Open Access Article. Published on 14 June 2022. Downloaded on 10/22/2025 12:36:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Analyst, 2022, 147, 3201

Received 28th February 2022,
Accepted 19th May 2022

DOI: 10.1039/d2an00355d
rsc.li/analyst

Introduction

Imaging mass spectrometry differentiates the
effects of doxorubicin formulations on
non-targeted tissuest

Zeljko Debeljak, €2 *2® vana Vinkovi¢ Vr&ek, € © Niksa Drinkovi¢, Vedran Micek,®
Emerik Gali¢,® Dunja Gorup,” Marija Curlin,® Dario Mandi¢,®® Ana Bandjak,®
Barbara Pem, Nikolina Kal¢ec,® Krunoslav Ili¢,© lvan Pavi¢i¢,© Suzana Mimica,®®
Nazende Guinday-Tureli © " and Emre Tureli”

Administration of cytotoxic agents like doxorubicin (DOX) is restrained by the effects on different non-tar-
geted/non-cancerous tissues, which instigates the development of nano-enabled drug delivery systems,
among others. In this study, imaging mass spectrometry (IMS) was selected to examine the effects of
DOX nanoformulations on non-targeted tissues. Chemical alterations induced by liposomal (LPS) and
poly (lactic-co-glycolic acid) (PLG) nanoformulations were assessed against the ones induced by the con-
ventional (CNV) formulation. Kidney cryosections of the treated and control Wistar rats were used as a
model of the non-targeted tissue and analyzed by MALDI TOF IMS in the 200-1000 Da m/z range.
Principal component analysis (PCA) and Volcano plots of the average mass spectra demonstrated a large
overlap between treatments. However, the Venn diagram of significant m/z values revealed a nanoformu-
lation-specific fingerprint consisting of 59 m/z values, which set them apart from the CNV formulation
characterized by the fingerprint of 22 significant m/z values. Fingerprint m/z values that were putatively
annotated by metabolome database search were linked to apoptosis, cell migration and proliferation. In
CNV and PLG cases, false discovery rate adjusted ANOVA showed no differences in the spatial distribution
of fingerprint m/z values between the histological substructures like glomeruli and convoluted tubules
indicating their tissue-nonselective effect. LPS caused the least significant changes in m/z values and
some of the LPS-specific fingerprint m/z values were primarily distributed in the glomeruli. The IMS based
procedure successfully differentiated the effects of DOX formulations on the model non-targeted tissue,
thus indicating the importance of IMS in effective drug development.

opment of imaging mass spectrometry (IMS) introduced
spatial analysis and provided a possibility of the histochemical

Chemical fingerprinting using mass spectrometry (MS) has a
wide array of applications. Identification of microorganisms by
MALDI TOF MS represents a recent and very successful appli-
cation of chemical fingerprinting in biomedicine." The devel-
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fingerprinting by MALDI TOF IMS. Simultaneous recording of
numerous m/z values in the compound tissues provides abun-
dant chemical information highlighting the advantage of IMS
over more frequently used imaging techniques like immuno-
histochemistry and confocal microscopy. This feature enables
the detection and differentiation of the chemical fingerprints
in compound tissues which can be exploited in drug develop-
ment and preclinical testing.”

Great efforts in the design and development of cytotoxic
drugs like doxorubicin (DOX) have been made to alleviate their
side effects. Targeted drug design and nano-enabled formu-
lations have been designed to increase the efficacy and reduce
unwanted effects of DOX in non-targeted tissues.>” To check
if these expectations have been met, besides histopathology
and drug distribution studies, which do not provide much
information about chemical alterations,*” biochemical assays
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in pure cell cultures are routinely used.* "> The DOX-induced
biochemical alterations studied in pure cell cultures include
cell death by the inhibition of topoisomerase II, intercalation
in DNA and oxidative stress induction. Pure cell cultures were
also used to show cell’s resistance to DOX due to increased
reductive pentose phosphate cycle activity, expression of drug
transporters and activity of aldo-keto reductases. But DOX has
been associated with a wide array of different effects on
different cell types in compound tissues.'” DOX induced
responses by the resident immune and endothelial cells
cannot be analysed in the pure cell cultures at all. Due to that
recognition of changes in a complex chemical pattern of non-
targeted tissues that are specific to different DOX formulations
remains largely beyond the pure cell culture models and
assays for well-known biochemical alterations. In that regard,
IMS-derived histochemical fingerprints of non-targeted tissues
may facilitate information gathering on the well-known altera-
tions, but also on the less common, drug formulation-specific
histochemical alterations.”

