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Proteomics Analysis Suggests Mitochondria Disorders
and Cell Death Lead to Spaghetti Meat Myopathy
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Abstract: Spaghetti meat (SM) is a myopathy that affects the structural integrity of pectoralis majormuscles in broilers and
accounts for decreased meat acceptability and significant economic losses for the industry. The causative mechanisms have
not been as extensively investigated as other myopathies such as wooden breast. Proteomics analysis allows for the inves-
tigation alterations inmuscle composition. The aim of this studywas to investigate proteins related tomitochondria function
in SM using proteomics analysis. Severe SM and normal pectoralis major were collected from a broiler processing plant.
The analysis identified 1903 proteins. Results suggested that SM exhibited greater cellular stress and cell death as evidenced
by increased N-myc downstream-regulated gene 1, plastin 3, ribosomal protein L10, and calnexin (FDR< 0.05 for all).
Increased cell stress potentially impacted nonsense meditated decay pathway (eliminates mRNA containing premature
translation termination codons). The SM myopathy downregulated several compounds related to mitochondria function
and glucose metabolism pathways including basic leucine zipper and w2 domains 2, eukaryotic translation initiation factor
3 subunit B, pyruvate kinase L/R, thioredoxin-dependent peroxide reductasemitochondrial, enolase 3, creatine kinasemito-
chondrial 2, succinate-CoA ligase GDP/ADP-forming subunit alpha1, calcium voltage-gated channel auxiliary subunit
alpha2delta 1, and complement 1q binding protein C (FDR< 0.05 for all), indicating a disruption in energy production
and cell health. Current results suggested that SM impaired energy production and mitochondria function and elevated
cell death. Although this study provides valuable information regarding possible mechanisms involved in the SM myopa-
thy, further investigations are required to fully understand the mechanisms and their connections to other vital pathways.
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Introduction

In the last few years, several muscular abnormalities
known aswooden breast, white striping, and spaghetti
meat (SM) have afflicted pectoralis majormuscles in
broiler chickens and reduced the quality of the final
meat products (Kuttappan et al., 2016; Baldi et al.,
2021). Of these breast myopathies, SM was the most
recently recognized and therefore is the least investi-
gated to date. The SM fillets are soft with separated
muscle fiber bundles resulting in stringy, spaghetti-
like appearance. Due to their appearance and lack
of structural integrity, SM fillets are downgraded

and can only be used in further processed products,
which leads to significant losses for the industry
(Baldi et al., 2021). Unfortunately, the exact cause
of the SM myopathy is unknown, making it difficult
to develop effective preventative measures. Different
nutritional and management strategies have been
examined to reduce the incidence of SM and to limit
the impact of the abnormality on product quality
(Baldi et al., 2021). However, none of the strategies
have identified a promising solution to overcome
the issue. Therefore, a better understanding of the
involved mechanisms is required to make it possible
to develop effective strategies to cope with the issue.
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Previous research has shown that intensive genetic
selection in fast-growing birds could be responsible for
alterations to the structure, function, andmetabolic char-
acteristics of muscle fibers (Clark and Velleman, 2016;
Soglia et al., 2016; Shakeri et al., 2024). Furthermore, a
few studies demonstrated that SM incidence was associ-
ated with cellular stress, mitochondria dysfunction, and
hypoxia in the tissue (Petracci et al., 2019; Baldi et al.,
2021). Mitochondria are essential for normal cell func-
tion, regulation of reactive oxygen species (ROS), and
apoptosis (Wang et al., 2022b). Genetic alterations
and environmental factors increase the possibility of
mutations of mitochondrial proteins, which can lead
to mitochondrial malfunction. Therefore, mitochondrial
quality control by proteins involved in various surveil-
lance mechanisms is critical for viability and normal cell
function (Wang et al., 2022b).

To better understand muscle alterations and pos-
sible pathways involved in the SMmyopathy, it is nec-
essary to identify changes that occur in the biochemical
composition of afflicted muscle tissue. A novel method
for doing this type of investigation is proteomics analy-
sis. The objective of this study was to use a proteomics
approach to identify key biochemical differences
involved in mitochondria function between normal
broiler breast muscle and muscle exhibiting the SM
myopathy. Although this study identified several com-
pounds that were altered in SM compared to normal
muscle tissues, this paper focused on compounds
related to mitochondria function, cellular stress, and
related pathways. To this end, we conducted proteo-
mics analyses comparing normal broiler breast muscle
with muscle exhibiting the SM myopathy.

