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Abstract The use of glucocorticoids as growth promoters
for meat-producing animals is strictly regulated within the
European Union. However, in the past few years, a higher
frequency of non-compliant bovine urine samples for
prednisolone has been noticed, which could not be directly
related to fraudulent use of prednisolone. As such, ques-
tions have risen about the origin of this compound.
Unfortunately, at present, no decisive strategy has been
established to discriminate between endogenous and
exogenous prednisolone. In this study, an untargeted
metabolomics strategy, based on Orbitrap and QqTOF
mass spectrometry, was deployed to reveal urinary
biomarkers, which are indicative for the exogenous
administration of the synthetic glucocorticoid pred-
nisolone. For this purpose, prednisolone was administered
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intramuscularly and per os to 12 bovines and a total of
2700 urine samples were collected before, during and after
treatment. Multivariate statistical data analysis (i.e. OPLS-
DA) revealed four differentiating metabolites that allowed
discrimination between urine samples collected before and
during prednisolone administration. None of these com-
pounds were present in urine containing endogenous
prednisolone, of which the formation was induced by the
administration of a synthetic analogue of adrenocorti-
cotropic hormone. Only one metabolite was retained as a
highly suitable biomarker during growth-promoting and
therapeutic prednisolone treatment, with 93.4 % sensitivity
and 96.3 % specificity. Besides, this compound could be
detected up to 4 days after a single therapeutic per os
prednisolone administration. Based on accurate mass, iso-
tope pattern, and MS/MS spectra, this compound was
putatively annotated and is suggested as an actionable
biomarker for exogenous prednisolone administration.

Keywords Metabolomics - Prednisolone - Biomarker -
Bovine urine - In vivo - UHPLC-HRMS

1 Introduction

Natural glucocorticoids (cortisol and cortisone) are
involved in various physiological processes, closely related
to immune activity (inflammation). As such, their anti-in-
flammatory properties have led to the development of
synthetic analogs, which proved even more potent. Pro-
longed exposure to synthetic glucocorticoids, like pred-
nisolone, results in growth-promoting side effects.
Therefore, synthetic glucocorticoids may be fraudulently
administered to meat-producing animals (Hardy et al.
2012; Leporati et al. 2013). In order to protect consumers
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against potential harmful residues, present in animal
derived food products, the therapeutic use of synthetic
glucocorticoids in livestock has been strictly regulated in
the European Union (CD 96/23/EC). Maximum residue
limits (MRLs) have been introduced for betamethasone,
dexamethasone, methylprednisolone and prednisolone in
various edible tissues of animal origin (CD 37/2010).
Moreover, the use of synthetic glucocorticoids is com-
pletely prohibited for the sole purpose of increasing the
body weight of bovines.

In light of the national control plans within the European
Union, urine analyses are of critical importance in moni-
toring illegal administration of glucocorticoids. Recently,
the European Commission reported in the Commission
Staff Working Document ‘Implementation of national
residue monitoring plans in the member states’
(2009-2012) an increasing occurrence of prednisolone
residues (3.12-179.72 ug L™") in bovine urine samples
without any direct evidence for illegal administration. A
number of hypotheses have been suggested to explain this
specific finding, i.e. prednisolone could be generated by
physiologic metabolic processes under influence of stress,
which resulted in higher cortisol levels (during transport
and slaughtering) (Pompa et al. 2011; Ferranti et al. 2011;
Vincenti et al. 2012) or by faecal microbial contamination
of urine (Arioli et al. 2010). The latter hypothesis arose
from the close structural relationship of prednisolone to
cortisol, only differing by one double bond on ring A at the
C1-C2 position, which has recently been evidenced by de
Rijke et al. (2014). Indeed, in vitro incubation experiments
of cortisol with bovine liver enzymes showed a significant
decrease of cortisol together with formation of pred-
nisolone within 6 h. To take into account potential other
origins for prednisolone at concentration levels below
5 ug L', European Reference Laboratories suggested a
threshold level for prednisolone in bovine urine of
5 pug L™' (ADVIES07-2013; de Rijke et al. 2014).

At this time, a method for direct discrimination between
endogenous and exogenous prednisolone has not yet been
established. One powerful and promising strategy could be
the use of isotope ratio mass spectrometry (IRMS). This
has already been applied to differentiate synthetic testos-
terone and estradiol from natural hormones in urine, by
considering their inherent and different '*C/'*C ratios (de
la Torre et al. 2001; Buisson et al. 2005; Bulska et al.
2014). However, some significant disadvantages such as
low sensitivity and labour-intensive clean-up are associated
with this technique (Blokland et al. 2012). A second
promising approach would be an untargeted metabolomics
strategy, aiming at the identification of potential biomark-
ers that allow discrimination between endogenous forma-
tion and exogenous administration of prednisolone. This
biomarker could, after evaluation, be implemented in the
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frame of national control plans as screening method
(EURL 2014). The use of full-scan methods, preferably by
means of high resolution mass spectrometry (HRMS), such
as time-of-flight (TOF) (Wicklund et al. 2008), Fourier
Transform Ion Cyclotron Resonance (Marshall 2000) or
Fourier Transform Orbitrap MS (Pinel et al. 2011; Van
Meulebroek et al. 2014), is highly encouraged for such
biomarker investigations. Indeed, by screening biological
samples with full-scan HRMS, a virtually unlimited num-
ber of compounds can be analyzed simultaneously and
retrospective post-acquisition evaluation of data can reveal
unidentified and/or unknown metabolites (Van Meulebroek
et al. 2014). The identification of these metabolites is
currently seen as the major bottleneck in the interpretation
of metabolomics experiments (Neumann and Bocker
2010). In this regard, MS/MS or fragmentation data may
enclose valuable identification potential. To obtain these
types of data (i.e. both accurate molecular mass and frag-
mentation pattern) within a single analytical run, hybrid
HRMS instruments like Q-Orbitrap-MS and Quadrupole
Time-of-Flight-MS are most designated (Neumann and
Bocker 2010; Quintas et al. 2012; Jia et al. 2014; Diaz et al.
2014). For further identity confirmation, it is recommended
to validate the structure candidates by nuclear magnetic
resonance spectroscopy (NMR) (Tardieu et al. 2010;
Soininen et al. 2014) or by matching the retention time and
mass spectra with those of authentic reference standards
(Sumner et al. 2007), although these are of course not
readily available for every compound (Scalbert et al. 2009).

