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Dietary phytase and myo-inositol supplementation are associated
with distinct plasma metabolome profile in broiler chickens

F. Gonzalez-Uarquin1*, Á. Kenéz2* , M. Rodehutscord1 and K. Huber1†

1Institute of Animal Science, Faculty of Agricultural Sciences, University of Hohenheim, 70593 Stuttgart, Germany; 2Department of Infectious Diseases and Public Health,
City University of Hong Kong, Hong Kong SAR

(Received 25 March 2019; Accepted 23 August 2019; First published online 15 October 2019)

Phytase enzyme is used as a dietary supplement in broiler nutrition to improve phosphorous bioavailability. Phytase deliberates
phosphate groups from phytic acid and produces myo-inositol after total dephosphorylation. Myo-inositol is a bioactive
compound having beneficial modulatory effects on metabolism in humans. However, it is not well understood if and how phytic
acid degradation products, particularly myo-inositol, can modulate metabolism in broiler chicken. The purpose of this study was
to investigate effects of dietary supplements of phytase and myo-inositol on the blood plasma metabolome profile of broiler
chickens. Broilers were provided a nutrient-adequate control diet or the same diet supplemented with either 3.5 g myo-inositol or
500, 1500 or 3000 units of phytase, per kilogram of feed (grower diet). Broilers were group-housed in floor pens (eight pens per
diet) and provided one of the treatment diets for 22 days. Then, blood was collected from one bird per pen, resulting in eight
replicated measurements per diet. A targeted metabolomics approach was applied to the heparin plasma. Body weight of the
birds was not significantly affected by the treatments. Plasma myo-inositol concentrations were significantly increased by myo-
inositol supplementation and phytase supplementation at 500 and 1500 units/kg. Metabolites generally affected by phytase
supplementation belonged to the groups of acyl-carnitines, phosphatidylcholines, sphingomyelins, lysophosphatidylcholine,
biogenic amines and amino acids. Compared to the control diet, phytase supplements had significantly higher plasma
concentrations of kynurenine and creatinine, but lower concentrations of histamine and cis-4-hydroxyproline. Myo-inositol
supplementation significantly increased plasma concentrations of dopamine and serotonine. While some metabolites were
similarly affected by myo-inositol and phytase supplementation, others were distinctly differently affected. We conclude that
myo-inositol, either as a directly added supplement or indirectly released from phytate upon phytase supplementation, can affect
specific metabolic pathways. Additional effects found on phytase supplementation may be related to intermediary phytate
degradation products. Results are indicative for innovative hypothesis to be tested in future experiments, for instance, with regard
to relationships between phytase or myo-inositol supplements and bird immunity or behaviour.

Keywords: serotonin, dopamine, metabolomics, phytic acid, phosphate

Implications

Myo-inositol is known as a bioactive molecule that has
positive modulatory effects on metabolism in humans.
Myo-inositol was shown in our study to reach enhanced
blood plasma concentrations due to dietary supplementation
and that this had consequences on several further metabo-
lites of the blood plasma. Among affected metabolites were
serotonin and dopamine, which indicates that myo-inositol
could affect behaviour and welfare in broiler chicken by
modulating respective physiological function. The present

data provide indication for further research in poultry physi-
ology and behaviour.

Introduction

Broiler chickens are in a very tensed metabolic situation
throughout their life (Zuidhof et al., 2014; Buzała et al.,
2015). Due to the rapid growth rate and the selective growth
of breast muscle the requirements for energy, protein and
minerals are high. Thus, many dietary supplements such as
amino acids, short chain fatty acids, probiotics and enzymes
were used in broiler meat production to improve performance
and to maintain health of the animals. Among supplemented

* These two authors contributed equally to this work.
† E-mail: korinna.huber@uni-hohenheim.de

Animal (2020), 14:3, pp 549–559 © The Animal Consortium 2019 animal
doi:10.1017/S1751731119002337

549

https://orcid.org/0000-0002-9041-3452
mailto:korinna.huber@uni-hohenheim.de
https://doi.org/10.1017/S1751731119002337


enzymes, phytases are a specific group. Phytases dephos-
phorylate phytic acid (InsP6; myo-inositol-(1,2,3,4,5,6)
hexakis phosphate) and its salts (phytate) contained in feed-
stuffs of plant origin. InsP6 is degraded stepwise to lesser
phosphorylated inositol phosphates (Shastak et al., 2014;
Zeller et al., 2015) and myo-inositol (Schmeisser et al.,
2017; Sommerfeld et al., 2018a), the core molecule of phytic
acid, in the gastrointestinal tract of broiler chickens.

