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Abstract 

The increasing recognition of the role played by cerebral artery dysfunction in brain disorders has fueled the 

search for new cerebrovascular dilators.  Celastrol, a natural triterpene undergoing clinical trials for treating 

obesity, exerts neuroprotection, which was linked to its antioxidant/anti-inflammatory activities.  We 

previously showed that celastrol fitted pharmacophore criteria for activating calcium- and voltage-gated 

potassium channels of large conductance (“BK”) made of subunits cloned from cerebrovascular smooth 

muscle (SM).  These recombinant BKs expressed in a heterologous system were activated by celastrol.  

Activation of native SM BKs is well-known to evoke cerebral artery dilation.  Current data demonstrate that 

celastrol (1-100 µM) dilates de-endothelialized, ex-vivo pressurized middle cerebral arteries (MCA) from rats 

with EC50=45 µM and Emax=100 µM, with MCA diameter reaching a 10% increase over vehicle-containing, 

time-matched values (P<0.05).  A similar vasodilatory efficacy is achieved when celastrol is probed on MCA 

segments with intact endothelium.  Selective BK block with 1 M paxilline blunts celastrol vasodilation.  

Similar blunting is achieved with 0.8 mM 4-AP, which blocks voltage-gated K+ channels other than BK. 

Using an in-vivo rat cranial window, we further demonstrate that intracarotid injections of 45 M celastrol 

onto pial arteries branching from MCA mimics celastrol ex-vivo action.  MCA constriction by ethanol 

concentrations reached in blood during moderate-heavy alcohol drinking (50 mM), which involves SM BK 

inhibition, is both prevented and reverted by celastrol.  We conclude that celastrol could be an effective 

cerebrovascular dilator and antagonist of alcohol-induced cerebrovascular constriction, its efficacy being 

uncompromised by conditions that disrupt endothelial and/or BK function. 

Keywords. Potassium channel openers, cerebral artery dilation, MaxiK channel, cerebral artery smooth 

muscle, alcohol 

Abbreviations. 4-AP: 4-aminopirydine; BK channel: calcium- and voltage-gated potassium channel of large 

conductance; CBF: cerebral blood flow; DMSO: dimethyl sulfoxide; IC: intracellular; MCA: middle cerebral 

artery, PSS: physiologic sodium saline; SM: smooth muscle; SNP: sodium nitroprusside 
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Significance statement: Our study demonstrates for the first time that celastrol significantly dilates rat 

cerebral arteries both ex-vivo and in vivo, and both prevents and reverses ethanol-induced cerebral artery 

constriction.  Celastrol actions are endothelium-independent but mediated through voltage-gated (KV) and 

Ca2+-voltage-gated, big-conductance (BK) K+ channels.  This makes celastrol an appealing new agent to 

evoke cerebrovascular dilation under conditions where endothelial and/or BK channel function are impaired.  
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Introduction 

Several facts drive the continuous search for effective and safe cerebrovascular dilators.  First, 

central neurons critically depend on oxygen delivery for their metabolic needs (Hui et al., 2017).  This 

makes the brain particularly vulnerable to widespread pathological conditions where ischemia plays a 

central role in the genesis and/or progression of the disease.  Indeed, stroke is the 4th cause of death and 

1st cause of long-term disability in the US (www.americanheart.org; Beaglehole, 1992).  In ischemic stroke, 

increased arterial tone with consequent decrease in cerebral artery diameter has been often reported 

(Cipolla & Curry, 2002; Wilkinson & Cockcroft, 1998; Zakhari, 1997).  In addition, cerebral artery constriction 

often follows brain haemorrhagic events (Agrawal et al., 2009; AmericanHeartAssociation, 1999; Macdonald 

& Weir, 2001).  Moreover, pharmaceutical intervention during the ischemic penumbra associated with 

cerebrovascular events presents an opportunity for neuroprotection and tissue repair (Ramos Cabrer et al., 

2010).  Second, there is an increasing recognition of the central role that disruption of cerebral artery 

function exerts on cognitive function and in the pathology and evolution of cognitive disorders, including an 

increased risk of Alzheimer's disease (Schreiber et al., 2005; Villarreal et al., 2014) and in systemic arterial 

hypertension linked to cognitive deficits (Brown, 1999; Román, 2003; Villella & Cho, 2015).  Third, genesis 

and progression of prevalent brain conditions distinct from cognitive disorders are also linked to cerebral 

artery dysfunction, including late onset epilepsy (Richardson and Dodge 1954) and some forms of 

migraines (Edmeads, 1977; Lauritzen et al., 1983; Olesen et al., 1982).  Last but not least, cerebrovascular 

disorders contribute to the morbidity and disability associated with illicit drug use.  Indeed, drug abusers 

have an increased risk of both hemorrhagic and ischemic stroke (Fonseca and Ferro, 2013).  In particular, 

binge drinking, which constitutes the most common pattern of excessive-alcohol consumption in the US 

(https://www.cdc.gov/alcohol/fact-sheets/binge-drinking.htm), is associated with an increased prevalence of 

both ischemic and hemorrhagic stroke (Fernández-Solá, 2015; Klatsky, 2015; Reynolds et al., 2003;  

Zakhari, 1997).  Ethanol concentrations reached in blood during binge drinking constrict cerebral arteries in 

a wide variety of species, including humans, both ex-vivo and in-vivo (Altura and Altura, 1982;1983; Altura, 

1984; Anderson et al., 1993; Bukiya et al., 2009; Cudd et al., 1996; Gordon et al., 1995; Liu et al., 2004; 
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Simakova et al., 2017; Yang et al., 2001; Zhang et al., 1993;1998).  This ethanol action results from drug-

induced inhibition of cerebrovascular SM K+ channels of the BK type (Bukiya et al., 2009; Liu et al., 2004).  

