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Abstract

Purpose Head and neck squamous cell carcinoma (HNSCC) ranks as the sixth most prevalent cancer. In recent years, the
modification of platinum(II) into platinum(IV) derivative compounds, by introducing biologically active molecules, has
been extensively employed to develop novel platinum-based prodrugs. We investigated the anti-proliferative activity against
HNSCC of a new veratric acid (COX-2 inhibitor)-platinum(IV) complex.

Methods In this study, a new veratric acid (COX-2 inhibitor)—platinum(IV) complex, termed veratricplatin, was synthesized.
We evaluated the anti-tumor effect of in vitro and in vivo by western blotting, flow cytometry and DNA damage analysis.
Results Veratricplatin displayed remarkable anti-proliferative activity against various cancer cell lines, including A549,
FaDu, HeLa, and MCF-7. Furthermore, veratricplatin demonstrated significantly stronger cytotoxicity than either platinum(II)
or veratric acid monotherapy or their combination. Importantly, the synthesized prodrug exhibited less toxicity toward nor-
mal cells (MRC-5), while dramatically enhanced DNA damage in FaDu cells inducing apoptosis. Moreover, veratricplatin
markedly reduced the migration ability of FaDu cells compared to the control or monotherapy. In vivo, veratricplatin dis-
played potent anti-tumor activity with no apparent toxicity in BALB/c nude mice bearing FaDu tumors. In addition, tissue
immunofluorescence analysis revealed that veratricplatin could substantially inhibit the formation of tumor blood vessels.
Conclusion Veratricplatin demonstrated remarkable drug efficacy, in terms of increased cytotoxicity in vitro and high effi-

ciency with low toxicity in vivo.
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Introduction

Head and neck cancer (HNC) represents one of the ten fre-
quently occurring cancers globally, with its incidence rate
ranking as the sixth highest among all cancers, posing a
serious threat to public health [6]. Head and neck squamous
cell carcinoma (HNSCC) accounts for approximately 90%
of reported HNC cases [21]. The oropharynx, larynx, and
hypopharynx are the common sites for HNSCC progression
[19]. Because of the lack of reliable diagnostic indicators,
early detection of HNSCC is challenging and more than 50%
of patients with HNSCC already reach an advanced stage
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during treatment initiation [5]. In addition, HNSCC is char-
acterized by a high proliferation rate and inferior prognosis,
making it an arduous task to treat this disease effectively
[20].

Multidisciplinary treatment for HNSCC mainly involves
three methods: surgery, anti-cancer drug therapy, and radi-
otherapy. Platinum-based chemotherapy is the standard
treatment choice for HNSCC [28]. Cisplatin (CDDP; cis-
diamminedichloroplatinum(Il)) has been widely applied
as a single chemotherapeutic agent or in combination with
other antineoplastic agents for treating several solid tumors
[14, 31]. Pt(II)-based regimens act by damaging genomic
DNA (gDNA) or mitochondrial DNA (mtDNA), and trig-
ger a variety of cellular processes (including transcription
inhibition), ultimately causing cell apoptosis [30]. However,
the cure rate for advanced HNSCC patients remains low [4];
the primary reason remains the development of resistance
to conventional chemotherapy and radiotherapy by tumor
cells, which severely limits the therapeutic application of
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Pt(IT) compounds. Moreover, treatment with Pt(I[) drugs can
cause serious side effects impacting the kidneys, ears, liver,
gastrointestinal tract, and peripheral nerves [8]. Studies have
reported that less than 10% of Pt(II) compounds can only
enter tumor cells and cross-link with DNA when admin-
istered alone, with the majority rest bonding to other bio-
molecules [11]. Therefore, designing and developing novel
platinum-based drugs that are also effective in overcoming
platinum (II) resistance and minimizing adverse side reac-
tions is imperative and a key research focus.

