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Abstract  

According to the results of the official controls performed in cattle in the EU, the percentage 

of samples reported as non compliant for illegal growth-promoters (GPs, i.e. sexual steroids, 

corticosteroids, β-agonists) amounted to less than 0.2% in 2007. Several lines of evidence, however, 

have suggested that these figures largely underestimate the real incidence of GP abuse in meat cattle 

breeding. As a response to an increased demand for safe and wholesome food, new detection 

strategies are being elaborated based on the biological effects of the different GP classes in target 

species, to identify reliable and cost effective biomarkers that could increase the efficacy of the 

analytical controls. This paper critically reviews current published data relating to experimental and 

field studies performed in meat cattle, emphasizing the impact of the ‘omics’ technologies 

(genomics, proteomics) and bioinformatics in the discovery of biomarkers prone to be utilised for 

surveillance purposes. It is clear that further research is needed before the proposed candidate 

biomarkers could be utilised for large scale high throughput screening tests. 
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Introduction 

In line with the Council Directive 96/23/EC, the use of certain compounds to manipulate the 

growth of food producing species is strictly forbidden in the EU. Notwithstanding (or owing to ?) 

the control performed by EU Member States for tackling the use of illegal growth-promoters (GPs), 

the number of non compliant results has been very limited in recent years. When considering only 

the bovine species, for example, according to the official results of the National monitoring plans of 

2007 (EU, 2007), only the 0.14 % of around 58 000 targeted samples proved positive for the 

presence of substances belonging to A1- to A4 groups (i.e. stylbenes, thyreostatic agents, steroids, 

resorcylic acid lactones), and an even much lower percentage was reported for -agonists (A5, 

0.01% of around 25 000 targeted samples).  

 

These reassuring figures, however, are in sharp contrast with a number of evidences. First of 

all, the uninterrupted seizures of illegal preparations by the Veterinary Services and the food safety 

officers points to the occurrence of a still prosperous black market, which supplies farmers with 

new active principles (WTO, 2000). As a second line of evidence, the histological screenings 

performed on target organs at slaughterhouses in certain countries (e.g. Italy, The Netherlands) are 

suggestive of a much higher number of non compliant samples. In a pilot study recently conducted 

in Italy involving 295 veal calves and 1035 finishing bulls, for example, lesions that could be 

ascribed to the illegal exposure to -agonists, corticosteroids or sexual steroids were found in 11.7, 

17.7, and 31.9% of the examined cases, respectively; even if unspecific lesions would be present in 

half of the cases, the percentage of ‘suspect’ animals is several orders of magnitude higher than the 

official figures (Italian Ministry of Health, 2008), in line with suggestions which estimate the non 

compliant results for the sole category of sex steroids as being not less than 10% in bovines 

(Stephany, 2001).  

 



 

The causes of such a huge discrepancy between the official results and what appears to be a 

more realistic situation have been reviewed (Courtheyn et al., 2002). Briefly, the use of analogues 

of known compounds –also known as designer drugs– or of molecules not subjected to routine 

controls, either of natural origin or licensed for the use in non-EU countries, is believed to play a 

critical role to explain the failure in detecting such illegal treatments. In this respect, somatotropin 

(GH) is reported to be used also in meat cattle, alone or in association with a β-agonist because of 

the GH-mediated up-regulation of β-adrenoceptors occurring in certain species (Sillence, 2002) and 

organic chromium may be employed to improve the fat:lean ratio (Sillence, 2004). Recent telling 

examples in the bovine species are the suspected/potential misuse of either cyproheptadine, a cheap 

and easily available piperidine antihistaminic which is attractive to farmers since it increases 

appetite through its anti-serotoninergic effect on brain 5-HT2 receptors and displays sedative effects 

(Feás et al., 2009), or of ecdysteroids, a class of steroids acting as moulting hormones in arthropods 

but also found in many plants (Destrez et al., 2008). 

 

A further example may be that of pro-hormones like androsta-1,4-diene-3,17-dione (ADD or 

boldione), which in cattle may be easily converted already at the enteric level in the more active 

synthetic androgenic compound 17β-boldenone (Girolami et al., 2009). Another critical issue is the 

adoption of administration schedules involving combinations of prohibited or even of registered 

active principles at very low dosages. As an example, in finishing bulls orally administered with 

dexamethasone (DEX) for growth-promoting purposes (0.7 mg per capita/day for 60 days), the 

urinary drug concentrations were around or below the cut-off levels set up for the routinely 

immunoenzymatic screening tests for as long as two thirds of the trial duration (Vincenti et al., 

2009). The current philosophy of the official control for the GPs misuse would therefore appear at 

least questionable, in that it relies on the substantially random selection of animals to be sampled on 



 

farms or at the slaughterhouse and the subsequent analysis with methods based solely on the 

physico-chemical recognition of a given number of molecules.  

 

The above considerations prompted several research groups to start experimental work to 

investigate the biological effects of the illicit performance-enhancing agents in the target species, 

taking also advantage of the fact that the main classes of the illicit performance-enhancing agents 

have well recognized mechanisms even at the molecular level, regardless of their chemical structure 

(Witkamp, 2005). The final aim of such kind of research is to develop a battery of biomarkers that 

could be ideally used to set up rapid and cost-effective screening tests to enhance the overall 

efficacy of the official control workflow (Fig. 1). 