This finding is expected from the fact that these channels, upon plasma membrane depolarization and/or 

Ca2+
ic-driven activation, generate outward currents that limit depolarization and decrease global [Ca2+]ic, 

leading to cerebrovascular myocyte relaxation and cerebral artery dilation (Brayden and Nelson, 1992; 

Dopico et al., 2018; Kamouchi et al., 2002).   

In the eighties and nineties, K+ channels “openers”, i.e., drugs that increase K+ channel activity and thus 

repolarize the SM membrane leading to tissue relaxation and vasodilation, were received with great 

enthusiasm as a new type of vasodilators.  However, most of these drugs target KATP channels and thus 

inhibit insulin secretion, which led to their reconsideration for widespread use as vasodilators (Hansen, 

2006; Mannhold, 2004).  In turn, BK channel activators usually target the ubiquitously expressed channel-

forming BK α subunit and/or affect channels with pores similar to BK, like the non-inactivating KCNQ2, 

which leads to modification of excitability in tissues other than vascular SM (Bentzen et al., 2014; Jensen, 

2002; Nardi & Olesen, 2008). 

Celastrol (Fig. 1) is a natural triterpene currently undergoing phase1 clinical trials as therapeutic agent 

for treating obesity due to its powerful leptin-sensitizing ability (Liu et al., 2015; Ma et al., 2015).  Celastrol 

also exerts neuroprotection, which has been linked to its antioxidant and anti-inflammatory activities (Allison 

et al., 2001; Cleren et al., 2005; Kiaei et al., 2005; Paris et al., 2010).  Remarkably, our group has identified 

that celastrol fits pharmacophore criteria for activation of BKs that include regulatory subunits abundant in 

cerebrovascular SM, and has further demonstrated that ex-vivo exposure of these recombinant heteromeric 

BKs in a heterologous expression system could be activated by celastrol (McMillan et al., 2014).  The aim of 

this study is to determine whether 1) celastrol dilates cerebral arteries both ex-vivo and in-vivo; 2) this action 

requires the vascular endothelium or, rather, involves SM targets; 3) celastrol-induced cerebral dilation 

specifically involves BKs; 4) celastrol is able to counteract cerebral artery constriction evoked by ethanol 

concentrations found in blood during binge drinking.    
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Material and Methods 

Ethical aspects of research.  The care of animals and experimental protocols were reviewed and 

approved by the Institutional Animal Care and Use Committee of the University of Tennessee Health 

Science Center, which is an institution accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care International.   

Cerebral artery diameter measurements ex vivo.  Adult male Sprague-Dawley rats (≈250 g) were 

euthanized by decapitation under deep anesthesia via isoflurane inhalation.  Middle cerebral arteries 

(MCAs) were dissected out from rat brains on ice under microscope (Nikon SMZ645), and each artery was 

cut into two segments.  Each segment end was cannulated onto glass cannulas in a perfusion chamber 

designed ad hoc.  When required by experimental design, the endothelium was removed by passing an air 

bubble through the vessel lumen for 90 seconds prior to vessel cannulation.  This method is highly effective 

for removing the endothelial layer, the lack of endothelium being verified by comparing the efficacy of 

endothelium-dependent vs. endothelium-independent vasodilators as previously described (Liu et al., 2004).  

Using a Dynamax RP-1 peristaltic pump (Rainin Instr.), the chamber was continuously perfused at a rate of 

3.75 ml/min with physiologic sodium saline (PSS) of the following composition (mM): 119 NaCl, 4.7 KCl, 1.2 

KH2PO4, 1.6 CaCl2, 1.2 MgSO4, 0.023 EDTA, 11 glucose, 24 NaHCO3.  PSS was equilibrated at pH 7.4 with 

a 21/5/74% mixture of O2/CO2/N2 gases and maintained at 35-37°C.  Arteries were continuously monitored 

with a CCD camera (DMK 41AU02) attached to the vertical pole of an inverted microscope (Nikon Eclipse 

TS100 or Motic AE31).  The artery wall external (outer) diameter was measured using the automatic edge-

detection function of IonWizard software (IonOptics) and digitized at 1 Hz.  Changes in intravascular 

pressure were achieved by elevating an attached reservoir filled with PSS and monitored using a pressure 

transducer (Living Systems Instr.).  Arteries were first incubated at an intravascular pressure of 10 mm Hg 

for 10 min.  Then, intravascular pressure was increased to 60 mm Hg until arteries developed myogenic 

tone (Liu et al., 2004).  Pressure was held steady throughout the experiment to ensure myogenic tone 

maintenance.  Drugs were dissolved to make stock solutions, diluted in PSS to final concentration, and 

applied to the artery via chamber perfusion.  To avoid any possible receptor de-sensitization related to 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 29, 2020 as DOI: 10.1124/jpet.120.000152

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


   
 

8 
 

repeated/protracted exposure to the ligand (particularly when dealing with ethanol-BK channel interactions; 

Dopico and Lovinger, 2009; Dopico et al., 2018), every artery diameter measurement under a given 

condition was obtained from a unique arterial segment.   

