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Abstract
There are marked decreases in plasma concentrations of cortisol and arginine (an essential amino acid for neonates) as well 
as intestinal citrulline synthesis in piglets during the first 14 days of life. The objective of this study was to test the hypoth-
esis that increasing plasma cortisol concentrations by cortisol administration may prevent the decline in intestinal citrulline 
and arginine synthesis from proline, thereby possibly increasing plasma arginine concentration in suckling piglets and their 
growth. Seven-day-old pigs reared by sows received daily intramuscular injections of hydrocortisone 21-acetate (25 mg/
kg) or vehicle solution (saline) (n = 10/group). At 14 days of age, piglets were used to prepare jejunal enterocytes. Cells 
were incubated at 37 °C for 30 min in oxygenated Krebs buffer containing 5 mM glucose, 2 mM [U-14C]proline, and 2 mM 
glutamine. Cortisol treatment increased plasma cortisol concentration, mitochondrial proline oxidase and N-acetylglutamate 
synthase activities, cytosolic argininosuccinate lyase activity, and the intracellular concentrations of N-acetylglutamate and 
carbamoyl phosphate for citrulline and arginine synthesis. However, cortisol treatment induced the expression of intestinal 
arginase-II for arginine hydrolysis, resulting in no change in plasma arginine concentration. Administration of cortisol had 
no effect on milk consumption or the whole-body growth rate of piglets, but increased villus height in the jejunum and ileum. 
Collectively, these results suggest an important role for proline oxidase and N-acetylglutamate in regulating citrulline and 
arginine synthesis from proline in pig enterocytes. Because proline catabolism plays an important role in modulating protein 
synthesis, cell proliferation, and arginine production, our findings may have important implications for understanding the 
role of proline oxidase in the growth and health of the mammalian small intestine.
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Abbreviations
ASL	� Argininosuccinate lyase
ASS	� Argininosuccinate synthase
BSA	� Bovine serum albumin
DTT	� Dithiothreitol
HPLC	� High-performance liquid chromatography
KHB	� Krebs–Henseleit bicarbonate
NAG	� N-acetylglutamate
OAT	� Ornithine aminotransferase
OCT	� Ornithine carbamoyltransferase
P5C	� ∆1-Pyrroline-5-carboxylate

Introduction

The milk of most mammals, including humans (Davis et al. 
1994) and swine (Wu and Knabe 1994; Wu et al. 2018) is 
remarkably deficient in arginine despite a particularly high 
requirement for this amino acid by suckling pigs. Thus, 
milk-fed neonates must be able to synthesize arginine 
to grow, develop, and survive. The pig is a useful animal 
model to elucidate the metabolic pathways for arginine syn-
thesis (Beaumont and Blachier 2020; Wu et al. 2018). The 
small intestine is the exclusive source of citrulline for the 
endogenous synthesis of arginine in piglets to compensate 
for low arginine intake (Wu and Knabe 1994; 1995), and 
plays an important role in regulating arginine homeostasis 
in the neonates (Flynn and Wu 1996). Glutamine, gluta-
mate, and proline (abundant amino acids in sow’s milk) are 
major precursors for the synthesis of citrulline and arginine 
by enterocytes of postnatal pigs, and the intracellular com-
partmentalized pathway for the conversion of proline into 
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citrulline and arginine is illustrated in Fig. 1. Of particular 
interest, the intestinal synthesis of citrulline and arginine 
from proline decreases markedly in 14-day-old suckling 
pigs, compared with 0- to 2-day-old pigs (Wu 1997), lead-
ing to a deficiency of arginine and suboptimum growth in 
sow-reared piglets (Wu et al. 2018). Because aberrations of 
intestinal function and malnutrition remain major factors 
for high morbidity and mortality in piglets (Hernandez et al. 
2020; Kirkden et al. 2013) and because arginine plays a cru-
cial role in intestinal integrity, nutrition, host immunity, and 
whole-body homeostasis (Zhang et al. 2021), it is imperative 
to identify means to inhibit the substantial decline in the 
intestinal synthesis of citrulline and arginine from proline 
during the suckling period.

Plasma cortisol concentrations in pigs decrease progres-
sively during the suckling period (Hoskinson et al. 1990). 
We have shown that cortisol enhances the catabolism of 
glutamine for the synthesis of citrulline and arginine by 
enterocytes of suckling piglets (Flynn and Wu 1997a, b). 
On the basis of the previous finding that cortisol increased 
proline oxidase activity in rat liver (Kowaloff et al. 1977) 
and cultured cells (Kowaloff et al. 1978), we hypothesized 
that increasing plasma cortisol concentration by cortisol 
administration may attenuate the decline in intestinal citrul-
line and arginine synthesis from proline in suckling pigs. 

This hypothesis was tested in the present study with the use 
of 7–14-day-old pigs.

Materials and methods

Chemicals

Unless indicated otherwise, all chemicals used for this study 
were obtained from Sigma Chemicals (St. Louis, MO).

