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Abstract: NAMPT is an attractive target in cancer therapy and numerous NAMPT inhibitors have
been developed. However, the clinical activities of NAMPT inhibitors have displayed disappointing
results in clinical trials for their dose-limiting toxicities. In this study, reactive oxygen species (ROS)-
responsive prodrugs of a NAMPT inhibitor FK866 were designed and synthesized. A short synthesis
method was developed to shield the activity of FK866 through a quaternary ammonium connection.
Two prodrugs, with boronic acid as a responsive group to ROS, were prepared and one of the
prodrugs 122-066 also contained a fluorescence carrier. Both of the prodrugs released the active
compound by the treatment of H2O2,, and the biological evaluation showed that they exhibited a
higher potency in cells with high levels of ROS. Moreover, prodrug 122-066 had the ability to release
FK866 and simultaneously induce the fluorescence activation under the stimulation of H2O2. This
method has the potential to improve the therapeutic window of NAMPT inhibitors.

Keywords: NAMPT inhibitor; FK866; ROS-responsive release; prodrug

1. Introduction

Nicotinamide phosphoribosyltransferase (NAMPT), a rate-limiting enzyme, is crucial
for nicotinamide adenine dinucleotide (NAD+) biosynthesis which is involved in a broad
range of biological processes [1,2]. NAMPT has drawn considerable interest in the fields
of metabolism, senescence, immune response, and cancer [3,4]. Emerging evidences have
shown that NAMPT is overexpressed in a broad range of tumor cells, and it holds great
promise to identify NAMPT inhibitors as potential therapies for cancers [5,6]. The search for
novel anti-tumor candidates has led to the development of numerous NAMPT inhibitors,
and two compounds FK866 and CHS-828 have entered clinical trials [7–9]. FK866 has been
extensively studied in preclinical research and shows robust antineoplastic potency across
various solid and hematological cancers [8,10,11]. Unfortunately, the clinical activity of
FK866 has shown disappointing results in Phase II trials due to its dose limiting toxicities [8].
The failure of FK866 and other NAMPT inhibitors in clinical trials has motivated research
endeavors to explore new strategies to widen the therapeutic window, and maximize
therapeutic efficacies for NAMPT inhibitors in oncology. Proteolysis-targeting chimera
(PROTAC) technology has been used to prepare a NAMPT degrader (Figure 1a) [12,13].
NAMPT inhibitors have also been developed as payloads of antibody-drug conjugates
(ADCs), which can selectively deliver NAMPT inhibitors to the targeted cancer cells.
(Figure 1b) [14–16] Methods to enhance the therapeutic opportunities of NAMPT inhibitors
remain attractive and require attention.
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Figure 1. Strategies for the modification of NAMPT inhibitors to enhance the therapeutic opportuni-
ties. (a) blue: CRBN ligand. (b) blue: linked to an antibody. (c) blue: PEG moiety.

A prodrug is a well-established approach to improve drug properties and increase
efficacy. Active drugs link to temporary moieties to form prodrugs, which are designed
to be activated after administration by chemical or enzymatic reactions [17]. Recently, the
overexpressed levels of reactive oxygen species (ROS) have gained considerable attention
because of their crucial role in a variety of diseases, especially cancer [18]. Significant
differences in ROS levels have been observed between the normal cells and cancer cells [19].
Generally, the endogenous ROS levels are maintained at a range of 20 × 10−3 µM in
healthy cells. Whereas, ROS levels in cancer cells can reach high concentrations of up to
100 µM [20,21]. Thus, ROS have been explored as a trigger to promote prodrug release of
the parent drug, and have been successfully applied in the selective delivery of drugs and
precise diagnosis of ROS-related diseases [18,22].

Although ROS-responsive prodrugs are well defined and are proven to be efficient in
reducing the toxicities of the parent compound, these approaches have not been used in
the preparation of NAMPT-related inhibitors. Indeed, the strategy of prodrugs has been
employed for NAMPT inhibitor CHS-828 by the introduction of a PEG chain (EB162, also
named GMX1777) to improve its pharmacokinetic and solubility profile (Figure 1c) [23].
However, this method has not alleviated the side effects of its parent drug, and the prodrug
has also failed in the clinical stage [9]. To reduce undesired toxicities of NAMPT inhibitors,
in this study we aim to develop ROS-responsive prodrugs of FK866. We envision that
these ROS-activated NAMPT inhibitors would target cancer cells with high levels of ROS.
Herein, prodrugs of FK866 were designed, synthesized, and their biological activities
were evaluated.
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2. Results and Discussion

