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ABSTRACT We evaluated the supplementation of a
protected complex of biofactors and antioxidants [P(BF
+AOx)] on growth performance, antioxidant activity,
expression of immune-related genes, and immunometa-
bolic phenotype of broilers submitted to early life stres-
sors. The treatments were a nutritionally complete basal
diet supplemented or not with P(BF+AOx) (Jefo Nutri-
tion Inc., Saint-Hyacinthe, QC, Canada) from 1 to 14 d of
age. 720 one-day old male Ross 308 chickens were placed
into pens of 30 birds (12 replicates/treatment). Birds were
double-vaccinated against infectious bronchitis (IB;
MILDVAC-Ma5T) at the hatchery and submitted, on d 3,
to an acute reduction on environmental temperature
(from 32° C to 20°C) for 48 h. Feed intake (FI), body
weight gain (BWG), and feed conversion ratio (FCR)
were calculated weekly. On d 7 and 15, samples were col-
lected for expression of immune-related genes and kinome
array analysis, and serum to evaluate the antioxidant sta-
tus. Data were analyzed by ANOVA using SAS (SAS
9.4). From d 1 to 21 and d 1 to 28, the dietary
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supplementation of P(BF+AOx) significantly increased
BWG (P < 0.05) by 3.6 and 3.8%, respectively, and
improved FCR (P < 0.05) by 1.2 and 1.8%, respectively.
From d 1 to 35, dietary supplementation enhanced BWG
(P = 0.03) by 4%. Serum glutathione reductase activity
on d 15 was higher in birds fed diets supplemented with P
(BF+AOx) compared to the control diet-fed birds
(P = 0.04). Dietary supplementation reduced the expres-
sion of IL-1b (P = 0.03) in the lungs on d 7. On d 15, die-
tary supplementation increased the expression of IL-6
(P = 0.02) and IL-10 (P = 0.03) in the liver. It was
observed that, via decreased phosphorylation, catalase
was activated in the jejunum and liver, and the phosphor-
ylation of immunoregulatory or proinflammatory proteins
was decreased. Other important cellular signaling path-
ways were also changed in the liver and jejunum due to
the supplementation. The supplementation of P(BF
+AOx) improves growth performance by promoting a
general anti-inflammatory and antioxidant response in
chickens undergoing early life stress.
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INTRODUCTION

Acute change in environmental temperature may
have negative impacts on the performance of broiler
flocks. It has been observed that a severe cold stress (12°
C below the homeostatic temperature) throughout the
life cycle of broilers negatively impacted production
parameters (Su et al., 2020). Besides the negative effects
on the performance of the birds, cold stress can also
impair immune system development (Zhang et al., 2011;
Zhao et al., 2013). For instance, Zhao et al. (2013)
showed by histopathological analysis that the intestinal
tissue was severely impacted, as shown by shorter villus,
hemorrhagically and congested mucosa, and leukocytes
infiltration, when chickens were submitted to either
acute or chronic cold stress and, in another study, it led
to higher oxidative stress in the intestine (Zhang
et al. 2011). Additionally, cold stress may increase the
susceptibility to respiratory diseases such as avian infec-
tious bronchitis (IB) which affects the upper-respiratory
tract of chickens. The disease, which is found worldwide,
is often controlled by the use of attenuated live or killed
vaccines (Jackwood and Wit, 2020).
The use of vitamins and other molecules with antioxi-

dants properties has been investigated in poultry to vari-
ous challenge models (Sahin et al., 2003; Ghazi
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Table 1. Starter (1−21 d) and grower (21−35 d) diets formula-
tion, and formulated energy and nutrient composition.

