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Abstract Gelsemium elegans (G. elegans) is an extremely poisonous plant that is widely distributed in

southern China and southeastern Asia. G. elegans poisoning events occur frequently in southern China,

and are therefore an urgent public health problem requiring multidisciplinary action. However, the toxic

components and toxicological mechanisms remain unclear. Here, we describe a systematic investigation

on the toxic components of G. elegans, resulting in the isolation and identification of 120 alkaloids. Based

on acute toxicity screening, the structure—toxicity relationship of Gelsemium alkaloids was proposed for

the first time. Moreover, gelsedine- and humantenine-type alkaloids were detected in the clinical blood

sample, and were confirmed to be causative in the poisoning. The most toxic compound, gelsenicine

(1), had selective inhibitory effects toward ventral respiratory group (VRG) neurons in the medulla, which
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Antidote;

Respiratory failure

is the main brain region controlling respiration in the central nervous system. Gelsenicine (1) strongly

inhibited the firing of action potentials in VRG neurons through its ability to stimulate GABAA receptors,

the main receptors involved in inhibitory neurotransmission. Application of GABAA receptor antagonists

successively reversed action potential firing in gelsenicine (1)-treated VRG neurons. Importantly, the

GABAA receptor antagonists securinine and flumazenil significantly increased the survival of poisoned

animals. Our findings provide insight into the components and mechanisms of G. elegans toxicity, and

should assist the development of effective emergency treatments for G. elegans poisoning.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ingestion of the highly toxic plant Gelsemium elegans (G.

elegans), which is widely distributed in southern China and

southeastern Asia, causes severe poisoning and can result in

death1. The high toxicity of G. elegans was described in Shen

Nong Herbal (Shen Nong Ben Cao Jing) more than 2000 years

ago2. Because the whole G. elegans plant is highly poisonous3,

and its flowers and roots are often confused with those of plants

widely used in herbal medicines, such as Lonicera japonica and

Ficus hirta4,5, poisonings caused by misidentification and

improper use occur frequently in southern China1,6—8. Over the

past 20 years, more than 678 cases of G. elegans poisoning have

been reported, with 141 mortalities (incomplete statistics, Sup-

porting Information Table S1). The frequent occurrence and high

mortality rates of G. elegans poisoning make it a serious public

health concern in China.

Previous studies suggest that Gelsemium alkaloids may be the

leading cause of G. elegans poisoning3. Phytochemical

investigations on the leaves and roots of G. elegans have led to the

isolation of six types of monoterpenoid indole alkaloids9.

Despite the presence of numerous structurally diverse

alkaloids in G. elegans, only a few compounds (gelsenicine,

14-hydroxygelsenicine, gelsemicine, and humantenirine) have so

far been reported to be toxic3,10—13. Among the six types of

alkaloids, those responsible for the toxicity of G. elegans are still

unclear. The clinical symptoms of G. elegans poisoning are

complex, and include respiratory and nervous system symptoms,

such as convulsions, chest tightness, continuous irregular breath-

ing, arrhythmia and respiratory arrest, among which respiratory

failure is the primary cause of fatality14,15. Because of a lack of

research, there is yet no effective antidote for G. elegans

poisoning, and the main clinical treatment approach is symp-

tomatic supportive therapy16.

Studies show that the toxic effects of Gelsemium alkaloids are

related to altered function of GABAA receptors, the main re-

ceptors in inhibitory neurotransmission. One study reported that

the gelsedine-type alkaloid gelsepyrrodine B decreases the chlo-

ride ion current evoked by GABA in rat neurons17. However, as

respiratory distress is normally the main cause of death by G.

elegans poisoning, the toxic effects of Gelsemium alkaloids cannot

be fully explained by convulsion-related mechanisms17. In

contrast, another study reported that 14-hydroxygelsenicine en-

hances the GABA-induced current in hippocampal neurons,

although the hippocampus does not play a major role in respira-

tion11. Other proposed mechanisms include the modulation of

NMDA receptors18. Thus, the toxicological mechanisms by which

Gelsemium alkaloids cause respiratory arrest and death remain

unclear. Ventral respiratory group (VRG), located in the ventro-

lateral part of medulla, is an important group of neurons in the

respiratory center which fires action potentials in phase with

respiration19—21. When VRG neuronal function is perturbed, they

fail to fire normal action potentials, resulting in abnormal respi-

ration. Because of the critical role of VRG neurons in respiration,

we hypothesized that Gelsemium alkaloids may directly act on

VRG neurons to inhibit respiration.

In the present study, we performed phytochemical investiga-

tion of all parts (roots, leaves and stems, flowers, and fruits) of the

plant G. elegans, leading to the isolation and identification of 120

alkaloids belonging to eight structural types, including gelsedine-,

humantenine-, gelsemine-, koumine-, sarpagine-, yohimbine-,

bisindole- and other-type. Among these, 54 representative com-

pounds with adequate amounts (>20 mg) were selected for acute

toxicity screening in mice. Only gelsedine- and humantenine-type

alkaloids exhibited high toxicity (LD50 < 10 mg/kg). The

structure—toxicity relationship of Gelsemium alkaloids was pro-

posed for the first time. Furthermore, in the blood of G. elegans

poisoning victim, four gelsedine- and humantenine-type toxic al-

kaloids (1, 2, 17, 18) were detected, providing direct evidence that

these two types of toxic alkaloids are the cause of G. elegans

poisoning. The most toxic compound, gelsenicine (1), was

selected for further investigation. We found that the VRG neurons

were more sensitive to gelsenicine (1) than the hippocampus, and

GABAA receptor antagonists were able to prevent the toxic effects

and restore action potential firing, suggesting that the inhibitory

effect of gelsenicine (1) on VRG neurons is mediated by the

activation of GABAA receptors. Furthermore, the clinically

approved GABAA receptor antagonists securinine and flumazenil

significantly improved the survival of poisoned animals.

2. Results

2.1. Chemical investigation of the toxic fraction of G. elegans

All parts of G. elegans are highly poisonous3,11. Previous phyto-

chemical investigations show that G. elegans is rich in alkaloids,

triterpenoids and iridoids, as well as other secondary metabolites3.

