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Abstract

The experiment evaluated the effects of encapsulated sodium butyrate and arginine on the gut
health of broiler chickens from 1 to 22 days of age, with or without exposure to an enteric challenge.
The experiment was carried out in the vivarium of the Federal University of Parana, Brazil. Seven
hundred and sixty-eight one-day-old male Cobb 500® broiler chicks were used. The birds were randomly
assigned to eight treatment groups with six replicates each (48 experimental units with 16 birds per
replicate) in a 4 x 2 factorial design (four diets, with and without enteric challenge). The four diets were:
1) 113% standardised ileal digestibility (SID) arginine:lysine ratio; 2) 113% SID arginine:lysine ratio +
encapsulated sodium butyrate; 3) 130% SID arginine:lysine ratio; 4) 130% SID arginine:lysine ratio +
encapsulated sodium butyrate. At 15, 16, and 17 days of age, the birds in the challenged groups
received 15 mg of amoxicillin per kilogram of live weight, inoculated into the ingluvium. At 19 days of
age, the same birds received an inoculum containing Escherichia coli (ATCC® 8739™, 10° colony-
forming units/bird). The results show that from 1 to 14 days of age, birds that received combined arginine
and encapsulated sodium butyrate had better weight gain. Enteric challenge increased the production
of short-chain fatty acids and reduced the depths of the crypts and the absorption area of the ileal
mucosa. Arginine and encapsulated sodium butyrate supplementation effectively improved performance
in the second week of life, but did not interact with the enteric challenge model.
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Introduction

With the increasing prohibition of the use of antibiotics as performance enhancers in animal
feeds, researchers are searching for alternatives that maintain intestinal health, gastrointestinal tract
functions, and the immune system, without causing antibiotic-related problems (Gadde et al., 2017;
Giacomini et al., 2022; Riaz et al., 2025). However, restricting antibiotic use has resulted in birds’
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intestinal mucosa becoming more susceptible to some intestinal challenges in the field, such as necrotic
enteritis caused by Clostridium spp. or infections by opportunistic bacteria such as Escherichia coli.
(Fancher et al., 2020).

Encapsulated sodium butyrate (ESB) supplementation has received attention because of its
beneficial effects on zootechnical performance, intestinal integrity, and intestinal immune function, as
well as its inhibition of pathogen growth and enhancement of the intestinal barrier function (Song et al.,
2017; Leonidio et al., 2024). When a salt is encapsulated, or coated, it is released more slowly after
lipase action and its action is directed towards the lower part of the intestine (Smith et al., 2012).
Encapsulated sodium butyrate acts as a prebiotic, encouraging the development of beneficial gut
microbiota (Lactobacillus spp. and Bifidobacterium spp.), resulting in the production of lactic acid in the
intestine. The gradual release of ESB provides an energy source for epithelial cells, promoting
commensal bacteria while inhibiting colonisation by pathogens, mainly bacteria, such as E. coli and
Salmonella spp. (Mazur-Kusnirek et al., 2024). Encapsulated sodium butyrate is also associated with
the processes of recovery and regeneration of the intestinal mucosa, as it stimulates cell multiplication
and expands the intestinal surface area, increasing the potential absorption of nutrients (Elnesr et al.,
2020).

Nutritional additives with immunomodulatory functions can bring additional benefits to intestinal
health. Some amino acids, in addition to constituting body proteins, regulate the main metabolic
pathways that are necessary for maintenance, growth, reproduction, and immunity. These amino acids
are known as functional amino acids, and include arginine, cysteine, glutamine, leucine, proline, and
tryptophan (Ling et al., 2023). Arginine participates in protein synthesis, is a precursor of nitrogenous
compounds such as creatine, and acts in muscle metabolism, in addition to being a precursor of nitric
oxide with action on the immune system (Marti & Reith, 2021). Arginine is also considered an important
secretagogue, increasing the release of insulin, growth hormone, and insulin-like growth factor 1 into
the bloodstream (Tsugawa et al., 2019).

The optimal digestible arginine-to-lysine ratio (Arg:Lys) ranges from 1.08 to 1.25 (Corzo et al.,
2021). This may be sufficient for the optimum growth performance of broiler chickens; however, higher
levels of arginine supplementation may improve the gut health of chickens subjected to enteric
challenges by normalising the gut microbiota, improving the immune response, and enhancing the
antioxidant capacity of the intestinal mucosa (Ruan et al., 2020). Currently, the digestible Arg:Lys ratio
in broiler diets can be easily optimised through the addition of supplementary L-arginine.

This study therefore aimed to evaluate the effects of ESB and supplemental arginine on
productive performance, rupture tension and traction elongation of the intestine, morphometry of the
intestinal mucosa, short-chain fatty acid (SCFA) concentrations in the caecal content, and serum
biochemistry in broiler chickens from 1 to 22 days of age, with or without exposure to an enteric
challenge.

