased, but those of
mmu-miR-184-3p and mmu-miR-200b-5p in tissues did not coincide with those of exosomes.
Results and discussion: In the aged tissues injected with young exosomes isolated from
serum, mmu-miR-126b-5p levels were reversed in the lungs and liver. Expression changes in
aging-associated molecules in young exosome-injected mice were obvious: p16™44 MTOR,
and IGF1R were significantly downregulated in the lungs and/or liver of old mice. In addition,
telomerase-related genes such as Menl, Mrella, Tepl, Terf2, Tert, and Tnks were significantly
upregulated in the liver of old mice after injection of young exosomes.

Conclusion: These results indicate that exosomes from young mice could reverse the expres-
sion pattern of aging-associated molecules in aged mice. Eventually, exosomes may be used
as a novel approach for the treatment and diagnosis of aging animals.
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Introduction

Understanding the regulatory mechanisms and the involved molecules underlying
aging has aroused interest to prevent or delay aging or aging-associated diseases.'?
It has been reported that the upregulated or downregulated miRNAs induce cellular
senescence. Downregulated miR-24 in diploid fibroblasts,® upregulated miR-203 in
melanoma cells,* and downregulated miRNA group, miR-26b, miR-181a, miR-201,
and miR-424, in mammary epithelial cells® are the examples of miRNAs inducing
senescence of cells.

In cell-to-cell signaling in systemic aging, miRNAs are reported to be released in
circulation and transferred to remote tissues. The released miRNAs can affect their
levels in circulation in aged individuals,® and in a recent study, they served as regulatory
molecules to control aging speed.” Therefore, they are strongly considered as aging-
associated biomarkers, possibly determined by minimally invasive or noninvasive
methods.?’ So far, several studies comparing miRNA expression profiles from the
blood of young and old animals have revealed differences in the expression levels of
several miRNAs with aging: miR-17-5p, miR-16-5p, miR-21a-5p, and miR-34a in
mice’!? and let-7 and miR-34a in humans.!'"!?

One of the ways by which miRNAs are released in circulation is via vesicles
blebbed out from cellular membranes. A representative type of these vesicles is
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exosomes, which are tens to hundreds of nanometers in
diameter. The exosomes released from parent cells enter sys-
temic circulation, which thus explains the signaling process
among remote tissues.”> !> Cells under stress would release
more exosomes in vitro to dispose unnecessary molecules or
communicate their signals to the surrounding cells.'® Actually,
aging is a type of cellular stress; thus, exosomes are secreted at
higher levels from senescent cells than from normal cells.

It has been reported on cell-to-cell signaling via exosomes
to explain systemic aging as a whole-body phenomenon.'¢-!8
miRNAs are also contained in exosomes and released to vari-
ous body fluids such as the saliva, synovial fluid, and blood;
therefore, these miRNAs displaying changes in expression
levels can be considered aging or aging-associated disease
biomarkers. Indeed, upregulated miR-24-3p in exosomes
was proposed as an aging biomarker in human saliva."” In
patients with osteoarthritis, expression levels of miR-16-2-3p,
miR-6821-5p, miR-26a-5p, and miR-146a-5p in women and
miR-201-5p and miR-6878-3p in men were altered in syn-
ovial exosomes in a sex-specific manner.”’ In Alzheimer’s
disease, induced miR-342-3p and miR-139b expression was
considered a probable biomarker in plasma exosomes.?'*?

However, limited information is available on changes
in the miRNA contents of exosomes in naturally aged indi-
viduals and their effects in the aging process. Therefore,
the identification of miRNA molecules deregulated in exo-
somes in the aging process would be required to understand
the mechanisms underlying aging and may have potential
applications in evaluating or reversing the aging status of
an individual.

