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ABSTRACT The aim of the present study was to
assess applicability of metabolomics analysis of exudate
from chicken breast muscle to explanation of differences
in drip loss. The research was carried out on the skinless
breast fillets sourced from 60 broiler carcasses (7-wk-old
male Ross broilers). In the meat samples the pH value,
color parameters, drip loss, chemical composition, and
sensory quality were evaluated. After measuring, the
samples were divided into 2 groups taking into consider-
ation the volume of drip loss (low ≤2% and high >2%
drip loss). The muscle juice samples were collected dur-
ing 24 h muscle storage and metabolomic analysis was
performed. The results showed that chickens with higher
drip loss were characterized by heavier carcasses. The
meat with higher drip loss proved to be more acid, ligh-
ter, less red, and more yellow with higher level of glucose
as well as glycolytic potential. That meat was also
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characterized by lower cooking loss, protein content and
worse overall sensory quality as well as oxidation of lip-
ids. The metabolomics analyses have shown that in the
group with higher drip loss from muscle tissue the
increase of metabolism of energy transformations taking
place in muscle tissue after slaughter was observed and
that differences between groups are related to 11 meta-
bolic pathways, mainly carbohydrate metabolism (gly-
colysis, gluconeogenesis, pentose phosphate pathway)
adenine and adenosine salvage, adenosine nucleotides
degradation, arsenate detoxification, methylglyoxal deg-
radation. Finally, the results indicate that in the group
with higher drip loss and with deeper glycolysis, more
methylglyoxal (as a by-product of carbohydrate metabo-
lism) is produced which may lead to changes of muscle
proteins properties and contribute to an increase in drip
loss.
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INTRODUCTION

In the last 20 years the production and consumption
of poultry meat have increased and it is expected that in
a few coming years the poultry meat will become the
main type of meat (40%) produced in the world. In
2020, the consumption of poultry meat in the world
averaged around 15 kg per person per year
(Statistical Yearbook of Agriculture, 2020). Poultry
meat is willingly eaten by consumers due to its high
nutritional value (high level of protein with its high bio-
logical value, low fat, balanced n-6 to n-3 PUFA ratio),
high tenderness, relatively low price and easy culinary
preparation as well as the absence of religious limitations
to consume this kind of meat (Zampiga et al., 2018).
This dynamic increase of production was possible due to
intensive selection for growth rate and feed conversion
rate (Kuttappan et al., 2017). The intensive selection
resulted in changes of body composition (i.e., increasing
breast yield and lowering carcass fatness) (Nadaf et al.,
2007). However, these improvements have also led to
the deterioration of meat quality. The results of multiple
studies show that the quality of poultry meat has
recently decreased, which could be observed due to the
appearance of defects such as: PSE-like, white stripping
(WS), wooden breast (WB), Oregon disease, spaghetti
meat defect (SM), or increased drip loss (Nadaf et al.,
2007; Kuttappan et al., 2017; Schilling et al., 2017;
Zampiga et al., 2018). In order to explain such myopa-
thies modern science, for instance genomics, proteomics,
and metabolomics recently has been applied
(Beauclercq et al., 2017; Kuttappan et al., 2017;
Boerboom et al., 2018; Zampiga et al., 2018;
Pampouille et al., 2019). The genomic research concern-
ing WB and WS myopathies showed many differences in
expression level of genes related to numerous metabolic
pathways and consequently indicated that the selection
for increased feed efficiency and growth rate might have
changed expression and molecular pathways in breast
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muscle, resulting in an increased incidence and severity
of muscle abnormalities (Zampiga et al., 2018;
Pampouille et al., 2019). Additionally, that study gives
a new perspective on myopathy diagnosis and applica-
tions of genetic markers for selection and meat quality
improvements (Alnahhas et al., 2016; Beauclercq et al.,
2017; Pampouille et al., 2019). Similar conclusions can
be made based on proteomics and metabolomics
approach (Abasht et al., 2016; Kuttappan et al., 2017;
Boerboom et al., 2018). Final results show unique meta-
bolic pathways and may identify potential biomarkers
for diagnostic utilization and selection directions for
applications in commercial breeding. Similar studies,
according to myopathies of WS or WB, were made for
analysis of the effect of ultimate pH on chicken meat
quality (Alnahhas et al., 2016; Beauclercq et al., 2017).
It must be underlined that higher drip loss like in PSE
meat is very important parameter related to water hold-
ing capacity and technological as well as sensory quality
(Garcia et al., 2010; Saelin et al., 2017; Kai�c et al.,
2021). The amount of excessive drip loss affects both
qualitative and quantitative aspects of a muscle, and
causes significant economic losses in the meat industry
(Saelin et al., 2017). Therefore, research is being con-
ducted on the determinants of drip loss and its limita-
tion (Kai�c et al., 2021). Drip loss effect on meat quality
by applications of metabolomic analysis of exudate has
not been studied from that perspective.

