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The present study aimed to investigate the effects of dietary pioglitazone hydrochloride (PGZ) and L-
carnosine (LC) supplementation on the growth performance, meat quality, antioxidant status, and meat
shelf life of yellow-feathered broiler chickens. Five hundred broiler chickens were randomly assigned
into 4 experimental diets using a 2 � 2 factorial arrangement with 2 PGZ supplemental levels (0 and
15 mg/kg) and 2 LC supplemental levels (0 and 400 mg/kg) in basal diets for 28 d. The feed-to-gain ratio
decreased whereas the average daily gain increased with PGZ supplementation. Greater dressing per-
centages, contents of intramuscular fat (IMF) in breast and thigh muscles, C18:3n-6, C18:1n-9 and
monounsaturated fatty acid (MUFA) percentages of thigh muscle were observed with PGZ addition.
Additionally, significant synergistic effects between PGZ and LC on the C18:1n-9 and MUFA contents
were found. Supplementation with LC decreased drip loss, cooking loss and total volatile basic nitrogen,
and increased the redness (a*) value, the superoxide dismutase and glutathione peroxidase activities in
thigh muscles. Moreover, the malondialdehyde content decreased when diets were supplemented with
LC, and there was a synergistic effect between PGZ and LC. Additionally, the mRNA abundance of
lipogenesis-related genes, such as peroxisome proliferator-activated receptor g (PPARg), PPARg co-
activator 1a and fatty acid-binding protein 3, increased with PGZ supplementation, and relevant anti-
oxidation genes, such as nuclear factor erythroid-2-related factor 2 and superoxide dismutase 1, were
enhanced with LC supplementation. In conclusion, the results indicated that the supplementation of PGZ
and LC could improve the growth performance, antioxidant ability, IMF content, and meat shelf life of
yellow-feathered broiler chickens.

© 2021, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting
by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chicken meat is regarded as a good choice for healthy diets due
to its higher proportion of polyunsaturated fatty acids (PUFA) than
that of meats from polygastric animals (Berzaghi et al., 2005).
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Additionally, consumers prefer to choose meats with better color
and taste (Jiang et al., 2018). Intramuscular fat (IMF) is a key indi-
cator of meat quality and has a positive impact on meat tenderness,
flavor, and carcass performance (Bonny et al., 2015; Costa et al.,
2012). The fatty acid profile of muscle is closely related to human
health, but it is susceptible to oxidative stability and in turn causes
negative effects on flavor (Wood et al., 2008). Therefore, there is an
urgent need to develop a method for enhancing the IMF content
and simultaneously improving the antioxidant capacity of meat.
Moreover, nutritional supplementation is considered an effective
way to protect poultry meat from oxidation (Engel et al., 2015).

As a high-affinity ligand for peroxisome proliferator-activated
receptor g (PPARg), pioglitazone hydrochloride (PGZ) can promote
adipocyte differentiation (Machado et al., 2019). Early study found
increased lipid accumulation in the skeletal muscle of rodents by
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
nses/by-nc-nd/4.0/).
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Table 1
The ingredients and nutrient composition of basal diet (as-fed basis, %).

Ingredients Content Nutritional level Content

Corn 71.36 ME, MJ/kg 12.97
Soybean meal (46%) 21.21 Crude protein 16.50
Corn protein flour (60%) 2.79 Crude fiber 1.97
Soybean oil 2.45 Calcium 0.80
Dicalcium phosphate 0.90 Total phosphorus 0.48
Sodium chloride 0.35 Non-phytate phosphorus 0.26
L-lysine sulfate (70%) 0.33 Sodium 0.16
DL-methionine (98%) 0.14 Potassium 0.62
L-threonine (98%) 0.04 Lysine 0.93
Choline chloride (60%) 0.03 Methionine þ Cystine 0.70
Premix1 0.40

ME ¼ metabolizable energy.
1 Provided the following per kilogram of diet: vitamin A, 2,200 IU; vitamin D3, 410

IU; vitamin E, 25 IU; vitamin B1, 3.7 mg; niacin, 47.0 mg; Cu, 5.0 mg; Fe, 76.0 mg; Zn,
47.0 mg; Mn, 73.0 mg; Se, 190.0 mg.
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feeding them PGZ (Todd et al., 2007). Our previous studies found
that PGZ supplementation increased the IMF in the muscle of pigs,
indicating that PGZ has a potential to alter marbling adipogenesis
(Chen et al., 2013; Jin et al., 2018a). In addition, previous studies
have indicated that PGZ can improve the proportion of the mono-
unsaturated fatty acid (MUFA) in rodent muscle and PUFA in the
muscle of pigs (Chabowski et al., 2012; Jin et al., 2018b). Moreover,
we determined the residual amount of PGZ in the muscle tissue,
liver and serum of chickens and found no residues, which
demonstrated that PGZ has a potential as an additive.

