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Abstract

Wall shear stress (WSS) plays a key role in maintaining glycocalyx function, gene expression, and structure. Experimental
studies have discussed the relationship between the shedding of the endothelial glycocalyx (EG) and WSS. However, rare
literature about how WSS affects the EG during cardiopulmonary bypass (CPB) was mentioned. This study aimed to investigate
the correlation between the WSS of carotid arteries and shedding of the EG during CPB in humans. The WSS level was
calculated in accordance with an equation. The plasma concentrations of heparan sulfate, syndecan-1, and nitric oxide were
measured to reflect shedding of the EG at six time points. A negative correlation was observed between the peak wall shear stress
(PWSS) and syndecan-1 (R =—0.5, p <0.01) and heparan sulfate (R =—0.461, p <0.01) during CPB. The WSS is closely
associated with the components of glycocalyx shedding during CPB. The WSS produced by non-pulsatile flow during CPB may
contribute to the degradation of EG.
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Abbreviations Introduction

WSS Wall shear stress

PWSS  Peak wall shear stress EG is a polysaccharide-rich, villous cell structure that covers
MWSS  Mean wall shear stress the luminal side of vascular endothelial cells. Its main compo-
EG Endothelial glycocalyx nents include glycosaminoglycan chains (chondroitin sulfate,
CPB Cardiopulmonary bypass heparin sulfate, and hyaluronic acid), proteoglycans
HS Heparan sulfate (syndecan and glypican families), membrane glycoproteins,

NO Nitric oxide

ECG Electrocardiogram

ICU Intensive care unit

SIRS Systemic inflammatory reaction syndrome

and related plasma proteins [1]. Studies on intact EG have
revealed several critical functions that maintain vascular per-
meability [2] and the regulation of anti-inflammatory re-
sponses [3], reduction of platelet count, and leukocyte adhe-
sion [4]. Moreover, the glycocalyx, as a mechanosensor, is
involved in mediating flow-induced shear stress and trans-
forms into endothelial cytoskeleton [5-7].
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A stable WSS can promote the synthesis of glycocalyx [8].
By contrast, a low WSS would cause degradation of the gly-
cocalyx [9, 10]. The EG maintains balance between biosyn-
thesis and degradation by stable WSS [11]. Most studies on
the effect of flow shear stress-induced changes in glycocalyx
have been carried out in vitro [12—14].

Extensive research has confirmed that glycocalyx shedding
is detected during CPB. The levels of syndecan-1 and heparan
sulfate significantly increase after CPB [15—17]. Furthermore,
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Assmann et al. [18] reported that a non-pulsatile perfusion
during CPB could result in generally decreased peak blood
flow speed and reduced PWSS. However, rare clinical litera-
tures have found to prove the relationship between glycocalyx
shedding and WSS of carotid arteries during CPB.

In this study, we aimed to investigate the correlation be-
tween the WSS of the carotid arteries and degradation of gly-
cocalyx during CPB. We used ultrasound to measure the ca-
rotid blood wall shear rate.

Materials and Methods
Study Design

The study protocol was reviewed by our institutional review
board and approved as a prospective study (approval number:
2016056). Informed consent was obtained from each patient.
A total of 38 patients undergoing elective cardiac surgery with
extracorporeal circulation in the First Affiliated Hospital of
Wenzhou Medical University from October 2016 to
March 2017 were enrolled. The exclusion criteria are as fol-
lows: patients aged < 18 or >70 years, with carotid artery
stenosis > 50% or presence of plaque(s), undergoing reopera-
tion or emergency surgery, with New York Heart Association
(NYHA) Class IV cardiac function, with atrial fibrillation, and
who refused to participate.

Anesthesia

General anesthesia was induced with intravenous etomidate
(0.2 mg/kg), midazolam (0.4 mg/kg), sufentanil (2 pg/kg),
and vecuronium (0.1 mg/kg) and maintained with sevoflurane
(1.5-2.5 vol%), propofol, and vecuronium. Arterial and cen-
tral venous catheters were placed after induction of anesthesia.