Animals

This research was approved by Texas A&M University’s 
Animal Use and Care Committee. Pigs were the offspring 
of Yorkshire × Landrace sows and Duroc × Hampshire boars, 
and were housed in the Texas A&M University’s Swine 
Center. Lactating sows had free access to a diet consisting 
of the following (%, as-fed basis): corn grain, 57.5; soybean 
meal (44.5% crude protein), 27.0; cornstarch, 3.07; sugar-
cane molasses, 2.78; potassium chloride, 0.10; NaCl, 0.35; 
vitamin-mineral premix, 3.0; vegetable oil, 3.0; dicalcium 
phosphate, 2.5; and limestone, 0.70 (Rezaei 2015). This 
diet contained 90% dry matter, 3.32 Mcal of metabolizable 
energy/kg diet, and 17.5% crude protein [including 1.1% 
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Fig. 1   Synthesis of citrulline and arginine from proline in the entero-
cytes of the small intestine of most mammals (including humans and 
pigs). This metabolic pathway spans both the mitochondria and the 
cytosol. The conversion of proline into citrulline occurs exclusively in 
the mitochondria of enterocytes. Arginine is formed from citrulline in 
the cytoplasm of almost all cell types. In the neonatal small intestine, 

the near absence of arginase maximizes the output of arginine into 
the portal circulation. In adults, most of the intestine-derived citrul-
line is released into the portal circulation, bypasses the liver, and is 
extracted primarily by the kidneys for arginine synthesis. CP carba-
moyl phosphate; CPS-I carbamoylphosphate synthase I; OAT ornith-
ine aminotransferase
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arginine and 1.46% proline as analyzed by high-performance 
liquid chromatography (HPLC) after acid hydrolysis (Hou 
et al. 2019; Li and Wu 2021)]. Piglets were allowed to 
nurse freely during the entire experimental period. Seven-
day-old male piglets from five litters (4 piglets/litter) were 
assigned randomly within litters into two groups (10 piglets/
group), and received daily intramuscular injections of either 
hydrocortisone 21-acetate (25 mg per kg body weight) or 
vehicle solution (saline, 1 mL) for 7 consecutive days, as 
described by Wu et al. (2000). This dose of cortisol was cho-
sen because it was found in our previous study to increase 
the expression of arginase and glutaminase in enterocytes of 
suckling pigs (Flynn et al. 1997a). Body weights were meas-
ured at the beginning and end of the cortisol treatment. At 
day 0, blood samples (3 mL) were obtained from the umbili-
cal vein of newborn pigs immediately after birth. At days 8 
and 14 of age, blood samples (3 mL) were withdrawn from 
the jugular vein into heparinized tubes at 1 h after suckling. 
At day 14, after blood sampling, piglets were euthanized 
for obtaining the small intestine (see below). For compari-
son with proline oxidase in enterocytes, liver and kidney 
samples were also obtained. This study was approved by 
the Texas A&M University Institutional Animal Care and 
Use Committee.

Preparation of enterocytes

Enterocytes were prepared from the jejunum of piglets, as 
described previously (Wu et al. 2000). We chose the jejunum 
but not duodenum and ileum to isolate enterocytes because 
the metabolic studies involved intensive labor. Briefly, pigs 
received intramuscular injections of atropine (0.05 mg/kg 
body weight) followed by ketamine and acetylpromazine 
(4.76 and 0.24 mg/kg body weight, respectively). After this 
preanesthetic procedure, 5% halothane was administered via 
a face mask to achieve a surgical plane of anesthesia. After 
the abdomen was opened, the duodenum (approximately 
first 10 cm), jejunum, and ileum were removed and kept 
in physiological saline until use for cell isolation. In pigs, 
the jejunum and ileum constitutes approximately 40% and 
60%, respectively, of the small intestine length below the 
duodenum (Wu 2018). Samples (approximately 3 cm) of the 
duodenum, jejunum, and ileum were obtained and fixed in 
paraformaldehyde for histological preparation.

Before the isolation of enterocytes, the lumen of the jeju-
num was washed three times with saline. The jejunum was 
then filled with oxygenated (95% O2/5% CO2) Ca2+-free 
Krebs–Henseleit bicarbonate (KHB) buffer supplemented 
with 5 mM EDTA and 5 mM glucose (Wu et al. 1994), and 
was placed in a flask containing this buffer. The flasks were 
incubated in a shaking waterbath (37 °C, 70 oscillations/
min) for 20 min. The cells were separated from the jejunal 
mucosa by gently patting the jejunum with the fingertips for 

1 min. Only enterocytes from the villus tip and mid-villus 
of the jejunum were removed, whereas its crypt cells and 
the muscularis mucosa were left intact as determined by 
examining the morphology of intestinal segments before 
and after cell isolation (Wu and Knabe 1995). Enterocytes 
were collected by draining the luminal fluid into a polys-
terene tube (Fisher Scientific, Houston, TX). The cells were 
washed three times with oxygenated KHB buffer (EDTA-
free) containing 2.5 mM CaCl2 and 20 mM Hepes (pH 7.4), 
by centrifugation at 600 g for 2 min, and then suspended in 
this buffer.

Determination of activities of arginase, proline 
oxidase, and the enzymes for converting 
∆1‑pyrroline‑5‑carboxylate (P5C) into arginine

Mitochondria and the cytosol were prepared from freshly 
isolated enterocytes for measuring the activities of argin-
ase, proline oxidase, and the enzymes for converting P5C 
into arginine (Fig. 1), as described previously (Wu et al. 
1996a; Dillon et al. 1999). Enzyme assays were performed 
at 37 °C at two protein levels (0.2 and 0.5 mg) and at three 
time points [0, 7.5, and 15 min, as previously described (Wu 
et al. 1996a, b; Wu et al. 1997; Dillon et al. 1999).

