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A B S T R A C T   

The C18-diterpenoid alkaloid lappaconitine (LA) is a non-addictive analgesic used in China. The toxicity (LD50 =

11.7 mg/kg) limits its application. Two series of LA derivatives, including amides and sulfonamides (1–93), were 
designed and synthesized by modification on their C4 acetamidobenzoate side chains in this work. In vivo 
analgesic activity and toxicity of all derivatives were evaluated, and the structure-activity relationship was 
summarized. Six lead compounds (35, 36, 39, 49, 70, and 89) exhibited approximate analgesic activity to LA but 
with significantly reduced toxicity. The therapeutic index of these compounds is 14–30 times that of LA. In vivo 
metabolism study of the lead compounds 39, 49, 70, and 89 were conducted by UPLC-MSE, indicating the reason 
for the low toxicity of the potential derivatives might be they are difficult to metabolize to toxic metabolite N- 
deacetyllappaconitine compared to LA. The effects of lead compounds on sodium channels and hERG channels 
were also studied by ion channel reader (ICR) which further revealed their analgesic and toxicity-attenuating 
mechanisms. Sodium channel assay revealed that the analgesic mechanism of these lead compounds was 
inhibiting the Nav 1.7 channels. Taken together, compound 39 was provided as a new analgesic lead compound 
with significantly low toxicity and comparable activity to LA.   

1. Introduction 

Pain is one of the most common clinical symptoms. According to the 
International Association for the Study of Pain (IASP), about one-fifth 
(more than 1 billion) of the world’s population suffered from chronic 
pain of various degrees [1]. Chronic pain seriously affects human 
physical and mental health and quality of life [2,3], and burdens pa-
tients’ families and society. Long-term pain could lead to various 
physical and mental damages such as physiological disorders [4], im-
munity reduction [5], anxiety [6,7], depression [7–9], and even suicide 
[9,10]. 

Medication is still the first choice for treating pain. At present, 
clinically used analgesics are mainly divided into NSAIDs and opioids 
(Fig. 1). NSAIDs [11,12], such as aspirin, acetaminophen, ibuprofen, 
and indomethacin, were widely used for relieving mild aches for their 

accurate analgesic activity. However, NSAIDs could cause gastrointes-
tinal adverse reactions [13], kidney [14,15] and platelet function 
damage [16] and cardiovascular side effects [17,18]. Opioids analgesics 
represented by morphine, fentanyl, and pethidine are usually μ opioid 
receptor agonists [19] and are widely used to treat moderate to severe 
pain [20,21]. Despite their desirable effectiveness, opioids still cause 
undesirable central nervous system side effects [22,23], as well as 
addiction [24], analgesic tolerance [25], respiratory depression [26,27], 
nausea [28], and constipation [29]. Moreover, opioids overdose-related 
mortality increased exponentially in recent years, mainly because of 
prescription or illegal use of opioids [30,31]. The fact that pain-afflicted 
patients around the world lack ideal therapeutic drugs encouraged us to 
explore new analgesics from traditional Chinese medicine especially the 
Aconitum genus which our team has researched deeply for years. 

Caowu, a kind of medicinal plant from the Aconitum genus, is 
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traditional Chinese medicine to cure rheumatic pain [32], sciatica [33], 
joint pain [34], cancer pain [35], and stomachache [36] in China over 
thousand years. Two representative plants of Caowu, Aconitum carmi-
chaelii., and Aconitum kusnezoffii Reichb., have been recorded in the 
Chinese Pharmacopoeia to ease rheumatic and relieve pain [37,38]. 
Modern pharmacological studies proved that the characteristic chemical 
composition and analgesic ingredient of Caowu are diterpenoid alka-
loids [39–42]. Three representative diterpenoid alkaloids, 3-acetylaco-
nitine, bulleyaconitine A, and lappaconitine (LA) (Fig. 1), have been 
applied in clinical in China for decades due to their remarkable analgesic 
activities [43–47]. However, diterpenoid alkaloids are also the main 
toxic component of Aconitum spices, which could induce severe side 
effects such as ventricular arrhythmias, respiratory depression, convul-
sions, ototoxicity, and allergic reactions even at small dosage [48–54]. 

LA is a diterpenoid alkaloid isolated from Aconitum sinomontanum 
Nakai. The analgesic effect of LA (ED50 = 3.5 mg/kg) is seven times that 
of aminopyrine and is equivalent to morphine and pethidine, leading to 
LA as an ideal non-addictive drug for the treatment of moderate pain and 
postoperative pain in cancer patients in China for decades [51]. How-
ever, the LD50 of LA is 11.7 mg/kg, which is approximate to its ED50 (3.5 
mg/kg), resulting in a narrow therapeutic window. This disadvantage 
restricted the extensive use of LA as a more effective analgesic. Thus, 
modifying lappaconitine to find safer derivatives that combine better 
analgesic activity and lower toxicity is of considerable importance. 

Modification on the side chains of diterpenoid alkaloids would cause 
obvious changes in their activity and toxicity [55–58]. In our previous 
study on the chemical composition of Aconitum apetalum., a novel 
diterpenoid alkaloid Apetalrine B (ALB, Fig. 1) with a rare diamino 
benzamide side chain attached to its C4 position was isolated. To our 
surprise, ALB is almost none toxic [41], which inspired us to introduce 
its unique side chain into the structure of LA, hoping to reduce its 
toxicity. Thus, two LA derivatives (16 and 18) were synthesized in the 
preliminary study and their LD50 exceeded 100 mg/kg. Recently, it has 
been reported that LA could ease pain by directly stimulating dynorphin 
A expression in spinal microglia, while their toxicity was caused by the 
interaction with voltage-gated sodium channels [45,46,59]. The newly 
illustrated theories, together with the reduced toxicity of compounds 16 
and 18, indicated that the toxicity and antinociception of diterpenoid 
alkaloids might follow different mechanisms and could be separated 
through rational structural modification. 

In the present work, inspired by the unique structure of a low toxicity 
diterpenoid alkaloid we discovered before [41], ninety-three LA ana-
logues, including amides series and sulfonamides series, were designed 

and synthesized, in which six potential lead compounds were derived by 
analgesic activity and toxicity screen in vivo. These six compounds kept 
the analgesic activity comparable to that of LA and exhibited signifi-
cantly reduced toxicity. The therapeutic index (TI) of the lead com-
pounds was 14–30 times higher than that of LA. Furthermore, a clear 
Structure-Activity Relationship (SAR) of all the LA derivatives has 
been summarized to guide further modification of diterpenoid alkaloids. 
The in vivo metabolic fate of the leading compounds was conducted by 
UPLC-MSE to reveal the possible toxicity-attenuation mechanism, and 
the effect of the lead compounds on the sodium channels and hERG 
channels was also studied. Based on the above results, our work pro-
vided compound 39 as the optimal LA derivative that exhibited signif-
icantly reduced toxicity while maintaining the analgesic activity 
comparable to LA. 

