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The outer layer of endothelial cells (ECs), consisting of the endothelial glycocalyx (eGC) and the cortex
(CTX), provides a protective barrier against vascular diseases. Structural and functional impairments of
their mechanical properties are recognized as hallmarks of endothelial dysfunction and can lead to
cardiovascular events, such as acute myocardial infarction (AMI). This study investigated the effects of
AMI on endothelial nanomechanics and function and the use of exogenous recombinant syndecan-1
(rSyn-1), a major component of the eGC, as recovering agent. ECs were exposed in vitro to serum
samples collected from patients with AMI. In addition, in situ ECs of ex vivo aorta preparations derived
from a mouse model for AMI were employed. Effects were quantified by using atomic force microscopy
ebased nanoindentation measurements, fluorescence staining, and histologic examination of the
mouse hearts. AMI serum samples damaged eGC/CTX and augmented monocyte adhesion to the
endothelial surface. In particular, the anaphylatoxins C3a and C5a played an important role in these
processes. The impairment of endothelial function could be prevented by rSyn-1 treatment. In the
mouse model of myocardial infarction, pretreatment with rSyn-1 alleviated eGC/CTX deterioration and
reduced cardiomyocyte damage in histologic analyses. However, echocardiographic measurements did
not indicate a functional benefit. These results provide new insights into the underlying mechanisms of
AMI-induced endothelial dysfunction and perspectives for future studies on the benefit of rSyn-1 in
post-AMI treatment. (Am J Pathol 2023, 193: 474e492; https://doi.org/10.1016/
j.ajpath.2022.12.009)
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Ischemic heart disease (IHD) is the single most common
cause of death worldwide. Indeed, the frequency of IHD is
increasing, and the associated mortality is close to 10%
during hospitalization.1 Despite improvements in the treat-
ment of IHD, acute myocardial infarction (AMI) remains
one of the most common life-threatening events in indus-
trialized countries.2 To further improve outcomes of patients
stigative Pathology. Published by Elsevier Inc
with AMI, it is imperative to design new strategies and
therapeutic approaches.3
. All rights reserved.
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Syndecan-1 Prevents Glycocalyx Damage
Acute ischemic events, such as AMI, often cause
cardiogenic shock, characterized by acute hypotension
resulting in global tissue hypoxia with subsequent organ
failure.4,5 AMI immediately activates the sympathoadrenal
system with an excessive increase in circulating catechol-
amines,5 immunogenic factors such as ILs,6 the comple-
ment system,7 and acute-phase proteins such as C-reactive
protein8 or matrix metalloproteinases (MMPs),6 leading to
injury of the heart and vasculature.6,9e11 Pathophysiolog-
ical changes include microcirculatory dysfunction with
vascular leakage, edema, and an increase in leukocyte and
platelet adhesion to the endothelium.10,12 In general,
ischemic injury is one of the most prominent clinical
condition characterized by endothelial activation or dam-
age.4,5,13 Notably, endothelial damage in ischemia (eg,
shock) may be both generalized and localized to selective
organs, such as the heart, kidney, lung, or liver.13 Endo-
thelial cells (ECs), especially endothelial glycocalyx
(eGC), together with the underlying endothelial cortex
(CTX), have been recognized as central modulators of the
pathophysiological processes during acute ischemic events,
such as AMI,2,4,13,14 and targeting them may open new
therapeutic approaches for IHD.9,13,15

Together, the eGC and the CTX establish a vaso-
protective nanobarrier of the vascular system.16,17 More
importantly, the eGC covers the luminal endothelial
surface and consists of a variety of carbohydrate-rich
molecules such as glycoproteins, proteoglycans, glycos-
aminoglycans, and associated plasma proteins.18,19 The
glycosaminoglycans include heparan sulfate, chondroitin
sulfate, and hyaluronic acid, and they are attached to
transmembrane syndecans and membrane-bound glypi-
cans.18 Syndecan-1 (Syn-1; CD138) is a transmembrane
proteoglycan that builds the structural backbone of the
eGC.20 It acts as a core unit for other eGC components and
transmits extracellular signals to the intracellular environ-
ment through its transmembrane domain, which is directly
associated with the actin cytoskeleton of the CTX.20,21

The CTX is an actin-rich layer, located 50 to 150 nm
underneath the plasma membrane.18,22 Its nanomechanical
properties (such as stiffness) inversely correlate with endo-
thelial nitric oxide (NO) release: increased stiffness of the
cell cortex induces a decrease in NO production and vice
versa.22,23 Together, the eGC and CTX form a responsive
hub. Their nanomechanical properties, such as stiffness and
height,18,22 are highly flexible and can be most reliably
probed using atomic force microscopy (AFM). Concerning
the nanomechanical properties of eGC, a flat and soft
conformation indicates shedding of eGC components.18

Interaction between eGC and CTX enables coordinated re-
actions to a large number of stimuli from the blood-
stream.16,17 Damage to either eGC or CTX mutually
influences their nanomechanical properties, thereby
affecting endothelial functions.24 Thus, changes in the
nanomechanical properties of eGC or CTX contribute to
decreased NO production25 and can be seen as hallmarks
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for endothelial dysfunction and pathologic vascular
conditions.22

Structural damage to the eGC can also be detected
during AMI by increasing plasma levels of its principal
constituents Syn-1 and heparan sulfate.4,5,13 Furthermore,
increased serum-soluble Syn-1 constitutes an indepen-
dent predictor of short-term mortality in patients with
acute heart disease.2 In acute or critical settings, such as
in AMI, accelerated restoration of the eGC may thus
determine the clinical outcome of patients.15 During
AMI, activation of the complement system is an early
marker of inflammation and tissue injury.7 The anaphy-
latoxins C3a and C5 play a pathophysiological role for
myocardial ischemia and reperfusion injury.26 Further-
more, complement activation promotes inflammation and
shedding of the glycocalyx in renal ischemia and
reperfusion injury.27

In this context, a promising approach to expeditiously
restoring the eGC involves treating ECs either with lipo-
somal nanocarriers of preassembled glycocalyx or single
components of the eGC, such as Syn-1, as previously re-
ported.15 Considering the prominent role of Syn-1 for eGC
integrity and endothelial signaling function, we hypothe-
sized that treatment with exogenous recombinant full-
length Syn-1 (rSyn-1) protects against AMI-induced
vascular and cardiac damage. To test this hypothesis, ECs
were treated in vitro and ex vivo as well as in mice after
myocardial infarction (MI) in vivo with recombinant full-
length Syn-1, and the nanomechanical properties of the
eGC and CTX were analyzed in an AFM-based model. The
present data underline the feasibility of accelerated eGC
restoration with Syn-1 and amelioration of myocardial
injury after MI.

Materials and Methods

Cell Isolation and Culture

Umbilical cords were donated by patients giving birth in
the Marien-Krankenhaus Luebeck (approved by Local
Ethics Committee Case: 18-325). To isolate the ECs from
the umbilical cord vein, the umbilical cord was washed
several times with phosphate-buffered saline (PBS). After
cleansing the cord, 10 to 15 mL of 1 mg/mL dispase
(Gibco, Carlsbad, CA) was injected in the umbilical vein
and incubated for 1 hour at 37�C to cleave fibronectin
and collagen IV, thereby exposing the ECs by degrading
the extracellular matrix. The resulting solution, including
human umbilical vein endothelial cells (HUVECs), was
centrifuged at 129 � g for 10 minutes. The supernatant
was aspirated, and the cell pellet was resuspended in
HUVEC culture medium [Gibco Medium 199 þ fetal calf
serum 10% (Gibco) þ penicillin/streptomycin 1% (Gibco;
100 U/mL; 100 mg/mL) þ Large Vessel Endothelia
Supplement 1% (Gibco) þ heparin, 5000 U/mL (Bio-
chrom, Schaffhausen, Switzerland)]. The cell solution
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was then transferred to a gelatin-coated culture flask
[gelatin 0.5% (Sigma Aldrich, St. Louis, MO)] and
cultivated in the incubator at 37�C, 21% O2 and 5% CO2.
Cells from six different umbilical cords were isolated,
pooled, split into several cryotubes, and frozen in liquid
nitrogen for storage. Cells were used up to the second
passage.

Enzymatic removal of eGC components: stimulation with
heparinase-I (Hep-I; 0.1 U/mL) for 60 minutes, followed by
a 24-hour recovery period either with or without rSyn-1 (8
pmol/L for 24 hours).

Serum stimulation of ECs: stimulation with 10% patient
(AMI) or healthy donor [control (CTR)] serum (instead of
fetal calf serum) for 24 hours either with or without rSyn-1
(8 pmol/L for 24 hours).
Synthesis of Full-Length Syndecan-1

In all commercially available syndecan-1 products, the N-
termini are truncated and lack the transmembrane and
intracellular domains. Such a truncation impedes its incor-
poration into lipid bilayers. For this reason, a recombinant
full-length syndecan-1 was generated.

Steps for expression and purification of this trans-
membrane protein are as follows:

i) Transient transfection of HEK293 cells (mammalian
expression system is preferable to preserve protein
glycosylation).

ii) The complete coding sequence of the protein.

