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ABSTRACT - The objective of this study was to evaluate the hepatic metabolism and
performance of broilers fed reduced-energy diets (50 kcal/kg less), with or without
guanidinoacetic acid (GAA). A total of 432-day-old male chicks of the Cobb 500 lineage
were distributed in a completely randomized design with three treatments and eight
replications. The treatments consisted of a basal diet (BD), basal diet with a reduction
of 50 kcal/kg (RBD) and a basal diet with a reduction of 50 kcal/kg supplemented with
GAA (GAAD). The parameters evaluated were broiler performance, lipid metabolism,
and hepatic histomorphometry. A multivariate analysis of lipid profile, hepatic
histopathology, and energy intake was performed. At 21 and 28 days, birds fed BD
and GAAD exhibited lower feed intake (FI) and birds fed BD showed the best feed
conversion ratio (FCR) (P<0.05). At 41 days, the best FCR was observed in birds fed
BD and GAAD (P<0.05). There was no difference in energetic intake of broilers at 41
days (P>0.05). However, birds fed BD had a higher FI (P<0.05). Birds fed GAAD showed
a higher level of very low-density lipoprotein (VLDL) and triglycerides (TGL) and a
lower level of albumin (ALB) (P<0.05). The hepatic histopathology showed a higher
level of inflammation infiltrated in birds fed BD and GAAD (P<0.05). A multivariate
analysis showed that birds fed GAAD had higher levels of high-density lipoprotein
(HDL), VLDL, and TGL and a better liver interstitial pattern. The use of GAA improves
the performance of birds fed GAAD compared with RBD and increases the availability
of VLDL and TGL in the birds’ blood.

Keywords: creatine, energy, metabolism, poultry

1. Introduction

The use of feed additives in the poultry industry has been studied to optimize production costs
and performance. Guanidinoacetic acid (GAA) is the main creatine precursor. It can be particularly
important for broiler lines with fast initial development due to the high demand for energy for growth
and muscular development, in this case the energy comes from the creatine (Brosnan et al., 2009). The
creatine synthesis starts in the kidney with the participation of glycine, arginine, and methionine. In
the kidney, the arginine transfers its amidino group to glycine to form GAA, which is then transmethylated
to creatine in the liver. Methionine is the main donor of methyl groups to the transmethylation
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reaction through S-adenosylmethionine (SAM). SAM is demethylated to S-adenosylhomocysteine and
transfers its methyl group for the synthesis of creatine, phosphatidylcholine (PC) and methylated DNA
(McBreairty et al.,, 2013). Creatine is transported through the blood to cells with high energy demand,
where it is stored in tissues with elevated energy requirements (Verhoeven et al., 2005). Once inside
the cells, creatine is phosphorylated to phosphocreatine, which then serves as an energy source for the
cells. This reaction occurs with the participation of the creatine kinase enzyme.

To utilize GAA, it’s useful to determine its equivalency to metabolizable energy (ME) in broiler diets
(Khajali et al., 2020). The first studies with ME reduction showed that GAA supplementation can
contribute with 47.8 kcal/kg (Cenesiz et al,, 2020) and 50 kcal/kg (Ceylan et al,, 2021). Salgado etal. (2023)
concluded that the average metabolizable energy equivalence of 600 mg/kg of GAA is 88.5 kcal/kg
for broilers. This energy comes from GAA metabolism starting in the liver, producing creatine that will
be stored in the muscle as phosphocreatine (Verhoeven et al., 2005). The liver plays a key role in the
metabolism of GAA, as this process occurs within the liver and leads to metabolic consequences in
birds. Furthermore, GAA supplementation can increase the level of metabolizable energy bypassing
the self-regulation of endogenous energy production (FEEDAP, 2009).

In avian species, the liver makes the most significant contribution to lipogenesis, accounting for
approximately 95% of de novo fatty acid synthesis. In addition, the liver is also a vital organ for the
intermediary metabolism of lipids and energy (Huang et al., 2013), in which several key enzymes, such
as acyl-CoA oxidase 1 (ACOX1), carnitine palmitoyltransferase-1 (CPT1), fatty acid synthase (FASN),
and peroxisome proliferation-activated receptor o (PPARa), play a central role in the normal process of
lipid metabolism (Oaxaca-Castillo et al.,, 2007; Schlaepfer et al., 2014; Pawlak et al., 2015).

We hypothesized that supplementation with GAA in broiler diets allows the reduction of energy
content without compromising the metabolism and performance of birds. The main objective of
this study was to evaluate the hepatic metabolism and performance of broilers fed GAA in diets with
reduced energy content.

