
MOLECULAR AND CELLULAR BIOLOGY, Nov. 2007, p. 7582–7593 Vol. 27, No. 21
0270-7306/07/$08.00�0 doi:10.1128/MCB.00493-07
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

G Protein-Coupled Receptor Ca2�-Linked Mitochondrial Reactive
Oxygen Species Are Essential for Endothelial/Leukocyte Adherence�†

Brian J. Hawkins,1,5 Laura A. Solt,2 Ibrul Chowdhury,1 Altaf S. Kazi,1 M. Ruhul Abid,3
William C. Aird,3 Michael J. May,2 J. Kevin Foskett,4 and Muniswamy Madesh1,5*

Institute for Environmental Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 191041; Department of
Animal Biology, School of Veterinary Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 191042;

Department of Medicine, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston,
Massachusetts3; Department of Physiology, University of Pennsylvania, Philadelphia, Pennsylvania 191044;

and Department of Cancer Biology, University of Pennsylvania,
Philadelphia, Pennsylvania 191045

Received 21 March 2007/Returned for modification 20 June 2007/Accepted 16 August 2007

Receptor-mediated signaling is commonly associated with multiple functions, including the production of
reactive oxygen species. However, whether mitochondrion-derived superoxide (mROS) contributes directly to
physiological signaling is controversial. Here we demonstrate a previously unknown mechanism in which
physiologic Ca2�-evoked mROS production plays a pivotal role in endothelial cell (EC) activation and
leukocyte firm adhesion. G protein-coupled receptor (GPCR) and tyrosine kinase-mediated inositol 1,4,5-
trisphosphate-dependent mitochondrial Ca2� uptake resulted in NADPH oxidase-independent mROS produc-
tion. However, GPCR-linked mROS production did not alter mitochondrial function or trigger cell death but
rather contributed to activation of NF-�� and leukocyte adhesion via the EC induction of intercellular
adhesion molecule 1. Dismutation of mROS by manganese superoxide dismutase overexpression and a cell-
permeative superoxide dismutase mimetic ablated NF-�� transcriptional activity and facilitated leukocyte
detachment from the endothelium under simulated circulation following GPCR- but not cytokine-induced
activation. These results demonstrate that mROS is the downstream effector molecule that translates receptor-
mediated Ca2� signals into proinflammatory signaling and leukocyte/EC firm adhesion.

A common mechanism in which external stimuli evoke Ca2�

signaling is through receptor-mediated pathways that involve
the second messenger inositol 1,4,5-trisphosphate (InsP3).
Once generated by phospholipases, InsP3 binds to InsP3 re-
ceptors (InsP3R) on the endoplasmic reticulum to trigger Ca2�

release. During normal signaling, InsP3R-mediated Ca2� tran-
sients may be transmitted to the mitochondria, raising mi-
tochondrial matrix Ca2� and enhancing mitochondrial
bioenergetics (26, 63). However, excess Ca2� can lead to
mitochondrial Ca2� overload, mitochondrial dysfunction, and
apoptosis (5, 44, 55). Ca2� mobilization and subsequent up-
take by mitochondria is also correlated with an increase in
mitochondrion-derived superoxide (mROS) production (10).
However, whether mROS production during Ca2�-mediated
signaling participates directly in physiologic signaling cascades
or occurs simply as a by-product of enhanced mitochondrial
respiration is unclear.

In response to injury, endothelial cells (ECs) recruit circu-
lating leukocytes to facilitate wound healing (9). Intercellular
adhesion molecules (ICAMs) and vascular cell adhesion mol-
ecule 1 (VCAM-1) are immunoglobulin superfamily vascular
ligands that specifically interact with leukocyte integrin recep-

tors to arrest circulating leukocytes (8, 57). Leukocyte affinity
for ECs is enhanced locally and rapidly by endothelium-de-
rived chemokines (11, 24). However, little is known about the
signaling events in ECs that cause rolling leukocytes to adhere
firmly to endothelial monolayers that have been activated by G
protein-coupled receptor (GPCR) agonists such as thrombin.
Although it has been suggested that GPCR signaling events
contribute to leukocyte firm adherence, it has been difficult to
separate these events from the response to leukocyte chemo-
tactic signals (11, 24).

In this study, we designed an ex vivo model in which throm-
bin-activated pulmonary microvascular ECs (PMVECs) were
overlaid with unstimulated leukocytes to assess the role of EC
activation in leukocyte firm adhesion under conditions of sim-
ulated circulation. We discovered that GPCR-linked mROS
production is the key factor for activation of NF-��-triggered
EC adhesion molecule expression and leukocyte firm adher-
ence. Thrombin-induced, InsP3R-mediated Ca2� signals were
transmitted to mitochondria and stimulated the production of
mROS. Prevention of InsP3R-linked mitochondrial Ca2� up-
take attenuated mROS production and inhibited endothelial
activation via NF-��. Furthermore, the tight interaction be-
tween leukocytes and endothelial layers was inhibited by a
reactive oxygen species (ROS) scavenger. These effects were
specific for mROS, since similar effects were observed in cells
that lacked the NADPH oxidase subunit gp91phox. Unlike
GPCR-linked signaling, tumor necrosis factor alpha (TNF-�)
triggered NF-�� activation, ICAM-1 expression, and leuko-
cyte/EC adherence independently of mROS. Our study dem-
onstrates that GPCR-linked Ca2� signals exquisitely modulate
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vascular activation via mROS production by ECs, thus suggest-
ing that mROS signaling might promote rapid targeting of
circulating leukocytes to sites of acute inflammation.

MATERIALS AND METHODS

Cells and cell culture. Murine PMVECs (MPMVECs) isolated from lungs as
previously described (47) were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum (FCS), nonessential amino
acids, and antibiotics. Human PMVECs (HPMVECs) were cultured in M199
supplemented with 15% FCS, L-glutamine, and antibiotics. Wild-type DT40
(DT40 WT) and triple-InsP3R-knockout (DT40 TKO) B-cell lines were cultured
in RPMI 1640 supplemented with 10% FCS, 1% chicken serum, and antibiotics.
J774.1 macrophages were cultured in RPMI 1640 supplemented with 10% FCS
and antibiotics. Primary cells were used between passages 6 and 20.

