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Induction of apoptosis by phenylisocyanate derivative
of quercetin: involvement of heat shock protein
Bin Yea,c, Jin-liang Yanga, Li-juan Chena, Xian-xue Wub,d, Han-shuo Yanga,
Ju-mei Zhaoa, Zhi-ping Yuana, Jiong Lia, Yan-jun Wena, Yong-qiu Maoa,
Song Leia, Bing Kana, Lin-yu Fana, Wen-xiu Yaoa, Rui Wanga, Guo-qing Wanga,
Xiao-bo Dua, Huan-yi Liua, Hong-bing Wua, Jian-rong Xua, Hong-xia Lia,
Wei Zhanga, Xia Zhaoa, Yu-quan Weia and Li Chenga,b

Quercetin, a widely distributed bioflavonoid, inhibits the

growth of various tumor cells. The present study was

designed to investigate whether a novel quercetin

derivative [phenylisocyanate of quercetin (PHICNQ)] exerts

antitumor activity against K562 and CT26 tumor cell lines

by inducing apoptosis, and to examine the possible

mechanism in the phenomenon. The cell proliferation

assay of K562 and CT26 tumor cells was determined by the

trypan blue dye exclusion test. Apoptosis of PHICNQ-

treated cells was determined by morphological analysis,

agarose gel DNA electrophoresis and quantitated by flow

cytometry after staining with propidium iodide. Cell cycle

was evaluated by flow cytometry. The expression of heat

shock protein 70 was checked by Western blot analysis.

Our results showed that PHICNQ inhibited the proliferation

of K562 and CT26 cells in a dose-dependent and time-

dependent manner. PHICNQ was 308- and 73-fold more

active on CT26 and K562 cells than quercetin, respectively.

In addition to this cytostatic effect, treatment of K562 and

CT26 tumor cells with PHICNQ induced apoptosis.

PHICNQ treatment downregulated the expression of heat

shock protein 70 more dramatically than quercetin

treatment. These results suggest that PHICNQ is a more

powerful antiproliferative derivative than quercetin, with

cytostatic and apoptotic effects on K562 and CT26 tumor

cells. PHICNQ may trigger apoptosis in tumor cells through

inhibition of heat shock protein 70 synthesis and

expression. Anti-Cancer Drugs 18:1165–1171 �c 2007

Wolters Kluwer Health | Lippincott Williams & Wilkins.

Anti-Cancer Drugs 2007, 18:1165–1171

Keywords: apoptosis, heat shock protein 70, phenylisocyanate of quercetin,
quercetin, structure modification

aState Key Laboratory of Biotherapy and Cancer Center, West China Hospital,
West China Medical School, bKey Laboratory of Drug Targeting of Ministry of
National Education, West China School of Pharmacy, Sichuan University,
cChengdu 6th People’s Hospital, Chengdu, Sichuan and dDepartment of
Chemistry and Environment, Yuxi Teacher’s College, PRC

Correspondence to Professor Li Cheng, MS, MD, State Key Laboratory of
Biotherapy and Cancer Center, West China Hospital, West China Medical
School, Sichuan University, Guo Xue Xiang No. 37, Chengdu, Sichuan 610041,
PRC
Tel: + 86 28 85250731; fax: + 86 28 85250731;
e-mail: chlscup@sina.com, yuquawei@vip.sina.com

Received 14 March 2006 Revised form accepted 17 November 2006

Introduction
Quercetin (Que), 3,30,40,5,7-pentahydroxy flavone (Fig. 1a),

an efficient antioxidant [1,2] bioflavonoid is one of the

most widely distributed bioflavonoids in the plant kingdom

[3–8], and has antitumor activity in various tumor cells

from leukemia, colon carcinoma, ovarian carcinoma, breast

cancer and lymphoma cells [3,9–14]. The poor solubility in

pharmaceutically acceptable solvents and poor pharmaco-

kinetic properties that led to poor absorption/availability

after oral administration of Que badly affected the clinic

development of quercetin. Therefore, it is significant to

design and synthesize quercetin derivatives with enhanced

water solubility and better pharmacokinetic properties by

structure modification on Que. A novel Que derivative

[phenylisocyanate of Que (PHICNQ), Fig. 1b], with

enhanced water solubility (the solubility in water is

approximately 71.08mg/ml), was synthesized using isocya-

nate as an intermediate in the phase-transfer catalyst. In

this study, we try to investigate whether PHICNQ exerts

antitumor activity by inducing apoptosis and to examine

the possible mechanism in the phenomenon.