According to previous literature, Pt(IV) complexes can
function as prodrugs and are effective in overcoming CDDP-
associated drawbacks [9]. Octahedral Pt(IV) complexes in
their oxidized state exhibit increased inertness compared to
Pt(Il) complexes, thereby rendering greater stability when
administered orally [15]. Moreover, the introduction of
functional groups with multi-targeting properties to mod-
ify axial ligands can enhance pharmacological properties
and reduce side effects and drug resistance [17, 34]. In this
study, a Pt(IV) prodrug, combined with non-steroidal anti-
inflammatory drugs (NSAIDs) as axial ligands, has been
developed. This prodrug can efficiently enter tumor cells
due to high lipophilicity and release the cytotoxic metabolite
and NSAID intracellularly, thus, improving the therapeu-
tic efficacy of platinum-based chemotherapy while reduc-
ing side effects. In recent years, numerous NSAID-Pt(IV)
prodrugs have been designed and synthesized, exhibiting
high therapeutic efficacy both in vitro and in vivo [27]. We
previously synthesized tetravalent platinum nanoformula-
tions (BSA@Ben-Pt(IV) NPs) which could synergistically
enhance anti-tumor effects by activating anti-tumor immune
responses in vivo and inhibiting tumor migration, invasion,
and angiogenesis through DNA damage [32]. Multiple stud-
ies have shown that COX-2 inhibitors, such as celecoxib
or nimesulide, can promote chemosensitivity in HNSCC;
therefore, COX-2 may be a crucial target for HNSCC treat-
ment [13, 24].

Veratric acid (3,4-dimethoxy benzoic acid), a hydro-
phobic benzoic acid derivative, is another COX-2 inhibi-
tor with reported anti-inflammatory, anti-bacterial, anti-
tumor, and anti-oxidant properties [26]. Accordingly, we
aimed to design and synthesize a new veratric acid-derived
NSAID-Pt(IV) prodrug as an axial ligand to investigate its
potential in HNSCC therapy. To our knowledge, Pt(IV)
complex has not been explored previously in HNSCC treat-
ment. We conjugated veratric acid with CDDP to yield a
novel Pt(IV) prodrug, termed veratricplatin, and evaluated
its pharmacological effects on HNSCC both in vitro and
in vivo. Our findings demonstrated that veratricplatin offers
significant advantages related to anti-proliferation, pro-apop-
tosis, reduced invasion, and reduced tumor angiogenesis,
which could provide valuable insights for further studies
on HNSCC.

@ Springer

Materials and methods
Materials

CDDP was purchased from Shandong Boyuan Pharma-
ceutical Co., Ltd (China). Veratric acid and dimethyl sul-
foxide (DMSO) were procured from J & amp; K Science
Co., Ltd. Triethylamine (tea), H,O, solution (30% water)
and 2-(1h-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate (TBTU) were acquired from Shanghai
Aladdin Biochemical Technology Co., Ltd. (China). Nucle-
ase enzyme, propidium iodide (PI), 3-(4,5-dimethylthia-
zole-2-yl)-2,5-diphenyltetraammonium bromide (MTT),
4' 6-diamidino-2-phenylindole (DAPI), annexin V-FITC
(fluorescein isothiocyanate)/PI apoptosis detection kit, and
mouse VEGF ELISA kit were purchased from Beijing Solar-
bio Science & Technology Co., Ltd. (China). The YH2AX
and alexafluor488 antibodies were purchased from Protein
Technology Group, while antibodies for Western blotting
(anti-Bcl-2 and anti-E-cad) were obtained from Cell Sign-
aling Technology, Inc. (US). Additional antibodies, includ-
ing APC anti-mouse CD3, PE anti-mouse CD8a, and FITC
anti-mouse CD4, were bought from BioLegend (US). The
'H and '3C spectra were recorded on a Bruker Avance 400
spectrometer, and ESI-MS was performed on an AB Sciex
API 4000 system. HPLC analysis was conducted using a
Shimadzu LC-20A equipped with a Waters XBridge Shield
RP18 column (150% 4.6 mm, 3.5 pm). Infrared spectra (IR)
were recorded on a Shimadzu IR Affinity-1.

