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ABSTRACT Wooden breast (WB) results in sig-
nificant losses to the broiler industry due to reduc-
tions in meat quality. While the etiology of WB is
unknown, it is believed to be associated with local-
ized hypoxia and decreased lactate levels in skele-
tal muscles, indicating the presence of altered lac-
tate metabolism in WB. We hypothesized that the
expression levels of the major signaling molecules that
control lactate metabolism, including lactate dehy-
drogenases (LDHA and LDHB) and monocarboxylate
transporters (MCT1 and MCT4), were altered in WB.
Therefore, the objectives of this study were to eval-
uate whether there were changes in mRNA and pro-
tein levels of LDHA, LDHB, MCT1, and MCT4 in
WB compared to normal breast (NB) muscles. Bio-
chemical analysis for LDH enzyme activity in NB
and WB muscles was studied. MicroRNA375 (miR-
375) expression, known to be inversely associated with
LDHB protein expression in human cells, was also in-
vestigated. The level of LDHA mRNA was 1.7-fold

lower in WB tissues than in NB tissues (P < 0.0001).
However, the LDHA protein levels were similar in
WB and NB tissues. In contrast, the levels of LDHB
mRNA and protein were 8.4-fold higher (P < 0.002)
and 13.6-fold higher (P < 0.02) in WB than in NB
tissues, respectively. The level of miR-375 was not
different between WB and NB muscles. The spe-
cific LDH isoenzyme activity that converted lactate
to pyruvate was 1.8-fold lower in WB compared to
NB tissues (P < 0.01). The level of MCT1 mRNA
was 2.3-fold higher in WB than those in NB mus-
cles (P < 0.02). However, this upregulation was
not observed with MCT1 protein expression levels.
The expression levels of MCT4 mRNA and protein
were elevated 2.8-fold (P < 0.02) and 3.5-fold (P <
0.004) in WB compared to NB tissues, respectively.
Our current findings suggest the potential roles of
LDHB and MCT4 on lactate metabolism and pro-
vide a unique molecular elucidation for altered lactate
homeostasis in WB muscles of broilers.
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INTRODUCTION

Per capita consumption of broilers has increased
290% over the last 58 yr in the US (National Chicken
Council, 2018). To meet the increasing demand for
poultry meat, broilers have been selected based on
fast growth rate, a high feed conversion ratio, and
high meat yields (Zuidhof et al., 2014; Petracci et al.,
2015; Tallentire et al., 2018). However, the fast-growing
and heavy weights of broilers have increased the in-
cidence of degenerative myopathies, severely affecting
meat appearance and quality (Kuttappan et al., 2012;

Received May 21, 2019.
Accepted September 19, 2019.
1Corresponding author: yfarnell@tamu.edu

Tijare et al., 2016). One muscle myopathy is wooden
breast (WB), which affects the pectoralis muscles in
fast-growing commercial broilers (Sihvo et al., 2014). It
is considered as one of the manifestations of metabolic
syndrome in these fast-growing broilers, which makes
the Pectoralis major muscle pale, rigid, and bulge out-
wards (Sihvo et al., 2014; Bailey et al., 2015; Tasoniero
et al., 2016). Histologically, WB is characterized by
myofiber necrosis, fibrosis, and high levels of fibrillar
collagen in skeletal muscle tissues (Sihvo et al., 2014;
Velleman and Clark, 2015; Kuttappan et al., 2016).
Sihvo et al. (2014 and 2017) reported that WB starts
to develop at approximately 2 wk of age in broiler
chickens and estimated that 48 to 73% of commercial
broilers had WB. The widespread incidence of WB has
caused large economic losses due to poor meat quality,
such as low water-holding capacity, reduced product
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yield, decreased myofibrillar protein content, and poor
meat texture (Mazzoni et al., 2015; Mudalal et al.,
2015; Aguirre et al., 2018). The causes of WB are still
unknown, however, WB is believed to be caused by
a combination of genetic and environmental factors
(reviewed in Zampiga et al., 2018). Studies have sug-
gested that WB in broilers is associated with genetic
background (Macrae et al., 2006; Griffin et al., 2018),
environmental factors (Bailey et al., 2015), WB-related
gene changes associated localized hypoxia (Mutryn
et al., 2015), inflammation and abnormal metabolisms
(Abasht et al., 2016), increased oxidative stress
(Mutryn et al., 2015; Abasht et al., 2016), and decreased
capillary density (Hoving-Bolink et al., 2000).

