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Abstract

Objective—Reduced expression or increased degradation of BK (large conductance Ca?*-
activated K*) channel B1-subunits has been associated with increased vascular tone and
hypertension in some metabolic diseases. The contribution of BK channel function to control of
blood pressure (BP), heart rate (HR) and vascular function/structure was determined in wild-type
and BK channel f1-subunit knockout mice fed a high-fat or control diet.

Methods and Results—After 24 weeks of high-fat diet, wild-type and BK 1-knockout mice
were obese, diabetic, but normotensive. High-fat-BK f1-knockout mice had decreased HR while
high-fat-wild-type mice had increased HR compared with mice on the control diet. Ganglion
blockade caused a greater fall in BP and HR in high-fat mice than in mice on the control diet. f1-
adrenergic receptor blockade reduced BP and HR equally in all groups. al-adrenergic receptor
blockade decreased BP in high-fat-BK p1-knockout mice only. Echocardiographic evaluation
revealed left ventricular hypertrophy in high-fat-BK 1-knockout mice. Although under
anesthesia, mice on a high-fat had higher absolute stroke volume and cardiac output, these
measures were similar to control mice when adjusted for body weight. Mesenteric arteries from
high-fat-BK B1-knockout mice had higher norepinephrine reactivity, greater wall thickness and
collagen accumulation than high-fat-wild-type mesenteric arteries. Compared with control-wild-
type mesenteric arteries, high-fat-wild-type mesenteric arteries had blunted contractile responses
to a BK channel blocker, although BK a-subunit (protein) and B1-subunit (MRNA) expression
were unchanged.

Conclusions—BK channel deficiency promotes increased sympathetic control of blood
pressure, and vascular dysfunction, remodeling and fibrosis, but does not cause hypertension in
high-fat fed mice.
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Introduction

Obesity is a major risk factor for the development of hypertension and 75% of the incidence
of hypertension is obesity-related.[1] The pathophysiological mechanisms responsible for
obesity-induced hypertension, however, are complex and incompletely understood.[1,2]
Increased peripheral resistance contributes to obesity-associated hypertension.[3,4] Vascular
tone, an important contributor to peripheral resistance, is modulated by K* and Ca2* channel
function, and vascular ion channel dysfunction occurs in hypertension.[5-7] BK channels are
expressed by vascular smooth muscle cells (VSMC) wherein they regulate vascular
contractility. BK channels are assembled from pore forming a-subunits and accessory f3-
subunits that modulate a-subunit Ca2* sensitivity and channel activity.[8,9] In VSMC, BK
channels maintain membrane potential and myogenic tone through negative-feedback
modulation. Activation of BK channels causes VSMC hyperpolarization, L-type Ca%*
channel closure and vasodilation.[8,9] There are four subtypes of BK channel p-subunits
(B1-p4), and p1-subunits are specific for SMC. BK B1-knockout reduces a-subunit Ca2*
sensitivity causing VSMC membrane depolarization, increased vascular tone and enhanced
norepinephrine sensitivity.[8,9] Vascular BK channel dysfunction alone is not sufficient to
cause hypertension as C57BL/6 BK p1-knockout mice are normotensive when blood
pressure is measured using radiotelemetry.[10-12] Vascular BK channel dysfunction may
promote hypertension, however, when combined with other pathophysiological conditions.
[5-7]

Vascular BK channel function is often impaired in diabetic patients.[13] Animal models of
metabolic disorders such as insulin resistance[14], diabetes[15], and genetic[16]or high-fat
diet-induced obesity[17-19] also show vascular BK channel dysfunction. Reduced
expression[17-19] or increased degradation of BK B1-subunit protein caused by oxidative
signaling[14,15] appears responsible for vascular BK channel dysfunction, as a-subunit
protein expression is unchanged. BK channel deficiency contributes to increased vascular
tone and blood pressure regulation in these animal models of metabolic disease.[16-19] One
possible explanation for this link is that the anti-contractile activity of adiponectin is
mediated by BK channel activation[20], and lower adiponectin levels are associated with
human cardiovascular and metabolic diseases.[21] Thus maintenance of BK channel activity
may protect against vascular dysfunction and hypertension, and reduced BK 1-subunit
expression/function may be responsible for impaired vascular BK channel function in
obesity.[17-19] We hypothesized that preexisting SMC BK channel deficiency would
promote vascular dysfunction and hypertension in mice fed a high-fat diet. As there is no
specific BK p1-subunit inhibitor, we used high-fat-fed BK f1-knockout mice to model
human high-fat diet-induced obesity[22], and by utilizing mice with SMC specific knockout
of BK B1-subunit, we minimized interference of BK channel function in other tissues. The
high-fat diet fed rodent models have been used extensively in studies on the
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pathophysiology of obesity-associated metabolic disorders, and are presumed to mimic the
etiology of primary human diet-induced obesity[17-19, 22]. BK p1-knockout mice have
been used by others to mimic the SMC BK channel deficiency known to occur in
hypertension[10,12], septic shock[11], and metabolic disorder.[20]