Crystallographic studies of the NAMPT-FK866 complex showed that FK866 binds
within the enzyme catalytic domain, and the pyridyl ring of FK866 is essential to its
binding activities (Figure 2) [6]. Benefiting from the structure information, we assumed
that modifying the pyridyl ring could significantly block the activity of FK866. Therefore,
a short synthesis approach was designed to yield compound 121-001 that was supposed
to shield the biological activities of FK866. Specifically, compound 121-001 was prepared
by the attachment of a benzyl group to the pyridyl ring of FK866 through a quaternary
ammonium salt connection (Scheme 1).
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Scheme 1. Synthesis of prodrugs 122-001, 122-052, 122-066. (a) MeCN, NaHCO3, 55 ◦C.
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Boronic acid (and ester) has been well developed as a promising kind of chemical func-
tional group to respond to ROS [24]. The boron atom is susceptible to be attacked by ROS
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members, such as H2O2, to produce a hydroxyl group, which may trigger bond breaking
and subsequently release the active compound [18]. Similarly, through a quaternary ammo-
nium formation, the commercially available compound 4-(Bromomethyl)benzeneboronic
acid pinacol ester was incorporated into FK866, producing the boronic ester 1, which
was further hydrolyzed to obtain the boronic acid 121-052. Moreover, a prodrug with a
fluorescence carrier was also developed [25,26]. Coumarin skeleton 2, that was used as
a fluorophore, was prepared by the reaction of 4-bromo-2-hydroxybenzaldehyde with
propionic anhydride. Then, compound 2 was reacted with bis(pinacolato)diboron to yield
the boronate derivative 3. Bromination of the benzylic position of compound 3 occurred
to give the intermediate 4, which was linked to FK866, yielding compound 5. Finally, the
desired prodrug 122-066 was obtained by removal of the pinacol ester (Scheme 1).

The stability of the prodrugs 122-052 and 122-066 was evaluated in PBS (Phosphate
Buffered Saline, pH 7.4) and the liver microsome. The results showed that both of the
compounds are very stable in the PBS, and only a tiny compound degraded during the
incubation for four days. In the liver microsome, 122-052 still remained with high stability,
while 122-066 degraded with time (Figure 3).
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and liver microsome.

To evaluate whether prodrugs 122-052 and 122-066 were able to release the parent
compound FK866, their reactivity was examined in the presence of H2O2, and monitored by
high-performance liquid chromatography (HPLC). As shown in Figure 4a, when compound
122-052 was treated with 100 µM H2O2, the oxidative intermediate 6 appeared quickly and
the active compound FK866 was also detected immediately. Subsequently, compound 6
further converted completely to FK866 with the extension of time. As shown in Figure 4b,
compound 122-066 was also treated with 100 µM H2O2. Similarly, the phenol intermediate
7 was observed firstly, and then the released FK866 appeared. However, the conversion
process took a lot longer. Benefiting the coumarin fluorophore, the chemical conversion
of compound 122-066 under the treatment of H2O2 was also detected by fluorescence
spectroscopy. The boronate moiety was oxidated by H2O2, and following a 1,6-elimination
reaction, FK866 and the coumarin probe 8 were released. Probe 8 would then convert into
compound 9 upon reaction with H2O. (Figure 4c). As shown in Figure 4d, prodrug 122-066
displayed weak fluorescence at 450 nm, and the fluorescence appeared in the presence of
H2O2. When the concentration of H2O2 was increased, which would accelerate the rate of
the reaction to release the fluorescent probe, the increase in fluorescence was observed.
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Figure 4. Analysis of the activation process of 122-052 and 122-066: (a) Conversion of 122-052 to
FK866 monitored by HPLC, (b) conversion of 122-066 to FK866 monitored by HPLC, (c) scheme of
the releasing process of FK866 prodrugs, (d) the fluorescence intensity of 122-066 treated by H2O2 of
different concentrations (excitation: 365 nm, emission: 450 nm).

Based on the positive results that H2O2 mediated the release of FK866, we next inves-
tigated the biological activities of FK866 and the synthesized compounds 122-001, 122-052
and 122-066 on different cell lines. Accumulating evidences have shown that cancer cells
yield elevated levels of ROS. Firstly, cell lines, including 293T (human embryonic kidney),
Molt 4 (human T lymphoblast; acute lymphoblastic leukemia), and PC-3 (human prostate
cancer cells) were chosen, and their ROS levels were detected by FACS (Fluorescence Acti-
vated Cell Sorting). DCFH-DA (2,7-Dichlorodihydrofluorescein diacetate) was used as an
indicator for ROS in cells. The results showed that the ROS level in PC-3 was much higher
than in 293T and Molt 4 cells (Figure 5a). Then, we evaluated the anti-proliferative activities
of the compounds against the above mentioned cells. As expected, FK866 exhibited high
potent anti-proliferative activity against all the cells. The potency of compound 122-001 de-
creased dramatically and it showed negligible inhibition activity for all the cells, confirming
its capability to shield the activity of the parent compound. Whereas for prodrugs 122-052
and 122-066, they were more sensitive to the cells with high ROS level and significant
differences were observed for PC-3 cells, compared with 293T and Molt 4 cells (Figure 5b).
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Figure 5. (a) Detection of ROS levels in 293T, Molt 4 and PC-3 cell lines; (b) cell growth inhibition of
compounds FK-866 (0.8 nM), 122-001 (0.8 nM), 122-052 (0.8 nM) and 122-066 (0.8 nM) in 293T, Molt 4
and PC-3 cell lines (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

To provide further confirmation for H2O2-mediated release of the active compound,
along with the fluorescence activation for the prodrug 122-066, cellular fluorescence images
were performed with the PC-3 cell line. A weak fluorescence signal appeared in the absence
of H2O2 (Figure 6, lane A). When cells were treated with prodrug 122-066 (0.93 nM) for
6 h, and incubated for another 12 h after the addition of H2O2 (100 µM), a significant
fluorescence signal was observed (Figure 6, lane A). The result confirmed that H2O2
triggered the release of the active compound, and induced he fluorescence activation for
prodrug 122-066. The cellular uptake capability of prodrug 122-066 was also investigated.
Cells were treated with 122-066 for 6 h (Figure 6, lane C) or 12 h (Figure 6, lane D), and
then 122-066 was removed by washing with PBS. A further 100 µM H2O2 was added, and
the cells were incubated for another 12 h. Fluorescence signals appeared for both groups
and an enhanced fluorescence intensity was observed for the group that was treated with
122-066 for a longer period, indicating the cellular delivery ability of 122-066.
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Figure 7. (a) Effect of FK866 (4 nM), 122-052 (4 nM) and 122-066 (4 nM) on native PBMC; (b) effect 
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3.1. Chemistry 

All chemical reagents were of analytical grade, obtained from commercial sources, 

and used as supplied without further purification unless indicated. 

