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Abstract. – OBJECTIVE: Aging is now considered as an independent risk factor for cardiac
fibrosis. However, the mechanisms underlying
aging-related cardiac fibrosis remain unknown.
Here, we examine the role of serum exosomes
in this process.
MATERIALS AND METHODS: Experiments
were conducted using 6-week-old or 24-week-old
male Sprague-Dawley (SD) rats. Cardiac sections
were treated with Masson’s trichrome stain to
evaluate fibrosis. Exosomes were isolated from
the serum, characterized and quantified using
Western blot, electron microscopy, and qNano analysis, and co-cultured with transforming
growth factor-β1 (TGF-β1)-induced primary cardiac fibroblasts (CF). Co-cultures were also carried
out in the presence of a hot shock protein 70
(HSP70) inhibitor (gefitinib) or inducer (geranylgeranylacetone) to evaluate the role of HSP70 in
cardiac fibrosis.
RESULTS: Cardiac fibrosis as well as serum
exosomes levels were increased during senescence. We observed an increase in fibroblast
proliferation and myofibroblast differentiation
when CF were co-cultured with exosomes from
old rats, compared to those from young mice.
Observing a decrease in surface HSP70 expression on the exosomes derived from old rats,
we tested the effects of HSP70 inhibition or
overexpression on the CF co-cultures. HSP70
inhibition increased fibroblast proliferation and
myofibroblast differentiation in CF co-cultures
containing exosomes from the young rats, while
HSP70 overexpression attenuated fibroblast proliferation and myofibroblast differentiation in CF
co-cultures containing exosomes from the old
rats.
CONCLUSIONS: Using an animal model of cardiac fibrosis, we show a decrease in HSP70 expression on the exosomal surface with aging,
which may contribute to cardiac fibrosis.
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Introduction
With the increase in human lifespan across
populations, the prevalence of age-associated diseases such as heart failure or neurological disorders is also on the rise. Cardiovascular disease is
the leading cause of death in developed countries.
Data from the United States National Health and
Nutrition Examination Survey examining trends
between 2005 and 2008 showed that 80% of the
cases of heart failure occurred in individuals over
65 years of age, suggesting that aging is a major
risk factor for cardiovascular disease1. Furthermore, cardiovascular disease-associated morbidity
and mortality also increases significantly with age.
The increase in cardiovascular disease risk with age
could be attributable to multiple factors, including
a more prolonged exposure to various risk factors
as well as intrinsic cardiovascular aging itself.
Aging is a multifactorial process characterized
by a progressive loss of physiological integrity,
leading to functional impairment and an increased
risk of mortality2. Within the aging process, cellular and molecular changes associated with damage
lead to increased disease susceptibility and mortality3. A key hallmark of the aging process is cellular senescence. During normal aging, the most
common senescence-inducing factors include epigenetic, proteotoxic, and oxidative stress and telomere or DNA damage, whereas disease-related
senescence has been linked to smoking and telomere or DNA damage4. Cardiac aging is a complex pathophysiological process accompanied by
a number of biological changes, including cardiac
remodeling and dysfunction5. Manifestations of
aging-associated cardiac abnormalities include
diastolic cardiac dysfunction, cardiac hypertrophy and fibrosis, and impaired contractile function6. Overall, cardiac fibrosis is a strong driver of
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adverse ventricular remodeling and heart failure.
Characterized by excessive extracellular matrix
accumulation, it is observed after various types of
cardiac injuries, including myocardial infarction
and conditions that cause hemodynamic stress,
such as hypertrophic and dilated cardiomyopathy.
While aging is a major risk factor for cardiac dysfunction, the relationship between cardiac fibrosis
and aging remains unclear. Exosomes are small
endosome-derived vesicles ranging from 30-200
nm in size that are actively secreted from cells
through exocytosis, a process normally used for receptor discharge and intercellular cross-talk7. They
are secreted by many cell types, including retinocytes, dendritic cells, B cells, T cells, mast cells,
epithelial cells, and tumor cells8-13. Exosomes have
been isolated and characterized from in vitro cultured cell lines, as well as in body fluids, including
blood, urine, saliva, amniotic fluid, and malignant
pleural effusions14-19. Exosomes have been shown
to participate in the fibrotic process20-22, but the relationship between exosomes and cardiac fibrosis in
the context of aging is unknown. In this study, we
examined changes in exosomes production during
aging and investigated the effects of exosomes
exposure on cardiac fibroblasts (CF), and studied
the underlying mechanisms. This study shows that
exosomes protect against cardiac fibrosis in an
HSP70-dependent manner, and that increase in cardiac fibrosis with aging may be partly attributable
to the aging-related decrease in HSP70 expression
on exosomes.

