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ABSTRACT Heat stress (HS) is a critical concern to
the poultry industry as it affects both productivity and
well-being. Various managerial and nutritional strate-
gies have been proposed to mitigate the negative effects
of HS in chickens, with plant-based additives showing
promise. Recently, we reported the positive effect of a
phytogenic feed additive (PFA) on growth performance
in HS birds. Owing to the antioxidant nature of these
compounds, we sought to further explore the effect of
PFA on whole blood circulating chemokines, cytokines,
and inflammasomes in HS broilers. Broilers (600 males, 1
d) were randomly assigned to 12 environmental
chambers, subjected to 2 environmental conditions (12 h
cyclic heat stress, HS, 35°C vs. thermoneutral condition
[TN], 24°C) and fed 3 diets (control, PFA-C 250 ppm,
PFA-C 400 ppm) ina 2 X 3 factorial design. After 21 d of
cyclic HS, blood samples were collected for target gene
expression analysis. HS upregulated the expression of
superoxide dismutase 1 (SOD1) and downregulated
glutathione  peroxidase-3 (GPX-3), and there
was diet X temperature interaction for SOD2, GPX-1,
and GPX-3, where gene expression was increased by

PFA-C250 during HS but was unchanged for PFA-C400.
Plasma total antioxidant capacity (TAC) and malon-
dialdehyde (MDA) content were increased by HS. Gene
expression of interleukin-18 (IL-18) was decreased by
HS, without further effect of PFA. HS increased tumor
necrosis factor o (TNFa), but this effect was mitigated
by PFA-C400. C-C motif chemokine ligands 4 and 20
(CCL4 and CCL20) showed a similar pattern to TNFa,
with PFA-C400 ameliorating the negative effect of HS.
The nucleotide-binding, leucine-rich repeat and pyrin
domain containing 3 (NLRP3) inflammasome was
decreased by HS and further lowered by PFA-C400, but
the nucleotide-binding oligomerization domain, leucine-
rich repeat, and CARD domain containing 3 (NLRC3)
and nucleotide-binding, leucine-rich repeat containing
X1 (NLRX1) inflammasomes were increased by PFA
under TN conditions, with no effects of HS. Heat shock
proteins (HSP) and heat shock factors (HSF) were un-
affected by PFA or HS. Together these data indicate that
gene expression of circulating inflammatory factors are
dysregulated during HS, and supplemental dietary PFA
may be protective.
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INTRODUCTION

Heat stress (HS) is detrimental to all agricultural
systems, and poultry production in particular, due in
part to the high metabolic activity, body heat produc-
tion, and decreased thermo-tolerance of modern chicken
as a result of genetic selection for rapid growth rate and
high efficiency (Settar et al., 1999; Deeb and Cahaner,
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2002). Elevated environmental temperatures have sig-
nificant negative effects on productivity, feed intake,
growth performance, meat yield, well-being, and mortal-
ity in modern broilers (Lara and Rostagno, 2013; Attia
and Hassan, 2017). Because of these challenges, effec-
tively adapting to and managing HS has become an
increasing concern to the industry. Maintenance of
optimal bird health is key in better withstanding the
challenges associated with HS; however, owing to the
global heightened concerns on emerging drug-resistant
superbugs and the critical need for antibiotic replace-
ment, effective alternatives must be found.

One such alternative to maintain or improve poultry
health is the inclusion of plant-based products in the
diet. Phytogenic feed additives (PFA) is the term used
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to describe a wide range of bioactive plant-derived
compounds that are incorporated into animal diets as
herbs, spices, extracts, and/or essential oils (Windisch
et al., 2008). Although their specific effects can differ
based on not just the type of plant but also on plant
origin, methods of extraction, and dietary formulation,
one common characteristic of many PFA is their antiox-
idant properties (Wang et al., 2008; Settle et al., 2014).
However, there is little information regarding their use
under HS conditions (Akbarian et al., 2016), and the
limited study results differ, depending on the PFA
used. As HS induces oxidative stress in poultry and other
species (Akbarian et al., 2016), which in turn can lead to
oxidative damage and trigger an inflammatory response
with increased production of inflammatory cytokines
and chemokines (Heled et al., 2013), dietary PFA may
help to alleviate these negative effects.

