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PAPER

Effects of guanidinoacetic acid supplementation on zootechnical
performance and some biometric indices in broilers challenged with
T3-Hormone

Shady Khalila , Ahmed A. Al-Saganb, Hossam A. Abdellatifa, Abdelbary Princec and Ramadan El-Bannaa

aDepartment of Nutrition and Clinical Nutrition, Faculty of Veterinary Medicine, Cairo University, Giza, Egypt; bKing Abdulaziz City for
Science & Technology, Riyadh, Saudi Arabia; cDepartment of Biochemistry, Faculty of Veterinary Medicine, Cairo University,
Giza, Egypt

ABSTRACT
The objective was to elucidate the effects of dietary guanidinoacetic acid (GAA) supplementa-
tion on broiler performance, serum enzymes, oxidative biomarkers, mitochondrial activities, car-
case traits, gross lesion of cardiac muscle and liver histopathology in broilers challenged with
T3-hormone. A total-of-192 one-day-old mixed sexed broilers were randomly assigned in a two
factorial design, including two dietary treatments; control diet supplemented with or without
T3-hormone (1.5 ppm) and GAA diet (0.06%) supplemented with or without T3-hormone
(1.5 ppm). Each group was subdivided into eight replicates. Results showed interactions between
GAAxT3-hormone. GAA diet significantly mitigated the negative effect of T3-hormone on serum
total creatine kinase (CK), cardiac muscle (CK-MB), liver malondialdehyde (MDA) and superoxide
dismutase (SOD), mitochondrial activities of cardiac muscle and liver histopathological lesion. In
conclusion, GAA at a rate of 0.06% may have the potential to mitigate the negative effect of
dietary T3-hormone but could not reduce the ascites mortality at such inclusion rate.

HIGHLIGHTS

� GAA protected heart muscle.
� GAA mitigated the oxidative radicals in T3-hormone challenged birds.
� GAA modulated the mitochondrial activities in T3-hormone challenged birds.
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Introduction

Fast growth requires an adequate amount of oxygen
to supply the accreted tissues with energy (Gupta
2011). In modern broilers, pulmonary and cardiac cap-
acity are similar to the old broiler strains that force
the cardiac muscle to work more while lung capacity
does not meet the oxygen requirement to achieve
rapid growth. Stressed cardiac muscle by time may
lose its ability to sustain the work overload and may
develop right ventricular heart failure (RVHF) or even
sudden death syndrome (Baghbanzadeh and
Decuypere 2008). Several factors can contribute to the
development of ascites syndrome (AS) which include
but not limited to high altitude, cold stress, moderate
heat, high activity, hyperthyroidism, increased muscle
mass, and high-density feed. Additionally, pathological

conditions can contribute to AS such as pre-existing
respiratory system pathology and anaemic hypox-
aemia due to abnormal haemoglobin levels (Kaoud
et al. 2016). The latter factors may increase the basal
metabolic rate and oxygen requirements to produce
adenosine-tri-phosphate (ATP). Failure to meet energy
requirements may cause oxidative damages and
AS (Ladmakhi et al. 1997; Baghbanzadeh and
Decuypere 2008).

Creatine (Cre) is present in high concentration in
skeletal muscle, cardiac muscle, and brain tissue.
Therefore, it is confined to cells that have high-energy
demand. The role of Cre is to store ATP in the form of
phosphocreatine (PCre) in the cytoplasm. PCre can
replenish ATP in the cytoplasm, instantly through the
Cre-PCre shuttle system. Therefore, PCre build-up can
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reduce the need for oxygen to produce ATP from
mitochondria (Wyss and Kaddurah-Daouk 2000). The
latter may offer benefits for broiler subjected to a limi-
tation in energy due to fast growth, high altitude, cold
stress and heat stress. Cre can be de novo synthesised
in the body via two enzymatic steps. The first enzym-
atic step, L-arginine (Arg) and glycine are required to
form guanidinoacetic acid (GAA) that catalysed by
arginine-glycine amidinotransferase in the kidney. The
second enzymatic step, GAA is methylated in the liver
by S-adenosylmethionine to form Cre in the reaction
that is catalysed by S-adenosyl-L-methionine: N-guani-
dinoacetate methyltransferase (Wyss and Kaddurah-
Daouk 2000). Feed ingredients of animal origin are
rich source of creatine and plant-based ingredients do
not contain any metabolites of creatine (Khajali et al.
2020). Cre in these animal protein sources was found
to be affected during rendering, which makes Cre a
lost nutrient in poultry nutrition (Boney et al. 2020).
GAA is a precursor source of creatine (EFSA 2016),
showed better stability during feed processing and
storage compared to Cre (Van der Poel et al. 2019).

Furthermore, it was demonstrated that dietary sup-
plementation of GAA could spare Arg in the broiler
(Dilger et al. 2013; DeGroot et al. 2019). Arg plays a
pivotal role, as it is the endogenous nitrogenous pre-
cursor for nitric oxide synthesis. The latter is a potent
vasodilator that relaxes vascular smooth muscle;
hence, it is found to reduce the incidence of ascites in
broiler chicken raised in high-altitude and cold stress
(Ahmadipour et al. 2018).

The current study was designed to investigate the
effect of dietary supplementation of GAA on growth
performance, selected serum parameters, oxidative
biomarkers, mitochondrial activities in cardiac muscle,
gross lesions of the heart, carcass traits, and liver
histopathology in broilers challenged with T3-hor-
mone. Dietary T3-hormone was used as a challenging
agent to increase AS, basal metabolic rate, oxygen,
energy requirement, (Ladmakhi et al. 1997) and to
induce mitochondrial-dependent reactive oxygen spe-
cies (ROS) (Cano-Europa et al. 2012).

