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A B S T R A C T

Natural products and their structural derivatives have long played a crucial role in the discovery of new medical 
treatments and pharmacotherapies. However, certain natural compounds, such as toxins, are classified as haz
ardous substances that pose risk to human health. It is desirable to modulate the activity of toxins to minimize 
their harmful effects and unleash their potential as selective and bioavailable drugs. Yet, the functionalization of 
natural products remains a challenge due to their structural complexity. Here, we present two methods for late- 
stage C-H nitration and subsequent derivatization of the alkaloid steroidal neurotoxin veratridine, a sodium 
channel opener, by introducing an azobenzene photoswitch in its structure. The resulting compound, Azovera
tridine, displays aqueous solubility, reversible photoisomerization, and light-dependent activity in neurons and 
myocardial slices.

1. Introduction

For more than a century, pharmacology has struggled to devise 
synthetic compounds with high potency, efficacy, and bioavailability to 
target a diversity of proteins in our bodies. High-throughput synthesis, 
screening, iterative optimization, and more recently computer-aided 
design are deployed to discover drug candidates that often end up 
showing limited clinical efficacy [1].

Nature had millions of years of head start to evolve powerful organic 
compounds and peptides that activate or block essential proteins for 
survival like ion channels and receptors [2], and that are used for the 
purpose of defense [3,4], predation [5], and symbiosis [6,7]. They are 
present in all taxa from bacteria to fungi, plants, and animals, and 
exploit highly conserved molecular structures underlying key protein 
functions [8].

Toxins are organic molecules with intricate structure and complex 
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biosynthetic pathways [9] which have been fully appreciated only when 
humans have achieved to replicate them by total synthesis [10–13]. 
They possess extremely high pharmacological potency, efficacy, and 
wicked kinetics and biodistribution. Conotoxins from marine snails kill 
their preys in seconds by inhibiting their nicotinic acetylcholine re
ceptors and voltage-gated sodium, potassium, and calcium ion channels 
[14]. The lethal dose of tetrodotoxin (TTX, a sodium channel blocker) is 
8 μg/kg [15], that of maitotoxin (an activator of calcium channels) is 
0.1 μg/kg [16], and that of tetanus and botulinum toxins are a few ng/kg 
in mice [17]. Venoms contain highly potent and fast-acting toxins that 
display lower bioavailability and must be injected with specially evolved 
stings or fangs.

Toxins entail fascinating chemistry and a broad variety of medical 
applications to treat pain, hypertension, strabismus, muscle dystonia, 
hyperhidrosis, urinary incontinence, and migraine [18,19]. However, 
the power of toxins must be harnessed to avoid adverse effects. The 
activity of peptide and protein toxins can be altered by chemical and 
genetic modification of their amino acids [20–25], while traditional 
functionalization strategies for small molecule natural products typi
cally rely on early-stage derivatization or total synthesis, both of which 
are time- and resource-intensive. Moreover, late-stage functionalization 
methods are limited, and they have never been used to remotely control 
the activity of natural toxins. Here, we developed a conjugation strategy 
for late-stage modification of a natural toxin, the homosteroidal alkaloid 
veratridine (Fig. 1) from the poisonous plant Veratrum album. We have 
validated this late-stage derivatization approach by introducing a pho
toisomerizable azobenzene group that enables to control with light the 
activity of veratridine in neurons and in cardiac tissue.

The resulting compound, Azoveratridine (Fig. 1), can be activated by 
ultraviolet light, it switches back reversibly with blue light, and it retains 
the micromolar potency and aqueous solubility of the parent compound 
[26]. Our synthetic route —starting with the nitration of the original 
toxin in mild conditions— may accommodate the introduction of 
diverse groups including azobenzenes with tuned photochemical prop
erties, fluorescent and radioactive labels, and reactive moieties for 
further selective functionalization.

By harnessing the power of toxins with light, we contribute a novel 
class of photoswitchable drugs to the photopharmacological toolbox and 
enable new opportunities for fundamental research and for reducing 
adverse effects in therapeutic applications.

2. Results and discussion

2.1. Design and synthesis of Azoveratridine

Several toxins target voltage-gated sodium (NaV) channels, which 
are important in neuronal and muscular signaling. Veratridine can act as 

a partial agonist of NaV channels by first inducing channel opening and 
then inhibiting inactivation, allowing a continuous influx of sodium ions 
into the cell [27,28]. Although the exact binding pocket and key in
teractions of veratridine in Nav channels have not been experimentally 
determined, this toxin has been suggested to bind inside the ion pore in 
cardiac NaV1.5 channels and near the cytoplasmic mouth of skeletal 
muscle NaV1.4 channels [28–30]. Based on these reports [28,30], we 
performed molecular docking simulations to qualitatively explore po
tential binding modes of veratridine and its photoswitchable derivative, 
Azoveratridine, in both cis and trans isoforms, at both proposed binding 
sites. The simulation results indicate that neither veratridine nor Azo
veratridine bind at the extracellular mouth of the pore in NaV1.4 (PDB: 
6AGF). In contrast, the inner pore of NaV1.5 (PDB: 6LQA) accommo
dates both the toxin and its photoswitchable derivative (see Supporting 
Information section 1.4 for details).

