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ABSTRACT

Seven Cu(II) complexes with 5-pyridin-2-yl-[1,3]dioxolo[4,5-glisoquinoline derivatives as ligands: [Cuy(L'),Cl4]
1), [Cu(L®ClL] (2), [Cu(LH(NO3),] (3), [Cu(L?)(NOs),] (4), [Cu(L*)Cl,] (5), [Cu(L*)Br,] (6) and [Cu(L®)
(NOs),] (7){L'= 9-nitro-5-pyridin-2-yl-[1,3]dioxolo[4,5-g]lisoquinoline, L2= 4-nitro-5-pyridin-2-yl-[1,3]dioxolo
[4,5-glisoquinoline, L3=9-bromo-5-pyridin-2-yl-[1,3]dioxolo[4,5-g]isoquinolir1e}, were synthesized and char-
acterized. Their in vitro anticancer activities against T-24, MGC-80-3, HeLa, Hep-G2, A549 and SK-OV-3 were
evaluated. Compared with their corresponding ligands, most of these complexes exhibited enhanced anticancer
activities in contrast to their corresponding ligands and copper salt. Among them, complexes 1 and 3 displayed
selective cytotoxicity to HeLa cells comparing with normal liver cell HL-7702, with ICs, values of
5.03 = 1.20puM and 10.05 = 0.52 uM, respectively. Complexes 1 and 3 inhibited telomerase activity by in-
teracting with c-myc promoter elements, and therefore exerted their antitumor activity. Furthermore, complexes
1 and 3 could trigger cell apoptosis via disruption of mitochondrial pathway through notably increased reactive
oxygen species (ROS) levels, loss of mitochondrial membrane potential (Ay,,), increase of the cytochrome ¢ and
apaf-1, decrease of bcl-2, and activation of caspases 3/9. Complexes 1 and 3 exhibited enhanced cytotoxicity,
presenting synergetic effect after the ligands coordinated to copper(II) center.

1. Introduction

Telomerase is strongly over-expressed in 85-90% of human cancer
cells compared to normal somatic cells [1-5]. Being a specific tumor
marker, the enzyme telomerase represents a highly selective anticancer
target [6-9]. The transcription factor c-myc gene plays an important
role in affecting cellular proliferation, cell growth, as well as apoptosis
[2,6,10,11]. Meanwhile, hTERT (human telomerase reverse tran-
scriptase) [8,11,12], as another major component of the human telo-
merase, is crucial for the regulation of telomere length. Therefore, it is a
promising strategy to design and synthesize small molecules stabilizing
the G-quadruplex conformation in telomeric DNA or inhibiting telo-
merase [1,3,5,12-20].

In the past decades, an increasing number of bioactive ligands and
their transition metal complexes have been reported as novel and po-
tent telomerase inhibitors. These bioactive ligands mostly contain a
planar heteroaromatic moiety, such as berberine [16-18], sanguinarine
[16], ethidium derivatives [19], quinoline derivatives [20-22], and
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isoquinoline derivatives [18,23,24]. The Ni(Il) [25,26], Cu(I) [27,28],
Ru(Il) [29,30] and Pt(I) complexes [31-33] with various bioactive li-
gands have been reported as potential telomerase inhibitors or G-
quadruplex ligands with highly selective antitumor activity.

Among these bioactive ligands, isoquinoline derivatives are the
excellent chelators with various pharmacological activities, such as
antibacterial, antifungal and anticancer activities [23,24,34-36]. On
other hand, copper is one of the most important metal ions in biological
systems and a component of many enzymes and proteins [37]. Re-
cently, an impressive number of copper(II) complexes with biological
activities, such as antibacterial and antitumor properties have been
reported [38-42]. Lots of copper complexes have been reported that
copper distribution is much higher in wide spectrum of tumor cells than
that in normal cells, and copper may be less toxic for normal cells with
respect to cancer cells [41,42]. Therefore, it is a promising therapeutic
strategy to explore copper-based complexes as antitumor agents. In
recent years, more and more isoquinoline metal complexes have been
reported as potential anticancer agents [33,43-45]. Previously, our
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group has reported a number of antitumor metal complexes with iso-
quinoline alkaloids such as liriodenine, oxoglaucine, 4,5-methylene-
dioxy-1-pyridinedihydroisoquinoline and 5-pyridin-2-yl- [1,3]dioxolo
[4,5-glisoquinoline [32,45-51]. There is still a need to discover iso-
quinoline derivatives complexes with high telomerase inhibitory ac-
tivity [33,52] and high potential as anticancer agents.

In addition, there are some nitro compounds displayed remarkable
biological activities [53-56]. Some complexes containing nitro com-
pounds as ligands have been reported with good anticancer activities
[57,58]. Hence, to continue our previous study on the 5-pyridin-2-yl-
[1,3]dioxolo[4,5-g] isoquinoline derivatives and their metal complexes
as anticancer agents, we introduced one substituent (nitro group or Br)
to the aromatic ring and synthesized three new 5-pyridin-2-yl- [1,3]
dioxolo[4,5-glisoquinoline derivatives. We synthesized and character-
ized seven new copper(II) complexes of isoquinoline derivatives, eval-
uated their cytotoxicity and determined cell apoptosis as well as their
inhibitory effects on telomerase.

