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Graphical Abstract

» 64-Fold greater soluble in PBS (pH = 5) than piperlongumine (PL)
» Stronger cytotoxicity than PL against three colon cell lines

» More selectively enhanced ROS levels than PL in colon cells

» Suppressed tumor growth in mice comparable to PL




Synthesis and evaluation of N-heter oaromatic ring-based analogs of

piperlongumine as potent anticancer agents

Yu Zou?"#Chang Yarf:*#Huibin Zhandf° Jinyi Xu? Dayong Zhand° Zhangjian

Huang,®® and Yihua Zhang®®

®Sate Key Laboratory of Natural Medicines, China Pharmaceutical University,
Nanjing 210009, P.R. China.

PJiangsu Key Laboratory of Drug Discovery for Metabolic Diseases, China
Pharmaceutical University, Nanjing 210009, P.R. China.

# These authors contributed equally to this work.

Abstract

Piperlongumine (PL) selectively targets a wide spea of cancer cells and induces
their death by triggering various pathways, inahgdiapoptosis, necrosis and
autophagy. However, the poor solubility is a sesiconcern for intensive study and
clinical application. We synthesized its analo@s9 by replacement of the

trimethoxyphenyl of Plwith an N-heteroaromatic ring and/or not introdaoctof 2-ClI.

These compounds improved aqueous solubility anglalisd potent anticancer
activity. The most active compourfdl selectively enhanced ROS levels in colon
cancer cells and inhibited the cell proliferationt Isparing non-tumor colon cells.
Importantly,9 significantly repressed tumor growth in an HCT-Xehograft mouse

model, suggesting that these N-heteroaromatic biamed analogs of PL warrant

further investigation.

Keywords. piperlongumine, N-heteroaromatic ring, solubjlignticancer activity,

ROS.

1. Introduction



Solubility is one of the key issues for drug camdés. Poor aqueous solubility
often results in poor absorption, even though #rengation ability is great, since the
flux of a drug cross the intestinal membrane iselp related to the concentration
gradient between the intestinal lumen and blooddi#ahally, efficacy and risk
evaluation of poorly soluble compounds is challaggiecause exposure may be hard
to define and the sensitivity of the assays maydineinished. Furthermore, high
concentrations of poorly soluble drugs in some wiggas may lead to crystallization
and acute toxicity in cases such as uric acid and. As a matter of fact, the poor
solubility has resulted in failures of numerousgloandidate development [1].

Appropriate formulation may be helpful in solvingese problems [2], but the
extent of solubility enhancement that can reallyadohieved is extremely limited.
Additionally, stability and manufacturing probleralso have to be in consideration,
since an insoluble drug candidate may require aaroless conventional strategy,
resulting in an increase in cost [3]. Thereforayauld be desirable to generate drug
candidates with an applicable aqueous solubility tte¢ early stage of drug
development. To this regard, structural modificatod the molecule is supposed to be
much better than other approaches.

Piperlongumine (PL, Fig. 1) is a naturally occugradkaloid isolated from the plant
long pepper, and used traditionally for the treatmef certain diseases, such as
antiplatelet aggregation [4], anti-inflammation,[8hd cardiovascular protection [6].
PL has recently been shown to selectively targetde spectrum of cancer cells [7]
and induce cancer cell death by initiating variqaethways, such as apoptosis,
necrosis and autophagy [8,9]. The elevation of tre@coxygen species (ROS),
characteristic of oxidative stress, is an importagichanism by which PL promotes
cancer-selective cell death [7]. However, the mapreous solubility of PL is a serious
concern for intensive investigations and clinigaplecation [10,11]. Although a large
variety of derivatives and analogs of PL have b®erthesized in order to find agents
with improved properties, few efforts are so facssful [12-15].