Furthermore, the total alkaloid fraction was reported to be

responsible for G. elegans toxicity9, which was confirmed by the

results of acute toxicity test (Supporting Information Table S2). To

identify the toxic constituents, the total alkaloid fractions of roots,

leaves and stems, flowers and fruits of G. elegans (Fig. 1A) were

prepared using a standard procedure22. Each alkaloid fraction was

subjected to column chromatography using silica gel, ODS and

Sephadex LH-20, followed by preparative HPLC, to yield
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Figure 1 Chemical investigation of G. elegans. (A) Different parts of the plant. (B) Chemical structures of representative Gelsemium alkaloids.

The red chemical structures indicate toxic alkaloids.
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compounds 1—120 (Supporting Information Figs. S1—S43, Sup-

porting Information Tables S3—S11). Their structures and abso-

lute configurations were elucidated by NMR spectroscopy, single-

crystal X-ray diffraction, and electronic circular dichroism data

analyses. The structural features of these alkaloids permitted their

classification into eight types, including gelsedine-, humantenine-,

gelsemine-, koumine-, sarpagine-, yohimbine-, bisindole- and

other-type (Fig. 1B). Several new alkaloids (gelsekoumidines A

and B, gelsecorydines A− E, and gelserancines A—E) were pre-

viously published by our group for their structural novelty23—27.

2.2. Structure—toxicity relationship of Gelsemium alkaloids

To investigate the toxicity of Gelsemium alkaloids, we conducted

in vitro cytotoxicity evaluations on various alkaloids. The results

demonstrated that these compounds did not exhibit significant

cytotoxicity (hippocampus-derived HT22 cells and renal

epithelium-derived Vero cells), corroborating previously reported

results3 (Supporting Information Figs. S44 and S45). Subsequently,

54 representative alkaloids with isolated amounts of more than

20 mg were selected for acute toxicity screening in mice (Fig. 1B).

These compounds covered all eight types of alkaloids isolated,

including monomeric and dimeric Gelsemium alkaloids. The screen

identified 11 monomeric alkaloids exhibiting high toxicity,

including gelsenicine (1), 14-hydroxygelsenicine (2), 4,20-

dehydrogelsemicine (3), 11-methoxyl-14-hydroxygelsenicine (4),

14,15-dihydroxygelsenicine (5), 14-hydroxygelsedine (6),

14-hydroxygelsemicine (7), gelselegine (8), rankinidine (16),

humantenine (17) and humantenirine (18), with LD50 values of

0.14—7.11 mg/kg (Table 1, Supporting Information Table S12). As

published findings of Gelsemium alkaloids3,11,12,28, mice experi-

enced severe respiratory distress shortly after the intraperitoneal

administration of the toxic alkaloids, and the symptoms included

abdominal breathing, gasping, cyanosis, and convulsions before

dead. Notably, all toxic alkaloids could be attributed to two types

(gelsedine- and humantenine-type) (Table 1). From a

structure—toxicity relationship perspective, the skeletons of both

types of alkaloids are very similar. Both possess an indolin-2-one

unit and a unique tricyclic fused monoterpene core (Fig. 1B),

indicating this complex and specific unit is essential for the toxicity.

Furthermore, all toxins have a methoxy (OMe) group at the N1

position and a C2 unit at the C20 position. If the OMe was missing

[such as in N-demethoxyhumantenine (19)], or if the C2 unit was

oxidized [such as in 19-oxogelsenicine (9), 14-hydroxyl-19-

oxogelsenicine (10), gelegamine E (11) and 15-

hydroxyhumantenoxenine (22)] or missing [such as in gelsedilam

(12)], toxicity was significantly reduced. Thus, the OMe group at

the N1 position and the C2 unit at the C20 position are important for

the toxicity of gelsedine- and humantenine-type alkaloids (Fig. 1B).

2.3. Analysis of toxic alkaloids responsible for G. elegans

poisoning

With an aim to identify which toxin is the arch-criminal of G.

elegans poisoning, the identification of main alkaloid components

in the plant was performed by high performance liquid chroma-

tography (HPLC)-diode array detection (DAD) based on authentic

standards. In the whole plant of G. elegans, the main alkaloid

components were gelsenicine (1), 14-hydroxygelsenicine (2),

humantenine (17), humantenirine (18), gelsemine (24), gelsevirine

(25) and koumine (32) (Fig. 2A, Supporting Information

Fig. S46), among which gelsenicine (1), 14-hydroxygelsenicine

(2), humantenine (17) and humantenirine (18) exhibited high

toxicity. Next, we examined whether these toxins could be

detected in blood using UPLC-Q Exactive Plus MS. After oral

administration of G. elegans extract in mice, 4 toxins [gelsenicine

(1), 14-hydroxygelsenicine (2), humantenine (17), and human-

tenirine (18)] were detected in the plasma by comparing the

retention times and the primary and secondary ion fragments with

authentic standards (Supporting Information Fig. S47). This result

suggested that gelsedine and humantenine types toxins could be

orally absorbed and entered into bloodstream.

Unfortunately, two 6-year-olds died of accidental ingestion of

the stems of G. elegans on March 16, 2022 in Puning People’s

Hospital, Puning city, Guangdong province. The blood sample of

one victim was analyzed using the UPLC-Q Exactive MS/MS.

The above four toxic Gelsemium alkaloids detected in mice

plasma (1, 2, 17, and 18) were also clearly detected in the clinical

blood sample (Supporting Information Fig. S48). The levels of

these toxic alkaloids in serum of the victim range from 9.90 to

192.40 ng/mL (Fig. 2B and Supporting Information Table S13). In

addition, some non-toxic alkaloids (24, 25, and 32) could also be

detected Fig. S48. Unexpectedly, the level of 14-

hydroxygelsenicine (2) was much higher than that of gelsenicine

(1), which was inconsistent with the observation in the mis-

ingested stems (Fig. 2A). Because the serum sample was collected

at least 12 h after the patient experienced symptoms, these results

led us to speculate whether gelsenicine (1) could be alleviated by

Table 1 The acute toxicity of Gelsemium alkaloids in mice (intraperitoneal injection).

