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Abstract: Due to its similarity with human milk and its low allergenic properties, donkey milk has
long been used as an alternative for infants and patients with cow’s milk protein allergy (CMPA).
In addition, this milk is attracting growing interest in human nutrition because of presumed health
benefits. It has antioxidant, antimicrobial, antitumoral, antiproliferative and antidiabetic activity.
In addition, it stimulates the immune system, regulates the gastrointestinal flora, and prevents
inflammatory diseases. Although all donkey milk components can contribute to functional and
nutritional effects, it is generally accepted that the whey protein fraction plays a significant role.
This review aims to highlight the active proteins and peptides of donkey milk in comparison with
other types of milk, emphasizing their properties and their roles in different fields of health and
food applications.

Keywords: donkey milk (DM); donkey colostrum (DC); mammal’s milk; cow’s milk protein allergy
(CMPA); bioactive peptides; biologic activity; immunosenescence; health benefits

1. Introduction

Since ancient times, donkey milk (DM) has been known for its therapeutic properties and it
was used for wound healing and for treating various diseases such as bronchitis, asthma, joint pain,
gastritis [1,2]. Today, it is available on the market as a commercial product to benefit newborns,
people with allergies to cow’s milk proteins, and older people [1,2]. Several types of milk (from goat,
dromedary, donkey, and horse) are known to have lower allergenicity than cow milk, and it has been
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suggested that differences in nitrogen distribution and digestibility of milk proteins play an important
role in determining the allergenic capacity of milk [3]. DM has become increasingly attractive due
to its biological activities, such as anti-microbial, anti-viral, anti-inflammatory, antiproliferative [1,4],
and antioxidant activity [5].

The characterization of milk’s main constituents has fundamental importance according to the
correlation between health and nutrition. In this context, proteins and peptides are considered important
nutrients because some of them show bioactivity when they are native [2,5]. There is increasing
evidence that many milk proteins and peptides (particularly peptides that are called ‘bioactive peptides’)
have physiological functionality. Important effects on immune modulation, cardiovascular health,
tumours, bones, and teeth have been frequently reported [5,6]. It is well known that the validity of
these effects and the efficacy of functional foods based on bioactive peptides remain to be fully proven
in the future, and they may lead to a new class of functional foods, for example, those based on milk
proteins and their products [6,7].

According to their different solubility, the DM proteins are classified into three classes: milk fat
globule membrane (MFGM) proteins, caseins, and whey proteins [4,5]. The protein content of milk may
vary among species, among breeds within the same species, and even among individual animals within
the same breed. Furthermore, it is well known that there is a strong qualitative resemblance between
the principal classes of proteins (i.e., caseins and whey proteins) in all types of milk. These whey
proteins and caseins could have biomedical applications [8,9]. Due to its high nutritional and health
importance, DM is rediscovered as a functional food. Most of the studies aiming to evaluate DM
qualities have been carried out in Italy, and some data are published on the DM obtained from Chinese
and Balkan donkey breeds [1]. Likewise, due to the increasingly global spread of food allergies,
consumers have started looking for so-called “natural milk” with good taste and useful in treating of
some conditions such as cow’s milk protein allergy. This review aims to report published data about
the proteins and peptides from DM compared with other kinds of milk (cow, goat, camel, and human
milk) and, on the other hand, compared with donkey colostrum. It also shows their biological activities
such as anti-microbial, anti-oxidant, anti-inflammatory, anti-allergic, anti-tumoral, anti-obesity, and
anti-diabetic activity, their applications in different fields and the benefit of ingesting donkey milk
proteins and peptides.

2. Global Composition of Donkey Milk Compared to Other Types of Milk

Due to its chemical composition, milk is considered a complete food. It consists of water,
carbohydrates, fats, proteins, and other minor components such as hormones, vitamins, minerals,
cytokines [1,5]. Among the constituents of milk, proteins vary between mammalian species, ranging
from 1% to 24%. These proteins exist under three categories of proteins defined by their chemical
composition and their physical properties: MFGM proteins, caseins, and whey proteins. In addition,
the carbohydrate (lactose) milk content varies from 0.7% to 7.0% between different species of mammals.
Regarding the fat content, not only the concentration varies but also the chemical composition [4,5].
Table 1 represents the global composition of the donkey, cow, camel, goat, and human milk. The amount
of DM components, such as whey protein, lactose, and caseins, are similar to that of human milk,
although they differ significantly compared to cow, goat, and camel milk. The only significant difference
between DM and human milk is the fat content, which is very low in DM. Nevertheless, regarding the
casein-to-whey protein ratio, in DM this is intermediate between human milk and cow milk.
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Table 1. Milk composition and energy value—donkey and other species [5,10,11].

30f17

Milk Characteristics Donkey (%) Goat (%) Cow (%) Camel (%) Human (%)
Proteins 1.74 3.41 3.43 1.80 1.64
Fat 1.21 4.62 3.46 1.80 3.38
Lactose 6.23 4.47 4.71 291 6.69
Dry Matter 9.61 13.23 12.38 11.30 12.43
Ashes 0.43 0.73 0.78 0.85 0.22
Water 90.39 86.77 87.62 90.60 87.57

Energy (KJ/Kg) 1939.40 3399.50 2983.00 2745.80 2855.60

3. Bioactive Proteins and Peptides in Donkey Milk Compared to Other Types of Milk

Table 2 shows the different protein fractions identified in cow, donkey, goat, camel, and human
milk, and the g/L amount. Camel’s milk, cow’s milk, and the goat’s type have high protein levels
compared to human milk and DM. Cow’s milk, camel’s milk, and goat’s milk have more caseins (80%)
and fewer whey proteins (20%) [8] compared with DM, which has more whey proteins (60%) and fewer
caseins (40%) [12]. Donkey’s milk has a quantity of a-lactoglobulin resembling that identified in human
milk and has a high level of 3-lactoglobulin, which is not found in human milk. This 3-lactoglobulin is
the major allergen of cow’s milk, besides caseins [5,8]. Another peculiarity is that lysozyme’s human
and donkey milk content is much higher than in cow milk:

Table 2. Main proteins of donkey milk compared to other types of milk [5,8,12].

Cow (g/L) Donkey (g/L)  Goat (g/L) Camel (g/L)  Human (g/L)

Total protein content 31-38 13-28 25-39 25-45 9-17
Total casein 27.2 6.6 25 26.4 5.6
Total whey protein 4.5 75 6 6.6 8
«S1-casein 10-15 0.2-1 0-7 5 0.3-0.8
«S2-casein 34 0.2 4.2 2.2 n.d.
[3-casein 9-11 3.9 11-18 12.8 1.8-4
K-casein 34 n.d. 4-4.6 0.8 0.6-1
a-lactalbumin 1-1.5 1.8-3 1.2 35 1.9-2.6
[-lactoglobulin 3.34 3.2-3.7 2.1 n.d. n.d.
Lysozyme 0.00007 1 Trace 0.00015 0.04-0.2
Lactoferrin 0.1 0.08 0.02-0.2 0.22 1.7-2
Immunoglobulins 1 n.d. 1 1.54 11
Albumin 04 n.d. 0.5 0.4 0.4

n.d.—not detected.

Several research groups have been able to characterize the protein fractions of whey in DM and
have demonstrated their nutraceutical properties and their beneficial properties for human health.
These proteins will be described in detail below.

3.1. Caseins

The caseins are organized into micelles (supramolecules of colloidal size) whose diameter varies
from 30 to 600 nm. In particular, ®51-, «S2-, 3-, k-casein, and traces of y-casein can be found.
These micelles are made up of different proteins (94%) and colloidal calcium phosphate, made of
calcium, phosphate, magnesium, and nitrate, comprises 6%. These different caseins have hydrophilic
regions and other hydrophobic regions that are different from one casein to another [13]. Besides, the
caseins are phosphoproteins. Therefore, they have phosphorylated regions at the level of the serine
residues. The proline residues, uniformly distributed into the casein structure, prevent secondary
structures such as « helices or 3 sheets, hence the so-called open or “random coil” conformation
of casein [14]. k-caseins have a particular role, they are first of all glycoproteins and have only one
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phosphoserine group, but above all, they are stable in the presence of calcium ions and thus protect all
of the caseins against precipitation and stabilize the micelles [13,15].

In mature cows’ milk, caseins make up 80% (w/w) of all proteins, whereas, in humans [16] and
equines [17], they represent only 35% and 50% of the total protein content, respectively. The DM
essentially comprises «S1-, and 3-casein while «52- and k-casein are minor components. (3-casein can
represent up to 80% of the total casein in human milk [18] and is also the predominant protein in the
casein fraction of DM [16]. Several studies revealed that caseins and 3-lactobglobulin are the main
allergens in cow milk [19], and the low allergenicity of DM is explained by low casein content [5].

