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Abstract

Development of white striping (WS) and wooden breast (WB) in broiler breast meat have

been linked to hypoxia, but their etiologies are not fully understood. This study aimed at

investigating absolute expression of hypoxia-inducible factor-1 alpha subunit (HIF1A) and

genes involved in stress responses and muscle repair using a droplet digital polymerase

chain reaction. Total RNA was isolated from pectoralis major collected from male 6-week-

old medium (carcass weight� 2.5 kg) and heavy (carcass weight > 2.5 kg) broilers. Sam-

ples were classified as “non-defective” (n = 4), “medium-WS” (n = 6), “heavy-WS” (n = 7)

and “heavy-WS+WB” (n = 3) based on abnormality scores. The HIF1A transcript was up-

regulated in all of the abnormal groups. Transcript abundances of genes encoding 6-phos-

phofructo-2-kinase/fructose-2,6-biphosphatase 4 (PFKFB4), lactate dehydrogenase-A

(LDHA), and phosphorylase kinase beta subunit (PHKB) were increased in heavy-WS but

decreased in heavy-WS+WB. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was

up-regulated in non-defective samples. The muscle-specific mu-2 isoform of glutathione S-

transferases (GSTM2) was up-regulated in the abnormal samples, particularly in the heavy

groups. The genes encoding myogenic differentiation (MYOD1) and myosin light chain

kinase (MYLK) exhibited similar expression pattern, of which medium-WS and heavy-WS

significantly increased compared to non-defective whereas expression in heavy-WS+WB

was not different from either non-defective or WS-affected group. The greatest and the low-

est levels of calpain-3 (CAPN3) and delta-sarcoglycan (SCGD) were observed in heavy-WS

and heavy-WS+WB, respectively. Based on micrographs, the abnormal muscles primarily

comprised fibers with cross-sectional areas ranging from 2,000 to 3,000 μm2. Despite

induced glycolysis at the transcriptional level, lower stored glycogen in the abnormal mus-

cles corresponded with the reduced lactate and higher pH within their meats. The findings
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support hypoxia within the abnormal breasts, potentially associated with oversized muscle

fibers. Between WS and WB, divergent glucose metabolism, cellular detoxification and

myoregeneration at the transcriptional level could be anticipated.

Introduction

An artificial selection program for fast growing broilers has been developed over the recent

decades and implemented in response to consumers’ rising demand for chicken meat [1]. The

growth period of broilers from hatch to market-age has been reduced by half while the body

weight at market-age has doubled compared to broilers of 70 years ago [2, 3]. Concomitant

with the accelerated growth rate, occurrences of abnormalities, especially in breast muscles,

have been consistently reported [4, 5].

White striping (WS) and wooden breast (WB) have been the two emerging meat abnormal-

ities provoking wide concern. Despite similar histological lesions including necrosis and myo-

degeneration, inflammation, mononuclear cell accumulation, fibrosis, and lipidosis [6–9], the

two myopathies exhibit different phenotypic characteristics. The WS syndrome is recognized

by the appearance of white striations on the meat surface parallel to the direction of muscle

fibers whereas WB is characterized by development of diffuse or focal rigidity within the

superficial breast muscles [4, 7, 10]. The WS abnormality was first reported in 2012 with a

prevalence of 12% per flock [5] but its incidence has increased remarkably to almost 50% in

2014 [11] and over 90% during 2017 [12] and 2018 [13]. Development of the WS abnormality

not only adversely affects consumers’ acceptance [14], but also impairs the nutritional quality

and technological properties of the broiler meat [13, 15–17]. On the other hand, the incidence

of WB has usually been found at approximately 6.5% [13], but the impact of this condition is

much more deleterious compared to WS meat [13].

Although the exact causes of the WS and WB abnormalities are still not fully understood,

growing evidence suggests a possible link to growth-induced myopathies [7, 18–20]. The

hypertrophied muscle fibers occupy areas originally maintained by connective tissue networks,

reducing spaces for capillaries [21–23]. An insufficient vascularization reduces the efficiency

of waste removal, leading to an accumulation of metabolic end products that could induce oxi-

dative stress and eventually leading to necrosis within the muscle [24, 25]. Under hypoxic con-

ditions, muscle regeneration could be impaired, leading to development of WS or WB

abnormalities or both. Previous -omics studies at the levels of transcripts [24, 26, 27], proteins

[28] and metabolites [29] have shown that hypoxia within a breast muscle is a likely cause of

WS and WB developments in broilers [29].

In response to hypoxic stress, the hypoxia-inducible factor-1 (HIF-1) protein, a heterodi-

meric protein comprising HIF-1α and HIF-1β subunits [30], plays a major role in mediating

adaptive mechanisms. When cellular oxygen becomes limited, HIF-1α protein level increases

[31] and the protein translocates into the nucleus to form an active complex with the HIF-1β
subunit. The activated HIF-1 complex induces transcription of hypoxia-responsive elements

involved in several biological pathways such as glycolysis, glycogen and lipid metabolism [32].

By exploiting the Illumina RNA sequencing technique, Mutryn et al. [24] compared transcrip-

tome profiles of pectoralis major muscle with or without WB myopathy and identified differ-

ential expression of several HIF-responsive genes. Using a similar platform, Marchesi et al.

[27] recently observed an increased expression of HIF1A in the WS muscle samples. Based on

those two studies, development of WS and WB abnormalities were suggested to be the respon-

sive processes against hypoxia and cellular stress.
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Among those hypoxia-responsive pathways, the switch of energy metabolism from oxida-

tive phosphorylation to glycolysis is one of the responsive mechanisms which not only reserves

cellular oxygen and energy but also prevents an excessive formation of detrimental reactive

oxygen species (ROS) [33]. However, an increased accumulation of ROS under hypoxia usu-

ally occurs as a consequence of impaired mitochondrial function and limited vascularization,

leading to the accumulation of some harmful intermediate metabolic products [34, 35]. To

counter the oxidative stress, antioxidant and detoxification mechanisms, particularly glutathi-

one S-transferase (GST) superfamily, are up-regulated [36, 37]. Under such stress, muscle cells

can undergo degeneration; thus, the cascade of regeneration processes is subsequently trig-

gered [38]. However, the understanding regarding stress-response mechanisms, particularly

via the HIF-1 induction, of both WS and WB abnormalities still needs to be established.

The objective of this study was to investigate the absolute expression level of HIF1A in asso-

ciation with development of WS and WB myopathies in chicken breast muscle. Ten additional

key genes representing relevant responsive functions including glucose utilization, antioxida-

tion, and myoregeneration, were also included in the analysis. Absolute transcript abundances

of the target genes were quantified using a droplet digital polymerase chain reaction (ddPCR).

Unlike the previous generations of PCR-based techniques, ddPCR, labeled as the 3rd genera-

tion of PCR technique, was developed for quantifying absolute copy numbers of initial target

molecules. Each ddPCR reaction mixture is partitioned into up to 20,000 water-in-oil droplets

in which the templates are randomly distributed. The presence or absence of target templates

in each droplet is detected by fluorescence and designated as a positive or negative droplet,

respectively. The fractions of positive and negative droplets are automatically fit based on a

Poisson algorithm to determine the initial concentration of target molecules. Overall, this tech-

nique enables determination of the concentration of starting molecules without preparation of

a standard curve or identification of any reference genes.

Materials and methods

Sample collection and WS classification

The breast specimens used in this study were from the same sample group previously

described in the study of Malila et al. [13]. In brief, the carcasses of male Ross 308 broilers,

raised at a facility of a local poultry company to six weeks of age and processed in the industrial

processing line under the routine Halal standard practice, were supplied from a local slaugh-

terhouse (Sara Buri, Thailand). Immediately after the defeathering step, the pre-rigor whole

carcasses were randomly collected from processing conveyer and proceeded to the research

operation station. The station was set up nearby the processing line to ensure the integrity of

the muscle and RNA materials. The breast muscles were immediately removed from the left

side of each supplied carcass, cut into 1 cm × 1 cm × 1 cm cubes, snap frozen in liquid nitrogen

and stored in liquid nitrogen while transported back to the Food Biotechnology Laboratory,

National Center for Genetic Engineering and Biotechnology (BIOTEC) located in Pathum

Thani (Thailand). Immediately upon arrival, the muscle samples were stored in a freezer at

-80˚C until used for RNA isolation and for determination of pH at 20-min postmortem

(pH20m), ATP status, glycogen (Gly20m) and lactate content (Lac20m). The breast from the right

side of the chicken was removed from the carcass, individually packed in a plastic bag, and

stored on ice during the transportation back to the laboratory. Upon arrival, the breasts were

stored at 4˚C until they reached 24-h postmortem. The samples, labeled as 24-h postmortem

meats were subsequently used for classifying meat degree of abnormality as well as pH at 24-h

postmortem (pH24h) and lactate concentration (Lac24h).
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In this study, all samples were purchased in the form of whole carcasses from the commer-

cial processing plant. Either experimental treatments or scientific procedures were subjected

to the living animals. Thereby, according to BIOTEC Institutional Animal Care and Use Com-

mittee, the ethical approval was not required.

It is worth noting that upon the sample collection, only four non-defective breasts were

found among the samples. Based on our initial objectives to compare absolute gene expression

between non-defective and defective samples, 13 samples exhibiting moderate WS condition

(40 white lines with� 0.5 mm thickness or 1–5 lines with 1–1.9 mm thickness) were randomly

collected from either the group of broilers with carcass weight less than or equal 2.5 kg

(“medium”, n = 7) or the group with carcass weight greater than 2.5 kg (“heavy”, n = 6). The

final group of samples consisted of three heavy broilers exhibiting both WS and WB abnormal-

ities classified as described elsewhere [13]. Accordingly, there were 20 samples classified into

four sample groups for further analysis: “non-defective” (n = 4), “medium-WS” (n = 7),

“heavy-WS” (n = 6) and “heavy-WS+WB” (n = 3).