Structural types Compounds LD50 (mg/kg)a 95% CI (mg/kg)b Structural types Compounds LD50 (mg/kg)a 95% CI (mg/kg)b

Gelsedine 1 0.14 0.13—0.16 Humantenine 16 0.21 0.19—0.23

2 0.46 0.45—0.47 17 7.11 6.45—7.88

3 0.56 0.51—0.63 18 0.15 0.14—0.17

4 0.41 0.36—0.47 19—22 >30 ND

5 3.59 3.17—4.07 Gelsemine 23—31 >30 ND

6 0.17 0.13—0.22 Koumine 32—39 >30 ND

7 0.17 0.14—0.21 Sarpagine 40—44 >30 ND

8 0.54 0.47—0.61 Yohimbane 45—46 >30 ND

9—15 >30 ND Bisindole 47—50 >30 ND

Other 51—54 >30 ND

ND: not detected.
aLD50: median lethal dose.
bCI: confidence interval.
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converting into the less toxic 14-hydroxygelsenicine (2) in vivo.

To test this hypothesis, the in vitro and in vivo metabolism of

gelsenicine (1) was investigated. The results showed that 14-

hydroxygelsenicine (2) was the metabolite of gelsenicine (1) in

human liver microsomes and rats, firstly confirmed the metabolic

transformation of gelsenicine (1) (Fig. 2C—E). Together, these

results demonstrate that gelsedine- and humantenine-type toxic

alkaloids, gelsenicine (1), 14-hydroxygelsenicine (2), human-

tenine (17), and humantenirine (18), are the major toxic compo-

nents responsible for G. elegans poisoning. Among them,

gelsenicine (1) is the most toxic one and abundant in the plant.

2.4. The toxicological mechanism of gelsenicine

To directly evaluate the effect of gelsenicine (1) on respiration, we

examined key parameters of respiratory function using whole-

body plethysmography29. Within 5—10 min after receiving intra-

peritoneal injection of gelsenicine (1, 0.22 mg/kg), mice experi-

enced severe respiratory distress, exhibiting symptoms including

abdominal breathing, gasping, cyanosis, and convulsions. Whole-

body plethysmography showed that the respiratory flow rate

sharply decreased in mice 10 min post gelsenicine (1) injection,

when compared to those injected with saline (Fig. 3A and B).

Statistical analyses revealed a significant reduction of peak expi-

ratory flow, peak inspiratory flow, frequency, tidal volume, and

minute ventilation in mice administered with gelsenicine (1)

(Fig. 3C—G). These data provide direct evidence that gelsenicine

(1) led to respiratory failure.

To investigate whether gelsenicine (1) has an inhibitory effect

on respiratory neurons in the central nervous system (CNS), we

examined gelsenicine (1)-mediated excitability changes in VRG

neurons in the medulla, the principal neurons for regulating

respiration. First, to confirm whether gelsenicine (1) is distributed

to medulla, we collected medulla tissues from C57BL/6 mice

following intraperitoneal injections of 1 mg/kg gelsenicine (1) at 5

and 10 min post-administration. Further time points were not

examined as most mice died around 10 min. Gelsenicine (1) was

quickly distributed to medulla at 5 min, and sustained until 10 min

(Supporting Information Fig. S49).

We then measured activity of VRG neurons using whole-cell

electrophysiological recordings. For comparison, we also exam-

ined activity changes in CA1 pyramidal neurons in the hippo-

campus as a representative neuronal population involved in

higher-order brain functions such as cognition. Various concen-

trations of gelsenicine (1) were applied to VRG neurons in med-

ullary slices or to CA1 pyramidal neurons in hippocampal slices

(Fig. 4A). The firing of action potentials was recorded to compare

the effects of gelsenicine (1) on neuronal excitability in the two

brain regions. The action potentials of VRG neurons before gel-

senicine (1) application were firing rhythmically, in phase with the

respiratory rhythm, showing clustered events in each episode

(Fig. 4B—D). Gelsenicine (1) was applied at a concentration range

of 0.3—2 μmol/L. The 0.3 and 0.6 μmol/L concentrations did not

have an inhibitory effect on VRG neurons, whereas the 1 and

2 μmol/L concentrations significantly reduced the firing rates of

action potentials. Specifically, 1 μmol/L gelsenicine (1) decreased

Figure 2 The qualitative and quantitative analysis of toxins. (A) HPLC profiling (recorded at 254 nm) of the total alkaloid fraction of G.

elegans (stems). (B) Quantitative analysis of toxins in the clinical blood sample. (C) The production of 14-hydroxygelsenicine (2) from different

concentrations of gelsenicine (1) in human liver microsomes. (D) The concentration of the substrate gelsenicine (1) and the metabolite 14-

hydroxygelsenicine (2) at different time points in human liver microsomes. (E) The concentration of the substrate gelsenicine (1) and the

metabolite 14-hydroxygelsenicine (2) at different time points in rats (n � 6). Data are shown as mean ± SD.
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the firing rate by about 60%, and 2 μmol/L decreased it by about

70% (Fig. 4D). In contrast, 1 and 2 μmol/L gelsenicine (1) failed

to show an inhibitory effect on CA1 pyramidal neurons in the

hippocampus, and the action potentials were only suppressed

when the concentration of gelsenicine (1) was increased to

5 μmol/L or more (Fig. 4C—E). In addition, 5 μmol/L of gelse-

nicine (1) increased the amplitude of miniature inhibitory synaptic

currents (mIPSCs) in hippocampus CA1 region (Supporting

Information Fig. S50). Therefore, low concentrations of gelseni-

cine (1) selectively inhibit central respiratory neurons without

affecting neurons in other brain regions such as the hippocampus.

The selective inhibition of respiratory center neurons may thus

underlie respiratory failure, the primary cause of death by gelse-

nicine (1).

Neuronal activity is balanced by excitatory input and inhibitory

input. It has been suggested that gelsenicine (1) modulates

GABAA receptors11, which are the main inhibitory receptors in

neurons. However, it is unclear whether gelsenicine (1) directly

stimulates GABAA receptors to inhibit VRG neurons. To address

this, picrotoxin, a non-competitive GABAA receptor antagonist,

was applied to block GABAA receptors before addition of gelse-

nicine (1). As the activation site is occupied by picrotoxin, the

receptors cannot be stimulated by other drugs. VRG neurons

incubated with picrotoxin (50 μmol/L) showed a robust increase in

activity caused by the blockade of GABAA receptor-mediated

inhibitory input, shown by the significantly higher action poten-

tial firing rates compared with baseline (Fig. 5A and B). Gelse-

nicine (1) (1 μmol/L) was then added to VRG neurons in the

presence of picrotoxin. Gelsenicine (1) did not affect the firing

rate of picrotoxin-treated VRG neurons, which remained high

(Fig. 5A and B). These results suggest that gelsenicine (1) inhibits

VRG neurons by stimulating GABAA receptors.

