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Zinc is an essential trace element, required for enzymatic, structural, and regulatory functions. As body reserves are
scarce, an adequate zinc status relies on proper dietary supply and efficient homeostasis. Several biomarkers have been
proposed that enable the detection of poor zinc status, but more sensitive and specific ones are needed to detect
marginal deficiencies. The zinc content of commercial dry dog foods has great variability, with a more frequent non-
compliance with the maximum authorized limit than with the nutritional requirement. The bioavailability of dietary zinc also
plays a crucial role in ensuring an adequate zinc status.
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| 1. Introduction

Zinc has an acknowledged essential biological role for all living organisms. The importance of zinc for the metabolism of
microorganisms was discovered in 1866 when Jules Raulin confirmed its essentiality for the growth of Aspergillus niger &1,
However, its essentiality for mammals was only recognized in 1934 for rats [ in 1961 for humans B!, and in 1962 for
dogs 4. Under physiological conditions, the dogs’ access to zinc depends upon oral intake. To ensure an optimal zinc
status and simultaneously meet dog requirements and legal limits for zinc content, zinc bioavailability additives in pet
foods is of utmost importance. In this sense, recent studies have evaluated inorganic and organic sources of zinc at
different levels of inclusion to enhance zinc bioavailability in dog foods BIEIABIRILOLIIZNS] The optimal zinc status of

dogs promotes health, wellbeing, and increases lifespan.

Indeed, an adequate zinc status is required for the proper function of several systems. In dogs, the role of zinc in skin
health has been well documented 1415116l Besides, clinical reports show that impairment of zinc status might be
associated with disorders in other systems. However, to fully comprehend the mechanisms that link zinc to the clinical
signs and laboratory findings reported in dogs, it is necessary to acknowledge zinc functions at cellular and molecular
levels. As such studies are scarce in dogs, resorting to data extrapolation from other mammals is often required.
Moreover, while heavily deficient zinc status often has clinical manifestations, more specific biomarkers are required to
differentiate marginal deficiencies and optimal levels, which constitute an additional challenge.

| 2. Zinc in Dog Foods
2.1. Legal Limits and Authorized Sources of Zinc for Animal Feed Supplementation

Supplemental sources of zinc (additives) for use in animal feeds, including companion animals, require authorization in
the European Union (EU). Moreover, when added, pet food producers have to comply with the legal limits concerning the
total content of zinc in feeds described in Appendix 4(ll) of Regulation 1831/2003/EU 4. |n addition to compliance with
legal limits, pet food manufacturers are obliged to declare additives, including zinc, used and the concentration added in
the product label as described in Regulation 2009/767/EU 18],

The most recent regulation of the European Council (Regulation 2016/1095 of 6 July 2016) sets a maximum of 200 mg/kg
as is of zinc for supplemented dog foods (=227 mg/kg DM, assuming 12% of moisture), which represents a decrease of
20% compared to the previously authorized level, 250 mg/kg as is L. Although the previously authorized zinc level was
considered safe for target species, the release of zinc into the environment was considered an unavoidable risk. Indeed,
the accumulation of zinc in soils (mostly in acidic sandy soils) and the leaching from it to surface waters was pointed to as
a risk for organisms that reside in soil and water 19, Table 1 shows the authorized sources for animal feed, which include
five inorganic and six organic sources.

Table 1. Zinc sources authorized as additives for animal feed supplementation in the European Union.



Source Authorized Zinc Source Regulation Reference

Zinc acetate dihydrate

Zinc chloride anhydrous

Inorganic Zinc oxide

Zinc sulfate monohydrate/heptahydrate

2016/1095/EU 201
Zinc chloride hydroxide monohydrate
Zinc chelate of amino acids hydrate
Zinc chelate of glycine hydrate
Zinc chelate of protein hydrolysates
Organic
Zinc bislysinate 2016/973/EU 21
Zinc chelate of hydroxy analog of methionine 2010/335/EU 22
Zinc chelate of methionine sulfate 2019/1125/EU 23]

