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Mare’'s milk is recognized for its nutritional and immunomodulatory
properties, making it a promising functional food. Furthermore, mare's
milk is characterized by anti-carcinogenic and antiviral attributes, which have
incited considerable scientific inquiry. This study investigates the chemical
composition, immune-modulating effects, and physiological impact of Adaev
horse milk supplementation in a Streptococcus pneumoniae-infected Wistar
rat model. Eighteen male rats were divided into three groups: a control group
(GC-1) receiving standard chow, a low-dose supplementation group (LDM-2)
receiving 0.1g of lyophilized mare’'s milk, and a high-dose group (HDM-3)
receiving 1.5g of lyophilized mare’'s milk. SDS-PAGE analysis revealed that
Adaev horse milk is rich in whey proteins and has lower casein content,
enhancing protein digestibility and bioavailability. HILIC-MS identified key
sialylated oligosaccharides [lactose, 3/—sialyllactose (3rSL), 6/—sialyllactose
(6/SL), 3 -a-sialyl-N-acetyllactosamine (3/SLN), sialyllacto-N-tetraose a (LSTa),
sialyllacto-N-tetraose b (LSTb), and sialyllacto-N-tetraose ¢ (LSTc)], suggesting
potential prebiotic and immunomodulatory effects. Blood serum analysis
demonstrated increased total protein levels in supplemented groups, with
significant alterations in albumin/globulin ratios, creatinine, and enzyme
activity. Histological examination of lung tissues indicated that high-dose
supplementation reduced inflammatory damage, improved tissue integrity,
and enhanced immune recovery. These findings suggest that Adaev horse
milk supplementation modulates immune responses, improves metabolic
and hematological parameters, and mitigates pneumonia-induced tissue
damage, highlighting its potential as a functional dietary supplement with
immunotherapeutic benefits.
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1 Introduction

The relationship between diet and health underscores the
importance of functional food research. Kazakhstan has significant
potential in this area, particularly with dairy products like mare’s
milk (1). Dairy items are nutritionally valuable (2), versatile in
cooking (3), and beneficial for digestive health due to probiotics
in products such as yogurt and kefir (4, 5). Among dairy options,
mare’s milk stands out for its unique nutritional benefits, despite
being less commonly consumed than cow’s or goat’s milk (6).

Mare’s milk is a nutritionally rich dairy product containing
essential biological elements, including amino acids, whey proteins,
lipids, and enzymes such as lysozyme and amylase, along
with vital microelements like calcium, potassium, phosphorus,
magnesium, and iron (6-9). It provides significant amounts
of vitamins A, C, B-complex, E, H, and folic acid in well-
balanced proportions, contributing to its high nutritional value
(7). Chemically, mare’s milk consists of ~89.7% water, 2.3%
protein, and notable concentrations of ascorbic acid, phosphorus,
potassium, magnesium, and calcium, often surpassing levels found
in other livestock milk (6, 10). Despite its relatively lower protein
content compared to cow’s or goat’s milk, it contains more protein
than human milk, making it a suitable alternative in neonatal
nutrition (6, 7). The primary whey proteins in mare’s milk include
p-lactoglobulin, a-lactalbumin, immunoglobulins, lactoferrin, and
lysozyme, with a protein profile characterized by lower B-
lactoglobulin and higher a-lactalbumin and immunoglobulin levels
compared to cow’s milk, providing enhanced thermal stability (11-
14). Casein fractions, including asl-, as2-, p-, and k-casein, exist
in micellar structures that store essential amino acids and minerals,
playing a crucial role in foal nourishment (15). Additionally, mare’s
milk has higher ascorbic acid levels than cow’s or goat’s milk but
lower concentrations of phosphorus, potassium, magnesium, and
calcium, though its calcium-to-phosphorus ratio is significantly
higher than that of cow’s or goat’s milk but lower than that of human
milk (16). A study of 29 lactating mares revealed that colostrum
contained 16.41% total protein, 13.46% whey protein, and 2.95%
casein, with non-protein nitrogen levels increasing post-birth,
highlighting its evolving nutritional composition during lactation
(17-19). While its amino acid profile resembles that of ruminant
milk, it is particularly rich in cysteine, glycine, serine, and glutamic
acid but has lower methionine levels, contributing to its distinctive
nutritional properties (19-25). The physicochemical characteristics
of mare’s milk vary with diet, health status, and lactation stage, with
its pH gradually increasing from 6.6 at 4 days post-birth to 6.9 at 20
days and reaching 7.1 by day 180, primarily influenced by protein
and salt concentrations (26, 27). Furthermore, its freezing point
(—0.554°C) is lower than that of cow’s milk due to its higher lactose
content, with a typical pH range of 7.1 — 7.3 and an average freezing
point of —0.525°C (28). Hygienic standards for dairy products
emphasize total bacterial and somatic cell counts as key indicators
of milk quality and safety, ensuring compliance with national and
international regulations to safeguard human health (29, 30).

Bacterial infections are caused by pathogenic bacteria that can
enter the body and multiply, leading to various health issues. Some
common bacterial infections in humans include streptococcal
infections, staphylococcal infections, E. coli infections, and many
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others. Among them, Streptococcus pneumoniae is a type of
bacterial infection that can affect humans (31). The symptoms and
severity of bacterial infections can vary depending on the type
of bacteria involved and the site of infection. Horse milk, also
known as mare’s milk, has been consumed by some cultures for
centuries and is believed to have certain health benefits for a wide
range of infections, including pneumonia, sinusitis, ear infections,
and invasive diseases like bacteremia and meningitis. However,
horse milk consumption during infection, like any dietary choice,
should be approached with caution and under the guidance of a
healthcare professional. While horse milk is consumed in some
cultures and is believed to have certain health benefits, there is
limited scientific evidence to support its specific role in treating or
preventing infections.

The Adaev horse is an indigenous and distinct horse breed that
has its roots in the Kazakh Adayev tribe, which historically lived in
the lowlands around the Aral-Caspian Sea region. This particular
breed of horse plays an irreplaceable role in the challenging and
rugged environments of the Ustyurt plateau and the Mangistau
Peninsula, where its unique characteristics make it well-suited to
thrive (32). Throughout millennia, people in Central Asia and
neighboring regions have incorporated Adaev horse milk into
their diets. This milk serves as a fundamental ingredient in the
production of a traditional beverage called qymyz, which is crafted
through a fermentation process that involves lactic acid bacteria
and yeasts. Also, its derivatives such as dry powder and others serve
as functional foods and food supplements. Qymyz holds immense
cultural significance, playing a central role in the traditional horse
husbandry practices and the cultural identity of the Central Asian
population. It symbolizes good health, and besides its cultural
importance, mare’s milk, including qymyz, has been reported to
offer various therapeutic benefits. In this particular study, the focus
was on the physico-chemical properties of horse milk, with a
specific emphasis on milking and sample collection from the Adaev
horse breed. The primary objective of this research is to investigate
the immunomodulating properties of Adaev horse milk. This
research has the potential to contribute to our understanding of
the immunomodulating properties of mare’s milk and its potential
applications in combating multidrug-resistant bacterial strains,
such as S. pneumonia.

2 Materials and methods

2.1 Chemicals, reagents and strains

One of the testing bacterial strains of the American-type
collection center (ATCC) culture was used as a marker strain in the
current study, which is S. pneumoniae 79. 90% alcohol and xylene
were purchased from Sigma Aldrich.

2.2 Animals and experimental design
Animals: Ethical approval was obtained from the Committee

of Animal Care and Use, Al-Farabi Kazakh National University,
Kazakhstan. Eighteen male adult Wistar rats (5 weeks old) were
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FIGURE 1

Experimental design for investigating the immunomodulating properties of mare’s milk.
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housed in the animal facility of the Biology and Biological
Technologies Faculty at Al-Farabi Kazakh National University. The
environmental conditions were strictly controlled, maintaining a
12 h light/dark cycle and an ambient temperature of 23°C. Rats had
unrestricted access to food and water, and their cages were cleaned
daily and disinfected weekly with 70% alcohol. They underwent a
seven-day acclimatization period with free access to water and rat
chow (HFK Bioscience Co., LTD, Beijing, China).

