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Ali MM, Mahmoud AM, Le Master E, Levitan I, Phillips SA.
Role of matrix metalloproteinases and histone deacetylase in oxida-
tive stress-induced degradation of the endothelial glycocalyx. Am J
Physiol Heart Circ Physiol 316: H647-H663, 2019. First published
January 11, 2019; doi:10.1152/ajpheart.00090.2018.—The glycoca-
lyx is crucial for normal endothelial function. It also tethers extracel-
lular superoxide dismutase (SOD3), which protects the endothelium
against oxidative damage. Proteolytic enzymes [matrix metalloprotei-
nases (MMPs)] are capable of disrupting endothelial cell surface
proteins, such as syndecans, resulting in derangements of the endo-
thelial glycocalyx. We sought to test the role of MMPs in oxidative
stress-mediated disruption of the endothelial glycocalyx and examine
the effect of pharmacological inhibition of MMPs on mitigating this
detrimental effect. We also examined the role of histone deacetylase
(HDAC) in the oxidative stress-mediated MMP induction and glyco-
calyx remodeling. Oxidative stress was experimentally induced in
human adipose microvascular endothelial cells using H>O, and bu-
thionine sulfoximine in the presence and absence of potent MMP and
HDAC inhibitors. H,O> and buthionine sulfoximine resulted in a
notable loss of the endothelial glycocalyx; they also increased the
expression and proteolytic activity of MMP-2 and MMP-9 and sub-
sequently increased the shedding of syndecan-1 and SOD3 from the
endothelial cell surface. MMP upregulation was accompanied by a
decline in mRNA and protein levels of their inhibitors, tissue inhib-
itors of metalloproteinase (TIMPs; TIMP-1 and TIMP-3). Further-
more, oxidative stress induced HDAC activity. Inhibition of MMPs
and HDAC reversed syndecan-1 and SOD3 shedding and maintained
endothelial glycocalyx integrity. HDAC inhibition increased TIMP
expression and reduced MMP expression and activity in endothelial
cells. Our findings shed light on MMPs and HDAC as therapeutically
targetable mechanisms in oxidative stress-induced glycocalyx remod-
eling.

NEW & NOTEWORTHY Oxidative stress, a hallmark of many
diseases, damages the endothelial glycocalyx, resulting in vascular
dysfunction. Studying the mechanistic link between oxidative stress
and endothelial glycocalyx derangements might help discover new
therapeutic targets to preserve vascular function. In this study, we
investigated the involvement of matrix metalloproteinases and histone
deacetylase in oxidative stress-induced endothelial glycocalyx degra-
dation.
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INTRODUCTION

The endothelial glycocalyx is a thin layer of proteoglycans
anchored to the endothelial cell surface and comprised mainly
of sugar moieties termed glycosaminoglycans (GAGs) that are
highly sulfated forms of heparin, chondroitin, and dermatan
chains conjugated to core proteins, mainly syndecans and
glypicans (59). Syndecans are the primary heparan sulfate
proteoglycans (HSPGs) expressed on the endothelial cell sur-
face, and their circulating levels have been associated with
heart failure, cardiomyopathy, and other cardiovascular condi-
tions (5, 20, 53). Endothelial HSPGs contribute to vascular
barrier function, mechanotransduction of shear stress and flow-
mediated vascular responses, adhesion of leukocytes, and in-
flammation (6, 15, 39). Moreover, HSPGs support an antioxi-
dant and antithrombotic function by harboring extracellular
antioxidant enzymes and antithrombotic factors (6). Given the
importance of the endothelial glycocalyx in facilitating the
initial inflammatory response in the vascular wall in addition to
its role in vascular endothelial function, a deeper understanding
of the factors playing role in the structural and functional
integrity of the endothelial glycocalyx is of great translational
value.

Matrix metalloproteinases (MMPs) are a group of zinc-
containing enzymes that are responsible for degradation of the
extracellular matrix (ECM) and connective tissue proteins (17,
56). MMPs are produced by endothelial cells and play a critical
role in vascular remodeling. A growing body of evidence
supports the involvement of dysregulated MMPs in cardiovas-
cular diseases (CVDs) including atherosclerosis, aneurysms,
and hypertension. Atherosclerotic plaques showed increased
expression of MMP-1, MMP-2, and MMP-9 as well as a
disturbed ratio of MMPs and tissue inhibitors of metallopro-
teinase (TIMPs) (3, 23). Patients with acute myocardial infarc-
tion, unstable angina, and hypertension exhibited higher levels
of circulating MMPs such as MMP-2 and MMP-9 relative to
healthy individuals (11, 22). Patients with hypertension also
showed higher serum levels of TIMP-1 and the MMP-1-to-
TIMP-1 ratio compared with normotensive control individuals
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(27). These findings suggest that matrix remodeling via MMPs
may contribute to CVD and that MMPs may be an important
therapeutic target. Also, these findings raise the possibility that
pharmacological agents or small molecules with MMP-regu-
lating properties may serve as preventive or adjuvant therapeu-
tic agents for patients with CVD.

Studies have shown that inflammation and oxidative stress
are hallmarks of CVD (4). Increased reactive oxygen species
(ROS) production is a known promoting factor for the devel-
opment of atherosclerosis, hypertension, and other vascular
lesions. However, the mechanistic link between ROS produc-
tion and endothelial glycocalyx remodeling and the involve-
ment of MMPs in this pathway remain unclear. Driven by this
clinical significance, we sought to confirm the role of MMPs in
mediating the effect of experimentally induced oxidative stress
on disrupting the endothelial glycocalyx and to examine if
pharmacological inhibition of MMPs may be protective against
the oxidative stress-elicited disruption of the endothelial gly-
cocalyx. Oxidative stress has been shown to modulate histone
deacetylase (HDAC) activity; however, the available data are
inconsistent, and it is not clear whether HDAC activity in-
creases or decreases in response to redox signaling (8, 19, 42).
HDAC is a known modulator of a myriad of inflammatory and
tissue remodeling genes. Yet, its role in microvascular glyco-
calyx integrity under conditions of oxidative stress is not clear.
Therefore, in the present study, we sought to explore the role
of HDAC in modifying MMP/TIMP gene expression and
glycocalyx structure in microvascular endothelial cells under
conditions of oxidative stress.

MATERIALS AND METHODS

Chemicals and reagents. Buthionine sulfoximine (BSO), H»O,
trichostatin (TSA), and marimastat were purchased from Sigma-
Aldrich (St. Louis, MO). Suberoylanilide hydroxamic acid (SAHA)
and 2-[(4-phenoxyphenylsulfonyl)methyl]thiirane (SB-3CT) were
purchased from Santa Cruz Biotechnology (Dallas, TX).

