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Hypoxia suppresses Kv 2.1 channel expression
through endogenous 15-hydroxyeicosatetraenoic acid
in rat pulmonary artery
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Abstract We have previously reported that hypoxia

activates lung 15-lipoxygenase (15-LOX), which catalyzes

arachidonic acid to produce 15-HETE, leading to con-

striction of neonatal rabbit pulmonary arteries. Hypoxia

suppresses Kv2.1 channel expression. Although the Kv

channel inhibition by hypoxia is likely to be mediated

through 15-HETE, direct evidence is still lacking.

To explore whether 15-LOX/15-HETE pathway contrib-

utes to the hypoxia-induced down-regulation of Kv2.1

channel, we performed studies using 15-LOX blockers,

semi-quantitative PCR and western blot analysis. We found

that Kv2.1 channel expression at the mRNA and protein

levels was greatly up-regulated in pulmonary arterial

smooth muscle cells (PASMCs) and pulmonary artery (PA)

after blockade of endogenous 15-HETE under hypoxic

condition. 15-HETE further decreased Kv2.1 channel

expression in comparison with 12-HETE and 5-HETE in

cultured PASMCs and PA under normoxic conditions.

These data indicate that hypoxia suppresses Kv2.1 channel

expression through endogenous 15-HETE in PA.

Keywords Kv2.1 � 15-HETE � 5-HETE � 12-HETE �
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Introduction

Hypoxic pulmonary vasoconstriction is a critical physio-

logical mechanism that directs blood flow away from

poorly ventilated regions in the lung to maintain an optimal

ventilation–perfusion ratio for maximal oxygenation of the

venous blood in the pulmonary artery (PA) [1–3]. One of

the potential mechanisms involved in hypoxic pulmonary

vasoconstriction is hypoxia-mediated inhibition of voltage-

gated K? (Kv) channels in pulmonary arterial smooth

muscle cells (PASMCs) [4–6]. In vascular smooth muscle,

K? channels play an important role in the regulation of the

resting membrane potential [7, 8]. Hypoxia inhibits the

PASMC outward K? current [4–6, 9, 10], leading to

membrane depolarization [4–6, 9] and constriction of small

PA [9]. Therefore, much attention has been focused on

identifying the K? channels involved in this response.

However, how the K? channels are inhibited after hypoxia

remains elusive. Both direct and indirect effects have been

proposed for the channel inhibition. In the carotid body and

pulmonary neuroepithelium, similar K? channels are

inhibited by hypoxia directly, through molecular O2 [11].

There is evidence suggesting that LOX and their products

play a role [12] in the process.

We have previously found that hypoxia up-regulates the

activity of 15-LOX in PASMCs. The conversion of ara-

chidonic acid to 15-HETE, a product of 15-LOX, is

enhanced in microsomal and cytosolic fractions of PA from

hypoxic neonatal rabbits. Exogenous 15-HETE causes

robust and concentration-dependent contractions of PA

rings under hypoxic conditions, which could be blocked by

inhibition of endogenous 15-HETE production with

lipoxygenase inhibitor [12]. Furthermore, blockade of Kv

channels by 4-AP inhibits the 15-HETE-induced constric-

tion of pulmonary arterial rings in hypoxic rabbits and rats

L. Guo � Z. Qiu � L. Zhang � S. Chen � D. Zhu (&)

Department of Biopharmaceutical Sciences,

College of Pharmacy, Harbin Medical University,

157 Baojian Road, Nangang District,

Harbin 150081, Heilongjiang, China

e-mail: dalingz@yahoo.com

D. Zhu

Biopharmaceutical Key Laboratory of Heilongjiang Province,

Harbin 150081, China

123

J Physiol Sci (2010) 60:373–381

DOI 10.1007/s12576-010-0105-z



[12–15]. 15-HETE decreases Kv currents (IK) in freshly

dispersed rabbit and rat PASMCs and raises [Ca2?]i level

in PASMCs [15]. We also have evidence that 15-HETE

down-regulates Kv2.1 channel expression and inhibits IK

[16]. Although these studies indirectly suggest that hypoxia

suppresses Kv channels via a 15-HETE-mediated mecha-

nism, direct evidence remains unavailable.