Due to the presence of localized tissue hypoxia
(Mutryn et al., 2015; Sihvo et al., 2018) and decreased
lactate levels in WB-affected muscle (Abasht et al.,
2016), we propose that the expression of key molecules,
including lactate dehydrogenase (LDHA and LDHB)
enzymes and 2 major monocarboxylate transporters
(MCT1 and MCT4) that regulate the levels of lactate
are altered in WB. Lactate dehydrogenase is a cyto-
plasmic enzyme found in nearly all living animal cells,
composed of tetramers derived from two LDH subunits.
It is encoded by the LDHA which converts pyruvate to
lactate and LDHB gene which converts lactate to pyru-
vate in the last step of glycolysis (Cahn et al., 1962;
Dawson et al., 1964; Pesce et al., 1964). The combi-
nation of LDHA and LDHB produce five LDH isoen-
zymes, categorized as LDH1 (B4), LDH2 (A1B3). LDH3
(A2B2), LDH4 (A3B1), and LDH5 (A4) (Dawson et al.,
1964). The altered level of LDH enzyme in human
serum indicates damaged cells and tissues and has be-
come a common marker for tissue injuries and disease
(Drent et al., 1996; Kato et al., 2006; Ding et al., 2017).
Lactates, the end product of anaerobic glycolysis, are
transported by MCT1 and MCT4, which are located
on the cell membrane. Translocation of lactate in skele-
tal muscles is facilitated by MCT1, which facilitates
uptake of lactate into cells, and MCT4, which exports
lactate out of cells (Roth and Brooks, 1990; Halestrap
and Price, 1999; Halestrap and Meredith, 2004). Micro
RNAs (miRNAs) are small no-coding RNAs that neg-
atively regulate gene expression. Micro RNA-375 has
been reported to be inversely associated with LDHB
gene expression in cancer cells including human squa-
mous cell carcinoma, esophageal squamous cancer cells,
and merkel cell carcinoma (Kinoshita et al., 2012;
Isozaki et al., 2012; Kumar et al., 2018). Therefore, the
objectives of this study were to evaluate whether there
were changes in the mRNA and protein levels of LDHA
and LDHB, MCT2 and MCT4, and miR-375 in WB
compared to normal breast (NB).

We report here in WB tissues, up-regulation of LDHB
mRNA and protein that converts lactate to pyruvate
was accompanied by an increase in MCT4 mRNA and
protein expression, which act as a lactate efflux trans-
porter. Further, we did not observe the inverse relation-
ship of miR-375 with LDHB in WB tissue. Interestingly,

the LDH isoenzyme activity that converts lactate to
pyruvate was reduced in WB tissues compared to NB
tissues. Future studies will involve isolating individual
components of cells from WB tissues which will help
us understand the cellular and molecular mechanisms
behind WB muscles, leading to the development of new
strategies for preventing and/or treating WB condition.

MATERIALS AND METHODS

Sample Collection

A total of 16 commercial high yielding broilers at 49 d
of age were used to collect breast tissues, including
8 WB, which were determined independently by three
experienced individuals who followed the methods de-
scribed by Dalle Zotte et al. (2017), and 8 NB. Due
to reports that a defective blood supply causes muscle
damage and ischemia in the cranial section of WB mus-
cles (Hoving-Bolink et al., 2000), we collected the tissue
samples from the cranial part of the pectoralis major
muscles. The breast tissue samples were dissected and
immediately snap-frozen in liquid nitrogen. All tissues
were then transferred and stored at −80°C for later to-
tal RNA and protein extractions. The animal use pro-
tocol was approved by Texas A&M University Animal
Care and Use Committee.

Total RNA and Small RNA Extraction

Total RNA was extracted from NB and WB sam-
ples utilizing the RNeasy Mini Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s protocol.
Briefly, a small piece of chicken breast was homoge-
nized in buffer RLT using a GEX 130 PB ultrasonic
processor (Cole-Parmer, Vernon Hills, IL, USA) at 50%
power for 10 s on ice. The lysate was centrifuged at the
speed of 2000 × g for 5 min, and the supernatant was
collected. Then 1 volume of 70% ethanol was added to
partially precipitate total RNA. The partially precipi-
tated total RNA bonded to the RNeasy spin column,
and treated with DNase to digest the contamination of
genomic DNA. Buffer RPE was used to wash the col-
umn. The total RNA was eluted in 50 μL DNase/RNase
free water. The quantity and quality of total RNA were
evaluated through the NanoDrop 1000 (Thermo Scien-
tific, MA, USA).

Small RNA isolation was performed using the mir-
Vana PARIS kit (Ambion, Austin, TX). The procedure
was followed according to the manufacturer’s protocol.
The concentration of small RNA was confirmed by an
Agilent Small RNA kit on the Agilent 2100 Bioanalyzer
(Agilent, Palo Alto, CA).

