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Ligustrazine-Derived Chalcones-Modified Platinum(lV) Complexes
Intervene in Cisplatin Resistance in Pancreatic Cancer through
Ferroptosis and Apoptosis
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ABSTRACT: Developing multitarget platinum(IV) prodrugs is an
important strategy to attenuate cisplatin (CDDP) resistance in
tandem with reduced toxicity. Herein, six novel ligustrazine-derived
chalcones-modified platinum(IV) complexes were synthesized and
evaluated for their anti-proliferative activities. Among them, 16a
displayed higher cytotoxicity toward the tested cancer cell lines and
lower cytotoxicity toward the human normal cells than CDDP or
the combined group. Mechanistic studies revealed that 16a
efficiently induced DNA damage and initiated a mitochondria-
dependent apoptosis pathway. Besides, 16a significantly triggered
ferroptosis by down-regulating expression levels of nuclear factor
erythroid 2-related factor 2, glutathione peroxidase 4, and solute carrier family 7 member 11. Further, 16a obtained superior in vivo
anti-tumor efliciency than CDDP in CDDP-resistant pancreatic cancer xenograft models but showed no significant side effects. In
summary, our study suggested that 16a acts via a different anti-cancer mechanistic pathway than CDDP and may therefore

Downloaded via GUANGXI NORMAL UNIV on October 12, 2023 at 13:27:13 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

encompass a novel practical strategy for cancer treatment.

B INTRODUCTION

Pancreatic cancer (PC) is one of the most common
malignancies to treat and is predicted to be the second 1eadin§
cause of cancer-related mortality in western countries.'”
Despite significant progress in advancement of diagnostic
strategies and novel targeted techniques, the S-year survival
rate had reached only to about 10%." Currently, the use of
classical anti-neoplastics remains one of the effective
therapeutic strategies in the clinic for PC treatment. Platinum-
(1I)-based anti-cancer agents, such as cisplatin (CDDP, Figure
1A) and its analogues, are important therapeutic tools used to
treat various malignant tumors in the clinic, including pC.>®
However, CDDP is commonly hindered with undesirable
moderate to severe toxicity toward various organs and
resistance in its clinical application.””® In general, a
combination of drugs is usually used to intervene CDDP
resistance, improve the efficacy, reduce toxicity, and so on but
may fail to obtain expected clinical results owing to the
unpredictable pharmacokinetic parameters and drug—drug
interactions.””"" Therefore, it will be of great significance to
develop novel platinum-based anti-cancer agents to delay or
alleviate drug resistance in tandem with reduced toxicity in PC
treatment.

It is well accepted that resistance to cisplatin is closely
related to three molecular mechanisms: decreased accumu-
lation, enhanced DNA repair, and drug inactivation.">™"* To

© 2023 American Chemical Society

WACS Publications 13587

overcome or alleviate these defects, more attention has been
paid to develop multifunctional platinum(IV) prodrugs
modified with bioactive molecules, profiting from their huge
modification feasibility and intracellular reduction character-
=17 On one hand, these platinum(IV) prodrugs are
kinetically more inert than platinum(II) drugs to minimize off-
target reactions with biological substances. On the other hand,
platinum(IV) prodrugs modified with axial molecules could
obtain novel entities with desired pharmacological profiles,
such as controllable pharmacokinetic parameters, enhanced
cellular uptake, tumor-target properties, or complementary
bioactivity. Numerous studies have shown that multifunctional
platinum(IV) complexes, such as amlexanox-platinum(IV),
BBI-608-platinnum(IV), Evodiamine-platinnum(IV), and Ke-
toprofen-platinnum(IV) (Figure 1A), exhibited superior anti-
cancer activity compared to CDDP in CDDP-sensitive or
-resistant tumor xenograft models but displayed low toxicity
toward main organs, such as liver and kidney.lg_21 Therefore,