Ingredient, % Starter Starter Grower Grower

Corn 30.6 30.6 34.0 34.0
Soybean meal, 48% CP 26.0 26.0 18.3 18.3
Wheat 31.0 31.0 34.3 34.3
DDGS 5.0 5.0 5.0 5.0
Animal fat 2.8 2.8 4.4 4.4
Monocalcium phosphate 0.98 0.98 1.01 1.01
Calcium carbonate 2.13 2.13 1.73 1.73
NaCl 0.31 0.31 0.28 0.28
L-lysine HCl 0.315 0.315 0.310 0.310
DL-Methionine, 99% 0.305 0.305 0.245 0.245
L-threonine 0.090 0.090 0.045 0.045
Choline, 60% 0.076 0.076 0.076 0.076
L-Valine 0.259 0.259 0.076 0.076
L-Tryptophane 0.029 0.029 0.024 0.024
Vitamin-Mineral Premix1 0.15 0.15 0.15 0.15
Sodium bicarbonate - - 0.04 0.04
P(BF+AOx)2 - 0.015 - -
Formulated energy and nutrient composition
ME Kcal/Kg 2,950 2,950 3,097 3,097
Crude Protein, % 20.5 20.5 17.5 17.5
Fat, % 5.34 5.34 6.98 6.98
Lysine, % 1.200 1.200 1.003 1.003
Thr, % 0.797 0.797 0.639 0.639
Met+Cys, % 0.938 0.938 0.810 0.810
Non phytate phosphorus, % 0.440 0.440 0.440 0.440
Total Ca, % 1.11 1.11 0.95 0.95
Na, % 0.15 0.15 0.15 0.15
1Supplied per kg of diet: vitamin A, 10,005 IU; vitamin D3, 3,000 IU;

vitamin E, 30 IU; vitamin K, 2.55 mg; vitamin B12, 15 mg; biotin, 201 mg;
thiamine, 3 mg; riboflavin, 6 mg; pantothenic acid, 14.1 mg; pyridoxine,
3.6 mg; niacin, 49.95 mg; folic acid, 1 mg; Zn, 100; Fe, 49.5 mg; Cu, 15 mg;
I, 0.09 mg; Se, 0.45 mg, Mn, 100 mg.

2Minimum Supplied per kg of diet: vitamin A, 900 IU; vitamin D3, 450
IU; vitamin E, 12 IU; vitamin K, 0.135 mg; vitamin B12, 0.00525 mg; bio-
tin, 0.03 mg; thiamine, 0.9 mg; riboflavin, 1.35 mg; pantothenic acid, 3
mg; pyridoxine, 0.75 mg; niacin, 12 mg; folic acid, 0.3 mg.
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Harsini et al., 2012; Hu et al., 2019). An imbalance
between the pro and antioxidant systems of the body is
likely to drive damage to cellular components
(Est�evez, 2015), including immune cells, that may
impair the function of the immune response. Reactive
oxygen species (ROS) production (naturally generated
due to the immune response or exacerbated in stress sit-
uations) influence the activation of transcription factors,
such as NF-kB, kinases and phosphatases that regulate
the immune response and immune metabolism
(Banerjee et al., 2020). The dietary supplementation of
antioxidants, such as vitamin E, and others, may
improve growth performance and have the function of
protecting the cells from ROS (Ghazi Harsini et al.,
2012) that are naturally generated due to the immune
response, or exacerbated in stress situations. Addition-
ally, biofactors as metabolites from a yeast cell hydroly-
sate showed antioxidant effects in fish hepatocytes by
enhancing the activity of superoxide dismutase, cata-
lase, and glutathione peroxidase (Rahimnejad et al.,
2020). Moreover, the term postbiotic has been employed
to define molecules produced during the metabolic pro-
cesses of microorganisms, and has been applied to reduce
the negative effects of pathogens, such as Clostridium
perfringens, in chickens (Johnson et al., 2019).

Therefore, the supplementation of biofactors, which fall
into the definition of postbiotic, combined with antioxi-
dants may induce immunometabolic phenotypic altera-
tions in different tissues to help the animal to cope with
early life stressors and improve growth performance. We
hypothesized that the supplementation of a protected com-
plex of biofactors and antioxidants [P(BF+AOx)], that
would be released in lower portions of the small intestine,
to broilers could modulate the immunometabolic pheno-
type and alleviate the negative effects of early life stress.
The objective of this study was to evaluate the dietary sup-
plementation of P(BF+AOx) on the growth performance,
antioxidant activity, expression of immune-related genes,
and immunometabolic phenotype of the jejunum and liver
of broiler chickens submitted to early life stress.
MATERIAL AND METHODS

