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Abstract: Actinomycin D is a potent cytotoxic drug against pediatric (and other) tumors that is
thought to barely cross the blood–brain barrier. To evaluate its potential applicability for the treatment
of patients with central nervous system (CNS) tumors, we established a cerebral microdialysis
model in freely moving mice and investigated its CNS disposition by quantifying actinomycin D in
cerebral microdialysate, brain tissue homogenate, and plasma. For this purpose, we developed and
validated an ultraperformance liquid chromatography–tandem mass spectrometry assay suitable
for ultra-sensitive quantification of actinomycin D in the pertinent biological matrices in micro-
samples of only 20 µL, with a lower limit of quantification of 0.05 ng/mL. In parallel, we confirmed
actinomycin D as a substrate of P-glycoprotein (P-gp) in in vitro experiments. Two hours after
intravenous administration of 0.5 mg/kg, actinomycin D reached total brain tissue concentrations of
4.1 ± 0.7 ng/g corresponding to a brain-to-plasma ratio of 0.18 ± 0.03, while it was not detectable in
intracerebral microdialysate. This tissue concentration exceeds the concentrations of actinomycin D
that have been shown to be effective in in vitro experiments. Elimination of the drug from brain tissue
was substantially slower than from plasma, as shown in a brain-to-plasma ratio of approximately
0.53 after 22 h. Because actinomycin D reached potentially effective concentrations in brain tissue
in our experiments, the drug should be further investigated as a therapeutic agent in potentially
susceptible CNS malignancies, such as ependymoma.

Keywords: actinomycin D; UPLC-MS/MS; central nervous system; micro-sampling;
cerebral microdialysis
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1. Introduction

Actinomycin D is a cytostatic antibiotic drug that is effective in the treatment of gesta-
tional trophoblastic neoplasia, Wilms tumor, rhabdomyosarcoma, and Ewing’s sarcoma,
and is being evaluated for NPM1-mutated acute myeloid leukemia [1,2]. It is assumed to
act via insertion (i.e., intercalation) into the DNA helix [3,4], thus inhibiting DNA transcrip-
tion and RNA synthesis [5], and subsequently preventing protein synthesis. Furthermore,
actinomycin D also stabilizes cleavable DNA complexes of topoisomerase I and II, thus
facilitating the formation of single-strand DNA breaks [6,7]. Although applied for decades,
few studies investigated the pharmacokinetics of actinomycin D [8–12]. Actinomycin D
is reported as a substrate of P-glycoprotein (P-gp) [13], one of the most important efflux
transporters of the blood–brain barrier (BBB), which can limit the penetration into the brain
of a vast spectrum of substrates [14]. Due to low cerebrospinal fluid concentrations and
its substrate characteristics for P-gp, it is not expected to cross the BBB to any relevant
extent [10]. Nevertheless, comprehensive information on its central nervous system (CNS)
disposition is lacking. However, previous studies suggested a potential role of actinomycin
D in the treatment of pediatric CNS neoplasms: Preclinical studies revealed efficacy in
in vitro models of ependymoma [15] and, to a certain degree, in orthotopic mouse mod-
els of glioblastoma, medulloblastoma, and embryonal tumors with multilayered rosettes
(ETMR) [16–18]. Therefore, our aim was to establish a suitable experimental setup to accu-
rately determine the still unclear CNS disposition of actinomycin D. This setup combined
quantification of actinomycin D by ultraperformance liquid chromatography–tandem mass
spectrometry (UPLC-MS/MS) in cerebral microdialysis microsamples from freely moving
mice with measurements in brain tissue and plasma.

Actinomycin D consists of two identical pentapeptide lactone rings (cyclodepsipep-
tides; sequence: L-threonine, D-valine, L-proline, sarcosine, and D-methylvaline) cyclized
via the hydroxyl group of the side chain of threonine and the carboxyl function of D-
methylvaline; these are additionally connected via amide bonds of the amino function
of the threonines (peptide N-termini) to the carboxyl groups of 2-amino-4,6-dimethyl-
3-oxo-3H-phenoxazine-1,9-dicarboxylic acid (Figure 1). Due to the cyclic form of the
depsipeptides and the stability of the phenoxazine system, actinomycin D exhibits collision-
induced dissociation (CID) mass transitions with a low intensity that complicates its
ultra-sensitive quantification.

Few methods for actinomycin D quantification relying on LC-MS have been previously
reported; three for plasma [19–21] and one for dried blood spots [22]. Considering the
utilized plasma amount, the lowest reported lower limit of quantification (LLOQ) is 0.5
ng/mL for actinomycin D quantification in plasma micro-samples of 30 µL originating
from a pediatric population [19]. To accurately investigate the expected very low CNS
disposition of actinomycin D in mice, we developed a rapid and simple, ultra-sensitive
UPLC-MS/MS assay (LLOQ of 0.05 ng/mL) that requires only 20 µL of plasma, brain
tissue homogenate, or microdialysate.

