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Abstract

Hypertension is widely acknowledged as a major risk factor in the progression of many vascular diseases,
especially for elderlies. The vascular tone plays a key role in several major areas of research.

The K7 voltage-dependent potassium channels (also known as K,7 channels) are encoded by the KCNQ
genes. The relationships between perivascular adipose tissue (PVAT) and Ky7 channels are still unclear. First,
the role of PVAT in mouse mesenteric artery relaxation was examined. Aging, as well as other physiological
changes, affects PVAT. K7 channels and the relative modulators are studied mainly on a mouse model in our
research. Wire myography and membrane potential experiments were used to evaluate the vascular
function in vitro. RNA sequencing experiments and g-PCR helped to reveal the roles of potential pathways
influencing artery tone. The data indicates that the tone of the mesenteric artery is suppressed by the
activation of Ky7 channels in young mouse. Ky7 channels participated in regulation not only through
metabolic processes, but also through perivascular adipose tissue-derived relaxation factors. As a novel
pharmacological vasodilator, Q058 can open the KCNQ channels in mouse mesenteric arteries, that reduced
depolarization caused by al adrenoceptor agonist. This reduction was reversed by XE991, a K7 channel
blocker. The results demonstrated studying aging and K, 7 voltage-dependent potassium channels might lead
to innovative ways to treat vascular dysfunction. Ultimately, K,7 channels indicate a prospective therapeutic

in the field of aging research and hypertension treatment.



Zusammenfassung

Bluthochdruck ist ein Haupt-Risikofaktor fir die Entwicklung vieler Herz-Kreislauf-Erkrankungen,
insbesondere im Alter. Dem GefdaBtonus kommt eine wichtige Rolle in verschiedenen
Hauptforschungsbereichen zu.

Die spannungsregulierten Ky7-Kalium-Kanale (Ky7-Kandle) werden durch KCNQ-Gene codiert. Die
Zusammenhange zwischen perivaskularem Fettgewebe (perivascular adipose tissue, PVAT) und Ky7-Kanélen
sind noch unklar. Zuerst wurde die Bedeutung von PVAT bei der Relaxation von Mesenterialarterien der
Maus untersucht. Alter, ebenso wie weitere physiologische Veranderungen, beeinflusst PVAT. K,7-Kanale
und ihre Modulatoren wurden hauptsdchlich im Mausmodell studiert. Draht-Myographie und
Membranpotential-Messungen wurden durchgefihrt, um die Gefafunktion in vitro zu beurteilen.
RNA-Sequenzierung und g-PCR-Experimente unterstlitzten das Aufdecken der Rolle moglicher Signalwege
mit Einfluss auf den arteriellen GefidfRtonus. Die Daten weisen darauf hin, dass der Tonus der
Mesenterialarterien durch Aktivierung spannungsabhdngiger K,7-Kalium-Kanile bei jungen Mausen
vermindert wird. Ky7-Kanale beeinflussen diese Regulation nicht nur durch metabolische Prozesse, sondern
auch Uber Faktoren aus dem perivaskularem Fettgewebe. Als neuartiger pharmakologischer Vasodilatator
kann QO58 die KCNQ-Kandle in mesenterialen Arterien der Maus 0ffnen, wodurch die
a-1-Adrenozeptor-Agonisten-vermittelte Depolarisation reduziert wurde. Diese Verringerung wurde durch
den Ky7-Kanal-Blocker XE991 riickgangig gemacht. Unsere Daten zeigen, dass die Untersuchung von Alterung
und Ky7-Kanédlen innovative Behandlungswege fir vaskuldre Dysfunktion aufzeigen kdnnte. SchlieBlich
stellen Ky7-Kanale ein vielversprechendes Ziel in der Altersforschung und der Behandlung von Bluthochdruck

dar.



1. Introduction

Hypertension is known as the major risk factor for cardiovascular disease. It causes dysfunction in human
body through a complex change regarding cardiac, vascular, renal, and neuralhormonal system. Various
researches suggested that vascular dysfunction is the main factor causing extensive morbidity and mortality
due to many cardiovascular diseases, especially hypertension, and atherosclerosis (1, 2).

As for elderly patients, it is even more challenging to control the blood pressure, as for previous research,
aging is reported to be another independent factor that influences the adjustment of vascular tone. About 80%
elderlies above 80 years old suffer from aging-associated hypertension (3).

As hypertension is a multi-factorial disorder, it may be caused by the changing of the vascular tone. The
underlying process of vascular tone regulation is still not clear, but it may involve vascular structure
remodeling, vascular calcification, and chemoreceptor changing. However, the blood pressure controlling
disorders caused by aging are reported to be related to mineralocorticoid receptors in vascular smooth
muscle cells (VSMCs), that is proved not related to any vascular structure changing (4). Vascular calcification
is another important cause that affects the survival rate in chronic vascular disease, combining negative
effects of refractory hypertension (5). In some cases, the anti-contractile function of endothelial vasodilator
is attenuated in vascular smooth muscle cells. It is reported to be one reason that causes hypertension,
which is also recognized as the hyper-contractile state (6, 7). Alternatively, the internal abnormalities of renal
vascular smooth muscle cells may alter renal vascular tone and perfusion, which will lead to a recognized
change in renal processing salt, thereby promoting and/or maintaining elevated blood pressure. Another
aspect is that, dysfunction of peripheral resistance arteries can be the risk factor of cardiovascular disease (8).
However, in either case, it is essential to focus on the dysfunction in the key VSMC protein that regulates the
state of cell contraction, that could bring different diagnostic and therapeutic targets to humanbeings.
Perivascular adipose tissue (PVAT) is reported to be a promising target which regulates the vascular
dysfunction in pathophysiological conditions (9). The aorta and its branches are surrounded by PVAT. The
anti-contractile effect of PVAT is widely studied (10). PVAT has been reported widely as anti-contractile part
related to the opening of potassium channels in VSMCs (11). In addition, various lipids and FAs are related to
PVAT. The development of treatments for cardiovascular and kidney diseases has taken a step further lately
involving the research on fatty acids. PVAT is now known as a paracrine organ (12). On one hand, PVAT
provides mechanical protection to vessels. On the other hand, PVAT also releases perivascular adipose
tissue-derived relaxing factors (PVATRFs). Among PVATRFs, the transferable adipocyte-derived relaxing factor
(ADRF) is one that draws my attention that has the inhibition effect on the vascular contraction pre-induced
by phenylephrine (PE), serotonin (5-HT), and angiotensin Il (13).

Potassium channels are reported to play important functions regarding lipid microenvironment of cellular
membrane in previous research (14). The Ky7 voltage-dependent potassium channels (also known as K7
channels) are encoded by the KCNQ gene. XE991 is widely used in rat and mouse aorta and mesenteric

arteries as a specific Ky7 channel blocker, former research revealed that the PVAT has anti-contractile effects



which could be abolished by XE991 (15).

For deeper understanding of KCNQ channels, a compound 5-(2,6-Dichloro-5-fluoro-3-pyridinyl)-3-phenyl-2-
(trifluoromethyl)-pyrazolo[1,5-a]pyrimidin-7(4H)-one (known as QO58) is used as selectively activator
KCNQ/M-channels (16-18). Q058 shows a different mechanism of action from the known Kv7 openers,
confirmed with a whole-cell patch-clamp recording study (17). For a better lipophilicity and hydrophilicity,
QO58-lysine, a similar compound was synthesized based on Q058 (17), moreover, the in-vivo bioavailability
of intravenous experiment was also performed without exhibiting obvious toxic effects. The function of K7
channels was studied with these two compounds in mesenteric arteries. It is confirmed in the previous study
of Maik Gollasch et al. that PVAT play a key role in anti-contractile effect in mesenteric arteries, especially in
young mice (19). Therefore, it is still not clear if aging is an independent factor attenuating the

anti-contractile effect of PVAT, and how K7 channels are involved.



2. Aims and Hypotheses

The main purpose of the project was to reveal the roles of the adipose tissue and K,7 voltage-dependent

potassium channels in vascular tone. The hypotheses below were studied:

2.1 Hypothesis #1

The present study aimed to examine the control of mesenteric arterial tone and its relationship with age, and
whether the selectivities of Q058 and QO58-lysine are different. To test this hypothesis, mesenteric arteries
(both with and without PVAT) from wild-type mice and al adrenoceptor agonist (phenylephrine or

methoxamine) were used to determine whether anti-contractile effects of PVAT are different.

2.2 Hypothesis #2

The present study aimed to examine whether the change of anti-contractile effect is related to perivascular
adipose tissue. To test this hypothesis, wire myography was performed to determine the anti-contractile

effect of PVAT.

2.3 Hypothesis #3

The present study aimed to examine how K,7 channels play a role in the regulation mesenteric artery
contraction. To test this hypothesis, membrane potential recordings, quantitative real-time PCR, and
RNA-sequencing were performed to determine whether K7 channels are related to the dysfunction of the

mesenteric artery tone caused by aging.



3. Methods

3.1 Animal preparation.

Male mice were mainly used in this research. The experimental animals were all raised and fed within
standard conditions. The mice were kept under a 12-hour, day-night cycle system, and they had open access
to press feed (0.25% sodium, SNIFF Specialties GmbH, Soest) and also water. Animal care were in accordance
with American Physiological Society guidelines, and local authorities (Landesamt fiir Gesundheit und Soziales
Berlin, LAGeSo) approved all protocols. Wild-type mice (C57BL/6N) were used with different age from 8
weeks to 24 months, and the selected animals were painlessly killed by cervical dislocation after anesthesia
with isoflurane. Mesenteric tissue was taken from mice afterwards. Intestine was separated from mesenteric
arteries after cutting open the abdominal wall of the mouse. The mesenteric arteries and perivascular
adipose tissue were put in a Petri dish with physiological saline solution (PSS). The protocol of PSS is as
following: 119 mmol/L NaCl, 4.7 mmol/L KCl, 1.2 mmol/L KH,PO,4, 25 mmol/L NaHCOs;, 1.2 mmol/L Mg,S0,,
11.1 mmol/L glucose, 1.6 mmol/L CaCl,) at 4°C. And then some part of the connecting tissue were removed
and the blood on the surface of the tissue were washed out under a stereo microscope (Nikon, SMZ645). The
mesenteric arteries with PVAT were taken for further experiments. The first and second order were cut off
and they were used for myoghraphy and membrane potential test.

For experiments on the mice of different age, 11 to 18-weeks old mice were defined as young group, 50 to
54-weeks-old mice were defined as 12-month-old group, 66 to 69-weeks-old mice were defined as
16-month-old group, and 105 to 106-weeks-old mice were defined as 24-month-old group. All experiments

were done according to the animal protection German legislation.

3.2 Wire Myography.

Mice were sacrificed with isoflurane anaesthesia. Mouse mesenteric arteries were dissected using
microscope right after the mouse was sacrificed. All the steps below were kept in the cold (4°C), oxygenated
(95% 0,/5% CO,) PSS. The PSS was changed every 20 minutes. The whole plate were put under the stereo
microscope (Nikon, SMZ645).

