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Cilantro leaf harbors a potent potassium
channel-activating anticonvulsant
Rian W. Manville and Geoffrey W. Abbott'

Bioelectricity Laboratory, Department of Physiology and Biophysics, School of Medicine, University of California-Irvine, Irvine, California,
USA

ABSTRACT: Herbs have a long history of use as folk medicine anticonvulsants, yet the underlying mechanisms often
remain unknown. Neuronal voltage-gated potassium channel subfamily Q (KCNQ) dysfunction can cause severe
epileptic encephalopathies that are resistant to modern anticonvulsants. Here we report that cilantro (Coriandrum
sativum), a widely used culinary herb that also exhibits antiepileptic and other therapeutic activities, is a highly
potent KCNQ channel activator. Screening of cilantro leaf metabolites revealed that one, the long-chain fatty
aldehyde (E)-2-dodecenal, activates multiple KCNQs, including the predominant neuronal isoform, KCNQ2/
KCNQ3 [half maximal effective concentration (ECs), 60 = 20 nM], and the predominant cardiac isoform, KCNQ1 in
complexes with the type I transmembrane ancillary subunit (KCNE1) (ECs,, 260 = 100 nM). (E)-2-dodecenal also
recapitulated the anticonvulsant action of cilantro, delaying pentylene tetrazole-induced seizures. In silico docking
and mutagenesis studies identified the (E)-2-dodecenal binding site, juxtaposed between residues on the KCNQ S5
transmembrane segment and S4-5 linker. The results provide a molecular basis for the therapeutic actions of cilantro
and indicate that this ubiquitous culinary herb is surprisingly influential upon clinically important KCNQ
channels.—Manville, R. W., Abbott, G. W. Cilantro leaf harbors a potent potassium channel-activating anticon-
vulsant. FASEB J. 33, 11349-11363 (2019). www.fasebj.org

KEY WORDS: herbal medicine - epilepsy - KCNQ1 - KCNQ2 - KCNQ3

Documented use of botanical folk medicines stretches
back as far as recorded human history itself (1). There is
DNA evidence suggestive of consumption of plants for
medicinal use by Homo neanderthalensis 48,000 yr ago (2, 3),
and there is archaeological evidence of nonfood use by
Homo erectus or similar species up to 800,000 yr ago of
herbs used in the modern era as folk medicines (4). Evi-
dence for the efficacy of such medicines ranges from an-
ecdotal to clinical trials; similarly, mechanisms and active
compounds have been elucidated for some botanical
medicines, whereas for others the molecular basis of action
is unknown (5, 6).

In many cases, botanical medicines of current or his-
torical use are also currently consumed, often on a large
scale, as foodstuffs or food flavoring. One example is

ABBREVIATIONS: ECso, half maximal effective concentration; KCNAIT,
voltage-gated potassium channel subfamily A member 1; KCNEI, volt-
age-gated potassium channel subfamily E; KCNQ, voltage-gated potas-
sium channel subfamily Q; Kv, voltage-gated potassium; PTZ, pentylene
tetrazole; TEVC, 2-electrode voltage-clamp; VSD, voltage-sensing domain
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cilantro (Coriandrum sativum), known as coriander in the
United Kingdom (Fig. 1A). Cilantro has been consumed by
human beings for at least 8000 yr (based on archaeological
evidence from what is now Israel) and was found in the
tomb of Tutankhamen and is thought to have been culti-
vated by the ancient Egyptians (7). Cilantro now grows
wild over broad expanses of the globe, and its leaves
feature heavily in Asian, European, and Central American
cuisine. Cilantro also has reported anticancer, anti-
inflammatory, antifungal, antibacterial, anticonvulsant,
cardioprotective, gastric health, and analgesic effects (8).
In many cases, the molecular basis and active components
of the various therapeutic effects of cilantro are incom-
pletely understood or unknown.

Voltage-gated potassium (Kv) channels within the
Kv channel subfamily Q (KCNQ), also termed the Kv7
subfamily, are sensitive to activation by a range of small
molecules, including synthetic drugs, neurotransmit-
ters, and metabolites (9—-13). Kv channels, including the
5 isoforms within the KCNQ (Kv7) subfamily, are
composed of tetramers of pore-forming (o) subunits,
each consisting of 6 transmembrane segments (S): S1-4
comprise the voltage-sensing domain (VSD), and S5-6
comprise the pore module (Fig. 1B). Kv channels re-
spond to cell membrane depolarization via movement
of their VSD, which causes pore opening and K™ diffusion
(predominantly outward) through the pore, reducing
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Figure 1. Cilantro extract differentially activates homomeric KCNQ channels All error bars indicate sem. A) Image of the fresh
cilantro (Coriander sativum) used in this study. B) Topological representation of a Kv channel showing 2 of the 4 subunits that
comprise a channel. C) Extracellular view of the chimeric KCNQ1/KCNQ3 structural model to highlight the anticonvulsant
binding pocket (red, KCNQ3-W265). D) Left, mean TEVC current traces for water-injected Xenopus oocytes in the absence
(control) or presence of 1% cilantro extract (n=5). Dashed line here and throughout indicates the 0 current level. Upper inset:

(continued on next page)

11350  Vol. 33 October 2019 The FASEB Journal -+ www.fasebj.org MANVILLE AND ABBOTT

85U807 SUOWIWIOD BAIKERID 3|qedl|dde 8y} Aq peusenob ae saone O ‘8sN JO SaINJ 10} Akeiqi T 8UIIUO AB]IA L (SUO 1 PUOO-PUE-SWSIWI0D" A 1M AReq 1 Ul [UO//Scy) SUORIPUOD pue SWie 1 L) 89S *[£202/60/ST] Uo Afdqiauliuo &M ‘Buinl| -eluIofIeD JO AISRAIIN AQ HSB8r006TOZ [1/960T 0T/I0P/W00" A |1 ARl 1jpulUO gese /Sty WwoJj pepeojumod ‘0T ‘6T0Z ‘098908ST


http://www.fasebj.org

action potential frequency or repolarizing the cell fol-
lowing action potential firing. Kv channels can also be
activated, or their voltage dependence of activation shif-
ted toward more negative potentials, by a number of
small molecules, including specific drugs. In the case of
neuronally expressed KCNQ channels, molecules such as
the anticonvulsant retigabine bind to a pocket between
the VSD and pore (Fig. 1C) to activate the channel by
favoring opening at more hyperpolarized potentials; this
has antiepileptic effects by raising the barrier for neuronal
firing (14).

