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  ABSTRACT   Three experiments were conducted to 
evaluate the effects of 25-hydroxycholecalciferol (25-
OH-D3) on the growth performance, small intestinal 
morphology, and immune response of broiler chickens. 
In experiment 1, 25-OH-D3 neither increased nor de-
creased weight gain and feed efficiency compared with 
the controls during the 39-d feeding period. Birds fed 
25-OH-D3 exhibited numerically higher phagocytosis 
(45%) than the controls (35%). In experiment 2, chicks 
were fed diets similar to those used in experiment 1 and 
were killed at 7, 14, 21, 28, and 35 d of age to deter-
mine the relative weight and histology of the small in-
testine. The relative weight of the small intestine from 
birds fed 25-OH-D3 was numerically lower (P < 0.1) 
at 7 d of age. It was found that 25-OH-D3 consistently 
resulted in longer (P < 0.05) villus length of the duo-
denum in 21- and 28-d-old birds and of the jejunum in 

14- and 28-d-old birds. Shorter (P < 0.05) crypt depth 
was observed in the duodenum at 14 d of age and in 
the jejunum at 21 and 28 d of age. A higher (P < 0.05) 
ratio of villus length to crypt depth was also observed 
in the duodenum and jejunum at 14, 21, and 28 d of 
age of birds fed 25-OH-D3. The thickness of muscle 
layer increased in the duodenum at 14, 28, and 35 d 
of age in birds fed 25-OH-D3. In experiment 3, birds 
were orally challenged with either Luria-Bertani broth 
or Salmonella Typhimurium E29 at 7 and 14 d of age. 
Uninfected birds fed 25-OH-D3 had lower total serum 
IgA at 14 d of age and lower total serum IgG at 21 d 
of age. However, infected birds fed 25-OH-D3 produced 
higher (P < 0.1) total serum IgG at 21 d of age. The 
results of this study suggest that supplemental 25-OH-
D3 improves small intestinal morphology and protective 
humoral immunity to infection. 
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  INTRODUCTION 
  The common commercial source of vitamin D activ-

ity for poultry nutrition is vitamin D3. Once absorbed, 
vitamin D3 is transported to the liver, where it is hy-
droxylated to 25-hydroxycholecalciferol (25-OH-D3), 
which is then routed to the kidney for a second hydrox-
ylation to form several vitamin D dihydroxy metabo-
lites, of which 1α,25-dihydroxycholecalciferol [1α,25-
(OH)2-D3] is regarded as being the most active form. 

  Since the commercialization of 25-OH-D3, there has 
been much interest from the poultry industry in the 
use of this vitamin D metabolite as a source of vitamin 
D activity in poultry nutrition. Bar et al. (1980) com-
pared the net absorptions of vitamin D3 and 25-OH-D3
in 20-d-old broiler chicks fed the 2 vitamin D sources 
over a 6-d period. The absorption of 25-OH-D3 was 

greater than that of vitamin D3. In contrast, the overall 
daily excretion of metabolites was higher for vitamin 
D3 than for 25-OH-D3. The differences in net absorp-
tion and retention of the 2 sources of vitamin D may 
help to explain the higher biopotency of 25-OH-D3. 

  Vitamin D may have a role in regulating the mor-
phological and functional development of intestinal 
villus mucosa (Shinki et al., 1991). A single injection 
of 1α,25-(OH)2-D3 into chicks deficient in vitamin D 
produced a marked increase in putrescine accumula-
tion from ornithine and spermidine in the duodenum 
(Shinki et al., 1985). Thus, the mechanism by which 
vitamin D acts on the small intestine may be mediated 
by putrescine. It is well documented that polyamines 
(putrescine, spermidine, and spermine) play an essen-
tial role in cell proliferation and differentiation (Tabor 
and Tabor, 1984). Ornithine decarboxylase is the rate-
limiting enzyme for converting ornithine to putrescine, 
whereas spermidine N-acetyltransferase is essential for 
the regeneration of putrescine from spermidine. Their 
activities are markedly enhanced by 1α,25-(OH)2-D3 
(Shinki et al., 1981, 1985). 
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The identification of vitamin D receptors (VDR) 
in peripheral blood mononuclear cells led to interest 
in vitamin D as an immune system regulator (Bhalla 
et al., 1983). 1α,25-Dihydroxycholecalciferol probably 
regulates innate immunity by acting through the VDR, 
which directly activate or repress the intended target 
genes. Helper T (Th) cells are central to all antigen-
specific immune responses. The microenvironment in 
which naïve Th cells develop determines which of 2 
subtypes (Th1 or Th2) predominates. Upon antigen-
ic stimulation, Th1 cells secrete interleukin (IL)-2, 
interferon-γ, and tumor necrosis factor-α, whereas Th2 
cells release IL-4, IL-5, IL-6, and IL-10. The Th1 cells 
are major players in delayed-type hypersensitivity and 
proinflammatory responses, whereas Th2 cells induce 
B-cell growth and differentiation and thus induce im-
munoglobulin production. The Th1 and Th2 cells are 
direct targets of 1α,25-(OH)2-D3, which reduces Th1-
cell-associated cytokine production and increases Th2 
cell IL-4 secretion.

