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ABSTRACT Broiler chickens reared under heat
stress (HS) conditions have decreased growth perfor-
mance and show metabolic and immunologic alter-
ations. This study aimed to evaluate the effect of
supplementation with a standardized blend of plant-
derived isoquinoline alkaloids (IQ) on the growth
performance, protein catabolism, intestinal barrier
function, and inflammatory status of HS-treated
chickens. Three hundred sixty 0-day-old Ross 308
male broiler chickens were randomly distributed into 2
treatment groups: control diet (no additives) or diet
supplemented with 100 ppm 1Q. At day 14, the chicks
in each diet group were further divided into 2 groups,
each of which was reared under thermoneutral (TN)
(22.4°C) or constant HS (33.0°C) conditions until day
42. Each group consisted of 6 replicates with 15 birds
per replicate, and chickens were provided ad libitum
access to water and feed. During days 1521, the body
weight gain (BWG) and feed intake (FI) were signifi-
cantly lower in the HS treatment group than in the TN
group, and feed conversion ratio was higher (P < 0.05);

these factors were not alleviated by IQ supplementa-
tion. During days 22—42, the final BW, BWG, and FI of
the HS birds were better among those administered 1Q
than those that were not (P < 0.05). HS treatment
increased plasma lipid peroxide, corticosterone, and
uric acid concentrations as well as serum fluorescein
isothiocyanate—dextran, a marker of intestinal barrier
function, and decreased plasma total protein content
(P < 0.05). These changes were not observed in the IQ
group, suggesting that IQ supplementation improved
oxidative damage, protein catabolism, and intestinal
barrier function of chickens under HS. Isoquinoline
alkaloid supplementation inhibited the expression of
intestinal inflammatory factors, IL-6, tumor necrosis
factor—like factor 1A, and inducible nitric oxide syn-
thase under HS treatment (P < 0.05). These results
suggest that IQ supplementation can improve the
growth performance of broiler chickens under HS con-
ditions, which may be associated with amelioration of
oxidative damage, protein catabolism, intestinal bar-
rier function, and inflammation.

Key words: gut integrity, protein catabolism, FITC-dextran, systemic inflammation, feed intake

INTRODUCTION

Broiler chickens are susceptible to high ambient tem-
peratures owing to the presence of feathers, lack of sweat
glands on the skin, and a high ratio of body mass to body
surface area. Moreover, intensive genetic selection for a
faster growth rate has reduced heat tolerance in modern
broiler chickens because of higher metabolic activity
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(Settar et al., 1999). Under heat stress (HS) conditions,
chickens exhibit growth retardation, decreased feed con-
sumption, and multiple metabolic alterations, including
oxidative damage, fat deposition, and accelerated pro-
tein catabolism (Yunianto et al., 1997; Kikusato and
Toyomizu, 2019b; Lu et al., 2019).

Intestinal mucosal barrier dysfunction, inflammatory
responses, and aggravated microbial composition have
been identified as the major symptoms in birds subjected
to HS (Varasteh et al., 2015; Uerlings et al., 2018; Shi
et al., 2019; Nanto-Hara et al., 2020). Many feed addi-
tives such as prebiotics, probiotics, symbiotics, amino
acids, and phytogenic compounds have been investi-
gated with the aim of improving inflammatory status
under HS (Son et al., 2014; Varasteh et al., 2015;
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Zhang et al., 2017; Crame et al., 2018; Li et al., 2018; Wu
et al., 2018; Cheng et al., 2019; Mohamme et al., 2019).
Given that inflammation is a complex biological
response of the gut as well as other tissues, HS-induced
metabolic dysregulation is likely to be a consequence of
the inflammatory response. Thus, anti-inflammatory
measurements could be effective in ameliorating both
immunologic and metabolic alterations in HS-treated
birds.

