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ARTICLE INFO ABSTRACT

Keywords: The study aimed to assess differences in proteomic and metabolite profiles in ageing (1, 2, 4, and 6 days at 4 °C)
Exudate beef exudates and determine their relationship with beef muscle iron metabolism and oxidation. Proteomic and
Beef_ metabolomic analyses identified 877 metabolites and 1957 proteins. The joint analysis identified 24 differential
?)i?cﬁfion metabolites (DMs) and 56 differentially expressed proteins (DEPs) involved in 15 shared pathways. Ferroptosis

was identified as the only iron metabolic pathway, and 4 DMs (1-glutamic acid, arachidonic acid, glutathione and
gamma-glutamylcysteine) and 5 DEPs (ferritin, phospholipid hydroperoxide glutathione peroxidase, heme
oxygenase 1, major prion protein, and acyl-CoA synthetase long chain family member 4) were involved in iron
metabolism by regulating heme and ferritin degradation, Fe?" and Fe>* conversion, arachidonic acid oxidation
and inactivation of glutathione peroxidase (GPX) 4, leading to increased levels of free iron, ROS, protein and
lipid oxidation (P < 0.05). Overall, abnormal iron metabolism during ageing induced oxidative stress in muscle

Iron metabolism

tissue.

1. Introduction

Postmortem ageing is a common treatment in the meat industry and
is a value-adding process for the muscle (Kim et al., 2018). In the process
of muscle conversion into meat, there are intrinsic biophysical/
biochemical changes, which subsequently have a direct impact on the
quality attributes of the meat. Muscle mass is a combination of many
factors, including meat taste, color, storage stability and nutrition (Yu
et al., 2023). For example, the degradation of cytoskeletal myofibrillar
protein by endogenous proteases during the ageing process has been
shown to enhance the tenderization of meat. Concurrently, the libera-
tion of flavor-related compounds, including nucleotide moieties, car-
bohydrates participating in the Maillard reaction, aldehydes, and
ketones, as well as other lipid oxidation products, contributes to an
enhancement in gustatory appeal (Kim et al., 2018; Lepper-Blilie, Berg,
Buchanan & Berg, 2016). Overall, ageing had a significant positive effect
on the sensory qualities of meats. Nevertheless, protracted ageing is
prone to exert negative impact on the color, protein and lipid oxidative

stability of meat, as well as expedite the eventual onset of meat discol-
oration and oxidation-driven olfactory anomalies (Yu, Cooper, Sobreira
& Kim, 2021; Yu et al., 2023). Besides, the oxidation of protein can
induce the forfeiture of tertiary structure and expose folded hydrophobic
amino acid residues, thereby detrimentally influencing the water-
binding capacity of protein (Liu, Liu, Zheng & Ma, 2022). Thus,
obtaining a comprehensive understanding of the early biochemical
changes in postmortem is imperative in order to assess the inherent
driving forces underpinning muscular quality.

Fresh meat is typically stored in sealed or vacuum packages, and this
wet-ageing treatment is the most frequently applied ageing method (Kim
et al., 2018). During the wet ageing process, substances, such as proteins
and inorganic salts, dissolve in the water of the tissue medium, and are
inevitably released into the package as exudate upon muscle segmen-
tation (Setyabrata et al., 2023). Consequently, the exudate contains a
plethora of biochemical components, such as lactic acid, ATP, short-
chain fatty acids, amino acids, tyrosine and myoglobin, among others,
that could potentially serve as substrates for analysis (Liu, Hu, Zheng,
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Ma & Liu, 2022). It should be noted that muscle exudate is not constant,
but rather, the result of a cascade of biochemical reactions, encom-
passing glycogenolysis, glycolysis, oxidative phosphorylation, fatty acid
metabolism, and iron metabolism, among other processes. The exudate
has been reported to provide a valuable source of information, which
correlates with meat quality features, including color, tenderness and
water-holding capacity (Liu, Hu, Liu, Zheng & Ma, 2023; Setyabrata
et al.,, 2023; Yu et al., 2023). It is important to emphasize that the
analysis of muscle mass requires the cutting of muscle tissue, which is a
destructive method (Zhang, Yu, Han, Han & Han, 2020). Exudate, on the
other hand, is a non-destructive experimental sample of fluid that is
released into the environment (Setyabrata et al., 2023). Overall, as an
easily accessible analytical matrix, it can be used to probe the mecha-
nisms underlying changes in muscle quality.

The changing patterns of muscle quality during aging have been
reported, for example, the effect of age on muscle metabolites, the
relationship between apoptosis and tenderness and the effect of pH on
meat color (Chen et al., 2020; Marcondes Krauskopf et al., 2023; Wang,
Li, Zhang, Li, Yang & Wang, 2023). These studies have not addressed the
mechanisms by which specific metabolic pathways occur, particularly
the effect of iron on muscle metabolism and quality. This is because beef
is considered red meat and contains higher levels of iron ions (Liu, Liu,
Zheng & Ma, 2022). Iron metabolism is an essential intracellular
metabolic process, as iron is a vital component of numerous proteins and
enzymes within the biological organisms, participating in a multitude of
physiological processes, such as oxygen transport, energy metabolism
and immune function (Liu, Liu, Wu, Pan, Wang & Ma, 2022). On the
other hand, disturbances in iron metabolism may result in the over-
production of free radical substances, provoking oxidative stress within
cells (Wang et al., 2023). Nevertheless, the iron metabolism process is a
sophisticated biological system, and it is necessary to use effective
techniques to elucidate the variation in muscle quality throughout the
ageing process by exploring the metabolic pathways. Utilizing metab-
olomics analysis of exudate, we have identified reductions in muscle
quality resulting from anomalies in iron metabolism during the ageing
process (Hu et al., 2022; Liu et al., 2023). Proteomics and metabolomics
techniques have achieved ubiquitous application in the quest for bio-
logical markers of meat quality traits, concurrently allowing for the
characterization of the interplay between a multitude of biological
functions, including protein and metabolite chemistry, signal trans-
duction pathways and gene expression patterns (Huang et al., 2023).
Thus, these techniques provide a comprehensive account of the mech-
anisms responsible for alterations in the components and biological
processes relevant to meat quality.

