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Simple Summary: The present study indicated that excessive energy enhanced fat deposition by
upregulating expression of lipogenic genes in the longissimus thoracis of a Chinese fat-type pig.
In addition, impairment in meat quality resulted in reduced meat tenderness and increased cross-
sectional area of muscle fiber aroused by promoting glycolytic muscle fibers differentiation in muscles.
These results provided a new perspective on the energy needs of Ningxiang pigs.

Abstract: This study investigated the effects of excessive or restrictive energy on growth performance,
meat quality, intramuscular fat (IMF) deposition, and related gene expression in finishing Ningxiang
pigs. A total of 36 Ningxiang pigs (43.26 ± 3.21 kg) were randomly assigned to three treatments
(6 pens of 2 piglets per treatment) and fed by one of three dietary treatments until the pigs of each
treatment weighed approximately 75 kg equally. The three treatments were control diet (digestible
energy, DE:13.02 MJ/kg, CON), excessive energy diet (DE 15.22 MJ/kg, EE), and restrictive energy
diet (DE 10.84 MJ/kg, RE). Results showed that EE improved average daily gain (ADG) and feed
conversion ratio (FCR) (p < 0.01), while nothing significantly changed by RE except FCR increasing
(p < 0.01). EE increased the content of IMF and triglycerides (TG) (p < 0.05), L*24h and b*45min

(p < 0.01), while decreasing cooking loss and meat tenderness in longissimus thoracis (LT) (p < 0.05).
b*24h was significantly increased with the increase of energy level (p < 0.01). Meanwhile, EE increased
the cross-sectional area (CSA) of muscle fiber and the mRNA expression of myosin heavy chain
(MyHC) IIb, acetyl CoA carboxylase (ACC), fatty acid synthase (FAS), and adipocyte fatty-acid binding
protein (FABP4) (p < 0.05). In addition, throughout: A diet supplemented with excessive energy
promoted IMF deposition by positively changing lipogenic potential while decreasing tenderness
by increasing glycolytic muscle fibers, which together affected meat quality. In terms of growth
performance and meat quality, the present study suggests that the low-energy diet is suitable for
finishing Ningxiang pigs.

Keywords: energy; meat quality; intramuscular fat deposition; Ningxiang pig

1. Introduction

In animals, adipogenesis firstly occurs in visceral fat, followed by subcutaneous and
intermuscular, and then is deposited in intramuscular fat last [1]. It is well known that the
content of intramuscular fat (IMF) has a positive effect on the sensory quality of pork, while
lower fat leads to a decrease in the pork taste [2]. IMF deposition is positively correlated
with the percentage of oxidized muscle fibers but negatively correlated with glycolytic
muscle fiber in the muscle [3]. It is generally believed that local pig breeds contain more
oxidized muscle fibers, thus accounting for better meat quality but slow growth rate, while
foreign pig breeds are known for their fast growth rate and high meat production but low
meat quality due to containing more glycolytic fibers [4–7]. In addition to the genetic factor,
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the nutritional level affects the composition of muscle fiber types and IMF deposition. It
has been reported that dramatic changes in fiber type composition (FTC) could be achieved
by altering energy and nutrient balance during animal growth [8,9]. It is widely accepted
that fat deposition is greater in muscles with increasing energy levels [10].

The Ningxiang pig, as a fat-type local pig species in China, is famous for its delicious
taste, which has more generous intramuscular fat (IMF), lower lightness, and higher redness
than meat from the improved commercial pig [11]. Distinct from high-performing pigs,
Ningxiang pig has a greater propensity to deposit fat due to genetics. Therefore, from
the view of feed conversion efficiency, it is not suitable to provide a high-energy diet for
finishing Ningxiang pigs. However, in fact, to pursue feed efficiency, the digestible energy
level of domestic commercial diet in finishing Ningxiang pigs is so high that it tends to
produce fatter carcasses.

