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Abstract

Introduction: Crotonaldehyde (CR) is an electrophilic α,β-unsaturated aldehyde present in foods 

and beverages and is a minor metabolite of 1,3-butadiene. CR is a product of incomplete 

combustion, and is at high levels in smoke of cigarettes and structural fires. Exposure to CR has 

been linked to cardiopulmonary toxicity and cardiovascular disease.

Objective: The purpose of this study was to examine the direct effects of CR in murine blood 

vessels (aorta and superior mesenteric artery, SMA) using an in vitro system.

Methods and Results: CR induced concentration-dependent (1–300 μM) relaxations (75–80%) 

in phenylephrine (PE) precontracted aorta and SMA. Because the SMA was 20x more sensitive to 

CR than aorta (SMA EC50 3.8±0.5 μM; aorta EC50 76.0±2.0 μM), mechanisms of CR relaxation 
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were studied in SMA. The CR-induced relaxation at low concentrations (1–30 μM) was inhibited 

by: 1) mechanically-impaired endothelium; 2) Nω-Nitro-L-arginine methyl ester hydrochloride 

(L-NAME); 3) guanylyl cyclase (GC) inhibitor (ODQ); 4) transient receptor potential ankyrin-1 

(TRPA1) antagonist (A967079); and, 5) by non-vasoactive level of nicotine (1 μM). Similarly, a 

TRPA1 agonist, allyl isothiocyanate (AITC; mustard oil), stimulated SMA relaxation dependent 

on TRPA1, endothelium, NO, and GC. Consistent with these mechanisms, TRPA1 was present in 

the SMA endothelium. CR, at higher concentrations (100–300 μM), induced tension oscillations 

(spasms) and irreversibly impaired contractility (a vasotoxic effect enhanced by impaired 

endothelium).

Conclusions: CR relaxation depends on a functional endothelium and TRPA1, whereas 

vasotoxicity is enhanced by endothelium dysfunction. Thus, CR is both vasoactive and vasotoxic 

along a concentration continuum.

Graphical Abstract:

Cartoon depicting the mechanisms of CR-induced relaxation in SMA. A) CR induced both 

vasorelaxation at low concentrations and impaired contractility and triggered spasms at high 

concentrations in SMA. B) Th mechanism or relaxation (#1) appeared to start with the activation 

of the Transient Receptor Potential Ankyrin 1 (TRPA1) cation channels in the endothelium. This 

step was blocked by a TRPA1 inhibitor (A967079) and SMA from TRPA1-null mice. Calcium 

entry into endothelial cells enhanced eNOS and NO production. The latter was blocked by NOS 

inhibition (L-NAME) and endothelial cell impairment (air perfusion). NO released from 

endothelial cells diffused into vascular smooth muscle cells (VSMC) and activated guanylyl 

cyclase (GC) to stimulate cGMP formation. This step was blocked by the GC inhibitor (ODQ). We 

inferred that cGMP activated Protein Kinase G – a known activator of K+ channel opening in 

VSMC leading to hyperpolarization, closure of voltage-gated Ca++ channels, and relaxation. A 

second pathway (#2) of relaxation must exist because CR relaxed SMA even in the presence of all 

inhibitors used and mechanical endothelium disruption. The mechanism of this pathway may have 

involved closure of VSMC Ca++ channels because CR relaxed PE-precontracted aorta in a 

TRPA1-independent manner. The role of VSMC-localized TRPA1 (?) remains to be determined.
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Introduction

Crotonaldehyde (CR) is a highly reactive α,β-unsaturated aldehyde that is environmentally 

ubiquitous, e.g., found in foods such as fish, meat, fruits and vegetables and beverages, e.g., 

wine and whiskey (IARC., 1995; Eder et al., 1999). Additional sources of CR exposure 

include mainstream and side-stream tobacco smoke (IARC., 1995). CR is also formed 

endogenously during lipid peroxidation (Duescher and Elfarra, 1993; Chung et al., 1996; 

Chung et al., 1999; Filser et al., 2001; Kawaguchi-Niida et al., 2006; Nair et al., 2007; 

Voulgaridou et al., 2011), and through the metabolism of 1,3-butadiene (Duescher and 

Elfarra, 1993; Filser et al., 2001) and metabolism of N-nitrosopyrrolidine (Wang et al., 1988; 

Hecht et al., 1999). CR can also be formed from acetaldehyde by aldol condensation and 

dehydration (Tuma et al., 1991). CR is also an important industrial chemical used in the 

synthesis of tocopherols, sorbitol, and 3-methylbutanol, but it is also a contaminant and a 

byproduct of various chemical processes (IARC., 1995).

CR can rapidly penetrate cell membranes and induce adverse biological effects, such as 

inflammation in alveolar macrophages of smokers (Facchinetti et al., 2007; Yang et al., 
2013a; Yang et al., 2013b); oxidative stress and apoptosis in epithelial cells (Liu et al., 
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2010a; Liu et al., 2010b); and toxicity to respiratory tract tissues (Reddy et al., 2002). 

Glutathione S-transferase P (GSTP) accelerates metabolism of short chain unsaturated 

aldehydes such as acrolein (3-C) and CR (4-C) via conjugation with glutathione (GSH) 

(Berhane et al., 1994; Conklin et al., 2015). The major metabolite of CR and a urinary 

biomarker of CR exposure is 3-hydroxy-1-methylpropyl mercapturic acid (HPMMA) (Gray 

and Barnsley, 1971). Urinary levels of HPMMA are significantly increased after cigarette 

smoking and are significantly higher (3x) in U.S. cigarette smokers than in non-smokers 

(Jain, 2015; Lorkiewicz et al., 2019). Moreover, levels of both HPMMA and 3-

hydroxypropyl mercapturic acid (3HPMA; major metabolite of acrolein) are similar in 

smokers yet as well as in non-smokers, indicating that similar levels of these two aldehydes 

are found in the environment, derived from endogenous metabolic processes and in cigarette 

smoke (Jain, 2015).

