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A B S T R A C T

Novel metal complexes have received much attention recently because of their potential anticancer activity.
Notably, ruthenium-based complexes have emerged as good alternatives to the currently used platinum-based
drugs for cancer therapy, with less toxicity and fewer side effects. The beneficial properties of Ru, which make
it a highly promising therapeutic agent, include its variable oxidative states, low toxicity, and high selectivity for
cancer cells. The present study evaluated the cytotoxic effects of a ruthenium complex, namely cis-[Ru(1,10-
phenanthroline)2(imidazole)2]2þ (RuC), on human hepatocellular carcinoma (HepG2) and human cervical
adenocarcinoma (HeLa) cells and analyzed metabolic parameters. RuC reduced HepG2 and HeLa cell viability at
all tested concentrations (10, 50, and 100 nmol/L) at 48 h of incubation, based on the MTT, Crystal violet, and
neutral red assays. The proliferation capacity of HepG2 cells did not recover, whereas HeLa cell proliferation
partially recovered after RuC treatment. RuC also inhibited all states of cell respiration and increased the levels of
the metabolites pyruvate and lactate in both cell lines. The cytotoxicity of RuC was higher than cisplatin (positive
control) in both lineages. These results indicate that RuC affects metabolic functions that are related to the energy
provision and viability of HepG2 and HeLa cells and is a promising candidate for further investigations that utilize
models of human cervical adenocarcinoma and mainly hepatocellular carcinoma.
1. Introduction

Cancer is among the principal causes of morbidity and mortality
worldwide. The World Health Organization projects an increase in the
number of new cancer cases over the next two decades, reaching 29.5
million people [1]. Chemotherapy is the most frequent treatment for
cancer patients. Metals, particularly transition metals that have a wide
structural diversity offer potential advantages over the more common
organic-based drugs [2]. Cisplatin is a well-known metal drug that has
been used in oncology since the 1970s [3]. Cisplatin has been a frequent
choice for the treatment of a wide range of cancers, including ovarian,
testicular, head and neck, bladder, and lung cancer [4]. However, the
efficacy of cisplatin is limited by acquired or intrinsic resistance and
severe side effects, such as ototoxicity, peripheral neuropathy, myelo-
suppression, and nephrotoxicity [5]. Consequently, novel metal
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anti-cancer compounds have been synthesized with the goal of discov-
ering more efficient drugs with fewer side effects. Ruthenium (Ru)
organometallic complexes have been synthesized as an alternative to
cisplatin treatment. These complexes are considered pro-drugs because
they are only effective against tumor cells after the reduction of Ru(III) to
Ru(II) by biological reducing agents [6, 7, 8, 9]. Electrochemical exper-
iments have shown that this reduction is favored in solid tumors
compared with healthy tissue because of the low oxygen concentration
(i.e., hypoxia) and acidic pH in the tumor microenvironment [10, 11,
12].

The compound cis-[Ru(phen)2(ImH)2]2þ, referred to as RuphenImH
or RuC (Figure 1), has important cytotoxic effects compared with
cisplatin against colorectal adenocarcinoma HT116 cells (p53�/�) and
HT116 cells (p53þ/þ). RuC promoted cell cycle arrest in the G1 phase,
which was more pronounced in HT116 cells (p53þ/þ) [13]. In HT116
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Figure 1. Chemical structure of RuC (cis-[Ru(1,10-phen)2(ImH)2]2þ), based on
International Union of Pure and Applied Chemistry nomenclature, in which phen
refers to 1,10-phenanthroline and ImH refers to imidazole.
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cells (p53þ/þ), RuC was unable to induce the cleavage of caspase 3 and
poly (ADP-ribose) polymerases (PARPs), suggesting that apoptosis was
not involved in the inhibition of cell proliferation. We recently showed
that RuC was effective against Walker-256 tumors in rats through the
modulation of oxidative stress and impairment of oxidative phosphory-
lation, resulting in necrosis rather than apoptosis in these tumor cells
[14]. Additionally, no clinical signs of toxicity or death were observed in
rats that were treated for two weeks with RuC [14].