Quantitative Reverse Transcription
Polymerase Chain Reaction for mRNAs

One microgram of total RNA from each sample
was transcribed into cDNA using SuperScript III
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Table 1. Primer Sequences used for qRT-PCR.

Target gene Primers Primer Sequence (5′ to 3′) Amplicons (bp) Reference

LDHA Forward CCATGTCTCTCAAGGATCATCTC Imagawa et al. (2006)
Reverse GCACCAGCAGTGACAATGAC

LDHB Forward TTCCCAGCAACAAGATCACCGT Imagawa et al. (2006)
Reverse AACACCTGCCACATTAACTCCG

MCT1 Forward AGCAGCATCCTGGTGAACAAG Zhang et al. (2017)
Reverse AGGCACCCACCCACGAT

MCT4 Forward GCTGGTCTCAAGTGGGTTAG Current study
Reverse CCACCGTAATCGACAGACATAG

GAPDH Forward AGAACATCATCCCAGCGT Guo et al. (2016)
Reverse AGCCTTCACTACCCTCTTG

First-Strand Synthesis System (Invitrogen, Carlsbad,
CA) following the manufacturer’s protocol. Briefly, first
strand cDNA synthesis was prepared by mixing 1 μg
of total RNA, 1 μL of 50 ng/μl random hexamers, and
1 μL of 10 mM dNTPs mix. The mixture was incubated
at 65°C for 5 min to denature RNA, and then placed on
ice for at least 1 min. Ten microliters cDNA synthesis
mix (2 μL 10 × RT Buffer, 4 μL 25 mM MgCl2, 2 μL
0.1 M DTT, 1 μL RNase OUT, and 1 μL SuperScript
III RT) was added and incubated at 25°C for 10 min,
followed by 50°C for 50 min, and terminated at 85°C for
5 min. One microliter RNase H (2 U/μL) was added and
incubated at 37°C for 20 min. The cDNA product was
stored at −20°C. The cDNA samples were diluted to
the concentration of 1 ng/μL, and 8 μL of the diluted
cDNA was subjected to a real-time polymerase chain
reaction (PCR) reaction with PowerUp SYBR Green
Master Mix (ThermoFisher Scientific, Waltham, MA)
using an ABI 7900H system (ThermoFisher Scientific,
Waltham, MA). The oligonucleotide primers for LDHA,
LDHB, MCT1, MCT4, and GAPDH were listed in
Table 1. The conditions of real time PCR amplifica-
tion were 1 cycle at 50°C for 2 min, 95°C for 10 min, 40
cycles at 95°C for 15 s, 60°C for 1 min, followed by a
melting curve analysis. The GAPDH was employed as
an internal control used to normalize the expression of
target transcript (Zambonelli et al., 2016). The values of
average cycle threshold (Ct) were determined for each
sample, and 2−��Ct values for the comparison of the
target gene and GAPDH were used for relative quan-
tification by fold-change (Schmittgen and Livak, 2008).
The PCR efficiency test was performed using serial di-
lutions of cDNA pool and primers. All reactions were
performed in triplicates.

Quantitative RT-PCR For miR-375

A total of 100 ng small RNA was reverse-transcribed
for miRNA detection. Complementary DNA (cDNA)
synthesis was performed using the miScript II reverse
transcription (RT) kit (Catalog no. 218,161; Qiagen,
Valencia, CA, USA) following the manufacturer’s in-
struction. Briefly, the RT reaction was conducted in a
20 μL reaction mixture containing 100 ng of small RNA,
4 μL 5x miScript HiFlex Buffer, 2 μL 10x miScript

Nucleics Mix and 2 μL miScript Reverse Transcriptase
Mix. The reverse transcription was performed at 37°C
for 60 min and 95°C for 5 min, and the cDNA prod-
uct was stored at −20°C. A total of 200 pg of cDNA
was used for quantitative RT-PCR reaction using the
miScript SYBR Green PCR kit and Custom miScript
Primer Assay for miR-375 (Catalog no. MSC0075989;
Qiagen, Valencia, CA, USA) and U6 small nucleolar
RNA (Catalog no. MSC0075901; Qiagen, Valencia, CA,
USA). The following components were combined in a
10 μL reaction using 384-well plates: 5 μL 2x Quan-
tiTect SYBR Green PCR Master Mix, 1 μL miScript
Universal Primer, 1 μL of 10x miR-375 primer, and
200 pg of cDNA with nuclease-free water. The condi-
tions of PCR were comprised of denaturation at 95°C
for 10 min, followed by 40 cycles of 94°C for 15 s, 55°C
for 30 s, and 70°C for 30 s, followed by the melting
curve analysis. Data was analyzed using comparative
delta delta Ct method (2−��Ct) (Schmittgen and Livak,
2008). Relative miR-375 expression was normalized to
U6 small nucleolar RNA. The efficiency test was per-
formed using serial dilutions of cDNA pool and primers.
Melting curve analyses were performed for validating
the specificity of amplicons.

