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The NOX2-derived reactive oxygen species damaged
endothelial nitric oxide system via suppressed
BKCa/SKCa in preeclampsia

Jie Chen1,2,4, Qinqin Gao1,4, Lin Jiang1, Xueqin Feng1, Xiaolin Zhu1, Xiaorong Fan1, Caiping Mao1

and Zhice Xu1,3

The endothelial nitric oxide (NO) system may be damaged in preeclampsia; however, the involved mechanisms are unclear.

In this study, we used primary human umbilical vein endothelial cells (HUVECs) to evaluate the endothelial NO system in

preeclampsia and to determine the underlying mechanisms that are involved. We isolated and cultured HUVECs from normal

and preeclamptic pregnancies and evaluated endothelial NO synthase enzyme (eNOS) expression and NO production. Whole-

cell K+ currents and oxidative stress were also determined in normal and preeclamptic HUVECs. Compared with normal

HUVECs, eNOS expression, NO production and whole-cell K+ currents in preeclamptic HUVECs were markedly decreased,

whereas oxidative stress was significantly increased. The decreased K+ currents were associated with damaged Ca2+-activated

K+ (KCa) channels, especially the large (BKCa) and small (SKCa) conductance KCa channels, and were involved in the

downregulated eNOS expression in preeclamptic HUVECs. Moreover, the increased oxidative stress detected in preeclamptic

HUVECs was mediated by NADPH (nicotinamide adenine dinucleotide phosphate) oxidase 2 (NOX2)-dependent reactive

oxygen species overproduction that could downregulate whole-cell K+ currents, eNOS expression and NO production. Taken

together, our study indicated that the increased oxidative stress in preeclamptic HUVECs could downregulate the NO system

by suppressing BKCa and SKCa channels. Because the damaged NO system was closely related to endothelial dysfunction,

this study provides important information to further understand the pathological process of endothelial cell dysfunction in

preeclampsia.
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INTRODUCTION

Preeclampsia is a disorder of pregnancy characterized by hypertension
and a large amount of protein in the urine, resulting in maternal
mortality and prenatal deaths, preterm births and intrauterine growth
restriction.1 The pathogenetic mechanism implicated in preeclampsia
is unclear, but there is a consensus that endothelial dysfunction plays
an important role in the pathogenesis of preeclampsia.2–4 Endothelial
dysfunction can be broadly defined as an imbalance between
vasodilator and vasoconstrictor substances produced from the
endothelium.4,5 Among many endothelium-derived vasoactive factors,
nitric oxide (NO) is a critical vessel-relaxing molecule.6 As the key
synthesis enzymes of NO, endothelial nitric oxide synthase enzyme
(eNOS) is the focus of endothelial dysfunction in preeclampsia.7–11

Recent studies have shown that eNOS levels are significantly decreased
in both preeclamptic maternal blood9 and placenta,10 indicating the
NO system is damaged in preeclampsia.

Notably, the changes in membrane potential regulated by potassium
channels have been proposed to be involved in regulating the release
of endothelium-derived vasoactive factors.12–15 Endothelial cells
express several distinct types of potassium channels: Ca2+-activated
K+ (KCa) channels (including large (BKCa), intermediate (IKCa) and
small (SKCa) conductance KCa subfamilies), inward rectifier K+

channels and ATP-sensitive K+ channels.12 Among them, KCa
channels play an important role in modulating the endothelial NO
system.13–15 The simultaneous blockade of IKCa and SKCa channels
not only abolishes membrane hyperpolarization but also attenuates
NO production in endothelial cells from conduit vessels such as the
human umbilical vein.15 The activities of KCa channels were
considered to be regulated by the oxidative stress induced by reactive
oxygen species (ROS) in vascular smooth muscle and endothelial
cells.16–20 Oxidative stress could impair IKCa and SKCa channels in
mesenteric arteries in diabetic rats.16 ROS also inhibited BKCa
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channels in porcine renal artery endothelium17 and impaired BKCa
channel functions by altering cysteine-mediated calcium sensing.20 In
hypertensive patients and rodents, oxidative stress was demonstrated
to be increased, and the balance of oxidative status seems to be
disrupted.21–23 Previous studies have shown that the increased
oxidative stress detected in preeclampsia was involved in regulating
endothelial KCa channels24 and was related to modulating endothelial
vasoactive factors.25–27

In light of these findings, both KCa channels and oxidative stress
could regulate endothelial NO levels. In addition, ROS were suggested
to be an important regulator of KCa channels in various tissues,
whereas altered oxidative stress and the NO system were confirmed in
preeclampsia. An interesting question was then raised: is there any link
among oxidative stress, KCa channels and NO system in endothelial
cells? This study hypothesized that increased oxidative stress in
preeclampsia may affect endothelial KCa channels and eventually
damage the NO system.