2. Results and discussion 

2.1. Chemistry 

As shown in Scheme 1, inspired by the structure and low toxicity of 
ALB, two series of LA derivatives, amides, and sulfonamides, were 
designed and synthesized. Keeping the amide fragment in LA un-
changed, three types of LA amide derivatives were designed according to 
the difference in R group, including alkyl, heterocyclic, and phenyl 
groups, respectively. As isostere of amide structures, sulfonamide frag-
ments have been used in various leading compounds and drugs [60,61]. 
The facts inspired us to transform the amide in LA into sulfonamide. 
Similarly, three classes of derivatives were designed and synthesized 
depending on the difference of R substituents, which were alkyl, het-
erocyclic, and phenyl groups, respectively. 

The target compounds were synthesized according to the steps out-
lined in Scheme 1. By the method described in the literature [60], 
N-deacetyllappaconitine (DLA) was prepared by acid hydrolysis of LA in 
satisfactory yields. The designed compounds were synthesized by ami-
dation or sulfonamidation of N-deacetyllappaconitine with commer-
cially available or synthesized acyl chlorides or sulfonyl chlorides. The 
structures of isolated products 1–93 were established based on their 
NMR spectral analysis. 

2.2. Pharmacology 

Using LA as a positive control, all the LA derivatives prepared herein 
were screened for their in vivo analgesic activities (Table 1), performed 

Fig. 1. Representative NSAIDs, opioids, and diterpenoid alkaloids.  
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by the classic acetic acid-induced mice writhing test. For compounds 
with better activity (inhibition rate >60%), the median effective dose 
(ED50), median lethal dose (LD50), and therapeutic index (TI) were 
determined and calculated. The SAR of derivatives from the two series 
were analyzed and summarized. 

The most significant feature of alkyl-substituted derivatives of amide 
series is their high toxicity. The toxicity of alkyl-substituted compounds 
with fewer carbon atoms in R (compounds 1, 4–6) was equivalent to that 

of LA (LD50 = 11.7 mg/kg), while decreased as the number of carbon 
atoms in R increased. Compounds 2, 3, 7, and 8 did not cause animal 
death at the dosage of 10 mg/kg. However, when the dose increased, 
these four compounds gradually caused poisoning reactions including 
twitching of limbs, foaming at the mouth, and lip bruising, and half of 
the tested mice (n = 10) were dead at the dosage of 100 mg/kg in 24 h. 

Unfortunately, the heterocyclic-substituted amide derivatives 
exhibited low inhibition rates. 2-chloro-thiophene-substituted 

Scheme 1. Synthesis of LA Derivatives.  
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compound 9 exhibited higher inhibition than 2-bromo-thiophene- 
substituted 10, indicating the size of the halogen atoms on the thio-
phene ring may have an impact. The writhing inhibition of compound 
13 is about 10% higher than that of 12, suggesting the distance between 
the oxygen atom and the carbonyl group may affect the analgesic ac-
tivity in tetrahydrofuran-substituted derivatives. These derivatives did 
not cause any obvious toxic symptoms or death at the measured con-
centration (10 mg/kg), indicating that their toxicities had been reduced 
to some extent compared with LA. As the activities of heterocyclic- 
substituted derivatives were generally low, their toxicity was not 
studied. 

Phenyl-substituted amide derivatives showed various analgesic ac-
tivities according to the multiple substituents on the phenyl ring. The 
analgesic effect of benzene substituted compound 14 almost dis-
appeared. Generally, the introduction of phenyl ring with para-electron- 
donating groups such as alkoxy and N,N-dimethylamino groups (35–39) 
showed better inhibition than para-electron-withdrawing groups 
(15–22). But the introduction of phenyl ring with para-alkyl groups 
(32–34) has similar inhibition rates to para-electron-withdrawing 
groups. When substituents were installed at the ortho-position or meta- 
position, the inhibition was reduced compared to para-substituted 
(23–29, 40–43). Similarly, the activities of disubstituted phenyl rings 
also dropped the writhing inhibition. In summary, the inhibition was 
enhanced when electron-donating groups (alkoxy and N,N-dimethyla-
mino groups) were installed at the para-position of the phenyl ring. 
Among these compounds, the inhibition of 35, 36, and 39 were all above 
60%. Compounds 37 and 38 with n-propoxy and isopropoxy groups 
exhibited inhibition of around 50%. The inhibition rates of 37–38 were 
about 10% lower than that of 35 and 36, suggesting that the activities of 
these compounds gradually decreased with the extension of the alkoxy 
carbon chain. 

As shown in Table 1, the alkyl-substituted derivatives in the sulfon-
amide series did not exhibit satisfactory activities at 10 mg/kg (46–48). 
Moreover, these compounds all caused poisoning reactions such as 
twitching and difficulty breathing in mice at testing concentrations. But 
the toxicity is not as significant as that of alkyl-substituted amide 
derivatives. 

The phenyl substituted sulfonamide derivatives exhibited a different 
SAR from the amide series. Unlike 14, compound 49 with a benzene ring 
substituted displayed the highest inhibition rate (84.3%) among all 
compounds. Both phenyl rings with para-electron-withdrawing and 
para-electron-donating groups showed low inhibition rates (50–58). The 
inhibition rates of benzyl substituted compounds (59–60) were slightly 
higher than that of compounds 50–58 but weaker than that of com-
pound 49. All ortho-substituted phenyl sulfonamide derivatives except 
ortho-bromo-phenyl have moderate to good inhibition rates through 
53.9–71.2% (61, 70, 76, 78, 80, 82, and 84). When substituents were 
installed at the meta-position, compounds with fluorine, methyl, and 
cyano groups behaved at moderate inhibition rates (62, 68, and 81). 
Still, compounds with methoxy, fluoro, bromo, and nitro groups (71, 77, 
79, and 85) reduced the inhibition rates. Compared with amide de-
rivatives, the locations of substituents played a more significant role 
than substituents themselves (Fig. 2). All sulfonamide derivatives with 
ortho-substituted phenyls showed better inhibition rates than those with 
meta-substituted phenyls when they had identical substituents (61, 70, 
76, 78, 80, 84 vs. 62, 71, 77, 79, 81, 85, respectively). 2,5-disubstituted 
phenyls no matter with electron-donating (methoxy, 72) or electron- 
withdrawing (fluoro, 64) groups have better inhibition rates than 2,4/ 
3,5/4,5-disubstituted compounds (63, 65, 66, 73, and 74). When 

Table 1 
Writhing inhibition (%) of LA derivatives (dosage 10 mg/kg)a.  

