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[ABSTRACT] NAD(P)H: quinone oxidoreductase 1 (NQO1) is a flavin protease highly expressed in various cancer cells. NQO1 cata-
lyzes a futile redox cycle in substrates, leading to substantial reactive oxygen species (ROS) production. This ROS generation results in
extensive DNA damage and elevated poly (ADP-ribose) polymerase 1 (PARP1)-mediated consumption of nicotinamide adenine dinuc-
leotide  (NAD+),  ultimately  causing  cell  death.  Nicotinamide  phosphoribosyltransferase  (NAMPT),  the  rate-limiting  enzyme  in  the
NAD+ salvage synthesis pathway, emerges as a critical target in cancer therapy. The concurrent inhibition of NQO1 and NAMPT trig-
gers hyperactivation of PARP1 and intensive NAD+ depletion. In this study, we designed, synthesized, and assessed a novel series of
proqodine A derivatives targeting both NQO1 and NAMPT. Among these,  compound T8 demonstrated potent  antitumor properties.
Specifically, T8 selectively inhibited the proliferation of MCF-7 cells and induced apoptosis through mechanisms dependent on both
NQO1 and NAMPT. This discovery offers a promising new molecular entity for advancing anticancer research.

[KEY WORDS] NQO1; ROS; NAMPT; NAD+ ; T8
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 Introduction

The evolution of tumor biology and multi-omics has sig-
nificantly  enhanced  our  understanding  of  the  molecular
mechanisms underlying tumor development and progression.
Hanahan and  Weinberg  have  characterized  the  nature  of  tu-
mors through six biological capabilities: sustaining proliferat-
ive signaling, resisting cell death, inducing angiogenesis, en-
abling replicative  immortality,  activating invasion and meta-
stasis,  and  evading  growth  suppressors [1].  In  addition,  they
proposed four other important characteristics, one of which is
the  abnormal  energy  metabolism  of  tumor  cell  lines [2].  At

present, targeting  overexpressed  metabolic  enzymes  in  tu-
mors  has  become  a  promising  approach  in  cancer  therapy,
and  the  metabolism  of  nicotinamide  adenine  dinucleotide
(NAD+)  has  received  mounting  attention [3-6].  NAD(P)H:
quinone  oxidoreductase  1  (NQO1)  is  a  flavin  protease  that
catalyzes a  two-electron  reduction  of  various  quinones  dir-
ectly to the hydroquinone by utilizing NAD(P)H as a cofact-
or [7-11].  NQO1 catalysis  induces  a  two-electron  redox  cycle,
generating  unstable  hydroquinones  that  rapidly  revert  to
semiquinones  or  quinones.  This  futile  cycle  leads  to
NAD(P)H  oxidation  and  elevated  reactive  oxygen  species
(ROS)  levels,  causing  DNA  damage,  hyperactivation  of
PARP1,  NAD+ depletion,  and  consequent  tumor  cell  death
(Fig. 1) [7, 9, 12-18]. NQO1 is highly expressed in most solid can-
cers,  making  it  a  potential  therapeutic  target  for  selectively
eliminating  cancer  cells  with  minimal  toxicity  to  normal
cells [19-21].  Representative  NQO1  substrates  include
deoxynyboquinone  (DNQ) [22], β-lapachone  (β-lap) [9],  and
pronqodine A (Fig. 2A) [23].

As  the  rate-limiting  enzyme  of  the  NAD+ salvage syn-
thesis  pathway,  NAMPT  converts  nicotinamide  (NAM)  to
nicotinamide mononucleotide  (NMN),  which  plays  an  im-
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portant  role  in  NAD  metabolism [24, 25]. Indeed,  NAMPT  in-
hibitors,  including  FK866,  TRON-8,  and  GWX1777,  have
shown  potential  (Fig.  2B) [15].  Research  has  indicated  that
combining NQO1  substrates  with  different  drugs,  particu-
larly NAMPT inhibitors,  can significantly deplete intracellu-
lar NAD+ and enhance tumor cell apoptosis due to their com-
plementary  mechanisms [15, 18]. For  example,  combining  the
NQO1  substrate  Tanshinone  IIA  with  FK866  resulted  in  a
more  severe  depletion  of  NAD+ [26].  Compared  with  FK866
treatment  alone,  co-treatment  with β-lap can  achieve  syner-
gistic anticancer efficacy, allowing for lower doses and short-
er treatment time and compensating for the lack of antitumor
selectivity  for  FK866  as  the  single  agent [15].  Therefore,  we
envisaged whether the NQO1 substrate and the key pharma-
cophore  of  the  NAMPT  inhibitor  can  be  integrated  into  a
novel  dual-target  molecule [27].  This  molecule  could  produce

toxic ROS via NQO1-catalyzed redox cycling, causing direct
DNA damage to tumor cells, while inhibiting NAMPT activ-
ity and  impairing  DNA  repair  by  PARP1,  ultimately  indu-
cing  tumor  cell  death.  Thus,  we  designed,  synthesized,  and
evaluated  a  series  of  new  dual-target  compounds  targeting
NQO1 and NAMPT.  We selected  pronqodine  A for  its  sim-
plicity and ease of synthesis as a lead compound [23]. We then
combined it with key pharmacophores from NAMPT inhibit-
ors  FK866 [28-30],  TRON-8 [31],  and  GMX1778 [32-35] to con-
struct  a  series  of  novel  dual-target  compounds  together  with
pronqodine  A.  Among these, compound T8 exhibited  potent
antitumor activity.

 Results and Discussion

 Design and synthesis of a series of dual-target compounds
We  intend  to  select  a  promising  NQO1  substrate  for
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Fig. 1    The synergistic antitumor mechanism of NQO1 substrate and nicotinamide phosphoribosyltransferase (NAMPT) inhibit-
ors. NQO1 substrates undergo a futile redox cycle by NQO1. These redox reactions produce large quantities of ROS, which res-
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O

O

O

H

H

N
N

N

N

NNN

N

O O

O

O

O

O

O

O
O

N

H
N

H
N

N

S

DNQ

FK866

O

O

O O
O

O
O

ON N

Cl−

Cl

+

N
H

N
H

TRON-8

A

B

β-Lap Pronqodine A

GMX1777 
Fig. 2    Reported (A) NQO1 substrates and (B) NAMPT inhibitors.

 

SONG Jiangzhou, et al. / Chin J Nat Med, 2024, 22(1): 75-88

– 76 –



modification, analyze the key pharmacophore of the reported
NAMPT inhibitors, and then design a rational synthetic route
to  combine  them  into  a  dual-target  molecule  by  a  suitable
linker. We reviewed various NQO1 substrates reported in the
literature, focusing on those that are both extensively studied
and  relatively  easy  to  synthesize,  such  as β-lap,  DNQ,  and
pronqodine  A  (Fig.  1A). Our  experiments  revealed  chal-
lenges with these substrates: the pyran ring in β-lap exhibited
poor  stability  and  difficulty  in  attaching  a  side  chain  linker;
DNQ  proved  challenging  for  introducing  functional  groups
like  amino  or  carboxyl  groups  for  linkage;  pronqodine  A,
however, with  its  isothiazolo-benzoquinone  bicyclic  struc-
ture,  emerged as a promising template for modification.  The
Moody  group’s  synthetic  route  for  pronqodine  A,  starting
from 2,5-dimethoxybenzaldehyde  was  particularly  instruct-
ive [36]. The final step in their synthesis, involving an addition-
elimination reaction of a free amino group with quinone un-
der  cerium  chloride  catalysis,  indicated  a  feasible  approach
for incorporating the amino group at the end of the NAMPT
inhibitor’s key  pharmacophore  into  the  isothiazoloben-
zoquinone structure of pronqodine A to yield dual-target mo-
lecules. Consequently, we selected pronqodine A as our lead
compound and  used  it  as  the  template  to  bind  the  key  phar-
macophore  of  NAMPT  inhibitors.  Several  representative
NAMPT  inhibitors,  including  FK866,  TRON-8,  and
GMX1778 (prodrug GMX1777), feature longer carbon chain
linkers, facilitating the modification of the amino structure at
their  ends  (Fig.  1B).  We  chose  the  active  pyridine  side  of
these NAMPT inhibitors and introduced a carbon chain with
a free amino group at the end, reacting it with isothiazoloben-
zoquinone under cerium chloride catalysis to synthesize dual-
target molecules (Fig. 3).