The aim of this work was to reveal potential biomarkers
for exogenous prednisolone administration in bovine urine
by using a metabolomic fingerprinting approach. To this
extent, an in vivo study was conducted with 12 adult cows
that subsequently were subjected to a growth-promoting
treatment (low dosage long-term) and a therapeutic treat-
ment (high dosage short-term) with prednisolone. Col-
lected urine samples were analyzed by both full-scan
UHPLC-Orbitrap-MS and UHPLC-QqTOF-MS to acquire
the specific metabolic fingerprints corresponding to the
different prednisolone treatments. Next, multivariate anal-
ysis by means of orthogonal-partial least squares-discrim-
inant analysis (OPLS-DA) was employed to search for
differentiating metabolites linked to exogenous pred-
nisolone administration. After metabolite discovery, it is
necessary to evaluate the classification performance of the
newly defined compounds (Parikh and Philbrook 2014).
The performance of the newly obtained metabolites was
defined by sensitivity and specificity (Adams et al. 1993;
McLoughlin et al. 2000). In addition, the urinary excretion
kinetics of the revealed biomarkers were monitored after a
single therapeutic per os dose of prednisolone (Verhagen
et al. 2004). Insights in these metabolites’ kinetics could
indeed be of special interest to extend the detection period
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of illegal prednisolone abuse, i.e. when the detection limit
of prednisolone is more rapidly reached than that of the
biomarker(s).

2 Experimental
2.1 Animals

In this study, a diverse group of cattle was compiled in
order to include the potential influence of biological vari-
ation on the specific biomarker identification. More
specifically, twelve healthy cows of a mixed breed, varying
age (2-6 years) and with a body weight between 360 and
570 kg were housed for 8 months under controlled exper-
imental conditions in the animal facilities of the Centre
d’Economie Rurale (CER) (Marloie, Belgium). The ani-
mals were fed a commercially available diet, commonly
applied in zootechnical practice, with ad libitum access to
water and hay. During the entire study, animals were kept
in three separate groups (4 animals per group) and all
housed in a half covered pen. Prior to the in vivo study, an
initial acclimatization period of 14 days was considered. In
order to consider animal growth during the in vivo study,
the animals were weighted at the start and at the end of the
experiment, but no significant differences were observed.
The in vivo study was approved by CER’s Ethical Com-
mittee (CE/Sante/ET/004).

2.2 Experimental protocol

After the acclimatization period, which served as control,
all animals underwent the same sequential prednisolone
treatments: a growth-promoting treatment (long-term,
40 mg/cow/day) followed by a therapeutic treatment
(short-term, 0.5 mg kg~' b.w./day) (Fig. 1). The specific
dosages were based on literature findings (Cannizzo et al.
2011; Ferranti et al. 2011; Vincenti et al. 2009) to ensure
relevant levels of prednisolone and potential metabolites in
urine.

E Treatment &\\E Washout periods

Control

The growth-promoting treatment started with 30 con-
secutive days of oral administration of 40 mg/day of
prednisolone (Sigma-Aldrich St. Louis, USA) (Day + 1
till Day + 30) (PO1), followed by a washout period of
10 days (WOI1). Next, intramuscular injections of
40 mg/day of Solu-Delta-Cortef® (prednisolone sodium
succinate, Zoetis, Zaventem, Belgi€) were given for 30
consecutive days (Day + 41 till Day + 70) (IM1). Before
the start of the therapeutic prednisolone treatment, a
washout period of 35 days was considered (WO2).

During the therapeutic prednisolone treatment, a similar
experimental set-up was implemented. First, the animals
received 0.5 mg kg~' b.w. of prednisolone per os for
5 days (Day 4+ 106 till Day + 110) (PO2), which was
followed by a washout period of 25 days (WO3). Next,
intramuscular injections of 0.5 mg kg™' b.w. of Solu-
Delta-Cortef® were administered during 5 consecutive
days (Day + 136 till Day + 140) (IM2). A final washout
period of 32 days (Day + 141 till Day + 172) was
respected (WO4).

During the periods of oral administration, one capsule
containing the appropriate amount of prednisolone, using
lactose as excipient, was given in the morning just after
feeding, using a capsule launcher. The intramuscular
injections were placed in the neck and were alternated
every day from the left to the right side in order to mini-
mize irritation.

2.3 Sample collection

Urine samples were collected in the morning, 5 min before
prednisolone administration, by a veterinarian using a
probe (to prevent faecal contamination), immediately por-
tioned into 15 mL tubes, and stored in the dark at —80 °C
until analysis (De Clercq et al. 2013). As for the sampling
rate, during the acclimatization period, urine samples were
collected daily. During the therapeutic and growth-pro-
moting prednisolone treatments and washout periods,
samples were collected every 5 days.