RNA isolation and cDNA synthesis

Total RNA was isolated from the frozen breast muscle samples using TRIzol Reagent (Invi-

trogen) according to manufacturer’s protocol. Contaminating genomic DNA was eliminated

using DNase I (Thermo Scientific, Inc.) and the isolated RNA was re-purified using a Gene-

Jet RNA Cleanup and Concentration Micro kit (Thermo Scientific, Inc). Quantity and qual-

ity of total RNA were determined using a Nanodrop spectrophotometer (Thermo Scientific,

Inc.) and an Agilent Bioanalyzer model 2100 (Agilent Technologies, Inc.), respectively. Only

RNA samples exhibiting RNA integrity number (RIN value) greater than 7.5 were used for

cDNA synthesis. The cDNA was synthesized from 1.5 μg of total RNA with oligo(dT) primer

using ImPromII Reverse Transcription System kit (Promega). The amount of the synthe-

sized cDNA was determined using a Nanodrop spectrophotometer (Thermo Scientific,

Inc.).

Primers

Absolute transcript abundances were determined for eleven target genes including HIF1A,

6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-4 (PFKFB4), lactate dehydrogenase A

(LDHA), phosphorylase kinase, beta (PHKB), glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), glutathione S-transferase alpha 4 (GSTA4), glutathione S-transferase mu 2

(GSTM2), myogenic differentiation 1 (MYOD1), calpain 3 (CAPN3), sarcoglycan, delta

(SCGD) and smooth-muscle isoform of myosin light chain kinase (MYLK). Of these eleven

genes, PFKFB4, LDHA, PHKB, and GAPDH encode key enzymes involved in glucose utiliza-

tion. The enzymes encoded by GSTA4 and GSTM2 are in the GST superfamily which are

responsible for detoxification by neutralizing toxic compounds which can be easily removed

from the cells to reduce oxidative damage. The other four play essential roles in muscle repair

processes and are associated with development of muscle myopathies. Further details on the

roles of these genes are discussed in the results and discussion section.

Reference sequences from The National Center for Biotechnology Information (NCBI)

were used as template for primer design. All primers were designed using Primer-BLAST

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and are listed in Table 1. Amplicon sizes

were limited to fewer than 200 bp as recommended for the ddPCR assay. OligoAnalyzer

(https://www.idtdna.com/calc/analyzer) was used for secondary structure and dimer predic-

tion. Only primers that matched recommended criteria (GC content 40–60%, melting temper-

ature 50–65˚C, ΔG> -5) were synthesized by Macrogen (Korea).
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Absolute expression analysis

The synthesized cDNA was used as a template for an EVAGREEN-ddPCR system. The 20-μL

reaction contained 1X EVAGREEN supermix (Bio-Rad), 0.25 μM of each forward and reverse

primer and cDNA template of 1–100 ng/reaction. The concentration of the templates for each

primer was optimized and are shown in Table 1. No template control (NTC) was added in

every run by replacing the cDNA sample with an equal amount of nuclease-free water. The

droplet emulsion was generated by a QX100 droplet generator (Bio-Rad) according to Bio-

Rad’s instruction. The droplets were transferred to 96-well plate and amplified using a conven-

tional thermocycler (T100 thermal cycler, Bio-Rad). The cycling condition was as follows:

enzyme activation at 95˚C for 5 min, 40 cycles of denaturation at 95˚C for 30 s and annealing/

extension at 58˚C for 1 min, followed by signal stabilization at 4˚C for 5 min and 90˚C for 5

min. After PCR, the fluorescent signal intensity of the droplets was measured using a QX200

droplet reader (Bio-Rad). The detected droplets were depicted in the format of one-dimen-

sional graph. The threshold line was set under the high amplitude droplet cluster to separate

positive and negative droplets and to avoid false positive from non-target amplicons (droplet

rains). The initial concentration of targets was calculated by a QuantaSoft droplet reader soft-

ware (Bio-Rad) and expressed in copies per 20 μL reaction and further calculated to copies per

nanogram template.

Determination of pH and ATP status

The pH20m was measured using the method described by Eadmusik et al. [39] with a slight

modification. In brief, 1.0 g of the snap-frozen sample was homogenized in 10 mL iodoacetate

buffer (5 mM sodium iodoacetate, 150 mM potassium chloride, pH 7) for 30 s. The pH of the

homogenate was determined using a pH meter (Mettler-Toledo Seven Easy, Mettler-Toledo,

Table 1. Primers designed for EVAGREEN-based droplet digital polymerase chain reaction.

NCBI Accession Gene ID Gene annotation Sequence (5’!3’)

(F: forward, R: reverse)

Amplicon Size

(bp)

Template quantity (ng/20 μL

reaction)

NM_001004405.2 CAPN3 Calpain 3 F: GAACAACCAGCTCTACGACA
R: TGGAATGCCCTGAACATAGC

117 10

NM_204305.1 GAPDH Glyceraldehyde-3-phosphate dehydrogenase F: ACTTTGGCATTGTGGAGGGT
R: GGACGCTGGGATGATGTTCT

131 1

XM_015284816.1 GSTA4 Glutathione S-transferase alpha 4 F: TGCCACTGGTTGAGATCGACG
R: TCTCCTTTGCCTCAGGTGGA

192 100

NM_205090.1 GSTM2 Glutathione S-transferase mu 2 F: GTGGACTTCCTGGCTTACGA
R: GCCGTGTACCAGAAAATGG

173 10

XR_001466725.2 HIF1A Hypoxia inducible factor 1, alpha subunit F: ATCAGAGTGGTTGTCCAGCAG
R: CAGTCCAAGCCCACCTTACT

111 25

NM_205284.1 LDHA Lactate dehydrogenase A F: TTCTCTGCCAGCTGAATAGCTT
R: CGGGTCATTGTCTTGTTGCAT

200 1

AH_006335.2 MYLK Myosin light chain kinase (smooth muscle

isoform)

F:

ACAGACTGAAAGCACAAAGACAG
R: CAGAGCCATTCACTGACGGT

171 100

NM_204214.2 MYOD1 Myogenic differentiation 1 F: AGGAAACCTGAGTGACAGTGG
R: GACCTGCCTTTATAGCACTTGG

121 10

XM_015273127.1 PFKFB4 6-phosphofructo-2-kinase/fructose-

2,6-biphosphatase 4

F: ATGCTACAAAGCCACCTACG
R: GTGTGTGTTCATCAGGTAGTAC

151 10

NM_001007831.1 PHKB Phosphorylase kinase, beta F: GCACGGTGTAGTAATTGTTGC
R: GGGCACTTTGTGTCTCTAATG

148 10

XM_015293901.1 SCGD Sarcoglycan, delta F: CCTGAAGCCTCATACAGCAA
R: TATTCTTCTGCTCCACAGCG

145 10

https://doi.org/10.1371/journal.pone.0220904.t001
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Inc., Switzerland). For pH24h, the pH was directly measured by inserting a glass pH-probe

(Mettler-Toledo, Inc.) into three designated positions of each breast sample.

The ATP status of each snap-frozen muscle samples was evaluated using the R-value

method as described by Ryu and Kim [40] with minor modifications. Briefly, 500 mg of the

frozen sample was homogenized in 5 mL of 1 M perchloric acid for 40 s. The homogenate was

centrifuged (Eppendorf 5810R, Eppendorf, Germany) at 5,000×g for 10 min, 4˚C. One hun-

dred microliters of the supernatant were mixed with 2 mL of 0.1 M phosphate buffer (pH 7.0).

Absorbances at 250 nm and 260 nm of the mixture were subsequently measured using a

UV-Vis spectrophotometer (Model Helios omega, Thermo Scientific, Inc.). The measurement

was done in duplicate for each sample. The R-value was expressed as a ratio of the absorbance

at 250 nm to absorbance at 260 nm (A250/A260).

Glycogen assay

The Gly20m was determined using a glycogen assay kit (Sigma-Aldrich, MO) following the

company’s recommendation. Prior to the development of the colorimetric reaction, crude gly-

cogen in the frozen muscle was extracted as previously described [41]. Briefly, 80 mg of the fro-

zen tissue was heated in 300 μL of 30% KOH at 100˚C for 2 h. Afterwards, 3 volumes of 95%

ethanol were added to precipitate crude glycogen. The mixture was centrifuged at 3,000 rpm

for 10 min. The resulting pellet was resuspended in 150 μL deionized water and acidified to

pH 3 using HCl. The extracted glycogen was re-precipitated in 95% ethanol twice to remove

any impurities. The final pellet was air-dried and subsequently dissolved in 300 μL deionized

water. The measurement was conducted in duplicate. Muscle glycogen was expressed in milli-

grams per gram muscle sample.

Lactic acid assay

Five hundred milligrams of either 20-min postmortem muscle or 24-h postmortem meat sam-

ples were homogenized with 10 mL of 1 M perchloric acid for 2 min. The pH of the homoge-

nate was adjusted to pH 8.0 using KOH followed by volume adjustment to 25 mL using

distilled water. The solution was then incubated on ice for 20 min to precipitate potassium per-

chlorate and subsequently centrifuged at 13,000×g for 10 min. Lactic acid content in the super-

natant was determined using L-lactic acid assay kit (Megazyme, Ireland). The measurement

was done in duplicate. Lactate in the sample was expressed in milligrams per gram muscle

sample.

Microscopic images

Cross-sectional microscopic views of the samples were imaged using an SU5000 field emis-

sion-scanning electron microscope (FE-SEM, HITACHI Ltd., Tokyo, Japan) according to the

method of Wattanachant et al. [42] with modifications. The muscle samples (5 × 5 × 5 mm)

were fixed in 2.5% glutaraldehyde, 0.1 M phosphate buffer, pH 7.3 for 2 h at ambient tempera-

ture. After washing with 0.1 M phosphate buffer, pH 7.3, the samples were serially dehydrated

in ethanol solutions of 50%, 70%, 80%, 90% and 100%. The samples were dehydrated twice for

30 minutes each for the 50% - 90% ethanol solutions and three times for 30 min using 100%

ethanol. The specimens were cut in liquid nitrogen, mounted on an aluminum stub using car-

bon tape and sputter-coated with gold for 15 sec. Cross-sectional images (300× magnification)

of the samples were displayed under FE-SEM using an acceleration voltage of 10 kV and subse-

quently analyzed using WinROOF software (Mitani Corporation, Japan). The microscopic

images were processed using ImageJ 1.46r software [43]. The size distribution of the fibers was

expressed as a percentage relative to total number of fibers within each WS severity [44]. Fibers
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were grouped into four subdivisions; group I (<1,000 μm2), group II (�1,000 μm2 to

<2,000 μm2), group III (�2,000 μm2 to<3,000 μm2) and group IV (�3,000 μm2) based on

individual cross-sectional area.