Cancer cells exhibit alterations of metabolism to maintain their rapid
growth and proliferation. They depend on the synthesis of adenosine
triphosphate (ATP) by glycolysis rather than oxidative phosphorylation,
a phenomenon that is known as the Warburg effect [15]. This effect was
first attributed to mitochondrial dysfunction, but this mechanism has
been reconsidered [16]. In fact, in cancer cell mitochondria, anaplerotic
and cataplerotic reactions work together to provide sufficient biosyn-
thetic precursors, supporting cell proliferation. Thus, in contrast to
Warburg's earliest observations, the maintenance of functional mito-
chondria appears to be essential for the survival and proliferation of
cancer cells [17, 18]. The present study investigated this metabolic
approach. We first evaluated the toxicity of RuC in different cell lines,
including human hepatocarcinoma (HepG2) cells, cervical adenocarci-
noma (HeLa) cells, glioblastoma (U87MG) cells, triple negative breast
adenocarcinoma (MDA-MB-231) cells, hormone positive breast adeno-
carcinoma cell line (MCF-7), murine melanoma (B16F10) cells and
non-tumor human embryonic kidney (HEK293) cells. We then investi-
gated the cytotoxicity of RuC in HepG2 and HeLa cells that is associated
with metabolic changes in both cell lines. The inhibition of respiration
and activation of anaerobic glycolysis that were induced by RuCmake it a
promising alternative for the treatment of HCC and cervical adenocar-
cinoma, with the advantage of minimizing the adverse effects that are
caused by other transition metals.

2. Materials and methods

2.1. Chemicals

High-glucose Dulbecco's modified Eagle's medium (DMEM HG) and
Minimum Essential Medium (MEM) were obtained from Cultilab (Cam-
pinas, SP, Brazil). Fetal bovine serum (FBS) was purchased from Cripion
Biotechnology (Andradina, SP, Brazil). Dimethylsulfoxide (DMSO) was
obtained from Merck (S~ao Paulo, SP, Brazil). Bovine serum albumin
(BSA), 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES),
and Trypan blue were purchased from Sigma. cis-Diamineplatinum(II)
dichloride (cisplatin) was obtained from Sigma-Aldrich with a �99.9%
trace metal basis. Ruthenium complex (cis-[Ru(phen)2(ImH)2]2þ; also
called RuphenImH or RuC; Figure 1) was synthesized by the Department
of Chemistry, Federal University of S~ao Carlos, S~ao Paulo, Brazil, and its
structure was confirmed by 1H NMR, 13C NMR, and mass spectrometry
according to Cardoso et al. [13]. In the present study, the compound was
dissolved in DMSO and then further diluted with the assay medium.
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Controls with DMSO (0.1%, v/v) were included for each assay. All of the
other reagents were commercial products of the highest available grade
of purity.

2.2. Cell culture

HepG2, U87MG, and MDA-MB-231 cells were maintained in DMEM
HG. HeLa cells were maintained in MEM. HEK293 and B16F10 cells were
maintained in RPMI medium. All of the cell lines were obtained from the
American Type Culture Collection. The culture media were supple-
mented with 10% FBS, 100 UI/mL penicillin G, 100 μg/mL streptomycin,
and 20 mmol/L HEPES, adjusted to pH 7.4 with 1 mol/L sodium bicar-
bonate. HepG2 cells were grown in poly-L-lysine-coated flasks at 37 �C in
5% CO2 with controlled humidity. Subculturing was performed at
approximately 48 h intervals, and cell growth was monitored with an
Olympus inverted microscope.

2.3. Toxicity screening of RuC

To establish the range of RuC concentrations, the sensitivity of the cell
lines, and treatment times, toxicity assays were performed at RuC con-
centrations of 10 nmol/L to 1000 nmol/L in several tumor cell lines
(HeLa, HepG2, B16F10, U87MG, and MDA-MB-231) and in the HEK293
immortalized kidney cell line. The cells were treated with RuC for 24, 48,
and 72 h, and cell viability was evaluated by the MTT method as
described below. For comparison, the cells were also treated with
cisplatin (1–20 μmol/L) or DMSO (0.1%, v/v) in each assay as positive
and negative controls, respectively.

2.4. Cytotoxicity assays

The treatment conditions were defined based on the results of the
screening assays. HepG2 and HeLa cells were treated with cisplatin (5
and 10 μmol/L) and RuC (10, 50, and 100 nmol/L) for 48 h.

