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Sepsis is a severemedical condition causing a large number of
deaths worldwide. Recent studies indicate that the septic sus-
ceptibility is attributable to the vascular ATP-sensitive K�

(KATP) channel.However, themechanismsunderlying the chan-
nelmodulation in sepsis are still unclear.Herewe showevidence
for themodulation of vascular KATP channel by septic pathogen
lipopolysaccharides (LPS). In isolated mesenteric arterial rings,
phenylephrine (PE) produced concentration-dependent vaso-
constriction thatwas relaxed by pinacidil, a selectiveKATP chan-
nel opener. The PE response was disrupted with a LPS treat-
ment. In acutely dissociated aortic smooth myocytes the LPS
treatment augmented KATP channel activity, and hyperpolar-
ized the cells. Quantitative PCR analysis showed that LPS raised
Kir6.1 and SUR2B transcripts in a concentration-dependent
manner, which was suppressed by transcriptional inhibition.
Consistently, the same LPS treatment did not affect Kir6.1/
SUR2B channels in a heterologous expression system. The LPS
effect on Kir6.1 and SUR2B expression was abolished in the
presence of NF-�B inhibitors. Several other Toll-like receptor
ligands also stimulated Kir6.1 and SUR2B expression to a simi-
lar degree as LPS. Thus, the effect of LPS on vasodilation
involves up-regulation of KATP channel expression, inwhich the
NF-�B-dependent signaling plays an important role.

Septic shock caused by several septic pathogens including
bacterial lipopolysaccharides (LPS)3 is a severe medical condi-
tion characterized by lethal cardiovascular dysfunction and
hypotension (1, 2). Despite the widespread antibiotic usage, the
incidence of sepsis continued to rise over the past two decades
from 164,000 in 1979 to 660,000 in 2000, and the related cases
of in-hospital deaths rose from 44,000 in 1979 to 120,000 in

2000 (3). Dysfunction of the cardiovascular system plays a
major role in the septic mortality. Accumulating evidence indi-
cates that cardiovascular responses to septic pathogens are
rather diverse with very different prognosis among individuals,
although the underlyingmechanisms for the sepsis susceptibil-
ity are unclear (4). Recent studies indicate that functional integ-
rity of vascular KATP channels is a crucial factor for the sepsis
susceptibility (5, 6).
The vascular KATP channels are members of the inward rec-

tifier K� channel family. These channels consist of 4 pore-
formingKir6.x subunits and 4 sulfonylurea receptor (SUR) sub-
units. The Kir6.1/SUR2B is the major isoform in vascular
smooth muscles (VSM). The VSM KATP channel is modulated
by several vasoactive hormones and neurotransmitters, such as
� and � adrenergic receptor agonists, angiotension II, arginine
vasopressin, adenosine, calcitonin gene-related peptide, vaso-
active intestinal polypeptide, etc. (7–11). In addition, several
metabolites including ATP, ADP, pH, epoxyeicosatrienenoic
acids, H2S are important KATP channel regulators (12–15).
Genetic knock-out of either subunit of the vascular KATP chan-
nel leads to spontaneous coronary vasospasm and sudden
death, consistent with their function in vascular tone regula-
tions (16, 17).
The VSM KATP channel has recently been shown to play a

critical role in septic susceptibility. Studies with chemical
mutations genome-wide have led to an identification of four
strains of mice that are highly vulnerable to various septic
pathogens (6). All of these mice carry a null mutation of the
Kir6.1 gene (Kcnj8). Consistently, mice with Kir6.1-knock-out
exhibit cardiovascular abnormalities with a high mortality
when exposed to a sublethal dose of LPS (5). Although these
studies indicate that the VSM KATP channel is an important
player in systemic responses to sepsis, how the channel is
affected by LPS remains unclear, and several questions are open
as to how the LPS exposure affects whole cell KATP currents,
whether the increase in KATP currents is a result of the up-reg-
ulation of channel protein expression or a direct effect on chan-
nel activity, what the intracellular signaling pathways under-
score the changes. To address these questions, we performed
this study.

MATERIALS AND METHODS

Chemicals and cDNAs—Chemicals used in our studies were
purchased from Sigma unless otherwise stated. LPS (Esche-
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richia coli 0127:B8) was purchased from Sigma. Lipoteichoic
acid (LTA), bacterial CpG DNA (CpG), flagellin, and poly-
inosinic:polycytidylic acid (Poly I:C) were obtained from Invivo-
Gen (San Diego, CA). All chemicals were prepared as high con-
centration stocks in double-distilled H2O (ddH2O) or dimethyl
sulfoxide (DMSO), and were diluted to experimental concen-
trations immediately before usage. The final concentration of
DMSO was �0.1%.
Rat Kir6.1 (GenBankTM accession D42145) and mouse