Based on  the  above  analysis,  a  series  of  target  com-
pounds  were  designed  and  finally  synthesized.  1,2-Benziso-
thiazole-4,7-dione  was  synthesized  as  per the previously  re-
ported method [36].  The target compound P2 was synthesized
according to the procedure in Scheme 1. By Mitsunobu reac-
tion, the hydroxyl functional group of tert-butyl 4-(4-hydroxy-
butyl)  piperidine-1-carboxylate  (2)  was  replaced  by  the
amino  group  of  phthalimide,  yielding  intermediate 3.  The

primary  amine  (4)  was  obtained  by  hydrolysis  of  hydrazine
hydrate.  The  3-pyridineacrylic  acid  was  transformed  into  an
acyl chloride intermediate under the thionyl chloride and sub-
sequently reacted with compound 4 to form an amide. Com-
pound 6 was then reacted with 1,2-benzisothiazole-4,7-dione
to  produce P2 through  an addition-elimination  mechanism.
P3−P8 were  synthesized  according  to  the  procedure  in
Scheme 2, which was similar to compound P2. The synthetic
pathways  for T5−T8 are  illustrated  in Scheme  3. The  com-
mercially  available  3-ethynylpyridine  was  reacted  with  the
proper  azide  alcohols  (12a−12d),  obtained  for  azidation  of
the  commercially  available  bromo derivative  (11a−11d), us-
ing  the  Click  reaction  to  yield  the  triazole  intermediates
(13a−13d). The hydroxyl functional group was converted in-
to  azide  (14a−14d)  with  DPPA,  DBU,  and  sodium  azide.
Azides 14a−14d were reduced to amines 15a−15d using the
Staudinger reaction. Similarly, compounds 15a−15d were re-
acted with 1,2-benzisothiazole-4,7-dione to yield T5−T8 un-
der the catalysis of cerium chloride.
 In vitro evaluation of antitumor activity of compounds

To assess  the  antitumor  activity  of  the  series  of  com-
pounds,  we  first  conducted  a  qualitative  analysis  of  NQO1
and  NAMPT  enzyme  levels  in  two  cancer  cell  lines:  A549
(non-small-cell  lung  cancer  cell  line,  NSCLC)  and  MCF-7
(human  breast  cancer  cell  line,  HBC)  by  Western  blotting.
The  results  confirmed  the  high  expressions  of  NQO1  and
NAMPT  proteins  in  both  A549  and  MCF-7  cells  (Fig.  S1).
The  primary  assessment  of  the  compounds’ antitumor activ-
ity  was  performed  using  the  sulforhodamine  B  (SRB)  assay
in A549 and MCF-7 cells [37]. The SRB dye specifically binds
to  the  basic  amino  acid  of  the  protein  in  cellular  proteins,
yielding an absorption peak at 515 nm. The absorbance is dir-
ectly proportional to the quantity of living cells, thus provid-
ing  an  indirect  measure  of  the  compounds’ antitumor effic-
acy. As depicted in Table 1, the results showed that the IC50
values  for  most  compounds  against  A549  and  MCF-7  cells
were  in  the  micromolar  range,  and  the  antitumor  activity  of
compounds T5−T8 was  enhanced  compared  with  that  of
compounds P3−P8,  indicating  a  significant  impact  of  the
triazole  ring  on  activity.  Notably, T5 and T8 exhibited  the
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highest antitumor activity against MCF-7 and A549 cells, re-

spectively  (Table  1). These findings  indicate  that  the  com-

pounds we designed and synthesized possess discernible anti-

tumor activity, warranting further research.
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 In  vitro  evaluation  of  the  antitumor  activity  of  compounds
against NQO1(+/−) MDA-MB-231 cells

To elucidate  the  NQO1 dependency  of  our  compounds’
anticancer activity, we used the human breast cancer cell line
MDA-MB-231,  known  for  its  low  NQO1  expression,  as  a
model.  We  engineered  an  NQO1-overexpressing  variant  of
this cell  line  using NQO1 lentivirus  (LV) infection.  Our ob-
jective  was  to  confirm the  successful  construction  of  NQO1
overexpressing cells and to investigate whether the antitumor
activity of our compounds is indeed dependent on NQO1 ex-
pression. As shown in Fig. 4A, MDA-MB-231 (NQO1+) cells
infected with  LV-NQO1  successfully  expressed  NQO1  pro-
tein, while MDA-MB-231 (NQO1−) cells (the control group)
did  not  show  NQO1  expression.  Notably,  NAMPT  protein
levels remained consistent in both MDA-MB-231 (NQO1+/−)
cell variants, indicating that LV infection has no effect on the
original NAMPT in these cells.

We then  employed  the  SRB assay  to  assess  the  inhibit-

ory  activity  of  the  compounds  in  MDA-MB-231  (NQO1+/−)
cells. The results revealed that the IC50 values of these com-
pounds in MDA-MB-231 (NQO1+) cells were predominantly
in the micromolar range, and the antitumor activity was signi-
ficantly  increased  compared  with  that  of  MDA-MB-231
(NQO1−)  cells.  In  particular,  the  compounds T5−T8 exhib-
ited  superior  anticancer  activity  in  the  MDA-MB-231
(NQO1+)  compared  with  the  compounds P2−P8.  Notably,
compound T8 showed the highest anticancer activity in MDA-
MB-231  (NQO1+)  cells  (Table  2), suggesting  that  its  antitu-
mor  activity  is  NQO1-dependent.  Given  compound T8’s
promising in vitro anticancer activity, it was selected for fur-
ther research and exploration.

