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Abstract

Objective: Enhancing structural and functional integrity of mitochondria is an emerging therapeutic option against
endothelial dysfunction. In this study, we sought to investigate the effect of fluid shear stress on mitochondrial biogenesis
and mitochondrial respiratory function in endothelial cells (ECs) using in vitro and in vivo complementary studies.

Methods and Results: Human aortic- or umbilical vein-derived ECs were exposed to laminar shear stress (20 dyne/cmz) for
various durations using a cone-and-plate shear apparatus. We observed significant increases in the expression of key genes
related to mitochondrial biogenesis and mitochondrial quality control as well as mtDNA content and mitochondrial mass
under the shear stress conditions. Mitochondrial respiratory function was enhanced when cells were intermittently exposed
to laminar shear stress for 72 hrs. Also, shear-exposed cells showed diminished glycolysis and decreased mitochondrial
membrane potential (A¥m). Likewise, in in vivo experiments, mice that were subjected to a voluntary wheel running
exercise for 5 weeks showed significantly higher mitochondrial content determined by en face staining in the conduit
(greater and lesser curvature of the aortic arch and thoracic aorta) and muscle feed (femoral artery) arteries compared to the
sedentary control mice. Interestingly, however, the mitochondrial biogenesis was not observed in the mesenteric artery.
This region-specific adaptation is likely due to the differential blood flow redistribution during exercise in the different
vessel beds.

Conclusion: Taken together, our findings suggest that exercise enhances mitochondrial biogenesis in vascular endothelium
through a shear stress-dependent mechanism. Our findings may suggest a novel mitochondrial pathway by which a chronic
exercise may be beneficial for vascular function.
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Introduction The regular practice of physical activity is one of the most
effective non-pharmacological interventions improving endothelial
dysfunction. During the last two decades, the beneficial effects of
exercise on the vascular endothelium have been extensively
studied in various aspects of the endothelial function related to
endothelium-dependent vasodilatory, anti-inflammatory, anti-
thrombotic, and anti-apoptotic endothelial phenotypes [14-26].
Whilst exercise-induced uniaxial laminar flow has been thought to
be the central signaling mechanism for the endothelial adaptations
[27-33], a direct impact of this flow pattern on endothelial
mitochondrial adaptations i vivo is unknown.

Mitochondrial biogenesis is a complex process involving the
replication of mitochondrial DNA (mtDNA) and the expression of
mitochondrial proteins encoded by both nuclear and mitochon-
drial genomes. Peroxisome proliferator-activated receptor-y coac-
tivator-la. (PGC-1a) transactivates nuclear respiratory factor 1
(NRF-1) which, in turn, activates mtDNA transcription factor A
endothelium. (TFAM) that regulates mtDNA transcription and replication. The

Mitochondria are multifunctional organelles. Not only are they
metabolic hubs, but they are also involved in other vital cellular
processes. In endothelial cells (ECs), the potential physiological
role of mitochondria has been somewhat neglected because their
energy supply is relatively independent of the mitochondrial
respiration, although the accuracy of this notion as it relates to
other mitochondprial functions in the cells is unknown. To this end,
emerging evidence suggests that mitochondria are essential for
maintaining various endothelial homeostasis such as ROS
signaling, Ca®" regulation, apoptosis and cell senescence [1-9].
Furthermore, mitochondrial dysfunction has appeared to be
responsible for the range of cardiovascular diseases intimately
related with endothelial dysfunction such as hypertension and
atherosclerosis [1,3,4,8-13]. Thus, it is imperative to identify an
effective intervention to manipulate mitochondrial networks in the
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activation of PGC-la involves a dual-posttranslational modifica-
tion involving AMP-activated protein kinase (AMPK) and NAD-
dependent protein deacetylase, sirtuin 1 (SIRT1), but the specific
regulatory mechanism in ECs remains controversial [34,35]. p53-
inducible ribonucleotide reductase (p53R2) plays a crucial role in a
salvage pathway to supply dNTPs for mtDNA synthesis [36]. In
addition, upregulation of other mitochondrial contents including
respiratory chain complexes and their assembly proteins (i.e.,
COX 1V, SCO1 and SCO2) are also important for preventing
dilution of the contents for a successful mitochondrial prolifera-
tion. Mitochondrial dynamics plays a crucial role in mitochondrial
quality control. Mitochondrial fission is achieved through the
action of a set of proteins, including dynamin-related protein,
Drpl, and outer-membrane receptor-like protein, Fisl. Mitochon-
dria fusion involves outer mitochondrial membrane proteins,
mitofusins 1 and 2 (Mfnl and Mfn2) and an inner membrane
protein Opal [37]. Through proper fusion/fission dynamics
coordinated with contents amplification, new daughter mitochon-
dria are formed [38].

Recently, potential link between shear stress and mitochondrial
biogenesis in ECs has been suggested [39—42]. Chen et al.
reported that laminar flow upregulates the key mitochondrial
biogenesis regulators including PGC-1o and SIRT1 as well as the
MitoTracker Green signals in shear-exposed ECs [39]. In
addition, a study reported that a short-term forced exercise on a
motorized treadmill significantly altered mitochondrial dynamic
protein profiles in the rat aortic tissues in a NO-dependent fashion
[40]. Here, we report that laminar shear stress (LSS) increases
mitochondrial biogenesis/dynamics and mtDNA content, and
modulates their respiratory function and bioenergetics in human
ECs. We also report that chronic voluntary running exercise
increases mitochondrial density in the mouse endothelium in a
shear stress-dependent manner. Findings from this study will help
understand the effects of aerobic exercise-mediated increase in
wall shear stress (WSS) on enhancing mitochondrial contents
which might be a guide of therapeutic approach for improving
cardiovascular health.