Furthermore, dietary energy plays a bidirectional role in regulating the yield and
quality of pork. A clear knowledge of the relationships between dietary digestible energy
(DE) density and meat quality is necessary in commercial practice. However, previous
studies about dietary energy concentration are mainly focused on the growth performance
of swine, especially for fat-type pig species, including Ningxiang pig. In addition, the effect
mechanism of energy on meat quality and fat metabolism in fat-type pig species receives
much less attention at present. Given the foregoing, the Ningxiang pig was used as an
animal model to investigate its growth and efficiency, as well as meat quality response to
the extreme energy level at the optimal slaughter weight [12,13]. In addition, the present
study was conducted to use excessive and restrictive energy to explore whether energy
affects fat deposition and meat quality by changing lipid metabolism and/or myofiber
characteristics of the muscle. In addition, this study hopes to provide a new experimental
basis for the nutritional needs of Ningxiang pigs.

2. Materials and Methods
2.1. Animals and Diets

This experiment was conducted on a commercial research pig farm (Changsha, China)
and was approved by the Animal Care and Use Committee of the Institute of Hunan
Agricultural University. A total of 36 (43.26 ± 3.21 kg) Ningxiang pigs (half male, half
female) were randomly assigned to 1 of 3 treatments (6 pens of 2 piglets per treatment).
The 3 diets were control diet (CON, DE: 13.02 MJ/kg), excessive energy diet (EE, DE:
15.22 MJ/kg), and restrictive energy diet (RE, DE: 10.84 MJ/kg). All diets were formulated
to meet the recommendations of the Chinese National Feeding Standard Type 2 for fatty
growing pigs (2004) and contained similar contents of crude protein (CP) and amino
acids, as shown in Table 1. Pigs were fed 3 times per day by a rationed feeding with free
access to water. The feeding experiment continued until pigs of each treatment weighed
approximately 75 kg equally. The feed intake was recorded weekly and calculated for each
pen. Pigs were weighed at the beginning and the end of the experiment, individually.

2.2. Slaughter Procedure and Sample Collection

One pig with close to average weight was selected from each pen and fasted for
12 h. Pigs were slaughtered by standard commercial procedures. Samples of longissimus
thoracis (LT) were immediately collected from the right side of the carcass, some stored at
4 ◦C for meat quality evaluation and others frozen at −20 ◦C for muscle chemical analysis.
LT samples for RNA extraction were taken and treated by liquid nitrogen, and then stored
at −80 ◦C for further analysis. Fresh samples of LT (1 cm3) were excised and put in 4%
paraformaldehyde in PBS (pH 7.3) for further morphological detection.
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Table 1. Ingredient and chemical composition of experimental diets. (air-dry matter basis) 1.

Ingredient, % CON EE RE

Corn 54.90 57.10 47.90
Soybean meal 8.20 5.60 8.20
Peanut meal 0.00 5.00 0.00
Wheat bran 21.30 0.00 29.8

Rice bran 6.40 21.40 0.00
Soybean oil 3.20 7.90 0.00

CaHPO4 0.27 0.51 0.19
Limestone 1.01 0.90 1.05

L-Lys HCl 98% 0.11 0.11 0.13
Threonine 0.01 0.00 0.03

Tryptophan 0.00 0.02 0.00
Rice chaff 1.7 0.46 1.5

Zeolite 1.90 0.00 10.20
Premix 2 1.00 1.00 1.00

Total 100.00 100.00 100.00
Nutrient levels 3

Digestible energy, MJ/kg 13.02 15.22 10.84
Crude protein, % 12.01 12.01 12.01

Crude fiber, % 4.07 3.31 4.06
Crude fat, % 5.28 9.40 2.12

Lys, % 0.60 0.60 0.60
Met, % 0.20 0.20 0.20
Thr, % 0.44 0.44 0.44
Try, % 0.13 0.12 0.13

Calcium, % 0.50 0.50 0.50
Total phosphorus, % 0.53 0.61 0.49

Available phosphorus, % 0.16 0.16 0.16
1 Basal diet formulated according to the Chinese National Feeding Standard for Swine; 2 supplied, per kilogram
of diet: 0.05 mg Cu; 0.03 mg I; 0.8 mg Fe; 0.002 mg Se; 0.8 mg Zn; 0.06 mg Mn; 1.3 mg vitamin K (menadione);
2 mg vitamin B1; 5.8 mg vitamin B2; 18.79 mg vitamin B3; 14.5 µg vitamin B12; 3324 IU vitamin A; 376 IU vitamin
D; 28.9 IU vitamin E; 80 mg choline chloride; 200 mg antioxidants; 500 mg Fungicide; 3 The contents of digestible
energy, crude protein, crude fiber, calcium, and total phosphorus were analyzed.

