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Simple Summary: Natural flavor compounds can stimulate people’s senses of smell and taste; as
indicators of food sensory quality, such compounds influence the acceptance by consumers. In
addition, natural antioxidants are becoming popular among consumers because they are safe and
have no adverse side effects. Purple corn anthocyanins are polyphenolic compounds with natural
antioxidant properties that exist widely in nature. Research has shown that anthocyanins can
provide extra electrons to the free radicals, preventing lipid oxidation and improving muscle volatile
components. However, no information is available concerning the effect of feeding anthocyanin
on goat meat volatile compounds. This was the first study to investigate the effects of dietary
anthocyanins from purple corn supplementation on lipid mechanism, body composition, volatile
compound profiles, and related gene expression in the longissimus thoracis et lumborum muscle of
goats. The current study indicates that the consumption of purple corn anthocyanin by growing
goats improves mutton flavor by decreasing plasma lipid metabolism parameters and by modulating
the abundance of several flavor-related genes in the longissimus thoracis et lumborum muscle. The
results will help to understand the mechanism of action of anthocyanins on the flavor compounds,
providing the rationale for anthocyanins regulating mutton flavor through related signaling pathways
of ruminants in future studies.

Abstract: The current study aimed to investigate the effect of anthocyanins on muscle flavor com-
pound profiles in goats. Goats in three groups were fed a basic diet or a diet supplemented with
0.5 g/d or 1 g/d anthocyanin-rich purple corn pigment (PCP). Compared to the control group, plasma
total cholesterol was significantly decreased (p < 0.05) in the anthocyanin groups. The feeding of
anthocyanin increased (p < 0.05) flavor compound types and total alcohol level, whereas it decreased
(p < 0.05) total hydrocarbons, aromatics, esters, and miscellaneous compounds in the longissimus
thoracis et lumborum muscle (LTL). Adding PCP to the diet enriched (p < 0.05) vegetal, herbaceous,
grease, and fruity flavors compared to the control group. The 0.5 g/d PCP group had increased
(p < 0.05) abundance of peroxisome proliferator-activated receptor gamma, but there was a decreased
(p < 0.05) level of lipoprotein lipase in LTL. Collectively, this study indicated that anthocyanin can
improve mutton flavor by decreasing plasma lipid parameters and by modulating the abundance of
several flavor-related genes of goats.
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1. Introduction

Flavor is one of the key factors affecting consumers’ choice of food. Currently, a
large number of studies have focused on improving flavor compounds of goat meat
from the standpoint of animal nutrition. A previous study showed that lipids can easily
deteriorate, leading to the reduction of oxidative stability and the production of various
volatile components [1]. Once the odor threshold for certain secondary oxidation products
is exceeded, consumers may detect aromas of rancidity [2]. Synthetic antioxidants can
inhibit lipid oxidation, and these have been widely used in meat production, but they have
been discouraged because of their toxic effects. This has led the meat industry to search for
new economical and effective natural antioxidants that can replace synthetic antioxidants
without adversely affecting the quality of finished products and consumer perceptions [3].

Anthocyanins are natural antioxidants that are widely present in plants. The antho-
cyanins belong to the class of water-soluble phenolic compounds [4]. Studies have shown
that adding anthocyanin-containing feed affected the meat quality in ruminants. For ex-
ample, Colombo et al. [5] found that the inclusion of anthocyanin-rich purple corn could
enhance antioxidant status and help improve unsaturated fatty acids (UFA) in ruminants.
The main flavor compounds were alcohols, aldehydes, ketones, esters, benzenes, alkenes
and volatile organic acids. The UFA can be easily destroyed by oxygen derived free radicals
(FR). Hence, lipids are important flavor compound precursors, especially for the UFA.
Specifically, the oxidation of lipid may occur at the double bonds in the UFAs, giving rise
to undesirable flavor compounds [6]. It was previously reported that small ruminants
receiving purple corn anthocyanins could significantly enhance the antioxidant function [7].
In addition, anthocyanins could regulate gene and protein expression, thus preventing
lipid oxidation and improving volatile components [8]. This is because anthocyanins used
as FR terminators donate hydrogen to the FRs and thereby stop the oxidation reactions and
improve flavor compounds [9]. As mentioned above, anthocyanins had the potential to
improve meat volatile components by modulating the lipid mechanism and related gene
expression in goats.

To the best of our knowledge, limited information is available regarding the effect
of dietary anthocyanin on goat meat volatile compounds. Additionally, we previously
confirmed that dietary anthocyanins can be transferred to body tissues, thereby affecting
antioxidant functions [10]. We hypothesized that the inclusion of anthocyanin-rich purple
corn pigment (PCP) could improve meat volatile compound profiles in goats. The aim of
the present study was to investigate the mechanism of anthocyanins affecting volatile com-
pounds in meat through plasma lipid metabolites, body composition, volatile compound
profiles, and related gene expression analyses in the longissimus thoracis et lumborum muscle
(LTL) of goats.

2. Materials and Methods
2.1. Experimental Design

This study was designed in agreement with the Inspection Form for Guizhou Univer-
sity, Experimental Animal Ethics (EAE-GZU-2020-7009, Guiyang, China). The feeding trial
was conducted in a commercial goat farm (106.198244 E, 28.26403 N, Xishui, China). The
experiment lasted 74 days, from 10 July to 24 September in 2020. The preparation period
was 14 days, and the formal experimental period was 60 days. A total of 18 Qianbei Ma
wether kids (body weight, 21.38 ± 1.61 kg; mean ± standard deviation) were randomly
allotted into three groups using a completely randomized design with six replicates per
group. The control group was provided with a basal diet, while treatments 1 (LA) and
2 (HA) were supplemented with 0.5 g/d and 1 g/d PCP, respectively. PCP was purchased
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from Nanjing Herd Source Bio-technology Co., Ltd., Nanjing, China. The anthocyanin
composition of PCP was detected according to Tian et al. [11], and PCP had 2619.04 µg/g
total anthocyanin concentration in this study. The level of purple corn pigment followed
Tian et al. [10]. The PCP was mixed in concentrate, and then mixed with roughage to pre-
pare total mixed rations. All experimental kids were housed in clean individual pens and
were provided drinking water ad libitum. Equal amounts of rations were provided twice
daily at 08:30 and 16:30 for ad libitum intake. The nutrient requirements of experimental
animals were according to the National Research Council (NRC) [12]. The ingredients and
nutrient composition of experimental diets was list in Table 1.

Table 1. Ingredients and nutrient composition of experimental diets (DM basis).

Ingredients (%) Content Chemical Composition (%) Content

Peanut vines 50.00 Dry matter 90.17
White distiller’s grains 10.00 Crude protein 13.82

Soybean residues 10.00 Gross energy (kJ/g) 13.32
Green hay 9.30 Neutral detergent fiber 43.54

Corn 14.00 Acid detergent fiber 29.23
Soybean meal 5.00 Hemicellulose 14.31

Mineral premix 1 0.50 Ether extract 2.27
Vitamin premix 2 0.50 Organic matter 91.53

NaCl 0.50 Ash 8.47
Limestone 0.20 Calcium 1.04

Total 100.00 Phosphorus 0.18
1 Vitamin premix contained (per kg of premix): vitamin A 4,000,000 IU, vitamin D 600,000 IU, vitamin E 25,000 mg, DL-methionine 7000 mg,
and L-lysine 5000 mg. 2 Mineral premix contained (per kg of premix): Cu 1300 mg, Fe 1000 mg, Zn 1575 mg, and Mn 595 mg.

2.2. Sample Collection

Approximately 100 g basal diet was collected once weekly and pooled during the
experimental time period. The samples were dried at 65 ◦C in a vacuum oven for 72 h, then
ground and passed through a 1-mm sieve.