Determining N‑acetylglutamate (NAG) synthase 
activity as well as NAG and carbamoyl phosphate 
concentrations in enterocyte mitochondria

Freshly isolated enterocytes (~ 100 mg protein) were homog-
enized at 4 °C in 4 mL buffer (pH 7.4) containing 300 mM 
mannitol, 1 mM EDTA, 0.2 mM DTT, 5 mM Hepes buffer, 
and protease inhibitors (5 μg/mL phenylmethylsulfonyl 
fluoride, 5 μg/mL aprotinin, 5 μg/mL chymostatin, 5 μg/
mL pepstatin A). The homogenates were centrifuged at 
600 g, 4 °C, for 10 min. The supernatant was centrifuged at 
10,000 g, 4 °C, for 10 min. The resultant mitochondrial pel-
lets were suspended in a buffer (pH 7.4) consisting of 20 mM 
potassium phosphate, 1 mM EDTA, and 0.2 mM DTT. The 
mitochondria were lysed with 0.2% Triton X-100 (also a 
stabilizer of NAG synthase), and stored at − 80 °C until use 
within 3 days for determining NAG synthase activity, as well 
as NAG and carbamoyl phosphate concentrations.

NAG synthase activity was measured as described by 
Yamada and Wakabayashi (1991) with modifications. 
Briefly, the assay mixture (0.2 mL) contained 1 mM L-[U-
14C]glutamate (2.5  μCi/μmol; American Radiolabeled 
Chemicals, St. Louis, MO), 0.5 mM acetyl-CoA, 1 mM 
arginine, 1 mM EDTA, 50 mM Tris buffer (pH 8.2), and 
enzyme preparation (0.5–1 mg protein). The mixture was 
incubated at 25 °C for 0, 15 and 30 min, and the reaction 
was terminated by the addition of 10 μL of 1 M HCl. To the 
acidified mixture, unlabeled NAG (100 nmol) was added 
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as an internal standard to correct for the chromatographic 
recovery of [14C]NAG. The mixture was applied to Dowex 
50 W-X8 resin (H+ form, 200–400 mesh (0.6 × 5 cm). The 
column was washed with 2 mL water, and the 2-mL effluent 
(containing NAG but no glutamate) was mixed with 38 µL 
of 1 M KOH and 0.25 mL of 250 mM potassium buffer (pH 
7.5). Aminoacylase (0.5 mg) was added to the solution, and 
the mixture was incubated at 37 °C for 90 min for convert-
ing [14C]NAG to [14C]glutamate. The aminoacylase reaction 
was terminated by the addition of 38 µL of 6 M HCl, and 
the acidified solution was applied to Dowex 50 W-X8 resin 
(H+ form, 200–400 mesh) (0.6 × 5 cm). After the column 
was sequentially washed with 12 mL of water and 4 mL 
of 1 M HCl, [14C]glutamate was eluted with 8 mL of 1 M 
HCl into a scintillation vial. An aliquot (0.2 mL) of the col-
lected solution was used for HPLC analysis of the glutamate 
derived from internal NAG standard for the calculation of 
NAG recovery, and the remaining solution was measured 
for 14C-radioactivity using a liquid scintillation counter (Wu 
et al. 1994).

NAG was determined by HPLC as described by Alonso 
and Rubio (1985) with modifications. Briefly, the mito-
chondrial pellet (~ 0.5 mL) were mixed with 1 mL of 1.5 M 
HClO4, and the acidified solution was neutralized with 
0.5 mL of 2 M K2CO3. The extract was adjusted to pH 2 
with 1 M HCl, and applied to Dowex 50 W-X8 resin (H+ 
form, 200–400 mesh) (0.6 × 5 cm). The column was washed 
with 2 mL H2O, and the effluent was neutralized with 1 M 
KOH and then mixed with 0.3 mL of 250 mM potassium 
phosphate buffer (pH 7.5). An aliquot (1 mL) of the solution 
was incubated with 0.5 mg aminoacylase at 37 °C for 0 or 
90 min, and this aminoacylase reaction was terminated by 
the addition of 0.2 mL of 1.5 M HClO4. The acidified solu-
tion was used for glutamate analysis by HPLC.

Carbamoyl phosphate was determined using ornithine and 
OCT (Sigma Chemicals), as previously described (Wu et al. 
1994). Determination of NAG and carbamoyl phosphate 
included corrections for endogenous amounts of mitochon-
drial glutamate and citrulline, respectively.

Incubation of enterocytes

For studies of proline catabolism, enterocytes (10 × 106 cells/
mL) were incubated at 37 °C for 0 or 30 min in 2 mL of 
KHB buffer (pH 7.4, saturated with O2/CO2, 19:1) contain-
ing 20 mM Hepes, 1% BSA, 5 mM glucose, 2 mM L-[U-14C]
proline (2500 dpm/nmol; American Radiolabeled Chemi-
cals, St. Louis, MO) and 2 mM glutamine. Glutamine was 
used to provide: (1) ammonia for the production of carba-
moyl phosphate by the cells (Wu et al. 1994), and (2) glu-
tamate for the conversion of proline-derived P5C into orni-
thine (Wu 1997). At the end of the incubation, 1 mL of 
medium plus cells was used for determining intracellular 

specific activities of [14C]proline, [14C]ornithine and [14C]
citrulline, as previously described (Wu 1997). The remain-
ing portion of medium plus cells was acidified with 0.2 mL 
of 1.5 M HClO4, and used for analyses of amino acids by 
HPLC involving precolumn derivativization with o-phtal-
dialdehyde (Wu et al. 1994). Intracellular specific activities 
of [14C]proline, [14C]ornithine and [14C]citrulline were used 
to calculate synthesis of ornithine, citrulline and arginine 
from proline, respectively (Wu 1997). For studies of arginine 
catabolism, enterocytes (10 × 106 cells/mL) were incubated 
as described above, except that the medium contained no 
[14C]proline, unlabeled proline or glutamine, and arginine 
metabolites were measured by HPLC (Wu et al. 1996a).