2.3. Meat Quality Index Measurements

Meat color (lightness L*, redness a*, and yellowness b*) were determined in triplicate
at 45 min and 24 h by reflectance spectrophotometer (CR-410, Kinica Minolta Sensing Inc.,
Osaka, Japan). Water-holding capacity was tested using drip loss. Briefly, a 2 cm-thick LT
sample was weighed. After being hung in a sealed plastic container for 24 h at 4 ◦C, the
samples were taken out and weighed again. Drip loss was expressed as the difference (%)
from the initial sample weight, based on Honikel (1998) [14]. The weight-recorded muscle
sample was placed in a pot and steamed until the internal temperature reached 70 ◦C. After
being cooled for 30 min and dried with a paper towel, a percentage compared to the initial
weight was used to calculate the cooking loss. For tenderness, a minimum of 5 meat pieces
parallel to the muscle fiber direction was sheared in the Warner–Bratzler device. The shear
value was recorded (expressed in N), and the averages were calculated to determine the
shear force value per sample.

2.4. Meat Chemical Composition and Biochemical Parameters Analysis

Total moisture, CP and IMF of LT Samples were analyzed referring to the Association
of Analytical Chemists methods (AOAC 2000) [15]. Triglyceride (TG) was measured using
a TG kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer’s protocol.
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2.5. Muscle Histological Analysis

LT muscle samples were cut perpendicularly to the direction of the myofibers in
cryostat (Leica CM1850) and then stained with classic hematoxylin and eosin staining.
The sections were magnified 400x under light microscopy (Olympus, Tokyo, Japan), and
8 views were captured in each section. The total fiber number (TFN) was measured by the
Image-Pro Plus 4.5 software (Media Cybernetics Inc., Shanghai, China). The cross-sectional
area (CSA) of muscle fiber in LT was estimated by extrapolation from the number of fibers
counted over the selected fields, and the total fiber number (TFN).

2.6. Quantitative Real-Time PCR Analysis

Total RNA was extracted from samples with TRIZOL reagent (Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China); the purity and integrity of RNA were detected by
Nanodrop (Thermo Scientific, Waltham, America) and electrophoresis in 1% agarose gel,
respectively. Approximately 1.0µg of total RNA was reverse-transcribed with RT Reagents
(Hunan Accurate Biotechnology Co., Ltd., Changsha, China). The primers were designed
via Primer 5.0 software, as shown in Table 2. β-actin and GAPDH were chosen as the
endogenous control gene. The PCR cycling condition was as followed: 95 ◦C for 10 min,
40 cycles at 95 ◦C for 15 s and 60 ◦C for 60 s, and 1 cycle at 72 ◦C for 30 s. The relative
expression was expressed as a ratio of the target gene to the control gene according to the
2 −(∆∆Ct) method, as described previously [16].

Table 2. Primers used for quantitative real-time PCR.

Gene Accession No. Primer Sequence (5′-3′) Product Size (bp)

