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RESEARCH ARTICLE

Occurrence of resorcyclic acid lactones in porcine urine: discrimination
between illegal use and contamination

Ane Arrizabalaga-Larra~naga , Rachelle Linders, Marco H. Blokland , and Saskia Sterk

Department of Growth Promotors, European Union Reference Laboratory, Wageningen Food Safety Research (WFSR), Part of
Wageningen University & Research, Wageningen, The Netherlands

ABSTRACT
Zeranol (a-zearalanol, a-ZAL), is a resorcyclic acid lactone (RAL). Its administration to farm
animals to improve meat production has been prohibited in the European Union due to the
potential risk to human health. However, it has been demonstrated that a-ZAL may be pre-
sent in livestock animals due to Fusarium fungi that produce fusarium acid lactones contam-
ination in feed. The fungi produce a small amount of zearalenone (ZEN), which is
metabolized to zeranol. The potential endogenous origin of a-ZAL makes it difficult to cor-
relate positive samples to a potential illicit treatment with a-ZAL. We present two experi-
mental studies that investigated the origin of natural and synthetic RALs in porcine urine.
Urine samples from pigs that were either fed with ZEN-contaminated feed or administered
a-ZAL by injection were analyzed by liquid chromatography coupled to tandem mass spec-
trometry, with the method validated according to Commission Implementing Regulation
(EU) 2021/808. The data show that although the concentration of a-ZAL in the ZEN feed-
contaminated samples is significantly lower than in the illicit administration samples, a-ZAL
can occur in porcine urine via natural metabolism. Additionally, the feasibility of using the
ratio of forbidden/fusarium RALs in porcine urine as a reliable biomarker for illicit treatment
with a-ZAL administration was evaluated for the first time. This study demonstrated that the
obtained ratio in the contaminated ZEN feed study was close to 1, while in the illegally
administered a-ZAL samples the ratio is always higher than 1 (up to 135). Therefore, this
study proves that the ratio criteria (already used when a forbidden RAL is detected in
bovine urine) may also be used for porcine urine.
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Introduction

In livestock animals, the presence of certain
chemical compounds in biological samples can be
due to their natural occurrence from endogenous
production as part of normal physiology (Xu P

et al. 2018; Rechsteiner et al. 2020), contamin-
ation (Kagera et al. 2019; Jiang et al. 2021; Li
et al. 2022; Xu R et al. 2022) or illegal adminis-
tration of these (Carnevale 1992; Rana et al.
2019; Canton et al. 2021). In some cases, the
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combination of the abovementioned situations
cannot be excluded (Arrizabalaga Larra~naga et al.
2022). Therefore, it is challenging for control lab-
oratories to monitor them and verify if the pres-
ence of certain chemicals is due to an illegal
practice or natural occurrence.

The presence of zeranol (a-zearalanol, a-ZAL)
in animal species has been described previously
in the literature as a natural occurrence (Knutsen
et al. 2017) due to contamination through the
presence of the Fusarium spp. toxin zearalenone
(ZEN) in feed (Matraszek-Zuchowska et al. 2019;
Liu and Applegate 2020) and through the admin-
istration of a-ZAL (Widiastuti and Anastasia
2020). a-ZAL is a non-steroidal estrogenic com-
pound that induces live-weight gain as a growth
promotor. Additionally, together with its primary
metabolite, taleranol (b-zearalanol, b-ZAL), it is
part of the group of resorcyclic acid lactones
(RALs) that also includes a- and b-zearalenol
(ZOL), zearalanone (ZAN) and ZEN. Resorcyclic
acid lactones, including a-ZAL, are anabolics

listed in group A1d4 of Commission Delegated
Regulation (EU) (2022/1644) and have been
banned in European Union for animal use since
1985. However, its use for animal fattening is
permitted in countries like the USA and Canada.
a-ZAL is synthesized from the naturally occur-
ring mycotoxin ZEN (Figure 1). a-ZAL and ZEN
are known to produce identical metabolites when
administered to animals. Thus, they can be pre-
sent naturally in urine and bile from goats, sheep,
cows, and horses (Kennedy et al. 1998; Blokland
et al. 2006). Therefore, the occurrence of a-ZAL
in samples of animal origin might not be suffi-
cient proof of illicit treatment. Thus it is neces-
sary to establish quantitative criteria to
distinguish a-ZAL abuse from environmental
contamination with Fusarium spp. toxins.

