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a b s t r a c t

Two pairs of potent analgesic alkaloid enantiomers with unprecedented chemical architectures,

named pyrethalkalines A (1) and B (2), were isolated from the roots of Anacyclus pyrethrum.

Pyrethalkaline A (1) is an unprecedented 6/6/6/6/5-fused pentacyclic triamino alkaloid featur-

ing a unique 8,15-diaza-pentacyclo[12.3.1.11,9.05,19.010,14]nonadecane core, and pyrethalkaline B (2)

is a novel 6/6/6/6/5/6-fused hexacyclic triamino alkaloid possessing an unprecedented 8,13,19-

triazahexacyclo[16.3.1.11,9.05,23.010,18.011,16]tricosane motif. Their structures were elucidated by comprehen-

sive spectroscopic data analysis, quantum 13C nuclear magnetic resonance (NMR) DP4+ and electronic

circular dichroism (ECD) calculations, and single-crystal X-ray diffraction analysis, and their plausible

biosynthetic pathways were proposed. Alkaloids (±)-1 and (−)-1 at three lower doses of 1, 0.2, and 0.04

mg/kg, and (+)-2 at two lower doses of 1 and 0.2 mg/kg showed more potent analgesic activity than the

positive control morphine. Further investigation revealed that (+)-1 and (−)-1 are dual transient receptor

potential melastatin 8 (TRPM8) (half-maximal inhibitory concentration (IC50)=1.90 ± 0.09 and 1.40 ±
0.17 μmol/L, respectively) and Kv1.2 inhibitors. Molecular dockings of 1 provide a novel structural model

to develop potent analgesics dual targeting TRPM8 and Kv1.2 ion channels, and (±)-1 have the potential

for the development of a non-opioid potent analgesic to treat neurogenic pains.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

It is estimated that nearly 600 million people worldwide are af-

flicted by neuropathic pain and cancer-related pain [1,2]. Currently,

opioid drugs remain indispensable in managing these conditions,

particularly advanced cancer pain [3–5]. However, their addictive

nature, respiratory depression, cold hyperalgesia, and public health

risks necessitate urgent attention [6,7]. Consequently, developing

non-addictive, highly effective non-opioid analgesics is critical [8].

Currently, three major strategies have been reported to develop

non-opioid analgesic drugs, such as developing spinal inhibitory

synapse enhancers such as γ -aminobutyric acid (GABA) modula-

tors [9,10], implementing neuroimmune axis blockers such as C-C

chemokine receptor 2 (CCR2) and CCR5 antagonists [11,12], explor-
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ing new peripheral analgesic targets such as transient receptor po-

tential melastatin 8 (TRPM8) [13–15] and Nav1.8 [8] ion channels.

TRPM8 is a type of TRPM subtype ion channel that has been

shown to mediate cold perception and pain sensation [16]. The dis-

tribution of this channel is extensive, being found in sensory neu-

rons such as dorsal root ganglia, trigeminal ganglia, and prostate

tissues [17,18]. Under normal physiological conditions, TRPM8

activation by temperatures below 28 °C or menthol mediates Ca2+

influx to convey cold sensation; conversely, in pathological states

such as nerve injury and chemotherapy-induced neuropathy, its

aberrant hyperactivity induces cold hyperalgesia, characterized by

severe pain evoked by mild cold stimuli [17–19]. TRPM8 antago-

nists selectively block ion channels to inhibit Ca2+ influx, directly

suppressing abnormal neuronal discharges [17,20]. Furthermore,

they downregulate spinal mGluR-mediated central sensitization

and reverse cold hyperalgesia, thereby interrupting pathological

https://doi.org/10.1016/j.cclet.2025.111938
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Fig. 1. Chemical structures of pyrethalkalines A (1) and B (2) and the nomenclature

of two unprecedented ring systems.

pain signaling in neuropathic, cancer, and inflammatory pain

[14,18,19]. Despite clinical studies of pain-treatment antagonists

such as VBJ103 have begun, their clinical application may be

limited due to hypothermia side effects and low bioavailability

[19]. Meanwhile, Kv1.2 regulates cold sensation thresholds through

molecular interactions with TRPM8, serving a core regulatory

function in cold stimulus-triggered action potential conduction

[20,21]. Dual targeting of TRPM8 and Kv1.2 channels concurrently

inhibits calcium influx and potassium efflux, significantly reducing

neuronal excitability and peripheral nociceptive signaling [22].