Amino acid sequence of recombinant mouse Syn-1 pro-
tein expressed:

MRRAALWLWLCALALRLQPALPQIVAVNVPPEDQ
DGSGDDSDNFSGSGTGALPDTLSRQTPSTWKDVWLL
TATPTAPEPTSSNTETAFTSVLPAGEKPEEGEPVLHVE
AEPGFTARDKEKEVTTRPRETVQLPITQRASTVRVT
TAQAAVTSHPHGGMQPGLHETSAPTAPGQPDHQPPR
VEGGGTSVIKEVVEDGTANQLPAGEGSGEQDFTFETS
GENTAVAAVEPGLRNQPPVDEGATGASQSLLDRKEVL
GGVIAGGLVGLIFAVCLVAFMLYRMKKKDEGSYSLEE
PKQANGGAYQKPTKQEEFYATRTRPLEDYKDDDDK
GSHHHHHH.

iii) Recombinant protein was prepared from cell lysate,
which was made with a modified radio-
immunoprecipitation assay lysis buffer (25 mmol/L
Tris-HCl, pH 7.4, 150 mmol/L NaCl, 1% Nonidet P-40,
1 mmol/L EDTA, 1� protein inhibitor cocktail mix, and
1 mmol/L phenylmethylsulfonyl fluoride).

iv) The volume used for each lane in the SDS-PAGE was
20 mL sample þ 3 mL reducing reagent þ 7.5 mL of
sample buffer.

v) The purity of protein isolation was confirmed using
SDS-PAGE by detecting a single band of predicted size
of the glycosylated form of syndecan-1, as shown in
Supplemental Figure S1.
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Fluorescence Staining and Microscopy

HUVECs were fixed with either 4% paraformaldehyde or
0.1% glutaraldehyde for 30 minutes for further staining.
Afterwards, the coverslips were washed three times with
PBS (þ/þ) and stored at 4�C in the dark until staining.
Cortical F-actin was stained using phalloidin-

tetramethylrhodamine (Sigma Aldrich). After fixation with
glutaraldehyde, the cells were permeabilized for 10 minutes
in 0.1% Triton X-100 (Sigma Aldrich; catalog number
T8787-50ML), blocked for 30 minutes with 10% normal
goat serum, and incubated for 60 minutes with phalloidin-
tetramethylrhodamine (10 mg/mL) in normal goat serum
(darkness, room temperature). After several washes in PBS
(þ/þ), the coverslips were mounted overnight at 4�C with
Dako mounting medium (Dako, Carpinteria, CA) containing
Hoechst (Sigma Aldrich; 1.5 mg/mL).
Wheat germ agglutinin (WGA; conjugate Alexa-Fluor-

488; Thermo Fisher, Waltham, MA) was used as overview
staining for eGC components. The glutaraldehyde-fixated
cells were carefully washed with PBS (þ/þ) and then incu-
bated with 1:500 dilutions of WGA (conjugate Alexa-Fluor-
488) in PBS (þ/þ) for 1 hour at room temperature in a wet
chamber in the dark. After incubation, the coverslips were
carefully washed three to five times for 5 minutes with PBS
(þ/þ) on a belly dancer (set to slowest movement) and
mounted overnight, as described above.
For immunostaining of syndecan-1 (CD138), fixed

HUVECs were blocked for 30 minutes with 10% normal goat
serum and incubated with the primary antibody (mouse anti-
human CD138; monoclonal antibody; Bio-Rad, Hercules,
CA; 1:100; catalog numberMCA2459). After incubation, the
coverslipswerewashed carefully in PBS (þ/þ) and incubated
with the secondary antibody (goat anti-mouse conjugate
Alexa-488; Invitrogen, Carlsbad, CA) 1:400 in normal goat
serum for 60 minutes. Coverslips were mounted with Dako
mounting medium containing Hoechst (1.5 mg/mL).
Images were rendered with a Keyence fluorescence mi-

croscope BZ9000 (Keyence Corp., Osaka, Japan; magnifi-
cation �60) using the BZ Viewer/Analyzer-II software
version 2.2; Keyence Corp.). Images and stacks of WGA
and phalloidin stainings were analyzed for fluorescence in-
tensity using ImageJ software version 1.52a; NIH, Bethesda,
MD; https://imagej.nih.gov/ij/download.html, last accessed
October 10, 2022). For analyzing the amount of syndecan-1
per cell, fluorescence-dot nuclei colocalization was
measured using YT Evaluation software version 2.1.12014
(64 bit; Synentec, Elmshorn, Germany). Each staining
process was repeated four to six times, processing 25 to 30
recordings per coverslip for statistical analysis.
Quantification of Soluble Syndecan-1

A soluble syndecan-1 (CD138) enzyme-linked immuno-
sorbent assay (ELISA; Diaclone Research, Cedex, France;
ajp.amjpathol.org - The American Journal of Pathology
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catalog number 950.640.192) was used to quantitatively
determine levels of syndecan-1 in the culture medium of
stimulated monolayers or patient serum samples. After
stimulation, the conditioned medium was collected and
stored according to the manufacturer’s instructions. Soluble
syndecan-1 was measured by adding conditioned medium or
serum samples to the solid-phase sandwich ELISA.

Patients

Blood samples of patients with AMI were collected from
January to April 2020 at the University of Luebeck (Lue-
beck, Germany) in cooperation with the Department of
Cardiology and Angiology of the “Sana Kliniken Luebeck”
Hospital (Luebeck, Germany), in accordance with the
Declaration of Helsinki and approved by the Local Ethics
Committee (case: 19-310). Samples were collected from
female and male patients, aged 48 to 85 years (mean � SD
age: 65 � 11.8 years) who were admitted to the hospital
with the diagnosis of acute coronary syndrome manifesting
as AMI (hereafter termed AMI group). Only patients with
ST-elevation MI who received a percutaneous coronary
intervention as first-line therapy during the first 120 minutes
after diagnosis of ST-elevation MI were included. A second
blood sample was collected 3 days after AMI from the same
patients (hereafter termed AMI-d3 group). Patients who
underwent cardiopulmonary resuscitation or after gaining a
return of spontaneous circulation were excluded, as were
patients who died during or after percutaneous coronary
intervention.

Patients with AMI were enrolled randomly after obtaining
written informed consent (N Z 10). Healthy age- and sex-
matched volunteers without cardiovascular comorbidities
served as controls (hereafter termed CTR group). Serum
samples from patients and controls were immediately
treated according to the recommended assessment of indi-
vidual complement components in whole blood by Brand-
wijk et al.28 Therefore, samples were kept on ice and
centrifuged at 4�C within 60 minutes after collection. After
pooling, the samples were snap frozen and stored at �80�C.

Monocyte Adhesion Measurements

Monocytes were isolated from the blood of healthy donors
using the S-pluriBead Maxi Reagent Kit (pluriSelect Life
Science, Leipzig, Germany; catalog number 70-50010-12)
following the manufacturer’s instructions. For quantification
of monocyte adhesion, isolated human monocytes were
fluorescently labeled with an Alexa Flour 488 anti-human
CD14 antibody (Biolegend, San Diego, CA; catalogue
number 367130) and added to the HUVEC monolayer for 4
hours. To remove nonadherent monocytes, cells were
washed carefully four times with PBS, following a stan-
dardized protocol. HUVECs and adherent monocytes were
fixed with 4% paraformaldehyde and subjected to fluores-
cence microscopy for further analysis.
The American Journal of Pathology - ajp.amjpathol.org
Adhesion force measurements were performed by using
the Nanowizard4 CellHesion-Module (JPK BioAFM Busi-
ness, Berlin, Germany) equipped with a petri dish heater for
maintaining 37�C, as recently described.29 Briefly, arrow
TL-2 tipless cantilevers (NanoAndMore GmbH, Wetzlar,
Germany) were incubated before all experiments for 20
minutes in Corning Cell-Tak (Fisher Scientific GmbH,
Schwerte, Germany; catalog number 10317081) to attach an
isolated human monocyte to the tipless cantilever. To
quantify the adhesion forces, the monocyte was brought into
contact with the endothelial surface for 10 seconds with a
constant set point of 0.5 V. Force-distance curves were
obtained by probing HUVEC monolayers with a monocyte-
carrying cantilever. Maximal adhesion forces between
monocyte and endothelial surface were measured and
analyzed using the JPK Data processing software version
7.0.112 (Bruker Nano GmbH, Berlin, Germany).
Throughout the whole procedure, the EC layer was always
covered by HEPES-buffered saline.
Complement Receptor Antagonists and Quantification
of Complement Anaphylatoxins

The anaphylatoxins C3a and C5a were quantified from the
serum of patients with AMI using ELISA (Thermo Fisher
Scientific, Hamburg, Germany; C3a, catalog number
BMS2089; C5a, catalog number RAB0631). Serum samples
with high levels of anaphylatoxins were used to stimulate
HUVECs, as described above.

