
Uyanga et al. 
Journal of Animal Science and Biotechnology            (2023) 14:9  
https://doi.org/10.1186/s40104-022-00817-w

RESEARCH

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Journal of Animal Science and
Biotechnology

Effects of arginine replacement 
with L‑citrulline on the arginine/nitric oxide 
metabolism in chickens: An animal model 
without urea cycle
Victoria Anthony Uyanga1, Lijing Sun1, Yu Liu1, Meiming Zhang1, Jingpeng Zhao1, Xiaojuan Wang1, 
Hongchao Jiao1, Okanlawon M. Onagbesan2 and Hai Lin1*    

Abstract 

Background  This study examined the efficacy of L-citrulline supplementation on the arginine/nitric oxide metabo-
lism, and intestinal functions of broilers during arginine deficiency. A total of 288 day-old Arbor Acre broilers were 
randomly assigned to either an arginine deficient basal diet (NC diet), NC diet + 0.50% L-arginine (PC diet), or NC 
diet + 0.50% L-citrulline (NCL diet). Production performance was recorded, and at 21 days old, chickens were eutha-
nized for tissue collection.

Results  The dietary treatments did not affect the growth performance of broilers (P > 0.05), although NC diet 
increased the plasma alanine aminotransferase, urate, and several amino acids, except arginine (P < 0.05). In contrast, 
NCL diet elevated the arginine and ornithine concentration higher than NC diet, and it increased the plasma citrulline 
greater than the PC diet (P < 0.05). The nitric oxide concentration in the kidney and liver tissues, along with the plasma 
and liver eNOS activities were promoted by NCL diet higher than PC diet (P < 0.05). In the liver, the activities of argi-
nase 1, ASS, and ASL, as well as, the gene expression of iNOS and OTC were induced by PC diet greater than NC diet 
(P < 0.05). In the kidney, the arginase 1, ASS and ASL enzymes were also increased by PC diet significantly higher than 
the NC and NCL diets. Comparatively, the kidney had higher abundance of nNOS, ASS, ARG2, and OTC genes than the 
liver tissue (P < 0.05). In addition, NCL diet upregulated (P < 0.05) the mRNA expression of intestinal nutrient transport-
ers (EAAT3 and PEPT1), tight junction proteins (Claudin 1 and Occludin), and intestinal mucosal defense (MUC2 and 
pIgR). The intestinal morphology revealed that both PC and NCL diets improved (P < 0.05) the ileal VH/CD ratio and the 
jejunal VH and VH/CD ratio compared to the NC fed broilers.

Conclusion  This study revealed that NCL diet supported arginine metabolism, nitric oxide synthesis, and promoted 
the intestinal function of broilers. Thus, L-citrulline may serve as a partial arginine replacement in broiler’s diet without 
detrimental impacts on the performance, arginine metabolism and gut health of chickens.
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Introduction
In poultry nutrition, feeding strategies that would pro-
mote optimal growth performance, as well as a reduc-
tion in feed cost and environmental impact are highly 
desired. In recent decades, the formulation of reduced 
crude protein diets along with the utilization of alter-
native protein sources and the inclusion of non-bound 
amino acids (AA) have become prevalent. This has 
facilitated the utilization of commercially available 
crystalline AA to fortify dietary profiles, replace pro-
tein-rich ingredients and support poultry production in 
an economically feasible approach [1]. These attempts 
to lower dietary crude proteins have produced several 
advantages including minimized feed cost, enhanced 
nutrient utilization, and improved animal welfare [2]. 
Feeding broilers with reduced crude protein diets have 
the potential to decrease environmental pollution ema-
nating from nitrogen and ammonia emission, improve-
ment in litter quality and welfare of birds, and to a 
certain extent, it diminishes the dependence on soy-
bean meal to meet the dietary requirements of birds [3]. 
More so, it was reported that decreasing dietary crude 
protein levels by about 3% did not impede the growth 
performance and meat quality of chickens [4]. However, 
a significant decrease in dietary crude protein adversely 
affects the performance of broilers and increases car-
cass lipid deposition, thus, discouraging the adoption of 
reduced crude protein diets [5]. Reduced crude protein 
diets are typically formulated with increased inclusion 
of feed grains, reduction in protein-rich feed ingredi-
ents, as well as the selected inclusion of non-bound AA 
to meet the dietary needs of poultry. However, this for-
mulations often increases the dietary starch to protein 
ratio, which may cause deleterious consequences [3, 5]. 
Therefore, it is imminent to investigate the limitations 
of AA inclusion and to formulate effective strategies for 
dietary crude protein reduction.

Asides from their primary role in protein synthe-
sis and accretion, AA also functions to regulate key 
signaling pathways, causing significant changes in the 
gene expression, protein turnover, and physiological 
responses of animals [6, 7]. Studies have shown that 
dietary supplementation with AA such as arginine, cit-
rulline, glutamine, leucine, and proline can modulate 
the gene expression and enhance the growth of the 
small intestine, as well as the skeletal muscle [8]. Die-
tary L-arginine supplementation promotes enterocyte 
proliferation, maintains intestinal barrier functions, 
and ameliorates intestinal inflammation [9, 10]. Thus, 
along with the conventional essential and non-essential 
AA, certain functional AA can also act to regulate key 
metabolic pathways, thus promoting the growth, devel-
opment, health, and survival of animals [7]. Therefore, 

supplementation with these AA necessitates con-
tinuous assessment to derive optimal inclusions since 
variabilities can easily arise based on the bird’s strain, 
environmental conditions, dietary protein status, and 
production objectives [11].

In poultry nutrition, arginine is an essential AA and its 
supply is necessary to support protein synthesis, immu-
nity, reproduction, and production performance of birds 
[12]. Arginine is the fifth limiting AA for broiler chickens, 
and poultry has high arginine requirements due to their 
insufficient endogenous arginine synthesis. Also, dietary 
arginine requirements need to be optimized for modern 
broiler strains since they undergo rapid growth rate and 
protein deposition, and they also exhibit arginine–lysine 
antagonism [1]. Arginine and citrulline are present as 
metabolic intermediates in the urea cycle, and through 
enzymatic reactions, citrulline is catalyzed to form argi-
nine, thus serving as a precursor for endogenous arginine 
synthesis, and consequently nitric oxide (NO) production 
[13]. Studies have shown that the utilization of commer-
cially available AA such as crystalline arginine and citrul-
line can promote arginine availability in poultry  [14, 15]. 
Citrulline can be used as a precursor for de novo arginine 
synthesis in the kidney, and various cells, as well as to 
supply nitrogen for protein homeostasis in peripheral tis-
sues [16]. Importantly, citrulline exhibits a highly specific 
metabolism, since it can bypass splanchnic extraction, as 
such, it is not efficiently absorbed in the liver and intes-
tine [16], rather it is transported to the kidney and other 
extra-renal tissues where the conditions for arginine syn-
thesis are favorable [17].

Based on the demonstrated evidence that citrulline 
supplementation increased arginine levels in poultry [15], 
we hypothesized that supplementation of L-citrulline to 
an arginine-deficient diet would promote arginine avail-
ability, and consequently the physiological responses of 
broiler chickens. Thus, this study investigated the effects 
of arginine replacement with L-citrulline on the growth 
performance, AA profile, NO metabolism, and intestinal 
functions of broiler chickens.

