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INTRODUCTION

Meat quality may result in economic losses in the 
meat processing industry. One of the most important 
indicators of the effect of pre-mortem stress on meat 
quality is the pH value of the meat (initial and final 
pH levels, as well as the rate of pH decrease) (Lawrie 
& Ledward, 2014). Acute stress before slaughter can 
result in pale, soft, and exudative (PSE) meat with a low 
pH (pH < 5.3) at 24 hours post-mortem. Chronic stress 
can result in dark, firm, and dry meat with a high pH 
(pH > 6.0) at 24 hours post-mortem (Gonzalez-Rivas 
et al., 2020). Animal stress was linked to high cortisol 
and creatine kinase levels that were associated with a 
high pH at 24 hours post-mortem (D’eath et al., 2010). 
An increase in the measured meat pH at 45 minutes 
post-mortem was accompanied by the increased water-
holding capacity (WHC) and plasticity, as well as a 
lower drip loss. A higher meat pH at 48 hours post-
mortem had a greater impact on WHC, free drip loss, 
tenderness, and water content than a lower meat pH 
(Jankowiak et al., 2021). 

For several decades, genetic improvement of 
animal species has been carried out very successfully 
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ABSTRACT

The effects of meat pH on muscle fiber characteristics, cortisol level, and Tenascin C (TNC) 
gene expression were examined. The muscle samples (n=100) were randomly collected from the 
Longissimus thoracis et lumborum (LTL) to determine meat pH at 24 hours (meat pH24h) post-
mortem. Muscle samples (five samples per group) with divergent meat pH levels (low versus high) 
were selected to study muscle fiber characteristics and mRNA expression based on quantitative real-
time polymerase chain reaction (qRT-PCR). Blood samples (five samples per group) of the two meat 
pH levels were taken for serum cortisol analysis. The results showed that there was no significant 
differences between the groups for the muscle fiber characteristics of total number of fibers, muscle 
fiber diameter, cross-section area, perimysium thickness, and endomysium thickness. Different 
meat pH24h values did not affect the cortisol level. The mRNA expression of the TNC gene was 
significantly (p<0.05) downregulated in the low meat pH24h group compared to the high meat pH24h 
group. In conclusion, meat pH24h was unrelated to the cortisol level and muscle fiber characteristics. 
However, the TNC gene might play a role in meat pH24h in pigs.
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based on the selection of economically important 
quantitative traits such as yield and product quality 
(Meuwissen et al., 2016). Molecular information 
removes some of the limitations of phenotypic selection 
by allowing selection at the genotype (DNA) level, 
resulting in rapid, more accurate, and cheaper selection 
(Samorè & Fontanesi, 2016). Integrating structural 
and functional genomics is the current challenge for 
genetic research on meat quality traits. Bioinformatics 
is becoming increasingly important for analyzing 
expression data, with the ultimate goal of extracting 
biologically meaningful information from a list of 
differentially expressed genes (Davoli & Braglia, 2007). 
The candidate genes are evaluated by considering the 
relationship between the traits of interest and known 
genes (Koopaei & Koshkoiyeh, 2011). A candidate 
gene approach seeks to identify genes based on their 
potential roles in physiology. Additional approaches, 
such as a gene expression analysis of the phenotypic 
divergence of interest, have been incorporated into the 
candidate gene analysis, whereby a putative candidate 
gene is one that can be statistically detected among the 
genes controlling large components of inheritable gene 
expression variation (Schellander, 2009). 
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The Tenascin C (TNC) gene has roles in extracellular 
matrix molecules (ECMs; Yilmaz et al., 2022), with ECMs 
including collagens, proteoglycans, and glycoproteins 
(Nishimura, 2015). The expression of ECM molecules, 
such as heparan sulfate proteoglycans, affects muscle 
development and growth properties that, in turn, 
influence muscle structure and meat quality (Velleman, 
2012; Wang et al., 2016). The main composition of 
connective tissue, known as extracellular matrix protein, 
is also important for meat texture (Ahmad et al., 2021; 
Zheng et al., 2022) because proteoglycans are negatively 
charged and likely determine the water binding capacity 
of skeletal muscle. The extracellular matrix may be 
important for meat quality (Von Lengerken et al., 2002). 
One study identified three SNPs in the TNC gene 
and found significant associations between identified 
polymorphisms and meat and carcass quality traits in 
Duroc × Pietrain and commercial Pietrain populations 
(Kayan et al., 2011). Understanding the biological roles 
of genes regulating meat pH is critical to understanding 
the molecular genetic mechanism and can help the meat 
industry to achieve its goal of increasing high meat 
quality. Meat pH might be correlated to the muscle 
fiber characteristics, cortisol level, and TNC gene 
expression in pigs. Therefore, the present study aimed 
to evaluate the effects of meat pH24h on the muscle fiber 
characteristics, cortisol level, and TNC gene expression.