The analysis on the structure and biological atstivelationship (SAR) of these
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derivatives and analogs reveals that C2-C3 and &7dGuble bonds are two
pharmacophores as Michael acceptors essentiabanity of PL to cancer cells (Fig.
1) [16]. The C2-C3 double bond is also critical ROS elevation and glutathione
depletion. 2-Halogenated PL possesses more pateritrdo anticancer activity than
PL itself owing to its higher reactivity of C2-C3idhael acceptor [17]. In addition,
removal of C7-C8 olefin decreases cytotoxicity, does not reduce the ROS levels
[16]. Furthermore, it has been documented thattbenatic ring can be modified to
obtain new analogs with better activity than PL][18

It is well-known that N-heteroaromatics are gergrahore water soluble than
corresponding aromatic compounds. For exampleatjueous solubility of pyridine
and quinoline is 162.25 and 7.61 mg/mL [19], 92d a2R4-fold greater than
counterparts benzene (1.76 mg/mL) and naphthalerd84 mg/mL), respectively
[20]. Accordingly, we hypothesized that replacementhe trimethoxyphenyl of PL
by an N-heteroaromatic ring might improve the aagesolubility and retain or
increase the anticancer activity. In addition, gitbat 2-Cl substituted PL is more
potent than PL [17], we therefore designed andh®gited new analogs9 of PL

(Fig. 1), and biologically evaluated their anticaneffects.
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Fig. 1. Design of analog$-9 by replacement of the trimethoxyphenyl of PL watin

N-heteroaromatic ring and/or not introduction oER-

2. Results and discussion



2.1. Chemistry

The synthetic routes of target compouddd are shown in Scheme 1. Compounds
1a-9a underwent Wittig-Horner reaction to generate este®b. Hydrolysis of1b-9b
led to free acidlc-9c, which was converted to acylchloridd-9d, without isolation
followed by reacting with 5,6-dihydropyridin-Bfl)-one 13 and 6-chloro-5,6-dihydro-
pyridin-2(1H)-one 15 to provide analog4-9, respectively (Scheme 1A). Compound
13 was obtained by treatment df0 with trimethyl chlorosilane (TMSCI),
phenylselenyl chloride, and hydrogen peroxide, sssiwely. Similarly, reaction df0
with PCk offered 2,2-dichloropiperidin-2-oriet, followed by dehydrochlorination in
the presence of RCO; to provide 6-chloro-5,6-dihydropyridin-Bi)-one 15
(Scheme 1B) [13].

The structures of all target compounds were fulharacterized by"H-NMR,
¥C-NMR, MS, and HRMS, and the C7-C8 olefinic bond tirese analogs was
identified as E configuration according to the dmgpconstant of two corresponding
protons on the double bond. The purity of the conmgs was greater than 95%,
determined by high performance liquid chromatogyafpHPLC) analysis, for the

following biological experiments.
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Scheme 1. A. The synthetic route of analogs9. Reagents and conditions: i.
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Wittig-Hornor reaction; ii. KOH, 16 h; iii. anhydus DCM, pivaloyl chloride, one
drop of DMF; iv. anhydrous THF, TEA, n-butyllithiumnd compound43 or 15. B.
The synthetic route of compound8 and 15. Reagents and conditions: i. toluene,
TEA, TMSCI, 0 °C, 4 h; ii. THF, phenylselenyl chide, LDA, -50 °C; iii. THF,
50%H0,; iv. PCE, chloroform, r.t.; v. LiICO;, LiCl, anhydrous DMF, 130 °C, 7 h.

2.2. Solubility evaluation

The solubility of PL and its analods8 was determined in pure water by HPLC [21]
as shown in Tablel. It was found that all analogh wolubility from 1.95 to 59.83
ug/mL were more soluble in the aqueous solution fRar{1.63ug/mL). The effects
of nitrogen-containing heteroaromatics are in tmdeo of pyrzine > pyridine >
qguinoline. We reasoned that the improvement ofatingeous solubility of the analogs
to various extent should be attributable to the fed#ht water-soluble

N-heteroaromatics.

