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Simple Summary: Eggs have excellent digestibility and nutritional value making it an ideal feed ingredient
for companion animals. Avian eggs contain essentials amino acids, omega-3 and omega-6 fatty acids and
vitamins required by cats and dogs. In addition, the bioactive compounds found mainly in egg white and egg
shell membrane have proven to have a positive impact on joint health and skin as well as assisting in
maintaining gastrointestinal health.

Abstract: Avian egg is a bioavailable and a palatable source of protein, fatty acids and vitamins. Egg being a
bird embryo, it is adapted as an important part of a high quality carnivore and scavenger diet through
evolution. The biological value of egg protein is near to 100 % with the ten essential amino acids, excluding
taurine, required by cats and dogs. Functions of over 400 bioactive proteins are growingly recognized in
targeting to support pet health. Egg shell membrane contains several of these biomolecules and has shown
effect on joint and skin health, anti-inflammatory and antimicrobial effect in adaptive immunity as well as in
gastrointestinal disorders, such as metabolic diseases and obesity. The lipid composition of eggs is unique for
an animal product with two-thirds of unsaturated fatty acids consisting of linoleic acid, arachidonic acid,
eicosapentaenoic acid, and docosahexaenoic acid. Eggs are also a diverse source of vitamins providing both
water and fat soluble vitamins, especially choline. The nutritional value of an egg assists in maintaining health
and shows potential supporting the mobility, cognitive and gastrointestinal health as well as skin repair.

Keywords: dog; cat; hen egg; bioavailability; health; nutrition

1. Introduction

Today, pets growingly live in urban areas with scheduled exercise and nutrient intake [1,2]. This
sedentary lifestyle has been recognized to correlate with the rise in metabolic disorders and pet
obesity [1] leading to altered endocrine function of inflammatory adipose tissue [3] and changes in
intestinal microbiome [4,5]. Between the rising ethical concern on increasing meat consumption and
consciousness to restrain manufacturing costs of pet food, alternative protein sources have been
studied. The use of insects and other novel ingredients are a valid possibility to which eggs are also
an outstanding option. Eggs represent a relatively low-carbon supply of animal protein [6]. They are
a unique source of bioavailable animal protein, fatty acids, and most vitamins [7]. Eggs are well
digested and also commonly tolerated [8]. As the biological value of most plant proteins is low, due
to insufficiencies of specific amino acids and lower digestibility, egg is referred as the highest
bioavailable protein source [8,9]. With its unique nutrient content as well as protein bioavailability,
egg defends its use in pet nutrition.

Hen eggs (Gallus gallus) consist of portions of 60 % albumen (egg white), 30 % yolk, and 10 %
eggshell and eggshell membranes (ESM) (Table 1). The yolk is surrounded by the albumen, which
contains essentially water (90%) and protein (10%) (Figure 1). According to Burley and Vadehra [10]
there are three natural functions for albumen: (1) prevent growth of microorganisms trying to invade
the yolk, (2) discourage larger predators, and (3) provide water, proteins and other nutrients for the
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embryo, especially in the late stages of growth. The defense mechanism of albumen is operating both
physically and chemically. The gel-like consistency of egg white reduces the force of external impacts
and serves as a barrier for microbial movement. Moreover, in fresh eggs both thick albumen layers
and chalazae cords collaborate in keeping the yolk in the middle of the egg [10,11]. Of the egg yolk
approximately 50 % is water, 30 % lipid, and 20 % being mainly protein.

Table 1. The approximate chemical composition of egg fragments (adapted from Li-Chan & Kim,

[11]).
Protein Lipid Carbohydrate Ash
Water (%

er@® o (%) (%) (%)
Whole egg (100 %) 66.1 12.8-13.4 10.5-11.8 0.3-1.0 0.8-1.0
Yolk (28-29 %) 48.7 15.7-16.6 31.8-35.5 0.2-1.0 1.1
Egg white (60-63 %) 87.6 9.7-10.6 0.03 0.4-0.9 0.5-0.6
Eggshell and membranes
(9-11 %) 1.6 6.2-6.4 0.03 Traces 91-92

Egg yolk lipids consist of neutral lipids (65 %), phospholipids (28-30 %), and cholesterol (4-5 %).
Most yolk proteins are associated with lipids as lipoproteins contain phosvitin and high-density
lipoprotein (HDL), while the major protein of plasma is low-density lipoprotein (LDL). Plasma
contains also a water-soluble glycoprotein, y-livetin, which is referred to as yolk immunoglobulin

(IgY) [12].
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Figure 1. Schematic structure of the hen egg (Aro, [13]).

The eggshell is a rigid but brittle mineralized structure comprising approximately 92 % of
minerals, mainly calcium [14]. In addition, eggshell contains a relatively high amount of protein (6.5
%) [14]. The calcified layer of eggshell is composed of minerals associated with an organic matrix,
named as ‘eggshell matrix proteins’ and consisting of proteins, glycoproteins and proteoglycans.
These matrix proteins comprise about 2 % of the weight of the calcified eggshell layer. Supposedly,
the role of organic matrix proteins is to participate in eggshell biomineralization and/or its
antimicrobial defense mechanisms. The ESM is composed of two membranes, an inner and an outer,
between egg white and egg shell. Structurally these membranes are made of a network of
proteinaceous fibers [14]. According to DeVore et al [15], a typical chemical composition of ESM is
the following: water (13.9 %), protein (82.2 %), fat (2.7 %), carbohydrate (0.6 %), and ash (0.6 %). ESM
is a bioactive material that consists of a structural network of complex carbohydrates such as the
glycoproteins and glycosaminoglycans (GAGs), including dermatan sulphate, chondroitin sulphate,
keratan sulphate and hyaluronic acid, cysteine-rich eggshell membrane proteins (CREMPS), and
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collagens (type I, V, and X), together with other glycoproteins, such as ovotransferrin and calcium
regulatory proteins [16-18].

2. Egg as a nutrient for companion animals

Egg and egg fractions are exploited in companion animal complete and complementary feed
products in a growing trend. Majority of the studies as well as the products aim towards dogs but
some data is also available on feline and equine. Tables 2, 5, 6, and 7 compare the nutrient values of
egg to dog and cat recommended daily allowance (RDA) based on National Research Council
guidelines [19]. The average nutrient content per 100g of egg is based on several open access Food
Composition Databases supported by European Food Information Resources [20] taking into account
both daily portion and intake/digestibility rate of each nutrient. Data were obtained from the national
databases of following countries: Canada, the Czech Republic, Denmark, France, the Netherlands,
Italy, Japan, Portugal, Sweden, Turkey, the United Kingdom, and the United States. For dogs the
daily portion used for both raw and boiled egg is 50 g, which equals to the edible portion of an
European medium size egg [21], and 15 g for dried whole egg powder. For cats the daily portion is
15 g and 4 g for raw/hard-boiled and for dried egg, respectively. The digestibility of dietary protein
obtained from raw, boiled and dried egg is 40-60 %, 88 %, and 84 % for dogs, respectively. Fat
digestibility is 97 % regardless of the form of egg [22]. Due to lack of companion animal data the
intake of for all vitamins and minerals are assumed at 80 % and calculated as an average from the
human bioavailability data of several egg-based vitamins and minerals. Further, it was assumed that
with cats the intake of nutrients equals that with dogs.

2.1. Egq as a protein source

Protein requirement for cats and dogs vary depending on their age, size, physiological state and
lifestyle [19]. Protein has several essential roles in the body, such as regeneration and building of
organs and tissues as well as required for metabolic and immunological functions [23]. The biological
value of egg protein is near to 100 % and is therefore, used as a standard protein, to which the
nutritive values of other dietary proteins is compared. It contains the ten essentials amino acids,
excluding taurine, required by cats and dogs. Being an animal protein, egg is also ideal for cats.

