
Heliyon 10 (2024) e35801

Available online 5 August 2024
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Metabolite profiling of camel milk and the fermentation bacteria 
agent TR1 fermented two types of sour camel milk using LC-MS in 
relation to their probiotic potentials 

Qingwen Guo a,b, Qigeqi Dong a,b, Weisheng Xu a,b, Heping Zhang c, Xiangyu Zhao d, 
Wanxiong He e, Yuxing He c, Guofen Zhao a,b,* 

a College of Life Sciences, Inner Mongolia Agricultural University, Hohhot 010018, China 
b Key Laboratory of Biological Manufacturing in Inner Mongolia Autonomous Region, Inner Mongolia Agricultural University, Hohhot, China 
c College of Food Science and Engineering, Inner Mongolia Agricultural University, Hohhot, China 
d The People’s Bank of China Operation Office, China 
e Inner Mongolia Medical University, Hohhot, China   

A R T I C L E  I N F O   

Keywords: 
Camel milk 
Fermentation bacteria agent TR1 
Sour camel milk 
Oat jujube sour camel milk 
Probiotic function 
Non-targeted metabolomics 

A B S T R A C T   

Camel milk is a nutrient-rich diet and fermentation affects its nutritional value and probiotic 
function. In this study, sour camel milk and oat jujube sour camel milk were prepared using 
fermentation bacteria agent TR1, and the metabolites of camel milk, sour camel milk and oat 
jujube sour camel milk were detected using a non-targeted metabolomics approach using liquid 
chromatography-mass spectrometry (LC-MS).The results showed that the partial least squares 
discriminant analysis (PLS-DA) with 100 % accuracy and good predictive power detected 343 
components in positive ion mode and 220 components in negative ion mode. The differential 
metabolites were mainly organic acids, amino acids, esters, vitamins and other substances con-
tained in camel milk.It showed that there were significant differences in the metabolites of camel 
milk, sour camel milk and oat jujube sour camel milk. Based on the pathway enrichment analysis 
of the three dairy products in the KEGG database, 12 metabolic pathways mainly involved in the 
positive ion mode and 20 metabolic pathways mainly involved in the negative ion mode were 
identified. The main biochemical metabolic pathways and signal transduction pathways of the 
differential metabolites of the three dairy products were obtained. This study provides theoretical 
support for improving the nutritional quality and probiotic function of camel milk and fermented 
camel milk products and provides a basis for the development of relevant processing technologies 
and products for camel milk and fermented camel milk.   

1. Introduction 

Camel milk is a nutritious, medicinal and antibacterial diet popular mainly in Sudan, Arab countries, India, Central Asia and arid 
regions of western China, such as Inner Mongolia, Gansu and Xinjiang [1–3]. Camel milk is easily absorbed, viscous, hunger-resistant, 
ethnically distinctive, and meets the nutritional needs of the human body [4,5]. Camel milk has various therapeutic effects due to its 
composition and is beneficial in treating chronic hepatitis and improving liver function [6–8]. It also contains a high percentage of 
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total salt, calcium, protective proteins and some trace elements such as iron, copper and zinc [9–11]. It has gained widespread 
attention especially for its low cholesterol content and high vitamin C content [12,13]. Camel milk is the best food for people living in 
arid and semi-arid regions because of its unique composition and nutritional value [14,15]. Oats are a coarse grain of the grass family 
and are rich in protein and unsaturated fatty acids such as linoleic and linolenic acids [16–18]. Also, oats are rich in soluble dietary 
fiber such as vitamins VB1, VB2, VE, VB3, VH, and β-glucan, and rich in minerals such as calcium, phosphorus, iron, zinc, magnesium, 
and selenium making them highly nutritious [19,20]. Studies have shown that β-glucan in oats can improve immunity and have some 
anticancer effects [21]. In addition, as a prebiotic, it can be fermented by Bifidobacteria and Lactobacilli in the intestinal tract, 
promoting the proliferation of these bacteria and thus affecting the intestinal tract [22–24]. The intestinal flora is regulated. Currently, 
there are many reports on the use of oats to make functional foods, such as oat flour yogurt, wheat yogurt crisps, yak yogurt crisps, and 
purple potato oat goat milk [25]. Jujube is rich in polysaccharides, ferritin, fat, amino acids, organic acids, various trace elements and 
vitamins, making it useful for blood, strengthening the spleen and stomach, tonifying the muscles and bones, and relieving fatigue. 
Relevant studies have shown that it also has anti-aging and anti-cancer effects [26,27]. A series of products have been developed using 
red dates, among which the development of single and compound red date yogurts continues to heat up, while compound red date 
yogurts such as red date fruit and vegetable yogurt and red date dietary fiber yogurt [28,29]. It can not only improve the aroma and 
taste of fermented milk, but also enrich the nutritional composition of various raw materials, which is a promising direction and 
research hotspot. 