Specific receptor antagonism to C3a-receptor-1 was
achieved by applying SB-290157 (Sigma Aldrich; catalog
number 559410) and C5a-receptor-1 using PMX53 (Sigma
Aldrich; catalog number 533683), according to the manu-
facturer’s instructions (both: concentration 1:1000/24
hours).
Mouse MI Model

Animals
All animal experimental procedures were approved by
Magna Græcia Institutional Review Boards on Animal Use
and Welfare and performed according to the Guide for the
Care and Use of Laboratory Animals30 from directive 2010/
63/EU of the European Parliament. All animals received
humane care, and all efforts were made to minimize animal
suffering. Mice were housed under controlled conditions of
25�C, 50% relative humidity, and a 12-hour light (6 AM to 6
PM) and 12-hour dark cycle, with water and food (containing
18.5% protein) available ad libitum. Mice were anesthetized
by intraperitoneally injecting tiletamine/zolazepam (80 mg/
kg) or inhaling isoflurane (isoflurane 1.5% and oxygen
98.5%; Iso-Vet; Chanelle Pharma, Galway, Ireland). As
wild-type animals, 8-weekeold C57BL/6J female mice
were used (Jackson Laboratory, Bar Harbor, ME; stock
number 000664).
477
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Echocardiography
Before echocardiography, mice were anesthetized with iso-
flurane. Unconscious mice were weighed and secured in a
supine position on a temperature-controlled restraining board.
Anesthesia was maintained with 1% to 2% isoflurane in ox-
ygen delivered through a nose cone. Four-limb lead electro-
cardiograms (Vevo 3100 and MP150; Biopac, Goleta, CA)
were simultaneously recorded. All hair in the thoracic region
was removed using a depilatory agent, and the area was
cleansed with water. Ultrasound gel was applied to the
thoracic region to improve sound wave transmission. In all
mice, heart rates were maintained at >400 beats per minute
while images were being recorded. Echocardiographic im-
ages were obtained with a Vevo 3100 system (Visualsonics,
Inc., Toronto, ON, Canada) equipped with an MX550D
ultraehigh-frequency linear array transducer (22 to 55MHz).
The transducer was positioned in a stationary stand perpen-
dicular to the mouse (in some cases, manual adaptations were
needed for optimal imaging). In brief, a frame rate of >200
frames per minute was maintained for all B- and M-mode
images. B-mode long-axis parasternal images were recorded
when optimal views of the aorta, papillary muscle, and
endocardium were visible. M-mode short-axis images were
recorded at the level of the papillary muscles, and the left
ventricle (LV) was bisected to obtain the optimal M-mode
selection. Conventional echocardiographic measurements of
the LV included ejection fraction, fractional shortening, end-
diastolic dimension, end-systolic dimension, anterior and
posterior wall thickness, and mass. For long-axis B-mode
measurements, the endocardium was traced semi-
automatically beginning from the mitral valve and
excluding the papillary muscle. Ejection fraction and frac-
tional shortening were calculated by computer using standard
computational methods. Speckle-tracking echocardiography
was used for advanced cardiac analysis (regional and global
cardiac measurements; Vevo LAB analysis software version
v3.2.0; FUJIFILM VisualSonics, Toronto, ON, Canada).
Cardiac cycles were acquired digitally from the parasternal
long-axis andmidventricular short-axis views to assess radial,
circumferential, and longitudinal systolic strain/velocity (in
accordancewithmyocardial fiber orientation at varying levels
of the LV wall) and time-to-peak systolic strain/velocity.
Images selected for strain analysis had well-defined endo-
cardial and epicardial borders and no substantial image arti-
facts. Image analysis was performed according to the
manufacturer’s instructions. The endocardium and epicar-
dium were traced semi-automatically using VevoStrain soft-
ware version v2.1.0 (FUJIFILM VisualSonics). The traces
were manually adjusted to ensure adequate tracking of
endocardial and epicardial borders. Velocity, displacement,
strain, and strain rate were calculated for radial and longitu-
dinal planes. In the long axis, the basal anterior septum,
middle anterior septum, apical anterior septum, basal poste-
rior wall, middle posterior wall, and apical posterior segments
were defined. In the midventricular short axis, the anterior,
anterior septum, inferior septum, inferior, posterior, and
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anterior-lateral segments were further delineated. Tissue
contraction patterns were expressed as negative strain values
for longitudinal and circumferential motion and positive
values for radial strain. In each segment, peak systolic strain
(percentage) and time to peak systolic strain (milliseconds)
were analyzed. Global average peak values for circumferen-
tial and longitudinal strain are reported.

MI Procedure
The MI procedure was performed on 8-weekeold C57BL/
6J female mice (body weight, 20 to 25 g) through permanent
ligation of the left anterior descending coronary artery, as
previously described.29,31 Briefly, animals were intubated
with a 22-gauge tube, ventilated with a mechanical venti-
lator (28026 mouse ventilator; Ugo Basile, Gemonio, Italy;
tidal volume, 0.2 mL; 120 strokes/minute), and anesthetized
with inhaled isoflurane, maintaining a body temperature of
37�C � 2�C. The fourth intercostal space was opened to
expose the heart. A 7.0 silk suture was passed under the left
anterior descending coronary artery and tied to occlude the
vessel. The pneumothorax was then reduced, the chest was
sutured, and the animals were allowed to recover. Post-
surgical analgesia was achieved by administering bupre-
norphine (0.1 mg/kg), and ampicillin, 150 mg/kg, was given
at the end of surgery. The animals were divided into
different groups based on the experimental arm: control
group (saline i.v. injection, sham operated); syndecan-1
group (i.v. injection of syndecan-1 at a final concentration
of 4 mg/mouse 24 hours before sham operation); MI group
(i.v. saline injection); and MI þ syndecan-1 group (i.v. in-
jection of syndecan-1 at final concentration of 4 mg/mouse
24 hours before MI). Animals were sacrificed 9 days after
MI or the sham operation procedure. Acute mortality rate
within 24 hours after MI procedure was overall approxi-
mately 20%.
For the glycocalyx measurements, syndecan-1 was dis-

solved at a concentration of 5 mg/mL in 1� PBS. The dose
and route of administration was 4 mg/mouse intravenously.
Syndecan-1 was injected 24 hours before the MI procedure.

Cardiac Troponin Analysis
To assess the presence of myocyte necrosis induced by the
experimental procedure, the levels of high-sensitive cardiac
troponin T in the blood serum were analyzed 9 days after
MI. Animals were anesthetized, and 1 mL of blood was
taken from the orbital sinus by inserting the tip of a fine-
glass Pasteur pipette into the corner of the eye underneath
the eyeball, directing the tip at a 45-degree angle toward the
middle of the eye. The blood was collected in a vacutainer
(Vacuette Tube 3 mL K3E K3EDTA; number 454086;
Greiner Bio-One GmbH, Frickenhausen, Germany). The
threshold for cardiac troponin T positivity in mice was
established at the 99th percentile of cardiac troponin T
values in blood samples from 15 consecutive control mice,
using a commercially available and clinically validated
cardiac troponin T blood kit.32
ajp.amjpathol.org - The American Journal of Pathology
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Tissue Harvesting
Aorta and heart samples were collected 9 days after MI. For
harvesting aorta and heart, the animals were anesthetized,
the chest was opened, the diaphragm was excised, and the
abdominal aorta was cannulated to wash heart and aorta
with 1� PBS. The first 1.5 to 2 cm of the aorta was har-
vested. After removing blood and carefully cleansing the
heart and the aorta, organs were transferred to a trans-
portation solution (Solution 8) and kept at 4�C until further
processing.33

Atomic Force Microscopy

The thickness and stiffness of eGC and the stiffness of CTX
in both HUVECs and mouse aortic ECs were determined
using the AFM nano-indentation technique, as described
previously.34e36 Indentation measurements were performed
on living confluent ECs (HUVECs) at 37�C using a
Nanoscope Multimode8 AFM (Veeco, Mannheim, Ger-
many). For measuring ex vivo aortas, a Nanowizard4 (JPK
BioAFM Business, Berlin, Germany) was employed.

The central component of the AFM is a triangular
cantilever with a mounted spherical tip (diameter Z 10 mm;
Novascan, Ames, IA), which is a sensitive mechanical
nanosensor. This cantilever is used to periodically indent the
cells and functions as a soft spring with a spring constant of
10 pN/nm (for eGC) or 30 pN/nm (for CTX). A laser beam
is targeted at the gold-coated back side of the cantilever and
reflected to a position-sensitive quadrupled photodiode so
that the cantilever deflection (V) can be quantified. To help
calculate the force (F) acting on the cantilever and, in turn,
the force exerted by the cantilever on the sample, the authors
determined the spring constant of the cantilever (Kcant) in
advance using the thermal tuning method and the deflection
sensitivity (a) of the cantilever on bare glass coverslips (F
Z V � a � Kcant). Knowing both the piezo displacement
(xpiezo) and the deflection sensitivity (a), the indentation
depth (deformation) of the sample (xsample) can be calcu-
lated [xsample Z xpiezo e (a � V)]. In the following, the
indentation depth is called thickness. Plotting the force (F)
necessary to indent a single cell (thickness, xsample) gives
force indentation curves. The sample stiffness can be
derived from Hooke’s law (Ksample Z F/xsample). The
stiffness (K) is the sample’s mechanical resistance against a
defined deformation (eg, indentation) and is strongly
determined by the indentation depth and its location because
of the varying distribution of cellular organelles. The
experimental parameters were as follows: indentation ve-
locity, 1 mm/second; loading force, approximately 500 pN
(for eGC) or 3 nN (for cortex); indentation frequency, 0.5
Hz; and ramp size, 2 mm; these parameters lead to a trigger
threshold of 50 nm (for eGC) or 100 nm (for CTX).

