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Effect of early posthatch supplementation of vitamin E and
omega-3 fatty acids on the severity of wooden breast, breast
muscle morphological structure, and gene expression in the

broiler breast muscle
Ji Wang, Daniel L. Clark, Sheila K. Jacobi, and Sandra G. Velleman1

Department of Animal Sciences, The Ohio State University, Wooster OH 44691
ABSTRACT Wooden breast (WB) has arisen pri-
marily in the breast muscle of commercial broilers. It
is characterized by palpation of a rigid pectoralis
major (p. major) muscle and is under severe oxidative
stress and inflammation. Previous studies have shown
that vitamin E (VE) has antioxidant properties and
omega-3 (n-3) fatty acids have an anti-inflammatory
effect. The objectives of this study were to identify
the effects of VE and n-3 fatty acids on the severity
of WB, morphological structure of the p. major
muscle, expression of genes likely associated with WB
and to determine the most beneficial supplementation
period. A total of 210 Ross 708 broilers were
randomly assigned into 7 treatments with 10 repli-
cates of 3 birds each. The control group received a
corn–soybean meal basal diet during the entire study
(0–58 d). Supplementation of VE (200 IU/kg), n-3
fatty acids (n-6/n-3 ratio of 3.2:1), or combination of
both were fed during the starter phase (0–10 d) or
grower phase (11–24 d). All broilers were harvested
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at 58 d of age. Morphological assessment of the p.
major muscle included myofiber width, perimysial
and endomysial connective tissue space, overall
morphological structure, and scoring of WB micro-
scopically. Gene expression was measured using
nanostring analysis. Genes associated with muscle
development and growth factors, inflammation,
extracellular matrix, and glucose metabolism were
differentially expressed in the p. major muscle of the
broilers supplemented with VE in the grower diet.
Greater than 2 times more giant myofibers (�70 mm)
were found in the group supplemented with VE and
n-3 fatty acids in the starter diet compared with the
group fed VE in the grower diet (P 5 0.02). Micro-
scopic evaluation showed that VE supplementation in
the grower diet had a 16.19% increase in muscle with
no WB compared with the control group (P 5 0.05).
These data suggest that supplementation of VE
during the grower phase may reduce the severity of
WB in broilers.
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INTRODUCTION

The demand for poultry meat among consumers has
increased notably because of its lower cost, high protein,
and convenience in cooking (Bordoni and Danesi, 2017;
Mottet and Tempio, 2017). To meet consumer demand,
broilers are continuously selected for rapid growth,
improved feed conversion, and increased breast meat
yield (Brewer et al., 2012; Chatterjee et al., 2019).
Poultry meat production in 2019 is more than 5 times
of that in 1970 (National Chicken Council, 2020). How-
ever, selection for rapid growth including the breast
muscle has resulted in meat quality defects (Dransfield
and Sosnicki, 1999; Petracci et al., 2013, 2015; Tijare
et al., 2016). One of the primary myopathies, wooden
breast (WB), has emerged within the broiler industry
worldwide (Sihvo et al., 2014; Kuttappan et al., 2016;
Tasoniero et al., 2016). Wooden breast is phenotypically
characterized by a hard breast muscle on palpation
(Sihvo et al., 2014). It is estimated that around 85% of
the commercial broilers are at least mildly affected by
the WB myopathy (Kuttappan et al., 2017). This
myopathy has created considerable economic losses of
over $200 million dollars per year because of the hard-
ness of the breast muscle, lack of palatability, and prod-
uct downgrades (Sihvo et al., 2014; Kuttappan et al.,
2016).
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Histologically, WB has moderate or severe myodegen-
eration along with different levels of myofiber necrosis
(Papah et al., 2017), fibrosis (Sihvo et al., 2014;
Velleman and Clark, 2015), and inflammatory cell accu-
mulation (Sihvo et al., 2014, 2017). Gene expression
analysis and metabolomics analysis have found that
genes altered in WB muscle tissue are closely related
with muscle development (Velleman and Clark, 2015;
Abasht et al., 2016; Zambonelli et al., 2017), hypoxia
and oxidative stress (Mutryn et al., 2015; Abasht
et al., 2016; Brothers et al., 2019), response to inflamma-
tion (Mutryn et al., 2015; Zambonelli et al., 2017), cal-
cium signaling (Mutryn et al., 2015; Zambonelli et al.,
2017), and dysregulation of lipid and glucose metabolism
(Abasht et al., 2016; Brothers et al., 2019). These find-
ings are strongly suggestive that the WB myopathy is
associated with oxidative stress and inflammation.
Therefore, the severity of WB can be potentially
decreased when oxidative stress and inflammation are
reduced to levels that are not harmful to the breast
muscle.