The four strains of lactic acid bacteria isolated and identified from natural sour camel milk by our group were found to have high in 
vitro antioxidant capacity, which were above 86 % for DPPH (1,1-Diphenyl-2-picrylhydrazyl free radical), above 14 % for superoxide 
radicals, above 98 % for hydroxyl radicals and above 58 % for ABTS (2,2′-Azinobis-3-ethylbenzthiazoline 6-sulphonate).The active 
substance for scavenging free radicals was extracellular secretion; in vitro cholesterol scavenging rate were above 58 %; extracellular 
polysaccharide content was below 0.0358 mg/mL [30]. Four strains of lactic acid bacteria and one commercially available bacterium 
were compounded to make the fermenting agent TR1. Sour camel milk and oat jujube sour camel milk were prepared by fermenting 
camel milk with TR1, and their nutritional composition, live bacterial count and acetaldehyde were analyzed. It was found that the 
nutritional composition of the 2 types of sour camel milk obtained by their fermentation changed, with an increase in the number of 
live bacteria and an increase in the acetaldehyde content. In addition, many active factors with health functions, such as bacteriocins, 
polysaccharides and vitamins, have been produced, giving camel milk a higher value and making it increasingly important in 
biomedicine, food industry production and scientific research. 

Current research work on sour camel milk has focused on the analysis of microbial community structure, antibacterial, antioxidant, 
lipid-lowering, and hypoglycemic active substances in traditional fermented camel milk, isolation and active substance character-
ization of lactic acid bacteria, evaluation of bile salt solubility of lactic acid bacteria, and development of flavored sour camel milk 
[31].However, the beneficial vital components of camel milk, sour camel milk, and oat jujube sour camel milk and their differences 
have not been determined, and many unknown nutrients and active ingredients have not been reported. 

Metabolomics is mainly the analysis of small molecule metabolites (molecular weight <1000 Da) of substrates and products 
produced by different metabolic pathways, which not only allows a comprehensive analysis of the changes in metabolite content, but 
also elucidates the patterns of changes between different metabolites and each treatment condition, thus evaluating the biological 
responses and effects of different substances [32,33]. Metabolomics has been applied in the study of plant, animal and microbial 
metabolomes, active substances and chemical components.LC-MS untargeted analysis is a valuable tool in the field of metabolomics, 
with high speed, sensitivity and relative simplicity of sample preparation compared to other analytical platforms [34].Arapitsas 
Panagiotis et al. [35]used liquid chromatography-mass spectrometry (LC-MS) to analyze wine metabolomics fingerprints and obtain 
different chromatograms in positive and negative ion mode. Ji Lei et al. [36] (identified potential biomarkers of human atherosclerotic 
abdominal aortic aneurysms by untargeted metabolomics and transcriptomics. Luo et al. [37]used ultra-high performance liquid 
chromatography-quadrupole time-of-flight mass spectrometry to find that fermentation using Scrophularia coronata could enhance 
the effective active substances of black tea tea broth, and the results of the study could provide some basis for liquid fermentation 
research.These findings amply confirm the success of untargeted metabolomics in detecting biometabolomics, but metabolic analyses 
of camel milk as well as beneficial components in fermented camel milk have been rarely reported. 

In this study, we used liquid mass spectrometry (LC-MS) non-targeted metabolomics technique to detect all metabolites in camel 
milk, fermentative bacterium TR1 fermented sour camel milk and oat jujube sour camel milk, and the compositional differences 
between camel milk, sour camel milk, and oat jujube sour camel milk were analyzed. A combination of multivariate statistical analysis 
and one-way statistical analysis was used to analyze the types and amounts of metabolites in camel milk, sour camel milk, and oat 
jujube sour camel milk, and to elucidate the metabolic differences among camel milk, sour camel milk, and oat jujube sour camel milk. 
The metabolites with significant differences were screened. A preliminary comparative study of camel milk, sour camel milk and oat 
jujube sour camel milk was carried out to explain the efficacy of camel milk, sour camel milk and oat jujube sour camel milk at a deeper 
level, and the detected substances can provide some data and theoretical support for the evaluation of the nutritional value of camel 
milk, sour camel milk, oat jujube sour camel milk and the corresponding probiotic function research. 