Materials and methods
Animals and experimental design
A total of 288 1-day-old Arbor Acre chicks were brooded 
in battery cage units with environmentally controlled 
systems, continuous lighting, and ad  libitum supply of 
feed and water. The chicks were brooded at 32 ± 1  °C 
with 55%–60% relative humidity for the first 3 d, then the 
temperature was gradually reduced until 24 ± 1  °C with 
55%–60% relative humidity at 21 days of age. Chicks were 
weighed and randomly distributed into 3 treatments, 
8 replicates of 12 chickens each. An arginine deficient 
basal diet (NC) was designed to contain 20.5% CP, and 
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12.55 MJ/kg ME (Table 1). The basal diet was formulated 
to meet or exceed the NRC recommendation for broiler 
chicks, except for arginine [18]. Other dietary treat-
ments were subsequently formulated by supplement-
ing the basal diet with arginine as the positive control 
(PC: NC diet + 0.50% L-arginine) or L-citrulline (NCL: 
NC + 0.50% L-Cit) (Table  1). Experimental diets were 
designed as isonitrogenous using alanine to balance the 
exclusion of arginine and they were fed to birds from day 
old until 21 days of age. Bodyweight (BW), bodyweight 
gain (BWG), feed intake (FI), and feed conversion ratio 
(FCR) were calculated per replicate of chickens.

Blood and tissue collection
At 21 days of age, one chicken per replicate was selected 
for sampling. About 3 mL of blood sample was collected 
into anti-coagulated tubes and later centrifuged at 4  °C, 
1500 × g for 15 min to obtain the plasma. Plasma samples 
were stored at − 20 °C until analysis. Broilers were sacri-
ficed via exsanguination and tissue samples were isolated, 
then snap-frozen in liquid nitrogen. Intestinal sections 
from the duodenum, jejunum, and ileum were collected 
as described by Chen et  al. [19] and rinsed in saline. A 
portion of the ileum was opened to scrape the mucosa 
using glass slides into tubes. Samples collected were 
snap-frozen in liquid nitrogen and stored at − 80 °C until 
analysis. The weight of isolated organs was expressed as a 
percentage of the final body weight of chickens to obtain 
the relative organ index.

Determination of plasma biochemistry
About 500 µL plasma was used for the determination of 
metabolites including  alanine  aminotransferase (ALT), 
aspartate aminotransferase (AST), urea, urate, creatine 
kinase (CK), glucose (GLU), triglyceride (TG), total cho-
lesterol (TCHO) and lactate  dehydrogenase (LDH). The 
plasma biochemistry was determined automatically 
using the Hitachi L-7020 automatic biochemical analyzer 
(Hitachi High-Technologies Corp., Tokyo, Japan).

Determination of analyzed feed nutrients  and plasma AA 
profile
Feed samples were analyzed for dry matter, crude fat, 
crude fiber, and ash using standardized methods [20]. 
For AA analysis in experimental diets, feed samples were 
hydrolyzed with 6  mol/L HCl (Yantai Yuandong Fine 
Chemical Industry, Shandong, China) at 110  °C for 22 h. 
After hydrolysis, samples were analyzed by ion exchange 
chromatography with postcolumn ninhydrin detection 
using Hitachi L-8900 AA Analyzer (Hitachi High-Technol-
ogies Crop., Tokyo, Japan), as previously described [21].

Table 1  Composition and nutrient levels of experimental diets 
for 1–21 d (as-fed basis)

PC Positive control, NC Negative control, NCL Negative control + L-citrulline

Ingredients, % Dietary treatments

PC NC NCL

Corn (8.5% CP) 67.83 67.83 67.83

Soybean meal (43% CP) 16.86 16.86 16.86

Corn gluten meal (60% CP) 8.00 8.00 8.00

Wheat bran 0.77 0.77 0.77

Filler 0.53 - 0.27

Limestone 1.23 1.23 1.23

CaHPO4 1.88 1.88 1.88

NaCl 0.30 0.30 0.30

L-Lys·HCl (99%) 0.54 0.54 0.54

DL-Methionine (99%) 0.17 0.17 0.17

L-Threonine (99%) 0.11 0.11 0.11

L-Arginine (99%) 0.50 - -

L-Citrulline (99%) - - 0.50

L-Alanine (99%) 0.78 1.80 1.04

Choline chloride (50%) 0.26 0.26 0.26

Vitamin premix 0.05 0.05 0.05

Mineral premix 0.20 0.20 0.20

Calculated nutrient levels

   Crude protein, % 20.5 20.5 20.5

   Metabolizable energy, MJ/kg 12.55 12.55 12.55

Analyzed nutrient levels, %

  Crude protein 20.77 20.70 20.82

  Dry matter 90.77 91.15 91.50

  Crude fat 4.71 4.35 4.18

  Ash 5.20 6.06 5.47

  Calcium 1.03 1.23 1.09

  Total phosphorus 0.66 0.68 0.69

  Aspartate 1.06 1.03 1.08

  Threonine 0.80 0.74 0.75

  Serine 0.70 0.70 0.74

  Glutamine 2.38 2.38 2.50

  Glycine 0.47 0.45 0.47

  Alanine 1.33 1.96 1.46

  Cysteine 0.12 0.12 0.13

  Valine 0.59 0.59 0.61

  Methionine 0.19 0.17 0.22

  Isoleucine 0.53 0.52 0.54

  Leucine 1.42 1.44 1.50

  Tyrosine 0.38 0.36 0.41

  Phenylalanine 0.73 0.72 0.76

  Lysine 0.95 0.93 0.94

  Histidine 0.38 0.37 0.39

  Arginine 1.21 0.68 0.73

  Proline 0.86 0.86 0.90
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For plasma AA determination, 40  mg salicylic acid 
(Tianjin Haitong Chemical Industrial Co., Ltd., Tianjin, 
China) was added to 800 µL plasma for deproteiniza-
tion [15]. The samples were vortexed and stored at 4  °C 
overnight. Afterward, the samples were centrifuged at 
4  °C, 12,000 r/min for 30  min, and the supernatant was 
collected. Supernatants were filtered (0.22 μm) into well-
labeled tubes and about 500 µL of the filtrate was used for 
detection of AA contents via ion-exchange chromatogra-
phy with the Hitachi L-8900 AA Analyzer.

Determination of nitric oxide concentration and total nitric 
oxide synthase activity
Nitric oxide (NO) and total nitric oxide synthase (tNOS) 
were determined using commercial test kits (Jiancheng 
Bioengineering Institute, Jiangsu, China) according to 
the manufacturer’s instructions. The reaction absorbance 
for NO concentration was determined at 550 nm using a 
microplate reader (Elx808, Bio-Tek, Winooski, Vermont, 
USA), while tNOS was read at 530 nm using a spectro-
photometer (Beijing PGeneral, China).

Determination of enzymes associated with arginine 
metabolism
Enzymes involved in arginine metabolism including 
endothelial nitric oxide synthase (eNOS), arginase 1, 
argininosuccinate synthetase (ASS), and argininosucci-
nate lyase (ASL) were determined using chicken ELISA 
kits (Shanghai MLBIO Biotechnology Co., Ltd., China). 
The assay was measured at 450  nm using a microplate 
reader (Elx808) and the standard curve was used to com-
pute the sample concentration.