The KCNQ family exhibits a wide range of tissue ex-
pression and functional attributes; KCNQ channels are
therefore highly influential in many aspects of human
physiology. Heteromeric KCNQ2/3 and also KCNQ3/5
channels generate the muscarinic receptor—inhibited
M-current, a subthreshold Kv current that regulates neu-
ronal firing; homomeric KCNQ2, KCNQ3, and KCNQ5
channels may also contribute (15-19). Activation of
KCNQ1, KCNQ4, and KCNQ5 channels expressed in
vascular smooth muscle reduces vascular tone (20).
KCNQ1 is also expressed in the human heart, the inner ear,
and a variety of epithelia (21); KCNQ4 is expressed in
auditory neurons and hair cells (22) and, like KCNQ1 (23),
is essential for hearing.

Given the sensitivity of KCNQ channels to various
small molecules and their diverse expression and func-
tional roles, many of which potentially match the pur-
ported therapeutic effects of cilantro, here we screened
KCNQ channels for sensitivity to cilantro. We discovered
that cilantro activates various KCNQ isoforms and iden-
tified a single cilantro metabolite (and its KCNQ channel
binding site) that underlies the KCNQ-activating and an-
ticonvulsant properties of cilantro.

MATERIALS AND METHODS
Preparation of plant extracts

Certified organic fresh cilantro (Coriandrum sativum) was
sourced from Mother’s Market and Kitchen (Irvine, CA, USA),
and homogenized fresh using a blender (SharkNinja, Need-
ham, MA, USA). We then performed a methanolic extraction
(80% methanol/20% water) on the cilantro homogenate for
48 hat room temperature on a rocking platform with occasional
inversion of the bottles to more fully resuspend the extract.
Following this process, the extract was filtered using Whatman
filter paper #1 (Whatman, Maidstone, United Kingdom), and
then the methanol was removed by evaporation in a fume hood

for 48 h at room temperature. The extract was then centrifuged
for 10 min at 15°C, 4000 relative centrifugal force to remove
remaining particulate matter, followed by storage at —20°C.
On the day of electrophysiological recording, the cilantro ex-
tract was thawed and then diluted 1:100 in bath solution im-
mediately before use.

Channel subunit cRNA preparation and Xenopus
laevis oocyte injection

As previously described (12), we generated cRNA transcripts
encoding human Kv channel subfamily A member 1
(KCNA1), Kv channel subfamily E member 1 (KCNEL1),
KCNE2, KCNE3, KCNQ1, KCNQ2, KCNQ3, KCNQ4, or
KCNQ5 by in vitro transcription using the T7 polymerase
mMessage mMachine Kit (Thermo Fisher Scientific, Waltham,
MA, USA), after vector linearization, from cDNA subcloned
into plasmids incorporating Xenopus laevis B-globin 5" and 3’
UTRs flanking the coding region to enhance translation and
cRNA stability. We quantified cRNA by spectrophotometry.
We generated mutant KCNQ2 and KCNQ3 cDNAs by
site-directed mutagenesis with a QuikChange Kit (StrataGene
California, San Diego, CA, USA) and prepared the cRNAs as
above. We injected defolliculated stage V and VI X. laevis
oocytes (Ecocyte Bioscience, Austin, TX, USA, and Xenoocyte,
Dexter, MI, USA) with KCNE or KCNQ cRNAs (5-20 ng), or
both. We incubated the oocytes at 16°C in Barth’s saline so-
lution (Ecocyte Bioscience) containing penicillin and strepto-
mycin, with daily washing, for 3-5 d prior to 2-electrode
voltage-clamp (TEVC) recording.

TEVC

We performed TEVC at room temperature using an OC-725C
amplifier (Warner Instruments, Hamden, CT, USA) and
pClamp10 software (Molecular Devices, San Jose, CA, USA) 2—
5 d after cRNA injection as described in the section above. For
recording, we placed the oocytes in a small-volume oocyte bath
(Warner Instruments) and viewed them with a dissection mi-
croscope. We sourced chemicals from MilliporeSigma (Burling-
ton, MA, USA) unless otherwise stated. We studied the effects of
1% cilantro extract and of 9 compounds previously identified in
cilantro extract. Vanillic acid and 3,4-dihydroxybenzoic acid
were each solubilized in 100% ethanol at a stock concentration of
100 mM; the other compounds were solubilized directly in bath
solution. We initially screened for KCNQ2/3 channel activity
using 100 wM concentrations of each of the 9 components, then
conducted dose responses where appropriate. Bath solution was
(mM): 96 NaCl, 4 KCl, 1 MgCl,, 1 CaCl,, 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (pH 7.6). We introduced 1%
cilantro extract, or each of the 9 cilantro components, into the
oocyte recording bath by gravity perfusion at a constant flow of 1
ml/min for 3 min prior to recording. Pipettes were of 1-2 M)

the voltage protocol used here and throughout the study unless otherwise indicated. Center: mean tail current for oocytes on left
(n=>5). Right: scatter plot of resting membrane potential (Ey) of water-injected oocytes in the absence (Control) or presence of
cilantro extract (n = 5). Statistical analyses by 2-way ANOVA. E) Left: mean TEVC current traces for Xenopus oocytes expressing
the KCNQ homomers indicated in the absence (control) or presence of 1% cilantro extract (n = 5-6). Arrow indicates time point
at which KCNQ tail currents are measured throughout this study. /) Mean tail current (left) and normalized tail current (G/
Gmax) (right) vs. prepulse voltage relationships for the traces as in the previous panel (n = 5-6). G) Effects of 1% cilantro extract
on Fy of unclamped oocytes expressing the channels as in £ (n = 5-6). Statistical analyses by 2-way ANOVA. H) Current-fold
increase vs. voltage for the KCNQ isoforms indicated, induced by 1% cilantro extract (n = 5-6). I) Scatter plot showing mean
AVy 5 activation induced by 1% cilantro extract for the KCNQ isoforms indicated (n = 5-6). Statistical analysis by 2-way ANOVA

corrected for multiple comparisons.

