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Vascular Cell Glycocalyx-Mediated Vascular Remodeling
Induced by Hemodynamic Environmental Alteration

Jiajia Liu, Hongyan Kang, Xuejiao Ma, Anqgiang Sun, Huiqgin Luan, Xiaoyan Deng, Yubo Fan

Abstract—Vascular remodeling induced by hemodynamic stimuli contributes to the pathophysiology of cardiovascular
diseases. The importance of vascular cells (endothelial cells and smooth muscle cells) glycocalyx in the mechanotransduction
of flow-induced shear stress at the cellular and molecular levels has been demonstrated over the past decade. However,
its potential mechanotransduction role in vascular remodeling has triggered little attention. In the present study, a home-
made apparatus was used to expose the rat abdominal aorta to sterile, flow or no flow, normal-pressure or high-pressure
conditions for 4 days. The histomophometric, cellular, and molecular analysis of vessels were performed. The results
showed that after exposing the vessels in the flow and high-pressure condition, the apoptotic rate, the cell number,
and the RNA level of contractile marker gene smooth muscle 22 of smooth muscle cells were significantly increased,
whereas the expression of nitric oxide synthase, o.-smooth muscle actin, smoothelin, and calponion showed no significant
differences compared with the flow and normal-pressure groups. Moreover, the histomophometric analysis of vascular
walls suggested a remodeling induced by flow and high-pressure loading consistent with the classic hypertensive
aortic phenotype, which is characterized by a thicker and more rigid vascular wall as well as increased aortic diameter.
However, those phenomena were totally abolished after compromising the integrity of glycocalyx by the treatment of
vessels with hyaluronidase, which provided evidence of the important mechanotransduction role of the vascular cells
glycocalyx in vascular remodeling induced by hemodynamic stimuli. (Hypertension. 2018;71:00-00. DOI: 10.1161/
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remodeling was onl
lumen diameter and cross sections associated with rearrange-
ment of material (eg, the apoptosis, migration and proliferation
of SMCs [smooth muscle cells], and production or degradation
of extracellular matrix).>* However, with recent research, it also
represents the process of functional alteration that involves in the
change of vasodilative and vasoconstrictive ability,** the degrada-
tion of endothelial function,® and the derangements of NOS (nitric
oxide synthase) pathway.” As an adaptive process in response to
the changes in hemodynamic conditions, vascular remodeling
is critical during both physiological such as ovarian and uterine
cycling,® wound healing,” endurance-type exercise'® conditions,
and pathophysiology' such as atherosclerosis, hypertension,
pheochromocytoma, acromegaly, and primary aldosteronism.
Many biomechanical and biochemical factors are asso-
ciated with the presence of vascular remodeling, including

lar remodeling
have been demonstrated by experimental and clinical events.
For example, an in vivo work performed by Korshunov and
Berk's showed that after ligating the left external and internal
carotid branches for 1 week, the left and right carotid artery
morphological remodeling in response to blood flow changes
was observed. Moreover, they performed correlation analysis,
indicating that the remodeling was more likely because of pri-
mary changes of shear stress in the vessel wall.”> Although
the morphological changes in multiple kinds of arteries during
vascular remodeling have been well documented, the underly-
ing molecular mechanisms are still unclear.

The glycocalyx of the endothelial cells (ECs) and SMCs
is a surface layer composed primarily of proteoglycans with
their associated glycosaminoglycan that includes heparan
sulfate, chondroitin sulfate, and hyaluronic acid (HA) and
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glycoproteins bearing acidic oligosaccharides with terminal
sialic acids.'® Because the evidence that glycocalyx could
sense the mechanical forces of blood flow was provided,"’
numerous studies have been performed to identify the impor-
tance of glycocalyx mechanotransduction in cardiovascu-
lar physiology and pathology in the past 2 decades. It has
been demonstrated that the glycocalyx might participate
in modulating cell proliferation, migration, and NO pro-
duction by sensing shear stress'® and play a dominant role
in 3-dimensional (3D) interstitial flow mechanosensing to
modulate SMC phenotype gene expression® and motility." In
addition, our previous study has suggested that the redistri-
bution of hemodynamic factors in tail-suspended rats could
induce their vascular endothelial glycocalyx and the vascular
remodeling in a regional-dependent manner, which provided
the evidence of some possible association between the endo-
thelial glycocalyx and the vascular remodeling induced by
hemodynamic environment alteration.”” Although the role of
the glycocalyx in mechanotransduction has been extensively
studied at the single cellular level, little care has been taken to
its potential mechanotransduction role in vascular remodeling
at the tissue level.