SUR2B (GenBankTM accession D86038) were cloned in a
eukaryotic expression vector, pcNDA3.1, and used for mam-
malian cell expression. Human TLR4 (GenBankTM accession
NM_138554) and CD14 were cloned in pcDNA3 (GenBankTM

accession NM_000591) by Dr. Golenbock at the University of
Massachusetts. Human MD-2 (GenBankTM accession NM_
015364)was cloned in amammalian expression vector pEFBOS
by Dr. Sachiko Akashi-Takamura at the University of Tokyo.
Cell Culture—All types of cells were grown at 37 °C in a

humidified atmosphere of 95% air and 5%CO2, and were rou-
tinely split when the cell density reached 90–100% confluence.
Rat aortic smooth muscle cells (A10, CRL-1476, ATCC) were
cultured as a monolayer in the DMEM with 10% fetal bovine
serum (FBS). Human embryonic kidney cells (HEK293, CRL-
1573, ATCC) were grown in the DMEM-F12 medium supple-
mented with 10% FBS and penicillin/streptomycin.
Transfection—The HEK293 cells were used to express the

KATP channels. Transfection was performed by using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) in which 0.7 �g of
Kir6.1, 2.1�g of SUR2B, 1.0�g of TLR4, 0.2�g ofMD2, and 0.2
�g of CD14 were added to a 35-mm Petri dish. To facilitate the
identification of positively transfected cells, 0.4 �g of green flu-
orescent protein (GFP) cDNA (pEGFP-N2; Clontech, Palo
Alto, CA) was added to the cDNA mixture. Cells were dissoci-
ated from themonolayer using 0.25% trypsin�24 h after trans-
fection. A few drops of the cell suspension were added onto 5�
5-mm coverslips in a 35-mm Petri dish. Cells were then incu-
bated in DMEM-F12 for 24–48 h before experiments.
Acute Dissociation of Vascular SmoothMyocytes—All animal

experiments complied with the Institutional Animal Care and
Use Committee approval of the Georgia State University. Mice
(15–20 g) were anesthetized by inhalation of saturated halo-
thane vapor followed by cervical dislocation. The aorta was dis-
sected free, cut into small segments (1 mm), and placed in 5-ml
solution containing (in mM): 140 NaCl, 5.4 KCl, 1 MgCl2, 0.1
CaCl2, 10 HEPES, and 10 D-glucose at room temperature for 10
min. The tissueswere then placed in 1-ml solutionwith 20 units
of papain (Worthington) and 1.25 mg dithiothreitol. After
digestion for 15 min at 35 °C, the tissue was washed once and
then transferred to a 1 ml solution containing 440 units of col-
lagenase (CLS II,Worthington) and 1.25mgof trypsin inhibitor
(Sigma) for 5–10 min. After being thoroughly washed, the tis-
sue was moved to a 1 ml solution containing 20% fetal bovine
serum and triturated with a fire-polished Pasteur pipette to
obtain single smooth muscle cells. Cells were stored on ice and
used within 8 h. A drop of cells was put in a 35-mm tissue
culture dish, and cells were allowed to attach to the surface in 15
min. Cells that had clear smooth muscle morphology and did

not show evident swelling or shrinkage were used for patch
studies.
Mesenteric Arterial Rings—Mesenteric arterial rings were

obtained from Sprague-Dawley rats (250–350 g) in accordance
with the guidelines for the care and use of laboratory animals by
Georgia State University and Harbin Medical University. The
rats were anesthetized by inhaling saturated halothane vapor
followed by cervical dislocation. The mesenteric arteries were
dissected free and transferred to ice-cold Krebs solution con-
taining (inmM): 118.0NaCl, 25.0NaHCO3, 3.6KCl, 1.2MgSO4,
1.2 KH2PO4, 11.0 glucose, and 2.5 CaCl2. The arteries were cut
into 6–8 endothelium-intact rings of 2 mm in length and
stored in Krebs solution. Endothelium-denuded rings were also
used in which the endothelium was removed by a rough plastic
tube and tested by the loss of response to acetylcholine. During
the experiment, a ringwasmounted on a force-electricity trans-
ducer (Model FT-302, iWorx/CBSciences, Dover, NH) in a tis-
sue bath. With a 0.5-g preload, the ring was allowed to equili-
brate in the tissue bath for 30 min when the tension was
reduced to �0.3 g. The tissue bath was filled with Krebs solu-
tion and perfused with 5% CO2 at 36 °C. The arterial tone was
measured as changes in isometric force. Only rings that showed
a clear vasoconstriction response to 1.0�Mphenylephrinewere
used in the study.
Electrophysiology—Patch clamp experiments were per-

formed at room temperature as described previously. In brief,
fire-polished patch pipettes with resistance of 40–50M� were
made with 1.2-mm borosilicate glass capillaries. Whole cell
recording was performed in single-cell voltage clamp. Current
records were low-pass filtered (2 kHz, Bessel 4-pole filter, �3
dB), digitized (20 kHz, 16-bit resolution), and stored on a com-
puter hard drive for later analysis using the Clampfit 9 software
(Axon Instruments). The bath solution contained (in mM): 10.0
KCl, 135.0 potassium gluconate, 5.0 EGTA, 5.0 glucose, and
10.0 HEPES (pH 7.4). The pipette solution contained (in mM):
10.0 KCl, 133.0 potassium gluconate, 5.0 EGTA, 5.0 glucose, 1
K2ATP, 0.5NaADP, and 10.0HEPES (pH 7.4), in which the free
Mg2� concentration was adjusted to 1 mM using a [Ca2�]/
[Mg2�] calculation software. For membrane potential mea-
surement from aortic smooth muscle cells, bath solution con-
tained (in mM): 3.0 KCl, 140.0 NaCl, 1.0 CaCl2, 1.0 MgCl2, 10.0
glucose, and 10.0 HEPES (pH 7.4 with NaOH). Pipette solution
is the same as that used in whole cell patch clamping.
Reverse Transcription PCR (RT-PCR)—Total RNA was

