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Abstract Multifunctional therapeutics have emerged as a solution to the constraints imposed by drugs

with singular or insufficient therapeutic effects. The primary challenge is to integrate diverse pharmaco-

phores within a single-molecule framework. To address this, we introduced DeepSA, a novel edit-based

generative framework that utilizes deep simulated annealing for the modification of articaine, a well-

known local anesthetic. DeepSA integrates deep neural networks into metaheuristics, effectively

constraining molecular space during compound generation. This framework employs a sophisticated

objective function that accounts for scaffold preservation, anti-inflammatory properties, and covalent

constraints. Through a sequence of local editing to navigate the molecular space, DeepSA successfully

identified AT-17, a derivative exhibiting potent analgesic properties and significant anti-inflammatory

activity in various animal models. Mechanistic insights into AT-17 revealed its dual mode of action:

selective inhibition of NaV1.7 and 1.8 channels, contributing to its prolonged local anesthetic effects,
cn (Xinhua Liang), bowenke@scu.edu.cn (Bowen Ke).
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DeepSA promotes the discovery of novel anti-inflammatory dental local anesthetics 3087
and suppression of inflammatory mediators via modulation of the NLRP3 inflammasome pathway. These

findings not only highlight the efficacy of AT-17 as a multifunctional drug candidate but also highlight the

potential of DeepSA in facilitating AI-enhanced drug discovery, particularly within stringent chemical

constraints.

ª 2024 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

The paradigm shift towards multifunctional drugs signifies a
promising advancement in enhancing the safety and efficacy of
pharmacological treatments, as supported by an emerging body of
evidence1. Traditional monofunctional drugs that are effective in
certain contexts often fail to provide satisfactory therapeutic
efficacy. However, the advent of multifunctional drugs introduces
significant complexities, particularly when augmenting a ligand
initially designed for a singular function with additional thera-
peutic capabilities. A critical challenge in this development is
ensuring that the integration of new pharmacophores does not
diminish the original ligand activity. Current strategies in multi-
functional drug development are predominantly based on rational
design, employing techniques such as merged pharmacophores
and linked pharmacophore models. Recent reviews have provided
extensive insights into the current state-of-the-art in this field2,3.
Despite these strides, the field continues to grapple with chal-
lenges in target combinations, ligand selection, balancing of ac-
tivities, and optimization of physicochemical properties. A notable
gap lies in the development of molecules with innovative activity
profiles based on existing structural bases.

In response to these challenges, generative deep learning
(GDL) has emerged as a novel approach in molecular generation
and drug design4-7, utilizing neural networks, GDL modes as
variational autoencoders (VAEs)8, generative adversarial networks
(GANs)9, flow-based generative networks10, and diffusion
models11, which have demonstrated proficiency in learning data
distributions in a comprehensive end-to-end manner12. The
emergence of transformer architectures and graph neural networks
has further expanded GDL’s capabilities, specifically capturing the
intricate structures and interrelationships of molecules13,14.
Nevertheless, these models predominantly focus on generating
single-activity targeted molecules, a limitation that stems partly
from the intricate objectives of multifunctional drug development.
This complexity reduces the feasible solution space and compli-
cates the balance between multiple targets and activities during
the generation process. Furthermore, the scarcity of successful
examples of multifunctional drugs impedes the training and
refinement of GDL models.

In this study, we propose DeepSA, a novel deep-simulated
annealing framework. This approach effectively integrates so-
phisticated pre-trained neural networks into metaheuristics to
constrain the search space for generating multifunctional mole-
cules. DeepSA utilizes simulated annealing (SA), a heuristic
search algorithm aimed at a flexibly defined objective function15

tailored through a complex objective function encompassing
scaffold preservation, anti-inflammatory properties, and covalent
validity. Through iterative local editing processes—atom
replacement, insertion, deletion, and cyclization—DeepSA
proposes potential structure editing and then accepts or rejects the
proposal based on the returned objective function score. Gener-
ally, a molecule with a higher score is accepted, whereas a
molecule with a lower score has a higher probability of being
rejected. This process is controlled by the annealing temperature
to strategically modulate the exploration of the search space less
greedily. A message-passing neural network edits content, thereby
controlling the quality of editing during the generation process.

We used the DeepSA to develop novel local anesthetics with
multiple activities. Local anesthesia is indispensable for pain
management. However, their effectiveness and duration are
notably diminished under inflammatory conditions. Notably, the
success rate of anesthesia in mandibular teeth with irreversible
pulpitis exceeds 73%16,17. Attempts to enhance anesthetic efficacy
through drug combinations18 have yielded limited improvements
and have been concomitant with potential side effects due to
additional components. Articaine, which is characterized by its
unique thiophene ring structure, is the predominant local anes-
thetic used in dental practice19,20. Using the structural foundation
of articaine, DeepSA generated over 400 analogs that fulfilled the
pre-defined criteria and exhibited enhanced anti-inflammatory
scores compared to articaine. Among these, a standout com-
pound, AT-17, not only demonstrated pronounced anesthetic
effects but also augmented safety profiles in diverse animal
models. Molecular dynamics simulations and electrophysiological
techniques were used to elucidate the underlying mechanisms of
AT-17, the local anesthetic and anti-inflammatory actions. These
data suggest that AT-17 is a promising candidate for a novel local
dental anesthetic.
2. Results and discussion

2.1. Virtual screening based on deep learning models

We present a deep-simulated annealing (SA) approach, termed
DeepSA, for generating molecules with multiple activities. This
methodology synergizes advanced neural network capabilities
with metaheuristic algorithms to restrict the search space for
discrete optimization tasks. DeepSA searches the discrete struc-
tural space of molecules towards a specific pre-defined objective
through a series of local edits using SA (Fig. 1). For DeepSA, we
extended our preliminary work21 to consider cyclization in the
editing operations of structures capable of atom replacement,
insertion, deletion, and cyclization. In particular, we introduce the
generation process of DeepSA in detail (Algorithm 1). Given an
input molecule x0, DeepSA searches from the molecule space to
maximize the pre-defined objective f ð,Þ. The DeepSA starts at x0
itself. For each step t, DeepSA randomly selects a search action
(i.e., atom insertion, deletion, replacement, and cyclization) at a

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 The DeepSA framework. DeepSA accepts an arbitrary molecule structure (e.g., articaine) as input and generate molecules by per-

forming a sequence of local editing steps, namely, atom replacement, insertion, deletion and cyclization.
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position k; if insertion or replacement is selected, DeepSA also
proposes a candidate atom such that a candidate molecule x� is
formed. If the new candidate x) achieves a better score, i.e.,
f ðx)Þ > f ðxtÞ, then DeepSA can promptly approve the proposal.

Otherwise, the acceptance probability e
f ðx) Þ>f ðxt Þ

T is governed by the
current annealing temperature. In other words, the probability of
accepting the proposal is determined by Eq. (1). The candidate
molecule xtþ1 for the next step becomes x) if the proposal is
accepted or remains xt if the proposal is rejected. Until the
maximum search iterations, we collected the generated molecules
that had better objective values than the input molecules. The
primary distinction between DeepSA and traditional
pharmacophore-based virtual screening lies in that our approach
advocates for content editing, thereby enabling precise control
over the editing quality throughout the generation process.
Pðacceptjx); xt;TÞZmin
�
1; e

f ðx)Þ>f ðxt Þ
T

�
ð1Þ

Temperature plays a crucial role as it dictates the acceptance
probability of a new candidate. We employ a linear annealing
schedule, expressed as T Z maxð0; Tinit � C$tÞ, where Tinit rep-
resents the initial temperature and C is the decreasing rate. At the
beginning, the temperature T is set high, leading to a high
acceptance probability even if x) is worse than xt . The high
temperature encourages the model to explore the chemical space
thoroughly. Subsequently, the temperature gradually decreases,
allowing the model to converge to a specific optimum. See Section
Experimental for more implementation details of DeepSA.

To evaluate the generation performance of DeepSA, we apply
it to generate the molecules with higher molecular solubility.
Following Jin et al.22, 800 molecules in ZINC250K with the
lowest scores were used as the initial molecules of DeepSA. We
compared DeepSA with multiple advanced generative methods,
including junction tree VAE (JT-VAE)22, GCPN23, JADE24,
MMPA25, MoFlow26, and GraphAF27. In particular, GraphAF le-
verages graph neural networks to produce the molecules by
reinforcement learning. In this comparison, the scaffold con-
straints were considered to preserve the key functional groups of
the given molecules, which were divided into four groups (with
similarity thresholds). Supporting Information Table S1 reported
the property improvements and the success rates of the deep
generative models. The success rates are computed by the pro-
portion of the generated molecules that have higher property
values than the initial ones. In comparison, JT-VAE obtains the
worse generation performance, showing the difficulty of learning a
robust latent space of molecules. RL-based methods, such as
GCPN and GraphAF, present better generation results but still lag
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behind DeepSA by a large margin. We observed that the success
rate of DeepSA is not 100%, indicating that DeepSA may
sometimes fail to produce better molecules. We could address this
issue by repeated sampling. Overall, the impressive performances
of DeepSA in four types of scaffold constraints reflected that
DeepSA is a powerful molecule generation method in computer-
aided drug design.

Next, we applied DeepSA to develop novel local anesthetics
with anti-inflammatory activity. First, we designed a sophisticated
objective function that considers the anti-inflammatory score,
scaffold constraints, and valency validity. We then collected
22,165 bioassay data points from the AICD28 and trained an anti-
inflammatory predictor based on them. The bioactivity values are
the inhibitor constants (Ki) recorded according to the actual
bioassay models and are normalized on a logarithmic scale,
where P Z ‒log10 ($). The predictor was a three-layer message-
passing neural network29 trained using 90% of the bioassay
data. The remaining 10% of the data points were unseen by the
anti-inflammatory predictor and were used for the performance
evaluation. The overall test RMSE was 0.87, with a Pearson
correlation coefficient of 0.82. These results indicate that the
predictor can accurately predict the anti-inflammatory properties.
For a newly generated molecule x), its anti-inflammatory score
can be calculated by function fp, fpðx)ÞZ Mfscoreðx)Þ, and M is a
hyper-parameter. In addition to the anti-inflammatory predictor in
the objective function, we also leveraged the chemically relevant
scaffold of articaine as a structural constraint and used covalence
validity to guide the molecule search, given by Eq. (2).

Validityðx); x0ÞZ fgðx)Þ,1ffscaffoldðx) ;x0Þg ð2Þ

where the function fg indicates whether the sample x) is subject to
the valency conditions of the molecules or not, which can be
directly calculated by RDKit package. Where 1f,g is an indicator
function that yields 1 when its argument is true, and 0 otherwise.
If x) and x0 (articaine) have a same scaffold, which can be
calculated by RDKit package, fscaffoldðx); x0Þ returns true. In other
words, a newly generated molecule is regarded as valid only if its
grammar is correct and it shares a same scaffold with articaine.
Finally, we combine these two functions and define the objective
of DeepSA for molecule generation as a piecewise function, given
by Eq. (3).

f ðx)ÞZ
�

fpðx)Þ; if Validityðx); x0Þ> 0
�N; if Validityðx); x0Þ � 0

ð3Þ

Overall, we obtained more than 400 analogs that satisfied these
constraints and possessed higher anti-inflammatory scores than
articaine alone. To obtain potentially active molecules with
optimal medicinal properties, we utilized ADMETlab 2.0, which
is an integrated platform for comprehensive ADMET property
prediction30. The screening criteria were specifically tailored for
local anesthetics in stomatology with an emphasis on drug-like
properties, synthesizability, and cardiotoxicity (QED >0.5, rotor
<10, donorHB <5, accptHB <10, hERG Z 0, SAscore <0.35).
Molecular docking screening with potential analgesia targets
NaV1.7 and NaV1.8 was conducted using CDOCKER in Discov-
ery Studio 2019. Based on the combined assessment of drug-like
properties and docking scores, nine derivatives of articaine were
found to be superior. For ring-opening compounds, chain flexi-
bility may reduce binding efficiency, which should be properly
considered in structure-activity studies. Considering its synthetic
accessibility and scope of structural exploration, AT-1 was iden-
tified as a lead compound (Fig. 2).

2.2. Chemistry

The synthetic routes and protocols for articaine (AT) derivatives
are illustrated in Scheme 1. In general, a commercially available
thiophene substrate (1) was coupled with different acyl bromides
through acylation to afford intermediates 2aec. Then, the com-
pound AT-1-Boc applied N-boc-piperazine for nucleophilic sub-
stitution with intermediate 2a and reacted with hydrogen chloride
1,4-dioxane to form the desired product AT-1. Additionally, N-
boc-piperazine (3) was substituted with suitable bromides and
transformed into functionalized intermediates 4aee using TFA.
Next, intermediates 2aec were smoothly substituted with diverse
secondary amines bearing nitrogen-containing heterocycles
to obtain AT-2e26. These reactions were mild and proceeded
efficiently in moderate to good yields (mostly 50%e90%).
Additionally, AT was hydrolyzed with sodium hydroxide and re-
esterified to obtain AT-27e30. Finally, considering the water
solubility and stability of the AT derivatives, all compounds in this
study were prepared as hydrochloric acid salts for subsequent
studies, which is consistent with the preparation of AT in the
clinical.

2.3. Binding affinity of sodium ion channels in vitro

Sodium ion channel binding affinity was evaluated using cell
membrane chromatography (CMC). This technique is more
convenient for studying ligand‒receptor interactions because it
maintains the active conformation of the transmembrane protein
and its biological activity31,32. CMC for NaV1.7 and NaV1.8 were
prepared to evaluate the binding affinity of NaV1.7 and NaV1.8
related to local anesthesia, and CMC for NaV1.5 was also prepared
to reflect potential cardiac toxicity. The capacity factor (k0) was
used to screen drug-protein interactions33 and was calculated
using the following Eq. (4):

k 0Z ðtR � t0Þ= t0 ð4Þ

tR refers to the retention time of the ligands, and t0 refers to the
retention time of the solvent. The retention time was detected by
an ultraviolet online detector at 254 nm. A larger k0 value refers to
a stronger affinity between drugs and the membrane receptor;
k0 < 0 indicates no binding affinity and is labeled as k0 Z 0.