Materials and Methods

Experimental design

An animal use proposal was not required for this
experiment as 300 pound breast fillet samples (pectora-
lis major) were collected at ∼3 h postmortem from the
deboning line of a commercial processing facility where
birds (8 wk old male Ross broilers) were stunned and
slaughtered according to standard industry procedures.
Samples were kept cool on ice during transportation
(∼1 h) to the U.S. National Poultry Research Center
(Athens, GA, USA). In total, 8 severe SM and 8 normal
(N) breast fillets were selected based on visual and tactile
assessment by a team of trained experts. Severe pector-
alis major muscles showed extensive superficial lacera-
tions on their cranial and/or caudal surface. Muscle
fibers separated from each other (Baldi et al., 2021).

The numbers of selected birds were based on previous
publications (Wagle et al., 2023; Kong et al., 2024).
Muscle samples from the cranial end of the fillets were
collected, snap frozen in liquid nitrogen, and stored at
−80 °C until further analysis.

Proteomics analysis of breast meat

The preparation and analysis of samples for proteo-
mics were performed by a commercial analytical service
(Dalton Bioanalylytics Inc., Los Angeles, California).
The procedure was divided into 4 phases (homogeniza-
tion, digestion, extraction, and Liquid chromatography-
mass spectrometry LC-MS analysis) as briefly described
in a previous report (Kong et al., 2024). A total of 16
samples were analyzed (8 severe SM and 8 N, the sam-
ples were replicated as a group). Each sample (5–6 g)
was dissected on ice into 30 mg pieces. The samples
were then homogenized using a bead mill (4 cycles of
30 s homogenizing then 30 s on ice). Trypsin was added
to digest the samples for 2 h at 37 °C. Additional ethanol
was used to perform digestion. Then, precipitate was
pelleted by centrifugation for 5 min at 14,000 relative
centrifugal force (RCF). Clarified supernatant was trans-
ferred for analysis. The procedures are summarized in
Table 1.

Data processing and analysis

The data were processed by Dalton Bioanalylytics
Inc. using MSFragger software for proteins. An ID
library was built on pooled samples. Differential abun-
dances between N and SM were calculated using log2
fold change. Proteins showing P< 0.05 in the compari-
son between N and SM were considered differentially
abundant. Multiple testing was addressed using false
discovery rate (FDR) correction of nominal

Table 1. LC-MSmethod used to analysis spaghetti vs.
normal meats.

Steps1 Details

1 Microflow mixed mode
UHPLC

- 125 min heart-cut 2D-LC
- HILIC (0–35 min hydrophilic analytes)

2 RP (CSH C18) - 35–73 min peptide analytes
- 73–100 min lipophilic analytes
- 100–125 min re-equilibration

3 Mobile phase additives Formic acid and ammonium acetate

4 High-resolution MS
(Thermo QEþ)

- Ions identification by DDA
• (±) ddMS2 on metabolite extracts
• ddMS2 high pH peptide fractions

- Quantification
• MS1 BoxCar acquisition (msx-tSIM)

1Ions identified by DDAMS/MS. Ions quantified by BoxCar MS. Label
free quantification by 5 ppm and 1min tolerance. IDsmatched between runs.
Ions were condensed into molecular identities by averaging ions.
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significance (P value). Differential associations were
visualized using volcano plots with dimensionality
reduction plots (green dots FDR< 0.05, red dots
FDR< 0.2, and black dots FDR> 0.2).

Results and Discussion

A total of 1903 proteins were identified using pro-
teomics analysis in the SM fillets. The data indicated
several significant alterations in protein levels that
potentially impaired cell health and mitochondria func-
tion (Figure 1). All of the compounds in Figure 1 were
not discussed in this paper as the focuswas onmitochon-
dria function and cell damage. The discussed com-
pounds in this study are listed in Table 2. The data
showed that the SM condition altered glucose pathways
(encouraging glucose catabolism in cells) and nonsense
mediated decay (NMD) pathways. NMD detects and
destroys transcripts containing premature termination