Real‑time polymerase chain reaction
The total RNA from the kidney and liver tissues were 
extracted using the NcmZol reagent (NCM Biotech, Shang-
hai, China), and the RNA concentration and purity were 
determined using the DS-11 spectrophotometer (Denovix 
Incorporated, Delaware, United States). Reverse transcrip-
tion was carried out using the HiFiScript cDNA synthesis 
kit (CWBIO, Beijing, China) in a 20-μL final reaction vol-
ume and the cDNA synthesis reaction was carried out using 
the Genemate T960 Touch thermocycler (Heal Force Bio-
Meditech Holdings Limited, Shanghai, China). The cDNA 
target sequence was quantified using MagicSYBR mixture 
(CWBIO, Beijing, China), in a 20-μL volume with appro-
priate primers (Table  2). The real-time RT-qPCR was per-
formed using ABI QuantStudio5 Real-Time PCR Instrument 
(Applied Biosystems, ThermoFisher Scientific, Massachu-
setts, United States). The primers were normalized against 
β-actin as the housekeeping gene, while the positive control 
(PC) diet was used as the calibrator. The relative expression 
of the target genes were analyzed using the 2−ΔΔCT method.

Intestinal  histology 
About 5  cm section of ileum, duodenum, and jejunum 
were fixed in 4% paraformaldehyde (Wuhan Servicebio 
Technology Co., Ltd., Wuhan, China). The intestinal seg-
ments were trimmed, processed, and embedded in par-
affin wax. 5 µm section of each sample was placed on a 
glass slide and stained with hematoxylin and eosin for 
morphometric examination. Slides were visualized using 
Olympus CX-41 phase contrast microscope (CK-40, 
Olympus, Tokyo, Japan). The distance between the top of 
the villus to the villus-crypt junction was measured as vil-
lus height (VH), while the distance from the villus-crypt 
junction down to the bottom of the crypt was measured 
as crypt depth (CD) [10, 19]. Three measurements were 
taken per slide and the average was obtained for analysis. 
The VH to CD ratio was computed per observation.

Statistical analysis
Data collected were analyzed with a one-way analysis of 
variance using the GLM procedure of SAS (SAS version 8.1; 
SAS Institute Inc., Cary, North Carolina, USA). The gene 
expression for arginine metabolizing enzymes was analyzed 
using two-way ANOVA to evaluate the main effects of tis-
sue (kidney vs. liver), diet (PC vs. NC vs. NCL), and their 
interaction. Means separation was performed using Dun-
can’s Multiple Range Test and treatment effects were con-
sidered statistically significant at a probability of P < 0.05.

Results
Production performance and relative organ weights 
of broilers
The production performance of broilers did not differ 
among the dietary treatments (Table 3). As such, the BW, 
BWG, FI, and FCR of broilers fed with either the PC, NC 
or NCL diets did not vary significantly (P > 0.05). Similarly, 
the relative organ index of the liver, kidney, spleen, bursa, 
thymus, ileum, duodenum, and breast muscle of broilers 
were not affected by dietary treatments as given in Table 4 
(P > 0.05). However, the relative weight of the jejunum was 
lowered by the PC diet compared to the NC and NCL diets 
(P < 0.05). In addition, the thigh muscle was reduced by the 
NC diet compared to the PC and NCL diets (P < 0.05).

Plasma biochemistry and AA profile of broilers
Plasma metabolites such as urea, CK, GLU, TG, TCHO, 
and LDH were not significantly influenced (P > 0.05) by 
the dietary treatments (Table  5). The ALT concentra-
tion was decreased (P < 0.05) in broilers fed NCL diet 
compared to the PC and NC diets which were similar. 
In addition, plasma AST was decreased (P < 0.05) in 
both the NC and NCL diet groups compared to the PC 
diet. The urate content was higher in NC fed birds than 
with the PC and NCL diets (P < 0.05).
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Among the essential AA shown in Table 6, the plasma 
concentrations of threonine, leucine, valine, and cysteine 
were increased by the NC diet significantly higher than 
both the PC and NCL diets (P < 0.05). However, the leu-
cine content was significantly decreased with the PC diet 
compared to the NCL diet (P < 0.05). Importantly, the 
arginine concentration was lowered by the NC diet com-
pared to both the PC and NCL diets (P < 0.05).

Among the non-essential AA and related peptides, 
the plasma concentrations of aspartate, serine, proline, 
and alanine were increased by the NC diet (P < 0.05), 
although they did not differ between the PC and NCL 
diet. The citrulline content was significantly increased 

in both the NC and NCL groups compared to the PC 
diet (P < 0.05). Likewise, NCL diet increased the orni-
thine levels higher than the NC diet. In contrast, NC 
diet increased the sarcosine and cystathionine con-
tents higher than the NCL and PC diets, respectively 
(P < 0.05).

Nitric oxide concentration
The plasma NO was not significantly affected (P > 0.05) 
by the dietary treatments of PC, NC, and NCL diets 
(Fig.  1A). However, broilers fed NCL diet exhibited 
increased kidney NO concentration compared to the 
broilers fed either NC or PC diets (Fig.  1B; P < 0.05). 

Table 2  List of primers used for real-time PCR analysis

b0,+AT:b0,+ AA transporter; EAAT3: Excitatory AA transporter 3; PepT1: Peptide transporter 1; ZO-1: Zona Occludens 1; MUC2: Mucin 2; pIgR: Polymeric Ig receptor; nNOS: 
Neuronal nitric oxide synthase; iNOS: Inducible nitric oxide synthase; eNOS: Endothelial nitric oxide synthase; ASS: Argininosuccinate synthetase; ARG2: Arginase 2; 
CPS1: Carbamoyl phosphate synthetase 1; OTC: Ornithine transcarbamylase

Target gene Primer direction Primer sequence (5′→3′) Genebank accession No.

β-Actin Forward TGC​GTG​ACA​TCA​AGG​AGA​AG NM_001145490.1

Reverse TGC​CAG​GGT​ACA​TTG​TGG​TA

b0,+AT Forward TGT​GTT​GCT​CTC​TAA​CTG​GCTG​ NM_001199133.1

Reverse CCT​CCT​TTC​TGT​TGT​CCT​GTTC​

EAAT3 Forward ACC​CTT​TTG​CCT​TGG​AAA​CT XM_424930

Reverse TTG​AGA​TGT​TTG​CGT​GAA​G

PepT1 Forward ACA​CGT​TTG​TTG​CTC​TGT​GC NM_204365

Reverse GAC​TGC​CTG​CCC​AAT​TGT​AT

Claudin1 Forward ATG​ACC​AGG​TGA​AGA​AGA​TGC​ NM_001013611.2

Reverse TGC​CCA​GCC​AAT​GAA​GAG​

Occludin Forward GGT​TCC​TCA​TCG​TCA​TCC​TGCTC​ XM_025144248.1

Reverse GCC​TCG​TTC​TTC​ACC​CAC​TCCT​

ZO-1 Forward CTT​CAG​GTG​TTT​CTC​TTC​CTC​CTC​ XM_015278981.2

Reverse CTG​TGG​TTT​CAT​GGC​TGG​ATC​

pIgR Forward GGA​TCT​GGA​AGC​CAG​CAA​T ENSGALT00000001353

Reverse GAG​CCA​GAG​CTT​TGC​TCA​GA

MUC2 Forward CCC​TGG​AAG​TAG​AGG​TGA​CTG​ XM_001234581.3

Reverse TGA​CAA​GCC​ATT​GAA​GGA​CA

nNOS Forward CTC​GGA​TGC​ACG​GAA​GTC​CT XM_004934480.1

Reverse CGT​GAA​CCC​AGC​CCA​AAC​AC

iNOS Forward GTG​GTA​TGC​TCT​GCC​TGC​TGTTG​ NM_204961.1

Reverse GTC​TCG​CAC​TCC​AAT​CTC​TGT​TCC​

eNOS Forward GGA​TGT​GCT​GCA​CGG​TCT​GC JQ434761.1

Reverse AGG​ACG​TGC​TGC​GGA​CAC​AG

ASS Forward GAC​ACC​TCC​TGC​ATT​CTG​GT NM_001013395

Reverse CTT​CTG​GGC​TGC​ATC​AAA​GT

ARG2 Forward GCC​AAC​TGT​ACG​ACT​TTG​GAG​ AB159222

Reverse AGC​TGT​GTC​CAG​CAG​CTA​CC

CPS1 Forward GCC​AAC​AGA​GGA​CAG​AAC​CA NM_001045841

Reverse CAG​GTG​GGA​GGG​TAG​AAC​TG

OTC Forward ACC​TCC​ACT​CCC​TTG​TCC​TC NM_204910

Reverse TGT​GCA​GCT​CCT​TGT​AAT​GC
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Also, the NO concentration in the liver was signifi-
cantly increased by the NCL diet compared to the PC 
diet (P < 0.05), whereas, NC diet showed a tendency to 
increase the liver NO content more than the PC diet 
(Fig. 1C).