Experimental Design: The study followed a structured
experimental design, including sample collection, physicochemical
analysis, lyophilization, assessment of the immunomodulatory
properties of mare’s milk, blood and blood serum analysis, and
histological examination. The experimental design is illustrated in
Figure 1.

Eighteen male Wistar rats (200 =+ 1.2 g) were randomly divided
into three groups (n = 6 per group). The control group (GC-1)
received only rat chow (4.5% fat, 0.02% cholesterol) and water.
The low-dose mare’s milk group (LDM-2) received rat chow
supplemented with 0.1 g of lyophilized mare’s milk powder, while
the high-dose mare’s milk group (HDM-3) received rat chow
supplemented with 1.5 g of lyophilized mare’s milk powder. After
acclimatization, LDM-2 rats were injected with 0.3 mL (1,000 CFU)
of a mixed strain of S. pneumoniae 79, while HDM-3 rats received
1.5mL (1,000 CFU) of the same strain.

To account for individual differences in initial body weight,
baseline weight was recorded and used as a covariate in the
statistical analysis to adjust for potential variations among
the groups.

2.3 Mare's milk sampling

During the research period, three samplings of Adaev mare’s
milk were carried out in Almaty, Kazakhstan. Samples of mare’s
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milk were taken during March and August 2023 in various
stages—from the first to the sixth month of lactation. The rats were
housed individually, both indoors and outdoors, and received a
daily diet consisting of wheat bran, grass, and hay. Access to water
was provided continuously through troughs. Mares were between
5 and 9 years of age, with live weights between 565 and 790 kg.
The minimum quantity of milk samples from each mare was about
200 mL. The collected number of milk samples was comparatively
small as it is very difficult to take milk samples from mares if foals
are not in their immediate vicinity (but without physical contact
and the possibility to suck milk). Since foals suck quite often, mostly
every 15 min, it is very difficult to gather a higher milk quantity
by one milking, which would be sufficient for a great number
of analyses.

2.4 Chemical composition and physical
properties analysis

Samples of mare’s milk for the analysis of chemical composition
and physical properties were collected from a total of 15 mares.
The analyses of milk chemical composition included determining
the content of total solids, milk fat, proteins, caseins, and lactose.
All mentioned analyses were determined by reference methods in
order to calibrate the instrument MilkoScan FT 2 (Foss Electric,
Denmark) (33). The content of whey protein and non-protein
nitrogen in milk was determined by calculating the difference in
the total protein and casein content. Among physical properties,
titratable and ionometric acidity, as well as the freezing point of
mare’s milk were determined. The titratable acidity of milk was
carried out according to the Soxhlet-Henkel method and the pH
value of milk was by ionometric method. Determination of the
physicochemical mass of the mare’s milk was done before and after
the lyophilization step.
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2.5 Lyophilization

The freeze-drying process was carried out on a semi-technical
scale using the CHWC-20A freeze-dryer (Lyo-Tech Sp.z o.0.,
Miedzyrzecz, Poland) to simulate an effective industrial process.
Freeze-drying occurred in a single layer of frozen milk discs.
Throughout the process, the vacuum was kept approximately
constant in the range of 60-70Pa, and the temperature of the
heating plates was varied, starting at 90°C and ending at 40°C.
The complete freeze-drying process was conducted for 16 h. The
powders were stored in foil laminate sealed pouches at 3 + 0.5°C
for further analyses, but not for longer than 2 weeks. Freeze-dried
mare’s milk samples were stored and protected from light (34).

Dry matter (DM) was determined according to the AOAC
standard procedure (AOAC, 1990). Contents of dry matter
were calculated according to the following equation DM (%) =
my % 100/my, where DM (%) is the percentage of a total dry matter,
m; is sample weight before DM determination and m, is sample
weight after drying. Overall, the obtained powder mass was 2 kg
from 45 L of mare’s milk.

2.6 Body weight of animals

The body weight of each rat was recorded at baseline (before
treatment) and measured weekly until the end of the study. A
large plastic beaker was placed on an electronic weighing scale,
tared to zero, and then removed. Each rat was placed inside
the beaker, which was repositioned on the scale, and the most
frequently observed weight was recorded (33). To ensure an
accurate assessment of treatment effects, initial body weight was
incorporated as a covariate in the statistical analysis. By the end
of the 5-week experiment, all rats were fasted overnight before
proceeding to the next phase of the study.

2.7 Blood serum analysis

The blood of each mouse was collected from the inner canthus
and the animals were sacrificed by neck dislocation. In blood serum
of rats by using of automatic biochemical analyzer Rendom Access
A-25 (Spain) were determined the following parameters: creatinine,
urea, alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), gamma-glutamyltransferase
(GGT), total protein, albumin, albumin-globulin, and glucose. All
parameters were determined using Bio Systems kits (Spain).

2.8 Hematological analysis

Histological processing of the material was carried out using
the traditional method of microscopic technique for preparing
thin slices. In the hematological analysis, profiles of both the
test and control animals were examined using blood samples
collected in EDTA-containing tubes. An automated hematology
analyzer (OX-360, Balio Diagnostics, France) was employed for
this analysis. These included an assessment of white blood cell
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(WBC) counts and leukocyte formula, expressed as a percentage
of total WBCs. This category encompassed various measures
of red blood cells (RBCs), including RBC count, hemoglobin
(Hb) concentration, hematocrit (HCT) level, mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), mean
cell hemoglobin concentration (MCHC), and red blood cell
distribution width (RDW). Platelet count (PLT) and mean platelet
volume (MPV) were also examined as part of the hematological
analysis. These hematological parameters provide valuable insights
into the cellular composition and health of the blood, aiding
in the assessment of the animals’ overall wellbeing and the
potential impact of experimental or environmental factors on their
hematological status.

2.9 Histology analysis

Histological processing of the material was carried out using
the traditional method of microscopic technique for preparing thin
slices. For morphological analysis, animals were decapitated at a
strictly defined fixed time between 9 and 10a.m. The object of
the study was the main population of rat lung cells. Material from
the organs of control and experimental animals was taken and
fixed, followed by processing for comparative histological analysis.
Material from the organs of control and experimental animals was
taken and fixed, followed by processing for comparative histological
analysis. Morphological changes were studied in lung tissue, from
which tissue fragments measuring 1 x 1 x 1cm were cut out and
intended for histological examination, followed by fixation in a 10%
solution of neutral formalin. The minimum fixation period lasted
for 10 days, with the fixing fluid being replaced twice during this
time. Subsequently, the fixative was thoroughly rinsed in running
tap water for 24 h. The tissue underwent a dehydration process
using a series of alcohol solutions with increasing concentrations
(ranging from 50% to absolute alcohol), followed by clearing in
xylene. Subsequently, it was immersed in a solution of paraffin
in xylene saturated at +37°C and then transferred to paraffin at
+56°C. Finally, the tissue was embedded in a mixture of paraffin
and beeswax to create paraffin blocks, from which serial sections
with a thickness of 5-7 microns were cut. The sections were stained
with hematoxylin-eosin. Viewing and photography of the resulting
histological preparations were performed using a Leica DMLS light
microscope equipped with a Leica DFS 280 digital camera. The
resulting images were processed on a Pentium 4 computer (35).

2.10 Extraction and purification

For the extraction and purification of mares milk
oligosaccharides (MMOs), freshly milked mare’s milk (2mL)
was centrifuged at 14,000 x g at 4°C for 30 min to remove fat and
debris. The supernatant was carefully collected, mixed with four
volumes of cold 2:1 v/v chloroform-methanol, and centrifuged
again under the same conditions to precipitate proteins. The upper
aqueous phase containing oligosaccharides was transferred and
subjected to ethanol precipitation by adding two volumes of cold
100% ethanol, followed by overnight incubation at 4°C and a
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final centrifugation step (14,000 x g at 4°C for 30 min) to pellet
residual proteins. The clear supernatant was evaporated to dryness
using a vacuum concentrator. The dried extract was reconstituted
in Milli-Q water and loaded onto a C18 solid-phase extraction
(SPE) column to remove residual lipids, and the flow-through
was further purified using an aminopropyl (NH2) SPE column
to eliminate salts and small molecules. The final eluted fraction,
enriched in oligosaccharides, was evaporated to dryness and
stored at —20°C until HILIC-ESI-MS analysis. Fresh milk was
preferred for the extraction process to maintain the integrity of the
oligosaccharide profile, though lyophilized samples could be used
with reconstitution in water before processing.

