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ABSTRACT

Nutrition plays a crucial role in human gut health
through the improvement of gut barrier functionality.
Donkey milk represents an interesting source of natu-
ral antimicrobial factors such as lysozyme. Recently,
anti-inflammatory properties of donkey milk lysozyme
activity were described in a mouse model of ileitis. The
current increase of donkey milk consumption highlights
the necessity to propose a healthy milk compliant with
microbiological standards. This study aims to define a
heat treatment of donkey milk, retaining its high lyso-
zyme activity, and to evaluate its beneficial effects on
a gut barrier impairment model due to chronic stress
in mice. To perform this experiment, samples of raw
donkey milk were collected in 15 distinct French farms.
Microbiological analysis and lysozyme content and ac-
tivity were evaluated for each sample. Then, several
heat treatments were carried out to define a time and
temperature combination that allowed for both a reduc-
tion in the number of total micro-organisms, increasing
the shelf-life of the product, and preservation of lyso-
zyme activity. The beneficial effect of heated donkey
milk on the gut barrier of mice was evaluated and com-
pared with raw donkey milk. We found that samples of
raw donkey milk showed low total mesophilic microbial
counts, and no pathogens were detected. Among the
different heat-treatment procedures tested, a 2-min,
72°C combination was determined to be the most op-
timal time and temperature combination to preserve
lysozyme activity and increase the shelf-life of donkey
milk. Oral administration of this heat-treated donkey
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milk in mice counteracted chronic stress-induced intes-
tinal damage, illustrated by gut hyper-permeability and
low-grade inflammation, similar to raw donkey milk.
We have demonstrated for the first time that oral in-
tervention with donkey milk, optimally heat-treated to
retain enzymatic lysozyme activity, improves intestinal
barrier damage linked to psychological stress in mice.
Key words: donkey milk, lysozyme activity, gut,
pasteurization

INTRODUCTION

Donkey milk (DKM) represents a significant source
of natural protective antimicrobial factors (Sari¢ et
al., 2012; Cosentino et al., 2015a, 2016; Labella et al.,
2016). It has been shown that DKM has ability to im-
prove human health (Brumini et al., 2015; Aspri et al.,
2017). For example, DKM can be useful in cases of
cow milk allergy (Carroccio et al., 2000), in the preven-
tion of atherosclerosis (Tafaro et al., 2007), and in the
positive stimulation of the immune system (Jirillo et
al., 2010). All these relevant healthy effects seem to be
related to the biochemical composition of DKM. Whey
proteins represent 35 to 50% of its nitrogen fraction,
with 2 g/L of lactoferrin and 1 to 4 g/L of lysozyme
(Guo et al., 2007). The fraction of DKM containing
lysozyme exerts anti-tumoral activities in vitro (Mao et
al., 2009). Recently, we showed that daily DKM con-
sumption with constant lysozyme activity (LZA) has
anti-inflammatory effects in a mouse model of ileitis.
This effect is highly dependent on LZA and is associ-
ated with normalization of antimicrobial peptide levels
in Paneth cells. These data suggest that DKM must
contain high LZA in order to obtain beneficial effects
on gut mucosa (Yvon et al., 2016).

Nutrition plays a crucial role in human gut health
through its effects on gut microbiota and barrier func-
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tionality (Gottlieb et al., 2017; Marco et al., 2017).
Homeostasis is bound to the interactions of commen-
sal bacteria and host immunity. A disruption of this
homeostasis is found in several pathologies, such as
inflammatory bowel disease (IBD) or irritable bowel
syndrome (IBS; Ma et al., 2018). Low-grade intesti-
nal mucosal inflammation is described in IBS patients
and associated with increase in gut permeability and
visceral pain (Zhou et al., 2009; Vivinus-Nébot et al.,
2013). In humans, stressful life events exacerbate these
gut disorders (Lerebours et al., 2007; Moloney et al.,
2016). In mice, chronic stress, such as water-avoidance
stress (WAS), induces disruption of the colonic epithe-
lial barrier, promotes gut micro-inflammation, induces
hypersensitivity to colorectal distension, and creates
dysbiosis (Bradesi, 2005; Ferrier et al., 2006; Larauche
et al., 2011; Watanabe et al., 2016).

