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ABSTRACT: The facile modification of the ligands in organometallic Ru(II)—arene
complexes offers more opportunities to optimize their pharmacological profiles.
Herein, three Ru(II)—arene complexes containing a glutathione S-transferase (GST)
inhibitor (NBDHEX) in chelate ligand have been designed and synthesized in this
study. In vitro results indicated that the ligation with NBDHEX significantly increased
the activities and selectivities of the organometallic Ru(II)—arene complexes against
tumor cells, especially complex 3, which was the most active compound among the
tested compounds. DFT calculations and hydrolysis results demonstrated that
complex 3 with more alkyl groups in the arene ligand has increased electron density at
the Ru(II) center as compared with complexes 1 and 2, thus resulting in the improved
hydrolysis rate, which may be responsible for its higher anticancer activity. Further
studies showed that complexes 1—3 can cause the loss of the mitochondrial
membrane potential and upregulate the expression of Bcl-2 and Bax in A549 cells,
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suggesting that complexes 1—3-induced cell death may be mediated via the mitochondrial apoptotic pathway. Thus, these findings
suggested that simultaneous modification of the chelate ligands and arene rings in the organometallic Ru(II)—arene complexes is an

effective way to improve their pharmacological properties.

Bl INTRODUCTION

Platinum(II)-based anticancer drugs represent one of the
important chemotherapy agents that have been widely used for
the treatment of solid tumors." These platinum complexes
show unique advantage in the field of tumor therapy due to
their covalently binding to the target DNA, a character that is
different from most of the organic drugs, thus prolonging the
drug action duration and improving the therapeutic efficacy by
completely inhibiting the bioactivity of the therapeutic target.”
However, the irreversible binding of the platinum drugs to
DNA may result in severe side effects. In addition, the
inevitable drug resistance is another limitation of the platinum
drugs.” Considering the disadvantages of platinum drugs, other
metal-based anticancer compounds have been designed as
alternatives to platinum drugs, especially ruthenium-based
anticancer agents, which has shown great promising in cancer
therapy due to their unique biological properties and low
toxicity.* "

To date, three ruthenium complexes, including two
chemotherapy agents (NAMI-A, KP1019, and its sodium salt
KP1339) and one photosensitizer (TLD1433), have been
approved for clinical trials, especially KP1339 and TLD1433,
both of which have successfully completed ;)hase I clinical
trials with encouraging profiles (Figure 1).2°7** However, the
clinical studies of NAMI-A were interrupted due to the
unconvincing efﬁcacy.%25 Recently, the organometallic half-
sandwich ruthenium(II) complexes have attracted increasing
attention for their potential clinical applications in cancer
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therapy. The notable examples are RM175 and RAPTA-C,
which were developed by the groups of Sadler and Dyson,
respectively, and are currently in an advanced preclinical
stage.”*”*” Importantly, the facile modification of the
coordination ligands and arene rings in Ru(II)—arene
compounds offers more opportunities to optimize their
pharmacological profiles with improved anticancer activity
and selectivity.”"™°

Glutathione S-transferase(s) (GSTs) are a class of phase II
detoxification enzymes that catalyze the conjugation of
glutathione (GSH) with both endogenous and exogenous
electrophilic substrates, thus leading to the inactivation of
various electrophilic agents, including anticancer drugs.*®
Moreover, overexpression of GSTs was detected in many
types of human tumors, which would accelerate the
degradation of anticancer drugs before they reach the
therapeutic targets.37 Consequently, GST inhibitors based on
different chemical structures, such as benzoxadiazole, dichlor-
otriazine, and a@-chloroacetamide, have been developed as
potential anticancer agents.’®’” Besides, several natural
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Figure 1. Related anticancer ruthenium complexes in this paper.

compounds such as piperlongumine and curcumin have also
shown the potent cytotoxicity by inhibiting the activity of
GSTs.*”*" Noteworthy, many studies have demonstrated that
GST inhibitors can not only potentiate the cytotoxicity of the
chemotherapeutic agents against the cancer cells but also
resensitize the efficacy of the chemotherapeutic agents against
drug-resistant cancer cells, implying the positive synergistic
effect between GST inhibitors and chemotherapeutic agents in
the aspect of cancer therapy.”” *® More importantly, the
complexation with ethacrynic acid (a potent GSTs inhibitor)
conferred the metal-based chemotherapeutic agents including
platinum(IV), ruthenium(II), and osmium(II) complexes with
higher potential to potentiate their cytotoxicity and overcome
the drug resistance,””*® highlighting that hybridization of GST

inhibitors with metal-based cytotoxic agents is a rational and
effective way for the design of novel anticancer agents.