Simultaneous measurements of cytosolic free Ca2� concentration ([Ca2�]i)
mobilization and mitochondrial Ca2� uptake. MPMVECs were loaded with 2
�M Rhod-2/AM (Invitrogen, Carlsbad, CA) in extracellular medium (ECM)
containing 2.0% bovine serum albumin (BSA) at 37°C for 50 min. Rhod-2-loaded
cells were washed and loaded with the cytosolic Ca2� indicator Fluo-4/AM (5
�M; Invitrogen, Carlsbad, CA) for an additional 30 min at room temperature.
Cells were then placed in ECM containing 0.25% BSA on a temperature-
controlled stage and images recorded every 3 s using the Bio-Rad Radiance 2000
imaging system (Bio-Rad Laboratories, Hercules, CA) equipped with a Kr/Ar-
ion laser source with excitation at 488 nm and 568 nm for Fluo-4 and Rhod-2,
respectively, using a Nikon TE3000 inverted microscope with a 60� oil objective.
Thrombin was added following 0.5 min of baseline recording. Ca2� chelation
experiments were conducted by preincubation with 25 �M 1,2-bis(O-aminophe-
noxy)ethane-N,N,N�,N�,-tetraacetic acid acetoxymethyl aster (BAPTA/AM) for
20 min and hirudin (Hir) inhibition (1 U/ml) as described above. Tracings are
representative of the mean cellular response of three to five independent exper-
iments and obtained by nuclear masking for Fluo-4 and perinuclear masking for
Rhod-2 fluorescence (Spectralyzer, custom software). All confocal methodolo-
gies have been published previously in greater detail (28, 44).

Simultaneous assessment of [Ca2�]i and mROS production. To visualize
mROS production, MPMVECs and DT40 WT and TKO cells affixed to 0.2%
gelatin and Cell-Tak (BD Biosciences, San Jose, CA)-coated coverslips, respec-
tively, were loaded with the mitochondrial O2·�-sensitive fluorophore MitoSOX
Red (Invitrogen; 10 �M) in ECM containing 2% BSA at 37°C for 10 min. Cells
were then incubated with Fluo-4/AM for an additional 20 min at room temper-
ature. MPMVECs were then washed, resuspended in ECM containing 0.25%
BSA, placed on a temperature-controlled stage, and imaged every 3 s at 488 nm
and 568 nm for Fluo-4 and MitoSOX Red, respectively, as described above.
Thrombin and ionomycin (Iono) were added following 0.5 min of baseline
recording. Ruthenium red (RR) (Calbiochem) was added to MPMVECs
throughout loading and imaging to inhibit mitochondrial Ca2� uptake. Tracings
are obtained similarly to those for Fluo-4 and Rhod-2.

Measurement of [Ca2�]i and ��m. MPMVECs were loaded with Fluo-4/AM
and tetramethylrhodamine ethyl ester perchlorate (TMRE) (100 nM) for [Ca2�]i

and 	
m measurement, respectively. Images are recorded every 5 s using con-
focal microscopy. Upon changes in 	
m, TMRE dissociates from the mitochon-
dria and can be detected in the nucleus.

ROS measurement. PMVECs cultured on 25-mm-diameter glass coverslips
were loaded with the O2·�-sensitive dye hydroethidine (HE) (10 �M) in DMEM
for 10 min at 37°C. Cells were then placed on a temperature-controlled stage and
images recorded every 5 s for 10 min using confocal microscopy. Antimycin A
(AA) (2 �M) and thrombin (500 mU/ml) were added following 1 min of baseline
recording.

Adenoviral infection. Studies used similar multiplicities of infection to test the
recombinant adenoviral manganese superoxide dismutase (MnSOD) vector
(Ad5CMVSOD2; University of Iowa Gene Transfer Vector Core). Both MPMVECs
and HPMVECs were subjected to adenoviral infection at a multiplicity of infection
of 2,000 particles/cell, which resulted in greater MnSOD transduction as evidenced
by protein expression (see Fig. S4 in the supplemental material).

Electron microscopy. MPMVECs were serum starved in DMEM containing
0.5% fetal bovine serum overnight and then incubated in serum-free DMEM for
1 h prior to treatment with 1.0 U/ml thrombin alone or thrombin inactivated by
2.0 U/ml Hir. Cells were washed twice in phosphate-buffered saline (PBS),
trypsinized, resuspended in fixative containing ice-cold 5% glutaraldehyde in 0.1
M sodium cacodylate buffer, pH 7.4, at 4°C for 15 min, and then centrifuged. Cell
pellets were then continuously fixed for 4 h. After a complete rinse with sodium
cacodylate buffer, the cell pellet was further fixed in 1% OsO4 in 0.1 M sodium

cacodylate buffer on ice for 1 h and dehydrated with acetone. Cell pellet was
embedded in EM-bed 812 resin and polymerized at 60°C for 48 h. A Leica
Ultracut UCT ultramicrotome (Vienna, Austria) was used to cut ultrathin sec-
tions (70 nm) that were counterstained with uranyl acetate and lead citrate.
Images were collected using a JEOL electron microscope, model 100 CX (Tokyo,
Japan), equipped with a Hamamatsu camera.

Confocal imaging of apoptotic markers. To assess apoptosis, cells were incu-
bated with the conjugate annexin V Alexa Fluor-595 (Invitrogen) and TOTO-3
(0.5 �g/ml) for 15 min. Untreated cells and cells following treatment with 1 U/ml
thrombin or the superoxide generating system (100 �M xanthine plus 20 mU/ml
xanthine oxidase) were visualized at 6 h and 4 h, respectively, for annexin V and
TOTO-3 via confocal microscopy at 568 nm and 647 nm, respectively.