Materials and Methods

Cell culture and LSS protocol

Human aortic ECs (HAECs) and human umbilical vein ECs
(HUVECGs) (Lonza) were cultured in EGM-2 and M199 medium
supplemented with 20% fetal bovine serum and endothelial cell
growth supplement, respectively. Cells were exposed to the arterial
levels of LSS for various time points by using a cone-and-plate
shear system once they reach at 100% confluency. Overview of the
LSS protocol is outlined in figure 1A. All experiments with
HAECs and HUVECs were conducted between the 37 passages.

Immunoblotting

Cells were washed three times with cold DPBS and lysed in
RIPA buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl,
1% Triton X-100, 0.1% SDS, 1% Deoxycholate, pH 7.5).
Following precipitation of insoluble fraction of the RIPA samples
by centrifugation (16,000 g for 15 min at 4°C), supernatants were
collected and subjected to Bradford assay to quantify protein
concentrations. The resulting protein samples underwent SDS-
PAGE and were transferred to Immobilon-P membrane (Milli-
pore). Subsequently, the membrane was blocked with 5% nonfat
dry milk in TBST for 20 min at room temperature and incubated
overnight with respective primary antibodies. Antibodies were
purchased from the following sources: rabbit polyclonal anti-PGC-
loe (Novus), mouse monoclonal anti-porin (anti-VDAC) (Invitro-
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gen), goat polyclonal anti-p53R2 (Santa Cruz), rabbit polyclonal
anti-AMPKo (Cell signaling), rabbit polyclonal anti-phospho-
AMPKa (Cell signaling), mouse monoclonal o-tubulin (Sigma-
Aldrich). The membranes were then washed twice in TBST and
incubated with HRP-conjugated secondary antibodies for an hour
followed by washing three times with TBST. Then, membranes
were subjected to standard enhanced chemiluminescence (Thermo
Fisher Scientific) method for visualization.

mMRNA isolation, cDNA synthesis, and real-time PCR

mRNAs were isolated using Dynabeads direct kit, and cDNA
synthesis were performed on poly-dT magnetic beads by reverse
transcription using superscript II (Invitrogen). mRNA expression
levels were quantified by real-time PCR using SYBR green
fluorescence. Cycle threshold (Ct) values were normalized to the
housekeeping gene HPRT1. The primer sequences used are
described in Table 1.

mtDNA content quantification

Total genomic DNAs were isolated by using the DNeasy kit
(QOJIAGEN) and mtDNA contents were assessed by semi-quanti-
tative PCR. The relative ratio between mitochondrial DNA (COX
I; cytochrome ¢ oxidase subunit I, COX II; cytochrome c¢ oxidase
subunit II, or ND II; NADH dehydrogenase subunit 2) compared
to nuclear DNA (18s rRNA) amount was calculated. Primer
sequences were as follows:

COXI (human)

Sense, 5'- CATAGGAGGCTTCATTCACTG - 3’

Antisense, 5'- CAGGTTTATGGAGGGTTCTTC — 3’

COXII (human)

Sense, 5'- CCATAGGGCACCAATGATACTG — 3’

Antisense, 5'- AGTCGGCCTGGGATGGCATC — 3’

NDII (mouse)

Sense, 5'- CCTATCACCCTTGCCATCAT - 3’

Antisense, 5'- GAGGCTGTTGCTTGTGTGAC — 3’

18s rRNA (human and mouse)

Sense, 5'-CTTAGAGGGACAAGTGGCGTTC-3’

Antisense, 5'-CGCTGAGCCAGTCAGTGTAG-3'

MitoTracker staining

Live HAECs exposed to either static (STT) or LSS were
incubated with 200 nM pre-warmed MitoTracker Green FM or
MitoTracker Red CMXRos (Molecular Probes) solution at 37°C
for 30 min. After removal of the incubation solution, cells were
washed three times with pre-warmed PBS and then mounted in
Hank’s balanced salt solution. For quantitative analyses, more
than 100 images per each group were acquired using an epi-
fluorescence upright microscope with a 63x objective oil lens. For
MitoTracker Green FM staining, excitation/emission wavelengths
were set at 470/525 nm (FL filter Set 38, Zeiss), and for
MitoTracker Red CMXRos staining, excitation/emission wave-
lengths were set at 587/647 nm (FL filter Set 64HE). Images were
initially acquired using an AxioCam MRm and AxioVision image
processing system (Zeiss), and the fluorescence intensities were
assessed using Image J software (NIH).