Considering the intricate nature of iron metabolism and meat quality
change characteristics, the exudate samples from bovine muscles aged 1,
2, 4 and 6 days were collected, and examined through proteomics and
metabolomics analyses, revealing a comprehensive picture of the pro-
teins and metabolites present in the exudate mixtures. A combination of
proteomics with bioinformatics was used to analyze muscle iron meta-
bolism pathways during ageing and explore the intrinsic mechanisms
affecting muscle quality. This study evaluates the potential application
of exudate for probing the substrates of muscle quality changes and
provides new insights into the patterns of muscle quality changes during
aging. The study may provide fundamental data for meat quality anal-
ysis, prediction and development of characterization marker systems.

2. Materials and methods
2.1. Sample collection

The muscle samples were aged and exudates (EXU) were collected
according to our previous report (Liu et al., 2023). In brief, eight adult
Qinchuan cattle (bulls, 18-24 months of age, weighing approximately
400 kg) were slaughtered at a commercial slaughterhouse (Yitai Co.,
Yongning, China) according to Chinese livestock slaughter protocols.
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Muscle samples (M. longissimus lumborum muscles) were collected after
slaughter, and were divided into cubes with sides of 2.5 cm thickness
and 100.0 + 2.5 g weight, placed on PET plastic trays and wrapped in
polyvinyl chloride cling film. The muscle samples were divided into 4
groups of 6 pieces each and aged at 4 °C for 6 days (Foshan City Aslok
Refrigeration Equipment Co., Ltd., Foshan, China). EXU were aspirated
on days 1, 2, 4 and 6, named as EXU1, EXU2, EXU4 and EXU6, respec-
tively. Samples were taken at the center of the muscle tissue for freezing
in liquid nitrogen and then stored in a —80 °C cryopreservation chamber
(Qingdao Haier Biomedical Co., Qingdao, China) for proteomic,
metabolomic, physiological and biochemical analyses.

2.2. Determination of iron ion content in exudate and beef

The collected exudate samples were thawed at 2-4 °C and centri-
fuged at 3000 x g, 4 °C for 15 min. The supernatant was removed and
the iron content in EXU was determined using a fully automated
biochemical analyzer (Chemray 240, Radu Life, Shenzhen, China) ac-
cording to the instructions of the iron assay kit (Huili Biotechnology Co.,
Ltd., Changchun, China).

The 30 g of muscle were minced, and 10.00 + 0.02 g of minced meat
were added into 100 mL of deionized water, then homogenized for 60 s
and centrifuged at 12,000 x g for 10 min. The supernatant was separated
through an Amicon Ultra-15 ultrafiltration centrifuge filter (3,000 MW
cut-off) (Millipore, Massachusetts, USA), centrifuged at 4,500 x g for 50
min, and the liquid was collected at the bottom of the centrifuge tube.
Then 4 mL of the filtrate was pipetted, and the free iron content was
measured by ICP-OES (Agilent, Santa Clara, CA, USA).

2.3. Antioxidant status of exudate and beef

The EXU was thawed in an ice-water bath, centrifuged at 3500 x g,
4 °C for 10 min, and the supernatant was used for antioxidant analysis.
The absorbance values were measured at 450 nm and 412 nm (UV-
9000S Metash Instruments co, Ltd, Shanghai, China) to calculate the
total superoxide dismutase (T-SOD) and glutathione peroxidase (GSH-
PX) activities, respectively, referring to the kit manufacturer’s in-
structions (Jiancheng BI, Nanjing, China). Carbonyl, sulfhydryl and
malondialdehyde (MDA) levels were determined according to Liu et al.
(2022) utilizing the manufacturer’s instructions of a commercial kit
(Jiancheng BI, Nanjing, China).

2.4. Muscle tissue reactive oxygen species (ROS) levels

ROS levels in muscle tissue were measured by the 2,7-dichlorofluor-
escein diacetate (DCFH-DA) method according to Zhang, Yu, Han, Han
& Han (2020). Briefly, 5.00 + 0.05 g of pulverized muscle samples were
mixed with 20 mL of prechilled potassium phosphate buffer (10 mM
Tris, 10 mM sucrose, 0.8 % NaCl, 0.1 mM EDTA-2Na, pH 7.4), and then
homogenized for 60 s and centrifuged at 10,000 x g, 4 °C for 20 min.
Then, 5 mL supernatant was mixed with 5 mL potassium phosphate
buffer (containing 10 pM DCFH-DA) and incubated at 37 °C in the dark
for 35 min. A fluorescence spectrophotometer (Yidian Scientific In-
struments Co., Shanghai, China) with an excitation wavelength of 480
nm and an emission wavelength of 525 nm was used to measure fluo-
rescence intensity before and after incubation. The ROS level was
expressed as the ratio of fluorescence intensity before and after incu-
bation to protein concentration and incubation time.

