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Abstract

In recent years, various studies have demonstrated a role for endogenously derived specialized 

proresolving mediators such as resolvins in the resolution of inflammation. In exploring the 

signaling mechanisms, in the present study we show that Resolvin D1 (RvD1) reduces LPS-

induced endothelial cell (EC)-monocyte interactions via blocking H2O2-mediated PP2A 

inactivation, NFκB activation and ICAM1 and VCAM1 expression. In addition, we found that 

H2O2-mediated SHP2 inhibition leads to tyrosine phosphorylation and inactivation of PP2A by 

LPS, which in turn, accounts for increased NFκB activation and ICAM1 and VCAM1 expression 

facilitating EC-monocyte interactions and all these LPS-mediated responses were reduced by 

RvD1. Furthermore, the suppression of NFκB activation, ICAM1 and VCAM1 expression and EC 

and monocyte interactions by RvD1 involved its receptors ALX/FPR2 and GPR32 as inhibition or 

neutralization of these receptors negated its effects. Besides, pertussis toxin completely prevented 

the effects of RvD1 on inhibition of LPS-induced H2O2 production, SHP2 and PP2A inactivation, 

NFκB activation, ICAM1 and VCAM1 expression and EC and monocyte interactions. Together, 

these observations suggest that RvD1 via activation of Gi-coupled ALX/FPR2 and GPR32 

receptors blocks LPS-induced H2O2-mediated SHP2 and PP2A inactivation, NFκB activation, 

ICAM1 and VCAM1 expression and EC-monocyte interactions, which could be one of the several 

possible mechanisms underlying the anti-inflammatory actions of this specialized proresolving 

mediator.
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INTRODUCTION

In normal homeostatic conditions the endothelium exerts a negative regulatory effects on the 

expression of proinflammatory molecules (1, 2). However, cardiovascular risk factors 

including, hypercholesterolemia, hyperglycemia, hypertension, smoking and aging all alter 

the endothelial function, with the development of a chronic inflammation (3–5). 

Dysfunctional endothelium expresses adhesion molecules such as E-selectin, intercellular 

adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule 1 (VCAM1) (6, 7). The 

expression of adhesion molecules promotes the adherence of lymphocytes, neutrophils and 

monocytes to the endothelium and their subsequent transmigration into the vessel wall (8, 

9). The infiltration of lymphocytes, neutrophils and monocytes into the vessel wall is an 

early event in the development of vascular inflammation (10, 11). If vascular inflammation 

progresses unresolved, it can lead to the development of various vascular diseases such as 
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atherosclerosis (12, 13). In recent years, the discovery of specialized proresolving mediators 

that were found to possess anti-inflammatory properties (14–21), have also been shown to 

exert atheroprotective effects (22–24). These lipid mediators tend to reduce ROS production, 

inflammatory cytokines and adhesion molecules expression, leukocyte trafficking and 

leukocyte-endothelial interactions (25, 26). ROS generation is the most prevailing 

mechanism of altered endothelial cell function (4, 5). ROS, particularly H2O2 inhibits 

protein tyrosine phosphatases, which in turn, by promoting the activation of protein tyrosine 

kinases can lead to activation of cellular signaling events of cell proliferation, migration, 

apoptosis, and inflammation (27–30). Recently, we have demonstrated a role for RvD1 in 

the protection of EC barrier function from LPS-induced disruption by preventing AJ 

disruption (31). Interestingly, the prevention of LPS-induced AJ disruption by RvD1 was 

dependent on the suppression of XO-mediated ROS production, SHP2 inactivation, Frk 

activation and AJ protein tyrosine phosphorylation (31).

To understand the anti-inflammatory mechanisms of RvD1 in the present study we have 

tested the role of phosphatases. Having demonstrated that RvD1 prevents ROS-mediated 

SHP2 inactivation in the protection of endothelial AJs and its barrier function, in the present 

study we tested the role of SHP2 in LPS-induced endothelial cell (EC)-monocyte 

interactions and the efficacy of RvD1 in suppressing these effects. Our findings show that 

RvD1 abrogates LPS-induced EC-monocyte interactions via inhibiting NFκB activation and 

ICAM1 and VCAM1 expression and these effects were dependent on the protection of 

SHP2 and its downstream effector PP2A from H2O2-mediated inactivation. Similarly, the 

protective effects of RvD1 against the EC-monocyte interactions were dependent on 

activation of its Gi-coupled ALX/FPR2 and/or GPR32 receptors, as inhibition or 

neutralization of these receptors or Giα suppressed the efficacy of RvD1 on blockade of 

LPS-induced H2O2-mediated SHP2 and PP2A inactivation, NFκB activation, ICAM1 and 

VCAM1 expression and EC-monocyte interactions.

MATERIALS AND METHODS

Reagents

Pyrrolidinedithiocarbamic acid (PDTC) (20713), Pertussis toxin (19546), QNZ (10006734) 

and Resolvin D1 (10012554) were purchased from Cayman Chemical Company (Ann 

Arbor, MI). Growth factor-reduced Matrigel (354520) and anti-SHP2 antibodies (610622) 

were obtained from BD Biosciences (Bedford, MA). Allopurinol (PHR1377), LPS (L4391), 

PEG-catalase (C4963) and PHPS1 (P0039) were bought from Sigma Aldrich Company (St. 

