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Practical diets for monogastric livestock must be supplemented with zinc (Zn) due to their high contents
of antagonistic substances like phytates. Current feeding recommendations include quite generous safety
margins because of uncertainties regarding the gross Zn requirements under varying rearing conditions.
Furthermore, the use of pharmacological Zn doses to stabilise animal performance and wellbeing is
widespread. Taken together, modern diets for pigs and poultry contain considerably more Zn than
necessary to meet animal requirements, which is associated with concerns related to the environment as
well as animal and consumer safety. Therefore, European authorities most recently reduced the allowed
upper limits for Zn in complete feed. To maintain animal productivity and wellbeing while reducing the
Zn load in complete feed, all measures that stabilize feed Zn bioavailability must be applied. Most
importantly, reliable information on the gross Zn requirement under practical conditions must be pro-
vided, considering the bioavailability of native or supplemented feed Zn, antagonisms with dietary
factors as well as the physiological status of the animal.
© 2017, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting
by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

case of modern monogastric livestock, this is only the case if Zn is
supplemented in significant amounts (NRC, 1994, 2012). Zinc

Higher organisms are depending on zinc (Zn) as a structural or
catalytic cofactor of peptide biochemistry (Frassinetti et al., 2006).
It has been estimated that around 10% of the human genome code
for Zn metalloproteins. Taking into account transcript variants of
genes, ~30% of the human proteome appears to be Zn dependent
(Andreini et al., 2006). This magnitude may be extrapolated on
eukaryotic species in general. Therefore, Zn must be present in
adequate amounts and in a bioavailable form within the diet. In
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emissions per unit of animal product to the environment can be
quite high, depending on the extent of dietary fortification (Brugger
and Windisch, 2015).

This review highlights the challenges and strategies to increase
the precision in Zn feeding to monogastric species considering
current feeding practices and environmental concerns arising from
the usage of Zn supplements. It will focus on the example of the pig
as representative of conventional monogastric production systems.

2. Current zinc feeding practices in livestock rearing

In 2001, the European Union banned most sources of animal
protein from livestock diets in response to the BSE (bovine spon-
giform encephalopathy) crisis (European Parliament and the
Council of the European Union, 2001). In terms of mineral avail-
ability, replacement of animal protein by plant based products put a
lot of pressure on monogastric livestock. In nature, pigs and poultry
are omnivorous species that depend on the consumption of sig-
nificant amounts of animal protein (Cheeke and Dierenfeld, 2010).
Such feedstuffs contain highly bioavailable (trace) mineral pools
due to the low abundance of antagonists (Smith et al., 1962). On the
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contrary, plant biomass and especially seeds and kernels, which
represent the basis of modern monogastric diets, are rich in sub-
stances that impair mineral utilization. The most prominent
example is phytic acid. This ring-shaped molecule represents the
major storage form of phosphorus in plant seeds. Under neutral (pH
7) aqueous conditions, it develops sustainable bonds to divalent
cations at their phosphorus residues yielding insoluble complexes,
so-called phytates (Humer et al., 2015). In strong contrast to ru-
minants, pigs and poultry harbour only negligible activities of
native phytase (phytate degrading enzymes) within their digestive
systems. This renders them almost unable to utilize the mineral
pools of plant biomass. Feeding a conventional corn-soybean meal
based diet without Zn fortification significantly reduces the Zn
status of growing piglets after only 8 days (Brugger et al., 2014).
Therefore, phytic acid represents an efficient dietary stimulus for
research approaches that aim in promoting Zn deficiency in
monogastric species. For example, Windisch and Kirchgessner
(1999) have demonstrated that true Zn absorption in %Zn-
labelled adult rats declines dose-dependently in response to
increasing dietary contents of phytic acid. They recognized a drop
in true feed Zn absorption from ~70% down to 0 when feeding
ZnSO4 supplemented semi-synthetic diets expressing finely-
graded differences in phytic acid concentration between 1 and
9 g/kg. As modern pig diets may contain phytic acid at up to 9 g/kg
diet (e.g., Brugger et al., 2014), piglets fed practical diets without Zn
supplementation express first signs of severe Zn deficiency already
within 2 weeks (Windisch, 2003).