Western Blotting Analysis

Frozen tissues were homogenized in radioimmuno-
precipitation assay buffer (Thermo Fisher Scientific,
Waltham, MA). The protein concentration was quan-
tified by a BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA). Ten micrograms of protein
from each sample was loaded onto 4 to 12% SDS-
PAGE gradient gels (Bio-Rad, Hercules, CA). After
electrophoresis, proteins were transferred to PVDF
membranes by a semi-dry electroblotting system (Cat.
#: 170–3940; Bio-Rad, Hercules, CA) at 50 mA for
2 h. Then, the PVDF membranes were blocked in a
Tris-buffered saline containing 0.1% Tween (TBST)
and 5% non-fat milk overnight at 4°C. The mem-
branes were washed 4 times for 20 min in TBST,
and then incubated with primary antibody for 4 h.
The following primary antibodies were purchased from
Abcam, TLC (Cambridge, MA) unless indicated and
used at the indicated dilutions: mouse anti-GAPDH
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(catalog no. ab8245; 1:20,000 dilution), rabbit anti-
monocarboxylic acid transporter 1 (MCT1) (catalog no.
ab93048; 1:1000 dilution), rabbit anti-LDHA (catalog
no. ab135366; 1:1000 dilution), rabbit anti-SLC16A3
(MCT4) (catalog no. ab74109; 1:500 dilution), rabbit
anti-LDHB (catalog no. ab75167; 1:1000 dilution). The
membrane was washed 4 times in TBST, followed by
incubation with a secondary antibody for 1 h at room
temperature. The following secondary antibodies were
used: HRP-conjugated goat anti-rabbit IgG (catalog
no. ab205718; 1:20,000 dilution), HRP-conjugated
goat anti-mouse IgG from Life Technology (Carlsbad,
CA; catalog no. A16072; 1:5000 dilution). Enhanced
chemiluminescence detection reagents (Amersham
Pharmacia Biotech, Piscataway, NJ) were employed.
The chemiluminescent signals were captured and ana-
lyzed by a ChemiDocTM MP Image System (Bio-Rad,
Hercules, CA). Immunoblot images were quantified by
Quantity One-4.6.1 software (Bio-Rad, Hercules, CA),
and target protein signals were normalized to GAPDH
and presented as relative band densities.

Specific LDH Enzyme Activity Assay

Specific LDH activity (conversion from lactate to
pyruvate) was determined using a kit made in-house.
Briefly, frozen breast muscle tissue was homogenized
in the extraction buffer containing 50 mM of Tris-HCl
(pH 8.5), 1 mM β-mercaptoethanol, 1 mM phenyl-
methylsulfonyl fluoride, and 1 mM ethylenediaminete-
traacetic acid by a GEX 130 PB ultrasonic processor
(Cole-Parmer, Vernon Hills, IL, USA) at 50% power
for 10 s on ice. The lysate from each sample was cen-
trifugated at 12,000 × g for 5 min at 4°C. The super-
natant was decanted, and snap frozen in liquid nitro-
gen and stored at −80°C. The protein concentration
for each sample was measured by BCA Protein Assay
Kit. The protein samples were diluted to 1 μg in 30
μL extraction buffer and added to 200 μL LDH as-
say buffer containing 100 mM lithium lactate, 4 mM
NAD+, 3 mM NaHCO3, 166.6 mM NaCl and 8.33 mM
Tris-HCl (pH 8.8). The change of NADH absorbance
was measured in 51-s intervals for 10 min at 340 nm
absorbance at room temperature using a Synergy H1
multi-mode microplate reader (BioTek, Winooski, VT,
USA). The specific activity of LDH was calculated as
the ratio of the enzyme activity divided by the protein
mass for enzymatic assay. One unit of LDH activity
was defined as the amount of enzyme that yielded 1
μM NADH per min. Gen5 3.02 Kinetic v.3.5.1 program
(BioTek, Winooski, VT) was used to measure enzyme
kinetic activity. Lactate dehydrogenase activities were
calculated in the formula below and expressed as units
per gram of protein.

Specific activity of LDH =

(ΔA/min) × (Assay volume in mL) /εb/mg of protein

Where ΔA =

change in absorbance at 340 nm between times

b = 0.725 cm; ε = 6220 L/mole × cm

Statistical Analysis

Statistical analyses were conducted via a student’s
T test, using JMP Pro 14 (SAS institute Inc., Cary,
NC, U.S.A.). All of the data were presented as mean ±
standard error of the mean (SEM). A P-value of < 0.05
was considered significant.