2.4.1. MTT assay
The cells (1 � 104 cells/well) were seeded in 96-well culture plates

and after 24 h (confluent state of ~70%) were treated with cisplatin and
RuC. After treatment, 200 μL of MTT solution (0.5 mg/mL) was added to
each well and incubated for 3 h at 37 �C. The culture medium was dis-
carded and 200 μL of DMSO solution was added to each well [19, 20].
The absorbance of formazan was read at 570 nm in a microplate reader
(TECAN Infinite Reader, M€annedorf, Switzerland). The results are
expressed as a percentage of viable cells compared with controls (taken
as 100%).

2.4.2. Crystal violet assay
The Crystal violet assay was performed according to Gillies, Didier

and Denton [21]. Cells were seeded in culture plates. After 24 h, they
were treated with cisplatin or RuC. The cell monolayer was then washed
with PBS and fixed with 100 μL of cold absolutemethanol for 10min. The
cells were stained with Crystal violet dye solution (0.2% Crystal violet,
2% ethanol) for 3 min and successively washed with PBS to remove
excess dye. The remaining dye was solubilized with Crystal violet
destaining solution (50% ethanol, 0.05 M sodium citrate), and absor-
bance was read at 540 nm in a microplate reader (TECAN Infinite Reader,
M€annedorf, Switzerland).

2.4.3. Neutral red assay
Cells (1� 104 cells per well) were plated on 96-well plates. After 24 h,

they were treated with cisplatin or RuC. After 48 h of incubation, the
medium was removed, and the cells were washed twice with 150 μL of
PBS solution per well heated at 37 �C. The neutral red assay was per-
formed according to Borenfreund and Puerner [22]. The cells were
flooded with 100 μL of neutral red solution (50 μg/mL neutral red in the
culture medium) and incubated for 4 h at 37 �C in a 5% CO2 atmosphere.
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The neutral red solution was then discarded, and the cells were washed
twice with 150 μL of PBS and 150 μL of fixative solution (1% formal-
dehyde, 1% calcium chloride) for 2 min. The plates were then rapidly
drained, followed by the addition of 200 mL of extraction buffer (1%
acetic acid and 50% ethanol) and left in the dark for 20 min at room
temperature. The absorbance of the extracted dye was read at 570 nm in
a microplate reader (TECAN Infinite Reader, M€annedorf, Switzerland).

2.5. Cell proliferation

HepG2 and HeLa cells were plated on 96-well plates at a density of 1
� 104 cells per well at a final volume of 200 μL. Cell proliferation at 24,
48, and 72 h was determined by the Crystal violet method described
above.

2.6. Cell respiration

HepG2 and HeLa cells were grown on a 60 mm plate and treated with
RuC (10, 50, and 100 nmol/L) or cisplatin (5 and 10 μmol/L) for 48 h.
After treatment, the cells were removed with trypsin and resuspended in
DMEM HG or MEM for HepG2 and HeLa cells, respectively, and cell
viability was assessed by the Trypan blue dye exclusion assay [23] in a
Neubauer chamber. Cell respiration was then measured by
high-resolution respirometry using an Oxygraph-2k device (Oroboros
Instruments, Innsbruck, Austria) in two chambers at 37 �C with gentle
agitation. Cell respiration (106 viable cells/chamber) was monitored in
DMEM HG or MEM for HepG2 or HeLa cells, respectively. Oxygen flux
was determined in the different states of respiration as previously
described [24, 25, 26, 27]. These states were defined as basal (oxygen
consumption in the absence of inhibitors or uncouplers), leak (respiration
in the presence of 2 μg/mL oligomycin, which results in the reentry of
protons into the mitochondrial matrix and represents respiration that is
not coupled to ATP synthesis), and uncoupled (oxygen consumption in the
presence of 0.5 μmol/L carbonyl cyanide-4-[trifluoromethoxy]
phenylhydrazone [FCCP], corresponding to the maximal respiratory ca-
pacity to restore the dissipated proton gradient that is caused by the
presence of the uncoupling agent). The oxygen flow in these states was
corrected by subtracting non-mitochondrial respiration, which was ob-
tained after the addition of rotenone (0.5 μmol/L) and antimycin (3
μg/mL). The results were analyzed using DataLab4 software and are
expressed as the mean� standard error of the mean (SEM) of cell oxygen
flow (pmol⋅[seg � 106 cells]�1).

