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Abstract:  

Transient receptor potential (TRP) cation channels are molecular targets of various natural 

products. TRPA1 is specifically activated by natural products like allyl isothiocyanate 

(mustard oil), cinnamaldehyde (cinnamon), and allicin (garlic). In this study, we 

demonstrate that TRPA1 is also a target of trans-anethole in Fennel Oil (FO) and fennel 

seed extract. Similar to FO, trans-anethole selectively elicited calcium influx in TRPA1-

expressing mouse sensory neurons of the dorsal root and trigeminal ganglia. These FO- 

and anethole-induced calcium responses were blocked by a selective TRPA1-channel 

antagonist, HC-030031. Moreover, both FO and trans-anethole induced calcium influx and 

transmembrane currents in HEK293 cells stably overexpressing human TRPA1 channels, 

but not in regular HEK293 cells. Mutation of the “ST” binding site of human TRPA1 

significantly attenuated channel activation by trans-anethole, whereas pretreating with 

glutathione (GSH), a nucleophile, did not. Conversely, activation of TRPA1 by the 

electrophile allyl isothiocyanate was abolished by glutathione, but was ostensibly 

unaffected by mutation of the “ST” binding site. Finally, it was found that trans-anethole, 

was capable of desensitizing TRPA1 and unlike allyl isothiocyanate, it failed to induce 

nocifensive behaviors in mice. We conclude that trans-anethole is a selective, non-

electrophilic, and seemingly less-irritating agonist of TRPA1.  
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Introduction: 

The oil of Fennel or Fennel oil (FO) is extracted from seeds of Foeniculum vulgare, a 

flavorful herb used in cooking, baking, herbal teas, and alcoholic beverages (Badgujar et 

al., 2014).  Fennel oil consists of multiple chemical components of which trans-anethole 

(referred to as simply anethole for the remainder of this article) has been reported to 

account for ~70-80% of the oil (Badgujar et al., 2014). Anethole, an aromatic compound, 

is not only a major component of fennel oil, but also of star anise oil (Ritter et al., 2013). 

Anethole has been shown to have antibacterial and antifungal properties in vitro, as well 

as anti-inflammatory and analgesic activity in vivo (Ritter et al., 2013; Badgujar et al., 

2014). The beneficial properties of anethole and FO, together with the pleasant flavor might 

account for its use for culinary purposes across cultures and in treating diseases (Badgujar 

et al., 2014). However, the molecular mechanisms underlying the desirable and medicinal 

properties of anethole remain unknown.  

 

Over the past two decades, TRP channels have emerged as sensors and mediators of 

cellular responses to numerous odorants and tastants like menthol (TRPM8 and A1), 

mustard oil (a.k.a. allyl isothiocyanate or AITC; TRPA1), carvacrol (TRPA1 and V3), and 

capsaicin (TRPV1) (Caterina et al., 1997; Jordt et al., 2004; Bautista et al., 2007; Roper, 

2014; Friedland and Harteneck, 2017). Hence, we hypothesized that TRP channel(s) may 

also be molecular targets of FO, and specifically anethole. This study demonstrates that 

anethole is a selective agonist of mouse and human TRPA1. Further, our results identify 

TRPA1 as the principal mediator of FO- and anethole-elicited responses in somatosensory 

neurons via interactions with the previously characterized menthol/propofol binding site 
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involving amino acids S873 and T874 (Xiao et al., 2008). Finally, despite robust activation 

of TRPA1, anethole appears to be non- or less-irritating than AITC. 

 

Methods and Methods: 

Cell culture 

Dorsal root ganglia (DRG), Trigeminal ganglia (TG), and HEK293 cell cultures were 

prepared as described previously (Deering-Rice et al., 2011; Teichert, Raghuraman, et al., 

2012; Teichert, Memon, Aman, Olivera, et al., 2014; Memon et al., 2017). Briefly, lumbar 

DRG and TG were removed from adult (≥ 45 days old) wild-type C57BL/6 or CGRP-GFP 

mice on a CD-1  genetic background (Gong et al., 2003), trypsinized with 0.25% trypsin, 

and plated in 24-well poly-D-lysine coated plates. Cultured neurons of DRG and TG were 

incubated overnight at 37°C with MEM supplemented with 10% FBS, 1x 

penicillin/streptomycin, 10mM HEPES, and 0.4% (w/v) Glucose, pH 7.4. Similarly, 

HEK293 cells were plated in poly-D-lysine coated plates and incubated overnight at 37°C 

with DMEM:F12 media supplemented with 5% FBS and 1x penicillin/streptomycin. 

