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Synthesis, crystal structure, cytotoxicity and
action mechanism of a RhĲIII) complex with
8-hydroxy-2-methylquinoline as a ligand†‡
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Zhu-Ling Liu,a Yan-Cheng Liu,a Hong Lianga and Zhen-Feng Chen*a

A rhodiumĲIII) complex, [RhĲMQ)ĲDMSO)2Cl2] (1), with 8-hydroxy-2-methylquinoline as the ligand was syn-

thesized and characterized. Complex 1 exhibited cytotoxicity against BEL-7404, Hep-G2, NCI-H460, T-24,

and A549 cell lines with IC50 values in the micromolar range (6.52–17.86 μM). Various experiments on the

Hep-G2 cells showed that complex 1 caused cell cycle arrest at the S phase, downregulation of cdc25 A,

cyclin A, cyclin B and CDK2, and upregulation of p21, p27 and p53. Furthermore, cytotoxicity mechanism

studies suggested that complex 1-induced apoptosis was achieved via disruption of the mitochondrial

function, which led to a significant loss of the mitochondrial membrane potential, an increase in the cellular

levels of reactive oxygen species, cytochrome c, and apaf-1, and a fluctuation of the intracellular Ca2+ con-

centration. Taken altogether, complex 1 can trigger cancer cell death by inducing apoptosis through a mi-

tochondrial dysfunction pathway.

1. Introduction

In the last few decades, inorganic metal complexes have had
an enormous impact on modern medicine.1–3 Among them,
cisplatin, carboplatin and oxaliplatin belong to one of the
most important classes of chemotherapeutic agents for the
treatment of solid tumors.4–6 They target nucleic acids inside
the tumor cells and disrupt DNA replication and transcrip-
tion. However, due to a lack of specificity for tumor cells,
their severe side effects, including nephrotoxicity, hepatotox-
icity, ototoxicity, neurotoxicity, and gastrointestinal toxicity,
limit their applications. Notably, the intrinsic and acquired
resistance in various tumor cells also limit the clinical efficacy
of these drugs.7,8 Therefore, developing new generations of
metal complexes capable of interacting with nucleic acids and
triggering apoptosis is currently one of the most promising
strategies to develop anticancer agents for chemotherapy.9–11

Metal complexes with an 8-hydroxy-quinoline scaffold have
attracted great attention from medicinal chemists as they ex-
hibit positive effects in treating many diseases, including
neurodegenerative diseases12,13 and cancer.14,15 For example,
CuĲII) complexes with 8-hydroxy-quinoline and its derivatives
as ligands were shown to be active in the treatment of
Alzheimer's disease.16–20 Since 8-hydroxy-quinoline possesses
a superior chelating ability towards transition metal ions, a
series of transition metal complexes with 8-hydroxy-quinoline
and its derivatives as ligands have been synthesized and char-
acterized recently. These complexes include quilamine chela-
tors for FeĲII),21 glycosylated CuĲII) ionophores as prodrugs for
β-glucosidase activation in targeted cancer therapies,22,23

OsĲVI) complexes,24 clioquinol CuĲII) and ZnĲII) complexes,25

hydroxyquinoline-containing complexes,26–28 and RuĲII) com-
plexes.29,30 Chen and coworkers have reported a series of
8-hydroxy-quinoline metal complexes with high antitumor
activity.31–37 Their findings suggested that 8-hydroxy-
quinoline can coordinate with metal ions to form planar or
partially planar coordination structures. These complexes can
intercalate the neighboring bases of DNA, thereby blocking
DNA replication and further inducing tumor cell death. In
addition, a large number of Pt(II and IV) complexes with
8-hydroxy-quinoline and its derivatives as ligands were syn-
thesized and shown to be cytotoxic to tumor cells.25,37–42

Their mechanisms of action, however, remain unexplored.
In the present study, a RhĲIII) complex with 8-hydroxy-2-

methylquinoline (H-MQ) as the ligand was synthesized and
characterized by IR, ESI-MS, elemental analysis, NMR and
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single crystal X-ray diffraction analysis. The cytotoxicity of
this complex towards many tumor cell lines was evaluated. A
possible antitumor mechanism was proposed based on the
results of a series of mechanistic studies.

2. Results and discussion
2.1. Synthesis

The reaction of H-MQ with RhCl3 in a CH3CN/DMSO (10 : 1)
solution under solvothermal conditions gave rise to
[RhĲMQ)ĲDMSO)2Cl2] (1) (Scheme 1). The structure of complex
1 was determined by single-crystal X-ray diffraction analysis,
UV-vis spectroscopy, elemental analysis, IR, ESI-MS and NMR
(Fig. S1–S5‡).

