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ORIGINAL ARTICLE

Is the Pannexin-1 Channel a Mechanism 
Underlying Hypertension in Humans? a 
Translational Study of Human Hypertension
Lasse Gliemann , Andrea Tamariz-Ellemann , Camilla Collin Hansen , Thomas Svarre Ehlers, Sophie Møller , Ylva Hellsten

BACKGROUND: In preclinical models, the pannexin-1 channel has been shown to be involved in blood pressure regulation through 
an effect on peripheral vascular resistance. Pannexin-1 releases ATP, which can activate constrictive purinergic receptors 
on the smooth muscle cells. Pannexin-1 opening is proposed to be mediated by α-adrenergic receptors to potentiate 
sympathetic constriction. This positions pannexin-1 as a putative pharmacological target in blood pressure regulation in 
humans. The aim was to provide the first translational evidence for a role of pannexin-1 in essential hypertension in humans 
by use of an advanced invasive mechanistic approach.

METHODS: Middle-aged stage-1 hypertensive (n=13; 135.7±6.4 over 83.7±3.7 mm Hg) and normotensive men (n=12; 
117.3±5.7 over 72.2±3.5 mm Hg) were included. Blood pressure and leg vascular resistance were determined during femoral 
arterial infusion of tyramine (α-adrenergic receptor stimulation), sodium nitroprusside, and acetylcholine. Measurements 
were made during control conditions and with pannexin-1 blockade (3000 mg probenecid). Expression of purinergic- and 
α-adrenergic receptors in skeletal muscle biopsies was determined by Western blot.

RESULTS: The changes in leg vascular resistance in response to tyramine (+289% versus +222%), sodium nitroprusside 
(−82% versus −78%) and acetylcholine (−40% versus −44%) infusion were not different between the 2 groups (P>0.05) 
and pannexin-1 blockade did not alter these variables (P>0.05). Expression of pannexin-1 and of purinergic- and α-
adrenergic receptors was not different between the 2 groups (P>0.05).

CONCLUSIONS: Contrary to our hypothesis, the data demonstrate that pannexin-1 does not contribute to the elevated blood 
pressure in essential hypertension, a finding, which also opposes that reported in preclinical models. (Hypertension. 
2022;79:00–00. DOI: 10.1161/HYPERTENSIONAHA.121.18549.) • Supplemental Material

Key Words: acetylcholine ◼ blood pressure ◼ cardiac output ◼ probenecid ◼ tyramine

Essential hypertension is characterized by an elevated 
arterial blood pressure caused by a complex inter-
play between increased total peripheral resistance 

and cardiac output.1,2 Peripheral resistance is largely 
governed at the level of small resistance arterioles where 
smooth muscle cell tone determines arteriole diameter 
and thus resistance.3 Smooth muscle cell tone is a bal-
ance between, on one side constrictive signals including 
adrenergic and purinergic receptor activation and circu-
lating constrictors and on the other side circulating and 
endothelial-derived dilatory compounds such as nitric 

oxide and prostacyclin. Seminal work from preclinical 
models, cell cultures, and isolated vessel preparations 
have suggested a pivotal role of the PANX1 (pan-
nexin-1) channel as a major means for purinergic sig-
naling via release of ATP.4–6 Based on this work it has 
been proposed that noradrenaline released from sympa-
thetic nerve endings induces vasoconstriction via direct 
α-adrenergic-mediated increase in cytosolic calcium 
but, simultaneously, also via an α-adrenergic dependent 
opening of the PANX1 channel. The opening of PANX1 
channels causes a release of ATP, and a consequent 
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paracrine signaling via purinergic receptors, leading to a 
further rise in cytosolic calcium and smooth muscle cell 
constriction.7 In young healthy humans, we have recently 
confirmed the presence of the PANX1 channel in periph-
eral resistance arterioles and provided the first line of 
evidence for a role of the PANX1 channel in regulation 
of peripheral vascular tone in humans.8 However, for the 
PANX1 channel to be a putative therapeutic target in 
blood pressure management,4,9 a pathological mecha-
nistic connection between high blood pressure and 
PANX1 in essential hypertension warrants verification in 
humans. By invasive mechanistic methodology we here 
evaluate the role of PANX1 in stage 1 essential hyper-
tensive patients and normotensive controls. We hypoth-
esized that a change in the PANX1 channel function and 
expression is a mechanism underlying the development 
of essential hypertension in humans.

MATERIALS AND METHODS
See Figure 1 for a description of study design and overview of 
experimental days. The data that support the findings of this 
study are available from the corresponding author upon rea-
sonable request.

Ethical Approval
The study was approved by the Ethics Committee of 
Copenhagen and Frederiksberg communities H-18057185 
and conducted in accordance with latest guidelines of the 
Declaration of Helsinki. Written informed consent was obtained 

from all subjects before enrolment in the study URL: https://
www.clinicaltrials.gov; Unique identifier: NCT03778489.

Subjects
Fourteen sedentary nonmedicated stage-1 hypertensive1 
middle-aged men (BP ≥130 or > 80 mm Hg) and 13 healthy 
normotensive men (BP <120 and <75 mm Hg) were included 
in the study (Table). Exclusion criteria were smoking, prescrip-
tion medication, history or symptoms of other cardiovascular 
disease, renal dysfunction, hypercholesterolemia, and diabetes.

