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Abstract
Schistosoma mansoni is a parasitic flatworm causing schistosomiasis, an infectious disease affecting several hundred million
people worldwide. Schistosomes live dioeciously, and upon pairing with the male, the female starts massive egg production,
which causes pathology. Praziquantel (PZQ) is the only drug used, but it has an inherent risk of resistance development.
Therefore, alternatives are needed. In the context of drug repurposing, the cancer drug imatinib was tested, showing high efficacy
against S. mansoni in vitro. Besides the gonads, imatinib mainly affected the integrity of the intestine in males and females. In this
study, we investigated the potential uptake and distribution of imatinib in adult schistosomes including its distribution kinetics.
To this end, we applied for the first time atmospheric-pressure scanning microprobe matrix-assisted laser desorption/ionization
mass spectrometry imaging (AP-SMALDI MSI) for drug imaging in paired S. mansoni. Our results indicate that imatinib was
present in the esophagus and intestine of the male as early as 20 min after in vitro exposure, suggesting an oral uptake route. After
one hour, the drugwas also found inside the paired female. The detection of the mainmetabolite, N-desmethyl imatinib, indicated
metabolization of the drug. Additionally, a marker signal for the female ovary was successfully applied to facilitate further
conclusions regarding organ tropism of imatinib. Our results demonstrate that AP-SMALDI MSI is a useful method to study the
uptake, tissue distribution, and metabolization of imatinib in S. mansoni. The results suggest using AP-SMALDI MSI also for
investigating other antiparasitic compounds and their metabolites in schistosomes and other parasites.
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Introduction

Schistosomiasis is a disease caused by trematodes of the genus
Schistosoma, with more than 200 million people affected and
around 200,000 annual deaths globally. The WHO has listed
schistosomiasis as one of the neglected tropical diseases

(NTDs) [1–4]. Interestingly, schistosomes have evolved two
sexes, in contrast to almost all other parasitic flatworms which
are hermaphrodites [5]. For pairing, the female becomes em-
braced by the male’s body and locates in the ventral groove of
the male, the gynaecophoric canal. A constant pairing contact
of male and female worms is required to induce and maintain
the sexual maturation of the female [5]. Following pairing, the
female produces hundreds of eggs per day, which are released
into the bloodstream of the final host, such as humans. Some
of the eggs reach the gut lumen and are released into the
environment to continue the life cycle of the parasite. The rest
of the eggs, however, migrate via the bloodstream and get
trapped in different organs such as the spleen and liver.
Here, these eggs cause granuloma formation and inflammato-
ry processes, finally leading to liver fibrosis [6]. For treatment
of schistosomiasis, praziquantel (PZQ) is used as the only
available drug effective against all schistosome species rele-
vant to humans [7]. However, PZQ does not prevent reinfec-
tion, and indications of resistance development against this
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drug have been recorded [8, 9]. To date, there is no vaccine
available, which alarmingly limits disease control [10, 11].

Several new drugs against S. mansoni are currently under
investigation, including newly developed substances and
repurposed drugs. One of these studied drugs is imatinib, a
protein tyrosine-kinase (PTK) inhibitor targeting Abl-family
PTKs [12, 13]. Imatinib, also known as Gleevec or Glivec
(Novartis, Basel, Switzerland; formerly referred to as
STI571 or CGP57148B), is used for therapy of chronic mye-
loid leukemia and malignant gastrointestinal stroma tumors in
humans [12, 14]. In in vitro assays, imatinib has shown addi-
tional efficacy against multicellular and unicellular parasites
with high relevance to human health such as S. mansoni and
S. japonicum [15, 16] but also against Echinococcus
multilocularis [17], filaria [18, 19], Plasmodium [20, 21],
and Leishmania [22]. Two Abl orthologs and an Abl/Src hy-
brid kinase occur in S. mansoni and are targets of imatinib [15,
23, 24]. Incubation of S. mansoniwith concentrations between
10 and 100 μmol/L imatinib resulted in phenotypic changes
including bulges and swellings along the entire worm body
and a reduction of pairing stability and viability of S. mansoni
couples as well as degenerations of the gonads and the
gastrodermis in both genders [15]. Although the phenotypic
effects following imatinib treatment of worms have been an-
alyzed in detail, among the open questions are the following:
(i) how is imatinib taken up by the parasite (orally or via a
different route), (ii) whether the drug uptake kinetics differ
between males and females, (iii) in which tissues does the
drug occur, (iv) how does drug tropism correlate with the
observed phenotypes, and (v) how is imatinib metabolized
in the worm? Providing answers to these questions was central
to our study.

Typically applied methods to investigate drug distribution
require labeling of the compound, either by fluorescent probes
or by radioactive substances [25]. Both techniques are quite
expensive and laborious, and attachment of probes to a bioac-
tive compound might influence its chemical behavior.
Another possibility is to visualize drug distributions by using
mass spectrometry imaging (MSI) [26]. The advantage of
mass spectrometric detection is that molecules can mostly be
analyzed in their native state without additional labeling.
Furthermore, hundreds of other endogenous compounds or
drug metabolites can be detected in parallel. Sample prepara-
tion includes the sectioning of tissue, which can be complicat-
ed for small organisms. Our lab has previously established and
optimized this procedure for S. mansoni [27]. MSI can be
carried out using several ionization techniques, the most wide-
spread being matrix-assisted laser desorption/ionization
(MALDI). After coating the sample with a thin layer of a
dedicated organic matrix, the pulsed laser beam ablates sam-
ple material from the tissue surface in a rasterized fashion [28].
The resulting mass spectrum and the location of the ablated
spot on the sample are recorded, allowing the generation of

images that show the distributions of compounds throughout
the rasterized sample area. Typically, MALDI is optimally
suited for the detection of phospholipids and smaller metabo-
lites, but it can also be used for peptides and numerous exog-
enous molecules [29]. Parallel detection of several hundred
endogenous molecules requires highly resolved and accurate
detection of m/z values by the mass spectrometric analyzer to
enable the discrimination and assignment of compounds with
similar mass [30]. Among the available systems, high-speed
time-of-flight mass analyzers are still predominant, but
Fourier-transform mass spectrometers are becoming increas-
ingly important for MALDI imaging. Orbital trapping and ion
cyclotron resonance (ICR) are techniques that provide the
highest mass accuracy and resolution. While ICR is superior
to Orbitraps concerning the aforementioned parameters, they
require relatively costly maintenance, and measurement speed
at maximum resolution is low. Therefore, Orbitrap mass ana-
lyzers are becoming more popular for high-mass-resolution
analysis of biomolecules in tissue samples [31] at competitive
speed [32]. Their superior resolution coupled with speed of
analysis makes them very suitable for drug imaging by pro-
viding unambiguous identification through accurate mass and
fragmentation.

In the present study, we have investigated imatinib distri-
bution in cryosections of S. mansoni after refining the sample
preparation protocol and applying high-resolution atmospher-
ic-pressure scanning microprobe MALDI MSI (AP-SMALDI
MSI). We have analyzed two concentrations of imatinib and
several time points after treatment of the worms with the drug.
We were able to follow the uptake and distribution of imatinib
and its major metabolite in the worm and to address several
characteristic anatomical features.