Materials and methods

The birds were housed in experimental cages at the Federal University of Parana, Palotina
Sector, Brazil, for the duration of the experiment. All animal husbandry and biological material collection
procedures were approved by the Ethical Conduct Committee for the Use of Experimental Animals,
under protocol no. 25/2022.

The experiment used 768 one-day-old male Cobb 500® broiler chicks with an average weight
of 47.83 + 1.06 g. Sexing was performed by observing the length of the wing feathers/plumage,
assessed under bright light. The birds were randomly distributed in a 4 x 2 factorial design, with four
diets and two enteric challenge states. Each of the four diet groups were either exposed to an enteric
challenge or not, resulting in eight treatments with six replicates each, totalling 48 experimental units
with 16 birds each (Table 1). The four diets tested were:

1. 113% standardised ileal digestibility (SID) Arg:Lys,
2. 113% SID Arg:Lys + ESB,

3. 130% SID Arg:Lys, and

4. 130% SID Arg:Lys + ESB.

Diets with an Arg:Lys ratio of 130% were obtained through the inclusion of L-arginine (99%) at
a dose of 2.2 g/kg, resulting in an arginine concentration of 1.69%. Diets with an Arg:Lys ratio of 113%
were not supplemented with L-arginine, and a concentration of 1.47% was thus maintained. The
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commercial product from which the ESB was obtained was Novyrate®, and the dose used was 1 g/kg,
following the manufacturer’s recommendations.

Table 1 Schematic representation of the eight treatments tested, including enterically challenged and
non-challenged birds fed experimental diets differing in the standardised ileal digestibility (SID)
arginine:lysine ratio (Arg:Lys) and the inclusion of encapsulated sodium butyrate (ESB)

Treatment Enteric challenge Arg:Lys SID ESB
1 Yes 113% No
2 Yes 130% No
3 Yes 113% Yes
4 Yes 130% Yes
5 No 113% No
6 No 130% No
7 No 113% Yes
8 No 130% Yes

From 1 to 22 days of age, a maize and soybean meal-based starter feed was provided (Table
2). This feed was formulated to meet the nutritional requirements of the birds, in accordance with the
recommendations of the Brazilian Tables for Poultry and Swine (Rostagno et al., 2017). The
metabolisable energy (ME) content of the feed was calculated in kilocalories per hundred grams
(kcal/100g) by multiplying the factors of fat, protein, and carbohydrate, respectively, by 9%, 4%, and
4%, as reported by Eknayake et al. (1999). The crude protein (CP), crude fibre (CF), ether extract (EE),
and amino acid concentrations were analysed according to AOAC (Association of Official Analytical
Chemists, 2000) procedure numbers 968.06, 920.39, 962.09, and 982.30, respectively. The mineral
concentrations in the samples were determined using the dry ashing method described by Chapman &
Pratt (1982). All analyses were performed in triplicate. The experimental diets were free of growth-
promoting antibiotics and anticoccidials (Table 2).

The poultry rearing environment consisted of two rooms fitted with air conditioners, exhaust
fans, halogen heating lamps, and hoods equipped with infrared heating lamps. There were six batteries
of four cages (0.55 x 0.80 m) in each room, totalling 48 experimental units, and the cages were lined
with fresh shredded paper. The unchallenged birds were kept in the first room, while the challenged
birds were kept in the second room. The temperature was controlled by an automated system and
regulated according to the age of the birds and their associated thermal comfort zones, and the birds
received 24 hours of light per day until 22 days of age. Water and feed were provided ad libitum
throughout the trial period. The vaccination programmes for Marek’s disease, Gumboro disease, and
infectious bronchitis were carried out at the hatchery.

At 15, 16, and 17 days of age, the birds in the challenged group were inoculated with 15 mg/kg
of body weight of amoxicillin 500 mg (EMS®, Hortolandia/SP) in the ingluvium, according to the
methodology adapted from Schokker et al. (2017). Two days later (on day 19), the same birds received
an inoculum containing E. coli (ATCC® 8739™) with a calculated concentration of 10° colony-forming
units/bird, also inoculated into the ingluvium of each bird. The unchallenged birds received distilled water
at the same ages and in volumes equivalent to those received by the challenged birds.

Growth performance

To calculate the growth performance, the birds and leftover feed from each experimental unit
were weighed weekly to evaluate the average weight, weight gain, feed intake, and feed conversion
ratio. The feed conversion ratio was corrected for weekly bird mortality to obtain the corrected feed
conversion ratio (cFCR), according to the methodology of Sakomura & Rostagno (2016):

Total feed consumed

FCR =
¢ Total weight again + Weight of dead birds
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Table 2 Ingredient composition and nutritional levels of the four experimental diets provided to the
broiler chickens during the starter phase (1 to 22 days of age)

