Bioorganic Chemistry 141 (2023) 106838

ELSEVIER

Contents lists available at ScienceDirect
Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

BIO-ORGANIC
CHEMISTRY

Check for

In vitro and in vivo anticancer activity of novel Rh(III) and Pd(II) complexes  [&&s

with pyrazolopyrimidine derivatives

Yun-Qiong Gu™" ', Meng-Xue Ma *, Qi-Yuan Yang *", Kun Yang *, Huan-Qing Li *, Mei-Qi Hu ?,

Hong Liang ™, Zhen-Feng Chen ™"

& State Key Laboratory for Chemistry and Molecular Engineering of Medicinal Resources, Key Laboratory for Chemistry and Molecular Engineering of Medicinal Resources
(Ministry of Education of China), Collaborative Innovation Center for Guangxi Ethnic Medicine, School of Chemistry and Pharmaceutical Sciences, Guangxi Normal

University, Guilin 541004, China

Y School of Environment and Life Science, Nanning Normal University, Nanning 530001, China

ARTICLE INFO ABSTRACT

Keywords:

Rh(II)/Pd(II) complexes
Anticancer activity

Cell cycle arrest
ER-stress

Apoptosis

Six pyrazolopyrimidine rhodium(IIl) or palladium(II) complexes, [Rh(Ll)(HZO)Cl3] 1), [Rh(LZ)(CHgoH)C13] 2),
[Rh(L*)(H20)Cl3] (3), [Rha(L*)Cls]‘CH30H (4), [Rh(L)(CH3CN)Cl3]0.5CH3CN (5), and [PA(L*)Cly] (6), were
synthesized and characterized. These complexes showed high cytotoxicity against six tested cancer cell lines.
Most of the complexes showed higher cytotoxicity to T-24 cells in vitro than cisplatin. Mechanism studies indi-
cated that complexes 5 and 6 induced G2/M phase cell cycle arrest through DNA damage, and induced apoptosis

via endoplasmic reticulum stress response. In addition, complex 5 also induced cell apoptosis via mitochondrial
dysfunction. Complexes 5 and 6 showed low in vivo toxicity and high tumor growth inhibitory activity in mouse
tumor models. The inhibitory effect of rhodium complex 5 on tumor growth in vivo was more pronounced than

that of palladium complex 6.

1. Introduction

Cancer has become one of the main causes of disease death, which is
caused by the abnormal proliferation of cells that grow out of control in
the body. It involves cross-talk among multiple genes and signaling
pathways, DNA alterations, gene transcription and translation [1,2] and
it is an extremely complicated and highly lethal disease [3-5]. Metal-
based drugs such as cisplatin and its analogues have been widely used
to treat different types of cancer for more than 40 years [6], including
ovarian, bladder, cervical, testicular, and lung cancers, as well as lym-
phoma, myeloma, and melanoma [7-11]. However, cisplatin has serious
toxicity and often develops drug resistance [12]. Thus, overcoming these
disadvantages has become a top priority in the development of metal-
based antitumor drugs through the discovery of agents with stronger
antitumor activity, less toxic side effects and lower tendency to induce
drug resistance [13].

Among them, rhodium(Ill) and palladium(I) complexes have
attracted much interest due to their unique chemical and pharmaco-
logical properties [14-16]. The rhodium complexes exhibit a variety of
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biological activities [17-19], such as anticancer [20], antibacterial [21]
and antifungal activities [22]. The different modes of interactions be-
tween Rh(III) complexes and biomolecular targets may be related to
their unique molecular structures [23,24]. Various rhodium poly-
pyridine complexes bind DNA via covalent and noncovalent in-
teractions, to improve the uptake of the drug by cells and enhance
cytotoxicity by increasing the rigid plane and hydrophobicity of the
polypyridine ligand [25]. Quercetin rhodium(III) complex exhibits
potent anti-proliferative activity and a higher safety profile for normal
cells, through triggering apoptosis and causing cell cycle arrest in the
sub GO phase [26]. Palladium(II) complexes efficiently bind to HSA
(human serum albumin) molecules, revealing a rational model for
anticancer drug design, transport, and toxicity reduction [27]. These
rhodium and palladium complexes have shown significant anticancer
activities with few side effects and they have the potential to be devel-
oped as platinum drug substitutes.

Our previous studies have found that Rh(III)/Pd(II) complexes with
isoquinoline derivatives induced HepG2 cell death by mitochondria-
mediated apoptotic and autophagic pathways [28]. Some rhodium
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(IID)-picolinamide complexes inhibited cell proliferation through mul-
tiple modes of action including cell cycle arrest, apoptosis autophagy,
and metastasis suppression[24]. And the ruthenium(III) complexes of
pyrazopyrimidine derivative showed strong anti-proliferation activity
against cancer cells [29]. These results suggested that more bioactive
metal complexes could be designed by coordination of bioactive ligands
with bioactive metal center. Pyrazopyrimidine scaffolds are one of the
privileged heterocycles in drug discovery, which is the main structural
component of many lead molecules. Because pyrazopyrimidine is
similar to the adenine base in DNA, its fingerprint as a pharmacophore
has always attracted attention [30,31]. However, there are few reports
on the metal complexes with pyrazopyrimidine derivative and their
antitumor effects. Herein, we synthesized highly active and low toxic
rhodium/palladium metal complexes by coordinating pyrazolopyr-
imidine derivatives with good antitumor activity with bioactive
rhodium/palladium metal centers, and their antitumor mechanisms
were explored.