Prednisolone Solu-Delta-Cortef® Prednisolone Solu-Delta-Cortef®
Blank 40 mg/cow PO 40 mg/cow IM 0.5 mg kgl b.w PO 0.5 mgkg'b.w IM
1 1 ——t——
12 cows e e e T L SN

Day-13  Day+1

L

Day+30 Day+41

Day+70

Day+106 Day+110 Day+136 Day+140
J \ J

Y

Growth-promoting treatment

Y

Therapeutic treatment

Fig. 1 Schematic representation of the in vivo study, indicating the various experimental sections with oral (PO) and intramuscular (IM)
prednisolone administrations and their duration. This experimental protocol was specifically executed to each individual animal (n = 12)
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2.4 Reagents

Standards of prednisolone, prednisone, cortisone, cortisol,
20B-dihydrocortisone and methylprednisolone were pur-
chased from Sigma-Aldrich (St. Louis, USA). Standards of
20a-dihydroprednisolone and 20B-dihydroprednisolone
were from Steraloids (Rhode Island, USA). Internal stan-
dards were cortisol-d4 (Sigma-Aldrich) and prednisolone-
dg (TRC, Canada). Primary stock solutions were prepared
in ethanol at a concentration of 200 ug mL ™" and stored in
dark glass bottles at —20 °C. Working solutions were made
in ethanol at a range of 0.1-10 pg mL™".

Reagents were of analytical grade when used for
extraction purposes and obtained from VWR International
(Merck, Darmstadt, Germany). For UHPLC-HRMS appli-
cations, reagents were of LC-MS Optima grade and
obtained from Fisher Scientific (Loughborough, UK).
Ultrapure water was obtained by usage of a purified-water
system.

2.5 Sample preparation

A detailed description of the analytical procedure for
extraction and purification of urine samples has been
described by De Clercq et al. (2013). In brief, a 5 mL
aliquot of urine was spiked with internal standards (corti-
sol-d4 and prednisolone-dg) to obtain final concentration
levels of 10 ug L™". Next, a twofold liquid-liquid extrac-
tion with pure fert-butyl methylether was performed. The
organic phases were collected, pooled and dried under a
gentle stream of nitrogen at a temperature of 50 °C. The
residue was dissolved in 100 pL solvent, reflecting the
initial mobile phase conditions, and transferred to a vial for
UHPLC-HRMS analysis.

2.6 Analytical detection
2.6.1 UHPLC-Orbitrap-MS

Untargeted analysis of urine samples was performed by
UHPLC-Orbitrap mass spectrometry, according to the
validated method of De Clercq et al. (2013). Chromato-
graphic separation was thereby achieved on an Accela
UHPLC system (Thermo Fisher Scientific, San José, USA),
equipped with a Nucleodur Isis C18 column (1.8 pm,
100 mm x 2 mm, Macherey—Nagel, Diiren, Germany).
The binary solvent system consisted of 0.1 % aqueous
formic acid (A) and 0.1 % formic acid in acetonitrile (B).
The applied gradient program and other chromatographic
parameters are presented in the supplementary table. High-
resolution mass spectrometric analysis was performed on
an Exactive™ single-stage Orbitrap mass spectrometer
(Thermo Fisher Scientific, San José, USA), equipped with
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a heated electrospray ionization probe (HESI-II), operating
in the polarity switching mode. Instrument control and data
processing were carried out by Xcalibur 2.1 software
(Thermo Fisher Scientific, San José€, USA).

2.6.2 UHPLC-QqTime-of-Flight

For structure elucidation of the differentiating metabolites,
urine samples were also analysed by UHPLC-QqTOF-MS.
This hybrid system enables full-scan HRMS analysis in
combination with HRMRM like fragmentation (MRM"®),
The TripleTOF® 4600 mass analyser (SCIEX, California,
USA) was coupled to a UHPLC UltraLC 100-XL system
(SCIEX), consisting of an Eksigent pumping system,
autosampler and degasser. The parameters of the chro-
matographic separation, using a Nucleodur C18 Isis col-
umn (1.8 pm, 100 mm x 2 mm, Macherey—Nagel), are
summarized in the supplementary table.

The TripleTOF® 4600 mass analyser was equipped with
a DuoSpray ™ source, comprising an electrospray (TIS) as
well as an atmospheric pressure chemical ionization
(APCI) inlet. Ionization of the compounds was achieved
using the electrospray inlet (TurbolonSpray® TIS) and
operated separately in the positive and negative ion mode.
For every 10 samples, automated calibration was per-
formed using an external calibrant delivery system (CDS),
which infuses calibration solution prior to sample analysis.

The mass spectrometer was operated in the information-
dependent acquisition (IDA) mode, combining full-scan
TOF-MS survey and MS/MS experiments. During the full-
scan survey, spectral data about all ions, present within the
selected m/z scan range of 150-650 Da, were acquired for
each scan. In addition, for every scan the fragmentation
profiles of the top five abundant ions were generated by
MS/MS. However, ions that occurred seven consecutive
times within the top five of most abundant ions were
excluded for MS/MS experiments for 1 s. More details can
be found in the supplementary table. Instrument control
was carried out by Analyst® TF 1.6 software (SCIEX,
California, USA).