113% Arg:Lys

130% Arg:Lys

Ingredients (g/kg) 113% Arg:Lys +ESB 130% Arg:Lys +ESB
Maize 578.6 578.6 578.6 578.6
Soybean meal 376.0 376.0 376.0 376.0
Soybean oil 8.08 8.08 8.08 8.08
Calcitic limestone 11.2 11.2 11.2 11.2
Dicalcium phosphate 10.6 10.6 10.6 10.6
L-lysine (62.4%)’ 3.22 3.22 3.22 3.22
Sodium chloride 5.06 5.06 5.06 5.06
DL-methionine (99%)’ 3.21 3.21 3.21 3.21
L-threonine 0.48 0.48 0.48 0.48
Choline (60%)" 0.87 0.87 0.87 0.87
Enzyme additive? 0.20 0.20 0.20 0.20
Mineral premix3 1.00 1.00 1.00 1.00
Vitamin premix* 1.30 1.30 1.30 1.30
ESB - 1.00 - 1.00
L-arginine - - 2.20 2.20
Inert filler® 3.20 2.20 1 -

Calculated nutritional levels
Metabolisable energy (kcal/kg) 3050 3 050 3050 3050
Crude protein (%) 23.0 23.0 23.0 23.0
Ether extract (%) 3.59 3.59 3.59 3.59
Crude fibre (%) 2.50 2.50 2.50 2.50
Total calcium (%) 0.97 0.97 0.97 0.97
Available phosphorus (%) 0.50 0.50 0.50 0.50
Sodium (%) 0.22 0.22 0.22 0.22
Chlorine (%) 0.36 0.36 0.36 0.36
Digestible lysine (%) 1.30 1.30 1.30 1.30
Digestible arginine (%) 1.47 1.47 1.69 1.69
Digestible methionine (%) 0.96 0.96 0.96 0.96
Digestible threonine (%) 0.84 0.84 0.84 0.84
Digestible tryptophan (%) 0.26 0.26 0.26 0.26
Digestible valine (%) 0.98 0.98 0.98 0.98
Choline (mg/kg) 1800 1800 1800 1800

SID: standardised ileal digestibility, Arg: arginine, Lys: Lysine, ESB: encapsulated sodium butyrate.
"Concentration of active ingredient. 2Enzyme additive: protease (700 p/g), phytase (300 p/g), and cellulase (40
u/g). 3Mineral premix added per kg of final feed: manganese (50 g/kg), zinc (40 g/kg), iron (30 g/kg), copper (6000
mg/kg), iodine (2000 mg/kg), selenium (180 mg/kg). *Vitamin premix added per kg of final feed: vitamin A
(11 000.000 1U/kg), vitamin D3 (4000.000 1U/kg), vitamin E (55 000.000 1U/kg), vitamin K3z (3000.000 mg/kg),
vitamin B1/thiamine (2300.000 mg/kg), vitamin Bz/riboflavin (7000.000 mg/kg), vitamin Be/pyridoxine (4000.000
mg/kg), vitamin B12/cyanocobalamin (6000.000 pg/kg), pantothenic acid (12 g/kg), nicotinic acid (60 g/kg), folic
acid (2000.000 mg/kg), biotin (250 000.000 pg/kg). Kaolin was used as an inert ingredient to maintain dietary
levels.

Mechanical properties of the jejunum

At 22 days of age, two birds/replication (24 birds/treatment) were sacrificed by cervical
dislocation, and a 10 cm section of the jejunum was obtained. The samples were subjected to a tensile
test, which expresses the material resistance of a viscoelastic material to deformation by elongation
when subjected to traction. This test was performed with the aid of a fixation device for the perforation
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test adapted to a texturometer (TA-XT2i model, Stable MicroSystems Ltd., Goldalming, UK).
Elongation and stress at rupture values were obtained. The parameters used were a velocity of
2 mm/second and a force of 20 g.

Gut health assessment — bowel length and histomorphometry

The length of the small intestine was measured immediately after the birds were sacrificed, with
samples of the ileum approximately 5 cm in length being obtained. These samples were opened
longitudinally, washed with formalin, fixed in a buffered formalin solution, and subsequently embedded
in paraffin. Each sample was sliced into 5 um thick semi-serial sections and stained with haematoxylin-
eosin. For the morphometric study, images were captured by light microscopy (10x objective) using a
computerised image analyser system (Image-Pro Plus version 5.2; Media Cybernetics). The lengths
and widths of 20 villi and the depths and widths of 20 crypts were measured (in um) for each slide using
the Image-Pro Plus software measurement tool. These morphometric measures were used to calculate
the surface absorption area of the intestinal mucosa using the formula proposed by Kisielinski et al.
(2002):

2
_ VW x VH)+(¥+%)
Absorption area = TW W,
(7 +7)

where: VW = villus width, VH = villus height, and CW = crypt width.