Current feeding recommendations for piglets are based on ex-
periments that used factorial approaches to estimate the Zn
requirement of pigs in the course of the production cycle (NRC,
2012). This is done by dose—response studies which monitor the
change of suitable parameters (e.g., performance parameters,
certain Zn status parameters) to a stepwise increase in Zn supple-
mentation to Zn deficient animals. The breakpoint in response
marks the point of satisfied gross Zn requirement. It is defined as
the net Zn requirement (amount of Zn that must be present behind
the gut barrier to maintain physiological function) plus the amount
of surplus Zn necessary to compensate the activity of antagonists in
the diet as well as incomplete feed Zn absorption. Present Zn
feeding recommendations use such thresholds and expand them by
generous safety margins. Depending on the source of feeding re-
quirements, the extent of the safety margins may vary significantly.
For example, the current recommendations for piglets (7 to 11 kg
life weight) by the US-American National Research Council (NRC)
and the German Society of Nutrition Physiology (GfE) are 100 and
90 mg/kg diet (90% dietary dry matter), respectively (NRC, 2012;
GfE, 2006). In light of an estimated gross Zn requirement of
growing piglets under practical feeding conditions of 50 to 60 mg/kg
diet (Smith et al., 1958, 1962; Brugger et al., 2014; Lewis et al., 1956,
1957a,b; Luecke et al., 1956; Stevenson and Earle, 1956; Miller et al.,
1970) this equals safety margins of ~50% and higher. Such margins
reflect great uncertainty regarding the gross Zn requirement under
varying rearing conditions as well as fluctuations in dietary con-
tents of native Zn and antinutritive substances.

Apart from Zn supplementation for Zn demand coverage, the
use of “pharmacological doses” to early weaned piglets has gained
much attention. These are surplus quantities of Zn, which may
produce positive effects in the animal that go beyond the coverage
of the actual Zn requirement. Since the ban of antibiotic growth
promoters, this practice has gained much attention. Indeed, it has
been shown that Zn doses from ZnO of >2,500 mg/kg diet may
enhance daily weight gain and stabilise gut health in early weaned
piglets (Poulsen, 1995; Hgjberg et al., 2005; Hahn and Baker, 1993;
Windisch et al., 1998). There are many hypothesis on the basic
mode-of-action, like effects on the development of gut microbiota,

improvement of intestinal barrier function, modulation of the in-
flammatory response or the prevention of temporal post-weaning
Zn deficiency (Hgjberg et al., 2005; Vahjen et al., 2010, 2011;
Pieper et al., 2012; Starke et al., 2013, 2014; Sturniolo et al., 2002;
Canani et al., 2005; Carlson et al., 2008; Li et al., 2001; Sargeant
et al, 2011; Davin et al., 2013). Yet, there is no clear answer,
which indicates that this is a multifactorial event.

Taken together, irrespective of the feeding strategy (following
published recommendations, usage of pharmacological doses)
state-of-the-art diets for monogastric livestock contain consider-
able surplus amounts of dietary Zn. This is associated with concerns
related to environmental safety as well as animal and consumer
health.

3. Concerns arising from surplus zinc in livestock feed

To understand the effects of excessive Zn dosing on the animal
organism as well as the environment, it is necessary to understand
the basic principles of Zn metabolism. Apart from its essential na-
ture, Zn also exhibits a significant toxic potential if the levels within
a biological system exceed a certain threshold. In both cases, the
mode-of-action is based on the binding of Zn to peptides. However,
under the terms of Zn overload, this interaction may appear to be
unspecific and uncontrolled which has been associated with toxic
side-effects (Goldhaber, 2003; Valko et al., 2005). Therefore, evo-
lution has evolved a complex network of regulative mechanisms
that tightly control Zn uptake from the diet as well as Zn excretion
to the environment (Holt et al., 2012; Lichten and Cousins, 2009).