Nitrobenzoxadiazole (NBD) derivatives are a class of
effective GST inhibitors, and the notable example is 6-(7-
nitro-2,1,3-benzoxadiazol-4-ylthio )hexanol (NBDHEX), which
has been widely studied and modified as a GST inhibitor.** "
For example, it has been described that the modifications on
the hydroxy-containing alkyl chain with different linker lengths
and number of oxygen atoms at the C4 position of the NBD
scaffold can modulate the physicochemical properties (e.g.,
hydrophilicity/hydrophobicity balance) as well as cytotoxicity
of NBDHEX.*>** Moreover, it has been shown that NBDHEX
has the synergistic effect with platinum-based agents against
cancer cells.*’ Herein, three arene—Ru(II) GST inhibitor
conjugates have been designed and synthesized by introduc-
tion of NBDHEX in the organometallic Ru(II) scaffold
(Scheme 1). It is anticipated that NBDHEX can potentiate
the cytotoxicity of the organometallic Ru(II)—arene com-
plexes, while the arene ligands can modulate their phys-
icochemical properties such as kinetic reactivity. Therefore, the
hydrolysis rates, biological activities, and underlying anticancer
mechanisms of the prepared arene—Ru(1I) conjugates will be
studied and discussed.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Ligand L1 and
complexes 1—3 were synthesized by following the procedure
shown in Scheme 1. First, S-aminophenanthroline was mixed
with N,N-diisopropylethylamine (DIPEA) and a catalytic
amount of 4-(dimethylamino)pyridine (DMAP) and then
reacted with triphosgene following by adding NBDHEX to
yield ligand L1. Complexes 1—3 were subsequently prepared
by the reaction of the dimer [Ru(arene)Cl,], with L1 (arene =
benzene, p-cymene, and hexamethylbenzene). The resulting
complexes were characterized by elemental analysis as well as
'H and "*C NMR spectra along with ESI-MS spectrometry
(see the Supporting Information, Figures S1—S12). The
spectral data were in good agreement with the corresponding
structures of complexes 1—3. The fluorescence emission
spectra (Ex = 430 nm) were also analyzed (see Figure S13),

Scheme 1. Preparation of Ligand L1 and Complexes 1—3

“Reagents and conditions: (i) DIPEA, DMAP, DCM, 0 °C; N,, triphosgene, 0

B

L1

00 QX

°C, 4 h; EtOH, rt, 4 h; (i) EtOH, rt, S h.
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Table 1. log Py and ICg, Values of the Ligand L1, Complexes 1—3, Ru-Con, and Cisplatin against A549, MCF-7, and LO2

Cell Lines after 72 h Incubation

ICy, values (uM)

compound log Pow A549
1 —0.64 2.80 + 0.14
2 —-0.37 242 + 0.11
3 —0.28 1.40 + 0.06
L1 6.05 3.14 + 0.14
Ru-Con n.d.” 2271 + 1.12
cisplatin —2.03° 19.43 + 0.84

SE*
7.3
6.7

17.6
0.8
19
0.5

MCE-7 SF LO2
9.99 + 0.44 2.1 2049 + 142
8.38 + 0.31 1.9 16.17 + 0.98
523 £ 0.16 4.7 24.69 + 1.74

11.09 + 0.58 0.2 2.58 + 0.09
13.50 + 0.75 3.1 4227 + 1.94
10.98 + 0.64 0.9 10.11 + 0.62

“SF (sensitivity factor) = ICyy (normal cell line)/ICs, (tumor cell line); the average of three experiments was taken for all results. bn.d. = not

determined. “Cited from ref 18.

showing that the emission wavelength of complexes 1—3 was
530 nm.