Phytogenics have been investigated as an alternative
to antibiotics in the livestock industry; they are known
to have antioxidant, antifungal, antiviral, and anti-
inflammatory properties, depending on their chemical
structure and composition. Isoquinoline alkaloids (IQ)
such as sanguinarine and chelerythrine, extracted from
plant sources such as Macleaya cordata, have exhibited
growth-promoting effects in chickens based on their
anti-inflammatory properties (Khadem et al., 2014). In-
testinal barrier impairment is a major factor that in-
duces systemic inflammation (Ghareeb et al., 2016),
which involves the release of several cytokines and gluco-
corticoids to induce protein catabolism (Klasing and
Johnstone, 1991; Zhou et al., 2016). Therefore, it is hy-
pothesized that the anti-inflammatory effect of 1Q on
the intestinal barrier could attenuate HS-induced meta-
bolic dysregulation in HS-exposed chickens. Thus, this
study aimed to evaluate the effects of 1Q supplementa-
tion on the growth performance, protein catabolism, in-
testinal barrier function, and inflammatory status of
broiler chickens exposed to heat stress.

MATERIALS AND METHODS

Ethics Statement

The Animal Care and Use Committee of the Graduate
School of Agricultural Science, Tohoku University,
approved all procedures (approval number: NOUDOU-
044). Every effort was made to minimize pain and
discomfort to the animals.

Animals and Experimental Design

Three hundred sixty 0-day-old male chicks (Ross 308,
Gallus gallus domesticus) were obtained from a commer-
cial hatchery (Matsumoto Poultry Farms & Hatcheries
Co., Ltd., Miyagi, Japan). Birds with similar average
BW were randomly distributed into 2 treatment groups:
control diet without IQ or diet supplemented with 100
ppm IQ (Sangrovit Extra; Phytobiotics Futterzusatz-
stoffe GmbH, Eltville, Germany). At day 14, the chicks
in each diet group were further divided into 2 groups,
each of which was reared in thermoneutral (TN)
(21.1°C-24.7°C [average 22.4°C]|/35-52% RH) or con-
stant HS conditions (30.0°C-33.3°C [average 33.0°C]/
52-74% RH]) until day 42. Each treatment group con-
sisted of 6 replicates, with 15 birds per replicate reared
on a 1.2 m® floor. The birds were reared under a cycle
of 23L:1D and provided ad libitum access to water and
feed. The diet compositions are shown in Table 1;

Table 1. Diet composition.

Ingredient (%) Grower (0-21d) Finisher (22-42 d)

Corn 49.6 60.4
Sorghum 8.5 5.1
Soybean meal 25.6 20.0
Corn gluten meal 3.6 4.0
Fish meal (CP 65%) 5.1 3.0
L-Lysine hydrochloride 0.2 0.1
DL-Methionine 0.2 0.2
L-Arginine - 0.1
Animal fat 4.60 4.45
Calcium phosphate 1.15 1.15
Calcium carbonate 0.95 0.95
Salt 0.30 0.30
Vitamin mix' 0.10 0.15
Mineral mix” 0.10 0.10
Nutritional values

CP, % 22.0 19.0

ME, kcal/kg 3.20 3.25

'Providing per kg of diet: vitamin A, 16,250 IU; vitamin D3, 6,250 IU;
vitamin E (a-tocopherol), 100 IU; vitamin K3, 5 mg; vitamin By, 5 mg;
choline, 1,877 mg; vitamin B, (riboflavin), 11.25 mg; pantothenic acid,
18.75 mg; vitamin Bg (pyridoxine), 5 mg; vitamin By, (cyanocobalamin),
0.03 mg; niacin, 75 mg; biotin, 0.19 mg; folic acid, 2.5 mg.

ZProviding per kg of diet: I, 1.25 mg; Cu, 19.1 mg; Se, 0.30 mg; Mn,
128 mg; Zn, 127 mg; Fe, 20 mg.

nutritional levels were in accordance with the breeder’s
recommendations. No antibiotic additives were used in
the diets. BW and feed intake (FI) were monitored
weekly. One bird per replicate was killed by decapitation
to collect blood and ileum tissues, which were stored at
—80°C until use.