2.2. Structural characterization of complex 1

Single-crystal X-ray diffraction analysis showed that the crys-
tal structure of complex 1 belongs to the monoclinic crystal
system, space group P21/n. The details of the crystallographic
data and structure refinement parameters are summarized in
Table S1.‡ Selected bond angles and distances are listed in
Table S2.‡ As shown in Fig. 1, the RhĲIII) center in complex 1
adopts an approximately six-coordinated octahedral geometry
and is surrounded by one MQ ligand, two chlorine ligands
and two DMSO ligands. The N1 and O1 atoms are from MQ
and the other atoms (Cl1, Cl2, S1, and S2) are from chlorine
and DMSO. The bite angles of the chelate ring, i.e., (NĲ1)–
RhĲ1)–OĲ1), NĲ1)–RhĲ1)–SĲ1), and N1Ĳ1)–RhĲ1)–ClĲ1)), are
82.0Ĳ3)°, 168.2Ĳ3)°, and 88.1Ĳ2)°, respectively. The Rh–O1 dis-
tance [2.010(7) Å] is substantially shorter than the Rh–N1 dis-
tance [2.119(8) Å]. The bond lengths of the other ligands
bonded to the Rh center are within the normal range.

2.3. Stability of complex 1 in solution

As shown in Fig. S3–S5,‡ the stability of complex 1 under
physiologically relevant conditions (i.e., 10 mM TBS buffer
with 1% DMSO, pH 7.35, and distilled water) was examined
using UV-vis spectroscopy and ESI-MS. The time-dependent
(0–48 h) UV-vis spectra of complex 1 are shown in Fig. S3 and
S4.‡ It is evident that there were no obvious changes among
the spectra, suggesting that the coordination of MQ to the
metal ion remained intact within 48 h under these physiolog-
ically relevant conditions. As shown in Fig. S5,‡ ESI-MS analy-
sis of complex 1 dissolved in the TBS buffer containing 5%

DMSO revealed a base peak at 590.07, corresponding to
[M–Cl–DMSO + CH3CN + H2O]

+. After a 48 h incubation,
the base peak of the sample was detected at 555.00, corre-
sponding to [M–Cl–2DMSO + 2CH3CN + H2O]

+. The ESI-MS re-
sult confirmed that the binding between Rh and MQ in
complex 1 was not disrupted after the 48 h incubation.

2.4. In vitro cytotoxicity study

The cytotoxicity of complex 1 was investigated in BEL-7404,
Hep-G2, NCI-H460, T-24, A549 and HL-7702 cell lines via the
MTT assay. The cytotoxicity of the starting compounds used
in the synthesis of complex 1, i.e., H-MQ and RhCl3, was also
measured. Cisplatin was used as a positive control. Each cell
line was treated with 20 μM of each compound, followed by a
48 h incubation. As shown in Table S3,‡ the inhibitory rates
of complex 1 against these cell lines are higher than those of
H-MQ37 and RhCl3. The IC50 values were also calculated and
summarized in Table S4‡ and Fig. 2. Complex 1 showed
much lower IC50 values (6.52–17.86 μM) against the five tu-
mor cell lines (i.e., BEL-7404, Hep-G2, NCI-H460, T-24, and

Scheme 1 Synthetic route of complex 1.

Fig. 1 ORTEP drawing of complex 1 with labels of the atoms.

Fig. 2 IC50 values (μM) of H-MQ, RhCl3, complex 1 and cisplatin on
selected cell lines.

MedChemComm Research Article

Pu
bl

is
he

d 
on

 2
5 

O
ct

ob
er

 2
01

6.
 D

ow
nl

oa
de

d 
on

 0
4/

06
/2

01
8 

14
:1

4:
14

. 
View Article Online

http://dx.doi.org/10.1039/c6md00462h


186 | Med. Chem. Commun., 2017, 8, 184–190 This journal is © The Royal Society of Chemistry 2017

A549) than H-MQ (107.56–187.54 μM),37 RhCl3 (>100 μM),
and cisplatin (9.48–28.86 μM). Notably, the Hep-G2 cell line
was the most sensitive tumor cell line to complex 1 with an
IC50 value of 6.52 ± 0.83 μM, 21-fold and 1.5-fold lower than
the corresponding IC50 values of H-MQ and cisplatin, respec-
tively. Furthermore, the cytotoxicity of complex 1 against the
Hep-G2 cell line was higher than that against the normal
liver cell line HL-7702, indicating that complex 1 was more
selective to the tumor cells. In addition, compared to the
PtĲII) complex with a H-MQ ligand, complex 1 exhibited a
higher cytotoxicity against the Hep-G2 and T-24 tumor cell
lines.37