Uptake of proline by enterocytes

This was performed as described by Dillon et al. (1999). 
Briefly, 1 mL of KHB medium (pH 7.4), which contained 
enterocytes (1 mg protein), 5 mM glucose, 2 mM glutamine, 
0.5 and 2 mM proline plus [U-14C]proline (0.05 μCi/mL), 
and 0.1 mM gabaculine (an inhibitor of ornithine ami-
notransferase), was incubated at 37 °C for 2 min. Cell sus-
pension was prewarmed to 37 °C before addition to KHB 
medium (prewarmed to 37 °C). At the end of a 2-min incu-
bation period, 50 μL of [3H]inulin (an extracellular marker; 
0.5 μCi/mL) plus 100 μg/mL unlabeled inulin was added 
to the incubation medium, and 0.25 mL of the mixture was 
immediately transferred in duplicate to a 1.6-mL microcen-
trifuge tube which contained 0.7 mL of an oil mixture of 
bromododecane and dodecane (20:1, vol/vol) overlaid on 
0.2 mL of 1.5 M HClO4 (Davis and Wu 1998). Cells were 
rapidly separated from the medium through the oil layer 
into the acid layer by centrifugation (12,000×g, 1 min). 
The upper layer (incubation medium) was removed, and 
washed three times with KHB buffer. After the oil layer was 
removed, the acid layer was assayed for 14C and 3H using a 
dual-channel program in a Packard liquid scintillation coun-
ter (Wu et al. 1994). A small amount of 3H radioactivity 
in the acid layer was used to correct for contamination by 
the incubation medium, and proline uptake was calculated 
on the basis of 14C radioactivity in the acid layer and the 
specific activity of [14C] proline in the incubation medium.

Analysis of plasma cortisol and amino acids

Blood samples withdrawn into heparinized tubes were 
immediately centrifuged at 2000 g for 5 min at 4 °C to obtain 
plasma. Cortisol in the plasma was analyzed using a radio-
immunoassay kit (Diagnostic Products, Los Angeles, CA), 
as previously described (Flynn and Wu 1997a). One mL of 
the remaining plasma was deproteinized with 1 mL of 1.5 M 
HClO4 and then neutralized with 0.5 mL of 2.0 M K2CO3. 
Amino acids in neutralized plasma extracts were analyzed 
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by HPLC methods involving precolumn derivatization with 
o-phtaldialdehyde (Wu et al. 1994).

Histological preparation and examination 
of intestinal morphology

Preparation and examination of the intestinal morphology 
was performed as previously described (Wu et al. 1996b). 
Samples of the duodenum, jejunum, and ileum were split 
open lengthwise, pinned to cork and floated upside down in 
paraformaldehyde, allowing the samples to be suspended in 
solution. The samples were fixed in paraformaldehyde for 
24-h after which they were rinsed and kept in 70% ethanol 
until processed for histology. Ten well-oriented villi per his-
tology slide were measured for villus height, crypt depth, 
and lamina propria depth (from the base of the villus to the 
muscularis mucosae) using a microscope (MicromasterTM 
Model E) with a calibration ruler (×40 magnification; Fisher 
Scientific, Houston, TX).

Protein determination

Protein in enterocytes, as well as their mitochondria and 
cytosol was determined by a modified Lowry procedure 
using BSA as a standard (Wu et al. 1994).

Milk consumption

Milk consumption was estimated by the weigh-suckle-weigh 
technique using an additional twelve male 7-day-old pigs to 
avoid an effect of daily handling (i.e., intramuscular admin-
istration of saline) on the expression of intestinal enzymes 
(Wu et al. 2000). There were 6 piglets per treatment group, 
and they were from 3 litters (4 piglets/litter). Piglets were 
treated with cortisol or vehicle solution, as described above. 
At days 1, 4, and 7 of cortisol administration, the body 
weights of piglets were measured before and after suckling 
every 1.5 h during a 12-h period from 8:00 AM to 8:00 PM 
to estimate milk intake.

Statistical analysis

Results are expressed as mean ± SEM. Data for intestinal 
weight, intestinal morphology, enterocyte metabolism, 
enterocyte enzyme activities, and plasma amino acid con-
centrations in the control and cortisol groups were ana-
lyzed by the unpaired t test (Steel and Torrie 1980). Data 
on plasma cortisol concentrations, body weight, and milk 
intake were analyzed using the two-way analysis of vari-
ance for repeated measurement (Lee et al. 2019). Probability 
values < 0.05 were taken to indicate statistical significance.