One day before the end of the experiment, blood samples (approximately 10 mL) were
taken at 0 h and 3 h from the jugular vein using a vacuette tube with heparin sodium
(Taizhou Qiujing Medical Instrument Co., Ltd., Taizhou, China). The blood samples were
transferred to a 1.5-mL tube after centrifugation (Allegra® X-30R Centrifuge, Beckman
Coulter, Brea, CA, USA) at 3000× g for 15 min at 4 ◦C and kept at −20 ◦C until plasma
lipid metabolism was analyzed.

Six goats per group were slaughtered at the end of the experiment, and the processing
of carcasses was as described by Danforth [13]. Muscle samples were divided into three
portions. One aliquot was weighed and put into a freeze dryer (SCIENTZ-18N, Ningbo
Scientz Biotechnology Co., Ltd., Ningbo, China) for 72 h to calculate moisture, then ground
and passed through a 1-mm sieve until being analyzed for chemical composition. Another
aliquot was stored at −20 ◦C until flavor compounds were detected. The last aliquot was
immediately transferred to a 1.5-mL tube with RNA wait (Cat#SR0020, Beijing Solarbio
Science and Technology Co., Ltd., Beijing, China) and stored at −80 ◦C until the gene
expression assay was performed.

2.3. Chemical Composition

The contents of moisture/dry matter (DM), crude protein (CP), ether extract (EE), ash,
calcium (Ca) and phosphorus (P) were measured in feed and muscle as per the method of
Association of Official Analytical Chemists (AOAC) [14]. Neutral detergent fiber (NDF)
and acid detergent fiber (ADF) were determined according to Van Soest et al. [15]. Gross
energy (GE) was analyzed by a calorimeter (WGR-WR3, Changsha BENTE Instrument Co.,
Ltd., Changsha, China). Each index was run in triplicate.
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2.4. Plasma Lipid Mechanism

The concentrations of total cholesterol (T-CHO; code No. A111-2-1), triglyceride
(TG; code No. A110-2-1), creatinine (Cr; code No. C011-1-1), low-density lipoprotein
cholesterol (LDL-C; code No. A113-1-1), and high-density lipoprotein cholesterol (HDL-C;
code No. A112-1-1) were determined using commercial kits purchased from Jiancheng
Bioengineering Institute (Nanjing, China). All procedures were strictly completed in
accordance with reagent instructions.

2.5. Flavor Compound Profiles

A total of 4 g of chopped and mixed sample was weighed and transferred to a solid
phase microextraction instrument and run in a manual injector with a 2 cm–50/30 µm
DVB/CAR/PDMS StableFlex fiber tip. The LTL was then subjected to the analysis of
volatile compounds using a gas chromatograph (GC; Agilent Technologies, Santa Clara, CA,
USA) and tandem mass spectrometer (MS; SCIEX-6500Qtrap; AB Allen-Bradley, Milwau-
kee, WI, USA) with splitless injecting the sample after headspace extraction-temperature
for 60 min at 80 ◦C. The GC conditions were as follows: the chromatographic column was
an Agilent 19091S-436HP-5MSfused silica capillary column (60 m × 250 µm × 0.25 µm).
The initial temperature was 40 ◦C for 2 min, increasing to 180 ◦C at the rate of 3.5 ◦C/min,
and then to 310 ◦C at the rate of 10 ◦C/min. Total run time was 55 min. The temperature
of the boil room was 250 ◦C; the carrier gas was He (99.99%). The pressure before colum-
niation was 15.91 psi; the carrier gas flow rate was 1.0 mL/min, and the solvent delay
time was 3 min. The MS conditions were as follows: the ion source was EI ionization; the
ionization temperature was 230 ◦C, the Quadrupole temperature was 150 ◦C; the energy
of ionization was 70 eV, with an emission current of 34.6 µA and multiplier voltage of
1847 v; the interface temperature was 280 ◦C, and the mass range was 29–500 amu. The
peaks in the total ion flow diagram were retrieved by the MS computer data system, and
component qualitative analysis was performed via comparison with the standard mass
spectra in Nist17 and Wiley275 libraries to determine volatile chemical components. The
area normalization method was used to calculate the peak area percentage of each of
flavor compound.

2.6. Calculation of Relative Odor Activity Value

The contributions of volatile compounds toward the flavor were analyzed by relative
odor activity value (ROAV) using the following equation [16]:

ROAVi ≈ Ci/Cmax×Tmax/Ti × 100 (1)

where Ci and Ti are the relative content and odor threshold concentration, respectively;
Cmax and Tmax are the highest relative content and odor threshold concentration, respec-
tively. The most important flavor component of ROAV was defined as 100. In general,
compounds with ROAV >1 contribute to the aroma, whereas compounds with ROAV < 1
may not.

2.7. Gene Expression

Total RNA was extracted from the LTL as follows: a 100 mg sample was transferred
into a 1.5-mL tube, and 1-mL of RNA extracting solution (Cat. No. G3013; Wuhan
Servicebio Technology Co., Ltd., Wuhan, China) was added and run in a homogenizer. The
supernatant was immediately transferred to a 1.5-mL tube after centrifugation at 12,000× g
for 10 min at 4 ◦C (D3024R; DragonLab, Beijing, China). Next, before centrifugation at
12,000× g for 10 min at 4 ◦C, 250 mL chloroform was added and the tube shaken vigorously,
and the mixture was let stand for 3 min. A volume of 400 µL of the supernatant was
transferred to a new tube; 320 µL isopropanol (Cat. No. 80109218; Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) was added, and the tube was shaken vigorously and
kept at −20 ◦C for 15 min. The sample was centrifuged at 12,000× g for 10 min at 4 ◦C;
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the supernatant was removed, and 1.5 mL of 75% ethanol (Cat. No. 10009218; Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) was added to wash the precipitate. The
supernatant was removed after centrifugation at 12,000× g for 10 min at 4 ◦C, and the
centrifuge tube was placed on a super clean table and aerated for 3 min. The total RNA was
dissolved with HyPureTM Molecular Biology Grade Water (Cat. No. SH30538.02; HyClone,
Logan, UT, USA) and incubated at 55 ◦C for 5 min. The concentration and purity of RNA
were detected by a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). All
sample concentrations were adjusted to 200 ng/µL.

The cDNA synthesis was performed using a Servicebio® RT first strand cDNA syn-
thesis kit (Cat. No. G3330; Wuhan Servicebio Technology Co., Ltd., Wuhan, China) with
20 µL reaction volumes containing 4 µL of 5× reaction buffer, 0.5 µL of oligo (dT)18 primer
(100 µM), 0.5 µL of random hexamer primer (100 µM), 1 µL of Servicebio® RT enzyme mix,
10 µL of total RNA, and RNase-free water to a final volume of 20 µL.

All primers were designed using the primer 5 software and were synthesized by
the Wuhan Servicebio Technology Co., Ltd. (Wuhan, China; Table 2). The three target
genes were peroxisome proliferator-activated receptor gamma (PPARγ), stearoyl-CoA
desaturase (SCD), and lipoprotein lipase (LPL). The reference gene was glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The real-time PCR amplifications were performed in
a 15-µL reaction volume by a StepOnePlus™ real-time PCR system (Applied Biosystems™,
Waltham, MA, USA). The reaction system consisted of 7.5 µL of 2 × SYBR Green qPCR
master mix (Cat. No. G3320; Wuhan Servicebio Technology Co., Ltd., Wuhan, China), 1.5 µL
of forward and reverse primers (2.5 µM), 2.0 µL of cDNA, and 4.0 µL of ddH2O. The real-
time PCR amplification procedure comprised 10 min at 95 ◦C for pre-denaturation, 40 cycles
of 15 s at 95 ◦C for denaturation, and 30 s at 60 ◦C for extension. The fluorescence signal
was collected every 0.5 ◦C from 65 ◦C to 95 ◦C. Each sample was performed in triplicate.

Table 2. Primer sequences used for real-time PCR amplifications in this study.