Materials and methods

Statement of human and animal rights

Animal experiments using Syrian hamsters (Mesocricetus
auratus) as model hosts were performed in accordance with
the European Convention for the Protection of Vertebrate
Animals used for experimental and other scientific purposes
(ETS No 123; revised Appendix A). Experiments have been
approved by the Regional Council (Regierungspraesidium)
Giessen (V54-19 c 20/15 h 02 GI 18/10 Nr. A 14/2017).

Harvesting of Schistosoma mansoni

A Liberian strain of S. mansoni was maintained in Syrian
hamsters as final host and freshwater snails of the genus
Biomphalaria glabrata as intermediate host [6, 33]. Eight-
week-old hamsters were obtained from Janvier (France) and
infected by the “paddling method” [34]. Adult worms were
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collected at 46 days p.i. by hepatoportal perfusion and cul-
tured in M199 medium (Sigma-Aldrich, Schnelldorf,
Germany; supplemented with 10% newborn calf serum
(NCS), 1% HEPES [1 M], and 1% ABAM solution
[10,000 units penicillin, 10 mg streptomycin, and 25 mg
amphotericin B per mL]) at 37 °C and 5% CO2.

In vitro culture experiments

For in vitro culture with imatinib, adult S. mansoni were cul-
tured in 6-well plates with 10 worm couples per well in sup-
plemented M199 medium. Imatinib (imatinib mesylate, purity
≥ 98% (HPLC); Enzo Life Sciences, Lorrach, Germany) was
dissolved in dH2O as 50 mmol/L stock and dissolved in me-
dium to final concentrations of 10–100 μmol/L as indicated in
the text. The worms were incubated with imatinib at 37 °C and
5% CO2 for up to 48 h, in which the medium and imatinib
were refreshed every 24 h. For AP-SMALDI MSI, worms
were used within the first 24 h of treatment, for morphological
analysis within 48 h. Worm motility and the frequency of
separation of worm couples were recorded at the indicated
time points using bright-field microscopy (Labovert FS,
Leitz, and SC30 camera, Olympus). Wormmotility was quan-
tified using a scoring system, following recommendations by
WHO-TDR [35], with the scores 3 (normal motility), 2 (re-
duced motility), 1 (minimal and sporadic movements), and 0
(no movements within 30 s was considered dead).

Fixation of Schistosoma mansoni for AP-SMALDI MSI

After in vitro culture with imatinib for different time periods
(see below), worm couples were transferred to plain culture
medium using featherweight forceps and washed by a short
incubation to remove excess drug and medium. Afterwards,
all couples from one well were fixed in 50 μL of a 6.6%
solution of glutaraldehyde (grade I, 25% in H2O; Sigma-
Aldrich) in PBS (≥ 99%, p.a.; Carl Roth, Karlsruhe,
Germany) on a glass slide, frozen in liquid nitrogen, and
stored at − 80 °C. Two series of measurements with
100 μmol/L (high-concentration treatment group) and
20 μmol/L (low-concentration treatment group) concentra-
tions of imatinib were carried out. The investigated time
points were 0 min (control, no imatinib added), 5 min,
20 min, 1 h, 4 h, 12 h, and 24 h for 100 μmol/L and 20 min,
1 h, 4 h, 12 h, and 24 h for 20 μmol/L.

Sectioning

Sectioning of worms was carried out on a cryostat HM525
(Thermo Fisher Scientific Inc., Waltham, USA). The section-
ing protocol was adapted fromKadesch et al. [27]; the adapted
protocol is pictured in Fig. 1. Aqueous gelatin solution with a
mass concentration of β = 80 g/L (water: LC-MS grade, VWR

International GmbH, Darmstadt, Germany; gelatin: Pharm.
Eur., VWR, Radnor, USA) was prepared. Fifteen microliters
of gelatin solution was placed on a sample holder (stainless
steel, d = 6 mm) and frozen at − 25 °C in the cryotome for
30 min (step 1). Afterwards, the upper part of the droplet was
sectioned to form a flat surface (step 2). The fixed and frozen
worm couples were thawed in a desiccator at room tempera-
ture for 30 min before they were transferred with feather-
weight forceps in 200 μL water for 30 s to rinse off the resi-
dues of the fixative. Subsequently, they were placed on the
gelatin plateau and again mounted in the cryotome (step 3).
Fifteen microliters of gelatin solution was put on top of the
worm couples, then frozen at − 25 °C in the cryotome for
30 min (step 4). After freezing, the samples were cut into
sections with a thickness of 40 μm. The quality of the sections
was assessed using a digital light microscope (VHX 5000,
Keyence, Osaka, Japan), and optical images were recorded.
Sections were stored at − 80 °C until further processing.

AP-SMALDI MSI measurements

Sections were thawed in a desiccator at room temperature for
30 min. They were sprayed with a matrix solution consisting
of 2,5-dihydroxybenzoic acid (DHB, Sigma-Aldrich GmbH,
St. Louis, USA) in a concentration of β (DHB) = 30 mg/mL.
The solution was prepared by dissolving DHB in 1:1 (v/v)
acetone:water, followed by addition of pure trifluoroacetic
acid to obtain a 0.1% acidic solution (acetone, LiChrosolv,
Merck, Darmstadt, Germany; TFA, spectroscopy grade,
Appl iChem GmbH Darmstad t , Deutsch land) . A
SMALDIPrep sprayer (TransMIT GmbH, Giessen,
Germany) was used to apply 140 μL of matrix solution to
each sample with a flow rate of 10 μL/min at a nitrogen pres-
sure of 1 bar. For the first eleven samples from the first mea-
surement series, 80 μL matrix solution was used. The amount
was then increased to 140 μL, which prevented measurement
artifacts.

Imaging experiments were performed on a QExactive HF
orbital trapping mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) equipped with an autofocusing AP-
SMALDI5 AF ion source [36, 37] (TransMIT GmbH,
Giessen, Germany). Fifty UV-laser pulses per pixel at a fre-
quency of 100 Hz were used to desorb/ionize the samples.
Pixel sizes between 5 and 9 μm were set. Pixel sizes were
chosen according to the available measurement time and sam-
ple size. Pixelwise autofocusing was used for all measure-
ments. The m/z range was 250 to 1000 u. All measurements
were performed in positive-ion mode with a mass resolution
of 240,000 at m/z 200. A lock mass at m/z 716.12451, corre-
sponding to [5DHB – 4H2O +NH4]

+ was chosen for internal
calibration. The ion injection time was set to 500 ms, the s-
lens level was set to 100 arbitrary units, and the capillary
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temperature was chosen to be 250 °C. An acceleration voltage
of 3.0 kV was set.

