
INTRODUCTION

Various neuropsychiatric health disorders, such as depres-
sion, anxiety, panic disorder, obsessive-compulsive disorder, 
and attention-deficit hyperactivity disorder, show overlap with 
respect to their pathogenic mechanisms and therapeutic regi-
mens (Goodwin, 2015; Koyuncu et al., 2015). In addition to 
the selective serotonin reuptake inhibitors, such as fluoxetine 
(Jakubovski et al., 2016), serotonin/norepinephrine reuptake 
inhibitors (SNRIs), selective norepinephrine reuptake inhibi-
tors, and norepinephrine/dopamine reuptake inhibitors are 
also conventionally used as antidepressants (Furukawa et al., 
2016; Cipriani et al., 2018).

Currently used antidepressants exhibit a low remission rate 
and have several side effects (Trivedi, 2006; Culpepper et al., 
2015), thereby demanding the development of new drugs/
treatment strategies. One of the approaches that is being used 
to tackle the aforementioned shortcomings is the development 
of multi-target drugs, which can be used for several diseases 
with a variety of symptoms and pathological mechanisms 
(Millan, 2006; Talevi, 2015). Multi-target drugs are known to 
possess improved therapeutic effects and have fewer side ef-
fects compared to single target drugs; they, thus, encourage 
improved patient compliance (Ramsay et al., 2018).

The monoamine hypothesis of depression states that the 
underlying pathophysiology of depression is based on the 
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In this study, we determined the effect of 24 different synthetic 4-benzylpiperidine carboxamides on the reuptake of serotonin, 
norepinephrine, and dopamine (DA), and characterized their structure–activity relationship. The compounds with a two-carbon 
linker inhibited DA reuptake with much higher potency than those with a three-carbon linker. Among the aromatic ring substituents, 
biphenyl and diphenyl groups played a critical role in determining the selectivity of the 4-benzylpiperidine carboxamides toward the 
serotonin transporter (SERT) and dopamine transporter (DAT), respectively. Compounds with a 2-naphthyl ring were found to ex-
hibit a higher degree of inhibition on the norepinephrine transporter (NET) and SERT than those with a 1-naphthyl ring. A docking 
simulation using a triple reuptake inhibitor 8k and a serotonin/norepinephrine reuptake inhibitor 7j showed that the regions span-
ning transmembrane domain (TM)1, TM3, and TM6 form the ligand binding pocket. The compound 8k bound tightly to the binding 
pocket of all three monoamine reuptake transporters; however, 7j showed poor docking with DAT. Co-expression of DAT with the 
dopamine D2 receptor (D2R) significantly inhibited DA-induced endocytosis of D2R probably by reuptaking DA into the cells. Pre-
treatment of the cells with 8f, which is one of the compounds with good inhibitory activity on DAT, blocked DAT-induced inhibition 
of D2R endocytosis. In summary, this study identified critical structural features contributing to the selectivity of a molecule for each 
of the monoamine transporters, critical residues on the compounds that bound to the transporters, and the functional role of a DA 
reuptake inhibitor in regulating D2R function.

Key Words: 4-Benzylpiperidine carboxamides, Serotonin reuptake inhibitor, Norepinephrine reuptake inhibitor, Triple reuptake inhibi-
tor, Docking, Dopamine D2 receptor endocytosis
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depletion of serotonin (5-HT), norepinephrine (NE), and/or do-
pamine (DA) in the central nervous system (Hirschfeld, 2000; 
Belmaker and Agam, 2008). However, current therapies solely 
target 5-HT and NE. They have a slow onset of action and 
other associated side effects (Prins et al., 2011), which may 
help explain the low remission rates. Thus, it is possible that 
these unsatisfactory therapeutic outcomes may be due to the 
negligence of dopamine’s role in depression. For example, 
dopaminergic activity has been shown to be suppressed in 
patients with depression, and anhedonia has also been noted 
in most treatment-resistant patients of depression (Nestler 
and Carlezon, 2006; Sharma et al., 2015). Therefore, the pos-
sibility of using triple reuptake inhibitors (TRIs) as a treatment 
for depression is gaining increasing attention as they increase 
DA neurotransmission, which is not achieved by conventional 
treatments (Prins et al., 2011).

