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The translational value of zebrafish high-throughput screens can be improved when more knowledge is available on uptake
characteristics of potential drugs. We investigated reference antibiotics and 15 preclinical compounds in a translational ze-
brafish-rodent screening system for tuberculosis. As a major advance, we have developed a new tool for testing drug uptake in
the zebrafish model. This is important, because despite the many applications of assessing drug efficacy in zebrafish research, the
current methods for measuring uptake using mass spectrometry do not take into account the possible adherence of drugs to the
larval surface. Our approach combines nanoliter sampling from the yolk using a microneedle, followed by mass spectrometric
analysis. To date, no single physicochemical property has been identified to accurately predict compound uptake; our method
offers a great possibility to monitor how any novel compound behaves within the system. We have correlated the uptake data
with high-throughput drug-screening data from Mycobacterium marinum-infected zebrafish larvae. As a result, we present an
improved zebrafish larva drug-screening platform which offers new insights into drug efficacy and identifies potential false neg-
atives and drugs that are effective in zebrafish and rodents. We demonstrate that this improved zebrafish drug-screening plat-
form can complement conventional models of in vivo Mycobacterium tuberculosis-infected rodent assays. The detailed compari-
son of two vertebrate systems, fish and rodent, may give more predictive value for efficacy of drugs in humans.

Studies in zebrafish larvae are used increasingly for modeling
human diseases, with the expectation that they will be able to

contribute to bridging the gap between in vitro cell-based assays
and in vivo mammalian disease models (1–3). Zebrafish larvae
have become a popular vertebrate model due to (i) their anatom-
ical, molecular, and genetic similarity to humans, (ii) the availabil-
ity of a large genetic toolbox, (iii) their easy and low-cost mainte-
nance, (iv) the optical transparency of embryos and larvae,
enabling massive phenotype-based screens, (v) very few ethical
issues associated with the use of larvae up to the feeding stage, and
(vi) the occurrence of many pathological processes resembling
those of various human diseases. Among numerous other human
diseases, mycobacterial infection caused by Mycobacterium tuber-
culosis and M. abscessus has been modeled in zebrafish as a poten-
tial complement to the currently established in vitro and in vivo
models proven to recapitulate the pathology of the human disease
progression in zebrafish larvae (4–9). In these systems, the efficacy
of a drug can be accurately measured by its effect on the number of
bacteria and their presence and survival inside immune cells (10–
14). As a result, zebrafish larvae already have yielded significant
new insights into the understanding of the pathogenesis of tuber-
culosis (TB) in humans and contributed to the development of
novel strategies for disease treatment (7). Such a gain in under-
standing is very important, since TB therapy is becoming increas-
ingly difficult with the emergence of new strains of bacteria resis-
tant to currently used antibiotic regimens (multidrug resistant,
extensively drug resistant, and totally drug resistant) (15–19). Al-
though new drugs are being discovered, the progress in FDA ap-
proval of anti-TB medicines is very limited (20). Moreover, there
is also a lack of effective vaccination against TB, pending new
approaches and strategies that are under evaluation for further
improvement (15). Therefore, the need for more efficient novel

drugs, targeting either the pathogen or the host, remains as high
and urgent as ever (19, 21). This task can be accomplished only by
bringing together academic institutes and pharmaceutical compa-
nies with the aim of quickly implementing novel tools that have
the potential to accelerate the drug discovery process. As an exam-
ple of this strategy, GlaxoSmithKline (GSK) recently made publi-
cally available the structure and anti-TB properties of a set of 177
potent antitubercular compounds, making samples available to
the industrial and academic research communities to stimulate
early-stage TB drug discovery activities (22).

Given its previously mentioned attributes, the zebrafish larva
potentially can be used at various stages of the drug discovery
process, ranging from target identification and lead optimization
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to preclinical and clinical development (23). The easy availability
of large numbers of larvae and their small size makes this model
particularly suitable for high-throughput in vivo screening of
drugs added to the medium (1, 2, 10, 24–26), significantly reduc-
ing material requirements for testing. However, caution must be
taken when interpreting the data in the absence of knowledge on
drug absorption into the tissues of zebrafish larvae (27).

While the pharmaceutical industry is increasingly gaining con-
fidence in the use of zebrafish larvae in a number of toxicity studies
(23, 28–30), progress in the application of zebrafish as a possible
alternative or complement to traditional in vitro and in vivo drug
efficacy models has been limited (13, 31, 32). Despite the previ-
ously mentioned benefits, a possible explanation behind this lack
of progress is the limited or altogether missing understanding of
the basic pharmacological parameters in zebrafish driving com-
pound efficacy, namely, uptake, distribution, and metabolism (33).