Mterials and Methods

Animals and diets

BK B1-knockout mice used in our studies are congenic as a result of seven generations of
inbreeding to the C57BL/6J line (From Jacksons Laboratory) and maintained as
homozygous lines in Dr. Brenner's laboratory.[8] Breeding and maintenance of BK 1-
knockout mice have been described previously.[10,11] Pups of BK p1-knockout mice were
weaned at 4 weeks. Mice were divided into two groups at the end of 4 weeks and fed either
a control diet D12450B (10 kcal% fat) or high fat diet (high-fat) D12492 (60 kcal% fat,
Research Diets, Inc.) adlibitum. Age and diet matched wild-type (C57BL/6J) mice were
purchased from Jackson Laboratories (Bar Harbor, Maine, USA). Mice were maintained on
their diets for up to 24 weeks. Mice were weighed weekly. All studies were conducted in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 85-23, revised 1996) and approved by the Michigan State
University Institutional Animal Care and Use Committee.

Measurement of mean arterial blood pressure (MAP) and heart rate (HR)

Procedures used for implantation of BP telemeters in mice have been described previously.
[10,11] After 12 weeks on the control or high-fat diet, radiotelemeters (PA-C10, Data
Sciences International, St. Paul, Minnesota, USA) were implanted under isoflurane
anesthesia (2-3%). After the mice recovered from surgery (> 3 days), BP and HR were
sampled continuously for 10 seconds every 10 minutes. Daily MAP and HR were collected
up to 24 weeks during dietary treatment.

Contributions of the sympathetic nervous system and salt sensitivity to control of BP and

HR

At week 20, salt sensitivity of blood pressure was evaluated in all groups by providing 1%
NaCl in the drinking water for 7 days. MAP and HR were measured 2 days before and 3
days after salt loading.

The effects of high-fat diet on chronic p1-adrenergic and al-adrenergic receptor mediated
cardiovascular regulation were determined by treating all mice with the receptor antagonist,
first with atenolol (B1-adrenergic receptor antagonist, 1 mg/ml in drinking water) for 4 days,
followed by a 7 day washout with drug-free drinking water. Thereafter, all mice were treated
for 7 days with prazosin (al- adrenergic receptor antagonist, 3 mg/ml in drinking water).
[23]

Following 7 days prazosin washout with drug-free drinking water, neurogenic pressor and
cardiac activity (net autonomic effect on BP) were evaluated by measuring the maximal
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changes in MAP and HR within 30 minutes after injection of hexamethonium (HEX, a
nicotinic nACh receptor antagonist, 30 mg/kg, ip).

Cardiac function in control and mice on a high-fat diet by echocardiography

Echocardiographic assessments of myocardial function were made using the Vevo® 2100
system (VisualSonics, Toronto, Ontario, Canada). A MS550D microscan transducer (40
MHz) was used to collect images. At 24 weeks of feeding, mice (n=6 in each group) were
anesthetized using 2% - 2.5% isoflurane anesthesia with oxygen (1 I/min). 100-frame B-
Mode and M-Mode cine image sequences were obtained and were used to calculate HR,
cardiac output (CO), stroke volume (SV), left ventricular ejection fraction (LVEF);
fractional shortening (FS); left ventricular internal dimension at diastole (LVID;d,); left
ventricular internal dimension at systole (LVID;s,); left ventricular posterior wall in diastole
(LVPW;d,); left ventricular posterior wall at systole (LVPW;s), and estimated left
ventricular mass weight (LV mass).

Supplemental Materials

Statistics

Results

Methods for blood sampling and tissue collection, vascular reactivity and morphology in
pressurized mesenteric arteries ex vivo, histological assessment of collagen deposition and
inflammation in mesenteric arteries, intrarenal, and coronary arteries, measurements of
plasma insulin, creatinine, and tumour necrosis factor-alpha (TNF-a) levels, quantitative
RT-PCR for BK B1- and a-subunits, and western blot analysis for BK a-subunits are
provided in Supplemental Materials.

Data are reported as mean + SEM. Paired and unpaired t-tests were used for two group
comparisons. HR and MAP in different groups were compared using a mixed design, two-
way analysis of variance (ANOVA) followed by Student-Newman-Keuls test. Changes in
MAP and HR in the same treatment groups were assessed by one-way ANOVA, followed
by Dunnett's test. Data were analyzed using GraphPad Prism 5.0 software. A P-value of
<0.05 was considered statistically different.

Body weight and metabolic measures

After 24 weeks on high-fat diet, wild-type and BK B1-knockout mice had similar increases
in body weight, adipose accumulation, plasma glucose, insulin, and creatinine levels
compared with control-fed mice. high-fat-wild-type mice displayed higher hematocrit (Hct)
values than control and high-fat-BK p1-knockout mice. Plasma TNF-a levels were similar in
all mice. High-fat-BK p1-knockout mice had greater BW adjusted LV mass than wild-type
mice (see Supplemental Materials, Table S1).