2.11 SDS-PAGE analysis

Proteins isolated from mare’s milk were analyzed using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to
determine their molecular weight distribution. Raw mare’s milk
was first centrifuged at 14,000 g for 30 min at 4°C to separate fat
and cellular debris. The supernatant was collected, and proteins
were precipitated using two volumes of cold ethanol, incubated
overnight at 4°C, and centrifuged under the same conditions.
The resulting protein pellet was resuspended in phosphate-
buffered saline (PBS) and denatured in Laemmli buffer containing
B-mercaptoethanol before electrophoresis.

A 10% tris—glycine acrylamide gel was used for separation, and
a pre-stained protein ladder with molecular weight markers (170,
130, 100, 70, 55, 40, 25, 15, 10, and 5 kDa) was loaded in one lane
as a reference. The proteins were resolved under a constant voltage
until optimal separation was achieved.

After electrophoresis, protein bands were fixed using a 40%
ethanol and 10% acetic acid aqueous solution (v/v) and stained
overnight with SYPRO Ruby protein gel stain for enhanced
visualization. De-staining was performed using a 10% ethanol
and 7% acetic acid solution (v/v) to remove background staining
while maintaining clear protein bands. The gel was imaged
using a Gel Documentation System, ensuring high-resolution
protein visualization.

2.12 UHPLC-HILIC-MS/MS analysis of
oligosaccharides

For the identification of oligosaccharides, an Ultimate
3,000 UHPLC system (Thermo Scientific) was coupled to an
Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific).
Chromatographic separation was achieved using an ACQUITY
Glycoprotein BEH Amide column (300 A, 1.7 pm, 2.1mm X
150 mm, Waters Corporation, Milford, MA, U.S.A.). The total run
time was 65 min, with a mobile phase flow rate of 400 pL/min,
and the column oven temperature was maintained at 35°C. The
injection volume for each sample was 10 L.

The mobile phase consisted of 10 mmol/L ammonium formate
with 0.1% (v/v) formic acid (A) and 99.9% (v/v) acetonitrile with
0.1% (v/v) formic acid (B). The gradient elution program was as
follows: 1.5min of isocratic hold at 95% B, followed by a linear
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gradient reduction from 95% to 80% B over 8.5min. The next
50 min saw a gradual transition from 80 to 50% B, followed by a
5 min wash phase, reducing B to 2%, and finally, re-equilibration at
95% B. During the column washing stage, the flow rate was adjusted
to 250 pL/min.

Electrospray ionization (ESI) mass spectrometry detection was
performed in both positive and negative ionization modes to
analyze neutral and acidic oligosaccharides. The ion source voltage
was set to = 3.5 kV, with the capillary temperature maintained at
250°C. Sheath gas and auxiliary gas were supplied at 15 and 10
arbitrary units (a.u.), respectively.

The MS spectra were acquired using Fourier transform ion
trap (FT-IT) and higher-energy collisional dissociation (HCD)
fragmentation techniques. FT-IT spectra were recorded at a
Normalized Collision Energy (NCE) of 35% with a Q value of 0.25,
while HCD fragmentation spectra were obtained at NCE values
ranging from 10 to 50% (10, 15, 20, 25, 30, 40, and 50). Each sample
was analyzed in triplicate to ensure reproducibility.

Only identified oligosaccharides were reported in the
results. The identification process was based on mass accuracy,
fragmentation patterns, and retention times obtained from
HILIC-MS/MS analysis. The detected oligosaccharides were
confirmed using reference standards, literature data, and spectral
matching against the NIST Tandem Spectral Library, ensuring the
reliability of the identifications. The MS spectra were analyzed
for characteristic fragment ions and structural features specific to
neutral and acidic oligosaccharides present in the sample.

2.13 Statistical data processing

All results are presented as means £ SD (standard deviation).
The significance of the collected data was evaluated using the
General Linear Model (GLM) procedure for analysis of variance
(ANOVA) to test the null hypothesis (H0). When HO was
rejected, Tukey’s post hoc test was used for multiple comparisons
among treatment groups. A p-value of < 0.05 was considered
statistically significant.

3 Results

3.1 Chemical composition and physical
properties of Adaev horse breed mare’s milk

Table 1 contains results considering the chemical composition,
more precisely the content of total solids, milk fat, proteins, casein,
lactose, and total solids non-fat. The chemical composition of
mare’s milk varied across the lactation months, with TS, E P, and
C levels showing fluctuations. Notably, fat and casein proportions
exhibited significant differences (p < 0.05) between months,
indicating compositional changes over time. Protein levels ranged
from 1.67 to 2.35%, while fat content varied from 1.25 to 2.97
¢/100 g, with both parameters displaying statistical significance. L
content remained relatively stable, with minor variations, while the
proportion of casein in total protein (C’) demonstrated substantial
changes (p < 0.05), reflecting dynamic protein composition shifts.
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TABLE 1 Chemical composition of mare’s milk.

10.3389/fnut.2025.1443031

Month TS, 9/100g F, g/100g P, % CPNPN, %
1st 10.07 £ 0.75 2.38 +£0.79* 1.67 £ 0.29* 1.08 £0.43 55.17 + 22.76* 0.52 + 0.51 6.07 + 0.5* 8.97 +0.23
2nd 10.92 £ 0.75 2.97 +0.79* 1.88 £+ 0.29* 0.49 + 0.43 23.52 +22.76* 1.47 £ 0.51 6.09 + 0.5% 8.78 +0.23
3rd 10.93 £0.75 1.47 £ 0.79 1.99 £+ 0.29* 0.97 +0.43 53.63 + 22.76* 1.03 £ 0.51 6.15 + 0.5% 8.79 +0.23
4th 11.03 £0.75 1.25+0.79 2.35+0.29* 0.97 +0.43 7.97 £22.76 1.65 + 0.51 6.16 + 0.5* 8.79 £0.23
5th 12.15 £ 0.75* 1.37 £ 0.79 1.67 £ 0.29 0.18 = 0.43 8.15 +22.76 0.47 £ 0.51 6.25 + 0.5* 8.88 +0.23
Mean + SD 11.02 £ 0.75 1.71 £0.79 1.76 +0.29 0.49 £ 0.43 26.06 + 22.76 0.96 + 0.51 6.19+0.5 8.77 £0.23
p-value <0.05 <0.05 0.03 0.07 <0.05 0.09 <0.05 0.08

“*” significant values, *” share of casein in relation to the total protein content in mare’s milk; TS, total solids; F, milk fat; P, proteins; C, casein; CP-NPN, crude protein - non-protein nitrogen;

L, lactose; TSNE total solids non-fat.
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FIGURE 2
Body weight diagram. The graph illustrates the body weight dynamics of three groups of Wistar rats (GC-1, LDM-2, and HDM-3) during the
experiment. The GC-1 group showed a steady increase in body weight over time. The LDM-2 group exhibited a gradual decline in weight, while the
HDM-3 group demonstrated slight weight gain. Data points represent the mean weight (g) per group per week.

The physical properties of mare’s milk showed significant
variations in titratable acidity (°SH) and freezing point (p < 0.05),
while pH remained relatively stable throughout lactation. Titratable
acidity decreased progressively from 3.49°SH in the first month
to 1.25°SH in the sixth month, indicating a reduction in acid
content over time. The pH values ranged from 6.87 to 7.07, with
the highest pH observed in the fourth month (p = 0.03), reflecting
slight alkalization. The freezing point fluctuated slightly, with the
most significant change in the sixth month (—0.5356°C, p < 0.05),
suggesting potential shifts in milk composition, such as lactose and
mineral content. These results indicate that as lactation progresses,
mare’s milk undergoes a gradual decrease in acidity, a slight pH
increase, and a shift in freezing point, which may influence its
stability and processing properties.