In the present study, Kv2.1 channel expression at

mRNA and protein levels was studied in PASMCs and PA

after inhibition of 15-LOX. Our results suggest that

hypoxia down-regulates Kv2.1 channel expression through

endogenous 15-HETE. 15-HETE was found to be more

potent than 5-HETE and 12-HETE in down-regulation

Kv2.1 channel expression. These results demonstrate the

link between 15-LOX, 15-HETE formation, and pulmonary

vasoconstriction under hypoxic conditions.

Materials and methods

Reagents and instruments

15-HETE, 5-HETE, 12-HETE, cinnamyl 3, 4- dihydroxy-

[alpha]-cyanocinnamate (CDC), nordihydro-guiairetic acid

(NDGA) were all purchased from Cayman Chemical

(Michigan, USA). Anti-potassium channel Kv2.1 antibody

was purchased from Santa cruz (USA). RT-PCR kit was

purchased from Invitrogen (California, USA). All other

reagents were from common commercial sources.

Animals

Adult male Wistar rats (200–250 g) were from the

Experimental Animal Center of Harbin Medical Univer-

sity, which is fully approved by the Institutional Animal

Care and Use Committee (IACUC). The animals were

housed in the Animal Research Center of Harbin Medical

University, at a controlled ambient temperature of 22–24�C

with 50% relative humidity and a 12-h light–dark cycle.

Culture of distal PA

Male wistar rats (weight 200–250 g) were anesthetized

with Saffan (7–12 mg kg-1 h-1), and the heart and lungs

were removed. Resistance (4th or 5th order intralobar)

branches of PA were dissected, cleaned of connective tis-

sue and cut open longitudinally. Rat distal PAs were dis-

sected from the lungs with endothelial cells denuded, and

the PAs were immediately cultured in DMEM with 20%

serum for 60 h under the following conditions: (1) norm-

oxic (21% O2/5% CO2/balance N2), (2) hypoxic (2.5% O2/

5% CO2/balance N2), and (3) hypoxic with 50 lM NDGA

and 5 lM CDC, for western blotting and RT-PCR.

Dissociation and culture of PASMCs

Primary cultures of PASMCs were prepared from rat pul-

monary arteries [6]. The isolated distal arterial rings were

incubated in Hanks’ balanced salt solution containing

1.5 mg/ml of collagenase for 20 min [17]. After incuba-

tion, a thin layer of the adventitia was carefully stripped off

with fine forceps and the endothelium was removed by

gently scratching the intimal surface with a surgical blade.

The smooth muscles were then digested with 1.0 mg/ml of

collagenase and 0.5 mg/ml of elastase (Sigma) for 60 min

at 37�C. The cells were plated onto 25 9 25 mm cover-

slips in 10-cm petri dishes (for molecular biological

experiments) in 20% fetal bovine serum (FBS)-containing

DMEM and cultured in a humidified incubator with 5%

CO2 for 3–5 days at 37�C. Before each experiment, the

cells were incubated in 0.3% FBS-DMEM for 12–24 h to

stop cell growth.

The purity of PASMCs in the primary cultures was

confirmed by specific monoclonal antibody raised against

smooth muscle a-actin. The total number of primary cul-

tured cells was estimated with membrane-permeable 40,60-
diamidino-2-phenylindole (DAPI, 5 lM; Molecular

Probes) for nucleic acid stain. All the DAPI-stained cells

were cross-reacted with SMC a-actin antibodies, indicating

that the cells were pure PASMCs.

Western blot procedures

Cultured rat distal PA and PASMC were gently washed

twice in cold PBS, put into 0.3 ml of lysis buffer (1%

Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,

100 lg/ml of phenylmethylsulfonyl fluoride, and 30 lM of

aprotinin), and incubated for 30 min on ice. The lysates

were then sonicated and centrifuged at 16,099g for 10 min,

and the insoluble fraction was discarded. The protein

concentrations in the supernatant were determined with the

bicinchoninic acid protein assay (Pierce, Rockford, IL,

USA) with bovine serum albumin (BSA) as standard. Fifty

micrograms of protein were mixed and boiled in SDS-

PAGE sample buffer for 5 min. The proteins fractionated

by 7.5% SDS-PAGE were then transferred to nitrocellulose

membranes by electroblotting in a Mini Trans-Blot cell

transfer apparatus (Bio-Rad) under conditions recom-

mended by the manufacturer. After incubation overnight at

4�C in a blocking buffer (0.1% Tween 20 in PBS) con-

taining 5% nonfat dry milk powder, the membranes were

incubated with affinity-purified rabbit polyclonal antibod-

ies specific for Kv2.1 (Sigma). The monoclonal antibody

specific for smooth muscle b-actin (Sigma) was used as an

internal control. The membranes were then washed and

incubated with anti-rabbit horseradish peroxidase-

conjugated IgG for 120 min at room temperature. The
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bound antibodies were detected with an enhanced chemi-

