Journal of Inorganic Biochemistry 195 (2019) 83-90

“JouRnAL OF

Inorganic
Biochemistry

Journal of Inorganic Biochemistry Sk e

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jinorgbio W

Check for
updates

Antigiardiasic activity of Cu(Il) coordination compounds: Redox imbalance
and membrane damage after a short exposure time

a,1

Yadira Rufino-Gonzalez™', Martha Ponce-Macotela™', Juan Carlos Garcia-Ramos®’,

Mario N. Martinez-Gordillo®, Rodrigo Galindo-Murillo?, Angelica Gonzélez-Maciel®,

Rafael Reynoso-Roblesb, Araceli Tovar-Tovar®, Marcos Flores-Alamo®, Yanis Toledano-Magaiia“”,
Lena Ruiz-Azuara®*

2 Laboratorio de Parasitologia Experimental, Instituto Nacional de Pediatria, SSA, Insurgentes Sur No. 3700-C, Ciudad de México C. P. 04530, Mexico
Y Laboratorio de Morfologia Celular y Tisular, Instituto Nacional de Pediatria, SSA, Insurgentes Sur No. 3700-C, Ciudad de México C. P. 04530, Mexico
©CONACYT - UNAM - Centro de Nanociencias y Nanotecnologia, Km 107 Carretera Tijuana-Ensenada, Ensenada, B.C. C.P. 22860, Mexico

4 College of Pharmacy, University of Utah, Skaggs Hall 201, Salt Lake City, UT 84112, United States

€ Facultad de Quimica, Universidad Nacional Auténoma de México, Avenida Universidad 3000, C.P. 04510 Ciudad de México, Mexico

ARTICLE INFO ABSTRACT

Giardiasis is a widespread illness that affects inhabitants of underdeveloped countries, being children and seniors
the highest risk population. The several adverse effects produced by current therapies besides its increasing
ineffectiveness due to the appearance of resistant strains evidence the urgent need for new therapeutic ap-
proaches. We present the antigiardiasic effect of eight Cu(Il) coordination compounds, which belong to the
family Casiopeinas. Two of them, 4,7-diphenyl-1,10-phenanthroline(acetylacetonato)copper(Il) nitrate (CasIII-
Ha,36 uM) and 4,7-diphenyl-1,10-phenanthroline(glycinato)copper(Il) nitrate (CasI-gly,36 uM) have shown the
best antiproliferative effect in Giardia intestinalis trophozoite cultures, both with the higher lipophilic character
of the series. The antiproliferative effect of these coordination compounds is attributable to its capacity to
interact with the cellular membrane and to increase reactive oxygen species (ROS) concentration within the
parasite since the first hours of exposure, (2-6 h). We found that these compounds mainly induced the cell death
of trophozoites by apoptosis, contrary to metronidazole, which induces apoptosis and necrosis in the same ratio.
The cytotoxic effects on lymphocytes and macrophages isolated from human peripheral blood allowed us to
establish a selectivity index and in turn, identify and propose the best candidates to continue with the assays in
animal models. The selected molecules do not include the most active compounds against trophozoites, instead
of that, we propose the compounds 4’,4’-dimethyl-2,2’-bipyridine(acetylacetonato)copper(Il) nitrate (CasIII-
ia,ICsp = 156 uM) and 4,7-dimethyl-1,10-phenanthroline(acetylacetonato) copper(Il) nitrate (CasIII-
Ea,ICso = 125uM), which possess an antiproliferative efficacy comparable with Metronidazole but also are
those that produce the lowest effect on the viability of human lymphocytes and macrophages.
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1. Introduction

Giardiasis is a “neglected disease” [1] that infects a population of
183.8 million, resulting in 171 thousand Disability Adjusted Life Years
(DALYs) [2]. This zoonotic and re-emerging infectious disease [3] is an
epidemic in developed countries and endemic in developing nations
[4]. In Mexico, the Giardia seroprevalence is higher than 50% [5].
Giardia intestinalis (Syn. G. lamblia, G. duodenalis) cause abdominal pain,
diarrhea, weight loss, and nutrient malabsorption, impairing the
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physical and mental development of children [6-8]. Antigiardiasic re-
sistance is becoming a worldwide problem owing to the scarcity of new
antiparasitic drugs [9], and the few commercially available are not
100% efficient [10].

