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Background: Aging plays an important role in endothelial dysfunction. Fluid shear stress (FSS) can activate endothelial cells
(ECs). Herein, we tested the hypothesis that this endothelial impairment could be improved by elevated FSS
(EFSS) in aged rats.

Material/Methods: EFSS was created through ligation of the unilateral common iliac artery in 20-month-old rats, evaluated by
measuring blood flow velocity with Doppler spectrum. The effect of FSS on aged ECs was examined by senes-
cence-associated B-galactosidase (SA-B-Gal) staining, ultrastructural observation, and immunostaining and
gPCR analysis of eNOS and SIRT1 expression on both the mRNA and protein levels.

Results: (1) FSS was significantly increased in the right common iliac artery (RCIA) in rats with the ligation of the left
common iliac artery (LCIA). (2) SA-B-Gal staining was significantly attenuated by EFSS in the RCIA of aged rats.
(3) Ultrastructural observation showed that ECs in the RCIA of normal aged rats became irregular and enlarged,
with increasingly polypoid nuclei and fewer mitochondria, whereas ECs in the RCIA of aged rats with LCIA liga-
tion became more prominent and contained more mitochondria. (4) eNOS and SIRT1 expression in the RCIA of
aged rats with LCIA ligation was significantly upregulated compared with that in control group rats.
Conclusions: The present study for the first time shows that EFSS has the ability to improve age-related impairment of en-
dothelial structure and functions.

MeSH Keywords: Aged ¢ Endothelial Cells ¢ Nitric Oxide Synthase Type Il ¢ Sirtuin 1

Full-text PDF: https://www.medscimonit.com/abstract/index/idArt/916287

Basaes BEa— My BSu

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
5127 [ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]




ANIMAL STUDY

Background

Endothelial cells (ECs) form the inner lining of the vasculature
and regulate vascular functions such as exchange of fluid and
molecules between the blood and surrounding tissues, main-
tenance of cardiovascular homeostasis and vascular tone,
creation of new vascular network, and participation in and
facilitation of the immune response through production and
release of a broad spectrum of biologically active molecules,
including nitric oxide (NO) and prostacyclin [1-5].

Arterial endothelial dysfunction refers to the decrease or loss
of regulatory function in the normal ECs, and displays pro-ox-
idant, vasoconstrictor, pro-inflammatory, and pro-thrombotic
properties. Increasing evidence indicates that vascular endo-
thelial dysfunction develops with aging. One hallmark of vas-
cular endothelial dysfunction is impaired endothelial-depen-
dent dilation (EDD). Celermajer et al. demonstrated that EDD
begins to decline in the early 40s for men and early 50s for
women [6]. Egashira et al. reported lower EDD of coronary
arteries evoked by acetylcholine with aging in humans [7].
Trott et al. showed that aging impairs PI3 K/Akt signaling and
NO- mediated dilation in soleus muscle feed arteries [8]. It has
been proposed that age-related endothelial dysfunction con-
tributes to reduced perfusion of oxidative skeletal muscle [1],
decreased exercise tolerance [9], enhanced permeability, infil-
tration of inflammatory cells, and thrombotic events [10], and
impaired arteriogenesis [11]. Because NO produced by ECs
plays critical roles in regulating vascular tone, inhibiting vas-
cular inflammation, thrombotic events, and aberrant cell pro-
liferation, endothelial dysfunction is largely attributed to de-
creased production and bioavailability of NO [12].

Multiple molecular and cellular alterations take place in aged
ECs. Cavallaro et al. demonstrated that aged ECs became larger
and irregular in shape [13]. Similar morphological features have
also been observed in aged ECs in vitro [14,15]. Aged ECs were
also characterized by a decline in mitochondrial mass [16] and
reduced expression of SIRT1, a member of the sirtuin family
of enzymes associated with lifespan extension and other anti-
aging effects [17].