Data analysis

Q Exactive Tune (version 2.4, Thermo Fisher Scientific,
Bremen, Germany) was used to record spectra at the Q
Exactive HF mass spectrometer. The software “SMALDI
Control” (V1.1–118, TransMIT GmbH, Giessen, Germany)
was used to control the stage for image acquisition and for
control of the autofocus. XCalibur (Thermo Fisher Scientific,
Bremen, Germany) was utilized to display mass spectra.
Mirion software package was used for data visualization
[38]. The absolute mass variance of spectra was set to
0.005 u, and the bin width of the histogram was set to
0.004 u. Each m/z signal was normalized to the total ion cur-
rent (TIC) of the corresponding pixel for image generation.
Lipid assignment was carried out using lipid maps [39] and
metaspace (https://metaspace2020.eu) [40]. Chemical
structures were drawn using ACD/ChemSketch (Advanced
Chemistry Development Inc., Toronto, Canada).

Confocal laser scanning microscopy

Morphologic effects on organs such as intestine and gonads
were assessed in detail after 4 h, 24 h, and 48 h of treatment
with 100 μmol/L imatinib. To this end, worms were fixed
with AFA (66.5% ethanol, 1.1% paraformaldehyde, 2% gla-
cial acetic acid) and stained with carmine red (CertistainH;
Merck, Germany) as described before [15, 41]. Stained worms
were examined on an inverse confocal laser scanning micro-
scope (CLSM) (Leica TSC SP5; Leica Microsystems,
Wetzlar, Germany). Carmine red was excited with an argon-
ion laser at 488 nm. Laser power as well as gain and offset of
the photomultiplier tube (PMT) was optimized for minimizing
possible bleaching effects and for full range intensity coding
using the CLUT function (color look-up table) of the Leica
LAS AF software. Optical section thickness and background
signals were defined by setting the pinhole size to airy unit 1.

Results and discussion

Optimal in vitro culture conditions of worms with
imatinib for AP-SMALDI MSI studies

Imatinib is known to induce bulges and swellings along the
worm body and to destabilize tissue integrity within the go-
nads and the gastrodermis of S. mansoni after incubation times
of 24–96 h at 10–100 μmol/L [15]. Using 100 μmol/L, all
worm couples separated into individual males and females
within 24 h. Exposure times shorter than 24 h have not yet
been studied. Because single females are extremely thin, lon-
gitudinal sectioning required for AP-SMALDIMSI is difficult
to achieve [27]. Therefore, we established earlier time points
of treatment that allow both imaging of intact couples by AP-
SMALDI MSI and analysis of drug-induced effects on tissue
morphology.

Figure 2a provides an overview of the morphology of un-
treated paired male and female S. mansoni, which were of
interest in our AP-SMALDI MSI study. Clearly visible are
two suckers of the male, which anchor the worm couple in
place within the blood vessel and allow for directed move-
ment; the intestinal tract, consisting of the opening in the oral
sucker, the connecting esophagus, and the intestine—the latter
is covered by a bioactive layer, the gastrodermis, which serves
for nutrient uptake; the bioactive outer surface layer, the teg-
ument, which represents the host-parasite interface protecting
the parasite from immune attack of the host, and which medi-
ates nutrient uptake; the ventral side of the male tegument is in
direct contact with the female; and finally, the gonads (female
ovary and male testis), which are essential for reproduction.

To determine the onset of morphological effects on tissues,
we incubated S. mansoni couples with 100 μmol/L imatinib to
establish the optimal duration of treatment for subsequent AP-
SMALDI MSI experiments. An increasing impact on worm
vitality was found over time: at 1 h, worms lost fitness and
detached with their suckers from the ground; at 4 h, the ma-
jority of worm couples separated into single male and female
worms; from 12 h onward, worm motility started to decrease
(see Supplementary Information (ESM) Fig. S1 a-c). In ESM
Fig. S1 d, bright-field microscopy images of representative

Fig. 1 Scheme of sectioning procedure
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worm couples are depicted. The couples of the control group
were paired and attached to the culture well, while after 4 h,
the couples were separated, and the males curled up in com-
parison to the control group. After 24 h of treatment, the cou-
ples were still separated, but the males were no longer curled
up. By CLSM analysis of carmine-red-stained worms, we
found a degradation of the gastrodermis in both male and
female worms, as early as 4 h after treatment. This included
an accumulation of cellular debris especially in the male in-
testinal lumen (Fig. 2b) and corresponded to earlier findings at
24 h [11]. This applied also to the disintegration of the gonad
tissue, which was visible after a longer exposure of 24 h, and
even more prominent at 48 h (Fig. 2c). Based on these find-
ings, we focused on time points up to 12 h for the subsequent
AP-SMALDI MSI studies.

Improved cryosectioning for worm samples

The availability of adequate sections is very important for MSI
applications. Since S. mansoniworms are very small (< 10 mm
in length; 200–500 μm in diameter) and soft, sectioning is
challenging. Kadesch et al. [27] developed a protocol for worm
couples and individual worms, based on gelatine embedding
and cryosectioning. Treatment with imatinib, however, drasti-
cally changed and destabilized the structure of treated worms
(Fig. 2, ESMFig. S1). This caused additional difficulties during
sectioning and made adaptions of the sectioning protocol nec-
essary. In the original procedure, the schistosomes were placed
directly on a metal sample holder, while we used an underlying
gelatin plateau in our approach (Fig. 1).

In Fig. 3a, a section obtained with the adapted method is
shown. The sectioned couple was treated with a 100-μmol/L
imatinib solution for 1 h. Male and female worms can still be
distinguished, and it is also possible to identify the head and

Fig. 2 Morphology of untreated and imatinib-treated S. mansoni. a
Untreated control couple of adult S. mansoni worms with an overview
of the major organs. As typical for schistosome couples, the male
surrounded the female. b Imatinib (100 μmol/L) destroyed the
gastrodermis (arrows) of male and female worms within 4 h treatment.

Accumulation of cellular debris (*) was found in the intestinal lumen. c
Imatinib (100 μmol/L) induced degradation of the female ovary as early
as 24 h, and more severely after 48 h treatment (holes, #). io, immature
oocytes; mo, mature oocytes; teg, tegument; scale bar, 100 μm (a) or
50 μm (b, c)

Fig. 3 a Optical image of a cryosection of a representative S. mansoni
couple (100 μmol/L imatinib, 1 h incubation time). VS = ventral sucker,
OS = oral sucker, T(v) = tegument ventral (in contact with the female
body), and T(d) = tegument dorsal (host-parasite interface). b Optical
image of a cryosection of a separated S. mansoni couple (100 μmol/L
imatinib, 12 h incubation time)
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the oral suckers of the male, indicating the orientation of the
worms within the section. Within the female, the ovary is
clearly visible as a lighter, delimited anatomic structure.
There are some cracks in the cryosections due to the fragile
nature of the imatinib-treated worms. This effect becamemore
pronounced with increasing drug concentrations and incuba-
tion periods, leading to the separation of the male and female
worms (Fig. 3b). Optical images of all prepared cryosections
at different imatinib concentrations and time points are pre-
sented as ESM (Figs. S2, S4, and S5).