MyHC I AB053226
F: AAGGGCTTGAACGAGGAGTAGA

115R: TTATTCTGCTTCCTCCAAAGGG

MyHC IIa AB025260
F: GCTGAGCGAGCTGAAATCC

137R: ACTGAGACACCAGAGCTTCT

MyHC IIx AB025262
F: AGAAGATCAACTGAGTGAACT

149R: AGAGCTGAGAAACTAACGTG

MyHC IIb AB025261
F: ATGAAGAGGAACCACATTA

166R: TTATTGCCTCAGTAGCTTG

ACC NM-001114269
F: GGCCATCAAGGACTTCAACC

120R: ACGATGTAAGCGCCGAACTT

FAS NM-001099930
F: ACACCTTCGTGCTGGCCTAC

112R: ATGTCGGTGAACTGCTGCAC

PPAR γ NM-214379
F: GAGGGCGATCTTGACAGGAA

124R: GCCACCTCTTTGCTCTGCTC

β-actin XM-003124280.3
F: CCTGCGGCATCCACGAAAC

123R: TGTCGGCGATGCCTGGGTA

GAPDH NM-001206359.1
F: TCGGAGTGAACGGATTTGGC

95R: GAAGGGGTCATTGATGGCGA

2.7. Muscle Hydrolyzed Amino Acids Analysis

0.1 g freeze-dried and crushed muscle samples, mixed with 10 mL 6 M hydrochloric
acid, were hydrolyzed at 110 ◦C for 22 h. The hydrolyzed mix was filtered to a constant vol-
ume, evaporated, diluted, and filtered with a 0.22 µm filter membrane, and then analyzed
by the high-speed amino acid analyzer (L-8900, Shimazi, Japan).

2.8. Statistical Analysis

All data were performed using the one-way analysis of variance (ANOVA) to test
homogeneity of variances via Levene’s test and followed with Duncan’s method (IBM SPSS
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23 software, Chicago, IL, USA). Results were expressed as the mean ± SEM. The level of
statistical significance was set at p < 0.05.

3. Results
3.1. Growth Performance

The pigs in different groups were slaughtered at a similar finishing weight according
to the experimental plan (p > 0.05; Table 3). No effect of dietary treatment was detected on
carcass weight or slaughter yield (p > 0.05). The average daily gain (ADG) of the EE group
was higher than that of the other two groups (p < 0.01). In addition, the feed conversion
ratio (FCR) was significantly decreased with the increase of energy level (p < 0.01).

Table 3. Effects of excessive energy or restrictive energy on growth performance of finishing Ningxi-
ang pigs.

Items CON EE RE SEM p Value

Initial body weight (kg) 43.75 43.88 42.25 1.10 0.822
Final body weight (kg) 73.92 75.25 69.00 1.48 0.176
Average daily gain (g) 372.43 b 522.92 a 313.27 b 32.21 <0.01

Average daily feed intake (ADFI, kg) 1.74 1.76 1.73 0.05 0.969
Feed conversion ratio (FCR) 4.84 b 3.38 c 5.55 a 0.31 <0.01
Duration of fattening (days) 81 60 81 / /

Carcass weight (kg) 54.72 56.98 51.22 1.02 0.089
Slaughter yield (%) 73.95 73.43 72.34 0.71 0.678

Values in the same line with different superscripts are significant (p < 0.05). CON, control diet group. EE, excessive
energy diet group. RE, restrictive energy diet group. IMF, intramuscular fat.

3.2. Muscle Chemical Composition and Biochemical Parameters

Excessive or restrictive energy showed no difference in the content of total moisture
and CP in LT (p > 0.05). However, excessive energy significantly increased the contents of
IMF and TG in LT (p < 0.05; Table 4).

Table 4. Effects of excessive energy or restrictive energy on chemical composition and biochemical
parameters in longissimus thoracis muscle of finishing Ningxiang pigs.

Items CON EE RE SEM p Value

Total moisture (%) 74.8 73.56 75.92 0.51 0.226
IMF (%) 2.13 b 4.21 a 1.55 b 0.41 <0.05
CP (%) 22.43 21.25 22.21 0.32 0.326

TG (mmol/L) 0.73 b 2.13 a 1.11 b 0.24 <0.05
Values in the same line with different superscripts are significant (p < 0.05). CON, control diet group. EE, excessive
energy diet group. RE, restrictive energy diet group. IMF, intramuscular fat. CP, crude protein. TG, triglycerides.

3.3. Meat Quality

Table 5 presents that excessive energy had an apparent impact on cooking loss, shear
force, and meat color. Cooking loss of the EE group was significantly reduced (p < 0.05),
while the shear force of the EE group was significantly increased compared with the other
two groups (p < 0.01). L*24h of the EE group was higher than that of the other two groups
(p < 0.01). b*45min of the RE group was markedly lower than that of the other two groups
(p < 0.01). b*24h was significantly increased with the increase of energy level (p < 0.01).
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Table 5. Effects of excessive energy or restrictive energy on meat quality in longissimus thoracis
muscle of finishing Ningxiang pigs.