Determination of Blood Parameters

Blood was collected in heparinized tubes and centri-
fuged at 825 X ¢ for 15 min at 4°C to isolate plasma.
Plasma corticosterone (CORT) and albumin concentra-
tions were measured using a commercial kit (CORT:
ADI-900-097; Enzo Life Sciences, Farmingdale, NY; al-
bumin: MET-5017; Cosmo Bio Co., Ltd., Tokyo, Japan),
as per the manufacturer’s instructions. The plasma total
protein content was colorimetrically measured by the
bicinchoninic acid assay (B9643/C2284; Sigma-
Aldrich, St. Louis, MO), with bovine serum albumin
used as the standard. Plasma lipid peroxidation level
was determined based on 2-thiobarbituric acid reactive
substance (TBARS) level and expressed as nmol of
malondialdehyde per equivalent milliliter, as previously
described (Kikusato and Toyomizu, 2019a). In birds,
uric acid (UA) is excreted as a major end product of ni-
trogen metabolism. The plasma UA concentration was
measured using a test kit (437-17301; Fujifilm-Wako,
Osaka, Japan) to evaluate protein catabolism. Serum
fluorescein isothiocyanate-dextran (FITC-d) levels
were measured to evaluate the intestinal barrier func-
tion. Permeability of the barrier to this compound is a
sign of barrier dysfunction. The FITC-d levels were
assessed as previously described (Vicufia et al., 2015b;
Gilani et al., 2017) with modifications. Briefly, 1 bird
was selected from each pen with a BW close to the
average BW in the pen and then fasted for 12 h before
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the oral administration of FITC-d (3-5 kDa; Sigma
Aldrich Co., St. Louis, MO) at 2.2 mg/kg BW. After
2.5 h, blood was collected and maintained at 21°C-
24°C for 3 h. Serum samples were isolated by centrifuga-
tion at 1,500 X ¢ for 15 min at 4°C and diluted 1:1 in
PBS. Serum FITC-d levels were measured at excitation
and emission wavelengths of 485 and 528 nm, respec-
tively, using a spectrofluorimeter (RF-5300PC; Shi-
madzu Co., Kyoto, Japan). Fluorescence intensity was
determined from a standard curve with known FITC-
d concentrations.

Quantification of mMRNA Expression by
Using Real-Time PCR

A portion of the ileum tissues near Meckel’s divertic-
ulum was excised and frozen with liquid nitrogen. Tissue
RNA isolation and cDNA synthesis were conducted as
previously described (Shimao et al., 2019). The mRNA
expression levels of inflammation-related factors, such
as toll-like receptor (TLR) 2 and TLR4, interleukin
(IL)-6 and IL-1PB, tumor necrosis factor-like factor 1A
(TL1A), interferon gamma (IFN-v), inducible nitric ox-
ide synthase (iNOS), and nicotinamide adenine dinucle-
otide phophate (NADPH) oxidase 4 (NOX4), were
measured by real-time PCR analysis using a CFX Con-
nect system (Bio-Rad Laboratories, Hercules, CA).
The results are presented as ratio of the target mRNA
to 18s ribosomal RNA, to correct for differences in the
amount of template cDNA used. Details of the primer
sets used for amplifying each gene have been described
previously (Kikusato et al., 2016).

Statistical Analysis

All data were analyzed using BellCurve (Social Survey
Research Information Co., Ltd., Tokyo, Japan). Data
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are presented as the mean of 6 replicates (growth perfor-
mance) or 6 individual birds (blood parameters and
mRNA levels). Statistically significant differences be-
tween the groups were identified using Student ¢ test
or two-way ANOVA followed by Tukey’s multiple com-
parison test. Differences were considered significant for
values of P < 0.05.