Using an imatinib concentration of 100 μmol/L, worm
couples separated after an incubation time of 4 h. Since sepa-
rated worms were more difficult to section, the imatinib con-
centration for the second measurement series was lowered to
20 μmol/L. This reduced the frequency of separation of cou-
ples within the first 24 h of treatment. In a standard dilution
series, imatinib was detected up to a concentration of
0.2 μmol/L (ESM Fig. S6).

In conclusion, the adapted sectioning protocol resulted in re-
producible and authentic sample morphology. Using the gelatin
embedding method allowed obtaining sections of imatinib-
treatedworms in high quality, enabling information-rich imaging
analyses.

Mass spectrometric profiling of S. mansoni for
distinguishing worm sexes and for enabling imatinib
detection

Cryosections of imatinib-treated S. mansoni were analyzed
using high-resolution AP-SMALDI MSI. The mass spectra
were obtained using pixel sizes between 5 and 9 μm. In
Fig. 4, MSI images of three control measurements of worm
couples without imatinib treatment are depicted. They were
measured to assure that no interfering signal was detected at
the m/z value of imatinib (no green pixels).

The displayed analytes represent two endogenous lipids in
S. mansoni, the phosphatidylcholine (PC) PC(34:1) and the
diacylglycerol (DG) DG(34:0), both assigned using the LIPID

MAPS online database [39], in blue and red, respectively. No
signal was detected at the m/z value of imatinib. The signal of
PC(34:1) occurred abundantly in both animals with compara-
ble intensities. DG(34:0) was mostly visible in the female,
while the intensity in the male was low. For comparison with
the optical images, please refer to the ESM (Fig. S2). The
images of the individual color channels of the samples in
Fig. 4 are depicted in the ESM (Fig. S3).

These first results exhibited signals representing lipid
markers for S. mansoni females. The evaluation of signals
specific for the female not only is of interest for basic research
but also helps to facilitate male vs. female assignment in mass
spectrometric images. One of these specific m/z signals was
found atm/z 579.534639, which can be assigned to DG(34:0).
The visible discrimination of male vs. female body parts be-
came more complicated with rising imatinib concentration
and incubation time, so the marker for the female worm was
helpful to distinguish both worm sexes. Further marker signals
were found for both male and female S. mansoni worms, as
displayed in Table 1.

A previous study by Ferreira et al. [42] found markers for
the male and female worms that differed from our study. This
may be due to the fact that we investigated a Liberian strain of
S. mansoni, while Ferreira et al. investigated two Brazilian
strains. Also for the Brazilian strains, no identical sex markers
were identified among the two strains, so the strains seemed to
be rather different [42]. Furthermore, a 50-μm pixel size was
used for image acquisition, while we used a smaller size of 5–
9μm, yielding a higher resolution and enabling discrimination
of anatomical features, which might also contribute to the
different outcome.

In the control samples, several endogenous lipid signals
were found in the gelatin surrounding the animals. This may
be due to the release of lipids from the worm to the outside of
the animals in the culture medium. To prevent this leaking
effect, the samples of the second measurement series were
washed two times, once in plain culture medium before fixa-
tion in glutaraldehyde and once in water before the placement

Fig. 4 MSI images of S. mansoni couples of the control series. Depicted
signals were m/z 760.585083 (blue, PC(34:1)), m/z 579.534686 (red,
DG(34:0)), and m/z 494.266284 (green, imatinib). No imatinib or
interfering signal at the same m/z value was detected in these untreated
controls (i.e., no green pixels were obtained).Measured m/z values and

errors: a 760.584974 (− 0.14 ppm); 579.534636 (− 0.09 ppm);
494.266445 (+ 0.32 ppm). b 760.584983 (− 0.13 ppm); 579.534620 (−
0.11 ppm); 494.265840 (− 0.9 ppm). c 760.584999 (− 0.11 ppm);
579.534594 (− 0.16 ppm); 494.266281 (− 0.01 ppm)
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on the gelatin plateau. The additional washing steps after ex-
position to the drug and before the sectioning process
prevented any contamination of the gelatin during sectioning.
An example for this is given in Fig. 4. The first sample (a) was
prepared using no washing steps, while the second sample (b)
was prepared applying only the secondwashing step, resulting
in no signal spreading. In the second measurement series with
the lower concentration of imatinib, both washing steps were
applied.

One general challenge is the analysis of non-flat samples
using MSI at high lateral resolution, which can be overcome
by using the pixelwise autofocusing function of the AP-
SMALDI5 AF ion source [36, 37] to counteract height varia-
tions. Artifacts of this autofocusing operation may appear for
highly reflective surfaces. One example of such artifacts is
shown in Fig. 4c, where the red signal has a clear edge that
was caused by problems with the autofocus. Such measure-
ment artifacts were avoided using a higher amount of matrix
solution, which was increased from 80 to 140 μL after the first
eleven samples.

AP-SMALDI MSI reveals imatinib distributions in
different parasite tissues

The first series of MSI measurements was performed with
couples treated with imatinib at a concentration of
100 μmol/L (Fig. 5). The same m/z values as in the control
samples (Fig. 4) were selected for the images.

The lipid signals showed the same distributions as in the
control samples. Males and females were easily differentiated
using the female-indicative red signal of DG(34:0). The blue
signal of PC(34:1) was detectable in both animals with a sim-
ilar distribution characteristics. As early as 5 min after expo-
sure to imatinib (Fig. 5a), the drug was detected at the
tegumental surface but also as faint signals within the male,
while there was no signal inside the female at this time point.
Imatinib signals were also detected from outside the couple,

which may have resulted from a smearing effect of the sample
during sectioning, as it has occasionally been observed for
lipids. Imatinib was mainly detected in the intestine and tegu-
ment of the male. A similar distribution was found after
20 min of treatment but with a higher signal intensity within
the male. In addition, imatinib appeared at the surface of the
female (Fig. 5b). This coincided with the presence of imatinib
at the ventral surface of the male which faces the female body.
After 1 h (Fig. 5c), imatinib was detected in the female’s
intestine (Fig. 5d). At this time point, the male sections
showed signals inside the head area, which is indicative for
the esophagus, suggesting an oral uptake route of imatinib into
the digestive tract. After longer exposure times of 4 h and
12 h, imatinib was found to be distributed throughout the
worms; however, the couples separated as a consequence of
drug activity (Fig. 5d, e). After 12 h (Fig. 5e), the worms were
very fragile, and the sections showed several cracks due to
drug effects. Please refer to the ESM (Figs. S4, S8, and S9)
for comparison with optical images, for individual color chan-
nel images of Fig. 5, and for complete MSI results.

AP-SMALDI MSI allowed the detection of imatinib in
various parasite tissues and revealed distinct uptake kinetics
for male and female worms.