In an attempting to explain how hemodynamic altera-
tion affects vascular remodeling and elucidate whether the
glycocalyx could be a potential mechanosensor, we designed
a flow circuit system to apply altered hemodynamic condi-
tions to cultured rat abdominal aorta. Hyaluronidase (HAase)
was applied to degrade cells glycocalyx selectively. Vascular
remodeling in mo ellular, and structural levels were
assessed and co

trol [C]), (2) H
(HAase+control [HA+C]), (3)mmtreat
pressure (shear+
ment with flow and normal pressure (HAase+shear+normal
pressure [HA+Sh+NP]), (5) untreated with flow and high
pressure (shear+high pressure [Sh+HP]), (6) HAase treatment
with flow and high pressure (HAase+shear+high pressure
[HA+Sh+HP]).

ith flow and normal

Materials and Methods

The authors declare that all supporting data are available within the
article (online-only Data Supplement).

Vessel Culture

The experiment followed a protocol approved by the institutional
committee on animal use in Beihang University, and all animal care
was complied with the Principles of Laboratory Animal Care and the
Guide for the Care and Use of Laboratory Animals (NIH Publication
No. 86-23, Revised 1985). Male Sprague-Dawley rats (specific
pathogen free) weighing between 250 and 350 g were anesthetized
by intraperitoneal injection of pentobarbital sodium (50 mg/kg). Rat
abdominal aortas isolated (online-only Data Supplement) were cul-
tured for 4 days in Dulbecco Modified Eagle Medium supplemented
with 10% (volume/volume) fetal bovine serum and 1% penicillin-
streptomycin in an organ bath that could be connected to a home-
made flow circuit system.

Figure S1 in the online-only Data Supplement is the schematic
drawing of the flow circuit system used in the present study. Briefly,
the organ bath was mainly made by polypropylene, which had 4
stainless steel stents to secure the vessel. Fluid flow was provided
by a peristaltic pump (Longer pump, Hebei, China) and 2 reservoirs
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situated one above another. Upper reservoir plus the flow stabi-
lizer provides a steady flow to the organ bath. To avoid bacterial
contamination, syringe filter was used in this system. Shear stress
was determined by the following equation: t=4 pQ/mR?, where 7 is
shear stress (dyn/cm?), p is the viscosity of culture medium (0.0084
poise), Q is the flow rate across the vascular lumen (mL/s), and R
is the luminal radius of vessel (cm). All experimental groups were
conducted at 20 dyn/cm?. This level of shear stress is in the physi-
ological range found in major arteries of rats. Pressure was applied
by adjusting the height between organ bath and the upper reservoir.
The different experimental groups were conducted at 85 mmHg
(normal pressure) and 135 mmHg (high pressure). The control
group was cultured with or without hyaluronidase treatment in the
static condition and was placed side by side with the experimental
group at a same organ bath. During the cultured period, the organ
bath and reservoir were kept in 95% air and 5% CO,, 37°C incuba-
tor. At the end of the culture, each vessel was cut into 2 parts. One
part was immediately placed in RNase-free microfuge tubes and
stored at ultra—low-temperature freezer (—80°C) for the following
real-time PCR experiments. The other part was stretched to the in
situ length and continually perfused with 4% paraformaldehyde so-
lution for 5 minutes at room temperature. After perfusion, the seg-
ment was fixed by the same solution overnight and then embedded
in Tissue-Tek optimum cutting temperature (OCT; Sakura Finetek
USA, Torrance, CA) medium. The embedded samples were frozen
quickly and stored at —80°C.

Hyaluronidase Treatment

HAase from bovine testes (Siﬁ]ﬂdsﬁmﬁype IV-S) was applied
to specifically degrade the vasc 1 ilyx, which mainly hydro-
lyzes the HA of glycocalyx but also a QE6 e chondroitin sulfate
simultaneously. The enzyme was dissolved in 20 mmol/L sodium
phosphate buffer, pH 7.0, containing 77 mmol/L NaCl, 0.1 mg/mL
BSA, and stored at ~20°@ 1t was freshly diluted in PBS plus 1%

ion /mL.?' The lumen of
enzyme forl 1 hour in organ bath
ubator. Afterward, the enzyme
i mented with 10 pg/

22,23

mL HAase to inhibit the recovery of the digested glycocalyx.