To  investigate T8’s  function  as  an  NQO1 substrate,  we
monitored  the  depletion  of  NAD(P)H,  an  electron  donor  for
NQO1  that  absorbs  strongly  at  340  nm  (its  oxidized  form
NAD+ has  minimal  absorption  at  this  wavelength).  The
gradual decrease  in  NAD(P)H  absorbance  at  340  nm,  ob-
served with compound T8 and also with pronqodine A (Fig.
4B),  confirmed  significant  NAD(P)H  depletion.  This  result
validated compound T8 as an effective NQO1 substrate.
 In vitro inhibitory activity of compound T8 against NAMPT

To  evaluate  compound T8’s  inhibitory  activity  against
NAMPT,  we  used  the  CycLex  NAMPT  Inhibitor  Screening
Kit,  MBL [38].  The  representative  NAMPT  inhibitor  FK866
exhibited  an  IC50 value  of  96.7  nmol·L−1. The  results  re-
vealed that compound T8 (IC50 404.1 nmol·L−1) is a NAMPT
inhibitor,  possessing  NAMPT  inhibitory  activity  (Fig.  S2).
Further  investigation  into  the  biological  impact  of T8’s
NAMPT inhibitory activity was conducted by measuring cel-
lular  NAD+ levels  in  A549  cells  using  a  NAD+ test  kit.  As
shown in Fig. 4C, the level of cellular NAD+ showed a down-
trend  with  the  prolongation  of T8 (10  μmol·L−1)  treatment.
This trend indicates that T8 effectively reduces NAD+ levels
in cells, a likely consequence of its NAMPT inhibitory activ-
ity.
 In vitro cell selectivity of compound T8

The  evaluation  of  compound T8’s  selectivity  between
cancer  and normal  cells  is  a  critical  aspect  of  its  therapeutic
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Fig. 4    Compound T8 reduced the cellular NAD+ content in a time-dependent manner. (A) Western blotting analysis of NQO1(+)

and NQO1(−) MDA-MB-231 cells. (B) Under the catalysis of NQO1, the absorbance of NAD(P)H at 340 nm gradually decreased
after treatment with T8 (20 μmol·L−1).  (C) The level  of  cellular NAD+ after treatment with T8 (10 μmol·L−1)  was tested by the
NAD+ test kit in A549 cells.
 

 
Table  1     In  vitro antiproliferative  activity  (IC50) of  com-
pounds against NSCLC A549 and HBC MCF-7 cells (mean ±
SD, n = 6/group).

Compd A549 IC50/(μmol·L−1) MCF-7 IC50/(μmol·L−1)

P2 > 20 12.19 ± 1.10

P3 12.39 ± 1.34 1.25 ± 1.16

P4 17.14 ± 1.18 4.55 ± 1.11

P5 7.02 ± 1.16 3.88 ± 1.32

P6 > 20 6.69 ± 1.03

P7 12.46 ± 1.17 1.94 ± 1.19

P8 14.95 ± 1.31 11.43 ± 1.30

T5 1.82 ± 1.11 2.54 ± 1.24

T6 1.47 ± 1.27 3.83 ± 1.17

T7 1.52 ± 1.30 3.13 ± 1.13

T8 1.39 ± 1.40 4.59 ± 1.42

Antitumor activity was assessed using the SRB assay.
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potential. While its potent antitumor activity in vitro is prom-
ising,  understanding  its  toxicity  profile,  especially  in  non-
cancerous  cells,  is  essential  for  assessing  its  viability  as  a
cancer treatment. For this purpose, we chose NQO1-rich and
NAMPT-expressing MCF-7 cells (human breast cancer cells)
as our  cancer  cell  model.  To  assess  the  selectivity  of  com-
pound T8,  we  compared  its  effects  on  MCF-7  cells  with  its
effects  on  normal  hepatic  cells  (L02)  and  AML-12  cells  (a
mouse  hepatocyte  cell  line)  using  the  Cell  Counting  Kit-8
(CCK-8)  assay.  The  results  revealed  that  compound T8 ex-
hibited  significant  antitumor  activity  against  MCF-7  cells
(IC50 0.107  μmol·L−1).  NQO1-deficient  normal  L02  cells

(IC50 2.466  μmol·L−1)  and  AML-12  cells  (IC50 5.444
μmol·L−1)  were  much  less  sensitive  to  compound T8, sug-
gesting that compound T8 possesses good selectivity between
cancer cells and normal cells (Figs. 5A−5C). Moreover, com-
pound T8 exhibited high selectivity toward cancer cells over
normal L02 cells (selectivity ratio = 50.88) and normal AML-
12  cells  (selectivity  ratio  =  23.05)  (Fig.  5D).  Additionally,
when comparing the antitumor activity of compound T8 with
the  known NAMPT inhibitor  FK866,  compound T8 demon-
strated more effective antitumor activity (Fig. S3).
 Compound  T8  exhibited  antitumor  activity  in  a  NQO1-  and
NAMPT-dependent manner

In  order  to  further  determine  whether  the  antitumor
activity  of  compound T8 was  dependent  on  NQO1  and
NAMPT,  we  co-incubated  MCF-7  cells  with  compound T8
and  NAC  (1  mmol·L−1)  or  NMN  (200  μmol·L−1)  for  24  h.
CCK-8 assay  results  showed  that  NAC  and  NMN  remark-
ably diminish the inhibition of compound T8 on the prolifera-
tion of MCF-7 cells (Figs. 6A and 6B). These results indicate
that compound T8 exerts its antitumor activity against MCF-
7 cells in an NQO1-and NAMPT-dependent manner.
 Identification of  cancer  cell  death  mode  induced  by   com-
pound T8

ROS  levels  in  MCF-7  cells  were  measured  using  the
DCFH-DA probe. As shown in Fig. 7A, treatment with com-
pound T8 led to a concentration-dependent increase in cellu-
lar ROS levels in MCF-7 cells. MCF-7 cells were separately
cultured with T8 (20 μmol·L−1, 10 h), T8 (20 μmol·L−1, 10 h)
+ DIC (5 mmol·L−1, 6 h), T8 (20 μmol·L−1, 10 h) + NAC (5
mmol·L−1, 6  h),  and  negative  control.  The  fluorescence  in-
tensity  was  enhanced  in  MCF-7  cells  treated  with T8 +
DIC/NAC compared  with  that  in  cells  received  other  treat-
ments  (Fig.  7B).  These  results  showed  that  compound T8
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Table  2     In  vitro antitumor activity  of  compound T8 in  an
NQO1-dependent manner in NQO1(+) and NQO1(−) MDA-MB-
231 cells (mean ± SD, n = 6/group)

Compd NQO1(+) IC50/(μmol·L−1) NQO1(−) IC50/(μmol·L−1)

P2 9.9 6.3

P3 12.37 ± 2.44 > 20

P4 6.60 ± 1.30 > 20

P5 3.07 ± 1.36 > 20

P6 8.48 ± 1.47 > 20

P7 3.31 ± 2.44 7.2

P8 4.49 ± 1.25 > 20

T5 1.25 ± 1.10 > 10

T6 1.55 ± 1.06 > 20

T7 1.48 ± 1.19 > 20

T8 0.92 ± 1.06 > 20

Antitumor activity was assessed using the SRB assay.
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generated  ROS in  MCF-7  cells,  and  DIC and  NAC led  to  a
significant decrease in ROS generation, suggesting that T8’s
mechanism  involves  ROS-mediated  pathways.  Therefore,
flow cytometry was performed to identify the cell death mode
induced by compound T8. MCF-7 cells were treated with the
different  concentrations  (L-G,  0.04  μmol·L−1;  M-G,  0.08
μmol·L−1;  H-G, 0.1 μmol·L−1)  of  compound T8 for 24 h us-
ing AV/PI staining. Compound T8 significantly induced cell
apoptosis in a concentration-dependent manner (Figs. 8A and
8B). In summary, compound T8 induces cell apoptosis by el-
evating ROS levels.
 Binding modes of compound T8 to NQO1 and NAMPT