Materials and Methods
Animal Studies
All animal experiments were approved by the
Animal Research Committee of the Xinhua Hospital, and were in accordance with the principles
established by the Guide for the Care and Use of
Laboratory Animals (DHEW number NIH 86-23).
Male Sprague-Dawley (SD) rats (either 6-monthold [denoted as ‘young’] or 24-month-old [denoted as ‘old’]) were purchased from Shanghai
Songlian Laboratory Animal Farms (production
license SCXK2007-0011) and housed in a climate-controlled environment (22.8 ± 2.0°C at
45-50% humidity) with a 12/12-light/dark cycle,
with free access to food and water. After allowing 1 week for acclimatization, blood and heart
tissues were harvested following anaesthetization
with 50 mg/kg sodium pentobarbital by intraperitoneal (i.p.) injection.
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Masson’s Trichrome Staining
Heart tissues were sectioned and dewaxed in
the Histo-Clear reagent, washed three times with
ethanol, and incubated with Masson’s trichrome
stain (Sigma-Aldrich, St. Louis, MO, USA) for
1 h. The sections were then washed in acidified
water and ethanol, and mounted in a resinous medium (Cytoseal, Hatfield, PA, USA).
Primary CF Isolation
CFs were prepared as previously described,
using follow a conventional isolation method23.
Briefly, heart tissues were dissected, minced, and
enzymatically digested by incubation in 0.25%
trypsin and 0.1% (w/v) collagenase II (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37°C.
Digestion was terminated by the addition of a double volume of HBSS (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% exosome-depleted fetal bovine serum (FBS; SBI, Palo Alto,
CA, USA). Further mechanical disaggregation
was achieved by pipetting. Tissue debris and cardiomyocytes were removed by sequential centrifugation at 100 rcf for 2 min, followed by passage
through a 20-μm cell strainer, and centrifugation
at 400 rcf for 5 min. Isolated fibroblasts were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% exosome-depleted FBS.
Transforming growth factor-β1 (TGF-β1) (10
μg/L, Sigma-Aldrich, St. Louis, MO, USA) was
added to stimulate fibroblast differentiation.
Exosome Preparation
Rats were anesthetized with 50 mg/kg sodium
pentobarbital i.p. and placed on a heated mat. After thoracotomy, a 4-mL blood sample was rapidly
removed into a citrated vacutainerTM to minimize
platelet activation. Exosomes were prepared by
standard differential centrifugation at 4°C as follows: centrifugation at 1,600 × g for 20 min to obtain plasma, and then 10,000 x g for 30 min to remove cells and platelets. Pellets were resuspended
in phosphate-buffered saline (PBS) and centrifuged twice at 100,000 x g for 1 h at 4°C using a
SW-41 rotor. For co-culture of exosomes with CF,
plates were seeded with 1 x 105 CF/well, and exosomes were added at a final concentration of 40
µg/mL. Gefitinib (1 µM, WAKO Pure Chemicals,
Chuo-ku, Osaka, Japan) and geranylgeranylacetone (1 µM; SigmaAldrich, St. Louis, MO, USA)
were used to confirm the role of HSP70 in cardiac
fibrosis. After 12 h incubation, the proliferation
and differentiation of CF were measured.
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Exosomes Characterization
Electron microscopy was carried out using the
approach described by Malik et al24. Briefly, the
pelleted exosomes were settled on a gold-coated
grid, blotted, fixed in 1% glutaraldehyde, washed
in purified water, and incubated with uranyl oxylate (5-10 min) and then with methylcellulose
with uranyl acetate (5-10 min) three times. Following removal of methylcellulose-uranyl acetate, the exosomes were visualized by transmission electron microscopy using a Philips CM120
microscope (Amsterdam, The Netherlands). The
whole-mounted exosomes were also immunostained with cmHSP70.1, and incubated with the
secondary antibody, gold-labeled goat anti-mouse
IgG, to visualize HSP7025.
Exosomes quantification was done using qNano analysis (Izon Science, Burnside, Christchurch,
New Zealand) based on the manufacturer’s instructions. The protein levels in the exosomes
isolate were quantified using the BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA).
MTS Assay
CF proliferation was assessed by using the
MTS assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay Kit, Promega,
Madison, WI, USA), based on the manufacturer’s instructions. Fibroblasts were seeded in 96well plates at an initial density of 5 × 103 cells/
well. After allowing the cells to adhere for 2
h, exosomes were added and further incubated
for 24 h. A curve of cell proliferation was constructed by measuring cell growth using a microplate reader at 490 nm.
Western Blotting
Western blotting for calnexin, CD9, CD63,
and HSP70 was carried to verify that the surface
marker expression was characteristic of exosomes26. Briefly, exosomal proteins were separated by electrophoresis (120 V for 50 min) on 10%
sodium dodecyl sulfate/polyacrylamide gels and
transferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) for 1.5 h
at 100 mA. The following antibodies were used:
anti-CD9, anti-CD63, anti-HSP70, and anti-calnexin (all from Abcam, Cambridge MA, USA).
The membranes were washed three times in TrisHCl with 0.1% Tween 20 for 5-10 min and incubated for 2 h in Tris-buffered saline and Tween-20
(TBST) containing a horseradish peroxidase