Materials and methods

The current study was conducted at King Abdulaziz
City for Science and Technology (KACST) Riyadh, KSA
(altitude of 400m above the sea level) following the
guidelines of the International Animal Care Institute
Committee of Faculty of Veterinary Medicine Cairo
University (IACUC) with approval number Vet-CU
(23012020112).

Birds husbandry and experimental design

A total of 192 one-day-old mixed sexed broiler chicks
were randomly divided into 4 groups, each subgroup
had 8 replicates, 6 birds per replicate and fed on same
basal diet. The first group received no supplementa-
tion; meanwhile, the second group was supplemented
with 1.5 ppm T3-hormone (T2877, Sigma-Aldrich), the
third group was supplemented with 0.06% guanidino-
acetic acid (CreaminoVR , minimum 96% GAA; AlzChem
Trostberg GmbH, Germany) and the fourth group sup-
plemented with 0.06% GAA and 1.5 ppm T3-hormone.
Each group was subdivided into eight replicates con-
tains (six birds; three males and three females). Birds
in the different experimental groups were fed on 3
phases corn-soybean based diets in a mash form to
avoid possible heat instability of T3-hormone (starter
1–10 d, grower 11–21 d and finisher 22–32d). The
stress model of T3-hormone was applied according to
(Ladmakhi et al. 1997; Taghizadeh et al. 2012;
Habibian et al. 2017). Chickens were floor reared in
fully automated closed system houses, bedded by a
layer of sawdust, kept under standard hygienic condi-
tions. Birds were provided with clean water and fed
ad-libitum, continuous light from 1–6 days of age,
then to 23:1 light-dark cycle throughout the experi-
ment and were not subjected to any prophylactic vac-
cination or pharmacological program during the entire
experiment that lasted up to 32 days of age. The diets
were formulated to meet the nutrient requirements of
Ross 308 as recommended by the breed manual. The
diets ingredients and the analysed nutrient composi-
tions are illustrated in Table 1.

Slaughter and sampling

On day 32, all birds were weighed. One male and one
female were selected from each pen to represent the
average pen weight. Birds were killed by severing the
jugular vein and immediately after slaughter blood
samples were collected in experimental tubes. Heart
samples were immediately collected and kept on ice
during tissue preparation for mitochondrial isolation.
Part of liver samples (5 grams) was fixed in 10%
formol saline for histopathological examination,
and the rest was kept at �80 �C for oxidative bio-
markers analysis.

Measurements

Growth performance parameters
Birds in different experimental groups were initially
weighed. The cumulative (32 days) weight gain and

612 S. KHALIL ET AL.



feed intake were recorded. Feed conversion ratio
(FCR) was corrected for mortality using the following
equation

FCR corrected¼
Feed consumed

Weight gain of survivorsþweight gain of mortalitiesð Þ

Serum parameters
At the end of the experiment (day 32), serum samples
were separated, refrigerated, and subsequently ana-
lysed. Serum samples were analysed for total creatine
kinase (CK), creatine kinase of cardiac muscle (CK-MB),
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), gamma-glutamyl transferase (GGT) and
creatinine using a colourimetric method as prescribed
by the ChronolabVR Barcelona, Spain commercial kits.
Serum T3 hormone was determined using ELISA Kit
(CalbiotechVR , Spring Valley, CA, USA).

Oxidative biomarkers
Liver samples of birds were collected from all groups
at the end of the experiment for oxidative biomarkers
analysis. Reduced glutathione (GSH) was analysed
according to the method described by (Beutler et al.
1963), glutathione peroxidase (GPx) was analysed
according to the method described by (Paglia and
Valentine 1967). Superoxide dismutase (SOD) was
determined according to the procedure described by
(Marklund and Marklund 1974) with some modification
of (Nandi and Chatterjee 1988) and Malondialdehyde
(MDA), an indicator of lipid peroxidation, was analysed
according to (Kei 1978).

Mitochondrial activities
� Mitochondrial oxygen consumption (RCR)

measurement was done according to (Hofhaus
et al. 1996).

� Mitochondrial complex chains activities.

Table 1. Composition and nutrient analysis of experimental diets fed to birds.
Starter phase (1–10 day) Grower phase (11–21 day) Finisher (22–32 days)

Feed Ingredients in % (as fed basis)
Ground yellow corn 56.26 60.70 64.85
Soybean meal, 48% CP 35.00 29.65 25.27
Corn gluten meal, 60% CP 2.33 2.99 2.65
Sunflower oil 1.80 2.42 3.32
Monocalcium phosphate 1.71 1.52 1.36
Limestone 1.36 1.25 1.15
DL-methionine 0.32 0.28 0.25
Sod bicarbonate 0.30 0.30 0.30
Lysine – HCl 0.27 0.27 0.25
Common Salt 0.20 0.20 0.21
Vitamin and trace mineral premixa 0.20 0.20 0.20
L-threonine 0.13 0.11 0.09
Choline chloride, 60% 0.11 0.11 0.11

Total 100 100 100
Guanidinoacetic acidb 0.06 0.06 0.06
Triiodothyronine mg/kgc 1.5 1.5 1.5