MATERIALS AND METHODS

Sample collection
Written consent was obtained from all participants. Umbilical cords were from
normal (NP, N= 43) and preeclamptic pregnancies (PE, N= 32) at local
hospitals in Suzhou, China. All procedures of the study were approved by the
Ethics and Research Committee of the participating hospital. Healthy pregnant
participants were defined as those with a blood pressure o140/90 mm Hg and
no clinically significant complications. Preeclamptic pregnant participants were
defined as those with a blood pressure 4140/90 mm Hg and significant
proteinuria after 20 weeks of pregnancy.28 The clinical characteristics of all
participants are summarized in Table 1.

Endothelial cell isolation and culture
Umbilical cords (∼20 cm in length) were excised from the placenta
immediately after delivery and were placed into cold sterile phosphate-
buffered saline. All preparations were performed under sterile conditions in
a laminar airflow bench. Endothelial cells were isolated from umbilical
veins as described previously29 and then cultured in M199 (Sigma-
Aldrich, St Louis, MO, USA) containing 1% endothelial cell growth factor
supplement and 20% fetal bovine serum at 37 °C with 5% CO2 and 95% air
humidified incubator.

Real-time PCR and western blotting
Total RNA from human umbilical vein endothelial cells (HUVECs) was
isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol and was then reversed transcribed using the
first-strand cDNA Synthesis Kit (Toyobo (Shanghai) Biotech, Shanghai,
China). Real-time quantitative PCR was performed using the SYBR
Green Supermix Taq Kit (Takara Biotechnology Co., Ltd., Dalian, China)
and was analyzed using the Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The primer sequences are listed in
Table 2. Whole-cell proteins were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and were immunoblotted with primary
antibodies against eNOS (rabbit polyclonal, 1:200 dilution), SK3 (rabbit
polyclonal, 1:200 dilution), KCNMA1 (rabbit polyclonal, 1:200 dilution),
KCNMB1 (mouse monoclonal, 1:500 dilution) or NOX2 (mouse mono-
clonal, 1:1000 dilution) followed by incubation with the appropriate
secondary antibodies. All antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). All experiments were repeated
three times with independently prepared tissue lysates. Real-time quantita-
tive PCR and western blot analyses were performed as previously
described.30

Measurement of NO production and superoxide generation
In cells, NO is transient and volatile, making it unsuitable for most
convenient detection methods. Two end products of NO, nitrite and

nitrate, can be easily detected by photometric means. NO production in
cultured HUVECs was determined using the Nitrate/Nitrite Assay Kit
(Beyotime Biotechnology, Nantong, China). Superoxide (O2 − ) is one of
the major ROS. Superoxide production by HUVECs was detected by
staining with fluorescently labeled dihydroethidium (Sigma-Aldrich). In
the presence of O2 − , dihydroethidium reacts with O2 − to form fluorescent
ethidium that intercalates with DNA and produces fluorescence. The
cultured adherent HUVECs (usually 6 to 7 days after isolation from
umbilical cords) were incubated with dihydroethidium (20 μM) in a light-
protected humidified chamber at 37 °C for 60 min, and then the cells were
washed three times with phosphate-buffered saline and fixed with 4%
paraformaldehyde for 10 min. Images were acquired with a microscope
system, and superoxide generation was quantitatively calculated using
Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA).

