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Simple Summary: The woody breast myopathy in broiler chickens results in inferior quality breast
meat. The severity of woody breast can negatively impact consumers’ acceptance, resulting in
significant economic loss to the industry each year. The underlying biological mechanisms that cause
woody breast development are not well understood. This study demonstrated that ribonucleotide
reductase (an enzyme necessary for DNA synthesis and repair) and genes related to mitochondria
function reduced for woody breast, while woody breast increased fibrosis, suggesting a possible
pathway for woody breast to impair energy production in the affected muscle. As direct mechanistic
connections between ribonucleotide reductase and woody breast have not been established before,
further studies are required to provide a better understanding of how ribonucleotide reductase is
involved in woody breast development.

Abstract: The cellular events leading to the development of the woody breast myopathy in broiler
breast muscle are unclear. Affected woody breast muscle exhibits muscle fiber degeneration/
regeneration, connective tissue accumulation, and adverse morphological changes in mitochon-
dria. Ribonucleotide reductase (RNR) is an enzyme for the synthesis of dNTP, which is important for
mitochondria DNA content (mtDNA). RNR consists of two subunits: RRM1/RRM2. A decrease in
RRM2 is associated with a decrease in mtDNA and mitochondria proteins, leading to impaired ATP
production. The objective of this study was to investigate potential RNR differences between woody
breast (WB) and normal (N) breast muscle by examining RRM2 expression and associated pathways.
Gene expression and enzyme activities were examined by qPCR and commercial kits. Results showed
that RRM2 expression reduced for WB (p = 0.01) and genes related to mitochondria, including ATP6
(p = 0.03), COX1 (p = 0.001), CYTB (p = 0.07), ND2 (p = 0.001) and ND4L (p = 0.03). Furthermore,
NDUFB7 and COX 14, which are related to mitochondria and ATP synthesis, tended to be reduced in
WB. Compared to N, GLUT1 reduced for WB (p = 0.05), which is responsible for glucose transport in
cells. Consequently, PDK4 (p = 0.0001) and PPARG (p = 0.008) increased in WB, suggesting increased
fatty acid oxidation. Citric synthase activity and the NAD/NADH ratio (p = 0.02) both reduced
for WB, while WB increased CHRND expression (p = 0.001), which is a possible indicator of high
reactive oxygen species levels. In conclusion, a reduction in RRM2 impaired mitochondria function,
potentially ATP synthesis in WB, by increasing fibrosis and the down-regulation of several genes
related to mitochondria function.

Keywords: broiler chickens; woody breast; ribonucleotide reductase activity; mitochondria

1. Introduction

Woody breast is an abnormal muscle condition that negatively impacts the texture
and appearance of chicken breast meat. The specific cause is unknown, but broilers
have been intensely selected for high breast meat yield, which is considered to be one
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of the factors associated with the development of woody breast [1]. The myopathies can
negatively impact consumers’ acceptance, resulting in significant economic loss to the
industry reaching > $1 billion/year of loss globally [2].

Although woody breast meat is wholesome and safe for consumers, the texture of
cooked woody breast meat is tough and rubbery [1,3], which is likely the result of the high
content of connective tissue and damaged muscle fiber structure observed in the affected
muscle. Indicators of the woody breast condition in the pectoralis muscle can be detected
at early ages in broilers, which suggests the problem might be genetic [3]. Several studies
in recent years have focused on genes related to woody breast meat development [4].
Studies associated the woody breast meat problem with mitochondria function [5] and
energy (ATP) production [6]. The mitochondria are involved in cells’ oxygen consumption
and generate reactive oxygen species (ROS). Woody breast muscles have higher ROS
localized in the outer mitochondria membrane; therefore, the affected muscles exhibit
mitochondria dysfunction [7], leading to oxidative stress due to low oxygen supply, which
in turn causes muscle damage [8]. Mitochondria dysfunctions have been known to be
responsible for several disorders and abnormal cell functions [9]. Impaired oxidative
phosphorylation (vital reaction for the cellular storage and transfer of free energy) leading to
a decrease in cellular ATP production is the most important factor underlying mitochondria
dysfunction in associated diseases [7,9,10]. An enzyme that is involved in ATP production
and mitochondria function that has not been studied in woody breast is ribonucleotide
reductase (RNR).