Consequently, this approach potently suppresses pain transmis-

sion, elicits non-opioid analgesia, and mitigates adverse effects

associated with selective TRPM8 inhibition, such as hypothermia.

This emphasizes the necessity for the development of novel,

non-opioid dual-target potent analgesics capable of targeting both

TRPM8 and Kv1.2.

The roots of Anacyclus pyrethrum were traditionally employed

in systems such as Ethnomedicine from China (Xinjiang region),

and Ayurvedic medicine from India to treat neuralgias, including

migraine, trigeminal neuralgia, and toothache [13,23]. Previously

phytochemical studies on the roots of A. pyrethrum revealed the

presence of structurally novel and potent non-opioid analgesic al-

kaloids by targeting TRPM8, transient receptor potential canonical

6 (TRPC6), Kv1.2, Kv1.3, and Cav2.1 ion channels [13,24,25].

To search for more potent non-opioid analgesics, the roots

of A. pyrethrum were re-investigated, leading to the iso-

lation of two pairs of alkaloid enantiomers with unprece-

dented chemical skeletons, named pyrethalkalines A (1)

and B (2) (Fig. 1). Pyrethalkaline A (1) is an unprecedented

6/6/6/6/5-fused pentacyclic triamino alkaloid featuring a unique

8,15-diaza-pentacyclo[12.3.1.11,9.05,19.010,14]nonadecane core,

and pyrethalkaline B (2) is a novel 6/6/6/6/5/6-fused hexa-

cyclic triamino alkaloid possessing an unprecedented 8,13,19-

triazahexacyclo[16.3.1.11,9.05,23.010,18.011,16]tricosane motif, respec-

tively. All the isolates exhibited significant analgesic activities,

even at lower doses of 1, 0.2, and 0.04 mg/kg, (±)-1, (−)-1, and

(+)-2 still showed potent analgesic activities comparable to the

positive control morphine. Herein, the isolation, structural elu-

cidation, plausible biosynthetic pathways, analgesic activity, and

analgesic targets evaluation of pyrethalkalines A (1) and B (2)

were described.

Pyrethalkaline A (1) was obtained as yellow crystals. The (+)-

high resolution electrospray ionization mass spectroscopy (HRES-

IMS) ion at m/z 496.3532 [M+H]+ (calcd. for C30H46N3O3,

496.3534) and 13C nuclear magnetic resonance (NMR) data as-

signed the molecular formula of 1 to be C30H45N3O3, indicating

Fig. 2. Structural elucidation of pyrethalkaline A (1). Key HMBC (A) and NOESY (B)

correlations, linear correlation plots between the experimental and calculated 13C

NMR data for two isomers (C), ORTEP drawing of the crystal structure with the

ellipsoid contour at 20% probability level (D), and experimental and calculated ECD

spectra of (+)-1 and its enantiomer (E).