Statistical analysis

Statistical analysis was conducted with R package version 3.2.1. One-way analysis of variance

(ANOVA) was used to evaluate differences in means among non-defective and the other

abnormal samples. The groups of data with significant differences in means (p<0.05) were

separated using Duncan’s new multiple range test. Prior the analysis of ANOVA, Shapiro-

Wilk Normality Test and Bartlett Test were conducted to monitor normal distribution and

homogeneity of variance, respectively, of the dataset. The dataset that failed to follow the

assumptions were transformed before re-subjected to ANOVA and multiple range test. The

significance level for all statistical analyses was set as α = 0.05.

Results and discussion

Muscle fiber size distribution in abnormal meat samples

In this study, the fiber size distribution of the samples has been determined using an FE-SEM

(Fig 1A). The muscle fibers of non-defective meat were composed mainly of fibers with cross-

sectional area between� 1,000 to< 2,000 μm2 (Fig 1B). None of the fibers found in non-

defective samples were larger than 3,000 μm2. In the abnormal samples, the sizes of muscle

fibers tend to be larger. Particularly, fibers with area< 1,000 μm2 were not found in the heavy

samples. The present observation was consistent with previous reports of Petracci et al. [44],

Clark and Velleman [25] and Daughtry et al. [45].

Development of WS and WB myopathies have been widely hypothesized to be associated

with selection pressure for accelerated growth rate and enlarged breast muscle [3, 22]. The

massive muscle fibers reduce perimysial space available for capillaries while increasing the

ratio of muscle fiber volume to capillary volume. The increased size of muscle fibers increases

Fig 1. Characteristics of muscle fibers of breast meat. The samples collected from 6-week-old male Ross 308 broilers

classified into four groups based on the degree of white striping (WS) and wooden breast (WB) abnormalities

combined with carcass weight; “non-defective” = non-defective (n = 4), “medium-WS” = WS-affected samples with

carcass weight� 2.5 kg (n = 7), “heavy-WS” = WS-affected samples with carcass weight� 2.5 kg (n = 6), and “heavy-

WS+WB” = WS and WB affected samples with carcass weight� 2.5 kg (n = 3). (a) Microscopic images of cross-

sectional pectoralis major muscle fibers (300× magnification) displayed under field-emission scanning electron

microscope using an acceleration voltage of 10 kV. Scale bar = 100 μm. (b) Bars illustrate size distribution (%) of

muscle fiber regarding cross-sectional area within each sample group.

https://doi.org/10.1371/journal.pone.0220904.g001
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the distance for oxygen diffusion and waste removal, thereby creating oxidative stress and

eventually myodegeneration [25]. In a recent study of Sihvo et al. [46], microscopic morphom-

etry of pectoral blood vessels within the WB samples was examined. The transverse myofiber

area per blood vessel number observed in the unaffected area was greater than that from the

area exhibiting the WB lesion. Their findings evidenced the relative decrease in blood supply

associated with WB development, suggesting the potential development of hypoxia within the

abnormal samples.

In the previous study of Daughtry et al. [45], characteristics of satellite cells in pectoralis

major muscle were compared between the six smallest and the six largest broilers raised under

similar procedure and slaughtered at the age of 5 or 8 weeks [45]. As expected, at the same age,

the six largest birds comprised a greater number of hypertrophied muscles in accompanied

with an incidence of WS lesion. In addition, a declined number of satellite cells along with

diminished capabilities of proliferation and differentiation were observed among those hyper-

trophied muscles compared to those of small birds. Collectively, the altered satellite cells may

account in part for impeding muscle regeneration in the WS- and WB-affected birds.

Expression of HIF1A in the myopathic skeletal muscle

Absolute transcript abundances of HIF1A determined using an EVAGREEN-ddPCR platform

were illustrated in the plot of fluorescence intensity of the droplets (Fig 2A). As depicted in Fig 2B,

HIF1A abundance significantly increased from 4.6 ± 0.3 copies per ng cDNA template in non-

defective skeletal muscle samples to 8.0 ± 0.7, 7.5 ± 0.6, and 7.4 ± 1.4 copies/ng in medium-WS,

heavy-WS, and heavy-WS+WB respectively (p<0.05). The current ddPCR results for HIF1A tran-

script abundance are consistent with the previous transcriptome profile of breast muscle with WS

condition [27]. There were no significant effects of carcass weight on HIF1A abundance.

It is generally known that HIF-1 dynamically regulates glucose metabolism by activating

anaerobic glycolysis while reducing oxidative respiration when the cells experience hypoxia

Fig 2. Absolute expression of hypoxia-inducible factor 1 alpha subunit (HIF1A) gene. The absolute transcript

abundance was determined using an EVAGREEN-based droplet digital polymerase chain reaction. (a) One-

dimensional plots between fluorescent intensity and droplet events. Positive (high amplitude) and negative (low

amplitude) droplets are manually separated by threshold line. (b) Absolute expression level of the gene evaluated in

6-week-old male Ross 308 broilers classified into four groups based on the degree of white striping (WS) and wooden

breast (WB) abnormalities combined with carcass weight; “non-defective” = non-defective (n = 4), “medium-WS” =

WS-affected samples with carcass weight� 2.5 kg (n = 7), “heavy-WS” = WS-affected samples with carcass

weight� 2.5 kg (n = 6), and “heavy-WS+WB” = WS and WB affected samples with carcass weight� 2.5 kg (n = 3).

Bars represent mean ± standard error in copies per nanogram cDNA template. Asterisks above each bracket indicate

statistical difference between each pair. �p<0.05, ��p<0.01, ���p<0.001, NTC = no template control.

https://doi.org/10.1371/journal.pone.0220904.g002
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[33]. This metabolic switch is maintained to minimize the risk of energy depletion as well as

excessive ROS accumulation [33]. In addition to its regulatory role on metabolism, an associa-

tion between HIF-1α and muscle development and regeneration has been addressed [47, 48].

Majmundar et al. [47] reported that suppression of HIF1A enhanced skeletal muscle regenera-

tion in muscle cells derived from adult mice, suggesting that HIF-1 negatively regulates adult

muscle regeneration after ischemic injury. Yang et al. [48] developed a mouse model of which

HIF1A and HIF2A were specifically co-deleted only from its satellite cells, the myogenic adult

stem cells. Upon exposure to an ischemic injury, the knockout mice exhibited reduced num-

bers of satellite cells as well as a smaller regenerative area relative to that of wild-type. Their

findings indicate that the deficiency of HIF1A and HIF2A delayed muscle regeneration by

reducing number of satellite cells. Recently, the effects of hypoxic preconditioning on myogen-

esis were addressed in C2C12 mouse myoblasts [49]. After 24-h preconditioning at 1% oxygen,

HIF-1α abundance in nucleus was increased, indicating that HIF-1α was activated. The hyp-

oxic preconditioning also promoted myoblast differentiation and formation of hypertrophic

myotubes to differentiate under normal oxygen concentration.

In this study, to ascertain whether the increased HIF1A was a cause or a consequence of the

myopathies, further investigation is required. Nevertheless, the increased transcript abundance

of HIF1A in our study not only supports the hypothesis that development of hypoxia within

the muscle of is one of the underlying factors in development of WS and particularly WB

abnormalities but could be indicative of satellite cell activity of muscle regeneration.

Transcriptional levels of the stress-response genes

Upon exposure to hypoxic environments, cellular activities are reprogrammed to maintain

homeostasis, hence cell survival. Under this condition, HIF-1 can affect transcription of genes

involved in glycolysis and gluconeogenesis [33]. Herein, expressions of PFKFB4, LDHA,

PHKB, and GAPDH were determined. The transcript abundances of PFKFB4, LHDA, and

PHKB exhibited similar trends, increasing in the WS affected samples compared to those of

non-defective ones (p<0.05); however, their expressions decreased as WB developed (p<0.05)

(Fig 3A to 3C). Conversely, the greatest expression of GAPDH was observed in the non-defec-

tive samples (p<0.05) compared to the defective samples and there were no significant differ-

ences in GAPDH abundances among the abnormal samples (Fig 3D).

The PFKFB4 encodes a bifunctional kinase/phosphatase enzyme that regulates glucose flux

through the synthesis and degradation of fructose-2,6-bisphosphate concentration [50, 51].

Overexpression of PFKFB4 via the HIF-1 dependent mechanism has been identified in several

cancer cell types, e.g. human prostate cancer, human hepatoma, gastric, colon, lung, and breast

malignant tumors as an adaptive metabolism in a hypoxic environment [52, 53, 54]. A recent

study of Houddane et al. [54] demonstrated that PFKFB4-knockdown in Jurkat E6-1 cells

(human T lymphocytes) resulted in reductions in cell proliferation, protein synthesis, and lac-

tate accumulation, highlighting the crucial roles of this gene in coupling glycolysis to cell pro-

liferation and protein synthesis. In the present study, the increased average PFKFB4 transcript

abundances in the heavy-WS samples (102 copies/ng) compared to that of the non-defective

samples (61 copies/ng) suggests that the cellular response is an attempt to increase glucose

uptake and glycolytic flux under the limited oxygenation [51].

The LDHA transcript was highly expressed in the heavy-WS samples (7,533 copies/ng), fol-

lowed by the medium-WS (5,921 copies/ng) and non-defective (3,552 copies/ng) but substan-

tially reduced in the heavy-WS+WB samples (1,924 copies/ng). The results were consistent

with the previous studies, reporting an activated expression of LDHA under an experimentally

hypoxic condition [55, 56] primarily through the induction of HIF-1 [55, 57]. The LHDA-
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encoding enzyme regenerates the oxidized form of nicotinamide adenine dinucleotide as the

supply for glycolysis.

The abundance of PHKB in heavy-WS was approximately 199 copies/ng which was greater

than that of non-defective (138 copies/ng) and heavy-WS+WB (110 copies/ng) samples but

did not significantly differ from that of medium-WS (164 copies/ng). The PHKB gene encodes

the regulatory subunit of phosphorylase kinase which catalyzes glycogen breakdown cascade

in response to various signals to assure the continuous energy availability for cellular activities

[58]. The increased average PHKB abundance in the heavy-WS samples implies the increased

energy requirement of the muscle cells under hypoxia [59].