No. Inhibition (%) No. Inhibition (%) No. Inhibition (%) No. Inhibition (%) 

LA —b 22 10.0 ± 11.5 47 4.0 ± 9.5 72 65.8 ± 4.1* 
56.6 ± 6.6* c 23 17.7 ± 7.9 48 32.1 ± 5.9* 73 34.9 ± 5.5* 

1 —b 24 27.5 ± 6.3* 49 84.3 ± 3.1* 74 13.7 ± 18.5 
2 24.9 ± 9.7c 25 4.4 ± 10.4 50 14.7 ± 13.2 75 43.2 ± 7.5* 
3 54.2 ± 6.2* 26 17.5 ± 11.9 51 11.7 ± 7.8 76 64.3 ± 7.1* 
4 —b 27 0.0 ± 7.5 52 11.4 ± 7.6 77 33.1 ± 4.6* 

24.4 ± 8.5* c 28 3.4 ± 15.3 53 21.4 ± 7.5* 78 24.7 ± 9.1 
5 —b 29 10.7 ± 7.3 54 19.4 ± 5.0 79 13.0 ± 7.8 
6 —b 30 10.4 ± 7.3 55 16.8 ± 6.1 80 53.9 ± 7.1* 

33.5 ± 7.3** c 31 31.2 ± 3.7* 56 23.0 ± 8.8 81 47.4 ± 4.6* 
7 56.9 ± 3.8* 32 26.7 ± 8.0 57 16.1 ± 10.6 82 55.2 ± 8.4* 
8 34.5 ± 4.7* 33 21.0 ± 6.6 58 27.7 ± 12.9* 83 12.8 ± 9.8 
9 27.8 ± 5.8 34 28.2 ± 7.9 59 43.8 ± 4.5* 84 58.5 ± 7.9* 
10 12.8 ± 13.4 35 62.8 ± 5.8* 60 42.4 ± 6.0* 85 6.7 ± 6.1 
11 31.5 ± 8.2** 36 62.8 ± 5.4* 61 60.3 ± 5.9* 86 1.0 ± 5.4 
12 21.8 ± 12.6 37 48.4 ± 6.1* 62 50.2 ± 6.9* 87 31.3 ± 7.7** 
13 34.0 ± 8.9* 38 51.1 ± 5.5* 63 27.2 ± 4.9* 88 32.3 ± 8.2** 
14 0.0 ± 11.0 39 62.1 ± 5.0* 64 45.1 ± 5.4* 89 71.2 ± 2.7* 
15 31.6 ± 12.6 40 0.0 ± 13.4 65 37.5 ± 7.6* 90 42.4 ± 6.0* 
16 39.4 ± 7.2* 41 19.2 ± 17.6 66 28.3 ± 6.7* 91 42.5 ± 2.6* 
17 31.1 ± 8.6 42 36.9 ± 9.4* 67 26.0 ± 19.2 92 49.3 ± 5.0* 
18 31.5 ± 10.3** 43 34.2 ± 5.1** 68 52.1 ± 11.0* 93 28.4 ± 9.5** 
19 27.2 ± 11.0 44 34.6 ± 6.4* 69 52.1 ± 5.3*   
20 36.4 ± 9.5 45 0.0 ± 11.0 70 71.2 ± 3.8*   
21 8.4 ± 12.7 46 22.8 ± 7.6** 71 37.1 ± 15.7*    

a Values are expressed as the mean ± SEM. 
b The writhing inhibition could not be calculated due to the animals died at 10 mg/kg. 
c Tested dosage 3.5 mg/kg *p < 0.01, **p < 0.05. 

Fig. 2. Comparison of inhibition rates of phenyl-substituted derivatives in 
sulfonamide series with identical substituents on different positions. 
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heteroaryl groups were introduced, the 2-pyridyl group enhanced the 
inhibition rate to 71.2% (89), whereas the inhibition rates of others were 
1.0–42.4% (86–88, 90). The introduction of the naphthalenyl group did 
not benefit inhibition rates (91–93). 

To further study the analgesic potency, selected compounds with 
inhibition rates over 60% (35, 36, 39, 49, 70, 89) were further tested for 
median effective dose (ED50) by the classic acetic acid-induced mice 
writhing test, using LA as a positive control. The results are shown in 
Table 2. The analgesic efficacy of 35, 36, 39, 49, 70 and 89 (ED50 = 4.4, 
6.6, 6.2, 6.1, 5.5 and 4.7 mg/kg, respectively) were equivalent to that of 
positive control drug LA (ED50 = 3.5 mg/kg). The activities of 37 and 38 
(ED50 = 10.2 and 8.1 mg/kg, respectively) were slightly lower than that 
of LA, but it is also in the same order of magnitude. 

Toxicity is the most significant problem of LA. The aim of this study is 
to find LA derivatives with lower toxicity. Since compounds 35–39, 49, 
70, and 89 exhibited similar ED50 to LA, their median lethal dose (LD50) 
was further determined by the acute toxicity test. The LD50 of com-
pounds 35, 36, and 39 were 296.4, 314.7, and 300.0 mg/kg, respec-
tively, nearly 30 times that of LA (LD50 = 11.7 mg/kg), indicating their 
toxicity was significantly reduced after structure modification. The 
toxicity of 37 and 38 was also decreased (LD50 = 213.6 and 195.8 mg/ 
kg) nearly 20 times of LA. Surprisingly, compound 49 did not cause 
animal death at 600 mg/kg within 24 h. Limited by its solubility, the 
LD50 data of 49 cannot be measured, which means the toxicity of 
compound 49 is far lower than LA and selected compounds in the amide 
series (35–39). The LD50 of sulfonamide derivative 70 (300.0 mg/kg) 
was equivalent to compounds 35, 36, and 39 in the amide series. The 
LD50 of 89 was over 400 mg/kg and cannot be measured because of the 
solubility. Compounds 35, 36, 39, 49, 70, and 89 exhibited the same 
analgesic activity as LA but a far better therapeutic index (Table 2), 
suggesting they might be safer analgesic lead compounds. 