Previously, some arylalkanol-piperidine derivatives, which 
are structurally similar to 4-benzylpiperidine carboxamides, 
have been reported to exhibit triple reuptake inhibition and an-
tidepressant effects (Zheng et al., 2012). In a previous study, 
we synthesized 24 compounds with a 4-benzylpiperidine car-
boxamide scaffold and analyzed their inhibitory activities on 
the serotonin transporter (SERT) and norepinephrine trans-
porter (NET) (Paudel et al., 2015). However, in this study, the 
half maximal inhibitory concentration (IC50) was determined 
for some and not all of the compounds and the effects of the 
4-benzylpiperidine carboxamide compounds on the dopamine 
transporter (DAT) had not been tested. Thus, this study could 
not provide the necessary information for motivating a shift 
from SNRIs to TRIs for use as antidepressant drugs.

In the present study, we conducted reuptake inhibition as-
says of NET, SERT, and DAT using the synthetic 4-benzylpi-
peridine carboxamides (Paudel et al., 2015) and determined 
the structure–activity relationship (SAR) for these three trans-
porters. In addition, docking simulation was conducted to 
predict how transporters interact with the synthesized com-
pounds. Finally, we evaluated the effect of DAT inhibition on 
D2R function.

Our results revealed that the number of carbon linkers be-
tween NH and 4-benzylpiperidine and the nature of aromatic 
substituents play a critical role in determining the selectivity of 
4-benzylpiperidine carboxamides to DAT and that the regula-
tion of DAT activity determines dopamine receptor function.

MATERIALS AND METHODS

Reagents
GBR12909 dihydrochloride was purchased from Tocris 

Bioscience (Bristol, UK). Venlafaxine and dopamine were ob-
tained from Sigma-Aldrich Chemical Co (St. Louis, MO, USA). 
[3H]-DA and [3H]-5-HT were purchased from PerkinElmer Life 
Sciences (Waltham, MA, USA). [3H]-Sulpiride (75.7 Ci/mmol) 
was purchased from PerkinElmer Life Sciences. The synthet-
ic 4-benzylpiperidine carboxamides used in this study have 
been described in a previous study (Paudel et al., 2015). Hu-
man embryonic kidney (HEK)-293 cells were obtained from 
the American Type Culture Collection (Manassas, VA, USA) 
and maintained in minimal essential medium containing 10% 
fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL strep-
tomycin.

Reuptake assay
Reuptake assay was conducted using the HEK-293 cells 

stably expressing DAT, NET, and SERT. Cells were cultured 
in 24-well plates and washed with an uptake buffer comprising 
5 mM Tris base, 7.5 mM HEPES, 120 mM NaCl, 5.4 mM KCl, 
1.2 mM CaCl2, 1.2 mM MgSO4, 1 mM ascorbic acid, and 5 mM 
glucose (pH 7.1). Thereafter, the cells were treated with the 
synthesized compounds at 37°C for 20 min, followed by incu-
bation with [3H]-DA or [3H]-5-HT (final concentration, 20 nM) 
for 5 min. The cells were then washed thrice with ice cold up-
take buffer and incubated overnight with phosphate-buffered 
saline containing 1% sodium dodecyl sulfate. Post incubation, 
samples were mixed with a scintillation cocktail and radioac-
tivity was measured using the Wallac 1450 MicroBeta® TriLux 
liquid scintillation counter (PerkinElmer). GBR12909 and ven-
lafaxine were used as the reference compounds for the DA 
and NE/5-HT reuptake assay, respectively.