The aim of the present study was to assess applicabil-
ity of metabolomics analysis of exudate from breast mus-
cle to explanation of differences in drip loss. It is
hypothesized that the analysis of metabolome of muscle
juice can explain causes of increased drip loss from
chicken meat and indicates specific markers for meat
quality diagnosis.
MATERIALS AND METHODS

Material

The research was made on the skinless breast fillets
sourced from 60 broiler carcasses (7-wk-old male Ross
broilers, approximately 2.5 kg body weight) selected
from a commercial broiler processing plant. The birds
were stunned by electrical method in water bath with
average value per bird 200 mA and 800 Hz during min.
4 s − in accordance with the European Union Council
Regulations (EC) No 1099/2009. Then the broilers were
bled, feathers removed and the broilers were gutted.
Directly after removing the carcasses, they were cooled
following immersion method. Carcasses were collected
20 min postmortem. Exactly 24 h postmortem Pectora-
lis major muscles were cut from the carcasses. After
measuring pH24 the muscle samples were put into plastic
bags, placed in a box with ice and transported to the lab-
oratory for further analysis. Muscle exudate was col-
lected after 24 h of samples storage at 4°C. After
measuring, the samples were divided into 2 groups tak-
ing into consideration the volume of drip loss (low ≤2%
and high >2% drip loss). The basis for dividing samples
into 2 groups were considered on the basis of own experi-
ences and literature data (Saelin et al., 2017; Kai�c et al.,
2021). The drip loss above 2% is considered as excessive
and economically unfavorable (Gorsuch and Alvar-
ado, 2010). Then for chemical analysis the samples were
frozen at �-80°C and stored.
Methods

Technological and Sensory Quality of Meat The pH
value was measured 20 min after slaughter (pH1) and 24
h (pH24) after slaughter with a WTW 330i pH meter
(Weilheim, Germany) with electrodes (SenTix SP num-
ber 103645), it was measured directly in meat (in tripli-
cate).
Meat color was measured 48 h postmortem according

to the CIE L*a*b* system using a CR310 Minolta
Chroma meter (Osaka, Japan) with a D65 light source.
Meat chops (4 £ 4 cm) were cut and bloomed for 1 h at
4°C with no surface covering prior to color measure-
ments (in triplicate).
The drip loss percentage was determined during 24 h

of storing the meat samples (weighing approximately
100 g) according to Honikel (1987)). During that time,
the samples were placed in plastic bags and kept at 4°C
for the drip loss to appear. The drip loss was collected
into Eppendorf vials.
Muscle glucose (mmol/L) was set with an Accu-Check

Active glucometer (Accu-Check Sensor Comfort, Roche,
Germany), reactive strips were applied for the quantita-
tive determination of glucose with the apparatus in the
value range between 0.6 and 33.3 mmol/L. The results
were obtained after placing a drop of 20 mL of drip loss
on a reactive strip. Lactic acid (mmol/L) was estab-
lished with the strip method using Accutrend lactate
type 3012522 (Roche, Mannheim, Germany). The sam-
ples were diluted with distilled water to reach the ade-
quate lactate concentration. The test results were also
obtained 60 s after placing a drop on a reactive strip.
The measurements were made twice. Muscle glycolytic
potential (GP) was calculated according to the formula
proposed by Monin and Sellier (1985) summing glucose
and lactic acid and expressed as mmol lactic acid of fresh
muscle tissue.
The cooking loss of meat was determined based on

weight method.
Meat sensory quality was evaluated after heat treat-

ment (75°C using thermometer TP-151-125-2-SPEC,
Poland) with Quantitative Descriptive Analysis
(ISO 13299, 2016) and an unstructured, linear graphical
scale of 100 mm, which was later converted to numerical
values (0−10 conventional units: c.u.). Sensory evalua-
tion was conducted by the trained 10-person assessing
panel, which had 4 to 16 yr practice in the field of sen-
sory evaluation, good knowledge of used methodology
and meat products sensory characteristics. Each evalua-
tion was made twice (2 sessions).
Chemical Composition The chemical determination
was performed in an accredited laboratory of chemical
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analyses. All the methods were validated prior to their
routine use. Fat content was obtained by the Soxhlet
method (ISO 1444, 2000) with ether extraction. The
individual sample, as raw meat, was about 5 g. Analysis
of the samples was performed in triplicate. Protein con-
tent was established according to ISO standard:
ISO 1871, 2009 (The Kjeldahl method; FOSS Tecator
1035 Analyzer). The individual sample was 0.2 to 0.4 g.
The sample was mineralized in sulfuric acid with addi-
tion of Kjeldahl tabs as catalyst. The content of nitrogen
was obtained by titration with HCl. Each sample was
analyzed in triplicate.
Lipid Oxidation

