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Abstract
Oxidative stress is well known to lead to vascular dysfunction. Thioredoxin reductase (TrxR)
catalyzes the reduction of oxidized thioredoxin (Trx). Reduced Trx plays a role in cellular
antioxidative defense as well as in decreasing S-nitrosylation. It is not known whether TrxR
affects vascular reactivity. We hypothesized that TrxR inhibition decreases vascular relaxation via
increased oxidative stress and S-nitrosylation. Aortic rings from C57BL/6 mice were treated with
the TrxR inhibitor, 1-chloro-2,4-dinitrobenzene (DNCB) or auranofin for 30 min. Vascular
relaxation to acetylcholine (ACh) was measured in the rings contracted with phenylephrine.
DNCB and auranofin reduced relaxation compared to vehicle (vehicle Emax = 71 ± 3 %, DNCB
Emax = 53 ± 3 %; p<0.05). The antioxidants, apocynin (NADPH oxidase inhibitor) and tempol
(superoxide dismutase mimetic) normalized impaired relaxation by DNCB in aorta (DNCB Emax =
53 ± 3 %, DNCB+tempol Emax = 66 ± 3 %; p<0.05). In addition, DNCB reduced sodium
nitroprusside (SNP)-induced relaxation. DNCB increased soluble guanylyl cyclase (sGC) S-
nitrosylation and decreased sGC activity. These data suggest that TrxR regulates vascular
relaxation via antioxidant defense and sGC S-nitrosylation. TrxR may be an enzyme to approach
for treatment of vascular dysfunction and arterial hypertension.
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INTRODUCTION
Reactive oxygen species (ROS) are small molecules derived from molecular oxygen and are
known to play an important role in vascular function. ROS are produced in all vascular cell
types, including endothelial cells, smooth muscle cells, and adventitial fibroblasts.1, 2 Under
physiological conditions, the generation of ROS in vascular cells and redox-dependent
signaling are tightly regulated; however, in pathological conditions, such as cardiovascular
diseases, ROS production is increased. Numerous studies indicate that ROS are associated
with various mechanisms related to impair vascular function, such as endothelial
dysfunction, vascular inflammation, vascular smooth muscle cell growth, and apoptosis.3, 4
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An imbalance between ROS generation and antioxidant defense mechanisms results in
oxidative stress. Several enzymes and enzyme systems, such as NADPH oxidase, xanthine
oxidase, mitochondria, and uncoupled endothelial nitric oxide synthase (eNOS), produce
ROS in the vessels. ROS are scavenged and inactivated by several antioxidant mechanisms,
such as superoxide dismutase, catalase, glutathione peroxidase, and the thioredoxin (Trx)
system. The Trx system plays a role in the degradation of ROS and other diverse cellular
functions.5 However, the role of the Trx system in the vasculature is unclear and is the focus
of this study.

The Trx system consists of Trx and Trx reductase (TrxR). TrxR is a redox-based enzyme
and catalyzes the NADPH-dependent reduction of the oxidized redox protein Trx.
Mammalian TrxR can reduce several substrates, such as glutaredoxin and glutathione,6, 7 but
reduces mainly Trx. As an antioxidant, TrxR reduces hydrogen peroxide (H2O2) and lipid
hydroperoxides.8, 9 And also, TrxR regenerates other small antioxidant molecules, such as
vitamin C and vitamin E.10, 11 In addition to an antioxidant mechanism, the reduced Trx by
TrxR functions in cell growth by inhibiting apoptosis, and gene transcription.5 Additionally,
a newly defined function of TrxR is denitrosylation, which is degradation of protein S-
nitrosylation in the cell.12 S-Nitrosylation is a redox-based and post-translational
modification of a cysteine residue on a target protein by nitric oxide (NO) to form S-
nitrosothiol (SNO).13

NO is a key regulator of vascular tone, which is determined by the balance of vasodilator
and vasoconstrictor stimuli. In the vasculature during relaxation, NO is released from
endothelial cells and stimulates endothelium-dependent vasodilation via diffusion into the
smooth muscle. NO activates soluble guanylyl cyclase (sGC) to form cyclic 3′,5′-guanosine
monophosphate (cGMP) from guanosine triphosphate (GTP) and cGMP results in vascular
relaxation via decreased cytosolic calcium levels, protein phosphorylation, and myosin light
chain dephosphorylation.14

In this study, the hypothesis was that TrxR inhibition attenuates vascular relaxation via
increased oxidative stress and S-nitrosylation. In order to test this hypothesis, we examined
whether TrxR plays a role in vascular reactivity and signaling by investigating vascular
relaxation in mouse aorta in the presence or absence of a TrxR inhibitor.

