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ABSTRACT White striping (WS) is a major prob-
lem affecting the broiler industry. Fillets affected by
this myopathy present pathologies that compromise the
quality of the meat, and most importantly, make the fil-
lets more prone to rejection by the consumer. The exact
etiology is still unknown, which is why a metabolomics
analysis was performed on breast samples of broilers.
The overall objective was to identify biological path-
ways involved in the pathogenesis of WS. The anal-
ysis was performed on a total of 51 muscle samples
and distinction was made between normal (n = 19),
moderately affected (n = 24) and severely affected
(n = 8) breast fillets. Samples were analyzed using
gas chromatographic mass spectral analysis and liquid
chromatography quadrupole time-of-flight mass spec-
trometry. Data were subsequently standardized, nor-
malized and analyzed using various multivariate statis-
tical procedures. Metabolomics allowed for the identi-
fication of several pathways that were altered in white
striped breast fillets. The tricarboxylic acid cycle ex-
hibited opposing directionalities. This is described in
literature as the backflux and enables the TCA cycle to

produce high-energy phosphates through matrix-level
phosphorylation and, therefore, produce energy under
conditions of hypoxia. Mitochondrial fatty acid oxida-
tion was limited due to disturbances in especially cis-
5–14:1 carnitine (log2 FC of 2, P < 0.01). Because of
this, accumulation of harmful fatty acids took place,
especially long-chain ones, which damages cell struc-
tures. Conversion of arginine to citrulline increased pre-
sumably to produce nitric oxide, which enhances blood
flow under conditions of hypoxia. Nitric oxide however
also increases oxidative damage. Increases in taurine
(log2 FC of 1.2, P < 0.05) suggests stabilization of the
sarcolemma under hypoxic conditions. Lastly, organic
osmolytes (sorbitol, taurine, and alanine) increased
(P < 0.05) in severely affected birds; likely this dis-
rupts cell volume maintenance. Based on the results of
this study, hypoxia was the most likely cause/initiator
of WS in broilers. We speculate that birds suffering
from WS have a vascular support system in muscle
that is borderline adequate to support growth, but trig-
gers like activity results in local hypoxia that damages
tissue.
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INTRODUCTION

Poultry meat is highly regarded as one of the most
efficient protein sources. The demand has gone up in
recent decades due to the low costs, suitability for fur-
ther processing and the absence of cultural or religious
aversions (Petracci, et al., 2013a). This has led to an
increase in consumption to 13.5 kilograms of poultry
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meat per capita in the world in 2015 (OECD/FAO,
2016).The increase of production to satisfy demand has
been rendered possible, in part, through genetic selec-
tion for quantitative traits. Growth rate has increased
tremendously over the past few decades, but this also
increased physical stress levels for broilers (Petracci,
et al., 2013b; Petracci, et al., 2015). This has led to a va-
riety of challenges, one of which is called white striping
(WS) (Soglia, et al., 2015). It is a condition associated
with especially the heavier broiler fillets and is observed
macroscopically as white striations running parallel to
the direction of the muscle fibers (Ferreira, et al., 2014).
WS is predominantly seen on breast fillets, but it also
appear on tenders and some thigh muscles. A recent
study showed an incidence of over 90% (Kuttappan,
et al., 2017).

Histopathological changes take place in affected
muscles. The muscle damage is characterized by

3977

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com.
mailto:journals.permissions@oup.com.
mailto:gavin.boerboom@trouwnutrition.com


3978 BOERBOOM ET AL.

degeneration of muscle fibers along with an increase
in fat and connective tissue (Kuttappan, et al., 2013b;
Kuttappan, et al., 2013c). This leads to lower levels
of protein in the breast muscles while the amount of
fat is higher in comparison to “normal” breast fil-
lets (Petracci, et al., 2014). The quality of the meat
is perceived to be lower by industry due to problems
with water retention and marinade uptake (Petracci
and Cavani, 2011). In severe cases this leads to the
meat being downgraded and used for the manufac-
turing of finely minced products, with the economic
losses that come with it (Soglia, et al., 2016). Lit-
erature showed that consumer acceptance is also in-
fluenced by the occurrence of white striations on
the breast muscles. Affected breast muscles are be-
ing perceived to be higher in fat (Kuttappan, et al.,
2012b).

