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Abstract

:

The lipidome is a key determinant of structural and functional characteristics of tissues, contributing to optimal gut function and efficiency of nutrient use in the gastrointestinal tract (GIT). Our objective was to study lipidomic profiles in different sections of the GIT in lactating dairy cows and to link them with biological functions. We studied the lipid species in ruminal papillae and epithelium from duodenum, jejunum, and ileum harvested after slaughter from five lactating Holstein cows. Extracted lipids were identified by LC/MS/MS and analyzed via Lipidsearch, Metaboanalyst 5.0, and lipid ontology (LION). Of 1259 lipid species identified across the GIT, 387, 565, 193, and 86 were neutral lipids, phospholipids, sphingolipids, and derivatized lipids, respectively. Among the 1223 lipid species common to the GIT, a PLS-DA analysis revealed similar profiles for jejunum and ileum and discriminated them from rumen and duodenum. The content of 12 out of 28 lipid classes differed (p < 0.05) among GIT sections. The average fatty acid chain length in lipid species spanned from 9 to 37 carbons, and the average degree of unsaturation ranged from 0 to 6. The term ‘membrane component’ from LION analysis differed markedly between the rumen and the small intestine. Future studies will help better understand what factors (function or cellular component) in a given section of the GIT are related to the different lipid species. This is the first description of the lipidome profiles across sections of the GIT in lactating dairy cows. The unique lipidome profiles uncovered distinct structural and functional properties across the bovine GIT, which may impact the efficiency of nutrient use.
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1. Introduction


Lipids play a crucial role in an animal’s body and are the essential components of the membrane systems, including the cell membrane [1], endoplasmic reticulum (ER) [2], Golgi apparatus (GA), mitochondrial membrane, and vesicles [3]. The double layer of the cell membrane separates the cell contents from the extracellular matrix and plays a role in molecular transport. The different lipid species associated with the ER, GA, and mitochondria support the biological processes of living cells [4]. Phospholipids, the major components of the cell membrane system, form the lipid bilayer in the cell membrane system [5].



Within the enterocytes, a phospholipid monolayer decorated by proteins encapsulates the neutral lipids forming the lipid droplet (LD) in intestinal enterocytes [6] and adipose tissue [7]. The neutral lipids mainly include cholesteryl ester (ChE), triacylglycerol (TG), diglyceride (DG), and monoglyceride (MG). The absorbed dietary lipids from the intestinal lumen are used to synthesize chylomicrons and transport them into the lymph system and then the blood [6]. The fatty acids (FA) released from plasma lipoproteins are transported into cells for esterification into TG or for beta-oxidation to provide energy [8,9].



Various lipids can act as signaling molecules that regulate the metabolism of cells [4]. For instance, sphingolipids have important roles in membrane and lipoprotein structure and act as second messengers for differentiation factors, cytokines, growth factors, and a growing list of agonists [10]. Sphingolipids play a role in cellular processes such as cell movement, membrane homeostasis, nutrient transport, endocytosis, and protein synthesis. Ceramide (Cer), sphingosine, and sphingosine-1-phosphate, subclasses of sphingolipids, regulate Gq/IP3/Ca2+ and G12/13/Rho/ROCK signaling pathways [11]. Acylcarnitines (AcCa) transport long-chain fatty acids (LCFA), and plasmalogens exert antioxidant functions [12]. Clearly, to better appreciate the potential role of the various lipid species found in the GIT in the context of function requires a high-throughput approach. Lipidomics is a powerful technology for studying all lipid species with mass spectrometry (MS).



The present study aimed to generate the first lipidome profiles of different sections of the bovine GIT and to link them with biological functions. The use of lactating and high-producing Holstein dairy cows provided an ideal opportunity to generate fundamental knowledge of the unique lipidome features of the rumen and the small intestine. These sections of the GIT have unique functions in the context of nutrient digestion and absorption. The lipidome approach would allow an initial exploration of the potential functions conferred by the lipid species detected in sections of the GIT. Our general hypothesis was that different sections of GIT have unique lipid profiles that confer unique functions.




