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ABSTRACT As a constituent of animal cells, myo-
inositol (MI) has been hypothesized to be crucial in
several metabolic and regulatory pathways. Recently, it
was shown that dietary phytase contributes to release of
MI from phytate in the poultry digestive tract, increasing
its systemic concentrations. This study investigated the
activities of phosphatases in the jejunum and systemic
plasmaMI concentration in broilers not supplemented or
supplemented with phytase through analyses based on
modifications from commercial enzyme activity kits.
Three hundred sixty male Ross 308 broilers were
randomly allocated to 24 pens (15 birds per pen) in 4
dietary groups. The positive control group was fed with
an adequate basal diet. The negative control group (NC)
was fed with a reduced level of P and Ca. Groups
Phy1500 and Phy3000 were fed with the NC diet plus
1,500 or 3,000 FTU of phytase per kilogram of feed,
respectively. One bird per pen was selected for the
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measurement of jejunal phosphatase activity; MI con-
centration in plasma, the liver, and the kidney; and key
MI enzyme concentrations (liver inositol mono-
phosphatase 1 [IMPase 1] and kidney myo-inositol oxy-
genase [MIOX]). Endogenous phytase and alkaline
phosphatase activity as well as IMPase 1 and MIOX
expression were not statistically different among the di-
etary groups. The supplementation of 1500 FTU of
phytase per kilogram of feed resulted in increase of
plasma (P , 0.001) and kidney (P , 0.05) but not liver
MI concentrations. The results indicated that systemic
MI might reflect MI released from dietary sources; how-
ever, it did not appear to change expression of enzymes
related to endogenous MI synthesis in the liver and
catabolism in the kidney. New and larger studies are
necessary to reach stronger evidence on the effects of
dietary phytase on intestinal and systemic MI concen-
trations in broilers.
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INTRODUCTION

Myo-inositol hexakisphosphate (InsP6) is an antinu-
tritional factor contained in the feed. In the gastrointes-
tinal tract of broiler chickens, InsP6 may be hydrolyzed
to inorganic phosphate, intermediate inositol phos-
phates with different degrees of dephosphorylation
(InsPs), and myo-inositol (MI) by the action of enzymes
such as myo-inositol hexakisphosphate phosphohydro-
lase (phytase) and alkaline phosphatase (ALP).
Endogenous mucosal phosphatases (enzymes pro-
duced in the intestinal tract by enterocytes)—besides
microbial phosphatases—have been shown to exist in
the jejunum of broiler chickens (Huber et al., 2015).
They appeared to have an important role in reducing
the content of InsP6 in the small intestine, indicating
that broilers have a high endogenous capacity to degrade
InsP6 when the phosphorus (P) and calcium (Ca) supply
overall is low (Sommerfeld et al., 2019). Supplementa-
tion with exogenous phytase results in higher InsP6
degradation and increased P digestibility in broiler
chickens, and at high doses, exogenous phytase (.500
FTU per kilogram of feed) triggered higher dephosphor-
ylation activity of InsP6 and increased MI concentration
in the small intestine, which in turn was associated with
increased MI concentrations in plasma of broilers
(Sommerfeld et al., 2018). Myo-inositol has recently
been suggested to be a relevant molecule for several
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processes in chicken metabolism (Gonzalez-Uarquin
et al., 2019).
The concentrations of MI in chicken organs and tis-

sues are rarely reported (EFSA FEEDAP Panel,
2016). It is known that MI is endogenously synthesized
de novo from D-glucose or generated by dephosphoryla-
tion of intracellular InsPs. A key enzyme for MI synthe-
sis is inositol monophosphatase 1 (IMPase 1), which is
responsible for the dephosphorylation of InsP1 to MI.
In the kidney, MI is reabsorbed via the proximal tubule
and degraded by myo-inositol oxygenase (MIOX)
(Gonzalez-Uarquin et al., 2020). Therefore, expression
and activity of IMPase 1 and MIOX might indicate
endogenous capacity for MI release from InsP1 and MI
catabolism, respectively. However, it is not yet possible
to distinguish between MI in chicken metabolism origi-
nating from InsPs dephosphorylation and other meta-
bolic precursors of MI.
Methods for quantification of phosphatase activity and

