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Cisplatin is the first-line drug for treatment of various solid tumors including breast cancer due to
the broad anti-tumor spectrum and strong anti-tumor effect. However, serious side effects and long-
term medication of reduced sensitivity by high GSH in tumor cells have severely restricted its fur-
ther clinical application. Herein, a GSH-depleted Pt(IV) prodrug (Platin B) based on cisplatin and 4-
carboxylphenylboronic acid pinacol ester was prepared to solve the problems. As an excellent GSH scav-
enger, 4-carboxylphenylboronic acid pinacol ester could be activated by intracellular redox reactions to
release quinone methide, thereby amplifying oxidative stress and leading to breast cancer ferroptosis
therapy. Interestingly, the consumption of GSH can also reduce cisplatin inactivation, enhance the sen-
sitivity of tumor cells to cisplatin and efficiently induce apoptosis/ferroptosis. This work highlights the
use of GSH scavenger for triggering ferroptotic cell death in breast cancer.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cisplatin is the first-line anti-cancer drug due to its broad anti-
tumor spectrum and strong anti-tumor effect [1,2]. Although it
has achieved great success in clinical application, its serious side
effects such as nephrotoxicity and ototoxicity, as well as the re-
duced sensitivity caused by long-term medication, have severely
restricted the clinical application of cisplatin [3,4]. To overcome
various shortcomings of cisplatin, some platinum complexes were
developed [5-7], however, they also have an adverse effect along
with the anti-tumor effect [8)]. Therefore, the development of new
platinum-based drugs to improve efficacy and reduce side effect is
very important and extremely desirable.

Recently, tetravalent platinum [platinum(IV)] complexes have
rapidly developed as anti-tumor drugs due to their unique advan-
tages in chemical structure, physicochemical properties and phar-
macodynamic properties [9-10]. Ling et al. designed and synthe-
sized a series of platinum(IV) prodrugs, and employed the reduc-
tion process of platinum(IV) for release cisplatin to consume in-
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tracellular GSH, thereby decreasing drug inactivation [11,12]. Since
these modified cisplatins have demonstrated a good therapeutic ef-
ficacy, it is fascinating to further develop new modification strate-
gies to improve the efficacy of cisplatin.

Ferroptosis is a new type of iron-dependent regulatory cell
death [13], of which the mechanism is the metabolic disorder
of intracellular lipid oxides based on the down-regulation of
glutathione peroxidase (GPX4) [14]. Therefore, GPX4 is the key
metabolic enzyme that can degrade lipid peroxides in the body,
and GSH is a necessary cofactor for its enzymatic activity [15]. The
regulation of GSH and GPX4 is an effective way to break the cel-
lular redox balance, to induce the accumulation of lipid peroxides,
and eventually to result in ferroptosis [16]. It was reported that fer-
roptosis, as a potential strategy to solve the problems of cisplatin,
exhibits the excellent antitumor effect and is different from cell
apoptosis pathway [17,18]. Therefore, it is a feasible and effective
strategy to combine with apoptosis-induced cisplatin and ferropto-
sis in the treatment of tumor.

Here, we propose the development of a GSH-depleted
platium(IV) prodrug with GSH depletion for efficient tumor fer-
roptosis therapy. This novel platium(IV) prodrug (named as Platin
B) was synthesized by introducing a GSH depleting agent on

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (A) The synthetic route of the Platin B. (B) Ultraviolet-visible (UV-vis) spectra of CDDP, TDBA and Platin B. (C) '"H NMR and (D) '*C NMR of Platin B in DMSO-dg.

the axial ligand of cisplatin. A phenylboronic acid derivative 4-
carboxylphenylboronic acid pinacol ester (TDBA) [19,20] was used
as the axial functional ligand to synthesize Platin B, which has dual
consumption of intracellular GSH. When Platin B enters cancer cell,
it is first reduced under the action of GSH to release cisplatin and
phenylboronic acid derivatives. Cisplatin hydration occurs and en-
ters the cell nucleus, inhibits DNA replication and transcription,
leading to apoptosis. Cisplatin hydrate can also act on mitochon-
dria, increasing the reactive oxygen species (ROS) and reducing mi-
tochondrial membrane potential, which leads to cell apoptosis. Si-
multaneously, the released phenylboronic acid derivative interacts
with H,0, to generate methylquinone and further depletes the in-
tracellular GSH. In brief, the reduction of GSH can rescue the inac-
tivation of cisplatin, increase sensitivity of cancer cells to platinum
drugs.