MATERIALS AND METHODS

Meat Sample Preparation

The meat samples were obtained from a local meat 
supplier in Thailand, which involved no direct contact 
with live animals; therefore, ethical approval was not 
required. In total, 100 muscle samples were randomly 
collected from crossbred pigs [Duroc × (Large White × 
Landrace)]. The average slaughter weight was 112.13 ± 
4.81 kg, measured at a commercial abattoir following the 
standard slaughtering procedures of the Department of 
Livestock Development, Thailand. The meat pH value 
was measured using a spear-type electrode (pH Spear, 
Eutech Instruments, Singapore) in the Longissimus 
lumborum between the 13th and 14th ribs at 24 h post-
mortem (pH24h). The pH meter was calibrated using 
buffers of 4.20 and 7.10. Then, high and low meat pH24h 
groups were randomly selected from the 10% lower and 
10% upper ranges of values of meat pH24h to provide 
100 samples for mRNA expression and histological and 
cortisol analyses. The muscle samples were immediately 
collected from the Longissimus thoracis et lumborum 
(LTL), then kept at −80 ᵒC for mRNA expression and 
fixed in 10% buffered neutral formalin for histological 
analysis. Blood samples were transferred in a tube 
without ethylenediamine tetra-acetic acid (EDTA) for 
cortisol analysis.

Histological Analysis

The samples were selected based on low and high 
meat pH24h groups (n= 5 per group). Each sample was 
cut into 0.5 × 0.5 × 1.0 cm pieces and immediately fixed 

in 10% buffered neutral formalin solution for 24 hours. 
Then, each sample was dehydrated in alcohol and 
cleared in xylene. Next, the samples were infiltrated and 
embedded in paraffin (Khoshoii et al., 2013). Sections (3 
μm thickness) were cut and prepared using hematoxylin 
and eosin (H&E) stain for general histological 
study. The stained cross-sections were viewed and 
photographed using a light microscope (Olympus 
FSX100, Tokyo, Japan) at 10× (objective lens) and 10× 
(eyepiece). Five photographs of different cross-sections 
from each muscle were taken. The samples were 
analyzed using the Image-J software (National Institute 
of Mental Health, Bethesda, MD, USA). The mean 
number of fibers per area was obtained by counting 
the total number of fibers (TNF) in five areas (each 
area being 582,007 μm2) per sample. Approximately 
300 fibers in five random microscope fields of view 
for each muscle were measured to estimate the 
muscle fiber diameter (measured in microns) and 
cross-section area (measured in square microns). The 
thickness of the endomysium and perimysium were 
determined on each sample. The structural elements 
were measured in an area of the fiber bundle. On each 
image, 40 measurements were made of the thickness 
of the endomysium, and 10 measurements were made 
of the thickness of the perimysium (both measured in 
microns). The mean thickness was estimated from the 
measured values (Koomkrong et al., 2017).