A POTENT KCNQ AGONIST IN CILANTRO
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resistance when filled with 3 M KCl. We recorded currents in
response to voltage pulses between —120 or —80mV and +40 mV
at 20-mV intervals from a holding potential of —80 mV, to yield
current-voltage relationships, current magnitude, and for quan-
tifying activation rate. We analyzed data using Clampfit (Mo-
lecular Devices) and Prism software (GraphPad, La Jolla, CA,
USA); values are stated as means * seM. We plotted raw or
normalized tail currents vs. prepulse voltage and fitted with a
single Boltzmann function:

_ (A1 — Ar)
g_{1+exp[V%—V/VS]}y+A2 g

where g is the normalized tail conductance, A; is the initial
value at —o, A, is the final value at +%, Vy,, is the
half-maximal voltage of activation, and V is the slope factor.
We fitted activation and deactivation kinetics with single
exponential functions.

Chemical structures and silico docking

We plotted and viewed chemical structures and electrostatic
surface potential using Jmol, an open-source Java viewer for
chemical structures in 3 dimensions (http://jmol.org/). For in silico
ligand docking predictions of binding to KCNQ2, we first altered
the Xenopus Iaevis KCNQ1 cryo-electron microscopy—derived
structure (PDB 5VMS) (24) to incorporate KCNQ2 residues im-
portant for retigabine binding, and their immediate neighbors,
followed by energy minimization as we previously described
(12) using the GROMOS (http://www.gromacs.org/Documentation/
Terminology/Force_Fields/GROMOS) 43B1 force field (25) in
DeepView (https://spdbv.vital-it.ch/) (26). We then performed un-
guided docking of (E)-2-dodecanal to predict potential binding
sites, using SwissDock (http://www.swissdock.ch/) with CHARMM
(https:/fwww.charmm.org/charmm/? CFID=ed8a7ee0-fc9b-441f-80aa-
a802ce55866e&CFTOKEN=0) force fields (27, 28). We used a
similar approach to simulate binding to KCNQ1 and KCNQ1/
KCNEI1 but instead employed closed- and open-state models of
either channel previously developed by Kang et al. (29).

Pentylene tetrazole chemoconvulsant assay

We quantified the anticonvulsant activities of (E)-2-dodecenal
and tridecanal in male C57BL/6 mice (Charles River Laborato-
ries, Wilmington, MA, USA) aged 2-3 mo. The mice were housed
and used according to the recommendations in the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health,
Bethesda, MD, USA). The study protocol was approved by the
Institutional Animal Care and Use Committee of University of
California—Irvine. The chemicals were sourced from Milli-
poreSigma. We used a pentylene tetrazole (PTZ) chemo-
convulsant assay as previously described (30). We injected the
mice intraperitoneally with (E)-2-dodecenal (2 or 20 mg/kg)
(with or without 2.5 mg/kg XE991) or tridecanal (20 mg/kg)
solubilized in PBS, or vehicle control (PBS), and then 30 min later
we injected mice intraperitoneally with 80 mg/kg PTZ. Follow-
ing the PTZ injection, the mice were caged individually, and an
observer (GWA) blinded to the experimental condition timed the
latency to first seizure.

Statistical analysis

All values are expressed as means = seM. One-way ANOVA
was applied for all tests; all P values were 2-sided. Where
appropriate, we applied Tukey’s correction for multiple
comparisons.

11352 Vol. 33 October 2019
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RESULTS

Cilantro extract activates multiple
KCNQ isoforms

We performed a methanolic extraction (80% methanol/
20% water) on fresh cilantro (Coriandrum sativum) (Fig.
1A). Following removal of the methanol to leave an
aqueous solution of cilantro extract, we diluted the extract
1/100 in recording solution and screened for effects
first on homomeric neuronal KCNQ channels heterol-
ogously expressed in Xenopus laevis oocytes using TEVC
electrophysiology.

Cilantro extract had no effect on water-injected control
oocytes (Fig. 1D). In contrast, the cilantro extract exhibited
effects on all 4 neuronal KCNQs. In the case of KCNQ?2,
KCNQ3, and KCNQ5, cilantro negative-shifted the volt-
age dependence of activation, the strongest effects being
on KCNQ2 and KCNQ5 (Fig. 1E, F). This produced hy-
perpolarization in the rest of the cells expressing KCNQ?2,
KCNQ3* [KCNQ3-A315T, a mutant that passes larger
currents than wild-type KCNQB, facilitating study of the
homomeric channel (31)], or KCNQ5 (Fig. 1G). Cilantro
extract exhibited potentiation of the early phase of KCNQ4
prepulse currents, but this was not reflected in the tail
currents and did not result in shifted resting membrane
potential (Ey;) of KCNQ4-expressing oocytes (Fig. 1E-G).
Thus, the most cilantro-sensitive neuronal homomers
were KCNQ2 and KCNQ5, which were compared by ex-
amining both the fold increase in tail current (Fig. 1H) and
the negative shift in the voltage dependence of activation
(AVy5 activation) (Fig. 1I and Supplemental Tables S1-54);
KCNQ5 also exhibited cilantro-dependent increases in
peak tail current (Fig. 1F, left).

KCNQ2/3 heteromers are the primary KCNQ channel
generating M-current in mammalian brain, and the main
target of retigabine-class anticonvulsants (9, 13). Here, ci-
lantro extract (1/100) was effective at negative-shifting
KCNQ2/3 voltage dependence of activation (Fig. 24, B)
and hyperpolarizing KCNQ2 /3-expressing cells (Fig. 2C).