Cardiovascular responses to high-fat feeding

At week 19 of feeding, the 24-h MAP were similar in all mice (Fig 1A) with no differences
during daytime (0600-1800 h) or nighttime (1800-0600 h) (Fig. 1C).
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At 14 - 15 weeks, HR in high-fat-wild-type mice was elevated (610 + 10 bpm, P<0.05)
compared to all other groups. HR in high-fat-BK 1-knockout mice (580 = 10 bpm) was
similar to control wild-type (587 £ 6 bpm) and BK B1-knockout mice (585 +8 bpm)
(P>0.05). Thereafter, HR in high-fat-BK B1-knockout mice progressively declined with
obesity development while tachycardia in high-fat-wild-type mice persisted to week 19
(Supplemental Fig S1). At week 19, 24-h average HR was similar in control wild-type and
BK B1-knockout mice (Fig 1B), while HR in high-fat-wild-type mice was higher than
control wild-type and high-fat-BK 1-knockout mice (P<0.05) (Fig 1B). High-fat-BK p1-
knockout mice had the slowest HR. Tachycardia in high-fat-wild-type and bradycardia in
high-fat-BK B1-knockout mice was more prominent at night (Fig 1D).

We evaluated MAP and HR variability at two frequencies (hour-to-hour and 10 minute-
to-10 minute values) by calculating the standard deviation of representative time periods
during the daytime and night-time periods and found no difference between the four groups
of mice (data not shown).

Effects of salt loading

There was no change in 24-h average MAP in control or high-fat fed mice during salt
loading (Fig 1A). HR in all control mice increased within 24-h in response to elevated salt
intake (Fig 1A). 24-h average HR in all control mice increased from baseline levels by 30
bpm (P<0.05) for 1-2 days, then returned to pre-salt water levels within 2-3 days. HR in
high-fat-wild-type mice did not change during the 7 days of salt water administration (Fig
1B). HR in high-fat-BK p1-knockout mice increased by 30 bpm (P<0.05) over 4 days then
returned to pre-salt loading levels by day 5 (Fig 1B).

Adrenergic regulation of MAP and HR

In response to atenolol treatment (Fig. 2A, 2B) within 24 h MAP and HR significantly
decreased from baseline in all groups by nearly 10 mmHg and nearly 100 bpm, respectively,
and this effect persisted for the 4 days of atenolol treatment.

MAP and HR were unchanged after 24h of prazosin treatment in control-fed and high-fat-
wild-type mice (Fig 2A, 2B), however, in high-fat-BK f1-knockout mice, prazosin

decreased MAP by 12 + 3 mmHg (Fig 2A) (P<0.05) and increased HR by 25 + 7 bpm (Fig
2B) (P<0.05). However, HR and MAP returned to baseline by day 3 of prazosin treatment.

Overall neurogenic support of MAP and HR

Peak changes in MAP and HR caused by hexamethonium (HEX) in control and mice on
high-fat diet are shown in Fig 3A and 3B. The HEX-induced fall in MAP in high-fat mice
was not significantly different between groups (high-fat-wild-type: -47 £ 10 mmHg vs high-
fat-BK p1-knockout: -32 + 7 mmHg, P>0.05, Fig 3A). The peak drop in MAP in control
wild-type mice was significantly larger than in control BK p1-knockout mice (wild-type: -16
+ 3 mmHg vs BK B1-knockout: -5 + 2 mmHg, P<0.05, Fig. 3A). The fall in MAP was
significantly larger (P<0.05) in BK B1-knockout mice on high-fat vs control diet. HEX
decreased HR in all high-fat mice (high-fat-wild-type: -166 + 30 bpm vs high-fat-BK 1-
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knockout: -133 + 10 bpm, P>0.05) (Fig 3B), and increased HR in all control mice (wild-
type: +97 + 33 bpm vs BK B1-Knockout: +75 + 25 bpm, P>0.05) (Fig. 3B).

Cardiac structure and function

HR and cardiac ejection fraction under anesthesia were similar in all mice (Table 1). High-
fat fed mice had higher CO and SV values than control mice, but these measures were
similar across groups when adjusted for body weight. High-fat-BK p1-knockout mice had
reduced LVID;S, thicker LVPW;d and LVPW;s, and increased LV mass, compared with
control and high-fat-wild-type mice.

Vascular contractility in mesenteric arteries

Norepinephrine concentration-response curves were left-shifted in high-fat-BK p1-knockout
mesenteric arteries (Fig. 4A) compared to all other groups. Norepinephrine concentration-
response curves were similar in control and high-fat-wild-type mesenteric arteries. Maximal
constrictions were similar in all mesenteric arteries, and peak constriction occurred at 1-3
umol/l of norepinephrine in all groups.

KCI concentration-response curves were also left-shifted in high-fat-BK p1-knockout
mesenteric arteries compared with all other groups (Fig 4B). KCI contractile responses were
similar in control and high-fat-wild-type mesenteric arteries. Acetylcholine (Ach) and
sodium nitroprusside (SNP)-induced relaxations of mesenteric arteries were similar across
all groups (Fig 4C, 4D).

Arterial remodeling and fibrosis

Vascular structure in pressurized control and high-fat mesenteric arteries were compared in
Ca?* free buffer ex vivo (Fig. 5). When lumen pressure was gradually increased to 80
mmHg, high-fat-wild-type mesenteric arteries and high-fat-BK B1-knockout mesenteric
arteries exhibited a thicker wall (Fig. 5A), smaller lumen/wall ratio (Fig. 5B, 5C) and less
distensibility (Fig. 5D) than control mesenteric arteries. These changes were greater in high-
fat-BK B1-knockout mesenteric arteries than high-fat-wild-type mesenteric arteries (Fig.
5A-5D).