We then tested whether the inhibition of VRG neurons by

gelsenicine (1) could be reversed by GABAA receptor antagonism.

Gelsenicine (1) (1 μmol/L) was first added to VRG neurons to

inhibit their activity, and then a competitive GABAA receptor

antagonist, bicuculline (20 μmol/L), was added. Notably, bicu-

culline blocked the inhibitory effect of gelsenicine (1), restoring

the normal firing rate (Fig. 5C and D). The rescue of VRG

neuronal activity by bicuculline suggests that GABAA receptor

inhibitors may be effective antidotes for the respiratory failure

caused by gelsenicine (1).

2.5. Drugs for treating G. elegans poisoning

We have shown that Gelsemium toxic alkaloids are highly selec-

tive for the GABAA receptor in the VRG, resulting in severe

respiratory depression. Because of the widespread occurrence and

high mortality of G. elegans poisoning, the development of

effective antidotes is of great importance. To this end, four clin-

ically used GABAA antagonists―suramin, securinine, flumazenil

and bemegride―were tested for their effect on gelsenicine (1)

poisoning in mice. All animals died around 15 min after admin-

istration of gelsenicine (1). Suramin, an antiparasitic drug, has

been reported to be a selective competitive antagonist of

GABAA
30, showed weak effect on overall survival. A previous

study suggested that flumazenil increases the survival of 14-

hydroxygelsenicine-poisoned mice11. We also confirmed the an-

tidote effect of flumazenil against gelsenicine (1), increasing the

survival rate to 50%. Securinine also increased the survival of

Figure 3 Gelsenicine (1) led to severe respiratory failure. (A, B) Breathing curves at 10 min after intraperitoneal injection of saline (A) or

gelsenicine (1) at a dose of 0.22 mg/kg body weight (B). (C—G) Respiratory function indices were detected by the whole-body plethysmography,

including peak inspiratory flow (C), peak expiratory flow (D), frequency (E), tidal volume (F), and minute ventilation (G). Ten mice per group

were used for the experiments. Two-tailed unpaired t-test, ****P < 0.0001.
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poisoned animals to 50% at a dose of 3 mg/kg, and bemegride

increased the survival to 30% at 6.5 mg/kg (Fig. 6). Securinine has

long been used to treat CNS diseases such as amyotrophic lateral

sclerosis in the clinic31. Bemegride has exhibited remarkable ef-

ficacy in the treatment of barbiturates overdose poisoning32.

Therefore, among the four drugs tested, flumazenil and securinine

produced the best effects on the inhibition of gelsenicine (1)

poisoning, showing effects starting from 10 to 13 min. This

prompt relief effects resulted in long-lasting survival until 24 h,

suggesting that fast-acting GABAAR antagonization is a prom-

ising resuscitating method for G. elegans poisoning.

3. Discussion

G. elegans poisoning remains an important public health issue, as

it has no effective treatment. Although G. elegans poisoning

events are frequently reported from southern China and always be

warned by government, studies on the toxic components, toxico-

logical mechanisms and treatment methods are still lacking. In the

present study, based on a toxicity-guided phytochemical investi-

gation of G. elegans, we elucidated the structure—toxicity rela-

tionship of Gelsemium alkaloids. Four highly toxic alkaloids were

detected in the clinical blood sample. Given the high toxicities and

Figure 4 The inhibitory effects of gelsenicine (1) on the ventral respiratory group (VRG) and hippocampal CA1 region. (A) Schematic diagram

of spontaneous action potentials recorded in CA1 pyramidal neurons and VRG neurons. (B) Representative action potential traces of VRG

neurons before (black traces; baseline) and after (red traces) the administration of gelsenicine (1) at concentrations of 0.3, 0.6, 1 and 2 μmol/L. (C)

Representative action potential traces of hippocampus CA1 region neurons before (black traces; baseline) and after (blue traces) the adminis-

tration of gelsenicine (1) at concentrations of 1, 2, 5 and 10 μmol/L; (D) 0.3 μmol/L (n � 7 cells) and 0.6 μmol/L (n � 5 cells) gelsenicine (1) did

not have inhibitory effects, while 1 μmol/L (n � 8 cells) and 2 μmol/L (n � 7 cells) gelsenicine (1) markedly reduced the firing rate of neurons in

the VRG. (E) 1 μmol/L (n � 6 cells) and 2 μmol/L (n � 4 cells) gelsenicine (1) did not show inhibitory effects, whereas 5 μmol/L (n � 8 cells)

and 10 μmol/L (n � 3 cells) gelsenicine (1) markedly reduced the firing rate of CA1 neurons. Data are presented as mean ± SEM. Two-tailed

paired t-test, *P < 0.05, ***P < 0.001, ****P < 0.0001; ns, not significant.
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high levels in G. elegans and in the blood of the poisoning victim,

gelsenicine (1), 14-hydroxygelsenicine (2), humantenine (17)

and humantenirine (18) are believed to be the main toxins in G.

elegans poisoning.

Recent studies show that gelsedine-type alkaloids can influ-

ence GABAA receptor function in cultured neurons, but the

findings have been inconsistent, with the alkaloids either

increasing or inhibiting receptor activity17,33. We speculate that

Figure 5 The inhibitory effect of gelsenicine (1) on VRG neurons is mediated by activation of GABAA receptors. (A) Representative action

potential traces of VRG neurons treated with picrotoxin (PTX; 50 μmol/L) for 5 min and gelsenicine (1) (1 μmol/L) for 5 min. (B) Picrotoxin

blocked the inhibitory effect of gelsenicine (1) on action potentials (n � 5 cells). (C) Representative action potential traces of VRG neurons

treated with gelsenicine (1) (1 μmol/L) for 2 min and bicuculline (Bic; 20 μmol/L) for 12 min. (D) Bicuculline restored the action potential firing

of VRG neurons exposed to gelsenicine (1) (n � 4 cells). Data are presented as mean ± SEM. Two-tailed paired t-test, *P < 0.05, **P < 0.01; ns,

not significant.