Myo-inositol is a highly bioactive substance. In human
medical research, a plethora of positive effects ofmyo-inositol
were described, including amelioration of insulin sensitivity
and of lipid metabolism, modulation of endocrine signalling
within cells and influencing immune functions (Holub, 1986;
Croze and Soulage, 2013). The cellular mechanisms by which
myo-inositol acts on metabolism are not fully clear yet. Feed
provided to broiler chickens is often supplemented with phy-
tases in order to enhance the utilisation of plant phosphorus
(P) and to reduce anti-nutritive effects of phytate. At high
levels of phytase supplementation (>1000 phytase units
(FTU) per kilogram of diet), up to 90% of InsP6 contained
in the diet was found to be degraded in the digestive tract
of broiler chickens at the end of the ileum (Zeller et al.,
2015; Gautier et al., 2018; Walk et al., 2018; Sommerfeld
et al., 2018a). Although there is no clear evidence to which
extent phytic acid is totally hydrolysed to myo-inositol and
phosphate in phytase-supplemented broilers, myo-inositol
became available in considerable amounts as one product
of phytase activity and of other phosphatases in the gut lumen.
Detailed evidence about the impact of dietary phytase and
myo-inositol on broiler metabolism beyond the effect of
increased phosphate bioavailability is lacking so far. Myo-
inositol metabolism has been related to lipid metabolism
and adipocyte insulin sensitivity (Kim et al., 2014; Plows
et al., 2017), bone formation (Angeloff et al., 2009), skeletal
muscle development (Dang et al., 2010) in mammalian cell
lines and model organisms.

It has been hypothesised that myo-inositol, which is
absorbed in the small intestine (Aouameur et al., 2007), may
also have positive effects on metabolism of birds (Cowieson
et al., 2013; Żyła et al., 2013; Farhadi et al., 2017; Pirgozliev
et al., 2017; Sommerfeld et al., 2018b). These effects are most
likely independent from the effect of increased phosphate
bioavailability and influence intermediary metabolic pathways.
Assessing metabolic pathways in a metabolomics approach has
been proven to be a valuable methodological tool to study
interactions between environmental factors, including nutrition,
and host physiology in various livestock species (Goldansaz
et al., 2017). Blood plasma contains a vast number of metab-
olites which represent end points or intermediate steps of path-
ways. These metabolites can be quantitatively measured by a
liquid chromatography/mass spectrometry (LC/MS)–based
method. Quantitative detection of a defined set of metabolites
in a targeted metabolomics approach is a way to assess the
effect of dietary interventions on plasma metabolite profiles.
Furthermore, single metabolites can be identified as biomarkers
for metabolic conditions. This type of data-driven scientific
approach is suitable for generating novel hypotheses about

themodulation of metabolic pathways by dietary factors in farm
animals (Goldansaz et al., 2017). Based on this, the present
study aimed to compare plasma metabolome profiles of broiler
chickens that were fed diets supplemented with different
levels of exogenous phytase or myo-inositol. Using a targeted
metabolomics approach, metabolites related to various
physiological and pathophysiological conditions (e.g. insulin
sensitivity, mitochondrial function, lipid metabolism, glucose
homeostasis, inflammation) were identified and analysed as
markers for modulation of metabolism by dietary phytase
and by myo-inositol in chicken. By using both, phytase supple-
ments (resulting in a release of a certain amount ofmyo-inositol)
and pure myo-inositol supplements, it was intended to distin-
guish between pure myo-inositol effects and mixed effects of
myo-inositol and intermediary phytate degradation products
released by phytase.

Material and methods

Animals and feeding
Animals and feeding regimen used in this study were
described in more detail elsewhere (Sommerfeld et al.,
2018a). Briefly, 440 unsexed Ross 308 broilers were housed
in 40 floor pens (11 birds per pen). Each pen was allocated
to one out of five dietary treatments (eight pens per treat-
ment) as follows: (1) basal diet based on wheat, soybean
meal and corn, that contained adequate levels of energy
and of all nutrients (Control); (2) basal diet plus 500
FTU/kg feed (PHY500); (3) basal diet plus 1500 FTU/kg
feed (PHY1500); and (4) basal diet plus 3000 FTU/kg feed
(PHY3000). The phytase was an Escherichia coli–derived
modified 6-phytase. The concentrations of P, Ca and Na in
diets PHY500, PHY1500 and PHY3000 were reduced to
account for the expected effect of phytase (1.5 g available
P, 1.65 g Ca and 0.3 g Na/kg feed).

The fifth treatment was basal diet plus 3.8 gmyo-inositol/kg
feed during the starter phase (until day 11) and 3.5 g myo-
inositol/kg during the grower phase (days 11 to 22; MI). The
dosage of myo-inositol was chosen to represent approximately
1.5-fold the amount of myo-inositol that theoretically would
be released should all phytic acid of the diet be degraded
in the digestive tract. Diets were pelleted and offered for ad libi-
tum consumption throughout the experiment. Drinking
water was available at all times from nipple drinkers. The
experiment and all management procedures were approved
by Regierungspräsidium Tübingen in accordance with the
German animal welfare regulations (approval No. HOH
41/16TE).

Plasma sampling
At the age of 22 days, one bird was selected from each pen
(n= 8 individual birds per treatment). The reason for this
was that the present metabolomics study, based on plasma
samples of individual birds, was part of a bigger nutritional
trial with a pen design. Birds were weighed; stunned with a
gas mixture of 35%CO2, 35%N2 and 30%O2; and euthanised
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via decapitation. Blood samples were obtained from the trunk.
Heparin plasma was collected after centrifugation at 2000×g
for 15 min at room temperature, aliquoted and frozen at –80°
C until analysis. The other birds of the pens were used for mea-
surements which are outside the scope of this manuscript.