2.5. Proteomics analysis

The EXU samples were thawed in an ice water bath after removal
from the —80 °C refrigerator. Exudates were thawed only once to avoid
repeated freeze-thawing. Then 100 pL of exudate were added to 400 uL
of SDT lysate buffer (4 % sodium dodecyl sulfate, 100 mM Dithio-
threitol, 150 mM Tris-HCl, pH 8.0) and the mixture was sonicated in an
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ice bath for 2 min. Undissolved impurities were removed using centri-
fugation at 16,000 x g for 15 min, and the supernatant was collected,
and the concentration of exudate proteins was quantified according to
the instructions of the BCA Protein Assay Kit (Bio-Rad, CA, USA).

Protein digestion, TMT peptide labelling, peptide classification and
LC-MS/MS analysis were performed referring to our previous report (Liu
et al., 2022). In a nutshell, protein extracts from muscle samples were
subjected to trypsin (Promega Co.) digestion and purified peptides were
collected. The extracted peptides were labelled using TMT labelling kits
according to the manufacturer’s instructions (Thermo Fisher, MA, USA),
and the dried peptides were fractionated using a high pH reversed-phase
column (Pierce™ High pH Reversed-Phase Peptide Fractionation Kit,
Thermo Fisher, MA, USA). The solubilized peptides were chromato-
graphed (LC-MS) using a nanolitre flow rate chromatography system
(Thermo Fisher, MA, USA). The peptides were separated and analyzed
by DDA (data dependent acquisition) mass spectrometry using a mass
spectrometer (Thermo Fisher, MA, USA).

The resulting LC-MS/MS raw RAW files were imported into the
search engine Sequest HT in Proteome Discoverer software (version 2.4,
Thermo Scientific) for database searching. The database used for the
library search was uniprot-Bos taurus (Bovine) [9913]-
47135-20220613.fasta from the URL https://www.uniprot.org/taxono
my/9913 protein database with protein entry: 47135; download date.
2022.06.13. The main library search parameters were set as shown
below.

2.6. Metabolomics analysis

The untargeted metabolomic analysis of the exudate was performed
according to our previous report (Liu et al., 2022). Untargeted metab-
olomics profiling was analyzed with a UPLC-ESI-Q-Orbitrap-MS system
(Ultra High Performance Liquid Chromatography, Nexera X2 LC-30AD,
Shimadzu CO., Kyoto, Japan; Q Exactive Plus combined quadrupole
Orbitrap mass spectrometer, Thermo Scientific, CA, USA). Samples
consisted of muscle exudate aged for 1, 2, 4 and 6 days and four sets of
quality control (QC) samples with an equal volume mix of exudate.
Metabolites were extracted from the exudate residue by vortexing 100
uL of a sample with 400 pL of 4 °C methanol-acetonitrile (v/v, 1:1) and
sonicated in an ice bath for 1 h. The mixture was incubated at —20 °C for
1 h and then centrifuged at 14,000 x g, 4 °C for 20 min. The supernatant
was collected and freeze-dried under a vacuum. The metabolites were
separated using hydrophilic interaction liquid chromatography (HILIC)
after re-dissolution using 50 % acetonitrile and filtration through 0.22
um cellulose acetate. Mass spectrometric detection was performed using
electrospray ionization (ESI) in positive and negative modes to acquire
metabolite MS data.

2.7. Statistical analysis

P-values for proteins and metabolites were calculated using one-way
analysis of variance (ANOVA) for multiple analyses with R 4.0.1 (The
University of Auckland, New Zealand). Metabolites with variable in-
fluence on projection (VIP) values > 1.0 and P-value < 0.05 were
considered to be statistically significant. Proteins with fold change (FC)
> 1.2 or < 0.83 and P < 0.05 were considered to be statistically sig-
nificant proteins. The main components of the combined metabolomics
and proteomics analysis project flow using R 4.0.1 and Cytoscape 3.8.2
include network analysis, metabolite and protease correspondence
table, combined metabolism-protein analysis KEGG metabolic pathway
enrichment, and Total KEGG pathway analysis. All physicochemical
experiments were performed in three parallel experiments. Data were
tallied in Microsoft Excel using one-way analysis of variance (ANOVA)
in SPSS 25 (IBM, NY, USA), followed by Tukey’s analysis to calculate
statistical differences between samples, with P-values < 0.05 considered
statistically different.
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3. Results
3.1. Exudate and beef oxidation status

As shown in Fig. 1, the iron ion levels in EXU did not differ signifi-
cantly from 1 to 4 d and increased significantly (P < 0.05) at 6 d with a
growth rate of 148.37 % compared to 1 d. Free iron levels in beef tissues
significantly increased (P < 0.05) from 1 to 6 d. The increase in iron ion
levels was accompanied by a significant decrease in T-SOD and GSH-PX
activity in the exudate (P < 0.05). In contrast, beef tissue ROS levels
increased significantly (P < 0.05) from 1 to 6 d, with a growth rate of
176.38 % compared to 1 d. Using carbonyl and sulfhydryl groups and
malondialdehyde (MDA) to characterize the protein and lipid oxidation
status of exudate and beef, exudate and beef exhibited the same status,
with increased protein carbonyl and MDA levels and decreased sulfhy-
dryl levels at 1-6 d, indicating enhanced protein and lipid oxidation.
Notably, the increase in total protein levels in the exudate indicates the
presence of macromolecules available for proteomics analysis.