Mitochondrial respiration

HUVECSs were subjected to intermittent LSS at 20 dynes/cm?
for up to 72 hours while the ST'T control group was maintained in
the absence of LSS. Cells were subcultured as needed to avoid
becoming over-confluent for the duration of experiments. Cells
were then harvested and the oxygen consumption was measured
using a Clark-type oxygen electrode in complete media. Final
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Figure 1. Increased mitochondrial biogenesis markers by LSS in HAECs. (a) An overview of LSS protocol used. HAECs were exposed to
exercise-mimicking LSS at 20 dyne/cm2 for 48 hrs, and then, recovery (Rec) LSS at 5 dyne/cm2 was followed for another 24 hrs. (b) Effect of LSS on the
mRNA and protein expression of mitochondrial biogenesis markers. mRNA expression of NRF-1, SCO1, SCO2, TFAM, and COX IV were assessed by
real-time PCR and protein contents of PGC-1a, VDAC, and p53R2 were analyzed by western blot. (c) Effect of LSS on the mRNA expression of
mitochondrial dynamics markers. mRNA expression of Mfn1, Mfn2, OPA1, Fis1, and Drp1 were assessed by real-time PCR. (d) Effect of LSS on mtDNA
contents. Relative mtDNA contents are expressed as a ratio of COX | and Il to 18s rRNA. (e) Effect of LSS on mitochondrial mass. Mitochondria were
labeled with MitoTracker Green in live HAECs. Representative fluorescence micrographs under STT (left panel) and after 48 hrs of LSS at 20 dyne/cm?
(right panel) are shown. Bar =50 um. The MitoTracker Green fluorescence intensities were analyzed using the Image J (NIH) software. All
densitometry analyses values are shown as mean *+ SE; * P<<0.05 vs. STT; ** P<<0.01 vs. STT.

doi:10.1371/journal.pone.0111409.g001

oxygen consumption was normalized to the number of cells (nmol
0y/min/10° cells).

Lactate production measurement

Lactate concentration in cell culture medium was measured by
a colorimetric enzymatic assay according to the manufacturer’s
instructions (Sigma). Briefly, when cells were grown at =80%
confluency, cell culture medium was replaced with fresh basal
M199 medium. Then, media samples were collected at 12, 24, and
36 hours after incubation and filtered through 10 kDa molecular
weight cut-off spin columns (Milipore) before being subjected to
lactate assays. Lactate concentration was normalized to corre-
sponding viable cell numbers determined by trypan blue exclusion
quantification.

Microarray analysis

To gain insight into global patterns of metabolic gene
expression, microarray analysis was performed. RNA was isolated
by using RNeasy kit (QIAGEN). Microarray analysis were
performed from STT (n=4) and LSS (n=6) exposed HUVECs
by using Affymetrix whole-genome arrays containing 45,101
probe sets corresponding to =34,000 genes. Heat map was created
with Gene-E ver. 3.0.214 (Broad Institute, Inc).

Ethics statement

This study was carried out in strict accordance with the
recommendations and the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Temple University Institutional
Animal Care and Use Committee (Permit Number: 4159). All
sacrifices were performed under isoflurane anesthesia, and all
efforts were made to minimize suffering.

Experimental animals and voluntary wheel exercise
After three days of acclimation period, twenty inbred C57Bl/6]
mice were randomly assigned to either sedentary (SED) (n=10) or
voluntary wheel (VW) running exercise (n = 10) group. VW group
animals were individually housed in a rat-sized cage with a metal
wheel with a diameter of 11.5 cm (Prevue) fitted with digital
magnetic counter. SED group animals were singly housed in the
same sized cage without the running wheel. All animals were given
water and food (Purina chow) ad libitum. VW running exercise
began at an age of 8 tol0-week-old and continued for 5 weeks.

Blood vessel isolation
Mice were euthanized two days after the end of 5-weeks of VW
exercise period. For the preparation of RNA, protein, and DNA,
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Table 1. Primer Sequences for Real-Time PCR.
Species Genes Primer sequences (5’ - 3')
Sense Antisense
human NRF-1 CCAAGTGAATTATTCTGCCG TGACTGCGCTGTCTGATATCC
SCO1 GGCACAGCCAGTGCATTCCTGCCTG GCATCACACTCGTGATCAATATCCTC
SCO2 GCAGCCTGTCTTCATCACTGTGGACC CCGCACACTGTCTGAGATCTGCTC
TFAM AGCTAAGGGTGATTCACCGC GCAGAAGTCCATGAGCTGAA
COX IV ACGAGCTCATGAAAGTGTTGTG AATGCGATACAACTCGACTTTCTC
HPRT1 GACACTGGCAAAACAATGCAG AGTCTATAGGCTCATAGTGC
MFN1 AGTAACAGGATTGGCGTCCG CGTTTCCTCCTATCATGGTCACC
MFN2 ATGCATCCCCACTTAAGCAC CCAGAGGGCAGAACTTTGTC
OPA1 GGCTCTGCAGGCTCGTCTCAAGG TTCCGCCAGTTGAACGCGTTTACC
DRP1 CACAGGAGGAGGTGGACAGC CGCCTCCTTCAGTGCGTGGT
FIS1 ATGGAGGCCGTGCTGAAC TCAGGATTTGGACTTGGA
mouse PGC-1a ACGGTTTACATGAACACAGCTGC CTTGTTCGTTCTGTTCAGGTGC
NRF-1 GAACGCCACCGATTTCACTGTC CCCTACCACCCACGAATCTGG
TFAM CTGATGGGTATGGAGAAGGAGG CCAACTTCAGCCATCTGCTCTTC
p53R2 CCAGGTTACCATGGTTGTGG CCAGTGCACTCAGTAGCTGTG
SCO1 CTAGCTTAGCACAATAGCAAGGGCAGGCTAC CCCAGGAATGCAGTTATGACATGACAGCAAAGGCAG
SCO2 CAGCCTGTCTTCATCACTGTGGA GACACTGTGGAAGGCAGCTATGTGCC
TIF CTGAGGATGTGCTGTCTGGGAA CCTTTGCCTCCACTTCGGTC
doi:10.1371/journal.pone.0111409.t001
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abdominal aorta was isolated after whole body perfusion with ice-
cold PBS at a pressure of approximately 100 mmHg. For en face
staining, several different regions of blood vessels including aortic
arch, thoracic aorta, femoral artery, and mesenteric artery were
isolated after the perfusion with ice-cold PBS and a fixative, 2%
paraformaldehyde.