Oxidative stress is defined as an imbalance between
oxidants and antioxidants in cells and tissues (Volj�c
et al., 2011). Reactive oxygen species are synthesized
when oxygen is not reduced completely. Oxidative stress
results when the antioxidant system is not able to
remove reactive oxygen species properly (Panda and
Cherian, 2014). Vitamin E (VE) is an antioxidant that
removes free radicals and prevents oxidative stress
(Kuttappan et al., 2012; Niki, 2016). DL-a-tocopherol
acetate is the commonly used form of VE in the poultry
industry and has high biological efficacy (Hosomi et al.,
1997; Panda and Cherian, 2014). It can remove free
radical intermediates by reacting with lipid radicals
from the lipid peroxidation chain reaction (Niki et al.,
1993). This thereby terminates the propagation reaction
from continuing and prevents cell membrane oxidation
(Niki et al., 1991). Wang et al. (2020) showed that sup-
plementation of VE (200 IU/kg) in the starter diet (0–
10 d) or grower diet (11–24 d) increased the percentage
of birds without WB affected breast muscle compared
with the control diet at 58 d of age. Additionally,
omega-3 (n-3) polyunsaturated fatty acids can reduce
inflammation and enhance muscle function (Calder,
2006; Ewaschuk et al., 2014; Yu et al., 2018). Synergistic
effects of VE and n-3 fatty acids have been shown to
reduce meat oxidation and inflammation (Taulescu
et al., 2011; El-Samee et al., 2019). Thus, reducing oxida-
tive stress and inflammation in broilers through VE and
n-3 fatty acids administration will likely have beneficial
implications on the structure of the pectoralis major (p.
major) muscle, severity of the WB myopathy, and
expression of genes related with muscle development,
oxidative stress, and inflammation.

Although previous studies have identified that VE is
an antioxidant (Kuttappan et al., 2012; Niki, 2016)
and n-3 fatty acids have anti-inflammatory effects
(Calder, 2006; Ewaschuk et al., 2014; Yu et al., 2018),
there are no published studies showing the effects of
VE and n-3 fatty acids on the morphological structure
of the p. major muscle and expression of genes likely
associated with WB. Therefore, the objectives of this
study were to identify the effects of dietary VE and n-3
fatty acids independently or in combination when sup-
plemented during the starter phase (0–10 d) or grower
phase (11–24 d) on the severity of the WB myopathy.
Assessment of the morphological structure of the p. ma-
jor muscle, and expression of genes related with muscle
formation and growth, growth factors, hypoxia, oxida-
tive stress and inflammation, extracellular matrix, cell
structure and migration, calcium regulation, and glucose
metabolism in the p. major muscle were measured to
determine the most beneficial dietary supplementation
period to mitigate WB development in broilers.
MATERIALS AND METHODS

Birds and Experimental Diets

All bird activities were approved by the Institutional
Animal Care and Use Committee of The Ohio State Uni-
versity. A total of 210 commercial Ross 708 broiler chicks
were individually wing banded and placed into pens
immediately after hatch. Broilers had ad libitum access
to feed and water. Birds were assigned to 7 experimental
groups in a completely randomized design (Figure 1).
There were 10 pens per treatment, and each pen included
3 birds. The control group was fed a corn–soybean meal
basal diet with VE (DL-a-tocopherol acetate, 10 IU/kg)
and n-3 fatty acids (n-6/n-3 ratio of 30.2:1) at a standard
level during the starter (0–10 d), grower (11–24 d), and
finisher phases (25–58 d). Additional supplemental VE
or n-3 fatty acids were fed during the starter or grower
phases. For the starter dietary supplementation, starter
VE, starter n-3, and starter VE and n-3 groups were fed
the basal starter diet supplemented at concentrations of
200 IU/kg diet of VE, n-3 fatty acids with a n-6/n-3 ratio
of 3.2:1, or a combination of both. The grower and
finisher diets were the same as the control group. For
the grower dietary supplementation, grower VE, grower
n-3, and grower VE and n-3 groups were fed the basal
grower diets supplemented at concentrations of 200
IU/kg diet of VE, n-3 fatty acids with a n-6/n-3 ratio
of 3.2:1, or a combination of both. The starter and
finisher diets were the same as the control group. Diets
were formulated to meet or exceed all NRC (National
Research Council, 1994) nutritional requirements and
recommendations in Aviagen’s Ross broiler production
handbook (Aviagen, 2016). Feed ingredients and
nutrient composition have been previously reported in
Wang et al. (2020). At 58 d of age, all broilers were har-
vested in accordance with humane and commercial
slaughter procedures. Samples of p. major muscle were
obtained from each broiler for evaluation of p. major
muscle morphology and gene expression.
Pectoralis Major Muscle Morphology

Samples for muscle histology were collected according
to Velleman et al. (2003b). In brief, after the skin was



Figure 1. Timeline of the experimental design. Broilers in the control group were fed diets with standard level (2) of Vitamin E (VE: 10 IU/kg) and
n-3 fatty acids (n-6/n-3 ratio of 30.2:1) during the entire study (0–58 d). Broilers in starter VE, starter n-3, and starter VE and n-3 groups were fed diets
with increased level (1) of VE (200 IU/kg), n-3 fatty acids (n-6/n-3 ratio of 3.2:1), or combination of both during the starter phase (0–10 d). Broilers in
grower VE, grower n-3, and grower VE and n-3 groups were fed diets with increased level of VE, n-3 fatty acids, or combination of both during the
grower phase (11–24 d). All broilers were harvested at 58 d of age (n 5 210).
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removed, muscle fibers in the anterior portion of the
muscle were dissected following the fiber orientation
and tied to wooden applicator sticks to prevent contrac-
tion. Tissue samples were fixed in 10% (vol/vol) buffered
formalin (pH 7.0) and stored at 4�C. Histological sam-
ples were processed with dehydration in a graded series
of alcohol and cleared using Pro-Par Clearant (Anatech,
Battle Creek, MI), and paraffin embedded based on the
method of Jarrold et al. (1999). Samples were then cross
sectioned at a 5 mm thickness and mounted on Starfrost
Adhesive slides (Mercedes Medical, Sarasota, FL). Each
slide contained 4 sections. The sections were stained
with hematoxylin and eosin and imaged with a QImag-
ing digital camera (QImaging, Burnaby, BC, Canada)
attached to an Olympus IX 70 microscope (Olympus
America, Mellville, NY).
Four photomicrographs from each sample were taken

