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ABSTRACT

With increased demand for soybean meal to feed poultry and livestock, feeding
diets with lower crude protein can reduce expense and lower nitrogen waste.
Thus, the major objective of this study was to determine the effect of feeding a
low crude protein (CP) soybean diet, and one in LCP soybean meal was replaced
with Sprirullina platensis microalgae protein on antioxidant redox systems in liver
and muscle tissue. Ross 708 male broilers were reared in floor pens and provided
access to feed and water ad libitum. From day 1 - 14, all birds were provided a
standard commercial corn soy-based starter diet. From d 15 - 37, the birds were
divided into three groups (5 pens per diet; 12 birds/pen) and provided either: 1)
A standard corn/soybean meal diet (21% CP, 3250 kcal/kg) (Control, CON), 2) a
17% negative control with lower crude protein (17%) (LCP) diet, and 3) the LCP
diet in which Spirulina platensis meal was used to replace half of the soybean
meal (LCP+AL). At the end of the study, 2 birds per pen (10 birds total per
treatment) were randomly selected and humanely euthanized, after which liver
and breast muscle samples were obtained and flash frozen in liquid nitrogen. The
tissues were analyzed for antioxidant mRNA expression, antioxidant enzyme
activity, and levels of reduced and oxidized glutathione (GSH and GSSG,
respectively). In the liver, mRNA expression of 7 of 8 antioxidant enzymes
analyzed were elevated (P<0.05) in the LCP+AL group compared to CON mRNA
expression. However, activities of these enzymes were higher in the CON
compared to the LCP+AL group. Both mRNA and enzyme activity values were
intermediate for compared to the CON and LCP-AL groups. Hepatic
concentrations of GSH, GSSG and thiobarbituric reactive substance were lower
in the LCP group compared to CON and LCP+AL groups. In breast muscle, tissue
mRNA expression of gamma glutamyl cysteine lyase , and superoxide dismutase
2 were lower (P<0.05), while GSH peroxidase 3 , GSH Reductase , thioredoxin,
and GSH levels were higher (P< 0.05) in the LCP+AL compared to CON. Both
GSH and GSSG levels were elevated in the LCP+AL group. The results of this
study appear to paint a picture of increased antioxidant mRNA expression but
decreased enzyme activity in the liver of the LCP+AL group compared to CON.
Interestingly, reduced GSH levels in the LCP+AL group in breast muscle were
twice as high as the CON and LCP groups indicating that the microalgae protein
could provide considerable protection against thiolation of proteins and other
structures in the cell.
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Introduction

As the world’'s population continues to increase
and resources become more limited, sustainability
and improved efficiency in poultry production has
taken on greater interest across the industry. One
specific issue facing the poultry industry is
providing a cost-effective source of protein in
broiler diets. Currently, soybean meal is the
preferred choice of protein in broiler diets due to
its relatively low cost. However, global human
population growth, and the resulting increase in
the demand for animal protein has begun to
impact the price and availability of soybean meal.
Furthermore, using soybean for animal feed
competes with its use as a protein source for
humans. This issue has led to the search for
alternative protein sources (which maintain or
improve growth performance and overall bird
health) that can be used in poultry diets.

A number of reports have indicated that Spirulina
(Arthrospira) platensis is a promising candidate for
use as a protein source in animal feed. Spirulina is
a blue-green microalgae (cyanobacteria) that
naturally grows in marine or freshwater aquatic
systems and has good nutritional value due to its
high protein content, and a good balance of

' 2 Earlier

essential amino acids and fatty acids
studies investigating the use of Spirulina as a feed
supplement in livestock animals (e.g.?, including
chickens, pigs, cattle, sheep, and rabbits) indicate
that the algae potentially offers an improvement in
health, production, and meat quality of the
animals. A positive attribute of Spirulina in terms of
contributing to sustainable poultry feed production
is that it can be produced under a variety of
environmental conditions with minimal land
requirements; whereas soybeans are best suited
for growth in (sub-) tropical climates, require more
land  for cultivation, and have a larger
environmental footprint’. In addition to its
nutritional value and sustainable production,
Spirulina contains beneficial bioactive compounds
such as phenolic acids, vitamins, minerals, and

gamma linoleic acid®”. Spirulina is also rich in

pigments such as carotenoids, specifically
xanthophylls and carotenes, and the plant protein
phycocyanin, all of which contribute to excellent
antioxidant/anti-inflammatory capabilities®’. These
antioxidant/anti-inflammatory compounds contained
in the algae are of particular interest as it relates to
poultry production. The inclusion of Spirulina in
poultry diets has been reported in a number of
studies. Birds raised under conventional conditions
have shown improved growth performance’ as
well as improved antioxidant activity (Park et al. ')
when Spirulina is added to the diet. However,
Bonos et al'? did not show any effect of Spirulina
on broiler performance. Recently, Mullenix et al.’
also showed that the inclusion of Spirulina in low-
protein broiler diets reduced the levels of pro-
inflammatory cytokines in the circulation™. The
benefits of algae inclusion on broiler performance
and antioxidant status was apparent under heat
stress conditions, where the induction of oxidative
stress has a marked impact? . Heat stress increases
the production of damaging reactive oxygen
species in the mitochondria of broiler skeletal
muscle' . Other studies reported that adding
Spirulina to the diet of heat-stressed broilers
improved and/or restored growth performance
concomitant with increased antioxidant activity>'¢"’.

