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Dopamine has multiple physiological functions including feed intake control in

which it can act as an anorectic or orexigenic agent. This study had the objective to

evaluate intra-abomasal administration of L-DOPA (levodopa; L-3,4-

dihydroxyphenylalanine) from -Mucuna pruriens on circulating catecholamines,

indicators of energy metabolism and feed intake in cattle. Eight Holstein steers

(340 ± 20 kg) fitted with ruminal cannula were used in a replicated 4 x 4 Latin

Square design experiment. Intra-abomasal infusion of L-DOPA at 0, 0.5, 1 and 2

mg/kg BW was carried out for seven days and blood samples were collected at 0,

30, 60, 120, 240 and 480 min from L-DOPA infusion on day 7. The area under the

curve (AUC) of plasma L-DOPA and free dopamine increased quadratically with the

administration of L-DOPA. However, the AUC of plasma total dopamine had a

positive linear response with the increase of L-DOPA. Conversely, the serum 5-

hydroxytriptophan (5-HTP), plasma serotonin, serum serotonin, serum tyrosine,

plasma glucose and plasma free fatty acids were not affected by the intra-

abomasal infusion of L-DOPA. The circulating concentration of the epinephrine,

norepinephrine, serotonin, glucose and free fatty acids did not change with L-

DOPA infusion. It can be concluded that intra-abomasal L-DOPA administration

produced a strong increase in circulating dopamine with no change in energy

metabolites and feed intake in cattle.
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1 Introduction

The dopaminergic system plays many important roles, such as motor

control, motivation, reward, cognitive function, and reproductive

behaviors (Klein et al., 2019). Dopamine itself is a neurotransmitter

associated with reward salience and is linked to food addiction in humans

(Mills et al., 2020). Studies suggest that dopamine may function as a

central caloric sensor that mediates adjustments in intake according to

the caloric density of a meal (Araujo et al., 2012) and palatable foods have

been shown to stimulate brain dopamine release (Hajnal et al., 2004).

Dopamine also has a role in energy balance (Mietlicki-Baase et al., 2015)

and glucose metabolism (Ren et al., 2010). Dopamine D2 receptors affect

insulin synthesis (Melkersson and Jansson, 2007; Garcıá-Tornadú et al.,

2010) as well as glucose tolerance (Garcıá-Tornadú et al., 2010). The

modulation of dopamine metabolism and consequently its roles (e.g.

behavior and feed intake) has potential to impact livestock production.

The effects of the dopaminergic system on feed intake control are

very complex and not completely understood. The expression of both the

insulin and leptin receptors in dopaminergic neurons support the notion

that post-absorptive signals may directly affect the activity of the

dopaminergic system in both central and peripheral systems

(Aslanoglou et al., 2021, Billes et al., 2012, Omrani et al., 2021).

However, the dopamine response on feed intake can also act

independently of insulin or leptin (Liu et al., 2011) with effects

associated with ghrelin (Andrews et al., 2009) and neuropeptide Y

(Kuo, 2002). Dopamine in the central neural system controls feed

intake largely by motivation (Morales and Berridge, 2020, Ott and

Nieder, 2019) while in the peripheral system feed intake is controlled

mainly through effects on energy metabolism, sympathetic stress

regulation, digestion and gastrointestinal motility (Mills et al., 2020).

Dopamine does not cross the blood-brain barrier (BBB); therefore,

dopaminergic signaling in the brain is functionally distinct from

peripheral pathways and can have many roles such as the regulation of

respiration, gastrointestinal motility and blood pressure (Rubı ́ and
Maechler, 2010). However, L-DOPA can cross BBB and be used for

dopamine synthesis (Figure 1) in both central and peripheral systems

(Dayan, 2003) and it is not as closely regulated as tyrosine, the primary

precursor (González-Sepúlveda et al., 2022). Although the dopamine

pools are independent between those systems, they also have

interconnected responses that can occur by vagus-mediated dopamine

neuron activity (Fernandes et al., 2020, Müller et al., 2022). Because

dopamine can control both initiation and termination of a meal (Joshi
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et al., 2022), the determination of the optimum dose of its precursor is

critical to the viability of the use of L-DOPA in farm animals.

Although L-DOPA has been used to treat Parkinson’s disease for

decades (Lenka et al., 2022), its potential benefits for use in livestock is

unknown. L-DOPA extraction from plants is relatively simple using

acidified water (Dhanani et al., 2015). Most studies have usedMucuna

pruriens, a high L-DOPA content plant, as a protein ingredient

(Vadivel and Pugalenthi, 2010; Madzimure et al., 2014; Peniche-

Gonzalez et al., 2018) and it is usually treated to reduce L-DOPA or

restricted to a low inclusion of seeds and leaves when fed to livestock

to avoid toxicity by excessive L-DOPA.

