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[ABSTRACT] Natural product bufotenine (5) which could be isolated from Venenum Bufonis, has been widely used as a tool in cent-
ral nervous system (CNS) studies. We present here its quaternary ammonium salt (6) which was synthesized with high yields using 5-
benzyloxyindole  as  raw  materials,  and  we  firstly  discover  its  analgesic  effects in  vivo. The  analgesic  evaluation  showed  that  com-
pounds 5 and 6 had stronger effects on the behavior of formalin induced pain in mice. Moreover, the combination of compound 6 and
morphine has a synergistic effect. We intended to explain the molecular mechanism of this effect. Therefore, 36 analgesic-related tar-
gets (including 15 G protein-coupled receptors, 6 enzymes, 13 ion channels, and 2 others) were systemically evaluated using reverse
docking. The results indicate that  bufotenine and its  derivatives are closely related to acetyl  cholinesterase (AChE) or α4β2 nicotinic
acetylcholine receptor (nAChR). This study provides practitioners a new insight of analgesic effects.
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Introduction

Pain refers  to  unpleasant  feelings  or  emotional  experi-
ences  caused  by  tissue  damage  or  potential  damage.  Severe
pain not only brings anxiety to patients, but also causes phys-
ical dysfunction and even induces shock [1]. Meanwhile, pain
can induce an early-warning physiological protective system,
which  is  essential  to  detect  and  minimize  the  contact  with
damaging  or  noxious  stimuli [2].  The  causes  of  pain  include
cancer, inflammation or tissue injury, as well as lesions of the
nervous  system [3].  Currently,  available  drugs  only  achieve
partial  analgesia,  and  with  problems  such  as  poor  efficacy
and  serious  side  effects [4].  Although  the  opioid  analgesics
and nonsteroidal anti-inflammatory drugs (NSAIDs) are cur-
rently used to treat pain, such as morphine, fentanyl, and as-

pirin.  However,  their  clinical  application  is  limited  by  some
factors  including  analgesic  tolerance,  limited  efficacy  with
slow  improvement  in  clinical  response  and  ‘heavy’ side ef-
fects or excessive costs [5].  Some of analgesics commonly in
use were  initially  developed  for  the  treatment  of  other  dis-
eases, which  has  poor  selectivity.  Due  to  this,  these  anal-
gesics  may  reduce  the  compliance  to  the  pharmacological
therapy and resulted in the failure of pain treatment [6]. There-
fore, there is  a  dire  need for  the development  of  novel  anal-
gesic drugs,  with  improved  pharmaceutical  profiles  and  re-
duced side effects, is still of great significance.

Small  molecule  compounds  derived  from  natural
products  are  receiving  more  and  more  attention  in  recent
years.  Venenum Bufonis  (VB),  which was  isolated  from the
dried  secretions  of  the  skin  and  posteriority  glands  of  Bufo
bufo  gargarizans  Cantor  and  Bufo  melanostictus  Schneider,
exhibited extensive  biological  activities  including  e.g.  cardi-
otonic, diuretic, anti-tumor, local anesthesia, detoxify and an-
algesia [7].  The  active  ingredients  of  VB can  be  divided  into
liposoluble and water soluble components. Liposoluble com-
ponents  are  mainly  bufenolides,  including  bufalin  (1),
resibufogenin  (2)  and  cinobufotalin  (3),  while  water  soluble
ingredients principally refer to indole alkaloids such as sero-
tonin  (4)  and  bufotenine  (5)  (Fig.  1) [8]. Bufotenine,  a  trypt-
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amine  alkaloid  resulting  from  the  methylation  of  serotonin
(4), which is a signaling molecule that can alleviate the sever-
ity  of  analgesic  and  its  syndrome.  Moreover,  serotonin  has
been  demonstrated,  in  both  animal  and  human  studies,  that
serotonergic  signaling  elements  can  have  a  major  impact  on
inflammation  development  and  severity [9].  Therefore,
bufotenine might play a vital role in analgesic activity of VB.
In  order  to  investigate  this,  we  synthesized  bufotenine  (5)
alongside with its quaternary ammonium salt (6) (Fig. 1). The
analgesic activities of the two compounds were evaluated on
the behavior of formalin induced pain in mice. The analgesic
evaluation  showed  that  compound 5 and  compound 6 had
strong  effects  on  the  behavior  of  formalin  induced  pain  in
mice.  Moreover,  the  combination  of  compound 6 and
morphine has a synergistic analgesic effect.

We  have  discovered  a  natural  product  molecules
bufotenine and its salt, which show obvious analgesic effects.
In order to discover their  mechanism, computational techno-
logies  were  used  to  predict  potential  receptors.  Literatures
study indicated several targets relating to analgesic effects [10],
and  in  order  to  further  investigate  the  molecular  mechanism
of this effect, we are mainly focus on the 36 targets (Table 1)
which  with  released  crystal  structures.  According  to  their
physiological functions, these targets are can be classified in-
to  i)  G protein-coupled receptors  (GPCRs),  e.g.  serotonin 5-
HT1B, 5-HT2A, 5-HT2B, 5-HT2C receptors, opioid δ, κ, μ, and
NOP receptors, cannabinoid 1 receptor CB1, neurokinin-1 re-
ceptor NK1, metabotropic glutamate receptor 5 mGLUR5, ad-
enosine  receptors  A1 and  A2A,  neurotensin-1  receptor  NTS1,
angiotensin  type  2  receptor  AT2; ii)  enzyme,  e.g.  cyclooxy-
genase  1  COX-1,  acetylcholinesterase  AChE,  nitric  oxide
synthase  NOS,  sepiapterin  reductase  SPR,  microsomal
prostaglandin E synthase-1 mPGES1 and soluble epoxide hy-
drolase SEH; iii) ion channel e.g. voltage-gated sodium chan-
nels  (NaV1.7),  TWIK-Related K+ Channel  1  TREK-1 (K2P,
KV7 and KV2),  acidsensing ion channels  ASICs, N-methyl-