In this study, we primarily identified differentially
expressed miRNAs (DERs) in exosomes from aged mice
and compared them with those from young mice. In addi-
tion, we determined whether the exosomal level of DERs
coincided with their levels in tissues, particularly in the
lungs and liver. If the miRNAs in exosomes have regula-
tory capability in systemic aging, their increased levels in
young exosomes were expected to exert a reversing effect on
tissues of old mice. Therefore, after intravenously injecting
exosomes from young mice to aged mice, changes in aging-
associated molecule levels were analyzed in aged mice. To
support the direct/indirect relationship of reverse-aging
with injected young exosomes, we determined the expres-
sion level of previously reported molecular biomarkers for
aging, such as p16™4* and TOR.??* IGFIR is involved
in metabolic changes in the aging process, and upregula-
tion of IGF1R was reported;>>2¢ thus, we also analyzed its
expression level following the injection of young exosomes
to old mice.

As another biomarker of aging, the expression of telom-
erase-associated genes could be considered based on previous
studies. The absence of telomerase activity in most human
somatic cells resulted in telomere shortening during aging.?’
In addition, the telomerase expression in human bone marrow
stromal cells prevented senescence-associated impairments,?
and transfection of a telomerase gene to old mice delayed
aging and increased longevity.? In this study, we analyzed
the expression of telomerase gene expression as a feasible
indicator of reverse-aging. The aim of this study is to identify
aging-associated molecules in exosomes and whether they
have an ability to induce reverse-aging in animals.

Materials and methods

Animals

Male C57BL/6 mice aged 3 weeks to 23 months were pur-
chased from Central Lab Animal Inc. (Seoul, Korea). The
animals were housed after purchase at the DGIST Animal
Laboratory in accordance with the Institutional Animal Care
Guidelines. The Animal Care and Use Committee of DGIST
approved all experimental protocols to be applied to the
mice. After 1 month of acclimatization, animals were either
euthanized or used for exosome injection. In all cases, tissues
(blood, liver, and lung) were sampled immediately.

Isolation of exosomes
Whole blood was sampled by retro-orbital bleeding, accord-
ing to the previous protocols.*” Blood samples were col-
lected in commercially available tubes with EDTA (BD
Microtainer, BD, Franklin Lakes, NJ, USA). After collection
of the whole blood samples, they were allowed to clot by
leaving them at room temperature for 30 minutes. The clots
were removed by centrifugation for 10 minutes at 1,000xg
using a refrigerated centrifuge. The samples were maintained
at —20°C until the exosome isolation was performed.
Exosomes were isolated by ExoQuick™ Exosome Pre-
cipitation Solution (System Biosciences, Inc., Palo Alto, CA,
USA) in accordance with the manufacturer’s instructions.
Briefly, 200 uL of serum was collected and centrifuged at
3,000xg for 15 minutes to eliminate cells and cell debris. The
supernatant was transferred to a microtube, and an appropri-
ate volume of precipitation solution was added. The mixture
was incubated at 4°C for 30 minutes, and then centrifuged at
1,500xg for 30 minutes. The exosome pellet was resuspended
in 100-500 pL of PBS.

Characterization of exosomes
The isolated exosomes were observed through transmission
electron microscopy (TEM, Tecnai™ G? Spirit, FEI Company,
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Hillsboro, OR, USA) to identify their morphology and the
extent of dispersion. Prior to TEM observation, the samples
were stained with methanolic uranyl acetate and lead citrate.’!
The size distribution of exosomes was analyzed through
dynamic light scattering (DLS; ZetaSizer Nano ZS, Malvern
Instruments, Malvern, UK). The enrichment of exosomes
was confirmed by the Western blotting analysis of exosome
markers, such as CD63, CD9, and Flotillin-1.