Mass spectrometry (MS) is an analytical technique which is
very suitable for the quantification and qualification of small mol-
ecules, such as drugs and their metabolites. In the current state-
of-the-art zebrafish assays, larvae are treated by adding the com-
pound into their water container, and uptake is assessed by liquid
chromatography (LC)-MS analysis of whole-larva lysates (30, 33–
35). Here, we demonstrate that the whole-larva lysis method is not
always suitable for determining the uptake of drugs. This is due to
the capacity of some molecules to persistently adhere to the skin,
even after thorough washing, resulting in artificially high back-
ground readouts and false-positive results for drug uptake. To
remedy this, we present an alternative drug uptake evaluation
methodology in zebrafish larvae based on microneedle sampling
from the yolk followed by mass spectrometric analysis. Using this
novel method, two antitubercular compounds in clinical use, ri-
fampin and moxifloxacin, and 15 preclinical lead compounds de-
veloped by GSK were examined. We correlate in vivo uptake levels
with the efficacy of the compounds as measured in M. marinum
and M. tuberculosis in vitro culture inhibition assays. Furthermore,
the data obtained also are correlated with in vivo drug efficacy tests
in a murine model of TB infection, as well as with a high-through-
put drug screening on M. marinum-infected zebrafish (Fig. 1).
The results demonstrate the importance of standardized drug up-
take studies in order to be able to understand and correlate the
results obtained in zebrafish with other commonly employed ef-
ficacy models.

MATERIALS AND METHODS
Animal experiment ethics statement. All animal studies were ethically
reviewed and carried out in accordance with European Directive 2010/
63/EU and the GSK Policy on the Care, Welfare, and Treatment of Ani-
mals.

Zebrafish husbandry and compound treatment. Zebrafish of the
AB/TL wild-type strain were handled in compliance with the local
animal welfare regulations and maintained according to standard pro-
tocols (zfin.org). Embryos were collected from family crosses and
grown at 28°C in egg water (60 �g/ml Instant Ocean sea salts; Sera
Marin) in the dark. At 3 days postfertilization (dpf), 20 to 30 larvae
were transferred to small, 35- by 10-mm petri dishes, each containing
3 to 4 ml of egg water supplemented with the following compounds:
rifampin (RIF; Sigma-Aldrich) and moxifloxacin (MOX; Santa Cruz),
each at 150 �M, and GSK compounds (GlaxoSmithKline Pharmaceu-
ticals) at 10 �M. Dimethyl sulfoxide (DMSO) at 0.1% was used as a
control. Larvae were exposed to the compounds for 17 and 40 h. Con-
trols were exposed for a few seconds (T � 0 h). Compounds were

administered separately to the larvae or in combinations. Compounds
were refreshed every day.

Assessing compound quantities in zebrafish larvae with lysis method.
Larvae were transferred to 2-ml microcentrifuge tubes one by one; exces-
sive compound was removed, washed three times briefly with 1 ml 50%
methanol in water, and then prepared for lysis. Lysis was performed based
on snap-freezing in liquid nitrogen followed by sonication, as previously
described (36).

Microneedle sampling from the yolk of zebrafish larvae. Before tak-
ing samples, larvae were transferred to 2-ml microcentrifuge tubes and
then washed three times briefly with 1 ml 50% methanol in water one by
one. After washing, one larva was placed on a 1% agarose plate and exces-
sive methanol was removed. Under a stereomicroscope at 20� magnifi-
cation, larvae were punctured in the yolk with a microneedle (manually
pulled borosilicate glass capillary; Harvard Apparatus) placed in the cap-
illary holder of a CellTram Oil microinjector (Eppendorf) mounted onto
a micromanipulator workstation. Vacuum was generated manually via a
rotating knob, and the content of the yolk was extracted. When most of
the content was removed from the yolk, the suction was balanced and
stopped. To recover the sample from the microneedle into a microcentri-
fuge tube, pressure was generated by turning the knob in the opposite
direction.

Determination of the sample volume. Since individual larvae can
differ in their yolk size and volume and the manually pulled microneedles
used for sampling were not identical in diameter, the sampled volume was
not always the same per larva. In order to quantify the drugs in the sample,
the volume has to be known. As a consequence, images of every sample
were taken, including the microneedle containing the sample. The volume
of the samples was determined by modeling the needle as a cone and
measuring the diameter and the length on the image, using the scale bar as
a reference. Since the angle for the capillary holder was always adjusted to
a 45° angle, we also adjusted the model for this projection. This way the
results were normalized with the corresponding sample volume. Sample
volumes typically were around 50 nl, varying between 20 and 200 nl.