Although PGZ can increase IMF and improve muscle juiciness,
the enhanced lipids are also susceptible to oxidation. According to
previous reports, lipid oxidation results in poor nutritional values
and off-flavors of meat (Baron and Andersen, 2002; Faustman et al.,
2010). L-Carnosine (LC) is composed of L-histidine and b-alanine
and exists mainly in skeletal muscles (Bao et al., 2015). LC is a
naturally present antioxidant in animals that can directly scavenge
oxygen free radicals (Gariballa and Sinclair, 2000). Based on the
antioxidant properties of LC, its presence in the diet could play a
vital role in antioxidant defense systems.

Therefore, the purpose of this experiment was to explore
whether the addition of PGZ could increase the IMF contents and
whether LC could protect them from oxidation, thereby improving
meat quality and extending the meat shelf life of broiler chickens.

2. Materials and methods

All experimental procedures involving animals were performed
in accordance with the Guidelines for Care and Use of Laboratory
Animals of South China Agricultural University and were approved
by the Animal Ethics Committee of South China Agricultural Uni-
versity (Guangzhou, China).

2.1. Materials

The PGZ (purity � 99%) was purchased from Chengdu Yuyang
High Technology Development Co., Ltd. (Chengdu, China), and LC
(purity � 98%) was purchased from Shanghai Macklin Biochemical
Technology Co., Ltd. (Shanghai, China).

2.2. Experimental design and dietary supplementation

Five hundred female yellow-feathered broiler chickens with a
similar weight (1.63 ± 0.02 kg) that were approximately 72 d of age
(1 month before slaughter) were randomly divided into 4 groups,
each group with 5 replicates (with each replicate containing 25
broiler chickens). Broiler chickens were randomly assigned into 4
experimental diets using a 2 � 2 factorial arrangement with 2 PGZ
supplemental levels (0 and 15 mg/kg) and 2 LC supplemental levels
(0 and 400 mg/kg) in basal diets for 28 d. The basal diet (Table 1)
was formulated according to the Poultry Nutrient Requirements
(Ministry of Agriculture of the People’s Republic of China, 2004).
The birds were housed in a room with a concrete floor covered in
wheat shavings and allowed ad libitum access to the diets and
water. There was a continuous lighting for 23 h and the room
temperature was maintained at approximately 25 ± 2 �C. Feed
intake was recorded daily to calculate the average daily feed intake
(ADFI). Theweight of each group of broiler chickens was weighed at
1, 15, and 29 d to calculate the average daily gain (ADG). The feed-
to-gain ratio (F:G) was calculated with ADFI and ADG.

2.3. Sample collection

From each replicate, 3 broiler chickens of average weight were
selected (totaling 15 broiler chickens per group) after 12 h of
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overnight fasting. Blood were taken from the jugular vein, and
serum was collected after centrifugation 1,000 � g for 15 min at
4 �C. Breast and thigh muscles were collected immediately, fol-
lowed by flash-freezing in liquid nitrogen and storage at �80 �C.
The remaining sample pieces were stored in a freezer at 4 �C to
detect the total volatile basic nitrogen (TVB-N) of the thigh muscle
at 0, 3, 5, 7, and 9 d.

2.4. Serum biochemical indices

The levels of serum urea nitrogen (SUN), total protein (TP), high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), cholesterol (CHO), and triglyceride (TG) were
determined using the commercial kits purchased from Jiancheng
Bioengineering Institute (Nanjing, China).

2.5. Carcass performance and meat quality

After the blood and feathers were removed, the carcass weight
was determined. The head, feet and all organs except the lungs and
kidneys were all removed, and then the semi-eviscerated weights
were determinate. After removing the lungs and kidneys, the
eviscerated weights were obtained. The above indicators were then
expressed as percentages of the carcass weight.

Muscle from the left body of chicken was used for the pH, color,
and shear force determination. The pH was measured with a pH
meter (DPH-2, ATAGO, Tokyo, Japan) and the color was detected
with a colorimeter (NR10QC, Shanghai, China) at 45 min and 24 h
after slaughter. Shear force was measured with a digital muscle
tenderness tester (C-LM3B, Harbin, China). The determination of
TVB values was followed the method described by Goulas and
Kontominas (2005) and expressed as milligram of TVB-N per 100 g.