Based on the recommendation of AT-1 by virtual screening,
the NaV binding affinity of the R2 group was first explored to
validate the necessity of the piperazine ring, as many results have
indicated that rings influence the bioactivity of compounds34. As
shown in Table 1, replacing piperazine with piperidine (AT-3)
significantly decreased the affinity for NaV1.7. Additionally, the
morpholine derivative (AT-5), thiomorpholine (AT-9), and its di-
oxide derivative (AT-10) showed poor binding potency to NaV1.7
and NaV1.8. These results indicate the importance of piperazine
(Table 2).

Focusing on the impact of the R4 group on NaV binding af-
finity, we observed that methyl (AT-11) and isopropyl (AT-13)
substitutions in AT-1 maintained NaV1.7 affinity without signifi-
cantly affecting NaV1.5. Notably, the tert-butyl derivative (AT-15)
showed a marked decrease in affinity for both NaV1.7 and NaV1.8,
along with increased potential toxicity mediated by NaV1.5,
similar to the benzene derivative (AT-18). These findings highlight



Figure 2 The generation process of the lead compound AT-1 using DeepSA. The molecular generation was guided by the multi-function

objective of local anesthesia and anti-inflammatory scores. DeepSA produces over 400 molecules and virtual screening was applied to iden-

tify AT-1 based on the cardiotoxicity, membrane permeability and molecular docking score.
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the crucial role of the spatial hindrance of the R4 group in the
binding affinity. Remarkably, the n-butyl derivative (AT-17)
exhibited the highest affinity for both NaV1.7 and NaV1.8, with
slightly reduced NaV1.5 toxicity compared to AT and AT-1. The
introduction of oxygen atoms (AT-19 and AT-20) significantly
escalated NaV1.5 toxicity. Investigating the steric hindrance of the
linker, we found that methyl (AT-13) and ethyl (AT-22) sub-
stitutions ensured efficient NaV1.7 and NaV1.8 binding compared
to AT-21.

To explore the effects of the flexible ring-opening compounds
generated by DeepSA, we examined substitutions on the clinical
AT skeleton, focusing on the branched chain R2 and R3 groups
(Table 3). When these were replaced with hydroxyl or ether
groups (AT-23‒‒25), the resulting compounds lost their ability to
bind NaV1.7. Interestingly, AT-26 displayed an enhanced affinity
for both NaV1.7 and NaV1.5, indicating that morpholine linked by
branched chains might not be the optimal choice. Our analysis
also showed that conformational restriction was crucial for
improving the binding on NaV1.7 and NaV1.8, but not of NaV1.5.
In addition, we explored the modifications of the methyl ester,
which is known to undergo rapid hydrolysis35. Remarkably, as the
steric hindrance increased up to n-propyl (AT-28), binding to
NaV1.7 improved before decreasing again. The isopropyl-
substituted variant (AT-30) not only lost NaV1.7 binding ability
but also exhibited increased cardiac toxicity by affecting NaV1.5.

2.4. In vivo screening

Using the cutaneous trunci pinprick model36, we evaluated the
effects of subcutaneous infiltration of novel derivatives, each at a
concentration of 62.3 mmol/L, equivalent to half the clinical
concentration of AT. This concentration ensured local anesthesia
in the rats without adverse reactions. The results illustrated in
Fig. 3A revealed that the subcutaneous infiltration durations for
AT-1 (240 min), AT-11 (260 min), AT-13 (275 min), AT-17
(400 min), and AT-22 (260 min) were significantly longer than AT
(120 min). Notably, these effective compounds were piperazine
derivatives, aligned with their binding affinities to NaV1.7 and
NaV1.8. Interestingly, AT-15, with a duration of 205 min, also
demonstrated substantial efficacy despite its lower binding affinity
in the CMC experiment. In contrast, piperidine and morpholine
derivatives did not outperform piperazine derivatives. The AUC
statistics further support these findings (Fig. 3B). Additionally,
AT-21 showed fewer effects than AT, correlating with its lower
NaV binding affinity. Ring-opening compounds undergo subcu-
taneous infiltration, indicating the importance of conformational
restrictions. Unfortunately, compounds AT-27e30 were excluded
from further evaluation due to their systemic toxicity in rats,
despite the high NaV binding affinity of AT-28, possibly due to the
slow hydrolysis of large ester groups, leading to drug accumula-
tion. In summary, we identified AT-1, AT-11, AT-13, AT-15, AT-
17, and AT-22 as candidates for further assessments.

A sciatic nerve block model37-39 was used to evaluate and
compare the nerve-blocking effects of AT and its derivatives. After
injection into the sciatic nerve of rats, sensory and motor functions
were assessed using the hotplate test and extensor postural thrust
(EPT) reaction test. The results indicated that AT-13 (145 min),
AT-15 (190 min), AT-17 (200 min), and AT-22 (220 min)
significantly extended the duration of effective sensory blockade
compared with AT (Fig. 3C). For motor block, AT-13 (140 min),
AT-15 (210 min), AT-17 (260 min), and AT-22 (240 min) out-
performed AT (90 min), as shown in Fig. 3D. Overall, AT-13, AT-
15, AT-17, and AT-22 demonstrated superior nerve-blocking
anesthetic effects, although there was no significant difference in
sensory or motor blockade between these compounds.

Therefore, the anti-inflammatory effects of these compounds
should be investigated. We established a model of chronic
inflammation induced by complete Freund’s adjuvant (CFA) 40.



Scheme 1 Reagents and conditions: (a) acyl bromide, K2CO3, dichloromethane (DCM), �20 �C to rt; (b) suitable amines, K2CO3, N,N-

dimethylformamide (DMF), rt or 50 �C; (c) hydrogen chloride (in 1,4-dioxane), rt; (d) suitable bromides, acetonitrile (CH3CN), rt;

(e) trifluoroacetic acid (TFA), DCM, rt; (c, f) 10 % NaOH, MeOH, 50 �C; (d, g) bromides, NaHCO3, DMF, 50 �C.

DeepSA promotes the discovery of novel anti-inflammatory dental local anesthetics 3091
Despite other compounds showing promise in previous studies,
their efficacy is significantly reduced during inflammation.
Notably, only AT-17 (83.3 min) maintained a longer duration of
action under these conditions, markedly outperforming AT
(30 min) (Fig. 3E and F). In the acute inflammation model through
a plantar incision41, AT underperformed, whereas AT-13 and AT-
17 demonstrated improved results, which is consistent with the
findings from the CFA model (Fig. 3G and H).

2.5. Pharmacodynamic evaluation of AT-17 in orofacial pain
models

These results identified AT-17 as a superior local anesthetic,
guiding its focus in future research. To assess the effectiveness of
AT-17 in dental procedures, we employed orofacial pain models
such as dental pulp injury, gingival incision, and tooth extraction
(Fig. 4A). We evaluated anesthetic effectiveness by monitoring
postoperative changes in food intake, body weight, and frequency
of facial grooming. In the dental pulp injury model (Fig. 4B), AT
and AT-17 demonstrated similar face grooming frequencies,
suggesting comparable anesthetic intensities; however, AT-17 was
more effective in reducing weight loss and pain-related decreases
in food intake. In the gingival incision model (Fig. 4C), both AT
and AT-17 significantly lowered the face grooming frequency,
with AT-17 showing markedly better performance and a more
pronounced recovery in body weight and food intake. The tooth
extraction model (Fig. 4D) echoed these findings, with AT-17
significantly mitigating weight loss and food intake. In the dental
pulp injury model and tooth extraction model, the observation of
facial grooming frequency occurs during the onset of anesthesia.
This result only indicates that both compounds have effective
anesthesia effects and cannot be used to compare the differences
in anesthesia potency between the two groups. Therefore, it is
possible that there may be no statistically significant difference
between the AT group and the AT-17 group. Overall, the results
highlight the superior efficacy of AT-17 in alleviating oral
surgery-induced eating disruptions compared to AT.

2.6. Electrophysiology of AT-17

To explore the anesthetic mechanism of AT-17, we investigated its
effects on sodium channels, which are key targets for local
anesthesia. Using whole-cell patch clamp techniques, we assessed
the inhibitory effects of AT and AT-17 on NaV currents in rat
dorsal root ganglion (DRG) and trigeminal neuron (TG) neurons.
We observed a dose-dependent reduction in the peak current



Table 1 The NaV binding affinity of the R2 group.

Compd. R2 k0 Compd. R2 k0

NaV1.7 NaV1.8 NaV1.5 NaV1.7 NaV1.8 NaV1.5

AT 33 51 63 AT-6 12 15 28

AT-1 59.2 32 80.8 AT-7 5.8 12 24

AT-2 74.2 3.2 92 AT-8 5.8 44 36.8

AT-3 10.6 37 1.1 AT-9 6.8 12.8 48.6

AT-4 77 43 71.2 AT-10 0 0.4 0

AT-5 4.8 11 18.4
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amplitude for both compounds. Notably, the IC50 of AT-17 was
31.60 � 2.07 mmol/L in DRG neurons and 23.63 � 1.11 mmol/L
in TG neurons, substantially lower than that of AT
(71.24 � 3.06 mmol/L and 34.66 � 1.17 mmol/L, respectively),
indicating stronger inhibition (Fig. 5A and B, Supporting
Information Fig. S2A and S2B). Further experiments were con-
ducted using HEK293T cells expressing NaV1.7, NaV1.8, or
NaV1.5. AT-17 showed more potent inhibition of NaV1.7 and
Table 2 The NaV binding affinity of the R4 group and the linker.

Compd. R4 k0

NaV1.7 NaV1.8 NaV1.5

AT-11 Me 83.2 49 8

AT-12 Et 4.6 43 1.2

AT-13 i-Pr 94 55 23.2

AT-14 5.4 115 22

AT-15 t-Bu 0.2 0 116.4

AT-16 n-Pr 6 55 42.4
NaV1.8, with lower IC50 values than AT, suggesting superior ef-
ficacy. AT-17 exhibits a higher IC50 value for NaV1.5, indicating
its selective inhibition and potentially enhanced cardiac safety
(Fig. 5D‒F).

We continued to record the action potentials evoked by
depolarizing currents in the DRG neurons. Neither AT-17 nor AT
altered the resting membrane potential (RMP), indicating their
effects were specific to sodium channels and did not affect the
Compd. R4 k0

NaV1.7 NaV1.8 NaV1.5

AT-17 n-Bu 163 122 22.4

AT-18 Ph 29.2 45 57.8

AT-19 4.6 41 92

AT-20 107 67 92

AT-21 i-Pr 3 1.4 5.8

AT-22 i-Pr 82.6 63 21.4



Table 3 The NaV binding affinity of the R2 and R3 group.

Compd. R2 R3 k0

NaV1.7 NaV1.8 NaV1.5

AT-23 Me 14 2.6 43.6

AT-24 Me 0 3.0 27.6

AT-25 Me 0 1.2 12.1

AT-26 Me 104.2 44 72.4

AT-27 Et 52.8 23 0.6

AT-28 n-Pr 81.4 29 38

AT-29 n-Bu 73 26 35

AT-30 i-Bu 4.4 0 105.4

DeepSA promotes the discovery of novel anti-inflammatory dental local anesthetics 3093
potassium channels (Fig. 5G). Both compounds increased the
rheobase current needed to trigger the first action potential, with
AT-17 requiring a higher threshold intensity than AT, suggesting
a stronger inhibition of DRG neuron excitability (Fig. 5H). Both
drugs also reduced the number of action potentials to double the
rheobase current, with AT-17 showing a more pronounced
reduction in action potential amplitude, indicating its superior
inhibitory effect (Fig. 5I and J). The current-voltage (I‒V)
relationship confirmed a significant shift for AT-17, with a
36.35% reduction in the peak current compared to AT (Fig. 5C).
In TG neurons, neither AT-17 nor AT affected the RMP, rein-
forcing their specificity for sodium channels. AT-17 caused a
notable increase in rheobase currents and reduced the number of
action potentials more effectively than AT, demonstrating its
potential to lower TG neuronal excitability (Fig. S2D and S2E).
The amplitude of evoked action potentials was significantly
attenuated by both compounds, with the I‒V relationship
showing a 10.56% reduction in peak current for AT-17 compared
to AT, suggesting a heightened inhibitory effect on sodium
currents in TG neurons (Fig. S2F and S2C). These findings
indicate that AT-17 effectively inhibits sodium currents in both
DRG and TG neurons, contributing to its higher anesthetic
efficacy.

2.7. Molecular dynamics simulation

To further evaluate the differences between AT and AT-17 when
binding with NaV1.7 and NaV1.8, we conducted a 200 ns mo-
lecular dynamics simulation analysis. Stability was assessed using
Root Mean Square Deviations (RMSDs), with the systems stabi-
lizing after approximately 100 ns (Supporting Information
Fig. S3A‒S3D). In the NaV1.8 complex, NaV1.8-AT-17 showed
a notably lower RMSD than NaV1.8-AT, indicating higher sta-
bility, whereas the differences between AT and AT-17 in NaV1.7
were minimal. The ligand RMSD values of the respective systems
were similar. Root Mean Square Fluctuation (RMSF) and Radius
of Gyration (Rg) analyses revealed conformational changes in the
ion channel transmembrane domain, particularly a distinct rota-
tional expansion in NaV1.8-AT-17 (Fig. S3E‒S3H). In both the
NaV1.7 and NaV1.8 complexes, RMSF changes were similar for
AT and AT-17, suggesting sequence conservation. However, only
in NaV1.8-AT-17 we observed significant rotational expansion.
Binding mode analysis (Fig. 6A‒D) showed that AT and AT-17
obstructed ion penetration into the central cavity, with AT-17
causing greater steric hindrance. AT forms hydrogen bonds and
p‒sulfur interactions, whereas AT-17 establishes a hydrophobic
barrier with the surrounding amino acids. Binding free energy
calculations favored AT-17 over AT with NaV1.7 and NaV1.8,
showing a three-fold difference from NaV1.7 (Table 4). Although
AT-17 increased the steric hindrance and polar solvation energy,
its strong hydrophobic interactions, driven by van der Waals
forces, provided greater stability in the binding cavity. Amino acid
residue energy decomposition analysis revealed the distinct con-
tributions of AT and AT-17 to the binding of key residues
(Supporting Information Fig. S4I and S4G). These computational
findings support our earlier experimental results, confirming the
superior inhibition of AT-17 by NaV1.7 and NaV1.8 compared to
AT.