3.2. B-Lactoglobulin

(-lactoglobulin, a globular protein containing 162 amino acids that belongs to the family of lipocalin
proteins, has a molecular mass of 18.36 kDa. Lipocalin molecules have pockets capable of hosting iron
complexes. Iron binds to protein through iron chelators called “siderophores” [5]. 3-lactoglobulin is
known for its richness in lysine, leucine, glutamic acid, and aspartic acid. Its secondary structure is
mainly composed of 3 sheets (*50%), but there are also « helices (10%), 3 elbows (8%), and a high
proportion of disordered structures (35%) [20]. Its structure is also reinforced by two disulfide bridges
and a tertiary structure mainly composed of antiparallel 3 sheets. Studies showed that two different
isoforms of -lactoglobulin could be found in DM: the major isoform is 3-lactoglobulin I (80%), while
B-lactoglobulin II is encountered in lower quantities.

In DM, the (-lactoglobulin content of 3.75 g/L resembles that found in cow’s milk [7], and is
lower than that found in goat’s milk, while it is absent in camel’s [21] and human’s milk [3]. In DM,
B-lactoglobulins correspond to one genetic variant of 3-LGI (3-LGIB), two genetic variants of 3-LGII
(B-LGIIB, and B-LGIIC), and a third minor 3-LGII variant (3-LGIID) [5].

-lactoglobulin is known to have several functions, both nutritional and functional. One of the
most studied functions is the protein’s ability to bind specific nutritional interest molecules and serve
as a protective matrix during digestion. 3-lactoglobulin was shown to bind specific vitamins (D2, D3),
cholesterol, particular catechins, and even mercury [20,22]. These interactions occur mainly in the
protein’s central area, denominated as the calyx (also known as (3-barrel), and formed of 3 sheets.
This hydrophobic cavity, which makes it possible to fix a large variety of ligands, is regulated by an EF
loop, which works as a gate to the site of binding. At low pH, this loop is in the “closed” position,
and interactions are impossible. When the pH increases, the loop opens, allowing the ligands to insert
into the hydrophobic cavity [20]. This change in the Tanford transition structure generally occurs
between pH 6.5 and 7.5 [23].

3.3. a-Lactalbumin

The x-lactalbumin, a protein composed of 123 amino acid residues, with a molecular weight of
14.2 kDa, has in its tertiary structure four disulfide bridges. Native a-lactalbumin is made up of two
distinct domains, and a large section is produced of « helices and a small (3 sheet domain. A calcium
fixation loop bonds the two sections. This protein is found in DM as two isoforms with different
isoelectric points (pI) values: 4.76 and 5.26. «-lactalbumin content in DM is 1.8 g/L, a value very close
to that found in cow and human milk [4,5].

a-lactalbumin is a protein recognized for its nutritional qualities, mainly for infants” nutrition.
First, a-lactalbumin plays an essential role in milk production in mammals because it binds to the
enzyme (3-1,4-galactosyltransferase and creates the lactose synthase essential for lactose formation.
Another important nutritional element of this protein is its high tryptophan content since it is an essential
amino acid. This amino acid has demonstrated positive effects on the development of newborns’ brains
and nervous systems and contributes to these systems’ functioning as a direct precursor of serotonin
or niacin (also known as vitamin B3). Studies have also shown that regular intake of x-lactalbumin
in adult subjects makes it possible to increase the plasma quantities of tryptophan, thus improving
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certain neurological functions (such as attention, cognitive performance, and morning alertness) [24,25].
This protein also has good digestibility and a low allergenic capacity [26,27].

3.4. Lysozyme

Lysozyme, or muramidase, is a globular enzyme consisting of 129 amino acids and a class of
hydrolases [28]. The latter consists of two domains: a domain composed essentially of « helices
and a p anti-parallel sheet and two o helices. Three disulfide bridges provide the three-dimensional
configuration of the molecule: two are found in the o-helix domains, while one is located in the 3
sheet. Lysozyme can catalyze the hydrolysis of the glycoside 1 — 4 bond of peptidoglycans in the
bacterial wall and chitin present in fungi walls [1,5].

Two isoforms of lysozyme, which differ by an oxidized methionine at position 79, were described
in DM: lysozyme A with a molecular weight of 14.631 kDa and lysozyme B with a molecular weight of
14.646 kDa [29,30].

Compared to human milk, donkey milk has a higher content of lysozyme (1 g/L), while in
goat and cow milk, lysozyme is missing [3,5]. Due to the high amount of lysozyme [3,5] and its
thermostability [29,31], the DM is resistant to alteration.

3.5. Lactoferrin

Lactoferrin is a glycoprotein that belongs to the transferrin family and has a molecular weight
of 80 kDa. Its structure is built by two homologous domains, which bind ferric and carbonate ions.
The anti-microbial activity of lactoferrin applies to a wide range of Gram-positive and Gram-negative
bacteria. On the one hand, it is partly dependent on its capacity to bind iron, resulting in an environment
scarce in iron, which limits the bacterial growth; on the other hand, it depends on its capacity to bind
to the lipopolysaccharides of bacterial cell walls via its N-terminus, resulting in the permeabilization of
the bacterial cells [5,32]. Likewise, once digested in the stomach, lactoferrin is fragmented into small
peptides: lactoferrampin and lactoferricin; the second one has an important action against several
bacteria, viruses, fungal pathogens, and protozoa. Moreover, this peptide has other activities, such as
inhibition of tumor metastasis in mice [33] and induction of apoptosis in THP-1 human monocytic
leukemic cells [34].

3.6. Lactoperoxidase

Lactoperoxidase (LPO) is an oxidoreductase enzyme and has a protective function against
infections by microorganisms. It is found in low concentrations in fresh DM, as well as in human milk
(about 100 times lower than in bovine milk) [1]. LPO can catalyze the oxidation of diverse substrates
by using hydrogen peroxide. The oxidation products possess bactericidal activity against bacteria
(Mycoplasmas), and bacteriostatic effects against Listeria monocytogenes [4,5]. It has been shown that
immunoglobulins found in the milk exert a synergistic effect on the activity of these non-specific
anti-microbial factors with LPO, whose anti-microbial activity against Streptococcus mutans increases
considerably if the system is incubated with secretory IgA. The anti-microbial activity enhancement
seems to be due to binding between LPO and immunoglobulins (IgA) [5,7]. The result of this interaction
is a stabilization of the enzymatic activity of lactoperoxidase [5].

4. Comparison between Donkey Colostrum and Donkey Milk

Several studies have shown that milk composition is different not only between the species but
also between each phase of lactation (colostrum and mature milk) [35,36]. Colostrum is the first form
of milk obtained directly after the mammal’s birth until the seventh day. Studies of whey proteins
from different mammals (human, bovine, camel) have shown that they generally have differences
between colostrum and mature milk. However, changes in the composition of DM in the course of
lactation were not sufficiently studied. Recently, the compositions, comparisons, and alterations of the
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proteome in mammals’ milk at various lactation stages have been studied using advanced proteomics
technologies [37,38].

Li et al. [37] were able to identify 300 proteins in DM and mature milk colostrum, including 13
and 12 whey proteins expressed only in donkey colostrum and mature milk, respectively (Table 3).
They also showed that in the two types of milk, a-lactalbumin, 3-lactoglobulin, lysozyme, and the
constant region of the heavy chains of immunoglobulins gamma 1 were the main whey proteins.
The same study showed that 18 were expressed differentially between colostrum and mature milk
among the proteins identified, of which neural epidermal growth factors like type 2, perilipin, thymosin
beta 4, cathepsin B, and transforming factor beta, were induced. Fatty acid-binding proteins had higher
levels in mature milk. Simultaneously, tetraspanin, amine oxidase, immunoglobulin gamma 1 heavy
chain constant region, apolipoprotein B, prothrombin, major histocompatibility complex (MHC) class I
antigen, beta-lactoglobulin II, and alphas 2 casein B were higher in colostrum [37].

Table 3. Uniquely expressed proteins in donkey colostrum and donkey mature milk [37,39-41].

Types of Milk
Donkey Colostrum Donkey’s Mature Milk
Zinc-alpha-2-glycoprotein Histone H3
Immmunoglobulin lambda light chain variable region Mpyristoylateda lanine-rich C-kinase substrate
Thrombospondin 4 Histone H4
Peptidoglycan recognition protein 1 Multiple coagulation factor deficiency 2
Cartilage acidic protein 1 C-C motif chemokine
Peptidyl-prolyl cis-trans isomerase Transcription factor adipocyte enhancer binding protein 1
(AEBP1)
L receptor related protein 1 Follistatin-like 1
Insulin like growth factor binding protein 7 ST6 beta-galactoside alpha-2,6-sialyltransferase 1

Major histocompatibility complex (MHC) class II
associated invariant chain
DNA J-like protein subfamily B member 11-like protein =~ Multiple coagulation factor deficiency protein-like protein

Uncharacterized protein

Cathepsin Z Uncharacterized protein
Uncharacterized protein Glutathione peroxidase (Fragment)
Amino peptidase

Other studies have also shown that there are differences between proteins and between other
metabolites’ (including lipids’) compositions, which reveal that the composition of DM changes during
lactation [39-41].