Previously, we reported that the newly developed
PFA “Comfort” (PFA-C; Delacon, Steyregg, Austria)
had a high total phenolic content and antioxidant
activity (Greene et al., 2020). Dietary supplementation
with PFA-C decreased body core temperature,
increased feed and water intake, and improved BW in
heat-stressed broilers (Greene et al., 2020). As PFA
can have differing effects based on their composition
and the majority of the literature focuses on tissue-
specific effects, in the present study, we sought to
further explore the effect of the PFA-C supplements
on the expression profile of circulating inflammasomes,
cytokines, and 11" " chemokines in broilers exposed to
chronic cyclic HS.

MATERIALS AND METHODS

Animals, Experimental Design, and
Sampling

Diet composition, feed intake, water consumption,
body weights, and body temperature from this bird trial
have been previously reported (Greene et al., 2020). All
animal care and procedures were approved by the
Institutional Animal Care and Use Committee at the
University of Arkansas. Briefly, 600 one-day-old Cobb
500 male chicks were weighed and randomly assigned
to 12 environmental chambers. Each chamber was
divided into 2 floor pens covered with fresh shavings
and equipped with separate feeders and drinkers. Pens
were randomly assigned to one of 3 corn-soy—based diets:
Control (C), or the same diet supplemented with 2 doses
of PFA-C (PFA-C 250 ppm and PFA-C 400 ppm; Dela-
con, Steyregg, Austria). PFA was added to the diet in
the grower (day 12-23) and finisher (day 24-42) phases
at an inclusion rate of 1 kg/ton, as recommended by the
manufacturer. This PFA consists of encapsulated essen-
tial oils, dried herbs and spices, saponins, and bulking
and anticaking agents (personal communication with
Delacon, Austria). Phenolic content and total antioxi-
dant activity of the 3 diets have been previously reported
(Greene et al., 2020). At 8 am on day 21, the tempera-
ture was increased to 35°C in 6 of the chambers to induce

HS for 12 h, after which it was reduced to 24°C each
night. Thermoneutral (TN) chambers were maintained
at 24°C. On day 40, blood samples were collected after
at least 2 h of HS, mixed with TriZol LS, and stored at
—80°C until further analysis.

RNA Isolation and Quantitative Real-Time
PCR

Total RNA was extracted from whole blood using
Trizol LS reagent (Life Technologies, Carlsbad, CA)
according to the manufacturer’s instructions, and
concentration and quality were determined by using
the Take3 microvolume plate and the Synergy HT multi-
mode microplate reader (BioTek, Winooski, VT). RNA
was reverse-transcribed using gScript cDNA Synthesis
Supermix (Quanta Biosciences, Gaithersburg, MD)
and amplified by real-time quantitative PCR (Applied
Biosystems 7500 Real Time System) with PowerUp
SYBR. green master mix (Life Technologies, Carlsbad,
CA). Relative expression of the target genes was deter-
mined using the 27AACT method (Schmittgen and
Livak, 2008), with normalization to ribosomal 18S
gene expression. Oligonucleotide primer sequences spe-
cific for chicken are listed in Table 1. Primer Sequences
for HSP27, 60, 70, 90, and HSF1-4 have been previously
published (Rajaci-Sharifabadi et al., 2017).

Plasma Total Antioxidant Capacity and
Malondialdehyde Content

Plasma total antioxidant capacity (TAC) and thio-
barbituric acid reactive substances (TBARS) were
measured with commercially available kits and were per-
formed according to manufacturer’s protocol (Cayman
Chemical Company, Ann Arbor, MI). Results are
reported as mM trolox equivalents (TE) and pM
malondialdehyde (MDA), respectively.

Statistical Analysis

Data were analyzed by 2-way ANOVA using Graph-
Pad Prism v. 7.03 (San Diego, CA), with diet (control,
PFA250, PFA400) and temperature (TN, HS) as factors
using the following model:

Vi = H+ o+ B+ (dB)i_j + &k

where y = the dependent variables, p = the general mean,
o; and B; = diet and temperature effects, (ap);; = the inter-
action between diet and temperature, and ej. = the
random error. Bird was the experimental unit. When signif-
icant main effects were detected, means were compared
using Tukey’s multiple range test. Significance was set at
o. = 0.05. All data are represented as means * SEM.