2. Results and discussion
2.1. Synthesis and characterization

5-Pyridin-2-yl-[1,3]dioxolo[4,5-glisoquinoline (L% was prepared
using our previously reported method [48]. The synthetic route for li-
gands L'-L® (L' = 9-nitro-5-pyridin-2-yl-[1,3]dioxolo[4,5-glisoquino-
line, L2 = 4-nitro-5-pyridin-2-yl-[1,3]dioxolo[4,5-glisoquinoline,
L3 = 9-bromo-5-pyridin-2-yl-[1,3]dioxolo[4,5-glisoquinoline) and
their copper(I) complexes 1-7 are shown in Scheme 1. Ligands L! and
L2 were prepared using KNO3-H,SO, at low temperatures [59], while L3
was synthesized according to the reported methods [60]. Seven copper
(II) complexes were obtained by reaction of copper(Il) salts with the
corresponding ligands (L', L2, L?) in the presence of CH;OH and CHCl3/
CH,Cl,/DMSO at appropriate temperature for several days. These
compounds were characterized by ESI-MS, IR, UV-Vis, elemental ana-
lysis, single-crystal X-ray diffraction analysis (except for L%), 'H and *3C
NMR (for L' -L%). The complexes are formulated as: [Cu,(L'),Cl,] (1),
[Cu(LACL,] (2), [Cu(LH(NO3),] (3), [Cu(L?)(NO3),] (4), [Cu(L?)Cly]
(5), [Cu(L®Br,] (6) and [Cu(L®)(NOs),] (7). All important data and
results are given in the experimental section and supporting informa-
tion materials in Figs. S1-S28.

2.2. Structure of L', 12 L% and Cu(ll) complexes 1-7

The crystal structures of L'L?, complexes 1-7 and the chemical
structure of L% are depicted in Figs. 1 and 2, respectively. The crystal-
lographic data and refinement details for L', L and complexes 1-7 are
summarized in the Supporting Information (Tables S1-S4). As shown in
Fig. 2 (A), with the similar structure of isoquinoline Cu(II) complex
Cuy(L°),Cl, [48], complex 1 is a binuclear structure linked by two u-Cl.
Each Cu(Il) is coordinated with one terminal Cl~, two p-Cl anions, and
two N from one bidentate L!, adopting a five-coordinated slightly dis-
torted square-pyramid geometry. The Cu-Cu separation is 3.6359(19)
A, implying very weak metal-metal interaction. It can be found that
complex 1 exists in a tetra-coordinated mononuclear form ([Cu
(LHCl + DMSO] ™) (shown as Fig. S10) with the chlorine bridge
broken, when dissolved in a polar solution (DMSO/methanol/H,0).

R, [Cuy(L1),Cly] (1)
0 O N [Cu(LA)CLy] (2)
$ RS N o | [CulhNOs)l 3)

. [Cu(L})(NOs),| (4)
Ry~ N [Cu(L3)CL] (5)
[Cu(L*Br,] (6)

Lo LA [Cu(L?)(NO3),] (7)

L':R=NO, R,=H
L?:R;=H R,=NO,
L?:R,;=Br R=H
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Thus, we can propose that two p-Cl bonds in complex 1 are weak and
easily broken. Such structural feature provide the possibility for com-
plex 1 covalently binding to biological molecules and responsible for its
various cytotoxicity [48,50,51].

The crystal structures of complexes 2, 3, 4, 5, 6, 7 are shown in
Fig. 2(B), (C), (D), (E), (F) and (G), respectively. Selected bond angle
and bond length data are listed in Table S4. The copper centers in
complexes 2 to 7 all are tetra-coordinated with one bidentate chelating
L1/12/L3 (via N1, N2 atoms) and two monodentate anions (Cl~/Br~/
NO3 "), forming a nearly square-planar geometry. In complexes 2-7, all
bond lengths of Cu—N, Cu—O, Cu—Cl and Cu—Br are in the ranges of
1.969-2.048, 1.960-1.981, 2.014-2.2385 and 2.340-2.369 [o\, respec-
tively, which are within the normal range [48,50,61,62].

2.3. Stability and solubility studies of Cu(II) complexes 1-7

The stability of L*-L3 and complexes 1-7 (1.0 x 10~°M) in 10 mM
Tris-HCl buffer solution (TBS, pH = 7.35, containing 1.0% DMSO) were
measured by following the changes in the UV-visible spectroscopy as
shown in Fig. S27. The time-dependent (Oh, 24h and 48 h) UV-Vis
spectra of the tested compounds revealed slight hypochromicity but no
remarkable shift over time, indicating that these complexes were stable
in Tris-HCI buffer solution for 48 h at room temperature. In addition,
their stabilities were further investigated by HPLC. As depicted in Fig.
S28, the retention time for all compounds remained unchanged under
the same conditions (mobile phase: 90:10 or 80:20 methanol/H,0),
which showed that complexes 1-7 were stable for 48 h in DMSO stock
solution. The results suggested that complexes 1-7 were stable in TBS
and DMSO solution. Further confirmed by ESI-MS, complex 1 was ex-
isted as mononuclear species because it was dissociated in solution (Fig.
S10).

In addition, the water solubility of complexes 1-7 was determined
gravimetrically by UV spectroscopy (containing 2.0% DMSO), as shown
in Fig. S29 [63,64]. The solubility of complexes 1-7 in distilled water
was similar, with the solubility of 1.62, 1.75, 1.40, 1.30, 1.30, 1.35 and
1.60 mg/mL at room temperature, respectively. The results showed that
the solubility could provide an appropriate concentration for the bio-
logical experiments under near physiological conditions.