RALs are determined by gas chromatography
or liquid chromatography (LC) using reversed-
phase chromatography coupled to mass spec-
trometry (MS) (Blokland et al. 2006; Liu and
Applegate 2020) since MS provides high

Figure 1. Structures and acronyms of resorcyclic acid lactones and probable pathways of phase I metabolism (Kennedy et al.
1998).
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sensitivity, selectivity, and structural information
for the identification and confirmation of target
compounds in complex matrices (Z€ollner et al.
2003; Hird et al. 2014). Echarte et al. demon-
strated that LC coupled to tandem mass spec-
trometry (MS/MS) showed better performance
than gas chromatography (GC) coupled to
MS/MS for the determination of a-ZAL and its
metabolites (Echarte et al. 2014). Additionally,
multi-residue methods using high-resolution
mass spectrometry (HRMS) have been applied to
detect RALs in biological matrices (Kumar et al.
2013; Lauwers et al. 2019; Jongedijk et al. 2023).
In general, RALs have been analyzed in biological
matrices from animal species such as urine (Dusi
et al. 2009; Catteuw et al. 2019; Matraszek-
Zuchowska et al. 2019), muscle (Z€ollner et al.
2002; Geis-Asteggiante et al. 2012; Wozniak et al.
2013), liver (Z€ollner et al. 2002; Geis-Asteggiante
et al. 2012; Wozniak et al. 2013), bile (D€anicke
et al. 2014; Lega et al. 2017) and milk (D€anicke
et al. 2014; Huang et al. 2014).

In 2018–2022, in The Netherlands, 9818 ani-
mal samples were tested for RALs residues within
the National Residue Control Plan (NRCP).
LC�MS/MS screening detected a-ZAL in 111
samples (1.1%). In 2004, Launay et al. developed
a statistical model based on the metabolite pat-
tern using the concentrations of all RALs in the
urine of cows (Launay et al. 2004). This model
was extensively validated for urine from cattle,
and it is used in routine residue control pro-
grams in case of a non-compliant finding to indi-
cate the origin of the finding. In 2017, other
studies demonstrated that the developed method
was also suitable for discriminating the presence
of RALs in bovine bile (Lega et al. 2017).
However, in many Member States RALs are also
analyzed in species other than cows, including
pigs. To the best of our knowledge, no scientific
results demonstrate that the model mentioned
above can be suitable as a guide for porcine urine
analysis. Recently, based on queries put to the
European Union Reference Laboratory (EURL)
for growth promotors, concerns regarding the
occurrence of RALs in pig urines increased com-
pared to previous years.

This study aims to improve the knowledge
about metabolic patterns of RALs in pig urine

using different exposure scenarios. In one scen-
ario, a pig received feed contaminated with ZEN,
whereas, in the other scenario, a-ZAL was
administrated to a pig. Furthermore, a new ana-
lytical method based on LC�MS/MS to quantify
RALs in pig urine was developed and validated
to determine the target compounds. Finally, the
obtained results were used to evaluate if the
established criteria for discriminating the pres-
ence of a-ZAL between contaminated and illegal
treatment in cows is also applicable to pigs.

Materials and methods

Two animal experiments (A and B) have been
conducted within the Department of Animal
Sciences Group of Wageningen University and
Research (The Netherlands). The ethical commit-
tee of Wageningen University approved the pro-
tocols under number 2020D-0008.004.
Wageningen Food Safety Research (WFSR) car-
ried out all analytical activities connected to the
animal experiments

Experimental design

The study lasted four weeks, consisting of one
week of acclimatization and three weeks of treat-
ment. A control pig was held with each treated
pig, so there were two animals per pen. The com-
panion animals were not treated but were
sampled to get information on possible within-
pen cross contamination depending on the
administration route. Urine samples from both
treated and nontreated animals were collected
daily during the four weeks on Mondays to
Fridays (Figure S1).

Study A: Feed contaminated by zearalenone
This study used two grower pigs (female) weigh-
ing around 50 kg. The animals were subjected to
a one-week acclimatization period, after which
one was randomly selected and assigned to the
treatment group. At the same time, the remaining
pig was assigned to the control group. The
treated animal was fed with 500 mg zearalenone
kg�1 feed; 20mg zearalenone was mixed with
45 g maize flour, and the animal fed 2 g of this
mix per day, incorporated into soaked food as a
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food ball. The short treatment period ensures no
negative effects on animal health. After 28 days,
both control and treated animals were sacrificed.

Study B: a-Zearalanol administration
For the study conducted for an overall period of
4weeks, two grower pigs (female) weighing
around 50 kg were used. The study was organized
according to the following protocol: both animals
were allowed to familiarize themselves with their
new surroundings for 7 days. Subsequently, one
randomly selected animal was treated with a-ZAL
as a growth promotor via intramuscular injection
once a week for three weeks. Both animals were
sacrificed after 28 days without any withdrawal
period. The injection dose was administered
alternately left and right in the neck in a 1mg
kg�1 body weight dose. This way, the animals got
a maximum of 5mL per side. For the injections,
a-ZAL was administered 20mg mL�1 for the first
two weeks. For the third week, the animals
showed swift growth, and therefore, an a-ZAL
solution in a more concentrated form, 30mg
mL�1, was prepared and used.