En face immunostaining

Isolated blood vessels were post-fixed at 0.4% paraformalde-
hyde overnight at room temperature. The vessels were then
washed five times with PBS and permeabilized by using 0.3%
Triton-X in 2% BSA/PBS. Mitochondrial contents were assessed
by using anti-VDAC (1:100) (Abcam) antibody and Alexafluor488-
conjugated anti-rabbit secondary antibody (Invitrogen). EC were
identified by co-staining using anti-CD31 (1:100) (Millipore)
antibody conjugated to the Alexafluor647-conjugated anti-ham-
ster secondary antibody (Jackson ImmunoResearch). Primary
antibodies were incubated overnight at 4°C with gentle agitation.
After rinsing in 2% BSA/PBS, secondary antibodies were
incubated for 2 hours at room temperature. Immunostained
vessels were placed on slide glass and cut longitudinally and
mounted in ProlongGold with DAPI solution (Invitrogen). The
fluorescence was analyzed under fluorescence microscope (Ax-
ioimager, Zeiss) with 64x oil objective lens.

Statistics

The results are presented as mean = SE for a minimum of three
independent experiments in triplicate. Depending on how many
conditions were compared, either two tailed t-test analysis or one-
way ANOVA with the Fisher’s least significant difference test was
conducted. P<<0.05 was considered statistically significant for all
analyses.

Results

LSS enhances mitochondrial biogenesis in human ECs

As shown in figure 1B, we observed that LSS upregulates
mRNA and protein expression of key genes that are related to
mitochondrial biogenesis in HAECs. mRNA expressions of NRF-
I, TFAM, COX IV, SCOl and SCO2 were significantly
increased in the ECs exposed to LSS. As well, protein expressions
of PGCla, p53R2, and VDAC were increased when cells were
exposed to LSS. To confirm the LSS-induced increase in
mitochondrial biogenesis, we stained HAECs with MitoTracker
Green FM, a fluorescence dye which stains mitochondria in a
mass-dependent fashion, and observed two-fold increase in
mitochondrial mass in LSS-exposed HAECs (Fig. 1E). As shown
in figure 1D, mtDNA contents were also significantly increased by
LSS. In addition, expression of both profusion (Mfnl and Mfn2)
and profission (Drpl and Fis1) factors were significantly increased
after LSS exposure (Fig. 1C).

Next, we sought to examine whether LSS-induced mitochon-
drial biogenesis was functionally relevant to the mitochondrial
bioenergetic properties. As shown in figure 2A, the rate of oxygen
consumption was significantly enhanced in HUVECs after being
exposed to LSS for 72 hours. To evaluate a potential occurrence
of metabolic shift from glycolytic to aerobic metabolism in these
cells, we evaluated cellular lactate production and performed gene
expression array experiments on a number of genes related to the
glycolytic pathways. Cellular lactate production was significantly
suppressed in the LSS-exposed ECs compared to the STT-
exposed ECs (Fig. 2D). Moreover, among the twenty-one genes
related to glycolysis pathway, the vast majority of genes were
down-regulated under LSS (Fig. 2C and Table S1). Notably, these
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genes include key rate-limiting enzymes for glycolysis such as
hexokinase II (HK2) and phospohofructokinase (PFK)-related
genes (i.e., PFKFB1, PFKFB2, and PFKP). Mitochondrial
membrane potential (A¥m), which was determined by Mito-
Tracker Red CMXRos, was significantly decreased in LSS-
exposed ECs compared to STT-exposed ECs (Fig. 2B).

Five weeks of VW running induces mitochondrial
biogenesis in blood vessel and it is mediated by
exercise-induced increase in WSS on vascular
endothelium

Given our observation that LSS is positively related to
mitochondrial biogenesis in vitro, we hypothesized that exercise-
mediated increase in WSS would enhance mitochondrial biogen-
esis in mouse endothelium. As shown in figure 3A, expressions of
genes that are related to mitochondrial biogenesis were analyzed
in abdominal aorta isolated from SED and VW group mice.
Elevated mRNA expressions of mitochondrial biogenesis markers
which include PGC-1a, NRF1, TFAM, p53R2, and SCO1 were
observed in VW group mice compared to SED. Also, western blot
analysis revealed that phosphorylated AMPKa and VDAC were
increased by three-fold in VW group compared to SED (Fig. 3B).
Furthermore, greater mtDNA content was found in VW group
compared to SED (Fig. 3C). We also hypothesized that differential
hemodynamic flow in different vessel beds may lead to distinct
responses depending on their geometrical location in the vascular
tree. En face staining experiment revealed that the level of VDAC
protein in greater curvature, lesser curvature, thoracic aorta, and
femoral artery was higher in VW group compared to the SED
group (Fig 4). VW running elicited greater mitochondrial adap-
tation in lesser curvature compared to greater curvature. The
greatest increase in mitochondrial content was observed in femoral
artery. In mesenteric artery, decreased level of mitochondrial
content was observed in VW compared to SED group.