Figure 3 The evaluation of local anesthesia effects in vivo. (A) Duration of effectively block (�50 % maximum possible effect, MPE) and

completely block (100 % MPE) in cutaneous trunci pinprick model. The block duration of every compound compared with AT. (B) Statistics of

the area under the curve of MPE. (C) Duration of effectively block and completely block in sensory evaluation of sciatic nerve block model; (D)

Extensor postural thrust force in motor evaluation of sciatic nerve block model; (E, F) Chronic plantar inflammatory pain model induced by CFA,

(E) duration of anesthesia in CFA-induced chronic inflammation model, (F) statistics of the area under the curve of (E); (G, H) Plantar incisional

pain model, (G) duration of anesthesia in the plantar incisional pain model, (H) Statistics of the area under the curve of (G). Data were expressed

as mean � SEM, n Z 6; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, vs. AT group.
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2.8. Anti-inflammation effect of AT-17

We further investigated the anti-inflammatory activity of AT-17
and compared it with commonly used local anesthetics. After
treating with lipopolysaccharide (LPS) for 24 h in DRG neurons
and PC12 cells, we found AT-17 significantly inhibited inflam-
matory factors (IL-1b, IL-6, TNFa), which was similar to LD and
stronger than AT (Fig. 7A, Fig. S4A). We also examined the AT-



Figure 4 Comparation of AT and AT-17 in oral pain models; (A) Establish evaluation procedure of oral animal pain model; (B) Effects of AT

and AT-17 on face grooming frequency (left), body weight (middle) and food intake (right) in dental pulp injury pain model; (C) Effects of AT and

AT-17 on face grooming frequency, body weight and food intake in gingival incision pain model; (D) Effects of AT and AT-17 on face grooming

frequency, body weight and food intake in tooth extraction pain model. Data are mean � SEM, n Z 6; *P < 0.05, **P < 0.01 and

****P < 0.0001.

DeepSA promotes the discovery of novel anti-inflammatory dental local anesthetics 3095



Figure 5 Electrophysiological effects of AT and AT-17 on sodium ion channels. (A) Inhibitory effects of AT and AT-17 on sodium current in

rat DRG neurons; (B) Dose-dependent reduction in the peak current amplitude of AT and AT-17 in rat DRG neurons; (C) the I‒V relationship of

AT and AT-17 in rat DRG neurons; (D) Inhibition of sodium current by AT and AT-17 in NaV1.7-HEK293T cells; (E) Inhibition of sodium current

by AT and AT-17 in NaV1.8-HEK293T cells; (F) Inhibition of sodium current by AT and AT-17 in NaV1.5-HEK293T cells; (G) Effect of AT and

AT-17 on resting membrane potential; (H) Effect of AT and AT-17 in the rheobase current (I); Effect of AT and AT-17 on the number of action

potentials at twice the rheobase current; (J) Effect of AT and AT-17 on the amplitude of evoked action potentials. Data are mean � SEM. n Z 6;

*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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Figure 6 Molecular dynamics simulation between AT/AT-17 and NaV1.7/1.8 (AeD). Binding mode of the AT with NaV1.7 (A), AT-17 with

NaV1.7 (B), AT with NaV1.8 (C), AT-17 with NaV1.8 (D). The dashed blue lines represent hydrogen bonds, the green lines represent p‒p in-

teractions and the yellow lines represent p‒sulfur interactions. Amino acid residues with key interactions are highlighted with a red background.
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17 effect on both chronic (LPS treatment followed by AT-17, LPS
(pre)) and acute (simultaneous LPS and AT-17 treatment for 24 h,
LPS (co)) inflammation models and observed substantial inhibi-
tion of inflammatory factor expression in nerve cells, more so than
in immune cells (RAW 264.7 cells), as confirmed by ELISA re-
sults (Fig. S4C‒S4E).

As IL-1b production is mainly regulated post-translationally, we
examined the effects of AT-17 on NLRP3 inflammasome activation.
Regarding IL-1b production and NLRP3 inflammasome activation,
AT-17modestly reduced NLRP3, ASC, and pro-Casp1 expression in
both acute and chronic conditions anddecreasedCasp1p20 secretion,
with lesser effects in RAW264.7 cells (Fig. 7B, Fig. S4B).AT-17 also
inhibits LPS-induced ASC speck formation, indicating a reduction in
inflammasomeassembly (Fig. 7C,Supporting InformationFig. S5A).
What’s more, another important function of NLRP3 and caspase 1 is
to lyseGSDMDprotein to form the activeN-terminal andC-terminal,
and GSDMD-N mediates cell membrane lysis and pyroptosis42,43.
Thus, we examined whether pyroptosis occurred in nerve cells after
LPS stimulation and whether our new drug could inhibit this pyrop-
tosis. We found that LPS lysed GSDMD protein and increased the
expression of N-terminal GSDMD protein, while AT-17 could
improve the increased N-terminal GSDMD expression (Supporting
Information Fig. S11). Thus, we suggested that AT-17 could
improve LPS-induced pyroptosis. We further explored the mecha-
Table 4 Binding free energy of AT and AT-17 binding with NaV1.7

Compd. Coul energy van der Waals energy

NaV1.7 AT 32.362 ‒116.651
AT-17 ‒64.874 ‒171.107

NaV1.8 AT ‒60.771 ‒134.140
AT-17 ‒59.956 ‒147.723
nism of action of AT-17 on NLRP3 inflammasome by focusing on
oxidized mitochondrial DNA (oxmtDNA), which activates NLRP3.
AT-17 reduced LPS-induced ROS production, cytoplasmic mtDNA
release, and 8-hydroxydeoxyguanosine (8-OHdG) levels, which are
markers of oxidative stress (Fig. 7D‒F, Fig. S5B‒S5D). This effect
was partially reversed by tert-butyl hydroperoxide (t-BHP, a ROS
activator) and enhanced by mito-TEMPO (a mtROS scavenger)
(Fig. 7G, Fig. S5E). t-BHP and mito-TEMPO also influence NLRP3
inflammasome activation, reversing or enhancingAT-17 respectively
(Fig. 7H,Supporting InformationFigs. S5F‒S5G, S6, S8, S9).Lastly,
we investigated the effect ofAT-17 on IL-6 and TNFa, exploring the
NF-kB, MAPK, and JNK pathways44,45. Using pathway activators
(Betulinic acid for the NF-kB pathway, Skatole for the MAPK
pathway and Anisomycin for JNK pathways), we found the MAPK
pathway played a significant role in AT-17 inhibitory effect on LPS-
induced IL-6 and TNFa expressions in nerve cells (Supporting
Information Fig. S7). In conclusion, AT-17 reduced inflammation
by decreasing mitochondrial ROS production and inhibiting NLRP3
inflammasome assembly.

2.9. In vivo toxicity assessment

In our safety evaluation, we initially assessed the systemic toxicity of
AT-17 by intravenous and subcutaneous administration. When
and NaV1.8 (kcal/mol).

Polar solvation energy SASA energy DGbind

59.490 ‒21.126 ‒5.388
150.068 ‒28.221 ‒17.346
108.851 ‒22.588 ‒17.794
120.305 ‒27.725 ‒23.380



Figure 7 Anti-inflammatory effects of AT-17 in DRG neurons. (A) RT-qPCR investigated the role of AT, AT-17 and LD on the expressions of

IL-1b, IL-6, and TNFa with LPS treatment. (B) The role of AT-17 on the expressions of NLRP3, ASC and pro-Casp1 in DRG neurons. (C) The

role of AT-17 on the formation of ASC speck in DRG neurons. (D) The role of AT-17 on the production of ROS in DRG neurons. (E) The role of

AT-17 on the cytoplasmic release of mtDNA in DRG neurons. (F) The role of AT-17 on the level 8-ohdg in DRG neurons. (G) The role of t-BHP

and mito-TEMPO on the function of AT-17 on the production of LPS-caused ROS in both chronic (top) and acute (bottom) inflammation

conditions. (H) The role of t-BHP and mito-TEMPO on the function of AT-17 on the IL-1b expressions in chronic (left) and acute (right)

inflammation conditions. Data are mean � SEM; *P < 0.05, **P < 0.01 and ***P < 0.001. Scale bar Z 10 mm.
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Table 5 Toxicological evaluation of AT and AT-17.

Compd. LD50 (mg/kg) ED50 (mg/kg) TIa

i.v. s.c. s.c.

AT 38.32 597.72 4.75 125.83

AT-17 43.53 423.64 2.84 149.17

aTI Z LD50/ED50.
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administered intravenously via the tail vein (i.v.) in ICRmice,AT-17
showed a median lethal dose (LD50) of 43.53 mg/kg, indicating a
more favorable safety profile than AT in this model. For subcu-
taneous injections (s.c.) in SD rats, The LD50 of AT-17 was
423.64 mg/kg (Table 5), whereas AT was higher at 597.72 mg/kg.
Themedian effective dose (ED50) for s.c. was 4.75mg/kg forATand
2.84 mg/kg for AT-17. Consequently, the therapeutic index (TI) of
Figure 8 Toxicity of AT-17. (A) Hematoxylin-eosin (HE) pathological

nerve block model; (B) After administration, the blood biochemical index

and AT-17 group. (C) HE results of inferior alveolar nerve and surroundin

administration showed no obvious organic changes; (E) Computer software

�) and inferior alveolar nerve (40 �). Data are mean � SEM; n Z 6; *P <

50 mm (20 �), 25 mm (40 �).
AT-17 is higher. Biochemical analyses of blood samples obtained
from rats 7 days and 14 days post-administration evidenced no
marked differences in ALT, AST, LDH, a-HBDH, CREA, or UREA
levels between the control group and AT-17 (Fig. 8B).

Local anesthetic toxicity in the nerves and organs was
assessed, local reactions post-injection were not observed. Histo-
pathological analysis of the sciatic and inferior alveolar nerves, as
images of nerve and surrounding tissue after administration of sciatic

es including AST, ALT, LDH, a-HBDH, CREA, UREA of AT group

g tissue; (D) HE pathological images of important organs of rats after

is used to count the number of inflammatory cells in sciatic nerve (20

0.05, **P < 0.01 and ****P < 0.0001. Scale bar Z 100 mm (10 �),
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well as adjacent tissues, showed no evidence of necrosis
(Fig. 8AeC). Quantitative analysis using ImageJ software
demonstrated that the number of inflammatory cells in tissues
treated with AT-17 was significantly lower than that in tissues
treated with AT. Notably, the inflammatory cell density in the
inferior alveolar nerve was similar for both compounds (Fig. 8E).

To further substantiate these findings, we conducted patho-
logical assessments of the heart, liver, and kidney following local
AT-17 administration to the sciatic nerve post-injection and found
no significant pathological changes compared with the control
group (Fig. 8D). We evaluated its effect on the hERG channel, a
common toxicological target of various substances46. We
measured the inhibition of the hERG potassium current by AT-17
with an average inhibition rate of 37.985%, potentially contrib-
uting to its lower toxicity (Fig. S9). In summary, the results
indicated a higher systemic and local safety profile of AT-17.

2.10. Pharmacokinetic properties of AT-17

To investigate the pharmacokinetic parameters of AT-17, liver mi-
crosomes were first co-incubated with AT-17 in vitro, revealing a
time-dependent decrease in AT-17 levels across various species
(Supporting Information Fig. S12A). Additionally, themetabolic rate
of AT-17 in rat liver microsomes (t1/2 Z 1.032 h) closely resembled
that in human liver microsomes (t1/2 Z 1.247 h, Fig. S12B). Given
that the animal models used in this study were all rats, subsequent
measurements were carried out to assess changes in blood concen-
trations following subcutaneous injection ofAT-17 in rats. The t1/2 of
AT-17 is 0.823h, the time to reach themaximumconcentration (Tmax)
is 1.00 h, and the area under the plasma concentration-time curve
(AUC0‒t) is 5549h$ng/mL (Supporting InformationTableS2). These
findings indicate thatAT-17 can be metabolically stable in rats, does
not exhibit accumulation, and probably possesses potential pharma-
cokinetic properties.
3. Conclusions

Multifunctional drugs have been proven effective in addressing the
limitations of drugs with single or insufficient therapeutic effects.
However, the integration of different pharmacophores within a
confined single-molecule scaffold is challenging. In this study, we
propose DeepSA, a novel deep-simulated annealing framework, to
generate molecules for the development of multifunctional drugs.
DeepSA integrates deep neural networks into metaheuristics (i.e.,
simulated annealing) to restrict molecular space and improve explo-
ration efficiency. We used DeepSA to generate articaine derivatives
with anesthetic and anti-inflammatory effects. Based on the pool of
generated derivatives,AT-17was through diversevalidations invivo. In
electrophysiological experiments, we found that this compound had
more advantages than articaine in inhibiting sodium ion channels and
could selectively inhibit NaV1.7 and NaV1.8. In an investigation of the
anti-inflammatory mechanism, this compound showed different func-
tions in inhibiting the release of inflammatory cytokines in nerve cells
compared to other local anesthetic drugs. Collectively, we developed
an edit-based generative framework named DeepSA that utilizes deep
simulated annealing to augment the ideal property by screening, which
can be used to develop multifunctional drugs in the future. AT-17
discovered based on this strategy can serve as a novel lead compound
for local dental anesthetics that warrants further studies.

Despite the advantages of our method, this study has several
limitations. Firstly, sinceDeepSA is ametaheuristic search algorithm
toward an objective function, the generation quality of the DeepSA
framework depends on the precise approximation of the objective.
Secondly, the performance of DeepSA is sensitive to the initial
molecules from where DeepSA starts. If the initial molecules are far
from the optimal one (i.e., with a high-scored objective value), the
editing processwould be complicated, hindering the generation of the
desired molecules. In the future, we will explore causal learning
techniques to enhance the planning ability of DeepSA.