2. Results and discussion
2.1. Synthesis and characterization

Complexes [Rh(L)(Hz0)Cl3] (1), [Rh(L?)(CH;0H)Cl3] (2), [Rh(L®)
(H20)Cl3] (3), [Rha(1Y)Clg]"CH30H (4), [Rh(L*)(CH3CN)Cl3]0.5CH3CN
(5), and [Pd(LS)Clg] (6) were characterized by single crystal X-ray
diffraction analysis (Fig. 1). Complexes 1, 2, 3, 5, and 6 had a mono-
nuclear structure with a 1:1 metal to ligand ratio. The central Rh(III)
coordinated with two N atoms of the pyridine and pyrazole rings of the
ligands, three chloride ions, and an O or N atom of a solvent molecule
(H20 molecules for complexes 1 and 3, methanol for 2 and acetonitrile
for 5) to form a distorted octahedral geometry. However, complex 4 was
a binuclear structure with a metal to ligand ratio of 2:1. The two
rhodium(III) centers formed a six-coordinated distorted octahedral ge-
ometry connected by two y2-Cl. One Rh(III) center had the same coor-
dination pattern as the other rhodium complexes, and the other Rh(III)
center coordinated with the N atom of the pyrazole ring and a C atom of
the benzene ring as well as two free chloride ions. The central Pd(II) ion
of complex 6 was chelated with two N atoms of the pyridine and pyr-
azole rings of the ligands, two chloride anions to forms a four-
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coordinated square planar geometry. The crystallographic information
of complexes 1-6 is shown in Table S1.

2.2. Stability, purity and log Po,w determination of the complexes

The stability of complexes 1-6 was measured by HPLC (Fig. S16) and
UV — Vis spectroscopy (Fig. S17). The complexes showed no new peak
within 48 h by HPLC, and the peak retention time hardly changed,
indicating that the complexes were stable for at least 48 h at room
temperature in solution. In addition, HPLC also showed that the purity
of the complexes was above 98%, which could be used for further cell
experiments [32]. Meanwhile, the absorption peaks and shapes of the
UV spectra of these two complexes were unchanged over 72 h, indi-
cating that complexes 1-6 were stable in PBS solution for at least 72 h,
which is consistent with the HPLC results [33]. Furthermore, the com-
plexes were dissolved in deionized water (1 mg complex/5mL H20) and
LC-MS analysis was performed after 48 h. The mass spectra are shown in
Fig. S18 — S22: For complex 1 (Fig. S18) C;7H2CIlsNgORh: HRMS
(CH30H, m/2): caled for [M—H50 + Na]™: 536.9611, found, 536.9620;
caled for [M + Nal': 554.0717, found, 554.9723. For complex 2
(Fig. S19) CgeHsgCIlsNgORh: HRMS (CH3OH, m/z): caled for
[M—CH30H + Na]™: 649.0863, found, 649.0876. For complex 3
(Fig. S20) Ca5H36Cl3NgORh: HRMS (CH30H, m/2): caled for [M—H>0 +
Na] *: 649.0843, found, 649.0868. For complex 4: The solubility of the
complex in water was too poor to be detected. For complex 5 (Fig. S21)
CooHas5CI3N,Rh: HRMS (CH30H, m/2): caled for [M + Nalt: 660.9924,
found, 660.9927. For complex 6 (Fig. S22) CoyH2oCloNgPd: HRMS
(CH50H, m/2): caled for [M—Cl]™: 571.0629, found, 571.0626. These
results indicated that these complexes were stable in aqueous solution
for at least 48 h.

Lipophilicity is a physicochemical property of a drug which affects its
uptake, metabolism and molecular toxicity [34]. To determine the lip-
ophilicity of the complexes, log P, w values (N-Octanol/water partition
constant) of complexes 1-6 were measured (Fig. S23). It was found that
the log P,,w values of complexes 1 and 4 were negative, —0.50 + 0.05
and —0.45 =+ 0.06, respectively, indicating that these two complexes are
hydrophilic. The log P, values of the remaining complexes were
positive, and increased in the order of complex 5 > complex 2 > com-
plex 6 > complex 3, indicating that they are lipophilic complexes, and

Fig. 1. Crystal structures of complexes 1-6.
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complex 5 is the most lipophilic, with a log P,/w value of 0.50+0.10
[35,36].

2.3. Cytotoxicity of the complexes

The cytotoxic activities of two new ligands (L2 and L%, six complexes
1-6 and cisplatin were investigated in vitro against five human tumor
cell lines (T-24, A549, BEL-7404, HeLa, SK-OV-3 cells) and two normal
cell lines (WI38 and HL-7702) by MTT assay (Table 1). The ICsq values
of the complexes against tested cell lines were <20 uM except for
complexes 1 and 4, which may be due to their low solubility. Overall,
complex 5 was the most cytotoxic compound in all cancer cell lines
tested, with ICsy values 2-6 times lower than that of cisplatin. All
complexes showed the highest anti-proliferation activity against T-24
cell lines, especially complex 5, whose ICsg value was 2.1+0.1 uM. The
activity of complex 6 with the same ligand as complex 5 against T-24
was lower than that of complex 5, and its ICsq value was only 8.8+0.3
uM. For the other cell lines, the same trend was observed, and the
selectivity index (SI = ICsq (HL-7702)/ICs0 (T-24) of the complexes was
higher than that of cisplatin. The cytotoxic activity of rhodium com-
plexes with similar coordination pattern is correlated with their ligands
for T-24 cancer lines: (1) When R; and Ry of the pyrazole ring are Ry =
Ry = —CHs and the pyrazole ring R3= —(CHy)3CHj, the anti-
proliferation activity of the corresponding complex 3 was significantly
enhanced than that of complex 1 (R3 = —H). When the methyl groups of
R; = Ry = —CH(CHj3)2 and R3 = H, the anti-proliferation activity of the
corresponding complex was also significantly enhanced, e.g. complex 2
> complex 1, but complex 2 < complex 3; (2) When R; = — Ph, Ry =
—CHs and R3 = — H in complex 5, it was the most cytotoxic complex.
Therefore, complexes 5 and 6 with different metal centers of the same
ligand were selected to further study the mechanism of their anti-
proliferation effects on T-24 cells.