Antibodies and DNA primers. Primary monoclonal antibodies against
syndecan-1, syndecan-2, syndecan-3, glypican, MMP-2, MMP-2,
MMP-9, and extracellular superoxide dismutase (SOD3) were purchased
from Santa Cruz Biotechnology. TIMP-1, TIMP-3, and -actin antibod-
ies were purchased from Cell Signaling (Danvers, MA). Primers for
MMP-1, MMP-2, MMP-3, TIMP-1, TIMP-3, SOD3, syndecan-1, syn-
decan-2, and syendecan-3 were designed using online Primer3 software
(http://primer3.ut.ee/) and validated for efficiency.

Culture of human adipose microvascular endothelial cells. Human
adipose microvascular endothelial cells (HAMECs) were obtained
from ScienCell Research Laboratories (Rockville, MD), and passages
1—5 were used to perform the experiments. Cells were maintained in
phenol red-free ECM media with L-glutamine supplemented with 5%
FBS, 100 IU/ml penicillin, and 100 wg/ml streptomycin. Experiments
were performed using passages 2—6.

Cell viability assay. HAMECs were assayed for viability by
incubation with calcein AM, which is a cell-permeant cell viability
dye. Calcein AM is a substrate of intracellular esterases that is
converted into green fluorescent calcein dye after hydrolysis by
intracellular esterases in viable cells (26). HAMECs were labeled
with calcein AM and then treated with H>O, for up to 6 h. Cell
cultures were dissociated from the culture dish and suspended in
PBS for flow cytometric analysis of fluorescence.

Flow cytometric analysis. Cells were seeded for culture into six-
well plates and maintained in ECM media until reaching 90—100%
confluence. Cells were incubated with H>O» for 1, 2, or 4 h. Treated
cells were washed in PBS and stained for wheat germ agglutinin
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(WGA; Invitrogen) to label GAG moieties on the glycocalyx. Cells
were collected using nonenzymatic cell dissociation buffer and then
analyzed using the BD accuri C6 flow cytometer and the bundled
software package.

Glycocalyx fluorescence microscopy imaging experiments. Fluo-
rescence microscopy was used for qualitative or semiquantitative
analysis of glycocalyx density on the endothelial cell surface. Cells
were seeded for culture into six-well plates and maintained in ECM
media until reaching 90-100% confluence. Cells were incubated with
H>0O, or BSO in the presence or absence of marimastat (50 uM),
SB-3CT (100 nM), SAHA (5§ uM), or TSA (1 uM) for 1, 2, or 4 h.
Treated cells were washed in PBS and incubated in WGA (25) Alexa
Fluor 594 (Invitrogen) at a concentration of 3 pg/ml in PBS to label
GAG moieties on the glycocalyx. Fluorescent-labeled HAMECs were
then imaged using an inverted fluorescence microscope (excitation:
590 nm and emission: 617 nm, Diaphot, Nikon) equipped with a
sCMOS camera (Tucsen ICE1.3) under control of the bundled imag-
ing software. Image analysis functions including color histograms
were performed on fluorescence images using the ImageJ software
package (47).

Real-time PCR. Total RNA was extracted from each sample using
the RNeasy mini kit (Qiagen, Germantown, MD). The isolated RNA
quantity was estimated by spectrophotometric measurement of absor-
bance at 260 and 280 nm. From each sample, 5 g of the isolated total
RNA were reverse transcribed into cDNA using SuperScript RT 1T
(Invitrogen). mRNA expression was determined by real-time RT-PCR
using the SYBR Green Assay standard protocol and Agilent Mx3005P
gPCR System (Agilent Technologies, Santa Clara, CA). Specific
primers for each gene were designed (Table 1). GAPDH was used as
the internal control. The normalized expression ratio of the target
genes was calculated using the 272 (Livak) method from theshold
cycles (C,) generated by the real-time RT-PCR. Reactions were
carried out in triplicate, and results show three independent experi-
ments.

Western blot analysis. For Western blot analysis, total protein was
isolated from treated cells using 1X cell lysis buffer (Cell Signaling).
To normalize protein loading, each sample protein concentration was
first measured using the Bio-Rad Protein Assay kit (Bio-Rad Labo-
ratories, Hercules, CA) at 595 nm with a microplate reader. Twenty-
five micrograms of protein per lane were resolved by a NuPAGE
4-12% bis-Tris gel (Invitrogen) and transferred to PVDF membranes.
The immunoblot was incubated with primary antibodies overnight at
4°C and then with infrared IRDye-labeled secondary antibodies (LI-
COR Biosciences, Lincoln, NE) for 1 h at room temperature, pro-
tected from light. Blots were washed with Tris-buffered saline +
0.1% Tween 20, dried for 1 h at room temperature, and then scanned
in the appropriate channel (700 nm for IRDye680 antibodies and 800
nm for IRDye800 antibodies) using an Odyssey CLx infrared imaging
system. (3-Actin was used as a loading control. Images were then
quantified using Image Studio (version 4.0, LI-COR) to calculate the
intensity of the bands of the protein of interest relative to the 3-actin
housekeeping gene from three independent experiments.

Immunoprecipitation. Immunoprecipitation of syndecan-1 or SOD3
was performed from cell culture media using Dynabeads protein G
magnetic beads (Invitrogen, Life Technologies). Primary antibody for
each protein was incubated with Dynabeads for 1 h at room temper-
ature, and the complex was then incubated with 2 ml of the cell culture
media overnight at 4°C. Protein was isolated by elution using sample
buffer with a reducing agent for downstream analysis using Western
blots.

HDAC activity assay. Cells were seeded in a 96-well plate at a
density of 5 X 10* cells/well in 100 wl of culture medium until they
reached 80% confluence. Cells were then incubated with H,O» in the
presence or absence of marimastat (50 uM) or TSA (1 uM) for 4 h in
a CO, incubator at 37°C. HDAC activity was measured using the
HDAC Cell-Based Activity Assay Kit (Cayman Chemical, Ann Ar-
bor, MI) following the vendor’s protocol. Briefly, the culture medium
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Gene Name

Primer Sequence

Melting Temperature, °C

Product Size, bp

MMP-1

Forward primer

Reverse primer
MMP-2

Forward primer

Reverse primer
MMP-9

Forward primer

Reverse primer
TIMP-1

Forward primer

Reverse primer
TIMP-3

Forward primer

Reverse primer
Syndecan-1

Forward primer

Reverse primer
Syndecan-2

Forward primer

Reverse primer
Syndecan-1

Forward primer

Reverse primer

5'-AAAATTACACGCCAGATTTGCC-3'
5'-GGTGTGACATTACTCCAGAGTTG-3’

5'-TACAGGATCATTGGCTACACACC-3’
5'-GGTCACATCGCTCCAGACT-3’

5'-TGTACCGCTATGGTTACACTCG-3'
5'-GGCAGGGACAGTTGCTTCT-3'

