
ORIGINAL RESEARCH COMMUNICATION

Glucose-6-Phosphate Dehydrogenase Is a Regulator
of Vascular Smooth Muscle Contraction

Rakhee S. Gupte,1 Hirotaka Ata,1 Dhawjbahadur Rawat,1 Madoka Abe,1 Mark S. Taylor,2

Rikuo Ochi,1 and Sachin A. Gupte1

Abstract

Glucose-6-phosphate dehydrogenase (G6PD) is the rate-limiting enzyme in the pentose phosphate pathway and
a major source of nicotinamide adenine dinucleotide phosphate reduced (NADPH), which regulates numerous
enzymatic (including glutathione reductase and NADPH oxidase that, respectively, generates reduced gluta-
thione and reactive oxygen species) reactions involved in various cellular actions, yet its physiological function is
seldom investigated. We, however, recently showed that inhibiting G6PD causes precontracted coronary artery
(CA) to relax in an endothelium-derived relaxing factor- and second messenger-independent manner. Here we
assessed the role of G6PD in regulating CA contractility. Treating bovine CAs for 20 min with potassium
chloride (KCl; 30 mM), amphotericin B (50 mM), or U46619 (100 nM) significantly ( p< 0.05) increased both G6PD
activity and glucose flux through the pentose phosphate pathway. The effect was Ca2+ independent, and there
was a corresponding increase in protein kinase C (PKC) activity. Activation of G6PD by KCl was blocked by the
PKCd inhibitor rottlerin (10 mM) or by knocking down PKCd expression using siRNA. Phorbol 12, 13-dibutyrate
(10 mM), a PKC activator, significantly increased G6PD phosphorylation and activity, whereas single (S210A,
T266A) and double (S210A=T266A) mutations at sites flanking the G6PD active site significantly inhibited
phosphorylation, shifted the isoelectric point, and reduced enzyme activity. Knocking down G6PD decreased
NADPH and reactive oxygen species generation, and reduced KCl-evoked increases in [Ca2+]i and myosin light
chain phosphorylation, thereby reducing CA contractility. Similarly, aortas from G6PD-deficient mice developed
less KCl=phorbol 12, 13-dibutyrate-evoked force than those from their wild-type littermates. Conversely,
overexpression of G6PD augmented KCl-evoked increases in [Ca2+]i, thereby augmenting CA contraction. Our
findings demonstrate that G6PD activity and NADPH is increased in activated CA in a PKCd-dependent manner
and that G6PD modulates Ca2+ entry and CA contractions evoked by membrane depolarization. Antioxid. Redox
Signal. 14, 543–558.

Introduction

Glucose-6-phosphate dehydrogenase (G6PD) is the
rate-limiting enzyme that commits glucose to the pen-

tose phosphate pathway (PPP). It is responsible for the gen-
eration of nicotinamide adenine dinucleotide phosphate
reduced (NADPH), a key cofactor in various redox and anti-
oxidant systems, and ribose 5-phosphate, an essential pre-
cursor for the de novo synthesis of RNA and DNA. A
remarkable characteristic of G6PD is its genetic diversity.
Mainly produced from missense mutations, numerous G6PD
variants showing different levels of activity with diverse
clinical implications have been described. It has been pro-
posed, for example, that G6PD deficiency resulting from a
highly prevalent functional polymorphism may contribute to

the high incidence of coronary artery (CA) disease among
African Americans, and has been associated with hyperten-
sion and diabetes mellitus (9). Conversely, epidemiological
studies have associated the low rate of mortality due to is-
chemic heart disease and cerebrovascular disease in Sardinian
males to G6PD deficiency (7, 38).

Within the cardiovascular system, G6PD-derived NADPH
promotes endothelial cell growth and nitric oxide generation
(29, 31) and is essential for regulation of basal and nitric oxide-
stimulated soluble guanylyl cyclase activity in smooth muscle
(21). G6PD-derived NADPH also fuels protein kinase C
(PKC)- and angiotensin II (Ang II)-stimulated NADPH oxi-
dase activity in CA and aorta and enhances superoxide anion
generation (16, 33), which mediates Ang II-induced hyper-
tension and aortic smooth muscle hypertrophy (33). On the
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other hand, G6PD deficiency reduces vascular superoxide
production and the severity of atherosclerotic lesions in
ApoE�=� model mice (34).

Recently, we demonstrated that inhibition of G6PD leads to
a reduction in the NADPH=NADPþ ratio within the vascu-
lature, lungs, and heart. This change in redox state was sub-
sequently found to be associated with diminished arterial
tone (15, 19), a reduction in pulmonary arterial pressure (19,
20), and diminished myocardial contractility (22). Conversely,
G6PD activity is upregulated in the failing heart, is associated
with enhanced oxidative and=or reductive stress (14, 18, 40),
and is a cause of dilated cardiomyopathy (40). Although,
these observations suggest an important role for G6PD and
the NADPH redox balance in cardiac and vascular smooth
muscle (VSM) cell metabolism and in the control of numerous
signaling processes in VSM (3), the role of G6PD in regulating
vascular contractile function has not been characterized.
Therefore, the focus of this study was to determine (i) whether
G6PD is activated in contracting smooth muscle, (ii) how is
G6PD activated in stimulated CA, and (iii) whether activation
of G6PD modulates contraction of CA. Our findings show
that G6PD expressed in VSM cells regulates NADPH redox in
VSM and modulates its contractility. This effect could have
significant importance in the regulation VSM function under
normal conditions and in cardiovascular diseases associ-
ated with hypertension, diabetes mellitus, and metabolic
syndrome.

Materials and Methods

Methods are concisely described below. Detailed de-
scriptions of all methods are provided separately in the
Supplementary Data (available online at www.liebertonline
.com=ars). Left anterior descending and circumflex CAs were
harvested from bovine hearts purchased from a local
slaughterhouse (Stuckey’s Meat Packer). After quickly excis-
ing the heart from the animal, it was placed in normal Tyrode
solution (in mM: 135 NaCl, 5.4 potassium chloride [KCl], 1.8
CaCl2, 1.0 MgCl2, 5 HEPES, and 11 glucose; pH was adjusted
to 7.40 with NaOH) and transported to the laboratory on ice.
Bovine CA smooth muscle cells (CASMCs) were purchased
from Cell Application, Inc. All reagents used in the present
study were purchased from Sigma Chemical. U46619 was
obtained from Cayman Chemical.

Western blot analysis

Proteins were extracted from frozen tissue in lysis buffer,
after which Western blot analysis using the specific antibodies
mentioned in the individual figures was performed as de-
scribed previously (16).