To introduce a photoswitchable group in the toxin without altering 
its binding properties, we examined the possibilities for selective 
modification. The chemical structure of veratridine is complex and rich 
in chiral centers and reactive functional groups. The latter include 
glycosidic bonds, free hydroxyl, ester, and a benzene ring that offers the 
possibility of introducing an azobenzene by azo-extension [31] to yield 
Azoveratridine (1, Fig. 1). Considering the risk of toxicity, high potency, 
and cost of veratridine, we initially explored regioselective synthetic 
accessibility with the commercially available model compound methyl 
3,4-dimethoxybenzoate, which mimics the toxin aromatic tail (2, Fig. 1). 
However, the essential role of the veratroyl ester moiety for veratridine 
activity [28,30,32,33] prompts verifying that the full toxin retains ac
tivity after modification.

Since one-step derivatization for natural products is desirable for 
higher yields, cost- and time-effectiveness, and reduced waste, we first 
attempted the introduction of the azobenzene on the veratroyl moiety by 
azo coupling via diazonium salt formation. The synthetic efforts are 
summarized in Scheme S1 (SI) by the attempts to couple diazonium salts 
starting from three different commercially available reagents (aniline, 4- 
methoxybenzenediazonium tetrafluoroborate and 2-fluoro-4-nitroani
line), all of which failed. Aniline was readily converted to the diazo
nium salt intermediate 3, but instead of reacting with reagent 2 as 
intended, it preferentially underwent coupling with residual aniline, 
forming an undesired side product. This outcome persisted under 
various conditions (see SI Scheme S1.A; Figure S1, and Table S1 for 
details). To overcome the formation of the side product, we used the 
commercially available diazonium salt 4-methoxybenzenediazonium 
tetrafluoroborate as an alternative starting material (SI Scheme S1.B). 
However, this approach also failed to produce the desired azo com
pound. The lack of reactivity may be attributed to the methoxy group in 
the para position, whose electron-donating nature likely reduces the 
electrophilicity of the diazonium centre. Seeking a more reactive system, 

Fig. 1. Design of a photoswitchable analog of veratridine by late-stage modification. Structure of veratridine (VTD), a homosteroidal alkaloid toxin, and design of its 
azobenzene-substituted analog, Azoveratridine (Azo-VTD, 1), which can photoisomerize between the cis and trans conformations respectively using UV and visible 
light. Methyl 3,4-dimethoxybenzoate (2) is a model compound of the toxin aromatic tail (veratroyl ester) that we used to explore synthetic modification strategies 
prior to their application on veratridine.
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we then employed 2-fluoro-4-nitroaniline, featuring electron- 
withdrawing groups expected to enhance diazonium electrophilicity 
(SI Scheme S1.C). Even so, no reaction was observed under the tested 
conditions.

Since single-step azo coupling via diazonium salt proved unsuc
cessful, we followed an alternative synthetic route to introduce the 
azobenzene through a Baeyer-Mills reaction. To achieve this, it was 
essential to establish suitable conditions for the late-stage functionali
zation of veratridine by introducing a nitro group without causing 
degradation or impacting other functional groups within the toxin. 
Classical nitration reactions, which typically involve harsh acidic con
ditions with sulfuric and nitric acid, risked compromising the toxin’s 
complex structure by breaking esters and/or glycoside bonds. Conse
quently, we explored milder nitration conditions and initially tested the 
reactions on methyl 3,4-dimethoxybenzoate (2) as reported in Scheme 
1.

We began by using a metal catalyst and a stoichiometric amount of 
nitric acid. Several combinations of solvents and two different metal 
catalysts were tested to improve the nitration yield as reported in SI 
Table S2. The highest yield (66%) to afford compound 8 (Scheme 1) was 
achieved in toluene with penta-ammine-chloridocobalt (III) dichloride 
([Co(NH3)5Cl]Cl2) as catalyst. The Co(III)/HNO3 nitration displayed a 
pronounced solvent effect (Table S2): productive conditions were found 
only in non-coordinating solvents (toluene > DCM ≈ CHCl3), while 
coordinating oxygenated/protic solvents (THF, dioxane, DMF, MeOH, 
EtOH) completely suppressed conversion. This trend suggests that sol
vent coordination or trapping of the active nitrating species, as well as 
differences in solubility/availability of the cobalt complex, may domi
nate over simple correlations with boiling point or bulk polarity. Once 
the nitro group was successfully introduced, catalytic hydrogenation in 
the presence of palladium on carbon afforded the corresponding amine 9 
(quantitative conversion) which was used without further purification. 
The amine was subsequently coupled with nitrosobenzene under clas
sical Baeyer-Mills conditions affording the desired product 4 in 52% 
yield. Since the synthetic route was successful with the model compound 
2, we decided to apply it to veratridine. However, the initial nitration 
step caused the full degradation of veratridine, even in the presence of 
stoichiometric amount of nitric acid.