2.6.3 '"H-NMR

The NMR spectra of the revealed metabolite biomarker
were measured on an Avance II Bruker spectrometer
operating at a 'H frequency of 700 MHz and equipped with
a I-mm '"H/"*C/"°N TXI-z probe to allow maximum sen-
sitivity, taking into account the limited amount of available
sample. The dried sample (<10 pg) was dissolved in
+10 pL. MeOD-d4 (99.96 % D) in order to minimize
potential signal interferences from the solvent. All spectra
were referenced to the residual solvent-signals at 3.31 (5)
ppm for the 'H frequency.
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2.7 Chemometric data analysis

In this study, the general workflow of data acquisition and
analysis can be organized into multiple steps. A first step
relates to the extraction of urine samples. Due to the large
number of collected urine samples, sample preparation and
analysis were performed in subsequent batches of four
animals. The first batch considered of the urine samples of
animals 1, 5, 7 and 12. The second batch contained the
urine samples of animals 2, 4, 6 and 11, and the last batch
included urine of animals 3, 8, 9 and 10. Each batch was
first analyzed on the Exactive™ and later on reanalyzed on
the TripleTOF® 4600. Samples were analysed in a random
order during each batch. As such, both full-scan data for
metabolomic fingerprinting and MS/MS fragmentation
patterns for identification were acquired. Instrumental sta-
bility (quality control measure) during mass spectrometric
analyses was verified by considering standard injections.
These injections were run at the beginning and repeated
every 25 samples. This mixture consisted of cortisol, cor-
tisone, dihydrocortisone, prednisolone, prednisone,
methylprednisolone, 20a-dihydroprednisolone and 20B-di-
hydroprednisolone. The following average coefficients of
variance (n = 162) were obtained for the various gluco-
corticoids: 6.39 % for cortisol, 5.51 % for cortisone,
6.79 % for dihydrocortisone, 3.09 % for prednisolone,
4.35 % for prednisone, 8.93 % for methylprednisolone,
7.61 % for 20a-dihydroprednisolone and 6.94 % for 208-
dihydroprednisolone. Based on the manuscript of Shah
et al. (2000), the acceptance criterion to ensure system
stability was set at 15 %. Since all absolute and average
CVs were well below 15 %, appropriate stability during
analysis was concluded. In addition, relative retention time
changes during analysis were <1 % (i.e. <0.04 min).

The second step involved data pre-processing (peak list
generation), thereby using either Sieve™ 2.1 (Thermo
Fisher Scientific, San José, USA) or MarkerView™
1.2.1.1 (SCIEX, California, USA) software, to respec-
tively process Exactive™ (raw.files) and TripleTOF®
4600 (wiff files) data files. Taking into account that both
full-scan data sets enclosed information about both posi-
tively and/or negatively charged ions, it was decided to
handle both ionization modes separately during peak list
generation (Van Meulebroek et al. 2014; Hjerpsted et al.
2014). Applied parameter values included an m/z-range of
150-650 Da, a m/z width of 5 ppm, a retention time
window ranging from 1 to 9.5 min, a peak intensity
threshold of 100,000 arbitrary units, a maximum peak
width of 0.5 min and a maximum number of 10,000
frames. Furthermore, corrections for inherent chromato-
graphic variability along samples were made during the
peak alignment process. This strategy rendered a list of

features (detected ions) that were characterized by their
m/z-value, retention time and signal abundance. The sig-
nal intensities of these ions were for each sample nor-
malized by the average signal intensity of the two
deuterium labeled internal standards i.e. cortisol-d, and
prednisolone-dg, which were supplemented prior to
extraction. Moreover, since urine is a matrix subjected to
potential dilution effects, a secondary normalization was
implemented. As suggested by Jacob et al. (2014), nor-
malization by means of specific gravity (Pocket Refrac-
tometer™, Atago, Tokyo) based on the Levine—Fahy
equation (Levine and Fahy 1945) (correction factor ran-
ged from 1.003 to 1.0044) was implemented.

In the final step, multivariate statistical analysis was
performed by means of SIMCA™ 13 software (Umetrics,
Malmo, Sweden) in order to reveal significant differences
between the metabolic fingerprints, associated with the
various treatments. For this particular purpose, OPLS-DA
was implemented, for revealing metabolite ions with dis-
criminating power towards the samples’ class membership.
Prior to this OPLS-DA modelling, data were log-trans-
formed and Pareto scaled (1/\/ SD, where SD is the stan-
dard deviation) to induce normality and to standardize the
range of independent X-variables, respectively (van den
Berg et al. 2006). Within the applied modelling strategy, a
qualitative relationship between the X-matrix (detected
metabolite ions) and the dependent Y-variable (pred-
nisolone treatment samples ‘Treatment’ or control urine
samples ‘Control’) was established. In this regard, the
Y-variable was defined as a qualitative variable, repre-
senting the class membership (Theodoridis et al. 2012;
Wold et al. 2001; Matthew and William 2003). The
advantage of OPLS compared to conventional PLS relates
to the applied model rotation whereby class separation is
found in the first predictive component (correlated varia-
tion) and variation that is not correlated with class sepa-
ration is found in the orthogonal components (orthogonal
variation) (Trygg and Wold 2002). Model-validity was
verified by performing a sevenfold internal cross valida-
tion-analysis of variance (CV-ANOVA, p value <0.01)
(Jung et al. 2011), permutation testing, and considering
three model characteristics (R*(X), R*(Y) and Q*(Y)). The
first model characteristic corresponds to the predictive and
orthogonal variation in X that is explained by the model,
the second characteristic defines the total sum of variation
in Y that is explained by the model and the third refers to
the goodness of prediction, calculated by full cross-vali-
dation (Eriksson et al. 2007; Jung et al. 2011). Response
permutation testing was performed to estimate the signifi-
cance of the generated models, whereby the order of ele-
ments in the Y-vector was randomly permutated 100 times
(Eriksson et al. 2007).
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2.8 Preliminary biomarker validation

After discovery of differentiating metabolites, it is necessary
to evaluate the performance and usefulness of the defined
compounds (Koulman et al. 2009) whereby a distinction
should be made between analytical method validation and
clinical qualification. Validation is defined as the process of
assessing the biomarker and its measurement performance
characteristics, and determining the range of conditions
under which the biomarker will give reproducible and
accurate data (Lee et al. 2006; Wagner 2002). While clinical
qualification is the evidentiary process of linking a bio-
marker with biological processes and clinical endpoints
(Wagner 2002). Both processes are intertwined since the aim
is to link the biomarker with its intended use (Chau et al.
2008). In this study, the selectivity, bio-analytical perfor-
mance, and urinary excretion kinetics of the proposed marker
molecules were included as preliminary validation. Statis-
tical analysis was performed using SPSS™ statistics 21.0.