The level of lipid oxidation in raw meat was evaluated
using the TBA method − based on the content of malon-
dialdehyde (MDA) (Shahidi, 1990). Two g of minced
meat and 5 cm3 10% trichloric acid (TCA) were put
into a centrifuge tube. The mixture was subjected to
intensive mixing. Next, 5 cm3 0.02 M 2-tiobarbituric
acid (TBA) solution was added to the mixture and
again the content of the tube was mixed. Afterward, the
tubes were centrifuged (4,000 rpm). After centrifuging,
the content of the tubes was filtered into glass tubes.
The tubes were covered with plastic foil and put in a
boiling water bath for 35 min in order to develop the
color. Simultaneously, the reagent test was prepared.
The content of the tubes was cooled in cold water. After
cooling, the absorbance was measured in solutions at a
wavelength of λ = 532 nm in a spectrophotometer
(Thermo Scientific, Waltham, MA, Genesys 20). The
results were expressed as the content of MDA in meat
[mg/kg]. Each sample of meat was evaluated in dupli-
cate. The level of lipid oxidation was measured in meat
45 d after slaughter.
The Metabolomics Analysis

The 10 samples from each group were taken for
metabolomics analyses. The selected samples reflected
the mean values for the entire group.

Formic acid LC-MS grade was purchased from Sigma-
Aldrich (St. Louis, MO). UHPLC-MS grade methanol
(MeOH) was purchased from Chem-Solve S.Witko
(Lodz, Poland). Ultra high purity water was prepared
by system R5 UV Hydrolab (Wislina, Poland).
Extracts Samples for Metabolomics Analysis Prior
to UPLC-MS analysis, the extracts samples (50 mL)
were diluted with prechilled methanol/ultra high purity
water 1: 1 (1,500 mL), vortex mixed (10 min), and cen-
trifuged at 13,000 rpm for 15 min at 4°C. The superna-
tants were subjected to the UPLC Q-TOF/MS system
for analysis. A pooled “quality control” (QC) sample
was prepared by mixing equal aliquots (20 mL) from all
extract samples for the optimization of the chro-
matographic and TOF/MS conditions. The analysis was
performed using a Waters Acquity Ultra Performance
LC system (Waters Corp., Milford, MA) connected to a
Synapt G2Si Q-TOF mass spectrometer (Waters MS
Technologies, Manchester, UK) equipped with an elec-
trospray (ESI) source (Waters, UK). An ACQUITY
UPLC BEH C18 column (2.1 £ 100 mm, 1.7 mm,
Waters, Ireland) was used with a ACQUITY UPLC
BEH C18, 1.7 mm, VanGuard Pre-Column 3/Pk,
2.1 £ 5 mm (Waters, Ireland). The injection volume was
5 mL and the separation was performed at 0.4 mL/min
and 50°C. The gradient mobile phase was a mixture of
0.1% formic acid in water (A) and in methanol (B). The
gradient elution of B was performed as follows: 0 to
2 min, 1% B; 2 to 6 min, 1 to 25% B; 6.0 to 10 min, 25 to
80% B; 10 to 12 min, 80 to 90% B; 12 to 21 min, 90 to
99.9% B; 21 to 23 min, 99.9% B; 23 to 24 min 99 to 1%
B; 24 to 26 min 1% B. The electrospray ionization (ESI)
source was operated in the positive and negative modes.
The profile data from m/z 50 to 1200 were recorded.
Nitrogen gas was used as the cone and desolvation gas.
The desolvation gas flow was set at 900 L h�1 at a tem-
perature of 350°C while the cone gas was set at 50 L h�1

and the source temperature was set at 120°C. In the pos-
itive ion mode, the capillary voltage was 3.2 kV and in
the negative ion mode, the capillary voltage was 2.4 kV.
All of the data were acquired using the lock spray to
ensure accuracy and reproducibility. Leucine enkephalin
was used as the lockmass at a scan time 0.1 s, interval
30 s and mass window § 0.5 Da. MSE method was used
for the data collection with the low collision energy (6
eV) and the high collision energy ramp (20−50 eV).
Prior to the analysis, the QC sample ran 7 times first to
test the stability of the instrument. During the analyti-
cal run the QC sample was injected after every 5 experi-
mental samples to monitor the system consistency.
Statistical Analysis

