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A Macrocyclic Ruthenium(III) Complex Inhibits Angiogenesis with
Down-Regulation of Vascular Endothelial Growth Factor Receptor-2
and Suppresses Tumor Growth In Vivo
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Abstract: A macrocyclic ruthenium(Ill) complex [Ru-

(N,O,)CL]CIl (Ru-1) is reported as an inhibitor of angio-
genesis and an anti-tumor compound. The complex is rela-
tively non-cytotoxic towards endothelial and cancer cell lines
in vitro, but specifically inhibited the processes of angiogenic
endothelial cell tube formation and cancer cell invasion.
Moreover, compared with known anti-cancer ruthenium com-
plexes, Ru-1 is distinct in that it suppressed the expression of
vascular endothelial growth factor receptor-2 (VEGFR2), and
the associated downstream signaling that is crucial to tumor
angiogenesis. In addition, invivo studies showed that Ru-
1 inhibited angiogenesis in a zebrafish model and suppressed
tumor growth in nude mice bearing cancer xenograffts.

Ruthenium complexes have attracted a surge of interest as
alternatives to platinum-based anti-cancer agents.!!) Ruthe-
nium complexes commonly exist in oxidation states of 42 and
+3 under physiological conditions. The electron-rich Ru"
metal center is often stabilized by m-acceptor ligands in
solution and in the solid state. In the absence of m-accepting
ligands, ruthenium complexes are more prone to ligand
exchange reactions with biomolecules, whereas the Ru™
counterparts are generally less substitution-active. This phe-
nomenon is interpreted as “activation by reduction”.”) The
reducing microenvironment of tumors may favor the reduc-
tion of Ru™ complexes to Ru" species that could coordinate
more rapidly to molecular targets.!

A number of ruthenium complexes have been shown to
possess both in vitro and in vivo anti-cancer activities.!'"!!]
One example is (ImH)[trans-Ru™(Im)(DMSO)Cl,] (NAMI-
A). NAMI-A is generally non-cytotoxic towards solid tumors
but effective against tumor metastasis and angiogenesis."
Several possible targets of NAMI-A, including cell adhesion
molecules, the extracellular matrix, and cytoskeleton proteins,
have been described.”’) Another promising anti-cancer active
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ruthenium complex is InH[Ru™(In),Cl,] (KP-1019) where
In =indazole. Although the chemical structures of KP-1019
and NAMI-A are similar, changing axial ligand has been
observed to significantly alter the cellular uptake and hydro-
lytic stability.’! The biological activity of KP-1019 is also
different from NAMI-A. KP-1019 is cytotoxic against cispla-
tin-resistant colorectal carcinoma, and it did not exhibit
specific anti-metastasis activity.”! In recent years, organo-
ruthenium complexes have also been reported to display anti-
cancer activities.!! Sadler and Dyson developed “piano-stool”
anti-cancer organoruthenium(II) arene complexes, namely
RM- and RAPTA-complexes containing ethylenediamino
and phosphoadamatane ligands, respectively. The RM-type
complexes generally exhibit promising in vitro cytotoxicity,”!
and the RAPTA-type is active against tumor angiogenesis.!'”)
The complex [Ru"(Phen)(CN)(CH;CN),]PF, (RDC11) was
found to display significant in vitro and in vivo anti-cancer
activities against several human cancer cell lines and human
cancer xenografts in mice.'!! In this study, a macrocyclic
ruthenium(IIl) complex [Ru™(N,0,)CL]Cl (Ru-1), exhibit-
ing promising anti-angiogenesis activity and reduction of
invasiveness of cancer cells, is described. Complex Ru-1 was
found to down-regulate the vascular endothelial growth
receptor-2 (VEGFR?2), which is an essential signaling protein
for endothelial cell angiogenesis."? Furthermore, Ru-1 was
also shown to exhibit invivo anti-angiogenic activity in
a zebrafish model and anti-tumor activity in nude mice
bearing human breast carcinoma xenografts.