for p. major muscle morphology score and WB myop-
athy score evaluation. The p. major muscle morphology
score was evaluated as described by Velleman et al.
(2003b). Samples were scored using a 1 to 5 scale by 4
trained panelists. A score of 1 was given to samples
with limited or no perimysial or endomysial connective
tissue spacing and excessive myofiber degradation and
necrosis. A score of 5 was given to samples with well-
structured muscle fiber bundles and myofibers with
ample perimysial and endomysial connective tissue
spacing. Scores of 2 to 4 were intermediate. Wooden
breast myopathy scores were recorded based on the de-
gree of fibrosis, necrosis, and immune cell infiltration,
with a score of zero representing no necrosis, fibrosis,
or immune cell infiltration, a score of 1 representing min-
imal necrosis, fibrosis, and immune cell infiltration, a
score of 2 being intermediate, and a score of 3 represent-
ing severe necrosis, fibrosis, and immune cell infiltration.
Myofiber diameter and perimysial and endomysial

width were measured from 4 photomicrographs. At least
20 measurements were taken in each photomicrograph
using Image Pro software (Media Cybernectics,
Bethesda, MD). Myofiber widths were grouped into
the following categories based on Clark et al. (2017):
small (fiber width , 20 mm), intermediate
(20 mm � fiber width , 40 mm), large (40 mm � fiber
width , 70 mm), and giant fibers (fiber width � 70 mm).

Nanostring nCounter Gene Expression
Analysis

About 0.50 g of p. major muscle samples were
collected and maintained in RNAlater (Ambion, Grand
Island, NY). After 24 h, RNAlater was removed and the
samples were stored at220�C until RNA extraction. To-
tal RNA was extracted from p. major muscle samples us-
ing RNAzol RT (Molecular Research Center,
Cincinnati, OH) according to manufacturer’s protocol.
Gene expression analysis was completed by Nanostring
nCounter Analysis (Nanostring Technologies, Seattle,
WA) following the procedure described in Geiss et al.
(2008). Genes whose expression is associated with mus-
cle formation and growth, growth factors, hypoxia,
oxidative stress and inflammation, extracellular matrix,
cell structure and migration, calcium regulation, and
glucose metabolism were selected as target sequences
to be measured (Table 1). Codesets containing reporter
and capture probes for target sequences were designed
by Nanostring (Nanostring Technologies, Seattle,
WA). The RNA samples were hybridized to the codsets,
incubated for 16 h, and digitally analyzed for
quantification.

Statistical Analysis

Data of fiber width, perimysial and endomysial width,
and morphology score were analyzed as a completely
randomized design using PROC MIXED procedure of
SAS version 9.4 software (SAS Institute INC., Cary,
NC). Wooden breast score was analyzed with PROC
GENMOD procedure of SAS. Individual pen was identi-
fied as the experimental unit. Dietary treatments were
used as a fixed effect. Least square means were estimated
with the LSMEANS procedure and separated with the
PDIFF option. Significance was accepted at P � 0.05.
Gene expression is presented as fold changes and was
analyzed with the Nanostring nSolver version 4.0



Table 1. List of genes analyzed by Nanostring nCounter gene expression
analysis.

Accession number Symbol Gene name

Muscle formation and growth
NM_204214.2 MYOD1 Myogenic differentiation 1
NM_204184.1 MYOG Myogenin
NM_205065.1 PAX7 Paired box 7

Growth factors
NM_001001461.1 MSTN Myostatin
NM_001318456.1 TGFB1 Transforming growth factor beta 1
NM_205433.1 FGF2 Fibroblast growth factor 2

Hypoxia, oxidative stress, and inflammation
NM_204297.1 HIF1A Hypoxia inducible factor 1 subunit alpha
NM_001318460.1 TRPA1 Transient receptor potential cation

channel subfamily A member 1
NM_001163245.1 GPX7 Glutathione peroxidase 7
NM_204524.1 IL1B Interleukin 1, beta
XM_025153162 SELE Selectin E

Extracellular matrix
XM_025144131.1 COL1A1 Collagen type 1 alpha 1 chain
NM_205380.2 COL3A1 Collagen type 3 alpha 1 chain
NM_001162399.3 COL4A1 Collagen type 4 alpha 1 chain
NM_001030747.2 DCN Decorin
NM_001007869.1 SDC4 Syndecan-4
NM_001305060.2 GPC1 Glypican-1

Cell structure and migration
NM_001039254.2 ITGB1 Integrin subunit beta 1
NM_204127.1 ACTN1 Actin, alpha 1