Recently, several lines of experimental evidence have indicated
that age-related endothelial dysfunction and adverse arterial
remodeling could be reversed or prevented by exercise train-
ing and overexpression of SIRT1 [18-20]. Furthermore, fluid
shear stress (FSS) has been reported to have the ability to ac-
tivate ECs and regulate SIRT1 expression [21]. However, it is
unclear whether age-related impairment of endothelial struc-
ture and functions can be improved by elevated FSS (EFSS).
To clarify this issue, we used the unilateral common iliac ar-
tery ligature model to study the effects of EFSS on endothe-
lial function and structural remodeling in aged rats by use of
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histochemistry, ultrastructural observation, and immunostain-
ing with specific antibodies against SIRT1 and endothelial nitric
oxide synthase (eNOS). We found that elevated FSS improved
age-related endothelial dysfunction and reversed adverse en-
dothelial remodeling in aged rats.

Material and Methods

Animal model

The present study was performed according to the Guide for
the Care and Use of Laboratory Animals by China’s Ministry of
Science and Technology, and was approved by the Animal Care
and Use Committee of Central South University (Ethics approval
number: LLSC(LA)2017-006). Aged (20 months old) Sprague-
Dawley (SD) rats obtained from the Animal Experimental
Center of the Third Xiangya Hospital, Central South University)
underwent unilateral (left) common iliac artery (LCIA) liga-
tion. Anesthesia was performed using 10% chloral hydrate
(3.5 ml/kg, intraperitoneally). A midline incision was made in
the abdomen and the LCIA was separated from the accompa-
nying vein and ligated with 5-0 silk, which led to an increase
of blood flow in the contralateral (right) common iliac artery
(RCIA). Then, the abdomen was closed in 2 layers. The ani-
mals had free access to food and water during perioperative
recovery. The RCIA from both the aged and adult (12 months
old) rats without ligation of the LCIA were used as controls.
A total of 30 SD rats were used for the experiment.

Preparation of the tissue

The rats were sacrificed under deep anesthesia 1 week after the
operation. We chose a 1-week experimental duration because
our collateral research showed that endothelial cell activation
is achieved by 7-day FSS stimulation [22,23]. The RCIA was iso-
lated from each group of animals, and extreme care was taken
at the time of isolation to minimize tissue damage. The tissue
was cleaned with phosphate-buffered saline (PBS) containing
20 unit/ml heparin to remove any unwanted blood. For SA-
-gal staining and immunofluorescence, after quick-freezing
in liquid nitrogen, the RCIA tissues were mounted with Tissue
Tek (Tissue Tek O.C.T, SAKURA, CA, USA) and kept at -80°C un-
til use. For RNA analysis, theRCIA tissues were stored in liquid
nitrogen until RNA isolation.

Senescence-associated B-Galactosidase staining (SA-B-gal
staining)

The SA-B-gal staining kit (Cell Signaling Technology, Beverly, MA)
was used to confirm vascular cellular senescence according to
the manufacturer’s instructions. Briefly, frozen tissue sections
were initially fixed for 15 min with 4% paraformaldehyde.
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After washing 3 times with PBS, frozen tissue sections were
then incubated with the SA-B-gal staining solution overnight
at 37°Ciin a CO,-free atmosphere. The stained senescent cells
(green color) were detected by conventional microscopy.

Immunofluorescence

Cryosections with a thickness of 5 um were prepared and fixed
with freshly prepared 4% paraformaldehyde. To block nonspecific
staining, the sections were incubated with BSA (Aurion Co.) at
a dilution of 1: 500. Then, the sections were incubated with pri-
mary antibodies (against SIRT1 and eNOS, purchased from Vector
Lab, CA, USA, Cell Signaling Technology and BD Transduction
Laboratories, respectively), secondary antibodies (anti-mouse or
anti-rabbit IgG Vector lab, CA, USA), Cy3-conjugated Streptavidin
(BioTrend, Germany), and DAPI (Invitrogen, Life Technologies,
OR, USA). Finally, the sections were sealed with coverslips and
examined under a confocal microscope (Nikon, Japan).

To exclude nonspecific binding of the secondary antibody,
omission of the first antibody served as a negative control.

Doppler spectrum measurement

Blood flow velocity and lumen diameter of the RCIA were
measured by Doppler spectrum (model Aplio 500, TOSHIBA,
Japan) equipped with a linear probe (14L5) immediately be-
fore and 7 days after ligature of the LCIA in aged rats. During
the measurements, the settings were 9 MHz probe frequency
and 1-mm sampling volume. The rats were anaesthetized and
placed in supine position. Images were obtained and trans-
ferred to a computer.