Therefore, two additional reaction conditions were investigated for 
the nitration step. The nitration of the model compound 2 was also 
achieved with potassium nitrate (KNO3) in presence of trimethylsilyl 
chloride (TMSCl) and subsequent addition at 0 ◦C of aluminium chloride 
(AlCl3). Encouraged by the positive outcome, we tested the same con
ditions on veratridine and monitored the progression of the reaction by 
liquid chromatography–mass spectrometry (LCMS). These conditions 
enabled the nitration of veratridine, although several additions of the 
commercial reagents (KNO3, TMSCl and ALCl3) were necessary until the 
reaction did not proceed any further. However, repeated attempts at 
functionalizing veratridine showed inconsistencies, with cleaner re
actions and fewer impurities achieved only on a smaller scale (see SI 
Table S3 and SI Scheme S3 for details on veratridine reactions).

To improve the yield, reduce the formation of impurities, and 

enhance the reproducibility, we also performed the reaction using 
nitronium tetrafluoroborate (BNO2F4) as nitrating agent. We tested 
these conditions first on reagent 2 using dry organic solvents in an inert 
atmosphere of nitrogen to prevent the degradation of BNO2F4 (see SI 
Table S4 for reactions details). Initially, reagent 2 was dissolved in dry 
dichloromethane (DCM) and BNO2F4 was added in sulfolane solution 
0.5 M. However, the extraction with water failed to remove sulfolane 
from the reaction crude. Powdered BNO2F4 was more effective and 
enabled an easier work-up, achieving 65% yield. Since the nitration with 
BNO2F4 proceeded smoothly with the model compound 2, we tested it 
on veratridine and monitored the reaction by LCMS (see Scheme 2). 
After 24 h of stirring, we observed the formation of nitrated veratridine 
10 together with unreacted starting material. A second addition of 
BNO2F4 and stirring for another 8 h led to reaction completion, whereas 
stirring for longer increased the impurities. We repeated this reaction 
three times on veratridine, confirming the reproducibility of these 
conditions. Since the nitrated veratridine 10 was partially soluble in 
water, extraction was avoided, and the crude was directly purified by 
chromatography to isolate pure product 10. Reduction of the nitro group 
through hydrogenation in the presence of palladium on carbon yielded 
the corresponding amine compound 11 in good yield (70%). Finally, we 
obtained the azo-derivatized veratridine 1 via azo coupling with nitro
sobenzene in acetic acid. This reaction, carried out over 5 days with 
multiple additions of nitrosobenzene, achieved a moderately good yield 
of 22%.

2.2. Photochemical characterization of Azoveratridine

We assessed the photochemical behavior of Azoveratridine (1) in 
0.1 M phosphate buffered saline (PBS) solution using a UV–vis spec
trophotometer. The compound absorbance in the dark-relaxed form 
(benchtop condition) is reduced by isomerization to the cis isoform 
under 365 nm light and can be increased again using 475 nm light 
(Fig. 2.A). Azoveratridine can be reversibly and repeatedly photo
switched with UV and visible light without any loss of absorbance that 
may indicate degradation and thus shows resistance to photofatigue 
(Fig. 2.B). The photostationary state (PSS) was quantified using high- 
performance liquid chromatography (HPLC) by analysing chromato
grams from the diode array at the isosbestic wavelength (257 nm), 
where the molar absorption coefficients of both isomers are equivalent. 
HPLC chromatograms in Fig. 2.C show partial photoconversion (67% cis 
under 365 nm light and 56% trans under 475 nm light) and detect the 
presence of 26% cis isomer in the dark-relaxed form at the benchtop 
condition. Heating the benchtop solution at 50 ◦C for 96 h reduces the 
cis fraction to 3% but at the cost of partial degradation (see SI 
Figures S12 and S13). We also studied the spontaneous thermal relax
ation of UV-irradiated Azoveratridine in dark conditions at room tem
perature. Over the recorded time frame of 13 h, the compound did not 
show significant recovery in absorbance at λ = 350 nm, indicating that 
the thermal relaxation process is slow under these conditions and the cis 
form is particularly stable (SI Figure S8.C). Overall, Azoveratridine 
shows robust photochemical properties in agreement with typical 

Scheme 1. Reaction conditions: i) [Co(NH3)5Cl]Cl2, HNO3 69%, toluene, 5 days, rt, 66% yield; or ii) TMSCl, KNO3 and AlCl3, DCM, 83% yield; or ii) BNO2F4, dry 
DCM, 0◦C to rt, 65% yield. iv) Pd/c, 1 atm H2, EtOH, 72 h, rt. v) AcOH, nitrosobenzene, rt.
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azobenzene features, allowing to test the activity of trans- and cis- 
enriched solutions.

