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Endothelial cell dysfunction and fibrosis are associated with worsening of the prognosis in patients with cardiovascular disease. Pirfenidone has a direct antifibrotic effect, but vasodilatation may also contribute to the effects of pirfenidone. Therefore, in a first study we investigated the mechanisms involved in the relaxant effect of pirfenidone in rat intrapulmonary arteries and coronary arteries from normal mice. Then in a second study, we investigated whether pirfenidone restores endothelial function in the aorta and mesenteric arteries from diabetic animals. From 16–18-week old normal male C57BL/6 mice and normoglycemic (db/db+), and type 2 diabetic (db/db) male and female mice, arteries were mounted in microvascular isometric myographs for functional studies, and immunoblotting was performed. In rat pulmonary arteries and mouse coronary arteries, pirfenidone induced relaxations, which were inhibited in preparations without endothelium. In mouse coronary arteries, pirfenidone relaxation was inhibited in the presence of a nitric oxide (NO) synthase inhibitor, NG-nitro-l-arginine (L-NOARG), a blocker of large-conductance calcium-activated potassium channels (BKCa), iberiotoxin, and a blocker of KV7 channels, XE991. Patch clamp studies in vascular smooth muscle revealed pirfenidone increased iberiotoxin-sensitive current. In the aorta and mesenteric small arteries from diabetic db/db mice relaxations induced by the endothelium-dependent vasodilator, acetylcholine, were markedly reduced compared to db/db + mice. Pirfenidone enhanced the relaxations induced by acetylcholine in the aorta from diabetic male and female db/db mice. An opener of KV7 channels, flupirtine, had the same effect as pirfenidone. XE991 reduced the effect of pirfenidone and flupirtine and further reduced acetylcholine relaxations in the aorta. In the presence of iberiotoxin, pirfenidone still increased acetylcholine relaxation in aorta from db/db mice. Immunoblotting for KV7.4, KV7.5, and BKCa channel subunits were unaltered in aorta from db/db mice. Pirfenidone failed to improve acetylcholine relaxation in mesenteric arteries, and neither changed acetylcholine-induced transient decreases in blood pressure in db/db+ and db/db mice. In conclusion, pirfenidone vasodilates pulmonary and coronary arteries. In coronary arteries from normal mice, pirfenidone induces NO-dependent vasodilatation involving BKCa and KV7 channels. Pirfenidone improves endothelium-dependent vasodilatation in aorta from diabetic animals by a mechanism involving voltage-gated KV7 channels, a mechanism that may contribute to the antifibrotic effect of pirfenidone.
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INTRODUCTION
Pirfenidone is used for the treatment of pulmonary fibrosis and modulates fibrogenesis by inhibition of transforming growth factor (TGFβ) activity (Iyer et al., 1999; Hilberg et al., 2012). Moreover, pirfenidone has also been shown to have cardioprotective effects by reducing ventricular fibrosis in preclinical studies (Aimo et al., 2020). Pirfenidone is ineffective as superoxide radical scavenger (Gaggini et al., 2011), but scavenges hydroxyl radicals (Misra and Rabideau, 2000), although the plasma concentrations of 8–9 mg/L obtained in patients with idiopathic pulmonary fibrosis are in the low end of the hydroxyl scavenging effect of pirfenidone (Hilberg et al., 2012). However, low micromolar concentrations of pirfenidone potentiated L-type calcium current in rat cardiac myocytes (Ramos-Mondragón et al., 2012). Therefore, other mechanisms may contribute to the antifibrotic mechanism of pirfenidone.
Pirfenidone has a direct antifibrotic effect, but vasodilatation may also contribute to the antifibrotic and anti-inflammatory effects of pirfenidone. In preliminary studies in pulmonary arteries we observed pirfenidone induces relaxation, and in recent studies in acute kidney injury induced by ischemia-reperfusion, pirfenidone restored renal blood flow and increased the formation of nitric oxide (NO) products (Lima-Posada et al., 2019). Based on these observations, and due to the emerging role of pirfenidone in cardioprotection, we in a first study investigated the mechanisms involved in the relaxant effect of pirfenidone in coronary arteries, and found that potassium channels were involved in the vasodilatation.
Genetic disposition, hyperglycemia, production of advanced glycation end products, hyperlipidemia, insulin resistance, and hypertension are important for the development of cardiovascular disease in type 2 diabetes (Rydén et al., 2013). The bioavailability and effects of nitric oxide (NO) and endothelium-derived hyperpolarization (EDH) have been reported to be impaired in arteries from type 2 diabetic rats and mice (Bagi et al., 2005; Pannirselvam et al., 2005; Gao et al., 2007; Park et al., 2008; Zhang et al., 2008; Brøndum et al., 2010, Bagi et al., 2015; Lee et al., 2017). Decreased bioavailability of NO due to upregulation of tumor necrosis factor (TNFalpha) and increased formation of free radical species is considered an important mechanism for arterial endothelial dysfunction in diabetic animals (Beckman et al., 2001; Pannirselvam et al., 2002; Gao et al., 2007; Zhang et al., 2008). Treatment with antioxidants seems to restore not only NO bioavailability (Zhang et al., 2008), but also the EDH pathway in small arteries from diabetic animals (Chen et al., 2015). Despite, the effect of antioxidants in clinical trials remains limited (Sesso et al., 2008), there are already several drugs with other mechanisms of action that are also claimed to be antioxidants including carvedilol (Abreu et al., 2000; Dandona et al., 2007) and the antifibrotic drug, pirfenidone (Misra and Rabideau, 2000).
In addition to antioxidants, modulation of endothelial small-conductance (SKCa or KCa2.3) and intermediate-conductance calcium-activated potassium (IKCa or KCa3.1) channels partially restore endothelial function in arteries from diabetic animals (Brøndum et al., 2010). Modulation of smooth muscle large-conductance calcium-activated potassium channels (BKCa) and KV channels was also suggested for improving endothelium-dependent vasodilatation (Félétou, 2009). The lipid-lowering antioxidant probucol restores contribution of BKCa channels to β2-adrenoceptor vasodilation in retinal arteries from diabetic rats (Mori et al., 2017), while activation of peroxisome proliferator-activated receptor-b/d (PPARβ/δ) prevented hyperglycaemia-induced impairment of KV7 channels and lowered oxidative stress in coronary arteries from rats with streptozocin-induced diabetes (Morales-Cano et al., 2016). Therefore, we hypothesized in a second study that the antifibrotic drug, pirfenidone improves endothelium-dependent vasodilation in large and small systemic arteries from diabetic animals. Diabetic db/db mice develop obesity and hyperglycaemia similar to that seen in human type 2 diabetes due to a spontaneous mutation in the leptin receptor gene. Therefore, we examined in the aorta from diabetic db/db mice whether the potassium channels involved in the direct coronary vasodilator effect also contribute to the increases in acetylcholine vasorelaxation induced by pirfenidone.
METHODS AND MATERIAL
Animals and Preparation of Samples
All animal experiments in this study were conducted under the supervision of a veterinarian and following the Danish legislation of animal use for scientific procedures as described in the “Animal Testing Act” (Consolidation Act No. 726 of September 9, 1993 as amended by Act No. 1081 of December 20, 1995). They were approved by the Danish Animal Experiments Inspectorate (permission 2014-15-2934-01059) and reported by following the ARRIVE guidelines (McGrath and Lilley, 2015). The Danish “Animal Testing Act” fully and extensively covered the requirements included in the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the U.S. National Health Institute. The animals were housed in the animal facility in 365 × 207 × 140 mm cages with standard wood bedding and space for one rat or three to four mice. Adult male Wistar rats (10–12-weeks old) of the Hannover strain and weighing 300–350 g were obtained from Taconic, Ry, Denmark. The rats were housed in cages (Techniplast, Buguggiate, Italy, 800 cm2) filled with aspen woodchips (Tapvei, Datesand, Manchester, United Kingdom) and nesting material (Soft Paper Wool/LBS, United Kingdom) as bedding. The animals had free access to food (Brogaarden, Middelfart, DK) and drinking water. The animals had a 12-h light/dark cycle, and to avoid influence of torpor (Swoap and Gutilla, 2009; Ayala et al., 2010), the mice were allocated to experimentation early in the light period.
The animals were selected randomly, and wherever possible, observations were made without knowledge of the treatments administered. Body weight and blood glucose levels of the animals were measured before sacrificing the animals. Normal male C57BL/6 mice, and male and female mice of the breed db/db (C57BLKS/J-leprdb/leprdb) and age-matched db/db+ mice (C57BLKS/J-leprdb) (Taconic, Ry, Denmark) were euthanized by cervical dislocation. The heart, aorta, and intestine were immediately removed and placed in a 4 °C physiological saline solution (PSS, pH = 7.4) of the following composition (mM): 119 NaCl, 4.7 KCl, 1.18 KH2PO4, 1.17 MgSO4, 1.5 CaCl2, 24.9 NaHCO3, 0.026 EDTA, and 5.5 glucose. To avoid acute hyperglycaemic effects on endothelial function (Bangshaab et al., 2019), which may confound the relation of endothelial to structural function, experiments on arteries from both control db/db+ and diabetic db/db male and female mice were conducted with the same glucose concentration.
Investigation of the Direct Vasodilator Effect of Pirfenidone
Functional Studies in Rat Pulmonary Arteries
Segments of intrapulmonary pulmonary arteries approximately 2 mm long were carefully dissected from the lung of male Wistar Hannover rats as previously described (Kroigaard et al., 2013). Adherent tissue was removed. Subsequently, the pulmonary arteries were mounted on two 40 μm steel wires in microvascular myographs (Danish Myotechnology, Aarhus, Denmark) for isometric tension recordings. The pulmonary arteries were placed in organ baths with PSS, and the baths were heated to 37 °C and equilibrated with 5% CO2 in bioair = 21% O2, 74% N2 to maintain the desired pH of 7.4. The segments were then equilibrated for 10 min. For optimal measurements, pulmonary arteries were stretched to 3.9 kPa, corresponding to a transmural pressure of 30 mmHg (Kroigaard et al., 2013). After 10 min equilibration, potassium-rich PSS (60 mM KPSS) was added twice to test the viability of the segments. KPSS was equivalent to PSS but NaCl exchanged with KCl on an equimolar basis. The pulmonary artery endothelial function was tested by contracting the segments using the thromboxane analogue 9,11-dideoxy-9a, 11a-epoxymethanoprostaglandin F2α (U46619, 0.03 μM) and then adding ACh (10 μM). Only segments with more than 50% relaxation in response to ACh were included in the study. In a series of experiments, the endothelium was removed by rubbing a small hair against the inner surface of the segment. The absence of endothelium was confirmed by relaxation in response to ACh of less than 10%.
The segments were contracted with U46619, and concentration-response curves for pirfenidone, the hydroxyl scavenger mannitol, and the superoxide scavenger, tempol were constructed. To investigate the role of the endothelium, concentration response curves for pirfenidone were constructed in preparations with and without endothelium, or contracted with 30 mM KPSS and increasing concentrations of pirfenidone was added.
Functional Studies in Mouse Small Coronary Arteries