Cell lines and animals

Human cell lines, including pharyngeal squamous cell car-
cinoma (FaDu), non-small cell lung cancer (A549), cervical
cancer (HeLa), breast cancer (MCF-7), and embryonic lung
fibroblasts (MRC-5) were obtained from the National Cell
Line Resource in Chinese Academy of Sciences. A549 and
HeLa were cultured using the final 1640 medium (containing
1% penicillin—streptomycin solution and 10% fetal bovine
serum), while MCF-7 and FaDu cells were cultured using
the final DMEM medium (with 1% penicillin—streptomycin
solution and 10% fetal bovine serum) at 37 °C in a 5.0%
CO, incubator. Female Balb/C mice (aged 68 weeks) were
acquired from Beijing Sibeifu Biotechnology Co., Ltd.

Synthesis of Pt(IV) complex c,c,t-[Pt(NH,),Cl,(OH),]

H,0, (30 wt%, 2.0 mL) was added dropwise to a round bot-
tom flask containing CDDP (200 mg, 0.67 mmol). The reac-
tion mixture was heated to 75 °C for 5 h to obtain a bright
yellow solution, which was then kept at 4 °C in the dark to
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yield yellow crystals. The crystals were recovered by filtra-
tion and washed with cold water, ethanol, and ether, fol-
lowed by drying under vacuum, achieving a product yield of
84.7% (189 mg, 0.56 mmol). IR (KBr): 3461(s, OH stretch),
1074 (m, Pt—OH bend), 540 (m, Pt—N(O) stretch) (Fig. S6).

Synthesis of veratricplatin

Veratric acid (164 mg, 0.90 mmol), triethylamine (130 pL,
0.94 mmol), and TBTU (288 mg, 0.90 mmol) were added
to a suspension of c,c,t-[Pt(NH;),Cl,(OH),] (100 mg,
0.30 mmol) in dry DMF (2 mL). The reaction mixture was
stirred in the dark at room temperature for 96 h to obtain a
clear yellow solution, which was then precipitated after the
addition of 20 mL ice-cold water, and the precipitate was
collected through filtration. Finally, the product was isolated
by column chromatography using a mixture of 20/1 dichlo-
romethane/methanol as eluent to afford a pale-yellow solid,
with a yield of 40.3%. '"H NMR (400 MHz, DMSO-dy): 6
7.58-7.50 (m, 2H), 7.44 (s, 2H), 7.00 (d, J=28.5 Hz, 2H),
6.76 (s, 6H), 3.81 (s, 6H), 3.78 (s, 6H).'*C NMR (101 MHz,
DMSO-dy): 173.74, 152.29, 148.19, 125.83, 123.81, 112.98,
110.99, 56.08, 56.01. MS (m/z): calcd for C,sH,,C1,N,OPt
(M-H)~, 661.38; found, 661.34.

In vitro cytotoxicity

A549, HeLa, MCF-7, FaDu, and MRC-5 cells were inocu-
lated into 96-well plates (200 pL, 5 x 10* cells/well) over-
night (37 °C, 5%CO,). Consecutively, the cells were treated
with veratric acid, CDDP, veratric acid/CDDP combination,
and veratricplatin at concentrations ranging from 0.16 to
20.0 pM. After 48 h, MTT (10 pL 50 mg/ml) was added to
each well and further incubated for 4 h. The medium was
then removed and the resulting formazan crystals were dis-
solved using DMSO (100 pL). The absorbance of each sam-
ple was measured at 570 nm using a microplate reader. The
semi-inhibitory concentration value was determined using
GraphPad Prism 7.0 software by measuring the cell inhibi-
tion rate as follows:

OD treated — ODblank
ODcontroI - ODblank

Cell inhibition ratio (%) = < ) X 100%

where OD . o1» ODyreareq and ODy . referred to the optical
density of the control, blank and sample group, separately.

Cellular uptake and DNA platination

FaDu cells (2000 pL, 1 X 10° cells/well) were seeded in
6-well plates overnight (37 °C, 5%CO,). After incuba-
tion, cells were treated with veratric acid (14 pM), CDDP
(7 pM), a combination of veratric acid/CDDP (14/7 pM),

and veratricplatin (7 pM) for 3, 6, or 9 h. Subsequently, the
cells were washed with PBS and harvested for quantification
of platinum levels employing ICP-MS, following standard-
ized pre-processing.