To complement these results, compound 4 was also photochemically 
characterized and it exhibited similar properties with optimal 

Scheme 2. Reaction conditions: i) BNO2F4, dry DCM, 0◦C to rt. ii) Pd/C, 1 atm H2, EtOH. iii) Nitrosobenzene, AcOH, under N2.

Fig. 2. Photochemical properties of Azoveratridine (1). A) Azoveratridine can be isomerized from trans to cis under 365 nm irradiation and from cis to trans under 
475 nm irradiation. B) Reversible photoisomerization and resistance to photofatigue are observed upon several cycles of illumination without loss in absorbance. C) 
HPLC chromatograms allow to quantify the photostationary states (PSS) at benchtop conditions before irradiation (74% trans, 26% cis), after irradiation at 365 nm 
for 1 min (33% trans, 67% cis) and after 475 nm irradiation for 1 min (56% trans, 44% cis). All photochemical experiments including the evaluation of thermal back- 
isomerization were carried out in PBS 0.1 M at 25 ◦C.
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isomerization wavelengths of 365 nm and 475 nm (Figure S9). In 
addition, no thermal relaxation was observed at room temperature over 
the recorded time frame of 800 min, suggesting that the presence of the 
steroidal group in the toxin does not influence the thermal relaxation 
behaviour. Instead, thermal relaxation likely depends on the substitu
tion pattern of the azobenzene moiety. Indeed, it has been reported that 
different substituents, the presence of hetero atoms—or the same sub
stituent positioned differently on the aromatic rings—can significantly 
affect the kinetics of thermal relaxation [34–39].

Finally, we studied heat-induced thermal relaxation by exposing the 
solutions of Azoveratridine (30 µM in PBS) and compound 4 (50 µM in 
PBS) at 50 ◦C in order to induce the maximum trans conversion. For 
Azoveratridine, the starting point was the benchtop solution containing 
74% trans isomer, while for compound 4 we used the solution obtained 
after 475 nm irradiation, containing 66% trans (Figure S12 and 
Figure S14). Despite partial degradation due to heat (Figure S13), 

Azoveratridine reached a maximum conversion of 97% trans after 96 h 
50 ◦C, corresponding to a half-life (t1/2) of 30 h under these conditions 
(Figure S15.A). Compound 4 reached a maximum conversion of 91% 
trans (the same as its benchtop condition) after 72 h, with a t1/2 = 20 h 
(Figure S15.B).

2.3. Azoveratridine photocontrols neural and cardiac activity

To evaluate the biological activity of Azoveratridine, we examined 
the effects of cis- and trans-enriched solutions on excitable cells, 
including hippocampal neurons and myocardial slices, which express 
NaV channels and are known to be influenced by veratridine binding 
[28,40]. NaV channels drive action potentials in neurons by opening 
their Na+ -permeable pore in response to membrane depolarization 
beyond a specific threshold. Pore opening allows an influx of Na+ ions 
that further depolarizes the membrane and propagates the activation 