3.2. Metabolomics profiling

Using a non-targeted metabolomics assay, 572 and 305 metabolites
were identified from beef exudate in positive and negative ion mode
(POS and NEG), respectively. To obtain a comprehensive overview of
metabolite profiles and trends to assess whether metabolites could be
used for differential metabolites (DMs) screening and bioinformatics
analysis, principal component (PCA) and partial least squares (PLS-DA)
analyses were performed in the identified metabolites. As shown in
Fig. 2 a and d, PCA analysis showed no separation of quality control
samples (QC) in POS and NEG, indicating reliable results for metabolite
detection based on the LC-MS/MS system. PCA analysis showed a better
overall separation compared to EXU1, but with some overlap. As shown
in Fig. 2 b and e, pairwise comparison of the PLS-DA model for EXU1 and
EXU2&4&6 metabolites revealed a good degree of separation between
EXU1 and EXU2&4&6, indicating that the models reasonable and the
identified metabolites can be used for the next step of analysis.

As shown in Fig. 2 c and f, a total of 278 DMs were identified in the
POS and NEG using t-test (P-value < 0.05) and variable influence on
projection (VIP) > 1 as screening criteria (Table S1). Cluster analysis of
the identified DMs was performed (Fig. 2g), where the color change in
the same column showed the pattern of metabolite variation (upregu-
lation-orange, downregulation-blue). In addition, the DM superclasses
were classified using KEGG, and the DMs were mainly organic acids and
derivatives (39), organoheterocyclic compounds (32), lipids and lipid-
like molecules (21), phenylpropanoids and polyketides (15), nucleo-
sides, nucleotides and analogues (14), benzenoids (13), and organic
oxygen compounds (12).

3.3. Proteomics profiling

The protein composition of the four groups of exudate samples was
examined by TMT proteomics. Fig. 3a shows the expression patterns of
the proteins in different groups with correlation coefficients (Corr) >
0.995, indicating the reliable results based on the LC-MS system. A total
of 1957 proteins were identified by annotation of protein peptides. The
differentially expressed proteins (DEPs) were screened with a fold
changes (FC) of > 1.2 fold (up > 1.2, down < 0.86) and a t-test P-value
< 0.05 as the criteria (Fig. 3 b-d). A total of 295 DEPs were identified
(Table S2). The clustering heat map analysis of DEPs is shown in Fig. 3e.
The similar color of the same group of proteins indicates that the cor-
responding proteins have the same expression pattern, showing good
intra-group similarity and inter-group variability. Secondly, the clus-
tering heat map showed the changes of protein expression, with orange
color indicating up-regulated protein expression and blue color indi-
cating down-regulated protein expression (Fig. 3e). Overall, the prote-
omic identification of proteins in exudate showed reliable results, and
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Fig. 1. Exudate and beef iron ion levels and oxidation status. (a) Iron content in exudate. (b) SOD activity in exudate. (¢) GSH-PX activity in exudate. (d) Total
protein content in exudate. (e) Protein carbonyl level in exudate. (f) Protein sulfhydryl level in exudate. (g) MDA level in exudate. (h) Free iron content in beef tissues.
(i) ROS levels in beef tissues. (j) Protein carbonyl levels in beef tissue. (k) Protein sulfhydryl level in beef tissue. (1) Beef tissue MDA levels. a-e different lowercase

letters indicate one-way t-test P < 0.05.

relevant DEPs were identified for subsequent bioinformatics analysis.

3.4. Analysis of the KEGG enrichment pathway

Fig. 4 a and b show the KEGG pathways that DMs and DEPs are
enriched to, involving mainly cellular processes, environmental infor-
mation processing, human diseases, metabolism and organismal sys-
tems. Among them, the pathways involved in DMs are mainly
ferroptosis, ABC transporters, purine metabolism, carbon metabolism,
biosynthesis of amino acids, and protein digestion and absorption. The
pathways involved in DEPs are mainly endocytosis, protein processing
in endoplasmic reticulum, oxidative phosphorylation and thermogene-
sis. Since iron metabolism may affect cellular processes, the top 10
cellular processes in the pathway, as shown in Fig. 4¢, including tight
junction, regulation of actin cytoskeleton, focal adhesion, autophagy -
animal, cellular senescence, phagosome, ferroptosis, peroxisome and
adherens junction were further screened in the study.

The metabolic pathways involved in DMs and DEPs were screened
using metabolomics and proteomics approaches (Fig. 4 a and b), and a
combined analysis of metabolomics and proteomics was performed

using the KEGG pathway as a vector. Interworking Network and Venn
diagram showed the status of KEGG pathway interactions involving
metabolomics and proteomics (Fig. 4 d and e), with 58 metabolic
pathways screened by metabolomics and proteomics identified 49
metabolic pathways, of which 15 metabolic pathways overlapped be-
tween the two. Fig. 4e shows the 15 metabolic pathways shared by
metabolomics and proteomics, and notably, the iron metabolic pathway
(ferroptosis) was found among the pathways.