From C57BL/6 wild type male mice of 16–18 weeks, coronary small arteries with a length of approximately 2 mm were mounted on two 25-μm wires in microvascular myographs (Danish Myotechnology, Aarhus, Denmark) for isometric tension recordings. The arterial segments were stretched to their optimal diameter, which corresponded to an internal circumference of 90% of that achieved when the vessels were exposed to a passive tension yielding a transmural pressure of 100 mmHg (Simonsen et al., 1999). The baths were heated to 37 °C, and the buffer was equilibrated with 5% CO2 in the air to maintain the desired pH of 7.4. The viability of the segments was confirmed by their ability to contract to first potassium-rich PSS (KPSS, 60 mM) and subsequently to the thromboxane analog U46619 (10−7 M). To examine endothelial function, acetylcholine (10−6 M) was added in U46619-contracted preparations. Only preparations responding with relaxations larger than 40% to acetylcholine were accepted for further experimentation, as previous studies have shown that this corresponds to intact endothelial cell layer in intact coronary arteries (Simonsen et al., 1992; Christensen et al., 2007).
To investigate whether NO and prostanoids are involved in pirfenidone relaxation preparations were incubated with an inhibitor of NO synthase, NG-nitro-l-arginine (L-NOARG, 1 mM), or L-NOARG and an inhibitor of cyclooxygenase, indomethacin (3 × 10−6 M), and concentration-response curves were performed for pirfenidone in U46619-contracted preparations. To investigate whether potassium channels are involved in pirfenidone relaxation, the coronary arteries were contracted with U46619 (10−7 M) or KPSS (30 mM) and when the contraction was stable, increasing concentrations of pirfenidone (10−6-3 × 10−4 M) or vehicle was added. To investigate the subtypes of potassium channels involved in pirfenidone relaxation, the coronary arteries were incubated for 30 min with: 1) a general blocker of calcium-activated potassium channels, tetraethylammonium (1 mM), 2) a blocker of BKCa channels iberiotoxin (10−7 M), 3) a blocker of IKCa channels, TRAM-34, or a combination of blockers of SKCa and IKCa, UCL1684 (10−6 M) and TRAM-34 (10−6 M), 4) a blocker of voltage-gated potassium channels, KV7 channels, XE991 (10−5 M), or 5) vehicle, and then the coronary arteries were contracted with U46619 and concentration-response curves performed for pirfenidone.
Investigation of Hydroxyl Scavenging Properties of Pirfenidone
It has been proposed that pirfenidone exerts some of its beneficial effects through scavenging of •OH (Misra and Rabideau, 2000). However, so far the •OH scavenging effect of pirfenidone has only been analyzed in a concentration range that is greater than the therapeutic relevant concentration. By using the deoxyribose degradation assay, it is possible to analyze the scavenging effect and determine the second-order rate constant of a drug interacting with •OH (Halliwell et al., 1987). The basis of this assay is the degradation of the sugar deoxyribose upon exposure to •OH generated by a Fenton type reaction. When the reaction mixture is heated under acidic conditions, malonaldehyde (MDA) is formed. The MDA products react with thiobarbituric acid (TBA) and a pink chromogen is formed. The change in color can be measured spectrophotometrically. To generate •OH radicals, a Fe2+-EDTA chelate is incubated with deoxyribose in a phosphate buffer at pH 7.4:
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The first step is oxidation of the ferrous-ion into a ferric-ion creating a superoxide radical. This superoxide radical then reacts with hydrogen, forming hydrogen peroxide and molecular oxygen. The second step produces an •OH by the reaction between the ferrous-ion and hydrogen peroxide. Any •OH that escape scavenging by EDTA may react with the deoxyribose:
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By adding a drug capable of reacting with the •OH, it will compete with the deoxyribose for the available radicals, decreasing the degradation of deoxyribose. The competition will be dependent of the drug concentration and rate constant of the reaction with •OH. Under the assumption that the rate determining step, of the fragment formation leading to MDA production, is the initial attack by •OH on deoxyribose. The calculation of the rate constant between a scavenger and •OH can be carried out from the analysis of a simple competition between the scavenger and deoxyribose (Halliwell et al., 1987). In the present study, a known scavenger of •OH, mannitol and pirfenidone were added in increasing concentrations.
Patch Clamp Studies in Vascular Smooth Muscle
Vascular smooth muscle cells (VSMCs) were isolated by gentle trituration of rat small pulmonary arteries with a fire polished pippete after exposure to dissociation solutions containing papain first and secondly, collagenases H and F for 5 and 2 min, respectively, as previously described (Engholm et al., 2016). Freshly isolated cells were used for patch-clamp recordings within 5 h after the isolation procedure. Current-voltage relations were determined using 600 ms voltage ramps from −100 to 160 mV and a holding potential (Vh) of −65 mV for SMCs (Engholm et al., 2016). Amplitudes of K+-outward currents in control conditions and in response to were measured and normalized to the maximal amplitude of the current in control condition (I/ImaxControl) in the absence and the presence of iberiotoxin and the Kv7 channel blocker XE991. Extracellular patch-clamp solution for VSMCs contained the following (mmol/L): 130 NaCl, 5 KCl, 1.2 MgCl2, 1.5 CaCl2, 10 glucose and 10 HEPES (adjusted to pH 7.3 with NaOH). The patch pipette (intracellular) solution for SMCs contained the following (mmol/L): 130 KCl, 1.2 MgCl2, 0.1 EGTA, and 10 HEPES (adjusted to pH 7.2 with KOH).
Investigation of the Effect of Pirfenidone on Endothelial Function in the Aorta and Mesenteric Arteries From Diabetic Mice
Functional Studies in the Aorta and Mesenteric Small Arteries From Diabetic Animals
From 16–18-weeks control db/db+ and diabetic db/db animals, the descending thoracic aorta was dissected and aorta segments of 2 mm were mounted on two 100-µm wires, while mesenteric small arteries were mounted on 40-µm wires in microvascular myographs (Danish Myotechnology, Aarhus, Denmark) for isometric tension recordings. The arterial segments were stretched to their optimal diameter, which corresponded to an internal circumference of 90% of that achieved when the vessels were exposed to a passive tension yielding a transmural pressure of 100 mmHg. The baths were heated to 37 °C and equilibrated with 5% CO2 to maintain the desired pH of 7.4. The viability of the segments was tested by their ability to contract to potassium-rich PSS (KPSS, 60 mM) and to phenylephrine (10−7 M).
To investigate the effect of pirfenidone in aorta segments and mesenteric small arteries from db/db+ and db/db mice, concentration-response curves for pirfenidone were obtained in phenylephrine-contracted preparations. To investigate the effect of pirfenidone on endothelium-dependent relaxation, the preparations were incubated with pirfenidone (3 × 10−5 M) for 30 min, and in phenylephrine (10−7 M)-contracted preparations, concentration-response curves were obtained for acetylcholine and the NO donor, sodium nitroprusside (SNP).
Pirfenidone was found to increase acetylcholine relaxation in aorta from db/db mice, while this was not the case in mesenteric arteries. Thus, to investigate whether KV7 and BKCa channels are involved in the effect of pirfenidone on acetylcholine relaxation, aorta segments from db/db+ and db/db male mice were incubated with pirfenidone (3 × 10−5 M), an opener of KV7 channels, flupirtine (10−5 M), the combination of pirfenidone and flupirtine, a blocker of KV7 channels, XE991 (10−5 M), a blocker of BKCa channels, iberiotoxin (10−7 M), and a combination of pirfenidone with either XE991 or iberiotoxin. Then the preparations were contracted with phenylephrine and concentration-response curves were obtained for acetylcholine. Parallel control curves were performed in the presence of the vehicle.
Immunoblotting
Immunoblotting was performed for KV7.4, KV7.5, and BKCa alpha- and beta1-subunit in the aorta. Aorta segments were isolated from db/db+ and db/db mice and frozen at −80 °C. The primary investigator was blinded toward the samples. The tissue was homogenized in lysis buffer (20 mM tris/HCl, 5 mM EGTA, 150 mM NaCl, 20 mM glycerophosphate, 10 mM NaF, 1% Triton X-100, 0.1% tween-20, 1x Halt™ protease and phosphatase inhibitor cocktail) by using a pestle, then the sample was centrifuged 10 min at 10.000 rpm at 4 °C, and the supernatant frozen at −80 °C. Total protein was quantified using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).
Equal amounts of total protein (5 µg) were resolved by electrophoresis on a 4–20% Criterion™ TGX Stain-Free™ SDS-polyacrylamide Gel (Bio-rad, Hercules, California) under reducing conditions. Before transfer, the gel was activated by UV-light for 5 min. After transfer, the PVDF- membrane (PerkinElmer, Waltham, Massachusetts) was reactivated by UV-light and the total amount of protein was visualized for loading control and normalization (Gilda and Gomes, 2013). The membranes were blocked overnight at 4 °C in 0.3% I-block, washed, and incubated with primary antibody: polyclonal anti-BKα (1:100; Alomone, APC-107, RRID: AB_2040091, Jerusalem, ISR) (Comerma-Steffensen et al., 2017), monoclonal anti-BKβ (1:250; Abcam, Ab3587, RRID:AB_303,932, Cambridge, United Kingdom), polyclonal anti-Kv7.4 (1:200; Santa Cruz Biotechnology, SC50417, RRID:AB_2131729 California, United States) (Hedegaard et al., 2014), polyclonal anti-Kv7.5 (1:100; Santa Cruz Biotechnology, SC50416, RRID:AB_2131834, California, United States) (Hedegaard et al., 2014), and panactin (1:1.000; Cell Signaling Technology Cat# 4968, RRID:AB_2313904, Massachusetts, United States) all diluted in 0.3% I-block. This was followed by incubation with a relevant horseradish-peroxidase (HRP) labeled secondary antibody (1:4.000) (Santa Cruz Biotechnologies, Santa Cruz, California, United States).
The blot was developed using Western LightningTM Chemiluminescence Reagent Plus (NEN-LifeTM Science Products). The intensity of the fluorescence in each band was measured with an image analyzer (PXi, Syngene, United Kingdom). The bands were normalized to total protein in the membrane and also expressed relative to the loading control pan-actin. Controls for KV7 channels and BKCa subunits were included as previously described (Hedegaard et al., 2014; Comerma-Steffensen et al., 2017).
Effect of Pirfenidone in Anesthetized Diabetic Mice
Mice were anesthetized using sodium pentobarbital (50 mg kg−1, i. p.) and then placed on a heating pad to maintain body temperature at 37 °C. Three electrodes were positioned in an Einthoven’s triangle configuration to obtain heart rate and electrical activity of the heart. Catheters were surgically implanted into the jugular vein for infusion of test drugs and in the carotid artery for measurement of blood pressure. All measurements were continuously recorded with a computerized data acquisition system (PowerLab, ADInstruments). The primary investigator was blinded toward the drugs. Before the start of the experimental protocol, blood pressure and heart rate were allowed to stabilize for 10 min. Using syringe pumps (Havard Apparatus), acetylcholine (0.001 mg kg−1) was then infused followed by infusion of increasing doses of pirfenidone (0.1, 1.0, and 10 mg kg−1) and final re-administration of acetylcholine (0.001 mg kg−1). Each drug infusion lasted 3 min and was separated by a 5-min stabilization period. At the end of the experiment, mice were sacrificed for the extraction of tissue samples using cervical dislocation.
Materials
The following drugs were used: Acetylcholine, phenylephrine hydrochloride (PE), iberiotoxin, SNP (sodium nitroprusside dehydrate), U46619 (9α-epoxymethanoprostaglandin F2α), pirfenidone (5-methyl-1-phenyl-2-(1H)-pyridone), flupiritine (ethyl 2-amino-6-((p-fluorobenzyl)amino)-3-pyridinecarbamate), mannitol, NG-nitro-l-arginine (L-NOARG), tempol, TEA (tetraethylammonium), TRAM-34, UCL1684, and XE991 (10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone) were purchased from Sigma (St Louis, MO, United States). TRAM-34, UCL1684, and XE991 were dissolved in dimethylsulphoxide (DMSO), and further diluted in distilled water. Unless otherwise stated the substances were dissolved in distilled water. The concentration of DMSO in the bath was below 0.01% and to examine whether vehicle affected vascular contractility parallel control curves for the vehicle were obtained.