luminescence detection system (Amersham, USA).

RT-PCR

Sequences of rat Kv2.1 cDNA were obtained from the

GenBankTM data base (Accession # X16476). Accordingly,

sense primer, 50-GGGTTGCTAGTGAAAGAGTG G-30,
and anti-sense primer, 50-CATACGAGCGTTGTTTGGA-

30, were designed for a 321-bp fragment. For b-actin con-

trol, sense primer, 50-CCGTAAAGACC TCTATGCC

AACA-30, and anti-sense primer, 50-CGGACTCATCG-

TACTCCTGCT-30, were used to obtain a 500-bp PCR

fragment. Total RNA prepared from cultured rat distal PA

and PASMC by the acid guanidinium thiocyanate–phenol–

chloroform extraction method was reverse transcribed with

the Superscript First-strand cDNA Synthesis kit (Invitro-

gen). The fidelity and specificity of the sense and antisense

oligonucleotides were examined with the BLAST program.

The PCR products were amplified in a DNA thermal

cycler, followed by electrophoresis through a 1% agarose

gel. The amplified cDNA bands were then visualized with

GelStar staining. To quantify the PCR products, an

invariant mRNA of b-actin was used as an internal control.

The OD values for the channel signals, measured by a Kodak

electrophoresis documentation system, were normalized to

the OD values for the b-actin signals; the ratios are expressed

as arbitrary units for quantitative comparison [18].

Statistical analysis

All values are expressed as mean ± SEM. The significance

of mean values among the experimental groups was cal-

culated by using two-tailed analyses of variance (ANOVA)

followed by Dunnett’s test. Differences were considered to

be significant if P B 0.05.

Results

Time-dependent changes in Kv2.1 channel expressions

after hypoxia

The time-dependent changes in Kv2.1 channel expression

protein and mRNA were studied by using western blot and

RT-PCR analysis in rat PASMCs cultured under hypoxic

conditions. We found that Kv2.1 channel protein expres-

sion decreased after 60 h of exposure to hypoxia. No sig-

nificant change in expression was found within 48 h of

exposure to hypoxia. However, the mRNA levels of Kv2.1

were decreased after 48 h of exposure to moderate

hypoxia, and the reduction progressed further at 60 h

(Fig. 1).

The effects of hypoxia and endogenous 15-HETE

on Kv2.1 channel expression in cultured rat distal PA

If the hypoxia-induced down-regulation of Kv2.1 channel

expression is mediated through 15-HETE, inhibition of

endogenous 15-LOX/15-HETE should recover Kv2.1

channel expression. To test this hypothesis, western blot

analysis and RT-PCR techniques were used to examine the

contribution of endogenous 15-HETE to Kv2.1 channel

Fig. 1 Time-course of Kv2.1 channel expression in cultured rat

PASMCs exposured to hypoxia. a Western blotting of Kv2.1 channel

expression in PASMCs at different time point. b Densitometric

analysis of the western blot (n = 4, **P \ 0.01). c PCR-amplified

products were displayed in agarose gels stained with ethidium

bromide for Kv2.1 (321 bp) and b-actin (500 bp) transcripts. Lane 1
Marker, Lane 2 0 h, Lane 3 24 h, Lane 4 48 h, Lane 5 60 h, Lane 6
72 h. d Densitometric analysis of the RT-PCR (n = 4, **P \ 0.01,

*P \ 0.05)
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expression in separated PA cultured under normoxic or

hypoxic conditions for 60 h with or without lipoxygenases

inhibitors, CDC (5 lM) or NDGA (50 lM), respectively. The

results show that inhibition of endogenous 15-LOX/15-HETE

significantly recovered Kv2.1 channel expression at both the

protein and mRNA levels in cultured distal PA (Fig. 2).