2. Material and methods

Animal research was conducted in accordance with the guidelines of the institutional committee
on animal use (case number 050/23). The experiment was carried out in Goiadnia, Goids, Brazil
(16°35'48.3" S and 49°17'08.8" W).

2.1. Experimental design and broiler management

The study was performed in an industrial chicken facility with an area of 1,500 m? (12 x 125 m), 0.40-m
masonry side walls, 2.80-m high wire mesh, and a ceiling height of 3.20 m. A total of 432-day-old male
Cobb 500 chicks were randomly distributed, with three treatments and eight replications of 18 birds
per treatment.

The treatments consisted of a basal diet (BD), a basal diet with a 50 kcal/kg reduction (RBD), and
a basal diet with a 50 kcal/kg reduction supplemented with 600 g/ton of GAA source product, that
contain 96% of GAA (Table 1). The experiment lasted 41 days and was divided into five rearing stages:
pre-initial (1 to 7 days), initial (8 to 21 days), growth 1 (22 to 28 days), growth 2 (29 to 35 days) and
final (36 to 41 days). Birds received the same diet until seven days of age, after which the experimental
diets were provided starting in the initial phase (day 8).

The birds were housed in 24 experimental pens measuring 1.80 x 1.60 m made of plastic mesh and
PVC pipes and placed inside an industrial chicken house. Each pen contained drinkers, feeders, and
reused rice husk litter. Water and feed were made available ad libitum throughout the experimental
period. The internal heating of the house was monitored by measuring air temperature and relative
humidity. Constant lighting was provided by fluorescent lamps. The lighting program adopted was
continuous with 12 hours of light during the day and 6 to 10 hours of lighting at night during the
experimental period. Artificial lighting was generated by 15 W LED lamps distributed throughout the
aviary, providing 22 lux/m?.

R. Bras. Zootec., 54:¢20250016, 2025



Hepatic metabolism of guanidinoacetic acid on broilers

Paz et al.

"Yv9 yum paquawajddns pue 8y/[edy 0G JO uononpal YIIm 1a1p [eseq - VY9 ‘83/[ed¥ 0§ Jo uononpal yim 1a1p [eseq - qgy 291p [eseq - ad

R. Bras. Zootec., 54:¢20250016, 2025

LL8T0 ZEBT0 2880 LIOZO 91070 €200 62220 82220 €220 87¥T0  LTYTO  ¥EKVZTO  ¥I9Z0 ¥I9Z0 ¥I9Z0 (%) ueydord4n resog,
ZFIT'0  LO9T'0  LV9T'0  H9LT'0  €9LT0 69L1°0  9¥61°0  Sk6T0 LF6T'0 61120 8ITZ0 +#ZIZ0 98220 98720 98220 (%) ueydordAn s[qnsadiq
6TTL0  LT690 LITLO  TOLLO  669L0  LLO 19580 9580 85580 ¥I60  8ET60 €060 6VL60  6VL60  6¥L60 (%) autuoaiyy [e3o],
LET90 98650 LET90  9¥99°0  ¥H99°0  LP990  L6ELO  96EL0 96EL0  ¥68L0 T68L0 S6LLO  9¥¥80 9VK80  9t¥80 (%) sutuoauyy a1qnsasiq
609T°0 LLST'0 809T'0  €09T0 €09T°0 2Z09T'0  €0LT0 €0LT°0 ZOLTO0  ¥T0Z0 H#I0Z0 €T0Z0  €ETZ0 €EITO0 EETTO (%) wnipos
SYIL'LT 6V6T'LT 9%SL'LT T068'81 SS88'81 €£€88'8T L20S°0C 600S°0Z CILY0C 169022 L¥90°CC €SS0°CC C9EV'EC C9EV'ET T9EV'ET (%) urazoad spna)
¥625°0 €0Z50 Y0ESO 7850  LI8S0 67850 €690 LZEY0 TPEYD  66L90 86L90 60890  ELVLO ELYLO ELVLO (%) suruonpaw [e30],
S10S'0 8€6¥'0 SZ0S0 61550 L1990  8¢ZSS0 10090 86650 ¢1090 Y90 1¥Y9°0 €SY9°0 1.0 120 120 (%) suruoryow s[qnsssiq
8L08'0 8I6L0 8L080  S7/80 7TL80 STL80  HI¥6'0  ZT¥6'0  ETF60  8S00T  9S00T  6S00T  L¥BO'T L¥BOT LY8OT (%) dureIsAd + dutuonyIOUW [e30],
SPELD  61TL0 LPELOD  SK6L0  EV6LO  LV6LD  99S8'0  €9S80 L9580  SPI60 EVI60 8FI60 66860 66860 66860 (%) duIeishd + sutuongiow o[qusasiq
LSLTT  88YT'T  LVLTT  SS9TT  ¥S92T  LV9ZT  8YIFT  LVIVT  LVIPT  6E6¥T  6S6FT  ZE€6V'T  6€85T 6£8ST  6E8ST (%) autsA] [ero],
ZL0T  SOSOT TTLOT  8EST'T  8EST'T  €STT 806ZT  L06TT 60621 T6SET  T6SET  ¥8SET  STHYT  STHET  SThET (%) suisA] ojqusasiq
L¥0ZT0 ZHBT0 ¥¥0ZT0  €ZETO  TTZETO  6IET0 8520  8SZ0  LLSTO  €91E€0 €9TE0  9TE0  LVIEO0 LFIEO  LFIE0 (%) sn1oydsoyd ajqefreay
66900 16500  L00 SS80°0  SS80°0  9S80°0  LL600  LL60'0 64600  LEET'0  LEET0  BEET'0  L99T'0  L99T'0  L99T'0 (%) snioydsoyd siqnsasiq
Y6'IY6Z Y6168 t6T¥6Z 608167 608987 608167  SEFE6T SEVB8T SEVE6Z  £V'6987 EV6I8T £4'6987 0£€087 0£€087 0£€08T (851/1e0%) A810u0 d[qeEZIOqRIDN
ZIT90  29L50 TITT90 72990 22990 22990  ¥L690  +L69°0 €L690  988L0 988L0 S88L0  €5060 €S060 €506 (%) wntorey
avvo  agy ad avvo agd ad avvo agd ad avvo  aqyd ad avvo  agy ad
(shep 1% - 9¢) (shep s€ - 62) (sAep 8z - 22) (shep 1z -8) (shep £ - 1)
leulq YARCINORE)] T Iemouan J9l1els J911e3s-a.ad