2.4. In vitro cytotoxicity

The in vitro cytotoxicities of complexes 1-7, L*-L3, and CuCl,-2H,0/
Cu(NO3),2H,0/CuBr, were evaluated against six human cancer cell
lines (T-24, MGC-80-3, HelLa, Hep-G2, A549 and SK-OV-3) and one
normal tumor cell (HL-7702) by 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay, using cisplatin as the positive
control. Table 1 and Table S5 show that complexes 1-7 exhibited
higher cytotoxicity than L', L% L3 (except for Hep-G2) and the corre-
sponding copper(Il) salts, which implied the existence of synergistic
effects after the ligands coordinated to copper(Il). Among them, com-
plexes 1 and 3, especially complex 1, exhibited higher anticancer ac-
tivity against most of the tested human tumor cell lines, with lower ICs,
values (ICsp = 5.03-15.86 uM). In general, the in vitro antitumor ac-
tivities of complexes 1-7 against HeLa cells were related to 4 or 9-
substuted-5-pyridine-2-yl-[1,3]dioxolo[4,5-glisoquinoline  following
the order of 1 > 3 > 5 > 2 > 4 > 6. Notably, complexes 1 and 3

Scheme 1. Synthetic routes for 5-pyridin-2-yl-[1,3]dioxolo
[4,5-g] isoquinoline derivatives, which are 9-Nitro-5-pyr-
idin-2-yl-[1,3]dioxolo[4,5-g] isoquinoline LY, 4-Nitro-5-
pyridin-2-yl-[1,3]dioxolo[4,5-glisoquinoline L%, and 9-
Bromo-5-pyridin-2-yl-[1,3]dioxolo[4, 5-glisoquinoline L3,
and complexes 1-7 Reagents are as follows: a: L' -L2 KNO3,
H,S0,, 0°C; b: L3: Br,, CHCl3, 40 °C; c: Salts: CuCl,2H,0/
Cu(NO3),2H,0/CuBr,2H,0; Solvent: CH30H and CHCls/
DMSO: Temperature: 40 °C/60 °C/80 °C.
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Fig. 1. Chemical structures of ligands L'

showed remarkable cytotoxicity (ICso = 5.03 and 10.05uM) in HelLa
cells, which was 3.0 times and 1.5 times more active than that of cis-
platin (ICsq = 15.09 = 0.74 uM), respectively.

As shown in Table 1, comparing L'(-NO, in 9-position)moiety to L>
(-——Br in 9-position), L' showed more effective activity against T-24,
HeLa, A549, SK-OV-3 than L3, which is similar to the results reported by
Duan [22]. The result is understandable as NO, is a good pharmaco-
phore. While comparing L' with L% (-NO, in 4-position), L' exhibited
higher cytotoxicity on cancer cells than L2, which may be attributed to
their steric factors, Interestingly, complex 1 and complex 3, although
having different coordination geometry, both displayed stronger an-
ticancer activities than the other complexes containing L? and L3, with
the activity order of complex 1 > complex 3. On the other hand,
complex 3 and complex 4 although having similar coordination geo-
metry, complex 4 showed weaker in vitro cytotoxicity than complex 3,
against the most of the tested cancer cells. All the results clearly hint
that the existence of L' in complexes plays a key role to enhance the
anticancer activities in complexes 1 and 3. The coordination of L'-L3 to
Cu(Il) center to form complexes 1-7 enhanced their anticancer activity
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Br

12 L3

-13. Hydrogen atoms are omitted for clarity.

against three or more of the used tumor cells, suggesting a synergistic
effect.

In addition, compared the data in Table 1 with those previously
reported data on L° and Cu,(L®),Cl, [48], it was found that complex 1
only showed little higher in vitro cytotoxicity against SK-OV-3 tumor
cells, showing lower cytotoxicity to A549 and MGC-80-3 than
Cuy(L%),Cl,. Basing on these results, it can be speculated that the an-
titumor activity of similar Cu(II) complexes could not be enhanced with
nitro groups introduced to L°, The nitro may destroy the binding with
the targeting molecules.

2.5. Cellular uptake and distribution of metals in HeLa cells

The MTT assay data showed that complex 1 and complex 3 dis-
played more potent anticancer activities on HeLa tumor cells than the
other complexes, especially complex 1. To better understand the com-
plexes 1 and 3-mediated cytotoxic activity and cell apoptosis, the up-
take and distribution of Pt, Cu in HeLa cells were investigated using
inductively coupled plasma mass spetrometry (ICP-MS) assay, using

F

Complex 6

Complex 7

Fig. 2. Perspective view of complexes 1(A), 2 (B), 3(C), 4(D), 5(E), 6(F) and 7(G). Hydrogen atoms are omitted for clarity.
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Table 1
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ICso” (UM) values of complexes 1-7, L! -3 and cisplatin to six selected human tumor and one normal cells.

Compds T-24 MGC-80-3 HeLa Hep-G2 A549 SK-OV-3 HL-7702

1 9.02 = 0.31 5.62 = 1.27 5.03 = 1.20 5.39 = 0.71 6.47 = 1.06 14.06 += 0.54 28.06 + 1.46
2 23.28 = 0.72 19.05 = 0.51 25.24 = 1.12 16.49 = 0.52 28.97 = 0.85 > 100 35.85 + 0.36
3 15.40 = 0.92 17.91 = 0.38 10.05 = 0.52 15.86 = 0.45 6.03 = 1.02 > 100 30.16 = 0.63
4 27.64 = 1.05 26.95 = 0.17 33.46 + 0.82 18.73 = 1.12 28.29 + 1.03 > 100 39.86 + 0.59
5 14.49 = 0.87 31.10 = 1.32 23.27 = 1.31 13.42 = 1.23 10.29 = 0.62 72.38 = 1.20 39.89 = 1.29
6 21.49 + 1.05 11.46 = 1.03 34.71 = 1.55 26.04 = 1.69 13.14 = 1.08 > 100 34.15 + 1.42
7 20.92 * 0.60 15.58 + 2.05 49.53 * 1.59 8.59 + 1.95 10.99 + 1.39 25.55 + 0.72 36.45 = 0.74
L 43.70 * 1.70 34.97 = 0.73 33.63 + 1.83 17.97 = 1.19 34.49 + 1.03 66.13 = 1.62 > 100

L2 93.30 = 0.79 42.31 = 0.51 > 100 > 100 > 100 > 100 > 100

L3 63.56 * 0.75 26.08 = 1.11 > 100 11.96 + 1.05 63.62 = 0.87 > 100 > 100
Cisplatin® 14.03 = 1.12 15.07 = 0.78 15.09 = 0.74 11.23 = 1.02 10.25 + 1.05 13.25 + 0.81 18.09 + 0.34