2.5. Cell apoptosis induced by complex 1

In order to examine the morphological changes (e.g. cell
shrinkage, chromatin condensation, nuclear fragmentation,
and formation of apoptotic bodies)43 caused by apoptosis,
the Hep-G2 cells treated with H-MQ, complex 1, and cisplatin
were stained with Hoechst 33 258, respectively. As shown in
Fig. 3, pronounced morphological changes corresponding to
cell apoptosis, including chromatin condensation (brightly
stained), formation of apoptotic bodies, and nuclear frag-
mentation, were observed in these cells. The number of apo-
ptotic cell nuclei among the complex 1-treated cells was
larger than the numbers of apoptotic cell nuclei among the
H-MQ-treated cells and the cisplatin-treated cells under the
same experimental conditions.

The cell apoptosis induced by these compounds was also
investigated by examining phosphatidylserine on the outside
of the Hep-G2 cell membrane surface. The apoptotic cells
were stained by Annexin V–propidium iodide (PI) double
staining, and then visualized by flow cytometry. As shown in

Fig. 4, the population of the apoptotic cells (including the
late apoptotic cells and early apoptotic cells, Q2 + Q3) was
23.48% in the Hep-G2 cells treated with complex 1. In con-
trast, the population of the apoptotic cells was determined to
be 5.05% and 11.04% in the Hep-G2 cells treated with H-MQ
and cisplatin, respectively. Because of the low cytotoxicity of
H-MQ against the Hep-G2 cell line, only complex 1 and cis-
platin were used in further studies as detailed below.

2.6. Alteration in the mitochondrial membrane potential

It is well known that the loss of the mitochondrial membrane
potential (Δψ) is a limiting factor in the apoptotic pathway. It
has been considered as a new antitumor target and is of high
importance to the control of apoptosis.44 To further investi-
gate the action mechanism of complex 1, we monitored the
alteration in the mitochondrial membrane potential using a
fluorescent probe, JC-1, in the Hep-G2 cells treated with com-
plex 1. As shown in Fig. 5, fluorescence microscopy revealed
that the cells in the negative control group showed intense
red fluorescence with very weak green fluorescence. In con-
trast, the cells treated with complex 1 and cisplatin,

Fig. 3 Morphological changes of the Hep-G2 cells treated by 6.5 μM of
H-MQ (B), complex 1 (C) and cisplatin (D) for 24 h compared with the
control group (A), respectively. Selected fields illustrating the occurrence
of apoptosis are shown. The cells with condensed chromatin (brightly
stained) were defined as apoptotic cells. The images were acquired using
a Nikon Te2000 deconvolution microscope (magnification, 400×).

Fig. 4 Annexin V–PI double staining assay on the Hep-G2 cells treated
with H-MQ (6.5 μM), complex 1 (6.5 μM), and cisplatin (6.5 μM), re-
spectively, for 24 h.

Fig. 5 Collapse of the mitochondrial membrane potential in the Hep-G2
cells treated by 6.5 μM of cisplatin (B) and complex 1 (C) compared with
untreated cells (A), for 24 h. The cells were stained with JC-1 and then im-
aged by florescence microscopy. Selected fields illustrating the live cells
(orange-red) and apoptotic cells (green) are shown. The images were ac-
quired using a Nikon Te2000 microscope (magnification, 200×).
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especially with complex 1, exhibited bright green fluores-
cence with a marked decrease in red fluorescence, indicating
that apoptosis was induced by these two compounds and that
the mitochondrial membrane potential was lost in the apo-
ptotic cells.

2.7. Alteration in the expression levels of apoptosis-related
proteins

Previous studies have demonstrated that the loss of mito-
chondrial membrane potential can upregulate the expression
of cytochrome c and apoptotic protease activating factor-1
(apaf-1), which activate the caspase cascade by inducing the
expression of caspase-3 and caspase-9.45,46 The expression of
these apoptosis-related proteins was investigated using west-
ern blotting in the Hep-G2 cells treated with complex 1 and
cisplatin, respectively. As shown in Fig. 6, compared with the
untreated cells, a significant increase in the expression levels
of cytochrome c, apaf-1 and caspase-3/9 was observed. The
observation indicated that complex 1-induced apoptosis oc-
curred through a caspase-3/9-dependent pathway.