Calcium regulation
XM_015272496.1 RYR1 Ryanodine receptor 1

Glucose metabolism
NM_205284.1 LDHA Lactate dehydrogenase A

Housekeeping genes
NM_204902.2 HMGB1 High mobility group box 1
NM_204861.1 ANPEP Alanyl aminopeptidase, membrane
NM_001007479.1 RPL4 Ribosomal protein L4
XM_424881.6 FNTA Farnesyltransferase, CAAX box, alpha
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software (Nanostring Technologies, Seattle, WA). Fold
change for each gene was calculated as the ratio between
each dietary treatment and the control group. If ratio
was higher than 1, fold change was equal to the ratio.
If ratio was lower than 1, fold change was the negative
inverse of the ratio. Fold differences of gene expression
among the dietary treatments were calculated as fold
changes. If one of the fold changes were positive and
another was negative, the fold difference of gene expres-
sion between the 2 treatments was calculated as the per-
centage of the multiplication of their fold changes
subtracted from 100%. If the fold changes were both
positive or negative, the fold difference of gene expres-
sion between the 2 treatments was calculated as the per-
centage of the division of their fold changes subtracted
from 100%. Heatmap was generated by RStudio version
3.5.2 with the R pheatmap package (RStudio INC.,
Boston, MA).
RESULTS

Pectoralis Major Muscle MyofiberWidth and
Perimysial and Endomysial Space

Pectoralis major muscle myofiber width from all treat-
ments is shown in Table 2. The average myofiber width
and percentage of intermediate myofiber width
(20 mm � fiber width , 40 mm) were not significantly
different among the dietary treatments (P. 0.05). How-
ever, there was a trend that broilers supplemented with
n-3 fatty acids during the grower phase (11–24 d) had a
42% increase of small myofibers (fiber width , 20 mm)
compared with VE supplemented broilers in the starter
phase (0–10 d; P 5 0.09). Broilers fed dietary VE (200
IU/kg) in the starter phase had 1.14 times of large myo-
fibers (40 mm � fiber width , 70 mm) than broilers fed
dietary n-3 fatty acids (n-6/n-3 ratio of 3.2:1) in the
grower phase (P5 0.03). Meanwhile, 2.10 times of giant
myofibers with widths greater than 70 mm were identi-
fied in the group supplemented with VE and n-3 fatty
acids in the starter phase compared with the group sup-
plemented with VE in the grower phase (P 5 0.02).
There was no significant difference of the dietary treat-
ments in perimysial or endomysial connective tissue
space in any of the treatment groups as shown in
Table 3 (P . 0.05).
Morphology Score and Wooden Breast
Score

Figure 2 shows representative photomicrographs of
the p. major muscle histology with morphology scores



Table 2. Effect of vitamin E and omega-3 fatty acids on fiber width of pectoralis major muscle of broilers.

Item

Treatments1

SEM P-valueControl Starter VE Starter n-3 Starter VE and n-3 Grower VE Grower n-3 Grower VE and n-3

Average fiber width, mm 45.87 47.54 46.55 47.90 45.36 46.75 46.75 0.42 0.71
Fiber width ,20 mm, % 6.25 4.47 6.17 5.64 5.97 6.33 6.75 0.33 0.68
20 mm � Fiber width ,40 mm, % 30.41 28.41 29.62 29.34 32.04 31.74 29.43 0.70 0.83
40 mm � Fiber width ,70 mm, % 55.38a,b 58.85a 55.10a,b 52.46a,b 56.02a,b 51.74 b 54.70a,b 0.79 0.38
Fiber width �70 mm, % 7.96a,b 8.27a,b 9.11a,b 12.56a 5.97 b 10.19a,b 9.12a,b 0.66 0.34

a-bValues within a row without a common letter are significantly different (P � 0.05).
1Broilers in the control groupwere fed diets with standard level of vitamin E (VE; 10 IU/kg) and omega-3 (n-3) fatty acids (n-6/n-3 ratio of 30.2:1) during

the entire study (0–58 d). Supplementation of additional VE (200 IU/kg), n-3 fatty acids (n-6/n-3 ratio of 3.2:1), or combination of both was performed
during the starter phase (0–10 d) or grower phase (11–24 d).
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of 1 to 5. Figure 2A shows samples with a score of 1 with
indistinct myofibers and limited or no perimysial or
endomysial connective tissue space. Figure 2B shows
samples with a score of 2 with excessive regenerating
and hypertrohic fibers and limited perimysial or endo-
mysial connective tissue space. Figure 2C shows samples
with a score of 3 with intermediate regenerating fibers
and perimysial or endomysial connective tissue space.
Figure 2D shows samples with a score of 4 with minimal
regenerating fibers and ample perimysial and endomysial
connective tissue space. Figure 2E shows samples with a
score of 5 with distinct myofibers and ample perimysial
and endomysial connective tissue space. Vitamin E sup-
plementation during the grower phase significantly
increased morphology scores by 16% compared with
the group supplemented with n-3 fatty acids in the
grower phase (P 5 0.04; Table 3).
Representative images of WB scores of 0 to 3 are

shown in Figure 3. Figure 3A shows samples with a score
of 0 with no necrosis, fibrosis, or immune cell infiltration,
indicating no WB myopathy in the p. major muscle.
Figure 3B shows samples with a score of 1 with minimal
necrosis, fibrosis, and immune cell infiltration, indicating
mild WB myopathy. Figure 3C shows samples with a
score of 2 shows samples with intermediate necrosis,
fibrosis, and immune cell infiltration, indicating moder-
ate WB myopathy. Figure 3D shows samples with a
score of 3 with extensive fibrosis, necrosis, and immune
cell infiltration, indicating severe WB myopathy.
Figure 4 shows extensive mononucleated inflammatory
cell infiltration associated with WB myopathy.
Table 3. Effect of vitamin E and omega-3 fatty acids on perimysial
pectoralis major muscle of broilers.