Ambulatory Blood Pressure
After thorough instructions, resting blood pressure was mea-
sured by the subjects at home (Cuff size 22-42 cm, OMRON 
Healthcare, NL). Measurements were made after 20 minutes 
of supine rest, 6 consecutive times on the same arm, every 
morning and evening for three days. The highest and lowest 
values were excluded from the analysis and reported values are 
an average from all other measurements made over the 3 days.

Evaluation of Peripheral Vascular Resistance
Before arriving at the laboratory at 08:00 hours, subjects 
refrained from caffeine, alcohol, and exercise for 24 hours. 
Under local anesthesia (xylocaine, 20 mg mL−1; Astra Zeneca, 
Denmark), catheters (20 Ga; Arrow Int, Reading, PA) were 
placed in the femoral artery and vein of the experimental leg, ≈2 
cm below the inguinal ligament. A muscle biopsy was obtained 
from musculus vastus lateralis under local anesthesia (xylo-
caine, ≈5 mL, 20 mg mL−1; AstraZeneca, Denmark) using the 
percutaneous Bergström needle biopsy technique with suc-
tion.10 The biopsies were immediately frozen in liquid nitrogen 
and stored in −80 °C until further analysis.

Intraarterial and intravenous blood pressure and heart 
rate (beats/min) were measured with pressure transducers 
(Pressure monitoring set; Edwards Lifescience, Irvine, CA) 
and registered with Powerlab and Labchart (ADInstruments, 
NZ). Femoral arterial blood flow (mL min−1) was measured with 
ultrasound doppler (Vivid E9; GE Healthcare) equipped with a 
linear probe operating at an image frequency of 4.0/8.0 MHz 
and a doppler frequency of 4 MHz. All recordings of diam-
eter and velocity were average of 2×16s recordings at rest 
and at steady state and were performed with the lowest pos-
sible insonation angle and always below 60°. The coefficient 

Nonstandard Abbreviations and Acronyms

IP immunoprecipitated
MSNA muscle sympathetic nerve activity
PANX1 pannexin-1
SNP sodium nitropusside
α1-AR α1- adrenergic receptor
α2-AR α2-adrenergic receptor

NOVELTY AND RELEVANCE

What Is New?
The pannexin-1 channels have been extensively inves-
tigated in animal models and isolated vessels and have 
been suggested as a putative mechanism of essential 
hypertension and thus also as therapeutic target. We pro-
vide the first translation evidence for the involvement of 
the pannexin-1 channel in human stage-1 hypertension 
and show that neither expression nor function of the chan-
nel is abnormal in subjects with stage-1 hypertension.

What Is Relevant?
These findings highlight the importance of translational 
studies where hypothesis generated from preclinical 
models are tested in humans.

Clinical/pathophysiological implications?
This study provides important new knowledge to the 
pathology of hypertension by ruling out the abnormal 
pannexin-1 channel function as an important underlying 
mechanism of human hypertension.
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of variation between measurements was ≈5, highest at rest 
and lowest during acetylcholine and sodium nitroprusside 
infusions. Leg vascular resistance (mm Hg mL−1 min−1) was 
calculated as (intraarterial blood pressure−intravenous blood 
pressure)/leg blood flow.

Arterial Infusion Protocol
After 20 minutes of supine rest following the instrumentation, 
each of the following compounds were infused for 2.5 minutes 
and measurements (blood flow, blood pressures, and venous 
blood samples) were obtained after 2 minutes. Each infusion 

Figure 1. Study overview of procedures and measurements.
A, To determine the importance of the PANX1 (pannexin-1) channel in blood pressure regulation in essential hypertension we measured the 
following in a group of normotensive and hypertensive subjects, at baseline and after PANX1 blockade by probenecid: (1) we measured 
intravascular blood pressure in the femoral artery and vein and femoral arterial blood flow by doppler ultrasound to calculate vascular resistance 
during stimulation of vasoconstriction. (2) To induce endogenous release of noradrenaline from sympathetic nerve endings, we infused tyramine. 
(3) We collected venous blood from the experimental leg to determine levels of noradrenalin. (4) We infused a nitric oxide doner, sodium 
nitroprusside, to acutely lower arterial blood pressure to induce sympathetic activity, and thus noradrenaline release, via the baroreceptors 
and to check smooth muscle cell function. (5) Acetylcholine was infused to determine endothelial cell function. (6) A skeletal muscle biopsy 
was collected from the v. lateralis to quantify the expression of PANX1 and adrenergic receptors by Western blot. (7) The sympathetic activity 
was measured by a tungsten needle inserted into the peroneal nerve. B, Timeline of the 2 experimental days. On day one, acetylcholine (Ach), 
sodium nitropusside (SNP), and tyramine (TYR) was infused into the femoral artery before (control condition) and after pannexin-1 blockade by 
probenecid ingestion. On day 2, a tungsten needle was positioned in the peroneal nerve and muscle sympathetic nerve activity (MSNA) was 
measured before and after pannexin-1 blockade. Created with BioRender.com.
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protocol was separated by a 15-minute wash out period with 
the subject resting. Experimental leg mass was calculated 
using data from a DXA scan.

