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one; MAPK, mitogen activated kinase; NE, norepinephrine; PE, phenylephrine; 

PD98059, 2'-amino-3'-methoxyflavone; PI3-K, phosphatidylinositol 3-kinase; PKC, 

protein kinase C; PP1, 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine; 

PSS, physiological salt solution; ROS, reactive oxygen species; SB203580, 4-[5-(4-

Fluorophenyl)-2-[4-(methylsulfonyl)phenyl]-1H-imidazol-4-yl]pyridine; TXA2, 

thromboxane A2; U46619, 9,11-dideoxy-9α,11α-methanoepoxy PGF2α; Y27632, trans-

4-[(1R)-1-Aminoethyl]-N-4-pyridinylcyclohexanecarboxamide dihydrochloride. 
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Abstract 

In hypertension, blood vessels exhibit increased reactive oxygen species production 

that may alter vascular tone.  We previously observed that hydrogen peroxide (H2O2) 

contracted rat thoracic vena cava under resting tone and aorta contracted with KCl.  In 

arteries but not veins, H2O2-induced contraction required extracellular Ca2+ influx.  

Because of this difference in Ca2+ utilization, we hypothesized that signaling pathways 

mediating H2O2-induced contraction in vena cava under resting tone differed from those 

mediating H2O2-induced contraction in aorta contracted with KCl.  Inhibitors of 

cyclooxygenase (COX 1 and 2) (indomethacin, 10 µM), thromboxane A2 receptors 

(TXA2) (ICI185282, 10 µM), p38 MAPK (SB203580, 10 µM), Erk (PD98059, 10 µM), src 

(PP1, 10 µM) and rho kinase (Y27632, 10 µM), significantly reduced H2O2-induced 

contraction in vena cava under resting tone and aorta after KCl (30 mM) contraction.  By 

contrast, the phosphatidylinositol 3-kinase (PI3-K) inhibitor LY294002 (20 µM) did not 

reduce aortic or venous H2O2-induced contraction.  p38 MAPK, Erk MAPK and src 

inhibition did not reduce aortic or venous contraction to the TXA2 receptor agonist 

U46619 (1 µM), while rho kinase inhibition significantly reduced aortic and venous 

contraction to U46619 and PI3-K inhibition reduced venous contraction to U46619.  Our 

data suggest that in rat thoracic aorta and vena cava, a COX-derived metabolite is one 

important mediator of H2O2 contraction, possibly via rho kinase activation, and that 

H2O2-induced contraction via p38 and Erk MAPK likely occurs independently of TXA2 

receptor activation. 
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Introduction 

Our laboratory is interested in understanding the role of veins in blood pressure 

regulation, specifically under pathological conditions, such as hypertension, where 

oxidative stress is elevated (Lassegue and Griendling, 2004; Cai, 2005).  Since arterial 

tone determines total peripheral resistance, how the venous circulation is involved in 

blood pressure regulation has historically been overlooked.  The venous circulation 

contains approximately 60-70% of the total blood volume.  Increased constriction of 

splanchnic veins can cause a shift of blood from the abdominal cavity to the thoracic 

cavity, increasing venous return, cardiac output and ultimately blood pressure (Guyton, 

1955; Martin et al, 1998; Johnson et al, 2001).  Mean circulatory filling pressure, an in 

vivo measurement of venous tone, is elevated in animals models of hypertension, 

supporting the idea that veins are important in blood pressure regulation (Martin et al, 

1998; Johnson et al, 2001). 

 

Hydrogen peroxide (H2O2) has been proposed to be the most likely reactive oxygen 

species (ROS) involved in signal transduction because it is not a free radical and is 

inherently more stable than other ROS (Wolin et al, 2002; Ardanaz and Pagano, 2006).  

H2O2 can also freely pass through membranes and has a longer diffusion distance than 

superoxide (Wolin et al, 2002; Ardanaz and Pagano, 2006).  H2O2 modifies vascular 

smooth muscle tone, causing contraction and relaxation, depending on experimental 

conditions, vascular bed and species (Lucchesi et al, 2005; Thakali et al, 2006).  

Multiple signal transduction pathways have been reported to mediate H2O2-induced 

contraction, including (but not limited to) COX-stimulated thromboxane A2 (TXA2) 
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production (Rodriguez-Martinez et al, 1998; Gao and Lee, 2001), tyrosine kinases (Jin 

and Rhoades, 1997), mitogen activated kinases (MAPK), phospholipase C (Sheehan et 

al, 1993) and rho kinase (Thakali et al, 2005), though the progression of signaling has 

not been established.  TXA2 receptors signaling also occurs via the activation of many 

of the same pathways including Erk MAPK, p38 MAPK, PKC (Bos et al, 2004), tyrosine 

kinases and rho kinase (Tazzeo et al, 2003).  Thus, one can envision H2O2 stimulating 

COX to produce vasoactive eicosanoids, specifically the vasoconstrictor TXA2.  

However, many of these signaling elements, including Erk MAPK and p38 MAPK, are 

also redox-sensitive such that oxidation of active site thiol residues can activate kinases 

and inactivate phosphatases (Rhee et al, 2000; Rhee et al, 2005; Oeckler et al, 2005). 

