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The growing demand for poultry meat and the eco-
nomic considerations related to the short production cycle 
have led to the intensification of livestock production (3). 
One of the most rapidly developing fields of domestic 
animal production are turkeys (17), in which the inten-
sive genetic selection over the last decade has markedly 
improved reproductive capacity, growth rate, and dress-
ing percentage (1). However, the continuing progress in 
improving body weight and muscle weight in turkeys has 
contributed to metabolic and physiological disorders in 
muscle tissue structure and has had an adverse impact on 
the immunity and health of the birds (23).

The greatest concern in the poultry industry is PSE 
(pale, soft, exudative) meat, which is characterized by 
light colour, soft texture and reduced water-binding 

capacity (22). The low water-holding capacity of such 
meat limits its processing suitability, while the unnatu-
rally light colour and soft texture make it less valuable as 
culinary meat (34), which results in enormous economic 
losses, lower yield, and reduced quality of the meat raw 
material (3, 4). The development of PSE meat is caused 
by acute stress experienced by animals immediately 
prior to slaughter (34). This causes a rapid breakdown of 
muscle glycogen, and the large amounts of the resulting 
lactic acid lead to muscle acidification (i.e. low pH 24 h 
post mortem), protein denaturation, and reduced water-
holding capacity (8).

The frequency of PSE meat is related to stress-inducing 
factors, which have an impact on blood biochemical 
characteristics (28). The literature documents many 
physiological parameters indicative of stress in poultry. 
According to Puvadolpirod and Thaxton (27), one of the 
major indicators of stress in birds is the concentration 
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Summary

The increasing production potential of birds is correlated with a lower health and immune potential, resulting 
in the appearance of numerous meat quality defects. The greatest concern for gallinaceous poultry (chickens 
and turkeys) is PSE meat, which is characterized by light colour, soft texture and a reduced water-binding 
capacity. The aim of the study was to compare plasma corticosterone concentration, muscle fibre diameter, 
and the apoptotic markers between normal and pale, soft, exudative (PSE) turkey breast muscles. The results 
show, that the PSE group is characterized by a significantly higher plasma corticosterone concentration and 
a significantly greater muscle fibre diameter at 30 min post mortem compared to the normal group. The time 
of refrigerated storage (4°C) of meat contributes significantly to reducing muscle fibre diameter in the PSE 
group at 24 h post mortem compared to 30 min post mortem. Additionally, the results obtain showed that the 
caspase-3 activity at 30 min post mortem increased significantly in the turkey breast muscles of PSE compared 
with the normal group. Moreover, the PSE group demonstrated the higher apoptotic potential measured in 
the breast muscle of turkey compared with the normal group. It is stated from the obtained results that the 
incidence of PSE meat in turkeys may be associated with their higher susceptibility to stress factors and stress-
induced pathological states.
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of corticosterone, the main stress hormone, the blood 
concentration of which is 100 times as high as that of 
cortisol (14).

Stress response is tightly linked to meat quality such as 
colour, drip loss, or pH (32). Previous studies have shown 
that the first step of the conversion of muscle to meat is 
the apoptotic cell death (11). Apoptosis or programmed 
cell death is a highly conserved biological process that 
plays an important role in multicellular organisms, both 
during development, where it ensures the elimination of 
superfluous tissues, and in adulthood, where it is criti-
cal for maintenance of tissue homeostasis. In the case 
of skeletal muscle tissue, immediately after slaughter, 
after bleeding all skeletal muscle fibres will be deprived 
of oxygen and nutrients and rapidly undergo the apop-
tosis programme. Programmed cell death is triggered 
by external (death receptor pathway) or internal stimuli 
(mitochondrial pathway). In the intrinsic pathway, the 
cells undergo apoptosis because of cell stress, while the 
extrinsic pathway is induced by signals from other cells. 
Both pathways initiate apoptosis by activating caspases. 
However, Huang et al. (12) suggested that the intrinsic 
pathway, involving caspase-3 activation and cytochrome 
c release from mitochondria to the cytoplasm, is the main 
apoptosis pathway during the conversion of muscle into 
meat. Moreover, earlier studies have also demonstrated 
the significance of PSE syndrome in programmed cell 
death (9). Therefore the expectations of producers and 
consumers as to explaining the increasing incidence of 
meat defects, which affect its quality, entail performing 
detailed studies of muscle tissue structure. The aim of the 
study was to compare plasma corticosterone concentra-
tion and muscle fibre diameter, the post mortem apoptotic 
markers between normal and PSE turkey breast muscles.

