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Background-—Hypercholesterolemia-induced decreased availability of nitric oxide (NO) is a major factor in cardiovascular disease.
We previously established that cholesterol suppresses endothelial inwardly rectifying K+ (Kir) channels and that Kir2.1 is an
upstream mediator of flow-induced NO production. Therefore, we tested the hypothesis that suppression of Kir2.1 is responsible
for hypercholesterolemia-induced inhibition of flow-induced NO production and flow-induced vasodilation (FIV). We also tested the
role of Kir2.1 in the development of atherosclerotic lesions.

Methods and Results-—Kir2.1 currents are significantly suppressed in microvascular endothelial cells exposed to acetylated–low-
density lipoprotein or isolated from apolipoprotein E–deficient (Apoe�/�) mice and rescued by cholesterol depletion. Genetic
deficiency of Kir2.1 on the background of hypercholesterolemic Apoe�/�mice, Kir2.1+/�/Apoe�/� exhibit the same blunted FIV
and flow-induced NO response as Apoe�/�or Kir2.1+/� alone, but while FIV in Apoe�/� mice can be rescued by cholesterol
depletion, in Kir2.1+/�/Apoe�/� mice cholesterol depletion has no effect on FIV. Endothelial-specific overexpression of Kir2.1 in
arteries from Apoe�/� and Kir2.1+/�/Apoe�/� mice results in full rescue of FIV and NO production in Apoe�/� mice with and
without the addition of a high-fat diet. Conversely, endothelial-specific expression of dominant-negative Kir2.1 results in the
opposite effect. Kir2.1+/�/Apoe�/�mice also show increased lesion formation, particularly in the atheroresistant area of
descending aorta.

Conclusions-—We conclude that hypercholesterolemia-induced reduction in FIV is largely attributable to cholesterol suppression of
Kir2.1 function via the loss of flow-induced NO production, whereas the stages downstream of flow-induced Kir2.1 activation
appear to be mostly intact. Kir2.1 channels also have an atheroprotective role. ( J Am Heart Assoc. 2018;7:e007430. DOI: 10.
1161/JAHA.117.007430.)
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U nder physiological conditions increases in shear stress
imposed on the vascular wall by increased laminar

blood flow promotes an active vasodilatory response medi-
ated by the endothelium. Endothelial mechanosensors

translate shear forces into chemical messengers represented
primarily by nitric oxide (NO), prostacyclin, and endothelium-
derived hyperpolarizing factor.1,2 We recently established a
critical role for inwardly rectifying K+ (Kir) channels,
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specifically Kir2.1, in mediating flow-induced vasodilation (FIV)
in mouse mesenteric arteries.3 This effect is mediated by
shear-induced activation of Kir2.1 resulting in NO production
via endothelial NO synthase (eNOS). In this study, we tested
the role of endothelial Kir2.1 channels in dyslipidemia-induced
endothelial dysfunction.

Endothelial dysfunction is a hallmark predictor of advanced
disease states with special reference to atherosclerosis.
Hypercholesterolemia, a leading risk factor for atherosclero-
sis, induces endothelial dysfunction through an incompletely
understood mechanism, although reduced production/
bioavailability of NO has been established.4–6 Elevated low-
density lipoprotein levels correlate with reduced flow-
mediated dilation in humans in the brachial artery.7,8 Mouse
models of hypercholesterolemia, both genetic and diet-
induced, have also been shown to have impaired arterial
dilations in response to the endothelium-dependent vasodila-
tors acetylcholine and bradykinin.9–13 In the present study we
use an ex vivo mouse model of FIV to assess endothelial
function in dyslipidemic mice.

Cholesterol-lowering therapies can reverse endothelial
dysfunction,14 and our earlier studies demonstrated that Kir
channels are sensitive to and inhibited by elevated cellular
cholesterol.15–17 Our results indicate that impairment of FIV in
resistance arteries of apolipoprotein E–deficient (Apoe�/�)
mice, an established model of hypercholesterolemia,18 can be
attributed to loss of Kir channel function independent of their
expression. Remarkably, overexpression of Kir2.1 specifically
in the endothelium results in full rescue of FIV in resistance
arteries of Apoe�/� mice. We propose that hypercholes-
terolemia induces endothelial dysfunction through choles-
terol-induced suppression of Kir channels. In addition, we
have further studied the effect of Kir2.1 channel deficiency on
atherosclerosis in the Apoe�/� background.

Methods
The authors agree to make the data and materials available
upon request. The corresponding author, Irena Levitan, PhD,
at the University of Illinois at Chicago will maintain availability
of such data and materials.

Animals
All mice were approved for use according to the University of
Illinois at Chicago Animal Care Committee (ACC#16-183). Mice
were housed in the UIC Animal Care Vivarium, which is
accredited by the Association for Assessment and Accredita-
tion of Laboratory Animal Care International, and were provided
food and water ad libitum. Unless otherwise stated, male mice
20 to 30 weeks old were euthanized by carbon dioxide
asphyxiation followed by cervical dislocation before tissue
dissection. FVB Kir2.1+/� mice were originally purchased from
Jackson Laboratory (005057) and crossed with FVB Apoe�/�

mice provided by Dr Catherine Reardon at the University of
Chicago. C57BL/6 (B6) Apoe�/� mice were originally pur-
chased from Jackson Laboratory (002052). Appropriate breed-
ing was performed tomaintain the lines in house. A subset of B6
Apoe�/� mice were put on a high-fat (42% kcal from fat), high-
cholesterol (0.2%) Western diet (Harlan, TD.88137) for 8 weeks
to induce severe hypercholesterolemia.19

Endothelial Cell Isolation

Purification for cell culture

Whole mesenteric arcades were dissected from mice and
cleaned of adipose tissue, and endothelial cells (ECs) were
isolated and purified as previously described.3 Briefly, arteries
were exposed to an enzyme cocktail consisting of neutral
protease (0.5 mg/mL; Worthington) and elastase (0.5 mg/
mL; Worthington) in digestion buffer for �30 minutes at
37°C. Added to this cocktail was collagenase type I (0.5 mg/
mL final; Worthington) for another hour or until the arteries
appeared dispersed. The digested tissue was then passed
through a 70-lm cell sieve, resuspended in magnetic-
activated cell sorting buffer (Miltenyi Biotec), and centrifuged
at 300g for 10 minutes. Cells were then incubated with
magnetic-activated cell sorting buffer containing MicroBeads
(Miltenyi Biotec) conjugated to anti-mouse CD31 antibody for
20 minutes at 4°C. Separation of ECs (CD31+) from non-ECs
(CD31�) was performed by passing the cells through columns
attached to a magnet, thereby trapping CD31+ cells in the
column and allowing CD31� cells to pass through. The “flow
through” of CD31� cells was passed through a new column
to increase CD31+ yield. The CD31+ cells were passed
through a new column to increase purity. Cells were then
immediately cultured for Western blot and electrophysiology.

Clinical Perspective

What Is New?

• Vascular endothelial inwardly rectifying K+ (Kir) channels are
functionally impaired in hypercholesterolemia, which results
in reduced flow-induced vasodilation.

• Overexpression of endothelial Kir2.1 rescues the vasodila-
tory response to flow via recovery of nitric oxide production.

• Kir2.1 deficiency exacerbates atherosclerotic lesion forma-
tion in mice fed a high-fat diet, especially in otherwise
atheroresistant regions (ie, descending aorta).

What Are the Clinical Implications?

• Endothelial Kir channels may be clinically relevant targets in
preventing/reversing hypercholesterolemia-induced vascu-
lar dysfunction and atherosclerosis.
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Fresh isolation for electrophysiology

ECs from WT and Apoe�/� mice were isolated as previously
described3,20 with minor modifications. Briefly, mesenteric
arcades cleaned of adipose tissue are digested using an
enzyme cocktail of neutral protease (0.5 mg/mL; Worthing-
ton) and elastase (0.5 mg/mL; Worthington) in digestion
buffer for 1 hour at 37°C. Added to this cocktail was
collagenase type I (0.5 mg/mL final; Worthington) for 2 to
2.5 minutes. Following incubation with enzymes, the arteries
were broken down on ice in digestion buffer using syringe
needles. Broken down arteries were pipetted several times
using a glass pipette to mechanically disperse ECs into a
single cell suspension and allowed to adhere on ice to
appropriate dishes for patch clamp experiments.

General Electrophysiology
Soft glass pipettes (SG10 glass, Richland Glass) were pulled
using a vertical pipette puller (Model PP-830) and had
resistances between 2 and 4 MO. The perforated patch
technique was performed by adding amphotericin B (250 lg/
mL) to the pipette solution. Perforated patches were obtained
within 2 to 5 minutes after formation of a GO seal, and
accepted recordings for offline analysis maintained a series
resistance between 10 and 30 MO. Currents from ECs were
recorded using an EPC9/10 amplifier and accompanying
acquisition and analysis software (Pulse and PulseFit, HEKA
Electronik). ECs were held at �30 mV and a voltage ramp of
�120 to +40 mV applied over 400 ms. Currents were low-
pass filtered at 2 kHz and recordings were digitized at
10 kHz. When necessary, leak subtraction was performed
offline to collect the most accurate data points at �100 mV
for group analysis.

