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pathways involving energy metabolism

i ") Check for updates ‘

Cite this: Chem. Sci., 2019, 10, 3089

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Zhenzhu Zhu, © +# Zenghui Wang, 1° Changlithang,C Yanjun Wang,?
”@*b

Hongmei Zhang,? Zhenji Gan G- Zijian Guo @

and Xiaoyong Wang & *2

Mitochondria are potential therapeutic targets for anticancer drugs. A series of mitochondrion-targeted
monofunctional  platinum  complexes, [Ptlortho-PPhsCH,Py)(NHz),ClI(NOs),  (OPT), [Ptimeta-
PPhsCH,Py)(NH3),ClII(NO3),  (MPT), and [Pt(para-PPhzCH,Py)(NH3),ClI(NOs), (PPT) (PPhs =
triphenylphosphonium, Py = pyridine), are studied in this article. The antitumor activity and mechanism
of action have been investigated in vitro and in vivo as well as on molecular levels. OPT exhibits higher
efficacy than cisplatin against A549 lung cancer cells; furthermore, it shows a strong inhibition towards
the growth of non-small-cell lung cancer in nude mice. The DNA binding ability of these complexes
follows an order of PPT > OPT > MPT. Cellular uptake and distribution studies show that OPT
accumulates mainly in mitochondria, while MPT and PPT accumulate more preferentially in nuclei than
in mitochondria. As a result, OPT induces remarkable changes in the ultrastructure and membrane of
mitochondria, leading to more radical mitochondrial dysfunctions than cisplatin. The release of
cytochrome ¢ from mitochondria is more evident for cells treated with OPT than with cisplatin, though
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mitochondrial oxidative phosphorylation and glycolysis is involved in the antitumor mechanism of these

DOI 10.1039/c85c04871a compounds. The results indicate that in addition to DNA binding, bioenergetic pathways also play crucial
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Introduction

Lung cancer, particularly non-small-cell lung cancer (NSCLC), is
the most common lethal disease, accounting for ca. 85% of all
lung cancer cases." Patients with NSCLC only have a 10-15% 1
year survival rate even under the best treatment.” Platinum-
based anticancer drugs are the major chemotherapeutics used
for treating various cancers,*” including NSCLC.*® These drugs
are believed to react with nuclear DNA (nDNA) and induce
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roles in the antitumor activity of mitochondrion-targeted monofunctional platinum complexes.

apoptosis by inhibiting nDNA replication and gene transcrip-
tion.” However, their clinical efficacy is severely undermined by
drug resistance,' which results primarily from the decrease of
cellular drug accumulation and increase of cellular self-repai-
ration.™ Recent studies suggested that platinum drugs could
interact with sub-cellular compartments other than nuclei.’
Mitochondria play central roles in cellular energy conver-
sion, metabolism and apoptosis.”” Any mitochondrial abnor-
mality such as respiration injury or membrane depolarization
can be regarded as mitochondrial dysfunction.”® Energy
metabolism in mitochondria is particularly important for
balancing the energy requirements of cell maintenance.™
Mitochondria generate energy mainly through the oxidative
phosphorylation (OXPHOS) pathway accompanied by the
consumption of oxygen. In cancer cells, the hypoxic microen-
vironment limits the mitochondrial OXPHOS to generate ATP,
and forces the cells to increase glucose glycolysis to compensate
for the energy deficiency," thereby leading to the “Warburg
effect”,’* a phenomenon that does not appear in normal
differentiated cells. Although aerobic glycolysis is an inefficient
way to generate ATP, it is a compensatory approach for the
energy need of tumor growth.'” Therefore, direct interaction
with mitochondria seems to be related to the drug-induced cell

death,” and complexes with mitochondrion-targeting
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properties may bring about a breakthrough in the design of
platinum-based anticancer drugs.’**' For instance, a Pt"
complex (mtPt) with a mitochondrial-penetrating peptide was
delivered to mitochondria of human cancer cells, inducing
apoptosis by damaging mitochondrial DNA (mtDNA) rather
than nDNA,** which suggests that mtDNA is a potential target
for platinum-based anticancer drugs.