2.9 Identification of biomarkers

After evaluation of the relevant biomarkers, various identifica-
tion steps were undertaken, thereby using the Triple TOF® 4600
full-scan MS and MS/MS spectra. In first instance, an in silico
based strategy was applied. Elemental compositions were
thereby determined using Formula Finder, a tool within Mas-
terView ™ (SCIEX), and based on precursor mass, fragment
masses and isotopic pattern. The elements that were allowed for
formula prediction were restricted to the basic elements of natural
metabolites, i.e. hydrogen (H), carbon (C), oxygen (O), nitrogen
(N) and sulphur (S). To this extent, a mass deviation window of
5 ppm was allowed. Subsequently, chemical formulas were
screened towards an in-house database, which comprises the
elemental composition of 1693 steroidal compounds (based on
the 11" catalogue edition of steroids from Steraloids inc.). Next,
structural elucidation was pursued by applying a combinatorial-
based prediction strategy, thereby using the MetFrag software
tool (Wolf et al. 2010). Within this approach, the acquired
fragmentation spectrum of an ion is matched towards theoreti-
cally predicted fragments of candidate structures from public
compound libraries (ChemSpider and PubChem), which allows
to rank candidate chemical structures. A second identification
strategy was based on compound purification (preparative
chromatography) and subsequent "H-NMR analysis.

3 Results and discussion
3.1 Peak list generation

Peak list generation using Orbitrap-MS data resulted in a
metabolic fingerprint, which enclosed 9952 positively
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charged and 9494 negatively charged ions. However, by
excluding the "*C containing ion species, the fingerprint
was reduced to only 6637 positively and 5626 negatively
charged monoisotopic ions. The same strategy was applied
to the QqTOF-MS data and yielded a metabolic fingerprint,
which comprised 5085 positive and 8036 negative
monoisotopic ion species.

3.2 Predictive modeling

The acquired data matrices were normalized and reorga-
nized into a control group (Control, n = 120) and a treat-
ment group (Treatment, n = 216), which comprised all
urine samples that were either collected prior to or during
prednisolone treatment. It should hereby be noted that all
types of prednisolone administration (per os vs. intramus-
cular) and all different treatment strategies (growth-pro-
moting vs. therapeutic, long- vs. short-term) were
combined into the same ‘Treatment’ group. This was to
guarantee that differentiating metabolites were relevant for
exogenous prednisolone treatment across administration
routes. The multivariate statistical analysis, which aimed to
reveal such metabolites, will first be discussed for the data
set that originated from the Orbitrap mass spectrometric
analysis.

OPLS-DA models were separately constructed for the
negatively and positively charged ions (Supplementary
Fig. 1) and were each time evaluated through various
validation strategies, i.e. CV-ANOVA (p < 0.01), permu-
tation testing, and three model characteristics (RZ(X),
R2(Y), and Qz(Y)). With respect to the latter strategy, the
following parameter values were obtained for the con-
structed OPLS-DA models (based on either the positive or
negative ions, respectively): 0.408, 0.993 and 0.894, and
0.598, 0.977 and 0.782. In this context, good model pre-
dictability was assumed if R2(Y) is >0.5 (Hawkins et al.
2003; Jung et al. 2011). As such, based on the various
validation strategies, overall good model quality was con-
cluded. Next, to reveal the significance of particular ions to
discriminate between the control and treatment class, an
S-plot was constructed (Fig. 2a). Hereby, the x-axis indi-
cates the contribution (covariance p;) of a particular ion
towards class separation whereas the y-axis refers to the
correlation (p(corr)) between samples and thus reliability of
results (Wicklund et al. 2008; Xue et al. 2012). In this
regard, ions with cut-off values of Ip;l > 0.05 and
[Pcorry) = 0.05 were considered as differentiating metabo-
lites (Xue et al. 2012). The S-plot results were integrated
with the VIP-scores, which indicate the relative importance
of the ions to discriminate between classes (Dietmair et al.
2012). In this study, only ions with a VIP Score >3 were
considered as potentially relevant. As such, 19 positively
charged ions and 11 negatively charged ions were
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Fig. 2 Loading S-plot representing the leading contribution of
positive (A;, By) and negative (A,, B,) ionized metabolite ions,
respectively determined with Sieve™ (A) and MarkerView™ (B).
Ions with VIP > 3 and Ip;| > 0.05 and a Ipcomr| > 0.05 are in black.

eventually retained and considered as differentiating
metabolites, allowing to discriminate between endogenous
and exogenous prednisolone. In order to determine which
of these compounds could serve as an actual biomarker for
xenobiotic prednisolone treatment, additional criteria were
taken into consideration, i.e. the chromatographic perfor-
mance (peak shape Ag < 1.5) (Snyder et al. 1997), signal-
to-noise ratio (>3) (CD 2002/657/EC) and points over the
peak (>15) (Churchwell et al. 2005). Based on these cri-
teria, 3 positively ionized metabolites were retained and all
other metabolite ions excluded. These retained metabolite
ions were more strongly detected in the samples that were
collected from prednisolone treated animals (Table 1).
The same multivariate strategy was applied to the
dataset obtained from QqTOF mass analysis. Quality of the
established OPLS-DA models was evaluated as described
before, considering permutation testing, CV-ANOVA, and
three model characteristics. For the constructed models,

