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Platinum-based drug-induced
depletion of amino acids in the
kidneys and liver
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Zbynek Heger1,2, Ondrej Zitka1,2, Pavel Kopel3, Vojtech Adam1,2

and Vedran Milosavljevic1,2*

1Department of Chemistry and Biochemistry, Mendel University in Brno, Brno, Czechia,
2Central European Institute of Technology, Brno University of Technology, Brno, Czechia,
3Department of Inorganic Chemistry, Faculty of Science, Palacky University, Olomouc, Czechia
Cisplatin (cis-diamminedichloroplatinum II; CDDP) is a widely used cytostatic

agent; however, it tends to promote kidney and liver disease, which are a major

signs of drug-induced toxicity. Platinum compounds are often presented as

alternative therapeutics and subsequently easily dispersed in the environment

as contaminants. Due to the major roles of the liver and kidneys in removing

toxic materials from the human body, we performed a comparative study of the

amino acid profiles in chicken liver and kidneys before and after the application

of CDDP and platinum nanoparticles (PtNPs-10 and PtNPs-40). The treatment

of the liver with the selected drugs affected different amino acids; however, Leu

and Arg were decreased after all treatments. The treatment of the kidneys with

CDDP mostly affected Val; PtNPs-10 decreased Val, Ile and Thr; and PtNPs-40

affected only Pro. In addition, we tested the same drugs on two healthy cell

lines, HaCaT and HEK-293, and ultimately explored the amino acid profiles in

relation to the tricarboxylic acid cycle (TCA) and methionine cycle, which

revealed that in both cell lines, there was a general increase in amino acid

concentrations associated with changes in the concentrations of the

metabolites of these cycles.

KEYWORDS
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Introduction

CDDP is currently a standard treatment for various cancers (1, 2). The toxicities

related to the application of CDDP are usually dose dependent. Overdoses of CDDP

significantly increase the percentage of morbidity and/or mortality in patients (3) and the

clinical features associated with CDDP overdose include various side effects of therapy,
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such as nausea and vomiting, renal insufficiency, electrolyte

abnormal i t ies , ototoxic i ty , per ipheral neuropathy ,

hepatotoxicity, and retinopathy (4–10). DNA repair has a

crucial role in controlling the negative side effects of platinum

drug therapy (11, 12). The ability of cells to recover from DNA

damage after treatment with platinum drugs is crucial role in

limiting the ability of the drug to induce apoptosis (13, 14).

Platinum-based drugs also trigger reactive oxygen metabolism

(ROM) and inhibit the activity of antioxidant enzymes, leading

to lipid peroxidation and consequent nephrotoxicity (15, 16).

Moreover, nephrotoxicity induced by platinum drugs has been

very well documented in clinical oncology. On the other hand,

hepatotoxicity has rarely been characterized and is less studied

(17, 18). Generally, the liver toxicity of platinum-based drugs

can be characterized by elevation of serum transaminases and,

less frequently, by mild elevation of serum alkaline phosphatase,

LDH, bilirubin and c-glutamyl transpeptidase levels (19, 20).

The mechanisms of liver damage induced by platinum-based

drugs are poorly described. Histological analysis of the liver

revealed cytoplasmic changes, especially around the cells of the

central vein, as well as hepatocellular vacuolization and

sinusoidal dilatations. The presence of apoptotic lesions

suggested that platinum-based drugs damage the liver

parenchyma (21). Furthermore, all essential and nonessential

amino acids undergo interconversions from one amino acid to

another and can be converted into various intermediates of

different metabolic cycles to maintain the metabolic homeostasis

of the organism. However, platinum drugs have been shown to

interfere with and alter amino acid metabolism, as well as the

intermediates of the related metabolic cycles, such as the TCA

cycle and pyruvate metabolism (22). Considering the negative

side effects of CDDP, it is necessary to develop a new potential

platinum-based drug with high efficiency and low-severity side

effects. The application of inorganic nanoparticles can increase

the selectivity for tumor tissue while decreasing the side effects

(23). PtNPs have been found to show lower cytotoxicity than

CDDP and exhibit excellent anticancer and therapeutic

properties (24, 25). The excellent properties of PtNPs are

reflected in the possibility of surface modification with various

bioactive groups (26–28). It has been reported that PtNPs

possess the capacity to pass the cell membrane without

limitation (29) but also to induce DNA damage and increase

cellular glutathione and genotoxic stress (30–32). Due to the

many advantages PtNPs possess, their application as therapeutic

agents in cancer therapy have rapidly increased, and the

exposure to them mainly includes the patients undergoing this

therapy. However, PtNPs, as well as other platinum-based drugs

such as CDDP, are inevitably released in the ecosystems through

the excretion in urine, polluting the environment (33). The

additional application of PtNPs in biomedicine as a material

used in diagnostics, drug delivery, imaging, and photothermal

therapy, only raise the concerns of second-hand exposure to

humans and other life forms inhabiting these ecosystems. Some
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research regarding the toxicological effects of the PtNPs have

been reported, mainly in organisms occupying aquatic

environment (33, 34), as well as their implication in the

disruption of the proper function of the cardiovascular system

in mice (35). Nevertheless, the effects of PtNPs and their

behavior inside other tissues are still unclear (36–38). Amino

acids play a crucial role in the function of the liver, especially

branched-chain amino acids (BCAAs) (39), which have a major

role in the prognosis of hepatocellular carcinoma (40). However,

amino acid metabolism in the population suffering from kidney

and liver diseases is still poorly understood (41–43). In our

preliminary study, three different types of malignant cells

(p ros t a t e – LNCaP , br ea s t – MDA-MB-231 and

neuroblastoma – GI-ME-N) were tested in vitro after

treatment with PtNPs modified with polyvinylpyrrolidone with

different molecular weights i.e. polyvinylpyrrolidone with

average molecu lar we ight 10000 (PtNPs-10) and

polyvinylpyrrolidone with average molecular weight 40000

(PtNPs-40) (44). This study is a continuation of an earlier

work assessing the cytotoxicity of PtNPs (44). In this study, we

assessed the cytotoxicity and compatibility of PtNPs in healthy

cell lines (human keratinocytes – HaCaT and human epithelial

kidney cells HEK-293) and examined their effect on the content

of amino acids, and on the TCA and methionine cycle upon

treatment. Furthermore, we focused our investigation on the

changes in the content of fundamental amino acids in the liver

and kidney of chicken embryos before and after exposure to

CDDP using ion-exchange liquid chromatography (IELC) to

determine the amino acid concentrations. The most important

aim of this study was to compare the content and representation

of amino acids in chicken embryos (liver and kidney) before and

after treatment with synthesized platinum nanoparticles (PtNPs-

10 and PtNPs-40), which are under consideration as a potential

replacement for toxic cytostatic CDDP.
Materials and methods

The method and materials used in the characterization of the

samples and studies of the change in amino acid profile are

described in detail in the Supporting Information.
Results

Characterization of PtNPs properties

PtNPs characterization was conducted after the

nanopar t i c l e s were modified wi th two po lymers ,

polyvinylpyrrolidone with a molecular weight of 10000 (PVP-

10) and polyvinylpyrrolidone with a molecular weight of 40000

(PVP-40), as capping agents for stabilization of the particles and

reduction of the toxicity effects. The morphology, size and zeta
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potential of the tested platinum nanoparticles were determined

by transmission electron microscopy (TEM) and dynamic light

scattering (DLS) using a NANO-ZS particle size analyzer.

Mostly, the synthetized PtNPs have a spherical shape with an

individual particle size of approximately 10 ± 4 nm, as shown in

Figures S1A and S1B, demonstrating the successful synthesis of

the nanoparticles. It is clearly visible that most of the

nanoparticles have uniform size and good dispersion.

However, the TEM images also show that a minor percentage

of the particles have poor colloidal stability and tend to form

aggregates with other particles. This behavior of Pt nanoparticles

modified with PVP was already described as a result of the

interfacial interaction of one nanoparticle with another during

the self-assembly process triggered by a spontaneous exothermic

reaction (45, 46). The formation of PtNPs was also confirmed by

DLS to observe the size and potential (Figures S1A, S1B). The

DLS measurement confirms the results obtained from TEM,

where the average size of PtNPs-10 was found to be 10 ± 2 nm,

while PtNPs-40 had an average size of 12 ± 3 nm. The zeta

potential results revealed that PtNPs-10 had a zeta potential of

−10.6 mV (Figure S1A), while PtNPs-40 had a zeta potential of

−3.5 mV (Figure S1B). The low surface potential of the PtNPs

arises from the nature of PVP used in surface modification. PVP

is a neutral and hydrophilic polymer that interacts with the

solvent during the synthesis of PtNPs, resulting in the formation

of nanoparticles with low surface potential (47). However, it is

obvious that the majority of both PtNPs have a uniform

spherical shape with good dispersity, despite the low z-
potential values.