codons to prevent the production of truncated proteins
that could harm cells. Furthermore, NMD downregu-
lates expression of faulty genes (Nickless et al., 2017)
and regulates the expression of normal transcripts
(Hug et al., 2016). The data showed that several proteins
(PLS3, NDRG1, CANX, and RPL10) were upregulated
in SM samples whereas several other proteins (BZW2,
EIF3B, PKLR, PRDX3, ENO3, CKMT2, SUCLG1,
CACNA2D1, and C1QBP) were downregulated
(Figure 1 and Table 2). The SM myopathy is associated
with a decrease in muscle protein content and alterations
to the connective tissue leading to the formation of large
intracellular spaces (Baldi et al., 2018). It has been
reported that reducing cell death and apoptosis could
lead to improved connective tissue structure (Chen et al.,
2023). Furthermore, as mitochondria are responsible for
generating ATP, abnormalities in the mitochondria have
been shown to play an essential role in cell death
(Waterhouse, 2003). It is worth mentioning that there
are similarities between woody breast and SM

Figure 1. Volcano plot showing the differential expression of compounds in the spaghetti breast muscle of 8 wk old broiler chickens. The samples were
collected at ∼3 h post-slaughter and analyzed using proteomics technology. The level of significance was determined at an FDR of 0.05 (green dots) in the
volcano plot and was separated by the horizontal dotted line.
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myopathies. Proteomic results for woody breast demon-
strated dysfunctions in carbohydrate metabolism, pro-
tein synthesis, and calcium buffering capabilities in
muscle cells (Kong et al., 2024). The differences in
muscle proteomics showed higher oxidative stress in
woody breast meat as well as negatively impacted
ATP generation inmuscles (Cai et al., 2018); this is sim-
ilar to our previous studies, which also found that the
ATP pathway is interrupted for woody breast fillets
(Shakeri et al., 2023, 2024).

Many of the proteins found to be differentially
expressed in SM samples in this study relate to cell
and tissue health. Elevated PLS3 (T-plastin or fimbrin)
(upregulated in SM)may play a role in cellular processes
and signaling pathways. PLS3 has been reported to serve
as a biomarker to determine cancer (induction of cell
death), and mutations of PLS3 can cause osteoporosis
(Wolff et al., 2021). Therefore, normal PLS3 expression
seems to be essential for healthy cells. CANX (upregu-
lated in SM) is a key factor in the quality control of pro-
teins. It has been reported that CANX is upregulated
during cellular stress and induces cell death (Guérin
et al., 2008). UpregulatedNDRG1 could be another sign
of cellular stress (Chua et al., 2007). Additionally,
RPL10 (upregulated in SM) regulates ROS inmitochon-
dria, and an elevated level of RPL10 can be used as an
indicator for cancer progress (Yang et al., 2018).

NDRG1 (downregulated in SM) is involved in the
inhibition of multiple oncogenic signaling pathways. It
plays a critical role in tumor metastasis suppression,
and upregulation of the gene is linked to tumor growth
(Chua et al., 2007). Furthermore, previous studies

showed that downregulating both BZW2 and EIF3B
(both downregulated in SM) could impair cell growth
and promote tumor cell growth (Gao et al., 2019; Ma
et al., 2019). The alteration in regulation of these pro-
teins (NDRG1, BZW2, and EIF3B) might be related to
mitochondria dysfunction as abnormal mitochondria
could potentially promote tumors by altering ROS
and Ca2þ (Hsu et al., 2016). Histologic investigations
reported that the SMmyopathy increases inflammatory
cell infiltration and necrosis (Baldi et al., 2018), poten-
tially contributing to tumor invasion, growth, andmeta-
stasis (Talmadge et al., 2007). In fact, when damaged
cells grow and multiply, they may form tumors (Fink
and Cookson, 2005).

CACNA2D1 (downregulated in SM) controls cal-
cium channels (Cav1. 2 channels) which provides a
mechanism to modulate the force of contraction
(Cooper and Dimri, 2023). Mitochondria contribute
to buffering cellular calcium levels by transporting cal-
cium into mitochondria through channels. However,
when the channels do not work properly, it promotes
the opening of the mitochondrial permeability transi-
tion pore and triggers apoptotic cell death (Matuz-
Mares et al., 2022). When cells are not stressed, mito-
chondrial permeability transition pore is closed and the
water and solute passing protein channel impermeable
to ions. Under oxidative stress conditions, sudden
mitochondrial permeability transition pore opening
causes massive ion influx that shuts downATP produc-
tion (Vaseva et al., 2012).

