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Abstract

Objective: To determine if endothelial dysfunction in a mouse model of diet-induced obesity and
in obese humans is mediated by the suppression of endothelial Kir channels.

Approach and Results: Endothelial dysfunction, observed as reduced dilations to flow,
occurred after feeding mice a high-fat, Western diet for eight weeks. The functional
downregulation of endothelial Kir2.1 using dominant-negative Kir2.1 construct resulted in
substantial reductions in the response to flow in mesenteric arteries of lean mice whereas no effect
was observed in arteries of obese mice. Overexpressing WT-Kir2.1 in endothelium of arteries from
obese mice resulted in full recovery of the flow response. Exposing freshly isolated endothelial
cells to fluid shear during patch clamp electrophysiology revealed that the flow-sensitivity of Kir
was virtually abolished in cells from obese mice. Atomic force microscopy revealed that the
endothelial glycocalyx was stiffer and the thickness of the glycocalyx layer reduced in arteries
from obese mice. We also identified that the length of the glycocalyx is critical to the flow-
activation of Kir. Overexpressing Kir2.1 in endothelium of arteries from obese mice restored flow-
and heparanase-sensitivity, indicating an important role for heparan sulfates in the flow-activation
of Kir. Furthermore, the Kir2.1-dependent component of flow-induced vasodilation was lost in the
endothelium of resistance arteries of obese humans obtained from biopsies collected during
bariatric surgery.
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Conclusions: We conclude that obesity-induced impairment of flow-induced vasodilation is
attributed to the loss of flow-sensitivity of endothelial Kir channels and propose that the latter is
mediated by the biophysical alterations of the glycocalyx.
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Introduction

Obesity represents a complex and multifactorial metabolic disease with well-established
deficits to cardiovascular function. Arteries residing in visceral adipose exhibit impaired
vascular responses to endothelium-dependent agonists including intraluminal flow?2,
Obesity-induced endothelial dysfunction precedes and is a predictor for severe disease such
as atherosclerosis.

A hallmark of endothelial dysfunction in obesity is impairment of flow-induced vasodilation
(FIV), the dilatory response of arteries to flow®. The prevalent thought is that endothelial
dysfunction in obesity manifests as the impairment of endothelial NO synthase (eNOS)’ and
the loss of NO#, a major vasodilator and anti-inflammatory agent®. Obesity also disrupts the
endothelial glycocalyx®7, a proteoglycan extension of the endothelial layer that is a putative
mechanosensing complex8, required for flow-induced NO production®10,

Our recent studies identified a flow-sensitive inwardly-rectifying K* channel, Kir2.1, to be a
critical mediator of NO-dependent FIV upstream of NO productionl®. Furthermore, we
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determined that Kir2.1 is required for eNOS phosphorylation at serine 1177, the site
necessary for NO production, that is impaired in obesity12. These findings established that
flow-sensitive endothelial Kir channels are critical to endothelial control of vascular tone in
response to shear stress. Flow-induced NO production is also dependent on the integrity of
the glycocalyx, one of the primary mechanosensors, existing as a direct barrier between the
drag force of flowing blood and the vascular endothelium2. Importantly, the integrity of the
glycocalyx was shown to be impaired early in obesity®.

In this study, we show that high-fat diet drastically reduces shear-induced activation of Kir
and discover that flow sensitivity of Kir requires intact heparan sulfates (HS) of the
endothelial glycocalyx. Furthermore, we show that the loss of flow-sensitivity of Kir plays a
major role in FIV impairment in high-fat diet induced obesity in mice and in obese humans.
We propose that the obesity-induced alterations of the endothelial glycocalyx renders Kir
insensitive to shear, ultimately underlying the endothelial dysfunction in the
microvasculature.

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

All studies involving animals were approved by the Animal Care Committee at the
University of Illinois at Chicago (UIC). Ten week old male and female mice were randomly
divided into diet groups: lean controls maintained on a normal laboratory diet and an obese
group fed a high-fat Western diet. Data from male and female mice were combined where
indicated. Mice were euthanized by CO5 asphyxiation followed by cervical dislocation,
unless otherwise stated, and 15t order mesenteric arteries were isolated from mesenteric
adipose.

Analysis of fasted serum lipids and mass spectroscopy

Whole blood was collected following a 6 hour fast. Mice were sedated with isoflurane and
decapitated!®. Serum samples were assessed for the rodent lipid panel consisting of low
density lipoprotein (LDL), high density lipoprotein (HDL), total cholesterol, and
triglycerides. Liquid Chromatography-Electrospray lonization Tandem-Mass Spectrometric
(LC-ESI-MS/MS) was performed15.