Due to the susceptibility to cytotoxic effects of DOX'® as
well as the complex microscopic structure comprised of glo-
meruli, proximal and distal convoluted tubules (PCT, DCT,
respectively), the kidney cortex represents a useful non-tar-
geted tissue model for studying the effects of novel DOX for-
mulations by imaging techniques, the IMS in particular.
Recent IMS studies on DOX distribution in colon cancer cell
spheroids and in mouse liver sections did not provide data on
chemical disturbances induced by different DOX
formulations,*'” whereas research by Jung et al.'® and Sahin
et al."® demonstrated IMS as a valuable tool for the assessment
of drug induced chemical alterations in the kidneys. In this
study, we aimed to provide proof-of-concept for the implemen-
tation of the imaging mass spectrometry (IMS) in the safety
and toxicity evaluation of novel drug formulations focusing on
non-targeted tissues.
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Results and discussion

Systemic administration of DOX causes numerous biochemical
changes that leave little room for the formulation-specific his-
tochemical changes to emerge. It is therefore expected that the
mass spectra of animals’ kidneys treated with different DOX
formulations are very similar and reflect the DOX-specific
changes. The separation of the control (CTR) animals from the
treated ones along the PC1 axis confirms these expectations
(Fig. 1). A larger variation within the CTR group was noticeable
while the closely located class centroids demonstrate similar
responses to all formulations. Grouping of the results obtained
for different DOX formulations suggests a concerted response
to DOX formulations as opposed to less coherent behaviour of
untreated, control animals. Grouping of the formulations indi-
cates that the differentiation of histochemical fingerprints
related to treatment with different drug formulations might be
a challenging task. In comparison to the small differences in
response to different DOX formulations, even the sex-related
differences appeared more obvious (ESI, Part S17).

To demonstrate histochemical differences induced by
different formulations in more detail, the Volcano plot and
Venn diagram have been generated (Fig. 2 and 3). The plot rep-
resents m/z values that were significantly changed in the
kidney cortex of animals after DOX treatment compared to the
CTR group. A total of 1084 m/z values were significantly altered
due to treatment with at least one DOX formulation (Fig. 2 and
3). Such a high number of significantly changed m/z values
refers to the large variety of chemical disturbances in the
kidney cortex induced by DOX treatment. Consistent with PCA
(Fig. 1), the most significant changes in m/z values in kidneys
were common to all DOX formulations (Fig. 2 and 3).
Significantly decreased m/z intensities were more dispersed
which makes them a likely source of formulation-specific m/z
values (Fig. 2): the largest negative log 2-fold changes of signifi-

CNV

v CTR
= LPS

PLG

Fig. 1 PCA of the average IMS spectra acquired on the kidney cortex of the CNV, LPS, PLG and CTR animal groups. Each polygon represents an indi-
vidual animal. Position of the polygon is determined by mass spectrum averaged over all pixels of the kidney cortex of the respective animal. 80.9%
of data variance has been explained. Group labels are placed at centroids of CTR, CNV, PLS, and PLG.
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Fig. 2 Volcano plots: depicted m/z values reflect different effects of CNV, LPS, and PLG DOX formulations in the kidney cortex of rats compared to
the control group. Each strong m/z is represented by a dot. Vertical red lines denote log 2-fold change of —1 and 1 while a horizontal red line
denotes log of 0.05 which is a critical FDR adjusted p value of the Welch t-test (p.adj).
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Fig. 3 Venn diagram of m/z values that were significantly changed due
to administration of each DOX formulation. Significant m/z values satisfy
statistical and log 2-fold change criteria.

cant m/z intensities were most frequently induced by LPS, fol-
lowed by PLG, which may be a common trait of the
nanoformulations.