α1- and α2-Adrenergic Receptor Stimulated 
Vasoconstriction
α1- and α2-AR (α1- and α2-adrenergic receptor) stimulated 
vasoconstriction was assessed by femoral intraarterial infu-
sion of tyramine (0.1 µmol min−1 kg leg mass−1, Sigma-Aldrich, 
Søborg, Denmark).

Acute Reduction in Blood Pressure and Smooth 
Muscle Cell Function
Increased sympathetic activity was induced by femoral intraar-
terial infusion of sodium nitroprusside (SNP, nitric oxide donor, 
3 µg min−1 kg leg mass−1, Meda, Ballerup, Denmark) to acutely 
reduce blood pressure and induce baroreceptor activity. The 
SNP infusion also allows for evaluation of the degree of vaso-
dilator response to nitric oxide.

Endothelial Cell Function
Endothelial cell function was assessed by femoral intraarterial 
infusion of acetylcholine (10 and 50 µg min−1 kg leg mass−1, 
Miochol-E, Bausch & Lomb Inc., Berlin, Germany).

Pannexin-1 Blockade
The role of the PANX1 channel was then assessed by pharma-
cological inhibition of the channel by oral ingestion of proben-
ecid (3000 mg, Meda, Denmark). 2.5 hours after ingestion, the 
infusions of tyramine, acetylcholine, and SNP were replicated.

Plasma Noradrenaline
Venous blood samples for collection of plasma drawn in 4 
mL EDTA tubes on experimental day, and immediately cen-
trifuged at 4 °C, 4000g for 5 minutes, and plasma was then 
stored at −80 °C for later analysis. Venous plasma concentra-
tions of noradrenaline were determined with an immunoassay 
(Noradrenaline ELISA Fast Track, LDN, Nordhorn, Germany and 
515211; Cayman Chemicals, MI) according to the manufactur-
er’s protocol. Coefficient of variation for plasma noradrenaline 
measured with this ELISA kit is ≈9 in our hands.

Muscle Sympathetic Nerve Activity
On a second experimental day, muscle sympathetic nerve 
activity was measured ad modum at rest before and after 
probenecid treatment to ensure that probenecid did not influ-
ence sympathetic activity. Measurements were made with an 
isolated tungsten needle inserted into the peroneal nerve, 
posterior to the fibular head.11,12 The accessibility of the pero-
neal nerve was assessed by external stimulation (0–10 mA, 

Table. Baseline Characteristic of Included Subjects and Hemodynamics in Control and Probenecid Condition

Anthropometrics Normotensive (n=13) Hypertensive (n=14)

Age, y 54.5±5.5 60.1±3.5*

Systolic blood pressure, mm Hg 117.3±5.7 135.7±6.2*

Diastolic blood pressure, mm Hg 72.2±3.5 83.7±3.7*

Weight, kg 85.5±8.7 88.4±9.6

Body mass index, kg·m2 26.6±2.3 26.8±1.8

Body fat, % 28.2±6.3 31.4±3.9

Visceral fat, g 1507.4±738 1748.4±682

Experimental leg mass, kg 13.42±1.7 13.70±1.9

Blood variables

 Hemoglobin, mmol·L−1 9.3±0.6 9.3±0.6

 Total cholesterol, mmol·L−1 5.4±1 5.8±1

 HDL, mmol·L−1 1.3±0.3 1.4±0.3

 LDL, mmol·L−1 3.6±0.9 4.1±1.1

 Triglycerides, mmol·L−1 2.6±3 1.8±0.7

 HbA1c; IFCC, mmol·mol−1 35.3±2.9 35.8±3.2

Hemodynamics CON PROB CON PROB

Systolic blood pressure, mm Hg 125.9±19.2 125.0±14.2 145.2±12.0* 143.5±7.1*

Diastolic blood pressure, mm Hg 64.3±6.8 62.2±6.3 72.5±5.4* 68.8±4.9*†

Mean intraarterial pressure, mm Hg 85.7±9.4 84.0±7.4 98.1±5.9* 94.4±5.1*†

Venous blood pressure, mm Hg 3.5±1.3 3.6±1.2 4.0±1.1 3.9±1.0

Heart rate, bmp 63.5±9.0 62.6±8.7 60.5±6.2 62.4±6.6*

Leg vascular resistance, mm Hg·mL−1·min−1·kg leg mass −1 0.34±0.18 0.38±0.40 0.46±0.18* 0.36±0.20

Femoral arterial blood flow, mL·min−1 ·kg leg mass −1 298.8±162.9 291.2±123.6 231.8±84.4 319.3±162.9†