Electrophysiological measurements
Whole-cell K+ currents were recorded on single endothelial cells using the
whole-cell patch-clamp technique.29 The adherent primary HUVECs (cultured

Table 1 Basic characteristics of normal (NP) and preeclamptic (PE)

pregnancies

Characteristics NP PE

Number of subjects 43 32

Maternal age (years) 29.1±4.3 28.7±4.1

Gestational age (weeks) 38.1±2.2 33.6±4.4**

Birth weight (kg) 3.2±0.5 2.6±0.8*

Systolic BP (mm Hg) 116.9±7.2 163.5±17.1**

Diastolic BP (mm Hg) 78.1±7.2 107.8±12.0**

Proteinuria (g per 24 h) 0.11±0.03 5.03±2.60**

BMI 26.02±2.1 27.52±3.3

Abbreviations: BMI, body mass index; BP, blood pressure.
The date are expressed as mean± s.d.
*Po0.05; **Po0.01.

Table 2 List of oligonucleotide primers used in this study

Gene name Sequence

Product length

(bp)

eNOS 5′-AGACTCTTCCGGAAGGCTTTTGA-3′ (sense) 151

5′-TTCCTGGAAGTTCTCACCTCT-3′ (antisense)
KCNMA1 5′-CTGGTGAATCTGCTCTCCAT-3′ (sense) 161

5′-GGTGGACATTGTGACCATGAGT-3′ (antisense)
KCNMB1 5′-TACTACATCCTGGTCACGAC-3′ (sense) 233

5′-CTGGGATGTAGGAGCACTGCT-3′ (antisense)
SK1 5′-TCTGCG AGAGGTACCACGA-3′ (sense) 153

5′-ATGATGCCAGTGAGCAGGCAGA-3′
(antisense)

SK2 5′-GCAAGCTATTCATCAAGCTCGG-3′ (sense) 166

5′-CAATCCTCTTCTCGAAGTCTTC-3′ (antisense)
SK3 5′-CACGTGAAGTCCAGCTCTTCGT-3′ (sense) 209

5′-AGACAGGATGATGTCCACATCG-3′ (antisense)
SK4 5′-TGCACTGGAGTCATGGGTGTCT-3′ (sense) 170

5′-CATCCAGGCTTCTTGTAGCA-3′ (antisense)
NOX1 5′-CTAAATCCCATCCAGTCACAGTG-3′ (sense) 237

5′-CATTCATGCTCTCCTCTGTT-3′ (antisense)
NOX2 5′-GCACTTCACTCTGCGATTCAC-3′ (sense) 223

5′-CGTGATGACAACTCCAGTGA-3′ (antisense)
NOX4 5′-GATACCGAGATGAGGATCCTAG-3′ (sense) 221

5′-CGGTTAAGACTGATGCAGCC-3′ (antisense)
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6–7 days after isolation from umbilical cords) were washed three times with
phosphate-buffered saline and were then digested with 0.25% trypsin. Whole-
cell K+ currents were measured on single endothelial cells using an Axon
Multiclamp 700B (Axon Instruments, Foster City, CA, USA) with Clampex
10.1 as previously described.29,31 Before cell K+ currents were monitored,
HUVECs were cultured with iberiotoxin (IBTX, a selective BKCa blocker,
10− 7 mol l− 1), apamin (a selective SKCa blocker, 10− 6 mol l− 1) or apocynin (a
NADPH oxidase inhibitor, 10− 7 mol l− 1) as previously described.31–33 All
patch-clamp experiments were carried out at 22°C. The drugs were from
Sigma-Aldrich.

Data analysis and statistics
The data were analyzed with GraphPad Prism 5 software (GraphPad Software,
La Jolla, CA, USA) and were expressed as means± s.e.m. Statistical analysis was
performed with t-test or two-way analysis of variance followed by Bonferroni’s
test. Curve fitting was also performed with GraphPad Software. Differences
were only considered statistically significant at Po0.05.

RESULTS

eNOS expression and NO production
Compared with the NP group, NO production was decreased in
preeclamptic HUVECs (11.56± 4.845 vs. 5.89± 3.338 μmol l− 1, NP vs.
PE, Po0.05; Figure 1a). The mRNA and protein levels of eNOS were
also significantly downregulated in preeclamptic HUVECs (Figures 1b
and c).