Gene 1 Primer Sequences (5′ to 3′) Accession Number Product Size (nt)

PPARγ (F) CATTTCCGCTCCGCACTAC NM_001285658.1 234
(R) TGGAACCCTGACGCTTTATCC

SCD (F) GTTCCAGAATGACGTTTTTGAATGG NM_001285619.1 175
(R) CGGATAAATCTAGCGTAGCACCC

LPL (F) ATTTAACTATCCCCTGGGCAATG XM_013966067.2 212
(R) ACCCCCTGGTGAATGTGTGT

GAPDH (F) GCCCTCTCAAGGGCATTCTA XM_005680968.3 81
(R) AGGTAGAAGAGTGAGTGTCGC

1 PPARγ, peroxisome proliferator-activated receptor gamma; SCD, stearoyl-CoA desaturase; LPL, lipoprotein lipase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; F, forward; and R, reverse.

2.8. Statistical Analysis

All data analysis was performed through the Statistical Analysis System 9.1.3 (SAS
Institute, Cary, NC, USA) software using one-way analysis of variance. Six replications
were used in the present study, which could make a significance level of 0.05 and a power
greater than 0.80. The replicate was considered the experimental unit in all of the statistical
analyses. The relative mRNA abundance was measured according to the 2−∆∆Ct method.
The average abundance of genes in control data was used as the calibrator. The relationships
between gene expression and key volatile compounds of LTL were analyzed by Pearson
correlation coefficients (r) [17]. p-values lower than 0.05 indicated significant differences
between samples.

3. Results
3.1. Lipid Metabolism

There were no differences (p > 0.05) in the plasma TG, LDL-C, or HDL-C among the
three groups (Table 3). However, PCP supplementation decreased (p < 0.05) the level of
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plasma T-CHO. In addition, the Cr level in the LA group was significantly lower (p < 0.05)
than those of the control and HA groups.

Table 3. Effect of purple corn anthocyanin on plasma lipid in goats 1.

Item 2
Group

SEM p-Value
Control LA HA

T-CHO (mmol/L) 5.00 a 3.85 b 3.34 b 0.2487 0.0006
TG (mmol/L) 0.52 0.54 0.53 0.0284 0.9101
Cr (µmol/L) 74.91 a 60.53 b 73.89 a 4.0951 0.0624

LDL-C (mmol/L) 1.57 1.52 1.52 0.0723 0.8302
HDL-C (mmol/L) 3.30 3.60 3.54 0.1100 0.1656

1 a,b Different letters within a row indicate significant differences (p < 0.05). Values represent the means of six
replicates (n = 6). 2 LA, basal diet + 0.5 g/d PCP; HA, basal diet + 1 g/d PCP; SEM, standard error of mean;
T-CHO, total cholesterol; TG, triglyceride; Cr, creatinine; LDL-C, low-density lipoprotein cholesterol; and HDL-C,
high-density lipoprotein cholesterol.

3.2. Nutrient Composition of Longissimus Thoracis et Lumborum Muscle

No differences (p > 0.05) were observed in LTL chemical composition for moisture,
GE, CP, EE, Ash, Ca, or P among all groups (Table 4).

Table 4. Effect of purple corn anthocyanin on nutrient composition of longissimus thoracis et lumborum
muscle in goats 1.

Item (%) 2
Group

SEM p-Value
Control LA HA

Moisture 73.05 74.32 73.06 0.7561 0.4427
GE (kJ/g) 21.72 22.68 22.88 1.0207 0.7083

CP 21.22 20.57 21.54 0.4413 0.3079
EE 11.05 11.14 11.01 0.9605 0.9956

Ash 6.19 6.79 6.03 0.3177 0.2895
Ca 0.40 0.34 0.34 0.0195 0.0809
P 0.26 0.22 0.23 0.0354 0.7060

1 Values represent the means of six replicates (n = 6). 2 LA, basal diet + 0.5 g/d PCP; HA, basal diet + 1 g/d
PCP; SEM, standard error of mean; GE, gross energy; CP, crude protein; EE, ether extract; Ca, calcium; and
P, phosphorus.

3.3. Flavor Compounds in Longissimus Thoracis et Lumborum Muscle

As shown in Table 5, a total of 41 flavor compounds were detected in this study,
including 9 alcohols, 10 aldehydes, 6 ketones, 6 hydrocarbons, 3 aromatics, 4 esters, and
3 miscellaneous compounds. The control, LA, and HA groups detected 27, 35, and 35 flavor
compounds, respectively. Compared to the control, the anthocyanin groups showed higher
(p < 0.05) levels of total alcohols, whereas they displayed lower (p < 0.05) levels of total
hydrocarbons, aromatics, esters, and miscellaneous compounds. In addition, the HA group
had significantly lower (p < 0.05) total aldehydes relative to the other groups. The LA group
had a significant decrease (p < 0.05) in the level of total ketones compared to the controls.

3.4. Relative Odor Activity Value

Fourteen key flavor compounds were selected according to the ROAV values (Table 6).
Octanal was chosen as the calibration standard because its odor threshold was lowest (0.7).
The ROAV values of other compounds were calculated relative to the value for octanal. The
key flavor compounds were 1-heptanol (ROAV = 1.711), 1-octen-3-ol (ROAV = 19.742), hex-
anal (ROAV = 20.025), heptanal (ROAV = 8.061), octanal (ROAV = 100), nonanal
(ROAV = 427.875), decanal (ROAV = 1.626), and 2,3-octanedione (ROAV = 2.844) in the
control group. Importantly, in addition to the above flavor compounds, the key flavor
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compounds added 1-hexanol (ROAV = 3.191; ROAV = 3.148) and 1-octanol (ROAV = 1.179;
ROAV = 1.565) in the anthocyanin groups.

Table 5. Effect of purple corn anthocyanin on flavor compounds of longissimus thoracis et lumborum muscle in goats 1.

Item (%) 2
Group

SEM p-Value
Control LA HA

Alcohols (9)
Ethanol 2.04 b 8.55 a 3.12 b 0.3212 <0.0001

1-butanol ND 0.07 b 0.19 a 0.0120 0.0022
1-pentanol 1.62 1.54 1.86 0.1193 0.2198
1-hexanol 0.17 b 2.08 a 2.06 a 0.1013 <0.0001
1-heptanol 0.75 c 1.64 b 2.11 a 0.1262 0.0008
1-octen-3-ol 1.82 c 3.86 b 5.43 a 0.1539 <0.0001

2-ethyl-1-hexanol 2.11 a 1.16 b 2.13 a 0.1738 0.0119
(Z)-2-octen-1-ol 0.17 b 0.65 a 0.80 a 0.0750 0.0025

1-octanol 10.10 b 13.58 a 10.26 b 0.6600 0.0161
Subtotal 15.05 b 27.11a 27.29 a 1.1629 0.0004

Aldehydes (10)
3-methyl-butanal ND 0.09 0.10 0.0070 0.2293

Acetaldehyde 0.98 a ND 0.08 b 0.1105 0.0045
Pentanal ND 0.29 ND - -
Hexanal 8.29 c 17.71 a 15.54 b 0.3865 <0.0001
Heptanal 2.22 b 4.07 a 3.91 a 0.1720 0.0005

(Z)-2-heptenal ND 0.16 0.19 0.0256 0.3811
Octanal 6.46 a 5.07 b 5.10 b 0.2106 0.0052

(E)-2-octenal ND 0.23 a 0.11 b 0.0167 0.0065
Nonanal 39.43 a 30.67 b 30.34 b 0.3985 <0.0001
Decanal 0.30 b 0.45 a 0.49 a 0.0389 0.0304
Subtotal 57.68 a 58.75 a 55.87 b 0.5207 0.0214

Ketones (6)
Acetone 0.66 a ND 0.31 b 0.0816 0.0397

2,3-butanedione ND ND 0.13 - -
2-pentanone ND 0.07 0.13 0.0177 0.0806
2-heptanone ND ND 0.37 - -

2,3-octanedione 3.14 a 1.39 b 2.18 b 0.2424 0.0066
6-methyl-5-hepten-2-one ND 0.30 0.48 0.0491 0.0534

