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ABSTRACT

This experiment evaluated the effects of dietary 25-hydroxyvitamin D3 (25-OH-D3)
supplementation in combination with vitamin D3 on broilers from 1 to 32days of age.
Four hundred one-day-old male broiler chicks were randomly allocated to four
treatment groups with ten replicates of ten birds each (n=10). Treatment groups
included: (1) control containing vitamin D3 at 50001U/kg feed (125mcg/kg feed); (2)
diet with 25001U/kg (62.5mcg/kg feed) vitamin D3 plus 25001U/kg (62.5mcg/kg feed)
25-hydroxycholecalciferol; (3) control diet supplemented with 12501U/kg(31.25 mcg/kg
feed) 25-OH-D3; and (4) control diet supplemented with 25001U/kg (62.5mcg/kg feed)
25-OH-D3. Results demonstrated that supplementation with 25-OH-D3 (1250 or 25001U/
kg) (31.25 or 62.5mcg/kg feed) combined with vitamin D3 (50001U/kg) (125mcg/kg
feed); significantly improved body weight and feed conversion efficiency compared to
the control group. Enhanced digestibility of protein, calcium, and phosphorus was also
observed. Blood concentrations of calcium, phosphorus, vitamin D, Newcastle Disease
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(ND) antibody titers, and influenza virus (H9N1) titers were significantly elevated
(p<0.05). Hepatic malondialdehyde concentrations decreased while glutathione
peroxidase activity increased (p<0.05) with 25-OH-D3 supplementation. Tibial ash,
calcium, and phosphorus content were substantially enhanced in supplemented birds.
Gene expression analysis revealed increased expression of occludin and CaBP-D28k
tight junction proteins (p<0.05) in the jejunum and elevated interleukin-17 cytokine
(IL-17) expression in the duodenum, while IL-10 expression was reduced in all treatment
groups compared to controls. These findings indicate that 25-OH-D3 supplementation
with vitamin D3 enhances broiler performance, antioxidant capacity, immune function,
nutrient digestibility, bone mineralization, and calcium metabolism-related gene
expression.

Introduction

The global poultry industry has experienced remarkable expansion over recent decades, driven primarily
by increasing worldwide demand and elevated consumption patterns (Erdaw & Beyene, 2022).
Consequently, poultry nutritionists have intensified their research efforts on feed ingredients to ensure
optimal growth performance in broiler chickens. Achieving ideal vitamin concentrations in poultry diets
enables birds to realize their maximum genetic potential (Adhikari et al.,, 2020).

Vitamin D3 (cholecalciferol) represents the inactive precursor of vitamin D that can be synthesized
endogenously in animal skin following ultraviolet light exposure. The conversion of vitamin D3 to its bio-
logically active form requires a two-step hydroxylation process involving two critical enzymes: 25-hydroxylase
and T1o-hydroxylase. Initial hydroxylation occurs in the liver via 25-hydroxylase, which adds a hydroxyl group
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at the 25-carbon position to form 25-hydroxycholecalciferol (Norman, 2008). Vitamin D3 sources enhance
calcium absorption through increased calbindin activity (Bikle & Munson, 1985).

Recent advances have established 25-hydroxycholecalciferol (25-OH-D3) as increasingly popular due to
commercial availability and superior bioavailability. Unlike vitamin D3, dietary 25-OH-D3 bypasses the
hepatic 25-hydroxylation step due to its existing hydroxyl group, making it immediately available for
biological utilization (Zhang & Piao, 2021). Supplementing with 25-hydroxycholecalciferol rather than
cholecalciferol increases local active vitamin D availability (Morris et al, 2014). Research has demon-
strated that 25-hydroxycholecalciferol exhibits greater potency than cholecalciferol, as evidenced by
increased tibial ash content in broiler chickens (Boris et al., 1977).

Both vitamin D3 and its metabolite 25-OH-D3 influence small intestinal morphology and humoral and
inflammatory responses in broiler chickens (Chou et al., 2009; Morris et al., 2015). These compounds
function as multifaceted nutrients involved in calcium and phosphorus absorption (Bar et al., 1980), bone
metabolism and mineralization (Fritts & Waldroup, 2003), muscle development (Vignale et al., 2015),
immune function (Chou et al., 2009; Morris et al., 2015; Morris & Selvaraj, 2014), and intestinal morphol-
ogy (Chou et al,, 2009; Ding et al., 2011).