Data are presented as mean+=SEM. Statistical analysis was performed
by repeated-measures analysis of Student ¢ test with a 2-tailed distri-
bution. Each experiment was repeated 3 to 6 times, and results were
considered statistically significant with P<0.05.

Results

Enzymatic Removal of HA

By using immunofluorescence, the effectiveness of HAase-
induced HA cleavage was verified. The fluorescein isothiocy-
anate—conjugated wheat germ agglutinin specifically labeled
the components of glycocalyx on vessel cross sections from
intima to adventitia except for the elastic fiber (Figure 1A,
1C, and 1D) and the fluorescein isothiocyanate alone stained
nonspecific area of the vessel (Figure 1B). Arrowheads in
Figure 1A denote the endothelial glycocalyx above, below,
and away from the nucleus.

Figure 1E and 1F shows the fluorescence intensity of the
glycocalyx on SMC and EC surface normalized to the con-
trol group, respectively. After enzymatic treatment, the gly-
cocalyx distributed on the media and intima was significantly
decreased to 59.7+0.7% and 51.0+1.6%, respectively, com-
pared with their control group (P<0.05). It should be noted
that the medial and endothelial fluorescence intensity of gly-
cocalyx on the vessels cultured for 4 days in culture medium
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Figure 1. Representative photographs andgray value analysis (E-|

agglutinin staining fo

of fluorescein isothiocyanate (FITC)-conjugated wheat germ

ve control was

labeled by FITC (B). The zoomed images show the boxed area on the left. Arrowheads denote the endothelial glycocalyx above, below,
and away from the nucleus, and arrows indicate the internal elastic lamina (IEL). *P<0.05 vs control. HAase 4d indicates HAase treatment

group after 4-day culture.

supplemented with 10 pg/mL HAase were 63.1+1.2% and
51.0+1.1%, respectively, which showed no significant differ-
ences when compared with the 0-day freshly digested group
(HAase).

Glycocalyx Mediates Vessel Morphological
Remodeling Induced by Hemodynamic
Environmental Alteration

Representative photographs of the hematoxylin and eosin—
stained arteries cultured in normal-pressure and high-pressure
conditions are shown in Figures 2 and 3, respectively.

The histomorphometric analysis in Figure 3 shows that
the exposure of the vessels to shear stress of 20 dyn/cm? and
pressure of 135 mm Hg for 4 days increased the luminal diam-
eter (D) by 8.5% (shear versus control, P<0.05) and thinned
the intima thickness (T ), the media thickness (T,), and the
whole-vessel wall thickness (T, adventitia not included) by
10.3% (shear versus control, P<0.05), 6.7% (shear versus
control, P<0.01), and 5.2% (shear versus control, P<0.01),
respectively. However, the intimal-media ratio (IMR), the
cross-sectional area of the intima (CSA)), and media (CSA,))

showed no significant between control and shear groups. For
the normal-pressure group (Figure 2), shear stress and pres-
sure exposure decreased the D, T, T, , T, CSA,, and CSA
significantly but insignificantly affect the IMR. Notably, these
changes induced by shear stress and pressure were no longer
observed after the pretreatment of HAase in both high-pres-
sure group (HAase versus HAase+shear, P>0.24) and normal-
pressure group (HAase versus HAase+shear, P>0.09).

Figure 4 shows the fold values of shear/control and
HAase+shear/HAase in high- and normal-pressure groups.
All experimental groups were normalized with their con-
trols, respectively, to eliminate the differences of experi-
ment time or rat batch. The fold changes of D, T, T, T,
CSA,, and CSA, between shear group and control group
(shear/control) in high-pressure condition show a significant
upregulation relative to the normal-pressure condition, indi-
cating that the high pressure induced the increase of these
parameters. However, after the treatment of HAase, the val-
ues (HAase+shear/HAase) of all parameters were close to 1
and showed no significant differences between normal- and
high-pressure groups. These observations suggested that the
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vessel morphological remodeling induced by hemodynamic
environmental alteration could be inhibited when the glyco-
calyx was degraded.