Venous plasma noradrenaline, nmol·L−1 1.7±0.8 2.3±2.6 1.4±0.6 2.6±2.3

Data are presented as mean±SD. HDL indicates high-density lipoprotein; and LDL, low-density lipoprotein.
*Different (P<0.05) from NORM.
†Different (P<0.05) from CON.
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1 Hz, and pulse 0.2 ms) with an isolated stimulator (stimulus 
isolator, ADInstruments). Upon assessing nerve accessibility, 
an isolated tungsten electrode (FHC, Bowdoin, ME, United 
States) was inserted into the peroneal nerve posterior to the 
fibular head. An uninsulated reference electrode was inserted 
subcutaneously in close proximity (<5 cm). Internal stimula-
tion (0.01–0.1 mA) through the tungsten electrode was con-
ducted to place the electrode within a muscle fascicle. Direct 
recordings of multi-unit efferent postganglionic muscle sym-
pathetic nerve activity (MSNA) were then obtained. The raw 
MSNA signal was amplified (gain 20 000) and filtered (0.3–5 
kHz). The MSNA signal was hereafter integrated (absolute 
integral, time constant decay 0.1 s) to improve the visualiza-
tion of bursts. The bursts were validated by pulse synchron-
icity, by responsiveness to arousal stimulus (no increase), 
and by responsiveness to inspiratory apnea (increase).13 The 
MSNA signal was recorded (10 kHz data points; Powerlab 
8/16, Labchart 8 software, ADinstruments, Sydney, Australia) 
and stored for later analysis. Resting measurements were 
recorded over a 5-minute period preceded by at least 30 
minutes of rest in the supine position. The needle was main-
tained in the same position throughout the experiment and 
the leg was immobilized by a modified emergency air splint. 
Only nerve recordings with a stable microelectrode position, 
and stable baseline, were included in analysis.

Western Blot
Frozen muscle biopsies were freeze-dried and dissected free 
from connective tissue, fat and blood. Five milligrams dry 
weight of biopsy was then homogenized in a lysis buffer (10% 
glycerol, 20 mmol/L sodium-pyrophosphate, 150 mmol/L 
NaCl, 50 mmol/L Hepes, 1% Nonidet P-40, 20 mmol/L 
β-glycerophosphate and proteolytic inhibitors) 2× for 30 s 
(Qiagen Tissuelyser II; Retsch, Haan, Germany). After rotation 
end-over-end for 1 hour a 4 °C, the samples were centrifuged 
at 4 °C for 30 minutes at 17 500g and the lysates was collected 
as the supernatant. To determine protein concentration in the 
lysates, BSA standards was used (Pierce Reagents, Rockford, 
IL), after which the lysates were diluted in correct protein con-
centrations in a sample buffer (0.5 M Tris-base, dithiothreitol, 
SDS, glycerol and bromophenol blue). The samples were then 
loaded in duplicates on precasted 4% to 15% Tris-HCL gels 
(Bio-Rad, Hercules, CA), with each sample consisting of the 
same amount of total protein. For comparisons, samples from 
the same subject was always loaded on the same gel and every 
condition within the study was present on every gel.

After gel electrophoresis the proteins were transferred 
(semidry) to a polyvinylidene difluoride membrane (Immobilon 
Transfer Membrane; Millipore, Billerica, MA) and was then 
blocked in Tris-buffered saline-Tween with either 3% BSA or 
5% Fish gelatin, after which the membranes were incubated 
with primary antibody overnight and then washed 3× for 10 
minutes in Tris-buffered saline-Tween before incubation with 
secondary antibody (goat anti-rabbit, goat anti-mouse or goat 
anti-goat HRP-conjugated antibodies 1:3000 (111-035-045, 
115-035-062 and 135-035-062, Jackson Immunoresearch, 
United Kingdom) for 1 hour. The primary antibodies used 
were anti-PANX1 1:800 (124969, Abcam), anti-α

1AR 1:2500 
(166925, Abcam), anti-P2X1 1:2000 (ACC-001, Alomone), 
anti-P2Y2 (APR-010; Alomone).

The protein content of each protein was detected and 
quantified with Imagelab (ChemiDoc MP system; Bio-Rad) 
and are expressed in arbitrary units relative to the total 
amount of protein.

Co-Immunoprecipitation
To explore a possible structural connection between α1AR and 
PANX1, both proteins were immunoprecipitated (IP) from 200 
µg of protein from human muscle lysate using specific antibod-
ies and agarose-coupled G-protein beads overnight at 4 °C in 
lysis-buffer (10% glycerol, 20 mmol/L sodium-pyrophosphate, 
150 mmol/L NaCl, 50 mmol/L Hepes, 1% Nonidet P-40, 
20 mmol/L β-glycerophosphate, and proteolytic inhibitors). 
Samples of the IP, the post-IP lysate, and the pre-IP lysate 
were prepared with sample buffer (0.5 mol/L Tris-base, dithio-
threitol, SDS, glycerol and bromophenol blue) and boiled for 
5 minutes at 96 °C and analyzed by SDS-PAGE and Western 
blotting using antibodies for α1AR (ab192614) and PANX1 
(ab124969) with the same protocol as described above. The 
precipitation efficiency and the degree of co-immunoprecipita-
tion were evaluated by comparing the signal in the pre- to that 
of the post-IP, together with a control IP with control normal 
rabbit IgG primary antibody (sc-2027).

Statistical Analysis
Trial population size was based on a priori power calcula-
tion for detecting a difference of 10% in vascular resistance. 
Significance for all tests were set at P<0.05 at a power level of 
0.8. Data are reported as the mean with individual values.