3.2 Lyophilization results

The freeze-drying process did not alter the proportion of the
milk components in the dry matter. The moisture content of the
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freeze-dried mare’s milk was 10.3 g/kg, and its bulk density was
below 0.1 g/mL. Overall, 2kg of powder was obtained from 45L
of mare’s milk.

3.3 Body weight of animals

The diagram below (Figure 2) illustrates body weight changes
over a 5-week experimental period. Overall, the HDM-3 group,
which consumed 1.5 g of mare’s milk, showed weight gain.

3.4 Physicochemical parameters after
lyophilization

Freeze-drying is a known optimal drying method, especially
when considering the preservation of heat-sensitive biological
materials. This approach allows for the microbiological stability and
long shelf life of products due to low moisture content (< 2%),
short reconstitution (rehydration) time due to the retention
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TABLE 2 Physicochemical properties of mare’s milk after lyophilization.

Item SD Min. (EVE p-value
Fat, % 1.92 +0.41* 0.86 2.97 <0.05
Protein, % 1.95 + 0.95 1.55 2.34 0.07
Solids-non-fat 12.48 £ 4.94 10.35 14.61 0.08
SNE %

Lactose, % 8.62+3.78 7.26 9.97 0.09
Total solids, % 8.77 £ 5.31 8.30 9.24 0.06
Freezing point —424.63 £ 384.61 —784.81 | —1101.41 0.04*
depression, m°C

Absolute freezing —0.59 £0.38 —0.78 —1.10 0.05*
point, °C

Acidity ("SH) 3.12 £2.52* 3.25 3.73 <0.05
Acidity (°TH) 8.47 £7.12 9.53 8.26 0.07
Lactic acid, % 0.67 & 0.06 0.61 0.73 0.08
Citric acid, % 0.18 & 0.07 0.14 0.21 0.09
Density, g/L 1054.72 £ 20.61* 1043.11 1069.11 <0.05
Urea, mg/dL 50.74 £ 21.61 44.88 56.66 0.06
Casein, % 0.61 £0.91 0.13 1.08 0.07

*indicates statistically significant differences (p < 0.05).

of the material’s structure (low drying shrinkage), low weight,
high recovery of volatiles and nutrients, and high viability and
bioactivity level. According to the Table 2 results, physicochemical
parameters have been slightly changed after lyophilization.

3.5 SDS-PAGE analysis

The SDS-PAGE analysis of Adaev horse milk (lane S) reveals
a distinct protein profile with prominent bands around 40, 25,
and 15 kDa, indicating the presence of key whey proteins such
as fB-lactoglobulin, a-lactalbumin, and serum albumin (Figure 3).
The absence of high molecular weight bands (>100 kDa) suggests
a lower casein content than cow’s milk, aligning with the known
composition of horse milk, which is rich in whey proteins and
has a protein profile more similar to human milk. The presence
of low molecular weight bands (~5-15 kDa) may indicate smaller
peptides or bioactive proteins. Overall, the Adaev horse milk
protein composition highlights its nutritional and functional
potential, particularly for its high whey protein content.

3.6 UHPLC-HILIC-MS/MS analysis

The HILIC-MS elution profile identified lactose, 3 -sialyllactose
(3/SL), 6/-sialyllactose (6/SL), 3/-oc-sialyl-N-acetyllactosamine
(3/SLN), sialyllacto-N-tetraose a (LSTa), sialyllacto-N-tetraose b
(LSTb), and sialyllacto-N-tetraose ¢ (LSTc) as the predominant
oligosaccharides (Table 3). The separation efficiency on the
HILIC column was primarily influenced by the size and
polarity of the molecules. The early elution of lactose relative to
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FIGURE 3

SDS-PAGE analysis of Adaev horse milk. Lane M: Molecular weight
marker with protein sizes ranging from 170 kDa to 5 kDa; Lane S:
Adaev horse milk protein profile, showing prominent bands around
40, 25, and 15 kDa, corresponding to g-lactoglobulin,
a-lactalbumin, and serum albumin, respectively.

sialylated oligosaccharides reflects the selectivity of HILIC, where
increased polarity leads to longer retention times. The sialylated
oligosaccharides exhibited higher polarity due to the presence of
carboxylate ions (COO-), resulting in distinct separation patterns.
The clear distinction between neutral (lactose) and sialylated
(3/SL, 6/SL, 3/SLN, LSTa, LSTb, LSTc) oligosaccharides confirms
the efficacy of HILIC-MS in analyzing the structural diversity of
oligosaccharides in Adaev horse milk.

Table 3 presents the retention time (RT), theoretical and
experimental m/z values, precursor ion types, collision energy
(NCE), match factor (MF), and reverse match factor (RMF) scores
of the free oligosaccharides detected in Adaev horse milk using
HILIC-MS in positive ion mode. The identified compounds include
3'SL, 3'SLN, LSTa, LSTb, and LSTc. The precursor ions were
predominantly detected as sodium adducts ([M + Na]'), with
some dehydration modifications ([M + H - H,O] ™). The collision
energy ranged from 15 to 40 eV, and MF and RMF scores confirmed
high spectral matching accuracy for all identified oligosaccharides.

3.7 Blood and blood serum analysis

Blood serum analysis was conducted to assess the biochemical
markers of the experimental groups (Table 4). Total protein and
albumin levels were significantly different between groups, with
LDM-2 exhibiting the highest total protein (83.10 £ 0.35 g/L,
p < 0.05) and a lower albumin concentration (30.30 + 0.56
g/L, p < 0.05) compared to the control (GC-1), and HDM3
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TABLE 3 HILIC-MS analysis of free oligosaccharides in Adaev horse milk.

10.3389/fnut.2025.1443031

3'sL 16.0 656.2039 656.2033 [M+Na]* 20 899 994
6'SL 18.20 656.1980 656.1980 [M+Na]* 20 900 919
3'SLN 20.01 657.2340 657.2340 [M+H-H,0]* 15 992 995
LSTa 24.51 657.2354 657.2354 [M+Na]* 15 992 995
LSTb 25.80 1021.3330 1021.3330 [M+4Na]* 40 857 870
LSTc 26.45 1035.4123 1035.4123 [M+Na]* 40 870 885
TABLE 4 Blood serum analysis.
Indicator GC-1 LDM-2 HDM-3 p-value
Total protein, g/L 73.00 £ 0.27° 83.10 + 0.35" 79.20 + 0.92% <0.05
Albumin, g/L 36.60 + 0.38° 30.30 = 0.56" 37.60 + 0.56° <0.05
Albumin/Globulin Ratio (A/G) 0.91 + 0.25* 0.65 == 0.34° 0.90 = 0.45° <0.05
Urea, mmol/L 5.60 £ 0.14% 6.80 + 0.27° 5.90 £ 0.28% 0.06
Creatinine, jLmol/L 37.10 + 0.33* 43.70 + 0.28" 47.00 +0.18" <0.05
ALT, U/L 38.01 £ 0.23° 40.01 £ 0.36™ 38.10 £ 0.25° 0.07
AST, U/L 130.10 + 0.37° 140.15 4 0.29% 136.50 4 0.16* 0.08
ALP, U/L 120.05 + 0.29° 150.01 + 0.33° 123.02 4 0.29% <0.05
GGT, U/L 2.70 + 0.35° 2.30 £ 0.25° 2.40 = 0.45 0.09
Glucose, mmol/L 4.20 £ 0.21% 2.98 4 0.17° 5.02 4 0.27% <0.05

Values are expressed as mean + SD, and statistical significance was evaluated. When p < 0.05, Tukey’s post hoc test was used for multiple comparisons. Different superscript letters (a, b) indicate

statistically significant differences (p < 0.05) between groups. Groups sharing the same letter are not significantly different.

groups. Albumin/Globulin (A/G) ratio showed a marked decrease
in the LDM-2 group (0.65 £ 0.34, p < 0.05), suggesting potential
alterations in protein metabolism. Urea and creatinine levels were
also elevated in the LDM-2 and HDM-3 groups, with creatinine
in HDM-3 (47.00 + 0.18 pumol/L) significantly higher than in
GC-1 (37.10 £ 0.33 pmol/L, p < 0.05), indicating possible
kidney function modulation. ALT and AST enzyme levels showed
moderate differences, with AST levels increasing in the LDM-2
group. Alkaline phosphatase (ALP) activity was significantly higher
in the LDM-2 group (150.01 = 0.33 U/L, p < 0.05). Glucose levels
varied, with the HDM-3 group showing an increase (5.02 £ 0.27
mmol/L, p < 0.05), while LDM-2 exhibited the lowest glucose
concentration (2.98 £ 0.17 mmol/L). These findings suggest
that mare’s milk supplementation influences key biochemical
parameters, particularly protein metabolism, enzyme activity, and
glucose regulation.