Material and methods
From 238 turkey hens (BUT-9 line) derived from one flock, 

a total of 54 boneless skinless whole turkey breast muscles 
were collected from the deboning lines of a local commercial 
processing plant ‘Eco-drób’ in Lubomierz. The birds were 16 
weeks old and their live weight was 9.5 kg. The L* values 
were measured with a colorimeter on a total of 238 breast 
muscles on the deboning line to determine one of two colour 
categories according to Owens et al. (22) criteria; namely 
normal group (n = 30) having L* values lower than 53 and 
PSE group (n = 24) having L* values greater than 53. Colour 
was measured on the cranial, medial surface (bone side) in 
an area free of obvious colour defects.

To determine corticosterone concentration, immedi-
ately after slaughter the blood samples were collected from 
each bird in heparinised tubes containing sodium fluoride 
and stored 1 h at 4°C, after which they were centrifuged 
at 4,000 rpm for 20 min to remove blood cells and obtain 
plasma. Individual plasma samples from each turkey were 
kept at –20°C until analysis. Plasma corticosterone levels 
were measured by enzyme-immunoassay using a commer-
cial kit (Diagnostic Systems Laboratories, USA) according 
to the manufacturer’s instructions. All samples were run in 
duplicate and kit calibrators and controls were included in 
each analysis. Absorbance was measured at 450 nm, with 

a reference wave length of 650 nm, in an ELISA Microplate 
Reader (Sirio-S, Canada).

Moreover, to determine muscle fibre size, the experiment 
used breast muscle fragments of turkey hens, collected from 
the left carcass side 30 min post mortem, and after 24, 48 
and 72 h of refrigerated storage (4°C). Tissue samples were 
frozen in isopentane cooled with liquid nitrogen and stored 
at –80°C until analysis. Material prepared in this way was 
mounted on specimen holders using frozen tissue medium, 
and then cut on a cryostat (Slee MEV, Germany) at –20°C 
into 10 µm-thick sections. Frozen sections were fixed on 
Super-Frost glass slides treated with Poly-L-lysine solution. 
To contrast breast muscle sections, cryopreparations were 
stained with hematoxylin and eosin, and after dehydrating 
in a graded ethyl alcohol series, they were cleared in xylene 
and embedded in Canada balm.

For the evaluation of apoptotic nuclei, the cryoprepara-
tions from 30 min post mortem were used and apoptotic 
nuclei were detected using the ApopTag Plus Peroxidase In 
Situ Apoptosis Detection Kit (Chemicon International, Mel-
bourne, Australia) following the manufacturer’s protocol. In 
brief, frozen muscle sections were fixed in 1% paraformal-
dehyde for 10 min at RT, post-fixed in precooled ethanol: 
acetic acid 2 : 1 for 5 min at –20°C, and blocked in 3% H2O2 
for 5 min at RT to quench endogenous peroxidase activity. 
Samples were incubated in an equilibration buffer for 10 min 
at RT in a humidified chamber, after which working strength 
TdT enzyme was added to sections, which were incubated in 
a humidified chamber at 37°C for 1 h. The slides were then 
rinsed with wash buffer for 10 min at RT followed by a 5 min 
PBS (phosphate-buffered saline) wash. Excess of liquid was 
tapped off and the anti-digoxigenin conjugate was applied 
directly to the specimens and incubated for 30 min at RT in 
a humidified chamber. After rinsing in PBS, apoptotic cells 
were visualized by the addition of DAB solution. A nega-
tive control was performed without active TdT enzyme to 
control for non-specific incorporation of nucleotides or for 
nonspecific binding of enzyme conjugate. All the sections 
were dehydrated through an increased series of ethanol and 
mounted under glass with DPX.

The enzymatic activity of caspase-3 in the breast muscle 
samples of turkey hens, collected from the left carcass side 
30 min post mortem, was determined in a tissue homogenate 
using the ready-to-use Fluorometric Assay Kit (K105-100, 
Bio Vision, Inc., Milpitas, Calif., USA) according to the man-
ufacturer’s instructions. Briefly, tissue samples were homog-
enized in a lysis buffer (100 mg tissue per 300 µl buffer) and 
centrifuged (12000 × g, 20 min, 4°C). Supernatants were col-
lected and total protein concentrations were determined by 
the bicinchoninic acid (BCA) protein assay. Next, a 100 µg 
aliquot of protein from each sample or blank control were 
transferred in duplicate to 96-well microplates. Immediately 
after a 2 h incubation at 37°C in a reaction buffer with sub-
strate, fluorescence at 400 nm excitation and 505 nm emis-
sion was read in a Fluorescence Microplate Reader FLx800 
(BioTek Instruments, Winooski, Vt., USA). The activity of 
caspase-3 in the samples of PSE breast muscle group was 
normalized and expressed as the percentage activity relative 
to the normal breast muscle group (see at 100%).