ten indices of hydrogen deficiency. Its 1H NMR data (Table S1 in

Supporting information) displayed characteristic resonances for ten

singlet methyl groups at δH 0.98 (H3-23), 1.06 (H3-22), 1.08 (H3-

25), 1.16 (H3-21), 1.16 (H3-26), 1.27 (H3-27), 1.30 (H3-24), 1.33 (H3-

19), 1.42 (H3-20), and 1.84 (H3-18), six methylenes at δH 1.39 (d,

J=11.8 Hz, H-13β)/1.52 (d, J=11.8 Hz, H-13α), 1.44 (d, J=12.4 Hz,

H-12α)/1.94 (d, J=12.4 Hz, H-12β), 1.60 (d, J=13.6 Hz, H-9β)/2.13

(d, J=13.6 Hz, H-9α), 1.68 (d, J=13.9 Hz, H-1α)/1.73 (d, J=13.9 Hz,

H-1β), 1.80 (d, J=15.3 Hz, H-14α)/2.10 (d, J=15.3 Hz, H-14β), 2.36

(d, J=17.3 Hz, H-4)/2.51 (d, J=17.3 Hz, H-4), and two singlet NH at

δH 7.17 (16-NH) and 8.83 (6-NH). The 13C NMR (Table S1) spectro-

scopic data of 1 revealed the presence of 30 carbon resonances,

assignable to be three carbonyls (δC 207.4, C-7; 204.1, C-3; 169.5,

C-17), four olefinic carbons (δC 148.5, C-6a; 146.6, C-12b; 132.8, C-

3a; 108.5 C-6b), seven sp3 quaternary carbons (δC 55.8, C-9a; 54.7,

C-15; 50.3, C-11; 49.6, C-5; 48.0, C-8; 41.6, C-2; 35.6, C-12a), six

sp3 methylenes, and ten sp3 methyls, respectively, by HSQC and

DEPT-135 ° data. Two double bonds and three ketone carbonyls ac-

counted for five indices of hydrogen deficiency, the remaining five

indices of hydrogen deficiency indicated a pentacyclic ring system

in 1.

The 1H-1H correlation spectroscopy (COSY) spectrum of 1 only

exhibited correlations of geminal coupling of methylenes as de-

duced from the coupling constants and peak multiplets, and no

useful information to construct the partial structures. Heteronu-

clear multiple bond correlation (HMBC) data were used to deter-

mine the planar structure of 1. The HMBC correlations (Fig. 2A)

of H3-22/H3-23 to C-11/C-12, H2-12/H2-13 to C-12a/C-12b, H2-13

to C-9a/C-6b, and 6-NH to C-6b, as well as the chemical shifts

of C-11 (δC 50.3) and C-9a (δC 55.8) established the rings A and

B, forming the 2-azabicyclo[3.3.1]nonane substructure. HMBC cor-

relations of H3-26/H3-27 to C-4/C-5, H2-4 to C-3/C-3a/C-12b, H3-

2
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24/H3-25 to C-1/C-2/C-3, H2-1 to C-12a/C-12b, and 6-NH to C-

4/C-5/C-12b constructed the rings C and D, forming an octahy-

droisoquinolinone substructure, which was connected to the 2-

azabicyclo[3.3.1]nonane unit via C-12a/C-12b/C-6a. The cyclopen-

tanone ring E fused to 2-azabicyclo[3.3.1]nonane unit by C-6b/C-

9a was deduced from the HMBC correlations of H2-9 to C-6b/C-

9a, H3-21 to C-7/C-8/C-9. Additionally, the HMBC correlations of

H2-14 to C-7, H3-19/H3-20 to C-14/C-15, 16-NH to C-14/C-15/C-

17, and H3-18 to C-17 indicated the presence of a CH3(C-18)–

C(C-17)–NH(N-16)–C(CH3)2(C-15 or C-19 or C-20)–CH2(C-14) frag-

ment, which was connected to the ring E through the C-8, as sup-

ported by the HMBC correlations of H2-9/H3-21 to C-14. Accord-

ingly, the planar structure of 1 was determined to be a 6/6/6/6/5-

fused pentacyclic triamino alkaloid featuring an unprecedented

8,15-diaza-pentacyclo[12.3.1.11,9.05,19.010,14]nonadecane core, which

follows the nomenclature of International Union of Pure and Ap-

plied Chemistry (IUPAC) [26].