Previous reports suggested that compounds with delocalized
positive charge and high lipophilicity could penetrate the inner
mitochondrial membrane easily due to its high imperme-
ability.?® Triphenylphosphonium (Ph;P*, TPP) is such a cation
and able to accumulate in mitochondria due to the negatively
charged microenvironment within the mitochondrial matrix.>*
For example, platin-M, a Pt" prodrug of cisplatin with Ph;P" as
the axial ligand, was fabricated into a biocompatible polymeric
nanoparticle for mitochondrion-targeted drug delivery, which
can attack mtDNA and inhibit the cisplatin-resistant cancers.>
Recently, we demonstrated that two mitochondrion-targeted
Pt" complexes bearing Ph;P" as a homing moiety could
significantly affect the mitochondrial bioenergetics of cancer
cells and the cytotoxicity of the complexes.?®

It was reported that the monofunctional Pt" complex pyr-
iplatin and its analogue phenanthriplatin could bind to DNA in
a monodentate manner at the N7 position of guanine residues
with no significant distortion of the double helix,**® which is
different from cisplatin. In this study, we designed three mono-
functional mitochondrion-targeted Pt" complexes OPT, MPT and
PPT by modifying pyriplatin with -CH,Ph;P" (Fig. 1). The result-
ing complexes were fully characterized and evaluated for anti-
tumor activity. Among them, OPT exhibited greater efficacy than
cisplatin in A549 lung cancer cell lines and animal models with
non-small-cell lung cancer. The cellular and mitochondrial accu-
mulation, mitochondrial function and DNA binding ability of OPT
were investigated. The results provide some new insights into the
anticancer mechanism of platinum complexes in cancer cells.

Results and discussion
Synthesis and characterization

The synthesis of OPT, MPT and PPT was described in the ESI
and Scheme $1.1 The complexes were characterized by 'H-, *'P-
and '*’Pt-NMR, ESIMS and HPLC (Fig. S1-S57). ESIMS results
showed that the complexes in aqueous solution exist basically
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Fig. 1 Structures of pyriplatin, OPT, MPT and PPT.
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in an ionized form with two positive charges. These complexes
possess delocalized positive charge and high lipophilicity,
which may facilitate them to enter into cells easily through the
lipid bilayer of the cellular membrane and further accumulate
in the mitochondrial membrane matrix for the negative inside
mitochondrial membrane potential (MMP, A¥ ,,; ca. —180 mV).

Antitumor activity

The in vitro cytotoxicity of the complexes was investigated by the
MTT assay against the human non-small-cell lung cancer A549,
human cervical cancer HeLa, human liver cancer SMMC and
human normal liver HL-7702 cell lines. The half maximal
inhibitory concentration (ICs,) of OPT against A549 cells (8.7 +
1.6 uM) is the lowest (Table S17), in that OPT inhibits cells more
effectively as compared to MPT, PPT, cisplatin or pyriplatin
(Fig. 2A). Under the same conditions, the ICs, values of OPT and
PPT towards normal HL-7702 cells are 64.5 + 3.2 and 53.7 £+ 2.9
uM, respectively, which are much higher than that of cisplatin
(14.8 £+ 2.3 uM); MPT is almost nontoxic (Fig. 2B).

