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ARTICLE INFO ABSTRACT

Background: Platinum-based anticancer drugs are relatively successful chemotherapeutic agents, which can
cause significant elemental changes in key organs and are known for undesirable side effects, such as ne-
phrotoxicity (damage to the kidneys).

Objectives and methods: Inductively coupled plasma mass spectrometry (ICP-MS) and traditional statistical tools
such as two-sample Student’s t-test and Pearson’s correlation analysis are used to evaluate the effects of different
investigational Pt-based anticancer drugs on the elemental constitution of kidneys and liver of mice. Principal
component analysis is used to uncover relationships in element concentration and potential correlations between
those and clinical effects. Random forest importance is used to identify elements most associated with the drug’s
maximum tolerated doses (MTDs).

Results: Strong negative correlations between Pt and both Cu (—0.814) and Zn (—0.784) in kidneys were ob-
served for one of the Pt-acridine anticancer agents evaluated (Drug C). Strong positive correlations were ob-
served between Cu in both kidneys (0.834) and liver (0.756) with Zn in liver for the same compound. Cisplatin
administration correlates to higher concentrations of Ca, Cu, Rb and Zn in liver. Calcium and Mo in kidneys and
Pt and Zn in liver are the features most associated with MTDs.

Conclusions: The results indicate that the Pt-based agents investigated are major modulators of ion homeostasis
in excretory organs, which most likely contributes to their systemic toxicity and limits their efficacy. A better
understanding of subtle patterns and correlations among elements in key organs may provide deeper insights
into the mechanisms of action and ultimately contribute for better, safer drugs. To achieve this goal, researchers
involved in cancer drug development may leverage the high sensitivity and high sample throughput of ICP-MS,
and the capabilities of modern statistical tools to extract relevant information from a large dataset.
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1. Introduction

Cisplatin, oxaliplatin, and carboplatin are well-known platinum-
based chemotherapeutic drugs, whose mode of action has been linked
to their ability to crosslink purine bases on DNA. These Pt-based drugs
cause DNA damage by forming permanent adducts with nucleobases
and, subsequently, induce apoptosis in cancer cells [1]. Despite their
success at treating several types of solid tumors, there have also been
numerous undesirable side effects linked to these drugs, such as ne-
phrotoxicity (damage to the kidneys), neurotoxicity, and increased
susceptibility to infections [1].

It has been demonstrated that some types of cancer are linked to
variations in organ-specific concentrations of metal ions [2]. Zinc

levels, for example, are reduced in carcinomas of the liver, gallbladder,
digestive tract, and prostate [3]. Likewise, iron overload has been
linked to various cancers, such as colorectal, liver, and kidney malig-
nancies [4]. Pt-based anticancer therapeutics have been shown to affect
various elements in a number of ways. Intracellular calcium ([Ca%" 1y,
for example, has been shown to increase after Pt-based anticancer
therapy [5,6]. Cysteine-rich metallothioneins play an important role in
detoxification and storage of various metals (e.g. Cd, Cu, Pb, Ni and Zn),
and are overexpressed in response to treatment with Pt complexes,
which, in turn, could lead to changes in element levels in the cells [7].
Cisplatin, one of the classical Pt-based anticancer drugs, changes the
metabolism of Al, Ba, Cr, Ni, Pb and Sr, in addition to inhibiting Rb
uptake into the cytoplasm [8]. The reduction of Rb™ uptake, for

Abbreviations: ICP-MS, inductively coupled plasma mass spectrometry; PCA, principal component analysis; RFI, random forest importance; MTD, maximum tol-
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instance, is caused by inhibition of the Na*/K*-ATPase ion pump,
which is also a likely contributing factor to the nephrotoxicity of cis-
platin [9]. To elucidate the consequences of cancer-specific alterations
in cell metabolism and the effects of Pt-based cancer therapies on es-
sential and nonessential trace elements, more efficient analytical
methods are required to improve our understanding of disease pa-
thology and to potentially devise personalized treatment options.

Inductively coupled plasma mass spectrometry (ICP-MS) allows for
high sensitivity and high sample throughput in applications involving a
wide range of elements and in a broad variety of sample matrices. Its
ability to quantify metals at the parts per billion (ug/L) and parts per
trillion (ng/L) levels makes it a powerful tool for trace element analysis
of biological samples [10]. Recent applications also include methods to
support drug development, as ICP-MS can provide quantitative in-
formation on the drug itself and possible metabolites, as well as the
number, nature, and concentration of impurities, which, in turn, allows
for significant improvements in drug safety and product quality [11]. In
this context, ICP-MS has been used as a valuable tool for the determi-
nation of drug-related platinum in biological fluids and tissues at or
below the parts per billion level [12].