2.4. Cellular uptake and distribution of the complexes

The cellular uptake of metal anticancer drugs is a crucial factor
affecting their anti-proliferation activity [37]. To investigate the kinetics
of cellular uptake of complexes 5 and 6, ICP-MS was used to measure
their uptake in T-24 cells. The results showed that the concentration of
rhodium uptake of complex 5 was 859.72+72.97 ng/10° cells after
treatment at 15 uM for 10 h. The uptake of palladium in complex 6 by
cells was 296.84+45.66 ng/10° cells (Fig. S24A and B). The uptake of
complexes by cells affects their anti-proliferative activity against tumor
cells, and previous studies have shown that the distribution of the
complexes in subcellular organelles is closely related to different cellular
pathways [38]. The distribution of complex 5 rhodium metal in the
subcellular compartment was studied (Fig. S24C). Of all the subcellular
compartments measured, the uptake into cytoplasm was the highest,
followed by mitochondria and nucleus, and cell membrane was the
lowest. These experiments indicated that complex 5 was accumulated in
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the mitochondria and nuclei of cancer cells, and likely causes damage to
these two organelles.

2.5. Effects of complexes 5 and 6 on gene transcription levels in T-24 cells

To investigate the cytotoxicity mechanism of complexes 5 and 6, we
first investigated the transcription levels of genes involved in common
cell death pathways using high-sensitivity single-cell RNA sequencing
(RNA-SEQ). After the complexes were incubated with T-24 cancer cells
for 24 h, total RNA was extracted and the relevant gene transcript levels
were analyzed (Fig. 2). The results showed that complexes 5 and 6
affected the apoptosis and DNA pathway related genes. They activated
the expression of Bax, Bad, Bcl-2 and Caspase 2/3 genes and disrupted
the expression of other apoptosis-related genes in T-24 cells (Fig. 2A). At
the same time, the expression levels of DNA damage-related genes
DRAM?2, DDIT4, GADD45A/G, XPA/C, CCI2, DDB1 and MDC1 were also
changed (Fig. 2B). The results showed that complexes 5 and 6 may
induce apoptosis and DNA damage of T-24 cancer cells by regulating the
expression of related genes, thereby inhibiting the proliferation of T-24
cells.

2.6. The comet experiment, cell cycle arrest and the expression levels of
cycle-related proteins

DNA has been demonstrated as the main molecular target of various
metal complexes [39,40]. Therefore, we evaluated the DNA damage by
complexes 5 and 6 first. After treatment with complexes 5 and 6 for 24 h,
DNA fragments of T-24 cells were assessed by basic single-cell gel
electrophoresis (comet assay) (Fig. 3A and B). The results showed that
treatment of T-24 cells with 5 and 6 increased the electrophoretic
migration of DNA fragments. The single cell DNA showed the pattern of
a comet, and the tail length of comet was longer than that of the control
cell, showing a “broom” pattern of tail. Moreover, the effect of complex
5 on DNA damage was concentration-dependent, indicating that com-
plexes 5 and 6 induced DNA damage in cells. As a result, cell cycle arrest
and apoptosis could be induced [41].

The cell cycle is a highly ordered process in cell growth, tissue
regeneration, DNA repair, and apoptosis [42]. Among the cell cycle,
interphase is mainly composed of three stages: G1, G2 and S [43,44]. At
the concentration of 4.0 uM, both complexes 5 and 6 induced G2/M
phase arrest in T-24 cells, and the arrest effect of complex 5 was more
obvious than that of complex 6. Moreover, the proportion of cells in G2/
M phase increased from 12.34% (control) to 44.96% and 25.18%,
respectively, after treatment with complexes 5 and 6 (Fig. 3C). After T-
24 cells were treated with complex 5 (2.0, 3.0 and 4.0 pM) for 24 h, the
proportion of G2/M phase cells increased from 20.16% to 44.21% and
the proportion of S and G1 phases cells decreased (Fig. 3D).

Phosphorylated cyclin p—CDC25C5216 (60 KDa) is one of the DNA
damage-mediated G2 phase checkpoints in cell cycle progression.
Cyclin-dependent protein kinases (CDKs) are a group of serine/

Table 1

The cytotoxicity of ligands, metal salts and complexes 1-6 against five human tumor cell lines and two normal cell lines by MTT method (ICso", 48 h).
Compound T-24 A549 BEL-7404 HeLa SKOV-3 WI38 HL-7702 SI
L4 >20 >20 >20 >20 >20 >20 >20 -
L® >20 >20 >20 >20 >20 >20 >20 —
1 >20 >20 >20 >20 >20 >20 >20 -
2 8.2+0.8 10.9+0.4 15.5+0.9 15.3+0.8 18.0+0.1 9.3+1.6 13.0+0.8 1.6
3 4.3+0.5 5.6+£0.4 7.4+0.2 8.5+£0.8 9.3+0.1 5.1+0.8 7.4£1.0 1.7
4 >20 >20 >20 >20 >20 >20 >20 -
5 2.1+0.1 4.5+0.4 5.7+0.9 4.2+0.4 5.8+0.2 3.2+0.3 2.5+0.3 1.2
6 8. 8+0.3 12.4+0.5 14.4+0.9 12.3+0. 3 12.9+0.8 14.0+0.8 16.9+0.3 1.9
DDP 11.0+0.5 11.4+0.5 34.2+0.7 16.6+0.5 8.0+1.0 7.4+0.6 9.3+£0.50 0.8
RhCl3'3H,0 >40 >40 >40 >40 >40 >40 >40 —
PdCl, >40 >40 >40 >40 >40 >40 >40 -