We also conducted preliminary toxicity screening for other phenyl- 
substituted derivatives, including compounds 14–22, 27–29, 40, and 
43. These compounds did not cause any obvious toxic symptoms or 
animal death at 100 mg/kg, which means their toxicity was reduced 
significantly. The results indicated that phenyl substituents of the side 
chain in the C4 position of LA might play a key role in reducing the 
toxicity of LA. 

2.3. In vivo metabolism study of compounds 39, 49, 70 and 89 

To further understand the poisonousness-attenuated mechanisms 
and the metabolic fate of the above-mentioned LA derivatives, we 
conducted in vivo metabolism study of representative compounds 39, 
49, 70, and 89 (parent drugs marked as A, B, C, and D, respectively) by 
UPLC-MSE and the data was processed by UNIFI software to identify the 
possible metabolites of these LA derivatives. 

2.3.1. Mass spectral fragmentation of compounds 39, 49, 70, and 89 
Since the mass fragmentation patterns of the metabolites were 

similar to the parent drug, a better explanation of the parent compound 
fragmentation patterns would be beneficial for metabolite 

characterization. As shown in Fig. 3, the parent compounds were 
analyzed by MS/MS in the ESI positive ionization mode to obtain the 
fragment ions. The fragmentation pathways were proposed (Supporting 
Information, Table S1, and Fig. S96) to guide the structure elucidation of 
the metabolites. 

2.3.2. Metabolic fate of LA derivatives 39, 49, 70, and 89 
All the urine and feces samples were subjected to UPLC-Q/TOF-MSE, 

and the total ion chromatogram peaks (Supporting Information, 
Fig. S95) were analyzed using software UNIFI to provide information for 
all possible metabolites. Based on the results of UNIFI and further MS/ 
MS fragmentation behavior of parent drugs, the metabolites were 
deduced. Sixteen, fourteen, twenty-two and nine metabolites were 
identified from compounds 39, 49, 70, and 89 (Supporting Information, 
Tables S2–S5 and Fig. S96). Similar to the in vivo metabolic pathway of 
LA, the four lead compounds obtained in this study were mainly 
metabolized in phase I, and the major metabolic reactions included 
hydroxylation, O-demethylation, N-deethylation, dehydrogenation, and 
the hydrolysis of amides, sulfonamides, and esters. To better understand 
the metabolisms of these four compounds in vivo, the amount of the 
metabolites was determined based on their response value. The relative 
percentage of all metabolites in urine and feces were shown in Fig. 4. 

In previous studies, the primary metabolites of LA were deduced to 
be the N-deacetylated ones, including N-deacetyllappaconitine (DAL), 
N-deacetyl-O- demethyllappaconitine (DMDAL), and the hydroxylation 
or O-demethylation metabolites of DAL and DMDAL. The content of DAL 
was more than double that of LA [62,63]. These facts suggested that the 
amide bond in the structure of LA was unstable in vivo and could be 
easily broken by the metabolic reaction to form DAL. However, in this 
study, the amount of DAL was meager. Compounds excreted in urine and 
feces were mainly in their original form and the primary metabolites 
basically maintained the modified structure unchanged. Considering the 
toxicity of DAL was comparable to that of LA, it could be concluded that 
DAL is the primary toxic metabolite of LA. Compounds that were more 
easily metabolized to DAL in vivo exhibited higher toxicity. 
Phenyl-substituted derivatives from the amide series generally showed 
significantly reduced toxicity because the introduction of the benzene 
ring made the amide bond difficult to be metabolically cleaved in vivo. 
Moreover, since sulfonamide bonds exhibited stronger stability than 
amide bonds, the toxicity of phenyl-substituted derivatives from sul-
fonamide series such as compounds 49 and 89 were further reduced. 

2.4. Effect of the lead compounds on voltage-gated sodium channels (Nav 
1.7) 

As an important class of transmembrane proteins, voltage-gated so-
dium channels (Navs) play a crucial role in the generation and trans-
mission of action potentials in excitable cells such as nerve cells, 
muscles, and heart tissues. Among the nine subtypes of human voltage- 
gated sodium channels, Nav 1.7, which is highly expressed in peripheral 
sensory neurons, has a direct association with pain syndrome [64,65]. It 
is reported that LA exerts analgesic activity because of it is a Nav 1.7 
inhibitor [66]. Since our leading compounds exhibited analgesic activity 
comparable to LA, their effects on Nav 1.7 were further explored to 
explain their analgesic mechanism. 

Herein, using Li+ as a tracer ion (with a maximum absorption peak at 
670.8 nm), after adding a sample buffer containing a certain concen-
tration of compounds to the cultured HEK-Nav 1.7 cells and incubating 
for a period of time, a high concentration of Li+ buffer was added to the 
cells and incubated for a period of time to make Li+ enter the cells. The 
cell lysate (intracellular fluid) was collected and the Li+ concentration 
was tested using an ion channel reader (ICR 8100, Aurora, Canada). The 
Li + concentration in cell lysate could reflect the effects of tested com-
pounds on Nav 1.7. As shown in Table 3 and Fig. 5, all of the lead 
compounds exhibited inhibition on the Nav 1.7 channels at 100 μM. 
Compounds 35 and 39 from the amide series could inhibit the channels 

Table 2 
Activity and toxicity of selected compounds.  

Compounds ED50 (mg/kg) LD50 (mg/kg) TI 

LA 3.5 11.7 3.3 
35 4.4 296.4 67.4 
36 6.6 314.7 47.7 
37 10.2 213.6 20.9 
38 8.1 195.8 24.2 
39 6.2 300.0 48.5 
49 6.1 >600a >98.3 
70 5.5 300.0 54.5 
89 4.7 >400a >85.1  

a The LD50 cannot be determined due to the solubility of compounds. 
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at 10 μM, suggesting that the mechanism of the lead compounds was the 
same as that of LA, all by inhibiting Nav 1.7 channels to exert analgesic 
effect. 