Glycocalyx Mediates NOS mRNA Expression
Induced by Hemodynamic Environmental
Alteration

As shown in Figure 5, the mRNA levels of NOSII (induc-
ible NOS) in shear-exposed vessels under normal- and high-
pressure conditions showed a respective 2.58+0.98-fold
and 2.37+0.73-fold increase relative to the control group.
However, after pretreated the vessels with HAase, the mRNA
level of NOSII became upregulated significantly in high-
pressure condition (P<0.05) and showed no significant dif-
ferences in normal-pressure group (P>0.51) with respect to
their no enzymatic treated groups. On the other hand, 4-day
exposure to the 20 dyn/cm? shear stress upregulated NOSIII
(endothelial NOS) mRNA levels in both normal- and high-
pressure condition. More interestingly, after HAase treat-
ment, the NOSIII expression levels induced by shear stress
were significantly downregulated in both the normal-pressure
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(shear: 5.84+0.88-fold versus HAase+shear: 2.15+0.7-fold,
P<0.05) and the high-pressure (shear: 4.73+0.55-fold versus
HAase+shear: 0.34+0.08-fold, P<0.01) groups relative to the
respective untreated groups.

Glycocalyx Mediates SMC Contractile Marker
Gene mRNA Levels Regulated by Hemodynamic
Environmental Alteration

Figure 5 shows the mRNA level of SMC contractile marker
genes exposed to 4-day shear stress in normal-pressure,
high-pressure, normal-pressure with HAase treatment and
high-pressure with HAase treatment. We probed a-SMA
(a-smooth muscle actin), SM22 (smooth muscle 22), SMTN
(smoothelin), calponion, and GAPDH was used as the inter-
nal loading control. The statistical results showed that shear
stress exposure upregulated the mRNA levels of a-SMA,
SM22, SMTN, and calponion in both normal- and high-pres-
sure conditions relative to the static control group, whereas
only SM22 showed significant differences between the nor-
mal- and high-pressure group (normal versus high, P<0.01).
However, the pretreatment of HAase significantly inhibited
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the hemodynamic effect for the mRNA levels of a-SMA,
SM22, SMTN, and calponion under both normal- and high-
pressure conditions. All together, these results suggest that
glycocalyx may play a pivotal role in the sensing of hemo-
dynamic environm to regulate the expression of
SMC contractile marker ge
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Figure 6A through 6D illustr tative immuno-
fluorescence imag

vascular cells were stained with DAPI (4°,6-diamidino-2-phe-
nylindole), and the apoptotic cells were specifically stained
with enzyme solution in situ cell detection kit from Roche
(Figure 6A and 6B), whereas in the negative control group,
only the nonspecific portion was stained when it incubated by
the label solution alone (Figure 6C and D). We counted the
number of total (Figure 6E) and apoptotic SMCs of vascular
cross sections and calculated the apoptotic rate (Figure 6F).
The result showed that both the SMC number and TUNEL-
positive cells increased significantly after exposing the vessels
to shear and high-pressure conditions (for SMC number, nor-
mal: 589.6+37.3 versus high: 732.9+23.4, P<0.05; for apop-
totic rate, normal: 9.9% + 2.2% versus high: 20.6% =+ 3.7%,
P<0.05).

However, this enhancement was no longer observed after
HAase treatment (for SMC number, normal: 523.4+27.1 ver-
sus high: 493.9+44.5, P>0.67; for apoptotic rate, normal:
15.1% =+ 3.6% versus high: 11.8% =+ 2.0%, P>0.48). More
interestingly, the SMC apoptotic rate showed no significant
differences between the control and shear groups in normal-
pressure condition (shear versus control, P>0.70).