Raw egg protein has a lower digestibility (Table 2A and 2B) which is something to take into
consideration when serving uncooked egg, such as for pets on raw feed diet. Moderate consumption
of cooked whole egg or dried whole egg makes up to 50% of the RDA of essential amino acids for a
medium-sized dog (Table 2A). For cats, a raw medium sized egg meets the daily nutritional needs
for lysine, methionine and cysteine, whereas the RDA of cooked and egg powder nearly doubles the
intake (Table 2B). For dogs ileal digestibility of albumin is 40-60 % for raw egg and 88 % for cooked
egg [22]. The nutritional value of dietary proteins depends on both their amino acid profile and
bioavailability. Furthermore, bioavailability depends on digestion and absorption process in the
small intestine. Heat treatment has been shown to enhance the nutritional value of albumin, and the
higher digestibility of cooked albumin resulting from structural changes in the protein structure, thus
enabling proteases breaking down peptides efficiently in the gastrointestinal tract. Some of these
peptides resulting from thermal denaturation may also be bioactive [24]. Ibrahim and coworkers [25]
reported thermal denaturation of albumin increased lysozyme antimicrobial activity against Gram-
negative bacteria without detrimental effect on its inherent action towards Gram-positive bacteria,
suggesting that the selective antimicrobial nature of cooked lysozyme serves as a balancing nutrient
in the gastrointestinal tract. Heat-treatment (95 °C, 15 min) reduces IgE binding capacity of ovalbumin
and ovomucoid [26], two of the egg white proteins causing allergic symptoms in companion animals
[9]. Ovalbumin is very similar in structure to the protein in the saliva of cats and dogs, triggering an
immune reaction causing them to develop antibodies [27]. Egg allergy is not among the most
prevalent food allergies in companion animals. However, dogs with skin disease have significantly
more IgE antibodies to egg than healthy dogs [9].
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Table 2. A. The amino acid composition of egg and recommended daily allowance (RDA) based on
NRC guidelines for dogs (NRC, [19]). The average nutrient content is based on several open access
Food Composition Databases (EuroFIR, [20]).

Nutrients /100 g Digestible portion /oy RDA% / serving
SerVIIIg
Raw Boiled P
Raw Boiled Powder aw  Boiled Powder Raw Boiled Powder
(50g) (50g) (15g)
Protein g 124+04 12908 48918 37 57 62 250 15 23 25
Arginine mg 763:31 785123 314484 229 345 396 880 26 39 45
Histidine mg 297+11 307+12 1210¢10 89 135 152 480 19 28 32
Tsoleucine mg 591:86 6489 2670:425 177 285 336 950 19 30 35
Leucine mg 974+122 1070:29 4246+190 292 471 535 1700 17 28 31
Lysine mg 863:23 906:25 344672 259 399 431 880 29 45 49
Methionine ~ mg 378:60 413:23 1575:62 113 182 198 830 14 22 24
Methionine 0 701481 717445 27404130 210 316 345 1630 13 19 21
+ Cysteine
Phenylealanine mg 613+79 66914 2629+3184 184 294 331 1130 16 26 29
Phenylealanine o1 075,1441108:38 47302206 323 527 596 1850 17 28 32
+ Tyrosine

Threonine mg 8640+139 599+32 2318+184 192 263 292 1080 18 24 27
Tryptophan mg 169421 191+10 764+57 51 84 96 350 14 24 27
Valine mg 727+125 810+11 3220+372 218 357 406 1230 18 29 33
Energy kcal 139+7 14049 562+38 42 61 71 1000 4 6 7

Table 2. B. The amino acid composition of egg and recommended daily allowance (RDA) based on
NRC guidelines for cats (NRC, [19]). The average nutrient content is based on several open access
Food Composition Databases (EuroFIR, [20]).

Nutrients /100 g Digestible portion/ s RDA-% / serving
Sel‘Vlng
Raw  Boiled Powder Raw Boiled Powder Raw Boiled Powder
(50g) 50g) (15g)
Protein g 124+04 12908 48918 37 57 62 125 30 45 49
Arginine mg 763+31 785+23 3144+84 229 345 396 480 48 72 83
Histidine mg 297+11 307+12 1210¢10 89 135 152 160 56 84 95
Isoleucine mg 591+£86 648x9 2670+425 177 285 336 270 66 106 125
Leucine mg  974+122 1070:29 4246+190 292 471 535 640 46 74 84
Lysine mg  863:23 906£25 344672 259 399 431 210 123 190 205
Methionine ~ mg 378+60 413+23 1575+62 113 182 198 110 103 165 180
Methionine o 701481 717245 2740139 210 316 345 210 100 150 164
+ Cysteine
Phenylealanine mg 61379 669+14 2629+3184 184 294 331 250 74 118 133
Phenylealanine o 1075,1441198:38 47300206 323 527 59 960 34 55 62
+ Tyrosine
Threonine mg 8640+139 599+32 2318+184 192 263 292 320 60 82 91
Tryptophan mg 169+£21 191£10 764457 51 84 96 80 63 105 120
Valine mg 727+125 810+11 3220:372 218 357 406 320 68 111 127
Energy kcal 139+7 140+9 562438 42 61 71 250 4 25 28

2.1.1. Bioactive proteins

The antimicrobial properties of an egg are mainly found in the albumin. Of the identified egg
white proteins, ovalbumin (54 %), ovotransferrin (12 %), ovomucoid (11 %), ovomucin (3.5 %), and
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lysozyme (3.5 %) are among the major proteins with industrial applications [28] (Table 3). Most of
the albumin proteins are antimicrobial, aiming to protect the developing embryo. The identified
proteins have distinctive properties such as proteinase inhibition and an ability to bind nutrients that
are essential for microbes [29]. These enzymes aid also food digestion. Ovalbumin is the most
abundant protein in chicken egg white and thus serves as a common antigen model for
immunomodulatory properties [30] and is the ingredient of human protein supplements. Ovalbumin
has been also cited as a source of angiotensin I -converting enzyme inhibitory peptides [31].
Ovotransferrin, similar to lactoferrin in milk, has iron-chelating activity, and has been exploited as a
food preservative against Salmonella, Pseudomonas sp., Streptococcus mutans, Escherichia coli O157:H7,
and Listeria monocytogens [28,32]. Although ovomucoid is regarded as the main egg allergen, it has
been reported to inhibit the growth of tumors [28]. The soluble and stable egg-derived lysozyme is
used as a food preservative due to its bacteria wall hydrolyzing activity [23]. The minor antimicrobial
proteins found in egg white comprise of avidin, ovalbumin-related protein X, ovalbumin-related
protein Y, and avian beta-defensins [33-35]. The antibacterial activity of three new egg candidates,
vitelline membrane outer layer protein 1, beta-microseminoprotein-like and pleiotrophin, was
demonstrated against L. monocytogenes and/or Salmonella enterica serotype Enteritidis [36].

Table 3. Bioactive properties of egg white proteins (adapted from Abeyrathne et al, [28], Mine &
D’Silva, [37], Julien et al, [38] and Geng et al, [39]).

Protein Bioactive properties
. Antihypertensive, antibacterial, antioxidant, immunomodulating,
Ovalbumin .
anticancer
Ovotransferrin Bacteriostatic and bactericidal, antiviral , antifungal, immunomodulating
Ovomucoid Immunomodulating, trypsin inhibitor
. Antiviral, antiadhesive and antibacterial, anticancer, immunomodulating,
Ovomucin )
hypercholesterolemic
Lysozyme Antibacterial, antiviral, anticancer, antioxidant, immunomodulating
Ovoinhibitor Antimicrobial (serine protease inhibitor)
Ovoglycoprotein Activation of inflammatory cell lines
. Antibacterial (trypsin and papain inhibitor) and anti-inflammatory,
Ovomacroglobulin ( YPS pap ) Y
treatment of keratitis
Ovoflavoprotein Antimicrobial (riboflavin binding)
Avidin Antimicrobial (biotin binding), anticancer, immunomodulating
Cystatin Anticancer, antibacterial, immunomodulating, protease inhibitor

The antimicrobial effect of avidin is linked to its high tendency to bind biotin, vitamin B7.
Excessive consumption of raw eggs can lead to biotin deficiency causing skin lesions, hair loss and
neuromuscular disorders. Heat-treatment denatures avidin, thus omitting its biotin-binding activity.
Avidin is also metabolized in the dog intestine. In addition, in the dog, biotin is produced by the
intestinal microbiome, reducing the need of dietary sources to the presence of anti-bacterial agents.
In cats, however, a dietary source is required [23].