2.8. Measurement of reactive oxygen species (ROS)
generation

The formation of ROS is a crucial trigger in cell apoptotic
pathways.47 The amount of ROS in the Hep-G2 cells treated
with complex 1 was monitored using flow cytometry. As
shown in Fig. 7, the Hep-G2 cells exposed to complex 1 and
cisplatin, respectively, exhibited strong green fluorescence
compared to the untreated cells, indicating a significant in-
crease in the amount of ROS in these cells. Thus, our find-
ings suggest that complex 1 disrupted the mitochondrial
function and induced the formation of ROS, thereby inducing
apoptosis.

2.9. Complex 1-induced fluctuation of intracellular Ca2+

An increase of the intracellular Ca2+ concentration can dis-
rupt the mitochondrial membrane potential and is recog-
nized as a factor for cell apoptosis.48 We examined the effect

of complex 1 on the intracellular Ca2+ concentration in Hep-
G2 cells. As shown in Fig. 8, in the negative control, the level
of intracellular Ca2+ was the lowest. In the Hep-G2 cells
treated with complex 1 and cisplatin, respectively, the level of
intracellular Ca2+ increased. Notably, the level of intracellular
Ca2+ in the complex 1-treated cells was higher than that in
the cisplatin-treated cells. These results are consistent with
the results from the aforementioned apoptotic studies.

2.10. Cell cycle arrest

Since cell apoptosis induction and cell cycle arrest are closely
related,23 the Hep-G2 cells treated with complex 1 were exam-
ined by flow cytometry to probe whether cell cycle arrest oc-
curred in these cells. As shown in Fig. 9, the population of

Fig. 6 Changes in the expression levels of apoptosis-related proteins.
(A) Western blotting analysis of cytochrome c, apaf-1 and caspase-3/9
in the Hep-G2 cells treated with complex 1 (6.5 μM) and cisplatin (6.5
μM), respectively, for 24 h. (B) Densitometric analysis of the western
blot bands of cytochrome c, apaf-1 and caspase-3/9 with β-actin as an
internal standard. The relative expression level of each protein is repre-
sented by the ratio between the density of the corresponding protein
band and the density of the β-actin band. The mean SD was calculated
from three independent measurements.

Fig. 7 Measurement of ROS generation by flow cytometric analysis of
the Hep-G2 cells treated with complex 1 (6.5 μM) and cisplatin (6.5
μM), respectively, for 24 h. The results are presented as relative fluo-
rescence intensities.

Fig. 8 Effects of complex 1 (6.5 μM) and cisplatin (6.5 μM) on the
intracellular Ca2+ level in Hep-G2 cells. After treatment with complex 1
(6.5 μM) or cisplatin (6.5 μM), respectively, for 24 h, the Hep-G2 cells
were stained with Fluo-3 AM for 30 min and then analyzed by flow cy-
tometry. The results are presented as relative fluorescence intensities.
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the Hep-G2 cells treated with complex 1 at the S phase was
determined to be 47.16%, higher than the values obtained in
the cisplatin-treated cells (38.62%) and in the negative con-
trol (33.17%). Therefore, complex 1 effectively induced cell cy-
cle arrest at the S phase in the Hep-G2 cells.

2.11. Effect of complex 1 on the expression levels of cell cycle
regulators

It was recently reported that cdc25 A, cyclin A, and CDK2 col-
lectively promote S phase progression.49 Using the western
blot technique, we examined whether complex 1 altered the
expression levels of these proteins. As shown in Fig. 10, the
expression levels of cdc25 A, cyclin A and CDK2 decreased

significantly upon incubation of the Hep-G2 cells with com-
plex 1. The observed decrease was likely caused by the pertur-
bation of the cell cycle and the observed cell cycle arrest at
the S phase.50 Since the CDK activity can be controlled by a
group of CDKIs, including p53, p21, and p27, we further ex-
amined the effect of complex 1 on the expression levels of
these CDKIs. As shown in Fig. 10, compared with those of
the negative control group, the expression levels of p21, p27,
and p53 increased after the Hep-G2 cells were treated with
complex 1. These results are consistent with the results of
the cell cycle arrest study.

