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The Kazakh horse is one of the important horse breeds in China. The distribution of its adipose tissue and the characteristics of lipid metabolism play a crucial role in the horse’s fat utilization efficiency, meat quality, and energy storage. This study employed tissue sectioning, LC-MS/MS, and related methodologies to characterize variations in cellular morphology, fatty acid profiles, and lipid metabolite composition across neck adipose tissue (NAT), abdominal adipose tissue (AAT), and mesenteric adipose tissue (MAT) in Kazakh horses. Adipocyte area and diameter were largest in MAT, while Adipocyte number was highest in NAT. Notably, horse adipose tissue demonstrated a high abundance of unsaturated fatty acids, particularly oleic acid and linoleic acid. Among these, saturated fatty acids and polyunsaturated fatty acids were higher in MAT, while monounsaturated fatty acids were higher in NAT. Lipidomic profiling identified 170, 44, and 109 differentially abundant lipid species (DALs) in the NAT-MAT, AAT-MAT, and NAT-AAT comparisons, respectively. With triglycerides (TG), phosphatidylcholine (PC), and phosphatidylethanolamine (PE) being particularly prominent. KEGG results show that Glycerophospholipid metabolism, Glycerolipid metabolism, Linoleic acid metabolism, and alpha-Linolenic acid metabolism are the main pathways involved in adipose metabolism. These findings delineate regional disparities in adipose cellular morphology, fatty acid profiles, and lipid metabolite composition in the Kazakh horse, offering mechanistic insights to inform strategies for lipid regulation and tissue-specific fat management.




Keywords: Kazakh horse, adipose cell, fatty acid, adipose tissue, lipidomics




	
1 Introduction

The Kazakh horse, recognized as an excellent breed in China, has garnered significant attention due to its remarkable meat and milk production capabilities, early maturity, tolerance to roughage, and strong adaptability to diverse environments (Wubulikasimu et al., 2025). As research on equine genetic resources advances, the diverse functions and importance of fat within the horse’s body are becoming increasingly evident. Adipose tissue, an economically significant trait, is closely linked to the production efficiency and meat quality of animals used for food production. The deposition of fat directly impacts the quality of meat and the overall production efficiency.

Horse fat is a valuable dietary product, rich in unsaturated fatty acids (Petrov et al., 2020). The total content of n-3 polyunsaturated fatty acids (PUFAs) in muscle fat ranges from 1.17% to 18.9%, while the content in subcutaneous fat of the back ranges from 1.52% to 27.9% (Belaunzaran et al., 2017). n-3 PUFAs can prevent atherosclerotic cardiovascular diseases, with potential mechanisms including effects on plasma triglyceride (TG) levels, lipoprotein size, inflammation, and vascular function (Liu et al., 2022). Therefore, horse fat offers significant health benefits for humans.

Adipose tissue primarily comprises adipocytes, which function as both energy reservoirs and metabolically active endocrine units involved in systemic energy homeostasis and metabolic modulation (Scherer, 2006). In mammals, energy is stored as triglycerides within adipocytes, which also mobilize free fatty acids to meet energetic demands (Vishvanath and Gupta, 2019). These cells actively undergo proliferation and differentiation, contributing to adipose accumulation across various depots (Audano et al., 2022; Luo et al., 2023). Anatomically, adipose tissue is categorized into subcutaneous adipose tissue (SAT), abdominal adipose tissue (AAT), visceral adipose tissue (VAT), and intramuscular adipose tissue (Du et al., 2022). As a structurally and functionally heterogeneous organ, adipose tissue exhibits site-specific variations at the cellular, molecular, physiological, and functional levels (Mottillo and Steinberg, 2020). SAT, situated beneath the dermis, serves as the principal lipid reservoir and contributes to thermoregulation and lipid metabolism (Ibrahim, 2010). It also displays distinct features in adipogenesis, insulin responsiveness, and adipokine secretion (Lee et al., 2013; Qiang et al., 2016). VAT, in contrast, is crucial in maintaining glucose and lipid equilibrium by storing surplus energy and releasing regulatory hormones, cytokines, and chemokines that influence appetite, nutrient storage, and catabolic processes (Lu et al., 2025; Nawrocki and Scherer, 2004). VAT-derived adipocytes demonstrate enhanced capacities for lipid synthesis and breakdown relative to their SAT counterparts (Wajchenberg, 2000). In livestock, excessive AAT accumulation is regarded as a detrimental economic trait (Jiang et al., 2017). Given these anatomical and metabolic distinctions, it is hypothesized that site-specific adipose tissues exert differential regulatory effects on lipid metabolism.