istics.
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Attenuate Cisplatin Resistance in Lung Cancer through ROS/ER
Stress and Mitochondrial Dysfunction
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ABSTRACT: Developing multifunctional platinum(IV) prodrugs via integrat-
ing bioactive pharmacophores into one entity is an attractive strategy to
ameliorate the defects of platinum(II) drugs. Herein, a series of indole—
chalcone derivative-ligated platinum(IV) complexes were synthesized and
evaluated for their anticancer activities. Among them, optimal complex 17a
exerted superior activity compared to that of cisplatin (CDDP) against the
tested cells but showed lower cytotoxicity toward human normal lung cells.
Detailed mechanisms demonstrated that 17a significantly enhanced intracellular
accumulation, induced DNA damage, and inhibited migration in A549/CDDP
cells. Furthermore, 17a efficiently disturbed the tubulin—microtubule system,
initiated reactive oxygen species (ROS)-mediated endoplasmic reticulum stress,
and activated a mitochondrion-dependent apoptosis signaling pathway. Besides,
17a was superior to free drugs or their combination in inhibiting cancer growth
in A549/CDDP xenografts without inducing obvious side effects. The physical
mixture of 16a and CDDP was almost identical to 17a but showed apparent systematic side effects. In summary, our studies may
provide an efficient treatment regimen for CDDP resistance.

B INTRODUCTION

Cancer is a major cause of death worldwide, and chemotherapy
remains one of the most effective therapies for cancer
treatment.”” Platinum(II) drugs, such as cisplatin (CDDP),
carboplatin, and oxaliplatin (OXA), are successfully established
as active antineoplastic agents against numerous types of
cancer, including lung cancer, ovarian cancer, and liver cancer
(Figure 1).>~> However, they have limited applications due to

BBI-608-platinum(IV) (Figure 1), exhibited significantly
antiproliferative potency in both CDDP-sensitive and -resistant
cancer cells.””™'® Therefore, platinum(IV) complexes are
promising compounds for generating platinum-based anti-
cancer agents.

The endoplasmic reticulum (ER) modifies secreted proteins
and regulates their traffic and cellular response to stress and

7

intracellular homeostasis.'””'® ER stress occurs when unfolded

side effects caused by poor selectivity against tumor tissues and
inherent or acquired resistance.®”’

To attenuate or overcome resistance to platinum(II) drugs
and reduce side effects, researchers have focused on platinum-
(IV) complexes. As well accepted, platinum(IV) complexes
achieve an octahedral configuration and can be easily modified
with functional groups at axial positions to reinforce chemical
inertness and prevent the unwanted side reactions.”” In
addition, platinum(IV) complexes functionalized with axial
ligands can serve as prodrugs to release platinum(II)
complexes and bioactive molecules in the presence of
intracellular reductants (e.g, glutathione, ascorbic acid, or
metallothioneines) and enrich the properties of prodrugs,
includinfcf;2 lipophilicity and multiple anticancer functional-
ities.'*~"* Besides, the reported novel platinum(IV) complexes
modified with functional pharmacophores, such as BSO-
OxMal, amlexanox-platinum(IV), DFX-platinum(IV), and

© 2023 American Chemical Society

7 ACS Publications

or misfolded proteins accumulate and overwhelm the ER’s
capacity for protein folding.'”” Under normal physiological
conditions, moderate ER stress normally promotes cell survival
at a low level.*® However, if induced in excess, severe ER stress
can initiate apoptosis to remove unwanted cells.”"”* ER stress
has been implicated in the pathophysiology of cancer, and ER
stress-induced apoptosis is considered a novel proapoptotic
signaling pathway that enhances the sensitivity of cancer cells

to chemotherapy.'***** Several conditions, including oxidative
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ARTICLE INFO ABSTRACT