The presence of antimicrobial components such as ly-
sozyme, immunoglobulins, and lactoferrin in raw DKM
keeps total levels of bacteria low (Pilla et al., 2010;
Cavallarin et al., 2015; Aspri et al., 2017), and therefore
confers a long natural shelf life (Zhang et al., 2008).
Processed in other foodstuffs, DKM acts to prevent
bacterial growth and effectively extends their shelf life
(Cosentino et al., 2015b). However, contamination with
Enterococcus faecium and Enterococcus faecalis, strains
that are pathogenic in humans, has been detected in
raw DKM (Verraes et al., 2014; Aspri et al., 2016).
Responsible for an estimated 80% of Enterococcus in-
fections (Kayser, 2003), E. faecalis is a strain adaptable
to different substrates and resistant to both pasteuriza-
tion (30 min at 62°C; Kearns et al., 1995) and antimi-
crobial LZA (Hébert et al., 2007). The recent expansion
of donkey breeding and the increased consumption of
DKM sold on farms for direct consumption highlight
the necessity for farmers to offer a safe and biologically
effective DKM to consumers. Heat treatments with ap-
propriate time and temperature combinations are used
in the production of milk to obtain a safe and suitable
end product. A heat treatment of 30 min at 62.5°C is
currently applied to human breast milk (Sousa et al.,
2014; van der Voorn et al., 2017). However, this time
and temperature combination causes a drastic loss of
up to 44% of LZA (Sousa et al., 2014).

This study aimed (1) to establish an overview of
lysozyme levels and activity in microbiologically char-
acterized French DKM; (2) to develop a low-cost heat-
treatment process to render DKM compliant with mi-
crobiological standards and preserve its LZA; and (3)
to test the ability of this heated milk, compared with
raw DKM, to counteract the gut hyper-permeability
and micro-inflammation induced by chronic stress in
mice.
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MATERIALS AND METHODS
Experimental Design

This study comprised 3 consecutive phases, dia-
grammed in Figure 1. The first consisted of a diagnosis
phase to describe the bacterial load and the lysozyme
levels and activity in 15 raw DKM samples collected
from 15 different French farms. The next phase con-
sisted of optimizing the thermization process on 1 se-
lected milk, obtained from La Ferme du Hitton (Biran,
France), chosen for the farm’s high quality of rearing
and animal well-being. First, several heat treatments
were carried out to define a time and temperature
combination that would both reduce the number of
total microorganisms and preserve LZA in DKM (step
1). Second, linked to the low level of microorganisms
contained in the selected DKM, an enrichment with en-
dogenous bacteria and an artificial contamination with
the thermotolerant strain FE. faecalis were performed
(step 2). Then, the best thermization treatment process
for generating safe milk, compliant with microbiological
standards, was selected from the suitable heat treat-
ments previously tested (step 3). On this basis, an ag-
ing test was performed to characterize the shelf life of
the thermized DKM (step 4). In the last phase of the
study, the beneficial effects of pasteurized DKM were
evaluated in an in vivo model of chronic stress in mice,
which promotes gut hyper-permeability and a micro-
inflammation response.

Donkey Milk Sample Collection

Donkey milk samples were provided from 15 different
farms across France. After milking, the samples were
collected in sterile flasks, immediately frozen, trans-
ported to the laboratory under frozen conditions, and
stored at —18°C until analysis.

Microbiological Analysis

Microbiological Load. Total mesophilic bacteria,
lactic acid bacteria, and thermotolerant coliforms were
counted to evaluate the health quality of the different
raw DKM coming from the 15 French farms. One mil-
liliter each of undiluted samples and dilutions of 10,
1072, and 10~* of each sample were used for counting.
All these analyses were performed in triplicate. The
media and the incubation conditions are described in
Table 1. Tests for pathogens (Listeria monocytogenes,
Salmonella spp., Escherichia coli, and coagulase-posi-
tive Staphylococcus) were conducted in all the samples
by Socsa Analyse (L’Union, France). The results were
expressed in log;, cfu/mL.
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Figure 1. Experimental design of the study. (1) Diagnosis phase; evaluation of the health quality of raw donkey milk (DKM) from 15 French
farms. (2) Optimization of a thermization process to preserve lysozyme activity and reduce harmful microorganisms. (3) Evaluation of beneficial
effects of thermized DKM on altered gut barrier in mice exposed to water-avoidance stress (WAS).