Data and Statistical Analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018). The data are presented as means ± standard error of the mean. Statistical analyses were performed using Stata13 (StataCorp, Texas, United States) or GraphPad Prism 7.02 (GraphPad Software Inc., RRID:SCR_002798, California, United States). Differences between the db/db+ and db/db mice were compared by the unpaired Student’s t-test, Welch’s t-test for unequal variances for parametric data or Mann-Whitney test for non-paramteric data. Concentration-response curves were constructed using a nonlinear curve-fit model and the half-maximal relaxation (EC50) was determined:
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Two-way ANOVA was used to test for differences in concentration-response curves in isolated vessel segments. Concerning in infusion of acetylcholine and pirfenidone in vivo, the responses were compared to baseline using a Wilcoxon test. The assumptions of parametric data to the ANOVA approach were verified by inspection of Q-Q plots. The significance level was *p < 0.05 for all tests.
RESULTS
Mechanisms Involved in Pirfenidone Relaxation
Pirfenidone-Induced Relaxation in Rat Pulmonary Arteries
Vasodilatation could be a contributor to the antifibrotic effects of pirfenidone in the lungs. To explore this potential effect, we studied the direct effect of pirfenidone on vascular tone in pulmonary arteries. In rat pulmonary arteries contracted with U46619, pirfenidone induced relaxations with EC50 values of 3.8 ± 1.4 × 10−5 M (n = 10) with maximum relaxations of 81 ± 4% (n = 8), while increasing concentrations (10−4-3 × 10−2 M) of mannitol failed to relax pulmonary arteries and only high concentrations (>10−4 M) of tempol induced relaxations (Figure 1A). Hydroxyl (•OH) scavenger studies showed that mannitol inhibited concentration-dependently the formation of pink chromogen confirming the ability of the compound to scavenge •OH (Figure 1B). In contrast, pirfenidone failed to inhibit the formation of pink chromogen suggesting that at therapeutic concentrations pirfenidone does not appear to scavenge •OH (Figure 1B).
[image: Figure 1]FIGURE 1 | Direct vasodilator effect of pirfenidone in rat pulmonary arteries involve the endothelium and potassium channels. (A) In U44619-contracted rat pulmonary arteries, pirfenidone (n = 10) induced concentration-dependent relaxations. Mannitol (n = 5) failed to relax the preparations, while tempol (n = 5) only induced relaxations at very high concentrations. (B) Inhibition of the degradation of deoxyribose by •OH by the hydroxyl scavenger D-mannitol by up to 60% inhibition, while there is no effect of pirfenidone on the degradation of deoxyribose by •OH (averages of three independent experiments). (C) In U46619 (3 × 10−8 M) contracted arteries, pirfenidone (n = 8) induced relaxations, which were reduced in the presence of an inhibitor of nitric oxide synthase, L-NOARG, and of cyclooxygenase (3 × 10−6 M) (n = 8). In arteries without endothelium (n = 6), pirfenidone relaxation was markedly reduced. Vehicle did not affect vascular tone (n = 6). (D) In preparations contracted with 30 mM KPSS, prefenidone relaxations were markedly reduced compared to effect in U46619-contracted preparations. The results are means ± s. e.mean, where n indicates the number of animals examined. *p < 0.05 vs. pirfenidone control curves, two-way ANOVA.
Pirfenidone relaxations were significantly decreased by endothelial cell removal or by incubation with L-NOARG plus indomethacin (Figure 1C), while in preparations contracted with 60 mM KPSS, pirfenidone did not induce relaxation (Figure 1D).
Mechanisms Involved in Pirfenidone Relaxation in Mouse Coronary Arteries
Pirfenidone has recently been shown to have cardioprotective effects, mainly through the inhibition of fibrosis, however, a direct vasodilatatory effect could also contribute to this effect. We investigated coronary arteries with internal lumen diameters of 195 ± 39 µm (n = 54) from wild type mice to examine the mechanisms involved in pirfenidone relaxation. In arteries contracted with the thromboxane analogue U46619, pirfenidone induced concentration-dependent relaxations which at 10−4 M pirfenidone were 71 ± 8% (n = 10) (Figure 2). Incubation with an inhibitor of NO synthase, L-NOARG (10−3 M) increased basal tension significantly suggesting inhibition of basal NO release, while the magnitude of U46619 contraction was similar in the absence and presence of L-NOARG by lowering the concentration of U46619 (Figure 2B). Relaxations induced by 10−4 M pirfenidone were reduced to 18 ± 6% (p < 0.05, n = 7) in the presence of, L-NOARG suggesting NO is involved in pirfenidone relaxation (Figure 2C). There was no additional effect of incubation with L-NOARG, and an inhibitor of cyclooxygenase, indomethacin (Figure 2D). Acetylcholine (10−5 M) relaxed mouse coronary arteries with endothelium 72 ± 6% (n = 10), but acetylcholine (−3 ± 2%, n = 6) and pirfenidone did not change vascular tone in preparations without endothelium (n = 6) (Figure 2D).
[image: Figure 2]FIGURE 2 | Pirfenidone induces endothelium-dependent nitric oxide-mediated relaxations in mouse coronary arteries. (A) Original trace showing contraction to the thromboxane analogue, U46619 and relaxations to increasing concentrations of the antifibrotic drug, pirfenidone. Horizontal bar shows time and vertical bar increase in tension (ΔT, 2 Nm−1). (B) Average increases in tension (ΔT) in control conditions, after incubation with an inhibitor of nitric oxide synthase L-NOARG (10−3 M), addition of U46619 (10−7 M), and L-NOARG plus U46619. (C) Original trace showing pirfenidone relaxations are abolished in coronary artery contracted with U46619 in the presence of L-NOARG. (D) Average relaxations induced by pirfenidone in the absence (n = 10) and the presence of L-NOARG (n = 7), and in the presence of L-NOARG plus indomethacin (3 × 10−6 M, n = 6), an inhibitor of cyclooxygenase. The results are means ± s.e. mean, where n indicates the number of animals examined. *p < 0.05 versus pirfenidone control curves, two-way ANOVA.
To investigate the role of potassium channels in pirfenidone relaxation, coronary small arteries were contracted with U46619 or 30 mM KPSS. Pirfenidone relaxations were significantly decreased in 30 mM KPSS vs. U46619-contracted coronary arteries (Figure 3A). Thus, the response to 10−4 M pirfenidone was reduced to 28 ± 12% (p < 0.05, n = 6) in the presence of high extracellular potassium (30 mM), which indicated an important involvement of potassium channels. To examine the subtype of potassium channels involved in the pirfenidone relaxations, the preparations were incubated with different potassium channel blockers. TEA (10−3 M) which blocks BKCa channels along with some types of voltage-gated potassium channels (i.e., KV1) (Nelson and Quayle, 1995), decreased pirfenidone relaxations (Figure 3B). TRAM-34, a blocker of IKCa channels failed to inhibit pirfenidone relaxation (Figure 3C). However, the combination of TRAM-34 with UCL1684, a blocker of SKCa channels, decreased pirfenidone relaxation in mouse coronary arteries (Figure 3D). As these channels are involved in release of endothelium-derived NO (Stankevicius et al., 2011; Simonsen et al., 2019), these results suggest that pirfenidone modifies the release or the effect of NO in the smooth muscle layer. A blocker of voltage-gated KV7 channels, XE991 (10−5 M) blocked the pirfenidone relaxation (Figure 3E), and 10−4 M pirfenidone relaxed the mouse coronary arteries with 14 ± 7% (p < 0.05, n = 6) in the presence of XE991. Incubation with a blocker of BKCa channels, iberiotoxin (10−7 M) markedly decreased pirfenidone relaxation (Figure 3F), and the response to 10−4 M pirfenidone was 9 ± 6% (p < 0.05, n = 6) in the presence of iberiotoxin. The BKCa and KV7 channels are mainly expressed in the smooth muscle layer, and therefore these results suggest that pirfenidone enhance the effect of NO in the smooth muscle layer by modulating BKCa or KV7 channel. This is further supported by the observation that pirfenidone significantly improved relaxations induced by the NO donor, SNP in coronary arteries from diabetic male mice (Supplementary Figure S1).
[image: Figure 3]FIGURE 3 | Involvement of potassium channels in pirfenidone relaxation of mouse coronary arteries. (A) Average relaxations induced by increasing concentrations of pirfenidone in preparations contracted by, respectively, U46619 (n = 10) and high extracellular potassium (30 mM, n = 7). Concentration-response curves were performed for pirfenidone in U46619-contracted arteries in the absence the presence of (B) a blocker of calcium-activated K channels, tetraethylammonium (1 mM TEA, n = 6), (C) TRAM-34 (10−6 M, n = 5), a blocker of intermediate-conductance calcium-activated potassium channels, (D) TRAM-34 and UCL1684 (10−6 M, n = 5) a blocker of small-conductance calcium-activated potassium channels, (E) a blocker of voltage-gated potassium channels of the KV7 subtype, XE0991 (10−5 M, n = 6), and (F) a selective blocker of large-conductance calcium-activated K channels, iberiotoxin (10−8 M, n = 6). The results are means ± s. e.mean, where n indicates the number of animals examined. *p < 0.05 vs. pirfenidone control curves, two-way ANOVA.
Patch Clamp Studies in Vascular Smooth Muscle Cells
To study the role of potassium channels in the effects of pirfenidone in the pulmonary circulation, we performed patch-clamp studies. In whole-cell patch clamp I-V relationship were determined using 600 ms voltage ramps (−100 to 100 mV; holding potential Vh = −65 mV). In control conditions, pirfenidone (10−4 M) increased current (Figure 4A), an effect that was blocked in the presence of the BKCa channel blocker, iberitoxin (10−7 M) (Figure 4B). The average current induced by pirfenidone was significantly increased, and abolished by iberiotoxin (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Effect of iberiotoxin on pirfenidone-induced current in vascular smooth muscle. (A) Original traces of whole-cell patch clamp showing current induced by voltage ramps before (control) and after the addition of pirfenidone (10−4 M). (B) Original traces showing the current increases in the presence of iberiotoxin without (control) and with pirfenidone. (C) Average current-voltage (I-V) relationships of isolated pulmonary vascular smooth muscle cells before and after short incubation with pirfenidone (10−4 M) in control conditions (n = 7) and (D) in the presence of iberiotoxin (10−7 M) (n = 7), and posterior addition of XE991 (10−5 M, n = 3). I-V relationship were determined using 600 ms voltage ramps (−100 to 100 mV; holding voltage, Vh = −65 mV). The results are means ± s. e.mean, where n indicates the number of animals examined. *p < 0.05 vs. current in the corresponding control conditions, two-way ANOVA. #p < 0.05 vs. currents in the presence of iberiotoxin after the addition of pirfenidone.
Effect of Pirfenidone in the Aorta and Mesenteric Arteries From Diabetic Db/Db Mouse
Normoglycaemic db/db+ control mice weighed 30 ± 1 g (n = 24) and had blood glucose levels of 8 ± 1 mM (n = 24). Compared to control mice, weight (50 ± 2 g, p < 0.05, n = 24) and blood glucose levels (27 ± 2 mM, p < 0.05, n = 24) were higher in diabetic (db/db) male mice In female db/db mice, weight (51 ± 1 g, p < 0.05, n = 14) and blood glucose levels (29 ± 2 mM, p < 0.05, n = 14) were also higher compared to normoglycaemic db/db+ control mice that weighed 22 ± 1 g (n = 14) and had blood glucose levels of 6 ± 1 mM (n = 14).