Figure 6 Survival rate curves of mice with different treatments (n � 10 of each group).
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the discrepancy may be caused by differences in experimental

protocol and duration of treatment, as in vitro cultured neurons

lack the in vivo spatial configurations and functional connections.

Moreover, the neurons in these studies were from brain regions

other than the VRG, and thus, the effects on respiratory neurons

remained unknown. Here, in contrast to these studies, we used

acute medullary slices to examine the direct effects of gelsenicine

(1) on respiratory neurons. Gelsenicine (1) strongly inhibited VRG

neurons by activating GABAA receptors, and treatment with

GABAA receptor antagonists rescued both action potential firing

and survival. Notably, the inhibitory effect of gelsenicine (1) was

highly selective for VRG neurons. This suggests that gelsenicine

(1) mainly affects the respiratory center, accounting for the pri-

mary cause of death by G. elegans poisoning―respiratory arrest.

We also confirmed that gelsenicine (1) showed minimal cytotoxic

effects (IC50 > 100 μmol/L), suggesting that the poisoning effect

of gelsenicine (1) was not attributable to cytotoxicity, but rather

the inhibition of excitation of VRG neurons in the respiratory

center through GABAA receptor activation.

The differential effects of gelsenicine (1) on different types of

neurons might be due to differences in GABAA receptor subunit

composition. GABAA receptors are heteropentamers composed of

a combination of at least 19 subunits, including six α (α1− 6),

three ß (ß1− 3), three γ (γ1− 3), three ρ (ρ1− 3) and one each of

the δ, ε, π and θ subunits34. The majority of GABAA receptors in

the cortex and hippocampus are formed by two α subunits, two ß

subunits and one γ subunit. It has been revealed that α1-and α2-

containing GABAARs are reported to mediate the effects of ben-

zodiazepines on the shortening of expiratory and inspiratory phase

of resting breathing respectively35. Moreover, tramadol intoxica-

tion death involves a mechanism of respiratory depression induced

by over-expression of α1 subunit in medulla oblongata solitary

nucleus and ambiguous nucleus36. However, there are limited

studies that address the specific roles of different GABAAR sub-

types in respiratory toxicity. In this study, we observed higher

potency of GABAAR inhibition in the VRG than in hippocampus

by gelsenicine (1). This difference may be due to the different

composition of GABAAR subunits in different brain regions.

Hippocampus is a brain region associated with higher func-

tions including cognition, emotion, and social function. On the

other hand, the medulla is part of the brainstem which regulates

autonomic, involuntary functions essential for survival, including

respiration, cardiovascular activities such as heart rate and blood

pressure, and reflexes such as vomiting and swallowing. The

hippocampus and medulla play distinct physiological roles, and

they also express different compositions of GABAARs. In hip-

pocampus, the predominant GABAAR subunits are α1, α2, α5,

ß2/3, and γ2, whereas in the medulla are α2, α3, and ß137,38.

Here, we showed that the expression of GABAR α1 is lower, while

ß2 and α5 subunit are higher in the medulla when compared to

hippocampus (Supporting Information Fig. S51). In addition, the

δ and ε subunits also play major roles in controlling VRG

neuronal excitability and respiratory behavior39,40. In hibernating

squirrels who have significant reduction of heart rate and respi-

ratory function, the mRNA and protein expression of the δ and ε
subunits showed a notable increase in the medulla39. Therefore,

the differential effects of gelsenicine (1) toward VRG and hip-

pocampal neurons may be related to the binding affinity of gel-

senicine (1) for different GABAA receptor subtypes. Moreover, it

was reported that the NMDA receptors, the main receptors in

excitatory synaptic transmission, may also contribute to the effect

of gelsedine-type alkaloids41. NMDA receptors are

heterotetramers that differ in composition in various brain regions.

Therefore, further investigations are required to dissect the mo-

lecular action of gelsenicine (1) toward the different subunits,

individually, as well as the whole receptor.

Our results showed that securinine and flumazenil increased

the survival rate of poisoned animals from 0% to 50%, and

bemegride to 30%. We believe that all of these three drugs exhibit

protective effects in the poisoned animals. Suramin only increased

the survival rate to 10%, suggesting poor antidote potential. The

varied effects may depend on the different pharmacological

pharmacokinetic properties of these drugs.

The GABA binding sites are located at the interfaces between

the principal face (+) of ß and complementary face (− ) of α

subunits. GABAAR also possesses multiple allosteric modulation

sites, including the benzodiazepine site at α+/γ− interface, and

the barbiturate site at α+/ß− and γ+/ß− interfaces34,42. Fluma-

zenil is a potent GABAAR antagonist that targets the benzodiaz-

epines site. It exhibits an IC50 value of 2 nmol/L in a radioligand

binding assay utilizing rat cortical synaptosomes, which reflects a

high efficiency on GABAAR inhibition43. According to clinical

and animal studies44,45, flumazenil can be rapidly absorbed,

reaching the peak level within 5 min and taking effect quickly

whether administered orally or intravenously. Securinine is a

GABAAR antagonist that competes the receptor-binding with

GABA with an IC50 of 57 μmol/L46. It reaches peak concentration

within 9 min in plasma and 30 min in the brain following intra-

peritoneal injection47. Bemegride, with an IC50 of 200 μmol/L,

inhibits GABAAR in a barbiturate-like manner48,49. Bemegride

reaches to peak concentration and readily passes in the brain

within 30 min50. However, bemegride has relatively short action

period which may require repeated administration. This may

explain the weaker effects of bemegride than flumazenil and

securinine. Regarding suramin, it is a multi-targeted agent

exhibiting antagonism on GABAAR, purinergic receptors, and

many enzymes. The wide range of targets and complex mecha-

nism may cause various adverse reactions. Additionally, suramin

has poor ability for passing through the blood—brain barrier.

Although it may reach to the brainstem, the relatively slow peak

time in plasma (>30 min) makes it not a suitable antidote for

central nervous system GABAAR hyperfunction poisoning51,52.

