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Abstract

Phytase supplementation is gaining importance in animal nutrition because of its effect on phosphorus (P) digestibility and the
increasing relevance of P for sustainable production. The potential inhibitors of phytase efficacy and phytate degradation, such
as calcium (Ca) and zinc (Zn), have been a subject of intense research. This review focuses on the interactions of Zn with phytate
and phytase in the digestive tract of poultry and pigs, with an emphasis on the effects of Zn supplementation on phytase effi-
cacy and P digestibility. In vitro studies have shown the inhibitory effect of Zn on phytase efficacy. However, relevant in vivo
studies are scarce and do not show consistent results for poultry and pigs. The results could be influenced by different factors,
such as diet composition, amount of Zn supplement, mineral concentrations, and phytase supplementation, which limit the
comparability of studies. The chosen response criteria to measure phytase efficacy, which is mainly tibia ash, could also influ-
ence the results. Compared to poultry, the literature findings are somewhat more conclusive in pigs, where pharmacological Zn
doses (≥ 1000 mg kg−1 Zn) appear to reduce P digestibility. To appropriately evaluate the effects of non-pharmacological Zn
doses, further studies are needed that provide comprehensive information on their experimental setup and include measure-
ments of gastrointestinal phytate degradation to better understand the mechanisms associated with Zn and phytase supple-
ments.
© 2023 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION
Phosphorus (P) is an essential element in animal nutrition, and its
adequate supply is important to maintain animal health and
performance. However, P from plant seeds and feedstuffs pro-
duced thereof is only available to non-ruminants to a limited
extent1,2 because it is mainly present as phytic acid (myo-inosi-
tol-1,2,3,4,5,6-hexakisphosphate; InsP6) or phytate, which is the
salt form of phytic acid. To reduce P excretion of animals and
ensure saving finite global rock P deposits by avoiding the use
of feed phosphates, commercial feed for pigs and poultry is
widely supplemented with phytases. Commercially used phytases
belong to the group of histidine phosphatases, which have a
conserved catalytic core with histidine in the center.3 Phytases
improve P digestibility by cleaving P from InsP6.

1 Therefore, it is
crucial to determine the potential inhibitory factors of InsP6
degradation in the digestive tract of pigs and poultry.
In plant feedstuffs, the native zinc (Zn) content is generally

low, and its availability to non-ruminant animals is limited and
variable because of the presence of dietary antagonists.4 There-
fore, supplementing plant-based diets with exogenous Zn

sources to fulfill the demands of Zn in non-ruminants is a com-
mon practice. Inorganic Zn sources, such as ZnSO4 or ZnO, or
chelated Zn sources are used as exogenous Zn sources. InsP6
has been reported as a potential complexing agent for exoge-
nous Zn and other divalent cations such as copper (Cu) and cal-
cium (Ca) since the 1960s5 and the affinity of Zn to InsP6 in
particular is very high.5 In vitro studies have shown a decreased
P release by phytase in an InsP6 solution in the presence of Zn.6

A high InsP6 concentration in the diet is associated with
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reduced Zn availability;7 however, whether the native Zn is
already bound to InsP6 in the plant is controversial.

8 In vivo stud-
ies have produced inconsistent results on interactions of Zn and
InsP6. Reduced Zn bioavailability in pigs and poultry in the pres-
ence of InsP6 has been reported in single studies.9,10 By con-
trast, a meta-analysis of studies revealed that supplemental
inorganic Zn and dietary InsP6 did not interact with each other
because supplementation of inorganic Zn increased the bone
Zn concentration in broilers and piglets regardless of the
InsP6-P concentration in the diets of the animals.11 Therefore,
it is necessary to take a closer look on this topic and investigate
potential interactions between Zn and InsP6 as these might
have implications for feed formulations.
Some reviews have focused on the effect of phytase on Zn bio-

availability.12,13 To our knowledge, the reverse effect (i.e. the
effect of Zn supplementation on phytase efficacy) has not been
reviewed till date. Therefore, the present review aims to provide
an overview of in vitro and in vivo studies that have investigated
the interactions of Zn with InsP6 and phytase, with particular
emphasis on the potential effect of Zn supplementation on phy-
tase efficacy.

