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Four novel porphyrins containing nitric oxide (NO) donors were synthesized, and the structures of all the
products were characterized by IR, UV–vis, 1H NMR, and elementary analysis. Interestingly, these new
compounds not only were able to release NO, but also showed cancer cell-oriented accumulation. Higher
accumulation of these new porphyrins containing NO donors in BEL-7402 liver cancer cells than in L-02
liver normal cells was corroborated by UV–vis spectroscopy. The biological activity of these porphyrins
against BEL-7402 liver cancer cells was tested with a MTT assay. The studies indicated that they had more
effective killing of BEL-7402 liver cancer cells than that of L-02 liver normal cells, and they had similar
activity against MCF-7 breast cancer cells when compared to 5-fluorouracil in the absence of light.

� 2009 Elsevier Ltd. All rights reserved.
Nitric oxide (NO) is a key signaling molecule involved in the
regulation of many biological processes, such as regulation of
blood pressure, and neurotransmission.1,2 NO is generated either
from L-arginine under the catalysis of NO synthase (NOS) or from
synthetic releasing NO compounds, such as nitrate, furoxan,
hydroxyguanidine, S-nitrosothiol, diazeniumdiolate, and others.3,4

Recent studies have showed that NO appears to be critical for the
tumoricidal activity of the immune system. High concentration of
NO was cytotoxic and could induce the apoptosis of tumor cells,
preventing tumors from metastasizing and assisting macrophage
to kill tumor cells.5–10 Increased scientific evidence supports that
NO deficiency is implicated in many physiological and pathological
processes within the mammalian body.4 This fact provides a solid
biologic basis for the application of NO replacement therapy in
clinic. One of such use is to make a specific tissue-targeted delivery
of NO releasing drugs to tumor cells apoptosis.3–5 However, the
development of NO donors with good tissue specificity is still very
challenging.11–13

As porphyrin can selectively accumulate in tumor tissues,14–17

it may serve as an ideal base for the design of new NO releasing
compounds for the production of NO specifically in tumor tissues.
We reasoned that porphyrins bearing moieties releasing nitric
oxide could make the concentration of NO in tumor tissue higher
than in surrounding normal tissue by the transport of porphy-
rins.18,19 In addition, we have recently reported that some hybrid
porphyrins have a better anticancer activity in the absence of
light.20,21
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In this Letter, we described the synthesis of four new porphy-
rins containing NO donors and their cancer cell-oriented release
of NO. Furthermore, we also investigated the accumulation around
the cancer cells and the preliminary anticancer activity of these
new compounds.

The synthetic route to porphyrins bearing NO donors was out-
lined in Scheme 1. Parahydroxybenzaldehyde 1 was treated with
dibromoalkanes bearing two to three carbons in K2CO3 and acetone
at 56 �C to generate compound 2 in 63–67% yields22, which was
then reacted with AgNO3 in CH3CN to afford the corresponding ni-
trates 3 in good yields (70–78%).23

Initially, an attempt was made to synthesize porphyrins 4a–d
via the Adler–Longo method24 by refluxing reactants in propionic
acid. Different acids, such as HCOOH, CH3COOH, and CH3CH2COOH
were employed as refluxing solvents, and zinc acetate was used as
template to stabilize the cyclic tetramer structure of intermediates.
However, no product was detected. LC/MS analysis showed that
the organic nitrates were decomposed in the presence of acid with
high temperature. This indicates that the Adler–Longo method is
not suitable for the synthesis of NO releasing porphyrins. In addi-
tion, we also found that the original reaction conditions of the
Lindsey method25 also could not afford porphyrin 4a–d. Fortu-
nately, the products were obtained when CF3COOH was used as
catalyst. The reaction of 3a or 3b with benzaldehyde or p-tolualde-
hyde with pyrrole in the ratio of 1:3:4 catalyzed by CF3COOH
smoothly afforded porphyrin 4a–d in 6.7–8.2% yield.26

To examine whether the newly synthesized porphyrins contain-
ing NO donors could indeed release NO, the percentage of NO re-
leased in vitro from 4a to 4d upon incubation with L-cysteine for
1.5 h at 37 �C, was determined (Table 1).27
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Scheme 1. Synthetic routes of porphyrins bearing NO donor outlined. Reagents and conditions: (i) Br (CH2)nBr, K2CO3, CH3COCH3, 56 �C, 20 h (2a 63%, 2b 67%); (ii) CH3CN,
AgNO3, reflux (3a 70%, 3b 78%). (iii) (a) CF3COOH, CH2Cl2, room temperature 12 h; (b) p-chloranil reflux 30 min (6.7–8.2%).