D-aspartic acid NMDA2A, transient receptor potential vanil-
loid TRPV1 and TRPA1, α7/α4β2 nicotinic acetylcholine re-
ceptors α7/α4β2  nAChR,  P2X3  ATP  receptors  and γ-
aminobutyric acid GABA; and i.v.) others, e.g. tumor necros-
isfactor-α TNF-α and  tropomyosin  receptor  kinase  A  TrkA.
All these analgesic effects-related targets are used for compu-
tational target prediction.

Reverse docking,  a  computational  method  which  in-
volves docking a ligand in potential  binding sites of a set  of
targets, has been proved to be a powerful tool for drug reposi-
tioning [11]. In contrast with traditional molecular docking, re-
verse  docking ranks  target  proteins  for  a  given ligand rather
than  ligands  for  a  given  target  protein.  Base  on  the  list  of
ranked target proteins, the relevance of a given ligand for po-
tential target(s) can be estimated. Therefore, the reverse dock-
ing  method is  useful  for  searching  potential  targets  of  drugs
already approved [12] or of natural products [13] whose mechan-
ism are not yet known. Several studies have been performed
to  predict  targets  successfully.  Here  we  performed  reverse
dockings to predict potential targets of bufotenine (5) and its
derivatives  (6), that  could  produce  analgesic  effect.  In  addi-
tion, all the docking poses were subsequently post-processed
by protein-ligand binding free energy simulations (molecular
mechanics-generalized4  Bornaurface  area,  MMGBSA).  In
MMGBSA, the free binding energy simulation combined gas
phase  energy  (MM),  electrostatic  solvation  energy  (GB),  as
well  as  nonelectrostatic  contribution  to  solvation  energy
(SA). The MMGBSA methods have become widely adopted
in estimating protein-ligand binding affinities due to their ef-
ficiency  and  high  correlation  with  experiment [14].  Based  on
computational  prediction  (e.g.  reverse  docking  and  binding
free energy  prediction),  experimental  validation  was  fol-
lowed  and  acetylcholinesterase  AChE  was  finally  identified
as  the  target.  Moreover,  binding  modes  hypotheses  between
compound 6 and AChE is presented. 
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Fig. 1    Structures of representative ingredients in VB (1−5) and compound 6
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Table 1     

Class Target PDBa Glideb MMGBSA Class Target PDB Glide MMGBSA Class Target PDB Glide MMGBSA

