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Two transition metal complexes of [M(TMP),(H,0),] (TMP-Cu, M = Cu; TMP-Co, M = Co) with (E)-2-(((4H-
1,2,4-triazol-4-yl)imino)methyl)-6-methoxyphenol (H-TMP) were first synthesized and characterized by infrared
analysis, elemental analysis and single crystal X-ray diffraction analysis. Notably, MTT (3-(4,5-dimethylthiazol-
2-yD)-2,5-diphenyltetrazolium bromide) assay showed that TMP-Cu displayed relatively high cytotoxic activity
against Hep-G2 cancer cells, and high selectivity between human hepatocellular carcinoma cells and normal HL-
7702 cells, in comparison to TMP-Co and cisplatin. Further studies showed that TMP-Cu and TMP-Co caused
cell cycle arrest at S phase through regulation of S phase related protein expressions and induced Hep-G2 cell
apoptosis via the mitochondrial pathway.

1. Introduction

Metal complexes have been studied as potential chemotherapeutic
agents to reduce side effects and resistance caused by cisplatin since
cisplatin was discovered and successfully used in clinical applications
[1-13]. However, these metal complexes are mostly based on precious
metals such as ruthenium, platinum, and palladium compounds. Yet,
other d-block complexes have been used as materials for novel metal-
based drugs [14]. For example, nickel complexes have been shown as
important complexes, and Ni enzymes play key roles in nitrogen,
carbon, and oxygen cycles [15]. Cobalt is also an important bioelement
which revealed physiological function through B;,. Cu complexes are
efficacious anticancer agents [16-20]. In recent years, copper com-
plexes have undergone tremendous research and development because
many copper complexes are used as medicine [16-23]. As is well
known, 4H-1,2,4-triazole has good biological activity [24]. Further,
many Schiff bases and their metal complexes have been used as medical
materials because they have excellent biological properties. In medical
research, copper compounds which were constructed by Schiff bases
have been proven as an attractive field [20,22]. Recently, our group
reported Cd- or Zn-polymers of (E)-2-(((4H-1,2,4-triazol-4-yl) imino)
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methyl)-4,6-dihalogenphenol [25]. However, the Schiff base metal
complex of (E)-2-(((4H-1,2,4-triazol-4-yl)imino)methyl)-6-methox-
yphenol (H-TMP) derived from 4H-1,2,4-triazol-4-amine and 2-Hy-
droxy-3-methoxy-benzaldehyde has not been reported until now.
Herein, two new [M(TMP),(H,0),] (TMP-Cu, M = Cu; TMP-Co,
M = Co) complexes with (E)-2-(((4H-1,2,4-triazol-4-yl)imino)methyl)-
6-methoxyphenol (H-TMP) ligand, were synthesized and characterized
by IR, elemental analysis and single crystal X-ray diffraction analysis.
The biology activity and mechanisms of action of TMP-Cu and TMP-Co
were studied.

2. Results and discussion
2.1. Crystal structures

Single-crystal X-ray diffraction analysis revealed that TMP-Cu and
TMP-Co were isomorphic complexes (Fig. 1), and the crystal system
and space group of TMP-Cu and TMP-Co were identical. Additionally,
they represent the first (E)-2-(((4H-1,2,4-triazol-4-yl)imino)methyl)-6-
methoxyphenol (H-TMP) complexes. Therefore only complex TMP-Cu
was analyzed here.
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Fig. 1. Molecule structures of TMP-Cu (A) and TMP-Co (B).

Fig. 2. 1-D chain of TMP-Cu.

Single-crystal X-ray diffraction analysis revealed that TMP-Cu be-
longed to the monoclinic space group P2;/c. The Cul was six-co-
ordinated by two O and two N atoms (O1, Ola, N1, Nla) from two
different TMP ligands and two water (H,0) molecules forming slightly
distorted octahedral geometry. The bond distances of Cul-O1, and Cul-
N1 were 1.904(2) and 2.001(2) A, respectively. The Cul-O3 distance
was 2.483(2) A. It is very interesting that the bond length difference
around Cul may be caused by the Jahn-Teller effect [26-29]. It must be
noted that the TMP ligand displayed the y-TMP-x*0',N* coordination
mode (Figs. 1, 2), which is different than the coordination mode of [Zn
(L).1, (HL is (E)-2-(((4H-1,2,4-triazol-4-yl)imino)methyl)-4,6-dihalo-
genphenol) [25]. Further, the three coordination atoms (02, N3, N4) of
the TMP ligand were not involved in coordination.