Birds, Housing, and Treatments

The animals have been cared according to the recom-
mended code of practice of Chicken Farmers of Canada
and under the supervision of a poultry veterinarian.
Seven hundred twenty (720) 1-day-old male Ross x Ross
308 chickens were used in this study. At the hatchery,
the birds were vaccinated against Marek’s disease
(HVT). The experiment was conducted at the experi-
mental station of Jefo Nutrition Inc., in Saint-Hya-
cinthe, QC, Canada. The feed was formulated based on
corn and soybean meal. The feeding program was
divided into two phases: starter (0−14) and grower (14
−35 d; Table 1). Feed additives were mixed separately
in the feed. The experiment consisted of a completely
randomized design with two treatments: feed supple-
mented or not with 150 mg/kg of Protected Biofactors
and Antioxidants P(BF+AOx) added on top, from 1 to
14 d of age. All the birds were fed the non-supplemented
diet from 14 to 35 d of age. The P(BF+AOx) is a com-
plex of vitamins and fermentation extract (vitamin A,
vitamin D3, vitamin E, menadione, thiamine, riboflavin,
niacin, pantothenic acid, vitamin B6, biotin, folic acid,
vitamin B12, L-tryptophan, and fermentation extract of
dried Bacillus subtilis, Aspergillus niger and A. oryzae)
microencapsulated in a matrix of triglycerides from
hydrogenated vegetable oil (Jefo Nutrition Inc., Saint-
Hyacinthe, QCS, Canada). Each treatment consisted of
12 replicate pens with 30 birds each. The birds were
placed onto floor pens with new litter. Each pen was pro-
vided with supplemental heat, and ad libitum access to
water and feed in mash form.
Challenge

On d 0, all the birds received a 2X dose of live bronchi-
tis vaccine (MILDVAC-Ma5) by spray at the hatchery.
In addition, on day 3 all the chickens were submitted to
an acute reduction of environmental temperature from
30−32°C to 20°C (10−12°C below the thermoneutral
temperature for this age) during 48 h, returning to a nor-
mal temperature afterwards, following the breeder-



Figure 1. Temperature (°C) profile throughout the study.

ANTIOXIDANTS AND EARLY LIFE STRESS 3
recommended temperature profile. The temperature was
automatically controlled (Vari-Vent; Model CVS-
22HA), and monitored daily with thermometers evenly
distributed inside the facility. The temperature profile
registered throughout the study is shown in Figure 1.
Growth Performance Parameters

Body weight (BW) and feed intake (FI) averaged by
pen were recorded weekly. Based on these data, body
weight gain (BWG) and feed conversion ratio (FCR) of
birds were calculated. FCR was corrected for the weight of
dead birds. Growth performance was evaluated weekly
and for the cumulative periods. Survivability was calcu-
lated by the ratio between the number of birds at the end
and number of birds at the beginning of the experiment.
The European Production Efficiency Factor (EPEF) was
calculated by the formula: body weight (Kg) x % surviv-
ability x 100/FCR x trial duration in days.
Sample Collection

At 7 and 15 d, one bird per pen was randomly selected
and euthanized by cervical dislocation. Blood (serum), liver,
lung, jejunum, and ileum were collected from the same birds
in order to evaluate the antioxidant status and expression of
immune-related genes. Jejunum and liver from 15 d old
birds were also submitted to kinome array analysis.
Oxidative Stress Markers

Serum samples from 7 and 15 d were analyzed for bio-
markers of oxidative stress such as the concentration of
thiobarbituric acid reactive substances (TBARS), glu-
tathione peroxidase (GPx), and glutathione reductase
(GR) activities using colorimetric assays kits (Cayman
Chemicals, Ann Arbor, MI). Among these parameters,
GR was only analyzed at 15 d due to the low volume of
serum obtained at 7 d. The serum samples were kept at
�80°C until the analyses were performed. All bioassays
were performed according to the protocol outlined by
the manufacturer.
Gene Expression

Lung, liver, jejunum and ileum were evaluated for
expression of immune-related genes, according to
Kogut and Arsenault (2015). Briefly, the mRNA was
isolated using from 25 mg of tissue using the RNeasy
Plus mini kit (Qiagen). The total isolated mRNA was
eluted with 50 mL of RNase-free water and stored at
�80°C for qRT-PCR analysis. RNA was quantified and
the quality evaluated using a spectrophotometer (Nano-
Drop Products, Wilmington, DE, USA).
The prime and probe sets used in the qRT-PCR are

shown in Table 2. The PCRwas performed using the Taq-
Man fast universal PCR master mix and one-step RT-
PCRmaster mix reagents (Applied Biosystems). Normal-
ization was carried out using 28S rRNA as a housekeeping
gene, and the corrected cytokine mean change in mRNA
levels were calculated as follow: mean 40-Ct*slope of the
standard curve of the target cytokine/slope of the stan-
dard curve of the 28S gene*differential factor of the 28S
gene (Kogut and Arsenault, 2015). Lung tissue was ana-
lyzed for expression of IL-10, IL-1b, and IFN- g genes.
Liver, jejunum, and ileumwere tested for expression of IL-
6 and IL-10 genes.
Kinome Array Analysis