The most significantly changed m/z values were shared by
all DOX formulations but 300 m/z values cannot be linked to

This journal is © The Royal Society of Chemistry 2022

DOX alone, rather they may be considered as drug formu-
lation-specific (Fig. 3). Moreover, 22 significantly changed m/z
values formed CNV-specific histochemical fingerprint and 59
m/z values formed the nanoformulation-specific histochemical
fingerprint. Although LPS and PLG belong to the nanoformu-
lations group, LPS specific and PLG specific fingerprints may
be observed. A notable proportion of the significant m/z values
that were shared by PLG and CNV treatments (122 m/z values)
indicates a great degree of similarity in the impact of these two
formulations on the rat kidney cortex indicating that the
carrier particles’ dimensions alone cannot reduce effects of
DOX. A complete list describing all these fingerprint m/z
values is given in the ESI (Part S21).

CNV-specific and nanoformulation-specific fingerprint m/z
values were used for the Human Metabolome Database
(HMDB) search (Table 1). Most 22 CNV-related and 59 nanofor-
mulations-related fingerprint m/z values cannot be putatively
annotated using HMDB (Table 1, ESI, Part 27). HMDB search
using +50 ppm tolerance resulted in 11 unique endogenous
hits ie. putative metabolites. The remaining significantly
changed m/z values either did not gain database search hits
that correspond to the endogenous compounds or resulted in
multiple hits leading to the intractable interpretation.
Fingerprint m/z values didn’t match DOX itself or to its well-
known metabolites like the doxorubicinol or 7-deoxydoxorubi-
cinone, either. The fact that it was not possible to relate some
of the fingerprint m/z values with HMDB entries together with
the fact that some putatively identified endogenous com-
pounds have no known role in the kidney cortex implicate the

Analyst, 2022,147, 3201-3208 | 3203
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Table 1 Putatively annotated m/z values in the rat kidney cortex after treatment with CNV or nanoformulations of DOX. For more reliable metab-
olite identification (level 1 identification), the putative endogenous metabolites should be confirmed by LC-MS/MS or a similar analytical method

that combines two or more orthogonal chemical properties

m/z Adduct Putative endogenous metabolites  Alteration  p.adj = Metabolic roles in kidneys
CNV formulation 368.11 M+H-H,0 Phosphatidylserine 1 0.039  Apoptosis®”
37416 M+Na Trp-Phe/Phe-Trp ) 0.027  Unknown
37514 M+H-H,0  Cyclic N-Acetylserotonin ) 0.025  Unknown
glucuronide
448.31 M+H-H,O0 Glycocholic acid 1 0.046  Unknown
455.08 M+ Na Estradiol disulfate 1 0.020  Unknown
468.14 M+ Na Tetrahydrofolic acid ) 0.045  Oxidative stress and ferroptosis®
Nanoformulations:  377.17 M +Na LysoPA(i-12:0/0:0) isomers ) 0.041  Cell migration and proliferation**°
LPS & PLG 504.35 M+H-—H,0O  LysoPC(18:1(9Z)/0:0) isomers 1 0.037  Precursor of LysoPA*’
505.36 M +H-—H,0  LysoPA(i-24:0/0:0) isomers T 0.022  Cell migration and proliferation**°
721.88 M+K Guanosine 3'-diphosphate l 0.016  Apoptosis®"
5'-triphosphate
806.05 M +K Coenzyme A 1 0.042  Mitochondrial function®

existence of additional unknown DOX effects on the kidney
cortex.

Although significantly decreased mj/z intensities might
differentiate CNV from the nanoformulations, their annotation
was of limited success: only one of the decreased m/z intensi-
ties was matched to a single HMDB entry as opposed to 10
increased mj/z intensities that were successfully annotated.
Minor differences between CNV and nanoformulated DOX
were found (Table 1): in animal groups treated with DOX nano-
formulations, increased LysoPA was found, while compounds
like glycocholic acid and tetrahydrofolic acid were found to be
increased in kidneys of rats treated with CNV. But the majority
of putatively identified metabolites associated with different
DOX formulation were associated primarily with different
mechanisms of apoptosis. Apoptosis of the cancerous cells is
the expected outcome of DOX administration. However, DOX
induces the same effect in non-targeted tissues. This is corro-
borated in Table 1, i.e. administration of any type of DOX for-
mulation induces apoptosis in the kidney cortex. Results pre-
sented in Table 1 also suggest that CNV-related apoptosis was
induced by different mechanisms compared to the nanofor-
mulations-specific apoptosis. Moreover, nanoformulations
also induced possible cell migrations and cell proliferations
according to the results obtained for the LysoPA(i-12:0/0:0). Its
lateral distributions in the kidney cortex clearly depict differ-
ences between different DOX formulations (Fig. 4).