Materials and methods
Phenylisocyanate of quercetin

Nuclear magnetic resonance (1H-NMR) spectra were

measured on VarianUNITY INOVA spectrometers operating

at 400 MHz (Varian, USA). 13C-NMR spectra were

measured on AC-E 200 MHz Bruker spectrometers

operating (GM, Bruker). IR spectra were measured on a

VECTOR22, Bruker (GM, Bruker). Mass spectroscopy

spectra were measured on an API3000 (Abi, USA). High-

performance liquid chromatography spectra were mea-

sured on an Shimadzu LC-10AT (J.P.).

0959-4973 �c 2007 Wolters Kluwer Health | Lippincott Williams & Wilkins



PHICNQ was a light yellow crystal m.p. 153–1561C. IR

(KBr) umax: 3344 (br), 1745, 1655, 1600, 1535, 1501,

1450, 1175, 751,701; 1H-NMR (CDCl3, 400 MHz).

d (p.p.m.): 6.77 (d, 1H, H6), 6.89 (d, 1H, H8), 7.11

(d, J = 8.8 Hz, 1H, H50), 7.37 (td, J = 7.6 Hz, J = 1.6 Hz,

2H, H300, H500), 7.48 (d, J = 1.6 Hz, 1H, H20), 7.55

(dd, J = 7.2 Hz, J = 2 Hz, 2H, H200, H600), 7.87

(d, J = 7.2 Hz, 1H, H60), 8.02 (td, J = 8.8, J = 2.4, 1H,

H400), 8.23 (s, 1H, N–H), 12.13 (s, 1H, 5-OH);
13C-NMR (CDCl3, 50 MHz) d (p.p.m.): 109.39 (C-8),

114.39 (C-6), 120.25 (C-10), 124.36 (C-3), 127.07 (C-20),

128.39 (C-50), 128.53 (C-60), 128.58 (C-200, C-600), 128.89

(C-400), 130.15 (C-300, C-500), 130.51 (C-10), 131.65

(C-100), 138.01 (C-2), 142.79 (C-40), 144.97 (C-30),

154.54 (-HN–CO-), 163.79 (C-9), 163.49 (C-5), 165.84

(C-7), 171.03 (C-4,C = O); electrospray ionization-mass

spectroscopy ( + ): 445.1 [M + Na + ].

Cell cultures and phenylisocyanate of quercetin

treatment

The K562 human chronic myeloid leukemia cell lines and

CT26 mice colorectal carcinoma cell lines were obtained

from American Type Culture Collection. The cells were

grown in RPMI-1640 medium (Gibco), containing 10%

heat-inactivated fetal calf serum, 100 units/ml penicillin,

100 units/ml streptomycin, in a humid chamber at 371C

under 5% CO2. Que was purchased from Sigma.

PHICNQ was obtained from the Central Teaching

Laboratory for Modern Pharmacy, West China Pharmacy

School, Sichuan University. The purity of PHICNQ was

above 95%. The solubility in water of PHICNQ was

71.08 mg/ml. Que or PHICNQ was dissolved in dimethyl-

sulfoxide (final concentration 1%) to 10 mmol/l, and then

was subsequently diluted in culture medium at a final

concentration of 40–500 mmol/l (Que) or 0.5–10 mmol/l

(PHICNQ). K562 and CT26 cells were treated with 1%

dimethylsulfoxide for 24 h, resulting in 6.067 ± 0.874 and

5.667 ± 0.929% sub-G1 cells, respectively.