Tissue samples were collected and immediately flash-
frozen into liquid nitrogen to preserve kinase enzymatic
activity and stored at �80°C prior to further processing.
Samples were shipped overnight on dry ice to University
of Delaware for kinome analysis. The kinome peptide
array was carried out as described by Arsenault
et al. (2017). To summarize, 40 mg of tissue samples
were lysed in 100 uL of lysis buffer containing protease
and phosphatase inhibitors. The supernatant of the
lysed tissue was mixed with 10 uL of activation mix con-
taining ATP and applied to the JPT peptide microarray
(Berlin, Germany). Microarrays were incubated in a
humidity chamber at 40°C and 5% CO2 for two hours
and washed in phosphate-buffered saline - 1% Triton,
2M NaCl-1% Triton twice and a final wash in ddH20
with agitation, each for a minimum of 60 s. The arrays
were submerged in phosphospecific fluorescent ProQ



Table 2. Real-time quantitative PCR probe and primers used.

Target gene Probe/Prime sequence Accession number

28S Probe AGGACCGCTACGGACCTCCACCA X59733
Forward GGCGAAGCCAGAGGAAACT
Reverse GACGACCGATTGCACGTC

IL-6 Probe AGGAGAAATGCCTGACGAAGCTCTCCA AJ250838
Forward GCTCGCCGGCTTCGA
Reverse GGTAGGTCTGAAAGGCGAACAG

IL-10 Probe CGACGATTCGGCGCTGTCACC AJ621614
Forward CATGCTGCTGGGCCTGAA
Reverse CGTCTCCTTGATCTGCTTGATG

IL-1b Probe CCACACTGCAGCTGGAGGAAGCC AJ245728
Forward GCTCTACATGTCGTGTGTGATGAG
Reverse TGTCGATGTCCCGCATGA

INF-g Probe TGGCCAAGCTCCCGATGAACGA Y07922
Forward GTGAAGAAGGTGAAAGATATCATGGA
Reverse GCTTTGCGCTGGATTCTCA

4 BORTOLUZZI ET AL.
DiamondPhosphoprotein Stain (Life Technologies, Carls-
bad, CA) in a large dish and placed on a shaker table at
50 rpm for one hour. Arrays were then placed in a new
dish and submerged in destaining solution (20% acetoni-
trile (EMD Millipore Chemicals, Billerica, MA) and
50 mM sodium acetate (Sigma)) for 10 min with agitation
at 50 rpm. This process was repeated 2 times. A final wash
was then done with ddH2O. The arrays were spun dried.
Arrays were then scanned using a Tecan PowerScanner
microarray scanner (Tecan Systems, San Jose, CA) at 532
to 560 nm with a 580-nm filter to detect dye fluorescence
to collect the array image.
Statistical Analysis

The growth performance, gene expression, and antioxi-
dant activity were submitted to ANOVA using the software
SAS (SAS 9.4). All the data were tested for normality and
homogeneity. Nonparametric data were submitted to the
Kruskal-Wallis test (P < 0.05). Trends are indicated when
P ≤ 0.10. Regarding the kinome array, the data collection
and analysis processes were carried out as described in
Johnson et al. (2019). Data was then analyzed by the
PIIKA2 peptide array analysis software (Trost et al., 2013).
Briefly, the resulting data points were normalized to elimi-
nate variance due to technical variation, for example, ran-
dom variation in staining intensity between arrays or
between array blocks within an array. Variance stabilization
normalization was performed. As the arrays were printed in
triplicate with triplicate peptide blocks there are 9 technical
values for each peptide per array. Using the normalized
data set, comparisons between treatment and control
groups were performed, calculating fold change and a signifi-
cance P-value. The P-value is calculated by conducting a
paired t-test between treatment and control values for a
given peptide. Signficant peptides were analyzed using the
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) database’s (Szklarczyk et al., 2019) output of
Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa et al., 2017) pathways and false discovery ratio
(FDR). Human uniport accession and phosphorylation site
complementary to chicken are reported in this study.
RESULTS