Whole-cell K+ currents in HUVECs
Because potassium channels were related to eNOS expression and NO
production,14,15 we determined whole-cell K+ currents in HUVECs.
The whole-cell K+ currents of HUVECs in the PE group
were significantly lower than those in the NP group (NP vs. PE:
12.28± 1.25 vs. 5.45± 0.51 pA pF− 1; TP=+60 mV, Po0.05;
Figures 2a and b). To determine whether BKCa or SKCa channels
were involved in the decreasing whole-cell K+ currents in preeclamptic
HUVECs, HUVECs were cultured with IBTX (a selective BKCa
blocker) and/or apamin (a selective SKCa blocker). Whole-cell K+

currents in normal HUVECs were significantly decreased by
blocking BKCa (from 12.08± 1.16 pA pF− 1 at baseline to
7.24± 0.80 pA pF− 1, TP=+60 mV, Po0.05; Figure 2c) or SKCa
(from 12.16± 1.22 pA pF− 1 at baseline to 8.65± 0.72 pA pF− 1,
TP=+60 mV, Po0.05; Figure 2d), whereas there were no signi-
ficant changes in preeclamptic HUVECs (P40.05; Figures 2c
and d). Simultaneous blockade of BKCa and SKCa showed a
further inhibitory effect on the whole-cell K+ current (NP:

from 12.26± 1.21 pA pF− 1 at baseline to 4.34± 0.48 pA pF− 1,
TP=+60 mV, Po0.05; PE: from 5.36± 0.61 pA pF− 1 at baseline to
3.64± 0.42 pA pF− 1, TP=+60 mV, Po0.05; Figure 2e).

Expression of KCa channel subunit genes
KCa channels are divided into the BKCa, IKCa and SKCa conductance
KCa subfamily that respectively include KCNMA1, KCNMB1 (KCa1.1
and BKβ1), SK4 (KCa3.1) and SK1, SK2, SK3 (KCa2.1, KCa2.2 and
KCa2.3) subunits.18 As shown in Figures 3a–d, the mRNA and protein
levels of KCNMB1 and SK3 were significantly lower in preeclamptic
HUVECs than in the NP group, whereas there were no significant
differences in the expression of KCNMA1, SK1, SK2 and SK4 between
normal and preeclamptic HUVECs.

Effect of BKCa and/or SKCa blocker on eNOS expression
To determine whether the decreased BKCa and SKCa was associated
with downregulated eNOS expression, HUVECs were cultured with
IBTX and/or apamin. As shown in Figures 4a and b, eNOS expression
was downregulated by blocking BKCa and SKCa in normal HUVECs,
whereas no significant differences were noted in preeclamptic
HUVECs, suggesting that the downregulated eNOS expression
observed in preeclamptic HUVECs was linked to damaged BKCa
and SKCa.

Superoxide production and NADPH oxidase (NOX) expression
Superoxide is the main component of ROS, and hence we measured
superoxide production in HUVECs with superoxide-mediated
dihydroethidium fluorescence. Figures 5a and b showed that
superoxide production was significantly increased in preeclamptic
HUVECs compared with that in the NP group. Moreover, the
expression of the NOX catalytic subunit NOX2, but not NOX1 and
NOX4, was significantly upregulated in preeclamptic HUVECs
(Figures 5c and d).

Effect of a NOX inhibitor on K+ currents and the NO system
To further determine whether oxidative stress was involved in
regulating K+ currents and NO system, preeclamptic HUVECs were
cultured with apocynin (an NADPH oxidase inhibitor). After pre-
treatment with apocynin, whole-cell K+ currents were significantly
increased in preeclamptic HUVECs (from 5.56± 0.45 pA pF− 1 at
baseline to 9.98± 0.76 pA pF− 1; TP=+60 mV, Po0.05; Figure 6a).
Pretreated preeclamptic HUVECs with apocynin partially rescued

Figure 1 eNOS expression and NO production in normal and preeclamptic HUVECs. (a) NO production in HUVECs (N=15 for NP; N=15 for PE). (b, c)
mRNA and protein levels of eNOS in HUVECs (N=28 for NP; N=27 for PE). eNOS, endothelial nitric oxide synthase enzyme; HUVEC, human umbilical
vein endothelial cell; N, number of participants; NO, nitric oxide; NP, normal pregnancy; PE, preeclampsia. Error bars denote s.e.m. *Po0.05.
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KCNMB1, SK3 and eNOS expression (Figures 6b–e). Moreover, NO
production was also increased in preeclamptic HUVECs after
pretreatment with apocynin (Figure 6f).

