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ABSTRACT As the demand for alternatives to anti-
biotic growth promoters (AGP) increases in food animal
production, phytobiotic compounds gain popularity
because of their ability to mimic the desirable bioactive
properties of AGP. Chestnut tannins (ChT) are one of
many phytobiotic compounds used as feed additives,
particularly in South America, for broilers because of its
favorable antimicrobial and growth promotion capabil-
ities. Although studies have observed the microbiological
and immunologic effects of ChT, there is a lack of studies
evaluating the metabolic function of ChT. Therefore, the
objective of this study was to characterize the cecal
metabolic changes induced by ChT inclusion and how
they relate to growth promotion. A total of 200 day-of-
hatch broiler chicks were separated into 2 feed treat-
ment groups: control and 1% ChT. The ceca from all the
chicks in the treatment groups were collected on day 2, 4,
6, 8, and 10 after hatch. The cytokine mRNA quantita-
tive RT-PCR was determined using TaqMan gene
expression assays for IL-1B, IL-6, IL-8, IL-10, and
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interferon gamma quantification. The cytokine expres-
sion showed highly significant increased expressions of
IL-6 and IL-10 on day 2 and 6, whereas the other
proinflammatory cytokines did not have significantly
increased expression. The results from the kinome array
demonstrated that the ceca from birds fed with 1% ChT
had significant (P, 0.05) metabolic alterations based on
the number of peptides when compared with the control
group across all day tested. The increased expression of
IL-6 appeared to be strongly indicative of altered meta-
bolism, whereas the increased expression of IL-10
indicated the regulatory effect against other proin-
flammatory cytokines other than IL-6. The ChT initiate
a metabolic mechanism during the first 10 d in the
broiler. For the first time, we show that a phytobiotic
product initially modulates metabolism while also
potentially supporting growth and feed efficiency
downstream. In conclusion, a metabolic phenotype
alteration in the ceca of chickens fed ChT may indicate
the importance of enhanced broiler gut health.
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INTRODUCTION

By moving away from antibiotics in livestock produc-
tion, there is a growing interest from the poultry indus-
try to find plant-based alternatives to replace antibiotics
in feed. There has been increased interest in using plant-
based compounds or phytobiotics as antibiotic growth
promoter (AGP) alternatives, including chestnut
tannins (Castanea sativa) (Diaz Carrasco et al., 2018;
Ren et al., 2019). Plant-based tannins can be categorized
into 2 major groups: condensed tannins or hydrolyzable
tannins (Huang et al., 2018). Tannins can be found in
many plant species, mostly in the inedible portions of
the plant such as the bark or wood (Brus et al., 2018;
Molino et al., 2020). Owing to enhanced research, the
previous knowledge that tannins possess antinutritional
effects in livestock species is outdated and the benefits
vary on poultry species and dosages in feed Schiavone
et al., 2008). The bioactive compounds, polyphenols,
found in tannins allow them to be effective immunomod-
ulatory additives that promote human and animal
health (Molino et al., 2020). While the mechanism of
action is still not widely understood, the benefits of

https://doi.org/10.1016/j.psj.2020.09.085
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:annahlee89@gmail.com


LEE ET AL.48
phytobiotics in livestock animals include antioxidation
properties, stabilization of intestinal microbiome, and
improvement of immune system through immunomodu-
latory effects (Lillehoj et al., 2018). Extensive studies
performed on swine species exhibit strong evidence of
phytobiotics as likely alternatives to antibiotics to
improve growth performance and health (Michiels
et al., 2010; Liu et al., 2013, 2014). Ruminant producers
have increased interest in growth promotors because of
the efficient utilization of energy during rumen fermen-
tation (Nagaraja et al., 1997). The usage of tannins in
the ruminant industry has been of major interest because
of the tannins’ ability to play a role in rumen protein uti-
lization to improve feed efficiency (Min et al., 2003).

Previous studies evaluated the functionality of
different tannin species against pathogenic infections
across livestock species, showing antimicrobial activity
in concentrations ranging between 0.5 and 1 kg/ton
(Costabile et al., 2011; Liu et al., 2014; Lillehoj et al.,
2018). Importantly, tannins in general have also been
shown to improve feed efficiency, growth performance,
and intestinal health, as seen when up to 0.2% chestnut
tannins (ChT) are added into feed (Gai et al., 2010;
Redondo et al., 2014). However, inclusions of 2% ChT
in other avian studies did not improve growth perfor-
mance and affected palatability. With all these studies
conducted, the usage of tannins in production have
shown potential to be efficient as growth promoter alter-
natives, given the quality and concentration provided
(Redondo et al., 2014).