extracted from mouse aorta with an RNeasy Mini kit (Qiagen)
according to the manufacturer’s protocol. cDNA was reverse-
transcribed from 0.5 �g of total RNA in a 20-�l reaction con-
taining 200 units of Superscript II reverse transcriptase
(Invitrogen), 300 ng of random hexamers, 0.5 mM dNTPs, 40
units of RNaseOut, and 10 mM dithiothreitol. The RT product
was treated with 5 units of RNase H for 20 min. For PCR anal-
ysis of KATP channel subunits, we designed primers targeting
themRNAsequence ofmouseKATP channel subunits (Table 1).
PCRwas performed in a Perkin Elmer GeneAmp 2400 in a final
volume of 50 �l including 1 �l of the RT product, 1.25 units of
GoTaq DNA polymerase (Promega, Madison, WI), 250 �M

dNTP, 2.5 �l of DMSO, and 0.5 �M primers. The cycling con-
ditions were 95 °C for 5 min followed by 30 cycles of 45 s at
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95 °C, 45 s at 52 °C, 75 s at 72 °C, and a final elongation for 10
min at 72 °C. 5 �l of PCR products were separated by electro-
phoresis on a 1% agarose gel and visualized with ethidium bro-
mide under UV fluorescence.
Real-time Quantitative RT-PCR (qPCR)—qPCR was per-

formed with an Applied Biosystems 7500 Fast Real-Time PCR
system. Primers were specifically designed using Applied Bio-
systems Primer Express 3.0 and are listed in Table 2. The spec-
ificity of the primers was confirmed with a BLAST program.
Each 20-�l reaction contained 1� Platinum SYBRGreen qPCR
SuperMix-UDG (Invitrogen), 0.2�M forward and reverse prim-
ers, 0.04 �l ROX reference dye, and 0.4 �l of cDNA. Thermal
cycling conditions included an initial UNG incubation at 50 °C
for 2min, PlatinumTaqDNApolymerase activation at 95 °C for
2min, 40 cycles of denaturing at 95 °C for 3 s, and annealing and
extension at 60 °C for 30 s, followed by routine melting curve
analysis. Relative quantitation (RQ) of target gene expression
was calculated by the 2���Ct method (18). The first step in the
RQ analysis is to normalize target gene expression level to
GAPDH (�Ct). The second step is to compare the difference
between normalized target gene expression in LPS-treated and
untreated samples (��Ct). Each experiment was repeated 2–3
times in 3–4 samples.
Nuclear Protein Extraction and Western Blotting—A10 cells

in 90–100% confluence were rendered quiescent in Dulbecco’s
modified Eagle’s medium with 0.5% fetal bovine serum for 6 h
before experiments. The cell line provided large quantity of
samples for protein study. Nuclear proteins were extracted
using Nuclear Extract kit (Active Motif, Carlsbad, CA). Protein
concentration was determined by BCA assay (Pierce). The
nuclear proteins in Laemmli sample buffer were boiled in
95–100 °C for 5 min. The samples (50 �g) were loaded onto
each well, separated on 10% SDS-PAGE, and transferred onto
polyvinylidene difluoride membranes (Bio-Rad). Nonspecific
binding sites were blocked by a 1-h incubation of the mem-
branes in TBST/5% nonfat milk, followed by blotting with pri-
mary antibodies diluted in TBST/5% bovine serum albumin

overnight. Most primary antibodies were purchased from Cell
Signaling Technology (Boston, MA). Anti-p65 IgG was pro-
vided by Santa Cruz Biotechnology (Santa Cruz, CA). The
membrane was then incubated in horseradish peroxidase-con-
jugated secondary antibody (1:104, Jackson Immunoresearch),
and detected by SuperSignal ECL substrate (Thermo Scientific,
Rockford, IL) according to the manufacturer’s instruction.
Data Analysis—Data are presented as the mean � S.E. of

each group. Differences in means were tested with a Student’s t
test and were accepted as significant if p � 0.05.

RESULTS

KATP Channels in the LPS-induced Vascular Hyporeactivity
to Vasoconstrictor—Vascular responses to LPS exposure were
studied in isolated and perfused rings frommesenteric arteries.
The mesenteric artery was adopted, because it is a favorable
resistant artery model. Endothelium was mechanically removed
immediately before mounting. The endothelium elimination
was confirmed as the rings failed to respond to 1 �M carbachol
(11). The rings were mounted on force electricity transducers
with a 0.3 g of preload and allowed to equilibrate for 30 min
before experiments. Isometric contraction was produced with
the adrenergic �-receptor agonist PE that produced concen-
tration-dependent constrictions with the maximum effect
reached at �1 �M (Fig. 1A). At the maximum constriction,
pinacidil, a KATP channel opener, relaxed the vasoconstriction
almost completely, suggesting that KATP channels are involved
in the vascular tone regulation (Fig. 1A). Previous studies have
shown that the concentration of LPS can reach 100 ng/ml (19,
20). The concentration can be elevated even up to 200-fold
when bacteria were lysed during antibiotic therapy (21). A pre-
treatment of the rings with LPS for 20 h impaired the PE reac-
tivity (Fig. 1B). The LPS effect had clear concentration depend-
ence. The vascular reactivity to 1 �M PE was almost completely
lost with an exposure to 1 �g/ml LPS, and reduced by 	60%
with 0.1 �g/ml LPS (Fig. 1, B–D). Hence, we adopted 1 �g/ml
LPS in the further studies. Such a concentration was used in
dissecting signaling pathways rather thanmimicking the in vivo
condition in sepsis. Therefore, the signaling pathways under
study may not be immediately related to sepsis.
Increase in Whole Cell KATP Currents with LPS Exposure—