Items CON EE RE SEM p Value

Cooking loss (%) 34.45 a 22.05 b 35.06 a 2.17 <0.05

Drip loss (%) 1.61 1.4 1.29 0.18 0.777

Shear force (N/kg) 36.80 b 60.52 a 44.10 b 2.41 <0.05

Lightness
L*45min 42.36 42.01 43.74 0.85 0.734

L*24h 43.84 b 54.59 a 45.85 b 1.51 <0.01

Redness
a*45min 10.41 10.45 8.18 0.57 0.213

a*24h 11.33 12.81 8.66 0.76 0.105

Yellowness
b*45min 5.44 a 5.96 a 4.37 b 0.23 <0.01

b*24h 6.30 b 8.05 a 4.63 c 0.43 <0.01
Values in the same line with different superscripts are significant (p < 0.05). CON, control diet group. EE, excessive
energy diet group. RE, restrictive energy diet group.

3.4. Muscle Fiber Morphology

Excessive energy markedly enhanced fiber mean CSA in LT (p < 0.05). However, there
were no significant differences in TFN among the three groups (p > 0.05; Figure 1).

Figure 1. Morphological section of LT muscle (magnification, ×400). CON, control diet group.
EE, excessive energy diet group. RE, restrictive energy diet group. Values with different letters
are significantly different among the three groups (p < 0.05). Upper: Morphology analysis of total
fiber number (TFN) and fiber cross-sectional area (CSA) in longissimus thoracis (LT) of finishing
Ningxiang pigs fed with excessive energy or restrictive energy.

3.5. MyHC Expression and IMF Deposition Related Gene Expression Levels

The mRNA expression of MyHC I, IIa, and IIx in LT were not affected by dietary
energy level, but the mRNA expression level of MyHC IIb was upregulated in the EE group
(p < 0.05; Figure 2), as well as the mRNA expression of FABP4 and FAS (p < 0.05). acetyl
CoA carboxylase (ACC) mRNA expression was upregulated in both the EE and RE group
(p < 0.05) while there was no difference in the mRNA expression of PPARγ among the three
groups (p > 0.05).
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Figure 2. Genes expression of longissimus thoracis (LT) in finishing Ningxiang pigs fed with
excessive energy or restrictive energy dietary. Myosin heavy chain (MyHC), adipocyte fatty-acid
binding protein (FABP4), fatty acid synthase (FAS), acetyl CoA carboxylase (ACC), and peroxisome
proliferator-activated receptor γ (PPARγ). CON, control diet group. EE, excessive energy diet group.
RE, restrictive energy diet group. Values with different letters are significantly different among the
three groups (p < 0.05).

3.6. Muscle Hydrolyzed Amino Acid

Excessive energy reduced the proline (Pro) content (p < 0.01), but increased Cysteine
(Cys) content (p < 0.01; Table 6). No apparent differences were observed in other amino
acids among the three groups.
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Table 6. Effects of excessive energy or restrictive energy on Hydrolyzed amino acid in longissimus
thoracis muscle of finishing Ningxiang pigs, g/100 g.

Items CON EE RE SEM p Value

Asp 2.01 1.91 1.97 0.02 0.261
Tyr 0.79 0.79 0.77 0.02 0.925
His 1.04 0.96 1.02 0.02 0.14
Arg 1.36 1.27 1.31 0.02 0.083
Ser 0.88 0.83 0.85 0.01 0.174
Glu 3.6 3.46 3.51 0.04 0.335
Pro 0.71 a 0.63 b 0.68 a 0.01 <0.01
Gly 0.91 0.9 0.88 0.01 0.505
Ala 1.22 1.24 1.19 0.02 0.47
Cys 0.20 b 0.35 a 0.23 b 0.02 <0.01
Val 1.04 1.11 1.02 0.02 0.221
Met 0.66 0.75 0.63 0.03 0.364
Ile 0.98 1.05 0.96 0.02 0.292