We previously reported the synthesis and reactivities of
the ruthenium complexes supported by the N,O, ligand."¥ In
this study, the anti-cancer activity of ruthenium(III) com-
plexes containing N,O, ligands with different axial ligands
were examined and compared with the reported anti-cancer
ruthenium complexes, including NAMI-A and [Ru(n’-
CsHg)Cl(en)|PFe.* The structures of the ruthenium(IIT)
complexes in this work are depicted in Figure 1. Reaction of
K,[RuCls(H,0)] with the N,O, ligand in refluxing ethanol
yielded Ru-1. Complex Ru-2 was prepared by heating Ru-
1 with excess silver(I) perchlorate in water followed by
recrystallization. The solution stability of Ru-1 against bio-
logical reducing agents was examined by UV/Vis absorption
spectrophotometry. For Ru-1 in DMSO solution, the 377 nm
absorption peak, assigned to CI- to Ru™ ligand-to-metal
charge transfer (LMCT), remained stable for hours (Fig-
ure SIA in the Supporting Information). In phosphate-
buffered saline (PBS), the 371 nm absorption peak decreased
gradually by 43% over a period of 10 min (Figures 2A and
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Figure 1. Chemical structures of the ruthenium complexes in this
work.
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Figure 2. Solution stability of Ru-1. A) The absorbance at 377 nm (for
Ru-1 in DMSO) and that at 371 nm (for Ru-1 in PBS) were monitored
over 10 min. B) High-resolution ESI-MS analysis of DMSO and aque-
ous solution of Ru-1 and aqueous solutions of Ru-1 incubated with
excess reducing agent (2 equiv sodium ascorbate or 5 equiv GSH) for
10 min.

S1B). In the presence of sodium ascorbate or glutathione
(GSH), the decrease of absorbance at 371 nm was markedly
accelerated (Figures 2 A and S1). The solution stability of Ru-
1 was further examined by high-resolution electrospray
ionization-mass spectrometry (HR-ESI-MS). The HR-ESI-
MS spectrum of a DMSO solution of Ru-1 was dominated by
[Ru™(N,0,)CL]" species (m/z =512.0829), and no significant
change was observed up to 48 h (Figures 2B and S2). In
aqueous solution, an intense signal corresponding to the
species of [Ru™(N,0,)(OH)CI|" (m/z = 494.1096), attributed
to the hydrolysis of Ru-1, was observed after incubation for
10 min (Figure S2A). Upon reacting Ru-1 with excess sodium
ascorbate or GSH, the formation of [Ru"(N,O,)CI]* (m/z =
477.1072) was observed (Figures 2B and S2A). Incubation
with excess reducing agent for 24 and 48 h revealed formation
of a hydrolysis product [Ru™(N,O,)(OH),]" (m/z = 476.1446)
and multiple Ru" species (Figure S2). The reduction of Ru-2
by sodium ascorbate could also be observed, as shown by the
presence of the Ru" species [Ru’(N,O,)(OH)(CH;CN)]"
(Figure S3B). Furthermore, the cyclic voltammogram of Ru-
1in CH,CN showed a reversible Ru™/Ru" couple at —0.26 V
vs. Ag/AgNO; (0.29 V vs. NHE; Figure S4). Thus, sponta-
neous reduction of Ru-1 is likely to occur in the reducing
cellular environment, which contains ascorbate and GSH at
millimolar concentrations.™ It is noteworthy that NAMI-A
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has been reported with a Ru™" potential of 0.25 V vs. NHE*
and rapid reduction to Ru" species by GSH or ascorbate.”! In
addition, NAMI-A was shown to undergo immediate hydrol-
ysis in phosphate buffer, with dissociation of chloride or
DMSO ligand within minutes."®! Despite the greatly different
structures, Ru-1 shares several similar chemical properties
with NAMI-A, including the comparable reduction potential
and instability against hydrolysis/reduction.

The in vitro cytotoxicities of the ruthenium complexes
were examined by MTT assay, and the cytotoxicities of
NAMI-A and [Ru(n’-C¢H,)Cl(en)]PF, were also examined
for comparison. Both Ru-1 and Ru-2 were relatively non-
cytotoxic against HeLa (human cervical epithelial carci-
noma), MDA-MB231 (human breast carcinoma), and MS-
1 (mouse pancreatic islet endothelial) cells with ICs, values
> 100 pum (Table S1). Extended incubation up to 96 h also did
not result in a significant increase in cytotoxicity (Figure S5).
Moderate cytotoxicity of Ru-1 against other human cancer
cells lines was observed with ICs, ranges of 27 to 74 um
(Table S1).

The cellular uptake of the ruthenium complexes was
determined by inductively coupled plasma mass spectrometry
(ICP-MS). In MS-1 or MDA-MB231 cells treated with the
ruthenium complexes for 18 h, the cellular uptake of Ru-1 was
markedly higher than that of Ru-2 (Figure 3). Noticeably, the

MDA-MB231
€ %04
Kl
B —
s MS-1
=
=S
2
2 200
e
g .
. o
5 £l 3 £
2 - < |2 & < |5
3 100 Fl § g s | =
4 I3 |2 3 x
o} w 2|9 3 2 g
E] &
3 [3
04

Figure 3. The cellular uptake of ruthenium complexes by MS-1 endothe-
lial cells or MDA-MB231 breast cancer cells as determined by ICP-MS.
Error bars =standard deviation.

uptake of Ru-1 and NAMI-A were comparable in MS-1 cells,
while Ru-1 exhibited about 1.9-fold higher uptake than
NAMI-A in MDA-MB231 cells. The ruthenium(II) arene
complex [Ru(n®-C,H,)Cl(en)]PF, displayed significantly
higher uptake among the studied complexes in both cell
types. Compared to Ru-1, Ru-2 ([Ru™(N,0,)(H,0)(OH)*")
has a higher charge and a tendency to bind to extracellular
components through substitution of water ligand, rendering it
difficult to enter the cells.

