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Attenuating Pulmonary Hypertension by Protecting
the Integrity of Glycocalyx in Rats Model of Pulmonary
Artery Hypertension

Jing Guo,1,2 Zu-Cheng Yang,1,2 and Yi Liu 1,3

Abstract— The endothelial glycocalyx has been proved to be a polysaccharide protein
complex covering the surface of vascular endothelial cells, playing an important role in va-
scular permeability, blood flow shear stress induction, and prevention of endothelial cell a-
dhesion. The pathogenesis of PAH includes pulmonary arterial endothelial cell dysfunction
and pulmonary arterial smooth muscle cell (PASMCs) proliferation. Based on the physico-
chemical properties of endothelial glycocalyx involving pathogenesis of pulmonary hyper-
tension. We hypothesized that the endothelial glycocalyx is involved in the development of
pulmonary hypertension; pulmonary hypertension can be regulated by protecting the integrity
of glycocalyx. Expression of glycocalyx markers including heparin sulfate proteoglycan
(HSPG), hyaluronan (HA), and syndecan-1 (SDC-1) was detected in monocrotaline
(MCT)-induced PAH in rats and these components were detected when the PAH rats were
treated with heparin that protected the role of glycocalyx. Results showed that plasma levels
of HSPG, HA, and SDC-1 were increased in MCT group when compared with control group.
However, rats in treatment group showed reduced levels of HSPG, HA, and SDC-1.
Expression of HSPG, HA, and SDC-1 in pulmonary arteries was also reduced in MCT group
when compared with those in the control group. By contrast, expression of HSPG, HA, and
SDC-1 in pulmonary arteries increased in treatment group. In conclusion, destruction of
glycocalyx was involved in the development of pulmonary hypertension. Pulmonary hyper-
tension can be regulated by protecting the integrity of glycocalyx.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a lethal
syndrome characterized by increased resistance in the pul-
monary circulation and occlusive vascular remodeling,
with increased afterload until right ventricular failure. On
the one hand, the traditional methods for treatment of PAH
have no obvious efficacy. On the other hand, the new type
of specific treatment for endothelin, prostacyclin, and
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phosphodiesterase cannot completely cure PAH. There-
fore, novel approaches are urgently required for the treat-
ment of PAH. The endothelial glycocalyx has been recog-
nized to be a polysaccharide protein complex covering the
surface of vascular endothelial cells. It is mainly composed
of heparan sulfate proteoglycan (HSPG), hyaluronan (HA),
and syndecan-1 (SDC-1) [1–3]. Glycocalyx performs sig-
nificantly in vascular permeability, blood flow shear stress
induction, NO production, and prevention of endothelial
cell adhesion [4–7]. The pathogenesis of PAH includes
pulmonary arterial endothelial cell dysfunction and pulmo-
nary arterial smooth muscle cell (PASMCs) proliferation.
We hypothesized that the destruction of glycocalyx is
involved in the development of pulmonary hypertension.
Pulmonary hypertension can be regulated by protecting the
integrity of glycocalyx and protection of glycocalyx may
have the possibility of prevention and treatment of PAH.

Extensive experimental and clinical data show that
the integrity of the vascular endothelial glycocalyxes is
inversely related to the degree of inflammation, and the
more severe the inflammation is, the worse the glycocalyx
structure is destroyed. Heparin is an ancient anticoagulant
that has an anti-inflammatory effect in addition to
anticoagulation. Heparin can downregulate the levels of
inflammatory mediators TNF-a and IL-6 and relieving the
inflammatory reaction by binding inflammatory cytokines
and acute phase reactants and inhibiting the activation of
nuclear factor-Kappa (NF-κB) through controlling transfer
of NF-κB from the cytoplasm to the nucleus [8]. Heparin
plays an indirect role in protecting the glycocalyx via the
anti-inflammatory effect. Heparinase is the only
endoglycosidase in glycosaminoglycans that can degrade
HS side chains and can specifically recognize the specific
sites on the HS side chains with HSPG cleavage. Heparin,
as an inhibitor of heparanase, inhibits the activity of
heparanase and prevents its destruction of glycocalyx.

In the present study, heparin is used to intervene in an
animal model of pulmonary hypertension to demonstrate
whether protection of glycocalyx can prevent pulmonary
hypertension.

MATERIALS AND METHODS

Animal Preparation and Experimental Protocol

This study was approved by the Institutional Animal
Care and Use Committee of Sichuan University, Sichuan,
China. All animals received humane care in compliance
with the guide for the Care and Use of Laboratory Animals

published by the U.S. National Institute of Health. The
experiments followed the Guidelines of the American
Physiological Society.