Imaging S. mansoni couples exposed to a lower
concentration of imatinib confirmed the uptake route
while stabilizing the pairing status

To overcome the imatinib-induced separation of couples
while imaging the uptake route of imatinib, we conducted a
second measurement series for paired worms treated with a
lower imatinib concentration of 20 μmol/L (Fig. 6). This was
the highest possible concentration that did not affect pairing
stability within 12 h, but which already induced clear effects
on tissue morphology. The latter included gut dilatations
which were detected by bright-field microscopy (ESM Fig.
S7 d), indicating the uptake and presence of imatinib. The

Table 1 Lipid markers for male
and female S. mansoni,
determined via assessment of MS
images using AP-SMALDI MSI
(PC = phosphatidylcholine; TG =
triacylglycerol; DG = diacylglyc-
erol; SM = sphingomyelin).
Exemplary signal distribution for
these ions can be seen in ESM
Fig. S13

Sex of the
adult worms

Measured m/z Theoretical m/z Error [ppm] Annotated
molecule

Sum formula of the ion

Female 768.587717 768.587763 −0.06 PC(O-34:1) [C42H84NO7P+Na]
+

746.605737 746.605818 −0.11 PC(O-34:1) [C42H84NO7P+H]
+

883.772498 883.772511 −0.02 TG(52:1) [C55H104O6+Na]
+

579.534598 579.534686 −0.15 DG(34:0) [C37H72O5+H – H2O]
+

Male 785.652905 785.653102 −0.25 SM(40:2) [C45H89N2O6P+H]
+

783.637179 783.637452 −0.35 SM(40:3) [C45H87N2O6P+H]
+

703.574887 703.574852 0.05 SM(34:1) [C39H79N2O6P+H]
+

731.606070 731.606200 −0.11 SM(36:1) [C41H83N2O6P+H]
+

807.634818 807.635047 −0.28 SM(40:2) [C45H89N2O6P+Na]
+

805.619087 805.619397 −0.39 SM(40:3) [C45H87N2O6P+Na]
+
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m/z channels depicted in Fig. 6 are the same as in the control
samples and the samples of the high-concentration treatment
group (Figs. 4 and 5).

Imatinib, applied with 20 μmol/L concentration, was detect-
able almost as well as at a concentration of 100 μmol/L and
showed similar kinetics. After an incubation time of 20 min

Fig. 5 MSI images of S. mansoni couples using imatinib at a
concentration of 100 μmol/L. Depicted analytes were m/z 494.266284
(green, imatinib), m/z 760.585083 (blue, PC(34:1)), and m/z 579.534686
(red, DG(34:0)); incubation times were 5 min (a), 20 min (b), 1 h (c), 4 h
(d), and 12 h (e). For each time point, three worm couples were analyzed,
of which one representative is shown here (filled arrows: tegument;
unfilled arrows: intestine; unfilled, yellow arrow: esophagus). Measured

m/z values and errors: a 494.266498 (+ 0.43 ppm), 760.584981 (−
0.13 ppm), 579.534576 (− 0.19 ppm); b 494.266309 (+ 0.05 ppm),
760.584937 (− 0.19 ppm), 579.534705 (+ 0.03 ppm); c 494.265444 (−
1.70 ppm), 760.584990 (− 0.12 ppm), 579.534598 (− 0.15 ppm); d
494.265425 (− 1.74 ppm), 760.584976 (− 0.14 ppm), 579.534588 (−
0.17 ppm); e 494.266480 (+ 0.40 ppm), 760.584997 (− 0.11 ppm),
579.534606 (− 0.14 ppm)

Fig. 6 MSI images of S. mansoni couples at an imatinib concentration
of 20 μmol/L. Depicted analytes were m/z 494.266284 (green,
imatinib), m/z 760.585083 (blue, PC(34:1)), and m/z 579.534686
(red, DG(34:0)); incubation times were 20 min (a), 1 h (b), 4 h (c),
12 h (d), and 24 h (e). For each time point, two worm couples were
analyzed, of which one representative for each time point is shown
here (filled arrows: tegument; unfilled arrows: intestine; unfilled,

yellow arrow: esophagus). Measured m/z values and errors: a
494.266554 (+ 0.55 ppm), 760.584979 (− 0.14 ppm), 579.534635 (−
0.09 ppm); b 494.266600 (+ 0.64 ppm), 760.584924 (− 0.02 ppm),
579.534677 (− 0.21 ppm); c 494.266562 (+ 0.56 ppm), 760.584908
(− 0.23 ppm), 579.534785 (+ 0.17 ppm); d 494.266546 (+ 0.53 ppm),
760.584994 (− 0.12 ppm), 579.534639 (− 0.08 ppm); e 494.266481
(+ 0.40 ppm), 760.584981 (− 0.13 ppm), 579.534695 (+ 0.01 ppm)
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(Fig. 6a), imatinib signals occurred in the esophagus, intestine,
and tegument of the male, while detectable imatinib signals were
absent in the female. From 1 h and onwards (Fig. 6b–e), imatinib
was detected at the surface and within the internal structures of
both sexes. Higher signal intensities were detected in the intes-
tines. The example shown in Fig. 6b exhibits a strong imatinib
signal covering the inner surface of the intestine, i.e., the
gastrodermis, while no imatinib signal was observed in the gut
lumen. The worms separated after an incubation time of 24 h (e),
the tissue became brittle and caused more sectioning artifacts.
Imatinib was evenly distributed in both animals at this time
point. Please refer to the ESM (Figs. S5, S10, and S11) for
comparison with optical images, for individual color channel
images of Fig. 6, and for complete MSI results.

Overall, the results of this measurement series with
20 μmol/L imatinib concentration were similar to the results
of the high-concentration treatment group using 100 μmol/L
imatinib, with the advantage that pairing stability was main-
tained for 12 h despite imatinib treatment. The presence of
imatinib in the female intestine found from 1 h onwards cor-
related with the damage of the gastrodermis, observed by
bright-field microscopy.

AP-SMALDI MSI revealed possible routes of drug
uptake

The various imaging series suggested that S. mansoni
worms incorporate imatinib via an oral route. The drug
was found at the oral sucker, at the esophagus, and further
down in the intestine (e.g., Fig. 5d). From there, imatinib is
presumably resorbed by the gastrodermis, the inner layer
of the intestine, which showed high intensities of the ima-
tinib signal (e.g., Fig. 6b). A second, additional route of
uptake may occur via the tegument, the outer, physiologi-
cally active surface layer of schistosomes. With respect to
the two sexes, we observed an interesting difference in the
kinetics of the imatinib distribution in the tissue. For male
worms, the uptake started right after imatinib exposition,
within 5 min of incubation time. Imatinib signal intensities
were low after 5 min (average intensity NL = 7.18 ∙ 102)
and two times as high after 20 min (average intensity NL =
1.64 ∙ 103) at a concentration of 100 μmol/L. In contrast,
imatinib signals started to occur in the tegument of females
not before 20 min of incubation, and it took 60 min until
imatinib was detected in inner tissues (Figs. 5c and 6b).
This suggests a delay of imatinib uptake in the female
compared to the male, which could be explained by the
fact that the female lives in the gynaecophoric canal of
the male, where it is partly protected by the male’s body
towards the environment.

In conclusion, AP-SMALDI MSI provided the first evi-
dence for uptake routes of imatinib into S. mansoni couples.