 

Definition and rationale of use of biomarkers in food safety issues 

In the broadest sense, the term biomarker is used to include any measurement performed in a 

living organism or in its ‘products’ (urine, faeces, milk, hair, etc.) indicating a deviation from the 

‘normal’ status caused by the interaction(s) between a given chemical and some biological targets 

(Gundert-Remy et al., 2005). The Food and Drug Administration has defined a biomarker as a 

characteristic parameter that is objectively measured and evaluated as an indicator of normal 

biological processes, pathogenic processes or pharmacological responses (Lesko and Atkinson, 

2001).  

 

For the purposes inherent to this review, biomarkers may be classified into two groups, and 

namely exposure and effect. The first includes the detection and measurement of i) a substance or 

ii) its metabolite(s) or the product of an interaction between i) or ii) with some target molecules 

within an organism. Biomarkers of effect include measurable biochemical, physiological or other 

alterations arising in organism after the exposure to a given substance (van der Oost et al., 2003). 



 

Besides more ‘traditional’ measurements, such as for instance blood or urine parameters, receptor 

or hormone concentration changes, in recent years the unprecedented development of systems for 

analyzing global expression patterns by molecular profiling techniques (the so called ‘omics’-

technologies) has made it possible to search for biomarkers of ‘early’ biological events preceding 

those occurring at subcellular, cellular or tissue levels (Witkamp, 2005). 

 

The rationale for successfully applying the genomic, proteomic or metabonomic approaches 

to this particular field of food safety relies on the mechanism of action of most GPs (e.g. growth 

hormone, sexual steroids, -agonists, corticosteroids), which first consists in the binding with a 

specific receptor resulting in an increase in gene transcription and hence in the corresponding 

proteins, thereafter eliciting, in turn, a more or less pronounced alteration in gene expression and 

protein profile in target cells/tissues (Meyer, 2001). It is worth noting that the same rationale, i.e. 

the measurement of a biological effect ensuing the binding of a ligand with its specific receptor(s) 

has been successfully applied for many years to in vitro systems (tissue preparations, cell lines) 

providing an alternative way to the chemical analysis for determining the presence of a given 

chemical residue in tissues or body fluids (for a review, see Hoogenboom et al., 1999). The subject 

of this paper is to review the ‘state of the art’ concerning the development of biomarkers of effect in 

the bovine species following the exposure to illegal GPs (later on called simply ‘biomarkers’), 

based on scientific reports available in the open literature. 

 

Biomarker development in the bovine species 

So far, the large majority of the studies aimed at developing a biomarker have entailed the 

experimental treatment of the target species with the molecule(s) under investigation to mimic a 

growth-promoting protocol. Then, two different approaches may be applied. The most popular one 

consists in the previous selection of parameters to be examined according to an extensive literature 



 

search mostly related to the exposure of humans or laboratory species to the compounds (e.g. Reiter 

et al., 2007; Cacciatore et al., 2009). 

 

A second possibility involves a general screening of candidate biomarkers, usually at 

molecular level, and then a subsequent choice based on conventional or special statistical analyses 

(Gardini et al., 2006; Draisci et al., 2007; Carraro et al., 2009). The different bio-pathological events 

that could be monitored either in biological fluids or in tissues and have been proposed as candidate 

biomarkers in meat cattle will be examined and briefly discussed. For the sake of clarity, a synoptic 

table (Table 1) has been added depicting all the experimental work performed in cattle and referred 

to later on in this review. 

 

Endpoint/event measured in the living animal 

1. Blood parameters 

The variation of haematological parameters (e.g. blood count, leukocyte formula, 

metabolite, protein profile, receptor or hormonal levels) has been proposed as a tool to trace the 

exposure to GPs in target species. Recently, more comprehensive and holistic approaches such as 

the proteomic and the genomic ones are being consistently applied. A significant wealth of the 

available data are concerned with the exposure to synthetic glucocorticoids (GCs), mainly DEX, but 

studies have been also performed with a combination of different classes of active principles. 

 

Oxidative stress 

The term “oxidative stress” denotes a challenge of biological systems brought about by a 

number of pro-oxidant species, including oxygen reactive species (ROS) and other free radicals, 

and occurs when ROS generation overwhelms their safe detoxification by antioxidant systems. The 

latter include reduced glutathione (GSH), vitamin E, and ascorbic acid as well as a number of 



 

antioxidant enzymes like superoxide dismutase (SOD), catalase, GSH-peroxidase (GSH-Px), GSH-

transferase, and GSH-reductase (Dalton et al., 1999). Several GPs have been implied in the 

generation of oxidative stress. For example, β2-agonists are reported to increase mitochondrial O2 

consumption resulting in a corresponding rise in electron linkage and thereby in ROS production 

(Cadenas and Davies, 2000) and, at least for isoproterenol, such mechanisms are exacerbated by the 

specific down-regulation of Cu-Zn SOD (Srivastava et al., 2007). Testosterone has been implied in 

the NADPH oxidase-mediated generation of superoxide ions (Iliescu et al., 2007), whereas it is well 

established that certain 17β-oestradiol (17-E) metabolites known as catechol oestrogens are 

responsible for ROS production particularly in extrahepatic tissues (Thibodeau et al., 2002). 