Targeted metabolomics approach
Frozen plasma samples were shipped to Biocrates Life
Sciences AG (Innsbruck, Austria) for metabolomics analyses
to determine the metabolite concentrations of several
substrate classes, including amino acids, biogenic amines,
acylcarnitines, glycerophospholipids, sphingolipids and
hexoses using the Absolute-IDQTM p180 kit (Biocrates,
Innsbruck, Austria). This kit has been used several times in
animal and human nutritional research and in the food indus-
try to investigate metabolic effects of functional food. All
measurements were performed according to the certified
guidelines and protocols of Biocrates by applying validated
analytical methods. The fully automated assay was based
on phenylisothiocyanate (PITC) derivatisation in the presence
of internal standards followed by FIA-MS/MS (acylcarnitines,
(lyso-) phosphatidylcholines, sphingomyelins, hexoses) and
LC-MS/MS (amino acids, biogenic amines) using a SCIEX
4000 QTRAP® (SCIEX, Darmstadt, Germany) or a Xevo
TQ-SMicro (Waters, Vienna, Austria) instrument with electro-
spray ionisation (ESI). The experimental metabolomics
measurement technique is described in detail by patent US
2007/0004044 (Ramsay et al., 2007). A full list of all 188
metabolites quantified by the Absolute-IDQTM p180 Kit is
shown in Supplementary Material S1.

Myo-inositol determination in plasma
Themyo-inositol concentrations in plasmaweremeasured using
a commercially available kit (K-INOSL, Megazyme International,
Ireland). The assay reaction was converting myo-inositol into
stable INT-formazan which was measured spectrophotometri-
cally at 492 nmwave length andwhich amount is stoichiometric
with the amount of myo-inositol in the plasma. The K-INOSL
assay was down-scaled to a microtiter plate, and samples of

all broilers were assessed in duplicate on one plate. Values were
given in milligrams per litre.

Bioinformatics and statistical analyses
Metabolite concentrations were provided in micromoles per
litre by Biocrates as raw data. Metabolomics data and plasma
myo-inositol concentrations were compared by one-way
ANOVA with Tukey HSD (Honestly Significant Difference)
post-hoc test (Control v. PHY500 v. PHY1500 v. PHY3000)
and by unpaired t test (Control v. MI), to evaluate the total
effect of phytase supplementation and the direct effect of
myo-inositol supplementation, respectively. All data were
tested and confirmed to be normally distributed by use of
the D’Agostino & Pearson omnibus normality test. For analy-
sis and graphical demonstration of data GraphPad Prism
version 6.07 for Windows was used (GraphPad Software,
La Jolla, CA, USA). The level of significance for all tests
was set at P < 0.05. Values where P < 0.1 are reported
as trends although non-significant. Volcano plot showing
combinations of P-value (t test) and fold-change was created
for Control v. MI, and a heatmap showing top 70 most sig-
nificant metabolites was created for Control v. PHY500
v. PHY1500 v. PHY3000 using MetaboAnalyst 4.0 (Chong
et al., 2019). The top 70 metabolites with the lowest P values
were shown in the heatmap after autoscaling, to highlight
the most prominent metabolite changes.

Results

Body weight of broiler chickens at the end of the experiment at
day 22 of life was not significantly different between treatments
(Control= 1084 ± 40.27 g; PHY500= 1188 ± 46.07 g;
PHY1500= 1155± 41.01 g; PHY3000= 1116 ± 28.10 g and
MI= 1160 ± 45.58 g; mean± SD, n= 7 or 8). PHY500 and
PHY1500 groups showed significantly higher plasma myo-
inositol concentrations in comparison to the Control
(Figure 1a; P = 0.0124; one-way ANOVA); while PHY3000
expressed higher values only as a trend (P = 0.0797; Tukey’s

Figure 1 Concentration of myo-inositol in plasma of broiler chickens. (a) Chicken fed a basal diet (Control, n= 8) or a basal diet plus three different levels of
phytase supplementation: 500 units of phytase/kg basal diet= PHY500 (n= 7), 1500 units of phytase/kg basal diet= PHY1500 (n= 8) and 3000 units of
phytase/kg basal diet= PHY3000 (n= 8). (b) Chicken fed a basal diet (Control, n= 8) or a basal diet plus 3.8 gmyo-inositol/kg (MI, n= 8). Statistical analyses
of data were performed by one-way ANOVA with Tukey’s post-test and unpaired t test, respectively. Lowercase letters indicate significant differences
(P < 0.05). Given are means±SEM, F and t values indicate the variation between and within the groups. Degrees of freedom are showed in the figure as
subscripts of F or t values.
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post-test). When Control was compared to chickens fed myo-
inositol asadietary supplement,MIgroupexpressedsignificantly
higher concentrations of plasma myo-inositol in comparison to
Control (Figure 1b; P = 0.0003; unpaired Students t test).