2 ICsp values are expressed as the mean =+ standard deviation of three independent experiments. SI (Selectivity indices) = IC5(HL-7702)/1Cs0(T-24).
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Fig. 2. Effects of complexes 5 and 6 on the transcription levels of genes associated with DNA damage (A), apoptosis (B) in T-24 cells.

threonine protein kinases that drive the cell cycle through their
chemotactic effects on serine/threonine proteins. The cyclin-CDK com-
plex, through CDK activity, catalyzes the phosphorylation of different
substrates to achieve the advancement and transformation of different
phases of the cell cycle [45]. Our experimental results demonstrated that
the cyclin p-CDC25C5216 was significantly increased, and CDK2 and
Cyclin B1 were significantly decreased in the complexes-treated group
compared with the control, indicating that the G2/M phase arrest of T-
24 cells by complexes 5 and 6 may be achieved by regulating the
expression of CDK2, Cyclin B1 and p-CDC25C [46], which are in good
agreement with the flow cytometry results (Fig. 3E and F).

2.7. Cell apoptosis and the expression levels of apoptosis-related proteins

Cell cycle arrest also seriously affects tumor cell apoptosis [47],
therefore we further evaluated the apoptosis induced by complexes 5
and 6 with Annexin V and PI staining. In Fig. 4, the apoptosis rates (Q2
+ Q3) of cells treated with these two complexes for 24 h at the con-
centration of 4.0 uM were 28.05% and 13.69%, respectively (Fig. 4A).
When treated with the complexes for 48 h, the apoptosis rates (Q2 + Q3)
were 71.1% and 24.54% (Fig. 4B), respectively, indicating that com-
plexes 5 and 6 increased the percentage of apoptosis and obviously
induced apoptosis of T-24 cells. Moreover, the percentage of apoptosis
induced by complex 5 was concentration-dependent after different

concentrations of complex 5 were applied to cells for 24 h (Fig. S25). The
results clearly confirmed that complexes 5 and 6 effectively induced cell
apoptosis in a time-and concentration-dependent manner[48], and the
apoptosis rate was higher than that of cisplatin at the same
concentration.

Bcl-2 family of proteins is the dominant regulator of the normal
apoptotic process, and is also a major player in tumorigenesis, pro-
gression and resistance to subsequent drug therapy mediated by
apoptotic escape [47], which includes enhancing apoptosis protein (Bad
and Bax) and decreasing antiapoptotic proteins (Bcl-2). To confirm the
apoptosis induced by complexes 5 and 6, the change of Bax and Bcl-2
were assayed by Western blot. The experimental results showed that
Bax protein expression was elevated and Bcl-2 protein expression was
decreased compared with the control (Fig. 4C and D). This result indi-
cated that complexes 5 and 6 induced T-24 cells apoptosis (Fig. 4C and
D).

2.8. Complex 5 induces mitochondrial dysfunction

We investigated the effect of complex 5 on mitochondrial function.
Mitochondrial membrane potential (MMP, A¥m) is a fundamental
feature reflecting mitochondrial integrity [49]. Mitochondrial depolar-
ization induced by complex 5 was detected by JC-1 kit staining by flow
cytometry. After treatment with complex 5 (2.0, 3.0 and 4.0 uM) for 24
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h, mitochondrial membrane potential was decreased to 6.94%, 32.2%
and 33.9% compared with the control cells (Fig. 5A), which indicated
cell mitochondrial membrane may be damaged by the complex [50].

The production of intracellular reactive oxygen species (ROS) is a
crucial indicator in the induction of apoptosis in multifarious cell lines
[51]. Since the mitochondria are the main source of ROS, mitochondrial
function damage often leads to increased ROS levels and calcium levels
[52]. To investigate whether complex 5 would alter the intracellular
ROS levels, we first investigated the intracellular ROS levels treated with
complex 5 by 2,7-dichlorodihydrofluorescein diacetate (HoDCF-DA)
staining. After treatment with complex 5 for 10 h, a concentration
dependent enhancement of green fluorescence intensity was observed in
complex 5-treated T-24 cells, indicating an increase in intracellular ROS
(Fig. 5B). At the same time, we also determined the intracellular calcium
and ATP levels, and found that calcium content increased in a
concentration-dependent manner (Fig. 5C), while ATP level decreased
significantly (Fig. 5D).

A decrease in MMP indicates a shift in mitochondrial permeability.
This phenomenon leads to uncoupling of the respiratory chain, resulting
in cessation of ATP synthesis, ROS overproduction, and decreased ATP
[53]. ROS overproduction and ATP depletion in turn promote mito-
chondrial dysfunction, leading to rupture of mitochondrial outer mem-
brane and release of apoptotic factors [50]. We found cascade changes in
mitochondria following complex 5 treatment, such as decreased MMP,
increased ROS and Ca®* accumulation, and decreased ATP levels [54].