2.6. Oil red O staining

Oil red O stain solution was prepared by diluting the stock so-
lution (0.50 g of Oil red O dry powder in 100 mL of 100% isopropyl
alcohol) with distilled water at a ratio of 3:2, and let it stand for
10 min before use. The principle of ready-to-use was followed to
avoid precipitation of the diluent. The frozen slice with thickness of
8 mm of thigh muscle were washed with distilled water before
rinsing in 60% isopropyl alcohol for 20 s, and then placed in Oil red
O staining solution for 5 min. Excess dye solutionwas washed away
with 60% isopropyl alcohol, then rinsed the slice with distilled
water for 15 s. Then the slices were coveredwith glycerin gelatin for
detection (Sullivan et al., 2013).
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2.7. Detection of antioxidant ability

The activities of catalase (CAT), superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), total antioxidant capacity (T-
AOC), and the content of malondialdehyde (MDA) of the thigh
muscle were measured using the commercial kits purchased from
Jiancheng Bioengineering Institute (Nanjing, China).
2.8. Intramuscular fat content

Total contents of lipid in breast muscle and thigh muscle were
determined using the procedure detailed by Folch et al. (1957). The
total lipids were extracted in triplicate from 30-g meat samples and
used for fatty acid determination.
2.9. Determination of fatty acid profile

The lipid was then methylated following the method that re-
ported by Kramer et al. (2008). Obtained fatty acidmethyl ester was
analyzed using a 7890A gas chromatograph (Agilent, Madrid,
Spain) equipped with a flame ionization detector, and non-
adecanoic acid was used as the reference standard to identify the
fatty acids (Bravo-Lamas et al., 2016).
2.10. Determination of the related mRNA abundances

Total RNA was extracted using TRIzol as previously described
(Ambion, Beijing, China) (Wan et al., 2018). The synthesis of cDNA
was performed using Primer Script (GenStar, Shanghai, China) and
used for Real-Time PCR amplification by a T100 Thermal Cycler
(GenStar, Shanghai, China). Sequences of the primers were shown
in Table 2. Amplifications were performed in a 20-mL reaction vol-
ume containing 9 mL of SYBR Green Reagent (Genstar, Beijing,
China), 2 mL of primer solution (100 nm), 2 mL of 3 � diluted cDNA,
and 6 mL of ultrapure water. IQ5 RT-PCR device (Bio-Rad, California,
USA) and 2�DDCt method was used to calculate the relative mRNA
abundance (Wan et al., 2018).
2.11. Statistical analysis

The software of SPSS (version 22.0, Chicago, IL, USA) was used to
determine the levels of statistical significance (P ¼ 0.05) using a
2 � 2 factorial treatment design. Differences among the treatments
were consider significant when P < 0.05.
Table 2
Primer sequences for real-time PCR analyses.

Genes1 Accession no. Pri

PPARg NM_001001460 F: G
R:

PGC-1a NM_001006457.1 F: G
R:

FABP3 NM_001030889 F: A
R:

NRF2 NM_205117.1 F: C
R:

SOD1 NM_205064.1 F: A
R:

GPX4 NM_001346448.1 F: C
R:

GADPH NM_204305 F: A
R:

1 PPARg ¼ peroxisome proliferators-activated receptor g; PGC-1a ¼ PPARg coactiva
related factor 2; SOD1 ¼ superoxide dismutase 1; and GPX4 ¼ glutathione peroxidase
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3. Results

3.1. Growth performance and serum biochemical indices

The growth performance of yellow-feathered broiler chickens is
shown inTable 3. The supplementation of PGZ decreased the F:G ratio
and increased the ADG (P ¼ 0.037 and P ¼ 0.043), respectively.
Moreover, the F:G ratiowasdecreasedwhendiets supplementedwith
LC (P ¼ 0.024). As shown in Table 4, PGZ supplementation decreased
the levels of serum LDL-C and CHO levels (P ¼ 0.036 and P ¼ 0.031),
whereas the level of serum HDL-C was enhanced when diets sup-
plemented with PGZ (P ¼ 0.008). Dietary supplementation with LC
also decreased the level of serum LDL-C (P ¼ 0.021). There was no
synergistic effect between PGZ and LC on the LDL-C level (P ¼ 0.166).
3.2. Carcass performance

As shown in Table 5, PGZ increased the dressing percentage and
decreased abdominal fat rate (P ¼ 0.006 and P ¼ 0.019). Moreover,
the supplementation of PGZ exhibited a tendency toward increased
semi-eviscerated yield (P ¼ 0.056).
3.3. Meat quality

The supplementation of LC decreased the cooking loss and drip
loss of breast muscle (P ¼ 0.015 and P ¼ 0.028) (Table 6). The IMF
content in breast muscle was increased by the PGZ supplementa-
tion (P ¼ 0.024).