The other KCNQ family member, KCNQ1, is retigabine-
insensitive and is expressed in the human heart and a
variety of secretory epithelia, including the gastric glands,
colon, and thyroid (21). KCNQ1 is notable for its func-
tional diversity, largely endowed by formation of com-
plexes with KCNE single-transmembrane spanning
ancillary subunits. Although homomeric KCNQI is func-
tional, it is thought that in vivo KCNQ1 always com-
plexes with KCNE subunits (21). In the human heart and
inner ear, KCNQ1-KCNE1 complexes form the relatively
positive and slowly activating Ixg current in ventricular
myocytes (32, 33). In contrast, constitutively active KCNQ1-
KCNES3 channels are expressed in the colonic epithelium
basolateral membrane, where they regulate chlorideion
secretion (34). KCNQ1 was also activated by cilantro
extract (Fig. 2D, E), although this did not influence Ey;
(Fig. 2F) because the KCNQ1 current potentiation occurred
across a narrow voltage range, positive to the resting Ey
of KCNQ1-expressing oocytes (Fig. 2E, left). KCNQI1-
KCNE1 was more sensitive, with cilantro inducing a
larger increase in current (Fig. 2D, E) and hyperpolarizing
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Figure 2. Cilantro extract differentially activates heteromeric KCNQ channels All error bars indicate sSEeM. A) Left, mean TEVC
current traces for Xenopus oocytes expressing KCNQ2/3 in the absence (control) or presence of 1% cilantro extract (n = 6). B)
Mean tail current (left) and normalized tail current (G/ Gyax) (right) vs. prepulse voltage relationships for the KCNQ2/3 traces
asin A (n=6). C) Effects of 1% cilantro extract on Ey; of unclamped oocytes expressing KCNQ2/3 (n = 6). Statistical analysis by
2-way ANOVA. D) Left: mean TEVC current traces for Xenopus oocytes expressing homomeric KCNQI or heteromeric KCNQI-
KCNE channels as indicated in the absence (control) or presence of 1% cilantro extract (n = 5-6). E) Mean tail current (left)
and normalized tail current (G/ Gy,ay) (right) vs. prepulse voltage relationships for the traces as in D (n = 5-6). I) Effects of 1%
cilantro extract on Ey of unclamped oocytes expressing the channels indicated in D (n = 5-6). Statistical analysis by 2-way
ANOVA. G) Left: mean TEVC current traces for Xenopus oocytes expressing homomeric KCNALI in the absence (control) or
presence of 1% cilantro extract (n = 6). H) Mean tail current (left) and normalized tail current (G/ Gp,y) (right) vs. prepulse
voltage relationships for the traces as in G (n = 6). I) Effects of 1% cilantro extract on Fy of unclamped oocytes expressing
KCNAI (n = 6). Statistical analysis by 2-way ANOVA. ]J) Currentfold increase vs. voltage for the Kv channel isoforms indicated,
induced by 1% cilantro extract (n = 5-6). K) Scatter plot showing mean AV} 5 ciivation induced by 1% cilantro extract for the Kv
channel isoforms indicated; n = 5-6. Statistical analysis by 2-way ANOVA corrected for multiple comparisons.
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En (Fig. 2F). Cilantro extract even potentiated activity of
the constitutively open KCNQ1-KCNE3 channel, almost
3-fold at —120 mV (Fig. 2D, E), also negative-shifting Ey
(Fig. 2F).

Outside the KCNQ family, cilantro induced a relatively
small (—5.9 £ 0.9 mV) shift in the voltage dependence of
activation of another neuronally expressed Kv channel,
KCNA1 (Kv1.1) (Fig. 2G, H) which generated a —10 mV
shift in Ey; of KCNAl-expressing oocytes (Fig. 2I). Com-
paring 2 parameters of negative-shifted voltage-dependent
activation (fold increase in current at —60 mV and
AV 5 activation) for all channels tested, cilantro extract was
most effective at potentiating KCNQ2/3 and KCNQ1/
KCNEL1 activity; effects on KCNQ1/KCNE3 were also
notable as they spanned the entire voltage range tested
(Fig. 2], K and Supplemental Tables S5-59).

A single cilantro metabolite recapitulates
cilantro activation of KCNQs

We next screened the predominant metabolites found in
cilantro extract for KCNQ?2 /3 opening activity. Strikingly,
out of 9 metabolites tested at 100 pM, only 1 activated
KCNQ2/3—the 12-carbon fatty aldehyde, (E)-2-dodecenal.
This specificity was remarkable given that closely related
10, 11, and [C] aldehydes did nothing to KCNQ2/3
activity (Fig. 3A—C). (E)-2-dodecenal both hyperpolarized
the activation of KCNQ2/3 and increased its peak tail
current at saturating membrane potentials (Fig. 3C and
Supplemental Tables S10-518).

Examining effects on homomeric KCNQs, we found
that (E)-2-dodecenal (100 wM) shares a similar efficacy
profile to cilantro extract [ie., it preferentially negative-
shifted the AVjy5 activation Of KCNQ2 and KCNQ5 vs.
KCNQ1, KCNQ3, and KCNQ4 (Fig. 4A, B; summarized in
Fig. 4C)]. (E)-2-dodecenal most potently activated KCNQ2
[half maximal effective concentration (ECsj), 60 = 10 nM]
vs. the other isoforms, as shown in the dose response that
again highlighted increased efficacy for KCNQ2 and
KCNQ5 vs. other isoforms (Fig. 4D and Supplemental
Tables 519-524). Strikingly, effects of whole cilantro ex-
tract on heteromeric KCNQ2/3 channel activation (in-
creased) and deactivation (decreased) rates (Fig. 4E) were
very similar to those induced by (E)-2-dodecenal (Fig. 4F
and Supplemental Tables 525-528), further supporting the
conclusion that (E)-2-dodecenal is the molecular basis
for cilantro activation of KCNQ channels. Importantly, a
previous study of the composition of cilantro sourced from
the United States identified (E)-2-dodecenal as the primary
component, at 15.6%, of essential oil derived from the
leaves (35).