Growth Performance

From 0 to 7 and 0 to 14 d, no significant effects were
observed for any of the growth performance parameters
evaluated (Table 3). There was a trend, however,
toward improved FCR at 7 d (P = 0.10) and increased
BW gain at 14 d (P = 0.06) in birds fed supplemented
diets. From 0 to 21 and 0 to 28 d, the dietary supplemen-
tation of biofactors and antioxidants increased BW gain
(P < 0.05) by 3.6 and 3.8%, respectively, and improved
FCR (P < 0.05) by 1.2 and 1.8%, respectively. Consider-
ing the overall experimental period (0−35 d), supple-
mentation enhanced body weight gain (P = 0.03) by 4%
and tended to improve FCR (P = 0.07) by 2%.
Oxidative Stress

The serum concentration of TBARS, GPx, and GR
are shown in Table 4. There was no difference between
treatments on 7 or 15 d for TBARS and GPx activity.
The GR activity at 15 d was higher in birds fed diets
supplemented with biofactors and antioxidants com-
pared to the control diet-fed birds (P = 0.04). At 7 d,
however, we were unable to perform the GR analysis
due to the low volume of serum obtained from birds of
this age.
Gene Expression

The results regarding the expression of immune-
related genes are shown in Table 5 as corrected cytokine
means. At 7 d, the dietary supplementation of biofactors
and antioxidants downregulated (P = 0.03) the expres-
sion of IL-1b in the lungs and tended to upregulate the
expression of IL-6 (P = 0.06) and IL-10 (P = 0.06) in the
liver. At 15 d, dietary supplementation upregulated the
expression of IL-6 (P = 0.02) and IL-10 (P = 0.03) in the
liver; moreover, there was a trend toward downregula-
tion of IL-10 in the jejunum (P = 0.10) and upregulation
of IL-6 in the ileum (P = 0.06) of broilers supplemented
with antioxidants and biofactors.



Table 5. mRNA expression of cytokines in the lung, jejunum, ileum and liver of broiler chickens fed control or diets supplemented with a
complex of biofactors and antioxidants undergoing early life stress.a,b

Corrected Cytokine Mean2 - 7 d of age

Lungs Jejunum Ileum Liver

Treatment IL-10 IL-1b IFN- g IL-6 IL-10 IL-6 IL-10 IL-6 IL-10

Control 9.82 10.50a 8.63 10.19 8.95 9.59 7.43 8.24 8.15
P(BF+AOx)1 9.17 9.04b 8.07 9.04 8.30 9.12 6.43 11.09 5.88
SEM 0.45 0.48 0.47 0.59 0.48 0.40 0.45 0.85 0.66
P value 0.35 0.03 0.45 0.20 0.38 0.45 0.14 0.06 0.06
a,bP < 0.05; n = 6 replicate pens/treatment and 30 birds/pen.

Corrected Cytokine Mean2 - 15 d of age

Lungs Jejunum Ileum Liver

Treatment IL-10 IL-1b IFN- g IL-6 IL-10 IL-6 IL-10 IL-6 IL-10

Control 9.77 10.77 13.28 10.53 9.54 8.27 9.62 9.87 b 7.82 b

P(BF+AOx)1 9.50 10.37 13.46 9.09 8.17 9.30 9.00 12.03 a 9.39 a

SEM 0.25 0.61 0.36 0.93 0.55 0.38 0.37 0.60 0.79
P value 0.51 0.68 0.74 0.32 0.10 0.06 0.33 0.02 0.03

a,bP < 0.05; n = 6 replicate pens/treatment and 30 birds/pen.
1Protected complex of biofactors and antioxidants.
2Calculated by the ratio between the mean 40-Ct*slope of the standard curve of the target cytokine/slope of the standard curve of the 28S gene*differ-

ential factor of the 28S gene; SEM: Standard error of mean.

Table 3. Cumulative growth performance of broiler chickens fed control or diets supplemented with a complex of biofactors and antioxi-
dants undergoing early life stress.