Chemicals and reagents

Purified water was prepared using a Milli-Q sys-
tem at a resistance of at least 18.2 MX cm
(Millipore, Billerica, MA, USA). Ultra LC�MS
grade methanol and acetonitrile were purchased
from Actu-All Chemicals (Oss, The Netherlands).
Acetic acid, sodium acetate, sodium carbonate,
and b-glucuronidase/arylsulfatase from Helix
pomatia were purchased from Merck (Darmstadt,
Germany). A 0.25M acetate buffer was prepared
by dissolving 20.5 g of sodium acetate in
1,000mL of Milli-Q water, and the pH was
adjusted to 4.8 by adding acetic acid. Sodium car-
bonate solution (10% w/v) was prepared by dis-
solving 100 g of sodium carbonate in Milli-Q
water, made up to a final volume of 1,000mL.
SPE Bond Elute C18 (500mg, 3ml) cartridges
and SPE Isolute NH2-columns (100mg, 3mL)
were purchased from VWR (Radnor,
Pennsylvania, USA).

Reference standards

a-Zearalanol (a-ZAL), b-Zearalanol (b-ZAL),
a-Zearalenol (a-ZOL), b-Zearalenol (b-ZOL),
Zearalenone (ZEN) and Zearalanone (ZAN) were
purchased from Sigma-Aldrich (St. Louis,
MO, USA). a-Zearalanol-d5, b-Zearalanol-d5,
a-Zearalenol-d5 and b-Zearalenol-d5 were pur-
chased from Witega (Berlin, Germany),
Zearalenone-d6 from LGC Standards GmbH
(Wesel, Germany), and Zearalanone-d6 from
TRC (Toronto, Canada). Individual stock stand-
ard solutions were prepared in methanol at a
concentration of 1000mg L�1 except for a-ZAL
when a concentration of 497.5mg L�1 was pre-
pared. An intermediate standard mixture contain-
ing all the target compounds (10mg L�1) was
prepared from standard stock solutions by appro-
priate dilution in methanol. Working standard
solutions were prepared for each series by corre-
sponding dilution from intermediate standard
mixture solution. All these standard solutions
were stored at �20 �C until use.

Sample preparation

Two milliliters of pig urine were spiked with
50 mL of a 0.08 mg mL�1 internal standard solu-
tion (2mg L�1), and a calibration curve between
0.5–50mg L�1 was prepared. Thereafter, 2mL of
sodium acetate buffer 0.25M (pH 4.8) were
added to each tube. After vortexing, the pH was
checked to make sure it was within the range of
4.8 ± 0.2. Enzymatic hydrolysis was carried out by
incubation at 55 �C for two hours with 20mL of
b-glucuronidase/arylsulfatase from Helix pomatia
(1/10 diluted with acetate buffer v/v).

After hydrolysis, the sample was cooled to
room temperature, and solid phase extraction
(SPE) was carried out. A Bond Elute C18

(500mg, 3ml) cartridge was conditioned with
2.5mL methanol and 2.5mL acetate buffer. After
loading the sample, the cartridge was washed
using 1.5mL of sodium carbonate solution (10%),
3mL water, 1.5mL acetate buffer, and two times
with 2mL of methanol/water (50:50, v/v).
Afterward, the C18 cartridge was dried under vac-
uum. Simultaneously, an SPE NH2-column
(100mg, 3mL) was conditioned with 3mL of
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methanol, and after conditioning placed above
the 12mL collection tube. The analytes were
eluted from C18 cartridges with 2mL of methanol
directly into the NH2-columns which eluted into
the collection tubes. The eluate was evaporated
under a stream of nitrogen at a temperature of
40 �C. The residue was dissolved in 75mL of
acetonitrile and ultrasonicated for 1min; 225 mL
of water was added before centrifugation (2min,
3000 rpm). The samples were transferred into
injection vials, and 20 mL were injected into the
LC�MS/MS system.

Instrumentation

The chromatographic separation of resorcyclic
acid lactones was performed on an UHPLC sys-
tem equipped with a syringe pump, an Acquity
autosampler, and a column oven (Waters,
Milford, Massachusetts, USA). Two UPLC
Acquity columns were tested (1) UPLC BEH C18

(100mm � 2.1mm i.d., 1.7mm particle size) and
(2) UPLC HSS C18 column (100mm � 2.1mm
i.d., 1.8 mm particle size), purchased from Waters.
The HSS column was used in the developed
method. The UHPLC system was coupled to a
Triple Quad TQXS (Waters) mass spectrometer
equipped with a triple quadrupole mass analyzer
and an electrospray ionization (ESI) source.

The chromatographic separation was carried
out with Milli-Q water (solvent A) and methano-
l/acetonitrile (20/80 v/v) (solvent B) as mobile
phase components. The gradient elution program
was as follows: 0–1.00, isocratic conditions at
70% solvent A; 1.00–6.23min, linear gradient elu-
tion from 70 to 40% solvent A: 6.23–6.25min lin-
ear gradient elution from 40 to 0% solvent A;
6.25–8.00min isocratic conditions 100% solvent
B. The flow rate of the mobile phase was 400 mL
min�1, the injection volume was 20 mL, and col-
umn oven and autosampler temperatures were
held at 30 �C and 10 �C, respectively, during the
chromatographic run.