2.2. Zinc Content in Commercial Dog Foods

A complete compound food is, by definition, a single diet capable of ensuring the animal requirements for energy, macro,
and micronutrients 241, Figure 1 displays a compilation of studies in which the zinc content of complete commercial foods
for puppies and adult dogs has been determined. It should be noted the great variability between foods, and the more
frequent non-compliance with the maximum authorized limit than with the nutritional requirement.
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Figure 1. Zinc concentration in commercial dog foods reported in several studies, classified according to the type of food,
dry food (DF), wet food (WF); and the age category, puppy (P), adult (A), and senior (S), whenever the information was
provided in the publications: A—n =59, DF, P +A[2: B—n=26,DF, P28: C—n=34;DF, P+A+S[20: D-n=18, DF
28 FE_n=15DFP+A+SEL F_n=49, WFP+A+S2; G-n=24,DFBEY 4_n=20 DF AR |—n=6,DF P
Bl 3 —n =119, DF, P + A B2 * Maximum legal limit in the European Union (EU) Regulation No 636/2013; ** Maximum
legal limit in the EU Regulation No 2016/1095; *** Zinc requirements published by FEDIAF 24, DM—dry matter.

The eight studies presented in Figure 1 compile zinc determinations of 18 to 119 food samples both for puppies, adult,
and senior dogs, mainly commercialized in the United States of America, Europe, and Latin America. Adult formulas were
the most share of the samples analyzed, and the results were rarely presented according to age category. Five out of
eight, report similar ranges of zinc content, from <100 to <378 mg/kg DM. In two studies, the lowest content of 38 mg/kg
DM was found B932 which corresponds to 50% of the minimum requirement for zinc in dog foods. In addition to dry
foods, Davies et al. analyzed 49 wet samples from different brands and found that the content of zinc in wet and dry foods



ranged from 137 to 223 and 145 to 214 mg/kg DM, respectively, meaning that both nutritional requirements and legal
impositions were respected in all samples 4. In contrast, Elias et al. reported the greatest variation of all studies, with
values ranging from 44 to 633 mg/kg DM [24. Similarly, zinc excess was reported by Pereira et al., with contents ranging
from 248 to 317 mg/kg in puppy and 182 to 566 mg/kg in adult foods BY. Moreover, the study reported that the zinc
content was not affected by the market segment and that the percent of zinc labeled was on median 51.1% of the total
content, although in some cases, it was as low as = 20%.

New attitudes and practices of companion animal feeding have emerged in the past years, namely, vegan B3l and raw and
homemade diets [24l; thus, zinc content in trendy dog foods has already been reported. Zafalon et al. observed that one of
three commercial vegan dog foods analyzed had a content of zinc above the EU legal limits; however, none of the three
were below the nutritional requirements, which is somewhat expected since all diets were supplemented with trace
element additives 33, In contrast, the zinc content of home-prepared diets was found below the nutritional requirements in
79% of 75 recipes of dog foods available on the internet €. Similarly, Dillitzer et al., who evaluated zinc content in bone
and raw food rations, reported that more than half of the samples analyzed failed to supply zinc daily recommended
allowance (range 27—400 mg/kg DM; median 76 mg/kg DM) BZ. In their study, the low zinc rations usually consisted of
meat with only small amounts of bone and without either offal, zinc-containing supplements, or nuts bone B4,

2.2.1 Variation of Zinc Content in Raw Ingredients

The total content of zinc in complete dry dog foods reflects the amount sourced by the raw ingredients (background level),
and the amount that is added through supplementation (labeled). Although zinc content of ingredients is available in feed
tables, several factors can influence the accuracy of those estimations, being advisable to routinely analyze the content of
zinc in raw ingredients. However, that is still not current practice, probably because the analytical techniques require
expertise and sophisticated equipment, which inevitably translates into high costs 28],

Plants can be zinc accumulators or not, with tolerance or non-tolerance to high concentrations of zinc in soils 9. The zinc
content of plants depends on the soil characteristics and zinc concentration, and the presence of fertilizers B9, The zinc
uptake by plant roots is facilitated by acidic pH and high content of organic matter of soil, whereas higher phosphorus,
iron, aluminum oxides, bicarbonate, clay, and alkaline pH decrease zinc solubility and mobility 2. In general, plant roots
secrete reductants, organic acids (acting as chelators), and H+ ions to enhance zinc solubility, and this element is mainly
taken up from soil as Zn2+ B2 From the roots, zinc is transported through the epidermis, cortex, endodermis, and
pericycle until it reaches the xylem to be mobilized to the shoots 2242 The distribution of zinc in plant tissues depends
upon the plant species, maturity, and zinc status. If the level of zinc in plants is low to adequate, zinc is mainly found in
growing tissues (roots, vegetative shoots, and reproductive tissues), whereas in plants that tolerate zinc at toxic levels,
zinc is accumulated in cell walls or vacuoles in the root cortex or leaves 421,