Detection of G6PD using immunohistochemistry

CA rings were embedded in optimum cutting temperature
media and cut into 6–7mm sections. The sections were air-
dried and fixed in acetone at room temperature, after which
they were incubated with polyclonal anti-G6PD antibody
(1:300 dilution; Santa Cruz Biotech) overnight at 48C, and with
alkaline phosphatase-conjugated goat IgG anti-rabbit for 2 h.
Images of the stained sections were collected using an Olym-
pus Plan�10=NA 0.25 Phi objective. In each experiment, all
data were collected at identical imaging settings.

G6PD activity

The activity of G6PD was measured in CA homogenates by
following the reduction of NADPþ to NADPH (16). NADPH
fluorescence (excitation, 340 nm; emission, 460 nm) was de-
tected using Flx800 microplate and Synergy 2 fluorescence
detectors (BioTek Instruments).

NADP(H) levels

The levels of NADP(H) in CA were determined by
high-performance liquid chromatography, Elite LaChrom
Chromatography System from Hitachi Corporation, using
previously published methods (21).

6-Phosphogluconate estimation

6-Phosphogluconate, an oxidative byproduct of the PPP,
was measured in CA using a fluorometric method previously
described by Kauffman et al. (26).

Measurement of glycolysis and glucose oxidation

Glucose metabolism in CA was determined after modi-
fying the protocols published by Smith et al. (48). Briefly,
endothelium- and adventitia-removed CA tissue (0.5–0.8 g)
was pretreated with or without KCl (30 mM) and U46619
(100 nM) in 21%O2–5%CO2 for 1 h and was incubated at
378C for 1 h in HEPES buffer, pH 7.4, containing [5-3H]
glucose and 1-14C-glucose in the absence or presence of KCl
or U46619. The resulting 3H2O and 14CO2 generation from
these tissues was estimated as described by Recchia et al. (43).
The rate of glucose flux through glycolysis or the PPP was
determined by 3H2O and 14CO2 formation, respectively, per
gram of CA tissue and the activity of these pathways in KCl
and U46619 treated rings is reported as % change in the
generation of 3H2O and 14CO2 of the control resting rings
prepared from the same CA tissue.

PKC activity

Activation of PKC in CA smooth muscle was assessed
using a nonradioactive assay kit purchased from Stressgen.
ELISA was performed as per the manufacturer’s protocol, and
activity was reported as absorbance=mg protein.

Coimmunoprecipitation studies

CA rings were pretreated with contractile agents
for various time intervals indicated in the individual fig-
ures, after which they were homogenized in lysis buffer
containing 1 mM Na3VO4 and 1 mM NaF, as described
previously (12). The precleared lysates were incubated
with polyclonal anti-G6PD antibody (Sigma) or polyclonal
anti-phosphoSer PKC substrate-specific antibody (Cell
Signaling) for 3 h at 48C. The immunocomplexes were
then immobilized on agarose-A and G beads overnight at
48C. Western blot analysis was then carried out as de-
scribed previously and specific proteins were detected
using chemiluminescence.

PKCd and G6PD knockdown in CA

After incubation in DMEM in a 24-well plate overnight at
378C, CA rings (300 mm) were transfected with smartpool
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siRNA (100 nM) targeting PKCd or G6PD (Dharmacon) for
67 h using 10mg of Lipofectamine 2000 reagent (Invitrogen).
Control experiments were performed using a nontargeting
(NT)=scrambled siRNA (negative control).

Overexpression of G6PD in HEK 293T17 cells

Human full-length G6PD cDNA cloned into the pCMV6-
XL5 vector was purchased from Origene Technologies, Inc.
The 1638-bp full-length=wild-type cDNA sequence of G6PD
(NM_000402.3) was isolated by polymerase chain reaction,
and cloned into the p-Ds-RedN1 expression vector (Clontech)
between the NheI and XhoI sites (G6PD-RFP-wt). Single
(S210A or T266A) and double (S210A=T266A) site-directed
G6PD-Red-wt mutants were constructed using a Quikchange
Multi Site-Directed Mutagenesis kit (Stratagene). HEK 293T17
cells (106) were plated in 24-well plates for 48 h and then
transfected with (i) PKCd-siRNA alone, G6PD-RFP-wt alone,
PKCd-siRNAþ0.8 mg of p-Ds-Red, or PKCd-siRNAþG6PD-
RFP-wt; or (ii) 0.8 mg of p-Ds-Red, G6PD-RFP-wt, G6PD-RFP-
S, G6PD-RFP-T, or G6PD-RFP-ST using 2mg of FUGENE 6
reagent (Roche) for 48 h.

Construction of G6PD-coral green fluorescent protein
chimera in adenoviral vector and transfection in bovine
coronary artery

The 1638 bp full-length=wild-type cDNA sequence of
G6PD was isolated by polymerase chain reaction as men-
tioned above and then cloned into a pshuttle-CMV adenoviral
(AD) vector (Genscript), between SalI=HindIII restriction sites
such that it had a coral green fluorescent protein (cGFP) gene
fused at its C-terminus. Five micrograms of adenoviral G6PD-
wt-cGFP was transfected in bovine coronary artery (BCA)
using 20.0 mg of Lipofectamine 2000 as described previously
for 48 h.

2D electrophoresis

Immunoprecipitation of CA (3–4 mm) rings was carried
out as described above. The beads were washed several
times and stored at �808C overnight. HEK 293T17-cells
were transiently transfected with either G6PD-RFP-Wt or
G6PD-RFP-ST, lysed in lysis buffer, and stored at �808C
overnight. The samples were sent for 2D electrophoretic
analysis at the University of Illinois, Protein Sciences Facil-
ities, Urban, IL.

Intracellular Ca2þ measurements

Changes in [Ca2þ]i levels were determined in CA using
Fluo-4 or Ca2þ green (6, 28). To achieve a higher time reso-
lution, changes in Ca2þ fluorescence were determined based
on excitation at a single wavelength, and expressed as the
ratio of the time-resolved fluorescence variation from the
basal fluorescence (at 480 nm; f480=520). Ca2þ concentrations
were determined from the Fura 3PE 340 nm=380 nm fluores-
cence ratio as previously described (15).

Contraction of CA

Isolated, endothelium-intact left anterior descending CA
rings were prepared from bovine hearts and studied for
changes in isometric force, as described previously (15).

Myosin phosphatase target subunit 1 and myosin light
chain phosphorylation

The phosphorylation status of myosin phosphatase target
subunit 1 (MYPT1) at T855, which is phosphorylated by Rho
kinase (52), in CA was determined by Western blot analysis
using anti-phospho-MYPT1 antibodies (Cell Signaling),
whereas myosin light chain (MLC) at S20 in CA was deter-
mined as previously described (36).