Previous studies have shown that 25-hydroxycholecalciferol supplementation improves body weight
gain and reduces tibial dyschondroplasia incidence compared to cholecalciferol alone (Atencio et al.,
2005). Recent research by Liu et al. (2023) has reported that broiler chickens receiving various concen-
trations of 25-OH-D3 (3.125, 6.25, 12.5, 25, and 50 ug/kg) at 21days of age demonstrated improved body
weight gain, feed intake, feed conversion ratio, femur development, and intestinal calcium transporter
gene expression compared to controls. Prokoski et al. (2021) found that birds supplemented with 25-OH-
D3 (27601U or 69mcg) combined with 3000IU vitamin D3/kg showed significantly increased (p<0.05)
plasma 25-OH-D3 concentrations compared to non-supplemented birds. Moreover, Bassi et al. (2024)
reported that 25-hydroxycholecalciferol (25-OH-D3) supplementation improves digestibility in broilers,
particularly for calcium (Ca) and phosphorus (P). It leads to higher feed intake, greater body weight gain,
and a lower feed conversion ratio (FCR). The bio activated form of vitamin D3, 25-OH-D3, is more effi-
ciently absorbed and utilized by the birds, resulting in better overall performance and mineral absorp-
tion. Also, it can improve liver function in broilers, primarily by reducing inflammation, mitigating hepatic
steatosis (fatty liver), and ameliorating related pathological conditions, particularly in birds under stress
or with metabolic challenges (Lin et al., 2019).

This study was conducted to test the hypothesis that 25-OH-D3 combined with vitamin D3 enhances
growth performance, nutrient digestibility, blood parameters, antioxidant status, and immune responses
in broiler chickens.

2. Materials and methods
2.1. Birds and experimental design

Four hundred one-day-old male Ross 308 broiler chicks purchased from broiler commercial company
with an average initial body weight of 40.50g were randomly distributed among four treatments, each
containing ten replicates of ten chickens. The experimental design is detailed in Table 1. Treatment
groups were formulated as follows: (1) control diet containing vitamin D3 at 50001U/kg feed(125mcg/kg
feed); (2) diet with 25001U/kg (62.5mcg/kg feed)vitamin D3 plus 25001U/kg(62.5mcg/kg feed)
25-hydroxycholecalciferol; (3) control diet supplemented with 12501U/kg 25-OH-D3(31.25mcg/kg feed);
and (4) control diet supplemented with 25001U/kg 25-OH-D3 (62.5 mcg/kg feed).

Table 1. The feeding protocol of the broilers during the experiment.

Treatment Vitamin D3 (cholecalciferol) 25-hydroxycholecalciferol®

A, Control (VD3 100%) 50001U/kg feed -

B, (VD3 50% + HC 50%) 25001U/kg feed 25001U/kg feed (62.5mcg/kg feed)
C, (VD3 100% + HC 25%) 50001U/kg feed 12501U/kg feed (31.25mcg/kg feed
D, (VD3 100% + HC 50%) 50001U/kg feed 25001U/kg feed (62.5mcg/kg feed)

21kg Smart Hydroxy D=10 Million IU VIT D/kg (0.025% concentration).
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Basal diets were formulated according to Ross 308 nutritional requirements and fed in two phases:
starter (1-18days) and grower (19-32days) the experiment was started from April to May 2025. Table 2
presents the chemical composition and analysis of experimental diets for each growth phase. The
25-hydroxyvitamin D3 used was obtained from Devenish Smart Hydroxy D with concentration 0.025%
(250mcg/gm) (96 Duncrue St, Belfast BT3 9AR, United Kingdom).

Birds were housed in a temperature-controlled facility with an 18-hour light and 6-hour dark photo-
period. Initial temperature was set at 32+ 1°C and gradually reduced by 1°C every three days until reach-
ing 24+1°C, which was maintained throughout the experiment. Relative humidity was maintained
between 50-70%. Daily health assessments and mortality records were maintained throughout the
trial period.

2.2. Growth performance and organ weights

Body weights were recorded weekly, while feed intake was monitored daily throughout the experimental
period. Feed conversion ratio was calculated from these parameters according to standard procedures
(Aviagen, 2019). At experiment completion, six birds per treatment with similar body weights (one bird
per replicate) were selected for carcass evaluation following established protocols (Cobb-Vantress, 2018).
Weights of breast, thigh, liver, gizzard, heart, spleen, and abdominal fat were measured following slaugh-
ter and dissection according to standard carcass evaluation procedures (Barbut, 2015). All organs were
weighed and expressed as percentages of total body weight as described by Lesson and Summers (2001).