The most important parameters of Zn homeostatic regulation
seem to be the absorption of Zn from and the Zn excretion into the
gastrointestinal lumen. Earlier studies on 8°Zn-labelled rats clearly
demonstrated how the relative absorption efficiency increases in
times of deficient supply. At the same time, the excretion of
endogenous Zn into the gastrointestinal tract decreased to an
inevitable amount. The truly and apparently digested amounts of
alimentary Zn as well as the Zn losses to the gastrointestinal tract
(GIT) exhibited a direct non-linear response to increasing dietary
Zn (Weigand and Kirchgessner, 1980; Windisch and Kirchgessner,
1994, 1999). All parameters showed a significant change in
behaviour at a certain Zn dose, which marks the point of satisfied
gross Zn requirement. Zinc supplementation above the gross Zn
requirement promotes a drastic decline in the relative efficiency of
Zn absorption and, at the same time, an increase in the efficiency of
Zn excretion. Hence, any quantity of Zn ingested in excess to the
metabolic requirement will be inevitably excreted and accumulate
in manure on a mid-term scale (Brugger et al., 2014; Windisch et al.,
1998; Weigand and Kirchgessner, 1980). The finely orchestrated
opposite response of absorptive and excretive pathways equili-
brates the basal Zn load behind the gut barrier at a fairly constant
level. Even though active transport mechanisms (mainly the apical
solute carrier family member A4 [ZIP4]) are downregulated, there is
still some passive influx due to the interaction of Zn with transport
mechanisms for other divalent cations and maybe even leakage of
luminal Zn ions through loosely connected mucosal cells (Martin
et al,, 2013). Therefore, excessive dosing over several weeks is al-
ways associated with Zn accumulation in certain tissue fractions
(Pieper et al., 2015; Martin et al., 2013; Schell and Kornegay, 1996;
Carlson et al., 1999).

In an earlier study, feeding only ~30 mg Zn/kg diet above the
gross Zn requirement threshold (88.0 vs. 58.0 mg Zn/kg diet under
given experimental conditions) promoted a doubling of Zn contents
in faeces dry matter (Brugger et al, 2014). Hence, there is an
increased risk of Zn accumulation in the environment, namely soil
and ground water (Wuana and Okieimen, 2011; German
Environment Agency [UBA], 2004; Asada et al, 2010). As
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mentioned above, Zn has a strong toxic potential. This does not only
apply to animal organisms but biological systems in general,
including flora and fauna of soils. In fact, increasing Zn load has been
associated with a disruption of the soil microbiome, which has
negative consequences for plant development (Rout and Das, 2003).
Furthermore, the mobility of Zn in soil may be high. Therefore, it is
transferred quite quickly to ground water where it represents a
potential threat to the drinking water supply chain (UBA, 2004).

As already mentioned, dietary Zn amounts exceeding the
actual requirements may accumulate in animal tissue through
uncontrolled passive influx. Experiments in piglets receiving
pharmacological Zn doses promoted concentrations of ~1,100 and
~125 mg Zn/kg dry weight in liver and pancreas, respectively
(Pieper et al., 2015; Schell and Kornegay, 1996). This clearly exceeds
the basal levels recognised in piglets fed according to the current
feeding recommendations (NRC, 2012), e.g., ~127 and ~91 mg/kg
dry weight of liver and pancreas (Brugger et al., 2014; Brugger and
Windisch, 2016). It is not surprising that especially these tissue
fractions are affected, as they are involved in the redistribution and
excretion (detoxification) of body Zn (Holt et al., 2012). Apart from a
potential risk for consumer safety (liver is a potential food of animal
origin), tissue accumulation of Zn is accompanied by increased
cellular stress (Valko et al., 2005). The functional background of
these observations may be a higher synthesis of Zn binding pep-
tides that are associated with intracellular Zn storage and excretion.
Pieper et al. (2015) demonstrated that the pancreas of piglets
receiving pharmacological doses for several weeks exhibited an
increased tissue Zn content (~4 fold compared with control) and
simultaneously higher abundances of metallothioneins, digestive
enzymes as well as stress-responsive peptides. Therefore, long-
term feeding of excessive amounts of dietary Zn may impair ani-
mal wellbeing.

Increasing evidence suggests a connection between high Zn
contents within the intestinal chymus and manure, respectively,
and an increased abundance of antibiotic-resistant bacteria within
(Holzel et al., 2012; Vahjen et al., 2015). This seems to be an
adaptive resistance, which disappears when Zn contents decline to
basal levels. Several mechanisms are discussed to underly this co-
selection of antibiotic and metal-resistance, representing events of
co-resistance (linkage desequilibrium of responsible genes) and
cross-resistance (the same gene is responsible for antibiotic as well
as metal resistance) (Baker-Austin et al., 2006). Therefore, using
pharmacological Zn doses as a health-promoting measure might
under certain conditions interfere with veterinary intervention.

