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The synthesis and molecular and supramolecular structures of the compound (6-amino-1-methyl-5-
nitrosouracilato-N3)-triphenylphosphine-gold(I) with interesting abilities to inhibit tumor growth in
an animal model of experimental glioma are reported. Thus, its antitumor properties, effects on both
enzyme and non-enzyme antioxidant defense systems and the response of several biochemical bio-
markers have been analyzed. After seven days of treatment, the gold compound decreased the tumor
growth to ca. one-tenth and reduced oxidative stress biomarkers (thiobarbituric acid-reactive substances
Keywords: (TBARS) and protein oxidation levels) compared to animals treated with the vehicle. Also, gold com-
Gold pound maintained non-enzyme antioxidant defense systems as in non-tumor animals and increased
enzyme antioxidant defenses, such as superoxide dismutase and glutathione peroxidase activities, and
decreased catalase activity. Analysis of serum levels of electrolytes, nitrogenous compounds, glucose,
lipids, total protein, albumin, transaminases and alkaline phosphatase indicated that gold compound
treatment showed few adverse effects, while effectively inhibiting tumor growth through mechanisms
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that involved endogenous antioxidant defenses.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Malignant gliomas, the most frequent brain tumors, are
currently non-curable central nervous system neoplasias and un-
fortunately there has been little improvement in the efficacy of
adjuvant therapies [1,2]. Brain tumorigenesis is associated with
oxidative stress. This is reflected by an imbalance between free
radicals production and antioxidant mechanism. In pathological
conditions, free radicals are generated in excess from endogenous

Abbreviations: GSHr, glutathione reduced; GSSG, glutathione disulfide; SOD,
superoxide dismutase; GPx activity, glutathione peroxidase activity; TBARS, thio-
barbituric acid reactive substances; MDA, malondialdehyde; CAT, catalase; ASP,
aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline
phosphatase.
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sources such as mitochondria, peroxisomes, inflammatory cell
activation or neurotransmitters oxidation, and exogenous sources,
including environmental agents, drugs, irradiation or chemicals.
The resulting oxidative stress promotes various pathologic re-
actions which contribute to illness. In response to various inducers,
large amounts of free radicals (superoxide anion, hydrogen
peroxide and hydroxyl groups) trigger lipid peroxidation of the
cellular membranes, oxidation of proteins and DNA and lead to
changes in chromosome structure, genetic mutations and/or
modulation of cell growth. In fact, it was shown that oxygen-
derived free radicals play an important role in tumor develop-
ment. Although the induction of cancer represents a multistage,
multistep process, involving multiple molecular and cellular
events, the transformation of a normal cell into a malignant one,
initiation, promotion and progression stages have been described
[3,4]. But brain tumor development involves not only oxidative
aggression but also a reduced response of antioxidant defense.
During prolonged oxidative stress, changes in brain non-enzyme
(reduced glutathione, GSHr) and enzyme antioxidant activities
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(superoxide dismutase, SOD, catalase and glutathione peroxidase,
GPx), appear. These enzyme and non-enzyme systems act to pre-
vent or decrease brain damages caused by free radicals in excess.
However, they are controlled by polymorphic genes which can be
altered by free radicals, leading to dysfunctions.

A critical step in introducing clinical trials of treatments for
gliomas after in vitro studies is to examine the efficacy and toxicity
in vivo animal models. In studying malignant gliomas, rat C6 glioma
models are widely used to evaluate the effects of novel therapies
[5-8].

Gold and its complexes have been known to display unique
biological and medicinal properties [9]. Specifically, gold(I) com-
plexes exhibit significant biological properties that can be used for
the development of novel therapeutic agents. Particularly impor-
tant are the studies on gold(I)-phosphine complexes since the
discovery of auranofin, because of their anticancer activity, espe-
cially in some cisplatin-resistant cell lines. The mechanisms of ac-
tion of anticancer gold(I) and gold(Ill) complexes appear in general
to be DNA independent and essentially cisplatin unrelated. Several
proteins with important functional roles in cells are effective tar-
gets for cytotoxic gold compounds, such as thioredoxin reductase
[10], cathepsins [11], tyrosine phosphatase [12], proteasomes [13],
iodothyronine deiodinase [14] and, recently, zinc finger proteins
such as PARP-1 [15]. The different mechanisms which contribute to
the pharmacological profile of gold complexes are based on their
different ligands, different kinetic properties, geometries and other
features [9,16—18]. A possible therapy in the treatment of cancer
could be through the potentiation of antioxidant defenses.

In previous reports the evaluation of the biological properties
against different tumoral cell lines in metalated uracils have been
carried out with interesting results [19—21]. Thus, in the present
work, we report the structure of a new gold(I) compound,
[Au(MANUH_1)(PPhs)], containing 6-amino-1-methyl-5-nitrosou-
racilato ligand (MANUH_;) binding the metal in a quite unusual
monodentate N3 mode, and its antitumor properties in an animal
model glioma. Also, we describe its effects on both non-enzyme
and enzyme antioxidant defense systems and on several
biochemical serum biomarkers, to analyze putative adverse effects
of the treatment in several physiological functions.

2. Chemistry of [Au(MANUH _)PPhs]
2.1. Synthesis and spectral characterization

The synthesis of the precursor organic ligand 6-amino-1-
methyl-5-nitrosouracil (MANU) was already described (Scheme 1)
[21]. The complex [Au(MANUH_1)PPhs] was obtained by mixing
[AuCl(PPh3)] and MANU (1:4) in a methanolic alkaline medium.
Precursor and gold complex were characterized by IR, MS and NMR
spectra. The IR spectra display the bands due to the endocyclic
carbonyl groups which appear at around 1729 and 1705 cm ™! in the
free ligand, whereas in the complex they are shifted to lower
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Scheme 1. Structure of the 6-amino-1-methyl-5-nitrosouracil (MANU) showing the
IUPAC's numbering system.

wavenumber (about 50—90 cm™!); these bands are primarily sen-
sitive to the loss of the pyrimidine proton H3. In the 600—200 cm ™!
range, the stretching vibration associated to M—P has been
assigned in accordance with data found in literature [22]. EI-MS
shows the peak of the monoprotonated specie [M*] at m/z 629
and those of the corresponding loss of MANU and Au—MANU
fragments.

On comparing the 'H NMR spectra of both metalated and free-
metal ligand, the most remarkable feature is the disappearance of
the signal corresponding to the H3 proton. >C NMR data show a
general deshielding as consequence of the nitrogen N3 coordina-
tion, with important downfield shifts for the signals assignable to
C2 and C4 carbon atoms due to their proximity to N3 atom (5—
7.5 ppm). Double signals in CP—TOSS spectra are observed for C1
and C2 atoms due to an insufficient rotation which induces the
splitting of the signals [23]. The 3'P{'"H} NMR spectrum of the
complex displays a singlet at 31.38 ppm, which is downfield shifted
ca. 1 ppm with respect to its position in the [AuCl(PPhs)] spectrum;
this signal is very close to those found for other triphenylphosphine
complexes containing the N—Au—P fragment [24,25]. In order to
check the stability of the title compound in DMSO solution and
bearing in mind that the treatments of animals were performed
along one week, the 'TH NMR spectrum (DMSO) was recorded at
intervals of two days during ten days; the spectra indicate no sig-
nificant decomposition.