GPCR

A1 5N2S −6.06 −40.07

GPCR

5-HT1B 5V54   −2.19 −47.35

Enzyme

SPR 6I6V_2   −5.07 −43.02

A1 5UEN −5.40 −36.95 5-HT1B 4IAQ   −5.28 −39.66 AchE 6TTO −11.79 −83.63

A2A 3UZA −6.48 −36.07 5-HT1B 4IAR   −6.76 −38.09 AchE 1ZGB −10.51 −44.83

A2A 5IU4 −7.15 −47.32 5-HT1B 6G79   −5.30 −37.65 AchE 6XYU −12.55 −40.83

A2A 5IU7 −7.42 −25.94 5-HT2A 6A93   −6.07 −43.37 AchE 2ACK   −4.63 −28.97

A2A 5K7K −6.52   −0.23 5-HT2A 6A94   −4.79 −35.26

A2A 5OLG −6.92 −47.38 5-HT2B 5TUD −10.17 −43.92

Ion Channel

ASIC1 2QTS   −2.62 −28.42

AT2 5UNF −5.15 −33.94 5-HT2B 6DS0   −5.98 −40.54 GABA3 4TK3   −3.92 −33.45

AT2 5UNG −5.57 −28.03 5-HT2B 6DRZ   −9.15 −39.07 GABA1 5OSA   −2.71 −27.80

AT2 5UNH −4.80 −34.74 5-HT2B 4NC3   −8.79 −38.91 TREK2 4XDK   −4.59 −36.77

CB1 5TGZ −5.96 −33.17 5-HT2B 4IB4   −5.69 −37.28 TREK2 4XDL   −4.54 −38.58

CB1 5U09 −5.59 −47.54 5-HT2B 6DRX   −6.66 −34.96 TREK2 6CQ8   −3.89 −34.90

CB1 5XR8 −5.97 −48.00 5-HT2B 5TVN   −7.57 −33.48 TREK1 6CQ9   −5.53 −30.60

CB1 5XRA −5.97 −51.76 5-HT2B 6DRY   −6.96 −31.49 TREK1 6V37   −4.43 −31.88

CB1 6KPG −6.02 −44.43 5-HT2C 6BQH   −5.52 −48.16 TREK2 3LNM   −6.80 −32.78

CB1 6N4B −9.55 −41.81 5-HT2C 6BQG   −5.87 −42.94 NaV1.7 5EKO   −4.73 −42.39

mGLuR5 4OO9 −0.52 −37.15 GLP1 3IOL   −4.50 −23.75 NaV1.7 5KOI   −2.85 −25.53

mGluR5 5CGC −2.96 −40.16

Enzyme

COX1 3KK6   −7.90 −49.28 NaV1.7 6J8G   −4.65 −22.50

mGluR5 5CGD −7.72 −36.93 COX1 3N8Y   −2.66 −32.79 NaV1.7 6J8H   −4.73 −18.39

NK1 6E59 −6.69 −40.73 COX1 5WBE   −6.35 −48.51 NaV1.7 6J8I   −3.66 −18.49

NK1 6HLL −6.90 −38.25 mPGES1 4WAB   −2.07 −23.33 NaV1.7 6J8J   −6.11 −20.64

NK1 6HLO −5.00 −37.29 mPGES1 4YL3   −1.32 −19.25 NMDA2A 5VII   −3.24 −32.01

NK1 6HLP −6.03 −31.28 mPGES1 5BQG   −2.63 −24.77 GluA2 6Q54   −2.21   41.95

NK1 6J21 −6.01 −32.83 mPGES1 5K2D   −6.91 −35.30 P2X3 5SVK   −2.73 −20.39

δ 4EJ4 −3.63 −33.52 mPGES1 5T37   −2.41 −26.57 P2X3 5YVE   −4.64 −32.51

δ 4N6H −3.85 −33.78 NOS 1M7Z   −4.62 −34.28 P2X3 6AH4   −2.89 −25.33

δ 4RWA −5.99 −33.08 NOS 2FBZ   −2.88 −30.29 TRPA1 6PQO   −5.12 −36.60

δ 4RWD −2.57 −27.68 NOS 4CU1   −4.16     6.82 TRPA1 6V9V   −5.05 −34.55

δ 6PT2 −4.01 −35.91 NOS 5G6B_1   −6.33     5.48 TRPA1 2PNN   −3.46 −32.00

δ 6PT3 −3.45 −38.53 NOS 5G6B_2   −4.53 −27.33 TRPV1 5IRX   −6.11 −38.08

κ 4DJH −7.48 −29.96 NOS 5VV6_1   −4.06 −21.93 NavPaS 6A95   −5.13 −38.84

κ 6B73 −5.88 −36.79 NOS 5VV6_2   −5.96   −2.26 AchBP 3ZDG   −7.40 −36.84

κ 6VI4 −5.90 −38.38 SEH 3ANS   −5.21 −51.60 AchBP 4AFH −11.17 −48.41

μ 4DKL −8.46 −27.03 SEH 3WKB   −4.82 −37.27 AchBP 4B5D −12.18 −37.29

μ 5C1M −2.44 −40.25 SEH 4OD0   −9.51 −35.14 AchA7 3SIO −10.07 −39.24

NOP 4EA3 −5.65 −35.66 SEH 5MWA   −6.27 −31.48 AchA7 5AFN-1   −2.75 −44.04

NOP 5DHH −4.61 −35.90 SPR 4HWK_1   −6.17 −37.34 AchA7 5AFN-2   −4.68 −32.84

NTS1 4BV0 −5.31 −36.42 SPR 4HWK_2   −5.90 −38.26 AchA7 5J5G   −3.81 −34.63

NTS1 4GRV −6.90 −35.54 SPR 4XWY_1   −3.10 −30.11 AchA7 5OUH   −5.13 −33.46

NTS1 4XEE −8.09 −38.30 SPR 4XWY_2   −5.14 −47.01

NTS1 4XES −8.15 −42.62 SPR 4Z3K_1   −5.47 −37.39

Others

TNF-α 1fT4   −1.98 −20.16

NTS1 3ZEV −8.81 −35.20 SPR 4Z3K_2   −4.91 −36.23 TrkA 6IQN   −7.13 −40.17

NTS1 4BUO −9.71 −35.76 SPR 6I6V_1   −6.04 −40.40 TrkA 6NSS   −4.14 −35.51
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Results and Discussion
 

Chemistry
Bufotenine  (5)  and  bufotenine  quaternary  ammonium

salt (6) were synthesized in high yields using 5-benzyloxyin-
dole as raw materials as shown in Scheme 1. 5-Benzyloxyin-
dole (7) was acylated with oxalyl chloride to give compound
8 with  a  rude  yield  of  94%,  and  then  reacted  compound 8
with dimethylamine  hydrochloride  in  an  alkaline  environ-
ment  afforded  compound 9 in  90% yield.  Subsequently  the
benzyl protecting group was removed under the condition of
10% palladium on activated carbon with H2, and the import-
ant  intermediate  compound 10 was  obtained  in  92% yield.
Taking  into  this  account  that  both  ketone-carbonyl  groups
must be converted to methylene, so we focused our attention
to optimize the reduction conditions of compound 10 and Li-
AlH4 to  produce  the  target  compound 5. We  chose  anhyd-
rous tetrahydrofuran as a reaction solvent, the molar ration of
compound 10 : LiAlH4 is 1 : 6, and finally compound 5 is ob-
tained with a yield of 85% [15]. The target compound 6 in the
form of a quaternary ammonium salt of compound 5 was ob-
tained.  Based  on  the  synthesis  of  compound 5 by our  re-
search team, we selected a suitable reaction solvent–methan-
ol  and  under  dark  conditions,  then  allowing  compound 5 to
react with excess methyl iodide to obtain a compound in the
form of  iodized  salt.  Considering  the  instability  of  the  iod-
ized salt, after the reaction is completely treated, silver chlor-
ide  is  added  for  substitution  to  obtain  a  stable  structure  of
compound 6 with a yield of 90%. 