Sample preparation. After recovering the sample from the microneedle
into the microcentrifuge tube, the yolk proteins were precipitated using a 75%
methanol and 25% water solution. Methanol-water solution internal stan-
dards (IS) also were added to the sample: rifabutin and levofloxacin were an IS
for rifampin and moxifloxacin, respectively, and ampicillin was an IS for the
GSK compounds. For the microneedle samples, an IS concentration of 20 nM
was used. For the whole-larva samples, the spiked IS resulted in a concentra-
tion of 250 nM. After vortexing for 2 min, the precipitated proteins were spun
down by centrifugation at 16.1 RCF (relative centrifugal force) for 5 min at
0°C. The supernatant was used for LC-MS analysis.

Mass spectrometry. A Surveyor Plus ultraperformance liquid chro-
matography (UPLC) system was used, and a 15-�l sample was injected in
an Acquity C18 T3 column (2.1 by 100 mm, 1.8 �m). Mobile phase A was
99% H2O and 1% acetonitrile with 0.3% formic acid. Mobile phase B was
90% acetonitrile and 10% H2O with 0.3% formic acid, and the flow rate
was 500 �l/min. An LTQ Orbitrap XL (Thermo Fisher Scientific) was used
for detection of the ions in positive electrospray mode. The electrospray
voltage was 4.5 kV. The capillary temperature was 375°C, and the capillary
and tube lens voltage was 29 V and 120 V, respectively. The sheath gas flow
rate and auxiliary gas flow rate was 35 and 10 U, respectively. Resolution
was set to 7,500 in order to reduce the scan time and increase the number
of data points. For the quantification of the samples, an academic calibra-
tion curve was constructed within every batch.

M. marinum infections in zebrafish in vivo model. Infection exper-
iments were performed on zebrafish embryos at early developmental
stages (up to 1,024-cell stage) injected with 40 CFU Mycobacterium mari-
num M strain into the yolk using an automated robotic injection system as
described in Carvalho et al. (10). As a control, an equal volume of carrier
solution was injected. After injection, embryos were incubated at 28°C in
egg water in a petri dish. Starting at 3 dpf, 200 larvae were treated with the
following compounds until 5 dpf by adding the compounds into egg wa-
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ter: 200 �M rifampin (Sigma-Aldrich), 10 �M GSK compounds, and
DMSO (0.1%) as a negative control. Water with compounds was re-
freshed once daily. Bacterial infection was quantified using a complex
object parametric analyzer and sorter (COPAS) XL (Union Biometrica) as
described previously (10). Fluorescence in the posterior half of the larvae
was determined using a custom Perl script that analyzes the COPAS ex-
tinction profile to determine the posterior half and then sums the fluores-
cent values of all data points for that half.

M. tuberculosis H37Rv inhibition assay. The measurement of the
MIC was performed as described in Ballell et al. (22). For each compound,
measurements were performed in 96-well flat-bottom polystyrene micro-
titer plates. Ten 2-fold drug dilutions in neat DMSO starting at 50 mM
were performed. These drug solutions (5 �l) were added to 95 �l Middle-
brook 7H9 medium (lines A to H, rows 1 to 10 of the plate layout).
Isoniazid was used as a positive control. Eight 2-fold dilutions of isoniazid
starting at 160 �g ml�1 were prepared, and this control curve (5 �l) was
added to 95 �l Middlebrook 7H9 medium (row 11, lines A to H). Neat

DMSO (5 �l) was added to row 12 (growth and blank controls). The
inoculum was standardized to �1 � 107 CFU ml�1 and diluted 1:100 in
Middlebrook 7H9 broth (Middlebrook ADC enrichment; a dehydrated
culture medium which supports growth of mycobacterial species; catalog
no. 211887; available from Becton-Dickinson) to produce the final inoc-
ulum of the H37Rv strain (ATCC 25618). This inoculum (100 �l) was
added to the entire plate except for wells G-12 and H-12 (blank controls).
All plates were placed in a sealed box to prevent drying out of the periph-
eral wells and were incubated at 37°C without shaking for 6 days. A res-
azurin solution was prepared by dissolving one tablet of resazurin (resaz-
urin tablets for milk testing; catalog no. 330884Y; VWR International
Ltd.) in 30 ml sterile phosphate-buffered saline (PBS). Twenty-five �l of
this solution was added to each well. Fluorescence was measured (excita-
tion wavelength [�ex], 530 nm; emission wavelength [�em], 590 nm; Spec-
tramax M5; Molecular Devices) after 48 h to determine the MIC value.