Calculated analysis (analysed)
ME, kcal/kg 3000 3100 3200
Dry matter 89.91 (92.40) 89.88 (92.40) 89.78 (92.51)
Crude protein, % 23.29 (24.18) 21.50 (21.71) 19.50 (19.83)
Calcium, % 0.96 0.87 0.79
Available Phosphorus, % 0.48 0.44 0.40

Calculated total amino acids (analysed)
Lysine, % 1.40 (1.41) 1.26 (1.26) 1.13 (1.16)
Methionineþ Cysteine, % 1.04 (0.99) 0.96 (0.92) 0.88 (0.86)
Threonine, % 0.99 (0.99) 0.89 (0.89) 0.80 (0.80)
Valine, % 1.08 (1.11) 0.99 (1.03) 0.90 (0.94)
Arginine, % 1.48 (1.53) 1.33 (1.36) 1.19 (1.23)

Standard ileal digestibility
Lysine, % 1.28 1.15 1.03
Methionineþ Cysteine, % 0.95 0.87 0.80
Threonine, % 0.86 0.77 0.69
Valine, % 0.96 0.88 0.80
Arginine, % 1.37 1.23 1.10

aVitamin-mineral premix contains the following/kg: vitamin A: 7000000 IU, vitamin D3: 2500000 IU, vitamin E: 30000 IU, vitamin B1: 2000mg, vitamin B2:
4000mg, vitamin B6: 2500mg, vitamin B12: 15mg, niacin: 25000mg, pantothenic acid: 8000mg, folic acid: 750mg, Biotin: 100mg, vitamin K3: 2500mg,
cobalt: 200mg, copper: 5000mg, iodine: 1000mg, iron: 25000mg, manganese: 55000mg, selenium: 150mg, Zinc: 50000mg, antioxidant: 25000mg, vita-
min C: 10000mg.
bGuanidinoacetic was supplemented on top in GAA groups.
cT3-hormone was supplemented on top in the challenged groups.
CP: Crude protein, %; ME: Metabolisable energy, kcal/kg.
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NADH ubiquinone oxidoreductase (complex I), succin-
ate dehydrogenase (complex II), cytochrome c reduc-
tase (complex III), and cytochrome c oxidase (complex
IV) were determined according to (Spinazzi
et al. 2012).

Carcase characteristics and relative organs weights
At the end of the experimental period, two birds from
each replicate (one male and one female) of different
experimental groups, representing the average body
weight of each pen, left overnight in the waiting yard
where water was allowed but without diet. Each bird
was weighed, hanged, slaughtered, scalded at
55–65 �C, de-feathered, eviscerated, and washed with
tap water. The dressing yield % (DY%), breast muscle
yield (BMY %), and organ indices were recorded.

Gross lesions of the heart and corresponding right
ventricle/total ventricle ratio
Mortalities in different experimental groups were
recorded throughout the whole period. Dead birds
along the whole experiment were macroscopically
examined for the presence of any apparent lesions,
especially those concerning heart failure syndrome
and ascites as a result of the T3 challenge.
Consequently, the heart was removed from dead
birds; the atria, major vessels, and fat were trimmed
off. The right ventricle (RV) was carefully cut away
from the left ventricle and septum. The right ventricle
was weighed, the left ventricle and septum were
added, and the total ventricle (TV) weights were
recorded accordingly. Birds having RV/TV ratio of over
0.299 were classified as suffering from right ventricular
failure (Ladmakhi et al. 1997).

Liver histopathology
Autopsy samples (5 grams/sample) were taken from
the liver from birds in different groups and fixed in
10% formol saline for twenty-four hours. Washing was
done in tap water, then serial dilutions of alcohol
(methyl, ethyl, and absolute ethyl) were used for dehy-
dration. Specimens were cleared in xylene and
embedded in paraffin at 56 degrees in a hot air oven
for twenty-four hours. Paraffin beeswax tissue blocks
were prepared for sectioning at four microns thickness
by slides microtome. The obtained tissue sections
were collected on glass slides, deparaffinised, and
stained by haematoxylin & eosin stain for examination
through the light microscope (Bancroft and
Stevens 1990).

Statistical analyses
Statistical analyses of the obtained data were per-
formed with IBM SPSS software (IBM SPSS Statistics 20,
Chicago, IL). Results were expressed as treatment
means with their pooled standard error of means
(SEM) and replicate as an experimental unit. The data
were analysed by two-way ANOVA with GAA and T3-
hormone treatment as fixed factors. Main effects were
considered when no significant interactions detected.
When significant interactions between GAA and T3
observed, the mean of each treatment was individually
compared. For multiple comparisons, Bonferroni’s
post-hoc-test was carried out to compare the means.
A probability value of p< .05 was described to be stat-
istically significant, although p-values between .05 and
.10 are shown and described as a trend.

Results

Growth performance

Table 2 shows the effects of GAA on growth perform-
ance in broilers challenged with T3-hormone. Results
confirmed that the distribution of the birds among
individual treatments on the first day of the experi-
ment was homogeneous so that bodyweight in all
treatments was almost identical in all groups. No inter-
action between GAA x T3-hormone was observed on
growth performance. T3-hormone in the challenge
groups affected (p< .05) all performance parameters,
negatively. In contrast, the main effect of GAA on
growth performance showed a tendency to improve
the final body weight and weight gain; meanwhile,
FCR was improved (p< .05) compared to the con-
trol diet.

