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ABSTRACT

In the past two decades, ractopamine has been used as a feed additive to increase protein synthesis in
farmed animals (swine, cattle, and turkeys) and to produce high-quality meat. However, the excessive
feeding of animals with ractopamine may result in its accumulation in animal and human tissues after
consuming the meat. Ractopamine is a trace amine-associated receptor1 and β-adrenoceptor agonist
banned in the EU but approved in the USA, and it may pose a potential risk to human health. In this paper,
the authors, for the first time, provide neurochemical evidence that ractopamine leads to the release of
dopamine from nerve terminals of the nigrostriatal pathway in the striatum.
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INTRODUCTION

Ractopamine, a synthetic biogenic amine (4-(1-hydroxy-2-{[4-(4-hydroxyphenyl)butan-2-yl]
amino}ethyl)phenol) (Fig. 1), is approved in the US and several other countries but is banned in
more than 100 countries, including the European Union, as a livestock feed additive used to
increase muscle quality and limit fat deposition [1]. Ractopamine is a selective TAAR1 agonist
[2] and has β-adrenoceptor agonist activity [3].

While most studies with ractopamine have mainly focused on exploring its effects on meat
quality, there is very little information on its activities in the central nervous system (CNS) [4].
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The possible link between neurodegenerative diseases such as Parkinson and Alzheimer have
been mentioned [5, 6]. Nevertheless, ractopamine does enter into the central nervous system
(CNS), as it has been shown that ractopamine increases aggressive behaviour in female pigs [7],
indicating its effect on the CNS [8].

It has been reported that there is a link between the chronic use of β-adrenoceptor antag-
onists, such as propranolol, and an increased risk of Parkinson’s disease [5, 9]. This association
was supported by clinical observation that chronic β-adrenoceptor agonist administration [10]
dose-dependently decreased the risk of neurodegenerative diseases: Parkinson’s and Alz-
heimer’s. Furthermore, biochemical evidence was obtained in human tissue that cytosolic sul-
fotransferase plays an important role in the detoxification of ractopamine [11]. Cytosolic
sulfotransferase is a human enzyme involved in the metabolism of catecholamines [12], such as
dopamine [11].

In Parkinson’s disease (PD) [1], the dysfunction of nigrostriatal dopaminergic and
cholinergic interneurons [13–16] is associated with symptoms that develop only after the
development of dopamine (DA) deficiency in the extrapyramidal system (caudate, putamen
and substantia nigra), suggesting that drugs able to increase the release of DA in the extra-
pyramidal system would be beneficial in the treatment of PD. A hypothesis was raised
that ractopamine, the feed additive, might present protective consequences for Parkinson
disease and reduce its incidence in the population ingesting meat containing ractopamine
residue [6].

This study aimed to examine the effects of ractopamine on the release of dopamine from
nerve terminals of the nigrostriatal pathway in ex vivo striatal slice preparations.

MATERIALS AND METHODS

The experiments were carried out in strict accordance with institutional guidelines, including the
European Directive (2010/63/EU). The animals (CD1 mouse of both sexes) are bred and kept in
the local animal facility.

The incubation and superfusion medium used in this study contained the following (in mM):
NaCl 118, KCI 4.7, CaCI2 1,4, NaHCO3 25, KH2PO4 1.25, MgSO4 1.25, glucose 11.5, ascorbic
acid 0.2, and pargyline 0.02; the medium was saturated with 5% CO2 in O2.

All experiments were performed at 37 8C in a Krebs solution (pH 7.4) containing 118 mM
NaCl, 4.7 mM KCI, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, and
12.5 mM glucose that was continuously saturated with 95% O2 þ 5% CO2. The Krebs solution

Fig. 1. Structure of ractopamine
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contained 10 μM pargyline. A thermoelectric device (Frigomix, B. Braun, Germany) was used to
keep the temperature of the bath solution at 37 8C.

Chemicals

All chemicals were obtained from Tocris Cookson Inc. (Bristol, UK.) The radioactive compound
was purchased from American Radiolabeled Chemicals, Inc. (USA) [3H]-dopamine specific
activity 5 60 Ci mmol�1.