In animal by-products, a great variation in zinc content is often observed as zinc retention varies among tissues. For
instance, Henry et al. reported that the content of zinc was 87, 94, 119, 126, and 146 mg/kg DM, respectively, in the heart,
spleen, liver, kidney, and muscle of sheep fed diets non supplemented with zinc 431, Also, the concentration of zinc in
bone, heart, and muscle did not respond to an increase of zinc supplementation (700, 1400, and 2100 mg/kg) for 30 days,
whereas the concentration in the spleen, kidney, and liver increased, having in kidney and liver been proportional to
increment of zinc supplemented 3l In goats, the zinc content of bone and muscle was 87 and 122 mg/kg DM,
respectively ¥4l and in broilers, the content of zinc in tibia ash, fresh breast muscle, and fresh liver was c.a. 360, 8.7, and
31 mg/kg, respectively 451 when fed the requirement of zinc for each species. Thus, animal species, presence/proportion
of offal/bone, and feeding regime of animals comprising the meat meals affect the zinc content of the raw ingredients from
animal origin.

2.3. Bioavailability of Zinc Sources

The bioaccessibility of a nutrient comprises the fraction released from the food matrix into the intestinal lumen, ready to be
absorbed. Bioavailability refers to the bioaccessible fraction that is absorbed through the intestinal mucosa and effectively
reaches the bloodstream 8], In addition to the inherent animal variables (e.g., preexisting tissue reserves, physiological
state, disease, and genetics), the bioavailability is affected by the zinc source M7 as it determines how the molecules
interact with the conditions it encounters, e.g., the pH and presence of antagonistic compounds in the gastrointestinal
compartment 48!,

The intestinal absorption of zinc molecules first requires a dissociation that, in the case of salts (inorganic sources), easily
occurs in the acidic pH of the stomach. Then, the dissociated cation (Zn2+) may bond to amino acids from the chyme or to
carrier proteins, embedded in the luminal membranes of the mucosal cells to be transported across the intestinal
membrane 2. However, the dissociated cation may also interact with food components, such as phytates, and eventually
form insoluble complexes that lead to the excretion of zinc in feces 131 or with other mineral elements, e.g., calcium,
copper, and iron that can interfere with Zn2+ absorption and vice-versa BY. Conversely, if elemental zinc is bond to an



organic molecule (zinc chelate), it will not, in theory, dissociate so easily before intestinal absorption, being less prone to
precipitate and form insoluble complexes with food components 2. The absorption of intact zinc chelates might be
carried out by zinc transporters, but also by peptide and amino acid transport mechanisms. According to an in vitro study
performed with Caco-2 cells, zinc methionine regulates the mRNA expression of ZIP4, ZnT1, and PepT1, suggesting that
this chelate is transported either by the traditional zinc ion channel or by the small peptide transport pathway (PepT1) 11,
The permeation of peptides is affected by the chain-length and sequence of the peptides, whereas PepT1 and the proton
gradient (the driven force for PepT1 mediated transport) are affected by dietary and pharmacologic compounds (e.g.,
flavonoids, fatty acids) B2. In that sense, the absorption of zinc chelates is likely influenced by organic molecules, as it
might share their mechanism of uptake.

2.4. Supplementation Strategies to Enhance Zinc Bioavailability

The study of zinc bioavailability sources draws strategies of zinc supplementation in dog foods. Table 2 summarizes
studies that evaluated sources of dietary zinc supplementation in dog foods. Overall, the results show differences
between inorganic forms and have pointed benefits of organics over inorganics.

Table 2. Studies of zinc source supplementation in dog foods.

Design/Duration/Zn . Level Biomarker of Zinc
. Subjects Zn Forms
Restriction ! Zn?3 Status
Zinc sulfate 0
2
2 wks length for 3 Zn sources; 3 6 male Zinc acetate mg/kg Fecal, plasma, and
wks washout between each Zn Beagles/ BW urinary [Zn], apparent
source/2 wks 2 12 wks fecal absorption
4
Zinc oxide mg/kg
BW
Randomized block design/35 . . . Weight gain, plasma
42 puppies/11 Zinc oxide 4
days/ ) ) 40 [Zn], declaws, teeth,
wks Zinc propionate
5.4 mg/kg feed and testes [Zn]
1 meal test for each Zn form . )
] 4 adult Zinc oxide Fecal, plasma and
with 1 wk between them/2 wks/ ) ) ) 50 ]
Beagles Zinc amino acid chelate urinary [Zn], AUC
56 mg/kg feed
) Zinc oxide ®
6 x 4 randomized block . ) . .
) 4 adult Zinc amino acid Fecal [Zn], hair
design/25 days per 50 .
L Beagles Chelate ° growth rate, hair [Zn]
treatment/no restriction i L s6
Zinc polysaccharide >
Zinc oxide 50
Randomized block design/20 Zinc amino acid . .
27 adult 75 Hair growth, hair
days/30 days/ chelate
Beagles [Zn], serum AP, AUCs