2.2. XRD single-crystal study

The crystal structure of [Au(MANUH _1)PPhs]- %4H,0 obtained by
X-ray diffraction analysis consists in asymmetric units containing
two independent and virtually identical molecules; one of them is
shown in Fig. 1. The Au(l) center is coordinated by a deprotonated
endocyclic N3 atom of the MANU ligand and the phosphorus of a
triphenylphosphine, displaying a typical quasi-linear geometry
with P—Au—N angles of 169.3(2) and 173.2(2)°. The distances Au—P
(2.215(2) and 2.218(2) A) and Au—N (2.058(5) and 2.057(5) A) are
similar to those found in other P-Au—N compounds [26—28].

The uracil ligand is roughly planar and coordinates to the metal
in a quite unusual monodentate N3 binding mode, this behavior
is also observed in complexes with 1-methylthymine or 1-methyl-
cytosine which often act as bidentate ligands through the depro-
tonated N3 atom but also the partially enolyzed 04 atom [29—31].
Despite an extensive electronic delocalization existing, the MAN-
UH_; anion can be best described as a 6-amino-5-nitroso-2,4-dioxo

Fig. 1. ORTEP plot of one [Au(MANUH _)PPhs] molecule (ellipsoids at 30% probability).
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tautomeric form in which the negative charge mainly lies in the N3
atom [32].

Both [Au(MANUH_1)PPhs] molecules from the asymmetric re-
sidual unit are dimerized through three different interactions (see
Fig. 2), being mutually assembled by N3—Aul—Au2—N3’ and P1—
Aul—Au2—P2 dihedral angles of 75.1(5) and 72.2(5)°, respectively.
First of all, there are weak aurophilic Au---Au interactions
(3.255(1) A). In addition to this, 7—7 stacking contacts between
phenyl rings from the PPhs ligands (d(Cg—Cg), 3.562(2) A; a,
41(5)°; 8 and ¥, 9.1(5)°; slippage ca. 0.56 A) and o— interactions
involving the C4—04 carbonyl oxygen and the uracil ring of the
other crystallographically independent molecule (d(04—Cg),
2.896(5) and 3.202(5) A; o(C4—04—Cg), 104.8(4) and 97.3(4)°)
contribute to the stabilization of the cluster [33]. The crystal
structure grows forming chains parallel to the b axis. Inside them,
the Au—uracil polar residues are H-bonded involving the 5-nitroso
and 6-amino groups and the disordered crystallization water
molecule, whereas the lipophilic phenyl groups are oriented
outward.

2.3. Computational chemistry

An objective of the present work is the qualitative character-
ization of the link among the ligands MANU and PPh3 with the gold
atoms as well as the interactions (Au---Au and others) in the
binuclear cluster [Au(MANUH_{)PPhs],. This task is accomplished
by the topological analysis of the electronic density within the
frame of Bader’s Atoms in Molecules theory [34].

The data to characterize the main stabilizing interactions
appearing in the binuclear [Au(MANUH_1)PPh3]; complex are
shown in Table 1. As it is observed, the BCPs among the ligands and
the gold atoms as well as between the gold atoms themselves
exhibit a positive value of the Laplacian, i.e., the electronic charge is
shifted toward the maxima centered at the atoms, demonstrating
that these interactions are closed shell (non-covalent) in nature.
Also, it is observed the electronic density for the BCP of the inter-
action Au---Au is one order of magnitude lower than that one for
Au---N and Au---P leading to the conclusion that the former link is
weaker than the latter, which is consistent with the length of

Fig. 2. A view of the asymmetric residual unit showing, left to right, the dimerization
by m—m (3.562(2) A), Au—Au (3.255(1) A) and o—m C4—04---Cg (3.202(5) and
2.896(5) A) intermolecular interactions (centroids are drawn as green balls). Hydrogen
atoms are omitted for clarity. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Topological parameters for the bond critical points (BCP) appearing in the
[Au(MANUH _;)PPhs], dimer.

Interaction (BCP) TPSS LC—TPSS
P € Vp P € Vp

Major

Au---N 0.119 0.059 0.393 0.120 0.050 0.400
Au---P 0.131 0.013 0.061 0.132 0.013 0.072
Au---Au? 0.020 0.034 0.049 0.018 0.047 0.051
Minor

Au---(02=C2)? 0.008 0.216 0.025 0.008 0.176 0.025
Au---(H-Cpn)? 0.006 0.269 0.017 0.005 0.275 0.017
C2=02---(H—-Cpn)* 0.011 0.044 0.037 0.009 0.030 0.032
Coh---C%n 0.005 2.724 0.014 0.005 3.056 0.014
C4=04---C4* 0.009 0.719 0.033 0.009 2.648 0.030
N5---N52 0.003 0.111 0.011 0.003 0.269 0.011
2=02---C%p, 0.003 0.454 0.012 0.004 0.525 0.012
Cph—H:--Cpn 0.009 0.735 0.032 0.009 0.892 0.032

2 Starred atoms or groups belong to the neighbor mononuclear complex. Other-
wise, the interaction is intra-mononuclear complex.

distance between both gold atoms since it is close to the sum of the
Van der Waals radii (3.32 A).

Other BCPs characterizing weaker interactions which contribute
to stabilize the structure of the binuclear complex are found in the
topological analysis. Accordingly, they show lower values of the
electronic density. Also, those of T—m nature exhibit high ellipticity
what it is in agreement with the delocalization of the electrons.
Finally, some weak Au---H interactions have been detected for both
density functionals.

3. Biological studies
3.1. Antiproliferative effects of [Au(MANUH_;)PPhs] in vitro

There is growing evidence suggesting that antioxidants may be
useful in treating primary brain tumors. A dynamic relationship
exists between oxidative stress and brain tumor appearance, with
tumor microenvironment being a key player in the neoplastic
process. In the present report we describe for the first time the
effects of the treatment with a new compound against glioma, both
in vitro and in vivo. In vitro, we show the dose—effect relationship
of [Au(MANUH_1)PPh3] on the growth of C6 glioma cells and
determine its potency (Dm), through the median—effect analysis,
shape (m), and conformity (r) (Table 2). It is clear that the tested
compound is a potent cytotoxic agent on C6 glioma cells, showing a
Dm (IC50) value ca. 3 pM.

3.2. Antitumor effects of [Au(MANUH_1)PPh3] in vivo

The effects in vivo of seven days of administration of
[Au(MANUH _1)PPhs] on tumor growth in our experimental glioma

Table 2
Dose—effect relationship parameters of [Au(MANUH_;)PPhs] on growth of C6 gli-
oma cells.?