Keywords:
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Dual- or multi-targeted EGFR inhibitors as single drugs can overcome EGFR inhibitor resistance and circumvent
many disadvantages of combination therapy. In this work, fifteen 4-anilinoquinazoline derivatives bearing ni-
trogen mustard or hemi mustard moieties were designed and synthesized as dual EGFR-DNA targeting anticancer
agents. Structures of target molecules were confirmed by 'H NMR, *>C NMR and HR-MS, and evaluated for their
in vitro anti-proliferative activities using MTT assay. Compound 6g emerged as the most potent derivative against
mutant-type H1975 cells with ICsy value of 1.45 puM, which exhibited 4-fold stronger potency than Chl/Gef
(equimolar combination of chlorambucil and gefitinib). Kinase inhibition studies indicated that 6g showed
excellent inhibitory effect on EGFRY5RT790M enzyme, which was 8.6 times more effective than gefitinib.
Mechanistic studies indicated that 6g induced apoptosis of H1975 cells in a dose-dependent manner and caused
DNA damage. Importantly, 6g could significantly inhibit the expression of p-EGFR and its downstream p-AKT
and p-ERK in H1975 cells. Molecular docking was also performed to gain insights into the ligand-binding in-
teractions of 6g inside EGFR"T and EGFR'58%/T790M hinding sites. Moreover, 6g efficiently inhibited tumor
growth in the H1975 xenograft model without side effects.

1. Introduction

estramustine (Fig. 1) [7-10], are well known to be useful in the treat-
ment of clinical cancers. However, these derivatives suffer from a

Among the anticancer drugs, nitrogen mustard bifunctional DNA
alkylating agents widely used clinically could cause DNA damage by
blocking DNA biosynthesis [1-3]. The discovery of nitrogen mustard as
an alkylating agent in 1942, opened a new era in the cancer chemo-
therapy. Mechlorethamine (Fig. 1) is one of the oldest synthetic anti-
cancer drugs used in combination chemotherapy with other drugs [4].
The alkylating agent melphalan (Fig. 1) has been a key component in the
treatment of multiple myeloma for several decades [5,6]. In addition,
other derivatives, such as chlorambucil, cyclophosphamide and

number of disadvantages, including low specificity to target the DNA of
tumor cells, eventual loss of activity due to cellular DNA repair mech-
anisms, high chemical reactivity, and induced myelotoxicity [11,12]. To
conquer these problems of nitrogen mustards, one of the effective stra-
tegies is to link alkylated pharmacophore with tumor-targeting moiety
to improve the tumor specificity of the molecules [13].

Epidermal growth factor receptor (EGFR), a receptor tyrosine kinase,
is known to be overexpressed in a wide variety of human cancers
including non-small cell lung carcinoma (NSCLC) [14]. EGFR displays a

Abbreviations: AKT, Protein kinase B; DMF, N,N-Dimethylformamide; DMF-DMA, N,N-Dimethylformamide dimethyl acetal; EGFR, Epidermal growth factor re-
ceptor; ERK, Extracellular signal-regulated kinase; HPLC, High performance liquid chromatography; ICso, Half-maximum inhibitory concentration; SAR, Structure

activity relationship.
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ABSTRACT: Although cisplatin has been widely used for clinical purposes, its
application is limited due to its obvious side effects. To mitigate the defects of
cisplatin, here, six “multitarget prodrugs” were synthesized by linking cisplatin and
NF-«B inhibitors. Notably, complex 9 demonstrated a 63-fold enhancement in the
activity against AS49/CDDP cells with lower toxicity toward normal LO2 cells
compared to cisplatin. Additionally, complex 9 could effectively cause DNA
damage, induce mitochondrial dysfunction, generate reactive oxygen species, and
induce cell apoptosis through the mitochondrial pathway and ER stress.
Remarkably, complex 9 effectively inhibited the NF-xB/MAPK signaling pathway
and disrupted the PI3K/AKT signaling transduction. Importantly, complex 9
showed superior in vivo antitumor efficiency compared to cisplatin or the
combination of cisplatin/4, without obvious systemic toxicity in AS49 or A549/
CDDP xenograft models. Our results demonstrated that the dual-acting mechanism
endowed the complexes with high efficiency and low toxicity, which may represent an efficient strategy for cancer therapy.