Louis, MO). Anti-IKKα/β (SC-7607), anti-IκBα (SC-341), anti-NFκB (SC-372 and 

SC-8008), anti-pPP2A-C(α/β) (SC-12615R), anti-PP2A-C(α/β) (SC-56950), anti-ICAM1 

(SC-1511R), anti-VCAM1 (SC-13160) and anti-α-Tubulin (SC-23928) antibodies were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-pIKKα/β (2697), anti-

pIκBα (2859), anti-pNFκB (3033) antibodies were obtained from Cell Signaling 

Technology (Beverly, MA). Okadaic acid (459620), PP2A inhibitor (539620), anti-FPR2 

(ABF118) antibodies and Ser/Thr phosphatase assay kit (17127) were bought from Millipore 

(Temecula, CA). Anti-GPR32 neutralizing antibody (GTX71225) was obtained from 

Genetex (Irvine, CA). Anti-cysteine sulfonate antibodies were bought from Enzo 
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Lifesciences (Farmingdale, NY). Neutralizing ICAM1 (ab171123) and VCAM1 (ab47159) 

antibodies were obtained from Abcam (Cambridge, MA). BOC2 (07201) was purchased 

from Phoenix Pharmaceuticals (Burlingame, CA). Amplex Red Hydrogen Peroxide Assay 

kit (A22188), Medium 200 (M200500), low serum growth supplements (S003K), BCECF 

(B1170) and gentamycin/amphotericin solution (R01510) were bought from ThermoFisher 

Scientific (Waltham, MA). The enhanced chemiluminescence (ECL) Western blotting 

detection reagents (RPN2106) were obtained from GE Healthcare (Pittsburg, PA).

Cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased from Invitrogen 

(C0035C) and cultured in Medium 200 containing low serum growth supplements (LSGS), 

10 μg/ml gentamycin and 0.25 μg/ml amphotericin B. Human THP1 cells (TIB-202) were 

purchased from American Type Culture Collection (Manassas, VA) grown in RPMI 1640 

medium containing 50 μM 2-mercaptoethanol, 10% fetal bovine serum, 100 IU/ml penicillin 

and 100 μg/ml streptomycin and used in the adhesion and transmigration assays. Cultures 

were maintained at 37°C in a humidified 95% air and 5% CO2 atmosphere. HUVECs 

between 6–10 passages were used to perform the experiments unless otherwise indicated.

H2O2 production assay

HUVECs with and without the indicated treatments were collected by scraping and 50 μl of 

the cell suspension was incubated with 50 μl of 100 μM Amplex Red along with 0.2 U/ml of 

HRP for 30 min at 37°C in the dark. Following the incubation, the fluorescence intensities 

were measured in SpectraMax Gemini XS Spectrofluorometer (Molecular Devices) with 

excitation at 530 nm and emission at 590 nm. The H2O2 production was expressed as RFU.

Immunoprecipitation

Immunoprecipitation was performed as described by us previously (31). Cell extracts 

containing equal amounts of protein from control and the indicated treatments were 

incubated with the indicated primary antibodies at 1:100 dilution overnight at 4°C. Protein 

A/G-conjugated Sepharose CL-4B beads were added and incubation continued for an 

additional 1 hr at room temperature and the beads were collected by centrifugation at 1000 

rpm for 1 min at 4°C. The beads were washed three times with lysis buffer and once with 

PBS, boiled in SDS sample buffer and analyzed by immunoblotting.

Western blot analysis

After appropriate treatments, cell extracts were prepared and equal amount of protein from 

control and the indicated treatments were resolved by SDS-PAGE. The proteins were 

transferred electrophoretically to a nitrocellulose membrane. After blocking in either 5% 

(w/v) nonfat dry milk or 5% (w/v) BSA, the membrane was probed with appropriate primary 

antibodies followed by incubation with horseradish peroxidase-conjugated secondary 

antibodies. The antigen-antibody complexes were detected using enhanced 

chemiluminescence detection reagents.
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Ser/Thr phosphatase assay

Ser/Thr phosphatase activity was measured by dephosphorylation of Ser/Thr phosphatase-

specific phosphopeptide and the inorganic phosphate released was detected by malachite 

green reagent kit. To measure PP2A/B activity, the cell extracts containing equal amounts of 

protein were immunoprecipitated with anti-PP2A/B antibodies and the immunocomplexes 

were assayed for phosphatase activity as described by Narayanan et al. (32).