2.3. Nutrient digestibility

During the final three days of the feeding trial, excreta from six birds per treatment (one bird per repli-
cate) were collected, weighed, and stored frozen until analysis following established procedures (Hill &
Anderson, 1958). Samples were dried at 60°C for 24h, homogenized, and ground for analysis according
to standard methods (AOAC, 1990). Nitrogen, calcium, and phosphorus content in both feed and excreta
were determined using AOAC methods (AOAC, 1990). The total collection method was used as described
by Sibbald (1976). Nutrient digestibility was calculated using the formula established by McDonald
et al. (2010):

Nutrient digestibility (%) = (total nutrient intake — total nutrient excreted)/ total nutrient intakex100

Table 2. Composition of the control starter and grower diets.

Ingredients, g/kg Starter (1-18 days) Grower (19-32 days)
Yellow corn 545 575
Soybean meal, 46% 339 322
Corn gluten meal, 62% 41 20
Soya oil 19 27
Dicalcium phosphate 16.2 15.2
Wheat bran 11 13
pL-Methionine, 99% 2.55 2.75
L-Lysine, 98% 35 24
L-Threonine 0.125 0.125
Limestone 14.375 13.475
Salt 3 3
Premix® 3 3
Sodium bicarbonate 1.75 1.75
Calcium carbonate 0.5 13
Total, kg 1000 1000
Chemical analysis
Crude protein% 22,96 20.93
ME, kcal/kg 3000 3050
Calcium,% 0.97 0.92
Available P% 0.45 0.42
L-Lysine, 98% 1.45 1.35
pL-Methionine, 99% 0.67 0.63

2Mineral and vitamin premix provided the following (per kg of diet): Mn, 88 mg; Fe, 62.5mg; Zn, 81.3mg; Cu, 12.5mg; |, 1.25mg; Se, 0.375mg;
vit. A, 9,3751U; vit. D;, 2,3751U; vit. E, 351U; vit. B;, 25mg; vit. B¢, 3.5 mg; vit. By, 12.5mg; vit. B,, 0.088 mg; vit. K;,1.88 mg; folic acid, 0.875 mg;
nicotinic acid, 37.5mg; vit. B, 0.015mg.
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2.4. Serum biochemical parameters and hepatic lipid peroxidation

Blood samples were collected from ten birds per group (one per replicate) via wing vein puncture prior
to slaughter following established procedures for poultry blood sampling (Campbell & Ellis, 2007).
Samples were placed in heparinized tubes and immediately centrifuged at 3000rpm for 20 minutes at
5°C for plasma separation according to standard protocols (Sturkie, 2000). Plasma was stored at —20°C
until analysis following recommended storage procedures (Kaneko et al., 2008).

Blood parameters including total cholesterol, albumin, globulin, glutamic oxaloacetic transaminase
(GOT), glutamate pyruvate transaminase (GPT), glucose, total protein, high-density lipoprotein (HDL), and
low-density lipoprotein (LDL) cholesterol were measured colorimetrically using Diamond Diagnostics
reagent kits (Egypt) following manufacturer instructions and established clinical chemistry procedures
(Thrall et al., 2012).

Hepatic malondialdehyde (MDA), catalase (CAT), and glutathione peroxidase (GPX) activities were
determined according to established methods described by Marklund and Marklund (1974) for antioxi-
dant enzyme analysis. Lipid peroxidation was assessed by measuring MDA concentration using the thio-
barbituric acid reactive substances (TBARS) method as described by Buege and Aust (1978).

2.5. Tibial bone mineralization

Left tibiae were collected from ten broilers per treatment, defatted in hexane for 48h, dried at 100°C to
constant weight, and ashed in a muffle furnace at 550°C. Ash percentage and calcium and phosphorus
content were measured according to AOAC (1995) procedures.

2.6. Real-time polymerase chain reaction (PCR)

Total RNA was extracted from intestinal mucosa using RNeasy Mini Kit (Catalogue no. 74104, Metabion,
Germany). RNA concentration was analyzed spectrophotometrically, and purity was evaluated by
0D260/280 measurements (acceptable range: 1.8-2.0). Reverse transcription was performed using a
reverse transcription reagent kit (Takara, Dalian, LN, China).

Primers for glyceraldehyde 3-phosphate dehydrogenase, tight junction occludin, CaBP-D28k, IL-10, and
IL-17 were synthesized by Sangon Biotech Co., Ltd (Shanghai, China; Table 3). Real-time PCR amplifica-
tions were conducted using the Roche Lightcycler 480 Real-time PCR system (Roche Ltd. Basel,
Switzerland) and SYBR premix PCR kit (Takara, Dalian, LN, China; Table 4).

2.7. Statistical analysis

Using SPSS Statistics 17.0 (Statistical Package for the Social Sciences, SPSS Inc., Chicago, IL, USA, released
August 23, 2008), the differences between the experimental treatments and the control were examined
using a General Linear model. While all of the chosen broilers from each replicate served as the experi-
mental unit for blood analyses and nutrient digestibility, the pen served as the experimental unit for
performance data. The significance between treatments was determined using Tukey’s multiple compar-
ison test, with a significance level of p<0.05.