Microbial Enrichment and Artificial Con-
tamination of Selected DKM. Linked to the low
level of microorganisms counted in the selected DKM
from La Ferme du Hitton, an enrichment of endogenous
bacteria and an artificial contamination with F. faecalis
were performed. Briefly, a bacterial smear from donkey
milk growth on PCA medium was enriched in a brain-
heart medium incubated overnight at 37°C, and several
aliquots were stored at —20°C with cryoprotectant.
Then, DKM was enriched to reach 6.3 log;, cfu/mL
of total bacteria in milk. Artificial contamination was
performed by adding 7.3 log;, cfu/mL E. faecalis strain
(EI-Purpan collection, Toulouse, France) to DKM.
Using the different media described in Table 1, total
bacteria and F. faecalis bacteria were counted before
and after the heat treatments tested that did not alter
the enzymatic LZA.

Aging Tests of Pasteurized DKM. An aging
test of the selected pasteurized DKM (2 min/72°C)
was performed at Lanagram Laboratories (Mazamet,
France). The health and safety criteria were determined
in 100 g of DKM samples obtained at 1, 7, 10, 15, and
20 d post-heat treatment. More precisely, counts (cfu)
from total microorganisms (NF EN ISO 4833-1), en-
terobacteria (NF V 08-054), B-glucuronidase—positive
FEscherichia coli (NF ISO 16649-2), coagulase-positive
staphylococei (NF EN ISO 6888-2), and the presence
or absence of Salmonella spp. (AES 10/11-07/11) and
L. monocytogenes (BKR 23/2-11/02) were monitored.

Lysozyme Levels and Activity

Concentration of Lysozyme. Levels of lysozyme
were determined using the reversed-phase (RP)-HPLC

Table 1. Methods used in microbiological analysis to evaluate the health quality of raw donkey milks selected from 15 French farms

Incubation Inoculation
Groups of microorganisms Medium conditions method
Total bacterial count (TBC) Plate count agar (PCA) + 0.1% skim milk powder (Biokar') 30°C, 72 h Inclusion (1 mL)
Thermotolerant coliforms Violet red bile lactose (Biokar) 44°C, 48 h Inclusion (1 mL)
Lactic acid bacteria Elliker modified by Chamba et al. (1981) pourpre de bromocrésol 30°C, 72 h Surface (100 pL)
(Acros Organics®) + thallium acetate (Sigma-Aldrich®)
Total staphylococci Columbia blood agar (Sigma-Aldrich) 37°C, 48 h Surface (100 pL)
Enterococcus faecalis Brain-heart infusion agar 15% (Biokar) 37°C, 48 h Surface (100 pL)

'Biokar, Allonne, France.
?Acros Organics, Morris Plains, NJ.
3Sigma-Aldrich, Saint-Quentin-Fallavier, France.
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approach adapted from Herrouin et al. (2000) and Vin-
cenzetti et al. (2008). From each milk sample, 20 mL
was taken and skimmed by centrifugation at 3,000 x
g for 30 min at 32°C. Whole caseins were precipitated
from the skim milk by adjusting the pH to 4.25 with
HCI. After centrifugation, the supernatant samples cor-
responding to the whey proteins were dialyzed against
distilled water at 4°C overnight using an Interchim
membrane (Montlugon, France) and then freeze-dried
and stored at —18°C until analysis. For RP-HPLC
(Dionex Ultimate 3000, Thermo Fisher Scientific, Tou-
louse, France), samples were diluted in Buffer A (0.1
M bis-tris, pH 8.0 containing 8 M urea, 1.3% trisodium
citrate, 0.3% DTT), and 1.13 to 1.25 pL of sample
was loaded into a 300 A C8 Zorbax 300SB RP-HPLC
column (5 pm, 4.6 mm, 150 mm; Thermo Fisher Sci-
entific). The column was equilibrated with Buffer B
(TFA 0.1%, HyO 95%, acetonitrile 5%). Elution was
achieved using Buffer B and Buffer C (TFA 0.085%,
H,0 5%, acetonitrile 95%) according to the following
gradient: 0 to 5 min: 100% B; 5 to 10 min: 80% B, 20%
C; 10 to 30 min: 60% B, 40% C; 30 to 35 min 100% B.
The flow rate was 1 mL/min. The proteins eluted from
the RP-HPLC column were monitored at 280 nm by a
UV detector (Ultimate 3000 RS diode array detector)
included in the HPLC system (Thermo Fisher Scien-
tific). The amount of lysozyme was determined using
a calibration curve obtained from a standard chicken
egg-white lysozyme prepared in Buffer A and expressed
in milligrams per milliliter.