HPLC analysis

Solutions containing veratricplatin alone (1 mM) and vera-
tricplatin (1 mM) + AsA or GSH (10 mM) were prepared in
PBS-acetonitrile (9:1) mixture and incubated in the dark at
37 °C for 0, 12, 24, and 48 h, respectively. HPLC profiles
were recorded using a UV detector at 260 nm and a mobile
phase comprising acetonitrile (CH;CN) with 0.1% trifluoro-
acetic acid (TFA)/ water (H,O) with 0.1%TFA (v/v).

Cell apoptosis

FaDu cells were inoculated into 6-well plates (2000 pL,
1 % 10° cells/well) for overnight incubation (37 °C, 5%CO,).
The cells were then treated with different drug compounds
at a concentration of 2.0 pM for 48 h, followed by PBS
washing and resuspension in binding buffer. Lastly, cells
were stained with annexin V-FITC (5 pL) and PI (10 pL)
for 15 min before detection using flow cytometry (BD
FACSaria).

Scratch experiments

FaDu cells were cultivated into 12-well plates (1000 pL,
5% 10° cells/well). Following overnight incubation, mon-
olayer scratches were created and cleaned with PBS.
Next, the cells were treated with different drug complexes
(2.0 pM) for 24 h, washed with PBS, and observed under a
microscope.

Western blotting

FaDu cells were seeded in a 6-well plate and subjected to
drug exposure for 24 h. In the subsequent steps, cells were
harvested, lysed, and buffered for 30 min before centrifu-
gation at 12,000 rpm for 2 min. The protein concentration
in the supernatant was determined using the BCA protein
concentration detection kit (Solarbio). A total protein extract
of 40 mg was separated running SDS-PAGE (10% separat-
ing gel and 5% concentrating gel). The gel was then trans-
ferred to a PVDF membrane (microporous membrane) and
blocked with 5% (w/v) skim milk in TBST for 3 h. Next, the
membrane was incubated with the primary antibody at a
dilution of 1:3000 overnight and washed 4 times with TBST
for 10 min each, followed by incubation with the second-
ary antibody conjugated to horseradish peroxidase (1:5000
diluted) for 1 h at room temperature and washing 4 times
with TBST. The immune response bands were visualized
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using Pierce ECL Western blotting substrate (Thermo) and
analyzed employing the Tanon Automatic Chemilumines-
cence Imaging System.

DNA damage analysis

FaDu cells were cultured overnight in 6-well plates
(2000 L, 5% 10° cells/well) and were exposed to different
drug complexes (2.0 puM) for 24 h. Consecutively, the cells
were washed with PBS and fixed with 4% paraformalde-
hyde before incubating with primary antibodies (YH2AX)
for 12 h, and then with Alexa 488 coupled secondary anti-
body (Alexa Fluor 488) for an additional 2 h. Finally, cells
were stained using DAPI for 15 min and observed under a
confocal microscope.

In vivo anti-tumor activity

Animal experiments were approved by Medical Ethics Com-
mittee of Shandong Second Provincial General Hospital and
carried out according to the Health Guide for the Care and
Use of Laboratory the Animals of National Institutes. The
female Balb/C mice (aged 6-8 weeks) were injected sub-
cutaneously with 1x 10° FaDu cells into the right buttock.
Once the tumor volume increased to 50-100 m?, the mice
were randomly divided into 5 groups (n=11) and intrave-
nously administered with 1) NS (control), 2) veratric acid,
3) CDDP, 4) veratric acid/CDDP combination, and 5)Vera-
tricplatin with dose at 2.5 mg CDDP/kg, respectively. The
body weight and tumor volume of the mice were measured
every 2 days for a total of 15 days. The mice were killed after
15 days, following the excision of their tumor and organs,
which were assessed using H&E staining and ICP-MS.

A Ptin cells
1.0
= Il control
2 0.8 ki Bl CDDP (7 uM)
3 B Veratricplatin (7 pM)
S 0.6
:-é ok
E 04-
[
0.2
0.0
& & o

Fig.1 Platinum concentration in DNA and FaDu was determined
using ICP-MS after control, CDDP, and veratricplatin treatment for
3 h. Platinum content in A whole cells and B DNA. The values rep-
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In vivo anti-tumor mechanism analysis

The tumors, collected from killed mice, were used to analyze
the immune response by immunofluorescence after stained
with different antibodies.