 

Presently, we compare H2O2-induced contraction in a model artery and vein, the rat 

thoracic aorta and the thoracic vena cava, respectively.  We previously reported that 

under basal conditions, veins but not arteries robustly contract to exogenous H2O2.  

However, if arteries were either depolarized with KCl (30 mM) or K+ channels 

inactivated (tetraethylammonium, 10mM), H2O2-induced contraction was significantly 

potentiated (Thakali et al, 2006).  We observed that while extracellular Ca2+ influx was 

necessary for aortic (KCl-potentiated) H2O2-induced contraction, venous H2O2-induced 

contraction (under basal conditions) occurred in the absence of extracellular Ca2+ influx 

(Thakali et al, 2006), suggesting mechanistic differences in arterial and venous H2O2-

induced contraction.  The goal of this work was to determine if the signal transduction 

pathways mediating venous H2O2-induced contraction under basal conditions were the 
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same pathways mediating aortic H2O2-induced contraction after KCl (30 mM) 

contraction. 

 

Methods 

Isolated tissue bath protocol: All animal studies were performed in accordance with the 

Guide for the Care and Use of Laboratory Animals at Michigan State University.  

Thoracic aorta and vena cava were removed from anesthetized male Sprague-Dawley 

rats (200-250 g) [pentobarbital (50 mg/kg, i.p.)] and placed in physiological salt solution 

(PSS) containing (in mM): NaCl, 130; KCl, 4.7; KH2PO4, 1.18; MgSO4 7H2O, 1.17; 

CaCl2 2H2O, 1.6; NaHCO3, 14.9; dextrose, 5.5; and CaNa2EDTA, 0.03 (pH 7.2).  

Vessels were cleaned of fat, and rings (3-4 mm) of aorta and vena cava were prepared 

for measurement of isometric tension as previously described (Thakali et al, 2006).  

Briefly, rings were placed between two wire hooks, one that was attached to a 

stationary glass rod and the other that was connected to a force transducer to measure 

isometric contraction.  Passive tension was pulled (aorta: 4 g; vena cava: 1 g) and 

vessels were equilibrated for one hour in warmed (37°C), aerated (95% O2, 5% CO2) 

PSS, with frequent buffer changes.  Tissue viability was assessed by contraction to an 

adrenergic agonist (aorta: phenylephrine, 10 µM; vena cava: norepinephrine, 10 µM).  

Norepinephrine was used to contract vena cava because phenylephrine did not 

reproducibly contract vena cava and phenylephrine was used to contract aorta to 

compare results to past experiments. 
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Cumulative concentration response curves to H2O2 (1 µM – 1 mM) were performed in 

aorta after KCl (30 mM) contraction [69±8 % phenylephrine (10 µM) contraction] and 

vena cava under quiescent conditions (under passive tension).  Cumulative 

concentration response curves to U46619 (1 nM – 1 µM) were performed in aorta and 

vena cava under passive tension.  When inhibitors were used (indomethacin, 10 µM; 

ICI185282, 10 µM; PD98059, 10 µM; SB203580, 10 µM; PP1, 10 µM; Y27632, 10 µM; 

and LY294002, 20 µM), an inhibitor or vehicle (0.1 % ethanol for indomethacin, 0.1% 

DMSO for ICI184282, PD98059, SB203580, and PP1, 0.2% DMSO for LY294002 and 

deionzed water for Y27632) were added for one hour before performing cumulative 

concentration response curves to agonists.  Cumulative concentration response curves 

to KCl (6 – 100 mM) were also performed in aorta in the presence of the signaling 

inhibitors.  We found that Y27632 (10 µM) significantly reduced aortic KCl-induced 

contraction, thus in the presence of Y27632 (10 µM), aorta were contracted with 100 

mM KCl to more closely match the contraction induced by 30 mM KCl in vehicle-

incubated aorta.  The signaling inhibitors and concentrations of inhibitors were chosen 

because we have previously demonstrated specificity and effectiveness of these 

inhibitors in arterial smooth muscle cell cultures (Watts, 1996; Banes et al, 1999; Florian 

and Watts, 1999; Gao and Lee, 2001; Northcott et al, 2002). 

 

Tissue thromboxane B2 (TXB2) measurement:  Thromboxane B2 (TXB2) levels were 

measured in rat thoracic aorta and vena cava using an enzyme immunoassay (EIA) kit 

purchased from Cayman Chemicals (Ann Arbor, MI, USA).  Briefly, cleaned rat thoracic 

vena cava were cut in half and incubated in 150 µL of EIA buffer, with one half 
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incubated in H2O2 (1 mM) and the other with vehicle (water) for 10 minutes at 37°C.  

Cleaned rings (3-4 mm) of rat thoracic aorta were incubated in 150 µL of EIA buffer plus 

KCl (30 mM), and one ring incubated with H2O2 (1 mM) and the other with vehicle 

(water) for 10 minutes at 37°C.  Microcentrifuge tubes containing vessels and EIA 

buffer/H2O2 or vehicle were frozen at -80°C for four hours.  The tubes were thawed, 

sonicated for 3 seconds and centrifuged (1 min, 14,000 rpm).  Fifty microliters of the 

supernatant was added to a secondary antibody-coated 96-well to determine the 

amount of TXB2 present in each sample.  A standard TXB2 curve was also performed 

and is described below in the data analysis section.  Total protein was determined after 

dissolving vessel pellets in NaOH (1 N) and performing a Lowry’s protein assay.   