While the previously mentioned studies provide in-
formation about microbiological, immunologic, and
performance data (Costabile et al., 2011; Redondo
et al., 2015; Lillehoj et al., 2018), there is a lack of
knowledge about the mechanism of the host metabolic
interactions in the intestine, specifically the metabolic
reaction to dietary ChT. Tannins exert proinflamma-
tory immune responses but for a short-lived period
and the anti-inflammatory responses follow soon after
(Lopetuso et al., 2015). Tannins can also exert a syner-
gistic effect with AGP alternatives to promote gut
health (Redondo et al., 2014). Currently, there are pro-
posed mechanisms for immunomodulatory activity
based on different types of feed additives (Suresh
et al., 2018; Ramah et al., 2020). While gene expression
provides important information regarding pathogen
interaction, there are disadvantages to genetic ap-
proaches including its inability to accurately predict
the cellular phenotypes (Arsenault et al., 2017).

Studying phosphorylation events provides informa-
tion on the mechanism of post-translational modifica-
tion, which offers insight into cellular and tissue
phenotypes (Arsenault et al., 2011; Manning et al.,
2002). Peptide arrays for kinomic analysis have
already been widely used across scientific disciplines
(Diks et al., 2004; Parikh and Peppelenbosch, 2010;
Arsenault et al., 2011). The kinome array provides
functional phenotype data, indicating changes within
tissue metabolism and immune response to an infec-
tion (Arsenault et al., 2013). By understanding the
kinase activity, there are increased insights into iden-
tifying specific biomarkers to provide future therapeu-
tic targets (Arsenault et al., 2011). Recent
advancements have provided a species-specific peptide
array for livestock species, including poultry
(Arsenault et al., 2011; Arsenault et al., 2015). This
integrated array demonstrates the importance of com-
bined immunity and metabolic data on the animal’s
overall health and growth performance (Arsenault
et al., 2015).
Therefore, the objective of this study was to determine

the metabolic phenotype changes affected by ChT in the
ceca. By using gene expression and kinome array, we
were able to identify global metabolic phosphorylation-
based events in the ceca of birds fed ChT at high doses
compared with birds fed regular starter diets.
MATERIALS AND METHODS

Experimental Animals, Housing, and
Treatments

All experiments conducted were in accordance with
guidelines set by the USDA Animal Care and Use
Committee (USDA ACUC #2019001), which meets
all federal requirements as defined in the Animal Wel-
fare Act, and the Human Care and Use of Laboratory
Animals. A total of 200 male day-of-hatch broiler
chicks were obtained from a local commercial hatch-
ery and assigned to 2 treatment groups, totaling 50
chicks per pen: 1) control feed, normal starter feed
(n 5 50), and 2) 1% ChT inclusion feed (n 5 50).
The 1% ChT inclusion was determined to be most
effective without compromising palatability for the
birds. Chicks were randomly distributed into each
group in pens with fresh pine shavings, water, and
starter diet ad libitum. They were maintained in
biosafety level units under 24 h of light from start
to finish of the study. All treatments were fed a
corn/soybean–based crumble diet, and they differ in
AGP or tannins inclusion. The diets were formulated
to meet or exceed broilers requirements (Table 1). The
hydrolyzable ChT additive (Silvateam s.p.a., Buenos
Aires, Argentina) contained 75% tannin content, sup-
plemented with 94% DM, lignin, and sugars. The
experimental process lasted 10 d per replicate experi-
ment. This study was repeated 1 more time for a total
of 2 replicate experiments.
Sample Collection and Processing

On each necropsy day, 10 birds/group were eutha-
nized via cervical dislocation and necropsied on day 2,
4, 6, 8, and 10 of each replicate experiment. Both the
ceca were removed, flushed with PBS, and flash frozen
in liquid nitrogen to preserve the kinase enzymatic activ-
ity. The frozen tissues were moved into a280�C storage
freezer until further processing.
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Real-Time Quantitative RT-PCR