Data of metabolomics analysis were analyzed by freely
available interactive XCMS Online https://xcmsonline.
scripps.edu. The raw data files were processed for chro-
matogram alignment, retention-time correction, peak
detection, metabolite feature annotation, statistical
comparison, and putative identification. The default
XCMS parameter set for UPLC − High Res (Waters)
with G2S MS was used with feature detection (method
CentWave, maximal tolerated m/z deviation in consecu-
tive scans 15 ppm, minimum peak width 2 s, maximum
peak width 25 s), retention time correction (method obi-
warp, step size for profile generation 0.5 m/z), alignment
(allowable retention time deviations 2 s, width of over-
lapping m/z slices to use for creating peak density chro-
matograms and grouping peaks across samples 0.01),
statistics (unpaired non-parametric Mann-Whitney test,
P-value threshold 0.05, fold change threshold 1.5, nor-
malization − median fold change), annotation (ppm
error 5, m/z absolute error 0.015), identification (toler-
ance for database search 10 ppm, pathway deviation 5
ppm). Integration of METLIN and MUMMICHOG to
XCMS Online allowed for putative identification of
metabolites.

https://xcmsonline.scripps.edu
https://xcmsonline.scripps.edu


Table 1. Characteristics of meat quality of groups with different
level of drip loss.

Item Low drip loss High drip loss SEM

Weight of cold carcass (kg) 1.79A 2.32B 0.10
pH1 6.76 6.73 0.03
pH24 6.03A 5.85B 0.03
Color parameters: L* 52.55A 56.96B 0.70

a* �2.43a �1.97b 0.10
b* 4.26A 5.58B 0.26

Glucose (mmol/l) 33.00a 41.00b 1.93
Lactate (mmol/l) 70.13 74.63 2.26
Glycolytic potential (mmol/l) 136.13a 156.63b 4.71
Drip loss (%) 1.20A 2.22B 0.16
Cooking loss (%) 29.65A 32.79B 1.65
Protein (%) 24.44A 21.98B 0.32
Intramuscular fat (%) 1.51 1.49 0.06
Overall sensory quality
(0−10 conventional units)

7.79a 7.12b 0.27

pH1 measured 20 min after slaughter and pH24 measured 24 h after
slaughter, L*,a*,b*-measured 48 h after slaughter.

a,bMeans marked with different small letters differ significantly at Pa <
0.05.

A,BMeans marked with different capital letters differ significantly at Pa
< 0.01.
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Data characterizing technological quality, chemical
composition and sensory quality of meat were developed
using Student t test by Statistica ver. 13 software
(TIBCO Software Inc. (2017). Statistica [data analysis
software system], version 13. http://statistica.io). The
samples were divided into 2 groups with different natu-
ral drip loss (≤2% and >2%).
RESULTS AND DISCUSSION

Meat Quality

Results presented in Table 1 show that the groups
with different drip loss differ significantly as for ultimate
pH, color parameters, glucose and glycolytic potential,
drip loss, cooking loss, protein content, and overall sen-
sory quality. The meat with higher drip loss proved to
be more acid, lighter, less red, and more yellow with
higher level of glucose as well as glycolytic potential
(Table 1). That meat was also characterized by lower
cooking loss, protein content and lower overall sensory
quality (Table 1). The values presented in Table 1, in
relation to pH, color parameters, glycolytic potential or
drip loss, were within the ranges consistent with the
data presented in the works of Yl€a-Ajos et al. (2007),
Bihan-Duval et al. (2008), Sibut et al. (2008),
Zhuang et al. (2013), Alnahhas et al. (2016),
Bowker et al. (2016) and Beauclercq et al. (2017). The
relationship between natural drip loss and other meat
quality traits has been reported in many research stud-
ies. Bowker et al. (2016) showed that meat with higher
drip loss was characterized by higher cooking loss in
broiler breast fillets. The negative relationship between
ultimate pH and drip loss in poultry meat was shown in
studies of Bihan-Duval et al. (2008), Sibut et al. (2008),
Beauclercq et al. (2017) and Jlali et al. (2012). These
studies also showed significant relationship between drip
loss and glycolytic potential. The results presented in
Table 1 show that the group with higher drip loss was
characterized by lower ultimate pH and higher GP and
differences in chemical composition. Numerous studies
showed significant differences in drip loss and color
parameters, cooking loss and protein content between
normal and defective chicken meat (Mudalal et al.,
2014; Bowker et al., 2016; Tasoniero et al., 2016;
Cai et al., 2018). Research by Yl€a-Ajos et al. (2007) and
Sibut et al. (2008) also showed that lower ultimate pH
was associated with higher GP. Moreover,
Schilling et al. (2017) indicated significant relationship
between more intensive glycolytic changes and decreas-
ing meat quality, for example color, drip loss, or cooking
loss. Sibut et al. (2008) argue that adenosine monophos-
phate-activated protein kinase plays an important role
in controlling the regulation of muscle metabolism in
chickens, especially with regard to the level of glycogen
and the rate of postmortem glycolysis. Significant differ-
ences in GP, ultimate pH, lightness of meat and drip loss
were reported between 2 chicken lines with lower and
higher ultimate pH by Beauclercq et al. (2017) and these
results are in agreement with the results presented in
Table 1.
The results presented on Figure 1 also showed signifi-