The relative configuration of 1 was defined by the two-

dimensional nuclear Overhauser effect spectroscopy (NOESY) data

and DP4+ probability analysis [27–32]. The NOESY (Fig. 2B) cor-

relation of H3-20 and H3-22 indicated that the chain of 14-

CH2–15-C(CH3)2–16-NH–17-C=O–18-CH3 had the same orienta-

tion as the bridge of 10-NH–11-C(CH3)2–12-CH2 between C-9a

and C-12a. To further verify the relative configurations of 1,

the NMR data of two potential isomers, (8S∗,9aR∗,12aR∗)-1a and

(8R∗,9aR∗,12aR∗)-1b, were calculated using the gauge-independent

atomic orbital (GIAO) method at the mPW1PW91/6-311G(d,p) level

using the Gaussian 09 software [33–35]. Results (Fig. 2C) showed

that (8S∗,9aR∗,12aR∗)-1a had a higher coefficient of determination

(R2 =0.9986) of the linear correlation between the calculated and

experimental 13C NMR data than (8R∗,9aR∗,12aR∗)-1b (R2 =0.9983).

The relative configuration of 1 is further determined to be 8S∗,
9aR∗,12aR∗ with a higher probability of 100% based on the DP4+
probability calculation (Table S2 in Supporting information).

Finally, the structure of 1 was confirmed by single-crystal X-ray

diffraction analysis (Fig. 2D). However, the symmetric space group

(P-1) revealed the racemic nature of 1. Two optically pure enan-

tiomers, (+)-1 and (−)-1 in a mass ratio of 1:1, were then success-

fully separated by a chiral HPLC (Fig. S1 in Supporting informa-

tion).

To establish their absolute configurations, (8S,9aR,10aR)-1 and

its enantiomer (8R,9aS,10aS)-1 were subjected to time-dependent

density functional theory electronic circular dichroism (TDDFT

ECD) calculation at PBE0-SCRF/TZVP (methanol, IEFPCM solvent

model) level of theory [36–39]. The calculated ECD data of

(8S,9aR,10aR)-1 matches well with the experimental ECD curve of

(+)-1 (Fig. 2E), while is opposite to that of (−)-1. Accordingly,

the absolute configurations of (+)-1 and (−)-1 were established as

8S,9aR,12aR and 8R,9aS,12aS, respectively.

Pyrethalkaline B (2) was obtained as a yellow powder. Its

molecular formula was determined to be C30H45N3O by (+)-

HRESIMS ion at m/z 464.3636 [M+H]+ (calcd. for C30H46N3O,

464.3635) and 13C NMR data, indicating ten degrees of unsatu-

ration. The NMR data (Table S3 in Supporting information) anal-

ysis of 2 suggested the presence of ten sp3 methyl groups, six

sp3 methylenes, two sp3 methines, one carbonyl (δC 204.2, C-3),

four non-hydrogen olefinic carbons (δC 143.1, C-12b; 131.9, C-3a;

164.8, C-6a; 165.0, C-17), and seven sp3 quaternary carbons, which

showed structural similarities to pyrethalkaline A (1). The larger

chemical shifts of C-6a (δC 164.8) and C-17 (δC 165.0) suggested

the presence of two imines in 2. One carbonyl, one double bond,

and two imines occupied four degrees of unsaturation, the remain-

ing six degrees of unsaturation revealed the hexacyclic system in 2.

As shown in Fig. S2 (Supporting information), the 1H–1H COSY

spectrum of 2 (Fig. S2A) mainly exhibited correlations of gem-

inal coupling of methylenes, except for the H-6b and H-7 cor-

relation. Similar to 1, the chemical shifts and the HMBC corre-

lations (Fig. S2A) of H3-22/H3-23 to C-11/C-12, H2-1/H2-12/H2-

13 to C-12a/C-12b, H-6b to C-6a/C-12b, H3-24/H3-25 to C-1/C-

2, H2-4 to C-3/C-3a, H3-26/H3-27 to C-4/C-5, H2-9 to C-6b/C-

9a, and H3-21 to C-7/C-8/C-9 constructed the substructure of

rings A–E in 2, which possesses the unprecedented 8,15-diaza-

pentacyclo[12.3.1.11,9.05,19.010,14]nonadecane motif as in 1. In con-

sideration of the remaining degree of unsaturation and the chem-

ical shifts of C-15 (δC 55.4) and C-17 (δC 165.0), the HMBC cor-

relations of H3-19/H3-20 to C-14/C-15, H3-21 to C-14, and H3-

18 to C-7/C-17 constructed the ring F, a tetrahydropyridine moi-

ety in 2. Thus, the planar structure of 2 was identified to be

a novel 6/6/6/6/5/6-fused hexacyclic triamino alkaloid possess-

ing an unprecedented 8,13,19-triazahexacyclo[16.3.1.11,9.05,23.010,18.