To clarify the chemical composition of PtNPs stabilized with

PVP in the solid state, X-ray photoelectron spectroscopy (XPS)

measurements were carried out to investigate the binding energy

on different chemical surface species during synthesis. The XPS

data analysis revealed the presence of a high-resolution Pt 4f

region with two pairs of doublets (Pt 4f7/2 and Pt 4f5/2) in both

PtNPs-10 and PtNPs-40 (Figure S2). In detail, for PtNPs-10

(Figure S2A), three different Pt oxidation states were detected

and identified in the spectrum, which was characteristic of zero-

valence metallic Pt(0) with the highest-intensity double peaks

corresponding binding energies of 70.8 and 74.1 eV (48, 49), the

next highest doublets corresponding to Pt(II) oxide with binding

energies of 72.2 and 75.5 eV (49, 50) and the lowest-intensity

double peaks to Pt(IV) oxide with binding energies of 73.8 and

77.1 eV (50, 51). The calculation of area doublet peaks revealed

that 62.2% belonged to zero-valence metallic Pt(0), 24.8% to Pt

(II) oxide and 12.9% to Pt(IV) oxide. It is obvious that most

nanoparticles were in a metallic state. The remaining

nanoparticles were in a different oxidation state, probably due

to incomplete reduction of the Pt species during synthesis (52,

53). Similar chemical signatures and oxidation states were

obtained for PtNPs-40 (Figure S2B). The lowest intense

doublet peaks were attributed to zero-valence metallic Pt(0)

with binding energies of 70.7 and 74.0 eV and to Pt(IV) oxide
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with binding energies of 75.8 and 79.1 eV. The highest doublet

peaks were attributed to the Pt(II) oxide with binding energies of

73.7 and 77.0 eV. However, the relative percentage of Pt(II)

oxide calculated from the area peaks was found to be 55%, while

the zero-valence metallic Pt(0) state was 29.4% and Pt(IV)

oxide 15.6%.

The high-resolution XPS data showed the presence of the C

and N 1s regions in the scanned PtNP samples (Figure S2).

Comparing the XPS data of PtNPs-10 and PtNPs-40 revealed

similarities in the relative intensities and values of peaks,

indicating a similar surface modification. The N 1s regions of

the XPS spectra of PtNPs-10 and PtNPs-40 contained a

characteristic large peak at a binding energy of 399.8 eV

(Figure S2A, S2B). This peak represented the binding energy

of PVP bulk material assigned to the majority of unperturbed

nitrogen atoms in the pyrrolidone system (−C−N−) (54). These

results clearly suggested the absence of surface bonding between

Pt and N atoms. In the case of PtNPs-10, the minor peak at 397.6

eV attributed to metal−N binding was observed. It is reported

that the presence of the minor peak at 397.6 eV is associated with

impurities (55, 56). The fitting of the 1s XPS spectrum verified

the presence of five components in the PtNPs-10 and PtNPs-40

samples. The strongest peak with a binding energy of 285.0 eV

was associated with the formation of adventitious carbon created

by the polymer chain (−C−C−). The next highest peak at 285.7

eV belonged to the hydrocarbon functionality associated with

the polymeric N heterocyclic compound (–CH2–). The peak

observed at 286.4 eV was assigned to the presence of carbon in

the polymer chain with –C–N– connection (57). The binding

energy of the peak detected at 288 eV (−C=O−) was associated

with the electron emission from the carbon atom of the amide

group carbonyl substituent. These results can be interpreted to

indicate the direct bonding of carbonyl to the Pt surface, together

with charge transfer from the carbonyl group to platinum (56).

The remaining peaks with binding energies of 288.8 eV and

290.1 eV indicated the presence of carbonates. The presence of

these peaks was probably due to the direct contact between

platinum ions and oxygen atoms from the carbonate ions. The

results obtained from the C 1s binding energy clearly indicated

that PVP was directly bonded to Pt.
Cytotoxicity and biocompatibility of
PtNPs

Cell viability (MTT assay)
In our experiment, in vitro testing of the cytotoxic effects of

PtNPs-10 and PtNPs-40 was conducted in two different normal

human cell lines, HEK-293 and HaCaT. The cytotoxic effects of

PtNPs-10 and PtNPs-40 were investigated in a concentration

range (0 – 50 µg/mL) and in a time-dependent manner

(Figures 1A, 2A) and it was compared with the conventionally

used platinum-based drug cytostatic CDDP. The cytotoxicity
frontiersin.org

https://doi.org/10.3389/fonc.2022.986045
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Mitrevska et al. 10.3389/fonc.2022.986045
trend revealed a decrease in cell viability with increasing

treatment concentration and with increasing exposure time

from 24 h to 48 h. The viability of the HEK-293 cell line

indicated a higher sensitivity of the cells than the HaCaT cell

line after treatment with PtNPs. PtNPs-10 and PtNPs-40

exhibited cytotoxic effects on the HaCaT cell line during the

first 24 h of exposure only at the highest applied concentration

(50 mg/mL), reducing the viability of the cells by 42% and 40%,

respectively, while the strong cytotoxic effects of CDDP started

to appear at a very low concentration (6.25 mg/mL). However,

PtNPs and CDDP clearly had higher cytotoxic effects on the

HEK-293 cells than on HaCaT cells, and the viability of HEK-

293 cells was reduced at lower concentrations than those

necessary to reduce the viability of HaCaT cells, with 38%

reduced viability upon treatment with 25.0 mg/mL PtNPs-10

and 35% upon treatment with 12.5 mg/mL PtNPs-40. These data

confirm the well-known fact that HEK-293 cells are highly

sensitive to platinum-based drugs (58). Nonetheless, after 48 h

of treatment, the cell lines showed a negligible decrease in

viability in comparison with previously described results

(Figures 1A, 2A). After the treatment of HEK-293 and HaCaT

cell lines with PtNPs-10 and PtNPs-40, a significant decrease in

cell viability was observed only at the highest applied

concentration, with a 70% decrease in both cell lines. The
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toxicity of CDDP to HaCaT cell lines after 48 h showed a

similar trend after 24 h of treatment, whereas in HEK-293 cells,

the cytotoxicity after 48 h seemed more apparent than in the 24

h treatment.

Hemocompatibility of PtNPs (Hemolytic assay
and protein corona formation)

To observe the interaction of PtNPs with cell membranes

and proteins in human blood we performed a hemolytic assay

and protein corona test (Figure S3). The hemolytic assay was

performed in a concentration range from 0–50 mg/mL, for 1 h,

and haemolysis degree was calculated from the supernatant

absorbance. The hemolytic assay results revealed that PtNPs-

10 and PtNPs-40 did not induce hemolysis in comparison with

the positive control (0.1% Triton X-100) (Figures S3A, S3B). A

low level of hemolysis (7%) was observed only at the highest

applied concentration of both PtNPs (50 mg/mL). The obtained

results indicated good hemocompatibility of the synthetized

PtNPs-10 and PtNPs-40.

Since nanoparticles have the ability to interact easily with

plasma proteins, we conducted the corona assay to evaluate the

potential of PtNPs to form protein coronas through surface

adsorption. The protein corona test was conducted at the highest

concentration (50 mg/mL) and the quantification of protein
A B

C

FIGURE 1

PtNPs surface modification-related toxicity expressed as (A) concentration-dependent cell viability of the HEK-293 cell line against PtNPs and CDDP
obtained by MTT assay at 24 h and 48 h; (B) morphology of HEK-293 cells under a holography and rotational scanning microscope; scale bar 20
mm; and (C) laser scanning confocal microscope images of the internalization of PtNPs (white) into the cytoplasm, showing the unaffected
morphology of HEK-293 cells. Nuclei (blue: Hoechst nuclei staining) and actin rings (green: phalloidin staining of F-actin); scale bar 10 mm.
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corona formation was achieved by SDS-PAGE separation. The

assay in plasma protein-rich media revealed that the highest

abundance of plasma protein was found in the control plasma

sample. As shown in Figure S3C, there is absence of larger

plasma proteins (>50 kDa) on the surface of PtNPs-10 and

PtNPs-40. Keeping in mind that these proteins are present in the

plasma sample, this leads to the conclusion that no protein

corona formed on the nanoparticle surface.

Cell morphology of HEK-293 and HaCaT cells
lines upon PtNPs internalization

To visualize the changes inmorphology after the treatment with

PtNPs and CDDP, as well as the internalization of PtNPs into HEK-

293 and HaCaT cells, we obtained images by holography and

rotational scanning microscopy and carried out laser scanning

confocal fluorescence microscopy analysis after treatment with

PtNPs and CDDP (Figures 1B, 1C, 2B, 2C). During the

observation of the cell morphology of the cells treated with

PtNPs, we found no differences in the shape of both cell lines in

comparison with untreated cell lines. The cell structures, including

the nuclei, seemed to be unaffected by these treatments even after

successful internalization of the nanoparticles into the cells.