5'-CTTCTGCAATTCCGACCTCGT-3’
5'-ACGCTGGTATAAGGTGGTCTG-3'

5'-CATGTGCAGTACATCCATACGG-3'
5'-CATCATAGACGCGACCTGTCA-3’

5'-CTGCCGCAAATTGTGGCTAC-3'
5'-TGAGCCGGAGAAGTTGTCAGA-3’

5'-TTGACAACAGCTCCATTGAAGAA-3'
5'-CAGCTCTGGACTCTCTACATCC-3’

5'-TGGCGCAGTGAGAACTTCG-3'
5'-CCCCGAGTAGAGGTCATCCAG-3’

60 82
60.5

61.7 90
61.1

61.5 97
61.9

62.4 79
61.3

60.8 100
61.6

62.3 81
62.9

60.4 110
61

62.6 96
62.9

MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase.

was aspirated, and cells were washed with diluted assay buffer.
HDAC reactions were initiated by the addition of 10 .l diluted HDAC
substrate/90 pl culture medium to each well, and cells were incubated
at 37°C. Two hours later, 50 wl of the Lysis/Developer Solution were
added to each well, and cells were incubated for 15 min. Human
recombinant HDACI1- or TSA-treated cells were used as positive and
negative controls, respectively. Each sample was assayed in the
presence and absence of the HDAC inhibitor to allow for the correc-
tion of HDAC-independent fluorescence. HDAC deacetylated stan-
dards were used to generate a standard curve (concentration ranged
from O to 168 wM), which was used to calculate HDAC activity in the
test samples. The fluorescence intensity of each well (excitation: 340—
360 nm and emission: 440—460 nm) was determined using a Spec-
traMax M Series Multi-Mode Microplate Reader (Molecular Devices,
Fully Vale, CA). TSA sample fluorescence was subtracted from
non-TSA sample fluorescence to yield the corrected sample fluores-
cence. HDAC activity was then calculated using the following equa-
tion obtained from the linear regression of the standard curve, substi-
tuting corrected fluorescence values for each sample: HDAC activity
(in nmol-min~'ml~ ') = [corrected sample fluorescence — (y-inter-
cept)/slope]/15 min.

Zymography. Ready Gel 10% zymogram gels with gelatin and
collagen (Abcam, Cambridge, MA) were used to test MMP activity in
conditioned media following the vendor’s zymography protocol.
HAMECs were cultured in a six-well plate until reaching 70—80%
confluency. Cells were incubated with H>O, or BSO in the presence
or absence of marimastat (50 uM) or TSA (1 pM) for 4 h. Condi-
tioned media were collected and centrifuged to eliminate dead cells
and then adjusted in all samples to the same protein concentration.
Samples were mixed with SDS-PAGE loading buffer without a
reducing agent and subjected to electrophoresis at room temperature.
After electrophoresis, gels were soaked for 1 h in washing buffer that
removes SDS [2.5% Triton X-100, 50 mM Tris-HCI (pH 7.5), 5 mM
CaCl,, and 1 pM ZnCly], after which gels were incubated in gelati-
nase reactivation buffer [1% Triton X-100, 50 mM Tris-HCI (pH 7.5),
5 mM CaCl,, and 1 pM ZnCl,] at 37°C overnight. Gels were stained
with Coomassie blue dye for 1 h followed by destaining until proteo-
Iytic activities were visualized by clear zones against a dark blue
background indicating lysis of gelatin. Quantification of the proteinase

activities, which were expressed as arbitrary units, was performed
using the Imagel software package on scanned images of the gels.

Glycocalyx biomechanical analysis experiments using an atomic
force microscopy atomic force microscope. The atomic force micro-
scope (AFM) is a scanning probe microscope designed to measure
local properties such as surface biomechanical properties including
height, friction, texture, and stiffness with a probe. AFM, normally
used for the purpose of imaging, can also provide structural informa-
tion about the cell. The probe used in AFM consists of a fine
pyramidal tip attached to a cantilever that flexes as the tip is pushed
into the sample surface. By measuring the flexure in the cantilever
with the reflection of a laser, it is possible to calculate the upward
force acting at the tip.

AFM has been frequently used to measure the mechanical stiffness
of endothelial cells using indentation techniques that involve the use
of a sharp tip that indents the cell membrane and exerts pressure on
the membrane and cytoskeleton. AFM was used together with finite-
element analysis to show the increase in elastic moduli for bovine
endothelial cells exposed to shear stress (44). Live cell elasticity was
measured with a Novascan AFM (Novascan Technologies, Ames, 1A)
mounted on an inverted TE-2000 Nikon microscope. Soft silicon
nitride cantilevers (100 wm long, Veeco, Santa Barbara, CA) were
calibrated by the thermal fluctuation method in air, with a typical
spring constant value of 0.12 N/m. Borosilicate glass beads (10 pm in
diameter) glued onto the cantilever served as spherical cell indenters.
Distribution of the indenting load over several-micrometer area allows
removing mechanical spatial heterogeneity of fibrous cell cytoskele-
ton according to the method previously described by Titushkin and
Cho (54).

Cultures of HAMEC monolayers that were at least 60% confluent
with normal morphology were mechanically probed with AFM; clus-
ters of adjacent cells were probed while avoiding the cell’s perinuclear
region. To obtain a force curve, the cantilever descended toward each
measured cell at a velocity of ~2 wm/s until a trigger force of 3 nN
was reached and then retracted. To minimize the effect of the glass
substrate on the cell elasticity measurements, we used an indentation
depth up to 500 nm (~10-15% of the average cell height) for data
analysis. A total of 30—-40 cells of each type and experimental
condition were used, with ~15 force-distance curves acquired from
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each cell. The force-distance curves were collected and analyzed
according to the Hertz model as described in RESULTS (see Fig. 9),
which relates the loading force (F) with the indentation depth (3) by
fitting the Hertz model to the experimental force curve with a standard
least-squares minimization algorithm yielded the local apparent elas-
tic modulus (E). The average Young’s modulus for each cell type and
experimental condition was calculated and subjected to a z-test at the
level of 0.05.

Statistical analysis. Data are expressed as means = SE. Data were
analyzed using Student’s -test or one-way ANOVA when there were
more than two comparisons followed by a post hoc test as appropriate.
P < 0.05 was considered significant.