Discussion

Here, we report that LSS enhances mitochondrial biogenesis,
mitochondrial dynamics, and mtDNA copy number in primary
cultured human ECs. Consistent with these findings, we also
demonstrate that voluntary aerobic exercise training increases
mitochondrial content in the endothelium in a region-specific
fashion. In addition, we found that a long-term shear-exposure is
sufficient to improve mitochondrial respiration and to alter
substrates metabolism from anaerobic glycolysis to oxidative
phosphorylation-dependent mechanisms in ECs. These findings
are particularly important because potential metabolic contribu-
tions of the endothelial mitochondria have been widely neglected
as they are highly glycolytic cells containing relatively small
number of mitochondria (only 2-5% of the entire cytoplasmic
volume) compared to other energy demanding tissues [43].
Furthermore, studies have demonstrated that, under stress
conditions, fatty acids are the major substrate for ATP generation
in ECs suggesting an important contribution of mitochondria-
dependent metabolism for endothelial homeostasis [44]. To this
end, our data suggest that LSS-induced mitochondrial biogenesis
may have important implications for preventing endothelial
dysfunction although future researches are needed to investigate
the effect of LSS (or aerobic exercise training) on the energy
metabolism and the substrate utilization in ECs in vivo.

In this study, we also demonstrated that a long-term LSS at a
physiological level decreased A¥m. This result is consistent with a
previous report showing that shear stress induces a decrease in
A¥m and an increase in the endogenous ATP [45]. In contrast, a
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Ros. Representative fluorescence micrographs for each condition are shown. Bar =100 um. The fluorescence intensities were analyzed using the
Image J (NIH) software. (c) Heat map showing the expression of glycolysis markers by microarray analysis. Genes upregulated are presented in yellow
and downregulated are in blue (upper panel). Average fold change of each of those glycolysis markers identified by microarray analysis are shown in
a bar graph (lower panel). (d) Lactate concentration measured in cell culture medium at 12, 24, 36 hrs of post LSS or STT. Values were normalized to
viable cell number. Data shown as means = SE; * P<<0.05 vs. STT; ** P<<0.01 vs. STT.

doi:10.1371/journal.pone.0111409.9g002

short-term shear stress increases APm in ECs suggesting a and proton leakage across the inner membrane (uncoupled
biphasic temporal response [46]. A¥m is regulated primarily by respiration). Maintenance of A¥m at physiological range is
the balance between electron flux through the respiratory chain important for regulating mitochondrial ROS production. It has

(Complexes I, III, and IV), ATP synthesis (coupled respiration), been postulated that there is a U-shaped curve describing the

A
PGC-1a NRF1 TFAM

mRNA (A.U.)
relative to TIF

SED VW " SED VW SED VW

p53R2 SCO1 SCO2

mRNA (A.U.)
relative to TIF

SED VW " —sep ww

p-AMPK / AMPK VDAC / a-tubulin

#% 31 %
2 4
2
1- | | i 1-
0 0-

SED VW SED VW

SED W
p-AMPKa | — - |

)
w

AMPKa|_ JREp— —I

VDAC | v s snms s

Protein (A. U

a-tubulin

c SED VW NDII/ 18S

NDII [#0 + o o0 s &0 S S S

18S |me GEen GEND GEED BEED NS G G

mtDNA contents

0 B
SED VW

Figure 3. Effect of five weeks of voluntary wheel (VW) exercise on mitochondrial biogenesis markers in mice abdominal aorta (AA).
(a) Effect of VW running on mRNA expression of mitochondrial biogenesis markers in AA. mRNA expressions of PGC-10, NRF1, TFAM, p53R2, SCO1,
and SCO2 were examined by real-time PCR. Values were normalized to the level of housekeeping gene, TIF. (b) Effect of VW running on protein
expression of mitochondrial biogenesis markers in AA. Tissue extracts of the AA from SED and VW group mice were subjected to western blot. The
amount of phosphorylated- AMPKa was normalized by the amount of AMPKa:. protein. Protein content of mitochondrial biogenesis marker VDAC was
also measured. The loading volume was normalized by the expression level of a-tubulin. (c) Effect of VW running on mtDNA content in AA. mtDNA
contents were compared in between SED and VW run mice. Relative mtDNA content are expressed as a ratio of NADH dehydrogenase subunit 2 (ND
1) to 18s rRNA. All densitometry analyses values are shown as means * SE. Data shown represent results from a total of 5 mice per group; * P<0.05
vs. SED; ** P<0.01 vs. SED.

doi:10.1371/journal.pone.0111409.g003

PLOS ONE | www.plosone.org 7 November 2014 | Volume 9 | Issue 11 | e111409



Shear Stress and Endothelial Mitochondria

A
CD31 DAPI CD31 + DAPI VDAC
: ----
w
»
2
S
\Y/,
B ce(f))Lc c
94
5 8
< 74
> 64
Qg 5] mfcle
93 44 mLc
23
VA g 2- TA
2 1] BFA
FA 0 O MA
SED vw
D
o Adaptation in Adaptation in Adaptation in Artery
Adaptation in Curvature  Conduit Artery Muscular Artery with Reduced WSS
~3 GC s LC g TA g FA .. 8 MA
27 7 *o7 . 7 7
~ 6 6 6 6. 6
0ds 5 5 5 5 .
<54 4 4 4 4
>53 3 3 3 3
22 2 2 2 2
S1 1 1 1 1
w o 0 0 0 0
SED VW SED VW SED VW SED VW SED VW