Statistical analysis

GraphPad Prism (7.0) software was employed to evalu-
ate statistical significance with *P <0.05, **P <0.01, and
*#*%P <(0.001 as criteria.

Results
Synthesis and characterization of veratricplatin

Veratricplatin prodrug was synthesized following a pre-
viously reported method [14]. CDDP was oxidized with
hydrogen peroxide (H,0,) to obtain Pt(IV) intermediate
oxoplatin, which consecutively reacted with veratric acid
in the presence of 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetra-
methyluronium tetrafluoroborate (TBTU), triethylamine, and
dimethyl formamide (DMF) at 25 °C to yield veratricplatin.
The product was characterized by '"H/'3C nuclear magnetic
resonance (NMR), and electrospray ionization mass spec-
trometry (ESI-MS), and its purity of >95% was confirmed
using high-performance liquid chromatography (HPLC)
(Fig. S1-S4).

Cellular uptake of platinum drugs estimated
by ICP-MS

Adequate cellular uptake is a crucial factor that affects the
therapeutic efficacy of drugs. The platinum content in FaDu
cells was determined using inductively coupled plasma
mass spectrometry (ICP-MS) [16], revealing that all sam-
ples accumulated in the cells in a time-dependent manner

Ptin DNA

0.5+
* Ml control

Bl CDDP ( 7uM)
Bl Veratricplatin ( 7uM)

ng Pt/million cells

resent mean+SD from at least three independent experiments per-
formed in triplicate. *P <0.05, ¥**P <0.01, ***P <0.001
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(Fig. 1). In addition, cells treated with veratricplatin exhib-
ited higher platinum accumulation than those treated with
free CDDP. Thus, the newly synthesized compound vera-
tricplatin could enhance the platinum content in cells. Fur-
thermore, the platinum concentration detected in DNA was
consistent with the cell experiment results. These findings
suggest that structural modification of drug can alter lipid
solubility which may promote the cellular uptake of drugs.

In vitro cytotoxicity

The cytotoxicity of veratricplatin was analyzed on various
tumor cells, such as A549, MCF-7, HeLa, and normal lung
fibroblast cells (MRC-5), using the 3-(4,5-dimethylthiazole-
2-yl)-2,5-diphenyltetraammonium bromide (MTT) assay.
We observed a stronger cytotoxic effect of veratricplatin, a
synthetic compound comprising veratric acid and CDDP, on
tumor cells compared to the combined application of veratric
acid and CDDP; however, lower cytotoxicity on normal cells
was noticed (Table 1). Veratric acid alone did not exhibit any
apparent cytotoxicity, while in combination with CDDP, a
significantly enhanced inhibitory effect on cells was visible,
with higher cytotoxicity than CDDP alone. This indicates
that veratric acid can enhance the sensitivity of tumor cells
to CDDP, thus, enhancing its efficacy.

Effect of veratricplatin on DNA damage
and apoptosis

Platinum drugs are known to exert toxicity by inducing DNA
damage, causing blockage of replication and transcription,
as well as inhibiting tumor growth, proliferation, and metas-
tasis [12]. YH2AX has been established to be a reliable DNA
damage marker, mediating cell cycle arrest and participating
in DNA damage repair [23]. Therefore, the concentration of
YH2AX in cells treated with different drugs was analyzed
using immunofluorescence (Fig. 2). Treatment with cisplatin
remarkably enhanced the fluorescence of YH2AX. Likewise,
veratricplatin treatment led to increased fluorescence inten-
sity of YH2AX, with its up-regulated expression compared
to cisplatin (Fig. 2A). This indicates that the newly synthe-
sized prodrug veratricplatin can induce DNA damage and
affect the proliferation and repair of tumor cells. Besides, we
speculated that veratricplatin could also affect the expression

of the anti-apoptotic protein Bcl-2; thus, Bcl-2 expression
levels were assessed by Western blot analysis. Significant
reduction in active Bcl-2 protein levels was observed in the
presence of veratricplatin compared to CDDP, veratric acid,
and their combination (Fig. 2B, C).