Screening of aging-associated miRNAs

in exosomes

For high-throughput screening of DERs in exosomes of aged
mice, next-generation sequencing (NGS) was performed
with small RNAs isolated from the exosomes of 3-, 8-, and
12-month-old mice (n=3). Total RNA was isolated from
exosomes using the Hybride-R RNA Kit (GeneAll*®, Seoul,
Korea), in accordance with the manufacturer’s instructions.
RNA integrity was confirmed with a bioanalyzer, using an
Agilent RNA 6000 Pico Kit (Agilent Technologies, Santa
Clara, CA, USA) with an RNA integrity number value >8
as a cutoff value. The isolated total RNA (50 ng) was pro-
cessed for preparing a small RNA sequencing library using
the TruSeq Small RNA Sample Preparation Kit (Illumina,
San Diego, CA, USA) in accordance with the manufacturer’s
instruction. The total RNA sample ligated RNA 3’ and 5
adapter with T4 RNA ligase (Promega, Madison, W1, USA)
in the ATP-free buffer. The ligated RNAs were reverse
transcribed to single-stranded cDNAs, using SuperScript 11
Reverse Transcriptase (Thermo Fisher Scientific, Waltham,
MA, USA) with reverse transcription primers recommended
by [llumina. The cDNAs were amplified in 11 cycles of PCR,
using [llumina’s Primer Set. PCR products were run on a 12%
tris-borate-EDTA (TBE) polyacrylamide gel, and a slice of
gel containing fragments of 145—-160 nt was excised. This
fraction was eluted and the recovered cDNAs were precipi-
tated, and quantification of library was performed through
RT-PCR analysis, using a CFX96 real-time system (Bio-Rad
Laboratories Inc., Hercules, CA, USA). The libraries were
pooled in equimolar amounts and loaded on the flow cell of
a HiSeq 2000 sequencing system (Illumina). Sequencing was
performed to generate 1x50 bp length read.

Quantification of miRNA expression

in exosomes

The amount of miRNAs in exosomes is usually not high;
thus, miRNA levels in exosomes were validated with QX200
droplet digital PCR (ddPCR, Bio-Rad Laboratories Inc.).
Total RNA was isolated from tissues using the Hybride-R
RNA Kit (GeneAll), according to the manufacturer’s

instruction. cDNA for miRNA analysis was synthesized
from 5 ng of total RNA using the Universal cDNA Synthesis
Kit IT (Exiqon, Vedbaek, Denmark). PCR was performed
in a 20 UL volume containing 10 uL. 1x ddPCR EvaGreen
Supermix, 2 uL cDNA, 350 nM primer sets, and deionized
water to fill the remaining volume. miRNA LNA™ PCR
primer sets (Qiagen, Hilden, Germany) were used for the
detection of target miRNAs. 5S rRNA was used as an inter-
nal standard to determine the relative expression of target
miRNAs. The prepared ddPCR assay mixture was loaded into
a QX200 disposable droplet generator cartridge according
to the manufacturer’s instruction. Briefly, 70 uL of Droplet
Generation Oil (Bio-Rad Laboratories Inc.) for probes was
loaded into each well. The cartridge was then placed inside
the QX200 droplet generator. When droplet generation was
complete, the droplets were transferred to a 96-well PCR
plate by using a multichannel pipet INTEGRA Biosciences,
Zizers, Switzerland). The plate was heat-sealed with foil and
placed in a conventional thermal cycler. Thermal cycling
conditions for EvaGreen assays were as follows: 95°C for
10 minutes, 40 cycles of 95°C for 30 seconds, and 58°C for
1 minute (ramping rate to 2°C/s), and three final steps at 4°C
for 5 minutes, 90°C for 5 minutes, and a 4°C indefinite hold
to enhance stabilization.

