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Weaning stress syndrome, associated with early 
weaning practices (3 to 4 weeks of age), is a 

common feature in intensive pig production sys-
tems. The sudden change from liquid to solid diet, 
a new environment, and the adaptation to a dif-
ferent social group inevitably induce stress, which 
negatively impacts gastrointestinal metabolism. 
This situation often leads to intestinal morphologi-
cal and functional changes that impair nutrient ab-
sorption1 and promote biochemical alterations in 
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the gut-brain axis, resulting in abnormal behavior, 
depression, low voluntary feed intake or anorex-
ia, and ultimately compromised performance.2–4 
Stress triggers the activation of the hypothalamic-
pituitary-adrenal (HPA) axis and the subsequent 
secretion of corticotrophin-releasing factor (CRF). 
Glucocorticoids, catecholamines, and CRF exert a 
direct action on the intestine, causing inflamma-
tion, decrease of immune system response, and re-
duction of functional intestinal mass. Cortisol is the 

OBJECTIVE
To describe citrullinemia profiles during the weaning transition and correlate citrulline production with stress and 
growth in a commercial pig farm.

ANIMALS
240 healthy piglets of homogenous weight, weaned from second and third parity sows, were selected at weaning 
and subjected to the farm’s routine management practices in May to July 2020 and May to July 2021.

PROCEDURES
Piglets were weighed at weaning, then 15 and 49 days later in order to calculate daily weight gain during the first 
15 and 49 days after weaning. Blood samples were collected from each piglet to determine citrulline and cortisol 
profiles during the early postweaning period.

RESULTS
Citrullinemia decreased dramatically during the first week postweaning and then increased progressively to reach 
preweaning values by 15 days postweaning. Citrulline production during the first 2 weeks postweaning was nega-
tively correlated with cortisol production (r: –0.2949) and positively correlated with mean daily weight gain during 
the first 15 (ρ: 0.5450) and 49 (ρ: 0.6603) days postweaning.

CLINICAL RELEVANCE
Citrullinemia profile of piglets during the early postweaning period showed a temporal negative impact of stress 
(assessed by plasmatic cortisol levels) on intestinal enterocytes’ mass and function, which resulted in a lower aver-
age daily weight gain. We demonstrated that a single biomarker, plasmatic citrulline, is useful to describe intestinal 
metabolism during the early postweaning period and that the greater the citrulline production during the first days 
after weaning, the higher the weight gain during the entire postweaning period.
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main glucocorticoid in pigs, and it has been shown 
to increase during the weaning transition as a con-
sequence of stress.5,6

Structural and functional biomarkers can be 
used to study intestinal and systemic changes in 
response to weaning, as follows: enzymatic activ-
ity (intestinal epithelial disaccharidases, trypsin, 
plasmatic cholecystokinin, etc), sugars absorp-
tion, villi length, crypts depth, colonic and cae-
cal bacteria, pH of stomach and intestinal con-
tents, weight of the intestine and pancreas, genes 
transcription and regulation, production of acute 
phase proteins, and fecal calprotectin, among oth-
ers.7–12 In most cases, animals must be slaughtered 
at different time points and several parameters 
must be analyzed together to explain a physiolog-
ic situation. A single variable obtained by a mini-
mally invasive intervention would be valuable to 
describe intestinal changes after weaning and pre-
dict growth performance by the end of the post-
weaning period.

Citrulline is a nonprotein amino acid entirely 
synthetized by the enterocytes in proximal seg-
ments of the small intestine.13,14 Citrullinemia 
has been used in humans as a biomarker of in-
testinal metabolic activity and enterocytes’ mass 
in various enteropathies like Crohn disease, villi 
atrophy, tropical enteropathy, mucositis, and 
acute rejection in intestinal transplantation.15–17 
In pigs, the precursors of citrulline are the most 
abundant dietary amino acids, L-glutamine and 
L-glutamate.18,19 Upon its synthesis, citrulline is 
released through the basolateral membrane into 
the portal circulation18 and bypasses the liver (as 
it is poorly incorporated into the hepatocytes) to 
enter systemic circulation.20 In this way, citrul-
linemia reveals as a proper biomarker for monitor-
ing intestinal function of piglets during the wean-
ing transition. Berkeveld et al8 determined that 
citrullinemia can be used as a longitudinal marker 
of intestinal function during the early postwean-
ing period, but that study was performed under 
experimental farm conditions where the animals 
were not exposed to typical commercial farms’ 
stressors such as high stocking densities (and 
large numbers of animals per pen rendering high-
er possibilities of fights to establish social rank), 
routine regrouping of animals, and exposure to 
different farm workers. Therefore, the purpose 
of the present work was to describe citrullinemia 
profiles during the weaning transition and corre-
late citrulline production with stress and growth 
in a commercial pig production farm.