(HRP)-conjugated secondary antibody (Abcam,
Cambridge MA, USA). Proteins were then detected by enhanced chemiluminescence (Thermo
Fisher, Waltham, MA, USA) and imaged by an
ImageQuant LAS 4000 mini biomolecular imager
(Bio-Rad, Hercules, CA, USA).
RNA Isolation and Quantitative
Real Time-Polymerase Chain Reaction
(qRT-PCR)
Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) as per the
manufacturer’s protocol. qRT-PCR was carried
out using the Primer-Script one step RT-PCR kit
(TaKaRa, Otsu, Shiga, Japan) and the SYBR kit
(TaKaRa), with detection on the ABI7500 system
(Applied Biosystems, Foster City, CA, USA).
mRNA levels were normalized against 18S RNA,
and relative expression levels were calculated by
the 2-ΔΔCt method. The following primers were
used: alpha-smooth muscle actin (a-SMA) F:
5’-GTCCCAGACATCAGGGAGTAA-3′ and R:
5′-TCGGATACTTCAGCGTCAGGA-3′; collagen type 1 alpha 1 (Col1a1) F: 5′-GAGCGGAGAGTACTGGATCGA-3′ and R: 5′-CTGACCTGTCTCCATGTTGCA-3′; collagen type 3 alpha 1
(Col3a1) F: 5′-TGCCATTGCTGGAGTTGGA-3′
and R: 5′-GAAGACATGATCTCCTCAGTGTTGA-3′; connective tissue growth factor (CTGF)
F: 5′-CACAGAGTGGAGCGCCTGTTC-3′ and
R: 5′-GATGCACTTTTTGCCCTTCTTAATG-3′;
18S F: 5′-TCAAGAACGAAAGTCGGAGG-3′
and R: 5′-GGACATCTAAGGGCATCAC-3′.
Statistical Analysis
All values were expressed as the mean ±
S.E.M. Student’s t-test for unpaired results was
used to evaluate differences between two groups.
Differences were considered to be significant
when p < 0.05.

Results
Cardiac Fibrosis is Increased
During Senescence
Use of Masson’s trichrome stain revealed increased fibrosis in the myocardium of old mice
compared to young mice, especially in left atrium
(Figure 1A). We also compared Col1a1, Col3a1,
and CTGF mRNA levels in cardiac tissues and
found significantly increased mRNA expression
in the aging heart (Figure 1B).
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Figure 1. Cardiac fibrosis is increased during senescence. A, Masson stain of whole-heart sections from young (left) or old
rats (right), showing increase in overall size as well as the level of fibrosis during senescence, especially in the left atrium.
Scale bar, 2 mm. B, Comparison of Col1a1, Col3a1, and CTGF mRNA expression in heart tissue between young and old rats.
*p<0.05, **p<0.01. Col1a1: collagen type 1 alpha 1; Col3a1: collagen type 3 alpha 1; CTGF: connective tissue growth factor.

tracking were used to confirm exosomes isolation.
Western blotting verified that the surface marker
expression was characteristic of exosomes, with
enrichment of the exosomal markers CD63, CD9,
and HSP70, and lack of expression of calnexin,
an endoplasmic reticulum protein (Figure 2A).