DISCUSSION

This study was the first to determine associations among the
endothelial NO system, potassium channels and oxidative stress in
the placental–umbilical circulation and revealed the mechanism of the
frail NO system in preeclampsia. The main findings include the
following. (1) Compared with normal HUVECs, eNOS expression,
NO production and whole-cell K+ currents were markedly decreased
in preeclamptic HUVECs, whereas oxidative stress was significantly
increased. (2) In preeclamptic HUVECs, the decreased whole-cell K+

currents were closely linked to the damaged KCa channels, especially
BKCa and SKCa. Compared with preeclamptic HUVECs, the blockade
of BKCa and/or SKCa in normal HUVECs had a significant inhibitory
effect on eNOS expression. (3) The overproduction of NOX2-
dependent ROS contributed to the increased oxidative stress detected
in preeclamptic endothelial cells. Meanwhile, the NOX inhibitor
showed a rescue effect on whole-cell K+ currents, eNOS expression
and NO production in preeclamptic HUVECs. These results suggest

that NOX2-derived ROS could damage the endothelial NO system via
the suppression of BKCa and SKCa.
Previous studies on the NO system in preeclampsia showed various

results.9–11,34 For example, in maternal serum, there was no statisti-
cally significant difference in the eNOS levels between normal and
preeclamptic pregnancies,34 whereas significantly lower eNOS levels in
women with severe preeclampsia were reported in another study.9 In
the placenta and/or umbilical cord, eNOS expression was also changed
in preeclampsia.10,11 Previous studies measured the NO system using
only maternal serum or the placenta that may not directly reflect the
endothelial NO systems in preeclampsia. Umbilical vein endothelial
cells provide a classic model to study the endothelial NO system under
normal and preeclamptic conditions. This study isolated and cultured
normal and preeclamptic HUVECs in vitro and found that both eNOS
expression and NO production were significantly reduced in pre-
eclamptic HUVECs. This was the first report to demonstrate that the
endothelial NO system was damaged in preeclampsia via directly
measuring eNOS expression and NO production in isolated endothe-
lial cells from the placenta–umbilical cord system.
Whole-cell K+ currents were also markedly decreased in the

preeclamptic HUVECs. In the electrophysiological experiments, the

Figure 2 Whole-cell K+ currents in normal and preeclamptic HUVECs. (a) Representative images of whole-cell K+ currents in HUVECs. (b) Current density in
normal and preeclamptic HUVECs. N=23, n=48 for NP; N=24, n=52 for PE. (c–e) The effect of BKCa and/or SKCa blocker on whole-cell K+ currents in
normal and preeclamptic HUVECs. N=20, n=41 for NP; N=21, n=38 for PE. Apamin, a selective SKCa blocker; HUVEC, human umbilical vein
endothelial cell; IBTX, a selective BKCa blocker; N, number of participants; n, number of cells; NP, normal pregnancy; PE, preeclampsia. Error bars denote
s.e.m. *Po0.05; **Po0.01; #P40.05.
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reduction in K+ currents in normal HUVECs that were subtracted
from the baseline by a selective BKCa blocker (IBTX) and/or a
selective SKCa blocker (apamin) was greater than that in preeclamptic
HUVECs. These results indicated that BKCa and SKCa channels were
damaged in preeclamptic HUVECs and could be a major contributor
to decreased whole-cell K+ currents. Molecular assays showed that the

mRNA and protein levels of KCNMB1 (BKβ1 subunit) and SK3 were
significantly downregulated in preeclamptic HUVECs, suggesting that
the decreased cell K+ currents in preeclamptic HUVECs were
associated with the downregulated expression of the BKβ1 subunit
and SK3. KCa channels play important roles in the control of
endothelial NO production.12–15 Among KCa channels, BKCa and

Figure 3 The expression of KCa channel subunit genes in normal and preeclamptic HUVECs. (a, c) mRNA and protein levels of KCNMA1 and KCNMB1 in
HUVECs (N=19 for NP; N=20 for PE). (b) mRNA levels of SK1, SK2, SK3 and SK4 in HUVECs (N=19 for NP; N=20 for PE). (d) Protein levels of SK3
in HUVECs (N=3 for NP; N=3 for PE). Error bars denote s.e.m. *Po0.05; **Po0.01. HUVEC, human umbilical vein endothelial cell; N, number of
participants; NP, normal pregnancy; PE, preeclampsia.