Activity of Lysozyme. Activity of lysozyme was
assessed using an EnzCheck Lysozyme Assay Kit (Mo-
lecular Probes E-22013; Thermo Fisher Scientific). The
LZA levels reflected by the fluorescence intensity were
measured by a spectrofluorometer (Tecan SAS, Lyon,
France) and quantified via a calibration curve obtained
with a standard chicken egg-white lysozyme. The LZA
was expressed in units per milliliter.

Thermal Treatments

To optimize the heat treatment, 10 distinct fresh
raw milk samples from La Ferme du Hitton were used.
After milking, samples were collected in sterile flasks,

Table 2. Heat treatment conditions

Treatment Temperature (°C) Time (min)
1 72 0.5

2 72 2

3 72 3

4 72 4

5 72 8

6 80 10

Journal of Dairy Science Vol. 102 No. 9, 2019
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immediately transported to the laboratory at 4°C, and
heated in a water bath at several combinations of time
and temperature (Table 2). Then, samples were rapidly
cooled by immersion into cold water. Before and after
each heat treatment, LZA was measured. The total
bacteria and thermotolerant bacteria F. faecalis were
counted after each heat treatment.

In Vivo Experiments

Animals. Eight-week-old male C57BL/6 mice
(weight 23 + 0.5 g; Janvier Labs, Le Genest-Saint-Isle,
France) were used. Mice were maintained in pathogen-
free animal facilities at a constant temperature (21 +
2°C) and a 12-h light/dark cycle. Mice had free access
to water and standard rodent pellets (containing 18.6%
CP, 6.2% crude fat, 5.3% crude ash, and 3.5% crude fi-
ber; Harlan Sprague Dawley Inc., Indianapolis, IN). To
minimize environmental stress, animals were handled for
1 week before the experiments. Animal care and work
protocols, as well as sacrifice procedure, were approved
by the local ethical committee, according to EU Direc-
tive 2010/63/EU (Agreements #TOXCOM_0143HE
and APAFiS #4972-2016021814258245).

Water-Avoidance Stress. Briefly, mice were placed
on a 3 X 3-cm platform fixed in the center of a 40 x
40-cm pool filled with cold water 1 h per day for 9 d
(Bradesi, 2005). Each WAS sessions was performed be-
tween 0800 and 1000 h. Control mice were submitted to
a similar procedure using an empty pool (sham stress).

Lipocalin-2 Levels. Lipocalin-2 (LCN-2) is a
neutrophil gelatinase-associated lipocalin (NGAL)
contained in neutrophil granules, used as a biomarker
of intestinal inflammation. To quantify LCN-2, mouse
feces were collected and subsequently mixed in PBS
for 20 min to obtain a homogeneous fecal suspension
(Chassaing et al., 2012). Then the samples were ground
using FastPrep (MP Biomedicals, Tllkirch, France; 3
times for 15 s each at 6 m/s, with 1-min breaks on
ice) and centrifuged for 10 min at 10,000 x ¢ at 4°C.
Clear supernatants were collected, and samples were
diluted in the kit-recommended reagent diluent (1.0%
BSA in PBS). We then measured LCN-2 levels using
the Duoset murine LCN-2 ELISA kit (R&D Systems,
Minneapolis, MN). The obtained values were normal-
ized by the weight of fecal material.