RESULTS

Prolonged exposure to endogenously or exogenously in-
duced oxidative stress elicits degradation of the glycocalyx. To
determine the effect of oxidative stress on matrix remodeling in
endothelial cells, we applied two approaches: /) exogenously
induced oxidative stress using H,O, (2 X 10™% mol/l) and 2)
endogenously induced oxidative stress using BSO (1073
mol/l), which has been shown to reduce levels of intracellular
glutathione, leading to an abundance of free superoxide radi-
cals and subsequently elevated oxidative stress (52). HAMECs
were treated with H>O, or BSO for 1—6 h, after which cell
viability was evaluated by a calcein AM cell viability assay

ROLE OF MMPs AND HDAC IN ENDOTHELIAL GLYCOCALYX INTEGRITY

showing no signs of toxicity for this dose and duration of
treatment (Fig. 1A). Measuring the glycocalyx density using
flow cytometric analysis of WGA-stained cells revealed sig-
nificant reductions in the WGA signal in HAMECs treated with
H,0O, compared with untreated cells (Fig. 1, B and C). These
findings were visually confirmed via fluorescence microscopic
imaging of WGA-labeled endothelial cells that demonstrated
notable loss of endothelial surface HSPG moieties of the
glycocalyx in HAMECs after 4 h of incubation with H,O,
compared with control (Fig. 1, D and E).

Oxidative stress induces shedding of syndecan-1 from the
endothelial cell surface. Syndecan-1 is a core protein that is
expressed on the endothelial cell surface and tethers HSPG
moieties. To test the hypothesis that syndecan shedding is a
major contributor to the loss of HSPGs and subsequently the
attenuated glycocalyx in oxidative stress, we measured
protein levels of syndecan-1 in cell lysates and cell culturing
medium under conditions of oxidative stress. Our data
showed that inducing oxidative stress using H,O, and BSO
decreased protein levels of syndecan-1 by three- and five-
fold, respectively, in HAMEC cell lysates compared with
baseline levels (Fig. 2A). We also measured levels of syn-
decan-1 in the cell culture media via immunoprecipitation.
Our results showed that syndecan-1 was detected in cell
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Fig. 1. Effects of H>O» treatment on viability and glycocalyx integrity in human adipose microvascular endothelial cells (HAMECsS). A: cells were treated with
H>0> (2 X 107* and 2 X 1075 mol/l) for 6 h and stained with viability detection stain (calcein AM). The signal was then quantified using flow cytometry. B
and C: quantification of the wheat germ agglutinin (WGA) signal in untreated cells and cells treated with H>O> using flow cytometry. D and E: fluorescent
microscope image (D) and fluorescent signal quantified by ImageJ software (E) of untreated control cells and cells treated with H-O» (2 X 10~* mol/l) for
4 h after being labeled with fluorescent WGA. AU, arbitrary units. All graphic presentations are of the mean log of 3 independent experiments (triplicates for
each group in each experiment) £ SD. *P < 0.05 for comparisons with control.
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Fig. 2. Effects of oxidative stress on cellular and shed fractions of syndecan-1 in human adipose microvascular endothelial cells (HAMECsS). Cells were treated
with H>O> (2 X 10~* mol/l) or buthionine sulfoximine (BSO; 1073 mol/l) for 4 h. A: Western blot analysis and signal relative intensity quantification of
syndecan-1 protein expression in HAMECs. B: mRNA levels of syndecan-1, syndecan-2, and syndecan-3 measured by real-time PCR. Results represent fold
changes relative to the untreated control from 3 independent experiments. Western blot analysis of shed syndecan-1 in HAMEC cell culture media is shown;
conditioned media were immunoprecipitated (IP) with syndecan-1 antibody or rabbit IgG as a control for nonspecific IgG (NS-IgG) and immunoblotted for
syndecan-1. C: media of untreated cells were used as a negative control, and media before IP were used to demonstrate that protein bands correspond to the
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control.

culture media at very low basal levels and lower molecular
weight (around 30 vs. 85 kDa in total cell lysate) suggesting
that the shed syndecan-1 is the extracellular domain of the
protein. This assumption is supported by a previous study by
Endo et al. (12), who reported a major digestion product of ~25
kDa for syndecan-1 recombinant protein (full-length) when incu-
bated with MMPs. Treatment with H,O, or BSO increased
syndecan-1 in the media by approximately three- to four-fold
relative to basal levels (Fig. 2C). These data indicate that the

oxidative stress-mediated reduction of syndecan-1 is caused by
shedding of syndecan-1 protein from the endothelial cell surface
and its release in cell culture media. We further assessed the
expression of other proteoglycans, syndecan-2, syndecan-3, and
glypican-1, that showed similar patterns to syndecan-1 (Fig. 2D).
In contrast, mRNA levels of syndecan-1, syndecan-2, and synde-
can-3 increased (30—70%) in response to oxidative stress, which
might indicate a compensatory mechanism to the decreased pro-
tein levels (Fig. 2B).
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Oxidative stress modifies MMP expression and activity in
endothelial cells. To investigate the role of MMPs in oxidative
stress-induced shedding of syndecan-1 in endothelial cells, we
measured MMP expression and activity in oxidatively chal-
lenged HAMECs. We also investigated the effect of inhibition
of MMP activity using marimastat, a broad-spectrum MMP
inhibitor (10). Cells were treated with H,O, or BSO for 2-4 h
followed by analysis of MMP (MMP-1, MMP-2, and MMP-9)
mRNA and protein expression. Conditioned media were col-
lected and analyzed for MMP-2 and MMP-9 activity via gel
zymography. Gelatin-lytic bands at 92 kDa (pro-MMP-9), 83
kDa (MMP-9), 72 kDa (pro-MMP-2), and 62 kDa (MMP-2)
are shown in Fig. 3A, and their internal control protein ({3-
actin) was also analyzed by Western blot analysis. After H>O»
and BSO treatment, pro-MMP-9, MMP-9, pro-MMP-2, and
MMP-2 activities in endothelial cells increased one- to twofold
relative to control and was significantly attenuated by mari-
mastat (Fig. 3, A and B). Accordingly, marimastat was used in
the rest of our experiments to test the effect of inhibition of
oxidative stress-induced MMP activity on other outcomes such
as syndecan-1 shedding, glycocalyx attenuation, and endothe-
lial cell stiffness.

Oxidative stress induced mRNA levels of MMP-1, MMP-2,
and MMP-9 by ~1.5- to 3-fold compared with control (Fig. 3C)
and increased protein levels by 70% and 85% and 3.5-fold,
respectively (Fig. 3D). Yet, these effects were not changed by
coincubation with marimastat, which is not surprising since its
effect is mainly on MMP enzymatic activity rather than ex-
pression (3, 50). Furthermore, we analyzed the effect of H>O,
and BSO on modifying members of the TIMP family, mainly
TIMP-1 and TIMP-3, that have been shown to play a pivotal
role as endogenous regulators of MMPs (14, 18). TIMP-1
mRNA expression was significantly lowered by ~70-75%
(Fig. 4A), and its protein was also significantly reduced by
approximately two- to fourfold in response to oxidative stress
(Fig. 4B). Similarly, TIMP-3 was reduced at mRNA and
protein levels.