Item

Treatm

Control Starter VE Starter n-3 Starter VE and n

Perimysium, mm 21.97 23.37 21.46 21.09
Endomysium, mm 7.16 7.08 7.05 7.35
Morphology score2 2.70a,b 2.57a,b 2.68a,b 2.65a,b

a-bValues within a row without a common letter are significantly different (
1Broilers in the control groupwere fed diets with standard level of vitamin E (

the entire study (0–58 d). Supplementation of additional VE (200 IU/kg), n-3
during the starter phase (0–10 d) or grower phase (11–24 d).

2Scoring scale of 1 to 5 was used for pectoralis major muscle morphology ev
tissue space, and excessive myofiber degradation were given a score of 1. Sam
connective tissue spacing and well-structured muscle fibers. Score of 2 to 4 are
Table 4 shows the WB score of broiler p. major muscle
in the dietary treatments. The percentage of WB score
zero was increased 16.19% in the broilers supplemented
with VE during the grower phase compared with the
control group (P 5 0.05). Supplementation of n-3 fatty
acids in the grower diet increased the percentage of
WB score 1 compared with the group supplemented
with n-3 fatty acids in the starter diet (P 5 0.03) and
VE in the grower diet (P 5 0.01). When the broilers
were fed dietary n-3 fatty acids during the starter phase,
the percentage of WB score 2 was increased compared
with the control group (P 5 0.04). Supplementation of
n-3 fatty acids in the starter diet decreased the percent-
age of WB score 3 compared with supplementation of
VE in the grower diet (P 5 0.02).
Nanostring nCounter Gene Expression

Figure 5 depicts the gene expression heatmap of p. ma-
jor muscle of the broilers supplemented with different di-
etary treatments. The data reveal differential gene
expression among treatments. Normalized gene expres-
sion abundance is color-coded according to the legend.
Redness represents upregulation of genes, whereas blue-
ness represents downregulation of genes compared with
the control group. Gene fold changes are in Table 5. In
terms of muscle formation and growth, supplemental
VE in the grower diet had a 14% increase of expression
of myogenic differentiation factor 1 (MYOD1;
P5 0.04) compared with VE and n-3 fatty acids supple-
mentation in the starter diet. Expression of transforming
and endomysial connective tissue space and morphology score of

ents1

SEM P-value-3 Grower VE Grower n-3 Grower VE and n-3

22.34 20.33 19.9 0.77 0.93
7.05 6.83 7.26 0.11 0.97
2.85a 2.46b 2.57a,b 0.05 0.48

P � 0.05).
VE; 10 IU/kg) and omega-3 (n-3) fatty acids (n-6/n-3 ratio of 30.2:1) during
fatty acids (n-6/n-3 ratio of 3.2:1), or combination of both was performed

aluation. Samples with limited or no perimysial or endomysial connective
ples with morphology score of 5 have ample perimysial and endomysial
intermediate.



Figure 2. Representative photomicrographs of pectoralis major muscle with morphology score of 1 (A), 2 (B), 3 (C), 4 (D), and 5 (E). Samples with
limited or no perimysial or endomysial connective tissue space, and excessive myofiber degradation were given a score of 1. Samples with morphology
score of 5 have ample perimysial and endomysial connective tissue spacing and well-structured muscle fibers. Score of 2 to 3 are intermediate. Scale
bar 5 100 mm. Abbreviations: D, distinct myofiber; E, endomysial connective tissue; H, hypertrohic myofiber; P, perimysial connective tissue;
R, regenerating myofiber.
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growth factor beta 1 (TGFB1) in the broilers supple-
mented with VE and n-3 fatty acids during the starter
phase was 1.40 times of expression in VE supplemented
broilers during the grower phase (P5 0.02).With regard
to genes associated with hypoxia, oxidative stress, and
inflammation, broilers fed VE supplementation in the
grower diet had an 1.41 times of expression of transient
receptor potential cation channel subfamily A member 1
(TRPA1) compared with the broilers fed supplemental
n-3 fatty acids during the grower phase (P 5 0.05).
Expression of selectin E (SELE) was increased when
broilers were fed dietary VE in the grower diet compared
with the control diet (P 5 0.02), dietary VE in the
starter diet, or dietary n-3 fatty acids in the grower
diet (P 5 0.01). Extracellular matrix membrane associ-
ated gene, syndecan-4 (SDC4), had a 1.34 times in-
crease in expression in p. major muscle of broilers
supplemented with VE and n-3 fatty acids in the grower
diet compared with the control group (P 5 0.03).
Expression of lactate dehydrogenase A (LDHA), an
enzyme involved in glucose metabolism, expression was
increased 1.17 times in the VE group supplemented dur-
ing the grower phase compared with the n-3 fatty acids
group supplemented during the starter phase (P5 0.05).
DISCUSSION