cant differences between groups in oxidation process
during storage. The meat of chicken with higher drip
loss showed higher malondialdehyde content, which is
an indicator of the lipid oxidation processes in the meat.
Alnahhas et al. (2016) studies also showed higher lipids
oxidation in meat of chickens with lower ultimate pH
and higher drip loss. Domínguez et al. (2019) report that
many studies have shown higher lipid oxidation in meat
with a lower ultimate pH. This could be related to the
higher iron solubility in low pH and that heme-protein
oxidation is favored at reduced pH. There is extensive
evidence that this metal has an important role in lipid
peroxidation as a primary initiator and catalyst
(Amaral et al., 2018). An additional factor enhancing
lipid oxidative processes may be intensive metabolic
changes taking place in the muscle tissue after slaughter.
The data in Table 3 show that intense oxidation and
reduction processes are taking place there. Especially
those related to degradation of methylglyoxal or arse-
nate detoxification. They contain glutathione, which is
an antioxidant in many metabolic pathways. Glutathi-
one can produce a reduction of hydroxyl, peroxy, or alk-
oxy radicals to hydroperoxides and glutathione
disulphide. However, during this reaction O2�- can be
produced, therefore, if this reactive species is not
removed, the antioxidant activity of glutathione may be
minimal (Domínguez et al., 2019). Additionally, the
higher oxidations of lipids in group with higher drip loss
may be the result of a higher content of glucose or other
saccharides (fructose and pentose) and methylglyoxal,
which favor the formation of advanced-glycation end
products (AGEs) and by binding with their receptors of
AGEs (RAGEs), can promote oxidative stress (Tables 1
and 3; Figure 2) (Shen et al., 2020). As it is stated above
the meat with higher drip loss and lower pH could
appear as more susceptible to oxidation process. Similar
conclusion was presented in Beauclercq et al. (2017)

http://statistica.io


Figure 1. The content of malondialdehyde (MDA) in the meat of chickens with different drip loss. a.b −means marked with different letters dif-
fer significantly at Pa < 0.05.

Figure 2. The results of metabolomics analysis of carbohydrate metabolism in relations to production and elimination as well as the effect of
methylglyoxal. ", level higher in group with higher drip loss in comparison to group with lover drip loss; #, level lower in group with higher drip loss
in comparison to group with lover drip loss; NADP , Nicotinamide adenine dinucleotide phosphate; NADPH, is the reduced form of NADP; GSH,
reduced glutathione; GSSG, oxidized glutathione; AGE, advanced glycation end products.
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Figure 3. Principal component analysis plot of the similarities and differences in the characteristics of the studied meat traits and samples.
Abbreviations: WCC, weight of cold carcass; IMF, intramuscular fat; the ellipse on the right side of the axis groups the samples with the higher drip
loss, the ellipse on the left side of the axis groups the samples with the lower drip loss.
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studies that showed increased oxidative stress response
in chicken meat with higher pHu in comparison to lower
pHu. Research by Sundekilde et al. (2017) also indicates
that the antioxidant defense system and inhibition of
AGEs in defective chicken meat are lowered.

The similarities and differences in the characteristics
of the studied meat traits and samples are presented
using Principal Component Analysis plot on the
Figure 3. The analysis based on all the examined meat
quality traits clearly divided the tested samples into two
groups. It should also be mentioned that chickens with
higher drip loss were characterized by heavier carcasses
(Table 1). It indicates that they grew faster as the age of
the studied chickens was the same. Nadaf et al. (2007)
also showed in their studies that the fast-growing
chicken line was characterized by higher drip loss
(although the difference was not statistically signifi-
cant), lighter meat, less red and yellow, with lower ulti-
mate pH. Additionally, Sibut et al. (2008) showed that
meat from heavier carcasses was characterized by higher
GP, lower pHu, lighter meat with higher drip loss. These
results could be partly explained by the results of the
study of Le Bihan-Duval et al. (2008) that showed signif-
icantly negative correlations between breast muscle
mass and lightness (�0.55), drip loss (�0.65), thawing-
cooking loss (�0.80), and Warner Bratzler shear force
(�0.60) while body and breast muscle weights appeared
to be significantly related to fiber size (0.69−0.76) and
significantly negative with muscle GP (�0.58) and pHu
(0.84). It is also worth mentioning that
Alnahhas et al. (2016) showed a higher incidence of
defective white striped meat (WS) in chickens with
higher body weight and high muscle gain. They also
showed that the relationship between the WS defect and
pH indicated a possible relationship between the ability
of muscle to store energy as carbohydrate and its likeli-
hood of developing WS. Our results may indicate a simi-
lar relationship with respect to drip loss.
Metabolomics Results