Myogenic tone was calculated and shown in Fig S2 (Supplemental data). Control BK p1-
knockout mesenteric arteries displayed greater myogenic tone than control wild-type
mesenteric arteries. Myogenic tone was significantly reduced in all high-fat mesenteric
arteries, compared to control mesenteric arteries. The myogenic tone was similar in high-fat-
wild-type mesenteric arteries and high-fat-BK B1-knockout mesenteric arteries.

Masson's trichrome staining showed collagen accumulation in adventitial and SM layers in
high-fat mesenteric arteries (Fig. 5E); vascular hypertrophy and collagen accumulation were
more prominent in high-fat-BK B1-knockout mesenteric arteries (Fig. 5E). Increased
collagen accumulation occurred in coronary and intrarenal arteries from high-fat-BK B1-
knockout mice (Supplemental Fig. S3).

We did not find monocytes/macrophages or T-cells around the mesenteric arteries or
coronary arteries from either control or mice on high-fat diet (supplemental data Fig. S4,

J Hypertens. Author manuscript; available in PMC 2016 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al. Page 7

S5). Very few macrophages and T-cells were found around the intrarenal arteries
(supplemental data Fig S4, S5), although significant macrophage infiltration was detected in
renal tubules and glomeruli from mice on high-fat diet (data not shown).

Arterial BK channel function

Avrterial BK channel function was tested with paxilline in pressurized mesenteric arteries ex
vivo (Fig. 6A). Paxilline constricted wild-type mesenteric arteries by 25 + 4%, and BK 1-
knockout mesenteric arteries by 12 + 2%, (Fig. 6A). Paxilline constricted high-fat-wild-type
mesenteric arteries by 11 + 3%, but did not constrict high-fat-BK p1-knockout mesenteric
arteries (0.5 £0.2%).

High-fat diet did not affect a-subunit mMRNA expression in high-fat mesenteric arteries (Fig
6B). B1-subunit mMRNA levels were similar in control and high-fat-wild-type mesenteric
arteries, and it was undetectable in control and high-fat-BK p1-knockout mesenteric arteries
(Fig. 6B). High-fat diet did not reduce the a-subunit protein expression in high-fat-wild-type
mesenteric arteries (Fig 6C, 6D). Expression of B1-subunit protein could not be assessed as
all commercially available antibodies lack specificity for BK B1-subunits.[24]

Discussion

Vascular BK channel deficiency does not cause hypertension in high-fat-fed mice

Although BK channels play a major role in maintenance of VSMC membrane potential and
vascular tone, the contribution of BK channel dysfunction to development of hypertension is
controversial. For example, a recent study strongly supports the idea that impaired BK
channel activity is associated with increased VSMC excitability and vascular tone in arteries
from hypertensive patients in vitro.[5] However, integrative evidence to support a role for
BK channel dysfunction as a sufficient cause of hypertension is lacking. Several studies in
animal models of hypertension provide evidence that both supports and minimizes a role for
BK channel dysfunction in hypertension.[6,7, 10-12,17-19] Studies in C57BL/6J BK B1-
knockout mice do not support an association of vascular BK channel dysfunction with
hypertension, as these mice are not hypertensive under normal conditions.[10-12] More
recent work in high-fat fed rats and mice indicated that impaired BK channel function
contributes to elevated BP through increased tone in resistance arteries, and that reduced BK
B1-subunit expression plays a major role in obesity associated vascular dysfunction.[17-19]
Therefore, we tested the hypothesis that normotensive BK f1-knockout mice would become
hypertensive when given a high-fat diet.

We show that high-fat-wild-type mice were normotensive, as was also shown previously.
[25] Nystoriak[19] et al reported that MAP was about 20 mmHg higher in high-fat-fed vs
control-fed C57BL/6J mice (95 + 5 mmHg in control diet mice vs 115 + 2 mmHg in high-fat
mice). Interestingly, MAP in their C57BL/6J mice on control diet was notably lower than in
our previous study and those of other.[25,26] For example, MAP was nearly 110 mmHg in
our C57BL/6J mice on control diets. Therefore, differences in conclusions among these
studies could be based on different baseline BP in control mice, but we cannot explain why
the measures of baseline BP were different in mice with a similar genetic background and
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local environmental factors (diet, housing etc.) might account for baseline BP measures.
Nevertheless, our studies indicate that high-fat-diet induced obesity does not reliably
promote hypertension in mice.