The release of dopamine from mouse striatal slices

The striatum dissected from mice (30–45 g weight) was sliced into 400 μm thick sections, and
the slices were incubated in the presence of 3 μCi mL�1 (53 10�8 M) [3H]-dopamine (dopa-
mine-3,4[7,8-3H(N)], specific activity: 60 Ci mmol�1) at 37 8C for 45 min in 1 mL of Krebs
solution. After the loading period, the tissue was washed several times, transferred onto a
thermoregulated superfusion apparatus [17], and superfused at 37 8C with a 95% O2 þ 5% CO2

saturated Krebs solution. After a 30-min preperfusion (flow rate: 0.5 mL min�1), effluent
samples were collected every three minutes. During the collection of the 3rd (9 min) and 13th
(39 min) samples, the tissue was stimulated with square-wave impulses using a Grass 88
stimulator (30 V, 2 Hz, 1 ms impulse duration for 1 min (120 shocks)). Ractopamine was
administered as indicated and kept in the solution until the end of the experiment. The frac-
tional release (FR) due to R1 (FRR1) or S1 (FRS1) served as an internal control. At the end of the
experiment, the tritium content of the tissue was determined as previously described [18] and
was expressed in terms of disintegrations per gram of tissue (Bq/g). The FRS1 and FRS2 of [3H]-
dopamine release were calculated as the percentage of the total radioactivity present in the tissue
at rest (S1, S2). The basal resting release was determined during the collection periods before
(FRR1) and during (FRR2) ractopamine administration.

The slices were solubilised at the end of the experiment, and radioactivity content was
determined [19, 20] to calculate fractional release as a percentage of the radioactivity present in
the slices at the beginning of the stimulation period. The effect of ractopamine on the resting
release was expressed as the ratio of the fractional release (FR) values for the second (R2) and
first (R1) samples (FRR2/FRR1). The radioactivity of the fraction and the tissue was measured
with liquid scintillation spectrometry after the addition of the appropriate scintillation fluids.
The evoked release was calculated by subtracting the values of the basal release from the total
release during the stimulation period.

Statistical analysis

The statistical significance of the results was determined by Student’s t-test or by a two-way
analysis of variance (ANOVA) with subsequent comparisons by Dunn’s test. Statistical signif-
icance was set at P < 0.05. The data presented are the means ± SEM.
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RESULTS

Release of dopamine induced by ractopamine

The radioactivity uptake was 2.02 ± 0.17 106 Bq/g, and the release at rest was 0.42 ± 0.04%
(FRR1). Field stimulation (2 Hz, 120 impulses) increased the fractional (%FR) release of [3H]-
dopamine (FRS1 5 5.43 ± 0.78%, P < 0.05) (Fig. 2). Both resting (FRR2/FRR1) and stimulation-
evoked (FRS2/FRS1) releases were maintained. Ractopamine (10 μM) significantly enhanced the
resting release (Table 1). The release at rest (C) was significantly augmented (FRR2/FRR1 5 2.45
± 0.16 vs. control value 0.81 ± 0.05, P < 0.05, n 5 6). Nomifensine (10 μM), a selective DAT
blocker able to potentiate stimulation-evoked release [20], significantly prevented the effects of
ractopamine on DA release (Table 1), indicating the role of DAT n the release.

Fig. 2. Resting and stimulation-evoked fractional release of [3H]-dopamine from striatal slice preparations.
This tissue was loaded with [3H]DA (for details see Materials and Methods). The stimulation (2H2, 120

shocks)-evoked release of [3H]-dopamine is [Ca2þ]o-dependent and N-type of calcium channel is involved [29]

Table 1. Effect of ractopamine on resting release of [3H]-dopamine in ex vivo striatal slice preparation

n FRR1% FRR2/FRR1 Signif.

1. Control 8 0.42 ± 0.04% 0.81 ± 0.05
2. Ractopamine, 10 μM 6 0.68 ± 0.09% 2.45 ± 0.16 2:1 < 0.05
3. Nomifensine, 10 μM 4 0.61 ± 0.03% 0.85 ± 0.12 3:1 > 0.05
4. Nomifensine 10 μM þ Ractopamine

10 μM
6 0.88 ± 0.04% 1.10 ± 0.08 4:2 > 0.05

Ractopamine was administered at 8th fraction after R1 measured as the average of first and second
collection and kept in the perfusion fluid until the end of the experiments. Nomifensine was added 6 min
before ractopamine and both of them were left in the perfusion Knebb solution throughout the
experiments.
For the experimental procedure, see Fig. 2 The %FR of [3H]-dopamine evoked by ractopamine (10 μM) in
the striatum.
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DISCUSSION