Figure 4 The effect of BKCa and/or SKCa blocker on eNOS expression in normal (a) and preeclamptic (b) HUVECs. Error bars denote s.e.m. *Po0.05.
Apamin, a selective SKCa blocker; eNOS, endothelial nitric oxide synthase enzyme; IBTX, a selective BKCa blocker; NP, normal pregnancy; PE,
preeclampsia.
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SKCa were demonstrated to influence NO production in cultured
endothelial cells.14,15 In this study, blockade of BKCa and SKCa in
normal HUVECs not only declined K+ currents to similar levels as
those in preeclamptic HUVECs but also significantly downregulated
eNOS expression. These results demonstrated that the downregulated
eNOS expression was closely related to BKCa and SKCa in
preeclamptic HUVECs. To the best of our knowledge, this was the
first study to report the influence of preeclampsia on membrane
electro-activities linked to KCa channels in endothelial cells from
human placental–umbilical circulation. This finding also provided new
information on the possible influence of ion channels on the
endothelial NO system in preeclampsia, raising the question regarding
why cellular K+ channels as well as subunit expression levels were
altered in preeclamptic endothelial cells.
Endothelial dysfunction under the conditions of preeclampsia has

been closely related to oxidative stress.25–27 Recently, several studies
have shown that ROS could impair KCa channels in the
vasculature.20,24 ROS are produced intracellularly through multiple
mechanisms depending on the cell and tissue type.35 In the vascu-
lature, NOX complexes (seven distinct isoforms) are the major sources
of ROS generation. Among the seven isoforms of the NOX family,
NOX1, NOX2 and NOX4 were predominantly expressed in vascular
endothelial cells; specifically, NOX2 was closely associated with

endothelial cell dysfunction.36,37 In this study, both the intracellular
ROS concentration and NOX2 expression were significantly increased
in preeclamptic HUVECs, indicating an increased oxidative stress in
preeclamptic HUVECs that was probably mediated by the over-
production of NOX2-dependent ROS. In addition, our study showed
that the suppression of NOX activity with an NADPH oxidase
inhibitor (apocynin) in preeclamptic HUVECs could partially rescue
the altered KCNMB1, SK3 and whole-cell K+ currents. The inhibition
of NOX activity also rescued eNOS expression and NO production in
preeclamptic HUVECs. Together, these results indicate that heigh-
tened NOX2-mediated ROS production is involved in regulating
KCa channels, modulating eNOS expression and producing NO in
endothelial cells. The finding also provides new opportunities to
further investigate underlying signal pathways for ROS-induced
alterations in endothelial ion channels.
It is known that NO-mediated vasodilatation is one of the major

functions of vascular endothelial cells. According our study, the frail
endothelial NO system in preeclampsia may initiate placenta–umbi-
lical cord vascular dysfunction, eventually leading to intrauterine fetal
ischemia and developmental retardation. Thus, this study not only
offers new information regarding the control of NO system in
the placental–umbilical circulation but also contributes to a better

Figure 5 Superoxide production and NOX expression in normal and preeclamptic HUVECs. (a, b) Fluorescence microscopic images and fluorescence intensity
of cultured HUVECs after incubation with DHE for 60 min. (c) mRNA levels of NOX1, NOX2 and NOX4 in HUVECs (N=25 for NP; N=24 for PE).
(d) Protein levels of NOX2 in HUVECs (N=3 for NP; N=3 for PE). Error bars denote s.e.m. **Po0.01. DHE, dihydroethidium; HUVEC, human umbilical
vein endothelial cell; N, number of participants; NOX, NADPH (nicotinamide adenine dinucleotide phosphate) oxidase; NP, normal pregnancy;
PE, preeclampsia. A full color version of this figure is available at the Hypertension Research journal online.
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understanding of the pathological process of vascular dysfunction
complicated by preeclampsia.
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