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Pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a) is considered to be the major
one contributing to the process of development of endothelial dysfunction. Exposure to TNF-a induces
the expression of a number of proinflammatory chemokines, such as monocyte chemotactic protein-1
(MCP-1), and adhesion molecules, including vascular adhesion molecule-1 (VCAM-1) and E-selectin,
which mediate the interaction of invading monocytes with vascular endothelial cells. Glatiramer acetate
(GA) is a licensed clinical drug for treating patients suffering from multiple sclerosis (MS). The effects of
GA in vascular disease have not shown before. In this study, we found that GA significantly inhibited TNF-
a-induced binding of monocytes to endothelial cells. Mechanistically, we found that GA ameliorated the
upregulation of MCP-1, VCAM-1, and E-selectin induced by TNF-a. Notably, this process is mediated by
inhibiting the nuclear translocation and activation of NF-jB. Our results also indicate that GA pretreat-
ment attenuates the up-regulation of COX-2 and iNOS. These data suggest that GA might have a potential
benefit in therapeutic endothelial dysfunction related diseases.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The recruitment of inflammatory cells from the circulation to
endothelial cells (ECs) is involved in the initiation of atherosclero-
sis [1]. This process is mainly mediated by the upregulation of a
number of proinflammatory chemokines, such as monocyte che-
motactic protein-1 (MCP-1), and adhesion molecules, including
vascular adhesion molecule-1 (VCAM-1) and E-selectin. These che-
mokines and adhesion molecules are essential for the firm adhe-
sion of monocytes to activated ECs [2–4]. Several studies have
demonstrated that the inflammatory cytokine tumor necrosis fac-
tor-a (TNF-a), a pleiotropic proinflammatory cytokine, plays a crit-
ical role in the disruption of vascular function and the subsequent
development of vascular disease. TNF-a is critically involved in the
pathogenesis of atherosclerosis by mediating the interaction of
invading monocytes with vascular ECs in triggering extracellular
matrix deposition in aortic vessels [5]. TNF-a has been reported
to trigger several intracellular signaling events that ultimately
up-regulate the expression of MCP-1, VCAM-1, and E-selectin [6].
Importantly, the activation of nuclear factor (NF)-jB is essential
for the transcriptional regulation of these factors induced by proin-
flammatory cytokines, such as TNF-a [7]. Since endothelial inflam-
mation is essential in the development of atherosclerosis, agents
that can attenuate TNF-a-induced NF-jB activation in ECs could
be a novel molecular target to prevent vascular endothelial
dysfunction.

Glatiramer acetate (GA) (also known as Cop-1 and Copaxone), a
synthetic polymer of random sequences of four naturally occurring
amino acids (L-tyrosine, L-glutamate, L-alanine, and L-lysine), is a
drug approved for the treatment of multiple sclerosis (MS). It has
been demonstrated that GA suppresses experimental allergic
encephalomyelitis (EAE) [8,9].

GA treatment in dendritic cells and monocytes causes them to
preferentially stimulate protective anti-inflammatory responses.
Notably, Vieira and colleagues have demonstrated that dendritic
cells from GA-treated MS patients produced less TNF-a compared
to those of untreated patients [10]. In addition, GA induces a broad
inhibitory effect on monocyte reactivity and promotes the devel-
opment of anti-inflammatory type II monocytes characterized by
increased secretion of IL-10 and TGF-b, as well as by decreased pro-
duction of IL-12 and TNF-a, thereby transferring protection from
EAE [11,12]. However, little information with regarding to the pro-
tective effects of GA in endothelial functions has been reported
before. In this study, we report that GA inhibits the expression of
endothelial adhesion molecules and attenuates the adhesion of
THP-1 cells to the surface of endothelial cells.
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Fig. 1. Glatiramer acetate (GA) inhibited TNF-a-stimulated monocyte adhesion to HUVECs. (A) GA inhibited TNF-a-induced monocyte adhesion to ECs. HUVECs were
pretreated with various concentrations of GA for 12 h before the addition of TNF-a (5 ng/ml) for 6 h. THP-1 cells were labeled with a fluorescence probe. Images were
captured using a florescence microscope. (B) Quantitative analysis (⁄P < 0.01; #P < 0.01).
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2. Materials and methods

2.1. Cell culture and treatment

Primary human umbilical vein endothelial cells (HUVECs),
obtained from Lonza, were maintained in endothelial growth sup-
plement EGM-2 Single Quot Kit endothelial growth supplements
EGM2 medium (Lonza, MD, USA) at 37 �C in a 5% CO2/95% air envi-
ronment. THP-1 cells were cultured in RPMI-1640 medium contain-
ing 10% FBS. HUVECs were treated with various concentrations of
GA for 12 h, followed by incubated with 5 ng/ml TNF-a for another
6 h.