In the thigh muscle, the supplementation of LC decreased the
cooking loss and drip loss (P ¼ 0.026 and P ¼ 0.045) (Table 7).
Moreover, LC supplementation increased the pH and a* value at
24 h after slaughter (P ¼ 0.031 and P ¼ 0.033), and the IMF
content was enhanced by PGZ supplementation (P ¼ 0.005). The
increased IMF content was illustrated by Oil red O staining
(Fig. 1). Moreover, the IMF contents of the thigh muscles were
175.89% to 226.19% higher than those of the breast muscle in
each group (Tables 6 and 7).
3.4. Fatty acid composition

The results of fatty acid composition in the thigh muscle of
chickens are shown in Table 8. Both PGZ and LC supplementation
increased the C18:1n9 and MUFA proportions of the thigh muscle
(P < 0.05). Importantly, there were interactions between PGZ or LC
and either C18:1n9 or MUFA (P < 0.05). Moreover, the proportion of
mer sequences (50 to 30) Amplicon size, bp

TGGAGATCGCCCAGGTTTG 176
CAGCTGCACGTGTTCCGTTA
ACGTATCGCCTTCTTGCTC 158

CTCGATCGGGAATATGGAGA
CCTGGAAGCTGGTGGATACGG 140

GTCTTCACCGTCGCCTTGTCG
AGAAGCTTTCCCGTTCATAGA 120
TGGGTGGCTGAGTTTGATTAG
GATGGCAGTGGGAAATGAG 110

ACTCAAGACAGCAGAGTAGTAATG
AGTACAGGGGCTTCGTCTG 114
CAGCCCCTTCTCAGCGTATC
GATGCAGGTGCTGAGTATG 113

CTGAGGGAGCTGAGATGATAAC

tor 1a; FABP3 ¼ fatty acid-binding protein 3; NRF2 ¼ nuclear factor erythroid-2-
4.



Table 3
Effect of dietary supplementation with pioglitazone hydrochloride (PGZ) and L-carnosine (LC) on the growth performance of broiler chickens (n ¼ 5).

Item1 Treatment SEM P-value

PGZ, 0 mg/kg PGZ, 15 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

PGZ LC PGZ � LC

ADFI, g 93.2 92.4 92.30 92.9 1.03 0.482 0.729 0.871
ADG, g 17.8 18.1 18.8 19.2 0.33 0.043 0.184 0.104
F:G, g/g 5.24 5.10 4.91 4.84 0.07 0.037 0.024 0.233

1 ADFI ¼ average daily feed intake; ADG ¼ average daily gain; F:G ratio ¼ feed-to-gain ratio.

Table 4
Effect of dietary supplementation with pioglitazone hydrochloride (PGZ) and L-carnosine (LC) on the serum biochemical indices of broiler chickens (n ¼ 5).

Item1 Treatment SEM P-value

PGZ, 0 mg/kg PGZ, 15 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

PGZ LC PGZ � LC

SUN, mmol/L 0.61 0.57 0.50 0.50 0.04 0.814 0.283 0.785
TP, g/L 45.52 46.20 46.96 44.44 0.87 0.487 0.565 0.892
HDL-C, mmol/L 1.85 1.87 2.54 2.60 0.05 0.008 0.752 0.457
LDL-C, mmol/L 0.91 0.65 0.71 0.60 0.06 0.036 0.021 0.166
CHO, mmol/L 3.30 2.99 2.57 2.42 0.11 0.031 0.227 0.543
TG, mmol/L 1.82 1.92 1.93 1.83 0.26 0.934 0.937 0.791

1 SUN ¼ serum urea nitrogen; TP ¼ total protein; HDL-C ¼ high-density lipoprotein cholesterol; LDL-C ¼ low density lipoprotein cholesterol; CHO ¼ cholesterol;
TG ¼ triglyceride.

Table 5
Effect of dietary supplementation with pioglitazone hydrochloride (PGZ) and L-carnosine (LC) on the carcass performance of broiler chickens (%, n ¼ 5).