These findings are consistent with an increased rate of cell apoptosis. In
conclusion, mitochondria dependent apoptosis is the cause of apoptosis
induced by complex 5 [14]. Without sufficient ATP produced by mito-
chondria, the rapid proliferation of cancer cells is hampered, which is
also consistent with previous conclusions.

2.9. Complexes 5 and 6 induce endoplasmic reticulum stress

Many studies show that ROS production is an important component
of ER stress responses and may act as an upstream signal [55]. The ef-
fects of complexes on ER stress were examined by ER-Tracker dyes. The
green fluorescence of ER-Tracker was significantly enhanced as shown
by confocal fluorescence photography after cells were incubated with
complexes 5 and 6 (Fig. 6A), indicating that these two complexes
induced ER stress in T-24 cancer cells [56].

ER is the major store of intracellular Ca®* which is an important
marker of cell signaling and survival [57]. When physiological changes
of ER occur, Ca®" is released into the cytoplasm [58]. Several ER stress
pathways exist in mammalian cells [59]. Elevated expression levels of p-
PERK (Phosphorylated RNA-dependent protein kinase-like endoplasmic
reticulum kinase), p-e[F2a (phosphorylated eukaryotic promoter 2a),
and CHOP (nuclear transcription factor C/EBP homologous protein)
indicated ER stress [60]. To verify whether 5 and 6 could induce ER
stress, the expression levels of endoplasmic reticulum stress signature
proteins p-PERK, P-elF2a and CHOP in 5 and 6 treated cells were
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Fig. 5. (A) The influence of complex 5 on mitochondrial membrane potential in T-24 cells (24 h). (B) The ROS determination of cells after incubation of complex 5
(10 h). (C) The measurement of Ca®* release in the cells upon treatment with complex 5 (24 h). (D) The detection of the intracellular ATP level after incubation of

complex 5 (24 h) (***P < 0.001, **P < 0.01, *P < 0.05).

detected by Western blot. Complexes 5 and 6 were found to significantly
increase the expression of p-PERK, P-elF2a and CHOP proteins (Fig. 6B
and C), indicating an increased level of ER stress [61].

2.10. Complexes 5 and 6 activate caspase 3/8/9

In general, there are two different pathways involved in the
apoptosis of cancer cells, the intrinsic pathway (mitochondria-related
apoptosis pathway) and the extrinsic pathway [50]. The intrinsic
pathway is typically dependent on the activation of the initiator caspase-
9 and caspase-3 [62]. Moreover, CHOP interacts with the death receptor

5 (DR5) promoter and is activated by caspase-8 to induce the death
receptor apoptosis pathway [63,64].

To explore the complex 5-induced apoptosis pathway, we first
detected the activation of caspase-3/8/9 by complex 5 in T-24 cells.
Complex 5-treated cells showed additional peaks in activated caspase-3/
8/9 cells compared with untreated cells (Fig. 7). After treatment with
complex 5, the proportion of activated caspase-3/8/9 cells in total T-24
cells was 36.70%, 23.00% and 32.37%, respectively, which showed
obvious concentration dependence. These results suggested that com-
plex 5 activated caspase-3/8/9 in T-24 cells, thereby inducing apoptosis
mediated by mitochondrial dysfunction [65].
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2.11. In vivo anticancer activity in xenograft tumor model

Acute toxicity test showed that the safe dose of complexes 5 and 6
was 30 mg/kg after a single caudal vein injection, and both groups of
mice survived.

The in vivo anticancer activity of complexes 5 and 6 was studied
using T-24 cell xenograft mouse model. When the tumor volume was
suitable (about 90 mm?), the mice were divided into 4 groups randomly
(n = 6) and were treated with vehicle, complex 5 (30 mg/kg), complex 6
(30 mg/kg) and DDP (2 mg/kg), respectively. Intraperitoneal injections
are given every 2 days. Tumor size was measured every 2 days after
treatment (Fig. 8A). At the end of treatment on the 15th day, the tumor
weight of each group was used to calculate the tumor suppression rate
(Fig. 8B). Compared with the vehicle treatment group, the tumor growth
of the complexes-treated groups was significantly inhibited, and the
tumor volumes of each complexes-treated groups were significantly
reduced (Fig. 8C). The inhibition rates of complexes 5 and 6 on tumor
growth were 50.8% and 47.6%, respectively, slightly lower than that of
cisplatin (59%). At the same time, the body weight of mice treated with
these two complexes did not decrease significantly, and the decreasing
trend was smaller than that of cisplatin group, indicating that their
toxicity was low (Fig. 8D).

2.12. Staining of tissues with TUNEL and H&E

Apoptosis of tumor tissues treated with complexes 5 and 6 was
evaluated by TUNEL staining (Fig. 9A), which suggested that the
apoptosis of tumor cells in complex 5 and 6 groups was significantly
increased comparing with the control, and complex 5 showed stronger
effect than complex 6. Nuclear contraction was not obvious in any
groups after DAPI staining.

Changes of Bax and Bcl-2 in tumor tissues of T-24 tumor-bearing
mice were detected by Western blot (Fig. 9B and C). The results
showed that in the T-24 xenograft tumor mouse model treated with
complexes 5 and 6, the expression level of Bcl-2 in group complex 5 was
obviously decreased, while the change in group complex 6 was not
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obvious. However, the expression level of Bax in the two complex groups
was increased, indicating that the ratio of Bcl/Bax was significantly
decreased after the treatment of cells with complexes 5 and 6. These
results indicated that the complexes also induced apoptosis in vivo,
which is consistent with the TUNEL staining results.