 

In keeping with the above findings, a sharp increase in serum ROS concentration matched 

by a decrease in the serum antioxidant capacity (SAC) was consistently detected in veal calves 

treated with a combination of 17-E, clenbuterol, and dexamethasone (DEX) (Table 1, exp. 1) 

(Nebbia et al., 2003), and similar results were obtained in veal calves showing 17β-E serum levels 

above the legal threshold limit (Brambilla et al., 2003). By contrast, the administration of DEX 

alone to veal calves at a growth-promoting schedule (Table 1, exp. 2) caused SAC and the serum 

GSH-Px activity to slightly increase over values recorded in untreated individuals (Carletti et al., 

2007). Although changes in oxidative stress parameters may reflect a wide array of 

(physio)pathological conditions in cattle (Gal et al., 2006), such parameters could be included in a 

wider battery of biomarker assays. 

 

Leukocyte formula 

The known immunosuppressive properties of GCs have prompted several researchers to 

include leukocyte count among the monitored parameters in both field and experimental trials; 

although remarkably high values (ranging from 1.76 - 4.70) of the neutrophil:lymphocyte (N:L) 



 

ratio were measured in samples from meat cattle displaying trace amounts of GCs in pooled plasma 

samples with respect to negative ones (ranging from 0.27 - 1) (Brambilla et al., 1998), it is worth 

considering that this parameter was either found unchanged in finishing bulls experimentally treated 

with DEX according to a growth-promoting schedule (Table 1, exp. 3) (Marin et al., 2008) or not 

consistent with biochemical, histological, and analytical findings in animals found non compliant 

for the same drug (Vascellari et al., 2008). 

 

Modulation of lymphocyte receptors 

The expression of a number of receptors which are targets for several GPs, including -

adrenergic- (-AR) and GC receptors (GR) (Odore et al., 2004), has provided the rationale for 

including circulating lymphocytes in studies aimed at developing useful biomarkers in living 

animals, because of the known negative modulation occurring as a cell adaptive response to the 

prolonged administration of a large number of agonists. In the only study published so far, a 

significant down-regulation of -AR and GR was detected in blood lymphocytes from calves 

exposed to a combination of 17β-E, clenbuterol, and DEX (Table 1, exp. 1) (Odore et al., 2006); as 

DEX, which was administered in the last part of the growth-promoting regime, was also able to 

reverse the lymphocyte -AR-mediated down-regulation, to avoid misinterpretations it would be 

advisable to perform both receptor assays at the same time. Further studies are required to confirm 

such results and possibly to include other receptors (e.g. those for sexual steroids) in the monitoring 

assays. 

 

Changes in the circulating levels of hormones or selected protein candidate biomarkers 

During a survey conducted on regularly slaughtered veal calves and finishing bulls, 

Vascellari et al. (2008) tried to put in relationship analytical and biological parameters in an attempt 

to find “indirect” biomarkers of GCs exposure; with very few exceptions, they reported that the 



 

occurrence of low serum cortisol levels (in most cases below the detection limit of 2 ng/mL) was 

positively correlated with the finding of measurable amount of DEX in livers and inversely 

correlated with the severity of the characteristic thymic lesions elicited GCs in cattle. Such field 

data are supported by the results of experimental work in which the fall in blood cortisol below the 

normal physiological range emerged as the earliest and most reliable indicator of DEX exposure in 

finishing bulls receiving the GC at a growth-promoting schedule (Table 1, exp.3) (Marin et al., 

2008); a similar trend has been also confirmed by further preliminary experimental data derived 

from veal calves orally exposed to 0.4 mg DEX per capita day-1 for 20 days (Odore et al., 2009).  

 

These findings are in line with the known effects of GC prolonged administration 

suppressing the hypothalamic-pituitary axis (Greco and Stabenfeldt, 2002) and causing in turn a fall 

in blood cortisol levels upon the prolonged exposure. Although the effects of other GPs (e.g. -

agonists, sexual steroids) are not yet well defined, the estimation of blood cortisol levels turns out to 

be a very simple, sound, and early method to detect the exposure to GCs, also because of the recent 

availability of reliable and sensitive immunoenzymatic kits that may be easily adapted to the bovine 

species.  

 

Based on an extensive body of literature concerning the influence of hormonal therapy on 

endocrine physiology and/or metabolism mainly in humans, several candidate blood biomarkers 

have been examined in veal calves of either sex intramuscularly (IM) administered twice with a 

combination of 17β-E and 19-nortestosterone (19-NT), and further exposed subcutaneous (SC) to a 

single DEX dosing 7 days prior to slaughtering (Table 1, exp. 4). On the whole, 5/12 tested 

candidate biomarkers, and namely osteocalcin, ir-inhibin, urea, sex hormone binding globulin 

(SHBG) capacity (see below), and amino terminal pro-peptide of type II pro-collagen revealed 



 

altered plasma profiles in response to the treatment, although some sex-related differences were 

found to occur (Mooney et al., 2008; Cacciatore et al., 2009).  

 

The specific globulin that binds and transports circulating steroid hormones (SHBG) may 

affect their tissue bioavailability by altering the clearance rate of such hormones, which, in turn, 

may modify SHBG serum levels; for instance, it has been reported that, in humans, SHBG increases 

during oestrogen treatment and decreases after androgen administration (Toscano et al., 1992). As 

mentioned afore, instead of measuring the variation in SHBG circulating levels, Mooney et al. 

(2008, 2009a) studied with two different techniques the ability of a combination of steroidal GPs to 

alter SHBG binding capacity in meat bovines.  