The exact etiology of WS is to date still not suffi-
ciently well described. Studies have shown that there
are markers for hypoxia, oxidative stress, fiber-type
switching and nutritional deficiencies, but no con-
clusive evidence was found concerning the initiator
(Bauermeister, et al., 2009; Kuttappan, et al., 2012a;
Kuttappan, et al., 2013a; Russo, et al., 2015). The pro-
duction of fast-growing broilers has contributed to the
occurrence of WS. Production birds have never grown
faster than they do today (Havenstein, et al., 2003a;
Havenstein, et al., 2003b; Aviagen, 2012; Zuidhof, et al.,
2014). Therefore, factors known to have an effect on
broiler growth also have an influence on the occur-
rence of the disorder such as gender (males > female),
genotype (high > standard breast-yield), growth rate
(high > low), diet (high > low energy) and slaughter-
ing weight (heavier > lighter) (Petracci, et al., 2015).
Given the increase in incidence and growing concern
from the consumers, there is a pressing need to find a
solution for the problem.

Metabolomics can be used as a starting point in the
search of the solution. Metabolomics results in a molec-
ular fingerprint that is the downstream result of gene
transcription and post-translational protein modifica-
tion in a cell, tissue, or whole organism in a particu-
lar physiological state (Hoybye, et al., 2014). This is
viewed as the ultimate response of the biological sys-
tem to genetic and environmental change (Fiehn, 2002).
There are two methods of performing a metabolomics
analysis: targeted analysis and non-targeted analysis.
Non-targeted analysis provides a global snapshot of
all metabolites in a biological system and is an ideal
method for identifying metabolic perturbations that
may be at the basis of, or associated with, white strip-
ing. To further strengthen the work performed a min-
eral analysis on the breast muscles was also performed
to further back any of the findings of the metabolomics
work performed. Hence, the overall objective of this
study was to use non-targeted metabolomics and min-
eral analysis for identifying biological pathways that are
involved in the underlying etiology of white striping in
broiler chickens.

MATERIALS AND METHODS

Sample Selection and Preparation

Broilers used in this study were all ROSS 308 males,
raised on a research farm (Poultry Research Centre;
Casarrubios del Monte, Toledo, Spain) to 35 days. Birds
underwent a 3-phase feeding program (0–7, 7–25, 25–
35 days) being raised under standard commercial con-
ditions using wood shavings as litter. At day 35, birds
were euthanized in compliance with welfare rules. Av-
erage body weight of the birds was 2300 grams. Muscle
samples of the pectoralis major muscle were collected
for 51 birds, which were randomly selected (two birds
per pen). These muscle samples were scored for WS.
Time between euthanization and sample collection was
as short as possible to ensure proper sample quality.
The average time interval between cervical dislocation
and sample freezing was 2–2.5 min. WS was scored as
normal, moderate or severe based on criteria described
by Kuttappan et al., (2012). A lack of white striations
was scored as normal, the presence of small thin lines
covering at least 1/3rd of the fillet surface were consid-
ered as moderate and thick white striations (>1 mm)
covering at least 2/3rd of the surface area were scored
as severe. The samples were frozen immediately upon
collection using liquid nitrogen and stored at −80◦C un-
til further processing. All animal care procedures were
carried out as described in the protocol approved by
Centro de Estudios Biosanitarios (Madrid, Spain)
by the External Ethical Committee, and approved
by the Junta de Castilla-La Mancha Animal Wel-
fare department as compliable with the Real Decreto
RD 53/2013.
Animal Care and Use Committee (98R064–0).

Sample Analysis

Metabolomic analysis of the samples was per-
formed by Metabolomic Discoveries (Potsdam-Golm,
Germany). For metabolite extraction, muscle tissue
was homogenized using a ball mill. An aliquot of
100 mg was taken and stored at −80◦C for further
gas chromatography- and liquid chromatography-mass
spectrometry analysis. Metabolites were extracted in
500 μl 80% methanol (−20◦C) including internal stan-
dards. Derivatisation and analyses of metabolites by
a gas chromatographic mass spectral analysis 7890A
mass spectrometer (Agilent, Santa Clara, USA) were
carried out (Lisec, et al., 2006). The liquid chromatog-
raphy separation was performed using hydrophilic in-
teraction chromatography with a ZIC-HILIC 3.5 μm,
200 Å column (Merck Sequant, Ume̊a Sweden), op-
erated by an Agilent 1290 UPLC system (Agilent,
Santa Clara, USA). The LC mobile phase was a lin-
ear gradient from 90% to 70% acetonitrile over 15 min,
followed by linear gradient from 70% to 10% acetoni-
trile over 1 min, 3 min wash with 10% and 3 min re-
equilibration with 90% acetonitrile. The flow rate was
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Table 1. Largest fold changes between the moderate-normal and severe-normal using ANOVA, showing the top four and bottom
four largest significant changes in metabolite concentrations.