However, in the HaCaT cells, CDDP treatment appeared to cause

apoptotic changes (Figure 2B).
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The impact of PtNPs on DNA fragmentation
(Comet assay)

To investigate the behavior of our PtNPs after

internalization into selected cell lines and the possible

occurrence of apoptosis, we performed a comet assay test

(DNA damage) and observed the cell line morphology under a

fluorescence microscope. The comet assay test was performed at

the PtNP IC50 concentration calculated from the MTT assay,

and the results were collected 24 h after the treatment (Figure

S4A). Phosphate-buffered saline (PBS) at pH 7.4 was used as a

negative control, while hydrogen peroxide (H2O2) was used as a

positive control. The data revealed an absence of DNA damage

in the treated cell lines (HEK-293 and HaCaT), clearly showing

the same values as the negative control. Collecting and

evaluating the data from randomly selected comets, we found

that PtNPs do not cause DNA damage in the treated cell lines.

The comet tail moment, which represents the level of DNA

damage, showed only a low level of damage in the treated cell

lines (Figures S4B, S4C).

PtNPs induced production of ROS
Regarding ROS production, we employed flow cytometry to

detect the level of ROS in HEK-293 and HaCaT cell lines after

the different treatments. Contrary to Gatto’s findings, our cell
A B

C

FIGURE 2

PtNPs surface modification-related toxicity expressed as (A) concentration-dependent cell viability of the HaCaT cell line against PtNPs and CDDP
obtained by MTT assay at 24 h and 48 h; (B) morphology of HaCaT cells under a holography and rotational scanning microscope; scale bar 20 mm; and
(C) laser scanning confocal microscope images of the internalization of PtNPs (white) into the cytoplasm, showing the unaffected morphology of HaCaT
cells. Nuclei (blue: Hoechst nuclei staining) and actin rings (green: phalloidin staining of F-actin); scale bar 10 mm.
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lines showed a significantly increased level of ROS production in

both cell lines after treatment with PtNPs (Figure 3). PtNPs-10

induced the highest ROS production in HEK-293 and HaCaT

cells, followed by PtNPs-40. CDDP, on the other hand, showed

the lowest increase in ROS in HaCaT cells, but the change was

still significant. However, no significant changes in ROS were

observed in HEK-293 cells after CDDP treatment.
In vitro study of the effect of platinum-
based drugs on HaCaT and HEK-293
cell lines

The effect of platinum-based drugs on the
amino acid profiles of HaCaT and HEK-293 cell
lines

After we investigated the cytotoxic effect of PtNPs, we then

analyzed the amino acid content of HaCaT and HEK-293 cell

cultures after 24h of threament. Initial analyses were conducted

to compare the amino acid content between the two cell lines in

the control groups and to assess the difference between the

responses of HaCaT and HEK-293 cells to each treatment (Table

S1). However, since the amino acid contents of untreated HaCaT

cells differed significantly from the amino acid contents of

untreated HEK-293 cells, further comparison between the

responses of the two cell lines to the same treatment was

pointless; thus, each cell line was analyzed separately.

The results from one-way ANOVA revealed that all three

treatments caused a general increasing trend in the amino acid

concentrations in both cell lines, with the exception of a few

amino acids, which showed a decreased concentration after the

treatment (Table 1). For instance, in HaCaT cells, Asp, Ser, Glu,

Gly and Ile displayed a significant increase after treatment with

CDDP. In contrast to the CDDP treatment, treatment with
Frontiers in Oncology 06
PtNPs-10 increased Pro but decreased the concentration of Ser

in HaCaT cells. The treatment with PtNPs-40 showed a higher

resemblance to the CDDP treatment, with an overlap of the

affected amino acids. In addition to the increased concentrations

of Asp, Ser, Glu, Gly, and Ile, the concentrations of Pro, Ala, Val,

Met, and Tyr were also significantly higher than those in the

control group, indicating that the treatment affected the majority

of amino acids. Comparison of the effects of different drug

treatments also revealed significant differences between the

amino acids after different treatments. However, the most

apparent differences were observed between PtNPs-10 and

PtNPs-40 treatment, corresponding to the fact that PtNPs-10

caused significant changes in only two amino acids, whereas

PtNPs-40 affected nearly the whole amino acid profile of

HaCaT cells.

The amino acid profile in HEK-293 cells was slightly

different, showing a significant increase in most amino acids

after CDDP treatment, except for Pro, Tyr, Lys, and Arg

(Table 2). In contrast to CDDP, treatment with PtNPs-10 led

to significantly higher concentrations of only two amino acids,

Cys and Arg, whereas Ser showed similar behavior to that in

HaCaT cells, displaying a decreased concentration, which did

not occur in the case of the other treatments. However, the

application of PtNPs-40 as a treatment resulted in substantially

higher concentrations of half of the examined amino acids,

including Asp, Thr, Ser, Glu, Ala, Cys, Val, Leu, and His. The

rest of the amino acids in both the HaCaT and HEK-293 cell

lines showed no significant changes, or they had different

reactions to the presence of CDDP, PtNPs-10 or PtNPs-40,

being decreased in the presence of one and increased in the

presence of the other type of drug. Additionally, the differences

between the effects of the different dugs were estimated, showing

that the amino acid profile of HEK-293 cells significantly differed

after treatment with PtNPs-10 or PtNPs-40 compared to CDDP,
A B

FIGURE 3

Determination of total ROS induction by PtNPs-10, PtNPs-40 and CDDP treatment. Flow cytometry analysis of ROS induction in HaCaT (A) and
HEK293 (B) cells exposed to 50 µg/mL PtNPs-10, PtNPs-40 or CDDP for 24h. The levels of ROS are shown as MFI ± SD from two independent
experiments performed in duplicate. Significant differences to the respective controls are shown (“ns” indicates no significant difference, **p ≤

0.01, ***p ≤ 0.001).
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TABLE 1 Concentration of amino acids in the HaCaT cell line, shown as the mean difference between the treated cells and the control in a 95%
confidence interval for the mean difference, ± standard error (S.E.) for each amino acid.

HaCaT CDDP vs. Control PtNP-10 vs. Control PtNP-40 vs. Control

Amino
acid

Mean difference (µmol/L)
(95% CI)

p
value

Mean difference (µmol/L)
(95% CI)

p
value

Mean difference (µmol/L)
(95% CI)

p
value

S.E.

Asp 51.50 (24.48 to 78.52)* 0.001* 26.80 (-0.22 to 53.82) 0.052 116.69 (89.67 to 143.71)* 0.000* ± 8.44

Thr 21.36 (-6.19 to 48.91) 0.138 -1.55 (-29.10 to 26.01) 0.998 24.66 (-2.89 to 52.21) 0.080 ± 8.60

Ser 54.50 (16.45 to 92.54)* 0.008* -49.67 (-87.72 to -11.63)* 0.013* 39.71 (1.67 to 77.75)* 0.041* ± 11.88

Glu 50.96 (22.24 to 79.68)* 0.002* 27.90 (-0.82 to 56.61) 0.057 138.52 (109.80 to 167.23)* 0.000* ± 8.97

Pro 28.25 (-25.67 to 82.17) 0.393 56.44 (2.51 to 110.36)* 0.041* 66.02 (12.09 to 119.94)* 0.019* ± 16.84

Gly 31.38 (0.87 to 61.89)* 0.044* 25.09 (-5.42 to 55.60) 0.112 87.85 (57.34 to 118.35)* 0.000* ± 9.53

Ala 15.65 (-25.83 to 57.12) 0.639 7.74 (-33.74 to 49.21) 0.930 82.86 (41.39 to 124.34)* 0.001* ± 12.95

Cys 20.58 (-33.00 to 74.16) 0.627 3.84 (-49.73 to 57.42) 0.995 -0.94 (-54.52 to 52.64) 1.000 ± 16.73

Val 20.36 (-10.20 to 50.91) 0.222 -10.75 (-41.30 to 19.80) 0.685 34.73 (4.17 to 65.28)* 0.027* ± 9.54

Met 15.07 (-7.30 to 37.45) 0.215 6.60 (-15.78 to 28.98) 0.783 34.93 (12.56 to 57.31)* 0.005* ± 6.99

Ile 44.44 (9.61 to 79.26)* 0.015* 19.31 (-15.51 to 54.14) 0.350 94.94 (60.12 to 129.77)* 0.000* ± 10.87

Leu -11.52 (-57.76 to 34.72) 0.854 -21.26 (-67.50 to 24.98) 0.494 4.08 (-42.16 to 50.31) 0.992 ± 14.44

Tyr 18.70 (-7.38 to 44.78) 0.178 5.25 (-20.83 to 31.34) 0.914 28.61 (2.52 to 54.69)* 0.032* ± 8.15

Phe 1.86 (-37.14 to 40.85) 0.999 -6.91 (-45.91 to 32.09) 0.939 15.42 (-23.58 to 54.42) 0.607 ± 12.18

His 29.47 (-87.18 to 146.12) 0.849 17.22 (-99.43 to 133.86) 0.963 33.82 (-82.83 to 150.46) 0.791 ± 36.43

Lys 0.71 (-20.31 to 21.73) 1.000 -3.60 (-24.62 to 17.42) 0.944 -1.39 (-22.41 to 19.63) 0.996 ± 6.56

Arg -559.21 (-1692.42 to 574.00) 0.440 -439.50 (-1572.70 to 693.71) 0.620 -483.70 (-1616.90 to 649.51) 0.551 ± 353.87
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A negative sign in front of the mean difference indicates a decrease in the concentration of the amino acid in the cells treated with the selected treatment compared to the untreated cells.
Asterisks and bold formatting indicate a statistically significant difference between the treated samples and untreated cells at p ≤ 0.05 (one-way ANOVA, Tukey HSD post hoc).
TABLE 2 Concentration of amino acids in the HEK-293 cell line, shown as the mean difference between the treated cells and the control in a 95%
confidence interval for the mean difference ± standard error (S.E.) for each amino acid.

