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Characterization of genes and
proteins involved in the
absorption of long-chain fatty
acids in the gastrointestinal
tract of cattle
Fernanda Hentz and Fernanda Batistel*

Department of Animal Sciences, Institute of Food and Agricultural Sciences, University of Florida,
Gainesville, FL, United States
Introduction: Dietary fatty acids play a pivotal role in energy metabolism and

various physical functions. However, the molecular mechanisms underlying the

absorption of long-chain fatty acids (LCFA) in ruminant animals remain poorly

understood. To address this gap, we investigated the occurrence and distribution

of genes and proteins previously characterized in nonruminant models within the

gastrointestinal tract of cattle.

Methods: Tissue samples from the rumen, descending duodenum, proximal

jejunum, medial jejunum, distal jejunum, and distal ileum were collected at

slaughter from eight Holstein steers. RT‒PCR and capillary electrophoretic-

based chemiluminescence were used to determine the mRNA and protein

levels of genes and proteins involved in the uptake, activation, intracellular

trafficking, re-esterification, and lipoprotein assembly of LCFA.

Results and discussion: Measurable mRNA levels were found for 38 genes

involved in the intestinal absorption of LCFA in all examined sections of the

bovine gastrointestinal tract. The mRNA abundances of all genes were greater in

the intestinal sections than in the rumen sections (p < 0.05). At the protein level,

the expression of nine key transporters and enzymes, namely, CD36, SLC27A4,

ACSL1, FABP1, FABP2, DGAT1, MTP, Apo-AI, and ACAT2, was detected in most of

the intestinal sections. The distribution profile of these proteins in the small

intestine suggested a prominent role for protein-mediated absorption of LCFA in

the proximal and distal intestine in cattle. The low expression levels of most

proteins in the rumen suggest little absorption of LCFA at this location in cattle.

Overall, the findings from this study support the presence, in cattle, of genes and

proteins involved in the intestinal absorption of LCFA described in models of

nonruminants. Identifying the proteins involved in the absorption of LCFA in the

small intestine is the first step in understanding how the expression of these

proteins influences the capacity of the small intestine to absorb fatty acids

in cattle.
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1 Introduction

Dietary fats serve as a primary energy source for mammalian

cells, supplying approximately 2.25 times more energy than protein or

carbohydrates. In addition to their critical role in energy metabolism,

fatty acids, the building blocks of fats, also serve various important

physiological functions. For instance, they act as structural

components within biological membranes, serve as precursors for

hormones and eicosanoids, and contribute to intracellular signaling

as well as transcriptional and posttranslational gene regulation

(Kazantzis and Stahl, 2012; Wang et al., 2013). It is important to

note that not all fatty acids can be synthesized by mammalian cells,

and they must be obtained from the diet (Kaur et al., 2014).

Consequently, understanding fatty acid absorption is important for

maximizing nutrient utilization, enabling critical physiological

processes, and optimizing energy metabolism.

The anatomy of the gastrointestinal tract differs significantly

between ruminant and nonruminant animals, resulting in distinct

effects on nutrient digestion and metabolism. Ruminant animals

such as cattle and sheep possess a distinctive gastrointestinal tract

consisting of four stomach compartments − the rumen, reticulum,

omasum, and abomasum − in addition to the small and large

intestine. This contrasts with nonruminant animals such as

humans, rodents, and swine, whose gastrointestinal tract

encompasses the stomach and intestines. In nonruminants,

triglycerides constitute the primary class of fats within the diet

and remain mostly unaltered as they reach the small intestine. Once

in the small intestine, these triglycerides undergo hydrolysis into

free fatty acids and mono-diacylglycerols before their uptake. In

ruminants, dietary triglycerides, phospholipids, and galactolipids

undergo extensive microbial hydrolysis and biohydrogenation in

the rumen (Harrison and Leat, 1975). Therefore, fatty acids flowing

to the small intestine are predominantly free saturated long-chain

fatty acids (LCFA), which are believed to be absorbed exclusively

through the small intestine (Doreau and Chilliard, 1997).