Ionization source working conditions were as
follows: Source and desolvation temperatures
were set at 150 �C and 400 �C, respectively; ESI
spray voltage at –2.0 kV and source offset at
30V. Nitrogen was used as desolvation and cone
gas at a flow rate of 800 and 150 L h�1,

respectively. The mass spectral data were
acquired in selected reaction monitoring mode
(MRM) in negative ion mode, and both quadru-
poles (Q1 and Q3) operated at unit mass reso-
lution. Argon (�99.995%) was used as a
collision-induced dissociation (CID) gas at a flow
rate of 0.15mL min�1 in the collision cell (Q2).
Table S1 summarizes the MRM working condi-
tions used: the selected precursor-product ion
transitions for quantitation and confirmation
purposes, the optimum collision energies (CEs,
eV) for the selected transitions, and optimal cone
voltages and dwell time. Instrument control and
LC�MS/MS data analysis were carried out using
Mass Lynx v4.1 software (Waters).

Method validation

The method validation has been carried out
according to Commission Implementing
Regulation (EU) (2021/808) concerning the per-
formance of analytical methods and interpret-
ation of results. The validated matrix was porcine
urine. In the EURL Guidance Paper (Guidance
2021), the Minimum Method Performance
Requirement (MMPR) is set at 1–2 mg L�1.

Therefore, the lowest concentration level (LCL)
value has been set in this validation at 0.5 mg L�1.
In order to correct analyte losses during sample
extraction and matrix effects during analysis, iso-
tope labelled internal standards for each analyte
were included. The response of the compound
was divided by the response of the corresponding
internal standard. This ratio is called the response
factor (Rf). Calibration lines were prepared by
adding targeted standards in blank urine samples.
For the mycotoxins a/b zearalenol, and zearale-
none, Rf correction was carried out on the cali-
bration line based on the samples without
addition. The calculated Rf value of a sample
without addition is subtracted from the samples
with addition. The selectivity/specificity of the
method was assessed directly in the chromato-
grams obtained from the blank and spiked urine
samples. The occurrence of possible extra peaks
in the retention time window expected for the
analyte elution was tested by monitoring the
selected two MRM transitions for each target
compound in the blank matrix chromatograms.
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Linearity was evaluated in the range of
0.5� 50mg L�1 by injecting 8 solutions at
increasing concentrations: 0.5, 1, 2, 3, 5, 10, 25,
50 mg L�1. The accuracy in terms of trueness and
the precision (intra- and interday repeatability) of
target compounds were calculated at three valid-
ation levels: 0.5, 1, and 1.5 mg L�1, and 7 repli-
cates were carried out for each level. To estimate
the recoveries of the extraction procedure, both a
blank urine sample and the corresponding spiked
one were submitted to the same extraction pro-
cedure. The quantitative results obtained after
their UHPLC�MS/MS determination using
standards prepared in the mobile phase were
compared without correcting by means of the
isotope internal standards. The decision limit
(CCa) was calculated according to Section 2.6 in
Commission Implementing Regulation (EU)
(2021/808).

Results and discussion

Method development and validation

For control monitoring of residues, it is necessary
due to the high workload to use simple, fast, and
easy-to-use analytical methods. However, the
method used in our laboratory to control RALs
in animal urine samples such as from pigs was
rather long. It consisted of a first extraction with
Bond Elute C18 SPE cartridge and a cleanup step
using an SPE NH2-column followed by a chro-
matographic separation using an HPLC
Symmetry C18 column with 28min of total ana-
lysis time. The long LC analysis time limits the
number of samples that could be analyzed in an
analysis series and, thus, the laboratory through-
put. For this reason, to shorten the analysis time
while maintaining chromatographic resolution
and sensitivity, two UHPLC columns were tested:
Acquity UPLC HSS C18 and BEH C18. Of these,
the BEH C18 column did not provide enough
resolution for baseline separation of b- and a-
zearalanol (ZAL) and b- and a- zearalenol
(ZOL), which is crucial since those are isobaric
compounds that yield common product ions
under tandem mass spectrometry conditions
(data not shown). Hence, the BEH C18 column
was discarded for further studies. In the case of

HSS C18, a better resolution was observed in the
separation of the RALs. The gradient elution pro-
gram was optimized by testing different gradients
using (A) water and (B) acetonitrile as mobile
phase components. Under the optimized condi-
tions, the most critical isobaric compounds were
separated at baseline in less than 7min. However,
this was not possible to achieve for all com-
pounds. Some partial coelutions among target
compounds such as b-ZAL and b-ZOL, a-ZAL
and a-ZOL, and ZAN and ZEN remained.
Nevertheless, the selection of non-interfering
transitions by mass spectrometry enables
individual analysis. These compounds did not
undergo ion suppression/enhancement effects.
Additionally, as demonstrated by Han et al.
(2011), the presence of methanol in the mobile
phase improves both the peak shape and signal
response of target compounds and therefore, the
addition of methanol up to 20% in component B
was evaluated. This study observed that the peak
height increased when using methanol:acetonitrile
(20:80, v/v) compared to 100% acetonitrile, so
this solvent was selected as the optimum mobile
phase composition. Figure 2 shows the chromato-
gram of the targeted six RALs standard mixture
solution (1 mg L�1) obtained under the optimum
UHPLC conditions (Section 2.5).