Cultured ECs

Mouse mesentery ECs were incubated for 24 hours with or
without acetylated low-density lipoprotein (acLDL; 50 lg/mL)
on glass cover slips. ECs were rinsed in PBS and transferred
to the minimally invasive flow device for recording currents
before and after application of shear stress, as previously
described.3 Shear stress was calculated using the equa-
tion s=6 lQ/h2w, where s is shear stress (0.7 dynes/cm2), l
is fluid viscosity (0.009 g/cm per second), Q is flow rate
(0.3 mL/s applied by gravity perfusion), h is the height
(0.1 cm), and w is the width (2.2 cm) of the minimally invasive
flow device.

Fresh ECs

ECs liberated from WT or Apoe�/� mice were allowed to
adhere to the surface of a petri dish. For experiments
involving cholesterol depletion of Apoe�/� ECs using methyl-

b-cyclodextrin (MbCD), ECs from each mouse were divided
into 2 groups: control (no MbCD) and those exposed to MbCD
(5910�3 mol/L). Cells were incubated for 1 hour in serum-
free media (Lonza) in a standard cell culture incubator.
Solutions were rapidly exchanged so that cells were bathed in
a 60 mmol/L K+ solution for subsequent perforated patch
clamp electrophysiology.

FIV in Mesenteric Arteries
Dilations to flowwere measured as previously described.3,21–23

First-order mesenteric arteries were cannulated and
equilibrated at 60 cm H2O for 1 hour in a chamber designed
to accept external bath circulated by a peristaltic pump. The
pump moves Krebs solution bubbled with O2 and passes it
through a Langendorff to be warmed to 37°C before reaching
the chamber. The chamber was also kept at 37°C by a separate
circuit connected to a water bath incubator. Diameters were
recorded by video microscopy and a video image measurement
system calibrated for horizontal measurements (model VIA-
100, Boekeler). Baseline diameter was recorded before
preconstricting the vessel to �50% baseline diameter with
endothelin-1 (1.2–2910�10 mol/L). Arteries that did not
constrict >40% to 2910�10 mol/L endothelin-1 were dis-
carded from study. Flow was induced by simultaneously raising
and lowering the reservoirs in equal and opposite directions to
obtain a dose response to flow in the form of an increasing
pressure gradient denoted as DX cm H2O (eg, elevating 1
reservoir up to 65 cm H2O and lowering the other reservoir to
55 cm H2O administers a flow of D10 cm H2O). The arteries
were exposed to each step increase in flow in this manner for
5 minutes before a measurement was recorded. The effects of
Ba2+ (3910�5 mol/L), L-NG-Nitroarginine methyl ester
(LNAME; 10�4 mol/L), and apamin (2910�8 mol/L) were
observed by adding the drug(s) to the circulating bath solution
for 30 minutes before repeating the FIV protocol. Administer-
ing intraluminal flow in this way effectively isolates the effects
of flow-induced shear stress by keeping intraluminal pressure
constant.24 Performing these experiments in this way fit into
the physiological ranges of shear stress arteries of this size
experience (�10 and 50 dynes/cm2 at pressure
gradient–induced flows between D40 and D100).3,24 At the
end of each protocol, papaverine (10�4 mol/L) was added to
the bath to ensure intact arterial smooth muscle function
before proceeding to the next protocol for the same vessel. For
arteries that did not dilate to papaverine beyond 80% baseline
diameter, especially in the case of experimental groups that
exhibited reduced FIV, the experiment was stopped and no
measurements were accepted for such an artery as to not
include data that may not represent pure endothelial dysfunc-
tion in these mouse models. For representative traces,
dilations to flow were continuously monitored through the
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experiment with a data point being collected every 30 sec-
onds. For experiments involving cholesterol depletion of
Apoe�/� arteries, first-order mesenteric arteries from an
individual mouse were separated into 2 groups: control (no
MbCD) and those exposed to MbCD (5910�3 mol/L) for
1 hour before testing FIV.

NO Detection in Mesenteric Arteries
To detect flow-induced NO production in mouse mesenteric
arteries, first order arteries were incubated in HEPES
containing the NO-specific fluorescent dye Diaminorho-
damine-4M (DAR4M, Enzo Scientific) at room temperature
for 2 hours in the dark. Arteries were cannulated and
pressurized as described above and then exposed to a
pressure gradient of D60 cm H2O or maintained at 60 cm
H2O (no flow control) for 30 minutes. Arteries were
removed from the chambers and mounted on glass slides
to be imaged by fluorescence microscopy (Nikon Eclipse
80i). No fewer than 5 images per artery were taken from
each vessel at 940 magnification. Fluorescence intensity
from each image generated an average fluorescence
intensity/artery. Arteries that received flow were compared
with “no flow” controls treated at the same time. ImageJ
software25 was used to measure FI.

Western Blot
Western blots on cultured ECs and whole mesenteric arcades
were performed as previously described.3 ECs with or without
24-hour exposure to acLDL (50 lg/mL) were rinsed in ice-
cold PBS and lysed with cold radioimmunoprecipitation assay
buffer containing protease inhibitors (Calbiochem). Lysed
samples were centrifuged to remove membrane lipids and
supernatants stored at �20°C until use. Whole mesenteric
arcades were sonicated on ice in cold radioimmunoprecipita-
tion assay buffer containing protease inhibitors immediately
upon dissection and cleaning of adipose tissue. Samples were
centrifuged to form a pellet that was sonicated once more
before a final centrifugation step to collect supernatant.
Samples were stored at �80°C until use. Bradford assays
were performed to ensure loading of equal protein. Samples
were reduced and denatured by boiling at 90°C for 10 min-
utes with SDS sample buffer. Samples were run on 10% SDS
gels and transferred onto polyvinylidene fluoride membranes.
Membranes were blocked with 5% nonfat milk before
overnight incubation with primary antibodies to Kir2.1 (rabbit
monoclonal; Abcam), eNOS (rabbit polyclonal; Santa Cruz), or
b-actin (mouse monoclonal; Protein Tech) at 4°C. Following
incubations with appropriate secondary antibodies, mem-
branes were incubated with enhanced chemiluminescence
and exposed to film. Developed films were scanned to

produce TIFF digital images for analysis using ImageJ
software.25

Adenoviral Transduction
hVE-Cadherin Kir2.1 WT and dominant-negative (DN) aden-
oviruses were generated by Vector Biolabs from constructs
we provided. For transduction of adenovirus into ECs, WT
Kir2.1 adenovirus or empty adenovirus was incubated under
optimum culture conditions for ECs (full EGM2 media
[LONZA], 5% CO2, 37°C) at 10 MOI for 48 hours before
perforated patch clamp or imaging of hemagglutinin (HA)-tag
(WT Kir2.1) or green fluorescent protein (empty) fluores-
cence.3 For transduction of adenovirus into arteries, 5 to 10
first-order mesenteric arteries were isolated and incubated in
DMEM containing 100 MOI of either WT Kir2.1, DN Kir2.1, or
empty adenovirus for 48 hours in a 5% CO2 cell culture
incubator before FIV or detection of NO.

Fluorescent imaging of the HA-tag

Mouse ECs were transduced with Kir2.1 adenovirus or empty
adenovirus as described above and fixed with 4%
paraformaldehyde. Fixed ECs were incubated overnight at
4°C with a primary HA-tag antibody (goat polyclonal; Abcam)
to detect an internal HA insert located in the Kir2.1 construct
that presents as an extracellular epitope. A conjugated
secondary antibody (Alexa Fluor 555; Life Technologies) was
used to detect the presence of HA-tag via fluorescence
microscopy using a Zeiss microscope, AxioCam camera/
AxioVision software, and XCite light source. As expected, HA-
tag expression was not detected in ECs transduced with
empty adenovirus; however, to ensure successful transduc-
tion, we tested for the presence of green fluorescent protein,
which is included in the empty adenovirus construct.

Lesion Analysis in En Face Aortas
Mice were fed a high-fat diet beginning at 12 weeks of age for
6 or 9 months and provided food ad libitum. At 36 (6-month
diet) or 48 (9-month diet) weeks of age, male Apoe�/� or
Kir2.1+/�/Apoe�/� mice were anesthetized by continuous
delivery of 3.5% isoflurane in 96.5% oxygen throughout the
procedure. An incision was made in the right ventricle to drain
blood, and tissue fixation was performed by an initial
perfusion via left ventricular puncture to administer saline to
flush out the blood for �5 minutes. This was followed by
perfusion with fixative (4% paraformaldehyde) for �15 to
20 minutes. The aorta was then isolated to the thoracic
region before the diaphragm and cut specifically for en face
staining. Staining for lesions was performed with an Oil Red O
solution (0.3% Oil Red O in isopropanol diluted 3:2 in
deionized H2O) for 20 minutes and washed 3 times with an
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isopropanol/water mixture. Images of stained aortas were
then captured using a USB CAM30/50 camera and software
(World Precision Instruments) attached to a stereoscope. All
images were taken at the same magnification and pixel rates.