Ribonucleotide reductase is a key enzyme that converts ribonucleotides to deoxyri-
bonucleotides, which are the building blocks for DNA replication and repair in every living
cell [11]. RNR consists of two subunits encoded by genes: ribonucleotide reductase M1
subunit catalytic (RRM1) and ribonucleotide reductase M2 subunit regulatory (RRM2).
The RRM2 acts as a molecular switch that affects RNR activity and DNA replication [12].
Decreases in RRM2 expression are associated with severe reductions in mitochondria DNA
content (mtDNA), leading to impaired ATP production in various tissues [13] and cellular
function [14]. Furthermore, reduced mtDNA could have an adverse impact on the levels
of mitochondria gene transcripts, resulting in a decreased amount of abundance of mito-
chondria proteins. The strict control of RNR activity is critical, as decreased RNR activity
induces replication anomalies and genome instability. Thus, RNR activity is finely regulated
allosterically and at the transcriptional level [11,15]. In fact, RNR, especially the RRM2
subunit, is critical for cell division and ATP production. Thus, insufficient RNR activity
resulted in aberrant DNA replication, decreased mitochondria function and increased cell
lethality [16]. However, current gaps in knowledge include understanding if RNR has an
essential role in woody breast meat and whether altering RNR activity may play a role in
woody breast incidence. Therefore, the objective of this study was to investigate potential
RNR differences between normal and woody breast muscle by examining RRM2 expression
and associated pathways.

2. Materials and Methods
2.1. Samples

Breast muscles (Ross-308, ~8 weeks old) were obtained (~3 h post-mortem) from
the deboning line of a commercial broiler processing plant where birds were slaughtered
according to standard industry procedures. The collection time was based on the commer-
cial practice and previously published works that showed there is no significant changes
in RNA purity up to ~48 h post-mortem [17,18], and RNA degradation happens at 48 h
post-mortem. Whole breast fillets were scored and divided to two groups: severe woody
(WB) and normal (N) breast meat. A total of 8 WB and 8 N breast muscles were selected for
analysis. Scoring was performed by a panel of experts according to published criteria [19]
as follows: normal = flexible throughout and severe = extremely hard throughout from the
cranial region to the caudal tip. Muscles samples were removed from the cranial end of
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fillets, fixed in liquid nitrogen, and stored at −80 ◦C for subsequent analysis of enzyme
activities and gene expression.

2.2. Enzyme Activities

The NAD/NADH ratio and citrate synthase activity (CS) were measured using com-
mercial kits (Sigma Aldrich, St. Louis, MO, USA) based on the manufacturer’s instruc-
tions. The supernatant obtained from homogenized muscle tissues was used to measure
NAD/NADH and CS levels at 450 nm and 412 nm, respectively.

Briefly, for CS assay, ~20 mg tissue rapidly homogenized with 100 mL of citrate assay
buffer (provided by the manufacturer). Afterwards, it was centrifuged at 15,000× g for
10 min to obtain the supernatant. Then, 50 mL of the provided reaction mix was added to
each of the standard (provided by the manufacturer), sample, and blank control wells. They
were mixed well using a horizontal shaker and incubated at room temperature for 30 min
in a dark place before measuring at 412 nm. For NAD/NADH assay, ~20 mg of tissue was
washed with cold PBS. The samples were homogenized with extraction buffers (provided
by the manufacturer) for NAD and NADH determination. Extracts were heated at 60 ◦C for
5 min. Then, we added the rest of the buffer as instructed by the manufacturer. The mixture
was vortexed and centrifuged at 14,000× g for 5 min before measuring at 450 nm. The
obtained data were calculated based on the below equations provided by the manufacturer.
In the NAD/NADH equation, ratio is the amount of total NAD (NAD+NADH) (pmole),
whereas NADH is the amount of NADH in the sample (pmole) both from the standard
curve. While for the CS equation, Sa is the amount of glutathione (nmole) generated in the
sample between Tinitial and Tfinal from the standard curve. The Reaction Time is Tfinal −
Tinitial (minutes); the sample volume (mL) and the data are reported as nmole/min/mL.