Many studies with lab animals have produced conflicting results

regarding dopamine effects on feed intake in which a dopamine

receptor is responsible for mediating the effect (Davis et al., 2009;

Land et al., 2014). Increased dopamine D2/D3 receptor binding in the

anteroventral striatum has been reported in patients with anorexia

nervosa (Frank et al., 2005). Conversely, stimulation of the D1

dopamine neurons increases feeding in rats (Land et al., 2014).

Szczypka et al. (2000) observed that rats incapable of synthesizing

dopamine in dopaminergic neurons gradually become aphagic and

died of starvation. The differing results are caused by multiple factors

such as the concentration of dopamine, site of action (peripherical or

central system), receptors, type of stimuli (reward), behavior,

association with hormones (insulin, leptin, ghrelin), energy balance

and others. Dopamine contributes to addiction through reinforcing

positive stimuli (Volkow et al., 2017). Joint activity between both

dopaminergic and serotonergic systems have been suggested (Fischer

and Ullsperger, 2017; Jennings, 2013) However, in studies using rats

the relation between concentration and synthesis of those

neurotransmitters has shown divergent results (Algeri and Cerletti,

1974; Biskup et al., 2012). The complexity of dopaminergic

metabolism can modulate other systems. Dopamine is a precursor

of epinephrine (Meiser et al., 2013) which is related to stress events

and produces an anorexigenic response (Wallace and Fordahl, 2022).

There is a lack of information about the modulation of dopamine

metabolism without triggering an undesirable response in livestock.

Overall, information about dopamine metabolism in farm animals is

scarce, there are few studies evaluating L-DOPA and its potential

benefits in cattle, and no information regarding intestinal dosing

effects on feed intake. This study had the objective of evaluating intra-

abomasal infusion of pure L-DOPA on circulating catecholamines,

indicators of energy metabolism and feed intake in cattle.
FIGURE 1

Pathway of catecholamines synthesis.
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2 Materials and methods

The experiment was performed under approval by the Animal

Care and Use Committee at the University of Kentucky.

2.1 Animals and design

Eight Holstein steers (340 ± 20 kg) fitted with ruminal cannulas

(Bar Diamond, Inc., Parma, ID, USA) were used in a replicated 4 x 4

Latin Square design experiment. Temporary i.v. catheters (14 Ga x

13 cm, Mila International, Inc., Florence, KY, USA) were inserted into

the jugular vein one day before sampling in each period.

All steers were housed indoors in individual pens (3 x 3 m) each

with its own feed bunk and water supply. A thermoneutral status was

maintained at 22°C with a light:dark cycle of 14 h light and 10 h dark.

The experiment included one 12-day period for acclimation to

diet and facilities and four experimental periods of 7 days. In each 7-

day period, the first 2 days were used for a washout of the previous

treatment. The L-DOPA was administered from day 3 to 7 and

samples were collected on day 7. Preliminary tests (unpublished) in

steers indicated low residual effects of L-DOPA on circulating

dopamine. Body weight (BW) was measured before feeding at the

beginning and the end of each 7-day period.
2.2 Treatments and diet

The treatments were intra-abomasal infusion of L-DOPA at 0,

0.5, 1 and 2 mg/kg BW. The doses were chosen based on published

information from i.v. infusions in cattle (Kasuya et al., 2017). The
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steers had ad libitum access to alfalfa cubes offered once a day at

0730 h allowing for 5% orts. Sixty grams of mineral supplement were

given daily (Table 1).

Intra-abomasal infusions were accomplished by placing an

infusion line made of flexible 6.3 mm o.d. tubing (Tygon®) and a

plastisol washer (60 mm o.d.) through the reticulo-omasal orifice into

the abomasum. The omasal pillar was used as a landmark and the

washer was manipulated until it was distal to the pillar. The infusion

line was inserted at the beginning of the experiment.

Pure L-DOPA fromMucuna pruriens (Nutrivita, Lake Forest, CA,

United States) was infused in a single dose using a syringe in the

course of 1-2 min immediately before feeding (0730 h). The L-DOPA

dilutions were dissolved in 40 mL of ultrapure water immediately

before the infusion. Only water (40 mL) was infused in the treatment

without L-DOPA. After the infusion, 30 mL of water was infused to

purge the infusion line of any remaining L-DOPA. The dosage was

calculated based on individual body weight measured and adjusted

each period.
2.3 Feed intake

The offered feed was adjusted daily according to the orts from the

previous day, allowing for 5% orts. Feed intake was recorded daily.

Feed and orts were sampled every week and analyzed for dry matter

(DM, index 920.39) according to AOAC (1990). Additionally, dry

matter intake (DMI) was expressed relative to body weight (g/kg BW)

with BW estimated by linear regression using BW taken throughout

the experiment.