Figure 6. Cellular fluorescence images of prodrug 122-066 (0.93 Nm) treated PC-3 cells. Untreated:
vehicle; Lane A: cells were treated with 122-066 for 18 h; Lane B: cells were treated with 122-066 for
6 h, then further treated with 100 µM H2O2 and incubated for 12 h; Lane C: cells were treated with
122-066 for 6 h, then 122-066 was removed by washing with PBS; a further 100 µM H2O2 was added
and the cells were incubated for another 12 h; Lane D: cells were treated with 122-066 for 12 h, then
122-066 was removed by washing with PBS; a further 100 µM H2O2 was added and the cells were
incubated for another 12 h; scale bars: 50 µm; PI: propidium iodide; BF: bright field.

Cell viability test on native and activated PBMC (peripheral blood mononuclear cell)
by phytohematoagglutinin (PHA, 5 µg/mL) was performed. The results showed that
FK866 inhibited the cell viability remarkably on both native and activated PBMC at 4 nM.
Whereas, cells were mostly unaffected by the treatment of prodrugs 122-052 and 122-066 at
the same concentration (Figure 7).
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Figure 7. (a) Effect of FK866 (4 nM), 122-052 (4 nM) and 122-066 (4 nM) on native PBMC; (b) effect of
FK866 (4 nM), 122-052 (4 nM) and 122-066 (4 nM) on activated PBMC by PHA (**** p < 0.0001).
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3. Materials and Methods
3.1. Chemistry

All chemical reagents were of analytical grade, obtained from commercial sources,
and used as supplied without further purification unless indicated.

NMR spectra were recorded on a Bruker-500 (500 MHz) instrument (Supplementary
Materials). The deuterated solvents employed were purchased from Energy Chemical.
Chemical shifts were given in ppm with respect to referenced solvent peaks. Spectra were
analyzed with MestReNova. High-resolution mass spectra (HRMS-ESI) were obtained on
an ABsciex 4600. Analytical high performance liquid chromatography (HPLC) was per-
formed on SHIMADZU LC-30 AD machine, using an Agela Technologies C18 column (2.1 ×
100 mm, 3 µm). LC system: solvent A: 0.5% (v/v) TFA in H2O; solvent B: acetonitrile at 30 ◦C;
gradient:
0–10 min 10–100% B, 10-12 min 100% B at flow rate of 0.4 mL/min; detector: UV detection
(λmax = 220–254 nm). Fluorescence intensity and emission spectrum was read by mi-
croplate reader.

FK866 was synthesized as described by Galli et al [27].
The general procedure for synthesis of pyridinium boronic acid (122-052, 122-066): To

the solution of FK866 in anhydrous MeCN, 1 equivalent of NaHCO3, and 1.2 equivalents of
different bromides were added. This reaction mixture was heated under 55 ◦C for 12 h. The
solvent was removed under reduced pressure to obtain the crude mixture of boronic acid
and its pinacol ester. The resulting residue was re-dissolved by MeOH (3 mL), followed by
addition of HCl (1 M, 1 mL). This mixture was stirred for 3 h and purified by HPLC (using
10 to 100% MeCN in 0.5% HCl).

(E)-3-(3-((4-(1-benzoylpiperidin-4-yl)butyl)amino)-3-oxoprop-1-en-1-yl)-1-(4-boronobenzyl)
pyridin-1-ium (122-052) (yield = 42%): ESI-HRMS calcd for C31H37BN3O4 [M+]: 526.2872
found: 526.2914. 1H NMR (500 MHz, MeOD) δ 9.39 (s, 1H), 8.99 (d, J = 6.0 Hz, 1H), 8.79 (d,
J = 8.1 Hz, 1H), 8.11 (dd, J = 8.2, 6.0 Hz, 1H), 7.81 (d, J = 7.6 Hz, 2H), 7.60 (d, J = 15.7 Hz,
1H), 7.50 (d, J = 7.8 Hz, 2H), 7.49–7.41 (m, 3H), 7.41–7.34 (m, 2H), 7.02 (d, J = 15.8 Hz, 1H),
5.88 (s, 2H), 4.60 (d, J = 12.7 Hz, 1H), 3.69 (d, J = 13.4 Hz, 1H), 3.36–3.32 (m, 2H), 3.08 (t,
J = 12.8 Hz, 1H), 2.83 (t, J = 12.3 Hz, 1H), 1.84 (d, J = 13.2 Hz, 1H), 1.68 (d, J = 13.3 Hz, 1H),
1.58 (pent, J = 7.0 Hz, 3H), 1.46–1.28 (m, 4H), 1.23–1.18 (m, 1H), 1.14–1.05 (m, 1H). 13C NMR
(126 MHz, MeOD) δ 170.94, 164.95, 143.98, 143.87, 143.00, 136.52, 135.59, 134.63, 131.90,
129.67, 128.72, 128.38, 128.31, 127.78, 126.40, 64.50, 48.50, 48.09, 42.49, 39.30, 35.67, 35.63,
32.50, 31.69, 29.08, 23.63.