MATERIALS AND METHODS
Drugs and reagents

1-Chloro-2,4-dinitrobenzene (DNCB) and other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO). Auranofin was obtained from BioMol (Plymouth Meeting, PA).

Animals
Male, 12-14 weeks-old, C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were used in
this study. All procedures were performed in accordance with the Guiding Principles in the
Care and Use of Animals, approved by the Institutional Animal Care and Use Committee
(IACUC) and Georgia Health Sciences University Committee on the Use of Animals in
Research and Education. The animals were housed on a 12-hour light/dark cycle and fed a
standard chow diet with water ad libitum.

Isolation of aortic rings and functional studies
After mice were euthanized using carbon dioxide (CO2), thoracic aortas were excised,
cleaned from fat tissue and cut into 2 mm-length rings in an ice-cold physiological salt
solution consisting of the following: 130 mmol/L NaCl, 4.7 mmol/L KCl, 1.18 mmol/L
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KH2PO4, 1.18 mmol/L MgSO4·7H2O, 1.56 mmol/L CaCl2·2H2O, 14.9 mmol/L NaHCO3,
5.6 mmol/L glucose, and 0.03 mmol/L EDTA. Aortic rings were mounted in a myograph
(Danish Myo Technology A/S, Aarhus, Denmark) containing warmed (37°C), oxygenated
(95% O2/5% CO2) physiological salt solution. The preparations were equilibrated for at
least 1 hour under a passive force of 5 mN. After the equilibration period, arterial integrity
was assessed by stimulation of vessels with 120 mmol/L KCl and, after contraction reached
a plateau, the rings were washed. Subsequently, the rings were stimulated with
phenylephrine (PE, 0.1 μmol/L) followed by relaxation with acetylcholine (ACh, 1 μmol/L),
which was used as an evidence of an intact endothelium. Some aortic rings were incubated
with DNCB (4 μmol/L) or auranofin (1 μmol/L) for 30 min, apocynin (100 μmol/L) for 40
min, or tempol (1 mmol/L) for 20 min. Endothelium-dependent relaxation was performed on
PE-contracted rings followed by cumulative concentration-response curves to ACh (10−9 to
3×10−5 mol/L), and endothelium-independent relaxation was tested with sodium
nitroprusside (SNP; 10−11 to 10−6 mol/L) and BAY41-2272, a sGC activator (10−9 to
3×10−6 mol/L).

Extracellular H2O2 assay
H2O2 production was measured using an Amplex red H2O2 assay kit (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol.15 Briefly, cleaned aorta were equilibrated for
1 h at 37 °C in a modified Krebs-HEPES buffer (containing 20 mmol/L HEPES, 119 mmol/
L NaCl, 4.6 mmol/L KCl, 1.0 mmol/L MgSO4·7H2O, 0.15 mmol/L Na2HPO4, 0.4 mmol/L
KH2PO4, 5 mmol/L NaHCO3, 1.2 mmol/L CaCl2, and 5.5 mmol/L dextrose, pH 7.4) and
then incubated with Amplex red working solution (100 μmol/L) at 37°C for 1 h. The
supernatant was then transferred to a 96-well plate, and absorbance was measured (562 nm)
on a μQuant plate reader (Bio-Tek Instruments, Inc., Winooski, VT). A H2O2 standard curve
constructed on the same 96-well plate was incubated with Amplex red working solution
(100 μmol/L) at 37°C at the same time as the tissues and was used to determine H2O2
concentrations from samples. After each experiment, tissue total protein was determined
with the BCA protein assay and used for normalization.

Detection of S-nitrosylation
Aortas were treated with vehicle (ethanol) or DNCB (4 μmol/L) for 1 h at 37 °C in
Dulbecco’s modified Eagle’s medium (DMEM). The biotin-switch method to detect S-
nitrosylation was performed with a S-nitrosylated protein detection assay kit (Cayman
Chemical, Ann Arbor, MI) modified from the method of Jaffrey et al.16 Biotin-labeled
proteins were used for western blot analysis or pulled down by streptavidin-agarose beads
(Thermo Scientific, Rockford, IL) to specifically detect sGC S-nitrosylation, followed by
western blot analysis. Ten percent of biotin-labeled proteins were used to measure total sGC
protein expression.