Electrophoretic mobility shift assay. HPMVECs were incubated with or with-
out 50 �M Mn(III) tetrakis (y-benzoic acid) porphyrin (MnTBAP) or 25 �M
BAPTA/AM. Thrombin (0.5 U/ml), TNF-� (10 ng/ml), or AA (20 �M) was
added for 90 min, and cells were pelleted and nuclear extracts prepared. Single-
stranded complementary oligonucleotides encompassing a consensus NF-�� site
(upper strand, 5�-AGTTGAGGGGACTTTCCCAGGC-3�) or the Oct-1 probe
(Santa Cruz) were annealed and then labeled with [�-32P]ATP using T4 polynu-
cleotide kinase (New England Biolabs, Beverly, MA). Labeled probe was puri-
fied using mini-Quick Spin columns (Roche) according to manufacturer’s in-
structions. For the electrophoretic mobility shift assay, 2 to 5 �g of nuclear
extracts supplemented with 1 �g of poly(dI/dC) (Roche) were incubated with an
equal volume of 2� binding buffer (40 mM Tris � Cl [pH 7.9], 100 mM NaCl, 10
mM MgCl2, 2 mM EDTA, 20% glycerol, 0.2% NP-40, 2 mM dithiothreitol, 100
�g/ml BSA) on ice for 10 min. After incubation, 1 �l of labeled probe was added
and samples incubated at room temperature for 20 min. Resulting DNA–NF-��
complexes were separated on 5% polyacrylamide nondenaturing gels by electro-
phoresis.

NF-�B luciferase activity. Confluent HPMVECs (5 � 106) were transfected
with 3 �g of pNF-�B-Luc (Clontech, Palo Alto, CA) and 3 �g of pSV-�-
galactosidase control vector (Promega) to normalize transfection efficiencies.
Appropriate positive (pGL3-control) and negative (pGL3-basic) vectors were
included to verify reporter activity. After transfection, HPMVECs were cultured
and incubated for 1 h in serum-free M199 with or without 50 �M MnTBAP or
25 �M BAPTA/AM. Thrombin (500 mU/ml), TNF-� (10 ng/ml), and AA (20
�M) were added, and the cells were incubated for 7 h, washed twice with PBS,
and lysed in 150 �l of the reporter lysis buffer according to the manufacturer’s
instructions (Promega). Cell debris was removed and the supernatant used in
the luciferase assay using a TD-20/20 luminometer (Turner Designs, Sunny-
vale, CA).

Immunoblotting. HPMVECs were incubated for 1 h in serum-free M199 with
or without 50 �M MnTBAP, 25 �M BAPTA, or MG132 (3 �M). Thrombin (1.0
U/ml), TNF-� (10 ng/ml), and AA (20 �M) were added and cultured for 6 h.
MPMVECs were washed twice with PBS and lysed in RIPA buffer (Upstate
Biotechnology, Inc.). Proteins were separated and probed for ICAM-1 (Santa
Cruz Biotechnology, Santa Cruz, CA) according to standard protocols. DT40
lysates were separated and probed for mitochondrial OxPhos complexes I
(NADH dehydrogenase subunit 20 kDa) and IV (cytochrome c oxidase subunit
1) proteins (MitoSciences, Eugene, OR) and InsP3R type 3 isoform (BD Trans-
duction Laboratories).

Leukocyte adhesion. HPMVECs in complete medium were plated on a glass
slide (44 by 20 mm) coated with 0.2% gelatin. Cells were cultured for 24 h until

90% confluent and were then incubated with MnTBAP (50 �M) for 1 h and
stimulated with thrombin (500 mU/ml) or TNF-� (10 ng/ml) for 12 h. For
ICAM-1 blocking studies, thrombin-stimulated PMVECs were incubated with
mouse monoclonal (B-H17) antibody to ICAM1 (ab34319; Abcam, Cambridge,
MA) for 30 min prior to addition of J774.1. Mouse immunoglobulin G (IgG) was
used as a negative control. HPMVECs were labeled with Cell Tracker Red (1
�M; Invitrogen) for 15 min, washed twice, resuspended in serum-free medium,
and mounted in the RC-30 confocal imaging chamber (Warner Instruments,
Hamden, CT). J774.1 macrophages were labeled with Cell Tracker Green (1
�M) using a similar procedure and resuspended in complete medium. Macro-
phages (5 � 105) were evenly added onto HPMVECs and allowed to adhere for
5 min. The chamber was then sealed and shear stress introduced to the chamber
via circulation of 
20 ml of medium. Shear stress (�) was calculated as follows:
� � (6�/bh2)˙Q, where � is viscosity, b and h are flow chamber width and height,
respectively, and ˙Q is the flow rate (ml/min). The initial flow rate was 1.5
dynes/cm2, which was increased to 2.5 dynes/cm2 after 1 min for an additional 5
min. The total time HPMVECs were exposed to flow was 6 min. Cell Tracker
Green-labeled J774.1 macrophages and Cell Tracker Red-labeled HPMVECs
were imaged before and after shear stress at 488 nm and 568 nm, respectively,
using a 60� oil objective. Following application of shear stress, nine additional
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random fields were chosen for three to four independent experiments and J774.1
cells quantified.

Data analysis. Unless indicated as single-cell recording, tracings are represen-
tative of the mean fluorescence value of all cells in one field normalized to the
baseline level and are indicative of three to six independent experiments. Results
of multiple experiments were quantified to determine peak n-fold change, ex-
pressed as the mean � standard error of the mean for three to six independent
experiments.