The objectives of the current study were to examine 
how supplemental 25-OH-D3 affects the growth perfor-
mance, small intestinal morphology, and immune re-
sponse of broiler chickens.

MATERIALS AND METHODS

Birds and Housing
Three experiments were conducted using 1-d-old 

chicks of the Arbor Acres strain. Both male and female 
chicks were used in experiment 1, whereas only male 
chicks were used in experiments 2 and 3. Birds were 
housed in floor pens (0.17 m2/bird) in an open-sided 
house, with an average temperature of 28.6°C and 22 

h of light per day. Feed and water were provided ad 
libitum. The experiment was carried out at National 
Chung-Hsing University and the experimental protocol 
for animal use was approved by the Animal Care and 
Use Committee.

Diets
Two basal (control) diets (Table 1) were formulat-

ed to meet or exceed the nutrient requirements of the 
NRC (1994) recommendations for broiler starters and 
growers. The level of supplemental vitamin D3 in both 
control diets was maintained at 3,000 IU/kg of diet. 
The 25-OH-D3 (HyD, DSM Nutritional Products) was 
supplemented at 69 and 34.5 μg/kg of complete feed in 
the control starter and grower diets, respectively, thus 
constituting the experimental diets. The starter diet 
was fed from 0 to 21 d of age, whereas the grower diet 
was fed from 22 to 39 d of age.

Experimental Design
Experiment 1. Three hundred 1-d-old chicks (150 

males and 150 females) were randomly assigned to the 
control and experimental groups. There were 6 pens (3 
male pens and 3 female pens) per treatment group and 
25 chicks per pen. Diets were fed to the birds from 0 to 
39 d of age. Live weight and feed intake were monitored 
at 21 and 39 d of age.

At the termination of the experiment, 10 birds were 
randomly selected from each of the control and 25-OH-
D3 groups. Blood samples were collected from the ba-
silic vein of these birds to determine the phagocytic 
potential of polymorphonuclear leukocytes (PMN).

Experiment 2. One hundred 1-d-old male chicks 
were randomly divided into 2 groups and were fed diets 
similar to those used in experiment 1. Six birds were 
randomly selected from each group at 7, 14, 21, 28, and 
35 d of age and were killed. Segments of duodenum, 
jejunum, and ileum were then collected to determine 
relative weight and histology.

Experiment 3. Twenty 1-d-old male chicks were ran-
domly divided into 4 groups of 5 chicks per group. The 
chicks were fed either the control diet or the experi-
mental diet and were challenged orally with Salmonella 
Typhimurium E29 (1 × 109 cfu/bird) or with Luria-
Bertani broth at 7 and 14 d of age designated as the 
primary and secondary infection. Live weight and feed 
intake were recorded at 21 and 42 d of age. Serum 
samples were collected from each bird at 14 and 21 d 
of age to determine antibody titers and phagocytosis 
of PMN.

Intestinal Histology
Intestinal histology was determined according to the 

method of Yu et al. (1998). Sample sections (3 cm in 
length) were taken from the front region of the duode-
num, the middle region of the jejunum, and the ileum 

Table 1. Composition of basal diets for broiler chickens 

Item 0 to 21 d 22 to 39 d

Ingredient, g/kg
 Corn 554.2 607.3
 Soybean meal (CP 445 g/kg) 197.0 192.5
 Full-fat soybean meal (CP 380 g/kg) 125.0 50.0
 Corn gluten meal 24.0 20.0
 Fish meal (CP 680 g/kg) 50.0 30.0
 Meat and bone meal (CP 500 g/kg) — 25.0
 Monocalcium phosphate 16.5 12.0
 Limestone pulverized 7.0 4.5
 Sodium chloride 1.5 2.0
 Tallow 14.0 46.0
 Choline choloride (CP 750 g/kg) 0.8 0.7
 Premix1 10.0 10.0
Calculated value, g/kg
 CP 220.0 190.0
 Crude fat 65.0 85.0
 Crude ash 53.0 45.0
 Calcium 10.0 9.0
 Total phosphorus 7.5 7.0