EFFECTS OF ZN ON PHOSPHORUS-RELATED
TRAITS
Interactions between Zn and InsP6, phytase, or both are essential
for affecting P-related traits by Zn. Such interactions require spe-
cific conditions, as demonstrated in in vitro studies. Both Zn and
InsP6 must be present in their ionic forms, and the pH of the sur-
rounding environment and the molar ratio of Zn to InsP6 play a
crucial role.6,14 Therefore, the probability of Zn2+ encountering
an ionized InsP6 molecule in vivo, resulting in interactions, varies
depending on its localization in the digestive tract. The de novo
formation of insoluble Zn-InsP6 complexes is most likely to occur
in the small intestine because of the higher intestinal pH com-
pared to the gastric pH. However, most exogenous phytases have
an optimum pH in the range of 3.0–5.5, which prevails in the prox-
imal digestive tract, and a large part of InsP6 is already degraded
in the stomach, making Zn-InsP6 complex formation less likely
to occur in the small intestine.15,16

Differences in the results of in vitro and in vivo studies as well as
among in vivo studies are expected. Different InsP6 sources
exhibit different susceptibilities towards cations. Native InsP6 in
different plant feedstuffs and pure sodium (Na)-InsP6 (usually
used in vitro) differ in the rate of hydrolysis by phytase because
of the differences in solubility and accessibility.17,18 Less signifi-
cant differences in the solubility behavior of corn and wheat InsP6
were found,19 whereas a significantly higher proportion of
InsP6 from soybean meal was hydrolyzed compared to InsP6 from
rapeseed meal.20,21 Therefore, the composition of the diet should
be considered when interpreting the study results. Furthermore,
in many in vivo studies, the InsP6-P concentration in the diet was
simply calculated using table values and was not analyzed. The
InsP6-P concentration can differ depending on grain variety, cli-
matic conditions, location, irrigation conditions, soil type, and
feed ingredient processing; therefore, table values may not be
useful in the context of such work.22,23 To date, in publications,
the lack of analyzed InsP6 concentrations in the feed has made
it impossible to evaluate the effect of different InsP6 concentra-
tions. It is essential to analyze the InsP6 concentrations of the
study material in future studies. It should be noted, however, that,
depending on the method used for InsP6 analysis, analysis of

individual ingredients may be preferable to analysis of complete
feed. For example, the ‘ferric chloride precipitation’ method,
which is a standard method for InsP6 analysis, is not suitable for
analysis of InsP6 in complete feed.24

Poultry
Tibia ash is a widely used trait for evaluating Zn and P supplemen-
tation effects and phytase efficacy in vivo.25 The addition of
32 mg kg−1 Zn froma Zn-amino-acid complex to a Zn-deficient diet
together with phytase supplementation caused a significant
increase in the amount of tibia ash compared to the diet with phy-
tase supplementation alone.26 Another study, where Zn supply was
sufficient in all treatments, found a significant reduction in tibia ash
after high ZnCl and phytase supplementation compared to phytase
supplementation alone (Table 1).27 In the latter study, it was
assumed that Zn inhibited InsP6 degradation by phytase because
of the reduced accessibility of the InsP6 molecule as a result of com-
plex formation with Zn (Fig. 1). In ducks, supplementation of ZnO
together with phytase to a non-Zn-supplemented corn-soybean
meal-based diet caused a decrease in tibia ash concentration com-
pared to phytase supplementation alone.28 Because the effect of
added Zn on tibia ash in the latter two studies occurred only in com-
bination with phytase supplementation, a direct inhibition effect of
Zn on phytase can be suspected (Fig. 1).29 This appears to be plau-
sible because Zn2+ is known to be an inhibitor of many enzymes, in
that it is very reactive and may bind to the active site of enzymes. It
could be speculated that Zn2+ might interact with the side chain of
histidine in the catalytic core because Zn2+ ions can potentially
interact strongly with the side chain of histidine.29 However, this is
only a speculation because, to our knowledge, there is no informa-
tion available on how Zn2+ binds to phytase.
In vitro studies and few in vivo studies showed a clear effect of Zn