Exponentially growing cells at 2�105/ml were exposed to

varying concentrations of Que or PHICNQ for varying

time intervals. The control culture was left untreated.

Cell proliferation studies

The number of viable cells was determined by a trypan

blue dye exclusion test and the percentage of viable cells

corresponds to a ratio (total cells–blue cells)/total cells

[15,16]. The analysis of IC50 values was performed by

Bliss software.

Morphological analysis

For the identification of apoptotic cells, cells were

resuspended in hypotonic propidium iodide (PI) solution

containing 50mg PI/ml in 0.1% sodium citrate plus 0.1%

Triton X-100 and examined by fluorescence microscopy [3].

Agarose gel DNA electrophoresis

The pattern of DNA cleavage was analyzed by agarose

gel electrophoresis as described in [17]. Briefly, cells

(3�106) were lysed with 0.5 ml lysis buffer containing

5 mmol/l Tris–HCl (pH 8), 0.25% Nonidet P-40 and

1 mmol/l ethylenediaminetetraacetic acid, followed by

the addition of RNase A (Sigma) at a final concentration

of 200 mg/ml and incubated for 1 h at 371C. Cells were

then treated with 300 mg proteinase K/ml for an additional

1 h at 371C. After additions of 4 ml loading buffer, 15 ml

samples in each lane were subjected to electrophoresis on

1.5% agarose at 50 V for 3 h. DNA was stained with

ethidium bromide. The molecular size of the marker

bands is from 200 to 3000 bp.

The quantitative assessment of apoptosis and

analysis of cell cycle specificity

Flow cytometric analysis was performed to identify sub-

G1 cells/apoptotic cells and to measure the percentage of

sub-G1 cells after PI staining in hypotonic buffer as

described in [1,18,19]. Briefly, cells were suspended in

1 ml hypotonic fluorochrome solution containing 50 mg

PI/ml in 0.1% sodium citrate plus 0.1% Triton X-100 and

the cells were analyzed by the use of a flow cytometer

(ESP Elite; Coulter). Apoptotic cells appeared in the cell

cycle distribution as cells with a DNA content of less than

that of G1 cells and was estimated with Listmode

software. In addition, cell cycle analysis was performed

simultaneously with Multicycle software.

Fig. 1
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Structures of quercetin and phenylisocyanate of quercetin:
(a) quercetin and (b) phenylisocyanate of quercetin.
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Western blot analysis

Western blot analysis was performed as described in [20].

CT26 cells were treated by 2.5 mmol/l PHICNQ or

100 mmol/l Que at 371C for 6 h. A total of 1� 107 cells

were lysed in 100 ml lysis buffer. Lysates were centrifuged

at 12 000g for 5 min and the supernatant was harvested.

Protein concentration was determined by the bicincho-

ninic acid protein assay reagent. Samples (equivalent

protein concentration) were separated by 10% sodium

dodecyl sulfate–polyacrylamide gel electrophoresis and

transblotted onto a polyvinylidine diflouride membrane

(Bio-Rad, Hercules, California, USA). The membrane

was blocked by TTBS (including 0.1% Tween 20 in Tris-

buffered saline) with 5% nonfat milk and later it was

probed with anti-heat shock protein (HSP) 70 mouse

monoclonal antibody (Zhongshan Goldenbridge Biotech-

nology, Beijing, PRC) diluted 1 : 200 at 41C overnight.

Blots were then incubated with 1 : 5000 horse-

radish peroxidase-conjugated antimouse immunoglobulin

(Zhongshan Goldenbridge Biotechnology). Protein bands

were visualized by the chemiluminescence (enhanced

chemiluminescence) reagent kit (Pierce Biotechnology,

Rockford, Illinois, USA).

Statistical analysis

The percentage inhibition measurements of the cells and

the flow-cytometric studies were performed in triplicate.

The statistical differences between the means of the

experimental groups were evaluated by Student’s t-test;

differences were considered significant when P values

were below 0.05.