In addition, the fragmentation data were
studied to improve the detectability of the RALs
and ensure the identification and quantitative
determination of target compounds. Among all
product ions, the two most abundant and select-
ive ones were selected for quantitation and con-
firmation. The selected MRM transitions for each
compound (including respective internal stand-
ards) with their optimal collision energies are
given in Table S1.

To demonstrate the feasibility of the developed
UHPLC�MS/MS method, validation was carried
out in the range 0.5� 5 mg L�1 (Table 1). The
applied extraction technique is similar to that one
used by Blokland et al. (2006), which is based on
a C18 SPE followed by a cleanup step with NH2-
column (described in Section 2.4) and showed
good recoveries ranging from 57 to 62% (Table
1). The matrix-matched calibration curves
showed good linearity within the working range
resulting in a correlation coefficient (R2) higher
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than 0.989 in all cases. Decision limits (CCa) in
mg L�1 were 0.6 for b- and a- ZAL, 0.7 for
b-ZOL, 0.8 for a-ZOL and ZAN, and 1.1 for
ZEN. Trueness was determined using the corre-
sponding blank sample spiked at three levels
(n¼ 7) (described in Section 2.6). The results
showed values ranging from 88 to 109% for all
compounds except for a-ZOL, which gave 68 and
79% at low and medium levels, respectively.
Repeatability expressed as relative standard devi-
ation (RSD, %) was studied at the three levels
(n¼ 7). Good precision was achieved with values
ranging from 5 to 17% except for a-ZOL, where
30 and 27% were obtained at low and medium
levels, respectively. Additionally, it should be
highlighted that the confirmation rate was 100%
among the analyzed seven replicates.

Results animal studies

Two animal studies were performed to investigate
whether it is possible to determine if the origin
of RALs in pigs is due to natural contamination
or intentional addition; A) feed contaminated by
ZEN and B) a-ZAL administration (see Section
2.1). Urine samples from treated and nontreated
animals were collected Monday to Friday during
four weeks. The RALs concentrations measured
in each urine sample are listed in Tables 2 and 3.
Collecting a complete set of urine samples from
all pigs over the whole study period was impos-
sible, although this mainly affected the control
companion animals. Samples with concentrations
higher than the method application range were
diluted to quantify analytes within the linearity
range.

Figure 2. UHPLC–ESI–MS/MS chromatogram corresponding to a standard mixture solution (1mg L�1) of targeted compounds
obtained under optimal gradient elution conditions. (b-ZAL), b-zearalanol m/z 321.3; (b-ZOL), b-zearalenol m/z 319.3; (a-ZAL),
a-zearalanol m/z 321.3; (a-ZOL) a-zearalenol m/z 319.3; (ZAN) zearalenone m/z 319.3; (ZEN) zearalenone m/z 317.3.

Table 1. Performance characteristics of the developed LC�MS/MS per analyte in porcine urine (n¼ 7).
Parameter b-ZAL b-ZOL a-ZAL a-ZOL ZAN ZEN

Recoveries (%) 60 57 62 60 60 57
Linearity (R2) (0.5–5mg L�1) 0.999 0.999 0.999 0.989 0.999 0.994
Concentration (mg L�1) Low level 0.5 0.5 0.5 0.5 0.5 0.5

Medium level 1 1 1 1 1 1
High level 1.5 1.5 1.5 1.5 1.5 1.5

Trueness (%) Low level 103 102 99 68 99 88
Medium level 92 107 98 79 107 109
High level 96 103 99 93 104 111

Repeatability (RSD,%) Low level 7 10 7 30 17 38
Medium level 14 6 5 27 16 15
High level 13 7 7 14 25 13

Confirmation rate Low level 7/7 7/7 7/7 7/7 7/7 7/7
Medium level 7/7 7/7 7/7 7/7 7/7 7/7
High level 7/7 7/7 7/7 7/7 7/7 7/7

CCa 0.62 0.68 0.62 0.85 0.80 1.09
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Feed contaminated with zearalenone (study A)

In the acclimatization stage, urine samples were
collected to ensure that they were free of myco-
toxins exposure. However, in urine samples from
both animals in each pair (Day 1-5), ZEN and its
metabolite a-ZOL were determined (�CCa) in
almost all the samples (Figure 3, Table 2). This
fact underscores the possible natural occurrence
of Fusarium toxins in livestock animals (Kleinova
et al. 2002; Z€ollner et al. 2002) due to

contaminated feed. During the study weeks (Day
8-26), in the case of the companion pigs, the
RALs profile remained the same for ZEN and
a-ZOL in all available samples. However, it
should be noted that the concentration of the
analytes was increasing (Figure 3(A)). In this
case, the presence of the synthetic and prohibited
RALs (ZAN, a-ZAL and b-ZAL), as well as the b
metabolite (b-ZOL) of the toxin, were minimal
with a concentration lower than 2 mg L�1 in all

Table 2. Feed contaminated by zearalanone (Animal study A): concentrations found in urine (mg L�1).
Treated animal Non treated animal

Fusarium tox. Forbidden subs. Fusarium tox. Forbidden subs.