The DMI from day 2 was used as basal intake and data from day 3

to 7 (5 days) were used as treatment response. The feed intake

distribution throughout the day was monitored every minute by an

electronic scale with datalogger attached to each animal’s feed bunk

(Campbell Scientific, Logan, Utah, United States). Feeding behavior

(frequency of meals (meals/d), average meal size and duration) was

calculated for each animal on each day (from day 3 to 7) as described

previously (Egert-McLean et al., 2019).
2.4 Blood sampling

Blood was collected on day 7 from the jugular vein of each steer at

0, 30, 60, 120, 240 and 480 min from L-DOPA infusion. Before blood

sample collection, 10 mL of blood and lock solution were aspirated

from the catheter and discarded. Then a 20-mL sample of blood from

the jugular catheter was collected into syringes, 12 mL was transferred

to a 15-mL tube with 20 μL of HCl (6 M), 400 μL EDTA disodium salt

(0.1M) and 80 μL Na2S205 (0.5M), 4 mL of blood was transferred to a

tube with clot activator for serum and 4 mL were transferred to a tube

with sodium fluoride. After blood collection, a lock solution of

heparin (20 U/mL of saline) was infused (5 mL) into the catheter to

flush blood and maintain patency. Blood samples in the tube with clot

activator were kept at room temperature in the dark for 45-60 min for

clotting to occur before centrifugation. Blood samples for plasma were

immediately centrifuged after collection and samples for serum were

centrifuged after clotting at 3600 x g for 15 min at 10 °C. Plasma and

serum aliquots were transferred to 1.5 mL tubes and kept at -80°C
TABLE 1 Chemical composition (g/kg) of the diet fed to steers dosed
abomasally with levodopa (L-DOPA).

Item1 Alfalfa cubes Mineral supplement

Crude Protein 159 –

aNDF 418 –

NFC 231 –

TDN 570 –

Calcium 23.1 –

Potassium 20.2 –

Phosphorus 3 –

Sodium 1.3 470

Magnesium 3.8 4.8

Iron – 9.3

Zinc – 5.5

Copper – 1.8

Iodine – 0.11

Cobalt – 0.065

selenium – 0.018
1NDF, neutral detergent fiber corrected for ash; NFC, non-fibrous carbohydrate; TDN, total
digestible nutrient.
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until analysis. Plasma for dopamine analysis was deproteinized using

4M HClO4 at the ratio of plasma:HClO4 of 1:0.2.
2.5 Urine sampling

Total urine excretion was collected under vacuum on day 7 using

an abdominal funnel connected to a bucket. A solution of HCl (120

mL, 6 M) was added to the buckets to prevent microbial growth and

oxidation of dopamine metabolites in the urine. Urine was weighed

and sampled at 4, 8 and 24 h after L-DOPA infusion. After each

sampling, the bucket was emptied.
2.6 Biochemical analysis

Plasma samples were analyzed for content of L-DOPA, free and

total dopamine, and free serotonin while serum was analyzed for

concentration of 5-hydroxytryptophan (5-HTP), total serotonin,

t y ros ine , t ryp tophan us ing h igh per fo rmance l iqu id

chromatography (HPLC) with fluorescence detection.

Dopamine was analyzed as described previously (Boomsma et al.,

1992) with modifications. For free dopamine extraction, 2 mL of

plasma or 0.1 mL of urine were deproteinized with 0.4 or 0.02 mL of

4M HClO4 and centrifuged at 10,000 x g for 10 min. The supernatant

was transferred to a 2-mL tube and combined with 2 mg of acid-

activated alumina, 1 mL of 2 M Tris-HCl buffer (pH 8.6) and 5 ng of

dihydroxybenzylamine as internal standard. To complete the

extraction of the catecholamines, the alumina-treated samples were

vigorously agitated in a vortex (1200 rpm) for 15 min followed by a 1-

min centrifugation (5,000 x g) and the supernatant was discarded.

Afterwards, the alumina was washed 2 times with 1 mL of ultrapure

water, shaken for 15 s, centrifuged for 1 min and supernatant was

discarded. Catecholamines were subsequently eluted from the

alumina with 50 mL of 0.05 M HClO4 and sonicated for 10 min.

For total dopamine, after deproteinization the samples were heated at

100 °C for 60 min then cooled in an ice bath. Afterwards, the samples

were centrifuged, and the extraction of dopamine was carried out as

described above.

The 5-HTP, serotonin, tyrosine and tryptophan were analyzed as

described previously (Valente et al., 2021) with modifications. Serum

and plasma samples were deproteinized by adding 0.2 mL of 4 M

HClO4 to 1 mL of sample, followed by vortexing, and centrifuging at

20,000 × g for 10 min at 4°C. The supernatant was transferred to

another tube diluted four-fold with ultrapure water and the pH was

adjust to 3-4 with KOH and centrifuged at 20,000 × g for 10 min at 4°

C. Ultimately, 20 mL of this supernatant was injected into the HPLC

for analysis.