Drug dosage (M) Fa® mP° Dm (uM)° P

2 0.209

4 0.818

6 0.839

8 0.869

10 0.868 1.949 2.93 0.897

2 Method of cytotoxicity assay is described in Experimental section.

b The parameters Fa, m, Dm and r are the fractional inhibition, slope coefficient of
the curve, dose at 50% inhibition (equivalent to IC50 value), and the linear corre-
lation coefficient of the median—effect plot.
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Fig. 3. Growth curve of implanted C6 glioma tumor volumes implanted at the sub-
cutaneous region treated with vehicle or with 20 pL of [Au(MANUH_4)PPhs] 6.5 mM
during seven days. Results are expressed in cm® (Mean + SEM; n = 8 animals per
group; ***P < 0.001).

model compared with the vehicle-treated only are presented in
Fig. 3. The tumor volume on non-treated animals increased
significantly (P < 0.001) by 1030%, from 0.66 + 0.20 cm’ to
747 + 162 cm®. On the contrary, animals treated with gold(I)
complex showed a significant tumor volume increase (P < 0.05) by
only 103%, from 0.67 + 0.18 to 1.36 + 0.88 cm?. Therefore, the
treatment during a week with [Au(MANUH_1)PPhs] significantly
decreased the tumor growth (P < 0.001) to ca. one-tenth.

About their histopathological characteristics (Fig. 4), non-
treated animals show central necrosis in the tumor tissue in
some areas, revealing the presence of tumor cells invading the
subcutaneous tissue as well as infiltration of the skin cells in the
tumor. In the image, atypical cells in loosely cohesive clusters with
nuclear pleomorphisms and intranuclear inclusion are found in
large areas. Polygonal to spindle-shaped cells also appear and
fibrillary processes extending from the atypical cells were
apparent. Also, it can be observed the tumor area infiltration with
cellular atypia showing abundant cellularity and necrosis. On the
contrary, in treated animals, these effects are clearly diminished,
also supporting the antitumor effect of the treatment with
[Au(MANUH._ 1)PPhs].

3.3. Effects of [Au(MANUH_;)PPh3] administration on oxidative
stress parameters lipid peroxidation and protein oxidation

We have found increased levels of the oxidative stress param-
eters lipid peroxidation (through the analysis of TBARS content,
P < 0.001, Fig. 5) and protein oxidation (through the analysis of
carbonyl and diene-conjugate groups content, P < 0.001, Fig. 6) in
animals with glioma tumors treated with vehicle only, when
compared with non-tumor healthy control animals. Otherwise,
animals treated with [Au(MANUH_1)PPhs] also showed increased
levels of TBARS (when compared with non-tumor control group),
although significantly (P < 0.05) lower levels when compared with
animals with glioma tumors. Regarding to protein oxidation, ani-
mals treated with the gold(I) compound showed similar values
than non-tumor healthy control animals.

It is well known that lipid peroxidation is an early biomarker of
oxidative damage, and is particularly damaging because of the
wider propagation of free radicals associated with it. The elevated
oxidative stress in cells can lead to modification of a number of
cellular targets and cause cell damage and death; the subsequent
lack of cellular repair processes has been associated with

carcinogenesis [35,36]. It has long been documented that cancer
cells are under increased and persistent oxidative stress due to
elevated generation of intracellular free radicals. Increased oxida-
tive stress and lipid peroxidation are implicated in carcinogenic
processes [37—39]. The magnitude of this damage (called oxidative
stress or oxidative damage) depends not only on free radical levels
but also on the body’s defense mechanisms against them mediated
by various cellular antioxidants. High levels of oxidative stress
result in peroxidation of membrane lipids with the generation of
peroxides that can decompose to multiple mutagenic aldehyde
products as malondialdehyde (MDA) which is used as a marker of
oxidative stress in recent years studying the role played by lipid
peroxidation in cancer progression. MDA is low-molecular weight
aldehyde that can be produced from free radical attack on poly-
unsaturated fatty acids and in practice, TBARS are expressed in
terms of malondialdehyde (MDA) equivalents [40]. The levels of
TBARS reflect the extent of lipid peroxidation. An enhanced lipid
peroxidation is considered to be mutagenic and carcinogenic [41].
Enhanced lipid peroxidation has been reported in benign brain
disease compared with brain tumor [42,43]. Observations similar to
our findings have been reported in studies on various human
cancers [44—46] and TBARS has been used as a common oxidative
stress biomarker. The results of our study are consistent with the
findings of previous studies. Zengin et al. [47] observed increased
levels of TBARS in tumor tissue samples when compared with
peritumoral areas, which could be attributed to increased forma-
tion or inadequate clearance of free radicals by the cellular anti-
oxidants. In astrocytoma, meningioma, metastatic and other type of
tumors, TBARS levels were significantly higher when compared
with their corresponding peritumoral adjacent tissue. In addition,
important differences were observed when astrocytoma tumor
group was compared with other tumor groups. When TBARS levels
of low-grade and high-grade tumors were compared, it was clearly
seen that lipid peroxidation was significantly higher in high-grade
tumors. Elevated levels of lipid peroxidation products support the
hypothesis that the tumoral cells produce large amounts of free
radicals demonstrating a relationship between free radical activity
and carcinogenesis. Also, it was shown in some studies that lipid
peroxidation state depends on the tumoral area studied; when lipid
peroxidation was estimated in low-grade and high-grade astrocy-
tomas [48], TBARS values for low-grade astrocytomas were signif-
icantly elevated compared to those for malignant lesions, especially
on the tumor surface and when energetic and oxidant metabolisms
were explored in low-grade gliomas obtained from the center and
the periphery of tumors [49] and it was seen lipid peroxidation was
increased in the periphery compared to the center of tumors. Cirak
studied lipid peroxidation levels in the serum as well as in the
tissue samples of patients with high and low-grade glial tumors,
showing that patients with high-grade tumors had higher MDA
levels both in sera and tissue samples compared to low grades and
controls [50]. This result implies the possibility that measurement
of TBARS/MDA may be used as a marker of high lipid peroxidation
associated with the metabolism of brain tumors [50], which sup-
port our findings. Although the results of this study in non-treated
animals show higher lipid peroxidation levels in high-grade tumors
contrary to the study of Louw et al. [48], it is in agreement with
other studies performed, so a direct metabolic relationship can be
hardly argued among brain tissues. However, in animals treated
with the new compound [Au(MANUH _1)PPhs] we found decreased
levels of TBARS when compared with non-treated animals,
although certain levels of lipid peroxidation remained when
compared with healthy animals. Also, they showed similar levels of
carbonyl groups content than control animals. Taking into account
that several products of lipid peroxidation are responsible of pro-
tein oxidation [51], the treatment with [Au(MANUH_{)PPhs]
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Fig. 4. Image showing histopathological characterization of two samples (right and left) of C6 glioma tumors implanted at the subcutaneous region treated with vehicle (A — 10x
magnification; B — 40x magnification) or with 20 pL of [Au(MANUH_;)PPh;] 6.5 mM (C — 10x magnification; D — 40x magnification) during seven days.

reduced lipid peroxidation sufficiently to completely avoid protein
oxidation.