Cortisol Analysis

Blood samples were collected from animals after 
the slaughtering process based on the low and high 
meat pH24h groups (n= 5 per group). Blood samples 
were transferred in a tube without EDTA. The non-
anticoagulated blood was centrifuged at 3,000 rpm for 
10 min to separate the serum. The serum samples were 
collected into microtubes and stored at -20 °C until 
the determination of cortisol concentration based on 
chemiluminescent microparticle immunoassay using 
an IMMULITE 1000 automated immunoassay system 
(Siemens Healthcare Diagnostics Inc., Flanders, NJ, 
USA).

mRNA Expression Study using qRT-PCR

The differential expression of the TNC gene was 
performed based on the low and high meat pH24h 
groups (n= 5 per group). Total RNA was isolated from 
20 mg of muscle samples using a QIAamp RNA Mini 
Kit (Qiagen, Courtaboeuf, France) according to the 
manufacturer’s recommendations. The purity of the 
extracted RNA was measured using a spectrophotom-
eter (LKB622, Biodrop, England). Quantitative real-time 
polymerase chain reaction (qRT-PCR) analysis was 
performed using a MyGo Pro® real-time PCR instru-
ment (IT-IS Life Science Ltd; Middlesbrough, UK) with 
a reaction mixture using a QuantiNova SYBR Green RT-
PCR Kit (Qiagen; Hilden, Germany), consisting of 10 µL 
of 2X QuantiNova SYBR Green RT-PCR Master Mix, 1 
µL of each 10 µM (0.5 µM) forward and reverse primers, 
0.2 µL of QN SYBR Green RT Mix, 5 μL of template and 
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2.8 µL of nuclease-free water to make a total reaction 
volume of 20  μL. The two-step amplification program 
involved pre-denaturation at 95 °C for 2 min, followed 
by 40 cycles of denaturation at 95 °C for 5 sec and then 
annealing and extension at 60 °C for 10 sec. All samples 
were studied in duplicate as technical replications 
and the results were calculated as the mean of the two 
replications for further analysis. The final results were 
reported as the relative expression level after normaliza-
tion of the transcript using TBP (TATA sequence binding 
protein) as the housekeeping gene. The PCR primers are 
shown in Table 1.

Statistical Analysis

Statistical analysis of the differences between the 
low and high meat pH24h groups for cortisol level, 
muscle fiber characteristics, and qRT-PCR results 
were analyzed based on t-tests (SAS Inst. Inc., Cary, 
NC, USA). Statistically significant differences were 
determined at p<0.05. The results were displayed as 
least squares means with the standard error of the mean. 
Pearson correlation coefficients between meat pH24h, 
muscle fiber characteristics, and cortisol level were 
calculated using the PROC CORR procedure in the SAS 
package.

RESULTS

Meat pH24h and Cortisol Level

The overall mean was 5.85 ± 0.03. The average 
meat pH24h was 5.48 ± 0.12 for the low meat pH24h 
group and 6.18 ± 0.08 for the high meat pH24h group, 
respectively. There was no significant difference in the 
cortisol levels between the low- and high-meat pH24h 
groups (Figure 1). There was a negative correlation 
between meat pH24h and cortisol (r2= -0.066), as shown 
in Table 2.

Muscle Fiber Characteristics

The muscle fiber characteristics are summarized in 
Figure 2. There were no significant differences between 
groups for the muscle fiber characteristics of total 
number of fibers, muscle fiber diameter, cross-section 
area, perimysium thickness, and endomysium thickness 
(Table 3). However, the low meat pH24h group had 
a higher number of fiber and greater endomysium 
thickness than the high meat pH24h group. The low 
meat pH24h group had lower values for the muscle fiber 
diameter, cross-section area, and perimysium thickness 
than the high meat pH24h group. The correlation 

between meat pH24h and muscle fiber characteristics 
is presented in Table 2. Meat pH24h was significantly 
negatively correlated with endomysium thickness (r2= 
-0.634).

mRNA Expression of TNC Gene

The meat samples with divergent meat pH24h 
phenotypic traits were selected for mRNA expression 
study. The relative expression levels of the TNC gene are 
represented in Figure 3. The expression level of the TNC 
gene in the high meat pH24h group was significantly 
higher than in the low meat pH24h group.