In aorta preparations from db/db+ mice contracted with phenylephrine, pirfenidone (10−6 to 3 × 10−4 M) failed to induce relaxatioin (n = 6) (data not shown). In phenylephrine-contracted aorta preparations, acetylcholine induced concentration-dependent relaxations with a maximum relaxation of 75.4 ± 5.8% (n = 7) in aorta from male db/db + mice, while maximum acetylcholine relaxations were reduced to 57.3 ± 5.5% (p < 0.05, n = 6) in aorta from male db/db mice (Figures 5A,B). The NO donor, SNP, induced concentration-dependent relaxations in aorta from male mice and these were unaltered when comparing the responses in db/db + and db/db mice (Figures 5C,D). In aorta from female mice, acetylcholine-induced relaxations were decreased in aorta from db/db vs. db/db+ mice, while SNP-induced relaxations were similar (Supplementary Figure S2). Incubation with pirfenidone (3 × 10−5 M) increased acetylcholine relaxation in aortas from both female and male db/db mice, while acetylcholine relaxation in the absence and the presence of pirfenidone was similar in aortas from db/db+ mice (Figures 5A,B; Supplementary Figures S2A,B). Pirfenidone (3 × 10−5 M) did not increase SNP relaxations in aortas from female and male mice (Figures 5C,D; Supplementary Figures S2C,D). These findings suggest that pirfenidone selectively enhances relaxations induced by the endothelium-dependent vasodilator, acetylcholine, in aorta from diabetic female and male db/db mice.
[image: Figure 5]FIGURE 5 | Pirfenidone enhances acetylcholine relaxation in aorta from male diabetic mice. Average relaxations induced by the endothelium-dependent vasodilator, acetylcholine in the absence and the presence of pirfenidone in phenylephrine-contracted aorta segments arteries from (A) heterozygous control (db/db+) (n = 6) and (B) diabetic (db/db) mice (n = 6). Average relaxations induced by the nitric oxide donor, sodium nitroprusside (SNP) in the absence and the presence of pirfenidone in phenylephrine-contracted aorta segments arteries from (C) db/db+ (n = 8) and (D) db/db mice (n = 6). The results are means ± s. e.mean, where n indicates the number of animals examined. *p < 0.05 vs. respective control curves, two-way ANOVA.
Acetylcholine and SNP relaxations were also impaired in mesenteric arteries from male db/db mice. Incubating with pirfenidone had no effect on acetylcholine relaxation or on SNP relaxation in mesenteric arteries from male diabetic db/db mice or normoglycaemic db/db+ control mice (Supplementary Figures S3A–D). Incubation with L-NOARG and indomethacin inhibited acetylcholine relaxation in the mesenteric arteries from db/db+ and db/db mice. In the presence of L-NOARG and indomethacin, pirfenidone had no effect on the reduced relaxations in mesenteric arteries of db/db mice (Supplementary Figures S2E,F).
Mechanisms Involved in the Effect of Pirfenidone on Acetylcholine Relaxation in the Aorta From Diabetic Mice
To investigate the mechanisms involved in the effect of pirfenidone on acetylcholine relaxation in the aorta, aortas from male mice were incubated with an opener of KV7 channels, flupirtine (10−5 M) and relaxation curves for acetylcholine were obtained. Flupirtine increased acetylcholine relaxation in aortas from db/db male mice, while there was no effect on acetylcholine relaxation in aorta from normoglycemic db/db+ mice (Figures 6A,B). The combination of flupirtine and pirfenidone did not cause additional effect compared to each of the drugs (Figure 6B). Flupirtine increased SNP relaxations in the aortas from both db/db+ and db/db mice, while there was no additive effect on SNP relaxation by combining flupirtine and pirfenidone (Figures 6C,D). Moreover, a blocker of KV7 channels, XE991 (10−5 M), markedly inhibited acetylcholine relaxation in aorta from both db/db+ and db/db male mice (Figures 7A,B). In the presence of XE991, pirfenidone (3 × 10−5 M) did not increase acetylcholine relaxation in aortas from db/db mice (Figure 7B). To explore the role of BKCa channels in the effect of pirfenidone, aortas were incubated with iberiotoxin that decreased acetylcholine relaxation markedly in aortas from male db/db mice (Figure 8A), but pirfenidone increased acetylcholine relaxation also in the presence of iberiotoxin. Iberiotoxin decreased relaxations induced by the NO donor, SNP, and pirfenidone increased SNP relaxations in the presence of iberiotoxin (Figure 8B). These findings suggest that pirfenidone increases acetylcholine relaxation by a mechanism involving smooth muscle channels sensitive to KV7 channel modulating drugs.
[image: Figure 6]FIGURE 6 | Effect of a KV7 channel opener on acetylcholine relaxation in aorta from male diabetic animals. Average relaxations induced by (A, B) acetylcholine (ACh) and (C, D) sodium nitroprusside (SNP) in the absence and the presence of the KV7 channel opener flupirtine (10−6 M) or flupirtine plus pirfenidone (3 × 10−5 M) in (A, C) heterozygous db/db + mice (n = 6), and in (B, D) diabetic db/db mice (n = 6). The results are means ± s. e.mean, where n indicates the number of animals examined. *p < 0.05 vs. respective control curves, two-way ANOVA.
[image: Figure 7]FIGURE 7 | The KV7 channel blocker XE991 inhibits the potentiating effect of pirfenidone on acetylcholine relaxation in aorta from diabetic animals. Average relaxations induced by acetylcholine in the absence and absence of KV7 channel blocker, XE0991 (10−5 M), or XE0991 combined with pirfenidone in (A) db/db+ mice (n = 6) and (B) diabetic db/db mice (n = 5). The results are means ± s. e.mean, where n indicates the number of animals examined. *p < 0.05 vs. respective control curves, two-way ANOVA.
[image: Figure 8]FIGURE 8 | Effect of iberiotoxin, a blocker on large-conductance calcium-activated potassium channels (BKCa) on acetylcholine and sodium nitroprusside relaxations in aorta from diabetic (db/db) mice. Average relaxations induced by (A) acetylcholine in control conditions (n = 6) and in the presence of iberiotoxin with (n = 5) and without pirfenidone (n = 6) and by (B) sodium nitroprusside (SNP) in control conditions (n = 6) and in the presence of iberiotoxin with (n = 5) and without pirfenodine (n = 6). *p < 0.05 vs. respective control curves; #p < 0.05 vs. concentration-response curve in the presence of iberiotoxin, two-way ANOVA.
Expression of KV7 and BKCa Channels in the Aorta of Diabetic Mice
To investigate whether the effect of pirfenidone in aorta from male db/db mice is due to changes in expression of KV7 and/or BKCa channels, immunoblotting was performed. The quantification of the blots revealed that expressions of BKCa channel pore α subunit and the auxiliary β subunit were unaltered in aorta from db/db vs. db/db+ mice (Figures 9A,B). The expression of KV7.4 was more pronounced than that of KV7.5, but there were no significant differences in expression in aorta from diabetic db/db compared to aorta from db/db+ mice (Figures 9C,D), although there was a tendency for KV7.5 channel expression to be upregulated (p = 0.06). The protein expression is expressed relative to panactin. Expression relative to total protein did not change the results, but tendencies were still the same (Supplementary Figure S4).
[image: Figure 9]FIGURE 9 | Immunoblotting for subunits of the large-conductance calcium-activated potassium channels (BKCaα and BKCaβ) and for voltage-gated KV7.4 and KV7.5 channels in the aorta of male diabetic db/db mice. The Figures show inserts of original immunoblottings and average values expressed as a ratio to the loading control pan-actin in aorta from heterozygote db/db + control mice (n = 8) and diabetic db/db (n = 8) mice. (A) BKCaα (n = 6 from each group), (B) BKCaβ1 (n = 8 from each group), (C) KV7.4 (n = 7 from each group), and (D) KV7.5 (n = 7 from each group). The results are means ± s. e. mean from. There were no significant differences, Student’s t-test.
Effect of Pirfenidone on Heart Rate and Blood Pressure in Anesthetized Diabetic Mice
To investigate the acute effect of pirfenidone on acetylcholine-induced changes in mean arterial blood pressure (MAP), acetylcholine was infused followed by incremental doses of pirfenidone and a final acetylcholine infusion. Pirfenidone acutely did not decrease heart rate or MAP in diabetic db/db and db/db+ mice (Figure 10). In male db/db+ and diabetic db/db mice, infusion of acetylcholine significantly decreased MAP before infusion of pirfenidone, and similar decrease in blood pressure was also observed to acetylcholine infusion after testing the highest dose of pirfenidone (Figures 10B,D).
[image: Figure 10]FIGURE 10 | Effect of pirfenidone alone and in combination with acetylcholine on heart rate and mean arterial blood pressure in anesthetized db/db+ and diabetic (db/db) mice. Acetylcholine (ACh) infusion decreased mean arterial blood pressure and heart rate, while pirfenidone (PFD) by itself failed to change heart rate and blood pressure in anesthetized (A, B) db/db+ and (C, D) db/db mice. The response to acetylcholine was unaltered in the presence of the pirfenidone. The results are means ± s. e. mean, where n indicates the number of animals examined. *p < 0.05 compared to baseline, Wilcoxon test.
DISCUSSION
We investigated the effect of the antifibrotic drug, pirfenidone, on vascular tone. In mouse coronary arteries, pirfenidone induced concentration-dependent relaxations, which were inhibited by an inhibitor of NO synthase, high extracellular potassium, and blockers of BKCa and KV7 channels suggesting an involvement of NO and of these channels in pirfenidone relaxations (Figure 11A). These findings were further supported by the observation that pirfenidone relaxed rat pulmonary arteries and increased iberiotoxin-sensitive currents in isolated vascular smooth muscle cells. In the aorta from diabetic mice, pirfenidone and the KV7 channel opener, flupirtine, restored the impaired acetylcholine relaxations in aorta from type 2 diabetic db/db mice. The KV7 channel blocker XE991 decreased acetylcholine relaxations, and in contrast to the BKCa blocker iberiotoxin, blocked the effect of pirfenidone on acetylcholine relaxations in the aorta from diabetic mice. Together with the observations that BKCa channels subunits, KV7.4, and KV7.5 channels are expressed in aorta from both normoglycemic and diabetic animals, these findings suggest that pirfenidone restores endothelial function in aorta from diabetic db/db mice by a mechanism involving KV7 channels (Figure 11B).
[image: Figure 11]FIGURE 11 | Schematic presentation of the mechanism involved in the vasodilator effects of pirfenidone. (A) Mechanisms involved in pirfenidone-induced vasodilatation in mouse coronary arteries involve pirfenidone through targeting upstream pathway (v) leading to opening of BKCa and KV7 channels increase the relaxations induced by basally-released nitric oxide (NO). (B) In the aorta from diabetic mice, acetylcholine relaxations are potentiated by pirfenidone supporting opening of KV7.4 channels. There is no effect of pirfenidone in the aorta from normoglycaemic animals.
Direct Coronary Vasodilator Effect of Pirfenidone
In the present study, micromolar concentrations of pirfenidone induced concentration-dependent relaxations in mouse coronary arteries, while there was no direct relaxant effect in the aorta. In contrast to aorta, inhibitors of NO synthase induce contractions in rat pulmonary arteries and coronary arteries suggesting a large basal release of NO (Symons et al., 2006; Pasgaard et al., 2007). This was also confirmed in porcine and rat coronary arteries by direct measurements using a microsensor for NO (Christensen et al., 2007; Pasgaard et al., 2007). Furthermore, we found that endothelial cell removal and an inhibitor of NO synthase, L-NOARG, abolished pirfenidone relaxations in the mouse coronary arteries suggesting pirfenidone may enhance the effect of NO in the smooth muscle cells of the mouse coronary arteries.