Although previous studies have provided preliminary insights into the heterogeneity of adipose tissue in livestock, there has been no research specifically examining the lipid metabolic characteristics of adipose tissue in different regions of the Kazakh horse. Therefore, we conducted a comparative analysis of the neck adipose tissue (NAT, subcutaneous fat), abdominal adipose tissue (AAT, abdominal fat), and mesenteric adipose tissue (MAT, visceral fat) in Kazakh horses. This study focused on the morphology of adipocytes, fatty acid profiles, and lipid metabolite distribution across the three regions. Our findings provide foundational data for a comprehensive understanding of the heterogeneity of adipose tissue in Kazakh horses and its regulatory pathways, offering scientific evidence for future strategies aimed at targeted fat deposition regulation and improving fat utilization efficiency in horses.




2 Materials and methods



2.1 Sample collection

Six 3.5-year-old Kazakh stallions (375–400 kg) originating from Changji, Xinjiang, China, maintained under uniform grazing conditions, were utilized for this study. Throughout the rearing period, unrestricted access to feed and water was provided. Prior to slaughter, the animals underwent a 24-hour fasting period and a 2-hour water withdrawal. Within 30 minutes postmortem, 20 g samples of NAT, AAT, and MAT were excised. Portions were sectioned into 1 cm × 1 cm × 0.5 cm blocks and fixed in 4% paraformaldehyde for histological processing, while the remaining tissue was preserved in liquid nitrogen for subsequent fatty acid and lipidomic profiling.




2.2 Histomorphological analysis

Adipose tissues preserved in 4% paraformaldehyde underwent standard dehydration, clearing, and paraffin embedding procedures. Sections were dewaxed and stained using hematoxylin and eosin. Optical microscopy was employed to visualize tissue morphology, and images were acquired accordingly. For each sample, five non-overlapping fields were analyzed. Adipocyte diameter and area were quantified using Image-Pro Plus 6.0 software (Media Cybernetics Corporation, Rockville, MD, USA), and cell counts within the defined regions were recorded.




2.3 Extraction and analysis of fatty acid

Fatty acid profiling was performed via LC-MS/MS. Lipid content was extracted using an isopropanol–acetonitrile mixture (1:1, v/v), with 1 g of fat isolated per sample and quantified gravimetrically following Folch’s protocol (Folch et al., 1957). Fatty acid methyl esters were derived from total lipid through acid-catalyzed transesterification according to Christie’s method (Christie, 1982) and subsequently quantified by liquid chromatography. Chromatographic separation was conducted on a Waters ACQUITY UPLC BEH C18 column using 0.1% formic acid in acetonitrile/water (1:1, v/v) as solvent A and isopropanol/acetonitrile (1:1, v/v) as solvent B, at a flow rate of 0.30 mL/min.




2.4 Extraction and analysis of lipid metabolites

A 100 mg aliquot of sample was weighed and homogenized under liquid nitrogen, followed by lipid metabolite extraction based on the protocol outlined by Matyash (Matyash et al., 2008). The resulting lipid extract was preserved at −20°C and subsequently subjected to LC-MS/MS analysis. Chromatographic separation was conducted using a Thermo Accucore C30 column. The mobile phase A consisted of acetonitrile/water (6:4) with 10 mM ammonium acetate and 0.1% formic acid, while mobile phase B was acetonitrile/isopropanol (1:9) containing the same additives. The system operated at a flow rate of 0.35 mL/min and a column temperature of 40°C. Detection employed electrospray ionization in both positive and negative ion modes, with instrumental parameters set as follows: capillary temperature at 320 °C, sheath gas at 40 psi, auxiliary gas at 7 L/min, spray voltage at 3.5 kV, and mass scanning over an m/z range of 100–1500.

Raw spectral data were processed and annotated through database comparison to achieve both qualitative and quantitative lipid profiling, followed by stringent quality control procedures. Differential lipid metabolites were identified using an OPLS-DA model based on VIP scores, fold change (FC), and corresponding t-test p values. Metabolites satisfying the criteria VIP > 1, P < 0.05, and FC ≥ 2 or FC ≤ 0.5 were considered statistically significant. KEGG pathway enrichment analysis of significant lipids was conducted using MetaboAnalyst to elucidate metabolic pathways with substantial impact on lipid metabolism.