Numerous antioxidants work in concert in the cell
to combat the constant production of oxidants
coming from extracellular and intracellular sources
(see review by Yu'®). An overview of several redox
coupled reactions in the cell is provided in Figure
1. This antioxidant/free radical scavenging milieu
are often found in specific cellular compartments
(e.g. cytosol and mitochondria) and can interact to
rejuvenate each other by donating reducing
equivalents. The major nonenzymatic antioxidant
in the cell is reduced glutathione (GSH) which is
found in mM concentrations in most cells. The rate
limiting amino acid and enzyme for synthesis of
GSH is cysteine and glutamate cysteine ligase
(GCL), respectively. An interorgan circulation of
GSH in which GSH is exported from the liver and
taken up by other tissues, was first reported by
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Anderson et al."” and later confirmed in broilers
Wang et al.?%. Thioredoxin is also an important
thiol-containing antioxidant in the cell that helps
convert numerous oxidized forms of antioxidants
back to their reduced state (see review by Arner
and Holmgren?') via redox reactions. The GSH
of GSH
peroxidase that reduces hydrogen and lipid

recycling enzyme system consists
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Figure 1. An overview of antioxidant systems and reduction-oxidation reactions in the cell involved in free radical scavenging and

antioxidant protection (modified from Bottje, 2017). (See text for details.)

It is well documented that an increase in oxidative
stress negatively impacts growth performance of
broilers. In several studies comparing birds from
the same genetic lineage, broilers with a low feed
efficiency phenotype were shown to have higher
levels of oxygen radicals and/or protein carbonyls
(indicative of oxidative damage to proteins) in
several tissues, including breast muscle?’, heart
muscle?, liver®?*, duodenum?®, and lymphocytes?.
The inherently elevated metabolic activity in the
liver and breast muscle of broilers means that these
tissues are potentially more susceptible to oxygen
radical production, and thus an increase in
oxidative damage. The studies by Bonos et al.”
and Park et al."" determined effects of Spirulina on
blood antioxidant levels, but did not report effects
on tissue antioxidants. It would be beneficial to
also determine what antioxidant changes are
occurring within the tissues as well to gain a more
complete understanding of how including algae
may be beneficial to broiler production. It should

be noted that the breast muscle and liver tissues

© 2024 European Society of Medicine

used in the current study were obtained from the
same trial conducted and reported by Mullenix et
al.". The purpose of this study was to determine if
Spirulina supplementation in a low-protein broiler
diet affected antioxidant status in breast muscle
and

looking at changes in antioxidant gene expression,

liver tissues of male broilers, specifically
as well as activities of key antioxidant enzymes, and

nonenzymatic concentrations.

Materials and Methods
ANIMAL CARE STATEMENT

The humane care and treatment of animals were
approved by the University of Arkansas Institutional
Animal Care and Use Committee (IACUC) (IACUC
protocol #21002).

ANIMALS AND TISSUES

Ross 708 male broilers were reared in floor pens
and provided access to feed and water ad libitum.
From day 1 to day 14, all birds were provided a

standard commercial starter diet. From d 15 to 37,
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the birds were divided into three groups and
provided one of three grower diets: 1) A grower
diet (Positive control) consisting of a standard
corn/soybean meal diet (CON), 2) a negative
control, consisting of a low crude protein diet
(LCP), and 3) the low crude protein diet in which
Spirulina platensis meal was included at 10%,
which represented half of the whole protein
sources in the LCP plus microalgae (LCP+AL) diet
as described by Muellenix et al. '. Growth
performance traits (weight gain, feed intake, feed
conversion ratio, mortality) were reported in
Muellenix et al. (2021). At the end of the trial, 10
birds were randomly selected from each treatment
group,
dislocation, and breast muscle and liver tissues

humanely  euthanized by cervical
collected. The collected tissues were immediately
frozen in liquid nitrogen and stored at -80°C until
further analysis. Body weights were 2.61 + 0.07,
2.60 +0.07,and 2.72 + 0.08 for birds sampled from

the CON, LCP, and LCP+AL, respectively.