Item Treatment SEM P-value

PGZ, 0 mg/kg PGZ, 15 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

PGZ LC PGZ � LC

Dressing percentage 91.0 90.8 91.7 91.8 0.13 0.006 0.165 0.612
Semi-eviscerated yield 86.5 86.5 87.1 87.0 0.21 0.056 0.639 0.808
Eviscerated yield 69.8 69.6 67.0 69.7 0.19 0.816 0.708 0.919
Breast muscle rate 15.0 13.9 14.7 14.8 0.28 0.613 0.461 0.310
Thigh muscle rate 17.5 16.7 16.5 16.5 0.20 0.342 0.170 0.344
Abdominal fat rate 11.2 11.1 10.3 10.1 0.16 0.019 0.364 0.275

Table 6
Effect of dietary supplementation with pioglitazone hydrochloride (PGZ) and L-carnosine (LC) on the meat quality of breast muscles of broiler chickens (n ¼ 5).

Item Treatment SEM P-value

PGZ, 0 mg/kg PGZ, 15 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

PGZ LC PGZ � LC

Shear force, N 20.32 20.71 20.05 20.60 0.41 0.956 0.118 0.139
Drip loss, % 2.31 1.83 2.15 1.69 0.11 0.545 0.028 0.175
Cooking loss, % 19.03 16.62 18.59 16.76 0.32 0.960 0.015 0.178
pH 45 min 5.93 5.95 5.97 5.98 0.03 0.427 0.140 0.194
pH 24 h 5.78 5.86 5.77 5.82 0.25 0.449 0.327 0.506
Color 45 min

L* 50.3 49.3 50.5 49.5 0.34 0.620 0.723 0.449
a* 8.69 8.75 8.67 8.83 0.20 0.836 0.714 0.817
b* 9.92 9.89 9.88 9.72 0.29 0.791 0.921 0.840

Color 24 h

L* 51.5 49.2 51.0 49.8 0.39 0.713 0.214 0.900
a* 8.40 8.32 8.25 8.43 0.12 0.564 0.463 0.320
b* 8.02 7.76 7.71 7.67 0.19 0.540 0.613 0.545

Intramuscular fat, % 0.99 1.02 1.14 1.27 0.04 0.024 0.304 0.502

L*¼lightness; a*¼redness; b*¼yellowness.
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Table 7
Effect of dietary supplementation with pioglitazone hydrochloride (PGZ) and L-carnosine (LC) on the meat quality of thigh muscles of broiler chickens (n ¼ 5).

Item Treatment SEM P-value

PGZ, 0 mg/kg PGZ, 15 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

PGZ LC PGZ � LC

Shear force, N 24.68 24.79 24.27 24.52 0.47 0.492 0.283 0.968
Drip loss, % 1.40 1.27 1.33 1.15 0.11 0.757 0.045 0.496
Cooking loss, % 23.25 21.12 23.85 20.01 0.79 0.874 0.026 0.591
pH 45 min 6.04 6.08 6.07 6.10 0.03 0.427 0.140 0.194
pH 24 h 5.85 5.91 5.86 5.93 0.02 0.966 0.031 0.167
Color 45 min

L* 52.83 50.96 50.92 50.60 0.75 0.489 0.500 0.637
a* 12.69 12.60 12.72 12.68 0.27 0.582 0.368 0.412
b* 7.39 7.66 7.49 6.88 0.26 0.556 0.762 0.440

Color 24 h

L* 52.2 51.3 51.9 51.4 0.51 0.911 0.226 0.429
a* 11.22 11.86 11.34 12.01 0.20 0.341 0.033 0.327
b* 13.1 13.5 13.7 12.7 0.29 0.833 0.437 0.485

Intramuscular fat, % 3.02 3.13 3.75 4.11 0.15 0.005 0.764 0.461

L*¼lightness; a*¼redness; b*¼yellowness.

Fig. 1. Effect of dietary supplementation with pioglitazone hydrochloride (PGZ) at 15 mg/kg and L-carnosine (LC) at 400 mg/kg on the Oil red O staining in the thigh muscle of
broiler chickens (n ¼ 5). The area pointed by the arrow in the figure represents intramuscular fat.

Table 8
Effect of dietary supplementation with pioglitazone hydrochloride (PGZ) and L-carnosine (LC) on the fatty acid compositions of thigh muscle of broiler chickens (%, n ¼ 5).