2. Materials and Methods


2.1. Animal Handling and Experimental Design


The Institutional Animal Care and Use Committee (IACUC) at the University of Illinois approved the slaughter of the cows via captive bolt (#19161). Five healthy non-pregnant mid-lactation multiparous Holstein cows (3.40 ± 0.74 parities; 2.99 ± 0.09 body condition score; 759 ± 17 kg body weight) that were housed comingled with other cows in the University of Illinois Dairy Unit herd in free stalls with sand bedding and milked twice per day were selected. These cows were free of clinical disease, were culled due to failure to become pregnant, and were fed a typical total mixed ration composed of corn silage/alfalfa hay with water provided ad libitum. They averaged 136 ± 3 days in milk and 37 ± 6 kg milk/d before slaughter. The diet fed contained 17.4% crude protein, 1.74 Mcal/kg net energy for lactation, and 358 g/d methionine in the metabolizable protein (Supplementary Materials File Table S1) and was delivered to the feed bunk at 06:00 and 17:30 h daily. The day of sacrifice (06:00 h), cows were given 300 mg Xylazine intramuscularly to sedate (Rompun®, 100 mg/mL, Dechra, Kansas City, KS, USA), loaded two at a time into a livestock trailer (EBY Maverick LS livestock trailer, EBY, Seymour, IN, USA), and transported 0.8 km from the University of Illinois Dairy Unit to the Veterinary Diagnostics Laboratory, University of Illinois College of Veterinary Medicine, Urbana-Champaign. Cows became recumbent within 10 min of injection and were then euthanized with a penetrating captive bolt and removed from the trailer. Cows were then exsanguinated and within 10 min the body cavity was opened to gain access to the gut tissues.




2.2. Sample Collection


Tissue samples were harvested within 20 min from sacrifice. The ruminal papillae from the ventral sac of the rumen were harvested using surgical scissors. The small intestine was cut from the rumen and placed on a necropsy table where duodenal tissue was collected approximately 25 cm distal from the pyloric sphincter; jejunum was collected approximately 1 m proximal to the ileocecal junction, and the ileum approximately 18 cm proximal to the ileocecal junction [13]. Twenty-five cm segments from the duodenum, jejunum, and ileum were cut into pieces measuring approximately 10 cm × 20 cm and washed with phosphate-buffered saline to avoid food and microbial contamination. Then, a sterile scalpel blade was used to scrape the epithelium. Samples were collected into cryo-vials and immediately frozen in liquid nitrogen. Afterward, the tissues were transported to the laboratory and stored at −80 °C.




2.3. Lipid Extraction and Lipidomics


Lipids were extracted according to a previous protocol [14]. Briefly, approximately 30 mg of tissue was homogenized with 150 µL cold LC-MS grade methanol and 450 µL Methyl-tert-butyl-ether (MTBE). Three-hundred µL 25% cold LC-MS grade methanol was added to the samples and vortexed. After centrifugation at 14,000× g for 10 min, the supernatant was transferred to a fresh 10 mL glass tube and dried under a nitrogen gas stream. Lastly, the dried samples were redissolved in 250 µL acetonitrile/isopropanol (v/v, 7:3). Samples were then delivered to the Roy J. Carver Biotechnology Center, University of Illinois (Urbana) and used for Lipid profiling analysis by LC/MS/MS and Lipidsearch (Thermo-Fisher Sci, Waltham, MA, USA) [15].




2.4. Functional Mapping


After removing lipid species that could not be mapped against the lipid ontology (LION) [16], signal counts for individual molecular species were input for data formatting (replace 0 and/or NAs and the sample normalized by the sum of each sample) and enrichment in Ranking mode. A total of 1065 out of 1070 (99.53%) identifiers were matched to LION. The LION term and coordinate lipid species were mapped and reported in Supplementary File Table S2.




2.5. Statistical Analysis


The raw data were normalized by signal counts (to internal standard signals and sample weight). Lipid classifications and distribution bar plots were drawn with Sigma Plot (version 14.0; Systat Software Inc., San Jose, CA, USA). The total lipid content for each section of the GIT was calculated as the sum of signal counts for individual molecular species [15]. The average chain length and average unsaturation of FA were calculated taking into account all the carbons, and the degree of total unsaturation for each lipid species was divided by the chain number for each species and rounded to an integer number. Then, the signal counts of lipid species were summed for each term of average chain length, average unsaturation, and LION. The sum of signal counts for each term was then log2 transformed. The resulting data were analyzed using PROC MIXED in SAS OnDemand for Academics (SAS Institute Inc., Cary, NC, USA) https://welcome.oda.sas.com/login (accessed on 13 February 2022). The model tested the fixed effect of GIT section and statistical differences were determined using pairwise comparisons. SAS results were read in Matlab to extract the least squares means, standard errors of the means, and p-value. Heatmaps were drawn in R pheatmap with the (1.0.12) package. Log2 transformed lipid species data in all sections of the GIT were analyzed using Metaboanalyst 5.0 (https://www.metaboanalyst.ca/docs/Format.xhtml) [17]. By default, missing values were replaced with 1/5 of the minimum positive values of their corresponding variables, and Partial Least Squares Discriminant Analysis (PLS-DA) for the 2D scores plot was performed.