Leu 1.75 1.74 1.71 0.03 0.844
Thr 1.00 0.95 0.98 0.01 0.249
Phe 0.89 0.87 0.86 0.02 0.682
Lys 1.97 1.83 1.89 0.02 0.071

TAA 20.98 20.62 20.41 0.26 0.691
NEAA 12.72 12.33 12.38 0.147 0.505
EAA 8.25 8.29 8.03 0.126 0.713

EAA/TAA 39.34 40.19 39.35 0.219 0.219
EAA/NEAA 64.85 67.25 64.89 0.618 0.218

Values in the same column with different superscripts are significant (p < 0.05). CON, control diet group. EE,
excessive energy diet group. RE, restrictive energy diet group. EAA, essential amino acid. NEAA, non-essential
amino acid.

4. Discussion

The dietary energy concentration is a primary determinant to growth performance and
costs most in the diet. It is generally accepted that increasing dietary energy concentration
can improve growth performances [17] and provide fatter carcasses [18]. To our knowledge,
information available in the previous literature on the response of the pigs to changes in
dietary energy density is inconclusive, which may depend on the developmental stage of
the pigs. In the grower stage, pig growth increments alongside dietary energy, indicating
that pigs were in an energy-dependent phase of growth [19]. However, in finishing pigs,
reducing the energy concentration might reduce ADG or increase FCR without affecting
carcass quality [20,21]. The current trial also was observed similar results that excessive
energy improved ADG and FCR, while nothing changed with restrictive energy except
increased FCR. There are reports showing that it is comparable in feed efficiency and
growth performance of lean-type pigs fed different energy densities [22,23]. Similarly, in
the present study, RE was comparable to CON in terms of effects on ADG and slaughter
yield, suggesting that a restrictive energy diet may have some beneficial effects on carcass
weight in compensation to its reduced fattening and feed efficiency. Properly decreasing
dietary energy in Ningxiang pigs is feasible to save feed resources, particularly if it tolerates
rough feeding.

Meat quality can be assessed scientifically by some traits, including composition,
nutrients, colorants, water-holding capacity (WHC), tenderness, flavor, and IMF. In general,
color indicates its primary acceptability to consumers, while tenderness is rated as the
most critical palatability trait for cooked meat, followed by flavor and juiciness [24]. High
IMF content is associated with improved eating quality of meat [25]. The percentage of
IMF required in meat raised for a pleasant eating experience is at least 1.5% commonly,
and 2% to 3% for optimal eating quality [26]. The major finding of the present study was
that the IMF content of the EE group was far more than 3% and much higher than that of
the other two groups. Different from the results of Heyer et al. (2007) [27] and Skiba et al.
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(2010) [28], we did not observe the effects of restrictive energy on IMF contents, which may
be due to the unique breed of Ningxiang pig that itself has high IMF content. However,
the contents of IMF and TG in LT muscle increased in the excessive energy group. Indeed,
dietary energy content regulates lipid accumulation, especially IMF [10,29]. Furthermore,
excessive energy has a greater impact on meat quality and IMF than restrictive energy in
this study. One possible reason may be that an excessive energy diet increased the amount
of energy available for fat deposition, resulting in higher IMF content [30].

In the present study, both reduced cooking loss and enhanced IMF content of the
EE group were observed, which was consistent with the result of Lebret et al. (2008) [31]
and Hocquette et al. (2010) [2]. Thus, it can be seen that meat with high IMF content has
improved juiciness [32] after relatively long-heating in a moist environment [8]. Besides,
meat from the EE group had higher b* values, possibly due to its higher IMF content [30].
Chartrin et al. (2006) [33] also found that duck meat with high IMF content due to overfeed-
ing indicates greater yellowness. Nevertheless, muscles with a higher L* value exhibit a
higher percentage of type IIB number [3,34,35], which may be reflected in the present study
as well. Regarding meat tenderness, it was evaluated by shear force. It is well known that
shear force increases along with dietary DE concentration decreasing [36,37]. Alternatively,
energy or protein restriction negatively influenced meat tenderness [28,38,39]. However,
there are reports showing that meat tenderness was not affected by a restrictive diet [40],
which likewise occurred in current study. Unexpectedly, excessive energy decreased meat
tenderness, which is another major finding from the present study. In general, higher meat
tenderness is associated with higher IMF content [3,41]. Interestingly, excessive energy
increased IMF content but had no positive impact on meat tenderness in our study, which is
similar to the results of Van Laack et al. (2001) [42]. Teye et al. (2006) [43] also reported that
there were no differences in meat tenderness between fed restricted and fed non-restricted
animals with different IMF content. These results indicated the difference in IMF content
among groups was not positively reflected at shear force as usual.