Day a-ZOL b-ZOL ZEN a-ZAL b-ZAL ZAN a-ZOL b-ZOL ZEN a-ZAL b-ZAL ZAN

1 � � � � � � � � � � � �
2 � � � � � � � � � � � �
3 � � 6.8 � � � 0.51 � 8.6 � � �
4 0.54 � 8.8 � � � 0.38 � 10 � � �
5 0.72 � 4.7 � � � 0.51 � 5.9 � � �
8 8.6 0.47 66 39 3.02 36 1.05 � 9.6 0.56 � 0.49
9 6.3 � 18 12 1.86 14 1.1 � 8.7 0.49 � 1.2
10 4.1 0.33 5.5 3.6 1.00 5.9 4.2 0.75 14 � 0.09 0.45
11 14 1.1 28 14 3.09 20 4.1 0.71 15 0.21 0.61 1.8
12 18 1.3 23 14 3.1 18 9.6 1.2 16 � 0.25 0.78
15 19 1.1 27 12 3.9 17 2.9 0.57 13 � 0.02 0.21
16 6.4 0.58 17 16 1.8 15 2.9 0.57 8.9 � 0.00 0.07
17 16 0.91 21 14 2.7 22 4.2 0.7 22 � 0.12 0.43
18 15 1.0 25 10 4.2 13 6.3 1.2 25 0.38 0.58 0.64
19 18 1.2 22 13 5.6 17 3.6 1.0 22 0.28 0.37 0.45
22 12 3.9 20 12 3.9 18 � � � � � �
23 11 2.6 20 11 2.6 16 20 2.3 20 � 0.04 0.17
24 25 15 49 25 15 54 � � � � � �
25 18 5.7 35 18 5.7 33 4.8 0.67 23 � 0.02 0.11
26 21 6.4 39 21 6.4 36 � � � � � �

Table 3. a-Zearalanol administration (Animal study B): concentrations found in urine (mg L�1).
Treated animal Non treated animal

Fusarium tox. Forbidden subs. Fusarium tox. Forbidden subs.

Day a-ZOL b-ZOL ZEN a-ZAL b-ZAL ZAN a-ZOL b-ZOL ZEN a-ZAL b-ZAL ZAN

1 � � � � � � � � � � � �
2 � � � � � � 0.26 � 0.95 � � �
3 � � 4.9 � � � � � 5.8 � � �
4 � � � � � � 1.04 � 9.7 � � �
5 � � 3.5 � � � � � � � � �
8 0.82 � 20 255.0 50 154 2.2 � 10 2.0 0.04 3.6
9 0.35 � 11 116.0 75 81 � � � 0.80 � 0.43
10 2.1 0.36 7.3 33.0 19 86 2.4 0.21 1.1 0.09 0.05 0.04
11 2.5 0.43 5.0 9.5 6.3 30 3.3 0.34 3.9 � 0.06 0.11
12 3.7 0.56 6.4 4.7 2.9 16 3.6 0.37 4.2 � 0.06 0.24
15 1.5 0.19 6.2 759 84 474 3.3 0.26 5.8 0.04 0.10 0.67
16 1.9 0.21 3.5 69 37 197 � � � � � �
17 1.5 0.17 3.5 17 9.6 46 1.9 0.10 1.5 � 0.00 �
18 2.2 0.61 7.2 14 7.3 23 3.1 0.58 6.2 0.39 0.52 0.64
19 2.5 0.54 4.6 5.6 3.4 9.4 2.9 0.47 4.9 0.28 0.37 0.47
22 1.4 0.26 6.9 655 39 488 1.5 0.27 6.3 � 0.00 0.17
23 0.41 � 1.5 44 12 69 2.4 0.24 4.8 � 0.03 0.02
24 1.8 0.39 12 202 56 331 4.3 0.26 13 0.57 0.36 3.8
25 2.3 0.44 8.7 98 30 176 1.9 0.12 2.6 � 0.01 �
26 2.2 0.35 10 63 16 133 2.5 0.25 6.7 � 0.04 0.38
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cases (Table 2). In contrast, for the treated ani-
mal, during feeding with food balls containing
ZEN (days 8-26), a significant change in the
RALs profile can be observed in the urine sam-
ples (Figure 3(B)). ZEN showed the highest con-
centrations (up to 66 mg L�1) followed by ZAN
(6–54 mg L�1), a-ZOL (4–32mg L�1) and a-ZAL
(4–25 mg L�1) (Table 2). The mean conversion
ratio of these three metabolites was 2:1:1. The
lower concentration of b-form metabolites in all
analyzed samples (�6 mg L�1) is of considerable
interest. The in vivo transformation of ZEN to
ZAN in porcine was unambiguously identified by