2.5 Statistical analysis

Statistical analyses of adipose tissue morphology and fatty acid profiles were conducted using SPSS 27.0 via one-way ANOVA. Group-wise differences were assessed through LSD post hoc testing, with results reported as mean ± standard error (Mean ± SE). Visualization of adipose tissue morphology was performed in GraphPad Prism. Statistical significance was defined at P< 0.05, and high significance at P < 0.01.





3 Results



3.1 Morphological differences of adipose tissues across different regions

Adipose tissues from three anatomical sites of the Kazakh horse were subjected to paraffin embedding and HE staining. Representative microscopic images of adipocytes were presented in Figures 1A–C. Quantitative analysis revealed that the adipocyte area (Figure 1D) and diameter (Figure 1E) in the MAT were significantly larger than those in both the NAT and AAT. Furthermore, the adipocyte area (Figure 1D) and diameter (Figure 1E) in the AAT were significantly larger than in the NAT (P < 0.01). In fields of the same size, the number of adipocytes in both the AAT and MAT was significantly lower than in the NAT (P < 0.01) (Figure 1F), with MAT showing a significantly smaller number compared to AAT (P < 0.01) (Figure 1F).

[image: Histological images and bar charts comparing adipose tissue in different conditions. Panels A, B, and C show microscope images labeled NAT, AAT, and MAT, displaying varying cell sizes and distributions. Panels D, E, and F present bar charts indicating measurements for adipocyte area, diameter, and number across the same conditions, with significant differences marked by double asterisks.]
Figure 1 | Analysis of adipocyte morphology in adipose tissue across different regions. (A) NAT cell morphology. (B) AAT cell morphology. (C) MAT cell morphology. (D) Comparison of adipocyte area. (E) Comparison of adipocyte diameter. (F) Comparison of adipocyte count. ** represents P < 0.01.




3.2 Analysis of fatty acid content and composition

A total of 29 fatty acids were identified in the NAT, AAT, and MAT of Kazakh horses (Table 1), comprising 15 saturated fatty acids (SFA), 7 monounsaturated fatty acids (MUFA), and 7 PUFA. The predominant constituents included oleic acid (C18:1), hexadecanoic acid (C16:0), linoleic acid (C18:2(n-6)), tetradecanoic acid (C14:0), octadecanoic acid (C18:0), palmitoleic acid (C16:1), and α-linolenic acid (C18:3(n-3)). Across all regions, MUFA levels exceeded those of SFA and PUFA. AAT and MAT exhibited significantly elevated SFA concentrations relative to NAT, particularly in Caprylic acid (C8:0), Decanoic acid (C10:0), Hendecanoic acid (C11:0), Tridecanoic acid (C13:0), Tetradecanoic acid (C14:0), Pentadecanoic acid (C15:0), Heptadecanoic acid (C17:0), Arachidic acid (C20:0), Heneicosanoic acid (C21:0), and Tricosanoic acid (C23:0) (P < 0.01). C18:0 content followed a descending order of AAT > MAT > NAT, with statistically significant differences (P < 0.01). Both C12:0 and C16:0 levels were significantly higher in MAT than in AAT and NAT, and their concentrations in AAT also exceeded those in NAT (P < 0.01). MUFA levels were highest in NAT, with significantly greater concentrations of myristoleic acid (C14:1), cis-10-pentadecenoic acid (C15:1), palmitoleic acid (C16:1), cis-10-heptadecenoic acid (C17:1), oleic acid (C18:1), cis-11-eicosenoic acid (C20:1), and nervonic acid (C24:1) compared to AAT and MAT. Within this group, C18:1 levels were higher in AAT than MAT, while C16:1 was more abundant in MAT than AAT (P < 0.01). PUFA concentrations were significantly elevated in AAT and MAT compared to NAT, particularly C18:2(n-6) (P < 0.01). Figure 2 presents the results of hierarchical clustering analysis of differentially expressed fatty acids in adipose tissues from three distinct regions. The analysis identified three clusters, indicating significant differences in fatty acid composition between the regions (p < 0.01).

[image: Heatmap displaying Z-scores for various compounds across samples. Rows represent compounds such as C18:2(n-6), C12:0, etc., with columns for groups NAT, AAT, and MAT. Colors range from red (high Z-score) to green (low Z-score). Dendrograms indicate clustering on both axes.]
Figure 2 | Hierarchical clustering of differentially expressed fatty acids in different adipose tissue regions (P < 0.01).




