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Simple Summary: This paper examines scientific evidence on the positive effects of donkey milk
consumption on human health and its possible therapeutic applications. The most investigated
clinical use of donkey milk is in feeding infants with food allergies, in whom donkey milk is well
tolerated in the 82.6-98.5% of cases. Donkey milk has shown several beneficial properties, including
immunomodulatory activity, antioxidant and detoxifying effects, modulation of the intestinal micro-
biota, and lowering of blood sugar and triglycerides, which have been tested almost exclusively in
experimental animals. Inhibitory actions on microorganisms have been also observed in vitro studies.
This literature review highlights the need for new clinical trials to collect stronger evidence about the
positive effects observed in experimental models which could lead to new therapeutic applications
of donkey milk in humans.

Abstract: The increase of knowledge on the composition of donkey milk has revealed marked
similarities to human milk, which led to a growing number of investigations focused on testing the
potential effects of donkey milk in vitro and in vivo. This paper examines the scientific evidence
regarding the beneficial effects of donkey milk on human health. Most clinical studies report a
tolerability of donkey milk in 82.6-98.5% of infants with cow milk protein allergies. The average
protein content of donkey milk is about 18 g/L. Caseins, which are main allergenic components
of milk, are less represented compared to cow milk (56% of the total protein in donkey vs. 80%
in cow milk). Donkey milk is well accepted by children due to its high concentration of lactose
(about 60 g/L). Inmunomodulatory properties have been reported in one study in humans and
in several animal models. Donkey milk also seems to modulate the intestinal microbiota, enhance
antioxidant defense mechanisms and detoxifying enzymes activities, reduce hyperglycemia and
normalize dyslipidemia. Donkey milk has lower calorie and fat content compared with other milks
used in human nutrition (fat ranges from 0.20% to 1.7%) and a more favourable fatty acid profile,
being low in saturated fatty acids (3.02 g/L) and high in alpha-linolenic acid (about 7.25 g/100 g of
fat). Until now, the beneficial properties of donkey milk have been mostly related to whey proteins,
among which B-lactoglobulin is the most represented (6.06 g/L), followed by x-lactalbumin (about
2 g/L) and lysozyme (1.07 g/L). So far, the health functionality of donkey milk has been tested almost
exclusively on animal models. Furthermore, in vitro studies have described inhibitory action against
bacteria, viruses, and fungi. From the literature review emerges the need for new randomized clinical
trials on humans to provide stronger evidence of the potential beneficial health effects of donkey milk,
which could lead to new applications as an adjuvant in the treatment of cardiometabolic diseases,
malnutrition, and aging.

Keywords: donkey milk; human health; milk composition; milk whey protein; milk fat; food allergies;
immunomodulatory properties; cancer; intestinal microbiota; oxidative stress; dyslipidemia
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1. Introduction

Donkey milk (DM) has been historically considered a therapeutic food in both Western
and Eastern cultures. Hippocrates (460-370 BC) [1] and Pliny the Elder (23-79 AD) [2] were
among the first to describe DM health benefits. The beneficial properties of DM are also
reported in traditional Chinese medicine manuals [3].

The studies of Dr. Parrot of 1'Hospice des Enfants Assistes (Paris, France) in the
nineteenth century were probably the first scientific approach to the use of DM in infant
feeding. Dr. Parrot fed children affected by congenital syphilis directly from the donkey’s
udder. In particular, Dr Parrot carried out the first controlled trials on breastfeeding with
DM, comparing DM with cow and goat milk, recording the milk intakes, the weight gains
of the children, and analysing DM chemical composition. Dr Parrot’s studies led to the
creation of a donkey farm for the purpose of feeding orphaned children [4].

In recent decades, alongside with the rediscovery of its potential beneficial effect,
DM is becoming popular in Europe, especially in Croatia, France, Hungary, Italy, the
Netherlands and Serbia, and in several Asian countries. In particular, China is a large
donkey meat and milk producer, and the donkey industry has become important in
rural China.

DM is considered the natural milk with the closest composition to human milk in
terms of lactose content and protein and amino acid profile [5].

Scientific studies aimed at clarifying the composition of DM and the presence of
functional compounds have increased over the past years. Until now, investigations have
been carried out to highlight potentially bioactive substances, such as polyunsaturated
and omega 3 fatty acids [6,7], functional proteins [8,9], vitamins [10,11], polar lipids [12],
phytosterols [13], and the milk compositional variability [14,15].

New knowledge has emerged leading to the development of studies focused on
testing in vitro and in vivo the potential effects of DM in humans. This paper examines
the scientific evidence regarding the effects of DM on human health and its possible
applications as an adjuvant in the treatment of cardiometabolic diseases, malnutrition,
and aging.