RESULTS AND DICUSSION

It is known that genetic selection for rapid growth rate
has negatively affected immune competence of modern
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Table 1. Oligonucleotide real-time qPCR primers.

Gene Accession number Primer sequence Orientation Product size, bp

1L-6 NM_ 204628.1 GCTTCGACGAGGAGAAATGC For 63
GGTAGGTCTGAAAGGCGAACAG Rev

1L-18 NM  204608.1 TGCAGCTCCAAGGCTTTTAAG For 63
CTCAAAGGCCAAGAACATTCCT Rev

TNFo NM_ 204267.1 CGTTTGGGAGTGGGCTTTAA For 61
GCTGATGGCAGAGGCAGAA Rev

CRP NM_001039564.1 AAGCTCAGGACAACGAGATCCT For 71
TTTCCCCCCCACGTAGAAG Rev

NLRP3 NM 001348947.1 GTTGGGCAGTTTCACAGGAATAG For 63
GCCGCCTGGTCATACAGTGT Rev

NLRC5 NM 001318435.1 CTCGAAGTAGCCCAGCACATT For 80
CATGTCCAGAGGTGTCAGTCTGA Rev

NLRC3 XM 015294675.2 CTCCAACGCCTCACAAACCT For 93
GCCTTTGGTCATTTCCATCTG Rev

NLRX1 XM _004948038.3 GGCTGAAACGTGGCACAAA For 59
GAGTCCAAGCCCAGAAGACAAG Rev

CCL4 NM  204720.1 CCTGCTGCACCACTTACATAACA For 63
TGCTGTAGTGCCTCTGGATGA Rev

CCL20 NM_ 204438.2 TGCTGCTTGGAGTGAAAATGC For 62
CAGCAGAGAAGCCAAAATCAAA Rev

CXCL14 NM_204712.2 CCGGCTCGCCATGAAG For 54
ATCGCGATGACCAGCAGAA Rev

SOD1 NM_ 205064.1 TGGCTTCCATGTGCATGAAT For 58
ACGACCTGCGCTGGTACAC Rev

SOD2 NM_ 204211.1 GCTGGAGCCCCACATCAGT For 61
GGTGGCGTGGTGTTTGCT Rev

GPX1 NM_001277853.2 TCCCCTGCAACCAATTCG For 57
AGCGCAGGATCTCCTCGTT Rev

GPX3 NM_001163232.2 GGGCGCTGACCATCGAT For 59
CATCTTCCCCGCGTACTTTC Rev

188 AF173612 TCCCCTCCCGTTACTTGGAT For 60
GCGCTCGTCGGCATGTA Rev

broilers (Qureshi and Havenstein, 1994). In addition, as
elevated global temperature has become a pressing
concern, the impact of HS on the inflammatory response
in poultry may be a significant contributor to the reduc-
tions seen in growth and productivity (Lara and
Rostagno, 2013), and understanding this response is
necessary to better design targeted treatments or
interventions. As a previous study showed that supple-
mentation with a PFA, “Comfort”, partially ameliorated
heat stress productivity loss (BW, body core tempera-
ture, and so on) (Greene et al., 2020), we sought to
further define here its mode of action by determining
the expression profile of circulating cytokines, chemo-
kines, and inflammasome genes in whole blood of cyclic
heat-stressed broilers.