Histological examination of tumor tissues showed that the tumor
cells in complexes 5 and 6 treated groups were closely arranged, round
or polymorphic, with abundant cytoplasm, megakaryocytes, large and
hyperchromatic nuclei. Compared with the control, there were more
pyknotic tumor cells and fewer blood vessels in the tumor tissues of the
complexes 5 and 6 treatment groups, indicating that tumor necrosis
increased in the complexes 5 and 6 treatment groups. At the same time,
the kidney, lung, spleen, liver and heart tissues of complexes 5 and 6
treated groups were similar to those of the vehicle group, and no obvious
lesions were observed, indicating no obvious toxicity under the current
treatment mode (Fig. 9D). In conclusion, complexes 5 and 6 exhibited
strong inhibitory activity against proliferation in vivo.

3. Conclusion

Six rhodium(III) or palladium(II) complexes with pyrazolopyr-
imidines derivatives as ligands have been synthesized and characterized.
Complexes 5 and 6 exhibited strong anticancer activity against several
cancer cell lines and low toxicity against normal cells. Among the five
rhodium complexes, complex 5 had the strongest activity when the
pyrazole ring of the ligand contained phenyl group at the R; position,
—CHjs at the Ry position, and hydrogen atom at the Rg position. Complex
5 accumulated in mitochondria and nuclei and initiated a series of
events associated with mitochondrial dysfunction and DNA damage,
such as loss of MMP, ATP depletion, ROS release and elevated calcium
levels, and cell cycle arrest, to induce ER stress response and subse-
quently apoptosis. Complexes 5 and 6 showed effective anticancer ac-
tivity in a mouse tumor model. These compounds are potential
promising anticancer metal complexes.
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Fig. 8. Complexes 5 and 6 suppressed T-24 tumor growth in vivo. (A) Photographs of tumors separated from the mice. (B) Tumor weight was monitored. (C) Volume
of tumors affected by 5 and 6 on T-24 tumor growth. (D) The body weight of the mice (n = 6) (***P < 0.001, **P < 0.01, *P < 0.05).
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< 0.05).
4. Experimental sections
4.1. Synthesis of ligands
Pyrazopyrimidine derivatives L'~ and the complexes 1-6 were
prepared using the previously reported method [24,66]. The structures

of L' and complexes 1-6 are shown in Scheme 1 and Scheme 2.
L2 (8-(3,5-diisopropyl-1H-pyrazol-1-yl)-2,4-diisopropyl-10-methylp

Ry

_ ‘ :K_R:
\ J%I’ﬁ
/NNTN R

L": R,=R,=CH;, Ry=H
L2 R,=R,=CH(CH;),, Ry=H

L2: R;=R,=CHs, Ry=(CH,);CHj;

yrido[2',3":3,4] pyrazolo[1,5-a]pyrimidine).

'H NMR (400 MHz, Chloroform-d) § 7.67 (d, 1H), 6.98 (s, 1H), 6.13
(s, 1H), 4.48 (p, 1H), 4.19 (p, 1H), 3.22 (p, 1H), 3.05 (s, 1H), 3.01 (d,
3H), 1.50 (d, 6H), 1.42 (d, 6H), 1.33 (d, 6H), 1.26 (d, 6H). *C NMR
(151 MHz, Chloroform-d) § 165.60, 160.13, 159.42, 156.15, 154.48,
153.62, 147.37, 143.87,111.11, 105.80, 103.97, 102.32, 77.24, 77.03,
76.82, 36.41, 28.67, 28.13, 26.22, 22.77, 22.63, 22.11, 20.19, 19.00
(Fig. S1). HRMS (ESI) calcd for CasH3aNg [M + H1T (m/2): 419.2923;

L% R,=Ry= f@\, Ri;=H
OCH;
L5 R,= :»‘O‘ R,=CH;, Ry=H

Scheme 1. The structures of ligands L' 5.
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Scheme 2. The structures of complexes 1-6.

Found, 419.2918 (Fig. S2). Anal. Calcd for Cy5H34Ng: C, 71.74; H, 8.19;
N, 20.08. Found C, 71.59; H, 8.37; N, 19.84.

L* (8-(3,5-bis(4-methoxyphenyl)-1H-pyrazol-1-yl)-2,4-bis(4-metho
xyphenyl)-10-methylpyrido[2',3":3,4]pyrazolo[1,5-alpyrimidine).

'H NMR (600 MHz, DMSO-ds) 6 8.45 (d, 2H), 8.31 (d, 2H), 8.20 (s,
1H), 7.91 (d, 2H), 7.54 (s, 1H), 7.29 (d, 2H), 7.17 (t, 4H), 7.10 (s, 1H),
7.04 (d, 2H), 6.89 (d, 2H), 3.88 (s, 6H), 3.81 (s, 3H), 3.72 (s, 3H), 3.11 (s,
3H). (Fig. S3) HRMS (ESI) calcd for C41H34NeO4 [M + HIT (m/2):
675.2720; Found, 675.2685 (Fig. S4). Anal. Calcd for C41H34NgO4: C,
72.98; H, 5.08; N, 12.46. Found C, 72.75; H, 5.36; N, 12.30.

4.2. Synthesis and characterization of complexes 1-6

Synthesis of rhodium complexes 1-6: Ligands L'~ (0.1 mmol, 1
equiv.) and RhCl3-3H20] (0.12 mmol, 1.2 equiv.) were added to CHCl3:
CH30H or CHCl3:CH3CN (complex 5) (viv = 2:1, 9.0 mL) for reflux for
10 h. After filtration and standing for 5 d, red brown block crystals
suitable for single crystal X-ray diffraction analysis were collected.
Complex 6 was obtained by replacing RhCl3-3H,0 with PdCl, and
reacted with ligand L under the same reaction conditions.