The samples were dissected into 2 mm out of the vessels without damaging adventitia. (+) PVAT group
represented those with perivascular adipose tissue, and the (=) PVAT rings were those without perivascular
adipose tissue and connective tissue. 5mL organ bath was filled with oxygenated PSS and put on a Mulvany
Small Vessel Myograph (DMT 610 M; Danish Myo Technology, Denmark). Two wires were inserted into each
artery. The wires were fixed on the chambers inside the organ bath. The wires should be of 0.0394 mm
diameter and stainless steel. After fixing the wires, organ bath was kept warm at 37°C. After 30 to 60 minutes,
vessels were normalized of which the passive diameters were at 100 mm Hg. The normalization of all
mesenteric rings were done under a tension equivalent to 0.9 times the diameter of the vessel at 100 mm Hg,

using LabChart DMT normalizing module (12, 20). The data acquisition was performed and displayed after



normalization using LabChart5 (a software from AD Instruments Ltd. Spechbach, Germany). 30 minutes after
normalization, the mesenteric rings were pre-contracted with an isotonic external composition of 60 mM KCI
or 1-3 uM al adrenoceptor agonist (phenylephrine or methoxamine). Then a resting tension was acquired
when the tension was stable longer than five minutes. The 60 mM KCl solution contains 63.7 mmol/L NaCl,
60 mmol/L KCl, 1.2 mmol/L KH,PO,4, 25 mmol/L NaHCO;, 1.2 mmol/L Mg,S0,4, 11.1 mmol/L glucose and 1.6
mmol/L CaCl, (20). After the resting tension was recorded for above 2 minutes, the KCl solution was washed
out for three times with warm oxygenated PSS at 37°C. 30 minutes after washing, subsequent drugs were
added into the chambers according to protocol. This washing step was not taken in those groups during
which KCl was not used. The tension was presented in the results and figures using the percentage of the

steady-state tension recorded with KCl or with al adrenoceptor agonist.

3.3 Membrane potential recordings.

The mesenteric arteries were prepared with the similar way of wire myography, and the materials were
isolated immediately after sacrificing with isoflurane anaesthesia. All the steps below should be in the cold
(4°C), oxygenated (95% 0,/5% CO,) PSS (with the same formula as described above). The mesenteric artery
was dissected into 2 mm, and two stainless steel wires were inserted into the ring. The mesenteric artery ring
was fixed in a oxygenated (95% 0,/5% CO,, pH 7.4) 10 mL organ bath filled with PSS. PSS bath was kept warm
at 37°C. Vessels were normalized of which the passive diameters were at 100mm Hg.

Microelectrodes were made by pulling from aluminosilicate glass before the next steps. 30 minutes after
normalization, the microelectrode was filled with 3 mol/L KCl. The microelectrode was lightly and slowly
moved using a micromanipulator (UMP, Sensapex), until it impaled on the adventitial side of the vessel.
Intracellular recordings of membrane potential was made with an amplifier (DUO 773, World Precision
Instruments). Some basic rules were applied for acceptance: (a) a cell penetration should cause a sudden
change in membrane potential; (b) the resistance should be constantly recorded before and after the cell
penetration; (c) the recording should be at least 1 min; (d) the base line should not be changed after

removing the electrode (21).

3.4 Quantitative real-time PCR.

Organs were collected using dry ice, then stored at -80 °C until further used immediatedly after the mice
were sacrificed. Mesenteric arteries (first branches) and PVAT were isolated from young (11 to 18-weeks-old),
12-months-old, 16- months-old, and 24-month-old mice. The RNeasy RNA isolation kit from Qiagen company
(Qiagen, Germantown, MD) was used for extracting total RNA from all groups of samples at the same time,
based on the protocol from the website of Qiagen. Disruption and homogenization of tissue were carried out
rapidly afterwards. The concentration and OD value (260/ 280) were tested using the NanoDrop-1000

spectrophotometer (21). All related experiments were taken on dry ice. 2mg RNA was taken for the following

10



cDNA transcription. The PCR tests were performed on Biosystems 7500 Fast Real-Time PCR System (Life
Technologies Corporation, Carlsbad, CA, USA). The running cycling accords to the manufacturer’s instructions.
The working mixture was activated at 95°C for 10 minutes and then 40 cycles were made using 95°C for 15
seconds and 60°C for 1 minute (21). All the experimental groups and negative control groups were performed
in parallel. All primers were synthesized by BioTez (Berlin, Germany), and based on following sequences. The
relative standard curve was used approach to assess the KCNQ mRNA expression obtained by quantitative
real-time PCR. The expression of 18s was used for normalization of target gene expression, and the primer
for 18s is also listed below. The expression of 18s as a reference gene did not alter between young and aged
mouse tissues under our experimental circumstances. The 2Ct technique was used to determine the fold
change in gene expression between young and aged mice. (21).
The following primers were used:
18s: F: 5'-ACATCCAAGGAAGGCAGCAG-3;

R: 5-TTTTCGTCACTACCTCCCCG-3'.
Kcngl: F: 5-AGCAGTATGCCGCTCTGG-3';

R: 5'-AGATGCCCACGTACTTGCTG-3'.
Keng3: F:5'-CAGTATTCGGCCGGACATCT-3';

R:5'-GAGACTGCTGGGATGGGTAG-3'.
Kcng4: F:5'-CACTTTGAGAAGCGCAGGAT-3’;

R:5'-CCAGGTGGCTGTCAAATAGG-3'.
Keng5: F:5'-CCTCACTACGGCTCAAGAGT-3;

R:5'-TTAAGTGGTGGGGTGAGGTC-3'.

3.5 RNA Sequencing.

Organs were collected immediately after sacrificing mice, and stored at —80 °C until further used. Mesenteric
arteries (first branches) and PVAT were isolated using the same protocol addressed above in 3.4. The same kit
used to extract total RNA was also same as described above in 3.4. Dry ice was used in the whole experiment
and for transporting to keep the low temperature.

RNA-seq was done on the Illumina Genome Analyzer Novaseq 6000 platform under Agilent 2100 bioanalyzer
guality control. The DESeg2 R package version 1.20.0 was used to perform differential expression analysis
(22). The clusterProfiler was used for enrichment analysis, including Gene Ontology (GO) Enrichment, Disease
Ontology (DO) Enrichment, Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome database
Enrichment (23). The heat map was generated with the Morpheus software (https://

software.broadinstitute.org/morpheus) (21).

3.6 Materials.
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The involved chemicals used in experiments were acquired from Sigma-Aldrich (Munich, Deisenhofen or
Schnelldorf, Germany) and Merck (Darmstadt, Germany). As a solvent to Q058 and Q058-lysine, DMSO was
used beblow 0.5% in the final concerntration. DMSO is demonstrated in results for not having influence on
the arterial tone (21). Drugs were freshly dissolved in DMSO or physiological saline solution based on the
material sheet, and it is performed on the same day of each experiment. The final concentration of
substances were used as written in the protocols: phenylephrine (Sigma Aldrich) and methoxamine (Sigma
Aldrich) ranged from 0.01 to 100 pumol/L; retigabine (Valeant Research North America) ranged from 10
nmol/L to 100 pumol/L, flupirtine (Tocris) ranged from 10 nmol/L to 100 umol/L, Q058 (Tocris) ranged from
0.01 to 30 umol/L, QO58-lysine ranged from 10 nmol/L to 30 umol/L; 3 umol/L XE991 (Tocris).

3.7 Statistical analysis.

Datas and results were shown as mean = SEM or + SD in the graphs using GraphPad Prism version 5.0
(GraphPad Software, La Jolla, California, USA). EC50 values were calculated with a Hill equation: T = (BO — Be)
/ (1 + ([D]/EC50)n) + Be. In which the T is the relative tension after applying the substance (D). Be is the
maximum response after applying the drug. BO is a constant. EC50 reffers to the concentration of the drug
that elicits a half-maximal response. GraphPad Prism version 5.0 (GraphPad Software, California, USA)
software was used to curve fitting procedure. Mann-Whitney test, nonparametric t-test and nonparametric
ANOVA (Kruskal-Wallis test) were used to display the statistical significance in the statistics. Results with the
P values < 0.05 were determined statistically significant. In the results and published manuscripts, the N is
the number of animals, and n is the number of artery rings. All figures were merged with CoreIDRAW

Graphics Suite software (Ottawa, Canada).

A complete descriptions of methods can be found in:

Yibin Wang, Fatima Yildiz, Andrey Struve, Mario Kassmann, Lajos Markd, May-Britt Kohler, Friedrich C. Luft,
Maik Gollasch and Dmitry Tsvetkov. Aging affects K,7 channels and perivascular-adipose tissue-mediated
vascular tone. Front. Physiol., 26 November 2021; 12:749709.

DOI link: https://doi.org/10.3389/fphys.2021.749709.

A copy of this publication is attached.
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4. Results

This chapter contains my main findings in the publication on Frontiers in Physiology. The amount of animals is

represented by N, whereas the amount of vessels is represented by n.

4.1 PVAT has the anti-contractile effect in WT mice.

As an al-adrenoceptor agonist, methoxamine (ME) contracted isolated mesenteric arteries in WT young
mice (around 12 to 16-weeks-old). To test if PVAT has the anticontractile effect, wire myography experiments
were done on mesenteric arteries from young mice with and without PVAT. With a concentration gradient of
al adrenoceptor agonist methoxamine from 1*¥10®to 3*10™ mol/L, the tension of mesenteric artery rings
was increasing (Figure. 1A*). The concentration-response relationships between methoxamine and artery
tension were measured both in (=) PVAT (n = 10, N = 5) and (+) PVAT (n = 10, N = 4) mesenteric arteries
(Figure. 1B*). PVAT showed a significant anticontractile effect in mesenteric arteries of young mice. Notably,
concentration-response curve for tension of (+) PVAT artery samples showed a right shift comparing to those

of (-) PVAT ones. *p < 0.05 by two-way ANOVA followed by Bonferroni post hoc test.

4.2 Age variations in the PVAT of the wild-type mice.

Another series of experiments were done on mesenteric arteries from old mice with and without PVAT. It
showed al-adrenoceptor agonist induced similar contractions in both groups with and without PVAT (Figure.
1C*). In 12-months-old group, the concentration-response relationships between methoxamine and artery
tension showed no significant difference between (-) PVAT (n = 6, N = 2) and (+) PVAT (n =9, N = 2)
mesenteric arteries (Figure. 1D*). The result was confirmed also in 16 months old group (Figure. 1E*), the
concentration-response relationships between methoxamine and artery tension showed no significant
difference between (-) PVAT (n =7, N =3) and (+) PVAT (n =9, N = 3) mesenteric arteries (Figure. 1F*). P>0.05,
statistics were confirmed by two-way ANOVA followed by Bonferroni post hoc test. The results shows

anticontractile effect of PVAT are impaired in the WT aged mice older than 12-months-old.

4.3 Ky7 is proved to be involved in anti-contractile effect, using the opener

of Ky7 channel.

The involvement of K,7 channels in aging was investigated, the K,7 channel openers (both flupirtine and
retigabine) were used to relax the mesenteric arteries of WT young mice, after pre-contracted by an al
adrenoceptor agonist phenylephrine. Flupirtine caused concentration-dependent relaxations in (-) PVAT
mesenteric arteries of young mice (Figure. 2A*). While in (-) PVAT mesenteric arteries from 24-months-old
mice, the relaxations showed attenuated, and the change was significant (Figure. 2B*). Retigabine also

caused concentration-dependent relaxations in (-) PVAT mesenteric arteries from young mice (n = 12, N = 3)
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(Figure. 2C*). While in (-) PVAT mesenteric arteries from 24 months old mice (n = 7, N = 2), the relaxations
were reduced, and the change was significant (Figure. 2D*).

Other two important substances named Q058 and QO58-lysine were also used in our study as Ky7 channel
openers.

Concentration-dependent relaxations were also caused by Q058 and QO58-lysine in (-) PVAT mesenteric
arteries from young mice (Figure. 3A, C*). Q058-induced relaxation was attenuated after pre-incubation with
3 um XE991 (n = 10, N = 4) comparing in the absence of XE991 (n = 6, N = 3) (Figure. 3B*).
QO58-lysine-induced relaxation was not significantly attenuated after pre-incubation with 3 um XE991 (n =
10, N = 4) comparing in the absence of XE991 (n =9, N = 3) (Figure. 3D*).

However the relaxation effect was suppressed in the control group using aged mice of 16-months-old (n =13,

N = 2) comparing young mice (n =11, N = 2) (Figure. 3E*).

4.4 Function of Ky7 channels in young mice mesenteric arteries

repolarization after depolarization caused by al agonist.