1Supplied per kilogram of diet: vitamin A, 15,000 IU; vitamin E, 30 
mg; vitamin K3, 4 mg; vitamin D3, 3,000 IU; riboflavin, 8 mg; pyridox-
ine, 5 mg; vitamin B12, 25 μg; calcium pantothenate, 19 mg; niacin, 
50 mg; folic acid, 1.5 mg; biotin, 60 μg; Co (CoCO3), 0.255 mg; Cu 
(CuSO4·5H2O), 10.8 mg; Fe (FeSO4·H2O), 90 mg; Zn (ZnO), 68.4 mg; Mn 
(MnSO4·H2O), 90 mg; and Se (Na2SeO3), 0.18 mg.
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region; rinsed with 0.01 M PBS (pH 7.2); and placed 
into 10% buffered neutral formaldehyde solution (pH 
7.2 to 7.4). Then, all samples were gradually dehydrat-
ed, sectioned at 6 mm, and stained with hematoxylin 
and eosin. Finally, each sample was observed using light 
microscopy.

PMN Phagocytosis
PMN Isolation. Polymorphonuclear leukocytes were 

isolated by the modified method of Latimer et al. 
(1989). Disodium-EDTA-anticoagulated blood was cen-
trifuged at 150 × g for 15 min. The plasma layer was 
removed and replaced with 0.85% saline. The gradient 
was constructed by placing 3 mL of Histopaque-1119 
(catalog no.11191, Sigma, St. Louis, MO) in a 15-mL 
centrifuge tube. This material was overlaid with 3 mL of 
Histopaque-1077. The blood sample was layered on to 
the preconstructed discontinuous Ficoll-Hypaque gradi-
ent. The gradient tube was then centrifuged at 200 × 
g for 30 min. After centrifugation, saline, mononuclear 
leukocytes (at the saline-Histopaque-1077 junction), 
Histopaque-1077, and a portion of Histopaque-1119 
were discarded. Surplus Histopaque-1119 and the su-
perstratum of the red blood cell pellet were collected 
and washed twice in saline. Centrifugation at 200 × g 
for 10 min was sufficient to pellet the cell suspension. 
After the supernatant had been decanted, erythrocytes 
were lysed by the addition of 7 volumes of 0.87% NH4Cl 
in 0.1% KHCO3 (pH 7.2) to 1 volume of packed cells.

After erythrocyte lysis, the sample was again cen-
trifuged at 200 × g for 10 min. The supernatant was 
discarded and the cell pellet was washed twice in saline 
to remove soluble erythrocyte lysate products.

Fluorescence Labeling of Bacteria. The method of 
Raidal et al. (1998) was adapted for fluorescent label-
ing of Salmonella Typhimurium E29. Bacteria in broth 
were heat-inactivated at 60°C for 30 min before washing 
twice in PBS. The bacterial cell pellet was resuspended 
in 20 mL of bicarbonate buffer (made up as 1 volume 
of 0.5 M Na2CO3 and 3 volumes of 0.5 M NaHCO3, pH 
9.5) with 0.04% fluorescein isothiocyanate (catalog no. 
F3651, Sigma), protected from light, and incubated at 
37°C with agitation for 2 h. Cells were washed twice in 
PBS and resuspended in 20 mL of PBS. The bacterial 
cell counts were 1 × 109/mL and the cells were stored 
frozen at −20°C.

Phagocytosis Assay In Vivo. Polymorphonuclear 
leukocytes (3 × 106 cells/tube) were collected from the 
birds of the control and 25-OH-D3 groups in experi-
ment 1. The PMN phagocytic activity was measured 
by flow cytometry. Fluorescein isothiocyanate-labeled 
Salmonella was added to the PMN samples to a final 
density of 6 × 107 cfu/tube and incubated at 41°C for 
10 min. The samples were then placed on ice and 300 
μL of ice-cold saline was added to each tube to stop 
phagocytosis. The samples were washed twice in ice-
cold saline and were resuspended in 1% paraformal-

dehyde. The fluorescence of the extracellular bacteria 
(i.e., free bacteria and bacteria adhered to phagocytes 
but not interiorized) was quenched by adding 300 μL of 
crystal violet (0.1% in saline) per sample. The samples 
were then mixed immediately and analyzed in a flow 
cytometer (Cytomics FC 500, Beckman Coulter, Ful-
lerton, CA).