Moderate vs normal Severe-Normal

Compound Fold Change [log2] Compound Fold Change [log2]
2,3-bis(acetyloxy)propyl icosanoate 5.6 2,3-bis(acetyloxy)propyl icosanoate 6.4
(5-D-ribonyl)hopane 5.4 (5-D-ribonyl)hopane 6.1
Delta 8,14 -Sterol 4.6 Delta 8,14 -Sterol 5.5
Vitamin K1 2,3-epoxide 4.4 Sorbitan palmitate 5.3
Asp-Glu-Glu-Gly −1.6 Maltose −1.7
Lys-Pro-Pro −1.7 Spermine −1.7
(S)-[8]-Gingerol −1.7 Ala-Lys-Thr-Arg −1.8
Ala-Glu-Asp-Ile −1.8 Stearoylcarnitine −3.4

400 μl/min, injection volume 1 μl. The mass spectrom-
etry was performed using a 6540 QTOF/MS Detector
(Agilent, Santa Clara, USA). The measured metabolite
concentration was normalized to the internal standard.
Metabolites were identified based on Metabolomic Dis-
coveries’ database entries of authentic standards. Mus-
cle samples were also analyzed for P, Na, K, Ca, Mg,
Cu, Fe, Zn, Co, Ni, Se. Samples were weighed, destruc-
ted using 16N HNO3 over and then analyzed by induc-
tively coupled plasma mass spectrometry analysis using
a Perkin Elmer ICP Mass Spectrometer NexION 350D
(Perkin-Elmer, Waltham, USA) according to method
NEN-EN 15,510 (Bikker, et al., 2017).

Statistical Analysis

Data were transformed using log transformation to
remove heteroscedasticity (Bais, 2011). Auto-scaling
was applied, which is a combination of mean center-
ing and variance scaling and it sets all variables to
unit variance. After auto-scaling, all metabolites have
a standard deviation of one. This leads to the data
being analyzed based on correlation instead of covari-
ance’s, and it reduces bias which otherwise would occur
as the order of magnitude can vary between metabo-
lites. Auto-scaling was performed following van den
Berg et al., (2006) using MetaboAnalyst (Xia Lab,
McGill, Canada) (van den Berg, et al., 2006; Xia,
et al., 2009; Xia and Wishart, 2011; Xia, et al., 2012;
Xia, et al., 2015). Principal component analysis was
used to visualize the metabolites in the data. Identifica-
tion of differentially expressed metabolites between all
the groups was performed using an ANOVA test and t-
tests were used to compare normal versus moderate and
normal versus severe (MetaboAnalyst, Xia Lab, McGill,
Canada). The p-value was adjusted using the false dis-
covery rate (FDR) correction and were deemed signif-
icant if P < 0.05 (Vinaixa, et al., 2012). For this study
MetaboAnalyst (Xia Lab, McGill, Canada), Pathvisio
(Univ. Maastricht, Maastricht. NL), Metscape (Univ.
Michigan, Ann Arbor, MI, US) and Ipath (EMBL,
Heidelberg, Germany) were used for mapping and visu-
alization of the data (Gao, et al., 2010; Yamada, et al.,
2011; Karnovsky, et al., 2012; Kutmon, et al., 2015).
Metabolomic Pathway Analysis of MetaboAnalyst was
used for its pathway enrichment which shows subtle

but consistent changes among a group of related com-
pounds, that would go undetected using a conventional
approach (Kankainen, et al., 2011). The significance
level for the pathways was set at p-value of 0.05 (af-
ter FDR correction).

RESULTS

Bias was removed by the preprocessing steps, limiting
the difference in absolute magnitude and difference in
variance, thereby improving the quality of the dataset.
The total number of metabolites used in the analysis
was 599. In total, the ANOVA resulted in significant
differences for 63 metabolites (Appendix Table A1).
Several metabolites quantified were plant metabolites
with poorly defined metabolic function. These will not
be discussed in this article further.