Moreover, the log Py values of L1 and complexes 1-3
were determined by using shake-flask method followed by
UV—vis analysis. As shown in Table 1, the log Pqyy values of
ruthenium complexes 1—3 were in the appropriate range of
—0.64 to —0.28, which were much lower than that of ligand L1
(6.05), indicating that complexes 1—3 possessed moderate
lipophilicity, and hydrophilicity was beneficial for the
druggability of the resulting complexes.

In Vitro Cytotoxic Activity. The cytotoxic activities of
ligand L1 and complexes 1—3 against MCF-7 (breast cancer),
AS549 (nonsmall cell lung cancer), and normal liver cell line
LO2 were evaluated by an MTT assay together with [(17°-p-
cymene)Ru(1,10-phenanthroline-kN',kN'?)CI]C1 (abbrevi-
ated as Ru-con) and cisplatin as positive control after 72 h
incubation. After three parallel experiments, the IC;, values
(the dose required to inhibit 50% cell growth) were
determined according to the dose-survival curve (Table 1).

As shown in Table 1, the in vitro antitumor activities of
compounds 1—3 against two tumor cell lines were generally
better than those of NBDHEX derivative L1, Ru-con (without
NBDHEX group), and cisplatin, with the order of correspond-
ing cytotoxic activities of 3 > 2 > 1, suggesting that both GST
inhibitor NBDHEX and ruthenium skeleton played critical
roles in cytotoxicity. Among them, compound 3 displayed the
strongest cytotoxicity toward tumor cells: the in vitro
cytotoxicity of compound 3 against AS49 and MCF-7 was
13.8 and 2.1 times active, respectively, as compared with
cisplatin, increased by 2.2 and 2.1 times, respectively, as
compared with NBDHEX derivative L1. In addition, the in
vitro cytotoxicity of compound 3 against A549 and MCF-7 was
16.2- and 2.6-fold more potent than that of Ru-con,
respectively. Moreover, the cytotoxicity of compound 3 against
human normal liver cells was significantly lower than that of
cisplatin, with the selectivity factors (SF values) of 17.6 and 4.7
relative to A549 and MCEF-7, respectively, indicating that
compound 3 has advantages in the selectivity between normal
and tumor cells. On the contrary, the NBDHEX derivative L1
seemed to have higher cytotoxic activity on human normal
hepatocytes.

In conclusion, complex 3 exhibits excellent cytotoxic activity
on the tested cancer cell lines, especially AS49 cell line,
together with high selectivity between tumor cells and normal
cells. Thus, A549 cell line has been chosen as a tumor model to
investigate the mode of actions of the resulting ruthenium
complexes in the subsequent study.

Live and Dead Cell Staining Study. To further confirm
the cytotoxicity of complexes 1—3 on tumor cells visually, the

live and dead cell staining study was performed by the Calcein-
AM/PI double-staining assay. As demonstrated before,54
Calcein-AM could penetrate the membrane of living cells
and be hydrolyzed by intracellular esterases to produce Calcein
with strong green fluorescence, while propidium iodide (PI)
can only enter the dead cells and intercalate with DNA to form
a fluorescent complex. Obviously, AS49 cells in the control
group exhibited high viability as indicated by the intense green
fluorescence (Figure 2), while the cells treated with ligand L1,
complexes 1—3, and Ru-con showed strong red fluorescence,
indicating that the tested compounds could effectively induce
the death of A549 cells, especially complex 3 with no green
fluorescence observed, which was consistent with the
cytotoxicity results of the MTT assay to some extent.

Density Functional Theory Calculations. To explore the
potential influence of the arene groups on the cytotoxicity of
complexes 1—3, the structures and electronic properties of the
compounds were calculated by density functional theory
(DFT) methods (Figure 3). The optimized structures
displayed that the distances of Ru—Cl bond were increased
from complex 1 to 3 with values of 2.413, 2.424, and 2.432 A,
respectively, possibly because of the increased electron density
of complex 3 at the Ru(Il) center. The increased distance of
the Ru—Cl bond of complex 3 may be beneficial for the leaving
of the chloride ion and accelerate its chemical reactivity. The
EPSs showed that the NBDHEX moieties and Cl atoms are
electron-rich sites of compounds 1—3. Distinctly, the electron
density around the Ru(II) center in complex 3 is higher than
those of complexes 1 and 2 as visualized by the relatively light
blue color, further confirming the increased electron density of
complex 3 at Ru(II) center.