supplementation on phosphate release from InsP6
6,14 or tibia ash

concentration.27,28 However, no effect of Zn supplementation on
tibia ash concentration was observed in most in vivo studies,
whether phytase was supplemented or not.11,30,31 Additionally,
the interaction between the Zn supplementation level and phytase
supplementation was not significant in most studies. The effects of
Zn on P-related traits were divergent (Table 1), indicating the incon-
sistent results on the effects of Zn reported in various studies. Differ-
ences in the age of the birds and duration of the experimental
feeding probably contributed to such inconsistencies.
Differences in the statistical significance of treatment effects

among studies may depend on whether tibia ash is expressed
as concentration or total amount because concentration and
amount do not consistently respond to the same magnitude.26

In assessing bone mineralization, the amount of tibia ash has
been shown to be more accurate than the ash concentration.32

Quantities of ash appear to be more sensitive to breed, age, and
feed intake than ash concentrations. Furthermore, less sensitive
results were reported in a 10-day bioassay of tibia ash compared
to a 4-week bioassay; therefore, the duration of experimental
feeding must also be taken into account.33 Furthermore, phytase
supplementation to the feed may not show effects on tibia ash if
the Ca and P requirements of the animals are fulfilled. Other
P-related traits are less dependent on the P requirement of the
bird in the response to P addition. For example, prececal P digest-
ibility was shown to have a linear response to P intake over the
tested range of P (2.5–8.0 g kg−1) in the feed.34 This indicates that
the determination of prececal InsP6 degradation may be a more
suitable way to evaluate Zn effects on phytase efficacy.35 The pre-
cecal InsP6 degradation can be used to assess the digestibility of
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InsP6-P and to investigate the complex formation of InsP6
with Zn. Tibia ash is responsive to the overall supply of digestible
P. Once absorbed, it is not possible to distinguish whether the
phosphate has originated from InsPx (all inositol phosphates, dis-
regarding the degree of phosphorylation) or other P sources;
therefore, bone ash is not a good indicator for evaluating the
effects of phytase. However, InsPx (and myo-inositol) in the distal
part of the ileum can be measured to determine the amount of
P released from the InsP6.

2 Yet, implementing InsPx analysis on a
broader scale may be difficult because InsPx analysis by chroma-
tography is expensive and assays applicable in commercial labo-
ratories seem not to be developed yet.
Exogenous Zn sources can differ greatly in their chemical char-

acteristics, such as solubility and reactivity. These chemical
characteristics affect their passage through the digestive tract
(Fig. 1) and may have varying effects on phytase efficacy.14 How-
ever, supplementation with ZnSO4 had no effect on tibia ash in
several studies (Table 1). In addition to Zn, supplementation of
other trace elements contributes to the presence of interacting
cations in the digestive tract. This may further complicate the
interpretation of the results as the level of supplementation varies
among studies. For example, Cu supplementation in the studies
listed in Table 1 ranged from 4 to 20 mg kg−1 and Fe supplemen-
tation ranged from 20 to 80 mg kg−1. Limestone and ZnO may
contain significant amounts of Fe2O3, which are not reported by
default.36 Because it was proposed that Fe might affect phytase
efficacy,37 this could lead to bias when Fe-containing Zn supple-
ments are used.
The Ca of the feed may also be a confounding factor, since high

levels of Ca, especially in the form of CaCO3, can increase the pH in
the digestive tract,38 making Ca an additional variable for Zn-InsP6
interactions. It was hypothesized that Ca might enhance the neg-
ative effect of InsP6 on Zn bioavailability, and a higher ratio of
InsP6 × Ca:Zn might indicate poorer Zn bioavailability because
of the increased formation of insoluble Zn-Ca-InsP6 complexes
in the small intestine.39 It was observed that high levels of Ca fur-
ther decreased Zn availability in the presence of InsP6.