ENO3 and PKLR (both downregulated in SM) are
related to glycogen metabolism, muscle development,
and mitochondrial function (Liu et al., 2019; Cui et al.,
2021; Nieborak et al., 2023). PKLR mainly is active in
the liver and in red blood cells, which contain hemoglo-
bin that carries oxygen to all parts of the body. PKLR is
involved in producing an enzyme called pyruvate kin-
ase, which is a key enzyme in glycolysis and energy pro-
duction. Deficiency of PKLR could impair cell function
and survival (van Wijk et al., 2003). Downregulating
PKLR leads to decreased glucose uptake and mitochon-
drial activity (Liu et al., 2019), which is responsible for
generating ATP for the body. ENO3 is a glycolytic
enzyme that catalyzes the reversible conversion of 2-
phosphoglycerate to phosphoenolpyruvate (second
source of ATP in glycolysis). Downregulated ENO3
and PKLR in SM indicates a disruption in cellular
energy production within the affected muscle tissue.

The impacts of SM on glucose metabolism could be
related to mitochondria function as glucose converts to
pyruvate, which enters mitochondria to undergo a fur-
ther metabolic pathway, the tricarboxylic acid cycle

Table 2. Expression of differentially expressed
proteins in spaghetti meat.

Abbreviation Full name Expression

CANX Calnexin Upregulated

PLS3 Plastin 3 Upregulated

RPL10 Ribosomal protein L10 Upregulated

NDRG1 N-myc downstream regulated gene 1 Upregulated

CKMT2 Creatine kinase mitochondrial 2 Downregulated

C1QBP Complement 1q binding protein C Downregulated

EIF3B Eukaryotic translation initiation factor 3
subunit B

Downregulated

ENO3 Enolase 3 Downregulated

PKLR Pyruvate kinase L/R Downregulated

PRDX3 Thioredoxin-dependent peroxide
reductase mitochondrial

Downregulated

SUCLG1 Succinate-CoA ligase GDP/ADP-forming
subunit alpha1

Downregulated

BZW2 Basic leucine zipper and w2 domains 2 Downregulated

CACNA2D1 Calcium voltage-gated channel auxiliary
subunit alpha2delta 1

Downregulated
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(Kwak et al., 2010). Several proteins related to mito-
chondria function including PRDX3, CKMT2,
SUCLG1 and C1QBP were downregulated in SM sam-
ples, indicating that there is a potential disruption in
energy production in SM tissue. Mitochondria generate
ATP (main source of energy for cells) by utilizing the
energy released from consumed foods (Brand et al.,
2013). PRDX3 plays an important role in regulating oxi-
dation-induced apoptosis as well as improving muscle
strength and ATP production (Lee et al., 2014); thus,
it can control the contractile functions of skeletalmuscle.
Furthermore, it helps maintain normal mitochondrial
function and mitochondria DNA copy number as well
as decreases oxidative damages (Ahn et al., 2022), sug-
gesting that downregulating of PRDX3 induces oxida-
tive stress and mitochondria impairment, leading to
lower energy supply and cellular health (Zhang et al.,
2016; Sonn et al., 2022). It is worth mentioning that
PRDX3 is a mitochondrial antioxidant protein and elim-
inates high amounts of H2O2 in the mitochondria (Lee
et al., 2014). CKMT2 encodes S-type creatine kinase
mitochondria, responsible for transferring energy from
mitochondria to creatine (Schlattner et al., 2006).
SUCLG1 links to mitochondria DNA abnormalities
causing several disorders in the body such as weak
muscle (El-Hattab and Scaglia, 2017). C1QBP is located
in the mitochondria and regulates cellular respiration
(Wang et al., 2022a). C1QBP deficiency is involved
in many cellular processes, including mitochondrial
homeostasis, mitochondria oxidative phosphorylation,
inflammation, and cancer (Wang et al., 2022a).

Conclusion

Based on the differentially expressed proteins iden-
tified in this study, we can conclude that abnormal mito-
chondrial activity may potentially play a role in the
development of the SM myopathy by disrupting ATP
production and increasing cell death as evidenced by
upregulating stress compounds and downregulating
compounds related to mitochondria function. Although
this study provided valuable information regarding pos-
sible mechanisms involved in SM development (glucose
pathway and mitochondria function), further investiga-
tions are required to fully understand the mechanisms
and their connections to other vital pathways.
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