The hematological analysis revealed significant changes in
WBC count, lymphocytes, monocytes, and granulocytes across the
experimental groups (Table 5). The LDM-2 group exhibited the
highest WBC count (19.31 % 0.17x10°/L, p < 0.05), whereas the
GC-1 group had the lowest (8.20 & 0.23 x 10°/L). Lymphocyte
and monocyte counts were also significantly increased in the LDM-
2 group, suggesting an immune response to mare’s milk intake.
Granulocyte levels were significantly elevated in the LDM-2 group
(571 + 045 x 10°/L, p < 0.05) compared to the GC-1 and
HDM-3 groups.
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In the erythrocyte parameters, the LDM-2 group showed
increased RBC count (9.86 + 0.13 x 10'2/L, p < 0.05) and
hematocrit levels (49.15 4 0.12%, p < 0.05) compared to the
control. However, hemoglobin levels remained similar between
GC-1 and LDM-2 but were slightly lower in the HDM-3 group.
The MCV was significantly higher in LDM-2 (62.37 + 0.64 fL,
p < 0.05), indicating a shift in RBC size. PLT also varied, with a
significant increase in LDM2 (833.27 4 0.05 x 10°/L, p < 0.05),
while the HDM-3 group exhibited a moderate decrease (580.95 &
0.88 x 10°/L).

3.8 Histomorphological analysis

Histomorphological changes in the lungs of control animals
from the first group (GC-1), which consumed mare’s milk
powder for duration of 30 days, were examined. Histological
examination of lung tissue samples from group GC-1 revealed
histological features consistent with a normal, healthy state. These
observations were substantiated through a thorough analysis of
the specimens. The lung tissue exhibited a well-preserved alveolar
architecture. Alveoli, the primary sites of gas exchange in the
lung, appeared intact and appropriately inflated, indicating the
absence of pathological changes (Figures 4a, b). The bronchial tree
demonstrated normal bronchioles, bronchi, and their associated
structures. The bronchioles showed a typical layering of smooth
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TABLE 5 Hematological analysis.

No. Parameters GC-1 LDM-2 HDM-3

Leicocytes

1 WBC x 10°/L 8.20 £ 0.23° 19.31 +£0.17° 11.20 + 0.05%

2 Lymphocytes x 1.81 & 0.44° 5.9 4 0.22° 1.73 £ 0.34°
10°/L

3 Monocytes x 0.90 + 0.25° 1.52 4 0.12% 1.02 4 0.06%
10°/L

4 Granulocytes x 112 £027° 5.71 £ 0.45 2.72£0.37°
10°/L

5 Lymphocytes, % 84.11 %+ 0.68° 90.33 + 1.6° 85.00 + 0.27%°

6 Monocytes, % 8.23 +£0.26° 14.31 £0.23° 9.90 4 0.57>

7 Granulocytes, % 32.11 +£1.25° 40.90 + 0.3° 32.11 4 0.33%

Eritrocites

1 RBC x 10'%/L 6.51 + 0.48° 9.86 +0.13° 7.15 +0.39%

2 Hb, g/L 164.34 +0.25* | 164.17+0.37° | 155.57 +0.17>

3 HCT, % 40.21 £ 0.482 49.15 +£0.12° 45.23 +0.78"

4 MCV, fL 53.51 4+ 0.33° 62.37 + 0.63" 52 4 0.87>

5 MCH, pg 16.52 + 0.26° 16.63 + 0.55" 16.73 £ 0.11°

6 MCHC, g/L 309.12+£0.87° | 360.69 +£0.19° | 33437 4 0.96"

7 RDW, % 13.92 4 0.12° 15.77 £ 0.27° 14.72 4 0.19°

8 PLT x 10°/L 680.07 £0.12° | 833.27£0.05> | 580.95 = 0.88"

Values are presented as Mean =+ standard deviation with n = 6. Values with different
superscript along the same row are significantly different at p < 0.05. Here, WBC, White
Blood Cells, RBC, Red Blood Cells, Hb, Hemoglobin, HCT, Hematocrit, MCV, Mean
Corpuscular Volume, MCH, Mean Corpuscular Hemoglobin, MCHC, mean corpuscular
hemoglobin concentration, RDW, Red Cell Distribution Width, PLT, Platelet.

muscle cells and an intact epithelial lining, with no signs
of inflammation, fibrosis, or excessive mucus production. The
connective tissue framework, particularly the collagen fibers within
the interstitium, displayed a regular and supportive network, which
is essential for maintaining the lung’s structural integrity. The
respiratory epithelium lining the alveoli and airways appeared
undamaged and exhibited a characteristic simple squamous
epithelium for efficient gas exchange. There were no signs of
hyperplasia or metaplasia. The lung tissue is pink in color without
signs of edema or hemorrhage. The cut surface of the lung is
smooth, soft, and rich pink in color, with moderate blood filling
(Figure 4a). Morphological studies of the lungs of rats of the first
group on semi-thin sections showed that the pulmonary pleura was
preserved, and the intrapulmonary airways and parenchyma were
unchanged, consisting of the airways and the respiratory section
having a characteristic structure. The walls of the medium-sized
bronchi are covered with single-layer multirow ciliated epithelium.
Rare small-focal infiltration of alveolar walls with lymphocytes was
noted (Figure 4b).

Therefore, a histological examination of the lungs in the
initial control group of rats revealed their normalcy, with the
preservation of their structural integrity. No distinct pathological
or physiological alterations were detected.

After being infected with S. pneumoniae 79 strains (0.3 ml of
a 1,000 CFU mixture), the second group of animals (LDM-2) was
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supplemented with 0.1 g of low-dose dry mare’s milk for duration of
30 days. Histomorphological alterations were observed in the lungs
of animals belonging to the LDM-2.

When studying macro preparations of the lungs of rats against
the background of the administration of LDM-2, it is clear that
the lungs increased in size, and their anterior edges overlap
each other (Figure 5a). The lung tissue exhibited signs of acute
inflammation characterized by the presence of inflammatory cells,
such as neutrophils and macrophages, within the alveoli and
interstitial spaces. This suggests a host response to infection
(Figure 5b). Moreover, several alveoli showed signs of structural
damage, including thickening of the alveolar walls and the
disruption of the normal architecture. This can result in impaired
gas exchange. Additionally, bronchioles and bronchi displayed
alterations, including epithelial sloughing and increased mucus
production, indicative of airway inflammation. The lung tissue is
highly airy and light.

These histomorphological alterations are indicative of a
response to the infection with S. pneumoniae 79 strains and provide
insights into the pathological changes in the lungs of animals in the
LDM-2 group.

The morphological examination of lung tissue, as shown
in Figure 6, revealed significant pathological changes in the
second group. Observations included the widening of respiratory
bronchioles and alveolar lumens, disruption and tearing of
interalveolar septa, and thickening with sclerotic changes in
vessel walls. Lung tissue exhibited increased vascularity, fibrin
accumulation, and neutrophils within alveolar lumens, with
macrophages engaging in bacterial phagocytosis. Hemolysis of
red blood cells was noted. Structural integrity loss was evident,
with septal destruction impairing gas exchange. Pulmonary
vessel thickening suggested vascular remodeling. The lung
appeared congested, likely due to inflammatory responses to S.
pneumoniae infection.