5. Anti-Microbial Activity of Donkey Milk

For DM, various properties were demonstrated, such as anti-bacterial, anti-viral, and anti-fungal
activity. Several studies showed that DM has an anti-bacterial property against a wide range of
pathogenic bacteria such as Escherichia coli, Salmonella enteritidis, Listeria monocytogéne, Staphylococcus
aureus, Bacillus cereus, Enterococcus faecalis, Shigella dysenteria, and against some yeasts [5]. The high
content of lysozyme in DM is correlated with high anti-bacterial activity against Listeria monocytogenes
and Staphylococcus aureus [8,42-45], making DM safer, without food-borne pathogenic bacteria, and with
a longer self-life. This anti-bacterial activity is due to its high value of anti-bacterial components [46—48],
mainly some whey proteins such as lysozyme and lactoferrin [44,45] (Figure 1). Since Gram negative
bacteria resist lysozyme due to its lipopolysaccharide membrane, the anti-bacterial activity of DM
can be explained by two mechanisms; firstly by the specific structure of lysozyme of DM (similar
of equine’s lysozyme), which is able to bind to calcium ions that improve its activity against Gram
negative bacteria [42,49-51]; secondly by a synergistic activity of lysozyme and lactoferrin, because
the latter can bind to membrane proteins of Gram negative bacteria, which disrupt the membrane
and open the pores to lysozyme, which destroys the glycosidic linkage (N-acetylglucosamine and
N-acetylmuramic acid) of peptidoglycans [32,44,52] (Figure 1). Other studies have shown that the
immunoglobulins, IgG, IgA, and IgM [30], also contribute to the inhibition of bacterial growth, acting
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in synergy with lysozyme [53,54] (Figure 1). Saric et al. (2014) [44] have shown that in addition to
the immunoglobulins, some fatty acids such as linoleic acid, lauric acid, and oleic acid, when acting
synergetically with lysozyme, show an important anti-bacterial activity against Gram-negative and
Gram-positive bacteria.

ANTI-BACTERIAL ANTI-VIRAL ANTI-FUNGAL

D
Immunoglobulins LYZ LPO / Immunoglobulin Y2 i
(Lysozyme C) 8/ (Lysozyme C) Lactoferrin

Cationic k)llmg of bacteria [ Block viral replication or growing Inhibition of mycotic growth

Figure 1. Molecular mechanism of anti-microbial activity of donkey milk (DM) proteins (protein
structure is a reference to UniProtKB [55] and the Protein Data Bank—PDB [56] (LYS: Lysozyme C:
(P11375); Lactoferrin (AOA3Q9HG40); Immunoglobulin (Q86153); LPO—Lactoperoxidase (P80025))).
The anti-bacterial activity of DM is mainly due to lysozyme, lactoferrin, and immunoglobulins (IgG,

IgA, IgM) through two molecular mechanisms: cytolysis and the cationic killing of bacteria (LYS could
act synergistically with lactoferrin, and immunoglobulins). The anti-viral capability of DM was related
to synergetic action between LYS, LPO, immunoglobulins, and low abundant-low molecular weight
protein fraction (<30,000 Da) through blocking viral replication or growing by binding to host cells
and/or direct interaction with the viruses. The anti-fungal activity is due to the antifungal capacity
of DM’s proteins (lactoferrin, LYS, and immunoglobulins) within the inhibition of mycotic growth
and protective cell reactions triggered in response to the fungi presence; (the arrows represent the
synergistic activity of proteins).

In addition to its anti-bacterial activity, DM and its whey proteins were tested for their anti-viral
activity. Brumini et al. (2013) [57] have demonstrated that they have the ability to inhibit the replication
of Echovirus type 5, an enterovirus that affects the human gastrointestinal tract. This activity is due to
high molecular weight whey proteins such as lactoferrin, LPO, and immunoglobulins (Figure 1).

Koutb et al. (2016) shown an anti-microbial activity of DM against two dermatomycotic fungi:
Trichophyton rubrum and Trichophyton mentagrophytes, which are the leading causes of inflammatory
tinea corporis [58]. Furthermore, the anti-fungal activity of DM has been tested and found to be
effective against fungal strains which are pathogenic for humans (Figure 1). A preliminary study on
four samples of DM shown that it inhibits mycotic growth, mainly of Microsporum canis and Trichophyton
mentagrophytes, which are more sensitive than Microsporum gypseum to DM [59].

It should be mentioned that these anti-microbial factors (lysozyme, LPO, and lactoferrin) are
relatively identical in different species (Table 4). Still, their quantity and importance can differ
considerably. Indeed, in human milk and DM, lysozyme’s content is substantially higher than that
of camel, cow, and goat milk, while the LPO is present in small quantities in DM and human milk,
but abundant in cow’s milk. Regarding the lactoferrin, its content is higher in human milk, camel’s,
and goat’s milk, respectively [5,8,59].
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Table 4. Quantity of the major anti-microbial proteins found in human, bovine, camel and donkey
milk [5,8,59].

Milk Type Lysozyme (g/L) Lactoperoxidase (g/L) Lactoferrin (g/L)

Donkey 1.0 0.11 0.08
Human 0.12 0.77 0.3-4.2
Goat Trace Trace 0.02-2

Camel 0.00015 n.d. 0.22

Cow 0.00007 30-100 0.10

n.d.—not detected.

6. Antioxidant Activity of Donkey Milk

DM is known to have an antioxidant activity, which gives it oxidative stability, providing consumer
protection. A study comparing the DM, cow milk and DM powder in terms of antioxidant activity
has shown that DM has a higher antioxidant capacity than cow milk. It has a high ability to remove
anionic superoxide radicals and to eliminate hydroxyl radicals, which are free radicals generated by
body metabolism [60]. Simos et al. [61] were able to determine the antioxidant activity of DM using
the method of oxygen radical absorbance capacity, and have shown that the principal contributors of
this activity are caseins and the hydrophilic antioxidant compounds, such as uric acid and vitamin C.

7. Anti-Inflammatory and Anti-Tumoral Activity of Donkey Milk

Donkey milk is a matrix rich with mediators such as lactoferrin, which has anti-microbial and
anti-tumoral activity, interferon vy, which stimulates macrophages, natural killer cells, and cytotoxic
T cells [62,63]. DM can induce the release of anti-inflammatory cytokines, retaining a condition of
immune homeostasis [62]. Yvon et al. (2018) [64] have demonstrated that the treatment of C57BL/6
mice (Crohn’s disease model) with DM has an anti-inflammatory effect by restoring the levels of
anti-microbial peptides such as a-defensin and lysozyme, which help to reduce the imbalance of the
microbiota. Moreover, other studies have shown that the lactic flora of DM has an anti-inflammatory
effect, for example, by the production of nitric oxide by Lactobacillus farciminis. This anti-inflammatory
activity can also be due to the synergy between this flora and the anti-microbial peptides [65,66]
(Figure 2). Another study has shown that DM and colostrum stimulate the secretion of nitric oxide,
a potent vasodilator, and therefore prevent atherosclerosis. They demonstrated that DM stimulates the
secretion of immunoglobulins G and interleukins (IL) IL-1(3, IL-10, and IL-12. In contrast, colostrum
stimulates the secretion of immunoglobulins A. They also showed that the two types of milk stimulate
the expression of CD25 and CD69 on human peripheral blood mononuclear cells (Figure 2) and thus,
may be useful in the treatment of human immunological diseases [19].
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Figure 2. Health implications of donkey milk consumption due to bioactive proteins and peptides;
the main ten health properties are listed, outlining the references and mechanisms of bioactive proteins/
peptides involved in: 1. Low allergenicity [3,5,67,68]; 2. Anti-bacterial, anti-viral, anti-fungal, anti-
protozoa activity [5,32,42-44,57,69,70]; 3. Regulation of iron homoeostasis [5]; 4. Anti-inflammatory and
regulator of immune system, neonatal acquisition of passive immunity, immunosenescence [5,20,71,72];
5. Anti-hypertensive activity [5,73-75]; 6. Anti-diabetic activity [76]; 7. Protection against cancer
development [5,77,78]; 8. Stimulate development [5,68]; 9. Anti-stress, anti-oxidant effects [5,25,65,76];
10. Stimulate bone mineralization [5,68,79]. Abbreviations: CMPA—cow milk protein allergy, LPS
A—lipopolysaccharide A, Pckl—phosphoenolpyruvate carboxykinase 1, GGPC—glucose-6-phosphatase.

Furthermore, other studies have shown that the administration of human milk or DM improves
the liver’s anti-inflammatory state by improving the hepatic mitochondrial functions [80]. Trinchese
et al. (2018) [81] have shown that TNF-x and IL-1 decreased, while IL-10 levels increased, in the serum
and tissues of rats fed with DM, compared to control rats and rats fed with cow milk. The same team
showed that oral supplementation with human milk and DM influences the metabolism of glucose
and lipids by modulating pro- and anti-inflammatory serum and tissue mediators.