Transduction of artery endothelium with adenoviral Kir2.1 constructs and FIV

Mesenteric arteries were incubated with adenovirus (AV) containing either dominant-
negative (DN) or WT-Kir2.1 constructs for 48 hours under standard culture conditions (10%
FBS DMEM medium, 5% CO,, 37°C)16. Endothelial-specific expression was driven by the
hVE-Cadherin promoter. FIV was measured as described1:16:17,
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Confocal microscopy, flow cytometry, and Western blotting

Excised arteries were opened en face and immunostained!®. Images were taken using a Zeiss
laser scanning confocal microscope. Single-cell suspensions of digested arteries or human
microvascular endothelial cells (HAMECSs) were used to detect the expression of endothelial
cell (EC) membrane Kir2.1 in CD31+ cells using a BD LSRFortessa flow cytometer. Data
was analyzed using Kaluza2.1 software. Western blots on whole mesenteric arcades were
performed as described1®. HAMECs were exposed to shear stress using a cone-and-plate
rheometer for analysis of Akt phosphorylation by Western blotting1.

Perforated whole-cell electrophysiology

ECs were isolated from mesenteric arteries using an established method6:19. Freshly
isolated ECs or HAMECs were seeded onto the modified parallel plate flow chamber.
Electrophysiology was performed as described8. Flow was administered by gravity
perfusion.

Atomic force microscopy

Elastic moduli of HAMECs and en face arteries were measured with an Asylum MFP-3D-
Bio atomic force microscope (Santa Barbara, CA)14. A notable modification was the use of
a highly flexible cantilever (spring constant of 0.01 N/m versus typically used 0.10 N/m), as
was described for the atomic force microscopy (AFM) analysis of the glycocalyx2021, A 4.5
um polystyrene bead AFM probe (Novascan, Ames, 1A) was used to facilitate even force
dispersion. Fifteen to twenty sites were analyzed/artery from one or two vessels per mouse
(20-50 independent force-distance measurements/mouse).

Human studies

Human studies were conducted in accordance with the Institutional Review Board at the
UIC. Obese human subjects recruited to this study gave informed consent prior to the
planned bariatric surgery date. All subjects had a body mass index of = 38 and were between
26-48 years old. Subjects were excluded from study if they had diabetes, cancer, heart
disease, a history of smoking, kidney or liver disease, gallbladder disease, or autoimmune/
inflammatory disease. Mesenteric adipose biopsies were collected the day of the surgery and
arteries immediately cleaned of adipose and incubated with AV, as described above. All
subject information was de-identified and stored on a password protected, onsite hard drive.
Additional subject clinical measures and demographics are outlined in Supplemental Table
1.

Statistical analyses

Appropriate sample sizes for this study were calculated using a power test set to 0.9 and
predicated on our initial findings in male lean vs. obese mice after 8-weeks on respective
diets (SFigl). Each data set was tested for normality and equal variance prior to conducting
appropriate parametric or nonparametric tests. For parametric data sets, equal variance was
not assumed and an unbalanced ANOVA or Student’s ¢test was performed. The lognormal
AFM data were transformed prior to conducting parametric tests22. For all other data sets
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that exhibited a non-normal distribution, appropriate nonparametric tests were applied. For
all tests, significance was set to p < 0.05.

Loss of endothelial Kir2.1 is responsible for impairment of FIV in mesenteric adipose
arteries of obese mice.

Avrteries in the mesenteric adipose of obese humans and rodents exhibit endothelial
dysfunction?23, To investigate the underlying mechanism, we first fed mice a normal
laboratory diet or high-fat Western diet and tested endothelial function at various time points
in excised arteries by measuring dilations to flow (Fig.S1), as described11.16.17,

No differences in FIV were detected in arteries from male mice after a 4-week diet
(Fig.S1A,D), however, robust endothelial dysfunction was observed after 8 weeks
(Fig.S1B,D). This persists after 24 weeks (Fig.S1C,D). Similarly, arteries from obese female
mice also had reduced FIV compared to lean controls after 8 weeks on respective diets
(Fig.S1E,F). No vascular smooth muscle dysfunction was observed after 8 weeks as
measured by the endothelium-independent vasodilator sodium nitroprusside (SNP)
(Fig.S2A). In contrast, the 24-week time point showed evidence of vascular smooth muscle
dysfunction as evidenced by reduced dilations to SNP (Fig.S2B). Therefore, the role of
Kir2.1 in obesity-induced endothelial dysfunction was tested at 8-weeks. Average body
weights for lean vs. obese groups before the start of the diet were comparable and, as
expected, after the 8-week feeding regimen, obese mice weighed significantly more than
lean counterparts (Table S2). However, obesity did not affect the baseline diameter of
mesenteric arteries (Table S2).

To test if obesity reduces FIV through impairment of endothelial Kir2.1 channels, functional
expression of Kir2.1 in intact mesenteric arteries was downregulated using an endothelial-
specific adenoviral construct containing a dominant negative (DN) Kir2.1 (VE-Cad-DN-
Kir2.1-AV). Empty adenovirus (AV) was used as control. Notably, Kir2.1 contained an
extracellular HA-tag (VE-Cad-WT-Kir2.1-HA-AV), which allowed for the verification of
endothelial-specific Kir2.1 expression. Indeed, HA-tag specific fluorescence was observed
in intact, but not denuded, en face arteries (Fig. 1A).