2.7. Determination of lactate and pyruvate released by cultured cells

HepG2 and HeLa cells were cultured in DMEM HG and MEM,
respectively, and treated for 48 h with cisplatin (5 and 10 μmol/L) and
RuC (10, 50, and 100 nmol/L). The supernatant was then collected and
centrifuged at 1500 rotations per minute for 5 min. Finally, the con-
centrations of lactate and pyruvate in the supernatant were measured as
previously described [28, 29].

2.8. Proliferation recovery curve of HepG2 and HeLa cells

Cell proliferation recovery curves were constructed for both cell lines,
which were seeded in six-well plates at a density of 1.5 � 104 in a final
volume of 1 mL. After 24 h of plating, the number of cells was determined
(day 1) by Trypan blue method, and another set of plates was treated
with cisplatin (100 nmol/L, 5 μmol/L, and 10 μmol/L) or RuC (10, 50,
and 100 nmol/L) for 48 h (day 3). After this time, the treatment was
removed, the wells were washed with 500 μL of PBS, and the culture
medium was replaced every 2 days. The HepG2 were maintained in
DMEM HG and HeLa cells in MEM, both at 37 �C in 5% CO2 with
controlled humidity. Cell viability was determined by Trypan blue
3

method every 2 days for 9 days (day 5 to day 9), and the results are
expressed as the number of viable cells (� 104/mL).

2.9. Protein determination

The cell protein concentrations were determined using the Bradford
method, with BSA as the standard [30], and used when necessary to
normalize the amount of protein in assays of cultured cells.

2.10. Statistical analysis

The statistical analysis was performed using the Shapiro-Wilk
normality test, one-way analysis of variance (ANOVA) followed by the
Tukey post hoc test, or two-way ANOVA followed by the Bonferroni test
when comparing cellular proliferation curves. The results are expressed
as mean � SEM. Values of p < 0.05 were considered statistically signif-
icant. The inhibitory concentrations 50% (IC50) were calculated by
nonlinear regression using log(inhibitor) versus normalized response
curves in the GraphPad Prism 6.0 software (San Diego, CA, USA).

3. Results

3.1. RuC toxicity screening in different cell lines

The RuC complex, at a range of concentrations from 10 nmol/L to
1000 nmol/L, reduced the viability of all cell lines beginning at 24 h of
treatment to the maximum treatment time of 72 h (Supplementary
Tables S1 and S2, respectively). As shown in Table 1, after 48 h of
treatment, RuC was more cytotoxic in HepG2, MCF-7 and HeLa cells,
with inhibitory concentrations (IC50) of 47.56, 62.82 and 230.3 nmol/L,
respectively. Interestingly, the non-tumor cell line HEK293 was less
affected than the tumor cell lines, particularly at 48 h of treatment, with
an IC50 of 1370 nmol/L. Considering these results and the consistency of
the data along the time-course of the experiment in the cell lines that
were tested, HepG2 and HeLa cells were chosen for the subsequent ex-
periments. RuC concentrations of 10, 50, and 100 nmol/L and a treat-
ment time of 48 h were used, and cisplatin (5 and 10 μmol/L) was
included as a positive control.

The cell lines were treated with RuC at concentrations of 10 nmol/L to
1 μmol/L for 48 h. The experimental conditions are described in the
Materials and Methods. Briefly, the cells (104 cells/well) were seeded in
96-well plates with RuC and incubated for 48 h. Cell viability was eval-
uated by the MTT assay. The results are represented as the viability of the
control (100% in the absence of RuC) and are expressed as the mean �
SEM of four independent experiments each in triplicate; n ¼ 12. The IC50
was calculated using GraphPad Prism 6.0 software.