3. Results and Discussion


3.1. Overall Lipid Classification and Distribution


The untargeted lipidomic analyses detected 1259 lipid species in total, with 387 neutral lipids, 565 phospholipids, 193 sphingolipids, 86 derivatized lipids (biotinylation, diazomethane), and 28 fatty acyl and other lipids (Figure 1A). Among all the lipid species, the most abundant group was phospholipid, with 12 classes. Next were neutral lipids and sphingolipids, with five and four classes (Supplementary File Table S3).



There were 1223 lipids in the rumen, duodenum, jejunum, and ileum. Fifteen lipids only exist in the rumen, which includes one neutral lipid, six phospholipids, two sphingolipids, and six derivatized lipids. Eleven lipid species only existed in the small intestine; four lipid species existed in rumen, duodenum, and jejunum, but not ileum; three lipid species existed in rumen, jejunum, ileum, but not duodenum; three lipid species only existed in rumen and duodenum (Figure 1B, Supplementary Materials Tables S4 and S5).



In the PLS-DA, the rumen and duodenum were separated from the ileum and jejunum (Figure 2). Lipid species with top variable importance in projection (VIP) scores were phosphatidylglycerol (34:2), triglyceride (20:4_20:4_20:4), phosphatidylglycerol (20:5_20:4), acyl carnitine (22:2), and phosphatidylcholine (38:0 e) (Supplementary File Table S6). The general analysis showed that lipid species’ composition was more similar in jejunum and ileum, while the rumen and duodenum tended to have unique profiles.



In a previous study, lipidomic data from blood revealed differences in phosphatidylglycerol (PG), phosphatidylcholine (PC), sphingomyelin (SM), and TG between cow plasma and calf serum. Compared with colostrum, the cow plasma or calf serum had a greater percentage of PC, phosphatidylinositol (PI), and SM, but a lower percentage of PG [18]. Dynamic changes in plasma lipidomic were also observed in the transition to lactation, where both C 36:6 and PC 32:3 were identified as potential biomarkers for the increase in lipolysis, ketogenesis, and hepatic lipid deposition after parturition [19].



Although few lipid composition data of the rumen and intestine in dairy cows are published, the lipid composition of the intestine was reported for rats, pigs, and rabbits. The rat Golgi membrane of the small intestine contains 26.9% PC, 16.1% cholesterol, 13.2% phosphatidylethanolamine (PE), 12.0% FA, and 10.4% SM (w/w) of total lipids. Other lipids include ChE, TG, PI, phosphatidylserine (PS), lysophosphatidylcholine (LPC), and cardiolipin (CL); the detected carbon numbers of FA ranged from 14–20 [20]. In the jejunal brush broader membrane of the rat, the main types of lipids were phospholipids, neutral glycolipids, cholesterol, TG, FA, gangliosides, MG, bile acids, and the phospholipids LPC, SM, PC, PS, PI, PE, CL, and lecithin [21,22]. The lipid composition of small intestinal brush broader membrane can be altered by age [21], glucocorticoids [23], fasting, and diabetes [22]. Rat jejunal and ileal microvillus membrane phospholipid contained ~23–31% PE, ~18–31% PC, ~16–30% PS, ~10–22% SM, ~3–4%LPC, and ~2–7% PI % of total lipid phosphorous [24]. Compared with another similar study that only measured PE, PC, PS, SM, and LPC of isolated microvilli membranes [25], the content of total phospholipids was slightly different. The 14-, 16-, 18-, and 20-carbon FA were detected in rat jejunal and ileal microvilli membranes [24]. Cholesterol, ChE, phospholipids, TG, cerebrosides, and gangliosides were detected in the intestinal mucus of rats, and their fractions could be altered by chronic ethanol feeding [26].



In the basolateral plasma membrane of pig intestinal mucosal cells, the main lipid classes were phospholipids and cholesterol, and the phospholipids include ~45% PC, ~31% PE, ~9% PS, ~7% SM, and ~6% PI w/w of total phospholipid phosphorus; the major carbon numbers of detected FA in PC and PE were 14–24 [27]. The pig intestinal brush border membrane contains ~33–40% PC, ~37–41% PE, ~8–12% PS, ~7–8% SM, ~4–5% PI, ~1–2% LPC, and ~1% of total phospholipids as diphosphatidylglycerol. The FA with 14-, 16-, 18-, 20-, 22-, 24-carbons were detected in these phospholipids [28]. In the jejunal and ileal mucosa of piglets, phospholipids contain ~46–51 mol PC, ~32–41 mol PE, ~9–11 mol SM, ~0.9–2 mol PS, ~0.3–4 mol LPC, and ~0.2–4 mol PI of 100 mol total phospholipids, and they were altered by malnutrition [29].