(E)-3-(3-((4-(1-benzoylpiperidin-4-yl)butyl)amino)-3-oxoprop-1-en-1-yl)-1-((7-borono-
2-oxo-2H-chromen-3-yl)methyl)pyridin-1-ium (122-066) (yield = 49%): ESI-HRMS calcd
for C34H37BN3O6 [M+]: 594.2770, found: 594.2819. 1H NMR (500 MHz, MeOD) δ 9.38 (d,
J = 1.6 Hz, 1H), 9.10 (d, J = 6.1 Hz, 1H), 8.78 (dt, J = 8.2, 1.4 Hz, 1H), 8.45 (s, 1H), 8.11 (dd,
J = 8.2, 6.1 Hz, 1H), 7.73 (s, 2H), 7.61 (d, J = 15.8 Hz, 1H), 7.47–7.42 (m, 3H), 7.37 (dh, J = 4.7,
2.6 Hz, 2H), 6.97 (d, J = 15.8 Hz, 1H), 5.77 (s, 2H), 4.60 (d, J = 13.0 Hz, 1H), 3.69 (d, 1H), 3.33
(d, J = 7.0 Hz, 1H), 3.07 (t, 1H), 2.82 (t, 1H), 1.84 (d, 1H), 1.70–1.64 (m, 1H), 1.61–1.54 (m,
3H), 1.46–1.36 (m, 2H), 1.36–1.30 (m, 2H), 1.23–1.08 (m, 1H). 13C NMR (126 MHz, MeOD) δ
170.94, 164.95, 160.94, 153.57, 145.92, 144.80, 144.51, 143.09, 136.09, 135.94, 131.99, 129.52,
128.48, 128.31, 127.91, 127.73, 126.35, 60.87, 56.25, 56.08, 55.91, 47.90, 42.31, 39.27, 35.73,
35.65, 32.54, 31.68, 29.08, 23.59, 16.21, 16.05, 15.90, 15.75.

(E)-3-(3-((4-(1-benzoylpiperidin-4-yl)butyl)amino)-3-oxoprop-1-en-1-yl)-1-benzylpyridin-
1-ium (122-001) (yield = 77%): To the solution of FK866 (20 mg, 0.051 mmol) in anhydrous
MeCN, NaHCO3 (5.12 mg, 0.061 mmol), and 4-(Bromomethyl)benzeneboronic acid pinacol
ester (14.5 mg, 0.061 mmol) were added. The reaction mixture was heated under 55 ◦C
for 12 h. The solvent was removed under reduced pressure. The resulting residue was
re-dissolved by MeOH and filtered, followed by purification using HPLC (using 10 to
100% MeCN in 0.5% HCl) (yield = 64%) ESI-HRMS calcd for C31H36N3O2 [M+]: 482.2802
found: 482.2823. 1H NMR (500 MHz, MeOD) δ 9.35 (s, 1H), 8.98 (d, J = 5.9 Hz, 1H), 8.79 (d,
J = 8.0 Hz, 1H), 8.14–8.08 (m, 1H), 7.61 (d, J = 15.8 Hz, 1H), 7.56–7.53 (m, 2H), 7.50–7.43 (m,
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4H), 7.37 (dq, J = 6.8, 2.6 Hz, 2H), 6.99 (d, J = 15.8 Hz, 1H), 5.87 (s, 2H), 4.60 (d, J = 12.8 Hz,
1H), 3.69 (d, J = 13.5 Hz, 1H), 3.34 (d, J = 7.1 Hz, 1H), 3.08 (t, J = 12.9 Hz, 1H), 2.83 (t,
J = 12.7 Hz, 1H), 1.85 (d, J = 13.3 Hz, 1H), 1.68 (d, J = 13.2 Hz, 1H), 1.59 (pent, J = 7.1 Hz,
3H), 1.46–1.30 (m, 4H), 1.23–1.09 (m, 1H). 13C NMR (126 MHz, MeOD) δ 170.95, 164.94,
142.89, 136.57, 133.07, 131.89, 129.74, 129.52, 129.37, 128.78, 128.71, 128.31, 126.35, 64.61,
39.30, 35.73, 35.65, 29.09, 23.61.

7-bromo-3-methyl-2H-chromen-2-one (2): To the mixture of 4-Bromo-2-hydroxybenzaldehyde
(1005 mg, 5 mmol) and sodium propionate (960.6 mg, 10 mmol), propionic anhydride
(960.6 mg, 15 mmol) and TEA (506 mg, 5 mmol) were added. The reaction mixture was
stirred overnight under 170 ◦C. The resulting mixture was diluted with EA and washed by
saturated NaHCO3 aqueous solution and brine. The organic phase was collected, dried
by Na2SO4, and purified by flash column chromatography (using 10 to 30% EA in PE).
(yield=34%) ESI-HRMS calcd for C10H8BrO2 [(M + H)+]: 238.9708 found: 238.9718. 1H
NMR (500 MHz, CDCl3) δ 7.50–7.45 (m, 2H), 7.38 (dd, J = 8.2, 1.8 Hz, 1H), 7.27 (s, 1H),
2.20 (d, J = 1.3 Hz, 3H). 13C NMR (126 MHz, MeOD) δ 170.95, 164.94, 142.89, 136.57,
133.07, 131.89, 129.74, 129.52, 129.37, 128.78, 128.71, 128.31, 126.35, 64.61, 39.30, 35.73, 35.65,
29.09, 23.61.