Analgesic evaluation 

Behavior effects of formalin-induced pain model
The painful reaction of formalin foot swelling manifests

as  a  biphasic  response,  one  phase  (0–5  min;  the  first  stage)
belongs to the surrounding nociceptors that are directly stim-
ulated by formalin, the second phase (15–45 min; The second
stage)  belongs  to  the  central  neuron  sensitization  process,
with  a  relatively  short  resting  period  (5–10  min)  during  this
period,  also  called  analgesia  incubation  period.  In  this  test,
formalin’s nociceptive behavior was quantified as the length
of time of licking or  biting injection foot  within 45 min (di-

vided into 9 cycles of 5 min each). Behavior of licking/biting
their paws was recorded and the lower time of the paw lick-
ing/biting indicated a  better  analgesic  activity.  Behavior  res-
ults showed that all groups experienced a relatively short rest-
ing period after peripheral nociceptive pain caused by formal-
in  in  the  5–10 min phase.  The intraperitoneal  injection (i.p.)
of compounds 5 (5, 15 mg·kg–1) and 6 (5, 15 mg·kg–1) groups
exhibited apparent decreases in the licking/biting from the 10
min to the 45 min (P < 0.0001 vs control, n = 12). Moreover,
we  discovered  that  compound 6 has  better  inhibition  effect
than  compound 5,  and  compound 6 (15  mg·kg–1)  has  better
inhibition  effect  than  compound 6 (5  mg·kg–1)  (Fig.  2). 

Synergistic analgesic  effect  of  co-administration  of  com-
pound 6 with morphine

In the test, we evaluated the analgesic effect and forms of
compound 6 combined with morphine. With the treatment of
morphine  (0.25  mg·kg–1)  group  and  compound 6 (5,  15
mg·kg–1)  groups respectively,  after  60 min of  intraperitoneal
administration (i.p.). The results showed that the compound 6
(5  mg·kg–1)  group  used  alone  could  slightly  extend  the  paw
withdrawing  thermal  latency  (PWTL)  of  mice  hind  foot  on
the hot plate, and the morphine (0.25 mg·kg–1) and the com-
pound 6 (15  mg·kg–1)  groups  are  apparently  increased  the
first  foot  lift  time  (P <  0.05 vs control, n =  12).  However,
when  the  above  doses  of  drugs  were  used  in  combination
(morphine  +  compound 6), the  first  foot  lift  time is  remark-
able enhanced (P < 0.0001 vs control, n = 12), the prolonged
analgesic  activity  of  mice  obviously  increased  from 125.2%
and  138.4% to  175.9% and  195.6%,  the  groups  produced  a
significant analgesic effect and shows that the combination of
compound 6 and morphine has a synergistic effect.  Unfortu-
nately, after 90 min of administration, the synergistic analges-
ic effect of the combination group was apparently weakening,
indicating that compound 6 may have the potential for short-
acting analgesia (Fig. 3A and 3B). 

Reverse docking for target prediction
To  identify  the  analgesic  mechanism  of  bufotenine  and

its derivatives,  we  performed  reverse  docking  with  a  data-
base  of  127  crystal  structures  covering  36  analgesic-related
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target proteins.  In  order  to  further  model  molecular  recogni-
tion, both XP GlideScore and MMGBSA (molecular mechan-
ics-generalized  Bornaurface  area,  MMGBSA)  are  involved
(Table  1).  The  docking  score  GlideScore [16] is  an  empirical
scoring function which has many terms including force filed
and terms rewarding or  penalizing  interactions  known to  in-
fluence  ligand  binding.  While  the  MMGBSA  methods  have
become widely  adopted  in  estimating  protein-ligand  binding
affinities due to their efficiency and high correlation with ex-
periment [14].  All  the  docking  poses  are  subsequently  post-
processed  by  MMGBSA  calculations.  Based  on  the  Glide
Gscore  and  protein-ligand  binding  free  energy  MMGBSA
scores, the poses with the lowest XP GlideScores were selec-
ted for further analysis.

Table  1 (in supporting  information)  shows  the  perform-
ance  of  36  analgesic-related  target  proteins  based  on  Glide

XP  Scores  and  MMGBSA.  Cutoffs  for  GlideScore  and
MMGBSA are  set  based  on  top  20% ranked  structures,  and
−7.0 and −40 are indicated, respectively. Glide scorings gives
18.1% structures with GlideScore ≤ −7.0, while 18.9% struc-
tures  with  MMBPSA scores  ≤  −40,  and  covering  13  and  15
receptors, respectively. However, 10 structures covering 8 re-
ceptors  (A2A,  CB1,  NTS1,  5-HT2B,  5-HT2C,  COX1,  AChE,
AChBP  and  TrkA)  simultaneously  meet  the  cutoffs  of  both
Glide Gscores and MMGBSA scores (Fig. 4A). Interestingly,
it  is  obviously  to  find  that  both  GlideScores  and  MMBPSA
are enriched in acetylcholinesterase (AChE), of which 3 of 4
structures  are  out-performed.  Moreover,  the  best  Glide
Gscore  (−12.6)  and  MMBPSA  (−83.6)  are  observed  from
AChE as  well.  Although enrichment  of  GlideGscore  are  ob-
served  in  NTS1 and  5-HT2B receptors,  and  MMGBSA  are
likely  to  enrich  in  CB1 and  5-HT(X) receptors,  it  is  hard  for
these targets to obtain both scores cutoffs as set. For example,
MMGBSA indicate 5 of 6 CB1 structures outperformed most
of other targets. However, their GlideGscores are much lower
(most  are  around  6.0)  than  the  set  cutoff  value.  Similarly,
NTS1 performed well (4 of 6 structures are lower than −8.0)
if  ranked  on  GlideGscore,  while  the  profiles  of  MMGBSA
are inferior.

