
INTRODUCTION

Tetrazoles are metabolically stable and structurally flexible 
(Singh et al., 1980; Herr, 2002), which allows their convenient 
adaption to diverse binding modes (Burger, 1991; Dhayanithi 
et al., 2011). Tetrazoles are recommended as bioisosteres of 
carboxylic acid, and thus, have been utilized for synthesizing 
various chemical compounds, including explosives, oxidizers, 
and plant growth regulators (John et al., 1989; Klapötke et al., 
2009). Moreover, various therapeutic agents, including losar-
tan, candesartan, and dimethyl thiazolyl diphenyl tetrazolium, 

possess a tetrazole structure (Mosmann, 1983; Dahlof et al., 
2002). Tetrazoles with substituents at various positions exhibit 
diverse pharmacological effects, including antifungal (Ichika-
wa et al., 2000), antibacterial (Martirosyan et al., 2001), anti-
hypertensive (Le Bourdonnec et al., 2000), antiviral (Hutchin-
son and Naylor, 1985), anticonvulsive (Wagle et al., 2009), 
triple monoamine neurotransmitter reuptake inhibitory (Paudel 
et al., 2017a), growth hormone secretagogue transporter ago-
nistic (Wagner et al., 2004), anti-inflammatory and analgesic 
(Rajasekaran and Thampi, 2004), anticancer (El-Sayed et al., 
2012), anti-diabetic (Gao et al., 2010), antioxidant (Pegklidou 
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Tetrazoles were designed and synthesized as potential inhibitors of triple monoamine neurotransmitters (dopamine, norepineph-
rine, serotonin) reuptake based on the functional and docking simulation of compound 6 which were performed in a previous study. 
The compound structure consisted of a tetrazole-linker (n)-piperidine/piperazine-spacer (m)-phenyl ring, with tetrazole attached to 
two phenyl rings (R1 and R2). Altering the carbon number in the linker (n) from 3 to 4 and in the spacer (m) from 0 to 1 increased 
the potency of serotonin reuptake inhibition. Depending on the nature of piperidine/piperazine, the substituents at R1 and R2 ex-
erted various effects in determining their inhibitory effects on monoamine reuptake. Docking study showed that the selectivity of 
tetrazole for different transporters was determined based on multiple interactions with various residues on transporters, including 
hydrophobic residues on transmembrane domains 1, 3, 6, and 8. Co-expression of dopamine transporter, which lowers dopamine 
concentration in the biophase by uptaking dopamine into the cells, inhibited the dopamine-induced endoctytosis of dopamine D2 
receptor. When tested for compound 40 and 56, compound 40 which has more potent inhibitory activity on dopamine reuptake 
more strongly disinhibited the inhibitory activity of dopamine transporter on the endocytosis of dopamine D2 receptor. Overall, we 
identified candidate inhibitors of triple monoamine neurotransmitter reuptake and provided a theoretical background for identifying 
such neurotransmitter modifiers for developing novel therapeutic agents of various neuropsychiatric disorders.
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et al., 2010), and metabotropic glutamate transporter type 1 
agonistic (Vieira et al., 2005) activities (Fig. 1). Based on these 
diverse pharmacological activities of tetrazoles, in the present 
study, we designed, synthesized, and evaluated the biologi-
cal effects of carboxamides (bioisostere of tetrazoles), ether 
(functional group change), and tetrazole derivatives.

Monoamines neurotransmitters, dopamine (DA), norepi-
nephrine (NE), and serotonin (5-HT) play important roles in 
various neuropsychiatric disorders (Hirschfeld, 2000; Belmak-
er and Agam, 2008). 5-HT and NE play central roles in the 
development of depression (Holtzheimer and Nemeroff, 2006; 
Iversen, 2006; Kulkarni and Dhir, 2009), and current therapies 
mostly target them (Fig. 2) (Subbaiah, 2018). However, they 
have a slow onset of action and other associated side effects 
(Prins et al., 2011), which may help explain the low remission 
rates. The incorporation of DA components into a selective 
5-HT reuptake inhibitor or dual reuptake inhibitors has been 
recommended as one of the strategies to develop safer and 
more effective therapeutic agents against depression (Paudel 
et al., 2021). Therefore, triple reuptake inhibitors, which inhibit 
reuptake of 5-HT, NE, and DA, are gaining increasing atten-
tion for the treatment of depression through increase DA neu-
rotransmission, which is not often achieved by conventional 

treatments (Subbaiah, 2018).
In our previous investigation, we performed functional 