HEK-293 CDDP vs. Control PtNP-10 vs. Control PtNP-40 vs. Control

Amino
acid

Mean difference (µmol/L)
(95% CI)

p
value

Mean difference (µmol/L)
(95% CI)

p
value

Mean difference (µmol/L)
(95% CI)

p
value

S.E.

Asp 424.01 (208.12 to 639.89)* 0.001* 97.35 (-118.53 to 313.24) 0.509 228.63 (12.74 to 444.51)* 0.038* ± 67.41

Thr 248.62 (192.32 to 304.92)* 0.000* 38.43 (-17.87 to 94.73) 0.207 127.73 (71.43 to 184.03)* 0.000* ± 17.58

Ser 336.73 (222.15 to 451.32)* 0.000* -149.94 (-264.52 to -35.36)* 0.013* 171.34 (56.75 to 285.92)* 0.006* ± 35.78

Glu 552.50 (372.31 to 732.69)* 0.000* 162.82 (-17.37 to 343.01) 0.077 265.55 (85.36 to 445.74)* 0.007* ± 56.27

Pro 437.51 (-517.01 to 1392.03) 0.497 -76.21 (-1030.74 to 878.31) 0.994 101.89 (-852.63 to 1056.41) 0.985 ± 298.07

Gly 343.32 (186.53 to 500.11)* 0.001* 152.92 (-3.87 to 309.71) 0.056 111.52 (-45.27 to 268.30) 0.183 ± 48.96

Ala 440.10 (325.45 to 554.75)* 0.000* 88.46 (-26.19 to 203.11) 0.140 217.78 (103.12 to 332.43)* 0.001* ± 35.80

Cys 450.53 (273.78 to 627.27)* 0.000* 219.32 (42.58 to 396.07)* 0.017* 202.04 (25.29 to 378.78)* 0.026* ± 55.19

Val 125.95 (9.02 to 242.89)* 0.035* 33.81 (-83.12 to 150.74) 0.792 116.70 (-0.23 to 233.63)* 0.050* ± 36.51

Met 106.36 (44.09 to 168.62)* 0.003* 50.06 (-12.21 to 112.32) 0.121 57.54 (-4.72 to 119.81) 0.070 ± 19.44

Ile 345.08 (183.63 to 506.53)* 0.001* 98.28 (-63.17 to 259.73) 0.282 157.80 (-3.66 to 319.25) 0.055 ± 50.42

Leu 146.35 (42.92 to 249.78)* 0.008* -15.42 (-118.85 to 88.01) 0.962 114.57 (11.14 to 218.00)* 0.031* ± 32.30

Tyr 140.50 (-5.67 to 286.66) 0.060 7.37 (-138.80 to 153.53) 0.998 70.84 (-75.32 to 217.00) 0.454 ± 45.64

Phe 162.36 (13.68 to 311.03)* 0.033* 115.34 (-33.34 to 264.01) 0.137 86.48 (-62.20 to 235.15) 0.314 ± 46.43

His 305.07 (202.82 to 407.32)* 0.000* 96.57 (-5.68 to 198.82) 0.064 140.48 (38.23 to 242.73)* 0.010* ± 31.93

Lys 56.89 (-18.20 to 131.99) 0.149 32.51 (-42.58 to 107.61) 0.540 50.42 (-24.67 to 125.51) 0.217 ± 23.45

Arg 151.09 (-66.97 to 369.14) 0.198 582.07 (364.01 to 800.12)* 0.000* -68.08 (-286.13 to 149.98) 0.754 ± 68.09
A negative sign in front of the mean difference indicates a decrease in the concentration of the amino acid in the cells treated with the selected treatment compared to the untreated cells.
Asterisks and bold formatting indicate a statistically significant difference between the treated samples and untreated cells at p ≤ 0.05 (one-way ANOVA, Tukey HSD post hoc).
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whereas PtNPs-10 and PtNPs-40 showed more similar responses

for most of the amino acids.

Principal component analyses of amino acid
profiles in HaCaT and HEK-293 cells

In addition to the linear regression model, categorical

principal component analysis was performed to elucidate the

relationship between cell lines, treatments and amino acids. A

two-factor plane was used, where 83% of the explained

variability was attributed to the first component and 14% of

explained variability was attributed to the second component.

According to the results in Figure 4, the HaCaT cells from the

four groups (control, CDDP, PtNPs-10 and PtNPs-40) are

localized and clustered together on the left side of component

1, clearly distinguishing these cells from the HEK-293 cell line.

The treatments of HEK-293 cells, on the other hand, were

localized on the right side of the biplot; however, they were

separated into two clusters, where PtNPs-10 and the control

group belonged to one cluster in the lower right quadrant, and

the upper right quadrant was occupied by another cluster

containing CDDP and PtNPs-40.

To portray the amino acid and treatment relationships in

each cell line more clearly, we prepared PCA biplots for each cell

line separately. Figure 5A shows the biplot for the HaCaT cell

line, where PtNPs-40-treated cells are clearly marked as a

separate group with the highest concentration of most of the

amino acids analyzed. The cells treated with CDDP are another

group characterized by the highest concentrations of Lys and

Cys and similar concentrations of Ser and Thr compared to
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PtNPs-40. The control group and cells treated with PtNPs-10

seem to be clustered together, although the proximity of the

control group to Arg in the PCA biplot indicates that the control

group is distinguished by the highest levels of Arg compared to

the other groups. The biplot for HEK-293 cells depicts an even

more defined separation of each group (Figure 5B). The most

obvious differentiation is between CDDP, which was responsible

for the highest contents of the majority of amino acids, and the

control group, which appears on the opposite side from CDDP.

This distinction completely resembles the level of significance

obtained from the ANOVAs. The control group, as well as the

other two treatments (PtNPs-10 and PtNPs-40), are also defined

as separate groups in the biplot, and the group of PtNPs-10-

treated cells is characterized by the highest concentration of Arg.

Metabolism of amino acids and related cycles
in HaCaT and HEK-293 cells

In relation to the determination of the amino acid contents

in treated and untreated HaCaT and HEK-293 cells, we

conducted a metabolic investigation of the cells, including the

TCA cycle and the methionine cycle (Figures 6, 7). We

performed a liquid chromatography analysis of the main TCA

cycle intermediates in HaCaT and HEK-293 cells, and we

compared their concentration in the untreated cells with the

concentrations in the cells treated with PtNPs-10 and PtNPs-40

separately. The analysis was conducted in a brief exploratory

manner, to detect weather the amino acids alteration affects the

main metabolic cycles as well and vice versa.

Observing the results of the control and PtNPs-10-treated

HaCaT cells, we noticed that the production of citric acid was

increased at the expense of Ser, whose concentration was

significantly decreased (Figure 6). Malic acid and oxaloacetic

acid showed more noticeable changes, that is, an increase in the

concentration of oxaloacetic acid and a decrease in malic acid

content. In addition the ketoglutaric acid was slightly decreased.

The treatment of HaCaT cells with PtNPs-40 led to more

apparent changes in TCA intermediates than treatment with

PtNPs-10 (Figure 6). The content of citric acid was reduced

substantially despite the abundance of the necessary amino

acids. The malic acid concentration was decreased even more

substantially than in HaCaT cells treated with PtNPs-10. In

contrast to the treatment with PtNPs-10, treatment with PtNPs-

40 caused an increase in ketoglutaric acid, showing a

relationship between oxaloacetic acid and ketoglutaric acid

that is opposite to that found in HaCaT cells treated with

PtNPs-10. The treatment with PtNPs-40 also led to significant

increases in Val, Met, and Ile, which are responsible for the

synthesis of succinyl-CoA; however, succinic acid derived from

succinyl-CoA was present in considerably lower amounts than

in the control.