3.2. RuC is toxic in HepG2 and HeLa cells

The RuC complex (10, 50, and 100 nmol/L) and cisplatin (5 and 10
μmol/L) were toxic in both cell lines after 48 h of treatment. Viability was
evaluated by the MTT assay. Viability decreased by 38% and 42% in
HepG2 cells and by 63% and 28% in HeLa cells at the highest concen-
trations of RuC (100 nmol/L) and cisplatin (10 μmol/L), respectively
(Figure 2A, B). The MTT assay is based on the activity of cellular de-
hydrogenases, and we also performed viability assays using crystal violet
and neutral red to confirm the results. Crystal violet stains the nucleus of
fixed cells, which are considered viable. Neutral red stains acidic vesicles
in cells during the process of cell death. The determination of cell
viability by crystal violet staining revealed 60% and 28% reductions of
HepG2 cell viability and 33% and 51% reductions of HeLa cell viability at
the highest concentrations of RuC (100 nmol/L) and cisplatin (10 μmol/
L), respectively (Figure 2C, D). The same effect was observed in the
neutral red assay, in which RuC and cisplatin at the same concentrations



Table 1. Toxicity of RuC complex in different cell lines, indicated by cell viability (%) and the IC50 (nmol/L) after 48 h of exposure.

Cell line Cell viability (% of control) IC50 (nmol/L)

RuC concentration

10 nmol/L 50 nmol/L 100 nmol/L 200 nmol/L 400 nmol/L 600 nmol/L 800 nmol/L 1000 nmol/L

HEK 293 82.3 � 9.2 87.4 � 6.8 72.3 � 9.1 74.1 � 1.3 82.3 � 3.5 67.1 � 6.8 64.3 � 6.6 68.6 � 4.3 1370

HepG2 95.0 � 3.1 61.8 � 3.6 60.8 � 2.1 41.3 � 5.0 43.8 � 5.1 33.1 � 3.9 34.0 � 2.6 39.5 � 6.7 47.56

HeLa 69.3 � 2.3 53.0 � 4.4 37.0 � 0.7 20.3 � 1.6 6.4 � 0.2 6.4 � 0.8 6.2 � 0.2 6.3 � 1.1 230.30

B16F10 104.9 � 9.9 97.1 � 0.1 95.0 � 14.6 91.9 � 3.7 81.0 � 3.1 83.1 � 1.1 83.9 � 1.8 80.3 � 10.4 3297

U87MG 74.1 � 4.6 75.9 � 3.5 71.3 � 3.5 82.4 � 8.9 80.0 � 5.5 67.6 � 0.8 71.8 � 1.3 69.2 � 1.5 1531

MDA-MB-231 59.6 � 5.5 60.3 � 5.7 44.1 � 5.8 37.0 � 7.3 53.2 � 3.4 38.4 � 5.1 49.2 � 2.8 41.8 � 2.8 230.40

MCF-7 42.8 � 6.9 38.3 � 2.2 35.5 � 9.3 34.6 � 1.0 32.6 � 5.1 36.7 � 4.4 35.9 � 4.3 36.9 � 3.0 62.82
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reduced HepG2 cell viability by 48% and 74% and reduced HeLa cell
viability by 38% and 58%, respectively (Figure 2E, F).
3.3. RuC affects HepG2 and HeLa cell proliferation

The crystal violet data were used to plot a cell proliferation curve of
the activity of cellular dehydrogenases at 24, 48, and 72 h. A gradual
reduction of cell proliferation was observed after 48 and 72 h of treat-
ment, with the exception of the control condition. Cell proliferation
Figure 2. Cytotoxicity of cisplatin and RuC in HepG2 and HeLa cells, revealed by the
conditions are described in the Materials and Methods. Briefly, the cells (104 cells/we
and 100 nmol/L) for 48 h. The values are expressed as the mean � SEM of six ind
percentage of control (0.1% DMSO). *p < 0.05, **p < 0.01, ***p < 0.001, significa
different from 10 μmol/L cisplatin.
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exhibited a time-dependent decline at both concentrations of cisplatin
(10 μmol/L) and at the highest concentrations of RuC (50 and 100 nmol/
L) in both HepG2 (Figure 3A) and HeLa (Figure 3B) cells.
3.4. RuC affects the respiration of HepG2 and HeLa cells