4. Experimental

4.1. Implementation details of DeepSA

The hyperparameters utilized in the DeepSA model are as follows:
Tinit Z 1:0, the decreasing rate C is set at 0.005, and the number of
iterations for a search process N is specified as 50. The anti-
inflammatory predictor was a three-layer message-passing neural
network with hidden size of 300 and achieved convergence after
43 training epochs, yielding an overall test RMSE of 0.87 and a
Pearson’s correlation coefficient of 0.82. Regarding the editing
operations, “replacement” involves substituting the atom at posi-
tion k, “insertion” encompasses the addition of new atoms and
corresponding chemical bonds to the original molecule, “deletion”
entails the removal of the atom at position k and its attached
chemical bonds, and “cyclization” denotes connecting two atoms
to form a ring structure. In our pursuit of discovering novel dental
anesthetics with more complex structures than articaine, our focus
is on specific operations. Notably, the selection of operations is
guided by varying probabilities: replacement: insertion: deletion:
cyclization Z 0.2: 0.5: 0.1: 0.2. Specifically, for our objectives,
the higher probabilities assigned to “insertion” and “cyclization”
align with the desired emphasis on adding complexity through the
creation of new atoms and ring structures.

4.2. Virtual screening based on deep learning models

The active bases of the 433 generated molecules were subsequently
initially verified by molecular docking in Discovery Studio 2019
(Accelrys, San Diego, CA, USA). The structures of NaV1.7 com-
plexed with IN2 (PDB ID: 7xmf47, resolution: 3.07) and NaV1.8
complexed with Amury803467 (PDB ID: 7we448, resolution: 2.70)
were obtained from the Protein Data Bank. The binding site for local
anesthetics in NaV1.7 and NaV1.8 was found to be located within the
inner lumen of the channel pore and defined the circular docking box
using Define Site. The 433 candidate molecules were converted into
minimized 3D structures using the Ligand Preparation tool imple-
mented. CDOCKER algorithm was used to perform docking mini-
mization of the ligands into the defined binding site. The retrieved
dockedposeswere submitted to in situ ligandminimizationwithin the
binding pocket to calculate the binding energy and complex energy of
each pose. The results were visualized and analyzed using tools
implemented in Discovery Studio 2019.

4.3. Chemistry

All starting materials and reagents were commercially available
and used without further purification. All reactions were moni-
tored by thin-layer chromatography (TLC) on a silica gel GF254
(0.25 mm, Qingdao Ocean Chemical, Ltd., China). Column
chromatography (CC) was performed on a silica gel (200�300
mesh, Qingdao Ocean Chemical, Ltd., China). 1H and 13C NMR
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spectra were recorded with a Bruker 400 MHz/100 MHz NMR
spectrometer (Bruker, German) and referenced to deuterium oxide
(D2O), deuterated methanol (CD3OD) or deuterated chloroform
(CDCl3). Chemical shifts are expressed in ppm. In the NMR
tabulation, s indicates singlet; d, doublet; t, triplet; q, quartet; and
m, multiplet. High-performance liquid chromatography (HPLC)
analyses were performed on a Shimadzu HPLC system (Shi-
madzu, Japan) operating in a reverse mode with an MLtimate XB-
C18 column (4.6 mm � 250 mm, 5 mm) using a water/methanol
(each with 0.1% (v/v) trifluoroacetic acid) gradient at a flow rate at
1.0 mL/min. The purities of all final compounds were determined
to be � 95% by HPLC.
4.3.1. General procedure for the preparation of intermediates
2a‒2c
Methyl 3-amino-4-methylthiophene-2-carboxylate (1.0 eq.) and
K2CO3 (2.0 eq.) were added to DCM and acyl bromide (1.3 eq.)
diluted with DCM was dropped at �20 �C. The mixture was
stirred for 24 h at room temperature. After being washed with
water three times and dried by anhydrous Na2SO4, the solution
was concentrated and PE was added. After sitting overnight and
filtered, the target product was given.

Methyl 3-(2-bromopropanamido)-4-methylthiophene-2-carboxy-
late (2a). Yield: 97.8%, off-white solid. 1H NMR (400 MHz,
CDCl3) d 9.28 (s, 1H), 7.14 (s, 1H), 4.55 (q, J Z 7.0 Hz, 1H), 3.86
(s, 3H), 2.16 (s, 3H), 1.95 (d, JZ 7.0 Hz, 3H).

Methyl 3-(2-bromoacetamido)-4-methylthiophene-2-carboxy-
late (2b). Yield: 88.8%, white solid. 1H NMR (400 MHz,
CDCl3) d 9.42 (s, 1H), 7.17 (s, 1H), 4.04 (s, 2H), 3.88 (s, 3H), 2.19
(d, J Z 1.0 Hz, 3H).

Methyl 3-(2-bromobutanamido)-4-methylthiophene-2-carboxy-
late (2c). Yield: 87.0%, white solid. 1H NMR (400 MHz,
CDCl3) d 9.32 (s, 1H), 7.16 (s, 1H), 4.39 (dd, J Z 7.8, 5.7 Hz,
1H), 3.88 (s, 3H), 2.32e2.08 (m, 5H), 1.13 (t, J Z 7.3 Hz, 3H).
4.3.2. General procedure for the preparation of intermediates
4a‒4e
To a solution of tert-butyl 1-piperazinecarboxylate (1.0 eq.) and
K2CO3 (2.0 eq.) in CH3CN, the bromide (1.2 eq.) was added into
the mixture. The mixture was stirred at room temperature over-
night. After filtered, the mixture was concentrated under reduced
pressure and purified by chromatography (PE/EA Z 4:1). Then,
TFA/DCM (1:1) was added, and the reaction mixture was stirred
at room temperature for 1 h. The solution was concentrated to give
the target product without further purification.

1-(Cyclopropylmethyl)piperazine (4a). Yield: 96.9%, colorless
oil. 1H NMR (400 MHz, CD3OD) d 3.83e3.52 (m, 8H), 3.17
(d, J Z 7.4 Hz, 2H), 1.20e1.08 (m, 1H), 0.82e0.76 (m, 2H), 0.46
(dt, J Z 6.2, 4.7 Hz, 2H).

1-Propylpiperazine (4b). Yield: 74.6%, colorless oil. 1H NMR
(400 MHz, CD3OD) d 3.62e3.38 (m, 8H), 3.15e3.06 (m, 2H),
1.83e1.69 (m, 2H), 1.02 (t, J Z 7.4 Hz, 3H).

1-Butylpiperazine (4c). Yield: 74.2%, colorless oil. 1H NMR
(400 MHz, CD3OD) d 3.57 (s, 8H), 3.25e3.17 (m, 2H), 1.79e1.68
(m, 2H), 1.49e1.37 (m, 2H), 1.00 (t, J Z 7.4 Hz, 3H).

2-(Piperazin-1-yl)ethan-1-ol (4d). Yield: 26.7%, colorless oil.
1H NMR (400 MHz, CD3OD) d 3.90e3.82 (m, 2H), 3.55e3.40
(m, 8H), 3.23e3.16 (m, 2H).

1-(2-Methoxyethyl)piperazine (4e). Yield: 53.0%, colorless oil.
1H NMR (400 MHz, D2O) d 3.68e3.62 (m, 2H), 3.47 (s, 8H),
3.33e3.29 (m, 2H), 3.25 (s, 3H).
4.3.3. Synthetic sequence for tert-butyl 4-(1-((2-
(methoxycarbonyl)-4-methylthiophen-3-yl)amino)-1-oxopropan-2-
yl)piperazine-1-carboxylate (intermediate AT-1-Boc)
To a solution of compound 2a (2.0 g, 6.53 mmol) and K2CO3

(1.81 g, 13.06 mmol) in 30 mL DMF/CH3CN (1:1), tert-butyl
piperazine-1-carboxylate (1.46 g, 7.84 mmol) was added into the
mixture. The mixture was stirred at room temperature for 9 h. The
mixture was concentrated, diluted with 100 mL DCM, washed
with 100 mL water four times, dried over Na2SO4, filtered, and
concentrated. The residue was purified by chromatography (DCM/
MeOH Z 50:1) to yield AT-1-Boc (2.68 g, 99.7%) as a colorless
oil. 1H NMR (400 MHz, CDCl3) d 10.03 (s, 1H), 7.12 (s, 1H), 3.83
(s, 3H), 3.66e3.52 (m, 4H), 3.23 (q, J Z 7.0 Hz, 1H), 2.71e2.46
(m, 4H), 2.17 (d, J Z 1.0 Hz, 3H), 1.47 (s, 9H), 1.33
(d, J Z 7.0 Hz, 3H).

4.3.4. Synthetic sequence for methyl 4-methyl-3-(2-(piperazin-
1-yl)propanamido)thiophene-2-carboxylate (final compounds
AT-1)
To a solution of compound AT-1-Boc (2.68 g, 6.51 mmol) in 10 mL
1,4-dioxane, hydrogen chloride 1,4-dioxane (4 mol/L; 4 mL,
16mmol)was added. Themixturewas stirred at room temperature for
5 h andgave awhite precipitate.After filtered, the residuewaswashed
by 1,4-dioxane to affordAT-1 (2.0 g, 79.8%) as a white oil. 1H NMR
(400 MHz, D2O) d 7.47 (d, J Z 10.8 Hz, 1H), 4.52e4.33 (m, 1H),
3.92e3.79 (m, 5H), 3.78e3.65 (m, 6H), 2.18e2.02 (m, 3H), 1.80 (d,
J Z 7.0 Hz, 3H). 13C NMR (101 MHz, D2O) d 168.20, 163.08,
163.04, 136.64, 136.61, 128.43, 124.49, 124.44, 64.24, 52.52, 46.97,
40.89, 40.86, 13.95, 13.91, 12.84, 12.80. HRMS (ESI) m/z: calcd for
C14H22N3O3S, 312.1376; found 312.1367 [M þ H]þ. HPLC purity:
99.543%, tR Z 17.497 min.

4.3.5. General procedure for the preparation of final compounds
AT-2‒13, 15, 21‒26
To a solution of intermediates 2a‒2c (1.0 eq.) and K2CO3 (2.0
eq.) in DMF, the amines (1.2 eq.) were added into the mixture, and
the reaction was stirred at 50 �C for 3e5 h. After the solution was
cooled, diluted DCM, washed with water four times, dried over
anhydrous Na2SO4, filtered, and concentrated. The residue was
purified by chromatography (DCM/MeOH Z 40:1) to yield the
target product. Hydrochloric acid solution (2 mol/L) was added to
a solution of the target product in MeOH, and the reaction was
stirred at room temperature for 1 h. After concentrated under
reduced pressure, the residue was dissolved in water, filtered, and
freeze dried to give hydrochloride compound.

Methyl 3-(2-(3,4-dimethylpiperazin-1-yl)propanamido)-4-met-
hylthiophene-2-carboxylate (AT-2). Yield: 52.3%, pale-yellow
oil. 1H NMR (400 MHz, CDCl3) d 9.87 (d, J Z 18.2 Hz, 1H),
7.10 (s, 1H), 3.82 (s, 3H), 3.26e3.08 (m, 1H), 2.92e2.73 (m, 3H),
2.65e2.41 (m, 2H), 2.31 (s, 3H), 2.26e2.02 (m, 5H), 1.32 (dd,
J Z 7.0, 2.5 Hz, 3H), 1.07 (dd, J Z 8.7, 6.2 Hz, 3H). 13C NMR
(101 MHz, CDCl3) d 172.61, 172.45, 162.74, 141.86, 141.80,
136.25, 127.00, 118.52, 118.43, 64.75, 64.68, 59.98, 58.02, 57.93,
55.85, 54.83, 52.68, 51.74, 47.88, 42.45, 42.41, 15.54, 15.48,
12.72, 12.10. HRMS (ESI) m/z: calcd for C16H26N3O3S,
340.1689; found 340.1679 [M þ H]þ. HPLC purity: 99.293%,
tR Z 18.441 min.

Methyl 4-methyl-3-(2-(piperidin-1-yl)propanamido)thiophene-
2-carboxylate (AT-3). Yield: 74.0%, 74.0%. Pale-yellow solid,
m.p. 63e64 �C. 1H NMR (400 MHz, CDCl3) d 10.01 (s, 1H), 7.10
(s, 1H), 3.83 (s, 3H), 3.20 (q, J Z 7.0 Hz, 1H), 2.76e2.41
(m, 4H), 2.16 (d, J Z 1.0 Hz, 3H), 1.77e1.62 (m, 4H), 1.54e1.42
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(m, 2H), 1.31 (d, J Z 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3)
d 172.95, 162.71, 141.79, 136.20, 126.94, 118.55, 65.39, 51.78,
51.42, 26.24, 24.25, 15.57, 11.71. HRMS (ESI) m/z: calcd for
C15H23N2O3S, 311.1424; found 311.1413 [M þ H]þ. HPLC pu-
rity: 95.461%, tR Z 17.941 min.

Methyl 3-(2-(3,5-dimethylpiperidin-1-yl)propanamido)-4-met-
hylthiophene-2-carboxylate (AT-4). Yield: 80.8%, colorless oil.
1H NMR (400 MHz, D2O) d 7.46 (s, 1H), 4.20 (q, J Z 6.9 Hz,
1H), 3.83 (s, 3H), 3.67e3.55 (d, J Z 11.5 Hz, 1H), 3.42
(d, J Z 11.4 Hz, 1H), 2.75 (t, J Z 12.0 Hz, 1H), 2.61
(t, J Z 12.0 Hz, 1H), 2.08 (s, 3H), 2.04e1.84 (m, 3H), 1.74
(d, J Z 7.0 Hz, 3H), 1.01e0.84 (m, 7H). 13C NMR (151 MHz,
D2O) d 168.75, 163.06, 136.69, 136.59, 128.34, 124.47, 64.17,
57.70, 55.18, 52.44, 38.27, 29.04, 28.70, 17.65, 17.58, 13.80,
12.74. HRMS (ESI) m/z: calcd for C17H27N2O3S, 339.1737; found
339.1732 [M þ H]þ. HPLC purity: 96.029%, tR Z 19.084 min.