As previously stated, increased IMF content by excessive energy failed to contribute to
meat tenderness, and there may be other factors also influencing shear force, such as muscle
fiber condition. Morphology traits such as TFN, CSA, and FTC are major determinants of
meat quality, especially tenderness [44,45]. It is commonly stated that meat tenderness will
be impaired by increased CSA [46]. Here EE pigs presented increased CSA compared with
CON pigs, which was consistent with their reduced tenderness. It is well documented that
muscles with a larger fiber size, primarily type IIB fiber, exhibit tougher meat than that of
smaller fiber size in cattle [47] and pig [8,48]. The possibility is that the size of muscle fibers
affects muscle growth potential and the size of the fiber bundle, resulting in the visible
coarseness of transverse sections of meats [8].

CSA is mainly related to the type IIb fibers as a consequence of the abundance of
type IIb fibers in LT [49]. There are four types of fiber in skeletal muscle, type I, IIa,
IIx, and IIb, whose metabolic type transitions from oxidation to glycolysis and which
transformed according to the law of I↔ IIa↔ IIx↔ IIb. In pigs, a correlation between
the glycolytic muscle fiber percentage and the pale, soft, exudative meat condition has
been known [50,51], and a negative impact of glycolytic muscle fibers and high glycolytic
metabolism on meat tenderness has been reported [52]. On the other hand, glycolytic fibers
exhibit a larger CSA than oxidized fibers [53–55]. Since it has been observed that excessive
dietary energy increased CSA with regards to decreased tenderness and the known higher
glycolytic muscle fibers are associated with larger CSA and lower tenderness. Therefore, we
hypothesis that excessive energy reduces tenderness by increasing glycolytic muscle fibers
differentiation in muscles. Accordingly, the fiber type composition was analyzed. As we
expected, MyHC IIb mRNA expression in LT was upregulated in the EE group, indicating
that excessive energy could induce a muscle fiber transition toward more glycolytic muscle
fibers. Consistently, Solomon and Lynch (1988) [56] found that the longissimus muscles
from lambs fed the lower-energy diet contained more type I and fewer type IIB fibers.
As well, our study showed fewer type IIB fibers in the restrictive energy group but not
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significantly. The possibility could be involved in the muscle-specific expression of the
MyHC gene regulated by energy level. According to Harrison et al. (1996) [57], when
the body is in a state of undernutrition, it will selectively increase oxidized muscle fibers
during the period of myofiber hypertrophy, as compared with glycolytic muscle fibers,
oxidized muscle fibers require less energy to produce the same tension. Additionally, it
is also due to its own smaller CSA that oxidized muscle fibers require less energy. In
turn, this result easily occurred in the current study, where glycolytic muscle fibers were
selectively increased when supplied with excessive energy. Altogether, the transition
of fiber types, along with the increased CSA, may mainly explain that excessive energy
reduces meat tenderness.