Considering the significant reductions of cell viability and prolifera-
tion, we evaluated the effects of RuC and cisplatin on the respiration of
HepG2 and HeLa cells. These assays were performed using non-
MTT (A, B), crystal violet (C, D), and neutral red (E, F) assays. The experimental
ll) were seeded in 96-well plates with cisplatin (5 and 10 μmol/L) or RuC (10, 50,
ependent experiments each in triplicate; n ¼ 18. The results are expressed as a
ntly different from control; #p < 0.05, ##p < 0.01, ###p < 0.001, significantly



Figure 3. Effect of RuC and cisplatin on the proliferation of HepG2 (A) and HeLa (B cells. The experimental conditions are described in the Materials and Methods.
The cells were cultured for 48 h before the addition of cisplatin (100 nmol/L, 5 μmol/L, and 10 μmol/L) or RuC (10, 50, and 100 nmol/L).). The values are expressed as
the mean � SEM of six independent experiments each in quadruplicate; n ¼ 24. The crystal violet results are expressed as a percentage of control (0.1% DMSO) at 24 h.
*p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control at the same time of treatment.
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permeabilized cells in an attempt to approximate the experimental con-
ditions to physiological conditions. Figure 4 shows cell respiration after
48 h of drug treatment. In HepG2 cells, the highest concentrations of RuC
inhibited the basal state by 77% (Figure 4A), the leak state by 62%
(Figure 4C), and the uncoupled state by 86% (Figure 4E). Interestingly,
both concentrations of cisplatin (5 and 10 μmol/L) did not alter the
respiration of these cells.

In HeLa cells, the basal and uncoupled states were inhibited by both
drugs (Figure 4B, F). The basal state was inhibited by 5 and 10 μmol/L
cisplatin (62% and 72%). RuC inhibited the basal state by 84%, 85%, and
91% at concentrations of 10, 50, and 100 nmol/L, respectively
(Figure 4B). Only the highest concentration of RuC (100 nmol/L)
inhibited the leak state by 61% (Figure 4D). The uncoupled state was
inhibited by 91% by all concentrations of cisplatin and RuC (Figure 4F).

3.5. RuC increases the levels of pyruvate and lactate

Considering that the significant inhibition of respiration may result in
activation of the glycolytic pathway, the levels of pyruvate and lactate
that were released by HepG2 and HeLa cells were also measured. The
effects of RuC (100 nmol/L) were more pronounced than cisplatin,
increasing the levels of both pyruvate (116% and 72%; Figure 5A, B) and
lactate (60% and 42%; Figure 5C, D) in HepG2 and HeLa cells, respec-
tively. Cisplatin did not alter the levels of pyruvate or lactate in HeLa cells
(Figure 5B, D). In HepG2 cells, cisplatin (10 nmol/L) increased pyruvate
levels (55%; Figure 5A), but it did not affect lactate levels (Figure 5C).

3.6. Recovery curve of HepG2 and HeLa cells

HepG2 cells did not recover their proliferation capacity after treat-
ment with RuC or the highest concentration of cisplatin for 9 days in
standard culture media (Figure 6A, C). Similarly, the proliferation of
HeLa cells was impaired after cisplatin treatment. After treatment with
RuC, these cells partially recovered their proliferation capacity, but the
number of cells was less than in the absence of the compound (control;
Figure 6B, D). Additionally, 100 nmol/L cisplatin, corresponding to the
highest concentration of RuC, was less efficient to inhibit the cell growth
of either cell lineage (Figure 6A, B, C, D).

4. Discussion

Innovative anticancer drugs with new molecular mechanisms of ac-
tion are essential for the chemotherapeutic treatment of specific types of
cancer to overcome the toxic effects and chemoresistance of the currently
5

available compounds. The organometallic compound RuC (Figure 1) is a
potential novel therapy for the treatment of HCC and cervical adeno-
carcinoma. The toxicity screening of RuC showed that HepG2 and HeLa
cells were sensitive cell lines over 48 and 72 h of exposure (Table 1,
Supplementary Table S2). In all of the experiments, the metallic
chemotherapeutic drug cisplatin was used as a positive control because it
has been used for the treatment of HCC [31, 32] and cervical tumors [33,
34]. After 48 h of drug exposure, RuC was cytotoxic in HepG2 and HeLa
cells at nanomolar concentrations, whereas cisplatin had similar cyto-
toxicity in the micromolar range (Figure 2), thus indicating the higher in
vitro potency of RuC against HepG2 and HeLa cells compared with
cisplatin. This pattern was observed in all of the assays (MTT, crystal
violet, and neutral red assays). Our results corroborate previous studies
that investigated other Ru compounds and reported antineoplastic effects
in vitro, such as Ru(II) complexes with a chloro-substituted phenyl-
azopyridine ligand [35], 2-nitroimidazole-Ru polypyridyl [36],
Ru(II)-thymine [37], and dimeric kaempferol-Ru [38] complexes.