MI metabolism are not readily available for use on
chickens, so new and accessible strategies must be devel-
oped. Hence, the objective of this study was to determine
the concentrations of jejunumphosphatases and systemic
MI in broilers based on modifications from commercial
enzymatic activity kits. Hypothetically, mucosal phos-
phatase activity and systemic MI concentrations would
increase on phytase supplementation of the feed.
MATERIALS AND METHODS

Animals and Diets

Animals, diet composition, and experimental design of
this trial were described previously in the study by
Ajuwon et al. (2020). In brief, 360 male Ross 308 hatch-
lings were allocated to 24 floor pens. From the 8th to
22nd D of life, broilers were fed with the experimental di-
ets, which were composed as follows: 1) nutrient-
adequate basal diet based on soybean meal and corn
(PC), 2) basal diet with a reduced P and Ca level (NC),
3) NC plus 1,500 FTU of phytase per kilogram of feed
(Phy1500), and 4) NC plus 3,000 FTU of phytase per ki-
logram of feed (Phy3000). The concentrations of P and
Ca in NC, Phy1500, and Phy3000 diets were reduced to
balance for the expected effect of phytase-based P release
and reduced Ca binding (1.5 g of P, 1.6 g of Ca). These
levels were as per the recommendations of the phytase
manufacturer for an inclusion level of 500 FTU per kilo-
gram of feed (Quantum Blue; AB Vista, Marlborough,
UK). Broilers were stunned with a gas mixture of 35%
CO2, 35% N2, and 30% O2 and euthanized by CO2
asphyxiation. All procedures and protocols were
approved by the Regierungspr€asidium T€ubingen, Ger-
many (project no. HOH 51/17 TE), in accordance with
the German Animal Welfare Legislation.
Tissue Sampling

After CO2 asphyxiation, the broilers were weighed
and immediately eviscerated. Six birds per diet (i.e.,
1 bird per pen with body weight close to the average)
were selected for this study, whereas the other birds
were used for measurements made in the accompa-
nying study (Ajuwon et al., 2020).

Liver and kidney samples were collected. About 15 cm
of the proximal jejunum was removed and freed of any
fat, and the jejunal mucosa was stripped off carefully us-
ing microscopic slides. All the tissue samples were
washed in 1! PBS (0.02 mol/L, pH 7.0–7.2), cut in
small pieces, shock frozen into liquid nitrogen, and
collected in prechilled cryotubes. Immediately after fin-
ishing the collection, the organ samples were transported
on dry ice and subsequently stored at 280�C for further
analysis.
Tissue Grinding and Homogenization

The liver and kidney samples were ground under
liquid nitrogen by using mortar and pestle. For homoge-
nization, 420 mg of the sample was mixed with 500 ml of
1! PBS plus protease inhibitor (Complete mini;
Hoffmann-La Roche, Mannheim, Germany) in lysing
matrix tubes (MP Biomedicals, France) containing silica
beads. Fast-prep homogenization (FastPrep-24 5G; MP
Biomedicals, Shanghai, China) was performed 3 times at
a rate of 6 m/s for 30 s (i.e., 90 s in total with 30 s of cool-
ing intervals on wet ice to avoid heating of samples). Af-
ter homogenization, the samples were centrifuged for
15 min at 1,500! g (Centrifuge 5424R; Eppendorf,
Hamburg, Germany). Supernatants were collected,
aliquoted, and stored at 280�C for further analysis.
Brush Border Membrane Enrichment

Brush border membrane (BBM) enrichment of enter-
ocytes was performed as per the method described by
Huber et al. (2015). In short, mucosa samples of the
jejunum were ground under liquid nitrogen, and BBM
were enriched by MgCl2 precipitation and high-speed
centrifugation. Resuspensions were made by gently pass-
ing the final BBM preparation through a syringe cannula
with a 22-G needle (10!). Fifty microliters of BBM ali-
quots was shock frozen in liquid nitrogen and stored at
280�C until analysis.
Protein Quantification

One aliquot of each homogenate was diluted to 1:400
in distilled water for both organs: livers and kidney. Pro-
tein concentrations of the homogenates were determined
using a protein assay according to the method of Brad-
ford (Bradford Reagent, 5!; SERVA, Heidelberg, Ger-
many). Analyses were performed in triplicate according
to the manufacturer’s protocol.
Endogenous Phosphatase Activity