3.5. Iron metabolic pathway analysis

To better understand the linkages between DMs, DEPs and metabolic
pathways involved in iron metabolism, DMs and DEPs involved in iron
metabolism (ferroptosis) were identified. As shown in Fig. 5 a and b, four
DMs were identified, including i-glutamic acid, arachidonic acid,
glutathione and gamma-glutamylcysteine. Five DEPs were found,
including ferritin, phospholipid hydroperoxide glutathione peroxidase,
heme oxygenase 1, major prion protein and acyl-CoA synthetase long
chain family member 4. The pathway-pathway interaction network di-
agram drawn by four DMs and five DEPs (Fig. 5c¢) showed that the
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Fig. 2. Metabolite profiles based on metabolomics. (a) PCA analysis of metabolites in POS. (b) PLS-DA analysis of metabolites in POS. (c) Volcano map for screening
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of DMs.

process of iron metabolism (ferroptosis) was not isolated, and the pro-
cess of iron metabolism was jointly regulated by the interaction between
DMs and DEPs.

4. Discussion

Ageing is the most common treatment of meat in order to achieve
satisfactory meat quality (della Malva, Gagaoua, Santillo, De Palo, Sevi
& Albenzio, 2022). However, not all effects of the ageing process are
positive, and longer ageing times lead to reduced oxidative stability,
which in turn reduces the quality of the meat (Yu et al., 2023). After

slaughter, muscle oxidation is inevitable and involves a series of meta-
bolic pathways, including glycolysis, mitochondrial respiratory chain
and nitric oxide accumulation (Chen et al., 2022; Liu, Hu, Zheng, Ma &
Liu, 2022). Iron ions in muscle oxidation are usually overlooked.
However, our previous study found that iron overload induced protein
and lipid oxidation (Liu, Liu, Zheng & Ma, 2022). Currently, the analysis
of meat quality and potential biochemical processes during ageing relies
on muscle tissue (della Malva et al., 2022). Muscle tissue has similar
metabolite types and levels to its exudates, which reflects the potential
value of exudates for providing information about meat characteristics
(Castejon, Garcia-Segura, Escudero, Herrera & Cambero (2015). In this



J. Liu et al. Food Chemistry: X 20 (2023) 101038

(a) (b)

EXUI-1 EXUI-2 EXUI-3 EXU2-1 EXU2-2 EXU2-3 EXUS-1 EXU4-2 EXUA-3 EXUB-1 EXUS-2 EXUB-3

e ar ) ol | sl sel 3 2 EXUI/EXU2
JaNE L B B E o £ 30. A oUp
2 @ Down
‘E . @ NoDiff
5 25
&
g 20,
2 15-
s .
2 .
B 1.0-
b .
2 .
|
I o0se . .
2 .
5
s 0.0
g
i b
-
//////////,”k% -1, O
Ez R RS I S G U
AAARLRAGA AT
o
© ;5. @ f;’”w
EXUI/EXU4 oup ss) EXUI/EXU6 a5 g%.:g
. ®Down - . ®Down .
3.0- o @ NoDiff 5.0- ® @ NoDiff g{g?gm
45 s
25- . . ° ) %:"
40 ]
20 35
3.0-
.
15 25
2.0-
.
1028 5 15
10-
05
00 I —
3 v ]
N > N ‘ v

Fig. 3. Protein profiles based on proteomics. (a) Correlation coefficient plots of protein expression patterns of different groups. (b) Volcano map of DEPs between B1
and B2. (c) Volcano map of DEPs between B1 and B4. (d) Volcano plot of DEPs between B1 and B6. (e) Heat map of clustering of DEPs.

(b) (©

Ferroptosis N ~+ o<<9 Tight junction

noiEe)
Rogulation of actin cyloskeleton 22502
AMPK signaling pathway nd2 5308 oo " oo
ABC ransporters: ner2sonEn

(@)

= Protein processing in endoplasmic reticulum t0s07E 08 Ceillarrocesses|TORLO)
Type Il iabetes melitus. Proteasome s oe)
Pathways of neurodegeneraton - mulple diseases Adherens junction
Insulin resistance. u Yersinia infecton
Diabetic cardiomyopatny.
Cocaine addiction a1 1(296E-09) Peroxisome-
Genlralcarbon metabolism in cancer o0 i)
— Pathways of neurodegeneraton - muliple iseases. Farroptosis.
Taurine and hypotaurine metabolism Parkitaon clvenen
Purine metabolism - Non-alcoholc faty ver disease
Z’;:‘::;‘:’;::;:"“;‘yﬂ:)’: . Top Classification z| Top Classification Phagosome-
C:Celular Processes C:Celular Processes
Giyoxlate and dearmonyate metabolsm | M €:Environmental nformaton Processing Diated carciomyopatny
H:Human Diseases Diabetic cardiomyopathy - H:Human Diseases. g
M:Metabolsm Chemic carcinogenesis - reactve oxygen species MiMetabolism H
O:Organismal Systems Bacterial invasion of epithelial cells O:Organismal Systems Autophagy - animal-
Blosynthesis of cofactors Amyotrophic lateral sclerosis
Biosynihesis of amino acids Nizhomen cisoace -
Alanine, aspartate and glutamate metabolism L — Focal adhesion
Oxidative phosphorylation
Thyric hormone synthesis. Giycalysis/ Giuconeogenesis Regulation of actin cytoskeleton
Caroon metabolism
Biosyninesis of amino acids
- Tight junction
Regulation of Ipolysis in adipocytes. Thermogenesis
Protein cigestion and absorption PPAR signaling pathway
Platelet activation Longevity regulating pathway - multple species o Endocytosis
Long-term depression Circadian thythm
Glucagon signaing pathway Cardiac musdle contracion
Adosterone syrinesis and secretion
50 75 160
= Loguolp)
‘Types
@ KEGG Pathway (e) R . ® Total KEGG pathway
DEPs Metabolomics Proteomics o
)xidative phosphorylation -
oDMs phosphory L] [ ]
Carbon metabolism - ® ®
2-Oxocarboxylic acid metabolism- °
Biosynthesis of amino acids - ® °
HIF-1 signaling pathway - . °
AMPK signaling pathway - ° °
Ferroptosis - ® ®
Thermogenesis - ° @ é’
Oxytocin signaling pathway - . ®
Insulin resistance - D) °
Parkinson disease- . [ )
Amyotrophic lateral sclerosis - s .
Pathways of neurodegeneration - multple diseases - ° .
Hypertrophic cardiomyopathy - . @
Diabetic cardiomyopathy - ° )
d&&- &
& &
& &