Real-time PCR

Total RNA was extracted from the RCIA by using TRIzol
(Invitrogen, Life Technologies, CA, USA) according to the
manufacturer’s protocol. Total RNA was isolated using TRIzol
(Invitrogen, Life Technologies, CA, USA) according to the man-
ufacturer’s protocol. Then, 1 pg total RNA was transcribed
to cDNA (Fermentas, Thermo Scientific, Lithuania) and real-
time PCR was performed on a Mastercycler Nexus instrument
(Eppendorf, Germany). The expression of RNA 18s served as
a loading control. The primer sequences for each gene were:
SIRT1, 5’-ATAGATACCTTGGAGCAGGTTGC-3’ (forward),
5’-CACGAACAGCTTCACAATCAACT-3’ (reverse);

eNOS, 5’-ACAAGGCAGCAGTGGAAATTAAC-3’ (forward),
5’-CTGCTCATTTTCCAAGTGCTTCA-3’ (reverse).

TEM

Freshly dissected samples were immediately immersion-fixed
in a mixture of 2% paraformaldehyde and 1% glutaraldehyde
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in 0.1 M sodium cacodylate buffer followed by postfixation
in 2% osmium tetroxide and embedding in Epon. Ultrathin
sections were stained with uranyl acetate and lead citrate,
viewed, and photographically recorded using a Philips CM10
electron microscope.

Hematoxylin-eosin staining

Cryosections with a thickness of 5 um were prepared and fixed
with freshly prepared 4% paraformaldehyde. HE staining was
performed according to routine protocols.

Quantification of fluorescence intensity

The quantification of fluorescence intensity of eNOS and SIRT1
was conducted with representative images obtained from a con-
focal microscope (Nikon, Japan), using EZ-C1 3.70 software.
During measurements, 0-pixel to 255-pixel intensity level (a full
range of gray values from black to peak white) was set. The flu-
orescence intensity was presented as arbitrary units AU/um?2.

Statistical analysis
All values are expressed as mean +SEM. The difference be-
tween normal adult and aged groups and between ligated and

unligated groups was compared by t test. A P value <0.05 was
considered statistically significant.

Results

Effect of ligation of the LCIA on blood flow velocity and
diameter of RCIA in aged rats

To determine the effect of ligation of LCIA on fluid shear
stress alteration in RCIA in aged rats, the blood flow velocity
of RCIA before and after ligation of LCIA in rats was mea-
sured by Doppler ultrasound, and the lumen diameter of the
RCIA was measured on tissue sections after HE staining us-
ing the Image J system. Our data showed that the blood flow
velocity of RCIA after ligation of LCIA (85.9+2.1 cm/s)was sig-
nificantly increased (P<0.001) as compared to before surgery
(49.6+1.3 cm/s) (Figure 1). In contrast, there was no significant
variation in the lumen diameter of RCIA after ligation (Figure 1).

FSS depends on blood viscosity (), vessel radius (r), and blood
flow velocity. In a laminar state, FSS can be estimated by the
formula: T=4 pQ/nr® and blood flux Q is determined by the
blood flow velocity and the cross-sectional area. In our case,
the blood viscosity and radius were not significantly different
after the operation, so the changes in FSS originated mainly
from the variation in blood flow velocity, and shear stress is
proportional to blood flow velocity. Our experimental results
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Figure 1. Blood flow velocity and diameter of RCIA in aged rats. (A) Blood flow velocity of RCIA before and after ligation of LCIA in aged
rats. (B) HE staining of RCIA before and after ligation of LCIA in aged rats. (C) Quantitative analysis of blood flow velocity and
lumen diameter of RCIA before and after ligation of LCIA in aged rats. *** p<0.001; NS — not significant. n=10 per group.

indicated that blood flow velocity of the RICA was increased
in rats via ligation of the LCIA; therefore, we concluded that
increased FSS was induced in this model.

SA-B-gal staining was significantly attenuated by elevated
FSS in the RCIA after ligation of LCIA in aged rats

Positive SA-B-gal staining is a common feature of the senes-
cent phenotype, which is largely independent of cell type.