A previous study identified the effect of VE and n-3
fatty acids on phenotypic WB severity (Wang et al.,
2020) and found that supplementation of dietary VE
during the starter phase or grower phase reduced the
incidence of WB myopathy. However, some birds that
were phenotypically identified as normal by palpation
on microscopic evaluation of the morphological struc-
ture of the p. major muscle had damage consistent
with WB (Velleman and Clark, 2015). Therefore, the
present study examined the effects of dietary supple-
mented VE and n-3 fatty acids independently or in com-
bination during the starter phase (0–10 d) or the grower
phase (11–24 d) on p. major muscle structure and



Figure 3. Representative photomicrographs of pectoralis major muscle samples with wooden breast (WB) score of 0 (A), 1 (B), 2 (C), and 3 (D).
The WB myopathy score were evaluated based on the degree of fibrosis, necrosis, and immune cell infiltration, with a score of zero representing no
necrosis, fibrosis, or immune cell infiltration, a score of 1 representing minimal, a score of 2 being intermediate, and a score of 3 representing severe
necrosis, fibrosis, and immune cell infiltration. Scale bar 5 100 mm. The boxes contain enlargements of the collagen. Abbreviations: *, Collagen;
E, endomysial connective tissue; I, immune cell infiltration; N, necrotic myofibers; P, perimysial connective tissue.
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expression of genes likely associated with WB in a meat-
type commercial broiler line. Specifically, the p. major
muscle morphological structure and expression of genes
related to muscle formation and growth, growth factors,
hypoxia, oxidative stress and inflammation, extracel-
lular matrix, cell structure and migration, calcium regu-
lation, and glucose metabolism were examined.
More than 2 times more giant myofibers were identi-

fied in the broilers supplemented with VE and n-3 fatty
acids during the starter phase compared with VE supple-
mentation during the grower phase. The giant myofibers
Figure 4. Immune cell infiltration associated with wooden breast
myopathy. Scale bar 5 100 mm. Abbreviations: *, collagen; I, immune
cell infiltration; N, necrotic myofibers.
are closely related with the process of muscle growth and
development. By the time of hatch, postnatal myofiber
growth is dependent on a myogenic stem cell population
called satellite cells as myoblasts have withdrawn from
the cell cycle, and muscle fiber formation is complete
at hatch (Smith, 1963). Satellite cells fuse with multinu-
cleated myofibers, donate their nuclei, and increase pro-
tein synthesis capabilities (Moss and Leblond, 1971).
This results in muscle growth through hypertrophy or
the enlargement of existing muscle fibers. Selection for
increased breast muscle mass frequently results in large
and giant myofibers, which restrict available space for
the circulatory system and are thus more prone to oxida-
tive stress associated with the WB myopathy
(Dransfield and Sosnicki, 1999; Velleman et al., 2003a).
This is consistent with the WB score showing that
broilers supplemented with VE and n-3 fatty acids in
the starter diet had a higher severity of WB than the
broilers fed VE in the grower diet.

Broilers supplemented with VE in the grower diet had
the most improved muscle morphological structure. The
same results were found in histological WB severity
showing that VE supplementation during the grower
phase had increased number of p. major muscles with
no WB. This is consistent with previous study suggest-
ing that VE supplementation reduced the incidence
and severity of phenotypic WB myopathy (Wang
et al., 2020). The improved morphology indicates that
the samples had more distinct myofibers and lower level
of myofiber degeneration. The degeneration process
starts with disruption of sarcolemma (Straub et al.,



Table 4. Effect of vitamin E and omega-3 fatty acids on wooden breast score of pectoralis major muscle of broilers.

Item

Treatments1

SEMControl Starter VE Starter n-3 Starter VE and n-3 Grower VE Grower n-3 Grower VE and n-3

Wooden breast score2

Score 0, % 70.85b 65.82b 70.16b 70.37b 82.32a 58.88b 68.71b 0.05
Score 1, % 16.75a,b,c,d,e 26.67a,b 14.68c,d,e 20.38a,b,c,d 7.00e 27.78a 21.42a,b,c 0.04
Score 2, % 8.26b 4.01b 14.16a 4.81b 3.67b 8.52a,b 7.60b 0.02
Score 3, % 4.14a,b 3.50a,b 1.00b 4.44a,b 7.01a 4.82a,b 2.27a,b 0.02

a-eValues within a row without a common letter are significantly different (P � 0.05).
1Broilers in the control groupwere fed diets with standard level of vitaminE (VE; 10 IU/kg) and omega-3 (n-3) fatty acids (n-6/n-3 ratio of 30.2:1)

during the entire study (0–58 d). Supplementation of additional VE (200 IU/kg), n-3 fatty acids (n-6/n-3 ratio of 3.2:1), or combination of both was
performed during the starter phase (0–10 d) or grower phase (11–24 d).