Monocyte adhesion

The adhesion of THP1 cells to HUVEC monolayer was measured with a fluorometric 

method (33). HUVEC monolayer was grown to confluency, quiesced, treated with and 

without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml). Wherever 

pharmacological inhibitors or neutralizing antibodies were used, they were added to cells 30 

minutes prior to the stimulant. THP1 cells were labeled with 10 μM BCECF in serum-free 

medium for 30 min and the labeled cells were placed on the HUVEC monolayer at 8 × 104 

cells/well, and incubation continued for another 1 hr. After incubation, the nonadherent cells 

were washed off with PBS and the adherent cells were lysed in 0.2 ml of 0.1 M Tris-HCl 

buffer, pH 8.0, containing 0.1% Triton X-100. The fluorescence intensity was measured in a 

Spectra Max Gemini XS Spectroflurometer (Molecular Devices) with excitation at 485 nm 

and emission at 535 nm. Cell adhesion was expressed as relative fluorescence units.

Monocyte transmigration

THP1 cell transmigration was measured as described previously (34). Wherever 

pharmacological inhibitors or neutralizing antibodies were used, they were added to cells 30 

min prior to the stimulant. HUVEC monolayer was treated with and without LPS in the 

presence and absence of RvD1 (200 ng/ml) for 1 hr at which time the BCECF-labeled 

quiescent THP1 cells (1 × 105 cells/well) were added and incubation continued overnight at 

37°C. The transmigration of THP1 cells through the HUVEC monolayer was measured by 

capturing the images by an inverted Zeiss fluorescence microscope (AxioObserver. Z1) via a 

10X/NA 0.6 objective and AxioCam MRm camera without any enhancements using the 

microscope operating and image analysis software AxioVision Version 4.7.2 (Carl Zeiss 

Imaging Solutions GmbH).

Statistics

All the experiments were performed three times and the data were presented as Mean ± SD. 

The treatment effects were analyzed by one-way ANOVA followed by Student t test and the 

p values < 0.05 were considered to be statistically significant.

RESULTS

RvD1 prevents LPS-induced EC-monocyte interactions by suppression of NFκB-mediated 
cell adhesion molecules expression

To understand the mechanisms by which RvD1 counters inflammatory signals, we tested its 

effects on LPS-induced expression of ICAM1 and VCAM1. We observed that LPS induces 

ICAM1 and VCAM1 expression in HUVECs in a time dependent manner (Figure 1A), and 
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RvD1 inhibited this effect (Figure 1B). NFκB mediates the expression of ICAM1 and 

VCAM1 (6, 9) and its activation is dependent on IKKα/β-mediated IκBα phosphorylation 

and its degradation (35). To understand the mechanism by which RvD1 prevents ICAM1 and 

VCAM1 expression, we tested the effect of RvD1 on NFκB activation. We found that LPS 

induces IKKα/β, IκBα and NFκB phosphorylation in a time dependent manner (Figure 1C) 

and RvD1 attenuates these effects (Figure 1D). Next, we studied the effect of RvD1 on LPS-

induced adhesion and transmigration of THP1 cells through HUVEC monolayer. RvD1 

blocked the adhesion and transmigration of THP1 cells through the HUVEC monolayer 

(Figure 1E & F). As expected pharmacological inhibitors of NFκB also blocked LPS-

induced ICAM1 and VCAM1 expression in HUVECs and the adhesion and transmigration 

of THP1 cells through the HUVEC monolayer (Figure 1G–I). Furthermore, neutralizing 

ICAM1 and VCAM1 antibodies also suppressed both the adhesion and transmigration of 

THP1 cells through the HUVEC monolayer (Figure 1H & I).

RvD1 inhibits NFκB-mediated cell adhesion molecules expression by suppression of ROS-
mediated PP2A inactivation

Since, we found that RvD1 inhibits LPS-induced Ser/Thr phosphorylation of IKKα/β, IκBα 
and NFκB, it could be speculated that RvD1 might be influencing the activity of Ser/Thr 

phosphatases. To address this possibility, we first tested the effect of RvD1 on Ser/Thr 

phosphatases activity. LPS inhibited the Ser/Thr phosphatases activity and RvD1 prevented 

this effect (Figure 2A). To identify the Ser/Thr phosphatase that is influenced by RvD1, we 

studied the time course effect of RvD1 on PP2A and PP2B activities in HUVECs. RvD1 

while having no effect on PP2B activity increased PP2A activity in a time dependent manner 

(Figure 2B). Based on this result, we next tested the effect of LPS on PP2A activity. LPS 

inhibited PP2A activity in a time dependent manner and RvD1 prevented this effect (Figure 

2C). It was reported that Tyr phosphorylation of the catalytic subunit of PP2A leads to its 

inhibition (36). Therefore, we wanted to explore the mechanism by which RvD1 prevents 

LPS-induced inhibition of PP2A. We found that LPS induces Tyr phosphorylation of PP2A-

C(α/β) in a time dependent manner (Figure 2D) and RvD1 suppresses this effect (Figure 

2E). To find whether blockade of PP2A Tyr phosphorylation is a mechanism underlying 

RvD1-mediated downregulation of NFκB activation and cell adhesion molecules expression, 

we tested the effect of okadaic acid, a potent inhibitor of Ser/Thr phosphatases (37). In 

presence of okadaic acid, RvD1 was not able to prevent LPS-induced IKKα/β, IκBα and 