Ratio =
NAD total –NADH

NADH

CS activity =
Sa

(Reaction Time)× Sv

2.3. Quantitative Real-Time PCR

Total RNA was extracted from frozen tissues using Trizol reagent (Thermo Fisher
Scientific, Waltham, MA, USA) and an RNeasy Mini Kit (Qiagen, Germantown, MD, USA).
Quantitative real-time PCR was performed with SYBR Green to measure RRM2 expression
levels and other genes mentioned in Table 1. RNA expression was normalized to 18S rRNA
expression using the 2−∆∆Ct method to calculate fold change. The forward and reverse
primers for PCR amplification are shown in Table 1.

2.4. Histology Analysis

Tissue samples were collected from the cranial end of each breast fillet and transferred
to 10% paraformaldehyde (Sigma Aldrich, St. Louis, MO, USA) and fixed in paraffin
wax [20]. Slides were prepared (perpendicular to the direction of the muscle fibers) using
8 µm sections and stained using Picrosirius red to measure muscle tissue damage. Staining
procedures were completed by the University of Georgia, College of Veterinary Medicine,
Histology Lab (Athens, GA, USA). Briefly, sections were stained with 0.1% Picrosirius red
in saturated picric acid for a minimum of 1 h before dipping them in acidified water twice.
All slides were dehydrated and mounted in Permount and then covered by cover slips. All
images were obtained (20× magnification) using a light microscope (Zeiss AXIO, Imager.A2,
Pleasanton, CA, USA) with the same exposure time, white balance, and saturation. All
obtained images were analyzed using Fiji image software (ratio of scars or connective areas
to the whole area).
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2.5. Analysis

Student’s t-tests were used for comparison of the two groups using Prism (GraphPad
software, San Diego, CA, USA, Vesrion 9.0). Results were considered significant at p ≤ 0.05.
Mean values in the text are given as mean ± SE.

Table 1. Forward and reverse primers for real-time PCR amplification.

Target 1 Forward Reverse

ATP6 AATTCTCAAGCCCCTGCCTA AGGAGGCCTAGGAGGTTAAT

CHRND GTGGTCCTCAACTTCCATTTCC AGGATCTCCAGGAACACCTCT

COX14 GGCTGATTTCGGCTACAAAGC GCACAGGTACCCGCCGTA

COX1 TCCTTCTCCTACTAGCCTCA AGGAGTAGTAGGATGGCAGT

CYTB TGCCTCATGACCCAAATCCT AGTGTGAGGAGGAGGATTACT

GLUT1 GCATGATCGGCTCCTTCTCTGT AGCAGCGGCCAGAGAGAGTCGT

ND2 AGCATAACCAACGCCTGATC GATGTTAGGAGGAGGAGTGT

ND4L TCCCCTACACTTCAGCTTCT TTCGCATGCTGAGAAGGCTA

NDUFB7 GACGCCTTCCCCAGCCTATG CTCGCGCTCAAACTCCTTCAT

PDK4 TCTCCGCTCTCCATCAAGCA TCTTGTCGCAGGAACGCAAA

PPARG GTGCAATCAAAATGGAGCC CTTACAACCTTCACATGCAT

RRM2 AGTGAGTGTGTATATGCTCCCC CCAAAAGTCAAGGACGCTG

18S 2 TCCCCTCCCGTTACTTGGAT GCGCTCGTCGGCATGTA
1 ATP6: Mitochondria encoded ATP synthase membrane subunit 6; CHRND: Nicotinic acetylcholine receptor sub-
unit delta; COX14: Cytochrome c oxidase assembly factor; COX1: Cytochrome c oxidase subunit 1 mitochondria
gene; CYTB: Cytochrome b; GLUT1: Glucose transporter 1; ND2: NADH dehydrogenase 2; ND4L: Mitochondria
encoded NADH:ubiquinone oxidoreductase core subunit 4L; NDUFB7: NADH:ubiquinone oxidoreductase sub-
unit B7; PDK4: Pyruvate dehydrogenase kinase 4; PPARG: Peroxisome proliferator-activated receptor gamma;
RRM2: Ribonucleotide reductase M2 subunit. 2 18S: housekeeping.