RESULTS

PAR1 regulates thrombin-triggered mitochondrial Ca2�

pool size rise. Thrombin is a multifunctional serine protease
that activates ECs via protease-activated receptors (PARs)
(14). Upon thrombin activation, PARs mediate Ca2� mobili-
zation through phospholipase C and the generation of the
second messenger InsP3 (15). MPMVECs exposed to thrombin
demonstrated a dose-dependent rapid rise of [Ca2�]i that was
blocked by the competitive inhibitor Hir (2.0 U/ml) (see Fig.
S1A and D in the supplemental material). Thrombin activates
PAR by cleaving the receptor amino terminus, exposing a
peptide sequence that serves as a self-activating “tethered li-
gand” (42). Previously it was shown that thrombin triggered
Ca2� mobilization through PAR1 and PAR4 (34). Application
of the specific PAR1 agonist (SFLLRN-amide) caused a dose-
dependent rapid [Ca2�]i elevation that was similar to that
observed in response to thrombin (see Fig. S1B in the supple-
mental material), whereas Ca2� mobilization was not observed
following application of the PAR4-specific peptide agonist
(GYPGKF-amide). Thus, thrombin leads to rapid [Ca2�]i mo-
bilization in PMVECs via the GPCR PAR1. In response to
elevated [Ca2�]i, Ca2� can be sequestered into mitochondria,
where it elicits varied responses (4, 31). Exposure to 500
mU/ml thrombin caused a rapid increase in mitochondrial
Ca2� concentration that immediately followed the rise of
[Ca2�]i (Fig. 1A and B). A lower level of thrombin (1 mU/ml)
also raised [Ca2�]i and subsequently increased mitochondrial
[Ca2�] (Fig. 1C), although to a lesser extent than that observed
with the higher dose (500 mU/ml). Interestingly, the low level
of agonist produced heterogenous responses among cells in
both cytosolic and mitochondrial [Ca2�] (see Fig. S2A in the
supplemental material). Of note, mitochondrial Ca2� uptake
(see Fig. S2C in the supplemental material) was directly pro-
portional to the magnitude of the cytosolic [Ca2�] (see Fig.
S2B in the supplemental material). Both inhibition of throm-
bin by Hir and chelation of intracellular Ca2� by BAPTA
completely eliminated both the cytosolic [Ca2�] transient (Fig.
2D) and mitochondrial Ca2� uptake (Fig. 1E).

GPCR-linked mitochondrial Ca2� uptake triggers mROS
production. Under normal conditions, InsP3R-mediated Ca2�

release that is transmitted to the mitochondria stimulates mi-
tochondrial bioenergetics (NADH production) to generate
ATP (63). Accordingly, the increase in electron transport en-
zyme activity is likely coupled to increased formation of mROS
(58), which can be released into the cytoplasm through the
voltage-dependent anion channel (27, 43). We therefore con-
sidered whether receptor-mediated Ca2� signals that are trans-
mitted to the mitochondria may in turn lead to mROS gener-
ation. MPMVECs were loaded with the Ca2� indicator dye
Fluo-4 and the mitochondrial superoxide (O2·�) indicator
MitoSOX Red (28, 48) to simultaneously assess the kinetics of

[Ca2�]i and mROS generation in response to thrombin.
Thrombin-induced elevation of [Ca2�]i caused enhanced
mROS production (Fig. 2A and B) even at low concentrations
(1 mU/ml) (Fig. 2C). Thus, even submaximal mitochondrial
Ca2� uptake (refer to Fig. 1C) is associated with enhanced
mROS generation. This increase in mROS production is
mainly dependent on elevated [Ca2�]i, since thrombin inhibi-
tion by Hir completely blocked the changes in MitoSOX Red
fluorescence (Fig. 2D), and mROS production was stimulated
by the Ca2� ionophore Iono (Fig. 2E). Ca2� uptake by mito-
chondria is mediated by a ruthenium red (RR)-sensitive up-
take mechanism in the mitochondrial inner membrane (36).
Inhibition of mitochondrial Ca2� uptake by pretreatment of
cells with RR suppressed mROS generation in a dose-depen-
dent fashion (Fig. 2F). To exclude the possibility that thrombin
stimulated mROS production through NADPH oxidase,
mROS was measured in response to thrombin in MPMVECs
lacking the catalytic subunit of the NADPH oxidase complex,
gp91phox�/�. MPMVECs lacking gp91phox�/� also displayed
thrombin-induced mROS production (Fig. 2G). It is important
to note the transient profile of MitoSOX Red fluorescence
in gp91phox�/� cells stimulated with thrombin. A transient
MitoSOX Red fluorescence profile indicates dissociation of the
dye from the mitochondria secondary to alterations in mito-
chondrial membrane potential. The MitoSOX Red fluores-
cence profile suggests that gp91phox�/� cells are more sensitive
to a rise in [Ca2�]i and may constitute an important phenotype
in NADPH oxidase knockout mice. Pretreatment with the fla-
vin-dependent NADPH oxidase inhibitor diphenyleneiodo-
nium (DPI) (10 �M) did not reduce MitoSOX Red fluores-
cence (Fig. 2I). To further verify whether mitochondria are the
source of Ca2�-dependent O2·� production, thrombin-stimu-
lated MitoSOX Red fluorescence was abolished by overexpres-
sion of MnSOD (Fig. 2H). Studies have proposed that stig-
matellin inhibits mitochondrial O2·� production at the Q0 site
of respiratory complex III (2, 49). Pretreatment with stig-
matellin (2 �M) effectively inhibited mROS production (Fig.
2I). Thus, thrombin causes a dose-dependent increase in
mROS production that is facilitated by mitochondrial Ca2�

uptake, consistent with Ca2� stimulation of oxidative phosphor-
ylation and concomitant ROS production (Fig. 2I).

NADPH oxidase-independent mROS production is InsP3R
dependent. A rapid enhancement of mROS was observed in
the mean response of DT40 chicken pre-B WT cells in re-
sponse to B-cell receptor (BCR) cross-linking (Fig. 3B).
mROS accumulation was evident after two to three [Ca2�]i

oscillations (Fig. 3A), indicating a mitochondrial Ca2� thresh-
old needed to induce mROS production. Like WT cells, DT40
cells lacking all three isoforms of the InsP3R (TKO) possess
the mitochondrial machinery necessary for electron transport
and associated mROS formation (Fig. 3C). Nevertheless, anti-
IgM-dependent mROS production was completely abolished
in TKO cells (Fig. 3D), demonstrating that InsP3R-mediated
[Ca2�]i elevation is necessary for mROS production. The
[Ca2�]i rise in B cells upon BCR cross-linking occurs in two
distinct phases, release from the endoplasmic reticulum intra-
cellular stores and subsequent Ca2� entry across the plasma
membrane (52). However, stimulation of WT cells in the pres-
ence of the extracellular Ca2� chelator EGTA did not prevent
mROS production (Fig. 3E), suggesting that Ca2� released
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from stores was sufficient to trigger mROS production. The
cell-permeative O2·� dismutase mimetic MnTBAP diminished
mROS generation without affecting [Ca2�]i mobilization (Fig.
3F). In contrast, cells stimulated in the presence of DPI had

normal anti-IgM-induced Ca2� mobilization as well as mROS
production (Fig. 3G).