NFκB phosphorylation as well as ICAM1 and VCAM1 expression (Figure 3A & B). To 

further confirm the role of PP2A in the reversal of LPS-induced IKKα/β, IκBα and NFκB 

phosphorylation and ICAM1 and VCAM1 expression by RvD1, we tested the effect of 

PP2AI, a specific inhibitor of PP2A (38). In line with the above observations, in the presence 

of PP2AI, RvD1 failed to prevent LPS-induced IKKα/β, IκBα and NFκB phosphorylation 

and ICAM1 and VCAM1 expression (Figure 3C & D). Consistent with these observations, 

inhibition of PP2A by PP2AI completely negated the effect of RvD1 in blocking LPS-

induced adhesion and transmigration of THP1 cells through the HUVEC monolayer (Figure 

3E & F).
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RvD1 protects PP2A from inhibition via suppression of ROS-mediated SHP2 inactivation

Previously, we have shown that RvD1 by blockade of SHP2 inactivation suppresses LPS-

induced Tyr phosphorylation of Frk and AJ proteins, VE-cadherin and α-catenin, thereby 

protecting AJ integrity (31). Hence, we tested whether the suppression of LPS-induced 

SHP2 inactivation by RvD1 also blocks LPS-induced PP2A-C(α/β) Tyr phosphorylation and 

its inactivation. In the presence of PHPS1, a specific inhibitor SHP2 (39), RvD1 failed to 

block LPS-induced PP2A-C(α/β) Tyr phosphorylation and its inactivation (Figure 4A & B). 

Similarly, in the presence of PHPS1, RvD1 was not able to block LPS-induced IKKα/β, 

IκBα and NFκB phosphorylation and ICAM1 and VCAM1 expression (Figure 4C & D). In 

line with these observations, RvD1 also failed to suppress LPS-induced adhesion and 

transmigration of THP1 cells through the HUVEC monolayer (Figure 4E & F).

XO mediates PP2A inactivation, NFκB activation and cell adhesion molecules expression

Previously, we have reported that RvD1 prevents LPS-induced XO activity and ROS 

production and thus protects SHP2 from oxidation and inactivation (31). In view of these 

observations, we wanted to find whether RvD1 by inhibition of LPS-induced XO-mediated 

ROS production prevents PP2A inactivation. Allopurinol, a specific inhibitor of XO (40), 

suppressed LPS-induced H2O2 production (Figure 5A), PP2A-C(α/β) Tyr phosphorylation 

and its inactivation, (Figure 5B & C), IKKα/β, IκBα and NFκB phosphorylation (Figure 

5D) and ICAM1 and VCAM1 expression (Figure 5E). In accordance with these results, 

Allopurinol also inhibited LPS-induced adhesion and transmigration of THP1 cells through 

the HUVEC monolayer (Figure 5F & G). To find whether H2O2 mediates LPS-induced 

SHP2 cysteine oxidation and PP2A-C(α/β) Tyr phosphorylation, we tested the effect of 

PEG-catalase. Preincubation of HUVECs with PEG-catalase (50 U/ml) inhibited LPS-

induced H2O2 production, SHP2 cysteine oxidation and PP2A-C(α/β) Tyr phosphorylation 

(Figure 5H & I). Together, results suggest that XO-mediated H2O2 production is required for 

LPS-induced inactivation of SHP2 and PP2A.

Both ALX/FPR2 and GPR32 mediate the protective effects of RvD1 against LPS-induced 
EC-monocyte interactions

Previously we have demonstrated that RvD1 protects AJs from LPS-induced disruption via 

its receptors ALX/FPR2 and GPR32 (24). Blockade of either ALX/FPR2 using its specific 

inhibitor, BOC2 (41) or suppression of GPR32 function by its neutralizing antibodies (10 

μg/ml) (42) alone or in combination attenuated the efficacy of RvD1 in preventing LPS-

induced PP2A-C(α/β) tyrosine phosphorylation and its inactivation (Figure 6A & B), IKKα/

β, IκBα and NFκB phosphorylation (Figure 6C), ICAM1 and VCAM1 expression (Figure 

6D) and adhesion and transmigration of THP1 cells through the HUVEC monolayer (Figure 

6E & F). In order to identify the G proteins through which RvD1 exerts its effects, we have 

tested the role of Gi protein. Pertussis toxin (50 ng/ml), a specific blocker of Gαi (43), 

completely blocked the effects of RvD1 on LPS-induced H2O2 production, SHP2 cysteine 

oxidation, PP2A-C(α/β) tyrosine phosphorylation, NFκB activation, ICAM1 and VCAM1 

expression and adhesion and transmigration of THP1 cells through the HUVEC monolayer 

(Figure 7A–E).
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DISCUSSION

The dysfunctional endothelium expresses several proinflammatory molecules including cell 

adhesion molecules (1, 2, 5). The adhesion molecules play an important role in lymphocyte, 

neutrophil and monocyte adhesion to the endothelium and their transmigration into arteries 

setting a phase in the development of vascular inflammation (7–11). Vascular inflammation 

is one of the several major factors in the development and progression of cardiovascular 

diseases such as atherosclerosis (12, 13). It was reported that inhibition of cell adhesion 

molecules protects from developing atherosclerosis in experimental animal models (44, 45). 