M. marinum inhibition assays. The measurement of the MIC was
performed as described above for the M. tuberculosis H37Rv inhibition

FIG 1 Scheme of drug efficacy methods using antibacterial activity and uptake assays in the zebrafish model integrated in conventional disease-screening pipeline.
Different models are used in our workflow to determine the efficacy of antitubercular compounds (from left to right). (a) Initially, the in vitro efficacy of the tested
compounds is determined by their MIC against Mycobacterium marinum and Mycobacterium tuberculosis cultures using fluorimetric and colorimetric readouts
from the resazurin assay. (b to d) Biological validation subsequently is performed in in vivo models. (b) First, compound efficacy is screened in M. marinum-
infected zebrafish larvae. Embryos are robotically injected, and following compound treatment, the percentage of inhibition is determined using the fluorescence
readout of the COPAS system. (c) To unravel whether certain compounds fail to be active in zebrafish larvae due to the lack of antibacterial activity or poor
uptake, our microneedle sampling method combined with mass spectrometry is used to assess uptake levels from samples of the yolk. (d) As a gold standard in
antitubercular drug development, compound efficacy is established by determining the rate of the CFU reduction in the lungs of M. tuberculosis-infected rodents.
After setting (arbitrary) cutoffs in all models, compounds could be categorized into positive or negative groups. By the comparison of these groups along the
pipeline, our improved zebrafish platform may give a more predictive value for human efficacy of drugs. Cycle times are indicated for each model.
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assay, with minor changes. Each compound measurement was performed
in 96-well flat-bottom polystyrene microtiter plates. Ten 2-fold drug di-
lutions in neat DMSO starting at 50 �M were performed. These drug
solutions (2 �l) were added to 98 �l Middlebrook 7H9 medium (lines A to
H, rows 1 to 10 of the plate layout). Isoniazid was used as a positive
control. Eight 2-fold dilutions of isoniazid starting at 100 �M were pre-
pared, and this control curve (2 �l) was added to 98 �l Middlebrook 7H9
medium (row 11, lines A to H). Neat DMSO (2 �l) was added to row 12
(growth and blank controls). The inoculum was standardized to �2 � 105

CFU ml�1 and diluted 1:1 in Middlebrook 7H9 broth (Middlebrook ADC
enrichment) to produce the final inoculum. This inoculum (100 �l) was
added to the entire plate, except for wells C-12 and D-12 (blank controls).
All plates were placed in a sealed box to prevent drying out of the periph-
eral wells and were incubated at 28°C without shaking for 3 days. A res-
azurin solution was prepared by dissolving one tablet of resazurin (resaz-
urin tablets for milk testing; VWR International Ltd.) in 30 ml sterile PBS.
Of this solution, 25 �l was added to each well. Fluorescence was measured
(�ex, 535 nm; �em, 590 nm; Tecan Infinite 200Pro) after 48 h to determine
the MIC value.

M. tuberculosis infections in mouse in vivo model. Infections of mice
with Mycobacterium tuberculosis was initiated by nonsurgical intratra-
cheal instillation of M. tuberculosis H37Rv as previously described by Rul-
las et al. (31). In brief, 8- to 10-week-old female mice were anesthetized
with 3% isoflurane and intubated with a metal probe (catalog number
27134; Unimed SA, Lausanne, Switzerland). The inoculum (105 CFU/
mouse suspended in 50 �l of phosphate-buffered saline) was put into the
probe and delivered through forced inhalation with a syringe. Treatment
was started 24 h after infection, to allow for phagocytosis of instilled bac-
teria, and lasted for up to 7 days postinfection (dpi). Finally, an additional
24 h was allowed for clearance of compounds before organ harvesting. To
measure infection burden in lungs, all lobes were aseptically removed and
homogenized. The homogenates were supplemented with 5% glycerol
and stored frozen (�80°C) until plating. After 14 days of culture, colonies
were counted using an automatic colony counter (aCOLyte-Supercount;
Synoptics Ltd., Cambridge, United Kingdom) and confirmed by visual
inspection to correct potential misreadings. Bacterial growth of about 2
logs over the initial inoculum was determined to be a level that would
provide enough dynamic range to detect statistically significant growth
inhibition.

Statistical analysis. COPAS data were analyzed (Prism 4.0; GraphPad
Software) using nonparametric, two-tailed Wilcoxon signed-rank tests,
and the uptake data were analyzed using unpaired, two-tailed t tests. P
values shown are P � 0.05 (*), P � 0.01 (**), and P � 0.001 (***).