3.3 Lipidomic profiling of adipose tissues across different regions



3.3.1 OPLS-DA

OPLS-DA was applied to the lipidomic profiles of NAT, AAT, and MAT. For NAT-MAT, the first and second components (C1 and C2) accounted for 48.1% and 11.8% of the variance, respectively (Figure 3A), with R2X = 0.599, R2Y = 0.950, and Q2 = 0.877 (Figure 3B). In the AAT-MAT comparison, C1 and C2 contributed 45.1% and 19.2%, respectively (Figure 3C), and the model yielded R2X = 0.643, R2Y = 0.921, and Q2 = 0.678 (Figure 4D). For NAT-AAT, C1 and C2 explained 62.1% and 10.4% of the variation (Figure 3E), with R2X = 0.725, R2Y = 0.961, and Q2 = 0.866 (Figure 3F). Clear separation among the three sample groups was evident in Figures 3A, C, E. In all models, Q2 values exceeded 0.5, reflecting robust performance.

[image: Image features six panels with statistical plots. Panels A, C, and E display OPLS-DA plots with two groups distinguished by color, showing component variances. Panels B, D, and F present permutation tests as bar graphs, depicting frequency and permutation values with metrics Q², R²Y, and R²X indicated.]
Figure 3 | OPLS-DA based on NAT, AAT, and MAT lipid molecules. (A) NAT-MAT score. (B) NAT-MAT permutation test. (C) AAT-MAT score. (D) AAT-MAT permutation test. (E) NAT-AAT score. (F) NAT-AAT permutation test.




3.3.2 Lipid metabolite content and composition

A total of 2,418 lipid species were identified across the three sample groups and annotated using the HMDB database, resulting in classification into seven distinct lipid categories (Figure 4). The distribution comprised 1,083 Glycerophospholipids (GP, 44.80%), 1,071 Glycerolipids (GL, 44.30%), 159 Sphingolipids (SP, 6.57%), 74 Fatty Acids (FA, 3.06%), 19 Derivatized lipids (0.78%), 9 Sterol Lipids (ST, 0.37%), and additional minor constituents.

[image: Pie chart depicting lipid composition. Glycerophospholipids are 44.80%, Glycerolipids 44.30%, Sterol Lipids 0.37%, Sphingolipids 6.57%, Fatty Acids 3.06%, Derivatized lipids 0.78%, and other lipids 0.12%. Each category is represented with different colors.]
Figure 4 | Classification of lipid metabolites.


Table 1 | Fatty acid composition in different adipose tissue regions (mg/100g).
	Abbreviation
	NAT
	AAT
	MAT