In addition to its anti-inflammatory activity, DM has other physiological functions such as
immunoregulatory and anti-tumor activity [82]. Mao and his collaborators (2009) [77] have shown that
many DM fractions can stimulate the production of cytokines IL-2, IFN-y, IL-6, TNF-« and IL-13 from
lymphocytes and macrophages (Figure 2). These cytokines influence anti-proliferation by inducing
apoptosis of A549 tumor cells (human lung cancer cells) and the differentiation of these A549 tumor
cells into normal cells. They also showed that lysozyme has a strong anti-proliferative effect (Figure 2),
and therefore, it could be a promising molecule in treating lung cancer [77].

It is well known that milk’s role is critical in developing immunosenescence mitigating strategies
because bioactive milk components cannot only directly influence the aging immune physiology, but it
can also act as a carrier matrix for a variety of milk products. In this regard, several authors have
described the effects of goat and donkey milk consumption on healthy-aged volunteers’ serum cytokine
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profiles. The authors concluded that DM consumption is useful for increasing the immune response in
immunocompromised aged patients [71,72] (Figure 2). Identification of these milk-based products as
antiaging agents will promote the concept of “healthy aging”.

8. Anti-Diabetic and Anti-Obesity Activity of Donkey Milk

In addition to its antioxidant, anti-microbial, anti-inflammatory and anti-tumoral activity, DM also
has an anti-diabetic effect (Table 5) [61,76,77].

Table 5. Biological activity of donkey milk proteins/peptides.

Proteins/Peptide Biological Activity Reference
Antihypertensive [73]
«S1- and B-casein Inhibitor activity of Angiotensin converting enzyme (ACE) [5]
and antioxidant activity.
aS1- casein Transport calcium phosphate UniProtKB—P86272
«S2- casein Transport calcium phosphate UniProtKB—B7VGF9
Anti-inflammatory properties [63]
Lvsozvme Anti-tumoral properties [77]
ysozy Reduced incidence of diarrhea [83]
Anti-microbial properties [32]
Antmicrobial properties [57]
Lactoferrin Antitumor [73]
Antithrombotic [74]
. Antioxydant properties [61]
Lact d
actoperoxicase Anti-microbial properties [57]
. Anti-diabetic properties [76]
a-lactalbumine Antihypertensive [74]
-lactoglobuline Antihypertensive [74]

Type 2 diabetes, also known as non-insulin-dependent diabetes, is a metabolic disease characterized
by chronic excess blood sugar (hyperglycemia). The leading causes of type 2 diabetes include obesity,
dysfunction of {3 cells, and insulin resistance by peripheral tissues and cells [84]. Due to its higher
whey protein content, DM could help to prevent and treat diabetes by improving glucose metabolism
and insulin resistance (Figure 2). Besides the fact that DM and fermented donkey milk has a low caloric
intake, the anti-obesity and anti-diabetic activity given by «-lactalbumine should be correlated with
triglycerides (TGL) levels—that constitute the largest group of milk lipids. The DM (like the horse
milk) has only about 80-85% of total lipids, compared with the cow, sheep, and human milk for which
TGL represents 97-98% of total lipids (Figure 2). An outstanding feature regarding the content of DM
with effects on metabolic status of the cell is the high content in vitamin By, (cobalamin) of DM: 110
(1g/100 g) compared to other types of milk, i.e., 0.07 in human milk, 0.4 and 0.7 or 0.16 (ng/100 g)
in cow, sheep or goat milk, respectively [85]. Vitamin By, is a water-soluble essential micronutrient
required by all the body cells, and its deficiency in humans has been implicated in many metabolic
processes, such as insulin resistance (besides hematological and neurological disorders). Likewise,
Trinchese et al. [80,81] have shown that in animals (rats fed with human milk or DM), improved glucose
and lipid metabolism could be identified, with modified mitochondria in adult rat skeletal muscle
(compared to untreated control animals). These studies found increased muscle and liver levels of
a known regulator of lipid metabolism (OEA: N-oleoylethanolamine), and this could contribute to
burning fat and protecting the animals against developing certain obesity-associated metabolic and
inflammatory sequelaes (Figure 2). These animals had higher energy expenditures and decreased
body lipid accumulation via the mitochondrial uncoupling pathway’s mild augmentation. In addition,
several authors speculated that diet-associated changes in microbiota and increased levels of butyrate
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(a short chain fatty acid) in human and DM-fed rats (compared with cow milk fed rats) contributed to
the differences in metabolism and mitochondrial function through several as yet unknown signalling
pathways [80,81,86].

Li et al., in 2020 [76], have shown that DM improves the viability of damaged pancreatic
cells, but does not stimulate the secretion of insulin by damaged f3 cells and that the o-lactalbumin
increases the insulin sensitivity of the target organs. DM has shown a better effect than metformin,
an anti-diabetic drug for treating type 2 diabetes [76].

Besides, they showed that DM decreased the level of glycosylated hemoglobin and it acted
positively in the treatment of diabetes by inhibiting the expression of phosphoenolpyruvate
carboxykinase 1 and glucose-6-phosphatase, which are key enzymes in hepatic gluconeogenesis
(Table 5).

9. Food and Other Applications of Donkey Milk

Considering its functional properties and its nutritional values, DM becomes an attractive
product for health, technology, cosmetic industry, and others. The health effects of DM consumption
are mainly related to low allergenicity [3,5,67,68], anti-microbial activity [5,32,42-44,57,69,70],
regulation of iron homeostasis [5], anti-inflammatory and immune system modulation, innate
immune system, immunosenescence [5,20,71,72], anti-hypertensive [5,73-75], anti-diabetic [76],
anti-tumoral [5,77,78], stimulate development [5,68], anti-stress and anti-oxidant activity [5,25,65,76],
and anti-osteoporosis [5,68,79] (Figure 2). DM is supplied in different forms: liquid milk, fermented
products (with higher peptide content and bioavailable calcium source), freeze dried, and spray dried
powders [87]. The application of new technologies such as freeze drying and microencapsulation allows
better exploitation of this product [32]. Several studies have revealed that DM is an adequate alternative
to children suffering from cow milk proteins allergy (CMPA) [67,88], due to its low composition of
caseins, which constitute the main allergenic components of milk. Sarti et al. (2019) [67] have shown
that DM has no negative influence on infants and children, and have assessed its ability to manage the
“Food Protein Induced Enterocolitis Syndrome” (FPIES) caused by cow’s milk. However, cow’s milk
proteins cause immune reactions mediated by immunoglobulins E (IgE), which is also managed with
DM [67,88]. Donkey milk is also an important vitamin D source, which can be obtained only from diet
or from exposure to sun-light. The oral source of vitamin D can be important in winter and for people
who cannot be exposed to sun-light [88].

Donkey milk is a basic ingredient for the production of high-value dairy products [89].
DM lysozyme is also used in the food industry due to its stability and resistance to various
technological processes such as thermic treatment [31] and digestive tract conditions such as acid pH
and gastrointestinal enzymes [90].

To value the donkey, Cappola et al. (2002) [91] have investigated DM’s ability for fermentation
by Lactobacillus rhamnosus, and showed that DM is a good base for probiotics and therapeutic food
formulation. In this context, another team used Lactobacillus casei in addition to Lactobacillus rhamnosus
as probiotics to produce a fermented drink made from DM, and these probiotics were able to survive in
this milk up to 30 days [92]. Indeed, DM is also a base for producing yogurt products (Standard yogurt
and probiotic yogurt), and yogurt supplied with probiotics showed a high antioxidant activity and a
low content in lactose, which is beneficial for consumers with an allergy to cow milk proteins [93].

Because of its low fat and casein content, DM constitutes a soft gel during cheese manufacturing.
Several studies have faced this situation, for example, by the addition of MTGase—a microbial
transglutaminase that can enhance the texture of the curd without any effect on moisture, proteins,
fats, or cheese yield [89]. Sari¢ et al. (2016) overcame this limitation by mixing DM with goat milk to
produce a functional product with high quality [94].

Since recently, as Salimei 2016 [95] points out, donkey’s milk could thus be placed among the new
generation of fermented milk drinks, such as koumiss derived from mare’s milk, and would allow
for an effective combination of the advantageous properties of the raw ingredients with lactic acid
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bacteria of probiotic interest. In these years, other products as ice cream, biscuits, cakes, desserts, and
liqueurs have been developed from pasteurized donkey’s milk, and its technological use (2%) has been
successfully tested in hard cheese making, contributing to innovation in the dairy sector. Regarding
the cosmetic industry, besides its potential roles in human nutrition, multipurpose applications of
donkey’s milk are reported in ethnomedicine, and it is used in cosmetology, most likely due to its
lysozyme content, effective in smoothing skin and scalp inflammations [95].