3. Results
3.1. Quantitative Real-Time PCR

Changes in the gene expression of multiple components of the citric acid cycle are
presented in Figure 1. Results showed a decreased expression of RRM2 (p = 0.01) in WB
samples compared to N as well as several mtDNA genes required for normal mitochondria
function, including ATP6 (p = 0.03), COX1 (p = 0.001), CYTB (p = 0.07), ND2 (p = 0.0005)
and ND4L (p = 0.03). Furthermore, NDUFB7 (p = 0.07) and COX14, which are expressed in
nuclear DNA and localized to mitochondria, tended to be lowered in WB compared to N.
Additionally, WB muscle showed a decreased expression of GLUT1 (p = 0.05) and increased
expressions for PDK4 (p = 0.0001) and PPARG (p = 0.008) as indicators of higher fatty acid
oxidation. WB meat decreased the NAD/NADH ratio (p = 0.02, pmol), while it showed an
increased expression of CHRND (p < 0.0001) (Figure 2).

3.2. Histology Analysis

WB increased fibrosis compared to N (p = 0.006) (Figure 2). WB tissue exhibited a
greater ratio of connective tissues to normal cell muscle area and increased abnormalities
to muscle cell structure and arrangement.
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Figure 1. Changes in genes expression (fold change) in the citric acid cycle for woody (WB) and
normal (N) breast muscles. GLUT1, citrate synthase activity (CS) and NAD/NADH reduced, whereas
PDK4 and PPARG both increased for WB. ATP6, ND2, ND4L, COX1, CYTB and NDUFB7 reduced as
potential factors responsible for ATP production and normal mitochondria function.
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4. Discussion

The principal findings of this study indicated that RRM2, a subunit of RNR, may play
roles by controlling mitochondria function, decreasing both ROS level and fibrosis. Figure 3
shows how disruptions in RRM2 can increase oxidative stress.
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A study [15] demonstrated that the disruption of RRM2 impaired tissue health and
mitochondria function by disrupting mtDNA synthesis, resulting in higher oxidative dam-
age. We found that RRM2 disruption could cause mitochondria dysfunction, resulting in
impaired tissue health, indicating it could be related to woody breast. In addition, our
results confirmed with a study [21] that both CHRND and fibrosis are good indicators
of ROS level in tissues. Disorders such as severe infection or injuries may result in the
up-regulation of nicotinic receptors by mitochondria, which contributes to an overabun-
dance of receptors [22,23]. Fibrosis is related to the induction of apoptosis and changes in
mitochondria membrane [24]. What followed is increased apoptosis as well as possible
mitochondria dysfunction as evidenced by reduced several genes expression related to
mtDNA and the reduced NAD/NADH ratio in this study. The NAD+/NADH ratio is
associated with the cells’ metabolism; any alterations to the ratio are to be found in situa-
tions of metabolic diseases [25]. NAD+ is necessary for several enzymes’ activity related
to metabolism. Consequently, a decrease in the ratio causes these enzymes to decrease in
activity, resulting in an altered metabolic situation. Metabolomic alterations are related
to the energy metabolism and mitochondria functionality in broiler chickens with severe
woody breast [10]. In addition, the decrease in the genes’ expression related to mtDNA
implies that DNA potentially is damaged, leading to lower ATP production. Therefore,
when ATP production is negatively affected in the muscle, then the ability of muscle to
regenerate is impaired. The abnormalities observed in this study for the WB group could
be related to lower RRM2 expression.

Furthermore, increased glucose oxidation/transport limits the oxidation of fatty acids
by inhibiting their transport into the mitochondria [26]. The GLUT family proteins are the
major players for glucose transport. Consequently, insufficient glucose availability, when
transport is disrupted (GLUT1 in this study), increases fatty acids in greater quantities to
help the body produce energy (PDK4 and PPARG in this study). Fatty acids represent an
important source of energy in periods of catabolic stress; their oxidation produces acetyl-
CoA, which supplies energy to other tissues when glycogen stores are depleted [27]. A
study indicated that fatty acid oxidation links to the woody breast and a level of oxidative
stress [6].

As mentioned earlier, RNR plays an important role in DNA replication and DNA
repair processes [12,28] by controlling dNTPs during cell proliferation. Starvation for the
DNA precursor could have a major impact on cell health [29], and missing a single DNA
building block is sufficient to bring about cell death. Data have shown that RRM2 acts as
a molecular switch that affects RNR activity and DNA replication [12]. The mutation in
RRM2 leads to increased fibrosis in tissues [16], and altered RRM2 has been associated with
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changes in mtDNA gene expression, ATP production, and ROS formation in tissues [15].
The top altered bio-functions in term of molecular and cellular functions in woody tissue
included increased cell death and ROS generation [30]. Therefore, this study suggests that
disruptions in RNR activity, as indicated by lowered RRM2, could potentially impact mito-
chondria function and increase woody breast development by impacting genes associated
with mtDNA and CS.