Male Wistar rats weighing 250 to 300 g were pur-
chased from HuaFu Kang BioScience Co. Inc. (Beijing,
China). Fifteen animals were randomized into 3 groups:
MCT-induced PAH group (MCT group, n = 5), in which
animals received 50 mg/kg of MCT intraperitoneally
(Aladdin, Shanghai); control group (n = 5), in which ani-
mals received an equivalent volume of saline solution;
treatment group (n = 5), in which animals received heparin
(Aladdin, Shanghai) injection into the cervical skin 180 U/
mg/day for 3 weeks after PAH induction.

Determination of PAH Model

After MCT injection for 21 days, the experimental
rats were anesthetized with 7% chloral hydrate (0.5 ml/
100 g, Aladdin, Shanghai) and inserted with a 3F-Miller
micro tip catheter via the right jugular vein into the right
ventricle to obtain the right ventricular systolic pressure
(RVSP). Results of the RVSP were used to evaluate wheth-
er the model of PAH was successfully established.

Enzyme-Linked Immunosorbent Assay

Plasma samples were frozen at − 80 °C until assayed.
Specific enzyme-linked immunosorbent assay (ELISA)
kits were used to measure plasma levels of HA, HSPG,
and SDC-1 (Sangon, Shanghai), according to the manu-
facturer’s protocol. Each sample was tested in duplicate.

RNA Extraction and Quantitative Real-Time Poly-
merase Chain Reaction

Quantitative real-time reverse transcription polymer-
ase chain reaction (qRT-PCR) was performed to assess HA
and SDC-1 expression in pulmonary artery tissue. Proxi-
mal sections of the pulmonary artery were collected and
stored at − 80 °C until assayed. Total RNA was extracted
using TRIzol following the manufacturer’s protocol
(Qiagen, Valencia, Germany). The integrity and concentra-
tion of RNA were measured by the 2100 Bioanalyzer
(Agilent, CA, USA). Reverse transcription reaction was
conducted at 37 °C for 15 min and 85 °C for 5 s in a 20-μL
mixture containing 1 μg of total RNA and PrimeScript™
RTMaster Mix. Each real-time PCR was prepared in a 20-
μL reaction mixture containing 10 μL SYBR Green PCR
Master Mix, 1 μL cDNA, and 1.4 μL primers, and con-
ducted on an ABI Prism 7900 sequence detector (Applied
Biosystems, Carlsbad, CA, USA). Cycling conditions

Guo, Yang, and Liu1952



consisted of an initial denaturation of 2 min at 95 °C,
followed by 39 cycles of 5 s at 95 °C and 10 s at 60 °C.
The following primers were used for pulmonary artery
analyses: HA, 5′-GCAGTTTCGGTGATGATAGGC-3′
(forward), and 5′-ACTTGCTCCAACGGGTCTG-3′
(reverse). SDC-1, 5′-GATATGACTTTGTCACGGCA
GAC-3′ (forward), and 5′-GGCAGGATAGAGGT
GAGGGTG-3 ′ ( r eve r s e ) . GAPDH, 5 ′ -ATCA
AGGAAGCGGTGAAGAAGG-3′ (forward), and 5′-
CGAAGATGGAGGAGTGGGTGTC-3′ (reverse). All
samples were assayed in triplicate. Relative gene expres-
sion was determined by the 2−ΔΔct method.

Western Blot

Pulmonary artery tissues were pulverized in liquid
nitrogen. Cytoplasmic and nuclear proteins were extracted
using NE-PER™ nuclear and cytoplasmic extraction re-
agents (Pierce, Rockford, USA). Protein concentrations
were determined using a Bio-Rad protein-assay instru-
ment. Equal amounts of protein were denatured and sepa-
rated by sodium dodecyl sulfatepolyacryl-amide gel elec-
trophoresis (SDS-PAGE). The protein was electrophoresed
and transferred onto polyvinylidene fluoride membranes.
The membranes were incubated with the primary antibod-
ies and then were incubated with secondary antibodies.
The protein blots were detected using an enhanced chemi-
luminescence kit (Pierce, USA) and exposed to X-ray film.
The primary antibodies used in this study included rabbit
anti-HSPG and rabbit anti-SDC-1(Abcam, Cambridge,
UK), and the secondary antibody was anti-HRP-IgG (Sig-
ma, NY, USA).