Downregulation of Kir2.1.—As expected, in lean controls exposed to the Em-AV, the
percent dilation to flow reached an average 87.2% in response to the maximum pressure
gradient of A100 whereas the response in arteries from obese mice was significantly reduced
(Fig. 1B, C). Expressing VE-Cad-DN-Kir2.1-AV significantly reduced FIV in arteries from
lean mice but had no effect in arteries from obese mice (Fig. 1B-D), suggesting a loss of
Kir2.1 contribution to FIV in arteries of obese mice. Successful knockdown of Kir2.1 with
VE-Cad-DN-Kir2.1-AV is supported by the lack of an effect of Ba2*, a blocker of Kir
channels. No difference was observed with respect to downregulation of Kir2.1 in male vs.
female mice (Fig.S2C-D) and so data was combined.

Rescue of FIV with WT Kir2.1.—To test if FIV could be rescued in arteries of obese
mice by overexpressing WT-Kir2.1 in endothelium, arteries from obese mice were incubated
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with VE-Cad-WT-Kir2.1-HA-AV containing a fully functional WT Kir2.1. Overexpressing
WT-Kir2.1 in endothelium of visceral arteries of obese mice rescued dilations to flow
compared to arteries exposed to Em-AV (Fig. 1E,F) and restored sensitivity to Ba2*,
Furthermore, overexpressing WT Kir2.1 in the endothelium of obese mice arteries restored
sensitivity to LNAME, suggesting that the overexpression of Kir2.1 works through
activation of eNOS.

In addition, we tested the role of the small Ca*-activated K* (SK) channel in obesity as
these channels contribute to the NO-independent dilations to flow?4. In contrast to Kir2.1,
the contribution of SK channels to FIV was similar in lean and obese mice as assessed by
blocking SK with apamin (Fig.S3).

Kir channels are impaired in endothelial cells of obese mice.

We next tested the functional expression of Kir channels in ECs freshly isolated from lean
and obese mice using perforated patch clamp. As expected, we detected well-defined Kir
currents with typical inward rectification in freshly isolated ECs that reversed at ~—20 mV in
a 60 mM K* bath. Most importantly, Kir current densities (Ik;,) were reduced more than 3-
fold in ECs isolated from obese mice relative to the Ik;, detected in ECs from lean
counterparts (Fig. 2A-C). EC isolation was verified by the endothelial marker CD31 (Fig.
2A). To determine if decreased Kir2.1 surface expression was an underlying cause of
reduced Kir activity, Kir2.1 expression in ECs isolated from mesenteric arteries was
assessed by flow cytometry. Kir2.1 expression was analyzed in cells positive for CD31.
Kir2.1 surface expression was determined using an antibody that targets an extracellular
epitope of the channel. No effect of obesity was observed on endothelial Kir2.1 expression
or in the percent of ECs expressing Kir2.1 even after an extended diet of 24 weeks
(Fig.S4A-C). In addition, there was no difference in Kir2.1 expression as determined by
immunoblotting of intact mesenteric arterial arcades between lean and obese mice (Fig.S4D)
further supporting that obesity does not affect Kir2.1 expression. Taken together, these data
suggest that obesity impairs Kir activity without affecting membrane expression.

A major feature of Kir channels is that they are activated by shear stress2®. To directly test
the impact of obesity on the flow-sensitivity of Kir channels, ECs freshly isolated from
arteries of lean and obese mice were seeded into a parallel flow chamber designed in our
earlier studies to expose cells to well-defined flow during electrophysiological
recordings!116:26. The recordings start prior to the initiation of the flow and then performed
continuously during the flow exposure from the same cell. Representative recordings reveal
the effects of fluid-shear on Ig;, in ECs from lean and obese mice: Ikj, recorded from cells
isolated from lean mice show a relatively large current with a significant increase in
response to flow whereas I, recorded from cells isolated from obese mice show smaller
current and no increase with flow (Fig. 2D,E). The insets highlight the shear-sensitive
components of the current (Isy-lst). Clearly, the shear-sensitive component is virtually absent
in obese mice. Furthermore, in ECs from lean mice, fluid shear induced an increase in Igj, in
each cell tested (Fig. 2F,H), whereas in ECs from obese mice 8 of 9 cells tested did not
respond. (Fig. 2G,H). These findings indicate that a functional impairment renders Kir
insensitive to fluid shear.
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Mechanism of obesity-induced impairment of Kir channels.