Separation of compounds were carried out using a HPLC (model

2695; Waters, Milford, Massachusetts, EUA) with a fluorescence

detector (model 2475; Waters, Milford, Massachusetts, EUA) and

an ultraviolet detector (Model 2487; Waters, Milford, Massachusetts,

EUA). A C18-PFP column (4.6×150 mm, 3 mm, ACE) was used at 40 °

C. The mobile phase consisted of 0.05 M KH2PO4 with methanol

(85:15, v/v; pH 4.3), at a flow rate of 1.0 mL/min. The fluorescence

detector was used with excitation wavelength set at 278 nm and the
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emission wavelength at 338 nm for 5-HTP, serotonin, tyrosine and

tryptophan. For dopamine and L-DOPA the mobile phase consisted

of 0.05 M KH2PO4 with methanol (92:8, v/v; pH 2.8), at a flow rate of

1.0 mL/min, the excitation wavelength was set at 280 nm and the

emission wavelength at 320 nm. Urinary dopamine was analyzed as

described above after centrifuging at 10,000 x g for 15 minutes and

diluting 50-fold with water.

Analysis of norepinephrine and epinephrine, with dopamine-d4

as an internal standard, was performed with a Waters Acquity H-Plus

ultra-performance liquid chromatography (UPLC) system equipped

with a Waters Xevo TQ-S Cronos triple quadrupole mass

spectrometer (Waters, Milford, MA USA). Hydrophilic interaction

chromatography (HILIC) was utilized for separation using a Waters

Acquity UPLC BEH amide column (2.1mm x 150mm x 1.7 um)

operated at 45°C with a 10 uL injection volume (Waters, Ireland). The

mobile phase consisted of a mixture of 0.1% formic acid in water (A)

and 0.1% formic acid in acetonitrile (B) with a flow rate of 0.6 mL/

min. Initial conditions of 15% A and 85% B were held from 0 to

0.6 min, followed by a linear gradient to 35% A and 65% B over 8 min,

with a return to initial conditions and held until 12 min. The mass

spectrometer was operated in positive electrospray ionization mode

(ESI+) with detection and quantitation of the ions performed by

multiple reaction monitoring (MRM) of the ion transitions: 152 m/z

to 107 m/z for norepinephrine, 184 m/z to 166 m/z for epinephrine

and 158 m/z to 141 m/z for dopamine-d4 internal standard.

Glucose and free fatty acid (FFA) contents were analyzed in

plasma samples using an automatic analyzer (Konelab 20XTI;

Thermo Electron Corporation) and a commercial glucose

hexokinase assay kit and an enzymatic colorimetric assay kit

(Infinity TM, Thermo Scientific), respectively.
2.7 Statistical analysis

All data were analyzed as a replicated 4 x 4 Latin square using the

MIXED procedure of SAS (OnDemand for Academics, 2022; SAS

Inst. Inc. Cary, NC). The area under the curve (AUC) was calculated

using GraphPad Prism 9.4 (GraphPad Software, San Diego, CA,

United States) with the linear trapezoidal method.

The circulation metabolites were analyzed as following model:

Yijk = μ + Si +  Pj +  DOPAk + LSl +  eijkl

Where, Yijk is the dependent variable, μ is the overall mean, Si is

the effect of steer, Pj is the effect of period, DOPAk is the effect of the

L-DOPA level, LS is the effect of Latin Square and eijkl is the

residual error.

Intake, feeding behavior and metabolites in the urine were

analyzed as repeated measurements over time. The model included

the fixed effects of treatment, the hour or day of sampling/measuring

and their interaction, and the random effect of animal and period.

Various covariance structures of errors were fitted; the best structure

for each variable was selected based on the lowest Bayesian

information criterion (BIC). The following model was used:

Yijklmn = μ + Si +  Pj + DOPAk +  Tl + DOPA x Tm + LSn +   eijklmn
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Where, Yijklmn is the dependent variable, μ is the overall mean, Si
is the effect of steer, Pj is the effect of period, DOPAk is the effect of the

L-DOPA level, Tl is the effect of sampling/measuring time, DOPA x

Tm is the interaction between treatment and time, LS is the effect of

Latin Square and eijklmn is the residual error.