The stimulatory effect of oxidative stress on MMP expres-
sion and activity is mediated by HDAC. It has been shown that
oxidative stress alters epigenetic mechanisms such as histone
acetylation (41). Accordingly, we sought to test the contribu-
tion of HDAC on our proposed mechanism of oxidative stress-
mediated induction of MMP activity and attenuation of the
endothelial glycocalyx. Our data showed that H>O, induced a
fourfold increase in HDAC activity relative to control, an
effect that was abrogated by TSA, a validated inhibitor of
HDAC enzyme activity (Fig. 4C) (46). Furthermore, HDAC
inhibition normalized MMP activity in H,O,-treated cells (Fig.
4, D and E). When combined with H,O,, TSA was capable of
increasing TIMP-1 and TIMP-3 mRNA expression by approx-
imately three- and fourfold, and their protein levels by approx-
imately threefold and 50%, respectively, compared with H>O»
alone (Fig. 5, A and C). In addition to its ability to restore
levels of TIMPs, TSA significantly inhibited H,O,-mediated
increases in mRNA and protein levels of MMP-1, MMP-2, and
MMP-9 (P < 0.05; Fig. 5, A and B). It is worth mentioning that
TSA alone increased mRNA levels of TIMP-1 and TIMP-3 by
50% and 60% above basal levels, respectively (data not
shown), which indicates that the basal level of HDAC activity
is responsible for regulating the expression of TIMPs and
MMPs. We further examined MMP and TIMP protein expres-
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sion in response to another HDAC inhibitor, SAHA. Incuba-
tion with SAHA abrogated H,O, effects on increasing MMPs
and reducing their inhibitors, TIMPs, in endothelial cells
(Fig. 5D).

Pharmacological inhibition of MMPs and HDAC reversed
oxidative stress-induced shedding of syndecan-1. To test the
hypothesis that shedding of syndecan-1 protein from the en-
dothelial cell surface is secondary to the increased level of
MMP and HDAC activity, we measured syndecan-1 protein in
cell lysates and cell culture media in cells treated with H>O»
with and without marimastat and TSA. Our results showed
that marimastat increased cellular syndecan-1 levels (H,Oz:
0.9 = 0.1 and H;O, + marimastat: 2.3 £ 0.2, P < 0.001)
and reduced its shedding from the endothelial cell surface
(H20,: 18.6 = 0.8 and H,O, + marimastat: 7.6 £ 0.5, P <
0.001; Fig. 6, A and B). Similarly, HDAC inhibition, via TSA,
increased syndecan-1 in cell lysates by 2.5-fold and reduced its
appearance in cell culture media by ~40% (Fig. 6, A and B).
We further examined this hypothesis using SAHA, which
inhibits HDAC class I, II, and IV, and SB-3CT, a selective
inhibitor for MMP-2 and MMP-9. Incubation with SAHA and
SB-3CT increased syndecan-1 protein in endothelial cell ly-
sates by 72% and 46%, respectively (P < 0.05; Fig. 6C).

Marimastat and TSA protect against endothelial glycocalyx
degradation and SOD3 loss. We showed above that marimastat
and TSA interfered with the loss of syndecan-1 from the
endothelial surface under conditions of oxidative stress. Thus,
we sought to investigate the effect of marimastat and TSA on
protecting the structure of the endothelial glycocayx. To this
end, HAMECs were treated with H,O, with and without the
broad-spectrum MMP inhibitor marimastat, the specific MMP-
2/MMP-9 inhibitor SB-3CT (29), and the broad-spectrum
HDAC inhibitors TSA and SAHA (61) for 4 h and then stained
with WGA to label cell surface HS-GAGs. MMP and HDAC
inhibitors maintained the expression of HS-GAGs and pre-
vented H,O»- mediated attenuation of the endothelial glycoca-
lyx (Fig. 7A). The fluorescence intensity of WGA staining
increased by 94%, 70%, 117%, and 65% when cells under
oxidative stress were treated with marimastat, TSA, SAHA,
and SB-3CT, respectively (P < 0.01; Fig. 7B).

Endothelial glycocalyx tethers and concentrates SOD3,
which protects the endothelium against oxidative stress (16,
58). We expect that degradation of the endothelial glycocalyx
results in an accelerated loss of GAG-attached SOD3. There-
fore, we sought to test SOD3 expression and shedding in
response to oxidative stress. Coinciding with the loss of syn-
decan-1 that was described above, we found a similar pattern
of shedding of SOD3. This was detected by Western blot
analysis of cell lysates and immunoprecipitated cell media after
the induction of oxidative stress. Protein levels of SOD3
decreased significantly (50%) in HAMEC:s after 4 h of induced
oxidative stress (Fig. 8A4), whereas its levels in cell culture
media increased by severalfold (Fig. 8C), indicating shedding
of SOD3 from the cell surface into a soluble form. Pharmaco-
logical inhibition of MMPs, via marimastat, increased cellular
levels of SOD3 protein by ~45% when combined with oxida-
tive stress-inducing agents (Fig. 84) and reduced SOD3 in cell
culture media by severalfold (Fig. 8C). Likewise, HDAC inhi-
bition increased SOD3 levels in cellular lysates (H,O5: 2.1 = 0.1
and H,O, + TSA: 1.7 = 0.2, P < 0.05; Fig. 84) and reduced
them in cell culture media (H,O,: 2.8 = 0.2 and H,O, +
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Fig. 3. Matrix metalloproteinase (MMP) activity in response to oxidative stress in human adipose microvascular endothelial cells (HAMECs). A: MMP-9 and
MMP-2 activity in gelatin zymography of conditioned culture media collected from untreated cells (control) or cells treated with H>O> (2 X 10~* mol/l) or
buthionine sulfoximine (BSO; 10~ mol/l) with or without marimastat (50 wmol/l) for 4 h . B: B-actin was used as an internal control. C: densitometric analysis
of MMP zymography bands. Results represent the mean log of 3 independent experiments. mRNA levels of MMP-1, MMP-2, and MMP-9 were measured by
real-time PCR in cells treated with H>O> or BSO with or without marimastat. Results represent fold changes relative to the untreated control. D: Western blot
analysis and signal relative intensity quantification of MMP-1, MMP-2, and MMP-9 protein expression in HAMECs. *P < 0.05 for comparisons with control;
TP < 0.05 for comparisons with H>O» or BSO. All results represent means = SD of 3 independent experiments (triplicates for each group for each experiment).
The white dashed line indicates areas where gels were spliced for labeling purposes.

TSA: 0.6 = 0.3, P < 0.001; Fig. 8C). Incubation with SAHA and
SB-3CT increased SOD3 protein in endothelial cell lysates by

associated with the endothelial glycocalyx such as syndecan-1 and
SOD3.