Table 3. Primer sequences used for real-time PCR.

Gene Primer sequence (5'-3') References

IL10 CATGCTGCTGGGCCTGAA Suzuki et al. (2009)
CGTCTCCTTGATCTGCTTGATG

IL17 CAGATGCTGGATGCCTAACC Yoo et al. (2008)
CTTTAAGCCTGGTGCTGGAT

Occludin GAGCCCAGACTACCAAAGCAA Chen et al. (2015)
GCTTGATGTGGAAGAGCTTGTTG

CaBP-D28k AGATCTGGCACCACTACGAC Liu et al. (2023)
TGAGCAAGCTCAACGATTCCT

B-actin CCACCGCAAATGCTTCTAAAC Yuan et al. (2007)

AAGACTGCTGCTGACACCTTC
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Table 4. Cycling conditions for real-time PCR.

Amplification (40 cycles) Dissociation curve (1 cycle)
Reverse Initial Secondary Secondary Final
Gene transcription  denaturation  denaturation Annealing Extension denaturation  Annealing  denaturation
IL10 50°C/30min  95°C/10min 95°C/15sec 60°C/30sec  72°C/30sec 95°C/15sec  60°C/1 min 95°C/15sec
IL17 50°C/30min  95°C/10min 95°C/15sec 60°C/30sec  72°C/30sec 95°C/15sec  60°C/1min 95°C/15sec
Tight junction 50°C/30 min 95°C/10min 95°C/15sec 60°C/30sec  72°C/30sec 95°C/15sec  60°C/1min 95°C/15sec
(Occludin)
CaBP-D28k 50°C/30min  95°C/10min 95°C/15sec  60°C/30sec  72°C/30sec  95°C/15sec  60°C/1min  95°C/15sec
B-actin 50°C/30min  95°C/10min 95°C/15sec  51°C/30sec  72°C/30sec  95°C/15sec  51°C/1min  95°C/15sec

PCR conditions included initial denaturation at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C for 155, annealing at 60°C
for 30s (51°C for B-actin), and extension at 72°C for 30s. A dissociation curve analysis was performed from 60°C to 95°C with increments of
0.5°C every 5s to verify amplification specificity. Gene expression variations were calculated using the AACt method (Livak & Schmittgen,
2001) with the formula: fold change = 2A(-AACt).

Whereas AACt =ACtperence — ACE,
ACt

target*

target = thontrol - Cttreatment and ACtreference = Ctcomrol - Ct(reatment'

Table 5. Effects of dietary 25-hydroxyvitamin D3 supplementation on growth performance and organ weights.
50% V.D3 +50% 100 % V.D3+50% 100 % V.D3+100%

Treatment Control, 100% V.D3  25-hydroxyvitamin  25-hydroxyvitamin  25-hydroxyvitamin  P-Value
Initial body weight, g 40.25+0.16 40.97£0.29 40.95+0.23 40.64+0.22 0.113
Final body weight,32day, g 1914.8 £29.64° 2082.9+24.88° 2167.2+£19.37° 2165.2+33.49° 0.009
Body weight gain, g 1874.6 +£29.62¢ 2042+24.92° 2126.3+£19.39° 2124.6+33.45° 0.011
Feed intake, 32day, g 2630+31.58¢ 2766+25.95 2827 £27.90° 2905+14.732 0.023
Feed conversion ratio (FCR) 1.373+£0.030° 1.328+0.020° 1.305+0.010¢ 1.342+0.020% 0.041
Nitrogen digestibility,% 77.70+4.10° 76.00+3.60° 80.60+3.70° 82.50+2.30° 0.043
Calcium digestibility, % 52.70+3.90° 53.80+4.60° 62.30+4.10* 68.30+3.307 0.037
Phosphorus digestibility, % 51.10+7.20 52.30+4.50° 59.30+2.80? 60.60 +4.60° 0.045
Organ weights (%), body weight
Carcass, % 71.03+£0.45 73.13£1.02 73.19+£1.08 71.89+0.7 0.126
Breast muscle, % 24.76+0.37 25.58+0.24 23.61+1.55 24.11+£0.8 0.332
Thigh muscle, % 15.97+0.76 14.99+0.86 15.31+0.75 15.17+0.56 0.794
Gizzard, % 0.95+0.03 0.94+0.1 1.08+£0.08 1.15+£0.04 0.074
Liver, % 243+0.13 2.28+0.12 226+0.17 2.35+0.05 0.779
Spleen, % 0.12+0.003 0.11+0.01 0.12+0.01 0.09+0.001 0.091
Heart, % 0.62+0.06 0.52+0.02 0.49+0.01 0.50+0.01 0.087
Abdominal fat, % 1.01+£0.09 0.94+0.05 1.08+0.03 0.85+0.07 0.061

ab<Mean values with different letters in the same row differ significantly at p <0.05; values are expressed as means + standard error.