Materials and Methods
This study was performed in a commercial pig 

production farm in Buenos Aires Province, Argenti-
na. All animals were subjected to the farm’s routine 
management practices in a farrow-to-finish produc-
tion system. The farm possessed a high health sta-
tus and no history of chronic diseases. Prophylactic 
antimicrobials were not used. The sows routinely 

received a combined erysipelas-parvovirus-lepto-
spirosis vaccine 10 days after farrowing, and anti-
parasitic drugs (for internal and external parasites) 
were used before entering the farrowing room. 
The piglets received a cirvovirus and mycoplasma 
single-dose vaccine at 28 days of age. Porcine re-
productive and respiratory syndrome, African swine 
fever, classical swine fever, and porcine epidemic 
diarrhea are not present in Argentina.21,22

Laboratory analyses were carried out at the 
Toxicology Laboratory of the Faculty of Veterinary 
Sciences, National University of the Center of the 
Buenos Aires Province-Veterinary Research Center 
of Tandil, Buenos Aires, Argentina. All procedures 
for animal handling were performed according to 
the Animal Welfare Committee of the National Uni-
versity of the Center of the Buenos Aires Province 
(Academic Council Resolution 087/02; internal 
protocol 16/2020) in compliance with EU Directive 
2010/63/EU.

Animals and sampling
Two hundred and forty piglets (50% [120/240] 

castrated males and 50% [120/240] females) of 
homogenous weight (6.03 ± 0.97 kg), weaned 
from second or third parity sows of the same com-
mercial genetic line (Swine Genetic Branch; Choice 
Genetics Co), were selected at weaning (20 ± 1 
days). The trial was carried out in 12 replicates of 
20 piglets each (6 replicates through mid-May to 
early July 2020 and 6 replicates through the same 
period in 2021). The selected animals were marked 
with a crayon as eligible. Seven eligible animals 
from each replicate were randomly designated for 
further sampling, tagged, and grouped with age-
matched mates at 0.35 m2/piglet in 25-m2 rooms 
inside the same barn with full slatted floors. En-
vironmental conditions were controlled by a com-
puterized automatic ventilation system using air 
extractors, evaporative cooling pads, and heating 
lamps to maintain room temperature (29 °C for the 
first 7 days and lowered by 1 °C each week there-
after). Stainless steel wet-dry feeders and stainless 
steel nipple drinkers (1 nipple/10 piglets) allowed 
free access to feed and water. High digestibility 
protein decreased from 22% to 19% and metabo-
lizable energy from 3,400 to 3,350 kcal/kg from 
the beginning to the end of the weaning stage (20 
to 70 days of age). Lysine contents and all other 
nutrients were supplied in compliance with the Na-
tional Research Council.23 Each piglet was weighed 
at weaning and 15 and 49 days later to calculate 
mean daily weight gain during the first 15 (ADG15) 
and 49 days (ADG49) after weaning.

For blood sampling, the animals were re-
strained manually in supine position, supported 
in the handler’s arms, carefully exposing the neck 
for venipuncture. Only 2 skilled veterinarians were 
authorized to carry out this procedure, which took 
15 seconds at most. Serial samples were collected 
from tagged piglets to determine citrulline and 
cortisol profiles during the first 15 and 12 days 
postweaning, respectively. Blood samples were 
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collected from the external jugular vein at wean-
ing (day 0) and 4, 8, 12, and 15 days later using a 
vacuum blood collection tube. Sampling began at 
8:00 am and took 30 minutes at most.

Plasma was obtained by centrifugation at 
11,200 g for 10 minutes and stored at –20 °C un-
til analyzed. Plasmatic cortisol concentrations 
were measured using a radioimmunoassay kit (IM 
1841; Beckman Coulter Co) previously used with 
pig plasma.24 The sensitivity of the assay was 5 
nmol/L and the intra-assay coefficient of variation 
was 6.4% between 20 and 2,000 nmol/L. All sam-
ples were measured in duplicates.