Further increased the cutoffs (top 5%) of Glide XP score
and MMGBSA score to -9.5 and -48.0 (Fig. 4B), 8 receptors
are reserved including GPCRs 5-HT2C, CB1 and NTS1, en-
zyme  SEH,  AChE and  COX1,  and  ion  channel  AChBP and
AChA7  (Figs.  5 and  S7-S11). Fig.  4B shows  that  nAChR
(AChBP) and AChE meet the even more strict cutoffs of both
Glide XP score and MMGBSA, indicating the most potential
binding targets.

Interestingly,  Khorana et  al. [17] found  that  compound 4
performed  62% inhibition  on  AchE  at  concentration  3.4  ×
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Fig.  2     Effect  of  compounds 5 and 6 on analgesic  paramet-
ers of  ICR mice (a)  Licking/biting time.  (a)  values represent
as mean ± SEM of twelve observations. #P < 0.05, ##P < 0.01
###P < 0.001, and ####P < 0.0001 vs control. (Statistical signific-
ance was assessed by two-way ANOVA followed by Dunnett’s
 t test)
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Fig. 3    Synergistic analgesic effect of compound 6 combined with morphine: (A) represents the first foot lift time of synergistic
analgesic effect of compound 6 combined with morphine by hot plate method, graph (B) respectively showing the analgesic activ-
ity in mice after 60 min drug intervention. Represented values are the mean ± SEM of twelve observations. #P < 0.05, ###P < 0.001
and ####P < 0.0001 vs control group; *P < 0.05, **P < 0.01 and ***P < 0.001 vs morphine group (Statistical significance was assessed
by one-way ANOVA followed by Dunnett’s t test)
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10−4 mol·L–1, however IC50 was not determined. While Queir-
oz et al. [18] determined  compounds 5 with  IC50 of  11.4
μmol·L–1 on  AchE.  The  only  difference  between  the  two
compounds is  that 5 contains two methyl groups which may
form hydrophobic interaction with receptor residues, and res-
ulted in  bioactivity  on  AchE.  Detailed  binding  modes  com-
parisons will be discussed in the following section. 

Binding site characterization 

α4β2 nicotinic acetylcholine receptor (nAChR)
Compound 6 can  well  bound  to  the  site  of  nAChR

(AChBP)  (Fig.  5A)  where  the  co-crystalized  ligand  lobeline
binds, and shows similar binding modes as lobeline (Figs. 5B
and 5C).  Both  compound 6 and lobeline  can form hydrogen
bond with  Trp153 through phenolic  hydroxyl  group and hy-
droxyl, respectively (Fig. 5B and 5C). One hydrophobic area

is observed in the interior of the pocket which is composed of
several  aromatic  residues,  e.g.  Phe102,  Trp153,  Tyr194,  and
Tyr201. Further comparison indicates that both the trimethyl-
ammonium groups in compound 6 and the benzene ring of lo-
beline  can  target  this  hydrophobic  sub-pocket  (Fig.  5C)  in
AChBP. 

Acetylcholinesterase (AChE)
Compound 6 is  chemically  different  from MC1420,  but

can target the same binding site (Fig. 5D). Interestingly, crys-
tal  structure  shows  no  polar  interaction  between  AChE
residues and MC1420, while the phenolic hydroxyl group of
6 forms hydrogen bond interaction  with  Glu199.  Obviously,
F330,  F331,  Y334  and  H440  in  AChE  form  a  hydrophobic
pocket  and establish  hydrophobic  contacts  with  cyclohexane
of MC1420. Binding mode indicates the trimethylammonium
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group  of 6 are  also  located  in  the  hydrophobic  area.
Moreover, indole ring inserts into interior of the pocket where
benzyl group of  MC1420 located,  and  forms aromatic  inter-
action with Trp84 (Figs.  5E and 5F).  However, 6 cannot in-
teract  with residues e.g.  Tyr70 and Trp279, which make π-π
interactions  with  the  right  part  of  MC1420.  And  interacting
with this residue may contribute to binding affinity.

Both lobeline and MC1420 are chemically different from
compound 6, however resulted with similar binding modes in
corresponding receptors.  Moreover,  we  found  the  trimethyl-
ammonium group of 6 can  target  to  hydrophobic  pockets  of
both  receptors  and  make  hydrophobic/aromatic  interactions,
and this  role  is  supported by stronger  analgestic  effects  of 6
than 5, which contains a dimethylamine group and resulted in
weaker  interactions  with  corresponding  targets  and  lower
binding affinity. 

Conclusion

Pain  is  a  common  clinical  symptom and  a  major  health
problem plague  the  quality  of  life  for  many  people.  Avail-
able  analgesics––opioids, NSAIDs,  and  amine  reuptake  in-
hibitors––have varying,  but  typically low levels  of  analgesic
efficacy,  and  are  generally  coupled  with  deleterious  effects.
So nature-derived  products  and  their  semi-synthetic  derivat-
ives  serve  as  better  candidates.  In  this  research,  we  used  5-
benzyloxyindole as the raw material to design and synthesize
bufotenine (5) and its quaternary ammonium salt (6), the total
yields  were  66.2% and  59.6%. One  such  outcome  is  com-
pound 6,  a  derivative  of  compound 5,  and  their  analgesic
activities were evaluated on the behavior of formalin induced
pain in  mice.  The  analgesic  evaluation  showed  that  com-
pound 5 and compound 6 had strong effects on the behavior
of  formalin  induced  pain  in  mice.  Subsequent  experiments
also  showed  that  compound 6 shows  synergistic  analgesia
with  morphine  painful  effect.  In  conclusion,  compound 5 is
an analgesic active molecule and play a vital role in the anal-
gesic effect of VB and compound 6 exhibits outstanding anal-
gesic activity  in  vivo.  Taking into  account  the  potential  bio-
technological and pharmacological, compound 6 can serve as
a latent analgesic drug candidate molecule.