RESULTS
Assessing rifampin and moxifloxacin quantities in zebrafish by
lysis of whole larvae. We have recently reported an automated
high-throughput drug-screening protocol using Mycobacterium
marinum-infected zebrafish larvae (10). To better understand the
efficacy of antituberculosis compounds used in this test system, we
performed uptake experiments using mass spectrometry. This im-
proved zebrafish drug-screening platform then could be inte-
grated into the conventional disease-screening pipeline and give
more predictive value for human efficacy of antitubercular com-
pounds (Fig. 1).

To assess the quantity of drugs present in zebrafish, larvae were
exposed to rifampin, a first-line anti-TB drug used as a positive
control in our drug-screening experiments (10, 24), as well as to
moxifloxacin, a gyrase inhibitor currently under exploration for
novel antitubercular regimen development to shorten the dura-
tion of TB treatment (37).

First, we measured the quantities of the aforementioned com-
pounds using the previously described whole-larva lysis method
followed by LC-MS analysis (30). After different exposure times
(17 and 40 h), larvae were washed with 50% methanol and lysed
individually to determine drug concentration using LC-MS (Fig.
2a). A steady increase was detectable in the level of moxifloxacin
during the treatment period, from 3.1 pmol/larva at 17 h of expo-
sure and increasing further to 13.6 pmol/larva at 40 h of exposure.
On the other hand, rifampin seemed to have reached a steady-
state level already at 17 h of exposure with 6.2 pmol/larva and 6.6
pmol/larva at the 40-h exposure time. As a control, we exposed the
larvae to the drugs for only a few seconds, washed them immedi-
ately with 50% methanol, and lysed them for analysis (T � 0 h).
Surprisingly, the presence of both drugs was detected even after
these few seconds of exposure, at which time rifampin was mea-
sured at 4.6 pmol/larva and moxifloxacin at 0.8 pmol/larva. Wash-
ing after drug exposure also was performed using other solvents
(embryo medium, 5% and 50% ethanol), which resulted in the
same quantities being detected as those after the 50% methanol
wash (data not shown). The detection of rifampin and moxifloxa-
cin in the T � 0 h control lysates presumably was due to the
tendency of these drugs to adhere to the skin of the larvae. These

FIG 2 Rifampin and moxifloxacin quantities measured by the whole-zebrafish-larva lysis method (a) and microneedle sampling method from the yolk (b).
Three-day-old zebrafish larvae were exposed to a combination of rifampin (RIF; gray bars) and moxifloxacin (MOX; white bars) dosed at a 150 �M concentration
for 0, 17, and 40 h (n � 10). Note that as a control, at the zero time point (T � 0 h) the zebrafish larvae were exposed to the compounds (at the same dose) for
only a few seconds. This short exposure was followed by three consecutive washing steps with 50% methanol. In the readout, after lysis of the whole larvae the
presence of compounds is detected even at T � 0 h (a); however, via our microneedle method the compounds are undetectable in the yolk at T � 0 h (b). All data
are expressed as the means 	 standard errors of the means.
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results suggest that the whole-larva lysis method is not suitable for
monitoring drug uptake.

Determining uptake of rifampin and moxifloxacin in the
yolk of zebrafish larvae using a microneedle sampling method.
Since the larva lysis method cannot be used for correctly monitor-
ing the uptake of certain drugs, we aimed to overcome this issue by
taking samples (in the nanoliter range) from the yolk of zebrafish
larvae using a microneedle attached to an Eppendorf CellTram oil
instrument. As detailed in Materials and Methods, we also have
developed a method to determine the sample volume needed for
quantitative mass spectrometric analysis. This method was used to
analyze samples in the same time course experiment as that ap-
plied in the lysis method (17 and 40 h of exposure). We observed
a gradual increase in the uptake level of both rifampin (17 h of
exposure at 1.1 �M, 40 h of exposure at 9.2 �M) and moxifloxacin
(17 h of exposure at 8.7 �M, 40 h of exposure at 41 �M) (Fig. 2b).
Neither rifampin nor moxifloxacin was detected at the control
time point (T � 0 h), indicating that our new method eliminates
the issue of drug adherence. The results show that our method can
measure drug uptake with high accuracy and sensitivity from sam-
ples in the nanoliter range and also is suitable for compounds that
persistently stick to the surface of larvae, such as rifampin.