In  1999,  the  structure  of  NQO1  was  first  analyzed,
providing  an  important  reference  for  structure-based  drug
design [39]. The catalytically active domain of NQO1 is a flex-
ible  binding  pocket  with  hydrophobic  properties,  which
provides an important structural biological basis for the cata-
lysis of quinone substrates with rigid planar structures. To un-
derstand  the  binding  mode  of  compound T8 to  NQO1,  the
atomic  coordinates  of  the  crystal  structure  of  NQO1  (PDB
code  2F1O)  have  been  used  for  docking.  As  shown  in
Fig. 9A, the benzoquinone structure of T8 was embedded in
the  catalytic  domain  of  NQO1.  It  formed  hydrogen  bonds
with adjacent Tyr127, Tyr129, Phe179, and Trp107 residues,
while  the  NAMPT  pharmacophore  moiety  extended  to  the
solvent area of the NQO1 protein. Then, we used the crystal
structure of NAMPT (PDB code 2GVJ) to explore how com-
pound T8 interacts with this enzyme. The molecular docking
results,  presented  in  two-dimensional  and  three-dimensional
formats  in Fig.  9B,  revealed  that  the  pyridine  moiety  of T8
enters the NAM binding region. This interaction was charac-
terized by the formation of multiple hydrogen bonds with ad-
jacent residues Ser275 and Arg311 and a π−π stacking inter-
action with Tyr188. Similar to its interaction with NQO1, the
benzoquinone part  of T8 extended to the solvent  area of  the

NAMPT  protein.  The  docking  analyses  unveiled  a  dual
mechanism  of  action  for  compound T8. In  NQO1,  the  ben-
zoquinone  moiety  of T8 interacted  well  within  the  protein
cavity,  forming  strong  hydrogen  bonds  with  key  residues.
Conversely,  in  NAMPT,  the  key  pharmacophore  of  the
NAMPT inhibitor in T8 was effectively bound to the enzyme,
forming multiple  hydrogen  bonds  that  stabilize  the  interac-
tion.

 Conclusion

In  this  work,  we  designed  and  synthesized  a  series  of
compounds that target NQO1 and NAMPT. Our comprehens-
ive in  vitro evaluations revealed  that  these  compounds,  par-
ticularly compound T8, exhibit promising antitumor efficacy.
The antitumor activity of the compounds, especially T8, was
validated  to  be  NQO1-dependent  using  MDA-MB-231
(NQO1+/−) cell models. Compound T8 stood out due to its po-
tent antitumor activity, characterized by enhancing intracellu-
lar ROS levels via NQO1-mediated redox cycling, inhibiting
NAMPT  activity,  increasing  NAD+ consumption, and  ulti-
mately inducing cancer cell apoptosis.

In summary,  this  study  has  successfully  identified  com-
pound T8 as a  potential  antitumor  candidate,  with  prelimin-
ary validations suggesting a promising mechanism of action.
Despite its notable in vitro antitumor activity, T8’s poor wa-
ter  solubility  presents  a  significant  limitation  in  terms  of
achievable  dosage.  Future  research  efforts  will  focus  on
structural optimization  to  enhance  solubility.  This  may  in-
clude adopting a prodrug strategy or refining the drug deliv-
ery system to improve the formulation. Additionally, the cur-
rent  scope  of  research  is  primarily  confined  to  cellular  and
protein-level analyses. Moving forward, the plan is to evalu-
ate the antitumor efficacy of compound T8 in vivo using tu-
mor-bearing  mouse  models.  This  next  phase  will  provide
deeper insights into the compound’s mechanism of action and
explore its  potential  across  various  cancer  types.  The  over-
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Fig. 6    Cell viability curves of MCF-7 cell growth by different concentrations of compound T8 in the presence or absence of (A)
NAC (1 mmol·L−1)  and (B)  NMN (200 μmol·L−1).  MCF-7 cells  were individually  co-incubated with compound T8 and NAC or
NMN for 24 h. Cell viability was tested using the CCK-8 assay. Data are presented as the mean ± SD (n = 6/group). Two-way AN-
OVA tests were performed. *P < 0.05, ****P < 0.0001 vs T8 group.
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arching  goal  is  to  advance  our  understanding  of  compound
T8’s therapeutic potential and to expand its clinical applicab-
ility.

 Experimental

 General chemicals and instruments
All  chemicals  and  solvents  were  obtained  commercially

and utilized as received, except where specifically mentioned.
1H  NMR  and 13C  NMR  spectra  were  recorded  on  a  Bruker

AVANCE  AV300  (300  MHz)  or  AVANCE  AV500  (500
MHz) with tetramethylsilane (TMS) as an internal standard at
room  temperature.  Mass  spectrometry  (MS)  was  conducted
by an Agilent (USA) Model 1946A-MSD mass spectrometer
(ESI-MS),  and  high-resolution  mass  spectrometry  (HR-MS)
was  determined  by  a  Waters  Q-Time  of  Flight  micro  mass
spectrometer  (USA).  The  experimental  GF254  thin-layer
chromatography  plate  (TLC)  was  purchased  from  Qingdao
Ocean Chemical  Plant,  and  the  preparative  TLC  was  pur-
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Fig. 7    Measurement of ROS levels in MCF-7 cells. (A) Intracellular ROS was measured using the DCFH-DA probe, with t-BHP
as a positive control. (B) Colocalization of the fluorescence images of ROS using the DCFH-DA probe. MCF-7 cells were separ-
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Fig. 8    Compound T8 induced the apoptosis of MCF-7 cells in a dose-dependent manner. (A) Flow cytometry analysis of Annex-
in V/PI staining of apoptotic MCF-7 cells. MCF-7 cells were treated with the different concentrations (L-G, 0.04 μmol·L−1; M-G,
0.08  μmol·L−1;  H-G,  0.1  μmol·L−1)  of  compound T8 for  24  h  using AV/PI  staining.  (B)  Quantitative  analysis  of  apoptotic  cells.
Data are presented as the mean ± SD (n = 3/group). One-way ANOVA tests were performed. ***P < 0.001 vs Control.
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chased from Shandong Dexin Chemical Plant.
Tert-butyl 4-(4-hydroxybutyl)piperidine-1-carboxylate (2).

Compound 1 (1.57 g,  10 mmol,  1  equiv)  was dissolved in  a
1∶1  mixture  of  THF/H2O  (20  mL)  and  cooled  to  0  °C.
Boc2O (2.6 g, 12 mmol, 1.2 equiv) was then added dropwise.
The mixture was stirred at room temperature overnight. After
the removal of the organic solvent, the mixture was extracted
with EtOAc. The organic layers were combined, washed with
brine,  dried  over  sodium  sulfate,  filtered,  and  concentrated,
yielding compound 2 as a transparent oil.

Tert-butyl 4-(4-(1,3-dioxoisoindolin-2-yl)butyl)piperidine-
1-carboxylate (3).  A  solution  of  compound 2 (0.77  g,  3
mmol,  1  equiv),  phthalimide (0.44 g,  3  mmol,  1  equiv),  and
PPh3 (0.94  g,  3.6  mmol,  1.2  equiv)  was  stirred  in  dry  THF
(12 mL) at 0 °C under a nitrogen atmosphere. DEAD (0.63 g,
3.6 mmol, 1.2 equiv) was then added dropwise. The reaction
mixture was then allowed to warm to room temperature and
stirred for 16 h. Post-reaction, the solvent was removed, and
the product was recrystallized from EtOAc and then purified
by column chromatography and recrystallization with isopro-
panol, yielding compound 3 as a white solid.

Tert-butyl  4-(4-aminobutyl)piperidine-1-carboxylate (4).
Compound 3 (1.16  g,  3  mmol,  1  equiv)  was  dissolved  in
EtOH (12  mL),  followed  by  the  addition  of  hydrazine  hy-

drate (0.3 g, 6 mmol, 2 equiv). The mixture was refluxed un-
til  completion.  After  filtration,  the  solvent  was  evaporated,
yielding compound 4 as a white oil.