and docking analysis of compound 6 (Paudel et al., 2017b). 
Compound 6 showed potent inhibitory effects against three 
reuptake transporters (IC50, 158.7 nM for 5-HT; 99 nM for NE; 
97.5 nM for DA) (Paudel et al., 2017a). Docking simulation 
revealed that tetrazoles possess a moiety that interacts with 
amino acids Tyr175 and Thr497 surrounding the ligand-bind-
ing pocket (LBP) of human 5-HT transporter (hSERT) (Cole-
man et al., 2016; Paudel et al., 2017b). Approximately 3 to 4 
carbons were required in the linker to provide the flexibility 
needed to achieve optimal placement of the compound into 
the L-shaped pocket. A relatively longer linker was necessary 
to attain the flexible angular conformation for accommodating 
into the LBP. Accordingly, new derivatives were designed by 
altering Ar1 and Ar2 while maintaining the essential tetrazole 
moiety (Fig. 3).

Thus, in this study, we designed, synthesized, and ana-
lyzed their structure-activity relationship. In addition, we con-
ducted docking simulation for 1, 5-disubstituted tetrazoles for 
their interaction with human dopamine transporter (hDAT) and 
hSERT. Finally, we determined the effects of hDAT inhibitors 
on the hDAT-mediated regulation of dopamine D2 receptor 
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Fig. 1. Pharmacological application of tetrazole derivatives.
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functions. 

MATERIALS AND METHODS

Reagents
GBR12909 dihydrochloride was purchased from Tocris 

Bioscience (Bristol, UK). Venlafaxine hydrochloride and do-

pamine were obtained from Sigma-Aldrich Chemical Co (St. 
Louis, MO, USA). [3H]-DA, [3H]-5-HT, and [3H]-sulpiride were 
purchased from PerkinElmer Life Sciences (Waltham, MA, 
USA). Human embryonic kidney (HEK)-293 cells were ob-
tained from the American Type Culture Collection (Manassas, 
VA, USA) and maintained in minimal essential medium con-
taining 10% fetal bovine serum, 100 U/mL penicillin, and 100 
μg/mL streptomycin.
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Chemistry
Detailed synthetic procedures for generating 1, 5-disubsti-

tuted tetrazoles are shown in Scheme 1. Substituted benzhy-
drol 13c was refluxed overnight with excess thionyl chloride 
to obtain crude product 14c. The chloro-substituted diphenyl-
methanes (14b-14d) and trimethylsilyl cyanide were reacted 
in the presence of titanium chloride (TiCl4) to generate dis-
tinct substituted diphenyl acetonitriles (15a-15d). Substituted 
diphenyl acetonitriles (15a-15d) were refluxed with excess 
sodium azide and triethylamine hydrochloride to obtain sub-
stituted 5-benzhydryl-1H-tetrazoles (16a-16d). The obtained 
tetrazoles, 16a-16d, were further reacted with 1-bromo-
3-chloropropane or 1-bromo-4-chlorobutane to generate vari-

ous haloalkyl-5-benzhydryl-1H-tetrazole (17a-17d [n=3] and 
18a-18d [n=4]). 

Conversely, tert-butyl piperazine-1-carboxylate (19) was 
refluxed with various phenyl alkyl/alkene halides (20g-20i) to 
obtain alkyl/alkene aryl tert-butyl piperazine-1-carboxylates 
(21g-21i), which were later hydrolyzed to obtain alkyl/alkene 
aryl piperazines (24g-24i). Likewise, piperazine 22 was react-
ed with benzyl bromide (20f) to obtain benzyl piperazine 24f. 

The substitution reaction of 17a-17d (n=3) and 18a-18d 
(n=4) with commercially available piperidines (23e-23h and 
23j) and newly synthesized piperazines (24f-24i) resulted in 1, 
5-disubstituted tetrazoles, including 25-36 (n=3, X=CH), 27-56 
(n=4, X=CH), and 57-72 (n=4, X=N). More detailed informa-
tion regarding the synthetic procedure and physicochemical 
properties of each compound are described in supplemental 
data.

Docking simulation
Compound 40 and 54 have a high affinity for hDAT and 

hSERT, respectively, but there was no compound suitable for 
hNET, so docking simulation was performed only for hDAT 
and hSERT. The structure of hSERT-paroxetine was available 
from Protein Data Bank (PDB ID: 5I6X) (Coleman et al., 2016). 
Ligands such as maltose, cholesterol, N-acetylglucosamine, 
the chloride ion, and paroxetine (drug) were deleted. hDAT 
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was constructed by homology modeling, SwissModel (Water-
house et al., 2018). The template of homology modeling was 
X-ray structure of Drosophila dopamine transporter (PDB ID: 
4XPT) (Wang et al., 2015). The sequence identity of hDAT 
(Uniprot entry: Q01959) is about 54.8% compared with the 
template. The root mean square deviate (rmsd) of the model-
ing hDAT and Q-score of the homology model are about 1.1 Å 
and 0.798, respectively. These values mean the model hDAT 
is very similar to the template and the confidence of the mod-
eling is reasonable.