Solutions and reagents

Digestion solution contained (in mmol/L): NaCl (55), KCl (5.6),
MgCl2 (2), Na-glutamate (80), HEPES (10), and glucose (10),
and pH 7.3. Perforated patch bath solution contained (in mm/
L): NaCl (80), KCl (60), HEPES (10), MgCl2 (1), CaCl2 (2),
glucose (10), and pH 7.4. Perforated patch pipette solution
contained (in mmol/L): NaCl (5), KCl (135), EGTA (5), MgCl2
(1), glucose (5), HEPES (10), and pH 7.2. Krebs solution
contained (in mmol/L): NaCl (123), KCl (4.7), MgSO4 (1.2),
CaCl2 (2.5), NaHCO3 (16), EDTA (0.026), glucose (11), KH2PO4

(1.2), and pH 7.4. HEPES buffer contained (in mmol/L): NaCl
(140), KCl (4), MgCl2 (1), glucose (5), HEPES (10), CaCl2 (2),
and pH 7.4. Radioimmunoprecipitation assay buffer contained
(in mmol/L): Tris (150, pH 7.6), 1% NP-40, 0.5% Na-DOC, NaCl
(150), and EDTA (1). All reagents were from Sigma unless
otherwise stated.

Statistical Analysis
A paired or unpaired Student t test, 1-way ANOVA, or a 2-way
with or without repeated measures ANOVA were used where
indicated. Significance, in all cases, was set to P<0.05.
Bonferroni post hoc tests were used to determine where
differences existed after significance was detected with
ANOVA.

Results

Shear-Induced Increase in Kir Current is Reduced
in acLDL-Treated Primary ECs
We previously reported the inhibitory effect of hypercholes-
terolemia and elevated cellular cholesterol on aortic EC Kir
currents.15,26 However, the effect of dyslipidemia on ECs
isolated from arteries representing the resistance vasculature
was not investigated. Using a modified low-density lipoprotein
(acLDL; 50 lg/mL), which is efficient in loading ECs with
cholesterol,15,21 we demonstrate here that acLDL-mediated
cholesterol loading results in strong suppression of basal
activity and flow sensitivity of Kir channels in primary
mesenteric ECs.

Both acLDL-treated and control ECs exhibited Kir currents
that, as expected, reversed around �20 mV (EK under
experimental conditions �21 mV in 60 K+ bath and 135 K+

pipette; Figure 1A and 1B) but the current densities in cells
exposed to acLDL were significantly lower than in control cells
(Figure 1A, 1B, and 1E). Moreover, exposure to well-defined

shear stress (0.7 dynes/cm2) using a gravity perfused
minimally invasive flow device resulted in a significant
increase in Kir current density in control cells (Figure 1A
and 1C), an effect that is reversible on stopping perfusion to
the device (Figure S1). However, only a small increase in Kir
current density was observed in acLDL-treated cells (Fig-
ure 1A through 1D). To further isolate the shear stress–
sensitive component of the current, we calculated IɅSS by
subtracting the currents recorded under static conditions Istat
from the currents recorded during the flow exposure Ishear in
the same cell (Figure 1A and 1B, lower panels). This analysis
shows that IɅSS of Kir current was significantly reduced by the
exposure to acLDL (Figure 1F).

We also tested the expression of Kir2.1, the most
abundant and physiologically relevant Kir channel in this cell
type,3 in ECs exposed to acLDL to determine whether a
reduction in channel expression might contribute to the
reduced baseline current. There was no effect of acLDL on
Kir2.1 protein levels (Figure 1G) indicating that channel
function, and not expression, is affected by cholesterol
loading cells in vitro.

Decreased Kir Currents in ECs of Apoe�/� Mice
are Recovered by Cholesterol Depletion
To determine the effects of hypercholesterolemia in vivo, we
next tested the functional expression of Kir in ECs freshly
isolated from mesenteric arteries of hypercholesterolemic
Apoe�/� mice, as compared with WT controls. Mice were fed
normal rodent chow and recordings were performed immedi-
ately (within a window of 2–3 hours) after EC isolation and with
no extended exposure to culture conditions. As shown in
Figure 2A and 2B, while freshly isolated ECs from Apoe�/�

arteries exhibit typical Kir currents with pronounced inward
rectification and predicted reversal potential of ��21 mV,
these currents are much smaller than in cells isolated from WT
arteries. Furthermore, to test whether reduced Kir currents in
Apoe�/� ECs can be rescued by the removal of cholesterol,
freshly isolated Apoe�/� ECs were exposed to MbCD
(5910�3 mol/L for 1 hour) known to efficiently sequester
cholesterol from cells and tissues.27 Exposure to MbCD results
in significant recovery of Kir currents (Figure 2C and 2D), thus
supporting the notion that decreased activity of Kir channels in
Apoe�/� mice is cholesterol dependent.

In contrast, no difference in Kir2.1 channel expression was
observed in mesenteric arteries between WT and Apoe�/�

mice via Western blot analysis (Figure 2E and 2F). The
Western blot experiments were performed using whole
mesenteric arteries rather than isolated ECs to get enough
material for the analysis, but since we and others previously
showed that Kir2.1 is not expressed in smooth muscle cells of
murine mesenteric arteries,3,20,28 the source of Kir2.1 in
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Figure 1. Dyslipidemia reduces shear stress–induced increases in endothelial cell (EC) inwardly
rectifying K+ (Kir) current without influencing Kir2.1 channel expression in vitro. Representative traces of
Kir currents from (A) control and (B) acetylated low-density lipoprotein (acLDL; 50 lg/mL [24 hours])–
treated mesenteric endothelial cells. Ramps from �120 to +40 mV elicited inward K+ currents that
reversed around �21 mV. Insets represent the increase in current (IDSS) evoked by 0.7 dynes/cm2 in
the respective traces. Shear significantly increased Kir current in (C) control (n=8) and (D) acLDL-treated
(n=7) ECs. Treating ECs with acLDL inhibited (E) baseline Kir currents recorded in a static bath (n=9 and
10 cells for control and acLDL, respectively) and (F) the shear-induced increase in Kir current. For (E and
F), a paired or unpaired Student t test was used where appropriate. Cell capacitance was similar
between control and acLDL-treated ECs (10.0�1.7 pF vs 11.8�1.5 pF, respectively). Note that Kir
channel protein expression was not altered by treatment with acLDL in (G) a representative blot and (H)
group data (n=5) normalized to the loading control, GAPDH. For accurate comparison of densitometry
from separate blots, control samples were first normalized to 1. An unpaired Student t test was used to
test for significant differences. For all group data, error bars represent SEM. *P<0.05.
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Figure 2. Cholesterol depletion recovers inwardly rectifying K+ (Kir) currents in apolipoprotein E–deficient
(Apoe�/�) mice endothelial cells (ECs). A, Representative perforated patch recordings of ECs freshly
isolated from wild-type (WT) and Apoe�/� mice maintained on a standard rodent chow diet. As expected,
Kir currents reverse at EK (��21 mV under the experimental conditions). Currents were evoked by a ramp
from �120 to +40 mV over 400 ms. B, Group data reveal a significant decrease in currents detected in
Apoe�/� ECs (9 cells from 5 mice; P<0.05) when compared with WT (6 cells from 4 mice). Cell
capacitances of ECs from WT and Apoe�/� were similar (15.9�1.7 pF vs 17.2�3.4 pF, respectively). C,
Representative traces of inwardly rectifying currents from ECs freshly isolated from Apoe�/� mice and
incubated for 1 hour with or without methyl-b-cyclodextrin (MbCD; 5910�3 mol/L). Cell capacitance was
unaffected by MbCD (21.1�4.2 pF in control ECs vs 21.6�4.9 pF in cells exposed to MbCD). D, Group
data reveal significant recovery of currents with MbCD (n=7 cells in each group from 3 mice; P<0.05). E,
Representative blots comparing Kir2.1 channel expression between WT and Apoe�/� whole mesenteric
arcades. ECs transduced with adenovirus (AV) Kir2.1 were used as a positive control for identifying bands at
the appropriate molecular weight for Kir2.1 (�50 kDa). F, Group data reveal no significant differences
between WT and Apoe�/� Kir2.1 channel expression when normalized to actin expression. *P<0.05.
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these arteries is expected to be primarily ECs. A decrease in
Kir currents with no effect on the channel expression in
Apoe�/� mice shown here is consistent with our previous
studies demonstrating that an increase in cellular cholesterol
results in a decrease in the activity of Kir2 channels without
having an effect on the channel expression.15,17,29

Contribution of Kir2.1 to FIV is Abolished in
Mesenteric Arteries of Apoe�/� Mice
The findings in Figures 1 and 2 have critical implications for
endothelial function and vasomotor response to increased
flow/shear stress as we recently established a major role for
endothelial Kir2.1 in mediating FIV. To test the role of Kir2.1
in dyslipidemia-induced impairment of FIV, we generated a
mouse with reduced Kir2.1 expression on the Apoe�/�

background. This was done by crossing Kir2.1+/� heterozy-
gous mice, which we have recently shown to have significantly
reduced functional expression of Kir2.1 in mesenteric
endothelium,3 with Apoe�/� mice, a well-established model
of dyslipidemia-induced endothelial dysfunction.10 Since
Kir2.1+/� heterozygous mice were developed on the FVB
background, Apoe�/� in the FVB background30 was used to
generate the Kir2.1+/�/Apoe�/� mice. We have already
demonstrated that Kir2.1+/� mice have significantly reduced
FIV (shown again in Figure S2A through S2C), as compared
with WT controls.3 Here, we address whether plasma
dyslipidemia has differential effects on FIV in Apoe�/� versus
Kir2.1+/�/Apoe�/� mice. We expect that if cholesterol-
induced suppression of endothelial Kir channels leads to
impaired FIV, arteries isolated from Apoe�/� mice should
have reduced FIV response as compared with arteries isolated
from WT mice, whereas Kir2.1+/�/Apoe�/� mice are
expected to exhibit the same FIV impairment as Apoe�/�

alone. We demonstrate that this is indeed the case in murine
mesenteric resistance arteries: FIV responses of arteries
isolated from both Apoe�/� and Kir2.1+/�/Apoe�/� mice are
significantly reduced compared with WT arteries and the two
completely overlap (Figure 3A and 3B).