70% and 63%, respectively (P < 0.001; Fig. 8B). Collectively,
these data led to the conclusion that HDAC and MMPs play an
important role in mediating oxidative stress-induced modulation
of the endothelial glycocalyx and loss of essential cellular protein

Oxidative stress induced alterations in biomechanical prop-
erties in HAMECs. After confirming the link between oxidative
stress and glycocalyx degradation, we sought to explore the
effect of oxidative stress induced glycocalyx degradation on
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endothelial cell biomechanics, which is dependent on the
cellular glycocalyx and cytoskeletal structure (43). To investi-
gate oxidative stress-induced changes in the elasticity of
HAMECs, we used the AFM indentation technique (Fig. 9A).
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This technique was used to record the elastic modulus
(Fig. 9B) in HAMECSs before and after treatment with H,O».
The average elastic modulus of HAMECs treated with H,O,
(2.46 £ 0.2 kPa) was 2.5 times higher than control (0.985 = 0.08
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kPa). Marimastat and TSA restored the elasticity of HAMECs
to levels that were close to control; the elastic modulus mea-
sured by AFM decreased by 43% and 55% after the addition of
marimastat and TSA, respectively (Fig. 9C).

DISCUSSION

The principal findings of this study were that /) oxidative
stress induced rarefaction and degradation of the microvascular
endothelial glycocalyx and increased stiffness of endothelial
cells as measured by AFM; 2) MMPs are the principal cellular
proteases involved in oxidative stress-induced degradation of
the endothelial glycocalyx; 3) direct inhibition of MMPs im-
peded oxidative stress-induced shedding of HSPGs from the
endothelial cell surface and maintained the integrity of the
endothelial glycocalyx; and 4) oxidative stress augmented
HDAC activity, a mechanism that might regulate the expres-
sion and activity of MMPs and TIMPs in endothelial cells.
Figure 10 shows the main hypothesis and major findings.

Our results demonstrated that the endothelial glycocalyx
exhibits a reaction to oxidative stress that is characterized by
notable loss of HSPGs by means of shedding from the endo-
thelial cell surface into the cell culture medium. Syndecans,
one of the major HSPG core proteins in endothelial cells to
which GAGs bind, were significantly lost from the endothelial
cell surface. Apparently, the degradation of endothelial surface
GAGs and HSPGs is faster than the endothelial cell potential to
compensate. This is evident from our results showing that
despite a significant increase in mRNA levels of syndecan-1,
syndecan-2, and syndecan-3 isoforms, protein levels of synde-
can-1, syndecan-2, and syndecan-3 from HAMECs treated
with H,O» or BSO was still lower than control. This indicates
that under conditions of oxidative stress, cell surface pro-
teoglycan degradation surpasses the capacity of cellular repair
and homeostatic mechanisms. Therefore, interventions that
inhibit glycocalyx-degrading enzymes or enhance glycocalyx
repair are required to avert oxidative stress-induced endothelial
dysfunction.

Our results agree with the study by Singh et al. (49) dem-
onstrating that H>O, treatment of glomerular endothelial cells,
a renal microvascular endothelial cell line, induced GAG loss
from the endothelial surface rather than reducing GAG syn-
thesis. The clinical significance of these findings originates
from a previous report demonstrating that the loss of the
negatively charged GAG layer and its lodged albumin culmi-
nates into edema and microalbuminuria in a myriad of patho-
logical conditions (45). This phenomenon has been reported in
the myocardium after myocardial infarction, in coronary arter-
ies after reperfusion, and in renal glomeruli after endotoxemia
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and glomerulonephritis (35, 40). Lipowsky et. al. (30, 31)
reported a similar phenomenon of glycan shedding and glyco-
calyx attenuation in murine mesenteric microvessels in re-
sponse to inflammatory agents and oxidative stress.

Also, we found that the increased stiffness of HAMECS after
exposure to oxidative stress can be attributed, at least partially,
to loss of the glycocalyx, even though we did not rule out the
role of cytoskeletal changes after exposure to oxidative stress.

Our findings highlight MMPs as a major contributor to
oxidative stress-induced loss of the glycocalyx from the vas-
cular endothelium. Induction of oxidative stress resulted in a
significant upregulation of MMP expression and activity. On
the other hand, inhibitors of MMPs, TIMP-1 and TIMP-2, were
downregulated. This link between MMP upregulation and
glycocalyx density was confirmed using marimastat, a direct
and broad-spectum MMP inhibitor, to antagonize the effect of
MMPs on the HSPG component of the glycocalyx. Our results
showed that marimastat prevented shedding of syndecan-1
from the cell membrane of HAMECs after H,O, and BSO
treatment in endothelial cells and subsequently maintained the
density of GAGs. Furthermore, marimastat restored endothelial
cell elasticity and corrected or reversed the stiffness that was
observed in HAMECs after treatment with H>O, (Fig. 9).
These results were confirmed using the specific MMP-2/
MMP-9 inhibitor SB-3CT, which reversed the loss of synde-
can-1 and the endothelial glycocalyx from HAMECsS treated
with H>O,. A role of MMPs has also been suggested in
previous studies that demonstrated restoration of the endothe-
lial glycocalyx through modulation of MMP activity (62, 63).
Collectively, these findings provide a mechanistic interpreta-
tion for the MMP role in vascular dysfunction involving
oxidative stress in CVD and other conditions such as metabolic
syndrome, diabetes, atherosclerosis, and myocardial ischemia,
where high oxidative stress is a common factor in the patho-
genesis and disease progression (1).

It is important to emphasize that the consequences of deg-
radation of the glycocalyx are not limited to the loss of the
endothelial lining but extend to loss of functional molecules
harbored in the glycocalyx. One of the most important of these
molecules is SOD3. A few reports have asserted that SOD3 is
exclusively expressed in vascular smooth muscle cells and then
translocates to get lodged onto HS-GAGs on the vascular
endothelial cell membrane (16, 24, 36). Nevertheless, we found
considerable basal expression of SOD3 in HAMECs that was
significantly reduced after the induction of oxidative stress.
Moreover, the increased levels of SOD3 protein in the cell
culture medium in response to oxidative stress indicates that
degradation of the endothelial glycocalyx is accompanied by a