In vitro phosphorylation

Immunoprecipitation of CA (3–4 mm) rings were per-
formed as described above using polyclonal anti-G6PD an-
tibody (for BCA) and polyclonal anti-RFP antibody (for 293
cells), respectively, for 4 h at 48C followed by immobilizing
the immunocomplexes on agarose-A and G beads overnight
at 48C. In vitro phosphorylation assays were carried out in a
50ml reaction mixture containing the kinase buffer (in mM; 5
3-(N-morpholino)propane sulfonic acid, 2.5 b-glyceropho-
sphate, 1 ethylene glycol tetraacetic acid, 0.4 ethylene dia-
minetetraacetic acid, 5 MgCl2, 0.05 dithiothreitol, 0.1 CaCl2,
0.18 ATP, 0.05 mg=ml phosphatidylserine, pH 7.2), 100 ng of
PKCd (Cell Signaling), and 20ml of the respective beads at
room temperature for 30 min. The reactions were terminated
by the addition of 2�sodium dodecyl sulfate sample buffer
and boiling at 958C for 10 min. Phosphorylation of endoge-
nous G6PD and ectopically expressed G6PD-RFP proteins
(wild type and site directed mutagenesis) was determined
by immunoblotting with anti-phospho-(Ser) PKC substrate
antibody as described by Jones et al. (25) as well as with anti-
G6PD (BCA) and anti-RFP (293) antibodies, respectively, to
confirm the pull-down of the respective proteins. Three
hundred nanograms of histone 2B (H2B; New England
Biolabs) and heat-shock protein 20 (a kind gift from Dr.
Gerthoffer, University of South Alabama, Mobile, AL) was
used as positive and negative controls for PKCd phosphor-
ylation, and immunoblotting for these substrates were per-
formed using monoclonal anti-H2B (Cell signaling) and
polyclonal anti-heat-shock protein 20 (Stressgen) antibodies,
respectively.

Detection of reactive oxygen species

Reactive oxygen species (ROS) such as O2
�was determined

by dihydroethidium staining procedure (13). Breifly, groups
of CA rings prepared as described for the force generation
studies were incubated for 30 min at 378C with dihy-
droethidium (5 mM) in relaxing solution and were then con-
tracted with KCl (30 mM). The CA rings were quickly
removed from the wire hooks and then embedded in opti-
mum cutting temperature media and frozen in liquid nitro-
gen. Cryosections (5-mm-thick cross sections) were then cut,
fixed in acetone, air–dried, and mounted in Aquamount
(Vector Laboratories) at room temperature. Tissue samples
were excited with 480 nm and emission spectra were recorded
at 567 nm. Image data were collected using a Leica Plan
63xAPO 0.25 Phi objective. All data were collected at identical
imaging settings.

Glutathione reductase activity

Glutathione reductase activity was measured in CA
homogenates using a kit purchased from Cayman Chemical
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Co. as described previously (13). Reduction in NADPH fluo-
rescence was detected using a Flx800 microplate and Synergy
2 fluorescence detectors (excitation, 340 nm; emission, 460 nm;
BioTek Instruments).

Statistical analysis

Values are mean� standard error. ANOVA and post hoc
Fisher’s protected t-test were used for analysis of all studies
of vascular contractility. All enzyme activity and Western
blot data were analyzed using Student’s t-tests. Values of
p< 0.05 were considered significant. In all cases, the num-
ber of experimental determinations (n) was equal to the
number of hearts from which CAs were harvested for this
study.

Results

G6PD is activated by membrane depolarization
and stimulation of G protein-coupled receptors
in bovine CASMCs and CA

To determine whether G6PD is involved in regulating VSM
contraction, we tested whether the enzyme is activated by KCl
or U46619. Western blot (Fig. 1A) and immunohistochemical
(Fig. 1B) analyses showed that G6PD is expressed in both the
CA and CASMCs, and that the enzyme is active (Fig. 1C). The
G6PD activity in CA was increased 1.5- to 2.0-fold by stimu-
lating the tissue with KCl (30 mM), which depolarizes the cell
membrane, or U46619 (100 nM), a G protein-coupled receptor
(GPCR) agonist (Fig. 1D), leading to significant increases in
both 6-phosphogluconate (Fig. 1E) and NADPH (Fig. 1F), and

FIG. 1. Activation of G6PD by KCl and U46619. (A) Western blot analysis of G6PD expression in extracts from three
bovine CAs and three cultured bovine CASMCs separately loaded in each lane (blots are representative of eight such
experiments). (B) Immunohistochemical analyses of G6PD expression in CAs (magnification 20�; images are representative
of four similar experiments). Arrows indicate brown positive staining in tunica intima and media. (C) G6PD activity de-
termined in endothelium-intact CA (n¼ 30) and CASMCs (n¼ 15). Levels of G6PD activity (D), 6-phosphogluconate (E), and
NADPH (F) increased from baseline in CA treated for 20 min with KCl (30 mM; n¼ 25) or U46619 (100 nM; n¼ 25). Glucose
is metabolized through glycolysis in resting CA (G; n¼ 8), but glucose flux through the pentose phosphate pathway
increased upon stimulation of CA by KCl (H) or U46619 (I). *p< 0.05. CA, coronary artery; G6PD, glucose-6-phosphate
dehydrogenase; KCl, potassium chloride; NADPH, nicotinamide adenine dinucleotide phosphate reduced; SMC, smooth
muscle cell. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article at www.liebertonline.com=ars).
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NADPH=NADPþ ratio increased ( p< 0.05) from 1.9 to 4.2.
The effects of KCl (10–90 mM) and U46619 (0.1–100 nM) on
G6PD activity were dose dependent (see Supplementary Fig.
S1) and were exerted within a concentration range known to
evoke CA contraction. Thus, both membrane depolarization
and activation of GPCR signaling appear to be involved in
activating G6PD. To verify these observations, we further
estimated glucose flux through glycolysis and the PPP using
[5-3H] glucose and [1-14C] glucose, respectively. As expected,
we found that glucose was predominantly metabolized
through the glycolytic pathway in resting CA (Fig. 1G);
however, upon stimulation of CA by KCl (Fig. 1H) or U46619
(Fig. 1I), glucose catabolism through glycolytic pathway as
well as the PPP increased markedly. There was a significantly
higher increase in the glucose flux through the PPP. Notably,
we also found that activation of G6PD by KCl was not Ca2þ

dependent (Fig. 2A). Consistent with that finding, application
of amphotericin B (AMPB; 50 mM), an ionophore-mediating
nonspecific cation permeability and membrane depolariza-
tion (1), to CAs for 20 min, also increased G6PD activity by
approximately twofold (Fig. 2A).