CR is chemically similar to acrolein, and thus, the lung toxicity of cigarette smoke has been 

attributed in part to both acrolein and CR. It has been listed as one of nine constituents 

recommended for disclosure and monitoring by the World Health Organization (WHO) 

study group on tobacco product regulation (Haussmann, 2012). Moreover, because the 

primary acrolein metabolite, 3HPMA, is associated with cardiovascular and pulmonary 

disease risk (DeJarnett et al., 2014; Srivastava et al., 2011; Zhang et al., 2018), it is expected 

that CR also contributes to disease risk. Similarly, occupational exposure to 1,3-butadiene, a 

precursor of CR, is associated with cardiovascular disease (Divine, 1990; Matanoski et al., 
1990), and in an animal model, exposure to 1,3-butadiene increases arteriosclerotic plaque 

development in cockerels (Penn and Snyder, 1996). Nonetheless, little research has been 

dedicated to assess the direct vascular effects of CR.

Because CR and acrolein are known to activate the transient receptor potential ankyrin 1 

(TRPA1) channel and because TRPA1 is present in the vasculature, we explored the TRPA1-

dependence of CR vasoreactivity in isolated blood vessels (Jin et al., 2019a). TRPA1 is 

widely distributed in the nervous and cardiovascular systems especially sensory neurons 

(unmyelinated C-fibers) (Nagata et al., 2005; Anand et al., 2008), endothelial cells (Earley et 
al., 2009), and heart and cardiomyocytes (Andrei et al., 2016; Conklin et al., 2019). 

Activation of TRPA1 by a variety of agonists including acrolein, CR and allyl isothiocyanate 

(AITC, mustard oil) leads to pain (Trevisan et al., 2016), neurogenic tissue inflammation 

(Schwartz et al., 2011), pulmonary edema and airway hyper-reactivity (Andre et al., 2008; 

Conklin et al., 2016), vasodilation (Jin et al., 2019a) and hypotension (Pozsgai et al., 2010; 

Earley, 2012). Thus, TRPA1 may be important in the vasoactive effects of CR.

Consistent with our hypothesis, our research showed that CR induced a significant, 

concentration-dependent relaxation in superior mesenteric artery (SMA) that was dependent 

on: 1) a functional endothelium; 2) nitric oxide (NO) formation; 3) guanylyl cyclase (GC); 

and, 4) TRPA1 activation. High concentrations of CR, however, led to tension oscillations 

(spasms) and irreversible suppression of contractility (vasotoxicity) without affecting 

endothelial-dependent function. These data indicate that CR is vasoactive with TRPA1 at 

low concentrations and vasotoxic at high concentrations.
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Material and Methods

Chemicals.

Reagent grade chemicals were purchased from Sigma-Aldrich or other commercial sources 

as indicated: A967079 (TRPA1 antagonist; AdooQ; Irvine, CA); acetylcholine chloride 

(ACh); trans-crotonaldehyde (CR; 99%); allyl isothiocyanate (AITC, mustard oil); 

1h-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ); Nω-nitro-L-arginine methyl ester 

hydrochloride (L-NAME); L-phenylephrine hydrochloride (PE); sodium nitroprusside 

(SNP); nicotine bitartrate; and, Ezatiostat (GSTP inhibitor; TLK 199).

Animals.

Male or female wild type C57BL/6J (WT), TRPA1-null and GSTP-null mice (12–20 weeks 

old; 25–35g) were purchased (The Jackson Laboratory, Bar Harbor, ME) or from in house 

breeding (Conklin et al., 2009b; Conklin et al., 2017). Mice were treated according to 

American Physiological Society Guiding Principles in the Care and Use of Animals, and all 

protocols were approved by University of Louisville Institutional Animal Care and Use 

Committee. Mice were housed under pathogen-free conditions in the University of 

Louisville vivarium under controlled temperature and 12h light:12h dark cycle. Mice were 

provided water and a standard chow diet ad libitum (Rodent Diet 5010, 4.5% fat by weight, 

LabDiet; St. Louis, MO).

Estimation of CR Blood Levels: Basal and Post-Mainstream Cigarette Smoke (MCS).

Because there are no available data on blood levels of CR in any animal species, published 

data of the urinary excretion of the major metabolite of CR (i.e., HPMMA) in mice exposed 

to air (baseline level) or to mainstream cigarette smoke (MCS; i.e., 50% of smoke from 12 

cigarettes over 6h) was used to estimate potential blood levels of CR (Conklin et al., 2018). 

These data (Fig. 1A) provide an index of ‘CR exposure burden,’ and serve as a basis for 

justifying the use of CR over a broad concentration range in vitro.

CR-Induced Vasoreactivity in Isolated Aorta and Superior Mesenteric Artery (SMA) 
Isolation and Organ Bath Conditions.

After removal and cleaning of the aorta and SMA, thoracic aorta rings (3–4 mm) were hung 

on stainless steel hooks in organ baths and SMA rings (2 mm) were hung on tungsten wire 

in 5-ml heated organ baths (MultiWire Myograph System 620M, DMT, Denmark) in Krebs 

physiological salt solution (PSS) bubbled with 95% O2:5% CO2 at 37 °C. After 10 min 

without tension, aorta and SMA rings were equilibrated to respective loading tension over 

30 min (aorta, 1g; SMA, 0.25g). All rings were stimulated with High K+ (60 mM) to test for 

viability, washed 3 times with PSS over 30 min, and re-equilibrated to appropriate resting 

tension and stimulated again with High K+ (Jin et al., 2019a) (Schematic). PSS for SMA 

was (in mM): NaCl, 119; KCl, 4.7; CaCl2, 2.0; MgCl2, 1.2; KH2PO4, 1.2; NaHCO3, 24; 

glucose, 7.0; pH 7.4. PSS for aorta was (in mM): NaCl, 119; KCl, 4.7; CaCl2, 1.6; KH2PO4, 