	C8:0
	7.19 ± 0.40B
	8.40 ± 0.31A
	8.52 ± 0.36A


	C10:0
	62.38 ± 2.77B
	85.68 ± 3.33A
	84.72 ± 3.10A


	C11:0
	26.00 ± 3.13B
	36.99 ± 3.71A
	35.51 ± 2.72A


	C12:0
	71.16 ± 4.38C
	78.36 ± 2.19B
	84.78 ± 2.47A


	C13:0
	12.34 ± 0.89B
	24.92 ± 2.19A
	25.00 ± 2.80A


	C14:0
	2283.29 ± 180.21B
	3269.66 ± 147.24A
	3309.99 ± 165.96A


	C15:0
	248.26 ± 16.90B
	420.50 ± 19.88A
	423.62 ± 18.92A


	C16:0
	22585.85 ± 948.56C
	32109.32 ± 856.82B
	34887.32 ± 922.12A


	C17:0
	650.57 ± 52.51B
	1134.00 ± 159.58A
	1127.80 ± 130.04A


	C18:0
	2672.09 ± 189.72C
	3473.54 ± 142.36A
	3190.60 ± 99.01B


	C20:0
	65.76 ± 7.58B
	88.28 ± 7.23A
	89.66 ± 8.33A


	C21:0
	34.58 ± 2.02B
	46.68 ± 2.39A
	46.06 ± 1.73A


	C22:0
	14.73 ± 2.54A
	14.38 ± 2.06A
	14.40 ± 2.57A


	C23:0
	15.13 ± 3.12B
	21.09 ± 3.32A
	22.11 ± 3.07A


	C24:0
	22.24 ± 1.46A
	23.78 ± 3.11A
	24.59 ± 3.11A


	C14:1
	454.58 ± 31.94A
	226.48 ± 22.61B
	237.10 ± 12.04B


	C15:1
	65.88 ± 2.01A
	54.24 ± 3.06B
	55.93 ± 2.60B


	C16:1
	7508.74 ± 209.93A
	5746.81 ± 186.48B
	4613.25 ± 106.78C


	C17:1
	692.98 ± 47.58A
	532.57 ± 38.65B
	511.74 ± 68.36B


	C18:1
	32722.26 ± 1307.55A
	27888.76 ± 877.81C
	29440.21 ± 299.08B


	C20:1
	700.00 ± 70.30A
	502.43 ± 56.11B
	520.91 ± 51.06B


	C24:1
	26.78 ± 0.82A
	15.74 ± 1.61B
	16.41 ± 0.54B


	C20:4
	45.25 ± 1.84A
	43.71 ± 2.25A
	43.78 ± 2.67A


	C18:2(n-6)
	26835.00 ± 475.64B
	28548.03 ± 1309.43A
	29123.08 ± 1015.53A


	C18:3(n-3)
	2195.37 ± 117.60A
	2240.26 ± 146.52A
	2255.23 ± 145.49A


	C20:3(n-6)
	69.70 ± 3.40A
	71.30 ± 3.24A
	70.14 ± 4.48A


	C20:3(n-3)
	7.32 ± 0.14A
	7.36 ± 0.20A
	7.41 ± 0.40A


	C22:5(n-6)
	41.66 ± 2.21A
	41.72 ± 2.27A
	41.22 ± 2.62A


	C22:5(n-3)
	4.33 ± 0.31A
	4.27 ± 0.23A
	4.28 ± 0.15A


	SFA
	28781.57 ± 1416.19B
	40835.58 ± 1355.72A
	43374.68 ± 1366.31A


	MUFA
	42171.22 ± 1670.13A
	34967.03 ± 1186.33B
	35395.55 ± 540.46B


	PUFA
	29198.63 ± 601.14B
	30956.65 ± 1464.14A
	31545.14 ± 1171.34A


	UFA
	71369.85 ± 2271.27B
	65923.68 ± 2650.47A
	66940.69 ± 1171.8A


	n-6
	26946.36 ± 481.25C
	28661.05 ± 1314.94B
	29234 ± 1022.63A


	n-3
	2207.02 ± 118.05A
	2251.89 ± 146.95A
	2266.92 ± 146.04A





Data are expressed as mean ± standard error. Within the same row, values sharing the same superscript letter are not significantly different (P > 0.05), whereas values with different uppercase letters indicate a highly significant difference (P < 0.01).






3.3.3 Analysis of differentially abundant lipid species

DALs were identified using VIP >1, P < 0.05, and FC ≥2 or FC ≤0.5 as selection cri-teria (Figure 5). In the NAT-MAT comparison, 170 DALs were identified, with 154 up-regulated and 16 downregulated species. These included Cer (4), SM (3), LSM (1), TG (106), DG (3), Hex2Cer (1), LPA (2), LPC (3), LPE (6), LPI (1), LPS (3), PC (21), PE (8), PEt (1), PG (1), PI (3), and PS (3), corresponding predominantly to sphingolipids (SP, 4.70%), glycerolipids (GL, 64.71%), and glycerophospholipids (GP, 30.59%). In the AAT-MAT comparison, 44 DALs were identified, comprising 42 upregulated and 2 downregulated metabolites, including AcCa (1), TG (41), Cer (1), and LPS (1), with the distribution dominated by GL (93.19%), and minor contributions from FA (2.27%), SP (2.27%), and GP (2.27%). In the NAT-AAT comparison, 109 DALs were detected, with 19 upregulated and 90 downregulated. These included AcCa (1), Cer (4), Hex2Cer (1), Hex3Cer (1), GM3 (1), SM (11), TG (7), DG (1), LBPA (1), LPA (2), LPC (5), LPE (8), LPI (2), LPS (5), CL (5), PA (1), PC (26), PE (11), PEt (2), PG (3), PI (3), and PS (6). The lipid class distribution consisted of FA (0.92%), GL (7.34%), SP (18.35%), and GP (73.39%). In the DALs of the three adipose tissues, we found that GL had the highest proportion, followed by GP. Among them, TG, PC, and PE were the major lipid subclasses. The differentially expressed lipid molecules are listed in Appendix S1. Furthermore, we measured the content of lipid subclasses with the highest proportions of differential lipids (Table 2). The results showed that the content of TG, PC, and PE in SAT was significantly higher than in AAT and MAT (P < 0.05), while the content of DG and FA was significantly lower in SAT compared to AAT and MAT (P < 0.05).