Plasmatic citrulline concentrations were ana-
lyzed by high performance liquid chromatogra-
phy with fluorescence detection according to the 
method described by Wu and Meininger.25 Briefly, 
100 μL plasma was taken into 2.0 mL centrifuge 
tubes and 200 μL of methanol was added for pro-
tein precipitation. After vortex mixing for 2 min-
utes, samples were centrifuged at 22,000 g for 10 
minutes. The clear supernatant was filtered through 
0.22 μm nylon membranes. For derivatization, 50 μL 
o-phthalaldehyde reagent was added to 50 μL of 
the supernatant and vortex mixed. The derivatiza-
tion step took place 5 minutes before injection into 
the high performance liquid chromatography with 
fluorescence detection system. Separation was 
achieved on a C18 stationary phase column of 5 
μm, 250 X 460 mm maintained at 30 °C. The mo-
bile phase consisted of (A) sodium acetate buffer 
50 mmol/L (pH 6.8) and (B) methanol:acetonitrile 
(2:1). A gradient elution method was used. Fluo-
rescence detector was set at 338 and 425 nm for 
excitation and emission, respectively. The detec-
tor’s response was linear over the range of 0.5 to 
20 µmol/L, being r2 coefficient > 0.999. The lower 
limit of quantification was 0.5 µmol/L. Accuracy 
(expressed as relative error) was 2.09%. Repeat-
ability and intermediate precision were < 10% for 
all concentrations analyzed.

Statistical analysis
Citrulline and cortisol area under the concentra-

tion versus time curves (AUCcit [measured as µmol 
X day/L] and AUCcor [measured as nmol X day/L], 
respectively) were calculated with software for phar-
macokinetics data noncompartmental analysis (PK 
Solutions version 2.0; Summit Research Services 
Co).26 AUC is used in endocrinology to estimate hor-
monal changes and assess overall production over a 
period of time.27

Statistical analyses were performed with standard 
software (RStudio version 4.2.2; RStudio Inc).28 Normal-
ity and homoscedasticity were assessed by Shapiro-Wilk 
and Barlett tests, respectively. The response variables 
plasmatic cortisol and citrulline concentrations were 
analyzed by repeated-measures ANOVA to evaluate 
sampling day effects. When ANOVA resulted in statis-
tically significant effects, the Tukey test was used to 
evaluate differences between sampling days. Results 
from 1 pig that died before the end of the trial were 
not included in the analysis.

Pearson rank-order correlation (r) was used to 
evaluate normally distributed data, and Spearman 
rank-order correlation (ρ) was used to evaluate data 
that were not normally distributed to determine as-
sociations between the following variables: AUCcit 
and plasmatic citrulline concentration at each sam-
pling day, AUCcit-AUCcor, AUCcit-ADG15, AUCcit-
ADG49, plasmatic citrulline concentration 4 days 
postweaning (CIT4)-ADG15, CIT4-ADG49, plasmatic 
citrulline concentration 8 days postweaning (CIT8)-
ADG15, and CIT8-ADG49. The level of statistical sig-
nificance was expressed as P < .05.

Results
Results for plasmatic citrulline concentration 

on day 4 were as follows: AUCcit and AUCcor were 
normally distributed, and the remaining variables 
were not normally distributed. Effects of sampling 
day were observed for plasmatic citrulline (P < .001) 
and cortisol (P < .001) concentrations (Table 1).  

Table 1—Mean ± SD plasmatic citrulline and cortisol 
concentrations on postweaning days 0, 4, 8, 12, and 15 
for 83 healthy piglets of homogenous weight, weaned 
from second and third parity sows of the same genetic 
line between May and July 2020 or May and July 2021 
in an intensive pig production farm in Argentina.

Days post-	 Plasmatic citrulline	 Plasmatic cortisol
weaning	 (µmol/L)	 (nmol/L)

0	 74.47 ± 15.42a	 145.60 ± 40.48a

4	 41.29 ± 14.73b	 180.37 ± 55.47b

8	 43.53 ± 19.56b	 148.40 ± 60.42a

12	 56.12 ± 23.05c	 137.44 ± 45.83a

15	 69.50 ± 20.92a	 NA

NA = Not assessed.
a–cFor each column, results with different letters differed 

significantly (P < .05).