In Wistar rats, infection with S. pneumoniae 79 led to a variety
of symptoms and clinical manifestations. The specific symptoms
can vary depending on the severity of the infection, the strain
of S. pneumoniae 79, and the host's immune response. In our
case, common symptoms and signs were observed after infection
with S. pneumoniae in Wistar rats include respiratory distress,
lethargy, nasal discharge, weight loss, and decreased activity. Rats
exhibited signs of respiratory distress, such as rapid and labored
breathing, coughing, and wheezing. These symptoms reflect the
lung’s involvement in the infection. Infected rats appeared lethargic
and less active than usual. They spent more time resting and had a
decreased interest in normal activities. Additionally, rats had a nasal
discharge, which was clear or purulent, as a result of possible upper
respiratory tract involvement. Moreover, rats huddled together for
warmth and comfort.

The histological analysis of lung tissues from the third group
of rats HDM-3 reveals a predominant presence of alveoli filled
with a uniform pale pink substance (Figure 7). Only a minority
of alveoli shows an absence of exudate, but their lumens remain
unexpanded, with a diameter approximately equivalent to that of
2-3 red blood cells. Consequently, these areas exhibit a nodular
thickening, protruding into the capillary lumens. In regions where
the alveoli are engorged with exudate, red blood cells are displaced
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FIGURE 4
Lung histological analysis of group GC-1. (a) The illustration of normal lung; (b) Hematoxylin-eosin staining. Magnification is x400. The red arrow is
alveoli; the black one is interalveolar partition.

FIGURE 5
Examination of macro and microscopic specimens of the lungs from rats infected with strains of S. pneumoniae 79. (a) The lung of Wistar rat from
group LDM-2; (b) Hematoxylin-eosin staining. Magnification is x400. Thinned interalveolar septa are noticed.
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FIGURE 6
Croupous pneumonia, gray hepatic stage (in the context of croupous pneumonia, the “gray hepatic stage” suggests a specific stage of the disease
characterized by the appearance of grayish or hepatictissue due to inflammatory changes). Hematoxylin-eosin staining. Magnification is x400.
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FIGURE 7

Examination of macro and microscopic specimens of the lungs from HDM-3 rats infected with strains of S. pneumoniae 79 after being treated with
1.5g of mare’s milk over 30 days. Hematoxylin-eosin staining. (a) Magnification is x400; (b) Magnification is x200.

(b)

TABLE 6 Physical properties of mare's milk.

Titratable pH-value Freezing
acidity, °SH point, °C
Ist 3.49 £ 0.12* 6.87 £ 0.08 —0.5453 £ 0.005
2nd 337 £0.11% 6.91 & 0.09 —0.5476 & 0.004
3rd 2.63£0.15 6.93 £ 0.07 —0.5465 =+ 0.006
4th 248 +0.14 7.07 + 0.05* —0.5454 = 0.005
5th 2.35+0.13 7.01 % 0.06 —0.5456 = 0.004
6th 1.25 +0.10% 6.99 £ 0.05 —0.5356 £ 0.007*
Mean = SD 259 £0.13 6.96 & 0.07 —0.5443 £ 0.006
p-value <0.05 0.03 <0.05

*indicates statistically significant differences (p < 0.05).

from the capillaries, leading to the depletion of blood within these
capillaries. Small arteries and veins display relatively minor dilation
and partial blood filling. Additionally, we observed compensatory-
adaptive responses that exhibited physiological and biochemical
properties aimed at enhancing the rats’ adaptive capacities. In this
context, it is conceivable that the administration of high-dose dry
mare’s milk (1.5 g) may serve to prevent or mitigate the severity of
toxic pulmonary edema, preserving the integrity of alveolar lumens.
Moreover, we noted the presence of perivascular and peribronchial
infiltration, along with the proliferation of soft fibrous connective
tissue. Notably, the lungs of rats in the HDM-3 group closely
resembled those of the GC-1 group, displaying no discernible
changes in size or appearance when compared to the lungs of rats
from the LDM-2 group.

Histomorphological analysis revealed notable distinctions
between the LDM-2 and HDM-3 groups. The HDM-3 group
exhibited reduced pathological changes, with no distinct
pathological or physiological abnormalities. Signs of healing
in S. pneumoniae-infected HDM-3 rats included improved
breathing, diminished coughing and wheezing, and increased
activity. Appetite recovery led to weight gain after the second week.
Nasal discharge, present for two weeks, decreased and was fully
resolved by the fourth week.
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4 Discussion

During a 6-month lactation period, the physicochemical
properties of Adaev horse milk exhibited variations, providing
insights into its composition and distinguishing it from other horse
breeds (Table 1). The total solids content averaged 11.02%, with
the lowest (10.07%) in the first month and the highest (12.15%)
in the fifth month. Milk fat, the most variable component, had
a coeflicient of variation of 59%, ranging from 0.87% to 2.97%,
aligning with reported values of 0.8-2.2% during lactation (35, 36).
The protein content averaged 1.76%, higher than in Wielkopolski,
Polish konik, and Polish coldblood breeds (1.3%), reaching its
peak (2.35%) in the fourth month (37-43). Moreover, the physical
properties of mare’s milk fluctuated due to factors such as diet
and lactation stage. Titratable acidity ranged from 1.25 to 3.49
°SH, decreasing similarly to lactose concentration over six months,
although no direct correlation was established (Table 6). The pH
value remained relatively stable between 6.87 and 7.07, slightly
more alkaline than cow’s milk (pH ~6.6) (44-49). The freezing
point, influenced by lactose content, varied from —0.5356 to
—0.5476°C, lower than that of cow’s milk (—0.5 to —0.55°C) (45).

Lyophilized mare’s milk, widely used as a nutritional
supplement, retained its key components in powder form,
including fat (0.62-0.91%), protein (2.0-2.85%), lactose (7.26—
9.97%), casein (1.61-2.20%), lactic acid (0.089-0.076%), and citric
acid (0.14-0.2%) (Table 2). Among these components, casein,
a key protein influencing milk coagulation, ranged from 0.13%
to 1.08%, decreasing progressively over lactation. This aligns
with previous studies indicating that mare’s milk is albumin-rich,
with casein constituting less than 50% of total proteins (40).
The variability in casein content is likely influenced by dilution
effects, hormonal changes, and foal diet transitions (41, 42).
Compared to cow’s milk, Adaev horse milk contains less casein
but a higher proportion of whey proteins, enhancing digestibility
and bioavailability. SDS PAGE analysis confirmed this protein
composition, revealing dominant bands at ~40 kDa, ~25 kDa,
and ~15 kDa, corresponding to p-lactoglobulin, a-lactalbumin,
and serum albumin, respectively (Figure 3). The presence of
lower molecular weight peptides (~5-15 kDa) suggests potential
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bioactive functions, which may contribute to the nutritional and
functional properties of mare’s milk. Additionally, lactose, the
primary carbohydrate, ranged from 6 to 7%, contributing to milk
sweetness and serving as an energy source for foals. Adaev horse
milk had average lactose content of 6.26%, which is higher than
that of cows, goats, and sheep’s milk (43). Furthermore, HILIC-MS
analysis identified key sialylated oligosaccharides, including 3 SL,
6/SL, 3/SLN, LSTa, LSTb, and LSTc, which are known for their
prebiotic and immunomodulatory properties.