PLOS ONE | www.plosone.org 8 November 2014 | Volume 9 | Issue 11 | e111409



Shear Stress and Endothelial Mitochondria

Figure 4. Effect of five weeks of VW running on mitochondrial in mouse endothelium. (A) Representative fluorescence micrographs of en
face immunostaining. Endothelium of the greater curvature (GC), lesser curvature (LC), thoracic aorta (TA), femoral artery (FA), and mesenteric artery
(MA) were stained in the sedentary (SED) and voluntary wheel (VW) run C57BL6 mice. The green fluorescent staining indicates mitochondrial density
stained by VDAC, and the red color represents ECs stained by CD31 (an endothelial cell specific marker). Nuclei were counterstained with DAPI.
Shown are representative images of en face staining labeled. (B) lllustration of mouse arterial tree. (C) Summary of densitometry analysis. Green
fluorescence intensities by VDAC staining were analyzed using the Image J (NIH) software. Data shown as mean =+ SE; Data shown represent results

from a total of 10 mice per group * P<<0.05 vs. SED. ** P<<0.01 vs. SED.

doi:10.1371/journal.pone.0111409.g004

relationship between A¥m and ROS formation [47]. Further-
more, numerous studies have shown that hyperpolarization of the
mitochondria (above ~—140 mV) triggers release of superoxide
predominantly at complex III [48]. We observed that UCP2
expression is dramatically elevated under the same shear paradigm
used in this study (unpublished data). Combined with evidence
that UCP2 inhibits formation of ROS [49], it is plausible that the
depolarization of the mitochondria would prevent ROS release.
Together, shear stress may improve cellular redox state, at least in
part, by modulating A%m in favor of reduced mitochondrial ROS
production which compliment other shear-mediated mechanisms
such as a down-regulation of NAD(P)H oxidase activity [50] and
an increase in antioxidant system [51,52].

Different vascular beds are exposed to distinct flow patterns
depending on their structural and functional properties. For
example, in the aortic arch, greater curvature is exposed to a high-
grade unidirectional shear stress where lesser curvature is exposed
to a low-grade oscillatory shear stress [53]. Lesser curvature has
been shown to be predisposed to atherosclerotic plaque formation.
In sedentary mice, we observed that mitochondrial content is
higher in the greater curvature compared to the lesser curvature,
suggesting a direct correlation between flow pattern and
mitochondrial content in the endothelium.

It is well known that a process termed ‘blood redistribution’
occurs during exercise [54,55]. At rest, only 15-20% of cardiac
output 1s redirected to skeletal muscle and the majority of it goes to
the other organs. Once exercise commence, however, 87% of
blood is redirected to exercising muscles. Muscle blood flow has
been shown to be increased up to 80-fold [56,57]. Corresponding
to this concept, amount of blood extracted by the celiac,
mesenteric, and renal arteries is decreased during exercise
[27,54,55,58,59]. Interestingly, we observed the greatest adapta-
tion in muscle feeding (femoral) artery (Fig. 4D) whereas the
endothelial mitochondrial content in the mesenteric artery was
found even lower in VW than SED.
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During exercise, the magnitude of WSS is increased to higher
levels ranged from 15 to 30 dynes/cm’® in human arteries
[29,30,33]. As an attempt to investigate underlying mechanisms
of EC response to shear stress, and to better understand the effect
of hemodynamics in endothelial/vascular health in vivo, several in
vitro shear systems have been developed. Effects of the enhanced
shear stress have been tested in numerous studies using an in vitro
flow system, and these findings are consistent with those
determined by in vivo studies [60]. In this study, we used 20
dyne/ cm? of high LSS as an exercise-mimicking flow condition, as
it is within the range of arterial level shear stress [61].

In conclusion, our data support an idea that aerobic exercise
enhances mitochondrial integrity in vascular endothelium which is
essential for endothelial function. Shear stress seems to modulate
signal transduction pathways towards mitochondrial biogenesis.
Therefore, regulation on mitochondrial remodeling may represent
one of the mechanisms whereby exercise-mediated increase in
WSS confers a vasculoprotective effect. Future research is
warranted to investigate the downstream and upstream of the
shear-sensing mechanism and clinical implications of the shear
stress-induced mitochondrial remodeling in preventing endothelial
dysfunction.

Supporting Information

Table S1 LSS-Mediated Changes in Gene Expression of
Glycolysis Markers. Average fold changes of each of glycolysis
markers are shown.

(DOCX)

Author Contributions

Conceived and designed the experiments: BK JP. Performed the
experiments: BK HL KK. Analyzed the data: BK JP. Contributed
reagents/materials/analysis tools: BK JP. Wrote the paper: BK JP.

10. Ren J, Pulakat L, Whaley-Connell A, Sowers JR (2010) Mitochondrial
biogenesis in the metabolic syndrome and cardiovascular disease. ] Mol Med
(Berl) 88: 993-1001.

11. Chistiakov DA, Sobenin IA, Bobryshev YV, Orekhov AN (2012) Mitochondrial
dysfunction and mitochondrial DNA mutations in atherosclerotic complications
in diabetes. World J Cardiol 4: 148-156.

12. Ong SB, Hall AR, Hausenloy DJ (2013) Mitochondrial dynamics in
cardiovascular health and disease. Antioxid Redox Signal 19: 400-414.

13. Sobenin IA, Sazonova MA, Postnov AY, Bobryshev YV, Orekhov AN (2013)
Changes of mitochondria in atherosclerosis: possible determinant in the
pathogenesis of the disease. Atherosclerosis 227: 283-288.