G6PD is activated in endothelium-independent manner

Next, to determine whether G6PD activity is regulated by
endothelium or endothelium-derived factors, we tested the
effect of endothelium on the enzyme activity. We found that
the G6PD activity was not different in endothelium-intact
(0.28� 0.04 nmol=min=mg protein) versus endothelium-
denuded (0.33� 0.09 nmol=min=mg protein) resting CAs and
KCl activated G6PD to similar extent in presence (1.5-fold) or
absence (1.6-fold) of endothelium.

Depolarization-induced activation of G6PD
is modulated by PKC in CA

Because KCl and U46619 reportedly increase the activities
of CaMKII, Rho kinase, and PKC in VSM (47, 49), we exam-
ined the possible role of signaling pathways involving these
kinases in the activation of G6PD. Inhibition of Rho kinase
and CaM kinase II using Y27362 (10mM) and KN-93 (10 mM),
respectively, did not block the activation of G6PD by KCl or

U46619 (see Supplementary Fig. S2). On the other hand,
chelerythrine (10mM; Fig. 2B), a nonselective PKC inhibitor,
and Gö6796 (10 mM; n¼ 12), an inhibitor of conventional and
atypical PKC isoforms, did block activation of G6PD by
KCl=U46619=AMPB, though the inhibition of KCl-induced
activation by Gö6796 was less marked (KCl: 1.65� 0.09-fold vs.
Gö6796þKCl: 1.42� 0.54-fold; NS) than that by chelerythrine
(1.21� 0.18-fold). We also found that phorbol 12, 13-dibutyrate
(PDBu) (10mM), a membrane-permeant PKC activator, nearly
tripled G6PD activity in CA rings, and that this effect was
blocked by chelerythrine (Fig. 2B). This led us to determine
whether PKC is activated by membrane depolarization. Con-
sistent with that idea, KCl, AMPB, U46619, and PDBu all sig-
nificantly increased PKC activity (Fig. 2C), and pretreatment of
CA with chelerythrine or rottlerin (10mM), a selective PKCd
inhibitor, suppressed PKC activation evoked by both PDBu (by
99%) and AMPB (by 85%) as well as contraction elicited by KCl,
U46619, and PDBu (see Supplementary Fig. S3).

PKCd interacts with G6PD and increases its activity
in stimulated CA

Because activation of PKC by AMPB was significantly in-
hibited by rottlerin, and because PKCd is expressed in CA and
CASMCs (see Supplementary Fig. S3), we tested the possi-
bility that PKCd modulates G6PD activity. Application of KCl
(30 mM) to CAs for 0–20 min resulted in a triphasic response
wherein the interaction of PKCd with G6PD (as determined in
coimmunoprecipitation experiments using anti-G6PD anti-
body) peaked within 2 min, after which there was a transient
drop lasting between 2 and 5 min and then a second peak that
remained stable for 10–20 min (Fig. 3A). By contrast, when
CAs were treated with U46619 (100 nM), interaction of PKCd
with G6PD was first noted at 10 min and remained stable
thereafter (Fig. 3B). Activation of G6PD by KCl (Fig. 3C) and
U46619 (Fig. 3D) followed the same time course as the inter-
action between G6PD and PKCd, which suggests that phos-
phorylation of G6PD by PKCd is instrumental for activation of
G6PD in KCl- and U46619-treated CA rings.

Additional corroborative evidence was obtained by inhibit-
ing PKC activity using rottlerin or by knocking down endoge-
nous PKCd expression in CA rings. We found that rottlerin

FIG. 2. Depolarization-induced activation of G6PD is mediated by PKC. (A) Application of AMPB (50mM; n¼ 10) or KCl
(30 mM; n¼ 15) to CA for 20 min increased G6PD activity in a Ca2þ-independent manner. (B) Activation of G6PD by KCl
(30 mM; n¼ 10), U46619 (100 nM; n¼ 8), AMPB (50mM; n¼ 5), and PDBu (10 mM; n¼ 15) was inhibited by Chel (10 mM; n¼ 8).
(C) PKC activity is increased in CA by KCl (n¼ 10), U46619 (n¼ 5), AMPB (n¼ 5), and PDBu (n¼ 7). *p< 0.05. AMPB,
amphotericin B; Chel, chelerytherine; PDBu, phorbol 12, 13-dibutyrate; PKC, protein kinase C.
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significantly diminished G6PD activity elicited by KCl (2 min;
Fig. 3E) or U46619 (20 min; Fig. 3F). In addition, immunopre-
cipitation of proteins phosphorylated by PKC from CA lysates
using anti-phosphoserine PKC substrate-specific antibody (anti-
PS-PKC substrate) (27) that recognizes PKC substrates like H2B

(Fig. 3G), and Western blot analyses with anti-G6PD antibody
showed that G6PD phosphorylation was greater in CAs treated
with KCl or PDBu than in resting CAs (Fig. 3H). Conversely,
PKCd knockdown (Fig. 3I) significantly reduced G6PD activa-
tion otherwise elicited by KCl (30 mM; 20 min; Fig. 3J).
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Phosphorylation of G6PD by PKCd at S210 and T266
is essential for its activation

To substantiate our finding that phosphorylation by PKCd
is required for G6PD activation, we transfected HEK 293T17
cells with G6PD-RFP-wt alone, RFP vectorþPKCd-siRNA, or
G6PD-RFP-wtþPKCd-siRNA, and then carried out immuno-
precipitation assays using anti-phosphoserine PKC substrate
antibody and Western blotting with anti-G6PD antibody. We
found that G6PD-RFP-wt was immunoprecipitated by the
PKC substrate-specific anti-phosphoserine antibody, indicat-
ing that G6PD was phosphorylated by PKC on a serine resi-
due (Fig. 4A-i), and that there was a concomitant >25-fold
increase in the G6PD activity (Fig. 4A-ii). Moreover, knocking
down endogenous PKCd inhibited G6PD activity by 86% and
abolished its immunoprecipitation.