Subtotal 3.79 a 1.76 b 3.61 a 0.3577 0.0127
Hydrocarbons (6)

1,1-diethoxy-ethane ND 0.03 ND - -
Octane 0.50 ND ND - -
Nonane ND 0.11 0.12 0.0130 0.9049

1-nitro-hexane 1.60 a 0.55 b 1.20 a 0.1430 0.0058
Dodecane 0.26 a 0.14 b 0.25 a 0.0153 0.0026

Tetradecane 1.22 a 0.34 b 0.43 b 0.0684 0.0002
Subtotal 3.58 a 1.29 b 1.89 b 0.1787 0.0003

Aromatics (3)
Ethylbenzene 0.38 a 0.09 b 0.17 b 0.0280 0.0009

Styrene 0.62 a 0.15 b ND 0.0390 0.0010
o-xylene 0.55 a 0.28 b 0.22 b 0.0390 0.0022
Subtotal 1.54 a 0.52 b 0.39 b 0.0383 <0.0001
Esters (4)

Ethyl acetate ND 0.10 ND - -
Hexanoic acid, ethyl ester ND 0.30 a 0.05 b 0.0221 0.0015

Carbamodithioic acid, diethyl-, methyl ester 4.16 a 0.77 b 0.67 b 0.0817 <0.0001
9-octadecenoic acid (Z)-, methyl ester 1.06 ND ND - -

Subtotal 5.22 a 1.17 b 0.73 b 0.1388 <0.0001
Miscellaneous compounds (3)

Carbon disulfide 6.06 a 1.02 b 0.79 b 0.1384 <0.0001
Oxime-, methoxy-phenyl-_ ND 0.30 b 0.52 a 0.0231 0.0025

2-pentyl-furan 0.49 0.45 0.21 0.1520 0.4222
Subtotal 6.55 a 1.76 b 1.52 b 0.1884 <0.0001

1 a–c Different letters within a row indicate significant differences (p < 0.05). Values represent the means of six replicates (n = 6). 2 LA, basal
diet + 0.5 g/d PCP; HA, basal diet + 1 g/d PCP; SEM, standard error of mean; and ND; not detected.
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Table 6. Relative odor activity values of critical flavor compounds of longissimus thoracis et lumborum muscle in goats 1.

Name of Compound 2 Odor Threshold
(µg/kg)

Odor Description Literature
ROAV

Control LA HA

Ethanol 520 NF 19 0.043 0.227 0.083
1-hexanol 9 Vegetal, herbaceous 18 0.205 3.191 3.148
1-heptanol 4.8 Fat flavor 19 1.711 4.708 6.022
1-octen-3-ol 1 Mushroom, earthy 16 19.742 53.105 75.217

(Z)-2-octen-1-ol 13 Grease, fruity 16 0.046 0.224 0.274
1-octanol 120 Grease, fruity 16 0.916 1.179 1.565
Hexanal 4.5 Grassy and fishy 16 20.025 54.318 47.744
Heptanal 3 Fishy 16 8.061 18.698 17.945
Octanal 0.7 Fat, lemon, green 18 100 100 100
Nonanal 1 Grease and grassy 16 427.875 424.049 419.828
Decanal 2 Citrus 16 1.626 3.097 3.359

2,3-octanedione 12 Creamy 20 2.844 1.599 2.553
Carbon disulfide 210 NF 19 0.314 0.067 0.052

2-pentyl-furan 6 Fruity aroma 20 0.894 0.998 0.481
1 Odor description refers to the literature [16,18–20]. Only flavor components with ROAV ≥ 0.1 in one of the three group samples are
presented. 2 LA; basal diet + 0.5 g/d PCP; HA; basal diet + 1 g/d PCP; and NF; not found.

3.5. Gene Expression

As shown in Figure 1, the abundance of PPARγ mRNA was upregulated (p < 0.05) in
the LTL of goats receiving LA relative to the other groups. Goats fed the HA diet showed
decreased (p < 0.05) SCD mRNA abundance compared to those in the control and LA
groups. The addition of LA in goats decreased LPL (p < 0.05) mRNA expression compared
with other groups.
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Figure 1. Relative mRNA abundance of genes of longissimus thoracis et lumborum muscle in goats.
Data reported as least-squares means ± SEM (n = 6). Relative quantification of mRNA abundance for
each gene was analyzed by the 2−∆∆Ct method, with the control group as the reference expression
point. a,b Different letters indicate significant differences (p < 0.05). Abbreviations: LA, basal diet +
0.5 g/d PCP; HA, basal diet + 1 g/d PCP; PPARγ, peroxisome proliferator-activated receptor gamma;
SCD, stearoyl-CoA desaturase; and LPL, lipoprotein lipase.
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3.6. Relationship between Gene Expression and Key Volatile Compounds

Significant (p < 0.05) negative correlations were observed between PPARγ and hexanal
and heptanal, while PPARγ was positively correlated with octanal (Table 7). There was
a significant (p < 0.05) positive correlation between the abundance of SCD and ethanol.
In addition, significant (p < 0.05) positive correlations were detected between the mRNA
expression of LPL and several flavor compounds (ethanol, 1-heptanol, 1-heptanol, (Z)-2-
octen-1-ol, hexanal, heptanal, and decanal).

Table 7. Pearson correlation coefficients between key volatile compounds and gene expression of
longissimus thoracis et lumborum muscle in goats 1.

Item 2 PPARγ SCD LPL

Ethanol −0.5689 0.7052 * 0.7599 *
1-hexanol 0.3272 −0.6146 −0.5435
1-heptanol −0.6140 −0.3168 0.7830 *
1-octen-3-ol −0.5506 −0.4336 0.7323 *

(Z)-2-octen-1-ol −0.4814 −0.1500 0.8746 **
1-octanol −0.3095 −0.5766 0.3358
Hexanal −0.7299 * 0.1437 0.9354 ***
Heptanal −0.7307 * −0.0057 0.8861 **
Octanal 0.7443 * 0.0137 −0.8250 **
Nonanal 0.5984 0.0892 −0.9174 ***
Decanal −0.4527 −0.2811 0.6936 *

2,3-octanedione 0.5060 −0.2555 −0.8111 **
Carbon disulfide 0.6195 0.0782 −0.9262 ***

2-pentyl-furan 0.0778 0.4142 −0.1854
1 Only flavor components with ROAV ≥ 0.1 in one of the three group samples are presented. * p < 0.05, ** p < 0.01,
*** p < 0.001. 2 PPARγ, peroxisome proliferator-activated receptor gamma; SCD, stearoyl-CoA desaturase; and
LPL, lipoprotein lipase.

4. Discussion

The FRs may initiate the oxidative degradation of lipids, as lipid radicals can react
with oxygen and form new FRs such as O2

−· and ·OH, and these can react with TG or free
fatty acids (FA) to reinitiate the process in ruminant meat [21]. Anthocyanins may affect the
initial processes of lipid hydrolysis, micelle formation, and cholesterol transfer to intestinal
cells [22]. Xia et al. [23] reported that adding anthocyanin-rich extract to the diet of mice
reduced the concentrations of serum TG and T-CHO, thus improving the lipid profile. In
addition, Hosoda et al. [24] demonstrated that the feeding of anthocyanin-rich corn silage
tended to lower plasma T-CHO concentration in dairy cows. The postulated mechanism of
anthocyanins for inhibition of lipid metabolism was as follows: (1) anthocyanins can inhibit
cholesterol synthesis by decreasing the gene expression of 3-hydroxy-3-methylglutaryl
coenzyme A; (2) anthocyanins may reduce blood apo B–and apo C-III; and (3) anthocyanins
may inhibit cholesteryl ester transfer protein [25]. Yong et al. [26] revealed that purple
sweet potato anthocyanins could decrease sterol regulatory element-binding protein 1 level
and the expression levels of the target genes acetyl-coenzyme A carboxylase and FA
synthase. Similarly, Lee et al. [27] demonstrated that anthocyanins could reduce TG in
3T3-L1 cells. Thus, feeding anthocyanin-rich PCP resulted in a reduction of plasma T-CHO,
suggesting that anthocyanins may partly contribute to the actions of lipid metabolites.
The autoxidation of lipids or the oxidation of lipids with UFAs leads to the formation of
meat flavor compounds. Hence, anthocyanins inhibit plasma lipid metabolism that can
modulate the formation of flavor compounds in goat muscle.