Kinetics of Hydrolysis. It has been reported that
hydrolysis has a substantial influence on the cytotoxicity of
the organometallic Ru(II)—arene complexes since it is thought
to be the activation step before they covalently bind to the
therapeutic targets.”>>® When chloride in complexes 1—3 was
substituted by water molecule, the absorbance change of
LMCT (ligand-to-metal charge-transfer) band could be
observed. Therefore, the hydrolysis behaviors of compounds
1-3 were investigated by observing the time-dependent
changes in UV/vis absorption bands (Figure 4), and 246 nm
was chosen for the kinetic analysis. The absorbance—time trace
observed for complexes 1—3 fitted well to a monoexponential
function, and the hydrolysis rate constants were calculated.
According to the data shown in Table 2, the k values increased
by factors of 3.54 and 2.98 on going from complex 3 to
complexes 1 and 2, respectively, demonstrating that complex 3
has the fastest hydrolysis rate.
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Figure 2. Live/dead cell staining of A549 cells induced by ligand L1, complexes 1—3, and Ru-con at the concentration of 30 uM for 24 h.

It has been demonstrated that the electron density at Ru(II)
center has a significant impact on the kinetic property of the
Ru(II) complex, and increased electron density at Ru(II)
facilitates the substitution of halide by water.>”>" Sadler has
proposed that tuning the chemical reactivity of the organo-
metallic ruthenium—arene compounds via electronic effect
could be a useful method for the design of an effective

anticancer agent.59 Therefore, complex 3 with the fastest
hydrolysis rate among tested compounds could be attributed
to the improved electron density at the Ru(Il) center from the
hexamethylbenzene group. Furthermore, the increased hydrol-
ysis rate of complex 3 may be beneficial for its activation and
interaction with the therapeutic target, thus resulting in
improved cytotoxicity as compared with complexes 1 and 2.
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Figure 3. Structures (A—C) and EPSs (D—F) for complexes 1—3. EPS surfaces (from —0.010 au in red to +0.135 au in blue) mapped on electron
density (isovalue 0.004 au) of the molecules.
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Figure 4. Time-dependent UV—vis spectra for the aquation of 0.05 mM complexes 1 (a), 2 (c), and 3 (a) (95% H,0/5% MeOH). Absorbance—
time trace (246 nm) and monoexponential fit obtained for the hydrolysis of complexes 1 (b), 2 (d), and 3 (f) at 310 K.

Inhibition of GST Activity. As illustrated in Figure S, the
residual activity of GST extracted from AS49 cells after
treatment with different concentrations of tested compounds

was expressed as percentage (%) of control. In Figure S, it can
be noted that ligand L1 showed similar GST inhibitory activity

(14.0—56.2%) as compared to its precursor NBDHEX (16.2—
60.5%) at the tested concentrations. Notably, ruthenium
complexes 1 (7.6—42.4%) and 2 (6.0—40.1%) with benzene

and p-cymene moieties, respectively, possessed similar GST

inhibitory activity, whereas complex 3 bearing the hexamethyl-
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Table 2. Hydrolysis Rate Constants (k) and Half-Lives (¢, ,)
of Complexes 1-3 (95% H,0/5% MeOH) at 310 K

complex 1 2 3
k(107*s7") 9.10 10.82 32.24
t,/, (min) 12.70 10.67 3.58

70

u] M
60 5uM
_ 10 uM

< 50

£40

230

&

© 20

10
0
NBDHEX L1 Complex 1 Complex 2 Complex 3

Figure S. Residual GST activity in A549 cell line after treatment with
different concentrations of tested compounds expressed as percentage
(%) of control (no inhibitory activity of GST observed in Ru-con).

benzene moiety exhibited the highest GST inhibitory activity
(2.5—28.6%) among the tested compounds. The order of the
abilities of tested compounds inhibiting GSTs was 3 > 2~ 1 >
L1 ~ NBDHEX, which was consistent with the results of the in
vitro cytotoxicity. It can be inferred that the introduction of
NBDHEX on ruthenium(II) complexes can enhance the ability
of resulting complexes inhibiting GSTs.