Identification of an ovary-related lipid marker to
study drug distribution

Discriminating the two sexes in a worm couple can be
challenging when interpreting MSI images. This was
solved by the identification of an analyte signal which
occurred predominantly in paired females (Fig. 4). The
discrimination of specific organs within each worm can
be another challenging task. This, however, may become
of interest when correlations to drug-induced tissue dam-
ages are examined. The lipid at m/z 778.538133, depicted
as the red color channel in Fig. 7, showed highest inten-
sities in the ovary. This lipid was identified as PC(34:3)
according to the lipid maps online database [39]. The
intensity of imatinib was considerably lower at this loca-
tion. Thus, the uptake of imatinib into the ovary was less
efficient than into the rest of the female worm.

Comparing the results from CLSM and AP-SMALDI
MSI showed that the observed morphological changes
correlate well with the presence of imatinib. Imatinib
was found in the intestine of male and female worms
after 5 min and 1 h, respectively, which caused detect-
able disintegration of gastrodermal tissue after 4 h. For
female ovaries, however, no considerable amounts of
imatinib were detectable even after 12 h, despite clear
ovarian tissue destruction after an incubation time of
24 h at the same imatinib concentration [15]. Besides
possible differences in tissue-specific limits of detection
of ovaries and other worm organs, this might be ex-
plained by a high sensitivity of the ovaries even to
low, hardly detectable concentrations of imatinib.
About 30% of the schistosomal ovary is made up of
proliferative stem cells [43], and stem cells are known
to be particularly sensitive to certain compounds [44].
Furthermore, the presumed targets of imatinib in
S. mansoni, the Abl kinases 1 and 2, were found to
be expressed in considerably higher levels in the ovary
compared to the gastrodermis [15], which might account
for a higher ovarian drug sensitivity. In addition or al-
ternatively to these direct effects, the ovary might also
be affected indirectly, for instance by action of imatinib
on surrounding tissues with downstream effects on the
ovary.

Identification of drug metabolites within the parasite

N-Desmethyl-imatinib is the main bioactive metabolite of
imatinib found in human patients. Although it is less
active than imatinib, it might still contribute to drug ac-
tivity [45]. We therefore investigated whether schisto-
somes are capable of metabolizing imatinib, and if yes,
after which time the metabolite is detectable. In Fig. 8,
the MS image of a S. mansoni couple, treated for 1 h
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with an imatinib concentration of 100 μmol/L, is shown.
The displayed signals are imatinib (m/z 494.266284) in
red and N-desmethyl imatinib (m/z 480.250634) in green.
Both signals showed a similar distribution throughout the
bodies of male and female worms. In the measurement
series of the lower-concentration treatment group
(20 μmol/L), the metabolite could not be detected in all
samples (ESM Fig. S12).

This result strongly suggests that imatinib is metabo-
lized by S. mansoni to the same metabolite as found in
humans. The signal intensities of the metabolite were
much lower than of imatinib at all time points.
Furthermore, the intensity ratios of N-desmethyl imatinib
and imatinib increased from 1.8 ∙ 10−3 after 20 min to
3.29 ∙ 10−3 at 1 h and 3.97 ∙ 10−3 at 4 h (ESM Fig. S12).
These findings suggest a low rate of metabolization and

an accumulation of the metabolite over time. As the me-
tabolite is capable of inhibiting cell proliferation and in-
ducing apoptosis in human cells [45, 46], it might very
well contribute to the tissue destruction found in
imatinib-treated S. mansoni.

Conclusion

The distribution of imatinib in sections of S. mansoni can be
well assessed by AP-SMALDI MSI. Two experimental series
with different imatinib concentrations (100 μmol/L and
20 μmol/L) were performed using incubation times ranging
from 5 min to 24 h. The data give indications that imatinib is
taken up via the oral route and perhaps also via the tegumental
surface of the worms. The male shields the female in the
gynaecophoric canal, which might explain why imatinib was
not detectable in the female after short incubation periods.
Signal intensities of imatinib in the ovary of the female were
lower compared to the rest of the worm. This may be due to
lower uptake of substances into the ovary than into other or-
gans. At the level of differentially occurring lipid classes, dis-
tinctions between male and female S. mansoni as well as the
allocation of organs can be achieved.

This is the first time that the distribution of a drugwas directly
investigated in a parasite, the human pathogen S. mansoni, using
AP-SMALDI MSI. Comparison to previous studies of the ima-
tinib effects on themorphology of adult S. mansoni showed high
congruence. Furthermore, as an untargeted approach, the applied
technique opened the possibility of determining metabolites,
such as N-desmethyl-imatinib.

Fig. 7 Mapping of imatinib and
an ovary-related lipid marker. a
Optical image of a tissue section
of an S. mansoni couple,
100 μmol/L imatinib, 1 h incuba-
tion time, arrow marks the ovary;
b MSI image of the S. mansoni
couple tissue section, m/z
494.266284 (green, imatinib),m/z
778.535728 (red, PC(34:3)); c
MSI image of the S. mansoni
couple, m/z 494.266284 (imatin-
ib), corresponding to the green
channel in b; d MSI image of the
S. mansoni couple, m/z
778.535728 (PC(34:3)), corre-
sponding to the red channel in b.
Measured m/z values and errors:
494.265444 (− 1.70 ppm),
778.535266 (− 0.59 ppm),
579.534635 (− 0.09 ppm)

Fig. 8 MSI image of an S. mansoni couple tissue section, 100 μmol/L
imatinib, 1 h incubation time, m/z 494.266284 (red, imatinib), and m/z
480.250634 (green, N-desmethyl imatinib). One representative of the 26
measured worm samples is shown. Measured m/z values and errors:
494.265444 (− 1.70 ppm), 480.249815 (− 1.71 ppm)
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AP-SMALDI MSI was established as a technique for
studying kinetics and drug metabolism in a multicellular par-
asite. With respect to the urgent need of finding alternative
treatments against pathogens threatening not only human but
also animal health in a one-health context [47, 48], methods
such as AP-SMALDI MSI can be considered as helpful tools.
With this technique, it is possible to study not only the effects
of repurposed drugs but also novel compounds in schisto-
somes as well as other pathogens of the NTD spectrum and
beyond, if in vitro culture systems are available.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03230-w.

Acknowledgements The authors thank Christina Scheld, Bianca Kulik,
and Georgette Stovall for excellent technical assistance in the mainte-
nance of the parasites.

Author contribution Conceptualization: B. Spengler and S. Haeberlein;
methodology: A. Mokosch, S. Gerbig, C.G. Grevelding, S. Haeberlein, and
B. Spengler; measurements and data evaluation: A. Mokosch, S. Gerbig;
resources: S.Haeberlein andB. Spengler; writing—original draft preparation,
A. Mokosch; writing—review and editing: S. Haeberlein, C.G. Grevelding,
and B. Spengler; funding acquisition: S. Haeberlein and B. Spengler.