Z€ollner et al. (2002). The authors did not identify
ZAN in all analyzed samples, and therefore, they
highlighted this occurrence as unclear (Z€ollner
et al. 2002). However, in the case of pigs, the pre-
sent study demonstrates that the ZAN metabolite
can be clearly identified in high concentrations.
Additionally, this new study on pigs has revealed
the in vivo transformation of ZEN to metabolites
such as a-ZAL that had previously not been
described in the literature. Nevertheless, detecting
significant concentrations of this metabolite
means that any sample containing high concen-
trations of ZEN would be classified as suspicious

Figure 3. Profile of the six RALs ((b-ZAL), b-zearalanol; (b-ZOL), b-zearalenol; (a-ZAL), a-zearalanol; (a-ZOL) a-zearalenol; (ZAN)
zearalenone; (ZEN) zearalenone) determined by UHPLC–MS/MS analysis of the collected urine samples at feed contaminated by
zearalenone (Study A). Samples are labelled according to the collection day in the study.
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and require a follow-up investigation for residue
control.

If the average concentrations are compared for
both animals in each pair, the ZEN levels of the
treated animal were approximately twice higher
than those of the companion animal (Table 2).
Additionally, it must be pointed out that the levels
of RALs changed with exposure and that at the end
of the treatment period, the average concentration
increased significantly (Figure 3(B)). The weight of
the animal was recorded every Monday (Day
1,8,15,22). In the case of the companion animal,

the weight rose from 62kg to 88 kg whereas in the
treated animal it increased from 66kg to 96 kg,
thus resulting in a weight gain of 25 kg and 30 kg,
respectively. The difference in weight gain could be
attributed to continuous exposure to ZEN and its
metabolites that promote animal growth in the case
of the treated animal.

a-zearalanol administration (study B)
To study the difference in the RALs profile of pigs
that have been illegally subjected to the administra-
tion of a-ZAL an animal experiment was carried

Figure 4. Profile of the six RALs ((b-ZAL), b-zearalanol; (b-ZOL), b-zearalenol; (a-ZAL), a-zearalanol; (a-ZOL) a-zearalenol; (ZAN)
zearalenone; (ZEN) zearalenone) determined by UHPLC–MS/MS analysis of the collected urine samples at a-zearalanol administra-
tion (Study B). Samples are labelled according to the collection day in the study.
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out with one pig along with its non-treated com-
panion (Section 2.3). Similarly to study A, in both
pigs the presence of ZEN and a-ZOL in lower
quantities could be observed in the acclimatization
stage (Figure 4, Table 3). During the administration
weeks (Day 8-26), in the companion animal, the
concentrations of ZEN mycotoxins and its metabo-
lites were similar to those found in the companion
animal of study A (Figure 4(A), Table 3). Therefore,
this observation confirmed the unavoidable natural
presence of mycotoxin in the feed usually supplied
to pigs. It should be noted that, in this case, the
presence of ZAN and a-ZAL (<2mg L�1) is also
observed with a higher concentration than the cor-
responding b metabolites (b-ZOL and b-ZAL),
highlighting the possible metabolite pathway of
ZEN in pigs. After the injection of a-ZAL in the
treated animal every Monday for three weeks, the
obtained RALs profile can be observed in Figure
4(B), and the concentration of each metabolite is in
Table 3. Among all target compounds, a-ZAL was
determined at the highest concentrations (up to
759mg L�1), followed by ZAN (up to 474mg L�1),
b-ZAL (3–84mg L�1) and ZEN (1–20mg L�1)
(Table 3). The mean conversion ratio of these three
metabolites was 23:4:1. Both fusarium metabolites
a-ZOL and b-ZOL were found at concentrations
below 4mg L�1 showing the low transformation of
a-ZAL to these metabolites. These results could
indicate a possible reversible transformation of the
ZEN and ZAN metabolites in porcine urine.

As can be seen in Figure 4(B), the signal of
synthetic RALs in the case of treated animal
decreased significantly from the administration
day (Monday) to the 5th day after administration
(Friday) every week, and therefore the detection
time window of the forbidden substances after
illegal administration could be limited.
Additionally, the animals’ recorded weights
should be noted. In the case of the companion
animal, the weight increased from 58 kg to 83 kg,
compared to 59 kg to 95 kg in the treated pig,
thus resulting in a gain of 25 kg and 36 kg,
respectively. If we compare those values with
those from ZEN study, it can be observed that
both companion animals gained 25 kg, whereas
the treated animal in Study B resulted in a 6 kg
higher gain. In this way, it is demonstrated how
the use of a-ZAL significantly increases the

animal’s weight. Therefore, besides the health
problems a-ZAL may cause, it is also a fraudulent
activity in the food system.