The anti-angiogenesis activities of the ruthenium com-
plexes in terms of their abilities to inhibit the tube formation
of MS-1 endothelial cells were investigated, using NAMI-A as
a reference. Ru-1 exhibited marked inhibition of tube
formation (Figure 4 A). No significant effect was observed
in cells treated with Ru-2. The anti-angiogenic activities of
Ru-1 were also confirmed by concentration-dependent inhib-
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Ru-1 (in DMSO)
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Figure 4. Anti-angiogenic properties of Ru-1. A) Inhibition of MS-1 endothelial cell tube formation by Ru-
1. The tube formation activity was inhibited by Ru-1 (100 um) but not by Ru-2 (100 um). NAMI-A was
used as a reference compound. No significant reduction of cell viability was observed after treatment of
the ruthenium complexes as examined by MTT assay. Error bars = standard deviation. B) The tube
formation activity of HUVEC was completely inhibited by Ru-1 (100 um). Similar results were observed
when DMSO or PET was used as the solvent. C) Inhibition of angiogenesis in chicken chorioallantoic
membrane (CAM) by Ru-1. The figures show the angiographic images of ex ovo CAM on embryonic

development day 10 (EDD 10).

ition of tube formation in human umbilical vein endothelial
cells (HUVEC; Figure 4B). The effect of organic solvents as
the vehicle of Ru-1 was also examined by using DMSO to
replace PET (polyethylene glycol 400/ethanol/Tween-80,
6:3:1, v/v/v); the latter is a commonly used solvent in drug
formulation. Comparable inhibition profiles were observed
with Ru-1 in PET as in DMSO (Figure 4B). We employed
a chicken embryo chorioallantoic membrane (CAM) assay to
study the exovo anti-angiogenic activity of Ru-1. The
complex was administered topically to the CAM, starting
from embryo development day 7 (EDD7), daily for three
days. In the embryos treated with Ru-1, the vascular
formation was inhibited, as indicated by a larger area of
avascular zones compared to those of DMSO control (Fig-
ure 4C).

The effects of Ru-1 and Ru-2 on cancer cell invasiveness
were examined by Transwell invasion assay.'” The invasive
MDA-MB231 breast cancer cells were seeded on the Matri-
gel-coated membrane and treated with the ruthenium com-
plexes or vehicle for 24 h. As shown in Figure 5, complex Ru-
1 inhibited the invasion of cells through the Matrigel-coated
membrane by 25.4% at 50 um and by 73.6% at 100 um. In
contrast, Ru-2 exhibited no significant effect on the cell
invasion.

Cancer cells overexpress and secrete vascular endothelial
growth factor (VEGF), which promotes angiogenesis and
metastasis by binding to the VEGFR expressed on endothe-
lial cell surface."® Thus, the VEGFR pathway is an important
drug target of anti-cancer medicine."”’ VEGFR?2 is activated
via tyrosine phosphorylation, leading to activation of down-
stream kinases, such as protein kinase B (Akt) and extracel-
lular regulated protein kinase 1/2 (ERK1/2), and endothelial
cell proliferation.'? We examined the effect of Ru-1 on
VEGFR?2 expression and the downstream signaling pathways.
Treatment of MS-1 endothelial cells with Ru-1 induced

www.angewandte.de

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

a time- and concentration-de-
pendent inhibition of VEGFR2
protein levels (Figure 6 A,B).
Ru-1 treatment also inhibited
the phosphorylation of ERK1/2
and Akt. In MDA-MB231
cancer cells, Ru-1 treatment
down-regulated the phosphory-
lation of VEGFR2 and Akt
(Figure 6A). We also found
that VEGFR2 protein expres-
sion was specifically inhibited
by treatment of Ru-1, but not by
NAMI-A or [Ru(n’-C¢H,)CI-
(en)]PF, (Figure 6C). Noticea-
bly, quantitative reserve tran-
scription polymerase chain reac-
tion (qRT-PCR) showed that
Ru-1 suppressed VEGFR2
mRNA expression in MS-
1 cells (Figure 6D). The qRT-
PCR analyses indicated that
Ru-1 downregulates VEGFR2