[Rh(L})(H20)Cls] (1): Yellow block crystal. Yield: 62%. 'H NMR
(600 MHz, DMSO-dg) 6 7.64 — 7.64 (m, 1H), 7.62 (s, 1H), 6.68 (s, 1H),
3.17 (s, 1H), 3.12 (s, 3H), 2.96 (s, 3H), 2.93 (s, 3H), 2.78 (s, 3H), 2.75 (s,
3H). 1*C NMR (151 MHz, DMSO-dg) 6 160.09, 159.61, 155.49, 152.94,
152.69, 146.37, 145.84,143.34,114.80, 114.78, 105.48, 105.28, 48.63,
40.06, 39.94, 39.92, 39.80, 39.66, 39.52, 39.38, 39.29, 39.24, 39.10,
24.42, 18.84, 18.09, 15.17, 14.76 (Fig. S5). HRMS (ESI) calcd for
C17H20CI3NgORh [M—Cl-H,01" (m/z): 497.0131; Found, 497.0562
(Fig. S6). Anal. Calcd for C17HyoClsNgORR: C, 38.26; H, 3.78; N, 15.75.
Found C, 38.09; H, 3.66; N, 15.93.

[Rh(L2)(CH3O0H)Cl3] (2): Yellow block crystal. Yield: 59%. 'H NMR
(600 MHz, DMSO-dg) § 7.65-7.64 (m, 1H), 7.62 (s, 1H), 6.88 (s, 1H),
4.39-4.36 (m, 1H), 3.97 (dt, J = 33.0, 6.7 Hz, 3H), 3.17-3.14 (m, 3H),
2.08 (s, 3H), 1.53 (d, J = 6.9 Hz, 6H), 1.41 (d, J = 3.0 Hz, 6H), 1.40 (d, J
= 3.3 Hz, 6H), 1.29 (d, J = 6.9 Hz, 6H). 13C NMR (151 MHz, DMSO-dg) 5
170.01, 168.53, 156.95, 155.56, 155.03, 153.05, 152.84, 143.39,
118.14, 108.98, 108.06, 106.02, 105.58, 40.06, 39.94, 39.80, 39.66,
39.52, 39.38, 39.24, 39.10, 35.68, 28.78, 26.93, 26.20, 22.62, 22.61,
21.94, 21.75, 21.73, 19.86, 18.69 (Fig. S7). HRMS (ESI) calcd for
C26H3sClsNgORh, [M + DMSO + HI* (m/z): 737.1445, Found,
737.0673 ; [M + H] " (m/2): 659.1306, Found, 659.1990 (Fig. S8). Anal.
Calcd for Co6H3gCIsNgORh: C, 47.32; H, 5.80; N, 12.74. Found C, 47.06;
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H, 5.68; N, 12.61.

[Rh(L3)(H0)Cl3] (3): Yellow block crystal. Yield: 51%. 'H NMR
(600 MHz, DMSO-dg) 6 7.63-7.62 (m, 1H), 3.12-3.10 (m, 3H), 2.96 (s,
3H), 2.92-2.89 (m, 2H), 2.88 (s, 3H), 2.79 (s, 3H), 2.76 (s, 3H), 2.56 (t, J
= 7.6 Hz, 2H), 1.56 (dq, J = 5.9, 3.2, 2.7 Hz, 2H), 1.50-1.44 (m, 4H),
1.40 —1.34 (m, 2H), 0.97 (t,J = 7.3 Hz, 3H), 0.94 (t, J = 7.3 Hz, 3H). 13C
NMR (151 MHz, DMSO-dg) 6§ 159.32, 158.86, 155.37, 152.78, 152.04,
144.11, 142.30, 141.31, 125.99, 124.66, 105.42, 105.34, 40.06, 39.94,
39.80, 39.66, 39.52, 39.38, 39.24, 39.10, 31.72, 31.03, 27.71, 23.53,
22.24, 22.09, 21.78, 18.73, 15.04, 13.85, 13.76, 13.31, 12.99 (Fig. S9).
HRMS (ESD) caled for CasH3ClsNgORh, [M -+ DMSO-CIIt (m/z):
687.1522, Found, 687.1472 ; [M + CH3CN 4 DMSO-H,0-Cl]* (m/2):
710.1682, Found, 710.1138 (Fig. S10). Anal. Caled for
CosH36ClsNgORh: C, 46.49; H, 5.62; N, 13.01. Found C, 46.68; H, 5.40;
N, 13.27.

[ha(L4)C16] ‘CH3OH (4): Yellow block crystal. Yield: 75%. HRMS
(ESI) calcd for C42H37ClgNeOsRho, [M + CH3CN + CH30H + H]T (m/2):
1165.9459, Found, 1165.8799 ; [M + CH3CN + CH30H-CI]™ (m/2):
1129.9692, Found, 1129.9768 (Fig. S11). Anal. Caled for
C42H37C16N605Rh22 C, 44.87; H, 3.32; N, 7.48. Found C, 44.73; H, 3.48;
N, 7.29.