Uptake of preclinical antituberculosis compounds and cor-
relation with their efficacy on bacterial burden in Mycobacte-
rium marinum-infected zebrafish larvae in vivo system. In or-
der to correlate the uptake of a drug with its in vivo effect on
microbial infection using drugs that were not previously tested in
our zebrafish model, we performed an anti-TB drug screening on
M. marinum-infected zebrafish larvae using 15 preclinical com-
pounds provided by GSK. These compounds were prescreened in
vitro for their antibacterial activity on M. tuberculosis and M. ma-
rinum cultures and showed a large gradient of activities (see Table
S1 in the supplemental material). For the in vivo test, zebrafish
embryos were robotically injected with fluorescently labeled bac-
teria at early stages of development, and hatched larvae were
treated with compounds from 3 dpi by following the protocol as
published by Carvalho et al. (10). The antibacterial efficacy of the
compounds was assessed by monitoring the fluorescence intensity
correlating with bacterial burden present either in the total body
or only in the tail region of 5-day-old zebrafish larvae using
COPAS analysis. The efficacy was expressed as the percentage of
inhibition of mycobacterial proliferation in the total body and the
tail region relative to that of DMSO-treated control groups (Fig.
3). The tail region is representative of a part of the body where
mycobacteria are enclosed mainly by immune cells leading to
granulomas; therefore, it presents a good measure for dissemi-
nated disease (10, 38). The tail measurements compared to the
total body are an indicator for potential problems with drug dis-
tribution. Compared to the control, we identified compounds re-
ducing bacterial load significantly and others that had moderate
or no significant effect on infection (Fig. 3). The results show that
at least 3 compounds were significantly active in reducing bacte-
rial burden both in the total body and the tail region. In order to
better understand the reason for a compound failing to lower the
bacterial load in the zebrafish, we determined GSK compound
uptake levels. We tested the uptake of the 15 compounds using
the whole-larva lysis method (see Table S2). These experiments
showed an adherence to the skin of 8 of these compounds, again
making this method unsuitable for correctly measuring the uptake
for several compounds. Therefore, samples were taken from yolk

of larvae at 5 dpf after 40 h of treatment, and the uptake was
measured using the microneedle sampling method (Fig. 3a). The
comparison revealed a correlation between the uptake and the
antibacterial efficacy of compounds in both the total body and
the tail region (Fig. 3a, b, and c).

Correlation between drug uptake levels and physicochemi-
cal properties. It is important to determine if the uptake level of a
compound can be correlated with its physicochemical properties;
if such a relationship was identified, it would allow the effective
prediction of the uptake of compounds in this model. The com-
pounds used in this study were a selection from three distinct
chemical series which represent three separate classes of com-
pounds with very different chemical properties. We compared a
number of common metrics used in predictive strategies to the
uptake levels measured in our assays. In our case, no relationship
was found for the majority of the metrics examined (molecular
weight, molecular volume, number of rotatable bonds, hydrogen
bond acceptors/donors, number of sp3 carbons, number of aro-
matic rings, number of Lipinski H-bond acceptors/donors, and
polar surface area; see Fig. S1 in the supplemental material). One
metric that appeared to have an effect on the measured uptake was
chromlogD, which represents the lipophilicity of a compound
(Fig. 4). This experimentally determined property is the chro-
matographic hydrophobicity index (CHI) (39), a retention time
of the compound at pH 7.4 on a fast-gradient reverse-phase high-
performance liquid chromatography (HPLC) column, modified
by a conversion factor which has been shown to be more accurate
than classical octanol-water partitioning (40). This perhaps is un-
surprising, given the lipophilic nature of the yolk of the larvae. As
a result, it may offer the potential for future predictive models.
This potential can be tested by the generation of a larger data set
from a structurally diverse compound library. Our microneedle
sampling method gives valuable additional information on the
transportability of particular drugs through epithelial layers and
could lead to better theoretical models for use in combination
with physicochemical predictions.

Comparison of uptake levels with in vitro and in vivo anti-
bacterial efficacy models used in our pipeline of anti-TB drug
discovery. We aimed to elucidate if the uptake and antibacterial
efficacy results obtained from the zebrafish model translate to
other models commonly used in the drug development pipeline.
For this reason, we first compared zebrafish data to in vitro M.
marinum antibacterial efficacy models.

To determine if there is correlation between uptake and the
antibacterial activities, first we normalized the data for uptake
with the MIC of compounds against M. marinum (Fig. 5). This
log(uptake/MIC) ratio identifies which compounds are present in
the larvae at concentrations in excess of the MIC value that is
necessary to evoke the minimum inhibition of bacterial growth. A
compound with a log(uptake/MIC) value of �0 is not taken up
sufficiently to elicit a strong inhibitory effect on the growth of the
bacteria. Values of 
0 indicate compounds where the measured
uptake concentrations exceed the MIC value. Using these data, a
plot of the log(uptake/MIC) against the observed percentage of
inhibition in the zebrafish assay was produced (Fig. 5). As ex-
pected, none of the 3 compounds for which the log(uptake/MIC)
was below zero significantly reduced the bacterial burden in the
entire body in zebrafish (GSK12, GSK13, and GSK19). However,
from the 12 compounds which were present in concentrations
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well above their MIC values, only 4 were active (indicated with
green color in Fig. 5) (GSK 10, GSK14, GSK37, and GSK43).