RNA ISOLATION AND QUANTITATIVE REAL-
TIME PCR

Total RNA was extracted from the breast muscle
and liver tissues by TRIzol reagent (Life
Technologies, Thermo Fisher Scientific, Carlsbad,
CA)  according to  the

recommendations, DNase-treated, and reverse-

manufacturer’s

transcribed (Quanta Biosciences, Gaithersburg,

MD). The concentration and purity of RNA were
determined for each sample using a Take 3
microvolume plate and a Synergy HT multimode
microplate reader (BioTek, Winooski, VT). The
reverse-transcription (RT) products (cDNAs) were
amplified by real-time quantitative PCR (7500 real-
time PCR system, Applied Biosystems, Thermo
Fisher Scientific, Foster City, CA) with Power SYBR
Master Mix (Applied

Oligonucleotide  primers used for

Green Biosystems).
chicken
glutamate cysteine ligase catalytic subunit (GCLC),
gamma-glutamyl transferase 2 (GGT2), glutathione
peroxidases (GPx1, GPx3, and GPx4), glutathione
reductase (GRd), thioredoxin reductase 1 (TrxR),
Cu/Zn superoxide (SOD1) and MnSOD(SOD?2), and
the housekeeping gene ribosomal 18S are
summarized in Table 1. The quantitative PCR
(GPCR) cycling conditions were 50°C for 2 min,
95°C for 10 min followed by 40 cycles of a two-step
amplification program (95°C for 15 s and 58°C for
1 min). At the end of the amplification, melting
curve analysis was applied using the dissociation
protocol from the Sequence Detection system to
exclude contamination with unspecific PCR
products. Relative expressions of target genes

were determined by the 222 method?®,

Table 1

Gene Accession Number® Primer Sequence (5’ > 37) Orientation Product Size, bp

GCLC XM_040666478.1 TATGGGGGAACCATGTCGGA Forward 133
CGGGACACCCTAACCTTGGA Reverse

GGT2 XM_046901324.1 GCTCTGCGAAAGGAGGACTT Forward 76
CCATGACGTTTGTGTGCCAG Reverse

GPx1 NM_001277853.2 TCCCCTGCAACCAATTCG Forward 57
AGCGCAGGATCTCCTCGTT Reverse

GPx3 NM_001163232.2 GGGCGCTGACCATCGAT Forward 59
CATCTTCCCCGCGTACTTTC Reverse

GPx4 NM_001346448.1 AGAATGGCGGACGAGTGG Forward 107
ATGCAGACGAAGCCCCTGTA Reverse

GR XM_040671422.1 GAAGCACACACAGGTCCAGG Forward 97
CTTCACAGTTGGCTTGTGCC Reverse

© 2024 European Society of Medicine 4



Gene Accession Number? Primer Sequence (5 = 3’) Orientation Product Size, bp

SOD1 NM_205064.1 TGGCTTCCATGTGCATGAAT Forward 58
AGCACCTGCGCTGGTACAC Reverse

SOD2 NM_204211.1 GCTGGAGCCCCACATCAGT Forward 61
GGTGGCGTGGTGTTTGCT Reverse

TrxNRD1 NM_001030762.2 AGAGCATGACCCAGCTTTATT Forward 126
GTGTGAAGGAAGCCTCAGTATC Reverse

18S AF173612 TCCCCTCCCGTTACTTGGAT Forward 60
GCGCTCGTCGGCATGTA Reverse

2Accession numbers refer to GenBank (National Center for Biotechnology Information).

GLUTATHIONE ANALYSIS

Analysis of glutathione in breast muscle and liver
tissues was conducted using a glutathione assay kit
(#703002, Cayman Chemical, Ann Arbor, MI)
following the manufacturer's recommended
procedure. The assay was used to measure total
glutathione (TGSH), which is the sum of reduced
glutathione (GSH) and oxidized glutathione
(GSSG)?. The assay is based on the enzymatic
recycling method originally described by Tietze®.
The expression of TGSH and GSSG is reported as

puM/mg protein.

GLUTATHIONE PEROXIDASE ANALYSIS

Analysis of glutathione peroxidase (GPx) activity in
breast muscle and liver tissues was conducted
using a GPx assay kit (#703102, Cayman Chemical,
Ann Arbor, MI) following the manufacturer’s
recommended procedure. The assay is based on
the spectrophotometric assay described by Paglia
and Valentine *'. The activity of GPx is reported as

nmol/min/mg protein.

GLUTATHIONE REDUCTASE ANALYSIS

The measurement of glutathione reductase (GRd)
activity in breast muscle and liver tissues was
performed using a GRd assay kit (#703202,
Cayman Chemical, Ann Arbor, Ml) following the
manufacturer's recommended procedure. GRd

activity is reported as nmol/min/mg protein.