10. Conclusions

Starting with fundamental importance for the correlation between health and nutrition, this review
outlines the importance of the protein fraction of DM. This type of milk was used since ancient Egyptian,
Greek, and Roman times, not only for its nutritional value for infants but also for its beneficial skincare
properties. Later, it was recognized as a common remedy for many ailments, and in French orphanages
during the late XIXth or early XXth century when infants receiving DM grew well and with lower
mortality than those given cow milk, as reviewed by Carminati et al. (2017) [28], and Fantuz et al.
(2016) [3]. Nowadays, DM is considered a medicinal food (or “pharma food”) because of its nutritional
and functional properties, and because of having a composition similar to human milk when compared
to other types of milk; is known that donkey’s milk has a casein-to-whey protein ratio intermediate
between human milk and cow milk. Donkey milk has various biological activities such as vasodilation
(through the secretion of nitric oxide and therefore preventing atherosclerosis), stimulation of the
immune system, and anti-diabetic, anti-inflammatory, anti-allergic, anti-obesity, anti-proliferative
and anti-microbial activities. These activities are specifically attributed to whey proteins such as
lactoferrin, LPO, lysozyme, and immunoglobulins. As Carminati et al. (2017) [28] mentioned,
regarding the consumption of fermented DM products (with higher peptide content) by the elderly,
this should be encouraged due to this excellent source of bioavailable calcium, low caloric intake,
and the ability to modulate the aged immune system, including the intestinal mucosal immune
response. Besides, applying certain new technologies, such as lyophilization and microencapsulation,
allows better exploitation of this animal product. As a recent editorial outlined [49], although
there has been a rise in consumer interest about DM (and other dairy products), it is still a ‘niche
product’. The food industry should try to increase the production and availability of DM on the
market; this will raise awareness and promote this sector, highlighting the food applications with
multiple health benefits not only for the growing infants, but for all ages, convalescents and the elderly.
For all these benefits and versatility, future production systems have to be committed to combine
profitability with responsibility in protecting animal and human welfare and preventing chronic
diseases (non-communicable diseases—NCDs).

Author Contributions: Conceptualization, R.D., O.L.P, R.S.; Funding acquisition, D.C.V., R.S.; Writing—Original
Draft Preparation, R.D., O.L.P; Visualization, R.V,, R.S.; Writing—Review and Editing, S.S., O.L.P, D.C.V,, C.ILM,,
B.A, RV, A.C,; Supervision, B.EK.,, R.S,, R.V. and A.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by ERANET 2/2018 (ProBone) and publication by (PFE)-37/2018-2020.

Acknowledgments: The publication was supported by funds from the National Research Development Projects
to finance excellence (PFE)-37/2018-2020 granted by the Romanian Ministry of Research and Innovation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Martini, M.; Altomonte, I.; Licitra, R.; Salari, F. Nutritional and Nutraceutical Quality of Donkey Milk.
J. Equine Vet. Sci. 2018, 65, 33-37. [CrossRef]

2. Karami, Z.; Akbari-adergani, B. Bioactive food derived peptides: A review on correlation between structure
of bioactive peptides and their functional properties. J. Food Sci. Technol. 2019, 56, 535-547. [CrossRef]


http://dx.doi.org/10.1016/j.jevs.2017.10.020
http://dx.doi.org/10.1007/s13197-018-3549-4

Foods 2020, 9, 1302 13 of 17

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Fantuz, F,; Salimei, E.; Papademas, P. Macro- and micronutrients in non-cow milk and products and their
impact on human health. In Non-Bovine Milk and Milk Products, 1st ed.; Tsakalidou, E., Papadimitriou, K.,
Eds.; Elsevier Academic Press: London, UK, 2016; pp. 209-261. [CrossRef]

Aspri, M.; Economou, N.; Papademas, P. Donkey milk: An overview on functionality, technology, and future
prospects. Food Rev. Int. 2017, 33, 316-333. [CrossRef]

Vincenzetti, S.; Pucciarelli, S.; Polzonetti, V.; Polidori, P. Role of proteins and of some bioactive peptides on
the nutritional quality of donkey milk and their impact on human health. Beverages 2017, 3, 34. [CrossRef]
Boland, M.; Harjinder, S. Milk Proteins: From Expression to Food, 3rd ed.; Elsevier Academic Press: London,
UK, 2020; pp. 715-730. [CrossRef]

Suharoschi, R.; Bartalici, C.L; Petrut, R.; Semeniuc, C.A.; Rotar, A.M. Two-Dimensional gel electrophoresis of
peptides as lap in bovine milk. J. Agroaliment Process. Technol. 2010, 16, 169-176.

Mati, A.; Senoussi-Ghezali, C.; Si Ahmed Zennia, S.; Almi-Sebbane, D.; El-Hatmi, H.; Girardet, J.-M.
Dromedary camel milk proteins, a source of peptides having biological activities—A review. Int. Dairy J.
2017, 73, 25-37. [CrossRef]

Nagarajan, S.; Radhakrishnan, S.; Kalkura, S.N.; Balme, S.; Miele, P.; Bechelany, M. Overview of Protein-Based
Biopolymers for Biomedical Application. Macromol. Chem. Phys. 2019, 220, 1900126. [CrossRef]

Shori, A.B. Comparative study of chemical composition, isolation and identification of micro-flora in
traditional fermented camel milk products: Gariss, Suusac, and Shubat. ]. Saudi Soc. Agric. Sci. 2012,
11, 79-88. [CrossRef]

Ellouze, S.; Kamoun, M. Evolution of Dromedary’s Milk Composition According to Lactation Stage. In Rabat
(Morocco), 25-27 October 1988; CIHEAM: Montpelier, France, 1989; pp. 307-311.

Hazebrouck, S. Laits de chevre, d’anesse et de chamelle: Une alternative en cas d’allergie au lait de vache?
Innov. Agron. 2016, 52, 73-84.

Kessler, A.; Menendez-Aguirre, O.; Hinrichs, J.; Stubenrauch, C.; Weiss, ]. Alphas-casein-PE6400 mixtures:
A fluorescence study. Faraday Discuss 2013, 166, 399-416. [CrossRef] [PubMed]

Swaisgood, H.E. Review and update of casein chemistry. J. Dairy Sci. 1993, 76, 3054-3061. [CrossRef]
Swaisgood, H.E. Chemistry of the Caseins. In Advanced Dairy Chemistry—1 Proteins; Springer: Boston, MA,
USA, 2003; pp. 139-201. [CrossRef]

Lonnerdal, B. Nutritional and physiologic significance of human milk proteins. Am. J. Clin. Nutr. 2003,
77,1537s-1543s. [CrossRef] [PubMed]

Malacarne, M.; Martuzzi, F.; Summer, A.; Mariani, P. Protein and fat composition of mare’s milk: Some
nutritional remarks with reference to human and cow’s milk. Int. Dairy J. 2002, 12, 869-877. [CrossRef]
Kroening, T.A.; Mukerji, P.; Hards, R.G. Analysis of beta-casein and its phosphoforms in human milk.
Nutr. Res. 1998, 18, 1175-1186. [CrossRef]

Tafaro, A.; Magrone, T.; Jirillo, F.; Martemucci, G.; D’alessandro, A.; Amati, L.; Jirillo, E. Immunological
properties of donkey’s milk: Its potential use in the prevention of atherosclerosis. Curr. Pharm. Des. 2007,
13,3711-3717. [CrossRef]

Kontopidis, G.; Holt, C.; Sawyer, L. Invited Review: B-Lactoglobulin: Binding Properties, Structure, and
Function. J. Dairy Sci. 2004, 87, 785-796. [CrossRef]

Hinz, K.; O’Connor, PM.; Huppertz, T.; Ross, R.P; Kelly, A.L. Comparison of the principal proteins in bovine,
caprine, buffalo, equine and camel milk. J. Dairy Res. 2012, 79, 185-191. [CrossRef]

Diarrassouba, F.; Remondetto, G.; Liang, L.; Garrait, G.; Beyssac, E.; Subirade, M. Effects of gastrointestinal
pH conditions on the stability of the 3-lactoglobulin/vitamin D3 complex and on the solubility of vitamin D3.
Food Res. Int. 2013, 52, 515-521. [CrossRef]

Taulier, N.; Chalikian, T.V. Characterization of pH-induced transitions of B-lactoglobulin: Ultrasonic,
densimetric, and spectroscopic studies. Edited by C. R. Matthews. J. Mol. Biol. 2001, 314, 873-889. [CrossRef]
Markus, C.R,; Jonkman, L.M.; Lammers, ].H.; Deutz, N.E.; Messer, M.H.; Rigtering, N. Evening intake of
a-lactalbumin increases plasma tryptophan availability and improves morning alertness and brain measures
of attention. Am. J. Clin. Nutr. 2005, 81, 1026-1033. [CrossRef]