Differences in m/z intensities between LPS, PLG and CNV
treatments are clearly visible (Fig. 4.). The LysoPA(i-12:0/0:0)
content descended in the following order: LPS > PLG > CNV >
CTR. In the CTR group, only males showed clearly visible
signals of the LysoPA(i-12:0/0:0). In contrast to that, LPS and
PLG treatments induced the appearance of strong LysoPA(i-
12:0/0:0) associated signals in the kidney cortices of both
males and females. Interestingly, the LysoPA(i-12:0/0:0) associ-
ated m/z value was non-selective regarding the kidney substruc-
tures, i.e. its lateral distribution was diffuse irrespective of the
type of DOX formulation (Fig. 4 and ESI, Part S3f). Diffuse
kidney injury induced by non-selective DOX action might
explain this behaviour: immune cells and fibroblasts recruited

3204 | Analyst, 2022,147, 3201-3208

to the injured tissue as a part of the inflammatory response
produce factors associated with cell migration and prolifer-
ation.” Still, a level of selectivity toward the tissue substruc-
tures was expected, especially in the case of nanoformulations.
These expectations were confirmed only for the LPS: 7 out of
81 fingerprint m/z values were non-homogeneously distributed
in the kidney cortex (ESI, Part S4f). Most of these m/z values
showed the strongest intensities in glomeruli regions. The
most noticeable example is given in Fig. 5: m/z = 623.01 Da is
almost undetectable over PCT regions of the LPS-treated
animal while it covers regions of the glomeruli and, to a lesser
extent, DCT. In contrast, in the PLG-treated animal corres-
ponding lateral distribution is more homogeneous. It seems
that LPS caused only limited chemical disturbances in tubular
epithelia. Unfortunatelyy, HMDB search using non-homoge-
neously distributed m/z values either resulted in multiple or
no hits. Although 7 non-homogeneously distributed m/z values
did not match any of the well-known metabolites of DOX
itself, a possibility that some of these m/z values correspond to
some of the less known DOX metabolites should not be neg-
lected.*" A complete list of all 7 annotated m/z values charac-
terized by tissue selective effects found in animals treated with
LPS is given in the ESI (Part S4).

Experimental

Drug formulations

Conventional DOX formulation (CNV), purchased from PLIVA
(Zagreb, Croatia), contained 2 mg mL~" DOX dissolved in exci-
pient solution (NaCl, HCl and NaOH in water) for intravenous
use. Liposomal DOX nanoformulation (LPS), purchased from
Teva (Petah Tikva, Israel), encapsulates DOX in stable plurila-
mellar liposomes composed of egg phosphatidylcholine and
cholesterol with an aqueous core. It was reconstituted by
mixing DOX hydrochloride powder with the liposomal dis-
persion and sodium carbonate buffer according to the manu-
facturer’s instructions, which resulted in 2 mg mL™" of DOX.
The study also included non-commercial DOX nanoformula-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Comparison of m/z = 377.17 Da + 50 ppm intensities (LysoPA(i-12:0/0:0)): (A) Lateral distributions: the same colour scale corresponding to
measured a.u. is used in all images; (B) Box and Whisker plot. Each image corresponds to a different animal (N = 4 x 4). Corresponding light

microscopy images are given in the ESI, Part S3.1

tion designed by MyBioTech GmbH (Uberherrn, Germany) as
DOX loaded in poly(lactic-co-glycolic acid) (PLG) nanoparticles
at a concentration of 1.9 mg DOX per mL. Details on physico-
chemical characterization and properties of DOX nanoformu-
lations are given in the ESI (Part S5).1