Bacterial Strains
Experimental infections were carried out using Sal-

monella Typhimurium E29. Bacterial stocks were 
stored in glycerol at −70°C and grown in Luria-Bertani 
broth (catalog no. 244620, Becton Dickinson, Sparks, 
MD) for 18 h at 37°C. The suspensions were checked 
for purity and the number of colony-forming units was 
determined by plating 10-fold dilutions on XLD agar 
(catalog no. 2785550, Becton Dickinson). The suspen-
sions were used for experimental infection.

Antibody Titers
Total serum immunoglobulins of each isotype were 

detected in sera by ELISA using goat anti-chicken IgG, 
IgA, or IgM antibodies (catalog no. E30-103, E30-104, 
E30-102, Bethyl, Montgomery, TX). A second ELISA 
was developed to assess antibody responses against 
Salmonella Typhimurium E29. The Salmonella Typh-
imurium E29 antigen was prepared according to the 
method of Withanage et al. (2005). Overnight cultures 
of Salmonella Typhimurium E29 were centrifuged at 
13,000 × g for 10 min and then washed twice and re-
suspended in 20 mL of PBS. The bacterial suspension 
was added with 0.1% Triton X-100 and 0.5 mM phenyl 
methyl sulfonyl fluoride to inhibit the activity of pro-
tease. The suspension was clarified by centrifugation at 
10,000 × g for 30 min to collect the supernatant and 
was stored at −20°C until it was needed.

The wells of 96-well microtiter plates were coated 
with bacterial antigen of Salmonella Typhimurium E29 
in 0.05 M carbonate-bicarbonate buffer [pH 9.5 (100 
μL/well)], incubated for 1 h at 37°C, and washed 3 
times in PBS-Tween 20 (0.05%) (washing buffer). The 
plates were preblocked with PBS supplemented with 
1% BSA (catalog no. A-9647, Sigma) for 1 h at 37°C, 
applying 100 mL per well, and washed 3 times with 
washing buffer. Serum samples were diluted and plates 
were incubated for 1 h at 37°C and washed 3 times with 
washing buffer. Bound immunoglobulins were detected 
by incubating with horseradish peroxidase-conjugated 
goat anti-chicken IgG, IgA, or IgM in PBS (100 μL/
well) for 1 h at 37°C and washing 3 times with washing 
buffer. 3,3,5,5-Tetramethylbenzidine was added at 100 
μL/well and the plates were incubated at 37°C in the 
dark. After 30 min, the reaction was stopped with 1 M 
sulfuric acid and the absorbance at 450 nm was read 
using an ELISA reader (Sunrise, Tecan, Männedorf, 
Switzerland).
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Statistical Analysis
The SAS software package (Version 9.1; SAS Insti-

tute, 2006) was used to analyze the significance of all 
results. All results were expressed as mean ± SD. A 
Student’s t-test was used for intergroup comparison, 
and a P-value less than 0.05 was considered to be sig-
nificant.

RESULTS AND DISCUSSION

Growth Performance
The results of experiment 1 are shown in Table 2. 

Weight gain and feed efficiency were neither increased 
nor decreased by 25-OH-D3. However, 25-OH-D3 low-
ered the feed intake of birds in the grower phase (22 
to 39 d of age), resulting in a 5% improvement in feed 
efficiency. These results were in agreement with those 
reported by Angel et al. (2005). In contrast, Fritts 
and Waldroup (2003) reported that 25-OH-D3, being 

a source of vitamin D3, improved both weight gain and 
feed efficiency in growing broilers.

Small Intestinal Morphology
The small intestine of 7-d-old birds fed 25-OH-D3 

weighed numerically (P < 0.1) less than that of the 
control birds (Figure 1). There was a numerical trend 
for birds fed 25-OH-D3 to have lighter small intestines 
at 14, 21, 28, and 35 d of age (Figure 1). Derting and 
Bogue (1993) reported that there was a direct relation-
ship between the wet and dry mass of the small intes-
tine and the energy demand by the animal. The current 
study suggests that supplemental 25-OH-D3 results in 
lighter small intestines and therefore may lower the di-
etary energy need of broiler chickens. Further research 
is needed to confirm this finding.