HEK293 cells overexpressing human TRPA1 or GCamp6 were cultured similarly with the 

addition of 300g/mL Geneticin to the media. For experiments, HEK293 cells were plated 

in 96-well plate coated with 1% (w/v) gelatin. HEK293 cells overexpressing GCamp6 

(HEK-GCamp6) were used for transient transfection studies of human TRPA1 mutants  

using Lipofectamine 2000 (Invitrogen) as described previously (Deering-Rice et al., 2011, 

2015; Shapiro et al., 2013).  
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Calcium imaging 

Prior to calcium imaging experiments, neurons and HEK293 cells were incubated with 

Fura 2-AM for 1h at 37°C and then 30-minutes at room temperature. Changes in 

intracellular calcium content were monitored as a ratio of emission at 510 nm when excited 

alternately by 340 nm and 380 nm light (340 nm/ 380 nm ratio (y-axis)) over time in 

minutes (x-axis) as described previously (Teichert, Memon, Aman, Olivera, et al., 2014; 

Memon et al., 2017). A physiological salt solution termed “DRG observation solution” 

(DRG Obs.) was composed of 145 mM NaCl, 5 mM KCl, 2mM CaCl2, 1 mM MgCl2, 1 

mM sodium citrate, 10 mM HEPES, and 10 mM  glucose, pH 7.4, and was used as the bath 

solution and to dissolve chemicals at working concentrations (Memon et al., 2017). Fennel 

oil (Plant Therapy) and trans-anethole (Sigma) solutions were made fresh in DRG Obs. 

containing 0.1 mg/mL BSA before every experiment. All of the treatments including the 

depolarizing pulse of 30 mM extracellular potassium [K+]O, Fennel oil, anethole, menthol, 

allyl isothiocyanate (AITC), and capsaicin were applied to neurons or HEK293 cells for 15 

seconds, with the exception of the TRPA1 antagonist, HC-030031, which was pre-

incubated for 7-minutes at room temperature prior to the application of various stimuli. 

 

To identify CGRP-expressing peptidergic neurons, DRG neurons cultured from CGRP-

GFP transgenic CD-1 mice were imaged with a GFP filter set prior to calcium imaging 

experiments. To identify non-peptidergic neurons, neurons were incubated with Alexa- 

Fluor-568 isolectin GS-IB4 conjugate (Invitrogen) for 5 minutes at room temperature 

followed by three washes. IB4 stained neurons were then imaged with a TRITC filter set.   
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Calcium imaging of transiently transfected HEK-GCamp6 over-expressing cells was also 

performed as described previously (Deering-Rice et al., 2011, 2012; Lamb et al., 2017). 

Briefly, HEK-GCamp6 cells were transfected prior to studies as above. Changes in 

GCamp6 fluorescence due to calcium binding within cells was measured over time 

microscopically using an EVOS-FL auto and a GFP filter cube. Treatments of 100 M 

AITC, 1.3 mM anethole, 20 mM GSH and 10 M ionomycin were prepared in LHC-9 cell 

culture media containing 0.1 mg/mL BSA and added to cells maintained at 37oC in a 95% 

air+5% CO2 atmosphere. For experiments using GSH, AITC and anethole were incubated 

with 20 mM GSH for 10 minutes before application. 

 

Electrophysiology 

Patch clamp data was recorded with Multiclamp 700B amplifier (Molecular Devises) using 

Digidata 1550 digitizer and Clampex 10.5 acquisition software (Molecular Devises), as 

reported previously(Jo et al., 2016; Phuong et al., 2017). Data was acquired at 5 kHz and 

filtered at 2 kHz with an 8-pole Bessel filter. Results were analyzed with Clampfit 10.5 

software (Molecular Devises) and OriginPro 8 (Origin Lab). Patch pipettes were pulled 

from borosilicate glass capillaries (WPI) using P-2000 laser pooler (Sutter Instruments). If 

not specified, the holding potential was -40 mV. RAMPs from -100 mV to 100 mV (1 sec 

duration) were applied every 5 sec. EC50 was calculated by fitting experimental data points 

with logistic function: 

 

where A1 stands for initial value, A2 is final value, x0 is center (or EC50), and p is power 
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(slope factor). 

 

The extracellular solution contained (in mM): 140 NaCl, 2.5 KCl, 1.5 MgCl2, 2.0 CaCl2, 

10 HEPES, 10 D-glucose, 5 TEA chloride. pH = 7.44 adjusted with NaOH. Osmolarity 

was 296 - 300 mOsm. The intracellular (pipette solution) contained (in mM): 135 K-

gluconate, 10 KCl, 1 MgCl2, 0.5 EGTA, 0.0001 CaCl2. pH = 7.2 was adjusted with KOH. 

Osmolarity 296 – 300 mOsm was adjusted with mannitol. 