Animal experiments

The study was performed using healthy Wistar rats of both
sexes, aged 12 weeks with a body weight (b.w.) of 320-350 g for
males (M) and 190-220 g for females (F). Animals were divided
into 3 experimental groups (CNV, LPS, and PLG) and one CTR

This journal is © The Royal Society of Chemistry 2022

group. Each group consisted of 2 M and 2 F animals (N = 4 x
4). Dose of 3 mg DOX per kg b.w., either in CNV, LPS or PLG
dosage form, was administered intraperitoneally (i.p.) to
animals from experimental groups 4 times, at 5-day intervals.
The control CTR was treated i.p. with saline solution in a
volume equivalent to those of the experimental groups.
Animals were sacrificed 120 h after the last administration by
exsanguination under general anesthesia using a cocktail of
anaesthetics. Kidneys were immediately collected, transferred
to the experimental tubes and stored at —70 °C until analysis.
Experiments were approved by the Ethical Committee of the

Analyst, 2022,147, 3201-3208 | 3205
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Fig. 5 (A) Light microscopy image (25%) of a kidney cortex of the LPS- and PLG-treated animal overlaid with the lateral distribution of m/z value of
623.01 Da + 50 ppm: dark, worm-like structures coming from the light microscopy image are PCT; (B) Box and Whisker plot showing intensity distri-
bution (a.u.) in the kidney cortex of the LPS-treated animals. G stands for “glomeruli”.

Croatian Ministry of Agriculture, Directorate of Veterinary and
Food Safety, Department of Animal Welfare (approval no. P/
8634610) respecting EU Directive 2010/63/EU for animal
experiments, Animal Protection Act (OG 135/06), the
Ordinance on the protection of animals used for experimental
and other scientific purposes (OG, 47/11) and all other
national and EU legislation relevant for the use of animals for
scientific purposes. More details on animal experiments may
be found in the ESI (Part S6).T

Cryosections

Kidney cortex samples were prepared using a CM1950 cryostat
(Leica, Wetzlar, Germany) that operated at —20 °C. The cuts
were made in transversal orientation, with thickness set to
10 pm. All samples were mounted on the indium tin oxide
(ITO) coated glass slides (Sigma Aldrich, Munich, Germany;
sheet resistance of 15-25 Q per sq) and stored at —70 °C until
further analysis.

Light microscopy

Light microscopy images of kidney cortex cryosections were
recorded using incident light. Magnification was set to 25x. The
light microscope integrated into the iMScope Trio mass micro-
scope (Shimadzu, Kyoto, Japan) was used for this purpose.

3206 | Analyst, 2022,147, 3201-3208

Matrix application

ITO slides were covered by 2,5-dihydroxybenzoic acid (DHB;
Sigma Aldrich, St Louis, USA) using an iMLayer sublimation
device (Shimadzu, Kyoto, Japan). Sublimation lasted for
25 min while all other parameters were set according to the
manufacturer’s instructions. After sublimation, the slides were
enclosed in a plastic container that contained filter paper
soaked in 5% methanol (Merck, Darmstadt, Germany). The
container was heated to 70 °C for 105 s to allow the recrystalli-
zation of the matrix to occur. Afterwards, the slides were left to
dry for 10 min.

Acquisition of MS images

All mass spectra were recorded using an iMScope TRIO mass
microscope (Shimadzu, Kyoto, Japan). MS images consisting of
1015 pixels were recorded in the 200-650 and 650-1000 m/z
range using the following settings: positive ionization; laser
diameter of ca. 25 pm and repetition rate of 1000 Hz; x and y
laser pitch of 30 and 26 pum, respectively; 50 laser shots per
pixel; laser intensity of 47%; 3.5 kV sample voltage and 1.9 kv
detector voltage. Crystalline DHB was used for calibration of
the mass spectrometer. Mass spectra of the kidney cortex
averaged over each group of animals are given in the ESI
(Part S7).%

This journal is © The Royal Society of Chemistry 2022
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Data analysis