Serum parameters

Table 3 shows the effects of GAA on serum enzymes
in broilers challenged with T3-hormone. Interaction
between GAAxT3-hormone was noticed on serum CK
and CK-MB. Serum CK was the lowest (p< .05) in GAA
diet devoid of dietary T3-hormone compared to other
groups; meanwhile, CK-MB was the lowest (p< .05) in
GAA diets compared to control diets. Between GAA
diet groups, GAA devoid of dietary T3-hormone was
higher (p< .05) than the GAA diet with T3-hormone
supplementation. No interaction between GAAxT3 was
noticed on serum AST, ALT and T3. Serum ALT and T3
were higher (p< .05) in T3-hormone challenged
groups than in the unchallenged groups. An unex-
pected decrease (p< .05) in serum AST was noticed in
T3-hormone challenged groups compared to T3-
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hormone devoid groups. Serum GGT and creatinine
levels were not differed (p> .05) among groups.

Oxidative biomarkers

Table 4 shows the effects of GAA on oxidative bio-
markers in broiler’s liver challenged with T3- hormone.
Interaction between GAAxT3-hormone was observed
on liver MDA and SOD. In T3-hormone devoid groups,
MDA and SOD in the liver were the same; however,
control diet supplemented with T3-hormone had the
highest MDA (p< .05) and the lowest SOD activity
(p< .05) compared to other groups. Supplementation
of GAA to T3-hormone supplemented diet mitigated
(p< .05) the negative impact of T3-hormone. The main
effect of GAA diet on liver GSH was higher (p< .05)
than the control diet; meanwhile, GPx tended (p¼ .06)

to be improved. T3-hormone in the challenged groups
negatively affected (p< .05) liver MDA, GSH and GPx.

Mitochondrial activities

Table 5 shows the effects of GAA on mitochondrial
activities in broiler’s cardiac muscle challenged with
T3-hormone. Interaction between GAAxT3-hormone
was recorded on mitochondrial RCR, complex I, III and
IV. The latter mitochondrial activities were higher
(p< .05) in T3-hormone devoid groups than T3-hor-
mone supplemented groups. Supplementation of GAA
to T3- hormone supplemented diet mitigated (p< .05)
the negative effect of T3-hormone on such measure-
ments. Interestingly, in the groups that were not sup-
plemented with T3-hormone, GAA diet improved
(p< .05) mitochondrial complex IV activity compared
to the control diet. No interaction was noticed

Table 2. Effect of GAA on growth performance in broilers challenged with T3-hormone.
T3-hormone Initial weight, g Final body weight, g Weight gain, g Feed intake, g Feed conversion ratio, g/g

GAA
0 0 43.19 1977.67 1934.47 3120.62 1.614
0 1.5 ppm 43.18 1319.61 1276.43 2694.8 2.111
GAA, 0.06% 0 43.01 1993.4 1950.39 3024.39 1.551
GAA, 0.06% 1.5 ppm 43.21 1441.14 1397.93 2826.41 2.023

SEM 0.26 33.01 33.05 58.79 0.01
Main effect
0 43.19 1648.83 1605.45 2907.71 1.862a

GAA, 0.06% 43.11 1717.19 1674.16 2925.4 1.787b

SEM 0.19 22.32 22.34 39.75 0.01
0 43.10 1985.50a 1942.43a 3072.51a 1.582b

1.5 ppm 43.19 1380.52b 1337.18b 2760.61b 2.07a

SEM 0.19 23.1 23.13 41.15 0.01
Source of variation
GAA 0.78 0.05 0.05 0.77 <0.0001
T3 0.74 <0.0001 <0.0001 <0.0001 <0.0001
GAAxT3 0.96 0.13 0.13 0.07 0.32

Values within the same column with different superscripts are significantly different (p< .05). GAA: guanidinoacetic acid; T3: Triiodothyronine hormone;
SEM: standard error of the means.

Table 3. Effect of GAA on serum enzymes in broilers challenged with T3-hormone.

T3-hormone n

Total
creatine

kinase, U/L

Creatine kinase
of Cardiac
muscle, U/L

Aspartate
aminotransferase,

U/L

Alanine
aminotransferase,

U/L T3 ng/mL

Gamma-
glutamyl

transferase, U/L
Creatinine,
mg/dL

GAA
0 0 16 17.27a 3.07a 15.82 14.16 1.38 36.98 0.59
0 1.5 ppm 16 19.41a 3.28a 13.55 15.23 1.62 39.32 0.73
GAA, 0.06% 0 16 11.74b 1.85b 15.08 13.71 1.40 37.32 0.72
GAA, 0.06% 1.5 ppm 16 19.70a 1.23c 13.64 14.41 1.65 36.15 0.78

SEM 1.26 0.09 0.33 0.34 0.02 2.47 0.16
Main effect
0 32 18.34 3.18a 14.69 14.70 1.50 38.15 0.66
GAA, 0.06% 32 15.72 1.54b 14.36 14.11 1.53 36.74 0.75
SEM 0.95 0.07 0.23 0.24 0.02 1.75 0.11

0 32 14.50b 2.47a 15.45a 13.94b 1.39b 37.15 0.66
1.5 ppm 32 19.55a 2.25b 13.59b 14.87a 1.64a 37.74 0.75
SEM 0.95 0.07 0.23 0.24 0.02 1.66 0.11

Source of variations
GAA 0.07 <0.0001 0.32 0.098 0.331 0.588 0.563
T3 <0.0001 0.04 <00.0001 0.011 <0.0001 0.821 0.54
GAAxT3 0.04 <0.0001 0.21 0.70 0.727 0.504 0.792

Values within the same column with different superscripts are significantly different (p< .05). GAA: guanidinoacetic acid; T3: triiodothyronine hormone;
SEM: standard error of the means; n ¼ sample size.
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between GAAxT3-hormone on mitochondrial complex
II. Nevertheless, the main effect of GAA diet on
Complex II was higher (p< .05) compared to the con-
trol diet. T3-hormone groups were negatively affected
(p< .05) compared to T3-hormone devoid groups.