The decreases in PFKFB4, LDHA, and PHKB abundances within the heavy-WS+WB sam-

ples might be related to a reduced cellular glycolysis in agreement with a previous observation

in which reduced levels of glycolytic intermediates pyruvate and lactate within the WB muscle

were observed [41]. Moreover, proteomic profiling for enzymes and sarcoplasmic proteins

Fig 3. Absolute transcript abundances of genes associated with glucose utilization. The genes include (a)

6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 (PFKFB4), (b) lactate dehydrogenase kinase subunit A

(LDHA), (c) phosphorylase kinase beta subunit (PHKB), and (d) glyceraldehyde-3-phosphate dehydrogenase

(GAPDH). The absolute expression level of the target genes was quantified in 6-week-old male Ross 308 broilers

classified into four groups based on the degree of white striping (WS) and wooden breast (WB) abnormalities

combined with carcass weight; “non-defective” = non-defective (n = 4), “medium-WS” = WS-affected samples with

carcass weight� 2.5 kg (n = 7), “heavy-WS” = WS-affected samples with carcass weight� 2.5 kg (n = 6), and “heavy-

WS+WB” = WS and WB affected samples with carcass weight� 2.5 kg (n = 3). Bars represent mean ± standard error

in copies per nanogram cDNA template. Asterisks above each bracket indicate statistical difference between each pair.
�p<0.05, ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0220904.g003
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indicated that glycolysis and gluconeogenesis were the two major down-regulated pathways

within the breast muscle exhibiting severe WS along with WB myopathies [28]. Unlike the

heavy-WS+WB samples, PFKFB4, LDHA, and PHKB abundances in the medium-WS and

heavy-WS samples markedly increased, suggesting divergent metabolic mechanisms within

the muscle between WS and WB myopathies.

To elucidate further the etiologies of these syndromes, the lactate content and pH of the

samples were determined at both 20-min and 24-h postmortem (Table 2). The results indi-

cated no difference in Lac20m among all muscle samples whereas pH20m of the heavy-WS and

heavy-WS+WB were slightly greater than that of non-defective samples. Subsequently, in the

post-rigor period, the abnormal meat samples showed comparable Lac24h but these values

were lower than that of the non-defective group (p<0.05). The trend of pH24h was in accor-

dance with that of the Lac24h. An aberrantly high ultimate pH was consistently reported as

associated with development of WS and WB abnormalities [12, 13, 20, 26, 60, 61]. Significant

decreases in Gly20min were observed within the abnormal samples compared to non-defective

group (Table 3). The discrepancy regarding the activation of gene expression and reduced

abundance of the respective metabolites is still not fully comprehended. Considering gene

expression aspect, by employing microarray technique, Marchesi et al. [27] identified a down-

regulation of LDHA whereas the gene encoding lactate dehydrogenase B (LDHB) was up-regu-

lated in WS-affected chicken muscle compared with those in non-defective ones. At protein

level, a decreased LDH along with a reduced glycolytic potential and increased ultimate pH in

WS and WB birds have been addressed [28, 41]. Alnahhas et al. [61] compared WS incidence

between two divergent broiler lines selected for high ultimate pH (pH 6.11 to 6.13) and low

ultimate pH (pH 5.66 to 5.72). They reported a higher WS incidence and severity in the lines

with high ultimate pH. In the study of Kuttappan et al. [62], an elevated serum LDH level in

commercial broilers exhibiting severe WS compared with that of unaffected birds was

detected, indicating a leakage of LDH from the degenerative muscle fibers into serum.

Table 2. The pH values and lactate content in the breast samples of 6-week-old broilers1.

Properties Non-defective Medium-WS Heavy-WS Heavy-WS+WB

(n = 4) (n = 7) (n = 6) (n = 3)

Skeletal muscle sample

Lac20m (mg/g) 2.61 ± 0.09 2.61 ± 0.12 2.68 ± 0.40 2.33 ± 0.36

pH20m 6.79b ± 0.05 6.86ab ± 0.02 6.96a ± 0.03 6.93a ± 0.03

Meat sample

Lac24h (mg/g) 9.11a ± 0.67 6.00b ± 0.31 6.23b ± 0.33 5.93b ± 0.77

pH24h 5.72b ± 0.10 5.93ab ± 0.06 5.98a ± 0.05 5.99a ± 0.06

1 Data are presented as mean ± standard error. Superscripts indicate statistical difference among non-defective and WS with different carcass weight (p<0.05). pH20m

and pH24h = pH values determined from 20-min postmortem muscle, and 24-h postmortem meat samples, respectively. Lac20m and Lac24h = lactate content determined

from 20-min postmortem muscle, and 24-h postmortem meat samples, respectively.

https://doi.org/10.1371/journal.pone.0220904.t002

Table 3. Glycogen and ATP status determined in the 20-min postmortem pectoralis major muscle of 6-week-old broilers1.

Properties Non-defective Medium-WS Heavy-WS Heavy-WS+WB

(n = 4) (n = 7) (n = 6) (n = 3)

Glycogen (mg/g) 7.12a ± 1.32 1.43b ± 0.62 1.42b ± 0.75 1.47b ± 0.14

R-value (A250/A260) 0.81a ± 0.01 0.76b ± 0.02 0.70c ± 0.01 0.71c ± 0.01

1 Data are presented as mean ± standard error. Superscripts indicate statistical difference among non-defective and WS with different carcass weight (p<0.05). R-

value = ratio of absorbance at 250 nm to absorbance 260 nm.

https://doi.org/10.1371/journal.pone.0220904.t003
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The lower glycogen content in defective meat was previously observed in WB meat reported

by Abasht et al. [41]. Berri et al. [63] proposed that the enlarged muscle fiber size might result

in decreased glycogen content in muscle and increased susceptibility to WS. Considering the

R-values (Table 3), the heavy-WS and heavy-WS+WB samples exhibited the lowest R-values

whereas the medium-WS showed the intermediate value between those and non-defective

group. This absorbance ratio has been used to estimate postmortem ATP status within the

muscle tissue [64]. The low R-values in the heavy broilers reflect a low concentration of inosine

nucleotides relative to concentration of adenosine nucleotides within the muscle samples,

hence suggesting a less ATP depletion within those defective heavy birds.

Based on our findings, it could be speculated that even though transcriptions of genes

involved in glycolytic pathway within the moderate WS-affected muscle cells are more likely

induced through HIF-1 in response to the hypoxic state, the formation of lactate could be lim-

ited due to the loss of LDH from the abnormal muscle fibers. Ones cannot exclude the possibil-

ities that the reduced LDH in the WS muscle may be because of the leakage of the enzyme

during myodegeneration [62] or the limited glycogen stored within the abnormal muscles [63,

65]. A better comprehension regarding the diverse metabolic mediation at different WS and

WB severity remains to be established.

Reduced transcript abundances of GAPDH from 33,940 copies/ng in non-defective samples

to approximately 20,000 copies/ng in the abnormal samples (p<0.05) were quite unexpected

as transcription of this gene is usually induced by HIF-1 signaling [66]. The primary function

of GAPDH-encoding enzyme is to activate conversion of glyceraldehyde 3-phosphate to D-gly-

cerate 1,3-bisphosphate in the glycolytic pathway for energy production. Later, additional

functions of GAPDH distinct from energy production have been reported. Decreased

GAPDH protein level has been shown to induce cell cycle arrest and hinder cell proliferation

in carcinoma cell lines, suggesting a regulatory role [67]. The protective effect of GAPDH

against oxidative-stress-induced apoptosis has been demonstrated in vascular smooth muscle

cells [68]. Taken together, down-regulation of GAPDH within the WS and WB samples may

link to other cellular roles of GAPDH in response to the hypoxic condition within the muscle.

Expression of genes encoding glutathione S-transferases

Under hypoxic conditions, formation of ROS induces oxidation of cellular components,

including proteins, lipids and DNA, triggering cell damage [69]. One mechanism of removing

the harmful products is via the glutathione detoxification pathway [70]. The GST superfamily

is responsible for catalyzing conjugation of glutathione and detrimental electrophiles into less

toxic forms that are available for subsequent detoxification steps [37, 71]. In this study, as

shown in Fig 4, gene expression of two GST classes, including GSTA4 and GSTM2, were

focused.

Despite no significant difference in GSTA4 abundance among non-defective (0.8 copy/ng)

and the WS-affected groups (1.2 and 1.6 copies/ng in medium-WS and heavy-WS, respec-

tively), there was a substantial decrease in GSTA4 level when WB developed (0.28 copies/ng).

A low GSTA4 mRNA abundance in the current chicken skeletal muscle was as expected as the

alpha GST class is not a major GST in skeletal muscle [72]. Nevertheless, its essential activities

in skeletal muscle have been documented in a previous study of Apidianakis et al. [73] in

which GSTA4 mRNA level was nearly 2-fold down-regulated in human and mouse skeletal

muscle tissues subjected to a severe thermal injury. Growth of human hepatoma HepG2 cells

either transfected with mouse GSTA4 cDNA or an insert-free vector was determined under

oxidative stress. An increased viability of the GSTA4-transfected cells was observed after the

cells were exposed to H2O2 or organic hydroperoxides. In addition, when concentration of
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cumene hydroperoxides, one of the testing oxidative stress inducers, was increased from 0 μM

to 6 μM, proliferation of both cells decreased but the GSTA4-HepG2 cells showed a slower

decreasing rate [74].

For GSTM2, the expression of this gene increased significantly as the myopathies advanced.

The heavier the birds, the greater the GSTM2 was expressed (p<0.05). In addition, absolute

abundance of this gene was approximately 10-fold higher than those of GSTA4. The findings

suggested the major role of GSTM2 isoform in detoxification of oxidative stress associated

with WS and WB myopathies. Li et al. [37] found that increased GSTM2 expression was associ-

ated with inhibition of oxidative stress-induced cell apoptosis and inflammation in mouse kid-

neys. Additionally, the protective activity of GSTM2 enzyme against aminochrome, the toxic

product of dopamine oxidation, has been shown in astrocytes [75].