It is worth mentioning the high levels of small pep-
tides, the high levels of long-chain fatty acids (LCFA)
as well as the decrease in carnitine esters in birds af-
fected by white striping compared to unaffected birds.
Especially long-chain fatty acids and carnitine esters,
which are involved in fat metabolism, were of interest
(Figure 1+2).

The nine most differentially expressed metabolites for
each comparison are summarized in Table 1 with their
respective log2 fold change (relative to normal fillets).
A positive fold change indicates that the moderate or
severe group in the contrast has increased concentra-
tions of metabolites compared to the normal group.

Pathway enrichment analysis between the groups
showed that the arginine conversion to citrulline was
amongst the most significantly perturbed pathway in
the severe group. Together with the taurine and hypo-
taurine metabolism (increase in taurine) it also had a
high impact value (Table 2). Pathways that are small
and only contain few metabolites (such as taurine and
arginine metabolism) are easily ranked high with the
method applied here. Individual pathway visualization
of interesting pathways was performed to ensure a more
precise interpretation of the data. These highlighted
the glyoxylate metabolism, TCA cycle, arginine to cit-
rulline conversion, and taurine metabolism. Other path-
ways that had a high p-value but are not discussed in
this paper had a relatively low impact and therefore a
lower biological effect.
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Figure 1. The largest significant fold changes in fats present between severe white striping and no white striping. Longer fatty acids are
increased substantially in the severely affected birds.
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Figure 2. Significant fold changes in carnitine esters between normal and severe WS. Carnitine esters involved in the transport of long-chain
fatty acids into the mitochondria are all lowered, while C14:1 carnitine is increased (serves as a marker for beta-oxidation defects).

Table 2. Pathway analysis results (normal-severe) using
Metaboanalyst. The P-value was calculated from pathway en-
richment analysis and the impact was calculated using pathway
topological analysis using betweenness centrality.

P-value Impact

Glyoxylate and dicarboxylate metabolism <0.01 0.29
Galactose metabolism <0.01 0.07
Taurine and hypotaurine metabolism <0.01 0.50
Citrate cycle (TCA cycle) <0.01 0.31
Arginine and proline metabolism 0.01 0.54
Tyrosine metabolism 0.03 0.13
Starch and sucrose metabolism 0.03 0.12
Purine metabolism 0.03 0.04
Fructose and mannose metabolism 0.03 0.19
Butanoate metabolism 0.03 0.13

Citrulline levels were elevated in especially the se-
vere group (P <0.05), while arginine levels were lower
compared to the normal fillets (P <0.05). The TCA cy-
cle showed an increase in citrate (log2FC = 1), malate

(log2FC = 1.4) and fumarate (log2FC = 0.8) in white
stripe affected breast muscles (Figure 3). High numbers
of incomplete breakdown products of protein digestion
or catabolism along with isoleucine were also observed
in birds affected by WS.

The results of the mineral analysis showed significant
changes between the severe and normal group in Ca, Cu
and Fe. Between normal and moderate there was only
a significant difference for Cu. Zn levels in the severe
group showed a tendency of being higher compared to
normal breast fillets (P = 0.055) (Figure 4).

DISCUSSION

White striping is a major problem for the broiler in-
dustry and the pathology is still unclear. The results
of this study showed clear differences in metabolites
between birds affected and unaffected by WS; these
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Figure 3. TCA cycle depicting changes between severe WS and non-affected birds. Metabolites that were not present in the dataset do not
have numbers. Dashed arrows show the direction of change that occurs in white striped affected broilers.

differences could be linked to metabolic pathways. The
statistical analysis showed that the differences, when
comparing to the normal breast fillets, were practically
continuous from normal to moderate to severe WS.