DISCUSSION
	
Cortisol or corticosterone levels are important 

indicators of stress (acute or chronic) in several animal 
species (Casal et al., 2017; Creutzinger et al., 2017; Gong 
et al., 2015). In response to acute stress, an animal’s body 
responds by releasing several stress hormones into the 
bloodstream, including cortisol, corticosterone, and 
adrenaline (Ghassemi Nejad et al., 2022). Other studies 
have reported that animal stress was linked to high 
cortisol and creatine kinase levels that were associated 
with a high pH level at 24 hours post-mortem (D’eath 
et al., 2010; García-Torres et al., 2021; Lu et al., 2018). 
However, the present study identified no significant 
difference in the cortisol levels between the low and 
high meat pH24h groups. Nonetheless, this could 
not be used to confirm that the animals had been 
stressed during processing; further study is required to 
investigate additional parameters, with other studies 
revealing that the stress indicators included lactate, 
glucose, cortisol, adrenocorticotropic hormone, creatine 
kinase, aspartate amino transferase, and alanine amino 

Table 1. Primer sequences used for qRT-PCR analysis of Tenascin C gene

Gene Primer sequence Tm (°C) Product Reference
TNC Fw: 5’-ACAATGAGATGCGGGTCACAG-3’ 60 185 bp (Kayan et al., 2011)

Rw: 5’-CGCTGACAGGAATGCTCTTCTT-3’
TBP Fw: 5’-GATGGACGTTCGGTTTAGG-3’ 60 124 bp (Kayan et al., 2013)

Fw: 5’-AGCAGCACAGTACGAGCAA-3’
Note: TNC= Tenascin C; TBP= TATA sequence binding protein.

Figure 1. 	Cortisol levels in high and low meat pH24h groups 
in commercial pigs (n= 5 per group). Cortisol levels 
were not significantly different (p>0.05) between high 
and low meat pH24h groups. Error bars indicate ± 
standard error. 
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transferase levels. For example, lactate dehydrogenase 
can be used to predict meat quality, while cortisol, 
alanine amino transferase, and albumin can be used 
for the prediction of carcass quality (Čobanović et 
al., 2020; Dokmanovic et al., 2015). In addition, the 
serum creatine kinase activity and cortisol level 
were higher in blood samples collected immediately 
before transportation, suggesting a strong response 
to stress by the animal in the pre-slaughter treatment 
(Śmiecińska et al., 2011). To improve meat quality, it is 
necessary to adjust the handling practices to reduce 
stress during processing (Carrasco-García et al., 2020). 
Other factors that could greatly impact meat pH24h are 
the slaughtering method and cooling conditions (Park 
et al., 2002). Fiber type characteristics were reported to 
be mainly associated with the post-mortem metabolic 
rate and meat quality traits (Ryu & Kim, 2005). The 
cross-sectional area, muscle fiber diameter, and muscle 
fiber number between the biopsied and post-mortem 
samples were highly represented by genetic correlation 
(Kim et al., 2018). The genetic correlation was reportedly 
moderate-to-high between the biopsied samples and 

Table 2. Correlations between meat pH24h, muscle fiber characteristics, and cortisol level in commercial pigs

pH24h TNF MFD CSA PT ET Cortisol
pH24h -
TNF -0.126
MFD 0.187 -0.834**
CSA 0.330 -0.882*** 0.928***
PT 0.284 -0.434 0.195 0.223
ET -0.634* -0.219 0.097 -0.088 -0.057
Cortisol -0.066 -0.394 0.533 0.597 -0.223 -0.402 -

Note: 	pH24h indicates the meat pH value in the Longissimus thoracis et lumborum (LTL) at 24 h post-mortem. TNF= the total number of fibers; MFD= 
muscle fiber diameter (µ); CSA= cross-section area (µm²); PT= perimysium thickness (µm); ET= endomysium thickness (µm). * p<0.05, ** p<0.01, 
*** p<0.001.