All experiments were performed in HEPES-buffered so-
lution (standard composition in mmol/L: 140 NaCl, 5 KCl, 1
MgCl2, 1 CaCl2, 5 glucoses, and 10 HEPES, pH 7.4) sup-
plemented with 1% fetal calf serum to prevent eGC collapse.
The American Journal of Pathology - ajp.amjpathol.org
From each preparation (cell samples or ex vivo aortas),
the stiffness of N Z 5 to 6 (repetitions/aorta) with n Z 150
to 300 (ECs per sample) was determined; six to eight force
distance curves were generated for each cell and averaged.
Force distance curve data were collected with the following:
i) Research NanoScope version 9.20 (64 bit; Bruker Nano
GmbH) or ii) Nanowizard4 XP control software version
7.0.119 (Bruker Nano GmbH) or iii) JPK Data processing
software version 7.0.112 (Bruker Nano GmbH). Stiffness
values were calculated from force distance curves using the
protein unfolding and nanoindentation analysis software
Punias 3D version 1.0 (release 2.3; http://punias.free.fr/
punias3.html?qZpages/download_of_software).

Preparation of Mouse Aortas/Assessment of Mouse Aortic
Endothelial Cell Nanomechanics
The aortas were harvested and prepared for ex vivo analysis by
AFM, as described previously,34e36 to assess the thickness and
stiffness of the eGC and CTX of the mouse aorta ECs. Briefly,
aortas were harvested after sacrificing the animals and freed
from the surrounding tissue. Small patches (z4 mm2) of the
whole aorta were attached en face on Cell-Tak (BD Bio-
sciences, Bedford, MA) coated glass, making it accessible for
further experiments. After preparation, the patches were
cultured in minimal essential medium (Invitrogen Corp., La
Jolla, CA) supplemented with 10% fetal calf serum (PAA
Laboratories, Pasching, Austria), 1% minimal essential me-
dium vitamins (Invitrogen), 1% minimal essential medium
nonessential amino acids (Invitrogen), and 1% penicillin/
streptomycin (100 U/mL/100 mg/mL). Preservation of the EC
layer on aorta preparations was confirmed by immunostaining
of platelet endothelial cell adhesion molecule 1 (data not
shown), and individual ECson those preparationswere studied.

Tissue Preparation of Mouse Heart/Damage Score Analysis
of the Infarct or Scar Size
Preparation of the mouse hearts for histologic analyses was
performed as described previously.37 Five animals per
group, evaluating at least 10 sections per heart, were
included in the statistical analysis. Mice were sacrificed 9
days after MI; hearts were harvested and cut into sections (5
mm thick) below the ligation suture. Tissues were fixated,
embedded in paraffin, and stained with hematoxylin and
eosin for histologic evaluation of tissue damage.

Fixation and Preparation
For fixation, the hearts were cut in half, then put into 4%
paraformaldehyde for 24 hours at room temperature and in
0.4% paraformaldehyde for another 24-hour period. After
draining the tissue using a Leica TP1020 Automatic Tissue
Processor (Leica Biosystems, Wetzlar, Germany), the or-
gans were embedded in pure paraffin (CN49.2; Carl Roth
GmbH þ Co KG, Karlsruhe, Germany) overnight. Paraffin
blocks were cooled with a Leica EG1130 Cold Plate for
cooling the embedding molds and paraffin blocks and cut
using a Microm HM440E microtome (all: Leica
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Biosystems). Sections were made in 5-mm steps through the
whole organ and processed at regular intervals of 500 mm
(resulting in a total of 10 to 13 sections per heart).

Hematoxylin and Eosin Staining
For the hematoxylin and eosin staining, all materials and
prepared reagents were equilibrated to room temperature
before use. The sections were deparaffinized and hydrated in
distilled water. Afterwards, the hematoxylin (T865.29; Carl
Roth GmbH þ Co KG) was applied to completely cover the
tissue sections and incubated for 7 minutes. Slides were
rinsed for 10 to 15 minutes to remove excess stain and
bluing from the tissue sections. The eosin solution (X883.2;
Carl Roth GmbH þ Co KG) was then added, completely
covering the tissue for 1 minute, and rinsed again in two
changes of distilled water. After that, the slides were dipped
in absolute alcohol to dehydrate them and mounted in rapid
nonaqueous mounting medium (Entellan; 1.079.610.100;
Merck Chemicals, Darmstadt, Germany).

Microscopy
Images were captured under a Keyence microscope (Keyence
Corp.) at a �60 magnification using the BZ Viewer software
version 2.2 (Keyence Corp.) and processed using the BZ
Analyzer-II software version 2.2 (Keyence Corp.). The
infarcted area was measured by planimetry using ImageJ
software version 1.52a. In all, 10 to 13 sections from different
areas of each heart were evaluated. Areas of the infarction
zone were measured and recorded in micrometers squared.
The scar was defined as the region between the living
myocytes and the cardiac membrane. The infarction size for
each section was calculated as a ratio of the infarcted segment
(MI area)/the total left ventricular segment (LV area): LV
infarction (percentage). Values are means � SD. The infarct
sizes resulting from ligatures were compared using analysis
of variance with post hoc comparisons. Observers were sin-
gle blinded to the experimental protocol.

Damage Score
A damage score was used for quantitative estimation of tissue
damage (compare with Zingarelli et al38: score of 0, no
damage; 1, mild damage: interstitial edema and focal ne-
crosis; 2, moderate damage: diffuse myocardial cell swelling
and necrosis; 3, severe damage: necrosis with the presence of
contraction bands and neutrophil infiltrate; and 4, highly se-
vere damage: widespread necrosis with the presence of
contraction bands, neutrophil infiltrate, and hemorrhage).

Statistical Analysis

Data were analyzed using IBM SPSS Statistics for Windows
version 27.0 (IBM Corp., Armonk, NY), and the
two-dimensional graphic and biostatistics software Graph-
Pad Prism version 7 (GraphPad Software Inc., La Jolla, CA)
was used to prepare the figures. Gaussian distribution was
determined by D’Agostino and Pearson omnibus normality
480
test. Data were tested for outliers before applying statistical
tests using the ROUT outlier test based on the false dis-
covery rate (Q value Z 1%). Outliers were omitted from
further analysis.
Differences between two groups were analyzed using t-

test for parametric values or the WilcoxoneU-test for
nonparametric values, followed by post hoc analysis. Dif-
ferences between three or more groups were analyzed using
one-way analysis of variance with Bonferroni correction for
multiple comparisons for parametric values or the Kruskal-
Wallis test by ranks for nonparametric values, followed by
post hoc analysis. For linear regression, Pearson correlations
(r) were used. Differences were considered statistically
significant when P < 0.05 (*P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001). Data are presented as
absolute values of means � SD.
Results

Syndecan-1 Treatment Improves eGC and CTX after
Enzymatic Degradation with Heparinase-I

The effects of treatment with rSyn-1 on the nanomechanical
properties of the endothelial surface layers (eGC and CTX)
were first studied in vitro in HUVECs. HUVECs were
treated with Hep-I (0.1 U/mL for 60 minutes), as described
previously,36 to shed eGC components and allowed to
recover for 24 hours in either the presence or the absence of
rSyn-1. The nanomechanical properties (height and stiff-
ness) were probed using the AFM nanoindentation
technique.
The mechanical properties of eGC and CTX changed

after treatment with Hep-I: Hep-I reduced eGC height by
61% compared with CTR (Figure 1A) (mean � SD:
178 � 36 versus 69 � 5 nm; P < 0.0001). After 24 hours of
recovery without rSyn-1, eGC height was not statistically
significantly restored compared with the Hep-I group. In
contrast, recovery combined with rSyn-1 treatment fully
restored the eGC height compared with the CTR group
(Figure 1A).
Hep-Iemediated shedding of eGC led to the softening of

eGC by 30% compared with CTR (Figure 1B) (0.41 � 0.07
versus 0.29 � 0.04 pN/nm; P < 0.001), as shown previ-
ously.36 Spontaneous restoration after 24 hours was not
observed. Treatment with rSyn-1 increased eGC stiffness by
26% compared with that of Hep-I, and reached control
levels (Figure 1B).
The enzymatic degradation of the eGC with Hep-I also

influenced the mechanical properties of the CTX. Hep-I
treatment increased cortical stiffness by 18% compared with
treatment with CTR (Figure 1C) (1.25 � 0.02 versus
1.05 � 0.09 pN/nm; P < 0.0001). Spontaneous restoration
did not occur after 24 hours; however, treatment with rSyn-1
led to softening of the CTX and full restoration to CTR
levels (Figure 1C).
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Figure 1 Syndecan-1 (Syn-1) treatment improves nanomechanics of endothelial glycocalyx (eGC) and cortex (CTX) after enzymatic
degradation with heparinase-I (Hep-I). AeC: Histograms showing eGC height (A), eGC stiffness (B), and CTX stiffness (C) of human umbilical vein
endothelial cell (HUVEC) monolayers measured via atomic force microscopy nanoindentation technique. Each dot represents the number of rep-
etitions (each showing mean of 25 to 30 cells). DeF: Statistical analysis of fluorescence intensity differences after stimulation: wheat germ
agglutinin (WGA)estained (D), CD138 antibody (AB)estained (E), and phalloidine tetramethylrhodamine (TRITC)estained (F) HUVEC monolayers.
GeI: Representative fluorescence images and fluorescence intensity analyses of WGA-stained (G), CD138 antibodyestained (H), and phalloidin-
TRITCestained (I) HUVECs. JeL: Pearson correlation of eGC height versus eGC stiffness versus CTX stiffness after stimulation. M: Quantification of
soluble syndecan-1 in culture medium after Hep-I treatment, measured via enzyme-linked immunosorbent assay. Groups: control (CTR), stimulation
with cell culture media; Hep-I, stimulation with media þ heparinase-I (0.1 U/mL for 60 minutes); Hep-I þ recovery (Rec.), stimulation with
heparinase-I (0.1 U/mL for 60 minutes) followed by 24 hours recovery time; Hep-I þ Rec.þ Syn-1, stimulation with heparinase-I (0.1 U/mL for 60
minutes) followed by 24-hour recovery time þ syndecan-1-treatment (8 pmol/L). Data are given as means � SD (AeF and M). N Z 6 (AeF and
M). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (one-way analysis of variance). Scale bars Z 50 mm (GeI). sCD138, soluble
CD138.