Microscopic preparations were analysed under a Nikon 
E600 light microscope (Japan), and the measurements were 
performed using computer-based image analysis system 
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MultiScan v. 14.02 (Poland). Muscle fibre diameters were 
estimated based on 100 randomly chosen fibres in each 
preparation and in all meat storage periods. However, the 
TUNEL-positive nuclei were counted on at least 10 different 
fields (500 µm2) of each sample and the number of positive 
nuclei was expressed per unit area.

The results were statistically analysed based on SAS 9.2 
Academic Analysis Suite (2011). Least square means (LSM) 
and standard errors (SE) were determined for all of the anal-
ysed parameters. The calculations were made using the two-
way analysis of variance. The main effects were the analysed 
bird groups and the meat storage time. Significant differences 
between the means were analysed with the Tukey test. The 
0.05 significance was accepted to represent significant dif-
ferences between means.

Results and discussion
The plasma level of stress hormones plays an important 

role in evaluating the sensitivity of animals to environmen-
tal factors. The study, which investigated corticosterone 
concentration in two turkey groups, showed that the PSE 
group has a significantly higher plasma concentration of 
corticosterone, one of the major hormones involved in the 
body’s response to stress, compared to the normal group 
(Tab. 1). The obtained results confirm the earlier study of 
Kannan et al. (15), who analysed the effect of elevated 
plasma corticosterone concentration on meat quality char-
acteristics of breast muscles in broiler chickens and noted 
that artificially elevating circulating plasma corticosterone 
concentration is associated with lighter coloured muscles. 
Based on the presented results the authors assume that the 
high plasma corticosterone concentration may be related to 
the presence of PSE meat in poultry. This view is shared by 
Yoshioka et al. (36), who investigated the effect of cortisol 
on muscle proteolysis and meat quality of the longissimus 
muscle in piglets, and showed that high concentrations 
of cortisol, which is an equally reliable stress hormone 
in mammals, added to feed for 7 days, stimulates the 
activity of calpains (µ-calpain and m-calpain) and accel-
erates muscle proteolysis, which may contribute to PSE 
meat. Martinez-Rodriguez et al. (20) also demonstrated 
that high plasma cortisol concentrations are caused by 

prolonged exposure to stress-inducing factors, which 
leads to incidence of meat defects, including PSE meat, 
in pigs. A similar view is held by Hambrecht et al. (10), 
who studied the effects of transportation, lairage, and 
preslaughter stressor treatment on the glycolytic potential 
and pork quality of the glycolytic longissimus muscle and 
the oxidative supraspinatus or serratus ventralis muscles, 
and found that in the glycolytic muscle the high physical 
and psychological stress levels associated with stress in 
the immediate preslaughter period have a greater effect on 
the water-holding capacity of the meat and may promote 
PSE development. In turn, Shaw and Trout (30), when 
analysing cortisol concentrations in longissimus muscle 
from PSE pork, showed that both plasma and muscle 
cortisol concentration of PSE carcasses did not differ sig-
nificantly from normal carcass, and PSE meat is regarded 
as a ‘stress-related’ condition. Meanwhile, Kowalska et 
al. (16), who determined stress levels in the blood of two 
rabbit groups (unstressed and passive), noted significantly 
higher cortisol concentrations in passive rabbits with 
PSE meat compared to the group of unstressed rabbits. 
According to the authors, this is related to the adaptive 
processes and may result from a rapid decline in pH value 
and from the abnormal glycolysis and maturation of meat 
which are characteristic of PSE meat.

Poznyakovskiy et al. (25) consider that one of the main 
causes of PSE meat is susceptibility of poultry to geneti-
cally determined stress factors. Therefore, the differences 
shown in the study in corticosterone concentration in the 
analysed turkey groups are probably due to the different 
sensitivities of birds to stress. Significantly higher plasma 
corticosterone concentration for the PSE group compared 
to the normal group may be attributed to the greater sus-
ceptibility of turkeys to stress factors and stress-induced 
pathological states. A similar opinion is expressed by 
Kowalska et al. (16), who demonstrated that PSE meat is 
more frequent in stress-susceptible animals, although the 
concentration of cortisol is also largely dependent on the 
bird’s individual reaction to stress factors before slaughter.