011,16]tricosane motif, based on the nomenclature of IUPAC [26].

The relative configuration of 2 was determined by coupling

constants analysis, NOESY data, and NMR calculations. The orien-

tation of H-6b was randomly assigned to be β-orientation. The

larger coupling constant JH-6b/H-7 =12.4 Hz of H-7 and H-6bβ de-

fined the α-orientation of H-7. The α-orientation of 21-CH3 was

deduced from the NOESY correlation (Fig. S2B) of H3-21 and H-

7α. The NOESY correlations of H-6bβ to H3-19 and H-14β fur-

ther supported the above conclusion. The weak NOESY correla-

tion between H-6bβ and H3-22 suggested the β-orientation of the

bridge of 10-NH–11-C(CH3)2–12-CH2 between C-9a and C-12a. To

further prove the relative configurations of 2, the 13C NMR data

and DP4+ probability analysis of two possible isomers of 2 were

calculated by the gauge-independent atomic orbital (GIAO) method

at the mPW1PW91/6-311G(d,p) level using Gaussian 09 software

[33,34]. As shown in Fig. S2C, (6bR∗,7R∗,8R∗,9aS∗,12aR∗)-2a had a

superior coefficient of determination (R2 =0.9989) for the linear

correlation between the experimental and calculated 13C NMR data

than (6bR∗,7R∗,8R∗,9aR∗,12aS∗)-2b. The higher DP4+ probability of

100% of (6bR∗,7R∗,8R∗,9aS∗,12aR∗)-2a (Fig. S2D) defined the rela-

tive configuration of 2 to be 6bR∗,7R∗,8R∗,9aS∗,12aR∗. Same as 1,

2 is a racemic mixture, and two optically pure enantiomers (+)-2

and (−)-2 were successfully resolved by a chiral HPLC (Fig. S2E).

To determine their absolute configurations, the ECD spectra of

(6bR,7R,8R,9aS,12aR)-2 and its enantiomer were calculated at the

LC-wPBE/6-311G(d,p) level using Gaussian 09 software [40,41]. The

absolute configurations of (+)-2 and (−)-2 were determined to be

6bR,7R,8R,9aS,12aR and 6bS,7S,8S,9aR,12aS, respectively, by compar-

ison of the calculated and experimental ECD data (Fig. S2F).

Pyrethalkaline A (1) is a highly conjugated 6/6/6/6/5-fused

pentacyclic triamino alkaloid featuring an unprecedented 8,15-

diaza-pentacyclo[12.3.1.1,9.05,19.010,14]nonadecane motif, while

pyrethalkaline B (2) is a conjugated 6/6/6/6/5/6-fused hexa-

cyclic triamino alkaloid possessing an unprecedented 8,13,19-

triazahexacyclo[16.3.1.11,9.05,23.010,18.011,16]tricosane core. In a

view of the structural perspective, 1 and 2 shared the same

skeleton containing a unique 1,1-dimethyl ethylamine unit, and

2-aminoisobutyric-CoA may be the key building block [42]. Sim-

ilar to the previously reported octacyclic tetraazabic alkaloid

anacyphrethine A from the roots of A. pyrethrum [13,24,25], the

biosynthetic pathways for 1 and 2 are proposed to start from

the condensation of the polyketides and 2-aminoisobutyric-CoA

(Scheme 1). The condensation of one 2-methylsuccinyl-CoA, four

malonyl-CoA, and one isobutyryl-CoA forms a thirteen-membered

polyketide, which further condenses with three 2-aminoisobutyryl-

CoA to produce the nitrogen-containing thirteen-membered

polyketide A. An intramolecular aldol reaction in A forms the

nitrogen-containing tricyclic polyketide B. After dehydration,

reduction, and oxidation, the key 6/6/6/5-fused tetracyclic alka-

loid F is formed by the key hydroamination reaction in E. The

6/6/6/6/5-fused pentacyclic alkaloid G is derived from F via a key

Schiff base reaction. Finally, pyrethalkaline A (1) is obtained by the

3
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Scheme 1. Proposed biosynthetic pathway for pyrethalkalines A (1) and B (2).