3. Results
3.1. Growth performance and organ weights

Results presented in Table 5 demonstrate that dietary supplementation with 25-OH-D3 (1250 or 25001U/kg)
(31.25 or 62.5mcg/kg feed) combined with vitamin D3 significantly influenced body weight, body weight
gain, feed consumption, and feed conversion ratio (p<0.05). Broilers receiving vitamin D3 (50001U/kg)
(125mcg/kg feed) with 25-OH-D3 (1250 or 25001U/kg) (31.25 or 62.5mcg/kg feed) exhibited superior growth
performance compared to controls, including higher body weight, weight gain, and feed intake, while
achieving improved feed conversion efficiency. Additionally, these birds demonstrated enhanced digestibility
of protein, calcium, and phosphorus compared to controls. However, no significant effects (p>0.05) of vita-
min D3 and 25-OH-D3 supplementation on carcass characteristics were observed at 32days of age.

3.2. Biochemical parameters

Table 6 results indicate that dietary supplementation with 25-OH-D3 (1250 or 25001U/kg) (31.25 or
62.5mcg/kg feed) combined with vitamin D3 significantly affected blood concentrations of calcium, phos-
phorus, vitamin D3, Newcastle disease titers, and avian influenza titers (HON1) (p<0.05). However, total
protein, albumin, globulin, creatinine, uric acid, and liver enzymes (GPT and GOT) remained unaffected.

3.3. Hepatic oxidative status

Supplementation with 25-OH-D3 (1250 or 25001U/kg) (31.25 or 62.5mcg/kg feed) combined with vitamin
D3 significantly (p<0.05) affected hepatic glutathione peroxidase (GPX) activity and malondialdehyde
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(MDA) concentrations. Broilers fed 25-OH-D3 with vitamin D3 showed notable increases in GPX activity
compared to controls (Figure 1). All dietary treatments significantly decreased (p<0.05) MDA levels com-
pared to the control group.

3.4. Bone mineralization

As shown in Table 7, ash, calcium, and phosphorus content in tibiae were significantly increased (p <0.05)
in birds receiving 25-OH-D3 (1250 or 25001U/kg) (31.25 or 62.5mcg/kg feed) with vitamin D3 compared
to controls.

3.5. Gene expression in intestines

Results of jejunal and duodenal gene expression analysis at day 32 are presented in Table 8. Tight junc-
tion occludin and CaBP-D28k expression increased (p<0.05) in the jejunum as a function of 25-OH-D3

Table 6. Effects of dietary 25-hydroxyvitamin D3 supplementation on broiler plasma parameters.
50% V.D3 +50% 100 % V.D3+50% 100 % V.D3+100%

Item Control, 100% V.D3  25-hydroxyvitamin  25-hydroxyvitamin 25-hydroxyvitamin p value
GPT, (I/U) 3.88+0.39 3.29+0.26 293+0.35 3.01+0.40 0.268
GOT, (I/VU) 243+11.14 224+5.24 211+9.85 213+12.20 0.132
Creatinine, (mg/dL) 0.15£0.01 0.15£0.02 0.13£0.02 0.13+0.02 0.484
Uric acid,(mg/dL) 3.2+0.27 2.96+0.06 2.89+0.27 2.56+0.27 0.345
Total protein, (mg/dl) 2.12£0.012 2.13+0.01 2.23+0.04 2.28+0.09 0.143
Albumin, (mg/dl) 1.38+£0.09 1.50+0.13 1.30£0.10 1.35+0.07 0.606
Globulin, (mg/dl) 0.74+0.08 0.63+0.13 0.93+0.08 0.92+0.14 0.238
Calcium, mmol/L 1.94+0.02¢ 2.7+0.03% 2.88+0.04% 3.64+0.032 0.004
25 (OH) D;, mg/L 0.307+0.006¢ 0.329+0.005° 0.363+0.003° 0.328+0.004° 0.023
Phosphorus, mmol/L 6.48 £0.22¢ 8.44+0.13% 7.95+0.48° 9.09+0.40* 0.017
ND titer 3.80+0.06° 4.00+0.02° 5.20+0.07° 4.80+0.06® 0.009
H9 titer 4.80+0.07° 5.60+0.04* 6.20+£0.07° 5.80+0.08* 0.013

GPT=Glutamic Pyruvic Transaminase, GOT=Glutamic-Oxaloacetic Transaminase, ND=Newcastle disease, H9=Avian influenza.
ab<Mean values with different letters in the same row differ significantly at p<0.05; values are expressed as means+standard error.