Cellular Accumulation. The cellular accumulation images
of complexes in A549 cells were investigated by using laser

scanning confocal microscopy (LSCM). As shown in Figure 6,
compounds 1—3 could effectively enter the A549 cells with the
intense green intracellular fluorescence. Remarkably, all the
compounds were distributed in the cytoplasm of AS49 cells,
thus implying that mitochondria may be the therapeutic target
of compounds 1-3

To further investigate the correlation between biological
activity and cellular accumulation, the intracellular ruthenium
accumulation of complexes 1—-3 (30 M) in AS549 cells was
tested by ICP-MS spectra after 6 and 12 h incubation. As
shown in Table 3, the relative sequence of cellular uptake of

Table 3. Cellular Accumulation of Complexes 1—3 (30 uM)
in AS49 Cells after 6 and 12 h Incubation

Ru (ng/10° cells)”

compound 6h 12 h
1 201 + 1§ 275 £ 18
2 240 + 20 307 + 21
3 328 + 24 465 + 32
Ru-Con 49+ 3 62 + 4

experiments by ICP-MS spectra.

“Values represent the mean + SD from three independent

complexes 1—3 in A549 cells after 6 h incubation was 3 > 2 >
1 > Ru-Con, which was in accordance with the in vitro
cytotoxicity and log Poy results. Moreover, it was found that
the cellular uptake of complexes 1—3 in AS49 cells after 12 h
incubation was increased compared with those after 6 h
incubation, indicating that the cellular accumulation of
complexes 1—3 in AS549 cells exhibited time dependence
behavior.

Fluorescence

Complex 2 Complex 1

Complex 3

Bright field

Merge

7
NES

Figure 6. Confocal fluorescence images of AS49 cells incubated with complexes 1—3 (S uM) for 4 h.

F

https://doi.org/10.1021/acs.inorgchem.1c01482
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01482?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01482?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01482?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01482?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
. %o GO-G1:5346% | El S%¢! GO-G1:51.01% | B %1 |, GO0-G1:42.69% | B CoCt G0-G1: 40.25%

S: 2361% &9 ¢ S:

G2-M: 22.93% 37

1 GoGt ‘

Number

100 150 100 150
Channels (FL2-A-FL2-A) Channeis (FL2-A-FL2-A)

Control Cisplatin
| mm :
|- o A GO-G1:35.69% | WM om GO-G1: 30.13% _
15 e ) St 5072% &K seras S: 5330%

G2-M: 13.59%

100 150
Channels (FL2-A-FL2-A)

Complex 2

100 150
Channels (FL2-A-FL2-A)

Complex 1

Figure 7. Flow cytometry analysis for
concentration of 30 uM for 24 h.

37.54%
G2-M: 11.44% .

G2-M: 16.56%

] S Phase \\

S: 46.62% S: 44 61%

G2-M: 10.69%

4 B

J S-Phase

100 150 100 150
Channels (FL2-A-FL2-A) Channels (FL2-A-FL2-A)

Ru-Con L1
oG G0-G1: 31.79%
Y S phase s 57.68% Call cycle

G2-M: 10.53%

 BEEEREEREREER

Control Clsplatin  RuCon L1
wG0-G1 =S mG2-M

¥

100 150
Channels (FL2-A-FL2-A)

Complex 3

cell cycle distributions of AS49 cells induced by ligand L1, complexes 1—3, cisplatin, and Ru-con at a