Briefly, mesenteric resistance arteries are cannulated on
glass micropipettes and pressurized for 1 hour by gravity-
induced pressure (60 cm H2O) from solution-filled reservoirs
that perfuse the artery. Arteries are then preconstricted with
endothelin-1 and increasing levels of intraluminal flow admin-
istered by moving reservoirs in equal and opposite directions,
thus maintaining intraluminal pressure while flow through the
vessel increases.3,22,31 No differences are observed between
baseline arterial diameters when comparing relevant experi-
mental groups (Table S1). As expected, arteries from WT mice
dilate in a dose-dependent fashion to increases in flow
delivered via the pressure gradient method (Figure 3A and
3B).3 A full dilatory response is observed at a pressure gradient

of D100 cm H2O. However, arteries from Apoe�/� mice dilate
only partially, reaching �40% of the full dilation at the same
gradient, and no further decrease is observed in Kir2.1+/�/
Apoe�/� mice. After each protocol, papaverine (10�4 mol/L)
was used to test the function of the artery to ensure that
endothelium-dependent function was being investigated inde-
pendently of potential changes in smooth muscle function over
time, especially in the Kir2.1+/� and Apoe�/� mouse models
where FIV was reduced (average % dilation to papaverine in
arteries from Apoe�/� mice: 97.6�4.2; average % dilation to
papaverine in arteries from Kir2.1+/�/Apoe�/� mice:
95.1�3.6). Results from arteries that did not dilate to >80%
in response to papaverine were discarded.

The loss of the Kir component of the FIV in Apoe�/�

mesenteric arteries was confirmed by blocking the currents
using Ba2+, a well-known blocker of Kir channels. As previously
shown,3 FIV in WT mesenteric arteries was reduced by blocking
Kir channels with Ba2+ (3910�5 mol/L) and by blocking small
conductance Ca2+-sensitive K+ channels with apamin
(2910�8 mol/L), whereas the combined application of Ba2+

and apamin abolished FIV (Figure S2D and S2E). In contrast, no
effect of Ba2+ on FIV was observed in either Apoe�/� or
Kir2.1+/�/Apoe�/� arteries, indicating that the Kir-dependent
component of FIV was absent in both models (Figure 3C
through 3E). The Kir-independent FIV component was blocked
in both dyslipidemic mouse models by apamin, suggesting that
small conductance Ca2+-activated K+ channel function remain
intact in Apoe�/� mice (Figure 3C through 3E).

Recovery of FIV in Mesenteric Arteries of Apoe�/�

Mice by Cholesterol Depletion: Role of Kir
Since we observed the recovery of inwardly rectifying currents
in ECs from Apoe�/� mice depleted of cholesterol (Figure 2C
and 2D), we tested whether removing cholesterol from
mesenteric arteries of Apoe�/� mice could also recover FIV.
Figure 4A and 4C shows that incubating arteries with MbCD
(5910�3 mol/L; 1 hour) rescues FIV and sensitivity to Ba2+,
indicating that the rescue effect was mediated by recovering
Kir channel function. In contrast, repeating these experiments
on mesenteric arteries of Kir2.1+/�/Apoe�/� mice does not
rescue FIV, and Ba2+ also has no effect (Figure 4C and 4D),
suggesting that recovery of FIV by cholesterol depletion in
arteries is dependent on the full expression of Kir2.1.

Loss of Flow-Induced Production of NO in
Mesenteric Arteries of Apoe�/� and Kir2.1+/�/
Apoe�/� Mice
We previously showed that shear-induced activation of Kir2.1 in
mesenteric arterial ECs promotes NO production.3 Therefore,
we predicted that the reduced FIV in Apoe�/� mice, which we
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Figure 3. Hypercholesterolemia-induced reduction of flow-induced vasodilation (FIV) in inwardly
rectifying K+ (Kir)–deficient mouse mesenteric arteries. A, Representative traces showing dilations to
increasing intraluminal flow in arteries isolated from wild-type (WT), apolipoprotein E–deficient (Apoe�/�),
and Kir2.1+/�/Apoe�/� mice. Arterial diameter was continuously monitored and a measurement was
recordedevery30 seconds.Endothelin1 (ET-1) (1.2–2910�10 mol/L)wasusedtopreconstrict thevessels
before an FIV protocol. At the end of an FIV protocol, papaverine (10�4 mol/L) was used to determine
endothelium-independent function and validity of the previous FIV protocol. In most cases, papaverine
induced dilations >95%. B, Group data showing the full dose response to flow using the pressure gradient
method in each model. For WT, 6 arteries from 4 mice; Apoe�/�, 4 arteries from 4 mice; and Kir2.1+/�/
Apoe�/�, 4 arteries from 4 mice. SEM was calculated using the number of mice. Inhibitors of Kir (Ba2+;
3910�5 mol/L) and small conductance Ca2+-activated K+ (apamin; 2910�8 mol/L) channels reveal the
contributionofKir channels in (C)Apoe�/� and (D)Kir2.1+/�/Apoe�/�mice isabolishedwhile the function
of small conductance Ca2+-activated K+ remains intact in response to intraluminal flow. E, Group data
highlighting differences in response to D100 cm H2O determined by Bonferroni correction after 2-way
repeated measures ANOVA. *P<0.05 vs control (no inhibitor) and ‡P<0.05 vs Ba2+.
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suggest is attributed to deficiency in functional EC Kir2.1,
would have reduced detectable NO levels during intraluminal
flow stimulation. WT arteries showed a robustly detectable
fluorescent signal, while arteries from both Apoe�/� and
Kir2.1+/�/Apoe�/� mice had significantly reduced signal (fold
change relative to no flow control: 2.8�0.8 versus 1.1�0.1
versus 1.1�0.2, respectively; Figure 5A and 5B).

We recently identified a mechanistic link between endothe-
lial Kir2.1 activation by shear stress and FIV via subsequent Akt
and eNOS activation.3 In accordance with these findings, both
phosphorylated-Akt (Ser437; Figure 5C and 5D) and phospho-
rylated eNOS (Ser1177; Figure 5E and 5F) were decreased in
Apoe�/� compared with WT mesenteric arteries, indicating the
previously identified pathway to be significantly impaired by
dyslipidemia and thus resulted in reduced NO production,
shown in Figure 5A and 5B. In addition, the expression of total
eNOS was not reduced in Apoe�/�mice (Figure S3A and S3B),

further supporting that inhibition of NO production should be
attributed to the loss of the upstream regulatory event and not
to the loss of eNOS itself. Moreover, we also show that dilation
induced by the Ca2+ ionophore A23187, which is known to
promote vasodilation via activation of eNOS,32,33 is also fully
intact in Apoe�/� arteries (Figure S3C). These data suggest
that the reduced FIV observed in Apoe�/� mice is not
attributable to changes in eNOS expression in Apoe�/� mice
but to reduced cell signaling beginning with blunted Akt
activation likely caused by cholesterol-induced suppression of
endothelial Kir channels.

Rescue of Hypercholesterolemia-Induced Loss of
FIV by EC-Specific Expression of Kir2.1
We sought to determine whether Kir2.1 function in choles-
terol-loaded primary ECs could be recovered by

Figure 4. Recovery of flow-induced vasodilation (FIV) in cholesterol-depleted arteries is dependent on
inwardly rectifying K+ (Kir) 2.1. Dilations to flow in mesenteric arteries isolated from (A) apolipoprotein
E–deficient (Apoe�/�; 3 arteries per group from 3 mice) or (B) Kir2.1+/�/Apoe�/� (5 arteries per group
from 5 mice) mice incubated with or without methyl-b-cyclodextrin (MbCD; 5910�3 mol/L) for 1 hour
before testing FIV. Group data in (C) reveal significant recovery of FIV in arteries that is Ba2+ (3910�5 mol/
L)-sensitive from Apoe�/� mice, while that in (D) shows no effect of MbCD in arteries from Kir2.1+/�/
Apoe�/� mice. Group data in (C) and (D) highlight differences in response to D100 cm H2O determined by
Bonferroni correction after 2-way repeated measures ANOVA. *P<0.05 vs control (no Ba2+ or MbCD) and
‡P<0.05 vs+MbCD.
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overexpression of Kir2.1 using adenoviral techniques. To do
this, ECs were first treated with acLDL for 24 hours and then
transduced with adenovirus containing a WT Kir2.1 construct
with expression driven by an hVE-Cadherin promoter or as
control, an empty adenovirus, for 48 hours.3,34 Transduction
of ECs was unaffected by cholesterol loading as determined
by staining for HA-tag that is on the extracellular portion of
the Kir2.1 construct (Figure S4Ai). Perforated patch clamp
analysis revealed significant recovery of baseline Kir current
densities in ECs treated with Kir2.1 adenovirus versus ECs
treated with empty adenovirus (�11.3�1.3 pA/pF versus
�2.3�0.6 pA/pF, respectively; Figure 6A and 6B). Notably,
Kir2.1 currents in acLDL-treated cells transduced with Kir2.1
adenovirus are similar to the level of the endogenous Kir2.1
currents in cells not exposed to acLDL. Shear-induced
increases in Kir current densities were also rescued in the
Kir2.1 adenovirus-treated cholesterol-loaded cells (average
IDSS of �4.2�1.5 pA/pF; Figure 6A and 6B) indicating that
overexpression of Kir2.1 in cholesterol-loaded ECs in vitro
restores channel function to the level of endogenous currents
in cells with normal cholesterol.