2.5. Effect of the lead compounds on hERG channels 

It was reported that the toxicity of Aconitum diterpenoid alkaloids is 
due to their effect on ion channels. Activation of voltage-gated K+

channels is the cause of their cardiotoxicity [67]. Although the com-
pounds designed in this study showed significantly reduced toxicity in 
animal experiments, their effects on the hERG channel (human-e-
ther-a-go-go-related gene-encoded potassium channel) still need to be 
tested to determine the potential arrhythmogenic effects. Therefore, we 
chose Rb+ as the tracer ion and evaluated the rubidium efflux ratio, 
reflecting the block effect on the hERG potassium channel. After adding 
a high concentration of Rb+ buffer to the cultured HEK-hERG cells and 
incubating for 3 h, the samples to be tested were added, and the cells 
were incubated for another 4 min. The extra-cellular fluid and cell lysate 
were collected, and the Rb+ ion concentration inside and outside the cell 
was determined by an ion channel reader (ICR8100, Aurora, Canada). 
The Rb+ ion efflux ratio could reflect the blocking effect of the tested 
compounds. 

As shown in Table 4 and Fig. 6, compounds 35, 36, 49, 70, and 89 
could decrease the Rb + efflux ratio in a concentration-dependent 
manner, indicating these LA derivatives would inhibit hERG channels. 
Although these compounds, especially 49, showed obviously reduced 
toxicity in acute toxicity experiments in mice, their potassium channel 
inhibition effects have proved they might own potential risk of 
arrhythmia. Compound 39 did not show any apparent inhibition of the 
potassium channel even at the highest test concentration. Based on the 
above results, we believe 39 from the amide series was the most po-
tential LA derivative that significantly reduced the toxicity of LA without 
risk of arrhythmia while maintaining the analgesic activity. 

3. Conclusion 

In summary, inspired by the unique structure of the low toxicity 
diterpenoid alkaloid we isolated in the previous work, ninety-three LA 
derivatives were designed and synthesized to find lead compounds with 
good analgesic activity and low toxicity. The amide series maintained 
the structural integrity of LA to the greatest extent. The structure 
modification was only designed and conducted by changing the sub-
stituent of the acetylamino fragment. A total of forty-five derivatives in 
three major categories have been synthesized in this series, and three 

Fig. 3. The accurate MS/MS spectral of compounds 39 (A), 49 (B) 70 (C), and 89 (D) and the proposed fragmentation pathway of compounds 39 parent ion [M +
H]+. Pathways of the other compounds were shown in Supporting Information Fig. S96. 
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lead compounds, 35, 36, and 39, were screened out. These three com-
pounds were all phenyl-substituted derivatives with electron-donating 
substituents in the para position of the benzene ring. Their low ED50 
and high LD50 data indicated that these compounds could be safer an-
algesics than LA. In addition, the toxicity of compounds 1, 4–6 is 
equivalent to that of LA, while most of the phenyl-substituted de-
rivatives showed lower toxicity, suggesting the introduction of phenyl 
substituents might be able to reduce the toxicity of LA derivatives. After 
converting the amide structure to sulfonamide, a total of forty-eight 
derivatives from three categories exhibited completely different SAR 
from the amide series. In the sulfonamide series, three lead compounds 
were screened out, including compounds 49 and 70 from phenyl- 
substituted derivatives and compound 89 from heterocyclic- 
substituted derivatives. These three compounds also reduce their 
toxicity significantly while maintaining analgesic activity. The toxicity 
of compound 49 was extremely reduced with its LD50 exceeding 600 
mg/kg. The SAR of phenyl-substituted derivatives in both amide series 
and sulfonamide series was concluded in Fig. 7. Six lead compounds (35, 
36, 39, 49, 70, and 89, see Fig. 8) were obtained from synthesized de-
rivatives. Their analgesic activities were equivalent to that of LA, while 

the toxicity has been significantly reduced, leading to the apparent in-
crease of their therapeutic index. 

After screening out six lead compounds (35, 36, 39, 49, 70, and 89) 
with reduced toxicity, we further conducted an in vivo metabolism study 
to determine the potential toxicity-attenuation mechanism. Although 
the types of metabolic reactions of the leading compounds and LA were 
similar, there were significant differences in the amount of the metab-
olites. DAL, which was abundantly present in the metabolites of LA, 
exhibited a meager amount in the metabolites of low-toxicity LA 

Fig. 4. The relative percentage of all metabolites of compounds 39 (A), 49 (B), 70 (C), and 89 (D) in urine and feces.  

Table 3 
Li + concentration (ppm) in HEK-Nav 1.7 cells lysate after treated by LA, 35, 39, 
49, 70 and 89 (n = 6)a.  

Compounds 0 μM 1 μM 10 μM 100 μM 

LA 0.65 ± 0.010 0.63 ± 0.030 0.61 ± 0.020* 0.52 ± 0.010* 
35 0.65 ± 0.006 0.60 ± 0.010 0.59 ± 0.010* 0.44 ± 0.020* 
39 0.47 ± 0.019 0.49 ± 0.025 0.43 ± 0.027* 0.27 ± 0.037* 
49 0.47 ± 0.017 0.47 ± 0.019 0.43 ± 0.002 0.40 ± 0.006* 
70 0.63 ± 0.024 0.48 ± 0.031 0.47 ± 0.019 0.46 ± 0.017* 
89 0.51 ± 0.021 0.50 ± 0.025 0.47 ± 0.017 0.45 ± 0.013*  

a Values are expressed as the mean ± SEM. *p < 0.05. 

Fig. 5. Effects of compounds on the Li + concentration in HEK-Nav 1.7 
cells lysate. 
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derivatives (39, 49, 70, and 89). These facts suggested that DAL might 
be the primary toxic metabolite of LA and its derivatives. Compounds 
that were more easily metabolized to DAL in vivo were more toxic. 
Introducing phenyl substituents or replacing the amide bond with a 
more stable sulfonamide bond to LA was an optimization strategy to 
reduce the toxicity of LA. 

Furthermore, the effects on sodium channels revealed that the 
analgesic mechanism of these lead compounds was similar to LA, which 
inhibits the Nav 1.7 channels. In addition, even though the six lead 
compounds mentioned above showed significantly reduced toxicity in 
animal experiments, five of them, including compound 49 owned the 
lowest LD50, could inhibit the hERG channels, which might lead to the 
potential risk of arrhythmia. Only compound 39 has no potential 
arrhythmia risk. Thus, depending on all results, compound 39 was 

provided as a new analgesic lead compound with activity comparable to 
that of LA while the toxicity was significantly reduced. 