14. Spence AL, Carter HH, Naylor LH, Green DJ (2013) A prospective randomized
longitudinal study involving 6 months of endurance or resistance exercise.
“onduit artery adaptation in humans. J Physiol 591: 1265-1275.

15. van Duijnhoven NT, Green DJ, Felsenberg D, Belavy DL, Hopman MT, et al.
(2010) Impact of bed rest on conduit artery remodeling: effect of exercise
countermeasures. Hypertension 56: 240-246.

16. Durrant JR, Seals DR, Connell ML, Russell MJ, Lawson BR, et al. (2009)
Voluntary wheel running restores endothelial function in conduit arteries of old
mice: direct evidence for reduced oxidative stress, increased superoxide
dismutase activity and down-regulation of NADPH oxidase. J Physiol 587:
3271-3285.

17. DeSouza CA, Shapiro LF, Clevenger CM, Dinenno FA, Monahan KD, et al.

(2000) Regular acrobic exercise prevents and restores age-related declines in

November 2014 | Volume 9 | Issue 11 | e111409



20.

21.

22.

23.

26.

27.

28.

29.

30.

36.

37.

38.

39.

endothelium-dependent vasodilation in healthy men. Circulation 102: 1351—
1357.

. Eskurza I, Monahan KD, Robinson JA, Seals DR (2004) Effect of acute and

chronic ascorbic acid on flow-mediated dilatation with sedentary and physically
active human ageing. ] Physiol 556: 315-324.

Seals DR, Desouza CA, Donato AJ, Tanaka H (2008) Habitual exercise and
arterial aging. J Appl Physiol 105: 1323-1332.

Taddei S, Virdis A, Ghiadoni L, Salvetti G, Bernini G, et al. (2001) Age-related
reduction of NO availability and oxidative stress in humans. Hypertension 38:
274-279.

Denvir MA, Gray GA (2009) Run for your life: exercise, oxidative stress and the
ageing endothelium. J Physiol 587: 4137-4138.

Adams V, Linke A, Krankel N, Erbs S, Gielen S, et al. (2005) Impact of regular
physical activity on the NAD(P)H oxidase and angiotensin receptor system in
patients with coronary artery disease. Circulation 111: 555-562.

Sessa WC, Pritchard K, Seyedi N, Wang J, Hintze TH (1994) Chronic exercise
in dogs increases coronary vascular nitric oxide production and endothelial cell
nitric oxide synthase gene expression. Circ Res 74: 349-353.

. Green DJ, Maiorana A, O’Driscoll G, Taylor R (2004) Effect of exercise training

on endothelium-derived nitric oxide function in humans. J Physiol 561: 1-25.

. Green DJ, Spence A, Rowley N, Thijssen DH, Naylor LH (2012) Vascular

adaptation in athletes: is there an ‘athlete’s artery’? Exp Physiol 97: 295-304.
Kasikcioglu E, Oflaz H, Kasikcioglu HA, Kayserilioglu A, Umman S, et al.
(2005) Endothelial flow-mediated dilatation and exercise capacity in highly
trained endurance athletes. Tohoku J Exp Med 205: 45-51.

Taylor CA, Hughes T]J, Zarins CK (1999) Effect of exercise on hemodynamic
conditions in the abdominal aorta. J] Vasc Surg 29: 1077-1089.

Cheng C (2003) Abdominal aortic hemodynamic conditions in healthy subjects
aged 50-70 at rest and during lower limb exercise: in vivo quantification using
MRI. Atherosclerosis 168: 323-331.

Suh GY, Les AS, Tenforde AS, Shadden SC, Spilker RL, et al. (2011)
Hemodynamic changes quantified in abdominal aortic aneurysms with
increasing exercise intensity using mr exercise imaging and image-based
computational fluid dynamics. Ann Biomed Eng 39: 2186-2202.

Schlager O, Giurgea A, Margeta C, Seidinger D, Steiner-Boeker S, et al. (2011)
Wall shear stress in the superficial femoral artery of healthy adults and its
response to postural changes and exercise. Eur J Vasc Endovasc Surg 41: 821
827.

. Cheng CP, Herfkens RJ, Lightner AL, Taylor CA, Feinstein JA (2004) Blood

flow conditions in the proximal pulmonary arteries and vena cavae: healthy
children during upright cycling exercise. Am J Physiol Heart Circ Physiol 287:
H921-926.

. Hjortdal VE, Emmertsen K, Stenbog E, Frund T, Schmidt MR, et al. (2003)

Effects of exercise and respiration on blood flow in total cavopulmonary
connection: a real-time magnetic resonance flow study. Circulation 108: 1227—

1231.

. Tang BT, Cheng CP, Draney MT, Wilson NM, Tsao PS, et al. (2006)

Abdominal aortic hemodynamics in young healthy adults at rest and during
lower limb exercise: quantification using image-based computer modeling.

Am ] Physiol Heart Circ Physiol 291: H668-676.

. Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, et al. (2006)

Resveratrol improves mitochondrial function and protects against metabolic
disease by activating SIRT1 and PGC-lalpha. Cell 127: 1109-1122.

. Higashida K, Kim SH, Jung SR, Asaka M, Holloszy JO, et al. (2013) Effects of

resveratrol and SIRT1 on PGC-lalpha activity and mitochondrial biogenesis: a
reevaluation. PLoS Biol 11: €1001603.

Bourdon A, Minai L, Serre V, Jais JP, Sarzi E, et al. (2007) Mutation of
RRM2B, encoding p53-controlled ribonucleotide reductase (p53R2), causes
severe mitochondrial DNA depletion. Nat Genet 39: 776-780.