2. Use of DM in Allergic Children

DM has nutritional similarities with human milk (HM), the gold standard for infant
feeding, in terms of average protein content (about 18 and 21 g/L in DM and HM, respec-
tively) [5]. Caseins (CN), which are main allergenic components of cow milk (CM), are less
represented in DM and HM (56% and 30% of the total protein in DM and HM vs. 80% of
CM). A major similarity is also linked to the primary structures of «S1-, 3- and k-CN, which
are closely related in the HM and DM [16]. The main CN fraction of DM is 3-CN (about
6.11 g/L; 62% of total CN), whose concentration is between the minimum values found in
HM (1.25-4.72 g /L) and the maximum in CM (11.85-12.87 g/L). The mean concentration
of «S1-CN in DM is 2.54 g/L (26% of total CN), higher than HM (0.33-0.50 g/L) and lower
than in CM (8.52-9.16 g/L); ®52-CN and k-CN are minor component of DM [9].

Simulated in vitro digestion showed that donkey CN has rapid degradability and an
almost complete digestibility both when artificial [17,18] and gastrointestinal fluids human
fluids [19,20] were used.

This can also explain the reduced allergenicity of DM since food protein allergenicity
is linked to the survival of allergens in the gastrointestinal tract.

On the other hand, the main DM protein fraction is made up by whey proteins (WP),
which have shown multiple beneficial metabolic and antimicrobial properties [21]. f3-
Lactoglobulin (3-LG) is the most represented WP (6.06 g/L; 73% of total WP), absent in
HM but present in CM in a concentration of about 5 g/L. The a-lactalbumin (a-LA) content
in DM (about 2 g/L) is similar to HM (3 g/L) [9].

The similarities between HM and DM are at the basis of a well-known application of
DM: its use in the diet of children suffering from allergies to CM proteins (CMPA). In this
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regard, most clinical trials on humans proved the tolerability and efficacy of DM in these
patients (Table 1).

Most trials in the literature are single-arm prospective longitudinal studies [22-25],
while there are still few randomized studies involving a control group [26]. The papers
available so far have included a limited number of subjects (<100 enrolled patients) with a
rather wide age range, on average between 27 months and five years [24,25], suffering from
CMPA, food protein-induced enterocolitis syndrome induced by cow milk (CM-FPIES),
and multiple food allergies.

The reported tolerability of DM in allergic children varies between 82.6% [23] and
98.5% of patients [22]. In addition, a clinical study in infants under six months of age,
conducted on a low number of subjects (six infants) with CM-FPIES, has found that DM is
well tolerated also in younger patients, with no participants showing allergic reactions [27].

Even though encouraging results support the consumption of DM in children with
food allergies, some cases of hypersensitivity reactions to DM have been reported in
children and in two adults suggesting caution in allergic subjects [28-31].

Table 1. Studies on the tolerability of donkey milk in children.

Study Design Number of Children Mean Age Duration of Diet Tolerance Outcome Reference
Double-blind 30 with the IgE- and 2.5 years (from
placebo-controlled non-IgE-mediated 0'6 t}; 3.8 years) 3 months 96% [26]
food challenge CMPA ! ’ e
Prospective study; . 82.6% of the total
d(fuble—blind, Y 46 vxft}l; IgE;l.andd 36 months (from o4 h patients (78.8% of the 23
placebo-controlled non gCl\-/InlleA late 12 to 149 months) months children with 23]
food challenge IgE-mediated CMPA)
92 highly-problematic w3 87% children .Wlth
4 children with IgE- and .3 months non-IgE-mediated
Prospective study . (from 7.5-to 48 months CMPA (20/23) 91.3% [24]
the non-IgE-mediated 1)) 5 (o) with TeE-mediated
CMPA . gE-mediate
CMPA. (63/69)
70 children including 5.2 & 5.3 months
Open challenge patients with prior (from 6 months / 98.5% [22]
anaphylaxis to CM 3 to 18 years)
5.2+ 53 years
70 children with (from 6 months
Open challenge p;?V;;cfegrisCx;A/ 10713? ieia r(;sg, / 98.7% [25]
proven IgE-FPIES months (from
3 to 8 months)
Open challenge 6 with CM-FPIES2 56 months (from / 100% [27]
p & 1.5 to 6 months) ?
30 with IgE- and 4,5 years (from
Open challenge non-IgE-mediated 6 months to / 96% [31]
CMPA 11 years)

1 CMPA: cow milk protein allergy; 2 CM-FPIES: food protein-induced enterocolitis syndrome induced by cow milk; 3 CM: cow milk.

From the point of view of palatability [23,25], DM is well accepted by the children.
The good palatability is probably related to the high concentration of lactose [5] and to the
fact that allergic children often follow restrictive nutritional plans and monotonous diets
due to multiple food allergies.

Regarding nutritional efficacy, research shows that (Table 2), despite the majority
of allergic subjects have negative weight and length/stature Z-scores due to feeding
difficulties, growth parameters improve after DM supplementation [23,24,26,31]. The
positive effect of DM on growth is probably related to the ability of the milk to fill some
nutritional gaps in the diet of treated subjects [26]. Even in infants under one year of age, if
properly integrated, DM did not show negative effects on the growth [25].
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Nonetheless, the fat percentage of DM is usually three times lower than HM and
CM, and consequently its energy content is also lower (about 40 vs. 62 and 65 kcal /100 g,
respectively) [5]. According to nutritional recommendations of different international
organizations, fat should provide 40-60% of the daily energy intake in pre-weaned children
(between 0 and 6 months) and should be gradually reduced to 35% in children 2 years
old [32]. Therefore, since DM has a lower fat and caloric content compared to other milks
used in infant feeding, fat needs to be supplemented in children consuming an exclusively
milky diet, e.g., by adding vegetable oils.