As shown in Fig. S1A (Supporting information), CDDP-OH was
firstly synthesized through oxidizing cisplatin by H,0, using the
method previously reported [21]. CDDP-OH was characterized by
infrared spectrum (Fig. S2 in Supporting information). Compared
with the infrared characteristic peak of cisplatin (Fig. S2A in Sup-
porting information), there was a very obvious signal peak at
3513.8 cm~! (Fig. S2B in Supporting information), which was at-
tributed to the stretching vibration of hydroxyl groups in CDDP-OH.
This result demonstrated that CDDP-OH was successfully synthe-
sized. Next, as shown in Fig. S1B (Supporting information), TDBA
anhydride was firstly synthesized by dehydration condensation of
TDBA using the method previously reported [22]. As shown in Fig.
S3 (Supporting information), there are two C=0 that can be vi-
brationally coupled in the structure of TDBA anhydride. The origi-
nal signal peak at 1686.4 cm~! in the structure of TDBA was split
into two signal peaks at 1784.1 cm~! and 1725.5 cm~". This is an
obvious feature of the structural identification of carboxylic anhy-
drides, indicating that the carboxylic acid has undergone a dehy-
dration condensation reaction to successfully generate carboxylic
anhydride. The 13C NMR (Fig. S4 in Supporting information) and
mass spectrum (Fig. S5 in Supporting information) further con-
firmed the successful synthesis of TDBA anhydride.

Finally, Platin B was synthesized from esterification reaction of
CDDP-OH and TDBA anhydride in anhydrous DMF at 65 °C for
2 days in the dark (Fig. 1A). Platin B was obtained as a yellow
solid, which was then characterized by ultraviolet-visible (UV-vis),
NMR spectroscopy and ESI-MS (Fig. S6 in Supporting information).
Platin B showed different UV-vis absorption peaks from cisplatin
and TDBA (Fig. 1B). The 'H NMR of Platin B was shown in Fig. 1C,
compared with the hydrogen spectrum of TDBA, the 'H NMR of
Platin B showed a triplet at 6.10 ppm, which was attributed to the
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NH; in the CDDP, and there were 'H NMR peaks on benzene ring
and borate ester. Furthermore, a carbon at 178.64 ppm corresponds
to C=0 in the Platin B structure, and the two carbons on the boron
ester appear at 89.09 ppm (Fig. 1D), these characteristic absorption
lines all proved the successful formation of the esterification reac-
tion. Taken together, these results confirmed the successful synthe-
sis of Platin B. The reason why only one hydroxyl group can react
with TDBA was speculated to be the steric hindrance of TDBA and
the ratio of reactants.

MTT assay was used to analyze the cytotoxicity of Platin B
in 4T1 cells, and TDBA, CDDP and Mixture group (the mol ratio
1:1 mixture solution of cisplatin and TDBA) were set as controls.
As shown in Fig. 2A, TDBA had no obvious inhibitory effect on
the proliferation of 4T1 cells within the concentration range of
0-100 pmol/L, indicating that TDBA was not toxic within this
concentration range. In addition, CDDP, Mixture and Platin B
showed the obvious dose-dependent cytotoxicity. When the con-
centration of Platin B was 17.85 umol/L, the cell mortality was
41%, and Platin B showed higher cytotoxicity with the increase
of concentration, which was similar to the cytotoxicity of many
platium (IV) drugs reduced to cisplatin (Fig. S7 in Supporting
information) [22,23].

The amount of Pt in cells was determined by inductively cou-
pled plasma-mass spectrometry (ICP-MS) to investigate the uptake
of CDDP and Platin B [24-26]. As shown in Fig. 2B, both CDDP and
Platin B can be successfully taken up by 4T1 cells, and the amount
of drug taken up by the cells was proportional to time. In the first
2 h, the intake of Platin B was greatly increased compared with
CDDP, which was 1.71 and 1.68 times higher than that of CDDP, re-
spectively, whereas the difference in cell uptake between the two
drugs gradually decreased along with cellular uptake progressing.