Obesity-induced impairment of Kir cannot be attributed to increased
cholesterol: As expected, feeding mice a high-fat Western diet results in mild
dyslipidemia with a small but significant increase in fasted serum LDL (Table S3). Since our
previous studies established that Kir channels are suppressed by cholesterol16:26:27 e
tested whether obesity also results in an increase in cholesterol in mesenteric arteries via
mass spectrometry. However, while serum cholesterol was elevated >2-fold in obese mice no
significant difference in arterial cholesterol levels was detected (Fig.S5A,B). Furthermore,
we analyzed the tissue levels of several biologically-active lipids and found no or little
difference between lean and obese tissues (Fig.S5C-H). These data show that obesity has no
significant effect on tissue cholesterol of mesenteric arteries. Additionally, depleting
cholesterol from arteries of obese mice using methyl-p-cyclodextrin (MBCD), a treatment
that leads to recovery of FIV in severely hypercholesterolemic goo£~~ micel8 (Fig.S51), had
no effect on FIV in obese mice (Fig.S5J,K). These data suggest that mild dyslipidemia that
accompanies diet-induced obesity in mice does not induce inhibition of Kir channels via
cholesterol.

Obesity-induced biophysical alterations to the glycocalyx impair Kir flow-
sensitivity: Here, we tested whether: 1) obesity alters the biophysical properties of the
glycocalyx in resistance arteries, and 2) the glycocalyx regulates the flow-activation of
endothelial Kir channels, an effect that is lost with alterations to the glycocalyx.

Obesity alters the biophysical properties of the endothelial glycocalyx and
underlying endothelial layer: To test the biophysical properties of the endothelial
glycocalyx of the adipose resistance microvasculature by AFM, we first verified that the
arteries maintain both the glycocalyx and the endothelial layer during the en face preparation
by staining for HS and for CD31 (Fig.S6A,B). As described previously, using a cantilever
with a low spring constant allows for distinguishing the glycocalyx layer based on the shape
of the force-distance AFM approach curve: the presence of the glycocalyx manifests as a
deviation from the Hertz model, also seen as a break in the slope of the force-distance curve
(Fig.S6C,D). Representative traces (Fig. 3A,B) reveal the effects of obesity on the
endothelial glycocalyx and underlying endothelial layer, respectively. Obesity increased the
elastic moduli of the endothelial glycocalyx (3A) and underlying layer (3B) as well as
decreased the length of the glycocalyx (3A). Specifically, the values of the elastic modulus
for the glycocalyx of the en face arteries of lean mice range from 440 +/- 100 Pa, the typical
range of the glycocalyx elastic moduli of ECs20-21 whereas the glycocalyx of the arteries
isolated from obese mice had an elastic modulus ranging from 1100 +/- 140 Pa (Fig. 3D,
left column). The glycocalyx also had a decreased length in mesenteric arteries of obese
mice averaging 99+9 nm while the glycocalyx in lean mice was an average 17626 nm (Fig.
3D, right column). Obesity also induced an increase in the elastic modulus of the underlying
endothelium (Fig. 3E) which, in addition to the glycocalyx, prompted further investigation
into the effects of the endothelium elastic modulus on Kir flow-sensitivity.

Does flow-sensitivity of Kir depend on the stiffness of the endothelium or
endothelial glycocalyx?—To test this possibility, we seeded HAMECs on hydrogels of
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different stiffness because the cell elastic modulus is known to increase on stiffer substrates.
Specifically, cells were seeded on polyacrylamide gels of 5 kPa and 30 kPa for 24 hours
prior to experiments (Fig.S8A). As expected, HAMECs seeded on the stiff gels had a greater
cellular elastic modulus than cells seeded on the soft gels (Fig. 4A). The glycocalyx of cells
seeded on the stiff gels also had a greater elastic modulus (Fig. 4B) with a significant,
positive correlation between cell stiffness and glycocalyx stiffness (Fig.S8B). In contrast, no
differences were observed in glycocalyx length between cells seeded on gels of different
stiffness (Fig. 4C) allowing us to discriminate the effects of cell/glycocalyx stiffness and
glycocalyx length on the flow-activation of Kir. Our data show that no differences in flow-
activated Kir currents were observed in HAMECs seeded on the different gels (Fig. 4D,E),
indicating that neither elastic moduli are major factors in the flow-sensitivity of Kir.

Does flow-sensitivity of Kir depend on glycocalyx length?—To test this
possibility, we used HEPIII and HA lyase to degrade different components of the
glycocalyx. We found significant effects of the enzymes on glycocalyx length (Fig. 4F) and
stiffness (Fig.S8C-E), without affecting the underlying endothelial layer (Fig.S8F-H). We
next tested the flow-sensitivity of Kir following treatment with either enzyme. Compared to
controls that exhibited robust flow-activation of Kir, each enzyme essentially abolished the
Kir response to flow (Fig. 4G,H), indicating the critical role of the glycocalyx in shear-
induced Kir activation and suggesting that the length of the glycocalyx is the important
parameter.

Importantly, we also tested if the enzymes directly affect the surface expression of Kir
channels and thereby reduce channel function independent of perturbations to the
glycocalyx. The S.Fig. 7 shows that Kir2.1 expression is unaltered by enzyme treatments.
These data further support the proposed mechanism that the enzymes disrupt the physical
properties of the glycocalyx which results in the loss of Kir flow-sensitivity.