2 ICsq values are presented as the mean. SD (standard error of the mean) from five or six independent experiments.
b Cisplatin was dissolved at a concentration of 1.0 mM in 0.154 M NaCl [64,65].
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Fig. 4. The expressions of c-myc and hTERT in HeLa cells was determined after
treated with complexes 1 (5.0 uM) and 3 (10.0 uM) for 24 h by RT-PCR.

cisplatin as positive control. The nuclear fraction, mitochondrial
membrane fraction and cytoplasm fraction were separated and ex-
tracted after the HelLa cells were treated with complexes 1 (5.0 uM), 3
(10.0uM) and cisplatin (15 uM) for 24 h. As depicted in Fig. 3A, com-
plex 1 (5uM) was significantly accumulated ((5.26 * 0.05nmol Cu)/
10° cells) in the HeLa cells, whereas cisplatin (15.0 uM) and complex 3
(10.0uM) showed much less accumulation, with contents of
(3.92 + 0.08 nmol Pt)/10° cells and (4.35 + 0.12nmol Cu)/10° cells,
respectively. The cell uptake of Cu in HeLa cells in complex 1 was
higher than that in complex 3, probably benefit to improve its cyto-
toxicity.

In addition, the distributions of complexes 1 (5.0 uM), 3 (10.0 uM)
and cisplatin (15.0 uM) in HeLa tumor cells were further investigated
using the method reported by Chen and Qin [30,65]. As shown in
Fig. 3B, complexes 1 (5.0uM) and 3 (10.0uM) were mainly

accumulated in nuclear fraction and mitochondrial fraction, whereas
cisplatin (15.0 uM) was mainly accumulated in mitochondrial fraction.
The different accumulation and distribution of Cu and Pt metals in HeLa
cells can be contributed to the different uptake and efflux of cisplatin,
complexes 1 and 3, which may underlie the differences in cell apoptotic
pathways they activated [30].

2.6. Effects of complexes 1 and 3 on the expression of c-myc and hTERT
genes and proteins

Recent studies have revealed that the expressions of c-myc and
hTERT genes may be vital for the telomerase activity [27,65-67]. To
study the effects of complexes 1 (5.0 uM) and 3 (10.0 uM) on the ex-
pression of c-myc and hTERT genes and proteins in HeLa cells, real-time
RT-PCR experiment was firstly used to verify that complexes 1 (5.0 pM)
and 3 (10.0 uM) could down-regulate the mRNA expression of hTERT
and c-myc in HeLa cells. After the HeLa cells were exposed to complexes
1 (5.0uM) and 3 (10.0 uM) for 24 h, the results shown in Fig. 4 de-
monstrated that complexes 1 (5.0uM) and 3 (10.0uM) could sig-
nificantly reduce the expression of c-myc and hTERT. The levels of c-
myc were reduced by 43.7% and 37.9%, respectively, compared with
the control, and the levels of hTERT decreased by 48.9% and 40.3%,
respectively. Compared with the untreated group, the results indicated
that complex 1 (5.0 uM) inhibited the expression of c-myc and hTERT
protein levels more effectively than that of complex 3 (10.0uM).
Moreover, the inhibitory activity of complexes 1 (5.0uM) and 3
(10.0 uM) on the expression of c-myc and hTERT was further confirmed
by Western blot. As shown in Fig. 5, notable decreases of the expres-
sions of c-myc and hTERT proteins were observed in the HeLa cells
treated with complexes 1 (5.0 uM) and 3 (10.0 uM) for 24 h, which were
in accordance with the decreased expressions of the respective genes (c-
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Fig. 5. (A) Western blot analysis of the expression levels of c-myc and hTERT in HeLa cells treated with complexes 1 (5.0uM) and 3 (10.0 uM) for 24 h. (B)

Densitometric analysis of c-myc and hTERT proteins.

myc and hTERT) by RT-PCR experiment.

2.7. Complexes 1 and 3 inhibited the telomerase activity

It is well known that telomerase is strongly over-expressed in
85-90% of all human cancer cells while virtually absent in normal
somatic cells [1,2,6,7]. Recently, an increasing number of studies have
indicated that telomerase could be an appealing target for drug design
and anticancer therapy [1,2,6,7,27,65]. Hence, TRAP-silver staining
assay was carried out for complexes 1 and 3. Fig. 6 revealed that
complexes 1 (5.0 uM) and 3 (10.0 uM) could significantly inhibit telo-
merase activity in HeLa cells with the order of complex1 > complex 3.
The inhibitory rates of telomerase expression of complexes 1 and 3
reached 44.06% and 40.70%, respectively.

2.8. Measurement of mitochondrial membrane potential (Ay,,)

Recent studies show that mitochondria play a crucial role in the
regulation of various apoptosis pathways [64,65]. Cellular uptake study
indicated that complexes 1 (5.0 uM) and 3 (10.0 uM) were more effec-
tively accumulated to mitochondrial fraction and nuclear fraction. To
establish whether the apoptotic mechanisms induced by complexes 1 and
3 are associated with mitochondrial dysfunction, the alteration in Ay,
was measured through the examination of complexes 1 (5.0 uM) and 3
(10.0uM) treated HeLa cells by flow cytometry after staining with
5,5',6,6'-tetra-chloro-1,1'3,3-tetraethylbenzimidazolylcarbocyanine  (JC-
1) cationic dye. As shown in Fig. 7, the treatment of HeLa cells with
complexes 1 (5.0 uM) and 3 (10.0 uM) for 24 h caused obvious Ay, loss
comparing with the control (24.3% and 22.70%, respectively), suggesting
that the mitochondrial membrane was significantly damaged. The results
indicated that the cell apoptosis induced by complexes 1 (5.0 uM) and 3
(10.0 uM) was related to the mitochondrial pathway.
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Fig. 6. The inhibition of telomerase activity in HeLa cells treated with com-
plexes 1 (5.0 pM) and 3 (10.0 uM) for 24 h.