The small intestinal morphologies of broiler chickens 
at different ages are shown in Table 3. The small in-
testinal morphology of 7-d-old birds was not examined 
because the small intestine is not fully developed until 
10 d of age (Geyra et al., 2001). It was found that 25-
OH-D3 consistently resulted in significantly (P < 0.05) 
longer villus length of the duodenum at 21 and 28 d of 
age and of the jejunum at 14 and 28 d of age compared 
with the controls. However, birds fed 25-OH-D3 had sig-
nificantly (P < 0.05) shorter villus length of the ileum 
at 14, 21, and 35 d of age than the controls. Significant 
shorter (P < 0.05) crypt depth was observed in the 
duodenum at 14 d of age and in the jejunum at 21 and 
28 d of age. The ratio of villus length to crypt depth 
was significantly (P < 0.05) greater in the duodenum 
and the jejunum of birds fed 25-OH-D3 at 14, 21, and 
28 d of age and the ratio was also increased in the ileum 
at 14 and 35 d of age (Figure 2). That supplemental 
25-OH-D3 positively influenced villus length and crypt 
depth in this study may suggest an enhanced rate of 
nutrient absorption and a reduced rate of enterocyte-
cell migration from the crypt to the villus.

The mechanism by which vitamin D regulates the 
morphological and functional development of intestinal 
villus mucosa may be mediated by putrescine (Shinki et 

Table 2. Effect of supplemental 25-hydroxycholecalciferol (25-OH-D3) on the growth performance of 
broiler chickens 

Item Control 25-OH-D3 SEM

0 to 21 d
 BW gain, g/bird 716 ± 681 715 ± 61 5
 Feed intake, g/bird 983 ± 53 979 ± 40 21
 Feed conversion, G:F 1.371 ± 0.019 1.370 ± 0.030 0.014
22 to 39 d
 BW gain, g/bird 1,141 ± 176 1,111 ± 182 16
 Feed intake, g/bird 2,280 ± 107a 2,127 ± 132b 54
 Feed conversion, G:F 1.996 ± 0.143 1.905 ± 0.373 0.063
0 to 39 d
 BW gain, g/bird 1,855 ± 216 1,824 ± 204 18
 Feed intake, g/bird 3,262 ± 139 3,106 ± 151 59
 Feed conversion, G:F 1.755 ± 0.091 1.695 ± 0.082 0.008

a,bMeans within a row with different superscripts are numerically different (P < 0.1).
1Mean ± SD.

Figure 1. Effect of supplemental 25-hydroxycholecalciferol (25-OH-
D3) on the relative weight of the small intestine of broiler chickens; n 
= 6, mean ± SD. *Indicates that the means are numerically different 
(P < 0.1).
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al., 1991). It is well documented that polyamines (pu-
trescine, spermidine, and spermine) play an essential 
role in cell proliferation and differentiation. Putrescine 
can be produced from both ornithine and spermidine. 
Ornithine decarboxylase is the rate-limiting enzyme for 
the conversion of ornithine into putrescine, whereas sper-
midine N-acetyltransferase is essential for regenerating 
putrescine from spermidine. The activities of both orni-
thine decarboxylase and spermidine N-acetyltransferase 
are markedly enhanced by 1α,25-(OH)2-D3 (Shinki et 
al., 1981, 1985). How supplemental 25-OH-D3 positive-
ly influences small intestinal morphology cannot be de-

termined from the study reported herein. Yarger et al. 
(1995) reported that serum 25-OH-D3 concentrations 
increased more rapidly in birds fed 25-OH-D3 than in 
birds fed vitamin D3. One possibility is that increased 
serum 25-OH-D3 concentrations may result in an in-
crease of free 1α,25-(OH)2-D3 concentration, although 
the serum concentration of vitamin D metabolites were 
not measured in our study. The studies of Yarger et al. 
(1995) did not detect a significant correlation between 
serum 25-OH-D3 and 1α,25-(OH)2-D3. However, this 
may be indicative of the tight self-regulation of vitamin 
D metabolism, supporting the free hormone hypothesis 

Table 3. Effect of supplemental 25-hydroxycholecalciferol (25-OH-D3) on the small intestinal mor-
phology of broiler chickens at different ages 