 

Data analysis: Data are presented as mean ± standard error of the percentage of the 

initial contraction to phenylephrine (aorta, 10 µM) or norepinephrine (vena cava, 10 µM) 

for N experiments, where N indicates the number of rats used.  In aorta contracted with 

KCl (30 mM), contraction to H2O2 was calculated as the contraction above the maximal 

KCl response.  When comparing multiple concentration response curves to H2O2 or 

U46619, two-way ANOVA with Bonferonni’s post hoc test was performed.  For 

quantification of TXB2 EIA, a standard curve using TXB2 was run along with aortic and 

venous samples.  For the standard curve, the ratio of absorbance of bound ligand 

(TXB2) to the absorbance of total binding was plotted against the log of the 

concentration of TXB2 and linear regression performed to determine TXB2 levels in 

aortic and venous samples.  TXB2 levels were normalized to total protein in each 
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sample and are reported as pg TXB2/mg total protein.  In all cases, a P value less than 

or equal to 0.05 was considered statistically significant. 

 

Chemicals:  Acetylcholine, H2O2 (30%), norepinephrine and phenylephrine were 

solubilized in water and indomethacin was solubilized in ethanol and were purchased 

from Sigma Chemical Co. (St. Louis, MO, USA).  PD98059, SB203580, LY294002, 

PP1, ICI185282 and U46619 were solubilized in DMSO, Y27632 was solubilized in 

water and purchased from Biomol (Plymouth Meeting, PA, USA). 

 

Results 

COX-derived TXA2 mediates aortic H2O2-induced contraction after KCl (30 mM) and 

basal venous H2O2-induced contraction 

The non-specific COX inhibitor, indomethacin (10 µM; Kalgutkar, 2000), significantly 

reduced aortic H2O2-induced contraction after KCl (30 mM) and basal venous H2O2-

induced contraction (Fig 1A).  TXA2 has been reported to mediate H2O2-induced 

contraction in rat aorta (Rodriguez-Martinez et al, 1998; Gao and Lee, 2001), thus we 

investigated the role of the TXA2 receptor in aortic and venous H2O2-induced 

contraction using the TXA2 receptor antagonist ICI185282 (Fig 1B).  ICI185282 (10 µM) 

significantly reduced aortic H2O2-induced contraction after KCl (30 mM) and basal 

venous H2O2-induced contraction (Fig 1B).  As expected, the same concentration of ICI 

185282 (10 µM) significantly inhibited U46619-induced contraction (1 nM - 1 µM) in rat 

thoracic aorta (not KCl-contracted) and vena cava (Fig 1C). 
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MAPKs (p38 and Erk), Src and rho kinase but not PI3-K mediate aortic and venous 

H2O2-induced contraction 

The p38 MAPK inhibitor SB203580 (10 µM), Erk MAPK inhibitor PD98059 (10 µM), and 

src inhibitor PP1 (10 µM) significantly reduced KCl (30 mM) -potentiated aortic H2O2-

induced contraction and basal venous H2O2-induced contraction (Fig 2A).  KCl (6 – 100 

mM) –induced contraction of rat thoracic aorta was significantly reduced by Y27632 (10 

µM) (Fig 3C).  Thus, Y27632 (10 µM)–incubated aorta were contracted with a higher 

concentration of KCl (100 mM) before performing H2O2 concentration response curves 

to match the contraction to KCl (30 mM) in vehicle-incubated aorta.  Y27632 (10 µM), a 

rho kinase inhibitor, significantly reduced KCl (100 mM) -potentiated aortic H2O2-

induced contraction (Fig 3A) and we previously observed a similar inhibition in vena 

cava (Fig 3A, Thakali et al 2005, used with permission).  The PI3-K inhibitor LY294002 

(20 µM) did not significantly alter aortic H2O2-induced contraction after KCl (30 mM) 

contraction or basal venous H2O2-induced contraction (Fig 4A).  Inhibition of p38 MAPK, 

Erk MAPK, and src had no effect on maximal U46619 (1 µM) contraction in aorta and 

vena cava (Fig 2B).  Similarly to H2O2-induced contraction, rho kinase inhibition reduced 

maximal aortic and venous U46619-induced contraction (Fig 3B).  Unlike H2O2-induced 

contraction, PI3-K inhibition modestly reduced maximal venous but not aortic U46619-

induced contraction (Fig 4B). 

 

TXB2 levels in rat thoracic aorta and vena cava 

To determine whether H2O2 stimulates COX to synthesize TXA2, aorta and vena cava 

were incubated with H2O2 (1 mM, 10 minutes, 37°C) and TXB2 (a stable metabolite of 
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TXA2) levels determined using a quantitative enzyme immunoassay kit.  This length of 

time of H2O2 incubation was chosen because it was sufficient to observe H2O2-induced 

contraction in both aorta and vena cava.  Basal levels of TXB2 were higher in vena cava 

compared to aorta (vena cava: 146±11 pg TXB2/mg protein; aorta: 29±1 pg TXB2/mg 

protein) (Fig 5).  H2O2 incubation significantly decreased TXB2 levels in vena cava 

(control: 146±11 pg TXB2/mg protein; H2O2: 108±10 pg TXB2/mg protein), but did not 

alter TXB2 levels in aorta (control: 29±1 pg TXB2/mg protein; H2O2: 25±2 pg TXB2/mg 

protein) (Fig 5). 