 

GC-MS  

GC-MS analysis of Fennel oil and anethole was carried out by the University of Utah 

Metabolomics core facility. Samples (1 µL) were resuspended into 1 mL of EtOAc and 

transferred into a glass GC/MS autosampler vial for analysis. GC/MS analysis was 

conducted using an HP6890 instrument interfaced with an MSD-HP5973 detector and 

equipped with a Zebron ZB-5MSi Guardian (30 m x 0.25 mm ID, 0.25 µm film thickness; 

Phenomenex) column and an HP7682 injector. Helium was used as a carrier gas at a flow 

rate of 13.8 mL/min with a 10:1 split ratio at an injection volume of 1 µL. The injector 

temperature was 250°C. The oven temperature gradient was programmed as follows: 50°C 

1 min, an increase in temperature at a rate of 40°C/min, held at 65 °C for 1 min, an increase 

in temperature at a rate of 40°C/min to 330°C, and hold for 5-minutes. MS spectra were 

obtained in EI mode from a range of m/z 40 – 400. The MS quad temperature was 150°C, 

The MS source temperature was 230°C, and solvent cut time of 2.5 min was used. Data 

were collected at 4 scans/sec. Data was first collected on an Agilent MSD Chemstation, 

translated using an Agilent GC MSD translator, then analyzed using Agilent MassHunter 
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Quant and the NIST14 library. 

  

Behavioral assays  

Adult wild-type C57BL/6 mice were subjected to subcutaneous injection of 20 L of 

vehicle (DRG Obs.), anethole (6.6 or 66 mM), or AITC (10 mM) in the left hind paw. 

These mice were then monitored for 15-minutes post injection. Mice injected with AITC 

exhibit a pain response by licking or lifting the injected paw (Kwan et al., 2006; Everaerts 

et al., 2011). Thus, we recorded the duration and frequency of these nocifensive behaviors 

over a 15-minute observation period.  

 

Data analysis  

Calcium imaging data was subjected to binary scoring as described in detail previously 

(Memon et al., 2017). A response to a given stimulus was considered positive, if the 

340nm/380nm ratio change was > 0.05 from baseline. The percentage of responsive 

neurons ([K+]O responsive) or HEK293 cells, averaged across multiple experiments from 

≥ 3 cultures, is presented as response frequency ± SEM for a given stimulus (Figures 1 and 

2). The total number of sensory neurons or HEK293 cells scored for each experimental 

condition is indicated in the respective figure legends.  

 

Anethole+, AITC+, and Capsaicin+ neurons, once scored, were then manually analyzed 

for GFP expression (in CGRP-expressing peptidergic neurons) and IB4 staining 

(nonpeptidergic neurons). For HEK-GCamp6 cells, responses to agonist treatments were 

normalized to ionomycin response for each experiment and averaged across experiments. 
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Similar experiments with HEK-GCamp6 cells transiently transfected with control vector 

were used to correct for non-specific responses, if any observed. One-way ANOVA with 

Tukey’s test was used to evaluate significant differences between treatments. For paw-

licking responses to subcutaneous injections, the duration in seconds (y-axis) over 15-

minutes period was averaged for each given treatment (x-axis). For these multiple 

treatment groups, one-way ANOVA followed by the Dunnett’s test was used to test 

significant differences (p-value < 0.05).  

 

Results: 

Fennel oil (FO) selectively activates mouse and human TRPA1 

To identify the molecular target of FO, we screened the ability of anethole to stimulate 

somatosensory neurons of mouse dorsal root ganglia (DRG) using calcium imaging. 

Different dilutions of FO were tested. A 10,000-fold dilution of FO (containing 332 ± 6 

M anethole) elicited robust calcium influx in a subset of somatosensory neurons (Figure 

1A). To determine the specific neuronal cell sub-types activated by FO, we applied 

sequentially the TRP channel agonists menthol, AITC, and capsaicin, which activate 

TRPM8, TRPA1, and TRPV1, respectively, and allow for the segregation of neurons based 

on TRP channel expression (Teichert et al., 2012a; Teichert et al., 2012b; Teichert et al., 

2014; Memon et al., 2017). In summary, ~38% neurons responded to FO, ~27% to 

menthol, ~44% to AITC, and ~47% to capsaicin.  The robust responses (calcium influx) to 

FO in DRG neurons positively correlated with responses to AITC, where at a 1:10,000-

fold dilution of FO, ~90% of FO-sensitive neurons responded to 100 μM AITC and ~80% 

of neurons that responded to 100 μM AITC also responded to a 1:10,000-fold dilution of 
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FO. Also, ~32% of FO-sensitive neurons were both AITC- and capsaicin-sensitive.  

Despite the activation of multiple AITC-sensitive neuronal sub-types, the FO-elicited 

calcium responses in DRG neurons were completely blocked by co-treatment with 30 M 

HC-030031, a selective TRPA1 antagonist (Eid et al., 2008), suggesting selective 

activation of mouse TRPA1 by FO (Figure 1B).  