Next, 4T1 cells treated with Platin B were also evaluated by
live/dead cell viability assays and trypan blue rejection test. As
shown in Fig. 2C, the results of live/dead cell staining showed that
TDBA showed complete green fluorescence after the administration
and incubation, confirming that TDBA would not have a killing ef-
fect on the cells. CDDP and Mixture groups showed faint red fluo-
rescence, demonstrating that CDDP had a certain cell killing ability.
Platin B displayed a large amount of red fluorescence, manifest-
ing that Platin B had a significant cell killing effect. The results of
trypan blue staining were consistent with live/dead cell staining.
There was almost no blue-violet appearance in the TDBA, while
CDDP, Mixture and Platin B showed more purple, indicating a large
number of cell deaths. And Platin B exhibited obvious red fluores-
cence, thus demonstrating that it had a significant cell killing ef-
fect, which was consistent with the result of cytotoxicity.
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Fig. 2. (A) Cytotoxicity of TDBA, CDDP, Mixture and Platin B toward 4T1 cells. (B) Cellular uptake of CDDP and Platin B by ICP-MS. (C) Live/dead cell staining and Trypan
blue staining of CDDP, TDBA, Mixture and Platin B. Viability of 4T1 cells were treated with Platin B and Fer-1 (D) and DFO (E) inhibitor. The control group was the untreated
tumor cells. (F) Quantitative analysis of ROS generation by flow cytometry. (G) Value of GSH/GSSG in 4T1 cells after treatment. (H) Expression of MDA after treated with

CDDP, TDBA, Mixture and Platin B.

MTT assay was also used to evaluate effects of ferroptosis in-
hibitor Ferrostratin-1 (Fer-1) and iron chelator deferoxamine (DFO)
on cell viability [18]. As exhibited in Figs. 2D and E. Fer-1 and DFO
were not added, Platin B had a strong cell killing effect. When Fer-
1 was added, the cell survival rate was significantly improved, and
increased significantly with the increase of the dose of Platin B.
When DFO was added, the cell survival rate was also increased
with increasing dose. These results indicated that Platin B can trig-
ger ferroptosis in 4T1 cells.

Next, a flow cytometer was used to quantify the ROS gener-
ated in the cells. DCFH-DA was used as a ROS probe to investi-
gate the production of ROS in cells [27-29]. As shown in Fig. 2F,
CDDP and Mixture groups had a small amount of ROS production.
After 4T1 cells were incubated with Platin B for a period of time,
the green fluorescence intensity was significantly increased, sug-
gesting that it can significantly enhance the production of intracel-
lular ROS, and the amount of ROS production was more than that
of CDDP. And there was a significant difference compared with the
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control. This is because Platin B consumed intracellular GSH, which
was conducive to the occurrence of oxidative stress and generated
a large amount of ROS to damage tumor cells.

Then, GSH and GSSG detection kits were used to determine
contents of GSH and GSSG in tumor cells, respectively, to charac-
terize the consumption of GSH by Platin B. As shown in Fig. 2G,
the results demonstrated that Platin B can effectively consume in-
tracellular GSH through the reduction process and methylquinone
alkylation [19,20], and as the incubation time increased, the ratio
of GSH/GSSG decreased, illustrating the more GSH in the cell was
consumed by Platin B. This may be because the more it accumu-
lated in tumor cells as the time of action of the drug increased,
the more active platinum-based drug molecules played a role in
the cell. Moreover, this strategy was also well documented for im-
proving the efficacy of platinum drugs [11,12].

Malondialdehyde (MDA) is one of the important metabolites of
lipid oxidation process in the cell. MDA detection kit was used to
detect its content to monitor the level of lipid peroxidation caused