Syndecan-1 Prevents Glycocalyx Damage
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Figure 2 Syndecan-1 (Syn-1) treatment improves nanomechanics of endothelial cells after endothelial glycocalyx (eGC) shedding and cortex (CTX)
stiffening in acute myocardial infarction (AMI). AeC: Histograms showing eGC height (A), eGC stiffness (B), and CTX stiffness (C) of human umbilical
vein endothelial cell (HUVEC) monolayers measured via atomic force microscopy nanoindentation technique. Each dot represents the number of
repetitions (each showing a mean of 25 to 30 cells). DeF: Statistical analysis of fluorescence intensity differences after stimulation: wheat germ
agglutinin (WGA)estained (D), CD138 antibody (AB)estained (E), and phalloidinetetramethylrhodamine (TRITC)estained (F) HUVEC monolayers. GeI:
Representative fluorescence images and fluorescence intensity analyses of WGA-stained (G), CD138 antibodyestained (H), and phalloidin-TRITCe-
stained (I) HUVECs. JeL: Pearson correlation of eGC height versus eGC stiffness versus CTX stiffness after stimulation. M: Quantification of soluble
syndecan-1 in culture medium after serum stimulation, measured via enzyme-linked immunosorbent assay. Groups: control (CTR), stimulation with cell
culture media þ 10% serum of healthy controls; AMI, stimulation with media þ 10% serum of patients with ST-elevation myocardial infarction
(STEMI); control 3 days after STEMI (AMI-d3), stimulation with media þ 10% serum of patients with STEMI 3 days after myocardial infarction;
AMI þ Syn-1, stimulation with media þ 10% serum of patients with STEMI þ syndecan-1 (8 pmol/L). Data are given as means � SD (AeF and M).
N Z 6 (AeF and M). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (one-way analysis of variance). Scale bars Z 50 mm (GeI).
sCD138, soluble CD138.
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Figure 3 Monocyte adhesion increases during acute myocardial infarction (AMI), and anaphylatoxin C3a- and C5a-induced damage to endothelial gly-
cocalyx (eGC) can be attenuated by specific anaphylatoxin receptor antagonists. A: Histograms showing maximum monocyte adhesion forces to human
umbilical vein endothelial cell (HUVEC) monolayers, measured via atomic force microscopy (AFM) CellHesion technique. B: Adherent monocytes per field
quantified via monocyteewash-away assay and fluorescein isothiocyanateelabeled CD14 staining. Each dot represents the number of repetitions (each
showing mean of 25 monocyte adhesion forces). A and B: The t-test was used. C: Representative fluorescence image of human monocytes (CD14-labeled
monocytes; green) adhesive to HUVEC monolayer (HUVEC nuclei; blue). Stimulation with AMI serum led to increased monocyte adhesion forces and
increased number of monocytes per field. Groups: control (CTR), stimulation with cell culture media þ 10% serum of healthy control; AMI, stimulation with
mediaþ 10% serum of patients with ST-elevation myocardial infarction (STEMI). Data showing eGC height of HUVECs measured using the AFM nanoindentation
technique. D and E: Stimulation with AMI serum containing high levels of C3a (D) and C5a (E) [measured via enzyme-linked immunosorbent assay (ELISA)] led
to decreased eGC height. Specific receptor antagonism to C3a-receptor-1 (via SB 290157) and C5a-receptor-1 (via PMX53) attenuated eGC damage. D and E:
One-way analysis of variance was used. Groups: CTR, stimulation with media þ 10% serum of healthy control; AMI C3a serum, stimulation with media þ 10%
serum of patients with STEMI with high C3a concentration measured via ELISA; AMI C3a serum þ receptor antagonist (RA), C3a receptor-antagonist SB
290157; AMI C5a serum, stimulation with media þ 10% serum of patients with STEMI with high C5a concentration measured via ELISA; AMI C5a serum þ RA,
C5a receptor-antagonist PMX53. Data are given as means � SD (A, B, D, and E). N Z 6 (A, B, D, and E). *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001. Scale bar Z 50 mm (C).

Syndecan-1 Prevents Glycocalyx Damage
Results of the fluorescence staining were consistent with
the AFM findings. The WGA staining revealed reduced
fluorescence intensity of eGC after Hep-I treatment
compared with that of CTR (Figure 1D) (P < 0.001). As in
the AFM measurements, spontaneous eGC restoration did
not occur. In contrast, rSyn-1 treatment induced equally
robust fluorescence intensities, as observed in the CTR
group, consistent with the full regeneration of eGC. Using
the specific antieSyn-1 antibody (anti-CD138), a reduction
in Syn-1 immunofluorescence was demonstrated after
enzymatic shedding with Hep-I (Figure 1E) (P < 0.01).
Spontaneous restoration of the syndecans was not observed,
whereas application of rSyn-1 increased the fluorescence
intensity per cell up to control levels. In addition, the fluo-
rescence staining of F-actin conformed with the results of
the AFM-based measurements. The amount of F-actin after
The American Journal of Pathology - ajp.amjpathol.org
Hep-I treatment was 76% higher than in the CTR group
(Figure 1F) (P < 0.0001), indicative of cortical stiffening.
Application of rSyn-1 fully restored cortical F-actin levels
compared with those of CTR (representative fluorescence
staining is shown in Figure 1, GeI).

AFM parameters were interrelated: eGC height was
positively associated with eGC stiffness (r Z 0.60;
P Z 0.002) (Figure 1J), eGC height was negatively asso-
ciated with CTX stiffness (r Z �0.90; P < 0.0001)
(Figure 1K), and eGC stiffness was negatively associated
with cortical stiffness (r Z e0.66; P Z 0.001) (Figure 1L).

The ability of Hep-I to degrade eGC was confirmed by
measuring the level of soluble Syn-1 (soluble CD138) using
ELISA (Figure 1M). Soluble Syn-1 (soluble CD138) was
significantly elevated after enzymatic treatment with Hep-I
(P < 0.001).
483

http://ajp.amjpathol.org


Figure 4 Syndecan-1 (Syn-1) treatment improves endothelial nanomechanics in a mouse model of myocardial infarction. AeC: Histograms showing
endothelial glycocalyx (eGC) height (A), eGC stiffness (B), and cortex (CTX) stiffness (C) of living endothelial cells on isolated mouse aorta preparations
measured using the atomic force microscopy nanoindentation technique. Each dot represents the number of repetitions (each showing a mean of 25 to 30
cells). DeF: Pearson correlation of eGC height versus eGC stiffness versus CTX stiffness after stimulation. Groups: sham-operated mice (SHAM), saline injection
24 hours before operation; SHAM þ Syn-1, sham-operated mice with syndecan-1 treatment (4 mg/mouse; i.v. injection 24 hours before operation); acute
myocardial infarction (AMI) mice, subjected to left coronary artery ligation to induce myocardial infarction (saline injection 24 hours before operation);
AMI þ Syn-1 mice, subjected to left coronary artery ligation to induce myocardial infarction with syndecan-1 treatment (4 mg/mouse; i.v. injection 24 hours
before AMI). Data are given as means � SD (AeC). NZ 5 individual mice per group (AeC). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (one-
way analysis of variance).

Vahldieck et al
Syndecan-1 Treatment Improves eGC and CTX in an
in Vitro Model of AMI

Having demonstrated the efficacy of rSyn-1 in restoring
HUVEC eGC after its enzymatic degradation, its perfor-
mance following glycocalyx degradation by the human
serum enriched in proinflammatory mediators was investi-
gated next. To this end, serum samples derived from healthy
control subjects and from patients with AMI on their first
day of admission (AMI) as well as 3 days after AMI (AMI-
d3) were employed; both time points are known to exhibit
proinflammatory serum profiles.