Quantification of miRNA expression

in tissues

The amount of miRNAs in tissues was determined by quan-
titative real-time PCR. Total RNA was isolated from tissues
using the Hybride-R RNA Kit (GeneAll), according to the
manufacturer’s instruction. cDNA for miRNA analysis was
synthesized from 5 ng of total RNA using the Universal
cDNA Synthesis Kit II (Exiqon). For the determination
of miRNA expression by quantitative real-time PCR, the
miRCURY LNA Universal RT micro RNA PCR LNA PCR
primer sets for mmu-miR-126-5p, mmu-miR-466¢-5p, mmu-
miR-184-3p, and mmu-miR-200b-5p (Exiqon) and the SYBR
Green PCR Kit (Exiqon) in an ABI7900HT Real-Time PCR
System (Thermo Fisher Scientific) was used. The expression
of miRNAs was determined by comparison of 5S rRNA
expression in each sample.

Injection of young exosomes

into old mice

Before investigating the effect of exosome injection from
young to old mice, exosomes isolated from whole serum of
a 3-month-old mouse was stained with exosome-specific dye
(ExoGlow™-RNA, System Biosciences, Inc.) according to the
manufacturer’s instruction, and then the exosome distribution
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in whole body was observed following the injection of the
stained exosomes intravenously using an in vivo imaging
system (IVIS® Spectrum, PerkinElmer Inc., Waltham, MA,
USA,; excitation/emission wavelength = 485 nm/538 nm).
After 72 hours from exosome injection, lungs and liver tis-
sues were dissected and observed by confocal microscopy
(FV1200, Olympus Corporation, Tokyo, Japan).

To investigate the effect of young exosomes to old mice,
exosomes from 4-week-old C57BL/6N male mice were
injected intravenously in 18-month-old male mice (n=3).
Exosomes for injecting into an aged mouse were prepared
from 400 pL serum each (almost all serum from a 4-week-old
mouse was used to inject into an aged mouse). As a control
experiment (n=3), PBS was injected with the same volume
of the exosome sample injected (averaging 100 UL per injec-
tion). After 24 hours from exosome injection, animals were
euthanized, and the lungs and liver were sampled.

Western blotting analysis for

aging-related molecules

Proteins were extracted from the lungs and liver of mice using
extraction buffer (50 mM Tris—HCI, pH 8, 150 mM NaCl, 1%
NP-40, 0.1% SDS, and 1 mM phenylmethylsulfonyl fluoride).
After incubation on ice for 15 minutes, tissue extracts were
centrifuged at 10,000xg for 30 minutes, and the supernatant
was collected for analysis. Protein concentrations were deter-
mined using a BCA Protein Assay Kit (Bio-Rad Laboratories
Inc.). Proteins (30 ug) were separated via SDS-PAGE on
a 10% resolving gel and electroblotted onto nitrocellulose
membranes using a transfer apparatus (Trans-Blot SD semi-
dry transfer cell, Bio-Rad Laboratories Inc.) in accordance
with the manufacturer’s instructions. Anti-MTOR, -p16™44,
and -IGF1R antibodies were obtained from Abcam, Inc.
(Cambridge, MA, USA). Secondary antibodies conjugated
with horseradish peroxidase were used, and the substrate for
enhanced chemiluminescence (ECL) was purchased from
Thermo Fisher Scientific. The intensity of protein bands was
quantified by ImageJ 1.X developed by the National Institutes
of Health.?? The expression level of proteins was determined
in comparison with that of ACTB and GAPDH.

Analysis of telomerase-related

gene expression

Total RNA from tissues was isolated using TaKaRa MiniBEST
Universal RNA Extraction Kit (Takara Bio Inc., Shiga, Japan)
in accordance with the manufacturer’s instructions. Single-
strand cDNA was synthesized from 1 pug total RNA, using
PrimeScript™ first strand cDNA Synthesis Kit (Takara Bio
Inc.). For the determination of mRNA expression, RT-PCR

was performed using gene-specific primer pairs specified in
previous report'® and the Roche SYBR-Green® master mix
in an ABI7900HT Real-Time PCR System (Thermo Fisher
Scientific). The relative expression level of genes was deter-
mined in comparison with that of B-actin.