56 mg/kg feed

Zinc polysaccharide 100

Reference

G



Design/Duration/Zn
Restriction 1

Cross-over design/3 wks 2
wks/58.5 mg/kg DM

3 Latin Squares
4 x 4/4 diets, 4 periods of 5
wks/no restriction

Randomized block design/28
d/50 mg/kg DM (7 days)

Randomized block design/30
days/no restriction

Subjects Zn Forms

4 female Zinc sulfate

Beagles Zinc methionylglycinate
Zinc sulfate 7

12 Beagles/

1 year
Zinc proteinate ’
Zinc oxide

30 Hound-

cross Mongrel/

8 wks

Zinc methionine

18 dogs many

breeds/ Zinc oxide

Zinc HMTBa °
2—6 years

Level
Zn?d

=61.5

75

508

1008

40

Biomarker of Zinc
Status

Reference

Hair growth, hair

[Zn], plasma and (53]
fecal [Zn], serum

ALT, zinc absorption

Plasma, hair, and
urinary [Zn], serum,
ALT, SOD activity and
CRP, CD4/CD8 ratio
in peripheral blood,
coat quality 3]
(brightness, softness,
greasiness, and scale)
and growth
(trichogram), CTTAD,
flatulence

Weight gain, hair

weight and length,

plasma and hair [Zn],

liver, cortisol, bone, (L2
and total AP,
concentrations, blood

MT gene expression

Coat quality

(brightness,

looseness, texture,
greasiness), whole- (4]
blood and hair [Zn],
antibody against

sheep red blood cells



Design/Duration/Zn Level Biomarker of Zinc

. Subjects Zn Forms
Restriction ! Zn?3 Status
BW (dams) and weight
. 34 female . . gain (lactation from
Randomized block Zinc oxide ] )
. . Beagles/> 1 birth to 6 wks), litter
design/reproduction (=12 wks) . . .
10/ year + 53 size, hair [Zn], hair
. newborn and root morphology
no restriction ) .
puppies by scanning electron

microscopy

A comparison between three inorganic forms of zinc (zinc oxide, zinc acetate, and zinc sulfate) performed by Ozpinar et
al., showed higher apparent absorption of zinc sulfate, although zinc concentration in blood, urine, and feces was not
different among sources &I,

Wedekind and Lowry evaluated the bioavailability of zinc oxide and zinc propionate under three conditions: (1)
Recommended dietary level of calcium, (2) high calcium level, and (3) high calcium and fiber level, under the assumption
that those conditions would, by that order, compromise zinc bioavailability €. Multiple regression slope-ratio analysis
between zinc intake and plasma concentration of zinc revealed that zinc propionate was more bioavailable. Moreover,
calcium reduced the bioavailability of both forms with less impact on zinc propionate. Retention of zinc in declaws, teeth,
and testis was unaffected by the source of supplemental dietary zinc. However, the intake of zinc was different due to
variation in zinc content of diets that averaged = 46 mg/kg for zinc oxide and 76 mg/kg for zinc propionate, precluding a
direct comparison of zinc bioavailability. Indeed, tissue retention may not be linear, and in that case, the low ratio of tissue
concentration:intake of zinc propionate would indicate the worst bioavailability for this source.

Lowe et al. studied the absorption of zinc oxide and zinc amino acid chelate, concluding that the organic form was twice
as bioavailable as the inorganic 19, zinc amino acid chelate (methionine and glycine) promoted higher hair retention and
growth rate when compared to zinc oxide and zinc polysaccharide 2. Moreover, the negative effect of dietary calcium was
only noticed for zinc oxide, increasing its fecal excretion, and decreasing the quality of hair parameters.

According to Lowe and Wiseman , zinc sulfate is more bioavailable than zinc oxide but less available than zinc amino acid
chelate (methionylglycinate) [, which also agrees with data of Jamikorn and Preedapattarapong 23!, Indeed, serum
alkaline phosphatase activity, hair growth, zinc deposition, and absorption were higher for dogs fed diets supplemented
with zinc amino acid chelate than with zinc sulfate [4. It must be emphasized that the absorption of zinc reported in this
study (37% and 29.8% for zinc amino acid chelate and zinc sulfate, respectively) was calculated from total fecal content
without considering the endogenous losses.