2.9. Effect on intracellular ROS generation

An increasing number of anticancer drugs induce the production of
reactive oxygen species (ROS) in tumor cells, ultimately inducing
cancer cell death and/or apoptosis [64,68,69]. Herein, we investigated
the effects of complexes 1 (5.0, 10.0uM), 3 (10.0uM) and Cisplatin
(15.0 uM) on inducing the production of ROS that could potentially lead
to the cytotoxic effect in HeLa cells. The ROS levels were examined by
using an oxidant-sensitive fluorescent probe, 2’,7’-dichloro-
fluorescindiacetate (DCFH-DA). As illustrated in Fig. 8, upon treatment
of HeLa cells with complexes 1 (5.0, 10.0 uM), 3 (10.0 uM) and cisplatin
(15.0uM) for 24h, the levels of ROS (strong green fluorescence ob-
served under a Nikon Te2000 deconvolution microscope) were sig-
nificantly increased in HeLa cells, which agreed well with the flow
cytometric analysis results for ROS generation in HeLa cells (Fig. 9 and
Fig. S30). Taken together, these results suggested that complexes 1
(5.0 uM, 10.0 uM) and 3 (10.0 uM) (compared with cisplatin) have in-
duced oxidative imbalance, enhanced the generation of ROS in HeLa
cells, and ultimately caused cell apoptosis via mitochondrial pathway
[68,70]. The above outcomes are in good agreement with the results of
MTT assay, cell uptake assay, telomerase inhibition and mitochondrial
membrane potential assay.

2.10. Measurement of Ca®* fluctuation

Recent investigations have confirmed that increases in Ca®" levels
mediated by various channels can alter Ay, in cancer cells, which is
related to cell apoptosis [70,71] just like the deregulation of ROS
generation. Thus, we examined the effects of complexes 1 (5.0,
10.0 uM), 3 (10.0uM) and cisplatin (15.0 uM) on intracellular Ca®*
mobilization in HeLa cells via flow cytometry using the fluorescent
probe Fluo-3/AM. As shown in Fig. 10 and Fig. S30, after incubated
with complexes 1 (5.0, 10.0 uM), 3 (10.0 uM) and cisplatin (15.0 uM)
for 24 h, the level of intracellular Ca®™ in these cancer cells increased
steadily compared with the control. Our findings revealed that the in-
creases of Ca>* levels and accumulation of ROS could induce apoptosis
in HeLa cells.

2.11. Determination of cell apoptosis by flow cytometry

Therefore, the apoptotic effects of complexes Cisplatin(15.0 uM) , 1
(5.0uM) and 3 (10.0uM) were further evaluated by Annexin V FITC
(fluorescein isothiocyanate)/PI (propidium iodide) double staining
assay [65,72-74]. After exposure to Cisplatin(15.0 uM) , 1 (5.0 uM) and
3 (10.0 uM) for 24 h, significant apoptosis of HeLa cells was effectively
induced, and the population of apoptic cells (Q2 + Q3) were 13.09%,
43.70% and 37.65%, respectively (Fig. 11). Furthermore, the cell
apoptotic effect of complex 1 (5.0 uM) was stronger than that of com-
plex 3 (10.0 uM) and cisplatin (15.0 uM).
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Fig. 7. Loss of Ay in HeLa cells exposed to complexes 1 (5.0 uM) and 3 (10.0 uM) for 24 h using staining with JC-1, and examined by flow cytometry.

2.12. The expression of apoptosis related proteins in HeLa cells

To further elucidate the molecular mechanisms of the induced
apoptosis, we investigated the effects of complexes 1 and 3 on the ex-
pression of the important proteins involved in mitochondria mediated
apoptosis. As shown in Fig. 12, complexes 1 (5.0 uM) and 3 (10.0 uM)
were able to decrease the level of bcl-2, and to increase the levels of
apaf-1 and cytochrome ¢ in HeLa cells, which were correlated with
mitochondrial membrane depolarization and cell apoptosis
[45,65,72-76].

2.13. Activation of caspase-3 and caspase-9

The activation of caspase-3 and caspase-9 plays a critical role in the
process of programmed cell death or/and apoptosis [45,65,72,73]. To
better understand the apoptotic pathway induced by complexes 1
(5.0uM) and 3 (10.0 uM) in Hela cells, the expressions of caspase-3/9
were assessed by flow cytometry. As shown in Fig. 13, after treated with
complexes 1, 3 and cisplatin for 24 h, the caspase-3 expression levels
were increased from 3.60% to 17.50%, 12.90% and 11.10%, respec-
tively. And the expression of caspase-9 was increased from 2.60% to
9.87%, 7.09% and 5.62%, compared to untreated control, respectively,
which confirmed that complexes 1 and 3 induced HeLa cells apoptosis
[45,65,73]. These results suggested that complexes 1 and 3 could in-
duce the expression of caspase-3/—9 and cause apoptosis.

3. Conclusion

In this study, L'-L2 and their Cu(II) complexes 1-7 have been pre-
pared and fully characterized. We evaluated the in vitro cytotoxicity of
these compounds against six cancer cell lines by MTT assay. These
complexes generally showed enhanced cytotoxicity, demonstrating sy-
nergetic effect after the ligands coordinated to copper(Il) centre.
Moreover, modification of 5-pyridine-2-yl-[1,3]dioxolo[4,5-g]iso-
quinoline with nitro or Br group affected the in vitro cytotoxicity, and

(A)Control (B)1(5.01M)

(C)1(10.0nM)

1 (5.0 pM)
A
IA
]
|
E Y
“ 3 (10.0 pM) | |
\
\ 1.(10.0 Vi)
Control
IS
L
0 10? 103 104 10°
FITC-A

Fig. 9. Measurement of ROS levels by flow cytometric analysis after the HeLa
cells were treated with complex 1 (5.0 uM,10.0 uM) and 3 (10.0 uM) for 24 h.

the L! - containing complexes exhibited higher activity than L3- con-
taining complexes in the five tested tumor cell lines. In general, the in
vitro antitumor activities of complexes 1-7 against HeLa cells followed
the order of 1 > 3 > 5 > 2 > 4 > 6. Notably, complexes 1 and 3
were selectively cytotoxic towards HelLa cells, comparing with human
normal live cells (HL-7702). Various in vitroassays indicated that com-
plexes 1 and 3 could effectively inhibit telomerase activity by binding
to c-myc promoter elements. In addition, complexes 1 and 3 also could
induce cell apoptosis via mitochondrial dysfunction.