Since OPT exhibited the strongest cytotoxicity against A549
cells, mice implanted with A549 cells were used as xenograft
models to evaluate the tumor inhibition efficacy of OPT. The
mice were divided into 3 groups randomly and intravenously
injected with saline, cisplatin and OPT, respectively, every other
day for 19 days. Strong inhibition of tumor growth was observed
after the treatment. On day 19, the tumor volume of the saline-
treated mice was increased by ca. 5-fold as compared with that
on the first day, whereas the average tumor volume of the OPT-
treated mice grew much slower than that treated with cisplatin
or saline (Fig. 2C and D). The body weight of the saline-treated
groups was almost unchanged within 19 days, while that of the
OPT-treated group decreased gradually with time, even more
evident than that induced by cisplatin, which may result from
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Fig. 2 Cytotoxic profiles of the complexes against A549 (A) and HL-
7702 cells (B) at 48 h, A549 tumor progression of mice treated with
OPT (5 mg kg™}) (C), and changes of tumor volume after 19 d treat-
ment (D). Cytotoxicity is presented as the mean + S.D. of three inde-
pendent experiments; tumor volume is presented as the average
volume £ S.D. of 5 mice, *p < 0.1, **p < 0.01, ***p < 0.001, and ****p <
0.0001. Cisplatin and saline are used as controls.
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the mitochondrion-disrupting effect of OPT (Fig. S6T). The
biodistribution of Pt in major organs of mice was also deter-
mined. Most of the Pt was accumulated in the liver and kidneys
(Fig. S77), implying that the cellular uptake of OPT may be
mediated by organic cation transporters (OCT1/2/3), which are
primarily expressed in the liver and kidneys.*”* Compared with
cisplatin, more Pt was accumulated in the lungs and tumor
tissue.

Cellular and mitochondrial uptake

Due to the significant in vitro and in vivo antitumor effects, we
further investigated the cellular uptake and distribution of the
complexes. The content of Pt in mitochondria, nuclei, and
mitochondrion-free cytoplasm separated from A549 cells after
incubation with the complexes respectively is listed in Table 1.
As expected, part of OPT, MPT and PPT can penetrate mito-
chondria and accumulate in the mitochondrial matrix.
Cisplatin mainly accumulated in the nuclei, with only a limited
amount of Pt being detected inside mitochondria, which is
consistent with a previous report.*

Interaction with DNA

It is widely accepted that nDNA is the main target for platinum-
based anticancer drugs, and meanwhile mtDNA damage is
sufficient to induce apoptosis of tumor cells.**** Therefore, we
explored the interaction of the complexes with nDNA and
mtDNA. Firstly, A549 cells were treated with OPT, MPT, PPT,
pyriplatin and cisplatin, respectively, for 24 h. Nuclei were iso-
lated from the cells and nDNA was obtained. The nDNA-bound
Pt was measured by ICP-MS. As shown in Fig. 3A, the binding
ability of OPT to nDNA is only second to that of cisplatin, much
higher than that of other complexes. To evaluate the mtDNA
lesion induced by the complexes, real-time polymerase chain
reaction (PCR) assay was performed using four key regions of
mitochondrial genome. Two mtDNA fragments of different
lengths ranging from 972 to 1037 bp for long fragments and
from 54 to 87 bp for short fragments located in the same
mitochondrial genomic region were used as primers.** One of
the mitochondrial genomic regions is the D-loop, which
exhibits a triple-stranded and semi-stable structure during
replication. Due to its partially relaxed structure, the D-loop is
more fragile than other mtDNA regions. The calculated
frequency of the mitochondrial lesion in the D-loop region is
displayed in Fig. 3B. OPT induced the most prominent mtDNA

Table 1 The content of Pt (ug L™ per 108 cells) in mitochondria (M),
nuclei (N) and mitochondrion-free cytoplasm of A549 cells after
incubation with OPT, MPT, PPT and cisplatin (10 uM), respectively, for
24 h