Fig. 4. Tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-3 mRNA and protein expression levels in human adipose microvascular endothelial cells
(HAMECs) under oxidative stress. Cells were treated with H,O» (2 X 10™* mol/l) or buthionine sulfoximine (BSO; 10~3 mol/l) with or without marimastat (50
pmol/l) for 4 h. A: TIMP-1 and TIMP-3 mRNA levels measured by real-time PCR. B: Western blot analysis and signal relative intensity quantification of TIMP-1
and TIMP-3 protein expression in HAMECs. Results of mRNA expression represent fold changes relative to the untreated control from 3 independent
experiments. C: cells were treated with H>O» (2 X 10~% mol/l) with or without marimastat (50 wmol/l) or trichostatin (TSA; 1 wmol/1) for 4 h. Histone deacetylase
(HDAC) activity was measured using HDAC Activity Assay Kit as described in MATERIALS AND METHODS. Untreated cells, TSA-treated cells, and human
recombinant HDAC1-treated cells were used as an untreated control, a negative control, and a positive control, respectively. D and E: matrix metalloproteinase
(MMP)-9 and MMP-2 activity in gelatin zymography (D) and MMP-1 activity in collagen zymography (E) of conditioned culture media collected from untreated
cells (control) or cells treated with H>O> and H-O, + TSA. 3-Actin was used as an internal control. Charts represent the densitometric analysis of MMP
zymography bands. AU, arbitrary units. All results represent means = SD of 3 independent experiments (triplicates for each group in each experiment). *P <
0.05 for comparisons with the control groups; TP < 0.05 for comparisons with H,O»- or BSO-treated groups. The white dashed line indicates areas where gels

were spliced for labeling purposes.
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Fig. 5. Effects of inhibition of histone
deacetylase (HDAC) activity on mRNA and
protein expression of matrix metalloprotei-
nases (MMPs) and tissue inhibitors of metal-
loproteinase (TIMPs). Cells were treated with
H>0, (2 X 10~* mol/l) with or without ma-
rimastat (50 pwmol/l), trichostatin (TSA; 1
pmol/l), or suberoylanilide hydroxamic acid
(SAHA; 5 pmol/l) for 4 h. A: mRNA levels of
MMP-1, MMP-2, MMP-9, TIMP-1, and
TIMP-3 in human adipose microvascular en-
dothelial cells (HAMECs) measured by real-
time PCR. Results of mRNA expression rep-
resent fold changes relative to the untreated
control from 3 independent experiments.
B-D: Western blot analysis and signal relative
intensity quantification of MMP-1, MMP-2,
MMP-9, TIMP-1, and TIMP-3 protein expres-
sion in HAMECs. Results of protein expression
represent means * SD of 3 independent exper-
iments (triplicates for each group in each exper-
iment). *P < 0.05 for comparisons with the
control groups; TP < 0.05 for comparisons with
H>O,. The white dashed line indicates areas
where gels were spliced for labeling purposes.

loss of proteins that are critical to cell integrity such as SOD3.
Interestingly, pharmacological inhibition of MMPs via mari-
mastat salvaged SOD3 protein by interfering with HSPG shed-
ding from the endothelial cell surface.
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To this point, our results indicated a notable involvement of
a genetic regulatory mechanism in the endothelial response to
oxidative stress that was evident by significant and consistent

changes in mRNA levels of MMPs and TIMPs. Given the
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Fig. 6. Effects of matrix metalloproteinases (MMPs) and histone deacetylase (HDAC) inhibition on syndecan-1 shedding. A: cells were treated with H,O» (2 X
10~* mol/l) with or without marimastat (50 pwmol/l) or trichostatin (TSA; 1 wmol/l) for 4 h. B: in another set of experiments, cells were treated with H>O» (2 X
10~* mol/l) with or without suberoylanilide hydroxamic acid (SAHA; 5 pmol/l) or 2-[(4-phenoxyphenylsulfonyl)methyl]thiirane (SB-3CT; 100 nmol/1) for 4 h.
Western blot analysis and signal relative intensity quantification of syndecan-1 and extracellular superoxide dismutase (SOD3) protein expression in human
adipose microvascular endothelial cells (HAMECsS) are shown. 3-Actin was used as a loading control for both proteins that were measured in the same gel (SOD3
data are shown in Fig. 8B). C: Western blot analysis of cleaved syndecan-1 in HAMEC culture media. Conditioned media were immunoprecipitated (IP) with
syndecan-1 antibody or rabbit IgG as a control for nonspecific IgG (NS-IgG) and immunoblotted for syndecan-1. Media of untreated cells were used as a negative
control, and media before IP were used to demonstrate that protein bands correspond to the expected molecular weight. Results represent means * SD of 3
independent experiments (triplicates for each group in each experiment). *P < 0.05 for comparisons with control; P < 0.05 for comparisons with H>O». The
white dashed line indicates areas where gels were spliced for labeling purposes.

volume of literature reporting epigenetic regulation of cardio-
vascular biology in health and disease, we sought to further
explore the involvement of epigenetic regulation of the endo-
thelial response to oxidative stress. HDACs play essential
roles in many cardiovascular biological processes spanning

transcriptional and translational regulation (60). Interest-
ingly, we found that HDAC activity was upregulated in
response to oxidative stress and that inhibition of HDAC
activity, via TSA or SAHA, normalized MMP expression
and restored basal levels of TIMP-1 and TIMP-3. These
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Fig. 7. Effects of matrix metalloproteinases
(MMPs) and histone deacetylase (HDAC)
inhibition on glycocalyx integrity. Human
adipose microvascular endothelial cells
(HAMECS) were treated with control vehi-
cle, H,0> (2 X 10~* mol/l), H,O> + mari-
mastat (50 pmol/l), H>O, + trichostatin
(TSA; 1 pmol/l), H-O> + suberoylanilide
hydroxamic acid (SAHA; 5 pmol/l), or
H>05 + SB-3CT (100 nmol/l) for 4 h. A: cells
were stained with fluorescent wheat germ
agglutinin (WGA) and imaged using a fluo-
rescent microscope. B: the fluorescent signal
was then quantified by Image] software.
Shown is a graphic presentation of the means
of 3 independent experiments = SD (tripli-
cates for each group in each experiment). AU,
arbitrary units. *P < 0.05 for comparisons
with control; P < 0.05 for comparisons with
H>0..
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findings verified the role of HDAC in mediating oxidative
stress-induced upregulation of MMPs in endothelial cells
and consequently endothelial glycocalyx attenuation. Fur-
thermore, our results provide mechanistic insights into the

role of HDAC activity in a myriad of conditions including
cardiovascular and pulmonary disease conditions (8, 38,
51). To our knowledge, our study is the first to investigate
the interplay between HDAC-mediated epigenetic regula-
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Fig. 8. Effects of matrix metalloproteinases (MMPs) and histone deacetylase (HDAC) inhibition on extracellular superoxide dismutase (SOD3) shedding. A: cells were
treated with H>O> (2 X 10~* mol/I) or BSO (103 mol/l) with or without marimastat (50 pmol/l) or trichostatin (TSA; 1 wmol/l) for 4 h. B: in another set of experiments,
cells were treated with H-O» (2 X 10~# mol/l) with or without suberoylanilide hydroxamic acid (SAHA; 5 wmol/l) or SB-3CT (100 nmol/l) for 4 h. A and B: Western
blot analysis and signal relative intensity quantification of SOD3 protein expression in HAMECs. C: Western blot analysis of cleaved SOD3 in human adipose
microvascular endothelial cell (HAMEC) culture media. Conditioned media were immunoprecipitated (IP) with SOD3 antibody or mouse IgG as a control for nonspecific
IgG (NS-IgG) and immunoblotted for SOD3. Media of untreated cells were used as a negative control, and media before IP were used to demonstrate that protein bands
correspond to the expected molecular weight. Results represent means = SD of 3 independent experiments (triplicates for each group in each experiment). *P < 0.05
for comparisons with control; 7P < 0.05 for comparisons with H>O-. The white dashed line indicates areas where gels were spliced for labeling purposes.
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tion of oxidative stress response genes and structural and
functional changes at the endothelial cell level.