Gut Permeability. Fluorescein isothiocyanate
(FITC) is a small (389 Da) fluorescent molecule pres-
ent in plasma after an oral administration of FITC.
This plasma fluorescence reflects gut permeability
status (Inczefi et al., 2014; Edelblum et al., 2017).
Mice received 250 pL of free FITC (1 mg/mL, F7250;
Sigma-Aldrich, Saint-Quentin-Fallavier, France) by
oral route. Three hours after FITC administration, a
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blood sample was taken from the facial submandibular
vein and centrifuged at 10,000 x ¢ for 10 min. Clear
supernatants were collected, and samples were diluted
in sterile saline solution (NaCl 0.9%, Sigma-Aldrich).
The fluorescence levels present in the plasma were as-
sessed using a TECAN fluorimeter (485 excitation/528
emissions), and the obtained values were normalized by
the BW of each mouse. The values were expressed as
percentage of difference from the control group.

Experimental Protocol. Male C57BL/6 mice were
divided into 6 distinct groups (n = 10 per group): 3 con-
trol groups and 3 WAS groups. Animals orally received
a PBS solution (0.2 mL/d), raw DKM (0.2 mL/d), or
pasteurized DKM (pasteurized for 2 min at 72°C; 0.2
mL/d, volume adjusted £0.1 mL, so that each animal
received 5,900 U of LZA, as in the raw DKM group),
respectively, and the BW of each mouse was recorded
daily. At the end of the WAS or the sham stress proce-
dure, fecal materials were collected to evaluate the gut
inflammatory response reflected by fecal LCN-2 levels,
and the total gut permeability was assessed as previ-
ously described.

Statistical Analysis

Data were expressed as mean + SEM. For statistical
analysis, GraphPad Prism 4 (GraphPad, San Diego,
CA) was used. For all experimental studies, multiple
comparisons between treatments or animal groups were
performed using 1-way ANOVA, followed by Bonfer-
roni’s multiple comparison test. Statistical significance
was accepted at P < 0.05. To evaluate the correlation
between LZA and lysozyme levels, a linear regression
was performed to obtain the regression coefficient (R?).

RESULTS AND DISCUSSION

Characterization of French Raw Donkey Milk:
Microbiological Quality, Lysozyme Content,
and Lysozyme Activity

Samples of French raw DKM showed low total me-
sophilic microbial counts (3.82 £+ 1.56 log;, cfu/mL).
These values are close to the average range (2.40 +
1.87 logyy cfu/mL) reported in literature (Herrouin et
al., 2000; Salimei et al., 2004; Zhang et al., 2008; Pilla
et al., 2010; Sarno et al., 2012; Cavallarin et al., 2015;
Malissiova et al., 2016; Aspri et al., 2017). Moreover,
in the 15 DKM samples tested, no pathogens were
detected above the limit prescribed by European and
French regulations (EC 853/2004; Regulations of July
13, 2012): absence of Salmonella spp., absence of L.
monocytogenes, less than 1 cfu/mL of Escherichia coli,
and less than 10 cfu/mL of coagulase-positive staphy-
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lococci. The number of thermotolerant coliforms were
2.00 £ 1.50 logy, cfu/ml, and the mean number of
lactic acid bacteria were 2.17 + 1.44 log,, cfu/mL, in
agreement with previous literature (Chiavari et al.,
2005; Zhang et al., 2008; Sari¢ et al., 2012; Carminati
et al., 2014). These data show that French DKM is
comparable to Italian, Chinese, or Balkan DKM, with
good sanitary quality (low microbial load and absence
of pathogenic microorganism); they illustrate good
management and hygiene practices in French farms and
should encourage French farmers to produce milk for
human consumption.