Hydrogens were added for two target transporters and 
they were minimized by using Chimera software. The three-
dimensional (3D) structures of ligands 40 and 54 were built 
by ChemAxon (2014). The docking study was computed by 
Vina (Trott and Olson, 2010). To set up a search algorithm, 
the binding site was assigned. Because the substrate-binding 
pocket is surrounded primarily by helices 1, 3, 6, and 8 in close 
to the ions-binding pocket, the central region of transmem-
brane helix (TM) 3 with hydrophobic amino acids was suit-
able for making a curved conformer of ligand. Val152, which is 
equivalent to the Val120 residue in the Drosophila dopamine 
transporter, and the Ile172 in hSERT, played important roles. 
In addition, TM1 and TM6 supported several residues that in-
teracted with inhibitors and coordinate Na+ and Cl- ions. The 
search region for the docking simulation was defined by the 
central ligand pocket including the key residues. According to 
the score values of the docking simulation, top of binding pose 
was selected.

The selected complex structure was run by molecular dy-
namic (MD) simulation to confirm a thermal stability of com-
plex in physiological environment and to overcome the defect 
of the rigid docking simulation. The cubic simulation box of 
the complex was solvated by TIP3P water model (Jorgensen 
et al., 1983) and total charge of the system was neutralized 
by adding ions. The structural force field of protein and ligand 
were applied by AMBER14SB (Maier et al., 2015) and GAFF 
(Sprenger et al., 2015), respectively. After energy minimiza-
tion, MD was performed at 310 K and 1 atm. The time step 
was about 2 fs using LINCS algorithm, (Hess et al., 1997) 
which fix the bond including a hydrogen atom. The periodic 
boundary condition was used with Particle-Mesh Ewald (PME) 
and the cutoff of long-range electrostatics was 10 Å. To equili-
brate the system, total run time was selected as about 100 
ns. All MD simulations were conducted by Gromacs software 
(Abraham et al., 2015). The last 50 ns data was converged 
and analyzed by LigPlot (Laskowski and Swindells, 2011) and 
Chimera software (Pettersen et al., 2004).

Neurotransmitter uptake assay
The assay was performed in accordance with the method 

described in the literature with a slight modification (Paudel et 
al., 2015). HEK-293 cells were cultured in a medium supple-
mented with fetal bovine serum and transfected with hSERT, 
hNET, or hDAT. Radiolabeled [3H]-5-HT or [3H]-DA were used 
at a concentration of 20 nM. Radioactivity was measured us-
ing Wallac 1450 MicroBeta® TriLux liquid scintillation counter 
(PerkinElmer). Venlafaxine hyrochloride and GBR12909 dihy-
drochloride were used as reference inhibitors of neurotrans-
mitters reuptake.

To determine the IC50 of the synthesized compounds, the 
concentration of the compounds was gradually increased and 
the percentage of inhibition was assessed for each concentra-

tion. GraphPad Prism 5 (GraphPad Software, Inc., San Diego, 
CA, USA) was used to construct the dose-response curve and 
determine the IC50.

Dopamine D2 receptor endocytosis assay
Endocytosis of dopamine D2 receptor (D2R) was measured 

based on the hydrophilic properties of [3H]-sulpiride (Kim et 
al., 2001). HEK-293 cells transfected with D2R-pCMV5 and 
GRK2-pRK5 were seeded at a density of 1.5×105 cells/well in 
24-well plates. After 24 h, the cells were stimulated with 100 
nM DA for 60 min. Cells were washed three times with warm 
serum-free media. The cells were then incubated with 250 μL 
of [3H]-sulpiride (final concentration 2.2 nM) at 4°C for 150 min 
in the absence and presence of a competitive inhibitor (10 
μM haloperidol). The cells were washed thrice with ice-cold 
serum-free media and then 1% sodium dodecyl sulfate was 
added. The samples were mixed with 2 mL Lefko-Fluor scintil-
lation fluid and counted on a liquid scintillation analyzer (1450 
MicroBeta TriLux, PerkinElmer). 

Statistical analysis
Values are expressed as the mean ± standard deviation. 

Statistical significance of the data was analyzed using one-
way analysis of variance with Tukey’s post hoc test using 
GraphPad Prism 5. A p-value<0.05 was considered significant.