Statistical Analysis

Data were expressed as mean ± standard deviation
(SD) and analyzed by SPSS l8.0 software. Comparisons of
parameters between 2 groups were made with unpaired
Student’s t test. Comparisons of parameters among 3
groups were made with one-way analysis of variance
(ANOVA), followed by multiple comparison test.
P < 0.05 was considered statistically significant.

RESULTS

Measurement of Right Ventricular Systolic Pressure

Right ventricular systolic pressure (RVSP) was used
to evaluate the model of MCT-induced PAH. RVSP of

MCT, control group, and treatment group were measured.
The detailed results are shown in Fig. 1a.

HSPG, HA, and SDC-1 Expression on MCT, Control,
and Treatment Groups

Plasma levels of HSPG, HA, and SDC-1 were deter-
mined using ELISA. The detailed results are shown in Fig.
1b.

Protein expression of HSPG and SDC-1 was analyzed
using immunoblotting, and results are shown in Fig. 1c.

Relative mRNA expression of HA and SDC-1 were
determined by qRT-PCR, and results are shown in Fig. 1d.

DISCUSSION

There was no special clinical manifestation of pulmo-
nary hypertension in the early stage, so it failed to attract
attention. However, right heart failure could occur along
with the progress of the disease. The current drug treatment
is limited and expensive, therefor end-stage patients can
only rely on lung transplantation for survival. This situa-
tion often presents great blows to patient and patient’s
family members. The search for new therapeutic targets
has become an urgent need for current. The glycocalyx
covers the surface of all vascular endothelial cells and
affects the function of these cells. The destruction of its
structure and function is involved in the development of
cardiovascular diseases [9]. In inflammatory conditions, a
variety of inflammatory mediators resulted in the loss of
glycocalyx, weakening its vascular protection [10]. Some
studies have shown that in the mouse model of sepsis-
induced acute lung injury, the pulmonary vascular endo-
thelial glycocalyx is degraded along with structure and
function destroyed, which exposes its masked vascular
adhesion molecules ICAM-1 and VCAM-1, in which
white blood cells are more likely to adhere to vascular
endothelial cells, causing a series of subsequent patholog-
ical changes [11].

In our study, the rat model of pulmonary hypertension
induced by MCT showed significantly higher levels of
peripheral blood glycocalyx shedding ingredients, such as
HSPG, HA, and SDC-1, when compared to control groups.
The glycocalyx component of the pulmonary artery was
reduced theoretically with glycocalyx shedding. Protein
expression of HSPG and SDC-1 in rats of pulmonary
arteries from the MCT group was significantly decreased.
Furthermore, mRNA levels of HA and SDC-1 were also
strongly decreased when compared with the control
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groups. The increase of the glycocalyx composition in the
blood and the decrease in blood vessel may suggest that the
glycocalyx was destroyed in the MCT group. Indeed, our
study also found that pulmonary arterial pressure of the
MCT group was significantly higher than that of the con-
trol group. When the PAH rats model treated with heparin,
expression of HSPG, HA, and SDC-1 in the peripheral
blood of the treatment group was significantly decreased
when compared with those in the MCT group. Because of
the decreased glycocalyx shedding components, heparin
treatment showed significantly higher protein expression
of HSPG, SDC-1 in the treatment group compared to the
MCT group. Similarly, heparin treatment increased the
mRAN expression of HA and SDC-1 in the treatment
group when compared to the MCT group. Results of the
decrease of glycocalyx composition in the peripheral blood
and the increase in the blood vessel in the treatment group
suggested that the glycocalyx was effectively protected.
Moreover, we found decreased pulmonary arterial pressure
in the treatment group. Although not reduced to normal

level, the difference was statistically significant compari-
son with MCT group. Our results for the first time demon-
strated that glycocalyx is involved in the process of PAH.
The protection of glycocalyx significantly attenuatesMCT-
induced pulmonary hypertension. Hence, how does the
glycocalyx participate in the development of pulmonary
hypertension? Whether it plays a key role in the pathogen-
esis of this disease?

As a barrier between blood and endothelial cells, the
physiological function of glycocalyx is closely related to
the pathogenesis of pulmonary hypertension. Firstly, the
glycocalyx has negative charges, which can adsorb plasma
proteins around glycocalyx. The glycocalyx and the
adsorbed plasma protein can form a selective natural bar-
rier, which restricts macromolecular transport to endothe-
lial cell membrane, maintaining the body fluid balance and
endothelial cellular homeostasis [2]. The destruction of
glycocalyx structural function directly leads to the loss of
endothelial cell barrier function. Secondly, glycocalyx me-
diates shear stress and induces the production of nitric