Methyl 4-methyl-3-(2-morpholinopropanamido)thiophene-2-
carboxylate (AT-5). Yield: 51.0%, colorless oil. 1H NMR
(400 MHz, CDCl3) d 10.00 (s, 1H), 7.18e7.02 (m, 1H), 3.91e3.77
(m, 7H), 3.16 (q, J Z 7.0 Hz, 1H), 2.72e2.53 (m, 4H), 2.15 (d,
J Z 0.9 Hz, 3H), 1.34 (d, J Z 7.0 Hz, 3H). 13C NMR (101 MHz,
CDCl3) d 172.31, 162.87, 141.96, 136.11, 127.25, 127.21, 118.00,
67.14, 65.39, 51.86, 51.79, 50.71, 15.68, 15.64, 12.74, 12.71.
HRMS (ESI) m/z: calcd for C14H21N2O4S, 313.1217; found
313.1210 [M þ H]þ. HPLC purity: 99.358%, tR Z 16.611 min.

Methyl 4-methyl-3-(2-(3-methylmorpholino)propanamido)thio-
phene-2-carboxylate (AT-6). Yield: 21.0%, white oil. 1H NMR
(400 MHz, CDCl3) d 10.19 (s, 1H), 7.11 (s, 1H), 3.92e3.74
(m, 7H), 3.42 (dd, J Z 10.8, 9.1 Hz, 1H), 2.85e2.76 (m, 1H),
2.68e2.55 (m, 2H), 2.16 (s, 3H), 1.26 (d, J Z 7.0 Hz, 3H), 1.07
(d, J Z 6.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 172.50,
162.81, 142.20, 136.06, 127.13, 117.76, 73.36, 67.36, 58.11,
52.22, 51.77, 46.64, 15.75, 14.23, 8.67. HRMS (ESI) m/z: calcd
for C15H23N2O4S, 327.1373; found 327.1364 [M þ H]þ. HPLC
purity: 95.906%, tR Z 15.160 min and 16.403 min.

Methyl 3-(2-(3,5-dimethylmorpholino)propanamido)-4-meth-
ylthiophene-2-carboxylate (AT-7). Yield: 77.1%, colorless oil.
1H NMR (400 MHz, D2O) d 7.48 (s, 1H), 4.27 (q, J Z 6.8 Hz,
1H), 4.15e3.98 (m, 2H), 3.84 (s, 3H), 3.68 (d, J Z 12.2 Hz, 1H),
3.52 (d, J Z 12.1 Hz, 1H), 3.02 (t, J Z 11.6 Hz, 1H), 2.92
(t, J Z 11.7 Hz, 1H), 2.09 (s, 3H), 1.76 (d, J Z 6.9 Hz, 3H), 1.27
(dd, J Z 14.0, 6.3 Hz, 6H). 13C NMR (151 MHz, D2O) d 168.18,
163.02, 136.54, 136.52, 128.32, 124.49, 69.52, 64.51, 55.06,
52.85, 52.41, 17.40, 17.28, 13.68, 12.68. HRMS (ESI) m/z: calcd
for C16H25N2O4S, 341.1530; found 341.1523 [M þ H]þ. HPLC
purity: 98.351%, tR Z 16.100 min.

Methyl 4-methyl-3-(2-(2,2,6-trimethylmorpholino)propanami-
do)thiophene-2-carboxylate (AT-8). Yield: 61.7%, colorless oil. 1H
NMR (400 MHz, CDCl3) d 9.96 (d, JZ 63.7 Hz, 1H), 7.12 (s, 1H),
4.23e4.12 (m, 1H), 3.82 (d, J Z 1.8 Hz, 3H), 3.30e2.99 (m, 1H),
2.85e2.68 (m, 1H), 2.68e2.53 (m, 1H), 2.34 (d, JZ 10.9 Hz, 1H),
2.17 (dd, J Z 3.0, 0.8 Hz, 3H), 1.92 (q, J Z 11.1 Hz, 1H), 1.44 (d,
JZ 8.9 Hz, 3H), 1.34 (d, JZ 7.0 Hz, 1H), 1.28 (d, JZ 7.0 Hz, 2H),
1.22 (d, JZ 3.6 Hz, 3H), 1.15e1.08 (m, 3H). 13C NMR (101 MHz,
D2O) d 168.36, 167.97, 163.07, 136.79, 136.64, 136.52, 136.45,
128.38, 128.34, 124.39, 71.72, 71.62, 65.08, 64.36, 63.70, 59.03,
55.57, 54.70, 52.97, 52.48, 52.40, 27.36, 27.09, 20.65, 17.71, 13.75,
12.73, 12.01. HRMS (ESI) m/z: calcd for C17H27N2O4S, 355.1686;
found 355.1680 [MþH]þ. HPLCpurity: 96.215%, tRZ 19.348min
and 19.955 min.

Methyl 4-methyl-3-(2-thiomorpholinopropanamido)thiophene-
2-carboxylate (AT-9). Yield: 88.9%. Colorless solid, m.p.
99e100 �C. 1H NMR (400 MHz, CDCl3) d 10.06 (s, 1H),
7.19e7.02 (m, 1H), 3.83 (s, 3H), 3.32 (q, J Z 7.0 Hz, 1H),
3.02e2.91 (m, 2H), 2.84 (d, JZ 6.4 Hz, 6H), 2.16 (d, JZ 0.9 Hz,
3H), 1.31 (d, J Z 7.0 Hz, 3H). 13C NMR (151 MHz, D2O)
d 168.22, 163.00, 136.61, 136.56, 128.32, 124.45, 64.02, 52.42,
24.19, 13.44, 12.71. HRMS (ESI) m/z: calcd for C14H21N2O3S2,
329.0988; found 329.0980 [M þ H]þ. HPLC purity: 96.255%,
tR Z 16.582 min.

Methyl 3-(2-(1,1-dioxidothiomorpholino)propanamido)-4-met-
hylthiophene-2-carboxylate (AT-10). Yield: 31.9%, pale-yellow
oil. 1H NMR (400 MHz, CDCl3) d 10.10 (s, 1H), 7.13
(d, J Z 1.2 Hz, 1H), 3.82 (s, 3H), 3.51 (q, J Z 7.0 Hz, 1H),
3.38e3.04 (m, 8H), 2.16 (d, JZ 1.0 Hz, 3H), 1.34 (d, JZ 7.0 Hz,
3H). 13C NMR (101 MHz, CDCl3) d 170.48, 163.40, 142.22,
135.87, 127.76, 117.27, 64.49, 52.02, 51.67, 48.49, 15.82, 10.85.
HRMS (ESI) m/z: calcd for C14H21N2O5S2, 361.0886; found
361.0879 [M þ H]þ. HPLC purity: 98.852%, tR Z 20.326 min.

Methyl 4-methyl-3-(2-(4-methylpiperazin-1-yl)propanamido)
thiophene-2-carboxylate (AT-11). Yield: 61.7%. Colorless solid,
m.p. 86e87 �C 1H NMR (400 MHz, CDCl3) d 9.87 (s, 1H),
7.17e7.00 (m, 1H), 3.81 (s, 3H), 3.18 (q, J Z 7.0 Hz, 1H),
2.77e2.46 (m, 7H), 2.36 (d, J Z 8.6 Hz, 1H), 2.30 (s, 3H),
2.17e2.08 (m, 3H), 1.31 (d, J Z 7.0 Hz, 3H). 13C NMR
(101 MHz, CDCl3) d 172.54, 162.72, 141.78, 136.20, 127.10,
127.02, 118.45, 64.84, 55.28, 51.86, 51.76, 46.10, 46.02, 15.60,
15.55, 12.59, 12.53. HRMS (ESI) m/z: calcd for C15H24N3O3S,
326.1533; found 326.1526 [M þ H]þ. HPLC purity: 98.402%,
tR Z 14.715 min.

Methyl 3-(2-(4-ethylpiperazin-1-yl)propanamido)-4-methylth-
iophene-2-carboxylate (AT-12). Yield: 88.4%, yellow oil. 1H
NMR (400 MHz, CDCl3) d 9.90 (s, 1H), 7.11 (d, J Z 0.9 Hz,
1H), 3.83 (s, 3H), 3.21 (q, J Z 7.0 Hz, 1H), 2.98e2.48 (m, 8H),
2.45 (q, J Z 7.2 Hz, 2H), 2.15 (d, J Z 0.9 Hz, 3H), 1.34
(d, J Z 7.0 Hz, 3H), 1.10 (t, J Z 7.2 Hz, 3H). 13C NMR
(151 MHz, D2O) d 174.13, 163.21, 137.88, 136.70, 128.09,
123.71, 63.16, 52.31, 51.94, 50.87, 13.61, 12.94, 8.52. HRMS
(ESI) m/z: calcd for C16H26N3O3S, 340.1689; found 340.1685 [M
þ H]þ. HPLC purity: 99.316%, tR Z 15.207 min.

Methyl 3-(2-(4-isopropylpiperazin-1-yl)propanamido)-4-meth-
ylthiophene-2-carboxylate (AT-13). Yield: 97.8%, colorless oil.
The preparation of hydrochloride compound was same as AT. 1H
NMR (400 MHz, CDCl3) d 9.93 (s, 1H), 7.19e7.01 (m, 1H), 3.83
(s, 3H), 3.20 (q, J Z 7.0 Hz, 1H), 2.87e2.49 (m, 9H), 2.16 (d,
J Z 0.9 Hz, 3H), 1.34 (d, J Z 7.0 Hz, 3H), 1.08 (d, J Z 6.5 Hz,
6H). 13C NMR (151 MHz, D2O) d 173.85, 163.22, 137.85, 136.69,
128.11, 123.71, 63.16, 58.43, 52.32, 47.62, 16.05, 13.64, 12.94.
HRMS (ESI) m/z: calcd for C17H28N3O3S, 354.1846; found
354.1840 [M þ H]þ. HPLC purity: 98.948%, tR Z 15.932 min.

Methyl 3-(2-(4-(tert-butyl)piperazin-1-yl)propanamido)-4-met-
hylthiophene-2-carboxylate (AT-15). Yield: 70.8%, white oil. 1H
NMR (400 MHz, CDCl3) d 9.91 (s, 1H), 7.10 (s, 1H), 3.81 (s, 3H),
3.17 (q, JZ 7.0 Hz, 1H), 2.90e2.42 (m, 8H), 2.14 (d, JZ 0.9 Hz,
3H), 1.32 (d, J Z 7.0 Hz, 3H), 1.08 (s, 9H). 13C NMR (101 MHz,
CDCl3) d 172.76, 162.70, 141.80, 136.19, 127.11, 127.04, 118.49,
64.83, 53.74, 51.83, 51.72, 45.84, 25.92, 25.86, 15.63, 15.58,
15.54, 12.74, 12.67. HRMS (ESI) m/z: calcd for C18H30N3O3S,
368.2002; found 368.1995 [M þ H]þ. HPLC purity: 98.050%,
tR Z 15.109 min.

Methyl 3-(2-(4-isopropylpiperazin-1-yl)acetamido)-4-methylt-
hiophene-2-carboxylate (AT-21). Yield: 46.3%, colorless oil. 1H
NMR (400 MHz, CDCl3) d 9.91 (s, 1H), 7.12 (s, 1H), 3.83 (s, 3H),
3.18 (s, 2H), 2.84e2.56 (m, 9H), 2.18 (s, 3H), 1.08 (d, J Z 6.5 Hz,
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6H). 13C NMR (101MHz, CDCl3) d 167.83, 161.70, 140.49, 135.23,
126.11, 117.67, 61.03, 53.47, 52.97, 50.77, 47.70, 17.65, 14.59.
HRMS (ESI)m/z: calcd forC16H26N3O3S, 340.1689; found 340.1679
[Mþ H]þ. HPLC purity: 97.830%, tR Z 17.898 min.

Methyl 3-(2-(4-isopropylpiperazin-1-yl)butanamido)-4-methy-
lthiophene-2-carboxylate (AT-22). Yield: 28.7%, colorless oil.
1H NMR (400 MHz, CDCl3) d 9.80 (s, 1H), 7.09 (d, J Z 1.5 Hz,
1H), 3.81 (s, 3H), 2.94e2.88 (m, 1H), 2.82e2.54 (m, 9H), 2.17
(d, JZ 1.4 Hz, 3H), 1.90e1.72 (m, 2H), 1.06 (d, JZ 6.3 Hz, 6H),
1.02 (t, J Z 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 170.73,
161.90, 141.18, 135.03, 126.24, 116.70, 70.52, 53.50, 50.74,
47.86, 20.80, 17.63, 17.59, 15.02, 10.19. HRMS (ESI) m/z: calcd
for C18H30N3O3S, 368.2002; found 368.1990 [M þ H]þ. HPLC
purity: 99.081%, tR Z 19.175 min.

Methyl 3-(2-(bis(2-methoxyethyl)amino)propanamido)-4-meth-
ylthiophene-2-carboxylate (AT-23). Yield: 17.9%. Colorless solid,
m.p. 110e111 �C. 1H NMR (400 MHz, CDCl3) d 9.99 (s, 1H),
7.18e7.03 (m, 1H), 3.82 (s, 3H), 3.68 (q, J Z 7.0 Hz, 1H),
3.60e3.49 (m, 4H), 3.31 (s, 6H), 2.91e2.71 (m, 4H), 2.18e2.11
(m, 3H), 1.32 (d, J Z 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3)
d 172.82, 162.49, 141.58, 136.23, 126.73, 126.64, 119.42, 71.76,
61.58, 61.49, 58.84, 51.80, 51.68, 50.80, 15.35, 15.29, 10.17,
10.11. HRMS (ESI) m/z: calcd for C16H27N2O5S, 359.1635; found
359.1630 [M þ H]þ. HPLC purity: 95.108%, tR Z 14.932 min.