Furthermore, we extended our comparison with in vitro M.
tuberculosis antibacterial efficacy data as well as with in vivo M.
tuberculosis-infected mouse efficacy data, with the latter being a

gold standard in antituberculosis drug development (Fig. 1 and
Table 1). In the acute mouse model, the inactive compounds are
defined as compounds that produced less than a 2 log reduction in
CFU count (31) (see Table S3 in the supplemental material). Con-
versely, active compounds are those that produced a greater than

FIG 3 Correlation between the uptake level of preclinical antitubercular compounds and their efficacy in M. marinum zebrafish infection model. (a) Uptake
levels of 15 preclinical antitubercular GSK compounds were measured from samples taken from the yolk of 5-day-old zebrafish larvae after 40 h of exposure at
10 �M concentration (black bars) (n � 10). The efficacy of the compounds was assessed by monitoring fluorescent bacterial burden in the total body (red bars)
or tail region (orange bars) of larvae at 5 days p.i. using the COPAS system after 40 h of treatment (n � 200). Efficacy is expressed as a percentage of inhibition
of mycobacterial proliferation relative to the level for DMSO-treated control groups. The bar graphs depict the correlation between the uptake and the relative
inhibition, both in the total body and the tail region. Significance in inhibition is indicated with asterisks (***, P � 0.001). (b and c) Correlation between the
efficacy in the total body (b) or in the tail (c) and the uptake of the GSK compounds. The efficacy of several compounds shown in panels b and c is below detection
limits, as shown in panel a.
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2 log reduction in the CFU count in the acute mouse model. Of the
4 active compounds identified via the zebrafish screening, only 2
(GSK14 and GSK37) are considered active in mouse experiments,
whereas the other 2 compounds (GSK10 and GSK43) were inac-
tive in the mouse model (Table 1). Of the 11 compounds detected
as inactive in the zebrafish assay, 5 were efficacious in mouse
(GSK11, GSK17, GSK19, GSK20, and GSK32) and 6 proved to be
inactive in mouse (GSK6, GSK12, GSK13, GSK30, GSK34, and
GSK38), showing that the in vivo models yield very different re-
sults from the in vitro MIC data.

DISCUSSION

Zebrafish larval screening systems have increasingly been used for
testing the effects of drugs. Especially in the context of drug
screening against tuberculosis, current methodologies based on
bacterial load reduction are accurate and can be automated. In the
case of antibiotic screens, this has led to valuable information on
the efficacy of existing and new antibiotics using M. marinum

infection as a test system (10, 13, 14, 32). However, the reasons
behind the failure of some compounds to lower bacterial load in
M. marinum-infected zebrafish larvae were unclear, and we
wanted to test whether this was caused by poor compound uptake.
To date, the mass spectrometric methods currently in use fail to
correctly monitor uptake levels in zebrafish. In order to address
this problem, we decided to explore an alternative methodology
that could measure the uptake of compounds from the yolk of
zebrafish larvae by microneedle sampling followed by mass spec-
trometric analysis. The results show that microneedle sampling of
volumes in the nanoliter range from the yolk allows accurate and
sensitive analysis of the uptake of drugs by individual larvae.

Our method is based on the assumption that taking samples
from the yolk is relevant for predicting limitations of drug efficacy
in the rest of the body of zebrafish larvae. This assumption is
supported by measured quantities in the yolk and whole-larva
lysis experiments for moxifloxacin and the 15 GSK compounds
(see Fig. S2 and S3 in the supplemental material). We have com-

FIG 4 Correlation between uptake levels and compound hydrophobicity. chromlogD is a representation of hydrophobicity; therefore, it represents the
solubility/lipophilicity of a compound. To examine the relationship between chromlogD of the compounds and their uptake, chromlogD is plotted against
uptake levels measured in 5-day-old zebrafish larvae after 40 h of exposure.