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

Docking simulation
For the docking simulation, human SERT (hSERT), hu-

man NET (hNET), and human DAT (hDAT) were selected. 
The complex structure of hSERT bound to paroxetine was ob-
tained from the Protein Data Bank (PDB ID: 5I6X) (Coleman et 
al., 2016). The 3-dimensional (3D) structures of DAT and NET 
are not currently available; thus, they were built by homology 
modeling. The sequences of hNET (UniProt ID: P23975) and 
hDAT (UniProt ID: Q01959) were obtained from UniProt da-
tabase. Based on the X-ray structure of the Drosophila DAT 
(PDB ID: 4XP4) (Wang et al., 2015) with cocaine as the ligand 
for the transporter, the Swiss-Model (Waterhouse et al., 2018) 
server was used for modeling the protein structure. The se-
quence homology of hNET and hDAT was 58.9% and 55.0%, 
and the QMEAN (Qualitative Model Energy ANalysis) values 
of the models were -3.49 and -3.42, respectively, meaning that 
the model systems had medium quality and several partial 
regions were uncertain. The compound 7j and 8k were built 
by MarvinSketch software (ChemAxon, 2014) and optimized 
using AMBERff14SB force field (Maier et al., 2015). The visi-
ualization of the binding interaction between the target trans-
porter and the ligand was achieved using Chimera software 
(Pettersen et al., 2004). All docking simulation was performed 
using Autodock Vina (Trott and Olson, 2010).

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 were transfected with D2R, and after 
one day of transfection, the cells were seeded at a density of 
1.5×105 cells/well in 24-well plates. After 24 h, the cells were 
stimulated with 10 µM DA for 60 min and washed thrice 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 inhibi-
tor (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 
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scintillation 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 a one-
way analysis of variance with Tukey’s post hoc test using 
GraphPad Prism 5 (GraphPad Software). A p-value<0.05 was 
considered significant.

RESULTS

The number of carbons in the linker region is critical in 
determining TRI activity

As shown in Table 1, most of the 4-benzylpiperidine car-
boxamides exhibited similar degrees of inhibition toward NET 
and SERT, irrespective of the number of carbons in the linker 
region between NH and 4-benzylpiperidine (n). Interestingly, 
compounds containing two carbons in the linker region had 
a stronger inhibitory effect on DAT than those with three car-
bons in the linker region. Thus, these results suggest that the 
number of carbons in the linker region is critical in converting 
compounds that are SNRIs into TRIs.

Effect of R1 substituents on SERT inhibition
As shown in Table 1, 4-benzylpiperidine carboxamides 

exhibited varying degrees of inhibition depending on the ar-
omatic substituent present at R1. In contrast to the biphenyl 
substituted compound (e) that exhibited a strong inhibition of 
SERT, compounds with diphenyl substitution (f, g) exhibited 
very weak inhibition of SERT, irrespective of the number of 
carbons in the linker region. Compounds with fused hetero-
cyclic substitutions on R1 exerted similar degrees of inhibition 
on SERT, regardless of the number of carbons in the linker 
region (b, c, d). For naphthyl derivatives, compounds with a 
2-naphthyl substitution (j-l) at R1 exhibited a higher degree of 
inhibition than those with a 1-naphthyl substitution (i), regard-
less of the n value. Inhibition of SERT by substituted 2-naph-
thyl derivative compounds (8k and 8l) was greater than that 
by unsubstituted 2-naphthyl derivative 8j. SERT inhibition by 
compounds containing a naphthyl ring was in the following or-
der: 6-bromo (8k)<6-methoxy (8l)<2-naphthyl (8j). The SAR 
of the 4-benzylpiperidine carboxamides with SERT is summa-
rized in Fig. 1.

Effects of R1 substituents on NET inhibition
Most of the 4-benzylpiperidine carboxamides exhibited a 

higher degree of inhibition of NET than the control drug, ven-

Table 1. List of the half-maximal inhibitory concentrations (IC50) of 4-benzylpiperidine carboxamides for SERT, NET, and DAT

NN
H

O

R
1 n

()