Surgical Procedures

After median sternotomy, all patients received systemic
heparinization (400 IU/kg) before aortic artery cannulation.
Next, bicaval cannulation was performed, and cardiopulmo-
nary bypass was initiated. A cardiac index of 2.0-2.6 L/min/
m? was maintained in all patients, and when pulsed flow was
administered, a fixed rate of 80 beats/min with an augmenta-
tion of 50%, which generated a sinusoidal flow pattern, was
applied throughout aortic cross-clamping.

Ultrasound Measurement of Blood Flow Velocity (V)
and Diameter (D) in the Carotid Arteries

The diameters of the arterial images were obtained using an

ultrasound machine (ProSound a6, ALOKA, Inc., Tokyo,
Japan). The measurement site was 2 cm anterior to the left
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carotid sinus. A color Doppler ultrasound system and linear
array high-frequency probes (frequency 5-8 MHz) were used.
The measuring technician had been trained in vascular ultra-
sound measurements. To prevent deviations due to measure-
ments at multiple time points, we established a self-made cer-
vical arc on the patients’ head and neck. Spectral Doppler was
used for the measurement of flow velocity. The sample vol-
ume was placed in the center of the lumen. The sample vol-
ume was 2/3 of the lumen diameter. The ultrasound measure-
ment included the angle between the sound beam and the
blood flow. When the angle was less than 60°, or when the
included angle line was parallel to the blood vessels, the elec-
trocardiogram (ECG) monitor was connected. M-mode ultra-
sound measurement was used for measuring the diameter, and
the end-diastolic inner vessel diameter at the trigger point of
R-wave in the ECG was measured. The velocity of three con-
secutive cardiac cycles was used (Fig. 1). The velocity and
diameter of the carotid arteries were measured at six time
points: before surgery (T1), 10 min after the initiation
of CPB (T2), at the end of CPB (T3), 15 min after
unclamping the aorta (T4), 1 day after surgery (T9),
and 5 days after surgery (T6).

Measurement of Whole Blood Viscosity (u)

At each time point, 2 ml blood was drawn from the left radial
artery of the patient. The measurement was completed within
30 s by using a hemorheology meter (SA-5000, Succeeder,
Inc., Beijing, China).

Determination of Wall Shear Stress

The WSS was predicted by assuming the Poiseuille or
Womersley flow. Pulsatile flow behavior is accurately de-
scribed by the Womersley model [19]. In this study, the
Poiseuille model was used to measure the mean wall shear
stress (MWSS), and the Womersley model was used to mea-
sure the peak wall shear stress (PWSS). Both models were
used to predict the WSS based on centerline velocity
[20]. For Poiseuille flow, the predicted value can be
calculated as follows:

4v

MWSS = D H (1)

Womersley described the flow caused by a pulsatile pres-
sure gradient. To calculate the Womersley flow, we
decomposed the measured centerline velocity and flow rate
into their Fourier components. The harmonics of heart rate
(beats/min) is a dimensionless number that describes the rela-
tionship of inertial to viscous forces:
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Fig. 1 Ultrasonographic measurement of blood flow velocity and vessel diameter of the carotid arteries before and after CPB (a and ¢, respectively).
Ultrasonographic measurement of blood flow velocity and vessel diameter of the carotid arteries during CPB (b and d, respectively).
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where p is the blood viscosity, R is the radius of the vessel, v
(0, ) is the centerline velocity, p is the fluid density, w is the
angular frequency of the driving pressure gradient, J, is a
Bessel function of order n, and k denotes that only the real
part is obtained [21].

Measurement of Syndecan-1, Heparan Sulfate (HS),
and Nitric Oxide (NO) Concentrations in Blood Plasma

The concentrations of syndecan-1, HS, and NO were determined
directly from the plasma by using an enzyme-linked immunosor-
bent assay kits. The kits used horseradish peroxidase-conjugated
monoclonal antibodies against human syndecan-1, HS, and NO
(Shanghai Westang Co., Shanghai, China).