Effects of dietary phytase supplementation on chicken
plasma metabolite profiles
Differences in metabolome profiles of Control, PHY500,
PHY1500 and PHY3000 groups were tested by one-way
ANOVA, and the top 70 metabolites with the highest signifi-
cance (lowest P value) were selected (TOP70). The TOP70
heatmap displaying averaged relative concentrations of
autoscaled metabolite concentrations (Figure 2) provided
an overview about the metabolome profiles separately
according to treatment groups. This heatmap showed
differences in acyl-carnitines, phosphatidylcholines (PCs),
sphingomyelins (SMs), lysophosphatidylcholine (lysoPCs),
biogenic amines and amino acids. The statistical evaluation
of short-, medium- and long-chain acylcarnitines as well
as glycerophospholipids and sphingolipids by one-way
ANOVA followed by Tukey HSD post-hoc test revealed pre-
dominantly significant lower concentrations for most of these
metabolites in PHY500, PHY1500 and PHY3000 than in
Control. Details about these differences were demonstrated
in Table 1. The statistical evaluation of biogenic amines by
one-way ANOVA indicated that the dietary phytase supple-
mentation was associated with lower concentrations of
kynurenine (P = 0.0021) and creatinine (P = 0.0003) in
PHY500, PHY1500 and PHY3000, but with higher histamine
(P < 0.0001) and cis-4-hydroxyproline (P = 0.0065) concen-
trations than in Control. The ratio kynurenine : tryptophan
was lower in PHY500 and PHY1500 (P = 0.003) but was
similar to that in Control and PHY3000. Trans-4-hydroxypro-
line concentrations were influenced by dietary phytase
supplementation (P = 0.0245) mainly due to the remarkable
difference between PHY1500 and PHY3000. Plasma dopa-
mine concentration was moderately affected by phytase
supplementation (P = 0.0499) due to a lower concentration
in PHY500. Plasma serotonin concentration was not affected
by phytase supplementation (P = 0.5954).

Effects of dietary myo-inositol supplementation on chicken
plasma metabolite profiles
Metabolites with the greatest discriminating potential
between Control and MI treatment were assessed by
unpaired t test using Volcano Plotting (fold threshold 1.0,
significance level P < 0.05) for visualisation (Figure 3). The
upper right shows ninemetabolites with higher concentrations
in Control and the upper left two metabolites with higher
concentrations in MI treatment. Metabolites in the upper right
belonged to various substrate classes such as acyl-carnitines,
PCs, SMs, lysoPCs, biogenic amines and amino acids. As seen
in the upper left quarter, dopamine and serotonin increased
significantly as a response to dietary myo-inositol supplemen-
tation. Exact P values are shown in Table 2.

Figure 2 (Colour online) Heatmap of top 70 most significant
metabolites (TOP70) detected by ANOVA. The heatmap was generated
using autoscaled data and used colour coding to show relative
concentration averages for treatment groups. Differences were
revealed in various substrate classes, such as acyl-carnitines, phospha-
tidylcholines phingomyelins, lysophosphatidycholines, biogenic amines
and, amino acids in plasma of broiler chickens fed a basal diet
(Control, n = 8) or a basal diet plus three different levels of phytase
supplementation: 500 units of phytase/kg basal diet = PHY500 (n = 7),
1500 units of phytase/kg basal diet = PHY1500 (n = 8) and 3000 units
of phytase/kg basal diet = PHY3000 (n = 8). The colour key for relative
metabolite concentrations is given in the right upper corner.
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Table 1 Differential metabolite concentrations in plasma of broiler chickens fed a basal diet (Control) or three levels of phytase supplementation (PHY)

Metabolite (μmol/l) Control PHY500 PHY1500 PHY3000 P-value F-value (df= 3,27)

Acylcarnitines
C3 0.22 ± 0.02a 0.13 ± 0.02b 0.17 ± 0.0215ab 0.12 ± 0.0193b 0.0104 4.563
C4 0.09 ± 0.006a 0.04 ± 0.004b 0.04 ± 0.0036b 0.04 ± 0.004b <0.0001 28.26
C5 0.07 ± 0.003a 0.03 ± 0.002b 0.03 ± 0.0014b 0.02 ± 0.001b <0.0001 146.9
C8 0.12 ± 0.005a 0.07 ± 0.004b 0.06 ± 0.0025b 0.07 ± 0.006b <0.0001 29.60
C10 0.12 ± 0.007a 0.06 ± 0.003b 0.06 ± 0.0024b 0.06 ± 0.003b <0.0001 44.65
C10:1 0.07 ± 0.004a 0.05 ± 0.0032b 0.05 ± 0.005b 0.04 ± 0.004b 0.0002 9.105
C12 0.05 ± 0.002a 0.03 ± 0.001b 0.03 ± 0.001b 0.03 ± 0.001b <0.0001 29.34
C14:1 0.05 ± 0.003a 0.03 ± 0.003b 0.045 ± 0.002ab 0.04 ± 0.002b 0.0011 7.115
C14:2 0.008 ± 0.0005a 0.006 ± 0.0002b 0.006 ± 0.0003b 0.006 ± 0.0001b <0.0001 17.58
C16 0.02 ± 0.002a 0.02 ± 0.003ab 0.01 ± 0.0001b 0.014 ± 0.001ab 0.0221 3.770
C16:1-OH 0.009 ± 0.0006a 0.005 ± 0.0003b 0.005 ± 0.0002b 0.005 ± 0.0003b <0.0001 26.37
C18 0.01 ± 0.0013a 0.01 ± 0.00005ab 0.009 ± 0.0006b 0.009 ± 0.0009b 0.0042 5.546
C18:1 0.02 ± 0.0007a 0.016 ± 0.001ab 0.016 ± 0.0007ab 0.015 ± 0.0006b 0.0421 3.128
C18:2 0.007 ± 0.0002a 0.005 ± 0.0004b 0.005 ± 0.0004b 0.005 ± 0.0004b 0.0063 5.110