Overexpression of endothelial Kir2.1 restores sensitivity to HEPIII in ECs from
obese mice: Next, we focused on heparan sulphates (HS), the most abundant class of
glycosaminoglycan (GAG)!3 in the regulation of Kir activity in freshly isolated ECs from
lean and obese mice. First, successful removal of HS by HEPIII was confirmed by staining
for HS in en face preparations (Fig.S9A). Freshly isolated cells were exposed to HEPIII and
representative recordings from both control and HEPIII-treated, freshly-isolated ECs from
lean mice show a well-defined I, (Fig.S9B) but the current in HEPIII-treated cells was
reduced (Fig.S9C). To confirm if HS are required for the flow-sensitivity of Kir channels in
freshly-isolated ECs, HEPIII-treated cells were seeded into the flow chamber described
above. As expected, and shown in a representative trace highlighting the shear-induced
current component Igy-lst, control ECs from lean mice had a robust increase in Ik, in
response to flow (Fig. 5A), whereas it did not increase in ECs from lean mice lacking HS
indicating that the flow-sensitivity of Kir channels is abolished (Fig.5B).

As also shown in Figure 2, the flow-sensitivity of Kir recorded from ECs freshly isolated
from obese mice is virtually abolished (Fig. 5C) and as expected, treating ECs from obese
mice with HEPIII, had no effect on the flow-activation of Kir (Fig. 5C,D,G). We next tested
whether over-expression of Kir2.1 in ECs isolated from arteries of obese mice rescues the
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flow and HEPIII sensitivity of the currents. We found that this is indeed the case:
overexpressing the WT-Kir2.1 restored baseline currents to ~25% of that in lean mice and
resulted in a 2-fold increase in the EC-Kir flow-sensitive current as compared to control ECs
(Fig. 5E,G). Overexpressing the WT channel also restores HEPIII inhibition of the flow-
induced increase in Ik, (Fig. 5F,G).

Obesity disrupts glycocalyx-mediated Akt signaling: We recently showed that
flow-induced Akt phosphorylation is dependent on endothelial Kir channels®. Similar to
earlier studies?®-2%, we show here that removal of HA or HS results in reduced Akt
phosphorylation in HAMECs exposed to shear stress (Fig.S9D,E). We next investigated,
therefore, the role of the flow-induced glycocalyx-mediated Akt activation in mesenteric
arteries from lean and obese mice by perfusion of the lumen with HEPIII in the presence and
absence of an Akt inhibitor. As expected, Akt inhibition significantly blunts FIV in arteries
from lean mice (Fig. 6A). However, after perfusing the vessel lumen with HEPIII to remove
the heparan sulfates from the glycocalyx, dilations to flow were blunted and the Akt
inhibitor had no further effect (Fig. 6B,G). Sham control vessels that were perfused with
buffer without HEPIII responded to flow to the same extent as before the perfusion and
retained sensitivity to Akt inhibition (Fig. 6C,G). There was no effect of Akt inhibition or
HEPIII on arterial response to flow in obese mice. These data support the hypothesis that the
glycocalyx-Kir2.1-Akt signaling axis is impaired in obesity (Fig. 6D-F,H).

Loss of endothelial Kir2.1 is responsible for impairment of FIV in mesenteric adipose
arteries of obese humans.

We tested the role of endothelial Kir2.1 in obese humans to determine if the reduced FIV is
due to the loss of Kir channel contributions as we observed in the mouse model of diet-
induced obesity. Morbidly obese humans (BMI = 38) undergoing planned bariatric surgery
were recruited to this study (for additional subject demographics, please refer to Table S1).
Biopsies of mesenteric adipose were collected during surgery and arteries with an average
diameter of 153.9 £ 22.8 um were subsequently isolated and incubated with AV containing
constructs for endothelial-specific expression of Kir2.1-DN or WT-Kir2.1. After 48 hours of
incubation with AV, arteries were cannulated, pressurized, and pre-constricted as described

previously for testing FIV using the pressure gradient method of administering intraluminal
flowl116.17

Mesenteric arteries from obese subjects incubated with the Em-AV had an average percent
dilation to A100 flow of 47.7%, which is similar to previous reports on this artery type in
obese humans? and similar to the percent dilations observed in this study for the mesenteric
arteries of diet-induced obese mice (48.8%, Fig. 1). Expressing Kir2.1-DN in the
endothelium of arteries from obese humans had no effect on FIV (Fig. 6A,C). Notably,
overexpressing functional WT Kir2.1 channels in endothelium increased percent dilations to
flow, reaching 86.4% at the maximum flow rate of A100 (Fig. 6B,D). These data suggest
that endothelial Kir2.1 are key components to FIV of human mesenteric arteries and that
Kir2.1 channels are dysfunctional in obese human endothelium.
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Discussion

Obesity-induced impairment of endothelial function is a key factor in the development of the
cardiovascular disease3#. Here we identify a novel mechanism of endothelial dysfunction in
obesity to be a result of reduced function and loss of flow-sensitivity of endothelial Kir2.1
channels. Furthermore, we show that obesity-induced impairment of flow-induced
vasodilation can be fully rescued by endothelial-specific overexpression of Kir2.1 in intact
arteries. We also provide the first evidence that flow-sensitivity of Kir2.1 critically depends
on endothelial HS-glycocalyx, suggesting that flow activation of these channels is the
mechanistic link between glycocalyx as a flow mechanosensor and FIV. We propose that
obesity-induced alteration of the glycocalyx and changes to its length are critical to the loss
of flow-sensitivity of endothelial Kir2.1, which result in FIV impairment via disruption of
Akt1/eNOS signaling. Notably, we show that impairment of Kir2.1 channels plays a central
role in obesity-induced endothelial dysfunction in both a mouse model of high fat diet
induced obesity and in obese humans.