Animal meat products are composed of water, protein, fats, and minerals, and nutri-
tional status can directly affect the chemical composition of meat. In the present experiment,
no significant differences in nutrient composition were noted among the groups, indicating
that anthocyanins had no effect on regulating nutritional components of goats. The reason
may be related to the low bioavailability of anthocyanins in animals. In addition, factors
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affecting the stability of anthocyanin include pH, temperature, oxygen, light intensity,
and enzymes [28]. The chemical forms and biological activities of anthocyanins may be
different when exposed to different pH and temperatures in the gastrointestinal tract. In
addition, the red luteal cation is the most abundant molecular form for anthocyanins when
the pH value is less than 2 [29]. Ruminal fluid pH ranged from 7.19 to 7.22 in this study,
and this may also negatively affect the absorption of anthocyanins.

Lipid oxidation in meat is one of the main causes of quality loss; oxidation adversely
affects flavor and nutritive value, limiting the shelf-life of meat [3]. The lipid hydroperox-
ides are decomposed into hydroxyl and alkoxy radicals, and then the FA chain adjacent to
the alkoxy group splits to produce low molecular weight volatile compounds [9]. Therefore,
meat flavor is an important factor affecting the palatability and acceptability of ruminant
meat by consumers [30]. Anthocyanins may be transferred from feed to muscle, sub-
sequently affecting the lipid metabolism of muscle [31]. Specifically, anthocyanin is a
powerful FR scavenger that can not only effectively prevent the oxidation reactions caused
by active FRs but also protect the integrity of lipids [32]. Moreover, the phenolic hydroxyl
group of anthocyanins has a strong inhibitory effect on FRs, providing H atoms to FRs
and thereby reducing the peroxide value, terminating the reactions of FRs and inhibit-
ing lipid oxidation [33]. As a result, the anthocyanin groups showed high amounts of
volatile compounds, perhaps due to the addition of anthocyanins to the goat diet inhibiting
lipid oxidation, delaying the decline of meat flavor quality, and enriching the types of
flavor substances.

Although lipid oxidation is one of the main reasons for the deterioration of meat
products, it is important for the formation of typical aromas in meat products. Alcohols are
mainly derived from the lipid oxidation of meat [34]. Of interest, the anthocyanin groups
had higher relative contents of alcohols, perhaps because the antioxidant system in goats
can meet its own needs. Indeed, lipid peroxidation can easily produce various off-flavor
volatile compounds, such as alcohols, ketones, and aldehydes [35]. The polyhydric alcohols
in bulk fish oils suppress both oxidation and formation of volatile off-flavors [36]. Hence,
the increased alcohol content in meat after feeding anthocyanin may be a manifestation
of the enhancement of antioxidant function. However, the mechanism involved is still
unclear. Moreover, while an antioxidant may protect against FRs, it could have no effect at
all or in certain circumstances may even act as a “pro-oxidant” that generates toxic oxygen
species [37]. The flavor compounds play a key role in the meat sensory attributes, but
they are also considered important indicators for the stability of oxidative of lambs [38].
It was one of important body protective mechanisms of anthocyanin that regulating the
expression of apoptosis-associated protein and antioxidative enzyme by the nuclear factor
erythroid 2-related factor 2 (Nrf2) signing pathway [39]. Therefore, adding anthocyanin to
the diet can improve the antioxidant capacity of muscle and inhibit the excessive oxidation
of lipid, reducing the generation of off-flavor and prolonging the shelf life of goat meat. In
the present research, the feeding of purple corn anthocyanins showed low total aldehyde
and ketone concentrations, suggesting that anthocyanins play a positive role in the aroma
of meat.

The volatile compound contents do not reflect their true contributions to the aroma,
because these compounds show different odor thresholds, leading to different sensitivity
levels for consumers [40]. As such, ROAV was used to express the contribution of volatile
compounds to the aroma of goat meat. In addition, the concentration of flavor is determined
by the threshold value, and only volatile components with low odor thresholds can make a
direct contribution to flavor. Typically, flavor compounds are considered the key volatile
components and are considered to significantly contribute to aroma when the value of
ROAV is≥1; when the value is in the range 0.1≤ ROAV < 1, the compounds also contribute
to the flavor [41]. Of interest, the feeding of anthocyanin increased 1-hexanol and 1-octanol
concentrations, as well as they were the key flavor compounds in both anthocyanin groups
(ROAV > 1), suggesting that anthocyanins could enrichment of vegetal, herbaceous, grease,
and fruity flavors for goat meat. In short, adding PCP to the diet enriched the flavor
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substances of goat meat, making the flavor of meat more harmonious. Indeed, lipid
oxidation has a negative effect on meat, whereas it can help to form pleasant aromas in
some cases [42]. Consistent with our results, Prommachart et al. [43] who showed that
purple corn anthocyanin extracted residue in cattle diet could decrease lipid oxidation and
increase UFA, might improve flavor compounds in meat.

The UFAs react with molecular oxygen to produce unstable compounds via a FR
mechanism, and they produce various flavor compounds that include hydrocarbons,
aldehydes, ketones, alcohols, esters, and acids, resulting in off-flavors and off-odors in
meat [44]. Kortenska and Yanishlieva [45] showed that phenol could inhibit lipid oxidation
as a result of the formation of a complex based on the hydrogen bonds between the hydroxy
compounds and the phenol antioxidants. The basic chemical structure of anthocyanins is
3,5,7-three hydroxyl-2-phenyl benzopyran, yielding high efficiency in capturing peroxy
radicals in the process of lipid oxidation [46]. Hence, the inclusion of anthocyanins can
decrease the levels of total hydrocarbons, aromatics, esters, and miscellaneous compounds
in goat muscle. Collectively, adding anthocyanins to the goat diet can improve the types
and relative contents of meat flavor and can enrich the vegetal, herbaceous, grease, and
fruity flavors.

Anthocyanins have been demonstrated to prevent lipid oxidation due to their special
properties [11]. Thus, the formation of flavor compounds was verified by detecting gene
expression levels of related signaling pathways. The peroxisome proliferator activated
receptors (PPARs) are nuclear hormone receptors activated by FAs and their derivatives,
and they play a central role in lipid homeostasis. Anthocyanins can improve antioxidant
capacity by activating the Nrf2 signaling pathway [47]. The Nrf2 is involved in the PPARs
pathway because of its mechanisms of action [48]. In addition, anthocyanins may act as
PPARγ activators, inducing the adipose tissue remodeling and upregulation of peroxisome
PPARγ gene expression [47]. Therefore, the feeding of 0.5 g/d PCP had significant relative
mRNA abundance for PPARγ. Of interest, feeding high amounts (1 g/d) of anthocyanins
did not increase PPARγ gene expression; this may be because anthocyanins have strong
antioxidant activity, and the feeding of low amounts of anthocyanins was unable to alleviate
oxidative stress and improve antioxidant capacity.

The SCD plays an important role in regulating lipogenesis-related gene expression
and in modulating mitochondrial UFA oxidation. Nichols et al. [49] demonstrated that
citrus flavonoids can reduce plasma lipid levels, enhance glucose tolerance, and inhibit
hyperlipidemia and obesity by reducing the mRNA level of the SCD1 gene in the liver.
In addition, cholesterol was the main factor affecting SCD activity [50]. Accordingly, the
abundance of muscle SCD mRNA decreased after feeding goats anthocyanin, perhaps
because anthocyanin led to a decrease in plasma T-CHO, inhibiting SCD activity. Our obser-
vations concur with those of Lee et al. [27], who indicated that anthocyanins suppress lipid
accumulation by reducing gene and protein expression levels of lipogenic transcription
factors of PPARγ and SCD-1.