3.4. Effects of [Au(MANUH_1)PPh3] administration on non-enzyme
antioxidant defense systems

Despite Au itself not showing any antioxidant effect, we have
found that [Au(MANUH_1)PPhs] acts by potentiating the endoge-
nous antioxidant defense systems in our animal model of experi-
mental glioma [52]. Thus, Fig. 7 shows the levels of reduced GSH
(GSHr), GSSG, total GSH and the GSSG/GSHr ratio in serum of
healthy animals (control group) treated with the vehicle, and

animals with glioma treated with [Au(MANUH_)PPhs3] or with
vehicle only. As it can be observed in the figure, there was a
decrease of non-enzyme defense systems in animals with glioma
when compared with non-tumor control group. Cellular antioxi-
dants and free radical scavengers protect the cell against toxic
levels of oxygen radicals. One of them is GSH, an important non-
protein thiol. A significant depletion of GSH levels in astrocytoma,
meningioma, metastatic and other types of brain tumors was found
when compared with their peritumoral tissues. This depletion was
probably related to the enhanced pro-oxidant milieu and correlated
with increased lipid peroxides in the cranial neoplasms. Our results
also agreed with Navarro et al. in that changes in glutathione status
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Fig. 5. Thiobarbituric acid reactive substances (TBARS) content in serum of non-tumor
healthy control animals treated with vehicle, and animals with C6 glioma implanted at
the subcutaneous region treated with vehicle or with 20 pL of [Au(MANUH_)PPhs]
6.5 mM during seven days. Results are expressed in mg/mL (Mean + SEM; n = 8 an-
imals per group; ***P < 0.001).

and the antioxidant system in blood and in cancer cells were
associated with tumor growth in vivo [53] and the GSH/GSSG ratio
was reduced. This can be explained as the higher GSSG levels were
due to the increase in the H,0, production by the tumor, as well as
to the changes in the activity of the glutathione-related antioxidant
enzymes. Regarding our results, we have found that the treatment
of animals with glioma tumors with the new Au(l) compound has
important effects on non-enzyme antioxidant defense system.
Thus, treated animals showed similar levels of GSHr, total GSH and
GSSG/GSHr index compared to non-tumor healthy control animals,
although the levels of GSSG remained high, also as a consequence of
the pro-oxidant milieu. Therefore, [Au(MANUH _1)PPhs] treatment
induced adequate levels of GSH despite the increase in oxidative
processes and GSSG formation occurred as a consequence of glioma
tumors.

3.5. Effects of [Au(MANUH_1)PPhs] administration on enzyme
antioxidant defense systems

During prolonged oxidative stress, changes in antioxidant
enzyme activities SOD, CAT and GPx appear. These enzymes

Protein carbonyls

* %%

nmol/mg of protein

Non tumor Tumor Gold

Fig. 6. Carbonyl groups content in serum of non-tumor healthy control animals treated
with vehicle, and animals with C6 glioma implanted at the subcutaneous region
treated with vehicle or with 20 pL of [Au(MANUH_;)PPhs] 6.5 mM during seven days.
Results are expressed in nmol/mg of protein (Mean + SEM; n = 8 animals per group;
***P < 0.001).

normally act to prevent or decrease tissue damages caused by free
radicals. Animals with glioma tumors showed significant increased
levels of SOD (P < 0.001) compared with the healthy control group
(Fig. 8). However, data obtained for the animals treated with the
gold(I) complex indicated even more increased levels of SOD ac-
tivity (P < 0.001) than animals with tumors. Our results do not
agree with the results of other authors [54,55] that showed that
levels of SOD were significantly less in brain tumor cases than in
controls. Another study also showed a proportionate decrease of
SOD activity with increasing grades of malignancy in brain tumors
[39]. Finally, SOD activity was also found to be lower in astrocy-
tomas, meningiomas, metastatic tumors and other types of tumors
when compared with their peritumoral tissues [47]. However, Del
Maestro et al. reported that human glioma cells generally have
relatively higher SOD activity compared with other tumor types,
which seems to violate the general observation of low SOD activity
in tumor cells [56]. This exception can probably be explained by the
fact that the brain is well known as an organ with high levels of
oxygen consumption. There is high production of superoxides
during normal aerobic metabolism in the brain cells. Thus, rela-
tively high levels of SOD and other antioxidant enzymes are
required to remove high levels of free radicals in order to protect
against damage to brain tissues. Although the levels of SOD are
important to protect against oxidative damage, a balance of anti-
oxidant enzymes is probably more important, as well as their levels,
which may influence intracellular oxidative states. In any case,
most of the studies present a significant reduction in SOD activity in
several brain tumor types such as glioma, meningioma and meta-
static tumors.

We did not find differences in the levels of catalase activity
between non-tumor healthy control animals and animals with
glioma tumors treated with the vehicle only (Fig. 9). Several au-
thors have described changes in catalase activity with brain tumors.
Thus, Yilmaz has described that catalase activity was significantly
higher for both glial and meningiomal tumor cases when compared
to controls [57]. In the same way, Popov has described that catalase
activity in brain tumor tissue was 106.3% higher than that obtained
in controls [54]. However, animals treated with [Au(MANUH_,)
PPhs3] showed significantly decreased levels of catalase activity
(P < 0.001) when compared with control animals or animals with
tumors, suggesting that the treatment blocks the role of catalase in
converting H,0, to H>O0.

Taking into account that conversion from H,0, to H,O could be
also performed by GPx, we have analyzed this enzyme
activity. Fig. 10 shows higher levels of GPx activity (P < 0.001) in
animals treated with the title compound whereas it decreased in
animals with glioma tumors (P < 0.001) compared to the control
group. These data also explain the lower antioxidant capacity of the
antioxidant system against free radicals, as well as the lower levels
of GSHr and the higher values of GSSG/GSHr index. Other authors
have found diminished levels of GPx in brain tumors [42,55,58].
Furthermore, when the authors separated the cases on the basis of
histopathological kind of tumor, GPx showed a significant decrease
as the tumor became more malignant [55]. The low levels of anti-
oxidants in brain tumors could be a result of increased oxidative
damage or it could be that low values aggravated the free radical
damage and increased the chance of developing cancer, indicating
antioxidants’ role in prevention and the role of oxidative injury in
the causation of cancer. The increase in GPx in the animals treated
with the Au(l) complex explained the increased levels of GSHr
obtained with the treatment, and also implicate that an increase in
the enzyme antioxidant defense system mediated by this enzyme
activity occurred with SOD. Therefore, it seems that the ability of
scavenging oxygen free radicals was impaired in animals with gli-
oma tumors because of the lowered levels of antioxidants, which
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Fig. 7. A) Reduced glutathione (GSHr); B) oxidized glutathione (GSSG) and C) total glutathione (GSH) content and D) GSSG/GSHr index in serum of non-tumor healthy control
animals treated with vehicle, and animals with C6 glioma implanted at the subcutaneous region treated with vehicle or with 20 pL of [Au(MANUH_;)PPh3] 6.5 mM during seven
days. Results are expressed in pM/mL (Mean + SEM; n = 8 animals per group; ***P < 0.001).

predispose the progression of cancer. Therefore, one of the mech-
anisms of action of the new compound [Au(MANUH_ {)PPhs] could
be potentiating antioxidant defense systems to avoid tumor growth
and progression. Gromer et al. speculated that the C-terminal
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Fig. 8. Cu—Zn superoxide dismutase (SOD) activity in serum of non-tumor healthy
control animals treated with vehicle, and animals with C6 glioma implanted at the
subcutaneous region treated with vehicle or with 20 pL of [Au(MANUH_{)PPhs]
6.5 mM during seven days. Results are expressed in U/mL (Mean =+ SEM; n = 8 animals
per group; ***P < 0.001).

redox-active Cys-495/SeCys-49 center of the related enzyme thio-
redoxin reductase is the target of the gold(I) compounds as auro-
thioglucose and auranofin, whereas other selenium free enzymes
such as glutathione reductase is far less sensitive to the inhibition of
these compounds, but also inhibited GPx [59]. Ciftci et al. have
showed that other gold(I) N-heterocyclic carbene complex also
inhibits SOD, CAT and GPx activities in heart tissue [52]. However,
the dose used in their work was much higher than the one used by
us, which was also responsible of high levels of lipid peroxidation in
heart tissue. Therefore, the repeated administration of very low
doses of the title gold compound could be responsible of its effects
on the enzyme and non-enzyme antioxidant defense systems and
its relatively low adverse effects.