1.2; MgSO4, 1.2; NaHCO3, 25; glucose, 5.5; pH 7.4. High K+ PSS (High K+; 60 mM) 

substituted equimolar K+ for Na+ in PSS.
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Crotonaldehyde (CR) Experimental Series:

CR-Induced Responses. CR (1, 3, 10, 30, 100, and 300 μM) was cumulatively added to 

organ baths containing either uncontracted or phenylephrine pre-contracted (PE, 10 μM) 

aorta and SMA (general protocols are in Schematic 1). Isometric tension (mN) developed 

after first PE addition was “PE1.” The tension (mN) developed after the second PE addition 

was “PE2.” The tension (mN) developed after the third PE addition was “PE3.” Following 

exposure to CR, PSS in organ baths was exchanged (3x) with fresh PSS over 30 min, and 

blood vessels again were precontracted with PE. In uncontracted blood vessels, contractility 

was quantified as the ratio of PE2 to PE1 but also as PE3 to PE1 tension (i.e., PE2/PE1*100 

and PE3/PE1*100) (Schematic 1A). In PE-precontracted blood vessels, post-CR contractility 

was quantified as PE2 tension to PE1 tension (i.e., PE2/PE1*100) (Schematic 1B). In both 

settings, PE2 contractions were relaxed with ACh (10 μM) to test for potential impairment of 

endothelium-dependent relaxations (Schematic 1).

The efficacy of CR-induced relaxation was calculated as the % reduction in agonist-induced 

contraction. The sensitivity of CR-induced relaxation was the effective concentration 

producing 50% response (EC50), i.e., cumulative concentration responses normalized to 

100% with interpolation of EC50 (Jin et al., 2019a). EC50 values were calculated only if the 

total relaxation as % exceeded 50% of PE1-induced tension. Exposure to a high CR 

concentration (300 μM) also induced tension oscillations (spasms) that were quantified by 

frequency (oscillations/min), amplitude (mN), and duration (s), in part, as previously 

described (Conklin et al., 2001).

Role of the Endothelium, Nitric Oxide Synthase (NOS), and cGMP.

The role of the endothelium in CR-induced vasorelaxation was studied in SMA with intact 

and injured endothelium. The endothelium was mechanically injured by air perfusion and 

damage confirmed by near complete abolition (>95%) of ACh-induced dilation of PE pre-

contracted SMA (Jin et al., 2019a). To evaluate the role of NOS, L-NAME (100 μM) was 

added after addition of PE (10 μM; 15 min) and the plateau of tension (PE1), and the pre-

contracted SMA were then relaxed with cumulative concentrations of CR (1–300 μM). To 

assess whether cGMP was involved in CR-induced vasorelaxation, PE-precontracted SMA 

were exposed to ODQ (3 μM; 10 min), to inhibit guanylyl cyclase (GC) activity and the 

subsequent formation of cGMP (Jiang et al., 2015), followed by cumulative addition of CR 

(1–300 μM).

Role of TRPA1.

The role of the TRPA1 channel was assessed by incubation of SMA with TRPA1 antagonist 

(A967079, 1 μM) followed by cumulative addition of CR (1–300 μM). Similarly, effects of 

CR in SMA of TRPA1-null mice were measured with and without the TRPA1 antagonist 

(A967079, 1 μM) present. Likewise, the vascular effects of a known TRPA1 agonist, allyl 

isothiocyanate (AITC, 1–100 μM), were measured in PE-precontracted SMA.

Role of GSTP on CR Relaxation.

Because CR is primarily metabolized by glutathione S-transferase P (GSTP) (Berhane et al., 
1994), we assessed whether either genetic deficiency in GSTP or a specific GSTP inhibitor 
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(Ezatiostat, aka TLK199) may enhance the effects of CR in isolated blood vessels. SMA 

were PE-precontracted, Ezatiostat (1 μM) was added, and then followed by increasing 

concentrations of CR (1–300 μM) as described above.

Role of Nicotine.

In users of combustible tobacco, CR and nicotine exposures occur simultaneously, so the 

direct effects of nicotine on CR were tested. The plateau concentration of nicotine in the 

blood of smokers throughout the day averages 40 μg/L [0.25 μM] (Moyer et al., 2002) and 

peak nicotine blood levels encountered by smokers have been 100 μg/L [0.625 μM] (Gourlay 

and Benowitz, 1997). Thus, we tested the effects of nicotine (1 μM) on CR-induced effects 

in PE pre-contracted SMA.

TRPA1 Immunofluorescence.

Glass slides with sections (4 μm) of formalin-fixed, paraffin-embedded SMA, aorta and 

dorsal root ganglia (DRG; positive control) of WT mice were stained with antibodies for 

immunofluorescence. For immunofluorescence, slides with either cross sections of blood 

vessels or DRG were stained with a rabbit polyclonal TRPA1-specific antibody (1:200; 

Alomone Labs, Israel; Cat. #: ACC-037). The fluorophore used was Alexa Fluor 647 tagged 

goat anti-rabbit secondary antibody (1:400 dilution; Invitrogen; Cat. #: 21244) with or 

without a TRPA1 blocking peptide (see Conklin et al., 2019). To stain cell nuclei, sections 

were coated with DAPI containing Slow Fade® Gold anti-fade reagent (Invitrogen; Cat. #: 

S36938). Fluorescence imaging was done using a Nikon eclipse Ti fluorescence microscope 

using NIS-Elements (Nikon; Japan) at 200X. Two filters were used for TRPA1 (Cy5 Red 

filter) and nuclear (DAPI filter) staining, respectively (Conklin et al., 2019; Jin et al., 2019a). 