The participants of the TCA cycle had considerably lower

concentrations in HEK-293 cells than in HaCaT cells; thus, we

will can comment only the most apparent deviations of the
FIGURE 4

Categorical PCA biplot projection of amino acid behavior in
HaCaT and HEK-293 cell lines and the effects of different
treatments.
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treated cells compared to the control group (Figure 6). The most

obvious change in the cells treated with PtNPs-10 was in the

contents of ketoglutaric acid, which was decreased. Regarding

HEK-293 cells treated with PtNPs-40, less noticeable differences

in the TCA intermediates were recorded, despite the more

apparent change in their amino acid profile, mostly decreasing

ketoglutaric acid, which was even more noticeable than the

decrease in the HEK-293 cells treated with PtNPs-10.
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The methionine cycle is a multipurpose set of reactions,

serving as a source of methyl groups and Cys, a limiting amino

acid for the subsequent synthesis of glutathione (GSH) (59).

Since GSH is the main respondent against free radicals, we

focused our attention on detecting its concentration, as well as

observing the behavior of its precursor, cystathionine and the

product of GSH depletion, that is its oxidized form GSSG

(Figure 7). Regarding GSH synthesis, the concentration in
A B

FIGURE 5

Categorical PCA biplot projection of amino acids and treatments. (A) Categorical PCA biplot for HaCaT cell line. (B) Categorical PCA biplot for
HEK-293 cell line.
FIGURE 6

Analysis of selected TCA metabolites produced in HEK-293 and HaCat cell lines treated with PtNPs-10 or PtNPs-40. The charts show the
concentration of each metabolite in the untreated control group and after the treatment with PtNPs-10 and PtNPs-40. The concentration of
the metabolites is determined by LC–MS/MS.
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HEK-293 cells decreased, whereas in HaCaT cells, GSH levels

were elevated upon treatment with both PtNPs. In contrast, the

concentration of its precursor, cystathionine, drastically

decreased after both treatments in both cell lines. The increase

in GSSG concentrations in HEK-293 cells treated with PtNPs-10

proved that the GSH/GSSG neutralization reactions of ROS are

enforced as well. However, the treatment with PtNPs-40 led to

dubious results with barely detectable GSSG. In addition, both

treatments of HaCat cells induced and increase in GSSG levels,

along with the increased concentrations of GSH.
Ex vivo studies of the effect of platinum-
based drugs in chicken embryos

The in vitro effects of different PtNPs treatments on different

cell lines showed contrasting results in the cell lines subjected to

the treatments, as well as variability among different amino acids

under the selected treatments. This led to the presumption that

tissue analyses could show similar variances. To investigate the

amino acid responses ex vivo, we chose the liver and kidneys of

chicken embryos as the main sites of amino acid metabolism and

distribution. The levels of the selected amino acids in the

untreated tissues (control group) and tissues treated with

CDDP, PtNPs-10 or PtNPs-40 were determined using IELC.

The effect of platinum-based drugs on the
weight of chicken embryos and selected
organs (liver and kidney)

Prior to the amino acid analyses, we determined the weights

of the chicken embryos and the selected organs of the treated

groups and compared them to those of the control group (Table

S2). There was a significant difference between the embryo

weights of chickens treated with any form of platinum

compared to the control. The weights of embryos treated with

the different platinum forms did not differ significantly. Next, the

effect on organ weight was analyzed. It was found that the weight

of livers was significantly affected by the presence of treatment
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(control vs. CDDP), as well as by the presence of PtNPs-10 or

PtNPs-40 vs. CDDP. The weight of the livers of PtNP-treated

embryos was significantly higher but did not reach the weight of

the controls. The weight in kidneys differed significantly after all

treatments compared to the control; however, no similar trends

were observed among different treatments in kidney tissue.

The effect of platinum-based drugs on the
amino acid profiles of liver and kidneys of
chicken embryos

The ex vivo effects to the amino acid profile of liver and kidney

were examined following the injection of the embryos with the

selected treatment (CDDP, PtNPs-10 or PtNPs-40) on the 7th day

of development, and the amino acid profiles in the kidneys and

liverwere analyzed by IELC after 10 days of incubation. In the first

step of the analysis, we needed to establish a baseline of amino

acid patterns between the liver and kidneys; the untreated tissues

were analyzed for this purpose and to assess the difference

between the responses of the two organs after each treatment.

While there were no significant differences in the amino acid

concentrations of the liver and kidneys of the control group, the

results of the comparison between liver and kidney treated with a

chosen drug revealed that some amino acids in the two organs

reacted differently to the same treatment (Table S1). Due to the

differences in amino acid levels in the selected organs, the effects of

the treatments with CDDP, PtNPs-10 and PtNPs-40 were

analyzed independently for each organ.

Analyzing the statistical data from the general regression

model, we can discuss the changes in the levels of individual

amino acids in the tissues, whether a decrease or an increase in

their concentration occurred compared to that in the untreated

tissue (Table 3). For instance, CDDP induced a significant

decrease in liver Asp, Ser, Leu, Lys and Arg; however, no

significant increase in any amino acids was observed. The

PtNPs-10 treatment in the same tissue caused the most

prominent effects, leading to depletion of Asp, Glu, Gly, Ala,

Val, Leu, Lys and Arg. Interestingly, the treatment had an

opposite effect on Cys in the same tissue, resulting in
FIGURE 7

Analysis of selected metabolites related to the methionine cycle produced in HEK-293 and HaCat cell lines treated with PtNPs-10 or PtNPs-40.
The charts show the concentration of each metabolite in the untreated control group and after the treatment with PtNPs-10 and PtNPs-40. The
concentration of the metabolites is determined by LC–MS/MS.
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significantly higher levels than in the untreated sample. This

finding was observed only in liver tissue, and PtNPs-10 was the

only treatment demonstrating a statistically significant elevation

in the amino acid levels. Treatment with PtNPs-40 showed the

least apparent alterations in the amino acid profile in the liver,

decreasing the levels of only three amino acids, Ala, Leu and Arg.

Regarding the treatment of kidney tissue with any platinum

drug, the results showed that only a few amino acids were

affected (Table 4). Namely, CDDP decreased Val, and PtNPs-

10 treatment decreased the levels of Val, Ile and Thr, whereas

PtNPs-40 affected only one amino acid, decreasing the Pro

concentration in the kidneys. Additionally, no treatment

increases the amino acids in the kidneys. An interesting

finding was the contrasting response of Ile in the kidneys and

liver: PtNPs-10 treatment decreased the levels of Ile in the kidney

but increased the concentration of Ile in the liver; however, the

results were on the border of significance or were not deemed

significant. Nevertheless, in summary, these results indicate that

the amino acid concentrations in the kidneys are less responsive

to treatment with platinum drugs than those in the liver.

In addition, we compared the individual types of treatments

in each organ separately and found that the greatest difference

was between the CDDP and PtNPs-10 treatments, and the

difference was more significant in the liver than in the kidneys.

On the other hand, the differences between CDDP and PtNPs40
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and between PtNPs-10 and PtNPs-40 were nonsignificant, or

only a few acids in both the liver and kidneys were affected.

Principal component analysis of amino acid
contents of chicken liver and kidneys

While general linear model results provide powerful insight

into each amino acid increase/decrease upon treatment with the

selected platinum drug, PCA analyses will provide a more

structured perspective, highlighting the most prominent

deviations of the analyzed amino acids. Namely, in the PCA

graph, CDDP caused the concentration of Ser in the liver to

diverge from the main cluster; however, its behavior resembled

the behaviors of Cys and Met (Figure 8). His and Tyr also

followed this trend, although there were obvious differences

compared to the first group of Cys, Met and Ser. PtNPs-10

treatment of liver showed a noticeable distinction of Leu, with a

close resemblance to the behavior of Val, which was fully

consistent with the results obtained from correlation analyses.

In addition to Leu and Val, Arg was slightly displaced from the

rest of the amino acids; however, all of the amino acids had a

more scattered PCA profile than in the control group. Regarding

PtNPs-40 treatment, the PCA analyses clearly isolated Pro as an

amino acid with completely different behavior from the rest, and

a small cluster of His and Cys was separated from the more

loosely packed main cluster.
TABLE 3 Concentration of amino acids in liver tissue, shown as the mean difference between the treated cells and the control in a 95%
confidence interval for the mean difference, ± standard error (SE) for each amino acid.