Tert-butyl (E)-4-(4-(3-(pyridin-3-yl)acr-ylamido)butyl) pi-
peridine-1-carboxylate (5).  3-Pyridineacrylic  acid  (0.18  g,
1.22  mmol,  1  equiv)  was  dissolved  in  CH2Cl2 (3 mL),  fol-
lowed by the addition of thionyl chloride (0.3 g, 2.44 mmol, 2
equiv) for 2 h at room temperature. After solvent removal, the
resulting  product  was  added  to  a  CH2Cl2 (5  mL)  and  DIEA
(0.19  g,  1.46  mmol,  1.2  equiv)  solution  of  compound 4 at
room  temperature.  The  mixture  was  stirred  overnight  at  the
same temperature. The mixture was washed with brine, dried
over sodium  sulfate,  and  filtered,  and  the  solvent  was  re-
moved. The residue was purified by column chromatography,
yielding compound 5 as a white solid.

(E)-N-(4-(piperidin-4-yl)butyl)-3-(pyrid-in-3-yl)acrylam-
ide (6). Hydrochloric acid 2 mol·L−1 (2.64 mmol, 1.32 mL, 2
equiv) in ethanol was added dropwise to compound 5 (0.51 g,
1.32 mmol, 1 equiv) overnight at 0 °C. The solvent was then
removed, yielding compound 6 as a yellow solid.

(E)-N-(4-(1-(4,7-dioxo-4,7-dihydroben-zo[d]isothiazol-5-
yl)piperidin-4-yl)buty-l)-3-(pyridin-3-yl)acrylamide (P2). The
compound 6 (1.32 mmol, 0.38 g, 1.1 equiv) was dissolved in
CH2Cl2 (4 mL), followed by the addition of DIEA (3.6 mmol,
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Fig.  9     Binding  modes  of  compound T8 with NQO1 (PDB ID:  2F1O)  and NAMPT (PDB ID:  2GVJ).  (A)  Bind mode  of  com-
pound T8 to NQO1. (B) Binding mode of compound T8 to NAMPT.
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0.47  g,  3  equiv)  and  cerium trichloride  (0.12  mmol,  0.03  g,
0.1 equiv), and then 1,2-benzisothiazole-4,7-dione (1.2 mmol,
0.19 g, 1 equiv) was added for 5 h at room temperature. Upon
completion,  water was added,  and the product was extracted
with  CH2Cl2.  The  crude  product  was  purified  by  column
chromatography  (DCM∶i-PrOH,  150∶1) to  yield  com-
pound P2 as  a purple-black solid:  yield 65%; 1H NMR (300
MHz,  DMSO-d6) δ:  8.96  (s,  1H),  8.73  (s,  1H),  8.53  (d, J =
4.5 Hz, 1H), 8.12 (s, 2H), 7.95 (d, J = 7.7 Hz, 1H), 7.45−7.40
(m,  2H),  6.71 (d, J =  15.9  Hz,  1H),  5.88 (s,  1H),  3.18−3.02
(m,  4H),  1.76  (d, J =  12.0  Hz,  2H),  1.57−1.43  (m,  4H),
1.32−1.22 (m, 6H). 13C NMR (75 MHz, DMSO-d6) δ: 156.69,
149.92,  148.91,  134.95,  133.79,  124.27,  123.83,  105.99,
49.71, 35.23, 34.64, 31.74; ESI-HR-MS: calculated for [M +
H]+ 451.1798, found 451.1811.

General  procedures  for  the  preparation  of  8a−8f.  The
corresponding  diamines 7a−7f (1  equiv)  were  dissolved  in
THF/H2O  (1∶1).  At  0  °C,  Boc2O  (0.3  equiv)  was  added
dropwise,  and  then  the  reaction  mixture  returned  to  room
temperature overnight. The organic solvent was removed, and
then the reaction mixture was extracted with EtOAc. The or-
ganic  layers  were  combined,  washed  with  brine,  dried  over
sodium sulfate,  filtered,  and  concentrated  to  yield  com-
pounds 8a−8f as  colorless  oils,  which were  used in  the  next
step without further purification.

General  procedures  for  the  preparation  of  9a−9f.  3-
Pyridineacrylic  acid  (1  equiv)  was  dissolved  in  CH2Cl2 (0.3
mol·L−1),  followed  by  the  addition  of  thionyl  chloride  (3
equiv)  for  2  h  at  room  temperature.  After  removing  the
solvent,  this  compound  was  slowly  added  to  the  mixture  of
CH2Cl2 (0.3  mol·L−1) and  DIEA  (1.5  equiv)  of  correspond-
ing 8a−8f (1  equiv)  at  room  temperature.  The  mixture  was
stirred  overnight  at  room  temperature,  washed  with  brine,
dried  over  sodium  sulfate,  filtered,  and  concentrated.  The
residue was purified by column chromatography.

General procedures for the preparation of 10a−10f. Hy-
drochloric  acid  2  mol·L−1 (2  equiv)  in  ethanol  was  added
dropwise  to  corresponding 9a−9f (1  equiv)  and  stirred
overnight at  0  °C.  The  solvent  was  removed  to  yield  com-
pound 10a−10f as white solids.

General  procedures  for  the  preparation  of P3−P8.  The
corresponding  amine 10a−10f (1.1  equiv)  was  dissolved  in
CH2Cl2 (0.3  mol·L−1),  followed  by  the  addition  of  DIEA  (3
equiv)  and  cerium trichloride  (0.1  equiv),  and  then  1,2-ben-
zisothiazole-4,7-dione  (1  equiv)  was  added  for  5  h  at  room
temperature. After completion of the reaction, water was ad-
ded,  and the desired product  was extracted with CH2Cl2. Fi-
nally, the  crude  product  was  purified  by  column  chromato-
graphy  (DCM∶i-PrOH,  150∶1),  yielding  compounds
P3−P8 as purple-black solids.

(E)-N-(3-((4,7-dioxo-4,7-dihydrobenzo-[d]isothiazol-5-
yl)amino)propyl)-3-(pyridin-3-yl)acrylamide (P3). 1H  NMR
(300 MHz, DMSO-d6) δ:  9.02 (s, 1H), 8.75 (s, 1H), 8.54 (d,
J = 3.8 Hz, 1H), 8.23 (m, 1H), 8.02−7.96 (m, 2H), 7.48−7.41
(m,  2H),  6.71 (d, J =  15.9  Hz,  1H),  5.62 (s,  1H),  3.33−3.24

(m, 4H), 1.81−1.76 (m, 2H); 13C NMR (75 MHz, DMSO-d6)
δ:  175.81,  175.33,  164.68,  156.33,  150.17,  150.05,  149.04,
135.29, 133.89, 130.66, 124.09, 123.91, 97.08, 36.42, 27.25;
ESI-HR-MS:  calculated  for  [M  +  H]+ 369.1016,  found
369.1027.