Activity of phosphatases associated with the BBM
was measured by using the phytic acid (phytate)/total
phosphorus kit (K-PHYT 05/17 assay; Megazyme,
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Bray, Ireland) with modifications. This kit is
commonly used to determine phytate content of feed-
stuffs by complete enzymatic degradation of phytate
to MI and P. For that, the kit contains a phytase
and an ALP, which is added consecutively to the feed-
stuff sample. Finally, the released P is quantified using
a spectrometric measure also included in the kit. To
adapt the kit for measurement of endogenous mucosal
phosphatases, the kit enzymes were replaced by BBM
preparations (160 mg of protein); 5 mg of phytate was
added as the substrate for the BBM-associated phos-
phatases. Phytate degradation was performed at a
pH of 5.5 (optimal pH for phytase activity) for
10 min at 40�C according to the manufacturer’s proto-
col. After finishing the reaction by adding trichloric
acid, released phosphate (Pi) was quantified. The
amount of Pi per milligram of protein per time released
at pH 5.5 indicated the activity of endogenous phytase.
In a second preparation from the same animal, activity
of BBM-associated phosphatases was determined at a
pH of 10.4 (optimal for ALP) and after finishing the re-
action with addition of trichloric acid, released Pi was
quantified spectrophotometrically. The amount of Pi
per milligram of protein per time released at pH 10.4
indicated the activity of endogenous ALP. Total phos-
phatase activity was measured by processing the assay
at both pH values with a further aliquot of BBM. The
total amount of Pi per milligram of protein per time
released indicated the activity of total endogenous
phosphatases.
Myo-inositol Determination in Plasma, the
Liver, and the Kidney

Plasma MI concentration was measured using gas
chromatography-mass spectrometry after
derivatization (Ajuwon et al., 2020). In the liver and kid-
ney, diluted homogenates from each sample were used.
The MI concentrations were measured using a commer-
cially available enzymatic kit (K-INOSL 02/14; Mega-
zyme International, Ireland) as per previous studies
(Gonzalez-Uarquin et al., 2019). The K-INOSL assay
was downscaled to 96-well microtiter plates (655101;
Greiner Bio-One GmbH, Frickenhausen, Germany),
and eight samples were run per assay. All samples were
assessed in duplicate on the same plate, and concentra-
tions were calculated as per the standards provided by
the kit. Values were given as mg/g of DM.
Inositol Monophosphatase 1 and MIOX
Expression

Inositol monophosphatase 1 expression and MIOX
expression were determined using commercial
enzyme-linked immunoassay kits (Chicken MIOX
ELISA Kit, MBS7215577; Chicken IMPA1 ELISA
Kit, MBS7235623; MyBioSource, San Diego, CA) in
liver and kidney homogenates, respectively. Measure-
ments were performed according to the manufacturer’s
protocol. Reported intra-assay and interassay CV%
were 5.5 and 7.3%, respectively. In brief, 100 ml (con-
taining 56.9 6 0.8 mg/ml of protein, mean 6 SEM)
of each liver and kidney homogenates was buffered
with the balance solution (provided by the kit) and
incubated for 1 h at 37�C together with IMPase and
MIOX horseradish peroxidase, respectively. After the
incubation period, the plates were washed manually
5 times. Thereafter, the homogenates were incubated
with a substrate for horseradish peroxidase. Once the
product of the enzyme–substrate reaction formed a
blue-colored complex, the stop solution was added to
end the reaction, generating a yellow color. The inten-
sity of yellow color was then measured spectrophoto-
metrically at 450 nm using a microplate reader
(Infinite M Nano, TECAN, Salzburg, Austria).
Because both kits were competitive ELISA, the inten-
sity of the color was inversely proportional to the
IMPase 1 and MIOX concentration in the samples.
Concentration of the standards was plotted as per
the intensity of color (absorbance); then, sample
enzyme concentrations were extrapolated from the
standard values by a 5-parameter logistic curve fit
(Magellan software, Tecan GmbH 2016, Salzburg,
Austria). All values were normalized against tissue ho-
mogenate protein concentration. Values were given as
pg of enzyme/mg of total protein.