Biogenic amines
Creatinine 4.458 ± 0.2990a 1.946 ± 0.5235b 2.132 ± 0.4116b 1.273 ± 0.2393b 0.0003 8.753
c4-OH-Pro 0.059 ± 0.012a 0.164 ± 0.028ab 0.2022 ± 0.028b 0.1644 ± 0.036ab 0.0065 5.036
Dopamine 0.253 ± 0.023a 0.1323 ± 0.027b 0.1629 ± 0.029ab 0.174 ± 0.036ab 0.0499 2.962
Histamine 0.184 ± 0.007a 0.238 ± 0.003b 0.239 ± 0.0027b 0.249 ± 0.007b <0.0001 25.37
Kynurenine 0.302 ± 0.033a 0.13 ± 0.009b 0.183 ± 0.027b 0.188 ± 0.033b <0.0021 6.36
Kyn : Trp ratio 0.0038 ± 0.0002a 0.002 ± 0.0001b 0.0026 ± 0.0003b 0.0026 ± 0.0004ab 0.0030 5.952
t4-OH-Pro 108.9 ± 9.000ab 126.9 ± 9.277ab 143.5 ± 9.075a 105.0 ± 10.06b 0.0245 3.66

Glycerophospholipids
PC aa C24:0 0.1210 ± 0.018a 0.050 ± 0.007b 0.036 ± 0.003b 0.028 ± 0.0026b <0.0001 17.80
PC aa C32:0 31.41 ± 2.843a 22.30 ± 2.064b 24.76 ± 1.58ab 24.10 ± 1.99ab 0.0337 3.348
PC aa C34:1 241.1 ± 17.55a 166.8 ± 15.06b 188.1 ± 9.561b 179.9 ± 9.303b 0.0027 6.074
PC aa C34:3 23.69 ± 1.750a 17.69 ± 1.307b 18.91 ± 1.163ab 17.54 ± 1.034b 0.0093 4.678
PC aa C36:1 138.0 ± 12.45a 91.01 ± 7.3b 109.3 ± 6.544ab 101.4 ± 7.158b 0.0057 5.216
PC aa C36:2 384.8 ± 19.26a 222.3 ± 15.74b 231.5 ± 9.163b 224.0 ± 9.99b <0.0001 32.51
PC aa C36:4 150.7 ± 15.92a 109.6 ± 8.014b 114.7 ± 7.017ab 108.7 ± 6.093b 0.0190 3.928
PC aa C36:6 0.597 ± 0.061a 0.464 ± 0.034ab 0.448 ± 0.033ab 0.433 ± 0.028b 0.0366 3.267
PC aa C38:0 0.83 ± 0.060a 0.668 ± 0.056ab 0.643 ± 0.035b 0.551 ± 0.032b 0.0024 6.186
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Table 1 (Continued )

Metabolite (μmol/l) Control PHY500 PHY1500 PHY3000 P-value F-value (df= 3,27)

PC aa C38:3 71.08 ± 4.55a 50.47 ± 3.96b 57.2 ± 2.663ab 51.73 ± 3.405b 0.0018 6.543
PC aa C38:4 178.1 ± 21.59a 127.1 ± 11.28ab 132 ± 8.047ab 122.7 ± 9.613b 0.0285 3.514
PC aa C40:1 0.347 ± 0.012a 0.2849 ± 0.010b 0.279 ± 0.008b 0.26 ± 0.008b <0.0001 14.12
PC aa C40:4 8.92 ± 0.745a 6.16 ± 0.434b 6.80 ± 0.50ab 6.49 ± 0.556b 0.0096 4.646
PC aa C42:5 0.476 ± 0.020a 0.376 ± 0.03ab 0.393 ± 0.033ab 0.364 ± 0.026b 0.0287 3.508
PC ae C32:1 1.765 ± 0.136a 1.385 ± 0.1029b 1.493 ± 0.056ab 1.363 ± 0.063b 0.0211 3.821
PC ae C34:0 1.043 ± 0.06a 0.781 ± 0.056b 0.883 ± 0.041ab 0.812 ± 0.044b 0.005 5.35
PC ae C36:1 2.461 ± 0.128a 1.780 ± 0.1184b 2.025 ± 0.089b 1.779 ± 0.095b 0.0003 8.830
PC ae C36:2 6.43 ± 0.34a 4.82 ± 0.344b 5.203 ± 0.323b 4.65 ± 0.248b 0.0018 6.566
PC ae C38:0 2.204 ± 0.21a 1.597 ± 0.152b 1.558 ± 0.104b 1.520 ± 0.118b 0.0091 4.699
PC ae C38:2 2.911 ± 0.135a 2.05 ± 0.136b 2.351 ± 0.188ab 2.095 ± 0.131b 0.0013 6.919
PC ae C38:3 1.980 ± 0.115a 1.430 ± 0.101b 1.609 ± 0.072b 1.436 ± 0.078b 0.0007 7.761
PC ae C38:6 2.036 ± 0.14a 1.713 ± 0.147ab 1.628 ± 0.082ab 1.448 ± 0.064b 0.0074 4.925
PC ae C40:2 0.525 ± 0.023a 0.39 ± 0.027b 0.40 ± 0.019b 0.367 ± 0.022b 0.0002 9.598
PC ae C40:4 1.806 ± 0.148a 1.384 ± 0.094ab 1.575 ± 0.095ab 1.365 ± 0.07b 0.0248 3.655
PC ae C42:0 0.757 ± 0.034a 0.584 ± 0.04b 0.575 ± 0.022b 0.576 ± 0.031b 0.0006 7.923