Table 1. The solubility {1g/mL) of compound4-8 and PL

compound 1 2 3 4 5

agueous 40.37 4530 46.17 59.83 48.22

solubility

compound 6 7 8 PL

aqueous 4791 241 195 1.63
solubility

2.3. Assessment of in vitro anti-proliferative activity

Analogs1-8 were first tested for their anti-proliferative &dly against lung cancer
A549, leukemic K562 and colorectal cancer HCT-1&8 ktnes by MTT assay. As
shown in Fig. 2, all the analogs showed signifidahibitory activity comparable to

PL. Among them, quinoline-based analdgvas the most potent against HCT-116



cells. Since C2-chlorine substituted PL signifitp@nhanced the anticancer activity
[17], we then introduced chlorine atom into C2 posi of 7 in order to further
improve its activity, yielding anala@ which had a similar solubility in pure water but
an approximately 64-fold greater solubility in PB§ueous solution (pH = 5) than PL
(1992.7vs 31.2 ug/ml). Subsequently, we determinedsd@alues of compounds-9
against HCT-116 as shown in Table 2. Expectedli).47 + 0.04uM) exhibited the
strongest cytotoxicity among all the tested compisyursuperior to PL (8.13 £ 0.51
uM).

Hl A549
100- . K562
Bl HCT-116
80
9
T 60+
2
o
2 40-
£
20+
0-

Fig. 2. Inhibitory activity of 1-8 at 10uM against cancer A549, K562 and HCT-116
cells after incubation for 72 h. Cell proliferatiaras determined by MTT assay. Data

are means = SD of the inhibition (%) from threegpendent experiments.

Table 2. The IGo (uM) of 1-9 and PL against HCT-116 cells

Compound HCT-116 Compound HCT-116
1 4.21 +0.26 6 7.95+0.10
2 6.87 +£0.31 7 0.93+0.44
3 7.05+0.24 8 8.17+0.31
4 3.19+0.12 9 0.47 +0.04
5 8.90 +£0.17 PL 8.13+0.51

Further tests indicated th@twas also powerful against other two colon canedir ¢
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lines with 1G, values of 0.92 + 0.14M and 1.79 £ 0.23M, respectively (Table 3).
In sharp contrast9 showed much less inhibitory activity on non-tummslion
CDD-841 cells (IGo = 50.81 + 3.42.M), better than PL (16 = 44.32 £ 1.77uM)
(Table 3), suggesting th@tmay selectively inhibit the colon cancer cellsu$}® was

selected for the following investigations.

Table 3. The G (uM) of 9 against colon cancer cells and non-tumor colols tel

Cell lines HT-29 HCT-8 HCT-116 CCD-841

9 092+0.11 1.79+0.23 0.47+0.04 50.81 +3.42

PL 265+0.17 4.10+0.20 8.13%+0.11 44.32 + 1.77

& Cells were treated in triplicate with tested commdsi for 72 h and the cell
viability was determined by MTT assay.

2.4. ROS evaluations

Based on the above exciting results, we examineethein9 would impact ROS
levels in both colon cancer HCT-116 cells and nondr colon CCD-841 cells.
HCT-116 and CCD-841 cells were treated wlhand PL at 10uM for 3 h,
respectively, and the levels of intracellular RO&@avdetected by DCFH-DA probes
using a fluorescent microplate reader to measwdltiorescent signals as shown in
Fig. 3. It is obvious that treatment wislrapidly and significantly increased the levels
of intracellular ROS in HCT-116 cells while the satneatment only increased low
levels of ROS in CCD-841 cells. The selectivity 9 was greater thathat of PL,
indicating that® morepreferably promoted intracellular ROS accumulatielative to

PL in the cancer cells.
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Fig. 3. A. The fluorescence microscopy images of HCT-116GD-841 cells treated
with 10 uM PL or 9 for 3 h. B.The fluorescence intensities of the cet$CT-116 or
CCD-841 cell was treated with 1M PL or 9 for 3 h and then detected by

fluorescence microscopy.

2.5. In vivo anti-tumor effects of 9

To evaluate then vivo anti-colon cancer activity d®, BALB/c nude mice were
inoculated subcutaneously with colon cancer HCT-ddl&. After the establishment
of solid tumor, two groups of the mice were intnago@eally treated with 5 mg/kg of
9 and PL daily for 21 consecutive days, respectiyEig. 4). It could be seen from
Fig. 4A and 4D that in comparison with the vehitkated controls, treatment wiéh
at 5 mg/kg significantly inhibited the growth of ptanted colon cancer cells (2.1
0.34 vs 0.9 0.19 g, p < 0.01), and the tumor weights in theenwere significantly
reduced by 52 %, which was comparable to PL (58/A4).