A2

A

0.8
0.6

0.4
0.2
0

P (corr)

0.2
0.4
0.6

0.8

-0.06 -0.04 -0.02 0 0.02 0.04

B2

0.8
0.6
0.4
0.2

p(corr)

0.2
0.4
0.6
0.8

0.08 -0.06 -0.04 -002 0 002 004 006 008

b

Depending on the position in the S-plot and the associated p- and
P(cor-values, an ion was significant important towards ‘Treatment’
(upper, right part of the plot) or towards ‘Control’ (lower, left part of
the plot)

values for R*(X), R*(Y) and Q*(Y) were 0.371, 0.973 and
0.860 (for the positive ions) and 0.204, 0.877 and 0.665
(for the negative ions). The latter RZ(X) values are rather
low, which is explained by the fact that all prednisolone
treatment data were combined, resulting in a higher vari-
ation. As such, overall good model quality was concluded.
Interpretation of the data by means of S-plot and VIP-
scores, thereby using the previously proposed criteria,
yielded 16 positively and 10 negatively ion metabolites
(Fig. 2b). A further exclusion of ions was established by
applying the additional peak performance criteria, listed
above, whereby only two positively charged ions were
retained (Table 1).

Independently of the dataset used for generation of the
peak lists, the multivariate data analysis assigned in both
cases the same ion (i.e. metabolite biomarker) with the
highest correlation to the exogenous prednisolone treat-
ment. This particular ion (further referred to as metabolite
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Table 1 Differentiating metabolites with their respective identifica-
tion number (ID), retention time (RT), mass-to-charge ratio (m/z),
molecular weight (MW), elemental composition of the associated

molecule, mass deviation (Am), variable importance in projection
(VIP) score, S-plot score (p; and Porr))

D Retention time (min) mlz MW Elemental composition Am (ppm) VIP S-plot
p] p(corr)
Differential analysis with Sieve™
(D* 1.41 283.1693 282.1614 C19H2,0, 0.1416 6.04 0.073 0.839
2 1.39 265.1589 264.1509 C19H500 0.7919 5.01 0.061 0.723
3 2.00 281.1539 280.1458 C19H200, 1.0670 4.58 0.056 0.666
Differential analysis with MarkerView™
(H?* 1.37 283.1699 282.16143 Ci19H2,0, 2.2601 4.10 0.055 0.683
4 2.35 319.1911 318.18256 Ci9H604 2.2400 3.69 0.501 0.689

# This ion was, independently of the software used for generating the peak lists, by multivariate data analysis assigned as ion with the highest

correlation to the exogenous prednisolone treatment

1) was characterized by an m/z-value of 283.1693 Da and a
retention time ranging from 1.37 to 1.41 min. In total, four
differentiating metabolites were retained.

3.3 Preliminary validation of suggested marker
molecules

In literature, numerous metabolites have been claimed as
biomarkers for discriminating exogenous treatment with
e.g. growth promoters as opposed to natural prevalence.
For example, 19-noretiochlanolone (Scarth et al. 2010) and
Sa-estrane-33,17a-diol (Pinel et al. 2010) have been
revealed as biomarkers of nortestosterone treatment in
porcines and bovines, respectively. However, the differ-
entiating metabolites are in general rarely validated due to
the absence of consistent validation guidelines, in essence
needed to assign a metabolite the biomarker label (Koul-
man et al. 2009). Indeed, although various statistical
methods and their limitations are described, no rigorous
procedures or criteria are available to evaluate and validate
biomarkers, required to endorse their widespread accep-
tance (Hunter et al. 2010; Puntmann 2009; Regal et al.
2013; Gika et al. 2014; Behrens et al. 2014). Upon further
inclusion of data from multiple independent validation
experiments, the proposal of a threshold as was earlier
described by Pinel et al. (2015) and Kaabia et al. (2013)
would be recommended. However, setting a threshold
based on our preliminary validation data was considered to
early. It is generally agreed that a cross-validation experi-
ment, which includes the independent validation of the
biomarker by replicating the experiment at different sites,
gives high inter-observer and intra-observer reproducibility
(Puntmann 2009; Koulman et al. 2009; Pinel et al. 2015).
This was unfortunately not possible in light of the experi-
mental complexity of this work. Therefore, a preliminary
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validation strategy was followed in this study comprising
bio-analytical assessment, selectivity evaluation and eval-
uating urinary excretion kinetics (Hunter et al. 2010;
Puntmann 2009; Regal et al. 2013; Gika et al. 2014;
Behrens et al. 2014).

3.3.1 Bioanalytical assessment

Sensitivity and specificity of the four revealed differenti-
ating metabolites are considered of critical importance in
gauging their validity as markers for exogenous (per os and
intramuscular) administration of prednisolone (Weiss et al.
1985; McLoughlin et al. 2000; Matabosch et al. 2013).
Hereby, sensitivity indicates the true positive rate, i.e. the
biomarker’s presence during treatment, whereas specificity
relates to the true negative rate, i.e. the biomarker’s
absence during control. In this study, sensitivity was
determined by assessing the presence of each marker
metabolite in the urine samples, obtained during the dif-
ferent prednisolone treatments (Treatment) (Table 2),
whereby only metabolites 1 and 4 were assigned a total
sensitivity of >90 %. Specificity was determined in the
urine samples that were collected during the acclimatiza-
tion period (Control) and wash-out periods (WO) between
the different prednisolone treatments. The first time point
of the wash-out periods was excluded due to the unknown
elimination kinetics of the differentiating metabolites.
Metabolites 1, 2, and 3 were effectively absent in more
than 90 % of the urine samples, collected outside the
prednisolone treatment periods, which indicates a low
chance of false positive findings (Matsui 2006).