Activities of arginine metabolizing enzymes
The enzyme activities for tNOS and eNOS are presented 
in Fig. 2. The plasma tNOS did not differ among dietary 

treatments (Fig. 2A; P > 0.05). However, the plasma eNOS 
activity was promoted with NCL diet higher than both 
the PC and NC diets (Fig. 2B; P ≤ 0.05). In contrast, the 
kidney eNOS activity was increased (P < 0.05) in the 
PC fed group compared to both the NC and NCL diets 
(Fig. 2C). Also, the liver eNOS activity was increased by 
NCL diet higher than the PC fed group (Fig. 2D; P < 0.05).

The plasma arginase 1 activity was significantly 
increased with the PC diet than the NCL diet (Fig. 3A). 
Arginase 1 was also higher in the kidney of PC-fed broil-
ers than with the NCL diet (P < 0.05). The NC diet also 
tended to increase the kidney arginase 1 higher than the 
NCL diet (Fig. 3B). In the liver, arginase 1 was promoted 
(P < 0.05) by the PC diet compared to the NC and NCL 
diets, which were similar (Fig. 3C). Figure 3D shows that 
the plasma ASS activity was unaffected (P > 0.05) by the 
dietary treatments, whereas, the kidney ASS activity 
was decreased (P < 0.05) by NCL diet compared to the 
PC and NC groups (Fig.  3E). In addition, the liver ASS 
activity was increased (P ≤ 0.05) by the PC diet, since it 
was relatively higher than the NC diet (Fig. 3F). Further-
more, the plasma ASL activity did not differ between the 
dietary groups (Fig. 3G), whereas the kidney ASL activity 
was decreased with NCL diet compared to PC and NC 
groups (Fig.  3H; P < 0.05). Similarly, ASL activity in the 
liver was decreased (P < 0.05) by both NC and NCL diets 
compared to the PC diet (Fig. 3I).

Gene expression of arginine metabolizing enzymes
The relative mRNA expression of the various enzymes 
involved in arginine metabolism are shown in Fig.  4. In 
the liver (Fig.  4A), the nNOS and ASS expression were 
unaffected by dietary treatments (P > 0.05), whereas, 
the iNOS, ARG2 and OTC expression were significantly 
upregulated by the PC diet compared to the NCL diet 
(P < 0.05). Also, PC diet increased the liver iNOS and 
OTC expression higher than the NC diet. In addition, 
ARG2 expression was modulated by NC diet compared 
to the NCL group (P < 0.05). In the kidney (Fig. 4B), the 
iNOS and ASS expression did not differ among dietary 
treatments (P > 0.05). However, feeding with PC diet 
significantly upregulated the nNOS, eNOS and ARG2 
expression higher than the NC diet (P < 0.05). Further-
more, NCL diet also upregulated the eNOS, ARG2, OTC, 
and CPS 1 expression higher than the NC diet (P < 0.05).

It was also observed that the relative abundance of 
arginine metabolizing genes differed (P < 0.05) among 
each other (Fig.  5). In the liver, iNOS and OTC genes 
had the highest expression, followed by ASS, then ARG2 
and the lowest was nNOS expression (Fig.  5A; P < 0.05). 
In the kidney, ASS was highly expressed, followed by 
nNOS, iNOS, and OTC which were similar, then CPS1 
and ARG2, while eNOS had the lowest gene expression 

Table 3  Production performance and relative organ weights of 
broilers fed arginine deficient diets supplemented with arginine 
or L-citrulline

BW, Body weight; BWG, Body weight gain; FCR, Feed conversion rate; PC: Positive 
control; NC: Negative control; NCL: Negative control + L-citrulline. Data are 
presented as mean ± SEM (n = 8)

Dietary treatments P value

PC NC NCL

BW, g/bird

  0 d 45.69 ± 0.34 46.04 ± 0.04 46.03 ± 0.03 0.370

  14 d 279.73 ± 7.67 292.31 ± 8.23 275.09 ± 6.06 0.256

  21 d 511.75 ± 6.49 511.25 ± 14.23 496.50 ± 8.42 0.501

BWG, g/bird

  0–13 d 234.05 ± 7.38 246.27 ± 8.23 229.06 ± 6.08 0.251

  14–21 d 232.02 ± 11.57 218.94 ± 15.40 221.41 ± 9.93 0.738

  0–21 d 466.06 ± 6.66 465.21 ± 14.21 450.47 ± 8.41 0.495

FI, g/bird

  0–13 d 368.72 ± 20.31 387.78 ± 7.47 367.14 ± 34.80 0.792

  14–21 d 317.38 ± 5.96 317.88 ± 16.61 300.38 ± 14.63 0.576

  0–21 d 686.10 ± 21.29 705.66 ± 21.54 667.52 ± 37.04 0.627

  FCR 1.47 ± 0.05 1.52 ± 0.04 1.48 ± 0.09 0.864

Table 4  Relative organ index of broilers fed arginine deficient 
diets supplemented with arginine or L-citrulline

PC: Positive control, NC: Negative control, NCL: Negative control + L-citrulline. 
Data are presented as mean ± SEM (n = 8). a,bMeans with different superscript 
letters are significantly different (P < 0.05) within the same row

Parameters, % Dietary treatments P value

PC NC NCL

Liver 2.36 ± 0.07 2.51 ± 0.11 2.49 ± 0.11 0.486

Kidney 0.59 ± 0.02 0.59 ± 0.02 0.60 ± 0.03 0.914

Spleen 0.08 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.339

Bursa 0.21 ± 0.02 0.21 ± 0.02 0.20 ± 0.03 0.942

Thymus 0.22 ± 0.01 0.24 ± 0.02 0.19 ± 0.02 0.087

Ileum 1.07 ± 0.03 1.10 ± 0.07 1.20 ± 0.4 0.190

Jejunum 1.43 ± 0.05b 1.62 ± 0.07a 1.69 ± 0.03a 0.008

Duodenum 0.99 ± 0.05 1.06 ± 0.07 1.04 ± 0.04 0.682

Breast muscle 11.40 ± 0.64 10.70 ± 0.35 10.63 ± 0.28 0.423

Thigh muscle 12.79 ± 0.52a 11.07 ± 0.41b 12.76 ± 0.45a 0.029
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(Fig.  5B; P < 0.05). A comparative assessment of the 
relative abundance of arginine metabolizing enzymes 
between the kidney and liver tissue is shown in Fig. 6. It 
was observed that the nNOS, ASS, ARG2, and OTC were 
highly abundant (Ptissue < 0.05) in the kidney compared to 
their expression in the liver (Fig. 6A–D).