5. Conclusions

The results of the current study suggest that RRM2 appears to be associated with
woody breast meat, and altering the RRM2 expression might have adverse impacts on the
meat quality. A reduction in RRM2 appeared to have major impacts on tissue health and
mitochondria function by increasing fibrosis while reducing the expression of genes related
to mtDNA. As direct mechanistic connections between RRM2 and woody breast have not
been established, further studies are required to provide a better understanding of how
RRM2 is involved in woody breast development.

Author Contributions: Conceptualization, M.S.; methodology, M.S., B.B., B.K.; software, M.S.; vali-
dation, M.S., B.B., H.Z.; formal analysis, M.S.; investigation, M.S., B.K.; resources, B.B., H.Z.; data
curation, M.S.; writing—original draft preparation, M.S.; writing—review and editing, B.B., B.K.,
H.Z.; supervision, B.B.; project administration, B.B.; funding acquisition, B.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by USDA-ARS.

Institutional Review Board Statement: Ethical review and approval were waived for this study.
Breast muscles were obtained from the deboning line of a commercial broiler processing plant where
birds were slaughtered according to standard industry procedures.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created.

Acknowledgments: We thank our lab technicians for their support and Hung-Yueh Yeh for using his
lab equipment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Baldi, G.; Soglia, F.; Laghi, L.; Tappi, S.; Rocculi, P.; Tavaniello, S.; Prioriello, D.; Mucci, R.; Maiorano, G.; Petracci, M. Comparison

of quality traits among breast meat affected by current muscle abnormalities. Food Res. Int. 2019, 115, 369–376. [CrossRef]
2. Barbut, S. Understanding the woody breast syndrome and other myopathies in modern broiler chickens. In Proceedings of the

Australian Poultry Science Symposium, Sydney, Australia, 19–22 February 2020; pp. 99–102.
3. Che, S.; Wang, C.; Iverson, M.; Varga, C.; Barbut, S.; Bienzle, D.; Susta, L. Characteristics of broiler chicken breast myopathies

(spaghetti meat, woody breast, white striping) in Ontario, Canada. Poult. Sci. 2022, 101, 101747. [CrossRef] [PubMed]
4. Zhang, X.; To, K.V.; Jarvis, T.R.; Campbell, Y.L.; Hendrix, J.D.; Suman, S.P.; Li, S.; Antonelo, D.S.; Zhai, W.; Chen, J. Broiler genetics

influences proteome profiles of normal and woody breast muscle. Poult. Sci. 2021, 100, 100994. [CrossRef] [PubMed]
5. Hisasaga, C., Jr. Assessing the Accuracy of a Woody Breast Identification Technique and Evaluating the Association between

Mitochondria Values to Woody Breast Severity. Ph.D. Thesis, California State University, Fresno, CA, USA, 2021.
6. Li, B.; Dong, X.; Puolanne, E.; Ertbjerg, P. Effect of wooden breast degree on lipid and protein oxidation and citrate synthase

activity of chicken pectoralis major muscle. LWT 2022, 154, 112884. [CrossRef]
7. Hasegawa, Y.; Hosotani, M.; Saito, M.; Nagasawa, T.; Mori, Y.; Kawasaki, T.; Yamada, M.; Maeda, N.; Watanabe, T.; Iwasaki, T.

Mitochondrial characteristics of chicken breast muscle affected by wooden breast. Comp. Biochem. Physiol. Part A Mol. Integr.
Physiol. 2022, 273, 111296. [CrossRef] [PubMed]

8. Mutryn, M.F.; Brannick, E.M.; Fu, W.; Lee, W.R.; Abasht, B. Characterization of a novel chicken muscle disorder through
differential gene expression and pathway analysis using RNA-sequencing. BMC Genom. 2015, 16, 399. [CrossRef] [PubMed]

9. Khan, N.A.; Govindaraj, P.; Meena, A.K.; Thangaraj, K. Mitochondrial disorders: Challenges in diagnosis & treatment. Indian J.
Med. Res. 2015, 141, 13. [PubMed]