Within the European Union, the legislative authorities already
recognised the problems associated with high dietary Zn loads. The
European Commission most recently implemented regulation (EU)
2016/1095 which reduces the allowed upper limits of Zn in com-
plete feed for pigs to 150 and 120 mg/kg diet (for piglets/sows and
fattening pigs/boars, respectively) (European Commission, 2016).
This decision was based on an earlier opinion published by the
European Food Safety Authority (EFSA) (2014). Within the same
document the EFSA recommended even lower contents (—30%) in
the presence of 500 FTU phytase activity/kg diet. This might be also
implemented into legal regulations on a mid-term scale. Hence, the
permissible range for Zn safety margins in complete feed is
shrinking. This results in the urgent necessity to increase the pre-
cision of Zn feeding.

4. Strategies to increase the precision of feeding zinc to
monogastric livestock

Investigations upon Zn loads within manure of pig and cattle
producing farms in Central Europe indicated obvious differences.
The Zn contents of pig farms exceeded that of cattle farms by 5

orders of magnitude, with peak levels of ~1,500 mg/kg dry matter
(vs. ~300 mg/kg dry matter on cattle farms) (UBA, 2004; Holzel
et al.,, 2012; Hackenberg et al., 1996; Miiller, 1997; Bannick et al.,
2001; Miller and Ebert, 2002; Kithnen and Goldbach, 2002;
Kickinger et al.,, 2008). Feeding pigs according to published
feeding recommendations (NRC, 2012; GfE, 2008) yields Zn loads
within manure dry matter between 500 and 700 mg/kg (Brugger
et al., 2014; Kickinger et al., 2010). Hence, the pig production
sector seems to be the predominant user of excessive dietary Zn
doses that drastically exceed the current feeding recommenda-
tions. New upper limits of 200—450 mg Zn/kg DM are discussed for
manure, which are currently only reached by cattle farms.

To reduce the feed Zn content without jeopardising animal
productivity and wellbeing, 2 points must be addressed. Apart from
increasing the precision in Zn feeding, feed Zn bioavailability from
plant biomass must be increased and stabilised by appropriate di-
etary intervention.

It has been initially discussed that the most important bottle-
neck of the Zn utilisation from plant biomass is its high content of
antinutritive components, especially phytates. Feeding diets free of
phytate to growing piglets results in a gross Zn requirement of
~15 mg/kg diet (Smith et al., 1962; Shanklin et al., 1968). In contrast,
under practical feeding conditions (feeding on base of cereals and
soybean meal), this threshold rises by ~3 to 4 orders of magnitude
(~50—60 mg Zn/kg diet) (Smith et al., 1958, 1962; Brugger et al.,
2014; Lewis et al,, 1956, 1957a,b; Luecke et al., 1956; Stevenson
and Earle, 1956; Miller et al., 1970). Therefore, dietary in-
terventions to optimise Zn utilisation under the current feeding
conditions must compensate the antinutritive potential of plant
biomass.

In conventional monogastric production systems, the usages of
phytase supplements to break down the phytate complex are
already state-of-the-art. For example, Windisch and Kirchgessner
(1995) showed that adding 600 FU/kg to diets for pigs and
broilers increased the amounts of apparently digested feed Zn by
1.6 and 1.8 orders of magnitude, respectively. Further studies came
to comparable conclusions (Ettle et al., 2005; Gebert et al., 1999).
Hence, faecal Zn excretion of pigs and poultry at given dietary Zn
intake decreases in response to exogenous phytase activity. Any-
way, addition of other exogenous enzyme supplements (e.g., pro-
teases, amylases, xylanases, etc.) may also increase the amounts of
available minerals at the gut barrier. This may be due to a more
efficient breakdown of the feed matrix (Cowieson, 2005). In the
overall context of enzyme supplements to monogastric diets,
transgenic modification of livestock organisms represents a
promising approach. A well-known example is the so-called
Enviropig, which expresses a significant phytase activity within
saliva (Forsberg et al., 2013). Thereby it is able to better utilize the
native mineral pools of plant biomass compared with wildtype pigs
(Golovan et al., 2001).