Statistical analysis

For all experiments, data from three independent experiments
were analyzed using Student’s ¢-test and are reported as
meantSD. SigmaPlot version 12.3 was used (Systat Soft-
ware, Inc., Chicago, IL, USA) to determine the P-values.
A P-value <0.05 was considered statistically significant.

Results
Characterization of exosomes

from mouse serum

The isolated exosomes were visualized through TEM, after
negative staining. Figure 1A shows that vesicles <100 nm
in diameter were isolated by the methods used in this study.
The size distribution was determined through DLS, which
indicates that the average exosome size (z-average) in the
main peak was 7016 nm (average+SD, Figure 1B).

To confirm the enrichment of exosomes by the isolation
procedure, the representative proteins expressed on exosomes
were analyzed by Western blotting (Figure 1C). The enrich-
ment of CD63, CD9, and Flotillin-1 was clearly enhanced in
the isolated exosomes in comparison with those in the same
amount of serum proteins.

Aging-associated miRNAs in exosomes
miRNA contents of exosomes isolated from 200 uL of serum
of 3-, 8-, and 12-month-old mice (n=3) were analyzed using
NGS analysis. The total number of miRNAs determined in
exosomal fraction was 1,033. Among these miRNAs, the
selection criteria for DERs were as follows: 1) continuously
upregulated or downregulated in 8- and 12-month-old mice
compared with that in 3- and 8-month-old mice, respectively,
in >0.5 of log, (Ratio); 2) statistically significant changes in
expression, ie, P<<0.05. Table 1 shows the list of DERs that
satisfy both aforementioned criteria. In total, five miRNAs
were selected as DERs: mmu-miR-126b-5p and mmu-
miR-466¢c-5p were downregulated and mmu-miR-184-3p,
mmu-miR-200b-5p, and mmu-miR-708-5p were upregulated
depending on the age of the mice.

Expression changes in each miRNA in exosomes were
confirmed by ddPCR analysis. Figure 2 shows the expres-
sion level of four DERSs in 3-, 8-, and 12-month-old mice.
In this figure, it is observed that mmu-miR-126b-5p was
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Figure | Characterization of the isolated exosomes by transmission electron microscopy (A), dynamic light scattering (B), and Western blotting for exosome-specific

biomarkers (C).

downregulated significantly at 8 and 12 months compared
with that at 3 months. mmu-miR-466¢-5p showed a trend
for downregulation, and the change in 12-month-old mice
was significant compared with that in 8-month-old mice.
mmu-miR-184-3p and mmu-miR-200b-5p showed a strong
trend for upregulation, and their expression in 12-month-old
mice was significantly upregulated compared with that in
3-month-old mice. The results indicated that the expression
level of selected DERs was closely related to the age of mice.
In case of mmu-miR-708-5p, the expression did not change
significantly in accordance with age (data not shown).

Tissue levels of aging-related miRNAs

from exosomes

Until now, it is not clearly defined whether exosomal
levels of miRNAs are closely linked to those of tissues.
Figure 3 shows the expression of DERs in the lungs and liver.

Table | miRNA DERs in exosomes
miRNA

3 vs 8 months 8 vs 12 months

log, (ratio) P-value log, (ratio) P-value

mmu-miR-126b-5p  —0.55 0.024 -0.67 0.024
mmu-miR-466c-5p  —0.58 0.045 -1.92 0.0079
mmu-miR-184-3p  0.83 0.042 3.74 7.5x10°*
mmu-miR-200b-5p  0.86 0.038 1.49 0.030
mmu-miR-708-5p  4.78 0.028 320 0.018

Abbreviation: DERs, differentially expressed miRNA:s.