Cilantro confers a variety of beneficial effects (8), several
of which could potentially involve KCNQ activation.
Here, we focused on its effects as an anticonvulsant. Prior
work showed that cilantro extract delays the onset (in-
creases latency) of PTZ-induced seizures in rats without
altering the overall incidence of clonic or tonic seizures
(36). We compared the effects on PTZ-induced seizure
latency in mice of (E)-2-dodecenal (2 and 20 mg/kg) vs. the
closely structurally related, KCNQ2 /3-inactive, tridecanal
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(20 mg/kg). We found that, strikingly, (E)-2-dodecenal
increased the latency to first seizure >3-fold (P = 0.0021;
n =15-29) at 20 mg/kg and almost 3-fold at 2 mg/kg (P =
0.06; n = 16-20), whereas tridecanal (20 mg/kg) had no
effect (P = 0.40; n = 15), vs. day- and age-matched controls
for each cohort injected with PBS (Fig. 4G). The 3-fold in-
crease in latency with (E)-2-dodecenal was quantitatively
very similar to the increase in latency previously observed
by others (36) for whole cilantro hydroalcoholic extract.
In additional seizure studies in a separate cohort of mice,
we found that the KCNQ family—specific inhibitor, XE991
(2.5 mg/kg), eliminated the protective effect of (E)-2-
dodecenal (20 mg/kg) (P = 0.54; n = 13-14) (Fig. 4H).
Together with the effects we observed in vitro on
KCNQ2/3 and other neuronal KCNQ isoforms, these data
support the conclusion that (E)-2-dodecenal is a pre-
eminent component of the anticonvulsant action of cilan-
tro. Additionally, KCNQ3/KCNQ5 channels may also
contribute to neuronal M-current, and their dysfunction
could participate in epilepsy and other hyperexcitability
disorders (37, 38). Here, we found that KCNQ3/KCNQ5
channels are almost as (E)-2-dodecenal-sensitive as KCNQ5
(similar potency, ~30% lower efficacy), in contrast with
the insensitive homomeric KCNQ3* (Supplemental Fig.
S1A-D and Supplemental Tables 524 and S29). Thus, acti-
vation of neuronal KCNQ3/KCNQ5 channels could also
contribute to the anticonvulsant effects of (E)-2-dodecenal.

(E)-2-dodecenal activates KCNQ2/3 via a
binding site spanning S5 and the S4-5 linker

(E)-2-dodecenal possesses negative electrostatic surface
potential centered at its sole carbonyl oxygen (Fig. 5A).
This chemical property was previously found to be a
prerequisite for activation and binding by retigabine and
its derivatives, and y-aminobutyric acid, of neuronal
KCNQ channels (12, 39), via a specific S5 tryptophan
(W236 in KCNQ2; W265 in KCNQ3) (40) (Fig. 5B, C).
KCNQI lacks the equivalent tryptophan and is retigabine-
insensitive (39). However, KCNQI1 is sensitive to (E)-2-
dodecenal (Fig. 4). We previously discovered that a
conserved arginine at the foot of the voltage sensor (Fig.
5C) mediates KCNQ1 (R243) and KCNQ2/3 (R213/R242)
activation by mallotoxin (41). To determine the residues
required for (E)-2-dodecenal activation of KCNQs, we first
used SwissDock to predict possible binding sites of (E)-2-
dodecenal to a chimeric structural model based on the
cryo-electron microscopy—derived structure of KCNQ1
(24) but while incorporating residues important for reti-
gabine binding as we previously described (12). Swiss-
Dock predicted that (E)-2-dodecenal binds between
(KCNQ2 numbering) W236 and R213, closer to and hy-
drogen bonding with the latter (Fig. 5D).

To assess the validity of this prediction, we tested the
(E)-2-dodecenal sensitivity of KCNQ2/3 channels with
mutation to leucine of KCNQ2-W236 and KCNQ3-W265
(Fig. 5E, F) or mutation to alanine of KCNQ2-R213 and
KCNQ3-R242 (Fig. 5G, H). Effects of (E)-2-dodecenal (100
wM) were robustly diminished by either pair of muta-
tions, quantified either by current-fold increase vs. voltage
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Figure 3. (E)-2-dodecenal is the KCNQ2/3-activating metabolite in cilantro All error bars indicate sem. Red box indicates the sole
hit, (E)-2-dodecenal. A) Chemical structures (left; red indicates oxygen) and electrostatic surface plots (right; red, negative; blue,
positive) of the cilantro compounds screened in this study. B) Mean TEVC current traces showing effects of compounds in A (all
100 wM) on KCNQ2/3 expressed in Xenopus oocytes (n = 5-11). C) Mean tail current (left) and normalized tail currents (G/
Gnax) (right) vs. prepulse voltage relationships for the traces as in B (n = 5-11). 3,4-DHBA, 3,4-dihydroxybenzoic acid.

(Fig. 5I) or AVy5 activation (Fig. 5)). Similar to wild-type
KCNQ2 channels, KCNQ2/3 was highly sensitive to (E)-2-
dodecenal, exhibiting an ECsy of 60 * 20 nM. Dose re-
sponses for current-fold increase and for AVj 5 activation
showed that either pair of mutations reduced both the

A POTENT KCNQ AGONIST IN CILANTRO

potency (14-19-fold) and efficacy of (E)-2-dodecenal ef-
fects on KCNQ2/3 channel activation (Fig. 5K and
Supplemental Tables 524 and S30-S32).