Therefore, we used SA-B-gal staining to determine cellular se-
nescence in RCIA of aged rats. We found that positive SA-B-
gal staining was rarely detected in the RCIA of normal adult
rats; in contrast, it was apparent in the RCIA of normal aged
rats and could be observed in all 3 layers of the wall (Figure 2).
Compared with the normal aged rats, SA-B-gal staining was
significantly attenuated in the RCIA of the aged rats with li-
gation of the LCIA (Figure 2).
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Figure 2. SA-B-gal staining in RCIA in rats. (A) RCIA of normal adult rats; (B) RCIA of normal aged rats; (C) RCIA of aged rats with
ligation of LCIA; (D) quantitative analysis of SA-B-gal positive staining in 3 groups. ** p<0.01, *** p<0.001. n=3 per group.

The effect of elevated FSS on the ultrastructural changes
of the endothelium in the RCIA in aged rats

The effect of elevated FSS induced by ligation of LCIA on ul-
trastructural changes in RCIA of aged rats was investigated by
TEM. In RCIA of normal adult rats, ECs was thin and flat, with
an elongated nucleus. Numerous mitochondria were visible in
the cytoplasm. A few small projections at the abluminal side
extended into the subendothelial matrix. The basement mem-
brane was not observed in the endothelium, and the subendo-
thelial matrix was very thin (Figure 3). In the RCIA of normal
aged rats, ECs became irregular in shape and enlarged in size
and had an increasingly polypoid nucleus. There was evident
transition to the lipofuscin bodies of damaged mitochondria.
A part of the enlarged cell bodies and their long projections
at the abluminal side were embedded in the subendothelial
matrix (Figure 3). The thickness of the subendothelial matrix
was increased, but without infiltration of SMCs. Apoptotic-like
senescent ECs were observed (Figure 3). We found occasional
dying senescent ECs whose nuclei were degraded and dead
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senescent ECs with disintegrating nuclei. In the RCIA of aged
rats with ligation of the LCIA, ECs became prominent, but the
nuclei were still polypoid. Numerous mitochondria were visi-
ble in the cytoplasm. The cell bodies and their projections of
ECs at the abluminal side withdrew from the subendothelial
matrix (Figure 3).

Elevated FSS significantly increased protein and mRNA
levels of eNOS and SIRT1 in the RCIA after ligation of LCIA
in aged rats

The effect of elevated FSS induced by ligation of LCIA on the
expression of eNOS and SIRT1 in the RCIA of aged rats was in-
vestigated by immunofluorescence and g-PCR. We found that
in the sham-operated aged rats, the contents at the protein
and mRNA levels of eNOS in the RCIA were significantly lower
compared with that in normal adult rats. After ligation of the
LCIA, eNOS contents at the protein and mRNA levels in the
RCIA were significantly higher than in sham-operated aged rats
(Figure 4). Immunostaining of SIRT1 showed that this protein
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magnification: 25

Figure 3. TEM image showing ultrastructural of the endothelium in RCIA in rats. (A, A1, A2): RCIA of normal adult rats; (B, B1,
F, F1, F2): RCIA of normal aged rats; (C, D, D1, E): RCIA of aged rats with ligation of LCIA. EC — endothelial cells; N — nuclei;
SMC - smooth muscle cells; El - elastica interna; M — mitochondria; rER — rough endoplasmic reticulum; Lu — lumen;
SE - subendothelial layer; G — Golgi complex. n=3 per group.
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Figure 4. The expression of eNOS and SIRT1 on protein and mRNA levels in RCIA. (A) The expression of eNOS protein and mRNA
in RCIA; blue: DAPI; red: eNOS; (B) The expression of SIRT1 protein and mRNA in RCIA; blue: DAPI; red: SIRT1. * p<0.05;
** p<0.01; *** p<0.001. For immunofluorescence: n=3 per group; for RNA analysis: n=4 per group.

could be detected in the nucleus and cytoplasm of ECs. Similar
to the eNOS expression pattern, expression of SIRT1 at the pro-
tein and mRNA levels in the endothelium of the RCIA of aged
rats was significantly lower than in normal adult rats. These
decreased levels in the RCIA of aged rats were reversed by el-
evated FSS induced by ligation of the LCIA (Figure 4).
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Discussion