The Diagnosis and Rationale for Action against Cow’s Milk Allergy (DRACMA)
guidelines report that equine milks can be considered valid substitutes for CM even if they
cannot be a treatment of choice for CMPA [33]. The choice of alternative milks should
take into account the individual clinical profile of the child allergic to CM, particularly
as concerns age, severity of symptoms, sensitivity to CM proteins and associated food
allergies [34].

Recently, a line of research regarding the application of DM as a fortifier in the feeding
of premature newborns has developed [35,36]. Human milk fortification is a routine
clinical practice for feeding preterm infants to ensure protein and energy intakes of critical
importance in preterm infants.

To evaluate the effect of HM fortification with DM compared to CM, Bertino et al. [35]
designed an open label, randomized controlled clinical trial on a total of 156 very preterm
newborns (gestational age <32 weeks; very-low-birthweight <1500 g) giving two isocaloric
and isoproteic diets. The authors found that a DM-based fortifier seems to improve feeding
tolerance, with a similar auxological outcome in the first 21 days of enteral diet compared
to a CM-based fortifier. A follow-up analysis on 122 of these children at 18 months of age
reported that the fortifier derived from DM have similar long term auxological outcomes
compared with the standard CM-derived fortifier [30].

Finally, ancillary studies of Bertino et al. [35] and Peila et al. [37] have also shown
that the DM compared to CM fortifier reduced the episodes of gastroesophageal reflux
(GER), which frequently occur in very-low-birthweight infants [36]. GER is worsen by food
intolerance and can be associated with cardiorespiratory symptoms [38]. In the paper by
Cresi et al. [37], very preterm infants taking DM also had a lower frequency of weakly acidic
reflux (characteristic of GER) compared to the control group. Given the lower buffering
capacity of DM compared with CM, DM did not affect the physiological acid reflux. The
authors [37] state that DM minor buffering effects on gastric pH could be a protective factor,
preventing infections and necrotizing enterocolitis in premature infants.

Table 2. Studies on the effects of donkey milk on the growth of infants and children.

Study Design Number of Children Age Diet Auxological Outcome Reference
. 16 with IgE-CMPA 1 20 months (range Integrated with .
Prospective study and 6 CM-FPIES 2 9-79 months). DM for 6 months No negative influence [25]

Randomized
controlled trial

Randomized
controlled trial

DM- fortifier vs.

156 preterm infants 11 davs CM *- fortifier; Similar auxological
(77 assumed (me dianya o) isocaloric and outcomes than control [35]
DM 3fortifier) & isoproteic group

diets for 21 days

122 children DM-derived Similar auxological
(77 assumed DM 18 months fortifier vs. outcomes than control [37]
fortifier) CM fortifier group

1 CMPA: cow milk protein allergy; 2 CM-FPIES: food protein-induced enterocolitis syndrome induced by cow milk; 3 DM: donkey milk;

4 CM: cow milk.

3. Inmunomodulatory Effects

DM is particularly rich in lysozyme (LZ) [8], an enzyme that breaks the peptidoglycan
layer of Gram-positive bacteria. The average LZ concentration of DM is on the average
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1.07 g/L (13% of total WP) [9], similar to HM (0.3-1.1 g/L; [39]) and higher than CM,
in which negligible amounts of LZ have been reported. LZ activity for DM ranges from
1670 to 11,531 U/mL [8,40], while it is barely detectable in CM (0.0292 U/mL) and the
highest in HM (about 39,000 U/mL) [41].

According to by Mao et al. [42], the WP fractions containing LZ are responsible
for DM immunomodulatory effect. Whether other components contribute to this action,
such as «-lactalbumin (x-LA) and lactoferrin, remains to be determined. In fact, «-LA
seems to regulate the overall immune function infants [43]. Recently, investigations on
milk oligosaccharides have also shown positive effects on immune system development.
However, research on oligosaccharides regards mostly HM, whereas DM is less studied [44].

DM have shown immunological activities in vitro tests [42,45] and randomized con-
trolled studies in animal models [46] and humans [47], in whom DM can induce the release
of some cytokines, proteins that regulate the inflammatory and immune response to infec-
tions (Tables 3 and 4). DM has been shown to increase cytokines involved in the regulation
of innate immunity and the onset of local acute inflammatory response: interleukin 1
(IL-1) [42,45,47], interleukin 6 (IL-6) [42,47] and tumor necrosis factor o (TNF-«) [42,47]
both in vitro [42] and in vivo [47]. Differently, Jiang et al. [46] have reported an inhibition
of TNF-a in mice with inflammatory bowel disease (IBD).

Furthermore, the WP fraction of DM with a molecular mass >10 kDa has been shown
to stimulate the production of specific immunity regulatory cytokines such as interleukin-2
(IL-2) and interferon vy (IFN-y) by murine splenocytes [42]. DM has also induced the release
of interleukin-10 (IL-10), which is responsible for reducing inflammatory reactions, helping
the elimination of pathogens and reducing the infection damage [47].