While large amounts of data can be obtained with ICP-MS, utilizing
its full potential to gain insight into complex processes and networks in
biological systems is an unexplored application. For example, the multi-
element capabilities of ICP-MS can be used to determine a specific
element’s relationship to other various elements in a sample to better
understand a biological process. However, multi-element methods
generate a large amount of data, for which processing and interpreting
can prove extremely challenging. Recently, various advanced statistical
techniques have been developed to tackle such challenges and allow for
the extraction of underlying information in a large dataset [13,14].
Some examples of such multivariate statistical tools include principal
component analysis (PCA) and random forest importance (RFI) de-
termination [13-16].

PCA is a useful visualization tool with applications in finance,
neuroscience, and multi-elemental fingerprinting [13,16-18]. Data is
broken down into what is known as principal components (PCs), and
each PC is responsible for a percentage of variability in the sample
population. In a two-axis PCA plot, which usually includes the first
couple of PCs, one can then visualize how (scores) and why (loadings)
samples are related. In RFI determinations, which are based on random
forest statistical models, feature (element) importance is determined
based on the gini index [19]. In this case, the significance of a feature is
related to a tree and a split in the ensemble of trees. A parameter, gVI;
(Eq. (1)), is obtained, which measures the importance of feature j from
summing over the nodes containing feature j in tree k [20]. The higher
the value for gVI; the better the feature in splitting the data, and the
more significant that feature is.
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In the current study, quantification of trace elements by ICP-MS in
organs removed from test animals was combined with traditional sta-
tistical tools, such as the two-sample Student’s t-test and Pearson cor-
relation analysis. The goal was to evaluate the effects of the anticancer
drug cisplatin and three nonclassical platinum-(benz)acridine (nota-
tions P#A# and P#B#) anticancer agents on the levels of selected trace
elements in the kidneys and liver of necropsied mice. The three hybrid
agents were selected from previously synthesized libraries: P17-Al
(Drug A), a lipophilic valproic ester prodrug [21]; P3-B1 (Drug B), a
DNA structure-selective and less cytotoxic derivative [22], and P8-Al
(Drug C), the most cytotoxic and efficacious agent identified to date
[21]. PCA was then used as an exploratory tool and visual aid to un-
cover relationships in element concentration and observe potential
correlations between those and clinical effects. RFI was used to identify
the elements most associated with the drug’s maximum tolerated doses
(MTD), which is a general measure of systemic toxicity.
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Table 1
ICP-MS operating conditions for CRM, and kidneys and liver sample analysis.

Instrumental parameter Operating condition

Plasma
Radio frequency applied power (W) 1550
Sampling depth (mm) 10.0
Carrier gas flow rate (L/min) 1.07
Peristaltic pump rate (rps) 0.10
Collision/reaction cell
Hy/He gas flow rate (mL/min) 4.0/3.5
Octopole bias (V) -18.0
Octopole RF (V) 19.0
Energy discrimination (V) 5.0

Other analytical parameters
Mass spectrometer mode Single quadrupole
Integration time (s) 0.1
Number of sample replicates 3

Analytes (mass-to-charge ratios, m/z)
Ca (40), Cd (111), Cu (63), Mn (55), Mo (95), Pt (195),
Rb (85), Se (78), Sr (88), Zn (66)

2. Materials and methods
2.1. Instrumentation

All element determinations were performed using a tandem quad-
rupole ICP-MS (ICP-MS/MS, Agilent 8800, Agilent, Tokyo, Japan).
Three separate collision/reaction cell gases were evaluated to improve
accuracy in ICP-MS/MS determinations: H,, O,, and He. The instru-
mental operating conditions were optimized for best percent recoveries
of all analytes in comparison to certified concentration values in a
certified reference material (CRM) of Bovine Liver. The optimized ICP-
MS operating conditions and analyte mass-to-charge ratios (m/z) used
in this study are listed in Table 1. A closed-vessel microwave-assisted
digestion system (ETHOS UP, Milestone, Sorisole, Italy) was used for
sample digestion.