Liver CDDP vs. Control PtNP-10 vs. Control PtNP-40 vs. Control

Amino acid Mean difference (µmol/L)
(95% CI)

SE Mean difference (µmol/L)(95% CI) SE Mean difference (µmol/L)
(95% CI)

SE

Asp -11.06 (-20.92 to -1.20)* ± 4.86 -10.34 (-20.70 to 0.03)* ± 5.10 -8.14 (-18.15 to 1.87) ± 4.93

Thr -6.33 (-13.14 to 0.47) ± 3.35 -4.07 (-11.21 to 3.08) ± 3.52 -2.81 (-9.72 to 4.09) ± 3.40

Ser -6.97 (-13.24 to -0.70)* ± 3.09 -4.62 (-11.20 to 1.97) ± 3.24 -4.17 (-10.53 to 2.19) ± 3.13

Glu -9.04 (-19.75 to 1.68) ± 5.28 -13.76 (-25.02 to -2.50)* ± 5.55 -6.46 (-17.34 to 4.41) ± 5.36

Pro -3.05 (-8.67 to 2.58) ± 2.77 -4.95 (-10.86 to 0.96) ± 2.91 -5.50 (-11.21 to 0.21) ± 2.81

Gly -2.45 (-6.43 to 1.53) ± 1.96 -6.17 (-10.35 to -1.98)* ± 2.06 -2.56 (-6.60 to 1.49) ± 1.99

Ala -4.09 (-9.02 to 0.84) ± 2.43 -7.69 (-12.86 to -2.51)* ± 2.55 -5.02 (-10.02 to -0.01)* ± 2.46

Cys 2.78 (-10.71 to 16.26) ± 6.64 16.00 (1.83 to 30.17)* ± 6.98 8.67 (-5.03 to 22.36) ± 6.74

Val -5.22 (-11.88 to 1.44) ± 3.28 -11.84 (-18.84 to -4.85)* ± 3.44 -5.76 (-12.51 to 1.00) ± 3.33

Met -3.67 (-7.38 to 0.04) ± 1.83 -2.00 (-5.90 to 1.89) ± 1.92 -3.06 (-6.83 to 0.70) ± 1.85

Ile -0.61 (-9.78 to 8.57) ± 4.52 7.25 (-2.38 to 16.89) ± 4.75 2.16 (-7.16 to 11.47) ± 4.59

Leu -10.69 (-20.45 to -0.93)* ± 4.81 -21.81 (-32.06 to -11.55)* ± 5.05 -11.12 (-21.03 to -1.21)* ± 4.88

Tyr 0.07 (-6.28 to 6.43) ± 3.13 1.35 (-5.33 to 8.02) ± 3.29 0.58 (-5.87 to 7.03) ± 3.18

Phe -5.83 (-15.48 to 3.83) ± 4.76 1.69 (-8.45 to 11.83) ± 5.00 -2.14 (-11.94 to 7.66) ± 4.83

His -0.86 (-8.06 to 6.35) ± 3.55 5.19 (-2.38 to 12.76) ± 3.73 2.19 (-5.12 to 9.51) ± 3.60

Lys -9.63 (-17.53 to -1.73)* ± 3.89 -10.56 (-18.85 to -2.26)* ± 4.09 -5.31 (-13.33 to 2.70) ± 3.95

Arg -11.38 (-17.88 to -4.88)* ± 3.20 -14.43 (-21.26 to -7.60)* ± 3.36 -9.16 (-15.76 to -2.56)* ± 3.25
frontiers
A negative sign in front of the mean difference indicates a decrease in the concentration of the amino acid after the selected treatment compared to the control. Asterisks and bold formatting
indicate a statistically significant difference between the treated samples and untreated cells at p ≤ 0.05 (one-way ANOVA, Tukey HSD post hoc).
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As indicated by the regression analyses of the data, the

kidneys showed a lower response to platinum treatment than

liver tissue, and PCA analyses confirmed these initial findings

(Figure 9). Namely, the CDDP treatment did not show any

difference from the control group, and no amino acids could be

isolated from the rest of the group. In contrast, treatment with

PtNPs-10 organized most of the amino acids in a nicely

distinguished cluster, whereas Cys, Ile and Phe separated into

a well-defined cluster closely related to Lys. Even though the

PtNPs-40 treatment showed the least significant differences from

the control, the PCA analyses revealed three distinctive clusters,

with most of the amino acids in the main cluster. The second

cluster combined Met and Val together, whereas Cys and Tyr

defined the third and most distinctive cluster, which diverged to

the upper left quadrant of the PCA graph.
Discussion

Cytotoxicity and compatibility of PtNPs

Ideal nanoparticles with strong anticancer activity should be

not only cost-effective, nontoxic, nonimmunogenic, and < 100

nm in diameter but also highly biodegradable/biocompatible to

prevent side effects and accumulation of the nanoparticles in

healthy tissues and cells (60). Generally, the polymer-based

materials used in the surface modification of different
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nanoparticles increase their biocompatibility and decrease their

toxicity (61). Buchtelova et al.(44) reported that PtNPs modified

with PVP-10 had a smaller diameter and stronger toxicity than

PtNPs modified with PVP-40 in all tested cell lines (PNT1A,

HaCaT, LNCaP, MDA-MB-231 and GI-ME-N). These results

indicated that the choice of polymer’s molecular weight for

nanoparticle surface modification has a main role in activity.

Comparing the data obtained from the MTT assay,

hemolytic assay, comet assay and evaluation of the

internalization of PtNPs into different cell lines, they revealed

that the nanoparticles become toxic after internalization, while

the membranes of the treated cell lines are not disrupted. The

good hemocompatibility and the absence of protein coronas

allows the PtNPs to express their potential without any

interruptions (62). Our results suggested that the PtNP

mechanism of action and potential toxicity are not connected

to membrane damage but to endocytosis and intracellular

processes. Li et al. (63) precisely described the uptake of PtNPs

by the cells through endocytosis and storage in lysosomes. They

also revealed that the internalization of PtNPs into the cell is

limited by downregulation of the small GTPases that regulate

endocytosis or by defects in endocytosis. It has also been

reported that once PtNPs are inside the cell, they start to

degrade in the acidic lysosomal environment and release Pt+2

ions, which trigger apoptosis by mitochondrial degradation or

DNA damage (64). Even though the PtNPs-10 and PtNPs-40 are

not specifically selective to a given cell lineage, the presence of
TABLE 4 Concentration of amino acids in kidney tissue, shown as the mean difference between the treated cells and the control in a 95%
confidence interval for the mean difference, ± standard error (SE) for each amino acid.

Kidney CDDP vs. Control PtNP-10 vs. Control PtNP-40 vs. Control

Amino acid Mean difference (µmol/L)
(95% CI)

SE Mean difference (µmol/L)(95% CI) SE Mean difference (µmol/L)
(95% CI)

SE

Asp -2.53 (-10.31 to 5.24) ± 3.83 -6.89 (-14.92 to 1.15) ± 3.96 -5.25 (-13.14 to 2.65) ± 3.89

Thr -4.17 (-8.77 to 0.44) ± 2.27 -6.50 (-11.25 to -1.74)* ± 2.34 -4.00 (-8.67 to 0.67) ± 2.30

Ser -1.79 (-6.91 to 3.32) ± 2.52 -4.68 (-9.96 to 0.61) ± 2.60 -4.34 (-9.53 to 0.86) ± 2.56

Glu -1.75 (-10.54 to 7.04) ± 4.33 -6.86 (-15.94 to 2.23) ± 4.47 -4.52 (-13.44 to 4.41) ± 4.40

Pro -2.23 (-8.08 to 3.61) ± 2.88 -5.65 (-11.68 to 0.39) ± 2.97 -6.02 (-11.95 to -0.09)* ± 2.92

Gly -0.89 (-4.50 to 2.72) ± 1.78 -2.84 (-6.57 to 0.89) ± 1.84 -3.04 (-6.71 to 0.63) ± 1.81

Ala -1.01 (-5.01 to 2.99) ± 1.97 -3.74 (-7.87 to 0.40) ± 2.04 -2.13 (-6.19 to 1.93) ± 2.00

Cys 1.54 (-11.89 to 14.97) ± 6.61 -2.29 (-16.17 to 11.58) ± 6.83 6.27 (-7.36 to 19.90) ± 6.71

Val -4.51 (-8.57 to -0.45)* ± 2.00 -4.59 (-8.78 to -0.39)* ± 2.07 -2.69 (-6.81 to 1.44) ± 2.03

Met -2.25 (-5.00 to 0.49) ± 1.35 -2.65 (-5.49 to 0.18) ± 1.40 -1.70 (-4.48 to 1.09) ± 1.37

Ile 0.03 (-7.56 to 7.62) ± 3.74 -7.82 (-15.66 to 0.02)* ± 3.86 -4.83 (-12.53 to 2.88) ± 3.79

Leu -6.40 (-13.90 to 1.10) ± 3.70 -4.63 (-12.38 to 3.13) ± 3.82 -6.13 (-13.74 to 1.49) ± 3.75

Tyr -0.20 (-5.82 to 5.43) ± 2.77 -0.51 (-6.32 to 5.30) ± 2.86 0.47 (-5.24 to 6.18) ± 2.81

Phe -3.12 (-11.18 to 4.94) ± 3.97 -7.53 (-15.86 to 0.79) ± 4.10 -4.86 (-13.04 to 3.32) ± 4.03

His 3.85 (-1.53 to 9.24) ± 2.65 -2.21 (-7.77 to 3.36) ± 2.74 -0.78 (-6.24 to 4.69) ± 2.69

Lys -2.75 (-10.00 to 4.50) ± 3.57 -5.40 (-12.90 to 2.09) ± 3.69 -2.32 (-9.68 to 5.04) ± 3.63

Arg -4.21 (-9.21 to 0.80) ± 2.47 -4.34 (-9.51 to 0.83) ± 2.55 -3.25 (-8.34 to 1.83) ± 2.50
frontiers
A negative sign in front of the mean difference indicates a decrease in the concentration of the amino acid after the selected treatment compared to the control. Asterisks and bold formatting
indicate a statistically significant difference between the treated samples and untreated cells at p ≤ 0.05 (one-way ANOVA, Tukey HSD post hoc).
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the polymer on their surface endows them with high

biocompatibility, allowing successful internalization in the cells

without membrane damage, and carryout the toxic effect

intracellularly. They have been successfully applied as drug

delivery carriers for various drugs, e.g. indomethacin, fentanyl,

ibuprofen (65–67). Furthermore, the lack of interaction with

plasma proteins, increases their plasma-life, allowing them to

circulate longer, without causing damage (68). However, since

the application of any metallic particles comes with certain

adverse effects, we draw our attention to examining the extent

of the undesirable consequences to the healthy cells and tissues.