SUPEROXIDE DISMUTASE ANALYSIS

Analysis of superoxide dismutase (SOD) activity in
breast muscle and liver tissues was conducted using
a superoxide dismutase assay kit (#706002, Cayman
Chemical, Ann Arbor, Ml) following the manufacturer’s

recommended procedure. The expression of SOD

activity is reported as U/mg protein.

THIOREDOXIN REDUCTASE ANALYSIS

The measurement of thioredoxin reductase (TrxR)
activity in breast muscle and liver tissues was
performed using a colorimetric assay kit (#10007892,
Cayman Chemical, Ann Arbor, MI) following the
manufacturer's recommended procedure. TR
activity is reported as nmol/min/mg protein.

THIOBARBITURIC ACID REACTIVE SUBSTANCES
(TBARS) ANALYSIS

Measurement of the lipid peroxidation product
malondialdehyde (MDA) in breast muscle and liver
tissues was conducted using a TBARS assay kit
(#10009055, Cayman Chemical, Ann Arbor, MI)
following the manufacturer's recommended
procedure. The expression of MDA is reported as

nM/mg tissue.

STATISTICAL ANALYSES

In the gPCR and oxidative assay studies,
comparison of mean expression values between
the three experimental diets were made using one
way analysis of variance (ANOVA) and student t-
test with Graph Pad Prism (version 7.0). Differences

were considered significant at P < 0.05.

Results

LIVER

In the liver, mRNA expression of yGT, the enzyme
needed for hydrolysis of GSH and transport into
the cell, was highest in the LCP+AL group and
lowest in the CON group (Figure 2A). The

© 2024 European Society of Medicine 5



expression of GCL, the rate limiting enzyme in GSH
synthesis, was elevated (P<0.05) in the LCP-AL
group compared to CON-fed and LCP fed birds
(Figure 2B). Levels of hepatic TGSH were highest in
the CON-fed birds and lowest in birds receiving
the LCP diet (Figure 2C). Both GSSG and TBARS,
(indices of oxidative stress in the cytosolic and lipid
compartments, respectively), were higher in the
LCP-AL group compared to the LCP group (Figure
2D and 2E). The percentage of GSSG in TGSH
(insert, Figure 2D) was 0.06% for CON, 0.04% for
LCP groups, and 0.2% for the LCP AL group. There
was no difference in mRNA expression in SOD1
(CuZn SOD) between treatment groups (Figure 2F).
Whereas SOD2 expression was higher in the

LCP+AL group compared to CON values (Figure
2G), overall SOD activity was highest in CON and
lowest in the LCP AL group (Figure 2H). The mRNA
expression of TrxR was higher in the LCP+AL group
compared to CON (Figure 2l), but there were no
differences in TrxR enzyme activity (Figure 2J).
Expression and activity of GSH recycling enzymes
are shown in Figure 2K to 2P. In general, the
highest expression was observed in the LCP AL
group, and lowest values observed in the CON
group. Liver activity of GPx was lower in the LCP AL
group compared to both the CON-fed and LCP-
fed (GPx) (Figure 2N). There was a marginal
reduction of Grd activity (P = 0.09) in the LCP+AL
group compared to the LCP group (Figure 2P).
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Figure 2. Effect of feeding Spirulina platensis microalgae on antioxidant gene expression and enzyme activities in liver. Broilers were either a standard corn-soy based
Control (CON) diet (20% CP), a low crude protein diet (LCP, 17% CP), or the LCP diet with half of the soybean meal {(10% of the diet) was replaced with microalgae (LCP
+ AL, 17% CP). Relative gene expression is presented in arbitrary units compared to values obtained in the CON diet, concentrations of total GSH (TGSH) and oxidized
GSH (GSSG) are presented in umole per mg P, and enzyme activities are presented in units per mg tissue P. Data are presented for: A) gamma-glutamy! transpeptidase
(yGT), B) glutamate cysteine ligase (GCL), C) Total GSH (TGSH), D) oxidized glutathione (GSSG), E) thiobarbituric acid reducing substance (TBARS), F) superoxide
dismutase 1 (SOD1), G) SOD2, H) SOD enzyme activity, I) thioredoxin (TrxR), J) TrxR enzyme activity, K) GSH peroxidase 1 (GPx1); L} GPx3, M), GPx4, N) GPx enzyme
activity, O) glutathione reductase (GRd), and, P) GRd enzyme activity.

Data are presented as mean = SEM (n = 7-10/group).

abc Means with different letters are significantly different (P < 0.05).

BREAST MUSCLE
The expression of gGT was higher in the LCP+AL-

differences in TBARS between groups (Figure 3E).