Ruminant and nonruminant animals exhibit substantial

differences in the total tract digestibility of fatty acids. For

example, digestibility in swine typically ranges from 80 to 90%,

whereas in dairy cows, it falls within the range of 67 to 75%

(Boerman et al., 2015; Daley et al., 2020). The variation in

digestibility may arise from differences in the mechanisms of fatty

acid absorption. The widespread practice of supplementing fats in

ruminant diets, especially for dairy cows, emphasizes the need for a

detailed understanding of the absorptive process. Such

comprehension could not only enhance nutrient utilization but

also contribute to the development of strategies promoting

sustainable production systems and economic viability.

Although it was previously thought that fatty acids passively

diffuse across cell membranes (Hamilton et al., 2002), it is now

recognized that the absorption of fatty acids, particularly LCFAs,

involves a more complex and intricate process. The absorption of

LCFA involves specific proteins and a sequence of steps, including

fatty acid uptake, activation, intracellular trafficking, re-esterification,

and lipoprotein synthesis (Abumrad et al., 1998; Schwenk et al.,

2010). Most, if not all, of the transporters and enzymes involved in

the intestinal absorption of fatty acids have been characterized using
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rodents and human cell lines as models (Ockner and Manning, 1974;

Stahl et al., 1999). Current knowledge about the molecular

mechanisms of fatty acid absorption in ruminants is limited. The

available information relies solely on gene expression and fails to

encompass all sections of the gastrointestinal tract (Chao et al., 2017).

Therefore, this descriptive study was designed with the objective of

investigating two initial basic questions: 1) Do genes and proteins

associated with the absorption of LCFA in nonruminant models also

manifest in cattle? 2) What is the distribution profile of these genes

and proteins within the gastrointestinal tract of cattle? We

hypothesize that genes and proteins responsible for LCFA

absorption, as described in nonruminant models, will be expressed

in cattle. Additionally, we postulate that variations in their

distribution along the gastrointestinal tract of cattle are due to

inherent differences in fat digestion.
2 Materials and methods

2.1 Tissue harvesting and processing

Tissue samples were collected from eight Holstein steers at the

slaughterhouse of the University of Florida Department of Animal

Sciences. The animals had an average body weight of 490 ± 32 kg

and grazed on Bahiagrass pasture while receiving a mineral

supplement for 40 days prior to slaughter. The animals were

fasted for approximately 12 hours before harvest, stunned by

captive bolt, killed by exsanguination, and immediately

eviscerated. Samples were taken from the rumen sacs (cranial,

ventral, caudoventral, dorsal, and caudodorsal), descending

duodenum (15-30 cm distal to the pylorus), proximal jejunum

(30 cm distal to the end of duodenum), medial jejunum (at the

midpoint between the end of the duodenum and the ileocecal fold),

distal jejunum (50 cm before the ileocecal fold), and distal ileum (15

cm before the ileocecal junction). Excised segments were rinsed

extensively with phosphate-buffered saline to remove any digesta

residues. Epithelial tissue was dissected from muscle layers and

connective tissue using forceps, and samples of epithelial tissue

(approximately 2 g) from each gastrointestinal section were

transferred to cryo-tubes, snap frozen in liquid nitrogen, and

stored at −80°C until analysis.
2.2 Laboratory analyses

2.2.1 RNA isolation, cDNA synthesis, and RT−PCR
Total RNA was isolated from 50 mg of epithelial tissue using the

miRNeasy kit (Cat. no. 7217084, Qiagen) following the

manufacturers’ protocols. Briefly, genomic DNA was removed via

an on-column method using DNaseI digestion mix (Cat. no. 79254,

Qiagen), and RNA was eluted with 50 µL of nuclease-free water.

RNA purity and integrity were assessed using a UV−Vis

spectrophotometer (NanoDrop ND-1000, Thermo Scientific) and

an automated electrophoresis system (4200 TapeStation, Agilent),

respectively. All the samples exhibited a purity with an A260/A280

ratio above 2.0, and their RNA integrity number (RIN) was equal to
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or greater than 7.8. The RNA was diluted to 100 ng/mL with DNase/

RNase-free water for cDNA synthesis. Samples of diluted RNA of

the five rumen sacs were pooled equally by volume within each

animal before cDNA synthesis. cDNA was synthesized using a

commercial kit (Cat. no. AB14534A, Thermo Scientific) following

the manufacturer’s protocol, and the reaction was performed in a

thermal cycler at 42°C for 30 min, followed by 95°C for 2 min.