The immune portion was quantitated by gene expres-
sion studies, specifically through a TaqMan-based assay
adapted from Eldaghayes et al. (2006). Total RNA was
extracted using a Qiagen RNeasy Plus kit (Germantown,
MD) and evaluated with a NanoDrop 2000 Spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA). The
ceca stored in RNALater were used for RNA isolation
with the Qiagen RNeasy Plus Kit. The ceca were cut
longitudinally to expose the lumen, and any remaining
fecal matter was gently removed with forceps as to not
disturb the mucosal layer. For each group, there were
10 ceca processed per replicate experiment for quantita-
tive RT-PCR (qRT-PCR).
Cytokine mRNA expression levels were ascertained

using RT-PCR with 28S as the reference gene. The
RNA were stored at 280�C until plate setup. The cyto-
kines IL-1B, IL-6, IL-8, IL-10, and interferon gamma
were quantified using the method reported by
Eldaghayes et al. (2006). Primer and probe sequences
(Table 2) for amplification have been described previ-
ously by Kogut et al. (2003) and Kaiser et al. (2000).
The plates were run in the Applied Biosystems ABI Ste-
pOne Plus PCR system (ThermoFisher Scientific, Wal-
tham, MA) with the previously stated TaqMan Assay
under the following conditions: 1 cycle of 48�C for
30 min, 95�C for 20 s, and 40 cycles of 95�C for 3 s
and 60�C for 30 s. Results were calculated with the cor-
rected 40- Ct method, as described in the study by
Eldaghayes et al. (2006) and expressed in fold change
values. Each sample was run in triplicate for technical
replication.
Statistical Analysis for qRT-PCR

Cytokine mRNA expression for control and treated
ceca from day 2, 4, 6, 8, and 10 were quantitated using
a method described by Kaiser et al. (2000) and Moody
et al. (2000). The 40-Ct values were calculated for
each sample with averaged triplicates per sample. Sta-
tistical analysis was performed with SAS 9.4 (Cary,
NC) based on the data collected from each trial for
the qRT-PCR data. Each time frame had samples
comparing 1% ChT–treated birds vs. control-fed birds.
The Shapiro-Wilks test for normality was used to deter-
mine if the fold change within each group was para-
metric or nonparametric, with an alpha of 0.05. For all
analyses, statistical significance was considered if
P � 0.05.
All data were found to be nonparametric and were

summarized as median values. An ad hoc analysis us-
ing the Kruskal-Wallis test was conducted to deter-
mine where the statistical differences lie between the
control and 1% ChT. The ceca samples for the IL-
1B, IL-6, IL-8, IL-10, and interferon gamma were
quantified using the 40-Ct method, as outlined by
Eldaghayes et al. (2006). The results were reported
in fold change values.
Chicken-Specific Kinome (Peptide) Array

For the phenotype readout, a peptide array was used
to provide tissue immunometabolism information from
the host. At 3 time points (day 4, 6, and 10), 3 whole
ceca from 3 randomly selected birds—stored in
280�C—were defrosted for analysis (27 samples total
for all 3 d). Each sample was weighed to obtain a consis-
tent 40-mg sample for the array. The samples were ho-
mogenized with the Omni International Bead Ruptor
Elite (Kennesaw, GA) in 100 mL of lysis buffer
(20 mmol Tris-HCl pH 7.5, 150 mmol NaCl, 1 mmol
EDTA, 1 mmol ethylene glycol tetraacetic acid, 1%
Triton X-100, 2.5 mmol sodium pyrophosphate,
1 mmol Na3VO4, 1 mmol NaF, 1 mg/mL leupeptin,
1 g/mL aprotinin, and 1 mmol phenylmethylsulfonyl
fluoride). All products were obtained from Sigma
Aldrich (St. Louis, MO), unless indicated. After homog-
enization, the peptide array protocol was carried out ac-
cording to Jalal et al. (2009) with alterations described
in the study by Arsenault et al. (2017). The resulting tis-
sue lysates were applied onto the PepStar peptide micro-
arrays customized by JPT Peptide Technologies GmbH
(Berlin, Germany).
Data Analysis: Kinome Array