Mean plasmatic citrulline concentrations decreased 
rapidly and dramatically during the early weaning 
period (up to 8 days postweaning) but raised again 
toward 12 days postweaning to reach preweaning 
values by 15 days after weaning. Mean ± SD AUC-
cit was 750 ± 180. AUCcit was positively correlated 
with CIT4 (r: 0.6941; P < .001) and CIT8 (ρ: 0.7096; 
P < .001; Figure 1). No correlation was obtained be-
tween AUCcit and citrulline concentration on day 0, 
12, or 15 postweaning.

On the contrary, plasmatic cortisol levels in-
creased significantly 4 days after weaning and fell to 
similar weaning values 8 and 12 days later. The mean 
± SD value obtained for AUCcor was 1975 ± 585. A 
negative correlation was found between AUCcit and 
AUCcor (r: –0.2949; P = .0210; Figure 2).

The piglets weighed 11.41 ± 2.13 kg and 27.20 
± 4.57 kg 15 and 49 days postweaning, respectively. 
Both ADG15 and ADG49 were as typically expected in 
the present production system, with mean values of 
0.38 ± 0.12 and 0.44 ± 0.08, respectively.
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Regarding correlations between citrullinemia 
and performance parameters, we observed that 
ADG15 was positively correlated with AUCcit (ρ: 
0.5450; P < .001), CIT4 (ρ: 0.2716; P = .0262) and 
CIT8 (ρ: 0.4112; P < .001; Figure 3) and that ADG49 
was positively correlated with AUCcit (ρ: 0.6603; P < 
.001), CIT4 (ρ: 0.5276; P < .001) and CIT8 (ρ: 0.4956; 
P < .001; Figure 4).

Figure 2—Correlation between plasmatic cortisol area 
under concentration-versus-time curve (AUCcor, mea-
sured as nmol X day/L) and AUCcit during postwean-
ing days 0 to 15 (r = –0.2949; P = .0210) for the piglets 
described in Figure 1.

Figure 1—Correlations between area under plasmatic 
citrulline concentration-versus-time curve (AUCcit, 
measured as µmol X day/L) and plasmatic citrulline 
concentration on day 4 postweaning (CIT4; r = 0.6941; P 
< .001; A) and on day 8 postweaning (CIT8; ρ = 0.7096; 
P < .001; B) for 83 healthy piglets of homogenous 
weight, weaned from second or third parity sows of the 
same genetic line between May and July 2020 or May 
and July 2021 in an intensive production farm in Argen-
tina. The solid line represents the correlation line, the 
dotted lines represent the 95% CI of the correlation line, 
and each circle represents the results for 1 animal.

Figure 3—Correlations between average daily weight 
gain 15 days postweaning (ADG15) and CIT4 (ρ: 0.2716; 
P = .0262; A), CIT8 (ρ: 0.4112; P < .001; B), and AUC-
cit (ρ: 0.5450; P < .001; C) for the piglets described in 
Figure 1.
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Discussion
In the present work, we studied the temporal 

changes of plasmatic citrulline concentrations asso-
ciated with early weaning in an intensive pig produc-
tion system. Our results showed an abrupt decrease 
in citrullinemia during the first 4 to 8 days postwean-
ing, followed by a gradual increase to reach pre-
weaning values by 15 days postweaning. In previous 
studies, we obtained similar citrullinemia profiles in 
weaned piglets that received different diets.29 These 

events are consistent with Montagne et al,10 who de-
scribed detrimental changes in the gut architecture 
and function associated to weaning during an acute 
and short time period (up to 5 days postweaning) 
followed by a gradual adaptative and maturational 
phase. Also, in agreement with our findings, Berkev-
eld et al8 showed that weaned piglets had lower 
plasmatic citrulline concentrations than their un-
weaned littermates during the first week postwean-
ing with the nadir 4 days postweaning. This effect 
can be explained by the impact of weaning stress on 
intestinal metabolism and functional enterocytes’ 
mass. The activation of the HPA axis toward stress 
responses produces negative intestinal changes 
associated with an increase of plasmatic CRF; pro-
duction of cortisol, adrenalin, and noradrenaline; 
oxidative stress; intestinal mast cell degranulation 
and release of inflammatory mediators; detrimental 
effects on the immune system; and dysbiosis.3,6,30–33 
At the same time, the piglets experience a dramatic 
reduction in nutritional intake34 and stress-induced 
anorexia develops in most of newly weaned piglets. 
According to Brooks et al,35 while 50% of the piglets 
take their first feed 24 hours after weaning, approxi-
mately 10% do not eat up to more than 48 hours later. 
Untoward results of these processes are reduced villi 
height, increased crypts depth, reduced enterocytes 
mass, and decrease of nutrient availability (including 
the amino acids glutamine, glutamate, and proline, 
which are precursors of citrulline synthesis) as a con-
sequence of anorexia.