To specifically label endothelial cells, blood vessel sections were co-stained with isolectin 

GS-IB4 Alexa Fluor 594 conjugate (1:200 dilution; Invitrogen; Cat. #: I21413) – an 

endothelial cell-specific marker -- and with TRPA1 antibody (as described).

Histology.

After immunofluorescence was performed, g lass slides with sections (4 μm) of formalin-

fixed, paraffin-embedded SMA, aorta and dorsal root ganglia (DRG; positive control) of WT 

mice were stained with hematoxylin and eosin (H&E) to show normal histological structures 

for reference. Images of H&E-stained sections were taken using a digital Spot camera 

mounted on an Olympus microscope.

Statistical Analyses.

Data are expressed as means ± SE. When comparing two groups, a t-test was used (paired or 

unpaired as appropriate). Multiple group testing was done with One-Way ANOVA with 

Bonferroni post hoc. If either equal variance or normality test failed, One-Way ANOVA on 

Ranks (Kruskal-Wallis) and Dunn’s post hoc was used (SigmaPlot, ver. 12). Statistical 

significance was assumed where p<0.05.
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Results

Urinary CR Metabolite, HPMMA, is Elevated in Mice Exposed to Mainstream Cigarette 
Smoke (MCS).

The total urinary HPMMA (μg) excreted from C57BL/6 (WT) mice after exposure to MCS 

of KY Reference cigarettes (3R4F) was increased approximately 2.7x compared with 

HPMMA in urine of air-exposed mice (Fig. 1A). Urinary nicotine was only present in urine 

of MCS-exposed mice (Fig. 1A). Baseline excretion of HPMMA (approximately 1.8 μg/16h) 

is equivalent to 0.025 μmoles of CR (MW = 70.07), and as the blood volume of a 25g mouse 

is approximately 2 ml, this amount of CR approximates to 12.5 μM in blood. As HPMMA 

level was increased 2.7x after MCS exposure, a potential blood level of CR >30 μM was 

estimated. As cigarette smoking can be quite intense (>2 packs a day) and likely leads to 

high CR exposures, we predict that smoking-related exposures may result in much higher 

blood CR levels than 30 μM. To encompass this possibility, we tested for the direct vascular 

effects of CR from 1–300 μM to cover a broad systemic concentration range.

Concentration-Dependent Effects.

In uncontracted SMA, cumulative CR (1–300 μM) had no effect on basal tension (myogenic 

tone; data not shown). In the continued presence of 300 μM CR, PE-induced tension 

(84.0±12.8% of PE1; n=3) was slightly impaired (p=0.055) while ACh relaxation was 

unaffected (−91.1±1.3%; n=3). However, after 3 bath changes of PSS over 30 min, the CR-

treated SMA produced only 26.6±15.0% (n=3; p=0.001) of tension of PE1; yet, it still 

retained a functional ACh relaxation (−84.6±2.4%; n=3).

In PE-precontracted aorta and SMA, cumulative CR (1–300 μM) induced significant, 

concentration-dependent relaxations of 75–80% reduction in tension (Fig. 1B & 1C; 

respectively; Tables 1, 2, Suppl. Table 1). In SMA at CR [300 μM], there was a consistent 

reversal of relaxation accompanied by tension oscillations (spasms) (Fig. 1B), although no 

oscillations were observed in aorta (Fig. 1C). The SMA were significantly more sensitive 

(20x) to CR than aorta (SMA EC50 3.8±0.5 μM; aorta EC50 76.0±2.0 μM; p<0.05) (Fig. 1D; 

Tables 1–2). The female SMA were statistically less sensitive to CR (SMA EC50 6.6±0.3 

μM) than male SMA (Table 2).

CR-induced tension oscillation (spasm) frequency was low (<2/min), of modest amplitude 

(<2.5 mN) and usually <30 s in duration (Fig. 1B; Table 3). Endothelial impairment 

abolished CR-induced tension oscillations, and likewise, L-NAME treatment decreased 

oscillation frequency by 35% and amplitude by 60% although neither reduction was 

statistically significant (Table 3).

Mechanisms of CR-Induced Vasorelaxation.

The CR-induced relaxation at 1–30 μM was significantly inhibited in PE-pre-contracted WT 

SMA by a mechanically-disrupted endothelium (>90% loss of ACh-induced relaxation) 

(Figs. 2A–B; Tables 1–2). Similarly, CR-induced relaxation in PE pre-contracted SMA was 

equally inhibited in the presence of L-NAME (Figs. 2C–D; Tables 1–2). This L-NAME 

effect indicated a role of NO (likely eNOS) as critical in the low concentration range of the 
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CR-induced relaxation in PE-precontracted SMA. Similarly, ODQ treatment, an irreversible 

guanylyl cyclase (GC) inhibitor, significantly blocked the low concentration range of the 

CR-induced relaxation (Figs. 2E–F; Tables 1–2).

Role of TRPA1 channel in the CR-induced relaxation.

Because CR is a known agonist of TRPA1, we hypothesized that the TRPA1 channel 

contributes to endothelium-dependent CR-induced vasorelaxation in SMA. The TRPA1 

antagonist, A967079 (1 μM), significantly inhibited the sensitive range (<10 μM) of the CR-

induced relaxation in PE-contracted SMA (Fig. 3A–B; Tables 1–2). We also tested CR-

induced relaxation with or without A967079 (1 μM) in PE-contracted SMA of male TRPA1-

null mice (Fig. 3C–D; Tables 1–2). In contrast, the presence of A967079 appeared to slightly 

enhance the relaxation of CR in TRPA1-null SMA (Fig. 3D). Because AITC is a known 

TRPA1 agonist, we tested for concentration- and TRPA1-dependent relaxation in WT SMA. 

AITC-induced relaxation was inhibited by the TRPA1 antagonist (A976709) (Fig. 3E). 