Table 3. Muscle fiber characteristics of high and low meat pH groups in commercial pigs

Traits High meat pH Low meat pH p-value
Total number of fibers 185.70±18.15 202.70±1.11 0.533
Muscle fiber diameter (μm) 48.19±3.31 47.11±2.34 0.795
Cross-section area (μm2) 2,931±332.70 2,487±275.90 0.334
Perimysium thickness (μm) 16.28±1.78 14.51±1.42 0.459
Endomysium thickness (μm) 2.37±0.29 3.50±0.77 0.205

Figure 2. 	Histological cross-section of Longissimus thoracis et lumborum (LTL) muscle in commercial pigs stained 
with H&E and studied under a microscope (10X) (A) High meat pH (B) Low meat pH. Scale bar= 100 
μm 
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Figure 3. 	Normalized expression levels of Tenascin C (TNC) 
gene transcript in Longissimus thoracis et lumborum 
(LTL) muscle between high and low meat pH24h 
groups in commercial pigs (n= 5 per group). The 
expression level was expressed as the ratio of Cq 
values of TNC gene with the housekeeping gene TATA 
sequence binding protein (TBP). The mRNA expression 
levels were significantly (* = p<0.05) different between 
high and low meat pH24h groups. 
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drip loss, lightness, and meat color (Lee et al., 2022). 
Higher pH24h  values had a highly associated impact 
on water holding capacity, free drip loss, tenderness, 
water content, and color (Jankowiak et al., 2021). Muscle 
fiber cell degradation could be assessed based on the 
endomysium thickness (Tippala et al., 2021), with this 
finding perhaps being an indicator that a lower meat 
pH involved water loss, leading to an increase in the 
endomysium thickness.

Meat pH at 24 hour post-mortem is used as an 
indicator for measuring meat quality, with meat pH 
being related to water-holding capacity, tenderness, 
and meat color (Hamoen et al., 2013; Hopkins et al., 
2014). Meat pH and drip loss were reported to have a 
highly significant negative correlation (Jankowiak et al., 
2021). Another study revealed that meat pH24h could 
be classified into 3 groups of acid meat, normal meat, 
and DFD meat (Dark Firm Dry) for pH ranges of <5.6, 
5.6–5.9, and >6.0, respectively (Jankowiak et al., 2021). 
The present classified the meat pH24h into 2 groups, 
with the average for the low meat pH24h group being 
5.48 ± 0.12, while for the high meat pH24h group, it 
was 6.18 ± 0.08. The Tenascin C (TNC) gene has roles in 
ECMs (Yilmaz et al., 2022), where the ECM molecules 
include collagens, proteoglycans, and glycoproteins 
(Nishimura, 2015). Proteoglycans have a negative 
charge density (high pH) that can hold water in muscle 
tissue cells (Velleman, 2000). Accordingly, a low meat 
pH will increase protein denaturation of muscle fiber 
(Scheffler & Gerrard, 2007). The present study found 
that the expression level of the TNC gene in the high 
meat pH24h group was significantly higher than in the 
low meat pH24h group, which be evidence to support 
the role of the TNC gene, where its high expression 
influences the level of proteoglycan that, in turn, 
increases the meat pH and holds water in muscle cells. 
Additionally, the TNC gene is located in the Sus scofa 
chromosome (SSC)1, with other studies reporting that 
the quantitative trait loci affecting the meat pH was 
mapped onto SSC1 (Gao et al., 2021; Jennen et al., 2007). 
From these results, it could be postulated that cortisol 
and muscle fiber characteristics are not involved in 
meat pH24h, while the TNC gene might be a potential 
positional and functional candidate for meat pH24h.

CONCLUSION
	
The present study found that the meat pH24h 

was not correlated to the cortisol level or muscle 
fiber characteristics. However, the meat pH24h was 
associated with the expression of the TNC gene, with 
this perhaps playing a role in the meat pH24h and being 
highly expressed in a high meat pH. Further study of 
the TNC gene should be undertaken to understand the 
mechanisms related to meat pH.
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