Statistical Analyses

Normally distributed data (evaluated by Kolmogorov—
Smirnov tests) are presented as mean + SD, and non-
normally distributed data are presented in terms of the median
(interquartile range). Data were analyzed for statistical differ-
ence using the Friedman repeated measures analysis of vari-
ance on ranks followed by the Wilcoxon tests as appropriate.

Changes in WSS were tested using the Wilcoxon signed rank
test. Linear correlations between the plasma concentrations of
glycocalyx markers and the values of WSS were calculated
through the Spearman correlation test. Changes were consid-
ered statistically significant if p <0.05.

Results
Clinical Characteristics

A total of 38 patients undergoing cardiac operations were
enrolled in this study. Table 1 lists the data on their
characteristics.

Plasma Concentrations of Syndecan-1, HS, and NO

The baseline values of syndecan-1, HS, and NO of pa-
tients in the present study achieved median values of
1.05 (0.81-1.21) and 565 (479-728) ug/dL and 67.23
(40.56-83.21) uM, respectively. The plasma syndecan-1
level of the patients increased after CPB (T2) (p <0.01)
and reached its peak at 15 min after unclamping the aorta
(T4) (p <0.01). The value obtained was equivalent to
approximately 10 times the baseline level T1 (p <0.01)
and decreased gradually to the preoperative level after
surgery. The plasma HS concentration increased at T2
(p> 0.05) and reached its peak at T4 (p <0.01). The
value was equivalent to 1.9 times of the baseline level.
The plasma NO concentration decreased at T2 (p <0.01)
and reached its trough at T4 (p <0.01). The acquired
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Table 1 Characteristics and risk factors of the study patients
Characteristic Value
Patient

Age (years) 53+11
Male (%) 65.8 (25)
Body mass index (kg/m?) 22.7+3.6
Systolic blood pressure (mmHg) 125+11
Diastolic blood pressure (mmHg) 71+12
Total cholesterol (mmol/L) 43+1.2
Triglycerides (mmol/L) 1.5+£0.7
HDL cholesterol (mmol/L) 1.1+04
LDL cholesterol (mmol/L) 2.8+0.7
Diabetes mellitus (%) 13.2(5)
Any history of cigarette smoking (%) 26.3 (10)
ACE inhibitor treatment (%) 21.1 (8)
Nitrate treatment (%) 42.1 (16)
Calcium blocker treatment (%) 31.5(12)
Surgical

CABG, % (n) 50 (19)
Valvular operation, % (n) 50 (19)
Operation time (h) 45+1.1
Bypass time (min) 128.8+41.1
Aortic clamping time (min) 90.6+35.2

value was equivalent to approximately 0.5 times the base-
line level and increased sharply at TS5 (Fig. 2).

Calculated Peak and Mean Wall Shear Stress

Figure 3 shows the calculated PWSS and MWSS values. The
baseline values of the PWSS and MWSS in the present study

achieved medians of 22.94 (17.64-32.35) and 10.01 (8.43—
14.21) 2dys/cm?, respectively. The PWSS of the carotid arter-
ies declined at T2 (p <0.01) and reached its trough after
starting the cardiopulmonary bypass (p <0.01). After the re-
commencement of heartbeats, pulsatile blood flow resumed in
the carotid arteries, and the PWSS gradually increased (p <
0.01) but did not return to the preoperative level at 5 days after
surgery. The MWSS showed the same fluctuations. The
MWSS in T3 significantly differed with that in T1. During
the time period from the clamping to the unclamping of the
aorta, the WSS was measured continuously every 15 min, in
which the WSS remained stable (Fig. 3).

Correlations of the Peak and Mean Wall Shear Stress
with HS, NO, and Syndecan-1 During
Cardiopulmonary Bypass

The PWSS was positively correlated with NO (R =0.401, p <
0.01) and negatively correlated with syndecan-1 (R =—0.5,
p<0.01) and HS (R =-0.461, p <0.01).