Organelles OPT MPT PPT Cisplatin
Mitochondria 8.18 £ 0.14  2.61 £ 0.02 2.40 + 0.02 0.70 &+ 0.01
Nuclei 4.06 £ 0.04 4.74 £0.03 10.07 £ 0.10 6.51 + 0.04
Cytoplasm 2.79 £0.01 1.62 £0.02 1.32 £0.02 3.31 £ 0.05
Total 19.53 £ 0.58 9.90 £ 0.56 14.63 £+ 0.23 12.46 £+ 0.14
M/N 2.0 0.6 0.2 0.1
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Fig. 3 Content of nDNA-bound Pt in A549 cells after incubation with
OPT, MPT, PPT, pyriplatin and cisplatin (10 uM), respectively, for 24 h
(A), and damage to the D-loop region of mtDNA in A549 cells caused
by OPT, MPT, PPT and cisplatin, respectively (B). Data are expressed as
mean £ S.D. of at least three independent experiments.

lesion among the three complexes and cisplatin, while all the
complexes showed no effect on the other three mitochondrial
genomic regions.

To further understand the relative DNA-binding ability of the
complexes, supercoiled plasmid pUC19 DNA was used as
a model to simulate the interactions. The supercoiled DNA
showed a relatively faster migration speed in agarose gel elec-
trophoresis due to its compact conformation. After addition of
the complexes, the relaxed DNA appeared and a decrease in
electrophoretic mobility was observed (Fig. S81). When the two
forms of DNA co-migrated, a coalescence point 7y, (the bound
drug-to-nucleotide ratio) was reached, which corresponds to the
full relaxation of the supercoiled DNA. The ry,) of OPT and PPT
is 0.016 and 0.009, respectively (Table S27). Cisplatin also
produced a similar outcome, but the coalescence point is
0.076.** The DNA unwinding ability of OPT and PPT is higher
than that of cisplatin, and different from that of pyriplatin,
which did not cause unwinding of the plasmid DNA.” Since
both OPT and pyriplatin formed monofunctional adducts
(Fig. S9 and Table S31), the difference in DNA unwinding ability
is likely to arise from the ~CH,Ph;P" substituent and positive
charges. Somehow, the DNA binding ability of MPT is very low.

mtDNA is more vulnerable than nDNA owing to the absence
of histones and an insufficient DNA repair rate.*® Even so, the
mtDNA damage caused by OPT was only about 2 times higher
than that of cisplatin, which is inconsistent with the respective
accumulation of Pt in mitochondria, indicating the mtDNA
damage efficiency of OPT is lower than that of cisplatin.
However, the in vitro and in vivo antitumor efficacy of OPT
toward lung cancer cells and tissue was higher than that of
cisplatin (Fig. 2), suggesting that some non-DNA pathways may
be involved in the anticancer mechanism of OPT.

Mitochondrial bioenergetics

The oxygen consumption rate (OCR) is an important indicator
for mitochondrial functions.’” We therefore investigated the
effect of OPT, MPT and PPT on the mitochondrial respiration of
A549 cells. The cellular OCR was measured by an XF Cell Mito
Stress Test, which could reflect the activity of mitochondrial
OXPHOS. In the test, oligomycin was used to inhibit the ATP

Chem. Sci,, 2019, 10, 3089-3095 | 3091
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synthase and get the ATP synthetic ability of the cells; uncoupler
FCCP was used to increase the respiration well above the basal
level and get the maximal respiratory capacity; rotenone and
antimycin A were used to inhibit the activities of complex I
(NADH dehydrogenase) and complex III (cytochrome c reduc-
tase) respectively,®® so they can completely inhibit the electron
transport chain. Multiple parameters of mitochondrial function
were determined as reported previously.*® As shown in Fig. 4A
and B, the level of basal respiration decreased evidently after
A549 cells were incubated with OPT; the ATP synthesis and
maximal respiration also decreased to much lower levels than
those incubated with MPT and PPT. The effects on the spare
respiration capacity are similar for these complexes.

In Fig. 4A, the basal respiration of the OPT-treated A549 cells
is lower than that of the control, which might be caused by the
dead cells or damaged mitochondria. To exclude the possible
artefact, the effect of OPT and cisplatin on ATP synthesis was
further investigated by the coupling assay using isolated mito-
chondria from muscles of wildtype C57BL/6 mice (8 weeks,
female; Fig. S10t). The basal OCR in response to OPT and
cisplatin was almost the same as that of the control. When
FCCP was added, the maximal respiration of OPT-treated
mitochondria was significantly decreased compared to that of
cisplatin-treated mitochondria, confirming that the effect of
OPT on the basal respiration is authentic.