In homeostatic conditions the inflammatory process itself facilitates its resolution to 

minimize tissue and organ damage (46). A growing body of evidence points out a role for a 

defective resolution of inflammation in atherosclerosis (47). However, the mechanisms 

responsible for the resolution of inflammation are not well understood till recently when 

specialized lipid mediators namely maresins, protectins and resolvins with anti-

inflammatory properties have been discovered (14–21). The levels of these lipid mediators 

have been found diminished in vulnerable atherosclerotic plaques, thus emphasizing their 

anti-atherogenic functions (22–24, 48). In fact, maresins and resolvins have been reported to 

be atheroprotective in experimental animal models albeit the underlying mechanisms were 

not well understood (22–24, 48). In the present study we show that RvD1 besides its role in 

resolution of inflammation also inhibits the early events of inflammation. Specifically, our 

findings show that RvD1 inhibits cell adhesion molecules ICAM1 and VCAM1 expression 

by LPS. A large body of data shows that NFκB plays a major role in the expression of cell 

adhesion molecules in response to inflammatory stimulants and oxidants (6, 35, 49). Our 

findings show that LPS induces both ICAM1 and VCAM1 expression via activation of 

NFκB. In addition, LPS-induced NFκB-mediated ICAM1 and VCAM1 expression require 

XO-mediated ROS production. Interestingly, RvD1 via suppressing ROS production blocks 

the effect of LPS on NFκB activation, ICAM1 and VCAM1 expression and EC-monocyte 

interactions. The recruitment of circulating monocytes to the dysfunctional endothelium 

occurs via a tightly regulated multi-step process mediated by a combination of cell surface 

adhesion molecules (50). The initial adhesive interactions between monocytes and 

endothelium are tethering and rolling (49). The monocytes migrate into the interstitium 

through spaces between adjacent ECs (51, 52). Previously, it has been reported that the 

disruption of cell-cell junctions by pro-inflammatory stimuli facilitates the transmigration of 

monocytes through the endothelium (51, 53). It was also demonstrated that while VCAM1 

plays a role in the initial stages of monocyte recruitment to the endothelium, ICAM1 is 

believed to participate in adhesion strengthening and spreading of monocytes and their 

transendothelial migration (54, 55). Interestingly RvD1 suppresses both ICAM1 and 

VCAM1 expression in preventing the EC-monocyte interactions. This conclusion can be 

further supported by the findings that inhibition of the function of either ICAM1 or VCAM1 

by their neutralizing antibodies completely suppressed EC-monocyte interactions.

Although the role of ROS and NFκB in the regulation of cell adhesion molecules expression 

has been studied extensively (6, 35, 49), the direct involvement of phosphatases in the 

modulation of these effects is not clear. In this aspect, the present findings show that LPS 

inhibits PP2A activity, which in turn, appears to be involved in the phosphorylation of 
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IKKαβ, IκB and NFκB. The kinases IKKα/β upon stimulation by inflammatory molecules, 

phosphorylate its substrate IκB leading to its ubiquitination and proteasomal degradation 

and as a result NFκB is relieved from its inhibitory constraint and becomes activated (35, 

49). What is exciting is that RvD1 prevents PP2A inactivation by LPS, thus promoting the 

dephosphorylation and inactivation of NFκB. Previous studies have shown that tyrosine 

phosphorylation of the catalytic subunit of PP2A leads to its inactivation (36). We found that 

LPS induces the tyrosine phosphorylation of PP2A catalytic subunit C and this correlates 

with inhibition of its activity. Surprisingly, RvD1 blocks the tyrosine phosphorylation of 

PP2A-Cα/β and this correlates with its reversal from inactivation. Since RvD1 fails to 

prevent NFκB activation and ICAM1 and VCAM1 expression in the presence of PP2A 

inhibitors, it is likely that RvD1 interferes with EC-monocyte interactions via protecting 

PP2A activity. Besides inflammation, ROS are linked to the development of atherosclerosis 

(56, 57). Many cell types including inflammatory cells and dysfunctional endothelial cells 

produce ROS (56, 57). In addition, H2O2 has been reported to act as a cellular signaling 

molecule (58). One of the mechanisms by which H2O2 mediates cellular signaling is its 

capacity to oxidize the cysteine residues in the catalytic sites of protein tyrosine 

phosphatases (PTPs) rendering them inactive, which in turn, promotes the phosphorylation 

and activation of protein tyrosine kinases (PTKs) (27–29, 59). Previously, we have shown 

that LPS via XO-mediated ROS production triggers the oxidation of the catalytic cysteine 

residue of SHP2 leading to its inactivation (31). It was reported that H2O2 inhibits SHP2 

activity via oxidation of its catalytic cysteine residue (27, 59, 60). Suppression of SHP2 