Egg yolk proteins have been reported to contain bioactive properties. Biotin binding proteins
(BBPs) are believed to have a general role as a transport protein in hen plasma as well as aiding in
the deposition of biotin into the yolk of maturing oocytes. The weak binding between BBPs and biotin
enables the biotin to cleave approximately at +40°C making it digestible [40]. Phosvitin, an egg yolk
phosphoglycoprotein, has been reported to be one of the strongest metal chelating agents [41]. In
relation to this property, phosvitin is an excellent antioxidant ingredient both in egg and non-egg
products [42—44]. Egg yolk protein hydrolysates, which were prepared by enzymatic hydrolysis of
delipidated yolk, showed strong antioxidant activities in a linoleic acid oxidation system, as well as
on treats containing linoleic acid [45]. Moreover, phosvitin holds bactericidal activity against E. coli
under thermal stress at +50°C [46]. Brady et al [47] reported that a water-soluble protein fraction of
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egg yolk consistently inhibited the growth of S. mutans by 25% in vitro and the fraction hydrolyzed
by pancreatin demonstrated over 80 % inhibition of all bacterial growth.

Eggshell membrane contains soluble eggshell matrix proteins having antimicrobial activity
against P. aeruginosa, Staphylococcus aureus, and Bacillus cereus [48]. The inhibitory concentration of
ESM hydrolysate fractions at 10 mg and 20 mg showed antimicrobial activities against Gram-positive
was more pronounced than against Gram-negative bacteria [49]. The main bioactive components of
ESM are listed in Table 4. Eggnovo S.L identified 407 proteins in undenatured eggshell membrane
samples, collagen being most abundant (unpublished in-house report, 2021), emphasizing the diverse
nature of nutrients in the egg.

Table 4. Main chemical components of the eggshell membrane and their functions (adapted from Shi
et al, [50]).

Main Components Main Biochemical Functions

Optimum mechanical strength, Thermal stability, Wound healing,
Osteocompatibity, Anchorage to nanohydroxyapatite, Biomineralization
Affinity binding for hydroxyapatite and osteoblasts, Inhibitor of

Collagens

mineralization, Modulation of osteoclast differentiation, Recruitment of
Osteopontin macrophages, Regulation of cytokine production, Inhibition of vascular
calcification, Regulation of apatite crystal size and growth, Tissue

remodeling

Fibronectin

Keratin

Cysteine-rich eggshell
membrane proteins
(CREMPs)

Histones

Avian beta defensins

Ovocalyxin-36
Apolipoproteins
Protocadherin

Promotion of cell adhesion, Improving cell growth, migration, and
differentiation, Wound healing
Self-Assembly, Promotion of cell adhesion

Wound healing

Chromatin folding and compaction, Potent antimicrobial properties
Promotion of innate defense system, Reinforcement of the antimicrobial
defenses associated with the ESM

Potent antimicrobial properties, Positive immune-modulating effects
Binding and transport of lipids

Adhesion and differentiation functions

Formation of porous hydrated gels

Immuno-inhibition property for articular cartilage repair
Binding Ca2+

Molecules” migration through the matrix

Water-retaining property, Improving angiogenesis and tissue
morphogenesis

Chondroitin sulfate

Hyaluronic acid

2.2. Egq as a lipid source

Lipids are involved in transport and absorption of essential fatty acids and fat-soluble vitamins,
in forming membrane structures and hormones, and are essential for a strong immune system,
reproduction and skin and coat [19]. Also, fat in feed increases palatability and promotes digestion
[51]. The animal lipid composition of egg is unique as two-thirds of fatty acids are unsaturated being
high in linoleic acid (LA), arachidonic acid (AA) and containing eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), which are typically found in fish oils (Table 5A and 5B). LA (omega-6)
and alpha-linolenic acid (ALA, omega-3) fatty acids are essential for dogs. For cats also AA essential
due to limited d-6 desaturase enzyme converting LA to AA [19]. In eggs layed by hens fed regular
diets, the omega-6/omega-3 fatty acid ratio is 5-6:1 [13]. This ratio can be modified, for example
feeding hens linseed oil enriched feed with the proportion of long chain polyunsaturated omega-3
fatty acids, such as linolenic acid, in yolk is increased. This will the improve omega-6 /omega-3 fatty
acid ratio to 2-3:1 [13] suitable for dogs. Cats, on the other hand, are sufficient with the fatty acid
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composition of non-modified eggs (Table 3B). Mun and coworkers [52] noted that together with
choline, DHA and EPA play a key role in developing and maintaining healthy brain cell membranes
as well as promoting balanced inflammatory responses in the brain. DHA affects both cognitive
function and learning as well as supports a healthy level of brain-derived neurotrophic factors.

Table 5. A. Fatty acid composition of egg and recommended daily allowance (RDA) based on NRC
guidelines for dogs (NRC, [19]). The average nutrient content is based on several open access Food
Composition Databases (EuroFIR, [20]).

Digestible portion /
serving

Raw  Boiled Powder Raw Boiled Powder RawBoiledPowder

(0g) (50g) (158)
Total fat g 9.6x05 9.6x0.7 38.4+45 4.6 4.7 56 138 34 34 40
Linoleic acid
(LA, 18:2,Q6)
Alpha-linolenic acid
(ALA, 18:3,Q3)
Arachidonic acid (AA,
20:4, Q6)
Eicosapentaenoic acid
(EPA, 20:5, Q23)
Docosahexaenoic acid
(DHA, 22:6,Q23)
EPA + DHA mg 71+£37 70+35 248+133 34 34 36 110 31 31 33

Nutrients /100 g RDA RDA-% / serving

mg1248+3491142+3814327+922 605 554 630 2800 22 20 22
mg 101+£55 110+49 471+229 49 53 68 110 44 49 62
mg 54+27 52427 138473 26 25 20
mg 16+21 12+13 210+99 8 6 31

mg 7539 77+33 204+61 36 38 30

Table 5. B. Fatty acid composition of egg and recommended daily allowance (RDA) based on NRC
guidelines for cats (NRC, [19]). The average nutrient content is based on several open access Food
Composition Databases (EuroFIR, [20]).

Nutrients /100 g Dlgestlble.portlon/ RDA RDA-% / serving
serving
Raw  Boiled Powder Raw Boiled Powder RawBoiledPowder
(50g) (50g) (5g)
Total fat g 9.6:0.5 9.6x0.7 38.4+4.5 4.6 4.7 5.6 56 83 83 100

Linoleic acid

(LA, 18:2, Q6)
Alpha-linolenic acid
(ALA, 18:3,Q23)
Arachidonic acid
(AA, 20:4, Q6)
Eicosapentaenoic acid
(EPA, 20:5, Q3)
Docosahexaenoic acid
(DHA, 22:6, Q23)

EPA + DHA mg 7137  70+35 248+133 34 34 36 6.25 551 546 576

mgl1248+3491142+3814327+922 605 554 630 350 173 158 180
mg 54+27 52427 138473 26 25 20
mg 101455 110449 4714229 49 53 68  3.751303 1426 1826
mg 16+21 12+13 21099 8 6 31

mg 75+39  77+33 204+61 36 38 30

Although the obtained amounts of AA and EPA & DHA for cats exceed RDAs, the NRC
recommendations for adult cats (4 kg/250 kcalME) are below the daily upper limits for LA (3.2 g) and
for EPA + DHA (125 mg) [19]. The upper limit recommendations for adults dogs for LA is 16.3 g /
1000 kcalME / day and for EPA & DHA 2.8 g / 1000 kcalME / day [19]. According to Villaverde and
Fascetti [53], these safe upper limits for both LA and AA are for precautions and no adverse effects
due their excess have been reported in cats.
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2.3. Eggs and vitamins

Hen eggs are a diverse source of vitamins providing both water and fat soluble vitamins
excluding vitamin C (Table 4A and 4B). A healthy gastrointestinal microbiome produces a range of
vitamins, such as vitamins B and vitamin K [54], egg consumption supplementing the lacking
vitamins. Raw eggs are slightly higher in vitamin content compared to treated eggs. A consumption
of an cooked whole egg or dried whole egg provides up to 35 % of the RDA of fat and water soluble
vitamins for a medium-sized dog (Table 6A). For cats, a medium sized egg offers a high RDA dose
for vitamins A, D and B5 (Table 6B).