In addition, treatment witl® significantly reduced the volumes and size of golo
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tumors in mice (Fig. 4C). Moreover, there was neiolrss abnormality in the liver,
kidney, lung and heart in terms of the size andphology in both control and
O-treated mice except for a slight, but not sigwifit reduction in body weight as
compared with each other (Fig. 4B).

The reason why showed better inhibitory activityn vitro but similar antitumor
effectsin vivo relative to PL is tha® may have different targets in cancer cells or may
not act on those affected by PL. However, the exsthanism of action & needs to

be further clarified in future investigations.
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Fig. 4. Inhibitory effects of9 on the growth of HCT-116 tumons vivo. Mice
inoculated with HCT-116 tumors were intraperitohe#éileated with PL o® per day.
A. Representative images of the tumors were cagptiBe The weights of mice were
measured at the indicated time points. C. The velomtumors was measured at the
indicated time points. D. The weight of tumors wasasured at the indicated time
points. Data are shown as means + SD from eaclpgrbmice 6 = 8). *P < 0.01 vs

control.



3. Conclusion

In summary, a series of analoy® were designed and synthesized by replacement
of the trimethoxyphenyl of PL with an N-heteroardimaing and/or not introduction
of 2-Cl. These compounds improved aqueous solylaiiid showed potent anticancer
activity. The most active compour@dselectively enhanced ROS levels and inhibited
proliferation in colon cancer HCT-116 cells but $pa the non-tumor colon
CCD-841 cells. Furthermor®,significantly inhibited the growth of implanted ool
cancer cells in mice. Collectively, our findingsggest that these N-heteroaromatic

ring-based analogs of PL may deserve intensivestigagions.

4. Experimental protocols

4.1. General informations

Nuclear magnetic resonance (NMR) spectra were mddafrom a Bruker Avance
300 ¢H, 300 MHz;**C, 75 MHz) or 500'H, 500 MHz;**C, 125 MHz) spectrometer
at 300 K using TMS as an internal standard. Masstspmetry (MS) spectra were
recorded on a Mariner mass spectrometer. Meltingtpdmp) were measured by a
Mel-TEMP Il apparatus and uncorrected. TLC was qrened on silica gel GF/UV
254, and column chromatography was conducted masijel (200-300 mesh). The
purities of target compounds were characterizedHBLC analysis (Shimadzu
DGU-20A3R) and HRMS (Agilent Technologies LC/MSD K The target
compounds1-9 with a purity of >95% were used for subsequenteexpents.
Compound 11-15 were prepared as described in reference 13 staffiom
commercially available compountD, and the synthetic procedures of compounds

11-15 were shown on pages S2 and S3 in the Supportfogration.

4.1.1. General procedure for the preparation of 1-9

Compoundla-9a (1.0 mmol) was dissolved in toluene (70 mL) inask which
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was wrapped with tin foil, sodium hydride (1.5 minahd triethyl phosphonoacetate
(2.0 mmol) was added respectively. Then the reactmution was stirred at room
temperature under dark until TLC analysis showechglete conversion. Extracted
with EtOAc, the combined organic phase was washiéd saturated brine (50 mL x
3), and dried over anhydrous sodium sulfate. Camnatad and purified by column
chromatography (PE / EA = 8: 1) to give a paleowllsolid (Lb-9b). The synthetic
routes are similar to PL. [7, 12]

Compound 1b-9b (1.0 mmol) was dissolved in a mixed solution of
tetrahydrofuran and water (V(THF) / V{8) = 2: 1, 54 mL), then lithium hydroxide
(4.0 mmol) was slowly added, and the mixture wasrest overnight at room
temperature, checking for product formation via T(RE / EA = 1: 1). Next, the pH
value of reaction solution was adjusted to 4-5 vt hydrochloric acid aqueous
solution. The mixture was then extracted with Et(d8@ mL x 3), and the combined
organic phase was washed with saturated brine (5& 18), dried over anhydrous
sodium sulfate and concentrated to give a paleowebolid 1c-9c. The synthetic
routes are similar to PL. [7, 12]