2.2. Reagents and standard reference solutions

High-purity distilled-deionized water (Ultrapure Type 1) obtained
from a Millipore Direct-Q® 3UV-R (Merck Millipore, Burlington, MA,
USA), and trace-metal grade nitric acid and hydrochloric acid (Fisher,
Pittsburgh, PA, USA) were used to prepare all calibration standards and
samples. All solutions were prepared in 4% v/v acid (2% v/v HNOs, 2%
v/v HCI), with calibration standards obtained by dilution of single-
element stock solutions of Ca, Cd, Cu, Mn, Mo, Pt, Rb, Se, Sr and Zn
(1000 mg/L, High-Purity Standards, Charleston, SC, USA). The external
standard calibration method was used in all determinations.

2.3. Samples

A CRM of Bovine Liver (NIST 1577b) from the National Institute of
Standards and Technology (NIST, Gaithersburg, MD, USA) was used for
method development and accuracy evaluation. The elements chosen for
this study were Ca, Cd, Cu, Mn, Mo, Rb, Se, Sr and Zn, which was based
on both known importance in cellular processes and previous studies
associated with Pt-drug effects on element profile in tissues/cells
[3,5-9,23,24]. Platinum was also determined in all samples. In this
case, aliquots of digested liver samples were used in addition and re-
covery experiments to evaluate the method’s accuracy for determining
Pt.

Batches of platinum-(benz)acridines (Drugs A, B and C) of analytical
purity greater than 95% have been synthesized and fully characterized
previously [21,22]. Cisplatin (USP reference standard) was purchased
from Sigma Aldrich. The structures of all four compounds evaluated in
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Fig. 1. Structures of cisplatin and the three non-classical Pt-acri-
dine anticancer agents evaluated. Drug A (P17-Al) is a lipophilic
valproic ester prodrug. Drug B (P3-B1) is a DNA structure-selective
and less cytotoxic derivative. Drug C (P8-Al) is the most cytotoxic
and efficacious agent when compared to the other drugs in this
study.

NO5),

HsN_ NH,
HN_ - NH, ®\Pt
@Pt cr
clr’ H H
N /\/
H/‘L[\Il/\/ N (CI")
NH(NO3b
0.0
Drug A (P17A1) Drug B (P3Bl)
HaN_ NH; o
N Pi “ cl” NH H ‘
. . /lLN AN
Cisplatin [ N NH
(Je
Drug C (P8A1)
Table 2

ICP-MS method accuracy and collision/reaction cell gases used for Ca, Cd, Cu,
Mn, Mo, Pt, Rb, Se, Sr and Zn determinations.

Element Collision/reaction cell gas Recovery (%)"
Ca H, 20
cd He 98
Cu H, 99
Mn H, 97
Mo He 92
Pt He 90"
Rb H, 90
Se H, 95
Sr He 920
Zn He 97

@ Percent recovery from certified or reference value in Bovine liver (NIST
1577b).

b percent recovery from spiking experiment carried out with a digested liver
sample from the control group.

this study are presented in Fig. 1. Liver and kidney tissue samples from
two anti-tumorigenic activity studies in nude mice were provided by an
outside contractor (Washington Biotechnology, Inc., Baltimore, MD,
USA). Maximum tolerated doses (MTD, [mg drug/kg mouse weight])
were determined in Swiss Webster mice after intraperitoneal (Drugs A
and B) or intravenous (Drug C) injection using dose escalation studies.
Mice tolerated multiple doses (days 0, 4, 8, 12) without signs of major
clinical toxicity and without significant weight loss at 1.6 mg/kg (Drug
A), 3.2 mg/kg (Drug B), and 0.4 mg/kg (Drug C). A total of 5-7 animals
per treatment group were housed, dosed with test compounds, and
euthanized according to SOPs. The route of administration (ROA) for
Drug C (0.4 mg/kg) was by intravenous (IV) injection, while Drug A
(2mg/kg), Drug B (4mg/kg), and cisplatin (4 mg/kg) were injected
intraperitoneally (IP). Treatment at the indicated doses, which were
close to the respective MTDs determined for Drugs A, B and C, occurred
on days 0, 4, 8, and 12 (q4d x 4) for the treated and control groups.
Animals receiving cisplatin were dosed @ q4d x 15 up to day 56. At the
conclusion of the studies, all mice were euthanized and organs collected
and stored at —80 °C.
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2.4. Sample preparation

The same digestion procedure was used for all mice liver and kidney
samples, as well as the CRM. A 10 mL aliquot of a 20% v/v acid solution
(10% v/v HNOs, 10% v/v HCl) was added to approximately
100-500 mg of sample into a polytetrafluoroethylene (PTFE) digestion
vessel. The microwave-assisted digestion program used included a
15 min ramp to reach 200 °C, and a 15 min hold step at 200 °C. After the
digestion was complete, a 15 min cool down period was observed be-
fore opening the digestion vessels. Digested samples and blanks were
then diluted with distilled-deionized water to a final acid concentration
of 4% v/v prior to ICP-MS analysis.