Shapiro and Wilk’s (1965) test for normality was performed using

procedure Univariate of SAS. The L-DOPA, dopamine and serotonin

data were transformed according (Box and Cox, 1964) because of the

lack of normality as following:

Y(l) =
Yl−1
l ,   if   l   ≠   0

log y,   if   l =   0

(

The lambda for each variable was calculated using SAS Transreg

with model boxcox ranging from -2 to 2. After statistical analysis, the

data were back-transformed to concentration for presentation. The

standard error (SE) of the back-transformed data was calculated from

the confidence limits of the transformed data as follows:

SE =
 upper CL  − lower CL

3:92

Where upper CL is back-transformed upper confidence limit and

lower CL is back-transformed lower confidence limit.

The DM intake before infusion (basal intake) was used as a

covariate for evaluation of DM intake after infusion. For all datasets,

an orthogonal partition of the sum of squares of treatments into linear

and quadratic responses was obtained after the analysis of variance

using the ORPOL function in PROC IML to obtain the appropriate

coefficients for the CONTRAST statement due to the unequal spacing

between treatments. Statistical significance was considered at P ≤ 0.05

and tendency was considered at 0.05 < P ≤ 0.10.
3 Results

The area under curve (AUC) of plasma L-DOPA, free and total

dopamine increased (P< 0.01) quadratically with the administration
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of L-DOPA (Table 2). Conversely, the serum 5-HTP, plasma

serotonin, serum serotonin, serum tyrosine, plasma glucose and

plasma free fatty acids were not affected (P > 0.05) by the intra-

abomasal infusion of L-DOPA. Serum tryptophan tended to increase

quadratically (P = 0.088) with the 0.5 mg/kg BW dose before

returning to baseline.

There was an interaction (P< 0.001) between treatment and time

for plasma L-DOPA though no interaction (P > 0.05) was found for free

and total dopamine (Figure 2). Plasma L-DOPA had a peak at 1 h after

dosing with the concentration decreasing close to baseline after 2 h with

no difference (P > 0.05) between doses (Figure 2A). Plasma free

dopamine had a peak at 2 h after intra-abomasal L-DOPA

administration at the 1 and 2 mg/kg BW doses, and a less evident

peak at 1 h after the infusion at the 0.5 mg/kg BW dose (Figure 2C).

However, plasma free dopamine was steady after 4 h. Plasma total

dopamine had a peak at 1 h after the L-DOPA infusion (Figure 2E).

Plasma free dopamine had a slight decrease post-peak followed by a

steady concentration whereas, plasma total dopamine declined after the

peak. The AUC of L-DOPA and total dopamine increased quadratically

(Figures 2B, F) while the AUC of plasma free dopamine was best

described by a logistic model (Figure 2D) indicating a plateau in the

increase. The plasma L-DOPA increased 46, 902, 2289 and 3707% 1h

after infusion and feeding for the 0, 0.5, 1 and 2 mg/kg BW doses,

respectively. Moreover, 2h after infusion the plasma L-DOPA

concentration had a drastic reduction and the increase in plasma L-

DOPA in relation to the concentration before infusion was 36, 90, 72

and 180% for the doses 0, 0.5, 1 and 2 mg/kg BW, respectively. ()

The circulating concentration of epinephrine and norepinephrine

after L-DOPA administration did not change (P > 0.05) (Figures 3A, B).

Plasma serotonin increased (P< 0.001) 2 h after feeding and returned to

baseline after 4 h (Figure 4A). However, neither plasma or serum

serotonin were affected (P > 0.05) by L-DOPA infusion (Figures 4A, B).

The plasma glucose and FFA were not affected (P > 0.05) by the L-

DOPA doses (Figures 5A, B). However, the glucose increased (P<

0.001) and FFA decreased (P< 0.001) after feeding.

Although there was no interaction between treatment and time

(P = 0.150) for urinary L-DOPA, free and total urinary dopamine had
TABLE 2 Area under the curve of circulating metabolites in steers receiving intra-abomasal infusion of levodopa (L-DOPA).

Item1
L-DOPA dose, mg/kg BW

SE
P-value2

0 0.5 1 2 TRT Linear Quadratic

L-Dopa 45.2 103.8 145.6 276.1 25.4 <0.001 0.037 <0.001

Free DA 1.18 2.60 8.65 14.63 1.18 <0.001 0.670 <0.001

Total DA 3.11 33.9 52.15 106.4 12.5 <0.001 0.016 <0.001

serum 5-HTP 147.8 143.1 149.7 146.5 15.7 0.890 0.957 0.977

plasma 5-HT 999 983 1032 1013 335 0.987 0.861 0.922

serum 5-HT 6114 6717 6942 5952 1750 0.472 0.689 0.134

serum TRP 66.1 70.9 68.7 65.2 5.9 0.210 0.412 0.088

serum TYR 85.3 89.3 83.7 83 112.5 0.599 0.427 0.743

plasma glucose 733.8 733.2 760.5 737 14.6 0.488 0.630 0.450

plasma FFA 0.509 0.484 0.509 0.539 0.026 0.476 0.516 0.237
f

1DA, dopamine; 5-HTP, 5-hydroxytryptophan; 5-HT, serotonin; TRP, tryptophan; TYR, tyrosine; FFA, free fatty acids; samples were taken 0, 30, 60, 120, 240 and 480 min after L-DOPA infusion.
2TRT, effect of treatment; Linear, linear effect; Quadratic, quadratic effect.
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an interaction (Figures 6A, C, E). Most of the L-DOPA, free and total