Antimicrobial peptides such as lysozyme and lacto-
ferrin may be responsible for the low bacterial load of
DKM and can exert a positive effect on raw milk stor-
age (Zhang et al., 2008). The average lysozyme levels
and LZA in the 15 farm samples tested were 2.74 +
0.88 mg/mL and 17900 + 1636 U/mL, respectively.
Although the lysozyme levels mainly depend on the
lactation stage and the production season, these con-
centrations are close to those described in Italian DKM
(Vincenzetti et al., 2008; D’Alessandro et al., 2011).
The month of lactation affects the concentration of
lysozyme in DKM, resulting in a higher concentration
of lysozyme during the first 4 mo of lactation and a
reduction thereafter (D’Alessandro et al., 2011). Simi-
larly, DKM whey protein concentrations are signifi-
cantly higher at the beginning of lactation and decrease
with time, as observed in humans (Lonnerdal, 2003;
D’Alessandro et al., 2011). Concerning LZA, linked to
the different published methods of analysis used, the
results obtained herein cannot easily be compared with
those described in literature. To our knowledge, only a
few studies have previously used the EnzCheck (Molec-
ular Probes) assay, and these show similar LZA levels
(15000 U/mL) to those obtained in our study (Addo
and Ferragut, 2015). Interestingly, LZA levels measured
herein for DKM are close to those observed in human
breast milk (18,000 U/mL; Sousa et al., 2014).

No correlation between the enzymatic activity and
levels of lysozyme was observed in our study (Figure
2), which suggests that a large quantity of lysozyme
with low enzymatic activity is present in DKM. Due
to their role in the development of infants, the amount
of bioactive proteins in mammals’ milk is considered
important (Butte et al., 1984; Loénnerdal, 2003).
In newborns, the major function of lysozyme is to
strengthen their immature immune system (Cieslak et
al., 2017). The biological properties of lysozyme are
supported by 2 distinct mechanisms of action on bac-
terial structures, one of which involves the enzymatic
activity of lysozyme, and the second consisting of a
non-enzymatic mode of action via cationic properties,
which results in a perturbation of the bacterial cyto-

Journal of Dairy Science Vol. 102 No. 9, 2019
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plasmic membrane (Masschalck et al., 2001). In recent
work, we have shown that daily consumption of DKM
has anti-inflammatory properties in the gut, in a model
of ileitis in mice (Yvon et al., 2018). We observed that
this dietary intervention requires significant enzymatic
activity of lysozyme as a key condition to obtain a ben-
eficial effect on gastrointestinal mucosa (Yvon et al.,
2018). Thermal treatments can reduce the nutritional
quality of milk, affecting both the molecular structure
and the enzymatic activity of milk proteins such as ly-
sozyme. Based on these observations, we consider LZA
to be a biologically active marker in DKM and focused
our experiments on developing a heat treatment aimed
at safeguarding the antimicrobial enzymatic activity of
lysozyme. To define and optimize this heat treatment,
we selected 1 DKM from La Ferme du Hitton, which
combined good breeding and high quality of life for
animals.

Effect of Thermal Treatments on Microbiological
Quality and Enzymatic Lysozyme Activity

Although lysozyme is a temperature-resistant en-
zyme, heat treatments can significantly reduce its
biological activity, with reductions ranging from 21 to
74% (Wills et al., 1982; Koenig et al., 2005; Czank et
al., 2010; Sousa et al., 2014). In our experiments, ther-
mal treatments significantly (P < 0.05) affected LZA.
(Figure 3A). The most drastic decreases were observed
in treatments of 8 min at 72°C and 10 min at 80°C,
which showed reductions of 27.15 + 5.32% and 60.79
+ 11.65% of LZA, respectively, compared with LZA
measured in raw DKM (Figure 3A). Heat treatment of
DKM for 4 min at 72°C induced a reduction of 13.77

I 22,500 -

S ] ° y=ax+b

5 ] ¢ R2 = 0.000784

< 20,500 -

: " S

§~18,500—_ . .

g ] ® ° ®

= 16,500 - o« °

e ] o

-‘E 14,500 .

= i

< 12,500 +——————r—rr————
0 1 2 3 4 5

Lysozyme concentration (mg/mL)

Figure 2. Correlation between enzymatic activity (U/mL) and
concentration of lysozyme (mg/mL) in donkey milk from 15 French
farms. Linear regression: R? = 0.000784, indicating that the equation
of the regression line determines 0.0784% of the distribution of points.
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+ 2.70% of LZA compared with raw DKM. Pasteuriza-
tion of DKM for 30 s, 2 min, or 3 min at 72°C had no
significant effect (P < 0.05) on LZA compared with
LZA measured in raw DKM (Figure 3A). Previous
studies have showed that pasteurization in the same
range of treatment times and temperatures had little
effect on the content of other interesting compounds in
DKM, such as immunoglobulins (IgA, IgG; Aspri et al.,
2017) and vitamins (MacDonald et al., 2011) compared
with raw DKM.