Item Control 25-OH-D3 SEM

Day 14
 Duodenum
  Villus length, μm 1,401.7 ± 232.0 1,447.1 ± 112.9 23.7
  Crypt depth, μm 169.5 ± 44.7a 139.4 ± 23.16b 4.8
  Muscle depth, μm 163.9 ± 44.6b 183.2 ± 29.5a 5.0
 Jejunum
  Villus length, μm 888.4 ± 134.8b 965.9 ± 200.0a 6.8
  Crypt depth, μm 162.6 ± 49.4 119.5 ± 34.0 6.4
  Muscle depth, μm 147.5 ± 35.9 158.8 ± 33.2 4.5
 Ileum
  Villus length, μm 623.7 ± 53.0a 570.0 ± 50.81b 6.8
  Crypt depth, μm 142.5 ± 34.7a 93.6 ± 23.0b 3.8
  Muscle depth, μm 267.3 ± 57.1 246.1 ± 81.1 9.1
Day 21
 Duodenum
  Villus length, μm 1,515.9 ± 103.6b 1,590.8 ± 88.2a 21.5
  Crypt depth, μm 164.4 ± 41.6 145.4 ± 35.9 8.7
  Muscle depth, μm 199.0 ± 44.6 197.8 ± 39.9 7.8
 Jejunum
  Villus length, μm 1,049.7 ± 82.0 1,087.2 ± 155.2 27.8
  Crypt depth, μm 142.1 ± 32.1a 116.6 ± 27.9b 6.7
  Muscle depth, μm 205.7 ± 48.8 198.4 ± 30.8 9.1
 Ileum
  Villus length, μm 767.1 ± 36.1a 720.4 ± 96.2b 16.3
  Crypt depth, μm 91.2 ± 22.3 81.2 ± 19.5 4.7
  Muscle depth, μm 316.0 ± 42.3 346.9 ± 60.6 12.0
Day 28
 Duodenum
  Villus length, μm 1,785.6 ± 272.9b 1,915.5 ± 278.8a 35.9
  Crypt depth, μm 174.9 ± 42.2 162.7 ± 42.1 5.5
  Muscle depth, μm 199.7 ± 62.5b 223.8 ± 47.5a 7.2
 Jejunum
  Villus length, μm 1,252.6 ± 188.5b 1,329.0 ± 173.7a 23.6
  Crypt depth, μm 165.4 ± 44.1a 144.0 ± 45.7b 5.8
  Muscle depth, μm 231.1 ± 46.6 241.3 ± 51.9 6.4
 Ileum
  Villus length, μm 797.9 ± 90.9 830.9 ± 100.4 13.1
  Crypt depth, μm 135.5 ± 38.5 134.4 ± 40.7 5.2
  Muscle depth, μm 361.1 ± 97.9 391.5 ± 79.6 11.4
Day 35
 Duodenum
  Villus length, μm 1,885.9 ± 245.8 1,930.0 ± 216.5 30.5
  Crypt depth, μm 228.1 ± 62.9 223.4 ± 49.4 7.5
  Muscle depth, μm 222.5 ± 68.4b 251.7 ± 78.5a 9.7
 Jejunum
  Villus length, μm 1,342.6 ± 204.9 1,289.8 ± 141.0 24.3
  Crypt depth, μm 213.0 ± 60.2 214.8 ± 53.0 7.8
  Muscle depth, μm 222.8 ± 64.4b 251.9 ± 79.3a 9.7
 Ileum
  Villus length, μm 956.0 ± 87.6a 844.3 ± 131.4b 14.5
  Crypt depth, μm 236.4 ± 60.0a 154.5 ± 42.4b 6.8
  Muscle depth, μm 458.9 ± 108.0a 366.9 ± 121.7b 15.0

a,bMeans within a row with different superscripts are significantly different (P < 0.05).
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for the actions of 1α,25-(OH)2-D3 whereby the biologi-
cal activity is correlated with the concentration of free 
hormone (Dusso et al., 2005). The other possibility is 
that 25-OH-D3 may act directly on the VDR in a VDR-
independent action of 1α,25-(OH)2-D3 (Dusso et al., 
2005), albeit it binds to VDR with lower affinity than 
1α,25-(OH)2-D3 (Stern, 1981).

At d 14 and 28, the thickness of muscle layer in-
creased in the 25-OH-D3-fed birds in the duodenum, 
and at 35 d, it increased in the duodenum and the 
jejunum and decreased in the ileum. An increase in the 
intestinal muscle depth may be explained by 2 possibili-
ties. The mast cells of the small intestinal mucosa play 
an important role in the motility of the fibromuscular 
elements (Hristov et al., 2008). Because the form of 
mast cells in the muscle layer is in fusiform (Hristov et 
al., 2008) as well as in close association with peristalsis, 
the increased muscle depth is a direct consequence of 
increased peristalsis. Increased thickness of muscle lay-
er may also be associated with increased rate of digesta 
passage as a result of increased feed intake. However, 
an increase in feed intake was not observed in the study 
reported herein. Therefore, it may be possible that in-
creased muscle depth arises from the hypertrophy of 
muscle cells under the influence of topical hormones or 
growth factors, or both.