Methyl 3-(2-(ethyl(2-hydroxyethyl)amino)propanamido)-4-me-
thylthiophene-2-carboxylate (AT-24). Yield: 35.3%, colorless oil.
1H NMR (400 MHz, CDCl3) d 10.48 (s, 1H), 7.13 (s, 1H), 3.83 (s,
3H), 3.79e3.62 (m, 2H), 3.57 (q, J Z 7.0 Hz, 1H), 3.53e3.35 (m,
1H), 2.88e2.78 (m, 1H), 2.71e2.51 (m, 3H), 2.22 (s, 3H), 1.31 (d,
J Z 7.0 Hz, 3H), 1.13 (t, J Z 7.1 Hz, 3H). 13C NMR (101 MHz,
CDCl3) d 172.70, 163.79, 143.16, 135.91, 127.95, 116.76, 60.60,
60.16, 53.07, 52.13, 44.81, 16.00, 13.39, 9.28. HRMS (ESI) m/z:
calcd for C14H23N2O4S, 315.1373; found 315.1364 [M þ H]þ.
HPLC purity: 95.438%, tR Z 17.154 min.

Methyl 3-(2-(bis(2-hydroxyethyl)amino)propanamido)-4-meth-
ylthiophene-2-carboxylate (AT-25). Yield: 19.7%, grey oil. 1H
NMR (400 MHz, CDCl3) d 10.29 (s, 1H), 7.14 (d, J Z 1.4 Hz,
1H), 3.82 (d, J Z 1.6 Hz, 3H), 3.81e3.58 (m, 6H), 3.55
(q, J Z 7.1 Hz, 1H), 2.85e2.76 (m, 2H), 2.66 (d, J Z 13.8 Hz,
2H), 2.17 (s, 3H), 1.34 (dd, J Z 7.1, 1.8 Hz, 3H). 13C NMR
(101 MHz, CDCl3) d 172.21, 163.91, 142.75, 136.47, 128.00,
118.01, 60.95, 60.17, 52.54, 52.24, 15.57, 9.40. HRMS (ESI) m/z:
calcd for C14H23N2O5S, 331.1322; found 331.1313 [M þ H]þ.
HPLC purity: 99.487%, tR Z 16.202 min.

Methyl 4-methyl-3-(2-((2-morpholinoethyl)amino)propanami-
do)thiophene-2-carboxylate (AT-26). Yield: 94.8%, pale-yellow
oil. 1H NMR (400 MHz, CDCl3) d 10.04 (s, 1H), 7.12 (s, 1H),
3.82 (s, 3H), 3.68 (t, J Z 4.5 Hz, 4H), 3.30 (q, J Z 6.9 Hz, 1H),
2.90e2.70 (m, 2H), 2.66e2.35 (m, 6H), 2.16 (s, 3H), 1.41 (d,
J Z 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 173.85, 162.91,
141.94, 136.14, 127.25, 118.39, 67.02, 59.18, 58.09, 53.71, 53.47,
51.83, 44.94, 20.09, 15.53. HRMS (ESI) m/z: calcd for
C16H26N3O4S, 356.1639; found 356.1630 [M þ H]þ. HPLC pu-
rity: 99.524%, tR Z 13.584 min.

4.3.6. General procedure for the preparation of final compounds
AT, AT-14, 16‒20
To a solution of compound 2a (1.0 eq.) and K2CO3 (2.0 eq.) in 30mL
DMF, the amine (1.2 eq.) was dropped into the mixture, and the re-
action was stirred at room temperature for 5e12 h. The mixture was
diluted with DCM, washed with water four times, dried over anhy-
drous Na2SO4, and removed solvent under vacuum concentration to
acquire the target product. Hydrochloric acid solution (2 mol/L) was
added to a solution of the target product in MeOH, and the reaction
was stirred at room temperature for 1 h. After concentrated under
reduced pressure, the residue was dissolved in water, filtered, and
freeze dried to give hydrochloride compound.

Methyl 4-methyl-3-(2-(propylamino)propanamido)thiophene-
2-carboxylate (AT). Yield: 93.2%, pale-yellow oil. 1H NMR
(400 MHz, D2O) d 7.45 (s, 1H), 4.28 (q, J Z 7.0 Hz, 1H), 3.82
(s, 3H), 3.18e2.91 (m, 2H), 2.07 (s, 3H), 1.80e1.72 (m, 2H), 1.70
(d, J Z 6.8 Hz, 3H), 0.98 (t, J Z 7.4 Hz, 3H).

Methyl 3-(2-(4-(cyclopropylmethyl)piperazin-1-yl)propanami-
do)-4-methylthiophene-2-carboxylate (AT-14). Yield: 82.0%,
colorless oil. 1H NMR (400 MHz, CDCl3) d 9.91 (s, 1H), 7.10 (s,
1H), 3.82 (s, 3H), 3.21 (q, J Z 7.0 Hz, 1H), 2.96e2.38 (m, 8H),
2.29 (d, J Z 6.6 Hz, 2H), 2.15 (s, 3H), 1.34 (d, J Z 7.0 Hz, 3H),
0.94e0.82 (m, 1H), 0.57e0.46 (m, 2H), 0.12 (t, J Z 5.1 Hz, 2H).
13C NMR (101 MHz, CDCl3) d 172.35, 162.50, 141.61, 135.98,
126.82, 118.20, 64.65, 63.51, 53.23, 51.53, 15.35, 12.27, 8.15,
3.70. HRMS (ESI) m/z: calcd for C18H28N3O3S, 352.1689; found
366.1835 [M þ H]þ. HPLC purity: 99.556%, tR Z 18.690 min.

Methyl 4-methyl-3-(2-(4-propylpiperazin-1-yl)propanamido)
thiophene-2-carboxylate (AT-16). Yield: 74.8%, colorless oil. The
preparation of hydrochloride compound was same as AT. 1H NMR
(400 MHz, CDCl3) d 9.89 (s, 1H), 7.10 (s, 1H), 3.82 (s, 3H), 3.20
(q, J Z 7.0 Hz, 1H), 2.87e2.38 (m, 8H), 2.38e2.28 (m, 2H), 2.14
(d, JZ 1.1 Hz, 3H), 1.59e1.44 (m, 2H), 1.33 (d, JZ 7.0 Hz, 3H),
0.90 (t, J Z 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 172.58,
162.71, 141.79, 136.21, 127.02, 118.49, 64.87, 60.67, 53.41,
51.78, 20.07, 15.55, 12.53, 11.99. HRMS (ESI) m/z: calcd for
C17H28N3O3S, 354.1846; found 354.1835 [M þ H]þ. HPLC pu-
rity: 98.935%, tR Z 18.446 min.

Methyl 3-(2-(4-butylpiperazin-1-yl)propanamido)-4-methylth-
iophene-2-carboxylate (AT-17). Yield: 52.7%, colorless oil. 1H
NMR (400 MHz, CDCl3) d 9.90 (s, 1H), 7.11 (s, 1H), 3.83 (s, 3H),
3.20 (q, J Z 7.0 Hz, 1H), 2.96e2.42 (m, 8H), 2.42e2.34 (m, 2H),
2.19e2.10 (m, 3H), 1.56e1.44 (m, 2H), 1.39e1.27 (m, 5H), 0.92
(t, J Z 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 172.56,
162.73, 141.80, 136.22, 127.03, 118.49, 64.87, 58.47, 53.43,
51.79, 29.05, 20.81, 15.55, 14.07, 12.53. HRMS (ESI) m/z: calcd
for C18H30N3O3S, 368.2002; found 368.1991 [M þ H]þ. HPLC
purity: 99.409%, tR Z 19.173 min.

Methyl 4-methyl-3-(2-(4-phenylpiperazin-1-yl)propanamido)
thiophene-2-carboxylate (AT-18). Yield: 60.2%. Grey solid, m.p.
137e138 �C. 1H NMR (400 MHz, CDCl3) d 10.01 (s, 1H),
7.33e7.27 (m, 2H), 7.13 (d, J Z 1.1 Hz, 1H), 7.02e6.94 (m, 2H),
6.91e6.84 (m, 1H), 3.82 (s, 3H), 3.44e3.24 (m, 5H), 2.93e2.71
(m, 4H), 2.19 (d, J Z 1.0 Hz, 3H), 1.40 (d, J Z 7.0 Hz, 3H). 13C
NMR (101 MHz, CDCl3) d 172.39, 162.78, 151.33, 141.89,
136.16, 129.16, 127.14, 119.76, 118.26, 116.16, 65.02, 51.85,
50.25, 49.36, 15.63, 12.67. HRMS (ESI) m/z: calcd for
C20H26N3O3S, 388.1689; found 388.1680 [M þ H]þ. HPLC pu-
rity: 98.645%, tR Z 20.010 min.

Methyl 3-(2-(4-(2-hydroxyethyl)piperazin-1-yl)propanamido)-
4-methylthiophene- 2-carboxylate (AT-19). Yield: 40.9%, color-
less oil. 1H NMR (400 MHz, CDCl3) d 9.90 (s, 1H), 7.12 (s, 1H),
3.83 (s, 3H), 3.64 (t, J Z 5.4 Hz, 2H), 3.21 (q, J Z 7.0 Hz, 1H),
2.80e2.55 (m, 10H), 2.18e2.11 (m, 3H), 1.35 (d, J Z 7.0 Hz,
3H). 13C NMR (101 MHz, CDCl3) d 172.54, 162.86, 141.93,
136.27, 127.19, 118.41, 64.96, 59.37, 57.88, 53.13, 51.87, 15.65,
12.72. HRMS (ESI) m/z: calcd for C16H26N3O4S, 356.1639; found
356.1628 [M þ H]þ. HPLC purity: 99.721%, tR Z 17.124 min.
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Methyl 3-(2-(4-(2-methoxyethyl)piperazin-1-yl)propanamido)-
4-methylthiophene- 2-carboxylate (AT-20). Yield: 58.1%, color-
less oil. 1H NMR (400 MHz, CDCl3) d 9.90 (s, 1H), 7.10 (s, 1H),
3.82 (s, 3H), 3.52 (t, J Z 5.6 Hz, 2H), 3.34 (s, 3H), 3.19
(q, J Z 7.0 Hz, 1H), 2.83e2.46 (m, 10H), 2.14 (s, 3H), 1.32
(d, J Z 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 172.56,
162.71, 141.79, 136.20, 127.02, 118.47, 70.17, 64.85, 58.91,
57.88, 53.78, 51.77, 15.54, 12.50. HRMS (ESI) m/z: calcd for
C17H28N3O4S, 370.1795; found 370.1784 [M þ H]þ. HPLC pu-
rity: 99.002%, tR Z 18.203 min.

4.3.7. General procedure for the preparation of final compounds
AT-27‒30
The mixture of AT (1.0 eq.) in MeOH, NaOH (2.0 eq.) dissolved
in H2O was added, and the mixture was stirred at 50 �C for 2 h.
The reaction mixture was concentrated under reduced pressure
and diluted with water. After washed by DCM, hydrochloric acid
solution (2 mol/L) was used to adjust pH Z 7. The mixture was
concentrated to give the crude product without further purification.
To the above crude (1.0 eq.) in DMF, NaHCO3 (2.0 eq.) and the
amine (2.0 eq.) were added and the mixture was stirred at 50 �C
for 5 h. After concentrated, the mixture was diluted with, washed
with water four times, dried over anhydrous Na2SO4, filtered, and
concentrated. The residue was purified by chromatography (DCM/
MeOH Z 40:1) to yield the target products.

Ethyl 4-methyl-3-(2-(propylamino)propanamido)thiophene-2-
carboxylate (AT-27). Yield: 50.7%, colorless oil. 1H NMR
(400 MHz, D2O) d 7.44 (d, J Z 0.9 Hz, 1H), 4.36e4.21 (m, 3H),
3.15e2.97 (m, 2H), 2.83 (s, 1H), 2.07 (s, 3H), 1.84e1.63 (m, 5H),
1.31 (t, J Z 7.1 Hz, 3H), 0.98 (t, J Z 7.5 Hz, 3H). 13C NMR
(101 MHz, D2O) d 169.10, 162.81, 136.84, 136.64, 128.19,
124.62, 62.23, 56.19, 48.18, 19.28, 15.87, 13.52, 12.80, 10.17.
HRMS (ESI) m/z: calcd for C14H23N2O3S, 299.1424; found
299.1427 [M þ H]þ. HPLC purity: 95.393%, tR Z 18.609 min.

Propyl 4-methyl-3-(2-(propylamino)propanamido)thiophene-2-
carboxylate (AT-28). Yield: 36.3%, colorless oil. 1H NMR
(400 MHz, D2O) d 7.43 (s, 1H), 4.27 (q, J Z 7.0 Hz, 1H), 4.21
(t, JZ 6.5 Hz, 2H), 3.15e2.97 (m, 2H), 2.83 (s, 1H), 2.07 (s, 3H),
1.80e1.65 (m, 7H), 0.98 (t, J Z 7.4 Hz, 3H), 0.93 (t, J Z 7.4 Hz,
3H). 13C NMR (101 MHz, D2O) d 169.06, 162.85, 136.86, 136.64,
128.20, 128.16, 124.55, 67.53, 56.21, 48.20, 21.52, 19.29, 15.93,
12.81, 10.18, 9.63. HRMS (ESI) m/z: calcd for C15H25N2O3S,
313.1580; found 313.1580 [M þ H]þ. HPLC purity: 97.343%,
tR Z 19.234 min.

Butyl 4-methyl-3-(2-(propylamino)propanamido)thiophene-2-
carboxylate (AT-29). Yield: 43.1%, colorless oil. 1H NMR
(400 MHz, D2O) d 7.31 (d, J Z 7.5 Hz, 1H), 4.22e4.09 (m, 3H),
3.06e2.84 (m, 2H), 2.74 (s, 1H), 1.97 (d, J Z 1.5 Hz, 3H),
1.70e1.52 (m, 7H), 1.33e1.22 (m, 2H), 0.92e0.84 (m, 3H),
0.83e0.75 (m, 3H). 13C NMR (101 MHz, D2O) d 168.99, 162.78,
137.05, 136.65, 128.07, 124.46, 65.80, 56.21, 48.21, 30.05, 19.30,
18.62, 15.96, 12.99, 12.83, 10.20. HRMS (ESI) m/z: calcd for
C16H27N2O3S, 327.1737; found 327.1737 [M þ H]þ. HPLC pu-
rity: 98.835%, tR Z 19.758 min.