Control L1 Complex 1 Complex 2
7 j01 Q2 701 02 7 j01 [H 7 j01 Q2
1 '
 Jooosx 0.006% O Yizex 310% Rl PP 437% A PEP 553%
104 1084 10°4 10° 4
:
1074 10°4 msl 10°4
m‘-! 10' 4 w‘-! 10'4
‘03-! 10°4 \03-! 10°4
104 1074 1074 10°4
104 Qo3 1104 o3 1104 o3 1104 o3
1 ]
© Yoo 0089% R PRTY 457% 1 g I 306 R PEYTY 313%
R AP e e T e T
— 010 10° 100 100 10° 10 0 100 10° 100 100 10° 10" 010 10° 10 100 100107 010 10° 100 105 100107
Complex 3 Ru-Con Cisplatin

Apoptosis rate

02

7 Jor
10
705% E

o
0740% 129% 47%
¢
10°4
1074

4
104

104

1074
1 jas 03 1

1'%
S0 21

3 sro%

o3
37.0%

8.14%

AN

Tl 10 100 100 100 108 10

AN

Tl 10 10 100 100 108 10

Control L1 3 Rucon Cisplatin

>

Annexin V-FITC

Figure 8. Flow cytometry analysis for apoptosis of A549 cells induced by ligand L1, complexes 1—3, cisplatin, and Ru-con at a concentration of 30

UM for 24 h.

Cell Cycle Arrest. The perturbation effects of complexes
1-3 on the cell cycle progression of A549 cells together with
ligand L1, Ru-con, and cisplatin as contrasts were analyzed by
flow cytometry. The results of cell cycle are shown in Figure 7.
It can be noted that the cell cycle of A549 cells was arrested in
the S phase after incubation with ligand L1 (44.61%),
complexes 1-3 (50.72—57.68%), Ru-con (46.62%), and
cisplatin (37.54%) compared with negative control (23.61%).
Anticancer effects of platinum-based drugs have been proved
to be mediated by irreversible DNA damage,3 and furthermore,
studies have shown that Ru(II) complexes can bind to DNA
and induce apoptosis,”*’ which was inferred to be the reason
for the similar effect caused by Ru-con and cisplatin. In
addition, the cell cycle distributions in the S phase were

46.62% and 44.61% after treatment with Ru-con and ligand L1,
respectively, both of which were higher than that of cisplatin
(37.54%). Notably, the cell cycle block effects of complexes 1—
3 on the S phase (50.72—57.68%) were further strengthened
compared with the two precursor compounds L1 and Ru-con,
among which the complex 3-induced S phase arrest showed
the highest distribution of 57.68%, whereas the complex 3-
induced G2/M phase arrest was only 10.53% distribution.
Apoptosis Study. The necrosis or apoptosis of A549
tumor cells induced by complexes 1—3 was detected by using
the Annexin V-FITC/PI cell apoptosis detection kit (Roche)
and flow cytometry. As shown in Figure 8, complexes 1-3
produced high incidences of early to late apoptosis in A549
cells (80.5—93.6%) compared with the untreated cells
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Figure 9. ROS levels of A549 cells induced by ligand L1, complexes 1—3, and Ru-con.

(control), demonstrating that complexes 1—3 induce cancer
cell death via an apoptotic pathway. Significantly, complexes
1-3 increased the apoptotic rates of AS49 cells as compared
with those of ligand L1 (77.7%), Ru-con (41.8%), and cisplatin
(50.0%), especially complex 3, which induce AS49 cell
apoptosis with the highest apoptosis population among the
tested compounds, further confirming the excellent anticancer
activity of complex 3.

ROS Production. Studies have revealed that ROS (reactive
oxygen species) mainly generated in mitochondria as highly
reactive molecules play a crucial role in cell proliferation and
apoptosis induced by chemotherapeutic drugs. It is also
reported that Ru(Il) complexes can induce apoptosis and
migration inhibition of AS49 tumor cells by targeting
mitochondria through mitochondrial related events, including
mitochondrial membrane permeability and ROS produc-
tion.*>®" Therefore, the ROS probe H,DCEDA (2,7-dichloro-
dihydrofluorescein diacetate) was used to detect the ROS
production level in AS49 cells induced by complexes 1-3.
DCFH-DA is a nonfluorescent indicator of ROS, but it can be
oxidized to DCF with strong fluorescence in A549 cells. The
fluorescence intensity was measured by flow cytometry (Ex =
485 nm, Em = 535 nm). As shown in Figure 9, compounds 1—
3 could effectively induce ROS production in A549 cells, and

the relative order of ROS levels induced by tested compounds
was 3 > 2 > 1 > Ru-con, among which complex 3 had the
highest ROS production level.