phosphatase activity by LPS enhanced AJ protein tyrosine phosphorylation and their 

disruption. In addition, we have reported that RvD1 plays a crucial role in blocking XO-

mediated ROS production and SHP2 inactivation to prevent AJ protein tyrosine 

phosphorylation and thereby protecting EC barrier function (31). In the present study we 

found that RvD1 by suppression of protein tyrosine phosphatase SHP2 inactivation further 

blocks protein phosphatase, PP2A inactivation by LPS. To our knowledge, these findings 

demonstrate for the first time that RvD1 by prevention of LPS-induced SHP2 and PP2A 

inactivation suppresses NFκB activation and ICAM1 and VCAM1 expression, which in turn 

reduce the EC-monocyte interactions. Furthermore, the observations that RvD1 was not able 

to prevent PP2A-C(α/β) Tyr phosphorylation and its inactivation in the presence of SHP2 

inhibitor suggests a crosstalk between protein tyrosine phosphatase SHP2 and protein (Ser/

Thr) phosphatase PP2A in LPS-induced NFκB activation, ICAM1 and VCAM1 expression 

and EC-monocyte interactions.

It was reported that RvD1 mediates its cellular effects via its receptors ALX/FPR2 and 

GPR32 (19, 61, 62). Previously, we have demonstrated that RvD1 protects EC adherens 

junction integrity and its barrier function via involving its receptors ALX/FPR2 and GPR32 

(31). Here, we found that while inhibition of either ALX/FPR2 or GPR32 alone substantially 

blocked the effects of RvD1 on the suppression of PP2A inactivation, NFκB activation, 

ICAM1 and VCAM1 expression and EC-monocyte interactions, interference with both the 

receptors simultaneously completely prevented its effects. Indeed, RvD1 was not able to 

prevent LPS-induced H2O2 production, PP2A inactivation, NFκB activation, ICAM1 and 

VCAM1 expression and EC-monocyte interactions when both the receptors were blocked. 

Since pertussis toxin suppressed the efficacy of RvD1 on the attenuation of LPS-induced 
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H2O2 production, SHP2 cysteine oxidation, PP2A-C(α/β) tyrosine phosphorylation, NFκB 

activation, ICAM1 and VCAM1 expression and EC-monocyte interactions, it is likely that 

RvD1 mediates its effects via activation of Gαi signaling. These observations were also 

consistent with a previous report where it was shown that pertussis toxin blocks the effects 

of RvD1 on polymorphonuclear leukocyte responses (61). It is also noteworthy that 

inhibition of RvD1 receptors alone led to increased basal expression of ICAM1 and 

VCAM1, which might suggest an endogenous role for RvD1 and its receptors in the counter 

regulation of these adhesion molecules. In conclusion, the present study provides the first 

evidence that RvD1 by preventing H2O2 production and phosphatases SHP2 and PP2A 

inactivation suppresses NFκB-mediated expression of cell adhesion molecules, ICAM1 and 

VCAM1, and thereby attenuates the adhesion and transmigration of monocytes through the 

endothelial monolayer. Since all the afore-mentioned protective effects of RvD1 were linked 

primarily to its efficacy to suppress LPS-induced H2O2 production and SHP2 cysteine 

oxidation, it is possible that RvD1 might act as an oxidant scavenger, perhaps indirectly if 

not directly.
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HIGHLIGHTS

• RvD1 blocks NFκB-ICAM1/VCAM1 signaling by inhibition of SHP2 and 

PP2A inactivation.

• ALX and GPR32 mediate the effects of RvD1 on preventing EC-monocyte 

interactions.

• The protective effects of RvD1 on EC function require Gαi signaling 

activation.
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Figure 1. RvD1 attenuates LPS-induced EC-monocyte interactions via suppression of NFκB-
mediated ICAM1 and VCAM1 expression
A & C. Quiescent HUVECs were treated with and without LPS (500 ng/ml) for the 

indicated time periods and equal amount of protein from each condition was analyzed by 

Western blotting for the indicated proteins using their specific antibodies. B & D. Quiescent 

HUVECs were treated with and without LPS (500 ng/ml) in the presence and absence of 

RvD1 (200 ng/ml) for the indicated time periods and equal amounts of proteins from each 

condition were analyzed by Western blotting for the indicated proteins using their specific 

antibodies. E, F, H & I. Quiescent HUVEC monolayer was treated with and without LPS 

(500 ng/ml) in the presence and absence of RvD1 (200 ng/ml), PDTC (50 μM), QNZ (10 

μM) or neutralizing ICAM1 or VCAM1 antibodies (2 μg/dish) for 2 hrs. After the 

treatments, the HUVEC monolayer was washed and BCECF-AM-labeled THP1 cells were 

seeded onto the monolayer and incubated for 1 hr for adhesion (E & H) and overnight for 

transmigration (F & I) assays. G. Quiescent HUVECs were treated with and without LPS 