RESULTS

Growth Performance

No differences in BW and BW gain (BWG) were
noted during day 0-14 under TN conditions between
control and IQ-fed chickens (Table 2). During days 15—
21, the BW, BWG, FI, and FCR were lower
(P < 0.001) in HS than in TN conditions, whereas
BWG and FI were higher (P = 0.049, P = 0.012, respec-
tively) in the IQ supplementation group than in the non-
IQ group. During days 22-42, the BW (P < 0.001),
BWG (P < 0.001), FI (P < 0.001), and FCR
(P = 0.028) of the HS groups were lower than those of
the TN groups, whereas these parameters, except
FCR, were increased by IQ (P < 0.001, P < 0.001,
P = 0.006, respectively). Under TN conditions, 1Q sup-
plementation did not affect BW at day 42 and BWG
during day 22-42; however, it improved (P < 0.05) these
factors under HS conditions. During days 15-42, HS and
IQ treatment significantly affected BWG, FI, and FCR,
whereas BWG and FCR were higher (P < 0.05) in the IQ
supplementation group than in the non-1Q HS-exposed

group.

Blood Parameters

Plasma TBARS values were measured as an indicator
of oxidative damage, for which diet (IQ

Table 2. Effects of 1Q supplementation on the growth performance of heat-stressed broiler chickens.

Thermoneutral Heat stress Significance of effects

Parameters Control 1Q Control 1Q SEM Diet Treatment Diet X treatment
Days 0-14

BW (g) 530 516 - - 3.7 0.11 - -

BWG (g) 487 474 - - 3.1 0.12

FI (g) : : — — : - — -

FCR (g/g) - - - - - - - -
Days 15-21

BW (g) at day 21 950 973 855 861 12.7 0.256 <0.001 0.527

BWG (g) 429 465 316 336 13.7 0.049 <0.001 0.565

FI (g) 668 696 591 625 11.2 0.012 <0.001 0.791

FCR (g/g) 1.46 1.40 1.84 1.84 0.044 0.714 <0.001 0.875
Days 22-42

BW (g) at day 42 3,031" 3,114" 2,428° 2,647" 25.2 <0.001 <0.001 0.013

BWG (g) 2,081* 2,1407 1,572° 1,785b 36.4 <0.001 <0.001 0.008

FI (g) 4,059 4,150 3,186 3,383 47.5 0.006 <0.001 0.281

FCR (g/g) 1.95 1.94 2.03 1.96 0.024 0.219 0.028 0.439
Days 15-42

BWG (g) 2,510" 2,606" 1,889° 2,121° 25.7 <0.001 <0.001 0.015

FI (g) 4,726 4,846 3,777 4,008 49.5 0.002 <0.001 0.275

FCR (g/g) 1.88"¢ 1.86° 2.00 1.89" 0.015  <0.001 <0.001 0.008

Data are presented as means of 6 replicates (15 birds per replicate). Means within a row marked with different superscript letters are
significantly different (**“P < 0.05). Data on BW and BWG during day 0-14 were analyzed using Student ¢ test.
Abbreviations: BWG, BW gain; FI, feed intake; FCR, feed conversion ratio; IQ, isoquinoline alkaloids.
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Table 3. Effects of IQ supplementation on blood parameters of heat-stressed broiler chickens.

Thermoneutral Heat stress Significance of effects
Parameters Control 1Q Control 1Q SEM Diet Treatment  Diet X treatment
TBARS (nmol/mL) 25.9" 26.2° 40.0* 31.2" 1.90  0.036 <0.001 0.026
CORT (ng/mL) 25.2b¢ 24.0¢ 34.7* 28.4" 2.41 0.098 0.035 0.039
UA (nmol/mL) 83.4P¢ 81.1° 110.1* 90.3" 3.90 0.038 <0.001 0.009
Albumin (mg/mL) 18.1 19.1 15.8 17.3 1.25 0.185 0.033 0.795
Total protein (mg/mL)  30.0" 31.3" 24.8" 28.7% 0.87 0.008 <0.001 0.024
FITC-d (pg/mL) 0.15"¢ 0.13¢ 0.23" 0.17°  0.009  0.038 <0.001 0.041

Data are means from 6 individual birds from each replicate per group. Means within a row marked with different su-

perscript letters are significantly different (“"°P < 0.05).