RESULTS

Structure-activity relationship of piperidine-tetrazoles 
for monoamine reuptake inhibition

In an initial study, piperidine-tetrazoles (26-36 and 38-48) 
were synthesized, and their effects on monoamine reuptake 
were determined (Table 1).

The compounds designed in this study contain an aliphatic 
linker with 3 to 4 carbons, along with a variable aromatic re-
gion (Ar1), a piperazine/piperidine-aromatic region (Ar2), and 
an essential functional tetrazole moiety (Fig. 3). To establish 
the structure-activity relationship (SAR) of piperidine-tetra-
zoles in terms of monoamine reuptake inhibition, we analyzed 
the effects of the linker length between tetrazole and piperi-
dine/piperazine (n); substitutions at two phenyl rings (R1, R2); 
and the length of the spacer between piperidine/piperazine 
and phenyl ring (m).

First, increasing the ‘n’ from 3 to 4 strongly increased the in-
hibitory effect of piperidine-tetrazoles on 5-HT reuptake, with-
out demonstrating any consistent effects on NE and DA reup-
take. Thus, changing the linker length could be explored to 
convert dual reuptake inhibitors (DAT/NET) into triple reuptake 
inhibitors. Second, compounds with ‘n=3’ and chloro groups 
at R1 and R2 on phenyl groups consistently demonstrated 
weaker inhibitory effects on NE reuptake. Additionally, the 
effect of substitutions at R1 and R2 was intermixed with the 
influence of the linker length, and no clear conclusion could 
be drawn regarding monoamine reuptake. Finally, compounds 
with spacer lengths of ‘m =3’ revealed weaker inhibitory effect 
on DAT.

As ‘n’ revealed the most prominent effects on 5-HT reup-
take, a higher number of piperidine and piperazine deriva-
tives with four-carbon linkers were synthesized. As shown in 
Table 1 (37-40) and Table 2 (49-56), altering ‘m’ from 0 to 1 
increased the piperidine-mediated inhibition on 5-HT reup-
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take. Furthermore, 5-HT reuptake inhibition was increased 
with compounds having monochloro/difluro substitution at 
R3 and R4 with m=1 (37-40 vs. 53-56). Thus, the 1,5-disub-
stituted tetrazole-piperazines with ‘n=4’, ‘m=1’ and R3=Cl or 
R3=R4=Cl are expected to exhibit excellent 5-HT reuptake in-
hibitory effects. Collectively, the results from Table 1 and Table 
2 suggest that piperidine-tetrazoles with ‘n=4’ and ‘m>0’ dem-
onstrate superior 5-HT reuptake inhibitory effect.

To determine the role of substituents at R1, R2, and m, ad-
ditional piperazine derivatives with carbon linker ‘n=4’ were 
synthesized, and their effects on the monoamine reuptake 
were determined (Table 3). First, no consistent trend was ob-
served when the ‘m’ value varied between 1 and 3 or when 
a double bond was added with ‘m=3’. Second, compounds 
with chloride or fluoride groups at R1 and/or R2 exerted in-
creased inhibitory effect on DA reuptake. Third, compounds 
possessing fluoride at R1 and R2 demonstrated weaker in-
hibitory effect on 5-HT reuptake with m=3. Fourth, compounds 
with chloride at R1 and R2 revealed weaker inhibitory effect 
on NE reuptake, except when m=1. Some of these results, for 
instance, the effects of chloride at R1 and R2 on 5-HT and NE 
reuptake, in part, agree with the results observed with piperi-
dine compounds (Table 1). However, the effects of chloride 
and/or fluoride at R1 and R2 on DA reuptake differed from 
those of piperidines, suggesting that the presence of piperi-
dine or piperazine connected with a tetrazole structure has a 
distinct impact on monoamine reuptake.

Tetrazoles displaying relatively potent reuptake inhibitory 
effects were further analyzed to determine their IC50 (half-
maximal inhibitory concentration) (Table 4).

Table 2. Monoamine reuptake inhibition by additional 1, 5-disubstituted 
tetrazole-piperidines with 4 carbon spacers

R1

N N

N N

R2

N

m
()

R4

R3

Compd R1 R2 m R3=R4
% of inhibition at 1 μM

5-HT NE DA

49 H H 0 H 7.04 66.26 93.92
50 Cl H 0 H 33.29 46.35 92.71
51 Cl Cl 0 H 41.16 33.95 90.06
52 F F 0 H 65.40 64.40 94.60
53 H H 1 Cl 94.60 63.90 67.70
54 Cl H 1 Cl 88.90 58.90 67.80
55 Cl Cl 1 Cl 43.77 41.09 62.56
56 F F 1 Cl 84.80 75.90 68.90
Venlafaxine HCl 63.80 28.80 -
GBR-12909 - 89.90 98.00

Venlafaxine hydrochloride (1 μM) was used as a positive control for 
5-HT and NE uptake assay. GBR-12909 dihydrochloride was used 
as a positive drug for NE and DA reuptake at 1 μM. ‘m’ represents 
spacer between the piperidine and phenyl group (m=0-1).