Item Treatment SEM P-value

PGZ, 0 mg/kg PGZ, 15 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

PGZ LC PGZ � LC

C14:0 0.58 0.60 0.64 0.65 0.01 0.587 0.392 0.216
C16:0 23.16 23.05 23.30 23.42 0.18 0.764 0.821 0.334
C16:1 2.81 2.85 2.83 2.75 0.07 0.815 0.901 0.735
C18:0 8.38 8.39 8.67 8.37 0.12 0.632 0.597 0.556
C18:1n9 37.25 38.49 38.61 39.72 0.31 0.003 0.017 0.022
C18:2n6 21.09 21.65 20.83 21.10 0.56 0.261 0.773 0.352
C18:3n3 1.54 1.55 1.51 1.50 0.02 0.383 0.991 0.735
C18:3n6 0.15 0.15 0.18 0.18 0.01 0.027 0.543 0.484
C22:0 0.26 0.25 0.19 0.21 0.01 0.044 0.126 0.378
C20:3n3 0.32 0.31 0.34 0.35 0.03 0.664 0.752 0.319
C20:4n6 1.73 1.88 1.61 1.63 0.12 0.731 0.842 0.231
SFA 32.45 32.50 33.07 32.79 0.24 0.405 0.839 0.765
MUFA 40.06 41.34 41.44 42.47 0.40 0.001 0.012 0.015
PUFA 24.89 24.99 24.14 24.07 0.51 0.672 0.824 0.707

SFA ¼ saturated fatty acid; MUFA ¼ monounsaturated fatty acid; PUFA ¼ polyunsaturated fatty acid.
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C18:3n6 was enhanced and C22:0 was reduced by PGZ addition
(P < 0.05).

3.5. Lipid antioxidant ability and TVB-N values

The antioxidant enzymes activities in the thigh muscle of
chickens are shown in Table 9. The supplementation of LC resulted
172
in higher activities of SOD and T-AOC, and lower level of MDA
(P < 0.05). In addition, synergistic effects by the combined PGZ and
LC supplementation were indicated by MDA levels (P ¼ 0.018).
Moreover, LC addition tended to increase GSH-Px activities
(P¼ 0.081). As displayed in Table 10, LC supplementation decreased
the TVB-N value of 4 �C refrigerated thigh muscle at 5, 7 and
9 d (P < 0.05).



Table 9
Effect of dietary supplementation with pioglitazone hydrochloride (PGZ) and L-carnosine (LC) on the antioxidant abilities of thigh muscle of broiler chickens (n ¼ 5).

Item Treatment SEM P-value

PGZ, 0 mg/kg PGZ, 15 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

PGZ LC PGZ � LC

T-AOC, U/mg protein 0.20 0.42 0.21 0.33 0.04 0.541 0.024 0.472
CAT, U/mg protein 1.98 1.95 2.05 2.12 0.07 0.503 0.904 0.759
T-SOD, U/mg protein 40.03 45.71 41.10 47.30 1.01 0.660 0.035 0.695
GSH-Px, U/mg protein 11.47 12.54 11.80 12.80 0.50 0.468 0.081 0.293
MDA, nmoL/mg protein 5.03 3.92 4.71 3.81 0.16 0.497 0.027 0.018

T-AOC ¼ total antioxidant capacity; CAT ¼ catalase; GSH-Px ¼ glutathione peroxidase; SOD ¼ superoxide dismutase; MDA ¼ malonaldehyde; prot ¼ protein.

Table 10
Effect of dietary supplementationwith pioglitazone hydrochloride (PGZ) and L-carnosine (LC) on the total volatile basic nitrogen (TVB-N) values (mg/100 g) of the thighmuscle
of broiler chickens (n ¼ 5).

Time1 Treatment SEM P-value

PGZ, 0 mg/kg PGZ, 15 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

PGZ LC PGZ � LC

0 d 5.62 5.70 5.74 5.47 0.31 0.185 0.905 0.408
3 d 10.23 10.10 10.58 10.34 0.42 0.691 0.941 0.540
5 d 16.43 15.25 16.57 14.92 0.54 0.781 0.036 0.721
7 d 22.00 20.28 21.67 20.11 0.63 0.846 0.042 0.108
9 d 29.81 26.31 28.80 26.61 0.65 0.191 0.028 0.236

1 Time that meat was stored in the refrigerator.
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3.6. mRNA abundance of lipogenesis- and antioxidation-related
genes

The mRNA abundance of the lipogenesis- and antioxidation-
related genes in the thigh muscle of broiler chickens are dis-
played in Table 11. The adjusted lipogenesis-related gene mRNA
abundance of PPARg, PPARg co-activator 1 alpha (PGC-1a) and fatty
acid-binding protein 3 (FABP3) were significantly up-regulated by
the PGZ supplementation (P < 0.05). Moreover, the mRNA expres-
sion levels of genes related to antioxidation, such as nuclear factor
erythroid-2-related factor 2 (NRF2) and superoxide dismutase 1
(SOD1), were greatly up-regulated by the LC supplementation
(P ¼ 0.004 and P ¼ 0.018).