Determination of caecal content SCFA concentrations

To determine the SCFA concentrations, the caecal contents of the birds used for intestinal
mucosal morphometric analysis were collected. The caecal content samples were diluted in sodium
hydroxide, homogenised, and centrifuged at 3000 rpm for 5 minutes. A 1 mL aliquot of the supernatant
was collected in an Eppendorf microtube and 0.2 mL of formic acid P.A. was added prior to storage in
a freezer at —18 °C until analysis. The SCFA concentration was determined using a gas chromatograph
equipped with a column of 80/120 CarbopackTM B-DA*/4% Carbowaxa 20M (Scheppach et al., 1987).

Serum biochemistry analysis

For the analysis of the serum concentrations of alkaline phosphatase (ALP), gamma-glutamyl
transferase (GGT), aspartate aminotransferase (AST), urea, uric acid, and glucose, 5 mL blood samples
were collected at 22 days of age from the wing veins of 12 chickens per experimental group (2
birds/replicate; n = 12) using hypodermic needles (25 x 7). These blood samples were stored in test
tubes and subsequently centrifuged at 4500 rpm for 15 minutes to obtain serum. The samples were
then frozen at —18 °C until analysis. Kits were acquired from Laboratorio Labtest (catalogue numbers,
2023/07: uric acid liquiform — reference 140, urea — reference 27, gamma-glutamyl transferase liquiform
—reference 105, aspartate aminotransferase liquiform — reference 1009, alkaline phosphatase liquiform
— reference 1011, glucose liquiform — reference 1091) and applied using an automatic biochemical
analyser (model BS-120, from Mindray).

Statistical analysis

The data were analysed as a completely randomised design using the general linear model
(GLM) procedure in the SAS statistical program (Statistical Analysis System, version 9.4), with statistical
differences being determined using analysis of variance (ANOVA). Data normality was checked using
the Shapiro-Wilk test. The model included the ESB supplementation, the arginine supplementation, the
enteric challenge, and their interactions as fixed effects, and the effects of the ESB and arginine
supplementation were considered throughout the trial period. For the evaluation of the interaction data
(diet x challenge), the data were subjected to Tukey's test using the PROC SORT procedure of the SAS
statistical program. Data are presented as least square means + standard errors of the means, and
Tukey’s honest significant difference test was used to identify significant differences between treatment
means. Significance was declared at a 5% probability level.
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Results and discussion

During the first 14 days of the trial, a period during which the birds were not submitted to the
enteric challenge, it was observed that the addition of ESB to the diet, along with arginine
supplementation, increased the weight gain of the birds (P <0.05) (Table 3). Supplementation with L-
arginine alone or with ESB alone resulted in intermediate values.

Table 3 Productive performance parameters (means = standard errors) of 1-14-day-old broiler
chickens receiving diets with or without arginine (Arg) and/or encapsulated sodium butyrate (ESB)
supplementation

Diets Weight gain (g) Feed intake (g) cFCR
113% SID Arg:Lys 421.68°+21.9 554.23 + 33.8 1.296 + 0.08
113% SID Arg:Lys + ESB 448.77%°+ 225 566.48 + 28.4 1.264 £ 0.07
130% SID Arg:Lys 428.90% + 28.8 549.84 +21.0 1.269 + 0.08
130% SID Arg:Lys + ESB 451.202+ 243 573.89 +29.7 1.274 £ 0.07
CV (%) 5.86 5.33 4.99
P-values 0.0150 0.1940 0.6570

cFCR: corrected feed conversion ratio, SID: standardised ileal digestibility, Lys: lysine, CV: coefficient of
variation.  Values with different superscripts within a column differ significantly (P <0.05).

In the encapsulated (protected) state, butyrate is released more in the lower portion of the
gastrointestinal tract (Bedford & Gong, 2018), thereby influencing intestinal quality. In addition, the
butyrate molecule has a bactericidal, bacteriostatic, and modulatory action on the intestinal microbiota,
and therefore has positive effects on the animal (Silva et al., 2020).

The effects of arginine supplementation on growth in chickens may be related to its role as a
potent secretagogue for insulin and growth hormone — mainly through the actions of its metabolites
(such as nitric oxide or polyamines) — as well as through its effect of increasing immunoglobulin A
production (Tsugawa et al., 2019; Castro et al., 2020). Some studies have shown that bird performance
increases with the addition of a small amount of arginine to maize and soybean meal-based diets
(Fernandes et al., 2009; Jahanian, 2009; Youssef et al., 2016), and in this study, an increase in the ratio
from 113% to 130% with dietary L-arginine supplementation (0.22% inclusion) increased the body
weights of the birds. These results were similar to those of Youssef et al. (2016), who reported that
chickens that received a diet supplemented with 2% or 4% arginine, above their NRC (1994)
requirements, had significantly higher body weights than control birds during the initial growth period.
The growth-regulating properties of arginine involve its function as a primary component of body proteins
and creatine, as a precursor of connective tissue-forming proline and hydroxyproline (Khajali &
Wideman, 2010), and as a precursor of growth-promoting polyamines, by encouraging cell division,
protein synthesis, and tissue growth (Pegg & Mccann, 1982).