2. Materials and Methods
2.1. Pre-Clinical Mouse Studies

The experiments were carried out in accordance with the European regulations for care
and use of laboratory animals (2010/63/EU) under the German license number G-187/18
and the internal reference number DKFZ374, approved by the responsible regional council
(Regierungspräsidium Karlsruhe, Germany). Female 8-week-old NSG mice (NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ-NOD-SCID gamma-mice) with a weight of approximately 25 g
were used for the studies. For microdialysis experiments, a microdialysis guide cannula
was stereotactically implanted into the right striatum and stabilized with screws and den-
tal acrylic cement. Mice received analgesia (metamizole) and anesthesia with isoflurane
during surgery. After six days of recovery, the microdialysis procedure was initiated. A
microdialysis probe (CMA7, 1 mm, molecular cut-off 55 kDa, CMA Microdialysis AB,
Kist, Sweden) was inserted through the guide cannula and connected to a pump system
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operating at a constant flow rate of 0.5 µL/min Ringer-1 % bovine serum albumin (BSA)
solution. Throughout the study, mice could freely move. Microdialysis samples were
serially collected each hour. Because the number of blood collections in individual mice
is limited, we estimated the optimal timepoints for a pharmacokinetic feasibility study
by allometric simulation of actinomycin D’s pharmacokinetic profile in mice according
to published data in humans [8,9]. For the allometric simulation, mouse plasma phar-
macokinetic profiles were simulated by allometrically scaling the clearance and volumes
parameters using classic exponents (0.75 for clearances and 1 for volumes) from mouse
to human, based on 0.5 mg/kg dosage [23]. We aimed at assessing the log-linear profile
of the terminal elimination phase, which appeared to start 0.5–0.75 h after injection in
the allometric simulation (Figure S1). Therefore, we chose to take blood samples 0.75,
6, and 22 h after intravenous bolus injection into the tail vein for the assay’s feasibility
pharmacokinetic experiment. Three animals received an intravenous bolus injection of
0.5 mg/kg actinomycin D in 0.125 mL per mouse (25 g) of a 0.1 mg/mL dosing solution.
This dosage corresponds to the usual therapy protocols in humans according to allometric
scaling [24]. Full blood samples were transferred into citrate tubes (Sarstedt, Germany) and
centrifuged at 1600× g for 10 min to generate plasma samples, which were stored at−80 ◦C
until analysis. For determination of actinomycin D disposition in the CNS, brain tissue,
and plasma samples were harvested following euthanasia with increasing concentrations
of CO2 at 2 h (three animals) or 22 h (four animals) after intravenous bolus injection of
0.5 mg/kg actinomycin D. Samples were stored at −80 ◦C until analysis. For validation
of the UPLC-MS/MS quantification, blank plasma from 6 naïve mice was used and blank
brain tissue was obtained from 2 unexposed mice. Whole brain tissue was homogenized
using a Bead Ruptor 4 homogenizer (Omni International Inc, Kennesaw, GA, USA) in
acetonitrile (ACN)/water (1/19, v/v) + 0.5 % Triton X and 0.1 % formic acid (FA) (100 mg
brain tissue/mL) in 2.0 mL tubes containing ~25 glass beads (0.75–1 mm; Carl Roth GmbH,
Karlsruhe, Germany) for 2 × 1 min.

2.2. Drugs, Chemicals, Solvents, and Materials

Actinomycin D (Lyovac Cosmegen®) for intravenous administration to mice was ob-
tained from Recordati Rare Diseases Germany GmbH (Ulm, Germany), dissolved according
to the manufacturer´s instructions using 1.1 mL water (B. Braun, Melsungen, Germany),
and diluted with 0.9% normal saline solution (B. Braun) to a concentration of 0.1 mg/mL.
Ringer solution was also obtained from B. Braun. Pure actinomycin D (98%; C62H86N12O16,
1255.4 g/mol) for analytical purposes and in vitro assays was purchased from Biozol Diag-
nostica Vertrieb GmbH (Eching, Germany) supplied by Toronto Research Chemicals (North
York, ON, Canada). Actinomycin C (98%; C63H88N12O16, 1269.4 g/mol) was obtained from
Santa Cruz Biotechnology (Dallas, TX, USA). Water, methanol (MeOH), ACN, and FA were
purchased from Biosolve BV (ULC/MS grade; Valkenswaard, The Netherlands). Blank
mouse plasma (CD-1) was obtained from Innovative Research (Novi, MI, USA). Heparin
(Clexane, 4000 I.E., 40 mg/0.4ml) was purchased from EurimPharm Arzneimittel GmbH
(Saaldorf-Surheim, Germany). Tween-20 was obtained from Merck KGaA (Darmstadt,
Germany). TritonX100, polylysine, polyvinylpyrrolidone (PVP), culture media, medium
supplements, and buffers were purchased from Sigma-Aldrich (Taufkirchen, Germany).
Fetal calf serum (FCS) was purchased from Biochrom (Berlin, Germany) and crystal vi-
olet from AppliChem (Darmstadt, Germany). Vincristine was obtained from Biotrend
(Cologne, Germany). Bovine serum albumin (fraction V; BSA) was purchased from Carl
Roth (Karlsruhe, Germany).