40 With an
increasing presence of Ca, the number of occupied binding sites
of InsP6 molecules increases, increasing the precipitation proba-
bility of the complex because the complex solubility decreases
with increasing number of occupied binding sites. However, other
studies questioned the higher predictive value of the InsP6 × Ca:
Zn ratio for Zn bioavailability than Zn:InsP6, hypothesizing that
Ca might compete with Zn for InsP6 binding sites.41

Another factor thatmight have contributed to the low compara-
bility among various studies is the origin of phytase. Phytases pro-
duced by different evolutionary distant microorganisms, such as
bacteria and fungi, consist of fundamentally different proteins
with different chemical characteristics.16 In an in vitro study, the
efficacy of Escherichia coli phytase was reduced to 20% of the con-
trol after Zn supplementation (25 ppm Zn from ZnSO4), whereas
the efficacy of Aspergillus niger phytase decreased only to 70%
of the control.14 Consistently, the results of in vivo studies showed
that Zn supplementation to diets containing an E. coli phytase
may decrease tibia ash; however, Zn supplementation to a diet
containing an A. niger phytase did not appear to decrease tibia
ash (Table 1). However, to the best of our knowledge, phytases
from different origins have only been compared in vitro in the
context of Zn supplementation; no study comparing different
phytase origins within one study is available in vivo.
When broilers and pigs were fed the same diets, the pH in the

gizzard of broilers ranged from 4.0–4.3, whereas the pH in the

Ta
b
le

1.
Zn

ef
fe
ct
s
on

ph
yt
as
e
ef
fi
ca
cy

as
de

te
rm

in
ed

by
tib

ia
as
h
in

po
ul
tr
y

St
ud

y

Ex
pe

rim
en

ta
l

fe
ed

in
g
(d
ur
at
io
n

in
da

ys
)

N
at
iv
e
Zn

(m
g
kg

−
1
)

Ta
rg
et
ed

Zn
su
pp

le
m
en

t.
(m

g
kg

−
1
)

Ex
og

en
ou

s
Zn

so
ur
ce

Ta
rg
et
ed

ph
yt
as
e

le
ve
ls
(F
TU

kg
−
1
)

Ph
yt
as
e
or
ig
in

Ph
yt
at
e-
P

(g
kg

−
1
)

Ph
os
ph

or
us

(g
kg

−
1
)

C
al
ci
um

(g
kg

−
1
)

Zn
ef
fe
ct

on
tib

ia
as
h

Ph
yt
as
e
×
Zn

U
ni
t

(1
1)

2–
21

38
0,
15

Zn
SO

4
,
Zn

G
ly

0,
50

0
A
sp
er
gi
llu
s
ni
ge
rb

2.
3

10
.4

14
.0

N
S

g
kg

−
1
D
M

N
S

(2
6)

1–
21

25
0,
2,
4,
8,
16

,3
2

Zn
Pr
o

0,
50

0
i.m

.
≈
2.
2

aP
=
4.
5

10
.0
(c
al
.)

↑
m
g

e

(2
7)

8–
20

≈
33

75
(+
80

0)
Zn

O
,(
+
Zn

C
l 2
)

0,
50

0
Es
ch
er
ic
hi
a
co
lic

≈
2.
2

4.
2

7.
5(
ca
l.)

↓
a

%
e

(2
8)

1–
56

26
0,
30

Zn
O

0,
50

0
Es
ch
er
ic
hi
a
co
lid

S
≈
2.
3,
F
≈
2.
1

aP
:S

=
4.
5,
F
=
4.
3

S
=
9.
5,
F
=
9.
2(
ca
l.)

↓
a

%
e

(3
0)

1–
35

S
=
26

,F
=
23

0,
15

Zn
SO

4
0,
50

0
i.m

.
S
≈
2.
3,
F
≈
2.
1

aP
:S

=
5.
0,
F
=
4.
5

S
=
9.
9,
F
=
9.
2

N
S

%
N
S

(3
1)

5–
21

37
0,
14

,3
5

Zn
SO

4
0,
80

0
A
sp
er
gi
llu
s
ni
ge
rb

2.
4(
ca
l.)

aP
=
4.
3

9.
8(
ca
l.)