[image: Six-part figure with three volcano plots and three corresponding donut charts.   A: Volcano plot showing data points, with red indicating upregulated, black no significance, and green downregulated.   B: Donut chart showing Class I and II lipid distribution, dominated by Glycerolipids (GL) at 64.71%.  C: Similar volcano plot with fewer significant data points.  D: Donut chart displaying diverse class distribution, with Glycerolipids (GL) at 93.19%.  E: Volcano plot indicating significant changes, similar to plot A.  F: Donut chart with varied classes, Glycerophospholipids (GP) at 73.36%. Each chart includes a legend detailing the lipid classes.]
Figure 5 | Analysis of DALs. (A) NAT-MAT volcano plot. (B) NAT-MAT classification doughnut chart. (C) AAT-MAT volcano plot. (D) AAT-MAT classification doughnut chart. (E) NAT-AAT volcano plot. (F) NAT-AAT classification doughnut chart.


Table 2 | Comparison of lipid content in different adipose tissues (ug/g).
	Lipids
	Name
	NAT
	AAT
	MAT



	TG
	Triacylglycerol
	517.75 ± 16.24a
	316.91 ± 3.12b
	313.08 ± 10.47b


	PC
	Phosphatidylcholine
	330 ± 2.77a
	224.54 ± 10.36b
	220.70 ± 12.98b


	PE
	Phosphatidyl ethanolamine
	150.03 ± 9.86a
	110.04 ± 9.51b
	108.01 ± 8.42b


	DG
	Diacylglycerol
	25.48 ± 3.40b
	52.17 ± 6.11a
	47.95 ± 8.35a


	Cer
	Ceramide
	11.77 ± 0.46a
	11.73 ± 0.41a
	11.32 ± 1.62a


	FA
	Fatty acid
	8.46 ± 0.97b
	13.41 ± 1.63a
	13.40 ± 1.34a





Data are presented as mean ± standard error. Values with the same superscript letter within a row indicate no significant difference (P > 0.05), while different lowercase letters indicate a significant difference (P < 0.05).






3.3.4 Enriched pathway analysis of DALs

KEGG enrichment analysis of the identified DALs (Figure 6) revealed seven significantly enriched metabolic pathways. Among them, one pathway pertained to glycan synthesis and metabolism, specifically Glycosylphosphatidylinositol (GPI)-anchor biosynthesis. Three pathways were associated with lipid metabolic processes, including Glycerophospholipid metabolism, Glycerolipid metabolism, and Ether lipid metabolism. The remaining three pathways involved UFA metabolism, comprising Linoleic acid metabolism, alpha-Linolenic acid metabolism, and Arachidonic acid metabolism.

[image: Scatter plot depicting various metabolic pathways with axes labeled as -log10(p) and Pathway Impact. Key pathways include glycerophospholipid metabolism, highlighted at the top with the largest impact, and others like glycerolipid and ether lipid metabolism plotted below.]
Figure 6 | Enrichment pathways of all DALs identified in the three groups.






4 Discussion

Adipose tissue morphology exhibits region-specific variation, with distinct histological features observable across anatomical sites. In the present analysis, NAT displayed the smallest mean cell area and diameter alongside the highest adipocyte density. We hypothesize that this is due to the abundant vascularization in the neck, where the adipose layer serves to prevent the loss of core body temperature through the carotid artery, leading to the formation of fat deposition (Speakman, 2018). Adipose accumulation results from either adipocyte hypertrophy or hyperplasia (Jo et al., 2009), with subcutaneous fat deposition predominantly attributed to hyperplasia (Han et al., 2024), supporting the observed adipocyte abundance and reduced cell size in NAT. In contrast, AAT and MAT revealed larger adipocyte dimensions microscopically, consistent with greater lipid droplet volume and enhanced lipid storage capacity (Olzmann and Carvalho, 2019), potentially linked to the species-specific digestive physiology of horses.