While ractopamine has been approved by the US Food and Drug Administration as a feed
additive for use as a growth promoter in farmed animals, this compound is a topic of worldwide
debate and is still on the list of banned substances in the European Union and China [21].
Very few behavioural effects were observed in response to ractopamine administration. It was
shown that ractopamine increases aggressive behaviour in female pigs [7], indicating its effect on
the CNS [8]. There were further hypotheses on the association between the use of Ractopamine
and its role in neurodegenerative diseases in humans, such as Alzheimer’s and Parkinson’s
disease [6]. Nevertheless, convincing evidence has been observed that ractopamine is a selective
agonist of TAAR1 receptors [2]. Furthermore, TAAR1 receptors agonists (β-phenylethylamine,
3,4-methylenedioxymethamphetamine, mephedrone) have been shown that able to release DA
from the nucleus accumbens [22] in a dopamine transporter inhibitable manner.

The fact that our experiments, for the first time, provided neurochemical evidence that
ractopamine administration leads to the resting release of dopamine from nerve terminals of the
nigrostriatal pathway in the striatum al slice preparations (Table 1) raises the question of
whether the consumption of meat obtained from livestock treated with ractopamine will lead to
the accumulation of ractopamine in humans, which as ractopamine is a pharmacologically
active compound involved in cytosolic sulfotransferase activity, may pose a potential health risk
factor or would be beneficial in the disease. Our results with 10 μM ractopamine, although
exceeds the concentration calculated for livestock flesh of about 1.25 μM based on feed of 200
mg/head per day [2] is an indication that ractopamine consumed may be able to accumulate in
humans.

Nomifensine, a selective dopamine transporter (DAT)-blocking drug, inhibited the effect of
ractopamine on the release of DA (Table 1), indicating the important role of this transporter in
the nonsynaptic communication in the brain [19]. This interaction is similar to the mechanism
described for NMDA [22].

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, affecting
0.3% of the general population worldwide and approximately 1% of the older population. It is
pathologically characterized by a loss of nigrostriatal dopaminergic neurons that leads to
characteristic voluntary motor impairments [23]. There is clinical evidence that levodopa and a
few DA agonists mimicking the effect of endogenous DA are beneficial in the treatment of
motor impairments in PD [1, 24]. In addition, treatment with β-agonists has shown that there is
an inverse correlation between an increased risk of PD and the use of β-adrenoceptor-blocking
drugs [25]. It has to be mentioned that ractopamine is also a β-adrenoceptor agonist [21, 26].

In the extrapyramidal system DA release from the nigrostriatal boutons inhibits the release
ACh from cholinergic interneurons [27] via stimulation of D2 receptors [28–30]. A similar
interaction was found between NA and acetylcholine (ACh) in the gastrointestinal tract, in
which NA inhibits the release of ACh via the activation of α2 heteroreceptors, an observation
demonstrated to be the first neurochemical evidence of presynaptic inhibition. In contrast, the
release of NA inhibits its own release through α2 autoreceptors but fails to reduce the release of
ACh from vagal nerve endings [31, 32]. There is a one-sided interaction between sympathetic
and vagal innervation at the level of presynaptic axon terminals. In addition to its negative
feedback modulation, ACh inhibits the release of NA through muscarinic receptor stimulation
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[31]. This interaction seems to be important in the light of ractopamine with effect on
β-adrenoceptors expressed in the heart [3].

The recent finding that ractopamine is a full mTAAR1 agonist constitutes a novel mecha-
nism by which ractopamine can influence the physiology and behaviour of pigs [7, 8].

Dopamine receptor agonists, such as apomorphine given as monotherapy and in combi-
nation with levodopa [33], were found to be beneficial in the treatment of Parkinson’s disease.
MAO-B inhibitors such as selegiline and rasagiline as alternatives to levodopa were also found to
be a good choice for treating patients with Parkinson’s disease [34]. Hársing et al. have shown
that selegiline is capable of inhibiting DA uptake and releasing DA from isolated striatal slice
preparations, providing an explanation of its beneficial effect in PD [13].

The central nervous system effects associated to the consumption of meat containing this
additive cannot be anticipated, since agent-related food poisonings are rarely encountered, and
long-term utilization impact raises multiple questions [35].

The exact aetiology of PD is not yet known, and there is still no preventive strategy available.
In this respect, the effect of ractopamine on DA release in the striatum seems to be interesting
and raises the question of its application in PD. Nevertheless, its side effects on the CNS when it
enters the blood–brain barrier and affects neurochemical transmission increasing DA release
would be a potential risk for normal brain function. According to a recent scientific report for
European Commission [36] further studies are needed to reach the final conclusion as far as the
future of this livestock additive is concerned.
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