2.2. Real-time polymerase chain reaction (PCR)

After indicated treatments, total RNA from HUVECs was isolated
from cells using Trizol reagent (Invitrogen) according to the man-
ufacturer’s protocol. 2 lg of cellular total RNA was then used as
template for reverse transcription PCR to synthesize cDNA. The
synthesized cDNA was used in quantitative real-time PCR analysis
using SYBR Green qPCR Master Mix (Roche). The target mRNA level
was normalized to the level of GAPDH and compared with the
control.

2.3. Monocyte adhesion assay

The determination of monocyte adhesion to ECs was conducted
using THP-1 cells. Briefly, HUVECs were grown to confluence in 24-
well plates and treated with 25 lg/ml or 50 lg/ml GA for 12 h
before the addition of 5 ng/ml human recombinant TNF-a for
another 6 h. HUVECs were then gently washed with serum-free
medium, and calcein-AM labeled THP-1 cells (1 � 106/ml RPMI-
1640 medium containing 1% FBS) were then added to HUVECs.
The ratio of the labeled THP-1 cells and the HUVEC monolayer
was 4:1 (monocytes to ECs). After 1 h incubation, unbound mono-
cytes were washed away by using EC medium. The adhered mono-
cytes were determined by using a fluorescence microscope.

2.4. Western blot analysis

HUVECs were harvested with cell lysis buffer (Cell signaling,
USA). The protein lysates were separated by SDS-polyacrylamide
gel electrophoresis using 10% gels and transferred to PVDF mem-
branes [13]. Transferred membranes were blocked with 5% fat free
milk in tris buffered saline with tween 20 (TBST) for 1 h then incu-
bated with primary antibody against MCP-1, VCAM-1, E-selectin,
iNOS, and IjBa (1:1000; Santa Cruz Biotechnology, USA) at 4 �C
overnight. Horseradish peroxidase-conjugated secondary antibody
was then applied and the blots were developed using enhanced
chemiluminescence according to the manufacturer’s protocol
(Santa Cruz Biotechnology, USA). Images were scanned and band
intensities were analyzed by using the Image J software (National
Institute of Health, USA).

2.5. Luciferase reporter assays

HUVECs were transfected with pNF-jB-Luc using Lipofectamine
2000 (Invitrogen). After treated with GA and TNF-a, cells were
lysed and luciferase activity was determined by use of a dual lucif-
erase kit (Promega, USA) and TD-20/20 luminometer (TurnerDe-
signs, USA). Luciferase activity was normalized to the Renilla
luciferase activity, which served as an internal control for transfec-
tion efficiency.

2.6. Determination of NF-jB p65 nuclear translocation

After indicated treatment, cells were washed for 3 times with
PBS and fixed with 4% paraformaldehyde for 10 min at room tem-
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perature (RT). After permeabilized with 0.4% Triton X-100 for
15 min on ice, cells were then blocked with 10% normal goat serum
(Sigma) for 30 min at room temperature. The cells were then incu-
bated with rabbit anti-NF-jB p65 primary antibody for 2 h at 4 �C
and washed with PBS three times followed by incubation with
Alexa-594 conjugated secondary antibodies for 1 h at RT. The
chamber slides were then washed with PBS for 3 times and
mounted with DAPI mounting medium (Sigma, USA). NF-jB p65
was visualized with fluorescence microscopy (Waltham, USA).

2.7. Boyden chamber assay

The effects of GA on THP-1 cell migration were analyzed with a
modified Boyden chamber assay. Briefly, HUVECs (1 � 105 cells/ml)
were seeded on a 24-transwell plate (Costar, USA) and allowed to
adhere to the plate for 24 h at 37 �C. The upper chamber contains a
polycarbonate filter with 8 lm pores (Nucleopore, USA). HUVECs
were exposed to TNF-a (10 ng/ml) in the presence or absence of
GA (25 or 50 lg/ml) for 16 h, centrifuged at 10,000�g for 10 min
and the supernatants were harvested and used as the chemoattrac-
tant in the lower chamber. The upper wells were filled with THP-1
cells at a concentration of 1 � 106 cells/ml and incubated for 2 h at
37 �C. Cells that had actively migrated through the membrane
were fixed by using 100% ethanol for 5 min and stained with crys-
tal violet (Sigma Aldrich). Transmigration was counted in three
random fields at a magnification of �200.