2. Materials and methods 

2.1. Strains, materials and reagents 

Fresh camel milk: fresh camel milk samples were collected from 7-year-old Bactrian camels from herders’ homes in the Alxa region. 
Camel milk samples were collected in June 2021, filtered, pasteurized, and stored at − 20 ◦C in the laboratory. 
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Strains: four lactic acid bacteria strains (Lactobacillus plantarum strain KC28, Lactobacillus plantarum strain K25, Lactobacillus D1501 
and Mesentericus SHU1396), preserved in the Laboratory of Biochemistry and Molecular Biology, Inner Mongolia Agricultural Uni-
versity. The strain used in this experiment, Lactobacillus acidophilus 2888 was isolated from the fermentation agent of Beijing Chuanxiu 
Technology Co. Ltd. 

Methanol and acetonitrile (purity not less than 99 %) were from Thermo; methyl tert-butyl ether (purity not less than 99 %) was 
from Wokai; formic acid, from TCI; ammonium formate (purity not less than 99 %) was from Sigma; all chemical reagents were 
chromatographically pure grade. 

2.2. Instruments and equipment 

Liquid Chromatograph and Mass Spectrometer are produced by Thermo Company. 

2.3. Methods 

2.3.1. Preparation of sour camel milk and oat jujube sour camel milk 
Sour camel milk: fermented camel milk prepared by fermenting bacterium TR1 made from Lactobacillus plantarum strain KC28: 

Lactobacillus plantarum strain K25: Lactobacillus D1501: Mesentericus SHU1396: Lactobacillus acidophilus 2888 in the compound of 
2:1:3:5:3. The ratio of camel milk (volume, mL): complex bacterium TR1 (wet weight, g) was 30:1. The fermentation conditions of sour 
camel milk were 38 ◦C, left to seal and ferment for 24 h and then shelved in the refrigerator for 24 h after post-ripening in the freezer. 

Oat jujube sour camel milk: camel milk is mixed with 1 % glucose, 5 % jujube powder and 3 % oatmeal, pasteurized and fermented 
under the same fermentation conditions as sour camel milk to prepare oat jujube sour camel milk. 

2.3.2. Analysis of physical and chemical indicators 
Live bacteria count assay: The live bacteria count was determined by dilution plate coating method, and the number of colonies was 

recorded with three replicates in each group. 
pH measurement: pH was measured before and after fermentation using a pH meter. 
Determination of acetaldehyde content: using iodine titration method, acetaldehyde reacts with sodium bisulfite in acidic envi-

ronment, the reaction product is sodium acetaldehyde bisulfite, oxidation reaction occurs with iodine and the remaining sodium 
bisulfite, the product of the reaction in the first step under alkaline conditions, sodium acetaldehyde bisulfite will react quantitatively 
with iodine, able to calculate the content of acetaldehyde in the measured sample according to the titration consumption of iodine. 

2.3.3. Determination of nutrient content 
Total sugars were determined by the 3,5-dinitrosalicylic acid method, which produces reducing monosaccharides from the hy-

drolysis of total sugars. The reducing monosaccharides produce brownish-red 3-amino-5-nitrosalicylic acid when heated with 3,5-dini-
trosalicylic acid, a compound with a maximum absorption value at 540 nm. The reducing sugars from the hydrolysed sample minus the 
unhydrolysed sample were used to produce the polysaccharide [38]. The protein was determined by the Coomassie brilliant blue 
G-250 method. The maximum absorbance value of the brownish red Coomassie brilliant blue G-250 is at 465 nm and its reaction with 
the protein to form the blue Coomassie brilliant blue G-250-protein complex has a maximum absorbance value at 595 nm. The protein 
content can be calculated by measuring the increase in the OD595 value [39]. The fat content of the samples was determined using the 
Gerber method [40]. The lactose content of the samples was determined using the Reducing Sugar method Reducing Sugar This 
method is based on the fact that lactose readily oxidizes and reduces another compound, and involves the reaction of lactose with a 
reagent to form a colored compound colorimetrically Measurement of absorbance using a spectrophotometer, and determination of the 
lactose concentration according to Beer’s law, in which the concentration of the colored compound formed is directly proportional to 
the concentration of lactose present in the sample Acidity was determined by acid-base Acidity is determined by acid-base titration 
[41].The acidity was determined by the acid-base titration method [42]. 