Historically, quinacrine and furazolidone were the first drugs
against Giardia [11]. The 5-nitroimidazoles such as metronidazole
(Mtz) and tinidazole are the most common to treat giardiasis [12].
Benzimidazoles (albendazole and mebendazole) [13] and one ni-
trotiazol (nitazoxanide) also are other alternatives [14]. There are
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several reports of meta-analysis comparing antigiardial drugs; never-
theless, results are controversial, owing to different efficacies between
them [15,16]. All these chemical compounds produce undesirable
secondary effects such as hyporexia, nausea, metallic taste, abdominal
discomfort, vertigo, yellow skin and sclera, hemolysis, mutagenic and
carcinogenic effects [10]. Besides, the Giardia evolution sooner or later
will additionally select resistant strains [17], as is already being de-
monstrated with the nitroimidazoles [18]. With this panorama in mind,
we found that parasites such as Entamoeba histolytica, Trypanosoma
cruzi, Plasmodium falciparum, Leishmania major and several neoplastic
cells share a common trait: they are sensitive to reactive oxygen species
(ROS) which in turn give rise to apoptosis [19-24]. The search for
compounds that generate the redox imbalance but whose adverse ef-
fects will be smaller than those produced by the compounds currently
used in therapy has focused the attention of research groups to in-
corporate essential metals, particularly the use of Cu(II). A particular
example of these Cu(II) coordination compounds is Casiopeinas, who
have shown anticancer [25-27], antibacterial [28] and antiparasitic
[29] activity through the generation of ROS. Due to all these results, we
determine the growth inhibition capacity of eight Cu(Il) coordination
compounds belonging to the family of Casiopeinas over G. intestinalis
trophozoite cultures. Also, explore the factors that trigger the apoptotic
pathway on the exposed trophozoites. Besides, the selectivity indexes of
these compounds through the cytotoxic tests on human peripheral
blood lymphocytes and macrophages were determined.

2. Results and discussion
2.1. Synthesis and characterization of Cu(Il) compounds

Cu(II) coordination compounds were synthesized as previously de-
scribed in patents [30,31]. Elemental analysis, infrared (IR) and ultra-
violet-visible (UV-Vis) spectroscopy, electron paramagnetic resonance
(EPR), magnetic moment and conductivity measurements were per-
formed to characterize the batch of compounds used in this work. All
data agree with previously reported [32,33]. Scheme 1 shows the
general structures of compounds studied in this work.

Fig. 1 shows the molecular structure of one of the most active
compounds against Giardia intestinalis trophozoites, Cas III-Ha ([Cu
(4,7-diphenyl-1,10-phenanthroline)(acetylacetonato)(H>O)INO3). This
compound presents a typical distorted square based pyramidal geo-
metry [33] with tetrahedral distortion index (t) of 0.074, where Cu(II)
ion is slightly displaced out (0.1457 A) of the main plane constituted by
the nitrogen atoms of phenanthroline and the oxygen atoms of acet-
ylacetonate. A water molecule occupies the apical position, and a ni-
trate ion acts as a counter ion. The supplementary information (SI;
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Fig. 1. ORTEP drawing (50% probability) for CasIlI-Ha. [Cu (4, 7-diphenyl-
1,10-phenanthroline) (acetylacetonato)] NOs. Selected bond distances (A):
Cul-N1 1.993(2), Cul-N2 2.001(2), Cul-O1 1.908(2), Cul-02 1.917(2), Cul-
Olw = 2.278(2). Selected bond angles (deg): O1-Cul-N1 165.38(9), 02-Cul-
N1 93.20(9), 01-Cul-N2 90.00(9), 02-Cul-N2 169.86(9), N1-Cul-N2 81.31(9),
01-Cul-01W 99.08(9), 02-Cul-O1W 97.37(10).

Tables S1 and S2), contains a detailed description of collection data and
refining method besides the tables containing selected bond lengths and
angles.

2.2. Antigiardiasic activity

The eight coordination compounds employed in this work were
chosen since they show moderate to high antiproliferative activity in
several human tumor cell lines, producing this effect through apoptosis
induction triggered by ROS production [22,23,26,27].

The antigiardiasic activity of these compounds was determined by
the exposure of G. intestinalis trophozoites in vitro to different con-
centrations of the corresponding compound during 24 h. Then, the
trophozoites that survived were washed and re-cultured in fresh media
without treatment for other 24h. After that, cell counting was

Cas llFHa: R4=Ph, R5=H Cas lHa: R6=Me
Cas lI-Ea: R4=Me, R5=H
Cas lIl-La: R4=H, R5= Me

Scheme 1. General structures of Cu(Il) compounds studied in this work. Cas I-gly: Aqua(4,7-diphenyl-1,10-phenanthroline)(glycinato)copper(Il) nitrate; Cas II-gly:
Aqua(4,7-dimethyl-1,10-phenanthroline)(glycinato)copper(Il) nitrate; Cas VI-gly: Aqua(5,6-dimethyl-1,10-phenanthroline)(glycinato)copper(Il) nitrate; Cas IV-gly:
Aqua(4,4’-dimethyl-1,10-phenanthroline)(glycinato)copper(I) nitrate; Cas III-Ha: Aqua(4,7-diphenyl-1,10-phenanthroline)(acetylacetonato)copper(Il) nitrate; Cas
III-Ea: Aqua(4,7-dimethyl-1,10-phenanthroline)(acetylacetonato)copper(ll) nitrate; Cas IlI-La: Aqua(5,6-dimethyl-1,10-phenanthroline)(acetylacetonato)copper(Il)
nitrate; Cas IlI-ia: Aqua(4,4’-dimethyl-2,2’-bipyridine)(acetylacetonato)copper(Il) nitrate.
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Table 1

Cytotoxic effect of eight Cu(Il) coordination compounds on Giardia intestinalis
trophozoites, human peripheral blood lymphocytes (HPBL) and human per-
ipheral blood macrophages (HPBM) cultures, their associated selectivity in-
dexes, half-wave potential values vs. normal hydrogen electrode (NHE) and
partition coefficient (LogP).