The chemical form (species) in which Zn is supplemented to the
diet directly affects the bioavailability of feed Zn from complete
feed. Zinc is transported in its ionic form (Zn?*) through biological
membranes (Holt et al., 2012; Lichten and Cousins, 2009). The
amount of available Zn (free and loosely bound Zn ions) at the gut
barrier is a result of the efficiency of digestive processes as well as
the interaction of chemical Zn species between each other and with
further dietary components (Windisch, 2002). There are still many
studies published each year that aim in evaluating the efficacy of
certain Zn supplements under practical feeding conditions. How-
ever, due to the complex chemical interactions within the GIT as
well as differences in the experimental setups, the available data
are quite contradictory and in most cases just reflects semi-
quantitative comparisons. Furthermore, the in vitro solubility of a
Zn supplement has been shown to be not necessarily predictive for



106 D. Brugger, W.M. Windisch / Animal Nutrition 3 (2017) 103—108

its bioavailability (Windisch et al., 2003). A further review article
would be necessary to present the available literature in a
comprehensive manner. Nevertheless, the conclusion of such a
manuscript would be that there exists no reliable data on the gross
Zn requirements in response to the usage of certain Zn species in
practical diets. One major reason for this is the lack of competitive
dose—response studies. Furthermore, the available datasets do not
provide information on the chemical species and physical proper-
ties (e.g. particle size distribution) of Zn along the GIT. Therefore,
we still have just a rudimentary understanding on the functional
basis of potential differences between Zn feeding interventions.
Hence, the claim to use only Zn supplements with the highest
bioavailability to reduce total feed Zn has no solid foundation.
Closing these gaps in the datasets would also be interesting
regarding the usage of pharmacological doses. For example, it has
been shown that a technological processing of ZnO drastically re-
duces the necessary dose to induce a growth promoting effect
compared with regular ZnO (150 vs. 3,000 mg/kg diet for processed
vs. regular ZnO) (Morales et al., 2012).

Indeed, the most obvious measure to increase mineral utiliza-
tion from practical diets would be a reduction in the total amounts
of antagonistic substances. For example, a replacement of plant
protein sources (mainly soybean and rapeseed meal) by such of
animal origin drastically declines the total phytate contents within
practical diets. However, current legal regulations forbid a usage of
animal protein in practical feeding (European Parliament and the
Council of the European Union, 2001). In this context, the search
for alternative protein sources with reduced or no contents of an-
tagonists of mineral utilization should be intensified. For example,
it is possible to collect protein-rich concentrates from plant juice,
which protein values equal that of soybean meal (Brugger et al.,
2016; Johns, 1986; Szymczyk et al., 1995). As phytate is predomi-
nantly present in seeds and kernels (Humer et al., 2015), the pools
of Zn and other minerals within such concentrates may exhibit a
high bioavailability. However, more research is necessary to
investigate the feed value of such products and especially their
impact on the mineral utilization of complete feed.

Taken together, there are promising approaches that can in-
crease and stabilise the availability of feed Zn and, at the same time,
reduce the necessary amounts of total Zn in the diet. However, to
enable practical pig and poultry feeders to increase the precision of
Zn feeding, they need reliable information on the gross Zn
requirement, considering differences in the availability of native
and supplemented Zn, antagonisms between Zn and other dietary
factors as well as the physiological status of the animal. Further-
more, unpredictable events like infection, inflammation, stress, etc.,
which presumably cause a temporary increase of the daily Zn de-
mand must also be considered.

An experimental approach for the estimation of gross Zn re-
quirements must ensure the differentiation between sufficiently
and inadequately supplied individuals. Therefore, a dose—response
study with finely-graded differences in alimentary Zn supply,
spanning the range from potentially deficient levels to mild over-
supply, must be applied. Such a model was recently published for
piglets (Brugger et al., 2014). In this study, the amount of apparently
digested feed Zn was used as response parameter for the estimation
of the gross Zn requirement. It has been proven earlier in %Zn-
labelled rats, that this measure directly correlates to the truly
absorbed amounts of Zn from the GIT (Weigand and Kirchgessner,
1980). The intensity in response of both parameters to increasing
dietary Zn supply significantly changes at the point of satisfied Zn
demand. This threshold can be estimated by broken-line regression
models (Robbins et al., 2006) (Fig. 1). Such an experiment could also
be performed in a competitive manner to compare the availability
from certain Zn supplements. Therefore, by doubling the sample
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Fig. 1. Theoretical broken-line response of a random zinc (Zn) status parameter to
changes in dietary zinc concentration. In this example, the parameter (e.g., apparently
digested feed Zn) exhibits a plateau in response above a dietary threshold of 60 mg
Zn/kg diet, below which it decreases or increases by a slope of 0.17/mg reduction or
rise in dietary Zn, respectively. The dietary threshold (breakpoint) represents the gross
Zn requirement at given experimental conditions.