10. Wang, Z.; Brannick, E.; Abasht, B. Integrative transcriptomic and metabolomic analysis reveals alterations in energy metabolism
and mitochondrial functionality in broiler chickens with wooden breast. Sci. Rep. 2023, 13, 4747. [CrossRef]

11. Torrents, E. Ribonucleotide reductases: Essential enzymes for bacterial life. Front. Cell. Infect. Microbiol. 2014, 4, 52. [CrossRef]

https://doi.org/10.1016/j.foodres.2018.11.020
https://doi.org/10.1016/j.psj.2022.101747
https://www.ncbi.nlm.nih.gov/pubmed/35245806
https://doi.org/10.1016/j.psj.2021.01.017
https://www.ncbi.nlm.nih.gov/pubmed/33610896
https://doi.org/10.1016/j.lwt.2021.112884
https://doi.org/10.1016/j.cbpa.2022.111296
https://www.ncbi.nlm.nih.gov/pubmed/35973649
https://doi.org/10.1186/s12864-015-1623-0
https://www.ncbi.nlm.nih.gov/pubmed/25994290
https://www.ncbi.nlm.nih.gov/pubmed/25857492
https://doi.org/10.1038/s41598-023-31429-7
https://doi.org/10.3389/fcimb.2014.00052


Animals 2023, 13, 2038 8 of 8

12. Chen, G.; Luo, Y.; Warncke, K.; Sun, Y.; Yu, D.S.; Fu, H.; Behera, M.; Ramalingam, S.S.; Doetsch, P.W.; Duong, D.M. Acetylation
regulates ribonucleotide reductase activity and cancer cell growth. Nat. Commun. 2019, 10, 3213. [CrossRef]

13. Fumagalli, M.; Ronchi, D.; Bedeschi, M.F.; Manini, A.; Cristofori, G.; Mosca, F.; Dilena, R.; Sciacco, M.; Zanotti, S.; Piga, D. A novel
RRM2B mutation associated with mitochondrial DNA depletion syndrome. Mol. Genet. Metab. Rep. 2022, 32, 100887. [CrossRef]
[PubMed]

14. Lax, N.Z.; Turnbull, D.M.; Reeve, A.K. Mitochondrial mutations: Newly discovered players in neuronal degeneration. Neuroscien-
tist 2011, 17, 645–658. [CrossRef]

15. Shakeri, M.; Berisha, D.; Martinson, A.; Davis, J.; Moussavi-Harami, F. Ribonucleotide reductase mediated regulation of
mitochondrial activity in the adult heart. Biophys. J. 2022, 121, 396a–397a. [CrossRef]

16. Tran, P.; Wanrooij, P.H.; Lorenzon, P.; Sharma, S.; Thelander, L.; Nilsson, A.K.; Olofsson, A.-K.; Medini, P.; von Hofsten, J.; Stål, P.
De novo dNTP production is essential for normal postnatal murine heart development. J. Biol. Chem. 2019, 294, 15889–15897.
[CrossRef] [PubMed]

17. Malila, Y.; Srimarut, Y.; U-Chupaj, J.; Strasburg, G.; Visessanguan, W. Monitoring of chicken RNA integrity as a function of
prolonged postmortem duration. Asian-Australas. J. Anim. Sci. 2015, 28, 1649. [CrossRef]

18. Fontanesi, L.; Colombo, M.; Beretti, F.; Russo, V. Evaluation of post mortem stability of porcine skeletal muscle RNA. Meat Sci.
2008, 80, 1345–1351. [CrossRef] [PubMed]

19. Tijare, V.V.; Yang, F.; Kuttappan, V.; Alvarado, C.; Coon, C.; Owens, C. Meat quality of broiler breast fillets with white striping and
woody breast muscle myopathies. Poult. Sci. 2016, 95, 2167–2173. [CrossRef]

20. Shakeri, M.; Zulkifli, I.; Soleimani, A.; o’Reilly, E.; Eckersall, P.; Anna, A.; Kumari, S.; Abdullah, F. Response to dietary
supplementation of L-glutamine and L-glutamate in broiler chickens reared at different stocking densities under hot, humid
tropical conditions. Poult. Sci. 2014, 93, 2700–2708. [CrossRef]

21. Richter, K.; Kietzmann, T. Reactive oxygen species and fibrosis: Further evidence of a significant liaison. Cell Tissue Res. 2016, 365,
591–605. [CrossRef]

22. Carlson, A.B.; Kraus, G.P. Physiology, Cholinergic Receptors. 2018. Available online: https://europepmc.org/books/nbk526134
(accessed on 1 June 2023).