Statistical analyses were performed with R version 3.6.1 (R 
Foundation for statistical computing, Boston), through the inter-
face Rstudio. All data was checked for normal distribution and 
homogeneity of covariance, through residual and Q-Q plots. A 
linear mixed model was used to investigate differences within 
and between groups. Fixed factors were group, treatment (con-
trol or probenecid) and infusion rate, subjects were specified 
as repeated factor. Post hoc procedure was used to detect all 
pairwise differences, performed with multi comparison, and 
Bonferroni adjusted P values are reported.

RESULTS
Blood Pressure, Body Composition, and Blood 
Variables
Stage 1 hypertension was confirmed in the hyperten-
sive group (135.7±6.2 over 83.7±3.7 mm Hg) and 
hypertensive had a higher systolic and diastolic blood 
pressure compared with normotensive (117.3±5.7 over 
72.2±3.5 mm Hg, P<0.001). Body composition, HbA1c, 
and blood lipid profile was not different between the 2 
groups (Table, P>0.05).

Bioavailability of Probenecid
First, we wanted to confirm the concentration and 
peak plasma level of probenecid when given orally. In 
3 subjects, a blood sample was collected before 3000 
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mg probenecid ingestion and every 30 minutes for 4 
hours hereafter. Plasma probenecid was measured by 
HPLC. After ≈2 hours, plasma probenecid concentra-
tions reached a plateau and remained constant until 4 
hours. This is in line with pharmacokinetic studies of oral 
probenecid.14,15 Based on this, vascular resistance was 
assessed before (control) and 2 hours after probenecid 
ingestion (PANX1 blockade).

Intraarterial Blood Pressure
To provide the most precise and sensitive measure of 
blood pressure, we measured intraarterial blood pressure 
in the common femoral artery. Arterial blood pressure 
was 12.4 mm Hg higher in hypertensive compared with 
normotensive (P<0.001). However, we also found that 
blood pressure was not reduced 2 hours after PANX1 
blockade in normotensive or hypertensive (P>0.05, 
Table) as opposed to what previously has been observed 
in animals after PANX1 knockout.7 Leg vascular resis-
tance was 25.4% higher in hypertensive compared with 
normotensive (P=0.009), but vascular resistance was 
not changed by PANX1 blockade (P>0.05, Table), indi-
cating that PANX1 is not a mechanism of the higher vas-
cular resistance in hypertensive.

Tyramine Infusion and Noradrenaline Release
To then test if PANX1 contributed to the higher vascular 
resistance and blood pressure in hypertensive, release 
of noradrenaline from sympathetic nerve endings was 
induced by intraarterial tyramine infusion. Tyramine is a 
sympathomimetic that releases noradrenaline from sym-
pathetic nerve endings and markedly elevates axoplas-
mic noradrenaline levels.16 Moreover, we reasoned that 
if PANX1 was an underlying mechanism of high blood 
pressure in hypertensive, blocking the PANX1 chan-
nels during sympathetic stimulation by tyramine, would 
result in a different response in hypertensive compared 
with normotensive. We found that leg vascular resis-
tance was increased to the same extent in normotensive 
and hypertensive upon tyramine induced noradrenaline 
release (P<0.01, Figure 2A), indicating similar nor-
adrenaline responsiveness in normotensive and hyper-
tensive. However, we did not detect any difference in 
the changes in vascular resistance during tyramine 
infusion between normotensive and hypertensive after 
PANX1 blockade (P=0.69, Figure 2B). This suggest 
that elevated PANX1-mediated vasoconstriction is not 
an underlying mechanism of elevated blood pressure 
in hypertensive. That is, a given vasoconstrictive signal 

Figure 2. Leg vascular resistance and plasma noradrenaline in response to tyramine infusion and probenecid.
A, Leg vascular resistance in normotensive (open circles, n=13) and essential hypertensive (closed triangles, n=14) subjects, at baseline 
and during tyramine infusion, before and after PANX1 (pannexin-1) blockade by 3.000 mg oral probenecid. B, Changes in basal and tyramine 
induced leg vascular resistance by probenecid. C, Noradrenaline levels in plasma from the femoral vein at baseline and during tyramine 
infusion, before and after PANX1 blockade. D, Changes in basal and tyramine induced plasma noradrenaline by probenecid. # overall effect of 
probenecid, that is, different from the control situation, $ overall effect of tyramine, that is, different from baseline. There is no between group 
effect in any condition. Statistical analysis by linear mixed models followed by Bonferroni post hoc test. Data are presented as mean with 
individual values.
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leads to the same increase in vascular resistance in nor-
motensive and hypertensive and blocking PANX1, and 
therefore, does not reveal any higher PANX1 dependent 
vasoconstriction in hypertensive compared with normo-
tensive. To control for the possibility of different nor-
adrenaline release in normotensive versus hypertensive 
to the same infusion dose of tyramine, we measured 
noradrenaline concentrations in venous blood draining 
the vasculature to which tyramine was infused. Venous 
plasma noradrenaline levels was not different between 
normotensive and hypertensive in baseline (P=0.28), 
during tyramine infusion (P=0.48, Figure 2C) or when 
treated with probenecid (P=0.29, Figure 2D).