Studying the effects of the W and R mutants on
homomeric KCNQ2 channels is problematic because of
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Figure 4. (E)-2-dodecenal and cilantro extract exhibit similar KCNQ isoform selectivity and anticonvulsant effects. All error bars
indicate sem. A) Mean TEVC current traces showing effects of (E)-2-dodecenal (100 wM) on homomeric KCNQ channels
expressed in Xenopus oocytes; n=>5 except for KCNQ2 (n = 3). B) Mean tail current (left) and normalized tail currents (G/ Gpax)
(right) vs. prepulse voltage relationships for the traces as in A; n="5 except for KCNQ2 (n=3). C) Mean AV} 5 4ctivation induced by
(E)-2-dodecenal (100 uM) (scatter plot) vs. mean effects of 1% cilantro extract (single bars indicate means from Figs. 1 and 2)
for the homomeric KCNQ isoforms indicated; n = 5 except for KCNQ2 (n = 3). D) (E)-2-dodecenal dose responses for
homomeric KCNQI1-5 channels (n = 3-5). E, I) Comparison of effects of 1% cilantro extract (E) vs. (E)-2-dodecenal (100 nM)
(F) on KCNQ2/3 activation and deactivation rate vs. voltage; n = 6. G) Mean latency to first PTZ-induced seizure for mice
preinjected with PBS (n =16) vs. (E)-2-dodecenal (2 mg/kg) (n=20) (left) or PBS (n=29) vs. tridecanal (20 mg/kg) (n=15) or
(E)-2-dodecenal (20 mg/kg) (n=15) (right). Statistical analysis was by 2-way ANOVA corrected for multiple comparisons. Gold
squares = mean values. ) Mean latency to first PTZ-induced seizure for mice preinjected with PBS (n = 14) or 20 mg/kg (E)-2-
dodecenal + 2.5 mg/kg XE991 (n = 13). Statistical analysis was by 2-way ANOVA.

relatively low current magnitude; therefore, instead, we ~—9 mV, a value intermediate between that of wild-type
examined the effects of single mutants of KCNQ2 and and WL/WL double-mutant KCNQ2/3 channels (Fig.
KCNQ3 in the context of KCNQ2/3 complexes. Each of 6A-C). Each of the S5 W mutants also reduced the
the S5 W mutants (KCNQ2-W236 and KCNQ3-W265) potency of (E)-2-dodecenal compared with wild-type

exerted a similar effect on the maximal shift in KCNQ2/3
V0.5 activation induced by (E)-2-dodecenal, reducing this to
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KCNQ2/3, but the KCNQ2-W236L mutation reduced
potency 20-fold more than did the KCNQ3-W265L
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Figure 5. KCNQ2/3 activation by (E)-2-dodecenal requires a conserved S5 tryptophan and S4-5 arginine. All error bars indicate
seM. A) (E)-2-dodecenal chemical structure (upper and center) and electrostatic surface potentials (red, electron-dense; blue,
electron-poor; green, neutral) (lower and center) calculated and plotted using Jmol. B) Chimeric KCNQI1/KCNQ2 structural
model (orange, KCNQ2-R213; red, KCNQ2-W236). C) Topological representation of KCNQ5 showing 2 of the 4 subunits,
without domain swapping for clarity. Pentagons, approximate position of KCNQ2-R213 (orange) and KCNQ2-W236 (red); D)
View of the (E)-2-dodecenal binding site in KCNQ2 predicted by SwissDock. Green line, predicted H-bond. £) Mean TEVC
current traces showing effects of (E)-2-dodecenal (100 uM) on KCNQ2-W236L/KCNQ3-W265L (WL/WL) channels expressed in
Xenopus oocytes (n = 5-6). F) Mean tail current (left) and mean normalized tail currents (G/ Gyax) (right) vs. prepulse voltage
relationships for the traces as in £ (n = 5-6). G) Mean TEVC current traces showing effects of (E)-2-dodecenal (100 uM) on
KCNQ2-R213A/KCNQ3-R242 (RA/RA) channels expressed in Xenopus oocytes (n = 5-6). H) Mean tail current (left) and mean
normalized tail currents (G/G.x) (right) vs. prepulse voltage relationships for the traces as in G (n = 5-6). I) Current-fold
increase vs. voltage in response to (E)-2-dodecenal (100 pM) of wild-type (Q2/Q3), WL/WL, and RA/RA KCNQ2/3 channels
(n=5-6). J) Scatter plot showing AVj 5 activation it response to (E)-2-dodecenal (100 uM) of wild-type (Q2/Q3), WL/WL and RA/
RA KCNQ2/3 channels (n = 5-6). K) (E)-2-dodecenal dose response calculated from fold increase in current at —60 mV (left)
and AV 5 acivation (right) for wild-type (Q2/Q3), WL/WL, and RA/RA KCNQ2/3 channels; n = 5-6.
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from AVp 5 activation for wild-type, double-mutant (from Fig. 5), and single-mutant KCNQ2/3 channels as indicated (n = 5).

mutation—from an ECsy of 60 = 20 nM (wild type) to
5.07 £ 0.5 uM (KCNQ2-W236L/KCNQ3) vs. 270 * 20
nM (KCNQ2/KCNQ3-W265L) (Fig. 6A-C and Supple-
mental Tables 524, S33, and S34).

In contrast, the KCNQ2-R213A mutation rendered
KCNQ2/3 channels completely insensitive to (E)-2-
dodecenal, whereas the equivalent KCNQ3-R242A mu-
tant channel responded to (E)-2-dodecenal almost as much
as wild-type KCNQ2/3 (similar potency, slightly lower
efficacy) (Fig. 6D-F and Supplemental Tables 524, S35, and
S36).

Opverall, the W and R mutant data are consistent, with
the R being more influential than the W in terms of (E)-2-
dodecenal binding/activation and also with KCNQ2
channels being more sensitive than KCNQ3 to (E)-2-
dodecenal. Because homomeric KCNQ3* is insensitive to
(E)-2-dodecenal (Fig. 4), one might ask why the KCNQ3
mutants have any effect at all. However, the Kv channel
complexes exhibit “domain swapping,” whereby the 54 of
1 subunit aligns with the pore module of the adjoining
subunit, and the binding pocket between the S5 W and the
S4-5 R must therefore actually form from 2 adjoining
subunits. Therefore, if as expected in KCNQ2/3 com-
plexes the subunits alternate isoforms, the KCNQ2 W
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would form a binding site together with the KCNQ3 R,
and vice versa, and thus a mutation in KCNQ3 would be
predicted to disrupt a drug binding site formed in con-
junction with the more sensitive KCNQ2 subunit.

These data support the docking predictions and sug-
gest that (E)-2-dodecenal activates KCNQ2 /3 channels by
binding in a site spanning S5 and the S4-5 linker, specifi-
cally between (KCNQ2 numbering) W236 and R213, with
KCNQ2-R213 being the most influential residue tested.