3.6. Effects of [Au(MANUH _1)PPh3] administration on blood serum
chemistry

We have also measured some blood chemistry parameters
(electrolytes, biomarkers of renal and hepatic functions and lipid
profile) in order to analyze the potential adverse effects of
[Au(MANUH _1)PPhs] treatment in several physiological processes.

No significant changes in the levels of calcium, phosphorus,
sodium, potassium and chloride electrolytes have been observed in
animals with and without glioma. After the treatment with
[Au(MANUH_{)PPhs], the most altered parameter was the potas-
sium level, which increases with respect to both healthy and tu-
moral animals (Table 3). This hyperkalemia must be due to the
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Fig. 9. Catalase (CAT) activity in serum of non-tumor healthy control animals treated
with vehicle, and animals with C6 glioma implanted at the subcutaneous region
treated with vehicle or with 20 pL of [Au(MANUH_)PPh3] 6.5 mM during seven days.
Results are expressed in U/mL (Mean + SEM; n = 8 animals per group; ***P < 0.001).

death of tumor cells by gold(I) complex treatment. This tumor lysis
syndrome typically follows administration of chemotherapy, and
malignancies which have a large tumor burden, rapid turnover as
well as speedy breakdown following chemotherapy are susceptible.
However, its importance due to gold complex treatment is rela-
tively low due to the non-variation observed in other electrolytes
measured. Also, neither animals with tumors nor animals treated
with [Au(MANUH_)PPh3] showed significant differences in the
levels of glucose, urea and creatinine when compared with the
control group (see Table 4), but very high levels of uric acid were
found as a consequence of tumor presence.

It has been hypothesized that the antioxidant properties of
serum uric acid may play a crucial role in cancer etiology by pre-
venting the formation of oxygen radicals, thereby protecting
against carcinogenesis [60,61]. However several reports contain
evidence contrary to the proposed antioxidant effect of serum uric
acid against cancer, and instead indicate high levels to be inde-
pendently associated with outcome, possibly reflecting a more
serious prognostic indication [62]. In fact, it has been shown that
astrocytoma patients’ uric acid levels were significantly increased

GPx
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Fig. 10. Glutathione peroxidase (GPx) activity in serum of non-tumor healthy control
animals treated with vehicle, and animals with C6 glioma implanted at the subcu-
taneous region treated with vehicle or with 20 pL of [Au(MANUH_;)PPhs] 6.5 mM
during seven days. Results are expressed in U/mL (Mean + SEM; n = 8 animals per
group; ***P < 0.001).

Table 3

Serum levels of electrolytes in non-tumor animals (treated with vehicle only) and
animals with C6 glioma implanted at the subcutaneous region treated with vehicle
only or with [Au(MANUH_)PPhs].

Parameter Non-tumor Control tumor Treated tumor Significance
group group (vehicle) group (gold level
(vehicle) compound)

Calcium (mg/dL) 104 +£0.1 10.7 £0.2 103 £ 0.2 N.s.

Phosphorus (mg/dL) 83 +02 92 +0.6 83 +0.7 N.s

Sodium (mEq/L) 1417 £09 143 +1 139.5 + 0.6 N.s.

Potassium (mEq/L) 57+01 57402 7.1+ 0.5 P < 0.001

Chloride (mEq/L)  100.4 + 0.9 100.0 + 0.8 993 +05 Ns.

Data are expressed in the indicated units as mean + SEM; n = 8 animals per group.
@ Statistical significance.

in neoplastic compared with non-neoplastic tissue, and levels were
even higher in necrotic tissue [63]. Therefore, our results agree with
those reported by several authors [64,65]. However, after the
treatment of glioma tumors with [Au(MANUH_ {)PPhs] the levels of
serum uric acid remained high. Therefore, the use of serum uric
acid as biomarker of tumor progression needs further research.

Altered lipid profile patterns have been associated with malig-
nancies because lipids play a pivotal role in the maintenance of cell
integrity. Lower levels of serum cholesterol and other lipid con-
stituents have been observed in patients with oral cancer, and it is
thought to be due to their increased usage by tumor cells for new
membrane biogenesis [66]. However, our results showed increased
levels of total cholesterol, HDL-cholesterol and LDL-cholesterol in
animals with glioma tumors treated with the vehicle or with
[Au(MANUH _1)PPhs], this last group also showing increased the
total cholesterol/HDL-cholesterol index (see Table 5). To our
knowledge, no information is available on serum lipid profile with
brain tumors, although cholesterol-lowering drugs are effective in
inhibiting cancer cell proliferation [67]. Therefore, further research
is necessary to better understand the underlying mechanisms of
the regulation of serum cholesterol concentrations in cancer. In any
case, the antitumor effects demonstrated by the new compound
[Au(MANUH_1)PPh3] do not seem to be related to important
changes in serum lipid profile.

Finally, in Table 6, serum levels of protein (total protein and
albumin) and enzymes (alanine aminotransferase, aspartate
aminotransferase and alkaline phosphatase) are given. Several au-
thors have described increases in transaminases with cancer and
cancer treatments. It is known that transaminases, such as aspar-
tate aminotransferase and alanine aminotransferase, are intracel-
lular enzymes that exist in only a small amount in the serum.
Damage to liver cells may result in the leakage of enzymes into the
plasma due to a high concentration gradient. Consequently, tumor
related processes may lead to the release of this enzyme into the
plasma as the result of autolytic breakdown or cellular necrosis.
Also, the increase in the activities of these enzymes in the serum
may result only consequent to impairment of the function of tissues

Table 4

Serum levels of glucose and non-protein nitrogenous compounds in non-tumor
animals (treated with vehicle only) and animals with C6 glioma implanted at the
subcutaneous region treated with vehicle only or with [Au(MANUH _;)PPhs].

Parameter Non-tumor Control tumor Treated tumor Significance
group group (vehicle) group (gold level
(vehicle) compound)

Glucose (mg/dL) 219+ 12 221 +16 215+ 16 N.s.

Urea (mg/dL) 41 +2 39+2 41 +1 N.s.

Creatinine (mg/dL) 0.47 +=0.02 0.5 £0.1 0.48 + 0.03 N.s.