Muscle fibre diameter is one of the factors influenc-
ing many biochemical processes in meat, which, in turn, 
determine its ultimate quality. The study, which analysed 
two groups of turkeys, i.e. normal and PSE groups, showed 
that the PSE group is characterized by a  significantly 
greater fibre diameter at 30 min post mortem compared 
to the normal group (Tab. 1). In the successive periods 
of refrigerated storage of meat (24, 48 and 72 h post 
mortem) there were no significant differences in muscle 
fibre diameter between the analysed turkey groups. 
These results corroborate the earlier findings of Lesiow 
et al. (19), who analysed the effect of the autumn-winter 
period on the ultrastructure of PSE and normal meat in 
chickens and showed significantly higher fibre diameter 
of the pectoralis major muscle for PSE meat compared 
to normal meat. Likewise, Wojtysiak and Migdał (33), 
who investigated differences in the size of muscle fibres 
between normal and malignant hyperthermia susceptibility 
(MHS) pigs, which is strictly associated with PSE pork 
meat (26), demonstrated that the longissimus muscle of 
the heterozygous Nn fatteners had a significantly larger 

Tab. 1. Comparison of corticosterone concentration, muscle 
fibre diameter, caspase-3 activity and number of apoptotic 
nuclei between normal and PSE groups of turkeys (LSM ± SE)

Traits Normal group PSE group

Corticosterone concentration (ng/ml) 4.12 ± 0.15a 9.76 ± 0.38b

Muscle fibre diameters (µm)
    30 min
    24 h
    48 h
    72 h

54.38 ± 0.08ax

53.97 ± 0.06ax

53.52 ± 0.59ax

53.81 ± 0.73ax

57.25 ± 0.76bx

54.69 ± 0.52ay

54.16 ± 0.65ay

54.53 ± 0.77ay

Caspase-3 activity (%) 100 ± 1.08a 148.50 ± 1.67b

Number of apoptotic nuclei 8.56 ± 0.03a 12.24 ± 0.04b

Explanations: a, b – means with a different letter differ signifi-
cantly between normal and PSE groups of turkeys at P ≤ 0.05; 
x, y – means with a different letter differ significantly between 
periods of refrigerated meat storage at P ≤ 0.05
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diameter of all the examined muscle fibre types compared 
to muscles from the homozygous NN group. This view 
is supported by Fiedler et al. (7), who analysed structural 
and functional characteristics of longissimus muscle 
fibres in pigs with different MHS and showed that pigs 
which were heterozygous Nn fatteners for the MHS had 
a  significantly larger diameter of all examined muscle 
fibre types compared to the muscle from homozygous NN 
group. In turn, Lengerken et al. (18), who compared the 
metabolism of longissimus muscle with PSE and normal 
meat in pigs, noted that mean fibre diameter of all types 
was significantly increased in pigs developing PSE meat 
after slaughter, compared to pigs with normal meat quality.

As regards the effect of the time of refrigerated storage 
of meat on muscle fibre diameter, the analysis of the results 
presented in the study showed that refrigerated meat stor-
age time has a significant effect on reducing muscle fibre 
diameter at 24 h post mortem compared to 30 min post 
mortem, but only for the PSE group of turkeys (Tab. 1). 
In subsequent periods of refrigerated meat storage, i.e. at 
48 and 72 h post mortem, no significant differences were 
observed in muscle fibre diameter in both turkey groups 
analysed. Diesbourg et al. (5) hold the view that the 
decrease in muscle fibre size during storage of meat is due 
to shrinkage of lateral connections between myofibrils and 
sarcolemma. In turn, Huff-Lonergan and Lonergan (13) 
indicate that muscle fibre size post mortem is determined 
by the level of drip loss and by the degradation rate of 
cytoskeletal proteins post mortem, in particular the rate 
of desmin degradation. This protein connects myofibrils 
not only with each other, but also with the cell mem-
brane, thus contributing to the formation of intracellular 
protein complexes known as costameres. As reported by 
Carvalho et al. (3), Chan et al. (4) and Owens et al. (22) 
PSE meat of turkeys is characterized by high drip loss. In 
turn, pig research showed that PSE meat is characterized 
by slower desmin degradation post mortem compared to 
RFN meat (35). Therefore, the reduction in muscle fibre 
size, observed in the study 30 min post mortem, can be 
related in the case of the PSE group to both the high drip 
loss and the relative slow rate of desmin degradation, 

since according to the hypothesis of Huff-Lonergan and 
Lonergan (13) muscle fibres in which desmin degrades 
slowly post mortem, reduce their diameter even when 
drip loss is low.