Collectively, the altered expression of GSTA4 and GSTM2 affirmed the defensive mecha-

nisms of the muscle cells against increased oxidative stress in the abnormal muscle. Further

experiments must be carried out to characterize the different responses between those two

genes in association with development of WS and WB myopathies, particularly the decreased

GSTA4 in the WB-affected muscle. It is worth noting that the cellular defensive mechanisms

against oxidative stress require numbers of hierarchical enzyme systems which can become

saturated at a certain threshold of the oxidative stress [74]. This may be a partial manifestation

of the decreased GSTA4 in the severely injured WB-affected sample.

Expression of genes associated with muscle regeneration

Hypoxic stress has been recognized as one of the major causes of muscle injury [38]. Previous

histological studies commonly addressed degenerative lesions among the breasts affected with

WS and WB abnormalities [6, 10, 13, 25, 60, 76]. Based on our recent report [13], deposition

of adipocytes, nuclear internalization, accumulation of macrophages, thickened endomysial

and perimysial connective tissue layers and necrotic fibers were observed in the muscle exhib-

iting either WS alone or in accompanied with WB lesion.

Fig 4. Absolute transcription levels of genes encoding glutathione S-transferases. The absolute expression level of

the target genes, including (a) glutathione S-transferase alpha 4 (GSTA4) and (b) glutathione S-transferase mu 2

(GSTM2), was quantified in 6-week-old male Ross 308 broilers classified into four groups based on the degree of white

striping (WS) and wooden breast (WB) abnormalities combined with carcass weight; “non-defective” = non-defective

(n = 4), “medium-WS” = WS-affected samples with carcass weight� 2.5 kg (n = 7), “heavy-WS” = WS-affected

samples with carcass weight� 2.5 kg (n = 6), and “heavy-WS+WB” = WS and WB affected samples with carcass

weight� 2.5 kg (n = 3). Bars represent mean ± standard error in copies per nanogram cDNA template. Asterisks

above each bracket indicate statistical difference between each pair. �p<0.05, ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0220904.g004
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Following degeneration, the cascade of repair processes is activated. The essential events

include orchestration of damaged cell removal and formation of new myofibers [38]. Various

enzymes are simultaneously activated to initiate sarcolemma repair [77]. Among those, expres-

sions of the genes encoding proteins participating in those repair-responsive pathways,

MYOD1, SCGD, CAPN3 and MYLK, were analyzed in this experiment (Fig 5A to 5D). Similar

changes in transcript abundance were observed among those four genes. Compared with non-

defective samples, the heavy-WS exhibited the significant increases in MYOD1, SCGD, CAPN3
and MYLK (p<0.05). Absolute transcripts of CAPN3 and SCGD decreased when the WS was

in accompanied with WB lesion.

Muscle regeneration after injury has a similar process as muscle development during

embryogenesis [38]. The regeneration of damaged muscle occurs by activation of the satellite

cell regeneration process, which is characterized by high expression of myogenic regulatory

factors (MRFs) [78, 79]. Among those MRFs, MYOD1 encodes myoblast determination pro-

tein which regulates muscle differentiation. Increased expression of this gene was previously

Fig 5. Absolute transcription levels of genes associated with muscle regeneration. The absolute expression level of

the target genes, including (a) myogenic differentiation 1 (MYOD1), (b) sarcoglycan delta subunit (SCGD), (c) calpain

3 (CAPN3) and (d) myosin light chain kinase (MYLK), was quantified in 6-week-old male Ross 308 broilers classified

into four groups based on the degree of white striping (WS) and wooden breast (WB) abnormalities combined with

carcass weight; “non-defective” = non-defective (n = 4), “medium-WS” = WS-affected samples with carcass

weight� 2.5 kg (n = 7), “heavy-WS” = WS-affected samples with carcass weight� 2.5 kg (n = 6), and “heavy-WS

+WB” = WS and WB affected samples with carcass weight� 2.5 kg (n = 3). Bars represent mean ± standard error in

copies per nanogram cDNA template. Asterisks above each bracket indicate statistical difference between each pair.
�p<0.05, ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0220904.g005
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observed in satellite cells of fast-growing turkeys in comparison to those of the slow-growing

birds [80]. Recently, Velleman and Clark [22] reported an increase in MYOD abundance in

WB-affected broiler breast muscle compared with non-WB but this change in MYOD expres-

sion was breed-dependent. In the present study, absolute expression MYOD1 was significantly

up-regulated from 52 copies/ng in non-defective to 115 copies/ng and 118 copies/ng in

medium-WS and heavy-WS, respectively which was consistent with the observation of Velle-

man and Clark [22]. For heavy-WS+WB sample group, although its expression level did not

show statistical increase compared to that of non-defective, its absolute expression was

reported at 91 copies/ng. The insignificant difference of MYOD1 transcripts could be the effect

of large variation combined with small number of the heavy-WS+WB sample set.

The CAPN3 gene encodes the muscle-specific calcium-dependent protease located in the

sarcomere. The function and activation mechanisms of CAPN3 are not fully understood but it

has been identified as a protease involved in the muscle regeneration process via promotion of

satellite cell formation [81, 82]. The CAPN3 enzyme catalyzes degradation of damaged skeletal

muscle proteins into smaller peptides for cellular removal processes [83]. By conducting a

genome-wide association study for WS and meat quality traits, Pampouille et al. [84] identified

CAPN3 as one of the four candidate genes located in the pleiotropic region strongly associated

with water holding capacity and color of chicken breast meat. Based on the study of Pam-

pouille et al. [84], CAPN3 may influence such meat quality traits by governing muscle compo-

sition and structure. In the current study, absolute abundance of CAPN3 was up-regulated in

heavy-WS (67 copies/ng) in comparison to that of non-defective samples (38 copies/ng). An

increased CAPN3 transcription implies the repairing attempt of moderately damaged WS-

affected muscle via the activation of satellite cells. However, compared to heavy-WS, CAPN3
expression in heavy-WS+WB (24.6 copies/ng) was reduced. Further investigations regarding

the reduction of CAPN3 when WS was accompanied with WB lesion or the missing activation

of CAPN3 compared with non-defective samples must be established to obtain better under-

standing in this aspect.

Expression of SCGD increased in heavy-WS (43 copies/ng) compared to that of non-defec-

tive samples (36 copies/ng) but significantly (p<0.05) decreased in heavy-WS+WB (23 copies/

ng). Sarcoglycan complex, comprising four subunits alpha-, beta-, delta- and gamma, binds

with dystrophin-associated glycoprotein complex and plays a significant role in maintaining

the link between the actin cytoskeleton and the extracellular matrix [85]. Disruption of this

protein complex is associated with an impaired muscle membrane integrity. In mice, SCGD-

knockout skeletal muscle developed oxidative stress, fibrosis as well as impaired activities of

various enzymes required for countering cellular oxidative stress [86]. In addition to mem-

brane stabilization, the sarcoglycan complex regulates glucose homeostasis [87]. In the previ-

ous study of Solares-Pérez et al. [88], the muscle fibers of SCGD-knockout mice exhibited a

decrease in the amplitude of intracellular Ca2+ signal transients, ultimately inducing muscular

dystrophy. Additionally, suppression of SCGD expression contributed to development of

necrosis, fatty infiltration and membrane fragility in the muscle fibers of SCGD-knockout

mice [89]. Decreased abundance level of α-sarcoglycan was observed in turkey skeletal muscle

with the pale, soft and exudative (PSE) defect which exhibited abnormal regulation of cellular

glucose breakdown [90]. An association between delta-sarcoglycan protein and tissue regener-

ation in mice was also reported by Straub et al. [91] and Ramirez-Sanchez et al. [86]. The stud-

ies of Hack et al. [92] and Zhu et al. [93] suggest that sarcoglycan complex functions as a unit.

Loss of beta subunits alone sufficiently reduced abundances of the other sarcoglycan subunits

to cause progressive muscle dystrophy in mice [94]. In this study, the increased expression of

SCGD in the heavy-WS muscle samples might reflect the attempt of the damaged muscle cells

to repair and maintain the sacrolemma integrity as well as to encounter oxidative stress [95].
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On the other hand, the suppression of SCGD in heavy-WS+WB group suggests the altered dis-

position of sarcoglycan molecule as delta-sarcoglycan plays a central role as the assembly core

for the sarcoglycan [86]. Along with the other genes, the reduced expression of SCGD poten-

tially led to the severe atrophic fibrosis as previously observed in the SCGD-knockout mouse

skeletal muscle [86].

Myosin light chain kinases (MYLK) are Ca2+/calmodulin-regulated enzymes that catalyze

phosphorylation of the regulatory light chains of myosin. In chickens, skeletal-muscle specific

MYLK (skMYLK) and the smooth-muscle specific isoform (smMYLK) have been identified

and characterized [96]. In this study, the abundance of MYLK, the gene encoding smMYLK,

increased from 4 copies/ng in non-defective to 9 copies/ng in medium-WS and heavy-WS

samples (p<0.05). The heavy-WS+WB samples showed intermediate MYLK expression (7

copies/ng) which was not statistically different from those of either non-defective or the sam-

ples exhibiting WS alone. Unlike skMYLK which is expressed exclusively in skeletal muscle,

the smMYLK is widely found in all adult tissues, including skeletal muscle [97]. The presence

of smMYLK at low levels in skeletal muscle has been demonstrated in differentiating skeletal

muscle and is crucial for regulating sarcomere organization [98, 99]. Additionally, in human

pulmonary vein endothelial cell lines, MYLK protein level was up-regulated through the medi-

ation of HIF-1α with concomitant vascular endothelial barrier dysfunction when the cells

were exposed to hypoxic stress [100]. The dysregulated barrier properties of the vascular endo-

thelial cells, the cells that line the interior surfaces of blood vessels, have been evidenced to

interfere with the balance between intravascular and extravascular compartments, leading to

damages ranging from a small and reversible injury to an irreversible necrosis [101]. Accord-

ingly, the increased smooth muscle-specific MYLK in the present WS-affected samples not

only suggests that the muscle cells of WS-affected samples were in differentiating stage, but

also supports the event of hypoxia in the WS samples and the potential impaired vascular

endothelial function in the abnormal muscle.