dopamine were excreted in the first 4 h after the administration of L-

DOPA (Figures 6A, C, E). There was no difference (P > 0.05) between

treatments in the urinary excretion of L-DOPA after 4h post-

administration of L-DOPA. The excretion of free and total

dopamine were similar (P > 0.05) between the doses of L-DOPA

after 8 h post-infusion. Daily excretion of L-DOPA, free and total

dopamine were increased (P< 0.05) by administration of L-DOPA

(Figures 6B, D, F). While urinary L-DOPA and total dopamine

responded quadratically (P< 0.05), the free dopamine in urine

increased linearly (0.018). The daily urinary dopamine was 10 to

40-fold higher than urinary L-DOPA with the highest ratio at the

highest dose.

The DMI was high (over 30 g/kg BW) indicating a high-quality

diet and a high palatability of the alfalfa cubes. L-DOPA infusion

did not affect (P = 0.125) the daily DMI. There was no effect

(P > 0.05) of L-DOPA administration on duration, size or number

of meals.
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4 Discussion

Dopamine has multiple physiological functions in both central

and peripheral systems with most of the actions determined by

vesicular exocytosis (Liu and Kaeser, 2019). L-DOPA has been used

for several decades as a drug for normalizing brain dopamine and

controlling motor symptoms in Parkinson’s disease (Boelens Keun

et al., 2021). However, there is a lack of information about its use in

livestock production. Although dopamine metabolism has been

extensively studied in humans and lab animals, it is not well

established how intestinally supplied L-DOPA affects dopamine

metabolism in cattle. Many dopamine roles such as feed intake

(Mills et al., 2020), energy metabolism (Mietlicki-Baase et al., 2015),

immune system (Broome et al., 2020), and behavior (Ginane et al.,

2015) could be points to improve animal health and production. This

study showed that circulating dopamine may be increased several fold

after intra-abomasal infusion of L-DOPA without adverse effects

in cattle.
frontiersin.org
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FIGURE 2

Changes in plasma L-DOPA overtime (A), area under curve (AUC) of L-DOPA (B), free dopamine (DA) over time (C), AUC of DA (D), total DA over time (E)
and AUC of total DA (F) following intra-abomasal infusion of L-DOPA at 0, 0.5, 1 and 2 mg/kg BW. TRT is the effect of treatment, T is the time effect and
TRT*T is the interaction. Each value is expressed as the mean ± standard error (n = 8).
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The strong increase in circulating L-DOPA at the first hour after

administration followed by a rapid decline in the next hour indicates

an efficient absorption and clearance system. The half-life of L-DOPA

is about 1 h in humans (Murata, 2006) which is similar to that

observed in this study. Tyrosine hydroxylase is the rate-limiting

enzyme for catecholamine biosynthesis from tyrosine, and

dopamine, epinephrine and norepinephrine are the products of the

pathway. This enzyme is used as a feedback mechanism for

controlling synthesis of the catecholamine neurotransmitters

(Daubner et al., 2011). Conversely, aromatic amino acid

decarboxylase is not a rate-limiting enzyme with a wide distribution

in the body and it rapidly converts L-DOPA to dopamine, post-
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absorption (Ayano, 2016). Therefore, the fast disappearance of L-

DOPA after absorption, which was evidenced by circulating L-DOPA

returning to basal concentration around 2 h after administration, is

associated with a rapid synthesis of dopamine by this enzyme. It is

thought that dopamine synthesis primarily occurs in dopaminergic

neurons, but it also can occur in cells from peripheral tissues (Matt

and Gaskill, 2020) increasing circulating dopamine.

The different response between free and total dopamine (plateau vs

non-plateau) in the peripheral system can be considered a protective

mechanism against overstimulation of the dopaminergic neurons. It

seems that free dopamine is allowed to increase rapidly with the

availability of L-DOPA until a certain level, afterwards a different
BA

FIGURE 3

Plasma epinephrine (A) and norepinephrine (B) 4 h after administration of L-DOPA at 0, 0.5, 1 and 2 mg/kg BW. TRT is the effect of treatment. Each value
is expressed as the mean ± standard error (n = 8).
BA

FIGURE 4

Plasma (A) and serum (B) serotonin after administration of L-DOPA at 0, 0.5, 1 and 2 mg/kg BW. TRT is the effect of treatment, T is the time effect and
TRT*T is the interaction. Each value is expressed as the mean ± standard error (n = 8).
BA