4. Experimental section 

4.1. General experimental procedures 

1H NMR spectra were recorded on a Bruker AV 400 nuclear magnetic 
resonance instrument (400 MHz). 13C NMR data were collected on a 
Bruker AV 400 nuclear magnetic resonance instrument (100 MHz). 
Chemical shifts were reported in parts per million (ppm) with tetrame-
thylsilane as the internal standard. HRESIMS were determined using a 
Waters Xevo G2-S Q-Tof mass spectrometer. Reactions were monitored 
by thin-layer chromatography (TLC) using silica gel GF254 plates, which 
were visualized by spraying Dragendorff’s reagent [41,42]. Reaction 
products were purified by column chromatography on silica gel (pur-
chased from Qingdao Ocean Chemical Plant) using gradient elution. 
Acetonitrile and formic acid (HPLC-grade) were purchased from Fisher 
Scientific Inc. Water was purified using a Milli-Q system (Millipore). 
Centrifuging was performed by a CENCE H2050R high-speed bench 
centrifuge. Ion concentration was detected by an ICR8100 ion channel 
reader (Aurora, Canada). Unless otherwise specified, the reagents and 
solvents used in this work were commercially available analytical or 
chemical grades and used directly without any purification. 

Fig. 6. Effect of the lead compounds on the Rb + efflux ratio in hERG channels.  

Table 4 
Rb + efflux ratio (%) of LA, DAL and compounds 35, 36, 39, 49, 70 and 89 (n =
6)a.  

Compounds 0 mg/L 1 mg/L 10 mg/L 100 mg/L 

LA 79.71 ± 2.30 77.40 ± 2.47 73.17 ± 2.38* 68.17 ± 4.37* 
DAL 92.36 ± 2.27 96.05 ± 1.66 92.35 ± 1.48* 65.70 ± 4.11* 
35 79.30 ± 3.34 77.00 ± 2.95 76.58 ± 2.16 69.69 ± 1.37* 
36 83.23 ± 2.79 79.38 ± 3.46 80.07 ± 2.30 76.45 ± 2.65* 
39 88.85 ± 6.73 87.34 ± 6.84 85.86 ± 7.31 84.70 ± 5.30 
49 91.83 ± 1.86 88.87 ± 2.66 72.11 ± 3.68* 44.12 ± 6.45* 
70 83.34 ± 2.36 80.88 ± 4.64 65.13 ± 3.63* 50.83 ± 4.70* 
89 94.98 ± 2.81 95.97 ± 2.49 88.42 ± 1.87 73.60 ± 4.79*  

a Values are expressed as the mean ± SEM. *p < 0.05. 

Fig. 7. SAR of phenyl-substituted derivatives.  

Fig. 8. Six lead compounds of LA derivatives.  
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4.2. Chemical synthesis 

4.2.1. Preparation of DAL 
2% HCl (15 mL) aqueous solution was slowly added to lappaconitine 

(1.17 g, 2.0 mmol) at room temperature. The mixture was heated to 
reflux overnight at 75 ◦C. After cooling to room temperature sponta-
neously, a saturated aqueous solution of NaHCO3 was used to adjust pH 
to 10, followed by extracting with dichloromethane (3 × 10 mL). The 
organic layers were combined and washed with brine, dried over 
Na2SO4, and evaporated, giving DAL (1.05 g, yield: 97%) after purifi-
cation by column chromatography over silica gel (dichloromethane: 
methanol = 40:1 to 20:1). 

4.2.2. General procedure for the synthesis of amide derivatives 

4.2.2.1. General procedure for the synthesis of compounds 1–6, 8–9, 
14–16, 18, 20, 23–28, 30–32, 36, 39, 42, 44. The corresponding acyl 
chlorides (2.0–3.0 equivalents) were gently added to a mixture of DAL 
(100 mg, 0.18 mmol, 1.0 equivalent) in dry dichloromethane (5 mL) and 
dry pyridine (0.54 mmol, 3.0 equivalents) at 0 ◦C. The reaction mixture 
was stirred at room temperature for 2–14 h and monitored by TLC 
(dichloromethane: methanol = 10: 1). When the starting material was 
consumed, a saturated aqueous solution of NaHCO3 was added to adjust 
the pH of the mixture to 10, followed by extracting with dichloro-
methane three times. The organic layer was washed with brine, dried 
over Na2SO4, and evaporated to give crude products. These compounds 
were obtained after being purified by column chromatography over 
silica gel (dichloromethane: methanol = 40: 1 to 10: 1) in 46-99% yields. 

4.2.2.2. General procedure for the synthesis of compounds 7, 10–13, 17, 
19, 21–22, 29, 33–35, 37–38, 40–41, 43, 45. Oxalyl chloride (1.5–2.0 
equivalents) and N, N-dimethylformamide (DMF) were added dropwise 
to the corresponding carboxylic acid (5.0 equivalents) in dry dichloro-
methane (5 mL). After 2–4 h, the mixture was evaporated to give the 
corresponding acid chlorides. The prepared acid chloride and dry pyri-
dine (3.0 equivalents) were added to a solution of DAL (100 mg, 0.18 
mmol, 1.0 equivalent) in dry dichloromethane (5 mL) at 0 ◦C. The 
mixture was stirred at room temperature. TLC (dichloromethane: 
methanol = 10: 1) was used to monitor the reaction. After 2–14 h, the 
reactions were quenched by adding a saturated aqueous solution of 
NaHCO3 to adjust the pH to 10. Then the solution was extracted with 
dichloromethane three times, and the organic layer was washed with 
brine, dried over Na2SO4, and evaporated to give crude products. These 
compounds were obtained by gradient elution on silica gel (dichloro-
methane: methanol = 40: 1 to 10: 1) in 17-99% yields. 

4.2.3. General procedure for the synthesis of sulfonamide derivatives 

4.2.3.1. General procedure for the synthesis of compounds 46–55, 57–88, 
90–93. A mixture of DAL (100 mg, 0.18 mmol, 1.0 equivalent) and the 
appropriate sulfonyl chloride (2.0–3.0 equivalents) in dry dichloro-
methane (5 mL), together with dry pyridine (0.54 mmol, 3.0 equiva-
lents) was stirred at room temperature for 4–12 h. The reaction was 
monitored by TLC (dichloromethane: methanol = 10: 1) until DAL dis-
appeared. After adjusting the pH to 10 with a saturated aqueous solution 
of NaHCO3, the crude product was provided by evaporating the reaction 
solution. The mentioned compounds were purified by column chroma-
tography (dichloromethane: methanol = 40:1 to 10: 1) in 39-94% yields. 