40 - 30 -

a
a
30 - 2 b b b
b 20 -
20 - ¢
10 -
O = T T T 0 L T T T
T1 T2 T3 T4 T1 T2 T3 T4
B MDA, n mol/g protein B GPX, U/ g protein

Figure 1. Effects of dietary 25-hydroxyvitamin D3 supplementation on liver malondialdehyde (MDA) and glutathione
peroxidase (GPX) T1: Vitamin D3 (5000 1U/kg feed) T2: 2500 1U/kg of Vitamin D3 plus 2500 [U/kg of 25-Hydroxycholecalciferol
T3: 50001U/kg of Vitamin D3 plus 12501U/kg of 25-Hydroxycholecalciferol T4: 50001U/kg of Vitamin D3 plus 25001U/kg
of 25-Hydroxycholecalciferol.

Table 7. Effects of dietary 25-hydroxyvitamin D3 supplementation on bone minerals.

50% V.D3+50% 100 % V.D3+50% 100 % V.D3+100%
Item Control, 100% V.D3 25-hydroxyvitamin 25-hydroxyvitamin 25-hydroxyvitamin p value
Ash,% 37.66+1.96 42.16+0.80° 46.72+1.02° 463+1.18° 0.023
Calcium, g/100g ash 28.88+0.72¢ 34.6+3.76° 37.5+1.76° 38.2+2.312 0.001
Phosphorus, g/100g ash 12.88+1.10¢ 13.86+£1.57¢ 15.5+1.58" 16.24+0.89° 0.002

abcdMean values with different letters in the same row differ significantly at p<0.05; values are expressed as meanszstandard error.
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Table 8. Effects of dietary 25-hydroxyvitamin D3 supplementation on gene expression.

50% V.D3+50% 100 % V.D3 +50% 100 % V.D3+100%
Item Control, 100% V.D3 25-hydroxyvitamin 25-hydroxyvitamin 25-hydroxyvitamin p value
Jejunum
Tight junction occludin 1.00+0.00¢ 3.68+0.19¢ 7.41+0.28 5.59+0.27° 0.001
CaBP-D28k 1.00+0.00¢ 4.73+0.33¢ 9.36+0.39° 7.87+0.23° 0.002
Duodenum
IL-10 1.00+0.00° 0.822+0.019° 0.317+0.019¢ 0.509+0.02¢ 0.001
IL-17 1.00+0.00¢ 3.153+£0.13¢ 5.746+0.228° 4.101+0.105° 0.001

abcdMean values with different letters in the same row differ significantly at p <0.05; values are expressed as means +standard error.

and vitamin D3 supplementation, with highest expression observed in birds receiving treatment 3
(50001U/kg vitamin D3 plus 12501U/kg 25-OH-D3) (125 mcg/kg vitamin D3 plus 31.25mcg/kg feed). IL-17
expression increased in the duodenum with supplementation, while IL-10 expression decreased in all
treatment groups compared to controls.

4, Discussion
4.1. Growth performance and organ weights

The current findings demonstrate that 25-OH-D3 supplementation combined with vitamin D3 substan-
tially improves broiler growth performance parameters. In our study, birds receiving 25-OH-D3 (1250 or
25001U/kg) (31.25 or 62.5mcg/kg feed) with vitamin D3 showed significantly higher final body weight
(2167.2 and 2165.2g vs. 1914.8g in controls, p<0.05) and improved feed conversion ratio (1.305 and
1.342 vs. 1.373 in controls). These results align with recent studies showing enhanced broiler perfor-
mance with 25-OH-D3 supplementation (Fatemi et al., 2021; Vazquez et al., 2018; Zhang et al, 2020).
According to Fatemi et al. (2022), body weight gain in coccidiosis-challenged birds has been shown to
increase when fed 25-OH-D3 compared to vitamin D3 alone. Fritts and Waldroup (2003) reported that
1251U/kg of 25-OH-D3 enhanced body weight gain to levels comparable to birds receiving 10001U/kg of
vitamin D3.

Our findings also revealed significantly improved nutrient digestibility, with calcium digestibility
increasing from 52.70% in controls to 62.30% and 68.30% in supplemented groups (p<0.05). Similarly,
phosphorus digestibility improved from 51.10% to 59.30% and 60.60% respectively. Leyva-Jimenez et al.
(2019) found that replacing 50% of dietary vitamin D3 with 25-OH-D3 increased body weight, tibial
breaking strength, and plasma 25-OH-D3 concentrations in broilers challenged with a coccidiosis vaccine.
Supplementing different vitamin D metabolites in combination reduces energy expenditure associated
with vitamin D metabolism (Prokoski et al., 2021). Supplementing vitamin D3 or its metabolite 25-OH-D3
to broiler diets can improve growth performance (Gémez et al., 2013).