Markus, C.R.; Olivier, B.; de Haan, E.H. Whey protein rich in a-lactalbumin increases the ratio of plasma
tryptophan to the sum of the other large neutral amino acids and improves cognitive performance in
stress-vulnerable subjects. Am. . Clin. Nutr. 2002, 75, 1051-1056. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/B978-0-12-803361-6.00009-0
http://dx.doi.org/10.1080/87559129.2016.1175014
http://dx.doi.org/10.3390/beverages3030034
http://dx.doi.org/10.1016/C2017-0-03077-X
http://dx.doi.org/10.1016/j.idairyj.2016.12.001
http://dx.doi.org/10.1002/macp.201900126
http://dx.doi.org/10.1016/j.jssas.2011.12.001
http://dx.doi.org/10.1039/c3fd00102d
http://www.ncbi.nlm.nih.gov/pubmed/24611290
http://dx.doi.org/10.3168/jds.S0022-0302(93)77645-6
http://dx.doi.org/10.1007/978-1-4419-8602-3
http://dx.doi.org/10.1093/ajcn/77.6.1537S
http://www.ncbi.nlm.nih.gov/pubmed/12812151
http://dx.doi.org/10.1016/S0958-6946(02)00120-6
http://dx.doi.org/10.1016/S0271-5317(98)00098-0
http://dx.doi.org/10.2174/138161207783018590
http://dx.doi.org/10.3168/jds.S0022-0302(04)73222-1
http://dx.doi.org/10.1017/S0022029912000015
http://dx.doi.org/10.1016/j.foodres.2013.02.026
http://dx.doi.org/10.1006/jmbi.2001.5188
http://dx.doi.org/10.1093/ajcn/81.5.1026
http://dx.doi.org/10.1093/ajcn/75.6.1051
http://www.ncbi.nlm.nih.gov/pubmed/12036812

Foods 2020, 9, 1302 14 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Gurgel, PV,; Carbonell, R.G.; Swaisgood, H.E. Studies of the Binding of a-Lactalbumin to Immobilized
Peptide Ligands. J. Agric. Food Chem. 2001, 49, 5765-5770. [CrossRef]

Velusamy, V.; Palaniappan, L. Compositional analysis «-lactalbumin. Am. ]. Biochem. Mol. Biol 2011,
1, 106-120. [CrossRef]

Carminati, D.; Tidona, F. Chapter 31—Nutritional Value and Potential Health Benefits of Donkey Milk.
In Nutrients in Dairy and Their Implications on Health and Disease; Watson, R.R., Collier, R.J., Preedy, V.R., Eds.;
Academic Press: London, UK, 2017; pp. 407—-414. [CrossRef]

Vincenzetti, S.; Polidori, P.; Mariani, P.; Cammertoni, N.; Fantuz, F.; Vita, A. Donkey milk protein fractions
characterization. Food Chem. 2008, 10, 640-649. [CrossRef]

Vincenzetti, S.; Amici, A.; Pucciarelli, S.; Vita, A.; Micozzi, D.; Carpi, EM.; Polzonetti, V.; Natalini, P.;
Polidori, P. A Proteomic Study on Donkey Milk. Biochem. Anal. Biochem. 2012, 1, 109. [CrossRef]
Ozturkoglu-Budak, S. Effect of different treatments on the stability of lysozyme, lactoferrin and b-lactoglobulin
in donkey’s milk. Int. J. Dairy Technol. 2016, 71, 36—45. [CrossRef]

Brumini, D.; Criscione, A.; Bordonaro, S.; Vegarud, G.E.; Marletta, D. Whey proteins and their antimicrobial
properties in donkey milk: A brief review. Dairy Sci. Technol. 2016, 96, 1-14. [CrossRef]

Yoo, Y.C.; Watanabe, S.; Watanabe, R.; Hata, K.; Shimazaki, K.I.; Azuma, I. Bovine lactoferrin and lactoferricin, a
peptide derived from bovine lactoferrin, inhibit tumor metastasis in mice. Jpn. J. Cancer Res. 1997, 88, 184-190.
[CrossRef]

Yoo, Y.-C.; Watanabe, R.; Koike, Y.; Mitobe, M.; Shimazaki, K.-I.; Watanabe, S.; Azuma, I. Apoptosis in human
leukemic cells induced by lactoferricin, a bovine milk protein-derived peptide: Involvement of reactive
oxygen species. Biochem. Biophys. Res. Commun. 1997, 237, 624-628. [CrossRef]

Martemucci, G.; D’Alessandro, A.G. Fat content, energy value and fatty acid profile of donkey milk during
lactation and implications for human nutrition. Lipids Health Dis. 2012, 11, 113. [CrossRef]

McGrath, B.A.; Fox, P.E; McSweeney, P.L.H.; Kelly, A.L. Composition and properties of bovine colostrum:
A review. Dairy Sci. Technol. 2016, 96, 133-158. [CrossRef]

Li, M,; Kang, S.; Zheng, Y.; Shao, J.; Zhao, H.; An, Y.; Cao, G.; Li, Q.; Yue, X.; Yang, M. Comparative
metabolomics analysis of donkey colostrum and mature milk using ultra-high-performance liquid tandem
chromatography quadrupole time-of-flight mass spectrometry. J. Dairy Sci. 2020, 103, 992-1001. [CrossRef]
[PubMed]

Yang, M.; Cao, X.; Wu, R;; Liu, B.; Ye, W.; Yue, X.; Wy, ]. Comparative proteomic exploration of whey proteins
in human and bovine colostrum and mature milk using iTRAQ-coupled LC-MS/MS. Int. ]. Food Sci. Nutr.
2017, 68, 671-681. [CrossRef] [PubMed]

Li, M.; Li, W,; Wu, J.; Zheng, Y.; Shao, J.; Li, Q.; Kang, S.; Zhang, Z.; Yue, X.; Yang, M. Quantitative lipidomics
reveals alterations in donkey milk lipids according to lactation. Food Cherm. 2020, 310, 125866. [CrossRef]
Li, W,; Li, M,; Cao, X.; Han, H.; Kong, F.; Yue, X. Comparative analysis of whey proteins in donkey colostrum
and mature milk using quantitative proteomics. Food Res. Int. 2020, 127, 108741. [CrossRef]

Martini, M.; Altomonte, I.; Manica, E.; Salari, F. Changes in donkey milk lipids in relation to season and
lactation. J. Food Compos. Anal. 2015, 41, 30-34. [CrossRef]

Sari¢, L.; Sari¢, B.; Mandi¢, A.; Tomié, J.; Torbica, A.; Nedeljkovi¢, N.; Ikonic, B.B. Antibacterial activity of
donkey milk against Salmonella. Agro. Food Ind. Hi. Tech. 2014, 25, 30-34.

Sari¢, L.C.; Sari¢, BM.; Kravi¢, S.Z.; Plavsi¢, D.V.; Milovanovi¢, LL.; Gubi¢, ].M.; Nedeljkovié¢, N.M.
Antibacterial activity of Domestic Balkan donkey milk toward Listeria monocytogenes and Staphylococcus
aureus. Food Feed Res. 2014, 41, 47-54. [CrossRef]

Sari¢, L.C.; Sari¢, B.M.; Mandi¢, A.L; Kevresan, Z.S.; Ikoni¢, B.B.; Kravi¢, S.Z.; Jambrec, D.]. Role of calcium
content in antibacterial activity of donkeys’ milk toward E. coli. Eur. Food Res. Technol. 2014, 239, 1031-1039.
[CrossRef]

Tidona, F; Sekse, C.; Criscione, A.; Jacobsen, M.; Bordonaro, S.; Marletta, D.; Vegarud, G.E. Antimicrobial
effect of donkeys’ milk digested in vitro with human gastrointestinal enzymes. Int. Dairy J. 2011, 21, 158-165.
[CrossRef]

Nazzaro, F; Orlando, P,; Fratianni, F.; Coppola, R. Isolation of components with antimicrobial property from
the donkey milk: A preliminary study. Open Food Sci. J. 2010, 4, 37-42. [CrossRef]

Pilla, R.; Dapra, V.; Zecconi, A.; Piccinini, R. Hygienic and health characteristics of donkey milk during a
follow-up study. J. Dairy Res. 2010, 77, 392-397. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/jf010462b
http://dx.doi.org/10.3923/ajbmb.2011.106.120
http://dx.doi.org/10.1016/B978-0-12-809762-5.00031-0
http://dx.doi.org/10.1016/j.foodchem.2007.06.026
http://dx.doi.org/10.4172/2161-1009.1000109
http://dx.doi.org/10.1111/1471-0307.12380
http://dx.doi.org/10.1007/s13594-015-0246-1
http://dx.doi.org/10.1111/j.1349-7006.1997.tb00364.x
http://dx.doi.org/10.1006/bbrc.1997.7199
http://dx.doi.org/10.1186/1476-511X-11-113
http://dx.doi.org/10.1007/s13594-015-0258-x
http://dx.doi.org/10.3168/jds.2019-17448
http://www.ncbi.nlm.nih.gov/pubmed/31677837
http://dx.doi.org/10.1080/09637486.2017.1279129
http://www.ncbi.nlm.nih.gov/pubmed/28276902
http://dx.doi.org/10.1016/j.foodchem.2019.125866
http://dx.doi.org/10.1016/j.foodres.2019.108741
http://dx.doi.org/10.1016/j.jfca.2014.12.019
http://dx.doi.org/10.5937/FFR1401047S
http://dx.doi.org/10.1007/s00217-014-2299-4
http://dx.doi.org/10.1016/j.idairyj.2010.10.008
http://dx.doi.org/10.2174/1874256401004010043
http://dx.doi.org/10.1017/S0022029910000221
http://www.ncbi.nlm.nih.gov/pubmed/20883563