Thirty-eight primers of genes involved in the intestinal absorption

of LCFAs were designed using the NCBI database and aligned

against the NCBI database through BLASTN to determine primer

compatibility with already annotated sequences of the

corresponding genes in both databases. Primers were validated by

evaluating the amplification efficiency and met the MIQE guidelines

of r2 > 0.98 and an efficiency of 90–110% (Bustin et al., 2009).

Gene expression across the cattle gastrointestinal tissues was

analyzed by SYBR Green quantitative real-time PCR using an RT

−PCR cycler (CFX96, Bio-Rad) and a three-step protocol following

the procedure outlined by Dickson et al. (2020) with modifications to

the reaction temperature conditions. These modifications included an

initial denaturation step at 95°C for 20 seconds, followed by 40 cycles

of denaturation at 95°C for 5 seconds, annealing at 60°C for 10

seconds, and a final extension at 72°C for 20 seconds. The samples

were run in duplicate, and three internal control genes (b-actin,
GAPDH, and RPS9) were used to normalize the data. Internal control

genes were stably expressed across all tissues. Normalized relative

quantities (fold change) for genes were calculated according to Pfaffl

(2001). The expression values for each tissue within the animal were

normalized against the values of the duodenum of the corresponding

animal. Details about primer sequence and real-time PCR

performance can be found in the Supplementary Tables S1 and S2.

2.2.2 Protein expression
Tissue samples were suspended in a protein extraction reagent

(Cat. no. 87787; Fisher Scientific) containing a protease and

phosphatase inhibiting cocktail (Cat. no. 78442; Fisher Scientific).

Subsequently, the samples were homogenized (Tissue-Tearor 985370,

BioSpec Products), gently mixed on a rocker for 1 hour at 4°C, and

centrifuged at 5,000 rpm for 20 min at 4°C. The supernatant was

collected and used to determine the total protein concentration by

employing a Pierce BCA protein assay kit (Cat. no. 23227; Thermo

Scientific). Tissue samples for each gastrointestinal section were pooled

from all animals and stored at –80°C until analysis. Protein expression

of the long-chain fatty acid transport protein 4 (SLC27A4), fatty acid

translocase (CD36), fatty acid binding protein, liver (FABP1), fatty acid

binding protein, intestinal (FABP2), fatty acid binding protein, heart

(FABP3), acyl-CoA synthetase long chain family 1 (ACSL1),

microsomal triglyceride transfer protein (MTP), acyl-CoA-cholesterol

acyltransferase 2 (ACAT2), and apolipoprotein A-I (Apo-AI) was

determined through capillary size-based chemiluminescence using a

Simple Western Protein Analyzer (Abby, ProteinSimple). The

procedures were performed according to the manufacturer’s

recommendations using a 12-230 kDa Separation Module (Cat. no.

SM-W004; ProteinSimple). Briefly, tissue lysates were diluted to the

desired concentration using sample buffer supplied with the separation

module. Subsequently, they were combined with dithiothreitol and the
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fluorescent master mix and heated at 95°C for 5 min. The denatured

samples, blocking reagent (antibody diluent 2 or milk free), primary

antibodies (in antibody diluent), streptavidin horseradish peroxidase,

secondary antibodies, and chemiluminescent substrates were added to

a 25-well plate. Afterwards, the plate and a capillary cartridge were

inserted into the instrument, and the following instrument settings

were utilized: stacking and separation at 475 volts for 30 min, blocking

for 5 min, immunoprobing with primary and secondary antibodies for

30 min each, and luminol/peroxide chemiluminescence detection for

approximately 30 min. The optimal exposure time for the

measurement of chemiluminescent signals of each primary antibody

was determined by analyzing the data at different exposure times to

identify substrate depletion. The antibodies were used at saturation

concentrations. To discriminate low target protein signals from

background noise, chemiluminescence signals were quality-checked

using the following criteria: the peak signal-to-noise ratio had to be

equal to or greater than 10, and the baseline (expressed as a percentage

of the peak area) had to be less than 20% (Beekman et al., 2018).