The complex TMP-Cu formed a 1-D chain through double O—H---N
hydrogen bonds (0O3—H3B---N3' 2.827(3) f\, symmetry code: (i) x, y,
z — 1. Fig. 2) which further constructed a 2-D network through abun-
dant O—H---N and C—H---O hydrogen bonds (O3—H3A---N4' 2,942(3)
A, C9—HO9A---021 3.269(3) A, symmetry code: (ii) x, 0.5 — y, z — 0.5,
(iii) x, y, z + 1, Fig. S1). It must be noted that the 2-D network formed a
3-D network through weak st---7 interaction (t---1t, 3.419(2) [o\, sym-
metry code: (iv) —x, 1 —y, —z — 1).

2.2. Hirshfeld surface and fingerprint plot analysis
Hirshfeld surface analysis employed 3-D molecular surface contours

in the crystal structure and was performed to visualize the different
intermolecular interactions [25-29]. For a particular compound,
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Hirshfeld surfaces of the crystal structure were constructed based on the
electron distribution, which was calculated as the sum of spherical atom
electron densities.

The 2-D fingerprint plot is one of the important supplements for
Hirshfeld surface analysis and was used to quantitatively analyze the
nature and type of intermolecular interaction between molecules. The
fingerprint plots were decomposed to highlight particularly close con-
tacts between elements of the compound (Fig. 3). This decomposition
could distinguish contributions from different interaction types, which
overlap in the full fingerprint. The H---H interaction was one of the
most significant contacts for TMP-Cu and TMP-Co (the percentage of
H---H contacts was 41.9% and 42.4% for TMP-Cu and TMP-Co, re-
spectively). It must be noted that O—H:--N hydrogen bonds were ob-
served in TMP-Cu and TMP-Co (the percentage of N---H contacts of
TMP-Cu and TMP-Co was 19.8% and 21.8%, respectively). In addition,
another main intermolecular interaction of TMP-Cu and TMP-Co was
O---H contacts, which were represented by a scissors of the fingerprint
plot (the percentage of O---H contacts was 11.5% and 10.9% for TMP-
Cu and TMP-Co, respectively). Further, the m---t contacts played im-
portant roles in the 2-D fingerprint plot. The percentage of C---C con-
tacts of TMP-Cu and TMP-Co was 4.4% and 5.0%, respectively. Apart
from those above, the presence of C---H, M---H and other contacts was
observed, and they are all summarized in Fig. 4. The interaction mo-
lecules were analyzed by the Hirshfeld surface and fingerprint plot,
which showed similarity with the result of the single crystal X-ray
diffraction.



S.-M. Zhang et al.

Journal of Inorganic Biochemistry 193 (2019) 52-59

2612 2.6, 1 2.6, 2.6 2.6, 2.6

2.2 2.2 2.2 22 22 2.2

1.8 1.8 1.8 18 1.8 1.8 &

1.4 1.4 1.4 1.4 1.4 1.4

1.0 1.0 1.0 1.0 1.0 1.0

. “All oe HH 41.9% |o¢l NA 198%  log CH 201% o OH IL5% g ( '—(‘A 44/ 5
0.6 1.0 1.4 1.8 2.22.6 0.6 1.0 1.4 1.8 2226 0.6 1.0 1.4 1.8 2.2 2.6 0.6 1.0 1.4 1.8 2226 0.6 1.0 1.4 1.8 2.2 2.6 0.6 1.0 1.4 1.8 2.2 2.6

2.6/4c 6[de 620 6z g 2.6(4e ) 12.6]de

22 2.2 22 22 7 ' 2.2 '

1.8 1.8 1.8 * 1.8 1.8 A’

1.4 1.4 14 1.4 1.4

1.0 1.0 1.0 1.0 1.0

0.6 o068 HH 424% o NH 21.8% o C-H 198% 06 O-H 109% ol CC 3.0%

06 1.0 1.4 1.8 2226 0.6 1.0 1.4 1.8 2.2 2.6

di di Ll di
061014182226 06 1014 1.8 2226 06 1.01.4 182226 06 1.01.41822

2.6

Fig. 3. Fingerprint plots: all, H---H, N---H, C---H, O---H and C---C contacts showing the percentages of contacts contributed to the total Hirshfeld surface area of TMP-

Cu (top) and TMP-Co (down).