 

When administered with a typical illicit growth-promoting regime (Table 1, exp. 4), 

crossbred veal calves of either sex showed a limited (by 40-50% of the respective control values), 

but progressive fall in plasma SHBG binding capacity over the study. The extent of such a decrease, 

however, was apparently greater in females and when a surface-plasmon resonance (SPR) based 

assay was used (Mooney et al., 2009a) instead of the more conventional radioligand binding 

technique (Mooney et al., 2008); this might explain why, unlike the former one, the latter assay 

method was not able to disclose statistically significant changes in male individuals. When testing 

crossbred heifers and steers injected twice IM with 19-NT decanoate or 17β-E benzoate at 14-day 

intervals (Table 1, exp. 5) respectively, the SPR assay revealed a much more limited (around 20%), 

albeit statistically significant, fall in hormone binding capacity by the specific globulin in heifers 

only (Mooney et al., 2009a). While looking promising, results from such studies point to a limited 

value of this test, especially when performed alone, in the detection of the exposure to steroidal 

GPs. 

 



 

Finally, a novel approach has been recently designed and tested in heifers and steers, 

respectively treated with 19-NT or 17β-E as described above (Table 1, exp. 5) (Mooney et al., 

2009a); it combines a battery of routine clinical chemical tests, including, among others, serum 

proteins, electrolytes, glucose, urea, creatinine, transaminases and other enzymes, with a 

bioinformatic interpretation of the data generated with the Support Vector Machines (SVM) 

classification method (Cunningham et al., 2009).  

 

Only a limited number of parameters showed statistically significant differences with 

matched controls over the 42 day observation period and none of them proved successful in 

unequivocally tracing treated individuals; according to the Authors, however, the reported 

development of a discriminant function using the SVM classification method was able not only to 

predict 19-NT treatment in heifers or 17β-E dosing in steers with a success rate higher than 90% in 

either case, but also succeeded in correctly assign data derived from the clinical chemistry profiles 

of independent hormone-free animals (n=25) of various sex, breed, and age. Because of the 

requirement of very traditional instruments and techniques, easily amenable to high-throughput 

testing, this novel approach deserves further attention, especially whether it will be challenged with 

samples from animals treated with other GPs (e.g. β-agonists, corticosteroids). 

 

Genomic approaches 

In relation to the known influence of steroid hormones on a variety of biochemical pathways 

in different organs and tissues, including blood cells, Riedmaier et al. (2009) designed a pilot study 

in adult Nguni heifers reproducing one of the most used growth-promoting protocols in non-EU 

countries. Animals were treated by the insertion of implants containing an association of the 

synthetic androgen trenbolone acetate plus 17β-E (Table 1, exp. 6), total RNA was extracted by 

blood samples taken 2, 16, and 39 days after the beginning of the trial, and, after reverse 



 

transcription, changes in the expression of some 30 candidate genes taken from the literature were 

measured with quantitative Real-Time PCR. A statistically significant regulation of gene expression 

could be found for 11 genes including those encoding for steroid receptors GR-α and ER-α, a 

number of  interleukins, and some apoptosis regulators; the majority of them (9/11), however,  

showed a limited variation (less than twofold) that was even restricted to one or two time points. 

Although better results in terms of clustering between control and treated group were obtained by 

applying a multivariate statistical technique (Principal Components Analysis) for all the eleven 

regulated genes, this study should be anyway considered as a further hint of the possibility to 

exploit a screening assay to control the illicit use of anabolic hormones via the blood cells.  

 

Proteomic approaches 

The exploration of the effects of GPs on a complete set of proteins has been recently 

proposed as a new tool for biomarker discovery. It is worth noting that proteomic techniques allow 

for the identification not only of quantitative but also of qualitative (i.e. post-translational) 

alterations of the protein profile as the result of a given altered condition (e.g. the exposure to a drug 

or the occurrence of a pathological event) with respect to a ‘normal’ one. As detailed later on in this 

review, such an approach was first applied by our research group in liver subfractions from veal 

calves exposed to a widely used GPs combination (Gardini et al., 2006).  

 

Another group of Italian researchers first published a report (Draisci et al., 2007) in which 

the study of urine and plasma kinetics of the synthetic anabolic androgen 17-boldenone and its 

precursor/metabolite ADD in experimentally treated veal calves (Table 1, exp. 7) was accompanied 

by the monitoring of changes in the plasma protein profile in the range 5-100 kDa; proteins were 

first separated by means of the bidimensional electrophoresis (2DE) and then identified by MALDI-

TOF-MS analysis or LC-ESI-IT-MS/MS. Mass spectrometry results, which were matched by 



 

immunoblotting analysis using specific antibodies, pointed to the up-regulation of a specific 

truncated form of plasma apolipoprotein A1, which was already detectable 2h after dosing and still 

visible 36 h later, when no measurable amount of either androgen could be found in plasma or urine 

samples. Since veal calves were exposed to a single oral dose of a combination of 17-boldenone 

and ADD, however, the reliability of such plasma biomarker for surveillance purposes should be 

confirmed by other experiments including the administration of these or other androgens at a 

growth-promoting schedule. 