The increase in plasmatic cortisol concentration, 
which is related to the HPA axis activation, has been 
widely used as a biomarker of stress in pigs. The 
cortisol surge that we observed during the initiation 
of the postweaning period in the present study is 
in agreement with other investigations.29,36,37 Note-
worthy, even though Wu et al37 demonstrated that 
augmented cortisol levels after weaning enhance the 
transcription of pyrroline-5-carboxylate synthase 
mRNA and therefore the capacity of enterocytes 
for citrulline synthesis from glutamine, it is possible 
that the lack of substrates overrides the improved 
enzymatic activity. The upregulation of citrulline 
biosynthetic pathway by cortisol may be an adapta-
tive response to the lack of nutrient absorption dur-
ing stressful situations. The large variation of plas-
matic citrulline and cortisol concentrations between 
individuals of the same group in the present study 
can be linked to the way each individual responds 
to weaning stress, expressing different modifications 
in the structure and functioning of the intestine.38 In 
this regard, different authors demonstrated great 
variability in absorption and other pharmacokinetic 
parameters of oral antimicrobials rendering variable 
therapeutic effects.39–43

As we observed in the present study, overall ci-
trulline production during early weaning period, 
represented by AUCcit, negatively correlated with 
overall plasmatic cortisol production, represented by 
AUCcor, providing further evidence of the detrimen-
tal impact of stress on intestinal metabolism. In line 
with these findings, higher citrullinemia during the 

Figure 4—Correlations between average daily weight 
gain 49 days postweaning (ADG49) and CIT4 (ρ: 0.5276; 
P < .001; A), CIT8 (ρ: 0.4956; P < .001; B), and AUC-
cit (ρ: 0.6603; P < .001; C) for the piglets described in 
Figure 1.
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early postweaning period indicates a better intestinal 
function, which in practice reflects in higher produc-
tive performance, as demonstrated by the positive 
correlation between AUCcit and ADG from weaning 
to 15 and 49 days later. Moreover, we have shown 
that citrullinemia measured on a single day during the 
acute phase of postweaning stress (day 4 or 8 post-
weaning in our study) can be used as an indicator of 
growth performance along the entire postweaning 
period. This information would be useful to evaluate 
groups of problematic piglets (eg, presenting diar-
rhea or another stressful situation) with only 1 blood 
sample from a representative number of animals and, 
if necessary, arrange nutritional or management in-
terventions to compensate for detrimental effects of 
gastrointestinal disorders after weaning.

Our results were limited to the described pro-
duction system (complete cycle) and genetic line. 
Moreover, the work was performed in a medium-
size commercial farm, with high sanitary standards 
and trained personnel that had been working in the 
farm as a team for at least 10 years, which created a 
rather ideal scenario to maintain good animal hus-
bandry practices and minimum stress. The reality of 
other types of production systems (wean-to-finish), 
genetics, or management (like routine use of pro-
phylactic antimicrobials or lack of creep feeding) 
may render different results. For example, we can 
speculate that in highly stressed animals (present-
ing aggressive behavior or high prevalence of in-
fections) plasmatic citrulline would decrease after 
weaning and maintain low concentrations through-
out the sampling period. In addition, for our study 
we selected litters from second or third parity sows, 
which are less prone to present farrowing difficulties, 
produce higher amounts of colostrum of better qual-
ity, and show better mothering ability than gilts or 
old animals.44 In this way, the selected litters would 
have benefited from a higher colostrum intake pro-
viding higher concentrations of maternal antibodies 
and mitogenic peptides (that trigger the develop-
ment of the gastrointestinal tract) than litters from 
gilts or old animals. At weaning, higher levels of ma-
ternal antibodies and a more developed gastrointes-
tinal tract would cushion the impact of stress on the 
gastrointestinal tract.

In the present work we demonstrated that a 
single biomarker, plasmatic citrulline, is useful to 
describe intestinal metabolism and function during 
the early postweaning period and established the 
relationship between citrullinemia and productive 
performance in commercial pig farming. In this way, 
citrulline production appears as an appropriate bio-
marker to identify intestinal functional responses to 
changes in diet composition, incorporation of feed 
additives or therapeutic treatments.
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