Alleviation of the hypoxia-induced Kv2.1 channel

down-regulation with 15-LOX blockade in cultured

PASMCs and PA

To elucidate whether 15-LOX plays a role in the hypoxia-

induced inhibition of Kv2.1 channel expression in cultured

PASMCs and PA, we suppressed 15-LOX activity by using

15-LOX blockers. Inhibition of endogenous 15-HETE with

5 lM CDC relieved the inhibition of Kv2.1 channel down-

regulation caused by hypoxia. Similar results were

obtained with another 15-LOX inhibitor NDGA (50 lM).

If the alleviation of hypoxia-induced Kv2.1 channel

down-regulation is mediated through 15-HETE, the effect

should be diminished or blocked with addition of exoge-

nous 15-HETE. To test this possibility, 1 lM 15-HETE

was added to the cultured PASMC and PA, and Kv2.1

channel expression was examined with or without 15-LOX

blockers. The alleviation of hypoxia-induced Kv2.1 chan-

nel inhibition by 5 lM CDC or 50 lM NDGA, respec-

tively, was significantly attenuated in the presence of

exogenous 15-HETE. Without inhibition of endogenous

15-HETE formation, hypoxia produced an even greater

inhibitions of Kv2.1 channel expression in the presence of

exogenous 15-HETE, suggesting that both endogenous and

exogenous 15-HETEs have inhibitory effects on Kv2.1

channel expression (Figs. 3, 4).

Effects of other HETEs isoforms

The specificity of 15-HETE in causing the down-regulation

of Kv2.1 channel expression in cultured rat PASMCs and

PA was examined by using both exogenous 5-HETE and

12-HETE. Under normoxic conditions, 12-HETE inhibited

Kv2.1 channel expression in cultured PASMCs and PA.

12-HETE, 5-HETE was found to be less potent than

15-HETE in causing inhibition of the Kv2.1 channel. These

data suggest that 15-HETE is more potent than 12-HETE,

5-HETE in down-regulation of Kv2.1 expression (Fig. 5).

Discussion

We have demonstrated that 15-LOX pathway via its

metabolites, 15-HETE, plays a role in the hypoxia-induced

pulmonary arterial vessel constriction. We have further

proved that Kv1.5, Kv2.1, and Kv3.4 channels contribute

to the 15-HETE-induced pulmonary vasoconstrictions

[15, 16]. In the present study, we have examined the effects

of endogenous 15-HETE on Kv2.1 channel expression in

Fig. 2 Hypoxia-induced down-regulation of Kv2.1 channel in cultured

rat pulmonary artery was partly restored by 15-LOX inhibitors CDC

(5 lM) and NGDA (50 lM). a Western blotting of Kv2.1 channel.

b Densitometric analysis of the western blot (n = 4, **P \ 0.01,

*P \ 0.05). c PCR-amplified products were displayed in agarose gels

stained with ethidium bromide for Kv2.1 channel (321 bp) and b-actin

(500 bp) transcripts. Lane 1 Marker, Lane 2 control, Lane 3 hypoxia,

Lane 4 hypoxia ? CDC, Lane 5 hypoxia ? NDGA. d Densitometric

analysis of the RT-PCR. (n = 4, **P \ 0.01, *P \ 0.05)
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freshly isolated PASMCs and PA. The results indicate that

hypoxia, via endogenous 15-HETE, inhibits Kv2.1 channel

expression.

At least four different major families of K? channels

have been identified in single PASMCs: (1) Kv channels,

(2) large conductance Ca2?-activated K? channels

Fig. 3 Hypoxia-induced down-regulation of Kv2.1 channel expres-

sion in cultured rat PASMCs and PA were partly restored by 15-LOX

inhibitor CDC (5 lM) under hypoxia. a Western blotting of Kv2.1

channel expression in PASMCs. b Densitometric analysis of the

western blot (n = 4, **P \ 0.01, *P \ 0.05). c PCR-amplified

products were displayed in agarose gels stained with ethidium

bromide for Kv2.1 (321 bp) and b-actin (500 bp) transcripts. Lane 1
Marker, Lane 2 control, Lane 3 hypoxia, Lane 4 hypoxia ? CDC,