Funding Open Access funding enabled and organized by Projekt DEAL.
The workwas funded by the LOEWECenter DRUID, which is part of the
excellence initiative of the Hessian Ministry of Science, Higher
Education and Art (HMWK) and by Deutsche Forschungsgemeinschaft
DFG (Sp314-13-1, INST 162/500-1 FUGG). Technical support by
TransMIT GmbH, Giessen, Germany, is gratefully acknowledged.

Data availability MS imaging data is available through the Metaspace
online data repository (https://metaspace2020.eu).

Declarations

Ethics approval Animal experiments using Syrian hamsters
(Mesocricetus auratus) as model hosts were performed in accordance
with the European Convention for the Protection of Vertebrate Animals
used for experimental and other scientific purposes (ETS No 123; revised
Appendix A). Experiments have been approved by the Regional Council
(Regierungspraesidium) Giessen (V54-19 c 20/15 h 02 GI 18/10 Nr. A
14/2017).

Conflict of interest Financial interests: B. Spengler and C.G. Grevelding
are consultants of TransMITGmbH,Giessen. A.Mokosch, S. Gerbig, and S.
Haeberlein declare that they have no financial interests. Non-financial inter-
ests: The authors declare that they have no relevant non-financial interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated

otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. WHO. Working to overcome the global impact of neglected tropi-
cal diseases: first WHO report on Neglected Tropical Diseases.
Geneva: World Health Organization; 2010.

2. Gryseels B, Polman K, Clerinx J, Kestens L. Human schistosomi-
asis. Lancet. 2006;368(9541):1106–18.

3. WHO. Schistosomiasis Geneva, Switzerland: World Health
Organisation; https://www.who.int/en/news-room/fact-sheets/
detail/schistosomiasis. Accessed 02 Oct 2020.

4. Olveda DU, Olveda RM, McManus DP, Cai PF, Chau TNP, Lam
AK, et al. The chronic enteropathogenic disease schistosomiasis.
Int J Infect Dis. 2014;28:193–203.

5. Despres L, Maurice S. The evolution of dimorphism and separate
sexes in schistosomes. Proc R Soc Lond [Biol]. 1995;262(1364):
175–80.

6. Gönnert R. Schistosomiasis Studien II. Über die Eibildung bei
Schistosoma mansoni und das Schicksal der Eier im
Wirtsorganismus. Z Tropenmed Parasit. 1955;6:33–52.

7. Vale N, Gouveia MJ, Rinaldi G, Brindley PJ, Gartner F, da Costa
JMC. Praziquantel for schistosomiasis: single-drug metabolism
revisited, mode of action, and resistance. Antimicrob Agents
Chem. 2017;61(5).

8. Ismail M, Metwally A, Farghaly A, Bruce J, Tao LF, Bennett JL.
Characterization of isolates of Schistosoma mansoni from Egyptian
villagers that tolerate high doses of praziquantel. Am J Trop Med
Hyg. 1996;55(2):214–8.

9. Wang W, Wang L, Liang YS. Susceptibility or resistance of
praziquantel in human schistosomiasis: a review. Parasitol Res.
2012;111(5):1871–7.

10. Tebeje BM, Harvie M, You H, Loukas A, McManus DP.
Schistosomiasis vaccines: where do we stand? Parasit Vectors.
2016;9:15.

11. Riveau G, Schacht AM, Dompnier JP, Deplanque D, Seck M,
Waucquier N, et al. Safety and efficacy of the rSh28GST urinary
schistosomiasis vaccine: a phase 3 randomized, controlled trial in
Senegalese children. PLoS Negl Trop Dis. 2018;12(12):22.

12. Waller CF. Imatinib Mesylate. In: Martens UM, editor. Small mol-
ecules in hematology. Cham: Springer International Publishing;
2018. p. 1–27.

13. Knight GWA, McLellan D. Use and limitations of imatinib mesy-
late (Glivec), a selective inhibitor of the tyrosine kinase Abl tran-
script in the treatment of chronic myeloid leukaemia. Br J Biomed
Sci. 2004;61(2):103–11.

14. Manley PW, Cowan-Jacob SW, Buchdunger E, Fabbro D,
Fendrich G, Furet P, et al. Imatinib: a selective tyrosine kinase
inhibitor. Eur J Cancer. 2002;38:S19–27.

15. Beckmann S, Grevelding CG. Imatinib has a fatal impact on mor-
phology, pairing stability and survival of adult Schistosoma
mansoni in vitro. Int J Parasitol. 2010;40(5):521–6.

16. Li XS, Haeberlein S, Zhao L, Mughal MN, Zhu T, Liu L, et al. The
ABL kinase inhibitor imatinib causes phenotypic changes and le-
thality in adult Schistosoma japonicum. Parasitol Res. 2019;118(3):
881–90.

2765High-resolution AP-SMALDI MSI as a tool for drug imaging in Schistosoma mansoni

https://doi.org/
https://metaspace2020.eu
http://creativecommons.org/licenses/by/4.0/
https://www.who.int/en/news-room/fact-sheets/detail/schistosomiasis
https://www.who.int/en/news-room/fact-sheets/detail/schistosomiasis


17. Hemer S, BrehmK. In vitro efficacy of the anticancer drug imatinib
on Echinococcus multilocularis larvae. Int J Antimicrob.
2012;40(5):458–62.

18. O'Connell EM, Bennuru S, Steel C, Dolan MA, Nutman TB.
Targeting filarial Abl-like kinases: orally available, food and drug
administration-approved tyrosine kinase inhibitors are
microfilaricidal and macrofilaricidal. Int J Infect Dis.
2015;212(5):684–93.

19. O'Connell EM, Kamenyeva O, Lustigman S, Bell A, Nutman TB.
Defining the target and the effect of imatinib on the filarial c-Abl
homologue. PLoS Negl Trop Dis. 2017;11(7):17.

20. Pathak V, Colah R, Ghosh K. Tyrosine kinase inhibitors: new class
of antimalarials on the horizon? Blood Cells Mol Dis. 2015;55(2):
119–26.

21. de Sousa ACC, Maepa K, Combrinck JM, Egan TJ. Lapatinib,
nilotinib and lomitapide inhibit haemozoin formation in malaria
parasites. Molecules. 2020;25(7):1571.

22. Moslehi M, Namdar F, Esmaeilifallah M, Hejazi S, Sokhanvari F,
Siadat A, et al. Evaluation of different concentrations of imatinib on
the viability of Leishmania major: an in vitro study. Adv Biomed
Res. 2019;8(1):61.

23. Buro C, Beckmann S, Oliveira KC, Dissous C, Cailliau K,
Marhofer RJ, et al. Imatinib treatment causes substantial transcrip-
tional changes in adult Schistosoma mansoni in vitro exhibiting
pleiotropic effects. PLoS Negl Trop Dis. 2014;8(6):13.

24. Beckmann S, Hahnel S, Cailliau K, Vanderstraete M, Browaeys E,
Dissous C, et al. Characterization of the Src/Abl Hybrid Kinase
SmTK6 of Schistosoma mansoni. J Biol Chem. 2011;286(49):
42325–36.