Furthermore, the performance improvement associated with the use of ESB can be explained
by this product’s beneficial effects of promoting the development of intestinal epithelial cells and
modulating the growth of intestinal symbiotic bacteria (Xue et al., 2024). Studies have already
demonstrated the positive effects of dietary ESB on broiler growth performance, immunity, and intestinal
microflora (Chamba et al., 2014; Sikandar et al., 2017), as well as its ability to optimise the use of dietary
nutrients by increasing villus length (Chamba et al., 2014). Moreover, the microencapsulated form of
sodium butyrate has been reported to be much more effective in exerting its beneficial effects on villi
and intestinal bacteria (Ahsan et al., 2016).

In pigs (Manzanilla et al., 2006) and in chickens (Jerzsele et al., 2012), ESB supplementation
has been found to promote microbial diversity and induce competitive exclusion between beneficial and
pathogenic bacteria in the gastrointestinal tract. Previous studies on broilers have reported decreases
in the counts of specific pathogenic bacteria, such as E. coli, Salmonella enteritis, and Campylobacter
Jejuni in the caecum, while other butyrate-based products have shown the potential to mitigate the
impact of pathogenic bacteria (Namkung et al., 2011; Liu et al., 2019).
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In the first week after the inoculation of the challenged birds (days 14 to 21), and in the period
from 1 to 21 days of age, the challenged birds had lower (P <0.05) feed intakes (Tables 4 and 5). Birds
that received diets supplemented with only arginine, only ESB, or a combination of both also had higher
(P <0.05) feed intakes from 1 to 21 days of age (Table 5). Similar results at this age were found in other
studies (Antongiovanni et al., 2007; Mahdavi & Torki, 2009).

Table 4 Productive performance parameters (means * standard errors) of 14—21-day-old broiler
chickens receiving diets with or without arginine (Arg) and/or encapsulated sodium butyrate (ESB)
supplementation, and with or without enteric challenge

Body weight (g) Weight gain (g) Feed intake (g) cFCR

Diets

113% SID Arg:Lys 82442 +29.3 340.03 £ 32.7 502.39 £ 28.3 1.487 £0.12

113% SID Arg:Lys + ESB 834.67 +39.3 336.87 £ 27.6 527.81 £ 34.5 1.571 £0.08

130% SID Arg:Lys 828.00 + 37.5 341.60 £ 29.5 517.61 £ 30.5 1.522 £ 0.11

130% SID Arg:Lys + ESB 859.08 + 38.7 349.66 +41.9 535.48 + 451 1.543 £ 0.14
Challenge

Control 845.92 +43.3 349.81 + 36.3 533.982+ 40.3 1.535+0.13

Challenged 827.17 £ 311 334.27 £ 28.9 507.66°+ 28.5 1.526 £ 0.11
CV (%) 4.50 9.99 6.37 8.21
P-values

Diet 0.1210 0.8220 0.0998 0.4272

Challenge 0.0930 0.1230 0.0090 0.7974

Diet x Challenge 0.5970 0.3420 0.1080 0.9179

cFCR: corrected feed conversion ratio, SID: standardised ileal digestibility, Lys: lysine, CV: coefficient of
variation. 2 Values with different superscripts within a column differ significantly (P <0.05).

Table 5 Productive performance parameters (means + standard errors) of 1-21-day-old broiler
chickens receiving diets with or without arginine (Arg) and/or encapsulated sodium butyrate (ESB)
supplementation, and with or without enteric challenge

Weight gain (g) Feed intake (g) cFCR

Diets

113% SID Arg:Lys 761.71 £ 32.7 1056.61°+ 34.2 1.369 £ 0.08

113% SID Arg:Lys + ESB 785.64 + 36.5 1094.29%+ 51.6 1.393 £ 0.04

130% SID Arg:Lys 770.50 +42.6 1067.45%+42.0 1.387 £ 0.05

130% SID Arg:Lys + ESB 800.86 + 40.7 1109.372+ 64.6 1.386 + 0.06
Challenge

Control 787.86 +47.1 1103.832+51.5 1.394 + 0.07

Challenged 771.50 + 32.1 1 060.03 + 46.4 1.374 £ 0.04
CV (%) 5.12 4.35 3.78
P-values

Diet 0.0988 0.0347 0.7347

Challenge 0.1634 0.0025 0.2140

Diet x Challenge 0.5228 0.4763 0.8766

cFCR: corrected feed conversion ratio, SID: standardised ileal digestibility, Lys: lysine, CV: coefficient of
variation. 2 Values with different superscripts within a column differ significantly (P <0.05).
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A health challenge that induces an immune response usually causes a reduction in feed
consumption. When stimulated by pathogens, the lamina propria antigen-presenting cells produce
several cytokines, including tumour necrosis factor, interleukin 1, and interleukin 6, which stimulate and
regulate the action of the macrophage itself, in addition to stimulating more cells to participate in the
immune response (Sharma, 1998). These cytokines are proinflammatory and reduce the feed intake of
immune-stimulated animals; they are also associated with the effects of dysbiosis and injury that
microorganisms cause in the intestinal mucosa of animals. These effects lead to dehydration and poor
use of dietary nutrients.