The exact mechanism by which HDAC regulate MMP
expression and activity is not clear. Our data suggest that this
effect is partially mediated via reducing TIMPs, the endoge-
nous MMP inhibitors. However, a direct stimulatory effect of
HDAC on MMP expression was evident by TSA-mediated
reductions in MMP expression, a finding that is contradictory
to the predominant view of HDAC transcriptional repression
activity. Although the major function of HDAC is to suppress
gene transcription through histone deacetylation, this effect is
gene dependent, and a paradoxical induction of gene transcrip-
tion has been reported by others (21, 32). In agreement with
our findings, previous studies have shown that HDAC hyper-
activity contributes to ECM remodeling in mouse models via
increasing MMP-2 and MMP-9 expression (34). Furthermore,
other studies have demonstrated reductions in MMP-2 and
MMP-9 levels in cancer in response to TSA treatment (9, 57).
In the present study, HDAC inhibition also restored the ex-

pression of TIMPs, intrinsic MMP inhibitors. This is also in
agreement with other studies that reported restoration of an-
other MMP regulator, RECK, after HDAC inhibition (21, 28).
These studies and ours highlight the diversity of HDAC func-
tion, which is often gene dependent.

Thus, it is clear that the simplistic overview of the role of
HDAC in transcriptional activity as a mere repressor does not
explain the transcriptional profile in which mRNA transcripts
of some genes increase, whereas that of other genes decrease,
in the microvascular endothelium. There must be a higher
order of interaction between the products of gene transcription
and translation, and this higher order of interaction might
involve other epigenetic regulatory mechanisms including
DNA methylation or microRNA (48). It might also encompass
an effect of HDAC on nonhistone proteins that is mechanisti-
cally different than its effect on histone proteins (13). Thus,
further investigations to dissect transcriptional stimulatory ver-
sus inhibitory mechanisms of HDAC in the context of oxida-
tive stress and MMP pathways in the endothelium are required.
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Our data also indicate a role for HDAC in endothelial
glycocalyx degradation under conditions of oxidative stress. In
support of this assumption, we demonstrated that inhibition of
HDAC activity via TSA or SAHA reduced shedding of syn-
decan-1 and SOD3 and maintained endothelial cell surface
GAGs. Furthermore, HDAC inhibition reversed the endothelial
stiffness that was induced by oxidative stress. Collectively,
these observations highlight the role of HDAC in oxidative
stress-induced modulation in MMP expression and the subse-
quent alterations in endothelial glycocalyx structure and func-
tion.

Limitations. It is noteworthy that the use of HAMECsS as the
cell model of choice was well suited for the objectives and
aims of the present study since this primary cell line is isolated
from human visceral adipose tissue and is well representative
of the systemic resistance arterioles that are known to contain
the bulk of the glycocalyx (2). Also, HAMECs exhibited a high
basal expression of SOD3, unlike macrovascular endothelial
cells, including human umbilical vascular endothelial cells, one
of the most frequently used macrovascular cells, that do not
express SOD3 (16, 24, 36). Furthermore, while oxidative stress
manifests in macrovascular structures as endothelial activation,
inflammatory cell infiltration, and smooth muscle proliferation
and migration, in the microvasculature, endothelial dysfunc-
tion manifests as loss of the glycocalyx and rarefaction. Nev-
ertheless, it is worth noting that the cell culture model that we
used is not without limitations. For example, unlike in vivo
models of inflammation and endothelial dysfunction, our
model lacks the inflammatory cells and intercellular interac-
tions that are found in animal models or ex vivo-isolated
vessels. Regarding the AFM measurements to assess the
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Fig. 10. Hypothetical schematic of the role
of histone deacetylase (HDAC) and matrix
metalloproteinases (MMPs) in mediating ox-
idative stress-induced disruptions in the
endothelial glycocalyx. Oxidative stress at-
tenuates endothelial glycocalyx density via
decreasing the cell surface content of glycos-
aminoglycans (GAGs) and heparan sulfate
proteoglycans (HSPGs). An epigenetic reg-
ulatory mechanism that involves HDAC me-
diates the oxidative stress-induced upregula-
tion of MMPs and downregulation of tissue
inhibitors of metalloproteinase (TIMPs).
The induced MMP expression and activity
results in increased shedding of syndecans
and the associated GAGs and extracellular
superoxide dismutase (ecSOD).

change in elasticity of HAMECs before or after oxidative
stress, it is worth noting that AFM measurements are an
average of the vertical force measured at the point of indenta-
tion on the cell surface. Our results demonstrate the elastic
modulus registered at 500-nm indentation depth, which, ac-
cording to the two-layer model reported by Marsh and Waugh
(37), involves the cell body. Accordingly, we cannot rule out
the biomechanical contribution of cytoskeletal modulation to
the increased elastic modulus observed in HAMECs under
conditions of oxidative stress. Furthermore, we should ac-
knowledge the heterogeneity in reporting glycocalyx elastic
modulus among different studies (37, 43, 55). This heteroge-
neity could be caused by factors related to endothelial cell type,
cell culture conditions, or AFM method specifics such as probe
bead diameter and indentation depth.

Summary and conclusions. In summary, the present study
demonstrates the role of oxidative stress in reducing endothe-
lial glycocalyx density and decreasing the cell surface content
of HSPGs and SOD3. Our study also refers to HDAC as a
novel epigenetic regulatory mechanism that mediates the oxi-
dative stress-induced upregulation of MMPs and downregula-
tion of TIMPs. These findings highlight a novel therapeutic end
point and its associated therapeutic target. The therapeutic end
point is the integrity of microvascular endothelial glycocalyx
density and composition including its content of syndecan-1
and SOD3. The target is the activity of MMP and HDAC
enzymes mediating the loss of the glycocalyx under oxidative
stress conditions and the balance between MMP activity and
their inhibitors (TIMPs). It is worth mentioning that some of
these inhibitors are currently under trials for their mitigating
effect in CVDs and pulmonary diseases (7, 33). Therefore, a
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potent and selective inhibitor of MMPs or HDACs may be an
important potential therapeutic target for ameliorating the det-
rimental effect of oxidative stress on the microvascular endo-
thelial glycocalyx and the negative effects of CVD on tissue
perfusion.
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