Chemiluminescence peaks of target proteins were normalized to

within-sample b-actin expression. Normalized data are expressed as

arbitrary units of chemiluminescence (AU). Electropherograms for

individual proteins are included in the Supplementary Figure S1.

Information about the antibodies and controls used are included in

the Supplementary Table S3.
2.3 Statistical analysis

The data were analyzed using the MIXED procedure of SAS 9.4

(SAS Institute) according to the following model:

Yij = µ + ai + Tj + eij

where Yij is the variable of interest, µ is the overall mean, ai is

the random effect of animal (i = 1–8), Mj is the fixed effect of tissue,

and eij is the residual error. The data were log-2 transformed before

the analysis and then log-back transformed afterwards. The

normality of the residuals was checked with normal probability

and box plots, and the homogeneity of variances was determined

with plots of the residuals and predicted values. The data are

presented as least-squares means with standard errors of the

mean. Significance was declared at p≤ 0.05.
3 Results

3.1 Expression of genes involved in long-
chain fatty acid uptake

The mRNA expression of SLC27A gene family members 1 to 6,

CD36, and SRB1 was greater in the small intestine than in the

rumen (p< 0.01, Figure 1). Among the intestinal sections, SLC27A1

exhibited greater expression in the duodenum than in the ileum

(p< 0.01). The mRNA levels of SLC27A2 were greater in the

duodenum, proximal and distal jejunum, and ileum than in the

medial jejunum (p< 0.01). SLC27A3 and SLC27A4 were more highly
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expressed in the distal jejunum than in the proximal and medial

jejunum (p< 0.01). The SLC27A5 mRNA abundance was greater in

the duodenum than in the medial and distal jejunum and ileum

(p< 0.01). The expression of SLC27A6 was greater in the duodenum

than in the jejunal sections (p< 0.01). The CD36 levels were similar

among the small intestine sections (p< 0.01). The mRNA level of

SRB1 was lower in the medial jejunum than in the other intestinal

sections (p< 0.01).
3.2 Expression of genes involved in
intracellular trafficking and activation of
long-chain fatty acids

The mRNA expression levels of FABP family members 2 to 5 and

DBI (Figure 2) and ACSL family members 1, 3, 4, 5 and 6 (Figure 3)
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were greater in the intestinal sections than in the rumen (p≤ 0.01).

Among the small intestine sections, FABP1 was predominantly

expressed in the duodenum, while the FABP2 levels were greater in

the duodenum and ileum than in the other sections (p< 0.01). The

mRNA levels of FABP3 were greater in the duodenum, proximal

jejunum and ileum than in the medial jejunum (p< 0.01). The

expression of FABP4 was greater in the duodenum and proximal

jejunum than in the ileum and medial jejunum (p< 0.01).

FABP5 expression was greater in the ileum than in the medial

jejunum (p< 0.01). The mRNA abundance of FABP6 was extremely

low throughout the gastrointestinal tract, with slightly greater levels

in the duodenum than in the other intestinal sections (p= 0.01). The

expression of ACSL1 and ACSL5 was lower in the medial jejunum

than in the other intestinal sections (p< 0.01). DBI, ACSL3, ACSL4,

and ACSL6 were expressed at similar levels across the intestinal

sections (p< 0.01).
FIGURE 1

Expression of genes responsible for the uptake of long-chain fatty acids (LCFA) in the gastrointestinal tract of cattle. Relative expression (fold change
in the duodenum) of genes involved in the uptake of LCFA in the rumen, duodenum, proximal jejunum, medial jejunum, distal jejunum, and ileum of
cattle. The values are the means ± SEM. For the tissue effect, means without a common letter differ (p< 0.05).
FIGURE 2

Expression of genes responsible for the intracellular trafficking of long-chain fatty acids (LCFA) in the gastrointestinal tract of cattle. Relative expression
(fold change in the duodenum) of genes involved in the intracellular trafficking of LCFA in the rumen, duodenum, proximal jejunum, medial jejunum,
distal jejunum, and ileum of cattle. The values are the means ± SEM. For the tissue effect, means without a common letter differ (p< 0.05).
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3.3 Expression of genes involved in re-
esterification of long-chain fatty acids