The sensitivity and specificity of each ion were subse-
quently visualized using receiver-operating characteristic
(ROC) curves and its summary index, i.e. the area under
curve (AUC) (Table 2). Normally, the AUC ranges from
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Table 2 Metabolite ions with their respective sensitivity during the
different prednisolone treatments, specificity during the acclimatiza-
tion and washout periods, area under the ROC curve (AUC) and odds
ratio

1D 1 2 3 4
Sensitivity
PO1 100 % 100 % 91.3 % 100 %
IM1 82.6 % 72.7 % 522 % 82.6 %
PO2 100 % 100 % 100 % 75.0 %
M2 100 % 85.7 % 100 % 100 %
Average 93.4 % 88.3 % 78.7 % 90.2 %
Specificity
Control 100 % 100 % 100 % 86.4 %
WOl 100 % 80.0 % 87.5 % 80.0 %
WwO2 96.4 % 933 % 100 % 84.8 %
wOo3 85.7 % 88.9 % 88.9 % 80.0 %
WO4 923 % 93.1 % 89.6 % 82.7 %
Average 96.3 % 94.0 % 95.5 % 84.1 %
AUC 1.00 0.94 0.88 0.97
Odds ratio 366 126 79 5

0.5 (the area under the diagonal line, representing the
extent of class discrimination based on random chance) to
1 (perfect discrimination) (Pepe et al. 2004). In this study,
the AUC obtained for metabolite 1 indicates perfect dis-
crimination, whereas for the other metabolites excellent
discrimination could be achieved (Parikh and Philbrook
2014).

The odds ratio (Grund and Sabin 2010) was determined
to quantify how strong the presence of each biomarker was
correlated with prednisolone treatment. In this context, a
high odds ratio indicates a strong correlation. The odds
ratio of metabolite 1 was much higher than the odds ratios
of the other metabolites (Table 2), which evidenced the
strong correlation between this biomarker and prednisolone
treatment (Grund and Sabin 2010).

In conclusion, based on the outlined parameters,
metabolite 1 is attributed the highest potential to serve as a
reliable  biomarker for exogenous prednisolone
administration.

3.3.2 Selectivity

To verify that newly defined differentiating metabolites for
prednisolone treatment were not present in urine that
contained endogenous prednisolone, 12 animals (cfr.
Sect 2.1) were intramuscularly injected with 2 mg tetra-
cosactide hexaacetate (Utrecht University, Faculty of
Veterinary Medicine), a synthetic analogue of adrenocor-
ticotropic hormone (ACTH), corresponding to 200 I.U. of
ACTH (Pompa et al. 2011). After 4 h, prednisolone was

detected in all urine samples, thereby reaching concentra-
tion levels that were similar to those obtained during
growth-promoting treatments. However, none of the four
defined differentiating metabolites were present in these
samples, endorsing the ability of these particular metabo-
lites to distinguish between exogenously administered (per
os and intramuscular) and endogenously synthesized
prednisolone (Bertocchi et al. 2013; Ferranti et al. 2013).

3.3.3 Urinary excretion kinetics

By achieving proper insights into the urinary kinetic pro-
files, the actionable sensitivity in terms of detection win-
dow and screening capacities of the proposed biomarkers
could be confirmed (Verhagen et al. 2004; Goniewicz et al.
2009; Pinel et al. 2015). More specifically, an additional
in vivo experiment was performed in which a single cow
(milking cow, 3.5 years, 550 kg body weight) received a
single dose of 0.5 mg prednisolone per kg~' b.w. and per
os. Urine was collected at different time points during the
first 32 h (4 h—6 h 30 min—-10 h-21 h-24 h-26 h 30 min—
29 h 30 min-31 h 15 min) after administration and alter-
ations in the peak area of the marker metabolites and
prednisolone were monitored. Additional urine samples
were collected 4 and 7 days after prednisolone adminis-
tration (Fig. 3). During this experiment, all metabolites
were detected, whereby metabolite 1 was five times more
abundant (in terms of peak area) in comparison with the
other metabolites. Moreover, metabolite 1 was still present
at detectable concentration levels (S/N > 3) at the moment
that prednisolone was no longer detected in the collected
urine samples, i.e. until 4 days after treatment. This
specifically endorses the suitability of metabolite 1 as an
actionable biomarker for exogenous exogenous pred-
nisolone administration. However, metabolites 2, 3, and 4
may fulfill a supporting role in determining the origin of
prednisolone in non-compliant bovine urine samples.

3.4 Tentative identification of relevant biomarkers

The elemental composition of the four revealed biomarkers
was determined by means of FormulaFinder (Mas-
terView ™), thereby integrating the information about the
precursor accurate mass, fragment masses and isotopic
patterns. Together with the maximally allowed mass
deviation of 5 ppm, only one candidate chemical formula
(Table 3) was suggested for each biomarker and thus used
for subsequent structural assessment. For this particular
purpose, the experimental MS/MS spectra from each
metabolite ion were matched towards the in silico predicted
fragmentation pattern from candidate chemical structures,
corresponding to the determined chemical formula. These
candidate structures were retrieved from publically
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Fig. 3 Urinary metabolite excretion profile after administration of a
single dose of 0.5 mg/kg body weight prednisolone per os (indicated
with arrow) to one milking cow, with Metabolite 1 (a); Metabolite 2

available databases (i.e. Metlin, PubChem and ChemSpi-
der) and our in-house database. The respective use of
MetFrag and MasterView '™ software allowed to retain a
‘best fitting’ candidate structure (Table 3) to the degree of
matching fragmentation profiles.