Fig. 3. Effect of Azoveratridine (Azo-VTD) and UV illumination on voltage-gated Na+ currents of cultured primary hippocampal neurons. A) Scheme of the 
membrane potential pulse protocol applied with patch-clamp to generate Na+ currents and duration of 365 nm light application. B) Tail current traces in the absence 
of Azoveratridine (control, i.e., zero-current baseline, plotted in gray), with 1 µM Azoveratridine in the dark (black plot), during 365 nm illumination (violet plot) and 
after addition of 1 μM tetrodotoxin (TTX) to block NaV currents (plotted in orange and nearly overlapping with the control curve). All recordings were done at Vhold 
= +30 mV. The dashed vertical line indicates the time point at which current amplitude was quantified (1.4 s). Small deflections on the black and violet traces 
correspond to the synaptic currents that were regularly present in some recording due to the composition of intracellular solution that was used. C, D, E,) Current- 
voltage plots of the tail current amplitude measured at 1.4 s in the absence of Azoveratridine (gray), with 0.6 μM (C), 1 μM (D), and 3 μM (E) of Azoveratridine 
(black), and during illumination with 365 nm (violet). Addition of 1 µM TTX (orange) abolishes the effect of cis-Azoveratridine (panel D). Each data point represents 
the mean ± SEM from 4 to 10 independent cells. Statistical significance was determined using a Friedman test; * - P < 0.05; ** - P < 0.01. F) Quantification of the 
amplitude of the tail currents induced by 1 μM of cis-Azoveratridine at different membrane potentials (-50, 0 and +30 mV). Light gray bars represent the current 
amplitude in controls; dark grey bars represent the amplitude after addition of non-illuminated trans-enriched Azoveratridine; violet bars show the responses to 
365 nm light (cis-enriched Azoveratridine); and orange bars indicate the effect of TTX application. Data are represented by mean ± SEM. Statistical significance of 
the difference between groups was determined using a Friedman test; n = 10 cells, ** - P < 0.01; **** - P < 0.0001. G) Non-linear fits of the tail current decay in 
control (light gray line), after application of Azoveratridine (dark gray line) and upon simultaneous application of Azoveratridine and 365 nm light (violet line, cis- 
enriched Azoveratridine). H) Recovery (decay) time of the tail current (τ, s) induced by application of 3 μM Azoveratridine at 0 and + 30 mV. The bar colors are as in 
panel G, the data are represented by mean ± SEM, and the statistical analysis was done using a Friedman test; n = 6 cells; ns - not significant; * - P < 0.05.
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wave along the axon. About 1 ms after the opening, NaV channels start to 
inactivate (transit to the closed state), contributing to the recovery of the 
neuron’s resting potential (together with the opening of voltage-gated 
K+ channels). Veratridine disrupts the inactivation process and effec
tively prolongs the channel's open state and neuronal depolarization by 
presumably binding to the pore of NaV channels. This interference with 
inactivation ultimately inhibits the proper propagation of action po
tentials [30,41]. In cardiac myocytes, NaV channels coordinate heart 
contraction by depolarizing the cell membrane and propagating cardiac 
action potentials [42,43]. Veratridine enhances myocardial contractility 
by indirectly increasing cytoplasmatic levels of Ca2+, prolonging action 
potential, and delaying repolarization of heart muscle cells [44,45].

We first studied the effect of Azoveratridine in cultured rat hippo
campal neurons using patch clamp electrophysiology. The protocol to 
record NaV-mediated currents is shown in Fig. 3.A: neurons were held at 
–70 mV, a prepulse to –120 mV was applied to relieve NaV channel 
inactivation and then 10 mV incremental voltage steps of 200 ms were 
applied from –70 mV to + 30 mV [46]. Upon application of 1 µM Azo
veratridine at the benchtop condition without illumination (trans-
enriched, see Fig. 2.C), a tail current was observed during repolarization 
(Fig. 3.B, black trace). When the cell was subsequently illuminated with 
365 nm light (cis-enriched Azoveratridine), the amplitude of the tail 
current increased (Fig. 3.B, violet trace). This current was blocked by the 
application of tetrodotoxin (TTX), a potent inhibitor of NaV channels 
(Fig. 3.B, orange trace), as reported for veratridine [47].

Azoveratridine increased the tail current amplitude in a 

concentration-, voltage-, and isomer-dependent manner (Fig. 3.CDE). 
The amplitude of the tail current induced by UV light at + 30 mV 
increased with the concentration (Fig. 3.CDE): at 0.6 µM it changed from 
− 126 ± 27 pA to − 200 ± 32 pA (n = 4, P < 0.05 with Friedman test), at 
1 µM from − 71 ± 17 pA to − 324 ± 69 pA (n = 10, P < 0.01 with 
Friedman test) and at 3 µM from − 94 ± 34 pA to − 435 ± 80 pA (n = 6, 
P < 0.01 with Friedman test). The effect of illuminating Azoveratridine 
was more pronounced at positive potentials (Fig. 3.CDE). To study the 
voltage dependence of the tail current, we compared the effects of 1 µM 
Azoveratridine at − 50, 0, and + 30 mV. At − 50 mV we did not observe a 
tail current after addition of Azoveratridine, either before or after illu
mination (Fig. 3.CDEF), whereas 0 and + 30 mV steps yield a statisti
cally significant current increase compared to the control, respectively, 
from − 58 ± 21 pA to − 271 ± 53 pA and from − 71 ± 17 pA to − 342 
± 69 pA (P < 0.01, Friedman test). Tail currents display a single expo
nential decay (Fig. 3.G). Upon addition of 3 µM Azoveratridine at 0 mV 
in the dark, the lifetime (τ) increased from 0.12 ± 0.03 s to 0.92 ± 0.3 s 
and at + 30 mV from 0.16 ± 0.03 s to 0.61 ± 0.14 s (n = 6) but these 
changes were not statistically significant (P > 0.05, Friedman test). 
However, 365 nm light increased τ significantly to 1.16 ± 0.2 s at 0 mV 
and to 1.44 ± 0.4 s at + 30 mV (P < 0.05 according to Friedman test; 
Fig. 3.H).