The expression levels of GPAT1, GPAT3, AGPAT family

members 1, 2, 3, and 5, LPIN 1 to 3, and DGAT 1 and 2 were

greater in the intestinal sections than in the rumen (p≤ 0.01,

Figure 4). Within the intestinal segments, GPAT1 and GPAT3

were more highly expressed in the ileum than in the duodenum

(p< 0.01). AGPAT1 was expressed at higher levels in the ileum than

in the medial jejunum (p< 0.01), while AGPAT2 was expressed at

constant levels in intestinal sections (p= 0.01). AGPAT 3 and 5

exhibited greater mRNA abundance in the ileum than in the

duodenum (p< 0.01). LPIN1 expression was greater in the ileum

than in the duodenum and medial jejunum (p< 0.01), and LPIN2

levels were greater in the ileum than in the jejunal sections (p< 0.01).

LPIN3 exhibited greater expression in the duodenum than in the

jejunal sections (p< 0.01). DGAT1 mRNA levels were lower in the

medial jejunum than in the other intestinal sections (p< 0.01), and

DGAT2 showed similar expression in the small intestine (p< 0.01).
3.4 Expression of genes involved in
lipoprotein synthesis

The mRNA expression of MTP, APO family members A1, A4,

C3, and D, and ACAT2 was greater in the intestinal sections than

in the rumen (p< 0.05, Figure 5). Within the small intestine, MTP

expression was lower in the medial jejunum than in the other

sections (p< 0.01). APOA1 levels were similar among the intestinal

sections (p< 0.01), and APOA4 and APOC3 were more highly

expressed in the ileum than in the medial jejunum (p< 0.01 and

p= 0.02,, respectively). No differences were observed in the APOB

levels between the evaluated sections (p = 0.20). APOD was

expressed at similar levels in the intestinal sections (p< 0.01),

and ACAT2 was more highly expressed in the duodenum than in

the jejunum (p< 0.01).
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3.5 Protein expression

To further determine whether the expression of specific genes

observed via real-time PCR analysis was reflected at the protein level,

we performed capillary electrophoretic-based chemiluminescence in

the same sections of the cattle gastrointestinal tract. We focused this

analysis on key transporters and enzymes implicated in the main steps

of the LCFA absorption process according to models from studies in

nonruminants. As explained in the methods section, samples were

pooled from all animals by tissue for this analysis; thus, statistical

comparisons among sections were not possible. An immunoreactive

signal against CD36 was detected in the rumen and proximal and distal

jejunum (Figure 6). SLC27A4 was expressed longitudinally throughout

all examined intestinal sections. The protein expression of ACSL1 was

detected across all jejunal sections and the ileum. For FABP1, very

strong signals were identified across all small intestine sections. FABP2

was expressed at low levels in all small intestine sections. MTP was

expressed at relatively low levels in the duodenum, proximal and

medial jejunum, and ileum, with no signal in the rumen or distal

jejunum. For DGAT1 and Apo-AI, immunoreactive signals were

detected in all examined sections.
4 Discussion

The central role of the intestine in regulating whole-body lipid

metabolism is underscored by its ability to absorb luminal fatty acids

(Dedousis et al., 2022). Consequently, the significance of intestinal

mechanisms for fatty acid absorption becomes evident in this context.

The present study offers a report on molecular mechanisms

associated with absorption of LCFA in ruminants. First, we showed

that the gastrointestinal tract of cattle expresses genes involved in all

the main steps of the intestinal absorption of LCFA described in

nonruminant models, confirming our hypothesis. Except for the

rumen, whose expression levels were minimal for nearly the totality

of genes, all intestinal sections expressed the whole set of genes
FIGURE 3

Expression of genes responsible for the activation of long-chain fatty acids (LCFA) in the gastrointestinal tract of cattle. Relative expression (fold
change in the duodenum) of genes involved in the activation of LCFA to fatty acyl-CoA in the rumen, duodenum, proximal jejunum, medial jejunum,
distal jejunum, and ileum of cattle. The values are the means ± SEM. For the tissue effect, means without a common letter differ (p< 0.05).
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investigated. In sequence, we showed that the expression of key genes

implicated in intestinal LCFA absorption translates to the protein

level in the gastrointestinal tract of cattle, strengthening the notion

that ruminants and nonruminants share similarities in protein-

mediated fatty acid absorption processes. However, the distribution
Frontiers in Animal Science 06
profile of most proteins along the small intestine did not parallel

that observed in nonruminants, indicating species-specific

expression profiles.