2.3. Cytotoxicity

The cytotoxic activity of H-TMP, CuCl,2H,0, cisplatin, TMP-Cu
and TMP-Co complexes was examined in Hep-G2, NCI-H460, MGC80-3,
BEL-7404 and HL-7702 cell lines. Results of MTT assay were presented
as ICso (uM) values for each compound after 48h of treatment
(Table 1). Against all selected human cell lines, TMP-Cu and TMP-Co
exhibited the strongest cytotoxic effect against Hep-G2 cancer cells,
after 48h of exposure with ICsy values of 1.08 = 0.38uM and
15.06 = 1.13uM, respectively. However, the cytotoxic effect was sig-
nificantly lower against normal HL-7702 cells (ICso > 80 uM). There-
fore, TMP-Cu and TMP-Co showed greater selective cytotoxicity to-
wards Hep-G2 cancer cells after 48 h treatment, in comparison with the
standard drug cisplatin [30-33]. Most notably, TMP-Cu
(IC50 = 1.08 = 0.38 uM) was about 60-fold, 15-fold, and 13-fold more
potent than H-TMP, TMP-Co, and cisplatin against Hep-G2 cancer cells
(ICso values of 60.18 + 0.49, 15.06 + 1.13, and 13.87 + 1.09 uM,
respectively), which deserve further determination. In addition, the
bond length of Cul—03, which was 2.483(2) [D\, was a very weak co-
ordination bond in the TMP-Cu complex. In solvent, the [M
(TMP),(H,0),] may decompose [M(TMP),], which reduced O—H---N
hydrogen bond interactions and activated [M(TMP),] to attack the
human tumor cells.

2.4. TMP-Cu and TMP-Co induced cell cycle arrest through regulation of S
phase related protein expressions

It is well known that most of anticancer compounds induce cell
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apoptosis via induction of cell cycle arrest [34-36]. As illustrated in
Fig. 5, incubation of Hep-G2 cancer cells with TMP-Cu (1.0 uM) and
TMP-Co (15.0 uM) increased the percentage of cells in the S phase from
32.59% to 46.16% (and 37.39%), whereas the percentage of cells in
G2/M phase decreased concomitantly. Thus, the above results of the
cell cycle analysis assay indicate that TMP-Cu (1.0 uM) and TMP-Co
(15.0 uM) induce Hep-G2 cancer cell cycle arrest at the S phase.

To obtain insight into the mechanism of TMP-Cu (1.0 uM) and TMP-
Co (15.0uM) in Hep-G2 cell cycle arrest at the S phase, Western
Blotting assay was performed to determine the expression of cdk2, p53,
cyclin A, p21 and p27 proteins [34-36]. As shown in Fig. 6, TMP-Cu
(1.0uM) and TMP-Co (15.0 uM) induced S phase arrest in Hep-G2
cancer cells, decreased cdk2 and cyclin A protein levels, and increased
expression of p53, p21 and p27. These data suggest that the TMP-Cu
(1.0uM) and TMP-Co (15.0 uM)-induced S arrest may be associated
with regulation of S phase related protein expressions. Based on the
western blot and agarose gel electrophoresis assay (Figs. 6 and S2), we
can conclude that TMP-Cu (1.0 uM) with DNA most probably acted via
an intercalation to significantly induce DNA damage (over-expression
of 53BP1 protein) than TMP-Co (15.0 uM) in Hep-G2 cells [33-36]. In
general, these results indicate that TMP-Cu (1.0 M) and TMP-Co
(15.0 uM) remarkably DNA damage, especially for TMP-Cu (1.0 uM)
treated cancer cells, consequently causing cell cycle arrest at S phase
(Figs. 5, 6, and S2).