The improved performance with 25-OH-D3 supplementation can be attributed to its immediate bio-
availability, bypassing the hepatic 25-hydroxylation step required for vitamin D3 activation. 25-OH-D3 is
an active metabolite of vitamin D3 and plays a significant role in calcium absorption in the intestine,
calcium utilization for bone growth and calcium fixation (Applegate et al., 2003; Fritts & Waldroup, 2005;
Gbémez et al, 2013; Ledwaba & Roberson, 2003). This enhanced bioavailability allows for more efficient
calcium and phosphorus utilization, leading to improved bone development and overall growth perfor-
mance. The improvement may also be due to increased villus and crypt morphology, which may have
increased nutrient absorption, 25-OH-D3 supplementation may improves growth performance by increas-
ing the bioavailability of vitamin D, which enhances calcium and phosphorus absorption for better bone
health, while also boosting the immune system and antioxidant capacity. As a pre-metabolized form of
vitamin D3, 25-OH-D3 can be more effectively absorbed and used by the body, leading to improved
weight gain and overall development (Fatemi et al., 2021, 2022).

4.2. Biochemical parameters

The physiological and immunological state of the body can be reflected by blood biochemical indicators,
which are related to the activity of certain enzymes and blood protein levels (Dawood et al., 2020; Kurtz
& Travlos, 2017). Our results demonstrated significant improvements in key blood parameters, with
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plasma calcium concentrations increasing from 7.94mmol/L in controls to 9.64mmol/L in the highest
supplemented group (p <0.05). Vitamin D levels rose from 30.70ng/mL to 36.33 ng/mL, while phosphorus
increased from 6.48 to 9.09 mmol/L. Serum 25-OH-D or vitamin D3 concentration serves as an important
indicator of vitamin D status (Li et al., 2021). This study’s results showing increased 25-OH-D concentra-
tions with supplementation agree with previous findings (Chen et al., 2020; Wang et al., 2020; Zhang
et al,, 2020). The partial substitution of vitamin D3 with 25-OH-D3 increased serum calcium, phosphorus,
and vitamin D concentrations (Leyva-Jimenez et al., 2019; Prokoski et al., 2021).

Notably, our study showed enhanced immune responses, with Newcastle disease titers increasing from
3.80 in controls to 5.20 in the best-performing group, and HI9N1 titers improving from 4.80 to 6.20
(p<0.05). Enhanced Newcastle disease and H9 titers in supplemented broilers indicate improved immu-
nity and disease resistance. These results support previous findings by Vazquez et al. (2018), where 25-OH-
D3 supplementation at 69ug/kg improved cellular immune responses and bone mineral deposition in
broilers. Vitamin D modulates immune responses by selectively suppressing proinflammatory cytokine
production and leukocyte infiltration (Bahar-Shany et al, 2010; Helming et al., 2005; Jadhav et al., 2018).

The metabolite 1,25-(0H)2-D3 stimulates hematopoiesis when bound to vitamin D3 receptors located
on hematopoietic cell membranes, including B and T lymphocytes (Capiati et al, 2002; Enioutina et al.,
2009; Gémez et al.,, 2013; Han et al,, 2009), thereby enhancing immune function and antibody produc-
tion against viral challenges such as Newcastle disease and avian influenza. Previous data by Khan et al.
(2010) shows that commercial levels of vitamin D3 in chicken diets are effective at inducing robust anti-
body responses against NDV vaccination.

4.3. Hepatic oxidative status

Our investigation of hepatic antioxidant status revealed that 25-OH-D3 supplementation significantly
enhanced glutathione peroxidase (GPX) activity while reducing malondialdehyde (MDA) levels compared
to controls (p<0.05). These findings support research by Sardar et al. (1996) and Garcion et al. (1999)
indicating that vitamin D3 reduces oxidative stress by upregulating antioxidant defense systems includ-
ing glutathione, glutathione peroxidase, and superoxide dismutase. The prevention of MDA level increases
suggests that 25-OH-D3 supplementation can prevent lipid peroxidation (Zhang et al., 2020).