Mitochondrial Membrane Potential Study. The loss of
mitochondrial membrane potential caused by the intact
mitochondrial membrane being disrupted can induce the
cascade of the apoptotic pathway by releasing the pro-
apoptotic factors from mitochondria.*”** The JC-10 fluo-
rescent probe, a water-soluble derivative of JC-1, has been
widely used in mitochondrial membrane potential (A¥m,
MMP) studies. In normal cells, JC-10 selectively aggregates in
the mitochondrial matrix to form reversible red fluorescent
polymers (Ex = 525 nm, Em = 590 nm). Owing to the
decrease or loss of A¥m in unhealthy mitochondria of cells,
JC-10 changes from polymer to monomer in the cytoplasm
and produces green fluorescence (Ex = 490 nm, Em = 530
nm).

It can be seen in Figure 10 that the green fluorescent
monomers in A549 cells treated with Ru-con, ligand L1, and
complexes 1—3 obviously increased compared with the control
group, indicating the decrease of mitochondrial membrane
potential. Among those, complexes 1—3 could cause more
mitochondrial depolarization and more decrease of mitochon-
drial membrane potential than others.
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Western Blot. To further investigate the mechanism of
action of the newly synthesized compounds by mitochondrial
apoptotic pathway, the effect of compounds on the expression
of proteins involved in mitochondrial apoptotic pathway (Bax
and Bcl-2) in A549 cells was detected by Western blot analysis.
As shown in Figure 11, as compared with control group and

Bax | — — e m —

B-actin > GEEES GEEE> GEES G G

Control Ru-Con L1 1 2 3

Figure 11. A549 cells treated with ligand L1, complexes 1—3, and Ru-
con for 24 h were examined for the expression of Bcl-2 and Bax
proteins by Western blot analysis.

Ru-con, the expression levels of antiapoptotic Bcl-2 in AS549
cells were significantly downregulated after incubation with
complexes 1—3 functionalized with NBDHEX, while the
expression levels of pro-apoptotic Bax were upregulated,
suggesting that complexes 1—3 probably induced cell apoptosis
by mitochondrial apoptotic pathway. In addition, among the
tested compounds, complex 3 revealed the highest expression
of Bax and lowest expression of Bcl-2, which was in accordance
with the results of ROS production and A¥m study.

B CONCLUSIONS

In conclusion, three arene—Ru(II) GST inhibitor conjugates
with different arene ligands have been designed and
synthesized aiming to improve the pharmacological profiles
of the organometallic Ru(Il)—arene complex. The newly
prepared complexes 1—3 exhibited considerable in vitro
cytotoxicity against the tested cancer cell lines, superior to
either unfunctionalized complex Ru-Con or ligand L1 alone,
suggesting that Ru—arene complex and NBDHEX may have a
positive synergistic effect on cancer cells. Moreover, complex 3
with more alkyl groups in the arene ligand displayed the
highest in vitro anticancer activity among the tested

compounds. DFT calculations and hydrolysis results indicated
that complex 3 has the fastest hydrolysis rate as compared with
complexes 1 and 2 due to the improved electron density at the
Ru(II) center, which may be beneficial for the activation of
complex 3. Most importantly, complexes 1—3 showed much
less cytotoxicity than cisplatin and ligand L1 against the
normal LO2 cells, suggesting the potential selective cytotox-
icity of the prepared complexes toward cancer cell lines.
Further studies revealed that complexes 1—3 may induce cell
death through the mitochondrial apoptotic pathway. Thus, the
introduction of GST inhibitor to the chelate ligand in the
organometallic Ru(II) complex is an effective way to increase
its activity and selectivity against cancer cells, and modification
of the arene ligands can further improve the chemical and
pharmacological property of the resulting arene—Ru(II)
complex.
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