Sphingolipids
SM C16:1 1.175 ± 0.1a 0.9076 ± 0.07ab 0.984 ± 0.05ab 0.843 ± 0.043b 0.0114 4.463
SM C24:0 11.3 ± 0.90a 7.95 ± 0.527b 8.943 ± 0.5ab 8.301 ± 0.71b 0.0083 4.806
SM C26:1 0.135 ± 0.012a 0.071 ± 0.009b 0.079 ± 0.01b 0.052 ± 0.008b <0.0001 12.51
SM (OH) C14:1 0.54 ± 0.023a 0.402 ± 0.032b 0.439 ± 0.028ab 0.37 ± 0.024b 0.0009 7.368
SM (OH) C16:1 0.705 ± 0.038a 0.602 ± 0.04ab 0.63 ± 0.04ab 0.526 ± 0.03b 0.0208 3.834
SM (OH) C22:1 1.859 ± 0.10a 1.441 ± 0.12b 1.51 ± 0.007ab 1.318 ± 0.078b 0.0023 6.258

C3= propionylcarnitine; C4= butyrylcarnitine; C5= valerylcarnitine; C8= octanoylcarnitine; C10= decanoylcarnitine; C10:1= decenoylcarnitine; C12= dodecanoylcarnitine; C14:1= tetradecenoylcarnitine;
C14:2= tetradecadienylcarnitine; C16= hexadecanoylcarnitine; C16:1-OH= hydroxyhexadecenoylcarnitine; C18= octadecanoylcarnitine; C18:1= octadecenoylcarnitine; C18:2= octadecadienylcarnitine;
c4-OH-Pro= cis-4-hydroxyproline; t4-OH-Pro= trans-4-Hydroxyproline; Kyn : Trp ratio= kynurenine : tryptophan ratio; PC= phosphatydilcholine; lysoPC= lysophosphatidylcholine; SM= sphingomyelin.
Control= basal diet (n= 8). PHY= basal diet plus phytase supplementation. PHY levels were supplemented as follows: PHY500= 500 units of phytase/kg basal diet (n= 7), PHY1500= 1500 units of phytase/kg basal
diet (n= 8) and PHY3000= 3000 units of phytase/kg basal diet (n= 8). Values are given as means ± SEM. One-way ANOVA with Tukey´s post-hoc test was used. a, b: different letters indicate statistically significant
differences between groups (Tukey’s post-hoc test: P < 0.05). F-value indicates the variation between and within the groups. df = Degrees of freedom.
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Discussion

A metabolomics analysis in blood plasma was applied to
assess systemic physiological effects of dietary interventions
in broiler chickens. Although this data-driven approach was
not designed to provide mechanistical evidence, new hypoth-
eses could be generated for future research in broiler chick-
ens. One of the aims was to clarify if supplemented phytase
and supplemented myo-inositol provoked similar responses
on the metabolite profiles or if there were distinct differences

between the responses. Based on the hypothesis that myo-
inositol could be the major driver of the metabolic responses,
it was expected that both treatments showed similarities in
responses. In both cases, comparison was done between
treatments (either phytase or myo-inositol supplementation)
and Control. However, phytase supplementation provoked
many more differences in metabolite concentrations and a
different metabolomics pattern than myo-inositol supple-
mentation, compared to Control. The metabolic responses

Figure 3 (Colour online) Volcano plot showing differences of metabolite concentrations in plasma of broiler chickens. Chickens fed a basal diet = Control
(n= 8) or a basal diet plus 3.8 g myo-inositol/kg basal diet=MI (n= 8). Unpaired t test with P < 0.05 as a significance level was used for this comparison.
The plot combines P values with fold-changes (FC) between treatments. Dots in the upper half of the diagram indicate metabolites that are significantly
different between treatment and Control.

Table 2 Differential metabolite concentrations in plasma of broiler chickens fed a basal diet (Control) or a
myo-inositol (MI) supplemented diet

Metabolite (μmol/l) Control MI P-value t-Value (df= 14)

Carnitine
C0 3.36 ± 0.2 2.67 ± 0.1 0.0144 2.793

Acylcarnitines
C3 0.22 ± 0.02 0.16 ± 0.01 0.0285 2.441
C18:1 0.02 ± 0.0007 0.01 ± 0.0006 0.0028 3.623

Biogenic amines
Dopamine 0.25 ± 0.02 0.40 ± 0.056 0.0266 2.476
Serotonin 0.46 ± 0.41 1.35 ± 0.16 0.0343 2.345

Glycerophospholipids
PCaaC34:1 241.1 ± 17.5 170.1 ± 16.7 0.0110 2.927
PCaaC36:1 138 ± 12.4 96.06 ± 9.3 0.0174 2.695
PCaaC40:3 0.96 ± 0.04 0.81 ± 0.05 0.0448 2.204
PCaeC36:1 2.46 ± 0.13 1.99 ± 0.16 0.0371 2.304
PCaeC36:3 109.7 ± 6.3 88.31 ± 8.3 0.0585 2.060
lysoPCaC16:1 1.65 ± 0.14 1.21 ± 0.08 0.0219 2.579
lysoPCaC18:1 10.55 ± 0.76 8.10 ± 0.63 0.0267 2.476