G. intestinalis HPBL HPBM SIL*  SIM”  E,° LogP*

ICs0(1M) ICso(MM)  ICs0(HM) (%]
Cas I-gly 36.0 134.0 3580 37 9.9 0426  4.48
Cas IlI-Ha 36.0 64.0 1360 1.7 37 0418 585
Cas II-gly 214.6 1720.0 11400 8.0 53  0.330 1.67
Cas III-Ea 125.0 3860.0  1830.0 30.8 14.6 0322  3.04
Cas IIl-La 126.5 35.0 1600.0 0.2 12.6 0.342  3.04
Cas VI-gly 188.6 216.0 3800.0 1.1 201 0.348 254
Cas Ill-ia 156.0 4700.0 24700 30.1 15.8 0.302 1.17
Cas IV-gly 233.5 3260.0 14,600.0 13.9 62.5 0.324 1.67
Mtz 119.7 > 100 -1.01  0.05

2 Selectivity Index Lymphocytes (SIL) = ICso HPBL/ICs( Giardia trophozoites

b Selectivity Index Macrophages (SIM) = ICs, HPBM/IC50 Giardia tropho-
zoites.

¢ E,(V) = Half-wave redox potential of coordination compounds taken from
reference [32,33].

4 logP = The value of Distribution coefficient given for each compound was
obtained by the addition of non-coordinated ligands values without considering
Cu(Il) ion (ZlogP). Data were taken from the ChemSpider database. www.
chemspider.comConsulted 07/02/2018.

performed to determine the corresponding half-inhibitory concentra-
tion (ICso).

Results are compiled in Table 1 and show that only two compounds
present significant effectiveness to inhibit the proliferation of Giardia
intestinalis trophozoites than metronidazole (Mtz), Cas-Igly and Cas III-
Ha, both with an ICsy value of 36.0 uM. The rest of the compounds
present comparable or lower inhibition potency compared with Mtz.

Thus, the antigiardiasic activity of these compounds follows the
order: Casl-gly ~ CasllI-Ha > Metronidazole > CaslII-
Ea > CasllI-La > Caslll-ia > CasVI-gly > Casll-gly > CasIV-
gly. Interestingly, the most active compounds in this work are also the
most hydrophobic of the series. In a general way, as the lipophilic
character decreases (Table 1), the inhibition potency decreases (higher
ICso values). In this case, compounds with acetylacetonate in the co-
ordination sphere of Cu(Il) ion are the most actives, except for Cas I-
gly, for which the lipophilic character is dictated by the diphenylated-
phenanthroline and masks the contribution of the second ligand.

As established previously by our group, the lipophilic/hydrophilic
character of these metal complexes can be very well described using the
sum of the values corresponding to the log P of the ligands in its non-
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coordinated form (Table 1) [32]. Thus, Fig. 2 shows the dependence of
Giardia intestinalis viability with the redox potential and the theoretical
partition coefficient of Cu(II) coordination compounds.

Differentiating two groups of compounds on each graph is possible.
Both, the redox potential and the theoretical partition coefficient,
present an inverse relationship with the trophozoites viability. Which
means that the antigiardiasic activity increases as the redox potential
becomes more positive or when the lipophilic character increases. Egs.
(1)—(4) describe each behavior.

1
- 10g(—) = 4.51455-6.56401 E&”; r2 = 0.985
i2

ICso 1)
— log L = 3.9246-5.9953 E{re; r?2 = 0.931

ICso 'l )
— log L = 2.11648-0.20457 2 logP; r? = 0.990

IG5 sly 3)
— log[ — | = 2.11648-0.20457 3" logP; 1> = 0.999

ICSO acac (4)

The same descriptors than the used in the above equations are very
useful to describe the antiproliferative activity of Casiopeinas against
human tumor cell lines, but in that case, the lipophilic character only
has a small contribution. The proposed mechanism of action for the
antiproliferative activity of Casiopeinas on tumor cells are ROS over-
production and DNA interaction. Both, independently or con-
comitantly, produce irreversible cell damage that leads cells to apop-
tosis [22,23,34-37]. The reaction of the metal compound with
glutathione (GSH) in the presence of molecular oxygen or hydrogen
peroxide generates superoxide and hydroxyl radical overproduction
within the cell [22,23,27,34,37]. On the other hand, DNA interaction is
through minor groove binding [35,38].