 

Like mouse DRG neurons, FO robustly and selectively induced calcium influx in HEK293 

cells stably overexpressing human TRPA1 (hTRPA1-HEK293) without eliciting any 

response in normal/wild-type HEK293 (WT HEK293) cells (Figure 1C and 1D). Similar 

to results from the neuronal cultures, activation of numerous other TRP channels of interest 

in TRP-overexpressing HEK-293 cells (i.e., TRPM2, M8, V1, V2, V3, or V4), was not 

observed using a fennel seed extract at concentrations ≤ 2 mg/mL, containing  135 ± 6 M 

anethole (Supplementary Figure 1). Collectively, these results show that FO activates 

mouse and human TRPA1 with a high degree of selectivity relative to other related TRP 

and/or calcium channels.   

 

Anethole is the major component of FO 

FO extract is composed of a complex mixture of chemicals (Badgujar et al., 2014). To 

determine specific chemical components that may be responsible for the activation of 

TRPA1, we first subjected FO to untargeted GC-MS analysis; scanning for analytes 

between m/z 40-400. Table 1 shows that FO consists of multiple components; the 

compound exhibiting the greatest relative peak area (75%) was predicted to be trans-

anethole, based on electron impact mass spectral matching (97.52% confidence). The 
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presence of trans-anethole was further confirmed using pure trans-anethole as a standard 

(Supplemental Figure 2). Therefore, we hypothesized that trans-anethole may mimic the 

activity of FO on TRPA1. 

 

Anethole selectively activates TRPA1 channels in mouse somatosensory neurons 

Like FO, pure anethole also selectively elicited calcium influx in AITC-sensitive (i.e., 

TRPA1-expressing) sensory neurons cultured from mouse DRG. As shown in Figure 2A, 

anethole elicited robust calcium influx in AITC-sensitive neurons, but not in neurons that 

were unresponsive to AITC, such as neurons that were responsive to capsaicin only 

(TRPV1-expressing) or menthol only (TRPM8-expressing). As with FO, anethole-evoked 

calcium responses were also completely abolished by the TRPA1 antagonist, HC-030031, 

suggesting selective activation of the mouse TRPA1 channel by anethole (Figure 2B). Of 

note, the dip in baseline of TRPM8-expressing neurons during anethole and FO application 

(Figure 1A and 2A) is due to evaporative cooling that occurs during the change in bath 

solution (Teichert et al., 2014). 

 

As TRP channel agonists mediate chemesthesis via sensory neurons of the trigeminal 

ganglia (TG), we also assessed activation of calcium flux by anethole in TG neurons. 

Again, anethole selectively induced calcium influx in TRPA1-expressing TG neurons, with 

detectable responses to anethole in ~80% of AITC-responsive neurons (Supplementary 

Figure 3).  
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Anethole activates TRPA1-expressing neuronal subtypes  

TRPA1 is known to mediate pain sensations (Bautista et al., 2006; McNamara et al., 2007; 

Viana, 2016), with TRPA1-expressing neurons broadly classified into peptidergic and non-

peptidergic neurons (Braz et al., 2005; Barabas et al., 2012). Therefore, we further 

evaluated which specific neuronal subtypes of TRPA1-expressing neurons were activated 

by anethole, compared to AITC. TRPV1-expressing neurons, selectively activated by 

capsaicin, also mediate pain sensation and were included in this analysis for comparison 

with TRPA1-expressing neurons. Peptidergic neurons express CGRP and substance P, 

which are important in transmission of pain and the development of neurogenic 

inflammation and edema. Non-peptidergic neurons bind Isolectin-B4 (IB4) and mediate 

the affective component (unpleasantness) of pain (Braz et al., 2005; Barabas et al., 2012). 

Using transgenic mice in which GFP expression is driven by the CGRP promoter in CGRP-

expressing neurons (Gong et al., 2003), combined with staining neurons with Alexa Fluor 

568 IB4 (Barabas et al., 2012), we were able to differentiate peptidergic and nonpeptidergic 

neuronal subtypes in DRG cell cultures. Based on CGRP expression or IB4 staining, ~87% 

of both anethole-responsive (Anethole+) and AITC-responsive (AITC+) neurons were 

CGRP+ and/or IB4+ compared to ~70% of Capsaicin-responsive (Capsaicin+) neurons 

(Figure 3). The majority of Anethole+ neurons (65 ± 4%) were IB4+ and the remaining 

were CGRP+ (5 ± 1%) or co-labeled for CGRP+ and IB4+ (17 ± 5%). Similarly, AITC+ 

neurons were mostly IB4+ (59 ± 4%), while 7 ± 1% were CGRP+ and 20 ± 4% were 

CGRP+ and IB4+. In contrast, Capsaicin+ neurons were mostly co-labeled with CGRP+ 

and IB4+ (36 ± 3%), while the proportions of CGRP+ neurons was 19 ± 5% and 15 ± 3% 

for IB4+. These results suggest that anethole, like AITC, primarily activates nonpeptidergic 
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(IB4+) and some peptidergic (CGRP+) neuronal subtypes that express TRPA1.  