2.3.4. LC-MS sample preparation 
The camel milk was fermented according to the selected optimal fermenting conditions, from which 1 mL of sample was taken for 

the next analysis. Before use, organic solvent was pre-cooled in 40 ◦C. 150 μL of each sample was taken into 2 mL centrifuge tubes; 200 
μL of methanol (− 20 ◦C) and 200 μL of methyl tert-butyl ether (MTBE) were added to each tube, shaken for 60 s and centrifuged at 12 
000 rpm for 10 min at 4 ◦C, and the supernatant was filtered through a 0.22 μm membrane to obtain the sample to be tested. 

Quality Control (QC) samples were used to balance the next steps of the Chromatography-Mass Spectrometry System and determine 
the instrument status. Therefore, both experimental samples and QC samples were detected throughout the entire experimental 
procedure. There were three groups of experimental samples (fresh camel milk group, fermented camel milk group and oat jujube sour 
camel milk group). Simultaneously, QC samples were prepared, which were a mixture of equal amounts of all experimental samples. 
For QC samples, 3 technical replicates were performed. 

2.3.5. LC-MS spectral acquisition 
Chromatographic conditions: The gradient elution was performed on an ACQUITY UPLC® HSS T3 1.8 μm (2.1 × 150 mm) column 

with an autosampler set at 8 ◦C. The mobile phase was positive ion 0.1 % formic acid in water (C) - 0.1 % formic acid in acetonitrile (D); 
negative ion 5 mM ammonium formate in water (A) - acetonitrile (B). The gradient elution program was 0~1 min, 2%B/D; 1–9 min, 2 
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%~50 % B/D; 9–12 min, 50 %~98 % B/D; 12~13.5 min, 98 % B/D; 13.5–14 min, 98 %~2 % B/D; 14–20 min, 2 % D - positive mode 
(14–17 min, 2 % B - negative mode) [43]. 

Mass spectrometry conditions: The instrument uses an electrospray ionization source (ESI) in positive and negative ionization mode 
with a positive ion spray voltage of 3.50 kV and a negative ion spray voltage of 2.50 kV, a sheath gas flow rate of 50 arb and an auxiliary 
gas flow rate of 13 arb [44–46]. Sheath gas and auxiliary gas were set at 30 and 10 arbitrary units, respectively [46]. The capillary 
temperature was 325 ◦C, a full scan was performed at a resolution of 70 000 with a scan range of 81 to 1000 [47], and secondary lysis 
was performed using HCD with a collision voltage of 30 eV [48], while dynamic exclusion was used to remove unnecessary MS/MS 
information. 

2.3.6. Data preprocessing 
The raw data were converted to mzXML format (xcms input file format) by Proteowizard software; peaksidentification, peak 

filtration, and peak alignment were performed using R’s XCMS package; a data matrix including mass to charge ratio (m/z) and 
retention time and intensity was obtained. The data matrix including mass to charge ratio (m/z), retention time and peak area (in-
tensity) was obtained; 32009 precursor molecules were obtained in positive ion mode and 11693 in negative ion mode. The data were 
exported to excel for subsequent analysis [45]. 

2.3.7. Component structure identification 
Metabolites and differential metabolites were identified using the Compound Discovery program by means of exact mass number 

matching (<10 ppm) and secondary spectrum matching, followed by identification of metabolites and differential metabolites based 
on MS/MS fragmentation patterns with reference to HMDB, METLIN, Massbank and LipidMaps as well as self-built standards data-
bases, annotation of metabolites to obtain named fractions, and classification. 

2.3.8. Screening classification and functional annotation of differential metabolites 
The results of the statistical analysis of the experiment were analyzed using SPSS 20.0 software for data analysis, in which the 

Duncan method was used for one-way ANOVA and the Pearson method was used for correlation analysis. Data were presented as the 
mean ± SEM and differences of P < 0.05 were considered significant. 

Multivariate statistical analysis was used to finally obtain the shared metabolites and differential metabolites. The data were 
subjected to multivariate statistical analysis (including principal component analysis, cluster analysis, partial least squares discrimi-
nant analysis) and univariate analysis (including non-parametric test or parametric test, multiplicative analysis) using MetaboAnalyst 
5.0 online analysis software to screen out the components with significant differences. Finally, pathway analysis was performed 
through the KEGG pathway database to identify the major metabolic pathways involved in the differential metabolites. 