The rabbit jejunal and ileal basolateral membrane contains cholesterol and phospholipids containing ~33–60% PE, ~13–22% PC, ~12–15% PS, ~12–23% PI, and ~8–17% SM [30]. The rabbit small intestinal brush border membrane contained ~0.5 mg total lipid/mg protein, ~50 µg cholesterol/mg protein, and ~8 µg lipid phosphorous/mg protein; the phospholipids contained phosphatidic acid (PA), PE, ethanolamine plasmalogen, alkylacylgly cerophosphocthanolamine, PS, lysophosphatidylethanolamine (LPE), PC, alkyl and alkenylglycerophosphocholine, LPC, PI, and SM; the neutral lipids contained cholesterol, ChE, DG, TG, and FA [31].



In previous studies, specific parts of the membrane were isolated from intestinal cells, and the different lipid compositions were studied. The cell membrane mainly consists of cholesterol and phospholipids [21,31], and the main phospholipid classes were PE, PC, PS, PI, and SM. Clearly, the use of more robust techniques such as LC/MS/MS to analyze the lipidome in the present study allowed us to detect more lipid species and their profiles in the major sections of the GIT. One limitation of the present study is that we could not separate the brush border membrane from the basolateral membrane of intestinal cells. Thus, future research could help ascertain if these membranes have unique lipid profiles and how those confer unique physiological functions to the tissue.




3.2. Lipid Content Profiles


The lipid content across the GIT is reported in Table 1. Across 28 lipid classes, the lipid content of 12 lipid classes was significantly different among the 4 sections of GIT, with lipid content of 14 lipid classes in the rumen being significantly different compared with the small intestine. The content of CL, monolysocardiolipin (MLCL), LPC, dimethyl phosphatidylethanolamine, lysodimethylphosphatidylethanolamine, AcCa, and cyclic PA in the rumen was lower than in the small intestine (p < 0.05). In contrast, the lipid content of PE, DG, cholesterol ester, Cer, ceramide phosphate, ceramide phosphoethanolamines, methyl phosphatidylcholine (MePC), and coenzyme in the rumen was greater than in the small intestine (p < 0.05). ChE content was lower in duodenum and jejunum (p < 0.05). The zymosterol ester (ZyE) was the greatest in the duodenum (p < 0.05). Dimethyl phosphatidylethanolamine content was greater in the duodenum and jejunum (p < 0.05). Cardiolipins (CL), localized and synthesized in the inner mitochondrial membrane [32], contains four fatty acyl chains and a lipid dimer consisting of two phosphatidyl residues bridged by glycerol [33,34]. Most of the published studies of CL are related to the high density of proteins in the inner mitochondrial membrane. The mitochondria lacking CL failed to generate ATP during stressful conditions and destabilized the respiratory super complexes [35]. The CL stabilizes the tertiary structure of proteins, such as the ADP/ATP carrier, helps support the proton conduction of protein complexes, and increases super complex association and the arrangement of the protein complex [34]. Monolysocardio-lipin (MLCL) is generated during the degradation of CL through the action of phospholipases [34]. The fact that MLCL and CL content was greater in the small intestine than in the rumen (p < 0.05) suggested that mitochondria in the small intestine have a greater amount of inner membrane, likely because absorptive and metabolic processes in this section of the GIT require higher levels of energy consumption [36]. The PE content was greater in the rumen than the intestine, the LPC content was greater in the small intestine than the rumen (p < 0.05), and the PC content tended to be greater in the small intestine (p = 0.06). The PC content was markedly greater, ranging from 52–60%, followed by TG at 15–21% (Table 1). Of the published data available in bovine, similar analysis to ours revealed that in milk, the relative proportion of TG was ~4-to-10-fold greater than other lipid classes, including PC, DG, and Cer [37,38]. Furthermore, the milk lipidomic profiling was altered by subclinical intramammary infection and dietary supplementation of citrus peel extract and Eucommia ulmoides leaves [37,38,39]. Additional research might be warranted to explore how disease and nutrition could alter the GIT lipidome and the functional outcomes.



The primary structural lipid class in eukaryotic membranes are the glycerophospholipids, including PC (over 50% of phospholipids), PE (around 20% of phospholipids), PS, PI, and PA. The distributions of phospholipids are different in the plasma membrane, ER, mitochondria, GA, and endosomes [4]. The ER is the main site of lipid synthesis, including phospholipids, cholesterol, and Cer; the GA synthesizes sphingolipid and produces SM, glucosylceramide (GlcCer), lactosylceramide (LacCer), and higher-order GSLs, and these lipids are primarily transported to the plasma membrane [4]. LPC, LPE, Lysophosphatidylglycerol (LPG), and Lysophosphatidylinositol (LPI) result from the hydrolysis of PC, PE, PG, and PI. These molecules can serve as signal mediators by attaching to specific receptors and changing various cellular functions and metabolism [40,41,42]. The PC and PE are hydrolyzed to lysophospholipids and glycerophosphoryl bases before absorption in the rat [43]. Thus, the differences we detected for PE, LPC, and PC, for example, among sections of the GIT, indicated that unique epithelial membrane composition likely is associated with a unique function.