Results

Milk consumption

Milk consumption by 8-, 11-, and 14-day-old piglets in the 
control group was 305 ± 34, 287 ± 32, and 277 ± 30 mL/kg 
body weight/day (means ± SEM, n = 6 piglets), respectively. 
Milk consumption by 8-, 11-, and 14-day-old piglets in the 
cortisol group was 289 ± 40, 272 ± 37, and 262 ± 36 mL/kg 
body weight/day (means ± SEM, n = 6 piglets), respectively. 
At days 8, 11, and 14 of age, milk consumption did not differ 
(P > 0.05) between control and cortisol-treated piglets. How-
ever, milk intake by piglets was reduced (P < 0.05) with age.

Plasma cortisol concentrations

There was a marked decrease (P < 0.01) in plasma cortisol 
concentrations in untreated piglets during the first 14 days of 
life (Table 1). Daily administration of cortisol prevented the 
decline in plasma cortisol concentrations. On days 8 and 14 
of postnatal life, plasma cortisol concentrations in cortisol-
treated piglets were similar to those observed at birth.

Table 1   Plasma concentrations of cortisol in piglets treated with cor-
tisol or saline

Data, expressed as μg/L, are means ± SEM, n = 10, and were analyzed 
by two-way ANOVA for repeated measurements and the SNK test. 
Seven-day-old sow-reared piglets received daily intramuscular injec-
tions of cortisol or vehicle solution (saline) for 7 consecutive days, as 
described in text
a–c Within a column, means without the same superscript letter are dif-
ferent (P < 0.05)
*P < 0.01 different from the Control (saline) group

Age of pigs (d) Control pigs Cortisol-treated pigs

0 25.7 ± 1.8a 24.6 ± 2.2
8 6.81 ± 0.77b 22.3 ± 2.0*
14 2.34 ± 0.25c 21.9 ± 1.7*

Table 2   Body weights of piglets at 7- and 14-days of age

Data, expressed as kg, are means ± SEM, n = 10. Piglets started to 
receive daily intramuscular administration of cortisol or saline (con-
trol) at 7 days of age for 7 consecutive days
*P < 0.01 vs. the corresponding value for 7-day-old pigs

Treatment Age of piglets Weight gain in 7 days

7 days 14 days

Control 2.49 ± 0.21 4.06 ± 0.27* 1.57 ± 0.18
Cortisol 2.56 ± 0.23 4.15 ± 0.35* 1.59 ± 0.21



1962	 E. L. Dillon, G. Wu 

1 3

Animal and intestinal growth

Cortisol treatment had no effect (P > 0.05) on body weight 
gains (Table 2), but increased (P < 0.05) jejunal and ileal 
weights by 16 and 18%, respectively (Table 3). Duodenal 
weights were similar between control and cortisol-treated 
pigs. The weight of the total small intestine was 17% greater 
(P < 0.05) in cortisol-treated pigs compared with control 
pigs. Duodenal, jejunal and ileal lengths did not differ 
(P > 0.05) between control and cortisol-treated piglets.

Intestinal morphology

Data on intestinal morphology are summarized in Table 4. 
Cortisol treatment had no effect (P > 0.05) on the villus 
height, crypt depth, or lamina propria depth of the duode-
num, but increased (P < 0.05) villus height in the jejunum 

and ileum by 13–14%. Cortisol treatment had no effect 
(P > 0.05) on the crypt depth or lamina propria depth of the 
jejunum or ileum.

Enzyme activities in enterocytes

Cortisol treatment had no effect (P > 0.05) on the intestinal 
activities of OAT, OCT or ASS (Table 5). In the presence 
of optimal concentration of NAG added to the assay solu-
tion, CPS-I activity in enterocytes did not differ (P > 0.05) 
between control and cortisol-treated piglets. Cortisol treat-
ment increased (P < 0.01) proline oxidase, NAG synthase, 
and ASL activities in enterocytes by 41%, 131%, and 91%, 
respectively. Arginases I and II were not detected in the 
enterocytes of control pigs. Interestingly, cortisol adminis-
tration induced the expression of arginase-II but not argin-
ase-I in pig enterocytes.

Proline oxidase activities in the liver and kidney

Cortisol treatment had no effect (P > 0.05) on proline 
oxidase activity in the kidney of pigs (1.63 ± 0.11 and 
1.71 ± 0.12 nmol/mg protein/min in the control and corti-
sol groups, respectively; means ± SEM, n = 10). By con-
trast, cortisol treatment increased (P < 0.05) proline oxi-
dase activity in the liver of pigs by 35% (1.87 ± 0.13 and 
2.52 ± 0.16 nmol/mg protein/min in the control and cortisol 
groups, respectively, means ± SEM, n = 10).

NAG and carbamoyl phosphate concentrations

Cortisol treatment increased (P < 0.05) NAG and carbamoyl 
phosphate concentrations in enterocyte mitochondria by 
106% and 48%, respectively. Because carbamoyl phosphate 
is utilized for converting ornithine into citrulline, an increase 
in mitochondrial concentration of carbamoyl phosphate (as a 
result of elevated NAG concentration) indicated an increase 
in CPS-I activity in vivo.