3. Result 

3.1. Physicochemical indexes of three dairy products 

Compared with camel milk, the pH,viable bacteria count and acetaldehyde content of sour camel milk and oat jujube sour camel 
milk after 24 h of fermentation and 24 h of refrigeration at 4 ◦C were as shown in Table 1. 

3.2. Nutritional composition of three types of dairy products 

Compared with camel milk, the acidity, lactose, fat, protein and total sugar contents of sour camel milk and oat jujube sour camel 
milk after 24 h of fermentation and 24 h of refrigeration at 4 ◦C were as shown in Table 2, which all met the requirements of national 
food inspection standards. 

3.3. Metabolomics multivariate statistical analysis 

3.3.1. Principal component analysis 
In this study, the metabolites of camel milk and its fermented products were analyzed by PCA analysis. The similarity of metabolic 

components between samples can be seen from the degree of aggregation and dispersion of each sample in the principal component 
analysis plot, where the closer the position is, the more similar it is, and vice versa. As shown in Fig. 1, samples from different groups 
showed aggregated status on the graph, indicating that the metabolites in each group were more similar, and the discrete status with 
large differences between groups indicated that the metabolic components were more different between groups, which provided a 

Table 1 
Physicochemical indexes.  

Projects pH viable bacterial count (CFU/mL) acetaldehyde content (μg/mL) 

Camel Milk 6.5 ± 0.4 \ \ 
Sour Camel Milk 4.35 ± 0.23 (2.05 ± 0.23)lg 12.10 ± 0.39 
Oat jujube Sour Camel Milk 4.68 ± 0.5 (10.7 ± 0.09)lg 13.63 ± 0.55  
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prerequisite for the subsequent screening of differential metabolites. From the PCA score plots (Fig. 1a and b), the PCA model had a 
good fit, and the samples were all within the 95 % confidence interval. The camel milk, sour camel milk and oat jujube sour camel milk 
samples were obviously clustered into three groups, which were basically effectively distinguished, indicating that there were obvious 
differences in the components between the groups, which could be identified by PCA identification, and the data were worthy of 
further study. 

The load is an indication of the relationship between each variable and the principal component in the principal component 
analysis (Fig. 2), which mainly reflects the degree of influence of the metabolic component on the principal component, as shown in 
Fig. 2a and b. The more distant the variables from the origin, the greater the relative weight coefficient and the greater the influence on 
the principal component. Combined with the subsequent annotation information, it contributes to biomarker discovery. 

3.3.2. Partial least squares discriminant analysis 
Although principal component analysis is effective in extracting primary information, it is insensitive to variables with low cor-

relation, which can be addressed by partial least squares discriminant analysis. PLS-DA is a supervised discriminant analysis method 
for metabolomic data classification and regression, which can ignore random errors and make data analysis more focused and accurate 
[49,50]. To further differentiate the metabolites of camel milk, sour camel milk, and oat jujube sour camel milk, the PLS-DA model was 
used in this study to analyze the metabolic information of each of the three dairy products. The components of the three groups were 
predicted as shown in Fig. 3, and the PLS-DA scores of the positive ion (Fig. 3a) and negative ion (Fig. 3b) models were plotted, with the 
vertical coordinates representing the intra-group differences and the horizontal coordinates representing the inter-group differences, 
from which it can be seen that the inter-group differences were obvious and did not overlap. In addition, the R2Y of the discriminative 
combination model for different dairy products was 1.00, indicating that up to 100 % of the original data were retained. the predictive 
ability of the PLS-DA model Q2Y was above 0.95, and R2Y was greater than Q2Y, indicating that the developed model had good 
predictive ability. 

Table 2 
Comparison of nutrients (%).  

Projects Acidity Lactose Fat Protein Total Sugar 

Camel Milk 20 ± 0.04◦T 4.7 ± 0.32 5.6 ± 0.38 3.8 ± 0.26 8.6 ± 0.14 
Oat jujube Sour Camel Milk 143 ± 0.64◦T 3.9 ± 0.26 5.1 ± 0.26 4.1 ± 0.81 8.2 ± 0.07 
Sour Camel Milk 143 ± 0.05◦T 4.3 ± 0.65 5.1 ± 0.57 3.3 ± 0.41 1.2 ± 0.12 
Inspection Standards ≥77◦T \ ≥3.1 ≥2.9 \  