Discrimination between fusarium contamination
and a-ZAL administration

In the early 2000s, Kleinova et al. and Launay et al.
developed a statistical model based on the metabol-
ite pattern using concentrations of all RALs in
bovine urine to discriminate between abuse of zera-
nol and exposure to mycotoxin-contaminated feed
(Kleinova et al. 2002; Launay et al. 2004). Authors
carried out discrimination between abuse and nat-
ural contamination by differences in the metabolite
pattern of a/b-ZALþZAN vs a/b-ZOLþZEN.
Following this calculation, if the ratio is lower than
1, the presence of the target compounds is related
to possible feed contamination. The sample should
be selected for follow-up investigation if the ratio is
between 1 and 10. If the ratio is above 10, it is con-
sidered suspect due to a-ZAL administration. The
authors highlighted that illegal use is indicated when
the combined concentrations of a/b-ZALþZAN
are higher than those of a/b-ZOLþZEN.

However, this model was developed for cows,
and there has not been any scientific proof that it
could be transferred to other species, such as pigs,
for use in routine residue control programs in case
of non-compliant findings. Thus, the obtained con-
centrations of RALs from both animal studies were
tested following the ratio strategy mentioned above.
The obtained ratio values on each case for both
companion and treated animals are depicted in
Figure 5. As can be seen in Figure 5(a) and Figure
5(b) (blue dashed line), the obtained ratio for the
companion animals in both studies was close to
zero. This result demonstrates that if an animal has
not been directly exposed to the forbidden RALs,
the model will indicate that the result is due to nat-
ural contamination. In the case of the animal
treated with ZEN, the natural toxin (Figure 5(a),
continuous orange line), the ratio during the first
week, which is the acclimatization period, corre-
sponds to zero. From the administration day
ongoing, it changed and slightly increased; never-
theless, in this case, although the ratio value is close
to 1, it ranges between 0.7 and 1.4. Thus, if we fol-
low the criteria of Kleinova et al. (2002) and

FOOD ADDITIVES & CONTAMINANTS: PART A 11



Launay et al. (2004), although most urine samples
will indicate possible feed contamination, some will
require a follow-up investigation that will indicate
that these were false positives. These results are in
line with the original model developed for cows.
Therefore the obtained results in the urine of the
animal treated with ZEN demonstrated that the
model could be used to assess the source of the
RALs found in these samples as caused possible by
contaminated feed since the value is near 1. In the
last case, with the animal treated with a-ZAL
(Figure 5(b), continuous green line), during the
control week, the ratio was zero. However, a large
rise in the ratio value can be observed on the days
of administration (up to 115), followed by a signifi-
cant decrease during the 5 days post-administration.
It should be noted that during these 5 days, the
ratio value was consistently above 1, so that at any
subsequent time, the model would indicate either a
positive sample due to administration or the need
for follow-up investigation.

Therefore, this study demonstrates that the
model previously developed by Launay et al.
(2004) to detect illegal use of RALs in bovine
could also reliably be used in routine monitoring
plans for pigs and immediately implemented in
food residue control laboratories.

Conclusions

The UHPLC–MS/MS method developed has
proved reliable and accurate for simultaneously
determining six RALs in porcine urine samples.

The method has been validated according to CIR
(EU) 2021/808, obtaining CCa values between 0.6–
1.1mg L�1, good repeatability (RSD% <17), and
high accuracy (88� 109%). In addition, 80 porcine
urine samples were analyzed from the study animal
experiments using matrix-matched calibration for
the quantitative analysis, and target compounds
were determined from 0.12 up to 719mg L�1.

The planned animal studies were successfully
carried out, giving rise to new data on the behav-
ior of the metabolite pathways of ZEN and
a-ZAL in pigs. To the best of our knowledge, this
is the first time that a-ZAL administration in
pigs has been studied. Therefore, the obtained
results are of direct interest for residue control
monitoring enforcement of RALs in pigs.
Although the number of animals used in this
work was minimal due to the ethical aspects of
experimental animal work, we can affirm that the
results are trustworthy sincethey are an extension
of what is known about RALs in cows.

Additionally, for the first time, this new study
on pigs has revealed the in vivo transformation of
ZEN to metabolites such as ZAN and a-ZAL. The
difference in the RALs profile in each animal study
made it feasible to have an initial view of possible
contamination with ZEN and/or illegal administra-
tion with a-ZAL. Additionally, the profiles of RALs
in animal studies confirm the criteria previously
established in cows for the follow-up of a suspi-
cious sample. The research on the applicability of
the previously developed model for cows has
shown that it can be used to detect the illegal use

Figure 5. Obtained ratio based on the metabolite pattern of a/b-ZALþ ZAN vs a/b-ZOLþ ZEN for (A) Animal study A: Feed conta-
minated by zearalenone and (B) Animal study B: a-Zearalanol administration. Blue dash lines correspond to the values of control
animals while continuous lines to treated animals.
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of RALs in pigs. It must be pointed out that the
present statistical model has no legal basis and is
only a screening tool that can help control labora-
tories and competent authorities in deciding if a
non-compliant finding of RALs requires a follow-
up action or might be related to ingestion of
Fusarium spp. toxin contaminated feed.
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