Oligosaccharides play a crucial role in modulating gut
microbiota, supporting immune function, and enhancing gut
barrier integrity (7). Compared to plant-derived dietary fibers
and oligosaccharides in standard chow feed, which promote
gut health primarily through fermentation and short-chain fatty
acid production, mare’s milk oligosaccharides resemble those
found in human milk, potentially exerting unique prebiotic
and immunomodulatory effects (6, 7). Specifically, sialylated
oligosaccharides (e.g., 3/SL, 6/SL, and 3,SLN) have been known
to selectively promote the growth of beneficial gut bacteria such
as Bifidobacterium and Lactobacillus, contributing to microbiome
diversity and improved immune function (17, 31). Given their
prebiotic potential, the effects of mare’s milk oligosaccharides
on gut microbiota composition and systemic immune responses
warrant further investigation.

The
heterogeneous assemblage of advantageous bacterial species,

microbiota present in mare’s milk comprises a
such as Lactobacillus and Bifidobacterium, which are integral
to the modulation of the immune system and the promotion of
gastrointestinal health (7, 31). These probiotic microorganisms
facilitate immune enhancement by fostering the maturation of
gut-associated lymphoid tissue and stimulating the synthesis
of anti-inflammatory cytokines, such as IL-10 (33). Moreover,
they contribute to the equilibrium between pro-inflammatory
and regulatory immune responses, an aspect that is particularly
critical for the immunological development of neonates (49).
The microbiota of mare’s milk also demonstrates antimicrobial
properties through the production of bacteriocins and organic
acids, which serve to inhibit the proliferation of pathogenic
bacteria within the gastrointestinal tract. Additionally, their
interaction with oligosaccharides found in mare’s milk augments
their prebiotic effects, thereby promoting the proliferation of
beneficial microbes while simultaneously modulating intestinal
permeability and immune tolerance (50, 51). Collectively, these
microbiota-driven processes play a significant role in fortifying
the immune system, alleviating inflammation, and fostering the
establishment of a robust gut microbiome in the host.

In this study, compared to the unsupplemented control group
(GC-1), rats receiving mare’s milk supplementation (LDM-2
and HDM-3) exhibited notable changes in blood serum protein
levels, indicating a potential impact on protein metabolism
and immune modulation. SDS-PAGE analysis confirmed that
Adaev horse milk has a high whey protein content and lower
casein concentration, contributing to enhanced digestibility and
bioavailability of essential amino acids. These differences in protein
composition may explain the elevated serum protein levels and
potential immune responses observed in supplemented groups.
Furthermore, histological examinations revealed that high-dose
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(HDM-3)
particularly in immune-related organs. This observation aligns

supplementation influenced tissue morphology,
with the hypothesis that mare’s milk supplementation may
modulate inflammatory responses and enhance tissue recovery
following bacterial infection. The relationship between Adaev
horse milk composition, dietary supplementation, and changes in
feed due to supplementation is further supported by blood serum
analysis and histological findings, indicating potential systemic
benefits beyond standard chow feed alone.

The standard rat chow used in the study contained 4.5%
fat, 0.02% cholesterol, ~19.7% protein, 4.3% dietary fiber, 51%
sugar, and provided 3.2 kcal/g. The daily chow intake per rat
was estimated at 20.52 g/day, resulting in a total caloric intake of
~64 kcal/day for the control group (GC-1). The LDM-2 group
received chow supplemented with 0.1 g of lyophilized mare’s milk
powder, contributing an additional 0.4 kcal/day, 0.002-0.0025g
protein, and 0.045 g sugar (mainly lactose), with negligible dietary
fiber. This brought their total estimated daily caloric intake to
64.4 kcal/day, protein intake to 3.6-4.0 g/day, and sugar intake
to ~0.645 g/day. The HDM-3 group received 1.5 g of lyophilized
mare’s milk powder, adding ~6 kcal/day, 0.03-0.0375g protein,
and 0.675 g sugar, increasing their total daily caloric intake to ~70
kcal/day, protein intake to 3.63-4.04 g/day, and sugar intake to
~1.275 g/day.

Given that weight gain is primarily influenced by caloric
intake, the additional 6 kcal/day in the HDM-3 group likely
contributed to the observed differences. However, other factors,
such as the presence of bioactive compounds in mare’s milk,
may have also played a role in metabolic regulation and
nutrient utilization. Bioactive peptides in dairy products have
been shown to exert a variety of physiological effects, including
antihypertensive, antimicrobial, immunomodulatory, and opioid-
like properties (52). These bioactive compounds can influence
metabolism by interacting with the endocrine system, modulating
gut microbiota composition, and affecting insulin sensitivity, which
could contribute to the observed differences in weight gain. The
higher protein intake in the HDM-3 group may have influenced
satiety and metabolic rate. Protein consumption has been well-
documented to increase diet-induced thermogenesis, leading to
higher energy expenditure compared to carbohydrates and fats
(53). Additionally, protein enhances satiety by stimulating the
release of appetite-regulating hormones, such as glucagon-like
peptide-1 and peptide YY, while simultaneously reducing levels
of ghrelin, the hunger hormone (54). These mechanisms likely
contributed to differences in metabolic responses among the
groups. Variations in dietary fiber intake could have affected
nutrient absorption and gut microbiota composition. Dietary
fiber is known to slow gastric emptying, reducing the rate of
glucose absorption and thereby improving metabolic control
(55). Additionally, fermentable fibers, such as those found in
some components of mare’s milk, serve as a substrate for gut
microbiota, promoting the production of short-chain fatty acids,
which have been linked to improved insulin sensitivity and lipid
metabolism (56). Furthermore, the increased sugar content in
the HDM-3 group may have impacted energy availability and
insulin response, further influencing overall metabolic outcomes.
Studies have demonstrated that high sugar intake, particularly from
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rapidly digestible sugars such as lactose, can lead to postprandial
hyperglycemia, which in turn stimulates insulin secretion and fat
storage (52, 57).

A blood serum analysis was conducted in Wistar rats following
S. pneumoniae infection to assess health and physiological changes
(Table 4). Total protein levels, which typically range from 5.5 to 7.5
g/dL in healthy Wistar rats (50), were elevated in the supplemented
groups, with mean concentrations of 83.10 & 0.35 g/L in LDM-
2 and 79.20 + 0.92 g/L in HDM-3, compared to 73.00 £ 0.27
g/L in the control group (GC-1). This increase is likely due to
immune activation, as proinflammatory cytokines and acute-phase
proteins contribute to fluctuations in serum protein levels, which
vary based on infection severity, immune response, and pathogen
virulence (50).

Albumin levels, typically between 35 and 55 g/L (51), were
lower in LDM-2 (30.30 % 0.56 g/L) but remained within normal
limits in GC-1 (36.60 & 0.38 g/L) and HDM-3 (37.60 £ 0.56 g/L).
This decline in LDM-2 may be attributed to infection-induced
liver dysfunction and an increased production of acute-phase
proteins, which suppress hepatic albumin synthesis. Similarly, the
albumin/globulin (A/G) ratio, an indicator of immune balance,
ranged from 0.91 % 0.25 in GC-1 to 0.65 = 0.35 in LDM-2 and 0.90
=+ 0.45 in HDM-3, with the lower A/G ratio in LDM-2 likely due
to elevated globulin levels from acute-phase protein production,
including C-reactive protein and alpha-1-acid glycoprotein (58).

Kidney function markers, such as blood urea (10-25 mg/dL;
3.57-8.93 mmol/L) and creatinine (0.2-1.5 mg/dL; 17.7-133
pmol/L) (58), showed slight variations between groups but
remained within normal physiological ranges. Urea levels were 5.60
+ 0.14 mmol/L in GC-1, 6.80 & 0.27 mmol/L in LDM-2, and 5.90
=+ 0.28 mmol/L in HDM-3. Creatinine levels followed a similar
trend, increasing from 37.10 % 0.33 pmol/L in GC-1 to 43.70 &
0.28 umol/L in LDM-2 and 47.00 £ 0.18 jumol/L in HDM-3. These
results suggest that mare’s milk supplementation did not induce
significant renal impairment.