Pereira et al. tested the supplementation of zinc sulfate and zinc proteinate at an adequate level in dog foods with high
phytate content, with and without the concomitant addition of an enzymatic complex to degrade phytates, which are
known to affect zinc bioavailability 12]. Results showed that zinc proteinate was associated with higher bioavailability of
phosphorus and a higher percentage of circulating CD4+ T-cells suggesting an improved T-cell differentiation. However,
no other biomarkers (e.g., plasma and hair zinc concentration, coat quality, serum SOD activity) responded to the zinc
source 8l These results are in line with another study in which weaning puppies were fed a control diet with a
background level of zinc of 50 mg/kg and compared to four other dietary treatments consisting of a control diet
supplemented with 50 or 100 mg/kg of zinc, either as zinc oxide or zinc methionine 12, Although weight gain and plasma
zinc concentration were lower in dogs fed the control diet (zinc 50 mg/kg) in comparison to the other four dietary
treatments, only total alkaline phosphatase was affected by zinc source, being higher in dogs fed zinc methionine 12,
Both studies highlight the need to find more sensitive zinc biomarkers, that can differentiate the bioavailability of zinc
sources within adequate zinc status.

Another aspect to be considered when studying mineral supplementation is the source of all supplemental mineral
elements. Trevizan et al. compared the total replacement of essential inorganic trace elements (zinc, manganese, copper,
and selenium) by an organic source consisting of a 2-hydroxy-4-(methylthio)butanoate (HMTBa) complexed with zinc,
manganese, copper, and selenium and observed that despite blood zinc and zinc retention in hair were unaffected, the
total replacement of inorganic elements improved immunity by preventing the decrease in antibodies against sheep red
blood cells, and improved coat quality 1. The benefits of replacement of inorganic trace elements by chelated also
extend to reproductive performance. Female dogs fed chelated zinc, manganese, and copper during estrus, pregnancy,
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and lactation (up to the 6th week) had more pups than the ones fed inorganic zinc, manganese, and copper €. However,
no differences were reported in bodyweight of both damns and puppies nor in the concentration of zinc in hair, although
damns fed chelated trace elements had smoother and less fragmented hair follicles, only visible through scanning
electron microscopy €.

The above-mentioned studies seem to point towards a positive effect of organic zinc regardless of the type of chelate
(e.g., proteinate, amino acid) in comparison to inorganic, even though some reports are contradictory. Indeed, chelates
behave differently in the gastrointestinal tract, as their stability depends upon several factors, e.g., pH, temperature, ionic
strength, and characteristics of the ligand 22, For instance, the stability of the bond between the amino acids and proteins
is variable, and if only moderately strong, they might dissociate at pH values lower than 3 or higher than 9, being in those
conditions as susceptible as inorganic minerals 8. Additionally, the ligands are susceptible to different digestive
processes, which conditioned the bioavailability of the chelate. For instance, peptide-chelates are susceptible to pepsin
action, whereas amino acid chelates do not have peptide bonds to be targeted. This is relevant since some peptides are
absorbed and are bioactive as is, but others require dissociation of peptide-zinc complexes to release the metal for
absorption. In that case, it is not advantageous when a high molecular weight ligand with high-chelating zinc capacity,
resists peptide digestion, and thus, prevents the absorption of zinc 241,

It seems consensual that the effect of zinc source becomes more evident after a restriction period of dietary zinc, likely
due to the alteration in zinc pools and status. If so, the differences in zinc status at the beginning of each of the
supplementation studies might contribute to the contradictory results observed. Nevertheless, and as previously stressed,
more sensitive biomarkers are required to precisely evaluate the zinc sources in dogs at different physiological stages,
without the need to deplete zinc status.

The use of zinc nanoparticles (zinc oxide) for supplementation of animal feed has been documented in other species, with
improved absorption and quality of animal products B3I58l However, to the authors’ knowledge, the use of zinc
nanoparticles has not yet been reported to improve zinc bioavailability in dog foods, being, therefore, a topic suggested for
future research.

A fine supplementation strategy ensures the efficacy of products with benefits for dogs and improves the product at a
technical level, optimizing the cost and complying with both nutritional requirements and legal impositions.
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