Number of invasive cells
Number of invasive cells

DMSO

50 uM 100 uM DMSO 50 uM

Ru-1 Ru-2

100 uM

Figure 5. Complex Ru-1 inhibited invasion of MDA-MB231 breast
cancer cells at 24 h posttreatment as determined by Matrigel-Transwell
migration assay. Error bars represent standard deviation.

expression at the transcriptional level. Reports on the effect
of ruthenium complexes on VEGFR-mediated angiogenesis
are sparse. A ruthenium(IT) complex with a 2,6-bis(benzimi-
dazolyl)-pyridine ligand was shown to block the expression
and phosphorylation of VEGFR2.?! A ruthenium(II) tris-
bipyridyl complex conjugated with a peptoid targeting
VEGFR2 was demonstrated to inhibit the phosphorylation
of VEGFR2.”! Our study indicated that the ruthenium(III)
complex with a neutral macrocyclic N,O, ligand, Ru-1,
reduces the expression of VEGFR?2 in endothelial cells and
inhibits the downstream survival signaling pathways of ERK
and Akt. As VEGFR?2 functions as the major determinant of
angiogenesis and exerts its pro-angiogenic functions through
PI3K/Akt/mTOR and Ras/Raf-1/ERK1/2 pathways,? inhib-
ition of VEGFR?2 expression and the associated downstream
pathways could account for the anti-angiogenic activity of Ru-
1

Angew. Chem. 2016, 128, 1372213726
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Table 1: Proportion of embryo population with suppressed ISV growth.
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Figure 6. Complex Ru-1 inhibited VEGFR2 expression and VEGFR
signaling in MS-1 cells. A) Effects of Ru-1 on the VEGFR signaling
(phosphorylation of VEGFR2, Akt, and ERK) at 24 h posttreatment (the
corresponding effects in MDA-MB231 cells are shown for comparison).
B) VEGFR2 expression of cells treated with Ru-1 (100 pm) or DMSO as
revealed by Western blotting. C) VEGFR2 protein expression in MS-

1 cells treated with DMSO, Ru-1 (100 pum), NAMI-A (150 pm), or
[Ru(n®C¢Hg)Cl(en)]PFe (50 um) for 24 h. D) VEGFR2 mRNA expression
at 3, 6, and 24 h posttreatment of Ru-1 (100 pum) compared with the
vehicle control as determined by gRT-PCR. Error bars =standard
deviation.

The in vivo anti-angiogenic activity of Ru-1 was assessed
using transgenic Tg(flkl:mCherry) zebrafish embryos
expressing red fluorescence reporter protein under the
control of the flkl/vegfr2 gene promoter, and serves as
a marker protein of blood vessels.”®! Figure 7 and Table 1
show the anti-angiogenic effect of Ru-1, as revealed by
reduced formation of intersegmental vessels (ISV, green
arrows) in 68 % of embryos examined at 48-hours postferti-
lization (hpf). Moreover, Ru-1 did not appear to induce
toxicity, and no embryo was found dead after the exposure to
the complex. We also examined whether Ru-1 could inhibit

Thalidomide

Figure 7. Anti-angiogenic effects of Ru-1 in Tg(flk7:mCherry) zebrafish
model. Zebrafish embryos were incubated with Ru-1 (100 um) and
thalidomide (20 um) was used as the positive control. The formation
of blood vessels was revealed by ISV (green arrows) growth at 48-hpf
and observed under confocal microscopy (scale bar=>500 um).
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Suppressed Survival

ISV growth (%sample) Sample size

(%sample)
Vehicle 0 100 17
Ru-1 (100 pm) 68 100 19
Thalidomide (20 pm) 80 79 19

tumor growth in vivo. Nude mice xenografted with MDA-
MB231 breast cancer cells were treated with Ru-
1 (20 mgkg ') through intravenous (i.v.) injection twice per
week. Treatment of the mice with Ru-1 for 17 days resulted in
significant inhibition of tumor growth by 75% compared to
the solvent control group (Figure 8 A), with no animal death
or weight loss (Figure 8 B).
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Figure 8. Complex Ru-1 inhibits in vivo tumor growth in nude mice
bearing MDA-MB231 xenografts. A) Tumor volumes of mice after
treatment of Ru-1 (20 mgkg™") or PET (vehicle control). B) Body
weight of mice after treatment of Ru-1 or PET (vehicle control).

*p <0.05 (t-test).

In conclusion, we have discovered a macrocyclic
ruthenium(III) complex Ru-1, which is relatively non-cyto-
toxic, exhibits anti-angiogenic, anti-metastatic, and promising
in vivo anti-tumor activities in association with down-regu-
lation of the VEGFR2 expression and the downstream
signaling pathways. Importantly, the special mechanism of
action of Ru-1 is not shared by the anti-cancer ruthenium
complexes NAMI-A and the ruthenium(I)-arene complex.
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