Gene expression of nutrient transporters in the intestine 
of broilers
The ileal expression of b0,+AT transporter did not dif-
fer between the dietary treatments (Fig.  7A; P > 0.05), 
whereas, the EAAT3 and PepT1 transporters were simi-
larly influenced (P < 0.05). Feeding with NCL diet upreg-
ulated the mRNA expression of EAAT3 and PepT1 in 
the ileum of broilers compared to the PC and NC diets 
(P < 0.05).

In the jejunum, the mRNA expression of EAAT3 was 
unchanged (P > 0.05), whereas, PC diet upregulated 
b0,+AT expression higher than the NC diet (Fig.  7B). In 
addition, feeding with NC and NCL diets significantly 
upregulated PepT1 mRNA expression in the jejunum 
compared to the PC diet (Fig. 7B; P < 0.05).

Gene expression of tight junction proteins in the intestine 
of broilers
The relative mRNA expression of tight junction proteins 
and immune markers in the ileal mucosa revealed that 
NCL diet significantly upregulated (P < 0.05) the expres-
sion of Claudin 1, Occludin, MUC2, and pIgR higher 
than the NC diet (Fig.  8A). Also, the Claudin 1 and 
Occludin expression were increased (P < 0.05) by NCL 
diet higher than the PC diet, whereas, NC diet upregu-
lated pIgR expression higher than PC diet (Fig. 8A). The 
ZO-1 expression was not affected by dietary treatments 
(P > 0.05).

In the jejunum, feeding with NCL diet upregulated the 
expression of Claudin 1, and MUC2 higher than both the 
PC and NC diets (Fig.  8B). In addition, both NCL and 
NC diets significantly upregulated pIgR expression higher 
than the PC diet (P < 0.05). Similar to the ileal expression, 
ZO-1 did not differ with dietary treatments (P > 0.05).

Histomorphometric analysis of the intestine
Table 7 shows that the intestinal morphometry of broilers 
was significantly affected by dietary treatments, except 
in the duodenum, where the VH, CD, and VH/CD ratio 
were not changed (P > 0.05). In the jejunum, the VH was 
lowered by NC diet, whereas, it was increased with PC 
and NCL diets (P < 0.05). The jejunal CD was increased 
in the PC and NC groups but lowered by NCL diet 
(P < 0.05). Also, the VH/CD ratio of the jejunum was low-
ered by NC diet relative to the PC and NC diets (P < 0.05). 
The VH of the ileum was not changed by dietary treat-
ment (P > 0.05), however, NC diet significantly increased 
the ileal CD compared to the PC and NCL diets, which 
were similar. In contrast, the VH/CD ratio was lowered 
by NC diet but increased in both the PC and NCL fed 
groups (P < 0.05).

Discussion
The present study examined the effects of arginine or 
L-Cit supplementation to broilers under arginine-defi-
cient conditions. It was found that although feeding 
with the arginine-deficient-NC diet did not elicit sig-
nificant effects on the growth performance of broilers, 
it changed the free plasma AA profile, arginine metabo-
lism, intestinal nutrient transport, and intestinal integ-
rity of broilers. Corresponding with our study, Dao et al. 
[22] demonstrated that in laying hens fed with arginine 
deficient diet and supplemented with 0.35% arginine 

Table 5  Plasma biochemistry of broilers fed arginine deficient diets supplemented with arginine or L-citrulline

ALT: Alanine aminotransferase; AST: Aspartate aminotransferase, CK: Creatine kinase; GLU: Glucose; TG: Triglyceride; TCHO: Total cholesterol; LDH: 
Lactate dehydrogenase; PC: Positive control; NC: Negative control; NCL: Negative control + L-citrulline. Data are presented as mean ± SEM (n = 8). a,bMeans with 
different superscript letters are significantly different (P < 0.05) within the same row

Parameters Dietary treatments P value

PC NC NCL

ALT, U/L 5.71 ± 0.42a 5.88 ± 0.55a 4.00 ± 0.57b 0.034

AST, U/L 204.88 ± 7.18a 183.88 ± 4.11b 181.88 ± 7.98b 0.043

Urea, µmol/L 0.95 ± 0.05 0.87 ± 0.03 0.91 ± 0.03 0.386

Urate, µmol/L 370.38 ± 42.62b 633.29 ± 74.65a 446.88 ± 60.71b 0.018

CK, U/L 2374.88 ± 408.74 1608.88 ± 159.98 1852.75 ± 278.86 0.207

GLU, mmol/L 12.78 ± 0.28 12.57 ± 0.43 12.73 ± 0.22 0.892

TG, mmol/L 0.23 ± 0.03 0.23 ± 0.03 0.25 ± 0.02 0.843

TCHO, mmol/L 2.95 ± 0.16 2.63 ± 0.11 2.76 ± 0.10 0.226

LDH, U/L 661.38 ± 35.84 589.75 ± 37.62 597.88 ± 34.22 0.323
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or 0.35% citrulline, the birds did not differ in their feed 
intake and egg production performance. According to 
the standard guidelines for arbor acre broiler manage-
ment [23], under optimal management, environmental 
and nutritional conditions, a body weight of 978 g, along 
with cumulative feed intake of 1190  g is expected of 
broilers at 21 days of age. Relative to these standards, our 
study showed that the experimental birds had depreci-
ated performance, such that at 21 days of age, broilers fed 
PC diet exhibited about 48% and 42% decline in BW and 
FI respectively, compared to the standard guidelines. This 
impaired performance of broilers may likely occur due 
to nutrient imbalance in the basal diet used in the study. 
The basal diets were formulated as arginine-deficient, 

and from the findings of the present study, it is evident 
that the NC diet could not support the optimal growth 
performance of broilers regardless of L-arginine or L-Cit 
supplementation. In line with these, several studies have 
also reported that feeding chickens with an arginine defi-
cient diet impeded their growth responses and produc-
tion performance [12, 24, 25]. Interestingly, both PC and 
NCL diets increased the relative weight of the thigh mus-
cle, without obvious changes to the final BW of broilers. 
In line with this, it was reported that the absolute and 
relative weight of thigh muscles were linearly increased 
in broilers with increasing levels of digestible arginine/
lysine ratio, probably due to the actions of arginine on 
muscle creatine synthesis [26]. Thus, the potential for 

Table 6  Plasma AA profile of broilers fed arginine deficient diets supplemented with arginine or L-citrulline

PC: Positive control, NC: Negative control, NCL: Negative control + L-citrulline

Data are presented as mean ± SEM (n = 8). a,b,c Means with different superscript letters are significantly different (P < 0.05) within the same row