Fatty acids (FA), as integral constituents of adipose tissue, influence its texture, flavor, and nutritional profile (Wood et al., 2004). Specific FA types have been shown to modulate absorption processes, thereby altering adipose tissue function and metabolic activity (Li et al., 2021). In the present analysis, UFA levels surpassed those of SFA across all three adipose tissue types. SFA has been associated with ectopic lipid deposition (Rosqvist et al., 2014), and excessive SFA intake may disrupt gut microbial composition and mucosal gene expression, indirectly contributing to lipid accumulation (De Wit et al., 2012). UFAs have been reported to attenuate endogenous TG synthesis (Qi et al., 2008) and promote lipid digestion and absorption within the gastrointestinal tract, ultimately improving FA digestibility and elevating metabolizable energy availability (Ravindran et al., 2016; Rodriguez-Sanchez et al., 2019). The primary source of FA in adipocytes derives from dietary intake, whereby FA enters cells to form neutral TG for energy storage, leading predominantly to the accumulation of SFA and MUFA (Ahmadian et al., 2007). This pattern aligns with the current findings, which showed SFA and MUFA concentrations exceeding those of PUFA. The predominant SFA species identified in all three adipose tissues were C16:0, C14:0, and C18:0. In mammals, FA biosynthesis primarily utilizes α-phosphoglycerol and acyl-CoA as substrates, and fatty acid synthase catalyzes the formation of SFA, particularly C16:0 and C18:0 (Bas et al., 2005). Consequently, these two SFAs constitute the major saturated lipid components in animal adipose tissue (Iggman and Risérus, 2011). Within the MUFA profile of Kazakh horse adipose tissue, C18:1 was the most abundant. This dominance is likely related to the digestive characteristics of horses as non-ruminants. The hydrogenation of fatty acids by intestinal microbiota is relatively limited in horses, allowing dietary C18:0 to be efficiently converted into C18:1 via the Δ9-desaturase pathway. Moreover, C18:1 is more chemically stable than other fatty acids and less prone to oxidation (Nagao et al., 2019), which further contributes to its predominance in the fatty acid composition. The elevated PUFA content in equine adipose tissue relative to other livestock species (He et al., 2005) is attributed to the distinct anatomical and functional features of the equine gastrointestinal tract. Fermentation primarily occurs in the hindgut, and due to the rapid transit of digestive juice through the stomach and small intestine, ingested feed typically reaches the hindgut within approximately 3 hours (Van Weyenberg et al., 2006) This rapid passage enables dietary PUFA to be absorbed and incorporated into tissues prior to microbial biohydrogenation in the hindgut (Belaunzaran et al., 2015; Clauss et al., 2009). The predominant PUFA species identified in adipose tissue were C18:2(n-6) and C18:3(n-3), and PUFA could influence lipid metabolic pathways by suppressing adipocyte differentiation, promoting fatty acid oxidation, enhancing energy expenditure, and thereby limiting lipid accumulation (Kim and Voy, 2021; Chen et al., 2021). Among adipose tissues from different anatomical regions, MUFA levels were significantly higher in NAT compared to AAT and VAT (P < 0.01), while SFA concentrations were markedly lower in NAT than in AAT and MAT (P < 0.01), aligning with prior observations (Li Hua et al., 2009). These regional differences may reflect the influence of localized tissue temperature variations on the transformation of fatty acids. Higher visceral and abdominal temperatures facilitate the saturation of unsaturated fatty acids, as elevated temperatures enhance the fluidity and reactivity of fatty acid chains, thus promoting the saturation process (Nagao et al., 2019). In contrast, the subcutaneous temperature in the neck region is lower, which causes the surface tissues to stiffen and solidify. However, as the degree of fatty acid desaturation increases, the tissue becomes more fluid, enabling it to better maintain the thermal gradient. As a result, the neck’s subcutaneous fat contains a higher proportion of unsaturated fatty acids.

As a branch of metabolomics, lipidomic uses liquid chromatography-tandem mass spectrometry to accurately quantify lipid molecules, thereby enabling the exploration of the intrinsic relationship between lipid molecules and phenotypes. In this study, a total of 2,418 lipid molecules were identified by testing the lipid extracts of NAT, AAT, and MAT, and TG was determined to be the lipid subclass with the highest content. An intergroup differential comparison of NAT, AAT, and MAT was conducted using the OPLS-DA statistical model. The results revealed significant lipidomic differences between NAT and both AAT and MAT, while the differences between AAT and MAT were relatively small. This smaller discrepancy may be attributed to the close anatomical location of AAT and MAT, as well as their similar physiological characteristics, which lead to comparable lipid metabolic patterns. In contrast, the lipid differences between NAT and both AAT and MAT are likely closely related to their distinct physiological functions and metabolic properties. The lipid molecules in adipose tissue are primarily composed of GL and GP, with TG and DG being the most prevalent within the GL category. In our study, compared to the NAT-AAT group, the DALs in the NAT-MAT and AAT-MAT groups exhibited higher GL abundance, particularly TG and DG. This finding highlights the significant role these lipids play in lipid metabolism. For NAT, lipid molecules are predominantly composed of GL, with TG accounting for the largest proportion, which is significantly higher than that in AAT and MAT (P < 0.05). This is due to the fact that adipose tissue primarily stores energy in the form of TG, and subcutaneous adipose tissue has the greatest capacity for storage, making it the primary site for energy storage (Zhang et al., 2022). TG is a glyceride compound formed via the esterification of glycerol-3-phospholipid and three fatty acids, catalyzed by acyltransferases. Functioning as a principal energy depot, TG undergoes β-oxidation to release energy. Excess caloric intake promotes TG accumulation in adipocytes, leading to fat droplet enlargement to accommodate increased lipid storage (Redinger, 2009; Bonnet, 2019; McFie et al., 2022). TG functions both as an energy reserve and as a supplier of FA and DG for membrane biosynthesis during cell proliferation. This dual role positions TG as a central regulator of lipid equilibrium (Kohlwein, 2010).