Whereas expression of SOD1 (CuZn) was

fed birds compared to the CON and LCP groups
(Figure 3A) whereas as GCL expression was lower
(P = 0.067) in the LCP and LCP+AL groups
compared to CON (Figure 3B). Total GSH and
GSSG levels were higher in breast muscle of the
LCP AL group compared to the CON and LCP
groups (Figure 3C and 3D). There were no

marginally lower (P< 0.09) in the LCP and LCP AL
birds (Figure 3F), SOD2 (Mn) was lower in the
LCP+AL compared to the other 2 groups (Figure
3@G). Overall SOD activity was higher in muscle of
the LCP+AL-fed birds compared to CON (Figure
3H). The LCP+AL-fed birds exhibited higher TrxR

expression and activity compared to the other

© 2024 European Society of Medicine 6



groups (Figure 3l and 3J). With respect to GPx, only
GPx3 was elevated in the LCP+AL group, but there
were no treatment differences in GPx1 and GPx4
expression or GPx activity (Figure 3K-N). Both GRd
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higher in the LCP+AL group compared to the CON
but were not different to the LCP values.
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Figure 3. Effect of feeding Spirulina platensis microalgae on antioxidant gene expression and enzyme activities in breast muscle. Broilers were either a standard corn-
soy based Control (CON) diet (20% CP), a low crude protein diet (LCP, 17% CP), or the LCP diet in which half of the soybean meal (10% of the diet) was replaced with
microalgae (LCP + AL, 17% CP). Relative gene expression is presented in arbitrary units compared to values obtained in the CON diet, concentrations of total GSH
(TGSH) and oxidized GSH (GSSG) are presented in pmole per mg P, and enzyme activities are presented in units per mg tissue P. Data are presented for: A) gamma-
glutamyl transpeptidase (yGT), B) glutamate cysteine ligase (GCL), C) Total GSH (TGSH), D) oxidized glutathione (GSSG), E) thiobarbituric acid reducing substance
(TBARS), F) superoxide dismutase 1 (SOD1), G) SOD2, H) SOD enzyme activity, 1) thioredoxin (TrxR), J) TrxR enzyme activity, K) GSH peroxidase 1 (GPx1); L) GPx3, M),
GPx4, N) GPx enzyme activity, O) glutathione reductase (GRd), and, P) GRd enzyme activity.

Data are presented as mean + SEM (n = 7-10/group).
abc Means with different letters are significantly different (P < 0.05).

Discussion

We previously reported that feeding a low crude
protein (LCP) diet in which half of the soybean meal
was replaced by microalgae (Spirullina platensis)
meal (LCP+AL), had no adverse effect on broiler
growth performance (comparing the LCP and
LCP+AL diets)'. Crafton®?(2022) also reported no
difference in growth performance in broilers fed
diets containing 2% microalgae with or without 8%
distiller dried grains. Birds fed the LCP+AL diet
exhibited reductions in bacterial translocation from
the gut, foot pad lesions, as well as circulating
cytokines, and an increase in pigmentation of skin and
muscle'. The increase in pigmentation was most
likely due to higher levels of carotenoids in the
LCP+AL diet and could be hypothesized to reduce
oxidative stress. Spirulina platensis microalgae is a
very good source of antioxidants and thus can be

expected to be beneficial in helping combat

© 2024 European Society of Medicine

cellular oxidative stress (e.g. Kumar et al.®).
Oxidative stress occurs when the levels of free
the
physiological ability to effectively scavenge them,

ultimately resulting in DNA, protein, and lipid

radical

production hosts

overcome

damage. Thus, a major goal of the current study
was to investigate the impact of a low crude
protein (LCP) diet (17% vs 21% crude protein in a
control diet, [CON]), and one in which half of the
LCP soybean meal was replaced with Spirulina
platensis (LCP+AL) on antioxidant systems (gene
expression, enzyme activity and in tissues (liver and

breast muscle) obtained in male broilers.

Previous studies conducted in human cell lines,
hamsters, rats, fish, chickens, and rabbits have shown
that administration or dietary supplementation
with  Spirulina platensis promotes antioxidant

enzyme activity, scavenges free radicals, and
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attenuates  lipid  peroxidation and  DNA

damage'" 33

. Analysis of Spirulina indicates that
the pigment protein phycocyanin and the vitamin
A precursor B-carotene are the two primary active
compounds in the microalgae, with both taking
part in antioxidant and anti-inflammatory activities
(reviewed by Wu et al.*%). Reports have shown that
phycocyanin effectively decreases lipid peroxidation,
the formation of peroxyl, alkoxyl, and hydroxyl
radicals, nitrite production, and iINOS expression®'“2,
B-carotene has also been characterized as having
antioxidant effects by inhibiting the intracellular
accumulation of reactive oxygen species and
protecting membranes against singlet oxygen-
mediated lipid peroxidation'*. Anti-inflammatory
activity of pB-carotene in mice macrophages
(LPS) or

interferon gamma (IFNy) is due to down-regulation

stimulated by lipopolysaccharide
of several genes associated with inflammation
(COX-2, TNF-a, IL-1B, IL-6, and IL-12) that is likely
due to inhibition of NF-KB and iNOS promoters®**.