With regard to metal drugs, cisplatin has been used in several pro-
tocols for the treatment of cancer. More recently, other drugs, such as
carboplatin, oxaliplatin, heptaplatin, lobaplatin, nedaplatin, and dicy-
clopatin, have been approved as antineoplastic drugs in different coun-
tries [39]. Although platinum anticancer drugs are used as a component
of nearly 50% of all cancer treatments and other metal compounds have
been developed [39], NKP-1339 is the only Ru compound that is
currently in clinical trial with patients with advanced solid tumors
(NCT01415297) [40]. We previously demonstrated that RuC has anti-
tumor effects in Walker-256 tumor-bearing rats, without inducing side
effects after 2 weeks of systemic treatment [14]. In the present study, we
observed its in vitro effect against HepG2 and HeLa cells, suggesting that
RuC may be a potential candidate for clinical studies of hepatocarcinoma
and cervical adenocarcinoma.

The effects of RuC on both cell lines may be associated with the
reduction of cell proliferation that was observed at the highest concen-
tration of the compound (Figure 3). The higher cytotoxicity of RuC
compared with cisplatin may result from metal that is released from the
complex, which is favored by the acidic environment of tumor cells.
Thus, we evaluated the influence of RuC on the rates of lactate and py-
ruvate release, which can reduce cellular pH. The results showed that
RuC increased the levels of pyruvate and lactate in both cell lines,
whereas cisplatin increased only pyruvate levels at the highest concen-
tration (10 μmol/L) in HepG2 cells. The higher levels of lactate and py-
ruvate in HepG2 cells that were treated with RuC lowered cellular pH and
may suggest the activation of glycolysis, possibly as a compensatory
response to the strong inhibition of oxidative phosphorylation by the



Figure 4. Effect of cisplatin and RuC on the respiration of HepG2 cells (A, C, E) and HeLa cells (B, D, F). The experimental conditions are described in the Materials
and Methods. Briefly, cells (106 cells/well) were seeded in 60 mm plates for 48 h, treated, and transferred to Oroboros 2-K oxygraph chambers where oxygen
consumption was determined in the absence of inhibitors or uncouplers (basal state), in the presence of oligomycin (leak state), and in the presence of FCCP
(uncoupled state). The results are expressed as respiration (pmolO2/1 � 106 cells) relative to the control. The values are expressed as the mean � SEM of four in-
dependent experiments each in quadruplicate; n ¼ 16. *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control (0.1% DMSO [vehicle]); #p < 0.05, ##p
< 0.01, ###p < 0.001, significantly different from 10 μmol/L cisplatin.
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compound. These results are consistent with the respiration assays, in
which the effects of RuC were more pronounced than cisplatin on both
cell lines. However, RuC at intermediate concentrations (10 and 50
nmol/L) significantly inhibited the leak state only in HepG2 cells. Oxygen
consumption during the leak state depends on the integrity of the inner
mitochondrial membrane, suggesting that RuC affects the membrane
permeability of distinct pathways in HepG2 and HeLa cells. These results
suggest that the impairment of oxidative phosphorylation that was
induced by RuC may be one mechanism of its pronounced cytotoxicity.
These results are consistent with our previous data in Walker-256 ascitic
tumor cells, in which RuC inhibited the respiration [14].

The activation of mitochondrial signaling pathways and modulation
of mitochondrial physiology may circumvent the drug-resistant pheno-
type of cancer cells [41, 42, 43]. Several experimental drugs have also
been reported to act primarily on mitochondria to induce cancer cell
death [42, 44]. The modulation of key enzymes that are involved in the
energetic metabolism of cancer cells, such as lactate dehydrogenase
(LDH), hexokinase II (HK-II), and 6-phosphofructo-1-kinase (PFK-1)
[45], may compromise cellular bioenergetics, leading to the loss of
membrane integrity, the loss of recovery capacity, and ultimately cell
6

death as apoptosis/necrosis [46]. Tumor necrosis was reported previ-
ously in Walker-256 cells in tumor-bearing rats that were treated with
RuC (10 mg/kg, i.p.) [14].