Carcase characteristics and relative organ weights

Table 6 shows the effects of GAA on carcase traits and
relative organ weights in broiler challenged with T3-
hormone. An interaction between GAA x T3-hormone
was observed on the heart index (HI). T3-hormone
supplementation increased HI (p< .05) compared to
non-supplemented groups. Supplementation of T3-hor-
mone to GAA diet increased HI (p< .05) compared to
other groups. The main effect of GAA diet on CW,

AFY, HI and WI were higher (p< .05) than broilers fed
on the control diet, but feeding GAA had no impact
on DY, BMY and LI. Carcass traits and relative organ
weight were negatively (p< .05) affected in T3-hor-
mone challenged groups.

Gross lesions of the heart and right ventricle/total
ventricle ratio in broiler challenged with
T3-hormone

Table 7 shows the effect of GAA on gross lesions and
right ventricle/total ventricle ratio in broiler’s heart
challenged with T3- hormone. Control diet devoid of
T3-hormone recorded two unspecific mortality. Dead
birds did not show any signs of AS or heart affections.
On the contrary, T3-hormone challenged groups

Table 4. Effect of GAA on oxidative biomarkers in broiler’s liver challenged with T3-hormone.

T3-hormone n
Malondialdehyde,
mM/g protein

Superoxide
dismutase, U/
mg protein

Reduced
glutathione, nM/

g tissue

Glutathione
peroxidase, U/
mg protein

GAA
0 0 16 9.31b 60.37a 3.12 16.44
0 1.5 ppm 16 14.84a 46.17b 2.53 14.01
GAA, 0.06% 0 16 9.18b 57.62a 3.38 18.85
GAA, 0.06% 1.5 ppm 16 10.09b 61.26a 3.14 14.82

SEM 0.92 3.49 0.12 0.77
Main effect
0 32 12.08a 53.27 2.83b 15.23
GAA, 0.06% 32 9.63b 59.44 3.26a 16.83
SEM 0.65 2.45 0.09 0.54

0 32 9.25b 58.99 3.25a 17.64a

1.5 ppm 32 12.47a 53.72 2.84b 14.42b

SEM 0.66 2.45 0.08 0.54
Source of variation
GAA 0.02 0.09 0.003 0.06
T3 0.003 0.147 0.004 0.001
GAAxT3 0.03 0.02 0.17 0.31

Values within the same column with different superscripts are significantly different (p< .05). GAA: guanidinoacetic acid; T3: triiodothyronine hormone;
SEM: standard error of the means; n: sample size.

Table 5. Effect of GAA mitochondrial activities in broiler’s cardiac muscle challenged with T3-hormone.

T3-hormone n
RCR, nM O2/
mg protein

Complex I, U/
mg protein

Complex II, U/
mg protein

Complex III, U/
mg protein

Complex IV, U/
mg protein

GAA
0 0 16 3.38a 180.66ab 41.16 390.12a 216.13b

0 1.5 ppm 16 1.93c 85.73c 26.8 266.36c 135.97d

GAA, 0.06% 0 16 3.66a 185.19a 49.68 376.71a 231.1a

GAA, 0.06% 1.5 ppm 16 2.69b 172.30b 37.04 311.85b 169.66c

SEM 0.10 3.91 1.94 6.74 2.92
Main effect
0 32 2.65b 133.19b 33.98b 328.24b 176.05b

GAA, 0.06% 32 3.17a 178.75a 43.36a 344.28a 200.38a

SEM 0.07 2.77 1.38 4.77 2.92
0 32 3.52a 182.92a 45.42a 383.42a 223.62a

1.5 ppm 32 2.31b 129.01b 31.92b 289.11b 152.81b

SEM 0.07 2.77 1.35 4.77 2.92
Source of variations
GAA <0.0001 <0.0001 <0.0001 0.03 <0.0001
T3 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
GAAxT3 0.02 <0.0001 0.664 <0.0001 0.01

Values within the same column with different superscripts are significantly different (p< .05). GAA: guanidinoacetic acid; T3: triiodothyronine hormone,
SEM: standard error of the means; RCR: mitochondrial oxygen consumption; complex I: NADH ubiquinone oxidoreductase; complex II: succinate dehydro-
genase; complex III: cytochrome c reductase, complex IV: cytochrome c oxidase; n¼ sample size.
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showed signs of ventricular heart failure and AS mortal-
ity staring from week 2 onward with RV/TV ratio 0.31
and 0.29 on the control diet and GAA diet supple-
mented with T3-hormone, respectively. Total mortality
from AS or SD were 25 and 26 in control diet and GAA
diet supplemented with T3-hormone, respectively.

Liver histopathology

Figure 1 shows the effect of GAA on liver histopath-
ology in broiler challenged with T3- hormone.

Histological lesions were not recorded in the
control diet and GAA diet devoid of T3-hormone.
They showed the typical structure of hepatocyte
and central vein. Control birds supplemented with
T3-hormone showed thickness with collagen and
oedema in the hepatic capsule. Moreover, cytoplasm
showed vacuolation in some hepatocytes with
coagulative necrosis underneath the thick capsule.
In contrast, GAA birds supplemented with T3-
hormone showed a thick vascular wall of the
central vein and dilatation in a central vein,

Table 6. Effect of GAA on carcase traits and relative organ weights in broiler challenged with T3-hormone.