Results
Antiproliferative effect of phenylisocyanate of

quercetin and quercetin

The antiproliferative activities of PHICNQ were tested

against the K562 human chronic myeloid leukemia cell

lines and CT26 mice colorectal carcinoma cell lines.

PHICNQ inhibited the proliferation of K562 cells and

CT26 cells in a dose-dependent and time-dependent

manner. From the dose–response curves, we observed

that CT26 cells were much more sensitive (308-fold)

to PHICNQ (IC50 = 1.177mmol/l) than to Que

(IC50 = 362.456mmol/l) (Fig. 2c and d) and that K562

cells were more sensitive (73-fold) to PHICNQ

(IC50 = 1.852mmol/l) than to Que (IC50 = 135.624mmol/l)

(Fig. 2a and b). PHICNQ inhibited cell proliferation at

lower doses than Que. PHICNQ treatment not only

inhibited cell proliferation, but also caused cell death

when determined by the trypan blue dye exclusion test.

Induction of apoptosis by phenylisocyanate of

quercetin treatment

Treatment with PHICNQ of tumor cells resulted in

morphological changes characteristic for apoptosis:

brightly red-fluorescent condensed nuclei (intact or

fragmented) shown by fluorescence microscopy of

PI-stained nuclei, reduction of cell volume, condensation

of nuclear chromatin, nuclear fragmentation and apo-

ptotic bodies (Fig. 3). By contrast, the untreated cells

showed red, diffusely stained intact nuclei. Agarose gel

electrophoresis of PHICNQ-treated cells demonstrated a

ladder-like pattern of DNA fragments consisting of

multiples of approximately 180–200 bp, consistent with

internucleosomal DNA fragmentation (Fig. 4). Tumor

cells treated with Que at the same concentration for the

same time did not show a ladder-like pattern of DNA

fragments (data not shown).

By the use of flow cytometry, we could assess the number

of sub-G1 cells (apoptotic cells) (Fig. 3c).

Kinetics of induction of apoptosis and analysis

of cell cycle

The quantitative assessment of sub-G1 cells by flow

cytometry was used to estimate the number of apoptotic

cells. The apoptosis-inducing effect of PHICNQ was

dose-dependent and time-dependent, being observed at

0.5 mmol/l and reached a maximum at 10 mmol/l when

analyzed by flow cytometry. The increased number of

apoptotic cells was detected after 12 h of continuous

PHICNQ treatment, reaching a maximum by 48 h

(Fig. 3d and e). Similar results were also found in CT26

cells. For example, CT26 cells treated with 5 and

10 mmol/l PHICNQ for 48 h resulted in 55.633 ± 3.721

and 73.467 ± 4.159% sub-G1 cells. By contrast, tumor

cells treated with Que at the same concentration for the

same time did not show any apparent apoptosis-inducing

effect (Fig. 3d and e).

Next, a cell cycle affected by PHICNQ in cancer cells

was analyzed. When tumor cells were treated with

PHICNQ at a concentration from 0.5 to 10 mmol/l for

up to 48 h, there was a significant decrease in the number

of G0/G1-phase and S-phase cells, and a slight decrease in

the number of G2/M-phase cells, at the same time that

sub-G1 cells appeared (data not shown).

HSP70 analysis by Western blot

Tumor cells (K562 or CT26) were treated with 2.5 mmol/l

PHICNQ or 100 mmol/l Que for 6 h. The proteins were

separated by 10% sodium dodecyl sulfate–polyacrylamide

gel electrophoresis and transferred onto polyvinylidine

diflouride membranes. A distinct band of about 70 kDa,

corresponding to the size of HSP70, was visualized in the

control (untreated) cells and PHICNQ treatment down-

regulated the expression of HSP70 more dramatically

than Que treatment (Fig. 5).