The dietary ChE is hydrolyzed to cholesterol and FA by cholesterol esterase [44]. The absorbed cholesterol is esterified by acetyl-CoA cholesterol-acetyltransferase within the intestinal cells [45]. Cholesterol is also a component of cell membranes, and its level may change the permeability of cellular membranes [46]. There are no data demonstrating that cholesterol or ChE can be absorbed from the rumen during digestion. Traditionally, the rumen is only considered to play a role in the absorption of volatile fatty acids [47]. Thus, it is unclear if the greater overall ChE content in the rumen, compared to the small intestine, is associated with a specific function.



Previous studies revealed that high-grain diets alter the abundance of genes associated with cholesterol homeostasis in ruminal papillae of dairy cows [46], suggesting that increased cellular cholesterol may be a sign of inflammation and increased cell proliferation [46,48,49]. In plants, vitamin D is synthesized from cholesterol and zymosterol [50]. Zymosterol is also an intermediate of ergosterol, cholesterol, campesterol, and stigmasterol in fungi and bacteria [51]. Thus, we infer that feed and microbial cells contribute zymosterol to the digesta available for digestion and absorption. Although the content of cholesterol increases and ZyE decreases gradually from duodenum to jejunum to ileum, it is unknown at which section of the GIT zymosterol is digested or absorbed. Based on available knowledge, it can be inferred that ZyE, along with cholesterol, FA, and MG, are absorbed in the jejunum. The fact that ZyE concentrations were lower in the jejunum may suggest this molecule is metabolized rapidly within the enterocytes or transported into the circulation. The greater DG in the rumen, compared to the small intestine, coupled with the lack of difference in MG and TG content across sections of the GIT suggested that DG may have specific functions in the rumen.



Ceramide (Cer) de novo synthesis occurs in the ER of the gut and uses sphingoid bases, palmitoyl-CoA, and serine. The complex sphingolipids, including SM, glucosylceramides, and gangliosides, are produced by the GA from Cer [52]. In humans and rats, Cer and/or its metabolites regulate proliferation, differentiation, and apoptosis in epidermal keratinocytes and contribute to innate immune function [53,54]. Cer also plays a crucial role in numerous physiologic and pathologic processes in the gut [52], and the accumulation of Cer in the intestine led to inflammation and cell death in mice [55]. The different Cer and Cer concentrations between the rumen and intestine could be associated with different cellular processes in each section.



Carnitine is a molecule that helps transport LCFA from the cytosol to the mitochondria for oxidation. The small intestine had a greater content of AcCa compared to the rumen, indicating a higher reliance in these sections of the GIT on LCFA transport and metabolism [56]. Although this is a novel outcome of the present study, it is important to recognize that the intestinal epithelial cells have other energy sources, such as glutamate, glutamine, glucose [57], and butyrate [58].




3.3. Chain Length and Unsaturation of Fatty Acids


The average chain length of FA in each lipid class is depicted in Figure 3; details are in the Supplementary File Table S7. Among phospholipids, PC had the highest signal counts among species with mainly 15 to 21 carbons in chain length (Figure 3A). Next was PE, with an average of mainly 17 to 19 carbons, and PS, with an average of mainly 18 to 20 carbons. The chain length of FA ranged from 9 to 22 carbons for the phospholipids. Among neutral lipids, the majority of TG signal counts ranged from FA with 15 to 20 carbons (Figure 3B). The FA chain length of neutral lipids ranged from 9 to 37 carbons. The ChE and ZyE had longer FA with up to an average of 30 and 37 carbons. The SM had the highest signal counts, averaging 17 to 22 carbons (Figure 3C). Next was the Cer with 17 to 22 carbons. Bis-methyl phosphatidic acid (BisMePA) signal counts were highest with 18 to 20 carbons, and MePC signal counts were highest with 16 to 18 carbons. The average FA chain length for all the lipids we measured was mainly from 13 to 23 carbons, and ChE and ZyE included very long chain fatty acids (≥22 carbon).



The major average degree of FA unsaturation ranged from 0 to 4 double bonds (Figure 4). However, species such as LPC, LPE, PC, PG, ChE, and MePC had up to five double bonds. The ZyE even contained FA with 6 degrees of unsaturation, and its lowest degree of unsaturation was 3 (Figure 3D). The signal counts of CL and MLCL had an average degree of FA unsaturation of 1, 2, and 3. The signal counts of DG, TG, and SM had an average degree of FA unsaturation of 0, 1, and 2.