Western blot analysis
After precipitation with streptavidin, proteins were eluted by boiling in Laemmli sample
buffer (Bio-Rad, Hercules, CA). The eluted samples or biotin-labeled proteins were
separated by electrophoresis on a 10% SDS-polyacrylamide gel and transferred to a
nitrocellulose membrane. The membranes were blocked with 5% skim milk in Tris-buffered
saline solution with 0.1% Tween-20 for 1 h at room-temperature. Membranes were then
incubated with anti-sGCβ1 primary antibody (Cayman Chemical), anti-phospho-eNOS (Ser
1177), or anti-eNOS antibody (Cell Signaling Technology, Inc., Danvers, MA) overnight at
4°C. After incubation with secondary antibody, signals were developed with
chemiluminescence, visualized by autoradiography, and quantified densitometrically.
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cGMP assay
Cleaned aortas were incubated with vehicle (ethanol) or DNCB (4 μmol/L) for 1 h at 37 °C
in DMEM and then treated with SNP (3×10−8 mol/L) for 20 min. cGMP was measured
using a commercially available cGMP enzyme-linked immunoassay (cGMP EIA kit)
according to the manufacturer’s instructions (Cayman Chemical, Ann arbor, MI). The
measured cGMP level was normalized by protein concentration using BCA protein assay.

Statistical analysis
Values are means ± standard error of the mean (SEM), and n represents the number of
animals used in the experiments. Experimental values were calculated relative to the
maximal changes from the contraction produced by PE in each segment, which was taken as
0%. The baseline tension before addition of PE was considered as 100%. Concentration-
response curves were fitted using a nonlinear interactive fitting program (Graph Pad Prism
4.0; GraphPad Software, San Diego, CA), and two pharmacological parameters were
obtained: the maximal effect generated by the agonist (or Emax) and EC50 (molar
concentration of agonist producing 50% of the maximum response) or pD2 (−log EC50).
Statistical differences were calculated by Student’s t-test or one-way ANOVA. A P value
less than 0.05 was considered to be statistically significant.

RESULTS
Effect of TrxR inhibition on endothelium-dependent relaxation

To test the hypothesis that inhibition of TrxR decreases vascular relaxation in mouse aorta,
we first determined ACh-induced relaxation in the presence of the TrxR inhibitor, DNCB or
auranofin.12, 17 Aortic rings incubated with a TrxR inhibitor exhibited significantly
attenuated relaxation to ACh compared to the vehicle control group (Figure 1; Table 1).

TrxR inhibition and ROS
One of the functions of TrxR is to reduce ROS; therefore we measured whether TrxR
inhibition increases ROS in mouse aorta. Figure 2 shows that DNCB increased H2O2
production from aorta. Tempol is used for an antioxidant and tempol treatment reduced
H2O2 production increased by DNCB. To test whether increased ROS by TrxR inhibition
contributes to impaired relaxation to ACh, we used two antioxidants, a NADPH oxidase
inhibitor (apocynin) and a superoxide dismutase mimetic (tempol), to attenuate ROS
concentration. These antioxidants normalized ACh-induced relaxation decreased by DNCB
(Figure 3; Table 1).

Effect of TrxR inhibition on endothelium-independent relaxation
To consider whether TrxR inhibition contributes to relaxation via an endothelium-
independent mechanism, we measured relaxation to SNP diffused directly into smooth
muscle. DNCB shifted the concentration-response relaxation to SNP to the right in mouse
aorta (Figure 4A; Table 1). To further test relaxation to NO downstream, we investigated a
sGC activator (BAY41-2272)-induced relaxation responses. DNCB shifted the relaxation
curves to BAY41-2272 to the right compared to vehicle (Figure 4B; Table 1).

TrxR and S-nitrosylation
In addition to its antioxidant effect, a denitrosylation function of TrxR was confirmed via
measurement of S-nitrosylation levels in the previous study.18 Since using a TrxR inhibitor
DNCB, protein S-nitrosylation is stabilized, we determined whether DNCB affects sGC S-
nitrosylation levels related to relaxation signaling protein in mouse aorta. One of the sGC
subunits, β1 showed increased S-nitrosylation modification in the presence of DNCB
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compared to control without DNCB (Figure 5A). cGMP, which is downstream of sGC, was
measured in mouse aorta, and SNP-stimulated cGMP levels were reduced by DNCB, but not
basal levels (Figure 5B).

DISCUSSION
The main finding of the present study is that the inhibition of TrxR leads to impairment in
aortic relaxation, which is associated with increased H2O2 and sGC S-nitrosylation. TrxR is
an important antioxidant enzyme and also has other cellular functions; however, the
relationship between TrxR and vascular reactivity has not been elucidated. In the present
study, we investigated whether TrxR plays a role in vascular relaxation.