Receptor-linked mROS production does not provoke mito-
chondrial dysfunction. Our results demonstrate a pathway in

FIG. 1. Thrombin-evoked cytosolic Ca2� mobilization precedes mitochondrial Ca2� uptake. MPMVECs loaded with the cytosolic Ca2�

indicator Fluo-4/AM (green) and the mitochondrial Ca2� indicator Rhod-2 (red) were stimulated with 500 mU/ml thrombin. (A) Time-lapse
confocal microscopy revealed rapid Ca2� mobilization, followed by mitochondrial Ca2� uptake. Representative tracings of Ca2� mobilization and
mitochondrial Ca2� uptake in response to 500 mU/ml (B) or 1 mU/ml (C) thrombin. (D and E) Inhibition of thrombin-mediated cytosolic Ca2�

mobilization by Hir and BAPTA abrogates mitochondrial Ca2� uptake.
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which agonist-induced elevations of [Ca2�]i are transmitted to
mitochondria, generating ROS. Previously we demonstrated
that exposure of ECs to extracellular O2·� caused a mitochon-
drial Ca2� overload that led to mitochondrial membrane de-
polarization and apoptosis (44). Nevertheless, PAR-mediated
Ca2� signaling, shown here to induce mitochondrial O2·� pro-
duction, has been shown to trigger endothelial angiogenesis
(64) and induce antiapoptotic gene expression (39). Paradox-
ically, the pattern and magnitude of the [Ca2�]i transient is
similar in response to both extracellular O2·� and thrombin.
We therefore investigated whether PAR-triggered elevation of
[Ca2�]i also caused a loss of mitochondrial membrane poten-
tial (	�m). However, thrombin-induced elevation of [Ca2�]i

(Fluo-4 fluorescence in Fig. 4C, D, and E) caused only small

changes in 	�m. In contrast, Iono (Fig. 4A) or the SERCA
pump inhibitor Tg (Fig. 4B) caused 	�m depolarization (51).
Inhibition of mitochondrial respiratory complex III by AA,
which exacerbates mROS production (see Fig. S3 in the sup-
plemental material), resulted in immediate 	�m loss indepen-
dent of [Ca2�]i (Fig. 4G). These findings demonstrate that
PAR-mediated cytosolic Ca2� signals stimulate mitochondria
to generate O2·� without leading to significant alterations in
	�m. Because excessive sequestered mitochondrial matrix
Ca2� as well as elevated mROS can cause mitochondrial swell-
ing and rupture (3, 23, 25), we also examined whether recep-
tor-mediated mitochondrial O2·� production caused structural
alterations of mitochondria. However, mitochondrial size and
morphology were unaltered compared to those of untreated

FIG. 2. Thrombin-mediated Ca2� signaling stimulates mROS generation. MPMVECs loaded with Fluo-4/AM (green) and the mROS indicator
MitoSOX Red (red) were stimulated with 500 mU/ml thrombin. (A) Live imaging of thrombin-evoked cytosolic Ca2� mobilization and mROS
production. (B to E) Representative tracings of cytosolic Ca2� and mROS generation in response to 500 mU/ml (B) or 1 mU/ml (C) thrombin,
500 mU/ml thrombin plus 2 U/ml Hir (D), or 10 �M Iono (E). (F) Thrombin-induced mROS production in response to 500 mU/ml thrombin in
MPMVECs pretreated with RR (10 �M or 20 �M). (G and H) mROS generation by thrombin in gp91phox�/� MPMVECs (G) or in MnSOD-
overexpressing WT MPMVECs (H). (I) Quantitation of peak MitoSOX Red fluorescence following thrombin or Iono addition.
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cells following a 2.5-h challenge with thrombin (1.0 U/ml) (Fig.
4J). These findings indicate that thrombin-mediated mROS
generation evokes neither mitochondrial membrane depolar-
ization nor matrix swelling. Similarly, thrombin did not in-
crease the percentage of cells that stained positive for annexin
V, a marker of apoptosis (Fig. 4K and L). In contrast, extra-
cellular O2·�-mediated signaling resulted in mitochondrial de-
polarization (Fig. 4I) and significant cell death (Fig. 4K and L)
as previously reported (44). These findings suggest that unlike
paracrine-derived O2·�, GPCR-mediated mROS did not lead
to mitochondrial or cellular dysfunction.

GPCR-linked mitochondrial O2·� production is required
for activation of inflammatory signaling. Although agonist-
induced, Ca2�-mediated mitochondrial O2·� production did
not appear to damage ECs, it remains unknown if it might play

a role in cell activation. To investigate the molecular mecha-
nisms by which thrombin evokes endothelial activation, nu-
clear extracts prepared from thrombin-stimulated PMVECs
were used to assess protein binding to the NF-�B consensus
DNA sequence. Two distinct protein/DNA binding complexes
were observed following thrombin challenge, one of which is
completely abrogated by BAPTA and MnTBAP (Fig. 5A). To
assess whether nuclear translocation of NF-�B complexes
induces transcriptional activity, PMVECs transfected with a
luciferase plasmid driven by the NF-�B promoter were
stimulated with thrombin. Thrombin-mediated NF-�B tran-
scriptional activity was absent in MnTBAP-treated PMVECs
(Fig. 5B), correlating with the MnTBAP- and BAPTA-inhib-
itable NF-�B protein/DNA binding complex as seen in Fig. 5A.
To complement the MnTBAP effect, PMVECs overexpressing