The clinical approaches to G. elegans poisoning mainly

include clearance of toxic substances and respiratory support. We

show here that the representative toxic component gelsenicine (1)

exerts a strong inhibitory effect on VRG neurons by stimulating

GABAA receptors. This key finding should provide a foundation

for guiding clinical treatment of G. elegans poisoning. Impor-

tantly, securinine and flumazenil significantly increased the sur-

vival of gelsenicine (1)-poisoned mice. As securinine and

flumazenil are both clinically approved drugs, they may have

potential in the emergency treatment of G. elegans poisoning.

4. Conclusions

In summary, we performed a systematic phytochemical investi-

gation of G. elegans, resulting in the isolation and identification of

120 alkaloids. Acute toxicity screening enabled the first elucida-

tion of the structure—toxicity relationship of Gelsemium alkaloids.

Among them, gelsedine- and humantenine-type alkaloids were

confirmed as the major toxic components through toxicity assays

and clinical sample validation. The most toxic compound, gelse-

nicine (1), selectively inhibited the firing of action potentials in
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ventral respiratory group neurons in the medulla by stimulating

GABAA receptors. Importantly, the clinically approved GABAA

receptor antagonists securinine and flumazenil significantly

improved the survival of poisoned animals. These findings provide

critical insight into the toxicological mechanisms of G. elegans

poisoning and offer a basis for developing effective emergency

treatments.

5. Experimental

5.1. Materials

Pure alkaloids (purity >95%), 95% ethanolic extract, non-

alkaloidal extract and total alkaloid extract of G. elegans were

made in our laboratory. Human liver microsomes were acquired

from PrimrTox Technology Inc. (Wuhan, China). Carbamazepine

was purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai,

China). Suramin (purity ≥98.0%) was obtained from Meryer

Chemical Technology Co., Ltd. (Shanghai, China). Securinine

(purity ≥98.0%) was purchased from Mreda Technology Inc. (Fair

lawn, NJ, USA). Flumazenil (purity >99.0%), NaCl, NaHCO3,

sucrose and dextrose were obtained from Aladdin Reagent Ltd.

(Shanghai, China). Bemegride (purity 99.6%) was bought from

Bide Pharmatech Co., Ltd. (Shanghai, China). KCl, NaH2PO4,

MgCl2·6H2O, CaCl2·2H2O, K-gluconate, HEPES, Na3GTP,

MgATP and Na-phosphocreatine were purchased from

Sigma—Aldrich (St. Louis, MO, USA).

5.1.1. Plant material

The leaves and stems (40.0 kg) and fruits (26.5 kg) of G. elegans

were collected from Shaoguan city, Guangdong province, and

Zhangzhou city, Fujian province, China, in October, 2011 and

February, 2016, respectively. The roots (18.0 kg) and flowers

(11.5 kg) of G. elegans were collected from Conghua city,

Guangdong province, China, in October, 2014. Due to a large

demand for plant material, they were collected from different

habitats. All materials were authenticated by Prof. Guang-Xiong

Zhou (Jinan University, Guangzhou, China). The voucher speci-

mens have been deposited in the Center for Bioactive Natural

Molecules and Innovative Drugs Research, Jinan University,

Guangzhou, China.

5.1.2. Clinical blood specimens

The blood sample of a 6-year-old G. elegans poisoning fatality

was obtained from Puning People’s Hospital, Puning city,

Guangdong province, China. Human serum was obtained from

consenting healthy human volunteers. The clinical blood specimen

used in this study was approved by the Institutional Review Board

of Jinan University (approval number: JNUKY-2022-001), and

written informed consent was obtained from the patient’s guardian

prior to inclusion in the current study.

5.2. Animals

Adult Sprague—Dawley (SD) rats (male, 7—8 weeks of age,

180—220 g) and Kunming mice (male and female, 3 weeks of age,

16—22 g) were purchased from Beijing Vital River Laboratory

Animal Technology Co., Ltd. (Beijing, China). C57BL/6J mice

(male and female, 3 weeks of age, 20—25 g) were purchased from

SPF Biotechnology Co., Ltd. (Beijing, China). All animals were

maintained in animal rooms at standardized temperature

(25—28 ◦C), under a 12/12-h light/dark cycle, with free access to

standard rodent diet and water. The animals were allowed to adapt

to the environment for 1 week before the experiments. Prior to

treatment, the animals were fasted for 12 h, and free access to

water and standard diet was given thereafter. The animal experi-

ments were approved by the Laboratory Animal Ethics Committee

of Jinan University (approval numbers: 20220607-09 and

20220708-01).

5.3. Extraction, isolation, and structural characterization

A systematic chemical investigation on the total alkaloid fractions

of roots, leaves and stems, flowers and fruits of G. elegans resulted

in the isolation and identification of 120 alkaloids. The extraction,

isolation, and structural characterization methods were described

in the Supporting Information Their structures with absolute

configurations were determined by extensive spectroscopic ana-

lyses, single-crystal X-ray diffraction, and quantum chemical

calculations.

5.4. Acute toxicity study

The Kunming mice were randomly assigned to groups of 10 mice

each (five males and five females). The extracts were dissolved in

DMSO, PEG400 and sterile water to the required concentration,

and then administered by oral gavage. The pure alkaloids were

dissolved in DMSO, PEG400 and sterile water, and administered

by intraperitoneal injection at a dose of 30 mg/kg body weight.

After treatment, the mice were allowed free access to food and

water, and behavioral changes were assessed for 7 days.

Furthermore, symptoms, including time of onset and severity,

were monitored, and time of death was recorded.

Compounds causing death at 30 mg/kg body weight were

selected to determine the dose causing 50% lethality (LD50) using

five dosages, each randomly assigned to a group of 10 mice, as

above. After administration, mice were given food and water ad

libitum, and were continuously observed for behavioral changes,

symptoms and mortality for 7 days. Finally, the LD50 values were

calculated using the Bliss method53.