Fig. 3. Analgesic activities of 1 and 2 at a dose of 5.0, 1.0, 0.2, and 0.04 mg/kg

with morphine (morph) as a positive control. ∗∗∗P < 0.001, ∗∗P < 0.01 statistically

significant differences between 1 and 2 and vehicle (veh) or morph and veh. (A)

Numbers of writhes in 30 min. (B) Analgesic percentage inhibition. NT: not test.

condensation of G with an acetyl-CoA. Similarly, the condensation

of A with an acetyl-CoA yields the nitrogen-containing polyketide

H. In the same way, pyrethalkaline B (2) is obtained from H by

the successive intramolecular aldol reaction, dehydration, reduc-

tion, oxidation, hydroamination reaction, and final Schiff base

formation.

Since the roots of A. pyrethrum have been used as a traditional

Chinese and Uyghur medicine to treat headaches, migraines, and

cold toothaches, the isolates (±)-1, (+)-1, (−)-1, (+)-2, and (−)-

2 were evaluated for their analgesic activity using an acetic acid-

induced writhing model in mice, with morphine as the positive

control [27]. As shown in Fig. 3, the intraperitoneal administra-

tion of all the test isolates at a dose of 5 mg/kg exhibited sig-

nificant analgesic effects with percentage inhibitions ranging from

54.8 % to 96.6 %. At a lower dose of 1 mg/kg, (±)-1, (−)-1, and

(+)-2 demonstrated more potent analgesic effects with percent-

age inhibitions of 74.9 % ± 0.8 %, 88.1 % ± 0.8 %, and 89.9 % ±
1.7 %, respectively, than morphine with a percentage inhibition of

73.8 % ± 1.3 %. Remarkably, at the lower dose of 0.2 mg/kg, the

dosage of morphine in clinical practice, (±)-1 (percentage inhibi-

tion 59.8 % ± 0.8 %), (−)-1 (percentage inhibition 74.9 % ± 0.8 %),

and (+)-2 (percentage inhibition 75.7 % ± 1.7 %) maintained supe-

rior analgesic activity than morphine (percentage inhibition 56.5 %

± 2.3 %). Even at the lowest dose of 0.04 mg/kg, (±)-1 and (−)-1

still showed more potent analgesic effects with percentage inhi-

bitions of 51.6 % ± 1.8 % and 57.7 % ± 1.1 %), respectively, than

morphine (44.2 % ± 2.5 %). It is noteworthy that both 1 and 2 ex-

hibit chiral specificity. In all the test doses, the analgesic activity of

the levorotatory isomer (−)-1 was found to be stronger than that

of the dextrorotatory isomer (+)-1 and the racemic mixture (±)-1.

While, the dextrorotatory isomer (+)-2 demonstrates more potent

analgesic activity than the levorotatory isomer (−)-2 at two test

doses of 5 and 1 mg/kg. Due to the more potent analgesic activity

of 1 than morphine at lower doses of 0.2 and 0.04 mg/kg, (+)-1

and (−)-1 were selected for further investigations.