Fig. 4. Metabolic pathway analysis based on metabolomics and proteomics. (a) KEGG enrichment pathway analysis based on metabolomics. (b) KEGG enrichment
pathway analysis based on proteomics. (c) Proteomics-based cellular process pathways for KEGG enrichment (top 10). (d) Network diagram of metabolomics and
proteomics combined analysis. (e) Venn diagram of KEGG enrichment pathways based on metabolomics and proteomics. (f) Shared pathways of metabolomics and
proteomics based on KEGG enrichment. C is Cellular Processes, E is Environmental Information Processing, H is Human Diseases, M is Metabolism, O is Organ-
ismal Systems.



J. Liu et al.

(@)

|
(b) —

Group [ Group
1 [Exut

C00051 05 Exu2

C00025

C00219

Group I s Group

LNX3
2nx3
vNX3
9nx3

C00219

B exut
Q5E9F2 05 EXU2 €00051

Food Chemistry: X 20 (2023) 101038

Bta01200 D
Bta01210 [ |

Bta01230 D

Bta05014 H

- PRNP I

Bta04921 I

crx4 [l
Loc7sssot [l

|:| Bta05022

Bta04216

o M Exus ) \\l\: Bta05415I
EXU6
QoN2J2 I‘°‘5 L Hvioxt I
-1 T —
- AcsL4
DMs (KEGG ID) o
AOA3Q1LZ55 €00025 is L-Glutamic Acid.
C00219 is Arachidonic Acid.
C00051 is Glutathione. KEGG pathways
AOA3Q1MF87 C00669 is Gamma-Glutamylcysteine. Bta04216 is Ferroptosis.
Bta05022 is Pathways of neurc on - multiple
DEPs (Gene.Symbol) Bta01200 is Carbon metabolism.
D5G2D5 LOC788801is Ferritin. Bta01210 is 2-Oxocarboxylic acid metabolism.

GPX4 is Phospholipid hydroperoxide glutathione peroxidase.  Bta01230 is Biosynthesis of amino acids.
HMOX1 is Heme oxygenase 1.

PRNP is Major prion protein.

ACSL4 is Acyl-CoA synthetase long chain family member 4.

Bta04921 is Oxytocin signaling pathway.
Bta05014 is Amyotrophic lateral sclerosis.
Bta05415 is Diabetic cardiomyopathy.

Fig. 5. Iron metabolism pathway. (a) Cluster heat map of DMs involved in iron metabolism. (b) Heat map of DEPs involved in iron metabolism. (c) Sankey diagram of
the interaction network of DMs-DEPs-metabolic pathways based on ferroptosis pathways. AOA3Q1MF87 is ferritin, QIN2J2 is phospholipid hydroperoxide gluta-
thione peroxidase, Q5E9F2 is heme oxygenase 1, D5G2D5 is major prion protein, AOA3Q1LZ55 is acyl-CoA synthetase long chain family member 4.

research, 877 metabolites and 1957 proteins were identified in exudate,
and the physicochemical characteristics of exudate, including iron
content, protein and lipid oxidation status, were consistent with beef
expression trends (Fig. 1), indicating that exudate can be used for
characterizing the underlying biochemical processes of beef oxidation.