No n R1 5-HT NE DA

7a 3 3,5-dichlorophenyl 0.19-0.84 0.12-0.56 >10
7b 3 2-indolyl 0.24-0.92 0.12-0.56 >10
7c 3 benzo(b)furanyl 0.45-0.54 0.54-0.71 >10
7d 3 benzo(b)thiophenyl 0.32-0.61 0.98-10 >10
7e 3 4-biphenyl 0.04-0.07 0.01-2.12 >10
7f 3 diphenylacetyl >10 0.83-3.38 0.09-0.40
7g 3 bis(4-chlorophenyl)acetyl >10 1.13-3.62 0.78-2.34
7h 3 2-quinolyl 0.03-50 1.02-5.66 >10
7i 3 1-naphthyl 7.51* 0.87-7.43 8.09*
7j 3 2-naphthyl 0.06-0.18 0.15-0.76 >10
7k 3 6-bromo-2-naphthyl 0.31-46 0.53-1.45 >10
7l 3 6-methoxy-2-naphthyl 0.23-0.45 0.02-2.72 >10
8a 2 3,5-dichlorophenyl 0.55-6.22 0.55-1.88 0.37-1.17
8b 2 2-indolyl 0.15-1.12 0.20-3.82 0.34-1.68
8c 2 benzo(b)furanyl 0.19-2.79 1.52-2.20 0.96-2.59
8d 2 benzo(b)thiophenyl 0.18-5.39 0.60-1.26 0.84-2.13
8e 2 4-biphenyl 0.986* 0.17-1.28 > 10
8f 2 diphenylacetyl >10 0.29-16 0.32-3.5
8g 2 bis(4-chlorophenyl)acetyl > 10 >10 0.195-2.05
8h 2 2-quinolyl 0.42-1.45 0.53-1.45 > 10
8i 2 1-naphthyl >10 0.18-105 5.37*
8j 2 2-naphthyl 0.39-1.31 0.28-0.57 0.71-3.70
8k 2 6-bromo-2-naphthyl 0.48-0.83 0.02-0.19 0.41-1.73
8l 2 6-methoxy-2-naphthyl 0.49-3.19 0.20-0.47 1.08-8.40
- - Venlafaxine 0.07-0.52 2.16-3.01 -
- - GBR12909 - - 0.02-0.08

The IC50 are shown as 95% confidence intervals. Unit of the concentration is μM.
*95% confidence interval could not be determined because the range was too wide.
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lafaxine. In eight out of twelve compounds, compounds with 
three carbons in the linker region exhibited a stronger inhibi-
tion of NET compared to those with two carbons in the linker 
region. As for SERT, the compound with a biphenyl substitution 
(e) exhibited a stronger inhibition of NET compared to those 
with diphenyl substituents (f, g). For the compounds with a 
naphthyl substitution, 2-naphthyl derivatives (j-l) exhibited a 
higher degree of inhibition than those with a 1-naphthyl sub-
stitution (i). The SAR of the 4-benzylpiperidine carboxamides 
with NET is summarized in Fig. 2.

Effects of R1 substituents on DAT inhibition
In contrast to SERT and NET inhibition, all 4-benzylpi-

peridine carboxamides with two carbons in the linker region 
exhibited a higher degree of inhibition of DAT compared to 
those with three carbons in the linker region. Interestingly, DA 
reuptake inhibition of a compound was highly correlated with 
the presence of a diphenyl acetyl substitution (f, g) irrespec-
tive of the number of carbons in the linker region. Conversely, 
the compound with a biphenyl substitution (e), which exhibited 
a stronger inhibition of SERT and NET, showed a very weak 
inhibition of DAT, irrespective of the number of carbons in the 
linker region. The effect of the compounds with fused hetero-
cyclic ring (b, c, d) on DAT inhibition was not very clear. As for 
NET, compounds with a 2-naphthyl substitution (8j-8l) exhib-
ited a higher degree of inhibition than those with a 1-naphthyl 
substitution (8i). The SAR of the 4-benzylpiperidine carbox-
amides with DAT is summarized in Fig. 3.

Docking study 
To predict the binding conformation of the compounds with 

monoamine transporters, molecular docking studies were 
conducted. For this, the most potent compounds 8k and 7j, 
whose inhibitory activity greatly varies according to a change 
in the number of carbon atoms in the linker region were select-
ed for the docking simulation. As shown in Fig. 4, 8k bound to 
all three transporters while 7j bound only to hSERT and hNET. 
In accordance with the reuptake results, 7j poorly bound to 
the open-site near the extracellular region of hDAT (data was 
not shown). 