Since anacyphrethine A, an octacyclic tetraazabic alkaloid from

the roots of A. pyrethrum, had been reported to be a non-opioid,

multitargets potent analgesic targeting TRPM8, TRPC6, Kv1.2, Kv1.3,

and CaV2.1 ion channels rather than opioid receptors [13,24,25]. In-

spired by this, to identify the analgesic target of the most potent

analgesic 1, (+)-1 and (−)-1 were tested for their inhibitory effects

against TRPM8, TRPC6, Kv1.2, Kv1.3, and CaV2.1 ion channels us-

ing the whole-cell patch-clamp technique [43]. As shown in Table

S4 (Supporting information), at a concentration of 10μmol/L, (+)-

1 showed significant inhibitory effects against the peak current in

TRPM8-expressing HEK 293T cells with a percentage inhibition of

68.76 % ± 0.50 %, while moderate inhibitory effects against Kv1.2

ion channel with a percentage inhibition of 30.95 % ± 1.17 % (Ta-

ble S4). In contrast, (−)-1 exhibited significant inhibitory effects

against TRPM8 and Kv1.2 ion channels with percentage inhibitions

of 68.37 % ± 5.88 % and 46.20 % ± 1.19 %, respectively (Table

S4). However, both (+)-1 and (−)-1 did not exhibit significant in-

hibitory effects against the TRPC6, Kv1.3 and Cav2.1 ion channels.

(+)-1 and (−)-1 dose-dependently inhibited TRPM8 peak currents

(Figs. 4A and B) with half-maximal inhibitory concentration (IC50)

values of 1.90 ± 0.09μmol/L (Fig. 4C) and 1.40 ± 0.17μmol/L (Fig.

4D), respectively. (−)-1 also dose-dependently blocked Kv1.2 peak

currents (Fig. 4E) with an IC50 value of 14.40 ± 0.62μmol/L (Fig.

4F). Notably, (−)-1 demonstrated significantly stronger inhibitory

activity against TRPM8 and Kv1.2 channels than its enantiomer

(+)-1, indicating a chirality dependent efficacy difference. These in

vitro results could be used to explain why (−)-1 exhibited superior

in vivo analgesic efficacy than (+)-1.

TRPM8, a human cold receptor predominantly expressed in

trigeminal and dorsal root ganglia, has been shown to mediate

sensitised pain signalling [44]. Kv1.2 has been demonstrated to

regulate the cold sensitivity threshold of TRPM8 through direct

interaction, thereby governing low-temperature-triggered action

potential conduction [20,21]. Dual targeting TRPM8 and Kv1.2 ion

channels concurrently inhibits calcium influx and reduces potas-

sium efflux, significantly diminishing neuronal excitability and

peripheral nociceptive signalling, thereby suppressing pain trans-
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Fig. 4. Inhibitory effects of (+)-1 and (-)-1 against TRPM8 and Kv1.2 in HEK 293T

cells. Inhibition of TRPM8 peak currents (A, B) and dose-response relationship and

IC50 data suppressed by different concentrations of (+)-1 (C) and (−)-1 (D); Inhi-

bition of Kv1.2 peak currents (E) and dose-response relationship and IC50 data (F)

suppressed by different concentrations of (−)-1.

mission [22]. Interestingly, TRPM8 inhibitors have been reported

to antagonise morphine-induced cold hyperalgesia, thus providing

an enhanced efficacy and reduced toxicity therapeutic strategy

for morphine co-administration [45,46]. However, the TRPM8

inhibitor-based analgesic VBJ103, currently in clinical research,

is limited by low oral bioavailability and cold hypersensitivity

adverse reactions[19]. Heretofore, there is no analgesics targeting

both TRPM8 and Kv1.2 in clinic or clinical trials. Therefore, (+)-1

and (−)-1 showed the potential for the effective treatment of neu-

ropathic pain by dual regulating TRPM8 and Kv1.2 ion channels in

the central nervous system.

To further investigate their modes of action, molecular docking

[27] and molecular dynamics (MD) [47] simulations were carried

out to study the binding modes of (+)-1 and (−)-1 to TRPM8 and

Kv1.2 (Table S5 and Figs. S3–S7 in Supporting information).