191p [BUY [[IUN J19}1E)S-2.1d W01 SIDIP JO S[9AS] [BUORILIINN - T d[qEL



Hepatic metabolism of guanidinoacetic acid on broilers
Paz et al.

2.2. Analyzed parameters

Bird performance was evaluated at 7, 21, 28, 35, and 41 days of age. Feed intake (FI; g/bird) was
calculated as the difference between the amount of feed supplied and the amount left over in the
feeders. Body weight gain (BWG; g) was obtained as the difference between the initial and final body
weight in each phase. The feed conversion ratio (FCR) was estimated from the ratio between FI and
BWG. Data were corrected for mortality.

At 41 days of age, 5 mL of blood were taken from the ulnar vein of the right wing of three birds from
each treatment. Birds were then euthanized following electronarcosis. The birds represented the
average weight of each replication, with a standard deviation of 5%. Each bird was weighed and
identified. During evisceration, abdominal (retroperitoneal) fat was removed, and liver samples were
taken immediately.

Blood samples were stored in sterile tubes to obtain the serum. The sample was centrifuged at 3000 rpm
for 15 minutes. Two milliliters of serum were then collected and transferred to Eppendorf tubes.

The following parameters were analyzed by spectrophotometry in an automatic analyzer CM250
(Wiener®, Rosario, Argentina), as recommended by the supplier (Bioclin®, Belo Horizonte, MG):
albumin (ALB), cholesterol (COL), high-density lipoprotein (HDL), low-density lipoprotein (LDL),
very low-density lipoprotein (VLDL) and triglycerides (TGL).

Liver samples (2 x 2 cm) were collected from the left side and preserved in 10% formalin for 48
hours. The samples were then treated and stained using the Hematoxylin-Eosin method. One slide per
sample was prepared and analyzed individually. The slides were assessed at five different points, with
the final score being the average of these. The following parameters were scored (1 = good, 2 = fair,
and 3 = bad): interstitial pattern, congestion, and inflammatory infiltrate. Grade 1 (mild): steatosis
(predominantly macrovacuolar) affecting up to 66% of hepatocytes. Occasional ballooning in zone 3.
Scattered foci of intralobular polymorphonuclear inflammatory infiltrate. Absent or discrete portal
inflammation. Grade 2 (moderate): steatosis of any degree. Obvious ballooning of hepatocytes in zone 3.
Polymorphonuclear inflammatory infiltrate more important than in zone 1, which may be associated
with pericellular fibrosis in zone 3. Mild to moderate portal inflammation. Grade 3 (marked): panacinar
steatosis (typically > 66%). Marked ballooning in zone 3. Lobular inflammation more pronounced
than in grade 2. Mild to moderate portal inflammation (Brunt et al., 1999).