Compoundlc-9c (1.0 mmol) was dissolved in anhydrous tetrahydariu(20
mL). To the solution, triethylamine (1.2 mmol) waewly added and the solution was
cooled to -20 °C, pivaloyl chloride (1.2 mmol) wHdsen added, and the reaction
mixture was stirred for about 45 minutes. Next, twmmpoundl13 or 15 and
n-butyllithium were added to the reaction solutemd stirred for 1 h, checked for
product formation via TLC. Then saturated aquealsti®n of ammonium chloride
(10 mL) was added to quench the n-butyllithium he reaction and extracted with
ethyl acetate, the organic phase was washed witinased brine (30 mL x 3), Dried
over anhydrous sodium sulfate, concentrated anfigulby column chromatography

(PE/EA=3:1) to afford-9.

4.1.2.1 (E)-1-(3-(Pyridin-2-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one (1). Mp:
77-8011; 'H NMR (300 MHz, CDCJ): & 8.61 (s, 1H), 7.83-7.65 (m, 3H), 7.46 {d=

9.0 Hz, 1H), 7.16-7.11 (m, 1H), 6.94-6.91 (m, 16(92 (d,J = 9.0 Hz, 1H), 4.08-4.00
11



(m, 2H), 2.46 (s, 2H)**C NMR (75 MHz, CDCJ): & 169.0, 165.8, 153.9, 150.3,
145.8, 142.0, 136.7, 126.1, 125.8, 124.1, 41.8);28RMS (ESI +)m/z. Calcd. for
C13H12N,OoNa [M+Na] * 251. 0796, found 251.0801, ppm error 0.5.

4.1.2.2 (E)-1-(3-(Pyridin-3-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one  (2). Mp:
99-10217; *H NMR (300 MHz, CDCY): & 8.74 (s, 1H), 8.55 (s, 1H), 7.92-7.80 (m,
1H), 7.65-7.49 (m, 2H), 7.49-7.40 (m, 1H), 6.9318l), 6.02 (d,J = 9.0 Hz, 1H),
4.02 (t,J = 6 Hz, 2H), 2.46 (s, 2H):*C NMR (75 MHz, CDCJ): § 168.2, 165.7,
153.8, 148.2, 145.7, 141.9, 136.7, 126.1, 125.8,01241.8, 24.9; HRMS (ESI fiVz
Calcd. for GaH1,N,O.Na [M+Na] * 251.0796, found 251.0803, ppm error 0.7.

4.1.2.3 (E)-1-(3-(Pyridin-4-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one  (3). Mp:
90-94(1; *H NMR (300 MHz, CDCJ): § 8.59 (s, 2H), 7.74-7.37 (m, 4H), 6.94 {c&
6 Hz, 1H), 6.02 (dJ = 9.0 Hz, 1H), 4.08-4.00 (m, 2H), 2.56-2.34 (m,)2HC NMR
(75 MHz, CDC¥§): 6169.0, 164.7, 153.2, 148.0, 145.7, 141.9, 136.5,112125.2,
124.1, 41.0, 24.9; HRMS (ESI #yz Calcd. for GsH12N,O.Na [M+Na] " 251.0796,
found 251.0802, ppm error 0.6.

4.1.2.4 (E)-1-(3-(Pyrazin-2-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one  (4). Mp:
110-11507; *H NMR (300 MHz, CDCY): & 8.67 (s, 1H), 8.58 (s, 1H), 8.48 (s, 1H),
7.90 (d,J = 15.0 Hz, 1H), 7.63 (d] = 15.0 Hz, 1H), 6.97-6.92 (m, 1H), 6.02 (d=
9.0 Hz, 1H), 4.02 (tJ = 12.0 Hz, 2H), 2.50-2.45 (m, 2HC NMR (75 MHz, CDCJ):

0 168.5, 149.5, 146.1, 145.1, 145.0, 144.9, 137311 128.4, 125.7, 41.8, 25.0;
HRMS (ESI +)myz Calcd. for GoH11N3O.Na [M+Na] * 252.0749, found 252.0753,
ppm error 0.4.