Thus, Azoveratridine induces tail currents in neurons, modulates 
their amplitude and time course in a light- and dose-dependent manner, 
and this effect is abolished by TTX, demonstrating that they are medi
ated by NaV channels. The pharmacological profile of Azoveratridine in 

Fig. 4. Effect of Azoveratridine (Azo-VTD) in myocardial slices. A) Experimental setup. Picture of the eight-channel biomimetic cultivation chambers which allow 
simultaneous recording of up to 8 living myocardial slices (LMS) with different biochemical and stimulation conditions. The figure inset shows an LMS (arrow) placed 
in the working system. B) Schematic summary of the experimental design. In two channels, DMSO (vehicle) was initially added to the LMS as a control, and 3 µM non- 
illuminated Azoveratridine or pre-illuminated Azoveratridine were subsequently added. The Azoveratridine solvent (DMSO) did not affect contractility parameters. 
In five additional channels per group, non-illuminated Azoveratridine or pre-illuminated Azoveratridine were applied without previous addition of DMSO. C) 
Representative recordings of three LMS under the three experimental conditions (control with DMSO only, 3 µM non-illuminated Azoveratridine, and 3 µM 365 nm 
pre-illuminated Azoveratridine). The first three peaks are LMS contraction responses at baseline; the last three peaks are contraction responses 3 min after adding 
DMSO, non-illuminated Azoveratridine or pre-illuminated Azoveratridine. Values are normalized to the maximum amplitude at baseline, and groups nudged 200 ms 
to enable curve visualization. D) Quantification (boxplot) of normalized force amplitude (upper panel) and maximum force development rate dF/dt (lower panel) 
measurement in the non-illuminated and pre-illuminated Azoveratridine groups at baseline and in the first 5 min after adding the experimental compound (n = 4 
slices per group). E) Amplitude (upper panel) and maximum dF/dt (lower panel) 3 min after adding the experimental compound in the two groups (n = 6 slices per 
group). The estimated marginal means and SEM are plotted. Analyses conducted with a linear mixed effects model including experimental group as a fixed factor and 
every batch as a random effect; the group factor was significant at the P < 0.05 level (*).
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different channel subtypes and whether it is altered with respect to that 
of veratridine will be evaluated in future studies.

Since NaV channels are also extensively expressed in the heart, we 
tested Azoveratridine using a living myocardial slices (LMS) assay. We 
compared the effects of non-illuminated (benchtop condition) and 
365 nm pre-illuminated Azoveratridine ex vivo in an LMS setup of ven
tricular myocardium, in which NaV channels are central to contractility. 
Our instrument allows measuring the mechanical contraction force eli
cited by electric pulses applied simultaneously and independently to 
eight rat myocardial slices (Fig. 4.A). The time course of the experiment 
is shown in Fig. 4.B. Representative recordings of the contraction force 
of myocardial slices in control condition and in both experimental 
groups are shown in Fig. 4.C. The force amplitude and maximum force 
development rate (dF/dt) differed between groups few minutes after 
adding 3 µM Azoveratridine in the dark and 3 µM UV pre-illuminated 
Azoveratridine (Fig. 4.D). We compared both parameters at minute 3 
after incubation and found that pre-illuminated Azoveratridine induced 
a significantly higher increase in amplitude and maximum dF/dt 
compared with non-illuminated Azoveratridine. These results demon
strate that Azoveratridine acutely heightens the contractility of cardiac 
tissue and that its cis isoform is more active than its trans-isoform (Fig. 4. 
E).

Natural products have been the cornerstone of medicine to treat a 
wide variety of diseases. Their structures also provided cues to discover 
new drugs. Notable examples include paclitaxel (anticancer drug), 
morphine and salicylic acid (analgesic drugs), artemisinin (antima
larial), vancomycin (antibacterial), coumarins (anticoagulant) and 
digoxin (cardiovascular) [48–52]. In this work, we focused on a specific 
class of natural products: toxins. While traditionally classified as haz
ardous substances, we aimed to develop a method to regulate their 
biological activity for transforming them into valuable pharmacological 
tools. We have shown that their activity can be adjusted using light by 
inserting a photoswitch in the structure, to reduce undesired effects 
while exploiting their effectiveness and target selectivity. This approach 
in combination with focalized illumination may allow to repurpose 
toxins and increase their safety index. Importantly, the photoswitch can 
be introduced chemically by late-stage modifications of the native toxin 
scaffold.

In this context, late-stage modifications of natural products provide 
an efficient strategy to generate derivatives for drug discovery and 
chemical biology [53]. In fact, traditional total synthesis of natural 
compounds is often challenging and laborious with long synthetic 
pathways that can be time-consuming and inefficient. Therefore, direct 
modifications of natural compounds have gained interest to create new 
derivatives and explore their structure–activity and structure–property 
relationships while avoiding the difficulty of total synthesis [54–56].