Uric acid ((mg/dL) 0.81 +£0.04 1.2 +0.1* 1.6 + 022 2P < 0.001

Data are expressed in the indicated units as mean =+ SEM; n = 8 animals per group.
@ Statistical significance.
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Table 5

Serum lipid profile in non-tumor animals (treated with vehicle only) and animals
with C6 gliomas implanted at the subcutaneous region treated with vehicle only or
with [Au(MANUH_)PPhs].

Parameter Non-tumor Control tumor Treated tumor Significance
group group (vehicle) group (gold level
(vehicle) compound)
Total cholesterol 60 +2 82 + 57 73 +£1° P < 0.001
(mg/dL)
HDL-cholesterol 30+£1 42 + 42 3242 2P < 0.01
(mg/dL)
LDL-cholesterol 4+1 11+ 3° 13 +£4° P < 0.001
(mg/dL)
Total cholesterol/ 1.98 +0.03 2.0+ 0.1 23 +£0.1° P < 0.01
HDL-
cholesterol
Triglycerides 135+13 155+ 16 143 + 12 N.s.
(mg/dL)

Data are expressed in the indicated units as mean - SEM; n = 8 animals per group.
@ Statistical significance.

with subsequent liberation of the enzymes into the circulation
from the damaged tissue. In our glioma model, aspartate amino-
transferase increased in both glioma animals treated with
[Au(MANUH _1)PPhs] and vehicle only, indicating that this increase
is exclusively due to the tumor process. However, animals treated
with gold(I) compound also showed increased levels of alanine
aminotransferase, indicating that this compound could induce
certain liver damage. Future studies must determine if the increase
in transaminases induced by [Au(MANUH_1)PPhs] is transient and
reversible or not. However, the values found demonstrate only a
23% increase in alanine aminotransferase activity and do not seem
to indicate irreversible, adverse effects on liver function in contrast
with the antitumor efficacy of [Au(MANUH_{)PPhs] against ma-
lignant glioma. Similar results have been obtained with alkaline
phosphatase that increased as a consequence of the tumor but not
the treatment with the title compound. It has been recently
described that alkaline phosphatase partly reflects osteoblastic
activity, which is likely to be more pronounced in patients with
larger volume or aggressive bony metastatic disease [68]. Serum
alkaline phosphatase is a relatively nonspecific biomarker and can
be elevated from sources other than bone (e.g., the liver). Patients
with bone metastases and elevated baseline alkaline phosphatase
are likely to have bone as the dominant source of the enzyme, and
are likely to have liver metastases that cause alkaline phosphatase
elevations. In any case, we have not detected in our model the
presence of metastases, although the presence of micrometastases

Table 6

Serum levels of proteins and enzymes in non-tumor animals (treated with vehicle
only) and animals with C6 gliomas implanted at the subcutaneous region treated
with vehicle only or with [Au(MANUH_ ;)PPhs].

Parameter Non-tumor Control tumor Treated tumor Significance
group group (vehicle) group (gold level
(vehicle) compound)
Total protein 59.0 £ 0.1 57.0+0.1 55.5 4+ 0.1 N.s.
(mg/mL)
Albumin (g/dL) 2.88 £ 0.03 2.95 + 0.04 2.85 4+ 0.09 N.s.
Alanine 49+ 6 44 + 2 60 + 5% ?P < 0.001
aminotransferase
(UIJL)
Aspartate 146 £ 11 240 + 24° 249 + 81° P < 0.001
aminotransferase
(UI/L)
Alkalin 105+ 10 157 +15° 158 + 8¢ 2P < 0.001
phosphatase

(UI/L)

Data are expressed in the indicated units as mean & SEM; n = 8 animals per group.
¢ Statistical significance.

in several other organs/tissues including liver could explain the
increase in this enzyme activity.

Therefore, we conclude that the treatment with [Au(MANUH _1)
PPhs] during short time periods against glioma tumors effectively
inhibited tumor growth through mechanisms that involved
endogenous enzymatic and non-enzymatic antioxidant defenses,
as demonstrated by the decrease in the oxidative stress biomarkers
TBARS and protein oxidation levels. Thus, the treatment with
[Au(MANUH_1)PPh3] maintains the non-enzyme antioxidant de-
fense systems as in healthy animals, and modifies positively the
enzyme antioxidant defense systems. Finally, the used of this
complex yields few adverse effects related to liver damage to some
extent.

4. Experimental
4.1. Chemistry

4.1.1. Apparatus

C, H, N microanalyses were performed on a Thermofinnigan
Flash 1112 Series elemental analyzer. IR spectra were measured on
Bruker FT-IR Tensor-27 (4000—400 cm™ !, KBr pellets) and Vector-
22 (600—220 cm™!, polyethylene pellets) spectrophotometers.
UV—Vis spectrum (900—250 nm, 5 x 10> M DMSO:H,0 1:1 solu-
tion) was recorded on a Varian Cary 4000 UV—Vis spectropho-
tometer. NMR spectra ('H, 13C and 3'P) were recorded using a
Bruker Avance 400 MHz apparatus (DMSO-dg solutions, 6(TMS) =
0.0 ppm). 3C CP/MASS NMR spectra of solid samples were
measured in a Bruker Avance 500 MHz with TOSS pulse sequence to
eliminate spinning side bands. Electron impact (EI) MS spectrum
was recorded on a Thermo DSQ-II spectrometer. Chemicals were
purchased from ABCR and Alfa-Aesar and used without further
purification.

4.1.2. Synthesis of (6-amino-1-methyl-5-nitrosouracilato-N3)-
triphenylphosphinegold(I)

The uracil derivative was prepared following an established
procedure [14]. The gold(I) complex was prepared as follows: A
solution of [AuCI(PPhs3)] (0.0625 mmol in 10 mL of acetone) was
added to a solution of the pyrimidine derivative (0.25 mmol in
20 mL CH30H) containing 0.25 mmol of KOH. The resulting solution
was heated for 3 h. It was left to cool to room temperature and, after
several days, crystals suitable for X-ray diffraction were obtained.
Yield: ca. 20%. AuCy3H205N40325P; M = 632.91 g/mol; Anal. Found
(%): C, 43.76; H, 3.23; N, 8.95; Calc. (%) C, 43.64; H, 3.27; N, 8.85.
MS(E): 629 [M*], 459 [M* — MANU], 262 [M" — (Au—MANU)].
UV—vis (A nm, e I mol~! em™1): 523, 2.3 x 10%; 320, 16.4 x 10°. IR
(KBr, cm’l): 3443, 3052, 1681, 1615, 1525, 1437, 1482, 1176, 1136,
1102, 694, 511, 506. '"H NMR (DMSO-dg): & 3.23 (s, 3H, N1—CH3),
7.66—7.60 (m, 15H, CgHs) 8.8 (s, 1H, N6—H), 13.28 (s, 1H, N6—H). 3C
NMR (DMSO-dg): 6 133.78 (d, ] = 17.05, 2C), 132.29 (s, CH), 129.60
(d, J = 18.95, 2C) and 128.26 ppm (s, C) (only triphenylphosphine
signals were observed). >C NMR CPTOSS (solid): 6 28.86, 29.90 (s,
C1),155.98,154.72 (s, C2),167.60 (s, C4), 141.29 (s, C5), 150.01 (s, C6),
129.79 (broad signal, PPh3). 3'P{'H} NMR (161.9 MHz, DMSO-dg):
6 31.38 ppm.