Cerebral artery diameter in vivo measurement through a cranial window.  Adult male Sprague-Dawley 

rats (250-350 g) were anesthetized with ketamine/xylazine mixture (91/9 mg/kg of weight) and kept 

anesthetized for the duration of the experiment with subsequent ketamine doses (50mg/kg of weight) as 

needed.  The catheter was inserted in the carotid artery so that the infusion went straight to the brain rather 

than towards the thoracic cavity.  A cranial window (Busija and Leffler, 1991) was made on the side where 

the catheter had been inserted; thus, the area above the zygomatic arch, between the ear and the eye of 

the skull was cleared of skin and underlying tissue, and then the bone was removed using a Dremel 4000.  

The exposed arteries branching out from the MCA were monitored using a Leica MC170 HD microscope 

with a mounted camera (Leica M125 C) connected to a computer monitor.  Drugs were diluted to their final 

concentration in sodium saline (0.9% NaCl) and administered via catheter at 1 mL/250g of weight.  Cranial 

window images before and after drug administration were acquired every 60 seconds for subsequent 

analysis (see below).  

Chemicals.  Celastrol was purchased from Cayman Chemical.  Ethanol (200 proof; Cat#E7023) and all 

other chemicals were purchased from Sigma Aldrich.  Celastrol was dissolved in dimethyl sulfoxide (DMSO) 

to make a stock solution at 33.3 mM, which was stored in DMSO at –20°C for up to a year.  Celastrol stock 

solution and ethanol were diluted into PSS or saline solution to reach final concentrations immediately 

before experimental use.  Each pressurized artery ex vivo or each animal during in vivo experiments was 

only exposed to celastrol, ethanol, or their combination once to avoid possible use-dependent 

desensitization.   

Data analysis.  Ex vivo MCA diameter data were analyzed using IonWizard 4.4 software (IonOptix) by 

continuous recording in real time of the exterior diameter of cannulated artery segments.  Each data point 

was collected on individual artery segments to avoid desensitization and false repetitions.  Changes in 

artery diameter obtained from cranial window experiments were determined using ImageJ software (ImageJ 
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1.52a, https://imagej.nih.gov/ij/download.html).  The value for basal artery diameter (i.e. diameter before 

drug application) was obtained by averaging diameter values from the same arterial segment during 3 

minutes of recording immediately before drug application.  Drug-induced effects in arterial diameter were 

determined at the maximal, steady drug concentration reached in the chamber before the perfusion was 

switched to another drug or a washout.  The concentration response curve data obtained from ex vivo 

experiments were fitted to the following Boltzmann function: (Origin 2020).  

Statistical analysis was performed using InStat 3.05 software (GraphPad).  Statistical methods included 

either Kruskal–Wallis test or Mann-Whitney U-test, according to experimental design.  In all cases, 

significance was set at P<0.05. Data were expressed as mean ± S.D.  In each experimental group, 

individual artery segments ex-vivo or MCA diameter recordings in-vivo were obtained from different animals.  

Final plotting and fitting of data were conducted using the Origin 2020 software program (Origin Lab Corp.).   
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Results 

Celastrol dilates isolated, pressurized middle cerebral arteries in both presence and absence of 

endothelium.  In order to determine whether celastrol is a vasoactive compound, isolated MCA segments 

were pressurized as described in Materials and Methods and exposed to various concentrations of celastrol 

(1-100 µM). For these all other experiments in this study, we chose MCA because: 1-MCA perfuses more 

brain territories than the other branches of Willis’ circle (Lee, 1995; Lehecka et al., 2012); 2-MCA tone and 

diameter modifications are associated with numerous cerebrovascular, including ischemic, disorders 

(Cipolla and Curry, 2002; González Delgado and Bogousslavsky, 2012; Krafft et al., 2012); 3-MCA has 

been used in our previous studies of ethanol-induced constriction of cerebral arteries and its mediation by 

SM BK channels (Bukiya et al., 2009; Liu et al., 2004), as well as to demonstrate the key role of these K+ 

channels as effectors of drug-induced cerebrovascular dilation (Bukiya et al., 2007; Bukiya et al., 2013).  

Viability of isolated MCA segments was determined by evaluating their contraction in response to 60 mM 

KCl-induced depolarization (which serves as reader of close-to-maximal, depolarization-driven constriction) 

and their relaxation in response to Ca2+-free PSS (which serves as reader of passive diameter) at the 

beginning and end of each experiment, respectively.  Changes in diameter from its basal value in response 

to 60 mM KCl and Ca2+-free PSS are shown in Suppl. Fig. 1.  This figure also documents the small 

variability in diameter measurement in absence of drugs at time-matched intervals.  MCA segments that 

failed to appropriately respond to 60 mM KCl and Ca2+-free PSS were not included for data analysis (Bukiya 

et al., 2007; Bukiya et al., 2009; Liu et al., 2004).  Celastrol evoked an increase in MCA diameter that was 

fully reversible at all concentrations upon washout with PSS (Fig. 2A).  Celastrol action was concentration-

dependent with EC50=10 M and maximal dilation (Emax) reached at 45 M, at which diameter increased by 

10.4±4.2% of control values (Figs. 2A, B; reduced Chi-square=0.2, R-square=0.98).   

The possible contribution of endothelium to celastrol-induced MCA dilation was determined by 

obtaining a concentration-response curve to this drug in MCA segments in which the endothelium was 

mechanically removed prior to vessel pressurization and drug exposure (see Material and Methods).  MCA 

segment viability was determined as described above for endothelium-intact vessels.  As found for MCA 
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segments with intact endothelium, 1-100 µM celastrol reversibly dilated de-endothelialized MCAs in a 

concentration-dependent manner, with EC50=45 M and ECmax100 M, at which diameter reached 9.1±3.2% 

of control (Fig. 2C, D; Reduced Chi-square=0.04, R-square=0.99).  Together, these data indicate that the 

endothelium is not necessary for celastrol to evoke MCA dilation but extra-endothelial drug targets, most 

likely located in the vascular SM, suffice (see next section).  Moreover, the vasodilatory efficacy of celastrol 

in intact and de-endothelialized MCAs was indistinguishable, underscoring the possible therapeutic efficacy 

of celastrol as cerebrovascular dilator in conditions where endothelial function is impaired.   