BWG, g FI, g FCR BWG, g FI, g FCR

Treatment 0 to 7 d 0 to 14 d
Control 92 118 1.266 345 456 1.322
P(BF+AOx)1 95 117 1.229 359 469 1.306
SEM 1.39 0.84 0.01 4.14 3.79 0.01
P value 0.13 0.55 0.10 0.06 0.68 0.25
Treatment 0 to 21 d 0 to 28 d
Control 770b 1,069 1.389a 1,367b 2,042 1.545a

P(BF+AOx)1 799a 1,096 1.372b 1,422a 2,107 1.516b

SEM 8.02 8.04 0.01 13.03 16.50 0.01
P value 0.03 0.74 0.02 0.01 0.81 0.01
Treatment 0 to 35 d Survivability, % EPEF
Control 2,051b 3,281 1.686 98 358.4
P(BF+AOx)1 2,136a 3,390 1.647 97 373.0
SEM 22.74 27.65 0.01 0.01 6.39
P value 0.03 0.35 0.07 0.25 0.34

1Protected complex of biofactors and antioxidants; BWG: Body weight gain; FI: Feed intake; FCR: Feed conversion ratio; SEM: Standard error of
mean; EPEF: European production efficiency factor.

a,bP < 0.05; n = 12 replicate pens/treatment and 30 birds/pen.

Table 4. TBARS, glutathione peroxidase, and glutathione reductase in the serum of broiler chickens fed control or diets supplemented
with a complex of biofactors and antioxidants undergoing early life stress.

Treatment
MDA (uM) Gpx nmol/min/mL GR nmol/min/mL

7 d 15 d 7 d 15 d 15 d

Control 21.7 25.0 18.5 18.5 34.9b

P(BF+AOx)1 23.3 23.4 17.5 19.4 45.3a

SEM 1.80 1.14 1.13 1.11 2.72
P value 0.56 0.38 0.55 0.69 0.04

1Protected complex of biofactors and antioxidants; MDA: Malondialdehyde; Gpx: glutathione peroxidase; GR: glutathione reductase SEM: Standard
error of mean.

a,bP < 0.05; n = 12 replicate pens/treatment and 30 birds/pen.
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Kinome Array Analysis

The results of the kinome peptide array performed on
jejunum and liver tissues showed that the treatment had sig-
nificant effect on oxidative stress resistance (Figure 2). Both
jejunum and liver tissues at 15 d showed the Forkhead box
protein O (FOXO) signaling pathway in the top 25 KEGG
output with a FDR significance of 5.38E-21 and 6.79E-14,
respectively (Supplementary Tables 1 and 2). Although the
phosphorylation status of FOXO was not determined, the
results show the phosphorylation status of proteins
upstream and downstream of FOXO for both jejunum and



Figure 2. Summary of FOXO signaling during oxidative stress resistance. Shown here are the kinome peptide array and oxidative stress
(smaller diagram at the lower left) results that were activated or deactivated by the supplementation of a complex of biofactors and antioxidants.
Pathway diagram adapted from data in the KEGG pathway database (Kanehisa, et al., 2017).

Table 7. Phosphorylation status of proteins in the FOXO signal-
ing pathway of liver at 15 d of broiler chickens fed control or diets
supplemented with a complex of biofactors and antioxidants
undergoing early life stress.

Human Ortholog
Uniprot number Protein name

Phosphorylation
status Function

Q96EB6 SIRT1 - +
P36897 TGF-B receptor + +
Q7L0£0 TLR7/8 + unknown
P04040 Catalase (Y231, 386) - +
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liver samples at 15 d (Supplementary Tables 1 and 2). Cata-
lase was activated downstream of FOXO via decreased
phosphorylation on sites Y231 and Y386 (Supplementary
Tables 1 and 2) which induce protein degradation
(Cao et al., 2003a; b). Also, we observed the decrease in
phosphorylation of immunoregulatory or proinflammatory
proteins in the FOXO pathway. The proteins upstream and
downstream of FOXO like NF-kB, P38, NFAT STAT3 and
AP-1 (Table 6 and 7) are also found in the T cell receptor
signaling pathway which shows up in the top 25 list of
Table 6. Phosphorylation status of proteins in the FOXO signal-
ing pathways of jejunum at 15 d of broiler chickens fed control or
diets supplemented with a complex of biofactors and antioxidants
undergoing early life stress.