Proline and arginine catabolism as well as proline 
uptake by enterocytes

Large amounts of P5C, ornithine and citrulline were formed 
from proline in enterocytes (Table 6). Cortisol treatment 
increased proline utilization, the synthesis of citrulline and 
arginine from [U-14C]proline (P < 0.01), and the net accu-
mulation of P5C (P < 0.05) in enterocytes of neonatal pigs 
(Table 6). The rates of ornithine production from 2 mM argi-
nine in jejunal enterocytes were 0.28 ± 0.02 and 1.46 ± 0.11 
nmol/mg protein/30 min (mean ± SEM, n =10; P < 0.01) in 
the control and cortisol-treated 14-day-old piglets, respec-
tively. Cortisol treatment markedly increased (P < 0.01) 

Table 3   Wet weights and length of the small intestine of 14-day-old 
piglets

Data are means ± SEM, n = 10. Piglets started to receive daily intra-
muscular administration of cortisol or saline (control) at 7 days of age 
for 7 consecutive days
*P < 0.05 and * P < 0.01 vs the Control group

Treatment Duodenum Jejunum Ileum Total small 
intestine

Weight (g)
 Control 5.05 ± 0.29 58.8 ± 2.7 65.0 ± 2.6 128.9 ± 3.5
 Cortisol 5.51 ± 0.31 68.3 ± 2.9* 76.8 ± 3.4* 150.7 ± 4.0**

Length (cm)
 Control 18.6 ± 1.3 273 ± 23.8 367 ± 31.5 659 ± 34.7
 Cortisol 18.8 ± 1.5 276 ± 22.1 369 ± 32.3 664 ± 37.9

Table 4   Villus height, crypt depth, and lamina propria depth in the 
small intestine of 14-day-old pigs

Data are means ± SEM, n = 10. Piglets started to receive daily intra-
muscular administration of cortisol or saline (control) at 7 days of age 
for 7 consecutive days
*P < 0.05 vs. the Control group

Treatment Villus height Crypt depth Lamina 
propria 
depth

Duodenum (μm)
 Control 698 ± 31 230 ± 12 237 ± 13
 Cortisol 714 ± 34 243 ± 14 250 ± 14

Jejunum (μm)
 Control 561 ± 25 185 ± 11 188 ± 12
 Cortisol 640 ± 27* 197 ± 9 201 ± 10

Ileum (μm)
 Control 350 ± 12 180 ± 8 185 ± 8
 Cortisol 396 ± 14* 191 ± 10 197 ± 11
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proline uptake by enterocytes by 66% (4.15 ± 0.38 and 
6.87 ± 0.72 nmol/mg protein/min in the control and cortisol 
groups, respectively; means ± SEM, n = 10).

Plasma concentrations of amino acids, ammonia 
and urea

Cortisol treatment increased (P < 0.05) plasma concentra-
tions of all branched-chain amino acids (isoleucine, leucine, 
and valine), lysine, ornithine, and citrulline, and had no 
effect (P > 0.05) on those of arginine and proline (Table 7) 
or all other amino acids (Data not shown). Cortisol treatment 
did not affect (P > 0.05) plasma concentrations of ammonia 
or urea.

Discussion

Proline is a major substrate for the intestinal synthesis of 
citrulline and arginine via proline oxidase in neonatal pigs 
based on in vitro (Wu 1997, 1998) and in vivo (Brunton 
et al. 1999) studies. This metabolic pathway spans both 
the mitochondria and the cytosol (Wu and Morris 1998). 
In most mammals (including humans, pigs, cattle, sheep, 
and rats) that synthesize arginine de novo, all the necessary 
reactions for the conversion of glutamine, glutamate and 
proline into ornithine, citrulline and arginine occur in the 

Table 5   Activities of arginine-
synthetic enzymes, as well as 
mitochondrial concentrations 
of N-acetylglutamate and 
carbamoylphosphate in the 
enterocytes of 14-day-old pigs

Data are means ± SEM, n = 10
**P < 0.01 vs the Control group
ND not detected (detection limit = 0.03 nmol/mg protein/min)

Variable Compartment Control Cortisol

Enzyme activity (nmol/mg protein/min)
 Proline oxidase Mitochondria 22.4 ± 0.75 31.6 ± 1.4**
 Ornithine aminotransferase Mitochondria 314 ± 19 329 ± 22
 Ornithine carbamoyltransferase Mitochondria 629 ± 43 642 ± 55
 N-Acetylglutamate synthase Mitochondria 0.029 ± 0.0016 0.067 ± 0.0045**
 Carbamoylphosphate synthase-I Mitochondria 5.61 ± 0.60 5.89 ± 0.62
 Arginase II Mitochondria ND 2.49 ± 0.18**
 Argininosuccinate synthase Cytosol 0.81 ± 0.09 0.83 ± 0.11
 Argininosuccinate lyase Cytosol 3.12 ± 0.24 5.97 ± 0.46**
 Arginase I Cytosol ND ND

Metabolite concentrations (nmol/mg protein)
 N-Acetylglutamate Mitochondria 0.16 ± 0.011 0.33 ± 0.027**
 Carbamoyl phosphate Mitochondria 0.73 ± 0.051 1.08 ± 0.083**

Table 6   Proline utilization and 
proline catabolism in 14-day-
old pig enterocytes

Data, expressed as nmol/mg protein/30 min, are means ± SEM, n = 10
*P < 0.05 and **P < 0.01 vs the Control group

Treatment Net synthesis of Net accumulation of 
pyrroline-5-carbox-
ylateOrnithine Citrulline Arginine

Control 3.36 ± 0.21 3.68 ± 0.24 0.85 ± 0.06 4.90 ± 0.33
Cortisol 4.22 ± 0.27* 4.81 ± 0.30** 1.14 ± 0.09* 6.21 ± 0.46*

Table 7   Plasma concentrations of amino acids, ammonia and urea in 
14-day old pigs