We next overexpressed G6PD-RFP-wt (Fig. 4B-i) in HEK
293T17 cells and confirmed its expression using immunoflu-
orescence microscopy (Fig. 4B-ii) and Western blot analysis
(Fig. 4B-iii). To identify the residues crucial for PKC phos-
phorylation and G6PD activity, out of five PKC consenuses
phosphorylation sites we substituted the serine and threonine
residues in the PKC consensus sequence flanking the G6PD
active site, and constructed two single (S210A¼ S and
T266A¼T) and one double (S210A=T266A¼ ST) G6PD mu-
tants (note that the wild-type and mutant enzymes were
similarly expressed) (Fig. 4B). To examine whether PKCd
phosphorylates G6PD, we immunoprecipitated G6PD-RFP-
wt or G6PD-RFP-S, -T, and -ST mutants with anti-RFP anti-
body and performed in vitro phosphorylation using PKCd.
Western blot analysis performed with anti-PS-PKC antibody
indicates that PKCd phosphorylated G6PD (Fig. 4C-i). Then,
using G6PD-RFP-wt or G6PD-RFP-ST expressed in the cells,
we examined the cell lysates to determine if PKC phosphor-
ylates G6PD in vivo using 2D electrophoresis. We found that
G6PD-RFP-wt was phosphorylated by PKC, causing a left-
ward shift from alkaline to acidic pH, which was not seen
with G6PD-RFP-ST (Fig. 4C-ii; indicated in a box). This sug-
gests that both S210 and T266 are crucial for PKC phosphor-
ylation and G6PD activity. We also measured G6PD activity
and found that mutation at PKC phosphorylation sites not
only reduced basal G6PD activity (Fig. 4C-iii) but also blocked
the activation of G6PD otherwise seen after 2 min of stimu-
lation with KCl (30 mM; Fig. 4C-iv).

Catalase inhibits PKC-dependent activation
of G6PD in CA

Because PKC also activates NADPH oxidase and increases
O2
� and H2O2, which activates G6PD (8, 17), we examined the

possible role of H2O2 in activating G6PD. Pretreatment of CA
with peg-catalase (300 U=ml; n¼ 8) for 30 min before treating
it with KCl or PDBu not only blocked but also decreased
( p< 0.05) KCl- and PDBu-induced increase in G6PD activity
(KCl: 1.8� 0.1 vs. catalaseþKCl: 1.3� 0.1 and PDBu: 2.2� 0.2
vs. catalaseþPDBu: 1.5� 0.2-fold as compared to the un-
treated control).

Knocking down endogenous G6PD diminishes
CA ROS and contractility

G6PD is a major source of NADPH in CA (16), and we found
a positive correlation between NADPH levels (Fig. 5A) and
force generation with G6PD activity (Fig. 5B) as well as be-
tween force and NADPH levels (Fig. 5C). Therefore, to deter-
mine the direct effect of G6PD activity on vascular motor
function, we used SMART pool-siRNA to knockdown endog-
enous G6PD expression in CA (Fig. 6A). Targeting G6PD using
siRNA significantly reduced tissue levels of both enzyme’s
activity (Fig. 6B) and NADPH (Fig. 6C). Since G6PD-derived
NADPH fuels NADPH oxidase and regulates O2

� levels as
well as glutathione reductase activity in vascular and cardiac
tissue (13, 14, 33, 46), we determined whether G6PD knock-
down affects ROS generation in CAs. Silencing G6PD (Fig. 6D)
did not affect glutathione reductase activity (untransfected
[UT]: 278� 74; NT: 236� 60; and G6PD�: 301� 74 nmol=
min=mg protein), but significantly reduced dihydroeithidium
fluorescence (Fig. 6E), indicating that it decreased ROS levels.
In addition, CA rings subjected to G6PD knockdown con-
tracted significantly less than rings treated with NT siRNA or
UT control rings when incubated with KCl (30 mM; Fig. 6F),
U46619 (100 nM; Fig. 6G), or PDBu (10mM; Fig. 6H).

Silencing G6PD reduces KCl-induced Ca2þ entry,
the rise in global [Ca2þ]i, and phosphorylation
of MYPT1 and MLC

To investigate how G6PD affects CA contraction, we ex-
amined the effect of G6PD knockdown on basal and KCl-
induced Ca2þ levels in CA. G6PD knockdown significantly
suppressed KCl-induced increases in CASMC [Ca2þ]i, as
compared to CAs treated with NT siRNA (Fig. 7A, D). Con-
sistent with that finding, knocking down G6PD also reduced
the rise in global [Ca2þ]i evoked by KCl (Fig. 7E). In addition,
we found that KCl-induced phosphorylation of MYPT1 at
T855 and MLC at S20 was reduced in CA rings treated with
G6PD siRNA (Fig. 7F). Finally, to determine whether G6PD
affects contraction by regulating Ca2þ entry evoked by KCl,
we first tested the effect of KCl (30 mM) on CA contractility in
the absence of extracellular Ca2þ. In Ca2þ-free solution, KCl

FIG. 3. PKCd interacts with G6PD in stimulated CA with a concomitant increase in G6PD activity. (A, B) Coimmuno-
precipitation assays showing that PKCd interacts with G6PD in a time-dependent manner after application of 30 mM KCl
(n¼ 5) or 100 nM U46619 (n¼ 5). (C, D) Activation of G6PD followed a similar time course. (E, F) Application of the PKCd
inhibitor Rott (10mM) inhibited activation of G6PD. (G) In vitro phosphorylation of recombinant HSP20 (negative control),
H2B (a positive control), a PKC substrate, and G6PD immunoprecipitated from CA were detected with phosphoserine
antibodies specifically recognizing PKC substrates (anti-PS-PKC substrate). (H) Immunoprecipitation assay showing phos-
phorylation of G6PD after stimulation with KCl (30 mM; n¼ 5) or PDBu (10 min; 10 mM; n¼ 5) and immunoprecipitation with
anti-PS-PKC substrate. (I) CA rings (300mm inner diameter) were transfected with NT (scrambled) or PKCd-siRNA for 67 h.
PKCd siRNA transfectant CAs showed significant suppression of PKCd expression but not expression of G6PD or a-actin, as
compared to UT CAs and CAs transfected with NT siRNA. (J) Activation of G6PD by KCl (30 M; n¼ 6–15) was significantly
inhibited in CAs subjected to PKCd knockdown. *p< 0.05. H2B, histone 2B; HSP20, heat-shock protein 20; NT, nontargeting;
Rott, rottlerin; UT, untransfected.