The dynamic interplay between the two dominant energy-
yielding pathways, mitochondrial respiration and glycolysis,
was quantified by XF extracellular flux assay, which is a rapid
and more comprehensive assessment of cellular bioener-
getics.* The basal OCR represents mitochondrial respiration,
and the basal extracellular acidification rate (ECAR) reflects the
glycolytic process. For A549 cells, the OCR decreased remark-
ably while the ECAR did not increase after the pretreatment
with OPT as compared with MPT and PPT (Fig. 4C). The data
showed that OPT can inhibit the mitochondrial OXPHOS,
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Fig. 4 Mitochondrial bioenergetics in A549 cells. (A) OCR variations,
(B) key parameters of mitochondrial respiration, (C) metabolic
phenotypes and (D) intracellular citrate levels after treatment with
OPT, MPT, PPT, and cisplatin (10 uM), respectively, for 24 h, presented
as mean £ S.D. (n =5).
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leading to weaker basal and maximal respirations and less ATP
production, and prevent the glycolytic pathway of A549 cells
simultaneously. In addition, the citrate level of OPT-treated
cells increased more than that of cisplatin-treated cells
(Fig. 4D). Citrate is a key intermediate of the tricarboxylic acid
(TCA) cycle and an allosteric modulator of glycolysis.** The
mechanism of citrate elevation in the presence of a platinum
complex is unknown at the moment. These results suggest that
OPT has a great impact on the mitochondrial bioenergetics and
the Warburg effect of cancer cells.

MMP and ultrastructure

MMP (A¥,,,) is an important physiologic parameter commonly
used to monitor the cellular capacity for ATP generation via
OXPHOS.** The dissipation of MMP was detected by using a JC-1
fluorescent probe. Green (monomers) or red (aggregates) fluo-
rescence of JC-1 were observed in the A549 cells, which reflects
the effect of each complex on the A¥,, in mitochondria. As
shown in Fig. 5, the fluorescence of JC-1 in A549 cells was
significantly decreased after treatment with OPT for 12 h, while
that in cells treated with cisplatin or pyriplatin barely changed
as compared with the control. When the incubation time
extended to 24 h, both OPT and cisplatin similarly depolarized
the mitochondria (Fig. S11}), with the A¥,, being decreased
89% and 87%, respectively, relative to the negative control

JC-1 monomer

JC-1 aggregates

Fig. 5 Representative images of A549 cells after incubation with OPT,
cisplatin, and pyriplatin (10 uM) for 12 h, respectively, detected by
fluorescence microscopy using a JC-1 probe.

—~
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quantified by using Zone software. The results suggest that the
depolarization of mitochondria induced by OPT occurred more
rapidly than that induced by cisplatin due to the
mitochondrion-targeting ability. The validity of JC-1 dye was
confirmed by the protonophore CCCP, which depolarizes
mitochondria by increasing their permeability to protons and
losing the proton gradient (Fig. S117).

The morphological changes of mitochondria in A549 cells
were investigated by transmission electron microscopy (TEM).
As shown in Fig. 6, intact mitochondria have complete double
membrane structures with an inner membrane and a smooth
outer membrane. The polymorphic cristae within the mito-
chondria matrix is perpendicular to the axis of mitochondria.
After exposure to OPT, the number of intact mitochondria
decreased, the double membrane structure suffered certain
damage, the cristae disappeared and excessive fragmentation
appeared. Furthermore, numerous lamellar structures and
double-membraned cytosolic autophagic vacuoles accumu-
lated,* like a bubble to degrade the organelle (Fig. 6a), and
some autophagosomes with double membrane structure
swelled the mitochondria (Fig. 6b).** By contrast, cisplatin
barely affected the morphology of mitochondria (Fig. S121). In
addition, after treatment with OPT, the number of mitochon-
dria decreased, the cristae disappeared, and the double
membrane structure of mitochondria was damaged. Since the
number of mitochondria represents the level of cellular energy
requirement, less healthy mitochondria in the OPT-treated cells
imply that the energy metabolism is reduced. Furthermore, the
complexes I-IV in the mitochondrial respiratory chain are
distributed on the polymorphic cristae;** the disappearance of
cristae suggests that OPT could impair the mitochondrial
respiration, which is consistent with the OCR data.