Baroreceptor Induced Sympathetic Activity
Blood pressure is governed by the baroreceptors located 
in the internal a. carotids and coronary arch where a 
sudden drop in blood pressure will result an increase in 
sympathetic output via the cardiovascular control center 
in medulla oblongata.17 This feedback mechanism keeps 
blood pressure at a given set point. We used this physi-
ological mechanism, by stimulating the baroreceptors to 
increase endogenous sympathetic output, noradrenaline 

release and thus peripheral resistance, by infusing 
sodium nitroprusside to acutely lower mean arterial blood 
pressure by ≈10% (P<0.01, normotensive: −8.8±2.3 
mm Hg, hypertensive: −10.2±2.4 mm Hg, Figure 3A and 
3B). The reasoning is that if PANX1 is involved in blood 
pressure regulation, a greater blood pressure reduction 
will occur in response to SNP after PANX1 blockade. 
Moreover, if the importance of PANX1 for blood pres-
sure regulation is more pronounced in hypertensive, an 
exaggerated response would be expected after PANX1 
blockade in hypertensive compared with normotensive. 
However, PANX1 blockade had no effect on the magni-
tude of blood pressure reduction with SNP infusion and 
there were no differences in the effect between normo-
tensive and hypertensive (P>0.05, Figure 3C and 3D). 
Again, this indicates that the importance of PANX1 in 
blood pressure regulation is not abnormally high in stage 
1 essential hypertension.

Smooth Muscle Cell Response to Nitric Oxide
The vascular tone, or state of constriction, is determined 
by a balance between vasodilator and vasoconstrictor 
signals to the smooth muscle.18 Some, but not all studies, 

Figure 3. Reduction in arterial blood pressure induced by nitric oxide donor infusion (sodium nitroprusside [SNP]) in 
normotensive (NORM; n=13) and hypertensive (n=14) subjects.
A, Representative reduction in arterial blood pressure (upper) and mean arterial blood pressure (lower) in response to SNP infusion. The 
infusion is started at time 39:20. B, Mean arterial blood pressure in NORM (open circles) and essential hypertensive (closed triangles) 
subjects, at baseline and during SNP infusion, before and after PANX1 (pannexin-1) blockade by 3000 mg oral probenecid. C, Changes 
in mean arterial blood pressure induced by SNP infusion before and after probenecid ingestion. D, The effect of probenecid ingestion on 
mean arterial pressure in basal and SNP condition. E, Leg vascular resistance at rest and during arterial SNP infusion. F, Leg vascular 
resistance during rest at acetylcholine (Ach) infusion. Data are presented as mean with individual values. * different from NORM, $ overall 
effect of infusion, $$ different from low Ach infusion dose. There is no effect of probenecid and no group×probenecid interaction, that is, 
although MAP is higher in the hypertensive group and SNP infusion lowers blood pressure, the effect is not different in the 2 groups and 
probenecid has no effect on this. Statistical analysis by linear mixed models followed by Bonferroni post hoc test. Data are presented as 
mean with individual values.
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have indicated that essential hypertension may be related 
to a change in smooth muscle cell function.19–21 We also 
evaluated if the sensitivity of the smooth muscle cells 
to the physiological vasodilator, nitric oxide, was differ-
ent between normotensive and hypertensive. This was 
achieved by measurements of leg vascular resistance 
during arterial infusion of the nitric oxide donor, sodium 
nitroprusside. By this, we confirmed that the vasodila-
tor response to nitric oxide was not different between 
the normotensive and stage 1 hypertensive participants 
(P=0.58, Figure 3E).

Endothelial Cell Function
To test if the endothelial-derived vasodilator capacity was 
different between the normotensive and hypertensive 
group, we infused acetylcholine, which activates musca-
rinic receptors on vascular endothelial cells to stimulate 
production and release of nitric oxide and prostacyclin. 
While leg vascular resistance was reduced by acetylcho-
line infusion, the reduction was not different between 
the normotensive and stage 1 hypertensive participants 
(P>0.05, Figure 3F).

Control of Sympathetic Nerve Activity
Since sympathetic control of vascular smooth muscle cell 
tonus is a major regulator of blood pressure,22 it was impor-
tant to ascertain that the endogenous sympathetic drive 
was not different between normotensive and hyperten-
sive. We, therefore, measured muscle sympathetic nerve 
activity in the resting condition (Figure 4A). As presented 
in Figure 4B and 4C, sympathetic burst frequency and 
incidents were not different between normotensive and 

hypertensive (P=0.61). As a final check, we confirmed 
that PANX1 blockade by probenecid did not induce any 
direct effect on endogenous sympathetic outflow in nor-
motensive or hypertensive (P=0.49).