(500 ng/ml) in the presence and absence of PDTC (50 μM) or QNZ (10 μM) for 1 hr and 

equal amount of protein from each condition was analyzed by Western blotting for the 

indicated proteins using their specific antibodies. The bar graphs represent quantitative 

analysis of three experiments. The values are expressed as Means ± SD. *, p < 0.05 vs 

control; **, p < 0.05 vs LPS.
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Figure 2. RvD1 prevents PP2A inactivation to block LPS-induced EC-monocyte interactions
A. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence and 

absence of RvD1 (200 ng/ml) for 30 min and analyzed for Ser/Thr phosphatase activity 

using Ser/Thr phosphatase-specific phosphopeptide as a substrate. B. Quiescent HUVECs 

were treated with and without RvD1 (200 ng/ml) for the indicated time periods and equal 

amount of protein from each condition was immunoprecipitated with anti-PP2A or anti-

PP2B antibodies and the immunocomplexes were assayed for Ser/Thr phosphatase activity 

as described in panel A. C. Quiescent HUVECs were treated with and without LPS (500 

ng/ml) in the presence and absence of RvD1 (200 ng/ml) for the indicated time periods and 

equal amount of protein from each condition was immunoprecipitated with anti-PP2A 

antibodies and the immunocomplexes were assayed for Ser/Thr phosphatase activity as 

described in panel A. D. Quiescent HUVECs were treated with and without LPS (500 

ng/ml) for the indicated time periods and equal amount of protein from each condition was 

analyzed by Western blotting for PP2A-C(α/β) tyrosine phosphorylation using its phospho-

specific antibody and the blot was normalized for its total levels. E. Quiescent HUVECs 

were treated with and without LPS (500 ng/ml) in the presence and absence of RvD1 (200 

ng/ml) for the indicated time periods and analyzed by Western blotting for phospho and total 

levels of PP2A as described in panel D.
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Figure 3. Pharmacological inhibition of PP2A prevents the efficacy of RvD1 to block LPS-
induced NFκB activation, ICAM1 and VCAM1 expression and EC-monocyte interactions
A–D. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence 

and absence of RvD1 (200 ng/ml) alone or in combination with and without okadaic acid 

(OA) (10 nM), a Ser/Thr phosphatase inhibitor, or PP2AI (10 μM), a specific inhibitor of 

PP2A, for 30 min or 1 hr and equal amounts of protein from each condition of 30 min 

treatment samples were analyzed by Western blotting for pIκBα, pIKKα/β and pNFκB 

levels, and 1 hr treatments samples were analyzed for ICAM1 and VCAM1 levels and the 

blots were normalized for their total levels or α-tubulin. E & F. All the conditions were the 

same as in panel C except that the quiescent HUVEC monolayer after the treatments was 

tested for THP1 cell adhesion (E) or transmigration (F) as described in Figure 1E and F, 

respectively. The bar graphs represent Mean ± SD values of three experiments. *, p < 0.05 vs 

control; **, p < 0.05 vs LPS.
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Figure 4. Pharmacological inhibition of SHP2 suppresses the efficacy of RvD1 to block PP2A 
inhibition, NFκB activation, ICAM1 and VCAM1 expression and EC-monocyte interactions
A & B. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence 

and absence of RvD1 (200 ng/ml) alone or in combination with and without PHPS1 (10 

μM), a potent inhibitor of SHP2, for 30 min and an equal amount of protein from each 

condition was either assayed for PP2A activity as described in Figure 2, panel C (A) or 

analyzed by Western blotting for phospho and total PP2A levels (B). C & D. All the 

conditions were the same as in panel A except that cells were treated for 1 hr or 30 min and 

cell extracts of 1 hr treatment were analyzed by Western blotting for ICAM1 and VCAM1 

levels and 30 min treatment samples were analyzed for pIκBα, pIKKα/β and pNFκB levels 

and the blots were normalized for their total levels or α-tubulin. E & F. Quiescent HUVEC 

monolayer was treated with and without LPS (500 ng/ml) in the presence and absence of 

RvD1 (200 ng/ml) alone or in combination with and without PHPS1 (10 μM) for 2 hrs and 

assayed for THP1 cell adhesion (E) or transmigration (F) as described in Figure 1E and F, 

respectively. The bar graphs represent Mean ± SD values of three experiments. *, p < 0.05 vs 

control; **, p < 0.05 vs LPS.
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Figure 5. RvD1 inhibits LPS-induced XO-mediated ROS production to prevent PP2A 
inactivation, NFκB activation, ICAM1 and VCAM1 expression and EC-monocyte interactions
A. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence and 

absence of Allopurinol (50 μM), a specific inhibitor of XO, for 10 min and assayed for H2O2 

production. B, D & E. Quiescent HUVECs were treated with and without LPS (500 ng/ml) 

in the presence and absence of Allopurinol (50 μM) for 30 min or 1 hr and equal amounts of 

protein from each condition of 30 min treatment samples were analyzed by Western blotting 

for pPP2A-C(α/β), pIκBα, pIKKα/β and pNFκB levels and 1 hr treatment samples were 

analyzed for ICAM1 and VCAM1 levels and the blots were normalized for their total levels 

or α-tubulin. C. The cell extracts of panel B were assayed for PP2A activity. F & G. 