Data, expressed as nmol/mL, are means ± SEM, n = 10
*P < 0.05 vs. the Control group

Amino Acid Control Cortisol

Arginine 145 ± 7.3 148 ± 7.7
Citrulline 73 ± 4.8 86 ± 5.1*
Isoleucine 108 ± 10 144 ± 13*
Leucine 173 ± 12 228 ± 15*
Lysine 216 ± 14 263 ± 20*
Ornithine 87 ± 4.6 108 ± 5.1*
Proline 449 ± 35 471 ± 38
Valine 247 ± 18 351 ± 23*
Ammonia 34.2 ± 2.9 37.0 ± 3.2
Urea 3975 ± 294 4048 ± 317
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same enterocytes (Wu 2021; Wu et al. 2021). This is physi-
ologically and biochemically significant, as extracellular 
ornithine is a poor substrate for citrulline and arginine for-
mation in these cells due to the complex intracellular com-
partmentation of amino acid metabolism (Wu and Morris 
1998). The postnatal development of pigs is characterized by 
a progressive decrease in plasma concentrations of cortisol 
(Hoskinson et al. 1990) and a marked decline in intestinal 
synthesis of citrulline and arginine during the first 2 weeks 
of life (Wu 1997). Interestingly, most deaths in neonatal pigs 
occur during this postnatal period (Zhang et al. 2021), and 
aberrations of intestinal function and malnutrition remain 
major factors for high morbidity and mortality in piglets 
(Kirkden et al. 2013). Because arginine plays a crucial role 
in intestinal integrity, nutrition and whole body homeostasis 
in neonates, increasing the intestinal synthesis of citrulline 
and arginine for the endogenous provision of arginine may 
provide an attractive strategy for improving neonatal sur-
vival and growth (Wu et al. 2018).

As reported for in the rat liver (Kowaloff et al. 1977) 
and cultured cells (Kowaloff et al. 1978), cortisol adminis-
tration increased proline oxidase activity in the enterocytes 
(Table 5) and liver (see the text) of piglets. A novel and 
important finding of this study is that cortisol treatment 
increased the mitochondrial concentration of NAG (an 
allosteric activator of CPS-I; Wu and Morris 1998) due 
to increased NAG synthase activity in enterocytes. Thus, 
although CPS-I activity under the in vitro assay conditions 
in which the enzyme was saturated with substrates and NAG 
did not differ between the control and cortisol-treated pigs, 
an elevated concentration of NAG in the mitochondria of 
enterocytes can allosterically activate CPS-I to generate car-
bamoyl phosphate from ammonia (a product of glutamine 
hydrolysis) and bicarbonate. This is consistent with our 
observation that the mitochondrial concentration of carba-
moyl phosphate was 48% greater in enterocytes of cortisol-
treated pigs compared with control pigs (Table 5). Thus, cor-
tisol treatment stimulated the conversion of proline-derived 
ornithine into citrulline in enterocytes despite the lack of 
change in intestinal activities of OCT and OAT. Note that 
the activities of both OCT and OAT were particularly high 
in the mitochondria of pig enterocytes, as reported by Davis 
and Wu (1998). This result supports the view that proline 
oxidase and NAG synthase activities, as well as the avail-
abilities (e.g., the proline-derived ornithine and NAG) are 
important determinants of the intestinal synthesis of citrul-
line and arginine from proline, and that these two enzymes 
play critical roles in the regulation of this metabolic pathway 
(Wu et al. 2004).

As proline is a major substrate for the intestinal synthe-
sis of ornithine, citrulline, and arginine in most mammals 
including humans and pigs (Wu and Morris 1998), our find-
ings provide a novel means to prevent the striking decline 

in this metabolic pathway and to augment the endogenous 
provision of arginine in their bodies. This is of nutritional 
and physiological importance because there is a particu-
larly high requirement for arginine by neonates and yet the 
milk of most species studied (including humans and pigs) is 
remarkably deficient in arginine (Davis et al. 1994; Wu and 
Knabe 1994). In addition, because the uptake of ornithine, 
proline and arginine from arterial blood by the small intes-
tine is limited (Wu et al. 1994), increases in the apical uptake 
of proline by the small-intestinal mucosa and the intestinal 
synthesis of ornithine, citrulline and arginine in cortisol-
treated neonates will provide locally these amino acids for 
metabolic utilization such as the synthesis of polyamines 
and NO (Wu et al. 2018). Polyamines play an important 
role in the growth and remodeling of the neonatal intestine 
(Wu et al. 2000), whereas NO promotes blood flow in the 
portal-drained viscera to facilitate nutrient absorption and 
transport (Durante 2020; Wu 2018).