 

In a more recent report, Della Donna et al. (2009) have developed a multivariate MALDI-

TOF-MS proteomic platform by profiling low mass-range serum proteins from veal calves either 

untreated or subjected to different growth-promoting protocols, and namely 17-E, 17-

testosterone, or an association of the antidiabetic drug glyburide and androsterone, respectively 

(Table 1, exp. 8). Univariate and multivariate models have been set up capable of discriminating 

untreated calves from those undergoing any of the mentioned illicit treatments; interestingly a 

strong discrimination power was associated with a truncated form of 2-glycoprotein-I, also known 

as apolipoprotein-H, thereby confirming the results of previous studies performed in cattle (Draisci 

et al., 2007) and humans (Hartgens and Kuiper, 2004) as to the role of sexual steroids in modulating 

serum apolipoproteins. However, no data concerning the effects of other widely employed GPs such 

as corticosteroids and -agonists on serum protein profile are currently available. 

 

2. Urine parameters 

6-hydroxycortisol/cortisol ratio 

As a further easily accessible biological sample, urine has fostered the interest of researchers 

for biomarker discovery purposes. In mammals, both the endogenous GC cortisol and its 

cytochrome P450 (CYP) 3A-mediated hydroxylated metabolite 6-hydroxycortisol are excreted in 



 

the urines, and the rate of the urinary excretion of the latter, normalized to that of the parent 

compound, is believed to reflect the actual CYP3A activity in humans and in certain laboratory 

species (Galteau and Shamsa, 2003).  

 

Given the recognised negative effects of GCs on cortisol synthesis (Greco and Stabenfeldt, 

2002), Capolongo et al. (2007) proposed to screen the 6-hydroxycortisol/cortisol urinary ratio as a 

potential biomarker of exposure to GCs in cattle. They reported an early fall in the concentration of 

both compounds in finishing bulls orally exposed to low DEX dosages for 50 days (Table 1, exp. 

9); as the cortisol levels were depressed to a greater extent than those of its metabolite, there was a 

notable increase of the 6-hydroxycortisol/cortisol ratio ranging from two- to fivefold with respect 

to both pre-treatment values and the values recorded in matched controls at the same time points. A 

less remarkable rise (up to twofold) also occurred in veal calves administered DEX for 23 days by 

the same route (Table 1, exp. 10) (Cantiello et al., 2009). Although a variety of conditions are 

reported to affect the urinary 6-hydroxycortisol/cortisol ratio (Galteau and Shamsa, 2003) and 

further research is needed to define reliable control values in the bovine species, this parameter 

could be a promising candidate biomarker for the detection of GCs abuse. 

 

2. Tissue parameters 

The wide distribution of specific receptors for most of the known GPs and the resulting 

numerous more or less specific biological and biochemical effects occurring in treated animals have 

provided the rationale for using different tissues in biomarker research. Historically, histological 

changes in target tissues were first employed in European countries to prove the illegal 

administration of steroidal GPs and are still routinely used in certain countries for screening 

purposes, often in combination with histochemistry or immunohistochemistry (Groot et al., 2007; 



 

Biolatti et al., 2009). During the last years, more specific approaches have been devised, such as 

changes in receptor concentrations, and in protein or gene profiles.  

Whatever the proposed technique, it should be noted that tissue changes are monitored after 

a variable ‘withdrawal time’, which is routinely applied to allow for a reasonable clearance of the 

illegally administered molecules without compromising the enhancement of the zootechnical 

performances. This is reasonably expected to vanish or attenuate the extent of the treatment-related 

changes on the proposed biomarker. 

 

Modulation of liver biotransformation enzymes 

Drug metabolizing enzymes (DMEs) play a capital role in the conversion of xeno- and 

endobiotics into more polar metabolites, which may be easily excreted via the urine or the bile 

(Nebbia et al., 2001). As the majority of GPs are well recognized DME substrates and evidence is 

available as to their ability to modulate the activity and expression of DMEs in target species, either 

ex vivo or in vivo (EU, 2002), the question arises whether or not such changes could be utilised as 

biomarkers of exposure (Dacasto et al., 2006). The answer would be positive if GPs, alone or in 

combination, would be able to elicit a characteristic pattern of response or to affect (a) specific 

enzyme(s).  

 

According to the few studies available for the bovine species, this does not appear to be the 

case. For instance, the oral administration of DEX alone to veal calves (Table 1, exp. 10) (Cantiello 

et al., 2009) or of a growth-promoting regime to veal calves involving 17β-E, clenbuterol, and DEX 

(Table 1, exp. 1) (Cantiello et al., 2008), resulted in a general lowering of the CYP-mediated 

biotransformations, in line with results previously obtained in several species (EU, 2002). Although 

such investigations disclosed post-transcriptional modifications of some CYPs, any attempt to 

correlate the exposure to a single GP or a combination of them to the specific modulation of the 



 

expression of one or more CYPs or other DMEs, even at molecular level, has not yet provided 

unequivocal results.  

 

Receptor modulation 

 A number of reports have addressed, in experimentally treated cattle, the tissue modulation 

of the receptor populations targeted by a number of GPs, especially -agonists. As noted before, the 

prolonged exposure charactering most growth-promoting schedules results in a down-regulation of 

the specific receptors in target tissues. This was the case in the reproductive system (Re et al., 1995) 

and in heart, bronchi, and brain (Re et al., 1997) from female veal calves long-term exposed to 

anabolic doses of clenbuterol. Similar results were reported in male veal calves treated with a 

combination of 17β-E, clenbuterol, and DEX (Table 1, exp. 1); despite the fact that DEX 

administration was discontinued 5 days prior to slaughtering, GR concentration in spleen samples 

from treated individuals was nearly halved (Odore et al., 2007). 