KCNE1 impacts the KCNQ1 (E)-2-dodecenal
binding site

KCNQI1 lacks the KCNQ2-W236 equivalent but possesses
the KCNQ2-R213 equivalent (R243 in human KCNQ1);
therefore, we also investigated the mechanism of (E)-2-
dodecenal binding in KCNQ1 channels and how this
might be impacted by coassembly with KCNE regulatory
subunits. Although (E)-2-dodecenal had minimal effects
on KCNQ1/KCNE2 (Supplemental Fig. S1E, F and Sup-
plemental Table S37), cilantro (Fig. 2) and (E)-2-dodecenal
(Supplemental Fig. S1G, H) each activated KCNQ1/
KCNES3 across the voltage range. Given that the mini-
mal voltage dependence of KCNQ1/KCNE3 complexes
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stymies quantification of effects, we focused on KCNQ1/
KCNEI1 here, which, as we showed earlier, was activated
by cilantro (Fig. 2).

We first performed in silico docking to predict possible
binding sites of (E)-2-dodecenal to KCNQ1 and KCNQ1/
KCNE1 channels, using coordinates from previously
published closed- and open-state models (29) (Fig. 7A, B).
This revealed a possible binding site for (E)-2-dodecenal
close to the KCNQ1 54-5 linker and in the vicinity of R243,
in the closed state (Fig. 7A). Interestingly, (E)-2-dodecenal
was predicted to bind proximal to KCNE1, which altered
the position of (E)-2-dodecenal in docking simulations
predicting binding proximal to R243 (Fig. 7A, C). In the
open state, KCNEL1 did not alter the predicted binding site
of (E)-2-dodecenal (Fig. 7B).

We tested the predicted influence of KCNE1 by com-
paring effects on (E)-2-dodecenal binding of an R243A
mutation in KCNQ1 vs. KCNQ1/KCNE1 channels using
TEVC (Fig. 7D). In homomeric KCNQ1, the R243A mu-
tation positive-shifted V 5 activation and introduced a minor
constitutively active current component, as we previously
reported (42). Moreover, the mutation slightly increased
(E)-2-dodecenal efficacy for KCNQ1 activation (Fig. 7E, F
and Supplemental Tables 524 and S38). In contrast, the
R243A mutation had only minor effects on KCNQI-
KCNEL1 V{5 activations as we also previously reported (42).
Wild-type KCNQ1-KCNE1 was >2-fold less sensitive
than KCNQI1 to (E)-2-dodecenal but with similar efficacy
(Fig. 7F and Supplemental Table S24). In contrast to mu-
tant effects on homomeric KCNQ1, the R243A mutation
reduced (E)-2-dodecenal efficacy 2-fold in KCNQ1/
KCNEI1 channels while more than doubling the sensitiv-
ity (Fig. 7F and Supplemental Tables S24, S39, and S40).
The results suggest that both KCNQ1-R243 and KCNE1
influence (E)-2-dodecenal binding.

DISCUSSION

Our findings demonstrate for the first time a specific mo-
lecular basis for the anticonvulsant effects of cilantro and
show that this widely and frequently used food plant is
highly effective at activating multiple isoforms within a
clinically prominent family of human Kv channels. Aside
from its noted anticonvulsant action, cilantro has histori-
cally been used to treat hypertension and digestive disor-
ders and has reported anti-inflammatory, antibacterial,
analgesic, and other potentially therapeutic properties (8).
The tissue expression of cilantro-sensitive KCNQs sug-
gests their activation could contribute to many of the re-
ported therapeutic effects of cilantro.

The activity profile of (E)-2-dodecenal in delaying sei-
zure onset is remarkably similar to that observed for

cilantro extract in a previous study employing PTZ-
induced seizures in rats (36). We observed anticonvulsant
activity at 2 mg/kg (E)-2-dodecenal, equivalent to 11 wM,
a concentration at which the (E)-2-dodecenal dose re-
sponse curve shifts with respect to shift in the V5 activation
of KCNQ?2/3 saturates (Fig. 5K, right). Coupled with the
highly similar KCNQ activation profiles of (E)-2-dodecenal
and whole cilantro extract, this provides strong evidence
for (E)-2-dodecenal activation of KCNQs (and likely pri-
marily KCNQ2/3 heteromers) being the molecular basis
for the anticonvulsant effects of cilantro.

Furthermore, (E)-2-dodecenal, also known as eryngial,
is the primary component of the essential oil produced
from leaves of Eryngium foetidum, (culantro or Mexican
coriander), a plant also used extensively as a food across
Asia, Africa, and the Caribbean and utilized in folk med-
icine as an anticonvulsant and hypotensive, among other
applications (43). Interestingly, the neuronally expressed
(44) channel KCNQ5 is also highly expressed in the vas-
culature (45, 46), and its activation reduces vascular tone,
potentially reducing blood pressure (20). Here, we found
cilantro extract and specifically (E)-2-dodecenal, pre-
viously identified as the predominant component of ci-
lantro leaf oil (35), to be a highly efficacious KCNQ5
activator, suggesting a possible molecular basis contrib-
uting to the historical use of cilantro and culantro as folk
hypotensives, an application that was recently verified
using cilantro crude extract in animal studies (47). KCNQ5
gene variants (48) and aberrant splicing (49) that impair its
function cause epilepsy (and severe intellectual disability),
suggesting its activation could also contribute to the anti-
convulsant action of cilantro [and (E)-2-dodecenal].