FIGURE 5

Changes in plasma glucose (A) and free fatty acid (FFA) (B) following intra-abomasal infusion of L-DOPA at 0, 0.5, 1 and 2 mg/kg BW. TRT is the effect of
treatment, T is the time effect and TRT*T is the interaction. Each value is expressed as the mean ± standard error (n = 8).
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control mechanism, e.g., increase of dopamine conjugation, occurs

resulting in a plateau phase. This type of dose-dependent response may

be associated with differing Km of the enzymes used for dopamine

synthesis and conjugation. Most of the circulating dopamine is

conjugated (Merbel et al., 2011), which is not the active form. This

sequestration of free dopamine is a protective mechanism. For example,

dopamine sulfate has a half-life of a few hours, compared to a few

minutes for free dopamine (Eldrup, 2004). Taken together, the longer

half-life of conjugated dopamine and the fact the conjugation can be

reversible (Pellock and Redinbo, 2017), suggests the conjugation of

dopamine can prolong the viability of circulating dopamine.

Although the plasma dopamine was consistently increased with

administration of L-DOPA, norepinephrine and epinephrine were not

affected. Norepinephrine is synthesized from dopamine by the enzyme

dopamine b-hydroxylase and can be converted to epinephrine by the

enzyme phenylethanolamine N-methyltransferase (Meiser et al., 2013).

The results of this study suggest that circulating norepinephrine and

epinephrine are closely regulated and independent of plasma dopamine

in the bovine. Circulating epinephrine is found in low concentrations and
Frontiers in Animal Science frontiersin08
can strongly increase during acute stress (Ziegler et al., 2012; Capellino

et al., 2020). The peripheral norepinephrine can communicate with the

central nervous system by activating the vagal nerve b-adrenergic
receptors (Wong et al., 2012). Because epinephrine is associated with

short-term responses to stressors by initiating behavioral and

physiological changes that permit an organism to confront the stressful

stimulus and overcome it, the classic “fight or flight”mechanism (Wong

et al., 2012), the stimulation of this neurotransmitter by a nutraceutical is

not desired. Over activation of adrenergic receptors by epinephrine is

important to survival in certain occasions. The dopamine has potential to

be used to improve feed intake and reduce stress in cattle and the

independency between circulating dopamine and epinephrine in bovines

can be beneficial for the modulation of dopamine because there is a low

risk of undesirable responses on production provoked by epinephrine.

It has been suggested that some serotonin and dopamine systems

may act as mutual opponents (Daw et al., 2002). Conversely, dopamine

and serotonin can also have joint activity carrying essential reward

information (Fischer and Ullsperger, 2017). Administration of high

doses of L-DOPA, intra-peritoneally (200 mg/kg) but not orally (250
B
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FIGURE 6

Changes in urinary (ng/mg of creatinine) L-DOPA over time (A) and daily (B), free dopamine (DA) over time (C) and daily (D), and total DA over time
(E) and daily (F) following intra-abomasal infusion of L-DOPA at 0, 0.5, 1 and 2 mg/kg BW. TRT is the effect of treatment, T is the time effect and
TRT*T is the interaction. Each value is expressed as the mean ± standard error (n = 8). Urinary creatinine was 6.78, 7.21, 6.82 and 7.01 for the 0, 0.5,
1, and 2 L-DOPA doses, respectively.
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mg/kg), decreases brain serotonin in rats (Algeri and Cerletti, 1974).

The reduction of serotonin after L-DOPA administration observed in

some studies with lab animals is believed to be induced by competition

with tryptophan for the amino-acid transporter on serotonin neurons,

which can also synthesize dopamine, and subsequently for aromatic

amino-acid decarboxylase (Stansley and Yamamoto, 2015). The

absence of changes in serotonin in this study may be explained by

the moderate L-DOPA doses tested (0-2 mg/kg BW). However, to the

best of our knowledge, this is the first study that evaluated the

interaction of dopamine and serotonin in cattle; therefore, it is not

possible infer about possible specie differences. There is a lack of

information about the effect of L-DOPA on peripheral serotonin and

most of the negative effects on brain serotonin were caused by doses

several fold higher than those used in this study.