Next, we detected apoptosis using flow cytometry, and
the results indicated no apparent pro-apoptotic effect of
veratric acid. Conversely, veratric acid in combination with
CDDP could promote late cell apoptosis (Fig. 2D, E). Vera-
tric acid has been reported to reverse cell damage caused by
external factors [26]. Here, we suspected that the combined
application of CDDP and veratric acid alleviated the cellu-
lar toxicity of CDDP, also consistent with immunofluores-
cence results. Hence, the addition of veratric acid weakens
DNA damage induced by CDDP. Furthermore, the overall
apoptosis rate increased after treatment with the new drug
veratricplatin, with a marked enhancement in the proportion
of early apoptosis. These findings indicate that veratricplatin
could induce early cell apoptosis and inhibit the growth of
tumor cells. Concomitantly, the effect of veratricplatin on
the cell cycle was examined, revealing that veratricplatin
treatment significantly blocked cells in the S phase, while
other drugs showed no noticeable effect (Fig. 2E). This sug-
gests that veratricplatin may inhibit the growth of FaDu cells
by blocking the cell cycle.

Veratricplatin treatment effectively inhibited tumor
cell migration and invasion

The poor prognosis of human pharyngeal squamous cell
carcinoma is often attributed to metastasis [7]. Therefore,
we have conducted scratch experiments to monitor whether
veratricplatin could inhibit tumor cell metastasis in the pres-
ence of COX-2 inhibition, which is closely related to the
epithelial-mesenchymal transition (EMT) mechanism [18].
Notably, veratricplatin significantly inhibited the migra-
tion of FaDu cells, determined based on the distance trave-
led by the damaged cell monolayer photographed at 0 and
24 h (Fig. 3A). The migration rate (0.67%) was consider-
ably lower than that of the control group (34.03%), veratric
acid (33.77%) and CDDP (13.10%), and their combination
(12.27%) (Fig. 3). The results demonstrated that veratricpl-
atin could be an effective inhibitor of FaDu cell metastasis.

Table 1 IC50 values of different

. . Compound A549 FaDu MCEF-7 HelLa MRC-5
drug compounds against various
cell lines Veratric acid >200 >200 >200 >200 >200
CDDP 6.14+1.28 6.86+0.77 4548 +5.52 5.35+0.63 3.15+0.15
CDDP + veratric acid® 5.63+1.06 4.57+1.02 32.32+1.53 5.35+047 4.38+0.41
Veratricplatin 1.58+0.25 1.68+0.26 15.46+1.44 2.07+0.31 5.20+0.66

%The molar ratio of CDDP/veratric acid was 1:2
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Fig.2 A Immunofluorescence staining images of FaDu cells. The
scale bars represent 10 pm. B Protein expression and C quantifica-
tion of Bcl-2 in FaDu cells after drug administration. D The statis-
tical analysis of E flow cytometry analysis of apoptosis in FaDu
cells induced with veratric acid, CDDP, veratric acid/CDDP (2:1)

@ Springer

Charren 712 APE
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and Veratricplatin for 24 h, using Annexin V-FITC/PI staining. F
Cell cycle analysis of FaDu cells induced with induced with verat-
ric acid, CDDP, veratric acid in combination with CDDP (2:1) and
veratricplatin for 24 h using flow cytometry. *P <0.05, **P<0.01,
*#%P <0.001 compared with the control group
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Fig.3 A Scratch experiments showing migration inhibition of FaDu
cells induced by PBS (control), veratric acid (14.0 pM), CDDP
(7.0 uM), veratric acid/CDDP (14.0 pM/7.0 pM), and veratricplatin
(7.0 pM) treatment for 24 h. The scale bars represent 200 pm. B Sta-