[Rh(L5)(CH3CN)C13] ‘0.5CH3CN (5): Yellow block crystal. Yield:
83%. 'H NMR (400 MHz, DMSO-de) & 8.17-8.12 (m, 2H), 7.76-7.69 (m,
8H), 7.64 (d, J = 1.8 Hz, 1H), 7.02 (s, 1H), 6.46 (s, 1H), 3.17 (s, 3H),
2.79 (s, 3H), 2.77 (d, J = 1.8 Hz, 3H), 2.75 (s, 3H). 13C NMR (101 MHz,
DMSO-dg) 6 160.66, 160.44, 155.80, 153.10, 151.51, 148.09, 146.07,
144.44, 131.39, 131.08, 130.43, 130.02, 129.74, 129.35, 128.99,
128.90, 128.53, 115.58, 114.80, 106.86, 105.24, 48.61, 24.38, 18.94,
14.38 (Fig. S12). HRMS (ESI) caled for C30H26_5C13N7.5Rh,
[M—1.5CH3CN + H]" (m/2): 641.0075, Found, 641.1432 ; [M + DMSO
+ Hy0-0.5CH5CN-Cl] " (m/z): 740.0849, Found, 740.0044 (Fig. S13).
Anal. Calcd for C3gHsg 5CI3N7 sRh: C, 51.38; H, 3.81; N, 14.98. Found C,
51.23; H, 3.69; N, 15.16.

[PA(L%)Cly] (6): Yellow block crystal. Yield: 78%. 'H NMR (600
MHz, DMSO-dg) 6 8.12-8.09 (m, 2H), 7.67 (s, 1H), 7.62-7.58 (m, 3H),
7.49 (s, 1H), 7.28-7.24 (m, 5H), 6.53 (s, 1H), 3.00 (s, 3H), 2.76 (s, 8H),
2.32 (S, 3H) (Flg 814) HRMS (ESI) calced for C27H22C12N6Pd, [M—Cl]Jr
(m/2): 571.0629; Found, 571.0613; M—Cl + DMSO]™" (m/z): 651.0773;
Found, 651.0740 (Fig. S15). Anal. Calcd for Co7H22CloNgPd: C, 53.35; H,
3.65; N, 13.83. Found C, 53.09; H, 3.86; N, 13.65.
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4.3. Cellular uptake of complexes

The cells were incubated in 100 mm cell culture dishes for overnight,
and then treated with complexes 5 and 6 (10 uM) for 24 h. After the cells
were collected, washed, harvested, and digested with HNOg, the metal
content in the diluent was detected by ICP-MS. The cytoplasm, mito-
chondria, and cell membrane were isolated, digested with concentrated
HNOg3, and their metal contents were determined by ICP-MS.

4.4. Detection of cell cycle

T-24 cells (1x10° cells/dish) in 70 mm dish were treated with
complexes 5 (2.0, 3.0, 4.0 uM) and 6 (4.0 uM) for 24 h. The cells were
collected and washed with PBS. Ice-cold ethanol and PBS were added
drop by drop while shaking, and then fixed in 70% ethanol in —20 °C
refrigerator for 24 h. The cells were centrifuged, washed with PBS, and
incubated with dye in 5% CO5 humidified environment at 37 °C for 30
min, and then tested by flow cytometry.

4.5. Assessment of apoptosis

T-24 cells (2x10° cells/well) were cultured in 6-well plates over-
night. After treatment with complexes 5 (2.0, 3.0, 4.0 uM) and 6 (4.0
uM) for 24 h and 48 h, respectively, the cells were harvested, washed
and incubated with PI (5.0 pL) and annexin V (5.0 pL) in a 5% CO,
humidified environment for 30 min. Cell apoptosis was determined by
flow cytometry.

4.6. Detection of intracellular ATP level

After T-24 tumor cells were treated with complex 5 for 24 h, the cells
were fully lysed and centrifuged at 12,000 g for 5 min. Subsequently,
100 pL of ATP assay working diluent was added to the 96 well in
advance, followed by adding 20 pL of cell lysis supernatant to the 96
well, then the fast well. The wells were rapidly mixed, and their lumi-
nance values were immediately measured by a cell imaging multimode
reader.

4.7. Anticancer activity in vivo

T-24 (5x10° cells per mouse) cells in the exponential growth state
were injected into mice (Balb/c nude mice) by subcutaneous injection to
create a tumor model. The successfully modeled mice were divided into
3 groups (n = 6): vehicle group, complex 5 (30 mg/kg) and complex 6
(30 mg/kg) groups. The vehicle (control) group was treated with normal
saline (v/v) containing 5% DMSO. Tumor diameter and weight were
measured the next day, and the mice were sacrificed after 15 days of
continued treatment. Tumor specimens were collected and weighed,
embedded in paraffin and fixed with formalin.

4.8. Other experimental procedures

Details of other experiments not described here are provided in the
suplementary documents, such as single crystal X-ray diffraction anal-
ysis, stability and purity test by HPLC spectra and UV-Vis spectra,
detection of lipophilicity, in vitro cytotoxicity assay, studies of whole
genome sequencing, comet assay, mitochondrial membrane potential
analysis, ROS and Ca?" generation, determination of Caspase 3, Caspase
8 and Caspase 9, Western Blot analysis, acute toxicity study, H&E and
TUNEL staining. CCDC reference numbers of complexes 1-6 were
2,215,625 (complex 1), 2,215,651 (complex 2), 2,215,652 (complex 3),
2,215,653 (complex 4), 2,215,654 (complex 5) 2,215,655 (complex 6),
respectively. The biological experiments were carried out in the absence
of light, and the compounds were stable in dimethylsulfoxide.
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4.9. Statistical studies

All experiments were repeated three times and the data were
expressed as mean + standard deviation (SD).
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