3. Results and discussion
3.1. Accuracy and limits of detection of the ICP-MS method

The accuracy of the ICP-MS method was evaluated by analyzing a
CRM of Bovine Liver (NIST 1577b). Because this material presents no
certified values for Pt, an addition and recovery experiment using ali-
quots of digested liver samples from the control group was also per-
formed. The best results and the respective collision/reaction cell gases
used are detailed in Table 2. Adequate accuracies were found for all
analytes evaluated, with recoveries in the 90-99% range. The instru-
mental limits of detection (LODs) were calculated according to IUPAC
recommendations as three times the standard deviation of the blank
(Shiank, 1 = 15) divided by the calibration curve slope (m), i.e. LOD =
Spiank/M. The blank solution in this case is a 4% v/v acid solution (2%
v/v HNOs, 2% v/v HCI). The LOD values calculated for Ca, Cd, Cu, Mn,
Mo, Pt, Rb, Se, Sr and Zn were 8, 0.03, 6, 0.8, 0.2, 0.007, 0.09, 0.5, 0.3
and 2 pg/L, respectively. According to the sample preparation proce-
dure described earlier, these values correspond to 800, 3, 600, 80, 20,
0.7, 9, 50, 30 and 200 pg/kg, respectively, considering a 500 mg sample
aliquot.

3.2. Effect of platinum-based anticancer drugs on element distribution in
kidneys and liver

As expected, Pt was found in kidneys and liver of treated animals for
all anti-tumorigenic drugs evaluated (Table 3). Differences in Pt
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Table 3
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Element concentrations (mean =+ 1 standard deviation, ug/kg) in kidneys and liver of animals treated with Drug A, Drug B, Drug C, and cisplatin.

Analyte, organ Drug A (n = 2) Drug B (n = 5) Drug C (n =7) Cisplatin (n = 8)
Ca, kidneys 48500 + 200 35200 *= 6300 19600 = 5600 12100 = 1500
Ca, liver 31900 = 5300 32400 + 13100 40500 + 6800 39600 + 3700
Cd, kidneys 14.5 + 5.6 15.8 * 4.0 7.10 = 4.43 8.87 = 1.04
Cd, liver 6.34 = 1.63 6.28 + 0.72 < LOD 496 + 0.94
Cu, kidneys 3990 = 510 3380 + 140 1830 = 200 1900 = 110
Cu, liver 2680 *= 230 3040 = 160 2900 + 330 3400 *= 180
Mn, kidneys 1160 = 30 1020 = 190 788 = 199 682 + 87
Mn, liver 1000 = 50 914 = 54 890 = 61 750 = 96
Mo, kidneys 369 + 66 346 = 58 218 + 68 287 = 12
Mo, liver 858 + 32 706 = 89 715 = 66 779 = 54
Rb, kidneys 5420 + 580 3610 = 250 6760 = 930 5680 + 550
Rb, liver 6580 = 10 5430 = 330 7660 = 790 8290 = 540
Se, kidneys 1650 + 180 1450 = 100 1600 + 530 1410 * 230
Se, liver 1330 = 60 1330 = 110 386 + 47 398 = 24
Sr, kidneys < LOD < LOD < LOD < LOD
Sr, liver < LOD < LOD 32.2 =+ 10.2 319 + 838
Pt, kidneys 130 = 30 940 = 230 140 = 80 1380 * 510
Pt, liver 451 = 131 2220 + 320 290 + 60 1360 = 700
Zn, kidneys 14800 = 3000 11900 = 600 13200 = 1200 12500 = 300
Zn, liver 15300 = 500 17900 + 1300 21800 = 2000 23500 * 1900
*kk *kk *kk * *kk *kk * *% *
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Fig. 2. Differences in elemental concentrations between the control and cis-
platin-treated groups. Each “Control” group on the x-axis corresponds to its
respective element on the right. CaK, CuK, ZnK and MnL correspond to Ca, Cu
and Zn in kidneys, and Mn in liver, respectively. The relative concentrations on
the y-axis were calculated for each control/drug-treated pair by dividing each
individual value by the maximum concentration found within the pair.
Statistical significance, based on a two-sample Student’s t-test, is identified as *,
** or *** for p < 0.05, 0.01, or 0.001, respectively.