However, neither EC50 nor Emax values were identical in intact versus de-endothelialized MCA, 

suggesting a modulatory action of endothelium on drug action.  For example, EC50s obtained after running a 

single fit of averaged data to a Boltzmann function rendered 8.8±1.3 and 40.3±2.2 μM for intact and de-

endothelialized, respectively.  Indeed, celastrol effects at equipotent concentrations (10 μM in intact vs. 45 

μM in de-endothelialized MCA) are statistically different (P=0.01; Kruskal–Wallis test).  Finally, Figs. 2B, D 

also show that celastrol Emax clearly differs in intact vs. de-endothelialized MCA (~45 vs. ~100 μM, 

respectively).  To further compare drug action in intact versus de-endothelialized MCA, we fitted celastrol 

concentration-MCA dilation data to an equation of the type: nH = log10(81) / log10(EC90 / EC10) where nH is 

the Hill coefficient, and EC90 and EC10 are the concentrations to produce the 10% and 90% of the maximal 

response, respectively (Altszyler et al., 2017).  Celastrol nH values for dilating MCA were higher than 1 and 

almost identical in de-endothelialized and intact arteries: 1.98 and 2.01, respectively.  This result lead us to 

speculate that multiple receptor sites of extra-endothelial location participate in celastrol action and/or there 

is positive cooperativity in celastrol interaction with a homogeneous population of receptors.   

Celastrol is able to dilate middle cerebral arteries through involvement of extra-endothelial 

potassium channels.  Since celastrol is effective in dilating intact and de-endothelialized MCAs, the 

primary cellular mediators of its vasodilatory action should be of extra-endothelial location.  First, in de-

endothelialized arteries, SM accounts for up to 70% of total tissue (Lee, 1995).  Second, we aimed at 

obtaining novel K+ channel openers.  Lastly, our previous data (McMilan et al., 2014) from patch-clamp 

studies using a heterologous expression system (Xenopus laevis oocytes) demonstrated that celastrol at 
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μM levels could potentiate currents mediated by BK channel-forming slo1 proteins (cbv1 isoform cloned 

from rat cerebral artery SM; AY330293) (Liu et al., 2004) and SM-abundant 1 regulatory subunits 

(FJ154955).  Therefore, we next tested whether different K+ channel populations known to be present in 

cerebrovascular smooth muscle participated in celastrol-induced dilation of de-endothelialized MCAs.  Thus, 

we evaluated celastrol action in the presence of either paxilline at a concentration that selectively blocks BK 

channels (1 M; Strøbaek et al., 1996; Zhou and Lingle, 2014) or 4- aminopyridine (4-AP) at a concentration 

that blocks of KV channels other than the BK type (0.8 mM; Liu et al., 2004; Robertson and Nelson, 1994).  

In de-endothelialized MCA segments, paxilline and 4-AP each significantly decreased the dilation by 100 

µM celastrol from 11.7±2.6 to -0.5±1.2 and to 0.6±2.1 %, respectively (P=0.000021; Figs. 3C, D).  Thus, 

each K+ channel blocker is sufficient, albeit neither necessary, to blunt endothelium-independent, celastrol-

induced dilation MCAs.  On a separate set of experiments, we decided to apply first each K+ channel 

blocker followed by celastrol.  As expected from the active states of smooth muscle BK and Kv channels in 

the pressurized MCA and their contribution to artery diameter regulation, application of each blocker 

produced a modest but significant constriction of de-endothelialized vessels.  Moreover, such treatments 

prevented celastrol from evoking MCA constriction (Figs. 4C, D).  This result further underscores the role of 

such populations of smooth muscle K+ channels in celastrol-induced vasodilation.  Collectively, celastrol-

blockers data in de-endothelialized MCA seem to indicate that K+ channel-induced repolarization in SM, 

whether via BK or KV channels, is the primary mechanism underlying celastrol dilation of cerebral arteries 

(see Discussion).   

As found for de-endothelialized vessels, paxilline and 4-AP significantly blunted the vasodilation 

evoked by 100 µM celastrol when evaluated in intact MCAs: from 10.4±4.3 to 0.8±2.0 and to 0.8±4.7 %, 

respectively (P=0.0009; Figs. 3A and B).  In addition, as found for de-endothelialized vessels, each blocker 

was able to induce a modest yet significant constriction of the intact MCA while fully preventing celastrol 

from dilating these vessels (Figs. 4C and D).  The efficacies of paxilline and 4-AP to counteract celastrol 

action, whether the K+ channel blockers were administered with (Fig. 3) or prior (Fig. 4) to administering the 

triterpene, were indistinguishable from those found in de-endothelialized arteries.  Collectively, our data 
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indicate that the endothelium does not exert any major modulation of K+ channels as effectors of celastrol-

induced dilation of MCAs.  