The ruminal bacteria lipolyses esterified lipids in the diet, including TG, galactolipids, and phospholipids, to FA and the glycerol backbone [59]. The forage and concentrate fractions of dairy cow diets usually contain high amounts of C16:0, C18:0, C18:1, and C18:2 FA [60,61,62]. To avoid the antimicrobial effects of unsaturated FA (UFA), the microorganisms hydrogenate UFA to trans-FA intermediates and saturated fatty acid (SFA), such as 18:0 [59]. Endogenous (De novo synthesis) lipids of microbial origin and the exogenous FA contribute to the total lipid content of bacterial dry mass in the rumen ranging from 10–15% [59]. The ruminal microbial lipids contain higher concentrations of SFA, especially C16:0 (18–23 g/100 g FA) and C18:0 FA (36–52 g/100 g FA), and USFA concentrations are low. The concentration of C18:1 and C18:2 range from 9–14 and 1.8–3.3 g/100 g FA. [61]. The lipidomic data showed the total FA chain length and degree of freedom in each lipid species. Each lipid species had one or more than one FA, and we do not know all the FA chain length and degree of freedom for each FA, making it difficult to compare with previous diet and microbiome FA composition. In the future, more lipidomic data from the diet and ruminal digesta could potentially help a comparison with the present data and help assess potential functional relevance for the GIT.



The shortage of the way of presenting chain length and unsaturation in Figure 3 and Figure 4 is that FA chain length and degree of freedom were calculated by the sum dividing the number of FA and these numbers were rounded, and the possible chain length and unsaturation were recorded in the Supplementary File Table S7. However, we can still have a general idea about their chain length and unsaturation. Among these lipid species, most FA have 16–20 carbons, and ChE and ZyE were mainly attached to very long chain FA (more than 22 carbon). It is unknown, to our knowledge, if the FA absorbed from the lumen participates in the synthesis of ChE and ZyE in the GIT.




3.4. Lipid Ontology


Figure 5 depicts the lipid ontology in each term within LION. In the function category, the sum signal counts of lipid storage and lipid-mediated signaling were not significantly different (Figure 5A). The sum of signal counts of membrane components in the rumen was lower than the small intestine (p < 0.05). The sum signal counts of ER, endosome, lysosome, and GA in the rumen were lower than in the intestine (p < 0.05) (Figure 5B). The sum of signal counts in very low transition temperature, low transition temperature, average transition temperature, and high transition temperature in the small intestine were greater compared with the rumen (Figure 5C).



The lack of exact concentration of lipids based on the signal counts and the difference in the number of lipid species associated with each term precludes a direct comparison of LION terms in the same section of the GIT. However, we can compare differences for the same term across the various sections of the GIT. Based on the lipid species, LION helped us predict the functions, cell components, and cell characteristics. The DG can either be a signaling molecule or a membrane component in the LION classification, but the LION cannot separate specific functions. The greater sum of signal counts for membrane components and ER, endosome, lysosome, and GA in the intestine predicted that the intestine has a more complex membrane system, potentially due to its unique function in the absorption of nutrients. A more in-depth morphological analysis in the future could help ascertain this prediction.



Lipid phase transitions involve interconversions between various polymorphic (different solid structures formed by lipids) and mesomorphic (the intermediate phase between liquid and crystal) lipid phases. External variables such as temperature, water content, pressure, aqueous phase composition, and the chemical structure of lipids affect lipid self-assembly in different phases [63,64]. With the same FA, the PC transition temperature is lower than PE, and the shorter FA and the more UFA, the lower the transition temperature [63,64]. In the transition temperature category, the LION analysis included 299 lipid species among PC, PS, PG, PE, and SM. Details are provided in Supplementary File Table S8. Within the intestine, the duodenum had greater lipid signal counts associated with the very low transition temperature term.



The sum of signal counts in the rumen for bilayer thickness were lower than in the intestine in each LION term associated with bilayer thickness. In the bilayer thickness category, the LION analysis included 213 lipid species among PC, PS, PG, and PE, and its classification is mainly based on the head group of lipids, FA chain length, and unsaturation. Within the intestine, the duodenum tended to have greater sum of signal counts of very low and low bilayer thickness terms. There were no significant differences among average, high, and very high bilayer thickness, which predicted that the duodenum had a thinner bilayer thickness compared with the jejunum and ileum.