4. Experimental section

The purity of complexes 1-7 used in our studies was 95%, which
was routinely checked by HPLC.

(D)3(10.0pM) (E)Cisplatin(15.0pM)

Fig. 8. ROS generation assay in HeLa cells after treatment with complexes 1 (5.0 utM,10.0 uM) and 3 (10.0 uM) for 24 h. Images were obtained using a Nikon Te2000

deconvolution microscope (magnification 20 x ).
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Fig. 10. Effects of complex 1 (5.0, 10.0 uM) and 3 (10.0 uM) on the intracellular
Ca?™ levels in HeLa cells treated with complex 1 (5.0, 10.0 uM) and complex 3
(10.0 uM) for 24 h, and analyzed by flow cytometry after stained with Fluo-
3 AM.

T B L

4.1. Synthesis of ligands

The synthesis of 5-pyridin-2-yl-[1,3]dioxolo[4,5-glisoquinoline (L°)
was performed using the methods as previously reported by Huang
[51]. 9-nitro-5-pyridin-2-yl- [1,3] dioxolo[4,5-g]lisoquinoline @wh, 4-
nitro-5-pyridin-2-yl-[1,3]dioxolo[4,5-g]isoquinoline (L% were pre-
pared as follows: 5-pyridin-2-yl-[1,3]dioxolo[4,5-glisoquinoline (2.5 g,
10 mmol) in a 250 mL dry flask was stirred in 80 mL of concentrated
H,S0, in ice bath before all the solid was dissolved. KNO; pellets
(1.02 g, 10 mmol, 1.0 equiv) were then slowly added to the above so-
lution [59]. The reaction mixture was stirred at 0 °C for 5 h, then slowly
poured onto ice, basified with 5% NaOH aq and stirred for another
30 min. The brown mixture was filtered and washed with cool water
(8 x 20 mL). The crude product was purified with silica gel column
chromatography using eluent of CH,Cl,/petroleum ether to get L' and
L2, with 52% and 33% yield, respectively.

Data for L': '"H NMR (500 MHz, CDCl,):8 8.77 (s, 1H, H-8), 8.69 (d,
J = 5.8 Hz, 1H, H-3), 8.37-8.34 (m, 1H, H-6"), 8.29 (d, J = 5.7 Hz,
1H, H-4), 8.06 (d, J = 7.7 Hz, 1H, H-3’), 7.96-7.90 (m, 1H, H-4"),
7.46-7.43 (m, 1H, H-5"), 6.33 (s, 2H, H-9). *C NMR (125 MHz,
CDCl3) 8 157.82 (C-1), 155.90 (C-6), 148.62 (C-7), 148.46 (C-6"),
147.33 (C-2’), 144.08 (C-3), 137.34 (C-4’), 128.18 (C-4a), 126.36
(C-5), 125.47 (C-3"), 123.61 (C-5’), 122.90 (C-8a), 115.76 (C-8),
109.12 (C-4), 104.02 (C-9). ESI-MS: m/z 296.0666[M + H]™;
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Selected IR (KBr, cm™1): 3078, 2923 (v (Ar—H); 1557 (W(C=N));
1519 (v,(NO,)); 1338 (v (NO,)), 892 (v (C—N)). Anal. Calc. (%)
(for C15sHoN30,): C 61.02, H 3.07, N 14.23; Found: C 60.86, H 3.28,
N 14.30.

Data for L% 'H NMR (400 MHz, DMSO-de) & 8.61 (d, J = 5.3 Hz,
1H, H-3), 8.39 (d, J = 7.8 Hz, 1H, H-6), 8.06 (d, J = 7.9 Hz, 1H, H-
3%, 7.98 (dd, J = 7.6, 1.5 Hz, 1H, H-4"), 7.82 (d, J = 5.4 Hz, 1H, H-
4),7.68 (s, 1H, H-5), 7.41-7.38 (m, 1H, H-5"), 6.44 (s, 2H, H-9). 13C
NMR (100 MHz, DMSO-dg) § 158.95 (C-1), 154.20 (C-7), 151.56 (C-
6), 148.08 (C-6"), 146.16 (C-2"), 142.95 (C-3), 137.83 (C-4"), 136.14
(C-4a), 128.03 (C-8), 124.00 (C-3"), 123.41 (C-5), 120.57 (C-5),
114.66 (C-8a), 106.58 (C-4), 105.36 (C-9). ESI-MS: m/z
296.0661[M + H] ™. Selected IR (KBr, cm™!): 3018, 2915 (v
(Ar—H)); 1536 (v4(NO5)); 1331 (v4(NO,)); 1575 (v(C=N)); 894 (v
(C—N)). Anal. Calc. (%) (for C15sHoN304): C 61.02, H 3.07, N 14.23;
Found: C 60.93, H 3.02, N 14.26.