Discussion
Figure 1 shows the fluorescein isothiocyanate-conjugated
wheat germ agglutinin staining of the glycocalyx from the

intima to adventitia of vessel sl;ges Th],s klnd of staining is
consistent with our earlier co lnmm'pscoplc observation
that fluorescein isothiocyanate—conjugatsd Wheat germ agglu-
tinin specifically labeled the component of the glycocalyx
(heparan sulfate, HA, chogdroitin sulfate, and sialic acid) from

l the endothelial and SMCS membrane extracellular matrix,

e G oplasmlc distri-
ion f nd ly c so en observed by

The effectlveness and specificity of HAase for the removal
ring the past 2
decades. van den Berg et al® perfused rat heart with 25 TU/mL
of hyaluronidase (bovine testis, fraction IV-S; Sigma) for 1
hour at 8 mL/min and clarified that enzyme treatment degraded
the hairy-like structures of the glycocalyx into a condensed
stained layer but no significant effect on endothelial thickness.
More recently, Zeng et al*® reported that 1.5 U/mL hyaluroni-
dase (from Streptomyces hyalurolyticus) treatment of cultured
bovine aortic endothelial cells for 2 hours induced a 61.7%
reduction in hyaluronic acid. In the present study, the lumen of
the vessel was incubated with 14 pg/mL HAase for 1 hour and
observed an approximate 49% reduction in the endothelial flu-
orescence intensity, which seems inconsistent with the results
obtained by Zeng et al.”” The difference of biomarker (Zeng
et al:*’ biotinylated hyaluronic acid binding protein versus
present study: wheat germ agglutinin) is likely to account for
this inconsistence. In addition, Zeng et al*’ reported that S1P
(sphingosine 1-phosphate), a sphingolipid in plasma, could
induce the recovery of syndecan-1 with attached heparan sul-
fate and chondroitin sulfate.”” It may explain the phenomenon
that the vessels treated by HAase for 1 hour was detected a
portion of glycocalyx regrew after a 4-day culture in medium
containing fetal bovine serum (Figure 1D).

The histomophometric and molecular analysis of vessels
in the present study suggested a remodeling induced by high
pressure, which is consistent with the classic hypertensive
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aortic phenotype characterized by a thicker and more
rigid vascular wall as well as increased aortic diameter.?®
Boutouyrie et al*® noninvasively determined the intima-media
thickness and internal diameter of the carotid and radial arter-
ies in healthy subjects and never-treated hypertensive patients
with high-definition echo-tracking devices. By establishing
multivariate regression models, they discovered that carotid
artery enlargement and wall thickening were correlated with
pressure independent of age and sex, which are consistent
with the results from the present study (Figure 4). These find-
ings accorded with the Glagov’s phenomenon® and was also
observed by Chironi et al.*! In their experiments, the vessels
exhibit hypertrophic outward (determined by increases in
both lumen and vessel size) remodeling in hypertension. In
addition, Zarins et al*> observed that cardiovascular diseases
within the arterial tree lead to local flow instabilities and sep-
arations, which can be detected and visualized as changes as
IMR. Moreover, such cardiovascular lesions have been found
to be positive correlation with IMR.* In the present study, the

IMR showed no significant differences between normal pres-
sure and high pressure. This phenomenon suggests that the
4-day culture in high-pressure condition would not change
the resistance of their arterial walls against cardiovascular
risk factors.?

The increased thickness of the vascular wall is likely
associated with the proliferation, motility, and secre-
tion capacity of vascular smooth muscle cells. Korshunov
and Berk'> observed that carotid intima-media thickening
accompanied by a rapid proliferation of vascular smooth
muscle cells, which is consist with our results shown in
the Figure 6E where the cell number of vessel signifi-
cantly increased (P<0.05) after loading the high pressure.
Furthermore, phenotypic modulation is one of the key events
for SMC to be engaged in vascular remodeling. Stegemann
et al** reported that the phenotype of SMCs is a continuum,
and its marker expression decided either a contractile or a
synthetic state. In an intact artery, the SMCs are continu-
ously exposed to shear stress due to interstitial flow which
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Figure 6. Representative photographs of vessels stained with TUNEL method. A and B, The apoptotic cells from shear + high-pressure
(Sh+HP) group were specifically stained. C and D, Images of negative group (staining control [C]). E, Normalized number of SMCs
(smooth muscle cells) of vascular cross sections. F, Normalized apoptotic rate of SMCs. The C and hyaluronic acid (HA)+C in normal-
pressure (NP) and HP conditions are both the untreated and HAase-treated groups with no flow and no pressure but produced in different
times to eliminate the differences of rat batch. *P<0.05 vs C in HP; 4P<0.05 vs Sh in NP.