Veratricplatin treatment remarkably enhanced
E-cadherin expression in FaDu cells

CDDP has been reported to affect the progression of EMT
transformation in tumors [1]; accordingly, we determined the
expression levels of the EMT marker E-cadherin (E-cad), a
calcium-dependent transmembrane protein mainly involved
in cell—cell adhesion, in response to treatment with different
drug compounds. Western blot analysis illustrated that vera-
tric acid treatment did not produce any noticeable alterations
in FaDu cells (Fig. 3C, D); however, its combination with
CDDP up-regulated the expression of E-cad compared to
CDDP alone. Furthermore, even higher E-cad expression
levels were observed in veratricplatin-treated cells than
those subjected to combined treatment. Although other
proteins involved in EMT were not examined, the results
satisfactorily indicated that veratricplatin could inhibit EMT
process. We speculate that resveratrol does not participate
in the EMT conversion process, which explains the lack of
significant difference between the combination of veratric
acid with CDDP and CDDP alone. Inversely, veratricplatin
may block the TGF-f and PI3K signaling pathways to inhibit
EMT transformation and down-regulate the expression of
Bcl-2 and up-regulate the expression of E-cad [29].
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tistical analysis of migration rate in FaDu cells. C Protein expression
and D quantification of E-cad in FaDu cells after drug administration.
*P<0.05, **P<0.01, ***P<0.001 compared with the control group

In vivo anti-tumor activity

To evaluate the anti-tumor activity of veratricplatin, a mouse
xenograft tumor model was established. Vetroplatin showed
significantly higher Pt accumulation in tumors compared
with CDDP, but there was no significant difference in other
(Fig. 4A). This demonstrates that veratricplatin exhibits a
better targeting effect in tumors. The main organs of the
mouse model were stained with hematoxylin and eosin
(H&E), followed by pathological examination, showing
that there was no significant difference in tissue and organ
damage between the veratricplatin-treated group and other
groups (Fig. 4B). Moreover, veratricplatin administration
inhibited tumor growth, as evidenced by a reduction in the
tumor weight of mice in the veratricplatin group (42%) com-
pared to the control group (76%) after 15 days of intravenous
injection (Fig. 4C-E); however, the overall body weight of
mice showed no significant change (Fig. 4F). These findings
indicate the best inhibitory effect on tumors and the minimal
effect of veratricplatin administration on normal tissues and
other organs compared to CDDP alone and its combination
with veratric acid. Thus, veratricplatin can alleviate toxic
side effects caused by CDDP.
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Fig.4 A Bio-distribution of platinum in various mice tissue. B veratricplatin. D Tumor volume of mice in different treatment groups.
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liver, spleen, lung, and kidney of mice in various treatment groups. in body weight during treatment. G Images of excised tumors treated
C Tumor weight of mice recorded after 15 days of intravenous injec- with different drugs. Statistical significance: *P <0.05, **P <0.01
tion of PBS (control), veratric acid, CDDP, veratric acid/CCDP, and
Treatment with veratricplatin inhibited the expression of CD34 was down-regulated, indicating that
angiogenesis veratricplatin can potentially inhibit tumor angiogenesis.

Tumor angiogenesis is a critical marker of solid tumor growth, ~ Stability and intracellular release of veratricplatin
invasion, and metastasis [29]. In this study, tumor vessels

were labeled with CD34, and the fluorescence intensity of ver- The stability and intracellular release of veratricplatin
atricplatin-treated mice was dramatically reduced compared =~ were detected via HPLC [9], obtaining retention times of
to the control and CDDP-treated groups (Fig. 5). In addition, ~ 10.2 and 8.4 min for standard veratricplatin and veratric
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Fig. 6 Stability of A veratricplatin, B veratricplatin (1 mM)+ AsA (10 mM), and C veratricplatin (1 mM)+ GSH (10 mM) at 37 °C in PBS for 0,
12, 24, and 48 h monitored via HPLC

acid (Figs. S4, S5), respectively. As depicted in Fig. 6,  to yield the bioactive molecules veratric acid and CDDP.
veratricplatin gradually produced veratric acid upon  However, the reduction was evident in the presence of
reduction over time, suggesting that both ascorbic acid  AsA than GSH.