B INTRODUCTION a three-component chemotherapy protocol was used to treat

Platinum(II) drugs, such as cisplatin (CDDP), as DNA damage colorectal cancer.'” However, this strategy of the concurrent use
ol ) .

anticancer drugs (Figure 1), are considered first-line chemo- of twol or more drugs remains a Cha“enge 'bfecause of

therapy agents and are usually employed for treating various unpfedlctable drug—dn.lg 1T1teract10ns as each 1nc¥1\.71dual drug

solid tumors.' ™ It is universally accepted that DNA-damage- has its own pharmacokinetic profile as well as toxicity pattern.

causing platinum(II)-based agents have led to great progress Another effective strategy is based on the well-known prodrug
against most solid cancers during the last few decades because of concept of synthesizing a single drug, which could be easily
their low price, good curative effects, and broad applicability.* released in tumor cells or tumor tissues under certain
However, these DNA-damaging platinum(II)-based antitumor physiological conditions in tandem with targeting two or more
agents are restricted by their poor selectivity and some serious targets.'”'” Recently, it has been widely believed that platinum-
side effects (e.g, nephrotoxicity, ototoxicity, and myelosup- (IV) complexes are emerging as the next-generation platinum
pression) in addition to poor stability.”~” More unfortunately, in antitumor drugs for overcoming resistance and alleviating side
addition to the above shortcomings, the inherent or acquired effects.’*™>> On the one hand, the kinetic stability of the

10,11

drug resistance further limits their use in the clinic. octahedral platinum(IV) complexes is better than those of the

Therefore, it is important for researchers to pay close attention Corresponding platlnum(II) drugs’ resulting in enhanced
to the development of next-generation platinum-based anti- chances of penetrating tumor cells or tumor tissue intact and
tumor agents to improve the antitumor efficiency, decrease reduced off-target effects.””** On the other hand, not only do

defects, and reverse drug resistance.

Drug combination therapy, using platinum-based antitumor
drugs in combination with different target cytotoxic drugs, is an
effective strategy to enhance the anticancer efficacy and -
overcome the drug resistance of platinum drugs in tandem Rec?lved: November 21, 2023 el
with reduced toxicity.'”'®> For example, the combination Revised: = March 6, 2024 e
chemotherapeutic regimen of cisplatin with tubulin inhibitors Accepted: - March 22, 2024 @

-~

(e.g., paclitaxel and docetaxel) was used for the treatment of Published: April 4, 2024
14-16

platinum(IV) complexes act as prodrugs for corresponding
platinum(II) complexes, but desired functional groups (e.g,

several major solid tumors as a frontline agent in the clinic;
oxaliplatin in combination with folinic acid and S-fluorouracil as

© 2024 American Chemical Society https://doi.urg/1OA1021/acsg@em.3c02182
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ABSTRACT

To ameliorate the defects including serious side effects and drug resistance of Pt(II) drugs (e.g., cisplatin and
oxaliplatin), here a novel of “dual-prodrug” by containing Pt(I) drugs and NF-kB inhibitors were synthesized and
characterized. Among them, Pt(IV) complex 11 exhibited better cytotoxic activity than other Pt(IV) complexes
and the corresponding Pt(II) drugs, with ICsy values ranged from 0.31 to 0.91 pM, respectively, and also dis-
played low toxicity toward two normal cells HL-7702 and BEAS-2B. More importantly, complex 11 significantly
reversed cisplatin resistance in A549/CDDP cells, indicating that complex 11 was able to overcome multidrug
resistance. Following mechanism studies demonstrated that complex 11 significantly induced DNA damage and
ROS generation, arrest the cell cycle at the G2/M stage, suppressed cell migration and intrusion, and induced cell
apoptosis through activated ER stress and mitochondrial apoptosis pathway in A549 cells. Moreover, complex 11
effectively suppressed the IKKP phosphorylation, IkBa phosphorylation and NF-kB p65 phosphorylation and
nuclear translocation, leading to blocked the NF-kB signal pathway in A549 cells. In vivo tests showed that the
inhibitory rate in the complex 11 reached 69.2 %, which was much higher than that of oxaliplatin (55.6 %), 1a
(39.7 %) and the combination of oxaliplatin/1a (65.1 %), without causing loss in the body weight.