Similarly, ALT, AST, ALP, and GGT enzyme levels, typically
associated with liver dysfunction, showed no abnormalities,
suggesting that mare’s milk supplementation did not adversely
affect liver function. ALT levels were 38.01 + 0.23 U/L in GC-1,
40.01 = 0.36 U/L in LDM-2, and 38.10 £ 0.25 U/L in HDM-3. AST
levels followed a similar pattern, with 130.10 4 0.37 U/L in GC-1,
140.15 & 0.29 U/L in LDM-2, and 136.50 £ 0.35 U/L in HDM-3.
ALP levels were significantly higher in LDM-2 (150.01 4= 0.31 U/L)
compared to GC-1 (120.05 £ 0.29 U/L) and HDM-3 (123.02 £ 0.28
U/L), suggesting a potential effect on bone metabolism or hepatic
function. GGT levels remained stable across groups, with 2.70 4
0.35 U/L in GC-1, 2.36 £ 0.45 U/L in LDM-2, and 2.40 £ 0.58 U/L
in HDM-3.

A hematological analysis was conducted in Wistar rats
following S. pneumoniae infection to assess changes in blood
parameters and immune response (Table5). CBC analysis
provides critical information about WBCs, RBCs, Hb, and other
hematological indices, helping to evaluate the severity of infection
and immune activation. Leukocytosis, characterized by an elevated
WBC count, is a common response to bacterial infections,
reflecting the mobilization of immune defenses. The typical WBC
range in healthy Wistar rats is 6,000 to 12,000 cells/iL, but during
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infection, WBC counts often increase substantially, depending
on the infection stage, severity, and host immune response
(59). Differential WBC analysis, which includes neutrophils,
lymphocytes, monocytes, eosinophils, and basophils, provides
insights into immune activation patterns and the progression
of infection (60). These parameters are crucial for determining
immune function, inflammatory response, and the effectiveness of
host defense mechanisms against S. pneumoniae.

In healthy Wistar rats, the typical total WBC count ranges
from 6 to 10 x 10° cells/L (61). Following S. pneumoniae
infection, a significant increase in WBC count (leukocytosis) is
expected as the immune system mobilizes its defenses. In this
study, LDM-2 rats exhibited a markedly elevated WBC count
of 1931 x 107 cells/L, indicating a strong immune response
to infection. In contrast, HDM-3 rats showed a more moderate
WBC increase (11.20 x 10° cells/L), suggesting that the infection
had progressed beyond the initial immune activation phase.
The degree of WBC elevation depends on infection severity,
stage, and individual immune response, with higher counts
reflecting active inflammation and pathogen clearance (62). These
findings highlight the dose-dependent impact of mare’s milk
supplementation on immune function, potentially modulating
infection-induced hematological responses.

During infection progression, particularly in the later immune
response stages, an increase in lymphocytosis is commonly
observed, reflecting adaptive immune activation. In healthy Wistar
rats, lymphocyte counts typically range from 1.5 to 6 x 10°
cells/L (63). In this study, lymphocyte levels remained stable
across most groups, except for LDM-2 rats, which exhibited
elevated counts of 5.9 x 107 cells/L, indicating a stronger immune
response to infection. Additionally, monocyte and granulocyte
levels in LDM-2 rats exceeded normal reference values (0.1-
1.0 x 107 cells/L for monocytes and 1.0-3.5 x 10° cells/L for
granulocytes), reaching 1.52 x 107 cells/L and 5.71 x 10° cells/L,
respectively. This aligns with findings from other studies indicating
that systemic inflammation enhances the biological response
to mobilize additional cells from the central and peripheral
immune/hematopoietic systems (64). Additionally, inflammation
is associated with changes in cytokine and chemokine profiles,
which differentially affect myelopoiesis and cellular mobilization
(65). Furthermore, the activation of pattern recognition receptors
by damage-associated molecular patterns and pathogen-associated
molecular patterns can induce the production of pro-inflammatory
cytokines and promote immune cell localization to sites of injury
(66). Moreover, RBC parameters in LDM-2 rats were elevated,
with RBC counts of 9.86 x 102 cells/L, mean corpuscular volume
of 62.37 fL, and mean corpuscular hemoglobin concentration of
360.69 g/L, surpassing normal reference values. The observed
hematological alterations in LDM-2 rats suggest a heightened
immune response and potential alterations in erythropoiesis due to
infection or inflammation-related metabolic shifts, as inflammatory
cytokines such as IL-6 and IFN-y can suppress erythropoiesis
during infection (67).

Histological analysis of lung tissues in Wistar rats revealed
significant differences among the experimental groups. The control
group (GC-1) exhibited normal lung histology, with intact alveolar
structures, bronchial elements, pulmonary blood vessels, and
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respiratory epithelium, indicating no inflammation or pathological
changes, establishing a baseline for healthy Wistar rats. In contrast,
the LDM-2 group showed marked histopathological changes
due to pneumonia, including inflammatory cell infiltration,
alveolar damage, and structural disorganization, reflecting severe
lung injury. In the HDM-3 group, less pronounced structural
damage and reduced inflammatory and dystrophic processes were
observed, suggesting a protective effect of mare’s milk in mitigating
pneumonia-associated lung damage. This observation aligns with
findings from other studies that have demonstrated the health
benefits of mare’s milk. For instance, research has shown that
fermented mare’s milk possesses anti-inflammatory properties,
potentially beneficial for relieving inflammatory diseases (68). By
day 30, the HDM-3 group exhibited enhanced compensatory-
adaptive reactions and improved lung tissue integrity, highlighting
the potential therapeutic benefits of mare’s milk in lung repair.
These findings suggest that mare’s milk supplementation may
help reduce toxic accumulation, enhance non-specific immune
resistance, and provide essential vitamins and microelements that
counteract respiratory disease severity, ultimately contributing to
reduced pulmonary complications and improved recovery from
bronchopneumonia (65-68).

Thus, mare’s milk powder is an important source of high-
quality nutritional content and biological value, superior in its
dietary and medicinal properties. It gives the body vigor and
strength, has a beneficial effect on the nervous system, normalizes
metabolism, the secretory activity of the digestive organs, has
bactericidal properties, and the ability to secrete antibiotic
substances that prevent and treat tuberculosis, cardiovascular
diseases, the excretory and digestive systems. Mare’s milk as
a dietary supplement significantly affects body weight loss
by regulating lipid levels. Metabolism in a rat model of
induced pneumonia showed that mare’s milk strengthens the
immune system, changing the composition and structure of
the intestinal microflora due to its antiviral, antibacterial, and
immunostimulating properties. It promotes the immune function
of the immune system and improves the immune response in rats
with pneumonia. In addition, it can act as an effective dietary
supplement for the prevention and treatment of pneumonia or
tuberculosis, as well as diseases associated with pneumonia.

5 Conclusions

In conclusion, mare’s milk, particularly from the Adaev horse
breed, exhibits a unique biochemical composition that supports its
immunomodulatory potential, making it a promising functional
food and therapeutic agent. Its rich content of bioactive proteins,
oligosaccharides (e.g., 3/SL, 6,SL, and 3/SLN), and essential
nutrients, combined with its similarity to human milk, highlights
its potential role in immune support and disease prevention.
Furthermore, the high whey protein content and lower casein
levels in mare’s milk enhance digestibility and the bioavailability of
essential amino acids, contributing to its anti-inflammatory effects.

This is supported by the findings of this study, which
demonstrated the immunomodulatory effects of mare’s milk
supplementation. Rats in the LDM-2 group exhibited significant
inflammatory and structural lung damage, including alveolar
interstitial edema, venous and capillary congestion, and infiltration
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of fibrous connective tissue, indicating a heightened inflammatory
response to infection. In contrast, HDM-3 supplementation
resulted in fewer pathological changes, with only minor, fully
reversible compensatory-adaptive modifications, suggesting that
higher doses of mare’s milk exert a protective effect on lung tissue.

Additionally, these findings confirm that mare’s milk enhances
immune resilience through its bioactive components, particularly
oligosaccharides and proteins, which collectively modulate
inflammation, support gut-immune axis interactions, and aid
in tissue recovery. Given its promising immunomodulatory
properties, mare’s milk holds significant potential as a natural
therapeutic agent, warranting further research into its broader
clinical applications and long-term health benefits.
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