Due to the above findings and to explore the pathways that produce
the death of the parasite, we looked for morphological changes in
treated trophozoites by optical and electronic microscopy, and the
presence of apoptosis markers and ROS production by flow cytometry.

Apoptotic-like features have been described for programmed cell
death of several unicellular eukaryotes [39]. For G. intestinalis these
features involve cell shrinkage, chromatin condensation, membrane
blebbing and vacuolization. Optical (data not shown) and transmission
electron microscopy (TEM) were used to evidence the morphological
changes (Fig. 3). After 24 h of exposure to the ICs, values found for
compounds Cas I-gly, Cas III-Ha and Mtz the electronic microscopy
images were acquired. Fig. 3a shows cytoplasmic and nuclear mem-
brane integrity of untreated trophozoites with the characteristic elec-
tron-dense appearance due to the presence of cytoplasmic glycogen

2.4 Cas IV-gly
-

= Casll-gly

231 " Cas VI-gly

Cas lll-ia
2.2 PY

214 o Caslll-La

204 Caslll-Ea

-log (1/1C,)

1.9 H

1.8 4
4z} = Cas I|-gly
1.6 - 9
Caslll-Ha ®

154117
-2.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25

Y log P

(non-coordinated ligands)

Fig. 2. Dependence of Giardia intestinalis trophozoites viability with a) the redox potential and b) the lipophilic character.
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Fig. 3. TEM images showing the morphological changes on G. intestinalis trophozoites produced by the 24 h exposure to the ICso values of the evaluated compounds
compared with those without treatment. a) Control, b) Mtz, c¢) CasI-gly and d) CasIII-Ha.

granules and ribosomes. Also presents distinctive features such as per-
ipheral vacuoles, endoplasmic reticulum cisternae and the well-defined
structure for the lateral crest and adhesive disk.

Trophozoites treated with Mtz (Fig. 3b) shown a decrease in the
electron-dense appearance, fragmentation of the double-nuclear mem-
brane and in some places of the adhesion disk. Besides, vacuoles near
the perinuclear cisternae and endoplasmic reticulum cisternae appears,
which is evidence of increased metabolic activity, probably due to the
detoxification processes intensification activated by the parasite.

On the other hand, trophozoites treated with Cas I-gly (Fig. 3c) and
Cas III-Ha (Fig. 3d) show cellular size increase. Also, it is clear the lack
of nuclear as well as membranes that limit the dorsal and cytoplasmic
vacuoles. We observe completely destroyed basal bodies, and there is
acute damage to some regions of the adhesive disk. In both treatments,
it is possible to identify sizeable endoplasmic reticulum cisternae in the
trophozoites, suggesting a metabolic response increased. Additionally,
is observed damage on axonemes in trophozoites treated with Cas III-
Ha.

The appearance of endoplasmic reticulum cisternae either in Mtz or
Casiopeinas treatments suggests a common feature of damage produc-
tion. The principal mechanism of action for the antiproliferative ac-
tivity of Mtz is ROS production. Thus, we explore the capacity of these
three compounds (Mtz, CaslII-Ha, and CasI-gly) to produce it. Besides,
we determined the cell death pathway induced (apoptosis or necrosis)
and changes in cellular size (Fig. 4). Flow cytometry dot plots for all
treatments can be consulted in the SI Fig. S1 and S2.

Effectively, coordination compounds increase ROS concentration
within trophozoites, faster and about 5-fold more efficiently than Mtz
does at the first evaluated times. It seems that the rapid increase of ROS
concentration observed is inversely related to trophozoites viability.
CaslII-Ha produces the highest changes in ROS concentration at 2 and
6h of exposure and promotes the most significant differences in via-
bility at these exposure times (Fig. 3a and b). It could be possible that
the increase in the first hours led to a 90% decrease in viability of
trophozoites treated with both Casiopeinas, compared to 50% observed
with Mtz at 24 h (Fig. 4a).
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Thus, the redox potential of coordination compounds seems to be
useful to explain the viability difference between Cas III-Ha and Cas I-
gly; however, it is not enough to justify the general trend where the
antiproliferative potency increases as their lipophilic character do.

Looking for further details, we found that Cas I-gly produces cell
size increase in almost 60% of cells after 2 h of exposure, but with time,
cell size returns to average values. We observe something similar for
Cas III-Ha but at longer exposure times (6 h) and only with half of the
cells (30%) (Fig. 4c). Cell size increase must be related to the effortless
passing through the cellular membrane, due to the significant changes
were produced by the most hydrophobic compound (Table 1).