Statistical Analyses

Dietary treatments were compared by one-way
ANOVA followed by Tukey’s Honest Significant Differ-
ence test using GraphPad Prism, version 6.07, for Win-
dows (GraphPad Software, La Jolla, CA). F-values
indicated the between-group-to-within-group variance
ratio. Degrees of freedom are shown in the tables and
figures as subscripted F-values. Laboratory analyses
were performed in triplicate. The level of significance
for all tests was set at P , 0.05.
RESULTS AND DISCUSSION

To the best of our knowledge, this study presents the
first results showing MI and MI key enzyme concentra-
tions in broilers using accessible experimental methods
based on modifications from commercial enzymatic ac-
tivity kits.

Activity of Endogenous Phosphatases

Total endogenous phosphatase, phytase, and ALP ac-
tivities in the BBM were not different among the treat-
ments (Table 1). The interindividual variation of
measures was high for all treatments. These analyses
were performed with 6 replicates per treatment; howev-
er, owing to technical reasons, phytase and ALP activity
could not be analyzed in all samples.
It is difficult to distinguish between the extent of

InsP6 hydrolysis exerted by endogenous mucosal or mi-
crobial phosphatases. However, InsP6 hydrolysis up to



Table 1. Effect of P, Ca, and phytase on endogenous phosphatase activity in the jejunum mucosa of
broiler chickens fed with the experimental diets from day 8 to day 22.1,2

PC NC Phy1500 Phy3000 P-value Fdf
3

mg of Pi4/mg of BBM5 protein/min

Total phosphatase activity (n 5 6)
0.95 6 0.09

(n 5 6)
0.99 6 0.11

(n 5 5)
1.38 6 0.23

(n 5 6)
1.28 6 0.16

0.15 1.933,19

Phytase activity (n 5 5)
2.48 6 0.25

(n 5 5)
2.49 6 0.35

(n 5 4)
2.95 6 0.56

(n 5 4)
3.36 6 0.45

0.39 1.063,14

ALP6 activity (n 5 5)
1.07 6 0.03

(n 5 4)
0.98 6 0.11

(n 5 4)
0.98 6 0.06

(n 5 3)
1.08 6 0.05

0.66 0.543,12

The n value varied among the treatments owing to technical reasons.
1The positive control group (PC) was fed with an adequate basal diet. The negative control group (NC) was fed

with a reduced level of P andCa. Groups Phy1500 and Phy3000were fed with the NCdiet plus 1,500 or 3,000 FTU of
phytase per kilogram of feed, respectively.

2Data are given as treatment means6 SEM, and n values per treatment are given in brackets. One-way ANOVA
was used as the statistical analysis of data.

3F-values indicated the between-group-to-within-group variance ratio. Degrees of freedom (df) are shown in the
table as subscripts of F-values.

4Inorganic phosphate.
5BBM: brush border membrane.
6ALP: alkaline phosphatase.
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the terminal ileum was found to be 42% in gnotobiotic
broilers fed without a phytase supplement
(Sommerfeld et al., 2019), which indicates a remark-
able contribution of mucosal phytase to phytate hy-
drolysis. Total mucosal phytase activity appeared to
be increased in growing broilers more because of die-
tary P rather than exogenous phytase (Abudabos,
2012). The underlying functions of the adaptive capac-
ity are not fully understood, and endogenous enzyme
activity may belong to the functions changed.
Myo-inositol Concentrations in Plasma, the
Liver, and the Kidney

Plasma MI concentrations of the NC and PC groups
were significantly lower than those of the Phy1500 and
Phy3000 groups (Phy1500 vs. PC, P , 0.001; Phy1500
vs. NC, P , 0.001; Phy3000 vs. PC, P , 0.002; and
Phy3000 vs. NC, P , 0.04) (Table 2). Liver MI
Table 2. Concentrations of MI and key MI enzyme
broilers (6 broilers per treatment).1,2

PC NC

Concentration in mmol/L
Plasma MI3 0.26 6 0.01b 0.29 6 0.01b 0

Concentration in mg/g of DM
Liver MI 7.93 6 0.68 8.1 6 1.4 1
Kidney MI 9.38 6 1.3a,b 8.6 6 0.6b 1

Concentration in pg/mg of total protein
Liver IMPase 15 1.24 6 0.11 1.36 6 0.09 1
Kidney MIOX6 1.38 6 0.22 1.39 6 0.30 1

Abbreviation: MI, myo-inositol.
1The positive control group (PC) was fed with an adeq

fed with a reduced level of P and Ca. Groups Phy1500 and
FTU of phytase per kilogram of feed, respectively.