Molecular docking reveals that (+)-1 and (−)-1 occupy almost

the same position and share almost the same binding mode within

the TRPM8 pocket (Fig. S3). Both of them have hydrophobic in-

teractions with Phe846, Ile746, Leu 842, Tyr835, Thr839, Ala879,

and Val878 residues, and π-alkyl interactions with Leu749, Leu750,

Ala874, Phe871, and Val875 residues (Fig. S4). However, there is

no significant chiral difference, and the major difference between

them is the orientation of the acetamide C-17 carbonyl. The C-17

carbonyl in (−)-1 extends into a hydrophobic region, forming a

conventional hydrogen bond with Tyr907 residue and a hydropho-

bic interaction with Met877 residue (Figs. S4A–C). Whereas, no

such interactions are found in (+)-1 (Figs. S4D–F). This difference

could be used to rationally explain the enhanced TRPM8 inhibition

of (−)-1.

Similar to those in TRPM8, the activity pocket and binding

modes of (+)-1 and (−)-1 to Kv1.2 are almost same (Fig. S5), and

both of them have hydrophobic interactions with Val89, Tyr90,

Trp121, and Trp243 residues, π-alkyl interactions with Trp57 and

Trp272 residues, and conventional hydrogen bonds with Arg189

and Lys276 residues (Fig. S6). There is no significant chiral differ-

ence, and the primary conformational difference between them

originates from the slight spatial orientation of the C-17 carbonyl

group. In (+)-1, the C-17 carbonyl forms only one conventional

hydrogen bond with Arg189 residue (Figs. S6A–C). While, the C-17

carbonyl of compound (−)-1 adopts an extended conformation,

and forms two conventional hydrogen bonds with Arg189 residue

(Figs. S6D–F). This slight difference may explain the stronger

inhibitory effects of (−)-1 than (+)-1 against Kv1.2 ion channel.

To further confirm the binding modes, all-atom molecular dy-

namics simulations were performed on the (−)-1/TRPM8 complex

system. The results (Fig. S7) demonstrate that the conformation of

(−)-1 within the TRPM8 binding site exhibits high stability, with

no significant conformational drift observed. Notably, the root-

mean-square deviation (RMSD) (Fig. S7A) of the (−)-1/TRPM8 com-

plex (blue line) increases rapidly in the early stages of the simula-

tion, reaching equilibrium after approximately 20 ns. It then stabi-

lizes within the range of 0.7−1.0 nm. Residue-specific root-mean-

square fluctuation (RMSF) analysis (Fig. S7B) shows that most

residues have RMSF values less than 1.2 nm, indicating that these

regions of the protein structure are relatively stable and constitute

the stable core. The lowest free energy region (in blue) in the

Gibbs energy landscape (GEL) is located near PC1 at approximately

0.90 and PC2 at approximately 4.9 kJ/mol (Fig. S7C), thereby

substantiating the dynamic stability of the complex structure.

In summary, two pairs of potent analgesic alkaloids enan-

tiomers with unprecedented chemical architectures, named

pyrethalkalines A (1) and B (2), were isolated from the roots

of A. pyrethrum. Pyrethalkaline A (1) is a highly conjugated

6/6/6/6/5-fused pentacyclic triamino alkaloid featuring an un-

precedented 8,15-diaza-pentacyclo[12.3.1.1,9.05,19.010,14]nonadecane

core, and pyrethalkaline B (2) is 6/6/6/6/5/6-fused hexa-

cyclic triamino alkaloid possessing an unprecedented 8,13,19-

triazahexacyclo[16.3.1.11,9.05,23.010,18.011,16]tricosane motif. (±)-1,

(+)-1, (−)-1, (+)-2, and (−)-2 exhibited significant analgesic effects

at a dose of 5 mg/kg. At lower doses of 1, 0.2, and 0.02 mg/kg,

(±)-1 and (−)-1 demonstrated more potent analgesic effects than

morphine. While, (+)-2 showed more potent analgesic effects than

morphine at a dose of 1 mg/kg. Further investigation revealed

that (+)-1 and (−)-1 were TRPM8 and Kv1.2 dual inhibitors,

conferring synergistic potential for neuropathic pains. Molecular

dockings provide a novel structural template for developing potent

analgesics dual targeting TRPM8 and Kv1.2 ion channels. These

results would attract the interests from communities of synthetic

chemistry, molecular pharmacology, and neuroscience.
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