Membrane potential detecting was used to reveal the role of Ky7 channels, The application of the al
adrenoceptor agonist methoxamine (3umol/L) induced depolarization of cellular membrane in mesenteric
artery. In mesenteric artery from young mouse, a repolarization was seen after adding 3umol/L QO58, and
the repolarization can be reversed by 3uM XE991, *p<0.05 statistics were confirmed by One-way ANOVA test
with post-hoc Dunn’s multiple comparison test (n = 7, N = 7) (Figure. S1 D, E*).

However, in mesenteric artery from old mouse, no significant repolarization was seen after adding 3pmol/L
QO58, (n =5, N = 5) (Figure. S1 F, G*).

In young mice, relaxation induced by Q058 was also reversed by XE991, consistent with the above.

4.5 Attenuated anti-contractile effect in aged mice is not related to the

expression of Ky7 channels.

After showing that voltage-dependent potassium channels v in the attenuating of PVAT effect of aged mice,
gPCR tests were performed on mesenteric arteries of young mice, 12-months-old mice, 16-months-old mice
and 24-months-old mice, the mRNA level of Kcngl, Kcng3, Kcng4, Keng5 was not significantly changed due to
aging (Figure. S2 A-D*).

Other possible genes related to pathways regulating KCNQ channels showed no significant change in aged
group.

In detail, our findings from the Gene Ontology (GO) enrichment study revealed that aged PVAT had elevated
pathways related to inflammatory processes (e.g., GO:0002250, GO:0051249, G0:0002764; mmu05150,

mmu05152, mmu04060) (21) (Table. S1*). The biological routes and processes involved in the production of
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precursor metabolites and energy (e.g., GO:0006091, mmu00190) is down-regulated in the mesenteric PVAT
of aged mice (Table. S2*).

A complete overview of these results can be found in:

Yibin Wang, Fatima Yildiz, Andrey Struve, Mario Kassmann, Lajos Markd, May-Britt Kohler, Friedrich C. Luft,
Maik Gollasch and Dmitry Tsvetkov. Aging affects K,7 channels and perivascular-adipose tissue-mediated
vascular tone. Front. Physiol., 26 November 2021; 12:749709.

DOI link: https://doi.org/10.3389/fphys.2021.749709.

A copy of this publication is attached.
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5. Discussion

Now several results are found regarding the regulation of vascular tone and the vascular dysfunction. First,
the findings provide evidence for PVAT down-regulating the vascular tone induced by al agonist in
mesenteric arteries of young mice, but this kind of PVAT effect is attenuated in aged mice. Second, the study
further reveals that Q0O58-induced relaxation was attenuated by XE991, and it was also attenuated in aged
mice. Third, it is verified that K7 channels are involved in the regulation of membrane potential and vascular
contraction using specific Ky7 channel blocker. Although the research on potassium channels and PVAT has
been reflected in many diseases regarding different organs, the relationship and potential mechanism

between the two worths further research in terms of hypertension and vascular dysfunction.

5.1 Functions of Perivascular Adipose Tissue in the Vascular System.

PVAT is an adipose tissue existing widely in spinal animals, surrounding the vasculature connecting various
organs and tissues. Most part of the PVAT surrounding vessles were a combination of brown and white fat
(47), including the mouse mesenteric arteries used here in the experiments. In the study, PVAT was found
playing a key role on the anti-contractile effect in mouse mesenteric arteries. This effect is widely discussed
through different aspects. On one hand, PVAT may regulate metabolism (24) and inflammatory responses
(25), which in turn has a regulatory effect on vasculitis and vascular remodeling. On the other hand, PVAT
affects vascular system reactivity by producing adipokines, cytokines, and vasoactive chemicals, as well as

other products (26).

5.2 Paracrine Function and Vascular Tone.

Recent studies showed that PVAT mediates arterial tone via paracrine control, thus contributes to vascular
dysfunction in many diseases like hypertension, obesity and cardiac disease (12). PVAT mediates the blood
pressure and vascular biology through SR-A1/VEGF-B axis in obesity (27), and it is involved in vascular
remodeling via some PVAT-derived factors as adipokines, cytokines (28). According to Chang L et al., PVAT is
also involved in central circadian systems control of BP rhythmicity (9). Increasing production of cytokines
and chemokines (i.e. Ang Il, IL-1pB, IL-6, MCP-1, leptin, TNFa) were detected in PVAT hypertension and obesity,
these are factors that involved in the vascular dysfunction (29-31).

PVAT is reported to generate substances activating the tyrosine kinase (32). Fatty acid (FA)-derived products
produced by cytochrome P450 (CYP), lipoxygenase (LOX), and cyclo-oxygenase (COX) are known to modulate
cardiovascular function (33). Arachidonic acid is a fatty acid that is converted to eicosanoids in vivo (34). The
COX, LOX, and CYP pathways are the three principal enzyme pathways that produce eicosanoid metabolites.
In renal and cardiovascular disorders, the production and metabolism of epoxy fatty acids EETs are impaired
(35, 36). A vascular relaxation was observed due to the L-type Ca’* channels closing (34). CYP2C

epoxyeicosatrienoic acids activate large-conductance Ca**-activated K* channels (BKc,), reported as the cause
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for potassium efflux from the smooth muscle cell, which results in membrane hyperpolarization.

It is demonstrated that the role of angiotensin Il in hypertension is performed through the production of
12/15-LOX-derived HETEs, which is related to the participation of 12/15-LOX in the control of vascular
contraction (37).

Prostacyclin (PGI2) is another lipid molecule that belongs to the prostanoid group of eicosanoids that control
homeostasis, hemostasis, smooth muscle function, and inflammation. The sequential operations of
phospholipase A2, cyclooxygenase (COX), and particular prostaglandin (PG) synthases produce prostanoids
from arachidonic acid (38). However, the anti-contractile effect of PVAT can be reversed through nitric oxide
synthases (NOS) in many animal models (39-43).

Former research showed this kind of “adipocyte-derived relaxing factor” (ADRF) works via ATP-dependent
potassium channels, moreover, it is independent from cyclooxygenase (COX) or cytochrome P450 (CYP)
pathway (32), and endothelial prostaglandins or nitric oxide are not involved in this process verified with
experiments in lacking of effects of cyclooxygenase or nitric oxide synthase inhibitor on this relaxation factor
(44). The vasodilation induced by leptin is endothelium dependent (45), so the mechanism is far different
from the regulation induced by “Perivascular adipose tissue-derived relaxing factors” (PVATRFs). In addition,
the measurements of these existing FAs suggested other potential candidates involved in the vascular

dysfunction and the regulation of vascular tone.

5.3 Ky7 Channels and anti-contractile effect of PVAT.

Our former study showed the PVAT effect relies on Ky7 channels (45, 46), which is also consistent with
reports by others. It brought us to further study Ky7 channels. There are five members in the
voltage-dependent potassium channel family encoded by the KCNQ genes (47). XE991
[10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone] (48-50) and linopirdine [3,3-bis(4-pyridinylmethyl)-1-
phenylindolin-2-one] (51) are used as the selective blockers of all Ky7 channels. Ky7 channels play important
roles in cardiac action potential (52) and ‘M-current’ in neurons (53), also the regulation of vascular function
as | focused in this study. Additionally, adiponectin is also seen as a potential PVATRF as it can relax
mesenteric arteries by opening Ky channels (54). There is no significant involvement of the endothelium
shown in the ADRF effects in our previous study (55). It was reported that 5-HT induces ADRF release from
PVAT (19). What is more, the PVAT showed anti-contractile properties by activating the VSMC K7 channels
(19). Taken together, it showed us the possibility that Ky7 channels play a significant role in anti-contractile
effect of PVAT.

To study the role of Ky7 channels, the following tools were used. Retigabine (56) and flupirtine (57) were
widely used in former research as openers of K7 channels.

Pyrazolo[1,5-a]pyrimidin-7(4H)-one compounds (e.g. Q058), are considered as novel KCNQ channel openers,
and it is reported that 5-(2,6-Dichloro-5-fluoro-3-pyridinyl)-3-phenyl-2-(trifluoromethyl)-pyrazolo[1,5-a]

-pyrimidin-7(4H)-one (QO58) cause the leftward shifts of voltage-dependent activation of Ky7 channels (21,
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58), Q058 is capable of opening the Ky7 channels (for Ky7.4 ECso = 0.6 uM, for K\7.3/7.5 ECsq = 5.2 uM) (17,
21).

Furthermore, it is demonstrated that PVAT was capable to produce relaxations of mouse mesenteric arteries
after pre-contracted by al agonist. These effect was inhibited by XE991. In contrast, the anti-contractile
effect was attenuated in mouse mesenteric arteries with Ky7 channels openers. Together, these data suggest
that XE991 could inhibit anti-contractile effect of PVAT by blocking Ky7 channels in mouse mesenteric

arteries.

5.4 Aging and K7 Channels.

It has been revealed that aging is the cause of increasing of white blood cells, macrophages and NK cells in
PVAT, which induce the perivascular fibrosis a model of spontaneous hypertension (59). It is important to
note that, aging has different manifestations in many organs, including vascular dysfunction and structural
changes (60). It can be valued by endothelial elasticity, stiffness, and the superoxide production in PVAT can
be promoted by aging (61). As aging affects the epigenetic changes in different locations of vessles containing
PVAT, smooth muscle cells, endothelium cells and inflammatory cells, these are all related oxidative stress,
inflammation and dysfunction in artery tone (62). It is previously reported that adiponectin, leptin receptor,
PRDM16, PGC-1a, UCP-1 were focused in a PVAT experimental model (62). The loss of peroxisome
proliferator-activated receptor y co-activator 1la (PGC-1a) decreases the capacity of brown adipogenic
differentiation, it also leads to the elevation of vascular remodeling in aged resident stromal cells (63). The
process of the transition of adipocyte phenotype is a key part of PVAT modifications led by aging (63, 64).
Peter Aldiss et al. gave me the new point of view that the brown phenotype of PVAT is an important target
for further research, and the released substances are also noteworthy (65).

But the aging induced vascular dysfunction could be related to Ky7 channels. In nervous system, aging
induced ROS-mediated oxidation of K" channels is reported as a strong evidence in a previous study (66). The
influence of functionally relevant K* channels in cochlea and auditory pathways are also reported before
(67). But for the first time, evidence has been shown K,7 channels are responsible for the vascular
dysfunction due to aging. A significant repolarization caused by Ky7 channel opener was found after the
pre-induced depolarization in young mice mesenteric arteries, but no significant repolarization was found in

aged mice mesenteric arteries.

5.5 Expression of Ky7 and other Pathways.

The expression of Kcngl,3,4,5 mRNA didn’t show significant change compairing the mesenteric arteries
(-PVAT) of young and old mice, neither did the RNA-seq show additional targets. Our inflammatory
transcriptome profile is consistent with the idea that inflammation modulate vascular disorder of aged

mouse aorta (68), it is however, one of the evidence that low grade inflammation can also cause the vascular
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damage in aged mice. Jarkko Soronen et al. have found more details resembles that perivascular fat have
similarities regarding insulin resistance patients in the PVAT transcriptional profile, such as downregulated
mitochondrial respiratory and lipid metabolic pathways (69). It also caters to the report that melatonin
treatment can restore the anticontractile properties in aging (70). Our study shows same structure in adipose
tissue genes participating in fatty acid and triglyceride metabolism (21). Thus, other mechanisms like
posttranslational modification may have changed in aged mice regarding KCNQ channels that lead to vascular
dysfunction.