FIG. 3. BCR-mediated Ca2� signaling via InsP3Rs triggers mROS production in DT40 lymphocytes. DT40 WT cells and cells lacking all three
InsP3R isoforms (TKO) were loaded with Fluo-4/AM (green) and the mROS indicator MitoSOX Red (red), stimulated with 1.5 �g/ml anti-BCR
antibody (anti-IgM), and simultaneously visualized for cytosolic Ca2� and mROS generation. (A) Single-cell analysis of DT40 WT cells after
anti-IgM cross-linking. (B) Mean increase in mROS production observed in DT40 WT cells. (C) Normal expression levels of mitochondrial
complex protein I (NADH-ubiquinol oxidoreductase; OxPhos I) and complex IV (cytochrome c oxidase; OxPhos IV) in both DT40 WT and TKO
cells. (D to G) mROS production following anti-IgM cross-linking in TKO cells (D) or WT cells in Ca2�-free bath (E) or following pretreatment
with the SOD mimetic MnTBAP (50 �M) (F) or DPI (10 �M) (G). (H) Low- and high-magnification images in DT40 WT cells after anti-IgM
stimulation. (I) Quantitation of peak MitoSOX Red fluorescence following anti-IgM cross-linking.
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MnSOD also displayed an inhibition of NF-�B transcriptional
activity following thrombin stimulation (Fig. 5C). The ob-
served increase in NF-�B activity in ECs in response to PAR
activation may be due to O2·� rather than other oxidants. To
test this directly, PMVECs were exposed to O2·� (2 �M) or
hydrogen peroxide (H2O2) (200 �M), and NF-�B nuclear
translocation was assessed by transcription array. O2·� expo-
sure induced an increase in NF-�B activity in PMVECs that
was absent in H2O2-treated cells, suggesting a discrete role for
O2·� in endothelial cell activation (see Figure S5 in the sup-
plemental material).

The role of ROS in NF-�B activation is controversial (29)
and is commonly evaluated in response to proinflammatory
molecules such as TNF-� (6). PMVECs stimulated with
TNF-� exhibited significant NF-�B activity that was not inhib-
ited by MnTBAP, indicating that TNF-�-mediated NF-�B ac-

tivity is independent of mitochondrial O2·� production (Fig.
5B). To distinguish the role of GPCR-linked physiological ver-
sus nonphysiological mitochondrial O2·� signaling, we next
determined whether AA-induced ROS could also lead to
NF-�B transcriptional activity. In contrast to thrombin, mROS
production by AA did not trigger either NF-�B DNA binding
(Fig. 5A) or transcriptional activity (Fig. 5B). Since AA but not
thrombin facilitates 	�m loss (Fig. 4G and E, respectively), we
next asked whether AA leads to mitochondrial O2·� overpro-
duction. AA results in dramatic mitochondrial O2·� produc-
tion compared to thrombin-mediated physiologic signaling
(Fig. 5D and E). Together with NF-�B activity and 	�m mea-
surement, these data indicate that physiologic O2·� production
is required for NF-�B-mediated signaling.

TNF-� and shear stress induce ICAM-1 expression by
NF-�B activation in ECs (32, 50). Thrombin strongly induced

FIG. 4. Effect of thrombin-triggered Ca2� signaling on mitochondrial function, morphology, and apoptosis. MPMVECs were loaded with the
potentiometric dye TMRE and Fluo-4/AM (green) and imaged by confocal microscopy. Representative tracings reveal cytosolic Ca2� and 	�m
in response to Iono (10 �M) (A), Tg (5 �M) (B), thrombin (1 mU/ml [C], 500 mU/ml [D], or 1,000 mU/ml [E]), or thrombin (500 mU/ml) inhibited
by 2.0 U/ml Hir (F). (G and H) Increased mROS generation (complex III inhibitor AA; 20 �M) (G) or dissipation of the mitochondrial proton
gradient (mitochondrial uncoupler carbonylcyanide-p-trifluoromethoxyphenyldrazone [FCCP]; 2 �M) (H) resulted in rapid mitochondrial depo-
larization independent of cytosolic Ca2�. (I) Paracrine O2·� (100 �M xanthine–20 mU/ml xanthine oxidase) triggered rapid Ca2� mobilization and
	�m loss. (J) Transmission electron microscopy of untreated MPMVECs or MPMVECs following stimulation with thrombin (1 U/ml) or
inactivated thrombin (2.0 U/ml Hir). (K) Annexin V and TOTO-3 staining of thrombin-treated (1 U/ml) or superoxide-treated (100 �M
xanthine–20 mU/ml xanthine oxidase) MPMVECs. (L) Quantitation of percentages of annexin V-positive cells.
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ICAM-1 expression to a level comparable to that of TNF-�. In
contrast, thrombin triggered only a nominal induction in
VCAM-1 expression compared to that of TNF-� (Fig. 5F). The
proteosomal inhibitor MG132 (3 �M), which inhibits degra-
dation of the NF-�B inhibitory I�B protein, blocked thrombin-
induced ICAM-1 expression, indicating that the response is
NF-�B dependent (Fig. 5F). Remarkably, ICAM-1 induction
was completely abrogated by the O2·� dismutase mimetic
MnTBAP. In contrast, MnTBAP was without effect on either
baseline ICAM-1 expression or thrombin-mediated [Ca2�]i

signaling (see Fig. S6 in the supplemental material). Similarly,
BAPTA pretreatment abrogated thrombin-mediated ICAM-1
upregulation. Notably, TNF-�-triggered ICAM-1 induction
was not affected by MnTBAP pretreatment. In contrast to that
of ICAM-1, expression of VCAM-1 was greatly induced by
TNF-� but not thrombin (Fig. 5F). These results indicate that
thrombin-linked NF-�B activation drives ICAM-1 expression

and is dependent on physiological mitochondrial O2·� produc-
tion.