The mechanical properties (breakage stress and elongation at breakage) and gut lengths of the
broilers at 22 days of age are shown in Table 6. Regarding the results for the length of the small intestine,
there was no effect (P >0.05) of either the diet or the enteric challenge. According to Fernandes et al.
(2014), when there is no increased requirement for arginine, both for protein synthesis and
precursor synthesis, no beneficial effect of arginine on intestinal development is expected.

Table 6 Tension at break, elongation at break, and intestine length (means * standard errors) of 22-
day-old broiler chickens receiving diets with or without arginine (Arg) and/or encapsulated sodium
butyrate (ESB) supplementation, and with or without enteric challenge

Bree;l;;r;gesct)ress EIongz;t:]c:rs:::)break Length (cm)

Diets

113% SID Arg:Lys 1.20£0.30 15.23+£4.70 1.67 £ 0.31

113% SID Arg:Lys + ESB 1.34 £ 0.36 17.59 £ 6.80 1.62 +0.37

130% SID Arg:Lys 1.32+0.21 16.81 £5.94 1.62+0.21

130% SID Arg:Lys + ESB 1.23+0.28 17.34 £ 3.31 1.63+0.28
Challenge

Control 1.24 +0.29 16.93 £ 6.34 1.61+0.29

Challenged 1.30 £ 0.31 16.52 £ 4.50 1.66 + 0.31
CV (%) 23.34 23.04 6.66
P-values

Diet 0.2500 0.1560 0.2410

Challenge 0.3860 0.6090 0.0640

Diet x Challenge 0.1690 0.2380 0.0700

SID: standardised ileal digestibility, Lys: lysine, CV: coefficient of variation.

Chamba et al. (2014) reported increased jejunum and ileum lengths as a result of ESB
supplementation. These authors observed that when infused into the colon, butyrate exerted a trophic
effect on ileal and jejunal epithelial cells. Butyrate, in addition to providing energy to epithelial cells,
markedly increases epithelial cell proliferation and differentiation, improving the colonic barrier function,
as reported by Guilloteau et al. (2010). In the small intestine, butyrate enhances proliferation,
differentiation, and maturation, reducing the apoptosis of normal enterocytes through its influence on
gene expression and protein synthesis (Salvi & Cowles, 2021).

The intestinal mucosal morphometric results for the broilers’ ileums at 22 days of age are
reported in Table 7. There was a significant effect of the enteric challenge, with birds that were exposed
to the challenge having shallower and narrower crypts, thinner muscle layers, and smaller absorption
areas than non-challenged birds, indicating a lower capacity for the proliferation of new cells by the
intestinal crypts. These morphological changes are indicative of the regeneration process and the
attempt to return to intestinal homeostasis. The cell renewal of the intestinal mucosa is a continuous
process that occurs through the balance between the processes of cell proliferation and differentiation
and the loss of cells by desquamation (Uni, 1998), a mechanism known as cell turnover.
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Table 7 Morphometry (means * standard errors) of the ileal mucosa of 22-day-old broiler chickens receiving diets with or without arginine (Arg) and/or
encapsulated sodium butyrate (ESB) supplementation, and with or without enteric challenge

Villus length Villus width Crypt depth Crypt width Villus:crypt Muscle layer Absorption area
(hm) (um) (um) (um) ratio (um) (um?)

Diets

113% SID Arg:Lys 583.70 £ 94.0 99.83 £ 9.51 140.98 + 29.9 53.62 £ 5.31 414+ 0.72 348.75 + 821 10.45+1.43

113% SID Arg:Lys + ESB 595.00 + 99.1 100.00 + 7.54 145.24 +22.8 52.88 +4.85 4.23+0.71 339.78 £ 74.0 10.72 £ 2.03

130% SID Arg:Lys 589.59 + 90.9 99.84 £ 10.6 144.83 £ 28.0 51.12+3.74 418 +0.83 350.28 £ 73.7 10.91 £ 1.58

130% SID Arg:Lys + ESB 589.06 + 83.8 9715+ 111 144.65 + 31.6 51.80 £4.05 417 £0.67 322.06 £ 77.9 10.89 £ 1.40
Challenge

Control 602.54 £ 92.0 97.76 + 10.6 149.812+ 27.8 53.672+4.52 4.14 +0.71 361.072+ 80.6 11192+ 1.74

Challenged 576.64 £ 90.4 100.65 £ 8.73 137.99° + 27.9 51.05°+ 4.36 4.22+0.76 319.36"+ 68.8 10.31°+ 1.36
CV (%) 15.32 10.15 19.05 8.54 18.29 22.53 13.52
P-values

Diet 0.9743 0.7203 0.9439 0.2276 0.9821 0.5627 0.6860

Challenge 0.1659 0.1626 0.0387 0.0051 0.5931 0.0091 0.0038

Diet x Challenge 0.4283 0.8803 0.6988 0.5393 0.9724 0.5958 0.1829

SID: standardised ileal digestibility, Lys: lysine, CV

: coefficient of variation. @ Values with different superscripts within a column differ significantly (P <0.05).
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Under conditions of enteric challenge, the maturation of epithelial cells is necessary to maintain
the numerous functional activities of the intestinal mucosa. The appearance of immature enterocytes
with low absorptive capacity, as well reduced enzyme activity in the brush border, can compromise
nutrient absorption (Reicher et al., 2020; Sadr et al., 2025).