Most importantly, EC-specific overexpression of Kir2.1 in
mesenteric arteries harvested from Apoe�/� mice resulted in
the full rescue of the FIV response (Figure 6C through 6E).
The rescue is performed ex vivo by infecting the arteries
isolated from Apoe�/� mice with the hVE-Cadherin–driven
Kir2.1 adenovirus immediately after the harvest and the
functional activity is tested after 48 hours while arteries are
maintained in normal growth medium. We have established
the validity of this ex vivo transduction protocol with EC-
specific Kir2.1 adenovirus and verified that endothelial-
induced vasodilation of freshly isolated mesenteric arteries
is maintained for the 48-hour window.3 No recovery was
observed in arteries that were transduced with the empty
adenovirus in parallel. In addition, to further verify that the
rescue effect is the result of restoring the Kir-dependent FIV
component, the arteries transduced with EC-Kir2.1 adenovirus
or with empty adenovirus were exposed to Ba2+. The
sensitivity to Ba2+ was recovered in those arteries transduced
with Kir2.1 adenovirus (Figure 6F through 6H), while no Ba2+

effect was observed in arteries transduced with empty
adenovirus (Figure S4B through S4D).

Rescue of Hypercholesterolemia-Induced Loss of
NO Production by EC-Specific Expression of
Kir2.1
To test the capacity of overexpressing endothelial Kir2.1 in
rescuing shear-induced production of NO, we transduced
arteries from Kir2.1+/�/Apoe�/� mice with Kir2.1 aden-
ovirus. A clear recovery of flow-induced NO production was
observed when comparing Kir2.1 adenovirus transduced

Figure 5. Hypercholesterolemia-induced reduction in nitric
oxide (NO) detection following intraluminal flow is inwardly
rectifying K+ (Kir) dependent in mouse mesenteric arteries. A,
Representative images (940 magnification) of mesenteric arteries
exposed to flow (D60 cm H2O for 30 minutes; right column) or
arteries incubated under no flow conditions for the same duration
(left column). An increase in NO detection by the NO-specific dye,
diaminorhodamine-4M, is only present in the wild-type (WT; top
row) artery, while no noticeable increase is observed in
apolipoprotein E–deficient (Apoe�/�; middle row) or Kir2.1+/�/
Apoe�/� (bottom row) arteries. B, Group data were generated by
taking the fold increase from arteries that received flow to those
arteries that did not. Arteries analyzed in this way were always
from the same mouse (4 pairs of arteries from 4 mice for all
groups). Significant differences exist in NO detection after flow
when comparing either Apoe�/� model with WT. Bonferroni post
hoc analysis followed 1-way ANOVA. *P<0.05 vs WT. C,
Representative blot showing phosphorylated Akt (Ser473) in WT
and Apoe�/� whole mesenteric arcades. D, Group data revealing
a significant decrease in Apoe�/� pAkt after normalizing to
respective total Akt bands. E, Representative blots showing
phosphorylated endothelium NO synthase (eNOS) (Ser1177) in
WT and Apoe�/� whole mesenteric arcades. F, Group data
revealing a significant decrease in Apoe�/� peNOS after normal-
izing to respective total eNOS bands.
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Figure 6. Overexpression of endothelial inwardly rectifying K+ (Kir) 2.1 recovers shear-sensitive Kir
currents and flow-induced vasodilation (FIV) in models of dyslipidemia. A, Representative perforated
patch recordings of Kir currents from endothelial cells (ECs) transducedwith an adenovirus (AV)-empty or
endothelial-specific (hVE-Cadherin) AV-Kir2.1 in a static bath show an increase in Kir current in AV-Kir21–
transduced ECs despite the presence of acetylated low-density lipoprotein (acLDL; 50 lg/mL). Also
shown is the rescued shear-sensitivity of Kir current in ECs transduced with AV-Kir2.1 in the presence of
acLDL from the same cell. B, Group data indicate significant differences in currents between acLDL-
treated ECs transducedwith either AV-empty or AV-Kir2.1 under static conditions (8 cells for each group;
unpaired Student t test, *P<0.05). Group data also reveal that shear-induced increases in EC Kir current
were rescued by AV-Kir2.1 transduction in the presence of acLDL (5 cells; paired Student t test, ‡P<0.05).
No statistical difference was detected in cell capacitances between cells treated with AV-Kir2.1 or empty
AV (25.58�6.1 pF vs 19.53�3.02 pF, respectively). Overexpression of endothelial Kir2.1 with AV-Kir2.1
also rescued FIV as shown in (C) representative traces of the pressure gradient method of inducing
intraluminal flow, (D) FIV curves showing group data responses to increases in flow (4 arteries per AV
group from 4 mice), and (E) dilations to D100 cm H2O showing a significant rescue of FIV in the AV-
Kir2.1–treated arteries. Sensitivity to Ba2+ (3910�5 mol/L) is also rescued in arteries transduced with
AV-Kir2.1 as shown in (F) representative traces, (G) FIV curves (4 arteries from4mice), and (H) dilations to
D100 cm H2O showing a significant inhibition by Ba2+. For (E and H), Bonferroni correction following 2-
way repeatedmeasures ANOVAwas performed; *P<0.05, SEMwas calculated using number of mice. ET-
1 indicates endothelin 1; PAP, pulmonary artery pressure.
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arteries with those transduced with empty adenovirus (fold
change relative to no flow control: 2.5�0.3 versus 1.1�0.1,
respectively; Figure 7A and 7B). The level in the Kir2.1
adenovirus–transduced Kir2.1+/�/Apoe�/� arteries was
comparable to the level observed in WT arteries (Figure 5A
and 5B).

To further investigate whether infecting the arteries with
EC-Kir2.1 restores the NO-dependent component of FIV, we
tested the effect of LNAME (10�4 mol/L), on NO production.
Consistent with the loss of the Ba2+ sensitivity of FIV and of
the flow-induced NO production in Apoe�/� mesenteric
arteries shown above, FIV of these arteries was not sensitive
to LNAME and Ba2+ (Figure 7C and 7D). A similar lack of an
effect was observed in Kir2.1+/�/Apoe�/� mice (Figure S5A
and S5B). Transduction with Kir2.1 adenovirus, however, fully
restored the sensitivity of FIV to LNAME, while application of
Ba2++LNAME had no further effect than LNAME alone
(Figure 7E and 7F), as was established in arteries of WT mice
(Figure S5C and S5D).3 Together, these data indicate that
overexpression of exogenous Kir2.1 in the endothelium can
recover the full complement of the Kir2.1/eNOS/NO pathway
we recently identified.3 We suggest the loss of functional
Kir2.1 channels leading to decreased bioavailability of NO to
be a critical component of the development of hypercholes-
terolemia-induced endothelial dysfunction.