Receptor-linked mitochondrial O2·� production evokes leu-
kocyte/EC firm adhesion. Enhanced expression of ICAM-1
and VCAM-1 but not ICAM-2 facilitates binding of leukocytes
to activated ECs (33, 56). To determine the functional rele-
vance of GPCR-linked mROS-dependent ICAM-1 expression,
we performed live cell confocal microscopy to image leuko-
cyte/EC interactions in a simulated circulation model. Under
quiescent conditions, flow disrupted the adhesion between ECs
and leukocytes (Fig. 6A and B), whereas HPMVECs chal-
lenged with thrombin (500 mU/ml) demonstrated rapid and
massive leukocyte/EC firm adhesion. Remarkably, pretreat-
ment of ECs with the O2·� dismutase mimetic MnTBAP (50
�M) or overexpression of the mitochondrial SOD isoform
inhibited thrombin-induced firm adhesion of leukocytes to
HPMVECs. Further, an anti-ICAM-1 blocking antibody also dis-

FIG. 5. Activation of NF-�B and expression of ICAM-1 by GPCR-linked mROS. (A) Protein binding to the NF-�B consensus sequence
following thrombin stimulation in the presence or absence of BAPTA and MnTBAP. (B) NF-�B transcriptional activity in response to thrombin
or TNF-� (10 ng/ml) as assessed by luciferase reporter assay. Luciferase reporter constructs were normalized to �-galactosidase activity.
(C) Overexpression of MnSOD abolished thrombin-induced NF-�B activity. (D) Global O2·� production is assessed by HE fluorescence in
response to both thrombin (500 mU/ml) and AA (20 �M) following 10 min of stimulation. (E) Quantitation of nuclear HE fluorescence increase
in response to AA and thrombin. (F) VCAM-1 and ICAM-1 expression following thrombin or TNF-� stimulation in the presence of MnTBAP
(50 �M), BAPTA (25 �M), or the proteosomal inhibitor MG132 in HPMVECs.
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rupted leukocyte/EC adhesion, suggesting that thrombin-me-
diated mROS production and consequent ICAM-1 induction is
critical for leukocyte firm adhesion. In contrast, TNF-� also
produced significant leukocyte/EC firm adhesion (Fig. 5B), but
mROS was not required (see Fig. S7 in the supplemental
material). Overall, these results demonstrate that GPCR-
linked mROS production is essential for ICAM-1 expression
and leukocyte/EC firm adhesion.

DISCUSSION

In this study we have identified GPCR-linked mitochondrial
O2·� production as an important signaling system that plays a
critical role in leukocyte adhesion to the vascular endothelium.
The GPCR agonist thrombin mobilizes Ca2� via InsP3R, raises
mitochondrial Ca2� levels, and causes mROS production.
mROS generated by this pathway activates NF-�B signaling,

FIG. 6. Thrombin-mediated mROS is requisite for leukocyte firm adherence via ICAM-1. Cell Tracker Red-labeled HPMVECs were treated with
thrombin (500 mU/ml) or TNF-� (10 ng/ml) with or without MnTBAP (50 �M) pretreatment. An equivalent number of Cell Tracker Green-labeled
J774.1 macrophages were added to HPMVECs for each experiment and subjected to simulated circulation to assess leukocyte firm adhesion. (A) Live
cell images were acquired under high-power field via confocal microscopy prior to and following 6 min of 2.5 dynes/cm2 shear stress. (B) Quantitation
of adherent leukocytes following thrombin or TNF-� challenge in the absence or presence of MnTBAP. Thrombin-mediated leukocyte/EC binding was
effectively reduced by MnTBAP, overexpression of MnSOD, and an anti-ICAM-1 blocking antibody. (C) Proposed model of local versus global
leukocyte/EC firm adhesion following GPCR-linked mROS production and TNFR signaling, respectively.
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strongly induces the expression of ICAM-1, and promotes the
adhesion of nonactivated leukocytes to the vascular endothe-
lium. These effects are specific to O2·� generated by mitochon-
dria, since NADPH oxidase is dispensable for endothelial
activation. Thus, mROS is not simply a by-product of mito-
chondrial respiration but is rather a key factor that “decodes”
InsP3R-induced Ca2� signals in ECs into ICAM-1-mediated
leukocyte adherence.

ROS are increasingly associated with both pathological and
physiologic cell signaling (20, 44, 59). Cells generate ROS
through a variety of sources, including but not limited to
NADPH oxidase, xanthine oxidase, and the mitochondrial
electron transport chain. Extracellular ROS produced by
NADPH oxidase has been implicated in cellular proliferation
(18) and endothelial inflammation (54). NADPH oxidase has
also been invoked to account for intracellular ROS production
(61) despite the fact that the enzyme functions to produce
extracellular O2·� (37). It is conceivable that in many instances
in which intracellular ROS is implicated in physiological reg-
ulation, the source is not NADPH oxidase. Although ECs are
considered primarily glycolytic in nature (53), mitochondria
are a likely source of ROS since ECs are laden with mitochon-
dria (13). In this study, we demonstrate that leukocyte adher-
ence to ECs is stimulated in GPCR-activated ECs and that the
rapid firm adherence involves EC mROS specifically.