5.5. Detection and identification of toxic alkaloids in plasma

Adult male Kunming mice were administered the 95% ethanolic

extract of G. elegans (200 mg/kg body weight) by intragastric

administration. Retro-orbital blood samples were rapidly collected

5 min after gavage, and plasma samples were obtained by

centrifugation (4000×g, 10 min, 4 ◦C). Acetonitrile (2:1 ratio)

was added and vortexed for 1 min to precipitate plasma proteins,

and then centrifuged at 14,000×g for 10 min. The supernatant was

dried with N2 at room temperature, re-dissolved in methanol,

vortexed, and centrifuged (14,000×g, 10 min, 4 ◦C). The resulting

supernatant was transferred to UPLC/MS vials, and 5 μL was used

as the injection volume for analysis.

UPLC—MS/MS analysis was performed using a Q-Exactive Plus

MS instrument coupled to a Dionex Ultimate 3000 UPLC system

(Thermo Fisher Scientific, Bremen, Germany)54. Separation was

performed using a Waters ACQUITY BEH C18 column

(50 mm × 2.1 mm, 1.7 μm, Waters Corp., Milford, MA, USA) and a

binary solvent system composed of mobile phase A (water with 0.1%

formic acid) and mobile phase B (acetonitrile with 0.1% formic acid).

The gradient elution conditions were as follows: 0− 8 min,

10%—20% B; 8− 12 min, 20%− 80% B. The flow rate was set to
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0.3 mL/min, and the injection volume was 5 μL. The MS parameters

were as follows: spray voltage of 3500/2500 V (+/− ), capillary

temperature of 320 ◦C, sheath gas (nitrogen) flow rate of 25 arb,

capillary voltage of 25 V, and radio frequency lens voltage of 50 V.

Analytes were detected using full-scan MS analysis in a mass range

of m/z 50− 750 at a resolving power of 70,000. A Thermo Xcalibur

2.1 workstation was used for data acquisition and processing.

5.6. Detection and quantitative analysis of toxic alkaloids in G.

elegans poisoning victim serum

The whole blood of the G. elegans poisoning victim was centri-

fuged at 4000×g for 10 min to obtain serum. A 300-μL aliquot of

the serum was added to 600 μL acetonitrile and vortexed for

2 min, and then centrifuged at 14,000×g for 10 min at 4 ◦C. The

resulting supernatant was dried under a stream of nitrogen and

resuspended in 100 μL methanol. After vortexing the mixture for

1 min and centrifuging at 14,000×g for 10 min at 4 ◦C, 5 μL of

the supernatant was analyzed by UPLC—MS/MS. The chroma-

tography and MS conditions were as described above for the

detection of toxic alkaloids in mouse plasma, and the MS in-

strument used was a Q-Exactive (Thermo Fisher Scientific, Bre-

men, Germany).

For quantitative analysis, the samples were processed as

described above after addition of internal standard (carbamaze-

pine). The prepared samples were analyzed on a Thermo Ultimate

LC 3000 (Thermo Fisher Scientific, San Jose, CA, USA) coupled

with an AB Sciex Triple Quad 4500 MS instrument (AB SCIEX,

MA, USA). The liquid chromatography conditions were as

described above. The analytes were analyzed using MRM mode,

and the detailed MRM conditions for each compound are given in

Supporting Information Table S14. The LOQ ranged from 6.2 to

1683.2 ng/mL for gelsenicine (1), 14-hydroxygelsenicine (2),

humantenine (17) and humantenirine (18) (described in Support-

ing Information Table S15). The recovery was 86.66%—95.40%,

with a coefficient of variation (CV) of <7.58% for the four

compounds (Supporting Information Table S16), suggesting that

the employed method can be used for the quantification of alka-

loids in blood samples55,56.

5.7. In vitro metabolism of gelsenicine (1) by human liver

microsomes

The incubation mixture consisted of 50 mmol/L Tris—HCl buffer

solution (pH 7.4), MgCl2 (5 mmol/L), human liver microsomes

(0.5 mg/mL), and different concentrations of gelsenicine (1)57,58.

A sample lacking gelsenicine (1) was used as the blank control,

and incubation without NADPH served as negative control. After

preincubation at 37 ◦C for 5 min, NADPH was added to a final

volume of 200 μL to initiate the reaction, and then incubated for

10, 20, 30, 40, 50 or 60 min. The reactions were terminated by

adding 400 μL of ice-cold acetonitrile (containing carbamazepine

as an internal standard). The mixtures were vortexed and centri-

fuged at 14,000×g for 10 min. The supernatant was dried with N2

and re-suspended with 100 μL of methanol for centrifugation

again. Finally, 5 μL supernatant was injected into the UPLC—MS/

MS system for analysis.

5.8. In vivo metabolism of gelsenicine (1) in rats

Twenty-four SD rats were randomly divided into the following

four groups: control group (n � 6, one each for blank plasma) and

three drug groups (n � 6, one each for dosed plasma). The

administration groups were given gelsenicine (1) (0.8 mg/kg) by

oral gavage, and the control group received the same volume of

saline. Blood samples were collected from abdominal vein at 10,

15, and 30 min post-administration, and were processed as

described above for quantitative analysis by UPLC—MS/MS59.

5.9. Evaluation of respiratory function

Twenty C57BL/6J mice were randomly divided into two groups,

the treatment group and the control group, each consisting of ten

mice. Mice were first placed in the plethysmography chambers of

a whole-body plethysmograph (WBP-8WR, TOW) for 30 min to

acclimate the environment. The mice were then received intra-

peritoneal injection of 0.22 mg/kg gelsenicine (1; treatment group)

or equivalent volume of saline (control group), and immediately

monitored for respiratory function in the plethysmography

chambers for 5—10 min. Respiratory parameters including peak

inspiratory flow, peak expiratory flow, respiration frequency, tidal

volume, and minute ventilation were determined by ResMass

version 1.4.2 (TOW)29.

5.10. In vitro cytotoxicity evaluation

HT22 cells (Jennio Biotech, Guangzhou, China) and Vero cells

(National Collection of Authenticated Cell Cultures, Shanghai,

China) were seeded into 384-well plates (Corning, Cat#15140163,

USA) at densities of 800 and 1000 cells per well, respectively.