The inhibition of the expression of inflammation mediators, in particular interleukin
13 (IL-13) and the already-mentioned TNF-«, has been observed by Jiang et al. [46] on mice
with inflammatory disease.

The only study concerning the immunomodulatory effects of DM in humans has
involved elderly subjects (14 healthy aged subjects; from 72 to 97 years), in which DM vs.
goat milk was administered [47]. These authors observed that the administration of DM
(200 mL/day for one month) acts as an enhancer of the acute phase response in humans.
Therefore, DM daily use may be recommended in the diet of immuno-compromised
elderly patients.

4. Potential Antioxidant and Antihypertensive Effects

The antioxidant activity of DM has been tested in double-blind randomized studies
on animal models [17,48,49] (Table 4). DM-treated rats have shown an enhancement in
antioxidant defense mechanisms and detoxifying enzymes [17,48,49].

Specifically, Li et al. [17] found that DM intake tended to increase the superoxide
dismutase (SOD) activity in the plasma of diabetic rats compared to untreated rats. SOD
enzyme alternately catalyzes the dismutation (or partitioning) of the superoxide (O;7)
radical into ordinary molecular oxygen (O,) and hydrogen peroxide (H,O,). Furthermore,
Li et al. [17] showed that total anti-oxidation capacity is also improved in diabetic rats
treated with DM compared with the untreated group, towards values seen in healthy
(control) rats.

In mouse models, improvements in glutathione/glutathione disulfide ratio in liver
(i.e., an oxidative stress marker) were also observed, as well as increased activities of
liver detoxifying enzymes (glutathione-S-transferase—NAD (P) H: Quinone Oxidoreduc-
tase) [48,49].

Antioxidant activities directly measured in DM and fermented DM (kefir) by mean of
ABTS (2, 2/-Azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) and DPPH (2, 2 diphenyl-1-
picryl hydrazyl) assays have been found higher in kefir than raw DM and increased after
in vitro simulated gastrointestinal digestion [18]. A role of fermentation in DM antioxidant
activity has also been ascribed to bacteria, in particular Enterococcus faecium DM33, as
fermented milk containing this bacterium exhibited the strongest antioxidant activity [18].
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However, antioxidant activities could be related to the release of bioactive peptides
through the enzymatic hydrolysis of proteins. A peptidomic study [50] identified 1330 pep-
tides from commercial donkey milk, mainly coming from (3-CN, «S1-CN and serum
amyloid A protein. Moreover, 3-LG I and lactoferrin can be source of milk peptides, while
a-LA and LZ are resistant to gastrointestinal enzymes [16]. DM peptide fractions tested by
in vitro bioassays have shown antioxidant activities [19,51].

Many peptides in DM have typical characteristics of angiotensin-converting enzyme
(ACE)-inhibitory peptides, potentially reducing the activity of ACE [16]. DM fractions
containing different peptides confirmed angiotensin converting-enzyme inhibitory actions
when tested by in vitro bioassays [50,51].

None of the potentially bioactive peptide identified in DM by Zenezini Chiozzi et al. [51]
exactly matches sequences of known bioactive peptides. However, potential ACE inhibitory
peptides (namely MPFLKSPIVPF) had a similar sequence and the same length to a con-
firmed antihypertensive peptide (namely MPFPKYPVQPF) which was previously found in
Gouda cheese.

Therefore, milk-derived bioactive peptides may potentially decrease the formation of
angiotensin II and increase bradykinin levels, which have vasoconstrictor and vasodilator
properties, respectively. The actions act synergistically in lowering blood pressure. In this
regard, fermented DM (with Lactobacillus casei DM214) showed ACE-inhibitory activity
in vitro [18].

In addition, the release nitric oxide (NO) from peripheral blood mononuclear cells
(PBMCs) treated with DM was observed in vitro. Since nitric oxide (NO) is a strong
vasodilator, a role for DM in the prevention of atherosclerosis has been proposed [45].

5. Effects on Glucose Metabolism and Potential Coadjutant Action in the
Diabetes Treatment

Lactose is the main carbohydrate in DM, as in HM and CM (about 70, 60 and 49 g/L
of milk respectively) [5,41] and it is responsible for the osmotic equilibrium between blood
and alveolar lumen in the mammary gland. Lactose can assume two anomeric forms
(x-lactose, and (3-lactose) on the basis of the glycosylic bond (1,4) that connects the carbon
atom 1 of galactose and the carbon atom 4 of glucose [52].

Lactose intolerance is common in the adult population mostly due to the loss of
intestinal lactase; its prevalence has great geographical variability [53]. Many intolerant
individuals can tolerate low levels of lactose in their daily diet (about 5-10 g of lactose
distributed throughout the day) and in general the use of fermented products and of lactase
supplements can overcome the problem [52]. To the best of our knowledge, there are no
specific studies regarding the use of DM in subjects with lactose intolerance. Lactose-free
DM is currently not available on the market.

Lactose, WP, and bioactive peptides in DM have been shown to be involved in insulin
response to glucose [54]. In particular, LZ and «-LA from DM may have a role in the
prevention and treatment of diabetes [17]. o-LA is a highly represented protein in DM (on
the average 1.22 g/L; 14.69% of total WP) and HM (2.6-4.2 g/L) and plays a key role in
lactose synthesis in the mammary gland.