Data normalization was performed for the kinome
array, based on the study by Li et al. (2012) using the
PIIKA2 online platform (http://saphire.usask.ca/
saphire/piika/index.html), a tool designed for in silico
analysis of phosphorylation sites (Trost et al., 2013).
The array data were analyzed by conducting variance
stabilization normalization and then performing t test,
clustering and pathway analysis for statistical data.
Gene ontology and Kyoto Encyclopedia of Genes and
Genomes pathway analysis were performed by upload-
ing the statistically significant peptide lists to the Search
Tool for the Retrieval of Interacting Genes (STRING)
(Szklarczyk et al., 2017).
RESULTS

Real-Time Quantitative RT-PCR Results

Across both replicate experiments, only IL-6 and IL-
10 were found to have statistically significant increases
in mRNA expression on day 2 and 6 across all day
tested in the experiment. Figure 1 shows the mRNA
expression levels of all tested day (day 2, 4, 6, 8, and
10) for IL-6. The results demonstrated that the expres-
sion levels of IL-6 were significantly increased after
treatment with 1% ChT on day 2 and day 6 when
compared with controls. There were no significant dif-
ferences when compared with controls on day 4, 8, and
10. Figure 2 shows the mRNA expression levels of all
tested day (day 2, 4, 6, 8, and 10) for IL-10. The results
also demonstrated that the expression levels of IL-10
were significantly increased after treatment with 1%
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Table 1. Calculated composition of starter diets. The total basal
diet contained 1,365 kcal/lb.

Ingredients %

Corn 59.81
SBM 48% 33.84
Monocalcium phosphate 21 1.56
Soy oil 2.09
Choline chloride 0.10
Limestone 1.56
Salt 0.33
L-lysine HCL 0.19
DL-methionine 0.28
Vitamin premix 0.13
Mineral premix 0.05
L-Threonine 0.05
Calculated nutrients, % 99.99

Protein 22.00
Calcium 0.90
Available phosphorus 0.45
AMEn (Kcal/lb) 1,365.00
Digestible methionine 0.59
Digestible total sulfa amino acid 0.88
Digestible threonine 0.77
Digestible lysine 1.18
Choline 1,256.87
Sodium 0.16
Potassium 0.84
Chloride 0.20
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ChT on day 2 and day 6. However, there were no sig-
nificant differences when compared with controls on
day 4, 8, and 10.
Kinome Results

Using STRING-db (Szklarczyk et al., 2017), the
resulting analysis of the kinome data showed distinct
metabolic differences between the 1% ChT group and
the control group. Each day is representative of 3 birds
normalized and combined into representative data sets.
Table 2. Real-time quantitative RT-PCR primer and p

RNA target Probe/prime se

28S
Probe 50-(FAM)-AGGACCGCTACGGACCTCC
F 50-GGCGAAGCCAGAGGAAACT-30
R 50-GACGACCGATTGCACGTC-3

IL-1b
Probe 50-(FAM)-CCACACTGCAGCTGGAGGA
F 50-GCTCTACATGTCGTGTGTGATGAG
R 50-TGTCGATGTCCCGCATGA-30

IL-6
Probe 50-(FAM)-AGGAGAAATGCCTGACGAA
F 50-GCTCGCCGGCTTCGA-30
R 50-GGTAGGTCTGAAAGGCGAACAG-3

IL-8
Probe 50-(FAM)-CTTTACCAGCGCGTCCTAC
F 50-GCCCTCCTCCTGGTTTCAG-30
R 50-TGGCACCGCCAGCTCATT-30

IL-10
Probe 50-(FAM)-CGACGATGCGGCGCTGTCA
F 50-CATGCTGCTGGGCCTGAA-30
R 50-CGTCTCCTTGATCTGCTTGATG-30

Interferon gamma
Probe 50-(FAM)-TGGCCAAGCTCCCGATGAA
F 50-GTGAAGAAGGTGAAAGATATATCA
R 50-GCTTTGCGCTGGATTCTCA-30
The biological process terms generated from Gene
Ontology for each data set include sets of molecular
events with a defined beginning and end that pertain
to the functioning of the integrated living units
(Swaggerty et al., 2017). Based on the false discovery
rate of the analysis, values P � 0.01 were listed and
considered statistically significant. The analysis of the
kinome data showed distinct differences in the observed
biological process between 1% CT–fed birds compared
with the control birds. Table 3 summarizes the top 15
Gene ontology STRING-generated biological pathways
of metabolic processes and the number of differentially
phosphorylated peptides associated with them. Day 6
samples have the greatest number of primary biological
processes related to metabolic pathways of the 3 d, indi-
cated by the number of significant peptides. Day 4 had
the most amount of fatty acid metabolic process present,
but it decreased by day 6 and was not present by day 10.
In addition, the top metabolic Kyoto Encyclopedia of