4.2.3.2. Synthesis of compound 56. Oxalyl Chloride (0.95 mL) was 
added dropwise to a solution of 4-(dimethylamino)benzenesulfonic acid 
(752 mg, 3.7 mmol) and DMF (catalyzed amount) in dry dichloro-
methane at 0 ◦C. After stirring for 3 h, the reaction mixture was evap-
orated to give 4-(dimethylamino)benzenesulfonyl chloride. Then 4- 
(dimethylamino)benzenesulfonyl chloride was added gently to a 

solution of DAL (400 mg, 0.73 mmol) and dry pyridine (173 mg, 2.19 
mmol). The reaction was stirred at room temperature for 14 h and 
evaporated to provide crude products. Compound 56 was obtained by 
column chromatography over silica gel (Petroleum ether: dichloro-
methane: diethylamine = 20: 1: 1 to 8: 1: 1) as white powder in 8% yield. 

4.2.3.3. Synthesis of compound 89. Triethylamine (447 mg, 4.42 mmol) 
was added portion-wise to a solution of pyridine-2-sulfonic acid (351 
mg, 2.21 mmol) in dry dichloromethane at 0 ◦C and stirred for 15min. 
Trifluoromethanesulfonic anhydride (624 mg, 2.21 mmol) was slowly 
added to the solution. DAL (600 mg, 1.11 mmol) was added to the 
mixture after 2 h. The reaction was stirred at room temperature for 17 h. 
The crude product was obtained by evaporating the reaction solvent. 
Compound 89 (71% yield) was purified by column chromatography 
over silica gel (Petroleum ether: dichloromethane: diethylamine = 20: 
10: 0.3). 

4.3. Pharmacology 

4.3.1. Experimental animals 
Male and female adult (22–25 g body weight) Kunming strain mice 

(SPF grade) were purchased from Chengdu Dossy Experimental Animals 
Co., Ltd. (Chengdu, China, License No. SCXK 2020-030). All the animals 
were housed in plastic cages with thirty mice per cage and thick sawdust 
bedding in the Southwest Jiaotong University Experimental Animal 
Center (Chengdu, China) at standard room temperature (22 ± 2 ◦C), 
under conditions of a 12/12-h reversed light-dark cycle (7:00 a.m.–7:00 
p.m.), and received food and sterilized water ad libitum. Mice were 
accustomed to the laboratory environment for five days before the ex-
periments. Experimental groups (n = 10 in each group) were randomly 
assigned, and researchers were blinded to the tests. 

For in vivo metabolism study, three male and three female mice were 
administered a single dose of the tested compound by subcutaneous 
injection (50 mg/kg, 0.1 ml/g BW). The control group was administered 
a similar volume of 0.9% saline. 

All the in vivo study was approved by the Animal Care and Welfare 
Committee of Southwest Jiaotong University and carried out under the 
National Institutes of Health Guide’s guidelines for the Care and Use of 
Laboratory Animals using an approved animal protocol. 

4.3.2. Drugs and administration route for mice 
All the LA derivatives for the test were dissolved in 0.1 mol/L HCl 

aqueous solution and diluted with 0.9% saline to the required concen-
tration. It is worth noting that drugs and hydrochloric acid are prepared 
in terms of equal molar ratios (1:1) to avoid the interference of hydro-
chloric acid. All the analogues were given by subcutaneous injection 15 
min before testing, and 0.7% acetic acid was given by intraperitoneal 
injection. 

4.3.3. In vivo analgesic activity 
Analgesic activity was performed by the acetic acid-induced writhing 

test. Ten Kunming mice (half male and half female) were randomly 
selected and placed separately. All the animals were injected with 
normal 0.9% saline or LA derivatives solution (0.1mL/10 kg BW.). The 
acetic acid solution (0.7%) was given 15 min after drug administration. 
The number of writhes was recorded as videos and counted during a 15 
min period after acetic acid injection. Writhe was defined as the 
contraction of the abdominal muscles accompanied by elongation of the 
body and hind limbs. The percentage of inhibition was measured using 
the following equation: Inhibition (%) of writhing = (Average number of 
writhing in the control group − Average number of writhing test group)/ 
Average number of writhing in control group × 100%. 

ED50 of lead compounds was determined by adapting standard pro-
cedures. Kunming mice of either sex were divided into 5 groups of 10 
animals each. The test compounds were dissolved in 1, 2, 4, 8, and 16 
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mg/kg doses and injected. Writhing inhibition in 15 min of each con-
centration was calculated, and the ED50 data was determined by the 
probit regression using SPSS (ver. 17.2). 

4.3.4. Acute toxicity study 
Preliminary toxicity tests were performed by gradually increasing 

the dose injected until a poisoning reaction or death occurred. LD50 of 
the lead compounds was determined using standard procedures. 
Kunming mice of either sex were divided into 5 groups of 10 animals 
each. The test compounds were dissolved in 50, 100, 200, 400, and 800 
mg/kg doses and injected subcutaneously. The toxic symptoms and 
mortality rates in each group were recorded for 24 h after drug 
administration. The LD50 data was calculated by probit regression using 
SPSS (ver. 17.2). 

4.4. Metabolism study 

4.4.1. Collection and purification of urine and fecal samples 
Mice urine and fecal for in vivo metabolism study were collected 

0–24 h after drug administration in metabolism cages. All samples were 
frozen at − 20 ◦C until analyzed. 

For urine samples, after adding 0.9 mL iced methanol to 0.3 mL 
urine, the mixture was left to stand for an hour at 4 ◦C and then vortexed 
for 3 min and centrifuged at 15000 rpm at 4 ◦C for 15 min. The super-
natant was transferred into a polypropylene centrifuge tube and evap-
orated to dryness with a gentle flow of nitrogen gas at 45 ◦C. The residue 
was redissolved in 1 mL acetonitrile-water (5:95, v/v) and filtered 
through a 0.22 μm cellulose membrane into an autosampler vial and 
analyzed by UPLC-TOF-MS. 

For fecal samples, each sample was homogenized before weighing. 
Fecal samples (2 g) were ultrasonically extracted by methanol (8 mL) for 
15 min. After settling for 5 min, 0.3 mL supernatant fluid was drawn off, 
and 0.9 mL iced methanol was added for precipitating proteins. Then the 
mixture was centrifuged for 15 min at 15000 rpm at 4 ◦C. The super-
natant was transferred into a polypropylene centrifuge tube and quickly 
blow-dried with nitrogen at 45 ◦C. The residue was redissolved in 1 mL 
acetonitrile-water (5:95, v/v) and filtered through a 0.22 μm cellulose 
membrane into an autosampler vial and analyzed by UPLC-TOF-MS. 