Table 1
Nitric oxide released from 4a to 4da

Compound % NO release in PBSb % NO release in 18 lM L-cysteinec

4a 0.43 ± 0.01 5.67 ± 0.08
4b 0.55 ± 0.03 3.12 ± 0.04
4c 0.47 ± 0.03 3.95 ± 0.06
4d 1.10 ± 0.06 6.25 ± 0.07

a Percentage of nitric oxide released (mean value, n = 3) relative to a theoretical
maximum release of 1 mol of NO/mol of test compound was determined using the
Griess reaction.

b Incubated in phosphate buffer solution (PBS, pH 7.4) at 37 �C for 1.5 h.
c Incubated in the presence of 18 lM L-cysteine in phosphate buffer solution (pH

7.4) at 37 �C for 1.5 h.
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It has been reported that a reduced thiol group such as L-cys-
teine, L-cysteamine, or glutathione is required for the release of
NO from certain NO donor agents such as those containing an or-
ganic nitrates moiety.28 The data of the percentage of NO release
acquired in this study are consistent with the literature since the
percentage of NO released from 4a to 4d were higher upon incuba-
tion in the presence of L-cysteine (3.12–6.67%) compared to that
determined in phosphate buffer solution (PBS) at pH 7.4 (0.43–
1.10%). The superior NO release of these compounds is in good
agreement with the reported results that high dose of NO showed
potent cytotoxicity on tumor cells.6,7

MTT cytotoxicity assay29 was widely used to estimate the bio-
activity of a drug molecule. Compounds 4a–d and the reference
compounds tetraphenylporphyrin and 5-fluorouracil, were evalu-
ated for their tumor cell cytotoxicity using a MTT cytotoxicity as-
say30 (Table 2). All compounds showed higher activity against
BEL-7402 liver cancer cells when compared to 5-fluorouracil in
the absence of light. Compound 4a showed similar activity against
MCF-7 breast cancer cells when compared to 5-fluorouracil. In
Table 2
Cytotoxicity of the target compounds against BEL-7402 and MCF-7 cells in vitro

Compound Cytotoxicity (IC50, lM)a,b

BEL-7402 MCF-7

4a 0.8 ± 0.04 8.7 ± 0.6
4b 1.8 ± 0.2 55 ± 4.9
4c 3.0 ± 0.1 30 ± 3.2
4d 1.4 ± 0.06 46 ± 3.1
Tetraphenylporphyrin 350 ± 18.3 245 ± 21.8
5-Fluorouracil 4.3 ± 0.7 4.7 ± 0.4

a The IC50 values represent the concentration which results in a 50% decrease in
cell growth after 72 h incubation.

b Values are the means of three experiments.
contrast, tetraphenylporphyrin was significantly less active against
tested cancer cell lines in the absence of light. This result is in
accordance with the fact that tetraphenylporphyrin has low dark
cytotoxicity.21 Furthermore, these results suggested the cytotoxic-
ity activity of these new compounds might come from the part of
NO donors.

An enhanced accumulation of compound 4a in BEL-7402 liver
cancer cells compared to L-02 liver normal cells was detected by
UV–vis spectroscopy.31 The absorbance of the cell culture fluid
was detected after incubation of 4a (100 lmol/L) for 30 min
(Fig. 1). The absorbance of the cell culture fluid in BEL-7402 liver
cancer cells decreased more when compared to the absorbance
of the cell culture fluid in L-02 liver normal cells. These results
showed that the new porphyrins selectively release NO in tumor
cells.

To determine whether NO releasing derivatives of porphyrin ex-
hibit different toxicity between tumor and normal cells, 4a–d and
tetraphenylporphyrin were evaluated toward L-02 liver normal
cells and Bel 7402 liver cancer cells using a MTT based cell viability
assay. As shown in Figure 2, 4a–d showed more effective killing of
BEL-7402 liver cancer cells than that of L-02 liver normal cells at
the concentration of 1.4 lmol/L after 72 h of incubation. Compared
with TPP, 4a–d showed a statistical difference in viability
(p < 0.001). Tetraphenylporphyrin exhibited less activity against
tested cell lines in the absence of light and compounds 3a and
3b exhibited more toxicity toward L-02 liver normal cells than to-
ward BEL-7402 liver cancer cells. This indicates that new porphy-
rins release more NO in the circumstance of cancer cells than in
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Figure 1. The absorbance of cell culture fluid after incubation of 100 lmol/L 4a for
30 min.
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Figure 2. Cytotoxicity (data were subjected to one-way analysis of variance
(ANOVA), followed by multiple comparisons with least significant differences (LSD)
test. Statistical significance was considered with P < 0.05) of the target compounds
between tumor and normal cells at the concentration of 1.4 lmol/L.
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normal cells, and it is consistent with the finding that new com-
pounds accumulate more in the circumstance of cancer cells than
in normal cells.

In summary, a series of novel porphyrins releasing NO were
synthesized and their biological activities were evaluated. All
new compounds can release a high percentage of NO and have bet-
ter accumulation toward cancer cells than toward normal cells.
Consequently, they showed better activities towards cancer cells.
We believe that they could be employed as promising agents in
chemotherapy.
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