Genes and Genomes pathways (Kanehisa et al., 2016)
were obtained from the STRING-db, as summarized in
Table 4, for the 1% ChT–fed group compared with the
control group. The pathways of interest were those
that showed significant changes at multiple time points.
Day 6 samples have the greatest number of altered im-
mune and metabolic pathways of the 3 d, indicated by
the number of peptides and number of pathways shown
in the tables. By day 10, the number of peptides is
decreased, as well as the number of pathways.
DISCUSSION

The present study objective was to provide metabolic
information on the effects of ChT when incorporated
into the broiler feed. Tannins are already known to
improve livestock health and growth performance, but
robe sequences.

quence
Exon

boundaryAccession no

ACCA-(TAMRA)-30 X59733

AGCC-(TAMRA)-30 5/6 AJ245728
-30

GCTCTCCA-(TAMRA)-30 3/4 AJ250838

0

CTTGCGACA-(TAMRA)-30 1/2 AJ009800

-(TAMRA)-30 3/4 AJ621614

CGA-(TAMRA)-30 3/4 Y07922
TGGA-30



Table 3. The top 15 Gene ontology metabolic biological processes
(BP) identified at day 4, 6, and 10 comparing 1% ChT–fed birds
against control birds.

Biological processes Day 4 Day 6 Day 10

Phosphate-containing compound
metabolic process

100 132 79

Primary metabolic process 145 187 122
Protein metabolic process 99 136 83
Cellular metabolic process 142 184 125
Fatty acid metabolic process 90 19 -
Glucose metabolic process 11 14 9
Glycerolipid metabolic process 18 28 16
Cellular lipid metabolic process 37 48 24
Glycogen metabolic process 8 9 6
ATP metabolic process 13 11 10
Lipid metabolic process 38 50 26
Carbohydrate metabolic process 21 25 18
Hexose metabolic process 13 15 -
NAD metabolic process 8 11 8
Pyruvate metabolic process 10 11 9

The hyphens indicate nonsignificant BP based on the FDR.
Abbreviation: ChT, chestnut tannin.
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Figure 1. The fold change values based on day tested of the mRNA
expression assay for IL-6. These data reflect the averaged replicate ex-
periments (N 5 200). The asterisks denote significant differences be-
tween the control and 1% ChT groups. Abbreviation: ChT, chestnut
tannin.
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the mechanism is still widely unknown (Lillehoj et al.,
2018). To date, these results are the first of its kind to
provide mechanistic information on how host intestine
responds to tannins inclusion in the feed. With the
qRT-PCR and kinome data, we were able to provide
global post-translational perspectives on how intestine
metabolic function is correlated in a tannins-fed diet.
Based on the qRT-PCR data, the cytokines of interest