1. Introduction

nausea and vomiting and myelosuppression besides killing cancer cells
[6-10]. In addition, drug resistance could significantly increase after

Malignant tumor is one of the main leading causes of death globally.
Until now, chemotherapy is one of the most effective method of cancer
treatment owing to exhibit excellent anticancer activity and applica-
bility [1,2]. It is well known that the classical Pt(II) antitumor agents
(Fig. 1), such as cisplatin, carboplatin, and oxaliplatin, are widely used
chemotherapeutically against a range of cancers [3-5]. However, these
Pt(II) agents exhibited poor selectivity of tumor cells or tissues, leading
systemic toxicity including nephrotoxicity, neurotoxicity, ototoxicity,

* Corresponding author.
** Corresponding author.

several rounds of chemotherapy, resulting to failure of the treatment and
limiting these Pt(II) antitumor drugs for further clinical applications.
In order to address the above drawbacks and increase the antitumor
activity of Pt(II) complexes, many strategies aimed at development of
novel small Pt(II)-based anticancer drugs with low toxicity, excellent
anticancer activity and high selectivity, respectively. So far, as shown in
Fig. 1, some of new Pt(I) antitumor drugs, such as lobaplatin, mir-
iplatin, nedaplatin, dicycloplatin and heptaplatin, respectively, have

**% Corresponding author. State Key Laboratory for the Chemistry and Molecular Engineering of Medicinal Resources, Collaborative Innovation Center For Guangxi
Ethnic Medicine, School of Chemistry and Pharmaceutical Sciences of Guangxi Normal University, Guilin 541004, China.
E-mail addresses: ytdxliuzhikun1@163.com (Z. Liu), viphuangxc@126.com (X. Huang), whengshan@163.com (H. Wang).
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ABSTRACT

Platinum-based chemotherapeutics are widely used for cancer treatment but are frequently limited because of
dosage-dependent side effects and drug resistance. To attenuate these drawbacks, a series of novel platinum(IV)
prodrugs (15a-18c) were synthesized and evaluated for anti-cancer activity. Among them, 17a demonstrated
superior anti-proliferative activity compared with oxaliplatin (OXA) in the cisplatin-resistant lung cancer cell line
A549/CDDP and OXA-resistant colon cancer cell line HCT-116/0XA but showed a lower cytotoxic effect toward
human normal cell lines HUVEC and L0O2. Mechanistic investigations suggested that 17a efficiently enhanced
intracellular platinum accumulation, induced DNA damage, disturbed the homeostasis of intracellular reactive
oxygen molecules and mitochondrial membrane potential, and thereby activated the mitochondrion-dependent
apoptosis pathway. Moreover, 17a significantly induced ferroptosis in HCT-116/0XA via triggering the accu-
mulation of lipid peroxides, disrupting iron homeostasis, and inhibiting solute carrier family 7 member 11 and
glutathione peroxidase 4 axial pathway transduction by inhibiting the expression of the phosphorylated signal
transducer and activator of transcription 3 and nuclear factor erythroid 2-related factor 2. Moreover, 17a exerted
remarkable in vivo antitumor efficacy in the HCT-116/0XA xenograft models but showed attenuated toxicity.
These results indicated that these novel platinum(IV) complexes provided an alternative strategy to develop
novel platinum-based antineoplastic agents for cancer treatment.

1. Introduction

gradually grow in the presence of the drug, causing dissatisfactory
therapeutic outcomes and impeding cancer treatment. Indeed, drug

Cancer is a major public health problem and one of the crucial
leading causes of death worldwide [1,2]. Despite rapid developments in
the tumor diagnosis methods and therapeutic strategies, cancer recur-
rence and cancer-related mortality remain high. Chemotherapy remains
one of the major approaches in cancer treatment, and mainly acts by
inducing cell cycle arrest and cell death in cancer cells. However, tumors
become heterogeneous during chemotherapeutic progression and ac-
quire drug resistance [3-5]. When drug resistance occurs, cancer cells

* Corresponding author.

resistance is frequently considered resistant to traditionally intrinsic or
acquired apoptosis resistance [6-8]. Therefore, using non-apoptotic
forms that regulate cell death in the development of novel antineo-
plastics may open up opportunities for cancer treatment.