Beneficial glucometabolic properties of DM have been observed in animal studies [17,48,49].
However, the active components of DM and the biological mechanisms underlying these
effects are still under study.

Trinchese et al. [48] tested DM in healthy rat groups taking different isoenergetic diets
and observed that the diet supplemented with DM improved glucose disposal and insulin
resistance, leading to reduction of glucose levels and better tolerance to glucose loads,
compared with the groups not receiving milk-based supplements (control) and taking CM.

Positive effects of DM on glucose metabolism were also observed in rats with streptozo-
cin-induced type 2 diabetes. In this animal model, DM powder supplements reduced blood
glucose levels and insulin resistance after four weeks. Remarkably, the anti-diabetic effect
of DM was similar to metformin treatment in most biochemical parameters [17].
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Along with insulin resistance, pancreatic 3-cell dysfunction is typically involved in
diabetes development and progression [55]. In this regard, it is noteworthy that DM was
able to improve the viability of damaged clonal 3-cells (mouse insulinoma (3-pancreatic
(MING®6) cells) [17].

The DM beneficial effects on glucose metabolism are, at least in part, attributable to:

(1) reduction of inflammatory status and leptin/adiponectin ratio. The animals treated
with DM showed a reduction in serum inflammatory mediators and in the lep-
tin/adiponectin ratio [48]. These two hormones, derived from adipocytes, are in-
volved in lipid metabolism, energy homeostasis and inflammation [56,57]. A high
leptin to adiponectin ratio is related to insulin resistance [58] and a decrease in
adiponectin was found linked to the onset of type 2 diabetes in animal models [59].

(2) enhancement of antioxidant defense mechanisms [17], which protects against the
development of insulin resistance.

(3) modulation of mitochondrial dynamics that impacts on mitochondrial metabolism.
Alteration of mitochondrial dynamics, function and efficiency has impact on sev-
eral pathological conditions including metabolic diseases such as obesity and type
2 diabetes [60]. DM-treated rats showed more abundant, larger and electron-dense
mitochondria in the skeletal muscle at electron microscopy analysis [49]. These char-
acteristics have been associated to more active mitochondria with higher respiratory
capacity and improved glucose metabolism [61].

(4) down-regulation of two gluconeogenesis key enzymes: phosphoenolpyruvate car-
boxykinase 1 (Pckl) and glucose-6-phosphatase (G6PC) [17].

6. Effects on Lipid Metabolism

Some nutritional peculiarities of DM support its use in low-calorie diets and in the
management of dyslipidemia. In fact, as previously discussed, DM has a lower calorie
and fat concentration (fat ranges from 0.20% to 1.7% in DM) compared with other milks
used in human nutrition. In addition, the amount of saturated fatty acids (SFA) in DM
is significantly lower than CM (3.02 g/L vs. 26.27 g/L, respectively), while the UFA:
SFA ratio is higher (0.75 vs. 0.41, respectively). Furthermore, DM is the richest source of
alpha-linolenic acid (C18:3 n-3;ALA) among farm animal milks (about 7.25 g/100 g of fat).
C18:3 n-3 ALA is a precursor for long n-3 fatty acids and has beneficial health effects [41].

In their controlled studies on murine models, Li et al. and Trinchese et al. [17,48] also
found that DM has beneficial effects on lipid metabolism. In DM-fed animals, significantly
lowered blood triglycerides and reduced fat accumulation have been observed, which were
attributed to beneficial effects on the skeletal muscle. In fact, skeletal muscle mitochondria
of DM-fed animals showed increased respiratory capacity and fatty acid oxidation [48].

This effect is due to:

1.  Anincrease in oleylethanolamide (OEA) in the skeletal muscle and in the liver [48].
OEA increase is probably related to the high concentration of palmitic acid in the
sn-2 position of the triacylglycerol backbone of DM [5,62]. This type of esterification is
similar to that occurring in HM and allows a more effective C16:0 absorption since 2-
monoacylglycerols of SFAs are more easily absorbed than free fatty acids (FFA). OEA
has been identified as an important regulator of lipid metabolism and can enhance
fatty acid oxidation in rats [63].

2. Enhancement of carnitine palmitoyl-transferase (CPT) activity: Increased respiratory
capacity in the skeletal muscle is likely related to an enhancement of CPT activity,
which would further increase the entry of long-chain FFAs into the mitochondria,
stimulating fatty acid oxidation [48]. CPT is a mitochondrial enzyme responsible
for the formation of acyl carnitines by catalyzing the transfer of the acyl group of a
long-chain fatty acyl-CoA from coenzyme A to l-carnitine. This reaction allows the
increase in lipid oxidation for the movement of the acyl carnitine from the cytosol
into the intermembrane space of mitochondria.
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3. Modulation of mitochondrial function, efficiency, and dynamics: Mitochondrial un-
coupling is a dissociation between membrane potential generation and its use for ATP
synthesis [64]. Mitochondrial uncoupling dissipates the proton gradient across the
inner membrane and creates a futile cycle of glucose and fatty acid oxidation without
generating ATP [65], thereby increasing lipid oxidation and reducing intracellular
lipid content [66]. Mitochondrial uncoupling induces a less efficient utilization of
lipid substrates. This decline in mitochondrial energy efficiency may also contribute
to fat burning. Promoting this inefficient metabolism that generates heat instead of
ATP, mitochondrial uncoupling can serve as a potential treatment for obesity [64].