2.3. Standard Solutions

The stock solution of the internal standard (IS) (actinomycin C) was prepared at
0.3 mg/mL in ACN/H2O (1/1, v/v) + 0.1% FA in a glass vial. The IS stock solution
was diluted 200,000-fold with ACN + 0.1% FA to yield the solution utilized for protein
precipitation at a concentration of 1.5 ng/mL. For preparation of calibration stock solu-
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tions, actinomycin D (1.10 mg) was weighed into 5 mL volumetric flasks, filled up with
ACN/H2O (1/1, v/v) + 0.1% FA, and diluted to yield calibration sub-solutions at 0.2,
0.8, 2, 4, 12, 40, 120, and 400 ng/mL. Quality control (QC) sub-solutions were prepared
accordingly from an independent weighing of actinomycin D (0.61 mg/5 mL) at 0.2, 0.6, 12,
and 240 ng/mL.

2.4. Calibration and QC Samples

Plasma calibration samples were prepared by spiking blank plasma (75 µL) with 25 µL
of the calibration sub-solution, yielding plasma concentrations of 0.05, 0.2, 0.5, 1, 3, 10,
30, and 100 ng/mL. Plasma QC samples were prepared accordingly at concentrations of
0.05, 0.15, 3, and 60 ng/mL. Brain tissue homogenate calibration samples were prepared by
spiking brain tissue homogenate (75 µL), which was prepared at 100 mg tissue per mL of 5%
aqueous ACN containing 0.5% Triton X, with 25 µL of the calibration sub-solution, yielding
concentrations corresponding to 0.5, 2, 5, 10, 30, 100, 300, and 1000 ng/g. Brain tissue
homogenate QC samples were prepared accordingly, at corresponding concentrations of
0.5, 1.5, 30, and 600 ng/g. Solutions were kept at 4 ◦C for up to 6 months.

2.5. Sample Preparation

For protein precipitation of plasma microsamples, an excess of ACN (50 µL) with
0.1% FA containing the IS was applied to an Impact® 96-well protein precipitation plate
(Phenomenex, Torrance, CA, USA). Subsequently, 20 µL of the plasma samples were
added and the plates sealed and shaken for 1 min. Brain tissue homogenate samples were
processed accordingly. For protein depletion, samples were filtered into a 96-well collection
plate (Waters, Milford, MA, USA) by applying positive pressure with a 96-well positive
pressure unit (Waters, Milford, MA, USA) operated with air overpressure of 5 psi. After
addition of 40 µL of water containing 0.1% FA, the collection plates were sealed, shaken,
and extracts injected onto the UPLC system.

2.6. Determination of Protein-Bound Fraction

To determine the previously unknown unbound fraction of actinomycin D in plasma and
brain tissue homogenate, we performed rapid equilibrium dialysis (RED) in duplicate. For
this, samples were spiked with drug solutions that were prepared in plasma or brain tissue
homogenate to obtain minimally diluted samples (30 ng/mL for plasma and 30 ng/g for
brain tissue). The free actinomycin D tissue fraction was also quantified in a pooled sample of
brain tissue homogenates from the three mice euthanized 2 h after dosing. Determinations
were performed on a RED apparatus (ThermoFisher Scientific, Waltham, MA, USA) according
to the manufacturer´s instructions under gentle agitation for 12 h at 37 ◦C.

2.7. Instrumental Analysis Parameters

The quantification setup consisted of an Acquity UPLC® System coupled to a Xevo TQ-
XS triple-stage quadrupole mass spectrometer with an attached Z-spray heated electrospray
ionization (ESI) source (Waters, Milford, MA, USA). A Waters Acquity UPLC® Peptide
BEH C18 column (300 Å, 1.7 µm, 2.1 × 50 mm) maintained at 60 ◦C was applied for
chromatographic separation. The eluent consisted of 5% (v) ACN in water with 0.1%
FA (eluent A) and ACN with 0.1% FA (eluent B). The flow at a rate of 0.5 mL/min was
directly introduced into the ion source between 1.0 and 1.6 min after injection and otherwise
directed to the waste. Gradient starting conditions of 60% A/40% B were kept for 0.5 min
and the ratio subsequently changed to 100 % B within 1.5 min (0.5–2.0 min). These
conditions were maintained for an additional 0.5 min. The ratio was then returned to
starting conditions over a period of 0.5 min. While the Sample Manager prepared the
following injection, which lasted about 1 min, the starting conditions were kept. Samples
were maintained at 15 ◦C while in the Sample Manger. After injection, the needle was
flushed with ACN/water/MeOH (2/1/1, v/v/v) + 1% FA. As a result, a complete injection
cycle took 4 min. The injected sample volume was 20 µL. ESI source parameters were
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manually optimized to a capillary voltage of 2500 V, source temperature of 150 ◦C, cone gas
flow (N2) of 50 L/h, desolvation gas flow (N2) of 1000 L/h, and desolvation temperature
of 600 ◦C. The Xevo TQ-XS was tuned to actinomycin D and actinomycin C for selective
reaction monitoring (SRM) measurements, which were performed with CID in positive
ion mode using 0.15 mL/min of argon, using the IntelliStart procedures integrated into
the MassLynx V4.2 system software. This resulted in an optimized cone voltage of 100 V
and a collision energy of 62 V. Monitored mass transitions were m/z 1255.6→ 459.1 for
actinomycin D and m/z 1269.6→ 459.1 for actinomycin C.