In  order  to  further  investigate  the  molecular  mechanism
of this  analgesic  effect,  in  silico  target  prediction  were  per-
formed on  36  analgesic-related  targets  (including  15  G  pro-
tein-coupled  receptors,  6  enzymes,  13  ion  channels,  and  2
others) using  reverse  docking.  Both  docking  scores  and  lig-
and binding  free  energy  were  utilized  to  evaluate  these  tar-
gets,  and  finally  2  target  (acetyl  cholinesterase  (AChE)  and
α4β2 nicotinic acetylcholine receptor (nAChR)) were determ-
ined  and  corresponding  binding  mode  were  presented.  The
phenolic  hydroxyl  group  of  compound  6  forms  hydrogen
bond interaction with Glu199. Binding mode indicates the tri-
methylammonium  group  of  compound  6  are  also  located  in
the hydrophobic  area.  Moreover,  indole  ring  inserts  into  in-
terior of the pocket where benzyl group of MC1420 located,
and forms  aromatic  interaction  with  Trp84.  However,  com-

pound 6 cannot interact with residues e.g. Tyr70 and Trp279,
which make π-π interactions with the right  part  of  MC1420.
And  interacting  with  this  residue  may  contribute  to  binding
affinity.  Therefore,  we  guessed  that  the  trimethylammonium
group  of  compound 6 which  form  hydrophobic  interaction
with  corresponding  hydrophobic  sub-pocket,  resulting  in
highly related to binding affinity and analgesic affect. 

Experimental
 

Chemistry
All  commercially  purchased  raw  materials  and  solvents

were chemical pure and used without further purification un-
less otherwise specified. The progress of reactions was mon-
itored by TLC analysis  carried out  on 0.15–0.20 mm Yantai
silica  gel  plates  RSGF  254  (Qingdao  Kangyexin,  China;
300−400 meshes) using UV light as the visualizing agent. 1 H
NMR  and 13 C  NMR  spectra  were  recorded  on  Bruker  500
MHz spectrometer  (Bruker  Co.,  Germany),  with samples di-
luted in deuterated chloroform or DMSO and achievement of
32 scans. Tetramethylsilane (TMS) was considered as the in-
ternal standard. Chemical shifts (δ values) and coupling con-
stants  (J values) are  given  in  ppm and  Hz  respectively.  Ab-
breviations  used  are  s  (singlet),  d  (doublet),  t  (triplet),  q
(quartet),  b  (broad)  and  m (multiplet).  ESI-MS spectra  were
recorded on a Waters Synapt HDMS spectrometer. 

2-(5-(Benzyloxy)-1H-indol-3-yl)-2-oxoacetyl  chloride
(8). A mixture of 5 -benzyloxyindole (7) (220 mg, 1.0 mmol)
and oxalyl chloride (175 μL, 2.0 mmol) was stirred in anhyd-
rous diethyl ether for 30 min at room temperature, the red sol-
id obtained was collected by filtration, repeated washed with
ether,  and dried under vacuum to produce compound 8 (290
mg), with the crude yield was 94%. 

2-(5-(Benzyloxy)-1H-indol-3-yl)-N, N-dimethyl-2-oxo-
acetamide (9).  A solution of NaOH (170 mg, 4.25 mmol) in
water (4.15  ml)  was  added  dropwise  into  the  reaction  mix-
ture of compound 8 (310 mg, 1.0 mmol) with a small amount
of anhydrous diethyl ether and dimethylamine hydrochloride
(350 mg, 4.29 mmol) in 30 min at 25 °C, the solid appeared
was filtered to  the  crude product  of  compound 9. After  dry-
ing,  it  was  directly  mixed  with  silica  gel  and  separated  by
column chromatography, using ethyl acetate as the eluent and
obtain  the  pure  product  of  compound 10 (288.6  mg),  as  a
white solid, with a yield of 90%. 1H NMR (500 MHz, CDCl3)
δ: 8.95 (s, 1H), 7.99 (d, J = 2.1 Hz, 1H), 7.91 (d, J = 3.2 Hz,
1H), 7.52 (d, J = 7.4 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.35
(dd, J =  13.1,  8.1  Hz,  2H),  7.05  (dd, J =  8.8,  2.5  Hz,  1H),
5.18  (s,  2H),  3.11  (d, J =  12.4  Hz,  6H);  ESI-MS m/z 321
[M − H]−, 323 [M + H]+, 345 [M + Na]+ (Fig. S1). 

2-(5-Hydroxy-1H-indol-3-yl)-N, N-dimethyl-2-oxoacet-
amide (10). At room temperature, compound 9 (50 mg, 0.155
mmol) and 10% palladium on activated carbon (5.0 mg) was
solvated in mixture solution (MeOH∶ THF = 1∶2) and the
reaction vessel was purged with N2, and then with H2, and the
solution was allowed to stir  vigorously under an atmosphere
of H2. After 18 h, all starting material was consumed. The re-
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action  solution  was  then  filtered  through a  bed  of  celite  and
washed  with  EtOAc  and  concentrated.  Silica  gel  mixing  for
column chromatography  separation,  dichloromethane:  meth-
anol = 20∶1 as the eluent, the pure compound 10 (33.5 mg)
was obtained, is an oily substance and the yield was 92%. 1H
NMR (500 MHz, DMSO) δ: 12.07 (s, 1H), 9.17 (s, 1H), 7.96
(d, J =  3.2  Hz,  1H),  7.71–7.16  (m,  2H),  6.76  (dd, J =  8.7,
2.3 Hz, 1H), 6.07 – 5.54 (m, 1H), 2.98 (s, 3H), 2.91 (s, 3H);
ESI-MS m/z 231[M  −  H]−,  233  [M  +  H]+,  255  [M  +  Na]+

(Fig. S2). 