Interestingly, the severity of the effects of RuC on HepG2 cells pre-
vented the cells from recovering (Figure 6), which was not observed in
HeLa cells at the same concentration of RuC (100 nmol/L). HepG2 cells
were more affected by RuC than HeLa cells. This may be related to
resistance mechanisms of HeLa cells that involve the higher expression of
certain proteins, such as Herpud1 (i.e., a mammalian ubiquitin domain
protein that is strongly induced by the unfolded protein response) [47].
The function of Herpud1 is not fully understood, but evidence suggests
that it appears to have a cytoprotective function, conferring resistance to
endoplasmic reticulum stress in HeLa cells [48] and resistance to auto-
phagy in cancer cells [49]. The inhibition of respiration is well known to
be associated with an increase in ROS levels and consequently conditions
of oxidative stress [50, 51]. We recently found that RuC modulates
oxidative stress in Walker-256 cells [14]. In this study, RuC inhibited the
respiration of both HepG2 and HeLa cell lines, but only HeLa cells
partially recovered their proliferation capacity. These results indicate
that different cancer cells have distinct sensitivities to chemotherapies,



Figure 5. Levels of pyruvate (A, B) and lactate (C, D) released by HepG2 and HeLa cells that were treated with cisplatin or RuC. The experimental conditions are
described in the Materials and Methods. The cells (106 cells/well) were seeded in 60 mm plates and treated with cisplatin (5 and 10 μmol/L) and RuC (10, 50, and 100
nmol/L) for 48 h. Pyruvate and lactate concentrations were measured in the culture medium. The results are expressed as the mean � SEM of four independent
experiments each in quadruplicate; n ¼ 16. *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from control (0.1% DMSO [vehicle]); #p < 0.05, ##p < 0.01,
###p < 0.001, significantly different from 10 μmol/L cisplatin.

Figure 6. Time course of recovery proliferation curves of HepG2 (A and HeLa (B) cells and number of viable cells at the 9th day (C, D. The experimental conditions are
described in the Materials and Methods. The cells (106 cells/well) were plated in six-well plates at a cell density of 1.5 � 104 and treated with cisplatin or RuC during
the first 48 h of the experiment protocol. After treatment, cell proliferation was monitored for 9 days. The Trypan blue results are expressed as the number of cells (no

of cells � 104/mL) of 2 independent experiments each in quadruplicate; n ¼ 8. The statistic comparisons at the 9th day were calculated by one-way ANOVA followed
by the Tukey test. **p < 0.01, ***p < 0.001, significantly different from control (0.1% DMSO [vehicle]); #p < 0.05, ##p < 0.01, ###p < 0.001, significantly different
from 100 nmol/L cisplatin.
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thus justifying further studies that investigate cellular responses and
resistance to anticancer treatments.

The current standard treatment of cervical adenocarcinoma consists
of radical surgery and platinum-based chemotherapy. The average 5-year
survival rate of cervical cancer has reached 66% in developed countries,
but less than half of patients from developing countries survive longer
than 5 years [52, 53]. The traditional therapies for HCC, such as resec-
tion, transplantation, and transarterial interventions, have limited effi-
cacy, and the available drugs may also affect non-tumor cells, resulting in
serious side effects [54, 55]. Sorafenib is the first-line chemotherapeutic
drug in patients with advanced HCC, but it has a high rate of resistance
that occurs through several mechanisms [56, 57], which significantly
limits its beneficial effects. The present results showed that RuC was
more effective than cisplatin in both HepG2 and HeLa cells, particularly
HepG2 cells. This antineoplastic effect appeared to be related to the
impairment of oxidative phosphorylation and activation of the glycolysis
pathway. The failure of hepatocarcinoma cells to recover demonstrates
the significant toxicity of RuC in these cells. Our findings may encourage
further in vitro and in vivo investigations of the potential of this compound
for the treatment for hepatocarcinoma.
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