Table 6. A. Vitamin composition of egg and recommended daily allowance (RDA) based on NRC
guidelines for dogs (NRC, [19]). The average nutrient content is based on several open access Food
Composition Databases (EuroFIR, [20]).

Nutrients /100g ~ Di8estible portion/ g\ ph A% / serving
serving
Raw Boiled Powder Raw Boiled Powder Raw Boiled Powder
(50g) 50g) (15g)

Fat soluble
Vitamin A ng 17637 170+63 510:303 71 68 61 379 19 18 16
Vitamin D ug 2.1+08 1.9+09 55:37 08 08 07 34 24 22 19
Vitamin E mg 2.6+14 27+¢15 5133 11 11 06 75 14 15 8
Vitamin K ug 10£12 9413 15227 40 34 18 410 10 08 04
Water soluble
Thiamine (B1)  pg 75+10 64+11 28084 30 26 34 560 5 5 6
Riboflavin (B2) g 431+52 407+52 1535¢351 172 163 184 1300 13 13 14
Niacin (B3) ng 8127 77432 283119 32 31 34 4250 08 07 0.8
f;;mthemcaad mg 17+04 15:0.6 55:02 07 06 07 375 19 16 18
Pyridoxine (B6) g 124487 122498 352+142 50 49 42 375 13 13 11
Biotin (BY) ng 2343  23+5 8615 9 9 10

Folic acid (B9) ng 58+18 49+18 159+27 23 20 19 67.5 34 29 28
Cobalamin (B12) pg 1.4+0.6 1.2+0.5 57+35 0.6 05 0.7 875 0.6 0.6 0.8

Lutein +
Zeaxanthine pug 395+65 409+109 835 158 164 100
Choline mg 318+24 294 1267 127 118 152 425 30 28 36

Table 6. B. Vitamin composition of egg and recommended daily allowance (RDA) based on NRC
guidelines for cats (NRC, [19]). The average nutrient content is based on several open access Food
Composition Databases (EuroFIR, [20]).

Digestible portion /
serving
Raw (50 Boiled Powder

g (0g (15g)

Nutrients /100 g RDA  RDA-% / serving

Raw Boiled Powder Raw Boiled Powder

Fat soluble

Vitamin A ug 176+37 170+63 510+303 71 68 61 62.5 113 109 98
Vitamin D ug 2.1+0.8 1.9+09 5.5+3.7 0.8 0.8 0.7 04 207 189 165
Vitamin E mg 2.6+14 2.7#1.5 5.1+3.3 1.1 1.1 0.6 25 42 44 24
Vitamin K ug 10+12  9+13  15+£27 4.0 34 1.8 82 49 42 2.2
Water soluble

Thiamine (B1) pg 7510 64+11 280+84 30 26 34 330 9 8 10
Riboflavin (B2) pg 43152 407+52 1535+351 172 163 184 270 64 60 68
Niacin (B3) ug 8127 77+32 283+119 32 31 34 2500 1.3 1.2 1.4
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Pantothenic o © 1 7,04 15406 55:02 07 06 07 04 174 148 166
acid (BS) g /XU, OxU. OxU. . . . .
fg’g)ldoxme ug 124+87 122+98 352+142 50 49 42 160 31 31 26
Biotin (B7) ug 2313 2315  86:15 9 9 10

Folicacid (B9) pg 58+18 49+18 159+27 23 20 19 47 49 42 41

Cobalami
obalamin ug 14:0.6 12405 57#35 06 05 07 14 41 36 49

(B12)

Lutein +

Zeaxanthine pg 395+65409+109 835 158 164 100

Choline mg 318+24 294 1267 127 118 152 159 80 74 926

Vitamins are organic substances required in small amounts to help maintain growth of cells and
tissues, healthy skin and coat, and a strong immune system [19]. Vitamins A, B6, C, and E have direct
anti-microbial actions with immediate effects on the gut microbiome [54]. Vitamin A may affect
intestinal mucosal barrier [54]. Unlike dogs, cats are not able to synthesize vitamin A precursor
carotene and needs to be obtained from food [55]. Vitamin D in bone formation and resorption is
mediated through increased intestinal calcium absorption [54] and maintains epithelial integrity by
reinforcing intercellular junctions [56]. Dietary vitamin D supports the microbiome-modulated
immunity by signaling in intestinal homeostasis and reducing the development of a chronic
inflammatory bowel disease [54,56].

Egg is an excellent source of choline for both cats and dogs (Table 6A and 6B). Choline is an
essential micronutrient with a pivotal role in several metabolic pathways contributing to muscle fat
metabolism, muscle protein homeostasis, and the modulation of inflammation and autophagy [57].
Choline acts also as a neurotransmitter acetylcholine precursor supporting the cognitive health
through its ability to promote neuroplasticity making the nervous system more agile and enhancing
its functionality [58]. In pets, choline prevents fatty buildup in the liver, as well as protects the skin
from drying out and is involved in the formation of cell membranes [23].

2.4. Eggs and minerals

The quantity of most minerals in hen egg is relatively low. For dogs, a cooked egg is a good
source of sodium and chloride (RDA 25-39 %) as well as for trace minerals iron and selenium (RDA
9-13 %) (Table 7A). For cats, egg offers more powerful source of vitamin ranging of 4% of manganese
RDA to 196 % of chloride RDA (Table 7B). However, the bioavailability may compensate the nutrient
value. Also, it must be taken to account that nutrient values here have been calculated using the edible
portion of a medium size egg and egg shell minerals aren’t included in Table 7A and 7B. Eggshell
consists approximately 92% of minerals, mainly of calcium [14,59] and when included as a part of
nutrition it adds to the mineral intake correcting the Ca:P ratio of the egg.

Table 7. A. Mineral composition of egg and recommended daily allowance (RDA) based on NRC
guidelines for dogs (NRC, [19]). The average nutrient content is based on several open access Food
Composition Databases (EuroFIR, [20]).

Nutrients /100g ~ Digestible portion/ o\ g Ao / serving
SerVHIg
Raw Boiled Powder Raw Boiled Powder Raw Boiled Powder
(50g) (50g) (5¢g)
Ash g 09:0.1 09:0.1 37+03 04 04 04
Calcium (Ca)  mg 5249 49+8 218+19 21 20 26 1000 2 2 3
Phosphorus (P) mg 188+26 186+34 761+89 75 74 91 750 10 10 12
Magnesium mg 13:3 1242 4246 5 5 5 150 3 3 3
(Mg)

Potassium (K) mg 132+8 122+24 533+42 53 49 64 1000 5 5 6
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Sodium (Na) mg 136+11 163+75 514+37 55 65 62 200 27 33 31
Chloride (Cl) mg 189+13 294+196 72137 76 117 87 300 25 39 29

Iron (Fe) mg 1.8:02 19+03 65:03 07 07 08 75 9 10 10
Zinc (Zn) mg 12:0.1 13:01 41«11 05 05 05 15 3 3 3
Copper (Cu) ug 59+10 68+8 212453 24 27 25 1500 2 2 2
?ﬁ‘;ganese ug 32411 35411 90«36 13 14 11 1200 11 12 09

Iodine (I) ug 36x13 34+15 186x65 14 14 22 220 6 6 10
Selenium (Se) ug 2449 24+10 94+44 10 10 11 875 11 11 13

Table 7. B. Mineral composition of egg and recommended daily allowance (RDA) based on NRC
guidelines for cats (NRC, [19]). The average nutrient content is based on several open access Food
Composition Databases (EuroFIR, [20]).