Aging is Associated with Changes
in Exosomes Expression
To examine whether exosomes expression
was altered during senescence, we isolated serum exosomes from both groups of rats. Western
blotting, electron microscopy, and nanoparticle

A

B
C

Figure 2. Characterization of serum exosomes. A, Western blotting of the cell lysate or exosome fractions for CD63, CD9,
and HSP70, and calnexin. B, Electron microscopy of the isolated exosomes; bar, 100 nm. C, qNano analysis of exosomes; blue:
exosomes from young rats; green: exosomes from old rats. ****p<0.0001.
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Electron microscopy showed that the isolated
vesicles, which appeared cup- or round-shaped,
ranged between 30 to 200 nm in diameter (Figure 2B). Comparison of isolates from the plasma
of young vs. aged animals by qNano analysis revealed that more exosomes were isolated from
the serum of aged animals, suggesting that exosomes production increases during senescence
(Figure 2C).
Exosomes from Old Rats Promote
Fibroblast Proliferation
and Myofibroblast Differentiation
To examine whether exosomes isolated from
the old rats exerted any functional effect on cardiac fibrosis, we co-cultured TGF-β1-induced CFs
with exosomes isolated from young or old rats.
We found that compared to those from the young
rats, exosomes from the aged rats promoted fibroblast proliferation and induced an increase in the
expression of Col1a1, Col3a1, and CTGF (Figure
3A and B). Co-culture with exosomes from aged
compared with younger rats also resulted in an
increase in myofibroblast differentiation, as evidenced by an increased expression of α-SMA and
TSP-1 (Figure 3C and D).

The Exosomes-Induced Effects
on Cell Proliferation and Differentiation
are Dependent on HSP70
We next examined whether HSP70, which is
expressed on the exosomes surface, played a role
in the exosomes-induced effects on CFs. Electron
microscopy revealed that surface expression of
HSP70 on exosomes decreased with aging (Figure 4A), which was confirmed by Western blotting (Figure 4B). Moreover, CF proliferation
and myofibroblast differentiation were increased
by co-culture of TGF-β1-induced CFs with exosomes derived from young rats in the presence of
the HSP70 inhibitor, gefitinib (Figure 4C). Similarly, the increase in CF proliferation and myofibroblast differentiation induced by CF co-culture
with exosomes from aged rats was attenuated by
geranylgeranylacetone (GGA), which acts as an
HSP70 inducer (Figure 4D).

Discussion
Advanced age has emerged as the strongest
risk factor for cardiovascular disease, and the
mechanisms underlying cardiac aging require

A
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D

Figure 3. Exosomes from old rats promote fibroblast proliferation and myofibroblast differentiation. A, Cardiac fibroblast
viability after a 24-h co-culture with exosomes from young or old rats. B, Comparison of Col1a1, Col3a1, and CTGF mRNA
expression in cardiac fibroblasts after co-culture with exosomes from young or old rats. C-D, Comparison of α-SMA and TSP1 expression in cardiac fibroblasts after co-culture with exosomes from young or old rats. α-SMA, alpha-smooth muscle actin;
TSP-1, thrombospondin-1; Col1a1, collagen type 1 alpha 1; Col3a1 collagen type 3 alpha 1; CTGF, connective tissue growth
factor; *p<0.05, **p<0.01.
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Figure 4. The role of exosomal HSP70 in senescence. A, Electron microscopic examination of surface HSP70 expression
on exosomes from young or old rats. Scale bar, 100 nm. B, Western blotting analysis of HSP70 expression on exosomes from
young or old rats. C, Examination of cell viability and Col1a1, Col3a1, CTGF, and α-SMA expression in cardiac fibroblasts following co-culture of cardiac fibroblasts with exosomes from young rats in the presence of gefitinib. D, Examination of cell viability and Col1a1, Col3a1, CTGF, and α-SMA expression in cardiac fibroblasts following co-culture of cardiac fibroblasts with
exosomes from old rats in the presence of GGA. α-SMA, alpha-smooth muscle actin; Col1a1, collagen type 1 alpha 1; Col3a1
collagen type 3 alpha 1; CTGF, connective tissue growth factor; GGA, geranylgeranylacetone *p<0.05, **p<0.01, ***p<0.001.