Protein Quantitation and Co-
Immunoprecipitation
Based on the link between vascular resistance, blood 
pressure regulation and PANX1 previously demon-
strated in animals,6 we predicted that the expression of 
PANX1 or the PANX-1-adr1-P2X axis would be higher 
in hypertensive compared to normotensive. We quan-
tified the expression of these proteins from skeletal 
muscle biopsy samples, by use of Western blot. How-
ever, we found that the expressions of PANX1, adr1 
and P2X1 and P2Y2 were not different between nor-
motensive and hypertensive (P=0.84, 0.73, 0.63, and 
0.32; Figure 5A through 5E). In addition, a structural 
link between PANX1 and adr1 has been established in 
preclinical models.6 Based on this, we explored if there 
was a structural connection between PANX1 and adr1 
in the 2 study groups. However, in our human samples, 
we were not able to confirm any structural connection 
by co-immunoprecipitation of PANX1 and adr1 in either 
normotensive or hypertensive.

These observations confirm that all critical signals for 
vascular resistance, from sympathetic activity, over nor-
adrenaline release and the following vascular response 
is not different in normotensive and hypertensive. Fur-
thermore, by blocking PANX1 during all these tests, it 
appears unlikely that PANX1 is an underlying mecha-
nism of higher vascular resistance and blood pressure in 
hypertensive compared to normotensive.

Figure 4. Sympathetic nerve activity in normotensive (n=13) and hypertensive (n=14) subjects with and without PANX1 
(pannexin-1) blockade.
A, Representative muscle sympathetic nerve activity (MSNA) signal; raw signal (upper), corresponding brachial arterial pressure (middle), and 
filtered signal (lower). Each high top represents a sympathetic burst. B, Burst incidents (burst per 100 heart beats) and (C) burst frequency 
(burst per minutes) in normotensive and hypertensive subjects before and after PANX1 blockade by 3000 mg oral probenecid. There is no 
effect of probenecid and there is no group×probenecid interaction, that is, MSNA is not different between normotensive and hypertensive 
subjects and probenecid does not affect MSNA. Statistical analysis by linear mixed models followed by Bonferroni post hoc test. Data are 
presented as mean with individual values.
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DISCUSSION
Here we show that the pathology of stage-1 hypertension 
in humans is not related to an exaggerated PANX1-medi-
ated peripheral vascular resistance. This is evident from the 
findings that PANX1 channel blockade did not result in a 
different response in blood pressure, change in leg vascular 
resistance with either tyramine or acetylcholine or smooth 
muscle cell sensitivity in normotensive versus stage 1 hyper-
tensive individuals. Moreover, we also reject our hypothesis 
that the PANX1-adrenergic-purinergic receptors are dif-
ferently expressed in the vascular tissue of hypertensive 
patients compared with normotensive individuals.

Collectively, these observations were somewhat unex-
pected and have important implications for how the 

preclinical findings are interpreted. Several animal and 
in vitro studies have suggested a pivotal role of PANX1 
channels in regulation of vascular tone,6,7 and we have 
also recently provided evidence for an apparent involve-
ment of PANX1 in regulation of vascular function in 
young healthy men.8 Based on this evidence, the hypoth-
esis that PANX1 channels could constitute a mechanism 
underlying the development of essential hypertension 
emerged.5 Support for this proposition was provided 
by a study using an inducible PANX-1 channel knock-
out model7 and a recent study showing that the PANX1 
channel blocker spironolactone inhibited α-adrenergic 
vasoconstriction in arterioles isolated from both animals 
and hypertensive humans.4 The present translational 
study, which is the first to evaluate PANX1 channels role 

Figure 5. Protein expression of PANX1 (pannexin-1) and related receptors in muscle biopsy from the experimental leg in 
normotensive (NORM; n=13) and hypertensive (HYP; n=14) subjects.
Protein expression of (A) PANX1, (B) alpha 1 adrenergic receptors, (C) purinergic receptor P2X1, and (D) P2Y2. E, representative blots from 
one NORM and one HYP subject. The blots in the red boxes on PANX1 and a1AR are from a different condition not related to this article and 
are only included here to present the membrane without cutting it. The TGX stain-free gel is presented on the left side, used for loading control. 
Statistical analysis by linear mixed models followed by Bonferroni post hoc test. Data are presented as mean with individual values.
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in essential hypertension in humans, provides both func-
tional and descriptive data, to reject a central role of the 
PANX1 channel in the elevated blood pressure in stage 
1 hypertension.

When comparing results from the preclinical and 
the in vitro models that have previously examined the 
importance of PANX1 channels in arteriolar constric-
tion with the current study, it is important to consider 
that we stimulate endogenous presence of noradrena-
line, directly by tyramine infusion and indirectly by baro-
receptor activation, whereas studies of isolated vessels 
often uses incubation with phenylephrine to mimic 
physiological vasoconstriction.4 Phenylephrine is a selec-
tive α1-receptor agonist whereas noradrenaline stimu-
lates α1 and α2, and to some extent also β1 and β2, and 
their respective impact on vascular resistance varies.23 
However, we argue that by the use of tyramine, which 
reverses the catecholamine uptake transporter in sym-
pathetic nerves, causing noradrenaline to leak from the 
sympathetic nerve endings, we are likely to reveal actual 
physiological mechanisms of human hypertension. More-
over, stimulating α1 and α2 by endogenous noradrena-
line release should, in theory, yield a similar or greater 
response compared with selective α1 stimulation by 
phenylephrine. Therefore, we expected that the effects 
of PANX1 channel blockade during adrenergic stimula-
tion would be detectable in humans. Our data also high-
light the caution that should be taken when translating 
findings from isolated vessels from animals or arterioles 
from human abdominal adipose tissue into conclusions 
regarding an intact integrative human system.