However, the complexity of natural products bearing diverse and 
reactive functional groups is often a barrier for selective late-stage 
functionalization [53,57,58]. Recently, significant progress has been 
made in organic chemistry with the development of site-selective syn
thetic methodologies including C-H functionalization [59–61], bio 
catalysis [57,58,62], synthetic catalysis [56,63], photochemistry 
[64–66], and electrochemistry [67,68].

Here we explored different methods for late-stage C-H nitration of 
veratridine, which is a key step for further derivatization. Nitro groups 
are highly versatile functional groups that can serve as intermediate to 
amines, cross-coupling reactions, or heterocycles [69,70]. However, 
conventional nitration protocols involve harsh conditions using nitric 
acid and sulfuric acid which can be particularly damaging to the delicate 
and complex structure of natural products such as toxins. In our case, 
even the nitration of veratridine by transition-metal catalysts in the 
presence of stoichiometric amounts of nitric acid [71,72] led to degra
dation of the toxin.

To overcome the downsides of using strong acids, recent efforts have 
focused on developing alternative methods to prepare nitroarenes under 
milder conditions [71,73–75]. For example, metal nitrates (such as Al 

(NO3)3 and Fe(NO3)3⋅9 H2O) offer a valuable alternative nitro source as 
safe, easy to handle, and inexpensive reagents [61,76,77]. Here for the 
first time we successfully achieved the nitration of veratridine by using a 
common salt such as KNO3 in the presence of aluminium trichloride and 
trimethylchlorosilane [78]. The difficulties to consistently reproduce the 
reaction conditions encouraged us to use another inorganic salt such as 
nitronium tetrafluoroborate (BNO2F4) [79,80]. Nitration of veratridine 
by BNO2F4 proceeded relatively fast, cleanly, and in good yields, offer
ing an extremely simple, low-cost and highly effective alternative for 
nitration in mild conditions. This nitration method is useful beyond its 
success with veratridine, because it does not require the use of acids to 
generate the nitronium ion and it suits acid-sensitive substrates. Its 
anhydrous conditions benefit moisture-sensitive compounds, and the 
low reaction temperatures (0 ◦C to room temperature) make it 
compatible with thermally sensitive materials. These features make 
BNO₂F₄-mediated nitration a promising option for structurally delicate 
or functionally complex molecules.

In summary, while diazonium salts failed to afford one-step deriva
tization of veratridine, we investigated three different methods for late- 
stage C-H nitration and successfully validated two of them. Overall, the 
salt BNO2F4 gave more reproducible results and offered milder condi
tions as nitrating reagent, hence it was considered preferable. The 
introduction of the nitro group in the veratroyl moiety of the toxin 
allowed its final derivatization with azobenzene. Remarkably, this 
modification is compatible with the activity of the toxin [28,30,32,33]
and allows to inhibit it in the dark (trans isomer) and restore it upon 
365 nm light illumination (cis isomer). Although the switching process 
requires UV light, it is feasible to incorporate substituted azobenzenes or 
different photoswitches to red-shift the absorption spectrum in future 
studies [81–84]. Alternatively, multiphoton excitation allows photo
switching with tissue-penetrating infrared light [85].

The photoconversion of Azoveratridine is moderately effective but 
not quantitative, resulting in trans- or cis-enriched solutions after irra
diation. Nevertheless, this level of conversion is sufficient to signifi
cantly change the activity of Azoveratridine with illumination in 
neurons and cardiac tissue. This indicates that the two isomers have 
different potency (cis being more active than trans) and that a low 
concentration of the cis isomer is enough to trigger a pharmacological 
response. To improve these properties, quantitative photoconversion 
might be achieved with alternative switches such as azoheteroaryls, that 
are compatible with this approach [86,87].

The late-stage modification of veratridine reported here (Scheme 2) 
lays the ground for other derivatizations including photoswitches 
responsive to visible light, and radioactive, fluorescent, or affinity 
probes to label NaV channels in tissue. Additionally, other types of late- 
stage functionalization could be explored to introduce functional groups 
beyond nitro, further expanding the opportunities to leverage the 
chemistry and reactivity of veratridine as a versatile pharmacological 
tool.

In the context of photopharmacology, Azoveratridine is the first 
photoswitchable alkaloid toxin reported whereas photoswitchable 
gramicidin and charybdotoxin are peptide-based [25,88]. Moreover, 
unlike caged saxitoxin derivatives and caged peptide toxins, which 
require washout to counteract their effect due to the irreversibility of the 
uncaging process [11,89], Azoveratridine can be switched back and 
forth between its trans and cis conformations using different wave
lengths of light (Fig. 2). The two isomers exert different biological effects 
in vitro, with cis-Azoveratridine displaying higher activity than trans in 
two independent proof-of-concept demonstrations in neurons and car
diac slices. Future work will test the reversibility of Azoveratridine ac
tion in vitro and in vivo to increase its biological relevance.