 

Interestingly, calves administered with clenbuterol, alone or in combination, showed a 

consistent and marked up-regulation of the steroid receptors in the genital tracts, i.e. ER and PgR, 

and AR in females and males, respectively, probably as the result of the occurrence of common 

intracellular mechanisms mutually affecting their regulation process (Walters and Sharma, 2003). 

There is a paucity of information concerning the possible modulation brought about in target tissues 

by sexual steroids when administered at growth-promoting dosages; results from studies conducted 

at gene level will be mentioned in the following paragraph. Further research is needed to assess the 

full reliability of the changes in receptor profile as a tool for surveillance purposes. 

 

 

 



 

Genomic approaches 

So far, the main genomic approach aimed at biomarker discovering for GP exposure has 

consisted in the selection of candidate genes to be checked in target organs of experimentally 

treated cattle, based on a literature screening. Toffolatti et al. (2006) first applied Real-Time PCR 

technology to veal calves prostate samples collected 6 or 14 days following the last SC 

administration of two different combinations, and namely boldenone plus 17β-E or testosterone plus 

17β-E (Table 1, exp. 11), respectively, and found a differential expression for 7 out of 12 selected 

androgen responsive genes. In particular, MAF, ESR1, and AR were moderately up-regulated, 

while HMGCS1, HPGD, DBI, and LIM exhibited a down-regulation of variable extent. A similar 

approach was adopted in veal calves treated IM with 17β-E only (Table 1, exp. 12) by De Maria et 

al. (2009) confirming the responsiveness of steroid receptors (AR, PR) to oestrogen stimulation, 

with PR transcript being more than 10 fold increased 15 days after the last dosing. 

 

A further investigation including 57 candidate genes has been performed in target tissues 

(liver, muscle, uterus) from cycling heifers administered with melengestrole acetate (MGA), 

trenbolone acetate (TBA) or zeranol (ZER), respectively (Table 1, exp. 13), using treatment 

protocols approved in certain non EU-countries. Potential biomarkers for MGA were found in the 

uterus and the liver, and in all examined tissues for TBA or ZER; among the tested tissues, uterus 

showed the most significant changes in gene expression for all examined compounds (Reiter et al., 

2007). 

 

A more comprehensive and novel approach has been recently carried out in finishing bulls 

subjected to growth-promoting schedules of DEX, alone or in combination with 17β-E (Table 1, 

exp. 14) (Carraro et al., 2009): the coupling of an oligonucleotide microarray platform, allowing the 

simultaneous analysis of more than 20 000 transcripts, to the Real-Time-PCR technique revealed a 



 

marked alteration in the expression profiles of muscle samples (biceps brachii) from DEX-treated 

cattle, with some 400 genes showing a more than twofold up-regulation, and only one, encoding for 

myostatin (MSTN), displaying a less than 0.5 down-regulation. Interestingly, the number and the 

magnitude of changes of the differentially expressed genes were drastically reduced in the group 

receiving also 17β-E, and the same trend persisted when a specific statistical analysis was applied to 

assign samples to their respective treatment group. This assay could represent a further weapon to 

tackle the illegal use of GPs when only carcases are available, especially whether ad-hoc studies 

will confirm its practical applicability even after several days of storage at 4 °C. 

 

Proteomic approaches 

The proteomic approach, including 2DE and MALDI-TOF or ESI-QTOF protein 

identification, was first systematically applied by Gardini et al. (2006) in liver subfractions from 

veal calves treated with a growth-promoting regime including 17-E, clenbuterol, and DEX (Table 

1, exp. 1). They reported that adenosine kinase (AK), a cytosolic enzyme involved in glucose 

metabolism (Lavoinne et al., 1987), and reticulocalbin (RCN), a protein whose overexpression has 

been related to tumorigenicity and tumor invasiveness (Liu et al., 1997), underwent a down- (0.5 

fold) and up-regulation (2.5 fold), respectively. It is worth noting that, in liver samples collected 

about 4 weeks after treatment withdrawal in calves subjected to the same protocol, the expression of 

both proteins was undistinguishable from that displayed in specimens from untreated calves; a 

preliminary validation of AK and RCN as candidate biomarkers for GP exposure under field 

conditions has been performed (Nebbia et al., 2008).  

 

Conclusions and future perspectives 

Focusing on specific and measurable biological effects brought about by the different 

classes of GPs in treated animals instead of simply assessing their presence in biological fluids or in 



 

tissues may represent both an effective response to the increasing demand for food wholesomeness 

and a novel weapon for tackling the new strategies of the illicit treatments in meat cattle and 

possibly in other species. The use of reliable biomarkers should be intended not as alternative but as 

complementary to the traditional analytical methods (Mooney et al., 2009b), in that it is aimed at 

targeting the routine controls rather than dispersing them on thousands of randomly collected 

‘unfiltered’ samples, the large majority of which prove then ‘officially’ compliant.  

 

Although, as documented by the large number of recently published papers, biomarker 

discovery in this specific field is rapidly developing, a critical appraisal of what has been done may 

already be attempted.  