Additionally, different Gelsemium alkaloid was transferred to 384-

well plates with a concentration range of 0.2—100 μmol/L in 1:2

gradient dilutions. Both blank (empty wells) and control groups

received the same volume of DMSO. The plates were then incu-

bated in a 37 ◦C CO2 incubator (ESCO, CCL-170B-8, Singapore)

for 24 h. Subsequently, 3 μL of CCK-8 (Bimake, B34306, USA)

solution was added to each well. After an additional 2—3 h, the

absorbance at 450 nm was measured. The cell viability was

calculated as Eq. (1):

Cell viability � (Acompound-Ablank)/(Acontrol-Ablank) × 100% (1)

where A stands for absorbance.

5.11. Western blot analysis

After sacrifice, hippocampus and medulla were quickly dissected

out. Tissue samples were homogenized in cold RIPA lysis buffer

(1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) con-

taining protease inhibitors (TargetMol, USA, C0001), and phos-

phatase inhibitors (TargetMol, USA, C0002/C0003), and lysed for

30 min. Lysates were cleared by centrifugation at 12,000 rpm

(15,294×g) for 30 min at 4 ◦C. Protein concentration was deter-

mined using bicinchoninic acid assay (Beyotime Biotechnology,

P0012, Shanghai, China), and the total protein for each sample

was separated by SDS-PAGE followed by Western blot analysis.

The primary antibodies used were as follows: anti-GABAA re-

ceptor α1 (Abcam, ab252439), anti-GABAA receptor α5 (Abcam,

ab259880), anti-GABAA receptor ß2 (Abcam, ab156000).

5.12. Electrophysiology

Whole-cell recordings were performed as described before41,60,61.

Coronal slices (300-μm-thick) of hippocampus were prepared
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from 2-week-old C57BL/6J mice, and 200-μm coronal slices of

the medulla were prepared from 8 to 11-day-old C57BL/6J mice

on a tissue slicer (Vibratome 300; Vibratome) in ice-cold dissec-

tion buffer (213 mmol/L sucrose, 2.6 mmol/L KCl, 1.6 mmol/L

NaH2PO4, 10 mmol/L MgCl2, 0.5 mmol/L CaCl2, 26 mmol/L

NaHCO3 and 9 mmol/L dextrose, bubbled with 95% O2/5% CO2).

The slices were immediately transferred to isotonic artificial ce-

rebrospinal fluid (ACSF; 126 mmol/L NaCl, 3 mmol/L KCl,

1.25 mmol/L NaH2PO4, 1 mmol/L MgCl2, 2 mmol/L CaCl2,

26 mmol/L NaHCO3 and 10 mmol/L dextrose, bubbled with 95%

O2/5% CO2) at 32 ◦C for 30 min before recordings. All recordings

were performed in modified ACSF (126 mmol/L NaCl, 3.5 mmol/L

KCl, 1 mmol/L NaH2PO4, 0.5 mmol/L MgCl2, 1 mmol/L CaCl2,

26 mmol/L NaHCO3 and 25 mmol/L dextrose, bubbled with 95%

O2/5% CO2) at 28—30 ◦C62. Pyramidal cells in CA1 areas were

identified visually under infrared differential interference contrast

microscopy on the basis of their pyramidal somata and prominent

apical dendrites, and excitatory neurons in the VRG were identified

based on their triangular-shaped somata.

The excitability of CA1 and VRG neurons was measured by

whole-cell recordings in current-clamp mode at a voltage range of

− 48 to − 55 mV using a B700 amplifier (Axon Instruments). Patch

pipettes (4—6 mΩ) were filled with internal solution consisting of the

following components (in mmol/L): 130 K-gluconate, 10 KCl, 10

HEPES, 0.5 Na3GTP, 4 MgATP, 10 Na-phosphocreatine, pH 7.2—7.4.

Osmolarity ranged from 290 to 300 mOsm. After recording basal

spontaneous action potentials for 10 min, different concentrations of

gelsenicine (1) were bath-applied to VRG neurons (0.3—2 μmol/L) or

CA1 pyramidal neurons (1—10 μmol/L) for 10 min to record drug-

evoked spontaneous action potentials. To investigate the participa-

tion of GABAA receptors in the effect of gelsenicine (1), the GABAA

receptor antagonist picrotoxin (50 μmol/L) was applied to VRG

neurons for 5 min before application of gelsenicine (1; 1 μmol/L) for

5 min. Alternatively, gelsenicine (1; 1 μmol/L) alone was given for

2 min to inhibit the neurons first, and then the GABAA receptor

antagonist bicuculline (20 μmol/L) was applied in the presence of

gelsenicine (1; 1 μmol/L) for 12 min. Electrical signals were digitized

at 2 kHz by a data acquisition board (National Instruments) and were

quantified with Igor ProTM software (WaveMetrics, Portland, OR,

USA).

5.13. Quantitative analysis of gelsenicine (1) in central nervous

system

Twelve C57BL/6J mice were randomly divided into two groups

(n � 6 per group) and administered gelsenicine (1) (1 mg/kg) via

intraperitoneal injection. The mice were sacrificed at 5 min (group

1) and 10 min (group 2) post-administration, and their medullas

were dissected out. Tissue samples (∼50 mg) were homogenized

in 500 μL of deionized water and spiked with 20 μL of carba-

mazepine. Subsequently, the samples underwent processing as

previously described for quantitative analysis using UPLC—MS/

MS as applied to plasma samples.

5.14. Screening of effective antidotes for G. elegans poisoning

Fifty male Kunming mice were randomly divided into five groups

(n � 10 for each group), including control and four treatment

groups. Based on the acute toxicity test results, the mice in the

control group were injected intraperitoneally with a lethal dose of

gelsenicine (1) (0.22 mg/kg), while those in the treated groups

were intraperitoneally administered different doses of therapeutic

agents after injection of gelsenicine (1). Four GABAA antagonist

drugs―suramin (10 mg/kg), securinine (3 mg/kg), flumazenil

(3 mg/kg) and bemegride (6.5 mg/kg)―and their doses were

selected as previously published with slight modification or con-

verted from the human clinical dose11,47,63.

5.15. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.0

(GraphPad Software, La Jolla, USA) and Igor Pro (WaveMetrics,

Portland, OR, USA). Data for clinical samples and metabolic

experiments were expressed as mean ± standard deviation (SD),

and those for electrophysiological data were expressed as

mean ± standard error of mean (SEM). Differences between the

firing rates were analyzed using two-tailed paired t-test, and were

considered significant at values of P < 0.05.
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