In order to have a better understanding of the changes
occurring in the muscle tissue after slaughter in chick-
ens, metabolomic studies of metabolites present in drip
loss were applied and the results of metabolic pathway
analysis are presented in Table 2.
_Zelechowska et al. (2012) and Di Luca et al. (2013)
stated that muscle exudate provided valuable informa-
tion about the pathways and processes underlying the
post mortem ageing period. During the conversion of
muscle to meet the shrinkage of myofibrils and as its
consequence reducing the space available to hold the
myowater, disintegration of cellular membranes during
the development of rigor mortis as well as formation of
drip channels (gaps) gives possibility to the water



Table 2. Significant differences between groups in pathways
analysis with XCMS online and MUMMICHOG.

Metabolic pathways Overlap size Pathway size P-value

Glycolysis 6 7 0.00023
Methylglyoxal degradation I 4 4 0.00035
Gluconeogenesis 6 9 0.00039
Adenine and adenosine salvage
III

4 5 0.00064

Arsenate detoxification I
(glutaredoxin)

3 3 0.00098

Pyrimidine ribonucleosides
degradation

3 3 0.00098

Adenine and adenosine salvage
I

3 3 0.00098

Pentose phosphate pathway
(nonoxidative branch)

4 6 0.00133

Methylglyoxal degradation VI 3 4 0.00279
Adenosine nucleotides
degradation

4 7 0.00289

Sucrose degradation 4 8 0.00621
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leakage together with solubilized components
(Pearce et al., 2011). For this reason muscle juice
obtained during aging reflects meat composition and
provides valuable information about the pathways and
processes occurring in this tissue after slaughter
(Di Luca et al., 2013). Di Luca et al. (2013) and
Przybylski et al. (2016) confirm that muscle exudate
reflects the changes occurring in meat during aging and
its composition.

Analysis of Table 2 as well as Figures 4 and 5 showed
significant differences between the studied groups in 11
metabolic pathways, such as: glycolysis, gluconeogene-
sis, sucrose degradation, adenine and adenosine salvage,
adenosine nucleotides degradation, methylglyoxal deg-
radation, penthose phosphate pathway, pyrimidine ribo-
nucleosides degradation, arsenate detoxification.
Welzenbach et al. (2016) also showed differences
Figure 4. Fold changes of metabolites in drip loss of chick
between meat characterized by different drip loss in 10
metabolic pathways, including glycolysis and gluconeo-
genesis, methylglyoxal degradation, sphingolipid metab-
olism and pyruvate metabolism. The presented research
in metabolomics also confirm significant differences in
gluconeogenesis and glycolysis metabolites between
chickens with breast muscle myopathies (WS or WB) or
with different ultimate pH in comparison to normal
meat (Abasht et al., 2016; Beauclercq et al., 2016, 2017;
Pampouille et al., 2019) while others tend to show more
differences in many other different metabolic process
(Boerboom et al., 2018; Pampouille et al., 2019). More-
over, Beauclercq et al. (2016, 2017) reported higher
amount of glucose in the serum and of glycogen, glucose-
6-phosphate and fructose 1,6-bisphosphate in muscle of
chicken with lower pHu, which is similar to the results
presented in Table 3 and Figure 2. In turn,
Xing et al. (2020) in metabolomic studies on the condi-
tions of the defect Wooden Breast using the technique
1H NMR spectra of muscle exudate showed eleven
metabolites including amino acids, nucleotides and
organic acid as the most influential metabolites affected
by this myopathy.
Metabolomic studies showed significant differences

between groups characterized by differentiated drip
loss in the metabolism of adenosine, inosine, and
AMP (Table 3). Significant differences in the level of
muscle AMP were also shown in study of
Beauclercq et al. (2016) between groups with differ-
ent level of glycogen and ultimate pH.
Wang et al. (2020) also showed higher level of glucose
and inosine in breast extracts of myodegenerated
muscles. Warner et al. (2015) in metabolomic studies
showed significant correlation between changes in
ATP, ADP, AMP, IMP, and inosine levels and the
en meat with higher drip loss in relation to lower drip loss.