In the case of beef, a red meat is because bovine muscle is a B-red
fiber and contains high amounts of iron, which is present in the muscle
in the form of heme. Iron-containing hemoglobin is retained in muscle
tissue in the form of blood residues. In addition, iron is present in
macromolecular fractions, such as cytochromes, iron-sulfur proteins and
iron carrier proteins (Liu et al., 2022). These iron-containing proteins
provide carriers for the release of free iron or low-molecular-weight
iron, the released iron ions generate hydroxyl radicals (¢OH) through
the Fenton reaction, and ¢OH is considered the most powerful oxidant
known to oxidize lipids and proteins, leading to the deterioration of
meat quality (Zhang et al., 2022). Ferroptosis has been found in muscle
tissues, and the accumulation of free iron is central to the generation of
ROS and mediates cell death. Thus, it is clarified that iron ions act as a
destabilizing factor that reduces muscle quality through metabolic ac-
tivity (Liu, Hu, Ma, Yang, Zheng & Liu, 2023). Notably, we previously
used exudate to investigate the mechanisms of beef quality change, and
found that abnormal iron metabolism activated the ferroptosis pathway,
inducing oxidative stress in muscle tissue cells (Liu et al., 2022). Fer-
roptosis is a non-apoptotic regulation of cell death by iron-dependent
lipid peroxidation due to unstable iron accumulation and glutathione
peroxidase (GPX) 4 inactivation. At the core of this is the induction of
lipid reactive oxygen species (ROS) accumulation by iron overload
through the Fenton reaction (Xia et al., 2021a,b). Free iron levels in
exudate and beef significantly increased during ageing (Fig. la, P <
0.05), leading to an increase in iron metabolic instability. At the same
time, muscle ROS levels were accompanied by the accumulation of iron
ions, leading to the oxidation of proteins and lipids (Fig. 1i). Overall,
further studies in the expression patterns of metabolites and proteins in
exudate are needed to reveal the mechanisms of iron metabolism in
muscle oxidation during aging.

Homeostatic imbalances in iron metabolism affect normal physio-
logical pathways, and iron overload is a critical factor in iron

metabolism (Xie, Fang & Zhang, 2023). Bioinformatic analysis of
exudate metabolites and proteins identified the only iron metabolic
process, namely ferroptosis (Fig. 4f). As illustrated in Fig. S1, ferroptosis
involves inactivation of GPX4 antioxidant action, lipid peroxidation,
degradation of iron-containing proteins and conversion of iron ion
valence states. As the name implies, iron accumulation is the key hub of
ferroptosis, and the ferroptosis pathway shows the degradation of
ferritin and heme to release free iron ions (Fig. S1). Ferritin is an iron
storage protein that plays a central role in regulating iron metabolism
and maintaining iron homeostasis. Ferritin is normally present in cells as
ferritin light chain (FTL), heavy chain 1 (FTH1) and the constituent
complexes, which can store more than 2000-4500 Fe** under normal
physiological conditions. Consequently, ferritin can efficiently regulate
intracellular iron homeostasis (Zhang, Yu, Song, Xiao, Xie & Xu, 2022).
Notably, FTH1 and FTL exhibit different functional activities for iron
binding. FTH1 has oxidase activity and converts soluble free iron in the
cytoplasm into ferritin precursors that enter the ferritin structural
domain and then bind to the inner ferritin space after conversion by the
action of FTL (Zhang et al., 2022). Liu, Hu, Ma, Wang & Liu (2023)
examined ferritin levels during beef refrigeration, and found that FTL
and FTH1 exhibited different degradation states, which verified the
different activity between FTH1 and FTL. The level of ferritin in the
exudate tended to decrease during ageing (Fig. 5b), consistent with the
findings of Liu et al. (2023). During ageing intracellular homeostasis is
imbalanced and the selective autophagy receptor nuclear receptor
coactivator (NCOA) 4 is activated to ensure cell survival, during which
the inevitable NCOA4 binds to FTH1 and transports ferritin to the
autophagosome for degradation (ferritinophagy), with eventual release
of free iron (Xia et al., 2021b). Fig. S1 shows the iron accumulation
pathway of heme degradation by heme oxygenase (HO) 1. Heme is a
ferroporphyrin compound composed of divalent iron with four
porphyrin rings, primarily myoglobin and hemoglobin (Liu et al., 2022).
The level of heme in muscle is related to the type of animal and the part
of the meat. Lombardi-Boccia, Martinez-Dominguez, & Aguzzi (2002)
examined the heme iron contents in different animals and different
parts, and found that beef heme iron content was significantly higher
than other meats. Thus, heme-rich beef has a higher potential for iron
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ion release. Heme degradation relies mainly on the HO-1 catalytic sys-
tem to release free iron (Singhabahu, Kodagoda Gamage & Gopalan,
2023). Free iron more readily mediates protein and lipid oxidation and
is not heme (Zhang et al., 2022). Proteomics results showed a significant
upregulation of HO-1 expression (Fig. 5b). Liu, Hu, Ma, Yang, Zheng &
Liu (2023) analyzed the protein levels of HO-1 and heme, and found that
the two were negatively correlated, consistent with the proteomics re-
sults. Overall, the degradation pathway of ferritin and heme during
ageing is a key mechanism to induce iron sagging.

Iron ions can affect iron metabolism through transmembrane trans-
port, with iron ions transferred intracellularly mainly via the transferrin
(TF) and metal cation symporter ZIP8 (MCSZ8) pathways (Fig. S1).
Proteomics identified a major prion protein (D5G2D5) that facilitates
the conversion of trivalent to divalent iron ions (Fig. 5b), and its protein
level decreased with increasing ageing duration. Iron ions are more
sensitive to iron metabolic processes due to their higher oxidative ac-
tivity as a result of valence conversion (Xia et al., 2021b). However, the
reduced level of soft virus protein inhibited the cross-transport of iron
ions by MCSZ8, while reducing the oxidative activity of divalent iron
ions. On the other hand, the TF pathway is considered to be the main cell
membrane ferric ion transport system (Wang, Wei, Ma, Qu & Liu, 2022),
while there are different protein levels between TF and MCSZ8. Unfor-
tunately, the effect of ferric ion transport across the membrane on
cellular iron metabolism remains unknown.