Previous studies of obesity-induced hypertension indicated that increased sympathetic
effects on peripheral resistance are the hemodynamic basis for established hypertension.
[27,28] On the contrary, unchanged BP in high-fat-fed mice has been explained by impaired
arterial reactivity to norepinephrine due to reduced al-adrenergic receptor signaling.[25] In
our studies, ex vivo al-adrenergic receptor mediated arterial vasoconstriction was similar in
control wild-type and high-fat-wild-type mice tested ex vivo. This result differs from a
previous report showing impaired al-adrenergic receptor mediated vasoconstriction in high-
fat mice [25]. It is also surprising that a1-adrenergic receptor mediated vasoconstriction was
similar in control wild-type and BK f1-knockout mice, which is contradictory to our own
previous studies.[10] We found increased reactivity to KCI in both control and high-fat-BK
B1-knockout mesenteric arteries, but not increased reactivity to norepinephrine. The
different outcomes in our two studies could be explained by the fact that al-adrenergic
receptor mediated vasoconstriction was tested in the current study in arteries taken from
prazosin-treated animals. It has been shown that treatment with al-adrenergic receptor
antagonists restores al-adrenergic receptor expression and function in high-fat mice[25,26];
however, it is unclear how long al-adrenergic receptor blockade persists after prazosin
withdrawal. Our studies were done 7 days after stopping prazosin administration. Thus, a-
adrenergic receptor blocked by prazosin could explain why our findings here differed from
previous work.[10,12] To determine whether BK p1-knockout specifically affects vascular
adrenergic tone in obese mice, the vascular responses to norepinephrine and other
vasoconstrictors need to be tested in vessels from nondrug treated control and high-fat mice.

Alternatively, the different outcome here also could be explained by the fact that
vasoconstriction was tested in arteries taken from the animals of different ages (~10-12
weeks in our previous work vs. 30 weeks in the current study). It has been reported that
sensitivity to vasoconstrictors in isolated small arteries declines with aging[29]; therefore,
our current results may not be strictly comparable to those from our previous studies. In any
case, it is unlikely that differences in arterial reactivity to vasoconstrictors in control and
high-fat fed mice explain why the high-fat-BK f1-knockout mice are not hypertensive.
Compared to high-fat-wild-type mice, high-fat-BK p1-knockout mice showed increased
depressor responses to al-adrenergic receptor blockade in vivo, increased mesenteric
arteries reactivity to norepinephrine ex vivo, and extensive arterial remodeling and fibrosis.
We speculate that conscious high-fat-BK-1 knockout mice should have higher peripheral
resistance compared to control and high-fat-wild-type mice, and this needs to be tested
directly in future studies. Although BP was similar in all high-fat fed mice, the LV
hypertrophy we observed in high-fat-BK B1-knockout mice may have been induced by
increased cardiac afterload caused by higher peripheral resistance.

As conscious high-fat-BK f1-knockout mice were bradycardic, we speculated that these
mice might have lower CO via reduced sympathetic/increased vagal control of HR,
assuming SV is similar to that of high-fat-wild-type mice. However high-fat-BK 1-
knockout mice did not have reduced CO (or HR) in our echocardiographic studies under
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anesthesia. Both groups of high-fat mice showed similar HR, but increased CO and SV
absolute values in absolute terms though they were similar to control mice when adjusted for
body weight. High-fat fed mice may have relatively higher blood flow to some tissues,
particularly if the measures are normalized for tissues with less adiposity, for example,
cardiac and skeletal muscles. Unfortunately, we did not measure blood flow directly in
control and high-fat fed mice, so we cannot interpret the CO measures in light of organ
blood flow.[30] In our current studies, body weight and body fat distribution were similar in
all high-fat fed mice, and therefore, we conclude that overall cardiac function in high-fat-
wild-type and high-fat-BK p1-knockout mice is similar.

Vascular BK channel deficiency reduces neurogenic pressor activity

As has been reported by others [27,28], high-fat feeding in our experiments led to increased
sympathetic/reduced parasympathetic drive of BP and HR (based on responses to ganglion
blockade) in wild-type and BK p1-knockout mice. Interestingly, by the same measure,
vascular BK channel deficiency tended to reduce sympathetic/increase parasympathetic
drive of BP and HR in both control and high-fat fed mice. This may partially explain why
high-fat feeding failed to cause hypertension in high-fat-BK p1-knockout mice. It is
important to stipulate here, however, that we did not directly evaluate parasympathetic
activity in our study, so further investigation of parasympathetic activity in the model is
needed.

We were unable to determine precisely how high-fat feeding increases neurogenic support
of BP by assessing BP changes to short-term treatment with al- and f1-adrenergic receptor
blockers. The fall in BP in response to f1-adrenergic receptor blockade with atenolol was
identical in control-fed and high-fat fed mice. There was no steady-state fall in BP in
response to al-adrenergic receptor blockade in control fed wild-type or high-fat fed wild-
type mice. Interestingly, however, in BK f1-knockout mice, although the BP response to 1-
adrenergic receptor blockade was identical in control and high-fat fed mice, high-fat-BK p1-
knockout mice showed a significant fall in BP during al-adrenergic receptor blockade that
was not seen in control fed BK 1-knockout mice. This may reflect their increased arterial
reactivity to norepinephrine and structural remodeling as discussed earlier.

In high-fat fed wild-type mice, both increased sympathetic activity and decreased vagal
activity appear to contribute to their tachycardia based on a larger fall in HR to atenolol and
a reversal in the HR response to ganglion blockade (increase to decrease). This is consistent
with studies in humans showing that obesity and elevated SBP are associated with increases
in sympathetic and reduces vagal effects on heart.[31,32] In high-fat-BK f1-knockout mice,
cardiac sympathetic activity was not increased compared to control fed BK B1-knockout
mice based on responses to atenolol, whereas the decrease in vagal activity during high-fat
diet appeared to be less in BK B1-knockout mice, thereby accounting for their relative high
vagal activity and bradycardia. We speculate that the mechanism for this difference in vagal
activity may be related to higher peripheral vascular resistance in conscious BK p1-knockout
mice and thus increased chronic engagement of the baroreflex.
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The role of post-capillary venular function in obesity?