There was a decrease in TGSH and GSH (not
shown) in the liver in the LCP-fed birds compared
to CON-fed birds, that was partially ameliorated in
birds fed the LCP+AL diet (Figure 2C). However,
there was also evidence of increased oxidative
stress as indicated by the increase in GSSG and
TBARS (Figure 2D and 2E). There were also
elevations in TGSH and GSSG in breast muscle of
LCP+AL birds, but no difference in TBARS
(representing generalized lipid oxidation) compared
to LCP-fed (Figure 3C, D, and E). It should be noted
that despite the elevation in GSSG in liver and
muscle, the ratio of TGSH and GSSG was 99.8 in
liver and 98.9 in breast muscle and on the low end

of an acceptable range of 1 to 5%"®.

This should not be unexpected since the liver is

continuously  exposed to oxidative stress
conditions arising from: 1) the detoxification of
xenobiotics and other substances that have been
absorbed in the intestines and delivered to the liver
via the portal vein, and 2) the substantial and
continuous production of ROS from hepatic

mitochondria that must meet the high energy

requirements of the organ. Analysis of multiple
components of the glutathione system was
conducted to determine how gene expression and
enzyme activity was altered in response to
microalgae. In addition to its vital role as a
participant in antioxidant defense and redox
homeostasis, the glutathione system is also a key
part of cell signaling, cellular metabolism, and
immunomodulation. The peptide glutathione
(GSH) is an essential antioxidant in that it detoxifies
reactive oxygen species (ROS), reactive nitrogen
species (RNS), and hydroxyl radicals. The liver is
one of the organs with the highest GSH content but
interestingly, gene expression for glutamate
cysteine ligase (GCL), the rate-limiting enzyme in
GSH synthesis, was significantly increased in the
liver of birds fed the LCP+AL diet; however, GCL
gene expression was significantly lower in the
breast muscle of LCP+AL birds. This difference in
GCL expression between the two tissue types may
be partly explained by the interorgan transfer of
GSH"_ It is possible that supplementation of the
broiler diet with Spirulina is further stimulating
gene expression of enzymes involved in
glutathione synthesis in the liver (i.e. increasing
GCL, GPx, GRd gene expression), which is followed
by the increased production and exportation of
GSH into the general circulation and uptake by
tissues (e.g. muscle) for resynthesis. Previous work
by Wang et al.?® has demonstrated the ability of the
avian liver to export GSH into the general
circulation. Since GCL activity is regulated by GSH
via a negative feedback loop*, an increase in GSH
activity (as observed in this study) in the breast
muscle through interorgan transfer from the liver
may be at least partially responsible for the
reduced GCL expression observed in the breast
muscle of broilers fed the LCP+AL diet. GSH also
serves as a cofactor for enzymes in the GSH
recycling system? 8. There are multiple isozymes
of GPx that have been identified, whose function is
to catalyze the reduction of hydroperoxides to
corresponding alcohols, and H;O; to water using

49|
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relation to the present study, GPx1 is the most
abundant isozyme and found in the cytosol,
mitochondria, and nucleus of most tissues; whereas
GPx3 is a secreted form found in plasma in various
organs, and GPx4 (i.e. phospholipid GPx) is a
membrane-bound isozyme found in the cytosol,
mitochondria, and nucleus of different tissues®>'.
Gene expression levels of GPx1, GPx3, and GPx4
were observed in breast muscle and liver tissues
collected during the present study. In liver tissue,
expression of all three GPx isozymes was up-
regulated in birds fed the LCP+AL diet when
compared to the Standard diet, however only GPx3
was up-regulated in breast muscle. Expression of
the gene encoding glutathione reductase (GRd),
which is the enzyme responsible for catalyzing the
reduction of oxidized glutathione (GSSG) to GSH
was significantly increased in both tissue types of
birds fed the LCP+AL diet. GRd is very important
to preserving a healthy redox balance since its
activity is responsible for replenishing and
maintaining a high ratio of GSH to GSSG®2. Similar
to GRd, gene expression of the enzyme thioredoxin
reductase (TrxR), whose actions regenerate
reduced thioredoxin in the antioxidant system, was
up-regulated in both breast muscle and liver tissue.
Both GRd and TrxR are important components in
the regulation of redox status and maintenance of
redox homeostasis. The suggestion that the
glutathione and thioredoxin systems work in
concert during the scavenging of H.O,* would
help explain the similar patterns seen in gene
expression of the two reductases following dietary

treatment with microalgae in the current studly.