7. Antiproliferative and Antitumor Effect

The literature contains conflicting reports regarding the relation between the con-
sumption of milk and dairy products and cancer. As regards DM, only a few studies have
investigated a possible antiproliferative and antitumor capacity with heterogeneous results.

Indeed, Mao et al. [42] have observed an antiproliferative and antitumor effect of DM
WP on A549 human lung cancer cells in a dose-dependent and time-dependent manner.
From observations on murine splenocytes, the same authors have concluded that DM WP
kill tumor cells through activation of lymphocytes and macrophages.

A recent study in vivo reports that DM reduces primary tumor size and inhibits breast
tumor progression in 4T1 mice by inducing apoptosis [67].

According to Esener et al. [68], the release of NO could mediate the DM tumoricidal
activity. NO release by PBMCs after DM exposure was also observed by Tafaro et al. [45].

Although the exact role of NO in cancer biology is not fully understood, it seems
that high NO concentrations exert a controlling influence on immune-mediated antitumor
activities, whereas low concentrations facilitate cell survival and proliferation [69]. On the
other hand, NO is a potential oncogenic molecule that promotes neovascularization and
reduces blood flow in tumor tissues. Moreover, high concentrations of NO can directly
cause DNA damage [68,70].

A randomized study in rats with Ehrlich ascites carcinoma (EAC) found that adminis-
tration of DM kefir for 10 days reduced the carcinoma volume and increased the number
of apoptotic cells compared with the control group [68]. The effects of DM kefir on tumor
volume and apoptosis were ascribed to the down-regulation of the NO synthase enzyme
(isoforms iINOS and eNOS). In particular, iNOS levels were markedly higher in the control
and DM groups compared to the DM kefir group [68]. However, in contrast with the
findings of Mao et al. [42] and Li et al. [67], Esener et al. [68] reported that DM was not
effective on the carcinoma and the groups of rats treated with unfermented DM showed
less numerous apoptotic cells.

8. Protection of the Intestinal Barrier and Modulatory Effect of the Intestinal Flora

Milk oligosaccharides are a complex class of bioactive carbohydrates without direct
nutritional value [71].

The nutritional importance of oligosaccharides in milk is due to their prebiotic role
(reported for breast milk). In HM, oligosaccharides serve as a substrate for beneficial
gut microbiota by acting as prebiotics and inhibit the intestinal adhesion of pathogenic
microorganisms, thus limiting the onset of enteric infections. Despite the possible protective
role of oligosaccharides on the intestine and the interest in nutritional applications in
specific categories of consumers, DM oligosaccharides have been poorly studied [44].

Currently, the results of studies on animal models suggest that DM, and in particular
DM LZ, could play a role in the treatment of IBD [46,72,73].

LZ is present in higher quantity in DM compared to ruminant milks and seems quite
resistant to human gastrointestinal enzymes (75% resistance) in vitro [74]. Although human
studies in infants are still controversial [43], investigations in mouse models show that LZ
can reach the intestinal tract intact [72].
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Jiang et al. [46] carried out a randomized study on rats gavage fed with fractions of
DM containing WP with different percentages of LZ. After 14 days of treatment, colitis
was induced in mice (via dextran sulfate sodium). The authors found a protective action
of DM WP on the disease: a reduction of symptoms and the improvement of lesions in
treated mice compared with controls. The active component responsible for these actions
was found to be LZ, while «-LA and 3-LG had no significant effects on colitis symptoms.
The DM action was linked to a reduction in the mediators of inflammation, but also to the
protection of the intestinal mechanical barrier function [46].

Anti-inflammatory properties of DM on the intestine have been reported in a random-
ized study on a model of ileitis in mice (ileitis induced by indomethacin) [72]. In this study,
oral DM treatment attenuated the severity of symptoms and macroscopic and microscopic
damages (drop of body weight, reduction in the length of the small intestine, increase
in fecal lipocalin-2). The authors [72] ascribed these actions to the normalization of the
intestinal immunity function, in particular to the expression of antimicrobial peptides by
the Paneth cells which contribute directly to reduce dysbiosis.

Both raw and thermized DM counteracted chronic stress-induced intestinal dam-
age, gut hyper-permeability and inflammation in mouse models of chronic stress [73].
Yvon et al. [73] highlight the importance of DM LZ activity in the reduction of intesti-
nal damage.

DM was also found to modulate the intestinal microbiota and increase the microbial
diversity in healthy rats [49] and in mouse models with IBD [46]. A positive modulation of
the microbiota was also observed in the study of Yvon et al. [72], though this effect was
linked to indirect actions on the intestinal immunity of the host rather than direct actions
on the microflora.

According to Penders et al. [75], the beneficial effects of DM on the microbiota could
represent a key source of immune development and regulation in early life and could have
a preventive role against the development of atopic dermatitis.