Several studies show that oxidative stress in cardiovascular disease contributes to
endothelial dysfunction,19-23 which refers to impaired endothelium-dependent vascular
relaxation. Increased ROS production scavenges NO and generates oxidants, resulting in
loss of NO bioactivity. TrxR is an antioxidant enzyme that scavenges ROS, and this function
was confirmed (Figure 2). ROS concentration is increased by TrxR inhibition, and thus, NO
may be reduced rapidly by ROS. Additionally, since increased ROS impairs vascular
reactivity, reducing ROS levels by treatment with apocynin and tempol normalized the
decreased endothelium-dependent relaxation observed with inhibition of TrxR. These data
indicate that TrxR regulates vascular relaxation via an antioxidant function. Apocynin is
widely used as an inhibitor of NADPH oxidase, but Heumuller at al.24 showed that apocynin
is an antioxidant not just a blocker of NADPH oxidase. Ray et al.25 recently published that
endothelial NADPH oxidase-4 enhances vasodilation, which contrasts with reports for
NADPH oxidase-1 and -2 and in Figure 3, apocynin shifted ACh-induced relaxation to the
right compared to control. Since apocynin itself has antioxidant activity and each NADPH
oxidase differently works in the vasculature, effect of apocynin needs to further investigate
in vascular function.

ACh acts as a vasodilator via NO production, which is induced by activation of the ACh
receptor and subsequently eNOS in endothelial cells. NO activates sGC in vascular smooth
muscle to produce cGMP, and then, cGMP plays a critical role to lead to smooth muscle
relaxation.26 In Figure 1A and 4A, a TrxR inhibitor (DNCB) impaired vascular relaxation to
ACh and SNP. These data suggest that some factors in vascular smooth muscle have
important function related to TrxR. We propose that one of these factors may be sGC.
Accordingly, TrxR is associated with sGC signaling in the relaxation of mouse aorta, as was
demonstrated by reduced relaxation in DNCB-treated rings stimulated with the sGC
activator (BAY41-2272). In addition to its antioxidant effect, TrxR is an enzyme that
decreases protein S-nitrosylation.12 Studies show that sGC is desensitized and inhibited by
increasing S-nitrosylation.27, 28 We confirmed this effect using the biotin-switch method and
a cGMP assay in the presence of DNCB instead of using S-nitrosocysteine (NO donor). As
shown in Figure 5, sGCβ1 S-nitrosylation was increased and sGC activity (cGMP levels)
was reduced in the presence of DNCB, suggesting that vascular relaxation was attenuated by
TrxR inhibition through sGC S-nitrosylation. In addition to ROS function in the vasculature,
this finding provides a new concept that TrxR affects cellular signaling in aorta via sGC S-
nitrosylation.

In vascular smooth muscle cell, NO functions in relaxation signaling to form cGMP in
cGMP-dependent signaling29 as well as to induce various signaling in cGMP-independent
mechanisms. Protein S-nitrosylation could be one of the cGMP-independent actions by NO
to modify the target protein.30 The cGMP-independent mechanisms involving S-
nitrosylation remains to be further investigated in the vasculature. Since NO and cGMP play
an important role in transduction of signaling, the present study suggests that it is possible to
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manage vascular signaling with sGC via both cGMP-dependent and -independent
mechanisms.

It is known that S-nitrosylation modifies several target proteins including channels,
transporters, kinases, signaling proteins, and transcription factors.31 One of the important
proteins in vascular relaxation signaling, eNOS is modified by S-nitrosylation and its
activity is inhibited.32 In our results, eNOS phosphorylation at serine 1177, which represents
eNOS activation, and S-nitrosylation was not different between the control and DNCB
treatment groups (data not shown). These data suggest that while TrxR inhibition using
DNCB stabilizes S-nitrosylation, this is not sufficient to increase eNOS S-nitrosylation and
inactivate eNOS. On the other hand, we showed that endothelium-dependent relaxation was
impaired by DNCB, and thus, we indicate that these data were due to reduced NO
bioavailability by increased oxidative stress. In addition, decreased sGC activity could affect
these impaired relaxation responses.

Furthermore, we tested concentration-dependent contractile responses to PE in the presence
or absence of DNCB, a TrxR inhibitor, but DNCB did not change contraction to PE in
mouse aorta (data not shown). Thus, we investigated relaxation using aortic rings contracted
by PE in this study. In a previous study, we observed that protein kinase C-mediated
contraction was slightly attenuated by DNCB.18 Therefore, we speculate that TrxR effect on
S-nitrosylation is associated with several vascular signaling processes, and further study will
be necessary to fully understand the mechanism of TrxR and vascular reactivity.