‰
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FIG. 4. Phosphorylation of S210 and T266 residues flanking the active site of G6PD by PKCd is essential for G6PD activation.
(A-i) Coimmunoprecipitation of ectopically overexpressed G6PD-RFP-wt with anti-phosphoserine PKC substrate antibody is abol-
ished by silencing PKCd (blot is representative of four experiments). Empty vector (VR) is used as a negative control. (A-ii) G6PD
activity is significantly greater in HEK 293T17 cells expressing G6PD-RFP-wt than in UT cells (n¼ 8). Conversely, G6PD activity is
significantly suppressed in HEK 293T17 cells transfected with G6PD-RFP-wtþPKCd siRNA (n¼ 4–5). (B) Single (S210A, T266A) and
double (S210A=T266A) mutations (i) were made within the PKC phosphorylation site flanking the active site of G6PD, and
expression of the mutants was confirmed by immunofluorescent microscopy (ii; magnification: 20�) and Western blot analysis (iii).
(C-i) Western blot done with specific anti-PS-PKC substrate antibody showing in vitro phosphorylation by PKCd of G6PD-RFP-wt at
S210 residue. Note that the anti-PS antibody recognizes phosphorylation of T266A mutant but not the S210A and S210A=T266A
mutant. (C-ii) Western blot after 2D electrophoresis shows that G6PD is hypophosphorylated in HEK 293T17 cells expressing the
G6PD S210A=T266A double mutant (indicated by an arrow) and that mutating two out of five PKC phosphorylation sites abolished
the leftward shift of G6PD (shown in box). (C-iii) Enzymatic activity was suppressed in HEK 293T17 cells expressing either a G6PD
single (S210A, T266A) or double (S210A=T266A) mutant (n¼ 10–12). (C-iv) KCl (30 mM; n¼ 8)-induced increases in enzymatic
activity (at 2 min) were suppressed in HEK 293T17 cells expressing one of the aforementioned G6PD mutants. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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did not induce contraction of CA rings. As the Ca2þ concen-
tration in the bath solution was increased, the amplitudes of
KCl-induced CA contractions increased correspondingly (Fig.
7G). Moreover, the contractions elicited in the knockdown
rings were significantly smaller than those elicited in NT-
treated rings. Knocking down G6PD also reduced ( p< 0.05)
contractions evoked by U46619 (nM), which acts by facilitat-
ing Ca2þ release from internal stores and is able to induce CA
contraction in Ca2þ-free solution (Fig. 7H).

G6PD-deficient mice exhibit attenuated
aortic contraction

G6PD-deficient (G6PDdef) transgenic mice harbor a muta-
tion in the 50 promoter region of the G6PD gene, which
downregulates the gene’s expression in various tissues, and
decreases blood pressure and CA disease (30, 33). As ex-
pected, we found that G6PD expression (Fig. 8A) and activity
(Fig. 8B) were significantly downregulated in aortas from
G6PDdef mice, as compared to those from wild-type (C3H)
animals, and the contractile responses of aortas from G6PDdef

mice to KCl (30 mM; Fig. 8C) and PDBu (10 mM; Fig. 8D) were
also attenuated.

Overexpression of G6PD increases KCl-induced rise
in global [Ca2þ]i and contraction

Conversely, to investigate whether overexpression of
G6PD increases CA contractility, we transfected the CA rings
with G6PD-DNA cloned in adenovirus vector either with
or without cGFP tag. CAs transfected with G6PD-DNA ex-
pressed GFP-tagged or nontagged G6PD as compared to
UT controls that were cultured with transfecting reagents

(Fig. 9A, B). Overexpressing G6PD increased ( p< 0.05) KCl-
evoked increases in global [Ca2þ]i as compared to UT controls
(Fig. 9C). Consistent with these findings, overexpression of
G6PD also augmented the contraction of CAs elicited by KCl
and U46619 (Fig. 9D).

Discussion

Excitation–contraction (EC) coupling is a complex process
involving a number of proteins and signaling pathways (49).
For example, redox potential has been shown to influence the
excitability of VSM (4). Barron et al. (3) proposed that the PPP
may play an important role in VSM metabolism, and that
deprivation of glucose and O2 significantly reduces activity in
the PPP. In the present study, we found that active G6PD is
abundantly expressed in CASMCs, and that it is further ac-
tivated by application of KCl or U46619. We also found that
G6PD activation by KCl is independent of extracellular Ca2þ,
as KCl increased G6PD activity in Ca2þ-free solution strongly
buffered with ethylene glycol tetraacetic acidþ1,2-bis(o-
aminophenoxy)ethane-N, N, N, N0, N0-tetra acetic acid. De-
polarization of the cell membrane using AMPB also induces
Ca2þ-independent increases in G6PD activity in CAs, sug-
gesting that depolarization, itself, may modulate G6PD ac-
tivity in VSM (Fig. 10).

Membrane potential is an important component of EC
coupling in skeletal, cardiac, and smooth muscle. Changes in
membrane potential evoke conformational changes in the
voltage sensing domain of voltage-gated ion channels (10),
leading to the opening or closing of the channel, which in turn
leads to short- or long-term changes in cell function. It now
appears that membrane potential is directly sensed by other

FIG. 5. G6PD is a major source of NADPH in CA. (A–C) A positive correlation between G6PD activity and NADPH levels
indicate that G6PD is major source of NADPH in CA (A) and upon stimulation of CA with KCl (30 mM) G6PD activity
(B) and NADPH levels (C) are increased and positively correlate with force.

G6PD MODULATES VSM CONTRACTION 551



types of proteins too, including phosphoinositide phospha-
tases, which modulates cell function through changes in the
cellular diacylglycerol levels (35). For example, PKC is acti-
vated by depolarization-induced increases in Ca2þ and dia-
cylglycerol (32, 42). We found that activation of G6PD by KCl
or AMPB was mediated by PKC (Fig. 2C). Moreover, Gö6796,
a conventional and atypical PKC isoform inhibitor, inhibited
G6PD activity to a lesser degree than rottlerin, a PKCd in-
hibitor (11), and than PKCd knockdown, suggesting that ac-
tivation of Ca2þ-independent novel or atypical PKC, more
likely PKCd, via membrane depolarization or by stimulation
of GPCRs is, at least in part, responsible for the increase in
G6PD activity seen in CA smooth muscle.