3-methyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2H-chromen-2-one (3): To the
solution of compound 3 (316 mg, 1.33 mmol) in dried 1,6-dioxane, bis(pinacolate)diborone
(370.75 mg, 1.46 mmol), AcOK (391.62 mg, 3.99 mmol) and Pd(dppf)Cl2 (48.7 mg, 0.067 mmol)
were added and stirred overnight under 85 ◦C in Argon atmosphere. The solvent was
removed under reduced pressure. The resulting residue was re-dissolved by DCM and
purified by flash column chromatography (using 10 to 20% EA in PE) (yield = 74%). ESI-
HRMS calcd for C16H20BO4 [(M + H)+]: 287.1455, found: 287.1466. 1H NMR (500 MHz,
CDCl3) δ 7.71 (s, 1H), 7.65 (dd, J = 7.6, 1.0 Hz, 1H), 7.51 (t, J = 1.6 Hz, 1H), 7.40 (d, J = 7.6 Hz,
1H), 2.22 (d, J = 1.4 Hz, 3H), 1.36 (s, 11H), 1.26 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 162.21,
152.67, 138.99, 130.13, 127.01, 126.17, 122.38, 121.67, 84.32, 83.50, 25.03, 24.87, 17.33.

3-(bromomethyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2H-chromen-2-one (4):
To the solution of compound 3 (61 mg, 0.21 mmol) in CCl4 (2 mL), N-bromosuccinimide
(53 mg, 0.30 mmol) and AIBN (2 mg cat.) were added. This reaction mixture was stirred
overnight under 85 ◦C. The mixture was purified by flash column chromatography (using
100% DCM) (yield = 51%). ESI-HRMS calcd for C16H18BBrO4 [(M + H)+]: 365.0560, found:
365.0557 and 367.0533. 1H NMR (500 MHz, CDCl3) δ 7.86 (s, 1H), 7.75 (s, 1H), 7.70 (dd,
J = 7.6, 1.0 Hz, 1H), 7.49 (d, J = 7.7 Hz, 1H), 4.44 (d, J = 0.8 Hz, 2H), 1.37 (s, 12H). 13C NMR
(126 MHz, CDCl3) δ 159.96, 153.12, 141.72, 130.51, 127.22, 126.45, 122.61, 120.87, 84.52, 77.27,
29.72, 27.62, 24.89.

3.2. HPLC Analysis of Drug Release Triggered by H2O2

Prodrugs 122-052, 122-066 were dissolved in DMSO to prepare a 10 mM stock sep-
arately. This solution was diluted to 100 µM in PBS (pH = 7.4) and pre-heated to 37 ◦C.
To this solution, H2O2 (10 mM) was added to set its final concentration to 100 µM. This
reaction mixture was vibrated under 37 ◦C. Samples were taken at different time points,
and directly analyzed by HPLC without further dilution.

3.3. HPLC Analysis of Stability of Prodrugs

Prodrugs 122-052, 122-066 were dissolved in DMSO to prepare a 10 mM stock sep-
arately. This solution was diluted to 100 µM in PBS (pH = 7.4) and pre-heated to 37 ◦C.
To 200 µL of this solution, rat liver microsome (5 µL, Gibico, New York, NY, USA) was
added, followed by NADPH (10 µL 20 mM in H2O). This mixture was vibrated under
37 ◦C. Samples were taken at different time points (20 µL). To those samples with protein,
40 µL of MeCN was added and the samples were centrifugated (15 min 15000 rpm). The
supernatant was analyzed by HPLC.
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3.4. Fluorescence Assay

To the solution of prodrug 122-052, 122-066 in PBS (100 µL, 1 µM, pH = 7.4), 1 µL of a
different concentration of H2O2 was added. The excitation was carried out at 365 nm, and
the detection of the emission spectrum was set between 400 nm and 500 nm, step by 2 nm.

3.5. Cell lines and Culture

Cell lines 293T, Molt-4, and PC3 were purchased from American Type Culture Col-
lection (ATCC, Manassas, VA, USA). The 293T complete medium was DMEM (Meilunbio,
Dalian, China) supplemented with 10% Fetal bovine serum (Sunrise, Claymont, DE, USA)
and 1% Penicillin-Streptomycin (Meilunbio, Dalian, China); the complete medium for PC3
and Molt-4 cells was RPMI 1640 (Meilunbio, Dalian, China) supplemented with 10% Fetal
bovine serum and 1% penicillin-streptomycin. All cells were incubated aseptically in a
37 ◦C incubator containing 5% CO2.