A relatively weak correlation was observed between
MWSS and serum markers. The MWSS was positively corre-
lated with NO (R =0.394, p <0.01) and negatively correlated
with syndecan-1 (R =—0.427, p <0.01) and HS (R =—0.430
p <0.01) (Fig. 4).

Correlations of Aortic Clamping Time with HS and
Syndecan-1

The aortic clamping time during cardiopulmonary bypass was
positively correlated with peak plasma Asyndecan-1 (plasma
levels of T4-T1 syndecan-1; R =0.545, p <0.01) and AhHS
(plasma levels of T4-T1 HS; R =0.551, p <0.01) concentra-
tions (Fig. 5).
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Fig. 2 Individual and median fold change of normalized syndecan-1 (CD
138), heparan sulfate (HS), and nitric oxide (NO) concentrations at dif-
ferent operative stages. Individual syndecan-1, heparan sulfate, and nitric
oxide concentrations were determined in relation to the individual total
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protein concentration to account for hemodilution. a Syndecan-1 varia-
tion diagram. b Heparan sulfate variation diagram. ¢ Nitric oxide varia-
tion diagram. *Significantly different from T1, p <0.01
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Correlations Between Asyndecan-1 and Prognostic
Indicators

Asyndecan-1 was positively correlated with the duration of
postoperative mechanical ventilation (R =0.318, p <0.01) and
length of intensive care unit (ICU) stay (R =0.498, p <0.01)
(Fig. 6).

Discussion

In this study, the changes in WSS showed a relationship with
the degradation of glycocalyx. As expected, the WSS was
negatively correlated with syndecan-1 and HS.

Acute shedding of EG caused by cardiac surgery with CPB
is a complex process triggered by changes in blood flow shear
stress, ischemia/reperfusion injury, inflammation/systemic in-
flammatory reaction syndrome (SIRS), and perioperative fluid
management [16, 22]. The effects of ischemia/reperfusion on
the glycocalyx could be attenuated by the blockade of xan-
thine oxidoreductase, which is an endogenous reactive oxy-
gen species-producing enzyme bound to heparan sulfate do-
mains in the glycocalyx [23]. Markus Rehm et al. [15] dem-
onstrated that the significant increase of HS and syndecan-1 in
circulation after aortic opening is caused by coronary
ischemia-reperfusion injury. SIRS, which was activated by
CPB, is an important factor that promotes the shedding of
glycocalyx. The destruction of glycocalyx integrity can also
reflect the processes of inflammation [24]. Blood flow shear
stress alteration is also involved in the shedding of glycocalyx
[12]. Fabio Sangalli et al. [25] noted that the shedding of the
glycocalyx exposed to non-pulsatile flow is higher than that
with physiological flow.

Pulsatile flow in physiological state has changed into non-
pulsatile flow when performing CPB. The change of blood
flow pattern during CPB results in generally decreased peak
blood velocities and PWSS [18]. Similar results were ob-
served in this study. Chronic shear stress was reported to affect
the synthesis, release, and activity of proteoglycans in the

glycocalyx [26]. A low WSS inhibits the synthesis of glycos-
aminoglycans and increases the shedding of the glycocalyx
[27]. This study has observed that PWSS is negatively corre-
lated with syndecan-1 and HS, as well as the MWSS. In ad-
dition, blood viscosity in this trial decreased significantly dur-
ing CPB (Supplementary Fig. 1), which may be caused by
prefilling liquid and infusion before CPB.

The glycocalyx components in the plasma, such as
syndecan-1 and heparan sulfate, were used to indicate the
level of glycocalyx shedding [15]. Acute degradation of the
EG occurs in humans undergoing cardiac and major vascular
surgery [28]. We observed that the concentrations of
syndecan-1 and HS reached their peak after the aorta was
unclamped. The reasons for this increase were attributed to
ischemia-reperfusion injury and changes in shear stress and
inflammation [15, 24, 25]. In addition, this study revealed that
glycocalyx components returned to preoperative levels on the
fifth postoperative day. Therefore, we suspected that the thick-
ness of human vascular EG will recover on the fifth day after
surgery. In rats, a relatively rapid regeneration of microvascu-
lar luminal glycocalyx was observed after spinal cord injury,
but after 3 days, the glycocalyx indicated altered composition
and charge properties [29]. In mice, full restitution of the mi-
crovascular glycocalyx occurred after 57 days [30]. It is
maintained dynamic balance of the glycocalyx between its
synthesis and degradation in physiological state. The glycoca-
lyx component of detachment in plasma can reflect the chang-
es in the thickness of EG.