The viability results of the HEK-293 cell line indicated a

higher sensitivity of these cells than the HaCaT cell line after the

treatment with PtNPs. These data confirm the well-known fact

that HEK-293 cells are highly sensitive to platinum-based drugs

(58). However, CDDP clearly had lower cytotoxic effects on the

HEK-293 cells than on HaCaT cells. These findings are similarly

reflected in the changes of the cell morphology which were

observed as apoptosis of HaCaT cells upon the treatment with

CDDP, but no other treatments caused any cell disruptions on

any cell line. Furthermore, we observed an absence of DNA

damage in the treated cell lines (HEK-293 and HaCaT) upon all
Frontiers in Oncology 13
treatments. On the one hand, a damaging effect of PtNPs on

DNA was previously described (32); however, Gatto et al.

detected uninterrupted RNA transcription in addition to the

scavenging ability of PtNPs toward reactive oxygen species

(ROS) (69). Contrary to Gatto’s findings, our cell lines showed

a significantly increased level of ROS production in both cell

lines after treatment with PtNPs. Despite the increased levels of

ROS, the comet assay confirmed that the DNA integrity was

maintained; however, such changes in the production of ROS

could trigger some antioxidant defense mechanisms, with

glutathione (GSH) being the one most reported antioxidants

activated upon oxidative stress (70).
The in vitro effect of platinum-based
drugs on HaCaT and HEK-293 cell lines

PtNPs affect the contents of amino acids in
HaCaT and HEK-293 cells

Various studies have shown altered amino acid cell

metabolism resulting from treatment with platinum drugs.

The PCA analyses in our study showed that neither platinum
FIGURE 8

PCA projection of amino acid behavior in liver tissue and the effects of different platinum treatments.
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drug induced profound changes in the amino acid content in

HaCaT cells, although PtNPs-40-treated cells responded to the

treatment by increasing the concentration of most of the amino

acids. In comparison, in HEK-293s the amino acid profile was

altered by CDDP, which induced a dominant effect on the whole

amino acid set, and PtNPs-40 effects were observed to a smaller

extent. Nevertheless, in both cell lines, the treatment with

PtNPs-10 seemed to have restricted the amino acid increase,

which completely resembles the level of significance obtained

from the ANOVAs. The difference in the amino acid profile

alterations upon PtNPs-10 and PtNPs-40 mainly depends on the

molecular weight of the PVP. In fact, various studies have shown

that NPs and drugs stabilized with PVP of smaller molecular

weight release the drug faster than PVP with higher molecular

size, due to the higher surface that provides better interactions

with the medium (71). Accordingly, PtNPs-10 should release

more Pt2+ than PtNPs-40 during a given time interval, and thus

affecting the amino acid profile at a different extent. In addition,

the higher induction of ROS production upon PtNPs-10

treatment, supports this variation in amino acid profiles (72).

It is evident in our study that Asp, Glu and Ser are the

common amino acids affected in both cell lines upon treatment
Frontiers in Oncology 14
with CDDP and PtNPs-40. The involvement of these amino

acids as responses to CDDP treatment shows a degree of

agreement; however, controversial findings have been

discussed in several studies. Namely, in normal tubular

epithelial cells (NRK-52E), the levels of Glu were increased

after CDDP treatment; however, Asp was detected at lower

concentrations after this treatment (73). In contrast, the level

of Glu was decreased in colon cancer cells treated with

oxaliplatin (74). This could be attributed to the fact that a

different platinum drug was used as a treatment; however,

each cell line operates with a unique metabolic machinery, a

difference that is manifested even between cell lines from the

same tissue, showing different resistance toward a given drug.

Such contrast in amino acid profiles was described in resistant

and sensitive neuroblastoma cell lines treated with CDDP, where

Asp and Ser noted increased levels in the insensitive

neuroblastoma cell line, similar to the observations in our

cells, whereas the sensitive cell line did not show any

significant changes in these amino acids (75). This is related to

the survival ability of the cells, which promotes amino acid

synthesis as a mechanism for resistance to the given drug. On the

other hand, our treatment with PtNPs-10 led to a decrease in Ser
FIGURE 9

PCA projection of amino acid behavior in kidney tissue and the effects of different platinum treatments.
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in both cell lines, clearly discriminating this treatment from the

other treatments, including CDDP treatment of insensitive

neuroblastoma cells. In addition to the fact that PtNPs-10

treatment barely affected the amino acid profiles of the cells, it

also indicated different routes of activity. An interesting

observation was made regarding Cys levels, which were

increased only in HEK-293 cells but not in HaCaT cells after

all treatments. Similar findings were described by Kim et al. after

CDDP treatment of a different kidney cell line (NRK-52E) (73).

PtNPs activate GSH mediated antioxidant
defense and alter the TCA cycle performance

The TCA cycle, also known as the Krebs or citric acid cycle,

is an important mechanism for energy production for the cell

and is highly dependent on amino acid availability since amino

acids enter this cycle through conversion into a few main TCA

cycle intermediates (76). Oxaloacetic acid, ketoglutaric acid,

succinyl-CoA and fumaric acid are the main entrance points

of the TCA cycle for a selection of few amino acids, whereas

other amino acids are linked to the TCA cycle through their

conversions into pyruvate and acetyl-CoA, which then enter the

TCA cycle at the oxaloacetic acid or citric acid entry point. We

analyzed the contents of the metabolites in TCA cycle to obtain

results which will serve as an indication of whether the alteration

of amino acids happens as a result of protein degradation only,

or there are disruptions in the related metabolic cycles, which

would change the amino acids consumption, and their

involvement in the response to the oxidative stress.

Observing the results of the HaCaT and HEK-293 cell lines

we noticed differences in the concentrations of the metabolites

involved in TCA cycle, as well as differences in the reaction to

the selected treatments. Namely, since HEK-293 have initially

lower concentrations of these metabolites, the responses were

not as obvious as in HaCaT cells. However, the malic acid was

one metabolite with consistent results in both cell lines, and its

depletion was more obvious in PtNPs-40 treated cells than in

cells treated with PtNPs-10. To understand this variation, we

must include oxaloacetic acid Asp, which together they comprise

the malate-aspartate shuttle. The malate-aspartate shuttle

regulates the concentrations of Asp, oxaloacetic acid, malic

acid, which undergo interconversion, a process that is

responsible for regulating NAD+ levels (77). Both treatments

lead the direction of the malic acid-aspartate shuttle equilibrium

in favor of oxaloacetic acid, and the increase of Asp upon PtNPs-

40 treatment, correlates with the more severe depletion of malic

acid. Tully et al. showed that combined drugs such as CDDP and

biguanide drugs affect the malate-aspartate shuttle, increasing

cytotoxicity by decreasing the concentrations of Asp and

NAD+ (78).

The decreased concentration of ketoglutaric acid upon

PtNPs-10 treatment coincides with the higher oxidative stress,

compared to the PtNPs-40 treatment. The increased levels of

ROS could cause an increased depletion of ketoglutaric acid,
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which was shown to have a role in neutralization of ROS (79).

This is supported by the higher ketoglutaric acid contents and

increased concentrations of Glu and Asp in PtNPs-40 treated

HaCaT cells which are the main acids involved in the amino

transfer accompanying the reversible interconversion between

these ketoglutaric and oxaloacetic acid, catalyzed by aspartate

aminotransferase (80).

Most of the TCA metabolites were depleted to provide more

energy, however, citric acid in HaCaT cells was increased upon

the treatment with PtNPs-10. Incidentally, Ser, the amino acid

that is involved in pyruvate production was significantly

depleted in both cell lines, which supports the increased

production of citric acid. However, it was shown that the

abundance of citric acid suppresses glycolysis, and pyruvate

dehydrogenase, which impedes the TCA cycle and

subsequently induces apoptosis (81).