2.8. Statistical analysis

All data were subjected to analysis of variance using SPSS soft-
ware. Experimental data are expressed as mean ± S.E.M. One-way
analysis of variance (ANOVA) was used to determine statistical sig-
nificance. P < 0.05 was considered as the minimum level of statis-
tical significance.
Fig. 2. Glatiramer acetate (GA) suppressed the production of MCP-1, VCAM-1, and
E-selectin. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an
internal control. The target mRNA level was normalized to the level of GAPDH using
the DDCt method. The results were compared with untreated control, which was
defined as 1. (A) mRNA levels of MCP-1, VCAM-1, and E-selectin determined by real
time PCR analysis. (B) Protein levels of MCP-1, VCAM-1, and E-selectin determined
by western blot analysis (⁄P < 0.01; #P < 0.01).
3. Results

Since cytokines-induced mononuclear cell adhesion to ECs is an
important step in the development of atherosclerosis, we deter-
mined if GA has a regulatory effect on the adhesion of monocytes
to ECs. Exposure of ECs to 5 ng/ml TNF-a for 6 h significantly
increased adhesion of monocytes to EC under static condition. Pre-
treatment with GA at a concentration of 25 lg/ml and 50 lg/ml
significantly inhibited TNF-a-induced binding of monocytes to
ECs (Fig. 1A and B). The supernatant of HUVECs exposed to
10 lg/ml of TNF-a significantly increased the number of THP-1
monocytes that passed through the transwell microporous mem-
brane, compared with the control (Fig. Suppl. 1). However, cotreat-
ment with GA significantly inhibits the migration of THP-1 in a
dose dependent manner from 25 lg/ml to 50 lg/ml.

Adhesion of monocytes to ECs is critically mediated by both
chemotactic cytokines and vascular adhesion molecules. Therefore,
we assessed mRNA levels and protein abundance of MCP-1, VCAM-
1 and E-selectin. As shown in Fig. 2A, treatment of HUVECs with
5 ng/ml TNF-a strongly induced MCP-1, VCAM-1 and E-selectin.
In contrast, pretreatment with GA strongly inhibited the induction
of MCP-1, VCAM-1, and E-selectin. Consistent with these observa-
tions, western blot analysis revealed that pretreatment with GA
inhibited MCP-1, VCAM-1 and E-selectin protein expression
induced by TNF-a (Fig. 2B).

Multiple lines of evidence have demonstrated that the activa-
tion of NF-jB plays a critical role in the transcriptional regulation
of chemotactic cytokines and vascular adhesion molecules that are
involved in leukocyte adhesion to endothelium [14]. NF-jB exists
in the cytoplasm in the forms of heterodimer containing p50 and
p65 subunits. NF-jB proteins are retained in the cytoplasm by a
family of inhibitory proteins referred to as IjBa. Stress stimulation
such as inflammatory cytokines induces phosphorylation and sub-
sequent degradation of IjBa, thereby leading to the liberation of
NF-jB heterodimers, which can then translocate to the nucleus,
bind specific DNA sequences, and affect target gene expression.
The inhibitory effect of GA was verified by confocal microscopic
examination of NF-jB p65 nuclear translocation, which showed
that TNF-a induced p65 nuclear translocation was blocked by pre-
treatment with GA (Fig. 3A). Notably, NF-jB-Luc reporter experi-
ment displayed that TNF-a drastically induced NF-jB luciferase
activity. This induction was markedly suppressed by pretreatment
with GA, thereby confirming the inhibition effect of GA in NF-jB
activation (Fig. 3B). NF-jB activation is controlled by its specific
inhibitor protein family IjB. IjB phosphorylation and subsequent
degradation result in nuclear translocation and activation of NF-
jB. Here, our results indicate that the phosphorylation level of



Fig. 3. Glatiramer acetate (GA) suppressed the activation of NF-jB. (A) Effects of GA on p65 nuclear translocation. HUVECs were pretreated with 25 lg/ml GA for 12 h before
the addition of TNF-a (5 ng/ml) for 6 h. The cells were immunostaining with anti-p65 antibodies. (B) NF-jB luciferase reporter assays. HUVECs transfected with pNF-jB-Luc
reporter were treated with 25 lg/ml GA for 12 h before the addition of TNF-a (5 ng/ml) for 6 h. luciferase activity was determined by a luminescence assay. (C) Western blot
and quantification analysis revealed that the increased phosphorylation of IjBa as induced by the administration of TNF-a was attenuated by GA (⁄P < 0.01; #P < 0.01); (D)
Western blot and quantification analysis revealed that the reduction of IjBa as induced by the administration of TNF-a was attenuated by GA (⁄P < 0.01; #P < 0.01).