Celastrol dilates cerebral arteries in-vivo.  In order to determine whether the vasodilatory effect of 

celastrol on cerebral arteries remains at the organismal level, we used the cranial window methodology and 

evaluated celastrol-induced cerebrovascular dilation in anesthesized rats.  This technique allows us to 

continuously monitor the diameter of pial resistance-size arteries (>100 μm in external diameter) that arise 

from the MCA and constitute essential vessels for maintaining proper blood flow to the brain (Baumbach 

and Heistadt, 1985).  For each experiment, baseline images of MCAs were captured prior to any drug 

application and used for reference of the fold-changes in MCA diameter throughout each experiment.  All 

drugs were infused toward the cerebral circulation using an intra-carotid artery catheter as detailed in 

Material and Methods.  Representative images shown in Fig. 5A (bottom panels) document that a bolus 

injection of 45 µM celastrol at minute 1, followed by a saline injection at minute 4, resulted in MCA dilation, 

with average maximal dilation represented by the last bottom panel which shows MCA diameter image at 

minute 12 of the experiment.  An identical pattern was replicated in five other MCAs.  One experiment out of 

7, however, was excluded from quantitative analysis due the MCA unusual biphasic response (initial 

constriction followed by vasodilation).  In all experiments, vehicle (DMSO) failed to induce any change in 

MCA diameter. The lack of vehicle action is underscored by the time-paired top panels of Fig. 5A.  

Averaged data shown in Fig. 5B reveal that celastrol infusion-induced MCA dilation is evident immediately 

upon bolus injection of the drug evoking an increase of 5% in MCA diameter, to further increase to 10% two 

minutes later (i.e., minute 3 in the abscissa) reaching statistical significance (P<0.05).  Celastrol-induced 

dilation, albeit some quantitative oscillation, remains sustained throughout the whole 12 minutes of 

recording, and statistically different (P<0.05) after minute 7 of infusion when compared to time- and volume-

matched injections of celastrol’s vehicle followed by saline.  Remarkably, time-average change in diameter 

induced by intra-carotid administration of celastrol to anesthesized animals (~7% increase in MCA diameter) 

is similar to that shown in isolated MCA segments (Figs. 2 and 5).  These data indicate that celastrol local 
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metabolism, binding to circulating factors or putative interactions with the anesthetic agents do not evidently 

affect the drug vasodilatory efficacy.   

Celastrol antagonizes alcohol-induced constriction of middle cerebral arteries ex-vivo 

independently of a functional endothelium.  We have previously documented that rat MCA is reversibly 

constricted by ethanol (10-100 mM), a drug action that involves several ion channel populations present in 

cerebrovascular SM, such as TRPV1 (North et al., 2018), voltage-gated K+ of the BK type and ryanodine 

receptor type2 (RyR2) channels (Liu et al., 2004).  After documenting that celastrol vasodilation of MCA 

involved BK channels (Fig. 3), we explored whether celastrol could overcome endothelium independent, 

ethanol-induced constriction of MCA.  Thus, celastrol’s ability to antagonize alcohol-induced MCA 

constriction was first tested ex-vivo using pressurized, de-endothelialized MCA segments.  As previously 

reported using de-endothelialized MCAs from rat (Liu et al., 2004) or mouse (Bukiya et al., 2009), ethanol 

(10-100 mM) evoked a concentration-dependent constriction, shown in representative traces (Fig. 6D, E) 

and both scattered individual and averaged data (Fig. 6F).  The ethanol concentration range used in these 

experiments spans from blood alcohol levels considered legal intoxication in most US states (17 mM) to 

those that are usually lethal in naïve humans (100 mM) (Diamond, 1992).  Remarkably, celastrol at maximal 

effective concentrations (100 M) fully antagonized the alcohol-induced artery constriction across the whole 

range of ethanol concentrations probed, as shown in representative traces (Fig. 6D, E) and both scattered 

and averaged data (Fig. 6F).  These results demonstrate that celastrol can antagonize ethanol-induced 

constriction of cerebral arteries in absence of a functional endothelium, which may have relevance 

regarding alcohol consumption in subjects with conditions associated with endothelial dysfunction (see 

Discussion). 

We next investigated celastrol antagonism of ethanol action on MCA diameter using intact, isolated 

vessels.  As previously reported (Liu et al., 2004), ethanol (17 mM) constricted intact MCA in a 

concentration-dependent manner, shown in representative traces (Fig. 6A, B) and both scattered individual 

and averaged data (Fig. 6C).  In these vessels, 45 M celastrol was not only able to suppress ethanol-

induced vasoconstriction but, in most cases, actually reverted ethanol action to dilation (Figs. 6A and C).  It 
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is thus likely that some endothelial mediator(s) amplifies celastrol antagonism against ethanol, leading to 

the speculation that the endothelium, albeit not a primary mediator, can modulate celastrol’s 

cerebrovascular actions.   

Celastrol antagonizes alcohol-induced cerebral artery constriction in-vivo.  To determine whether 

celastrol antagonism of ethanol action on cerebral arteries remained in the live animal, we used a similar 

approach to that used to probe celastrol itself on MCA.  Thus, the effect of 50 mM alcohol on rat MCA 

diameter was compared to the effect of 50 mM alcohol in mixture with 45 µM celastrol using a cranial 

window in anesthetized rats.  Following a baseline image recording of MCA diameter prior to any drug 

infusion, bolus injections of drugs of interest were performed towards the cerebral circulation via an intra-

carotid artery catheter.  Infusion of 50 mM ethanol, a concentration reached in blood during moderate-heavy 

alcohol drinking, caused a significant constriction of rat MCA 3 min after the initiation of the intra-carotid 

infusion when diameter values reached 0.78±0.07 of control (P<0.05).  This result is shown with 

representative images (Fig. 7A, top panels) and averaged data (Fig. 7B, hollow circles).  More important, 

as found with isolated vessels, 45 µM celastrol completely reverted the constriction evoked by 50 mM 

ethanol in the live animal, regardless of whether celastrol was introduced before or after alcohol (P<0.05) 