Table 1. Effects of 1, 5-disubstituted tetrazoles on monoamine reuptake inhibition

R1

N N

N N

R2

N
n()

()
m

Compd R1 R2 n m
% of inhibition at 1 μM

Compd R1 R2 n m
% of inhibition at 1 μM

5-HT NE DA 5-HT NE DA

25* H H 3 1 2.50 72.50 92.30 37* H H 4 1 63.60 39.30 64.40
26 Cl H 3 1 11.56 93.4 93.80 38 Cl H 4 1 76.10 45.00 76.03
27 Cl Cl 3 1 20.20 8.36 90.80 39 Cl Cl 4 1 54.80 68.80 78.50
28 F F 3 1 11.09 39.74 93.48 40 F F 4 1 77.60 81.00 92.30
29 H H 3 2 38.25 74.40 68.30 41 H H 4 2 70.90 82.84 80.34
30 Cl H 3 2 18.18 50.14 78.42 42 Cl H 4 2 45.00 72.40 74.60
31 Cl Cl 3 2 6.85 24.72 68.77 43 Cl Cl 4 2 50.80 45.00 75.70
32 F F 3 2 24.48 82.40 88.44 44 F F 4 2 68.20 83.20 82.30
33 H H 3 3 10.23 84.90 30.4 45 H H 4 3 16.48 73.90 63.00
34 Cl H 3 3 19.92 72.80 89.60 46 Cl H 4 3 45.00 84.10 69.00
35 Cl Cl 3 3 8.20 10.75 19.82 47 Cl Cl 4 3 ND ND ND
36 F F 3 3 2.35 23.80 33.14 48 F F 4 3 16.84 48.04 53.35
Venlafaxine HCl 63.80 28.80 - Venlafaxine HCl 63.80 28.80 -
GBR-12909 - 89.90 98.00 GBR-12909 - 89.90 98.00

Venlafaxine hydrochloride (1 μM) was used as a positive control for 5-HT and NE uptake assay. GBR-12909 dihydrochloride was used as a 
positive drug for NE and DA reuptake at 1 μM. n represents the carbon number in the linker between the tetrazole and piperidine group (n=3, 
4) and m represents spacer between the piperidine and phenyl group (m=1-3). ND represents ‘not determined’ due to solubility problem and 
* denotes Wagner et al (2004).

Biomol  Ther 30(2), 191-202 (2022) 
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Based on Table 1, we concluded that piperidine-tetrazoles 
with ‘n=4’ exerts stronger inhibitory effect on 5-HT reuptake 
than those with ‘n=3’; this was confirmed by four cases – 26 
vs. 38, 29 vs. 41, 32 vs. 44, and 34 vs. 46. Additionally, com-
pounds in series 37-48 displayed lower IC50s than their corre-
sponding counterparts of series 25-36. Moreover, according to 
Table 1, piperidine-tetrazoles with ‘m=3’ have lower inhibitory 
effect on DA reuptake than those with ‘m=1 or 2’; this was 
confirmed by two examples – 34 vs. 26 and 46 vs. 38. The 
majority of compounds with ‘m=3’ showed higher IC50s than 
those with ‘m=1 or 2’. 

Tetrazoles with potent 5-HT, NE and DA reuptake inhibitory 
activities (RI≥45%) were further analyzed to determine IC50 
values The IC50 values of 5-HT, NE and DA reuptake inhibitory 
activity of the selected compounds are presented in Table 4.

Based on Table 1 and Table 2, it can be concluded that 
piperidine-tetrazoles with ‘n=4’ and ‘m=1’ have more potent 
inhibitory effect on the 5-HT reuptake than compounds with 
‘n=4’ and ‘m=0’; this was confirmed when 52 was compared 
with 40. The IC50 of 52, which has ‘n=4’ and ‘m=0’, was greater 
than that of 40 with ‘n=4’ and ‘m =1’.