K� currents were studied in whole cell voltage clamp. High
concentration of K� (145 mM) was applied to the bath and
pipette solutions, and membrane potentials of the cell were
held at 0 mV with step hyperpolarizing pulses to �80 mV
applied to the cell (9). Under this condition, the aortic SMCs
(n 
 21) exhibited small basal currents upon formation of the
whole cell configuration (72.1� 10.5 pA, Fig. 2,A,B, E). Pinaci-
dil (10 �M) augmented the currents by 44% (104.2 � 16.1 pA,
Fig. 2, A, C, E). The pinacidil-activated currents were strongly
inhibited by 10�Mglibenclamide (43.9� 7.1 pA, Fig. 2,A,D,E),
consistent with the expression of functional KATP channels in
the SMCs. In another group of SMCs (n 
 17), the basal cur-
rents increased by 43% (103.6 � 15.2 pA, Fig. 2, F, I) after a
treatment with 1 �g/ml LPS overnight. The amplitude of the
pinacidil-activated currents was further augmented by 45%
(150.9 � 29.5 pA, Fig. 2, F, H, I). The glibenclamide-sensitive
currents were 63.7 � 13.6 pA (Fig. 2, F, H, I).

TABLE 1
RT-PCR primers

Target gene Primers Accession no. Size

bp
Kir6.1 Fw: TGGCTGCTCTTCGCTATC NM_008428 578

Re: GGGCTACGCTTGTCAATC
Kir6.2 Fw: AGGGCATTATCCCTGAGG NM_010602 569

Re: GCGTTGATCATCAGCCC
SUR2B Fw: GAAGTCCTCCTTATCCCTGG NM_011511 592

Re: ACGGACAAACGAGGCAAAC
GAPDH Fw: TGCTGAGTATGTCGTGGAG NM_008084 668

Re: ACCAGGAAATGAGCTTGAC

TABLE 2
Real time PCR primers

Target gene Primers Accession no. Size

bp
Kir6.1 Fw: CGCAAACCCGAGTCTTCTAGGA NM_008428 101

Re: CCTGGCCAACATCTTCCTTTCAC
Kir6.2 Fw: GCCCTGCGTCACAAGCA NM_010602 39

Re: GGACCTCGATGGAGAAAAGGA
SUR2B Fw: CCATAGCTCATCGGGTTCACA NM_011511 133

Re: CGGACAAACGAGGCAAACAC
GAPDH Fw: CCAGCCTCGTCCCGTAGA NM_008084 179

Re: TGCCGTGAGTGGAGTCATACTG
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Membrane potentials of SMCs
freshly dissociated from the mouse
aorta were examined in whole cell
current clamp. With physiological
concentration of K� in the bath
and pipette solutions, the SMCs had
a resting membrane potential of
�56.4� 3.8mV (n
 10). The effect
of LPS on membrane potentials was
studied in two groups of cells with
one group treated with 1 �g/ml LPS
and the other with the solvent vehi-
cle. Although no significant changes
in membrane potentials were seen
between these groups at 0, 2, and 6 h
of exposure (p 	 0.05, n 
 9–11
cells for each time point), at 15–18 h
the membrane potentials were sig-
nificantly more hyperpolarizing in
the LPS-treated group than in the
vehicle-treated (�60.1 � 3.5 mV,
n 
 6) in comparison to the control
group (�46.5 � 4.9 mV, n 
 6; p �
0.05; Fig. 3A, supplemental Fig. S1).
The augmentation of KATP currents
may result from an up-regulation
of the channel expression, post-
translational modulation of channel
activity (e.g. channel protein phos-
phorylation) or both. We therefore
carried out studies to test these
possibilities.
Surface Expression—To show the

effect of LPS exposure on the sur-
face expression of KATP channels,
we analyzed the current density in
dissociated aortic SMCs by dividing
the whole cell current amplitude by
membrane capacitance. The density
of the pinacidil-activated currents
was 11.4 � 1.4 pA/pF (n 
 21, Fig.
3B) without LPS treatment. After a
treatment of the cells with LPS (1
�g/ml) overnight, the current den-
sity increased to 19.3 � 3.1 pA/pF
(n 
 17), which was 69% greater
than that before LPS exposure (p �
0.01 and Fig. 3C). Despite the large
increase in the current density, the
net effect of pinacidil remained sim-
ilar (60.1% over the basal currents
after LPS treatment versus 54.2%
before).
The KATP currents were isolated

by subtracting the currents with the
glibenclamide (10 �M) treatment
from the currents with the pinacidil
(10 �M) treatment as shown in Fig.