3.6. Reactive Oxygen Species ASSAY

Adequate amounts of 293T, Molt-4 and PC3 were collected in 1.5mL centrifuge tubes.
DCFH-DA (Meilunbio, Dalian, China) was diluted with serum-free medium at 1:1000
dilution to achieve a final concentration of 10 µM. The cells collected in the 1.5 mL centrifuge
tube were resuspended by the diluted DCFH-DA working liquid to a density of 1.5*10E6
cells/mL and were incubated for 30 min without light. After washing with PBS 2 times,
the fluorescence intensity was detected by CytoFLEX flow cytometer (Beckman Coulter,
Brea, CA, USA), and the data were processed by FlowJo 7.

3.7. In Vitro Cytotoxicity Assays

The starting point of the small molecule drug was 100 nM, and 5-time dilutions were
performed successively, with 8 concentration points in total. Suspended cells, Molt-4,
were laid on 96-well plate with 20,000 cells/well, after treatment with diluted drugs in the
incubator for 48 h. Adherent cells 293T (3000 cells/well) and PC3 (4000 cells/well) were
placed on 96-well plates, cultured overnight and were added with diluted drugs in the
incubator for 72 h. All cells incubated with the drug were tested for cell viability using the
Cell Counting Kit-8 (CCK-8) kit (Meilunbio, Dalian, China).

3.8. Viability Assay

PBMC were seeded at 50,000 per well in 96-well plates. Proliferation was induced by
adding PHA (5 µg/mL). After 72 h of small molecule drug treatment, cell viability was
tested by CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Beijing, China).

3.9. Fluorescence Imaging

According to the experimental design, the compounds were added to 6-well plates
and incubated for different times; H2O2 was added to the plates for 12 h. Cells were fixed
with 4% PFA at room temperature for 15 min, and washed twice with PBS. Cells were
penetrated with 0.1% PBST (0.1% Triton X-100 in PBS) for 30 min at room temperature.
Cells were incubated with PI for 20 min at room temperature, washed once with PBS, and
sealed with a mounting solution. Images were obtained with a laser confocal microscope
(LSM 710).

4. Conclusions

NAMPT is an attractive target in cancer therapy, and the development of NAMPT
inhibitors represents a promising therapeutic approach. However, the toxicity of NAMPT
inhibitors in clinical trials have hindered the development of such drugs. Prodrugs trig-
gered by the tumor microenvironment represent a promising area for the development
of selective anticancer chemotherapy with a wider therapy window. In this study, ROS-
responsive prodrugs of NAMPT inhibitor FK866 were designed and synthesized. A short
synthesis approach was developed to shield the activity of FK866 through the quaternary
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ammonium connection. The prodrugs released the active compound under ROS conditions.
The biological activities of the prodrugs showed that they exhibited higher potencies in cells
with high levels of ROS. Meanwhile, the toxicity of the prodrugs 122-052 and 122-066 was
significantly reduced on both native and active PBMCs, compared with FK866. Moreover,
a fluorescent signal was observed when the cells were treated with H2O2 and prodrug
122-066 that has a fluorescence carrier indicating its ability for cellular delivery. However,
the coumarin moiety can cause the instability of prodrug 122-066 in rat liver microsomes,
which is probably because coumarin can be metabolized by liver microsomes. [28,29] As
far as we know, this is the first report of a ROS-activated NAMPT prodrug, which offers a
practical application and experimental validation of the methods used to control NAMPT
inhibitors’ activation. We envision this strategy will aid in and inspire future research for
NAMPT-targeted inhibitors in oncology, with maximized therapeutic opportunities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28010169/s1. 1H NMR 13C NMR spectrum of com-
pounds 122-001, 122-052, 2, 3, 4, 122-066

Author Contributions: Conceptualization, H.C., Z.X. and H.L.; investigation, Z.X. and H.W.; writing—
original draft preparation, H.C.; writing—review and editing, H.C., B.J., Z.X. and H.W.; supervision,
H.C., B.J.; project administration, H.C. and B.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by Shanghai Frontiers Science Center for Biomacromolecules
and Precision Medicine at ShanghaiTech University.

Acknowledgments: We thank the Analytical Chemistry platform (ShanghaiTech University, SIAIS)
for helpful technical assistance with LCMS and NMR experiments. We thank the Discovery Technol-
ogy Platform (ShanghaiTech University, SIAIS) for the confocal microscope.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of all the compounds mentioned in the text are available from the authors.

References
1. Wei, Y.C.; Xiang, H.T.; Zhang, W.Q. Review of various NAMPT inhibitors for the treatment of cancer. Front. Pharmacol. 2022, 13,

970553. [CrossRef] [PubMed]
2. Garten, A.; Petzold, S.; Korner, A.; Imai, S.; Kiess, W. Nampt: Linking NAD biology, metabolism and cancer. Trends Endocrin. Met.

2009, 20, 130–138. [CrossRef] [PubMed]
3. Lin, T.C. Updated Functional Roles of NAMPT in Carcinogenesis and Therapeutic Niches. Cancers 2022, 14, 2059. [CrossRef]

[PubMed]
4. Travelli, C.; Colombo, G.; Mola, S.; Genazzani, A.A.; Porta, C. NAMPT: A pleiotropic modulator of monocytes and macrophages.