Similarly, the AITC relaxation was less sensitive in SMA of TRPA1-null mice than WT 

mice (Fig. 3F) (see EC50s; Table 2). Unlike CR, however, AITC alone up to 100 μM did not 

induce tension oscillations (0/5; Fig. 3E).

Because CR is a substrate of GSTP, we tested for a metabolic (detoxification) role of GSTP 

in SMA. There was no difference in the CR-induced relaxation in PE-contracted SMA of 

either GSTP-null mice or in WT SMA after addition of the GSTP inhibitor, Ezatiostat (TLK 

199), compared with WT SMA (Suppl. Fig. 1A–D; Tables 1–2). GSTP deficiency or GSTP 

inhibition had no effect on CR-induced tension oscillations (Table 3).

Formalin-fixed, paraffin-embedded, cross-sections of murine WT SMA and aorta were 

stained with H&E to show normal vascular structure (Fig. 4A,D). In immunofluorescently-

stained, cross-sections of WT SMA, positive TRPA1 staining (shown in green; Fig. 4B) was 

co-localized in the endothelium as indicated by the endothelial cell marker, isolectin (shown 

in red; overlap of fluorophores = yellow; Fig. 4C). Modest, yet specific TRPA1 staining also 

was present in the media:adventitia border of SMA (shown in green; Fig. 4B). Although 

aorta had positive TRPA1 staining localized in the media (shown in green; Fig. 4E), there 

was no staining observed in the endothelium of aorta. Positive TRPA1 staining was absent 

when a TRPA1 blocking peptide was present in aorta (Fig. 4F) and in dorsal root ganglion 

(DRG; Suppl. Fig. 2) sections, which served as a positive control for TRPA1 staining 

(Conklin et al., 2019).

Impaired Contractility (vasotoxicity) of CR.

The PE2/PE1 tension ratio was measured as a metric of impaired contractility after CR 

exposure and 3 PSS buffer exchanges, and it was significantly decreased after CR exposure 

compared with the untreated control group (Fig. 5A, Table 4). The PE2/PE1 tension ratio 

was further decreased in both endothelial dysfunction (ED) and ODQ pre-treatment groups 

compared with the CR only group (Fig. 5A). There were no differences with any other 

treatment group except the GSTP inhibitor, Ezatiostat, that protected SMA from CR-induced 

impairment of contractility (Fig. 5A). Although CR depressed PE2/PE1 tension, CR had no 

effect on subsequent ACh-induced relaxation (Fig. 5B, Table 3). No other co-treatment 
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along with CR affected ACh-induced relaxation excepting the 2 groups that were designed 

to impair endothelium function: ED and L-NAME treatment (Fig. 5B, Table 4), suggesting 

that CR did not induce acute endothelial cell injury despite significantly impairing 

contractility.

Nicotine and CR.

In users of combustible tobacco, CR and nicotine exposures occur simultaneously. Thus, 

whether nicotine altered CR-induced effects in WT SMA was tested. Nicotine at levels 

potentially achieved in smokers (1 μM) had no effect on tension in PE-contracted SMA 

(Suppl. Fig. 3A). In the presence of nicotine, CR-induced vasorelaxation was decreased 

significantly (Suppl. Fig. 3B; Table 1). Nicotine at supra-pharmacological levels of >10 μM 

induced relaxation in PE-contracted SMA (Suppl. Fig. 3A).

Discussion

To our knowledge, this is the first study to show the vasoreactivity of CR and its 

mechanisms of action that include TRPA1 in blood vessels. The mechanisms of CR-induced 

vasorelaxation are similar to those of formaldehyde, including dependence on TRPA1, 

endothelium, NO formation and guanylyl cyclase activation (Jin et al., 2019a). The potency 

and efficacy of CR-induced relaxation in SMA is reminiscent of actions of acrolein in 

perfused rat mesenteric bed (Awe et al., 2006), isolated rat coronary artery (Conklin et al., 
2001) and isolated mouse aorta (Conklin et al., 2009a). Moreover, we show that, as for 

acrolein (Conklin et al., 2001), CR at higher concentrations induces tension oscillations 

(spasms) and impairs contractility (vasotoxicity) in SMA (see Graphical Abstract). This 

continuum from potent relaxation (low concentrations) to vascular toxicant (high 

concentration) belies the importance of studying these responses as CR is abundant in foods, 

beverages, occupational settings, and especially, in combustion-derived smoke, i.e., tobacco 

smoke, wildfires, etc... Thus, appreciating the avidity of unsaturated aldehydes for altering 

vascular wall function is a first step toward better understanding how exposure to CR may 

increase cardiovascular disease risk.

Because TRPA1 is shown to be involved with the vascular responses induced by other 

aldehydes, it was expected that CR may trigger a TRPA1-dependent vasorelaxation. For 

example, activation of TRPA1 can lead to the release of vasoactive peptides, substance P 

(SubP) and CGRP (Trevisan et al., 2016) that can induce vasodilation and inflammatory 

responses (Conklin, 2016; Achanta et al., 2018). The mechanism of CR-induced TRPA1-

mediated relaxations in SMA, however, appears dependent largely on endothelium-localized 

TRPA1, as we show that endothelial impairment either by air perfusion or by L-NAME 

shifts the sensitivity of the CR response rightward to a degree similar to that of either 

TRPA1 antagonist treatment or use of TRPA1-null SMA. These data are mirrored by SMA 

relaxation induced by a TRPA1 agonist AITC that is similarly shifted to the right by both 

A967079 (TRPA1 inhibitor) and TRPA1 deletion. Nevertheless, we cannot fully rule out that 

other cells in the isolated SMA, e.g., perivascular nerves, contribute to CR’s mechanism of 

relaxation. Moreover, there are at least 2 mechanisms mediating the full relaxation of CR: 1) 

endothelium-based; and, 2) time-dependent, irreversible change in vascular smooth muscle 
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cell (VSMC) contractile machinery, e.g., closure of VSMC calcium channels. Although the 

latter conclusion has limited experimental support, we infer it because contractility is 

significantly impaired after CR exposure (and even after removal); endothelial function is 

intact because ACh-induced relaxation is unaffected post-CR (no endothelium dysfunction); 

and, previous experience with similar vascular toxicity of acrolein led to findings consistent 

with a role of external calcium (Conklin et al., 2006).