2.5. TMP-Cu and TMP-Co induced cancer cell apoptosis

Considering that cell cycle arrest at the S phase will eventually lead

10.9%

01%
(b)

Fig. 4. Fingerprint plots: H---H, N---H, C---H, O---H, C---C and other bonds contacted showing the percentages of contacts contributed to the total Hirshfeld surface

area of TMP-Cu (a) and TMP-Co (b).
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ICso (UM) values determined by MTT assay of H-TMP, CuCl,2H,O0, cisplatin, TMP-Cu and TMP-Co complexes against Hep-G2, NCI-H460, MGC80-3, BEL-7404 and
HL-7702 human cell lines for 48 h.

Compounds Hep-G2 NCI-H460 MGC80-3 BEL-7404 HL-7702
H-TMP 60.18 + 0.49 > 100 > 100 > 100 70.24 = 1.15
TMP-Cu 1.08 = 0.38 87.47 + 1.56 18.21 = 1.58 65.55 + 0.38 81.61 = 0.78
TMP-Co 15.06 = 1.13 > 100 25.09 = 0.85 19.01 = 1.72 > 100
CuCl,2H,0 > 150 > 100 > 150 > 100 > 100
Cisplatin 13.87 = 1.09 17.02 = 2.11 15.02 = 1.99 18.54 = 1.24 16.01 = 1.23

to cell apoptosis [37,38], after incubated with TMP-Cu (1.0 uM) and
TMP-Co (15.0 uM) for 24 h, the Hep-G2 cancer cells were stained by
Annexin V-FITC (FITC is fluorescein isothiocyanate) and PI (propidium
iodide), and examined by flow cytometry. As shown in Fig. 7, the
percentage of TMP-Cu (1.0 uM) and TMP-Co (15.0 uM) promoting cell
apoptosis (early and late apoptosis) was 20.76% and 11.14%, respec-
tively. These results also suggested that TMP-Cu (1.0 uM) was more
effective in promoting cell apoptosis than TMP-Co (15.0 uM).

2.6. TMP-Cu and TMP-Co induced cancer cell mitochondrial dysfunction

First, to study the cellular uptake of TMP-Cu (1.0 uM) and TMP-Co
(15.0uM) in these Hep-G2 cells, an ICP-MS assay was carried out
[23,32,39-43]. As shown in Fig. 8 and Table S1, the maximum intake of
TMP-Cu (1.0 uM) was higher ((95.06 + 0.85ng Cu)/10° cells) than

that of TMP-Co (15.0 uM) ((54.45 + 0.46ng C0)/10° cells) and cis-
platin [23,32], which was mainly distributed in the mitochondria
fractions. The result suggests that a Cu ion in the TMP-Cu complex
might promote its effect on cell intake [23,32,39-43], which has been
proven in this study by examining the metal (Cu or Co) intake and
distribution of TMP-Cu and TMP-Co using the ICP-MS method. This
may be the most plausible explanation for the better antitumor effect of
TMP-Cu compared to TMP-Co based on the present results. In addition,
it has been found that mitochondrial dysfunction, including reduction
of mitochondrial membrane potential (MMP, Ay), intracellular Ca®*,
and ROS (reactive oxygen species) levels, is closely connected with cell
apoptosis [44-49]. Thus, the capacity of TMP-Cu (1.0 uM) and TMP-Co
(15.0 uM) to reduce of MMP, intracellular Ca®*, and ROS levels in Hep-
G2 cancer cells was assess using flow cytometry. In comparison with
control cells, TMP-Cu (1.0 uM) and TMP-Co (15.0 uM) treated groups
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Fig. 5. TMP-Cu (1.0 uM) and TMP-Co (15.0 uM) induced S phase arrest in Hep-G2 cancer cells for 24 h.
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Fig. 6. (A) Western blotting assay of TMP-Cu (1.0 uM) and TMP-Co (15.0 M) on the S phase regulatory proteins in Hep-G2 cancer cells for 24 h. (B) Histograms
display the density ratios of cdk2, p53, cyclin A, p21, 53BP1 and p27 to B-actin.

resulted in increased levels of Ca?* and ROS, and decreased MMP
(Fig. 9), suggesting that MMP, Ca®*, and ROS play a vital role in TMP-
Cu and TMP-Co induced cell death [44-49].