4. Discussion

Dietary supplementation with PGZ could improve adipocyte
differentiation and increase lipid deposition, thus increased ADG of
pigs (de Souza et al., 2001). Our results demonstrated that dietary
Table 11
Effect of dietary supplementation with pioglitazone hydrochloride (PGZ) and L-carnosin
genes in the thigh muscle of broiler chickens (n ¼ 5)1.

Item Treatment

PGZ, 0 mg/kg PGZ, 15 mg/kg

LC,
0 mg/kg

LC,
400 mg/kg

LC,
0 mg/kg

LC,
400

PPARg 11.59 11.67 23.90 23.
FABP3 3.98 4.00 5.48 5.0
PGC-1a 9.76 10.21 14.99 16.
NRF2 5.69 8.62 5.34 10.
SOD1 17.31 27.03 18.63 28.
GPX4 2.93 3.37 3.21 2.9

PPARg¼ peroxisome proliferator-activated receptor g; FABP3¼ fatty acid-binding protein
2; SOD1 ¼ superoxide dismutase 1; GPX4 ¼ glutathione peroxidase 4.
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supplementation with PGZ significantly increased the ADG, and
decreased the F:G ratio of broiler chickens. These results were in
accordance with previous findings by Chen et al. (2013), which
might be due to the increased total fat in broiler chickens. Lee et al.
(2005) found a significant increase in insulin level after LC ingestion
in diabetic mice, and insulin was beneficial to the synthesis of fat
and protein. In addition, Bao et al. (2015) also found that LC sup-
plementation increased the ADFI and ADG due to the enhanced
levels of serum thyroid hormones, which could promote protein
synthesis and body growth (Zhan et al., 2007). Another study
revealed that dietary supplementation with LC could decrease the
F:G ratio of broiler chickens (Cong et al., 2017). Consistent with
previous studies, in our study, the F:G ratio was decreased when
diets supplemented with LC.

Our results also indicated that PGZ and LC supplementation
decreased the levels of serum TC and LDL-C, and increased the level
of serum HDL-C, which was beneficial for reducing serum tri-
glycerides, indicating that lipid utilization was increased and fat
metabolism was improved (Boyle et al., 2002; Chen et al., 2013).
e (LC) on the mRNA abundances (�10�4) of lipogenesis- and antioxidation-related

SEM P-value

mg/kg
PGZ LC PGZ � LC

98 0.04 0.001 0.725 0.605
1 0.25 0.033 0.594 0.568
78 0.19 0.025 0.823 0.502
67 0.35 0.769 0.004 0.357
88 0.24 0.219 0.018 0.561
9 0.38 0.647 0.721 0.604

3; PGC-1a¼ PPAR g coactivator 1a; NRF2¼ nuclear factor erythroid-2-related factor
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Excessive abdominal fat content can negatively affect feed
efficiency and carcass performance. The abdominal fat yield
decreased with PGZ supplementation, which was more beneficial
for IMF deposition (Boyle et al., 2002; Cai et al., 2011). Unlike
abdominal fat, IMF is a favorable trait of great economic importance
and has a positive effect on the tenderness, flavor, and juiciness of
meat (Bonny et al., 2015; Gerbens et al., 2001). Jin et al. (2018b)
observed a marked increase in the content of IMF in pigs when
diets were supplemented with PGZ. Consistent with this result, our
studies also demonstrated that IMF contents were enhanced by
PGZ supplementation, which was more beneficial for improving
the tenderness and flavor of the meat (Bonny et al., 2015; Costa
et al., 2012).

Unsaturated fatty acids can synthesize various bioactive
eicosanoid derivatives in inflammation and play a role in pro-
moting vasodilation (Freitas et al., 2018; Vogel et al., 2000). Early
studies have indicated that PGZ can improve the profile of PUFA in
serum phospholipids and MUFA in rodent muscle (Veleba et al.,
2015; Wu et al., 2010). Consistent with these studies, our results
indicated that PGZ increased C18:1n-9 and C18:3n-6 proportions
in thigh muscle. Moreover, PGZ or LC supplementation increased
C18:1n-9 and MUFA levels, and there were synergistic effects
between PGZ and LC. The underlying mechanism of these results
might be related with the regulation of PGZ mediated lipid
metabolism and that of LC as an antioxidant to prevent autoxi-
dation in lipids (Hu et al., 2009; Machado et al., 2019). In this
study, LC addition increased the values of pH and a* at 24 h after
slaughter. These findings were in accordance with findings re-
ported by Cong et al. (2017) and Ma et al. (2010a) when LC was
added to the diets of pigs and broiler chickens, respectively.
Within limits, pH is closely related to the color grading and drip
loss (Zhang et al., 2009). Increases in pH24 h in this study might be
due to the ability of LC to regulate intracellular hydrogen ion
concentrations and promote the regulation of bicarbonate buffer
system (Boldyrev et al., 2013; Vaughan-Jones et al., 2006). A pre-
vious study had demonstrated that LC addition could enhance the
a* value of broiler muscle (Hu et al., 2009). S�anchez-Escalante
et al. (2003) also found that the supplementation of LC to
ground beef could increase the a* value of the meat. The content
of metmyoglobin determines the rate of discoloration of meat,
which indicated that the improvement of a* in thigh muscle at
24 h after slaughter in this study might be due to the increase of
the myoglobin content.