In a double necked flask, a solution of Br, (0.1 mmol in 15mL
CHCl3, 1.0 eq) was added dropwise to a solution of 5-pyridin-2-yl-[1,3]
dioxolo[4,5-glisoquinoline (0.5g, 0.2mmol in 40 mL dry methylene
chloride) under nitrogen atmosphere at room temperature [60]. Then
the overall mixture was refluxed for 2 h. Afterwards, the vessel content
was cooled to room temperature, poured onto ice, alkalinized
(pH9-10) with 5% aqueous NH,OH and filtered. The resulting solid
was washed with ether (2 X 5mL) to give the crude product. The final
product was purified by silica gel column chromatography to obtain
white needle-like solid (yield 51%).

Data for L3: 'H NMR (400 MHz, CDCl;) & 8.76 (d, J = 4.5Hz, 1H,
H-6"), 8.59 (d, J = 5.7 Hz, 1H, H-3), 7.99-7.97 (m, 2H, H-3’, 4’),
7.92-7.87 (m, 2H, H-3, 8), 7.40-7.37 (m, 1H, H-5), 6.16 (s, 2H, H-
9). 13C NMR (100 MHz, CDCl;) § 158.41 (C-1), 156.01 (C-7), 149.16
(C-6), 148.63(C-6"), 148.14(C-2), 142.49 (C-2), 137.20 (C-4"),
134.59 (C-4a), 125.43 (C-3), 124.66(C-8a), 123.40 (C-5"),
118.99(C-4), 103.54 (C-8), 102.05 (C-9), 96.27 (C-5). ESI — MS: m/z
330.9900 [M + H] . Selected IR (KBr, cm ™ 1): 2919 (v(Ar—H); 1562
(v(C=N)); 829 (¥(C—Br)). Anal. Calc. (%) (for C;5sH9BrN,0,): C
54.74, H 2.75, N 8.51; Found: C 54.47, H 2.68, N 8.62.

4.2. Synthesis of complexes 1-7

A mixture of corresponding copper(II) salts (0.1 mmol, CuCl,2H,0/
Cu(NO3)>2H,0/CuBr,, respectively) , ligand L/12/L3 (0.1 mmol),
methanol and CHCI;/DMSO was placed in a thick Pyrex tube (ca. 25 cm
long). The resulting mixture was frozen by liquid N, and vacuumed,
sealed, and then heated at the appropriate temperature for 3-5 days.
After that, the mixture was slowly cooled to room temperature at a rate
of 5°C/h to obtain crystals of complexes 1-4, 6,7 suitable for single
crystal X-ray diffraction analysis.

105 ?lscs ?i)s 105 102.,'\ :.)x:m 105:?‘45% ?;ss 105- ?ls:s .'otzus

. 104 Control |, 1 104} 3 104 Cisplatin
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Fig. 11. Apoptosis of HeLa cells treated with 1 (50 pM) and 3 (10.0 uM) for 24 h by staining with Annexin V/propidium iodide, compared with the control group.
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Data for complex 1: CuCly2H,0(0.1 mmol, 0.0171g), L'
(0.1 mmol, 0.0295g), methanol (1.0mL) and dimethyl sulfoxide
(0.2mL) was placed in a thick Pyrex tube (ca. 25 cm long).The re-
sulting mixture was frozen by liquid N, and vacuumed, sealed, and
then heated at 80 °C for 3 days. The green block crystals were used
for single crystal X-ray diffraction analysis. Yield (65%). ESI — MS:
470.97 [Cu(L")Cl + DMSO] *; Selected IR (KBr, cm™'): 3105, 2923
(v(Ar—H); 1574 (v(C=N)); 1536 (v4(NO5)); 1335 (v5(NO5)); 874 (v
(C—N)). Anal. Calc. (%) (for C3oH;Cl4CusNgOg): C41.93, H2.11, N
9.78; Found: C 41.81, H 2.03, N 9.83.

Data for complex 2: According to the similar procedure, complex 2
was gained from CuCly2H,0 (0.1 mmol, 0.0171 g), L? (0.1 mmol,
0.0295 g), methanol (1.0 mL) and CHCl; (0.2 mL), with the reaction
solution heated at 40 °C. The blue-green block crystals were used for
single crystal X-ray diffraction analysis. Yield 67%. ESI-MS: 470.97
[Cu(LH)Cl + DMSO]*; Selected IR (KBr, cm™'): 2926 (v(Ar—H));
1577 (v(C=N)); 1524 (v4(NO,)); 1329 (v4(NO,); 884 (v(C—N)).
Anal. Calc. (%) (for C;5HoCl,CuN304): C 41.93, H 2.09, N 9.78;
Found: C 41.91, H 2.08, N 9.81.

Data for complex 3: Using a similar process as complex 1, complex
3 was obtained from the mixture of Cu(NO3),2H,0(0.0223 g), L!
(0.1 mmol, 0.0295g), methanol(1.0mL) and CHCl; (0.2mL) as a
green rod-shaped crystal. Yield 73%. ESI-MS: m/z 419.97 [Cu(L")
(NO3)1*, m/z 497.97 [Cu(LM)(NOs) + DMSO]*; Selected IR (KBr,
cm™1): 3105, 2925 (V(Ar—H)); 1579 (W(C=N)); 1529 (v4(NO,));
1258 (vs (NOy)); 1383 (¥(NO3 ™)), 805 (v(C—N)). Anal. Calc. (%) (for

Fig. 12. (A) Western blot assay was used to
determine the expression of cytochrome c,
apaf-1 and bcl-2 in Hela cells treated with
complexes 1 (5uM) and 3 (10.0uM) for
24h. (B) Densitometric analysis of cyto-
chrome ¢, apaf-1 or bcl-2 protein normal-
ized with B-actin. The relative expression of
each protein is represented by the density of
the protein band/density of B-actin band.
Mean SD was from three independent
measurements.

apaf-1 cytochrome ¢

C15HoCuNs019): C 37.32, H 1.88, N 14.51; Found: C 37.28, H 1.83,
N 14.55.