 

First of all, the classical scheme of such kind of research has so far implied the in vivo 

treatment of calves or cattle and hence the use of a relative small number of individuals to limit the 

unavoidable high costs of animal experimentation, with a possible negative impact on the statistical 

significance of the generated results. On the other hand, to the best of our knowledge, no 

comparative studies have been conducted to assess whether for such purposes cattle could be 

successfully replaced by small ruminants or other species. An alternative way could be the 

development of reliable in vitro models for preliminary screening studies. In this respect, only very 

recently primary cultures of target organs from meat cattle (e.g. prostate) have been used as a model 

for studying the effects of 17β-E on selected gene expression, with results only partially matching 

those recorded under in vivo conditions (De Maria et al., 2009). 

 

Maybe with the exception of GCs, another critical point is the lack of a set of reliable 

candidate biomarkers that could be specifically linked to the exposure to each of the most used GP 

classes (sexual steroids and -agonists). Indeed, aside from a number of trials involving GCs, most 



 

of the available information has been derived from experimental protocols combining different 

active principles (Table 1), according to confidential information from “repentant breeders” or the 

composition of seized black market preparations. While little is known about the influence of 

dosages and of way and time of administration, it has to be stressed that the association of two or 

more active principles may considerably modify in both a quantitative and qualitative manner the 

biomarker profile obtained upon the administration of a single compound (Carraro et al., 2009). 

 

 Although in certain instances a single event or biomarker (e.g. the fall in blood cortisol 

levels upon GC administration or the marked increase in PR mRNA in the prostate of 17β-E treated 

calves) could be presumably suggestive of the exposure to a specific class of GPs, it has soon 

become more and more evident that a combination of several biomarkers (possibly resulting from 

the application of different approaches) may have a much greater power in discriminating illegally 

treated animals from untreated ones. 

 

A further step forward is the application to this research branch of dedicated softwares 

analyzing the biological function categories of the top candidate biomarkers (genes, proteins) and 

able to identify other related targets (Bertarelli et al., 2009; Carraro et al., 2009). In this respect, the 

capital role played by biostatistics, bioinformatics, and mathematical modelling should be stressed, 

especially when handling a huge sets of data generated by biomolecular techniques like genomics 

and proteomics (Witkamp, 2005). In particular, multivariate data analysis techniques provide a 

powerful tool in detecting clusters of similar datasets and differences between datasets. A telling 

related example of the successful integration of “classical” univariate analysis with a multivariate 

approach comes from our study on serum protein profiling of calves treated with different GPs 

(Della Donna et al., 2009). More to the point, as outlined above (Cunningham et al., 2009), 

coupling of a routine clinical chemistry profile with a bioinformatic method (SVM) not only 



 

apparently enabled the investigators to correctly classify unknown bovine serum samples as either 

‘untreated’ or ‘highly suspicious’, but also assisted in finding the most appropriate sampling days 

based on data from experimentally treated cattle.  

 

Although these examples reinforce the need of the inclusion of biostatisticians in the 

research groups involved in biomarker discovery, already during the phase of study design, the role 

of bioinformatics should not be overemphasized. Indeed, especially when dealing with ‘omics’ 

methodologies, there is the misconception that large numbers of measurements could somehow 

make up for small numbers of samples, while by no means the introduction of multiple 

measurements minimises the need to use an appropriate number of samples (Lay et al., 2006). 

 

Finally, despite the fact that encouraging results seem to have been reached with the 

different approaches illustrated above, a number of critical issues still needs to be fully addressed 

before large scale high throughput screening tests could be set up and routinely applied for 

surveillance purposes. In the first instance, of paramount importance is the specificity/selectivity of 

the biomarker, which should distinguish between the exposure to an illegal substance and that to 

molecules sharing the same biological activity but naturally occurring in feedstuffs. This may be the 

case of oestrogenic substances like phytoestrogens or the mycotoxin zearalenone (Mantovani et al., 

2009), especially when present at high concentrations, or of stressing conditions, which may affect 

blood and urine cortisol levels and possibly -AR cell concentrations (Odore et al., 2004), thus 

representing a possible bias for the full reliability of such candidate biomarkers for GC misuse. As a 

second line of evidence, most of the candidate biomarkers have emerged after experimental 

treatments of the target species and thus under strictly controlled conditions. The further necessary 

step is validation, an extremely challenging issue that has been included in the research programs 

of several scientific groups, which has to consider sources of error and of variability within the 



 

biomarker measurement itself, including the normal dynamic variation of the biomarker, not only 

on an individual basis but also taking into account the possible influence of breed, age, diet, and 

physio-pathological or environmental conditions to set ‘robust’ baseline values.  

The assessment of the link between the chronobiological onset of a biomarker and the 

kinetics of the related illegal GP(s) is a further - still largely unaddressed - issue. Although 

applicable only to the biomarkers occurring in biological fluids, and thus to living animals, this 

information is crucial in that the ideal biomarker should be able to identify a treated animal also 

when the GP levels in the same or in other matrices are beyond the limit of detection; this was the 

case for the specific truncated form of plasma apolipoprotein A in veal calves dosed with 

boldenone, as outlined in the above cited study by Draisci et al. (2007). As a further telling 

example, current research performed in our laboratory on biomarkers of DEX exposure in meat 

cattle serum and blood elements is concentrated on samplings collected at those timepoints 

corresponding to urinary DEX levels below the requested cut off of the official screening assays 

(Vincenti et al., 2009). 