C0= carnitine; C3= propionylcarnitine; C18:1= octadecenoylcarnitine; PC= phosphatidylcholines; LysoPC= lysophosphatidylcholine.
Control= basal diet (n= 8). MI= basal diet plus 3.8 g myo-inositol/kg basal diet (n= 8). Values are means ± SEM. Unpaired t test
with P< 0.05 as significance level was used. t-Value indicates the ratio between the difference between and within both groups.
df = Degrees of freedom.
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to the dietary interventions in plasma of broiler chickens
unused in the present study were summarised in a graphical
overview (Figure 4). The distinct metabolic patterns between
phytase andmyo-inositol treated broilers can be explained by
the complex effect of phytase treatment, which includes fac-
tors in addition to a direct myo-inositol supplementation.
Phytase supplementation was shown to result not only in
an increased myo-inositol release but also in a higher avail-
ability of phosphate and intermediary InsP degradation prod-
ucts in past studies (Cowieson et al., 2013; Shastak et al.,
2014; Zeller et al., 2015; Sommerfeld et al., 2018a). In fact,
in the companion study Sommerfeld et al. (2018a) clearly
demonstrated that phytase supplementation did not achieve
full degradation of phytate and full release of myo-inositol,
but phytase inclusion decreased InsP6 and InsP5 and
increased Ins(1,2,5,6)P4 and InsP3 concentrations in the ter-
minal ileum, which in turn significantly increased amino acid
and phosphate digestibility. Furthermore, these inositol
intermediary products and isoforms can modulate not only
amino acid but also carbohydrate and mineral digestibility
(Bedford and Walk, 2016), which might further modulate
metabolism by various ways, including nutrient availability
and energy sensing. Moreover, the cellular fate of these
intermediary products after potential absorption is yet to
be explored in chicken; however, it is possible that they
interact with inositol phosphate signalling and therefore
can affect certain control points of metabolism. As an exam-
ple, a study in humans found relationship between phytase
and asthma, showing how phytase could be linked with
histamine concentrations (O’Connor et al., 2001). To

summarise, phytase supplementation can have a more com-
plex metabolic modulatory effect than direct myo-inositol
supplementation.

Phytase supplementation did increase plasma myo-inositol
concentrations, however, not in a dose-dependent way,
and the extent of this increase was less than in myo-
inositol-supplemented chicken. In line with the results
reported by Sommerfeld et al. (2018a) this was most likely
the consequence of myo-inositol supplementation in the diet
being higher than themyo-inositol release from phytate caused
by phytase supplementation. Past studies found that broilers
fed with more than 500 FTU/kg feed phytase significantly
increased myo-inositol concentrations in plasma compared
to controls (Cowieson et al., 2015; Schmeisser et al., 2017);
however, there is still no conclusive evidence that this is a
dose-dependent phenomenon.

In phytase-supplemented chickens, c4-OH proline and
histamine concentrations were increased in plasma, while in
myo-inositol-supplemented chickens, dopamine and serotonin
concentrations were higher than that in Control. Hydroxylation
of amino acids is a process involved in oxidative-antioxidative
balance. Reactive oxygen species (ROS)-mediated oxidation of
amino acids belongs to a protective mechanism to avoid the
damage of proteins (Stadtman and Levine, 2003); however,
a lower level of ROS-oxidised amino acids could also indicate
a disruption of these protective mechanisms, possibly due to
inflammation, as discussed in the case of insulin-dysregulated
horses (Kenéz et al., 2018b). Furthermore, hydroxyproline is an
essential substrate for collagen synthesis and, thereby, growth
and development of tissues (Li and Wu, 2018). In chicken, a

Figure 4 Overview of metabolic responses in broiler chickens supplemented either with dietary phytase or with myo-inositol. Arrows demonstrate the
differences between treatments and Control to assess similarities between both treatments. A more detailed discussion was included in the text. The total
numbers of affected PC, lysoPC, SM and AC with phytase treatment were given in brackets, while metabolites of these substrate classes which were equally
changed in both treatments were listed. Suppl. = supplemented; Pi= phosphate, MI=myo-inositol, InsPx= intermediary inositolphosphate products,
PC = phosphatidycholine, lysoPC= lysophosphatidylcholine, SM= sphingomyeline, AC = acylcarnitines.
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higher concentration of hydroxyproline was found due to very
low dietary glycine equivalent availability (Hofmann et al.,
2019). However, the higher concentration of hydroxypro-
line observed herein in the phytase-supplemented broiler
chickens could also be associated with the slightly higher
amino acid digestibility caused by phytase supplementa-
tion (Sommerfeld et al., 2018a). Although the BW of broiler
chickens was not significantly different between treat-
ments, body growth might be improved by a better colla-
gen synthesis and turn-over.

Histamine, a degradation product of histidine generated
mainly by mast cells, was shown to provoke erosions in gas-
trointestinal tract mucosa of poultry (Harry et al., 1975).
Histamine was also found to be involved as a positive modu-
lator of oxytocin-induced food intake regulation in the brain
of newly hatched chickens (Mirnaghizadeh et al., 2017).
However, feed intake data are not available for single birds
in the present study because they were housed in groups.
Pen-based data of feed intake were not significantly different
between any of the treatments.