The LPL is a key enzyme of lipid metabolism. Its primary function is the hydrolysis of
the core TG of circulating chylomicrons and very low-density lipoprotein (VLDL). There are
two main sources of FAs involved in the PPAR signaling pathway: (1) exogenous sources
from circulating FA-albumin complexes or from LPL-mediated hydrolysis of plasma VLDL
and chylomicrons; and (2) endogenous de novo synthesis [51]. Duivenvoorden et al. [52]
showed that mice with increased LPL activity had higher fat tissue mass and were more
insulin-resistant. Therefore, the feeding of 0.5 g/d PCP had increased abundance of PPARγ,
and consequently decreased LPL gene expression. Consistent with our results, Kowalska
et al. [53] demonstrated that anthocyanin-rich cranberries could inhibit lipid metabolism
by down-regulation of the mRNA level of LPL in the adipose tissue. In short, anthocyanin
may change LTL flavor compound profiles of goats by activating the expression of PPARγ
and inhibiting the expression of SCD and LPL.

Anthocyanins can decrease hepatic lipid accumulation and counteract oxidative stress
and hepatic inflammation [54]. The flavor substances derived from the oxidative rancidity
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of FAs and the addition of anthocyanin in the diet of goats consequently decreased the
levels of flavor compounds. In addition, anthocyanin could modulate the expression
of related lipid metabolism genes. Interestingly, SCD and LPL are the key genes that
regulate the lipid metabolism in ruminants. Thus, significant positive correlations were
detected between SCD and ethanol, as well as LPL and ehanol, 1-heptanol, 1-heptanol,
(Z)-2-octen-1-ol, hexanal, heptanal, and decanal. Anthocyanin-rich plants could alter UFAs
biohydrogenation in the rumen, increasing meat content of beneficial FAs, particularly
UFA profiles [55]. The UFAs are more prone to lipid oxidation that may lead to more flavor
substances in food products. In the current study, significant negative correlations were
observed between the mRNA expression of PPARγ and hexanal and heptanal, indicating
that anthocyanins may modulate the expression of lipid genes and ultimately increase the
flavor of meat. Our data provide evidence that lipid mechanisms in plasma and related
gene expression levels in LTL may be cooperatively involved in anthocyanins regulating
the formation of flavor compounds.

5. Conclusions

The current study has demonstrated that the inclusion of anthocyanin-rich PCP in
growing goats had no effect on the body composition, whereas it could inhibit blood lipid
indicators and improve flavor compound profiles in LTL. Moreover, anthocyanin-rich PCP
could enhance the abundance of PPARγ mRNA and could lower the expression levels
of the SCD and LPL genes in the LTL. Future research should explore the mechanism of
anthocyanins regulating mutton flavor through related signaling pathways.

Author Contributions: Resources, data curation, writing—original draft preparation, X.T.; data
curation, software, and writing—review and editing, Q.L. (Qi Lu); supervision and software, S.Z.;
investigation and data curation, J.L., Q.L. (Qingyuan Luo) and X.W.; investigation, revising and
editing, Y.Z.; conceptualization, methodology, and funding acquisition, N.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This project was funded by the State Key Laboratory of Animal Nutrition (2004DA125184F1914),
the Cultivating Project of Guizhou University (2019-33), and the Science and Technology Project of
Guizhou Province (Qiankehe foundation-ZK (2021) General 164).

Institutional Review Board Statement: This work was handled in accordance with the Inspection
Form for the Guizhou University, Experimental Animal Ethics (EAE-GZU-2020-7009).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors have not stated any conflicts of interest.

References
1. Wood, J.D.; Richardson, R.I.; Nute, G.R.; Fisher, A.V.; Campo, M.M.; Kasapidou, E.; Sheard, P.R.; Enser, M. Effects of fatty acids on

meat quality: A review. Meat Sci. 2004, 66, 21–32. [CrossRef]
2. Li, Q.; Liu, J.; Gobba, C.D.; Zhang, L.; Lametsch, R. Production of taste enhancers from protein hydrolysates of porcine hemoglobin

and meat using bacillus amyloliquefaciens γ-glutamyltranspeptidase. J. Agric. Food Chem. 2020, 68, 11782–11789. [CrossRef]
3. Shah, M.A.; Bosco, S.; Mir, S.A. Plant extracts as natural antioxidants in meat and meat products. Meat Sci. 2014, 98, 21–33.

[CrossRef] [PubMed]
4. Tian, X.Z.; Paengkoum, P.; Paengkoum, S.; Thongpe, S.; Ban, C. Comparison of forage yield, silage fermentative quality,

anthocyanin stability, antioxidant activity, and in vitro rumen fermentation of anthocyanin-rich purple corn (Zea mays L.) stover
and sticky corn stover. J. Integr. Agr. 2018, 17, 2082–2095. [CrossRef]

5. Colombo, R.; Ferron, L.; Papetti, A. Colored corn: An up-date on metabolites extraction, health implication, and potential use.
Molecules 2021, 26, 199. [CrossRef] [PubMed]

6. Hosoda, K.; Miyaji, M.; Matsuyama, H.; Haga, S.; Ishizaki, H.; Nonaka, K. Effect of supplementation of purple pigment from
anthocyanin-rich corn (Zea mays L.) on blood antioxidant activity and oxidation resistance in sheep. Livest. Sci. 2012, 145, 266–270.
[CrossRef]

7. Love, J.D.; Pearson, A.M. Lipid oxidation in meat and meat products—a review. J. Am. Oil Chem. Soc. 1971, 48, 547–549.
[CrossRef]

8. Vasta, V.; Jerónimo, E.; Brogna, D.M.R.; Dentinho, M.T.P.; Bessa, R.J.B. The effect of grape seed extract or Cistus ladanifer L. on
muscle volatile compounds of lambs fed dehydrated lucerne supplemented with oil. Food Chem. 2010, 4, 1339–1345. [CrossRef]

http://doi.org/10.1016/S0309-1740(03)00022-6
http://doi.org/10.1021/acs.jafc.0c04513
http://doi.org/10.1016/j.meatsci.2014.03.020
http://www.ncbi.nlm.nih.gov/pubmed/24824531
http://doi.org/10.1016/S2095-3119(18)61970-7
http://doi.org/10.3390/molecules26010199
http://www.ncbi.nlm.nih.gov/pubmed/33401767
http://doi.org/10.1016/j.livsci.2011.12.001
http://doi.org/10.1007/BF02544559
http://doi.org/10.1016/j.foodchem.2009.09.010


Animals 2021, 11, 2407 13 of 15

9. Ladikos, D.; Lougovois, V. Lipid oxidation in muscle foods: A review. Food Chem. 1990, 35, 295–314. [CrossRef]
10. Tian, X.Z.; Xin, H.L.; Paengkoum, P.; Paengkoum, S.; Ban, C.; Thongpea, S. Effects of anthocyanin-rich purple corn (Zea mays L.)

stover silage on nutrient utilization, rumen fermentation, plasma antioxidant capacity, and mammary gland gene expression in
dairy goats. J. Anim. Sci. 2019, 97, 1384–1397. [CrossRef]

11. Tian, X.Z.; Lu, Q.; Paengkoum, P.; Paengkoum, S. Effect of purple corn pigment on change of anthocyanin composition and
unsaturated fatty acids during milk storage. J. Dairy Sci. 2020, 103, 7808–7812. [CrossRef] [PubMed]

12. NRC. Nutrient Requirements of Goats: Angora, Dairy, and Meat Goats in Temperate and Tropical Countries; National Academic Press:
Washington, DC, USA, 1981.