concentration may be related to the specific dosing and administration
regimes, which depended on drug toxicity. The most intense and vari-
ated effects (two-sample t-test at the 95% confidence level) for the other
trace elements were observed for Drug C. When compared with the
control group, Ca and Rb levels were 350% and 17% higher in the
kidneys of treated animals, while Cu, Mo and Zn dropped by 18%, 28%
and 7%, respectively. Concentrations of Cd, Cu, Rb and Zn in liver
tissue decreased by 58%, 17%, 15% and 9%, with Sr levels increasing
by 65%. Animals treated with cisplatin presented statistically sig-
nificant differences (two-sample t-test at the 95% confidence level) in
Ca, Cu, Mo and Zn in kidneys, and Mn and Sr in liver when compared
with the control group. Calcium levels in the kidneys increased 178%,
while Cu, Mo and Zn decreased 14%, 5% and 12%, respectively.
Manganese and Sr variations in the liver were -18% and +64%, re-
spectively, when compared with the control group. Figs. 2 and 3 show
boxplots with effects of cisplatin and Drug C on the concentrations of
some essential elements in the kidneys and liver.

Statistically significant differences in Ca, Cu, Mn, Rb and Se content
in kidneys, and Sr content in liver were also observed between the
control group and animals treated with Drug A. Concentration increases
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Fig. 3. Differences in elemental concentrations between the control and Drug
C-treated groups. Each “Control” group on the x-axis corresponds to its re-
spective element on the right. CaK, CuK, ZnK, CuL and ZnL correspond to Ca, Cu
and Zn in kidneys, and Cu and Zn in liver. The relative concentrations on the y-
axis were calculated for each control/drug-treated pair by dividing each in-
dividual value by the maximum concentration found within the pair. Statistical
significance, based on a two-sample Student’s t-test, is identified as *, **, or ***
for p < 0.05, 0.01, or 0.001, respectively.

of 40%, 23%, 39%, 23% and 31% were observed for Ca, Cu, Mn, Rb and
Se in kidneys, while Sr decreased 94% in liver. Finally, relatively fewer
perturbations were observed for Drug B, with an 18% drop in Rb, and a
15% increase in Se in the kidneys of treated animals.

The differences in elemental concentrations in kidneys and liver of
animals treated with Drug C and cisplatin, for example, may provide
some clues to their distinct toxicity and efficacy. Fig. 4 shows the ele-
ments with statistically significant differences in concentration (two-
sample t-test at the 95% confidence level) when comparing animals
treated with these two drugs. Treatment with Drug C resulted in higher
absolute Ca concentrations and a larger relative increase in Ca levels
versus control in kidney tissue compared with cisplatin. This is an im-
portant observation since renal transporter-mediated extrusion into the
urine is the major excretory mechanism of Pt-based drugs. Oxidative
stress conditions caused by metallodrugs lead to dysfunctional ion
homeostasis and elevated levels of cytoplasmic Ca%™ jons [25]. These
conditions lead to downstream events causing necrotic or apoptotic
death of renal proximal tubule cells, which is considered a major cause
of nephrotoxicity. The fact that platinum from Drug C, although present
in the kidneys at significantly lower residual levels than that from
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Fig. 4. Elements with statistically significant differences (two-sample Student’s
t-test at the 95% confidence level) between animals treated with cisplatin and
Drug C. CaK, MoK, RbK, PtK, CdL, CuL, MnL and PtL correspond to Ca, Mo, Rb
and Pt in kidneys, and Cd, Cu, Mn and Pt in liver. The relative concentrations on
the y-axis were calculated for each cisplatin/Drug C-treated pair by dividing
each individual value by the maximum concentration found within the pair.
Statistical significance is identified as *, **, or *** forp < 0.05, 0.01, or 0.001,
respectively.

cisplatin, causes substantial accumulation of Ca in this tissue suggests
that this particular ion imbalance may be a major contributor to the
higher systemic toxicity of this platinum-acridine hybrid agent when
compared with cisplatin.