Role of Kir channels in vasodilation:

Based on the unique biophysical properties of Kir channels that are activated by membrane
hyperpolarization and by high extracellular K*, it was suggested that Kir channels act as
“boosters” of the electrical responses generated by other vascular K* channels9-30, Our
recent studies demonstrated that endothelial Kir are key regulators of flow-induced
activation of eNOS!, a major flow-induced signaling pathway that governs a multitude of
endothelial responses. Specifically, using a combination of Kir2.1-deficient mice and
endothelial-specific viral constructs of Kir2.1 and its dominant-negative mutant, we
demonstrated the critical role of endothelial Kir2.1 in FIV of murine and human mesenteric
resistance arteries. We also found that flow-induced activation of endothelial Kir2.1 results
in the activation of eNOS and NO production and is independent of Ca?*-sensitive K*
channels. Furthermore, we discovered that endothelial Kir2.1 channels are also essential for
flow-induced activation of Akt1, a kinase well-known to activate eNOS3L, These
observations identify endothelial Kir2.1 as an upstream major regulator of flow-induced
endothelial signaling. In this study, we show that impairment of endothelial Kir2.1 channels
plays a significant role in endothelial dysfunction in obesity.

Obesity, eNOS, and Kir2.1:

The loss of NO bioavailability in obesity is well-established34. This loss was attributed to
the impairment of eNOS function including disruption of the eNOS/Akt complex, eNOS
dimerization32 or in some models a decrease in eNOS expression33.

Our present data suggests a novel paradigm that obesity-induced endothelial dysfunction is a
result of the loss of endothelial Kir2.1 channel function. First, downregulation of endothelial
Kir2.1 results in a significant decrease in FIV in arteries of lean mice but has no effect on
arteries of obese mice indicating that Kir2.1-dependent component of FIV is lost in obese
mice. The loss of Kir2.1-component of FIV in mesenteric arteries of obese mice is supported
by the finding that Kir currents are drastically decreased and flow sensitivity virtually
abolished in mesenteric ECs isolated from obese mice. Second, overexpressing the
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functional Kir2.1 channel in the endothelium of arteries isolated from obese mice
completely rescues FIV in an eNOS-dependent manner. This finding indicates that
overexpressing endothelial Kir2.1 recovers endogenous signaling pathways of NO
production and supports the notion that Kir channels upstream of eNOS are impaired in
obesity. Importantly, FIV was also restored in arteries isolated from mesenteric adipose of
obese humans with overexpression of endothelial WT-Kir2.1. This finding in particular
supports the diet-induced obese mouse model as a translational approach to investigating
mechanisms of obesity-induced impairment of FIV. Our results indicate that dysfunctional
endothelial Kir2.1 channels are underlying the reduced FIV and are upstream from eNOS
dysfunction in arteries isolated from obese mice and humans.

Impairment of Kir function in high fat diet-induced obesity

Obesity and hypercholesterolemia impair Kir via distinct mechanisms: Our
initial hypothesis was that a high-fat diet inhibits Kir via elevation of cellular cholesterol.
This hypothesis was based on our studies establishing the inhibitory effect of cholesterol on
Kir channels through direct cholesterol-channel interactions26:34:35. Most recently, we
demonstrated that cholesterol-induced suppression of endothelial Kir2.1 is responsible for
the loss of flow-induced eNOS activation and impairment of FIV in go0F-/- micel®, a
murine model of severe hypercholesterolemia. We found, however, that impairment of
endothelial Kir channels in diet-induced obesity cannot be attributed to cholesterol-induced
suppression of the channels. In contrast to cholesterol accumulation in vascular tissues of
apoE~~ mice, we detected no increase in cholesterol levels in arteries of obese mice using
mass spectrometry. Furthermore, unlike the previous findings in the 4p0£~~ mousel®,
depletion of cholesterol did not recover FIV in arteries from obese mice. Thus, our findings
indicate that impairment of endothelial Kir is a common factor in hypercholesterolemia- and
obesity-induced reductions in FIV but through entirely different mechanisms.