Data for complex 4: Similar to the process of synthesis of complex
3, L was replaced by L2 (0.0295 g), then heated at 40 °C to obtain
complex 4. Yield 68%. ESI-MS: m/z 419.97 [Cu(LH(NO3)] T, m/z
497.97 [Cu(L?)(NO3) + DMSO] *; Selected IR (KBr, cm ™ '): 3086 (v
(Ar—H)); 1583 (W(C=N); 1526 (v4(NO5)); 1295 (vs(NO,)); 1384 (v
(NO37)); 859 (v(C—N)). Anal. Calc. (%) (for C;5sH9CuN50,0): C
37.32, H 1.88, N 14.51; Found: C 37.29, H 1.85, N 14.48.

Data for complex 5: 0.5 mmol CuCl, 2H,0 (0.0855 g), 0.5 mmol L3
(0.1650 g), methanol (15.0mL) and chloroform (5.0mL) were
placed into a 25 mL Teflon-lined autoclave. The mixture was sealed,
and then heated at 60 °C for 3 days. The mixture was slowly cooled
to room temperature at a rate of 5°C/h and filtered. The green
crystal was then crystallized through slow evaporation. The blue
block crystals suitable for single crystal X-ray diffraction analysis
were obtained after two weeks, yield 71%. ESI-MS: m/z 505.89 [Cu
(L3Cl + DMSO]*. Selected IR (KBr, cm ™~ 1): 3058; 2914(v(Ar—H));
1572 (w(C=N); 829 (¥(C—Br)). Anal. Calc. (%) (for
C15HoBrCl,CuN5,0,): C 38.86, H 1.96, N 6.04; Found: C 38.82, H
1.91, N 6.07.

Data for complex 6: Complex 6 was synthesized, as blue block
crystals, with mixture of CuBr, (0.1 mmol, 0.0223 g), L3 (0.1 mmol,
0.0330 g), methanol (0.60 mL) and chloroform (0.20 mL), heated at
60 °C. Yield 65%. ESI-MS: m/z 471.83 [Cu(L*)Br] *, m/z 549.84 [Cu
(L®Br + DMSO] * ; Selected IR (KBr, em™1): 3081 (v (Ar—H)); 1572
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Fig. 13. The activation of caspase-3 and caspase-9 in HeLa cells treated with complex 1 (5uM) and 3 (10.0 pM) for 24 h.
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(v(C=N); 833 (v(C—Br)). Anal. Calc. (%) (for C;5HoBrsCuN,0,): C
32.61, H 1.64, N 5.07; Found: C 32.57, H 1.60, N 5.11.

Data for complex 7: According to the synthesis of complex 6, CuBr,
(0.1 mmol, 0.0223 g) was replaced by Cu(NO3)>2H,0 (0.1 mmol,
0.0223 g), finally heated at 80 °C. The blue block crystals of complex
7 were used for single crystal X-ray diffraction analysis. Yield (75%):
ESI-MS: m/z 454.90 [Cu(L®)(NO3)]*; Selected IR (KBr, cm ~'): 3091
(v(Ar—H); 1576 (v(C=N); 1383 (v(NO3)); 849 (v(C—Br)). Anal.
Calc. (%) (for C;5HoBrCuN,4Og): C 34.87, H 1.76, N 10.84; Found: C
34.84, H 1.71, N 10.89.

4.3. Materials and instrumentation

The data collections of single crystals of L! -L2 and complexes 1-7
were carried out on a SuperNova CCD diffractometer or Bruker SMART
Apex II CCD diffractometer equipped with graphite monochromated
Mo-Ka radiation (A = 0.710 73 10\) at room temperature. All structures
were solved with direct methods by SHELX-97 programs and refined
using full-matrix least-squares methods with anisotropic thermal para-
meters for non-hydrogen atoms on F> [77-79]. The crystallographic
data and refinement details are summarized in Tables S1 — S4 (Sup-
porting Information). The inhibitory rates (%) of L*-L, CuCl,-2H,0, Cu
(NO3)>2H,0, CuBr,, cisplatin and newly synthesized complexes 1-7
against six cancer cells and one normal liver cell lines for 48 h are listed
in Table S5. The MTT assay, cell apoptosis, measurement of Ay, ana-
lysis by JC-1 staining, ROS generation, Ca®* fluctuation, RNA extrac-
tion, RT-PCR and Western blot assay of complexes 1 and 3, were similar
to those reported by Reed, Qin and Cao [25,27,65,80]. The TRAP-silver
staining assay was performed using the methods reported by Reed, Qin
and Deng [25,27,73]. The detailed procedures of these experimental
methods were given in the supporting materials.

4.4. Statistical analysis

The data were assessed by Student's t-test using SPSS 13.0, p values
of < 0.05 were considered statistically significant.

Abbreviations

ESI-MS  electrospray ionization mass spectroscopy
T24 human bladder cell line

MGC-80-3 human gastric cancer cell line

HeLa human cervical cell line

Hep-G2 human hepatocellular carcinoma cell line

A549 human lung cancer cell line
SK-OV-3 human ovarian carcinoma cell line
HL-7702 human normal liver cell line

DMSO  dimethyl sulfoxide

PBS phosphate buffer saline

TBS Tris-HCl buffer solution

UV-vis  UV-visible

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide

Cisplatin diaminodichloroplatinum(II)

PI propidium iodide

hTERT  human telomerase reverse transcriptase

ROS reactive oxygen species

DCFH-DA 2’,7’-dichlorohydrofluorescein diacetate

JC-1 5,5%,6,6’-tetra-chloro-1,1’,3,3’-tetra-
ethylbenzimidazolylcarbocyanine

Ay, mitochondrial membrane potential
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Appendix A. Supplementary data

The solution stability and solubility experiments, ESI-MS, 'HNMR, ,
IR, and crystal data was listed. In addition, CCDC Nos. 1890983,
1890984 and 1890976 — 1890982 for L', L* and complexes 1—7 con-
tains the supplementary crystallographic data for this paper.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jinorgbio.2019.110820.
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