Under normal temperature conditions, the antioxi-
dant systems of chicken are in a state of dynamic equilib-
rium and can adapt to manage normal challenges.
During HS, however, reactive oxygen species are
produced in excess of what the system can handle, and
oxidative stress occurs (Lin et al., 2006; Azad et al.,
2010; Akbarian et al., 2016). The superoxide dismutases
(SOD) are key enzymes in the conversion of superoxide
free radicals into hydrogen peroxide and molecular
oxygen (Fridovich, 1995). Here, we show a main effect
of temperature (P < 0.05) on SODI1, the copper- and
zinc-dependent SOD, with an increase in gene expression
during HS (Figure 1A). There was an interaction
between temperature and PFA supplementation on
SOD2 gene expression, the manganese-dependent
SOD, where it was lower under TN conditions and

elevated with HS in the PFA-C250 group, with no
changes seen with HS in the PFSA-C400 group
(Figure 1B). Once SOD1/2 have converted reactive
oxygen species to hydrogen peroxide, glutathione perox-
idases (GPX) can complete the reaction to generate
water (de Haan et al., 2003). Interaction between tem-
perature and PFA was evident with GPX-1 gene expres-
sion, where it was elevated under TN conditions with
PFA, but decreased during HS with PFA-C400
(Figure 1C). GPX-3 expression was reduced by HS
(Figure 1D), but the effect was mainly seen in the control
and PFA-C400 groups. Concurrent with the reduction in
GPX, there was an increase in lipid peroxidation prod-
ucts (MDA) in the plasma of HS birds, although this ef-
fect was not mitigated by PFA (Figure 2B). The overall
effect of temperature on plasma lipid peroxides seems to
be driven by the lower levels seen with PFA supplemen-
tation in TN conditions, indicating that the PFA may
have a beneficial effect, even under nonstressed condi-
tions. This effect may be specific to the PFA composi-
tion, as other research has shown increases (Erdogan
et al., 2010), decreases (Jiang et al., 2016; Placha
et al., 2019), or no change (Attia et al., 2017a; Attia
et al., 2017b) in oxidation products in chicken. Interest-
ingly, it has been shown that HS can lead to the depres-
sion of redox systems in birds, but the effect may depend
on the duration of the stress (Lin et al., 2000; Lin et al.,
2006; Quinteiro-Filho et al., 2010). During acute HS, Lin
et al. (2000) found that lipid peroxides were increased in
plasma, while SOD1 was unchanged. However, chronic
HS exposure increased SOD activity in the liver, while
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Figure 1. Effect of PFA supplementation on circulating antioxidant
markers in HS broilers. The relative gene expression of SOD1 (A), SOD2
(B), GPX-1 (C), and GPX-3 (D) was determined by qPCR and analyzed
by 2724¢ method using the C-TN group as a calibrator. Data are pre-
sented as mean = SEM (n = 6-8 birds/group). Main effects of diet, tem-
perature, and the interaction are presented next to each graph. Different
letters indicate significant difference at P < 0.05. Abbreviations: GPX,
glutathione peroxidase; HS, heat stress; PFA, phytogenic feed additive;
SOD, superoxide dismutase; TN, thermoneutral.

lipid peroxides were decreased (Lin et al., 2000). In the
intestine, components of the antioxidant system are
upregulated by various dietary PFA in broilers,
although the magnitude of these changes, as well as
impact on overall growth seem to vary based on the
PFA studied, dose, and other stress challenges
(Botsoglou et al., 2002; Luna et al., 2010; Paraskeuas
et al., 2016; Paraskeuas et al., 2017; Mountzouris
et al., 2020).

Heat stress has been shown to significantly impact
cytokine production (Bouchama and Knochel, 2002;
Carroll et al., 2012). Previous research also has shown
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Figure 2. Effect of PFA supplementation on total antioxidant capac-
ity and malondialdehyde in plasma of HS broilers. Total antioxidant
capacity (A) and malondialdehyde (B) were measured in plasma.
Main effects of diet, temperature, and the interaction are presented
next to each graph. Data are presented as mean = SEM (n = 6-8
birds/group). Different letters indicate significant difference at
P <0.05. Abbreviations: HS, heat stress; PFA, phytogenic feed additive;
TE, Trolox Equivalents; TN, thermoneutral.