2Wooden breast (WB) scores were based on the degree of fibrosis, necrosis, and immune cell infiltration. Score 05 noneWB, score 15mildWB,
score 2 5 moderate WB, score 3 5 severe WB.
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1998). Necrosis is thereby initiated as calcium influx
from the sarcoplasmic reticulum which results in activa-
tion of a calcium-dependent protease called calpain
(Dargelos et al., 2008). Immune cells such as heterophils
and macrophages are recruited to help clear the
damaged myofibers (Brigitte et al., 2010; Chazaud,
2016). This reactivates satellite cell–mediated regenera-
tion process by reentering the cell cycle, undergoing pro-
liferation, differentiation, and fusion with existing
muscle fibers (Snow, 1977, 1978; Straub et al., 1998).
Figure 5. Heatmap for pectoralis major muscle of broilers with
different early posthatch dietary treatments. The heatmap was gener-
ated by RStudio with the R pheatmap package (RStudio INC., Boston,
MA) using the expression of each gene (in rows) and treatments (in col-
umns). The normalized expression values are color-coded according to
the legend. Broilers in the control group were fed diets with standard
level of Vitamin E (VE) (10 IU/kg) and n-3 fatty acids (n-6/n-3 ratio
of 30.2:1) during the entire study (0–58 d). Broilers in starter VE, starter
n-3, and starter VE and n-3 groups were fed diets with increased level of
VE (200 IU/kg), n-3 fatty acids (n-6/n-3 ratio of 3.2:1), or combination
of both during the starter phase (0–10 d). Broilers in grower VE, grower
n-3, and grower VE and n-3 groups were fed diets with increased level of
VE, n-3 fatty acids, or combination of both during the grower phase
(11–24 d). All broilers were harvested at 58 d of age (n 5 210).
When the satellite cells are not able to repair the
damaged myofibers to its original structure, fibrosis
with connective tissue replacing the myofibers is ampli-
fied and the severity of WB myopathy can be enhanced
(Sihvo et al., 2014). Velleman et al. (2018) have found
smaller fibers present in WB affected muscle. This is
also consistent with the current study that more small
myofibers were found in the n-3 fatty acid supplementa-
tion group during the grower phase along with a higher
severity of WB compared with the VE supplementation
group during the starter phase.
Genes associated with muscle formation and growth

factors were differentially expressed in the dietary treat-
ments. When broilers were fed dietary VE in the grower
diet, expression ofMYOD1was increased compared with
the group supplemented with VE and n-3 fatty acids in
the starter diet. This indicates increased proliferation
and regeneration levels in the broilers, as regeneration
has been shown to result in increased expression of
MYOD1 (F€uchtbauer and Westphal, 1992). Higher
regeneration levels are also indicated by decreased
expression of TGFB1, which is a strong inhibitor of
myogenic proliferation and differentiation (Massague
et al., 1986; Rizzino, 1988). With higher proliferation po-
tential, satellite cell-mediated repair is likely increased
leading to a reduced severity of WB. This is consistent
with Velleman and Clark (2015) who reported that
expression of TGFB1 was decreased when broilers were
not affected with WB myopathy compared with affected
birds.
With regard to hypoxia and oxidative stress and

inflammation, expression of TRPA1 and SELE were
increased in the VE supplementation group during the
grower phase. The TRPA1 is a subfamily of transient re-
ceptor potential cation channel regulators of calcium
level (Zurborg et al., 2007) and mediate inflammation
(Bautista et al., 2006; Moilanen et al., 2012). It is acti-
vated by G protein-coupled receptors leading to
increased intracellular calcium (Hardie et al., 2001;
Bandell et al., 2004). Dysregulated calcium homeostasis
results in degeneration (Petracci et al., 2015). The SELE
is an endothelial leukocyte adhesion molecule (Fries
et al., 1993; De Luca et al., 1994) and is involved in
chronic and acute inflammation processes in muscle



Table 5. Effect of vitamin E and omega-3 fatty acids on relative expression (fold change1) of genes in pectoralis major muscle of broilers.

Item

Treatments2

Starter VE Starter n-3 Starter VE and n-3 Grower VE Grower n-3 Grower VE and n-3

Muscle formation and growth
MYOD1 Myogenic differentiation 1 1.03 21.01 21.09 1.05 21.06 1.01
MYOG Myogenin 21.00 1.13 1.20 1.05 1.08 1.09
PAX7 Paired box 7 1.02 1.01 1.01 21.06 21.07 1.05

Growth factors
MSTN Myostatin 1.02 21.01 21.02 21.04 21.16 21.06
TGFB1 Transforming growth factor beta 1 21.21 1.03 1.10 21.27 21.13 1.13
FGF2 Fibroblast growth factor 2 21.02 21.06 21.09 21.07 1.11 21.05

Hypoxia, oxidative stress and inflammation
HIF1A Hypoxia inducible factor 1 subunit alpha 21.01 21.07 1.05 21.01 21.02 1.11
TRPA1 Transient receptor potential cation

channel subfamily A member 1
21.08 1.10 21.12 1.13 21.25 21.22

GPX7 Glutathione peroxidase 7 21.08 1.02 21.05 21.01 1.03 21.07
IL1B Interleukin 1, beta 1.05 1.01 1.17 1.09 21.14 1.31
SELE Selectin E 21.07 1.06 1.03 1.29 21.09 21.19