AMI serum led to changes in the nanomechanical proper-
ties of eGC and CTX: AMI serum reduced the eGC height by
47% (Figure 2A) (CTR versus AMI: 231 � 18 versus
123 � 2 nm; P < 0.0001). In AMI-d3, the eGC remained
damaged and eGC height was not restored (AMI versus AMI-
d3). Those effects could be effectively prevented by rSyn-1
treatment (AMI þ Syn-1: 192 � 11 nm), which led to an in-
crease in eGC height by 56% compared with AMI
(P< 0.0001) and by 27% compared with AMI-d3 (P< 0.01).
The stiffness of the eGC was affected by AMI serum
(Figure 2B). After AMI stimulation, eGC stiffness was
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decreased by 21% compared with that in healthy controls
(CTR versus AMI: 0.32 � 0.02 versus 0.25 � 0.02 pN/nm;
P < 0.0001). No improvement in eGC height was detected
after exposure to theAMI-d3 serum. TheAMI serum-induced
reduction observed in the height and softening of eGC was
consistent with shedding of eGC components, which per-
sisted for 3 days. Consistent with the cases of enzymatic
degradation of eGC, rSyn-1 treatment combined with AMI
serum fully restored levels to those of controls (AMIþSyn-1:
0.30 � 0.02 pN/nm). After AMI, the cortical stiffness
increased by 47% compared to that in healthy controls
(Figure 2C) (CTR versus AMI: 0.96 � 0.06 versus
1.41� 0.03 pN/nm;P< 0.0001). Treatment with rSyn-1 after
exposure to AMI serum samples led to a softer cortex than in
the AMI group, although CTR group levels were not reached
(AMI versus AMI þ Syn-1: 1.41 � 0.03 versus 1.21 � 0.03
pN/nm; P < 0.0001).
WGA staining (Figure 2D) was consistent with the AFM

data and revealed a reduced fluorescence intensity of eGC
components after treatment with AMI serum compared with
that in the CTR group (P < 0.0001). In AMI-d3, however,
spontaneous restoration of stained eGC components was
observed compared with that in the AMI group (P < 0.05).
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Figure 5 Cardiac troponin T and echocardiographic measurements in myocardial infarction mouse model. AeG: Histograms showing cardiac troponin T
(A), as well as echocardiographic measurement data after acute myocardial infarction (AMI): ejection fraction (B), fractional shortening (C), global longi-
tudinal strain (D), left ventricular (LV) end-diastolic diameter (E), LV end-systolic diameter (F), and heart rate (G). Each dot represents the number of
repetitions. HeJ: Pearson correlation of cardiac troponin T versus endothelial glycocalyx (eGC) height, eGC stiffness, and cortex (CTX) stiffness. Groups: sham-
operated mice (SHAM), saline injection 24 hours before operation; SHAM þ syndecan-1 (Syn-1), sham-operated mice with syndecan-1 treatment (4 mg/mouse;
i.v. injection 24 hours before operation); AMI mice, subjected to left coronary artery ligation to induce myocardial infarction (saline injection 24 hours before
operation); AMI þ Syn-1 mice, subjected to left coronary artery ligation to induce myocardial infarction with syndecan-1 treatment (4 mg/mouse; i.v. injection
24 hours before AMI). Data are given as means � SD (AeG). N Z 5 individual mice per group (AeG). *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001 (one-way analysis of variance). bpm, beats per minute.

Syndecan-1 Prevents Glycocalyx Damage
Consistent with AFM findings, the rSyn-1 treatment gener-
ated fluorescence intensities that were equally as robust as
those in the CTR group, indicating a full regeneration of the
eGC. Consistently, staining with specific antieSyn-1
The American Journal of Pathology - ajp.amjpathol.org
antibody (anti-CD138) (Figure 2E) indicated a reduction in
Syn-1 after AMI compared with that in the healthy controls
(P < 0.01), with no restoration detectable in AMI-d3. After
rSyn-1 treatment, however, full restoration was detected.
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Table 1 Echocardiographic Assessment after Myocardial Infarction in an in Vivo Mouse Model of Myocardial Infarction

Variable
SHAM,
mean (SD)

SHAM þ Syn-1,
mean (SD)

AMI,
mean (SD)

AMI þ Syn-1,
mean (SD)

P value
(analysis of variance)

Ejection fraction, % 65.22 (4.55) 62.92 (3.88) 50.68 (6.07) 54.14 (3.84) 0.0004
Fractional shortening, % 35.06 (3.45) 33.38 (2.76) 25.74 (3.76) 27.6 (2.59) 0.0006
Global longitudinal strain, % 26.26 (1.94) 21.2 (2.96) 11 (5.79) 10.78 (6.01) <0.0001
LV end-diastolic diameter, mm 3.54 (0.15) 3.66 (0.24) 4.48 (0.38) 3.94 (0.33) 0.0004
LV end-systolic diameter, mm 2.32 (0.20) 2.44 (0.23) 3.32 (0.36) 2.84 (0.21) <0.0001
Heart rate, bpm 435 (42) 443 (31) 474 (36) 442 (16) 0.28

AMI, acute myocardial infarction; bpm, beats per minute; LV, left ventricular; SHAM, sham operation; Syn-1, syndecan-1.

Vahldieck et al
The amount of cortical F-actin after AMI was higher than in
the CTR group (Figure 2F) (P < 0.05), with no restoration 3
days after AMI. Adding rSyn-1 fully restored the cortical
actin levels compared with those of the CTR group (repre-
sentative fluorescence staining is shown in Figure 2, GeI).

AFM parameters were interrelated within the experi-
mental groups: eGC height was positively associated with
eGC stiffness (r Z 0.78; P < 0.0001) (Figure 2J), eGC
height was negatively associated with CTX stiffness
(r Z e0.75; P < 0.0001) (Figure 2K), and eGC stiffness
was negatively associated with cortical stiffness
(r Z e0.83; P < 0.0001) (Figure 2L).

The level of soluble Syn-1 (soluble CD138) in patients
with ST-elevation MI/AMI-d3, as well as control serum, as
determined using ELISA (Figure 2M), showed that soluble
Syn-1 was significantly elevated after AMI (P < 0.0001),
whereas AMI-d3 and CTR groups showed no difference.

AMI Leads to Elevated Monocyte-Endothelium Interaction
To test whether the changes in eGC conformation have a
functional impact on ECs, monocyte-endothelium interac-
tion experiments were performed using a qualitative (Cell-
Hesion technique) as well as a quantitative (wash-away
assay) approach.

The AFM-based CellHesion technique demonstrated
elevated adhesion forces between human monocytes and
endothelial monolayers after AMI stimulation (Figure 3A)
(P < 0.0001). In the monocyte wash-away assay, the
number of adherent monocytes per field was increased by
42% after AMI (Figure 3B) (P < 0.0001). Figure 3C shows
a representative image of the CD14 staining.

Anaphylatoxin C3a- and C5a-Induced Damage of the
eGC Can Be Attenuated by Specific Anaphylatoxin
Receptor Antagonists

The concentrations of anaphylatoxins C3a and C5a in pa-
tient serum samples were quantified by using ELISA (C3a
mean: 1233 ng/mL; C5a mean: 79 ng/mL). HUVECs were
exposed to AMI serum samples with elevated levels of
anaphylatoxins, as described above.

AMI serum with elevated C3a levels reduced eGC height
by 44% (Figure 3D); serum with elevated C5a caused a
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reduction of 32% (Figure 3E) compared with that in the
controls (both P < 0.05). Specific receptor antagonism to
C3a-receptor-1 (via SB 290157) or to C5a-receptor-1 (via
PMX53) attenuated the eGC damage (C3a: P < 0.05; C5a:
P < 0.01) (Figure 3, D and E).

Syndecan-1 Treatment Improves eGC and CTX in an
ex Vivo Mouse Model of MI

Encouraged by the aforementioned in vitro findings,
whether similar therapeutic efficacy can be achieved in vivo
was explored next. Therefore, effects of rSyn-1 were further
tested in a mouse model of MI. Mice were subjected to
sham operation (SHAM) or left coronary artery ligation to
induce AMI, with or without rSyn-1 treatment via i.v. in-
jection. Ex vivo studies performed in mouse aorta examined
the height and stiffness of eGC as well as CTX stiffness of
ECs probed using the AFM nanoindentation technique.
Neither eGC nor CTX nanomechanics quantified in the

SHAM control group differed from SHAM with rSyn-1,
indicating that intact and functional endothelial surfaces in
these vessels could not be affected by treatment with rSyn-1
(Figure 4, AeC). In contrast, after AMI, eGC height and
eGC stiffness (Figure 4A) were reduced by 17% (SHAM
versus AMI: 156 � 10 versus 130 � 4 nm; P < 0.0001) and
by 27% (SHAM versus AMI: 0.43 � 0.02 versus
0.31 � 0.01 pN/nm; P < 0.0001), respectively, compared
with SHAM. Those effects could be prevented by rSyn-1
treatment (10% eGC height, AMI versus AMI þ Syn-1:
130 � 4 versus 142 � 3 nm; P < 0.05). Similarly, eGC
stiffness (Figure 4B) was increased after rSyn-1 treatment
by 17% compared with AMI (0.31 � 0.01 versus
0.37 � 0.02 pN/nm; P < 0.001).
In Figure 4C, an increased CTX stiffness by 15% in the