Lipid oxidation accelerates the oxidation of oxymyoglobin to
myoglobin, which leads to decreased sensory and nutritional
qualities and may also form toxic compounds (Faustman et al.,
2010; Zhang et al., 2010). Free radicals in meat will attack the
subcellular membrane, causing a cytoplasmic outflow and an
increasing drip loss. Unsaturated fatty acids are susceptible to free
radical attack, and MDA is one of the most important end products
(Kim et al., 2012). As an important antioxidant, LC can directly
reduce oxidative stress inmuscle of broilers (Hu et al., 2009), and its
derivatives can also activate antioxidation system (Boldyrev et al.,
2013), which can promote metal-chelating and scavenge oxygen
free radicals (Davinelli et al., 2013; Kalaz et al., 2012). Similarly, our
studies found that LC addition could strengthen antioxidant
enzyme defense systems by inhibiting the accumulation of MDA
and protecting SOD and GSH-Px from oxidative damage in the thigh
meat of yellow-feathered broiler chickens. Moreover, PGZ has been
shown to attenuate lipopolysaccharide-induced oxidative stress in
neurons by activating NRF2 and heme oxygenase-1, indicating that
PGZ also has the potential to improve antioxidant ability in the
body (Zakaria et al., 2019). Therefore, the significant PGZ þ LC
interaction effect on MDA found in this study might be due to the
antioxidant abilities of PGZ and LC.
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As a volatile substance mainly composed of ammonia, primary
ammonia and secondary ammonia, TVB-N is produced by protein
decomposition during the process of spoilage of animal food. The
degree of amino acid destruction in food is positively correlated
with the content of TVB-N, which is an important indicator
reflecting the freshness of food. It adversely affects the tyrosine
and methionine components in food, leading to a reduction in the
nutritional value of food and even harming human health (Cai
et al., 2011; Rukchon et al., 2014). In our present study, we
found that the TVB-N values decreased with the LC supplemen-
tation, which suggested that LC could prolong shelf life and
improve meat quality.

To further explore the mechanism, we determined the mRNA
abundance of lipogenesis- and antioxidation-relevant genes. In the
present study, PGZ addition enhanced the mRNA expression of
PPARg, PGC-1a and FABP3, demonstrating an upregulated transport
and accretion of fatty acids in the muscle of PGZ-fed animals. As a
PPARg agonist, PGZ has been shown to enhance the secretion of
adipokines and increase adipocyte differentiation of progenitor
cells (Czarnowska et al., 2016; Kishida et al., 2014). Moreover, the
IMF also increased in the longissimus thoracis muscle by activating
PGC-1a and FABP3 (Chen et al., 2013). As the downstream gene of
PPARg, the expression level of FABP3 influenced the level of IMF
content (Cho et al., 2011). Therefore, our present study confirmed
the hypothesis that the supplementation of PGZ promoted muscle
fat deposition by activating the critical gene involved in fat
metabolism.

The NRF2 is an important transcription factor that regulates
cellular oxidative stress response and maintains intracellular redox
homeostasis (Balasubramanian and Longo, 2010). Activated NRF2
induces up-regulation of a series of downstream antioxidant gene
expressions, like SOD1, CAT, and GSH, thereby increasing the
enzyme activities of antioxidant proteins to reduce cell damage
caused by ROS and electrophiles (Loboda et al., 2016). In present
study, LC addition promoted the mRNA expression of NRF2 and
SOD1, and the antioxidant enzyme activity like SOD, suggesting that
the antioxidant enzyme activity is regulated by the expression of
related genes (Ma et al., 2010b).

5. Conclusions

Taken together, our results demonstrated that dietary sup-
plementation with PGZ at 15 mg/kg and LC at 400 mg/kg
enhanced the growth performance, IMF deposition, antioxidant
capacity, and meat shelf life of yellow-feathered broiler chickens.
This might be because the supplementation of PGZ and LC up-
regulated the mRNA abundance of PPARg, PGC-1a, FABP3, Nrf2
and SOD1.
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