Nutrients /100 g Digestible portion / serving RDA RDA-% / serving
Raw (50 Boiled (50 Powder (15

Raw Boiled Powder 2) 2) RawBoiledPowder
Ash g 0.9+0.10.9+0.1 37403 0.4 0.4 0.4
Calcium (Ca) mg 5249 498 218+19 21 20 26 180 12 11 15
Phosphorus (P) mg188+26 186+34 761+89 75 74 91 160 47 46 57
Magnesium 0 1353 12¢2 4246 5 5 5 25 20 19 20
(Mg)
Potassium (K) mg 13248 12224 533+42 53 49 64 330 16 15 19
Sodium (Na) mgl136+11 16375 514437 55 65 62 2 130 155 147
Chloride (CI) mg189+13294+196 72137 76 117 87 60 126 196 144
Tron (Fe) mg1.8:021.9:03 65:0.3 0.7 0.7 0.8 5 14 15 16
Zinc (Zn) mgl2+0.11.3:0.1 41+11 05 0.5 05 46 11 11 11
Copper (Cu) g 59+10 688 212¢53 24 27 25 300 8 9 8
?ﬁ;ga“ese ug 32+11 35+¢11 90+36 13 14 1 300 4 5 4
Todine (I) ug 36+13 3415 186165 14 14 22 88 16 15 25
Selenium (Se) ug 24+9 24+10 94+44 10 10 11 19 50 50 59

Sodium maintains electrical potential in tissues and in nerve impulse generation and together
with chloride play a major role in regulating osmotic pressure of cells [19]. Sodium occurs naturally
in low concentrations in vegetables and meet and is added to companion animal feed [19].
Interestingly, according to recent, long-term studies in cats, there is no evidence of any adverse effect
of dietary sodium levels as high as 740 mg/M] metabolizable energy [60] and healthy dogs can
metabolically adopt to wide variations in sodium intake [19]. Although chloride constitutes more
than two-thirds of the anions in plasma and extracellular fluid, it is found in limited concentrations
in most feedstuffs [19].

Of the trace minerals, iron is the most prevalent in the animal body [19]. Iron homeostasis is well
studied in companion animals due to its role in hemoglobin and myoglobin formation and in
numerous enzyme systems of the body [61]. Hunt and Jugan [62] reported that functional iron
deficiency was common in cats with chronic GI disease and alterations in iron and cobalamin
occurred without concurrent anemia. Selenium is widely distributed in animal tissues [19], but is
scarcely naturally available in a bioavailable form. Zentrichova et al [63] pointed out that selenium is
added to pet feed and feed manufactures follow the recommendations for minimal and maximal
selenium levels. For dogs fed home-made diets, complex data are missing. The authors also
highlighted the role of selenium in prevention and treatment of cancer.

doi:10.20944/preprints202401.0884.v1
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3. Disease-specific impacts of egg

The primary aim of the laying hen is not to produce high-value human and pet food but to give
rise to new life. A hen egg is a perfect source of nutrients supporting embryonic development until
hatching. Consequently, eggs and fractions of eggs have established in human and animal diets,
nutraceutical supplements, and growingly also in complementary feeds for pets. This chapter focuses
on studies on egg nutrients in relation to conducted health studies. Eggs and fragments of eggs are
approved for use in animals as feed materials in Europe. Ingredients listed on the EU Feed Material
Register are regarded as feed components and therefore, aren’t entitled to health claims [64]. Despite
of this, egg compounds, especially ESM, play an increasing role in health products for companion
animals. The Canadian consensus guidelines identified treatment options for specific stages of the on
canine osteoarthritis treatment. ESM supplements were among recommended guidelines as an
option for symptom relief. The role of ESM in chondroprotective measures and its pharmacokinetic
profile require future studies are to be completed [65]. Northern American requirements include US
Food and Drug Administration's (FDA) approaches to be generally recognized as safe (GRAS) with
guidance provided by Association of American Feed Control Officials (AAFCO) and Veterinary
Health Product (VHP) division from Health Canada. In US, National Animal Supplements Council
(NASC) provides strict guidelines for product quality assurance to ensure ethical manufacturing and
labeling practices are complied with throughout the industry [66].

3.1. Joint health

Osteoarthritis is a degenerative joint disease characterized by the progressive destruction of
articular cartilage caused by a disbalance between synthesis and breakdown processes [67].
Chondrocytes fail to produce sufficient extracellular matrix, and progressive cartilage destruction
starts. Increased shear stress of chondrocytes results in higher levels of cytokines and proteases which
further destroy the joint structure [68]. Hernandez et al [69] showed the inner lining of the joint,
synovium, secreting joint protective proteins, such as collagen precursors from IL-1{3.
Metalloproteinase inhibitor 3 precursor is a potent inhibitor of matrix-degrading aggrecanases and
collagenases [70] and blocks the action of numerous enzymes that contribute to cartilage breakdown,
including matrix metalloproteinases [69]. Tumor necrosis factor receptor superfamily member 11B
suppresses the programmed death of cartilage cells and play a role in maintaining cartilage health by
binding to and suppressing apoptosis in chondrocytes induced by tumor necrosis factor related
apoptosis-inducing ligand [69,71].

ESM contains several biomolecules for maintaining joint health. The synergic effect between
these key biomolecules enables the relatively small amounts of each molecule to have an effect on the
animal [16]. The bioavailability of combination of natural active molecules, such as GAGs and fatty
acids present in ESM, enhance their absorptive transport via the reversible opening of the cell tight
junction [72,73] with less adverse events [74]. GAGs are vital polysaccharides which play a major role
in the communication between the cell and the extracellular environment modulating a vast amount
of biochemical processes [17]. Some of these processes include regulation of cell growth and
proliferation, promotion of cell adhesion, anticoagulation, and wound repair [75]. Also, it has been
suggested that dietary manganese supplementation to laying hens may improve eggshell quality by
increasing the content of GAG and uronic acids in the ESM [76]. The anti-inflammatory effect and
protective function of chondroitin sulphate expands to cartilage, synovial membrane and
subchondral bone renewal [16,77]. Hyaloronic acid helps to maintain joint viscoelasticity and
lubrication, regulating cellular activities such as binding of proteins and having also anti-
inflammatory and analgesic effects [78,79]. Oral administration of collagen boosts the endogenous
production of collagen and hyaluronic acid in the cartilage and supports tendon resistance [80-82].
Elastin contributes to increase of tendon elasticity and is responsible for the mechanical resilience of
tissues [83].

The efficacy mechanisms of native ESM have been investigated. EMS and its derived
carbohydrate fraction obtain immunomodulation properties in monocytes and macrophage-like
cells. Both membrane and isolated carbohydrate fraction reduce the activity of the transcription factor
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nuclear factor-kB in induced inflammatory by down-regulating the expression of the immune
regulating receptors toll-like receptor 4 and endothelial adhesion molecules, as well as the cell surface
glycoprotein CD44, all important during inflammation response [16]. Ruff et al [84] demonstrated
that fermented and enzyme-hydrolysed ESM activated nuclear factor-kB in human leukemic
monocyte cells and also increased levels of nuclear factor-kB was detected in human peripheral blood
mononuclear cells in vitro indicating an “oral tolerance” mechanism.

Bioactive collagen peptides originating from ESM, supply collagen amino acids to slow down
the progression of cartilage degeneration by reduction of catalytic proteases and inflammatory
cytokines [85,86]. Schunck and coworkers [87] tested the impact of specific collagen peptides on
cartilage metabolism, including biosynthesis of type II collagen, aggrecan and elastin, the RNA
profile of inflammatory cytokines and degenerative matrix molecules, in canine chondrocyte. The
specific collagen peptides reduced inflammatory cytokines (p < 0.05) in canine chondrocytes
compared with untreated control experiments. Also, enhanced biosynthesis of type II collagen,
elastin, and aggrecan were observed (p < 0.05) suggesting an anti-inflammatory effect of specific
collagen peptides and a stimulatory impact on matrix molecule synthesis. Pet owners reported
reduction in lameness, decreased discomfort in standing up and reduction in contact pain compared
to the situation at the beginning of the treatment with a daily supplementation of 5 g per day to the
regular diet for 12 weeks.