As shown in Fig. 4A, 8k and 7j fully occupied the region 
from the central binding site to the open-site into the extracel-
lular space in hSERT. Although the residues in contact with 8k 
and 7j were similar, the binding pose of the two compounds 

was different. The 4-benzylpiperidine moiety of 8k tightly fit 
in the central binding site of the cell membrane-spanning re-
gion where it showed hydrophobic interactions with Ala169, 
Tyr175, and Ile172 in transmembrane (TM)3 and with Phe341 
in TM6. The 6-bromo-2-naphthyl substituent of 8k stacked in 
parallel with Phe335 in TM6 and was surrounded by Ala331 in 
TM6 and Phe556 in TM11. These observations are consistent 
with the binding properties of the compound 2q that had been 
found to show potent inhibition in a previous study (Paudel et 
al., 2017b). In contrast, the 2-naphthyl substituent of 7j was 
located at the central binding site and the 4-benzylpiperidine 
moiety of 7j blocked the outward-open site into the extracel-
lular space. In spite of the different binding pose between the 
two compounds, they were flexible enough to form the same 
3D shape. Notably, the existence of bromine determined the 
orientation of the ligand, that is, the 6-bromo-2-naphthyl sub-
stituent was enough big to fit into the central binding pocket.

As shown in Fig. 4B, the best binding pose of 8k and 7j 
was similar for hNET. The 4-benzylpiperidine moiety faced the 
inner pocket of hNET and had multiple interactions with the 
hydrophobic sidechains, for example, Phe72/Ala77 in TM1, 
Val148/Tyr152 in TM3, and Phe323 in TM6. In addition, the 
2-naphthyl substituent showed a strong π-π stacking interac-
tion with Phe317 in TM6.

In Fig. 4C, the possible binding pose of 8k in hDAT was 
similar to that with hNET. The aromatic ring on both sides was 
surrounded with the following hydrophobic residues; Phe76/
Ala81 in TM1, Val152/Tyr156 in TM3, and Phe320/Phe326 in 
TM6. When the three complexes between 8k and the trans-

NN
H

O

R
1 n

()

n=3>2

* *

>

Biphenyl>diphenyl

2-naphthyl>1-naphthyl

*
*

>

R1=

Fig. 1. Structure–activity relationship of 4-benzylpiperidine carbox-
amides for the inhibition of serotonin (5-HT) reuptake. Compounds 
with a biphenyl ring exhibit a higher degree of inhibition of the se-
rotonin transporter than those with a diphenyl ring. Compounds 
with a 2-naphthyl substitution generally exhibit enhanced inhibition 
of 5-HT reuptake than those with a 1-naphthyl substitution.

NN
H

O

R
1 n

()

n=3>2

* *

>

Biphenyl>diphenyl

2-naphthyl>1-naphthyl

*
*

>

R1=

Fig. 2. Structure–activity relationship of 4-benzylpiperidine carbox-
amides for the inhibition of norepinephrine reuptake. Compounds 
with a biphenyl ring exhibit a higher degree of inhibition of the nor-
epinephrine transporter than those with a diphenyl ring; particularly, 
those with bis(4-chlorophenyl)acetyl substitution. Compounds with 
a 2-naphthyl substitution exhibit a higher degree of inhibition than 
those with a 1-naphthyl substitution regardless of the number of 
carbons in the linker region.

NN
H

O

R
1 n

()

n=2<3

* *

>

Biphenyl>Diphenyl

R1=

Fig. 3. Structure–activity relationship of 4-benzylpiperidine carbox-
amides for the inhibition of dopamine (DA) reuptake. Compounds 
with two carbons in the linker region exhibit a higher degree of inhi-
bition of the dopamine transporter compared to those with three 
carbons in the linker region. Additionally, compounds with a diphe-
nyl group exhibit stronger inhibition of DA reuptake compared to 
those with a biphenyl group.