To explore this hypothesis, we performed a Molecular Dynamics
(MD) simulations to study the interaction between these Casiopeinas
and dioleoylphosphatidylcholine (DOPC) membrane model. Recently,
this model was useful to describe the differential toxicity of two
Casiopeinas in blood peripheral human lymphocytes [40]. Fig. 4 shows
the energy profile of the copper-compounds as they diffuse through a
membrane. The potential of mean force profile is almost identical for
both compounds (Fig. 5). The energy required to stabilize them in the
layer is 41.47 Kcal/mol and 40.11 Kcal/mol for Cas III-Ha and Cas I-
gly, respectively. Both compounds have reached the energy minimum
at ~26.5 A within the glycerol and the aliphatic chain of the DOPC
monomers. From the above results, it seems that the non-aromatic li-
gand hardly contributes to Cu (II) compounds cross the cell membrane,
despite that they provoke significant differences in Log P values ac-
cording to Table 1. Therefore, this indicates that phenanthroline
strongly modulates the passage through the membrane. A fine-tune
modulation is provided either by the substituent of the diimine and by
the secondary ligand, in this case, glycinate or acetylacetonate. As ex-
pected, energetic differences between both compounds are minimal
but, as we have shown in previous works with these compounds, these
small differences are just enough to explain their different reactivity
and their biological effects [40]. Thus, the MD simulation of the dif-
fusion through the membrane model suggest that the cellular mem-
brane could more retain Cas I-gly than Cas III-Ha.

According to these results, the antigiardiasic activity of Casiopeinas
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is strongly related to their retention in the cellular membrane and their
capacity to participate in redox reactions. On the trophozoites, it is
quite possible that one of the primary targets of Casiopeinas will be the
enzyme pyruvate-ferredoxin oxidoreductase (PFOR), which besides the
thiols, can participate as a reducing agent for the redox transformation
Cu(I)/C(I) of the metal compounds. This enzyme possesses three
4Fe—4S units [41] with a redox potential of —0.5V vs. NHE [42].
Luminal protozoa and bacteria share PFOR, and it is responsible for
reducing the ferredoxin or flavodoxin which in turn transfers an elec-
tron to Mtz to activate it [43].

As mentioned earlier, Casiopeinas produce more and faster ROS
than Mtz. Most antiproliferative agents are also the best oxidizing
agents. Thus, PFOR (—0.5V vs. NHE) could reduce Cu(II) compounds
(0.3 to 0.425V vs. NHE; Fig. 2) which in turn could react with several
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biomolecules producing the redox unbalance. Generated ROS could be
then, responsible for triggering the apoptotic response of the parasites
leading to its death.

Giardia's PFOR is a membrane-associated enzyme and with a limited
cytosolic presence [44]. Thus, if the redox reaction previously described
occurs in the membrane, this could explain cellular size increment,
highest levels of ROS and the highest percentage of apoptotic cells after
short exposure times. Also, could clarify that after 24 h, apoptosis in
Cas III-Ha abruptly decreases, probably regulated by the cytosolic an-
tioxidant response, while apoptosis continues increasing for the com-
pound that could be more retained in the cellular membrane, Cas I-gly.

All damages observed on trophozoites treated with Casiopeinas
allow us to suggest that are produced so quickly that avoids the parasite
response to stress, even when parasite tries to respond through the
increase of its metabolic activity. Also, it allows us to encourage other
research groups to assess, when possible, their determinations of cell
viability parameters at short exposure times and obtain more in-
formation regarding the effects of their candidate molecules.

It is important to note that neither Cas I-gly nor Cas III-Ha in-
duce > 13% of necrosis in all assessed times. We observe the opposite
behavior for Mtz, for which the necrosis reached 50% after 24 h of
exposure.

Regarding cell death induced pathways, the effects for healthy cells
and considering the possible use of these compounds in the treatment of
disease, we have determined the impact over first-line response cells in
the human body such as human peripheral blood lymphocytes (HPBL)
and macrophages (HPBM). We evaluate the effect of Casiopeinas in
HPBL and HPBM cultures to achieve this goal. Values found are re-
ported as ICsq values in Table 1.

The equation Selectivity Index = (ICso mammalian cells)/(ICsq
trophozoites) was used to calculate a selectivity index. Selectivity index
is within the ranges 0.27 to 30.88 in HPBL and 3.77 to 62.52 for HPBM.
As expected, the most potent growth inhibiting compounds on tro-
phozoites cultures are also some of the most cytotoxic compounds for
human lymphocytes and macrophages, that is, Cas I-gly and Cas III-
Ha. The selectivity index of these compounds is 3.72 and 1.77 on HBPL
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and 9.93 and 3.37 for HBPM, respectively.

Despite their effectiveness inhibiting the trophozoites growth, Cas I-
gly and Cas III-Ha are highly cytotoxic to human lymphocytes and
macrophages. Therefore, still decreasing its efficacy against tropho-
zoites, it is essential to focus the efforts on those compounds with the
highest selectivity index and who could produce the lowest adverse
effects.