Previous studies on the mechanisms of shear stress-induced
glycocalyx shedding have not yielded a definite conclusion.
Matrix metalloproteases, which are released from activated
mast cells, may contribute to the shedding of syndecan-1
and heparan sulfate [31, 32]. Heparan sulfate and hyaluronic
acid chains are attached to syndecan-1 and are located on the
luminal surface of the glycocalyx network [33]. Matrix
metalloproteases specifically cleave heparan sulfate side
chains from cell surface proteins, such as syndecans and
glypicans [31]. The expression of matrix metalloproteases
can be upregulated by flow-induced shear stress [34]. In
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Fig. 4 Correlations of wall shear stress with heparan sulfate, nitric oxide, and syndecan-1 during CPB

addition, the amount of nitric oxide produced by shear stress-
induced endothelial cells is significantly reduced due to the
decreased EG in the endothelial cells [35]. In this study, the
transient increases of nitric oxide can be explained by the
postoperative use of exogenous nitroglycerine at T5.

A damaged EG layer can result in systemic and myocardial
edema, platelet and leukocyte adhesion, and fluid extravasa-
tion and contribute to microvascular perfusion heterogeneity
[16, 36]. The survival showed a significant negative

correlation with the increase in the concentrations of
syndecan-1 in the plasma of individual patients [37]. The in-
crease in serum-soluble syndecan in patients with heart failure
is associated with adverse clinical outcomes, and the preser-
vation of EG exerts a protective effect on cardiovascular sys-
tems [38]. In this study, it was found that the increase of
syndecan-1 in the plasma was positively correlated with the
duration of postoperative mechanical ventilation and length of
ICU stay. Therefore, the timely detection and prevention of

Fig. 5 Correlation of normalized a
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Fig. 6 Correlation of normalized plasma levels of T4-T1 syndecan-1 for
individual patients with prognostic indicators. Tpyyy, duration of postop-
erative mechanical ventilation; Tycy, length of ICU stay; Tryeparan sulfates

damage to EG are essential for the diagnosis, treatment, and
prognosis of related diseases [39]. The glycocalyx compo-
nents (syndecan-1 and heparan sulfate) are available for the
assessment of glycocalyx damage, but they exhibit certain
limitations. Furthermore, the glycocalyx component test is
invasive and expensive but fails to provide a timely reflection
of the glycocalyx damage. Based on the above research, we
used ultrasound measurement of wall shear stress to reflect the
degree of glycocalyx shedding.

Study Limitations

This study features several limitations. First, the study only
tested HS and syndecan-1, and other components, such as
glypican-1 and hyaluronic acid, were excluded due to limited
research funding. Moreover, considering the limitation of clin-
ical trials, we could not use a more accurate and intuitive
method such as intravital microscopy to evaluate the thickness
of the glycocalyx on the surface of the vascular endothelium.
In addition to WSS in CPB, the influence of inflammation,
coagulation, and oxidative stress on the glycocalyx could not
be eliminated during CPB.

Conclusions

It was revealed that the amount of glycocalyx
shedding(syndecan-1 and HS) was significantly increased af-
ter CPB. In addition, the WSS generated by non-pulsatile flow
during CPB was lower than that generated by preoperative
physiological pulsatile flow. The WSS was negatively corre-
lated with syndecan-1 and HS during CPB. These results may
provide a strategy for the protection of the glycocalyx during
CPB.

total length of postoperative hospital stay. Asyndecan-1, plasma levels of
T4-T1 syndecan-1
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