According to the current ddPCR results, it seems that expression of HIF1A, GAPDH, and

GSTM2 in the WS and WS+WB muscle samples changes in a similar trend. The up-regulation

of HIF1A in accordance with the presence of large muscle fibers strongly supports the potential

hypoxic state within the defective samples. Interestingly, the expression patterns of the other

focused genes were different between WS and WS+WB groups. Most of them exhibited the

reduction in heavy-WS+WB in comparison with the heavy-WS group. The decreased mRNA

abundance of those genes in the muscle affected with WB lesion may partly reflect a global

mRNA degradation occurring during apoptotic [102] and necrotic cell death [103]. The find-

ings herein suggest the more deleterious event resulting in a greater cell death in WB abnor-

mality. The diverse responsive mechanisms at molecular level towards such stress could be

anticipated and these could lead to the distinct appearances between WS and WB.

Based on the study of Radaelli et al. [104] considering the WS and WB myopathies among

the broilers slaughtered at different ages, the WB abnormality was present only in the chickens

slaughtered at 46 days of age whereas WS condition was first detected among the 14-day-old

birds and the lesion became more severe with age. Our recent logistic regression analysis

revealed an increased likelihood of WB occurrence associated only with breast yield but the

severity of WS can be linked with age and breast yield [13]. Upon examining pectoral micro-

vessel density of pectoralis major muscle collected from broilers with or without WB myopathy

under a light microscope, Sihvo et al. [46] described a significantly reduced number of blood

vessels in muscles with focal WB among the birds slaughtered at the age of 18 and 24 days;

however, there was no difference among the birds with the age of 35 or 38 days. In addition to

the reduced blood vessel number, the greatest fiber area per number of blood vessels was

addressed in the unaffected area of tissue collected from the birds with focal WB. Together, the
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speculation is that, in the WS-affected group, transcriptions of those genes responsible for glu-

cose utilization, ROS detoxification and muscle regeneration was provoked by HIF-1 in

response to the hypoxia [105]. The WB lesion, however, seems to be a consequence of a

chronic myodegeneration potentially from a long exposure to severe hypoxia. Our speculation

was supported by the recently published RNA-sequencing report of Papah et al. [106] in which

gene expression profiles of pectoralis muscle biopsies collected from high-breast-yield broilers

during the age of 2 to 4 weeks were compared between WB-affected and unaffected samples.

Their functional pathway analysis suggested that although WB characteristics was undetectable

in the early development of the WB-affected birds, the molecular perturbations, particularly

those involved in vascular pathology and metabolic dysregulation, had already occurred.

In summary, we reported altered expression of several candidate genes correlated with

development of WS and WB myopathies, which would be essential for further elucidating the

underlying mechanisms that link to the development of such abnormalities. By quantifying

absolute expression, it was found that HIF1A were expressed somewhat low across all abnor-

mality levels but significantly increased for approximately 1.7-fold in the abnormal samples.

The differential expression of HIF1A coupled with the other focused genes suggests a potent

hypoxic state and the molecular activities in response to the oxidative stress within the muscles

of broilers exhibiting WS and WB abnormalities. The processes of muscle regeneration were,

however, appeared to be impeded in the abnormal muscles. Different expression patterns of

the selected genes between WS and WB samples, particularly the markedly reduced mRNA

abundances in the muscle affected with WB abnormality, suggest the pronounced detrimental

effects of WB and the divergent responsive mechanisms at transcriptional level that contribute

to the distinguishing macroscopic characteristics between those myopathies. Although the

root cause of WS and WB disorder are still under investigation, our findings suggest that an

enlarged muscle fiber size was more likely the shared foundation triggering oxidative stress

that induces WS and WB myopathies in the breasts of commercial broilers.

Acknowledgments

The authors gratefully acknowledge Dr. Juthawut U-chupaj and Mr. Premsak Chaiwiwattrakul

for their assistance during sample collection and meat quality determination.

Author Contributions

Conceptualization: Yuwares Malila, Massimiliano Petracci, Gale M. Strasburg, Wanilada

Rungrassamee, Wonnop Visessanguan.

Formal analysis: Yuwares Malila, Krittaporn Thanatsang, Sopacha Arayamethakorn, Tana-

porn Uengwetwanit, Yanee Srimarut.

Funding acquisition: Yuwares Malila, Sopacha Arayamethakorn, Tanaporn Uengwetwanit,

Yanee Srimarut, Wanilada Rungrassamee, Wonnop Visessanguan.

Investigation: Yuwares Malila, Krittaporn Thanatsang, Sopacha Arayamethakorn, Tanaporn

Uengwetwanit, Yanee Srimarut.

Methodology: Yuwares Malila, Krittaporn Thanatsang.

Project administration: Yuwares Malila.

Resources: Yuwares Malila, Krittaporn Thanatsang.

Supervision: Massimiliano Petracci, Gale M. Strasburg, Wanilada Rungrassamee, Wonnop

Visessanguan.

Expressions of HIF1A and associated genes in white striping and wooden breast

PLOS ONE | https://doi.org/10.1371/journal.pone.0220904 August 8, 2019 17 / 23

https://doi.org/10.1371/journal.pone.0220904


Validation: Yuwares Malila, Krittaporn Thanatsang, Sopacha Arayamethakorn, Tanaporn

Uengwetwanit, Yanee Srimarut, Gale M. Strasburg, Wanilada Rungrassamee.

Visualization: Yuwares Malila, Krittaporn Thanatsang.

Writing – original draft: Yuwares Malila, Krittaporn Thanatsang.

Writing – review & editing: Yuwares Malila, Sopacha Arayamethakorn, Tanaporn Uengwet-

wanit, Yanee Srimarut, Massimiliano Petracci, Gale M. Strasburg, Wanilada Rungrassamee,

Wonnop Visessanguan.

References
1. Tallentire CW, Leinonen I, Kyriazakis I. Artificial selection for improved energy efficiency is reaching its

limits in broiler chickens. Sci Rep. 2018; 8(1): 1168. https://doi.org/10.1038/s41598-018-19231-2

PMID: 29348409

2. Zuidhof MJ, Schneider BL, Carney VL, Korver DR, Robinson FE. Growth, efficiency, and yield of com-

mercial broilers from 1957, 1978, and 2005. Poult Sci. 2014; 93(12): 2970–82. https://doi.org/10.

3382/ps.2014-04291 PMID: 25260522

3. Petracci M, Mudalal S, Soglia F, Cavani C. Meat quality in fast-growing broiler chickens. Worlds Poult

Sci J. 2015; 71(2): 363–74. https://doi.org/10.1017/S0043933915000367

4. Kuttappan VA, Brewer VB, Apple JK, Waldroup PW, Owens CM. Influence of growth rate on the occur-

rence of white striping in broiler breast fillets. Poult Sci. 2012a; 91: 2677–85. https://doi.org/10.3382/

ps.2012-02259 PMID: 22991557

5. Petracci M, Mudalal S, Bonfiglio A, Cavani C. Occurrence of white striping under commercial condi-

tions and its impact on breast meat quality in broiler chickens. Poult Sci. 2013b; 92: 1670–5. https://

doi.org/10.3382/ps.2012-03001 PMID: 23687165

6. Kuttappan VA, Brewer VB, Mauromoustakos A, McKee SR, Emmert JL, Meullenet JF, et al. Estima-

tion of factors associated with the occurrence of white striping in broiler breast fillets. Poult Sci. 2013;

92:811–9. https://doi.org/10.3382/ps.2012-02506 PMID: 23436533

7. Sihvo HK, Immonen K, Puolanne E. Myodegeneration with fibrosis and regeneration in the pectoralis

major muscle of broilers. Vet Pathol. 2014; 51: 619–23. https://doi.org/10.1177/0300985813497488

PMID: 23892375

8. Bailey RA, Watson KA, Bilgili SF, Avendano S. The genetic basis of pectoralis major myopathies in

modern broiler chicken lines. Poult Sci. 2015; 94: 2870–9. https://doi.org/10.3382/ps/pev304 PMID:

26476091

9. Trocino A, Piccirillo A, Birolo M, Radaelli G, Bertotto D, Filiou E, et al. Effect of genotype, gender and

feed restriction on growth, meat quality and the occurrence of white striping and wooden breast in

broiler chickens. Poult Sci. 2015; 94: 2996–3004. https://doi.org/10.3382/ps/pev296 PMID: 26475069

10. Sihvo HK, Lindén J, Airas N, Immonen K, Valaja J, Puolanne E. Wooden breast myodegeneration of

pectoralis major muscle over the growth period in broilers. Vet Pathol. 2017; 54(1): 119–28. https://

doi.org/10.1177/0300985816658099 PMID: 27511311

11. Lorenzi M, Mudalal S, Cavani C, Petracci M. Incidence of white striping under commercial conditions

in medium and heavy broiler chickens in Italy. J Appl Poult Res. 2014; 23: 754–8. https://doi.org/10.

3382/japr.2014-00968

12. Kuttappan VA, Owens CM, Coon C, Hargis BM, Vazquez-Añon M. Incidence of broiler breast myopa-

thies at 2 different ages and its impact on selected raw meat quality parameters. Poult Sci. 2017a; 96

(8): 3005–9. https://doi.org/10.3382/ps/pex072 PMID: 28431094

13. Malila Y, U-chupaj J, Srimarut Y, Chaiwiwattrakul P, Uengwetwanit T, Arayamethakorn S, et al. Moni-

toring of white striping and wooden breast cases and impacts on quality of breast meat collected from

commercial broilers (Gallus gallus). Asian-Australas J Anim Sci. 2018; 31(11): 1807–17. https://doi.

org/10.5713/ajas.18.0355 PMID: 30145875

14. Kuttappan VA, Lee YS, Erf GF, Meullenet JF, McKee SR, Owens CM. Consumer acceptance of visual

appearance of broiler breast meat with varying degrees of white striping. Poult Sci. 2012b; 91: 1240–

7. https://doi.org/10.3382/ps.2011-01947 PMID: 22499884

15. Petracci M, Mudalal S, Babini E, Cavani C. Effect of white striping on chemical composition and nutri-

tional value of chicken breast Meat. Ital J Anim Sci. 2014; 13(1): 178–83. https://doi.org/10.4081/ijas.