Phospholipids, possessing a hydrophilic head and hydrophobic tail, are integral to the structural integrity of the phospholipid bilayer. Their synthesis supports membrane expansion and remodeling, processes essential for cell growth and adaptive responses to environmental stimuli (Ye et al., 2017; Fang et al., 2022). Our results indicate that the DALs in NAT-AAT are predominantly composed of GP, with PC and PE being the major lipid subclasses. PC and PE represent the predominant phospholipids in mammalian cell membranes, with their relative abundance influencing lipid droplet morphology and dynamics. Inhibition of PC biosynthesis under TG-accumulating conditions results in increased lipid droplet size (Guo et al., 2008; Krahmer et al., 2011), while elevated PE content on droplet surfaces facilitates coalescence of smaller droplets into larger structures (Hafez and Cullis, 2001), indicating a mechanistic role for PC and PE in lipid droplet formation. More importantly, the metabolic balance between PC and PE is closely related to the regulatory network of lipid biosynthesis. When this balance is disrupted, it activates the de novo lipogenesis (DNL) pathway (Brown and Goldstein, 1997; Smulan et al., 2016), which is mediated by sterol regulatory element-binding proteins (SREBPs). Notably, we also found that the contents of PC, and PE in NAT were significantly higher than those in AAT and MAT (P < 0.05). Phospholipid metabolism is also associated with thermogenesis in adipose tissue (Su et al., 2022). NAT not only stores energy but plays a critical role in thermoregulation, heat production, and lipid metabolism (Scheidl et al., 2023), which could explain the higher levels of PC, and PE in NAT. In contrast, AAT and MAT exhibited significantly higher DG and FA contents, surpassing NAT (P < 0.05). DG, as a direct precursor of TG synthesis, undergoes esterification with activated fatty acyl-CoA under the catalysis of diacylglycerol acyltransferase to form TG. It is important to note that, unlike TG, DG has the potential to inhibit fat accumulation and reduce serum TG, cholesterol, and glucose levels (Lee et al., 2020). AAT and MAT have higher FFA contents, largely because visceral adipose tissue has a stronger ability to synthesize and release fatty acids and absorb and metabolize glucose. Due to excessive energy intake in modern lifestyles, coupled with insufficient physical activity, the release of fatty acids from visceral adipose tissue often exceeds the needs of surrounding tissues. The excess free fatty acids are released into the bloodstream and, if not promptly utilized, accumulate in the body, contributing to increased fat storage (Zhang et al., 2022b). In summary, these lipid molecules drive differences in fat metabolism and have an impact on fat deposition and the heterogeneity of adipose tissue.

Interestingly, pathway enrichment analysis of all DALs identified across the three groups revealed that three pathways were enriched in lipid metabolism, and three others were enriched in pathways related to unsaturated fatty acid metabolism. This suggests a close link between lipid synthesis and fatty acid metabolism. The synthesis of fatty acids is fundamental to lipid metabolism, and variations in the types and metabolic pathways of fatty acids directly affect fat storage and conversion processes. Therefore, the differences in lipid composition across different adipose tissues not only reflect varying requirements for fat storage and energy metabolism but also reveal the adaptive and functional differences of adipose tissues under different physiological conditions.




5 Conclusions

In summary, TG and PC are the primary lipid subclasses in different adipose tissues. The levels of TG, PC, and PE in NAT are higher than those in AAT and MAT, whereas the levels of DG and FA are lower in NAT compared to AAT and MAT. The expression patterns of fatty acids in AAT and MAT are more consistent than in NAT. DALs are primarily enriched in glycerophospholipids, glycerides, and the metabolism of unsaturated fatty acids. This study provides a theoretical basis for the genetic selection and regulation of fat deposition in specific regions of the Kazakh horse and offers new theoretical insights for the integrated utilization of equine fat products, as well as for advancing the development of the equine industry.
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