FIGURE 1. KATP channels play a role in vascular responses to LPS treatment. A, in an isolated rat mesenteric
arterial ring, PE produced a concentration-dependent vasoconstriction. At the peak contraction, the KATP
channel opener pinacidil relaxed the ring almost completely in the presence of 100 �M PE. B, relationship of the
contractile force with PE concentrations was studied in endothelium-denuded rings. The relationship was
described using the Hill equation with EC50 2.2 �M in the control group (CTL). The contractility was markedly
diminished after a pretreatment with LPS (100 ng/ml) for 20 h. The EC50 of PE became 6.3 �M. Data are pre-
sented as means � S.E. (n 
 9 rings for control; n 
 7 for LPS). C, similar experiments were done with 1 �g/ml
LPS. A greater impair in contractility occurred with the LPS exposure (n 
 6 for control; n 
 5 for LPS). D, in
comparison to their experiments controls, the ED rings lost about 42% contractility with 100 ng/ml LPS (*, p �
0.05, n 
 15), and 	90% with 1 �g/ml LPS (***, p � 0.001, n 
 9).

FIGURE 2. Augmentation of KATP currents with LPS incubation. Whole cell voltage clamp was performed in
freshly dissociated aortic SMCs. The bath solutions contained 145 mM K�. The same solution was used in the record-
ing pipette with addition of 1 mM ATP, 0.5 mM ADP, and 1 mM free Mg2�. A, in a control experiment, small inward
currents were seen upon the formation of the whole cell configuration. The currents were increased by pinacidil (10
�M). The maximal activation was reached in 2 min, whereas glibenclamide (10 �M) reduced currents to a level even
below the baseline. B–D, individual records of inward currents at baseline (B) and with pinacidil (Pin, C) or gliben-
clamide (Glib, D). E, summary of the current amplitude under these conditions (n 
 21 cells). F, the pinacidil- and
glibenclamide-sensitive currents were studied in another SMC that had been treated with LPS (1 �g/ml) overnight.
The current amplitude increased significantly after the whole cell patch formation, presumably produced by intra-
cellular dialysis of ADP and Mg2�. The currents were further augmented by pinacidil, reaching a peak that doubled
that without LPS treatment in A. The pinacidil-activated currents were completely suppressed by glibenclamide.
G, superimposed are individual currents obtained from C and D. H, current traces were similarly taken from F at the
position indicated by arrows. I, effect of LPS on whole cell currents of dissociated SMCs (n 
 17 cells).
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2, G and H. The isolated currents
were then divided by whole cell
capacitance to get the current den-
sity. The KATP current density was
5.8 � 1.2 pA/pF (n 
 21 cells) with-
out LPS treatment and increased
significantly to 10.3 � 2.3 pA/pF
(n
 17 cells, p� 0.05) after an over-
night exposure to LPS (1 �g/ml, Fig.
3D), suggesting that the LPS expo-
sure augments the surface expres-
sion of functional KATP channels.
Concentration-dependent Stimu-

lation of Kir6.1/SUR2B Transcrip-
tion—At the mRNA level, the
expression of Kir6.1, Kir6.2, and
SUR2B was studied in smooth mus-
cle tissues of the mouse aorta. We
usemouse tissues because the infor-
mation related to alternative splic-
ing in mouse ABCC9 were more
detailed in GenBankTM�. RT-PCR
with the mRNAs extracted from
cultured endothelium-denuded aor-
tic rings showed that the levels of
Kir6.1 and SUR2B transcripts were
significantly higher in the LPS-
treated groups than in the control
group (Fig. 4A). In contrast, the
Kir6.2 mRNA expression did not

FIGURE 3. A, effect of LPS on membrane potentials (Vm) was studied in vascular SMCs freshly dissociated
from the mouse aorta by parallel comparison of the Vm recorded from cells treated with and without LPS.
Although no obvious changes in Vm were seen with an LPS treatment for 0, 2, and 6 h, significant hyper-
polarization occurred with a 16 h exposure (*, p � 0.05; n 
 10). B–D, enhancement of current density with
LPS exposure. The current density was calculated by dividing the current amplitude by the whole cell
capacitance in each cell. Without LPS, the pinacidil-activated current (I) density was �54% greater than
the basal currents (B, n 
 21, **, p � 0.01). After an overnight treatment with LPS (1 �g/ml), the density of
basal currents increased by 50%, whereas the pinacidil-activated current density was further elevated by
59% (C, n 
 17). KATP currents were isolated by subtraction of the glibenclamide-sensitive currents from
the pinacidil-activated currents (Fig. 2, G and H). The KATP current density was significantly enhanced after
LPS exposure (*, p � 0.05, D).