AA, ng/µL Dietary treatments P value

PC NC NCL

Essential AA

  Threonine 72.48 ± 4.58b 88.59 ± 6.08a 62.19 ± 4.37b 0.005

  Methionine 9.85 ± 0.46 12.00 ± 0.93 11.14 ± 0.67 0.125

  Lysine 39.33 ± 8.93 24.75 ± 4.57 52.04 ± 10.29 0.090

  Histidine 13.01 ± 1.38 15.28 ± 1.76 10.48 ± 1.13 0.086

  Phenylalanine 25.55 ± 1.09 30.41 ± 0.84 28.93 ± 1.96 0.059

  Arginine 60.89 ± 4.14a 24.49 ± 1.62b 51.00 ± 5.43a  < .000

  Isoleucine 10.86 ± 0.70 13.36 ± 0.77 12.25 ± 0.94 0.114

  Leucine 26.97 ± 2.53c 39.15 ± 1.42a 32.75 ± 1.54b 0.001

  Valine 20.19 ± 0.97b 27.39 ± 1.27a 20.73 ± 1.60b 0.001

  Cysteine 14.51 ± 1.11b 22.14 ± 1.07a 16.70 ± 1.44b 0.001

  Tryptophan 8.10 ± 0.54 6.52 ± 0.74 7.40 ± 0.76 0.285

  Glycine 52.43 ± 3.26 57.05 ± 3.46 45.96 ± 3.46 0.091

Non-essential AA

  Citrulline 6.22 ± 0.71b 9.72 ± 0.85a 9.87 ± 0.99a 0.010

  Ornithine 3.47 ± 0.18ab 2.68 ± 0.25b 3.76 ± 0.36a 0.030

  Aspartate 15.43 ± 1.57b 34.25 ± 2.99a 21.12 ± 1.99b  < .000

  Serine 58.91 ± 3.59b 75.76 ± 5.98a 59.82 ± 5.97b 0.062

  Proline 47.61 ± 4.48b 71.42 ± 3.62a 49.10 ± 4.31b 0.001

  Glutamate 36.29 ± 1.39 39.98 ± 2.62 37.10 ± 1.88 0.415

  Alanine 87.94 ± 3.77b 134.47 ± 10.06a 88.39 ± 4.67b  < .000

  Sarcosine 2.47 ± 0.18ab 2.84 ± 0.04a 2.15 ± 0.14b 0.006

  Cystathionine 5.45 ± 0.42b 7.23 ± 0.42a 6.35 ± 0.42ab 0.024

  Taurine 12.10 ± 0.91 13.44 ± 1.81 18.21 ± 4.77 0.335

  Tyrosine 40.55 ± 2.34 45.80 ± 2.38 42.74 ± 4.61 0.535

  Beta-Alanine 4.64 ± 0.36 4.05 ± 0.21 4.58 ± 0.21 0.255

  Gamma-aminobutyric acid 0.96 ± 0.11 0.60 ± 0.09 0.85 ± 0.11 0.066

  3Methylhistidine 2.15 ± 0.25 1.70 ± 0.20 1.71 ± 0.29 0.371

  Anserine 7.00 ± 0.25 7.53 ± 0.56 8.06 ± 0.61 0.350

  Carnosine 3.48 ± 0.37 3.41 ± 0.32 2.79 ± 0.14 0.211
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increased muscle mass observed with arginine and L-Cit 
supplementation may be further investigated over longer 
periods since both AA are involved in protein turnover 
and protein synthesis [27, 28].

The ALT and AST enzymes are released into the 
bloodstream when the hepatic parenchymal cells are 
damaged, along with the associative effects of inflam-
mation and oxidative stress [29]. In this study, PC diet 
increased the plasma ALT higher than NCL diet and 
further increased the AST levels higher than both NC 
and NCL diets. These may be suggestive of liver injury 
since these enzymes are key markers of liver dysfunc-
tion. Although arginine has been shown to exert ben-
eficial effects on liver functioning [30, 31], it was also 
reported that arginine supplementation potentiated 
liver injury in mercury chloride-treated rats, which 
was characterized by elevated ALT and AST levels 
[32]. Coincidently, this may account for the increased 
ALT and AST levels with PC diet, such that the added 

arginine in PC fed broilers would have exerted burden 
on liver metabolism ultimately affecting its functions. 
Importantly, the NCL diet afforded protective effects 
by lowering both plasma ALT and AST compared to 
the PC diet. This corroborates the report that L-cit-
rulline treatment decreased ALT, AST, and the ratio 
of ALT/AST in high-fat and cholesterol-fed rats [33]. 
In addition, feeding broilers with NC diet increased 
the plasma urate content higher than both the PC and 
NCL diets. This may be indicative of increased pro-
tein catabolism, exposure to stressors, and impaired 
hepato-renal functions [34, 35]. However, both argi-
nine and L-Cit supplementation were able to reverse 
these effects by diminishing urate accumulation in the 
bloodstream.

An examination of the plasma AA profile showed that 
feeding broilers with NC diet increased the circulation 
of several essential and non-essential AA than the argi-
nine fortified-PC diet. It is understood that inadequate 

Fig. 1  Nitric oxide (NO) concentration  in broilers fed arginine deficient diets supplemented with arginine or L-citrulline. (A) Plasma NO (B) Kidney 
NO (C) Liver NO. PC: Positive control; NC: Negative control; NCL: Negative control + L-citrulline. Data are presented as mean ± SEM (n = 6 to 8). Data 
are significantly different at *P < 0.05; **P < 0.01
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arginine supply from the NC diet could have activated 
other metabolic routes for protein synthesis, leading to 
the increased availability of certain AA. This alteration 
in protein synthesis was also evidenced by the accumu-
lation of urate, as well as the decrease in thigh muscle 
weight of NC-fed broilers. Under certain states such 
as stress and catabolic conditions, some non-essential 
AA may become essential, especially where the capac-
ity of endogenously synthesized AA is exceeded [36]. In 
this study, it was found that broilers fed NC diet had 
increased circulating levels of several AA, except for 
arginine. We had hypothesized that L-Cit supplemen-
tation would promote arginine availability to meet the 
body’s metabolic needs since arginine is widely involved 
in several precursory roles including NO production 
[37]. Interestingly, NCL diet was able to augment the 
levels of arginine, citrulline, and ornithine in circula-
tion, whereas, the PC diet could not support circulat-
ing citrulline levels. An important finding of this study 

was that the free plasma citrulline was decreased dur-
ing arginine supplementation relative to arginine defi-
cient condition. This supports the understanding that 
citrulline supply is increasingly effective during condi-
tions of arginine deficiency. This also corroborates with 
previous reports where citrulline proved more effective 
in providing arginine than direct arginine supplemen-
tation [38–40]. Furthermore, it is necessary to report 
that the experimental birds were examined during the 
fed state, since the nutrient concentrations in body 
fluids are closely related to the food composition and 
anabolic responses of the body during the fed (post-
prandial) conditions [41, 42].

Since arginine is responsible for NO synthesis, we pro-
posed that the increase in arginine availability would 
result in increased NO production, similar to previ-
ous reports [15, 37]. However, the results revealed that 
the plasma NO was unaffected by dietary treatments, 
whereas, L-Cit supplementation to NC diet promoted 

Fig. 2  Enzyme activity of nitric oxide synthase isoforms in broilers fed arginine deficient diets supplemented with arginine or L-citrulline. (A) Plasma 
tNOS (B) Plasma eNOS (C) Kidney eNOS (D) Liver eNOS. PC: Positive control; NC: Negative control; NCL: Negative control + L-citrulline. Data are 
presented as mean ± SEM (n = 7 to 8). Data are significantly different at *P ≤ 0.05; **P < 0.01; ***P < 0.001
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NO concentration higher than arginine supplementation 
in both the kidney and liver tissues. Thus, in line with 
our findings that NCL diet increased both the plasma 
arginine and citrulline content, it was evident that L-Cit 
could serve as a potential substrate to restore NO pro-
duction where the arginine availability was limited. To 

corroborate this, dietary L-citrulline was reported to 
promote the circulating arginine and NO levels in a dose-
dependent manner in laying hens [15]. In addition, it is 
established that citrulline is directly converted to argini-
nosuccinate via the actions of ASS and further metabo-
lized by ASL to produce arginine, which in turn can be 