EC-Kir2.1 Rescues FIV in Both Atheroresistant
and Atheroprone Apoe�/� Mice
Previous studies have demonstrated that Apoe�/� mice on
the FVB background are relatively atheroresistant, whereas
Apoe�/� mice on the C57BL/6 (B6) background are signif-
icantly more atheroprone.30,35 We tested, therefore, whether
EC-specific overexpression of Kir2.1 is able to rescue the FIV
response not only in Apoe�/�/FVB mice but also in Apoe�/

�/B6 mice. Mesenteric arteries from WT/B6 mice responded
similarly to intraluminal flow as the arteries from WT/FVB
mice, including inhibition of FIV by application of Ba2+

(Figure S6A and S6B). In addition, the contribution of
endothelial Kir2.1 to FIV in WT/B6 mice was confirmed using
an EC-specific DN Kir2.1 adenovirus construct (Figure S6C
and S6D). Infecting arterial ECs with the DN Kir2.1 mutant
results in the inclusion of DN mutant subunits into Kir2.1
tetramers, rendering the channels inactive. Subsequently,
nonfunctional channels are incorporated into the membrane.
In both Apoe�/� models, the FIV responses were Ba2+

insensitive (Figures 3C, 3E and S6E, S6F for Apoe�/�/FVB
and Apoe�/�/B6, respectively). Most importantly, a full
rescue of FIV by the overexpression of EC-Kir2.1 was
observed in mesenteric arteries of atheroprone Apoe�/�/B6
mice (Figure 8A and 8E). In contrast, overexpression of EC DN

Figure 7. Overexpression of endothelial inwardly rectifying K+

(Kir) 2.1 recovers flow-induced nitric oxide (NO) production in
models of dyslipidemia. A, Representative images (940 magni-
fication) of mesenteric arteries from Kir2.1+/�/apolipoprotein
E–deficient (Apoe�/�) mice transduced with empty adenovirus
(AV) or AV-Kir2.1 and exposed to D60 cm H2O intraluminal flow
or maintained under no flow conditions. An increase in detectable
flow-induced NO by the NO-specific dye, diaminorhodamine-4M,
is not observed in arteries that received empty AV (top row);
however, strong fluorescent detection of flow-induced NO is
observed in arteries transduced with AV-Kir2.1 (bottom row). B,
Group data were generated by taking the fold increase in flow-
induced NO fluorescence from the no flow condition of an artery
treated with the same AV (4 pairs of arteries from 3 mice);
*P<0.05. C and D, flow-induced vasodilation (FIV) in arteries from
Apoe�/� mice are not sensitive to combined application of Ba2+

(30 lmol/L) or L-NG-Nitroarginine methyl ester (LNAME;
100 lmol/L) (4 arteries from 4 mice); however, (E) overexpres-
sion of endothelial Kir2.1 by transduction with AV-Kir2.1 recovers
FIV sensitivity to LNAME alone and no further inhibition is
observed in combination with Ba2+ (4 arteries per AV group from
4 mice), as previously shown in wild-type (WT) mice.3 F, Group
data showing dilations to D100 cm H2O indicate significant
recovery of FIV sensitivity to LNAME in arteries transduced with
AV-Kir2.1. *P<0.05. For all bar graphs, SEM was calculated with
number of mice.

DOI: 10.1161/JAHA.117.007430 Journal of the American Heart Association 13

Role of Inwardly Rectifying K+ 2.1 in Endothelial Dysfunction Fancher et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Figure 8. Overexpression of endothelial inwardly rectifying K+ (Kir) 2.1 recovers flow-induced vasodilation
(FIV) in apolipoprotein E–deficient (Apoe�/�)/B6 mice fed a high-fat diet (HFD). A, FIV curves generated via
the pressure gradient method show that transducing mesenteric arteries of Apoe�/�/B6 mice with
adenovirus (AV) Kir2.1 recovers FIV compared with those that were transduced with empty AV (3 arteries
per AV group from 3 mice). B, In contrast, transducing arteries with AV-dominant negative (DN) Kir2.1 has
no effect compared with empty AV (arteries per AV group from 4 mice). C, Arteries isolated from Apoe�/�/
B6 mice fed a high-fat, high-cholesterol diet for 8 weeks also exhibit a recovery of FIV when transduced
with AV-Kir2.1 (4 arteries per AV group from 4 mice), whereas (D) arteries transduced with AV DN Kir2.1
respond similarly to intraluminal flow as compared with those arteries transduced with empty AV (4 arteries
per AV group from 4 mice). E, Group data show significant differences to D100 cm H2O intraluminal flow
observed in both normal and Apoe�/�/B6 mice fed an HFD in those arteries transduced with AV-Kir2.1
when compared with the appropriate AV-empty group. Bonferroni correction following 2-way repeated
measures ANOVA was performed; *P<0.05, SEM was calculated with number of mice.
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Kir2.1 in Apoe�/�/B6 arteries had no effect (Figure 8B and
8E).

Exacerbating Apoe�/� Phenotype With High-Fat
Diet Does Not Prevent EC-Kir2.1 Rescue of FIV
To determine the extent to which overexpression of endothe-
lial Kir2.1 could reverse the hypercholesterolemia-induced
endothelial dysfunction, we fed Apoe�/�/B6 mice a Western-
type high-fat, high-cholesterol diet for 8 weeks. We were
surprised to find that, regardless of diet-induced contributions
to endothelial dysfunction, overexpression of endothelial
Kir2.1 rescued FIV. Arteries from Apoe�/� mice fed a high-
fat diet and receiving the Kir2.1 adenovirus had a significant
recovery of FIV compared with those arteries that received
the empty adenovirus (Figure 8C and 8D). Furthermore, and
similar to arteries isolated from Apoe�/� mice maintained on
a low-fat diet, transduction of endothelial-specific DN Kir2.1
adenovirus had no effect on FIV in arteries from Apoe�/�

mice fed a high-fat diet (Figure 8D and 8E). These data
strongly: (1) support the role for endothelial Kir2.1 in
hypercholesterolemia-induced endothelial dysfunction, and
(2) implicate the potential for endothelial Kir2.1 in recovering
vascular function even in the presence of severe hyperc-
holesterolemia.

Kir2.1 Deficiency Promotes the Formation and
Alters the Distribution of Atherosclerotic Lesions
in Mouse Aortas
Endothelial dysfunction is a hallmark of disease progression
and promotes more severe and advanced disease states such
as atherosclerosis. Our present findings link cholesterol-
induced suppression of endothelial Kir2.1 to endothelial
dysfunction; therefore, we tested the role of Kir2.1 in
atherosclerosis and lesion formation in FVB mice. Although
this strain is known to be relatively resistant to atheroscle-
rosis compared with B6 mice with lesions forming only after
an extended duration on a high-fat diet,30,35,36 this is the
genetic strain in which the Kir2.1+/� model exists. Apoe�/�

and Kir2.1+/�/Apoe�/� mice on the FVB background were
fed the high-fat Western diet for extended periods (6 or
9 months), and lesion formation was subsequently detected
by en face Oil Red O staining of the aortic arch and
descending aorta (DA) taken immediately before the
diaphragm. Lesions were measured as a percentage of aortic
area containing lesion. After 6 months of feeding (Figure S7),
minimal lesion formation was present and no differences
between mouse models were detected. In contrast, after
9 months of high-fat feeding (Figure 9), robust lesion forma-
tion was detected in both groups but was significantly
elevated in Kir2.1+/�/Apoe�/� (Figure 9B) mice.

Furthermore, the distribution of the plaques in Kir2.1+/�/
Apoe�/� mice was significantly altered compared with
Apoe�/� mice with a notable increase in the DA (29.3�2.9
versus 44.4�5.9 in aortic arch and 7.6�0.9 versus 24.0�5.8
in DA for Apoe�/� and Kir2.1+/�/Apoe�/� mice, respec-
tively), an otherwise atheroresistant region. This finding
implicates an important role for Kir2.1 in the progression of
vascular disease, especially when considering potential con-
tributions to distinct regions that experience disturbed flow
and are atheroprone versus laminar flow, atheroresistant
regions of the aorta.

Figure 9. Inwardly rectifying K+ (Kir) 2.1
deficiency promotes the formation and
alters the distribution of atherosclerotic
lesions in mouse aortas. A, Representative
images of en face aortas from apolipopro-
tein E–deficient (Apoe�/�; left) and
Kir2.1+/�/Apoe�/� (right) stained with Oil
Red O for lesion detection. Mice were fed a
Western, high-fat, high-cholesterol diet
(HFD) for 9 months before analysis. Aortas
were isolated into the thoracic region
immediately before the diaphragm. B,
Group analyses of the lesions detected
show lesion formation in the aortic arch
(AA) and descending aorta (DA) as mea-
sured as percentage of the total area
containing lesions. Larger, lower bars rep-
resent the group average and smaller,
upper bars represent the standard error.
For all groups, n=4. Significance was tested
using 2-way ANOVA. P<0.05 when compar-
ing Apoe�/� and Kir2.1+/�/Apoe�/�.
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Discussion

Hypercholesterolemia is a leading risk factor in the
progression of cardiovascular disease and hypercholes-
terolemia-induced endothelial dysfunction is a precursor to
cardiovascular disease development. A hallmark of endothe-
lial dysfunction is a reduction in NO production in response to
increased flow4; however, the mechanisms governing the
development of endothelial dysfunction under hypercholes-
terolemic conditions are unclear. We previously showed
that hypercholesterolemia suppresses endothelial Kir
channels,15,26 putative mechanosensors.37,38 We recently
identified endothelial Kir2.1 channels as a critical component
of FIV whereby activation of Kir2.1 promotes Akt phospho-
rylation and ultimately results in NO production and vasodi-
lation in resistance arteries.3 In the current study, we show for
the first time that suppression of Kir channels is a key
contributor to endothelial dysfunction in Apoe�/� mice, a
major mouse model of atherosclerosis. More specifically, we
tested the hypothesis that hypercholesterolemia suppresses
shear-induced activation of endothelial Kir2.1 via cholesterol-
induced inhibition of channel activity thus preventing NO
production and inhibiting FIV.

Our new findings demonstrate that hypercholesterolemia
results in the loss of Kir-dependent NO production and FIV in
mesenteric arteries of Apoe�/� dyslipidemic mice, an effect
reversed by cholesterol depletion. Furthermore, this impair-
ment of vascular function can be fully rescued by the
overexpression of Kir2.1 in the endothelium. These findings
point to Kir2.1 channels as important potential targets in
combating vascular dysfunction in hypercholesterolemic con-
ditions and provide a novel mechanistic basis for decreased
availability of NO, which is well known to be associated with
the progression of atherosclerosis.