Isobutyl 4-methyl-3-(2-(propylamino)propanamido)thiophene-
2-carboxylate (AT-30). Yield: 29.8%, colorless oil. 1H NMR
(400 MHz, D2O) d 7.48e7.34 (m, 1H), 4.27 (q, J Z 6.9 Hz, 1H),
4.09e3.95 (m, 2H), 3.15e2.96 (m, 2H), 2.71 (s, 1H), 2.06 (s, 3H),
2.01e1.92 (m, 1H), 1.81e1.64 (m, 5H), 0.98 (t, J Z 7.4 Hz, 3H),
0.91 (d, J Z 6.6 Hz, 6H). 13C NMR (101 MHz, D2O) d 169.00,
162.69, 136.99, 136.64, 128.10, 124.37, 71.63, 56.21, 48.22,
27.37, 19.29, 18.26, 15.98, 12.83, 10.20. HRMS (ESI) m/z: calcd
for C16H27N2O3S, 327.1737; found 327.1739 [M þ H]þ. HPLC
purity: 96.722%, tR Z 17.558 min.

4.4. Cell membrane chromatography

NaV1.5/1.7/1.8-HEK293 cells (Laboratory of Anesthesia and
Critical Care Medicine, Chengdu, China) were cultured in DMEM
(Gibco, NY, USA) medium containing 10% fetal bovine serum,
100 U/mL penicillin (Gibco, NY, USA) and 100 U/mL (Gibco,
NY, USA) streptomycin at 37 �C, 5% CO2 and saturated humidity.
Cells from the exponentially growing culture were harvested with
trypsin (Gibco, NY, USA), and a small amount of DMEM medium
was used to make single-cell suspension. The cell suspension was
centrifuged at 1000 � g for 10 min (Beckman coulter, Shanghai,
China), poured out the supernatant, suspended with hypotonic
solution, and homogenized after ultrasonic membrane breaking
30 min, the suspension was centrifuged at 1000 � g for 10 min,
the supernatant was centrifuged at 12,000 � g at 4 �C, the su-
pernatant was discarded, and the precipitation was re-suspended
by adding 5 mL hypotonic solution and centrifuged again. The
cell membrane was precipitated and resuscitated with physiolog-
ical saline precooled by 5 mL to obtain the cell membrane sus-
pension. Then the prepared suspension is adsorbed on the carrier
surface to form a stationary cell membrane phase. Next, pellets are
suspended in ultra-pure water and packed into a column
(10 mm � 2 mm I.D.) (Ripuli, Dalian, China) by using an LC
Pump (Agilent, Beijing, China) with ultra-pure water and obtain
the cell membrane chromatographic column.

The compound 1 mg/mL was dissolved in methanol, the mo-
bile phase was 0.1% trifluoroacetic acid, the column temperature
was 37 �C, the flow rate was 0.2 mL/min, and the chromato-
graphic system was balanced with the mobile phase for 2e3 h.
After the baseline was stable, the sample solution 5 mL was
injected into the chromatographic system (Agilent, Beijing,
China) for analysis and determination, and the time of chro-
matographic absorption peak was recorded.

4.5. In vivo pharmacodynamics

4.5.1. Animal and treatment
Male SpragueeDawley rats (Dossy Experimental Animal Com-
pany, Chengdu, China) aged 6e8 weeks and weighing 250e300 g
were housed at 25 �C with free access to food and water under a
12-h light/12-h dark cycle. ICR mice (Dossy Experimental Ani-
mal Company, Chengdu, China) aged 30e40 days and weighing
20e30 g were housed under similar conditions. Animals were
acclimated to the experimental environment and experimenter,
and handled daily to minimize stress-induced analgesia. Animals
were randomly assigned to groups. All animal experiments were
performed in compliance with the Agreement of the Experimental
Animal Ethics Committee, West China Hospital, Sichuan
University.

4.5.2. Cutaneous trunci muscle reflex model
Rats were induced and maintained anesthesia by inhalation of
1%e3% isoflurane (RWD, Shenzhen, China), approximately
6 cm � 6 cm of hair was shaved on the back of the chest and waist
with an electric shaver (CHIGO, Ningbo, China), and the skin was
sterilized with alcohol cotton swabs and divided into four equal
areas. The volume of articaine (62.3 mmol/L) and the new com-
pound (62.3 mmol/L) were respectively injected subcutaneously
into the back of the rat to form a visible skin mound and to mark
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the outline with a marker, the area within the outline was marked
as the area of anesthesia. Note that the needle tip is at a 30-degree
angle to the skin when the needle is inserted, and it is withdrawn
before injection to avoid accidently entering the blood vessel.
During the experiment, a von Frey filament (26 g) (Yuyan In-
struments, Shanghai, China) was used as a standardized stimulus
to determine pinprick responsiveness (PPR). The anesthetized area
was divided into six equal parts, and the skin was acupunctured
randomly in each equal part. The penetration depth was approx-
imately 1 mm to see if the rats had PPR. If there is no pain
response, 1 point is scored; if there is a pain response, 0 points are
scored. The anesthesia expiration time was recorded, and the
anesthesia effective time from the anesthesia onset time to the
anesthesia expiration time was recorded as the anesthesia duration.
The data are expressed as the MPE by average scores. Effectively
block was identified as �50% MPE and completely block was
identified as 100% MPE.

4.5.3. Sciatic nerve block model
Rats were induced and maintained anesthetized by inhalation of
1%e3% isoflurane, and the sciatic tubercle was shaved with an
electric shaver about 2 cm � 2 cm, the skin was sterilized with
alcohol cotton swabs, articaine (62.3 mmol/L) or new compound
(62.3 mmol/L) was injected near the sciatic nerve. After injection,
the rats were placed in a transparent observation cage for observa-
tion, and the rats were free to move, eat and drink in the observation
cage. The sensory and motor functions of the hind legs were tested
every 30 min after drug injection until the test values returned to the
baseline levels tested before the experiment. The sensory function
was tested by the hotplate test: the hind paw on the injection sidewas
placed on ametal plate at 55 �C (Techman, Chengdu, China), and the
measurement index was the time interval (Paw withdrawal latency,
PWL), The latency time was measured by a stopwatch when the rat
withdrew its paw. To assess the motor block by measuring the
extensor postural thrust (EPT), which is a mixed-strength proprio-
ceptive test measured as grams. During testing, the rat is held upright
over a digital balancewith the hind limbs extended to the platform.A
reduction in this force, representing reduced extensor muscle tone,
was considered a motor function deficit. We defined a 50% baseline
as a recovery indicator, representing muscle recovery, and a differ-
ence of more than 1 h between sensory and motor blocks was
considered differential in sensory and motor blockades.

4.5.4. Complete Freund’s adjuvant (CFA)-induced chronic
inflammation model
Rats were induced and maintained anesthetized by inhalation of
1%e3% isoflurane, and CFA (complete Freund’s adjuvant) (Mao-
kang, Shanghai, China) was injected into the right foot of each rat.
After 48 h, it was observed that the soles of the feet were visibly
swollen and thewithdrawal threshold of the hind paw of the rats was
significantly reduced as measured by the electronic Von Frey stim-
ulator (ITCC,LosAngeles,USA). The injected drugwas 62.3mmol/
L, the new compound, and the blank control was an equal dose of
normal saline. The injection volume for each rat for treatment or
control was 0.2 mL and was injected subcutaneously at the swollen
site of the rat’s foot. The electronic Von Frey stimulator was used to
stimulate the side of the foot of the drug-injected rats to observe the
effect of local anesthesia. The test was performed every 10 min after
the onset of the effect, and the measured value was more than half of
the difference between the limb weight and the baseline at the onset
of anesthesia, and less than or equal to the value was considered as
the failure of anesthesia.
4.5.5. Incision pain model
Rats were induced and maintained anesthetized by inhalation of
1%e3% isoflurane. The entire right hind paw was sterilized with
75% ethanol and povidone-iodine; the hairless epidermis, dermis,
fascia, and thumb flexor were incised longitudinally with a No. 11
scalpel starting 2 mm from the proximal edge of the heel and the
incision was 10 mm in length, after which the muscle was elevated
and restored with forceps, and the incision was closed with 3-0
sutures. The injected drug was the new compound and articaine,
and the blank control was an equal dose of normal saline. The
injection volume of each rat for administration or control was
0.2 mL, and it was injected near the incision site of the rat’s
plantar foot. The Von Frey stimulator was used to stimulate the
lateral sole of the rat to inject the drug, and the effect of local
anesthesia was observed. The test was performed every 10 min
after the onset of the effect, and the measured value was more than
half of the difference between the limb weight and the baseline at
the onset of anesthesia, and less than or equal to the value was
considered as the failure of anesthesia.

4.5.6. Oral pain model
6 SD male rats of similar weight (230e250 g) in each group, rats
were induced and maintained anesthetized by inhalation of 1%e
3% isoflurane. Prior to the modeling procedure, an inferior alve-
olar nerve block anesthesia was administered, emulating the
prevalent intraoral anesthesia technique used in clinical settings.
The precision and effectiveness of this anesthesia method were
validated in preliminary experiments (Supporting Information
Fig. S1). The following model indirectly evaluated the anes-
thetic effect of drugs in the oral pain model by reflecting the pain
degree of animal food intake, body weight change and the number
of autonomous facial grooming. Food intake and weight change
were measured by high precision balance (Wensheng, Shanghai,
China) for 24 h; facial grooming was recorded by a high-definition
camera (EZVIZ, Hangzhou, China) for 1 h after local anesthetic.

4.5.6.1. Dental pulp injury pain model. The mouth opener
(RWD, Shenzhen, China) remained open, the tongue was gently
retracted using forceps (RWD), the mesial pulp angle of the
mandibular first molar was exposed by an electric drill (RWD).

4.5.6.2. Gingival incision pain model. The mouth opener re-
mains open, the tongue gently retracted using forceps. Iodophor
disinfected unilateral gum, No. 10 surgical (KYUAN, Suzhou,
China) blade was used to cut the gum between the rat’s unilateral
incisor and molar, and the stripper opened the gingiva, cut and
lifted the periosteum, fully exposed the alveolar crest, compressed
and stopped the bleeding, the gums were closed with 3-0 sutures
(Johnson, Shanghai, China).

4.5.6.3. Tooth extraction pain model. The first molar of the rat
was exposed through the opening, and the neck of the first molar
of the rat was clamped with curved vascular forceps. The first
molar of the rat was dislocated by shaking the first molar to the lip
and tongue. The residual root was removed by the dental probe,
and then closed the gingiva after compression and hemostasis by
3-0 sutures.

4.5.7. Toxicity
4.5.7.1. Systemic toxicity. Systemic toxicity in ICR mice was
first determined within an appropriate dose range: mice were
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injected into the tail vein of articaine and articaine derivatives
(single injection volume 0.2 mL, injection speed is 0.1 mL/s) by
1 mL empty needle. Afterward, the mice were transferred to a
transparent observation cage to observe the change in behavioral
awareness. If the behavioral activities of the mice stopped and the
breathing and heartbeat stopped for more than 5 min, it could be
regarded as dead.

Considering that local anesthesia drugs may enter the blood
circulation through osmosis and cause systemic toxicity, the sys-
temic toxicity of subcutaneous infiltration anesthesia was deter-
mined on the basis of the SD rat model of subcutaneous
infiltration anesthesia. Under isoflurane anesthesia, rats were
subcutaneously injected with a 1 mL empty needle of articaine
and articaine derivatives (single injection volume 1 mL, injection
speed is 0.2 mL/s). Afterward, the rats were transferred to a
transparent observation cage to observe the changes in behavioral
awareness. If the behavioral activities of the rats stopped and the
breathing and heartbeat stopped for more than 5 min, they could
be regarded as dead. The time of the rat’s state of consciousness
change and the time of death were recorded. All animals with
topical application of drugs without death should be observed
continuously for 24 h to observe the distribution of the drug,
including whether there is swelling, ulceration, scratches at the
injection site, and whether the rats have changes in behavioral
consciousness such as convulsions and ataxia. Calculate LD50

based on the survival status of rats using the up-and-down pro-
cedure49. ED50 was measured using dose gradient injection of
articaine and articaine derivatives in rat subcutaneous infiltration
anesthesia model.

4.5.7.2. Local anesthetic toxicity. The local anesthetic toxicity
of articaine derivatives and articaine to nerves was assessed by
local histological examination of a sciatic nerve block anesthesia
model. After the sciatic nerve tissue was anesthetized for 7 and 14
days, the rats were killed by the neck-off method. The sciatic
nerve and its surrounding tissues were harvested and stained with
hematoxylin-eosin (HE). Inflammatory cells are counted in same
sized areas of the tissue (nerve tissue area/the surrounding tissue
area was 1:1) by a pathological image analysis software: ImageJ
(Version 1.53k).

And after the sciatic nerve tissue was anesthetized for 7 days
and 14 days, the rats were killed by the neck-off method. Collect
blood samples and important organ samples: heart, liver, kidney;
Automatic biochemical analyzer Mindray BS-120 (Mindray,
Shenzhen, China) tested blood biochemical indexes (ALT, AST,
LDH, a-HBDH, CREA, UREA), and hematoxylin-eosin (HE)
stained important organs for pathological analysis. Histological
examination was performed by expert pathologists blinded to the
experiment and intervention.
4.5.8. Pharmacokinetic
4.5.8.1. Liver microsomal metabolic stability experiment. The
compounds to be tested were weighed using an analytical balance,
and a storage solution with a concentration of 50 mmol/L (DMSO
and acetonitrile mixed at a 1:1 ratio) was prepared for subsequent
use. Then, 10 mL of the stock solution of each compound was
pipetted and dissolved in 940 mL of phosphate buffer. Subsequently,
50 mL of solution A and 10 mL of solution B were added to the
mixture, followed by the addition of 50 mL of the liver microsome
incubation system (PrimeTox, Wuhan, China). Each compound was
tested in three parallel groups and incubated in a water bath at 37 �C.
At each time point, 100 mL of the incubation solution was retrieved
from the tube, and 300 mL of acetonitrile was added to precipitate
proteins. The solution was vortexed for 1min and then centrifuged at
12,000 rpm for 10 min. After centrifugation, 100 mL of the super-
natant was collected and centrifuged again at the same speed for
10 min. The peak areas of the corresponding mass spectra were in-
tegrated using UPLC‒MS/MS (Agilent, Beijing, China), and the
remaining percent of compound concentrations at each time point
was calculated based on the 0 min peak area. Following data
collection, the metabolic half-life was calculated using GraphPad
software. The liver enzyme incubation system consisted of liver
microsomes (0.5mg/mL), incubation buffer (100mmol/L phosphate
buffer, pH 7.4), the compound to be tested (1mmol/L), an incubation
volume of 0.2 mL, and incubation times of 0, 15, 30, 60, 120, and
180 min, respectively.