 

Discussion 

Common signal transduction pathways mediate H2O2-induced contraction in 

arteries and veins 

Multiple signaling pathways have been reported to mediate H2O2–induced contraction 

and this current study affirms the idea that H2O2 is a physiologically relevant signaling 

molecule capable of activating multiple signal transduction pathways.  We observed that 

Erk MAPK, p38 MAPK, src, rho kinase and a COX-derived metabolite mediate H2O2-

induced contraction in rat thoracic vena cava under basal conditions and in rat thoracic 

aorta after KCl contraction.  The absolute magnitude of inhibition of H2O2-induced 

contraction appears to be different between arteries and veins.  It possible that better 

penetration or a higher concentration of indomethacin, PD98059, PP1 or SB203580 is 

achieved in the smooth muscle of rat thoracic vena cava compared to aorta because of 

differences in wall structure between the two vessel types, though we have not tested 

this possibility experimentally.  Nonetheless, the same concentrations of indomethacin, 
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ICI185282, PD98059, PP1, SB203580 and Y27632 inhibited H2O2-induced contraction 

in both arteries and veins, suggesting that within the context of these signaling 

pathways, H2O2-induced contraction in arteries and veins occurs via similar signal 

transduction pathways. 

 

Interestingly, the PI3-K pathway was not involved in mediating H2O2-induced contraction 

in vena cava under basal conditions or in KCl-contracted aorta.  We have previously 

verified inhibition of PI3-K activity with LY294002 (20 µM) in cultured rat aortic smooth 

muscle cells (Northcott et al, 2002).  H2O2 stimulation reportedly increases 

phosphorylation of Akt, a commonly evaluated downstream target of PI3-K in cultured 

rat aortic smooth muscle cells and perfused mouse mesenteric resistance arteries 

(Griendling et al, 2000; Lucchesi et al, 2005).  From our experiments, we concluded that 

PI3-K is not involved in H2O2-induced contraction, but we cannot discount the possibility 

that acute H2O2 exposure in aorta and vena cava may activate Akt independently of 

PI3-K or may activate PI3-K to induce changes in other endpoints such as cell 

proliferation, growth and apoptosis, or vascular remodeling. 

 

In the current study we compared H2O2 signaling in vena cava under quiescent 

conditions to aorta contracted with KCl.  We previously observed that aorta under 

quiescent conditions contracted minimally to exogenous H2O2 and that depolarization of 

aorta (by increasing the concentration of extracellular K+ or non-specific potassium 

channel blockade) potentiated the aortic contraction to H2O2 (Thakali et al, 2006).  The 

magnitude of H2O2-induced contraction in vena cava under quiescent conditions (when 
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normalized to contraction to an adrenergic agonist) is much larger than H2O2-induced 

contraction in aorta contracted with KCl.   This could be due to differences in the 

efficacy of H2O2 to elicit contraction in aorta and vena cava or even differences in H2O2 

penetration through the blood vessel wall.  It is also possible that aortic KCl 

preconditioning may preferentially activate some signaling pathways or alter sensitivity 

to signaling inhibitors compared to U46619-induced contraction in aorta under quiescent 

conditions.  However, we previously observed that aortic KCl-induced contraction was 

not reduced by PD98059, SB203580 or PP1 (Watts, 1996; Banes et al, 1999; Florian 

and Watts, 1999; Northcott et al, 2002), suggesting that for p38 MAPK, Erk MAPK and 

src activity, KCl preconditioning does not result in the activation of different contractile 

pathways compared to contraction induced by U46619 alone.  We observed that 

maximal aortic contraction to KCl was significantly reduced by Y27632 (10 µM), a rho 

kinase inhibitor.  Thus, Y27632 (10 µM) –incubated aorta were contracted with 100 mM 

KCl to reach a magnitude of contraction comparable to vehicle (30 mM KCl contracted) 

–incubated aorta. 

 

Currently there is no consensus on the signal transduction cascade mediating vascular 

H2O2-induced contraction.  Our studies were performed with the intention of clarifying 

H2O2-mediating signaling, but instead highlight the complexity of ROS signaling.  Yang 

et al reported that aortic H2O2-induced contraction was mediated by COX, PKC and 

protein tyrosine kinases and was Ca2+-dependent (Yang et al, 1998).  Wolin et al 

observed that pulmonary arterial contraction to H2O2 was reduced by Erk MAPK 

inhibition (Wolin et al, 2002), while Lucchesi et al observed that mouse mesenteric 
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artery contraction to H2O2 after KCl depolarization was mediated by p38 MAPK, but not 

Erk MAPK (Lucchesi et al, 2005).  In context of the above mentioned signaling 

pathways, Pelaez et al reported that in the pulmonary vasculature of the rat, H2O2-

induced contraction under basal conditions was independent of myosin light chain 

phosphorylation and extracellular Ca2+ influx (Pelaez et al, 2000a), and in porcine 

pulmonary arteries, H2O2-induced contraction was independent of Erk MAPK and PKC 

activity (Pelaez et al, 2000b).  We conclude that species, vascular bed and experimental 

conditions likely dictate the contractile signaling pathways activated by H2O2. 