D. Qi, L. Xing, L. Shen et al.

Chinese Chemical Letters 33 (2022) 4595-4599

(A) (B)
Treatment —=—PBS
124——TDBA
g [——copp
—v—Mixture
l L1 1 l l ] L1 2 .
(Day) =1 | 1 1 T 1 —> e o :
4T1 cells 0 3 6 9 12 15 18 21 £ |——phtinB+DFO
inoculation A A * A A * 2
24
Ferroptosis inhibitor (DFO) injections 2
0
0 3 6 9 12 15 18 21
(C) (D) (E) Time (days)
0 35
w 000086 2 [ PBS—TDBA—CDDP
1pBA 9 Q s ‘ . ' —30 Mixture—Platin B
w15 20~ ——CDDP+DFO—PIlatin B+DFO
o ® e ¢ 3 e 27 =
8 50 2.
wee © @ 9 € 8 @ %1.0 H H 2 3 =
wc® © © Q4 @ @ @ £ 220 *
=05 2 —
coD\’*DFO o7 | mlS
e 800009 00 3
Q s $& QO 10
N Oo‘w‘"fb\\“@%“ 0 3 6 9 12 15 18 21
o© Q@\\o Time (days)
) (G) (H)
-Hemolysis rate 80

Concentration (mg/mL)
04 02 0.1 0.050.0020

8

%

Hemolysis rate (%)
s 3

[
S

0
Control 04 0.2 0.1 0.05 0.002 Q, Q) (\% QO
Concentration (mg/mL) b 0 é\‘ rb\;) XQQ%XO
O &
M ) (K) JF
60
B 50N R
* *
20
10
0
0 > ® o N ® O O
Qq, ,\0% CO RS \°° ‘ZXOQ OQ ® o‘b oog‘\ o xéq;oQ QQ’ 0% 90@\*@ & XO XOQ
CO ?@0‘\ 00 \%‘“\ oy \m“

Fig. 3. (A) Therapeutic schedule of the therapeutic process. (B) Tumor growth curves after intravenous injection with various treatments (n=

6, **P < 0.01, ***P < 0.001).

(C) Photograph of tumor after different treatments. (D) Tumor weights after intravenous injection with various treatments (n=6, **P < 0.01, ***P < 0.001). (E) Mice body
weights after different treatments (n=6, **P < 0.01). (F) Photograph of the hemolytic activity of various concentration of Platin B. (G) Relative hemolytic activity of Platin B at
different concentrations (n=3, *P < 0.05, ***P < 0.001). Blood biochemistry analysis of liver function markers: alanine aminotransferase (ALT) (H), aspartate aminotransferase
(AST) (I), kidney function markers: urea nitrogen (BUN) (]); creatinine (CR) (K) (n=6, *P < 0.05).

by Platin B in cells. As displayed in Fig. 2H, 4T1 cells were in-
cubated with TDBA, there was no significant change in the con-
tent of intracellular MDA. When incubated with CDDP and Mixture
groups, the content of MDA increased slightly. This was because
CDDP can trigger the mitochondrial-mediated apoptosis pathway,
increase intracellular ROS and oxidative stress, and raise lipid ox-
idation metabolites [16]. Importantly, the production of MDA af-
ter the treatment of Platin B was much higher than that of other
groups. This may be due to the reduction of platin B to release
CDDP, which increased intracellular ROS. Simultaneously, methyl
quinone consumed GSH [19,20], which made cells more prone to
oxidative damage, and lipid oxidation metabolism was more vigor-
ous, thereby producing more MDA.
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Female BALB/c mice at 6-8 weeks were used as experimen-
tal models. Animal care and handing procedures were in agree-
ment with the guidelines evaluated and approved by the Ethics
Committee of China Pharmaceutical University. The tumor volume
increased to ~100 mm? for pharmacodynamic investigation. The
tumor-bearing mice were randomly divided into 7 groups (6 in
each group), which were blank control (PBS), CDDP, TDBA, Mixture,
Platin B, CDDP+DFO, and Platin B+DFO group. The administration
dosage was 3.5 mg/kg based on Pt, and the dose of each group
remained the same. DFO was administered at a dose of 20 mg/kg
by intraperitoneal injection [13]. Each mouse was given 100 pL of
the drug solution by intratumoral injection, and the intraperitoneal
injection of DFO solution was also 100 pL. The drug was adminis-
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tered every 2 days for a total of four treatments. After the treat-
ment, the weight change and tumor size of the mice were con-
tinuously observed and recorded. On the 215t day, the mice were
subjected to orbital blood sampling, and then euthanized and ma-
jor organs (heart, liver, spleen, lung, kidneys) and tumor tissues
were taken out. The tumor tissue was weighed and recorded. The
specific treatment plan was shown in Fig. 3A.