Although hepatotoxicity is usually not considered a significant
cause of adverse effects associated with platinum drugs, we have also
evaluated the effects of our test compounds on element levels in liver
tissue. Copper, Rb and Zn levels in this organ showed the largest de-
crease in treated animals relative to control. Several mechanisms may
contribute to the loss of these ions, which may reflect enhanced ex-
trusion or reduced absorption. These include competitive displacement
of metal ions from storage proteins, such as metallothioneins, as a form
of intracellular ion mobilization, or reduced membrane permeation of
these ions due to direct interactions of Pt with ATP-dependent and in-
dependent membrane transporters [9].

One potential use of ICP-MS data (and more broadly trace element
levels) in anticancer drug development is the characterization of cor-
relations between element concentrations in different organs at specific
time points during treatment, and mechanistic features, efficacy, and
systemic toxicity in in vivo models. Several evident differences have
emerged with regard to the effects of the specific chemotypes. As de-
monstrated in Fig. 5, Drug C shows a broader range of statistically
significant element concentration correlations (represented by the
Pearson correlation coefficient). For example, there are strong negative
correlations between Pt and both Cu and Zn in the kidneys when this
drug is employed. A similar correlation coefficient is observed between
Pt and Zn in the kidneys for cisplatin, but no correlation is observed
between Pt and Cu in the same organ. Some additional interesting
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correlations are the ones between Cu in both kidneys and liver with Zn
in liver for Drug C.

3.3. PCA and RFI to identify elements associated with a specific
pharmacophore

The concentrations of elements in the sample solutions ranged from
ng/L to mg/L. They were all normalized according to sample mass and
expressed in pg/kg of the original solid sample. Concentration values
from all 10 analytes (Table 3) were used in combination with PCA to
provide a broader, multivariate visualization of the effects of all four
drugs on the homeostasis of elements in kidneys and liver. Because PCA
is sensitive to the scale of data, features (i.e. element concentrations)
were normalized to a mean of 0 and standard deviation of 1 [26]. From
all 20 original features (10 analytes in each organ), however, only 18
were used for PCA and RFIL If an observation (sample) presented a
feature with a value below the LOD, the LOD value for that feature was
imputed. This was repeated for all features with more than 50% of
observations above the respective LODs. Features with less than 50% of
observations above the LOD were not considered for multivariate
analyses. Therefore, SrK and SrL (Sr concentration values in kidneys
and liver, respectively) were discarded when performing multivariate
analyses, as most samples presented Sr levels below the LOD. The sta-
tistical language R and the randomForest and Caret packages were used
to develop code for all data analysis techniques, which is available upon
request [19,27].

PCA may be used to identify variations in specific elements and
potentially correlate them to clinical observations for the drug itself.
Such approach may contribute to a more global understanding of the
pharmacological processes involved with each drug, including me-
chanisms of action and potential side effects. For the compounds
evaluated in this study, for example, Drug A has been shown very toxic,
causing sudden death of the animals (hence the limited number of re-
plicate data, n = 2, as the experiment was terminated earlier). On the
other hand, cisplatin has shown relatively low toxicity, but also rela-
tively low efficacy, and Drug C was the most efficient at reducing tumor
size even with relatively low doses when compared to the other com-
pounds. Fig. 6 shows the results from PC1 and PC2, which together
explain 62% of the variation in the data and identify the elements re-
sponsible for each drug group separation. As it can be observed by the
vector directions in this figure, Drug A is related to higher concentra-
tions of Ca in kidneys and Mn in kidneys and liver; cisplatin adminis-
tration correlates to higher concentrations of Ca, Cu, Rb and Zn in liver;
while Rb and Zn are found in higher concentrations in kidneys of ani-
mals treated with Drug C. It is important to note that explaining these
correlations and their relationship with clinical effects is outside the
scope of the present study. However, it becomes clear that the combi-
nation of advanced statistical techniques such as PCA and multi-ele-
ment analysis may be used to evaluate the effects of Pt-based anticancer
drugs on elemental homeostasis, and potentially correlate a drug sys-
temic toxicity and/or efficacy with elemental levels in key organs such