Recorded MS images were imported into the IMAGEREVEAL
1.1 software (Shimadzu, Kyoto, Japan). Total ion count (TIC)
normalization was applied. m/z signals were divided into
+50 ppm bins and the matrix m/z values were eliminated. m/z
intensities averaged over all recorded pixels per sample served
as an input for processing in the R programming
language.’** Data from two recorded m/z ranges were pooled
to create a complete data list for each sample. Only the strong
m/z values were retained for further analysis: strong m/z values
were the ones in which the sum of intensities across all
images () Im/z) was greater than 1% of the largest Y .Im/z. PCA
of the kidney cortex histochemistry was performed using the
average mass spectra of all animals. Scaled and centered
spectra were restricted to strong mj/z values. False discovery
rate (FDR) adjusted Welch t test and log 2-fold change were
applied to each strong m/z value recorded on cryosections
coming from the CTR and from each of the treatment groups
(N =4 + 4): the results were presented in the form of a Volcano
plot and in the form of a Venn diagram. The statistical signifi-
cance was set to p < 0.05 and absolute log 2-fold change >1 rep-
resented the biological significance limit.>* Venn diagram has
been chosen for the purpose of classification of the significant
m/z values based on their associations to treatments: signifi-
cant m/z values exclusively associated either with the CNV or
with the nanoformulations (LPS and PLG) represent specific
histochemical fingerprints which form easily identifiable
subsets in the diagram. Fingerprint m/z values were used for
the HMDB search:** only the search hits corresponding to a
single endogenous or essential compound, referred to as
“putative metabolites”, were retained while the m/z values
associated with multiple database search hits, like isobars,
were excluded from further analyses.”® The database search
was performed using the +50 ppm matching tolerance and the
following types of adducts: +H", +Na*, +K" and +H'-H,0. One-
way analysis of variance (ANOVA) of the fingerprint m/z values
aimed at the differentiation of the tissue substructures (glo-
meruli, DCT and PCT) specific responses to the administration
of each DOX formulation was performed within
IMAGEREVEAL 1.1 (Shimadzu, Kyoto, Japan) environment.
FDR adjustment of p values coming from that analysis was
performed using R script. Depiction of tissue substructures is
given in the ESI (Part S3).}

Graphics

MS images of the selected putative metabolite’s spatial distri-
butions and associated Box-Whisker plots were created using
IMAGEREVEAL 1.1 (Shimadzu, Kyoto, Japan): linear interp-
olation, Gaussian filter and +50 ppm m/z width were used for
that purpose.

Conclusions

The IMS analysis indicated a wide range of chemical disturb-
ances in the kidney cortex of rats treated with different formu-

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

lations of DOX showing the importance of such analysis in
safety profiling of drugs. Observed chemical changes in non-
targeted tissue were divided into DOX-specific and formu-
lation-specific ones, and subsequently, into CNV-specific and
nanoformulation-specific fingerprints. Analysis yielded 22 sig-
nificant m/z values forming CNV-specific histochemical finger-
print and 59 significant m/z values that form the nanoformula-
tion-specific fingerprint. Some of these values were associated
with apoptosis in the kidney cortex, an effect shared by all
DOX formulations. However, cell migrations and cell prolifer-
ations were nanoformulation-specific. Quite unexpectedly, PLG
effects were more similar to the effects of CNV than to the
effects of LPS and PLG was also characterized by greater histo-
chemical alterations. The advantages of the IMS technique for
safety profiling of different drug formulations are convincingly
represented by the images of lateral m/z distributions. Along
with classifying different DOX formulations by their impact on
specific m/z intensities, such analysis enabled visual assess-
ment of DOX formulations’ selectivity for different tissue sub-
structures. In contrast to CNV and PLG, LPS formulation
showed some level of selectivity for kidney cortex substructures
and it induced the least number of histochemical changes.
These conclusions are limited to the toxicity testing of
different DOX formulations using healthy animals of both
sexes.

In summary, this study demonstrated that IMS is an infor-
mation-rich resource suitable for the analysis of the chemical
effects of cytotoxic drugs in non-targeted tissues. Even more,
IMS-based analysis enables differentiation of drug formu-
lation-specific effects highlighting the value of IMS in drug
development.
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