Inmyo-inositol-supplemented chickens the higher plasma
serotonin and dopamine concentration was the prominent
feature which was not observed with phytase supplementa-
tion. The source of these biogenic amines is not fully clear;
however, most of the serotonin and dopamine in the plasma
was suggested to be derived from the intestinal mucosa
(Shajib et al., 2017). Serotonin was shown to stimulate food
intake in chicken (Zendehdel et al., 2017), and higher sero-
tonin levels were found in chicken receiving very low CP diet
(Hofmann et al., 2019), which highlights serotonin’s poten-
tial positive regulatory role in feed intake. Furthermore,
behavioural disorders such as feather pecking were discussed
to be associated with a deficient serotoninergic system in
chickens (de Haas and van der Eijk, 2018). The latter included
lower serotonin levels in the blood of feather peckers. An
association of serotonin and dopamine concentrations in
plasmawith behavioural features implicated that levels in brain
were also enhanced by local production, since these biogenic
amines could not pass the blood-brain barrier. Dietary myo-
inositol was associatedwith the functionality of the dopaminer-
gic system in guinea pigs too, by significantly increasing
dopamine receptor type 2 density (Harvey et al., 2001).

The lipid metabolite classes PCs, lysoPCs and SMs were
changed by both treatments, phytase and myo-inositol sup-
plementation, expressing lower concentrations compared to
control. A greater number of these metabolites were affected
with phytase supplementation; however, PCaa C34:1, PCaa
C36:1, PCae 36:1, lysoPC C16:1 and lysoPC C18:1 were
equally reduced in both treatments. So far, it is not known
what metabolic conditions were indicated by these changes
in chickens. Phytase supplementation decreased the concen-
tration of 14 acylcarnitines, 25 PCs and 6 SMs in comparison
to control group. This difference was not so marked when
broilers were fed withmyo-inositol, which decreased the con-
centrations of carnitine, two acylcarnitines, five PCs and two
lysoPCs compared with controls. Further studies are war-
ranted to elucidate the mechanisms underlying these

observations; probably effects beyond myo-inositol concen-
tration, such as phytate, lower inositol phosphates and fur-
ther nutrient availability are involved. Reduction of PC and
lysoPC was associated with shortage of dietary protein avail-
ability in chicken (Hofmann et al., 2019) and with metabolic
stress during parturition and onset of lactation in dairy cows
(Kenéz et al., 2016). Some PCs such as C32:1, C36:1 and
C38:3 have been characterised as human type-2 diabetes
biomarkers (Floegel et al., 2012). All of these were signifi-
cantly lower in phytase fed broilers, whereas only C36:1
was significantly lower in animals fed with myo-inositol. It
seems likely that both phytase and myo-inositol supple-
mentation might intensify tissue metabolism and turn-over;
however, the pathway network of metabolism appeared to
be differently affected. Likely, the increases of systemic myo-
inositol caused by the diet elevated phosphatidylinositol con-
centrations from phosphatidic acid utilisation at the expense
of PC and further SM synthesis. Studies in animal models of
obesity showed that the unsaturated PC 16:1 and 18:1 were
lower in obese mice (Schäfer et al., 2014). Lower levels of these
lysoPCs may be associated with increased insulin resistance
(Lu et al., 2018); however, further evidence is necessary to elu-
cidate the role of PCs in poultry. Reduction in acylcarnitines was
correlated with fasting in calves and humans (Sedlmeier et al.,
2018; Kenéz et al., 2018a). Hypothetically, lower plasma acyl-
carnitine reflected a reduced mitochondrial activity in oxidative
ATP energy generation. Since broiler chickens of this studywere
fed ad libitum, fasting could be excluded. Thus, this reduction
might reflect an increase in metabolic efficiency as less ATP
energy was needed to maintain body structure and growth.
This suggestion led to the question how this metabolic effi-
ciency can be obtained. One major factor regarding energy
requirements of the organism is the immune system, which
is not yet fully understood in chickens. If the immune system
is less activated, its energy requirement is reduced. Assuming
that myo-inositol and intermediary InsP products acted as
anti-inflammatory agents, this could have reduced energy
needs. In phytase-supplemented broiler chickens this hypothesis
was supported by lower kynurenine concentrations and kynur-
enine : tryptophane ratios compared to Control. Kynurenine
pathways are associated with pro-inflammation (Wang et al.,
2010). In myo-inositol-supplemented broiler chickens
none of the metabolites linked to pro-inflammation were
reduced, in contrast to myo-inositol’s previously described
anti-inflammatory character (Holub, 1986; Croze and
Soulage, 2013).

In conclusion, dietary supplements of myo-inositol and
phytase affected several plasma metabolites with potential
involvement in various physiological pathways. However,
plasma metabolome profile was differently changed by phy-
tase and myo-inositol, indicating that other products of phy-
tate breakdown may also affect plasma metabolites. Since it
was beyond our aim to identify causal relationships, results
are indicative for new hypotheses to be tested in future
experiments, for instance, in regard to relationships between
phytase or myo-inositol supplements and bird immunity and
bird behaviour.
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