In conclusion, our study suggested PVAT as novel therapeutic targets in hypertension, and these data suggest
that future studies on their roles should consider K7 signaling pathways to understand their molecular

actions (21).
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Aging Affects K, 7 Channels and
Perivascular Adipose Tissue-
Mediated Vascular Tone

Yibin Wang’, Fatima Yildiz?, Andrey Struve3, Mario Kassmann'#, Lajos Markd',
May-Britt Kéhler?, Friedrich C. Luft', Maik Gollasch™** and Dmitry Tsvetkov'#*

"Charité Medical Faculty, Experimental and Clinical Research Center (ECRC), Max Delbriick Center for Molecular Medicine
(MDC), Berlin, Germany, *Faculty of Medicine, Istanbul Medeniyet University, Istanbul, Turkey, *Department of Ear, Throat and
Nose Diseases, I.M. Sechenov First Moscow State Medical University, Moscow, Russia, *‘Department of Internal Medicine
and Geriatrics, University Medicine Greifswald, Greifswald, Germany

Aging is an independent risk factor for hypertension, cardiovascular morbidity, and
mortality. However, detailed mechanisms linking aging to cardiovascular disease are
unclear. We studied the aging effects on the role of perivascular adipose tissue and
downstream vasoconstriction targets, voltage-dependent K,7 channels, and their
pharmacological modulators (flupirting, retigabine, Q058, and QO58-lysine) in a murine
model. We assessed vascular function of young and old mesenteric arteries in vitro using
wire myography and membrane potential measurements with sharp electrodes. We also
performed bulk RNA sequencing and quantitative reverse transcription-polymerase chain
reaction tests in mesenteric arteries and perivascular adipose tissue to elucidate molecular
underpinnings of age-related phenotypes. Results revealed impaired perivascular adipose
tissue-mediated control of vascular tone particularly via K,7.3-5 channels with increased
age through metabolic and inflammatory processes and release of perivascular adipose
tissue-derived relaxation factors. Moreover, Q058 was identified as novel pharmacological
vasodilator to activate XE9Q91-sensitive KCNQ channels in old mesenteric arteries. Our
data suggest that targeting inflammation and metabolism in perivascular adipose tissue
could represent novel approaches to restore vascular function during aging. Furthermore,
Ky7.3-5 channels represent a promising target in cardiovascular aging.

Keywords: aging, K\7 channels, perivascular adipose tissue, transcriptome, RNA sequencing

INTRODUCTION

Hypertension is the leading risk factor of death worldwide, especially for persons aged 50-74 years
and 75years and older (Collaborators, 2020). Human life expectancy is increasing steadily,
which will further amplify age-related effects (Vollset et al., 2020). Rigorous research is necessary
to address these challenges. Despite remarkable progress in understanding molecular biology
of aging, detailed mechanisms linking aging to cardiovascular disease are still unclear (North
and Sinclair, 2012). Mice are a utilitarian model to investigate age-related effects (Dupont
et al, 2016). Our past studies have shed light on the regulation of vasculature tone by
perivascular adipose tissue (PVAT; Gollasch, 2017). Fatty tissue surrounding blood vessels is

Frontiers in Physiology | www.frontiersin.org

1 November 2021 | Volume 12 | Article 749709

30



Wang et al.

Cardiovascular Aging

now recognized as an integral endocrine/paracrine organ. In
addition to the endothelium, PVAT releases vasoactive
compounds to cause relaxation of blood vessels known as the
anticontractile effect of PVAT (Lohn et al, 2002). PVAT
relaxation factors (PVATRFs) have been proposed and such
factors could be pivotal in aging. Our earlier work suggests
that PVAT paracrine effects are caused by opening of potassium
(K*) channels in vascular smooth muscle cells (Verlohren et al.,
2004). The KCNQ-type, Ky7 channels represent the most likely
candidates as largely supported by studies with XE991, a highly
effective blocker of these channels (Schleifenbaum et al., 2010;
Tsvetkov et al, 2017). In fact, the Ky7 family represents a
new target for hypertension treatment (Schleifenbaum et al,
2010; Jepps et al., 2011; Mani et al., 2016). Ky7 channel function
determines sensitivity to key regulators of coronary tone in
diabetes, which expands therapeutic potential even further
(Morales-Cano et al.,, 2015; Barrese et al, 2018). However,
toxicity issues of currently available Ky7 channel modulators,
such as retigabine and flupirtine, have hampered drug
development directed at this target (FDA, 2013; European
Medicines Agency, 2018). Pyrazolo[1,5-a]pyrimidin-7(4H)-one
compounds (e.g., QO58) have been identified as novel KCNQ
channel openers, which can cause remarkable leftward shifts
of voltage-dependent activation of K7 channels (Jia et al,
2011). Newly emerging RNA sequencing technologies coupled
with established techniques could enable researching these new
compounds (Tabula Muris, 2020). We hypothesize that age
could attenuate the effects of PVAT as mediated by Ky7 channels.
We employed the established flupirtine and retigabine, as well
as novel compounds (QO58 and QO58-lysine) as Ky7 channel
activators in isolated mesenteric arteries from young and
old mice.

MATERIALS AND METHODS

Mouse Model

We used young (11-18 weeks old), 12-month old (50-54 weeks),
16-month old (66-69 weeks), and 24-month old (105-106 weeks)
male wild-type mice C57BL/6 N. Animal care followed American
Physiological Society guidelines, and local authorities
(Landesamt fir Gesundheit und Soziales Berlin, LAGeSo)
approved all protocols. Mice were housed in individually
ventilated cages under standardized conditions with an artificial
12-h dark-light cycle with free access to water and food.
Animals were randomly assigned to the experimental procedures
in accordance with the German legislation on protection
of animals.

Wire Myography

Mesenteric arteries were isolated after sacrifice with isoflurane
anesthesia, as previously described (Tsvetkov et al., 2017).
Then, blood vessels were quickly transferred to cold (4°C),
oxygenated (95% O,/5% CO,) physiological salt solution (PSS)
containing (in mmol/L) 119 NaCl, 4.7 KCl, 1.2 KH,PO,, 25
NaHCO;, 1.2 Mg,SO,, 11.1 glucose, and 1.6 CaCl,. We dissected
the vessels into 2mm rings whereby perivascular fat and

connective tissue were either intact [(+) PVAT] or removed
[(—) PVAT rings]. Each ring was placed between two stainless
steel wires (diameter 0.0394mm) in a 5-ml organ bath of a
Mulvany Small Vessel Myograph (DMT 610M; Danish Myo
Technology, Denmark). The organ bath was filled with PSS.
Continuously oxygenated bath solution with a gas mixture
of 95% O, and 5% CO, was kept at 37°C (pH 7.4). To obtain
the passive diameter of the vessel at 100mm Hg, a DMT
normalization procedure was performed. The mesenteric artery
rings were placed under a tension equivalent to that generated
at 0.9 times the diameter of the vessel at 100mm Hg by
stepwise distending the vessel using LabChart DMT
Normalization module. The software Chart5 (AD Instruments
Ltd. Spechbach, Germany) was used for data acquisition and
display. After 60-min incubation, arteries were precontracted
either with isotonic external 60mm KCl or 1-3pm
phenylephrine (PE), or methoxamine (ME) until a stable
resting tension was acquired. The composition of 60 mM KCl
(in mmol/L) was 63.7 NaCl, 60 KCI, 1.2 KH,PO,, 25 NaHCO;,
1.2 Mg,SO,, 11.1 glucose, and 1.6 CaCl,. Drugs were added
to the bath solution if not indicated otherwise. Tension is
expressed as a percentage of the steady-state tension (100%)
obtained with isotonic external 60mm KCI or agonist (e.g.,
PE and ME).

Membrane Potential Recordings

Intracellular recordings of membrane potential in smooth muscle
cells of intact mesenteric arteries were made using microelectrodes
pulled from aluminosilicate glass and filled with 3M KCI as
previously described (Zavaritskaya et al., 2020). An amplifier
(DUO 773, World Precision Instruments) was used to record
the membrane potential. We used a micromanipulator (UMP,
Sensapex) to make impalements from the vessel’s adventitial
side. The following criteria for acceptance of membrane potential
recordings were used: (1) an abrupt change in membrane
potential upon cell penetration; (2) a constant electrode resistance
when compared before, during, and after the measurement;
(3) a stable reading of the membrane potential lasting longer
than 1 min; and (4) no change in the baseline when the electrode
was removed.

Histology

Formalin-fixed, paraffin-embedded, 4-pm-thick sections were
hematoxylin- and eosin-stained using standard protocols.
Sections were scanned using the Slide Scanner Pannoramic
MIDI (3DHistech Ltd., Hungary) with the objective plan-
apochromat 20x (ZEISS, Germany). Forty randomly chosen
fat cells were measured and analyzed using CaseViewer
(3DHistech Ltd., Hungary) software, and mean perimeter
and area were calculated. Immunohistochemical staining of
Ly-6B.2-positive cells was performed on 4-pm-thick formalin-
fixed, paraffin-embedded sections. Antigen retrieval was
performed by incubating sections for 10min at 37°C in a
trypsin solution (Sigma). After cooling down, non-specific
binding sites were blocked with 10% normal donkey serum
for 30 min following incubation with rat anti-mouse Ly-6B.2
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monoclonal antibody (MCA771G, AbD Serotec, clone 7/4,
dilution: 1:300) overnight at 4°C in a humid chamber. For
fluorescence visualization of bound primary antibody, sections
were further incubated with Cy3-conjugated secondary antibody
for 1h in a humid chamber at room temperature. Specimens
were analyzed using a Zeiss Axioplan-2 imaging microscope
with AxioVision 4.8 software (Zeiss, Jena, Germany). The
investigator had no knowledge of the treatment group
assignment. Ly-6B.2-positive cells were counted through the
whole section using 400X magnification; mean of two sections
are presented.

Quantitative Real-Time PCR

Total RNA was isolated from young, 12-, 16-, and 24-month-old
mice mesenteric arteries (first branches) by using the RNeasy
RNA isolation kit (Qiagen, Germantown, MD) according to
the manufacturer’s instruction. Isolated RNA concentration
was measured, and RNA quality was tested by NanoDrop-
1000 spectrophotometer (Thermo Fisher Scientific, Vernon
Hills, IL). Two micrograms of RNA was used for ¢cDNA
transcription (Applied Biosystems, Foster City, CA).
Experiments were run on an Applied Biosystems 7500 Fast
Real-Time PCR System (Life Technologies Corporation,
Carlsbad, CA, United States). Primers were designed using
Primer 3 software on different exons to exclude any DNA
contamination. Specificity of amplified products was validated
in silico (blast) and empirically with gel electrophoresis and
analysis of melt curves. Primers were synthesized by BioTez
(Berlin, Germany); the sequences are provided below. The
cycling conditions were the following: initial activation at
95°C for 10 min, followed by 40cycles at 95°C for 15s and
60°C for 1min. Samples and negative controls were run in
parallel. Quantitative analysis of target mRNA expression was
performed with quantitative real-time PCR using the relative
standard curve method. The expression level of the target
genes was normalized by the expression of 18s. Under our
experimental conditions, expression of 18s as a reference
gene did not differ between young and old mice tissues. The
fold change in gene expression between young and old mice
was calculated using 24 method. The following primers
were used:

18s: F: 5-ACATCCAAGGAAGGCAGCAG-3’;
R: 5-TTTTCGTCACTACCTCCCCG-3".

Kengl: F: 5-AGCAGTATGCCGCTCTGG-3;

R: 5-AGATGCCCACGTACTTGCTG-3".

Kcng3: F: 5-CAGTATTCGGCCGGACATCT-3;
R: 5-GAGACTGCTGGGATGGGTAG-3".
Kcng4: F: 5-CACTTTGAGAAGCGCAGGAT-3';
R: 5-CCAGGTGGCTGTCAAATAGG-3".
Kcng5: F: 5-CCTCACTACGGCTCAAGAGT-3';
R: 5-TTAAGTGGTGGGGTGAGGTC-3".