mmu-miR-126b-5p was downregulated in exosomes on
aging (Figure 2) and also showed a decreasing trend in the
lungs (Figure 3A). The expression of mmu-miR-126b-5p in
12- and 24-month-old mice was significantly decreased com-
pared with that in 3-month-old mice (P<<0.05). In liver, the
decreased expression of mmu-miR-126b-5p was significantly
observed in 12- and 24-month-old mice only when com-
pared with that in 8-month-old mice (Figure 3B). The other
downregulated miRNA in exosomes, mmu-miR-466¢-5p,
was not significantly downregulated in both lungs and liver
(Figure 3A and B). However, downregulation of mmu-miR-
466¢-5p in lungs was obvious in 12- and 24-month-old mice
compared with that in 8-month-old mice.

mmu-miR-184-3p and mmu-miR-200b-5p were DERs
that were upregulated with age in exosomes; however, their
levels in the lungs and liver were not significantly changed.
These results implied that the exosomal levels of miRNAs
did not stringently match with those of individual tissues.
The correlation of the miRNA expression levels in exosomes
and tissues should be determined by separate tests for each
miRNA.

miRNA levels changed by injection

of exosomes

Figure 4A shows that the isolated exosomes stained with
RNA-specific dye ExoGlow were clearly observed by
fluorescent emission at a wavelength of 538 nm, after
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intravenously injecting them into another mouse. The amount
of exosomes stained with ExoGlow was time-dependently
reduced but remained until 72 hours postinjection. How-
ever, the free ExoGlow dye almost disappeared at 24 hours
as observed in the whole-body imaging using IVIS system
(Figure 4A). The ex vivo image (Figure 4B) shows that
exosomes were transferred to liver and lungs much higher
than spleen, kidney, and heart. In the tissue sections of the
sacrificed mice at 72 hours, the exosomes were also observed
clearly in the liver, lung, and kidney, but free ExoGlow dye
was not observed in those tissues (Figure 4C). These results
indicated that exosomes isolated from the serum of a mouse
can be successfully transferred to tissues of another mouse
by intravenous injection.

Following the injection of exosomes from 3-month-old
mice, the DER levels were determined through ddPCR
analysis in 18-month-old recipient mice. In Figure 5, mmu-
miR-126-5p, which was determined to be downregulated with
aging in exosomes and tissues, was significantly upregulated
in the lungs and liver of young exosome-injected old mice.
However, another downregulated DER, mmu-miR-466¢-5p,
did not significantly change after exosome injection. This result
interpreted that the amount of mmu-miR-466¢-5p in young
exosome was not high enough to elevate its tissue level in aged
mice or there was another regulatory process to determine it.

Because the expression level of mmu-miR-200b-5p and
mmu-miR-184-3p in tissues did not coincide with that of
exosomes in the aging process (Figures 3 and 4), it was not

expected that their tissue levels in age mice could be affected
by the injection of young exosomes. As expected, mmu-
miR-200b-5p in the lungs and mmu-miR-184-3p in both the
lungs and liver did not significantly change by injection of
young exosomes. The exception was mmu-miR-200b-5p in
the liver, which significantly changed.

Reverse expression of aging-related

molecules in the lungs and liver
The injection of young exosomes in old mice was performed
to examine the possibility of the ability of exosomes to alter
the expression of aging-associated signaling molecules in
tissues. As aging-related signaling molecules, the expression
of pl6™*A MTOR, and IGF1R was analyzed by Western
blotting and compared with that of ACTB and GAPDH
as shown in Figure 6A. Compared with ACTB expression
(Figure 6B), IGF1R and p16™** were significantly down-
regulated in both the lungs and liver of aged mice after
injection of exosomes from young mice, while MTOR was
significantly downregulated only in the liver. In lungs, the
average levels of MTOR were decreased, but not significant.
However, IGFIR, p16™4* and MTOR in liver were signifi-
cantly downregulated compared with GAPDH as an internal
standard (Figure 6C). In lungs, the expression changes of
three molecules were not significant, but showed strong trend
of downregulation (P<<0.10).