T3-hormone n
Carcase
weight, g

Dressing
yield, %

Breast muscle
yield, %

Abdominal
fat yield, %

Liver
index, %

Heart
index, %

Wing
index, %

GAA
0 0 16 1505.90 74.15 35.21 1.20 2.65 0.71c 10.26
0 1.5 ppm 16 807.20 70.07 34.53 0.33 3.21 0.99b 11.00
GAA, 0.06% 0 16 1522.80 74.18 35.72 1.10 2.51 0.67c 9.72
GAA, 0.06% 1.5 ppm 16 905.33 70.80 32.62 0.21 3.35 1.20a 10.88

SEM 24.53 0.71 0.45 0.02 0.12 0.03 0.13
Main effect means
0 32 1156.55b 72.11 34.87 0.77a 2.93 0.85b 10.63a

GAA, 0.06% 32 1214.07a 72.49 34.17 0.66b 2.93 0.94a 10.30b

SEM 17.35 0.50 0.31 0.01 0.08 0.02 0.09
0 32 1514.35a 74.17a 35.47a 1.15a 2.58b 0.69b 9.99b

1.5 ppm 32 856.27b 70.44b 33.58b 0.27b 3.28a 1.10a 10.94a

SEM 17.35 0.50 0.31 0.01 0.08 0.02 0.09
Source of variations
GAA 0.03 0.594 0.587 <0.0001 0.994 0.045 0.014
T3 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
GAAxT3 0.11 0.62 0.06 0.412 0.262 0.01 0.103

Values within the same column with different superscripts are significantly different (p < .05).
GAA: guanidinoacetic acid; T3: triiodothyronine hormone; SEM: standard error of the means; n¼ sample size.

Table 7. Effect of GAA on gross lesions and right ventricle/ total ventricle ratio in broiler’s heart challenged with T3-hormone.

Groups

mortality per week

Total RV TV ratio ascites SD NSM1 2 3 4 5

Control diet
Without T3 0 0 0 0 2 2 0 0 0 0 0 2
With T3 0 5 9 9 2 25 0.61 2.09 0.31 24 1 0

GAA diet
Without T3 0 0 0 0 0 0 0 0 0 0 0 0
With T3 0 6 12 4 4 26 0.69 2.40 0.29 25 1 0

RV: right ventricle; TV: total ventricles; SD: sudden death; NSM: non-specific mortalities; T3: Triiodothyronine, mg/kg or ppm; GAA: Guanidinoacetic
acid, %.

teidAAGteidlortnoC

Without T3 With T3 Without T3 With T3

)d()c()b()a(

Figure 1. Showed the effects of Guanidinoacetic acid (GAA) on liver histopathology in broiler challenged with T3-hormone. Livers
in (a) and (c) groups not supplemented with dietary T3-hormone. Livers in (b) and (d) groups supplemented with dietary T3-hor-
mone. Livers in (c) and (d) groups supplemented with GAA.
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sinusoids and red blood cells in the congested hep-
atic sinusoids.

Discussion

Dietary T3 was used as a stress model to increase the
AS mortality incidence and the discriminatory power
for studying other factors involved in AS according to
(Decuypere et al. 1994; Ladmakhi et al. 1997). Under
physiological conditions, T3-hormone plays an essen-
tial role in energy metabolism in skeletal muscle,
heart, liver, and kidney. It can accelerate the basal
metabolic rate by its direct influence on mitochondrial
activities and ROS production (Lin et al. 2008). T3-hor-
mone is naturally increased when broilers are sub-
jected to cold stress to increase the basal metabolic
rate to warm the body. The latter may increase the
cardiac output to provide sufficient oxygen to mito-
chondria to generate energy in the form of ATP or to
be dissipated in the form of heat loss for warming
purpose (May 1980). In our study, The decreased body
weight gain, feed intake and higher FCR in T3-hor-
mone supplemented groups were consistent with pre-
vious studies under T3-hormone challenge (Ladmakhi
et al. 1997; Habibian et al. 2017). Our study showed
no interaction between GAA and T3-hormone on
growth performance parameters. A previous study
reported that GAA at an inclusion rate of 0.1% or
0.15% improved final body weight and FCR raised
under high altitude and 15 �C from day 21 onward
(Ahmadipour et al. 2018). Therefore, a higher GAA
inclusion rate needs to be considered in future studies
for more accurate interpretation. In contrast, as a main
effect, body weight and gain tended to be improved,
but FCR was significantly improved in the GAA diet
compared to the control diet. Boney et al. (2020)
showed an improvement in FCR in birds fed on either
plant protein or animal protein-based diets that were
supplemented with GAA. Moreover, EFSA (2016); He
et al. (2019) reported an improvement in both daily
weight gain and gain per feed when supplemented
with 0.06% or 0.12% GAA. The improvement in GAA
diet can be explained on the basis that GAA was suc-
cessfully metabolised to Cre that increased energy util-
isation efficiency. Additionally, storage of energy in
the form of PCre in the cytoplasm may have provided
the muscle with ATP to support rapid growth. It may
partially compensate for the low ATP as a result of T3-
hormone supplementation that might be dissipated in
the form of heat loss or as a result of low feed intake.
Although muscle Cre concentration was not measured
under current study, previous studies showed an

increase in muscle Cre level when supplemented with
GAA either with or without fish meal supplementation
(Lemme et al. 2011) or under the stressful condition of
cyclic heat stress (Majdeddin et al. 2020).