Recently, ferroptosis has received considerable interest because of its
contribution to cancer treatment and potent application to eradicate
residual or resistant cancer cells [9,10]. Unlike the other modes of
regulated cell death, such as apoptosis (characterized by chromatin

** Corresponding author. Green Chemistry and Process Enhancement Technology, National & Local Joint Engineering Research Center for Mineral Salt Deep

Utilization, Huaiyin Institute of Technology, Huai’an, 223003, China.
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ABSTRACT: Promising targeted therapy options to overcome drug resistance and
side effects caused by platinum(II) drugs for treatment in hepatocellular carcinoma
are urgently needed. Herein, six novel multifunctional platinum(IV) complexes
through linking platinum(II) agents and glycyrrhetinic acid (GA) were designed and
synthesized. Among them, complex 20 showed superior antitumor activity against
tested cancer cells including cisplatin resistance cells than cisplatin and simultaneously
displayed good liver-targeting ability. Moreover, complex 20 can significantly cause
DNA damage and mitochondrial dysfunction, promote reactive oxygen species
generation, activate endoplasmic reticulum stress, and eventually induce apoptosis.
Additionally, complex 20 can effectively inhibit cell migration and invasion and trigger
autophagy and ferroptosis in HepG-2 cells. More importantly, complex 20
demonstrated stronger tumor inhibition ability than cisplatin or the combo of
cisplatin/GA with almost no systemic toxicity in HepG-2 or A549 xenograft models.
Collectively, complex 20 could be developed as a potential anti-HCC agent for cancer treatment.

H INTRODUCTION converted to the cytotoxic platinum(II) component through
bioreduction in the presence of intracellular reductants.>~"
Furthermore, platinum(IV) complexes are more stable kineti-
cally than that of platinum(II)-based drugs owing to the low-
spin d® octahedral geometry center, preventing many side

Hepatocellular carcinoma (HCC) is one of the most common
malignancy characterized by high morbidity and mortality
together with high recurrence rates and distant metastasis,
resulting about a million cancer-related deaths every year.'™

In addition to hepatectomy and liver transplantation, chemo- reactions with biological substances before attacking DNA
therapy is mainly used as a treatment option to date. It is well- double strands.'® More importantly, the two axial ligands
known that platinum(II)-based antitumor agents, such as introduced in platinum(IV) complexes could be used to
cisplatin (CDDP, Figure 1) and its analogues (e.g., oxaliplatin promote tumor-targeting ability or bioavailability and enhance
and carboplatin), have been administered in single or cellular uptake, respectively.'”** Therefore, multifunctional
combination regimens used to treat various solid tumors in platinum(IV) complexes are an effective strategy to enhance
the clinic, including HCC.>® However, the application of antitumor efficacy, overcome the drug resistance, and reduce
platinum(1I)-based agents in clinical practice for treatment of the side effects of the conventional platinum(II)-based drugs
patients with HCC has been largely limited owing to the high because of the different mechanism of antitumor action. For
systemic toxicity and poor selectivity.”® Unfortunately, the example, multifunctional platinum(IV) complexes (Figure 1),
appearance of acquired drug resistance leads HCC patients to such as CX-4945-platinum(IV),”" chalcone-platinum(IV),*>**
show a poor drug response, which is anoghlgr important factor chlorambucil-platinum(IV),”* BBI-608-platinum(IV),* pter-
restricting its chemotherapy success.”~ Therefore, the ostilbene-platinum(IV),2 evodiamine-platinum(IV),” fenofi-

development of a new valid therapeutic approach to improve bric acid-platinum(IV),*® ketoprofen-platinum(IV),>” PARPis-
therapeutic effect and conquer the off-target effects of cisplatin

in addition to reverse multidrug resistance is extremely critical
for HCC treatment.

Received: January 17, 2024

Recently, in order to overcome the shortcomings and Revised: Apr¥1 12, 2024
improve the curative effect, increasing attention has been paid Accepted: April 25, 2024
to platinum(IV) complexes as potential antitumor agents." ~"* Published: May 10, 2024
It is widely believed that platinum(IV) complexes are often
considered as prodrugs because they could be effectively
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