Fig. 1. Similarity of metabolic components between samples (a); PCA score graph in positive ion mode (b); PCA score graph in negative ion mode. 
1, camel milk; 2, sour camel milk; 3, oat jujube sour camel milk. 
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3.4. Differential metabolite analysis 

3.4.1. Classification of differential metabolites 
Hierarchical cluster analysis visualises the differences in metabolite content between camel milk, sour camel milk and oat jujube 

sour camel milk in the form of a heat map. In the heat map of the cluster analysis, the same row represents the same differential 
metabolite, and the same column represents the same camel milk sample. Different colours represent different levels of different 
metabolites. Red indicates high levels and blue indicates low levels [51]. The differential metabolites of camel milk, sour camel milk 

Fig. 2. Effect of metabolic components on principal components (a); PCA load map in positive ion mode (b); PCA load map in negative ion mode. 1, 
camel milk; 2, sour camel milk; 3, oat jujube sour camel milk. 

Fig. 3. Partial least squares discriminant analysis (a); PLS-DA score chart in positive ion mode (b); PLS-DA score chart in negative ion mode. 1, 
camel milk; 2, sour camel milk; 3, oat jujube sour camel milk. 
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and oat jujube sour camel milk were analyzed in clusters and represented as heat maps. There is a clear colour distribution indicating 
distinct zones of high and low expression in the different camel milk samples, which can be used to differentiate the functional me-
tabolites of camel milk. 

As shown in Fig. 4, a comprehensive cluster analysis was conducted for the three dairy products (camel milk, sour camel milk and 
oat jujube sour camel milk). The distribution of the differential metabolites in the three samples is presented in the form of a heat map. 
The metabolites identified after clustering analysis were amino acids, nucleoside compounds, organic. acids and amides (Fig. 4a). The 
bioactive compounds in the positive ion mode included L-phenylalanine, L-tyrosine, L-histidine N-methyl-L-glutamic acid, hypoxan-
thine ribose, nicotinamide ribose, guanine, dihydrothymidine, citric acid, percarbonic acid, α-ketoglutaric acid, (R)-3-hydroxybutyric 
acid, indolyl lactate, palmitic acid, nicotinamide, and ε-caprolactam. Among them, ε -caprolactam, L-tyrosine, (R)-3-hydroxybutyric 
acid, dihydrothymidine, α-ketoglutaric acid and L-histidine were significantly higher in camel milk samples than in sour camel milk 
and oat jujube sour camel milk, with a clear distribution of high and low contents, (high metabolites (red) were distributed above and 
low metabolites (blue) were distributed below). Nicotinamide Ribose, inosine and guanine were significantly higher in the sour camel 
milk sample than in the camel milk and oat jujube sour camel milk, with the high metabolites (red) distributed in the middle and the 
low metabolites (blue) distributed on both sides. High alcoholic acid, L-phenylalanine, indole lactic acid, palmitic acid, N-methyl-L- 
glutamic acid, nicotinamide and citric acid were significantly higher in the oat jujube sour camel milk sample than in the camel milk 
and sour camel milk, high metabolites (red) were distributed at the bottom and low metabolites (blue) were distributed at the top 

Fig. 4. The heat maps of cluster analysis of all differential metabolites of camel milk, sour camel milk and oat jujube sour camel milk (a); Heat map 
of differential component clustering in positive ion mode (b); Heat map of differential component clustering in negative ion mode 1, camel milk; 2, 
sour camel milk; 3, oat jujube sour camel milk. 
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(Fig. 4b). Bioactive compounds in the negative ion mode included L-glutamic acid, guanosine, phenylpyruvic acid, palmitic acid, 
gluconic acid, pantothenic acid and 16-hydroxyhexadecanoic acid. The levels of gluconic acid and L-glutamic acid were significantly 
higher in camel milk samples than in acidic camel milk, oat and date camel milk (high metabolites (red) at the top and low metabolites 
(blue) at the bottom); the levels of phenylpyruvic acid, palmitic acid and 16-hydroxyhexadecanoic acid were significantly higher in 
acidic camel milk and oat and date camel milk (high metabolites (red) at the bottom) and 16-hydroxyhexadecanoic acid at the bottom. 
Pantothenic acid and guanosine were significantly higher in acidic camel milk than in camel milk and oat-date acidic camel milk (high 
metabolites (red) at the bottom and low metabolites (blue) at the top). 

Cluster analysis of differential metabolites accurately identifies those with significant differences among dairy products. By 
comparing these differences, the three dairy products were successfully distinguished. The heat map of metabolites reveals their types 
and contents, showcasing distinct color distributions. These differences in color distribution indicate functional diversity among the 
metabolites of the three dairy products. 