Quiescent HUVEC monolayer was treated with and without LPS (500 ng/ml) in the 

presence and absence of Allopurinol (50 μM) for 2 hrs and assayed for THP1 cell adhesion 

(F) or transmigration (G) as described in Figure 1E and F, respectively. H & I. Quiescent 

HUVEC monolayer was treated with and without LPS (500 ng/ml) in the presence and 

absence of PEG-catalase (50 U/ml) for 10 min for H2O2 production or 30 min for cell 

extracts preparation. To measure SHP2 cysteine oxidation, cell extracts containing equal 

amounts of protein from each condition were immunoprecipitated with cysteine sulfonate 

(CSN) antibodies and the immunocomplexes were immunoblotted for SHP2 using its 
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specific antibodies. The same cell extracts were also analyzed by Western blotting for total 

SHP2. PP2A-C(α/β) Tyr phosphorylation was measured by Western blotting using its 

phospho-specific antibodies and the blot was normalized to its total levels. *, p < 0.05 vs 

control; **, p < 0.05 vs LPS. PEG-Cat, PEG-catalase.
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Figure 6. The efficacy of RvD1 in the suppression of LPS-induced XO-mediated ROS 
production, SHP2 and PP2A inactivation, NFκB activation, ICAM1 and VCAM1 expression and 
EC-monocyte interactions is dependent on activation of its receptors ALX/FPR2 and GPR32
A, C & D. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the 

presence and absence of RvD1 (200 ng/ml) along with the indicated combinations of control 

IgG, GPR32 IgG (10 μg/ml), ALX/FPR2 inhibitor Boc2 (3 μM) for 30 min or 1 hr and cell 

extracts were prepared. Cell extracts of 30 min treatment were analyzed by Western blotting 

for pPP2A-C(α/β), pIκBα, pIKKα/β and pNFκB levels and cell extracts of 1 hr treatment 

were analyzed for ICAM1 and VCAM1 levels and the blots were normalized for their total 

levels or α-tubulin. B. The cell extracts of 30 min treatment in panel A were analyzed for 

PP2A activity. E & F. All the conditions were the same as in panel A except that after the 

treatments, the HUVEC monolayer was subjected to THP1 cell adhesion and transmigration 

assays as described in Figure 1E and F, respectively. The bar graphs represent Mean ± SD 

values of three experiments. *, p < 0.05 vs control or control IgG; **, p < 0.05 vs LPS or 

control IgG + LPS.
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Figure 7. Pertussis toxin blocks the efficacy of RvD1 in the suppression of LPS-induced ROS 
production, SHP2 cysteine oxidation, and PP2A-C(α/β) tyrosine phosphorylation, NFκB 
activation, ICAM1 and VCAM1 expression and EC-monocyte interactions
A. Quiescent HUVECs were treated with and without LPS (500 ng/ml) in the presence and 

absence of RvD1 (200 ng/ml) in combination with and without pertussis toxin (50 ng/ml) for 

10 min and assayed for H2O2 production. B & C. Quiescent HUVECs were treated with and 

without LPS (500 ng/ml) in the presence and absence of RvD1 (200 ng/ml) in combination 

with and without pertussis toxin (50 ng/ml) for 30 min or 1 hr and cell extracts were 

prepared. Cell extracts of 30 min treatment were analyzed for SHP2 cysteine oxidation, 

PP2A-C(α/β) tyrosine phosphorylation and NFκB activation as described in Figure 5, 

panels I and D, respectively and the cell extracts of 1 hr treatment were analyzed for ICAM1 

and VCAM1 expression as described in Figure 5, panel E and blots were normalized for 

their total levels or α-tubulin. D & E. All the conditions were the same as in panel A except 

that after the treatments, the HUVEC monolayer was subjected to THP1 cell adhesion (D) or 

transmigration (E) assays as described in Figure 1E and F, respectively. The bar graphs 

represent Mean ± SD values of three experiments. *, p < 0.05 vs control; **, p < 0.05 vs 

LPS. PTX, pertussis toxin.

Chattopadhyay et al. Page 24

Free Radic Biol Med. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Reagents
	Cell culture
	H2O2 production assay
	Immunoprecipitation
	Western blot analysis
	Ser/Thr phosphatase assay
	Monocyte adhesion
	Monocyte transmigration
	Statistics

	RESULTS
	RvD1 prevents LPS-induced EC-monocyte interactions by suppression of NFκB-mediated cell adhesion molecules expression
	RvD1 inhibits NFκB-mediated cell adhesion molecules expression by suppression of ROS-mediated PP2A inactivation
	RvD1 protects PP2A from inhibition via suppression of ROS-mediated SHP2 inactivation
	XO mediates PP2A inactivation, NFκB activation and cell adhesion molecules expression
	Both ALX/FPR2 and GPR32 mediate the protective effects of RvD1 against LPS-induced EC-monocyte interactions

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