RESULTS

Expression of the LDHA and LDHB mRNA
and Protein in WB Muscles Compared
to NB Muscles

Since skeletal muscle tissues are the major location
for lactate production, we first investigated the impact
of WB on expression levels of LDHA, which encodes
the LDH muscle subunit (LDH M), that converts pyru-
vate to lactate in the last step of fermentative glycolysis
(Summermatter et al., 2013). Relative LDHA mRNA
levels decreased 1.7-fold (P < 0.0001) in WB tissues
with respect to those from NB tissues (Figure 1A).
In contrast, the LDHA protein levels in WB muscles
showed no significant change (Figure 1C and D). We
assessed the mRNA and protein expression levels of
LDHB, encoding LDH heart subunit (LDH H) that con-
verts lactate to pyruvate (Dawson et al., 1964). Com-
pared to NB, the mRNA level of LDHB was 8.4-fold
higher (P < 0.002) in WB tissues (Figure 1B). West-
ern blot analyses revealed that WB exhibited 13.6-fold
higher (P < 0.02) LDHB protein levels compared to NB
muscles (Figure 1C and E).

The Levels of miR-375 Expression in WB
did not Differ from those of NB Tissues

Levels of miR-375 were reported to be inversely as-
sociated with LDHB protein levels in human squamous
cell carcinoma (Kinoshita et al., 2012). To test whether
the increased LDHB protein levels observed in WB tis-
sue was mediated by miR-375, we performed qRT-PCR
analysis on expression of miR-375 in both NB and WB
muscles. As shown in Figure 2, WB muscles did not
exhibit a significant reduction of miR-375 compared to
NB tissues (P = 0.54).

WB has Decreased Specific LDH Enzymatic
Activities that Convert Lactate to Pyruvate

Given the enhanced LDHB protein expression in
WB tissues that converts lactate to pyruvate, we also
investigated the enzymatic activity of LDH-mediated
lactate-to-pyruvatee conversion. In contrast, the special
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Figure 1. The altered mRNA and protein levels of LDHA and LDHB in WB compared to NB tissues. (A) Relative LDHA mRNA expression
in NB and WB tissues determined by qRT-PCR with normalization to the reference GAPDH mRNA levels. NB data is represented by the filled
bar while the WB data is represented by the hatched bar. Data are represented as means ± SEM of 8 NB and 8 WB tissues. (B) Relative
LDHB mRNA level, measured in the same experiment as in (A), was upregulated in WB tissues (N = 8) compared to NB tissue (N = 8). (C)
Representative immunoblots showing protein expression levels of LDHA, LDHB, and GAPDH in lysates of NB and WB tissues. GAPDH band
is shown as an internal control for sample loading. (D) The graph of immunoblot data shows that there is no significant difference of the levels
of LDHA protein between NB (N = 8) and WB (N = 8) tissues. (E) Graphical representation of LDHB immunoblot data, showing greater levels
of LDHB protein in WB tissue compared to NB tissue.

Figure 2. The levels of miR-375 expression in WB did not differ from
those of NB tissues. Small RNAs from NB and WB were extracted
using the mirVana PARIS kit as described in methods. Relative miR-
375 expression was quantitated by qRT-PCR. Chicken U6 was used as
an endogenous control for normalization. N = 8 per group.

enzymatic activity of LDH that converted lactate to
pyruvate was 1.8-fold (P < 0.01) lower in WB tissues
than NB tissues (Figure 3).

Gene Expression of MCT1 and MCT4

Given the enhanced LDHB mRNA and protein levels
in WB muscles compared to NB muscles, we also in-
vestigated the mRNA and protein expression of MCT1
and MCT4, which are implicated in lactate import and
export in muscles, respectively (Juel and Halestrap,

Figure 3. LDH enzyme activity that converts lactate to pyruvate
is decreased in WB tissue compared to NB tissues. Results of LDH
activity were normalized by using the same amount of total protein
in the assay. The LDH enzyme activity of WB was significantly lower
than NB. P < 0.05 is significant different, N = 8 per group.