N
S

g
N
S

(3
1)

5–
21

31
14

,3
5

Zn
SO

4
0,
80

0
A
sp
er
gi
llu
s
ni
ge
rb

3.
1(
ca
l.)

aP
=
4.
2

≈
5.
2

↑
a

g
e

(3
1)

5–
21

34
0,
10

,3
0

Zn
SO

4
0,
12

00
A
sp
er
gi
llu
s
ni
ge
rb

1.
9(
ca
l.)

aP
=
4.
3

10
.1
(c
al
.)

N
S

g
N
S

(3
1)

5–
21

22
10

,3
0

Zn
SO

4
11

0,
48

0
ve
ge
ta
l

2.
0(
ca
l.)

aP
=
4.
6

≈
10

.8
N
S

g
N
S

N
ot
e:
Ph

yt
as
e
×
Zn

,i
nt
er
ac
tio

n
of

ph
yt
as
e
an

d
Zn

;N
S,
no

t
si
gn

ifi
ca
nt
;c
al
.,
ca
lc
ul
at
ed

;≈
,s
ub

se
qu

en
tly

ca
lc
ul
at
ed

w
ith

ta
bl
e
va
lu
es
;Z

nG
ly
,Z

n
gl
yc
in
e
ch
el
at
e;
Zn

Pr
o,
Zn

pr
ot
ei
na

te
ch
el
at
e;
S,
St
ar
te
r;
F,

Fi
ni
sh
er
;i
.m

.,
in
fo
rm

at
io
n
m
is
si
ng

;a
P,
ca
lc
ul
at
ed

‘a
va
ila
bl
e’
ph

os
ph

or
us
.

a
O
nl
y
in

pr
es
en

ce
of

ex
og

en
ou

s
ph

yt
as
e.

b
N
at
up

ho
s.

c
Ec
oP

ho
s.

d
6-
ph

yt
as
e,
D
an

is
co

A
ni
m
al
N
ut
rit
io
n.

e
Si
gn

ifi
ca
nt

in
te
ra
ct
io
n.

Interactions of zinc with phytate and phytase www.soci.org

J Sci Food Agric 2023; 103: 7333–7342 © 2023 The Authors.
Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/jsfa

7335

http://wileyonlinelibrary.com/jsfa


stomach of pigs ranged from 5.0 to 5.2.11 Although these pH
values appear rather high for gastric pH, they exemplify the
difference between the species when feeding the same diet. It
was hypothesized that the lower gastric pH in broilers resulted
in higher solubility of Zn-InsP6 complexes, which would explain
the lower effect of phytase supplementation on Zn bioavailability
in broilers and the lower Zn requirement of broilers compared to
pigs.11 However, pH values vary in different parts of the stomach
and vary over time depending on feed intake and composition,42

and so average pH values should be interpreted with caution. A
lower gastric pH in broilers compared to pigs would also explain
the better performance of E. coli phytases, which have a lower
optimum pH than A. niger phytases. By contrast, there appears
to be no difference between E. coli and A. niger phytases in pigs,
which have a higher gastric pH than broilers.43 However, this
assumption does not fit with the greater inhibition of E. coli com-
pared to A. niger phytases by Zn in broilers. Further research on
this topic is needed to gain an improved understanding of effi-
cacy of phytase from different sources.