Innate and Humoral Immunity

Innate immune responses typically involve the par-
ticipation of myeloid cells, which include mononuclear 
phagocytes and polymorphonuclear phagocytes (Beut-
ler, 2004). The mononuclear phagocytes include mac-
rophages (derived from monocytes) and dendritic cells. 
The polymorphonuclear phagocytes in chickens are 
called heterophils, which consist of neutrophils, baso-
phils, and eosinophils. 1α,25-Dihydroxycholecalciferol 
probably regulates innate immunity by acting through 
the VDR (expressed on the cell surface of the phago-
cytes), which directly activate or repress the intended 
target genes. In addition, 1α,25-(OH)2-D3 can induce 
normal and leukemic hematopoietic cells to differentiate 
into monocytes-macrophages (Bar-Shavit et al., 1983). 
Liu et al. (1996) reported that 1α,25-(OH)2-D3, acting 
through the VDR, transcriptionally activated the Cdk 
inhibitor p21 gene, which caused the myeloid leukemic 
cell lines to terminally differentiate into monocytes-
macrophages. Neutrophils, the professional phagocytes, 
express messenger RNA of the VDR on the cell surface 
in response to 1α,25-(OH)2-D3 (Takahashi et al., 2002), 
suggesting that vitamin D plays an important role in 
upregulating innate immune responses. In this study, 
PMN isolated from the control and 25-OH-D3-fed birds 

Figure 2. Effect of supplemental 25-hydroxycholecalciferol (25-OH-D3) on the ratio of villus length to crypt depth of the small intestine in 
broiler chickens at different ages: (A) d 14, (B) d 21, (C) d 28, and (D) d 35; n = 6, mean ± SD. *Indicates that the means are significantly dif-
ferent (P < 0.05).
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exhibited 35 and 45% phagocytosis. Nevertheless, there 
was no statistical difference between these 2 groups.

Table 4 shows the growth performance of birds fed 
with and without 25-OH-D3 and orally infected with 
Salmonella Typhimurium. There was a tendency toward 
increased growth in the uninfected chicks fed 25-OH-D3 
from d 22 to 42. Supplemental 25-OH-D3 had no ef-
fect on the growth performance of infected birds, which 
agreed with the study of Beal et al. (2004). Salmonella 
Typhimurium is capable of causing highly virulent sys-
temic disease in young birds less than 3 d old (Barrow 
et al., 1987). However, if infection occurs in birds older 
than 3 d, in which the gut immune structures such as 
Peyer’s patches and lamina propria and gut-associated 
immune cell populations progressively mature and ex-
pand (Bar-Shira et al., 2003), Salmonella Typhimurium 
leads to persistent enteric infection with transient low-
level systemic involvement (Barrow et al., 1987).

Supplemental 25-OH-D3 numerically (P < 0.1) re-
duced the total serum IgA and IgG concentrations in 
uninfected birds at 14 and 21 d of age, respectively 
(Table 5), but increased the total serum IgG concentra-
tion in infected birds at 21 d of age. This may suggest 

that birds are capable of prioritizing and partitioning 
the use of supplemental 25-OH-D3 depending on their 
health status. It was also interesting to note that the 
concentrations of total serum IgG and IgA did not dif-
fer between uninfected and infected birds. This may 
have been due to changes in the cell-mediated immuni-
ty, albeit not examined in the present study, without al-
teration in the humoral immunity or to downregulation 
of the activation of lymphocytes and the subsequent 
production of antibodies, which may have been coin-
cidental with the clearance of the invading pathogen. 
Aslam et al. (1998) reported that vitamin D deficiency 
depresses the cell-mediated immunity without affect-
ing the humoral immunity (i.e., antibody production). 
However, the present study was conducted under condi-
tions of vitamin D adequacy.