The SCFA concentrations in the broilers’ caecal contents at 22 days of age are reported in Table
8. Enteric challenge had a significant effect on the SCFA concentrations, regardless of the diet provided.
Challenged birds showed increased concentrations of acetic, propanoic, isobutyric, and butyric acids,
compared to birds that were not challenged.

Table 8 Short-chain fatty acid concentrations (means + standard errors, mmol/kg) in the caecal
contents of broiler chickens receiving diets with or without arginine (Arg) and/or encapsulated sodium
butyrate (ESB) supplementation, and with or without enteric challenge

Acetic Propanoic Isobutyric Butyric

Diets

113% SID Arg:Lys 4258 £+12.0 490 +1.95 0.69 £ 0.37 5.88 £ 3.90

113% SID Arg:Lys + ESB 37.53+12.3 4.04 +1.50 0.63£0.35 6.63 + 4.63

130% SID Arg:Lys 42.25+15.6 427 +1.64 0.73+0.27 7.95 + 5.66

130% SID Arg:Lys + ESB 4017 £ 11.4 4.33+1.68 0.71+£0.16 6.53 +4.78
Challenge

Control 36.21°+14.8 3.62°+1.40 0.60° +0.39 5.12b +5.26

Challenged 44872+ 10.0 5.142+1.70 0.772+0.17 8.312+ 4.01
CV (%) 25.89 36.20 29.44 60.14
P-values

Diet 0.3264 0.2887 0.3226 0.3677

Challenge 0.0002 <.0001 0.0002 0.0003

Diet x Challenge 0.0573 0.9262 0.6365 0.6545

SID: standardised ileal digestibility, Lys: lysine, CV: coefficient of variation. 2® Values with different superscripts
within a column differ significantly (P <0.05).

Short-chain fatty acids are microbial metabolites produced through the fermentation of
carbohydrates and proteins in the intestines. One of the main roles of these metabolites is to reduce the
intestinal pH and consequently inhibit the growth and colonisation of pathogenic bacteria. Other
functions of these metabolites include enterocyte proliferation and differentiation, and mucin production
(Suiryanrayna & Ramana, 2015). According to Stanley et al. (2014) and Oakley et al. (2014), the
intestinal microbiota of broilers consists of about 1000 bacterial species. The ileum is the final portion of
the small intestine, and contains bacteria that produce lactic acid, such as Lactobacillus, Clostridium,
and Enterobacteria (Zheng et al., 2018). The anaerobic environment of the caeca characterises them
as fermentation chambers for the production of SCFA (propionate, butyrate, and acetate) and vitamins
(Louis et al., 2014).

Short-chain fatty acids are capable of combating fungal toxicity, in addition to functioning as a
bacteriostatic mechanism and decreasing the intestinal pH. As food remains longer in these organs, the
SCFAs promote the absorption of amino acids and the synthesis of vitamins (Singh & Kim, 2021).
Lactobacillus spp. act by stimulating the secretion of immunoglobulins, lactate, and acetate, which
contribute to the multiplication of Bacillus spp., Bacteroides spp., and Bifidobacterium spp. These
microorganisms produce volatile fatty acids, decrease intestinal pH levels, and settle in the mucosa of
the organ and act against the toxicity caused by E. coli, Campylobacter spp., and Salmonella spp.
(Sulzner et al., 2014). In this study, the intestinal microbiome was disturbed by the enteric challenge,
and the increase in SCFA concentrations may have formed part of an attempt to reestablish the balance
of the microbiome.

Data regarding serum biochemistry are shown in Table 9.
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Table 9 Serum glucose, uric acid, urea, aspartate aminotransferase (AST), alkaline phosphatase (ALP), and gamma-glutamyl transferase (GGT)
concentrations (means * standard errors) in 22-day-old broiler chickens receiving diets with or without arginine (Arg) and/or encapsulated sodium butyrate

(ESB) supplementation, and with or without enteric challenge

Buzim et al., 2026. S. Afr. J. Anim. Sci. vol. 56(2)

Glucose (mg/dL) Uric acid (mg/dL) Urea (mg/dL) AST (IU/L) ALP (IU/L) GGT (IU/L)

Diets

113% SID Arg:Lys 247.75 + 64.2 11.54 £2.44 1.97 £0.96 214.08 £ 62.1 8 082.87 + 1564.3 17.810+ 3.41