3.4.2. Differential metabolite pathway analysis 
The components were compared with the KEGG pathway database to collate all pathways mapping to the partially differential 

components of the corresponding species. The metabolic pathways involved in the differential metabolites of camel milk, sour camel 
milk, and oat and red date sour camel milk are shown in (Fig. 5), and the identification results without categorical information were 
not involved in the statistics. As shown in (Fig. 5a), the metabolisms involved in the positive ion mode are phenylalanine, niacin and 
nicotinamide, purine (Fig. 5b), Metabolisms involved in the negative ion mode are phenylalanine, fatty acids, unsaturated fatty acid 
biosynthesis; butyric acid, glyoxylic acid and dicarboxylic acid, purine. 

To obtain the close relationship between the metabolic pathways and the experimental conditions, enrichment analysis was 
performed on the metabolic pathways where the differential components were located. After obtaining the matching information of 
the differential components, we searched the corresponding pathway database and completed the metabolic pathway enrichment 
analysis and filtered the pathways containing the differential components by calculating the enrichment ratios and p-values to make 
bubble plots. As shown in (Fig. 6), the horizontal coordinate is the negative logarithm of the p-value, the vertical coordinate is the 
name of the metabolic pathway, and the color of the bubble is the size of the p-value, the smaller the p-value means the more sig-
nificant enrichment; the size of the bubble is the size of the enrichment ratio, the larger the bubble means the larger the enrichment 
ratio, the more the number of metabolites, the more valuable the metabolic pathway is for research. As can be seen from (Fig. 6a), the 
metabolic pathways in which the metabolites are significantly involved in the positive ion mode are mainly the biosynthesis of 
phenylalanine, tyrosine, tryptophan and the metabolism of phenylalanine, nicotinic acid and nicotinamide, etc. The metabolites 
involved in the biosynthesis of phenylalanine, tyrosine and tryptophan are L-phenylalanine and L-tyrosine, the metabolite involved in 
the metabolism of phenylalanine is L-phenylalanine, and the metabolite involved in the metabolism of nicotinic acid and nicotinamide 

Fig. 5. Metabolic pathways involved in different metabolites (a); Bar graph of metabolic pathway analysis in positive ion mode (b); Bar graph of 
metabolic pathway analysis in negative ion mode. 
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is nicotinamide. As can be seen from (Fig. 6b), the metabolic pathways in which metabolites are significantly different in the negative 
ion mode are mainly D-glutamine and D-glutamate and nitrogen metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, etc. 
The metabolite involved in D-glutamine and D-glutamate metabolism is L-glutamate, the metabolite involved in phenylalanine, tyrosine 
and tryptophan biosynthesis is phenylpyruvate, and the metabolite involved in nitrogen metabolism is guanosine. 