Lateral diffusion is a key parameter in evaluating membrane fluidity of the lipid bilayer membrane and the interaction between the bilayer lipid membrane and solid substrates [65]. In the lateral diffusion category, the LION analysis included 219 lipid species among PC, PS, PG, and PE. Similar to the bilayer thickness category, the sum of signal counts for each term in this category in the rumen was lower than in the intestine. In the very high lateral diffusion category, the duodenum had the highest sum of signal counts, followed by the jejunum and ileum, and the signal counts of the rumen were very low. This indicated that the small intestine had more lipid species related to lateral diffusion. The sum of signal counts of low lateral diffusion in the ileum were highest, and there was no significant difference in very low, average, and high lateral diffusion among the intestinal segments. The sum of signal counts of very high lateral diffusion in duodenum compared with jejunum and ileum predicted that the ileum had less lateral diffusion than the duodenum and jejunum. The same evaluation indicated that the duodenum had higher lateral diffusion than jejunum and ileum.





4. Conclusions


For the first time, the lipid profiles across sections of the GIT have been determined using LC/MS/MS. We focused on these four sections because the rumen is the most important compartment in the forestomach, and the intestine is the major section where nutrient absorption occurs. Most of the lipid species that could be detected exist in all four sections of the lactating dairy cow GIT. The lipid composition of jejunum and ileum are very similar and differ markedly from the rumen and duodenum. Close to 50% of the lipid groups detected had a different profile across the four sections of the GIT. The average chain length of FA in the lipids detected ranged from 9 to 37 carbons, and the average degree of unsaturation ranged from 0 to 6. LION analysis predicted a more complex membrane system in the intestine than in the rumen, the duodenum had a thinner bilayer thickness among the small intestinal sections, and lateral diffusion ability was higher in the duodenum and lower in the ileum. A limitation of the present study was that the lipidomic data pertains to the whole tissue, disregarding the specific contribution of organelles. It was not feasible to ascertain if the differences in lipid profiles are partly associated with dietary or microbial sources. Due to the lack of published data, the functions and distribution of certain lipids in cells of the rumen could not be discerned. Future studies will have to be performed to better understand what factors (function or cellular component) in a given section of the GIT are related to the different lipid species.
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Figure 1. Classification (A) and distribution (B) of a total of 1259 lipid species identified across the ruminal papillae and epithelium from duodenum, jejunum, and ileum of 5 lactating Holstein cows. 
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Figure 2. Partial Least Squares Discriminant Analysis (PLS-DA) of common lipid species identified across the ruminal papillae and epithelium from duodenum, jejunum, and ileum of 5 lactating Holstein cows. 
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Figure 3. Signal counts of average fatty acid chain length in each lipid class across the ruminal papillae and epithelium from duodenum, jejunum, and ileum of 5 lactating Holstein cows ((A): phospholipids, (B) neutral lipids, (C) sphingolipids, (D) derivatized lipids, fatty acyl, and other lipids). The letter C and a number denote the average fatty acid chain length. Red denotes high signal counts, yellow median signal counts, and blue low signal counts in each lipid class. a,b,c Means with on the same row differ (p < 0.05). 






Figure 3. Signal counts of average fatty acid chain length in each lipid class across the ruminal papillae and epithelium from duodenum, jejunum, and ileum of 5 lactating Holstein cows ((A): phospholipids, (B) neutral lipids, (C) sphingolipids, (D) derivatized lipids, fatty acyl, and other lipids). The letter C and a number denote the average fatty acid chain length. Red denotes high signal counts, yellow median signal counts, and blue low signal counts in each lipid class. a,b,c Means with on the same row differ (p < 0.05).



[image: Ruminants 03 00007 g003]







[image: Ruminants 03 00007 g004 550] 





Figure 4. Signal counts of the average degree of unsaturation in each lipid class across the ruminal papillae and epithelium from duodenum, jejunum, and ileum of 5 lactating Holstein cows ((A) phospholipids, (B) neutral lipids, (C) sphingolipids, (D) derivatized lipids, fatty acyl, and other lipids). The letter U and a number denote the average degree of unsaturation. Red denotes high signal counts, yellow median signal counts, and blue low signal counts for each lipid class. a,b,c Means with on the same row differ (p < 0.05). 
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Figure 5. Signal counts of LION function terms in different LION term categories across the ruminal papillae and epithelium from duodenum, jejunum, and ileum of 5 lactating Holstein cows ((A) function, (B) cellular component, (C) transition temperature, bilayer thickness, and lateral diffusion.). Red denotes high signal counts, yellow median signal counts, and blue low signal counts in each lipid class. a,b,c Means with on the same row differ (p < 0.05). 
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Table 1. Relative abundance, SEM, and p-value of common lipid classes across the ruminal papillae and epithelium from duodenum, jejunum, and ileum of 5 lactating Holstein cows.
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Class Group