Intramuscular administration of hydrocortisone 21-ace-
tate (25 mg/kg body weight) resulted in an increase in 
plasma concentrations of cortisol to the values similar to 
those in piglets during the perinatal period (Flynn and Wu 
1997a, b; Sangild et al. 1995). Such an elevated concentra-
tion of cortisol is associated with the rapid somatic growth 
of the small intestine and maturation of intestinal digestive 
enzymes (e.g., sucrase and maltase) during neonatal devel-
opment (Sangild et al. 1995). A single intramuscular admin-
istration of hydrocortisone 21-acetate (25 mg/kg body wt) 
to nursing piglets has been reported to reduce postweaning 
mortality and improve the growth rate of piglets weaned at 
14 days of age (Chapple et al. 1989). In contrast, we found 
that daily hydrocortisone 21-acetate administration to 7-day-
old piglets increased small-intestinal growth in neonatal pigs 
(Table 3). These studies, along with our previous findings 
(Wu et al. 2000), suggest a beneficial effect of cortisol on 
intestinal growth and maturation in neonatal pigs. Elevated 
concentrations of glucocorticoids are known to induce pro-
tein catabolism in tissues, including the skeletal muscle 
and small intestine (Fry 2016; Urban 2014). For example, 
administration of a pharmacological dose of dexamethasone 
(a more potent synthetic glucocorticoid than cortisol) inhib-
ited intestinal growth in neonatal pigs (Burrin et al. 1998). 
However, as noted by Burrin et al. (1998), whether gluco-
corticoids promote anabolism or catabolism in the gut likely 
depends on the concentrations and potency of the circulating 
glucocorticoid, as well as tissue sensitivity to the hormone. 
Cortisol acts via both receptor-dependent and transcription-
independent mechanisms to generally induce gene expres-
sion and nutrient metabolism in cells (Vandewalle et al. 
2018), including pig enterocytes (Wu et al. 2000).

Cortisol treatment increased plasma concentrations of 
BCAA and lysine in piglets, probably due to an increase 
in whole-body protein degradation and/or a decrease in 
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the tissue-specific catabolism of these amino acids. How-
ever, cortisol administration did not blunt overall growth 
and development as indicated by increased body weight of 
both cortisol- and saline-treated piglets between 7 and 14 
days of age (Table 2). The increases in plasma concentra-
tions of ornithine and citrulline in cortisol-treated pigs are 
consistent with the increase in the intestinal catabolism of 
proline (Table 6) and arginine (Flynn and Wu 1997a,b) for 
ornithine and citrulline production. However, plasma argi-
nine concentration was not enhanced by cortisol treatment, 
likely because an increase in the endogenous synthesis of 
citrulline and arginine was offset by the increased catabo-
lism of dietary arginine by the small intestine (the Results 
section) and of circulatory arginine by extraintestinal tissues 
(Wu and Morris 1998) via the action of arginase II (Table 5). 
Thus, cortisol treatment for one week is unlikely to be ben-
eficial for augmenting net arginine provision in sow-reared 
piglets or improving neonatal pig growth. Consequently, 
means must be identified to stimulate intestinal citrulline 
production for endogenous arginine synthesis without a 
concomitant increase in intestinal or extraintestinal arginine 
catabolism. One of the effective means is the oral adminis-
tration of N-carbamoylglutamate (NCG), a structural analog 
of NAG and a metabolically stable activator of CPS-I (Wu 
et al. 2004). In addition, it would be important to determine 
whether treatment with cortisol for a longer period (e.g., 
2–4 weeks) will enhance the growth of sow-reared piglets.

The present study may have implications for intestinal 
health and cancer treatment. Glucocorticoids are known to 
be an effective agent of chemotherapy for certain cancers 
and hematopoietic malignancies, including leukemia, lym-
phomas, and multiple myeloma in neonates (Pufall 2015). 
Likewise, proline metabolism has been shown to closely 
link with protein synthesis (Phang 2019), cell proliferation 
(Phang 1985; Phang et al. 1995), and carcinogenesis in 
mammals (Phang and Liu 2012) via the elevated production 
of P5C and reactive oxygen species. There is also a sug-
gestion that proline catabolism plays a role in epigenetic 
landscape and tumor heterogeneity (D’Aniello et al. 2020). 
Furthermore, in the small intestine and other tissues, cor-
tisol increases the expression of ASL for the conversion of 
citrulline into arginine. In the local cells, arginine is used 
by nitric oxide synthase to generate nitric oxide, which 
kills tumors (Xu et al. 2002). Of particular note, increased 
proline catabolism via proline oxidase has been shown to 
inhibit carcinogenesis in mammalian cells and kill tumors 
via the actions of reactive oxygen species and possibly 
other proline metabolites (Phang 2019). Among all tissues 
studied in pigs (a widely used animal model for studying 
human nutrition and disease; Burrin and Reeds 1997; Ren 
et al. 2020), proline oxidase has the highest activity in the 
small intestine (Dillon et al. 1999; Wu et al. 1997). At pre-
sent, we are not aware of data on intestinal proline-oxidase 

activity in humans. It is tempting to speculate that the high 
expression of proline oxidase in enterocytes may help to 
explain why malignant tumors of the small intestine are 
rare in humans (Pan and Morrison 2011) and that increased 
proline catabolism in the intestinal mucosa may contribute 
to the therapeutic effect of glucocorticoids to treat various 
kinds of cancers (Pufall 2015). Future experiments are war-
ranted to test these two novel hypotheses.

In conclusion, the administration of cortisol to neona-
tal pigs from 7 to 14 days of age stimulated their intes-
tinal growth and the synthesis of citrulline and arginine 
from proline in the enterocytes of the small intestine. 
Our results suggest that cortisol is beneficial for attenuat-
ing the substantial decline in the intestinal synthesis of 
citrulline and arginine from proline during the suckling 
period, and in advancing intestinal maturation for success-
ful early weaning of piglets. Because proline catabolism 
plays an important role in modulating protein synthesis, 
cell proliferation and carcinogenesis, our findings of pro-
line catabolism via proline oxidase in pig enterocytes may 
have important implications for understanding a role of 
proline metabolism in the growth and health of the mam-
malian small intestine.
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