2.8. Validation of the Analytical Methods

The assay was validated according to the FDA´s and EMA´s published recommen-
dations [25,26], independently for all analyzed biological matrices. Full validation was
performed for plasma and brain tissue homogenate. For the transfer of the assay to
microdialysate partial validation with a single validation run was considered sufficient,
because the Ringer´s buffer containing BSA constitutes a simplified plasma matrix. In
addition, actinomycin D cell homogenate quantification was validated accordingly with
also a single validation run, because we regarded the cell homogenate as a simplified tissue
homogenate matrix.

Accuracy was calculated as the percentage of the ratio of the mean determined con-
centration in individual analytical runs and the nominal value. Precision was expressed in
percent and is defined as the coefficient of variation of the measured sample concentrations
at each QC level. Three validation runs were analyzed, each containing eight calibration
samples in duplicate determination and four QC samples at LLOQ, and low, mid, and
high QC concentration in six replicates. Selectivity was evaluated using blank plasma
samples from six naïve mice and brain tissue homogenates from two mice. Extraction
recovery was calculated from peak areas after extraction from the QC samples divided
by the respective peak areas obtained from blank plasma spiked after extraction. Matrix
effects were evaluated by comparison of the peak areas of the blank plasma samples spiked
after extraction with the respective peak areas of matrix-free UPLC solvent samples spiked
with the identical amount [27]. Stability of the analyte was tested in three freeze-and-thaw
cycles separated by at least 24 h, in plasma samples stored for 1 month at −25 ◦C, in
microdialysate stored at room temperature for 2 d, and in extracts left in the autosampler
for 24 h. Additionally, an incurred sample reanalysis was performed for all plasma samples
with sufficient volume for reanalysis.

2.9. Verification of Actinomycin D as a Substrate of P-gp

To confirm the P-gp substrate characteristics of actinomycin D, we conducted growth
inhibition and uptake assays in a cell line over-expressing human P-gp/ABCB1 (L-MDR1
cells) in comparison to the respective parental cell line (LLC-PK1). L-MDR1 cells were
kindly provided by A. H. Schinkel (The Netherlands Cancer Institute, Division of Experi-
mental Therapy, Amsterdam, The Netherlands). The cells were cultured under standard
cell culture conditions with medium M199 supplemented with 10% FCS, 2 mM glutamine,
100 U/mL penicillin, and 100 µg/mL streptomycin sulfate. The culture medium for L-
MDR1 was supplemented with 0.64 µM vincristine to maintain P-gp/ABCB1 expression.
One day before using the cells in the assays, both cell lines were fed with vincristine-free
culture medium.

Growth inhibition assays in L-MDR1 and LLC-PK1 cells were conducted to evaluate
whether actinomycin D is less effective in P-gp over-expressing cells, indicating reduced
influx in the presence of P-gp. The assays were performed in quadruplicate, as described
previously [28], using ten concentrations of actinomycin D from 0.0005–10 µM in octuplets.

For the uptake assays, cells were incubated in the dark at 37 ◦C on a rotary shaker
in cell culture medium with 0.01 µM actinomycin D for 10, 30, 60, or 120 min in duplets,
each containing 1 million cells. After the incubation period, cells were washed twice
with ice-cold PBS. The dry pellet was lysed using 100 µL of 0.1 M aqueous HCl and
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homogenized using sonification for 5 min. Cell homogenates were processed according to
plasma sample preparation.

2.10. Calculations and Statistical Methods

Calibration curves were determined with 1/x2 weighted linear regression using peak
area ratios of the analyte to IS. This calculation was performed using the software Tar-
getLynx V4.2 (Waters, Milford, MA, USA). Plasma pharmacokinetics were determined
with the software Kinetica (v 5.0; Thermo Fisher Scientific, Waltham, MA, USA). Stan-
dard calculations were performed using Microsoft Office Excel 2010 (Mountain View,
CA, USA). Concentration–response curves and IC50 values were calculated by GraphPad
Prism version 9.0.0 (GraphPad Software Inc., La Jolla, CA, USA) according to a sigmoid
Emax model.

3. Results and Discussion
3.1. Performance of the UPLC-MS/MS Assay
3.1.1. Mass Spectrometric and Chromatographic Characteristics

In the positive ESI of actinomycin D, two main signals were observed, the [M+2H]2+

ion at m/z 628.6 and the [M+H]+ signal at m/z 1255.6. The doubly charged species showed
the highest intensity at medium cone voltage and substantially exceeded the maximum
intensity of the singly charged species, which showed its highest intensity at a high cone
voltage. In the CID of the [M+H]+ precursor, the most abundant fragment was found at m/z
459.1, followed by a signal at m/z 300.2, while for the [M+2H]2+ signal, the most prominent
fragments occurred at m/z 300.2 and m/z 203.1. When determined in solution, the fragments
of the doubly charged species exhibited a significantly higher intensity than the CID
fragments of the singly charged signal. However, when evaluating the mass transitions in
plasma extracts, the transition of m/z 1,255.6 459.1 produced the most intense signal, which
was therefore chosen for SRM. Actinomycin D undergoes a complex fragmentation in CID
consisting of multiple consecutive reactions and rearrangements, which were previously
noted by Thomas and co-workers [29]. The structure of the monitored fragment at m/z
459.1 is shown in Figure 1.
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Figure 1. Positive product spectrum (MS/MS) of the [M+H]+ signal (m/z 1255.6) of actinomycin D
in collision-induced decomposition using a collision energy of 62 V. The structures of actinomycin D,
actinomycin C, and their monitored common product ion (m/z 459.1) are additionally depicted. For
details on the product ions and fragmentation scheme of actinomycin D, the reader is referred to the
work of Thomas and co-workers [29].