G6PD contains five classical PKC phosphorylation con-
sensus sites (see Supplementary Data; Fig. 5) at residues
13TLR15, 210SDR212, 266TFK268, 436TKK438, and 536TYK538
(as determined from the PROSITE PROSCAN-PBIL database).
Of these five sites, 210SDR212 and 266TFK268 flank the active
site of G6PD (Fig. 4B-i). It is therefore plausible that phos-
phorylation of G6PD by PKC at these sites is necessary for its
activation in CA smooth muscle. Consistent with that notion,
our results suggest that G6PD is phosphorylated and its activ-
ity is significantly enhanced after treatment with KCl or PDBu.
The time-dependent interaction between PKCd and G6PD and
concurrent increase in G6PD activity elicited by KCl=U46619,
the inhibition of KCl=U46619-evoked activation of G6PD by

FIG. 6. G6PD knockdown reduced KCl- and U46619-induced CA contraction. (A–D) Transfection of a targeted siRNA into
CAs reduced G6PD expression (A; blot is representative of eight experiments) and activity (B; n¼ 8) and NADPH levels (C; n¼ 8).
(D, E) G6PD knockdown (D; immunohistochemistry of four experiments; magnification 4�) decreased G6PD expression and
reduced superoxide levels in same tissue (E: representative of dichlorofluorescein fluorescence on the left & bright field on the
right of four experiments; magnification: 20�oil). (F–H) CA contractions evoked by KCl (F; 30 mM; n¼ 8), U46619 (G; 100 nM;
n¼ 8), and PDBu (H; 10mM; n¼ 5) were significantly reduced by transfection with G6PD-specific siRNA, as compared to CAs
transfected with NT siRNA and UT controls. Ad, adventitia; BF, bright field; DHE, dihydroeithidium; Lum, lumine; Med, media.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at
www.liebertonline.com=ars).
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rottlerin, and the inhibition of KCl-induced increases in G6PD
activity caused by PKCd knockdown all suggest that PKCd-
dependent phosphorylation plays a key role in the activation of
G6PD by KCl=U46619. Indeed, G6PD immunoprecipitated
from CA is phosphorylated in vitro by PKCd. Moreover,
knocking down PKCd in HEK 293T17 cells overexpressing
G6PD significantly reduced G6PD activity. In these cells, im-
munoprecipitation of overexpressed G6PD with PKC sub-
strate-specific anti-phosphoserine antibody was also abolished,
suggesting that phosphorylation of S210 by PKCd is involved
in the activation of G6PD. More direct evidence was obtained
from in vitro phosphorylation and the analysis of single (S210A,
T266A) and double (S210A=T266A) G6PD mutants. These
mutations within the PKC phosphorylation sequences flanking
the G6PD active site reduced basal G6PD activity, blocked
G6PD activation by KCl, and shifted the isoelectric point of
G6PD from acidic to alkaline pH, which collectively indicate
that G6PD is activated by PKC phosphorylation.

G6PD is one of the major sources of NADPH in mammalian
tissue including the CA (15), and consistently a strong positive
correlation between G6PD activity and NADPH levels in CA
suggests that NADPH is mainly derived from the PPP. In
addition, we observed a correlation between force generation
and G6PD activity or NADPH levels, and found that glucose
flux through the PPP shunt was significantly increased in CA
stimulated by KCl or U46619, thereby indicating that acti-
vated G6PD and increased NADPH plays a role in regulating
smooth muscle contractility.

Although it is well established that G6PD-derived NADPH
is an essential cofactor for several oxido-reductases in vascu-
lar tissue, the effects of G6PD and the NADPH redox state on
vascular function remain largely unexplored. To investigate
whether G6PD or G6PD-derived NADPH redox plays a role
in modulating CA contractile function, we knocked down
G6PD expression by transfecting small (*300 mm) branches of
the left anterior descending artery with siRNA targeting

FIG. 7. G6PD knockdown decreased
KCl-induced Ca2þ entry into CA
smooth muscle. (A–D) Ca2þ dynamics
in the smooth muscle of NT- and G6PD
siRNA-treated CAs. KCl (60 mM)-
induced Ca2þ entry into smooth muscle
cells of CA rings transfected with NT-
(A, B) or G6PD-siRNA (C, D) was
evaluated based on changes in Fluo-4
fluorescence using confocal microscopy.
G6PD knockdown suppressed Ca2þ en-
try into CASMCs. (E) G6PD knockdown
suppressed KCl (30 mM)-induced in-
creases in global [Ca2þ]i (n¼ 6) mea-
sured using Fura 3PE. (F) KCl (30 mM;
20 min)-induced phosphorylation of
MYPT1 and MLC (blot is representative
of three experiments). G6PD knock-
down suppressed contraction of CA
rings elicited by KCl (30 mM; n¼ 5) at
the indicated extracellular Ca2þ concen-
trations (G) and by U46619 (100 nM;
n¼ 4) in the absence of extracellular
Ca2þ (H). MLC, myosin light chain;
MYPT1, myosin phosphatase target
subunit 1. (For interpretation of the re-
ferences to color in this figure legend,
the reader is referred to the web version
of this article at www.liebertonline
.com=ars).
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G6PD, which significantly decreased G6PD expression and
activity and the NADPH levels in the transfectant CAs. Fur-
ther, rings of these CAs also developed significantly less iso-
metric force upon stimulation with KCl, U46619, or PDBu
than rings transfected with NT, siRNA or UT rings. Ad-
ditionally, aortas from G6PDdef mice, which harbor a muta-
tion in the 50 promoter region of the G6PD gene (30), that leads

to significantly reduced G6PD activity in various tissues (33),
also generated less force than their wild-type littermates and
age-matched controls. Collectively, these results support our
hypothesis that G6PD plays a key role in force development in
smooth muscle.

The effects of PPP or G6PD modulation on the mecha-
nisms that control vascular function have not been studied.

FIG. 8. G6PD-deficient mice exhibit attenuated aortic contraction. (A, B) Mutation in the 50 promoter region of G6PD gene
reduced G6PD expression (A; blot is representative of five experiments) and its activity (B; n¼ 5) in aorta. Aortas from
G6PDdef mice developed less force in response to KCl (C; 30 mM; n¼ 5) or PDBu (D; 10mM; n¼ 5) than wild-type mice.
G6PDdef, glucose-6-phosphate dehydrogenase deficient.

FIG. 9. G6PD overexpression
increased KCl-induced Ca2þ en-
try into CA smooth muscle. (A,
B) Transfection of a DNA encod-
ing full-length G6PD increased
expression of cGFP-tagged G6PD
(top) and nontagged G6PD (bot-
tom) in CAs detected by Western
blotting (A; blot is representative
of four experiments) and by im-
munohistochemistry (B; a repre-
sentative of three experiments).
G6PD overexpression increased
Ca2þ entry and CA contraction.
(C) Overexpression of G6PD in-
creased KCl (30 mM)-induced in-
creases in global [Ca2þ]i measured
using Ca2þ green (n¼ 5). (D) Data
summarizing peak contractions of
CA overexpressing G6PD normal-
ized by peak contractions of UT
controls show that CA contraction
evoked by KCl (30 mM; n¼ 8) and