 

Role of COX and TXA2 in mediating aortic and venous H2O2-induced contraction 

One possible scheme of H2O2 signal transduction is that H2O2 activates COX to 

produce prostanoid metabolites including TXA2.  Cyclooxygenase, also known as 

prostaglandin endoperoxide H synthase, catalyzes two reactions, a peroxidase reaction 

and a cyclooxygenase reaction in the conversion of arachidonic acid into prostaglandin 

H2 (PGH2), the precursor to prostanoids.  The cyclooyxgenase reaction mediated by 

COX is peroxide-dependent; hydroperoxides such as t-butyl peroxide, peroxynitrite and 

H2O2 increase cyclooxygenase activity (though not as efficiently as aliphatic 

hydroperoxides) (Smith et al, 2000; Kulmacz, 2005), while scavengers of peroxides like 

glutathione peroxidase, but not scavengers of superoxide reduce cyclooxygenase 

activity (Kulmacz, 2005).  Rodriguez-Martinez et al observed that H2O2-induced 

contraction in aorta from normotensive Wistar Kyoto and spontaneously hypertensive 

rats was reduced by a PGH2/TXA2 receptor antagonist and by non-specific COX 

inhibition (Rodriguez-Martinez et al, 1998).  The hypothesis that H2O2 could stimulate 
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TXA2 synthesis and thus vascular contraction was confirmed by Gao et al where they 

demonstrated that non-specific COX inhibitors, TXA2 synthase inhibitors and a 

phospholipase A2 inhibitor reduced H2O2-stimulated TXB2 production (a stable 

metabolite of TXA2) and that these inhibitors and TXA2 receptor antagonists reduced 

H2O2-induced contraction of rat mesenteric arteries (Gao and Lee, 2001).  Through the 

use of a non-specific COX inhibitor and a TXA2 receptor antagonist, our contractility 

data suggest that in both rat thoracic aorta and vena cava, H2O2 stimulates the 

production of the vasoconstrictor TXA2.  However, when TXB2 (a stable metabolite of 

TXA2) levels were measured in aorta and vena cava, H2O2 did not increase TXB2 levels, 

and in fact decreased TXB2 levels in vena cava, contrary to studies by Rodriguez-

Martinez et al (1998) and Gao and Lee (2001).  One limitation of our TXB2 EIA was that 

because the assay was incompatible with the physiological salt solution used in 

contractility experiments, H2O2 incubations were performed in EIA buffer from the kit, 

the composition of which is proprietary information.  Thus, our experimental conditions 

may not have been optimal for detection of H2O2-stimulated TXB2. 

 

It is also possible that TXB2 was the incorrect endpoint to measure as PGH2, the actual 

product of COX activity, causes contraction via TXA2 receptor binding (Davidge, 2001).  

We observed that U46619, a TXA2 receptor-specific agonist, induced concentration-

dependent contraction of both rat thoracic aorta and vena cava, verifying that in rat 

thoracic aorta and vena cava TXA2 receptors couple to contraction.  We observed that 

U46619-induced contraction, while inhibited by a TXA2 receptor antagonist is not 

dependent on p38 MAPK, Erk MAPK and src signaling pathways in a similar fashion to 
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H2O2-induced contraction.  U46619-mediated contraction occurred via PI3-K and rho 

kinase activation in vena cava and rho kinase activation in aorta.  It is possible that the 

dichotomy between the signaling pathways mediating H2O2-induced contraction and 

U46619-induced contraction in aorta and vena cava occurs because though U46619 

causes contraction via TXA2 receptor activation, U46619 may induced TXA2 receptor-

dependent signaling in a manner differently than TXA2 or U46619 may have some 

unknown effects independent of TXA2 receptor activation.  It is also possible that the 

signaling inhibitors and concentrations used are non-specific.  While we have previously 

demonstrated the specificity of the concentrations of inhibitors used in aortic smooth 

muscle cell cultures (Watts, 1996; Banes et al, 1999; Florian and Watts, 1999; Gao and 

Lee, 2001; Northcott et al, 2002), a study by Davies et al suggests that many commonly 

used signaling inhibitors inhibit two or more kinases, depending on the assay used to 

determine inhibitor specificity (Davies et al, 2000).  Our data suggest that COX activity 

is partially responsible for mediating H2O2-induced contraction in arteries and veins.  

From these current studies we cannot determine whether H2O2-induced contraction via 

p38 MAPK, Erk MAPK and src occurs independently of TXA2 receptor activation.  

 

Redox signaling: a possible mechanism mediating H2O2–induced contraction? 