Finally, for the reasons illustrated above, the state of the art of research in this particular 

branch of food safety does not allow for the time being to envisage a robust battery of biomarkers to 

be applied under field conditions in meat cattle. In this respect, biomarkers easily amenable to be 

commercialized (e.g. proteins or hormones) or already available as (radio)immunoenzymatic kits 

(e.g. cortisol, reactive oxygen species, osteocalcin) would probably represent a good compromise 

also in terms of costs/benefit. 
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Table 1.  
Overview of the experimental treatments referred to in the text. 
 

 
Treatment Schedule 

Bovine 
Category 
(Sex) 

Investigated  
Parameters 

References 

1. 17β-E 10 mg IM at day 0, 17 and 34 
                             and 
Clenbuterol 20 μg/Kg per os from day 17 
for 40 days 
                             and 
DEX sodium phosphate (4 mg for 6 days 
+ 5 mg for 6 further days) per os  from 
day 34  

Veal calves 
(M) 

Liver protein profiling; 
Receptor concentrations 
in target organs; 
β-AR and GR levels in 
circulating lymphocytes; 
Liver drug metabolising 
capacity 

Gardini et al. 
2006 
Odore et al. 2006 
 
Odore et al. 2007 
 
Cantiello et al. 
2008 

2. DEX sodium phosphate 0.4 mg per os for 
23 days 
                              or 
DEX isonicotinate 2 mg i.m. at day 14 
and 21 

Veal calves 
(M) 

Serum oxidative stress  Carletti et al. 
2007 

3. DEX sodium phosphate 0.75 mg per os 
for 48 days 

Finishing 
bulls 

Selected blood 
parameters (e.g. cortisol) 

Marin et al. 2008 

4. 17β-E (25 mg) + 19-NT (150 mg) i.m. at 
day 0, 14 and 28 
                             and 
DEX sodium phosphate 4 mg s.c. at day 
35 

Veal calves 
(M and F) 

Selected plasma 
components (e.g. urea, 
FSH, osteocalcin); 
  

Cacciatore et al. 
2009 
Mooney et al. 
2008 
Mooney et al. 
2009 

5. 19-NT 0.85 mg/Kg i.m. at day 0,14 and 
28 (heifers) 
                             or 
17β-E 0.15 mg /Kg i.m. at day 0, 14 and 
28 (steers) 

Heifers 
Steers 

Plasma SHBG binding 
capacity; 
Serum metabolic 
profiling 

Mooney et al. 
2009 
Cunningham et 
al. 2009 

6. Trenbolone acetate (140 mg ) + 17β-E 
(14 mg) by s.c. implantation for 39 days 

Heifers Blood cells gene 
expression analysis 

Riedmaier et al. 
2009 

7. β-BOL (9 mg) + ADD (1 mg)  per os 
(single administration) 

Veal calves 
* 

Plasma protein profiling Draisci et al. 2007 

8. 17β-E from 20 to 40 mg (increasing 
doses) i.m. six times every 7 days  
                             or 
17β-T from 150 to 200 mg (increasing 
doses) i.m. six times every 7 days  
                             or 
Glyburide (2.5 mg) + androsterone (1 
mg) per os for 37 days 

Veal calves 
(M) 

Serum protein profiling Della Donna et al. 
2009 

9. DEX sodium phosphate 0.75 mg per os 
for 50 days 
                             or 
DEX 1.32 g i.m. twice at 15 days interval 

Finishing 
bulls 

Urinary 6β-
hydroxycortisol/cortisol 
ratio 

Capolongo et al. 
2007 



 

10. DEX sodium phosphate 0.4 mg per os for 
23 days 
                             or 
DEX isonicotinate 2 mg i.m. at day 14 
and 21 

Veal calves 
(M) 

Urinary 6β-
hydroxycortisol/cortisol 
ratio 

Cantiello et al., 
2009 

11. Estradiol benzoate (10 mg) + 
Testosterone enantate (200 mg) s.c. every 
15 days for 2 months 
                             or 
Estradiol benzoate (10 mg) + Boldenone 
undecylenate (200 mg) s.c. every 15 days 
for 2 months 

Veal calves 
(M) 

Expression profiling of 
androgen-responsive 
genes in the prostate 

Toffolatti et al. 
2006 

12. 17β-E 10 mg i.m. four times every 15 
days 

Veal calves 
(M) 

Prostate gene expression 
profiling  

De Maria et al. 
2009 

13. Melengestrol acetate 0.5 mg per os for 56 
days 
                             or 
Trenbolone acetate (200 mg) by s.c. 
implantation for 56 days 
                             or 
Zeranol (36 mg) by s.c. implantation for 
56 days 

Heifers Uterus, liver and muscle 
gene expression profiling 

Reiter et al. 2007 

14. DEX 0.75 mg per os for 43 days 
                             or 
DEX 0.75 mg per os for 43 days + 17β-E 
20 mg i.m. at day 7, 21 and 35 

Finishing 
bulls 

Skeletal muscle gene 
expression profiling 

Carraro et al. 
2009 

 
17β-E, 17β-estradiol; DEX, dexamethasone; 19-NT, 19-nortestosterone; β-BOL, 1,4-androstadiene-
17β-ol-3-one; ADD, 1,4- androstadiene-3,17-dione; M, male; F, female. 
* unspecified sex 
 

 

 

 

 



 

 
Fig.1. Breakdown of the main candidate biomarkers for the exposure to illegal growth-promoters in 

meat cattle. 
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