 

Anethole activates human TRPA1 channels 

Similar to FO, pure anethole also elicited calcium influx in hTRPA1-HEK293 cells with 

an EC50 of 86 M, without eliciting any response in normal WT HEK293 cells (Figure 4A 

& 4B). The magnitude of calcium response for anethole peaked between 130-660 M 

beyond which desensitization became apparent. Hence, the EC50 for anethole was 

determined using average response frequency (i.e., the percentage of cells responding to 

anethole at a given concentration) (Figure 4B), which was unaffected during the time 

period of the experiment. Furthermore, pure anethole induced whole-cell transmembrane 

currents in hTRPA1-HEK293 cells (Figure 5A). For these experiments, the extracellular 

solution for whole-cell patch-clamp contained TEA to suppress the influence of 

endogenous K+ conductance (Jiang et al., 2002; Yarishkin et al., 2008; Ponce et al., 2018) 

to TRPA1-mediated responses in these cells. Results in Figure 5B show the I-V 

relationship of transmembrane current measured before and after anethole treatment. Based 

on the dose response relationship shown in Figure 5C, anethole induced whole-cell currents 

in hTRPA1-HEK293 cells with an EC50 of 80.8 M, essentially the same EC50 as observed 

for pure anethole-induced calcium flux in these cells. Of note, the dose-response 

relationship with whole-cell patch-clamp (Figure 5C) was performed using different cells 

treated with different concentrations of anethole, as opposed to serial application, to avoid 

the potential influence of desensitization caused by anethole. However, based on the 

similarity of the EC50 determined from these two experiments, it appears that 

desensitization did not drastically affect the EC50 of anethole.  
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Anethole is a non-electrophilic agonist of TRPA1   

Reactive molecules and electrophiles like AITC activate TRPA1 by covalent modification 

of key cysteine and lysine residues located on the intracellular N-terminal portion of the 

channel (Macpherson et al., 2007). However, non-electrophilic TRPA1 agonists like 

menthol and propofol interact with Ser-873 and Thr-874 residues located in transmembrane 

5 of TRPA1 (Xiao et al., 2008). To differentiate the mechanism of TRPA1 activation by 

anethole, via binding the known electrophile versus non-electrophile agonist sites, we 

compared TRPA1 activation of wild-type TRPA1 and the “ST” mutant form of TRPA1 by 

AITC and anethole with and without pre-incubation of the agonist treatment solutions with 

glutathione (GSH), as described (Shapiro et al., 2013).  Human TRPA1 activation by AITC 

was essentially abolished when the solution of AITC was pre-incubated with 20 mM GSH, 

a nucleophile that forms reversible covalent bonds with AITC, effectively reducing the 

concentration of free AITC in the treatment solutions by rendering it non-reactive in the 

conjugated form (Figure 6). Conversely, when anethole was pretreated with 20 mM GSH 

for 10 minutes, no inhibition of TRPA1 activation was observed (Figure 6). Also shown in 

Figure 6, HEK293 cells transiently transfected with the hTRPA1-S873V+T874L mutant 

showed a slight decrease in response to AITC, but a near complete loss of response to 

anethole compared to cells transfected with wild-type hTRPA1. Further, GSH did not 

reduce activation of the hTRPA1-ST mutant by anethole, as observed for AITC. These 

results imply that anethole is a non-electrophilic agonist that binds to the “ST” binding site 

on TRPA1.  
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Desensitization of TRPA1-mediated anethole responses  

TRPA1 agonists like AITC, limonene, and eugenol often show bimodal activity on TRPA1 

channels such that repetitive applications desensitize the channels (Chung et al., 2013; 

Kistner, Siklosi, Babes, Khalil, Sel, et al., 2016; Kaimoto et al., 2016).  Similarly, the dose-

response experiment shown in Figure 4 hinted at the possibility of desensitization of 

anethole elicited calcium responses in hTRPA1-HEK293 cells once the response amplitude 

reached a maximum (between 130 - 660 M). Hence, anethole was tested for the bimodal 

activation of TRPA1. Anethole was repetitively applied to mouse DRG neurons and 

hTRPA1-HEK293 cells for a total of three times over a period of 15-minutes (Figure 7). 

The magnitude of each anethole-elicited calcium response was compared to that of the 1st 

anethole application for each cell type. As shown in Figure 7, significant decreases in the 

average magnitude of anethole-elicited calcium responses in both mouse DRG neurons 

(Figures 7A and B) and hTRPA1-HEK293 cells (Figure 7C and D) was observed over 

time, with each sequential treatment with anethole. These results were also consistent with 

the desensitization observed in whole-cell current recordings in TRPA1-expressing 

HEK293 cells during anethole treatment (Figure 5A and 8). Cumulatively, our results 

suggest desensitization of TRPA1 mediated anethole responses when stimulated 

repetitively.  