4.1.3. X-ray crystallography

X-ray crystal structure data for [Au(MANUH_;)PPhs]-%H,0.
CCDC number 868875: CgyHgoAugN16013P4; M = 2529.48; Ortho-
rhombic, Pbna; unit cell a = 17.898(4), b = 22.491(2), c = 23.400(5) A;
V = 9420.3(3) A%; T = 120(2) K; Bruker—Nonius KappaCCD appa-
ratus, graphite-monochromated Mo-Ka. radiation (1 = 0.71073 A);
Z=4; Dy =1.784 Mg m~>; F000) = 4896; pink prismatic (0.22 x 0.14
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x 010 mm>); p = 6.348 mm™; § = 2.5-27.5°, =23 < h < 18, —27
< k <29, -30 < I < 30; 108,509 measured reflections, 10,817 inde-
pendent (Rjn: = 0.092), 7814 with I > 2¢(I) used in the refinement.
Lorentz, polarization and multi-scan absorption corrections were
applied with SADABS [69], min. and max. transmission were 0.3357
and 0.5693. Weighting scheme w-! = ¢2(F2) + (0.0126P)>+
62.7198P, where P = 1/3(F2 4 2F?). Final R and wR [I > 2¢(I)] were
0.0495 and 0.0735, data-to-parameter ratio 18.2, goodness-of-fit on
F? = 1.079, largest diff. peak and hole in the Fourier map were 1.484

and —1.260e A3,

The structure was solved by direct methods and refined using
SHELXL97 program [70] inside the WinGX package [71] employing
full-matrix least-squares methods on F?. All non-H atoms were
refined anisotropically; all hydrogen atoms were placed in calcu-
lated positions following riding models except those of the amino
group in 6 position, which were found in subsequent difference
maps and isotropically refined. All calculations and graphics were
carried out with PLATON [72] and MERCURY [73].

4.14. Computational details

The calculations conducted in this research were performed
with the suite of programs Gaussian09 [74]. Likewise, the topo-
logical analysis of the wavefunctions was accomplished within
Bader’s Atoms in Molecules theory [34], i.e., the interactions among
the different atoms were characterized through the parameters
defining the Bond Critical Points (BCPs) appearing between them.
The results were obtained with the program AIM2000 [75,76].

After proper calibration (please, see Supplementary information)
of different approaches of the WFT and DFT types using as reference
CCSD(T) [77], the Scuseria et al.’s TPSS exchange functional com-
bined with their t-dependent gradient-corrected functional, TPSS
[78] was chosen. In addition, Hirao et al.’s corrections for the long
range term [79] were applied to the TPSSTPSS functional yielding
the method LC-TPSSTPSS. For the basis sets, the 3- Atomic Natural
Orbital (ANO-RCC) basis set [80,81] was used on the gold atoms to
produce the wavefunctions of the binuclear complex. For the other
atoms, Dunning aug-cc-pVTZ and aug-cc-pVDZ were used on the
nitrogen atom linked to Au, aug-cc-pVTZ on P atom and Pople 6-
31++G(d,p) on the remaining ones.

The calculations of the wavefunctions with an all electron basis
sets were done by using the second order scalar Douglas—Kress—
Hall's approximation (integral = dkh) [82,83]. More information
about computational details is supplied in Supplementary material.

4.2. Biology

4.2.1. Cell culture

C6 glioma cells were grown in 5% fetal bovine serum (FBS)-
supplemented DMEM/HAM F-12 medium without antibiotics. Cells
were incubated at 37 °C in a modified atmosphere of 5% CO,/95% air
until reaching confluence. Freedom from mycoplasma contamina-
tion was checked regularly by testing with Hoechst 33528.

4.2.2. Colorimetric cytotoxic assay

To set up the colorimetric cytotoxic assay (CCA) cells were
trypsinized from monolayer and diluted to 4 x 10* cells/mL. Cells
were in exponential phase of growth during the whole experiment.
Aliquots of 1 mL of cells were pipetted into wells of 24-well tissue
culture plates (Nunc) and the plates were incubated for 24 h. The
gold compound [Au(MANUH_1)PPhs] was then added to the wells
in a volume of 1 mL per well at a range of concentrations (2, 4, 6, 8
and 10 uM), each dose being used in at least four replicate wells.
After 3 days incubation, the medium was removed and the cultures
were washed with PBS prior to fixation with 10% trichloroacetic

acid (TCA) for 30 min. After, the cultures were washed with tap
water to remove TCA. Plates were air dried and then stored until
use. TCA-fixed cells were stained for 20 min with 0.4% (w/v) sul-
forhodamine B (SRB) (Sigma) dissolved in 1% acetic acid. At the end
of staining period, SRB was removed and cultures were rinsed with
1% acetic acid to remove unbound dye. The cultures were air dried
and bound dye was solubilized with 10 mM Tris base (pH 10.5).
Optical density (OD) was read in a Tecan Genios Plus plate reader at
492 nm. The photometer response was linear with dye concen-
tration and it was proportional to cell numbers counted in parallel
with an automated cell counter (TC10, BioRad). The values of
fraction of cell growth affected (Fa) by drug dosage were used to
compute the values of the dose required for 50% inhibition of cell
growth or IC50 (Dm), the coefficient of the sigmoidicity of the
dose—effect curve (m) and the linear correlation coefficient of the
median—effect plot (7).

4.2.3. Animals and treatments

Twenty-four male Wistar rats (264 + 3.2 g body weight) were
used in this study. The animals were provided from the animal
house-care of the University of Jaen, and maintained in an envi-
ronment controlled under constant temperature (25 °C) with a
12 h-light/12 h-dark cycle. Rats were housed in cages and given free
access to standard laboratory rat food and water. The experimental
procedures for animal use and care were in accordance with the
European Community Council directive (86/609/EEC). Protocols
were approved by the Bioethical Committee of the University of
Jaen. Animals were randomly divided into three groups of eight rats
each. Two groups were used for the implantation of C6 glioma cells
(tumor groups), whereas one group remained as non-tumor,
healthy control group. Ten days after C6 glioma cell implantation,
one of the tumor groups was injected subcutaneously daily with
20 pL of [Au(MANUH_)PPhs3] 6.5 mM (0.15 mg/kg body weight)
dissolved in 50% dimethylsulfoxide (DMSO) for seven days. The
other tumor group and the non-tumor group received vehicle-only
injections (50% DMSO) for the same time period.

4.24. Implantation of C6 glioma cells

Five million C6 glioma cells suspended in 50 pL of culture me-
dium without FBS were injected subcutaneously in both dorsal
flanks of the rats using a Hamilton syringe with a 26-gauge needle.
The same procedure without cells was performed in the non-tumor
group.