Birds produce high levels of Salmonella-specific IgM, 
IgG, and IgA that coincide with the clearance of salmo-
nellae from the gut lumen (Hassan et al., 1990, 1991; 
Brito et al., 1993; Beal et al., 2004), suggesting that 
humoral immunity is involved in eliminating the patho-
gen. In healthy or uninfected birds, supplemental 25-
OH-D3 produced concentrations of Salmonella-specific 

Table 4. Effect of supplemental 25-hydroxycholecalciferol (25-OH-D3) on the weight gain (g/bird) of 
broiler chickens after challenge with Salmonella Typhimurium E291 

Item Control 25-OH-D3 SEM

Unchallenged
 0 to 21 d 673 ± 47 670 ± 69 26
 22 to 42 d 1,447 ± 122b 1,655 ± 203a 76
Challenged2

 0 to 21 d 666 ± 105 672 ± 33 35
 22 to 42 d 1,423 ± 132 1,496 ± 124 57

a,bMeans within a row with different superscripts are numerically different (P < 0.1).
1n = 4 and 5 for the control and 25-OH-D3 groups, respectively.
2Broiler chickens were challenged at 7 and 14 d of age.

Table 5. Effect of supplemental 25-hydroxycholecalciferol (25-OH-D3) on the total IgG and IgA con-
centrations (mg/mL) in the serum of broiler chickens after challenge with Salmonella Typhimurium 
E291 

Item Control 25-OH-D3 SEM

Unchallenged
 Total IgG
  Day 14 2.66 ± 1.12 3.99 ± 1.35 0.55
  Day 21 9.87 ± 1.80a 6.87 ± 2.69b 1.02
 Total IgA
  Day 14 0.12 ± 0.03a 0.09 ± 0.02b 0.01
  Day 21 0.07 ± 0.01 0.06 ± 0.02 0.01
Challenged2

 Total IgG
  Day 143 3.00 ± 2.26 2.99 ± 1.01 0.78
  Day 214 6.67 ± 3.96b 7.75 ± 4.81a 1.97
 Total IgA
  Day 143 0.13 ± 0.03 0.11 ± 0.03 0.01
  Day 214 0.10 ± 0.02 0.11 ± 0.03 0.01

a,bMeans within a row with different superscripts are numerically different (P < 0.1).
1n = 4 and 5 for the control and 25-OH-D3 groups, respectively.
2Broiler chickens were challenged at 7 and 14 d of age.
3Primary antibody response.
4Secondary antibody response.
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IgG that were lower than those in the controls (Figure 
3). In infected birds, the concentrations of Salmonella-
specific IgG, IgA, and IgM were not significantly differ-
ent from those in the controls during primary infection 
(Figure 4). However, these Salmonella-specific antibod-
ies appeared to be greater in birds fed 25-OH-D3 (ap-
proached significance) than in the controls during sec-
ondary infection, as shown in Figure 4.

The primary immune response is considered to be 
weak when the bird first encounters the pathogen (Ab-
bas and Lichtman, 2004). Vitamin D [1α,25-(OH)2-D3] 
favors the development of Th2 cells, which induce B-
cell growth and differentiation and subsequently in-
duce immunoglobulin production (Beal et al., 2004). 
Recruitment of memory cells is required to mount an 
adaptive immune response. Birds respond strongly to 
the secondary immune response when they are rein-
fected. During reinfection, memory cells convert into 
Th cells, which stimulate memory B cells to accelerate 
the production of large quantities of specific antibodies. 
This is in agreement with the results shown in Figure 4. 
Higher antibody levels increase the immunocompetence 
of the bird to clear the pathogen.

Overall, supplemental 25-OH-D3 had no apparent ef-
fects on growth performance. However, it resulted in 
lighter relative weight, longer villus length, and shorter 
crypt depth of the small intestine. These changes in 
the small intestine suggested a lower energy demand 
and an enhanced nutrient absorption in the broiler 
chicken. Supplemental 25-OH-D3 allowed unchallenged 
birds to conserve nutrients for other physiological needs 
by maintaining a lower level of total serum antibody. 
Moreover, supplemental 25-OH-D3 improved protective 
humoral immune responses at the time of infection.

Figure 3. Effect of supplemental 25-hydroxycholecalciferol (25-
OH-D3) on the Salmonella-specific (A) IgG, (B) IgA, and (C) IgM 
concentrations in the serum of unchallenged broiler chickens at 14 and 
21 d of age; n = 5, mean ± SD. *Indicates that the means are signifi-
cantly different (P < 0.05). OD450nm = optical density at 450 nm.

Figure 4. Effect of supplemental 25-hydroxycholecalciferol (25-
OH-D3) on the Salmonella-specific (A) IgG, (B) IgA, and (C) IgM 
concentrations in the serum of broiler chickens after challenge with 
Salmonella Typhimurium E29; n = 5, mean ± SD. OD450nm = optical 
density at 450 nm.
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