Pharmacol. Res. 2018, 135, 25–36. [CrossRef]
5. Sampath, D.; Zabka, T.S.; Misner, D.L.; O’Brien, T.; Dragovich, P.S. Inhibition of nicotinamide phosphoribosyltransferase(NAMPT)

as a therapeutic strategy in cancer. Pharmacol. Therapeut. 2015, 151, 16–31. [CrossRef]
6. Khan, J.A.; Tao, X.; Tong, L.A. Molecular basis for the inhibition of human NMPRTase, a novel target for anticancer agents. Nat.

Struct. Mol. Biol. 2006, 13, 582–588. [CrossRef]
7. Von Heideman, A.; Berglund, A.; Larsson, R.; Nygren, P. Safety and efficacy of NAD depleting cancer drugs: Results of a phase I

clinical trial of CHS 828 and overview of published data. Cancer Chemoth. Pharm. 2010, 65, 1165–1172. [CrossRef] [PubMed]
8. Holen, K.; Saltz, L.B.; Hollywood, E.; Burk, K.; Hanauske, A.R. The pharmacokinetics, toxicities, and biologic effects of FK866, a

nicotinamide adenine dinucleotide biosynthesis inhibitor. Investig. New Drug. 2008, 26, 45–51. [CrossRef]
9. Ghanem, M.S.; Monacelli, F.; Nencioni, A. Advances in NAD-Lowering Agents for Cancer Treatment. Nutrients 2021, 13, 1665.

[CrossRef]
10. Hasmann, M.; Schemainda, I. FK866, a highly specific noncompetitive inhibitor of nicotinamide phosphoribosyltransferase,

represents a novel mechanism for induction of tumor cell apoptosis. Cancer Res. 2003, 63, 7436–7442.
11. Deng, Y.X.; Hu, B.Y.; Miao, Y.Z.; Wang, J.; Zhang, S.D.; Wan, H.; Wu, Z.; Lv, Y.F.; Feng, J.; Ji, N.; et al. A Nicotinamide

Phosphoribosyltransferase Inhibitor, FK866, Suppresses the Growth of Anaplastic Meningiomas and Inhibits Immune Checkpoint
Expression by Regulating STAT1. Front. Oncol. 2022, 12, 836257. [CrossRef] [PubMed]

12. Zhu, X.; Liu, H.; Chen, L.; Wu, C.; Liu, X.; Cang, Y.; Jiang, B.; Yang, X.; Fan, G. Addressing the Enzyme-independent tumor-
promoting function of NAMPT via PROTAC-mediated degradation. Cell Chem. Biol. 2022, 29, 1616–1629.e12. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/molecules28010169/s1
https://www.mdpi.com/article/10.3390/molecules28010169/s1
http://doi.org/10.3389/fphar.2022.970553
http://www.ncbi.nlm.nih.gov/pubmed/36160449
http://doi.org/10.1016/j.tem.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19109034
http://doi.org/10.3390/cancers14092059
http://www.ncbi.nlm.nih.gov/pubmed/35565188
http://doi.org/10.1016/j.phrs.2018.06.022
http://doi.org/10.1016/j.pharmthera.2015.02.004
http://doi.org/10.1038/nsmb1105
http://doi.org/10.1007/s00280-009-1125-3
http://www.ncbi.nlm.nih.gov/pubmed/19789873
http://doi.org/10.1007/s10637-007-9083-2
http://doi.org/10.3390/nu13051665
http://doi.org/10.3389/fonc.2022.836257
http://www.ncbi.nlm.nih.gov/pubmed/35515130
http://doi.org/10.1016/j.chembiol.2022.10.007
http://www.ncbi.nlm.nih.gov/pubmed/36323324


Molecules 2023, 28, 169 12 of 12

13. Wu, Y.; Pu, C.Y.; Fu, Y.X.; Dong, G.Q.; Huang, M.; Sheng, C.Q. NAMPT-targeting PROTAC promotes antitumor immunity via
suppressing myeloid-derived suppressor cell expansion. Acta Pharm. Sin. B 2022, 12, 2859–2868. [CrossRef] [PubMed]

14. Su, Z.; Xie, F.; Xu, X.; Liu, L.Q.; Xiao, D.; Zhou, X.B.; Li, S. Development of a nitroreductase-dependent theranostic payload for
antibody-drug conjugate. Bioorg. Chem. 2022, 129, 106190. [CrossRef] [PubMed]

15. Karpov, A.S.; Abrams, T.; Clark, S.; Raikar, A.; D’Alessio, J.A.; Dillon, M.P.; Gesner, T.G.; Jones, D.; Lacaud, M.; Mallet, W.; et al.
Nicotinamide Phosphoribosyltransferase Inhibitor as a Novel Payload for Antibody-Drug Conjugates. ACS Med. Chem. Lett.
2018, 9, 838–842. [CrossRef]

16. Neumann, C.S.; Olivas, K.C.; Anderson, M.E.; Cochran, J.H.; Jin, S.; Li, F.; Loftus, L.V.; Meyer, D.W.; Neale, J.; Nix, J.C.; et al.
Targeted Delivery of Cytotoxic NAMPT Inhibitors Using Antibody-Drug Conjugates. Mol. Cancer Ther. 2018, 17, 2633–2642.
[CrossRef]

17. Rautio, J.; Kumpulainen, H.; Heimbach, T.; Oliyai, R.; Oh, D.; Jarvinen, T.; Savolainen, J. Prodrugs: Design and clinical applications.
Nat. Rev. Drug Discov. 2008, 7, 255–270. [CrossRef]

18. Wang, P.F.; Gong, Q.J.; Hu, J.B.; Li, X.; Zhang, X.J. Reactive Oxygen Species(ROS)-Responsive Prodrugs, Probes, and Theranostic
Prodrugs: Applications in the ROS-Related Diseases. J. Med. Chem. 2021, 64, 298–325. [CrossRef]

19. Cheung, E.C.; Vousden, K.H. The role of ROS in tumour development and progression. Nat. Rev. Cancer 2022, 22, 280–297.
[CrossRef]

20. Szatrowski, T.P.; Nathan, C.F. Production of Large Amounts of Hydrogen-Peroxide by Human Tumor-Cells. Cancer Res. 1991, 51,
794–798.