In rodent osteoarthritis models, reduction of pro-inflammatory cytokines was detected after
seven days of dietary supplement of eggshell membrane to understand the mechanisms of clinical
results in alleviating arthritis joint pain and stiffness. The tested doses influenced statistically
significantly the early-phase proinflammatory cytokines and later-phase cytokines [88]. Another
study observed (P = 0.05) chondromodulating effects of ESM and a joint supplement containing ESM
fed for 42 days or 56 days increasing cartilage synthesis or decreasing cartilage degradation,
decreasing pain and swelling [89]. A two-week preventative dosing of natural ESM alone also
showed significant anti-arthritis activity in monosodium iodoacetate-induced arthritis rats followed
by a 4-week post administration of ESM. Cytokine production in serum was decreased in comparison
with the control group. The cartilage of patella volume increased significantly and a decrease in the
cartilage of patella, synovial membrane, and transformation of fibrous tissue was seen [90].

Hydrolyzed ESM powder with a dose of 5 mg/pound body weight (approximately 11 mg/kg)
was studied in 57 dogs with age-related arthritis, reduced mobility, and reduced activity levels were
studied over a period of 28 days. Increased joint mobility was recorded after 7 days of treatment and
continued to increase over time [91]. In a multicenter, randomized, double-blind, placebo-controlled
study by Ruff et al [92] 51 dogs received daily an ESM product 6 mg/pound (approximately 13.5
mg/kg) reducing significantly joint pain (P = 0.012) and improved joint function rapidly and
demonstrated a lasting improvement in joint pain leading to an improved quality of life during the
6-week trial. Also, a chondroprotective effect was demonstrated following 6 weeks of
supplementation with ESM in dogs with mild to moderate suboptimal joint function. Aguirre et al
[93] demonstrated undenatured ESM product reducing symptoms and pain of hip dysplasia in 40
client-owned medium sized arthritic dogs compared to placebo group. A significant reduction in
muscular atrophy (p < 0.0001) and improvement of mobility range was noted in the treated group
compared to the placebo group. Parameters such as starting lameness (p = 0.005), walking lameness
(p =0.0389), running and playing resistance (p = 0.0038) and limitation to little jumps (p = 0.01) also
experienced a significant since day 20 of treatment with a dose of 15 mg/kg dog of test product. In a
twenty-two dog randomized, double-masked, placebo-controlled, proof of principle pilot study by
Muller and coworkers [94] revealed tendency in inflammatory biomarker IL-2 reduction in the
supplement group, compared to the placebo group (p = 0.069) after 12 week eggshell membrane-
based nutritional supplement. Owner responses were also significantly lower in the supplement
group compared to the placebo group (p = 0.034) after 12-week intervention. ESM impacts joint health
though analgesic, anti-inflammatory, tendon protector and cartilage protector effects together with
an improvement in joint functionality [93,95,96].
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Similar results have been demonstrated in equine [89,96], sows [89] and human [97-103]. Rapid
responses in patients were seen for mean pain subscores (15.9 % reduction, P = 0.036) and mean
stiffness subscores (12.8 % reduction, P = 0.024) occurring after only 10 days of supplementation [104]
indicting similar timelines in response may be found in animal patients as well. Also good results
were seen in a human crossover study where physical activity levels were significantly higher after
treatment than after placebo consumption (p < 0.05). Subgroup analysis showed rapid improvement
of lower back pain after 5 days of treatment compared to placebo consumption (p < 0.05) in subjects
who participated in the study during the winter season [100]. Although the effect of seasonal changes
has not been taken into count in animal studies, it may play a role in the response rate.

3.1. Skin health

Eggshell membrane has been used as an alternative natural bandage on burned and cut skin
injuries for over 400 years in Asian countries with recent results showing decreasing wound closure
time. The native membrane acts in biomineralization as ESM is essential for fabrication of the calcified
shell as a defense against bacterial penetration, due to the content of antibacterial proteins [16].
Glycopeptides, mainly fibronectin and osteopontin, and GAGs resident in the ESM have been
thought as mediators of wound healing, as they are known to play both pro-and anti-inflammatory
roles [18,105]. Also bioactive cysteine-rich ESM proteins, hyaluronic acid, collagens (type L, V, and X),
together with other glycoproteins, such as ovotransferrin and Ca-regulatory proteins, may impact
skin health positively [16]. Bioactive molecules are practical tools for regulating cellular processes
and have been applied in skin repair to control cellular differentiation, dedifferentiation, and
reprogramming [106].

Topical application of collagen improves skin elasticity [107]. However, the undigested molecule
has a higher molecular weight unable to penetrate the corneal layer of the skin [108] whereas orally
consumed collagen bioactive peptides absorb relatively quickly and distributes to tissues [107].
Hyaluronic acid is naturally synthesized in several biological matrices from microbes to mammals
with a lower molecular weight making it more suitable for topical use [109]. Hyaluronic acid was
first identified from egg white [109] and has since been utilized for its extremely hydrophilic
characteristics [110]. Each disaccharide contains a carboxylic acid component that dissociates at
physiological pH, enhancing the polyanionic behavior allowing metal ions to be coupled to the
hydration shell, resulting in a 1000-fold increase in volume [111]. This is the basis of hyaluronic acid's
physiological functions, including its rheological characteristics, elasticity, wound healing capacity,
and cell lubrication [109]. Due to its characteristics hyaluronic acid has been used as a topical drug
delivery system to treat various skin disorders [109]. Hyaluronic acid may bind to extracellular matrix
molecules and cell surface receptors, and the binding of hyaluronic acid to intercellular adhesion
molecule 1 may contribute to regulating intercellular adhesion molecule 1 -mediated inflammatory
activation [112].

Oral intake of ESM has shown to reduce both pro-inflammatory cytokines [88] and inflammatory
biomarker IL-2 in dogs [94]. This, together with the capability to restore gut barrier function, helps to
maintain a hydrated skin [109]. Administration of collagen and hyaluronic acid reduces the intensity
of skin hydration and enhances the moisture content of the skin, especially the stratum corneum, as
well as the elasticity of the skin, reducing wrinkling and roughness [107,113,114]. Also, collagen
restores the metabolism of fibroblasts and extracellular matrix proteins and a decrease in
metalloproteinase slows aging of the skin [115,116]. Hyaluronic acid is the key molecule improving
skin moisture and maintaining its elasticity [109,114]. The anti-inflammatory properties of
ovotransferrin in egg white and in eggshell membrane have shown to possess antimicrobial and
antioxidant activities in vitro and in mice [117] and has therefore been suggested for promoting skin
health [16]. In human, oral hydrolyzed eggshell membrane ingestion has been associated with a
significant improvement in facial skin appearance in crow's feet in 4 weeks and skin tone in 8 weeks,
with significant impact on hair thickness, reduction in hair breakage and improvement in hair growth
at 4, 8, and 12 weeks [118]. Natural ESM can alternate the skin barrier function restoring the skins’
health and its biomechanical properties by restoring the expression of antioxidant enzymes [119].
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Essential fatty acids, mainly PUFAs, play a role in membrane fluidity, metabolic regulation,
maintenance of the transepidermal water barrier, and eicosanoid synthesis [19]. Dogs with low intake
of essential fatty acids have varying clinical signs that include a thin, discolored coat, scaly skin,
sebaceous gland hypertrophy, and increased transepidermal water loss [19]. With the relatively high
amount and bioavailability of LA [120], eggs may be helpful for improving skin health and coat
quality. Increased total dietary fat can contribute to coat gloss and softness, even if there is no fatty
acid deficiency [121]. Atopic dogs benefit from supplemental omega-3 fatty acids reducing clinical
signs of pruritus and inflammatory skin disease [122-124] including ALA and DHA added to diet.
The immunomodulatory and lower-inflammatory effects of fatty acids act through competitive
inhibition of the AA cascade with the final metabolites, prostaglandins, thromboxanes and
leukotrienes, having a high pro-inflammatory activity [125] and omega-3 PUFA-derived lipid
mediators [126].