The present study investigated the role of PANX1 
channels in stage-1 hypertensive subjects who recently 
had been diagnosed and were not receiving anti-hyper-
tensive treatment. The choice of including recently onset 
mild hypertension was to assess the potential role of 
PANX1 channels in the development of hypertension 
and to minimize a potential secondary effect of hyperten-
sion on PANX1 channels. An advantage of nontreated 
early-stage hypertension is that it also excludes the pos-
sible interference from medication. It can, however, not 
be excluded that a more severe degree of hypertension 
could have affected the results regarding the PANX1 
channels, however, in comparing PANX1 channel expres-
sion in the current study with expression in subjects 
with stage-2 hypertension (≈180/100 mm Hg, systolic/
diastolic blood pressure, respectively) from a separate 
study,24 the PANX1 channel expression was found to be 
similar. Future studies should examine a potential func-
tional difference.

Previous studies have reported higher resting levels of 
MSNA in individuals with essential hypertension25,26 and 
enhanced MSNA has been linked to the cause of hyper-
tension. However, the present finding of no difference 
between the normotensive and hypertensive groups 
contrasts these reports. Although this discrepancy may 

be due to the choice of participants with mild hyper-
tension, a recent observation from our laboratory also 
showed no difference in resting MSNA between stage-2 
hypertensive individuals and normotensive individuals.11 
Moreover, hypertensive individuals have been reported 
to have higher vascular reactivity to sympathetic stimuli 
compared with normotensive individuals.27 This finding 
was not supported by the findings in the present study 
but in this case the degree of hypertension could have 
influenced the results; higher vascular reactivity in more 
severe hypertension may be a result of the high blood 
pressure levels, rather than a cause.

We included an assessment of the leg vascular 
response to femoral arterial infusion of acetylcholine 
and to the nitric oxide donor SNP as an indicator of vas-
cular status of the normotensive and the hypertensive 
groups and to determine whether probenecid had an 
effect on endothelial and smooth muscle cell vasodila-
tor responses. In contrast to previous studies compar-
ing responses in normotensive and stage-2 hypertensive 
men,28,29 the vasodilator response to acetylcholine was 
similar between the groups, most likely due to the 
hypertensive group being only mildly hypertensive. The 
response to SNP was also similar between the groups, 
although this was somewhat more expected as an unal-
tered smooth muscle cell responsiveness to nitric oxide 
is a common finding in cardiovascular disease.28,30,31 
Probenecid did not influence the vasodilator responses 
to acetylcholine or SNP suggesting that the findings 
related to PANX1 were not masked by an effect of the 
drug on vasodilator responsiveness.

Limitations
To block PANX1 we used probenecid, a well-established 
PANX1 inhibitor in a dose that we have previously shown 
to be effective in humans8 and animals.9 Another PANX1 
inhibitor, spironolactone, has been used in preclinical 
models but in humans we have not been able to detect 
an effect by this inhibitor.8 While the effect of probenecid 
has been documented several times, its specificity has 
also been questioned.32 We cannot exclude the possibil-
ity that a yet unknown, more specific PANX1 inhibitor 
for human use, could affect the outcome of our study 
but given the effects on vascular resistance observed in 
both here and previously, we are confident that PANX1 
was blocked. Moreover, PANX1 is expressed in various 
cells throughout the body and by using oral Probenecid 
administration we have affected all these systems.

This study was conducted in males only and since males 
and females have been shown to present distinct differ-
ences in blood pressure regulation, translation to females 
should be made with caution. The sympathetic activity, 
expression, and sensitivity of adrenergic receptors and 
pressor response to sympathetic activity varies between 
males and females.33–35 In females, these parameters also 
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vary across the menstrual cycle.36–40 Future studies should 
include both sexes in a balanced design, powered to also 
determine the role of sex on the PANX1 system.

Conclusions
We conclude that while the PANX1 channels are involved 
in regulation of peripheral vascular resistance and blood 
pressure, neither structural nor functional changes of the 
PANX1 channels are found in human stage 1 hypertension.

Perspectives
The aim of this study was originally to confirm the pre-
clinical findings of alterations in the PANX1 channel 
function of arterioles in a model of human hypertension. 
To this end, our observations highlight the necessity of 
prioritizing translational studies that test the hypothesis 
generated from animal models, isolated systems, or cell 
cultures, to allow for rejection or acceptation of the null 
hypothesis in humans. The present findings point toward 
future studies of effectors of peripheral vascular resis-
tance, downstream to the sympathetic nerve ending and 
the adrenergic receptors within the smooth muscle cell. 
Such effectors could provide the interaction between the 
adrenergic receptors and the release of calcium from the 
smooth muscle cell sarcoplasmic reticulum or the bal-
ance between vasoconstrictor and dilator signals from 
the adjacent vascular endothelial cells.
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