FIGURE 4. Augmentation of KATP mRNA expression after LPS exposure. A, total RNAs were extracted from dissociated SMCs from the mouse aorta after 20 h
of incubation with LPS in 0, 0.01, 0.1, and 1 �g/ml. In RT-PCR analysis, the LPS treatment led to up-regulation of both Kir6.1 and SUR2B transcripts in a
concentration-dependent fashion. B, quantitative real-time PCR was performed to quantify KATP channel expression. Expression levels of target genes were
normalized to the GAPDH mRNA level using the 2���Ct method (18). LPS (1 �g/ml, 20 h) increased Kir6.1 transcripts by �1.9-fold, and SU2B by �0.5-fold (***,
p � 0.001, n 
 48 and 50 samples from 14 mince, respectively), whereas Kir6.2 did not show significant increase (p 	 0.05, n 
 33). Note that the expression of
the KATP channel in LPS-treated groups was measured and normalized to the vehicle control. C, concentration-dependent Kir6.1 and SUR2B expression
following 20 h of LPS treatment. Data were collected from three independent experiments with 3– 4 samples in each. D, time dependence. A clear up-regu-
lation of Kir6.1 and SUR2B mRNA expression was observed with LPS (1 �g/ml) exposure at 20 h but not at 1 and 6 h. E, after a 20-h treatment with actinomycin
D (2 �g/ml, added 1 h before 1 �g/ml LPS), the enhancement of Kir6.1 and SUR2B expression was totally eliminated. Data were obtained from three
independent experiments with 3– 4 samples in each.
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show any evident change (Fig. 4A), whereas SUR2A transcript
level was too low to form a significant KATP isoform (supple-
mental Fig. S2). These results thus indicate that the Kir6.1/
SUR2B isoform of KATP channels is targeted.

Quantitative PCR analysis showed that LPS (1 �g/ml, 20 h)
enhanced Kir6.1 transcripts by �1.9-fold, and SUR2B tran-
scripts by 0.5-fold in the dissociated aortic SMCs (p � 0.001,
n 
 47 and 49, respectively; Fig. 4B), whereas Kir6.2 transcripts
did not show significant increase (p 	 0.05, n 
 32). The effect
of LPS on Kir6.1 and SUR2B expression relied on LPS concen-
trations (Fig. 4, A and C). In the concentration as low as 0.01
�g/ml, LPS raised Kir6.1 mRNA expression by 0.8-fold. LPS
further stimulated the Kir6.1 expression by 1.5- and 2.0-fold in
0.1 �g/ml and 1 �g/ml, respectively. In the concentration 0.01
�g/ml, LPS did not exhibit stimulatory effect on SUR2B. A
small effect was seen with 0.1 �g/ml LPS, whereas LPS in 1
�g/ml increased SUR2B mRNA by 0.6-fold (Fig. 4C). The up-
regulation of Kir6.1 and SUR2B expression occurred at �20 h
of LPS (1 �g/ml) exposure, whereas no significant increase in
Kir6.1 and SUR2B expressionwas found at 1 h and 6 h (Fig. 4D).
Therefore, a 20-h treatment with 1 �g/ml LPS was adopted in
further studies.
Actinomycin D (2 �g/ml), an RNA polymerase II inhibitor

that binds DNA at the transcription initiation complex and
blocks RNA elongation (22), totally eliminated the LPS-in-
duced Kir6.1 and SUR2B expression (Fig. 4E). These suggest
that transcriptional mechanisms are required for the LPS
effects.
Necessity of NF-�B—Because nuclear factor �B (NF-�B) is a

critical player in the Toll-like receptor 4 (TLR4) signaling path-

ways activated by LPS, it is possible that LPS enhances the KATP
channel expression via the NF-�B pathway. Indeed, we found
that p65, a subunit of NF-�B, displayed a strong nuclear accu-
mulation after a 30-min LPS treatment. The nuclear accumu-
lation returned to nearly the basal level after 20 h (Fig. 5A). The
NF-�B pathway was further studied using NF-�B inhibitors.
We tested pyrrolidine dithiocarbamate (PDTC, 100 �M) that
prevents phosphorylation of I�B (23), and dimethyl fumarate
(DMFR, 100 �M), a NF-�B inhibitor that blocked the nuclear
entry of p65 after its release from I�B (24). One of the NF-�B
inhibitors was added to aortic tissues 1 h before LPS adminis-
tration. LPS stimulated Kir6.1 mRNA expression by 3.9-fold,
and SUR2B by 1.5-fold in the control group (Fig. 5, B and C).
After overnight incubationwith PDTC, the LPS-inducedKir6.1
and SUR2B expression was strongly suppressed (Fig. 5, B and
C). Similarly, LPS-elevated Kir6.1 and SUR2B mRNA expres-
sion were also inhibited by DMFR (Fig. 5D). These data indi-
cated that the NF-�B signaling is necessary for the KATP chan-
nel up-regulation.
KATP Channels Derived from Expression Vectors—If tran-

scriptional regulation is critical, LPS may have little effect on
the KATP channels derived from expression vectors. To address
this issue, we performed experiments in HEK293 cells trans-
fected transiently with Kir6.1/SUR2B. The HEK293 cell line
was chosen for several reasons: 1) The expression of Kir6.1 and
SUR2B from plasmids is most likely independent of transcrip-
tional regulations; 2) we have previously shown that post-trans-
lational regulations of the Kir6.1/SUR2B channel such as Kir6.1
and SUR2Bphosphorylations can take place inHEK293 cells (9,
11); and 3) the intracellular signaling pathway for LPS is intact