Deficiencies of certain amino acids, vitamins, and minerals can also result in dermatologic signs
[122]. Amino acids are important nutrients required for wound healing promotion and repair of the
damaged skin, acid-base balance and water retention in cellular layers, such as stratum corneum,
protection against sunlight damage, and maintenance of an appropriate skin microbiome [127]. The
skin is one the three organs high in zinc and an insufficient zinc availability may lead to skin diseases.
Zinc supplementation has been widely used for various skin conditions [128]. An egg contains 1,3
mg of zinc (3 % RDA for a dog and 11 % for a cat), with egg yolk being the major contributor to zinc
supply. Although the amount is relatively small, the bioavailability and the transelement synergy of
an egg adds to the efficacy [8]. In addition, choline plays an important part in protecting the skin
from drying out by being involved in the formation of cell membranes [23].

3.3. Gastrointestinal

The nutritional value of an egg remains a food product of high nutritional quality feed and
assisting in maintaining health [129]. Eggs are recognized as a functional food that contain a variety
of bioactive compounds that can influence pro- and anti-inflammatory pathways. Bioactive egg
compounds may play a role in preventing and curing diseases [8] in a dose-dependent manner.
Bioactive compounds are divided throughout the egg fragments. Egg white constitutes largely for
the antimicrobial activity of an egg [28] whereas functional proteins, including lipoproteins and
glycoproteins, are found in egg yolk [12]. Glycoprotein IgY enhances immunity [8]. The role of ESM
in the gut is multifactorial mainly acting through the non-digestible fractions of ESM increasing gut
microbial diversity, reducing inflammation related bacteria, repairing mucosal epithelium and
promoting immunity [49,130,131] (Figure 2).
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Figure 2. Digestibility and mechanism of action of undenatured eggshell membrane in the
gastrointestinal tract has been proposed by Eggnovo S.L based on several non-published studies.
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3.3.1. Adaptive immunity / Passive immunotherapy

Gastrointestinal inflammation is an adaptive physiological response to microbial infection and
tissue injury sometimes leading to chronic low-grade, systemic inflammation underlying multiple
highly prevalent chronic metabolic diseases [8]. Acute inflammatory responses mediated by immune
system cells are considered beneficial if executed in a local, controlled manner, as they function to
rapidly and effectively eliminate pathogenic stimuli and return the affected tissue to a normal,
homeostatic state through coordinated activation and resolution of pro-inflammatory leukocyte
activity [132]. However, failure of the body to appropriately resolve acute inflammatory responses
can lead to a chronic inflammatory tissue state, activation of the immune system, further on
autoimmune conditions and allergic responses [8]. The pro- and anti-inflammatory properties of egg
components, execute via both direct and indirect mechanisms, such as inhibiting tumor necrosis
factor o« (TNF-a)-induced alterations of plasma membrane architecture required for receptor-
mediated signaling, activation of the pro-inflammatory mitogen-activated protein kinases, nuclear
factor kB subunit translocation to the nucleus, and up-regulation of pro-inflammatory cytokines, such
as TNF-q, interleukin (IL)-8, intercellular adhesion molecule, interferon y-induced protein (IP)-10,
and matrix metalloproteinase [8].

Egg yolk contains a water-soluble glycoprotein IgY [12]. When laying hens are immunized with
a particular antigen, the corresponding antibodies are synthesized in hen serum and then transferred
to yolk, offering a highly purified form to be isolated highlighting animal welfare. The annual
production of IgY by a hen has been estimated to be 40 g compared to IgG produced by a rabbit is
about 1.4 g [133], thus hens produce nearly thirty times more immunoglobulin than rabbits. IgY has
additionally shown promising results in promoting passive immunity against a variety of pathogens
in the treatment of conditions such as colitis, influenza, and infection of Clostridium botulinum, S.
aureus, Candida albicans, and Helicobacter pylori in human patients [8]. There are possibilities for
numerous applications for IgY antibodies, including diagnostic assays, immunoaffinity purifications
and therapeutic applications for humans and animals. One such example is periodontal disease, an
infection and inflammation of the tissues that surround the teeth, which is a significant problem in
dogs and cats. It has been estimated to affect approximately from 44 % to 64 % of the dog population
[134-136] and with over 15 % prevalence, periodontal disease is the most commonly diagnosed
condition in cats [137]. Plaque, a microbial biofilm, is recognized as a main etiological agent for
periodontal disease [138]. The oral immunotherapy by using anti-gingipain IgY has been reported to
improve significantly periodontal health of dogs when applied directly into some periodontal
pockets in the form of ointment [139]. Anti-gingipain IgY was obtained from the egg yolk of hens
immunized with gingipain, a protease from Phorphyromonas gingivalis, which Sharifiqur et al [139]
considered to be a major periodontal pathogen, based on data obtained with humans, mice and rats.
Later, Davis and collaborators [140] have reported that P. cangingivalis was also one of the most
abundant species with respect to canine periodontal disease raising the interest of anti-gingipain IgY
as a promising alternative method to improve oral health of animals.

A systematic review and meta-analysis demonstrated the beneficial effects of egg yolk
antibodies against diarrhea in domesticated animals [141]. Van Nguyen et al [142] reported that
sustained oral administration of specific IgY against canine parvovirus-2 has a protective effect in
dogs that were experimentally infected with canine parvovirus-2. Canine parvovirus infection is a
highly contagious disease, which, especially among young puppies, can lead to life-threatening
dehydration due to severe vomiting and diarrhea. Especially, therapeutic and prophylactic use of IgY
in treatment of E. coli, rotaviruses and coronavirus, Salmonella spp., Edwardsiella tarda, Staphylococcus
sp, and Pseudomonas sp has been successful [143]. In addition to IgY, transforming growth factor
proteins (TGFs) in egg, such as ovocalixin, ovocleidin, and ovotransferrin, are capable of stimulating
a variety of cellular processes including cell proliferation, migration, differentiation and multicellular
morphogenesis during development and tissue healing [144]. TGF-33 are an essential part of egg
production modifying both the quality and growing ability of the egg [145] and have been evaluated
for use as a candidate gene marker for chicken growth traits [146]. TGE-3 belongs to a large family of
multifunctional growth factors, with regulatory roles in embryonic and adult development
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regulating a number of cellular processes such as cell proliferation, differentiation, migration,
adhesion and apoptosis as well as maintaining both bone and articular cartilage homeostasis [146]
opening exploitation windows in these areas.

3.3.2. Effect of bioactive egg compounds on gastrointestinal disorders

ESM powder has been reported to regulate intestinal cell proliferation and restitution as well as
to ameliorated energy metabolism and intestinal microbiota dysbiosis [130]. Jia and coworkers [130]
conclude that alleviation of intestinal inflammation and microbial dysbiosis suggest ESM potentially
modulates microbiota and inflammation in inflammatory bowel disease (IBD) suppression. Gut
microbiota is an essential factor in the shaping of intestinal immune system development and driving
inflammation in IBD. Enterobacteriaceae, a marker of intestinal inflammation and oxidative stress in
animal and human IBD [147], were detected significantly less frequently together with E. coli in mice
consuming a daily 8 % ESM diet [130]. ESM attenuated lipopolysaccharide-induced inflammatory
cytokine production and promoted the Caco-2 cell proliferation by up-regulating growth factors.
ESM was reported to significantly suppress the disease activity index and colon shortening in mice.
The effects were associated with significant ameliorations of gene expressions of inflammatory
mediators, intestinal epithelial cell proliferation, restitution-related factors and antimicrobial
peptides. Multifaceted integrated omics analyses revealed improved levels of energy metabolism-
related genes, proteins and metabolites with cecal metagenomic information demonstrating an
essential role of ESM in improving dysbiosis characterized by increasing the diversity of bacteria and
decreasing absolute numbers of pathogenic bacteria as well as in the regulation of the expansion of
Th17 cells by suppressing the overgrowth of segmented filamentous bacteria. Such modulations have
functional effects on the host repairing the epithelium, regulating energy requirements and
eventually alleviating mucosal inflammation [130]. In addition, the same group reported that ESM in
animal diet restored the abundance of the short chain fatty acid (SCFA) producers Ruminococcaceae
(Firmicutes phylum) and Porphyromonadaceae (Bacteroidetes phylum) known to be decreased in
IBD.