(Fig. 7A, bottom and middle panels and Fig. 7B, black squares and black triangles).  Thus, celastrol is able 

to both prevent and revert the MCA constriction evoked by toxicologically relevant concentrations of 

ethanol.  Collectively, our data also indicate that local metabolism, binding to circulating factors or putative 

interactions with the anesthetic agents used do not evidently modify the effectivity of either alcohol or 

celastrol nor their interaction.   
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Discussion 

Our study demonstrates for the first time that celastrol is a cerebrovascular dilator both ex-vivo and in-

vivo.  To prove this, we respectively used pressurized, isolated MCA segments and a cranial window on pial 

arteries branching out of the MCA, two systems widely used to study cerebral artery physiology, pathology 

and pharmacology, as the rat arterial circulation greatly matches that of humans (Lee, 1995).  The efficacy 

of celastrol-induced dilation might be judged, as first glance, as mild, with a maximal increase in diameter of 

~10% over pre-drug values.  However, Poiseuille’s law (Rushmer, 1972) establishes that flow is related to 

vessel radius (and thus, diameter) by a power of 4; thus, our results indicate that celastrol at Emax would 

evoke a robust increase (up to 49%) in local blood flow.   

Celastrol-induced MCA dilation is endothelium-independent, which becomes particularly relevant when 

cerebrovascular dilation is pursued under conditions that disrupt endothelial function, such as obesity.  

Noteworthy, phase 1 clinical trials for celastrol as anti-obesity drug are underway (Liu et al., 2015).  The 

vasodilating properties of celastrol could bring cerebrovascular benefits additional to its hunger-curbing 

action (Liu et al., 2015) in obese patients.  The fact that celastrol dilation of cerebral arteries is endothelium-

independent raises the possibility of therapeutic additivity with other celastrol actions shown in human cells, 

rats and mice, such as its anti-inflammatory and antioxidant properties leading to protection of the 

endothelium, albeit such properties have been usually observed at 50 nM-10 µM celastrol (Allison et al., 

2001; Cascão et al 2012; Pinna et al., 2004; Zeng et al,. 2018).  For example, the antioxidant and anti-

inflammatory properties of celastrol seem beneficial in a rat MCA ischemia model, with low mg 

concentrations of the drug ameliorating neurological deficit, brain edema and infarction size by 

downregulating the expression of p-JNK, p-c-Jun and NF-κB (Li et al., 2012).  Several FDA-approved 

agents used to counteract neurotoxicity and treat brain ischemia or, more specifically, stroke, share key 

pharmacological actions with celastrol: edaravone, curcumin and minoxicline all have antioxidant activities 

and counteract neuroinflammation (Cole et al., 2007; Lapchak and Zivin, 2009; Lapchak, 2011; Wang et al., 

2008; Wang et al., 2010).  Whether these agents are effective cerebrovascular dilators like celastrol, 

remains to be formally tested.  If not, the availability of vasodilatory celastrol (or structural analogs, see 
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below) may bring a considerable therapeutic advantage.  Lastly, because cognition and other cerebral 

functions vitally depend on adequate blood perfusion, eventually determined by the diameter of resistance-

size cerebral arteries (Cox and Rusch, 2002; Jackson, 2005; Moudgil et al., 2006), the possible additivity 

between celastrol’s anti-oxidant/anti-inflammatory and vasodilating properties could have also contributed to 

data documenting that celastrol may improve performance in memory, learning and psychomotor tests 

(Cascão et al., 2012), and be of benefit in treating Alzheimer’s, Parkinson’s or Huntington’s disease (Allison 

et al., 2001; Cleren et al., 2005; Kiaei et al., 2005; Paris et al., 2010).   

Our current study demonstrates that vasodilating concentrations of celastrol are able to both prevent 

and reverse ethanol-induced constriction of MCA, which proves, for the first time, that a drug which targets 

two distinct populations of SM K+ channels is able to antagonize (both prevent and reverse) the cerebral 

artery response to ethanol concentrations reached in circulation during moderate-heavy binge drinking (20-

60 mM), the most common form of excessive alcohol consumption in the US 

(https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking).  

Interestingly, celastrol’s efficacy to evoke MCA dilation and antagonize alcohol action advances the 

pharmacological profile of an agent for which pharmacokinetic and bioavailability data are available, with 

oral administration of celastrol-containing tablets to rats having a 94.19% bioavailability (Zhang et al., 2012) 

and self-micro-emulsifying drug delivery systems for further optimization of celastrol bioavailability being 

already developed (Kim et al., 2009; Qi et al., 2014).   