The increase in long- and medium-chain fatty acids
and decrease in acylcarnitine esters, particularly the
ones involved in the transfer of LCFA from the cy-
toplasm to the mitochondria (like palmitoylcarnitine,
Figure 2), suggested a defect in the beta-oxidation. In-
creased levels of this metabolite were found in affected
muscles (McCoin, et al., 2016). The increased levels
of cis-5-tetradecanoylcarnitine (C14:1 carnitine) (P <
0.05) further back-up this theory, since this is used as a
marker for beta-oxidation defects (Strauss, et al., 1995).
Accumulation of fatty acids can be harmful to the cell,
especially with compounds such as monoacylglycerides
(P < 0.05), which affect membranes due to their strong
detergent properties. The duration and extend of this
lipid overload determines whether a cell is damaged
(Listenberger, et al., 2003). Increase in fatty acid con-
tent can also increase intracellular Ca which may induce
cytotoxic overload (Huang, et al., 1992). To determine
if the same steps took place in these samples a mineral
analysis was performed on the muscle samples, which
showed a significant increase in calcium in this study
as well (Figure 4).

One of the possible causes of the accumulation of
fatty acids could be the lack of oxygen available. Oxy-
gen deprivation can diminish or completely abolish the
mitochondrial ß-oxidation, tricarboxylic acid cycle and
the activity of the respiratory chain, which leads to
the acute accumulation of fatty acids and their deriva-
tives (van der Vusse, et al., 1992). ß-oxidation, how-

ever, occurs not only in mitochondria, but also in per-
oxisomes. In peroxisomal ß-oxidation, fatty acids can
diffuse across the peroxisomal membrane thus not re-
quiring a carrier molecule such as carnitine as is the
case for the mitochondrial ß-oxidation (Visser, et al.,
2007). This leads to an accumulation of medium to
long-chain fatty acids, since peroxisomal ß-oxidation is
outpacing the mitochondrial ß-oxidation. As these in-
termediates behave as detergents, however, they can
induce cell damage and ultimately cell death. Hypoxia
is also known for leading to mitochondrial architectural
changes such as degeneration of cristae and, to some
extent, dissolution of the matrix or the entire mitochon-
drion (Polak, et al., 2009; Papah, et al., 2017). Given
the fact that fast growing broilers also have a low total
amount of mitochondria makes them more susceptible
to damage due to prolonged anaerobic metabolism. The
breast muscles are almost entirely composed of very low
mitochondrial-content Type IIB fibers, which could ex-
plain why WS is most prevalent there (Hudson, et al.,
2017).

Arginine in animals is used in two direct metabolic
pathways: 1. Arginine is decomposed into ornithine and
urea by arginase, and 2. arginine and molecular oxygen
generate citrulline and nitric oxide (NO) by nitric oxide
synthase (NOS) (Guo, et al., 2015). The arginine NO-
pathway was found to be significantly altered by the
pathway enrichment analysis, a system that can be used
for managing blood flow to tissues (Figure 5) (Müller
Fernandes and Eiko Murakami, 2010).

Citrulline levels were elevated in especially the se-
vere group, while arginine levels were lower compared
to the normal fillets. The findings suggest an increase
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Figure 4. Effect of moderate or severe WS on tissue mineral level. Ratios are in relation to the normal group. ∗ indicates significance
(P <0.05).

-0.25 , 0.02

L-arginine Citrulline

1.52 , 0.03

NO

NOS

Figure 5. Conversion of arginine to citrulline. Numbers below
metabolites depict fold change (log2) and p-value (FDR-adjusted).

in the conversion from arginine to citrulline in order to
increase the production of nitric oxide. Unfortunately,
nitric oxide levels were not determined so this could
not be verified. Nitric oxide favors an enhanced blood
flow due to vasodilation in humans and broilers (Tan,
et al., 2007; Bloomer, et al., 2010). Due to the hypoxic
state believed to be present in breast muscle the sys-
tem apparently tries to increase blood flow towards the
muscle. This method only works to a certain level since
molecular oxygen is required for the formation of NO
which is why the system is probably already maxed out
before white striping occurs (Lundberg and Weitzberg,
2008; Lundberg and Weitzberg, 2009). The system it-
self is also limited because blood flow can only be in-
creased up to a certain point. Broilers are not able to
synthesize arginine de novo and, therefore, solely de-
pend on dietary arginine levels (Müller Fernandes and
Eiko Murakami, 2010). Besides being able to increase
blood flow, NO also participates as one of the mediators
of hypoxia and re-oxygenation injury (Yu, et al., 1994).
This is due to its free radical nature and high reactiv-
ity with the superoxide radical to yield peroxynitrite,
an oxidant molecule. Nitric oxide could be one of the
factors leading to the tissue damage that was seen in
affected muscle tissue rather than supporting the ani-
mal in increasing blood flow (Yu, et al., 1994; Galkin,
et al., 2007).