For chromatography optimization we tested reverse phase columns (C18 and C4) due
to actinomycin D´s high lipophilicity. We used reverse phase material with a large pore
width of 300 Å because large pore widths usually foster optimal mass transfer kinetics for
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macromolecules. Chromatographic peak shape and separation performed better on the
C18 column. In accordance with the high lipophilicity of actinomycin D, a gradient from
40–100% eluent B was found optimal and yielded peaks with a width at baseline of 6 s
(Figure 2).
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3.1.2. Choice of Internal Standard

Because an isotopically labelled analogue of actinomycin D was not available, and
in accordance with our own tests (data not shown) and the conclusion of Damen and
co-workers [19] that 7-amino actinomycin D is not suitable for use as IS due to the large
hydrophilic shift in retention time (and maybe due to the inequality of ionization and
fragmentation characteristics), we aimed at the use of a structural analogue of actinomycin
D with similar chromatographic characteristics.

Actinomycin C differs from actinomycin D by the exchange of a valine to isoleucine
in one of the two comprised cyclodepsipeptides, which results in an additional methyl
group. Hence, it possesses very similar physicochemical properties to actinomycin D with
only a minimal lipophilic shift, which was not baseline-separated under the conditions
used in our UPLC separation (Figure 2). Therefore, actinomycin C was expected to best
reflect the matrix effects of actinomycin D that occur in the sample analyses, in part because
the identical fragment is monitored in SRM (m/z 1269.6 → 459.1); for all these reasons,
actinomycin C was chosen as the IS.

3.1.3. Sample Preparation and Extraction Characteristics

Quantification of actinomycin D was performed in micro-samples (20 µL) of plasma,
brain tissue homogenate, and cerebral microdialysate. Micro-sampling is a prerequisite
for quantification of cerebral microdialysis samples and pharmacokinetic studies in small
animals. It is also beneficial for pediatric blood sampling. In our experiments, we used
whole brain homogenate determinations. However, in principle, quantification in brain
homogenate microsamples facilitates assessment of actinomycin D brain distribution on
a small scale, e.g., in limited tumor material from patient-derived mouse xenografts or
patient biopsies. In the analysis of brain tissue samples, we standardized the proportion
of tissue in the homogenates (0.1 g/mL) to avoid inconsistencies regarding the matrix
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effects between samples. As a consequence, the measured concentrations in homogenates
(ng/mL) correspond to 10-fold higher brain tissue concentrations expressed in ng/g.

Efficient extraction of actinomycin D was achieved by protein precipitation with a
2.5-fold excess of ACN + 0.1% FA (50 µL). For the monitored mass transitions of the analyte
and IS, no interference was observed, facilitating sensitive quantification. Recoveries were
consistent across the QC and IS concentrations and were ≥91% for the plasma and brain
tissue homogenate (Table S1).

3.1.4. Validation Results

The extraction by protein precipitation combined with UPLC-MS/MS quantification
for actinomycin D fully met the FDA and EMA requirements for bioanalytical method
validation [25,26] for all investigated biological matrices. Selectivity of the assay was
demonstrated by the absence of interfering signals in the plasma from six individual mice
and brain tissue homogenates from two individual mice not exposed to actinomycin D
(Figure 2). Within the calibrated range (0.05–100 ng/mL), correlation coefficients (r2) of
≥0.99 were obtained using linear regression and a 1/x2 weighting (Table S2). Table S3 to S6
give an overview of the intraday and interday accuracies and precision values of the assays,
which were well within the required limits. Stability of actinomycin D during freeze-and-
thaw cycles and in plasma samples at −25 ◦C for 1 month was confirmed by accuracies
for a low and high QC of 87.6–93.6% and 95.6–100.7%, respectively. Long-term stability in
human plasma (7 months at −20 ◦C) has already been demonstrated [19]. Extracts were
stable over the course of individual analyses, as evidenced by accurate reanalysis of low
and high QC samples that remained in the autosampler for 24 h. Actinomycin D in solution
was stable for at least 6 months, as shown by comparison of the quantification results of
freshly prepared QC samples with stored calibration solutions, which yielded accuracies
ranging from 86.4–88.3%. Table S7 gives an overview of the obtained stability data during
validation. Analytical variability observed in the incurred sample reanalysis was within
the allowed limits, and all reanalyzed samples showed a deviation of ≤16.2% (Table S8).

In addition, we demonstrated the feasibility of our spiking process by the accurate
determination of minimally diluted QC plasma samples (with spike solutions prepared in
the plasma already) with calibration samples prepared with spike solutions, which resulted
in accuracies of 89.8 to 94.7% (Table S9).