size, i.e., 96 instead of 48 animals in case of Brugger et al. (2014),
both supplements of interest can be evaluated parallel to each
other. Differences in efficacy would be evident by comparing the
breakpoints in response to increasing dietary Zn as well as the
slopes in response over the deficiently supplied groups to the point
of gross Zn requirement, respectively. A higher slope or lower di-
etary threshold, respectively, would indicate a higher percentage
utilization of feed Zn under given dietary conditions (Fig. 2).

Most trials, which aimed at investigating the efficacy of certain
Zn feeding strategies, used animal cohorts with more or less pro-
nounced states of clinical (severe) Zn deficiency. However, under
the conditions of a clinical Zn deficiency a multitude of severe
secondary metabolic events occur (Holt et al., 2012). Such events
correlate only indirectly to Zn homeostatic regulation. This drasti-
cally increases the background noise when assessing the true ef-
fects of Zn feeding on the metabolic response. The occurrence of
clinical Zn deficiency in practical feeding is rather unlikely, as
complete feed of conventional herds is generously supplemented
with Zn. In contrast, subclinical events of insufficient Zn supply are
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Fig. 2. Theoretical competitive broken-line response of a random zinc status param-
eter to changes in dietary zinc (Zn) concentration from 2 different supplemental Zn
species. In this example, the parameter (e.g., apparently digested feed Zn) exhibits a
plateau in response above dietary thresholds of 60 and 50 mg Zn/kg diet when feeding
Zn species A (black) and B (grey), respectively. Below the respective threshold,
parameter response to changes in dietary Zn concentration from species A and B
decreases or increases by 0.17 and 0.26/mg reduction or rise in dietary Zn, respectively.
In conclusion, feeding Zn species B results in a decreased gross Zn requirement
(—=10 mg Zn/kg diet). Based on the slope comparison, feed Zn species B provided a
1.5-fold higher feed Zn utilization compared with species A based on the relative
differences of the respective slopes in response.
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supposed to happen more frequently (Holt et al., 2012). A sub-
clinical Zn deficiency is defined by a reduction in the animals' Zn
status and changes in associated compensatory metabolic path-
ways but, simultaneously, an absence of visible symptoms (growth
depression, anorexia, skin necrosis etc.). The already mentioned
approach by Brugger et al. (2014) induces such a subclinical Zn
deficiency, which presumably happens in practical piglet rearing.
This has been associated with impaired biochemical functions, e.g.,
digestion or redox metabolism (Brugger and Windisch, 2016, 2017).
Under such conditions, the gross Zn utilisation and the bioavail-
ability of feed Zn can be estimated much more realistically because
the response of Zn absorptive/excretive mechanisms occurs within
basal ranges. In contrast, individuals that exhibit a clinical Zn
deficiency must not only satisfy their basal Zn demand but also
replenish their depleted body Zn stores and compensate for
degenerative processes. This may lead to an unusual high expres-
sion of active Zn transporters at the gut mucosa, which causes an
overestimation of feed Zn utilization.

5. Conclusion

Modern diets for monogastric livestock usually contain more Zn
than the organism could utilise. This surplus can accumulate within
the organism itself as well as the environment and expresses a
strong toxic potential. As the legal dose-range for safety margins is
shrinking in light of stricter legal regulations within the European
Union, practical animal feeders must supply their herds more
closely to the actual gross Zn requirements. This is only possible, if
all measures that increase and stabilise feed Zn bioavailability are
applied. Finally, reliable information must be provided on the gross
Zn requirement under varying practical conditions, considering
differences in the availability of native and supplemented Zn pools,
antagonisms with dietary factors as well as the animals' physio-
logical status.
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