(E)-N-(4-((4,7-dioxo-4,7-dihydrobenzo-[d]isothiazol-5-
yl)amino)butyl)-3-(pyridin-3-yl)acrylamide (P4). 1H  NMR
(300 MHz, DMSO-d6) δ:  9.01 (s, 1H), 8.72 (s, 1H), 8.52 (d,
J =  4.0  Hz,  1H),  8.15  (m,  1H),  8.03  (s,  1H),  7.93  (d,
J =  7.7  Hz,  1H),  7.44−7.39  (m,  2H),  6.69  (d, J =  15.9  Hz,
1H), 5.60 (s, 1H), 3.29−3.19 (m, 4H), 1.60−1.50 (m, 4H); 13C
NMR  (75  MHz,  DMSO-d6) δ:  175.83,  175.20,  167.63,
164.58,  156.31,  151.59,  150.17,  148.24,  134.76,  133.73,
123.30, 96.87,  42.49,  28.86,  27.11,  26.10;  ESI-HR-MS:  cal-
culated for [M + H]+ 383.1172, found 383.1176.

(E)-N-(5-((4,7-dioxo-4,7-dihydrobenzo-[d]isothiazol-5-
yl)amino)pentyl)-3-(pyridin-3-yl)acrylamide (P5). 1H  NMR
(300 MHz, DMSO-d6) δ:  9.02 (s, 1H), 8.73 (s, 1H), 8.54 (d,
J =  3.8  Hz,  1H),  8.13  (m,  1H),  8.02  (m,  1H),  7.95  (d, J =
7.9Hz,  1H),  7.45−7.37  (m,  2H),  6.71  (d, J =  15.9  Hz,  1H),
5.59  (s,  1H),  3.22−3.17  (m,  4H),  1.63−1.59  (m,  2H),
1.50−1.47 (m,  2H),  1.34−1.30 (m,  2H); 13C NMR (75 MHz,
DMSO-d6) δ:  175.84,  175.20,  174.36,  167.63,  164.22,
156.27,  150.15,  148.61,  147.69,  135.22,  134.48,  133.71,
131.32,  124.95,  124.40,  96.94,  42.48,  38.52,  33.61,  29.78,
26.84; ESI-HR-MS: calculated for [M + H]+ 397.1329, found
397.1340.

(E)-N-(6-((4,7-dioxo-4,7-dihydrobenzo-[d]isothiazol-5-
yl)amino)hexyl)-3-(pyridin-3-yl)acrylamide (P6). 1H  NMR
(300 MHz, DMSO-d6) δ:  9.01 (s, 1H), 8.72 (s, 1H), 8.52 (d,
J = 4.0 Hz, 1H), 8.16 (m, 1H), 8.01 (m, 1H), 7.94 (d, J = 7.9
Hz, 1H), 7.44−7.38 (m, 2H), 6.69 (d, J = 15.9 Hz, 1H), 5.56
(s, 1H), 3.20-3.15 (m, 4H), 1.57 (m, 2H), 1.45 (m, 2H), 1.32
(m,  4H); 13C NMR (75  MHz,  DMSO-d6) δ:  157.25,  156.26,
150.13, 149.91, 134.93, 133.77, 124.27, 123.82, 96.83, 42.45,
38.54, 28.89, 27.06, 26.03; ESI-HR-MS: calculated for [M +
H]+ 411.1485, found 411.1501.

(E)-N-(7-((4,7-dioxo-4,7-dihydrobenzo-[d]isothiazol-5-
yl)amino)heptyl)-3-(pyridin-3-yl)acrylamide (P7). 1H  NMR
(300 MHz, DMSO-d6) δ: 9.02 (s, 1H), 8.73 (s, 1H), 8.53 (d, J
= 3.9 Hz,  1H),  8.13 (m, 1H),  8.02 (m, 1H),  7.95 (d, J = 7.9
Hz, 1H), 7.45−7.40 (m, 2H), 6.71 (d, J = 15.9 Hz, 1H), 5.57
(s,  1H),  3.19−3.16  (m,  4H),  1.58  (m,  2H),  1.46  (m,  2H),
1.31−1.23  (m,  6H); 13C  NMR  (75  MHz,  DMSO-d6) δ:
176.37,  175.77,  164.91,  156.87,  150.71,  150.53,  149.51,
135.62,  134.34,  131.18,  124.70,  97.48,  42.71,  38.78,  27.05,
25.19; ESI-HR-MS: calculated for [M + H]+ 425.1642, found
425.1653.

(E)-N-(8-((4,7-dioxo-4,7-dihydrobenzo-[d]isothiazol-5-
yl)amino)octyl)-3-(pyridin-3-yl)acrylamide (P8). 1H  NMR
(300 MHz, DMSO-d6) δ:  9.03 (s, 1H), 8.74 (s, 1H), 8.54 (d,
J = 3.7 Hz, 1H), 8.12 (m, 1H), 8.01−7.95 (m, 2H), 7.46−7.41
(m,  2H),  6.71 (d, J =  15.9  Hz,  1H),  5.57 (s,  1H),  3.18−3.13
(m, 4H), 1.58 (m, 2H), 1.45 (m, 2H), 1.29 (m, 8H); 13C NMR
(75  MHz,  DMSO-d6) δ:  156.31,  149.96,  148.95,  134.97,
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133.83,  130.71,  124.34,  123.88,  96.86,  42.53,  29.00,  28.58,
27.14, 26.34; ESI-HR-MS: calculated for [M + H]+ 439.1798,
found 439.1802.

General procedures for the preparation of 12a−12d. The
corresponding  commercially  available  bromo  derivatives
(11a−11d)  (1  equiv)  were  dissolved  in  DMF  (0.4  mol·L−1).
Sodium  azide  was  added  (1.2  equiv)  while  stirring  at  room
temperature,  and  the  reaction  mixture  was  heated  at  80  °C
overnight. After completion of the reaction, water was added,
and the  desired  product  was  extracted  with  EtOAc.  The  or-
ganic  layers  were  combined,  washed  with  water  and  brine,
dried over sodium sulfate, and concentrated under vacuum to
yield  the  desired  azides,  which  were  used  in  the  subsequent
step without further purification.

General  procedures  for  the  preparation  of 13a−13d.  3-
Ethynylpyridine  (1  equiv)  and  the  corresponding  azide
(12a−12d)  (1  equiv)  were  suspended  in  a  mixture  of
water/tert-butanol (1∶1), and sodium ascorbate (0.1 equiv), a
freshly prepared 1 mol·L−1 solution in water, was added, fol-
lowed by the addition of copper(II) sulfate pentahydrate (0.01
equiv). The resulting mixture was heated to 40 °C and stirred
for 12 h. After completion of the reaction, water was added,
and  the  desired  product  was  extracted  with  EtOAc.  Finally,
the  crude  product  was  purified  by  column  chromatography,
yielding the desired triazoles.

General procedures for the preparation of 14a−14d. Un-
der a nitrogen atmosphere, DPPA (diphenylphosphoryl azide,
2  equiv)  and  1,8-diazabicyclo[5.4.0]undec-7-ene  (DBU)  (2
equiv) were added to a cooled (0 °C) solution of the corres-
ponding alcohol (14a−14d) (1 equiv) in DMF (0.4 mol·L−1).
After  30  min,  NaN3 (2  equiv)  was  added,  and  the  reaction
mixture  was  heated  at  100  °C for  3  h.  The  reaction  mixture
was then cooled to room temperature, diluted with water, and
extracted  with  EtOAc.  The  combined  organic  layers  were
washed with water and brine, dried over sodium sulfate, and
concentrated in  vacuo. Finally,  the  crude  product  was  puri-
fied by column chromatography.

General  procedures  for  the  preparation  of  15a−15d.
Water (6 equiv) and triphenyl-phosphine (1.5 equiv) were ad-
ded  to  a  solution  of  the  corresponding  azide  (14a−14d)  (1
equiv)  in  THF  (0.3  mol·L−1).  The  resulting  mixture  was
heated at  reflux for 3 h under magnetic stirring.  The solvent
was  evaporated  in  vacuo,  and  the  residue  was  purified  by
column chromatography.