Release of cytochrome ¢ and apoptosis

In the presence of OPT, we observed that the A%, of A549 cells
was dissipated, suggesting that the mitochondrial permeability
transition pore (mPTP) was opened and the pro-apoptotic
protein cytochrome c (Cyto c) was released, which is an early

A549 + OPT

G M‘
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event of apoptosis.**” The presence of Cyto ¢ in A549 cells was
examined by Western blot analysis. As shown in Fig. 7A, OPT
induced more Cyto ¢ (14 kDa) release from mitochondria than
MPT, PPT and cisplatin. The release of Cyto ¢ from the mito-
chondria into the cytosol of A549 cells is a key event in the
caspase activation.*® The executioner caspase may subsequently
cleave some important intracellular substrates, leading to
apoptosis.*

The apoptosis of A549 cells in the presence of OPT was
detected by flow cytometric assay using Annexin V-FITC
combined with propidium iodide (PI) staining.*® Apoptotic
cells could be distinguished from intact cells according to
Annexin V variations (Annexin V+ vs. Annexin V—). PI staining
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Fig. 7 (A) Western blotting analysis of Cyto c released from the
mitochondria of A549 cells after treatment with the complexes using
B-actin (42 kDa) as a reference, and relative intensity of Cyto c
analyzed by Image J (mean £+ S.D., n = 3). (B) Flow cytometric analysis
of A549 cells after incubation with OPT or cisplatin (10 uM) for 24 h and
subsequent staining with Annexin V-FITC and PI.

Mitochondria

Fig. 6 TEM images of the mitochondrial structure in A549 cells treated with OPT (10 uM) for 24 h and without treatment.
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Fig. 8 Proposed mechanism of action for OPT.

allows further distinction between early apoptotic (Annexin V+/
PI-) and late apoptotic or necrotic (Annexin V+/PI+) cells. As
shown in Fig. 7B, after treatment with OPT, 34.8% of A549 cells
were in early apoptosis, and 23.5% of the cells were in late
apoptosis, while 45.0% of the cells were in early apoptosis, and
14.5% of the cells were in late apoptosis after treatment with
cisplatin. Although the changing trend of apoptosis induced by
OPT and cisplatin is similar, OPT caused more late apoptosis
than cisplatin. MPT and PPT mainly induced early apoptosis,
but less efficient than OPT (Fig. S13+).

Conclusions

Three monofunctional mitochondrion-targeted Pt" complexes
were developed, and the biological reactivity was investigated.
These complexes differ from each other according to the posi-
tion of substituents, which significantly influences their cellular
uptake and distribution. Among them, OPT exhibited remark-
able anticancer potential toward A549 lung cancer cells and
lung cancer xenograft in mice, while MPT and PPT were less
potent than cisplatin; moreover, it was less toxic toward normal
cells than cisplatin, implying a good biocompatibility. Unusual
anticancer pathways involving nDNA/mtDNA interruption,
mitochondrial bioenergetics, glycolysis inhibition and release
of cytochrome c were revealed (Fig. 8), which provide new
insights into the mechanism of action for platinum complexes.
As mitochondria are related to energy metabolism and cell
apoptotic machinery, mitochondrion-targeted Pt" complexes
may have potential to overcome the drug resistance of tradi-
tional platinum antitumor drugs.
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