2Data are given as group means6 SEM, and n values p
used as the statistical analysis of data.

3Plasma concentration was reported previously by Aju
4F-values indicated the between-group-to-within-group

the table as subscripts of the F-value. Different letters ind
5IMPase 1: inositol monophosphatase 1.
6MIOX: myo-inositol oxygenase.
concentrations did not differ among the treatments. In
kidneys, the Tukey post hoc test indicated a higher MI
concentration in the Phy1500 group than in the NC
group (P 5 0.04).

MI concentrations of about 11.0 mg/g of DM in the
broiler liver has been reported by the EFSA FEEDAP
Panel (2016); nonetheless, although this reference re-
ported concentrations similar to the present study, it
did not mention detailed information about the source
of chickens and further experimental details. In the pre-
sent study, broilers supplemented with 1500 FTU per ki-
logram of feed showed increase in their MI
concentrations in kidneys compared with broilers fed
with NC diet. This increase appeared to follow the in-
creases seen in plasma, and because the kidney is the
only organ where MI is catabolized, MI concentrations
in kidneys may reflect MI surplus from plasma MI levels.

Effects of phytase supplementation on organ MI con-
centrations were not yet reported; however, potential
s in plasma, the liver, and the kidney of day 22

Phy1500 Phy3000 P-value Fdf
4

.41 6 0.02a 0.36 6 0.01a ,0.001 15.783,20

0.3 6 0.7 8.3 6 0.07 0.38 1.073,20
2.3 6 0.9a 9.4 6 0.6a,b ,0.05 3.093,20

.12 6 0.08 1.20 6 0.07 0.34 1.163,20

.17 6 0.20 1.36 6 0.22 0.90 0.183,20

uate basal diet. The negative control group (NC) was
Phy3000 were fed with the NC diet plus 1,500 or 3,000

er group are given in brackets. One-way ANOVA was

won et al. (2020).
variance ratio. Degrees of freedom (df) are shown in
icate differences among the groups.
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linkages between supplemented MI in the liver and kid-
ney MI concentrations have been studied in rodents.
Myo-inositol–supplemented rats presented increases in
kidney MI concentrations in comparison with MI-
deprived rats from birth until adulthood (Burton and
Wells, 1976). No differences were seen in liver MI concen-
tration between the birth and 14 D of age; however, dif-
ferences existed from day 18 of age until adulthood.
Apparently, young rats suckled with MI-deficient milk
showed rise in liver endogenous MI synthesis to the level
of MI-supplemented rats; however, young and adult rats
appeared to need dietary MI sources to maintain their
optimal MI levels. Interestingly, female but not male
MI-deprived rats presented high concentrations of MI
in the liver and kidneys at day 21 of age (day of wean-
ing), reaching the levels of MI-supplemented rats
(Burton and Wells, 1976), indicating females may have
a MI metabolism different from males. Although results
from rat studies should not be extrapolated to chickens,
they are indicative of metabolic differences between sex
that are worth being investigated in poultry.

Liver IMPase 1 andKidneyMIOXExpression

Phytase supplementation did not affect IMPase 1
and MIOX protein expression in the liver and kidney,
respectively (Table 2). Nonetheless, expression of both
enzymes was numerically lower in the Phy1500 group
than in other treatment groups. Walk et al. (2018)
did not find differences in the mRNA expression of he-
patic and renal MI transporters (SMIT1/2 and HMIT)
of broilers not supplemented and supplemented with
phytase. These results, together with the already dis-
cussed unaffected liver MI concentrations, indicate
that the liver of broilers could rely more on intracellular
MI synthesis than on blood levels of MI. However,
measuring mRNA expression of MI transporters may
not reflect the amount of functional protein in the
cell, and measurement of the activity of MI key enzymes
and transporters may reflect biological function better
than mere quantitation of their expression.

Supplementation of 1500 FTU of phytase per kilo-
gram of feed increased plasma and kidney MI concentra-
tions; however, more research is necessary to understand
and elucidate the underlying causes and mechanisms. It
is expected that results of the present study may prompt
further research on the mechanistic level such as the rate
of MI synthesis in kidneys, the rate of MI excretion,
IMPase 1/MIOX activity, and endogenous MI meta-
bolism in organs.
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