General  procedures  for  the  preparation  of T5−T8.  The
corresponding  amine 15a−15d (1.1  equiv)  was  dissolved  in
CH2Cl2 (0.3  mol·L−1),  followed  by  the  addition  of  DIEA  (3
equiv)  and  cerium trichloride  (0.1  equiv),  and  then  1,2-ben-
zisothiazole-4,7-dione  (1  equiv)  was  added  for  5  h  at  room
temperature. After completion of the reaction, water was ad-
ded,  and the desired product  was extracted with CH2Cl2. Fi-
nally, the  crude  product  was  purified  by  column  chromato-
graphy  (DCM∶i-PrOH,  150∶1),  yielding  compounds
T5−T8 as purple-black solids.

5-((5-(4-(pyridin-3-yl)-1H-1,2,3-triazol-1-yl)pentyl)amino)

benzo[d]isothiazole-4,7-dione (T5). 1H  NMR  (300  MHz,
DMSO-d6) δ:  9.03  (s,  1H),  9.00  (s,  1H),  8.70  (s,  1H),
8.55−8.53  (m,  1H),  8.22−8.19  (m,  1H),  8.01−7.98  (m,  1H),
7.59  (dd, J =  7.86,  4.86  Hz,  1H),  5.57  (s,  1H),  4.43  (t, J =
6.69  Hz,  2H),  3.24−3.17  (m,  2H),  1.96−1.87  (m,  2H),
1.68−1.59 (m,  2H),  1.37−1.30 (m,  2H); 13C NMR (75 MHz,
DMSO-d6) δ:  178.89,  178.31,  170.67,  159.34,  153.20,
151.45,  149.01,  146.40,  136.78,  135.72,  129.99,  127.15,
125.03,  100.11,  52.58,  45.33,  32.21,  29.60,  26.35;  ESI-HR-
MS: calculated for [M + H]+ 395.1285, found 395.1292.

5-((6-(4-(pyridin-3-yl)-1H-1,2,3-triazol-1-yl)hexyl)amino)ben-
zo[d]isothiazole-4,7-dione (T6). 1H NMR (300 MHz, DMSO-
d6) δ: 9.03 (d, J = 1.5 Hz, 1H), 9.02 (s, 1H), 8.70 (s, 1H), 8.53
(dd, J =  4.71,  1.38  Hz,  1H),  8.21−8.18  (m,  1H),  8.02−7.98
(m,  1H),  7.47  (dd, J =  7.83,  4.83  Hz,  1H),  5.57  (s,  1H),
4.44−4.30  (m,  2H),  3.23−3.18  (m,  2H),  1.91−1.86  (m,  2H),
1.61−1.56 (m, 2H), 1.34 (m, 4H); 13C NMR (75 MHz, DMSO-
d6) δ:  178.92,  178.31,  159.39,  153.25,  151.82,  149.39,
146.53,  136.78,  135.36,  129.85,  127.00,  124.94,  100.01,
52.63, 45.53, 32.51, 30.04, 28.85, 28.58; ESI-HR-MS: calcu-
lated for [M + H]+ 409.1441, found 409.1456.

5-((7-(4-(pyridin-3-yl)-1H-1,2,3-triazol-1-yl)heptyl)amino)
benzo[d]isothiazole-4,7-dione (T7). 1H  NMR  (300  MHz,
DMSO-d6) δ:  9.04  (m,  1H),  9.02  (s,  1H),  8.70  (s,  1H),
8.53−8.52  (m,  1H),  8.21−8.18  (m,  1H),  8.03−7.99  (m,  1H),
7.47  (dd, J =  7.86,  4.86  Hz,  1H),  5.56  (s,  1H),  4.42  (t, J =
7.02  Hz,  2H),  3.22−3.15  (m,  2H),  1.89−1.85  (m,  2H),
1.56−1.54 (m, 2H), 1.31 (m, 6H); 13C NMR (75 MHz, DMSO-
d6) δ:  178.92,  178.28,  159.38,  153.23,  151.81,  149.39,
136.81, 135.34, 129.85, 126.99, 124.93, 99.98, 52.65, 45.58,
32.54, 32.04, 31.07, 30.16, 29.28, 28.80; ESI-HR-MS: calcu-
lated for [M + H]+ 423.1598, found 423.1610.

5-((8-(4-(pyridin-3-yl)-1H-1,2,3-triazol-1-yl)octyl)amino)
benzo[d]isothiazole-4,7-dione (T8). 1H  NMR  (300  MHz,
DMSO-d6) δ: 9.04 (d, J = 1.32 Hz, 1H), 9.03 (s, 1H), 8.72 (s,
1H),  8.54−8.53  (m,  1H),  8.22−8.19  (m,  1H),  8.04  (m,  1H),
7.48  (dd, J =  7.59,  4.92  Hz,  1H),  5.56  (s,  1H),  4.24  (t,
J = 6.99 Hz, 2H), 3.20−3.17 (m, 2H), 1.87 (m, 2H), 1.56 (m,
2H), 1.29 (m, 8H); 13C NMR (75 MHz, DMSO-d6) δ: 176.33,
175.70,  156.85,  150.66,  149.21,  146.75,  143.91,  134.23,
132.80,  127.27,  124.46,  122.38,  97.34,  50.08,  43.00,  30.00,
28.95, 28.77, 27.62, 26.80, 26.24; ESI-HR-MS: calculated for
[M + H]+ 437.1754, found 437.1770.
 Cell culture

Human  NSLCS  cell  line  (A549),  human  breast  cancer
cell lines  (MCF-7  and  MDA-MB-231),  normal  mouse  hep-
atocytes  (AML-12),  and  human  normal  hepatic  cell  line
(L02)  were  obtained  in  Shanghai  Cell  Bank  of  Chinese
Academy  of  Sciences  (Shanghai,  China).  A549  and  MCF-7
cells were cultured in Roswell Park Memorial Institute medi-
um (RPMI) 1640 (Gibco, USA), and L02 and MDA-MB-231
cells  were  cultured  in  Dulbecco’s  modified  Eagle’s  medium
(DMEM, Gibco,  USA) supplemented with  10% fetal  bovine
serum  (FBS,  Prime,  FSP500,  ExCell  Bio,  China)  and  1%
penicillin/streptomycin  (Gibco,  USA).  AML-12  cells  were

SONG Jiangzhou, et al. / Chin J Nat Med, 2024, 22(1): 75-88

– 85 –



cultured  in  Dulbecco’s  modified  Eagle’s  medium:  F-12
(DMEM/F12,  Gibco,  USA)  supplemented  with  10% fetal
bovine serum (FBS, Prime, FSP500, ExCell Bio, China), 1%
penicillin/streptomycin  (Gibco,  USA),  dexamethasone  40
ng·mL−1 (Sigma,  USA),  and  1% insulin  (ITS-G,  Gibco,
USA). All  cell  lines  were  maintained  at  37  °C  in  a  humidi-
fied atmosphere with 5% CO2 and 95% air. Subculturing was
performed every 2−3 days.
 Cell viability assay