Pigs
Excessive Zn levels in broiler diets tend to have a negative effect
on growth performance,44 but pharmacological Zn levels
(Zn doses of ≥ 1000 mg kg−1 Zn are defined herein as pharmaco-
logical) are commonly used to promote growth and improve gut
health in weanling piglets.4 As anticipated, several studies have
reported lower P digestibility (or bone ash content) in pigs follow-
ing pharmacological Zn dosing, especially in combination with
phytase supplementation (Table 2).27,45,46 The effects of Zn sup-
plementation as Zn-methionine hydroxy analog chelate (ZnMet,
100 mg kg−1 Zn) or as ZnO (2000 mg kg−1 Zn) on total tract P
digestibility changed.47 The P digestibility was significantly higher
when ZnMet was used irrespective of the phytase supplementa-
tion. It was suggested that ZnMet, as a chelated Zn source, was
more stable than ZnO in the upper digestive tract of pigs. It
was also hypothesized that the higher stability of ZnMet might
have reduced the complexation of Zn, InsP6, and Ca. However,
the comparison among the Zn sources in that study was

confounded by large differences in Zn dosage levels. In addition,
batch effects of Zn can also occur. For chelated Zn compounds,
the chelation strength that determines their stability, can differ
between batches of the same product.48 The chelation strength
might affect de novo complex formation with InsP6, because only
the dissolved Zn can interact with InsP6.

48 It has been proposed
that chelated Zn compounds can be absorbed bound via amino
acid transporters, giving chelated Zn compounds an alternative
absorption pathway as opposed to inorganic Zn sources and
reducing the potential for interaction of chelated Zn sources with
InsP6. However, this hypothesis has only been tested in cell cul-
ture and requires further validation.49

The assessment of Zn and InsP6 cannot be done without consid-
ering Ca and its digestibility (defined as the proportion of Ca not
excreted through feces). One hypothesis states that Zn competes
with Ca for non-specific mineral transporters in the brush border
membrane of the intestine. Because these transporters have a
greater affinity for Zn than for Ca, Ca absorptionmight be reduced
in the presence of excess Zn.46 Therefore, it is more likely that Zn
level, rather than Zn source, is the main factor responsible for the
differences in Ca digestibility. Another study reported a decrease
in Ca digestibility in the presence of ZnO supplementation
(2400 mg kg−1 Zn) only in combined presence of phytase sug-
gesting that excess concentrations of Zn increased the formation
of insoluble Zn-Ca-InsP6 complexes.45 The observation of Zn
effects on P and Ca digestibility being stronger in phytase-
supplemented diets than in non-supplemented diets27,45,46,50

might be the result of either a direct effect of Zn on phytase or
an indirect effect via complex formation (Fig. 1), both of which
are pH-dependent.
Overall, the effects of Zn supplementation on bone ash and P

digestibility in pigs were inconsistent. The aforementioned stud-
ies differed in terms of phytase dosage, dietary InsP6, P and Ca
concentrations, and study duration (Table 2). However, which of
these factors actually effect the P digestibility cannot be deter-
mined because of the limited data availability.
Different origins of phytase should be considered. Except for

one study,50 a negative effect of Zn supplementation on

Crop (pH 6-6.5)(14) Gizzard (pH 2-4)(14) Small intes�ne (pH 6.5-7.5)(14)

Symbols: Phytate with 6 P groups: ZnSO4: Zn metallopep�de (endog.): Secre�on/ (Re)absorp�on:
Phytase ac�vity: high/reduced: Zn (na�ve/suppl./endogenous): SO4

2-: Metallopep�de: Absorp�on cannot occur:

Figure 1. Suggested interactions of InsP6 with Zn and phytase in crop, gizzard and small intestine of poultry. Crop: (a) indirect effect of Zn (native) via
complex formation leading to reduced accessibility.27 ZnSO4 dissolves into Zn2+ and SO4

2− on contact with water. Gizzard: (b) direct effect of Zn
(native/supplemental) on exogenous phytase.29 (c) Exogenous phytase releases Zn (native/supplemental) from InsP6.

53 Small intestine: (a) indirect effect
of Zn (native/supplemental/endogenous) via complex formation leading to the reduced accessibility of InsP6.