Cigarette smoke is a major source of exogenous CR (Goniewicz et al., 2017; Lorkiewicz et 
al., 2019) as well as other aldehydes. We calculate that exposure of mice to MCS increases 

excretion of the CR metabolite, HPMMA, by 2.7x, indicating that CR is produced 

endogenously in mice. Our estimation of circulating basal blood levels of CR puts it in the 

low end of the vasoactive range - a novel consideration. Many unsaturated aldehydes are 

noted potent vasodilators including acrolein (Awe et al., 2006), 4-hydroxynonenal (4HNE) 

(Martinez et al., 1994; Romero et al., 1997) and cinnamaldehyde (Yanaga et al., 2006; 

Pozsgai et al., 2010), and now CR -- all known ligands of TRPA1. These potent dilatory 

effects may contribute to a variety of physiological processes such as postprandial 

hyperemia or flow-mediated dilation (FMD) or response to injury/infection. However, too 

much of any of these aldehydes may lead to pathological changes including vasospasm, 

atherosclerosis and vascular toxicity (Conklin et al., 2001; Conklin et al., 2006; Boor and 

Conklin, 2008). High concentrations of CR impair contractility and also stimulate tension 

oscillations (spasms) in SMA yet neither effect appears dependent on TRPA1 because both 

effects occur in WT and TRPA1-null SMA and in the presence of a TRPA1 antagonist. 

Interestingly, endothelial dysfunction worsens impairment of contractility yet prevents 

spasms, indicating that endothelial-derived factors likely protect VSMC from impairment 

yet promote spasm.

Although parent unsaturated aldehydes activate TRPA1 via covalent modification 

intracellular free cysteines of amino-terminus (Macpherson et al., 2007), it is unclear if 

metabolism of CR alters this mechanism of activation. Interestingly, we did not find 

evidence that vascular GSTP in SMA (enzyme responsible for metabolism of CR via GSH 

conjugation and detoxification) alters CR-induced effects despite using 2 approaches: a 

GSTP-null mouse (genetic deletion) and a GSTP inhibitor (Ezatiostat, TLK199). One 

explanation is that CR (under our in vitro conditions) rapidly inactivates GSTP via active 

site sulfhydryl conjugation thereby functionally impairing GSTP in WT blood vessels (Iersel 

et al., 1996) and making comparisons with GSTP-null or GSTP inhibitor mute. Notably, the 

GSTP inhibitor limits impaired contractility induced by CR (more subtly in GSTP-null) but 

not the tension oscillations (spasms). A mechanism for this unexpected effect will need to be 

investigated.

Nicotine is also an important component of tobacco smoke, and nicotine activates the 

sympathetic nervous system that can increase cardiovascular disease risk factors such as 

heart rate and blood pressure and decrease heart rate variability (HRV). These changes, in 

turn, affect myocardial remodeling, impair lipid metabolism, and stimulate inflammation 

(Dutta et al., 2012; Benowitz and Burbank, 2016). The plateau concentration of nicotine in 

the blood of smokers throughout the day averages 40 μg/L (0.25 μM) (Moyer et al., 2002), 

and thus, we tested whether effects of pharmacological level of nicotine (1 μM) could alter 
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CR effects in PE pre-contracted SMA. Interestingly, nicotine at 1 μM (a non-vasoactive 

concentration) modestly suppresses CR-induced relaxation. The mechanism of this effect is 

unclear, but inhaled nicotine at a high concentration (1 mM) is thought to activate sensory 

TRPA1 channel and stimulate airway constriction reflex (Talavera et al., 2009). Our previous 

studies show that nicotine (1 μM) presence has no effect on formaldehyde- or acetaldehyde-

induced relaxations in PE-contracted SMA (Jin et al., 2019a; Jin et al., 2019b), indicating 

that this nicotine effect appears specific for CR. Inhibition of CR relaxation may promote the 

sympathomimetic effects of nicotine alone, e.g., increased blood pressure, perhaps 

counteracting the depressor effects of CR.

In conclusion, this study describes a sensitive mechanism of CR-induced vasorelaxation that 

is sequentially dependent on endothelium-localized TRPA1 channel, NO, and a VSMC GC 

pathway in SMA (but not in aorta), which may play an important role in regulating blood 

flow/blood pressure at low endogenous levels of CR. At high concentrations (300 μM) of 

CR, there are smooth muscle impairment and tension oscillations (reminiscent of “spasms” 

observed with acrolein in vitro – another vasotoxic and TRPA1 agonist compound) that 

appear independent of TRPA1. Future studies of the in vivo contribution of CR and TRPA1 

to cardiovascular physiology and pathophysiology especially with regard to smoke 

inhalation (wildfire or tobacco) are required to better understand how exposure to reactive 

aldehydes confers increased cardiovascular disease risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Crotonaldehyde-induced (CR) relaxation in aorta and SMA.
A) Quantification of mass spectrometry analyses of primary CR metabolite (3-hydroxy-1-

methylpropylmercapturic acid; HPMMA) and nicotine in urine of air and mainstream 

cigarette smoke-exposed (MCS; 12 cigarettes/6 h) male mice 16h post-exposure. (Note: 