Based on MCA responses to celastrol in presence of selective blockers, purely voltage-gated (KV) 

channels and BKs of extra-endothelial location (very likely in the vascular myocyte itself) are mediators of 

celastrol-induced cerebrovascular dilation, with each channel population being sufficient to mediate drug 

action, yet none necessary.  Remarkably, the celastrol molecule includes several major structural features 

that are required for ligands of β1 subunit-containing BK channels, i.e., subunits that are particularly 

abundant in cerebrovascular SM (Dopico et al., 2018).  These structural features include a carboxylate 

group at one end of the celastrol molecule, a polar group (hydroxyl) at the other end, and link between 

these two by a rather hydrophobic (usually poly-heterocyclic structure), as found in endogenous SM BK 
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ligands such as bile acids (Bukiya et al., 2011; Dopico et al., 2002) and the synthetic compound termed 

“HENA” (Bukiya et al., 2013).  Indeed, celastrol satisfies major pharmacophore criteria for β1-containing BK 

channels (McMillan et al., 2014).  Overall, celastrol maximal vasodilation ranges from 8-12% increase over 

pre-drug values, when we consider all systems here studied: de-endothelialized and intact isolated MCA 

segments, and cranial window MCA measurements in live rats.  This ceiling overlaps with those of 

lithocholate (i.e., celastrol mid-range of concentrations) and HENA (i.e., celastrol higher-range of 

concentrations), as reported in both ex-vivo and in vivo studies also conducted on rat MCA (Bukiya et al., 

2007; 2013).  We previously showed that both lithocholate- and HENA-induced MCA dilations, as 

demonstrated here by celastrol, were blunted by selective BK channel block (Bukiya et al., 2007; 2013; Liu 

et al., 2004).  Celastrol’s apparent affinity to dilate de-endothelialized MCA (EC50=45 μM; Emax≤100 μM), 

however, is higher than those of lithocholate or HENA (EC50s=45-55 μM and Emaxs=100-300 μM), these 

values being also needed for lithocholate and HENA to increase SM BK channel activity (Bukiya et al., 

2007; 2013), which suggests the involvement of SM targets additional to BK channels in celastrol action.  In 

addition to BK channel activation, SM tone in cerebral arteries is critically reduced by the activity of KV 

channels (Faraci and Sobey, 1998).  Indeed, our study shows that 4-AP at concentrations that block KV but 

not BK channels is capable of blunting celastrol-induced vasodilation.  Given that separate application of KV 

and BK channel blockers equally blunts celastrol-induced vasodilation, it is possible to hypothesize that K+ 

outflow-driven repolarization by either channel population is the common, primary mechanism that mediates 

celastrol dilation of de-endothelialized MCA.  Remarkably, neither lithocholate- nor HENA-induced MCA 

dilations were significantly blunted by KV block (Bukiya et al., 2007; 2013).  This leads us to speculate that 

under conditions that decrease SM BK channel function and compromise vasodilation (e.g., downregulation 

of β1 subunit trafficking to the membrane, leading to desensitization to Ca2+ and functional uncoupling of BK 

channels from Ca2+ sparks, causing membrane depolarization, increase in SM tone and arterial 

hypertension; Brenner et al., 2000; Bukiya et al., 2020; Dopico et al., 2018; Plüger et al., 2000), celastrol 

may remain efficacious via KV channel activation.  Determination of the specific subunits, amino acids and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 29, 2020 as DOI: 10.1124/jpet.120.000152

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


   
 

19 
 

chemical bonds that could participate in celastrol-BK/KV channel direct interactions exceeds the scope of 

the current study and will be addressed in the future.  

 While our study unequivocally demonstrates that the endothelium is not required for celastrol-

induced MCA dilation, some data suggest endothelial modulation of drug action: first, de-endothelialization 

causes a right shift in the concentration response curve when compared to intact vessels (Fig 2B and D).  

Second, the ability of celastrol to counteract alcohol-induced constriction appears to be diminished in de-

endothelialized arteries (Fig. 5).  The identity of the endothelial mechanism(s) leading to fine-tune celastrol 

action on MCA diameter remains to be established.  However, the facts that a) celastrol nH is ~2 in both 

intact and de-endothelialized vessels and b) blockade of celastrol by 4-AP and paxilline is undistinguishable 

under the two conditions suggest that endothelial factors do not exert a major modulation of celastrol action 

via BK and KV channels but additional endothelial targets are involved.   

In conclusion, we first document cerebrovascular dilation by celastrol, provide insights into the 

molecular mechanisms involved in this action, and advance clinically relevant scenarios for the use and 

application of the vasoactive properties of celastrol, including its antagonism of alcohol action on the 

cerebral circulation.  
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Figure Legends. 

Figure 1. Chemical structure of celastrol or 3-hydroxy-9β,13α-dimethyl-2-oxo-24,25,26-trinoroleana-

1(10),3,5,7-tetraen-29-oic acid.  Celastrol, a pentacyclic triterpenoid that belongs to the family of quinone 

methides, meets major pharmacophore criteria for ligands that increase the activity of BKs made of subunits 

prevalent in vascular SM (see main text and McMillan et al., 2014). 

Figure 2. Celastrol is an endothelium-independent dilator of cerebral arteries ex-vivo.  A. Diameter 

trace showing dilation of pressurized MCA segments with intact endothelium in presence of 45 M celastrol.  

Here and in all other figures, celastrol-induced dilation (area under the curve) is highlighted by tilted dashed 

lines. B.  Celastrol-driven percent changes in rat MCA with intact endothelium; data are fitted to a 

Boltzmann function.  C.  Diameter trace showing dilation of de-endothelialized, pressurized MCA segments 

in presence of 100 M celastrol.  D. Celastrol-driven percent changes in de-endothelialized MCA; data are 

fitted to a Boltzmann function.  Here, and in all figures, deviation from averaged value is shown as standard 

deviation. 

Figure 3. Simultaneous in vitro exposure to celastrol and blockers of either BK or KV (other than BK) 

channels prevents the triterpene from dilating MCA whether when probed in intact or de-

endothelialized vessels.   

A. Diameter trace showing response of pressurized MCA segments with intact endothelium to application of 

45 µM celastrol and 1 µM paxilline mixture (top) as well as 45 µM celastrol and 0.8 mM 4- aminopyridine (4-

AP) mixture (bottom).  B. Comparison of percent changes in rat MCA with intact endothelium in response to 

45 µM celastrol as opposed to 45 µM celastrol mixtures with either 1 µM paxilline or 0.8 mM 4-AP.  