Activation of a series of potassium channels including ATP-sensitive potassium channels, calcium-activated potassium channels, and voltage-gated potassium channels including KV7 channels may contribute to vasodilatation in the coronary circulation (Khanamiri et al., 2013; Hedegaard et al., 2014; Lee et al., 2015; Goodwill et al., 2016; Tykocki et al., 2017). To investigate the potassium channel subtypes involved, a combination of blockers of endothelial SKCa and IKCa channels, UCL1684 and TRAM-34 were added and reduced pirfenidone relaxation. Since SKCa and IKCa channels are involved in the release of NO and initiation of the EDH response, we cannot exclude a direct though minor effect of pirfenidone on this endothelium-dependent vasodilator response. However, blocking the vascular smooth BKCa channels with TEA or iberiotoxin markedly reduced pirfenidone relaxation suggesting that the major effect of pirfenidone is on potassium channels in the coronary smooth muscle layer. A blocker of KV7 channels, XE991 also inhibited relaxations suggesting these channels also contribute to the pirfenidone relaxations in mouse coronary arteries. The NO/cGMP pathway has previously been shown to be coupled either directly or through cGMP to activation of BKCa channels (Robertson et al., 1993; Bolotina et al., 1994), and has also been suggested to involve voltage-sensitive potassium channels (Sampson et al., 2001; Stott et al., 2015; Mondéjar-Parreño et al., 2019). Therefore, the main effect of pirfenidone is probably that it enhances the effect of NO by modulation of BKCa and/or Kv7 channels leading to relaxation in mouse coronary arteries. The latter statement is supported by observations in patch clamp studies that revealed pirfenidone in isolated vascular smooth muscle cells increases iberiotoxin-sensitive currents.
Effect of Pirfenidone on Impaired Endothelium-dependent Relaxation in Diabetic Mice
Several studies have described endothelium-dependent vasodilatation being impaired in patients with type 2 diabetes (Shi and Vanhoutte, 2017). In the aorta of db/db mice, decreased release and response to NO is involved in the impairment of endothelial cell function (Piercy and Taylor, 1998; Miike et al., 2008; Kassan et al., 2014), while in mesenteric small arteries the impaired dilation to acetylcholine was associated with decreased EDH of smooth muscle cells (Chen et al., 2015). Our observations of impaired endothelium-dependent relaxations in the aorta of diabetic db/db mice agree with these findings, and with our recent findings showing impairment of endothelium-dependent relaxation in the aorta from both female and male mice (Beck et al., 2020).
In aorta of diabetic db/db animals, endothelium-dependent relaxations are mainly mediated by NO, while EDH plays a major role in endothelium-dependent relaxations in small resistance arteries (Stankevicius et al., 2011). Pirfenidone improved endothelium-dependent vasorelaxation in the aorta, while there was no effect on acetylcholine relaxation in mesenteric small arteries. NO is the main endothelium-derived factor released by acetylcholine in large arteries, while EDH is the main pathway in acetylcholine relaxation of small mesenteric arteries (Stankevicius et al., 2011). Therefore, our findings in the present study suggest that the effect of pirfenidone is specific, and mainly involves the improvement of endothelium-dependent vasodilatation mediated by NO in large arteries. In contrast to aorta, small mesenteric arteries contribute to vascular resistance, and therefore, our observations that infusion of pirfenidone did not change blood pressure in db/db mice agree with the lack of effect of pirfenidone on small mesenteric arteries. That the effect of pirfenidone is specific, is supported by the observation that pirfenidone did not affect relaxations induced by acetylcholine in the aorta from heterozygous animals, suggesting that the effect is specific for db/db animals with high glucose and impaired endothelium-dependent relaxation. The effect of pirfenidone on acetylcholine relaxation in aorta from diabetic mice was also sex independent, as it was observed in aorta from both male and female db/db mice.
BKCa channels are involved in acetylcholine-induced NO-mediated relaxation in rabbit aorta (Bolotina et al., 1994) and rat superior mesenteric artery (Climent et al., 2012). In the aorta from both db/db+ and db/db mice, iberiotoxin also inhibited acetylcholine relaxation suggesting BKCa channels are involved in the endothelium-dependent relaxations. Modulation of BKCa channels was suggested as a target to treat endothelial cell dysfunction (Félétou, 2009). However, pirfenidone potentiated acetylcholine relaxation independent of the presence of iberiotoxin, a finding suggesting that the effect of pirfenidone on acetylcholine relaxation in the aorta of db/db mice is independent of modulation of BKCa channels. In contrast to what was observed in the absence of iberiotoxin, pirfenidone potentiated SNP relaxation in aortae in the presence of iberiotoxin. These findings suggest that the large effect of BKCa channels on SNP relaxation masks the potentiation by pirfenidone in the absence of iberitoxin. Immunoblotting also revealed that the expressions of BKCa channel subunits are markedly higher compared to expression of KV7.4 and KV7.5 protein indirectly supporting that activation of BKCa channels may mask the contribution from KV7.4/KV7.5 channels in the mouse aorta.
KV7 channels regulate vascular tone in many rodent blood vessels, including the mouse aorta (Yeung and Greenwood, 2005; Joshi et al., 2006; Yeung et al., 2007; Mackie et al., 2008; Zhong et al., 2010). There is also evidence that the KV7.4 and KV7.5 channels are expressed as both homomers and heteromers in vascular smooth muscle (Brueggemann et al., 2011, Brueggemann et al., 2014; Chadha et al., 2014; Jepps et al., 2015). KV7 channels were involved in pirfenidone relaxation of mouse coronary arteries. Therefore, we also examined these channels' role in acetylcholine relaxation in the aorta. Acetylcholine relaxation is NO-mediated in mouse aorta (Boedtkjer et al., 2011; Buus et al., 2011). A general blocker of KV7 channels, XE991, inhibited relaxations induced by acetylcholine in the aorta from both db/db+ and db/db mice. Previous evidence suggest the cGMP-pathways either indirectly or directly can lead to activation of KV7.4/KV7.5 channels (Sampson et al., 2001; Stott et al., 2015; Mondéjar-Parreño et al., 2019). Hence our findings suggest the KV7.4 and KV7.5 channels are involved in the NO-mediated acetylcholine relaxation in the mouse aorta. An observation further supported by immunoblotting showing expression of KV7.4 and KV7.5 channels in the aorta from both db/db+ and db/db mice.
An opener of KV7 channels, flupirtine, causes relaxations in mouse aorta (Yeung et al., 2007). Flupirtine also leftward shifted concentration-response curves for acetylcholine in the aorta from db/db+ and diabetic db/db mice. Flupirtine also potentiated SNP relaxations in the aorta from both db/db+ and db/db mice. These findings suggest that flupirtine by activation of Kv7 channels decreases smooth muscle membrane excitability, thereby potentiating relaxations induced by vasodilators activating the NO/cGMP-pathway.
The effect of the combination of pirfenidone and flupirtine on acetylcholine relaxation in the aorta from db/db mice was not larger than the effect of each drug alone. These findings suggest pirfenidone and flupirtine may potentiate acetylcholine relaxation through the same mechanism. However, pirfenidone did not relax the aorta from db/db mice. There was no potentiating effect of pirfenidone on SNP relaxation in the aorta from male db/db mice. On the other hand, XE991 blocked pirfenidone’s potentiating effect on acetylcholine relaxation in the aorta from diabetic db/db mice. These findings suggest that pirfenidone may involve modulation of signaling mechanisms either down- or upstream of the KV7 channels.
Besides voltage, different signal transduction pathways regulate smooth muscle KV7 channels, including cyclic AMP, KCNE subunits, and microtubules. Thus, cyclic AMP regulates KV7.4 and KV7.5 channels in vascular smooth muscle (Khanamiri et al., 2013; Mani et al., 2016; Stott et al., 2016; van der Horst et al., 2020). One may speculate that increased cyclic GMP may increase the cyclic AMP levels in the aorta by inhibiting phosphodiesterase type 3. Still, pirfenidone interactions with phosphodiesterases would be expected to affect both the aorta from db/db+ and diabetic db/db mice.
In the smooth muscle, the Kv7 α-subunits are often regulated by KCNE subfamily ancillary (β) subunits (KCNE1-5). Thus, KCNE4 co-assembles with Kv7.4 and Kv7.5 in vascular smooth muscle cells, and deletion of the KCNE4 subunit impaired β-adrenoceptor relaxation in rat mesenteric arteries (Abbott and Jepps, 2016). Therefore, KCNE4 was also suggested to facilitate Kv7 channel-dependent cAMP relaxations (Jepps et al., 2015; van der Horst et al., 2020). KCNE4 is highly expressed in the mouse aorta compared to other vascular preparations (Yeung et al., 2007) and in the mouse mesenteric arteries, where there is also a high expression of KCNE3 subunits (Abbott and Jepps, 2016). In contrast to the aorta, pirfenidone does not potentiate acetylcholine relaxation in mesenteric arteries suggesting interaction with KCNE4 subunits is an unlikely explanation. However, it would be a relevant mechanism to address. Another acute mechanism regulating KV7 channel activity in vascular smooth muscles are microtubules. Thus, disruption of the microtubules with colchicine increased the membrane expression of KV7.4 channels and smooth muscle hyperpolarization (Lindman et al., 2018). To the best of our knowledge, there is currently no information regarding interaction of pirfenidone with microtubules. Therefore, further investigation will be required to clarify the mechanisms involved in pirfenidone's potentiating effect on acetylcholine relaxation and how it leads to activation of KV7 channels in diabetic db/db mice aorta.
As mentioned in the Introduction, several mechanisms of action have been described to mediate the antifibrotic effect of pirfenidone (Iyer et al., 1999; Hilberg et al., 2012). Scavenging of hydroxyl anions and hydrogen peroxide have also been suggested to be involved in the mechanisms of action of pirfenidone, but millimolar concentrations are required (Misra and Rabideau, 2000; RamachandraRao et al., 2009). In contrast to mannitol, we did not observe a hydroxyl scavenger effect of pirfenidone in therapeutic relevant concentrations. The therapeutic effects of pirfenidone are in the micromolar range (Hilberg et al., 2012). In the present study, we indeed observed effects at endothelium-dependent relaxation at micromolar concentration. This is further supported by our observations that the effect of pirfenidone was specific, as it only potentiated acetylcholine relaxation in the aorta from db/db mice, but not in the aorta from db/db+ mice.
The antifibrotic effect of pirfenidone involve inhibition of the TGFβ signal transduction pathway (Ballester et al., 2020). Increased TGFβ activation is also associated with hypertension and increased myogenic activity in mesenteric arteries (Carnevale et al., 2018). The diabetic db/db mice are not hypertensive (Beck et al., 2020), and pirfenidone did not change endothelium-dependent relaxations in mesenteric arteries from diabetic db/db mice. Therefore, we consider unlikely TGFβ is involved in the positive effect of pirfenidone on vascular tone in the aorta from db/db diabetic mice, although we cannot exclude pirfenidone interfere with signal pathways activated by TGFβ.
Limitations and Perspectives
Pirfenidone is an antifibrotic drug that increases survival in patients with idiopathic lung fibrosis (Azuma et al., 2005). Moreover, chronic treatment with pirfenidone inhibited angiotensin II and DOCA salt-induced cardiac hypertrophy and fibrosis (Mirkovic et al., 2002; Yamazaki et al., 2012), and in diabetic db/db mice, pirfenidone treatment inhibited mesangial cell proliferation and interstitial collagen formation, though without changing albuminuria (RamachandraRao et al., 2009). The present study shows that pirfenidone restores endothelium-dependent relaxation in the aorta of diabetic db/db mice, but without having an effect in mesenteric small arteries. It remains unclear whether the effect on endothelial function in large arteries will contribute to the antifibrotic effect of pirfenidone. In diabetic patients, there is increased stiffness of the central large arteries (Prenner and Chirinos, 2015). The antifibrotic effect of pirfenidone and the effect on vascular tone may contribute to the conservation of the Wind Kessel function in the large elastic arteries, and hence less backward waves interfering with cardiac function. However, so far these are speculations that can only be addressed by direct measurements with conductance catheters in intact animals (see (Su et al., 2018)). However, our previous studies revealed that aortic remodeling in db/db mice at this age is markedly different from that in diabetic patients (Beck et al., 2020). Therefore, other diabetic animal models or treatment of diabetic patients with pirfenidone will be required to further address whether the effect of pirfenidone on endothelial function in large arteries plays a role in the progression of increased vascular stiffness and organ fibrosis. In addition, further investigation will be required to address whether the direct vasodilator effect in mouse coronary arteries and rat pulmonary arteries is associated with increased flow in these vascular beds.