To further demonstrate the mitochondrial pathways in Hep-G2 cell
apoptosis induced by TMP-Cu (1.0pM) and TMP-Co (15.0puM),
Western blotting analysis was performed [44-51]. As shown in Fig. 10,
treatment with TMP-Cu (1.0 uM) and TMP-Co (15.0 uM) decreased
expression of the Bcl-2 protein and increased expression of the caspase-
3/-9, apaf-1, bax, and cyt c (cytochrome c) protein levels, suggesting
that the mitochondrial pathway was involved in Hep-G2 cancer cell
apoptosis driven by TMP-Cu (1.0 uM) and TMP-Co (15.0 pM).

3. Conclusions

In this study, two transition metal TMP-Cu and TMP-Co complexes
of (E)-2-(((4H-1,2,4-triazol-4-yl)imino)methyl)-6-methoxyphenol (H-
TMP) were synthesized and characterized. The structures of TMP-Cu
and TMP-Co were determined by X-ray crystallography, IR, and ele-
mental analysis. MTT assay showed that TMP-Cu display stronger an-
tiproliferative activity towards the Hep-G2 cancer cell line than TMP-
Co, cisplatin and H-TMP. Interestingly, TMP-Cu and TMP-Co exhibited
low cytotoxicity against normal HL-7702 cells. Furthermore, TMP-Cu
and TMP-Co arrested the cell cycle at S phase through regulation of S
phase related proteins expression in the Hep-G2 cells. Mechanism stu-
dies showed that TMP-Cu and TMP-Co induced cell apoptosis was as-
sociated with mitochondrial dysfunction in Hep-G2 cancer cells. Our

reported studies imply that a Cu ion in the TMP-Cu complex might
promote its effect on cell intake, which has been proven in this study by
examining the metal (Cu or Co) intake and distribution of TMP-Cu and
TMP-Co using the ICP-MS method. Therefore, this may be the most
plausible explanation for the better antitumor effect of TMP-Cu com-
pared to TMP-Co based on the present results.

4. Experimental
4.1. Materials and physical measurements

All chemicals were commercially available and used as received
without purification. Elemental analyses (CHN) were performed using a
Perkin-Elmer 240 elemental analyzer. FT-IR spectra were recorded from
KBr pellets in the range of 4000-400cm ™! on a Bio-Rad FTS-7 spec-
trometer. The X-ray crystal structures were determined by Agilent
G8910A CCD diffractometer using the SHELXL crystallographic soft-
ware for molecular structures. Photo-luminescents tested by Hitachi F-
4600 fluorescence spectrophotometer.

4.2. Syntheses

4.2.1. Syntheses of H-TMP

A mixture of 2-Hydroxy-3-methoxy-benzaldehyde (10 mmol,
1.520 g), 4-amino-1,2,4-triazole (Hatz, 10 mmol, 0.8408 g) and ethanol
(20mL) in a 100 mL flask refluxed at 80 °C for 2h. Beige precipitate

103 ?151% ?.279% 5 ?.137% ?;e% 5+ 2,114% 2;2%
: control i TMP-Cu 107 TMP-Co
RU R 10
- 1o Q2] Q23 .| Q2
Shadk _ - 10% = 10° <
1.79% 7.26% 6.92 %
102, 3:94% 10 13.50%)| 107 4.32%
' T;’).:'8“"”. ot i Q LT 0 T?:.m Q3 ?33501 01 - Q ?22%
0102 103 104 105 010> 10° 104 105 010> 103 104 105
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Fig. 7. Double staining on the Hep-G2 tumor cells treated by TMP-Cu (1.0 pM) and TMP-Co (15.0 uM) for 24 h.
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appeared and then was rinsed three times with fresh ethanol (5 mL x 3)
and dried at 40 °C for 12 h (yield =95% based on Hatz). Anal. Calc. for
H-TMP: C;oH;(N405 (M, = 218.18), calc.: C, 55.05; H, 4.62; N, 25.67%;
Found: C, 55.01; H, 4.65; N, 25.72. IR data for H-TMP (KBr, cm ™!, Fig.
S3): 3430 m, 3089 s, 1594 s, 1529 m, 1476 s, 1443 s, 1238 s, 1156 s,
1071 s, 971 w, 929 w, 730 w, 627 w.