23. Lykhmus, O.; Gergalova, G.; Koval, L.; Zhmak, M.; Komisarenko, S.; Skok, M. Mitochondria express several nicotinic acetylcholine
receptor subtypes to control various pathways of apoptosis induction. Int. J. Biochem. Cell Biol. 2014, 53, 246–252. [CrossRef]

24. Li, X.; Zhang, W.; Cao, Q.; Wang, Z.; Zhao, M.; Xu, L.; Zhuang, Q. Mitochondrial dysfunction in fibrotic diseases. Cell Death
Discov. 2020, 6, 80. [CrossRef]

25. Teodoro, J.S.; Rolo, A.P.; Palmeira, C.M. The NAD ratio redox paradox: Why does too much reductive power cause oxidative
stress? Toxicol. Mech. Methods 2013, 23, 297–302. [CrossRef] [PubMed]

26. Wolfe, R.R. Metabolic interactions between glucose and fatty acids in humans. Am. J. Clin. Nutr. 1998, 67, 519S–526S. [CrossRef]
[PubMed]

27. Troisi, J.; Cavallo, P.; Colucci, A.; Pierri, L.; Scala, G.; Symes, S.; Jones, C.; Richards, S. Metabolomics in genetic testing. Adv. Clin.
Chem. 2020, 94, 85–153. [PubMed]

28. Taricani, L.; Shanahan, F.; Malinao, M.-C.; Beaumont, M.; Parry, D. A functional approach reveals a genetic and physical
interaction between ribonucleotide reductase and CHK1 in mammalian cells. PLoS ONE 2014, 9, e111714. [CrossRef]

29. Itsko, M.; Schaaper, R.M. dGTP starvation in Escherichia coli provides new insights into the thymineless-death phenomenon.
PLoS Genet. 2014, 10, e1004310. [CrossRef]

30. Greene, E.; Cauble, R.; Dhamad, A.E.; Kidd, M.T.; Kong, B.; Howard, S.M.; Castro, H.F.; Campagna, S.R.; Bedford, M.; Dridi, S.
Muscle metabolome profiles in woody breast-(un) affected broilers: Effects of quantum blue phytase-enriched diet. Front. Vet. Sci.
2020, 7, 458. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-019-11214-9
https://doi.org/10.1016/j.ymgmr.2022.100887
https://www.ncbi.nlm.nih.gov/pubmed/35756861
https://doi.org/10.1177/1073858410385469
https://doi.org/10.1016/j.bpj.2021.11.781
https://doi.org/10.1074/jbc.RA119.009492
https://www.ncbi.nlm.nih.gov/pubmed/31300555
https://doi.org/10.5713/ajas.15.0167
https://doi.org/10.1016/j.meatsci.2008.06.014
https://www.ncbi.nlm.nih.gov/pubmed/22063878
https://doi.org/10.3382/ps/pew129
https://doi.org/10.3382/ps.2014-03910
https://doi.org/10.1007/s00441-016-2445-3
https://europepmc.org/books/nbk526134
https://doi.org/10.1016/j.biocel.2014.05.030
https://doi.org/10.1038/s41420-020-00316-9
https://doi.org/10.3109/15376516.2012.759305
https://www.ncbi.nlm.nih.gov/pubmed/23256455
https://doi.org/10.1093/ajcn/67.3.519S
https://www.ncbi.nlm.nih.gov/pubmed/9497163
https://www.ncbi.nlm.nih.gov/pubmed/31952575
https://doi.org/10.1371/journal.pone.0111714
https://doi.org/10.1371/journal.pgen.1004310
https://doi.org/10.3389/fvets.2020.00458

	Introduction 
	Materials and Methods 
	Samples 
	Enzyme Activities 
	Quantitative Real-Time PCR 
	Histology Analysis 
	Analysis 

	Results 
	Quantitative Real-Time PCR 
	Histology Analysis 

	Discussion 
	Conclusions 
	References