In addition to investigating the GSH system,
superoxide dismutase (SOD) gene expression
following the inclusion of microalgae in the diet
was also studied. Superoxide is the most-prevalent
free radical under normal cellular physiological
conditions, therefore SOD is an important
antioxidant and is the primary contributor to the
first line of antioxidant defense against ROS
formation and subsequent damage to DNA, lipids,

54,55

proteins, and carbohydrates In the present

study there was no difference in relative mRNA
expression of SOD1 in liver and breast muscle
tissue between the three diets; however,
expression of SOD2 in the LCP+AL-fed birds was
significantly up-regulated in liver, but significantly
down-regulated in the breast muscle, further
supporting the observations that there are tissue-
specific differences in the avian antioxidant
defense system. In fact, inherent tissue-specific
differences in the chicken antioxidant profile have
been previously reported®. Further investigation of
the specific microalgae Spirulina platensis reveals
some possible explanations for the obtained
results. As stated earlier, Spirulina platensis
contains carotenoids, a class of natural pigments
that serve as a major dietary source of vitamin A,
participates in the scavenging of free radicals, and
are further divided into two groups consisting of
xanthophylls and carotenes based on their
chemical structure *¢. When these compounds are
incorporated into the diet, they are absorbed into
the body through passive diffusion via intestinal
epithelial cells and metabolized™. In addition to its
scavenging properties, reports have indicated that
carotenoids activate the network of antioxidant
defenses by interacting with transcription factors
that regulate it. The redox-sensitive transcription
factor Nrf2 (nuclear factor-erythroid factor 2-
related factor 2) is of particular interest since it is
considered the master regulator in adaptive
oxidative stress responses®®. The activation of Nrf2
results in it translocating to the nucleus where it
binds to the antioxidant response element (ARE)
and induces the transcription of several antioxidant
enzymes, including GCL, GPx, GRd, SOD, TrxR *’.
Interestingly, dietary regulation of the antioxidant
pathway involving Nrf2 and ARE has been
discussed previously. The review by Stefanson and
Bakovic® cites a number of dietary phytochemicals
that have been shown to upregulate the
transcription of antioxidant enzymes in the absence
of oxidative stress induction:; this would include
carotenoids 2. Therefore, an increase in the

presence of carotenoids in the diet and the
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subsequent activation of the Nrf2 pathway would
give a possible explanation as to why a number of
antioxidant genes were upregulated (in the
absence of oxidative stress induction) in the tissues
of birds fed the LCP+AL diet.

In this study the inclusion of Spirulina platensisin a
low crude protein broiler diet also affected
antioxidant and antioxidant enzyme activity levels.
Once again, the effects of the microalgae give rise
to tissue-specific differences that will be discussed
below. The results obtained in the liver tissue are
peculiar, given that in the LCP+AL-fed birds the
expression of several genes involved in glutathione
synthesis and recycling were significantly up-
regulated, but there was no change in glutathione
levels and the activity of nearly every enzyme
measured was significantly reduced. The reduction
in liver SOD, GPx, GR, and TrxR activity may very
well be attributed to the increased radical
scavenging ability provided by Spirulina’s
endogenous  antioxidants  (i.e.  carotenoids,
flavonoids, phycocyanins). It must also be
considered that Spirulina platensis contains its own
antioxidant defense system that is used to control
ROS levels and protect cells from oxidative
damage that occurs from environmental stress or
the photosynthetic process. Analysis of the algae
has shown that it produces several antioxidant
enzymes including SOD'/#*4* as well as peroxidase,
catalase, and ascorbate peroxidase®. It appears
that there is the potential for several different
antioxidant enzymes to be absorbed and
metabolized from the algae in a supplemented
diet, ultimately leading to a reduction in the activity
of host antioxidant enzymes as seen in the liver
tissue. In contrast, in the breast muscle tissue a
significant increase in antioxidant (total GSH and
reduced GSH) and antioxidant enzyme activity
(GRd, SOD, TrxR) was observed in birds fed
LCP+AL. The differences in expression and activity
between the two tissues cannot be fully explained
at this time and further investigation is indeed
warranted. However, one possible consideration

for the differences between the two tissues reverts

back to the previously discussed Nrf2 pathway. The
modern broiler chicken has been genetically
selected for high feed efficiency and rapid muscle
growth in order to meet consumer demands. A
global gene expression study conducted by Kong
et al® comparing the breast muscle from a modern
broiler line to an unselected foundation broiler line
reported that the Nrf2 pathway is more active in
modern broilers; the reasoning being that low ROS
levels resulting from increased antioxidant
defenses are necessary to sustain rapid muscle
growth. Subsequent microRNA profiling of breast
muscle from the same two broiler lines also
indicated that Nrf2-mediated oxidative stress
response pathways are activated for enhanced
ROS scavenging in the rapidly growing muscle of
modern broilers®. This would suggest that the
genetic selection for breast muscle growth present
in modern broiler lines may produce an altered
Nrf2 pathway response that would be different

from what is observed in liver tissue.