3.1.5. Matrix Effect

Endogenous substances, especially peptides and phospholipids, are expected to in-
terfere in the SRM analysis of precipitated plasma samples of actinomycin D. However,
due to the efficient chromatographic separation, no interfering signals were observed in
six individual mouse blank plasma samples, demonstrating the selectivity of the assay.
Furthermore, there were no interfering signals in the brain tissue homogenate of two
unexposed mice and in their pooled homogenate. Matrix effects of low to high QC samples
were consistent, reproducible, and ranged between −33.8 and −25.8% (corresponding
to IS-normalized values of 102.0 to 109.8%) for plasma, and between −44.0 and −36.8%
(corresponding to IS-normalized values of 110.3 to 114.5%) for brain tissue homogenate
(Table S10). Because previous reports have not assessed the IS-normalized matrix effects
and absolute matrix effects have only been investigated qualitatively with the different
post-infusion technique, an accurate comparison with previously established methods
was considered infeasible. However, the compliance of the IS-normalized matrix effects
of our assay with the required limits for bioanalytical method validation (100 ± 15%)
demonstrates the suitability of actinomycin C for use as IS due to sufficient balancing of
the occurring matrix effects.

3.2. Plasma Concentrations of Actinomycin D in Mice after Intravenous Injection

Initially, the applicability of the assay was demonstrated by determination of individ-
ual plasma concentrations of three mice receiving intravenous actinomycin D. Due to the
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low sample volume required for quantification, the plasma concentration–time profiles
could be assessed individually (Figure 3), reducing the number of animals required for
reliable pharmacokinetic evaluation.
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Figure 3. Plasma concentration–time profiles of intravenous actinomycin D (0.5 mg/kg) in three mice.

The pharmacokinetic parameters are shown in Table 1. However, these must be
regarded as estimates, due to the limited samplings available, especially due to actinomycin
D´s complex pharmacokinetics matching a three-compartment model in humans [9,11].
The calculated AUC agreed well with previously determined values in mice [13]. However,
the determined half-life in our study was 3-fold longer. This difference is probably the
result of the more sensitive determination of the actinomycin D plasma concentration over
a considerably longer period in our experiments (22 h vs. 6 h), reducing the potential
over-estimation of the intermediate half-life.

Table 1. Single-dose pharmacokinetics of intravenous actinomycin D in mice.

Mouse Cmax
(ng/mL)

AUC
(ng/mL × h)

Vss
(L)

Cl
(mL/min)

t1/2
(h)

1 22.6 171 0.53 1.22 5.07
2 14.6 111 0.98 1.87 6.14
3 10.3 101 1.23 2.06 6.90

Mean 15.8 ± 5.1 128 ± 31 1.10 ± 0.35 2.06 ± 0.43 6.04 ± 0.75
AUC: area under the concentration–time curve extrapolated to infinity; Cl: clearance; Cmax: maximal plasma
concentration; t1/2: half-life; Vss: volume of distribution.

Because there is no reliable information on the protein binding of actinomycin D,
we additionally determined the unbound fraction of the drug in mouse plasma, which
was 23.1%.

3.3. Setup of the Microdialysis Experiments

In preparation of the cerebral microdialysis, we first investigated the adsorption and
recovery characteristics of the microdialysis probes, tubing, and pump system, to test the
validity of the microdialysis determinations. In vitro, non-specific binding and analyte
recovery studies revealed that actinomycin D substantially adhered to the polypropylene
equipment parts, such as the microdialysis sampling tubes. Additionally, actinomycin D
bound nonspecifically to the glass of the syringes integrated in the microdialysis pump
system. Coating strategies using bovine serum albumin (BSA), polylysine, Triton x, Tween-
20, heparin, and PVP of the experimental system (polypropylene) and glass surfaces were
unsuccessful (Figure S2). In order to reduce nonspecific binding, BSA supplement of the
microdialysis buffer was tested in different concentrations, ranging from 0.1 to 2%. BSA
additions ≥1% were sufficient to quantitatively reduce nonspecific binding (Figure 4A).
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Therefore, 1% BSA in Ringer solution was used for all microdialysis experiments. A 1-
mm-long polyestersulfone probe (showing the best recovery of actinomycin D; Table S11)
with a cutoff of 55 kDa was chosen for microdialysis studies operated at a low flow rate
of 0.5 µL/min. For each microdialysis probe, in vitro recovery studies were performed
using an actinomycin D stock solution of 100 ng/mL prepared in 1% BSA Ringer solu-
tion in order to enable the back-calculation of the microdialysis concentrations to brain
concentrations. Probe performance tests showed a median in vitro retrodialysis recovery
coefficient, corresponding to the ratio of drug penetrating the probe, of 84.5 ± 5.4% (Table
S12). Additionally, actinomycin D was found stable for 2 d in the used buffer (Table S7),
which is a prerequisite for microdialysis experiments.
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Figure 4. (A) Actinomycin D showed nonspecific binding to the microdialysate equipment, which can be reduced by adding
bovine serum albumin to the Ringer solution. (B) Actinomycin D concentration detected in in vivo cerebral microdialysis
samples of a non-dosed mouse after prior in vitro calibration of the microdialysis probe with actinomycin D.