The intestinal uptake of LCFA comprises their entry from the

lumen into enterocytes (Wang et al., 2013). Studies conducted in
FIGURE 5

Expression of genes responsible for the synthesis of lipoproteins from long-chain fatty acids (LCFA) in the gastrointestinal tract of cattle. Relative
expression (fold change in the duodenum) of genes involved in the incorporation of LCFA into lipoproteins in the rumen, duodenum, proximal
jejunum, medial jejunum, distal jejunum, and ileum of cattle. The values are the means ± SEM. For the tissue effect, means without a common letter
differ (p< 0.05).
FIGURE 4

Expression of genes responsible for the re-esterification of long-chain fatty acids (LCFA) in the gastrointestinal tract of cattle. Relative expression
(fold change in the duodenum) of genes involved in the re-esterification of LCFA into triglycerides/phospholipids in the rumen, duodenum, proximal
jejunum, medial jejunum, distal jejunum, and ileum of cattle. The values are the means ± SEM. For the tissue effect, means without a common letter
differ (p< 0.05).
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ruminants fitted with intestinal cannulas demonstrated that the

greatest disappearance of free LCFA, as well as of triglycerides and

phospholipids, occurs in the medial to distal jejunum, and by the

time the digesta reaches the ileum, the assimilation of these fatty

acids is almost complete (Lennox and Garton, 1968). Our RT−PCR

results revealed that for most uptake genes, the mRNA levels in the

ileum were similar to those in the duodenum and proximal

jejunum. Similarly, at the protein level, the expression levels of

SCL27A4 and FABP1 and 2 were comparable between these

sections, suggesting that the distal intestine plays an important

role in the uptake of LCFA in ruminants. In rats, under

physiological conditions, fat is primarily taken up in the jejunum,

but at high dietary fat concentrations, the ileum is called upon to

take up greater amounts of fat (Booth et al., 1961). It is plausible that

the physiological importance of genes and proteins involved in the

uptake of LCFA in the distal region of the small intestine is related

to a similar function in cattle. Recent evidence in nonruminants

supports two protein-mediated putative pathways for the uptake of

LCFA: 1) CD36 alone or in association with enterocyte FABP

accepts LCFA at the brush border membrane, transporting them

to the inner side of enterocytes, and 2) LCFA are transported by

SLC27A4 (Lagakos et al., 2011; Wang et al., 2013). We detected the

CD36 protein in the proximal (at high levels) and distal (very low

levels) portions of the jejunum and at relatively high levels in the

rumen. The presence of CD36 at higher levels in the proximal

jejunum is consistent with published data in humans and rodents

reporting CD36 functions in fat uptake to be localized more

proximally in the intestine (Lobo et al., 2001; Nassir et al., 2007).

The CD36 exhibits high affinity for LCFA; however, its Km for fatty

acid uptake by the enterocytes is very low, indicating that it will be

rapidly saturated (Nassir et al., 2007). The functional significance of

the presence of protein CD36 in the rumen is unknown, but because

it is a transmembrane protein with broad ligand specificity, its

function in this organ may not necessarily relate to lipid absorption

or metabolism. Previous studies have identified high levels of CD36

mRNA in the rumen of cattle (Kong et al., 2016) and dairy goats

(Cao et al., 2016). A role of nutrition in the regulation of CD36 has
Frontiers in Animal Science 07
been reported, as its protein levels were upregulated in the small

intestine of pigs fed a high-fat diet (33% oleic acid and 25% palmitic

acid) compared to those in a control low-fat group (Wang et al.,

2023). In contrast, the intraduodenal infusion of oleic acid resulted

in a rapid and marked downregulation of CD36mRNA levels, and a

dramatic reduction in oleic acid uptake by isolated enterocytes in

rats (Chen et al., 2001) suggesting a role of CD36 in the uptake of

this LCFA. However, the substrate preference of CD36 for LCFA

remains elusive and should be the focus of future research.