First, we establish that loading the cells with cholesterol
using modified low-density lipoproteins (acLDL) suppresses
the shear-induced increase in Kir current in ECs purified from
the resistance vasculature. These observations are consistent
with our previous studies showing that cholesterol loading
inhibits Kir channels in aortic endothelium.15,26 The function
of the Kir2.1 channel, the major Kir channel in the endothe-
lium of mesenteric resistance arteries,3,20 is suppressed by
cholesterol via specific sterol-protein interactions between
the cholesterol molecule and a hydrophobic pocket located
between the transmembrane domains of the channels.39,40

This is the first study, however, to examine the functional
implications of cholesterol-suppression of endothelial Kir
channels. To directly assess whether cholesterol suppresses
Kir channels in a model of hypercholesteremia in vivo, we
isolated ECs from WT and Apoe�/� mice and performed
perforated patch clamp analyses. ECs freshly isolated from
Apoe�/� mice had reduced currents compared with WT ECs,

whereas cholesterol depletion of Apoe�/� ECs using MbCD
results in significant recovery. This supports our previous
findings in freshly isolated aortic ECs of diet-induced,
hypercholesterolemic pigs15 and provides direct evidence
that cholesterol inhibits functional Kir channels in a setting of
hypercholesterolemia in vivo.

To investigate the impact of these findings on vascular
function, we tested endothelial function in response to
increases in intraluminal flow, a stimulus in which we have
established a crucial role for endothelial Kir2.1 in mesenteric
arteries. We show that impairment of FIV and of flow-induced
NO production in resistance arteries of Apoe�/� mice, a well-
established model for hypercholesterolemia, critically depends
on endothelial Kir2.1 channels. Importantly, small conductance
Ca2+-activated K+ channel function appears largely intact, thus
providing an additional line of evidence for the exclusive
impairment of an NO-mediated pathway as opposed to the NO-
independent pathway we previously showed to involve small
conductance Ca2+-activated K+ channel activation.3

Previous studies found that agonist-induced (eg, acetyl-
choline) dilations of resistance arteries in Apoe�/� mice on
normal low-fat diets appear mostly intact10,41–43 but the
sensitivity to LNAME is reduced.44 This would suggest that
compensatory mechanisms, most likely endothelium-derived
hyperpolarizing factor, exist in absence of NO during receptor-
mediated endothelium-dependent vasodilation in the Apoe�/�

mouse.9,43,44 In contrast, Apoe�/� mice fed a high-fat, high-
cholesterol diet have reduced dilations to such agonists,
suggesting a threshold whereby an overall reduction in
endothelial function exists.45–47 Our present results indicate,
however, that FIV, a mechanical stimulus, is impaired in the
resistance arteries of Apoe�/� mice independent of diet and
with no observable vasodilator compensation for a lack of
NO. This indicates that the level of hypercholesterolemia in
Apoe�/� mice fed a normal chow diet, although less than that
of Apoe�/� mice fed a high-fat diet, is enough to sufficiently
suppress Kir activity. The following lines of evidence indicate
that FIV impairment in this model is attributed to the loss of
endothelial Kir activity: (1) creating a Kir2.1 downregulated
mouse model on the background of Apoe�/� shows that FIV in
the arteries from Apoe�/� mice lacks the Kir2.1-dependent
component; (2) this conclusion is verified by blocking Kir
activity with Ba2+ or downregulating its functional expression
with DN Kir2.1, both of which significantly suppress FIV in WT
arteries but have no effect on arteries isolated from Apoe�/�

mice; (3) cholesterol depletion of mesenteric arteries of
Apoe�/� mice results in recovery of FIV, an effect dependent
on Kir and not observed in arteries of Kir2.1+/�/Apoe�/�

mice; and finally (4) FIV in Apoe�/� arteries is fully restored by
EC-specific overexpression of Kir2.1. In particular, 2 lines of
evidence highlight a central role for Kir channels in hyper-
cholesterolemia-induced endothelial dysfunction: (1) recovery

DOI: 10.1161/JAHA.117.007430 Journal of the American Heart Association 16

Role of Inwardly Rectifying K+ 2.1 in Endothelial Dysfunction Fancher et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



of FIV with cholesterol depletion of mesenteric arteries of
Apoe�/� mice, and (2) recovery of FIV/NO production with
overexpression of endothelial Kir2.1 in arteries of Apoe�/�

mice and Apoe�/� mice crossed with Kir2.1-deficient mice.
Together, these findings suggest that cholesterol-induced
suppression of the endothelial Kir2.1 is the underlying
mechanisms of reduced FIV and NO production, and that the
threshold of such inhibition of the channel by cellular
cholesterol can be overcome by additional, functional channels
specifically expressed in vascular endothelium.

It is important to note, however, that the loss of the Kir2.1-
dependent component of FIV is attributed to the loss of
functional activity of Kir channels and not to a decrease in
Kir2.1 protein expression. This is supported in the present
article by both the in vitro and in vivo models. Treating
mesenteric ECs in culture with acLDL does not affect Kir2.1
protein expression despite significantly reducing both base-
line currents and the response to shear stress. Similarly,
Apoe�/� mice do not have altered channel expression when
compared with WT arteries, again, despite having compara-
tively reduced currents. This observation is fully consistent
with our previous findings showing that cholesterol loading
suppresses Kir2.1 activity but has no effect on the level of
channel expression.15,17,29 The question arises as to how it is
possible to rescue FIV by Kir2.1 overexpression in arteries in
which the endogenous Kir activity is suppressed. We showed
in multiple previous studies,15,17,26,48,49 as well as here, that
cholesterol loading does not fully prevent Kir2.1 activation,
rather it only decreases the activity relative to that observed
under low cholesterol conditions. Therefore, overexpression
of Kir2.1 in cells loaded with cholesterol is expected to
overcome the cholesterol-induced inhibition of Kir activity and
result in a significant increase in Kir currents relative to the
endogenous currents observed in cholesterol-loaded cells.
Our present observations show this is indeed the case.

In addition, we show that hypercholesterolemia in 2
distinct mouse strains, the atheroresistant FVB and the
atheroprone B6, exhibit similarly blunted FIV. The mesenteric
arteries in Apoe deficiency in both genetic backgrounds lost
sensitivity to Ba2+ and LNAME. The differences in athero-
genicity between FVB and B6 mice were shown to correlate to
differences in macrophage mobilization and recruitment,
whereas no difference was observed in vascular cholesterol
efflux.35,50 This evidence supports the notion that endothelial
cellular cholesterol is probably similarly elevated in both FVB
and B6 Apoe�/� mice and perhaps explains why endothelial
dysfunction is similarly observed in both despite differences in
atherogenesis.30 To further address the ability of endothelial
Kir2.1 overexpression to override inhibition by membrane
cholesterol, we put atheroprone Apoe�/� B6 mice on a high-
fat, high-cholesterol diet to induce severe hypercholes-
terolemia19 and endothelial dysfunction.12 Overexpression of

endothelial Kir2.1 overcame the suppressive effects of severe
hypercholesterolemia in Apoe�/� B6 mice fed a high-fat diet,
despite potential elevations in plasma cholesterol reaching
almost 4 times that of Apoe�/� mice on a normal diet.19 We
interpret these findings as indicating that functional Kir2.1
channels expressed in the endothelium can rescue impaired
FIV and NO production regardless of the severity of hyper-
cholesterolemia or the extent of atherosusceptibility.

Another critical point to address is whether the loss of the
Kir-dependent FIV component in Apoe�/� arteries may be a
result of decreased eNOS expression, the downstream target
of Kir2.1 activation. We show, however, that this is not the
case because eNOS expression is unaffected in Apoe�/�

arteries as compared with WT controls. These findings are in
line with that previously reported for eNOS expression in
carotid arteries and coronary resistance arteries of Apoe�/�

mice.9,51 We also assessed dilations to the Ca2+ ionophore,
A23187, in arteries of Apoe�/� mice and observed compa-
rable responses to that of WT arteries, indicating intact eNOS
activity. We suggest that eNOS is regulated by an upstream
mediator that is likely Kir channels because NO production is
fully restored by endothelial-specific Kir2.1 overexpression. In
terms of the link between Kir activity and eNOS activation, we
have recently shown that it is mediated by phosphorylation of
Akt1.3 Therefore, we tested the phosphorylation status of
Akt1 and eNOS in Apoe�/� mice and detected a significant
decrease in both relative to WT supporting the notion that the
Kir2.1/Akt/eNOS/NO pathway is functionally impaired, likely
beginning with suppression of the upstream mediator, Kir2.1.
These findings provide in vivo evidence for hypercholes-
terolemia-induced suppression of eNOS, mostly mediated by
the suppression of Kir channel activity. This is an effect that
was previously reported in cultured aortic ECs loaded with
cholesterol and exposed to shear stress.52 In addition, a
decrease in Akt phosphorylation was previously reported in
various hypercholesterolemic models.53–55

Another possible connection between inhibition of Kir
activity and a decrease in the availability of NO is eNOS
uncoupling via elevated production of reactive oxygen
species. Indeed, several studies proposed that endothelial
dysfunction in hypercholesterolemia results from an increase
in reactive oxygen species production, which reduced the
level of tetrahydrobiopterin (BH4), an essential cofactor for
eNOS and the production of NO.56,57 In support of this,
administering BH4 recovers endothelial function in an NO-
dependent fashion in humans and rodents with hypercholes-
terolemia comparable to responses observed in normocholes-
terolemic controls.58–60 Moreover, studies in lung ischemia
suggest that membrane depolarization, which occurs as a
result of a decrease in Kir channel activity under ischemic
conditions, induces activation of NADPH oxidase 2 and an
increase in reactive oxygen species production.61 However, if
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a similar mechanism occurs during hypercholesterolemia in
the mesenteric microvasculature to contribute to a decrease
in NO bioavailability, it is likely secondary to the more direct
decrease in Kir-induced NO production we report in the
present study. Further studies are needed to elucidate the
mechanistic links between shear-induced Kir channel activity,
Akt phosphorylation, elevated reactive oxygen species, and
BH4 levels in vascular endothelium as a mechanism for
endothelial dysfunction.