In the poultry industry, broilers inevitably face oxidative stress associated with bacterial challenges or
their products, which could impair health status (Zhang et al, 2020). The inclusion of 25-OH-D3 with
vitamin D3 in broiler diets raised hepatic GPX activity, indicating enhanced antioxidant capacity and
improved cellular protection against oxidative damage. Dietary 25-OH-D3 supplementation prevented
the increase of MDA levels in serum of broilers, suggesting that lipid peroxidation could be prevented
by dietary 25-OH-D3 supplementation moreover; 25-OH-D3 supplementation reduces lipid peroxidation
in broilers primarily by enhancing the activity of the body’s natural antioxidant enzyme systems and by
modulating the inflammatory response. This dual action helps to restore the balance between the pro-
duction of reactive oxygen species (ROS) and the body’s ability to neutralize them, thereby preventing
oxidative damage to lipids (Zhang et al., 2020).

4.4. Bone mineralization

Our bone analysis revealed substantial improvements in tibial mineralization, with ash content increasing
from 22.66% in controls to 32.3% in the highest supplemented group (p<0.05). More remarkably, cal-
cium content increased dramatically from 24.88% to 201.2%, while phosphorus rose from 12.88% to
47.24%. These results align with studies showing increased tibial ash in broilers receiving 25-OH-D3 sup-
plementation (Boris et al, 1977). Sakkas et al. observed improved femur and tibia mineralization when
30001U/kg of 25-OH-D3 was added to diets. Vazquez et al. (2018) reported enhanced mineral deposition
in bones of 1-21day old broilers supplemented with 69ug/kg of 25-OH-D3.

The enhanced bone mineralization observed in this study can be attributed to improved calcium and
phosphorus absorption and utilization. The active form of vitamin D, 1,25-(OH)2-D3, directly regulates
calcium-binding protein synthesis in the intestine, facilitating more efficient mineral absorption and sub-
sequent deposition in bone tissue.
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4.5. Gene expression in intestines

Our molecular analysis revealed significant upregulation of intestinal genes involved in calcium metabolism and
barrier function. In the jejunum, tight junction occludin expression increased 7.41-fold and CaBP-D28k expression
increased 9.36-fold in the best-performing treatment compared to controls (p<0.05). In the duodenum, IL-17
expression increased 5.75-fold while IL-10 expression decreased to 0.317-fold relative to controls. Tight junctions,
primarily formed by claudins and occludin proteins, are fundamental for maintaining intestinal epithelial integrity
and barrier function, allowing selective nutrient absorption (Garcia et al., 2021). The observed increases in occlu-
din expression support improved intestinal barrier function and enhanced nutrient absorption capacity.

CaBP-D28k facilitates calcium transport from apical to basolateral membranes of intestinal cells (Wu
et al,, 2022). Previous research has shown that 1,25-(OH)2-D3 injection increased CaBP-D9k mRNA expres-
sion in mouse duodenum (Benn et al., 2008; Khuituan et al., 2012; Okano et al.,, 2004) and CaBP-D28k
expression in chicken small intestine (Clemens et al., 1988; Hall & Norman, 1990; Sechman et al., 1996;
Wu et al,, 2022; Yang et al., 2019).

The upregulation of CaBP-D28k expression in the jejunum demonstrates enhanced calcium transport
capacity, which directly correlates with the improved calcium digestibility (68.30% vs. 52.70% in controls)
and bone mineralization observed in this study. This molecular mechanism explains the superior calcium
utilization in birds receiving 25-OH-D3 supplementation.

25-OH cholecalciferol with vitamin D3 supplementation increased IL-17 mRNA amounts in the duode-
num, while IL-10 mRNA decreased. IL-10 inhibits cellular immunity, suppresses the production of proin-
flammatory cytokines, prevents the differentiation of monocytes into tissue macrophages and apoptosis,
and enhances the production of IL-2 and IFN-y (Ouyang & O’Garra, 2019). Also, IL-10 is limiting the host’s
ability to mount an effective immune response (Rasheed et al., 2020).

The decreased IL-10 expression observed in supplemented birds suggests reduced anti-inflammatory
activity, which may enhance the birds’ ability to mount effective immune responses against pathogens.
Conversely, the increased IL-17 expression indicates enhanced pro-inflammatory responses and improved
cellular immunity, contributing to the elevated antibody titers (Newcastle disease: 5.20 vs. 3.80; HON1:
6.20 vs. 4.80) observed in this study.

5. Conclusion

Based on the findings from this study, we can confidently say that incorporating commercial amounts of
vitamin D3 into broiler chicken diets, alongside 25-OH-D3 supplementation, is an effective strategy for
enhancing growth performance. This approach also positively influences liver antioxidant status, bolsters
immunity, promotes bone mineralization, and modulates gene expression related to calcium metabolism
in broilers aged from 1 to 32days. The results demonstrate that the combination of 25-OH-D3 and vita-
min D3 significantly improves growth performance, liver antioxidant levels, and overall health aspects
connected to bone and immune function in these chickens.
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