27 (b) Direct effect of Zn (native/supplemen-
tal/endogenous) on phytase (exogenous/endogenous).29 (d) Endogenous Zn cannot be re-absorbed due to complex formation with InsP6.
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P-related traits was shown only in those studies involving an E. coli
phytase. By contrast, no negative effects on bone ash or P digest-
ibility were observed in studies with A. niger phytases.14 However,
more research on different phytase sources is needed to under-
stand why A. niger phytases appear to be less affected by Zn sup-
plementation compared to E. coli phytases. Other factors that
differed among the trials did not follow a consistent pattern.
Unexpectedly, the InsP6-P concentration of the diet did not
appear to influence the effects of pharmacological Zn supple-
mentation. An effect of Zn on P digestibility was observed at both
low (1.3 g kg−1) and high (3.4 g kg−1) concentration of InsP6-P in
the feed.46,47

In summary, the effects of Zn on bone ash were inconsistent in
pigs and poultry, whereas the effects of Zn on P digestibility dis-
played a clearer picture. This suggests that direct measurements
of P digestibility might be more appropriate than indirect mea-
surements (bone ash data) for studying phytase-Zn-InsP6 interac-
tions. More research should be conducted on the disappearance
of InsP6 in the digestive tract, as this is amore suitable way to eval-
uate the effect of phytase on its substrate.

PHYTASE EFFECTS ON ZN TRAITS
Poultry
Bone Zn content
Among other factors, the Zn content of bones, which is the most
important Zn deposit in the body, is commonly used as a trait to
determine Zn bioavailability.51 However, if the Zn supply exceeds
the requirements of the bird, possible differences in Zn bioavail-
ability cannot be detected because of the homeostasis. Supple-
mentation with exogenous phytase increased the bone Zn
content in cases of low Zn supply52-56 except in one study
(Table 3).57 In the latter,57 the maximum bone Zn content was
probably achieved by Zn supplementation alone because the diet
contained 70 mg kg−1 Zn and the plateau of response was
achieved at Zn levels between 48 and 85 mg kg−1.58 The increase
in Zn bioavailability in the presence of exogenous phytase may
reflect increased release of (native) Zn (Fig. 1)57 or a diminished
de novo formation of InsP6-Zn-complexes following the increased
InsP6 degradation in the anterior digestive tract. The degradation
products of InsP6, less phosphorylated InsPx, form weaker com-
plexes with Zn than InsP6, which might explain the decrease in
the probability of stable de novo complexation in the presence
of exogenous phytase.59

The dietary InsP6 concentration might determine the dietary Zn
level at which the bones are saturated with Zn, as Zn bioavailabil-
ity is reduced with InsP6 supplementation.4,10 It was hypothesized
that the re-absorption of endogenous Zn might be inhibited
because of the enhanced complex formation of endogenous Zn
and InsP6 in the small intestine, rendering Zn unavailable for
re-absorption (Fig. 1).60 Accordingly, in rats, only 20% of endoge-
nously secreted Zn was re-absorbed when the diet was supple-
mented with InsP6, whereas 33% was re-absorbed without InsP6
supplementation.61

Zn digestibility and retention
Approaches to determine Zn utilization includemeasuringZn reten-
tion or prececal Zn digestibility; the proportion of Zn intake not
recovered in the excreta or at the end of the small intestine. The
results based on these responses are rare and inconsistent
(Table 3). Although some studies have shown that phytase
increased Zn retention,57 others did not.55,28 In 21-day-old broilers,
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prececal Zn digestibility was significantly increased in treatments
with 500 or 750 FTU kg−1 phytase supplementation compared to
treatments without phytase supplementation.56 Whereas, in the
same study, the addition of 1000 FTU kg−1 phytase resulted in sig-
nificantly reduced prececal Zn digestibility. In 35-day-old broilers
in that study, an increase in prececal Zn digestibility was observed
at 750 or 1000 FTU kg−1 phytase supplementation, whereas the
effect was not significant at 500 FTU kg−1 phytase supplementa-
tion.56 It should be noted that the P and Ca levels of the feed in
the study were adjusted with increasing phytase supplementation.
Accordingly, it is not possible to distinguish between the effects of
phytase and P and Ca supplementation.