1999; Halestrap and Meredith, 2004; Hashimoto et al.,
2006; Ullah et al., 2006). We found that the relative
mRNA levels of MCT1 and MCT4 were 2.3-fold and
2.8-fold higher in WB muscles than those in NB muscles
(P < 0.02), respectively (Figure 4A and B). However,
the protein level of MCT1 in WB was not different from
that in NB tissues (Figure 4D). Consistent with the up-
regulated MCT4 mRNA levels, the expression levels of
MCT4 protein were elevated (3.5-fold, P < 0.004) in
WB tissues compared to NB tissues (Figure 4C and E).
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Figure 4. The altered mRNA and protein levels of MCT1 and MCT4 in WB compared to NB tissues. Relative levels of MCT1 mRNA (A) and
MCT4 mRNA (B) in NB and WB tissues determined by qRT-PCR. (C) Western blot analyses were performed on breast muscle lysates prepared
from NB and WB tissues. Protein sample (10 μg) was loaded in each lane. The GAPDH band was shown as internal control for sample loading.
(D) Quantification of MCT1 protein level in NB and WB tissues. The protein levels of MCT1 in WB were not different from those in NB tissues.
(E) The levels of MCT4 protein were 3.5-fold in WB compared to NB tissues. N = 8 per group.

DISCUSSION

WB myopathy causes notable economic loss in the
poultry industry and occurs in about 48% to 73% of
commercial broilers (Sihvo et al., 2014). The molecular
mechanisms that cause WB myopathy remain unclear.
The presence of localized tissue hypoxia (Mutryn et al.,
2015; Sihvo et al., 2018) and decreased lactate concen-
trations in WB (Abasht et al., 2016) indicate the poten-
tial alteration of genes involved in lactate metabolism.
Identification of specific molecules that regulate lactate
levels will improve our understanding of the mecha-
nisms causing WB myopathy and potentially facilitate
us to the development of useful therapeutic targets to
eliminate the incidence of WB in broilers. In this study,
we tested the hypothesis that the gene expression of
the LDHA, LDHB, MCT1, and MCT4, involved in lac-
tate metabolism, in WB muscles would change com-
pared to their levels in NB muscles. Through a com-
bination of qRT-PCR and immunoblotting assays, we
have now shown that WB tissues indeed show signifi-
cant up-regulation of both LDHB and MCT4 mRNA
and protein levels, 2 key players that decrease lactate
levels in WB tissues by oxidizing lactate to pyruvate
and enhancing lactate efflux, separately (Figure 5).

Although transcript levels of 2 genes, such as LDHA
and MCT1, were downregulated and upregulated sep-
arately in WB muscles, we did not observe a concomi-
tant reduction of LDHA or increase of MCT1 protein
abundances. Both protein levels of LDHA and MCT1
did not change in WB tissues compared to NB tissues,

even though their transcript levels significantly differed
in WB muscles. Numerous reports have indicated that
about 30 to 40% of the changes in mRNA levels are
not correlated to the corresponding protein levels due
to multiple factors, including differential turnover rates
of transcripts or the presence of post-transcriptional
or post-translational control mechanisms (Vogel and
Marcotte, 2012; Payne, 2015; Karbownik et al., 2016).

High-throughput technologies such as RNA-seq
(Mutryn et al., 2015; Papah et al., 2018; Marchesi et al.,
2019) and proteomics (Kuttappan et al., 2017; Cai
et al., 2018) have been used to identify differentially
expressed molecular components in WB. In accordance
with our report, Marchesi et al. (2019) showed the up-
regulation of LDHB mRNA levels and the reduction
of LDHA mRNA levels in a different skeletal muscle
myopathy known as white striping. However, there are
several conflicting reports describing LDHA protein ex-
pression in WB tissues (Soglia et al., 2016; Zambonelli
et al., 2016; Kuttappan et al., 2017; Cai et al., 2018).
Lactate dehydrogenase A protein levels of WB muscles
have been reported to be decreased 2-fold compared to
the NB in a proteomic study (Kuttappan et al., 2017).
The combination of 2-dimensional gel electrophoresis
and mass spectrometry by Cai et al. (2018) only identi-
fied 8 differentially expressed proteins in WB compared
to NB muscles, and LDH was not one of them. In fact,
sarcoplasmic LDH protein levels in WB have been re-
ported to be higher (ranging from 14 to 22%) in WB
than that of NB using an SDS-PAGE method (Soglia
et al. 2016; Zambonelli et al., 2016). The positive
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Figure 5. Schematic representation of the lactate metabolism pathway of broiler muscle affected with wooden breast (WB) myopathy (B)
compared to normal breast muscle (A). Glucose is transported to the cell cytosol by the glucose transporter (Glut), and then is converted
to pyruvate, the end product of glycolysis. Under normoxic conditions (Figure 5A), pyruvate enters the mitochondria and produces 38 ATPs
per oxidized glucose molecule, including glycolysis, tricarboxylic acid cycle (TCA cycle), and oxidative phosphorylation. In WB muscle, oxygen
delivery is limited (hypoxia, Figure 5B). The activity of TCA cycle is decreased and the pyruvate switches to the fermentation pathway, resulting
in the production of lactate by the action of lactate dehydrogenase A (LDHA). The lactate can be re-oxidized to pyruvate by LDHB activity,
or it can be transported out of the cell by the monocarboxylate transporter 4 (MCT4). On the other hand, MCT1 uptakes the lactate from
the circulatory system into cells. Hatched arrows denote the possible fates for lactate in WB cells. In this model, increased levels of LDHB and
MCT4 are the principal proteins that regulate lactate concentrations in the WB cells (Figure 5B). Glut: glucose transporter. LDH: Lactate
dehydrogenase. MCT: Monocarboxylate transporter. TCA: tricarboxylic acid.