3-[2-(Dimethylamino)ethyl]-1H-indol-5-ol  (5).  To  form
a well-stirred suspension of lithium aluminum, LiAlH4 (20.1
mg, 0.9  mmol)  was  dissolved  in  THF  at  0  °C.  The  suspen-
sion  was  slowly  added  into  a  solution  of  compound 10 (35,
0.15 mmol) in THF and then the mixture was refluxed for 4 h
under N2, then the reaction mixture was cool down to 40 °C
and  stirred  for  10  h.  Following  cooling  in  an  external  ice
bath, and cautious addition of 2M aqueous NaOH to quench
to reaction. The inorganic solid was removed by filtration and
the filter cake was washed using additional diethyl ether. The
filtrate and washes were combined and dried over anhydrous
magnesium sulfate and the solvents  were removed in vacuo,
then  the  silica  gel  was  sampled  and  separated  by  column
chromatography,  using  dichloromethane:  methanol  =  10  :  1
as  the  eluent  to  obtain  compound 5 of  pure  product,  about
26.2  mg,  is  a  yellow-brown  oily  substance  with  a  yield  of
85%. 1H NMR (500 MHz, DMSO) δ: 10.49 (s, 1H), 8.60 (s,
1H), 7.12 (d, J = 8.6 Hz, 1H), 7.04 (d, J = 2.1 Hz, 1H), 6.81
(d, J =  2.2  Hz,  1H),  6.59  (dd, J =  8.6,  2.3  Hz,  1H),  2.79 –
2.72 (m, 2H), 2.61 – 2.54 (m, 2H), 2.29 (s, 6H) (Fig. S3); 13C
NMR (126 MHz, DMSO) δ: 150.54, 131.24, 128.35, 123.38,
112.08, 111.99, 111.60, 102.66, 60.45, 45.58, 23.67; ESI-MS
m/z 203[M − H]−, 205 [M + H]+, 227 [M + Na]+ (Fig. S3,S4). 

2-(5-Hydroxy-1H-indol-3-yl)-N, N, N-trimethylethan-1-
aminium  (6).  Under  dark  conditions,  take  compound 5 (50
mg,  0.25  mmol)  dissolved  in  methanol,  add  methyl  iodide
(2.2 ml, 3.5 mmol), after the mixture was the reaction to 36 h.
The filter  cake  obtained  was  collected  by  filtration,  re-
peatedly washed  with  methanol.  Then  the  filter  cake  is  re-
solved in methanol, excess AgCl was added, and the reaction
was continued under  dark  conditions.  After  filtering,  the  fil-
ter residue was taken, mixed with neutral alumina and separ-
ated by  column  chromatography,  Dichloromethane:  methan-
ol  =  5∶1 as  the  eluent  to  obtain  the  pure  product  of  com-
pound 6 (55.1 mg), which is a purple-brown oil with a yield
of 90%. 1H NMR (500 MHz, DMSO) δ 10.71 (s, 1H), 8.72 (s,
1H), 7.15 (dd, J = 9.2, 5.2 Hz, 2H), 6.91 (d, J = 1.7 Hz, 1H),
6.66  (dd, J =  8.6,  2.0  Hz,  1H),  3.56–3.48  (m,  2H),  3.17  (s,
9H),  3.11–3.02  (m,  2H)  (Fig.  S5); 13C  NMR  (126  MHz,
DMSO)  δ:  150.90,  131.21,  127.85,  124.24,  112.31,  112.14,
107.75,  102.67,  65.69,  52.61,  19.17;  ESI-MS m/z 218  [M −
H]−, 220 [M + H]+, 242 [M + Na]+ (Fig. S5,S6). 

Pharmacology 

Chemicals and reagents
Compound 5 (purity  ≥  98%),  compound 6 (purity  ≥

98%)  and  morphine  (purity  ≥  98%).  All  the  other
chemicals/reagents used for various assays were of research-
grade and  were  purchased  from  Sigma  Aldrich  (USA),  un-
less otherwise stated. 

Animals maintenance and ethical prerequisites
All procedures involving animals were conducted in ac-

cordance with the ethical guidelines established by the Inter-
national  Association for  the Study of  Pain [19] and the proto-
cols  were  approved  by  the  Animal  Committee  of  Nanjing
University  of  Chinese  Medicine  (Approval  number,
ACU171001).  Health  SPF  grade  adult  ICR  mice,  female,
weighing 18–22 g, age 6–8 weeks were used for different ex-
periments  with  provided  by  Nanjing  QingLongShan,  China.
Before  the  experiment,  all  mice  were  kept  adaptively  in  the
animal room of standard laboratory for a week, the room tem-
perature  was  maintained  at  20–25  °C,  the  relative  humidity
was  40%–60%,  The  animals  were  housed  in  a  room  with  a
normal 12-h light-dark cycle during the experiment, and were
fed with the standard pellet diet with water ad libitum. 