Abbreviations: CORT, corticosterone; FITC-d, fluorescein isothiocyanate-dextran; IQ, isoquinoline alkaloids; TBARS, 2-

thiobarbituric acid reactive substance; UA, uric acid.

supplementation) (P = 0.036) and treatment (HS)
(P < 0.001) effects, as well as interaction effects
(P = 0.026), were observed (Table 3). 2-Thiobarbituric
acid reactive substance values were not different be-
tween control and IQ-supplemented birds under TN con-
ditions. Heat stress treatment, but not IQ
supplementation, increased (P < 0.001) TBARS values.
It has been reported that the plasma CORT and UA con-
centrations increased in response to HS treatment
(Yunianto et al., 1997; Sun et al., 2015; Furukawa
et al.,, 2016). Isoquinoline alkaloid supplementation
tended (P = 0.098) to influence CORT and influenced
UA (P = 0.038). Heat stress affected CORT
(P =0.035) and UA (P < 0.001), and an interaction ef-
fect of diet X treatment (P = 0.039, P = 0.009, respec-
tively) was observed for these parameters. No differences
in CORT and UA were noted between the control and
1Q groups under TN conditions. These parameters
were higher (P < 0.05) in birds subjected to HS treat-
ment without IQ supplementation, whereas their level
was decreased by 1Q (P < 0.05). The plasma albumin
concentration was influenced (P = 0.033) by HS treat-
ment but not by IQ supplementation, and no interaction
effect was observed. Plasma total protein content was
influenced by IQ supplementation (P = 0.008) and HS
(P < 0.001) as well as the interaction effect
(P = 0.024). The total protein content was not different
between the control and IQ groups under TN conditions.
Heat stress treatment reduced (P < 0.05) the protein
content in the non-IQ group, although the reduction

was suppressed by IQ (P < 0.05). The intestinal barrier
function was evaluated by determining FITC influx into
the blood. Serum FITC levels were affected by both HS
treatment (P < 0.001) and IQ supplementation
(P = 0.038), and an interaction effect (P = 0.041) was
also observed. Heat stress treatment increased
(P < 0.05) FITC levels in non-IQ birds, but not in birds
administered with IQ.

Gene Expression of Intestinal Inflammatory
Factors

Toll-like receptor 2 and TLR4 function as antigen recep-
tors and their mRNA expression levels were significantly
affected by HS treatment, whereas IQ supplementation
did not attenuate their expression levels (Table 4). The
levels of the major inflammatory cytokines IFN-y, IL-1f,
IL-6, and TL1A (a functional homolog of tumor necrosis
factor-o in chickens) (Takimoto et al., 2008) were evalu-
ated. IFN-y mRNA levels were not affected by either IQ
supplementation or HS treatment or by their interaction.
TheIL-13 mRNA level was affected (P = 0.049) by IQ sup-
plementation. IL-6 and TL1A mRNA levels were affected
by both IQ supplementation (P = 0.005, P = 0.007,
respectively) and HS treatment (P = 0.007, P = 0.011,
respectively). Heat stress treatment induced (P < 0.05)
TL1A mRNA levels in birds without IQ supplementation
but not in those administered with 1Q. NADPH oxidase 4
and iNOS generate superoxide and nitric monoxide,
respectively, both of which play roles in phagocytosis.

Table 4. Effects of IQ supplementation on the intestinal inflammatory factor mRNA expression levels

of heat-stressed broiler chickens at slaughter.

Thermoneutral Heat stress Significance of effects
Parameters Control 1Q Control 1Q SEM Diet Treatment Diet X treatment
TLR2 1.00 0.93 1.36 1.30 0.087 0.455 <0.001 0.976
TLR4 1.00 0.90 1.39 1.22 0.095 0.162 0.001 0.709
IFN-y 1.00 0.94 1.17 0.96 0.106 0.207 0.382 0.468
IL-1B 1.00 1.03 1.23 1.10 0.072 0.485 0.049 0.277
IL-6 1.00° 0.83° 1.54% 1.05°  0.104 0.005 0.002 0.042
TL1A 1.00" 0.94" 1.39* 0.98>  0.076 0.007 0.011 0.034
NOX4 1.00 1.08 1.28 1.12 0.082 0.640 0.066 0.178
iNOS 1.00°¢  0.76° 1.35% 0.86°  0.092  <0.001 0.024 0.043

Data are means from 6 individual birds from each replicate per group. Means within a row marked with different
superscript letters are significantly different (a"b’CP < 0.05).