4.4.2. Instrument conditions and data analysis 
UPLC-Q/TOF-MSE was equipped with Waters Xevo G2-S Q-TOF mass 

spectrometer and Waters Acquity UPLC (Waters Corp., Milford, MA, 
USA). Chromatographic separation of LA metabolites was performed at 
ambient temperature using an Acquity UPLC HSS T3 column (2.1 × 100 
mm, 1.8 μm) (Waters Corp., Milford, MA, USA). The mobile phase 
comprised 0.1% formic acid in water (solvent A) and acetonitrile (sol-
vent B) and was pumped at a flow rate of 0.4 mL min− 1. The gradient 
elution program was performed as follows: 0–1.0 min, 5% B; 1.0–10.0 
min, 5–35% B; 10.0–12.0 min, 35–60% B; 12.0–14.0 min, 60–190% B; 
14.0–15.0 min, 90% B; 15.0–15.1 min, 90%–5% B; and 15.1–18.0 min, 
5% B. The sample injection volume was 1 μL. 

Typical mass spectrometer source conditions used for maximum in-
tensity of precursor ions were as follows: capillary voltage, 1.5 kV; 
source temperature, 150 ◦C; desolvation temperature, 500 ◦C; cone gas 
(N2) flow rate, 50 L/h; desolvation gas (N2) flow rate, 800 Lh− 1; The 
electrospray ionization (ESI) source was operated in the positive ioni-
zation mode, and the acquisition analyzer mode was set in sensitivity 
mode. The acquisition time was 14 min. The data were acquired from m/ 
z 50–1000 Da and centroided during acquisition using an internal 
reference comprised of a 1 ng mL− 1 solution of leucine enkephalin 
infused at 50 μL min− 1, generating a reference ion at m/z 556.2771 in 
the ESI positive ionization mode. The scanning time was 0.3 s− 1. High- 
energy data were acquired using a ramp collision energy of 35–55 eV. 
Data analysis was conducted using the UNIFI scientific information 
system software (Waters, USA) to rapidly identify metabolites from 
complex samples. 

4.5. Sodium channel test 

4.5.1. Reagent for HEK-Nav1.7 cells 
The complete medium for HEK-Nav1.7 cells contained Dulbecco’s 

modified eagle medium (DMEM), 10% fetal bovine serum (FBS), and 1% 
penicillin-streptomycin solution. Sodium-free buffer contained 137 mM 
choline chloride, 5.4 mM KCl, 0.81 mM MgSO4, 0.95 mM CaCl2, 5.5 mM 
glucose, 25 mM HEPES, pH = 7.4. LiCl buffer contained 45 mM choline 
chloride, 90 mM LiCl, 5.4 mM KCl, 0.81 mM MgSO4, 0.95 mM CaCl2, 5.5 
mM glucose, 25 mM HEPES, pH = 7.4. Lysis buffer contained 1% Triton 
X-100. Li+ standard solution was set at 0 ppm, 0.5 ppm, 1 ppm, 2 ppm, 5 
ppm, 7.5 ppm, and 10 ppm. 

4.5.2. Sodium channel assay procedure 
The cell culture plates were coated with 0.1 mg/L poly-D-lysine 

(PDL) before cell plating and washed twice with ddH2O. Cells in the 
logarithmic growth phase were seeded in 96-well plates at a density of 8 
× 104 cells/well. After 24 h of adherent growth, remove the cell culture 
medium, add 200 μL sodium-free buffer and incubate the cells at 37 ◦C, 
5% CO2 for 15 min. After incubation, discard the sodium-free buffer and 
cells were treated with compounds dissolved in LiCl-free buffer for 8 
min. Then cells were incubated with LiCl buffer containing veratridine 
(30 μM) and aconitine (50 μM) for 90 min. After the incubation, cells 
were washed with LiCl-free buffer to remove the extracellular LiCl. 
Then, cells were lysed by adding 1% Triton X-100 and the absorbance of 
Li+ in cell lysates was measured by ICR8100 at 670.8 nm. 

4.6. hERG channel test 

4.6.1. Reagent for HEK-hERG cells 
The complete medium for HEK-hERG cells contained Dulbecco’s 

modified eagle medium (DMEM), 10% fetal bovine serum (FBS), and 1% 
penicillin-streptomycin solution. Loading buffer contained 5.4 mM 
RbCl, 5 mM glucose, 25 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 0.8 
mM NaH2PO4, 2 mM CaCl2, pH = 7.4. Wash buffer contained 5.4 mM 
KCl, 25 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 0.8 mM NaH2PO4, 2 
mM CaCl2, pH = 7.4. Open buffer contained 30 mM KCl, 25 mM HEPES, 
150 mM NaCl, 1 mM MgCl2, 0.8 mM NaH2PO4, 2 mM CaCl2, pH = 7.4. 
Lysis buffer contained 1%–1.5% Triton X-100 (diluted with open 
buffer). Rb+ standard solution was set at 0 ppm, 0.5 ppm, 1 ppm, 2 ppm, 
5 ppm, 7.5 ppm and 10 ppm. 

4.6.2. hERG channel assay procedure 
The cell culture plates were coated with 0.1 mg/L poly-D-lysine 

(PDL) before cell plating and washed twice with ddH2O. Cells in the 
logarithmic growth phase were seeded in 96-well plates at a density of 8 
× 104 cells/well. After 24 h of adherent growth, remove the cell culture 
medium, wash the cells with 200 μL loading buffer, add 200 μL loading 
buffer, and incubate at 37 ◦C, 5% CO2 for 3 h. After incubation, discard 
the loading buffer and wash 3 times with wash buffer. Add 200 μL of 
drug open buffer to the cells, react for 4 min, then pipette 200 μL of 
supernatant (extracellular fluid) into a new 96-well plate, add 200 μL of 
lysis buffer to each well to lyse the cells, and repeat the pipetting to make 
the cells The lysis is complete. This part of the liquid is intracellular. 
Using ICR8100 (Aurora, Canada) to measure the absorbance of Rb+ in 
intracellular fluid and extracellular fluid at 780 nm, Rb+ outflow ratio =
ion concentration of extracellular fluid/(ion concentration of extracel-
lular fluid + ion concentration of intracellular fluid) × 100%. 
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