It is likely that H2O2-stimulated TXA2 receptor activation does not wholly account for 

H2O2-induced contraction, and other mechanisms may mediate aortic and venous H2O2-

induced contraction.  Increased intracellular Ca2+ is another possible mediator of H2O2-

induced contraction, though the focus of the current study was not to investigate 

differences in Ca2+ handling between arteries and veins.  While H2O2 is not a free 
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radical like many other reactive oxygen species, it is an oxidant and can participate in 

redox signaling (Wolin et al, 2002; Cai, 2005; Ardanaz and Pagano, 2006).  Three 

potential mechanisms by which H2O2 could modify vascular tone via redox signaling 

are: 1) thiol oxidation and activation of kinases mediating vascular contraction, 2) thiol 

oxidation and inhibition of phosphatases that normally inhibit contraction, and 3) direct 

oxidation and activation of contractile proteins.  Receptor tyrosine kinases (eg. 

epidermal growth factor receptor), non-receptor tyrosine kinases (eg. Src, Lck, and Abl), 

and other kinases, including MAPKs, Akt, Janus kinase and upstream regulators of 

these kinases (eg. Ras) can be activated by oxidation of cysteine residues (Rhee et al, 

2000; Rhee et al, 2005; Oeckler et al, 2005).  Besides activating kinases, H2O2 can also 

inhibit the activity of both protein tyrosine phosphatases and serine-threonine 

phosphates via thiol oxidation of active site cysteine residues (Rhee et al, 2000; Oeckler 

et al, 2005).  The oxidative inactivation of phosphatases is kinetically favored over the 

activation of kinases (Oeckler et al, 2005), thus redox inhibition of phosphatases 

regulating kinase activity may be another important mechanism of H2O2 signaling.  The 

ATPase activity of myosin is redox-sensitive, such that thiol oxidation induces myosin 

ATPase activity independent of Ca2+ binding and phosphorylation of the regulatory 

myosin light chain (MLC20) (Sparrow et al, 1970; Chandra et al, 1985; Ngai et al, 1987).  

H2O2 can also alter gene transcription, though the acute contractile effects of H2O2 are 

not likely mediated by changes in gene transcription.  To date, most of the studies 

regarding redox signaling have been performed in cell lines in the context of studying 

apoptosis, growth and proliferation.  Rogers et al recently reported that in dog and rat 

coronary arterioles, H2O2-mediated vasodilation was reversed by dithiothreitol, a 
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reducing agent, suggesting that H2O2 modification of vascular tone was redox-sensitive 

(Rogers et al, 2006).  Another possible explanation of our confusing and contradictory 

results could be due to concurrent TXA2 receptor activation and redox signaling by 

H2O2. 

 

Our studies underscore the complexity of H2O2 signaling and the difficulty in predicting 

the physiological actions of ROS.  Of the pathways investigated, their involvement in 

H2O2-induced contraction does not differ between arteries and veins.  Our data suggest 

that ROS can alter both venous and arterial tone.  We speculate that in hypertension, a 

disease characterized by increased oxidative stress, both the arterial and venous 

circulation are likely targets of elevated ROS levels. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 26, 2006 as DOI: 10.1124/jpet.106.110650

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 JPET #110650 
 

 20

References 

Ardanaz N and Pagano PJ (2006) Hydrogen peroxide as a paracrine vascular mediator: 

regulation and signaling leading to dysfunction. Exp Biol Med 231:237-251. 

 

Banes A, Florian JA and Watts SW (1999) Mechanisms of 5-hydroxytryptamine(2A) 

receptor activation of the mitogen-activated protein kinase pathway in vascular smooth 

muscle. J Pharmacol Exp Ther 291:1179-1187. 

 

Bos CL, Richel DJ, Ritsema T, Peppelenbosch MP and Versteeg HH (2004) 

Prostanoids and prostanoid receptors in signal transduction. Int J Biochem Cell Biol 

36:1187-1205. 

 

Cai H (2005) NAD(P)H oxidase-dependent self-propagation of hydrogen peroxide and 

vascular disease. Circ Res 96:818-822. 

 

Chandra TS, Nath N, Suzuki H and Seidel JC (1985) Modification of thiols of gizzard 

myosin alters ATPase activity, stability of myosin filaments, and the 6-10 S 

conformational transition. J Biol Chem 260:202-207. 

  

Davidge ST (2001) Prostaglandin H synthase and vascular function. Circ Res 89:650-

660. 

 

Davies SP, Reddy H, Caivano M, Cohen P (2000) Specificity and mechanism of action 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 26, 2006 as DOI: 10.1124/jpet.106.110650

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #110650 

 21

of some commonly used protein kinase inhibitors. Biochem J 351:95-105. 

 

Florian JA and Watts SW (1999) Epidermal growth factor: a potent vasoconstrictor in 

experimental hypertension. Am J Physiol 276:H976-H983. 

 

Gao YJ and Lee RM (2001) Hydrogen peroxide induces a greater contraction in 

mesenteric arteries of spontaneously hypertensive rats through thromboxane A(2) 

production. Br J Pharmacol 134:1639-1646. 

 

Griendling KK, Sorescu D, Lassegue B and Ushio-Fukai M (2000) Modulation of protein 

kinase activity and gene expression by reactive oxygen species and their role in 

vascular physiology and pathophysiology. Arterioscler Thromb Vasc Biol 20:2175-2183. 

 

Guyton AV (1955) Determination of cardiac output by equating venous return curves 

with cardiac response curves. Physiol Rev 35:123-129. 