Taurine levels were found to be increased in WS cases
and the taurine metabolism was among the most per-
turbed pathways (but with only two components in it).
Taurine exerts both short-term as well as long-term
actions in the control of ion channels and Ca home-
ostasis. The key effect of taurine is stabilization of the

sarcolemma. Besides this, taurine also modulates the
activity of various types of K channels and in particular
of those able to couple metabolic state of striated fibers
to electrical activity. Lastly, it controls intracellular Ca
homeostasis by modulating calcium handling mecha-
nisms and consequently excitation-contraction coupling
(Conte Camerino, et al., 2004). Increases in muscle fiber
size are associated with lower capillarisation, which in
turn may lead to inadequate supply of oxygen to the
muscle and inadequate elimination of metabolic inter-
mediate products (Hoving-Bolink, et al., 2000). Experi-
mental and clinical data have shown that taurine plays
a protective role against damage induced by hypoxia
due to the effects described above (Mankovskaya, et al.,
2000; Petracci, et al., 2015). Apparently, this hypoxic
state leads to an increase in the accumulation of taurine
and its metabolite hypo taurine to prevent damage as
shown in the fillets that were analyzed. A consequence
though, may well be tissue swelling due to its osmotic
properties. This can further compromise oxygen sup-
ply through compression of blood vessels. Taurine was
not the only metabolite with osmotic properties that in-
creased; so did sorbitol and alanine. Besides increases in
organic osmolytes, cells are also able to re-adjust their
volume by regulatory volume decrease. This is accom-
plished by the efflux of KCl induced by activation of
ATP-dependent K and Cl channels. When ATP defi-
cient conditions are present, KCL can accumulate in-
tracellularly which can lead to irreversible cell swelling
and finally cell damage/rupture (Okada, et al., 2001;
Belardinellia, et al., 2004). Data from the mineral anal-
ysis on the muscle samples taken during this trial
showed indeed an increase in Ca in severe WS cases,
which shows cell swelling. Our data does not show the
changes in K and Cl, while Soglia et al., (2015) did show
this. Soglia also saw an increase in the water to protein
ratio from 3.25 in normal cases to 3.52 in white strip-
ing/wooden breast cases, which also indicates swelling
was taking place. This swelling can be further induced
by damage to the cell membranes by the fatty acid
intermediates as discussed previously. It may well be
that this imbalance in osmolytes involved in cell size
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maintenance is something that has been unknowingly
selected for. Selections have been made for broilers that
exhibited high growth and low FCR, something that
can be achieved by swelling and thus this can be an
explanation for the imbalance that was seen here.

The mineral analysis also showed a significant in-
crease in Cu and Fe. Cu is an important mineral in
the activity of superoxide dismutase (SOD). SOD is an
important antioxidant defense in nearly all cells that
are exposed to oxygen (Tainer, et al., 1983; Culotta,
et al., 1997). Higher levels of Cu could be due to an
increased activity of SOD due to the oxidative stress
that is occurring in WS affected broilers. The increase
in Fe was difficult to explain. One explanation could be
that the degenerative myopathic lesions lead to disrup-
tion of muscle cell structure, which leads to damaged
porphyrin ring. This leads to breakdown of the heme
molecule leading to release of iron from globin (Soglia,
et al., 2016). The mineral analysis, however, shows to-
tal Fe content in the tissue, not the difference between
bound an unbound Fe, and hence does not give the nec-
essary information to determine if this takes place in
affected muscle tissue. High Fe is known to induce ox-
idative stress and reduce exercise performance in skele-
tal muscle, which further increases the oxidative stress
load (Reardon and Allen, 2009).