	
Class Name

	
Rumen%

	
Duodenum%

	
Jejunum%

	
Ileum%

	
SEM

	
p-Value

	
DIJ * vs. Rumen






	
Phospholipids

	
Cardiolipin

	
0.118

	
0.154

	
0.151

	
0.152

	
0.000150

	
0.20

	
0.04




	
Monolysocardiolipin

	
0.022 b

	
0.089 a

	
0.072 a

	
0.078 a

	
0.000194

	
0.01

	
<0.01




	
Phosphatidylcholine

	
52.4

	
54.0

	
60.2

	
58.2

	
0.024640

	
0.07

	
0.06




	
Phosphatidylethanolamine

	
6.009

	
4.180

	
5.112

	
5.170

	
0.004848

	
0.08

	
0.04




	
Phosphatidylethanol

	
0.003

	
0.002

	
0.002

	
0.003

	
0.000004

	
0.18

	
0.32




	
Phosphatidylserine

	
1.591

	
1.502

	
1.388

	
1.410

	
0.001011

	
0.49

	
0.20




	
Phosphatidylglycerol

	
0.102

	
0.088

	
0.104

	
0.112

	
0.000150

	
0.42

	
0.95




	
Phosphatidylinositol

	
0.059

	
0.067

	
0.067

	
0.077

	
0.000129

	
0.77

	
0.42




	
Lysophosphatidylcholine

	
0.562 b

	
1.953 a

	
1.578 a

	
1.703 a

	
0.004832

	
0.05

	
0.01




	
Lysophosphatidylethanolamine

	
0.060

	
0.041

	
0.045

	
0.058

	
0.000159

	
0.55

	
0.34




	
Lysophosphatidylglycerol

	
0.001

	
0.001

	
0.001

	
0.001

	
0.000003

	
0.37

	
0.11




	
Lysophosphatidylinositol

	
<0.001

	
<0.001

	
0.001

	
<0.001

	
0.000002

	
0.41

	
0.43




	
Neutral lipids

	
Monoglyceride

	
0.074

	
0.065

	
0.058

	
0.093

	
0.000100

	
0.10

	
0.85




	
Diglyceride

	
1.026 a

	
0.684 b

	
0.645 b

	
0.707 b

	
0.000684

	
<0.01

	
<0.01




	
Triglyceride

	
20.6

	
20.6

	
15.9

	
16.4

	
0.031940

	
0.59

	
0.43




	
Cholesterol Ester

	
0.072 a

	
0.012 c

	
0.023 bc

	
0.028 b

	
0.000050

	
<0.01

	
<0.01




	
Zymosterol Ester

	
0.016 b

	
0.091 a

	
0.021 b

	
0.012 b

	
0.000115

	
<0.01

	
0.07




	
Sphingolipids

	
Ceramides

	
1.037 a

	
0.612 b

	
0.500 b

	
0.533 b

	
0.000581

	
<0.01

	
<0.01




	
Ceramides phosphate

	
0.003 a

	
<0.001 b

	
<0.001 b

	
<0.001 b

	
0.000003

	
<0.01

	
<0.01




	
Ceramide phosphoethanolamines

	
0.001

	
<0.001

	
0.001

	
0.001

	
0.000002

	
0.17

	
0.03




	
Sphingomyelin

	
9.348

	
9.501

	
8.615

	
10.210

	
0.013140

	
0.86

	
0.95




	
Derivatized lipids (bioti nylation, diazomethane)

	
Bis-methyl phosphatidic acid

	
2.457

	
2.169

	
1.924

	
1.614

	
0.002693

	
0.16

	
0.08




	
Dimethyl phosphatidylethanolamine

	
0.086 b

	
0.147 a

	
0.150 a

	
0.113 b

	
0.000113

	
<0.01

	
<0.01




	
Lysodimethylphosphatidylethanolamine

	
0.003 b

	
0.013 a

	
0.010 a

	
0.010 a

	
0.000028

	
0.02

	
<0.01




	
Methyl phosphatidylcholine

	
3.807 a

	
3.580 ab

	
3.104 bc

	
2.886 c

	
0.001793

	
0.01

	
0.01




	
Fatty acyl and other lipids

	
Acyl Carnitine

	
0.032 c

	
0.094 a

	
0.052 bc

	
0.082 ab

	
0.000143

	
0.02

	
0.01




	
Coenzyme

	
0.492 a

	
0.344 b

	
0.282 b

	
0.349 b

	
0.000338

	
<0.01

	
<0.01




	
Cyclic phosphatidic acid

	
0.0001

	
0.0011

	
0.0016

	
0.0014

	
0.000005

	
0.07

	
0.01








* DIJ = combination of duodenum, jejunum, and ileum, a,b,c Means on the same row differ (p < 0.05).
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