As other aging biomarkers, telomerase-related proteins
were also analyzed in the tissues of injected mice. As shown
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Note: *P<0.05.

in Figure 7, among the six genes involved in the telomerase
complex (Menl, Mrella, Tepl, Terf2, Tert, and Tnks), two
genes (Menl and Mrel la) were reversed significantly in the
lungs and liver of aged mice by injection of young exosomes.
In case of Tnks, the expression was statistically nonsignificant
but showed a distinct trend toward significance (P=0.051 and
0.078 in lungs and liver, respectively).

Overall, the reversed expression of aging-related mol-
ecules was observed in aged mice after injection of young

exosomes, although there were some differences based on
the type of tissues and molecules.

Discussion

Because exosomes are endogenous vesicles, they have unique
advantages as a source of miRNA biomarkers: lengthening
the half-life of miRNAs in circulation by protection from a
vesicular membrane and harboring enhanced miRNAs as
signaling molecules compared with the parent cells.!0333
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Figure 6 Expression of aging-associated biomarkers following the injection of exosomes from 3-month-old to |8-month-old mice.
Notes: Following the analysis of protein expression by Western blotting (A), relative quantity of protein expression was determined by comparison with ACTB expression

(B) and GAPDH expression (C). 1P<<0.1; *P<<0.05; **P<0.01.

submit your manuscript

5342

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Effect of young exosomes

>

Lung
0.03 -

0.02 I

0.01 -

il =l

Relative expression (2-2¢)

]|

Men1 Mre11la Tep1

Terf2 Tert Tnks

W

Liver
0.03 T

0.02 | _*

0.01 -

i ]

Men1 Mrei1la Tep1 Terf2 Tert Tnks

Relative expression (2-2)

[] (-) Exosome [ (+) Exosome |

Figure 7 Expression of telomerase-related genes in lungs (A) and liver (B) after the injection of exosomes from 3-month-old to |8-month-old mice.

Notes: /P<<0.1; *P<<0.05.

The target organs that analyze the effect of young exosomes
in this study were liver and lungs because they were supposed
to respond primarily for the changes in blood circulation.
It was supported by the transfection of ExoGlow-stained
exosomes, which showed stronger fluorescence intensity in
liver and lung than other tissues such as spleen, kidney, and
heart (Figure 4B).

Consequently, downregulated mmu-miR-126b-5p and
mmu-miR-466¢-5p and upregulated mmu-miR-184-3p,
mmu-miR-200b-5p, and mmu-miR-708-5p were considered
candidate exosomal biomarkers in aged mice (Table 1).
Expression changes in those miRNAs, observed on NGS
analysis, were validated through ddPCR analysis, but four
of them, except mmu-miR-708-5p, were clearly confirmed
to be regulated in an age-dependent manner (Figure 2).

Downregulation of mmu-miR-126a-5p in mice is
reported to be associated with experimental autoimmune
encephalomyelitis,*® and hsa-miR-126-5p in human (same
sequence to mmu-miR-126a-5p, CAUUAUUACUUUUG
GUACGCQG) is known to be a tumor suppressor.**>* How-
ever, the sequence of mmu-miR-126b-5p (AUUAUUACU
CACGGUACGAGUU) has been determined only in mice;*
however, its function has not been reported. Regarding other
DERs, mmu-miR-466¢-5p was downregulated and mmu-
miR-200b-5p and mmu-miR-184-3p were upregulated in
exosomes, and their sequences were found to be unique
in mice.*

The role of mmu-miR-466¢-5p in aging has not been
reported; however, mmu-miR-466¢-5p was reported to be
regulated by IGFIR and IR in a mouse preadipocyte cell
line.* In the previous study, it was reported that mutant
mouse Igflr and Insr genes (knockout) downregulated

mmu-miR-466¢-5p mature miRNA. In our study, the IGF1R
was downregulated in 18-month-old mice after injection of
the exosomes from 3-month-old mice (Figure 6), but no sig-
nificant changes were observed in mmu-miR-466¢-5p expres-
sion levels in the tissues of aged mice (Figure 5). There was
a possibility that although mmu-miR-466¢-5p was increased
in aged tissue by the injection young exosomes with upregu-
lated mmu-miR-466¢-5p, it was compensated owing to the
downregulated IGFIR in aged tissues simultaneously.