FIGURE 5. Role of NF-�B in the LPS-induced KATP channel expression. A, A10 aortic smooth muscle cell line was cultured in the presence or absence of LPS
(1 �g/ml). Nuclear extracts were obtained from A10 cells, separated in 10% SDS-PAGE, and then transferred to polyvinylidene difluoride membrane. Western
blot analysis was performed using anti-p65 antibody with Lamin A/C as the loading control. The p65 was accumulated in nucleus after 30-min LPS stimulation.
The p65 nuclear accumulation returned to basal level with 20 h of treatment. B, RT-PCR evidence for the suppression of LPS effects by the NF-�B inhibitor PDTC.
Total RNAs extracted from dissociated mouse aortic SMCs were subject to RT-PCR after a 20-h incubation with or without LPS. PDTC was applied 1 h before LPS
treatment. The up-regulation of Kir6.1 and SUR2B following an exposure to 1 �g/ml LPS (L) was both blocked by PDTC (P, 0.1 mM). C and D, qPCR analysis of the
effect LPS (1 �g/ml, 20 h) in the presence of PDTC (0.1 mM, C) and another NF-�B inhibitor DMFR (0.1 mM, D). Both were applied to the tissue 1 h before LPS
administration. The expression of Kir6.1 and SUR2B in the LPS-treated groups was strongly suppressed with either NF-�B inhibitor. The data were collected
from 3– 4 independent experiments with three samples in each.
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in cells, although membrane expression of TLR4, MD2, and
CD14 is absent (25). Thereby, TLR4,MD2, and CD14were also
cotransfected to cells. Under this condition, the basal current
density of LPS-treated cells did not increase at all in comparison
to the vehicle-treated cells (9.8 � 2.7 pA/pF, n 
 13, versus
12.8� 3.3 pA/pF, n
 15, respectively, p	 0.05). The pinacidil-
induced currents were not different between LPS- and vehicle-
treated cells either (104.6 � 29.0 pA/pF, n 
 13, versus 138.7 �
35.8 pA/pF, n 
 15, respectively, p 	 0.05) (Fig. 6, A–C). These
were not due to a failure of activation of intracellular signaling
systems by LPS, as our results indicated that LPS affected HEK
cells, resulting in a clear nuclear accumulation of p65 subunit
after a 30-min treatment (Fig. 6D). The different responses
between native SMCs and HEK293 cells to LPS are thus con-
sistent with the transcriptional regulation of KATP channel
expression in endotoxemia.

Effects of Other TLR Ligands on Kir6.1 mRNA Expression—
Besides LPS, other bacterial pathogens also contribute to
pathogenesis of sepsis (6). LTA, a substantial immunostimu-
latory component of Gram-positive bacteria and a ligand of
TLR2, and bacterial CpG DNA (CpG), a ligand of TLR9,
displayed a stimulatory effect on Kir6.1 mRNA expression
(Fig. 7). The stimulatory effect of flagellin, a ligand of TLR5
that forms the filament in bacterial flagellum, is weak but
significant. Polyinosinic:polycytidylic acid (poly(I:C)), a syn-
thetic double-stranded RNA that is a ligand of TLR3 and
used to mimic viral infections, did not change Kir6.1 mRNA
expression significantly.

DISCUSSION

The outcome of sepsis is determined by not only pathogens
but also cardiovascular response (1). Indeed, themajor cause of
death in sepsis is hypotension andhypoperfusion of several vital
organs. Accounting for these are excessive vasodilation and
hyporeactivity to vasoconstrictors, in which the vascular KATP
channel has been recently shown to play a critical role (5). The
vascular KATP channels regulate resting membrane potentials,
controlling voltage-gated Ca2� channels, cytosolic Ca2� levels,
and the excitation-contraction coupling in smooth muscles
(26).
A previous study shows that administration of glibenclamide

can lead to recovery of blood pressure in dogs with endotox-
emia (27). In contrast, glibenclamide does not show any effect
in control group, suggesting channel activity is enhanced in the
LPS-treated animals. Another study indicates that the KATP
channel pore blocker PNU-37883A rather than SUR subunit
inhibitor glibenclamide or tolbutamide attenuates the LPS-in-
duced vascular hyporeactivity to PE, which may be due to the
functional change of SUR subunit during exposure of LPS, lead-
ing to insensitivity to sulfonylurea (28). In our current study, a
significant hyperpolarization is revealed in LPS-treated aortic
SMCs. Consistent with these findings, another group finds that
mesenteric SMCs dissociated from the LPS-injected rats dis-

FIGURE 6. LPS failed to change Kir6.1/SUR2B channel activity in a heter-
ologous expression system. A, Kir6.1/SUR2B were co-expressed with TLR4/
MD2/CD14 in HEK293 cells, and whole cell currents were studied as shown in
Fig. 2. The current amplitude increased markedly in response to pinacidil (10
�M), and was inhibited by glibenclamide (Glib, 10 �M). B, in another cell
treated with LPS (1 �g/ml) overnight, the currents showed similar responses
to pinacidil and Glib. C, comparison of the current density between the con-
trol (n 
 15) and LPS-treated cells (n 
 13). Both basal current density and
pinacidil-induced current density were not significant changed after over-
night LPS incubation (1 �g/ml, p 	 0.05). D, stimulation of NF-�B signaling
with LPS exposure in HEK293 cells. HEK293 cells were transfected with human
TLR4/MD2/CD14 cDNAs. Two days after transfection, Western blot analysis
was performed on the nuclear extracts from cells. The p65 accumulation was
clearly seen 30 min after LPS stimulation.