AMI group is shown compared with sham-operated mice
(SHAM versus AMI: 1.2 � 0.11 versus 1.38 � 0.01 pN/nm;
P < 0.0001). rSyn-1 treatment induced CTX softening
compared with no treatment by 9% (1.38 � 0.01 versus
1.27 � 0.02 pN/nm; P < 0.0001). Although rSyn-1 treat-
ment led to an improvement in both eGC and CTX, levels of
sham-operated animals were not reached.
AFM parameters were interrelated within the experi-

mental groups. eGC height was positively associated with
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Figure 6 Histologic assessment of infarcted
myocardium. Data showing histologic evaluation
of myocardial damage after acute myocardial
infarction (AMI). AeC: Areas measured in square
millimeters of left ventricular (LV) area (A),
myocardial infarction (MI) area (B), and LV/MI
ratio (C). D: Myocardial damage score:
0 indicates no damage; 1, interstitial edema and
focal necrosis; 2, diffuse myocardial cell swelling
and necrosis; 3, necrosis with the presence of
contraction bands and neutrophil infiltrate; and
4, widespread necrosis with the presence of
contraction bands, neutrophil infiltrate, and
hemorrhage (scored according to the method
described by Zingarelli et al38). Each dot repre-
sents the number of repetitions. E: Representative
hematoxylin and eosin staining of infarcted
myocardium showing infarction zone versus
healthy tissue. Groups: sham-operated mice
(SHAM), saline injection 24 hours before opera-
tion; SHAM þ syndecan-1 (Syn-1), sham-operated
mice with syndecan-1 treatment (4 mg/mouse; i.v.
injection 24 hours before operation); AMI mice,
subjected to left coronary artery ligation to induce
myocardial infarction (saline injection 24 hours
before operation); AMI þ Syn-1 mice, subjected to
left coronary artery ligation to induce myocardial
infarction with syndecan-1 treatment (4 mg/
mouse; i.v. injection 24 hours before AMI). Data
are given as means � SD (AeD). N Z 5 individual
mice per group (AeD). Scale bars: 50 mm
(infarction zone and healthy tissue; E); 100 mm
(overview shot; E). **P < 0.01, ****P < 0.0001
(one-way analysis of variance).

Syndecan-1 Prevents Glycocalyx Damage
eGC stiffness (r Z 0.96; P < 0.0001) (Figure 4D), eGC
height was negatively associated with CTX stiffness
(r Z e0.91; P < 0.0001) (Figure 4E), and eGC stiffness
was negatively associated with cortical stiffness
(r Z e0.91; P < 0.0001) (Figure 4F).

Troponin T Levels and Echocardiographic Assessment
after Inducing MI in an in Vivo Mouse Model of MI

In parallel with the assessment of the nanomechanical
properties of aortic endothelial eGC and CTX ex vivo,
The American Journal of Pathology - ajp.amjpathol.org
echocardiographic data and cardiac troponin T levels were
determined in AMI mice in vivo.

Troponin T levels in the sham groups were within the
standard range (Figure 5A), but were significantly elevated
in the AMI mice. rSyn-1 treatment after inducing AMI
significantly reduced troponin T levels (by 48%) compared
with those in the AMI group, indicating less cardiomyocyte
damage (AMI versus AMI þ Syn-1: 1550 � 543 versus
809 � 380 ng/L; P < 0.05).

The echocardiographic assessment, including ejection
fraction, fractional shortening, global longitudinal strain, LV
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end-diastolic diameter, LV end-systolic diameter, and heart
rate, is summarized in Table 1. All measured parameters,
except for heart rate, showed significant differences between
sham-operated and AMI groups.

rSyn-1 treatment had no effect on the echocardio-
graphic parameters of sham-operated mice. AMI, how-
ever, led to a reduction in ejection fraction (65.22%
versus 50.68%) (Figure 5B), fractional shortening
(35.06% versus 25.74%) (Figure 5C), and global longi-
tudinal strain (26.26% versus 11.0%) (Figure 5D)
compared with that in the sham-operated mice. AMI was
also associated with an increase in left ventricular end-
diastolic diameter (SHAM versus AMI: 3.54 � 0.15
versus 4.48 � 0.38 mm) (Figure 5E) and left ventricular
end-systolic diameter (SHAM versus AMI: 2.32 � 0.20
versus 3.32 � 0.36 mm) (Figure 5F) compared with that
in sham-operated mice. These findings suggest an overall
reduction in cardiac function after AMI.

Notably, treatment with rSyn-1 improved both left ven-
tricular end-diastolic diameters (P < 0.05) (Figure 5E) and
left ventricular end-systolic diameter (P < 0.05) (Figure 5F)
compared with the AMI group without treatment. Heart rate
was unchanged throughout the study groups (Figure 5G).

AFM measurements of eGC and CTX nanomechanic
properties were correlated with cardiac troponin T within
the MI groups. CTX stiffness positively correlated with
troponin T (r Z 0.63; P Z 0.04) (Figure 5H), whereas eGC
height (Figure 5I) and eGC stiffness (Figure 5J) were not
correlated.
Histologic Assessment of Infarcted Mouse Hearts

Histologic analyses were conducted to detect the level of
cardiac damage in AMI mice. Assessment of hematoxylin
and eosin staining of the mouse hearts showed no difference
in the average LV area (Figure 6A). Histologic examination
of the infarcted hearts revealed that rSyn-1 treatment could
not prevent marked necrosis and advanced fibrotic conver-
sion of the cardiac tissue. Sham-operated hearts had healthy
cardiac tissue.

rSyn-1 treatment after inducing AMI reduced the MI area
by 9% compared with that in the untreated AMI mice (AMI
versus AMI þ Syn-1: 50.76 � 8.9 versus 45.96 � 8.44
mm2; P < 0.01) (Figure 6B). In addition, the MI left ven-
tricular ratio (LV infarction) (Figure 6C) was diminished by
6% after rSyn-1 treatment (AMI versus AMI þ Syn-1:
46.84% versus 40.33%; P < 0.01). This reduction in
infarct size after rSyn-1 treatment matches the improved
levels of cardiac troponin T that were measured (Figure 5A).
The degree of damage measured by using the damage score
(scale of 0 to 4) revealed no significant difference between
the AMI groups with or without rSyn-1 treatment
(Figure 6D). Figure 6E shows a representative image of a
hematoxylin and eosinestained heart section.
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Discussion

Recent studies indicate a need for new therapeutic strategies
to prevent or repair damage of the eGC.39 Especially in
acute ischemic events, such as AMI, rapid restoration of the
eGC may be decisive for the clinical outcome of the patients
with AMI.13 In this context, expeditious restoration of eGC
integrity is advocated by Goligorsky and Sun15 and Zhang
et al,40 who designed and synthesized a recombinant full-
length Syn-1, containing its transmembrane and intracel-
lular domain.
The mechanical properties of the endothelial surface

layers (eGC and cortex) are known to be crucial for proper
endothelial function, such as adequate response to shear
stress,20,41 and release of vasoactive substances, such as
NO.42 Structural damage of the eGC and chronic cortical
actin web stiffening can thus be seen as early events of
endothelial dysfunction, which culminate in chronic (cardio)
vascular diseases.
The current study reports the impact of a full-length

rSyn-1 in alleviating endothelial damage and accelerating
the restoration of degraded eGC. To gain insights into the
mechanism of AMI-dependent damage of the endothelial
surface, in vitro experiments using primary ECs, such as a
translational approach using patient serum samples, as well
as ex vivo and in vivo experiments using a mouse model for
MI, were employed. In the event of AMI, eGC components
were being shed and the cortical stiffness increased both
in vitro and ex vivo. Furthermore, the study showed that
treatment with full-length rSyn-1 improved the nano-
mechanical properties of the eGC and the CTX, and rSyn-1
treatment partially ameliorated cardiomyocyte damage but
did not lead to a functional improvement of the
myocardium.
The reduction in height combined with a decreased

stiffness of the eGC after enzymatic removal through Hep-I
can be interpreted as shedding of eGC components.18 The
observed complete restoration of the eGC after additional
treatment with rSyn-1 in vitro serves as a proof of principle
that recombinant full-length Syn-1 is potentially efficacious
in expediting restoration after eGC degradation, although
components of the eGC other than Syn-1 are being shed
during AMI.5 In addition, Hep-I not only cleaved heparan
sulfates, as predicted,36 but also induced degradation of
Syn-1 on ECs. At the translational level, the stimulation
with serum samples obtained from patients with ST-
elevation MI also induced shedding of the eGC and a
traceable loss of Syn-1 on ECs. Notably, these findings
could be confirmed ex vivo using ECs derived from aorta
preparations in a mouse model of MI. The shedding of eGC
during AMI might be caused by a variety of factors present
in AMI serum6 that are associated with cardiac mechanical
stress, generalized vascular trauma, and an inflammatory
response.13 Those biomarkers and effectors of eGC degra-
dation are elevated and activated during AMI, including
ajp.amjpathol.org - The American Journal of Pathology
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proinflammatory factors, such as ILs,6 complement system,7

catecholamines,5 C-reactive protein,8 and MMPs.6 All these
factors are known to facilitate degradation of Syn-1.43 We,
therefore, postulate that their presence in the AMI serum
plays a key role in eGC impairment. MMPs, in particular,
cleave the extracellular domains of syndecans.44 Syn-1 is
shed by MMP isoforms MMP-2, MMP-9, MMP-14, and a
disintegrin and metalloprotease 17.44 In AMI, the MMP-9 is
up-regulated45 and may be responsible for eGC impairment
in AMI through cleaving of Syn-1. Furthermore, the com-
plement system is activated during AMI, thus demonstrating
an early marker of inflammation and tissue injury.7 The
complement anaphylatoxins C3a and C5a are important
products of complement activation that may cause vascular
damage and mediate hypertension, although the concrete
mechanisms for this have not been clarified so far.46,47 After
stimulation with serum containing elevated levels of C3a and
C5a, a shedding of eGC components was observed, which
was prevented by applying specific receptor antagonists.
Thus, the present data identify the eGC and its nano-
mechanical properties as an important target of anaphyla-
toxins and postulate that AMI-induced damage of the eGC is
inter alia mediated by the C3a:C3aR or C5a:C5aR1 axes.