identification of LDH protein in Soglia et al. (2016)
and Zambonelli et al. (2016) was confirmed by expected
molecular weight of the protein in SDS-PAGE gel, al-
though it is not known which LDH subunit was involved
since immunoblotting methods using specific antibodies
were not employed. This discrepancy about the levels
of LDHA protein expression could reflect differences in
the choice of sample extraction, preparation, and sepa-
ration methods.

To our knowledge, this is the first report of up-
regulation of LDHB protein expression in WB muscles.
We confirmed more than 13-fold higher LDHB protein
expression in WB tissues than those in NB tissues us-
ing western blot analysis. Recent studies on WB have
indicated the changes in several glycolytic proteins
(Soglia et al., 2016; Zambonelli et al., 2016; Cai et al.,
2018). However, none of the studies found the dra-
matic change in levels of LDHB protein in WB. These
studies provide potential candidate signaling molecules
and pathways in WB, however, the challenges with
finding a low-abundance of regulatory protein re-
mains to be solved by classical proteomics (Cho, 2007;
Chandramouli and Qian, 2009). In fact, LDHA is the
most abundant subtype of LDH in pectoralis major
muscles of chickens (Dawson et al., 1964; Heinova et al.,
1999). Lactate dehydrogenase B, a very low-abundance
protein in pectoralis major muscles, may not be de-
tectable without proper pretreatment and handling
(Andrecht and Hagen, 2008). Using an immunoblotting
method with the specific antibody has enabled us to
detect the low-concentration of LDHB in our study.

Despite the lower abundance of LDHB protein com-
pared to LDHA protein in normal skeletal muscle, it

is not clear why LDHB protein levels were upregu-
lated more than 13-fold in WB muscles compared to
NB muscles. One possible mechanism for upregulat-
ing LDHB in WB tissue involves the conversion of lac-
tate to pyruvate. To investigate if LDHB decreases lac-
tate levels in WB, we mined published metabolomic
datasets from well-characterized WB and NB of dif-
ferent broiler breeds (Supplementary 2 files in Abasht
et al., 2016). We found that upregulation of LDHB pro-
tein levels in WB is correlated with the reduction of lac-
tate levels. The WB muscles showed 0.66 (P = 0.17),
0.72 (P < 0.002), and 0.56-fold (P < 0.005) reduction
in lactate levels from two genetically distinct purebred
lines and a commercial breed line, respectively. These
data suggest that elevated LDHB protein expression in
WB muscles (this study) may contribute to decreased
levels of lactate in WB muscles from different broiler
breeds (Abasht et al., 2016). The reduction of lactate
contents is correlated with upregulation of LDHB gene
expression in WB muscle cells, resulting in an increase
in cellular pH value. Tasoniero et al. (2016) reported
that the breasts with both white striping and WB ex-
hibited the highest pH values than the normal and
white striping groups. Various studies also confirmed
increased pH values in WB muscles (Petracci et al.,
2013; Dalle Zotte et al., 2014, 2017; Mudalal et al.,
2015; Zambonelli et al., 2016). The other possibility
for up-regulation of LDHB is through the downregu-
lation of micro RNA, miR-375, which is involved in
regulating lactate metabolism in several cancer cells in-
cluding skin, lung, rectal, and gastric cancers by target-
ing the LDHB gene (reviewed in Haziapostolou et al.,
2013). Isozaki et al. (2012) previously revealed that
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there was an inverse relationship between miR-375 and
LDHB using the esophageal squamous cancer cells. In
addition, Kinoshita et al. (2012) also found the in-
verse correlation of miR-375 and LDHB with human
squamous cell carcinoma. In the present study, we
found that WB muscles had a higher LDHB mRNA
expression and the similar expression pattern of miR-
375 compared to NB muscles, which is not consis-
tent with previous reports of inverse relationship of
LDHB and miR-375 from human studies. This indi-
cates that other miRNAs may be involved directly tar-
geting LDHB mRNA in WB tissues. We are currently
investigating this issue.