The extent of reuptake inhibition based on primary screen-
ing (Table 1-3) corroborated with the IC50s (Table 4). Because 
DA and NE are structurally similar to each other, most reup-
take inhibitors show similar inhibitory effects on them (Pau-
del et al., 2021). Interestingly, the primary screening results 
shown in Tables 1 and 2 show that the inhibitory effect on 
SERT can be increased by changing the linker length (n and 
m). The dose-response curves of compounds 40 and 54 are 
shown in Supplementary Fig. 1.

Docking simulation
According to Table 4, compound 40 and compound 54 

showed high affinity and selectivity for hDAT and hSERT, re-
spectively. To predict the binding pose of the complex and un-
derstand interactions between the transporter and ligand at 

the atomic level, molecular docking and molecular dynamics 
simulation were conducted for compounds 40 and 54 as bind-
ing partners of hDAT and hSERT, respectively. As shown in 
Fig. 4, compounds 40 and 54 bound to the central pocket of 
hDAT and hSERT, respectively. The compound 40 was sur-
rounded by hDAT through hydrophobic residues of TM1, TM3, 
and TM6 (Fig. 4A). The important moiety of the tetrazole ring 
was sandwiched between Val152, Phe155, and Tyr156 of 
TM3 and Phe320 of TM6. Thus, it can be postulated that the 
orientation of the 1-5 disubstituted tetrazole ring is determined 
by the four hydrophobic residues of TM3 and TM6. The four-
carbon linker of 40 in the tetrazole ring was curved and C-
shaped, covered by the hydrophobic core of TM3 that contains 
Val152, Phe155, and Tyr156. The branched di-para-fluoro-
benzyl rings of tetrazole were surrounded with Phe76 of TM1, 
Tyr156 of TM3 and Phe326 of TM6. In particular, one mono-
fluoro-benzyl ring was attached to Val152 of TM3 in parallel, 
forming an edge-to-face aromatic interaction with Tyr156 of 
TM3. The other monofluoro-benzyl ring was fenced in Phe76/
Asp79 of TM1 and Phe326 of TM6. As reported previously that 
Phe76 and Val152 of hDAT are crucial for interactions with 
antidepressants (Sørensen et al., 2012; Xue et al., 2018), the 
predicted complex of compounds 40 with hDAT showed that 
Val152 was sandwiched between the tetrazole ring and the 
branched monofluorobenzyl ring; Phe76 was in contact with 
the other monofluorobenzyl ring. The 4-benzyl ring attached to 
piperidine fit into the cave formed by TM1 (Trp84 and Arg85) 
and TM6 (Thr316 and Phe320). 

Although the three-dimensional (3D) structure of hDAT 
was similar to that of hSERT, the binding pose of compound 
54 differed from that of compound 40. Compound 54 fit well 
into the central pocket of hSERT, which was mainly enclosed 
by hydrophobic residues of TM1, TM3, and TM6. Unlike the 
binding pose of compound 40, the tetrazole ring of compound 
54 had two significant electrostatic interactions; a hydrogen 
bond with Thr497 of TM8 and a weak salt bridge interaction 

Table 3. Monoamine reuptake inhibition by additional 1, 5-disubstituted tetrazole-piperazine with 4 carbon spacers

R1

N N

N N

R2

N

m
()N

Compd R1 R2 m
% of inhibition at 1 μM

Compd R1 R2 m
% of inhibition at 1 μM

5-HT NE DA 5-HT NE DA

57* H H 1 7.60 60.90 76.30 65* H H 3 68.10 90.00 80.50
58 Cl H 1 14.60 86.50 94.70 66 Cl H 3 46.90 63.60 81.60
59 Cl Cl 1 1.12 79.03 91.68 67 Cl Cl 3 38.53 21.29 72.67
60 F F 1 51.40 95.00 95.70 68 F F 3 8.72 86.40 56.20
61* H H 2 12.10 76.40 56.90 69* H H 3** 26.30 79.70 29.00
62 Cl H 2 5.04 47.65 62.06 70 Cl H 3** 53.50 50.40 82.20
63 Cl Cl 2 21.33 34.58 56.81 71 Cl Cl 3** 4.04 63.01 87.35
64 F F 2 25.24 56.91 80.35 72 F F 3** 59.80 52.80 83.80
Venlafaxine HCl 63.8 28.80 - Venlafaxine HCl 63.80 28.80 -
GBR-12909 - 89.90 98.00 GBR-12909 - 89.90 98.00