that PFA may affect the immune system through reduc-
tions of proinflammatory cytokines and inflammation
(Paraskeuas et al., 2017; Pirgozliev et al., 2019; Shen
et al., 2020), although this has been measured primarily
in the ceca, intestine, and immune cells. Here, the expres-
sion of whole blood interleukin-6 (IL-6) was unaffected
by dietary PFA (Figure 3A), but interleukin-18 (IL-
18) was decreased by HS, (P = 0.054), primarily driven
by larger numerical decreases in the PFA-C treated
groups (Figure 3B). Although primarily considered a
proinflammatory cytokine, IL-18 expression can differ
based on the duration of the stress. Similar to the depres-
sion seen here with chronic HS, IL-18 gene expression in
chicken lymphocytes was decreased after 1 wk of cortico-
sterone, although it was elevated 3 h after treatment
(Shini and Kaiser, 2009). There were no main effects of
temperature or diet on C-reactive protein (CRP);
however, gene expression was downregulated during
HS with PFA-C400 as compared to PFA-C250
(Figure 3D; P < 0.05). Tumor necrosis factor-o
(TNFa) gene expression was increased by HS
(P < 0.05); however, this increase was not seen in the
PFA-C400 treated birds, where levels were similar to
that of TN controls (Figure 3C), indicating potential
amelioration of the inflammatory response. Although
long understood to be critical in inflammation and the
immune response of mammals, TNFa has only recently
been characterized in chicken (Rohde et al., 2018). In
mammals, however, TNFa is increased with cyclic HS
in rats (Yun et al., 2012) and due to exertional heat
stress in humans (Lu et al., 2004). The PFA carvacrol
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Figure 3. Effect of PFA supplementation on circulating cytokines
markers in HS broilers. The relative gene expression of IL-6 (A), IL-18
(B), TNFa. (C), and CRP (D) was determined by qPCR and analyzed
by 222 method using C-TN group as a calibrator. Main effects of
diet, temperature, and the interaction are presented next to each
graph. Data are presented as mean = SEM (n = 6-8 birds/group).
Different letters indicate significant difference at P < 0.05. Abbrevia-
tions: CRP, C-reactive protein; HS, heat stress; 1L, interleukin; PFA,
phytogenic feed additive; TNFa, tumor necrosis factor alpha; TN,
thermoneutral.

and thymol have been shown to decrease TNFa in ro-
dents (Cho et al., 2012; Liang et al., 2014), pigs (Zou
et al., 2016; Omonijo et al., 2019), and broilers (Hassan
and Awad, 2017; Liu et al., 2019). TNFa interacts
with the antioxidant system via SOD1, where, in mono-
cytes, TNFa represses SOD1 via JAK/AP-1 (Afonso
et al., 2006), and this interaction may help account for
the increase seen in SOD1 with PFA-C400 in this study;

however, further exploration of this mechanism of action
in birds is warranted.

Chemokines are elevated in a wide range of inflam-
matory diseases, including rheumatoid arthritis and
asthma (Charo and Ransohoff, 2006). In chickens, it
has been shown that stress can alter the innate cytokine
and chemokine responses (Hangalapura et al., 2006;
Shini and Kaiser, 2009). TNFa, which responds to HS
as shown here and in other research (Nair et al.,
2015), stimulates chemokines, which then activate
recruitment of dendritic cells and monocytes, leading
to inflammation. Here, we show that gene expression
of C-C motif chemokine ligands 4 and 20 (CCL4 and
CCL20) are decreased by PFA-C400 during HS condi-
tions as compared to the control group (P < 0.05;
Figures 4A—4B), which parallels the effects seen in
TNFa. There were no changes to the C-X-C motif che-
mokine ligand 14 (CXCL14; Figure 4C). Saponins, one
of the components of the PFA used in this study, may
regulate cytokine production via TLR-4, leading to
macrophage activation (Naknukool et al., 2011).
Conversely, in HD-11 chicken macrophages, addition
of an essential oil PFA decreased the expression of
CCL4 after lipopolysaccharide challenge (Shen et al.,
2020), which is indicative of a decreased inflammatory
response.