 

Anethole does not induce nocifensive responses in mice   

Many known TRPA1 agonists are perceived as pungent and noxious, frequently eliciting 

nocifensive behaviors such as paw-lifting and -licking when injected subcutaneously in 

mice (Kwan et al., 2006; Everaerts et al., 2011). However, when injected subcutaneously 
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in the mouse hind paw, neither 20 L of a 6.6 nor 20 L of a 66 mM anethole solution 

induced nocifensive (i.e., increased paw licking duration) responses (Figure 9). In contrast, 

injection of 20 L of a 10 mM AITC solution induced significant paw-licking (Figure 9) 

and lifting behaviors. As neither vehicle- nor anethole-treated mice displayed paw-lifting, 

only paw-licking duration was compared for the given treatments shown in Figure 9. These 

data imply that anethole is substantially less- or perhaps even non-irritating relative to 

AITC, albeit the mechanisms of this effect requires further study.  

 

Discussion: 

This study identifies anethole in FO as a selective agonist of mouse and human TRPA1. 

FO and its major component, trans-anethole, selectively activated TRPA1 expressed in 

mouse DRG and TG neurons, as well as human TRPA1 expressed in HEK293 cells, 

determined using both calcium imaging and electrophysiology. In all cases, the responses 

to FO or pure anethole could be blocked completely by a selective antagonist of TRPA1. 

FO also did not activate other human TRP channels expressed in HEK293 cells. It was 

further found that TRPA1 activation by anethole was due to binding to the 

menthol/propofol “ST” binding site on TRPA1, and repeated application of anethole led to 

desensitization of TRPA1 mediated anethole response.  Finally, anethole did not elicit 

nocifensive responses typical of many TRPA1 agonists, notably AITC, which was used 

here as a positive control. To the best of our knowledge, this is the first study to identify 

TRPA1 as a primary molecular target of FO and its major component anethole.  

 

Traditionally TRPA1, like TRPV1, is considered to be a nociceptive ion channel 
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(McNamara et al., 2007; Kremeyer et al., 2010; Bautista et al., 2013). As such, antagonists 

of TRPA1 have been in pre-clinical and clinical development for pain relief (Eid et al., 

2008; Zhao et al., 2012; Gui et al., 2014). Interestingly, treatment with anethole has been 

reported to be analgesic and anti-inflammatory in mouse models of pain (Ritter et al., 2013) 

with similar observations made with other “pleasant” TRPA1 channel agonists such as 

limonene and eugenol (Leamy et al., 2011; Chung et al., 2013; Wang et al., 2013; Zhai et 

al., 2014; Bressan et al., 2016; Kaimoto et al., 2016). These TRPA1 agonists are believed 

to assert analgesic activity by activating and subsequently desensitizing the TRPA1 

channel (Story et al., 2003; Akopian et al., 2007; Leamy et al., 2011; Zhai et al., 2014; 

Bressan et al., 2016; Kaimoto et al., 2016). Here, we observed significant differences 

between the ability of AITC and anethole to elicit nocifensive behavioral responses (i.e., 

paw licking). Specifically, anethole appeared to be less- or non-irritating (Figure 9). 

Consistent with this observation and previous findings for related TRPA1 agonists, 

repeated exposure to anethole desensitized TRPA1-mediated anethole responses in mouse 

DRG neurons (Figure 7A & B) and hTRPA1-HEK293 cells (Figure 7C & D and Figure 8). 

Similar effects have been reported for TRPV1 agonists such as capsaicin, which also 

mediate analgesia through tachyphylaxis (desensitization) of the TRPV1 channel, changes 

in TRPV1 expression, and/or neuronal toxicity (Jo et al., 2017); mechanisms by which 

capsaicin-based topical creams mediate pain-relief (Patapoutian et al., 2009). Thus, it is 

possible that anethole, like other TRPA1 (and also TRPV1) agonists, exerts its 

pharmacological effects, at least in part, by activating and then desensitizing the TRPA1 

channel.  
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However, AITC also desensitizes TRPA1 (Akopian et al., 2007; Kistner et al., 2016), but 

still elicits nocifensive behaviors. Therefore, it is also possible that slight differences in the 

specific sub-types of TRPA1 expressing neurons that are activated by anethole and AITC 

(Figure 3), could contribute to the differences in behavioral responses elicited by AITC 

and anethole. Another likely possibility involves differences in the chemical mechanism of 