3. Experimental methods
3.1. Synthesis and characterization of [RhĲMQ)ĲDMSO)2Cl2] (1)

RhCl3 (0.1 mmol), H-MQ (0.1 mmol), 0.90 mL of CH3CN, and
0.1 mL of DMSO were placed into a thick Pyrex tube (ca. 25
cm in length). The tube containing the reaction mixture was
quenched in liquid N2, degassed, and sealed. The reaction
mixture was then heated to 80 °C and allowed to react for
four days. The reaction product, [RhĲMQ)ĲDMSO)2Cl2] (1), was
red brown crystals. Yield: 0.0423 g, 87%. Calculated element
composition (%): C, 34.34; H, 4.13; N, 2.87. Experimental ele-
ment composition: C, 34.30; H, 4.15; N, 2.80. Main IR peaks
(KBr, cm−1): 3853, 3747, 3425, 3007, 2920, 1565, 1507, 1466,
1431, 1376, 1325, 1281, 1137, 1111, 1018, 975, 938, 876,
831, 758, 729, 681, 645, 523, 422. ESI-MS m/z = 590.07 ([Rh
+ MQ + Cl + DMSO + CH3CN + H2O]

+). 1H NMR (500 MHz,
DMSO-d6): 8.30 (d, J = 8.4 Hz, 1H), 7.44 (d, J = 8.4 Hz, 1H),
7.32 (t, J = 7.8 Hz, 1H), 7.07 (dd, J = 19.2, 7.7 Hz, 2H), 3.55
(s, 3H), 3.51 (s, 3H), 3.12 (s, 3H), 3.08 (s, 3H), 2.49–2.48
(m, 3H).

3.2. X-Ray crystallography

X-ray crystallographic data collection of single crystals of
complex 1 was performed on a SuperNova CCD Area Detector
equipped with graphite monochromated Mo-Kα radiation (λ
= 0.71073 Å) at room temperature. The structure was solved
by direct methods and refined using the SHELX-97 pro-
grams.51 The non-hydrogen atoms were located in successive
difference Fourier synthesis. The final refinement was
performed by full-matrix least-squares methods with aniso-
tropic thermal parameters for non-hydrogen atoms on F2.
The hydrogen atoms were added theoretically and riding on
the concerned atoms. The parameters of data collection and
refinements are summarized in Tables S1 and S2‡ together
with the crystallographic data.

3.3. Materials, instruments, and other experimental methods

The materials, instrumentation, and protocols for the cell
culture, MTT assay, cytotoxicity assay, fluorescence morpho-
logical examination, cell cycle analysis, apoptosis analysis,
measurement of mitochondrial membrane potential, mea-
surement of ROS generation, intracellular free Ca2+ detection,

Fig. 9 Cell cycle arrest induced by complex 1 (6.5 μM) and cisplatin
(6.5 μM), respectively, in Hep-G2 cells.

Fig. 10 Changes in the expression levels of cell cycle regulators and
CDKIs. (A) Western blotting analysis of the expression levels of cdc25
A, cyclin A, CDK2, p53, p21 and p27 in the Hep-G2 cells treated with
complex 1 (6.5 μM) and cisplatin (6.5 μM), respectively, for 24 h. (B)
Densitometric analysis of the western blot bands of cdc25 A, cyclin A,
CDK2, p53, p21 and p27 with β-actin as an internal standard. The rela-
tive expression level of each protein is represented by the ratio be-
tween the density of the protein band and the density of the β-actin
band. The mean SD was calculated from three independent
measurements.
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morphological characterization of cell apoptosis, and western
blot analysis were reported in our previous work.52

4. Conclusions

In this paper, a rhodiumĲIII) complex with 8-hydroxy-2-
methylquinoline as the ligand, i.e., [RhĲMQ)ĲDMSO)2Cl2] (1),
was synthesized and characterized. It exhibited high cytotox-
icity against the tested tumor cell lines with IC50 values in
the low micromolar range (6.52–28.13 μM) and relatively low
cytotoxicity against the normal HL-7702 cell line. Notably,
complex 1 displayed higher cytotoxicity against the Hep-G2
cell line than cisplatin. Further mechanistic studies demon-
strated that complex 1 induced cell cycle arrest at the S stage
in Hep-G2 cells, downregulated the expression of cdc25 A, cy-
clin A, cyclin B, and CDK2, upregulated the expression of
p21, p27 and p53, and finally led to cell apoptosis. Cytotoxic-
ity mechanism studies indicated that complex 1-induced apo-
ptosis was likely caused by the disruption of the mitochon-
drial function, which led to a loss of the mitochondrial
membrane potential and a series of apoptotic behaviors, in-
cluding an increase of the cellular levels of ROS, cytochrome
c, apaf-1, and bax, an increase of the intracellular Ca2+ level,
etc. Taken altogether, complex 1 is a promising lead com-
pound for anticancer drug development and it can induce ap-
optosis of tumor cells via disruption of the mitochondrial
function.
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