From Table 1, compounds that satisfy both requirements, anti-
giardiasic effects and the lower impact on human macrophages or
lymphocytes viability are Cas III-Ea and Cas Ill-ia. An additional ad-
vantage of Cas III-ia is the existence of a complete preclinical dossier
because nowadays is in Phase I Clinical trials as an anticancer agent. All
this information background could accelerate the use of this compound
as an alternative in the treatment of giardiasis. Therefore, it is im-
perative to continue the antigiardiasic assays on in vivo models, firstly
of Cas Ill-ia, and closely followed by Cas III-Ea.

3. Conclusions

Our results show that Casiopeinas produce their antiproliferative
effect on Giardia intestinalis trophozoites cultures by the interaction
with the cellular membrane and their capacity to increase ROS con-
centration within the trophozoites, producing very significant damage
to cells at very short exposure times. From very early exposure times, a
large cell population presents apoptosis markers, being this the main
death pathway exerted by these compounds, in contrast to me-
tronidazole, which induces apoptosis and necrosis in the same ratio.
Interaction of Casiopeinas with the cellular membrane seems to be a
key factor for their antigiardiasic activity because they probably can
react with the membrane-associated enzyme pyruvate-ferredoxin oxi-
doreductase (PFOR), an essential enzyme for the biotransformation of
metronidazole, leading to the redox imbalance in the parasite re-
sponsible for the apoptosis pathway triggering.

Selectivity indexes allow us to identify potential candidates to
complete its preclinical data; these compounds are Cas IIlI-ia and Cas
IlI-Ea. Being the former the principal candidate, because it already
reached Phase I clinical trials as an anticancer agent. Thus, the usage of
the Cas Ill-ia preclinical data could accelerate the employment of this
compound now as an alternative to treat giardiasis. These results also
open the way to explore either other members of the Casiopeinas family
or other coordination compounds that possess suitable redox potential
and lipophilic/hydrophilic character values as possible not only anti-
giardiasic but as broad-spectrum antiparasitic agents.

4. Experimental section
4.1. Synthesis and characterization

The following paragraphs compile the characterization of the batch
of compounds used in this work. The characterization data agree with
previous reports [32,33].

Cas I-gly [Cu(4,7-diphenyl-1,10-phenanthroline)(glycinato)(H>O)]INO3
Elemental analysis (%) calculated for CuCygH23N4Og (559.01 gmol’l): C
55.81, H 4.11, N 10.01. Found: C 55.69, H 4.02, N 9.95. IR (KBr):
v = 3449, 3240, 1604, 1522, 1428, 1384 (N03), 852,709, 622 cm . UV/
Vis (MeOH): Amax (¢) = 604nm (52M~lem™?). Hess = 1.85 BM. A
(MeOH) = 71.5 Scm ’mol~!. EPR (MeOH, 77 K) gH = 2275, g, = 2.035,
Aj=1830x10 *ecm ', A, =76 x107*

Cas II-gly [Cu(4 7 dimethyl-1,10- phenanthroline)(glycinate)(HZO)]
NO;. Elemental analysis (%) calculated for CuC;gH20N40; (443.9
gmol_l): C 43.29, H 4.54, N12.62. Found: C 43.53, H 4.70, N 12.61. IR
(KBr): v = 3446, 3255, 1602, 1525, 1429,1383 (NOs3), 871, 726,
637 cm ™. UV (MeOH): Ay () = 623nm (58 M~ ' cm ™ Y). g = 1.76
BM. A (MeOH) = 75.1 Sem®mol~'. EPR (MeOH, 77K) = g = 2.237,
g1 =2.054, Ay =189.0 x 10 *em™ ', A, =7.6 x 10 *em ™.

Cas VI-gly [Cu(5,6-dimethyl-1,10-phenanthroline)(glycinate)

88

Journal of Inorganic Biochemistry 195 (2019) 83-90

(H>0)]NO3 Elemental analysis (%) calculated for
CuC;¢H16N4050.5H,0 (416.86 gmol™1): C 46.09, H 4.10, N 13.43.
Found: C 46.11, H 4.21, N 13.43. IR (KBr): v = 3421, 3261, 1632, 1525,
1435, 1385 (NOj), 822, 709, 597cm™!; UV (MeOH): Amax
() =612nm (60M~'cm™!); peff =1.71 BM. A (MeOH) = 76.1
Sem’mol™!. EPR  (MeOH, 77K)=g =2242, g, =2.056,
A)=190.0x 10" *em™", A; =7.6 x 10 *em ™.

Cas 1IV-gly [Cu(4,4’-dimethyl-2,2’-bipyridine)(glycinate)(H,0)]
NOs. Elemental analysis calculated for CuCy4H;6N406'0.5H,0 (408.9
gmol " 1): C 41.12, H 4.18, N13.70. Found: C 40.92, H 4.12, N 13.60. IR
(KBr): v = 3430, 3250, 1629,1519, 1426, 1384 (NOj), 822, 722,
635cm™~ L. UV/Vis (MeOH): Amax(e) =624nm (62M 'em™1).
legg = 1.74 BM. A (MeOH) =87.9 Scm?mol™!. EPR (MeOH,
77K) = g = 2.236, g1 = 2.056, Aj=191.0 x 10 *em ™",
A, =76x10"%em™ L.