TRPA1 activation, which is ultimately rooted in the inherent differences in the chemical 

reactivity of anethole, AITC, and other TRPA1 agonists for which differences in pain-

producing potential have been reported (Chung et al., 2013; Kaimoto et al., 2016). As 

alluded above, many agonists of TRPA1 are perceived as pungent compounds, which 

activate TRPA1 through covalent modification. However, some more pleasant compounds 

like menthol (Xiao et al., 2008), limonene (Kaimoto et al., 2016), and eugenol (Chung et 

al., 2013), which are non-reactive in the absence of metabolic bioactivation (e.g., for 

example the quinone methide intermediate reported for eugenol is reactive), also activate 

TRPA1 independent of covalent modification, and do not show the typical pain-producing 

and irritating effects. The sweet and licorice-like FO and anethole described in this study 

therefore likely falls into this interesting category of pleasant TRPA1 agonists that are non-

reactive and apparently less- or non-irritating agonists. It is presently unclear whether the 

differences in activation mechanisms ultimately accounts for the divergence in 

physiological effects elicited by different TRPA1-channel agonists, but the evidence 

suggests this may be an important factor. As such, it is also possible that the reactive nature 

of many pungent and painful TRPA1 agonists may lead to localized tissue injury and 

inflammatory hyperalgesia independent of TRPA1, and that this effect may broadly 

sensitize neurons and increase pain perception. However, these ideas will require further 
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study. 

 

To summarize, our results show that TRPA1 is a prominent target of FO and anethole in 

sensory neurons of DRG and TG. Anethole is similar to AITC in terms of activating 

TRPA1 and desensitizing the channel, but unlike AITC, anethole does not appear to 

covalently modify TRPA1, and fails to induce a detectable change in prototypical 

nocifensive behaviors in mice. These differences highlight the disparate nature of TRPA1 

agonists and the need to further explore how different TRPA1 agonists affect neuronal 

functions, inflammatory responses and pain perception.  
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Legends for Figures: 

Figure 1: FO activates mouse and human TRPA1. (A) Representative calcium imaging 

traces of neuronal phenotypes observed among 1328 neurons analyzed from DRG cultures 

of 3 adult wild-type C57BL/6 mice. Y-axis is the 340nm/380nm ratio, a measure of 

intracellular calcium, and x-axis is the duration of the experiment in minutes (Min.). 

Arrows on x-axis indicate 15-second treatments with each stimulus. Abbreviations are as 

follows: [K+]o for 30mM extracellular K+, FO for 1:10,000-fold diluted Fennel Oil, Me 

for 400M Menthol, AITC for 100M Allyl Isothiocyanate, and Cap for 300nM Capsaicin. 

(B) Response frequency, measured as % cells activated, of FO (1:10,000-fold diluted) 

responses in presence and absence of 30M HC-030031, a selective TRPA1 antagonist. 

(C) Representative calcium imaging traces for FO dilutions (x-axis) in normal HEK293 

cells (top) and HEK293 cells stably overexpressing human TRPA1 (bottom). (D) Response 

frequency of FO dilutions in normal (n=676) and human TRPA1-expressing HEK293 cells 

(n=1695).  

 

Figure 2: Anethole elicits calcium response in TRPA1-expressing mouse DRG 

neurons. (A) Representative calcium imaging traces of neuronal phenotypes observed 

among 1375 neurons analyzed from DRG cultures of 3 adult wild-type C57BL/6 mice. Y-

axis is the 340nm/380nm ratio, a measure of intracellular calcium, and x-axis is the 

duration of the experiment in minutes (Min.). Arrows on x-axis indicate 15-seconds 

treatment with given stimuli. Abbreviations are as follows: [K+]o for 30mM extracellular 

K+, Anethole for 130M trans-anethole, FO for 1:10,000-fold diluted Fennel Oil, Me for 

400M Menthol, AITC for 100M Allyl Isothiocyanate, and Cap for 300nM Capsaicin. 

(B) Response frequency (n=964) of 130M anethole in presence and absence of 30M 

HC-030031 (HC), a selective TRPA1 antagonist.    

 

Figure 3: Distribution of peptidergic and non-peptidergic neuronal subtypes neurons 

activated by Anethole, AITC, and Capsaicin. Top: representative images show CGRP+, 

CGRP+ IB4+ (overlaid images of CGRP+ and IB4+), and IB4+ neurons (from left to right). 

White arrows point at examples of CGRP+ and IB4+ neurons. Middle: representative 

traces for each neuronal subtype. Bottom: pie-charts show average distribution of neuronal 

cell-types i.e. CGRP+ (green), CGRP+ IB4+ (yellow), IB4+ (red), and CGRP- IB4- or 

none (gray) activated by Anethole (n=504), AITC (n=731), and Capsaicin (n=945) from 

DRG cultures of 3 adult CD-1 mice 

 

Figure 4: Anethole elicits calcium response in hTRPA1-HEK293 cells. (A) 

Representative calcium imaging traces for anethole dose response over time (x-axis) in 

normal HEK293 cells (top) and HEK293 cells stably overexpressing human TRPA1 

(bottom). Y-axis is the 340nm/380nm ratio, a measure of intracellular calcium, and x-axis 

is the duration of the experiment in minutes (Min.). Arrows on x-axis indicate 15-seconds 
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treatment with given stimuli.  (B) Response frequency, measured as % cells activated, of 

anethole dose response in normal human TRPA1-expressing HEK293 cells (n=1195).  