Graph is derived from published data)(Conklin et al., 2018). B) Representative trace of CR-

stimulated (1–300 μM) relaxation and tension oscillations of phenylephrine (PE) pre-

contracted SMA, and post-CR contractility impairment. C) Representative trace of CR-

stimulated (1–300 μM) relaxation of PE pre-contracted aorta, and post-CR contractility 

impairment. D) Summary data of CR-induced relaxation in PE pre-contracted SMA and 

aorta. Values = means ± SE of 3–4 preparations. *, p<0.05; SMA vs aorta.
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Fig. 2. Mechanisms of CR-induced relaxation in WT SMA.
A) Representative traces and B) summary data of CR-stimulated relaxation of PE-induced 

contraction in WT SMA with and without endothelium impairment due to 5 min of air 

perfusion. C) Representative traces and D) summary data of CR-stimulated relaxation of 

PE-induced contraction in WT SMA with and without L-NAME (100 μM). E) 

Representative traces and F) summary data of CR-stimulated relaxation of PE-induced 

contraction in WT SMA with and without the guanylyl cyclase (GC) antagonist, ODQ (3 
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μM), added to bath after PE-induced contraction plateaued and prior to cumulative addition 

of CR. Values = means ± SE of 3–4 preparations. *, p<0.05; control vs treatment group.
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Fig. 3. Role of the TRPA1 channel in CR- and AITC-induced relaxations in SMA.
A) Representative traces and B) summary data of CR-stimulated relaxation of phenylephrine 

(PE) pre-contracted SMA in the absence (control) and presence of the TRPA1 antagonist, 

A967079 (1 μM) added after PE-induced contraction plateaued and prior to cumulative 

addition of CR in wild type (WT) SMA. C) Representative traces and D) summary data of 

CR-stimulated relaxation of PE pre-contracted SMA of TRPA1-null mice in the presence 

and absence (control) of the TRPA1 antagonist, A967079 (1 μM) added after PE-induced 

contraction plateaued and prior to cumulative addition of CR. E) Representative traces and 
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F) summary data of AITC-stimulated, concentration-dependent relaxation of PE-contracted 

WT and TRPA1-null SMA with (DMSO, vehicle control) or with TRPA1 antagonist, 

A967079 (1 μM). Values = means ± SE of 3–4 preparations. *, p<0.05; control vs treatment 

group.
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Fig. 4. Localization of TRPA1 in SMA and aorta.
Formalin-fixed, paraffin-embedded, cross-sections of murine WT SMA (A-C) and aorta (D-
F) were stained with H&E (A, D) or for immunofluorescent localization of TRPA1 in 

endothelium and media of SMA (green staining, B) or co-localized with endothelial cell 

marker, isolectin (red staining, endothelium; overlap makes yellow staining) and nuclear 

staining with DAPI (blue staining, C). Immunofluorescent localization of TRPA1 in media 

of aortic cross-section (green staining, E) but not endothelium. F) TRPA1 staining of aortic 

media was blocked by a TRPA1 blocking peptide. Isolectin was used as a marker of 

endothelium (red staining) and nuclear staining as a cell marker (DAPI, blue). Abbr.: L, 

lumen. All images were taken at 200x magnification (scale bar = 100 μm).
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Fig. 5. Impaired contractility (vasotoxicity) of CR exposure in SMA.
After exposure to CR, blood vessels were washed 3x with fresh buffer to remove CR. To test 

for vasotoxicity, SMA were pre-contracted with and tension recorded (PE2). A) Ratio of PE2 

(PE-induced tension post-CR [300 μM] exposure) to PE1 (initial PE-induced tension pre-

CR) (PE2/PE1*100) was quantified and compared across all groups. B) Effects of CR on 

ACh-induced relaxation was quantified and compared across all groups. Abbr.: ED, 

endothelial dysfunction induced by mechanical air perfusion; L-NAME, Nω-nitro-L-arginine 

methyl ester hydrochloride, 100 μM; ODQ, 1h-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one,3 

μM; A967079, TRPA1 antagonist, 1 μM; Ezatiostat, 1 μM; Nicotine, 1 μM; (f), female. All 

SMA were from male mice except where indicated (f). Values = means ± SE of 3–6 

preparations. *, p<0.05; untreated control vs CR-treated control (B only).
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Schematic 1: Protocols for testing CR in uncontracted and precontracted blood vessels.
All blood vessels were stimulated with High K+ followed by washout (i.e., 3 exchanges of 

fresh PSS; ///), and process repeated. A) Uncontracted blood vessels were then contracted 

with PE (PE1) and relaxed with ACh before washout. Uncontracted vessels were then 

exposed to cumulative CR [1–300 μM] prior to PE (PE2) and ACh additions. After washout, 

vessels were stimulated with PE (PE3) and ACh. B) Blood vessels were precontracted with 

PE (PE1) followed by cumulative CR [1–300 μM] addition. After washout, vessels were 

stimulated with PE (PE2) and ACh. In both A and B, the PE2/PE1 tension (%) was 

calculated by dividing PE-induced tension post-CR-exposure (i.e., PE2) by PE-induced 

tension pre-CR (i.e., PE1) and multiplying by 100. In uncontracted blood vessels only, the 

PE3/PE1 tension (%) was calculated by dividing PE-induced tension post-CR-exposure and 

washout (i.e., PE3) by PE-induced tension pre-CR (i.e., PE1) and multiplied by 100. ACh-

induced relaxation was calculated as the % reduction in PE-induced tension.
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Table 1.

Efficacy (maximal relaxation, Emax) of CR-induced relaxations of PE-precontracted superior mesenteric artery 

(SMA; male and female) with and without inhibitor treatments.