One interesting result from this study that should
be addressed is the increase in oxidized
glutathione (GSSG) observed in both tissues of
birds from the LCP+AL group, indicating that there
may be increased oxygen radical production being
addressed by the glutathione system. Although
carotenoids such as B-carotene are known for their
antioxidant activity, a number of studies have
indicated that these compounds may also function
as a prooxidant as well under certain conditions.
The prooxidant potential of carotenoids®’ becomes
more favorable in the face of increasing oxygen
partial pressure (pO;) and/or increasing carotenoid
concentrations in tissues, resulting in more
favorable conditions for autoxidation that leads to
the formation of carotenoid alkoxyl/peroxyl
radicals®®. Also, studies conducted in rats and mice
indicate that the accumulation of carotenoids in
disturb
mitochondria during ATP production, resulting in

tissues  can electron transport in
the generation of ROS®7° However, it is
interesting to note that birds may be more resistant

to the prooxidant effects of carotenoids than

© 2024 European Society of Medicine 10



mammals as suggested by Johnson and Hill”".
Mayne and Parker’? reported that the accumulation
of dietary beta-carotene in chicken liver is also
accompanied by increased levels of the
antioxidants a-tocopherol and retinol, potentially
providing a pathway to arrest carotenoid pro-
oxidation. Also, birds have a lower basal rate of
electron leak and subsequent ROS formation
compared to mammals’®. Therefore, it should be
noted that although there was an increase in breast
muscle and liver GSSG in birds fed the algae-
supplemented diet, the ratio of GSH to GSSG (an
indicator of oxidative stress) did not deviate
outside of what would be considered a “normal”
physiological range for a healthy redox balance
(unpublished observations). In addition, there was
no change in measured MDA levels (an indicator of
lipid peroxidation) in breast muscle and liver tissue
from the LCP+AL diet when compared to the
Control diet. This antioxidant/prooxidant capability
of carotenoids is interesting and may help to
provide further insight into the tissue-specific
results seen in this study. Experiments in both rats
and birds where animals were fed carotenoid-
supplemented diets reported that carotenoids
accumulate and are stored in the liver® 747,
Different levels of carotenoid accumulation between
the liver tissue and breast muscle tissue may provide
further explanation for the observed tissue-specific
differences in antioxidant responses; however, tissue
carotenoid levels were not examined in this study
and future work looking at the antioxidant properties
of microalgae may warrant further investigation
into how distribution of carotenoids among tissues

affects antioxidant responses in those tissues.

Conclusion

The results from this study indicate that the
supplementation of a low crude protein diet with
Spirulina platensis protein meal enhances the
antioxidant status of breast muscle and liver tissue
in male broilers. Breast muscle showed an increase
in GPx3, GRd, TR gene expression and an increase
in GSH, GRd, SOD, and TrxR activity. In liver, gene

expression of GPx1, GPx3, GPx4, GRd, SOD2, and
TR was upregulated, while there was a significant
reduction in the activity of several antioxidant
enzymes (GPx, GRd, SOD, TrxR). It is proposed
here that the inclusion of microalgae in the diet
directly protects against oxidative stress by
increased radical scavenging due to compounds
originating from the microalgae (i.e. phycocyanins,
carotenoids, flavonoids, and other vitamins). The
direct scavenging of radicals via the microalgae
may explain why there was a reduction in
antioxidant enzyme activity in the liver tissue.
Spirulina platensis may also enhance antioxidant
protection in an indirect fashion through the
activation of the antioxidant transcription factor
Nrf2 and the subsequent antioxidant response
element (ARE) to induce gene expression of
antioxidant enzymes. However, the increase in
GSSG seen in both tissues suggests that higher
inclusion of microalgae may become a concern due
to the prooxidant potential of B-carotene. The
antioxidant defense pathway of organisms is
complex and interacts with a number of other
pathways (i.e. immunomodulatory, anti-inflammatory)
that may affect its actions. Also, other factors such
as interorgan circulation of glutathione originating
from the liver, the differences in metabolism of
various tissues, and genetic selection for muscle
growth must be taken into consideration as well. As
a result, the differences in gene expression and
enzyme activity observed between the two tissue
types should not be unexpected and indeed
requires further investigation. The inclusion of
Spirulina platensis into poultry diets as an
alternative protein source has benefits and should

be pursued further.
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