Human Ortholog
Uniprot number Protein name

Phosphorylation
status Function

Q96EB6 SIRT1 + +
P36897 TGF-B receptor + +
Q9NR97 TLR7/8 + unknown
P04040 Catalase (Y231) - +
O95644 NFAT + +
Q9Y478 AMPK + +
P45985 JNKK + +
P05412 AP-1 + +
P46108 P38 - +
Q00653 NF-kB - altered
P40189 IL-6R + altered
P29460 IL-12 - unknown
P58753 TIRAP - +
P40763 STAT3 + +
Q12933 TRAF2 - +
P55895 RAG + altered

The phosphorylation status of the proteins found upstream or down-
stream of FOXO. The phosphorylation status of each significant protein
in the jejunum at 15 d was determined by entering the respective Uniprot
accession into phosphosite database (Hornbeck et al., 2015), finding the
annotation of the site of interest and accounting for the phosphorylation
fold change (increased or decreased) of that site.

Q60591 NFAT + +
Q13131 AMPK + +
P45985 JNKK + +
P05412 AP-1 + +
P46108 P38 - +
Q00653 NF-kB - altered
P40189 IL-6 + altered
P29460 IL-12 - unknown
Q5VWK5 IL-23 + unknown
P58753 TIRAP - +
P40763 STAT3 - +
Q9UKE5 TRAF2 - +
Q99683 ASK1 + +

The phosphorylation status of the proteins found upstream or down-
stream of FOXO. The phosphorylation status of each significant protein
in the jejunum at 15 d was determined by entering the respective Uniprot
accession into phosphosite database (Hornbeck et al., 2015), finding the
annotation of the site of interest and accounting for the phosphorylation
fold change (increased or decreased) of that site.
KEGG pathways for both liver (FDR 1.55E-13) and jeju-
num (FDR 4.37E-16) at 15 d (Supplementary Tables 1
and 2). These proteins have been linked to the increased
expression of the anti-inflammatory marker IL-10
(Hermann-Kleiter and Baier, 2010; Sanin et al., 2015).
Other important cellular signaling observed included adi-
pocytokine and chemokine signaling observed in the top
25 KEGG pathways for liver while cellular senescence and
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relaxin signaling were also observed for the jejunum (Sup-
plementary Tables 1 and 2).
DISCUSSION

In the present study, a positive effect of P(BF+AOx)
supplementation was observed on the growth performance
of the birds at 21, 28, and 35 d, on antioxidant defenses
and expression of immune-related genes. It is important to
take into consideration that the supplementation was pro-
vided from 1 to 14 d only, when the birds may be more sus-
ceptible to stressors and the immune system may not be
completely mature (Klasing, 2007). Therefore, a longer
time of supplementation may be even more beneficial to
the birds, especially when facing challenges later in life.
Compared to control diet fed birds, the chickens supple-
mented with P(BF+AOx) had a lower expression of IL-1b
in the lungs at 7 d, and 26 and 18% higher mRNA expres-
sion of IL-6 in the liver at 7 and 15 d, respectively. The
birds were double vaccinated against IB on day of hatch
and exposed to 48 h of cold stress (from 3 to 5 d); therefore,
the lower expression of IL-1b in the lungs of P(BF+AOx)
supplemented birds at 7 d may represent a lessened inflam-
matory response. Stressors lead to the activation of tran-
scription factors, such as NF-kB, which will ultimately
promote the expression of proinflammatory cytokines
(Banerjee et al., 2020), including IL-1b. Additionally, the
higher expression IL-6 by P(BF+AOx) indicates that it
may have a strong metabolic effect, as IL-6 has been shown
to have metabolic effects, including glucose disposal,
lipolysis, oxidative metabolism, and energy expenditure
(Han et al., 2020), apart from its immune-mediating
effects. The gene expression data obtained in the present
study agrees with the kinome analysis performed in both
jejunum and liver, wherein the phosphorylation of
several proteins, related to the immune and antioxidant
defenses, as well as their function, were changed by the
supplementation.