Discussion
Although Que has been advocated to have potential as a

starting material in drug development programmes, its

synthetic studies toward the bioflavonoid antioxidant are

Induction of apoptosis by phenylisocyanate of quercetin Ye et al. 1167



rather limited [1,21]. Our work aimed at synthesis of Que

derivatives used as potential anticancer drug candidates

with enhanced water solubility. Strategies for construc-

tion of Que phenylisocyanate were comparatively re-

searched to give a better one as a final choice. It was easy

to get isocyanate from quercetin by couple reaction of

phenylisocyanate derivatives in the phase catalyst trans-

fer. Through it, a novel Que derivative (PHICNQ), with

enhanced water solubility (the solubility in water is

71.08 mg/ml), was synthesized.

In this study, several observations have been made

concerning the apoptosis-inducing effect of PHICNQ.

This study is the first, to our knowledge, to demonstrate

that PHICNQ triggers apoptosis in K562 and CT26

tumor cell lines. We compared the antiproliferative effect

of Que and PHICNQ on K562 and CT26 tumor cell lines,

and found that PHICNQ had higher antiproliferative and

apoptotic effects than Que. PHICNQ is, respectively,

73- and 308-fold more efficient than Que in inhibiting

the proliferation of K562 and CT26 tumor cells. The

Fig. 2
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(a–d) Dose-dependent growth inhibition of K562 cells (a and b) and CT26 cells (c and d) by phenylisocyanate of quercetin (Que) (PHICNQ) (a and
c) or Que (b and d) treatment. K562 cells and CT26 cells were treated with various doses of PHICNQ or Que for 24 h. *P < 0.05, when PHICNQ
was compared with Que. PHICNQ reduces cell proliferation at lower doses than Que. (e and f) Time-dependent growth inhibition of untreated K562
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of triplicate samples; bars, SD. *P < 0.05, when PHICNQ-treated cells were compared with control (untreated) cells.
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K562 and CT26 tumor cells treated with PHICNQ

displayed PI-stained condensed nuclei and nuclear frag-

mentation, a ladder-like pattern of DNA fragments con-

sistent with internucleosomal DNA fragmentation, and a

sub-G1 DNA peak of PI-stained nuclei analyzed by flow

cytometry. These findings are consistent with the charac-

teristics of apoptosis induced by other agents [19,22–27].

Apoptosis has been described as multiple pathways

converging from numerous different initiating events

and insults [28,29]. It has been reported that the

treatment with Que induces cell death by triggering

apoptosis [3], Que inhibits the growth of malignant cells

through various mechanisms: inhibition of glycolysis,

macromolecule synthesis and enzymes; freezing cell

Fig. 3
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cycle; interaction with estrogen type-II binding sites

[4–8], and inhibiting the synthesis of HSP70 [3–5].

HSP70 is known to play an important role in the protein

metabolism and survival of cells [3,30]. In our study,

we found that PHICNQ treatment downregulated the

expression of HSP70 more dramatically than Que treat-

ment. It seems likely that HSP70 may be involved in

the apoptosis induced by PHICNQ and this may explain

why PHICNQ exerts a higher cytotoxicity than that

of Que.

It has been reported that Que may cause apoptosis mainly

in cells at G1 and S phases [3]. In this study, however, no

specific sensitivity of any phase of the cell cycle is found.

Thus, the apoptosis induced by PHICNQ may not result

from the freezing cell cycle.

Previous studies have demonstrated that apoptosis may

be involved in the cell death induced by chemother-

apeutic agents, including cisplatin, cytarabine, etoposide,

camptothecin, etc. [18,19]. Accumulating evidence exists

that the efficacy of antitumor agents is related to the

intrinsic propensity of the target tumor cells to respond

to these agents by apoptosis [3,18,19,28].

Apoptosis plays an important role in cancer occurrence

and progression. Most if not all neoplasms exhibit one or

more abnormalities in steps of the apoptotic process

governing the ultimate growth of neoplasms in the host.

Therefore, induction of apoptosis may be a strategy for

the treatment of tumors.

Our present results showed that PHICNQ is a more

powerful antiproliferative derivative than Que, with

cytostatic and apoptotic effects on K562 and CT26 tumor

cells, and enhanced water solubility. These findings may

be of practical significance for the further exploration and

promotion of the clinical use of Que.
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