Table 3. In vitro studies on the beneficial effects of donkey milk.

Experimental Model Effects Reference

Anti-diabetes action:

Mouse insulinoma beta-pancreatic (MING6) cells DM in the medium (500 pg/mL) improved the viability of [17]

DM ! and fermented DM samples

damaged pancreatic beta-cells
Antioxidant activity of fermented DM samples
Antihypertensive effect (ACE-inhibitory activity) in fermented DM
Immunological modulation: increase in IL-1, IL-6, TNF-«, IL-2

(18]

Murine splenocytes and IFN-y [42]
Anti-proliferative activity induced by DM whey protein
A549 human lung cancer cells (MW2 > 10 kDa),
Human peripheral blood mononuclear cells Immunological activities: increase in IL-1 and IL-10 [45]
! DM: donkey milk; 2 MW: molecular weight.
Table 4. In vivo randomized controlled studies on the beneficial effects of donkey milk.
Experimental Model Treatment Effects Reference
Immunological activities: inhibition of IL-13
Balb/c mice with induced 3 DM ! whey fraction (5%, 20% and TNF-« [46]
colitis and 50% of lysozyme) for 14 days Improvement in the intestinal barrier and
modulatory effects on the gut microbiota.
14 elderly subjects ( from 72 to 200 mL/day of DM for one month Immunological activities: increase in IL-1, [47]

97 years old)

IL-6 and TNF-«
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Experimental Model Treatment Effects Reference
. 3 g/kg day of DM powder for 4 Antioxidant effects: tendency to increase
Wistar rats weeks. SOD 2 activity in the plasma of diabetic rats (171
Improvement of metabolism:
Reduction in the blood glucose on type 2
diabetic rats and in insulin resistance
Antioxidant effects: improvements in
Wistar rats 48 mL/day of DM, for 4 weeks . oxidative st.re.ss. mark.ers in the 1.1ve.r; [48,49]
increased activities of liver detoxifying
enzymes, increase of antioxidants
Improvement of metabolism: improved
glucose disposal; decrease of blood
triglycerides and of fat accumulation in
muscles; modulation of the intestinal
microbiota
Anti-proliferative activity: reduction in
Sw1§s alblpo mice. with 0.5 mL/day of DM or kefir of DM tumor \.zolume.and increased number .Of
Ehrlich ascites carcinoma apoptotic cells in the groups treated with [68]
for 10 days -
tumour fermented DM, not in the groups treated
with unfermented DM
Orally treated with
. DM with the same total daily . o
C57BL/6 mice activity of lysozyme, i.e., 11800 Reduction of dysbiosis by mean of [72]

ileitis induced

U in a total adjusted volume of stimulation of the intestinal innate immunity

0.4 (£ 0.05) mL for 7 days

1 DM: donkey milk; 250D: superoxide dis-mutase.

9. Antibacterial Properties

DM showed antibacterial properties that may be linked to a synergistic activity of LZ,
lactoferrin and some FFA such us lauric, oleic and linoleic acids [76,77].

Lactoferrin exhibits antibacterial, antiviral, antifungal and antiprotozoal activities [39].
Differently from HM, lactoferrin is a minor component in DM (0.097-0.133 g/L), has poor
thermal resistance [78] and is easily digested by gastric and duodenal juice. Thus, it has
been suggested that lactoferrin can play its biologic role in vivo mainly through its bioactive
peptides derived from digestion [79].

In addition to lactoferrin, x-LA, highly concentrated in DM, may contribute to inhibit
the growth of potential pathogens, as reported both in vitro and in vivo for the human
protein [39].

The antibacterial effect of DM could also be mediated by the microflora of the milk
itself. DM contains Lactobacillus plantarum that was described to produce bactericidal
bacteriocins [80]. In addition, antimicrobial activities were found to be higher in fermented
than raw DM and were further increased after in vitro simulated gastrointestinal diges-
tion [18], suggesting that the formation of bioactive peptides may play an additional role in
this effect.

Several authors confirm the efficacy of DM in inhibiting the growth of specific food-
borne pathogens in vitro (Table 5), specifically Gram + bacteria such as:

(a) Listeria monocytogenes (2230/92, ATCC 19111; ATCC: 13932), which was inhibited at
concentration of 1% by DM, in vitro digested DM [19] and also in situ, in artificially
contaminated milk [76,81].

(b)  Staphylococcus aureus (ATCC 8095; ATCC: 6538). DM (50 folds concentrated) was active
at minimal lethal concentration of 64 mg/mL [82], also in situ [76,81,83]. However,
some authors [82,84] found that this antimicrobial activity is reduced by digestion.

(c)  Enterococcus faecalis (DSM 2352), which was inhibited by hydrolyzed DM [84].
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Table 5. Studies on effects against microorganisms of donkey milk.