U46619 (100 mM; n¼ 8) was increased. cGFP, coral green fluorescent protein. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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To investigate how activated G6PD is involved in modulat-
ing VSM contraction, we examined the effects of G6PD on the
increase in [Ca2þ]i levels evoked by KCl-induced membrane
depolarization, which predominantly enhances Ca2þ entry
through voltage-operated Ca2þ channels and TRP channels
(15, 41), or by U46619-induced GPCR activation, which in-
creases Ca2þ entry through voltage-operated Ca2þ channels
(52, 54). Our results provide novel evidence that increases in
CASMC Ca2þ transients and a rise in global CA [Ca2þ]i

evoked by KCl are significantly reduced by knocking down
G6PD expression. Consistent with those findings, 6AN and
17-ketosteroids, which are competitive and uncompetitive
inhibitors of G6PD, respectively, are known to attenuate the
rise in [Ca2þ]i elicited by KCl and decrease chronic hypoxia-
induced pulmonary vasoconstriction and pulmonary hyper-
tension (5, 15, 19). We previously reported that modulation of
G6PD by hypoxia regulates [Ca2þ]i and enhances pulmonary
artery constriction and CA relaxation (19, 20, 23). We also
observed that G6PD knockdown significantly reduced
MYPT1 and MLC phosphorylation and extracellular Ca2þ-
dependent CA contractions. This suggests that G6PD or
G6PD-derived NADPH redox modulates CA contraction by
increasing [Ca2þ]i through Ca2þ influx, which in turn acti-
vates Ca2þ-dependent MYPT1 and MLC kinase. These two
enzymes are activated via Rho kinase and CaM kinase II
signaling pathways, respectively, which are stimulated by
KCl and U46619 in Ca2þ- and redox-dependent manner (17,
44, 51, 52). There are multiple redox-sensitive targets in VSM
cells, including voltage-gated Kþ (Kv) and Ca2þ channels,
and ryanodine receptors (24). In CASMCs and other cell

types, NADPH oxido-reductases are known to regulate Kv

channel and ryanodine receptor function and to trigger Ca2þ

release from ryanodine-sensitive stores, leading to an in-
crease in [Ca2þ]i (2, 55). It is therefore plausible that increases
in G6PD-derived NADPH redox are involved in regulating
KCl-induced activation of Ca2þ entry through voltage-
sensitive Ca2þ channels or Ca2þ-induced Ca2þ release in
VSM. For example, NADPH redox could regulate ion chan-
nel function by (i) directly binding to the Ca2þ channel pro-
teins such as, the pore forming subunit of L-type Ca2þ

channel, that contains pyridine binding sites, (ii) modulating
the activity of oxido-reductases like thioredoxin or glutathi-
one reductases that could modify several thiol residues in
Ca2þ channel protein, and (iii) regulating NADPH oxidase-
derived ROS generation that could increase [Ca2þ]i directly
by activating L-type Ca2þ channels through oxidizing the key
thiol groups in the pore forming S4 transmembrane loop or
indirectly by activating Ca2þ-dependent CaM Kinase II,
which is known to increase L-type Ca2þ channel function (17,
50, 53). In lieu of this notion, we found that silencing of G6PD
significantly decreased ROS generation without altering
glutathione reductase activity in CAs and attenuated KCl-
induced CA contraction. Although precisely how activation
of G6PD and increases in NADPH regulate Ca2þ influx
and=or release remains unclear, our present findings imply
that G6PD and the NADPH redox state are novel modulators
of EC coupling, and that they contribute significantly to the
regulation of vasomotor function, perhaps impacting dis-
eases such as hypertension, CA disease, and diabetes-asso-
ciated vasculopathies.

Studies in Mediterranean and Sardinian G6PDdef individ-
uals indicate that G6PD deficiency reduces the risk of car-
diovascular diseases in G6PDdef individuals (45). Although
these studies suggest the possibility that G6PD deficiency
confers protection against vascular disease, how it protects
the cardiovascular system is poorly understood. Matsui et al.
demonstrated that G6PD-derived NAPDH enhances super-
oxide anion generation, which mediates Ang II–induced hy-
pertension and hypertrophy of smooth muscle (33). They also
reported that superoxide levels and atherosclerotic lesions
are considerably reduced by crossbreeding ApoE�=� and
G6PD�def mice (34). Conversely, other studies have shown
that G6PD is overexpressed in the stromal-vascular cells of
diabetic db=db mice and, in the aortas of Zucker diabetic fatty
rats, exacerbates oxidative stress, leading to vascular dys-
function (37, 46). Taken together, our present findings and
those of Matsui et al. (33) suggest that increases in G6PD ac-
tivity and elevated intracellular NADPH levels contribute to
the development of coronary dysfunction and disease by
acutely potentiating membrane depolarization-evoked and
receptor-mediated smooth muscle contraction, increasing
vasoconstriction, and evoking chronic remodeling of the
vessel wall. G6PD deficiency presumably reduces functional
changes in smooth muscle, thereby protecting individuals
from vascular diseases by reducing pressure and=or shear
stress on the vessel wall, and by reducing structural re-
modeling evoked by oxidative stress (33, 39).
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Abbreviations Used

AMPB¼ amphotericin B
Ang II¼ angiotensin II

BCA¼ bovine coronary artery
BF¼ bright field

CA¼ coronary artery
cGFP¼ coral green fluorescent protein
DHE¼dihydroeithidium

DMEM¼Dulbecco’s modified Eagle’s medium
EC¼ excitation–contraction

EGTA¼ ethylene glycol tetraacetic acid
G6PD¼ glucose-6-phosphate dehydrogenase

G6PDdef ¼ glucose-6-phosphate dehydrogenase
deficient

G6PD-RFP-S¼ glucose-6-phosphate dehydrogenase-Red
fluorescence protein—S210A mutant

G6PD-RFP-T¼ glucose-6-phosphate dehydrogenase-Red
fluorescence protein—T266A mutant

G6PD-RFP-wt¼ glucose-6-phosphate dehydrogenase-Red
fluorescence protein—wild type

GPCR ¼ G protein-coupled receptor
HEPES ¼ 1-piperazineethanesulfonic acid
HSP20 ¼ heat-shock protein 20

KCl ¼ potassium chloride
MLC ¼ myosin light chain

MYPT1 ¼ myosin phosphatase target subunit 1
NADPH ¼ nicotinamide adenine dinucleotide

phosphate reduced
NO ¼ nitric oxide
NT ¼ nontargeting

PBS ¼ phosphate-buffered saline
PDBu ¼ phorbol 12, 13-dibutyrate

PKC ¼ protein kinase C
PPP ¼ pentose phosphate pathway
ROS ¼ reactive oxygen species
SDS ¼ sodium dodecyl sulfate

SMC ¼ smooth muscle cell
U46619 ¼ 15(S)-hydroxy-11,9-(epoxy-

methano)prostadienoic acid
UT ¼ untransfected

VSM ¼ vascular smooth muscle
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