This unique role for mROS in thrombin-mediated EC acti-
vation is supported by several lines of evidence. Thrombin
elicited a large [Ca2�]i transient in ECs that was followed
by mitochondrion-specific O2·� production, as assessed by
MitoSOX Red staining. This O2·� was likely produced as a by-
product of increased mitochondrial respiration by activated
cells (22, 58), since cells lacking a functional NADPH oxidase
complex (gp91phox�/�) still produced mitochondrial O2·� dur-
ing GPCR signaling. mROS production was triggered by a rise
of mitochondrial Ca2� derived from the endoplasmic reticu-
lum, since it was abolished in a cell line lacking InsP3R, and it
was reduced by pharmacologic inhibition of mitochondrial
Ca2� uptake. Further, elimination of extracellular Ca2� did
not appreciably inhibit mROS production, underscoring that
Ca2� release, and not subsequent Ca2� influx from the extra-
cellular environment, is critical for mROS-mediated signaling.
Whereas mROS production was prevented by MnSOD over-
expression, MnSOD had no effect on GPCR-linked Ca2� sig-
naling, indicating that mROS production is downstream of
InsP3R-mediated Ca2� release. mROS was generated in re-
sponse to both GPCR and tyrosine kinase receptor cascades in
ECs and hematopoietic cells, respectively, indicating that the
response may represent a common mechanism linking InsP3R-
triggered cellular activation to inflammation (30) and possibly
other Ca2�-regulated cell physiological processes. NF-�B is
involved in various signaling pathways, including cell survival,
differentiation, and even apoptosis (12). Our data clearly dem-
onstrate that NF-�B activation is downstream of Ca2� mobi-
lization and mROS production. Activation of NF-�B by Ca2�-
mediated mROS production may therefore constitute a
mechanism by which varied cell signaling pathways, including
angiotensin II (19) and vascular endothelial growth factor (16),
converge at the mitochondrion to elicit similar cellular out-
comes via NF-�B-induced gene expression. Our study demon-
strates that mROS is a downstream effector molecule that

decodes a GPCR-mediated Ca2� signal. Paracrine-derived
ROS causes cellular dysfunction and mitochondrion-depen-
dent apoptosis (44). However, thrombin-enhanced mROS pro-
duction did not cause either mitochondrial dysfunction or
apoptosis (Fig. 4). Thus, the cellular responses to receptor-
mediated mROS production are distinct from those elicited by
paracrine-derived ROS. The results from this study suggest
that acute Ca2� signals may be translated into physiological
signals via mROS. In the model described here, GPCR-linked
mROS production induced inflammatory signaling via NF-�B
and subsequent proinflammatory molecule expression that en-
hanced leukocyte/EC adhesion.

The transcription factor NF-�B is activated in response to
varied inflammatory stimuli and results in altered gene and
protein expression and endothelial activation (62). Many of
these stimuli increase ROS production, leading to the early
hypothesis that NF-�B was controlled by elevated cellular ROS
(1), of which H2O2 was considered the most likely species (38).
However, it is becoming clear from the available data that
H2O2-induced NF-�B activation is highly cell type dependent
and therefore H2O2 is unlikely to be a general mediator of
NF-�B activation (29). Our studies represent a novel mecha-
nism whereby mitochondrial Ca2�-triggered O2·�, rather than
H2O2, is the key component of the cellular response to inflam-
matory stimuli. In support, O2·� but not H2O2 elicited NF-�B
translocation in ECs. Further, both MnSOD overexpression
and MnTBAP completely abrogated NF-�B transcriptional ac-
tivity and downstream protein expression. This response was
specific for receptor-mediated mROS, since mROS overpro-
duction led to mitochondrial dysfunction and did not induce
NF-�B activation or drive ICAM-1 expression. We suggest that
overproduction of mROS may lead to inactivation of NF-�B,
mitochondrial dysfunction, and cell death.

EC activation by cytokines results in the induction of cell
adhesion molecules such as ICAM-1, VCAM-1, and E-selectin
(17, 21). ICAM-1 is vital for the adherence and transmigration
of leukocytes on the endothelium (40, 46, 56, 57). ICAM-1 can
also be induced by cytokine-independent mechanisms during
ischemia/reperfusion, angiogenesis, and thrombin challenge
(7, 35, 54). Cytokine-induced EC expression of adhesion mol-
ecules has been shown to be dependent on N-acetylcysteine-
inhibitable oxidative events (45). However, the oxidant that
controls adhesion molecule expression and its cellular source is
unknown. Our studies have identified a mechanism in which
GPCR Ca2� signals are translated into mROS, which upregu-
lates the expression of ICAM-1 via NF-�B and elicits leuko-
cyte/EC firm adhesion. It appears likely therefore that mito-
chondria are the ROS source responsible for endothelial
activation in response to GPCR signals. While Ca2� signaling
in leukocytes is not involved in endothelial firm adhesion (24),
we establish here that Ca2�-linked mROS production in ECs is
required for leukocyte/EC firm adhesion.

This study demonstrates a unique mechanism in which
GPCR-linked mROS production enhances leukocyte adhesion
to the activated endothelium without affecting leukocyte sig-
naling (unpublished data). On the other hand, proinflamma-
tory cytokines such as TNF-� activate both leukocytes and ECs
and facilitate leukocyte/EC firm adhesion in an mROS-inde-
pendent manner (Fig. 6C). That these two major signals both
trigger leukocyte/EC firm adhesion by divergent mechanisms
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demonstrates a fundamental difference between GPCR and
TNFR signaling. Indeed, in contrast to GPCR signaling, ROS
does not appear to have a role in NF-�B activation and sub-
sequent ICAM-1 expression in TNFR-mediated signaling. Fur-
thermore, the event underlying thrombin-induced EC activa-
tion provides a mechanism for local regulation of leukocyte/EC
interactions. First, thrombin is released locally from activated
platelets to rapidly facilitate clot formation and endothelial
wound healing via recruitment of circulating leukocytes (41).
Second, the short lifetime of mROS (�s) ensures that its sig-
naling remains highly localized. We postulate that the transient
nature of mROS locally restricts the actions of thrombin, in
contrast to the effects of proinflammatory cytokines that glo-
bally sensitize both leukocytes and the vasculature (Fig. 6C).
Atherosclerosis and hypertension are associated with elevated
thrombin in the circulation (60). Our results suggest that in this
context, elevated thrombin-mediated mROS production
throughout the vasculature could cause global endothelial ac-
tivation that leads to disease progression.

The findings of this study provide experimental and mecha-
nistic evidence for GPCR-linked Ca2�-stimulated physiologi-
cal mROS production in leukocyte/EC firm adhesion. They
may also offer a mechanistic explanation for thrombin-induced
vascular inflammation. Future studies using in vivo models may
reveal the implications of these results for the progression and
treatment of vascular diseases, including the use of antioxidant
therapy for patients with elevated circulating thrombin levels.
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