 

Jin N and Rhoades RA (1997) Activation of tyrosine kinases in H2O2-induced 

contraction in pulmonary artery. Am J Physiol 272:H2686-H2692. 

 

Johnson RJ, Galligan JJ, Fink GD (2001) Factors affecting endothelin-induced venous 

tone in conscious rats. J Cardiovasc Pharmacol 37:187-195. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 26, 2006 as DOI: 10.1124/jpet.106.110650

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 JPET #110650 
 

 22

Kalgutkar AS, Marnett AB, Crews BC, Remmel RP and Marnett LJ (2000) Ester and 

amide derivatives of the nonsteroidal antiinflammatory drug, indomethacin, as selective 

cyclooxygenase-2 inhibitors. J Med Chem 43:2860-2870. 

 

Kulmacz RJ (2005) Regulation of cyclooyxgenase catalysis by hydroperoxides. 

Biochem Biophys Res Commun 338:25-33. 

 

Lassegue B and Griendling KK (2004) Reactive oxygen species in hypertension; An 

update. Am J Hypertens 17:852-860. 

 

Lucchesi PA, Belmadani S and Matrougui K (2005) Hydrogen peroxide acts as both 

vasodilator and vasoconstrictor in the control of perfused mouse mesenteric resistance 

arteries. J Hypertens 23:571-579. 

 

Martin DS, Rodrigo MC, Appelt CW (1998) Venous tone in the developmental stages of 

spontaneous hypertension. Hypertension 31:139-144. 

 

Ngai PK and Walsh MP (1987) Purification of smooth-muscle myosin free of calmodulin 

and myosin light-chain kinase: Susceptibility to oxidation. Biochem J 246:205-211. 

 

Northcott CA, Poy MN, Najjar SM, Watts SW (2002) Phosphoinositide 3-kinase 

mediates enhanced spontaneous and agonist-induced contraction in aorta of 

deoxycorticosterone acetate-salt hypertensive rats. Circ Res 91:360-369. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 26, 2006 as DOI: 10.1124/jpet.106.110650

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #110650 

 23

 

Oeckler RA, Arcuino E, Ahmad M, Olson SC and Wolin MS (2005) Cytosolic NADH 

redox and thiol oxidation regulate pulmonary arterial force through ERK MAP kinase. 

Am J Physiol Lung Cell Mol Physiol 288:L1017-L1025. 

 

Pelaez NJ, Braun TR, Paul RJ, Meiss RA and Packer CS (2000a) H2O2 mediates Ca2+ - 

and MLC20 phosphorylation-independent contraction in intact and permeabilized 

vascular muscle.  Am J Physiol Heart Circ Physiol 279:H1185-H1193. 

 

Pelaez NJ, Osterhaus SL, Mak AS, Zhao Y, Davis HW and Packer CS (2000b) MAPK 

and PKC activity are not required for H2O2-induced arterial muscle contraction. Am J 

Physiol Heart Circ Physiol 279:H1194-H1200. 

 

Rhee SG, Bae YS, Lee SR and Kwon J (2000) Hydrogen peroxide: a key messenger 

that modulates protein phosphorylation through cysteine oxidation. Sci STKE 53:PE1.  

 

Rhee SG, Kang SW, Jeong W, Chang TS, Yang KS and Woo HA (2005) Intracellular 

messenger function of hydrogen peroxide and its regulation by peroxiredoxins. Curr 

Opin Cell Biol 17:183-189. 

 

Rodriguez-Martinez MA, Garcia-Cohen EC, Baena AB, Gonzalez R, Salaices M and 

Marin J (1998) Contractile responses elicited by hydrogen peroxide in aorta from 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 26, 2006 as DOI: 10.1124/jpet.106.110650

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 JPET #110650 
 

 24

normotensive and hypertensive rats. Endothelial modulation and mechanism involved. 

Br J Pharmacol 125:1329-1335. 

 

Rogers PA, Dick GM, Knudson JD, Focardi M, Bratz IN, Swafford Jr AN, Saitoh S, Tune 

JD and Chilian WM (2006) H2O2-induced redox sensitive coronary vasodilation is 

mediated by 4-aminopyridine-sensitive K+ channels. Am J Physiol Heart Circ Physiol 

Epub ahead of print. 

 

Sheehan DW, Giese EC, Gugino SF and Russell JA (1993) Characterization and 

mechanisms of H2O2-induced contractions of pulmonary arteries. Am J Physiol 

264:H1542-H1547. 

 

Smith WL, DeWitt DL, Garavito RM (2000) Cyclooxygenases: structural, cellular, and 

molecular biology. Annu Rev Biochem 69:145-182. 

 

Sparrow MP, Maxwell LC, Ruegg JC and Bohr DF (1970) Preparation and properties of 

a calcium ion-sensitive actomyosin from arteries. Am J Physiol 219:1366-1372. 

 

Tazzeo T, Miller J and Janssen LJ (2003) Vasoconstrictor responses, and underlying 

mechanisms, to isoprostanes in human and porcine bronchial arterial smooth muscle. 