The main results of our study are: (1) in the RCIA of aged rats,
aging led to impairment of endothelial structures, and this im-
pairment was attenuated by the elevated FSS induced by liga-
tion of the LCIA; (2) in the RCIA of aged rats, aging led to de-
creased expression of eNOS and SIRT1, and this decrease was
reversed by the elevated FSS induced by ligation of the LCIA.
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SA-B-gal staining is widely used to identify the senescent phe-
notype. In the present study, we found positive SA-B-gal stain-
ing in all 3 layers of the wall of the RCIA of normal aged rats,
but staining was rare in the RCIA of normal adult rats, indi-
cating that the presence of senescent vascular cells in aging
RCIA vasculature. This is consistent with the results reported
by Fenton et al., who first demonstrated senescent endothe-
lial and vascular smooth muscle cells in balloon-injured vas-
culature [24] by SA-B-gal staining. Our data supports that
SA-B-gal is one of the best currently available markers of se-
nescence [25]. In RCIA of aged rats with ligation of the LCIA,
there was significantly less SA-B-gal staining than in normal
aged rats, indicating that elevated FSS induced by ligation of
LCIA can reverse age-related vascular senescence.

Based on our SA-B-gal staining results, we investigated age-
related ultrastructural changes in the endothelium of the
RCIA and the effect of elevated FSS induced through ligation
of LCIA on this change. We focused on the endothelium be-
cause it plays an important role in regulating vascular func-
tions [1-5]. We found clear evidence of age-related impairment
of endothelial structures, as shown by the observation that in
the endothelium of the RCIA of adult rats, ECs were thin and
flat with an elongated nucleus and contained numerous mi-
tochondria, whereas in aged individuals, ECs became irregu-
lar and enlarged, with an increasingly polypoid nucleus, and
had transitioned to the lipofuscin bodies of damaged mito-
chondria. Similar morphological features have also been ob-
served in several previous studies [14,16,26,27]. In addition
to the above-mentioned changes, the present study reveals
a new morphological feature of aged ECs by showing that in
the endothelium of the RCIA of aged rats, some of the en-
larged cell bodies and their long projections at the abluminal
side were embedded in the subendothelial matrix. To the best
of our knowledge, no similar observation has been previously
reported. We speculate that this might be a self-protective ad-
aptative mechanism by which these ECs prevent themselves
from being detached from the vascular wall through increas-
ing contacts with the subendothelial matrix. To clarify this is-
sue, further investigations are required. In our study, the base-
ment membrane (BM) was not observed in the endothelium
of the RCIA, and ECs contacted directly with subendothelial
matrix. Subendothelial thickness increased with increasing
age, but contained no smooth muscle cells (SMCs). We were
not surprised by the absence of BM in the endothelium of the
RCIA since endothelial BM mainly exists in arteriolar vessels
and capillaries, whereas the RCIA is a kind of transitional ves-
sel between large and muscle arteries. Similarly, under normal
circumstances, intima SMCs are mainly observed in large ar-
terial vessels, and they are rare in coronary arteriolar vessels,
with the exception of muscle arteries. Thus, we suggest that in
the RCIA of aged rats, the increased subendothelial matrix is
produced by ECs, not SMCs. Recently, several reports showed
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that apoptotic cell death in ECs was increased in aging vessels,
including peripheral arteries and capillaries [28,29]. In those
studies, apoptosis was detected by terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labelling assay. In our
study, apoptotic-like senescent ECs that were detached from
the subendothelial matrix were also observed under TEM. This
result is similar to that of Lakatta et al., who found that senes-
cent ECs were detached from the basement membrane [10].
In addition to apoptotic-like cell death, dying and dead senes-
cent ECs with degraded and disintegrating nuclei, respectively,
were also observed. To the best of our knowledge, this type of
cell death in senescent ECs has not been previously reported.
The mechanism responsible for this cell death and its impor-
tance requires further investigations. The FSS-mediated EC re-
sponse has attracted intense research interest for several de-
cades. The dramatic effects of FSS on EC shape and structure
have been well established. Kim et al. showed that exercise-
mediated wall shear stress increases mitochondrial biogenesis
in vascular endothelium [30]. Nerem et al. reported that the
high and unidirectional FSS induces elongated EC shape and
aligned cytoskeletal components, whereas low and oscillatory
FSS induces cobblestone-like EC shape and randomly oriented
cytoskeletal components [31]. Furthermore, others found that
FSS induced-remodeling of the cytoskeleton, as well as focal
adhesion and extracellular matrix assembly, is correlated with
EC shape changes [32,33]. In line with the above-mentioned
literature, the present study demonstrated that elevated FSS
also induced aged endothelial shape and structural remod-
eling, showing that in the RCIA of aged rats with ligation of
LCIA, ECs contain numerous mitochondria, and their bodies and
projections at the abluminal side withdrew from the suben-
dothelial matrix and became protruded into the lumen. These
findings suggest that aged ECs are activated by elevated FSS,
which is supported by data from collateral vessel research in
which activated ECs were found to be morphologically promi-
nent [34]. To the best of our knowledge, this is the first study
showing that age-related impairment of EC structure can be
reversed by elevated FSS.