2.3. Statistical analyses

Data on broiler performance, blood and liver samples were analysed using analysis of variance
(ANOVA), with means compared by the Scott-Knott’s test at the 5% probability level. A multivariate
analysis of principal components was performed to assess the interrelationships between variables
and treatments. The R Version: 2024.09.1+394 (The R Project for Statistical Computing) computer
software was used for the analysis.

The statistical model used was:
Yp=m*a e, (1)
in whichyl.k = an observation in level i of factor a (i = 1,2,3) and repetition k (k= 1,2,...,8); m = the overall

mean; a, = the fixed effect of factor a (i = 1,2,3); and e, = the random error with mean 0 and variance o°.

3. Results

Birds fed GAAD showed a better FCR than birds fed RBD (P = 0.0137) at 41 days. However, the FCR was
the same for broilers fed RBD and GAAD at 21 (P = 0.001) and 28 days (P = 0.0215; Table 2).

R. Bras. Zootec., 54:¢20250016, 2025
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There were no differences in energy intake between broilers fed different feeds (P>0.05). However, a
difference in feed intake was observed at 21 (P = 0.0182), 28 (P = 0.0131) and 35 days (P = 0.0291).
Birds fed RBD had a higher FI (Table 2).

The low energy level in the RBD diet reduced the level of the inflammatory infiltrate in the birds (P = 0.02;
Table 3).

Table 2 - Performance of broilers fed different diets with/without GAA supplementation and reduction or not
of 50 kcal/kg

Treatment
Parameter SEM P-value
BD RBD GAAD
8 to 21 days
FBW (g) 923 942 903 0.015 0.2076
FCR 1.231b 1.290a 1.301a 0.011 0.001
CEI (kcal) 2840 2997 2921 46 0.0827
FI(g) 1137b 1216a 1174b 0.017 0.0182
8 to 28 days
FBW (g) 1542 1585 1528 0.0208 0.1604
FCR 1.380b 1.424a 1.415a 0.010 0.0215
CEI (kcal) 6261 6506 6356 81 0.2127
FI(g) 2129b 2256a 2164b 0.028 0.0131
8 to 35 days
FBW (g) 2441 2405 2391 0.062 0.8426
FCR 1.433 1.530 1.466 0.033 0.2821
CEI (kcal) 10485 10215 10175 130 0.123
FI(g) 3657a 3500b 3491b 0.045 0.0291
8 to 41 days
FBW (g) 3088 3144 3065 0.036 0.3221
FCR 1.563b 1.609a 1.580b 0.010 0.0137
CEI (kcal) 14818 14433 14339 194 0.2053
FI(g) 5057a 4847b 4827b 0.065 0.0396

BD - basal diet; RBD - basal diet with reduction of 50 kcal/kg; GAAD - basal diet with reduction of 50 kcal/kg and supplemented with GAA;
FBW - final body weight; FCR - feed conversion ratio; CEI - cumulative energy intake; FI - feed intake; SEM - standard error of the mean.
Means followed by different letters in the row differ from each other by Scott-Knott’s test at 5% probability.

Table 3 - Hepatic histomorphometry of broilers fed different energy level and supplementation of GAA or not

Treatment
Parameter SEM P-value
BD RBD GAAD
Interstitial pattern 1.87 2 1.87 0.14 0.79
Congestion 1.87 1.5 1.75 0.29 0.65
Inflammatory infiltrate 1.87a 1.00b 2.12a 0.28 0.02

BD - basal diet; RBD - basal diet with reduction of 50 kcal/kg; GAAD - basal diet with reduction of 50 kcal/kg and supplemented with GAA;
SEM - standard error of the mean.
Means followed by different letters in the row differ from each other by Scott-Knott's test at 5% probability.

Birds fed GAAD had a higher level of VLDL (P = 0.04), TGL (P = 0.04) and a lower level of ALB (P = 0.002;
Figure 1).

The multivariate analysis of principal components showed an interrelationship between variables
and treatments (Figure 2). The PCA biplot is depicted in Figure 2. The first principal component
(PC), PC1, accounted for by approximately 56% of the total variance, whereas PC2 accounted for most
of the remaining variance (~44%). In general, all traits explained variance in both PCs, except for HDL,
which was only associated with PC2. In addition, apart from VLDL and TGL for PC1, and CEI_Final,
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Figure 1 - Lipid profile and albumin level of broilers fed different energy level and supplementation of GAA or not.
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Figure 2 - Principal component biplot of lipid profile, hepatic histopathology and energy intake.
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FI_Final, COL, PAD, Inf,, and ME_Final for PC2, all traits explained similar portions of the variance of
their respective PCs. A high correlation was observed amongst CEI_Final, FI_Final, and COL, between
ALB and LDL, and between VLDL and TGL. PC1 indicates that animals fed RBD had overall greater
values of CEI_Final, FI_Final, COL, ALB, and LDL, compared to those fed GAAD, who had greater values
of Cong, ME_Final, Inf., PAD, VLDL, and TGL. In contrast, PC2 shows that animals fed BD had greater
values for Inf., ME_Final, Cong, ALB, and LDL, compared to those fed GAAD or RBD, who had greater
values of PAD, VLDL, TGL CEI_Final, FI_Final, COL, and HDL.