FIGURE 7. The effect of other TLR ligands on Kir6.1 mRNA expression.
Total RNAs were extracted from dissociated SMCs from the mouse aorta after
20 h of incubation with different TLR ligands. Real-time PCR was performed to
quantify Kir6.1 mRNA expression. LPS (1 �g/ml) increased Kir6.1 transcripts
by �2.0-fold (***, p � 0.001), LTA (1 �g/ml) by �1.6-fold (**, p � 0.01), CpG (10
�g/ml) �2.2-fold (*, p � 0.05), and flagellin (1 �g/ml) �0.3-fold (**, p � 0.01),
whereas poly(I:C) (25 �g/ml) did not show an obvious effect on Kir6.1 expres-
sion (�0.3-fold, p 	 0.05). Data were obtained from two independent exper-
iments with 3– 4 samples in each.
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play hyperpolarization that can be blocked by glibenclamide
(29). Direct evidence for the LPS effect on theKATP currents has
been shown in our whole cell patch clamp, in which KATP cur-
rents in SMCs treated with LPS were significantly increased
over the control group.
The augmentation of whole cell KATP currents is due to an

increase in surface expression as the channel density increases
significantly. It has been reported that rat diaphragm with a
24–48 h LPS treatment showed elevated Kir6.1 mRNA by
3-fold and Kir6.1 protein by 8-fold (30). In experimental colitis,
the Kir6.1 mRNA expression in colonic smooth muscle is
enhanced markedly, whereas SUR2B mRNA decreases slightly
(31). The increase in theKATP expression, especially Kir6.1 sub-
unit, is believed to contribute to the dysfunction of visceral
smooth muscle contraction during inflammation (30, 31). In
vascular SMCs, we have shown, for the first time, that both
Kir6.1 and SUR2BmRNAare up-regulated after LPS treatment.
The effect is very likely to be due to the newly synthesized
mRNAs. 1)The augmentation ofKATP channel activity in endo-
toxemia was associated with increased Kir6.1/SUR2B mRNA
levels. 2) In the presence of actinomycin, LPS failed to stimulate
Kir6.1 and SUR2B mRNA expression. Indeed, the SUR2B
mRNA level was even lower than that without LPS exposure,
indicating that the increasedKir6.1 and SUR2B expressionwith
LPS exposure occur at the transcriptional level. 3) In a heterol-
ogous expression system, a similar LPS exposure did not stim-
ulate the Kir6.1/SUR2B channel activity, as the expression of
these channels derived from the expression vector via the CMV
promoter is not subject to transcriptional regulation.
The up-regulation of the vascular KATP channel expression is

not only produced by LPS. Several other TLR ligands including
the Gram-positive bacterial TLR2 ligand and bacterial TLR9
ligand also display a strong stimulatory effect on Kir6.1 mRNA
expression. These observations are preliminary, and further
studies are still needed to understand mechanisms underlying
KATP channel regulation.

Several intracellular signaling systems may be involved in
the Kir6.1 and SUR2B up-regulation during endotoxemia.
NF-�B is a key player. Activation of NF-�B increases the
expression of the gene encoding the proinflammatory cyto-
kine TNF� (32). Interestingly, previous studies have shown
that the coronary vasodilation induced by TNF� is alleviated
in Kir6.1-null mice, suggesting KATP channel is necessary for
the TNF�-induced vasodilation (5). In the present study, we
have examined the causality between KATP and NF-�B. Our
results have shown that p65 is accumulated in the nucleus as
soon as 30 min after LPS stimulation. A pretreatment with
the NF-�B inhibitor PDTC or DMFR attenuates significantly
the LPS-induced KATP channel expression, indicating that
NF-�B signaling is necessary for the up-regulation of the
vascular KATP channel during endotoxemia. It is noteworthy
that both of the NF-�B inhibitors have certain nonspecific
effects beyond inhibiting NF-�B, for example, PDTC could
activate Akt (33), whereas DMFR also inhibits mitogen- and
stress-activated protein kinase 1,2 (34). Because the nonspe-
cific effects do not overlap with each other, the consistency
of their effects on the LPS-induced KATP channel expression
supports that NF-�B signaling plays a role.

As an important player in vascular tone regulation, the KATP
channels are subject to multiple levels of control. At the post-
translational level, it is targeted by numerous hormones and
neurotransmitters by PKA and PKC phosphorylations (9, 10).
At the transcriptional level, it is regulated byNF-�B-dependent
intracellular signaling following the exposure of LPS. As a result
of the up-regulation, the KATP channels contribute to vasodila-
tion in resistant blood vessels leading to an altered distribution
of blood supply (27, 35). Persistent low perfusion is lethal, and
can cause multiple organ failure. The relaxation of coronary
arterial SMCs and the increase in coronary circulationmay, to a
large degree, compensate the metabolic needs of myocardium
and secure sufficient cardiac output in the early stage of sep-
sis (1, 36).
In conclusion, our results indicate the decrease in the con-

tractility of vascular smoothmuscle in endotoxemia is attribut-
able to the increased activity of theKATP channel. Such an effect
is not limited to LPS but is also shared by several other TLR
ligands. The effect of LPS appears to be mediated by enhancing
the expression of Kir6.1 and SUR2B in which the NF-�B signal-
ing systemplays a role. The demonstration of amolecular target
of septic pathogens and the likely intracellular signaling path-
way may help the design of therapeutic modalities for the con-
trol of hypotension and hyporeactivity to vasoconstrictors in
septic shock.
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