The participants of the TCA cycle had considerably lower

concentrations in HEK-293 cells than in HaCaT cells; thus, we

will discuss only the most apparent deviations of the treated cells

compared to the control group (Figure 6). Regarding HEK-293

treated with PtNPs-10, the decrease of ketoglutaric acid was

accompanied an increased concentration of Arg, arising from

ketoglutaric acid’s precursor Glu, preferring the conversion of

Glu to Arg over ketoglutaric acid. On the other hand, the

decrease in ketoglutaric acid caused by PtNPs-40 can be

related to the increased concentrations of His and Glu,

indicating interference in the deamination reaction of Glu to

ketoglutaric acid in the abundant presence of these precursors.

The methionine cycle branches away from homocysteine in

the direction of the production of cystathionine and Cys to

finally synthesize GSH, an antioxidant enzyme. When there is an

increase in oxidative stress, the need for GSH is increased; thus,

cystathionine is expected to decrease rapidly to compensate for

the GSH requirements. Similar effects to those of cystathionine

have been observed in HCT116 cells upon treatment with

oxaliplatin (74). The decrease in GSH in HEK-293 cells is an

anticipated response resulting from activation of the antioxidant

defense mechanism against ROS, where GSH is oxidized in the

process of ROS neutralization, increasing the concentration of

oxidized glutathione (GSSG). This type of response has been

repeatedly observed in cells treated with various cytostatic drugs

(CDDP, oxaliplatin, doxorubicin) (74, 82, 83), as well as after

PtNP treatment (70, 84, 85). The increased concentration of

GSH in HaCaT is atypical in cells subjected to stress caused by

PtNPs treatment, and such findings are lacking in related

research. However, the fact that GSH was depleted in HEK-

293 cells more rapidly than in HaCaT cells showed that HEK-

293 cells are more susceptible to oxidative stress, which was also

supported by the data obtained from the MTT assay, showing

the higher sensitivity of HEK-293 cells to lower concentrations

of PTNPs compared to HaCaT cells. Nevertheless, the

methionine cycle, apart from Cys and Met, involves Ser as a

source for cystathionine synthesis, whereas the subsequent GSH
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synthesis depends primarily on the availability of Cys, Glu

and Gly.

The increase of ketoglutaric acid and GSH, as well as the

decease of cystathionine in HaCaT cells treated with PtNPs-40

show that the cells can manage the oxidative stress more easily

compared to the cells treated with PtNPs-10, especially since we

evidenced that PtNPs-10 cause higher ROS induction. On the

other hand, the less apparent increase of GSH, the decrease of

ketoglutaric acid, Ser, and cystathionine upon PtNPs-10

treatment, shows that the higher induction od ROS requires a

more extreme antioxidant response.

As previously mentioned, all these amino acids serve

different purposes and participate in other metabolic cycles,

including the TCA cycle, where different amino acids are

interconverted into intermediates of the cycle. Thus, for the

cells to prevail against oxidative stress, they redirect these

metabolic processes and amino acids, prioritizing reaction

mechanisms that will promote cell survival and consequently

disrupting the balance of the amino acid contents and other

participants in the cycles.
The ex vivo effect of platinum-based
drugs on the liver and kidneys of
chicken embryo

The in vitro effects of different PtNP treatments on different

cell lines showed contrasting results in the cell lines subjected to

the treatments, as well as variability among different amino acids

under the selected treatments. This led to the presumption that

tissue analyses could show similar variances. The major effect of

injection with any platinum drug was a decrease in most of the

amino acids in both the liver and kidneys, although the effects

were more apparent in the liver than in the kidneys, indicating

that the kidneys are less responsive to treatment with platinum

drugs than the liver. The amino acid profiles changed most

profoundly upon treatment with PtNPs-10, whereas treatment

with CDDP and PtNPs-40 displayed slightly less obvious but still

significant changes were observed.

In different biological systems presented in different tissues,

the composition of biomolecules, electrolytes, pH value varies

even with one organ with a unique architectural organization of

different cell types (86, 87). Even though the molecular weight of

the PVP is the dominant factor determining the release of ions,

the NPs interact differently with the compounds they encounter

in the different tissues (88). This can additionally affect the rate

at which the ions are released, as well the availability of the

released ions which can react with the electrolytes found in

specific tissue, and the following precipitation of the products

can prevent the Pt2+ from further action. In both tissues PtNPs-

10 showed highest alteration of the amino acid profile, proving

that the ion release rate overcomes the effect of the environment.

The PtNPs-40 caused a lower effect to the amino acid profile in
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both tissues, however, in kidneys this effect was comparable with

CDDP. The possible explanation is that the effect of the

surrounding compounds in the different tissues is more

obvious with PtNPs-40 than PtNPs-10, and due to the slower

rate of ion release, the PtNPs-40 cannot compensate for the

interactions with the compounds found in their proximity.

Moreover, it’s shown that the molecular weight of some

polymers determines the distribution to different organs (68).

Both tissues showed a general decrease in amino acid

concentrations. In agreement with our results is the similar

observation of the behavior of most of the amino acids reported

in myocardial tissue of chicken after the treatment with

doxorubicin (39). Several studies on serum analyses in rats

also reported alterations in amino acid profiles. Namely,

CDDP caused a decrease in BCAAs (89), whereas doxorubicin

decreased the amounts of Thr, Met, Arg, Phe, Ala, Leu and Val

in the analyzed sera of rats (90). On the other hand, low glucose

levels were detected in the blood of mice treated with PEG-

PtNPs, diminishing the main energy source needed for growth

and cell survival (91). Alternative energy sources include non-

glucose compounds such as amino acids, which can alleviate

energy deficiency through gluconeogenesis, being depleted

themselves, as well as protein breakdown providing free amino

acids to support gluconeogenesis (90). A corresponding finding

of our study is the significantly diminished weight of our chicken

embryos after treatment with any platinum form compared with

the control; however, no differences were found between the

weight of embryos subjected to the different treatments (Table

S2). This could indicate that the utilization of amino acids for

growth was suppressed to prioritize the survival of the organism.

Previous studies showed that treatment with PtNPs at lower

concentrations (1-20 mg/mL) did not affect the embryo weight;

however, an upper limit of 100 mg/mL was considered a safe dose

(92). In our study, two of the concentrations we applied (150 and

300 mg/mL) were above the suggested safe limit, explaining the

weight drop upon the given treatments. A pro-survival attempt

was revealed in cochlear rat tissue, where treatment with CDDP

induced increases in a number of cell-signaling and stress-

response proteins that participate in the cell survival

mechanism (93). A different explanation was given in several

studies reporting increased excretion of amino acids in urine

after exposure to different chemotherapeutic agents, implying

interference with the tubular reabsorption of amino acids in the

kidney (94–97). However, examination of amino acid levels in

urine obtained after treatment with PtNPs is lacking.
Conclusion

CDDP is one of the most conventional cytostatic drugs used as

a treatment in various types of cancers; however, many side effects,

including overdose-related toxicity, diminish its success rate and

limit its application. On the other hand, PtNPs have been suggested
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as a replacement therapy with excellent anticancer and therapeutic

properties. In this study, we investigated the cytotoxic effects of

PtNPs-10 and PtNPs-40 on two cell lines, HEK-293 and HaCaT.

We established their biocompatibility and examined their impact

on amino acid metabolism, as well as the related changes in the

TCA and methionine cycles. Furthermore, we used chicken

embryos as an in vivo model to examine the effects on the amino

acid profiles in the liver and kidneys, which are the main tissue

locations of amino acid metabolism. HEK-293 cells displayed a

higher sensitivity to the PtNPs than to HaCaT cells, whereas CDDP

was much more toxic to HaCaT cells than PtNPs. The PtNPs were

successfully internalized by the cells, where they can employ their

mechanism of action and potential toxicity without causing damage

to the membrane or DNA. The oxidative stress caused by PtNP

treatments activated the antioxidant defense mechanism, causing

changes in the concentration of GSH. The related amino acids

included in the synthesis of GSH (Cys, Glu and Gly) and in the

methionine cycle (Met and Ser) underwent changes in their

concentrations in the cells, causing an imbalance in the overall

amino acid metabolism, consequently affecting the metabolic

transformations of the metabolites participating in the TCA cycle.

In the liver and kidneys of chicken embryos treated with PtNPs, a

general decrease in the concentration of amino acids occurred,

which was more evident in the liver than in the kidney. The

dissipation of the amino acids was accompanied by a decrease in

the weight of the treated embryos. Treatment with PtNPs-10 was

associated with the most prominent changes in amino acids in both

tissues, whereas PtNPs-40 affected the concentration of only a few

amino acids. However, since PtNPs-10 treatment affected the amino

acid profile of the liver and kidneys more than conventional

treatment with CDDP, the results raise concerns regarding

whether this treatment provides enough benefits as cytostatic to

outweigh its side effects. On the other hand, treatment with PtNPs-

40 displayed the lowest alteration of the amino acid profile in the

liver and kidneys, presenting a promising alternative for the existing

platinum treatments.
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