25. Ding S, Qiao X, Suryadi J, Marrs GS, Kucera GL, Bierbach U.
Using fluorescent post-labeling to probe the subcellular localization
of DNA-targeted platinum anticancer agents. Angew Chem Int Ed.
2013;52(12):3350–4.

26. Rompp A, Guenther S, Takats Z, Spengler B. Mass spectrometry
imaging with high resolution in mass and space (HR(2) MSI) for
reliable investigation of drug compound distributions on the cellular
level. Anal Bioanal Chem. 2011;401(1):65–73.

27. Kadesch P, Quack T, Gerbig S, Grevelding CG, Spengler B. Lipid
topography in Schistosoma mansoni cryosections, revealed by
microembedding and high-resolution atmospheric-pressure
matrix-assisted laser desorption/ionization (MALDI) mass spec-
trometry imaging. Anal Chem. 2019;91(7):4520–8.

28. Aichler M, Walch A. MALDI imaging mass spectrometry: current
frontiers and perspectives in pathology research and practice. Lab
Investig. 2015;95(4):422–31.

29. Karlsson O, Hanrieder J. Imaging mass spectrometry in drug devel-
opment and toxicology. Arch Toxicol. 2017;91(6):2283–94.

30. Makarov A. Electrostatic axially harmonic orbital trapping: a high-
performance technique of mass analysis. Anal Chem. 2000;72(6):
1156–62.

31. Hu QZ, Noll RJ, Li HY, Makarov A, Hardman M, Cooks RG. The
Orbitrap: a new mass spectrometer. J Mass Spectrom. 2005;40(4):
430–43.

32. Müller MA, Kompauer M, Strupat K, Heiles S, Spengler B.
Implementation of a high-repetition-rate laser in an AP-SMALDI
MSI system for enhanced measurement performance. J Am Soc
Mass Spectrom. 2020, Accepted for publication, https://doi.org/
10.1021/jasms.0c00368.

33. Grevelding CG. The female-specific W1 sequence of the Puerto-
Rican strain of Schistosoma-mansoni occurs in both genders of a
Liberian strain. Mol Biochem Parasitol. 1995;71(2):269–72.

34. Dettman CD, Higginsoptiz SB, Saikoolal A. Enhanced efficacy of
the paddling method for schistosome infection of rodents by a 4-
step pre-soaking procedure. Parasitol Res. 1989;76(2):183–4.

35. Ramirez B, Bickle Q, Yousif F, Fakorede F, Mouries MA, Nwaka
S. Schistosomes: challenges in compound screening. Expert Opin
Drug Discov. 2007;2:S53–61.

36. Kompauer M, Heiles S, Spengler B. Atmospheric pressure MALDI
mass spectrometry imaging of tissues and cells at 1.4-mu m lateral
resolution. Nat Methods. 2017;14(1):90–6.

37. Kompauer M, Heiles S, Spengler B. Autofocusing MALDI mass
spectrometry imaging of tissue sections and 3D chemical topogra-
phy of nonflat surfaces. Nat Methods. 2017;14(12):1156−+.

38. Paschke C, Leisner A, Hester A, Maass K, Guenther S, Bouschen
W, et al. Mirion-a software package for automatic processing of
mass spectrometric images. J Am Soc Mass Spectrom.
2013;24(8):1296–306.

39. Fahy E, Sud M, Cotter D, Subramaniam S. LIPID MAPS online
tools for lipid research. Nucleic Acids Res. 2007;35:W606–W12.

40. Palmer A, Phapale P, Chernyavsky I, Lavigne R, Fay D, TarasovA,
et al. FDR-controlled metabolite annotation for high-resolution im-
aging mass spectrometry. Nat Methods. 2017;14(1):57–60.

41. Neves R, Biolchini CD, Machado-Silva JR, Carvalho JJ,
Branquinho TB, Lenzi HL, et al. A new description of the repro-
ductive system of Schistosoma mansoni (Trematoda :
Schistosomatidae) analyzed by confocal laser scanning microsco-
py. Parasitol Res. 2005;95(1):43–9.

42. Ferreira MS, de Oliveira DN, de Oliveira RN, Allegretti SM,
Vercesi AE, Catharino RR. Mass spectrometry imaging: a new
vision in differentiating Schistosoma mansoni strains. J Mass
Spectrom. 2014;49(1):86–92.

43. Kellershohn J, Thomas L, Hahnel SR, Grunweller A, Hartmann
RK, Hardt M, et al. Insects in anthelminthics research: lady
beetle-derived harmonine affects survival, reproduction and stem
cell proliferation of Schistosoma mansoni. PLoS Negl Trop Dis.
2019;13(3):23.

44. Karhu ST, Valimaki MJ, Jumppanen M, Kinnunen SM,
Pohjolainen L, Leigh RS, et al. Stem cells are the most sensitive
screening tool to identify toxicity of GATA4-targeted novel small-
molecule compounds. Archi Toxicol. 2018;92(9):2897–911.

45. Mlejnek P, Dolezel P, Faber E, Kosztyu P. Interactions of N-
desmethyl imatinib, an active metabolite of imatinib, with P-
glycoprotein in human leukemia cells. Ann Hematol. 2011;90(7):
837–42.

46. Gschwind HP, Pfaar U, Waldmeier F, Zollinger M, Sayer C,
Zbinden P, et al. Metabolism and disposition of imatinib mesylate
in healthy volunteers. Drug Metab Dispos. 2005;33(10):1503–12.

47. Webster JP, Gower CM, Knowles SCL, Molyneux DH, Fenton A.
One health - an ecological and evolutionary framework for tackling
neglected zoonotic diseases. Evol Appl. 2016;9(2):313–33.

48. Sachs-Barrable K, Conway J, Gershkovich P, Ibrahim F, Wasan
KM. The use of the United States FDA programs as a strategy to
advance the development of drug products for neglected tropical
diseases. Drug Dev Ind Pharm. 2014;40(11):1429–34.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

2766 Mokosch A. et al.

https://doi.org/10.1021/jasms.0c00368
https://doi.org/10.1021/jasms.0c00368

	High-resolution AP-SMALDI MSI as a tool for drug imaging in Schistosoma mansoni
	Abstract
	Introduction
	Materials and methods
	Statement of human and animal rights
	Harvesting of Schistosoma mansoni
	In�vitro culture experiments
	Fixation of Schistosoma mansoni for AP-SMALDI MSI
	Sectioning
	AP-SMALDI MSI measurements
	Data analysis
	Confocal laser scanning microscopy

	Results and discussion
	Optimal in�vitro culture conditions of worms with imatinib for AP-SMALDI MSI studies
	Improved cryosectioning for worm samples
	Mass spectrometric profiling of S.�mansoni for distinguishing worm sexes and for enabling imatinib detection
	AP-SMALDI MSI reveals imatinib distributions in different parasite tissues
	Imaging S.�mansoni couples exposed to a lower concentration of imatinib confirmed the uptake route while stabilizing the pairing status
	AP-SMALDI MSI revealed possible routes of drug uptake
	Identification of an ovary-related lipid marker to study drug distribution
	Identification of drug metabolites within the parasite

	Conclusion
	References