After inoculating tumor cells, the tumor volume of mice was
observed and recorded before and after treatment. As shown in
Figs. 3B and C, the tumor volume of the tumor-bearing mice was
effectively suppressed after drug treatment. The change trend of
TDBA and PBS group was the same, and the tumor volume in-
creased rapidly. Both CDDP and Platin B can effectively inhibit the
growth of tumors. Among them, the growth trend of Mixture and
CDDP was consistent, indicating that TDBA had no effect on tumor
treatment, which was consistent with the results of the cytotoxi-
city experiment (Figs. 2A and C). After adding DFO, there was no
significant difference in growth trend compared with CDDP, indi-
cating that CDDP had a limited ability to induce ferroptosis effect.
Compared with PBS, Platin B had an obvious anti-tumor effect, and
the tumor mass of Platin B+DFO was significantly increased com-
pared with that of Platin B (Fig. 3D). This result suggested that
anti-tumor effect of Platin B was weakened after adding DFO to
inhibit ferroptosis. And this was consistent with the results of in
vitro studies on Ferroptosis mechanisms (Fig. 2E). Taken together,
Platin B had a stronger ferroptosis effect than CDDP, and led to
tumor cell death through apoptosis and ferroptosis together. Dur-
ing the treatment, the body weight of the mice was recorded to
investigate the safety of drugs (Fig. 3E). The weight change trend
of Platin B and control mice was roughly the same. The slight in-
crease in weight of PBS group may be due to the infinite increase
in tumor volume, indicating that Platin B did not have an impact
on the normal growth of mice. While the weight of CDDP group
mice had decreased significantly, proving that CDDP had serious
toxic side effect. This was also consistent with the literature re-
ports [3,4].

The blood compatibility of the drug is an indicator that must be
investigated before its application in vivo. As shown in Fig. 3F, af-
ter Platin B was incubated with red blood cells for a period of time,
hemolysis was observed, and hemolysis was already serious when
the dose was 0.1 mg/mL. The hemolysis rate of the drug was quan-
tified by measuring the absorbance value by a microplate reader
(Fig. 3G), and the result was consistent with the phenomenon ob-
served by taking pictures (Fig. 3F). When the administration con-
centration was 0.1 mg/mL, the hemolysis rate was as high as 60.2%.
Platin B had a certain degree of amphiphilicity, which may be the
main reason for the strong hemolysis. Therefore, Platin B was used
in pharmacodynamics study through intratumoral administration.

As the treatment progress, the tumor volume was effectively
suppressed, indicating that Platin B had a better inhibitory effect
on tumor growth (Figs. 3B and C). Meanwshile, the effects of each
treatment group on the major organs should also be observed. As
shown in Figs. 3H-K, the analysis of liver and kidney function in-
dicators in the blood also showed the same experimental results,
which preliminarily proved the safety of Platin B. The tumor tis-
sue collected from the anatomy was sectioned and H&E stained
to visually observe the morphological changes of the tumor tis-
sue after the administration (Fig. S8 in Supporting information).
As shown by the above results, the H&E staining of various or-
gans also showed no significant difference between Platin B and
the control, proving that it had a protective effect on important
organs.

In summary, we have synthesized a new type of platinum(IV)
prodrug by introducing a depleting agent of GSH in the axial po-
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sition for rescuing the inactivation of cisplatin chemotherapy. After
uptake of the prodrug by tumor cells, Platin B released cisplatin
and phenylboronic acid derivatives under the action of GSH. Cis-
platin hydration occurs and binds to DNA in the nucleus, which
increased ROS and triggered apoptosis. A series of experiments in
vivo and in vitro have proved that Platin B had a strong anti-tumor
effect and had almost no toxic side effects. Importantly, the con-
sumption of GSH by phenylboronic acid derivatives can also reduce
the inactivation of cisplatin, enhance the sensitivity of tumor cells
to cisplatin and induce ferroptosis. In brief, the platinum(IV) pro-
drug can overcome the tendency of cisplatin to inactivate, can be
used as a new generation of platinum drug candidate and has po-
tential application in the clinic for platinum-sensitive tumors ther-
apy.
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