4.2.5. Measurement of tumor volume and collection of the tissue
and serum

The size of the abdominal tumor was measured with slide cal-
ipers ten days after C6 glioma cells implantation just before the
beginning of the treatments and after seven days of treatment. The
tumor volume was defined as ¥(ab)? (a: long diameter, b: short
diameter) [53]. Rats were anesthetized with equitensin (2 mL/kg
body weight) by intraperitoneal injection and then shaved and
sterilized with 10% povidone—iodine. Samples of tumors were
quickly removed and prepared for histopathological examination.
Blood samples were also obtained through the left cardiac
ventricle, drawn into tubes without anticoagulant, allowed to clot,
and then centrifuged for 10 min at 3000 g to obtain the serum,
which was frozen and stored at —80 °C until use.

4.2.6. Histopathological examination

The resective tumors were treated with formalin and the
specimens were dehydrated and embedded in paraffin. The sec-
tions were stained by hematoxylin and eosin (H&E). Micropho-
tography was performed using a Nikon NIS-Elements F V.3.2
imaging system.
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4.2.7. Oxidative stress parameters assays

4.2.7.1. Lipid peroxidation assay. Lipid peroxidation was measured
by analyzing the amount of thiobarbituric acid reactive sub-
stances (TBARS) as previously described [84]. Briefly, 25 uL of each
sample was mixed with 100 pL of ice-cold 20% trichloroacetic acid
(TCA). After centrifugation, a volume of supernatant was added to
an equal volume of 0.67% 4,6-dihydroxypyrimidine-2-thiol (TBA)
and the mixture was kept in a boiling water bath for 15 min.
Samples were cooled to room temperature and the absorbance at
532 nm was recorded after subtracting blanks containing TCA and
TBA in an equal volume. The signal was read against a malon-
dialdehyde (MDA) standard curve and the results were expressed
as mg/mL.

4.2.7.2. Protein oxidation assay. The protein contents of the
carbonyl groups were determined as previously described [84].
Briefly, 25 pL of sample was mixed with 100 pL of ice-cold 20% TCA
and centrifuged. Protein precipitates were left to react with 2,4-
dinitrophenylhydrazine 10 mM for an hour at room temperature
in the dark. After the reaction, proteins were precipitated with 20%
TCA and unreacted dye was washed twice with 10% TCA. The pellets
were dissolved in 1 M NaOH and absorbances were recorded at
360 nm. The results were expressed as nmol per mg of protein
using an extinction coefficient of 2.0 x 10* M~' ecm™.

4.2.7.3. Determination of glutathione (GSH) and glutathione disulfide
(GSSG). GSH levels were measured as described by Griffith with
minor modifications [85]. For this purpose, serum samples were
treated with two volumes of buffer, centrifugated at 10,000 g for
5 min at 4 °C and the pellet discarded. Supernatants containing
total GSH were mixed with 0.6 mg/mL of 5,5-dithiobis(2-
nitrobenzoic acid) (DTNB) and 0.248 mg/mL nicotinamide
adenine dinucleotide phosphate (NADPH). The reaction was started
on addition of 1 U/mL GSSG reductase. Absorbance was measured
at 405 nm at 30 °C in a TECAN GENios Plus spectrophotometer
every 20 s for 2 min. For GSSG determination, 2-vinylpyridine was
used to derivatize GSH. Data are presented as nmol of total GSH
(GSH plus GSSG) per mg of total protein.

4.2.7.4. Catalase activity assay. Plasma samples were processed
and analyzed for catalase (E.C.: 1.11.1.6) activity as described by Aebi
[86] with slight modifications by Cohen [87].

4.2.7.5. Superoxide dismutase assay. SOD activity was as measured
according to Paoletti [88]. Ten microliters of protein solution was
mixed with reaction buffer contained 100 mM, TDB buffer (trie-
thanolamide—diethanolamide, pH 7.4), 7.5 mM NADH and relation
1:2 EDTA/MnCl,. To start the reaction, 25 pL of 10 mM mercap-
toethanol was added. The absorbance at 340 nm between 2 and
15 min was recorded.

4.2.7.6. Glutathione peroxidase activity assay. GPx activity was
measured according to Ellerby and Bredesen [89]. The reaction
mixture was formed by 50 mM potassium phosphate (pH 7.4)
25 mM NADPH, 1 mmol/L of GSH, 100 U/mL of yeast GRd. Ten
microliters of protein solution per sample were added and mixed
with the reaction mixture in a 96-well dish. The hydroperoxide-
independent NADPH consumption rate was recorded for 3 min at
37 °C at 340 nm in an automatic microplate reader (TECAN
GENios Plus). Then, 2.5 pL of tert-butylhydroperoxide was added
to start the reaction, mixed, and the overall rate at 340 nm was
recorded. The same procedure was carried out in the same re-
action volume without the sample protein. This allows sub-
tracting from the total rate, the non-enzymatic rate of GSH
oxidation.

4.2.8. Blood serum chemistry measurements

Electrolytes (sodium, potassium and chloride) were assayed
using selective ion electrodes, according to Shibata [90]. Results are
expressed in mEq/L; calcium was assayed by colorimetric assay,
according to Farrell [91], and phosphorus was assayed by colori-
metric assay, according to Tietz [92]. Results are expressed in mg/
dL. The non-protein nitrogenous compounds uric acid, urea,
creatinine, and glucose in serum samples were assessed using
commercial kits (Boehringer Mannheim) with the automated
Roche-Hitachi 917 system, according to the methods described by
Praetorius and Poulsen [93], Talke and Schubert [94], Bartels [95]
and Peterson and Young [96], respectively. Total cholesterol,
high-density lipoprotein (HDL) cholesterol and triglycerides were
assayed with the use of standard enzymatic colorimetric methods
using commercially available kits according to Roeschlau [97],
Sugiuchi [98] and Siedel [99]. The low-density lipoprotein (LDL)
cholesterol level was calculated according to the Friedewald for-
mula. Results are expressed in mg/mL. Serum activities of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) were
estimated by quantitative enzymatic colorimetric, end point
methods using commercially available kits according to Tietz [92]
and Bergmeyer [100]. Results are expressed in UI/L. The serum
alkaline phosphatase (ALP) was determined by colorimetric, end
point method using commercially available kits, according to Bel-
field and Goldberg [101]. Results are expressed in UI/L. The serum
albumin content was determined by colorimetric method using a
commercial kit according to Doumas [102]. Results are expressed in
g/dL. The serum total protein was estimated by the colorimetric
method of Bradford [103]. Results are expressed in mg/mL.

4.2.9. Statistical analysis

All values represent the mean =+ standard error of the mean
(SEM). Data were analyzed by ANOVA plus Newman—Keuls test,
using IBM SPSS V.19 software. Values of P < 0.05 were considered
significant.

5. Conclusions

A new linear N—Au'—P complex containing the 6-amino-1-
methyl-5-nitrosouracilato-N> anion and triphenylphosphine was
prepared, structurally characterized and biologically investigated in
an animal model of experimental glioma. After seven days of treat-
ment the tumor growth was significantly reduced and the oxidative
stress parameters decreased to values similar to non-tumor healthy
control animals. Also, the non-enzyme antioxidant defense systems
are maintained and enzyme antioxidant defenses are increased.
The analysis of blood serum parameters indicates few adverse effects.
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