The tricarboxylic acid cycle (TCA) cycle is responsi-
ble for the total oxidation of acetyl-CoA that is derived
from pyruvate under aerobic conditions. Second, the
TCA cycle intermediates are required for the biosyn-
thesis and catabolism of several amino acids (Cronan Jr
and Laporte, 2005). Parts of the TCA cycle increased
in white striping affected broilers, but not the entire
cycle, something that is also seen during the course of
hypoxia in cerebral metabolism (Figure 3). Anaplerotic
reactions thus outbalance those leading to loss of car-
bon skeletons from the TCA cycle (Norberg and Siesjö,
1975). An explanation for this could be the occur-
rence of the oxaloacetate-fumarate flux or backflux.
This backflux is the anaerobic conversion of oxaloac-
etate to malate, fumarate or even succinate (Brekke, et
al., 2012). During hypoxia the electron transport chain
is not able to oxidize reducing equivalents. Segments of
the TCA cycle remain operative but exhibit opposing
directionalities. Oxaloacetate, for example, is reduced
to malate by malate dehydrogenase instead of con-
verted to citrate. This contributes to the re-oxidation of
nicotinamide adenine dinucleotide when the electron-
transport chain is inhibited due to a lack of oxygen.
The TCA cycle is also able to generate high energy
phosphates through matrix-level phosphorylation. This
is a highly reversible reaction that only happens if suc-
cinyl CoA is readily available. Another key ingredient
for this conversion is the availability of NAD+. High en-
ergy phosphates generated from this reaction will main-
tain a modest membrane potential and help in sparing
the extra mitochondrial ATP pools from mitochondrial
consumption (Chinopoulos, 2013). Unfortunately, ox-
aloacetate was not present in this dataset and succi-

nate did not show the significant increase one would
expect. Citrate can also be formed from glutamine initi-
ated by isocitrate dehydrogenase 2 (Wise, et al., 2011).
Increases in the isocitrate dehydrogenase 2-dependent
carboxylation of glutamine are accompanied by an in-
crease of 2-hydroxyglutarate, which was also shown in
WS fillets in this study (P < 0.05). The fact that the
glyoxylate metabolism ranked high in the pathway anal-
ysis was due to the fact that a number of TCA com-
pounds are also involved in this pathway. No clear links
could be established however due to the low amount
of metabolites involved in this pathway present in our
dataset.

High numbers of incomplete breakdown products of
protein digestion or catabolism along with isoleucine
were also observed in birds affected by WS. One expla-
nation could be that this is an indicator of poor blood
supply and therefore nutrient supply in periphery ar-
eas. Breakdown products accumulate due to limited re-
moval. It is difficult however to determine if this is a
problem that spawns from lack of utilization or from
muscle catabolism.

The hypotheses generated from this study are in line
with recent literature in which it was stated that ge-
netic selection of broilers has led to reduced muscu-
lar oxygenation and impaired metabolic waste product
displacement. This theory is based on differentially ex-
pressed genes (Zambonelli, et al., 2016). In this study,
the problem was studied on metabolite level, which is as
mentioned in the introduction the downstream result of
gene transcription and post-translational protein modi-
fication. Both studies, using complementary techniques,
find a lot of similarities and most importantly common
markers for hypoxia.

Although outside the scope of this research, the above
findings suggest that as possible solutions for WS im-
proved oxygen supply into the breast muscle or avoiding
stress which can diminish blood supply into the breast
muscle should be considered. Avoiding stress is very
much a management tool, although calming agents may
facilitate this. The question is how to induce blood sup-
ply into the muscle. Exercising birds frequently is tech-
nically an option, but with limited practical relevance.
Improving ventilation to maximize O2 concentrations
(and to minimize NH3) may also offer opportunities.
Lastly, compounds that relax blood vessels in the mus-
cles may offer benefits.

CONCLUSION

The result of this metabolomics study showed distur-
bances in WS affected broilers in fatty acid oxidation,
TCA cycle, arginine metabolism, taurine metabolism
and osmolytes responsible for cell swelling. The overall
trigger for these changes appears to be a hypoxic situ-
ation being present in the breast muscle tissue of broil-
ers. Likely, the vascular system in the breast muscle is
marginal; it supports muscle growth under steady-state
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conditions, but is inadequate to support muscle health
under stress. This hypoxic state goes hand-in-hand with
oxidative stress, which combined leads to muscle prob-
lems. Finding ways to prevent or alleviate the hypoxic
state the tissue is in should be the focus of future re-
search work.
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APPENDIX

Table A1. Table of significantly affected metabolites based on
ANOVA between the groups (FDR corrected P < 0.05).