The inflammasome is an intracellular molecular
complex that lies at the connection between a cellular
stimulus and the inflammatory response. Numerous
members of the nucleotide-binding, leucine-rich
repeat-containing (NLR) family exist, with some spe-
cies and tissue specificity, as well as differences in stim-
uli and activated pathways, and both inflammatory
and anti-inflammatory properties (Davis et al., 2011;
Lamkanfi and Dixit, 2014). Here, NLRP3, a proinflam-
matory inflammasome, was decreased (P < 0.05) by HS
(Figure 5A), and this effect was enhanced by PFA-
C400 in the diet. The NLRC3 inflammasome has been
shown to have an anti-inflammatory role through inhi-
bition of the Nuclear Factor Kappa B pathway
(Schneider et al., 2012), and in this study, NLRC3
and NLRX1 gene expression showed similar expression
patterns, where gene expression was increased by PFA-
C during thermoneutral conditions (Figures 5C-5D). It
has been suggested that specific phytogenics may also
affect inflammation in disease via modulation of Nu-
clear Factor Kappa B/Mitogen-activated protein ki-
nase pathways (Salminen et al., 2012; Monisha et al.,
2016); however, mechanistic study of specific PFA in
avian species is lacking. In addition, TNFa regulates
transcription of components of the NLRP3 in cryopyr-
inopathies in mice (McGeough et al., 2017)—an inter-
action which may help explain the effects seen here.

Overall, gene expression of the heat shock proteins
(HSP2, 60, 70, and 90) and heat shock factors (HSF1,
2, 3, and 4) were not significantly affected by tempera-
ture or PFA in this study (Figures 6A-6H). Although
somewhat unexpected, the lack of an effect may be due
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Figure 4. Effect of PFA supplementation on circulating antioxidant
markers in HS broilers. The relative gene expression of SOD1 (A), SOD2
(B), and GPX-1 (C) was determined by gPCR and analyzed by 2 *4¢*
method using the C-TN group as a calibrator. Main effects of diet,
temperature, and the interaction are presented next to each graph.
Data are presented as mean + SEM (n = 6-8 birds/group). Different let-
ters indicate significant difference at P < 0.05. Abbreviations: CCL, C
motif chemokine ligands; CXCL, C-X-C motif chemokine ligand;
GPX, glutathione peroxidase; HS, heat stress; PFA, phytogenic feed ad-
ditive; SOD, superoxide dismutase; TN, thermoneutral; TN,
theroneutral.

to acclimation of the birds to the HS condition, a
phenomenon known as elastic response. In support of
this idea, we (Figure 2A) and others (reviewed in
Akbarian et al., 2016) show antioxidant capacity of
chronically HS birds to be increased compared to TN
conditions, which may reflect the ability of the bird to
better manage the increases in reactive oxygen species
with HS. In addition, the gene expression of HSP in
blood may depend on not only the temperature and
duration of HS but also the cell type measured (Ochler
et al., 2001). Future studies should examine expression
in various cell types in the blood to help determine the
key players in the HS response.

Together, our data indicate that dietary PFA-C
supplementation can modulate the antioxidant system
and inflammatory response in broiler chickens and may
account for the alleviation of decreased health and
growth performance seen during HS exposure.
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Figure 5. Effect of PFA supplementation on circulating antioxi-
dant markers in HS broilers. The relative gene expression of SOD1
(A), SOD2 (B), GPX-1 (C), and GPX-3 (D) was determined by
qPCR and analyzed by 2722 method using C-TN group as a
calibrator. Main effects of diet, temperature, and the interaction are
presented next to each graph. Data are presented as mean * SEM
(n = 6-8 birds/group). Different letters indicate significant difference
at P < 0.05. Abbreviations: GPX, glutathione peroxidase; SOD, super-
oxide dismutase; TN, thermoneutral.
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Figure 6. Effect of PFA supplementation on circulating heat shock proteins and heat shock factors in HS broilers. The relative gene expression of
HSP27 (A), HSP60 (B), HSP70 (C), HSP90 (D), HSF1 (E), HSF2 (F), HSF3 (G), and HSF4 (H) was determined by gPCR and analyzed by 2 #2<"
method using C-TN group as a calibrator. Main effects of diet, temperature, and the interaction are presented next to each graph. Data are presented
as mean = SEM (n = 6-8 birds/group). Different letters indicate significant difference at P < 0.05. Abbreviations: HS, heat stress; PFA, phytogenic
feed additive.
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