FIG 5 Correlation between uptake, in vitro MIC, and in vivo zebrafish antibacterial activities of compounds. The measured uptake data in zebrafish larvae were
normalized with the in vitro MIC of compounds against M. marinum [log(uptake/MIC)]. This ratio is plotted against the observed percentage of inhibition in the
zebrafish M. marinum infection assay. The size of the circles indicates their MIC values, meaning smaller circles correspond to lower MIC values with higher
potency. Green color represents compounds significantly reducing bacterial burden in the zebrafish infection model, considered active compounds, while red
color indicates inactive compounds.
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pared antimicrobial efficacy in the entire body with that in the tail
region in order to check whether spreading of the tested drugs
through the body presents a problem (Fig. 3). These results do not
show any indication that the effect of the 15 tested compounds is
limited by distribution through the body; therefore, they indicate
that the yolk is a representative location for measuring drug up-
take. However, the concentration measured in the yolk cannot
predict concentrations in other tissues. Physicochemical proper-
ties of compounds have a great impact on the pharmacokinetics.
Caution must be taken when using hydrophobic compounds, as
they may accumulate in the yolk due to its lipid-rich environment.
Moreover, bioavailability throughout the body can be limited by
binding of the compounds to proteins in the yolk. Although sev-
eral of the tested antitubercular compounds are highly effective in
the entire body of the fish, further studies on pharmacokinetic
modeling in zebrafish will be needed to understand the impor-
tance of differences in local concentrations of antibiotics for com-
bating infectious diseases in an applied medical setting.

Our results show that there is a wide variety of uptake of the
various tested compounds. As expected, only compounds that
reach uptake levels that are greater than their MICs are active in
our antimicrobial test system. In some cases, uptake was shown to
be a limiting factor for reaching the MIC as determined in vitro
(Fig. 5). The fact that this outcome could not be predicted based
solely on physicochemical properties, like hydrophobicity or
mass, shows the importance of our test system. At least in one case
(compound GSK19), it is clear that the difference from the effect
in the rodent test system can be explained by problems with up-
take by the zebrafish larva (Fig. 1). By explaining false-negative
test results from large screens, our microsampling method opens
new possibilities for drug screening using zebrafish larvae in a
preclinical test setup. In the future, our screening pipeline also can
be the basis for in-depth studies of the mechanisms behind this
and other false-negative test results in zebrafish. It is also interest-
ing to study why some drugs that did show high efficacy in the
zebrafish larva model were inactive in the mouse model. This
could be examined, for instance, by testing other drug adminis-
tration methods, e.g., drugs can injected directly inside the body
or added to the food instead of the medium. This can show
whether the negative results in the rodent test model are caused by

degradation of drugs added to the food in the acidic environment
of the stomach.

In addition to highlighting the importance of identifying po-
tential false-negative and -positive test results, our results show
that some drugs that come out as most positive in the combined
uptake and efficacy zebrafish test system also are active in the in
vivo rodent model. This is of significance, since zebrafish larvae do
represent a very different test system compared to rodents with
respect to, for instance, (i) the method of application (in the me-
dium versus application in the food in the rodent system), (ii)
metabolic rate of these test systems (where zebrafish present a
metabolic rate that is much slower than that of rodents based on
the fact that zebrafish is an ectothermic model organism and mice
are endothermic organisms that are chronically challenged by cold
stress under laboratory conditions [41]), and (iii) different levels
of genetic polymorphisms (the zebrafish strains are wild types
with very high numbers of polymorphisms, whereas the mouse
strains are highly inbred and devoid of polymorphisms). There-
fore, we believe that the zebrafish model provides added value to
the rodent system, since, in comparisons with the human popu-
lation, test models with a larger number of polymorphisms and a
lower metabolic rate are of relevance. From a broader perspective,
the observation that compounds that are active in two highly dif-
ferent test systems (in this case a fish versus a rodent) could pro-
vide additional confidence that the compound also will provide
high efficacy in human subjects with various background geno-
types. Some of the compounds tested in this study (such as GSK14,
which was shown to have good uptake and high efficacy in the
zebrafish system) are members of series of compounds which have
progressed to extensive medicinal chemistry programs.

Therefore, we anticipate that the novel uptake measurement
technique presented here makes important inroads into our un-
derstanding of zebrafish infection model data and opens up new
opportunities for zebrafish larval systems to be more widely em-
ployed in the field of pharmacology. It should be noted that our
uptake method also is highly applicable for toxicity testing in ze-
brafish larval screening systems, and in this case it also will be of
great added value to rodent toxicity test systems. We hope that our
results will stimulate future detailed follow-up pharmacokinetic
studies in this model system. In conclusion, our results are a good
starting point to undertake more detailed pharmacokinetic/phar-
macodynamic (PK/PD) studies together with studies of reference
compounds. PK/PD studies can help improve the selection pro-
cedure during drug discovery, reducing high attrition rates in
drug development and reducing costs in future experiments. This
eventually can lead to the full acceptance of the zebrafish as a
model in pharmacological screening pipelines in industry.
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