is positively related to the transmural pressure. Shi et al’
showed that enhanced interstitial flow induced the expres-
sion of SMC marker gene SM22, which is consistent with
the results from Figure 5. However, our observation that the
a-SMA, SMTN and Calponion showed no significant dif-
ferences between the normal and high pressure groups was
contradictory to the studies from Shi et al.’ It may be attrib-
uted to the differences in the loading method and shear stress
values of interstitial flow. In addition, recent reports indi-
cated that NOS isoforms play a significant role in vascular
remodeling where nitric oxide (NO) derived from NOSIII
(endothelial NOS) inhibits intima formation and NO derived
from NOSII (inducible NOS) suppresses the development of
remodeling.* Consistent with this, we observed a remark-
able increase in the mRNA levels of NOSII and NOSIII

induced by hemodynamic environment changes. More inter-
estingly, in our experiment, a significant enhancement of
SMC apoptosis rate after exposing the vessels to shear stress
and high pressure condition was observed. This phenomenon
may be explained by a compensation mechanism that some
forms of hypertension may be compensated or modified by
countervailing mechanisms, particularly apoptosis.*® Devlin
et al’” and Rizzoni et al* have reported that vascular smooth
muscle cells are more prone to apoptosis in spontaneously
hypertensive rats (SHR), which seems consistent with the
present study.

As collective evidence in our present study shown, glycoc-
alyx may play a very important role in the vascular remodeling
induced by altered hemodynamic environment. Mechanisms
underlying remain to be elucidated and recent studies have
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provided insight into some of the factors and pathways that
may be involved. According to Shi et al,’ glycocalyx-mediated
ERK1/2 (extracellular regulated protein kinases 1/2) activa-
tion is an important pathway in modulating SMC marker
gene expression, proliferation, and apoptosis when SMCs are
exposed to interstitial flow, which substantiated the mechano-
transduction role of the glycocalyx in interstitial flow-induced
cellular processes. It may explain the results in our experi-
ment that the effects of hemodynamic environment changes
on SMC marker genes and apoptotic rate disappeared after
compromising the integrity of glycocalyx. Moreover, NO
production and bioavailability are bound up with regulating
the vasoconstriction and vasodilation, and their alteration pro-
mote the vascular remodeling process.*® Our previous studies
have demonstrated that glycocalyx participates in mechano-
sensing that mediates NO production and NO synthase activa-
tion in response to shear stress.'® More recently, Mochizuki
et al®* perfused the isolated canine femoral arteries with a
Krebs—Henseleit solution at a wide range of perfusion rates
with and without pretreatment with HAase to degrade HA
within the glycocalyx layer. By quantifying the differential
product of nitrite concentration, they found that HAase treat-
ment significantly decreased flow-induced NO production.
Although 2 different samples were used, rat abdominal aorta
versus canine femoral arteries, we and Mochizuki et al*® all
observed the evidence that the glycocalyx is a possible biome-
chanical sensor that triggers NO production by transmitting
hemodynamic e anges to the vessel.

It should be noted thatall results obtained after enzymatic

treatment in the p {1 -
1a..\Therefore, it
i ue

EC effect or SMC

EC are a classical topic in cardiovascular pathophysiology.
Antonelli et al** and Fillinger et al*! used in vitro coculture
system to mimic the cells of the vessel wall and examined the
interactions between SMC and EC. More recently, Korff et al*?
investigated blood vessel maturation processes in a novel 3D
spheroidal coculture system of EC and SMC. In the present
study, we did not carry out further studies on the interaction
between SMC and EC. However, the flow circuit system in
this article is an ideal device for the topic. We are considering
using this technique in our future study to dig more interesting
topic and conduct studies deeply.

Perspectives

In the present study, the vascular remodeling induced by hemo-
dynamic environmental alteration by a home-made vessel cul-
ture system was investigated. The results indicated that the
vessel cultured under high-pressure condition showed a remod-
eling that is consistent with the classic hypertensive aortic phe-
notypes. However, those phenomena induced by hemodynamic
environmental changes are totally abolished after compromis-
ing the integrity of glycocalyx by the treatment of vessels with
HAase. Although the mechanisms responsible for this remain
unclear, our results suggested that glycocalyx may play a piv-
otal role in mechanotransduction of this kind of hemodynamic
environmental alteration in the process of vascular remodeling.