based on our results are the elevated expressions of IL-6
and IL-10 by day 6. As seen in Figure 1, the only notable
fold changes (values higher than 2.0) are seen on day 2
and 6 with the 1% ChT group. This shows a significant
upregulation of IL-6 and calls for speculation on its
role when 1% ChT is included in the feed. A previous
experiment by Ferro et al. (2005) concludes that IL-6
may need to work in tandem with other immunomodula-
tory cytokines (such as IL-1 family cytokines) to stimu-
late immune responses. In fact, McGeachy et al. (2007)
discovered that IL-10 is upregulated by IL-6, revealing
a dependent relationship between the 2 cytokines during
an immune response. As shown in Figure 2, there was
significant upregulation of IL-10 only on day 6 in the
1% ChT group, paralleling the IL-6 upregulation trend.
This supports what was found in the previously
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Figure 2. The fold change values based on day tested of the mRNA
expression assay for IL-10. These data reflect the averaged replicate ex-
periments (N 5 200). The asterisks denote significant differences be-
tween the control and 1% ChT groups. Abbreviation: ChT, chestnut
tannin.
mentioned studies, providing evidence of the IL-10
immunoregulatory properties. As the gene expression re-
sults show, the elevated IL-6 upregulation may be the
peak time of modulation in the bird (day 6), with IL-
10 regulating this proinflammatory response. What is
important to note is the temporary peak of IL-6 expres-
sion: by day 10, the high level of expression is no longer
present. This is beneficial for the birds because the ChT
stimulate a response to prime the birds’ immunity.
Although IL-6 is known to have proinflammatory and
anti-inflammatory properties based on the stimulus
(Ferro et al., 2005), long-lasting IL-6 presence may
contribute to chronic inflammation and tissue damage,
which is undesirable for the birds and producers
(Tanaka et al., 2014). There is also strong evidence of
IL-6 involved in metabolic function, rather than just im-
mune response. Flint et al. (2016) found that IL-6 induc-
tion stimulated a metabolic reprogramming which
directly induced an immune suppression in mice. They
predicted that this metabolic pathway of IL-6 helps pre-
vent immunologic damage due to inflammation. Reviews
by Pavlov and Tracey (2012) and Ghanemi and St
Amand (2018) outline further proof of IL-6 and its direct
linkage to metabolic pathways, especially affecting insu-
lin pathways and fatty acid synthesis. These reviews
discuss how IL-6 should be considered beyond its immu-
nologic function owing to its effects on lipids, protein,
and glucose metabolism.

The present study is the first one to demonstrate
metabolic importance associated with ChT, as indicated
by the number of post-translational modifications and
significant P-values. Based on its known antimicrobial
effects, ChT and other phytobiotics make ideal candi-
dates for growth promotion and health improvements
based its ability to retain bacterial diversity in the gut
but reducing drug-resistant bacteria (Park et al.,
2020). Chestnut tannins have already been known to
affect Bifidobacterium in the ceca of mammals and
chickens (Diaz Carrasco et al., 2018), which have been
shown to alter carbohydrate metabolism and other



Table 4. Summarized table of Kyoto Encyclopedia of Genes and Genomes metabolic pathways at day 4, 6, and 10 comparing 1% ChT–fed
birds and control birds.

Metabolic pathways Day 4 Day 6 Day 10

Identified pathways Number of peptides P-value Number of peptides P-value Number of peptides P-value

PI3K-Akt signaling pathway 34 1.15 ! 10222 44 4.28 ! 10229 24 1.11 ! 10213

MAPK signaling pathway 30 1.75 ! 10220 49 2.32 ! 10237 22 2.44 ! 10213

Metabolic pathway 28 1.39 ! 10205 32 4.67 ! 10205 - -
Insulin signaling pathway 27 5.29 ! 10225 27 1.30 ! 10222 20 7.77 ! 10217

AMPK signaling pathway 21 1.19 ! 10218 20 7.95 ! 10216 16 3.16 ! 10213

HIF-1 signaling pathway 18 1.82 ! 10216 18 5.60 ! 10215 12 6.91 ! 10210

mTOR signaling pathway 18 6.72 ! 10214 18 2.23 ! 10212 18 5.53 ! 10214

cAMP signaling pathway 17 2.85 ! 10211 13 1.79 ! 10206 - -
Glucagon signaling pathway 14 8.32 ! 10212 15 1.22 ! 10211 11 9.36 ! 10209

VEGF signaling pathway 12 7.40 ! 10212 17 7.06 ! 10217 - -
Calcium signaling pathway 11 2.42 ! 10206 10 0.00012 - -
Glycolysis/Gluconeogenesis 10 5.39 ! 10209 10 4.75 ! 10208 - -
GnRH signaling pathway 10 4.43 ! 10208 14 3.03 ! 10211 - -
Adipocytokine signaling pathway - - 18 3.60 ! 10217 - -