The integrity of the glycocalyx is essential for the flow sensitivity of
endothelial Kir: Previous studies showed that obesity results in increased penetration of
red blood cells into the glycocalyx barrier®” and that aortas of ab/ab mice have increased
glycocalyx stiffness22. Here, we provide novel and unique insights into the impact of obesity
on the biomechanical properties of the glycocalyx in resistance arteries. We show that high-
fat diet-induced obesity results not only in increased elastic modulus but also decreased
length of the glycocalyx. Furthermore, we show that obesity-induced perturbation of the
glycocalyx renders Kir insensitive to flow, resulting in endothelial dysfunction in the
microvasculature.

Kir channels were originally proposed to be putative flow sensors based on their presence on
the apical membrane and fast response to flow?>. However, since Kir channel structure lacks
extensive external residues that would “sense” changes in shear forces, we hypothesized that
flow-activation of Kir is mediated by the glycocalyx. We identified that glycocalyx length is
an important property in regulating the flow-activation of Kir, as evidenced in both ex vivo

arteries and ECs treated with HEPIII or HA lyase. In contrast the stiffness of the glycocalyx
that was modified by seeding the cells on stiffer vs. softer substrates had no clear association
with Kir activity. It is important to note that the glycocalyx elastic modulus of cells seeded
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on the 30 kPa gels was similar to that observed in the animal model of diet-induced obesity,
supporting the in vitro model as a valid approach for testing the role of the glycocalyx elastic
modulus on Kir. In contrast, treating the cells with either HEPIII or HA lyase significantly
decreased the length but had only a minor effect of glycocalyx stiffness. In the context of
biomechanical transduction of shear force, it is logical that a shortened glycocalyx may not
be able to transduce shear forces to the downstream signaling events as the torque on the
glycocalyx “lever” may be inadequate to do so.

Our findings also demonstrate for the first time that the presence of HS is required for flow-
activation of Kir in freshly isolated ECs. It is also noteworthy that overexpression of Kir in
ECs isolated from obese mice results in partial recovery of the currents and full recovery of
FIV. These data suggest that despite the near complete loss of Kir channel flow-sensitivity in
obese mice, the integrity of the HS-glycocalyx is only partially impaired, allowing for the
partial rescue of the currents upon introducing the additional channels. Furthermore, even
the partial rescue of Kir flow-sensitivity is sufficient to fully restore the FIV in obese mice.
It is certainly possible that removal of the glycocalyx may impact other mechanosensors
which indirectly results in the inability of Kir to respond to fluid shear. Our study identifies
the pathophysiological relevance of the glycocalyx/Kir/Akt axis in obesity.

Implications for obesity in humans

Importantly, we also identified the role of endothelial Kir2.1 in mesenteric arteries of obese
humans, an arterial bed known to be highly dysfunctional in obesity. Overexpressing WT-
Kir2.1 exclusively in vascular endothelium of arteries from obese subjects restores dilations
to flow while expressing the Kir2.1-DN had no effect. Notably, the subjects recruited to this
study had cholesterol within the healthy range. An inherent limitation in the obese human
study is the lack of lean, healthy controls as these biopsies are obtained during bariatric
surgery. However, we showed recently that FIV in subcutaneous adipose arteries obtained
from obese patients, known to respond greater to flow than visceral arteries?, maintain intact
Kir contribution to FIV1L, This is consistent with earlier studies showing that Kir channels
are involved in the regulation of vascular tone in healthy human subjects36-38. Taken
together, these data indicate that Kir channels are impaired in the vasculature of obese
humans.

In conclusion, we propose that obesity-induced alterations of the endothelial glycocalyx
interferes with the mechanotransduction mechanism and impairs flow-sensitivity of Kir
channels, which in turn result in the loss of flow-induced NO production and impairment of
FIV. This study provides a new understanding of (1) the regulation of flow-activated ion
channels and (2) mechanisms of obesity-induced endothelial dysfunction. Future studies will
focus on determining how HS regulate the flow-activation of Kir as well as the mechanistic
relationship between altered physical properties of the glycocalyx and reduced Kir function
observed in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Obesity-induced endothelial dysfunction is mediated by a loss in flow-
sensitivity of Kir in mouse and human mesenteric arteries

. Heparan sulfates of the endothelial glycocalyx are critical regulators of
endothelial Kir flow-sensitivity.

. A reduced thickness of the glycocalyx in obesity may disrupt the regulation of
endothelial Kir channels.
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Figure 1. The loss of Kir2.1 results in FIV impairment in mesenteric adipose arteries of obese
mice.