IMF is the amount of fat deposited inside the muscle, influencing the energy metabolism
of skeletal muscle, as well as meat quality [58]. TG, the major component of IMF in muscles,
derived from the synthesis or the de novo synthesis of fatty acids in the circulatory system,
determines the extent of IMF deposition [59]. As the content of IMF and TG in LT markedly
increased in the EE group, the relative mRNA expression levels of ACC and FAS were as-
sessed and found to be upregulated. Under the action of ACC, Acetyl-CoA is carboxylated
to malonyl-CoA, a two-carbon unit for the synthesis of long-chain fatty acids [60]. FAS
catalyzes small molecular carbon units to long-chain fatty acids [61], which was observed
to have the strongest correlation to IMF content among the chosen 30 lipid metabolism
genes by Wang et al. (2020) [62]. In the present study, the upregulated expression of these
lipogenic genes in the EE group indicated that there was an increased capacity for de novo
synthesis of FFA due to energy excess diet, leading to an increase in IMF accumulation [10].
Considering the high inclusion of soy oil in the EE diet, it has been shown previously that
fatty acids regulate lipid metabolism via altering gene expression of lipogenic enzymes in
the liver and adipose [63]. However, meat quality characteristics are unlikely to be affected
via an altered dietary composition of phospholipids [64]. The extent of fatty acids in
tissue concentration altered from dietary fat type depends on the dietary energy level [65].
According to Fang et al. [66], the inclusion of 0%, 3.17%, and 10.50% soy oil in the diet, the
DE level was 12.82, 14.24, and 15.66 MJ/kg, respectively, which had no impact on meat
quality. Therefore, it is reasonable to suggest that the different energy levels played a major
impact in the present study.

FABP4, considered candidate genes for IMF deposition [67,68], is largely involved in
regulating fatty acid intake and intracellular transporting [69]. The upregulated mRNA
expression of FABP4 in the EE group may explain higher IMF content due to the efficient
transport of fatty acids towards lipid synthesis. Alternatively, the higher expression of
FABP4 mRNA will deliver more fatty acid to mitochondrial oxidation [70,71]. Coinci-
dentally, the present results, which showed a higher proportion of MyHC IIb, FABP4
abundance, and IMF content in the EE group, were consistent with the fact that glycolytic
muscle fibers were less oxidative and used fewer lipids as fuel substrate than other fiber
types. Collectively, these observations of the present study suggested that lipid anabolic
pathways, intracellular trafficking of fatty acids supported by FABP, and myofiber en-
ergetic metabolism may contribute an explanation of IMF content increasing caused by
excessive energy.

Finally, hydrolyzed amino acids in LT were determined to evaluate the nutritional
value of meat from Ningxiang pigs. A food protein with high nutritional value should
contain comprehensive and well-proportioned essential amino acids (EAA), and it is best to
be close to or consistent with the nutritional needs of the human body thus that EAAs will
be absorbed thoroughly. These findings in all groups in this study fit the FAO/WHO/UNU
(Joint, 1985) [72] essential amino acid benchmark model, where EAA/TAA should be
around 40%, and EAA/NEAA should be over 60% in the amino acid composition of high-
quality protein. Cys and Pro, called functional amino acids, were increased and decreased,
respectively, in the excessive energy group. Cys is considered capital contributors to meat
flavor development [73]. Pro is a sweet amino acid, and its metabolite (hydroxyproline) is
closely related to meat tenderness [74]. Taken together, Ningxiang pigs retained a variety
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of amino acids regardless of fed excessive energy or restricted energy, which offered high
nutritional value. As a local, high-quality pig breed resource, it has development potential.
Moreover, judging from increased Cys and decreased Pro, excessive energy was conducive
to meat flavor formation and meat tenderization to a certain extent in the present study.

5. Conclusions

RE is comparable to CON in terms of growth performance and meat quality of Ningxi-
ang pigs, suggesting the acceptability to lower dietary energy in Ningxiang pigs. Excessive
energy led to the growth promotion of finishing Ningxiang pigs but tended to affect its
meat quality negatively. Excessive energy in this study promoted IMF deposition by chang-
ing lipogenic potential to affect meat quality while causing a decrease in tenderness by
increasing CSA and glycolytic muscle fibers, in particular, MyHC IIb. In addition, excessive
energy had a greater impact on meat quality and IMF than restrictive energy, or rather,
a more negative impact. The trial of extreme energy levels on the IMF deposition and
myofiber characteristics may clarify the functional role of energy in the regulation of meat
quality and provide a new perspective for the energy needs of Ningxiang pigs.
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