Fig. 1. Measurement of right ventricular systolic pressure and HSPG, HA, and SDC-1 expression in each group. a There was significantly increased RVSP in
MCT group (84.009 ± 0.393) than the control group (29.159 ± 0.149). By contrast, the RVSP of rats in treatment group (69.727 ± 1.787) was significantly
lower than that in MCT group *P < 0.01. b Rats in MCT group had higher plasma HSPG, HA, and SDC-1 levels than the control group, respectively. On the
contrary, rats in the treatment group showed reduced plasma levels of HSPG, HA, and SDC-1 when compared with theMCT group, respectively *P < 0.01. c
The protein expression of HSPG and SDC-1 was significantly reduced in pulmonary arteries in rats from MCT group than control group, respectively.
Interestingly, the levels of HSPG and SDC-1 protein from rats in treatment group were significantly higher than those from MCT group, respectively
*P < 0.01. d The mRNA expression of HA and SDC-1 was reduced in rats pulmonary arteries from MCT group than control group, respectively. However,
the mRNA expression of HA and SDC-1 was significantly increased in rats from treatment group than MCT group, respectively*P < 0.01.
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oxide (NO). Blood is able to produce shear stress on
endothelial cells through the vessels. Through endothelial
glycocalyx perception and conduction, the shear stress can
upregulate endothelial NO synthase levels and then in-
crease NO production [12, 13]. Structural disruption of
glycocalyx leads to the NO disorder induced by shear
stress, affecting the release of NO and its bioavailability.
It is accepted that NO is important for vascular tension. The
disorder may subsequently result in enhanced contraction.
Which is caused by vasoconstrictor factors and an imbal-
ance between the vasoconstrictor and the diastolic. Vaso-
motor dysfunction is the important pathophysiological ba-
sis of PAH. Thirdly, the glycocalyx structure contains
many cell adhesion molecules. Because the size of the
adhesion molecule is smaller than the thickness of the
glycocalyx, it is shielded by glycocalyx, so that blood cells
have no chance to interact with these adhesion molecules
[7, 14]. When the structure of glycocalyx is destroyed, it
will subsequently expose the concealed adhesion mole-
cules, which makes it easier for the white blood cells to
recognize and adhere to the surface of the endothelium.
The adhesion and interaction between blood cells and
endothelial cells is an important initial step for the dysfunc-
tion or loss of endothelial cells. Many studies suggest that
endothelial cell injury and dysfunction plays a central role
in the pathogenesis of PAH [15, 16]. Fourthly, endothelial
cells display anticoagulant function under physiological
conditions, which benefited from the glycocalyx contain-
ing many anti-clotting substances, such as antithrombin
and heparin cofactor II, thrombomodulin. These anticoag-
ulant substances are necessary for normal blood flow [9,
10]. Damage of glycocalyx affects the adhesion and activ-
ity of numerous anticoagulant factors and then affects
thrombosis. Pulmonary artery embolism is one of the com-
mon pathological changes in pulmonary arterial hyperten-
sion. The authors believe that the destruction of glycocalyx
can lead to the disappearance of endothelial cell barrier
function, endothelial cell adhesion, thrombosis, and so on,
which initiate the occurrence and development of pulmo-
nary hypertension.

In theory, the higher the degree of inflammation in an
inflammatory disease, the greater the degree of glycocalyx
shedding. Recent studies in humans have shown that the
degree of loss of glycocalyx is associated with the severity
of the disease and the level of glycocalyx shedding in the
blood [17]. Donati et al. showed that in patients with
critically ill patients, the thickness of the vascular endothe-
lium glycocalyx was reduced and the thickness of the
glycocalyx reduced significantly in the more severe sepsis
patients [18]. Other researchers also showed an increasing

amount of HS and SDC-1 in the blood of infectious shock
patients [11, 19–21], which was positively correlated with
the increase in mortality [21]. Potter et al. indicated that in
the acute cytokine-mediated glycocalyx destruction, the
original thickness is recovered after 5–7 days and the
acceleration of this process can limit the process of vascu-
lar inflammation [22].

In conclusion, the destruction of glycocalyx is in-
volved in the development of pulmonary hypertension.
Pulmonary hypertension can be attenuated by protecting
the integrity of glycocalyx. The study of glycocalyx
targeting therapy has important clinical significance. The
insufficiency of this study: Endothelial injury is an impor-
tant pathological basis of pulmonary hypertension. This
study failed to discuss the relationship between glycocalyx
destruction and the index of endothelial injury. Further
studies will add to the detection of pulmonary hypertension
endothelial cell function or smooth muscle cell function
and its correlation with glycocalyx.
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