The hyphens indicate less than 10 peptides and not significant for our analysis.
Abbreviation: ChT, chestnut tannin.
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metabolic processes downstream in the host by modi-
fying enzymes and sugar transport pathways
(Pokusaeva et al., 2011). Our research supports this
through the direct alteration of the carbohydrate and
primary metabolic pathways (Table 3). The main differ-
ence in bacterial taxa between control and tannins-fed
birds was the increase in bacterial diversity over time
within the tannins-fed group, especially with Lactoba-
cillus and Enterococcus species (Diaz Carrasco et al.,
2018). These bacterial species use sugar metabolism
(such as hexose and glucose metabolism) and carbohy-
drate metabolism, which supports our findings in our
tannins-fed group (Donohoe et al., 2011). Another study
found older birds treated with tannins consistently had
increased populations of order Clostridiales and family
Ruminococcaceae, which have been of interest in the
poultry industry as potential probiotic options (Diaz
Carrasco et al., 2018). This is noteworthy evidence of
how tannins-fed chickens could have increased members
of the family Ruminococcaceae to alter the short chain
fatty acids profile in the cecum toward butyrate produc-
tion. The increased presence of these butyrate-producing
communities would indicate the usage of carbohydrate
metabolism, fatty acid metabolism, and glycerolipid
metabolism downstream to ultimately benefit host phys-
iology (Donohoe et al., 2011; Vital et al., 2014).

An interesting note by Diaz Carrasco et al. (2018) was
the sensitivity effect that dietary tannins had on gram-
positive bacteria, as also noted in rat studies with
increased gram-negative bacteria in the gastrointestinal
tract (Smith et al., 2004). Molino et al. (2018) have
shown preliminary data on the importance of tannins
in gut microbial fermentation and the nutritional impor-
tance in human application. This study provides addi-
tional new information on affected pathways in the
intestine with the introduction of ChT in early broiler
growth. Although the microbiota of young birds are
more prone to fluctuating gut microbial communities,
these results support the relevance of ChT in the feed
to not only promote growth but to also provide more ev-
idence as an alternative to antibiotics. Future studies in
our group will look at growth promotion effects in depth
by investigating the individual pathways that were
altered with the introduction of ChT in the feed.
Therefore, with the current trend of removing antibi-

otics in feed, tannins are one of the promising feed addi-
tives owing to its ability to stimulate immunoregulatory
effects and host modulation to prevent resistance, which
is ideal as an alternative to antibiotics. This aims to
reduce the immune response while redirecting energy to-
ward growth (Arsenault et al., 2015). Ideal alternatives
would promote health without risking loss of growth pro-
motion or antibiotic resistance (Lillehoj et al., 2018).
Chestnut tannins have already shown applicable results
in reducing incidence of necrotic enteritis and Salmonella
in livestock, although the effects on growth improve-
ments varied based on dosages (Van Parys et al., 2010;
Costabile et al., 2011; Diaz Carrasco et al., 2018). The re-
sults from this present study are providing further proof
to what is currently in the literature of ChT as a poten-
tial alternative to antibiotics. The strong metabolic
connection found in our study shows the promising na-
ture of using ChTs as an antibiotic alternative because
there would be promotion of growth on top of promotion
of health. Our group has already conducted studies on
the host–pathogen interactions of chickens using the
kinome array (Swaggerty et al., 2004; Arsenault et al.,
2014; Kogut et al., 2016), which shows the importance
of viewing immunity and metabolism comprehensively
instead of as individual units. With the increasing popu-
lation, there will be a growing demand for poultry prod-
ucts especially cost-effective feed additives (Lillehoj
et al., 2018). Therefore, identifying an alternative to
AGP will be crucial in the future to keep up with
increased demands for safe poultry products. Tannins
might be a promising alternative to AGP because of
the improvements in performance and microbiota, as
seen in previous studies, and the current data support
its metabolic modulation in the intestine.
In conclusion, itwas observed that the influence ofChT

in the diet alters gut immunometabolism of broilers. By
focusing on theChT-fed group comparedwith the control
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group, the results from these 2 replicate trials demon-
strated the metabolic outcome when ChT are introduced
into the diet. These are the first data in the literature
demonstrating pathway data that support growth and
health promotion with ChT. The objective of this study
was to provide a global overview of ChT effect on the
metabolism, providing mechanism information that is
currently lacking in the literature. These data offer ChT
not only as an immunoregulator but also a potential
host-directed therapy option in disease studies. Phytobi-
otics can offer promising results because they can target
metabolic and immunologic pathways of the host and
may affect the pathogen. With the growing restriction
of antibiotics in the feed, this study offers further evidence
of ChT as an important alternative to antibiotics.
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