The stress to which animals are subjected before slaugh-
ter increases the concentration of calcium ions in the sarco-
plasm and causes a rapid breakdown of muscle glycogen, 
while the lactic acid generated in large quantities acidifies 
the muscles (28) as well as causing numerous functional 
and morphological modifications of muscle fibres, which 
ultimately lead to their death, mainly through apoptosis 
(2). Increased calcium ion concentration, oxidative stress, 
as well as elevated level of reactive oxygen species (ROS), 
electrolyte transport abnormalities, and DNA damage, are 
the main factors inducing apoptosis, or programmed cell 
death. Apoptosis is coordinated by a  family of cystein 
proteases, the caspases that dismantle the cell by targeting 
a panoply of proteins for limited proteolysis. The caspase 
plays a central role in signal transduction and final execu-
tion in apoptotic processes (29). According to the homol-
ogy of their big and small subunits and their functions in 
apoptosis, caspases involved in apoptosis can be classified 
into two types: the initiator caspases, which include cas-
pase-2, -8, -9 and -10; and the effector caspases, which 
include caspase-3, -6, and -7. In the current research the 
activity of caspase-3 measured 30 min post mortem in the 
turkey breast muscle of PSE and normal group is presented 
in Tab. 1. The results obtained showed that compared 
with the normal group, the caspase-3 activity increased 
significantly in the PSE group. These results support an 
earlier study by Guo et al. (9) in which the authors analysed 
the protein expression levels and enzyme activities of the 
functional apoptotic factors to determine the differences in 
apoptosis status between porcine PSE and RFN pork meat 
and found significantly higher activity of caspase-3 in PSE 
meat 1 h post mortem compared to RFN meat. Moreover, 
the authors showed that the higher potential of increased 
sarcoplasmic calcium concentrations presented in PSE 
meat may induce apoptosis. Higher apoptotic potential 
in the PSE group is also confirmed by the microscopic 
examinations performed in the present study (Fig. 1, 

Fig. 1. Localization of apoptotic nuclei in the breast muscle from normal (A) and PSE (B) groups of turkeys
Explanations: Apoptotic nuclei were identified using TUNEL method. Arrows indicate single apoptotic nuclei. A negative control 
for TUNEL assay was performed without active TdT enzyme (C inset). Scale bar 50 µm
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Tab. 1). We showed that apoptosis as measured by TUNEL 
staining was increased in breast muscles of the PSE group 
compared with the normal group. There was no staining 
detection in a negative control where TdT enzyme was 
omitted (Fig. 1C inset). However, it is worth noting that 
in both the PSE and normal group, apoptosis involved 
only single nuclei in the muscle fibres, which indicates 
that nuclei within one continuous cytoplasmic area can 
respond differently to similar signals. These results support 
the earlier idea that the fate of nuclei can be different; that 
nuclei have some autonomy. Dipasquale and Youle (6) and 
Polunovsky et al. (24) indicated that apoptosis can occur 
in one or more nuclei within the same cytoplasm without 
induction of apoptosis in the other nuclei. Newlands et al. 
(21) showed that within an individual muscle fibre, not all 
nuclei are transcriptionally equivalent. Likewise Siu et al. 
(31) confirmed that nuclei which reside in the muscle fibres 
in close proximity to each other are capable of responding 
to similar cytoplasmic signals in a distinct manner. Exactly 
how this nuclear independency is regulated is currently 
unknown. In most cell types the morphological character-
istics of apoptosis are consistent. However, apoptosis in 
skeletal muscles has been relatively unexplored. Skeletal 
muscle is unique in that it is multi-nucleated, and evidence 
suggests that individual decay of muscle fibre nuclei is 
a more frequent occurrence than wholesale muscle fibre 
cell death.

 In summary, obtained results show that the PSE syn-
drome contributes an greater muscle fibre diameter at 
30 min postmortem and increase in corticosterone level, 
which suggests a higher sensitivity of animals to stress 
factors. In addition, the significantly increased caspase-3 
activity and the higher number of apoptotic nuclei sug-
gested higher apoptotic potential in PSE group compared 
with normal group of turkey.
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