Fig. 3  Activity of arginine metabolizing enzymes in broilers fed arginine deficient diets supplemented with arginine or L-citrulline. (A) Plasma 
arginase (B) Kidney arginase (C) Liver arginase (D) Plasma ASS (E) Kidney ASS (F) Liver ASS (G) Plasma ASL (H) Kidney ASL (I) Liver ASL. PC: Positive 
control; NC: Negative control; NCL: Negative control + L-citrulline. Data are presented as mean ± SEM (n = 8). Data are significantly different at 
*P ≤ 0.05; **P < 0.01; ***P < 0.001
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converted to citrulline via NOS activity or ornithine via 
arginase actions [43–45]. Therefore, an investigation 
into these enzymes would provide succinct information 
on the metabolic transformations that occur during cit-
rulline to arginine conversion in poultry. In the present 
study, PC diet stimulated higher ASS, and ASL activities 
than NCL diet, suggesting that supplemental arginine 
promoted citrulline conversion to arginine than direct 
L-Cit supplementation. Importantly, arginine serves as 
a substrate for three major NOS isoforms, including the 
constitutive forms of nNOS, which is found in the central 
nervous system, eNOS which is expressed in the vascu-
lar endothelium, and the inducible isoform, iNOS which 
is stimulated by inflammatory mediators, cytokines and 
stress signals [46, 47]. In this study, NCL diet induced 
plasma eNOS activity higher than the PC and NC diets, 
and also elevated the liver eNOS activity compared to the 
PC diet. It further upregulated the kidney eNOS expres-
sion higher than the NC diet. This may account for the 
increased liver NO concentration by NCL diet, that is, 

via eNOS catalysis of arginine to release NO. Contra-
dictorily, PC diet was observed to induce kidney eNOS 
activity, the kidney expression of nNOS and eNOS, as 
well as iNOS expression in the liver. However, it exerted 
no stimulatory effect on NO production. These contrast-
ing findings cannot be fully explained and may suggest 
differential responses between the kidney and liver dur-
ing arginine metabolism in chickens.

Furthermore, earlier studies had demonstrated the 
absence of CPS 1 and OTC activity in chickens [48, 
49]. In the present study, changes in the relative mRNA 
expression of OTC in the liver, as well as OTC and CPS1 
in the kidney were observed. This coincides with stud-
ies that had identified a functional CPS1 gene in the 
brain, muscle, and immune tissues of chicken, although 
its role in the urea cycle was yet to be fully ascertained 
[50, 51]. In line with this, Li et al. [52] also reported an 
upregulated CPS1 and OTC gene expression in the liver 
and breast muscle of chicken embryos following dietary 
L-arginine supplementation to broiler breeder hen’s diet. 

Fig. 4  Gene expression of arginine metabolizing enzymes in the tissues of broilers fed arginine deficient diets supplemented with arginine or 
L-citrulline. (A) Liver (B) Kidney. PC: Positive control; NC: Negative control; NCL: Negative control + L-citrulline. Data are presented as mean ± SEM 
(n = 8). Data are significantly different at *P < 0.05; **P < 0.01
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Noteworthy, the gene expression of OTC in the liver, 
as well as OTC and CPS1 in the kidney were relatively 
higher than nNOS and eNOS, which were minimally 
expressed in the liver and kidney respectively. Hence, 
these findings suggest that both the kidney and liver are 
active sites for arginine metabolism in chickens, although 
with distinct peculiarities. Comparatively, it is reasonable 
that arginine to citrulline metabolism is more efficient in 

the kidney considering the relatively higher expression 
of nNOS, ASS, ARG2, and OTC in the kidney than in the 
liver. Concurrently, the kidney had been reported as the 
greatest site for citrulline to arginine conversion [53].

Arginase is an important enzyme that hydrolyzes 
arginine to produce ornithine and urea [54]. In chicken, 
the kidney arginase is important in regulating arginine 
metabolism, since arginine degradation is dependent 

Fig. 5  Tissue expression profile of arginine metabolizing enzymes in broilers fed arginine deficient diets supplemented with arginine (PC diet) (A) 
Liver (B) Kidney. Data are presented as mean ± SEM (n = 8). Data are significantly different at *P < 0.05; **P < 0.01; ***P < 0.001
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on both the kidney arginase activity and the plasma 
arginine level [55]. Earlier works had reported on the 
molecular characterization of arginase enzyme in the 
kidney and liver tissues of chickens [56, 57]. Robbins 
and Baker [58] showed that arginine deficiency slightly 
increased the kidney arginase activity, however, increas-
ing the arginine concentration in diets that had either 
50% or 100% nitrogen requirement markedly increased 
the kidney arginase by twofold. Chu and Nesheim [55] 
also showed that arginine supplementation to laying 
hens induced higher arginase activity in the kidney than 
the low protein diet. Corresponding with these reports, 
the arginine-supplemented-PC diet promoted the 
plasma, kidney, and liver arginase 1 activity higher than 
L-Cit supplemented-NCL diets. Interestingly, citrul-
line can exert a non-competitive inhibition on arginase 
catalysis of arginine to attenuate arginase actions [59]. 
In this study, NCL diet persistently diminished the argi-
nase 1 activity in the plasma, kidney, and liver. This was 

also corroborated by the downregulated ARG2 gene 
expression in the liver, but not in the kidney. Moreover, 
L-Cit inhibition of kidney and liver arginase 1 activity 
corresponded with its induction of NO concentration 
in these tissues. Furthermore, arginase directly com-
petes with NOS for the substrate, arginine [60]. Thus, 
it was also found that L-Cit inhibition of arginase may 
have led to its induction of eNOS activity probably to 
augment NO production.

Studies have shown that arginine is crucial to intes-
tinal health since it maintains intestinal integrity, 
improves gut immunity, intestinal absorption, gut bar-
rier functions and protects the gut microbial compo-
sition [9, 10]. Importantly, different AA transporter 
systems in the brush border membranes are respon-
sible for the transport of specific free AA into the 
enterocytes [61]. The b0+AT is a light chain homolog 
of the heteromeric AA transporter which functions to 
maintain homeostasis of AA pools in various tissues 

×
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Fig. 6  Comparison of the relative gene expression of arginine metabolizing enzymes in the kidney and liver tissues of broilers fed arginine deficient 
diets supplemented with arginine or L-citrulline. (A) nNOS (B) ASS (C) ARG2 (D) OTC. PC: Positive control; NC: Negative control; NCL: Negative 
control + L-citrulline. Data are presented as mean ± SEM (n = 8). Data are significantly different at *P < 0.05; **P < 0.01; ***P < 0.001
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[62]. EAAT3 is an important anionic AA transporter 
with an affinity for glutamate [63]. Also, PepT1 is an 
AA transport system that facilitates the absorption of 
dietary AA as dipeptides and tripeptides into the intes-
tinal epithelial cells [64]. The present study showed 
that NCL diet upregulated PepT1 expression in  the 
ileum and jejunum tissues, compared to the PC and 
NC diet or PC diet, respectively. It was reported that 
the expression of chicken PepT1 gene was regulated in 
response to changes in the dietary crude protein and 
AA levels [65, 66]. In another study, PepT1 expression 
was modulated in malnourished rats despite atrophic 
changes in the intestinal mucosa [67]. This may 
explain the increased PepT1 expression in the jeju-
num of NC-fed broilers. Furthermore, citrulline can 
be transported efficiently across the intestinal lumen 
by Na+-dependent (system B0,+) and Na+-independent 
(systems L and b0,+) transporters [16]. Similarly, the 
cellular transport of arginine involves transit via the 
system y+ and Na-dependent transporters (e.g., b0,+, 
B0,+, and y+L) in a cell-specific manner [68]. Thus, the 
upregulation of PepT1 and EAAT3 systems with NCL 
diet suggests that L-Cit supplementation elicited a 

positive influence on intestinal AA transport with pro-
found effects on AA uptake in broilers.