Metabolite P–value FDR

cis-5-
Tetradecenoylcarnitine

P < 0.001 Q < 0.001

MG1829Z.12Z/00/00 P < 0.001 Q < 0.001
N-Acetyl-2,6-diethylaniline P < 0.001 Q < 0.001
2,3-bisAcetyloxypropyl
icosanoate

P < 0.001 Q < 0.001

Lys-Lys-Lys-Val P < 0.001 Q < 0.001
Theonellasterol B P < 0.001 Q < 0.001
Stearoylcarnitine P < 0.001 Q < 0.001
PI403 P < 0.001 Q < 0.001
Citric acid P < 0.001 Q < 0.001
Sorbitan palmitate P < 0.001 Q < 0.01
16-Hydroxy hexadecanoic
acid

P < 0.001 Q < 0.01

PR 5-D-ribonylhopane P < 0.001 Q < 0.01
Norselic acid C P < 0.001 Q < 0.01
Vitamin K1 2,3-epoxide P < 0.001 Q < 0.01
2’,3’-Dihydro-
phytomenadione

P < 0.001 Q < 0.01

Ala-Asn-Pro-Pro P < 0.001 Q < 0.01
Lethedoside B P < 0.001 Q < 0.01
ST dimethyl60/60/60/30
5Z.7E.22E.24E.24bE-
1S.3R-26.27-dimethyl-
24a.24b.24c-trihomo-9.10-
seco-5.7.1019.22.24.24b-
cholestahexaene-1.3.25-
triol

P < 0.001 Q < 0.01

PI426 P < 0.001 Q < 0.01
Delta 8,14 -Sterol P < 0.001 Q < 0.01
Ergosterol P < 0.001 Q < 0.01
Methyl-delta-ionone P < 0.001 Q < 0.01
2,3-Diacetoxypropyl
stearate

P < 0.001 Q < 0.01

Asp-Leu-Pro-Ser P < 0.001 Q < 0.01
Cys-Thr-Cys-His P < 0.001 Q < 0.01
Alpha-Tocotrienol P < 0.001 Q < 0.01
PR Coenzyme Q8 P < 0.001 Q < 0.01
Cys-Lys-Gln-Pro P < 0.001 Q < 0.01
Cys-Leu-Cys-Cys P < 0.001 Q < 0.01
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Table A1 continued

Metabolite P.value FDR

Lys-Pro-Pro P < 0.001 Q < 0.01
Ophrysanin P < 0.001 Q < 0.01
Cyanidin P < 0.001 Q < 0.01
Taurine P < 0.001 Q < 0.01

MG1846Z.9Z.12Z.15Z/00/00
P < 0.001 Q < 0.01

SMd423 P < 0.001 Q < 0.01
Histamine P < 0.001 Q < 0.01
3-Methylbutyl dodecanoate P < 0.001 Q < 0.01
3-Methylbutyl decanoate P < 0.001 Q < 0.01
3-octaprenyl-4-hydroxy-5-
methoxybenzoate

P < 0.001 Q < 0.01

Sorbitol P < 0.01 Q < 0.05
3-heptaprenyl-4-
hydroxybenzoate

P < 0.01 Q < 0.05

L-thiazolidine-4-
carboxylate

P < 0.01 Q < 0.05

Elaidic carnitine P < 0.01 Q < 0.05
L-Malic acid P < 0.01 Q < 0.05
Fructose P < 0.01 Q < 0.05
Asp-Met-Cys-His P < 0.01 Q < 0.05
Hydroxyprolyl-Histidine P < 0.01 Q < 0.05
PI351 P < 0.01 Q < 0.05
PS404 P < 0.01 Q < 0.05
L-Methionine P < 0.01 Q < 0.05
PS1819Z/180 P < 0.01 Q < 0.05
1-Phospho-alpha-D-
galacturonate

P < 0.01 Q < 0.05

Thiomorpholine
3-carboxylate

P < 0.01 Q < 0.05

Quinic acid P < 0.01 Q < 0.05
PEP-1819Z/1836Z.9Z.12Z P < 0.01 Q < 0.05
alpha-Narcotine P < 0.01 Q < 0.05
L-Palmitoylcarnitine P < 0.01 Q < 0.05
Sinapinic acid-O-sulphate P < 0.01 Q < 0.05
2-Hydroxy-24-keto-
octacosanolide

P < 0.01 Q < 0.05

Dimethylglycine P < 0.01 Q < 0.05
Isoleucine P < 0.01 Q < 0.05
Acetoacetic acid P < 0.01 Q < 0.05
Artobiloxanthone P < 0.01 Q < 0.05