Foods 2020, 9, 1302 15 of 17

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Zhang, X.-Y.; Zhao, L.; Jiang, L.; Dong, M.-L.; Ren, F.-Z. The antimicrobial activity of donkey milk and its
microflora changes during storage. Food Control 2008, 19, 1191-1195. [CrossRef]

Bruhn, O.; Grétzinger, J.; Cascorbi, I.; Jung, S. Antimicrobial peptides and proteins of the horse—Insights
into a well-armed organism. Vet. Res. 2011, 42, 98. [CrossRef]

Sari¢, L.C.; Sari¢, B.M.; Mandi¢, A.I; Torbica, A.M.; Tomi¢, ].M.; Cvetkovi¢, D.D.; Okanovi¢, D.G. Antibacterial
properties of Domestic Balkan donkeys’ milk. Int. Dairy J. 2012, 25, 142-146. [CrossRef]

Uniacke-Lowe, T.; Huppertz, T.; Fox, PF. Equine milk proteins: Chemistry, structure and nutritional
significance. Int. Dairy |. 2010, 20, 609-629. [CrossRef]

Benkerroum, N. Antimicrobial activity of lysozyme with special relevance to milk. Afr. J. Biotechnol. 2008,
7,4856-4867.

Fratini, F,; Turchi, B.; Pedonese, F; Pizzurro, F.; Ragaglini, P.; Torracca, B.; Tozzi, B.; Galiero, A.; Nuvoloni, R.
Does the addition of donkey milk inhibit the replication of pathogen microorganisms in goat milk at
refrigerated condition? Dairy Sci. Technol. 2016, 96, 243-250. [CrossRef]

Yamauchi, K.; Wakabayashi, H.; Shin, K.; Takase, M. Bovine lactoferrin: Benefits and mechanism of action
against infections. Biochem. Cell Biol. 2006, 84, 291-296. [CrossRef]

UniProt. Available online: https://www.uniprot.org (accessed on 21 August 2020).

PDB. Available online: https://www.rcsb.org (accessed on 21 August 2020).

Brumini, D.; Furlund, C.B.; Comi, I.; Devold, T.G.; Marletta, D.; Vegarud, G.E.; Jonassen, C.M. Antiviral
activity of donkey milk protein fractions on echovirus type 5. Int. Dairy J. 2013, 28, 109-111. [CrossRef]
Koutb, M.; Khider, M.; Ali, E.H.; Hussein, N.A. Antimicrobial activity of donkey milk against dermatomycotic
fungi and foodborne bacteria. Int. ]. Biomed. Mat. Res. 2016, 4, 11-17. [CrossRef]

Altomonte, I; Salari, F; Licitra, R.; Martini, M. Donkey and human milk: Insights into their compositional
similarities. Int. Dairy . 2019, 89, 111-118. [CrossRef]

Li, L.; Liu, X.; Guo, H. The nutritional ingredients and antioxidant activity of donkey milk and donkey milk
powder. Food Sci. Biotechnol. 2017, 27, 393-400. [CrossRef] [PubMed]

Simos, Y.; Metsios, A.; Verginadis, I.; D’Alessandro, A.-G.; Loiudice, P; Jirillo, E.; Charalampidis, P.;
Kouimanis, V.; Boulaka, A.; Martemucci, G.; et al. Antioxidant and anti-platelet properties of milk from goat,
donkey and cow: An In Vitro, Ex Vivo and In Vivo study. Int. Dairy J. 2011, 21, 901-906. [CrossRef]

Jirillo, F.; Magrone, T. Anti-inflammatory and anti-allergic properties of donkey’s and goat’s milk. Endocr.
Metab. Immune Disord. Drug Targets Former. Curr. Drug Targets-Immune Endocr. Metab. Disord. 2014, 14, 27-37.
[CrossRef] [PubMed]

Schroder, K.; Hertzog, PJ.; Ravasi, T.; Hume, D.A. Interferon-gamma: An overview of signals, mechanisms
and functions. J. Leukoc. Biol. 2004, 75, 163-189. [CrossRef]

Yvon, S.; Olier, M.; Leveque, M.; Jard, G.; Tormo, H.; Haimoud-Lekhal, D.A.; Peter, M.; Eutamene, H. Donkey
milk consumption exerts anti-inflammatory properties by normalizing antimicrobial peptides levels in
Paneth’s cells in a model of ileitis in mice. Eur. J. Nutr. 2018, 57, 155-166. [CrossRef]

Jirillo, F.; Jirillo, E.; Magrone, T. Donkey’s and goat’s milk consumption and benefits to human health with
special reference to the inflammatory status. Curr. Pharm. Des. 2010, 16, 859-863. [CrossRef]

Lamine, F,; Fioramonti, J.; Bueno, L.; Nepveu, F.; Cauquil, E.; Lobysheva, I.; Eutamene, H.; Théodorou, V.
Nitric oxide released by lactobacillus farciminis improves TNBS-induced colitis in rats. Scand. J. Gastroenterol.
2004, 39, 37-45. [CrossRef]

Sarti, L.; Martini, M.; Brajon, G.; Barni, S.; Salari, F.; Altomonte, I.; Ragona, G.; Mori, F.; Pucci, N.; Muscas, G.;
et al. Donkey’s Milk in the Management of Children with Cow’s Milk protein allergy: Nutritional and
hygienic aspects. Ital. |. Pediatrics 2019, 45, 102. [CrossRef]

Tacono, G.; Carroccio, A.; Cavataio, F.; Montalto, G.; Soresi, M.; Balsamo, V. Use of ass’s milk in multiple food
allergy. J. Pediatr. Gastroenterol. Nutr. 1992, 14, 177-181. [CrossRef] [PubMed]

Pelligrini, A.; Thomas, U.; Bramaz, N.; Hunziker, P.; von Fellenberg, R. Isolation and identification of three
bactericidal domains in the bovine alpha-lactalbumin molecule. Biochim. Biophys. Acta 1999, 1426, 439-448.
[CrossRef]

Cunsolo, V.; Saletti, R.; Muccilli, V.; Foti, S. Characterization of the protein profile of donkey’s milk whey
fraction. J. Mass Spectrom. 2007, 42, 1162-1174. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.foodcont.2008.01.005
http://dx.doi.org/10.1186/1297-9716-42-98
http://dx.doi.org/10.1016/j.idairyj.2012.03.007
http://dx.doi.org/10.1016/j.idairyj.2010.02.007
http://dx.doi.org/10.1007/s13594-015-0249-y
http://dx.doi.org/10.1139/o06-054
https://www.uniprot.org
https://www.rcsb.org
http://dx.doi.org/10.1016/j.idairyj.2012.08.010
http://dx.doi.org/10.11648/j.ijbmr.20160403.11
http://dx.doi.org/10.1016/j.idairyj.2018.09.005
http://dx.doi.org/10.1007/s10068-017-0264-2
http://www.ncbi.nlm.nih.gov/pubmed/30263762
http://dx.doi.org/10.1016/j.idairyj.2011.05.007
http://dx.doi.org/10.2174/1871530314666140121143747
http://www.ncbi.nlm.nih.gov/pubmed/24450455
http://dx.doi.org/10.1189/jlb.0603252
http://dx.doi.org/10.1007/s00394-016-1304-z
http://dx.doi.org/10.2174/138161210790883688
http://dx.doi.org/10.1080/00365520310007152
http://dx.doi.org/10.1186/s13052-019-0700-4
http://dx.doi.org/10.1097/00005176-199202000-00010
http://www.ncbi.nlm.nih.gov/pubmed/1593372
http://dx.doi.org/10.1016/S0304-4165(98)00165-2
http://dx.doi.org/10.1002/jms.1247
http://www.ncbi.nlm.nih.gov/pubmed/17605147

Foods 2020, 9, 1302 16 of 17

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Amati, L.; Marzulli, G.; Martulli, M.; Tafaro, A.; Jirillo, F; Pugliese, V.; Martemucci, G.; D’ Alessandro, A.G.;
Jirillo, E. Donkey and goat milk intake and modulation of the human aged immune response. Curr. Pharm.
Des. 2010, 16, 864-869. [CrossRef] [PubMed]

Kapila, R.; Sharma, R.; Kapila, S. Milk and Fermented Milk Products in Alleviation of Aging Pathophysiology;
Elsevier Academic Press: London, UK, 2017; pp. 287-292. [CrossRef]

Hill, D.R.; Newburg, D.S. Clinical applications of bioactive milk components. Nutr. Rev. 2015, 73, 463-476.
[CrossRef] [PubMed]