4. Discussion

Birds fed GAAD showed a better FCR than birds fed RBD at 41 days. The use of GAA as a precursor of
creatine performed well as an energy provider, and the reduction of energy by the feed was covered
by the synthetic energy source. These results agree with the results found by Pirgozliev et al. (2022),
who observed better FCR in birds fed diets with a 50 kcal /kg reduction in metabolizable energy (ME)
and supplemented with GAA. Up to 28 days, there was no difference in FCR between birds fed RBD
and GAAD. Due to the initial fast growth rate, the FCR was low because of the good feed response;
however, after 28 days, the growth rate tends to decrease and the FCR tends to increase. Therefore,
the energy level coming from the GAAD is helpful to keep a lower FCR. According to Salgado et al.
(2023), 600 mg/kg of GAA supplementation contributed with 88.5 kcal/kg in broiler diet. Birds fed
RBD consumed more feed during this period to meet their energy requirements, which resulted in an
increased FCR.

Feed intake was higher for birds fed RBD up to 35 days, which impacted the FCR due to the higher
body weight gain until 41 days. The low energy level of RBD diet can explain the higher FI.

Birds fed RBD had the same cumulative energy intake (CEI) from 8 to 41 days as those fed BD and GAAD,
indicating that their energy requirements were met through higher feed intake during this period.
Although final FI was higher for birds fed RBD, there was no statistically significant difference in final
BW. Birds fed RBD had to consume more to support growth and maintain metabolic balance, but this
did not result in a statistically significant change in final BW. Verhelle and Saremi (2024) also observed
that reduction of dietary energy by 50 and 100 kcal did not significantly influence the performance
of birds at all stages of growth, but the GAA supplementation at 0.06% or 0.12% alleviated the lower
performance of broiler fed arginine deficiency.

Regarding the histopathology and the blood parameters, birds fed RBD showed the fewest changes
in liver and blood markers compared to the other two groups. The dietary energy dilution impacted
the level of inflammatory infiltrate for birds fed RBD when compared with the other treatments. The
metabolism of animals fed a diluted diet appears to be less demanding on the liver compared to that fed
a concentrated diet with different energy sources (either from feed or GAA). In contrast to these results,
Fathi et al. (2024), concluded that dietary GAA supplementation can alleviate inflammation response
by decreasing lipid peroxidation, TNF-a, and IL-1 in broiler chickens. Blood parameters remained
similar to those fed BD and were lower than those observed in birds fed GAAD.

Birds fed GAAD had the same FI as birds fed BD up to 41 days, indicating that GAA delivered the same
energy level as the conventional ingredients used in the BD feed. The lipid profile levels of birds fed
GAAD were higher compared to those fed BD and RBD, with increased levels of VLDL and triglycerides
(TGL), while albumin (ALB) levels were lower. Wu et al. (2024) reported that de GAA resulted in lower
triglycerides in the liver of ducks, but higher intramuscular fat in breast compared to ducks fed without
a GAA. According to these authors, the lipoprotein lipase (LPL) increased with GAA in diets. In birds,
the lipogenesis occurs in the liver, and the lipids are transported until the tissues by VLDL, where are
deposited in the adipose tissue through the action of LPL.

The energy metabolism in the liver of birds fed GAAD was higher than that of birds fed BD and RBD.
Under normal conditions, once the required energy level is reached, the body inhibits creatine synthesis
through negative feedback. Using GAA as a precursor for creatine bypasses the regulatory system,
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allowing energy production and storage to occur without the usual feedback mechanism. Increasing
levels of dietary GAA gradually increased creatine concentration in breast muscle and liver tissues in
broiler (Tossenberger et al., 2016) and creatine contents in breast muscle of ducks (Wu et al., 2024).

The elevation in TGL levels is expected, as TGL serves as the primary carrier of energy in the body.
The increased levels of TGL and VLDL indicate that the primary source of energy is derived from
adipocytes as free fatty acids but rather from the liver in the form of esterified fatty acids.

5. Conclusions

The use of GAA improves bird performance and increases the availability of VLDL and TGL in the blood.
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