Br J Pharmacol 140: 759-763. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 26, 2006 as DOI: 10.1124/jpet.106.110650

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #110650 

 25

Thakali K, Demel SL, Fink GD and Watts SW (2005) Endothelin-1-induced contraction 

in veins is independent of hydrogen peroxide. Am J Physiol Heart Circ Physiol 

289:H1115-H1122. 

 

Thakali K, Davenport L, Fink GD and Watts SW (2006)  Pleiotropic effects of hydrogen 

peroxide in arteries and veins from normotensive and hypertensive rats. Hypertension 

47:482-487. 

 

Watts SW (1996) Serotonin activates the mitogen-activated protein kinase pathway in 

vascular smooth muscle: use of the mitogen-activated protein kinase kinase inhibitor 

PD098059. J Pharmacol Exp Ther 279:1541-1550. 

 

Wolin MS, Gupte SA and Oeckler RA (2002) Superoxide in the vascular system. J Vasc 

Res 39:191-207. 

 

Yang ZW, Zheng T, Zhang A, Altura BT, Altura BM (1998) Mechanisms of hydrogen 

peroxide-induced contraction of rat aorta. Eur J Pharmacol 344:169-181. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 26, 2006 as DOI: 10.1124/jpet.106.110650

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 JPET #110650 
 

 26

Footnotes 

 

This work was supported by National Heart, Lung, and Blood Institute Grant PO1 HL-

70687 (to SWW and GDF) and a Ford Foundation Diversity Fellowship (to KT). 

 

Please direct reprint requests to: 

Keshari Thakali 

B445 Life Sciences Building 

Department of Pharmacology and Toxicology 

Michigan State University 

East Lansing, MI 48824-1317 

Phone: (517) 353-3900 

Fax: (517) 353-8915 

Email: thakalik@msu.edu 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 26, 2006 as DOI: 10.1124/jpet.106.110650

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #110650 

 27

Legends for figures 

Figure 1. A. The non-selective COX inhibitor indomethacin (10 µM) significantly 

reduced KCl-potentiated aortic and basal venous H2O2-induced contraction.  B. The 

TXA2 receptor antagonist ICI185282 (10 µM) significantly reduced KCl-potentiated 

aortic and basal venous H2O2-induced contraction.  C.  The TXA2 receptor antagonist 

ICI185282 (10 µM) significantly reduced aortic and venous contraction to the TXA2 

receptor agonist U46619. Data are represented as means ± SEM for the number (N) of 

animals in parentheses.  COX = cyclooxygenase, EtOH = ethanol, DMSO = 

dimethylsulfoxide, NE = norepinephrine, PE = phenylephrine, TXA2 = thromboxane A2.  

Asterisks (*) represent a statistically significant difference from Vehicle (p<0.05). 

 

Figure 2. A. Erk MAPK inhibition (PD98059, 10 µM), src inhibition (PP1, 10 µM), and 

p38 MAPK inhibition (SB203580, 10 µM) significantly reduced KCl-potentiated aortic 

and basal venous H2O2-induced contraction.  B. Neither Erk MAPK inhibition (PD98059, 

10 µM), src inhibition (PP1, 10 µM), nor p38 MAPK inhibition (SB203580, 10 µM) 

significantly reduced maximal aortic or venous U46619-induced contraction.  Data are 

represented as means ± SEM for the number (N) of animals in parentheses. Erk MAPK 

= extracellular regulated mitogen activated kinase, EtOH = ethanol, DMSO = 

dimethylsulfoxide, NE = norepinephrine, PE = phenylephrine.  Asterisks (*) represent a 

statistically significant difference from Vehicle (p<0.05). 

 

Figure 3. A. Rho kinase inhibition (Y27632, 10 µM) significantly reduced KCl (100 mM) 

-potentiated aortic H2O2-induced contraction and venous H2O2-induced contraction 
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(Thakali et al, 2005, used with permission).  B. Rho kinase inhibition (Y27632, 10 µM) 

significantly reduced aortic and venous U46619-induced contraction.  C.  Rho kinase 

inhibition (Y27632, 10 µM) significantly reduced maximal KCl-induced contraction.  Data 

are represented as means ± SEM for the number (N) of animals in parentheses. dH2O = 

deionized water, NE = norepinephrine, PE = phenylephrine.  Asterisks (*) represent a 

statistically significant difference from Vehicle (p<0.05). 

 

Figure 4. A. The PI3-K inhibitor LY294002 (20 µM) did not alter KCl-potentiated aortic 

or basal venous H2O2-induced contraction.  B. The PI3-K inhibitor LY294002 (20 µM) 

did not reduce aortic contraction to U46619 but significantly reduced venous contraction 

to U46619. Data are represented as means ± SEM for the number (N) of animals in 

parentheses.  NE = norepinephrine, PE = phenylephrine, PI3-K = phosphatidylinositol 3-

kinase.  Asterisks (*) represent a statistically significant difference from Vehicle 

(p<0.05). 

 

Figure 5. H2O2 (1 mM) significantly decreased venous TXB2 levels and did not alter 

arterial (+KCl, 30 mM) TXB2 levels.  Data are represented as mean pg TXB2/mg protein 

± SEM for the number (N) of animals in parentheses.  TXB2, thromboxane B2.  Asterisks 

(*) represent a statistically significant difference from –H2O2 (p<0.05). 
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