3.4. Cerebral Microdialysis Measurements in Healthy Mice

Cerebral microdialysis allows for individual assessment of CNS drug disposition over
time, thereby reducing the number of required animals within pharmacokinetic studies.
The established microdialysis setup was first tested in an unexposed mouse to ensure
unambiguous detection of administered actinomycin D. However, despite BSA addition
to the used buffer, cleaning of the syringes with ethanol and H2O, overnight rinsing of
the probe with Ringer solution, and replacement of the entire tubing system, the drug
was detected in an unexposed mouse (Figure 4B), indicating nonspecific binding to the
microdialysis system, possibly also involving the probe membrane.

To avoid contamination of the probe during calibration with the drug of interest,
the IS Actinomycin C with its similar physicochemical properties was used for the nec-
essary recovery studies. This strategy ensures that the microdialysis setup is accurately
calibrated for recovery calculations without pre-exposing the system to the analyte of
interest, thus ensuring unambiguous discrimination from the drug administered to the
animal. Concentration-dependent in vitro recovery studies using actinomycin C showed an
average in vitro retrodialysis coefficient of 87.6 ± 0.5% well matching the results obtained
with actinomycin D (Table S13).

To support the calibration procedure with actinomycin C, the quantification assay was
adapted to allow measurements of actinomycin C in the microdialysate in a concentration
range from 0.1 to 100 ng/mL. To this end, we have exchanged the role of analyte (→
actinomycin C) and IS (→ actinomycin D). Because the assay was very similar to the quan-
tification of actinomycin D, the assay was validated for the quantification of actinomycin C
using a single validation batch, fulfilling the pertinent requirements, the results of which
are shown in Table S14.

This strategy was subsequently validated in vivo. When the calibration was performed
with actinomycin C, no actinomycin D was detectable in the cerebral microdialysis samples
of an unexposed mouse, demonstrating the applicability of the strategy. Because the IS for
actinomycin D quantification (actinomycin C) is used in a sufficiently high concentration,
the remaining actinomycin C in the microdialysis system does not influence actinomycin D
quantification. However, no detectable concentrations of actinomycin D were measured
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in the CNS microdialysate of a dosed mouse while quantification of the plasma samples
revealed the expected drug concentration–time profile (data not shown). Evaluations based
on cerebral microdialysis, therefore, do not appear to be feasible for the assessment of
CNS disposition of actinomycin D until even more sensitive analytical methods become
available, making measurements of tissue homogenate the currently available option for
detection of the drug at the site of interest. The scheme of the followed workflow is shown
in Figure 5.
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Figure 5. Schematic workflow of the methodology for determining the central nervous system (CNS) drug disposition of
actinomycin D (Act D). Despite the use of actinomycin C (Act C) for probe calibration and avoiding nonspecific binding of
actinomycin D to the microdialysis equipment, only whole brain tissue measurements were suitable for measurement of the
drug´s brain disposition. Created with BioRender (Biorender AG, Münchwilen, Switzerland).

Nevertheless, the established strategy of incorporating BSA into the microdialysis
buffer and using the IS of the quantification assay to calibrate the microdialysis probes
(ideally: isotope-labelled compounds) represents a viable general approach for cerebral
microdialysis measurements of therapeutics and particularly for highly lipophilic drugs
that should be further tested.

3.5. Determination of Actinomycin D CNS Concentrations after Intravenous Bolus Injection
to Mice

Brain tissue measurements were performed after cleaning the organ via cardiac perfu-
sion with 20 mL of PBS to prevent contamination from the drug retained in brain capillaries.
Figure 3 depicts the obtained plasma and brain tissue profiles.

Two hours after intravenous actinomycin D injection, the mean plasma concentra-
tion was 22.7 ng/mL and the corresponding brain tissue concentration reached 4.1 ng/g
(Table 2). Due to the thorough cardiac perfusion with PBS and the fact that the mouse brain
contains only 6% blood [30], the brain tissue concentration found cannot be explained
by blood contamination (the measured value substantially exceeds the maximum value
reachable via blood contamination, which is 1.3 ng/g) and therefore appears to reliably
reflect actinomycin D brain concentration. Therefore, these findings, with the concurrently
undetectable unbound fraction of actinomycin D in the microdialysis experiments, suggest
that the unbound fraction of actinomycin D in brain tissue (and most likely also in other tis-
sues) is very low and substantially smaller than the corresponding plasma concentrations,
which is consistent with its tight binding to DNA. The investigation of the free fraction
of these brain tissue homogenates revealed a low free fraction that could not be exactly
determined because the peak areas in the samples of the buffer of the rapid equilibrium
device (corresponding to the unbound concentration) were well below the LLOQ peak
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areas. However, if the response values were evaluated, the free fraction was estimated to
be <3%. These results matched those of minimally diluted spiked brain tissue homogenate,
which showed a free fraction of 3.4%.

Table 2. Plasma and brain concentrations of mice 2 and 22 h after intravenous administration of
0.5 mg/kg actinomycin D.