Molecular changes in tissues of aged mice injected with
exosomes from young mice were analyzed especially for
aging-associated biomarkers, such as p16™“ and MTOR.
p16™4* and MTOR are known to be involved in signaling in
the aging process and are upregulated with aging.?*** In our
study, p16™** and MTOR were downregulated in the lungs
and liver (except for MTOR in the lungs) after injection of
young exosomes. This result could be designated as a criti-
cal response to exosomal injection from young to old mice,
which reversed the expression pattern of the representative
aging-associated molecules.

IGF1R is another aging-associated molecule, which is
involved in metabolic changes in the aging process, and
upregulation of IGF1R is a part of aging-related signaling.?*¢
In the current study, after the injection of young exosomes
to old mice, IGFIR was significantly downregulated in the
lungs and liver (Figure 6), which could be interpreted as
the reversed expression of IGFIR by injection of young
exosomes.

However, expression changes in mmu-miR-200b-5p and
mmu-miR-184-3p in tissues after injection of exosomes were
not clearly observed. This result implied that the addition
of exogenous young exosomes with lower miRNA levels
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compared with those of existing exosomes in the recipient
aged mice could not affect the tissue levels of miRNAs in
them. The increased level of mmu-miR-200b-5p in the liver
of injected mice seems to be the result of indirect regula-
tion of its expression. However, it might be also related
to the enhanced response of reversed expression of aging-
associated molecules in liver, such as MTOR (Figure 6) and
telomerase-related genes (Figure 7).

Taken together, these results supported the possible role
of exosomes in cell-to-cell signaling in the aging process
at the whole-body level. Obviously, the effect of exosome
injection in old mice would be systemic response and not
limited to a change in single miRNA expression. Therefore,
mmu-miR-126b-5p was only a representative molecule in
this study. The result on mmu-miR-126b-5p indicated that
exosome injection could result in molecular transfer from
exogenous exosomes to the recipient tissues, even though
the other DER levels in exosomes did not accurately coin-
cide with those of tissues. It was revealed from this study
that mmu-miR-126b-5p and mmu-miR-466¢-5, which were
identified in tissues with extremely low expression levels,
were more clearly detected in exosomes. Using the exosomes,
induction of reverse-aging would be attainable via circula-
tory system, wherein young exosomes could be transported
to each tissue in old mice.

We propose that young exosomes could cause reverse-
aging of old mice, but it can be said that there are still
limitations in this study. Even though we verify a functional
importance of exosomes in aging process of animal body, the
detailed molecular mechanism in exosome-to-cell or cell-to
exosomes signaling could not be explained. Until now, it
has not been clear whether the molecular expression levels
are totally synchronous between tissues and exosomes in the
same body. The expression level of 184-3p and 200b-5p in
exosomes was increased with aging (Figure 2); however,
there were no significant changes in their expression level in
tissues (Figure 3). This result made it difficult to understand
whether the controlled transfer of molecules between exo-
some-to-tissue occurred in aging. Another limitation of this
study is that the results are just an acute response of young
exosomes injected to old mice; thus, the effect of chronic
transfection by young exosomes should be investigated fur-
ther to identify the physiological response in old mice.

Conclusion

The effect of exosome injection can be considered a systemic
process caused by highly regulated contents of exosomes.
To our knowledge, exosomal miRNAs as aging-associated

molecules in mice are reported for the first time in this
study. Further investigation on signaling pathways altered by
exosome injection is required to explain the mechanism of
reversed expression of aging biomarkers. The novel approach
presented here involves the use of exosomes carrying exog-
enous genetic information as a potential clinical tool for more
effective treatment of aging-associated diseases.
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