This provides a new insight into the therapeutic strategies that
will intervene with the processes resulting in the major vascu-
lar disorders such as arterial hypertension, atherosclerosis, and
other cardiovascular diseases.
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Novelty and Significance

What Is New?

Many biomechanical and biochemical factors are associated with vas-
cular remodeling especially the hemodynamic disturbances. This article
designed a flow circuit system and provided evidence of the important
mechanotransduction role of the vascular cells glycocalyx in vascular
remodeling induced by hemodynamic environmental alteration (pressure
and shear stress).

What Is Relevant?

Providing a new insight and potential target into the therapeutic strate-
gies that will intervene with the processes resulting in the major vascu-

lar disorders such as arterial hypertension, atherosclerosis, and other
cardiovascular diseases.

Summary

The vessel cultured in shear and high-pressure condition showed
a remodeling in structural, cellular, and molecular levels that are
consistent with the classic hypertensive aortic phenotypes. How-
ever, those phenomena induced by hemodynamic environmental
changes are totally abolished after compromising the integrity of
glycocalyx by the treatment of vessels with HAase.
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Materials and Methods
Vessel isolation

Segments of abdominal aorta were excised under sterile conditions from the rats,
cannulated with stainless steel tubes (outer diameters 1mm) in both ends, stretched and secured
to their in situ length, perfused with culture medium, and transferred to an organ bath
immediately.' To avoid abnormal leakage of perfusion, the small branches of abdominal aorta
were ligated by sterile suture. To avoid dehydration, the required segments of vessel were
bathed in stroke-physiological saline (SPSS) during the operation.

Frozen-section

The frozen vessel embedded in OCT was sliced into 6 um sections by using freezing
microtome (Leica Biosystems CM 1950, Shanghai, China). Then the sections were mounted on
superfrost plus microscope slides (Thermo Scientific, Portsmouth, New Hampshire), exposed
to air, dried overnight, and stored at ultra low temperature freezer for the following staining.

Artery glycocalyx immunostaining and quantification

For the glycocalyx staining, the frozen sections were first warmed at room temperature
for 10 min, post-fixed in 4 % PFA solution for 10 min, washed twice in PBS (no
calcium/magnesium), and treated with antigen retrieval solution (Solarbio, Beijing, China) for
5 min. Following washing in PBS at least three times with 5 min interval, the sliders were
treated with 30% H2O> for 20 min, then incubated with fluorescein isothiocyanate-labeled
wheat germ agglutinin (WGA-FITC, Sigma Aldrich, St. Louis, MO) at 5 pg/ml for 2h at room
temperature. After washing three times in PBS, slides were mounted with Antifade mounting
medium with DAPI (HelixGen, Guangzhou, China) for viewing. To verify the specificity of
WGA-FITC for the GCX, one negative control was prepared with FITC staining.

All samples were examined using laser scanning confocal microscopy (Leica TCS SP8
MP, Germany) with a 40% oil objective lens. The excitation wavelength of WGA-FITC and
DAPI were 448 and 404 nm, respectively, the emission were 510-550 nm and 454 nm,
respectively. Images were collected either from the top (near lens) to the bottom or from the
bottom to the top (z-direction) for each sample, forming a stack of images along the z-direction.
The thickness of each image was 0.15-0.25 pm. For each slice, more than three fields of view
were collected, and for each vessel, three to five slices were chosen to compare the gray value
of the GCX.

Image J software (National Institute of Health, USA) was used to quantify the gray value
of the GCX. The total and endothelial gray value of GCX were measured respectively.

Histology

Histological change was visualized by the method of hematoxylin and eosin (H-E)
staining. Briefly, the vessel cross sections were fixed in 4% PFA for 10 min, washed twice in



PBS, and permeabilized with 0.3% Triton X-100 in PBS for 10 min. After which the slides
were washed twice with PBS, stained with hematoxylin and eosin for 5 min and 6 min,
respectively. After washing three times in PBS, sections were mounted with glycerol-PBS and
covered by coverslips, then examined and photographed under an Olympus BX51 light
microscope (Olympus America Inc., Melville, New York) with 10x, 20, and 40x objective
lens, respectively.