13. Danforth, A. Butchering Poultry, Rabbit, Lamb, Goat and Pork; Storey Publishing: North Adams, MA, USA, 2014.
14. AOAC. Official Methods of Analysis, 15th ed.; Association Official Analytical Chemistry: Arlington, VA, USA, 1990.
15. Van Soest, P.V.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in

relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3597. [CrossRef]
16. Feng, M.; Dai, Z.; Yin, Z.; Wang, X.; Chen, S.; Zhang, H. The volatile flavor compounds of shanghai smoked fish as a special

delicacy. J. Food Biochem. 2020, 45, e13553. [CrossRef] [PubMed]
17. Kaps, M.; Lamberson, W.R. Biostatistics for Animal Science; CABI Publishing: Cambridge, MA, USA, 2004.
18. Zhu, J.C.; Wang, L.Y.; Xiao, Z.B.; Niu, Y.W. Characterization of the key aroma compounds in mulberry fruits by application of gas

chromatography–olfactometry (GC-O), odor activity value (OAV), gas chromatography-mass spectrometry (GC-MS) and flame
photometric detection (FPD). Food Chem. 2018, 245, 775–785. [CrossRef]

19. Nagata, Y.; Takeuchi, N. Measurement of Odor Threshold by Triangle Odor Bag Method; Odor Measurement Review; Office of Odor,
Noise and Vibration Environmental Management Bureau, Ministry of the Environment, Government of Japan: Tokyo, Japan,
2003; pp. 118–127.

20. Ma, R.; Liu, X.; Tian, H.; Han, B.; Li, Y.; Tang, C.; Zhu, K.; Li, C.; Meng, Y. Odor-active volatile compounds profile of triploid
rainbow trout with different marketable sizes. Aquacult. Rep. 2020, 17, 100312. [CrossRef]

21. Resconi, V.C.; Escudero, A.; Campo, M.M. The development of aromas in ruminant meat. Molecules 2013, 18, 6748–6781. [CrossRef]
22. Yao, S.L.; Xu, Y.; Zhang, Y.Y.; Lu, Y.H. Black rice and anthocyanins induce inhibition of cholesterol absorption in vitro. Food Funct.

2013, 4, 1602. [CrossRef]
23. Xia, X.; Ling, W.; Ma, J.; Min, X.; Tang, Z. An anthocyanin-rich extract from black rice enhances atherosclerotic plaque stabilization

in apolipoprotein E-deficient mice. J. Nutr. 2006, 136, 2220–2225. [CrossRef]
24. Hosoda, K.; Eruden, B.; Matsuyama, H.; Shioya, S. Effect of anthocyanin-rich corn silage on digestibility, milk production and

plasma enzyme activities in lactating dairy cows. Anim. Sci. J. 2012, 83, 453–459. [CrossRef] [PubMed]
25. Liu, C.; Sun, J.; Yan, L.; Bo, Y.; Danilo, N.G. Effects of anthocyanin on serum lipids in dyslipidemia patients: A systematic review

and meta-analysis. PLoS ONE 2016, 11, e0162089. [CrossRef] [PubMed]
26. Yong, P.H.; Choi, J.H.; Han, E.H.; Kim, H.G.; Jeong, H.G. Purple sweet potato anthocyanins attenuate hepatic lipid accumulation

through activating adenosine monophosphate–activated protein kinase in human HepG2 cells and obese mice. Nutr. Res.
2011, 31, 896–906.

27. Lee, B.; Lee, M.; Lefevre, M.; Kim, H.R. Anthocyanins inhibit lipogenesis during adipocyte differentiation of 3T3-L1 preadipocytes.
Plant Food Hum. Nutr. 2014, 69, 137–141. [CrossRef]

28. Cavalcanti, R.N.; Santos, D.T.; Meireles, M. Non-thermal stabilization mechanisms of anthocyanins in model and food systems—
an overview. Food Res. Int. 2011, 44, 499–509. [CrossRef]

29. Mcghie, T.K.; Walton, M.C. The bioavailability and absorption of anthocyanins: Towards a better understanding. Mol. Nutr. Food
Res. 2007, 51, 702–713. [CrossRef] [PubMed]

30. Arshad, M.S.; Sohaib, M.; Ahmad, R.S.; Nadeem, M.T.; Imran, A.; Arshad, M.U.; Kwon, J.H.; Amjad, Z. Ruminant meat flavor
influenced by different factors with special reference to fatty acids. Lipids Health Dis. 2018, 17, 223. [CrossRef]

31. Tian, X.Z.; Paengkoum, P.; Paengkoum, S.; Chumpawadee, S.; Ban, C.; Thongpea, S. Purple corn (Zea mays L.) stover silage with
abundant anthocyanins transferring anthocyanin composition to the milk and increasing antioxidant status of lactating dairy
goats. J. Dairy Sci. 2019, 102, 413–418. [CrossRef]

32. Narayan, M.S.; Naidu, K.A.; Ravishankar, G.A.; Srinivas, L.; Venkataraman, L.V. Antioxidant effect of anthocyanin on enzymatic
and non-enzymatic lipid peroxidation. Prostag. Leukotr. Ess. 1999, 60, 1–4. [CrossRef]

33. Brown, J.E.; Kelly, M.F. Inhibition of lipid peroxidation by anthocyanins, anthocyanidins and their phenolic degradation products.
Eur. J. Lipid Sci. Technol. 2010, 109, 66–71. [CrossRef]

34. Ma, Q.L.; Hamid, N.; Bekhit, A.; Robertson, J.; Law, T.F. Evaluation of pre-rigor injection of beef with proteases on cooked meat
volatile profile after 1 day and 21 days post-mortem storage. Meat Sci. 2012, 92, 430–439. [CrossRef]

35. Qiu, X.; Jacobsen, C.; Sorensen, A.D.M. The effect of rosemary (Rosmarinus officinalis L.) extract on the oxidative stability of lipids
in cow and soy milk enriched with fish oil. Food Chem. 2018, 263, 119–126. [CrossRef] [PubMed]

36. Faraji, H.; Lindsay, R.C. Antioxidant protection of bulk fish oils by dispersed sugars and polyhydric alcohols. J. Agric. Food Chem.
2005, 53, 736–744. [CrossRef] [PubMed]

37. Rietjens, I.M.C.M.; Boersma, M.G.; Haan, L.D.; Spenkelink, B.; Awad, H.M.; Cnubben, N.H.P.; Zanden, J.J.V.; Woude, H.V.D.;
Alink, G.M.; Koeman, J.H. The pro-oxidant chemistry of the natural antioxidants vitamin C, vitamin E, carotenoids and flavonoids.
Environ. Toxicol. Pharmacol. 2002, 11, 321–333. [CrossRef]

http://doi.org/10.1016/0308-8146(90)90019-Z
http://doi.org/10.1093/jas/sky477
http://doi.org/10.3168/jds.2020-18409
http://www.ncbi.nlm.nih.gov/pubmed/32684465
http://doi.org/10.3168/jds.S0022-0302(91)78551-2
http://doi.org/10.1111/jfbc.13553
http://www.ncbi.nlm.nih.gov/pubmed/33171537
http://doi.org/10.1016/j.foodchem.2017.11.112
http://doi.org/10.1016/j.aqrep.2020.100312
http://doi.org/10.3390/molecules18066748
http://doi.org/10.1039/c3fo60196j
http://doi.org/10.1093/jn/136.8.2220
http://doi.org/10.1111/j.1740-0929.2011.00981.x
http://www.ncbi.nlm.nih.gov/pubmed/22694328
http://doi.org/10.1371/journal.pone.0162089
http://www.ncbi.nlm.nih.gov/pubmed/27589062
http://doi.org/10.1007/s11130-014-0407-z
http://doi.org/10.1016/j.foodres.2010.12.007
http://doi.org/10.1002/mnfr.200700092
http://www.ncbi.nlm.nih.gov/pubmed/17533653
http://doi.org/10.1186/s12944-018-0860-z
http://doi.org/10.3168/jds.2018-15423
http://doi.org/10.1054/plef.1998.0001
http://doi.org/10.1002/ejlt.200600166
http://doi.org/10.1016/j.meatsci.2012.05.006
http://doi.org/10.1016/j.foodchem.2018.04.106
http://www.ncbi.nlm.nih.gov/pubmed/29784296
http://doi.org/10.1021/jf0491153
http://www.ncbi.nlm.nih.gov/pubmed/15686428
http://doi.org/10.1016/S1382-6689(02)00003-0