Cells  in  the  logarithmic  growth  phase  were  seeded  into
96-well plates (5000−8000 cells/well). After overnight incub-
ation, the medium containing the compounds was added, and
the cells were cultured for an additional 24 h. The cells were
then fixed with 10% trichloroacetic acid at 4 °C, washed with
water,  and  air-dried.  Subsequently,  the  cells  were  stained
with 0.057% SRB solution, washed with 1% acetic acid, and
dissolved  in  10  mmol·L−1 Tris  solution.  Finally,  the  optical
density at the wavelength of 510 nm (OD510) was measured.
 Western blotting analysis

Total  proteins  were  extracted  from  cultured  cells  using
ice-cold RIPA lysis containing 1% protease inhibitor cocktail.
Cytoplasmic  and  nuclear  proteins  were  isolated  using  the
Nuclear  and  Cytoplasmic  Protein  Extraction  Kit  (Beyotime
Institute  of  Biotechnology,  Jiangsu,  China)  following  the
manufacturer’s protocol.  Protein  concentration  was  meas-
ured  by  BCA  assay  (Vazyme,  China).  Proteins  (40  μg/lane)
were separated by SDS-PAGE on 10% or 12% polyacrylam-
ide gels and transferred to PVDF membranes via electroblot-
ting. Membranes were blocked in 5% non-fat dry milk in tris-
buffered  saline  with  0.1% Tween 20  at  37  °C  for  1  h,  fol-
lowed  by  overnight  incubation  with  primary  antibodies  at  4
°C  and  then  1  h  with  secondary  antibodies  at  37  °C.
Blots were developed using an enhanced chemiluminescence
kit  (Thermo  Fisher  Scientific,  Waltham,  MA).  The  signals
were  captured  using  a  ChemiDoc  XRS+ system  (Bio-Rad
Laboratories,  Hercules,  CA).  Antibodies  against  NAMPT
(#86634,  D7V5J),  NQO1  (#62262,  D6H3A),  and  GAPDH
(#5174, D16H11)  were  purchased from Cell  Signal  Techno-
logy.
 In vitro NQO1 assay

Human NQO1 protein (MCE, USA), compound T8, and
PBS  solution  were  added  to  each  well  of  a  96-well  plate,
making up a total  volume of 196 μL. Subsequently,  4 μL of
NAD(P)H  (20  mmol·L−1)  was  added.  The  OD340 value  was
immediately measured and continuously read every 2 s for a
total of 5 min.
 In vitro NAMPT assay

The inhibitory  activity  of  NAMPT  was  determined  us-
ing  the  CycLex  NAMPT  colorimetric  assay  kit  (CycLex
NAMPT  colorimetric  assay  kit  Ver.2,  MBL  International
Corp.,  Woburn,  MA)  according  to  the  manufacturer’s pro-
tocol.
 Construction of NQO1 overexpressing cell line

MDA-MB-231 (NQO1-) cells were cultured to reach the
logarithmic growth phase. The cells were then resuspended in

DMEM supplemented with  10% fetal  bovine  serum and 1%
penicillin/streptomycin  (20  000 cells·mL−1). The  resuspen-
ded cells were seeded into 6-well plates and incubated for 24
h.  The medium in the 6-well  plates  was replaced.  Polybrene
(5  μg·mL−1)  was  added  to  each  well,  and  the  appropriate
number  of  virus-infected cells  were  added for  8−12 h [virus
volume  =  (MOI  ×  cell  number)/viral  titer].  The  cells  were
continuously cultured post-infection. Western blotting analys-
is was  subsequently  performed  to  verify  the  successful  con-
struction of NQO1 overexpressing cells.
 Measurement of cellular NAD+ content

Cellular  NAD+ levels  were  quantified  using  the  NAD+

test  kit  (WST-8,  Beyotime  Biotechnology,  Nanjing,  China)
according to the manufacturer’s protocols.
 Measurement of cellular ROS levels

Cellular ROS levels were determined using a DCFH-DA
probe  (MCE,  USA).  MCF-7  cells  (15  000 cells/well)  were
seeded into 96-well plates for 24 h. After discarding the me-
dium,  cells  were  stained  with  a  DCFH-DA  probe  (10
μmol·L−1) for 30 min, followed by washing with PBS twice.
Later,  different  concentrations of  compound T8 were added.
MCF-7  cells  were  treated  with t-BHP  (100  μmol·L−1)  as  a
positive control.  Finally,  fluorescence  intensity  was  meas-
ured at an excitation wavelength of 488 nm and an emission
wavelength  of  525  nm.  For  colocalization  studies,  MCF-7
cells were treated with compound T8 (20 μmol·L−1, 10 h), T8
(20  μmol·L−1,  10  h)  +  DIC  (5  mmol·L−1,  6  h), T8 (20
μmol·L−1,  10 h) + NAC (5 mmol·L−1,  6 h),  and the negative
control.  Post-treatment,  the  cells  were  incubated  with  the
DCFH-DA  probe  (10  μmol·L−1)  for  30  min.  After  the  cell
culture medium was discarded, the MCF-7 cells were washed
once and fixed with 4% paraformaldehyde (Beyotime, China)
for  10  min.  After  three  washes  with  PBS,  the  cells  were
stained with DAPI dye (1∶5000, PBS dilution, Sigma, USA)
for 10  min  and  washed  again  with  PBS  twice.  The  fluores-
cence was  observed  under  a  laser  scanning  confocal  micro-
scope (Zeiss  LSM700,  Germany).  All  experimental  proced-
ures were conducted under light-protected conditions.
 In vitro cell selectivity assay

Cells  in  the  logarithmic  growth  phase  were  seeded  into
96-well  plates  (10  000−15  000 cells/well),  with  a  total
volume of 100 μL per well. After 24 h of culture, an FBS-free
medium containing  varying  concentrations  of  compound T8
was added, and then the cells were further cultured for 24 h.
To  each  well,  10  μL of  CCK-8 solution  was  added,  and  the
plates  were incubated at  37 °C for  1−4 h to measure OD450.
All experimental procedures were conducted under light-pro-
tected conditions.
 Apoptosis analysis by flow cytometry

MCF-7  cells  were  treated  with  different  concentrations
(L-G,  0.04  μmol·L−1;  M-G,  0.08  μmol·L−1;  H-G,  0.1
μmol·L−1)  of  compound T8 for 24  h.  Post-treatment,  in  ac-
cordance  with  the  AV/PI  staining  protocol  (BD,  USA),  the
fluorescence  intensity  was  analyzed  using  a  flow  cytometer
(BD, AccuriTM C6 Plus, USA).
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 Molecular docking
The crystal structures of the proteins NQO1 and NAMPT

were  obtained  from  the  Protein  Databank  database,  and  the
PDB IDs  were  2F1O and  2GVJ,  respectively.  Using  GOLD
5.1 software, polar hydrogen atoms were added to the crystal
structures.  Original  ligand  molecules  and  water  molecules
were removed, and energy optimization was performed using
the  MMFF94  force  field.  The  structures  of  small  molecules
for  docking  were  prepared  using  ChemDraw  software.  The
optimal docking conformations were selected based on scor-
ing and hydrogen bond formation for subsequent analysis.
 Statistical analysis

GraphPad  Prism  8.0.2  was  used  for  statistical  analysis
and  calculation  of  various  data.  All  data  were  presented  as
mean  ±  standard  deviation  (SD). P <  0.05  was  considered
statistically  significant.  One-way  and  Two-way  ANOVA
tests  were  performed.  Significance  levels  were  denoted  as
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

 Supplemental Material

Supplemental  materials  for  this  paper  can  be  requested
by sending E-mails to the corresponding authors.
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