In the raw DKM tested, the total bacterial load was
3.90 logyy cfu/mL. Thermal treatments safeguarding
LZA—that is, 30 s at 72°C; 2 min at 72°C; or 3 min
at 72°C—greatly decreased the total bacterial count
(TBC), with a reduction of 2 log;, cfu/mL, repre-
senting less than 100 cfu/mL in heated DKM (Figure
3B). Because our selected DKM contained a low load
of total bacterial and no pathogen strains, to mimic
poorer conditions of breeding and milking, 2 types of
DKM were produced: DKM enriched with endogenous
bacteria (Figure 3B) and DKM artificially contami-
nated with the thermotolerant E. faecalis (Figure 3B).
Treatment for 30 s at 72°C reduced TBC by more than
4 logyy cfu/mL (from 6.85 to 2.53 log,, cfu/mL) in the
bacteria-enriched DKM but had little effect (reduction
of less than 2 cfu/mL of E. faecalis) on the artificially
contaminated milk (from 7.56 to 6.11 logy, cfu/mL).
The 2 min, 72°C, treatment permitted a 2 log;, cfu/mL
reduction of TBC in enriched DKM and a 4.2 log;, cfu/
mL reduction of E. faecalis in artificially contaminated
DKM. Considering the low bacterial load in DKM
(Table 3), we selected the 2-min treatment at 72°C,
because it permitted reduction in both TBC and ther-
motolerant E. faecalis, while preserving LZA in DKM.

Aging Tests for Safety and Freshness Guarantees
of Selected Heat-Treated DKM

According to the safety and hygiene criteria defined
by the regulation of food microbiology no. 1441/2007
and 852/2004 (European Commission, 2004, 2007),
samples of DKM previously submitted to heat treat-
ment (2 min at 72°C) were analyzed at different time
points. At 20 d post-treatment, total mesophilic bacte-
ria were less than 10,000 cfu/mL. After 7, 10, 13, 15,
and 20 d post-treatment, no L. monocytogenes and no
salmonella were detected in DKM. For suspected en-
terobacteria, Escherichia coli-positive 3-glucuronidase,
and coagulase-positive staphylococci, fewer than 10
cfu/ml. were counted, reflecting applicable criteria
for DKM intended for human consumption. Indeed,
an adequate heat treatment of milk must (1) make
milk and milk products safe for human consumption
by reducing the number of viable bacteria that may



HEALTHY GUT EFFECT OF HEATED DONKEY MILK

A B

100

3

s

> kS
|

£ S

2 g E

S =3

: .go
q’O

£ t;g,

3 38

] m

>

L

)

®

)

o

A

7703

—1Donkey milk
—IDonkey milk+ TBC
Hm Donkey milk + E. faecalis

Figure 3. (A) Effects of thermal treatments (pasteurization, P) on enzymatic lysozyme activity in bacteria-enriched raw donkey milk
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milk 4+ E. faecalis, black bars). Error bars represent standard error of the mean.

be harmful to health and (2) improve the shelf life
of milk by reducing the numbers of spoilage bacteria
(LeJeune and Rajala-Schultz, 2009). In our study, the
heat treatment applied (2 min at 72°C) extends the
previous shelf life period described, 3 d at 4°C for raw
DKM (Zhang et al., 2008), to 20 d at 4°C for treated
DKM. Moreover, to further increase shelf life, milk can
be frozen after pasteurization. Indeed, pasteurization
and freezing after pasteurization are usual procedures
carried out for human milk banks. Human breast milk
frozen after pasteurization does not present any signifi-
cant changes of the protein fraction (Garcia-Lara et al.,
2013). Pasteurization before freezing also denaturizes
enzymes involved in producing bitter flavor and rancid-
ity of milk during storage (Lemieux and Simard, 1991)
and so should improve the taste and flavor of DKM.