The interplay between immunity and metabolism,
known as immunometabolism, is a relatively recent
research approach that can be considered from different
perspectives: the effect of the immunity on the whole
organism metabolism or the role of metabolic pathways on
the host immunity (Arsenault and Kogut, 2013). Although
this is of paramount importance when evaluating the
mechanism of action of novel feed additives, there are few
studies using this concept in poultry (Arsenault et al.,
2017; Johnson et al., 2019). From an industry point of
view, performance parameters are the main indicators
when deciding whether or not to use a product in commer-
cial poultry production; however, the decision making pro-
cess may be complemented notably with support of other
science related parameters. The main advantages of
kinome analysis using peptide arrays involves site-specific
information on the immune and metabolic alterations, sim-
ilar biochemical properties to the full-length protein, and
provide a means for defining phosphorylation-mediated
events (Ouyang et al., 2003) and chicken-specific kinome
arrays are available (Arsenault and Kogut, 2013).
Phosphorylation is an important mechanism of post-trans-
lational modification regulating protein function and regu-
lates fundamental biological processes (Manning et al.,
2002). Therefore, we explored the immune and metabolic
changes observed in broiler chickens undergoing early life
stress that could help to explain the improvement in
growth performance and glutathione reductase activity, as
well as the changes in gene expression, obtained by the
supplementation of P(BF+AOx).
FOXO is an immunometabolic and dual inflammatory

signaling pathway (Figure 2) with focus on oxidative stress
and oxidative stress resistance (Akasaki et al., 2014;
Sundaresan and Puthanveetil, 2017). Under oxidative
stress, FOXO has anti-inflammatory effects by promoting
ROS detoxification and apoptosis (ASK-1 and AP-1) and
decreased activation of proinflammatory cytokines. The
phosphorylation of catalase on 2 of its phosphorylation sites
Y231 and Y386 promotes proteasome activity and ubiquiti-
nation (Cao et al., 2003b), therefore the decreased phos-
phorylation of catalase on these sites as observed in the
kinome peptide array results indicate preservation of the
enzyme allowing its activity within the tissue. Research
suggest that FOXO expression may increase glutathione
peroxidase activity and reduced ROS (Akasaki et al.,
2014). Research also shows that glutathione peroxidase
and glutathione reductase are equally important in ROS
detoxification (Yang et al., 2006). Thus, the oxidative stress
results showing increased glutathione reductase activity
further supports glutathione activity and a relation to
FOXO signaling during oxidative stress. Moreover, FOXO
can be phosphorylated and inhibited by AKT on 3 sites to
inhibit its activity and can be activated by JNK and
AMPK (Klotz et al., 2015; Wang et al., 2017). Therefore,
the phosphorylation status of the upstream and down-
stream signaling proteins indicates activation of the FOXO
pathway. Further support of active responses and resis-
tance to oxidative stress was observed by the activation of
cellular senescence which can also be induced via oxidative
stress and TGFRB signaling (Hubackova et al., 2012).
Liver results showed more innate immunoregulatory

pathways (Supplementary Table 2) and upon further
peptide analysis, it was observed that these proteins’ phos-
phorylation status indicated less activation than in control
(nonsupplemented) broilers. These proteins include
STAT3, IL12-R, IL-23R, and TIRAP (Table 7). These
results along with the increase IL-10 expression (Table 5)
and phosphorylation of IL-6R and TGF-b receptor on
their active sites may be an indication of reduced inflam-
mation or anti-inflammatory responses. Although IL-23R
is phosphorylated, the effects of phosphorylation on this
specific site S121 remains unknown. Also, the induction of
IL-23R’s functional pathway requires phosphorylation and
activation of both IL12-RB and IL-23R (Parham et al.,
2002; Floss et al., 2016) which is not supported by this
data. Similar to liver samples collected on day 15, the
kinome peptide array results of the jejunum at d 15 showed
decreased phosphorylation associated with reduced activa-
tion of TIRAP, IL-12R and NF-kB (Table 6). Jejunum
also shows increased phosphorylation of dual/anti-inflam-
matory indicators such as IL-6R and TGF-beta receptor
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(Table 6). However, proinflammatory factors like RAG
and STAT3 were increasingly phosphorylated, indicating
activation. Thus, there is more of a mixed immunomodula-
tory response in the jejunum as compared to the liver.

In conclusion, the supplementation of P(BF+AOx)
improved the growth performance of broiler chickens
undergoing early life stress. Further analyses presented
herein, demonstrated that this novel feed additive was ben-
eficial in modulating the immune and antioxidant defense
systems of the birds. Overall, the kinome data functionally
agreed with the gene expression and antioxidant results
and indicates a general anti-inflammatory and antioxidant
response in birds supplemented with P(BF+AOx).
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