There is limited information regarding the distri-
bution of isoenzymes of LDH in adult chicken breast
tissue. As reviewed by Gallo et al. (2015), LDH isoforms
are present in all tissues at different ratios, so that
the isoenzymatic profile is tissue-specific. The compo-
sitions of LDH isoenzymes in chicken breast muscles
have been reported to be regulated depending on the
developmental stages (Lindsay, 1963) and pathological
conditions (Kaplan and Cahn, 1962). Kaplan and Cahn
(1962) reported the complete changes in LDH isoform
enzymes in the chicken breasts from LDH1 (four LDHB
subunits) in early embryos to the LDH5 (all 4 LDHA
subunits) in adult chicken. In contrast, Lindsey (1963)
indicated the presence of small amounts of LDH4
(3A1B) and that there may be undetectable levels of
LDH3 (2A2B) in adult chicken breast muscles due
to the poor sensitivity of the method they used. We
studied LDH isoenzyme patterns of WB and NB tissues
using an electrophoresis of native polyacrylamide gel,
which have LDH5 almost exclusively, but levels of
LDH5 isoenzyme between WB and NB tissues were
undistinguishable (Data not shown). Similar results
were reported by Dawson et al. (1964), with a different
unknown breed of chicken, indicated that LDH5 en-
zymatic activity was at least 4,300 times greater than
LDH1 in breast muscles. We subsequently evaluated the
specific isoenzyme activity of LDH-mediated lactate to
pyruvate and found that it was significantly reduced in
WB muscles compared to the NB muscles, which agreed
with Wieme and Herpol’s (1962) report that total LDH
activity was decreased in dystrophic human and chicken
muscles (Wilson et al., 1988). However, the organiza-
tion of the LDH subunits in the chicken dystrophic
skeletal muscle cells have been changed, resulting in the
up-regulation of LDH1 (four LDHB subunits) and the
reduction of LDH5 (all four LDHA subunits) compared
to NB muscles (Kaplan and Cahn, 1962). The majority
of studies of LDH enzyme activity in WB muscles of
broilers have been focused on the changes of the enzyme
activity of LDH-mediating pyruvate-to-lactate conver-
sion in serum or plasma from broilers affected by breast
muscle myopathy. For example, serum LDH activity in
white striping breast muscles of broilers was elevated
(Kuttappan et al., 2013). Recent studies suggested
the association of increased plasma total LDH enzyme
activity with the severity of WB (Meloche et al., 2018a

and b). However, the distribution of LDH isoenzymes
in broiler blood are totally different from those in
breast muscles, containing mixing populations of LDH
isoenzymes (66%:23%:6%:5%:3% of LDH5, LDH4,
LDH3, LDH2, and LDH1) in serum and an exclusive
LDH5 in chicken breast muscles, separately (Heinova
et al., 1999). Our data suggests that broiler breast
muscles contain a majority of LDH5 isoenzyme (all
four LDHA subunits) and a very small amount of
isoenzyme containing LDHB subunits that function in
oxidizing lactate to pyruvate.

In skeletal muscles, MCT1 and MCT4 are the 2 major
MCT isoforms that help the import and export lactate
through the cell membrane, respectively (Garcia et al.,
1994; Wilson et al., 1998). Little is known about differ-
ences of MCT1 and MCT4 protein expression in WB
tissues of broilers compared to NB tissues. We found
mRNA expression of MCT1 was higher in WB muscles
compared to NB muscles. However, the protein levels
of MCT1 were not different between WB and NB tis-
sues. In humans, MCT1 gene expression increased in
muscles after short-term training (Bonen et al., 1998).
Short-term training induced fermentative glycolysis in
the skeletal muscle, which is similar to hypoxia in broil-
ers with WB myopathy. Monocarboxylate transporter 4
is highly expressed in white muscles and plays an impor-
tant role exporting lactate out of cells (Dimmer et al.,
2000). Chronic hypoxia has been reported to enhance
protein levels of MCT4, not MCT1, in rat skeletal mus-
cles (Py et al., 2005). This selection of upregulation of
MCT4 protein, not MCT1 in WB muscles, allows the
increased export of lactate out of muscle cells during
hypoxia conditions.

The findings of this study present a novel mecha-
nism in which WB muscles of broilers exhibit the re-
duction of lactate contents by upregulating both LDHB
and MCT4 mRNA and protein levels. Further studies
are needed to determine the association between LDHB
and WB development and whether high expression of
LDHB in WB tissues can be a prognostic biomarker
for WB myopathy. Development of agents that target
LDHB and MCT4 protein may provide a potential ther-
apeutic treatment for reducing the incidence of WB
myopathy.
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