RNA Sequencing
Following Agilent 2100 bioanalyzer quality control, RNA-seq
was performed using Illumina Genome Analyzer Novaseq 6000

platform. NEB Next® Ultra™ RNA Library Prep Kit was
used for library preparation. Sequence quality estimations,
GC content, nucleotide distribution, and read duplication
levels were determined for the samples using fastp-0.12.2
software. The reads were mapped to the reference mouse
genome (ensembl_mus_musculus_grem38_p6_gca_000001635_
8). HISAT2 was selected to map the filtered sequenced reads
to the reference genome. The uniquely mapped read data
output was processed using custom scripts in R software
(version 3.5.1) and then normalized using the FeatureCounts
package v1.5.0-p3 version. Differential expression analysis was
performed using the DESeq2 R package version v1.20.0
(Anders and Huber, 2010). We used clusterProfiler for
enrichment analysis, including GO Enrichment, DO
Enrichment, Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Reactome database Enrichment (Yu et al., 2012).
Heat map was generated based on fragments per kilobase
per million mapped fragments values using Morpheus software.'

Materials

All salts and other chemicals were purchased from Sigma-Aldrich
(Germany) or Merck (Germany). Using DMSO or PSS, drugs
were freshly dissolved on the day of each experiment accordingly
to the material sheet. Maximal DMSO concentration after application
did not exceed 0.5%. Following concentration of drugs was used:
phenylephrine (Sigma-Aldrich) and methoxamine (Sigma-Aldrich)
ranged from 0.01 to 100 pm; retigabine (Valeant Research North
America), flupirtine (Tocris), QO58 (Tocris), QO58-lysine from
0.01 to 30pm; 3pm XE991 (Tocris).

Statistics

Data present mean+SEM. We calculated ECs, values using a Hill
equation: T=(B, - Be)/(1+([D]/ECs,)") + Be, where T is the tension
in response to the drug (D); Be is the maximum response induced
by the drug; By, is a constant; ECs, is the concentration of the
drug that elicits a half-maximal response.

For curve fittings using non-linear regression, GraphPad 8.0.1
(Software, La Jolla California United States) software was used.
Statistical significance was determined by Mann-Whitney test or
nonparametric ANOVA (Kruskal-Wallis test). Extra sum-of-squares
F test was performed for comparison of concentration-response
curves. Values of p<0.05 were considered statistically significant.
n represents the number of arteries; N represents the number
of mice tested. Figures were made using Coreldraw Graphics
Suite 2020 (Ottawa, Canada).

RESULTS

Aging Impairs PVAT-Mediated Control of
Vascular Tone

First, we examined the role of aging in the anticontractile effects
of PVAT. Isolated mesenteric arteries were contracted by alphal
adrenoceptor (alphal-AR) stimulation with methoxamine (ME).

'https://software.broadinstitute.org/morpheus

Frontiers in Physiology | www.frontiersin.org 3

32

November 2021 | Volume 12 | Article 749709



Wang et al.

Cardiovascular Aging

A
young 3x10
16°
ME, M L
3x16° 3x16”
10'8+1o'7+ io_s -
E|
+ * NP5 min
— () PVAT (+) PVAT
C
16"
12 months old _53)(165+
107y
¥
3x10

ME,M §

16°
- -8 -7 -7
16%x16%67 3x10

22

=z
Ef,
m|ﬂn

— (=) PVAT (+) PVAT
E
16 monthsold  axd®
10
16°
ME, M
8 7
a0 30 G
1410 § v ~
E
+ * Nl 5 min
— (=) PVAT (+) PVAT

followed by Bonferroni post hoc test. Data are mean and SEM.

FIGURE 1 | Effects of aging on regulation of arterial tone by a1-agonists Methoxamine (ME) and perivascular adipose tissue (PVAT). (A) Original traces showing
al-agonist-induced contractions in (=) PVAT and (+) PVAT mesenteric artery rings isolated from young mice. (B) Concentration-response relationships for ai-
agonist-induced contractions in (=) PVAT (n=10, N=5) or (+) PVAT (n=10, N=4) mesenteric arteries from young animals. (C) Original traces showing aging effects
on al-agonist-induced contractions in (=) PVAT and (+) PVAT mesenteric artery rings isolated from 12-month-old mice. (D) Concentration-response relationships for
al-agonist-induced contractions of (+) PVAT (n=6, N=2) and (-) PVAT (n=9, N=2) artery rings isolated from 12-month-old mice. (E) Original traces showing aging
effects on a1-agonist-induced contractions in (=) PVAT and (+) PVAT mesenteric artery rings isolated from 16-month-old mice. (F) Cumulative concentration-
response relationships to al-agonist in (=) PVAT (=7, N=3) and (+) PVAT (n=9, N=_3) mesenteric arteries in 16-month-old mice. *p <0.05. Two-way ANOVA
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To test whether or not PVAT regulation on the arterial tone is
impaired with aging, we performed a series of experiments using
arteries from young (3months old), 12-, and 16-month-old mice
(Figure 1). Arteries were prepared either with (+) PVAT or without
(=) PVAT. Mesenteric artery rings of young mice displayed strong
anticontractile effects of PVAT, namely, the concentration-response
curve for vasocontractions of (+) PVAT rings by ME was shifted
to the right, compared to (—) PVAT rings (Figures 1A,B). In
contrast, (—) PVAT artery rings from 1-year-old mice displayed
contractions in response to alphal-AR agonist similar to (+) PVAT
rings (Figures 1C,D). To substantiate the results, we performed

similar experiments using artery rings isolated from 16-month-old
mice. Alphal-AR agonist-induced contractions were similar between
(=) PVAT rings and (+) PVAT rings (Figures 1E,F). Together,
the results suggest that the anticontractile effects of PVAT are
impaired in aging.

Ky7 Channel Function in PVAT Is Affected
by Age

Next, we assessed the role of Ky7 channels during aging. K7
channels were activated by flupirtine and retigabine, which are
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considered as potent KCNQ3-5 activators in vascular smooth
muscle (Tsvetkov et al,, 2017). Flupirtine produced concentration-
dependent relaxations; however, the effects were reduced by increased
age. For instance, in arterial rings from 12- and 24-month-old
mice, the effects were clearly age-dependent (Figures 2A,B). The
95% CI for ECs, of young, 12-, and 24-month-old mice rings
were 0.6-0.8pm, 1.8-4.8um, and 12.4-43.3pm, respectively.
Retigabine caused similar effects (Figures 2C,D).

We tested two novel Ky7 channel activators, namely, QO58
and QO58-lysine. QO58 produced concentration-dependent
relaxations. The effects were abolished by 3uM XE991 (pan
Ky7 channel blocker) at low QO58 concentrations (<1pm;
Figures 3A,B). In contrast, XE991 was unable to inhibit
relaxations induced by QO58-lysine (Figures 3C,D). The data
suggest that OQ58 but not QO58-lysine is capable of producing
arterial relaxations through activation of XE991 sensitive KCNQ
channels. Similar to flupirtine and retigabine, aging attenuated
QO58-induced relaxations (Figure 3E). Aged mice mesenteric
arteries displayed normal resting membrane potential
(Supplementary Figures S1A-C). However, 3 pm QO58 caused
hyperpolarization of the membrane potential only in young
mice; this hyperpolarization was reversed by 3pm XE991 in
young (Supplementary Figures S1D,E) but not in old arteries
(Supplementary Figures S1EG). Simultaneously measured

tension confirmed previously obtained results whereas XE991-
induced depolarization led to contraction of young but not
old vessels (Supplementary Figures S1D,F,H; Figures 3A,B).
Thus, our data indicate that KCNQ channel function is impaired
in aging.

Then, we determined whether or not the effects of flupirtine,
retigabine, QO58, and QO58-lysine rely on K* channel activation.
Raising external [K*] to 60 mm would be expected to diminish
the effects of any K* channel opener by substantially reducing
the difference between the potassium equilibrium potential and
membrane potential. In these conditions, contractions are
primarily caused by Ca®* influx through L-type Cay1.2 channels
resistant to K* channel openers (Essin et al., 2007). We found
that flupirtine, retigabine, QO58, and QO58-lysine produced
moderate relaxation only at relatively high (>30pum)
concentrations (Figures 4A-D). Vehicle application produced
no relaxations (Figures 4E,F). Therefore, all four KCNQ channel
activators may have off-target effects either on downstream
targets regulating Ca’* channels or L-type Cayl.2 channels
itself, only at higher concentrations (> 30um).

RNA Sequencing
To examine age-related changes in mRNA expression in
mesenteric arteries and PVAT, we performed targeted and bulk
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FIGURE 2 | Relaxation of (—) PVAT mesenteric artery rings by KCNQ channels activators flupirtine and retigabine. (A) Representative traces showing the relaxation
induced by 0.01-30 um flupirtine in rings isolated from young, 12-months, and 24-month-old mice. Mesenteric arteries were precontracted by 1 um phenylephrine
(PE). (B) Concentration-response relationships for flupirtine-induced relaxation in mesenteric arteries in young (n=12, N=3), 12-month-old (n=10, N=4), and
24-month-old (n=9, N=3) mice. (C) Representative traces showing the relaxation induced by 0.01-30 um retigabine in rings isolated from young, 12-, and
24-month-old mice. (D) Concentration-response relationships for retigabine-induced relaxation in mesenteric arteries in young (n=12, N=3), and 24-month-old
(n=7, N=2) mice. *p<0.05. Two-way ANOVA followed by Tukey post hoc test. Data are mean and SEM.
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RNA sequencing (RNA-seq) utilizing arterial tissue from young
and old mice. Per sample, we obtained 23+2.5 million reads.
~97,5% of all reads were mapped to the reference mouse
genome (ensembl_mus_musculus_grcm38_p6_gca_000001635
_8). The principal component analysis (PCA) demonstrated
tight clustering within each group and transcriptome difference
between groups (Figure 5A). In (—) PVAT mesenteric arteries
isolated from 12-16-, and 24-month-old mice, we were interested
in candidate genes involved in pathways regulating KCNQ
channels. Figure 5B shows the results. The data show that
none of the genes were affected by aging. However, we found
that transcripts of several ion channels were up- or downregulated
in (—) PVAT mesenteric arteries during aging. The results are
shown in Figures 5C-E. Of note, the mRNA expression of

Kcngl,3,4,5 was normal across the different ages. We also
confirmed these results using qPCR (Supplementary Figure S2).
In PVAT from 12-month-old mice, 2,202 transcripts were
upregulated and 1767 were downregulated (Figure 5F). Top 5
down- and upregulated genes are depicted on Figure 5G.

Metabolic and Inflammatory Pathways

Next, we performed Gene Ontology (GO) enrichment analysis
using biological process (BP) terms and KEGG pathways. Our
data show that aged PVAT exhibited upregulated pathways associated
with inflammatory processes (e.g., GO:0002250, GO:0051249, and
GO:0002764; mmu05150, mmu05152, and mmu04060;
Supplementary Table S1). Downregulated were mostly BP and
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FIGURE 4 | KCNQ channel openers effects on KCl-induced contraction in (=) PVAT mesenteric artery rings. (A) Original recordings showing the effects of 0.01-
30pum retigabine, 0.01-30 pm flupirtine on arterial tone of isolated mesenteric artery rings without (—) PVAT. Vessels were precontracted with 60 mM KCI.

(B) Concentration-response relationships for flupirtine- (=6, N=2) and retigabine-induced relaxation (n=7, N=2) in (-) PVAT mesenteric arteries from young wild-
type animals. (C) Original recordings showing the effects of 0.01-30 pm QO58 and 0.01-30 pm QO58-lysine on arterial tone of isolated mesenteric artery rings
without (—) PVAT. (D) Concentration-response relationships for Q058 (n=9, N=_3) and QO58-lysine-induced relaxation (n=8, N=4) in (—) PVAT mesenteric arteries
from young wild-type animals. (E) Original recordings showing the effects of vehicle (DMSO or PSS) on arterial tone of isolated mesenteric artery rings without (—)
PVAT. (F) Concentration-response relationships for DMSO (n=5, N=2) and PSS (n=5, N=2) in (—) PVAT mesenteric arteries from young wild-type animals. *p <0.05.
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pathways related to generation of precursor metabolites and energy
(e.g, GO:0006091, GO:0051186, GO:0006119, mmu00190,
mmu01212, and mmu03320; Supplementary Table S2). In detail,
the downregulated genes include mitochondrial genes associated
with Parkinson (mmu05012) and Huntington (mmu05016), fatty
acid metabolism (mmu01212), biosynthesis of unsaturated fatty
acids (mmu01040), fatty acid elongation (mmu00062), insulin
signaling (mmu04910), and PPAR pathway (mmu03320; Figure 6).