Extracellular matrix
COL1A1 Collagen type 1 alpha 1 chain 21.11 21.02 21.11 21.08 1.13 1.02
COL3A1 Collagen type 3 alpha 1 chain 21.13 1.00 21.03 21.05 1.05 21.02
COL4A1 Collagen type 4 alpha 1 chain 1.05 1.00 1.02 1.07 1.09 1.04
DCN Decorin 21.1 21.01 21.03 21.12 1.02 21.03
SDC4 Syndecan-4 21.00 1.02 1.11 1.03 21.09 1.34
GPC1 Glypican-1 21.09 21.04 1.00 21.04 21.03 1.01

Cell structure and migration
ITGB1 Integrin subunit beta 1 21.06 21.04 21.00 1.01 1.01 1.01
ACTN1 Actin, alpha 1 21.21 21.08 21.05 21.14 21.14 1.13

Calcium regulation
RYR1 Ryanodine receptor 1 1.05 1.03 21.05 1.09 21.03 21.04

Glucose metabolism
LDHA Lactate dehydrogenase A 21.02 21.08 21.12 1.08 21.07 21.18

1The fold change for each gene was calculated as the ratio between treatments and control group. If ratio is higher than 1, fold change is equal to the ratio.
If ratio is lower than 1, fold change is the negative inverse of the ratio.

2Broilers in the control groupwere fed diets with standard level of vitamin E (VE; 10 IU/kg) and omega-3 (n-3) fatty acids (n-6/n-3 ratio of 30.2:1) during
the entire study (0–58 d). Supplementation of additional VE (200 IU/kg), n-3 fatty acids (n-6/n-3 ratio of 3.2:1), or combination of both was performed
during the starter phase (0–10 d) or grower phase (11–24 d).
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(Lundberg, 2000; Ley, 2003). It is stimulated by cyto-
kines and then recruits leukocytes to inflammatory sites
(Ley et al., 1998; Patel et al., 2002). Adhesions between
endothelial cells and extracellular matrix help them
interact with each other and exchange information
thereby improving migration and proliferation
(Ruoslahti and Pierschbacher, 1987). Increased migra-
tion and proliferation are suggestive of a greater degree
of myofiber regeneration. This may also explain why
broilers fed additional VE in the grower diet had a
reduced severity of WB as SELE was increased
compared with the control group suggesting the presence
of myofiber regeneration. Changes in expression level of
genes related with myofiber regeneration and muscle ion
homeostasis have been identified in Zambonelli et al.
(2017). They found that the differentially expressed
genes in WB affected breasts were involved in muscle
development and calcium signaling pathway. Altered
calcium levels have also been found in p. major muscle
of 2-wk-old broilers before WB phenotype has been
detected at market age (Lake et al., 2019).
Expression of SDC4 was increased in the broilers fed

VE and n-3 fatty acids in the grower diet compared
with the control group. Syndecan 4 is a transmembrane
heparan sulfate proteoglycan and is involved in focal
adhesion formation and cell migration (Longley et al.,
1999; Couchman, 2003). It regulates focal adhesion by
activating protein kinase C alpha through the SDC4
cytoplasmic domain (Woods and Couchman, 1992; Lee
et al., 1998; Lim et al., 2003; Shin et al., 2013). Down-
stream signaling is then initiated and activates Ras ho-
molog family member A to modulate focal adhesion,
cell migration, and proliferation (Woods et al., 2000;
Dovas et al., 2006). Increased expression of SDC4 in
the group supplemented with VE and n-3 fatty acids
in the grower diet is suggestive of cell migration which
is necessary for the repair and regeneration process.

Another differential expressed gene is LDHA which
was increased in the broilers supplemented with VE in
the grower diet compared with n-3 fatty acids supple-
mentation in the starter diet. The LDHA is an enzyme
regulating conversion between lactate and pyruvate
(Cahn et al., 1962). Lactic acid is produced by glycolytic
metabolism as p. major muscle is composed of type 2B
fibers, which is an anaerobic muscle fiber. Higher muscle
mass as a result of selection restricts available space for
circulatory system (Dransfield and Sosnicki, 1999).
With insufficient circulatory system, lactic acid cannot
be removed sufficiently and will be retained in the muscle
decreasing pH and result in muscle damage (Velleman
et al., 2003a). Abasht et al. (2019) has identified dysre-
gulation of lipid and glycolytic metabolism in the breast
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muscle of the broilers with high feed efficiency, which are
more prone to have WB. Higher levels of LDHA has a
greater potential of lactate and pyruvate conversion
and thus reducing the severity of WB. This has also
been identified in Zhao et al. (2020) that LDHA expres-
sion level was decreased in WB affected tissues.

In conclusion, VE supplementation during the grower
phase (11–24 d) showed a beneficial effect on improving
muscle morphology and reducing the severity of WB
myopathy. Genes related with muscle development
and growth factors, response to inflammation, extracel-
lular matrix, and glucose metabolism were differentially
expressed because of early posthatch dietary treatments.
Overall, muscle morphological results are consistent
with changes in gene expression indicating a positive ef-
fect of VE supplementation during the grower phase on
reducing the incidence and severity of WB myopathy.
The current research represents an initial study evalu-
ating the effect of VE and n-3 fatty acids on morpholog-
ical structure of the p. major muscle and expression of
genes likely associated with WB. Future research needs
to be focused on determining the most beneficial supple-
mentation concentration and administration period of
VE on reducing the severity of the WB myopathy.
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