CONCLUSION
In summary, we investigated the effect of the antifibrotic drug, pirfenidone, on vascular tone, and in mouse coronary arteries pirfenidone induced concentration-dependent relaxations, which were inhibited by an inhibitor of NO synthase, high extracellular potassium, and blockers of BKCa and KV7 channels suggesting an involvement of NO and these potassium channels in pirfenidone relaxations. Moreover, pirfenidone increased BKCa current in vascular smooth muscle. In the aorta from diabetic mice, pirfenidone improves endothelium-dependent vasodilatation a mechanism involving voltage-gated KV7 channels. These vascular actions may contribute to the antifibrotic effect of pirfenidone.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by The Danish Animal Experiments Inspectorate.
AUTHOR CONTRIBUTIONS
LB, EP, DA, and RH performed the functional examination of vessel segments in vitro, EP performed the patch clamp studies, JP and SC-S performed immunoblotting, and AP and SC-S the in vivo experiments. All authors contributed to the design of the study and in the analysis of the data. LB and US wrote a first draft of the manuscript, and all authors revised the content.
FUNDING
US was supported by the Danish Heart Foundation (16-R107-A6681-22967), the NovoNordisk Foundation (NNF1300C007739, NFF60C0023284), Vilhelm Pedersen og Hustrus Mindelegat, The Toyota Foundation, and the Danish Research Council (DFF-6110-00622B). R. Hernanz was supported by a grant from the Ministry of Education, Spain (The Jose Castillejo Young Researchers Mobility Grant 2012).
ACKNOWLEDGMENTS
We thank lecturer Henrik Helligsøe Jensen, Aarhus University for advices with the assay for evaluating the hydroxyl scavenging properties of pirfenidone.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.619152/full#supplementary-material.
REFERENCES
 Abbott, G. W., and Jepps, T. A. (2016). Kcne4 deletion sex-dependently alters vascular reactivity. J. Vasc. Res. 53, 138. doi:10.1159/000449060
 Abreu, R. M., Santos, D. J., and Moreno, A. J. (2000). Effects of carvedilol and its analog BM-910228 on mitochondrial function and oxidative stress. J. Pharmacol. Exp. Therapeut. 295, 1022–1030. 
 Aimo, A., Cerbai, E., Bartolucci, G., Adamo, L., Barison, A., Lo Surdo, G., et al. (2020). Pirfenidone is a cardioprotective drug: mechanisms of action and preclinical evidence. Pharmacol. Res. 155, 104694. doi:10.1016/j.phrs.2020.104694
 Ayala, J. E., Samuel, V. T., Morton, G. J., Obici, S., Croniger, C. M., Shulman, G. I., et al. (2010). Standard operating procedures for describing and performing metabolic tests of glucose homeostasis in mice. Dis. Model Mech. 3, 525–534. doi:10.1242/dmm.006239
 Azuma, A., Nukiwa, T., Tsuboi, E., Suga, M., Abe, S., Nakata, K., et al. (2005). Double-blind, placebo-controlled trial of pirfenidone in patients with idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 171, 1040–1047. doi:10.1164/rccm.200404-571OC
 Bagi, Z., Erdei, N., Toth, A., Li, W., Hintze, T. H., Koller, A., et al. (2005). Type 2 diabetic mice have increased arteriolar tone and blood pressure: enhanced release of COX-2-derived constrictor prostaglandins. Arterioscler. Thromb. Vasc. Biol. 25, 1610–1616. doi:10.1161/01.ATV.0000172688.26838.9f
 Bagi, Z., Koller, A., and Kaley, G. (2015). Superoxide-NO interaction decreases flow- and agonist-induced dilations of coronary arterioles in Type 2 diabetes mellitus. Am. J. Physiol. Heart Circ. Physiol. 285, H1404–H1410. doi:10.1152/ajpheart.00235.2003
 Ballester, B., Milara, J., and Cortijo, J. (2020). Pirfenidone anti-fibrotic effects are partially mediated by the inhibition of MUC1 bioactivation. Oncotarget 11, 1306. doi:10.18632/oncotarget.27526
 Bangshaab, M., Gutierrez, A., Huynh, K. D., Knudsen, J. S., Arcanjo, D. D. R., Petersen, A. G., et al. (2019). Different mechanisms involved in liraglutide and glucagon‐like peptide‐1 vasodilatation in rat mesenteric small arteries. Br. J. Pharmacol. 17, 386–399. doi:10.1111/bph.14534
 Beck, L., Su, J., Comerma-Steffensen, S., Pinilla, E., Carlsson, R., Hernanz, R., et al. (2020). Endothelial dysfunction and passive changes in the aorta and coronary arteries of diabetic db/db mice. Front. Physiol. 11, 1–17. doi:10.3389/fphys.2020.00667
 Beckman, J. A., Goldfine, A. B., Gordon, M. B., and Creager, M. A. (2001). Ascorbate restores endothelium-dependent vasodilation impaired by acute hyperglycemia in humans. Circulation 103, 1618–1623. doi:10.1161/01.CIR.103.12.1618
 Boedtkjer, E., Praetorius, J., Matchkov, V. V., Stankevicius, E., Mogensen, S., Füchtbauer, A. C., et al. (2011). Disruption of Na +, HCO 3 − cotransporter NBCn1 (slc4a7) inhibits NO-mediated vasorelaxation, smooth muscle Ca 2+ sensitivity, and hypertension development in mice. Circulation 124, 1819. doi:10.1161/CIRCULATIONAHA.110.015974
 Bolotina, V. M., Najibi, S., Palacino, J. J., Pagano, P. J., and Cohen, R. A. (1994). Nitric oxide directly activates calcium-dependent potassium channels in vascular smooth muscle. Nature 368, 850–853. doi:10.1038/368850a0
 Brøndum, E., Kold-Petersen, H., Simonsen, U., and Aalkjaer, C. (2010). NS309 restores EDHF-type relaxation in mesenteric small arteries from type 2 diabetic ZDF rats. Br. J. Pharmacol. 159, 154–165. doi:10.1111/j.1476-5381.2009.00525.x
 Brueggemann, L. I., Haick, J. M., Neuburg, S., Tate, S., Randhawa, D., Cribbs, L. L., et al. (2014). KCNQ (Kv7) potassium channel activators as bronchodilators: combination with a β2-adrenergic agonist enhances relaxation of rat airways. Am. J. Physiol. Lung Cell Mol. Physiol. 306, L476. doi:10.1152/ajplung.00253.2013
 Brueggemann, L. I., Mackie, A. R., Martin, J. L., Cribbs, L. L., and Byron, K. L. (2011). Diclofenac distinguishes among homomeric and heteromeric potassium channels composed of KCNQ4 and KCNQ5 subunits. Mol. Pharmacol. 79, 10. doi:10.1124/mol.110.067496
 Buus, N. H., Hansson, N. C., Rodriguez-Rodriguez, R., Stankevicius, E., Andersen, M. R., and Simonsen, U. (2011). Antiatherogenic effects of oleanolic acid in apolipoprotein e knockout mice. Eur. J. Pharmacol. 670, 519. doi:10.1016/j.ejphar.2011.09.037
 Carnevale, D., Facchinello, N., Iodice, D., Bizzotto, D., Perrotta, M., De Stefani, D., et al. (2018). Loss of EMILIN-1 enhances arteriolar myogenic tone through TGF-β (transforming growth factor-β)-dependent transactivation of EGFR (epidermal growth factor receptor) and is relevant for hypertension in mice and humans. Arterioscler. Thromb. Vasc. Biol. 38, 2484. doi:10.1161/ATVBAHA.118.311115
 Chadha, P. S., Jepps, T. A., Carr, G., Stott, J. B., Zhu, H. L., Cole, W. C., et al. (2014). Contribution of Kv7.4/Kv7.5 heteromers to intrinsic and calcitonin gene-related peptide-induced cerebral reactivity. Arterioscler. Thromb. Vasc. Biol. 34, 887. doi:10.1161/ATVBAHA.114.303405
 Chen, H., Kold-Petersen, H., Laher, I., Simonsen, U., and Aalkjaer, C. (2015). Impaired endothelial calcium signaling is responsible for the defective dilation of mesenteric resistance arteries from db/db mice to acetylcholine. Eur. J. Pharmacol. 767, 17–23. doi:10.1016/j.ejphar.2015.09.043
 Christensen, F. H., Stankevicius, E., Hansen, T., Jørgensen, M. M., Valverde, V. L., Simonsen, U., et al. (2007). Flow- and acetylcholine-induced dilatation in small arteries from rats with renovascular hypertension—effect of tempol treatment. Eur. J. Pharmacol. 566, 160–166. doi:10.1016/j.ejphar.2007.03.058
 Climent, B., Schubert, R., Stankevicius, E., García-Sacristán, A., Simonsen, U., and Rivera, L. (2012). Large conductance Ca2+-activated K+ channels modulate endothelial cell outward currents and nitric oxide release in the intact rat superior mesenteric artery. Biochem. Biophys. Res. Commun. 417, 1007–1013. doi:10.1016/j.bbrc.2011.12.076
 Comerma-Steffensen, S. G., Carvacho, I., Hedegaard, E. R., and Simonsen, U. (2017). Small and intermediate calcium-activated potassium channel openers improve rat endothelial and erectile function. Front. Pharmacol. 8, 660–717. doi:10.3389/fphar.2017.00660
 Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H., Giembycz, M. A., et al. (2018). Experimental design and analysis and their reporting II: updated and simplified guidance for authors and peer reviewers. Br. J. Pharmacol. 175, 987. doi:10.1111/bph.14153
 Dandona, P., Ghanim, H., and Brooks, D. P. (2007). Antioxidant activity of carvedilol in cardiovascular disease. J. Hypertens. 25, 731–741. doi:10.1097/HJH.0b013e3280127948
 Engholm, M., Pinilla, E., Mogensen, S., Matchkov, V., Hedegaard, E. R., Chen, H., et al. (2016). Involvement of transglutaminase 2 and voltage-gated potassium channels in cystamine vasodilatation in rat mesenteric small arteries. Br. J. Pharmacol. 173, 839–855. doi:10.1111/bph.13393
 Félétou, M. (2009). Calcium-activated potassium channels and endothelial dysfunction: therapeutic options?Br. J. Pharmacol. 156, 545–562. doi:10.1111/j.1476-5381.2009.00052.x
 Gaggini, F., Laleu, B., Orchard, M., Fioraso-Cartier, L., Cagnon, L., Houngninou-Molango, S., et al. (2011). Design, synthesis and biological activity of original pyrazolo-pyrido-diazepine, -pyrazine and -oxazine dione derivatives as novel dual Nox4/Nox1 inhibitors. Bioorg. Med. Chem. 19, 6989–6999. doi:10.1016/j.bmc.2011.10.016
 Gao, X., Belmadani, S., Picchi, A., Xu, X., Potter, B. J., Tewari-Singh, N., et al. (2007). Tumor necrosis factor-alpha induces endothelial dysfunction in Lepr(db) mice. Circulation 115, 245–254. doi:10.1161/CIRCULATIONAHA.106.650671
 Gilda, J. E., and Gomes, A. V. (2013). Stain-free total protein staining is a superior loading control to β-actin for Western blots. Anal. Biochem. 440, 186–188. doi:10.1016/j.ab.2013.05.027
 Goodwill, A. G., Fu, L., Noblet, J. N., Casalini, E. D., Sassoon, D., Berwick, Z. C., et al. (2016). Kv7 channels contribute to paracrine, but not metabolic or ischemic, regulation of coronary vascular reactivity in swine. Am. J. Physiol. Heart Circ. Physiol. 310, H693. doi:10.1152/ajpheart.00688.2015
 Halliwell, B., Gutteridge, J. M., and Aruoma, O. I. (1987). The deoxyribose method: a simple “test-tube” assay for determination of rate constants for reactions of hydroxyl radicals. Anal. Biochem. 165, 215–219. doi:10.1016/0003-2697(87)90222-3
 Hedegaard, E. R., Nielsen, B. D., Kun, A., Hughes, A. D., Krøigaard, C., Mogensen, S., et al. (2014). KV 7 channels are involved in hypoxia-induced vasodilatation of porcine coronary arteries. Br. J. Pharmacol. 171, 69–82. doi:10.1111/bph.12424
 Hilberg, O., Simonsen, U., du Bois, R., and Bendstrup, E. (2012). Pirfenidone: significant treatment effects in idiopathic pulmonary fibrosis. Clin. Res. J. 6, 131–143. doi:10.1111/j.1752-699X.2012.00302.x
 Iyer, S. N., Gurujeyalakshmi, G., and Giri, S. N. (1999). Effects of pirfenidone on procollagen gene expression at the transcriptional level in bleomycin hamster model of lung fibrosis. J. Pharmacol. Exp. Therapeut. 289, 211–218. 
 Jepps, T. A., Carr, G., Lundegaard, P. R., Olesen, S. P., and Greenwood, I. A. (2015). Fundamental role for the KCNE4 ancillary subunit in Kv7.4 regulation of arterial tone. J. Physiol. (Lond.) 593, 5325. doi:10.1113/JP271286
 Joshi, S., Balan, P., and Gurney, A. M. (2006). Pulmonary vasoconstrictor action of KCNQ potassium channel blockers. Respir. Res. 7, 31. doi:10.1186/1465-9921-7-31