Azoveratridine is also the first photoswitchable opener of vertebrate 
sodium channels [90,91] and complements the recently reported pho
toswitchable blockers [34]. The mechanism by which it increases Na+

ion flow is probably similar to that of veratridine, namely inducing a 
hyperpolarizing shift in NaV channel activation and blocking slow 
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inactivation, thereby yielding a persistent sodium current [28,92,93]. 
These effects may be light-dependent due to differences in the shape, 
volume, and/or polarity of the trans and cis azobenzene unit on the 
veratroyl moiety, a structural element known to be critical for toxin 
activity [28,30,32,33]. Such changes might regulate the binding affinity 
and/or efficacy of Azoveratridine photoisomers. Investigating the 
binding and photoswitching mechanisms of Azoveratridine with 
computational methods will allow to engineer analogs with enhanced 
properties.

Diverse applications can be envisioned based on the experiments of 
Figs. 3 and 4. For example, fast temporal photocontrol of NaV channel 
inactivation could be useful to investigate toxin binding dynamics and 
its voltage-gated ion channel gating [94]. NaV channels could also be 
functionally mapped in cells using fluorescent voltage sensors and 
focalized photostimulation, potentially at subcellular resolution. At a 
larger scale, projecting spatiotemporal light patterns on nervous and 
cardiac tissue in the presence of Azoveratridine could provide insights 
into brain circuits and functional regions of the heart. For example, 
spatially and temporally selective photoactivation of NaV channels 
might resolve the uncertainties regarding the differential contribution of 
cardiac regions and targets to arrhythmogenicity [95], such as the right 
ventricular outflow tract in Brugada syndrome or different myocardial 
layers from epicardium to midmyocardium to endocardium [96,97]. 
Modulating NaV channel function could also be used to acutely increase 
contractility, and may provide high physiological relevance in human 
cardiomyocytes and cardiac slices, and in animal models.

Azoveratridine may also be useful to study the role of VGSC that are 
overexpressed in certain cancers, although the exploration of pharma
cotherapies in these cases involves mostly channel inhibitors [98–101]. 
Notably, azologs of quercetin would be straightforward to obtain to 
evaluate the benefits of localized photoinhibition of tumor growth.

Veratridine was tested in human muscles as a treatment against 
myasthenia gravis, a neuromuscular junction disease that causes severe 
muscular weakness [102,103]. The toxin effectively increased muscular 
tonus and helped muscles to contract, but systemic toxicity was a 
concern for further applications. Given the effects of sodium blockade in 
the vessels, veratrum alkaloids were also clinically tested to treat hy
pertension, but their therapeutic window (i.e., the dose difference be
tween efficacy and adverse effects) were extremely narrow [104]. In 
addition to its established neurotoxicity, veratridine may cause unpre
dictable bradycardia and hypotension by stimulating afferent vagal 
nerve endings in the heart and by affecting peripheral vascular resis
tance [105,106] in an heterogeneous manner in different vascular beds 
[107,108]. Altogether, these resulted in uncontrolled and dangerous 
drops in blood pressure, rendering veratridine clinically ineffective 
[106]. All these limitations with systemically administered toxins are 
linked to the impossibility to target them to specific locations (e.g., at a 
selected artery without affecting other areas). The potential use of sys
temically administered sodium channel blockers to treat cardiac 
arrhythmia and cancer faces similar challenges [95,98]. A dark-inactive, 
light-activated toxin like Azoveratridine may help to overcome these 
hurdles, enabling precise, on demand sodium channel modulation while 
reducing the risk of systemic adverse effects.

3. Conclusions

To address the need of potent and selective pharmacological tools, 
we have introduced two methods for late-stage C-H nitration and sub
sequent derivatization of the natural toxin veratridine and developed a 
photoswitchable analogue with an azobenzene moiety attached to the 
veratroyl group (Azoveratridine). We have characterized its chemical, 
photochemical, and biological properties, and demonstrated that Azo
veratridine displays aqueous solubility, reversible photoisomerization, 
and light-dependent activity in neurons and myocardial slices. Azover
atridine is the first photoswitchable alkaloid toxin and vertebrate so
dium channel opener. These results demonstrate the feasibility of 

harnessing toxin activity with light for fundamental pharmacological 
research and to open the way to clinical applications requiring focalized, 
on demand, and reversible drug activity.
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[107] J. Park, J. Frangieh, L. Réthoré, E. Roy-Vessieres, L. Grimaud, D. Henrion, 
C. Legendre, C. Legros, Activation of Nav channels by veratridine in mesenteric 
arteries: contractile or relaxation responses? Arch. Cardiovasc. Dis. Suppl. 13 
(2021) 187.

[108] J. Park, C. Sahyoun, J. Frangieh, L. Réthoré, C. Proux, L. Grimaud, E. Vessières, 
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