Conclusions
The endothelial dysfunction present in hypercholesterolemia
has larger clinical implications to advanced cardiovascular
disease. Our data show that aortas from Kir2.1+/�/Apoe�/�

mice have elevated lesions compared with aortas from
Apoe�/� mice. This effect was observed after 9 months of
feeding. Furthermore, aortas from Kir2.1+/�/Apoe�/� mice
exhibited an altered distribution of plaques with a more
diffuse distribution between the aortic arch and the DA. It is
interesting to note that hypercholesterolemia affects FIV
similarly in the atheroprone B6 and atheroresistant FVB
strains. This is plausible because hypercholesterolemia is
similarly elevated in both strains. In fact, Apoe�/�/FVB mice
are well established to have greater plasma cholesterol
levels.30,35,36 Taken together, these data suggest that neither
the cholesterol responsiveness of the Kir channel nor
suppression of FIV are contributors to the differences in the
atherosusceptibility of these 2 strains. Further studies are
needed to explore these underlying differences. Interestingly,
Kir deficiency manifests its differential atherosclerotic effects
mostly in the DA, an area of the aorta that does not readily
develop atherosclerosis. The redistribution of lesions to an
otherwise atheroresistant region of the aorta implicates a
critical role for Kir2.1 in contributing to an atheroresistant
profile in the DA region. Moreover, since it is well known that
the difference in atherosusceptibility between aortic arch and
DA regions is related to hemodynamic forces,62–64 our
observations are consistent with the proposed role of Kir
channels in endothelial mechanotransduction.
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Figure S1. Stopping flow returns currents to static baseline and acLDL. Representative 

perforated patch recording showing static Kir currents (black), shear stress (0.7 dynes/cm2)-

induced activation of Kir currents using the gravity perfused minimally invasive flow (MIF) device 

(gray), and the return to static Kir currents upon stopping flow (SF) to the MIF device (red). A 

voltage ramp from -120 to +40 mV was used to elicit inwardly rectifying K+ current in a 60 mM K+ 

bath (EK ~ -20 mV).  

  



 
 
 

Figure S2. Mesenteric arteries from Kir2.1+/- exhibit reduced, Ba2+-insensitive dilations to 

flow. Representative flow-induced vasodilation (FIV) traces from A) Kir2.1+/- and D) WT mice 

generated using the pressure gradient method to induce intraluminal flow through mesenteric 

arteries. Endothelin-1 (ET-1) (1.2-2 x 10-10 mol/L) was used to pre-constrict arteries and 

papaverine (10-4 mol/L) was used to test arterial function at the end of each protocol. FIV curves 

from B) Kir2.1+/- and E) WT mice show the differences in Ba2+ (3 x 10-5 mol/L) sensitivity. 

Furthermore, FIV in WT mice is sensitive to apamin (2 x 10-8 mol/L) and abolished by the 

combination of Ba2+ and apamin. C) Kir2.1+/- group data highlighting FIV before (control) and 

after application of Ba2+ measured at Δ100 cm H2O. n = 6 arteries from 4 mice for both WT and 

Kir2.1+/- groups. All error bars represent SEM which was calculated using n = number of mice.  

  



               
Figure S3. eNOS expression and function are intact in Apoe-/- mice. A) Representative 

Western blot showing total endothelial nitric oxide synthase (eNOS) expression in whole 

mesenteric arcades from WT and Apoe-/- mice and B) group data normalized to actin expression 

(n = 4). C) No differences were observed in eNOS functional capacity as measured in arteries 

isolated from WT (n = 6 arteries from 3 mice) and Apoe-/- (n = 9 arteries from 5 mice) mice using 

a dose-response to the Ca2+ ionophore, A23187. In all cases, SEM is calculated as n = number 

of mice.  



 
 
 
Figure S4. Incubating ECs with acLDL does not prevent adenoviral overexpression of 
Kir2.1 and empty AV transduction has no effect on FIV in Apoe-/- mice. Ai) Endothelial cells 
(ECs) transduced with adenovirus (AV)-Kir2.1 show detectable hematgglutinin (HA)-tag 
fluorescence in the presence (middle panel) or absence (top panel) of acetylated low density 
lipoprotein (acLDL, 50 µg/ml; 24 hour incubation). HA-tag fluorescence was not detected in 
those ECs transduced with AV-empty (bottom panel), however, GFP fluorescence is observed 
to indicate successful transduction of cells.  Considerable changes in morphology were 
observed with adenoviral transduction, therefore, we show Aii) photomicrographs confirming the 
appropriate morphology and expected staining of cultured ECs by PCAM (left) and Von 
Willebrand factor (middle) in non-transduced ECs in culture. B) Representative flow-induced 
vasodilation (FIV) trace from a mesenteric artery transduced with AV-empty. Endothelin-1 (ET-
1) and papaverine were used as described above. C) FIV curves show that AV-empty 
transduction has no effect on Apoe-/- response to flow. D) Group data highlighting the dilations to 
flow at Δ100 cm H2O. Only apamin (2 x 10-8 mol/L) inhibits FIV in Apoe-/- arteries transduced 
with AV-empty (n = 4). *P < 0.05 vs. control, ‡P < 0.05 vs. Ba2+ (3 x 10-5 mol/L). Error bars 
represent SEM.  
  



    
 
Figure S5. The effect of LNAME on FIV in arteries from Kir2.1+/-/Apoe-/- and WT mice. Flow-
induced vasodilation (FIV) curves generated from A) Kir2.1+/-/Apoe-/- and C) WT mesenteric 
arteries and exposed to either L-NG-Nitroarginine methyl ester (LNAME, 10-4 mol/L) or a 
combination of Ba2+ (3 x 10-5 mol/L) and LNAME. Group data highlighting dilations to flow at 
Δ100 cm H2O in B) Kir2.1+/-/Apoe-/- (n = 4 arteries from 4 mice) and D) WT mice (n = 6 arteries 
from 4 mice). *P < 0.05 vs. control. Error bars represent SEM which was calculated as n = 
number of mice. E) Representative images providing good positive controls for the detection of 
nitric oxide (NO) via the dye Diaminorhodamine-4M (DAR4M). Arteries from WT mice exposed 
to intraluminal flow (Δ60 for 30 minutes) have robust NO production (left) that is prevented by 
incubating arteries with LNAME (10-4 mol/L, right) for 20 minutes prior to and during intraluminal 
flow (Δ60 for 30 minutes).  
  



 
 

Figure S6. Endothelial Kir2.1 is a major contributor to FIV in mesenteric arteries from 

C57BL/6 (B6) mice. FIV curves generated from C57/BL6 (B6) WT mice reveal sensitivity to A) 

Ba2+ (3 x 10-5 mol/L; n = 5 arteries from 4 mice), and C) transduction with endothelial specific 

adenovirus (AV)-dominant negative (DN) Kir2.1 (n = 4 pairs of arteries from 4 mice). E) B6 

Apoe-/- mice (n = 9 arteries from 5 mice), however, lack sensitivity to Ba2+. B, D, F) Group data 

highlighting the differences in FIV measured at Δ100 cm H2O for each of A, C, and E, 

respectively. *P < 0.05 vs. B) control and D) AV-empty. Error bars represent SEM using n = 

number of mice.  



 

Figure S7. Lesion formation in Apoe-/- and Kir2.1+/-/Apoe-/- mice aortas after 6 months of 

high fat feeding.  A) Representative images of en face aortas from Apoe-/- (left) and Kir2.1+/-

/Apoe-/- (right) stained with oil red O for lesion detection. Mice were fed a Western, high fat, high 

cholesterol diet for 6 months prior to analysis.  B) Group analyses of the lesions detected in 

aortic arch (AA) and descending arch (DA) and measured as percentage of the total area 

containing lesions in Apoe-/- (n = 4) and Kir2.1+/-/Apoe-/- (n = 4). Larger, lower bars represent the 

group average and smaller, upper bars represent the standard error. No significant differences 

were found between Apoe-/- and Kir2.1+/-/Apoe-/- groups using a two-way ANOVA.  