 Kassan, M., Choi, S. K., Galán, M., Lee, Y. H., Trebak, M., and Matrougui, K. (2014). Enhanced p22phox expression impairs vascular function through p38 and ERK1/2 MAP kinase-dependent mechanisms in type 2 diabetic mice. Am. J. Physiol. Heart Circ. Physiol. 306, H972–H980. doi:10.1152/ajpheart.00872.2013
 Khanamiri, S., Soltysinska, E., Jepps, T. A., Bentzen, B. H., Chadha, P. S., Schmitt, N., et al. (2013). Contribution of KV7 channels to basal coronary flow and active response to ischemia. Hypertension 62, 1090. doi:10.1161/HYPERTENSIONAHA.113.01244
 Kroigaard, C., Kudryavtseva, O., Dalsgaard, T., Wandall-Frostholm, C., Olesen, S. P., and Simonsen, U. (2013). K(Ca)3.1 channel downregulation and impaired endothelium-derived hyperpolarization-type relaxation in pulmonary arteries from chronically hypoxic rats. Exp. Physiol. 98, 957. doi:10.1113/expphysiol.2012.066340
 Lee, J., Lee, S., Zhang, H., Hill, M. A., Zhang, C., and Park, Y. (2017). Interaction of IL-6 and TNF-α contributes to endothelial dysfunction in type 2 diabetic mouse hearts. PloS One 12, e0187189. doi:10.1371/journal.pone.0187189
 Lee, S., Yang, Y., Tanner, M. A., Li, M., and Hill, M. A. (2015). Heterogeneity in Kv7 channel function in the cerebral and coronary circulation. Microcirculation 22, 109. doi:10.1111/micc.12183
 Lima-Posada, I., Fontana, F., Pérez-Villalva, R., Berman-Parks, N., and Bobadilla, N. A. (2019). Pirfenidone prevents acute kidney injury in the rat. BMC Nephrol. 20, 158. doi:10.1186/s12882-019-1364-4
 Lindman, J., Khammy, M. M., Lundegaard, P. R., Aalkjær, C., and Jepps, T. A. (2018). Microtubule regulation of Kv7 channels orchestrates cAMP-mediated vasorelaxations in rat arterial smooth muscle. Hypertension 71, 336. doi:10.1161/HYPERTENSIONAHA.117.10152
 Mackie, A. R., Brueggemann, L. I., Henderson, K. K., Shiels, A. J., Cribbs, L. L., Scrogin, K. E., et al. (2008). Vascular KCNQ potassium channels as novel targets for the control of mesenteric artery constriction by vasopressin, based on studies in single cells, pressurized arteries, and in vivo measurements of mesenteric vascular resistance. J. Pharmacol. Exp. Therapeut. 325, 475. doi:10.1124/jpet.107.135764
 Mani, B. K., Robakowski, C., Brueggemann, L. I., Cribbs, L. L., Tripathi, A., Majetschak, M., et al. (2016). Kv7.5 Potassium channel subunits are the primary targets for PKA-Dependent enhancement of vascular smooth muscle Kv7 currents. Mol. Pharmacol. 89, 323. doi:10.1124/mol.115.101758
 McGrath, J. C., and Lilley, E. (2015). Implementing guidelines on reporting research using animals (ARRIVE etc.): new requirements for publication in BJP. Br. J. Pharmacol. 172, 3189–3193. doi:10.1111/bph.12955
 Miike, T., Kunishiro, K., Kanda, M., Azukizawa, S., Kurahashi, K., and Shirahase, H. (2008). Impairment of endothelium-dependent ACh-induced relaxation in aorta of diabetic db/db mice—possible dysfunction of receptor and/or receptor-G protein coupling. Naunyn-Schmiedeberg’s Arch. Pharmacol. 377, 401–410. doi:10.1007/s00210-008-0261-3
 Mirkovic, S., Seymour, A. M., Fenning, A., Strachan, A., Margolin, S. B., Taylor, S. M., et al. (2002). Attenuation of cardiac fibrosis by pirfenidone and amiloride in DOCA-salt hypertensive rats. Br. J. Pharmacol. 135, 961–968. doi:10.1038/sj.bjp.0704539
 Misra, H. P., and Rabideau, C. (2000). Pirfenidone inhibits NADPH-dependent microsomal lipid peroxidation and scavenges hydroxyl radicals. Mol. Cell. Biochem. 204, 119–126. doi:10.1023/A:1007023532508
 Mondéjar-Parreño, G., Moral-Sanz, J., Barreira, B., De la Cruz, A., Gonzalez, T., Callejo, M., et al. (2019). Activation of Kv7 channels as a novel mechanism for NO/cGMP-induced pulmonary vasodilation. Br. J. Pharmacol. 176, 2131–2145. doi:10.1111/bph.14662
 Morales-Cano, D., Moreno, L., Barreira, B., Briones, A. M., Pandolfi, R., Moral-Sanz, J., et al. (2016). Activation of PPARβ/δ prevents hyperglycaemia-induced impairment of Kv7 channels and cAMP-mediated relaxation in rat coronary arteries. Clin. Sci. 130, 1823–1836. doi:10.1042/CS20160141
 Mori, A., Higashi, K., Wakao, S., Sakamoto, K., Ishii, K., and Nakahara, T. (2017). Probucol prevents the attenuation of β 2 -adrenoceptor-mediated vasodilation of retinal arterioles in diabetic rats. Naunyn-Schmiedeberg’s Arch. Pharmacol. 390, 1247–1253. doi:10.1007/s00210-017-1423-y
 Nelson, M. T., and Quayle, J. M. (1995). Physiological roles and properties of potassium channels in arterial smooth muscle. Am. J. Physiol. 268, C799–C822. doi:10.1152/ajpcell.1995.268.4.c799
 Pannirselvam, M., Verma, S., Anderson, T. J., and Triggle, C. R. (2002). Cellular basis of endothelial dysfunction in small mesenteric arteries from spontaneously diabetic (db/db−/−) mice: role of decreased tetrahydrobiopterin bioavailability. Br. J. Pharmacol. 136, 255–263. doi:10.1038/sj.bjp.0704683
 Pannirselvam, M., Wiehler, W. B., Anderson, T., and Triggle, C. R. (2005). Enhanced vascular reactivity of small mesenteric arteries from diabetic mice is associated with enhanced oxidative stress and cyclooxygenase products. Br. J. Pharmacol. 144, 953–960. doi:10.1038/sj.bjp.0706121
 Park, S., Bivona, B. J., Feng, Y., Lazartigues, E., and Harrison-Bernard, L. M. (2008). Intact renal afferent arteriolar autoregulatory responsiveness in db/db mice. Am. J. Physiol. Ren. Physiol. 295, F1504–F1511. doi:10.1152/ajprenal.90417.2008
 Pasgaard, T., Stankevicius, E., Jørgensen, M. M., Østergaard, L., Simonsen, U., and Frøbert, O. (2007). Hyperoxia reduces basal release of nitric oxide and contracts porcine coronary arteries. Acta Physiol. 191, 285–296. doi:10.1111/j.1748-1716.2007.01745.x
 Piercy, V., and Taylor, S. G. (1998). A comparison of spasmogenic and relaxant responses in aortae from C57/BL/KsJ diabetic mice with those from their non-diabetic litter mates. Pharmacology 56, 267–275. doi:10.1159/000028208
 Prenner, S. B., and Chirinos, J. A. (2015). Arterial stiffness in diabetes mellitus. Atherosclerosis 238, 370–379. doi:10.1016/j.atherosclerosis.2014.12.023
 RamachandraRao, S. P., Zhu, Y., Ravasi, T., McGowan, T. A., Toh, I., Dunn, S. R., et al. (2009). Pirfenidone is renoprotective in diabetic kidney disease. J. Am. Soc. Nephrol. 20, 1765–1775. doi:10.1681/ASN.2008090931
 Ramos-Mondragón, R., Galindo, C. A., García-Castañeda, M., Sánchez-Vargas, J. L., Vega, A. V., Gómez-Viquez, N. L., et al. (2012). Chronic potentiation of cardiac L-type Ca2+ channels by pirfenidone. Cardiovasc. Res. 96, 244–254. doi:10.1093/cvr/cvs248
 Robertson, B. E., Schubert, R., Hescheler, J., and Nelson, M. T. (1993). cGMP-Dependent protein kinase activates Ca-activated K channels in cerebral artery smooth muscle cells. Am. J. Physiol. 265, C299–C303. doi:10.1152/ajpcell.1993.265.1.c299
 Rydén, L., Rydén, L., Grant, P. J., Anker, S. D., Berne, C., Cosentino, F., et al. (2013). ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the EASD: the task force on diabetes, pre-diabetes, and cardiovascular diseases of the European Society of Cardiology (ESC) and developed in collaboration with the European Association for the Study of Diabetes (EASD). Eur. Heart J. 34, 3035–3087. doi:10.1093/eurheartj/eht108
 Sampson, L. J., Plane, F., and Garland, C. J. (2001). Involvement of cyclic GMP and potassium channels in relaxation evoked by the nitric oxide donor, diethylamine NONOate, in the rat small isolated mesenteric artery. Naunyn-Schmiedeberg’s Arch. Pharmacol. 364, 220–225. doi:10.1007/s002100100453
 Sesso, H. D., Buring, J. E., Christen, W. G., Kurth, T., Belanger, C., MacFadyen, J., et al. (2008). Vitamins E and C in the prevention of cardiovascular disease in men: the Physicians’ health study II randomized controlled trial. J. Am. Med. Assoc. 300, 2123–2133. doi:10.1001/jama.2008.600
 Shi, Y., and Vanhoutte, P. M. (2017). Macro- and microvascular endothelial dysfunction in diabetes. J. Diabetes 9, 434–449. doi:10.1111/1753-0407.12521
 Simonsen, U., Prieto, D., Mulvany, M. J., Ehrnrooth, E., Korsgaard, N., and Nyborg, N. C. (1992). Effect of induced hypercholesterolemia in rabbits on functional responses of isolated large proximal and small distal coronary arteries. Arterioscler. Thromb. 12, 380. doi:10.1161/01.ATV.12.3.380
 Simonsen, U., Triguero, D., García-Sacristán, A., and Prieto, D. (1999). Cholinergic modulation of non-adrenergic, non-cholinergic relaxation in isolated, small coronary arteries from lambs. Pflügers Archiv 438, 177–186. doi:10.1007/s004240050896
 Simonsen, U., Winther, A. K., Oliván-Viguera, A., Comerma-Steffensen, S., Köhler, R., and Bek, T. (2019). Extracellular L-arginine enhances relaxations induced by opening of calcium-activated SKCa channels in porcine retinal arteriole. Ijms 20, 2032–2114. doi:10.3390/ijms20082032
 Stankevicius, E., Dalsgaard, T., Kroigaard, C., Beck, L., Boedtkjer, E., Misfeldt, M. W., et al. (2011). Opening of small and intermediate calcium-activated potassium channels induces relaxation mainly mediated by nitric-oxide release in large arteries and endothelium-derived hyperpolarizing factor in small arteries from rat. J. Pharmacol. Exp. Therapeut. 339, 842–850. doi:10.1124/jpet.111.179242
 Stott, J. B., Barrese, V., and Greenwood, I. A. (2016). Kv7 channel activation underpins EPAC-dependent relaxations of rat arteries. Arterioscler. Thromb. Vasc. Biol. 36, 2404. doi:10.1161/ATVBAHA.116.308517
 Stott, J. B., Barrese, V., Jepps, T. A., Leighton, E. V., and Greenwood, I. A. (2015). Contribution of Kv7 channels to natriuretic peptide mediated vasodilation in normal and hypertensive rats. Hypertension 65, 676. doi:10.1161/HYPERTENSIONAHA.114.04373
 Su, J., Logan, C. C., Hughes, A. D., Parker, K. H., Dhutia, N. M., Danielsen, C. C., et al. (2018). Impact of chronic hypoxia on proximal pulmonary artery wave propagation and mechanical properties in rats. Am. J. Physiol. Heart Circ. Physiol. 314, H1264–H1278. doi:10.1152/ajpheart.00695.2017
 Swoap, S. J., and Gutilla, M. J. (2009). Cardiovascular changes during daily torpor in the laboratory mouse. Am. J. Physiol. Regul. Integr. Comp. Physiol. 297, R769–R774. doi:10.1152/ajpregu.00131.2009
 Symons, J. D., Rutledge, J. C., Simonsen, U., and Pattathu, R. A. (2006). Vascular dysfunction produced by hyperhomocysteinemia is more severe in the presence of low folate. Am. J. Physiol. Heart Circ. Physiol. 290, H181–H191. doi:10.1152/ajpheart.00765.2005
 Tykocki, N. R., Boerman, E. M., and Jackson, W. F. (2017). Smooth muscle ion channels and regulation of vascular tone in resistance arteries and arterioles. Comp. Physiol. 7, 485–581. doi:10.1002/cphy.c160011
 van der Horst, J., Greenwood, I. A., and Jepps, T. A. (2020). Cyclic AMP-dependent regulation of Kv7 voltage-gated potassium channels. Front. Physiol. 11, 727. doi:10.3389/fphys.2020.00727
 Yamazaki, T., Yamashita, N., Izumi, Y., Nakamura, Y., Shiota, M., Hanatani, A., et al. (2012). The antifibrotic agent pirfenidone inhibits angiotensin II-induced cardiac hypertrophy in mice. Hypertens. Res. 35, 34–40. doi:10.1038/hr.2011.139
 Yeung, S. Y., and Greenwood, I. A. (2005). Electrophysiological and functional effects of the KCNQ channel blocker XE991 on murine portal vein smooth muscle cells. Br. J. Pharmacol. 146, 585. doi:10.1038/sj.bjp.0706342
 Yeung, S. Y., Pucovský, V., Moffatt, J. D., Saldanha, L., Schwake, M., Ohya, S., et al. (2007). Molecular expression and pharmacological identification of a role for K(v)7 channels in murine vascular reactivity. Br. J. Pharmacol. 151, 758. doi:10.1038/sj.bjp.0707284
 Zhang, C., Park, Y., Picchi, A., and Potter, B. J. (2008). Maturation-induces endothelial dysfunction via vascular inflammation in diabetic mice. Basic Res. Cardiol. 103, 407–416. doi:10.1007/s00395-008-0725-0
 Zhong, X. Z., Harhun, M. I., Olesen, S. P., Ohya, S., Moffatt, J. D., Cole, W. C., et al. (2010). Participation of KCNQ (Kv7) potassium channels in myogenic control of cerebral arterial diameter. J. Physiol. (Lond.) 588, 3277. doi:10.1113/jphysiol.2010.192823
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Beck, Pinilla, Arcanjo, Hernanz, Prat-Duran, Petersen, Köhler, Sheykhzade, Comerma-Steffensen and Simonsen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_1.gif
Fe'" - EDTA + 20, « Fe'" - EDT:






OPS/xhtml/nav.xhtml
Contents

		Cover

		Pirfenidone Is a Vasodilator: Involvement of KV7 Channels in the Effect on Endothelium-Dependent Vasodilatation in Type-2 Diabetic Mice		Introduction

		Methods and Material		Animals and Preparation of Samples

		Investigation of the Direct Vasodilator Effect of Pirfenidone

		Investigation of the Effect of Pirfenidone on Endothelial Function in the Aorta and Mesenteric Arteries From Diabetic Mice

		Materials





		Results		Mechanisms Involved in Pirfenidone Relaxation

		Effect of Pirfenidone in the Aorta and Mesenteric Arteries From Diabetic Db/Db Mouse

		Mechanisms Involved in the Effect of Pirfenidone on Acetylcholine Relaxation in the Aorta From Diabetic Mice

		Expression of KV7 and BKCa Channels in the Aorta of Diabetic Mice

		Effect of Pirfenidone on Heart Rate and Blood Pressure in Anesthetized Diabetic Mice





		Discussion		Direct Coronary Vasodilator Effect of Pirfenidone

		Effect of Pirfenidone on Impaired Endothelium-dependent Relaxation in Diabetic Mice

		Limitations and Perspectives





		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/fphar-11-619152-g011.gif





OPS/images/math_3.gif
Fe*' -






OPS/images/math_2.gif
+2H" —

0, + 0,






OPS/images/fphar-11-619152-g010.gif
[ . v
G f& [N % %,
e fa” cHh @
o ¥

> Hhee fuﬁw

=
&
&






OPS/images/fphar-11-619152-g009.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





OPS/images/fphar-11-619152-g004.gif
T r T
: o

0% %0 4020 ' 2 4o 60 %o ™ B0 % 022 ' 2 ke w0

o Control = Piferidone 10°M





OPS/images/fphar-11-619152-g005.gif
i Male dbids = Male dbid
ey o
FOPI i TP SP R " s 4
g 2
e o
H M
i 2.
o)+ oo ol ot
¢ e ° e i
iy senn o)
S P Sl PR
= zm
o E..






OPS/images/fphar-11-619152-g002.gif
A . Fiiemadons () G Pifenidone (M),
10°

10% 405 104
o 10° _ " %
; v ) i
-
' i
Lot 1.
me.‘mm





OPS/images/fphar-11-619152-g003.gif
A 1og pirfenidone (M) B log pirfenidone (M)

" P e
zm gm

F %o
1
2 wf & w

P a— wole o

T omd® b [}
¢ [e—— ° o tndons
- e
5 g
H fe
g% 3
2 o € w
P < Tsswecon 1%

€ tog pirtenidone [M] F Iog pifenidone (M}

e s P
= 1 gm
i i
. i

ol ot o

o Convel o





OPS/images/fphar-11-619152-g008.gif





OPS/images/fphar-11-619152-g006.gif
Relaxation %)
T8y

Retaxation (%)

2888 o H

H

kv il 8 .
Tag ACh (0 Iog ACH ()
g
5w
2w
= Prenmestiprine P -
alo bidon o Male dbicy
Iog 4P ) oy SWP )
B2 9 7 s 5 3 w o 37 s
g
5w
fw
gw

R Te

100) + comra
@ Fupire
> Pemnkomstaine





OPS/images/fphar-11-619152-g007.gif
upomton (%

Male dhicbe B Mala cbidh
logAh () 109 ACh ()
PP gt
a g
P 5
ol ol o 0,
< o o opxesm|

- XE991 spitenidone |

- XE%0r sprtonidone |





OPS/images/cover.jpg
‘ frontiers
in Pharmacology

Pirfenidone Is a Vasodilator:
Involvement of Ky7 Channels in
the Effect on Endothelium-
Dependent Vasodilatation in
Type-2 Diabetic Mice





OPS/images/fphar-11-619152-g001.gif
A3 Petendor 8

0 3 Yot L

m fa

e 1

Loat concension

. o

3l

> s oo *:I. - s0mikess:

g S et

- 2

o {o

w ie

D, ST





OPS/images/math_5.gif
21BA + MDA — pink chromogen





OPS/images/math_4.gif
Jeatwih TPApusace

*OH + deoxyribose — fragments- MDA





OPS/images/math_6.gif
{top - bottom)

y = bottom + —