SMA (+treatment) Emax (control, PE+vehicle) Emax (ED or PE+inhibitor)

WT+ED −74.3±6.6 −63.6±7.1

WT+L-NAME −62.7±5.3 −66.8±2.4

WT+ODQ −73.4±6.9 −54.7±15.2

WT+A967079 −57.2±3.5 −61.6±6.8

TRPA1-null+A967079 −70.5±6.4 −79.0±4.2

GSTP-null −52.6±2.9 --

WT+Ezatiostat −56.5±7.2 −61.5±2.5

WT+Nicotine −67.0±4.2 −55.0±6.5
#

WT (f) −59.8±3.9 --

Values = means ± SE. Abbr.: PE, phenylephrine, 10 μM; ED, endothelial dysfunction induced by mechanical air perfusion; L-NAME, Nω-nitro-L-

arginine methyl ester hydrochloride, 100 μM; ODQ, 1h-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one,3 μM; A967079, TRPA1 antagonist, 1 μM; 
Ezatiostat, 1 μM; Nicotine, 1 μM; --, experimental group not performed; (f), female. All SMA were from male mice except where indicated (f). 
n=3–6 per group.

#
, 0.05<p<0.10; treatment group vs matched control (PE+vehicle).
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Table 2.

The sensitivity (effective concentration inducing 50% relaxation; EC50; in μM) of CR-induced vasorelaxation 

in PE pre-contracted murine superior mesenteric artery (SMA) in the presence and absence of functional 

endothelium or selective inhibitors.

SMA (+treatment) EC50 (control, PE+vehicle) EC50 (ED or PE+inhibitor)

WT+ED 5.7±1.0 68.2±13.9*

WT+L-NAME 6.0±2.0 43.6±17.9*

WT+ODQ 3.9±1.6 35.3±1.6*

WT+A967079 7.2±2.3 12.1±2.1*

TRPA1-null 17.9±7.4 14.1±2.7

GSTP-null 5.9±0.8 --

WT+Ezatiostat 4.3±0.7 4.2±0.6

WT+Nicotine 3.3±0.8 5.7±1.2

WT (f) 6.6±0.3
#

--

Values = means ± SE. Abbr.: PE, phenylephrine, 10 μM; ED, endothelial dysfunction induced by mechanical air perfusion; L-NAME, Nω-nitro-L-

arginine methyl ester hydrochloride, 100 μM; ODQ, 1h-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one, 3 μM; A967079, TRPA1 antagonist, 1 μM; 
Ezatiostat, 1 μM; Nicotine, 1 μM; --, experimental group not performed; (f), female. All SMA were from male mice except where indicated (f). 
n=3–6 per group.

*
, p<0.05; treatment (PE+inhibitor) vs matched control (PE+vehicle).

#
, p<0.05; female WT vs male WT (control group).
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Table 3.

Characteristics of tension oscillations (spasms) induced by a high concentration of CR (300 μM) in PE-

precontracted SMA.

SMA (+treatment) Frequency (oscillations/min) Amplitude (mN)  Duration (s)

WT+CR 2.0±0.4 2.0±0.3 28.4±5.6

WT+CR+ED 0* -- --

WT+CR+L-NAME 1.3±0.2 0.9±0.1 37.5±4.8

WT+CR+ODQ 2.1±0.6 1.2±0.5 28.8±5.1

WT+CR+A967079 1.7±0.3 1.9±0.5 23.3±2.0

TRPA1-null+CR 1.7±0.3 2.0±0.2 28.3±2.0

GSTP-null+CR 1.9±0.6 3.4±0.5 23.6±3.5

WT+CR+Ezatiostat 1.9±0.1 2.1±0.2 24.4±1.3

WT+Nicotine 1.8±0.2 1.6±0.3 17.7±4.1

WT (f) +CR 1.4±0.6 2.9±0.6 29.5±4.9

Values = means ± SE. Abbr.: PE, phenylephrine, 10 μM; WT, wild type; ED, endothelial dysfunction; --, no data to measure; L-NAME, Nω-nitro-

L-arginine methyl ester hydrochloride, 100 μM; ODQ, 1h-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one, 3 μM; A967079, TRPA1 antagonist, 1 μM; 

Ezatiostat, 1 μM; Nicotine, 1 μM; (f), female. All SMA were from male mice except where indicated (f). n=3–10 per group.

*
, p<0.05; treatment vs control group (WT+CR).
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Table 4.

Effects of CR on contractility (vasotoxicity) and endothelial-dependent relaxation in SMA.

SMA (+treatment)  PE2/PE1 (%)  ACh (%)

WT (control) 133.6±12.3 −95.4±1.6

WT+CR 27.0±2.2* −92.6±2.5

WT+CR+ED 10.0±2.5*†
−16.7±3.3*

WT+CR+L-NAME 21.0±1.7* −64.2±4.8*

WT+CR+ODQ 9.5±3.2*†
−83.9±2.4

WT+CR+A967079 34.0±2.4* −89.9±2.3

TRPA1-null+CR 34.0±4.7* −97.1±1.8

GSTP-null+CR 37.5±2.5* −95.1±1.3

WT+Ezatiostat 43.5±4.5*†
−91.9±3.4

WT+CR+Nicotine 26.6±4.5* −87.3±2.9

WT (f) +CR 26.1±6.2* −93.9±3.3

Values = means ± SE. Abbr.: PE, phenylephrine, 10 μM; ACh, acetylcholine chloride, WT, wild type; ED, endothelial dysfunction; L-NAME, Nω-
nitro-L-arginine methyl ester hydrochloride, 100 μM; ODQ, 1h-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one, 3 μM; A967079, TRPA1 antagonist, 1 

μM; Ezatiostat, 1 μM; Nicotine, 1 μM, (f), female. The PE2/PE1 tension (%) was calculated by dividing PE-induced tension post-CR-exposure 

(PE2) by PE-induced tension pre -CR (i.e., PE1) and multiplied by 100. ACh-induced relaxation was calculated as the % reduction in PE2-induced 

tension. All SMA were from male mice except where indicated (f). n=3–10 per group.

*
, p<0.05; treatment group vs WT group (male, control).

†
, p<0.05; treatment group vs WT+CR group.
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