Following morphological observation, further research was car-
ried out on age-related functional change in the endothelium
of the RCIA and the effect of elevated FSS on this change by
examining the expression of both SIRT1 and eNOS. We found
that in aged rats, eNOS expression at protein and mRNA levels
in the RCIA was significantly lower than in normal adult rats.
This result is in agreement with previously published studies
showing that the production of eNOS in the aorta decreases
with aging, and aged HUVECs showed significantly reduced
eNOS expression and a decrease in the overall S-NO con-
tent [35,36]. eNOS is the key enzyme for NO production, and
decreased NO bioavailability and NO deficiency are considered
hallmarks of endothelial dysfunction and vascular aging [12];
therefore, the finding of deceased expression of eNOS in the
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aged RCIA indicates the presence of age-related impairment
of endothelial function in aged rats. As expected, there was
increased eNOS expression in the RCIA caused by by elevated
FSS induced through ligation of the LCIA. On the one hand, the
level of FSS, the most important factor regulating the produc-
tion of eNOS, is reduced with aging [37]. On the other hand,
aged ECs become less responsive to FSS [12]. Therefore, the
observation that elevated FSS was accompanied by increased
eNOS production in aged RCIA is reasonable. These data sug-
gest that aged-related impairment of endothelial function could
be reversed or attenuated by elevated FSS. In support of this,
several previously published studies demonstrated that NO-
mediated dilation was impaired with age and improved with
exercise training or following exposure to increased intralu-
minal pressure or shear stress [38,39].

As with eNOS expression, we found that SIRT1 expression
was also significantly decreased in aged RCIA. This is consis-
tent with a previous report that SIRT1 expression is reduced
in ECs obtained from arteries of older human adults compared
to those from younger adults [40]. SIRT1, an NAD*-dependent
deacetylase, is considered to be an anti-aging molecule. In ECs,
downregulation of SIRT1 evokes cellular senescence [41]. Thus,
the reduced SIRT1 in aged RCIA also indicates the presence of
endothelial dysfunction. As mentioned earlier, FSS is the most
important factor for activation of Ecs [21]. Consistent with this
notion, in vitro experiments demonstrated shear stress upreg-
ulates SIRT1 expression in Ecs [21,42]. The present study is
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the first to show that elevated FSS can upregulate SIRT1 ex-
pression, likely initiating an anti-aging process.

In the present study, expression of eNOS and SIRT1 shared
the same pattern, showing both were decreased in aged ECs
and were upregulated by elevated FSS, suggesting that there
is cross-talk between these 2 molecules. Indeed, Nisoli et al.
demonstrated that SIRT1 expression is induced by increased
NO and is blunted in eNOS-deficient mice [43], whereas
Mattagajasingh et al. reported that SIRT1 promotes NO pro-
duction by targeting eNOS for deacetylation [44]. Based on the
literature and our data, we suggest that Sirt1 and eNOS inter-
act with each other in regulating ECs function.

Conclusions

We demonstrated that aging leads to impairment of the struc-
ture and function (reduced expression of eNOS and SIRT1) of
the endothelium in the RCIA of aged rats. We for the first time
show that this age-related impairment of the endothelium in
the aged RCIA can be reversed through ligation of the LCIA.
Our data highlight the importance of FSS for the reactivation
of aged ECs.
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