 

Figure 5: Anethole induces transmembrane currents in hTRPA1-HEK293 cells. (A) 

A representative time course of current measured at the indicated holding potentials (V
h
) 

from HEK293 cells stably overexpressing human TRPA1. Anethole was applied at a 

concentration of 66 μM. (B) I-V relationship of transmembrane current measured before 

(control) and during administration of anethole (maximum current, I
max

). (C) Dose-

response relationship. Symbols represent mean values of I
max

 recorded at V
h
 = 100 mV. 

Error bars indicate S.E.M. The solid line is the best-fit with logistic function. EC
50

 = 80.8 

μM. Shown in brackets are a number of cells.  

 

Figure 6: Anethole is a non-electrophilic agonist of TRPA1. HEK293-GCamp6 

overexpressing cells transiently transfected with wild-type hTRPA1 (A1 WT) and 

hTRPA1-ST (A1 ST) mutant plasmid robustly respond to AITC and anethole. Pretreatment 

of AITC with 20mM glutathione (GSH) for 10 minutes abolished AITC responses in both 

A1 WT and A1 ST cells (***p-value<0.001) while the response to anethole when 

pretreated with GSH was not affected. In cells transfected with (A1 ST) plasmid, the 

response to AITC was not significantly affected while response to anethole was 

significantly diminished (*p-value<0.05, **p-value<0.01). Data are the average response 

± SEM of treatments (x-axis) normalized to the ionomycin response (y-axis) for the 

respective plasmid (n=3).   

 

Figure 7: Desensitization of anethole-elicited calcium responses. Representative 

calcium imaging trace illustrating desensitization of calcium responses, indicated by the 

declining magnitude of responses upon the 2nd and 3rd applications of anethole, each 

elicited by a 15-second application of 1.3 mM anethole on Mouse DRG neurons (A) and 

HEK293 cells overexpressing human TRPA1 (C). (B) & (D) The average % response 

magnitude of 2nd and 3rd responses in mouse DRG neurons (n=372) and hTRPA1-

HEK293 cells (n=833) as a percentage of the 1st response to 1.3 mM anethole, indicating 

significant desensitization of anethole-induced calcium responses over time (***p-

value<0.001). The 2nd and 3rd responses to anethole (x-axis) were normalized to first 

response of each neuron or HEK293 cell. Average % response ± SEM values are presented. 

 

Figure 8: Repetitive stimulation of TRPA1 by anethole reveals a desensitization of the 

TRPA-1-mediated whole-cell current to the agonist. (A) A representative trace of the 

whole-cell current recorded from an hTRPA1-HEK293 cell with the plasma membrane 

potential clamped at -70 mV. Application of anethole (100 µM) is indicated by bars above 

the trace. (B) Statistical analysis of results illustrated in A. Magnitude of the 2nd and the 3rd 
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responses was normalized to that of the 1st response. Shown are mean ± SEM values. *, p 

< 0.05, N.S., p > 0.05, pair-sample t-test, n = 4 cells. Anethole was applied for 1.5 min.  

 

Figure 9: Nocifensive response induced by subcutaneous injection of anethole. Paw-

licking behavior of adult wild-type C57BL/6 mice was recorded as response duration in 

seconds ± SEM (y-axis) observed over 15-minutes duration after subcutaneous injection 

of given treatments in left hind paw. (A) Response duration of paw-licking behavior every 

5-minutes. (B) Sum of paw-licking response duration for given treatments (x-axis) during 

15-minutes observation period. DRG Obs. was used as vehicle. Significant difference (*p-

value<0.05) in paw-licking response duration was observed between vehicle (n=6) and 

10mM AITC (n=7) treated mice while difference between vehicle and 6.6 mM anethole 

(n=6) or 66 mM anethole (n=5) treated mice was not significant.     

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 24, 2019 as DOI: 10.1124/mol.118.114561

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 

Table 1: GC-MS analysis of Fennel Oil 

 

Predicted Chemical 
Retention 

time 

Percentage of total 

peak area 

% Prediction 

Accuracy 

alpha-Phellandrene 2.681-2.702 1.20 96.12 

D-Limonene 2.883-2.921 2.22 98.16 

Fenchone 3.310-3.326 15.22 96.56 

Estragole 3.896-3.913 3.25 97.66 

trans-Anethole 4.28-4.306 78.11 97.52 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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