Table 3. Microbiological characteristics and lysozyme content and
activity of French raw donkey milk; values + standard deviation

Item Value
Bacterial count (log;, cfu/mL)
Total mesophilic bacteria 3.82 + 1.56
Lactic acid bacteria 2.17 + 1.44
Thermotolerant coliforms 2.00 £ 1.50
Staphylococci (coagulase positive) <10 cfu/mL
FEscherichia coli <1 cfu/mL
Salmonella spp. in 10 g 0
Listeria monocytogenes in 10 g 0
Lysozyme
Level (mg/mL) 2.74 £ 0.88

Activity (U/mL) 17,900 + 1,636

Evaluation of Beneficial Effects of Raw
vs. Heat-Treated DKM

In physiological conditions, oral administration of
raw or heat-treated DKM (2 min at 72°C), containing
similar LZA (5900 U), at 0.2 mL/d did not change bas-
al total gut permeability in unstressed mice compared
with unstressed control animals who received PBS [4.19
4+ 0.68 and 4.04 £ 0.45, vs. 2.70 4+ 0.28 ng of FITC per
mL of plasma, respectively (Figure 4A); the obtained
values were normalized by the BW (g) of each mouse].
In the same way, both treatments (raw or heat-treated
DKM) had no effect on levels of the fecal inflammatory
marker LCN-2 compared with control mice (23.57 +
6.48 and 13.80 £ 3.09, vs. 15.75 + 2.91 ng/g of feces,
respectively; Figure 3B). In contrast, chronic psycho-
logical stress (WAS) induced a significant increase (P <
0.001) of total gut permeability to free FITC molecules
(10.85 £ 1.06 ng/mL). This increased gut permeability
is associated with a significant increase (P < 0.05) of
LCN-2 levels (+84.48 + 36.51 ng/g of feces) assessed
in WAS mice. These effects of increased gut perme-
ability and micro-inflammation were significantly coun-
teracted (P < 0.01) by oral treatment with both raw
and heat-treated DKM. To reinforce these data, further
experiments using several milk samples from different
farms and countries should be performed, to consoli-
date their effects on gut function after this specific heat
treatment. As described in the introduction, DKM is a
complex matrix containing several mediators such as
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interferon ~ (IFN~), lysozyme, lactoferrin, and TGF-3.
Therefore, in our study, we cannot exclude the possibil-
ity that heat-treated DKM could exert beneficial effects
on gut functions not only via lysozyme activity but
also via other mediators that might resist the treatment
process.

Increased intestinal epithelial permeability has been
implicated as a prerequisite in the pathophysiology of
IBS (Spiller et al., 2000) and has also been found in
animal models of chronic stress (Soderholm et al., 2002;
Barreau et al., 2004). Additionally, IBS is associated
with mucosal immune stimulation, a micro-inflammato-
ry state characterized by increased density of immuno-
cytes and mast cells in the gut mucosa (Guilarte et al.,
2007). Altered mucosal barrier permeability facilitates
the entry of toxins and bacteria and is considered to be
responsible for mucosal micro-inflammation (Hyland et
al., 2014). Furthermore, in IBS, increased gut perme-
ability is positively correlated with visceral pain (Zhou
et al., 2009), and in rodents stress-induced gut hyper-
permeability is also responsible for visceral hypersen-
sitivity (Ait-Belgnaoui et al., 2005). In this context,
alteration of intestinal permeability constitutes a clear
target in pathophysiological treatment for IBS today.

CONCLUSIONS

Based on the beneficial effect of DKM, heat treated
according to our defined procedure, on WAS-induced
intestinal damage and the observations previously
published in preclinical stress models and in human
IBS patients, we propose oral consumption of DKM as
an intervention against intestinal barrier dysfunction
due to psychological stress. However, other studies are

Journal of Dairy Science Vol. 102 No. 9, 2019

needed to assess the efficacy and safety of DKM in
the management of IBS symptoms. We first suggest
testing the beneficial effects of DKM on a model of
stress-induced visceral hypersensitivity.
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