4.2.2. [Cu(TMP)»(H,0),] (TMP-Cu)

A mixture of Cu(Ac)>"H,0 (0.2 mmol, 0.040 g), H-TMP (0.2 mmol,
0.044 g), DMF (5mL), acetonitrile (5 mL) and deionized water (1 mL)
was sealed in a 20 mL vial at 80 °C for 72 h. Dark green block crystals of
TMP-Cu were collected by filtration, washed with deionized water
(10mL X 3) and dried in air (yield: 31 mg, ca. 58.3% based on H-TMP).
Anal. Calc. for TMP-Cu: Cy0H55NgOgCu (M, = 534.01), calc.: C, 44.98;
H, 4.15; N, 20.97. Found: C, 45.02; H, 4.20; N, 21.03. IR data for TMP-
Cu (KBr, crn_l, Fig. S4): 3442 m, 3084 s, 2953 w, 1605 s, 1540 m, 1443
s, 1232 m, 1115 s, 1052 s, 987 m, 883 s, 746 m, 648 w, 590 w.

4.2.3. [Co(TMP),(H20).] (TMP-Co)

Complex TMP-Co was prepared in a similar way to TMP-Cu, except
that Cu(Ac)>'H,O was replaced by Co(Ac)»>2H,0. Red block crystals of
TMP-Co were collected by filtration, washed with deionized water
(10 mL X 3) and dried in air (yield: 30 mg, ca. 56.9% based on H-TMP).
Anal. Calc. For TMP-Co: C50H3,NgOgCo (Mr = 529.39), calc.: C, 45.37;
H, 4.19; N, 21.16%. Found: C, 45.43; H, 4.16; N, 21.21%. IR data for

Journal of Inorganic Biochemistry 193 (2019) 52-59

TMP-Co (KBr, cm ™, Fig. $5):3430 m, 3089 s, 1594 s, 1529 m, 1443 s,
1238 m, 1101 s, 1043 s, 971 m, 899 w, 742 s, 643 w, 565 w.

4.3. X-ray crystallography

Two diffraction data were collected on Agilent G8910A CCD dif-
fractometer with graphite monochromated Mo-Ka radiation
(A =0.71073 f\) and using the w-60 scan mode in the ranges
2.91° < 6 < 25.08°(TMP-Cu), and 2.96° < 0 < 25.10°(TMP-Co) re-
spectively. Raw frame data were integrated with the SAINT program
[52]. The structures were solved by direct methods using SHELXS-97
and refined by full-matrix least-squares on F? using SHELXS-97 [52]. An
empirical absorption correction was applied with the program CrysAlis
RED (Agilent, 2012). All non-hydrogen atoms were refined aniso-
tropically. All hydrogen atoms were positioned geometrically and re-
fined as riding. Calculations and graphics were performed with
SHELXTL [52]. The crystallographic details are provided in Table S2.
Selected bond distances and angles of the TMP-Cu and TMP-Co are
listed in Table S3. Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic Data Center
(CCDC reference numbers: 1876582, 1876583).

4.4. Materials and methods

The anticancer mechanism of TMP-Cu (1.0 uM) and TMP-Co
(15.0 uM) was studied according to Ulukaya and Chao et al. reported
[44-51]. In addition, the detailed procedures for the anticancer me-
chanism of TMP-Cu (1.0 uM) and TMP-Co (15.0 uM) in Hep-G2 cancer
cells were described in supporting information.
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Fig. 9. Effects of TMP-Cu (1.0 uyM) and TMP-Co (15.0 uM) on MMP (A), Ca>* (B) and ROS (C) levels in the Hep-G2 cancer cells analyzed by flow cytometry.
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Appendix A. Supplementary data

Electronic supplementary information (ESI) available: IR and crystal
data for H-TMP, TMP-Cu and TMP-Co. CCDC Nos. 1876582 and
1876583 for TMP-Cu and TMP-Co contains the supplementary crys-
tallographic data for this study. Supplementary data associated with
this article can be found in the online version, at https://doi.org/10.
1016/j.jinorgbio.2019.01.009. These data include MOL file and
InChiKey of the most important compounds described in this article.
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