21. Gorrini, C.; Harris, I.S.; Mak, T.W. Modulation of oxidative stress as an anticancer strategy. Nat. Rev. Drug Discov. 2013, 12,
931–947. [CrossRef] [PubMed]

22. Antonio, J.P.M.; Carvalho, J.I.; Andre, A.S.; Dias, J.N.R.; Aguiar, S.I.; Faustino, H.; Lopes, R.M.R.M.; Veiros, L.F.; Bernardes, G.J.L.;
Silva, F.A.; et al. Diazaborines Are a Versatile Platform to Develop ROS-Responsive Antibody Drug Conjugates**. Angew. Chem.
Int. Edit. 2021, 60, 25914–25921. [CrossRef] [PubMed]

23. Binderup, E.; Bjorkling, F.; Hjarnaa, P.V.; Latini, S.; Baltzer, B.; Carlsen, M.; Binderup, L. EB1627: A soluble prodrug of the potent
anticancer cyanoguanidine CHS828. Bioorg. Med. Chem. Lett. 2005, 15, 2491–2494. [CrossRef] [PubMed]

24. Maslah, H.; Skarbek, C.; Pethe, S.; Labruere, R. Anticancer boron-containing prodrugs responsive to oxidative stress from the
tumor microenvironment. Eur. J. Med. Chem. 2020, 207, 112670. [CrossRef] [PubMed]

25. Weinstain, R.; Segal, E.; Satchi-Fainaro, R.; Shabat, D. Real-time monitoring of drug release. Chem. Commun. 2010, 46, 553–555.
[CrossRef] [PubMed]

26. Behara, K.K.; Rajesh, Y.; Venkatesh, Y.; Pinninti, B.R.; Mandal, M.; Singh, N.D.P. Cascade photocaging of diazeniumdiolate:
A novel strategy for one and two photon triggered uncaging with real time reporting. Chem. Commun. 2017, 53, 9470–9473.
[CrossRef]

27. Galli, U.; Ercolano, E.; Carraro, L.; Roman, C.R.B.; Sorba, G.; Canonico, P.L.; Genazzani, A.A.; Tron, G.C.; Billington, R.A.
Synthesis and biological evaluation of isosteric analogues of FK866, an inhibitor of NAD salvage. ChemMedChem 2008, 3, 771–779.
[CrossRef] [PubMed]

28. Fentem, J.H.; Fry, J.R. Metabolism of Coumarin by Rat, Gerbil and Human Liver-Microsomes. Xenobiotica 1992, 22, 357–367.
[CrossRef]

29. Born, S.L.; Api, A.M.; Ford, R.A.; Lefever, F.R.; Hawkins, D.R. Comparative metabolism and kinetics of coumarin in mice and rats.
Food Chem. Toxicol. 2003, 41, 247–258. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.apsb.2021.12.017
http://www.ncbi.nlm.nih.gov/pubmed/35755293
http://doi.org/10.1016/j.bioorg.2022.106190
http://www.ncbi.nlm.nih.gov/pubmed/36242983
http://doi.org/10.1021/acsmedchemlett.8b00254
http://doi.org/10.1158/1535-7163.MCT-18-0643
http://doi.org/10.1038/nrd2468
http://doi.org/10.1021/acs.jmedchem.0c01704
http://doi.org/10.1038/s41568-021-00435-0
http://doi.org/10.1038/nrd4002
http://www.ncbi.nlm.nih.gov/pubmed/24287781
http://doi.org/10.1002/anie.202109835
http://www.ncbi.nlm.nih.gov/pubmed/34741376
http://doi.org/10.1016/j.bmcl.2005.03.064
http://www.ncbi.nlm.nih.gov/pubmed/15863303
http://doi.org/10.1016/j.ejmech.2020.112670
http://www.ncbi.nlm.nih.gov/pubmed/32858470
http://doi.org/10.1039/B919329D
http://www.ncbi.nlm.nih.gov/pubmed/20062859
http://doi.org/10.1039/C7CC04635A
http://doi.org/10.1002/cmdc.200700311
http://www.ncbi.nlm.nih.gov/pubmed/18247435
http://doi.org/10.3109/00498259209046647
http://doi.org/10.1016/S0278-6915(02)00227-2

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Chemistry 
	HPLC Analysis of Drug Release Triggered by H2O2 
	HPLC Analysis of Stability of Prodrugs 
	Fluorescence Assay 
	Cell lines and Culture 
	Reactive Oxygen Species ASSAY 
	In Vitro Cytotoxicity Assays 
	Viability Assay 
	Fluorescence Imaging 

	Conclusions 
	References