Microorganism Experimental Model Reference
. . . 1 .
Listeria monocytogenes (2230/92; ATCC 19111; ATCC: 13932) ~ digested in vitro DM " and DM at concentration [19]
1% on microtiter plates;
in situ [76,81]
Staphylococcus aureus (ATCC 8095) (minimal lethal e
concentration of 64 mg of DM concentrated to 50 folds/mL) agar well diffusion [82]
Staphylococcus aureus (ATCC 8095 ATCC 25923 ATCC: 6538) L
and (DSM 25923) (by hydrolyzed DM) mn situ [76,81,83,84]
Enterococcus faccalis (DSM 2352) hydrolyzed DM milk tested by inhibition halos test [84]

on agar plates
Salmonella enterica serovar choleraesuis (CGMCC 1.1859) Agar diffusion test [85]
Salmonella serovar enteritidis (ATCC 13076). and serovar

Typhimurium (ATCC 14028) In situ [81,831;
Shigella dysenterine(CGMCC 1.1869) agar diffusion test and in situ [85]
Microsporum canis, and Microsporum gypseum (failed to grow
at a concentration of 60% and 70% of donkey milk microdilution test [77]
respectively)
Trichophyton mentagrophytes and T. rubrum (minimal lethal agar well diffusion 2]
concentration 32 mg of 50 folds concentrated DM/mL) test
1 mg of DM WP? fractions/mL in the medium of
Echovirus type 5 growth of infected culture of human intestinal [84]

epithelial cell line Caco-2

1 DM: donkey milk; WP: whey protein.

Relating to Bacillus cereus, DM showed variable efficacy depending on the strain [82,84].
For example, DM was less active against B. cereus DSM 4384 [84], while B. cereus RT
INF01 appeared very resistant [19].

An antibacterial activity was also reported against the Gram—Salmonella enterica
serovar choleraesuis (CGMCC 1.1859), serovar enteritidis (ATCC 13076) and serovar Typhimurium
(ATCC 14028). DM was active against these bacteria on the agar diffusion test [85] and in
artificially contaminated milk [81,83]. Shigella dysenterine (CGMCC 1.1869) was also sensi-
tive to DM on the agar diffusion test and in situ. In fact, the counts of viable S. dysenteriae
decreased to below detectable levels in artificially contaminated milk [85].

Regarding Escherichia coli, the results in the literature are conflicting and probably
related to a strain-dependent activity. In fact, some authors [19] showed that DM and
in vitro digested DM caused growth reduction on E. coli (EPEC) 10208355 during its
stationary phase at concentrations of 0.6 and 1.0%. Moderate antibacterial activities against
E. coli strain ATCC 25922 were also observed by Koutb et al. [82] with milk concentrated
50 times (minimal lethal concentrations of 128 mg/mL). In studies in situ on artificially
contaminated milk, an inhibitory activity of DM on the development of E. coli has been
reported [83]. Differently, the growth of the strain C84010 was not inhibited by DM on
agar diffusion assay [85], and the toxicogenic E. coli DSM 8579 was very resistant to in vitro
digested DM [84].

10. Antifungal and Antiviral Properties

DM proved to be inhibitory against fungi (Table 5), particularly some dermato-
phytes [77,82], with the potential to prevent and control the infection of these zoonotic
fungi in humans.

Microsporum canis, and Trichophyton mentagrophytes failed to grow in 60% DM and
Microsporum gypseum appeared to be sensitive to 70% DM [77].

Also, Koutb et al. [82] reported a minimal lethal concentration of 32 mg/mL against
T. mentagrophytes and T. rubrum, using a 50-fold concentrated milk, while no growth
inhibition was observed when testing Candida albicans. The activity against dermatomycotic
fungi was not affected after digestion of DM with pepsin by Koutb et al. [82].
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The only paper that investigated the antiviral activity of the DM reports its effective-
ness against Echovirus (Enteric Cytopathic Human Orphan virus) Type 5 [86]. Echovirus is
a small, non-enveloped, single stranded RNA virus, belonging to the genus Enterovirus of
the Picornaviridae family, acquired by fecal-oral contamination, and infecting the gastroin-
testinal tract as the primary organ [87]. Infections with echoviruses have been associated
with a wide variety of neurological and exanthematic diseases [88].

Among the different protein fractions of DM tested on human intestinal epithelial
cell lines (Caco-2) infected with Echovirus Type 5, WP showed the greatest inhibition on
virus replication [86]. In particular, DM antiviral activity on echovirus type 5 seems due to
a synergic action of high molecular mass WP, such as lactoferrin, lactoperoxidase, serum
albumin, and immunoglobulins [86].

11. Conclusions

Several clinical studies report that DM shows high tolerability in children with food
allergies, while DM immunomodulatory properties have been described in animal models
and in a single study in humans. Research on murine models shows that DM modulates the
intestinal microbiota, enhances antioxidant defense mechanisms and detoxifying enzymes,
and is effective in controlling blood sugar and dyslipidemias. Although the first in vitro
study on the antiproliferative and antitumor effect of DM yielded promising results, the few
available trials in animal models show conflicting findings. Finally, in vitro studies describe
inhibitory actions of DM on bacteria, viruses and fungi. So far, the observed beneficial
properties of DM have been tested almost exclusively in vitro and in animal models and
have been mostly related to some WP. From this literature review, there emerges a need
for new randomized clinical trials on DM consumption in humans to provide stronger
evidence of its potential beneficial health effects, which could lead to new applications of
DM as an adjuvant in human medicine.
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