DISCUSSION

We present several novel findings. First, we showed that the
anti-contractile effects of PVAT are impaired in mouse mesenteric

arteries with increased age. Second, we observed altered functional
role of Ky7 (KCNQ) channels during aging. Finally, aging-
related transcriptome changes in mesenteric arteries and PVAT
uncovered possible downstream targets of PVAT signaling
pathway. Altogether, our results provide novel insights into
cardiovascular events associated with aging.

Alterations in PVAT contribute to vascular dysfunction in
obesity, hypertension, and cardiometabolic disease in animal
models and humans (Greenstein et al., 2009; Galvez-Prieto et al.,
2012). We found that the anticontractile effects of PVAT are
diminished in mouse mesenteric arteries with increased age.
In addition, we observed morphological changes of mesenteric
PVAT during aging. PVAT cells from old mice were increased
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FIGURE 5 | Differential gene expression in mesenteric arteries and PVAT from young and old mice. (A) Principal component analysis in samples isolated from
young vs. old animals. (B) Heatmap showing the expression of candidate genes involved in pathways regulating KCNQ channels (N=8 for 12-month-old; N=6 for
16-month-old; N'=3 for 24-month-old; N'=4 for young mice). Data are fragments per kilobase per million mapped fragments. (C) Relative mRNA levels for
Cacna2d3 (N =4 for young; N=8 for 12-month-old; N=6 for 16-month-old; N=3 for 24-month-old mice). (D) Relative mRNA levels for Kcnk2 (N=4 for young; N=8
for 12-month-old; N=6 for 16-month-old; N=3 for 24-month-old mice). (E) Relative mRNA levels for P2rx5 (N=4 for young; N=8 for 12-month-old; N=6 for
16-month-old; N'=3 for 24-month-old mice). (F) Number of differentially expressed genes in PVAT isolated from mesenteric arteries in young and old mice.
(G) Volcano plot displaying statistical significance (adjusted value of p) versus magnitude of change (fold change) for differently expressed genes in PVAT isolated
from 12-month-old (N'=4) vs. young mice (N=4). Top 5 differentially expressed genes are marked. *p<0.05. Wald test. Data are mean and SD. Abbreviations can
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in size (Supplementary Figure S3). In general, hypertrophic
fat cells are considered less metabolically favorable and can
produce inflammatory cytokines (Stenkula and Erlanson-
Albertsson, 2018). Furthermore, Ly6B inflammatory cell
infiltration was higher in old PVAT (Supplementary Figure S4).
Previous study showed that also rat aortic PVAT composition,
namely, decrease of browning, is associated with vascular
dysfunction during aging in spontaneous hypertensive rats (Kong
et al., 2018). We conclude from these data that adipose-vascular
uncoupling undergoes age-dependent changes during life span.
Agabiti-Rosei et al. (2017) also found that the anticontractile
effects of PVAT are abolished in mesenteric arteries from aging
SAMP8 mice, which is a senescence-accelerated prone mouse
model (Agabiti-Rosei et al., 2017). These findings support the
notion that restoring adipose-vascular coupling could be a
promising therapeutic strategy in vascular aging. We further

investigated Ky7 family of K* channels as putative downstream
targets of relaxing factors released by PVAT (Schleifenbaum
et al., 2010; Tsvetkov et al., 2017). Our data show that K,7.3-5
channel opening by flupirtine and retigabine induces relaxation
in mesenteric arteries from young and old mice, making K7.3-5
channels a possible therapeutic target for hypertension treatment
in the elderly. Similar effects were observed for QO58, which
is a novel KCNQ channel activator. In whole-cell patch-clamp
and cell culture experiments, QO58 demonstrates high potency
of opening KCNQ channels (for Ky7.4 ECs,=0.6 pm, for Ky7.3/7.5
ECsy=5.2pm; Zhang et al, 2013). Thus, QO58 might be a
promising tool for translational research in vascular biology.
Although QO58-lysine modification resulted in an improved
bioavailability of the drug (Teng et al., 2016), our results in
whole artery preparations argue against specificity of QO58-
lysine to be capable to open KCNQ channels in intact vascular
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tissue. Nevertheless, our data demonstrate that KCNQ channel
induced relaxations by the three K7 channel openers were
more attenuated in tissue from aged mice. Moreover,
electrophysiological ~data showed that QO58 causes
hyperpolarization of the membrane potential, and this effect is
reversed by XE991 in young mice. In contrast, pharmacological
modulators of Ky7 channels produced no changes of membrane
potential in aged mice implying that Ky7 function is altered
in aging (Figure 2; Supplementary Figure S1). We found that
Kcngl,3,4,5 mRNA expression was unchanged in the arteries
during aging. These RNA-seq findings were confirmed by qPCR
(Supplementary Figure S2). Thus, we concluded that impaired
relaxation caused by KCNQ channels activation is not due to
their changes in mRNA expression.

The RNA-Seq did not reveal additional targets or pathways.
For instance, mRNA gene expressions already known to regulate
KCNQ channel function (Supplementary Table S5) were similar
in aged mice (Figure 5B). Thus, other mechanisms, such as
post-translational modification (PTM) or trafficking, could
be responsible for age-associated KCNQ channel dysfunction.
Noteworthy, PTM is a new immerging paradigm of acquired
channelopathies that can occur in congestive heart failure
(Curran and Mobhler, 2015). Post-translational modification of
ion channels, such as voltage-dependent Na channels, is observed

in chronic pain syndrome (Laedermann et al., 2015). Future
studies are necessary to clarify PTM’s contribution to regulation
of vascular tone in aging.

Nonetheless, RNA-Seq revealed activation of inflammatory
process in old mice in mesenteric arteries. To our knowledge,
this study is the first to firmly establish inflammatory transcriptome
profile during different age using small resistant arteries (diameters:
150-200pm). Our data are also consistent with the idea that
inflammation is one of the key mechanisms causing vascular
damage in mouse-aged aorta (Gao et al, 2020). In addition,
Th17-dependent immune response was activated (Table S1). In
line with our previous findings, Th17 axis plays an important
role in increased blood pressure (Wilck et al., 2017). Importantly,
the anticontractile properties of PVAT can be restored in aging
by melatonin treatment associated with decreased oxidative stress
and inflammatory reaction (Agabiti-Rosei et al, 2017).
Furthermore, anti-inflammatory  therapy targeting the
interleukin-1f innate immunity pathway in patients significantly
decreased rate of recurrent cardiovascular events (Ridker et al.,
2017). The participants were 60years old on average and number
needed to treat was relatively large (~20). Since middle-aged
human (38-47years) equivalents to 1-year-old mouse, one could
argue that anti-inflammatory interventions in human should
be started earlier, in order to achieve better outcome (Flurkey
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et al., 2007). Moreover, in the later phase of aging, remodeling
takes place as shown by upregulated GO:0030198 and extracellular
matrix organization (Supplementary Table S1). Similar results
were found in mouse aorta (Gao et al, 2020), suggesting that
vasculature damage caused by low-grade inflammation is a
common process in aging.

Previous studies identified NAD" precursor nicotinamide
mononucleotide as activator of sirtuin deacylases and as a
tool to reverse vascular aging (Das et al., 2018). By showing
downregulation of pathway associated with energy production
and therefore production of NAD and NAD precursors in
mesenteric arteries of 16-month-old mice (Supplementary
Table S2), our study contributes to the debate about the
importance of NAD-dependent activity of sirtuin deacylases
in aging. Interestingly, PVAT transcriptional profile in our
study resembles visceral fat in insulin resistance patients.
For example, downregulated mitochondrial respiratory and
lipid metabolic pathways were found in obese insulin-resistant
subjects (Soronen et al., 2012). We observed similar pattern
in PVAT genes involved into fatty acid, cholesterol, and
triglyceride metabolism (Fatp2, Elovl6, Srebfl). Db/db gene-
deficient mice exhibited decreased expression of SrebfI, which
was associated with impaired anticontractile effects of PVAT
(Yahagi et al., 2002; Meijer et al., 2013). Similar results
were obtained at the protein level using adipose tissue
proteomic profiling in aged mice (Supplementary Table S6;
Yu et al., 2020). The proper function of these metabolic
pathways might be essential for producing PVATRFs. Although
their nature is still a mystery, several proteins and lipids
released by PVAT have vasodilatory properties. This state-
of-affairs was previously reviewed in detail (Fernandez-Alfonso
et al.,, 2017). Such palmitic acid methyl ester (PAME) has
been proposed as transferable PVATRF in rat aorta (Lee
et al., 2011). However, PAME could contribute to PVAT-
induced relaxations by activating Ky7 channels in rat aorta,
but not in human mesenteric arteries (Wang et al., 2018).
Interestingly, omega 3 epoxide of docosahexaenoic acid
(DHA) can open two-pore domain K+ channels and lower
blood pressure (Nielsen et al., 2013; Ulu et al, 2014).
However, whether it is indeed a PVATRF remains to
be clarified. Similar metabolic pathways may control smooth
muscle cell differentiation through subset of PVAT-derived
stem cells (Gu et al., 2019). Thus, in addition to existing
criteria such as Ca** dependence for PVATRFs, these factors
could represent metabolites of fatty acids biosynthesis.
Consequently, PVATRFs concentration should decrease during
aging. Furthermore, PPAR pathway is compromised through
peroxisome proliferator-activated receptor-y coactivator-1 o
(Ppargcla) and lead to vascular remodeling during aging
via decreased brown adipogenic differentiation in PVAT
isolated from aorta (Pan et al., 2019). Our data indicate
that PPAR pathway is also downregulated in PVAT surrounding
mouse mesenteric arteries. However, the mechanism does
unlikely involve Ppargcla mRNA, since its expression was
similar in aged and young mice (fold change=0.27, padj=0.47).
A functionally distinct vessel type could explain this
difference.

We studied mRNA transcript differences of several ion
channels in aging vessels. Only three transcripts, namely,
upregulated Cacna2d3, Kcnk2 and downregulated P2rx5,
intersected all three data sets (12-, 16-, and 24-month-old
mice). We speculate that these ion channels could represent
novel putative targets of arterial tone regulation. For example,
auxiliary voltage-dependent calcium channel subunits delta
(Cacna2d) contribute to trafficking and proper surface expression
of voltage-gated calcium channels (VGCCs, Cay2; Dolphin,
2012). These channels are responsible for the P/Q current in
and therefore could be of great importance for blood pressure
regulation (Andreasen et al., 2006). Interestingly, Cacna2d3
knock out mice exhibit reduced L-type and N-type currents
in spiral ganglion neurons (Stephani et al., 2019). Thus, although
the vascular phenotype of Cacna2d3-deficient mice is not yet
characterized, Cacna2d3 arises as a novel candidate for increased
blood pressure during aging. Kcnk2 is known as TREK-1
(tandem of P domains in a weak inward-rectifier-related K*)
channel. The channel has been implicated to play an important
role in the brain vasculature (Blondeau et al., 2007). TREK-1
opening characteristics (e.g., activation by PUFAs) elevates the
family as possible new targets for PVATRFs. Of note, TREK-
1-deficient mice display endothelial dysfunction with decreased
relaxation of mesenteric arteries (Garry et al., 2007). However,
the anticontractile effect of PVAT has remained to be studied
in these mice. P2rx5 is a purinoceptor for ATP acting as
ligand-gated ion channel. Vascular smooth muscle cells from
mesenteric arteries express the P2X receptors. Though no
evidence was found for a phenotype corresponding to homomeric
P2X5 receptors or to heteromeric P2X1/5 receptors, the functional
role of these receptors in arteries is still unclear (Lewis and
Evans, 2000). Under inflammatory conditions, osteoclasts of
P2rx5 gene-deficient mice have deficits in inflammasome
activation and osteoclast maturation (Kim et al., 2017). However,
their vascular phenotype has not yet been studied.
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SUPPLEMENTARY MATERIAL
Aging Affects Ky7 Channels and Perivascular Adipose Tissue-Mediated

Vascular Tone
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Figure S1. Aging-effects K7 regulation of membrane potential in mesenteric
arteries

Example of resting membrane potential (upper trace) and contractile force (lower
trace) in young (A) and old (B) mice. (C) Summarized data of resting membrane
potential. Membrane potential (upper trace) and contractile force (lower trace) in
isometric vessel preparation at 3uM methoxamine (ME)-induced tone and after
subsequent application of 3 yM QOS&8 and 3 uM XE991 in young (D, E) and old (F, G)
mice. The microelectrode symbol denotes phases when the microelectrode was
impaled. Summarized data of contractile force (H) in the presence of 3uM ME, 3 pM
ME + 3 pM QO58, and ME + QO58 + 3 pM XE991. (Data are mean and SD. (C):
unpaired t-test n, N=4, for young and old mice; (E,G) *p<0.05. One-way ANOVA test
with post-hoc Dunn's multiple comparison test; n=7, N=7 for young, n=5, N=5 for old
mice, (H) *p<0.05. young ME vs. young ME + QOS58; young ME + QO58 vs young
ME+ QO58 + XE991, young ME + QOS58 vs. old ME + QO58. Two-way ANOVA test
with post-hoc Sidak multiple comparison test. n=7, N=7 for young, n=5, N=5 for old

mice)
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Figure S2.