Lane 5 hypoxia ? CDC ? 15-HETE, Lane 6 hypoxia ? 15-HETE.

d Densitometric analysis of the RT-PCR (n = 4, **P \ 0.01,

*P \ 0.05). e Western blotting of Kv2.1 channel expression in

cultured rat PA. f Densitometric analysis of the western blot (n = 4,

**P \ 0.01, *P \ 0.05). g PCR-amplified products were displayed in

agarose gels stained with ethidium bromide for Kv2.1 (321 bp) and

b-actin (500 bp) transcripts. Lane 1 Marker, Lane 2 control, Lane 3
hypoxia, Lane 4 hypoxia ? CDC, Lane 5 hypoxia ? CDC ? 15-

HETE, Lane 6 hypoxia ? 15-HETE. h Densitometric analysis of the

RT-PCR (n = 4, **P \ 0.01, *P \ 0.05)
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Fig. 4 Hypoxia-induced down-regulation of Kv2.1 channel expres-

sion in cultured rat PASMCs and PA were partly restored by 15-LOX

inhibitor NGDA (50 lM) under hypoxic conditions. a Western

blotting of Kv2.1 channel expression in PASMCs. b Densitometric

analysis of the western blot (n = 4, **P \ 0.01, *P \ 0.05). c PCR-

amplified products were displayed in agarose gels stained with

ethidium bromide for Kv2.1 (321 bp) and b-actin (500 bp) tran-

scripts. Lane 1 Marker, Lane 2 control, Lane 3 hypoxia, Lane 4
hypoxia ? NDGA, Lane 5 hypoxia ? NDGA ? 15-HETE, Lane 6

hypoxia ? 15-HETE. d Densitometric analysis of the RT-PCR

(n = 4, **P \ 0.01, *P \ 0.05). e Western blotting of Kv2.1 channel

expression in cultured rat PA. f Densitometric analysis of the western

blot (n = 4, **P \ 0.01, *P \ 0.05). g PCR-amplified products were

displayed in agarose gels stained with ethidium bromide for Kv2.1

(321 bp) and b-actin (500 bp) transcripts. Lane 1 Marker, Lane 2
control, Lane 3 hypoxia, Lane 4 hypoxia ? NDGA, Lane 5
hypoxia ? NDGA ? 15-HETE, Lane 6 hypoxia ? 15-HETE. h Den-

sitometric analysis of the RT-PCR (n = 4, **P \ 0.01, *P \ 0.05)
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(BKCa), (3) ATP-sensitive K? channels (KATP), and (4)

inward rectifier K? channels (KIR). It is known that several

members in the Kv channel family are sensitive to hypoxia,

including Kv1.2 [19], Kv1.5 [20], Kv2.1 [21], Kv3.1b [22],

Kv3.3 [23], and Kv4.2 [24]. Our previous studies have

shown that 15-HETE suppresses Kv1.5, Kv2.1 and Kv3.4

channels expressions, and inhibits IK in PASMCs. Similar

results were observed in PASMCs maintained in subacute

hypoxic environment [16].

Although exogenous 15-HETE, with a similar effect to

hypoxia, inhibited Kv1.5, Kv2.1 and Kv3.4 channels

expressions and the whole-cell K? currents [16], no direct

Fig. 5 Influence of exogenous 5-HETE (1 lM), 12-HETE (1 lM)

and 15-HETE (1 lM) on Kv2.1 channel expression in cultured rat

PASMCs and PA under normoxic conditions. a Western blotting of

Kv2.1 channel expression in PASMCs. b Densitometric analysis of

the western blot (n = 4, **P \ 0.01, *P \ 0.05). c PCR-amplified

products were displayed in agarose gels stained with ethidium

bromide for Kv2.1 (321 bp) and b-actin (500 bp) transcripts. Lane 1
Marker, Lane 2 control, Lane 3 hypoxia, Lane 4 5-HETE, Lane 5 12-