CK and CK-MB are enzymes present in skeletal and
cardiac muscles, respectively, playing a crucial role in
energy metabolism and are indicators of muscle cell
damage (Wyss and Kaddurah-Daouk 2000). Our study
showed a significant interaction between GAA and T3-
hormone on CK and CK-MB. The GAA diet devoid of
T3-hormone was significantly the lowest in serum CK
but did not decrease under T3-hormone challenge.
Noteworthy, the GAA diet showed a significant reduc-
tion in CK-MB compared to control diet. The latter
may suggest the protective effect of Cre on cardiac
muscle under both ideal and T3-hormone challenge.
Limited studies showed the effect of GAA on CK and
CK-MB activity under ideal and stressful conditions.
The low serum CK in the GAA diet devoid of T3-hor-
mone and the low serum CK-MB in GAA diet can be
explained on the basis that PCre, the active form of
Cre, may exert a protective effect on the cell mem-
brane by its interaction with phospholipid bilayer
(Tokarska-Schlattner et al. 2012). Under stress condi-
tions, skeletal muscle may be broken down into glu-
cose as a source of energy (Virden et al. 2009) that
may explain the elevated CK in T3-hormone supple-
mented groups as a result of skeletal muscle catabol-
ism. Nevertheless, the effect of GAA supplementation
was more pronounced on cardiac muscle by providing
an immediate source of energy through Cre-PCre shut-
tle system. AST and ALT are indicators of liver func-
tion; meanwhile, GGT and creatinine are indicators of
kindly function. In our study, no interactions were
detected between GAA and T3-hormone on the liver,
kidney and T3 hormone level in the serum. T3-hor-
mone, as a main effect on serum AST, showed an
unexpected reduction compared to groups not sup-
plemented with T3-hormone. However, it is well estab-
lished that excess T3-hormone can cause liver injury
(Yang et al. 2020). Nevertheless, an increase in the
serum ALT level in T3-hormone supplemented groups
compared to T3-hormone devoid group. T3-hormone
supplemented groups showed a significant increase in
serum T3-hormone level that confirmed its utilisation
from the feed. Previous studies revealed that GAA had
no deteriorative effect on the liver and kidney func-
tion (EFSA 2016) or T3-hormone level in the blood of
broiler chicken (Michiels et al. 2012; Amiri et al. 2019).

Dietary T3-hormone as a stress factor can induce
mitochondrial-dependent ROS production as a direct
effect (Lin et al. 2008). Our results showed interactions
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between GAA and T3- hormone on liver MDA and
SOD. T3-hormone supplementation in the control diet
resulted in a significant increase in liver MDA com-
pared to other groups. Meanwhile, liver MDA was sig-
nificantly lower in GAA diet supplemented with T3-
hormone than control diet supplemented with T3-hor-
mone. Liver SOD was significantly the lowest among
the other groups in control diet supplemented with
T3-hormone. The negative effect of T3-hormone on
liver SOD was significantly mitigated in GAA diet. No
interaction between GAA and T3-hormone was
recorded in GSH and GPx. GAA diet as a main effect
showed significant improvement in liver MDA and GPx
compared to control diets. Amiri et al. (2019) reported
that GAA supplementation improved GPx and SOD
when supplemented either at the rate of 0.06% or
0.12% compared to the control group under high and
low crude protein diet. Furthermore, GAA supplemen-
tation at the rate of 0.12% under cold stress showed
significant improvements in GPx in the liver and MDA
in serum (Nasiroleslami et al. 2018). The same results
were reported in Cherry valley ducks, where GAA sup-
plementation reduced MDA in serum and increased
GPx and GSH in both serum and liver (YaQiong et al.
2016). Lawler et al. (2002) concluded that Cre had a
selective antioxidant effect against superoxide radicals
and peroxynitrite. The improvement in the overall oxi-
dative biomarkers in GAA diet supplemented with T3-
hormone can be attributed to Cre that may have
interfered with superoxide radical and peroxynitrite
formation that may result in a decrease in lipid peroxi-
dation as indicated by low MDA value and higher SOD
activity (Lawler et al. 2002).

Mitochondria have been blamed for being the pri-
mary source of ROS generation. Hyperthyroidism can
cause mitochondrial damage and ROS production (Lin
et al. 2008). Mitochondria contain respiratory chain
complex I, II, III, and IV. Their role is to transfer elec-
trons from electron bearing molecules along the com-
plex chain until reaching the final electron acceptor,
oxygen, to produce ATP (Liu et al. 2002). Complex I
and III are considered the primary producers of super-
oxide radicals. Mitochondrial dependent ROS has been
linked to pathological conditions, oxidative damage
during ischaemia, and cardiac reperfusion injury (Bleier
and Dr€ose 2013). T3-hormone under physiological con-
dition has profound impacts on mitochondrial func-
tion by regulating aerobic respiration, proton leak,
b-oxidation, and ROS production. T3-hormone in
excess can cause mitochondrial fatigue, increase ROS
that may cause mitochondrial damage and cell death
(Sinha et al. 2015). Our study provided novel results