Mesenteric arteries
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Figure S2. Relative expression of KCNQ 1, 3, 4, 5 channels at mRNA levels in
(-) PVAT mesenteric arteries from young and aged mice normalized to 18s.

(A) Relative mRNA levels for Keng1 (N = 3 for young; N = 7 for 12-months old; N =5
for 16-months old; N = 3 for 24 months old mice).
(B) Relative mRNA levels for Kcng3 (N = 4 for young; N = 8 for 12-months old; N = 5
for 16-months old; N = 3 for 24-months old mice).
(C) Relative mRNA levels for Keng4 (N = 4 for young; N = 8 for 12-months old; N = 5,

for 16-months old; N = 3 for 24-months old mice).
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(D) Relative mRNA levels for KengS (N = 4 for young; N = 8 for 12-months old; N =5
for 16-months old; N = 3 for 24-months old mice). ns, P > 0.05, Kruskal-Wallis one-

way analysis of variance. Data are mean and SD.
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Figure S3.
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Figure §3. Age-associated changes in PVAT. Hematoxylin and eosin stain of PVAT around mesenterial arteries and veins of young
(A and B) and old (C and D) mice. Mean fat cell per perimeter (C) and area (F). Magnification 5x, scale bar=200pum (A and C) and 40x,
scale bar = 20pum (B and D). Data are mean and SD. *p<0.01, two-sided unpaired t-test.
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Figure S4. Ly6B stain (red) of perivascular fat around mesenterial vessels of young (A and B) and old (C and D) mice. Blue
DAPI, green autofluoresence. Mean number of Ly6b positive cells of two sections (E). Magnification 10x, scale bar = 200pm (A and C)
and magnification 40x, scale bar= 50 pm (B and D), ***p<0.001, two-sided unpaired t-test
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Table S1. Top upregulated GO Terms and KEGG Pathways in PVAT isolated
from 12-month old mice

GO Biological Process

id Terms p. value | Adj.p.value
G0:0002250 | adaptive immune response 1.18E-90 | 6.11E-87
G0:0051249 | requlation of lymphocyte activation 1.52E-75 [3.91E-72
G0:0002764 | immune response-regulating signaling pathway 5.80E-75 | 9.98E-72
G0:0002757 | immune response-activating signal transduction | 4.56E-72 | 5.89E-69
G0:0050867 | positive regulation of cell activation 7.06E-71 | 7.30E-68
G0:0098542 | defense response to other organism 9.32E-71 | 8.02E-68
G0:0002253 | activation of immune response 2.83E-70 | 2.09E-67
G0:0002696 | positive regulation of leukocyte activation 4.29E-69 | 2.77E-66
G0:0042113 | B cell activation 1.70E-68 | 9.78E-66
immune response-regulating cell surface
G0:0002768 | receptor signaling pathway 6.12E-67 | 3.16E-64
G0:0051251 | positive regulation of lymphocyte activation 1.54E-66 | 7.21E-64
immune response-activating cell surface receptor
G0:0002429 | signaling pathway 1.36E-64 | 5.85E-62
G0:0050851 | antigen receptor-mediated signaling pathway 5.76E-64 | 2.29E-61
adaptive immune response based on somatic
recombination of immune receptors built from
G0:0002460 | immunoglobulin superfamily domains 1.23E-63 | 4.53E-61
G0:0002443 | leukocyte mediated immunity 2.14E-60 | 7.36E-58
G0:0002449 | lymphocyte mediated immunity 1.72E-58 | 5.56E-56
G0:0050864 | regulation of B cell activation 9.82E-57 | 2.98E-54
G0:0050853 | B cell receptor signaling pathway 6.90E-56 | 1.98E-53
G0:0042110 | T cell activation 1.30E-51 | 3.53E-49
G0:0002250 | adaptive immune response 1.18E-90 | 6.11E-87
KEGG
id Terms p. value | Adj.p.value
mmu04060 Cytokine-cytokine receptor interaction 1.35E-24 | 4.06E-22
mmu05340 Primary immunodeficiency 7.28E-23 | 1.09E-20
mmu04640 Hematopoietic cell lineage 3.45E-22 | 3.45E-20
mmu04672 Intestinal immune network for IgA production 217E-17 | 1.62E-15
mmu04380 Osteoclast differentiation 1.00E-16 | 6.02E-15
mmu04658 Th1 and Th2 cell differentiation 1.48E-16 | 7.42E-15
mmu05321 Inflammatory bowel disease (IBD) 2.26E-16 | 9.47E-15
mmu04064 NF-kappa B signaling pathway 2.52E-16 | 9.47E-15
mmuQ04650 Natural killer cell mediated cytotoxicity 3.40E-16 [1.13E-14
mmu05330 Allograft rejection 1.17E-15 | 3.51E-14
mmuQ04660 T cell receptor signaling pathway 1.47E-15 | 4.02E-14
mmu04514 Cell adhesion molecules (CAMs) 1.82E-15 | 4.56E-14
mmuQ04659 Th17 cell differentiation 2.98E-15 [ 6.89E-14
mmu04662 B cell receptor signaling pathway 3.09E-14 | 6.62E-13
mmu05332 Graft-versus-host disease 4.92E-14 | 9.85E-13
Viral protein interaction with cytokine and
mmu04061 cytokine receptor 6.91E-14 | 1.30E-12
mmu05168 Herpes simplex virus 1 infection 6.48E-13 | 1.14E-11
mmu04940 Type | diabetes mellitus 2.12E-12 | 3.53E-11
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mmu05140

Leishmaniasis

3.59E-12

5.67E-11

mmu04060

Cytokine-cytokine receptor interaction

1.35E-24

4.06E-22

Table S2. Top downregulated GO Terms and KEGG Pathways in PVAT isolated
from 12-month old mice

GO Biological Process

id Terms p. value | Adj.p.value
GO:0006091 | generation of precursor metabolites and energy 7.32E-47 | 3.48E-43
G0:0051186 | cofactor metabolic process 4.73E-41 | 1.12E-37
G0:0022900 | electron transport chain 2.51E-39 | 3.98E-36
G0:0045333 | cellular respiration 9.33E-39 | 1.11E-35
G0:0046034 | ATP metabolic process 1.84E-36 | 1.75E-33
G0:0032787 | monocarboxylic acid metabolic process 7.77E-36 | 6.15E-33
energy derivation by oxidation of organic
G0:0015980 | compounds 9.13E-35 | 6.20E-32
ribonucleoside monophosphate metabolic
G0:0009161 | process 4.17E-34 | 2.48E-31
purine ribenucleoside monophosphate metabolic
GO:0009167 | process 6.48E-34 | 3.42E-31
G0O:0006119 | oxidative phosphorylation 7.45E-34 | 3.54E-31
G0:0009199 | ribonucleoside triphosphate metabolic process 8.44E-34 | 3.65E-31
purine nucleoside monophosphate metabolic
GO:0009126 | process 9.63E-34 | 3.81E-31
purine ribonucleoside triphosphate metabolic
G0:0009205 | process 2.11E-33 | 7.73E-31
G0:0009144 | purine nucleoside triphosphate metabolic process | 3.64E-33 | 1.23E-30
G0:0009123 | nucleoside monophosphate metabolic process 6.08E-33 [ 1.93E-30
G0:0022904 | respiratory electron transport chain 1.38E-32 | 4.11E-30
G0:0009141 | nucleoside triphosphate metabolic process 4.63E-32 | 1.29E-29
G0:0007005 | mitochondrion organization 4.26E-31 | 1.12E-28
GO:0042773 | ATP synthesis coupled electron transport 1.32E-30 | 3.30E-28
mitochondrial ATP synthesis coupled electron
G0:0042775 | transport 2.14E-30 | 5.08E-28
KEGG
id Terms p- value [ Adj.p.value
mmu05012 Parkinson disease 1.23E-41 | 3.79E-39
mmu00190 Oxidative phosphorylation 7.22E-41 |1.11E-38
mmu05016 Huntington disease 3.95E-33 | 3.64E-31
mmu04932 Non-alcoholic fatty liver disease (NAFLD) 4.74E-33 | 3.64E-31
mmu04714 Thermogenesis 1.07E-30 | 6.59E-29
mmuQ01200 Carbon metabolism 9.08E-19 [ 4.64E-17
mmu01212 Fatty acid metabolism 3.19E-18 | 1.40E-16
mmu04723 Retrograde endocannabinoid signaling 8.22E-15 | 3.16E-13
mmu04146 Peroxisome 2.66E-11 | 9.07E-10
mmu00620 Pyruvate metabolism 3.06E-11 | 9.40E-10
mmu03320 PPAR signaling pathway 3.68E-11 | 1.03E-09
mmu00020 Citrate cycle (TCA cycle) 2.73E-10 | 6.99E-09
mmu00280 Valine, leucine and isoleucine degradation 4.99E-10 | 1.18E-08
mmu00010 Glycolysis / Gluconeogenesis 2.95E-09 | 6.34E-08
mmu04260 Cardiac muscle contraction 3.10E-09 |6.34E-08
mmu01040 Biosynthesis of unsaturated fatty acids 7.96E-09 | 1.53E-07
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mmuQ01230 Biosynthesis of amino acids 4.98E-08 | 8.99E-07
mmu00062 Fatty acid elongation 6.78E-08 | 1.16E-06
mmu00640 Propanoate metabolism 3.46E-07 [ 5.58E-06
mmu00300 Terpenoid backbone biosynthesis 5.77E-07 | 8.86E-06

Table S3. Abb!

reviations used in Figure 5

Gene Gene Description
Symbol

Fgfi4 Fibroblast growth factor 14

Kcenetl Potassium voltage-gated channel subfamily E regulatory beta
subunit 5

Kcne2 Potassium voltage-gated channel subfamily E Isk-related subfamily
2

Kcne3 Potassium voltage-gated channel subfamily E member 3

Kcned Potassium voltage-gated channel subfamily E member 4

Nedd4! Neural precursor cell expressed, developmentally down-regulated
4-like, E3 ubiquitin protein ligase