HETE, Lane 6 15-HETE. d Densitometric analysis of the RT-PCR

(n = 4, **P \ 0.01, *P \ 0.05). e Western blotting of Kv2.1 channel

expression in cultured rat PA. f Densitometric analysis of the western

blot (n = 4, **P \ 0.01, *P \ 0.05). g PCR-amplified products were

displayed in agarose gels stained with ethidium bromide for Kv2.1

(321 bp) and b-actin (500 bp) transcripts. Lane 1 Marker, Lane 2
control, Lane 3 hypoxia, Lane 4 5-HETE, Lane 5 12-HETE, Lane 6
15-HETE. h Densitometric analysis of the RT-PCR (n = 4,

**P \ 0.01, *P \ 0.05)
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evidence was available to fill the gap in our knowledge of

how hypoxia induces membrane depolarization and Kv

channel inhibition. We assumed that hypoxia inhibits Kv2.1

channel expression through 15-HETE-mediated mechanism.

If this is the case, blockade of endogenous 15-HETE

formation by lipoxygenase inhibitors might be able to

rescue Kv2.1 channel expression. Likewise, exogenous

15-HETE would decrease Kv2.1 channel expression in

cultured PASMCs pretreated with lipoxygenase inhibitors

under hypoxic conditions, but Kv2.1 channel expression

should be higher than that of PASMCs treated only with

15-HETE under hypoxic conditions without lipoxygenase

inhibitors. Supporting the scenario, our results showed that

Kv2.1 channel expression at both protein and mRNA levels

in PASMCs was markedly increased after pretreatment

with 15-LOX blockers. The expression of Kv2.1 channel in

PASMCs pretreated with CDC or NDGA was greatly

increased in response to exogenous 15-HETE compared

with that of PASMCs without blocking of 15-LOX. These

data provide further evidence that blockade of endogenous

15-HETE formation decreased the inhibiting effect of

hypoxia on Kv2.1 channel expression.

Meanwhile, we wondered if what happened in PASMC

might also happen in PA. In this study, we successfully

established a hypoxic PA-culture procedure (PA model)

to examine the Kv channel changes in cultured rat PA.

The results showed that endogenous 15-HETE signifi-

cantly inhibited Kv2.1 channel expression at both the

protein and the mRNA levels, which were similar to the

effect of hypoxia. The results from this PA study were

similar to those from the animal model and the cultured

PASMC [17]. Therefore, the PA study is an alternative

way to repeat the experiment carried out in a hypoxic

animal model and allows us to examine the effects of

various agents on PA easily both morphologically and

functionally.

The LOXs comprise a family of non-heme iron-

containing dioxygenases that catalyze, in a stereospecific

manner, the oxygenation of the 5-, 12-, or 15-carbon atoms

of arachidonic acid. There is a previous report that 5-LOX

is involved in the regulation of lung vascular tone and in

the development of chronic pulmonary hypertension in

hypoxic rodent models [25]. 12-LOX and its product,

12(S)-HETE, are important intermediates in hypoxia-

induced pulmonary arterial smooth muscle proliferation

and may participate in hypoxia-induced pulmonary

hypertension [26]. In the present study, we found that CDC

and NDGA only partially restored the hypoxia-induced

down-regulation of Kv2.1 channel. We speculated that

other HETEs might also affect Kv2.1 channel expression.

Our results showed that 5-HETE, 12-HETE and 15-HETE

all have inhibiting effect on Kv2.1 channel expression in

cultured PASMC under normoxic conditions, with 15-HETE

the strongest. Thus it is likely that an array of LOXs is

activated following hypoxia, with each affecting different

target molecules, while the 15-LOX/15-HETE pathway

may play a more important role in down-regulation of

Kv2.1 channel expression induced by hypoxia.

In conclusion, we have demonstrated that blocking the

formation of endogenous 15-HETE increased Kv2.1

expression in PASMCs and pulmonary artery under hyp-

oxic conditions at both protein and mRNA levels. Inhibi-

tion of endogenous 15-HETE influences Kv2.1 expression

affected by exogenous 15-HETE in PASMCs under hyp-

oxic conditions. 15-HETE further decreased Kv2.1 channel

expression compared with 12-HETE, 5-HETE in cultured

PASMCs. All these data suggest that the decreased Kv2.1

channel expression, induced by hypoxia, is regulated by

15-HETE. These studies are the first effort to establish the

molecular and ionic mechanisms of the hypoxia in inhib-

iting Kv channels and provide insight into the potential

contribution of 15-HETE to the regulation of K? channel

activity.
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