scrutiny. This study shows that cardiac fibrosis, a
process of adverse cardiac remodeling that can occur after MI or hemodynamic stress, is increased
during aging. We show that the plasma levels of
exosomes are increased during senescence, and
that exosomes isolated from the plasma of aged
rats promote cardiac fibrosis in an HSP70-dependant manner. We finally demonstrate a protective
role for HSP70, where loss of HSP70 expression
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on the surface of exosomes contributes to an enhanced ability to promote fibrosis. These findings
provide valuable insights into the processes involved in cardiac aging.
This study adds to the growing body of evidence suggesting that exosomes influence the fibrotic process20-22. Exosomes are natural transport
nanovesicles (30-200 nm) secreted by numerous
cell types. They originate from endosomes, are se-
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creted from the plasma membrane, and play highly specific roles in the transport of DNAs, RNAs,
or proteins. Intercellular transfer of exosomes is
a well-established mechanism of cell-cell communication27,28. However, only a few studies have
examined the effects of serum exosomes.
We showed that serum exosomes from old
rats promoted the proliferation of fibroblasts and
increased expression of Col1a1, Col3a1, CTGF,
and α-SMA, indicating that during aging, plasma
exosomes promote fibrosis. Our findings suggest
that aging produces changes in the exosomes,
one of which is a decrease in the expression of
HSP70. Similarly, other studies have demonstrated a protective role of HSP70 against fibrogenesis. In 2007, Wakisaka et al29 demonstrated both
in vitro and in vivo that heat shock prevented the
angiotensin-II-induced cardiac fibrotic response
in the atrium, through the upregulation of HSP70.
Angiotensin-II activates the MEK-ERK cascade,
promoting atrial fibrosis30 though the activation of the extracellular signal-regulated kinases
(ERK)-activating kinases (MEK1/2), which activate ERK1/ERK231. Heat shock-induced HSP70
upregulation attenuated the angiotensin-II-induced signals, thereby reducing ERK1/ERK2
phosphorylation and inhibiting the differentiation
of fibroblasts into myofibroblasts by preventing
α-SMA expression, TGF-β1 secretion, and extracellular matrix synthesis29. HSP upregulation has
been proposed as a novel therapeutic approach to
prevent atrial fibrosis32.
In vivo, Tanaka et al33 demonstrated that transgenic overexpression of HSP70 (tgHSP70) protected mice from protected from lung inflammation and bleomycin-induced fibrosis. The authors
showed that the bleomycin-induced TGF-β1 production and pro-inflammatory cytokine expression
was lower in tgHSP70 mice compared to wildtype mice. In vitro, HSP70 inhibition favored the
epithelialtomesenchymal transition (EMT) process
induced by TGF-β1 but, did not activate fibroblasts.
The same team showed that administration of gefitinib, an HSP70 inhibitor, in mice exacerbated the
pulmonary fibrosis induced by bleomycin34.
In a model of kidney fibrosis, Zhou et al35 proposed a mechanism of action for HSP70 in the
TGF-β1 pathway that explained the protective effect of this HSP in fibrogenesis. They showed that
HSP70 induction via GGA in vivo and in vitro inhibited phosphorylation and nuclear translocation
of Smad3, thereby abrogating EMT and fibrosis.
The authors further showed that the peptide-binding domain (PDB) of HSP70 was required for this

protective effect, because overexpression of a mutant HSP70 lacking the PBD was unable to prevent
EMT and fibrosis in their model. This study suggests that HSP70 acts as a chaperone of Smad3 via
the PBD and sequesters it in the cytoplasm, thus
blocking the TGF-β1-mediated activation of fibrogenesis35. Another study revealed a similar effect of
HSP70 on the phosphorylation and nuclear translocation of Smad2 using a kidney cell line36.
GGA, which is currently licensed to treat gastric ulcers, has been shown in animal studies to
induce HSP70 expression in vitro and in vivo,
and ameliorate fibrosis in several organs, including the lung and kidney33,35,37. This drug has been
shown to prevent key events in the fibrotic process, including myofibroblast differentiation and
EMT33,37 GGA administration reduces organ damage in animal models of lung or kidney damage.
In agreement with these findings, our study shows
that the addition to GGA to in vitro cultures of
exosomes and CFs reduced CF proliferation and
myofibroblast differentiation.

Conclusions
We showed for the first time, that aging may
be associated with an increase in exosomes production in the plasma. Exosomes from old rats
were found to promote fibroblast proliferation
and myofibroblast differentiation in vitro, and this
enhanced ability was linked to the loss of HSP70
on their surface. This study provides valuable insights into how aging may act as a risk factor for
cardiovascular disease.
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