Abbreviations: IFN-v, interferon-y; IL, interleukin; iNOS, inducible NO synthase; 1Q, isoquinoline alkaloids;
NOX4, NADPH oxidase 4; TLR, toll-like receptor; TL1A, tumor necrosis factor-like factor 1A.
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NADPH oxidase 4 mRNA level tended (P = 0.066) to be
affected only by HS treatment, whereas iNOS mRNA level
was affected by both IQ supplementation (P < 0.001) and
HS treatment (P = 0.024). Heat stress treatment induced
(P < 0.05) iNOS expression in birds without 1Q supple-
mentation, but not in those administered with 1Q.

DISCUSSION

Broiler chickens reared under HS conditions had lower
growth rate and feed consumption but higher FCR than
birds reared under TN conditions. This study revealed
that IQ supplementation in chickens increased BW at
day 42 and BWG after HS treatment. In this period,
the FCR values of HS birds were not improved by 1Q
supplementation, which may be attributed to increased
FI. No growth-promoting effect of 1Q supplementation
was observed in HS birds during days 15-21.

This study investigated the effects of IQ supplementa-
tion on oxidative damage and protein catabolism, with
the expectation that IQs might be able to alleviate the
systemic inflammation induced by HS. Oxidative dam-
age to skeletal muscle tissues impairs development and
diminishes meat quality. Muscle degradation can lead
to economic losses with regard to productivity; it might
be a metabolic response to recruit amino acids from the
skeletal muscle to provide energy substrates or synthe-
size peptides and proteins such as acute-phase proteins.
Corticosterone is secreted in response to physiological
and pathologic stimuli and acts as a proteolysis inducer
through the intracellular signaling pathway (Schakman
et al., 2013). This study showed that IQ supplementa-
tion suppressed CORT secretion and recovered plasma
total protein content in birds subjected to HS, suggest-
ing that IQ supplementation could suppress protein
catabolism in the birds.

Uric acid is excreted as a major end product of nitro-
gen metabolism in birds; its circulating level is increased
under HS conditions (Azad et al., 2010; Willemsen et al.,
2011). Moreover, its plasma concentration was increased
by CORT administration in chickens (Lin et al.,
2004a,b, 2006; Dong et al., 2007; Liu et al., 2012).
Considering that UA acts as an endogenous antioxidant
(Simoyi et al., 2002), its generation under HS conditions
might be a mechanism for attenuating oxidative dam-
age. In this study, IQ supplementation was found to
suppress plasma UA elevation and TBARS values in
HS-treated birds. Thus, IQQ administration appears to
eliminate the cause of oxidative damage (excess free
radical generation) in HS-treated birds, eliminating the
need to generate UA. As IQ does not have chemical anti-
oxidant properties, the suppression of oxidative damage
might be attributed to the lowering of inflammatory
responses (see the following text).

Several studies have shown that HS treatment dis-
rupts intestinal morphology and barrier function and
stimulates inflammatory responses (Leon and Helwig,
2010; Varasteh et al., 2015; Alhenaky et al., 2017,
Zhang et al., 2017; Farag and Alagawany, 2018). In
the present study, HS-treated birds administered with