4. Discussion 

Camel milk is widely known for being rich in vitamins, unsaturated fatty acids, lactoferrin, immunoglobulins and high levels of 
insulin, among other nutrients that are beneficial to human health [52]. In this study, fresh camel milk was fermented using laboratory 
screening of lactic acid bacteria and optimal fermentation conditions to prepare sour camel milk. In addition, 1 % glucose, 5 % jujube 
powder and 3 % oatmeal were added during the fermentation process to prepare oat jujube sour camel milk, so that camel milk has 
both nutritional value and many probiotic functions at the same time. Liquid chromatography-mass spectrometry (LC-MS) untargeted 
metabolomics was used to determine the differential metabolites of camel milk, fermentative bacterium TR1 fermented sour camel 
milk and oat red date sour camel milk. Among the differential metabolites, the levels of citric acid, nicotinamide, N-methyl-L-glutamic 
acid, indolyl lactate, palmitoleic acid, L-phenylalanine, and percocet were significantly higher in sour camel milk than in camel milk 
and oat and jujube sour camel milk. Among these substances, nicotinamide is a vitamin with potent anti-inflammatory properties [53]. 
Niacinamide deficiency can lead to pellagra, dermatitis, diarrhea, insomnia, headache, and other symptoms. A derivative of nico-
tinamide is coenzyme I, which can be used as a coenzyme for many kinds of dehydrogenases in the body. In addition, it has three 
important biological functions: as an energy donor for DNA ligase in bacterial cells, involved in ADP-ribosylation modification of 
proteins, and involved in deacetylation modification of histones. This suggests that yogurt can be a good supplement for niacinamide. 
Currently, niacinamide is mainly used in pharmaceuticals and cosmeceuticals, and studies have confirmed that the use of niacinamide 
as an essential nutrient will benefit the health of the whole body and skin [54,55].A study by De Souza et al. [56] showed that pal-
mitoleic acid plays an important role as a non-pharmacological treatment in the treatment of diabetes mellitus and liver dysfunction. 
This is in line with the study of Hussain et al. [57], where camel milk significantly reduced blood glucose, along with HbA1c (p < 0.01), 
aspartate aminotransferase (AST), alanine aminotransferase (ALT) (p < 0.1), triglyceride (TG), and cholesterol (p < 0.1), which could 
be used as a suitable alternative for the treatment of diabetes.The higher levels of palmitoleic acid in sour camel milk compared to 
camel milk predicts a role for sour camel milk in diabetes and liver dysfunction. L-phenylalanine is an essential amino acid, slightly 
bitter in taste, and belongs to the aromatic amino acids. In addition, lysine, methionine, leucine and histidine, which are essential for 
human body, are all in the form of derivatives in the different fractions, and most of the essential amino acid derivatives are signif-
icantly higher in sour camel milk than camel milk, so sour camel milk can provide essential amino acids for human body more 
effectively. The contents of guanine, inosine and nicotinamide riboside in oat jujube sour camel milk were significantly higher than 
those in the other two groups. Inosine has been reported to have anti-inflammatory and immunomodulatory properties [58,59], 
predicting that oat jujube sour camel milk could play an important role in anti-inflammation and immunomodulation. In addition, 
inosine is a dietary supplement widely used in the treatment of many central nervous system disorders, and recent experimental studies 
on inosine have revealed its potential to promote peripheral neuroprotection after sciatic nerve injury, and inosine is highly promising 

Fig. 6. Enrichment analysis of metabolic pathways of different components (a); Bubble diagram of metabolic pathway enrichment analysis in 
positive ion mode (b); Bubble diagram of metabolic pathway enrichment analysis in negative ion mode. 
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in attenuating diabetic peripheral neuropathy (DPN) in rats, possibly as a potential signaling pathway [60]. Recent findings suggest 
that nicotinamide riboside (NR) and its phosphorylated form nicotinamide mononucleotide (NMN) are also effective in inducing NAD 
biosynthesis, complementing other recognized NAD precursors, such as NMN or NR, which have been shown to reduce neuronal loss 
after brain injury in mice by increasing intracellular NAD content, and have therapeutic utility in clinical studies [61]. Therefore, oat 
jujube sour camel milk is expected to perform its probiotic function in the treatment of neurological diseases. 

The KEGG database was used to annotate the differential metabolic pathways in different ionic modes, with 12 major metabolic 
pathways involved in positive ionic mode and 20 major metabolic pathways involved in negative ionic mode. The results showed that 
the camel milk, sour camel milk and oat jujube sour camel milk changed significantly and differed in the metabolic pathways of amino 
acids, nitrogen, organic acids and purines, and the nutritional quality and probiotic functions of camel milk were enhanced by lactic 
acid bacteria fermentation and the addition of oat and jujube during fermentation. 

5. Conclusion 

In this study, we compared the differential fractions of sour camel milk and oat jujube sour camel milk prepared by lactic acid 
bacterial agent TR1 with camel milk by liquid chromatography-mass spectrometry (LC-MS) non-targeted metabolomics, and found 
that the addition of oat and jujube during fermentation and fermentation of lactic acid bacterial agent TR1 significantly affected the 
metabolic pathways of amino acid metabolism, nitrogen metabolism, organic acid metabolism, and purine metabolism of the three 
products by affecting The content of amino acids, nucleosides, organic acids and amides of the three products was significantly 
increased in sour camel milk compared with camel milk, and the content of beneficial components such as niacinamide, L-phenyl-
alanine and palmitic acid was significantly increased in oat jujube sour camel milk compared with camel milk, and the content of 
beneficial components such as guanine, inosine and niacinamide riboside was significantly increased in oat jujube sour camel milk 
compared with camel milk, which showed that sour camel milk and oat jujube sour camel milk improved the nutritional quality and 
probiotic function of camel milk The results showed that camel milk and oat jujube sour camel milk improved the nutritional quality 
and probiotic function of camel milk, and provided a theoretical basis for the development of processing technology and products 
related to camel milk and fermented camel milk. 
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