As metabolite 1 was proposed as the most potent bio-
marker for exogenous prednisolone administration, addi-
tional efforts were made to reach the highest level of
identification (Sumner et al. 2007). Since no authentic
reference standard was available for the candidate struc-
ture, 'H-NMR analysis was attempted to confirm the
metabolite’s identity. For this reason, all urine samples
collected during prednisolone treatments were pooled and
preparative HPLC was performed in order to obtain a rel-
atively pure fraction of the compound. Unfortunately, 'H-
NMR analysis was not able to reveal the compound’s
structure, which was mainly due to the available low
absolute quantities (<10 pg) that could be collected for this
compound.

For now, all revealed biomarkers were putatively
annotated (Table 3), thereby reaching the second highest
level of identification, as defined by Sumner et al. (2007)

@ Springer

Y

(b); Metabolite 3 (c¢); Metabolite 4 (d) and Prednisolone (e). Results
are expressed as peak area

since a standard for identification at the highest level of
confidence is lacking. Besides, the physiological activity
and as a result the link to prednisolone administration of
the newly defined compounds could not be demonstrated
yet, because no literature about these compounds was
found. The only retrieved background information com-
prised the identity of the compounds in online databases
Chemspider and/or PubChem.

4 Conclusion

The aim of this study was to identify biomarkers, which
have the ability to discriminate between endogenous for-
mation and exogenous administration of the synthetic
glucocorticoid prednisolone. A strategy of metabolic fin-
gerprinting was performed to assess potential metabolite
perturbations in the urine of cows, treated with pred-
nisolone. Four metabolite ions were found to emerge dur-
ing prednisolone treatment. The selectivity of the markers
was proved, since none of these compounds were present in
urine containing endogenous prednisolone, of which the



Metabolic fingerprinting reveals a novel candidate biomarker for prednisolone treatment...

Page 11 of 14 1

Table 3 Metabolite ions with their identification number (ID), the possible identities defined by MetFrag (only the compound with Rank 1 are

shown) and the in-house database

ID MetFrag In-house database
# Candidate Rank 1 Matching Matching
hits fragments Fragments
1 PubChem: o (E)-2-(tert-butyl)-4- ® 20/63 o 3-Methoxy-13-methyl- ® 1/63
1082 (4-hydroxy-3- 6,9,11,12,13,14,15,16-
methylstyryl)phenol
Chemspider: e |-[4-(Benzyloxy)phenyl]-5- ® 29/63 e Octahydro-17H-cyclopenta
473 hexen-1-ol [a]phenanthren-17-one
e 3-Methoxy-13-methyl- ® 1/63
8,9,11,12,13,14,15,16-
e Octahydro-17H-cyclopenta
[a]phenanthren-17-one
e 10,13-Dimethyl-9,10,11,12, ® 1/63
13,14,15,16-octahydro-
e 3H-Cyclopenta[a]phenanthrene-
3,17(8H)-dione
e 10,13-dimethyl-7,8,10,12,13, ® 1/63
14,15,16-Octahydro-3H
e Cyclopenta[a]phenanthrene-3,17 * 20/63
(6H)-dione
¢ (E)-4-(4-(4-methoxyphenyl)
hex-3-en-3-yl)phenol
2 PubChem: 447 e ((1E,3E)-6-(benzyloxy) * 8/94 NF
hexa-1,3-dien-1-yl)benzene
Chemspider: e (E)-1-phenyl-5-(2-vinylphenyl) ® 13/94
228 pent-2-en-1-ol
3 PubChem: 950 e 2-(7-(Methoxymethyl) ® 16/93 e 3-Methoxy-13-methyl-11,12,13, ® 1/93
phenanthren-3-yl)propan-2-ol 14,15,16-hexahydro-
Chemspider: e [dem e |7H-cyclopenta[a]phenanthren- -
480 17-one
4 PubChem: 648 e 4-(2-{2-[(1S,2R,3R,4R)- e 17/44 e 5-Hydroxy-10,13- ® 2/44

3-(Hydroxymethyl)-7-
oxabicyclo[2.2.1]hept-2-yl]

Chemspider:
ethyl }phenyl)butanoic acid

483

dimethyldodecahydro-1H-

e Cyclopenta[a]phenanthrene- -
3,6,17(2H)-trione

The number of matching fragments calculated by MasterView ™

formation was induced by ACTH administration. Besides,
biological relevance of these ions was determined by
means of sensitivity and specificity. This showed that only
one metabolite was highly suitable as biomarker during
growth-promoting and therapeutic prednisolone treatment,
reflected by 93.4 % sensitivity and 96.3 % specificity. The
urinary excretion profiles of the four metabolites were
considered as an additional criterion. The most potent
compound could be detected up to 4 days after a single per
os prednisolone administration. The identity and qualifi-
cation as fit-for-purpose of the proposed biomarker
‘Metabolite 1’ needs to be further explored through inde-
pendent data sets that cover a larger population, different
ages, sex, origin of feeding, etc. Moreover, further vali-
dation of the proposed biomarker to confirm its specificity
for prednisolone treatment as opposed to treatment with

other glucocorticoids or growth promoters should be
performed.
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