Although elevated circulating eGC components have
previously been documented in AMI and cardiac in-
terventions in experimental48 and clinical settings,49 the
present data show, for the first time, the direct effects of
AMI on the nanomechanical properties of the eGC and CTX
of vascular ECs.

The integrity of the eGC plays an important role in
endothelial function because of the close interaction be-
tween the eGC and the cellular cortex.18 Endothelial func-
tion is defined by anti-thrombogenic and anti-inflammatory
activity,22 barrier function,18 and contribution to blood
pressure regulation.16 In the present study, the impairment
of endothelial function was demonstrated by measuring
monocyte adhesion. During AMI, adhesion forces between
monocytes and the endothelial surface were enhanced,
showing proinflammatory changes in the endothelial sur-
face. Quantitative as well as qualitative changes in mono-
cyte adhesion indicate an unhealthy and dysfunctional
endothelium. The present data are in agreement with pre-
vious studies showing that a shed eGC promotes the adhe-
sion and pro-atherogenic effects of leukocytes.35

These attributes are influenced by the nanomechanical
properties of the endothelium (stiffness and/or height), with
NO being the key endothelium-derived smooth
muscleerelaxing factor.50 Synthesized by the endothelial
nitric oxide synthase (nitric oxide synthase 3), NO diffuses
to the adjacent smooth muscle cells and activates soluble
guanylyl cyclase.18 The increased cytosolic level of cGMP
induces a decrease in intracellular calcium within the smooth
muscle cells, which results in vasorelaxation.18 Stiffness of
the apical endothelial CTX represents a parameter that
directly correlates with endothelial nitric oxide synthase
function.18,42 It has already been shown that pharmacologic
The American Journal of Pathology - ajp.amjpathol.org
softening of the CTX induced a higher NO release,51

whereas CTX stiffening reduced endothelial nitric oxide
synthase activity.16,42 Thus, the degree of cortical stiffness
directly correlates with the degree of endothelial NO release,
demonstrating the link between nanomechanical properties
of the ECs and their function.18,23 A persistent stiffening of
the CTX can, thus, be seen as dysfunctional.

In the present study, nanomechanical changes in the eGC
correlated highly with nanomechanical changes in the CTX.
Shedding of the eGCdand in particular, Syn-1dled to a
stiffening of the CTX, indicating a dysfunctional endothe-
lium, as stated above. Explanations of the underlying
mechanism and the link between the shedding of the eGC
and resulting cortical stiffening are embedded in the struc-
ture of Syn-1, composed of the ectodomain, the trans-
membrane, and the cytoplasmic domain.43 The latter is
directly associated with the actin cytoskeletal network via
linker proteins, such as syntenin and synectin, which allows
mechanotransduction from the cellular surface to intercel-
lular junctions and throughout the cytoplasm.43 In response,
Syn-1 initiates cytoskeletal alignment and focal adhesion
formation via activation of the GTPase Ras homolog family
member A.20 Among others, Syn-1 also regulates the acti-
vation of the phosphatidylinositol 3-kinase/Akt signaling
pathway, mediating cellular activation of endothelial nitric
oxide synthase and NO production.18 The loss of Syn-1 or
other eGC components impairs the EC responses to intra-
luminal stimuli, indicating endothelial dysfunction.18,20

Indeed, after rSyn-1 treatment, not only were the nano-
mechanical properties of the eGC fully restored, but the
nanomechanical properties of the CTX were also affected in
this study, as shown by strong correlations in different
experimental approaches in this study. This most likely in-
dicates that rSyn-1 has been inserted into the plasma
membrane, by virtue of its lipophilic transmembrane
domain, and there is an association with the actin cyto-
skeletal network via its linker proteins. The present finding
that rSyn-1 had no effect on eGC of intact cells endowed
with dense endogenous glycocalyx, in contrast to the
observed restoration of degraded glycocalyx (by heparinase
or serum rich in proinflammatory mediators), argues in
favor of this mechanism. The correlations between eGC
integrity and CTX properties clearly show the functional
link between the extracellular eGC and the intracellular
CTX generated by the full-length rSyn-1 used in the ex-
periments presented herein.

On the other hand, soluble Syn-1 has long been detected
in the blood of patients with diverse diseases, such as
inflammation, tumors, acute/chronic kidney disease, and
cardiovascular diseases, including acute cardiogenic
shock.2,4,52,53 Soluble Syn-1 is predictive of survival in
patients undergoing hemodialysis,53 is associated with
adverse clinical outcomes in acute cardiac events,2,4 and is
an independent predictor of short-term mortality in patients
with acute heart failure,2,4 amplifying the richness of in-
formation derived from the serum Syn-1 measurements.
489

http://ajp.amjpathol.org


Vahldieck et al
Herein, Syn-1 likely originates not from a systemic source
but rather from the endothelium itself.13 The important
difference in functionality between soluble Syn-1 and the
rSyn-1 used in this study lies in the presence of its trans-
membrane and intracellular domains. As stated, these do-
mains seem to be essential for implantation of Syn-1 and its
connection to the actin cytoskeleton. To the best of our
knowledge, the soluble Syn-1 detected in clinical trials after
AMI treatment has never been sequenced. Whether this
soluble Syn-1 contained the transmembrane and intracel-
lular domains cannot be clarified at this point and would
only be speculation. We postulate that the detectable soluble
Syn-1 in AMI has been shed (broken), lacking a trans-
membrane and intracellular domain. Thus, soluble Syn-1
loses its ability to integrate into the cell membrane and to
connect to the cortical actin. In contrast, the full-length
rSyn-1 consists of the transmembrane domain and can
thus be functionally inserted into the plasma membrane.

Present in vivo data on mouse myocardium suggest that
rSyn-1 treatment potentially benefits cardiomyocyte
outcome in AMI. Herein, structural differences between
AMI and CTR groups could be determined: the amount of
cardiac troponin T as well as the infarcted areadboth
reduced after rSyn-1-treatmentdindicate a reduction in
cardiomyocyte damage. Nevertheless, it must be empha-
sized that no significant differences in functional markers,
including ejection fraction, fractional shortening, global
longitudinal strain, and histologic damage score, detected
via echocardiography, were found between the AMI group
and treatment group. The link between preservation of the
eGC and decreased cardiac remodeling may lie in post-MI
inflammatory processes,54 with inflammation playing a
crucial role in acute ischemic cardiac injury and the
contribution to postinfarction repair and remodeling.54 Cells
of the immune system have been shown to mediate both
protective and damaging effects in heart remodeling.55 Yet,
the proinflammatory response and further damage are
exacerbated in ischemic myocardium. Major contributors to
this damage are infiltrating neutrophils, especially in the
ischemic border zone, which produce and release reactive
oxygen species, resulting in acute inflammation and car-
diomyocyte apoptosis.54 Because of its position on the
vascular surface, the eGC acts as a firewall by mediating
leukocyte-endothelium interactions18 and modulating
mechanisms of essential hypertension.56 On intact eGC,
leukocytes are tiptoeing with their cytoskeletal protrusions
and barely come into contact with the adhesion molecules at
the endothelial surface.18 A compromised eGC barrier (ie,
during AMI) may foster leukocyte adhesion and extrava-
sation through interaction with L-selectin and chemokines.57

Thus, intact eGC (ie, after treatment with rSyn-1) may be
protective in the context of AMI and partly prevent car-
diomyocyte damage by reducing inflammatory processes
mediated by infiltrating leukocytes.

In conclusion, this study showed, for the first time, that
preserving eGC has a protective effect on the cardiovascular
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system. With increasing prevalence of heart failure and IHD
in overall aging populations, there is a need to develop
diverse treatment methods.52 Furthermore, the study also
showed that eGC damage is mediated by the C3a:C3aR or
C5a:C5aR1 axes, which will be further investigated in a
follow-up project.
In this study, rSyn-1 was only used as a preventive

treatment method right before AMI. Further investigations
to evaluate the role of rSyn-1 as a potential post-AMI
treatment method appear promising. The use of full-length
rSyn-1 in this study focuses on prophylactic mechanisms to
prevent eGC impairment and structural cardiomyocyte
damage in AMI. However, a clear therapeutic effect of
rSyn-1 after AMI could not be shown and requires further
investigation.

Limitations of the Study

There are potential limitations to the interpretation of the
data because of the limited number of serum samples used
for the in vitro studies. The reason for these limitations re-
lates to the fact that the AFM nanoindentation technique is
time-consuming and sophisticated, which precludes analysis
of considerably larger random sets of samples. The present
experimental design ignores the potential influence of he-
modynamic factors (eg, circulating fluid and shear stress).
Another major limitation is the use of HUVECs and mouse
aortal ECs, which limit extrapolating the rSyn-1 effects to
other EC types (eg, coronary endothelial cells). Finally,
syndecan-1 mRNA (or other glycocalyx proteoglycans) was
not determined.
Nevertheless, the in vivo results of the present study have

the potential to open new perspectives on the influence of
rSyn-1 treatment on vascular endothelium and car-
diomyocytes after AMI.
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