Fig. 5. Statistically significant correlations, re-

Drug A RbK Drug C MoK PtK RbL ZnL K .
presented by the Pearson correlation coeffi-
CukK 0997 (*) CaK -0.908 (**) - - - cient, between element concentrations in kid-
Drug B SrL PtL CuK = -0.814 (*) | 0.924 () | 0.936 (***) | 0.834 (%) neys and liver samples of animals treated with
RbK 0.826 (*) _ ZnK - -0.784 (*) - - Drugs A-C, and cisplatin. “K” and “L” after the
P 0884 (%) 093 PtK - B L0.818 (*) | -0.892 (**) R element symbol represent kidney and liver
7 CdL _ , 0.842 (%) | 0.769 (%) samples, respectively. Statistical significance is
PiL -0.954 (*%) - identified as *, **, or *** for p < 0.05, 0.01,
il _ _ ~ e or 0.001, respectively.
Cisplatin ZnK PtK PtL
CaK -0.882 (**) | 0.685 (*) -
ZnK - -0.736 (*) -0.745 (*)
PtK - - 0.711 (*) | 0.846 (**)
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as kidneys and liver.

RFI, based on random forest statistical models, is another powerful
strategy for identifying subtle patterns in the data and potential cor-
relations between clinical observations and elemental homeostasis in
animal tissue [16,19]. In the present study, it has been used to rank the
elements according to their importance on splitting the data into dif-
ferent levels of MTDs for Drugs A-C and cisplatin. The features were
ordered according to gini importance and scaled against the highest
ranking feature. In this case, three classification levels of MTD were
employed in the RFI model: low (0.4 mg/kg, Drug C), intermediate (1.6
and 3.2mg/kg for Drugs A and B, respectively), and high (6 mg/kg,
cisplatin). Note that the lower the MTD, the higher the potential sys-
temic toxicity of the drug. Fig. 7 shows that Ca and Mo in kidneys and
Pt and Zn in liver are the features most correlated with MTDs, with Mn
in kidneys and Se in liver also relevant. These results corroborate those
from Fig. 6, especially for Ca, for which the respective vector in the PCA
plot points away from the cisplatin cluster (with the highest MTD).
Although the disruption of intracellular Ca homeostasis is involved in
cisplatin-induced nephrotoxicity, and it has been shown that renal Ca
accumulation occurs after cisplatin administration to rats [28,29], the
results presented in Table 3, Figs. 6 and 7 suggest that this effect may be
even more pronounced for the non-classical Pt-acridine hybrid agents
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Fig. 6. Principal component analysis (PCA) biplot showing the
four different drug groups and the elements responsible for group
separation. “K” and “L” after the element symbol represent kidney
and liver samples, respectively. The first two principal compo-
nents (PC1 and PC2) explain 62% f the variance in the data, with
good separation of the four drug groups. At no point during
sample processing were the groups identified, which is typical of

an unsupervised statistical method such as PCA.
O Druga

@® DrugB
W DrugC
A\ Cisplatin

evaluated (especially Drug A and Drug B) than for cisplatin.

4. Conclusions

The combination of multi-element analysis with traditional and
advanced data-driven statistical tools increases the quantity and quality
of information that may be used in drug development. PCA may be
employed to identify trends in elemental homeostasis and contribute to
minimizing toxicity during drug design and evaluation, while RFI can
be used to specifically identify the elements most affected by the use of
the anti-tumorigenic agent.

In the present study, it has been observed that elements such as Ca,
Cu, Mn, Mo, Rb and Zn may be the most affected by cisplatin and the
three nonclassical platinum-(benz)acridine anticancer agents eval-
uated. The results presented here indicate that these drugs are major
modulators of ion homeostasis in excretory organs, which most likely
contributes to their systemic toxicity and limits their efficacy. By
leveraging the high sensitivity and high sample throughput of ICP-MS,
combined with the capabilities of modern statistical methods to extract
relevant information from a large dataset, researchers involved in drug
development may be able to achieve a better understanding of subtle
patterns and correlations among elements in key organs, which will

Fig. 7. Random forest variable importance to
identify elements associated with maximum
tolerated doses (MTDs). Elements are ranked
according to their importance while splitting
the data between low (0.4 mg/kg, Drug C), in-
termediate (1.6 and 3.2 mg/kg for Drugs A and
B, respectively), and high (6 mg/kg, cisplatin)
MTDs. Relative importance on the x-axis is
based on node impurity as measured by the
Gini index. “K” and “L” after the element
symbol represent kidney and liver samples,
respectively.

i
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ultimately contribute for better, safer drugs.
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