Time (h) after
Administration Mouse

Plasma
Actinomycin D

(ng/mL)

Brain
Actinomycin D

(ng/g)

Brain-to-Plasma
Ratio

2

1 19.2 4.09 0.21

2 26.8 4.77 0.18

3 22.0 3.55 0.16

Mean 22.7 ± 3.9 4.14 ± 0.50 0.18 ± 0.03

22

4 1.95 1.56 0.80

5 5.79 2.15 0.37

6 2.61 0.46 0.18

7 3.24 2.49 0.77

Mean 3.40 ± 1.45 1.67 ± 0.77 0.53 ± 0.26

The obtained brain-to-plasma ratio of 0.18 is somewhat higher than suggested in
a previous report [10]. However, in this earlier study, actinomycin D was quantified in
cerebrospinal fluid three hours after intravenous administration, i.e., in a protein-poor
compartment that is also separated from blood and tissue by active barriers. In both
reported patients, the cerebrospinal fluid concentrations reached approximately 10% of the
corresponding plasma concentrations, which is also substantial assuming that the unbound
fraction in humans is similarly low as in mice. In a more recent study in mice [13], the
disposition of actinomycin D at a dose of 0.5 mg/kg (similar to our study) was investigated
by tissue measurements. However, the measured brain concentrations were only evaluated
as peak areas of the utilized quantification method due to sample volume restrictions, and
hence, accurate brain concentrations could not be established.

Our experiments revealed an increase in the brain-to-plasma ratio over time, and 22 h
after intravenous administration of actinomycin D it reached a mean value of 0.53 (Table 2).
The observed slower elimination from brain tissue is concordant with the lower free drug
concentration detected in brain tissue homogenate compared to plasma.

Previous [13] and our in vitro experiments clearly demonstrate much greater resistance
and lower accumulation of actinomycin D in cell lines over-expressing P-gp (Figure 6).
This suggests that actinomycin D is indeed a P-gp substrate.

Nevertheless, it was found that the detected brain exposure of actinomycin D in P-gp
knockout mice exceeded that of wildtype mice by a modest 2.3-fold [13]. Studies with other
prototypical P-gp substrates demonstrated that brain concentrations in P-gp-knockout mice
increase much more compared with wildtype mice, e.g., 35-fold for digoxin and 87-fold
for ivermectin [31]. Moreover, clinical data indicate no relevant influence of functional
ABCB1 polymorphisms on the exposure with actinomycin D in children [8], questioning
the profound modulation of actinomycin D pharmacokinetics by P-gp in vivo. This is also
consistent with our data in mice showing that actinomycin D is not completely prevented
from crossing the BBB by P-gp, which may be a consequence of the low free fraction in
the tissue.
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over-expressing cell line L-MDR1 and the corresponding parental cell line LLC-PK1. Each curve
depicts the results of four experiments with each concentration tested in octuplet. Data are expressed
as the mean ± SD for n = 32 wells. The IC50 in L-MDR1 cells was 2.4 ± 0.6 µM and in LLC-PK1 cells
0.021 ± 0.006 µM (>100-fold difference). (B) Time-dependent uptake of 0.01 µM actinomycin D in the
P-gp over-expressing cell line L-MDR1 in comparison to the parental cell line LLC-PK1. Each data
point depicts the mean of a duplicate determination.

Our investigation is the first to accurately determine actinomycin D brain tissue con-
centrations, revealing considerable penetration of the drug across the BBB. The determined
brain tissue concentration after 2 and 22 h correspond to approximately 3 nM and 1.2 nM,
which exceeds the EC50 value of actinomycin D-sensitive brain tumor cell lines [15,18] ap-
proximately by 6-fold and 2-fold. The measured total tissue concentration may be effective
due to actinomycin D´s mechanism of action relying on DNA binding.

4. Conclusions

We have successfully established an experimental framework to study the CNS dis-
position of actinomycin D that concurrently suggests general solutions to key challenges
in measuring cerebral microdialysis samples. The evaluation of CNS concentration was
supported by a newly developed ultra-sensitive UPLC-MS/MS assay for actinomycin
D quantification in micro-samples, with an LLOQ of 0.05 ng/mL, which is one order of
magnitude more sensitive than the previous methods while requiring smaller sample
volumes. Actinomycin D was adsorbed nonspecifically and to a relevant extent to the
microdialysis equipment, resulting in apparent drug exposure of the non-dosed mice. This
underscores the importance of confirming the validity of the experimental microdialysis
setup before applying it in vivo, because most drugs potentially available to the CNS are
highly lipophilic and thus tend to be highly adsorbed, especially in aqueous buffers. The
adsorption challenges were solved by using a BSA-Ringer solution in the microdialysis
system and by using the IS to calibrate the required individual recovery efficiencies of
the microdialysis probes. This strategy represents a generally applicable methodology
for (cerebral) microdialysis experiments of highly hydrophobic therapeutics. However,
in mice receiving an allometrically scaled therapeutic dose, actinomycin D could not be
detected in the microdialysate, whereas brain tissue concentrations were readily detectable.
Consequently, actinomycin D is not suitable for cerebral microdialysis experiments because
the tissue does not release it adequately, probably due to high tissue binding, most likely to
its abundant target nuclear DNA. Therefore, brain tissue homogenate measurements are
favored when evaluating concentrations of actinomycin D in the CNS. Investigations in
mice revealed substantial penetration of the BBB by intravenous actinomycin D, reaching
a potentially effective tissue concentration for an extended period of at least 22 h. These
results indicate that actinomycin D might be a suitable candidate for further development
as a treatment for pediatric CNS neoplasia. However, methods of either reducing periph-
eral (systemic) actinomycin D toxicity or increasing BBB penetration are likely required for
effective treatment.
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