Fig. 4. Inhibitory effects of Glatiramer acetate (GA) on TNF-a-induced induction of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS). The target mRNA
level was normalized to the level of GAPDH using the DDCt method. The results were compared with untreated control, which was defined as 1. (A) mRNA levels of COX-2 and
iNOS were determined by real time PCR analysis. (B) Protein levels of COX-2 and iNOS were determined by western blot analysis (⁄P < 0.01; #P < 0.01).
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IjBa was significantly increased by TNF-a treatment (Fig. 3C).
However, GA treatment significantly attenuates TNF-a-induced
phosphorylation of IjBa in HUVECs. Furthermore, western blot
analysis showed that TNF-a-induced IjBa degradation was inhib-
ited in GA-treated cells (Fig. 3D).

Cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) are involved in the regulation of homeostatic and inflam-
matory processes. Both COX-2 (Fig. 4A) and iNOS (Fig. 4B) are tar-
get genes of NF-jB. And our results indicate that GA pretreatment
attenuates the upregulation of COX-2 and iNOS. These results sug-
gest that GA may inhibit inflammation through suppressing NF-jB
signaling.
4. Discussion

Recruitment of immune cells to the surface of the activated
endothelial cells has been found to be involved in certain chronic
vascular inflammatory diseases. Inflammatory cytokines such as
TNF-a and IL-1b are responsible for the activation of endothelial
cells, a condition characterized by the expression of proinflamma-
tory chemokine MCP-1 and adhesion molecules VCAM-1 and E-
selectin, which promote the attachment of circulating monocytes
to the endothelium [15]. In this study, we report that GA can possi-
bly attenuate monocyte adhesion to endothelial cells caused by
TNF-a. In the presence of TNF-a, there is an increase in the expres-
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sion of MCP-1, VCAM-1 and E-selectin, which is prevented by pre-
treatment with GA. Importantly, pretreatment with GA decreases
the transcriptional activity of NF-jB. These findings suggest that
GA has advantages in its pleiotropic vascular protective effects.

As a clinical drug applied in the treatment in multiple sclerosis,
the primary mechanism for GA activity has been attributed to its
ability to skew T-cell response from the pro-inflammatory to the
anti-inflammatory pathway. Several studies have demonstrated a
shift from a pro-inflammatory Th1-biased cytokine profile toward
anti-inflammatory Th2-biased profile in GA-treated MS patients
[16,17]. Importantly, GA has been associated with the inhibition
of NF-jB activation. Li and colleagues have found that GA may
inhibit IL-1b-stimulated RANTES expression in human glial cells
by blocking NF-jB activation, thus identifying part of the molecu-
lar basis for its anti-inflammatory and immunosuppressive effects
in demyelinating diseases [18]. Furthermore, another study has
reported that the increase in NF-jB binding activity induced by
TNF-a is prevented by pretreatment with GA or the NF-jB inhibi-
tors, suggesting that GA might exert its therapeutic effect in MS
partially through inhibiting NF-jB activation and chemokine pro-
duction [19]. An early proinflammatory event occurs in the cyto-
plasm which leads to IjB phosphorylation. This phosphorylation
results in the degradation of IjB, thus allowing NF-jB transloca-
tion to the nucleus. NF-jB has been considered a prototypical pro-
inflammatory signaling pathway, and the role of NF-jB in the
expression of other proinflammatory genes including cytokines,
chemokines, and adhesion molecules, which has been extensively
studied. In this study, our results also demonstrated that GA could
attenuate the expression of COX2 and iNOS, two important NF-jB
downstream proteins. Importantly, a clinical study demonstrated
that treatment with GA results in a decreased surface expression
of the linked to the pro-migratory activity of peripheral blood
mononucleated cells (PBMCs). Particularly, GA induced an overall
decline of ICAM-1 and ICAM-3 expression in the majority of the
immune cell subsets (B cells, CD8+ T cells and monocytes) studied
[20], which is consistent with our findings in this study. Our study
is also supported by studies from Kim and co-workers, which
revealed that GA treatment suppresses the inflammatory potential
of T cells and subsequently inflammatory responses at the blood
brain barrier (BBB) [21].

Taken together, our findings suggest that GA may help protect
endothelial cells against inflammatory factors. However, the
underlying mechanisms associated with GA’s inhibition of NF-jB
activity are still unknown. Further studies will provide a complete
picture of the potential benefits of GA in endothelial inflammation
and vascular physiology and pathology.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.12.070.
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