Cas III-Ea [Cu(4,7-dimethyl-1,10-phenanthroline)(acetylacetonate)
(H,0)]NO; Elemental analysis (%) calculated for CuC;9H,1N30g (450.9
gmol_l): C 50.61, H 4.69, N 9.32. Found: C 50.32, H 4.55, N 9.21. IR
(KBr): v = 3413, 1622, 1577, 1521, 1425, 1384 (NO), 869, 725 cm ™ .
UV/Vis (MeOH): Amay (¢) = 608nm (65M~ ' em ™). peg = 1.80 BM. A
(MeOH) = 87.0 Scm’mol™'. EPR (MeOH, 77K) =g = 2.226,
g1 =2.055, Aj=182.0x 10 *cm™", A, =8.0 x 10 *cm ™'

Cas III-Ha [Cu(4,7-diphenyl-1,10-phenanthroline)(acetylacetonate)
(H,0)]INO; Elemental analysis (%) calculated for CuCy9H,5N30¢ (575.0
gmol ~1): C 60.57, H 4.38, N 7.31. Found: C 60.43, H 4.22, N 7.22. IR
(KBr): v = 3417, 1620, 1585, 1517, 1427, 1384 (NO3), 854, 736 cm ™ .
UV/Vis (MeOH): Amax (¢) = 609nm (M~ 'em™b). peg = 1.87 BM. A
(MeOH) = 78.0 Scm’mol™'. EPR (MeOH, 77K) =g =2.221,
g1 =2.059, Aj=179.9 x 10 *ecm™', A, =6.0 x 10 *cm™".

Cas III-ia [Cu(4,4’-dimethyl-2,2’-bipyridine)(acetylacetonate)
(H>0)INOs. Elemental analysis calculated (%) for CuC;7H21N304
(426.9 gmol ~1): C 47.83, H 4.96, N 9.84. Found: C 47.84, H 5.07, N
9.97. IR (KBr): v = 3463, 1616, 1587, 1525, 1490, 1384, (NOs),
730cm~!. UV/Vis (MeOH): Amax (¢) = 602nm (58 M 'em™1).
legr = 1.80 BM. A (MeOH) =81.5 Scm?mol™!. EPR (MeOH,
77K) = g = 2.221, g1 = 2.056, A =182.0x10 *em ™"

=8.0x10"*cm~ L.

Cas III-La [Cu(5,6-dimethyl-1,10-phenanthroline)(acetylacetonate)
(H,0)INO; Elemental analysis for (%) CuC;9H23N30, (468.9gm01’1):
C 48.66, H 4.94, N 8.96. Found: C 48.45, H 4.70, N 8.73. IR (KBr):
v = 3488, 1606, 1581, 1517, 1430, 1384 (NOs), 819, 730 cm ™~ *. UV/
Vis (MeOH): Amax (&) = 604nm (64M~'em™1h). Hegse = 1.82 BM.
A(MeOH) = 80.0 Scm’mol™'. EPR (MeOH, 77K)= g = 2.221,
g, =2.056, Aj=178.5x 10 *em ™, A, =8.0 x 10 *em ™ L.

4.2. X-ray crystallographic structure determinations

Siemens P4 four-cycle diffractometer equipped with graphite-mono-
chromatic the Mo-K, radiation was used to perform the X-ray measure-
ments of CaslIl-Ha at 298 K, . = 0.71073 10\, using a w scan width of 1.60°
and a variable scan rate of 4-30° min . Structure solution and refinement
were carried out with the SHELXS-2014 [45] and SHELXL-2014, [46] re-
spectively; WinGX v2014.1 software was used to prepare material for
publication [47]. Full-matrix least-squares refinement was carried out by
minimizing (Fo’>~Fc®)? All non-hydrogen atoms were refined aniso-
tropically. H atoms of the water molecule (H—O) were located in a dif-
ference map and refined isotropically with Uiso(H) = 1.5 for H-O. H
atoms attached to carbon were placed in geometrically idealized positions
and refined as riding on their parent atoms, with C-H = 0.93-0.96 A and
with Uiso(H) = 1.2Ueq(C) for aromatic, and Uiso(H) = 1.5Ueq(C) for
methyl groups. C20a C2la C23a C24a and C20b C21b C23b C24b are
disordered over two sites with occupancies 0.5:0.5. Crystallographic data
have been deposited at the Cambridge Crystallographic Data Center as
supplementary material number CCDC 914789. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK. E-Mail: deposit@ccdc.cam.ac.uk.
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4.3. Giardia intestinalis trophozoite cultures