In summary, the present study shows that a TrxR inhibitor impaired both endothelium-
dependent and -independent vascular relaxation. These impaired relaxations by the TrxR
inhibitor correlate with increased oxidative stress and sGC S-nitrosylation and inactivation.
Therefore, TrxR modulates relaxation in mouse aorta by an antioxidant function and a
denitrosylation mechanism.
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Figure 1.
Vascular relaxation to ACh is attenuated by DNCB and auranofin. Concentration-dependent
responses to ACh were measured after incubation with 4 μmol/L DNCB (A; vehicle n=6,
DNCB n=5) or 1 μmol/L auranofin (B; vehicle n=5, auranofin n=6) for 30 min in mouse
aorta. Relaxation responses were calculated relative to the maximal PE contraction, which
was taken as 100%. Results are presented as mean ± SEM in each experimental group (n=5
to 6). *p<0.001 compared with vehicle.
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Figure 2.
DNCB increased H2O2 levels in mouse aorta. H2O2 concentration was measured in the
presence or absence of DNCB (4 μmol/L, 1 h) or/and tempol (Tem; 1 mmol/L, 1 h) in
mouse aorta using Amplex red as described in the Methods. Results are presented as mean ±
SEM for n=3 in control and n=4 in DNCB group. *p<0.05 compared with control. †p<0.05
DNCB vs. DNCB+Tem.
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Figure 3.
Antioxidants normalized impaired relaxation by DNCB. Concentration-dependent
relaxations to ACh were measured after incubation of aortic rings with A: vehicle, DNCB (4
μmol/L, 30 min), apocynin (100 μmol/L, 40 min), and DNCB plus apocynin. B: vehicle,
DNCB (4 μmol/L, 30 min), tempol (1 mmol/L, 20 min), and DNCB plus tempol. Relaxation
responses were calculated relative to the maximal PE contraction, which was taken as 100%.
Results are presented as mean ± SEM in each experimental group (n=6). *p<0.05 DNCB vs.
DNCB plus apocynin (A) or DNCB plus tempol (B).
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Figure 4.
DNCB shifted vascular relaxation to SNP (A) or BAY41-2272 (B) to the right.
Concentration-dependent relaxations to SNP or BAY41-2272 were measured after
incubation with DNCB (4 μmol/L, 30 min) in aortic rings. Relaxation responses were
calculated relative to the maximal PE contraction, which was taken as 100%. Results are
presented as mean ± SEM in each experimental group (A; vehicle n=7, DNCB n=6, B; n=6).
*p<0.05 compared with vehicle.
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Figure 5.
sGC S-nitrosylation was increased and its activity was decreased by DNCB. A: sGCβ1 S-
nitrosylation (SNO-sGCβ1) was detected using the biotin-switch method, streptavidin-
precipitation, and western blot analysis with anti-sGCβ1 antibody. Total sGCβ1 expression
(sGCβ1) was detected with biotin-labeled proteins using western blot analysis.
Representative western blot images (Top). Bar graphs showing the relative expression of
SNO-sGCβ1 after normalization to sGCβ1 (Bottom). *p<0.05 compared to control (n=5). B:
cGMP levels were measured in mouse aorta to determine sGC activity. Aorta was incubated
with DNCB (4 μmol/L, 1 h) in the presence or absence of SNP (3×10−8 mol/L, 20 min).
Results are presented as mean ± SEM in each experimental group. *p<0.05 compared to
control with SNP (n=4 to 6).
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Table 1

Emax and pD2 values for ACh, SNP and BAY41-2272-induced responses in aortic rings

Vehicle DNCB

Agonist Emax pD2 Emax pD2

ACh 71±3 7.3±0.2 53±3* 6.8±0.2

ACh + Apocynin 71±2 6.7±0.1** 71±4† 6.7±0.1**

ACh + Tempol 68±3 7.4±0.1 69±3† 7.4±0.1

SNP 98±2 9.0±0.1 95±2 8.7±0.1*

BAY41-2272 102±1 6.7±0.1 98±2 6.4±0.1*

Values are mean ± SEM for experiments in each group (n=5 to 7). Relaxation induced by ACh, SNP and BAY41-2272 was calculated relative to
the maximal changes from the contraction produced by PE and is represented as percentage of relaxation.

*
p<0.05 vs vehicle in same agonist;

†
p<0.05 vs ACh-induced response in DNCB;

**
p<0.05 vs ACh-induced response in vehicle.
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