Tight junction proteins such as Claudin, Occludin, and 
ZO-1 play important roles in the intestinal epithelial bar-
rier, and as such, they are crucial for nutrient absorption 
and intestinal immunity [11, 69]. In addition, pIgR is used 
to establish the first lines of intestinal defense since it 
transports the polymeric Immunoglobulin A to the intes-
tinal lumen and across epithelial cells [70]. In this study, 
NCL diet enhanced Claudin 1 and Occludin expression 
in the ileal mucosa greater than the PC and NC diets. 
Alongside this, the jejunal Claudin 1 and MUC2 expres-
sion were upregulated by NCL diet compared to the 
PC and NC diets, while the pIgR expression was also 
increased by both NCL and NC diets relative to PC diet. 
Previous studies have shown that arginine is necessary 
for the maintenance of intestinal epithelial integrity [71], 
while citrulline is an important biomarker of gut health 
and intestinal functions [44, 72, 73]. Therefore, these 
findings suggest that L-Cit supplementation enhanced 
the expression of intestinal tight junction proteins, and 
promoted intestinal mucosal defenses better than argi-
nine supplementation during arginine deficiency. Thus, 
citrulline may serve as a functional AA during conditions 
of low arginine availability to support arginine -medi-
ated roles such as nutrient absorption and intestinal 
immunity.

Proper maintenance of the intestinal morphology is 
beneficial for nutrient digestion, absorption, and optimal 
broiler performance. In this study, the VH/CD ratio was 
lowered in the ileum, while the VH and VH/CD ratios 
were decreased in the jejunum of NC-fed broilers com-
pared to the PC and NCL groups. This suggests that the 
nutrient absorption area and efficiency of absorption 
were compromised in NC-fed broilers, however, supple-
mentation with either arginine or L-Cit would alleviate 
the gut barrier failure. To corroborate this, studies have 
shown that L-arginine supplementation improved VH 
and preserved the jejunal morphology in Clostridium 
perfringens infected broilers [10], as well as the VH and 
VH/CD ratio in coccidiosis-challenged chickens [74]. The 
beneficial effects of arginine on intestinal microstructure 
and morphometry have been attributed to its role in the 
synthesis of polyamines and NO, since these metabolites 
are vital for intestinal development and nutrient absorp-
tion [75]. In addition, citrulline concentration is signifi-
cantly correlated with intestinal markers of crypt depth, 
and VH/CD ratio [76], such that plasma citrulline con-
centration is decreased during  conditions of intestinal 
villus atrophy [77]. Therefore, this study demonstrates 
that arginine and L-Cit were beneficial in promoting 
intestinal nutrient absorption, barrier integrity, and gut 
health during arginine -deficient conditions.

Fig. 7  Gene expression of nutrient transporters in the intestine of 
broilers fed arginine deficient diets supplemented with arginine or 
L-citrulline. (A) Ileum tissue (B) Jejunum tissue. PC: Positive control; 
NC: Negative control; NCL: Negative control + L-citrulline. Data are 
presented as mean ± SEM (n = 8). Data are significantly different at 
*P < 0.05; ***P < 0.001
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Fig. 8  Gene expression of tight junction proteins in the intestine of broilers fed arginine deficient diets supplemented with arginine or L-citrulline. 
(A) Ileal mucosa (B) Jejunum tissue. PC: Positive control; NC: Negative control; NCL: Negative control + L-citrulline. Data are presented as 
mean ± SEM (n = 8). Data are significantly different at *P < 0.05; ***P < 0.001

Table 7  Intestinal morphometry of broilers fed arginine deficient diets supplemented with arginine or L-citrulline

VH Villus height, CD Crypt depth, VH/CD Villus height to Crypt depth ratio, PC: Positive control, NC: Negative control, NCL: Negative control + L-citrulline

Data are presented as mean ± SEM (n = 8). a,bMeans with different superscript letters are significantly different (P < 0.05) within the same row

Intestinal morphometry, 
µm

Dietary treatments P value

PC NC NCL

Duodenum VH 1650.63 ± 55.35 1559.87 ± 46.63 1707.39 ± 78.67 0.241

CD 184.53 ± 13.14 197.86 ± 14.00 190.96 ± 9.90 0.753

VH/CD 9.28 ± 0.58 8.20 ± 0.55 9.11 ± 0.54 0.350

Jejunum VH 1239.9 ± 40.97a 959.67 ± 45.12b 1138.83 ± 40.04a 0.001

CD 213.54 ± 10.12a 208.90 ± 5.12a 173.19 ± 9.31b 0.008

VH/CD 5.88 ± 0.19a 4.60 ± 0.23b 6.76 ± 0.43a 0.001

Ileum VH 719.14 ± 27.59 719.89 ± 21.84 700.93 ± 29.63 0.857

CD 191.71 ± 4.61b 253.17 ± 10.34a 201.89 ± 13.10b 0.001

VH/CD 3.76 ± 0.15a 2.87 ± 0.18b 3.56 ± 0.33a 0.034
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Conclusion
Taken together, L-Cit supplementation effectively 
replaced arginine in broiler’s diet owing to the ability of 
L-Cit to augment circulating arginine and subsequently 
tissue NO production (Fig. 9). Therefore, L-Cit provided 
as a crystalline AA to broilers would present an imme-
diate metabolic precursor for arginine supply, tissue 
NO generation, facilitate nutrient transport and sup-
port intestinal integrity under conditions of arginine 
deficiency. Further studies expounding on the arginine-
sparing effects of L-Cit would prove useful in optimizing 
dietary L-Cit in poultry feeding programs.
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Fig. 9  Schematic representation of Citrulline–Nitric oxide cycle depicting arginine to citrulline conversion in the kidney and liver tissues. From 
this study, it was demonstrated that dietary L-Cit supplementation to arginine deficient broilers would promote the circulating arginine and 
ornithine levels, as well as eNOS activity. With the kidney as the main site for citrulline metabolism, L-Cit supplementation during arginine deficiency 
diminished ASS/ASL activity, whereas, it upregulated OTC and CPS1 genes. Furthermore, it induced NO production via eNOS catalysis of arginine. In 
the liver, arginine supplementation during arginine deficiency promoted the circulating arginine levels and induced ASS/ASL activity but it could 
not support citrulline supply. This coincided with the increased arginase activity and upregulated OTC expression. However, comparison between 
L-Cit and arginine supplementation during arginine deficiency revealed that L-Cit could sustain citrulline supply, inhibit arginase, and promote 
eNOS synthesis of NO in the liver greater than direct arginine supplementation. Importantly, uricotelic species including chickens are reportedly 
lacking the CPS1 and OTC enzyme for citrulline’s synthesis from ornithine, thus this was depicted with dotted lines. Legend: Upward arrow indicates 
an increase, while downward arrow indicates a decrease. Red arrows indicates the effects of dietary L-citrulline supplementation to arginine 
deficient broilers. Blue arrows indicates the effects of dietary L-arginine supplementation to arginine deficient broilers. Green arrows indicates 
the comparison between L-citrulline and L-arginine supplementation to arginine deficient broilers.  indicates plasma concentration. 

 indicates relative mRNA expression in target tissues
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