*Different from 45 µM celastrol (P= 0.00098, Kruskal–Wallis).  C. Diameter traces showing responses of de-

endothelialized pressurized MCA of rat in the presence of 100 µM celastrol and 1 µM paxilline mixture (top) 

or 100 µM celastrol and 0.8 mM 4-AP mixture (bottom).  D. Comparison of percent changes in rat de-

endothelialized MCA in response to 100 µM celastrol as opposed to 100 µM celastrol mixtures with either 1 

µM paxilline or 0.8 mM 4-AP. *Different from celastrol (P= 0.00213; Kruskal–Wallis). 
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Figure 4.  Previous in vitro exposure to either BK or KV (other than BK) channels prevents celastrol 

from dilating MCA segments whether when probed in intact or de-endothelialized vessels.   

A. Diameter trace showing response of pressurized MCA segments with intact endothelium to application of 

1 µM paxilline followed by 1 µM paxilline and 45 µM celastrol mixture (top) as well as 0.8 mM 4- 

aminopyridine (4-AP) followed by 4-AP and 45 µM celastrol mixture (bottom).  B. Comparison of percent 

changes in rat MCA with intact endothelium in response to 45 µM celastrol, 1 µM paxilline, paxilline and 

celastrol mixture, 4-AP, 4-AP and celastrol mixture.  *Different from 45 µM celastrol (P= 0.0000014, 

Kruskal–Wallis).  C. Diameter trace showing response of de-endothelialized MCA segments in response to 

the application of 1 µM paxilline followed by a mixture of paxilline and 100 µM celastrol (top) as well as 0.8 

mM 4- aminopyridine (4-AP) followed by 4-AP and 100 µM celastrol mixture (bottom).  D. Comparison of 

percent changes in de-endothelialized rat MCA’s in response to 100 µM celastrol, 1 µM paxilline, paxilline 

and celastrol mixture, 4-AP and 4-AP with celastrol mixture.  *Different from 100 µM celastrol (P= 

0.00000219, Kruskal–Wallis).   

Figure 5. Celastrol dilates cerebral arteries in-vivo.  A. Cranial window images of rat MCA prior to any 

infusions (base), at 4 minutes after infusions of either celastrol’s vehicle (top row of images) or time-

matched infusion of 45 µM celastrol (bottom row of images).  In both cases, at minute 4 animals were 

infused with a bolus of saline to provide a volume-matched control for experimental groups involving alcohol 

(see Fig. 7). Dashed lines highlight area MCA diameter changes.  A single experiment for the 

celastrol+saline group out of a total seven, was not considered for analysis due its highly unusual biphasic 

response (constriction followed by dilation).  B. Averaged fold-changes in MCA diameter for each minute of 

recording compared to baseline diameter determined from image taken immediately prior to any infusion. 

Horizontal dashed line points at 1, meaning there is no change in artery diameter.  N=6 for each group, 

individual N was obtained from a separate rat.  *Different from vehicle at corresponding time-point (P<0.05, 

Mann-Whitney U-test).   

Figure 6. Celastrol counteracts the ex-vivo constriction of cerebral arteries evoked by a wide range 

of clinically relevant alcohol concentrations.  A. Diameter trace showing constriction of pressurized rat 
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MCA segments with intact endothelium in the presence of 60 mL of 50 mM ethanol.  B. Diameter trace 

showing constriction of pressurized rat MCA segments with intact endothelium in the presence of 50 mM 

ethanol followed by concurrent application of 50 mM ethanol and 45 µM celastrol.    C. Percent changes in 

rat MCA with intact endothelium in response to 50 mM ethanol (black) immediately before addition of 45 µM 

celastrol and in presence of 50 mM ethanol and 45 µM celastrol mixture (red).  D. Diameter trace showing 

constriction of de-endothelialized rat MCA segments in the presence of 60 mL of 50 mM ethanol.  E. 

Diameter trace showing constriction of de-endothelialized rat MCA segments in the presence of 50 mM 

ethanol followed by concurrent application of 50 mM ethanol and 100 µM celastrol.  F. Percent changes in 

rat MCA with intact endothelium in response to 50 mM ethanol (black) immediately before addition of 100 

µM celastrol and in presence of 50 mM ethanol and 100 µM celastrol mixture (red).  

Figure 7. Celastrol counteracts alcohol-induced cerebral artery constriction in-vivo.  A. Cranial 

window images of rat MCA prior to any infusions (pre-injections) at minute 1, at minute 4 after infusions of 

either 50 mM ethanol (top and middle rows of images) or time-matched 45 M celastrol (bottom row of 

images), and before the 2nd injection of drug (either celastrol or ethanol), respectively.  At minute 1, either a 

celastrol infusion was followed by a bolus infusion of 50 mM ethanol (bottom row of images) or a 50 mM 

ethanol infusion was followed by a bolus of 45 µM celastrol (middle row of images).  For comparison, 

animals from alcohol-only group were followed by a time- and volume-matched infused with DMSO diluted 

in saline at minutes 1 and 4, respectively (images not shown; averaged data shown with circles in the plot in 

panel B).  Dashed lines highlight the area under the curve of MCA diameter change.  B. Fold-changes in 

artery diameter for each minute of recording.  N=6 for each group, individual N was obtained from a 

separate rat.  *Different from alcohol infusion in presence of celastrol (P<0.05, Mann-Whitney U-test). 
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