Wealso found that coassembly with KCNE1 influenced
the cilantro and (E)-2-dodecenal sensitivity of KCNQI1.
KCNQI1-KCNE1 complexes generate the Ixs current that
helps to repolarize ventricular cardiomyocytes. Iks is
down-regulated in heart failure, which is suggested to
contribute to increased risk of ventricular fibrillation in
heart failure (50). It is fascinating, then, that cilantro extract
was recently found to improve left ventricular function in
heart failure (51). KCNQI1 also forms complexes with
KCNE subunits across along the gastrointestinal tract—
with KCNE2 (in the stomach) and KCNE3 (in the colon,
intestine, and duodenum) (21). Here we found that
KCNQ1-KCNE3 channel activity is potentiated by cilantro
and by (E)-2-dodecenal. Stimulation of KCNQ1-KCNE3
activity by cilantro lower in the gastrointestinal tract
would be expected to increase cAMP-stimulated C1™ se-
cretion (34) and thus promote digestion and buffer the
luminal environment to protect against damage from
gastric acid effluent (52). Activation of KCNQ5 by cilantro
could also contribute to its gut stimulatory properties, as
KCNQ5 is also expressed in gastrointestinal smooth

(left) and mean tail current vs. prepulse voltage relationships (right) showing effects of (E)-2-dodecenal (100 uM) on channels
indicated (n = 5). E) Mean normalized tail current (G/Gyax) vs. prepulse voltage relationships showing effects of (E)-2-
dodecenal (100 wM) (dashed lines) on the voltage dependence of activation of wild-type and R243A KCNQI1 (Q1) alone (left)
or with KCNE1 (E1) (right); n = 5. Wild-type KCNQI1 data are from Fig 4B. F) (E)-2-dodecenal dose response calculated from
AVp5 activation for wild-type and R243A KCNQ1 (Ql) alone (left) or with KCNE1 (E1) (right); n = 5. Wild-type KCNQI data are

from Fig. 4B.
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muscle (53), and its activation might therefore relax mus-
cle, potentially being therapeutic in gastric motility disor-
ders such as diabetic gastroparesis.

The KCNQ activation profile of (E)-2-dodecenal bears
both similarities and differences to that of other KCNQ
openers. We recently found that mallotoxin, from the
shrub Mallotus oppositifolius that is used in African folk
medicine, also activates KCNQ1-5 homomers, prefers
KCNQ2 over KCNQ3, and in docking simulations binds in
a pose reminiscent to that predicted for (E)-2-dodecenal,
between (KCNQ2 numbering) R213 and W236. As for
(E)-2-dodecenal (Fig. 5), the importance for mallotoxin
binding of R213 outweighs that of W236, as determined
using site-directed mutagenesis and TEVC of wild-type
and mutant KCNQ2/3 channels (11, 41). Interestingly,
mutation of human KCNQ2-R213 is associated with be-
nign familial neonatal convulsions (54), and the residue
represents a hinge point between the pore module and the
VSD.

Although retigabine does not activate KCNQ1, because
it lacks the equivalent S5 tryptophan (39), (E)-2-dodecenal
and mallotoxin both do. Although the KCNQ family—
conserved arginine at the voltage sensor foot (R243 in
KCNQ1) was essential for mallotoxin binding to KCNQ2/
3, KCNQI1, and KCNQ1/KCNE1 channels (41), an argi-
nine at position 243 was not essential for (E)-2-dodecenal
activation of KCNQ1 or KCNQ1/KCNE1. However,
docking simulations and shifts in potency and efficacy
resulting from R243A mutation suggest (E)-2-dodecenal
binds somewhat proximal to R243 and the S4-5 linker
(Fig. 7), placing it in a location where its binding confor-
mation can be influenced by KCNE1 (29). Although (E)-2-
dodecenal shares with mallotoxin a preference for KCNQ2
and KCNQ5 over KCNQ3 and KCNQ4 (41), both botan-
ical compounds (which incidentally share negligible
structural similarity with one another) offer a different
activity profile to typical synthetic KCNQ openers. Thus,
retigabine and MIL213 slightly favor KCNQ3 over
KCNQ2,4,and 5. ICA-069673 is a 20-fold more activator of
KCNQ2/3 vs. KCNQ3/5 activation (55), but also strongly
activates KCNQ4 (56); in contrast, ICA-27243 is >20-fold
more potent at opening KCNQ2/3 vs. KCNQ4 (57).

(E)-2-dodecenal is a trans-2,3-unsaturated fatty alde-
hyde that possesses a carbonyl oxygen at one end, which is
predicted to provide a strong negative electrostatic surface
potential in that region of the molecule (Fig. 3A). This
chemical property is required for binding of retigabine to
the S5 tryptophan of KCNQ channels (W236 in KCNQ?2);
yet, in our docking simulations, the carbonyl oxygen
instead participated in hydrogen bonding with KCNQ2-
R213 and the uncharged end faced W236. Further-
more, several cilantro leaf components highly similar to
(E)-2-dodecenal, including 10, 11, and [*C] species each
containing the similarly positioned and negative surface-
charged carbonyl oxygen, were completely inactive
against KCNQ2/3 (at 100 pM). Whether the chain length
of (E)-2-dodecenal is crucial to it accessing the KCNQ
binding site vs. it being the perfect size to activate once
inside the binding site, we do not yet know, but the
chemical selectivity for KCNQ2/3 opening activity
within this family of trans-2-alkenals is remarkable. In

A POTENT KCNQ AGONIST IN CILANTRO

contrast, (E)-2-dodecenal is also an effective antibiotic
(probably contributing to the antibacterial effects of ci-
lantro), but in this case, bactericidal potency increases
with each CH, group up to (E)-2-dodecenal and the
bactericidal activity ECsy is >30 wM. The bactericidal
activity reflects a nonspecific (but nevertheless effec-
tive) activity probably stemming from the nonionic
surfactant properties of (E)-2-dodecenal (58).

In addition to the widespread use of cilantro in cooking
and as an herbal medicine, (E)-2-dodecenal itself is in
broad use as a food flavoring and to provide citrus notes to
cosmetics, perfumes, soaps, detergents, shampoos, and
candles (59). Our mouse seizure studies suggest it readily
accesses the brain, and it is likely that its consumption as a
food or herbal medicine (in cilantro) or as an added food
flavoring would result in KCNQ-active levels in the hu-
man body; we found the 1% cilantro extract an efficacious
KCNQ activator, and (E)-2-dodecenal itself showed
greater than half-maximal opening effects on KCNQ?2/3 at
100 nM (>10 mV shift at this concentration) (ECsq, 60 * 20
nM). We anticipate that its activity on KCNQ channels
contributes significantly to the broad therapeutic spectrum
attributed to cilantro, which has persisted as a folk medi-
cine for thousands of years throughout and perhaps pre-
dating human recorded history.
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