Figure 5. Pathway cloud plot for control (low drip loss) vs. high drip loss. Plot focuses on P-value < 0.01 illustrating 11 dysregulated pathways.
Each circle presents overlapping metabolite. Pathways are plotted as a function of pathway significance versus average metabolic pathway overlap.
The radius of each circle represents the number of metabolites relative to the number of metabolites represented by other circles. Significantly dysre-
gulated pathways appear in the upper right-hand quadrant of the plot.
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initial decrease in pH values. According to
Zhang et al. (2017) in broilers stressed by transport
or heat, the muscle ATP concentration as well as
ATP:ADP ratio significantly decreased while simulta-
neously AMP concentration and AMP/ATP ratio
increased and that was accompanied by the accelera-
tion of glycolysis. In turn, Muroya et al. (2014) in
studies on the metabolomic profile of glycolytic and
oxidative muscles showed significant differences in
the levels of adenosine, adenine and inosine; these
authors attributed these differences to the diverse 50-
nucleotidase activity (NT5C, EC 3.1.3.5). AMP and
IMP contents have been shown to be related to meat
palatability (umami taste). In turn higher IMP and
hypoxanthine content is associated with meat flavor
and bitter taste. This issue may be slightly confirmed
in the results of own research. The group with higher
drip loss and lower level of IMP (Table 3) was char-
acterized by lower overall sensory meat quality
(Table 1). It must be pointed that overall quality is
highly correlated with tenderness, juiciness, and pal-
atability. The results presented in Table 3 indicate a
higher content of adenosine and inosine in the group
with a higher drip loss that is, until IMP resources,
which are responsible for the aroma and flavor of
meat. Abasht et al. (2016) in metabolic studies on
wooden breast defects observed a reduced level of
IMP, ADP, and AMP in defective meat.
Research showed that in the group with increased drip

loss also the increase of metabolites associated with the
transformation of arsenate detoxification in the body
was observed (Table 3). It indicates disorders of the
homeostasis of the body, in particular antioxidative pro-
tection. Additionally, higher level of glutathione showed
in metabolomic analysis (Table 3) in this study indi-
cated increased activity of the second level of antioxi-
dant defence (Surai et al., 2019). The results of research
presented in Table 3 also showed higher level of methyl-
glyoxal (MG), which is formed from dihydroxyacetone
phosphate (DHAP) or glyceraldehyde-3-phosphate



Table 3. Significant differences in metabolites detected in natu-
ral drip loss in group with higher drip loss group in relations to
lower drip loss group.

Metabolic pathways Higher level Lower level

Glycolysis b-D-fructofuranose 6-phos-
phate
pyruvate

1.3-bisphospho-D-glycerate
D-glyceraldehyde 3-phos-
phate
dihydroxyacetone phos-
phate
phosphoenolopyruvate

Methylglyoxal degradation
I

(R)-lactate
glutathione
methylglyoxal
pyruvate

-

Gluconeogenesis b-D-fructofuranose 6-phos-
phate
pyruvate

1.3-bisphospho-D-glycerate
D-glyceraldehyde 3-phos-
phate
dihydroxyacetone phos-
phate
phosphoenolopyruvate

Adenine and Adenosine sal-
vage III

adenosine
inosine

a-D-ribose-1-phosphate
IMP

Arsenate detoxification I
(glutaredoxin)

dihydrolipoate
glutathione
glutathione disulfide

-

Pyrimidine ribonucleosides
degradation

cytidine
uridine

a-D-ribose-1-phosphate

Adenine and adenosine sal-
vage I

adenosine
AMP

a-D-ribose-1-phosphate

Pentose phosphate pathway b-D-fructofuranose 6-phos-
phate
D-erythrose 4-phosphate