Dose formulation for in vivo experimentation
The formalin test is a widely used model of pain and this

model has been used in mice. 20 μL 2.5% formalin (0.925%
formaldehyde) solution  was  used as  a  modeling solution  ac-
cording to Salinas-Abarca et al. [20]. In all experiments, com-
pound 5 and  compound 6 used  two  doses  of  5,  15  mg·kg–1,
and  morphine  hydrochloride  (0.25  mg·kg–1)  was  used  as  a
standard drug according to Benjamin et al. [21]. 

Formalin-induced paw licking test
All behavioral experiments were carried out with the in-

vestigators  blind  to  treatment  conditions.  The  test  was  also
determined by following the formalin test as reported by Tran
L et al. [22] and later modified by Zhang S et al. [23] Select the
mice with normal ICR were randomly divided into six differ-
ent groups  consisting  ten  to  twelve  mice  in  each  group  ac-
cording to  body  weight.  Then  mice  in  each  group  were  ad-
ministered  by intraperitoneal  injection  (i.p.)  of  0.1  mL/10 g.
15  min  after  administration,  about  20  μL  of  2.5% formalin
(0.925% formaldehyde) was injected into the right hind paw
subcutaneously. This provokes a sequence of responses such
as licking, biting and shrinking indicating nociceptive behavi-
or. compound 5 (5, 15 mg·kg–1), compound 6 (5, 15 mg·kg–1)
and morphine (0.25 mg·kg–1) were given 30 min before injec-
tion of formalin, and the mice were observed. The amount of
time  (in  seconds)  spent  in  licking  and  biting  of  the  injected
paw was quantified and recorded. 

Collaborative analgesic test
Morphine is also a classical opioid analgesic,  which has

a  strong  analgesic  effect.  Taking  this  into  consideration,  we
designed an experiment  to  evaluate  the  synergistic  analgesic
effect of morphine and compound 6 (5, 15 mg·kg–1). The test
was carried out according to the method described by Shetty
and Anika [24] and modified by Zhang HL et  al. [25].  Using a
plantar test (37 370, Ugo Basile Plantar Test Apparatus, Italy)
and preselect the mice with pain response within 30 s. Place
healthy SPF adult ICR mice in a hot plate instrument, set the
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temperature  at  55  ±  0.5  °C,  measure  the  PWTL of  the  mice
twice,  per  5  min,  and  withdrawing  the  hind  paw of  mice  as
the  observation  index.  If  the  mice  do  not  lick  the  hind  paw
within 30  s,  escape  or  jump,  they  will  be  discarded  and  re-
placed. The time of the mice licking the first foot before ad-
ministration was  recorded  as  the  PWTL.  Pre-selected  quali-
fied  mice  were  divided  into  normal  saline  group,  morphine
hydrochloride  group,  compound 6 (5,  15  mg·kg–1)  groups,
and  morphine  +  compound 6 (0.25  ±  5,15  mg·kg–1)  groups,
12 mice in each group, then mice in each group were admin-
istered by intraperitoneal injection (i.p.) of 0.1 mL/10 g. Be-
fore drug intervention, adjust the temperature of the hot plate
to 55 °C and keep for 60 min. At the point of 30, 60, 90, 120
min  after  administration,  we  measured  three  times  per  mice

and the PWTL was the average of it. If the mice have no pain
reaction within 60 s, take it out immediately and calculate ac-
cording  to  60  s.  Data  was  produced  by  comparing  observed
values  with  that  values  of  the  control  group  and  morphine
group.
 

Statistical analysis
All  experimental  data  were  analyzed  and  plotted  using

statistical  analysis  software  SPSS  22.0  and  GraphPad  Prism
8.0. The data are presented as mean ± SEM, and comparison
between groups was made with two-way ANOVA and Dun-
nett’s t-test. The P values < 0.05 were considered statistically
significant. Percentage  prolongation  of  PWTL  was  calcu-
lated using the formula:

age prolongation o f PWT L =
(Pain threshold after adminstration−Pain threshold before administration)

Pain threshold before adminstration
×100%

 

Computational methods 

Target structures retrieval/preparation
GPCR  crystal  structures  were  retrieved  from  Protein

Data  Bank  (https://www.rcsb.org/,  last  accession  data,  1st of
Jue.  2020).  All  protein  PDB  files  were  prepared  within  the
Schröding.  Maestro  (version  11.5)  was  performed  to  split
chains, separately extract the ligand, protein, and (if present)
waters, ions,  organometallics  and  cofactors,  and  sub-
sequently  protein-ligand  complexes  were  prepared  using  the
Protein  Preparation  Wizard  in  Maestro  with  default  opti-
ons [26].  The  prepared  protein-ligand  complex  were  finally
used  to  generated  grid  files  using  Receptor  Grid  Generation
by picking the co-crystalized ligand to define the binding site.
Two  binding  sites  are  investigated  if  there  are  two  ligands
which  binding  in  different  sites  within  one  structure.  All
structures  of  corresponding  receptors  were  investigated,  and
however,  at  most  6  structures  (higher  resolution  would  be
preferred) were  involved  if  more  than  6  structures  were  re-
leased for one receptor. 

Docking and rescoring calculations
Compound 6 was  prepared  from  one-dimensional

SMILES  code  with  charge  information  to  three-dimensional
structures using  Ligpre  in  Schröding.  All  docking  was  ex-
ecuted in Virtual Screening Workflow using Glide XP (extra
precision) mode [27]. Enhanced sampling were used to gener-
ated  multiple  conformations,  and  also  performed  post-dock-
ing minimization. And for each ligand, 30 poses were gener-
ated. Subsequently,  MMGBSA were calculated for all  dock-
ing poses using Prime.  

Appendix A. Supporting information

All the  supporting  information  of  this  paper  can  be  re-
quested by sending E-mails to the corresponding authors.
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