113% SID Arg:Lys + ESB 244,42 + 66.1 13.02 £ 3.05 2.01+0.52 213.67 £ 64.0 7 476.29 + 1066.0 18.773 + 4.02

130% SID Arg:Lys 237.42 +65.8 11.09 £2.48 1.93 £ 0.63 204.62 + 63.7 7 723.29 £ 1038.0 18.86%° + 3.67

130% SID Arg:Lys + ESB 246.87 £ 79.0 11.74 £ 2.31 2.13+0.69 216.14 £ 77.9 7 342.91 £ 1016.0 20.712+ 3.40
Challenge

Control 240.29 +62.8 12.34 £2.71 2.34+0.73 21249 +61.6 7 409.52 + 1062.0 18.78 £ 3.75

Challenged 247.94 +70.2 11.33+£2.26 212 +0.68 211.75 +60.7 7 914.63 + 1098.0 19.30 £ 4.06
CV (%) 8.22 27.89 25.11 10.25 22.41 17.93
P-values

Diet 0.2775 0.2202 0.6226 0.2796 0.4904 0.0345

Challenge 0.0654 0.1445 0.1345 0.8721 0.1553 0.4608

Diet x Challenge 0.0417 0.1717 0.3756 0.9476 0.0631 0.4660

SID: standardised ileal digestibility, Lys: lysine, CV: coefficient of variation. 2 Values with different superscripts within a column differ significantly (P <0.05)
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There was a significant effect of diet on the GGT concentration. Birds that received only ESB
supplementation or ESB associated with arginine had a higher serum GGT level. There was also
interaction (P <0.05) between the diet and the enteric challenge for the serum glucose concentration
(Table 9).

The enzymes AST, ALP, and GGT are related to damage to specific organs, mainly the heart
and liver (Mohammadzadeh et al., 2007). The levels obtained in this study were within the physiological
reference ranges for glucose (130-260 mg/dL), uric acid (2-10 mg/dL), urea (0.2-5.0 mg/dL), AST
(170-531 IU/L), ALP (14 043 £ 3 590 IU/L), and GGT (13-24 IU/L) (Borsa et al., 2006; ZaleSakova et
al., 2025). The differences detected between the diets in relation to the GGT level are probably due to
physiological changes, since GGT is a sensitive and nonspecific indicator of liver disorders when found
increased in the absence of other changes (Tuncer et al., 2007).

By more closely examining the diet x challenge interaction for serum glucose levels (Table 10),
it can be seen that the birds that were exposed to the enteric challenge and fed the diet supplemented
with both arginine and ESB had higher glucose levels than the birds that were challenged and only
supplemented with arginine. Furthermore, the birds exposed to the enteric challenge that received only
ESB supplementation also had higher glucose concentrations than those not challenged.

Table 10 The effects of the interaction between enteric challenge and dietary arginine (Arg) and/or
encapsulated sodium butyrate (ESB) supplementation on serum glucose concentrations (means *
standard errors, mg/dL) in 22-day-old broiler chickens

Diets
113% SID 113% SID 130% SID 130% SID
Arg:Lys Arg:Lys + ESB Arg:Lys Arg:Lys + ESB
Challenge P-value
Control 250.33 £ 62.0 234.58°+ 62.0 239.17 £ 63.0 237.08 £+ 63.0 0.3849
Challenged 2451748+ 69.0 254.25%2 + 69.3 235.678+70.0 256.67~+ 70.0 0.0083
P-value 0.4527 0.0344 0.5612 0.0774

SID: standardised ileal digestibility, Lys: lysine. @ Values with different lowercase superscripts within a column
differ significantly (P <0.05). #8 Values with different uppercase superscripts within a row differ significantly (P
<0.05)

Studies have demonstrated that certain degrees of dysbiosis (imbalances of the intestinal
microbiota) are associated with increased blood glucose, just as it can be associated with inflammation
of the enteral mucosa and oxidative stress (Christofoli et al., 2020; Xu et al., 2023). Zupancic et al.
(2012) similarly reported that intestinal dysbiosis led to increased serum glucose levels. These studies
corroborate the results found in this study, during which broiler chickens were exposed to an enteric
challenge that may have caused intestinal dysbiosis.

Conclusion

Considering the increasing demand for economic efficiency and improved animal welfare in
poultry production, the results of this study demonstrate that dietary supplementation with arginine
combined with ESB represents a viable alternative to antibiotic growth promoters. This strategy
effectively supported intestinal health and morpho-functional integrity, contributing to improved nutrient
utilisation and productive performance under infectious and non-infectious challenge conditions. Given
the short production cycle of broiler chickens and the need for rapid nutritional interventions, the
combination of arginine and ESB emerges as a practical tool to mitigate enteric challenges under
commercial rearing conditions, although further studies are warranted to better elucidate their
interactions within the complex intestinal environment.
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