2014.3138

Expressions of HIF1A and associated genes in white striping and wooden breast

PLOS ONE | https://doi.org/10.1371/journal.pone.0220904 August 8, 2019 18 / 23

https://doi.org/10.1038/s41598-018-19231-2
http://www.ncbi.nlm.nih.gov/pubmed/29348409
https://doi.org/10.3382/ps.2014-04291
https://doi.org/10.3382/ps.2014-04291
http://www.ncbi.nlm.nih.gov/pubmed/25260522
https://doi.org/10.1017/S0043933915000367
https://doi.org/10.3382/ps.2012-02259
https://doi.org/10.3382/ps.2012-02259
http://www.ncbi.nlm.nih.gov/pubmed/22991557
https://doi.org/10.3382/ps.2012-03001
https://doi.org/10.3382/ps.2012-03001
http://www.ncbi.nlm.nih.gov/pubmed/23687165
https://doi.org/10.3382/ps.2012-02506
http://www.ncbi.nlm.nih.gov/pubmed/23436533
https://doi.org/10.1177/0300985813497488
http://www.ncbi.nlm.nih.gov/pubmed/23892375
https://doi.org/10.3382/ps/pev304
http://www.ncbi.nlm.nih.gov/pubmed/26476091
https://doi.org/10.3382/ps/pev296
http://www.ncbi.nlm.nih.gov/pubmed/26475069
https://doi.org/10.1177/0300985816658099
https://doi.org/10.1177/0300985816658099
http://www.ncbi.nlm.nih.gov/pubmed/27511311
https://doi.org/10.3382/japr.2014-00968
https://doi.org/10.3382/japr.2014-00968
https://doi.org/10.3382/ps/pex072
http://www.ncbi.nlm.nih.gov/pubmed/28431094
https://doi.org/10.5713/ajas.18.0355
https://doi.org/10.5713/ajas.18.0355
http://www.ncbi.nlm.nih.gov/pubmed/30145875
https://doi.org/10.3382/ps.2011-01947
http://www.ncbi.nlm.nih.gov/pubmed/22499884
https://doi.org/10.4081/ijas.2014.3138
https://doi.org/10.4081/ijas.2014.3138
https://doi.org/10.1371/journal.pone.0220904


16. Mudalal S, Babini E, Cavani C, Petracci M. Quantity and functionality of protein fractions in chicken

breast fillets affected by white striping. Poult Sci. 2014; 93: 2108–16. https://doi.org/10.3382/ps.2014-

03911 PMID: 24902697

17. Mudalal S, Lorenzi M, Soglia F, Cavani C, Petracci M. Implications of white striping and wooden breast

abnormalities on quality traits of raw and marinated chicken meat. Animal. 2015; 9(4): 728–34. https://

doi.org/10.1017/S175173111400295X PMID: 25500004

18. Petracci M, Cavani C. Muscle growth and poultry meat quality issues. Nutrients. 2012; 4(1): 1–12.

https://doi.org/10.3390/nu4010001 PMID: 22347614

19. Griffin JR, Moraes L, Wick M, Lilburn MS. Onset of white striping and progression into wooden breast

as defined by myopathic changes underlying Pectoralis major growth. Estimation of growth parame-

ters as predictors for stage of myopathy progression. Avian Pathol. 2018; 47: 2–13. https://doi.org/10.

1080/03079457.2017.1356908 PMID: 28714747

20. Baldi G, Soglia F, Mazzoni M, Sirri F, Canonico L, Babini E, et al. Implications of white striping and spa-

ghetti meat abnormalities on meat quality and histological features in broilers. Animal. 2018; 12(1):

164–73. https://doi.org/10.1017/S1751731117001069 PMID: 28528595

21. Sosnicki AA, Wilson BW. Pathology of turkey skeletal muscle: implications for the poultry industry.

Food Struct. 1991; 10: 317–26.

22. Velleman SG, Clark DL. Histopathologic and myogenic gene expression changes associated with

wooden breast in broiler breast muscles. Avian Dis. 2015; 59: 410–8. https://doi.org/10.1637/11097-

042015-Reg.1 PMID: 26478160

23. Kindlein L, Ferreira TZ, Driemeier D, Nascimento VP, Vieira SL, Moraes LE, et al. Occurrence and

severity of white striping in broilers until 50d of age fed with high and low-energy diets: body weight,

histopathological changes and meat quality. J Vet Sci Technol. 2017; 8: 478. https://doi.org/10.4172/

2157-7579.1000478

24. Mutryn MF, Brannick EM, Fu W, Lee WR, Abasht B. Characterization of a novel chicken muscle disor-

der through differential gene expression and pathway analysis using RNA- sequencing. BMC Geno-

mics. 2015; 16(1): 399. https://doi.org/10.1186/s12864-015-1623-0 PMID: 25994290

25. Clark DL, Velleman SG. Spatial influence on breast muscle morphological structure, myofiber size,

and gene expression associated with the wooden breast myopathy in broilers. Poult Sci. 2016; 95:

2930–45. https://doi.org/10.3382/ps/pew243 PMID: 27444449

26. Zambonelli P, Zappaterra M, Soglia F, Petracci M, Sirri F, Cavani C, et al. Detection of differentially

expressed genes in broiler pectoralis major muscle affected by White Striping–Wooden Breast myopa-

thies. Poult Sci. 2016; 95(12): 2771–85. https://doi.org/10.3382/ps/pew268 PMID: 27591279

27. Marchesi JAP, Ibelli AMG, Peixoto JO, Cantão ME, Pandolfi JRC, Marciano CMM, et al. Whole tran-

scriptome analysis of the pectoralis major muscle reveals molecular mechanisms involved with white

striping in broiler chickens. Poult Sci. 2019; 98(2): 590–601. https://doi.org/10.3382/ps/pey429 PMID:

30239913

28. Kuttappan VA, Bottje W, Ramnathan R, Hartson SD, Coon CN, Kong BW, et al. Proteomic analysis

reveals changes in carbohydrate and protein metabolism associated with broiler breast myopathy.

Poult Sci. 2017b; 96: 2992–9. https://doi.org/10.3382/ps/pex069 PMID: 28499042

29. Boerboom G, van Kempen T, Navarro-Villa A, Pèrez-Bonilla A. Unraveling the cause of white striping

in broilers using metabolomics. Poult Sci. 2018; 97(11): 3977–86. https://doi.org/10.3382/ps/pey266

PMID: 29931266

30. Lundby C, Calbet JAL, Robach P. The response of human skeletal muscle tissue to hypoxia. Cell Mol

Life Sci. 2009; 66: 3615–23. https://doi.org/10.1007/s00018-009-0146-8 PMID: 19756383

31. Pisani DF, Dechesne CA. Skeletal Muscle HIF-1α expression is dependent on muscle fiber type. J

Gen Physiol. 2005; 126(2): 173–8. https://doi.org/10.1085/jgp.200509265 PMID: 16043777

32. Masson N, Ratcliffe PJ. Hypoxia signaling pathways in cancer metabolism: the importance of co-

selecting interconnected physiological pathways. Cancer Metab. 2014; 2: 3. https://doi.org/10.1186/

2049-3002-2-3 PMID: 24491179

33. Semenza GL. Hypoxia-inducible factors: coupling glucose metabolism and redox regulation with

induction of the breast cancer stem cell phenotype. EMBO J. 2017; 36(3): 252–9. https://doi.org/10.

15252/embj.201695204 PMID: 28007895

34. MacRae VE, Mahon M, Gilpin S, Sandercock DA, Mitchell MA. Skeletal muscle fibre growth and

growth associated myopathy in the domestic chicken (Gallus domesticus). Br Poult Sci. 2996; 47:

264–72. https://doi.org/10.1080/00071660600753615 PMID: 16787849

35. Favier FB, Britto FA, Freyssenet DG, Bigard XA, Benoit H. HIF-1-driven skeletal muscle adaptations

to chronic hypoxia: molecular insights into muscle physiology. Cell Mol Life Sci. 2015; 72: 4681–96.

https://doi.org/10.1007/s00018-015-2025-9 PMID: 26298291

Expressions of HIF1A and associated genes in white striping and wooden breast

PLOS ONE | https://doi.org/10.1371/journal.pone.0220904 August 8, 2019 19 / 23

https://doi.org/10.3382/ps.2014-03911
https://doi.org/10.3382/ps.2014-03911
http://www.ncbi.nlm.nih.gov/pubmed/24902697
https://doi.org/10.1017/S175173111400295X
https://doi.org/10.1017/S175173111400295X
http://www.ncbi.nlm.nih.gov/pubmed/25500004
https://doi.org/10.3390/nu4010001
http://www.ncbi.nlm.nih.gov/pubmed/22347614
https://doi.org/10.1080/03079457.2017.1356908
https://doi.org/10.1080/03079457.2017.1356908
http://www.ncbi.nlm.nih.gov/pubmed/28714747
https://doi.org/10.1017/S1751731117001069
http://www.ncbi.nlm.nih.gov/pubmed/28528595
https://doi.org/10.1637/11097-042015-Reg.1
https://doi.org/10.1637/11097-042015-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/26478160
https://doi.org/10.4172/2157-7579.1000478
https://doi.org/10.4172/2157-7579.1000478
https://doi.org/10.1186/s12864-015-1623-0
http://www.ncbi.nlm.nih.gov/pubmed/25994290
https://doi.org/10.3382/ps/pew243
http://www.ncbi.nlm.nih.gov/pubmed/27444449
https://doi.org/10.3382/ps/pew268
http://www.ncbi.nlm.nih.gov/pubmed/27591279
https://doi.org/10.3382/ps/pey429
http://www.ncbi.nlm.nih.gov/pubmed/30239913
https://doi.org/10.3382/ps/pex069
http://www.ncbi.nlm.nih.gov/pubmed/28499042
https://doi.org/10.3382/ps/pey266
http://www.ncbi.nlm.nih.gov/pubmed/29931266
https://doi.org/10.1007/s00018-009-0146-8
http://www.ncbi.nlm.nih.gov/pubmed/19756383
https://doi.org/10.1085/jgp.200509265
http://www.ncbi.nlm.nih.gov/pubmed/16043777
https://doi.org/10.1186/2049-3002-2-3
https://doi.org/10.1186/2049-3002-2-3
http://www.ncbi.nlm.nih.gov/pubmed/24491179
https://doi.org/10.15252/embj.201695204
https://doi.org/10.15252/embj.201695204
http://www.ncbi.nlm.nih.gov/pubmed/28007895
https://doi.org/10.1080/00071660600753615
http://www.ncbi.nlm.nih.gov/pubmed/16787849
https://doi.org/10.1007/s00018-015-2025-9
http://www.ncbi.nlm.nih.gov/pubmed/26298291
https://doi.org/10.1371/journal.pone.0220904


36. Murphy ME, Kehrer JP. Activities of antioxidant enzymes in muscle, liver and lung of chickens with

inherited muscular dystrophy. Biochem Biophys Res Commun. 1986; 134(2): 550–6. https://doi.org/

10.1016/s0006-291x(86)80455-7 PMID: 3947339

37. Li Y, Yan M, Yang J, Raman I, Du Y, Min S, et al. Glutathione S-transferase Mu 2-transduced mesen-

chymal stem cells ameliorated anti-glomerular basement membrane antibody-induced glomerulone-

phritis by inhibiting oxidation and inflammation. Stem Cell Res Ther. 2014; 5(1): 19. https://doi.org/10.