396https://doi.org/10.4062/biomolther.2020.233

porters were aligned, the important hydrophobic residues in 
the binding pocket were found to be conserved—Tyr95 of 
hSERT, Phe72 of hNET, and Phe76 of hDAT in TM1; Ile172 of 
SERT, Val148 of hNET, and Val152 of hDAT in TM3; Phe335/
Phe341 of hSERT, Phe317/Phe323 of hNET, and Phe320/
Phe326 of hDAT in TM6. Three TMs, TM1, TM3, and TM6, 
formed the essential portion of the binding pocket, and the 
compound 8k—which fit well into the pocket—inhibited the 
reuptake of all monoamines. The poor docking between 7j 
and hDAT supports the results obtained from functional assay. 
Further studies are needed to identify specific residues that 
determines the selectivity of hDAT for the target.

Functional studies of dopamine reuptake inhibition
It is known that reuptake transporters regulate the synaptic 

concentration of neurotransmitters. Reuptake of the released 
neurotransmitters into presynaptic nerve terminals is respon-
sible for the rapid termination of neurotransmission in the syn-
apses (Masson et al., 1999; Torres et al., 2001). To under-
stand the inhibition of monoamine reuptake functionally, we 
determined the effect of 4-benzylpiperidine carboxamides on 
the endocytosis of dopamine D2 receptor (D2R).

Agonist stimulation of G protein-coupled receptors (GP-
CRs) promotes the exchange of guanosine diphosphate 
(GDP)/guanosine triphosphate (GTP) at the nucleotide-bind-
ing pocket of the Gα subunit. GTP binding induces confor-
mational changes in the Gα subunit, resulting in the dissocia-
tion of Gα from the Gβγ subunit and from the receptor (Hepler 
and Gilman, 1992). After agonist stimulation, the receptor is 
phosphorylated by GPCR kinases, enhancing the binding of 
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Fig. 4. The predicted binding pose of 8k (stick, tan) and 7j (stick, green) for human serotonin transporter (A), human norepinephrine trans-
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nates chloride (Cl-). The compound 8k binds to all three monoamine reuptake transporters.
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β-arrestins, which connect to adaptors, such as adaptor pro-
tein (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), and the functional role of D2R 
endocytosis was proposed to be the resensitization of de-
sensitized receptors (Cho et al., 2010). As shown in Fig. 5, 
treatment of the cells expressing D2R evoked approximately 
40% of receptor endocytosis, and co-expression of DAT sig-
nificantly inhibited this endocytosis of D2R. Pretreatment with 
8f, which inhibits DAT, restored the DAT-mediated inhibition of 
D2R endocytosis almost up to the basal level. These results 
suggest that 4-benzylpiperidine carboxamides can have pro-
found influences on the signaling of monoamine neurotrans-
mitters, for example, dopamine signaling via D2R. 

DISCUSSION

In the current study, we determined the IC50 of all 24 com-
pounds for the three monoamine transporters, and analyzed 
the SAR that helped determine the selectivity of these com-
pounds for the three transporters. Here we demonstrated two 
principles that can be applied to derive TRI compounds from 
SNRIs. First, the number of carbons in the linker region con-
necting NH and 4-benzylpiperidine determines the selectivity 
toward DAT, and switching three carbons to two carbons can 
modify SNRIs into TRIs. Second, the presence of biphenyl 
and diphenyl groups at the aromatic substitution position de-
termines the selectivity for SERT/NET and DAT, respectively. 
Since DA is structurally more similar to NE than it is to 5-HT, 
it is generally more difficult to achieve high differential selec-
tivity between DAT and NET (Paudel et al., 2017a). Thus, it 
is interesting that this study proposed principles that can be 
applied for achieving high differential selectivity between DAT 
and NET/SERT rather than between SERT and NET/DAT.

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.

As expected from the reuptake assay, docking simulation 
showed that the TRI 8k fit into the binding pockets of all of the 
three transporters; however, the SNRI 7j was able to bind to 
NET and SERT. It was difficult to elucidate the molecular basis 
behind the poor docking of 7j with hDAT, partly because of a 
certain degree of uncertainty in the docking model.

In conclusion, the combination of the number of carbon 
linkers between NH and 4-benzylpiperidine and the nature of 
the aromatic substituents in the compounds contribute to the 
selectivity of 4-benzylpiperidine carboxamides for monoamine 
reuptake transporters. We believe that our findings will be use-
ful for the further design and development of novel SNRIs and 
TRIs.
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