A) Images of intact and denuded en face mesenteric arteries transduced with the VE-
Cadherin-WT-Kir2.1-HA tag (WT-Kir2.1)-adenovirus (AV) and stained for the HA-tag. The
magnification is 25x. Ex vivo flow-induced vasodilation (FIV) measurements in arteries
from B) lean and C) obese mice incubated with Empty (Em)-AV or VE-Cadherin-dominant
negative-Kir2.1-AV (DN-Kir2.1) +/- BaCl, (Ba) (n = 8). D) Analysis of FIV at a flow of
A100; * indicates significance when compared to lean Em-AV (p<0.05). E) Ex vivo FIV
measurements in arteries isolated from obese mice after incubation with either Em-AV or
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WT-Kir2.1-AV +/- BaCl, or LNAME (LN) (n = 8). F) Analysis of the %dilation at A100; t
and * indicate significance when compared to VE-Cadherin-WT-Kir2.1-HA-AV or Em-AV,
respectively. Data from an equal number of male and female mice were combined in B-F.
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Figure 2. Kir channels are impaired in endothelial cells of obese mice.
Representative patch clamp recordings of Ik;; in endothelial cells (ECs) from A) lean and B)

obese mouse mesenteric arteries. Inset: bright field (BF) and CD31 fluorescence image of a
freshly isolated EC. Scale bar=5 pm. C) Group data of Kir current density (CD) at —100 mV
(*p <0.05). Representative recordings of Ik, in ECs from D) lean and E) obese mice before
(Static) and after flow (Shear). D: A picture of the parallel plate flow chamber. Insets show
the shear-induced increase in Igj, for respective recordings. Shear-induced CD for each cell
tested from F) lean and G) obese mice normalized to static CD (n = 12 cells from 6 lean
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mice and 9 cells from 4 obese mice, *p<0.05). H) Group data comparing shear-induced
increases in EC Ikj, (*p<0.05).
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Figure 3. Obesity results in increased stiffness and decreased thickness of endothelial glycocalyx.
Representative atomic force microscopy force-distance curves generated from A) the

glycocalyx and B) endothelium of en face arteries. Group data comparing the C) elastic
moduli of the endothelial glycocalyx (left column), thickness of the glycocalyx (right
column), and D) elastic moduli of the endothelial layer in arteries from lean and obese mice.
For elastic modulus data sets, each data point represents the measurements taken from an
individual artery (n = 8 or 9 arteries from 5 mice/group, *p<0.05).
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Figure 4. Flow-sensitivity of Kir channels critically depends on glycocalyx length.
Histograms generated from A, B) endothelial cell and glycocalyx elastic moduli, and C)

glycocalyx length of Human Adipose Microvascular Endothelial Cells (HAMECS) seeded
on 5 vs. 30 kPa polyacrylamide gels (*p<0.05). D) Representative recordings and E) group
data show flow-induced increase in Ik in HAMECs seeded on gels. F) Histograms detailing
the length of the glycocalyx following enzymatic removal of heparan sulfates (middle) and
hyaluronic acids (right) (*p<0.05). G) Representative recordings and H) group data show
flow-induced increase in l;j; following treatment with enzymes (*p<0.05). Data represents
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4-5 independent experiments. Shear-Static, Sh-St. heparanase 111, HEPIII. Hyaluronic acid
lyase, HA lyase.
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Figure 5. Overexpressing Kir2.1 in endothelium restores Kir flow- and HEPII1-sensitivity.
Representative shear-induced Ig;, recordings from A) control and B) heparanse 111 treated

(HEPIII) lean mouse endothelial cells (ECs). Representative lk;; recordings from ECs
isolated from obese mouse mesenteric arteries exposed to C,D) Empty-adenovirus (Em-AV)
or E,F) VE-Cadherin-WT-Kir2.1-AV with and without HEPIII treatment. G) Group data (n =
7-12 cells from 4-8 mice/group, *p<0.05). Data from males and female obese mice were
combined. Current Density, CD.
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Figure 6. Flow-mediated HS-glycocalyx-Akt signaling is impaired in obesity.
The effects of Akt inhibition and heparanse 111 (HEPIII) on flow-induced vasodilation (FIV)

in arteries from A-C,G) lean and D-F,H) obese mice are shown (*p<0.05). Sham arteries
received a luminal perfusion of buffer without HEPIII (n=4-10 vessels/treatment from 4-5
mice/group). Akt Inhibitor, Akt Inhib. Both male and female mice were included.
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A
;I:'?It:II TriG HDL NHDL LDL
(mmoliL) (mmol/L) |(mmol/L)|(mmol/L)|(mmol/L)
Subject #1 4.62 1.66 1.24 3.39 3.05
Subject #2 3.59 4.73 1.22 2.38 1.42
Subject #3 ND ND 0.83 ND 2.46
Subject #4 3.90 2.02 1.24 2.66 2.25
Subject #5 3.57 1.29 1.09 2.48 2.22
Subject #6 2.90 217 0.96 1.94 1.50
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Figure 7. Kir2.1 does not contribute to FIV in mesenteric adipose arteries of obese humans.
A) The table shows individual subject blood lipids measured by the clinic at the UIC for

total cholesterol (Chol.), triglycerides (TriG), high density lipoproteins (HDL), non-HDL
(NHDL), and low density lipoproteins (LDL). Flow-induced vasodilation measurements in
human arteries exposed to B) VE-Cadherin-dominant negative-Kir2.1-AV (DN-Kir2.1) or C)
VE-Cadherin-WT-Kir2.1-HA-AV (WT-Kir2.1). Analysis of the %dilation at a flow of A100
for D) DN-Kir2.1 and E) WT-Kir2.1 (*p<0.05). ND — not determined.
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