Venlafaxine hydrochloride (1 μM) was used as a positive control for 5-HT and NE uptake assay. GBR-12909 dihydrochloride was used as 
a positive drug for NE and DA reuptake at 1 μM. * denotes Wagner et al (2004). ‘m’ represents spacer between the piperazine (m=1-3) and 
phenyl group. ** represents ‘m=(CH2CH=CH)’.
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with Glu493 of TM8. In addition, the high aromatic tetrazole 
ring was stuck to hydroxyl group of Tyr175 in direction of face-
to-edge. The branched benzyl ring of tetrazole was jammed 
between Arg104 of TM1 and Phe335 of TM4; the other mono-
chlorobenzyl ring was surrounded by Tyr175 and Ile179 of 
TM3, and Leu99 of TM1. Then, Tyr175 of TM3 and Phe335 of 
TM4 determined the ring orientation of the branched di-benzyl 
ring and tetrazole. The branched benzyl ring and a four-car-
bon linker connected the tetrazole ring and the piperidine ring 
formed in an S-shape in the binding pocket of hSERT in which 
the nitrogen of piperidine played a key role. A boat form of the 
piperidine ring was laid on Tyr95 of TM1 and Phe341 of TM4. 
The 3,4-dichlorobenzyl-piperidine ring of 54, which was locat-
ed approximately in the same plane, was firmly attached with-
in Tyr95 of TM1, Ile172, Ala173, Tyr176 of TM3 and Ser439 of 
TM6. Overall, the binding pose of compound 54 was driven by 
a hydrogen bond and various hydrophobic interactions, and 
was compactly attached in hSERT. Interestingly, when two se-
quences for hDAT and hSERT were aligned, Phe76, Val152, 
and Phe155 of hDAT, which contribute to significant hydropho-
bic interactions, were equivalent to Tyr95, Ile172, and Tyr175 
of hSERT. 

Overall, the docking simulation suggest that the binding 

force of hDAT is likely to be driven by shape or size-matching 
of a small molecule; the binding force of hSERT through for-
mation of hydrogen bonds with a tetrazole ring and a flexible 
four-carbon linker. Collectively, these findings provide critical, 
new insights into the molecular basis and structural require-
ments to design potent and specific therapeutic psychiatric 
drugs/agents. 

Functional studies of dopamine reuptake inhibition
Reuptake of the released neurotransmitters into presynap-

tic nerve terminals is responsible for the rapid termination of 
neurotransmission in the synapses (Masson et al., 1999; Tor-
res et al., 2001). To understand the inhibition of monoamine 
reuptake functionally, we determined the effect of 4-benzylpi-
peridine carboxamides on the endocytosis of D2R.

Agonist stimulation of G protein-coupled receptors (GP-
CRs) induces GPCR kinase2/3-mediated receptor phosphory-
lation, followed by interaction with β-arrestins, which connect 
the receptors to adaptors, such as adaptor protein (AP)-2 and 
clathrin, leading to the endocytosis of GPCRs (Zhang and 
Kim, 2017). D2R also undergoes endocytosis in response to 
agonist stimulation (Kim et al., 2001), which reportedly medi-
ates the resensitization of desensitized receptors (Cho et al., 

Table 4. IC50 values of the selected compounds for the inhibition of 5-HT, NE, and DA reuptake

R1

N N

N N

R2

m

()n
N

X

R3

R4

()

Compd R1 R2 n X m R3=R4 SERT (µM) NET (µM) DAT (µM)

26 Cl H 3 C 1 H ND 0.1743 0.2261
29 H H 3 C 2 H ND 0.4104 0.7261
32 F F 3 C 2 H ND 0.3881 0.2493
34 Cl H 3 C 3 H ND 0.5274 0.8429
38 Cl H 4 C 1 H 0.5031 1.04 0.2499
39 Cl Cl 4 C 1 H 0.6455 0.4689 0.1722
40 F F 4 C 1 H 0.4534 0.298 0.05789
41 H H 4 C 2 H 0.3611 0.2735 0.3831
42 Cl H 4 C 2 H 0.4614 0.4241 0.4430
43 Cl Cl 4 C 2 H 1.0330 1.1960 0.5340
44 F F 4 C 2 H 0.5581 0.3808 0.3297
46 Cl H 4 C 3 H 1.7090 0.2320 0.3309
52 F F 4 C 0 H 0.5605 0.6750 0.05567
53 H H 4 C 1 Cl 0.1285 0.7236 0.4885
54 Cl H 4 C 1 Cl 0.09031 0.780 0.5500
56 F F 4 C 1 Cl 0.4624 0.5211 0.6082
60 F F 4 N 1 H 0.9907 0.1604 0.1439
66 Cl H 4 N 3 H 1.0430 0.7450 0.4147
70 Cl H 4 N 3** H 0.9460 0.9853 0.4120
72 F F 4 N 3** H 0.7607 0.9421 0.3457
Standard drugs 0.2040 0.1100 0.0430