Animals 2021, 11, 2407 14 of 15

38. Luo, Y.; Wang, B.; Liu, C.; Su, R.; Hou, Y.; Yao, D.; Zhao, L.; Su, L.; Jin, Y. Meat quality, fatty acids, volatile compounds, and
antioxidant properties of lambs fed pasture versus mixed diet. Food Sci. Nutr. 2019, 7, 2796–2805. [CrossRef] [PubMed]

39. Tan, J.; Li, Y.; Hou, D.X.; Wu, S. The effects and mechanisms of cyanidin-3-glucoside and its phenolic metabolites in maintaining
intestinal integrity. Antioxidants 2019, 8, 479. [CrossRef] [PubMed]

40. Xu, L.; Yu, X.; Li, M.; Jia, C.; Wang, X. Monitoring oxidative stability and changes in key volatile compounds in edible oils during
ambient storage through HS-SPME/GC-MS. Int. J. Food Prop. 2018, 20, 1–13. [CrossRef]

41. Yin, C.; Fan, X.; Fan, Z.; Shi, D.; Yao, F.; Gao, H. Comparison of non-volatile and volatile flavor compounds in six pleurotus
mushrooms. J. Sci. Food Agric. 2018, 99, 1691–1699. [CrossRef]

42. Pateiro, M.; Franco, D.; Carril, J.A.; Lorenzo, J.M. Changes on physico-chemical properties, lipid oxidation and volatile compounds
during the manufacture of celta dry-cured loin. J. Food Sci. Technol. 2015, 52, 4808–4818. [CrossRef] [PubMed]

43. Prommachart, R.; Cherdthong, A.; Navanukraw, C.; Pongdontri, P.; Uriyapongson, S. Effect of dietary anthocyanin-extracted
residue on meat oxidation and fatty acid profile of male dairy cattle. Animals 2021, 11, 322. [CrossRef]

44. Domínguez, R.; Pateiro, M.; Gagaoua, M.; Barba, F.J.; Zhang, W.; Lorenzo, J.M. A comprehensive review on lipid oxidation in
meat and meat products. Antioxidants 2019, 8, 429. [CrossRef]

45. Kortenska, V.D.; Yanishlieva, N.V. Effect of the phenol antioxidant type on the kinetics and mechanism of inhibited lipid oxidation
in the presence of fatty alcohols. J. Sci. Food Agric. 1995, 68, 117–126. [CrossRef]

46. Rossetto, M.; Vanzani, P.; Lunelli, M.; Scarpa, M.; Mattivi, F.; Rigo, A. Peroxyl radical trapping activity of anthocyanins and
generation of free radical intermediates. Free Radic. Res. 2007, 41, 854–859. [CrossRef]

47. Ferrari, D.; Speciale, A.; Cristani, M.; Fratantonio, D.; Molonia, M.S.; Ranaldi, G.; Saija, A.; Cimino, F. Cyanidin-3-O-glucoside
inhibits NF-kB signalling in intestinal epithelial cells exposed to TNF-α and exerts protective effects via Nrf2 pathway activation.
Toxicol. Lett. 2016, 264, 51–58. [CrossRef]

48. Aboonabi, A.; Meyer, R.R.; Singh, I.; Aboonabi, A. Anthocyanins reduce inflammation and improve glucose and lipid metabolism
associated with inhibiting nuclear factor-kappaB activation and increasing PPAR-γ gene expression in metabolic syndrome
subjects. Free Radic. Biol. Med. 2020, 150, 30–39. [CrossRef]

49. Nichols, L.A.; Jackson, D.E.; Manthey, J.A.; Shukla, S.D.; Holland, L.J. Citrus flavonoids repress the mRNA for stearoyl-CoA
desaturase, a key enzyme in lipid synthesis and obesity control, in rat primary hepatocytes. Lipids Health Dis. 2011, 10, 36.
[CrossRef] [PubMed]

50. Hodson, L.; Fielding, B.A. Stearoyl-CoA desaturase: Rogue or innocent bystander? Prog. Lipid Res. 2013, 52, 15–42. [CrossRef]
[PubMed]

51. Zechner, R.; Zimmermann, R.; Eichmann, T.O.; Kohlwein, S.D.; Madeo, F. Fat signals-lipases and lipolysis in lipid metabolism
and signaling. Cell Metab. 2007, 5, 279–291. [CrossRef] [PubMed]

52. Duivenvoorden, I.; Teusink, B.; Rensen, P.C.; Romijn, J.A.; Havekes, L.M.; Voshol, P.J. Apolipoprotein C3 deficiency results in
diet-induced obesity and aggravated insulin resistance in mice. Diabetes 2005, 54, 664–671. [CrossRef] [PubMed]

53. Kowalska, K.; Olejnik, A.; Rychlik, J.; Grajek, W. Cranberries (Oxycoccus quadripetalus) inhibit lipid metabolism and modulate
leptin and adiponectin secretion in 3t3-l1 adipocytes. Food Chem. 2015, 185, 383–388. [CrossRef] [PubMed]

54. Luca, V.; Patrizia, R.; Alessandra, M.; Marisa, P.; Silvia, F.; Carlo, A. Dietary anthocyanins as nutritional therapy for nonalcoholic
fatty liver disease. Oxid. Med. Cell. Longev. 2013, 2013, 145421.

55. Cabiddu, A.; Delgadillo-Puga, C.; Decandia, M.; Molle, G. Extensive ruminant production systems and milk quality with
emphasis on unsaturated fatty acids, volatile compounds, antioxidant protection degree and phenol content. Animals 2019, 9, 771.
[CrossRef]

http://doi.org/10.1002/fsn3.1039
http://www.ncbi.nlm.nih.gov/pubmed/31572572
http://doi.org/10.3390/antiox8100479
http://www.ncbi.nlm.nih.gov/pubmed/31614770
http://doi.org/10.1080/10942912.2017.1382510
http://doi.org/10.1002/jsfa.9358
http://doi.org/10.1007/s13197-014-1561-x
http://www.ncbi.nlm.nih.gov/pubmed/26243901
http://doi.org/10.3390/ani11020322
http://doi.org/10.3390/antiox8100429
http://doi.org/10.1002/jsfa.2740680119
http://doi.org/10.1080/10715760701261533
http://doi.org/10.1016/j.toxlet.2016.10.014
http://doi.org/10.1016/j.freeradbiomed.2020.02.004
http://doi.org/10.1186/1476-511X-10-36
http://www.ncbi.nlm.nih.gov/pubmed/21345233
http://doi.org/10.1016/j.plipres.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/23000367
http://doi.org/10.1016/j.cmet.2011.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22405066
http://doi.org/10.2337/diabetes.54.3.664
http://www.ncbi.nlm.nih.gov/pubmed/15734841
http://doi.org/10.1016/j.foodchem.2015.03.152
http://www.ncbi.nlm.nih.gov/pubmed/25952883
http://doi.org/10.3390/ani9100771

	Introduction 
	Materials and Methods 
	Experimental Design 
	Sample Collection 
	Chemical Composition 
	Plasma Lipid Mechanism 
	Flavor Compound Profiles 
	Calculation of Relative Odor Activity Value 
	Gene Expression 
	Statistical Analysis 

	Results 
	Lipid Metabolism 
	Nutrient Composition of Longissimus Thoracis et Lumborum Muscle 
	Flavor Compounds in Longissimus Thoracis et Lumborum Muscle 
	Relative Odor Activity Value 
	Gene Expression 
	Relationship between Gene Expression and Key Volatile Compounds 

	Discussion 
	Conclusions 
	References