We found that the hematocrit level was significantly increased in high-fat-wild-type mice.
Our studies are consistent with a previous report of increased hematopoiesis in high-fat diet-
induced obesity in mice due to enhanced bone marrow haematopoiesis.[33] However, high-
fat-BK p1-knockout mice, on the contrary, did not show increased hematocrit values
compared with control fed BK 1-knockout mice. This could be the result of altered
haematopoiesis in BK f1-kockout mice, but to the best of our knowledge, the BK channel
B1-subunit is not involved in the regulation of haematopoietic function. Another possibility
is that the higher hematocrit level in high-fat-wild-type mice reflects hemoconcentration
secondary to reduced circulating fluid volume. Capacitance vein function is highly
dependent on sympathetic activity, so sympathetically mediated venoconstriction could have
increased capillary pressure and fluid filtration, thus leading to a reduced circulating fluid
volume.[34] if so, this effect would presumably be similar in high-fat-BK p1-knockout mice,
especially as we previously reported a lack of functional BK channels in mesenteric veins in
C57BL/6J mice.[10] We speculate that the capillary pressure may be increased to a greater
degree in high-fat-wild-type mice, however, due to reduced prearteriolar contractile
responses to norepinephrine in these animals, whereas high-fat-BK f1-knockout mice may
have lower capillary pressure (and thus fluid filtration) because of increased arterial
reactivity to norepinephrine. However, this is only the speculation at this time, as we did not
directly measure blood volume.

Vascular BK channel deficiency exacerbates the obesity-associated systemic arterial
remodeling and fibrosis

Previous studies indicated that vascular BK channel dysfunction causes tissue hypoperfusion
and related complications in humans[13], and in animal models of metabolic diseases, due to
increased VSMC contractility and insensitivity to endothelium-dependent NO.[14,15,35,36]
There is no literature showing an association of BK channel deficiency with vascular
remodeling and fibrosis in obesity. Thus we are the first to report that BK channel
deficiency exacerbates systemic vascular remodeling and fibrosis in obesity. Exacerbated
remodeling and fibrosis are clearly associated with enhanced BK channel activity directly,
not with pressure overloading (a major trigger for inward hypertrophic remodeling)
secondary to BK channel dysfunction-induced vasoconstriction.

Obesity induces systemic vascular remodeling and fibrosis through inflammation and/or
oxidative stress associated with hyperglycemia.[37] Although we have not identified a
mechanism to explain exacerbated hypertrophic remodeling in high-fat BK 81-knockout
mice, this may be caused by elevated VSMC intracellular Ca2* combined with high-fat diet
induced hyperglycemia. Although measures of metabolic dysfunction were similar in high-
fat-wild-type and high-fat-BK [1-knockout mice, that hypothesis is supported by reports
showing that hyperglycemia inhibits BK channel activity, and BK channel deficiency
stimulates SMC proliferation by disrupting the stability of cell apoptosis/proliferation in cell
culture. Therefore, BK channel deficiency-induced SMC proliferation could occur in the
absence of pressure loading.[38,39] These may explain why high-fat-BK 1-knockout mice
developed sever vascular remodeling and fibrosis even without increases in BP.
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Although our high-fat-BK B1-knockout mice developed severe systemic arterial fibrosis, this
response was not associated with immune cell infiltration into the arterial wall. Very few
macrophages and T-cells were detected by light microscopy in the interstitium surrounding
renal arteries in control and high-fat fed mice, although significant macrophage infiltration
occurred in the renal tubules and glomeruli in all high-fat fed mice (data not shown). High-
fat-wild-type and BK p1-knockout mice had moderately elevated plasma creatinine levels
and lipid droplet accumulation in the renal tubules. These results are consistent with
inflammation and obesity-related renal dysfunction. High-fat-BK 1-knockout mice showed
myocardial hypertrophy and severe coronary arterial fibrosis, but functional and histological
changes were absent in the myocardium. Obesity-associated inflammatory responses and
tissue disease are not uniform across all organs.[40] Obesity-induced cardiac inflammation
and compromised energy metabolism have been detected in mice after 32 weeks on a high-
fat diet.[40] These changes occur much later than those that occur in kidneys. Furthermore,
there is no evidence indicating that the BK f1-subunit is expressed and functional in
immune cells; our animal model has SMC specific loss of BK 1-subunit expression. Taken
together, our studies do not support inflammation as a cause of BK channel deficiency-
induced vascular remodeling and fibrosis. Alternatively, inflammation-induced vascular
remodeling and fibrosis may not be detectable simply by light microscopy and
immunohistochemistry. Previous studies demonstrated an association between the vascular
extracellular matrix and vascular BK channel activity. Fibronectin, an a5p1 integrin ligand,
enhanced BK channel activity through Ca2* and phosphorylation-dependent mechanisms in
VSMC.[41] It is not known if vascular BK B1-subunit deficiency affects extracellular matrix
(collagen) degradation or synthesis, but cloned BK channels directly regulated apoptosis and
proliferation of HEK293 cell under hyperglycemic conditions.[38] BK channels also
mediate laminar shear stress-induced VSMC proliferation in cell culture.[39] Further studies
will be needed to determine the mechanisms responsible for BK channel deficiency
associated vascular remodeling and fibrosis in obesity.