According to the method described by Wiener?, the luminal diameter (D), the intimal
thickness (Tr) and medial thickness (Tw), the ratio of intima to media (IMR), the cross-sectional
area of the intima (CSAj) and media (CSAm) were measured by Image J software. The
parameters D was calculated by using the inner perimeter divided by . The Tr and Tm were
determined by averaging six measurements on each section selected at 0°, 90°, 180°, and 270°
along the circumference of each arterial ring. Based on these parameters, Tw (wall thickness,
adventitia not included), IMR, CSAjand CSAwm were calculated by the formulas, Tw = Tr+Tw,
IMR = TyTwm, CSA1 = n [(D/2 + T1)*> — (D/2)*] and CSAm =n [(D/2+Tw)> —(D/2+T1)?],
respectively.

Real-time PCR

For Real-time PCR experiments, the total RNA of vessel from each sample was isolated
with TRNzol reagent according to the manufacturer’s instructions. The amount of total RNA
from each sample was quantified using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Delaware, USA). Thereafter, 1000 ng total RNA of each sample was reversely
transcripted into cDNA using the PrimeScript™ RT reagent Kit (Takara Bio INC., Otsu, Japan).
The cDNA was amplified on 1Q5 Multicolor Real Time PCR Detection System (Bio-Rad,
Hercules, CA) and the reactions were performed in 25 ml reaction mixture volumes containing
SYBR Green master mix (Takara Bio INC., Otsu, Japan) and gene-specific primer pairs (Table
S1). PCR protocol was as follows: 95°C for 30s at initial denaturation stage, 40 cycles of 95°C
for 10s and 60°C for 30s at PCR reaction stage, and followed by dissociation stage. The
dissociation curve analysis was used to assess the specificity of product amplification.

Quantification of the relative changes in mRNA levels between different samples was
performed using the delta delta threshold cycle (AACt) method. GAPDH served as an internal
control, ACt was calculated by subtracting the Ct value of the genes from the Ct value of the
GAPDH. AACt was obtained by subtracting the ACt value of the control groups from the ACt
value of pre-treated groups in the same experiment. Fold change was then calculated as 2 22,

TUNEL

Apoptotic SMC of vessel were identified by the terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) technique. The frozen sections were stained using the in situ
cell detection kit from Roche (Indianapolis, IN) according to the method described by Cancel
et al.>. All samples were examined using laser scanning confocal microscopy (Leica TCS SP8
MP, Germany) with 10x objective lens and 40x% oil objective lens. The excitation wavelengths
of total and apoptotic cells were 404 and 552 nm, respectively, and the emission were 570-620
nm and 454 nm, respectively. SMC apoptotic rates were determined by counting the number



of total and apoptotic SMCs in four to six vessel cross sections of each sample and calculating
the average ratio (apoptotic cells number/ total cells number) for each group. After that, the
average ratios of all experimental groups were normalized by the data of control group in which
the vessels were cultured in a static situation.
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Table S1 Primers for PCR Amplification

Gene name GenBank Locus Sequence of primers (5°-3°) Reference
NOSII NC 005109.4  Forward: TGCCCCTGGAAGTTTCTC 4
Reverse: GGTCATCCTGTGTTGTTGG
NOSIII NC 005103.4 Forward: CGGTACTACTCTGTCAGCTCAGC 4
Reverse: CATCCTGGGTTCTGTATGCC
a-SMA NM 031004.2 Forward: GATCACCATCGGGAATGAACGC 5
Reverse: CTTAGAAGCATTTGCGGTGGAC
SM22 NM 031549.2 Forward: TGTTCCAGACTGTTGACCTC 6
Reverse: GTGATACCTCAAAGCTGTCC
SMTN NM 001013049 Forward: TCGGAGTGCTGGTGAATAC 7
Reverse: CCCTGTTTCTCTTCCTCTGG
Calponion =~ NM 031747.1 Forward: ACAAAAGGAAACAAAGTCAAT 8
Reverse: GGGCAGCCCATACACCGTCAT
GAPDH NC 005103.4  Forward: GCTCTCTGCTCCTCCCTGTTCT 9

Reverse: CAGGCGTCCGATACGGCCAAA
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Figure S1 Schematic drawing of the experimental set-up.