The direct effect of dopamine on energy metabolism, plasma glucose

and free fatty acid content, was not evident in this study. Dopamine was

found to modulate endocrine pancreatic hormones and may provoke

hyperglycemia in both lab animals and humans (Rubı ́ and Maechler,

2010). It is established in humans that dopamine has direct inhibitory

effects on the secretion of the adipogenic hormone insulin and modifies

the action of insulin in peripheral tissues and fatty acid metabolism (Rubı ́
and Maechler, 2010). There is direct evidence that dopamine release is

stimulated by glucose delivery to the gut (Ren et al., 2010). Moreover,

taste and caloric density can increase extracellular dopamine release

(Araujo et al., 2012). However, most of those effects are linked to

peripheral sensors with the response in the central nervous system and

they are associated with food intake. Also, there is not any available data

describing how this would be different in a ruminant where little glucose

enters the small intestine. Postprandial plasma L-DOPA and dopamine

can increase plasma glucose in rats (Korner et al., 2019). Activation of the

dopamine D1 receptor–expressing neurons in the nucleus accumbens

(region involving in motivation and reward) increases glucose tolerance

and insulin sensitivity in mice (Ter Horst et al., 2018). The lack of

response of dopamine on glucose may be associated with the pattern of

dopamine stimulation which may not evoke a reward stimulus.

The urinary concentration of L-DOPA was much smaller than free

and total dopamine indicating that the main pathway to excretion of L-

DOPA is through dopamine metabolism. Dopamine disappears from

the circulation by oxidative deamination, O-methylation (Matt and

Gaskill, 2020) or excretion in urine in the free and conjugated forms

(Tuomainen and Männistö, 1997). Most of L-DOPA, free and total

dopamine were excreted in the first 4 h indicating a rapid metabolism.

The higher concentration of dopamine than L-DOPA (10 to 40-fold) is

evidence that the disappearance of L-DOPA in plasma was caused by a

rapid metabolism to dopamine rather than excretion.

In the present study, the increase of circulating dopamine did not

cause a measurable change in daily DMI or meal distribution

throughout the day showing that food intake control is a

sophisticated system and it is dependent on several mechanisms

rather than only the availability of dopamine in the blood. Dopamine

has been shown to be important to feed control, as it has been shown

that dopamine-deficient mice die of starvation unless dopamine is

restored (Hnasko et al., 2004). In ruminants, feed intake is controlled by

manymechanisms including the reward system (Ginane et al., 2015). In

humans, eating disorders and obesity are associated with the dopamine

role in the central nervous system on the reward system (Opmeer et al.,
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2010). However, a recent study of eating disorders suggests it is also

related to peripheral dopamine levels (Mills et al., 2020).

The results showed that high circulating dopamine did not reduce

feed intake or change feeding behavior in cattle. This information

should be considered when evaluating L-DOPA as potential

nutraceutical because dopamine can act in both stimulatory and

inhibitory effects on feed intake. It should be noted that the diet in

the present study was highly palatable and feed intake was high

perhaps offering a limited chance to see increased intake. Injection of

L-DOPA into the perifornical hypothalamus produced a dose-

dependent suppression of feeding in hungry rats (Leibowitz and

Rossakis, 1979). However, rats eating seeds containing L-DOPA did

not change the daily feed intake (Huisden et al., 2019). Although

dopamine may be associated with increasing food intake triggered by

the reward mechanism, dopamine also has a feedback control on food

seeking in both central and peripheral neural systems. It is unclear

whether the lack of effect of L-DOPA on feeding behavior occurred

because peripheral dopamine does not modulate intake in cattle or

whether the pattern of L-DOPA administration did not evoke a

reward mechanism on feed intake. Blockade of peripheral

dopamine D2 receptors with dopamine antagonist or knockdown of

striatal D2 increases food intake in rats (Reinholz et al., 2008; Johnson

and Kenny, 2010). Conversely, treatment with the D2-like receptor

agonist reduced hyperphagia in rats (Davis et al., 2009) and goats

(Kaya et al., 1994). The results suggest that the increase of circulating

dopamine did not overstimulate peripheral dopamine D2 receptors

and consequently, did not activate negative feedback on feed intake.

The thermoneutral environment and the diet based on alfalfa cubes,

a high processed feedstuff with high nutritional quality, used in this

study contributed to a dry matter intake possibly close to a maximum

potential for growing steers (over 30 g/kg BW). Although the increasing

of activity of D1 neurons in the prefrontal cortex increases feed intake in

rats through motivated feeding behavior (Land et al., 2014), the stimulus

to feed intake triggered by a dopaminergic reward mechanism is

expected to be less intense in animals that already have a high feed

intake. When the homeostatic needs are attended, the reward

mechanisms on feed intake became blunted (Ginane et al., 2015b).
5 Conclusion

Intra-abomasal L-DOPA administration increases circulating

dopamine with no corresponding change in feed intake or feeding

behavior, circulating serotonin or energy metabolites. L-DOPA

absorption and metabolism is rapid with a peak at 1 h after abomasal

administration and clearance in the blood after 2 h. However, the

dopamine clearance is much slower, and circulating dopamine is

increased through the day. Future studies should evaluate the pattern

of L-DOPA administration with different diets to trigger the reward

mechanism by dopamine and its potential stimulation of feed intake.
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