High-fat diet induced obesity impairs vascular BK channel function

Studies using models of insulin resistance[14,15], diabetes and genetic obesity[15,16], and
high-fat-diet induced obesity[17-19], show that BK B1-subunits are down-regulated due to
either decreased synthesis[19] or increased degradation.[14,15] These changes are caused by
oxidative stresses associated with hyperglycemia[14,19] or mutations of A-kinase anchoring
protein signaling pathways[19], which uncouple BK a- and B1-subunits. In our studies, all
high-fat mice exhibited similar levels of hyperglycemia and insulin. Mesenteric arteries
from high-fat-wild-type and BK p1-knockout mice had reduced BK channel function as
indicated by reduced constrictor responses to the BK channel agonist paxilline. However,
B1-subunit MRNA expression in high-fat-wild-type mice was not affected by high-fat diet,
and similar data have been obtained in other animal models of metabolic disease[14] and
high-fat-induced obesity.[17-19] We were not able to assess B1-subunit protein expression
due to the unavailability of reliable antibodies, the six commercially available anti BK 1-
subunit antibodies from five manufacturers either detected protein bands of the appropriate
molecular weight in tissues from both wild-type and BK p1-knockout mice, or failed to
detect protein bands at the appropriate molecular weight in tissues from wild-type mice [24].
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It is also noteworthy that high-fat-BK B1-knockout mice had further reduction in BK
channel function compared to high-fat-wild-type and control-BK B1-knockout mice. This
additional reduction in BK channel activity in high-fat-BK p1-knockout mice occurred
without changes in a-subunit expression, because the a-subunit expression was similar in all
mice. Therefore, our data indicate that changes in BK a-subunit protein expression are not
responsible for impaired BK channel function in high-fat fed mice. As this is the first study
that determined the role of obesity associated vascular BK channel dysfunction using
vascular BK channel deficient mice, our finding is very novel. These results also suggested
that downregulation of BK B1-subunit may not be the only mechanism in obesity associated
vascular BK channel dysfunction. BK channel a-subunits can function without B1-subunits
(see Fig 6A), but generally, this makes the BK channel harder to open; there is about a 30 to
40-mV positive shift in the voltage required to open BK channels. In addition, reduced
vascular BK channel function in BK B1-knockout mice may be mediated by other
mechanisms that directly inhibit BK channel a-subunit activity. This speculation is
supported by the studies that high glucose inhibits BK channel a-subunit activity in BK a-
subunit transfected HEK 293 cells.[38] Therefore, the impaired BK channel function in
high-fat-wild-type mice could be caused by both downregulated BK p1-subunit expression
and direct inhibition of BK channel a-subunit activity. Nevertheless, our studies show that
BK B1-subunit dysfunction contributes to obesity associated systemic vascular dysfunction,
remodeling and fibrosis. The increased vascular reactivity combined with exacerbated
systemic vascular remodeling and fibrosis likely accelerates obesity associated organ
dysfunction. Our studies indicate that maintenance of vascular BK channel protects against
obesity-associated organ dysfunction/damage (kidney and cardiac failure), the major causes
of morbidity and mortality in metabolic disorders.

Limitation and future studies

We have not identified a specific mechanism that explains why BK channel dysfunction
does not increase BP, even in obese mice, although BK channels regulate peripheral
resistance in normal and pathophysiological situations. Constitutive reductions in BK
channel function (as occurs in BK f1-knockout mice) may be offset by adaptive responses
of cellular or integrative BP control mechanisms. For example, our data suggest that
sympathetic stimulation of blood pressure may be reduced in BK f1-knockout mice. It will
be crucial to determine baroreflex responses, CO and peripheral resistance in conscious BK
B1-knockout mice, as we found that the lower HR in high-fat-BK $1-Knockout mice was not
preserved in anesthetized mice. Future studies will also be conducted to determine the
mechanisms responsible for the effects of BK channel deficiency on vascular remodeling
and fibrosis in obesity.