Plch3 phospholipase C, beta 3

Plcb4 phospholipase C, beta 4

Plcd4 phospholipase C, delta 4

Plexd1 PI-PLC X domain-containing protein 1

Plexd2 PI-PLC X domain-containing protein 2

Plcxd3 Phosphatidylinositol-specific phospholipase C, X domain
containing 3

Prkaca protein kinase, cAMP dependent, catalytic, alpha

Sgk1 Serine/threonine-protein kinase Sgki1

Slc5a3 Sodium/myo-inositol cotransporter

Cypiat Cytochrome P450 1A1

Wisp2 WNT1 inducible signaling pathway protein 2

Pon1 Paraoxonase 1

8430408G22 | Protein DEPP1

Apoct Apolipoprotein C-l Truncated apolipoprotein C-I

Csprs Component of Sp100-rs

Gm15433 predicted pseudogene 15433

Cd22 CD22 molecule

Ms4ab Membrane-spanning 4-domains, subfamily A, member 4B

Ms4a1 Membrane-spanning 4-domains, subfamily A, member 1

Table S4. Abbreviations used in Figure 6

Gene Gene Description
Symbol

Adcy10 Adenylate cyclase type 10

Prkaca Protein kinase, cAMP dependent, catalytic, alpha

Ppard Peroxisome proliferator-activated receptor delta

Rxra Retinoid X receptor alpha

Rxrg Retinoic acid receptor RXR-gamma

Ubec Ubiguitin C

Fabpb Fatty acid-binding protein

Plin2 Perilipin-2
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Plins Perilipin-5

Acaala Acetyl-Coenzyme A acyltransferase 1A

Acaalb Acetyl-Coenzyme A acyltransferase 1B

Scp2 Sterol carrier protein 2

Insr Insulin receptor

Irs3 Insulin receptor substrate 3

Pik3ch Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit
beta isoform

Pik3r2 Phosphatidylinositol 3-kinase regulatory subunit beta

Srebf1 Sterol regulatory element-binding protein 1

Eno1 Alpha-enolase

Pril ATP-dependent 6-phosphofructokinase

Acly ATP citrate lyase

Cs Citrate synthase

Aco1 Aconitase 1

Aco2 Aconitase 2

Idh3g Isocitrate dehydrogenase 3 (NAD+), gamma

Sucig1 Succinate-CoA ligase [ADP/GDP-forming] subunit alpha

Sdha Succinate dehydrogenase complex, subunit A

Sdhb Succinate dehydrogenase complex, subunit B

Sdhe Succinate dehydrogenase complex, subunit C

Mdh1 Malate dehydrogenase 1

Mdh2 Malate dehydrogenase 2

Acaca Acetyl-Coenzyme A carboxylase alpha

Fasn Fatty acid synthase

AtpSb ATP synthase subunit beta

Cox4i2 Cytochrome ¢ oxidase subunit 4 isoform 2

Scd1 Acyl-CoA desaturase 1

Scd2 Acyl-CoA desaturase 2

Scd3 Acyl-CoA desaturase 3

Fads2 Fatty acid desaturase 2

Elovi5 Elongation of very long-chain fatty acid protein 5

Elovié Elongation of very long-chain fatty acid protein 6

Table S5. Candidates involved in pathways regulating KCNQ channels

Candidate Effect Reference
FGF14 Positively regulates (1
KCNQ channels
Kene4 Alters Vascular Reactivity | (2)
through modulating
KCNQ channels
PIP, Regulates KCNQ channel | (Zaydman et al., 2013
openings
cAMP/PKA Enhance KCNQ currents | (3)
SGK-1 and Nedd4-2 Modulates KCNQ (4)
channels by SGK-1
regulation of the activity of
the ubiquitin ligase
Nedd4-2
SMIT1 or Slc5a3 Regulates KCNQ channel | (5, 6)
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[ ion selectivity

Table S6. Significantly dysregulated genes in PVAT (RNA-Seq) and in white
adipose tissue (WAT) (proteomics) in aging.

Gene Gene Gene description Expression | Process
Symbol | Symbol
(mRNA, | (proteomic
from s from (7))
current
study)
Abhd14b | Abhd14b Abhydrolase domain 4
containing 14b
Abhd6 Abhd6 Abhydrolase domain 4
containing 6
Acaca Acaca Acetyl-Coenzyme A i
carboxylase alpha
Lipid
Acacb Acacb Acetyl-Coenzyme A 1 Metabolism
carboxylase beta
Echs1 Echs1 Enoyl-CoA hydratase, N
mitochondrial
Fasn Fasn Fatty acid synthase +
Gpd2 Gpd2 Pleckstrin homology $
domain-containing family O
member 1
Acly Acly ATP citrate lyase [
Gls Gls Glutaminase kidney T
isoform, mitochondrial
Hk2 Hk2 Hexokinase-2 4
Mcee Mcee Methylmalonyl-CoA 4
epimerase, mitochondrial
Pdhb Pdhb Pyruvate dehydrogenase 1 Central
E1 component subunit Carbon
beta, mitochondrial
Pgk1 Pgki Phosphoglycerate kinase 1 4
Gpt2 Gpt2 Glutamic pyruvate )
transaminase
Hk3 Hk3 Hexokinase-3 T
Cox5b Cytochrome ¢ oxidase 4
subunit 5B, mitochondrial
Cox6b1 Cox6b1 Cytochrome c oxidase 4
subunit 6B1
Cox6c Cox6c Cytochrome c oxidase 4
subunit 6C
Ndufa3 Ndufa3 NADH dehydrogenase 4
[ubiguinone] 1 alpha
subcomplex subunit 3
Ndufa4 Ndufa4 NADH dehydrogenase 1

[ubiquinone] 1 alpha
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subcomplex subunit 4

Ndufa5

Ndufa5

NADH dehydrogenase
[ubiguinone] 1 alpha
subcomplex subunit 5

Ndufa6

Ndufa6

NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 6

Ndufa7

Ndufa7

NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 7

Ndufa8

Ndufa8

NADH dehydrogenase
[ubiguinone] 1 alpha
subcomplex subunit 8

Ndufa10

Ndufa10

NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 10

Ndufa11

Ndufa11

NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 11

Ndufa12

Ndufa12

NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 12

Ndufb7

Ndufb?7

NADH dehydrogenase
[ubiguinone] 1 beta
subcomplex subunit 7

Ndufb10

Ndufb10

NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 10

Ndufb11

Ndufb11

NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 11

Ndufs2

Ndufs2

NADH dehydrogenase
[ubiguinone] iron-sulfur
protein 2

Ndufs4

Ndufs4

NADH dehydrogenase
[ubiguinone] iron-sulfur
protein 4

NdufsS

NdufsS

NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 5

Ndufs6

Ndufs6

NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 6

Ndufs7

Ndufs7

NADH dehydrogenase
[ubiguinone] iron-sulfur
protein 7

Ndufv1

Ndufv1

NADH dehydrogenase

[ubiquinone] flavoprotein 1

Ndufv2

Ndufv2

NADH dehydrogenase

[ubiquinone] flavoprotein 2

Electron
Transport
Chain
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Uqcerfs1 Ugerfs1 Ubiquinol-cytochrome ¢ J
reductase, Rieske iron-
sulfur polypeptide 1
Casp1 Caspf1 Caspase-1 K
Cdé8 Cd68 Macrosialin T
Mre1 Mre1 Macrophage mannose T
receptor 1 Inflammation
Itgam ltgam T
Integrin alpha-M
Stat2 Stat2 Signal transducer and T
activator of transcription 2
Rnasel Rnasel 2-5A-dependent T
ribonuclease
References:
1. Pablo L, and Pitt GS. FGF14 is a regulator of KCNQ2/3 channels. Proc Natl Acad Sci U

SA114:154-159, 2017.

.} Abbott GW, and Jepps TA. Kcned Deletion Sex-Dependently Alters Vascular
Reactivity. J Vasc Res 53: 138-148, 2016.

3. Mani BK, Robakowski C, Brueggemann LI, Cribbs LL, Tripathi A, Majetschak M, and
Byron KL. Kv7.5 Potassium Channel Subunits Are the Primary Targets for PKA-Dependent
Enhancement of Vascular Smooth Muscle Kv7 Currents. Mol Pharmacol 89: 323-334, 2016.
4, Schuetz F, Kumar S, Poronnik P, and Adams DJ. Regulation of the voltage-gated K(+)
channels KCNQ2/3 and KCNQ3/5 by serum- and glucocorticoid-regulated kinase-1. Am J
Physiol Cell Physiol 295: C73-80, 2008.

5. Manville RW, Neverisky DL, and Abbott GW. SMIT1 Modifies KCNQ Channel
Function and Pharmacology by Physical Interaction with the Pore. Biophys J 113: 613-626,
2017.

6. Barrese V, Stott IB, Baldwin SN, Mondejar-Parreno G, and Greenwood IA. SMIT
(Sodium-Myo-Inositol Transporter) 1 Regulates Arterial Contractility Through the
Modulation of Vascular Kv7 Channels. Arterioscler Thromb Vasc Biol 40: 2468-2480, 2020.
7 Yu Q, Xiao H, Jedrychowski MP, Schweppe DK, Navarrete-Perea J, Knott J, Rogers J,
Chouchani ET, and Gygi SP. Sample multiplexing for targeted pathway proteomics in aging
mice. Proc Natl Acad Sci U S A 117: 9723-9732, 2020.

53




9. Curriculum Vitae

My curriculum vitae does not appear in the electronic version of my paper for reasons
of data protection.

54



My curriculum vitae does not appear in the electronic version of my paper for reasons
of data protection.

55



My curriculum vitae does not appear in the electronic version of my paper for reasons
of data protection.

56



10. Complete list of publications

Original Publishing

Yibin Wang, Fatima Yildiz, Andrey Struve, Mario Kassmann, Lajos Markd, May-Britt Kohler,
Friedrich C. Luft, Maik Gollasch and Dmitry Tsvetkov. Aging affects K,7 channels and
perivascular-adipose tissue-mediated vascular tone. Front. Physiol., 26 November 2021;

12:749709. DOI link: https://doi.org/10.3389/fphys.2021.749709.

Impact Factor(2020/2021):4.566

Abstracts/Poster

Yibin Wang, Fatima Yildiz, Andrey Struve, Mario Kassmann, Lajos Markd, May-Britt Kohler,
Friedrich C. Luft, Maik Gollasch and Dmitry Tsvetkov. Aging affects K,7 channels and
perivascular-adipose tissue-mediated vascular tone, Gesellschaft fiir Mikrozirkulation und

Vaskulare Biologie(Gfmvb) meeting, Goettingen, Nov 3-5, 2021: Poster

57



11. Acknowledgments

At this point, | would like to thank all those who have supported me during the preparation

of this work.

First of all, | would like to thank my supervisor and thesis supervisor Prof. Dr. med. Dr. rer.
nat. Maik Gollasch for hosting me in his lab and providing me the opportunity to do my
projects. | learnt a lot from his immense knowledge, excellent supervision and enthusiasm,
those really inspired me and built the basis for my passion to science that | developed
throughout my studies. He gives me much help and many advices in every stages of my

doctoral studying, which made all of my accomplishments possible.

Furthermore, | would like to express my thanks to Prof. Dr. Friedrich C. Luft for his adives on
my research as well as my paper. And I'd like to thank Dr. Dmitry Tsvetkov for the guidance
in designing the project, and the effort on the electrophysiology and RNA-seq, as well as

establishing the techniques on myograph and membrane potential recordings.

| would like to particularly thank my colleagues | collaborated with and who contributed to
my work: Andrey Struve, Fatima Yildiz, Gang Fan, Lajos Marko, Mario KaBmann, Nadine
Wittstruck, Tong Liu, Weiying Kong, Yinggiu Cui, Yoland Anistan, Zhihuang Zheng (in
alphabetical order). They all inspired me in their own ways to become what one could call a

scientist.
Finally and most importantly, | want to thank my love Yajie Zheng for encouraging me during
the whole time of study. My friends and my family have always been the support for me in

the toughest time.

Importantly, my thanks would go to the China Scholarship Council for financial support

during my research.

58