Chan DC (2006) Mitochondrial fusion and fission in mammals. Annu Rev Cell
Dev Biol 22: 79-99.

Ryan MT, Hoogenraad NJ (2007) Mitochondrial-nuclear communications.
Annu Rev Biochem 76: 701-722.

Chen Z, Peng IC, Cui X, Li YS, Chien S, et al. (2010) Shear stress, SIRT'1, and
vascular homeostasis. Proc Natl Acad Sci U S A 107: 10268-10273.

PLOS ONE | www.plosone.org

10

40.

41.

42.

43.

44,

46.

47.

48.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

Shear Stress and Endothelial Mitochondria

Miller MW, Knaub LA, Olivera-Fragoso LF, Keller AC, Balasubramaniam V,
et al. (2013) Nitric oxide regulates vascular adaptive mitochondrial dynamics.
Am ] Physiol Heart Circ Physiol 304: H1624-1633.

Knaub LA, McCune S, Chicco AJ, Miller M, Moore RL, et al. (2013) Impaired
response to exercise intervention in the vasculature in metabolic syndrome. Diab
Vasc Dis Res 10: 222-238.

Al-Mehdi A-B (2007) Mechanotransduction of Shear-Stress at the Mitochondria.
Mitochondria: Springer New York. pp. 169-181.

Oldendorf WH, Cornford ME, Brown WJ (1977) The large apparent work
capability of the blood-brain barrier: a study of the mitochondrial content of
capillary endothelial cells in brain and other tissues of the rat. Ann Neurol 1:
409-417.

Dagher Z, Ruderman N, Tornheim K, Ido Y (2001) Acute regulation of fatty
acid oxidation and amp-activated protein kinase in human umbilical vein

endothelial cells. Circ Res 88: 1276-1282.

. Kudo S, Morigaki R, Saito J, Ikeda M, Oka K, et al. (2000) Shear-stress effect on

mitochondrial membrane potential and albumin uptake in cultured endothelial
cells. Biochem Biophys Res Commun 270: 616-621.

Li R, Beebe T, Cui J, Rouhanizadeh M, Ai L, et al. (2009) Pulsatile shear stress
increased mitochondrial membrane potential: implication of Mn-SOD. Biochem
Biophys Res Commun 388: 406-412.

Daiber A (2010) Redox signaling (cross-talk) from and to mitochondria involves
mitochondrial pores and reactive oxygen species. Biochim Biophys Acta 1797:
897-906.

Zamzami N, Marchetti P, Castedo M, Decaudin D, Macho A, et al. (1995)
Sequential reduction of mitochondrial transmembrane potential and generation
of reactive oxygen species in early programmed cell death. J Exp Med 182: 367
377.

Shimasaki Y, Pan N, Messina LM, Li C, Chen K, et al. (2013) Uncoupling
protein 2 impacts endothelial phenotype via p53-mediated control of
mitochondrial dynamics. Circ Res 113: 891-901.

Duerrschmidt N, Stielow C, Muller G, Pagano PJ, Morawietz H (2006) NO-
mediated regulation of NAD(P)H oxidase by laminar shear stress in human
endothelial cells. J Physiol 576: 557-567.

Harrison DG, Widder J, Grumbach I, Chen W, Weber M, et al. (2006)
Endothelial mechanotransduction, nitric oxide and vascular inflammation.
J Intern Med 259: 351-363.

Wang J, Pan S, Berk BC (2007) Glutaredoxin mediates Akt and eNOS activation
by flow in a glutathione reductase-dependent manner. Arterioscler Thromb
Vasc Biol 27: 1283-1288.

Suo J, Ferrara DE, Sorescu D, Guldberg RE, Taylor WR, et al. (2007)
Hemodynamic shear stresses in mouse aortas: implications for atherogenesis.
Arterioscler Thromb Vasc Biol 27: 346-351.

Flamm SD, Taki J, Moore R, Lewis SF, Keech F, et al. (1990) Redistribution of
regional and organ blood volume and effect on cardiac function in relation to
upright exercise intensity in healthy human subjects. Circulation 81: 1550-1559.

. Jorfeldt L, Wahren J (1971) Leg blood flow during exercise in man. Clin Sci 41:

459-473.

Boushel R, Langberg H, Green S, Skovgaard D, Bulow ], et al. (2000) Blood
flow and oxygenation in peritendinous tissue and calf muscle during dynamic
exercise in humans. J Physiol 524 Pt 1: 305-313.

Laughlin MH (1996) Section 12: Control of blood flow to cardiac and skeletal
muscle during exercise. Handbook of pathophysiology Regulation and
integration of multiple systems.

Rowell LB (1974) Human cardiovascular adjustments to exercise and thermal
stress. Physiol Rev 54: 75-159.

Bradley SE, Childs AW, Combes B, Cournand A, Wade OL, et al. (1956) The
effect of exercise on the splanchnic blood flow and splanchnic blood volume in
normal man. Clin Sci (Lond) 15: 457-463.

Chiu JJ, Chien S (2011) Effects of disturbed flow on vascular endothelium:
pathophysiological basis and clinical perspectives. Physiol Rev 91: 327-387.
Traub O, Berk BC (1998) Laminar shear stress: mechanisms by which
endothelial cells transduce an atheroprotective force. Arterioscler Thromb Vasc

Biol 18: 677-685.

November 2014 | Volume 9 | Issue 11 | e111409