Marcone, S.; Belton, O.; Fitzgerald, D.J. Milk-derived bioactive peptides and their health promoting effects:
A potential role in atherosclerosis. Br. . Clin. Pharmacol. 2017, 83, 152-162. [CrossRef]

Minervini, F; Algaron, E; Rizzello, C.G.; Fox, P.F; Monnet, V.; Gobbetti, M. Angiotensin I-converting-
enzymeinhibitory and antibacterial peptides from Lactobacillus helveticus PR4 proteinase-hydrolyzed
caseins of milk from six species. Appl. Environ. Microbiol. 2003, 69, 5297-5305. [CrossRef]

Li, Y;; Fan, Y.; Shaikh, A.S.; Wang, Z.; Wang, D.; Tan, H. Dezhou donkey (Equus asinus) milk a potential
treatment strategy for type 2 diabetes. J. Ethnopharmacol. 2020, 246, 112221. [CrossRef]

Mao, X.; Gu, J; Sun, Y.; Xu, S.; Zhang, X.; Yang, H.; Ren, F. Anti-proliferative and anti-tumour effect of active
components in donkey milk on A549 human lung cancer cells. Int. Dairy J. 2009, 19, 703-708. [CrossRef]
Mossberg, A.K.; Hun Mok, K,; Morozova-Roche, L.A.; Svanborg, C. Structure and function of human
a-lactalbumin made lethal to tumor cells (HAMLET)-type complexes. FEBS J. 2010, 277, 4614-4625. [CrossRef]
Polidori, P.; Ariani, A.; Vincenzetti, S. Use of Donkey Milk in Cases of Cow’s Milk Protein Allergies. Int. |.
Child. Health Nutr. 2015, 4, 174-179. [CrossRef]

Trinchese, G.; Cavaliere, G.; Canani, R.B.; Matamoros, S.; Bergamo, P.; De Filippo, C.; Aceto, S.; Gaita, M.;
Cerino, P; Negri, R.; etal. Human, donkey and cow milk differently affects energy efficiency and inflammatory
state by modulating mitochondrial function and gut microbiota. J. Nutr. Biochem. 2015, 26, 1136-1146.
[CrossRef]

Trinchese, G.; Cavaliere, G.; De Filippo, C.; Aceto, S.; Prisco, M.; Chun, J.T.; Penna, E.; Negri, R.; Muredda, L.;
Demurtas, A.; et al. Human Milk and Donkey Milk, Compared to Cow Milk, Reduce Inflammatory Mediators
and Modulate Glucose and Lipid Metabolism, Acting on Mitochondrial Function and Oleylethanolamide
Levels in Rat Skeletal Muscle. Front. Physiol. 2018, 9, 32. [CrossRef] [PubMed]

Ibrahim, H.R.; Aoki, T. New promises of lysozyme as immune modulator and antimicrobial agent for
nutraceuticals. Foods Food Ingred. |. Jpn. 2003, 208, 361-374.

Zavaleta, N.; Figueroa, D.; Rivera, J.; Sanchez, J.; Alfaro, S.; Lonnerdal, B. Efficacy of rice-based oral
rehydration solution containing recombinant human lactoferrin and lysozyme in Peruvian children with
acute diarrhea. J. Pediatr. Gastroenterol. Nutr. 2007, 44, 258-264. [CrossRef]

Weng, J.; Ji, L.; Jia, W.; Lu, J.; Zhou, Z.; Zou, D.; Guo, X. Normes de soins pour le diabete de type 2 en Chine.
Rech. et Rev. sur le Diabete Métabolisme 2016, 32, 442-458.

Alichanidis, E.; Moatsou, G.; Polychroniadou, A. Composition and Properties of Non-cow Milk and Products.
In Non-Bovine Milk and Milk Products; Tsakalidou, E., Papadimitriou, K., Eds.; Elsevier Academic Press:
London, UK, 2016; pp. 81-116. [CrossRef]

Herrouin, M.; Mollé, D.; Fauquant, J.; Ballestra, F.; Maubois, J.-L.; Léonil, ]. New Genetic Variants Identified
in Donkey’s Milk Whey Proteins. J. Protein Chem. 2000, 19, 105-116. [CrossRef]

Miao, W.; He, R.; Feng, L.; Ma, K,; Zhang, C.; Zhou, ].; Chen, X,; Rui, X.; Zhang, Q.; Dong, M.; et al. Study on
processing stability and fermentation characteristics of donkey milk. LWT 2020, 124, 109151. [CrossRef]
Souroullas, K.; Aspri, M.; Papademas, P. Donkey milk as a supplement in infant formula: Benefits and
technological challenges. Food Res. Int. 2018, 109, 416-425. [CrossRef]

D’Alessandro, A.G.; Martemucci, G.; Loizzo, P.; Faccia, M. Production of cheese from donkey milk as
influenced by addition of transglutaminase. J. Dairy Sci. 2019, 102, 10867-10876. [CrossRef]

Tidona, F; Criscione, A.; Devold, T.G.; Bordonaro, S.; Marletta, D.; Vegarud, G.E. Protein composition and
micelle size of donkey milk with different protein patterns: Effects on digestibility. Int. Dairy J. 2014, 35, 57-62.
[CrossRef]

Cappola, R.; Salimei, E.; Succi, M.; Sorrentino, E.; Nanni, M.; Ranieri, P.; Belli Blanes, R.; Grazia, L. Behaviour
of Lactobacillus rhamnosus strains in ass’s milk. Ann. Microbiol. 2002, 55-60.

Chiavari, C.; Coloretti, F;; Nanni, M.; Sorrentino, E.; Grazia, L. Use of donkey’s milk for a fermented beverage
with lactobacilli. Le Lait 2005, 85, 481-490. [CrossRef]


http://dx.doi.org/10.2174/138161210790883651
http://www.ncbi.nlm.nih.gov/pubmed/20388099
http://dx.doi.org/10.1016/B978-0-12-809868-4.00022-4
http://dx.doi.org/10.1093/nutrit/nuv009
http://www.ncbi.nlm.nih.gov/pubmed/26011900
http://dx.doi.org/10.1111/bcp.13002
http://dx.doi.org/10.1128/AEM.69.9.5297-5305.2003
http://dx.doi.org/10.1016/j.jep.2019.112221
http://dx.doi.org/10.1016/j.idairyj.2009.05.007
http://dx.doi.org/10.1111/j.1742-4658.2010.07890.x
http://dx.doi.org/10.6000/1929-4247.2015.04.03.6
http://dx.doi.org/10.1016/j.jnutbio.2015.05.003
http://dx.doi.org/10.3389/fphys.2018.00032
http://www.ncbi.nlm.nih.gov/pubmed/29472867
http://dx.doi.org/10.1097/MPG.0b013e31802c41b7
http://dx.doi.org/10.1016/C2014-0-04073-7
http://dx.doi.org/10.1023/A:1007078415595
http://dx.doi.org/10.1016/j.lwt.2020.109151
http://dx.doi.org/10.1016/j.foodres.2018.04.051
http://dx.doi.org/10.3168/jds.2019-16615
http://dx.doi.org/10.1016/j.idairyj.2013.10.018
http://dx.doi.org/10.1051/lait:2005031

Foods 2020, 9, 1302 17 of 17

93. Perna, A,; Intaglietta, I.; Simonetti, A.; Gambacorta, E. Donkey Milk for Manufacture of Novel Functional
Fermented Beverages. . Food Sci. 2015, 80, S1352-51359. [CrossRef]

94. Sari¢, L.C,; Sari¢, B.M.; Mandi¢, A.L; Hadnadev, M.S.; Gubié, J.M.; Milovanovi¢, LL.; Tomi¢, ].M. Characterization
of extra-hard cheese produced from donkeys’ and caprine milk mixture. Dairy Sci. Technol. 2016, 96, 227-241.
[CrossRef]

95. Salimei, E. Animals that Produce Dairy Foods: Donkey in Reference Module in Food Sciences, 1st ed.; Elsevier
Academic Press: London, UK, 2016; pp. 1-10. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1111/1750-3841.12862
http://dx.doi.org/10.1007/s13594-015-0261-2
http://dx.doi.org/10.1016/B978-0-12-374407-4.00041-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Global Composition of Donkey Milk Compared to Other Types of Milk 
	Bioactive Proteins and Peptides in Donkey Milk Compared to Other Types of Milk 
	Caseins 
	-Lactoglobulin 
	-Lactalbumin 
	Lysozyme 
	Lactoferrin 
	Lactoperoxidase 

	Comparison between Donkey Colostrum and Donkey Milk 
	Anti-Microbial Activity of Donkey Milk 
	Antioxidant Activity of Donkey Milk 
	Anti-Inflammatory and Anti-Tumoral Activity of Donkey Milk 
	Anti-Diabetic and Anti-Obesity Activity of Donkey Milk 
	Food and Other Applications of Donkey Milk 
	Conclusions 
	References