Yang and collaborators [131] confirmed that dietary ESM significantly improved the survival
rate and body composition of interleukin-10 knockout (IL10-/-) mice serving as a spontaneous IBD
model. During the 19-week diet study, alpha diversity analysis of the microbiota revealed that ESM
supplementation significantly increased gut microbial diversity, which had been decreased in IL10-/-
mice. The Firmicutes/Bacteroidetes ratio was recovered to a normal level by ESM supplementation.
An increased relative abundance of commensal bacterial Ruminococcus and Bacteroidales S24-7 was
seen while the abundance of the proinflammatory-related Enterobacteriaceae family reduced.
Additionally, ESM supplementation promoted the production of butyrate in cecal contents and
downregulated the expression of proinflammatory genes, including interleukin-1f (II-18) and (TNE-
a) in IL10-/- mice colon, indicating anti-inflammatory functions.

ESM supplementation in mice has potential for pre-cachexia prevention. ESM supplementation
was found to ameliorate symptoms of cachexia, including anorexia, lean fat tissue mass, skeletal
muscle wasting and reduced physical function by improving colon and skeletal muscle
inflammation, lipid metabolism and microbial dysbiosis [148]. Cachexia is a life-threatening
condition observed in several pathologies, such as cancer or chronic diseases caused by
downregulation of Interleukin 6 (IL6). Jia and coworkers [148] used an IL10-knockout mouse model
to simulate cachexia in male C57BL6/] mice were fed an AIN-93G powdered diet, and 5-week-old
male B6.129P2-1110 < tm1Cgn>/] (IL10/) mice were fed either the AIN-93G diet or an 8 % ESM-
containing diet for 28 weeks. The body weight, weight of gastrocnemius muscle and fat tissues, colon
weight/length ratio, plasma HDL and NEFA, muscular PECAM-1 levels (P < 0.01), plasma glucose
and colonic mucosal myeloperoxidase activity (P < 0.05) and T helper (Th) 17 cell abundance (P =
0.071) were improved in ESM-containing diet mice over control mice. Proteomic analysis indicated
an over 1.5-fold protective role of ESM in muscle weakness and maintenance of muscle formation.
Analysis of the intestinal microenvironment revealed that ESM supplementation ameliorated the
microbial alpha diversity and the abundance of microbiota associated with the degree of
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inflammation (P < 0.05) and increased 2.3 times the level of total organic acids, particularly of SCFAs
such as butyrate, with the capacity of inhibit Th1 and Th17 production [148].

In addition to ESM, some egg white proteins have antimicrobial activity manifesting through
several mechanisms. Ovotransferrin chelates iron resulting in membrane perturbation and in a series
of relevant environmental factors, such as alkalinity, high viscosity, ionic composition. Kobayashi
and colleagues [117] evaluated the anti-inflammatory effects of ovotransferrin in a mouse model of
dextran sodium sulfate -induced colitis. Ovotransferrin (50 or 250 mg/kg body weight) was given
orally for 14 days to female BALB/c mice, and 5 % dextran sodium sulfate was used to induce acute
colitis (days 7-14) via drinking water. Ovotransferrin significantly reduced clinical signs, weight loss,
shortening of the colon, and inflammatory cytokine markers of disease. The histopathological
analysis of the colon revealed that ovotransferrin reduced histological scores indicate that the use of
ovotransferrin may be a potential promising candidate for the prevention of IBD.

Dogs with chronic enteropathy had an altered fecal SCFAs concentration accompanied by
significant changes of the fecal microbiota and suggested that manipulating SCFAs concentrations
and patterns in the GI tract could be beneficial in these patients, leading to the restoration of a proper
immune response and remission of clinical signs [149]. SCFAs, including acetate, butyrate and
propionate, are produced by bacterial fermentation in the gut and exert several effects on host
metabolism, immune system and suggested also as a treatment to IBD [150]. The increasing number
of Firmicutes could induce SCFA production and lead to more energy harvesting. Several dietary
factors from fiber and bioavailable amino acids could influence the gut microbiota composition by
reducing the Firmicutes level and increasing Bacteroidetes [151]. First fermented egg material has
been launched as a postbiotic feed additive in the US [152].

3.3.3. Metabolic syndrome and obesity

Several studies suggest that dietary intervention containing indigestible food components may
stimulate an increase in the relative abundance of certain microbes and subsequently improve
metabolic status [153-155]. In addition, the occurrence of certain bacterial species during dietary
intervention, such as some strains from family Lactobacillaceae, positively affects insulin sensitivity
and reduces plasma cholesterol levels in obese [156]. Obesity is associated with a chronic state of low-
grade systemic inflammation and metabolic tissue dysfunction, which is thought to stem from
dysfunctional adipose by becoming stressed as it attempts to expand in order to accommodate an
excess influx of nutrients [8]. Adverse lipoprotein profiles have been also associated with metabolic
syndrome [8].

Ramli et al [153] investigated the improving qualities of ESM on lipid metabolism and alteration
of gut microbiota in high-fat diet-fed mice. An 8 % supplementation of ESM reduced plasma
triglycerides and liver total cholesterol and upregulated the expression of lipid metabolism genes
carnitine palmitoyltransferase 1A and suppressor of cytokine signaling 2 in high-fat diet-fed mice in
20 weeks. The relative abundance of the anti-obesity bacterium, Lactobacillus reuteri, increased at 4,
12, and 16 weeks and reduced the abundance of inflammation-related Blautia hydrogenotrophica,
Roseburia faecis, and Ruminococcus callidus at 12 and 20 weeks. ESM-supplemented mice had increased
cecal isobutyrate correlating negatively with the abundance of B. hydrogenotrophica and Parabacteroides
goldsteinii. Andersen [8] reported the consumption of whole eggs to lower LDL cholesterol, plasma
TNF-a and serum amyloid A in metabolic syndrome as well as to increase HDL-
phosphatidylethanolamine content in a human study. The reduction in serum amyloid A, which is
predominantly associated with HDL in circulation, may be attributable to decrease of anti-
inflammatory and functional HDL. Egg consumption appears to increase satiety in humans helping
to manage their food intake [157]. In pets, prolonged satiety might manifest in several beneficial
outcomes, such as decreasing the need to seek for food further reducing behavioral reactivity [158],
and supporting weight loss in obese pets [159]. These findings suggest that egg consumption may
improve inflammation in obese individuals undergoing weight loss either through direct action of
bioactive components or indirect action of promoting satiety, weight loss, and restoration of adipose
tissue function [8] and should be studied in more detail in cats and dogs as well.
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4. Conclusions

The avian egg has an excellent nutritional value in a bioavailable form, which makes it an ideal
nutrient for companion animals. As an alternative protein source, egg offers also a good source of
lipids and vitamins. The bioactive molecules are divided throughout the egg fragments. Egg white
constitutes largely for the antimicrobial activity of an egg, whereas functional proteins are found in
egg yolk. The role of ESM in the gut is multifactorial mainly acting through the non-digestible
fractions of ESM increasing gut microbial diversity, reducing inflammation related bacteria, repairing
mucosal epithelium and promoting immunity. Intake of ESM effect joint and skin health, anti-
inflammatory and antimicrobial effect in adaptive immunity as well as in gastrointestinal disorders,
such as metabolic diseases and obesity.
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