Giardia intestinalis trophozoites were incubated in TYI-S-33 medium
until reaching log phase. Afterward, 5 x 10* trophozoites were exposed
by 24 h at 37 °C to several concentrations (5.25-100 pg/ml) of Cas I-
gly, Cas II-gly, Cas IV-gly, Cas VI-gly, Cas III-Ea, Cas III-Ha, Cas III-
ia, and Cas III-La. After 24 h, the trophozoite cultures were cooled by
15 min and then centrifuged at 3500 rpm. Medium was removed and
replaced by a fresh one without compounds. Finally, the cultures with
new TYI-S-33 medium were incubated by other 24 h, then were cooled
again and quantified using a Neubauer chamber. DMSO was used to
dissolve Casiopeinas. As controls were used trophozoites without
treatment, trophozoites with 0.05% of DMSO, and trophozoites exposed
to 20pug/ml of metronidazole. The group of trophozoites without
treatment is considered as 100% of viability. Each determination was
done in three independent experiments by triplicate. Viability, apop-
tosis/necrosis, and ROS quantification were performed by flow cyto-
metry after 2, 6, 12, 18 and 24 h of exposure to the ICsy values of
compounds Caslgly, CasIlIHa, and Mtz. All stains were used following
the provider protocol. Cell viability was determined using the Vybrant™
CFDA-SE cell tracer kit and propidium iodide (PI) (Thermo Fisher
Scientific V12883). Apoptosis and necrosis were assessed with the
Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis kit (Thermo Fisher
Scientific V13241). Reactive oxygen species generation was analyzed
with MitoSOX™ Red mitochondrial superoxide indicator for live-cell
imaging (Invitrogen M36008). All determinations were performed in a
BD FACS ARIA I flow cytometer.

4.4. Transmission electron microscopy (TEM)

G. intestinalis trophozoites from experimental and control groups
were fixed in 2.5% glutaraldehyde buffered with phosphate buffer
(0.1 M, pH7.2), post-fixed in 1% osmium tetroxide, dehydrated in an
ethanol series and embedded in epoxy resin (Epon) to identify ultra-
structural modifications. Ultra-thin sections (60-90 nm) were cut and
collected on slot grids covered with formvar membrane. Sections were
stained with uranyl acetate and lead citrate. The structural changes
from 50 fields for each sample were examined and recorded using a
JEM-1011 (JEOL, Osaka, Japan) microscope.

4.5. Human peripheral blood lymphocytes and macrophages

Evaluation of the antiproliferative activity of coordination com-
pounds in human peripheral blood lymphocytes and macrophages were
performed following the procedures previously reported [22,40].

4.6. Computational chemistry

The structures of the copper complexes were extracted from X-ray
crystal data and optimized by using the meta hybrid functional mO06-
2x with the 6-311+ + G(d,p) basis set. The DFT level of theory has
previously been proven to reproduce experimental structures
[35,36,48] adequately. From the QM-optimized structure, parameters
to perform the molecular dynamics (MD) simulations were extracted
from the general Amber force field (GAFF). The bond lengths, angles,
and dihedral angles were calculated by using the parmcal program
available in the AmberTools suit of programs as previously described
[48]. To assess the interactions of the two copper compounds with a
bilayer membrane, MD simulations were run with the compounds at
two different starting positions (see Fig. S3 in the Supporting In-
formation). Each compound was manually positioned at either the
surface of the membrane or inserted into the geometric center of mass
(COM) of the entire membrane system. A dioleoylphosphatidylcholine
(DOPC) membrane model was constructed by using the AMBER Lipid
14 force field. The system was explicitly solvated by using the TIP3P
water model in a periodic orthogonal box and neutralized with Na™
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ions. The Joung—Cheatham ion model [49] was used, and an excess of
NaCl ions was added until a final concentration of 200 mM was
reached. Minimization was performed for 2000 steps using positional
restraints (harmonic constant value of 10 kcal A—Z) to ensure no atom-
overlapping was present in the initial model. This was followed by 5
equilibration steps, each 1 ns long and decreasing in each step the value
of the harmonic constant (from 5 to 0.5 kcal 10\’2) on the solute. A final
equilibration step with no restraints was performed for 0.1 ns. Pro-
duction simulations at 300 K were performed for 2.5 pus by using the
GPU version of the pmemd simulation engine available in AMBER14
[50-52]. Analysis was performed by using version 15 of the cpptraj
analysis tool [53]. Energy analysis was performed by using the MM-
PBSA utility [54]. In addition to unbiased MD simulations and to un-
derstand the energetic analysis of the diffusion of the complexes
through the membrane, biased sampling was used by means of um-
brella sampling to construct a pathway of insertion through the mem-
brane. This method consists of a series of intermediate steps along a
predefined reaction coordinate that effectively samples an energy
pathway with the aid of a biasing potential. Starting with the compound
inserted at the center of mass of the bilayer membrane, a biasing force
was imposed between the center of mass of the membrane and the
center of mass of the compound. The sampling was carried out by in-
creasing the distance from the COM of the membrane from 1 to 20 Ain
increments of 1 A. The resulting potential of mean force profile was
constructed by using the weighted histogram analysis method (WHAM)
[55,56].
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