that showed the effect of dietary GAA supplementa-
tion as a precursor source of Cre on mitochondrial
activities of cardiac muscle in diets supplemented with
T3-hormone. An earlier study demonstrated the rela-
tionship between pulmonary hypertension syndrome
(PHS) and mitochondrial dysfunction. It was concluded
that liver mitochondria obtained from broilers with
PHS showed a functional defect characterised by a
decrease in RCR (Cawthon et al. 1999). In our study,
excluding complex II, data revealed an interaction
effect between GAA and T3-hormone on mitochondrial
complex chain activity as well as respiratory control
ratio (RCR) which in line with the aforementioned
study. In mitochondrial RCR, complex I and III activ-
ities, the control diet supplemented with T3-hormone
was negatively affected; however, in the GAA diet, the
negative effect of T3-hormone was significantly miti-
gated. In control diet and GAA diet devoid of T3-hor-
mone supplementation, the mitochondrial activities
were not affected except complex IV, which was bet-
ter in GAA diet than the control diet. To our know-
ledge, no previous studies have investigated the effect
of GAA on mitochondrial complex chain activities and
RCR therefore; our data are considered as novel find-
ings. Our data may highlight the role of Cre-PCre shut-
tle system in modulating mitochondrial activity. PCre
is a potent regulator of mitochondrial ADP stimulated
respiration by decreasing the mitochondrial sensitivity
to ADP. Meanwhile, Cre has the opposite function.
Therefore, a high PCre: Cre ratio may indicate a high
energetic state of the cell that may reduce mitochon-
drial activity and damage (Walsh et al. 2001). Our
results showed that GAA, had a protective effect on
mitochondria integrity against T3-hormone challenge
as indicated by the improvement in mitochondrial res-
piration and complex chain activities.

It was expected that dietary T3-hormone could
have a negative effect on carcase traits as well as rela-
tive organ weights, which were confirmed under the
current study. Our results showed an interaction
between GAA and T3-hormone on heart index and
showed a trend on BMY. HI was higher in T3-hormone
supplemented groups compared to the counterparts
and was significantly the greatest in GAA diet. An ear-
lier study revealed that under cold stress, serum T3-
hormone increased significantly compared to the con-
trol group and resulted in an increase in heart weight
in both male and female broiler chicken (Blahov�a
et al. 2007). Our results may highlight the importance
of Cre in providing an immediate source of energy to
support the heart pump and increasing cardiac muscle
mass. As a main effect, CW, AFY, HI and WI were
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significantly improved in GAA diet compared to con-
trol diet. Limited studies investigated the effect of
dietary T3-hormone supplementation or cold stress on
carcase traits. However, under normal condition, ear-
lier studies showed that GAA had a pronounced effect
on breast meat yield (Michiels et al. 2012) and
improved carcase dressing, breast muscle, and
reduced abdominal fat (Heger et al. 2014; Metwally
et al. 2015; EFSA 2016). The overall improvement in
carcass traits in GAA diet can be attributed to the
improvement in energy utilisation efficiency in
response to GAA supplementation.

It was proven that dietary T3-hormone supplemen-
tation in broiler diet could cause RVHF and AS mortal-
ity. Earlier studies showed an increase in RV: TV
(0.33–0.37) starting from the third week onward as a
result of dietary T3-hormone supplementation
(Ladmakhi et al. 1997; Habibian et al. 2017), or dietary
supplementation of T4 (Taghizadeh et al. 2012) and
when broilers were subjected to cold stress
(Ahmadipour et al. 2018). A previous study revealed a
reduction in RV: TV ratio from 0.30 to 0.27 and 0.27,
ascites mortality from 26% to 22% and 18%, and an
increase in serum nitric oxide level from 4.7 lM to
6.1 lM and 10.1 lM when the diets supplemented
with 0.075% and 0.15% GAA, respectively (Faraji et al.
2019). Our study showed that T3- hormone supple-
mented group resulted in AS starting from the second
week onward, which was one week earlier than these
previous studies. The gross lesion of the dead birds
showed dilatation of the right ventricle. Interestingly,
dietary T3-hormone in GAA diet showed less dilated
right ventricle and showed more muscle mass (69 g)
compared to the control group supplemented with T3-
hormone (60 g). T3-hormone supplementation in the
control diet showed greater RV: TV (0.31) than when
supplemented in GAA diet (0.29). Supplementation of
GAA to T3-hormone supplemented diet did not
decrease the ascites mortality under this current study
but showed a potentiality as indicated by lower RV: TV
and more muscle mass. The latter can be explained
on the ground that serum nitric oxide level was not
high enough to reduce the ascites mortality. Although
nitric oxide was not measured in our study, a previous
study showed that high inclusion level of GAA
(0.075–0.15%) increased serum nitric oxide level and
decreased the ascites mortality in broiler chicken
raised at high altitude (Faraji et al. 2019). Therefore,
more investigations are required to elucidate if higher
inclusion rate of GAA can reduce the ascites mortality
under T3-hormone challenge.

Dietary T3-hormone supplementation not only
affected cardiac muscle but also caused a liver injury.
A previous study confirmed the negative impact of
hyperthyroidism on the rat liver (Yang et al. 2020).
Our results showed that liver injury as a result of diet-
ary supplementation of T3-hormone in GAA diet was
less severe compared to the control diet. The improve-
ment in oxidative biomarkers, mitochondrial activities
and energy utilisation efficiency in our study may
have contributed to lowering the liver injury. Further
studies are needed to confirm our results.

Conclusions

GAA supplementation at the rate of 0.06% was able to
mitigate the negative effect of dietary T3-hormone
supplementation on oxidative biomarkers, mitochon-
drial activities and liver injury. Still, it was not able to
reduce the incidence of AS at such inclusion rate.
Further studies are needed to elucidate the effect of
GAA at higher inclusion rate for more data accuracy
with regards to AS.
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