Pigs
A few studies62,63 were not included in the latest review on phy-
tase effects on Zn bioavailability in pigs.13 Consistent with that
review, phytase supplementation increased Zn bioavailability
using non-pharmacological Zn doses in most studies (Table 4).
Phytase supplementation significantly increased bone Zn levels
in pigs fed a diet that contained 33–73 mg kg−1 total Zn (and sup-
plemented Zn as ZnSO4),

64 whereas, at 70 mg kg−1 total Zn (sup-
plemented Zn as ZnO), phytase supplementation did not
significantly increase bone Zn.63

By contrast to ZnSO4, ZnO is insoluble in water and requires
acidic pH conditions (0.4% hydrochloric acid) for solubilization.65

Therefore, in the stomach and the subsequent digestive tract,
the susceptibility of ZnO and ZnSO4 interaction with dietary
antagonists such as InsP6, which increases with increasing solubil-
ity, is probably similar.66,67

Differences in the levels of Ca and P supplementation might also
have contributed to the differences in the aforementioned stud-
ies.63,64 In the one study that did not measure an effect of phytase
on Zn availability,63 less Ca and P were supplemented than in the
study in which a phytase effect on Zn availability was measured.64

However, because phytase activity is known to be inhibited by high
Ca concentrations, it is unlikely that this difference was relevant.

Native versus supplemented Zn
It remains unclear whether the native or supplemented Zn inter-
acts with InsP6 in the digestive tract. It has been hypothesized that
themagnitude of the response to Zn supplementation in the pres-
ence of phytase is higher because of the interaction between sup-
plemental Zn and InsP6.

64 Because no interaction of supplemental
Zn and phytase for bone Zn was observed, it was concluded that
only native Zn interacted with InsP6.

64 However, in that study,
phytase supplementation of 700 FTU kg−1 to a non-Zn supple-
mented diet having 30 mg kg−1 native Zn concentration had a
greater effect on bone Zn concentration than the supplementa-
tion with 30 mg Zn kg−1. This suggested that exogenous phytase
mademore Zn available than just the dietary native Zn, and it was
assumed that the re-absorption of endogenously secreted Zn
increased with phytase supplementation.64 However, the com-
plex formation of supplemented Zn and InsP6 might explain the
differential effects of Zn and phytase supplementation on bone
Zn content. The determination of prececal InsP6 disappearance
and Zn digestibility in future studies can help to gain better
insight into these processes.

CONCLUSIONS AND RECOMMENDATIONS
Observations from the literature indicate that Zn and InsP6 interact
under certain conditions. Zn might influence InsP6 degradation

either via the complex formation of Zn and InsP6 or via affecting
phytase present in the digestive tract. Zn availability being increased
by phytase supplementation suggests that the main mechanism is
the complex formation of Zn and InsP6 rather than Zn and phytase.
This is because the latter would be expected to cause decreased Zn
availability unless Zn binds to both InsP6 and phytase. However, the
limited number of in vivo studies does not allow us to assess
whether an inhibitory effect of Zn on phytase efficacy occurs at all
in vivo.
In poultry, the effects of Zn on phytase efficacy were inconsis-

tent probably as a result of the lack of studies on responses other
than tibia ash to evaluate phytase efficacy. In pigs, pharmacolog-
ical Zn doses appear to decrease P digestibility. Phytase supple-
mentation overall increased the bioavailability of native Zn in
pigs and poultry with low supplies of dietary Zn. However,
whether supplemented or native Zn interacts with native InsP6
remains an unresolved issue.
Interactions of Zn with InsP6 and phytase are influenced bymul-

tiple interacting factors, which cannot be fully assessed with the
literature currently available. To gain deeper insight, identify
the main mechanism, and enable meta-analysis in the future,
new studies should provide comprehensive information about
their experimental setup, including Zn source and composition,
dietary native and supplemental Zn concentrations, concentra-
tions and sources of dietary P and Ca, dietary InsP6 concentration,
phytase activity, and origin and concentrations of other minerals.
To better understand the mechanisms related to Zn and phytase
supplementation, it is recommended to include gastrointestinal
InsP6 degradation and P digestibility measurements in the list of
response criteria.
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