4.1.25 (E)-1-(3-(3-Methylpyrazin-2-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one (5).
Mp: 121-133(; *H NMR (300 MHz, CDGJ): & 8.39 (d,J = 9.0 Hz, 2H), 7.94-7.79
(m, 2H), 6.96-6.90 (m, 1H), 6.02 (@= 12.0 Hz, 1H), 4.02 (1 = 6.0 Hz, 2H), 2.67 (s,

3H), 2.49-2.44 (m, 2H)*C NMR (75 MHz, CDCJ): & 168.8, 165.7, 153.1, 147.5,
12



145.9, 144.1, 142.5, 136.2, 128.9, 125.7, 41.8,271.8; HRMS (ESI +jn/z Calcd.
for Cy3H13N30,Na [M+Na] * 266.0905, found 266.0911, ppm error 0.6.

4.1.2.6 (E)-1-(3-(5-Methylpyrazin-2-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one (6).
Mp: 175-18011; *H NMR (300 MHz, CDCJ): & 8.55 (s, 1H), 8.45 (s, 1H), 7.85 (@,
= 15.0 Hz, 1H), 7.65 (dJ = 15.0 Hz, 1H), 6.97-6.91 (m, 1H), 6.03 (= 12.0 Hz,
1H), 4.02 (t,J = 6.0 Hz, 2H), 2.57 (s, 3H), 2.50-2.45 (m, 2tAC NMR (75 MHz,
CDCl): 6 168.8, 165.6, 157.5, 154.2, 146.7, 144.6, 14238,2, 128.1, 125.6, 41.8,
27.4, 20.9; HRMS (ESI +z Calcd. for GaH13NsO.Na [M+Na] * 266.0905, found
266.0911, ppm error 0.6.

4.1.2.7 (E)-1-(3-(Quinolin-2-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one (7). Mp:
84-89(1; 'H NMR (300 MHz, CDCJ): § 8.15-8.13 (m, 2H), 7.91 (s, 2H), 7.81 {c:
9.0 Hz, 1H), 7.69-7.66 (m, 2H), 7.55-7.50 (m, 16198-6.92 (m, 1H), 6.05 (d,= 9.0
Hz, 1H), 4.05 (tJ = 6.0 Hz, 2H), 2.54-2.46 (m, 2H)*C NMR (75 MHz, CDGJ):
0168.4, 162.8, 153.9, 148.5, 146.7, 143.9, 141.8,313130.1, 128.3, 127.4, 126.6,
126.2, 120.4, 41.9, 27.8; HRMS (ESI mjz Calcd. for G/H1N,O.Na [M+Na] *
301.0953, found 301.0960, ppm error 0.7.

4.1.2.8 (E)-1-(3-(Quinoline-3-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one (8). Mp:
86-9117; *H NMR (300 MHz, CDCJ): & 8.48 (s, 1H), 8.12 (dd} = 15.0 and 6.0 Hz,
2H), 7.93 (s, 2H), 7.77 (dl = 15.0 Hz, 1H), 7.69-7.72 (m, 2H), 7.54 Jt= 7.5 Hz,
1H), 6.07 (dJ = 9.0 Hz, 1H), 4.07 () = 6.0 Hz, 2H), 2.52-2.45 (m, 2H)®*C NMR
(75 MHz, CDC}): 6 168.4, 162.8, 149.3, 148.5, 146.7, 143.9, 1413, 11, 129.7,
128.3, 127.6, 127.4, 127.0, 126.2, 41.9, 27.8; HR&SI +) m/z Calcd. for
C17H14N20:Na [M+Na] * 301.0953, found 301.0960, ppm error 0.7.