IQ exhibited reduced circulation levels of FITC-
d transferred from the intestinal lumen, suggesting an
improvement in intestinal barrier function. In innate im-
munity, TLR recognition of pathogen-associated molec-
ular patterns is the first step in inducing intracellular
signal cascades (Kawai and Akira, 2011). Nuclear fac-
tor-kB and mitogen-activated protein kinase play a
pivotal role in these cascades, thereby inducing cyto-
kines and inflammatory modulators such as iNOS and
cyclooxygenase-2 (Li and Verma, 2002; Byeon et al.,
2012). The present study showed that intestinal TLR2
and TLR4 mRNA levels were not downregulated by
IQ supplementation under TN and HS conditions. It
has been reported that IQ supplementation reduced
colonic Salmonella population in pigs transported to
the slaughterhouse (Artuso-Ponte et al., 2015), whereas
another study on broiler chickens receiving concentrated
1Q found that the total number of coliforms in the cecum
was not significantly altered (Lee et al., 2015). The pre-
sent study also revealed that intestinal IL-6, TL1A, and
iNOS mRNA expression in HS-treated birds was sup-
pressed by IQ supplementation. Several phytogenic com-
pounds may be associated with the regulation of
inflammatory cascades (Huang and Lee, 2018); jejunal
iNOS mRNA expression level was reported to be sup-
pressed in chickens administered water-soluble and
concentrated IQQ (Khadem et al., 2014). Taken together,
these findings suggest that the ameliorative effects of 1Q
on intestinal inflammation in chickens under HS condi-
tions could be attributed to their immunomodulatory
properties. Further investigation is required to elucidate
the involvement of the intestinal microbiota in the in-
flammatory responses of chickens administered 1Qs.

In innate immunity, additional nutrient recruitment
occurs to alleviate inflammatory responses, which is
referred to as metabolic cost (Niewold, 2007). Therefore,
the relieving effects of IQ supplementation on intestinal
inflammation could contribute to the improvement of
growth performance of chickens reared under HS condi-
tions. Decreased FI, which reduces growth rate and
FCR, is a major symptom of HS treatment. Several fac-
tors, such as ghrelin, neuropeptide Y, and leptin or chole-
cystokinin are involved in feeding behavior. Moreover,
the administration of lipopolysaccharide, a cell wall con-
stituent of gram-negative bacteria as well as CORT), re-
duces FT in chickens (Tachibana et al., 2017). The
intestinal barrier is normally impermeable to lipopolysac-
charide, and it can only be transferred into the blood once
the barrier is disrupted through an aggravated microbial
environment, intestinal ischemia, or glucocorticoid
administration (Hall et al., 2001; Leon and Helwig,
2010; Manco et al., 2010; Vicuiaet al., 2015a). These lines
of evidence suggest that IQ supplementation may restore
intestinal barrier function by reducing CORT secretion,
thereby improving FI under HS conditions.

Glucocorticoid secretion is well known to be controlled
by the hypothalamic—pituitary—adrenal axis, and cyto-
kines stimulate hypothalamic—pituitary—adrenal axis
function (Hadid et al., 1999; Beishuizen and Thijs,
2003). These findings suggest that the ability of IQ to
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Figure 1. The possible mechanism of HS-induced growth retardation
and IQ) action, both of which are based on the results of the present study
and those of previous studies. Abbreviations: HS, heat stress; 1Q, isoqui-
noline alkaloids.

decrease plasma CORT concentration is associated with
reduced inflammatory responses in HS-exposed
chickens. Therefore, the sum of the present results sug-
gests that the relieving effects of IQ on growth retarda-
tion, increased protein catabolism, intestinal
dysfunction, and decreased FI in HS-treated birds are
governed by systemic regulation in which the interaction
between intestinal inflammatory status and CORT
secretion plays an influential role (Figure 1). It has
been reported that IQ treatment alleviated increases in
body temperature and salivary cortisol concentrations
and improved colonic permeability in growing pigs
exposed to HS (Le et al., 2020). It has also been reported
that IQ supplementation enhances intestinal tight junc-
tion protein expression and improves barrier function in
growing piglets (Liu et al., 2016). There is no informa-
tion available on the effect of IQ supplementation on
the physiology and immunity of HS-exposed chickens.
However, the ameliorative effect of 1Qs on HS-induced
metabolic dysfunction might be triggered by improve-
ment in intestinal permeability together with restoration
of normal CORT secretion. No information is available
on this mechanism, and further studies are needed to
clarify the details.

In summary, the present study showed that IQ supple-
mentation improved growth rate, feed consumption,
protein catabolism, intestinal barrier function, and in-
flammatory status under HS conditions in chickens.
These changes might be attributed to systemic regula-
tion, wherein IQ may exert relieving effects via the sup-
pression of intestinal dysfunction under HS conditions.
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