D-glyceraldehyde 3-phos-
phate
D-ribulose 5-phosphate
D-xylulose 5-phosphate

Methylglyoxal degradation
VI

(R)-lactate
methylglyoxal
pyruvate

-

Adenosine nucleotides
degradation

adenosine
AMP
inosine

a-D-ribose-1-phosphate

Sucrose degradation b-D-fructofuranose 1-phos-
phate
D-glyceraldehyde

D-glyceraldehyde 3-phos-
phate
dihydroxyacetone
phosphate
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(GAP) that came from glycolysis pathway as well as
from metabolism of lipids and proteins, an important
metabolite at a cross-road between several metabolic
pathways (Figure 2) (Ouali et al., 2013; Allaman et al.,
2015). It is estimated that 0.1 to 0.4% of the glycolytic
flux results in MG production and this metabolite is
highly reactive and its half-life is short in a biological
environment and therefore, at the time and site of pro-
duction local concentrations may by significantly higher.
High levels of MG occur when the concentrations of their
precursors are elevated, such as in hyperglycemia,
impaired glucose utilization and triosephosphate isomer-
ase deficiency (Allaman et al., 2015). Higher level of
methylglyoxal in drip loss from chicken meat in group
with higher exudate of muscle juice corresponds to a
higher glucose and glycolytic potential content in this
group (Tables 1 and 3). The fact that a significant
amount of glucose is converted into methylglyoxal (as a
by-product) during glycolysis is confirmed by the results
presented in Table 1. Despite significant differences
between the groups in the glucose content, no significant
differences as for the level of lactic acid were obtained.
As a significant proportion of glucose is metabolized to
MG. Baldi et al. (2018) argues that the differences in
glycolysis in poultry myopathies are related to different
glucose utilization rather than glucose availability.
Another source of substrates for the production of
methylglyoxal is the penthose phosphate pathway pro-
viding glyceraldehyde-3P (Figure 2). As previously men-
tioned, higher levels of methylglyoxal increase the
formation of AGEs and contribute to an increase in oxi-
dative stress, which may result in the oxidation of lipids
and proteins (Shen et al., 2020). According to Huff-
Lonergan and Lonergan (2005) oxidation of myofibrillar
proteins occurred in postmortem muscle during aging
reduces the functionality of proteins. The summary of
the results presented in Figure 1 showed that the second
phase of glycolysis results in large amounts of methyl-
glyoxal as a by-product. It triggers the defense and
detoxification mechanism of methylglyoxal generating
the need for NADPH and thus activates the penthose
phosphate pathway (PPP) more (Stincone et al., 2015).
About 10 to 30% of glucose is converted in the pentose-
phosphate cycle, and even more depending on the tissue
(Malinowska, 1999). There are 2 phases, oxidative and
nonoxidative. The dominant type of activity depends on
the metabolic state of the cell. In the situation of
changes taking place in the muscle tissue after slaughter,
when the demand for ATP and (as shown by the data
obtained in Table 3, Figure 2) the demand for NADPH
increases (the need to defend and neutralize methyl-
glyoxal), the oxidative phase prevails and significant
amounts of glyceraldehyde-3-phosphate, which feed the
glycolysis process (Stincone et al., 2015) is produced. As
it was mentioned earlier, MG is one of the most potent
glycating agents that are very harmful. MG readily
reacts with lipids, nucleic acids, and proteins to form
AGEs. It causes changes in the function of proteins that
also affect cells by interacting with specific AGE recep-
tors (RAGE ). This process triggers inflammation and
plays an important role in various pathophysiological
mechanisms (Allaman et al., 2015). For defense, cells
possess various MG detoxification mechanisms, such as
the glyoxalase, aldose reductase, aldehyde dehydroge-
nase, and carbonyl reductase pathways (Ouali et al.,
2013). The glyoxalase system is the major detoxification
system for MG in eukaryotic cells (Figure 2). It plays a
major role in cellular defense against glycation and oxi-
dative stress. MG is neutralized by two sequential enzy-
matic reactions catalyzed by glyoxase-1 (Glo-1) and
glyoxase-2 (Glo-2), using glutathione as a cofactor
(Figure 2). A large increase in MG levels or low Glo-2
activity may result in the accumulation of S-D-lactoyl-
glutathione leading to reduced GSH availability for
other cellular processes, such as defense against oxida-
tive stress (Allaman et al., 2015). The results of research
indicate a significant intensification of these processes,
as higher levels of MG and GSH were found in the group
with higher drip loss and, at the same time, higher glu-
cose level. The higher level of lipid oxidation found in
this group (Figure 1) and the above results indicate that
in the group with higher drip loss and more intense gly-
colysis, more MG is produced, which may lead to glyca-
tion and changes in muscle proteins. It can alter their
properties and contribute to an increase in drip loss.
This hypothesis is confirmed by the studies by
Traore et al. (2012), who found a higher level of protein
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oxidation in meat with higher drip loss. The obtained
results allow to present the hypothesis that the increased
natural drip loss is not only the result of the glycolysis
process influencing the denaturation of muscle proteins,
but also the influence of side metabolites, such as MG,
on changing the properties of muscle proteins. These
results shed new light on how to explain the causes of
increased exudate in muscle tissue characterized by high
glycolytic potential, high glucose content, and low ulti-
mate pH.
CONCLUSIONS

The results show that poultry meat with different
level of drip loss differs significantly in many quality
traits: ultimate pH, color parameters, glucose and glyco-
lytic potential level, cooking loss, protein content and
sensory quality. The meat with higher drip loss proved
to be more acid, lighter, less red, and more yellow with
higher level of glucose as well as glycolytic potential.
That meat was also characterized by lower cooking loss,
protein content and lower overall sensory quality as well
as oxidation of lipids. The results also showed that
chickens with higher drip loss were characterized by
heavier carcasses. The metabolomics analyses has shown
that in the group with higher drip loss from muscle tis-
sue the increase of metabolism of energy transformations
taking place in muscle tissue after slaughter was
observed and that differences between groups are related
to 11 metabolic pathways, mainly carbohydrate metabo-
lism (glycolysis, gluconeogenesis, pentose phosphate
pathway) adenine and adenosine salvage, adenosine
nucleotides degradation, arsenate detoxification, and
methylglyoxal degradation. Finally, the results indicate
that in the group with higher drip loss and with deeper
glycolysis, more methylglyoxal (as a by-product of car-
bohydrate metabolism) is produced, which may lead to
changes of muscle proteins properties and contribute to
an increase in drip loss.
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