Venlafaxine hydrochloride was used as a positive control for 5-HT uptake assay. GBR-12909 dihydrochloride was used as a positive drug 
for NE and DA reuptake. ‘n’ represents the carbon number in the linker between the tetrazole and piperidine group (n=3, 4). ‘m’ represents 
spacer between the piperidine and phenyl group (m=1-3). ** represents ‘m = (CH2CH=CH)’. ND represents ‘not determined’ due to selection 
criteria (below relative inhibition ratio, % of inhibition ≤45). 
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2010).
As shown in Fig. 5, treatment of the cells expressing D2R 

with 100 nM DA for 1 h evoked approximately 25% of recep-
tor endocytosis. Co-expression of hDAT significantly inhibited 
this endocytosis of D2R probably by constitutively uptaking DA 
into the cells. When the cells were pretreated with compounds 
40 and 56, hDAT-mediated inhibition of the D2R endocytosis 
was disinhibited in dose-dependent manner. As expected from 
their potencies for hDAT inhibition (IC50 for compound 40 and 
56 were 56 and 608 nM, respectively), compound 40 exerted 
significantly stronger disinhibitory activities than compound 56 
on D2R endocytosis at 1 μM. Compound 40 fully restored the 
hDAT-mediated inhibition of D2R endocytosis at 1 μM. These 

results suggest that 1, 5-disubstituted tetrazoles can have pro-
found influences on the signaling of monoamine neurotrans-
mitters, for example, dopamine signaling via D2R.

To understand the structural basis behind the difference of 
bioactivity between compounds 40 and 56, docking simulation 
was conducted for the complex between compound 56 and 
hDAT. As shown in Supplementary Fig. 2, the docking struc-
tures of compounds 40 and 56 was superimposed and their 
binding poses were very similar except that di-fluoride of the 
benzyl ring of compound 56 was slightly clashed with Phe320 
of TM6. This difference seem to result in the lower binding af-
finity of compound 56 than compound 40. 
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DISCUSSION

In this study, 42 tetrazole compounds were synthesized 
and evaluated for their inhibitory effects on reuptake of 5-HT, 
NE, and DA. After performing the primary screening at one 
specific concentration, IC50 values were obtained for the se-
lected compounds through subsequent experiments. Based 
on these results, SAR analysis, which can suggest a direc-
tion for the development of selective inhibitors for the three 
transporters, was performed. Here we could suggest some 
principles that can help design triple reuptake inhibitors. For 
example, changes in the linker carbon number (n) between 
tetrazole and piperidine, the carbon number in the spacer (m) 
between piperidine and phenyl group, and the R1 and R2 phe-
nyl ring affected the inhibitory effect of these compounds on 
monoamine reuptake in a diverse manner within certain rules.

The docking studies on 40 for hDAT and 54 for hSERT 
revealed that these compounds tightly bound to the central 
pocket in the target neurotransmitter transporters and formed 
several interactions, including edge-to-face aromatic, hydro-
phobic, and charge-charge interactions. Although docking 
simulation assumes that direct physical interactions between 
small molecules and transporters are the major determinant 
for the selectivity between transporters and compounds, it 
should be mentioned that in practice other indirect mecha-
nisms could also be involved.

This study shows that DAT could inhibit the endocytosis of 
D2R, which acts as an autoreceptor of dopaminergic neurons, 
by lowering the DA concentration in the synaptic cleft. Consid-
ering that the receptor endocytosis, including D2R, mediates 
the resensitization of desensitized receptors (Yu et al., 1993, 
Cho et al., 2010), roles of DAT inhibitors on dopaminergic 
function may be more complex. the influence of DAT inhibitors 
can be considered complex.

DAT and its inhibitors regulate the endocytosis of D2R and 
in turn impact synaptic transmission in the dopaminergic sys-
tem. DAT lowers the concentration of DA in the synaptic cleft 
and thus, is expected to have multiple effects on the signaling 
or regulatory processes of dopaminergic neurons. DAT inhibi-

tors, by reversing the reuptake by DAT, are expected to trig-
ger various pathophysiological states, including drug addiction 
and psychological symptoms. Even though we did not test for 
this in noradrenergic and serotonergic neurons, similar regula-
tory outcomes are expected for their synaptic transmissions.

Overall, this study provides theoretical backgrounds to 
identify candidate compounds with selective inhibitory ef-
fects on different monoamine transporters. In addition, the 
compounds characterized in this study are novel and can be 
utilized for developing therapeutic agents against various neu-
ropsychiatric disorders.
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