1186/scrt408 PMID: 24480247

38. Karalaki M, Fili S, Philippou A, Koutsilieris M. Muscle Regeneration: Cellular and Molecular Events. In

Vivo. 2009; 23(5): 779–96. PMID: 19779115

39. Eadmusik S, Molette C, Fernandez X, Remignon H. Are one early muscle pH and one early tempera-

ture measurement sufficient to detect PSE breast meat in turkeys? Br Poult Sci. 2011; 52: 177–88.

https://doi.org/10.1080/00071668.2011.554798 PMID: 21491241

40. Ryu YC, Kim BC. The relationship between muscle fiber characteristics, postmortem metabolic rate,

and meat quality of pig longissimus dorsi muscle. Meat Sci. 2005; 71: 351–7. https://doi.org/10.1016/j.

meatsci.2005.04.015 PMID: 22064236

41. Abasht B, Mutryn MF, Michalek RD, Lee WR. Oxidative stress and metabolic perturbations in wooden

breast disorder in chickens. PLoS One. 2016; 11(4): e0153750. https://doi.org/10.1371/journal.pone.

0153750 PMID: 27097013

42. Wattanachant S, Benjakul S, Ledward DA. Microstructure and thermal characteristics of Thai indige-

nous and broiler chicken muscles. Poult Sci. 2005; 84: 328–36. https://doi.org/10.1093/ps/84.2.328

PMID: 15742971

43. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Meth-

ods 2012; 9: 671–5. https://doi.org/10.1038/nmeth.2089 PMID: 22930834

44. Petracci M, Sirri F, Mazzoni M, Meluzzi A. Comparison of breast muscle traits and meat quality charac-

teristics in 2 commercial chicken hybrids. Poult Sci. 2013a; 92: 2438–47. https://doi.org/10.3382/ps.

2013-03087 PMID: 23960128

45. Daughtry MR, Berio E, Shen Z, Suess EJR, Shah N, Geiger AE, Berguson ER, Dalloul RA, Persia ME,

Shi H, Gerrard DE. Satellite cell-mediated breast muscle regeneration decreases with broiler size.

Poult Sci. 2017; 96: 3457–3464. https://doi.org/10.3382/ps/pex068 PMID: 28521021

46. Sihvo HK, Airas N, Lindén J, Puolanne E. Pectoral vessel density and early ultrastructural changes in

broiler chicken wooden breast myopathy. J Comp Pathol. 2018; 161: 1–10. https://doi.org/10.1016/j.

jcpa.2018.04.002 PMID: 30173852

47. Majmundar AJ, Lee DS, Skuli N, Mesquita RC, Kim MN, Yodh AG, et al. HIF modulation of Wnt signal-

ing regulates skeletal myogenesis in vivo. Development. 2015; 142(14): 2405–12. https://doi.org/10.

1242/dev.123026 PMID: 26153230

48. Yang X, Yang S, Wang C, Kuang S. The hypoxia-inducible factors HIF1α and HIF2α are dispensable

for embryonic muscle development but essential for postnatal muscle regeneration. J Biol Chem.

2017; 292: 5981–5991. https://doi.org/10.1074/jbc.M116.756312 PMID: 28232488

49. Cirillo F, Resmini G, Ghiroldi A, Piccoli M, Bergante S, Tettamanti G, Anastasia L. Activation of the

hypoxia-inducible factor 1α promotes myogenesis through the noncanonical Wnt pathway, leading to

hypertrophic myotubes. FASEB J. 2017; 31(5): 2146–2156. https://doi.org/10.1096/fj.201600878R

PMID: 28188178

50. Minchenko O, Opentanova I, Caro J. Hypoxic regulation of the 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase gene family (PFKFB-1-4) expression in vivo. FEBS Lett. 2003; 554(3): 264–70.

https://doi.org/10.1016/s0014-5793(03)01179-7 PMID: 14623077

51. Chesney J, Clark J, Klarer AC, Imbert-Fernandez Y, Lane AN, Telang S. Fructose-2,6-bisphosphate

synthesis by 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 (PFKFB4) is required for the

glycolytic response to hypoxia and tumor growth. Oncotarget. 2014; 5(16): 6670–86. https://doi.org/

10.18632/oncotarget.2213 PMID: 25115398

52. Minchenko O, Opentanova I, Minchenko D, Ogura T, Esumi H. Hypoxia induces transcription of 6-

phosphofructo-2-kinase/fructose-2,6-biphosphatase-4 gene via hypoxia-inducible factor-1α activation.

FEBS Lett. 2004; 576: 14–20. https://doi.org/10.1016/j.febslet.2004.08.053 PMID: 15474002

53. Minchenko OH, Tsuchihara K, Minchenko DO, Bikfalvi A, Esumi H. Mechanisms of regulation of

PFKFB expression in pancreatic and gastric cancer cells. World J Gastroenterol. 2014; 20(38):

13705–17. https://doi.org/10.3748/wjg.v20.i38.13705 PMID: 25320508

54. Houddane A, Bultot L, Novellasdemunt L, Johanns M, Gueuning MA, Vertommen D, et al. Role of Akt/

PKB and PFKFB isoenzymes in the control of glycolysis, cell proliferation and protein synthesis in

mitogen-stimulated thymocytes. Cell Signal. 2017; 34: 23–37. https://doi.org/10.1016/j.cellsig.2017.

02.019 PMID: 28235572

Expressions of HIF1A and associated genes in white striping and wooden breast

PLOS ONE | https://doi.org/10.1371/journal.pone.0220904 August 8, 2019 20 / 23

https://doi.org/10.1016/s0006-291x(86)80455-7
https://doi.org/10.1016/s0006-291x(86)80455-7
http://www.ncbi.nlm.nih.gov/pubmed/3947339
https://doi.org/10.1186/scrt408
https://doi.org/10.1186/scrt408
http://www.ncbi.nlm.nih.gov/pubmed/24480247
http://www.ncbi.nlm.nih.gov/pubmed/19779115
https://doi.org/10.1080/00071668.2011.554798
http://www.ncbi.nlm.nih.gov/pubmed/21491241
https://doi.org/10.1016/j.meatsci.2005.04.015
https://doi.org/10.1016/j.meatsci.2005.04.015
http://www.ncbi.nlm.nih.gov/pubmed/22064236
https://doi.org/10.1371/journal.pone.0153750
https://doi.org/10.1371/journal.pone.0153750
http://www.ncbi.nlm.nih.gov/pubmed/27097013
https://doi.org/10.1093/ps/84.2.328
http://www.ncbi.nlm.nih.gov/pubmed/15742971
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.3382/ps.2013-03087
https://doi.org/10.3382/ps.2013-03087
http://www.ncbi.nlm.nih.gov/pubmed/23960128
https://doi.org/10.3382/ps/pex068
http://www.ncbi.nlm.nih.gov/pubmed/28521021
https://doi.org/10.1016/j.jcpa.2018.04.002
https://doi.org/10.1016/j.jcpa.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/30173852
https://doi.org/10.1242/dev.123026
https://doi.org/10.1242/dev.123026
http://www.ncbi.nlm.nih.gov/pubmed/26153230
https://doi.org/10.1074/jbc.M116.756312
http://www.ncbi.nlm.nih.gov/pubmed/28232488
https://doi.org/10.1096/fj.201600878R
http://www.ncbi.nlm.nih.gov/pubmed/28188178
https://doi.org/10.1016/s0014-5793(03)01179-7
http://www.ncbi.nlm.nih.gov/pubmed/14623077
https://doi.org/10.18632/oncotarget.2213
https://doi.org/10.18632/oncotarget.2213
http://www.ncbi.nlm.nih.gov/pubmed/25115398
https://doi.org/10.1016/j.febslet.2004.08.053
http://www.ncbi.nlm.nih.gov/pubmed/15474002
https://doi.org/10.3748/wjg.v20.i38.13705
http://www.ncbi.nlm.nih.gov/pubmed/25320508
https://doi.org/10.1016/j.cellsig.2017.02.019
https://doi.org/10.1016/j.cellsig.2017.02.019
http://www.ncbi.nlm.nih.gov/pubmed/28235572
https://doi.org/10.1371/journal.pone.0220904


55. Firth JD, Ebert BL, Ratcliffe PJ. Hypoxic regulation of lactate dehydrogenase A interaction between

hypoxia-inducible factor 1 and camp response elements. J Biol Chem. 1995; 270(36): 21021–7.

https://doi.org/10.1074/jbc.270.36.21021 PMID: 7673128

56. Maftouh M, Avan A, Sciarrillo R, Granchi C, Leon LG, Rani R, et al. Synergistic interaction of novel lac-

tate dehydrogenase inhibitors with gemcitabine against pancreatic cancer cells in hypoxia. Br J Can-

cer. 2014; 110: 172–82. https://doi.org/10.1038/bjc.2013.681 PMID: 24178759

57. Lee DH, Sohn HA, Park ZY, Oh S, Kang YK, Lee KM, et al. A Lactate-Induced Response to Hypoxia.

Cell. 2015; 161: 595–609. https://doi.org/10.1016/j.cell.2015.03.011 PMID: 25892225
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