4.1.2.9 (E)-3-Chloro-1-(3-(quinoline-2-yl)acryloyl)-5,6-dihydropyridin-2(1H)-one (9).
Mp: 93-96 [1; 'H NMR (300 MHz, CDCJ)): 6 8.08 (dd,J = 15.0 and 6.0 Hz, 2H),

7.91-7.76 (m, 2H), 7.74 (d,= 12.0 Hz, 1H), 7.70-7.67 (m, 2H), 7.52Jt 6.0 Hz),
13



7.10-7.03 (m, 1H), 4.09 (8 = 6.0 Hz, 2H), 2.56 (d] = 6.0 Hz, 2H) *C NMR (75
MHz, CDCh): & 168.4, 161.6, 153.9, 148.5, 143.9, 141.5, 1368,2, 130.1, 127.7,
127.5, 127.4, 126.6, 120.5, 42.0, 25.5; HRMS (ESl m/zz Calcd. for
C17H13CIN,O,Na [M+Na] * 335.0563, found 336.0571, ppm error 0.8.

4.2 Solubility test

Compoundsl-8 and PLwere added to the indicated solvent. After shakind
centrifuging, the supernatant was taken to deterntime concentration of the
compounds for calculation of the corresponding lsiity. The samples (2QL each)
were analyzed by HPLC (Shimadzu DGU-20A3R) on ShirnaGL WondaSil
C18-WR column. The mobile phase was acetonitrileex@®0/40, v/v) at a flow rate
of 1.0 mL/min with the detection wavelength at 26dh. This experiment was

repeated in triplicates.

4.3 Biological assays
4.3.1 MTT assay
Human colon, colorectal and non-tumor colon epitthetells (1 x 18

cells/well) were cultured in RPMI 1640 supplementdgth 10% fetal bovine serum
(FBS) in 96-well plates overnight and treated witkhicle alone or the tested
compounds at the indicated concentrations for 34,04 72 h. During the last 4-h
culture, the cells were exposed to@0of MTT (5 mg/mL, in PBS). The generated
formazan in individual wells was dissolved in DM$I®0 L), and measured for the
absorbance at 570 nm using a microplate readerinfhi@tion rates were calculated

by the formula of (1-OD (experimental cells)/OD ritw! cells)) x 100%.

4.3.2 Measurement of ROS generation

The tested cells (1 x i@ells/well) were treated in triplicate with velécDMSO
(0.1%, v/v) alone, PL 09 at the indicated concentrations for 3 h, and #its avere
stained with dihydroethidium (DHE, Beyotime). Tlexéls of intracellular ROS were

measured as the fluorescent signals using a floenes microplate reader (300 and
14



610 nm).

4.3.3 Evaluation of in vivo antitumor activity

All animal experimental protocols were approvedhry Administration Committee of
Experimental Animals in Jiangsu Province and thaidst Committee of China
Pharmaceutical University. Male BALB/c nude mice53weeks of age (Silaike
Experiment Animal Co., Ltd, Shanghai, China) wereculated subcutaneously with
1 x 10 HCT-116 cells. After the formation of a solid tunwith a volume of about 75
mm®, the tumor-bearing mice were randomly divided ifsor groups with eight mice
in each group. The groups with compouhdnd PL treatment received a dosage (5
mg/kg) every day. At the end of the experiment,ithee were sacrificed, their tumors
were dissected, and the tumor size and weight we@sured. The tumor inhibitory
ratio was calculated by the following formula: tumhibitory ratio (%) =
[(Wcontrol — Wtreated)/Wcontrol] x 100%. Mkeq and Wionror Were the average
tumor weights of the treated and control mice, eespely. The tumor diameters were
measured with calipers, and the tumor volume whsilgged by the formula V (mf

= d2 x Df, where D is the largest diameter and d the smallameter.
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Highlights

® 9O was 64-fold greater soluble in PBS aqueous solution (pH = 5) than
piperlongumine (PL).

® 9 was more cytotoxic (ICso = 0.47-1.79 uM) than PL (ICsp = 2.65-8.13 uM)
against three colon cancer cell lines but sparing non-tumor colon cells.

® 9 more preferably promoted ROS accumulation than PL in colon cells.

® O significantly suppressed tumor growth in vivo comparableto PL.