(AsA) and glutathione (GSH) could reduce veratricplatin

@ Springer



220

Cancer Chemotherapy and Pharmacology (2023) 92:211-221

Discussion

Currently, despite the diverse array of drug combination
regimens available, the clinical chemotherapy approach
for HNSCC continues to revolve around Pt(I) compounds.
CDDP, carboplatin, and oxaliplatin are representative plat-
inum drugs widely employed in the treatment of clinical
tumors and established as crucial chemotherapeutic agents
for clinical cancer therapy [33]. However, Pt(I) com-
pounds exhibit characteristic drawbacks, such as poor sta-
bility, low bioavailability, significant toxic side effects, and
severe cross-resistance, which limit their clinical efficacy
and application. In addition, CDDP resistance poses a sig-
nificant hurdle in the management of advanced HNSCC.
Therefore, developing novel platinum-based drugs to over-
come the inherent defects and resistance associated with
original drugs and enhance their therapeutic efficacy is a
major challenge for drug development and chemists.

Over the past decade, researchers have focused on
designing a diverse range of complexes based on CDDP,
incorporating various axial ligands such as NSAIDs,
histone deacetylase inhibitors, and alkylating agents [2,
3, 27]. COX inhibitor, including celecoxib, nimesulide,
etodolac, carprofen, and bendazac, are increasingly
acknowledged as potential drug targets for cancer thera-
pies. Researchers have discovered that COX inhibitors
are able to suppress tumor growth, inhibit metastasis, and
improving the tumor inflammatory microenvironment [10].
Platinum(IV) complexes targeting COX-2 have gained
significant attention in the pharmaceutical field owing to
their low toxicity, high bioavailability, and oral availabil-
ity [22, 25]. Veratric acid, a kind of COX-2 inhibitor, has
been reported to have wide-ranging therapeutic potentials.
Given that, we constructed a novel platinum(IV) prodrugs
veratricplatin based on veratric acid and evaluated its anti-
tumor activities both in vitro and in vivo, especially in
FaDu cell. This finding may unveil a promising prodrug
for the treatment of HNSCC.

In our research, the complex veratricplatin not only exhib-
ited a significantly lower ICy, value of (1.68 +0.26) pM com-
pared to CDDP (6.86+0.77) pM in FaDu cell, but showed
lower cytotoxicity in human normal cells (MRC-5). Further-
more, it is well acknowledged that veratric acid enhances the
inflammatory environment and exhibits a synergistic effect
when combined with cisplatin, thereby augmenting its anti-
tumor efficacy. Therefore, we next examined the ability of
cells to uptake platinum and the results showed veratricplatin
could increase the intracellular platinum content and enhance
the inhibitory effect of platinum on tumor cells. Subsequently,
we assessed the cytotoxicity of veratricplatin, showing an
optimal inhibitory effect on FaDu cells through inhibiting
migration and angiogenesis. The apoptosis was also detected

@ Springer

using flow cytometry, the results indicating pro-apoptotic
effect of veratricplatin in FaDu cells. Given the important role
of EMT transformation in tumor progression, we then exam-
ined its marker protein E-cad. The results showed veratricpl-
atin increased the expression of E-cad, prompting enhance-
ment of EMT. Finally, the study in vivo provided more solid
evidence for its good anti-tumor activity. Overall, these results
demonstrate the excellent anti-tumor effects of veratricplatin,
providing an experimental basis for the application of tetrava-
lent platinum-derivative drugs in the clinical treatment of
HNSCC, thereby expanding the available treatment options.

Our preliminary research also found that veratricplatin
elicits robust cytotoxicity in FaDu cells, while causing com-
paratively milder cytotoxicity in cochlea cell. Nevertheless,
the mechanisms underlying this phenomenon remain a topic
for further research. Giving that ototoxicity and nephrotoxic-
ity inevitably constrain the clinical application of cisplatin,
these become crucial areas of focus for the subsequent stages
of our research.

Conclusion

To summarize, veratricplatin demonstrated remarkable drug
efficacy, in terms of increased cytotoxicity in vitro, reversal of
CDDP resistance, promoting apoptosis, and high efficiency
with low toxicity in vivo. Notably, this study presents the first
application of a Pt(IV) prodrug in HNSCC therapy, with sub-
stantial activity both in vitro and in vivo. Besides, the molecu-
lar mechanism associated with veratricplatin drug in inhibiting
EMT and tumor progression has been elucidated. Our find-
ings provide promising future implementations for effective
HNSCC and other solid tumor therapies in clinical settings.
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