4.5.8.2. Pharmacokinetics (PK) study. Three male SD rats
received subcutaneous injections of AT-17 (62.3 mmol/L). Blood
samples were collected via the jugular vein at 5, 15, 30 min, 1, 2,
4, 6, 8, 12, and 24 h after administration, followed by centrifu-
gation at 6000 rpm for 3 min to separate plasma, which was then
stored at �20 �C until analyzed. The plasma concentrations of
each animal at each time point were determined using a Triple
Quad 5500þ (SCIEX, Shanghai, China) LC‒MS/MS system,
with Turbo Spray ion source in positive ion mode and multiple
reaction monitoring scan mode. The resulting data were analyzed
using a non-compartmental model in WinNolin software to
calculate pharmacokinetic parameters.

4.6. Biological experiments

4.6.1. Cell culture and reagents
DRG neurons from male rats weighing 180e200 g were dissoci-
ated and cultured as described previously. In brief, rats were
sacrificed by the spinal cord dislocation method. Then, ganglia
were quickly excised and placed in ice-cold Hanks’ Balanced Salt
Solution (HBSS; Gibco, NY, USA). After removing the connec-
tive tissue gently, the ganglia were sequentially digested with
2 mL collagenase IV (2 mg/mL) followed by 2 mL trypsin
(10 mg/mL) for 30 min in an incubator. After termination of
digestion via fetal bovine serum (FBS; cornin, NY, USA), DRG
neurons suspension was obtained by filtration. Then, cells were
inoculated in petri dishes pre-treated with poly-L-lysine (Sigma-
eAldrich, St. Louis, MO, USA) at 37 �C for 1 h. DRG neurons
were grown in Neurobasal (Gibco) supplemented with 10% of
FBS, 1% penicillin-streptomycin solution (Gibco) and B27 sup-
plement (Thermo Fisher Scientific, MA, USA), PC12 cells were
obtained from Conservation Genetics CAS Kunming Cell Bank
(No. KCB200735YJ). Cells were cultured in the F12K medium
(Gibco) supplemented with 10% horse serum (Gibco) and 5%
FBS. To induce their differentiation, PC12 cells were poly-L-
lysine-coated plates in the medium supplemented with mouse b-
NGF (50 ng/mL; Sino biological, Beijing, China).

Cells were cultured in the MEM and F12 medium (Gibco) sup-
plemented with 10% FBS, 1% Gluta-max (Invitrogen, CA, USA),
1% sodium pyruvate (Invitrogen) and 1% NEAA (Invitrogen).

RAW 264.7 cells were obtained from State Key Laboratory of
Oral Disease, Sichuan University. Cells were cultured in DMEM
medium (Gibco) containing 10% FBS (Gibco).

All cells were maintained at 37 �C in a humidified atmosphere
with 5% CO2.



Gene Forward primer Reverse primer

IL1b CACCTCTCAAGCA

GAGCACAG

GGGTTCCATGGTGAA

GTCAAC

TNF-a CAAGGAGGAGAAG

TTCCCAA

TGATCTGAGTGTGAG

GGTCTG

IL6 CTGGTCTTCTGGAG

TTCCGT

TGGTCTTGGTCCTTAG

CCAC

GAPDH ACAGCCGCATCTTC

TTGTGCAGTG

GGCCTTGACTGTGCCG

TTGAATTT
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4.6.2. Electrophysiology
Whole-cell mode voltage clamp detection: Microelectrode resis-
tance 3e4 MU. The in-electrode liquid (K-gluconate 130 mmol/L,
NaCl 10 mmol/L, MgCl2$6H2O 1.2 mmol/L, CaCl2 2 mmol/L,
EGTA 5 mmol/L, HEPES 10 mmol/L, glucose 7.5 mmol/L).
Adjust pH to 7.35e7.45 with 1 mol/L KOH. For action potential
recording, the electrode fluid contained 136 mmol/L glucose,
10 mmol/L NaCl, 1 mmol/L MgCl2, 10 mmol/L EGTA, 10 mmol/
L HEPES, and 2 mmol/L Mg-ATP, adjusted to pH 7.3 with KOH.
The outer solution contained 140 mmol/L NaCl, 5 mmol/L KCl,
2 mmol/L CaCl2, 1 mmol/L MgCl2, 10 mmol/L HEPES, and
10 mmol/L glucose, adjusted to a pH of 7.3 with NaOH. The
osmotic pressure of all solutions was 300e330 mOsm. All records
were taken at room temperature. In voltage clamp mode (clamp
potential �70 mV), the voltage was depolarized from �70 to
0 mV, and the stimulation time was 50 ms. The sodium current
track was recorded and the magnitude of the sodium current was
detected. The I/V curve of the effect of the drug on sodium current
was detected by applying voltage clamp mode to cells from �90
to þ40 mV in steps of 10 mV for each step and stimulating 50 ms.
In the current clamp mode, the cells were given step current from
0 pA to þ300 pA, each step was 10 pA, and stimulated for
600 ms. The intensity of the action potential base of the neurons
was detected, and the number and amplitude of the evoked neuron
generated action potential under the stimulation of twice the in-
tensity of the base were counted. The recorded signal was
amplified by a Multi Clamp 700B amplifier, filtered at 10 kHz, and
converted by an Axon Digidata 1440 A digital-to-analog/analog-
to-digital converter at a sampling frequency of 10e20 kHz.

Whole-cell model current clamp detection: When the action
potential was recorded, the extracellular fluid contained
140 mmol/L NaCl. 3.5 mmol/L KCl; 2 mmol/L CaCl2$2H2O;
2 mmol/L MgCl2$6H2O; 10 mmol/L HEPES; 10 mmol/L
D-glucose; 1.25 mmol/L NaH2PO4$2H2O. The liquid in the elec-
trode contains 140 mmol/L KCl; 1 mmol/L CaCl2; 1 mmol/L
MgCl2; 2 mmol/L Na2ATP; 10 mmol/L EGTA; 5 mmol/L HEPES,
KOH to pH 7.2. After the cell membrane was broken, the current
clamp mode was changed, and the membrane potential should be
lower than �40 mV. Current pulses increase from 0 to 1000 pA in
5 pA increments and last for 200 ms until at least one action
potential is triggered. The threshold current triggering the action
potential is denoted as the base intensity. The injection of a de-
polarization current with twice the base intensity induced the
firing behavior of the neurons.

4.6.3. Molecular dynamics simulation
The study utilized molecular dynamics (MD) simulation to investi-
gate the binding interactions between AT, AT-17, and voltage-gated
sodium channels (NaV1.7 and NaV1.8). The focus was on analyzing
their binding patterns, dynamic binding processes, and the energy
determinants of amino acids. The crystal structures of NaV1.7
complexed with IN2 (PDB ID: 7xmf) and NaV1.8 complexed with
A-803467 (PDB ID: 7we4) from the Protein Data Bank were used as
references due to their similarity to AT and AT-17 binding cavities,
and the binding site for local anesthetics in NaV1.7 and NaV1.8 was
found to be located within the inner lumen of the channel pore.
CDOCKER docking program was used for docking to obtain a
reasonable initial complex conformation in the Discovery Studio
2019 software package. The protein-ligand complex systems were
conveniently constructed by CHARMM-GUI50, and models of the
voltage-gated sodium channels and the ligands were constructed and
optimized using the CHARMM and CGenFF force fields,
respectively51,52, The system was solvated with the TIP3 water
model and neutralized with potassium and chloride ions. Prior to the
production simulation, a steepest descent algorithmwas employed to
minimize the system for 100 ps in order to eliminate any unnatural
collisions. Subsequently, a 250 ps equilibration process was con-
ducted, gradually releasing the scaling restraint until the force was
fully removed. The MD simulation was performed under NPT
conditions at a temperature of 303.15 K and a pressure of 1 atm,
using a time step of 2 fs and constraining bonds involving hydrogen
atoms with the LINCS algorithm. The particle mesh Ewald (PME)
method was used for calculating electrostatic interactions. Finally, a
200 ns MD simulation was carried out, and the root mean square
deviation (RMSD) per residue was calculated based on all atoms
after trajectory alignment. To estimate the interaction-free energies,
Molecular Mechanics Poisson-Boltzmann Surface Area (MM-
PBSA) and Molecular Mechanics with Generalized Born Surface
Area (MM-GBSA), were employed. The calculations were per-
formed locally, and the binding free energy of the complex was
determined using the “gmx_mmpbsa” tool by analyzing 100 frames
extracted from the last 10 ns of the equilibrium stage MD trajec-
tory53. All simulations were performed with the Gromacs software
package, version 2021.654. Detailed protein-ligand interactions were
plotted in Chimera 1.1355.

4.6.4. qRT-PCR
Total RNA of cells was extracted via Trizol. The reverse tran-
scription was carried out following the manufacturer’s procedure
using HiScript III 1st Strand cDNA Synthesis Kit (þgDNAwiper)
(Vazyme, R312). Then qRT-PCR was performed with on ABI
PRISM 7900 sequence detection system. Reaction system: 12 mL
DEPC water, 4 mL 5 � BlazeTaq qPCR Mix, 1 mL Forward Primer
(10 mmmol/L), 1 mL Reverse Primer (10 mmmol/L), 2 mL template
cDNA, final volume was 20 mL. Reaction conditions: 95 �C
30 s / (95 �C 10 s / 60 �C 30 s) � 40 cycles. Specific primers
of each gene for qRT-PCR were shown as followed. All experi-
ments were repeated three times at least and the relative expres-
sions of detected genes were calculated via 2‒DDCT method.

Primers of genes for qRT-PCR:
4.6.5. ELISA
IL1b, TNF-a and IL6 secretion were quantified using respective
ELISA kits (Neobioscience, China) following the manufacturer’s
instructions.

4.6.6. Westing bolt
Total proteins of tissue specimens were prepared via RIPA lysis
buffer. Next, proteins were separated through sodium dodecyl
sulfateepolyacrylamide gel electrophoresis. Then, gel was trans-
ferred onto a PVDF membrane (Millipore, Boston, MA, USA).
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After blocked in 5% defatted milk for 2 h, membranes were
incubated with specific primary antibody overnight at 4 �C. Pri-
mary antibodies were listed as follows: anti-Nlrp3 (1:1000,
mouse; Adipogen, Stahl, Switzerland), anti-caspase-1 (1:1000,
mouse; Adipogen), anti-ASC (1:25,000, rabbit; Proteintech, Chi-
cago, USA), anti-GSDMD (1:500 mouse; Huabio, Hangzhou,
China) and anti-GAPDH (1:15,000, rabbit; Signalway, Beijing,
USA). After incubating goat anti-rabbit or goat anti-mouse sec-
ondary antibody (MultiSciences, Hangzhou, China), membranes
with target protein incubated with the chemiluminescence reagent
(Yamei Biotechnology, Shanghai, China) were visualized via
ChemiDoc XRS þ System (Bio-Rad, Hercules, CA, USA).

4.6.7. NLRP3 inflammasome activation
NLRP3 inflammasome activation was detected by immunofluo-
rescence ASC antibodies. Briefly, cells were seeded on the poly-L-
lysine-coated slides. After fixed with 3% paraformaldehyde for
15 min and permeabilized with 0.5% triton X-100 for 15 min, the
slides were blocked with 5% BSA for 2 h at room temperature and
incubated with ASC antibodies (1:200; Proteintech) overnight at
4 �C. Afterwards, the slides were incubated with the secondary
antibodies (1:500) for 1 h at room temperature in the dark. After
incubated with DAPI, ASC specks were visualized via fluores-
cence microscope (Laika, Wetzlar, German).

4.6.8. Immunofluorescence
Cells were seeded on the poly-L-lysine-coated slides. For 8-ohdg
staining, cells were firstly incubated with MitoTracker Deep
Red (500 nmol/L; Beyotime, Shanghai, China) at 37 �C for
20 min, fixed with methanol and then treated with 0.2% Triton
X-100 (SigmaeAldrich, MO, USA) to increase cell membrane
penetrability. Cells were incubated with ASC (1:200; Proteintech,
Chicago, USA), dsDNA (1:50; Santa Cruz, USA), TOMM20
(1:250; Abcam, Boston, USA), 8-ohdg (1:250; Bioss, Beijing,
China) at 4 �C overnight and then incubated with goat anti-rabbit
IgG H&L/AF647 secondary antibodies (1:500; Bioss), goat anti-
mouse IgG H&L/AF488 secondary antibodies (1:500; Bioss) for
1 h at room temperature. Nuclei were stained with 40,6-diamidino-
2-phenylindole (DAPI) (Boster, Wuhan, China) for 20 min.
Immunofluorescence images were acquired by confocal laser
scanning microscopy.

4.7. Statistics

Data are presented as means � SEM. Clinical scoring of wounds
is presented as medians. Differences in the mean between the two
groups were analyzed using Student’s t-test for normally distrib-
uted data. To compare means between more than two groups, a
one-way analysis of variance (ANOVA) with post hoc (Tukey) for
normally distributed data. Statistical analysis, as indicated in each
figure legend, was performed using GraphPad Prism software
v9.4.1. Data are mean � SEM; *P < 0.05, **P < 0.01,
***P < 0.001 and ****P < 0.0001. P > 0.05 was considered to
be statistically significant.
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