Novelty, Significance and Perspective

Hypertension occurs in ~75% of obese patients, greatly increasing the risk for cardiac, renal
and cerebrovascular disease. Increased vascular tone and contractility as well as vascular
remodeling and fibrosis are common features in patients with metabolic disorders who also
have impaired vascular BK channel function. This supports the hypothesis that BK channel
dysfunction in obesity is associated with vascular dysfunction, remodeling, and fibrosis.
[14,15,35,36] Our studies were the first to show that specific vascular BK channel
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deficiency does not promote obesity-associated hypertension, but promotes obesity-
associated vascular dysfunction, remodeling, fibrosis, and the cardiac consequences. This is
significant because it suggests that vascular BK channel activity protects against obesity-
associated vascular remodeling and fibrosis via blood pressure-independent mechanisms. It
is the first studies that determined the role of obesity associated vascular BK channel
dysfunction using vascular BK channel deficient mice. Our data suggest that vascular BK
channel activators are a new target for therapeutic intervention to protect against
vasculopathy-induced tissue hypoperfusion and complications in patients with obesity and
metabolic disorders.
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Mean arterial blood pressure (MAP) and heart rate (HR) in control and high-fat (HF) fed
wild-type (WT) and BK B1-knockout (KO) mice at 19-20 weeks on a high-fat diet. 24-h
averaged MAP (A) and HR (B) from control and HF mice treated with or without saline (1%
NaCl). Day and night (12-h averaged) MAP (C) and HR (D) from control and HF mice at 19
weeks. Cont, control diet. Data are presented as mean + SE. *P<0.05, HF-WT vs control
WT; 1tP<0.05, HF-BK p1-KO vs control BK 1-KO; £P<0.05, HF-BK p1-KO vs HF-WT .
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Atenolol and prazosin (administered via the drinking water)-induced peak changes in 24-h

averaged MAP (A) and HR (B) in 21-23 week control and HF mice. Bef, before

(pretreatment level), aft, after (at day 1 of the treatment). Bef, before treatment; Aft, after
treatment. Data are presented as mean + SE. *P<0.05, pretreatment vs after treatment;
tP<0.05, HF-WT vs control WT; $P<0.05, HF-BK B1-KO vs control BK $1-KO; §P<0.05,

HF-BK p1-KO vs HF-WT.
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Figure 3.

Hexamethonium (HEX, i.p) induced peak changes in MAP (A) and HR (B) in 24 week
control and HF fed mice. MAP and HR were sampled continuously for 10 seconds every 10
minutes before and up to 120 minutes after injection. Peak changes were recorded at 20
minutes post-injection. Data are presented as mean + SE. *P<0.05, HF-WT vs control WT;
tP<0.05, HF-BK B1-KO vs control BK f1-KO; $P<0.05, control WT vs control BK 1-KO.
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Figure4.
Concentration-response curves for norepinephrine (A), KCI (B), Ach (acetylcholine) (C) and

SNP (sodium nitroprusside) (D) in pressurized mesenteric arteries from 24 weeks diet
treated control and HF mice. Ach and SNP-induced Relaxation were determined in pre-
constricted mesenteric arteries and normalized to the maximal relaxation caused by
papaverine. Data are presented as mean + SE. *P<0.05, HF-BK 1-KO vs control BK 1-
KO; tP<0.05, HF-BK B1-KO vs HF-WT ; $P<0.05, control BK p1-KO vs control WT .
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BK-31-KO-MA
"

Control

Figureb5.
Comparison of mechanical properties in 24 week diet fed control and HF mesenteric arteries

(MA). All measures were taken in Ca2* free buffer with gradually increased lumen pressure.
A), wall thickness, B), wall/lumen ratio; C) lumen/CSA (cross section area) ratio, D)
changes in MA ID (MA inner diameter). E, light photomicrographs of control and HF MA.
All tissues were stained with Masson's Trichrome stain to highlight perivascular fibrosis
(blue-stained connective tissue; arrows). MA in HF fed mice had remarkable vascular
remodeling and perivascular fibrosis than vessels from control fed mice, the changes were
more predominant in BK f1-KO mice. Images are representative of 6 mice in each group.
Data are presented as mean = SE. *P<0.05, HF-WT vs control WT ; tP<0.05, HF-BK p1-
KO vs control BK p1-KO; $P<0.05, HF-BK 1-KO vs HF-WT.

J Hypertens. Author manuscript; available in PMC 2016 February 05.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Xu et al.

A

I cont-WT (n=6) 24 Cont-BK p1-KO (n=5)

Page 22

[ cont-WT (n=6) [ZZZ] Cont-BK p1-KO (n=6)

~30 8 HF-wt (n=6) M HF-BK p1-KO (n=5) B 1.6 ] HF-wT (n=6) [ HF-BK p1-KO (n=6)
X *
o
N _1:_| @
(=) l 1.2
g 20 ; ] L
£ £ 038
n (]
10-
> % 0.4
s e
S o 0.0
© 9~KCNMA1 _ KCNMB1
C [ cont-WT (n=6) EZZ4 Cont-BK p1-KO (n=6) D
A5 HF-wT (n=6) [ HF-BK p1-KO (n=6) . |
>
S0
whd :I: -
Q “E30,
3 2 3
3D 100 kDa =
X 3515 a“J
m o a-actin
£ 38 kDa Jy WD e G = —
) WT KO WT KO

Figure®6.
A. Comparison of paxilline induced contractions in 24 week diet fed control and HF MA. B.

Expression of BK a- and f1-subunt mRNA levels in control and HF MA. KCNMAL1, gene
code of BK a-subunit; KCNMBL1, gene code of BK B1-subunit. C. Expression of BK a-
subunit protein levels in control and HF MA. D. BK a-subunit blots from control and HF
MA. Data are presented as mean + SE. *P<0.05 HF-WT MA vs control WT MA; tP<0.05
HF BK $1-KO MA vs control BK $1-KO MA; $P<0.05 control WT MA vs control BK $1-

KO

MA; 8P<0.05, HF-WT MA vs HF-BK B1-KO MA.
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