Another hallmark event of iron metabolism disorders leading to
ferroptosis is lipid oxidation, where polyunsaturated fatty acids (PUFAs)
of cell or organelle membranes are susceptible to oxidation by ROS
generated through the Fenton reaction and generate lipid peroxides
(LPOs), the aggregation of which leads to membrane instability or even
rupture, resulting in cellular homeostatic imbalance or even cell death
(Liang, Zhang, Yang & Dong, 2019). Acyl-CoA synthetase long chain
family (ACSL) 4 is a modulator of lipid metabolism. ACSL4 converts
PUFAs to membrane phospholipids-phosphatidylethanolamine (PE) due
to its thioesterified activity, forming PUFA-CoA. PUFA-CoA is a pre-
cursor of PUFA-phospholipids (PUFA-PLs), and PUFA-PLs are further
oxidized by lipoxygenase to produce lipid peroxides (LOOHs, -OH, etc.).
Interestingly, arachidonic acid (AA) and epinephrine acyl contain a PE
fraction, which facilitates lipid oxidation even more (Kagan et al., 2017;
Yang, Kim, Gaschler, Patel, Shchepinov & Stockwell, 2016). The levels
of both AA and ACSL4 increased during ageing (Fig. 5a and b), and the
increase in AA content provides more substrate for ACSL4, which
inevitably increases lipid peroxidation. There was a significant increase
in lipid peroxidation (MDA level) in exudate and beef during late ageing
(Fig. 1g, P < 0.05). It is noteworthy that ROS generated by the Fenton
reaction are not specific for the oxidation of macromolecules and attack
macromolecular components, such as proteins and DNA while oxidizing
lipids, which inevitably enhances the oxidative state of the muscle (Liu
et al., 2022). The increased carbonyl and sulfhydryl levels in exudate
and beef indicate increased protein oxidation during ageing (Fig. 1 e and
f, P < 0.05). Lipid and protein oxidation are not independent processes,
but rather promote each other. For example, lipid peroxides bind to
muscle proteins, and LOOHs and -OH promote protein oxidation more
rapidly (Liu et al., 2022).

The level of ROS generated by disorders of iron metabolism depends
on sophisticated homeostatic regulatory functions of cells, and the
classical mechanism of scavenging is through the glutathione peroxidase
(GPX) 4 antioxidant system (Wang et al., 2022). GPX4 belongs to the
glutathione peroxidase family, which specifically scavenges a wide
range of lipid peroxides from cell membranes, and GPX4 is dependent on
glutathione (GSH) as a reducing agent in its peroxidase action. GSH is a
tripeptide synthesized from cysteine, glutamate and glycine. Cystine-
glutamate antiporter pumps glutamate out of the cell and pumps
cystine into the cell in a 1:1 ratio. The cystine delivered to the cell is
reduced to cysteine by p-mercaptoethanol, which is used to synthesize
the antioxidant GSH (Bi et al., 2023; Wang et al., 2022; Yang et al.,
2016). GPX4 and GSH levels decreased during ageing (Fig. 5 a and b),
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indicating GPX4 may have a diminished effect on lipid peroxide scav-
enging, which can lead to an enhanced cellular or muscle oxidative
state. In contrast, r-glutamic acid and gamma-glutamylcysteine levels
were upregulated during aging, where higher levels of L-glutamic acid
inhibited cystine transport, leading to a decrease in the content of GSH
precursors (Liu et al., 2023). Carbon metabolism, 2-oxocarboxylic acid
metabolism and biosynthesis of amino acids were also found to affect -
glutamic acid levels through glutamate-enriched metabolic pathways
(Fig. 5c). For example, the 2-oxoglutarate dehydrogenase complex
during carbon metabolism converts glutamate by catalyzing the con-
version of 2-oxoglutarate generated in the tricarboxylic acid cycle (TCA)
pathway, which may also lead to elevated glutamate levels (Weidinger
et al.,, 2023). It is speculated that elevated gamma-glutamylcysteine
levels may be associated with reduced glutathione synthetase activity,
which requires further validation. The regulation of GSH-GPX4, an
important intracellular antioxidantdoes not proceed independently,
interacting with metabolic pathways, such as carbohydrates and amino
acids, was not effective in avoiding oxidative stress induced by iron
metabolism, reducing the quality of meat during aging. In general, the
ferroptosis process is dependent on the accumulation of free iron,
inactivation of antioxidant systems, and cell membrane lipid oxidation.
These processes not only promote cell death, but also lead to deterio-
ration of muscle quality through accumulation of ROS and lipid
peroxides.

5. Conclusions

Exudate and beef were found to have similar patterns of change in
terms of iron ions and oxidation. A combination of proteomics and
metabolomics was used to identify the metabolite and protein changes
that can be used to characterize the underlying biochemical pathways in
muscle tissue. Overall, beef exudates provide valuable information to
understand metabolic mechanisms during muscle aging. A total of 15
shared KEGG pathways were identified, and iron metabolism was
mainly manifested as ferroptosis. The 4 DMs and 5 DEPs involved in the
ferroptosis pathway may induce oxidative stress and even cell death
through the regulation of free iron accumulation, cell or organelle
membrane oxidation and GPX4, exacerbating muscle protein and lipid
oxidation during aging.
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