The SLC27A family comprises six proteins that mediate

the uptake of long- and very-long-chain (≥ C22) fatty acids

(Stahl, 2004). Among them, SLC27A4 has been shown to

predominate in the small intestine in mice, with higher expression

levels in the jejunum and ileum (Anderson and Stahl, 2013). Our

results revealed mRNAs for SLC27A 1 to 6 across all examined

intestinal sections, similar to what was observed at the protein level,

in which SLC27A4 was identified throughout the small intestine. In

mice, SLC27A4 is expressed only on the apical side of enterocytes,

indicating a role for this protein in the uptake of luminal LCFA rather

than its import from the blood in nonruminants (Stahl et al., 1999).

This might be associated with the low expression levels of SLC27A4

in our study since the animals were withheld from food for 12 h

before harvest, and the luminal uptake of fatty acids was likely low. In

enterocytes isolated from mice, SLC27A4 showed a strong substrate

preference for palmitic acid and, to a lesser extent, for oleic and

linolenic acid (Stahl et al., 1999). Additionally, the incubation of

enterocytes with increasing concentrations of an SLC27A4 antisense

oligonucleotide − which restricts the expression of SLC27A4 −

resulted in proportionate decreases in the uptake of palmitic and

oleic acid in mice, confirming a major role of SLC27A4 in the uptake

of these LCFAs (Stahl et al., 1999; Zhou et al., 2010). In addition to

CD36 and SLC27A4, FABP have also been implicated in the uptake

of LCFA. Enterocytes contain high levels of two members of this

family of proteins with high affinity for LCFA: liver-FABP and

intestinal-FABP (FABP1 and FABP2, respectively) (Storch and

Thumser, 2010). FABP1 expression is maximal at a more proximal

location and almost absent in the ileum in mice, whereas FABP2 is
FIGURE 6

Expression of proteins involved in the absorption of long-chain fatty acids in the gastrointestinal tract of cattle. Protein expression of SLC27A4,
CD36, ACSL1, FABP1-2, DGAT1, MTP, Apo-AI, and ACAT2 in the rumen, duodenum, proximal jejunum, medial jejunum, distal jejunum, and ileum of
cattle. Protein expression data were normalized to the expression of b-actin and are expressed as arbitrary units (AU) of chemiluminescence.
Statistical comparisons among tissues were not possible due to n=1.
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essentially found in the ileum (Gordon et al., 1985). Our RT−PCR

analysis detected mRNAs for FABP1−6 across all examined intestinal

sections, similar to the results observed at the protein level for FABP1

and FABP2. The protein expression of FABP1 throughout the

intestine was substantially greater than that of FABP2, but the

distribution profile revealed that FABP 1-2 was expressed at

comparable levels in the proximal and distal intestine sections.

These findings are consistent with previous data in cattle (Hayashi

et al., 2013) and confirm that enterocyte FABP are also located in the

distal intestine in cows, unlike in nonruminants. Enterocytes are

unique in that they are exposed to fatty acids on their apical (lumen)

and basolateral (blood) surfaces and metabolize them differently

depending upon the entry site in the cells (Alpers et al., 2000).

FABP1-2 are localized throughout the enterocyte cytosol but

participate in specific pathways of intestinal lipid metabolism

(Lagakos et al., 2011). FABP1 seems to bind and target LCFA for

oxidation, regardless of their entry point into enterocytes, while

FABP2 mainly binds LCFA on the apical side, directing them to

triglyceride synthesis (Alpers et al., 2000; Lagakos et al., 2011). This

might be attributed to the high expression levels of FABP1 relative to

those of FABP2 in the present research, given that the animals were in

a fasted state at harvest. FABP 1-2 bind stearic acid with greater

affinity than oleic and linolenic acid and palmitic acid with much

lower affinity (Nemecz et al., 1991; Smathers and Petersen, 2011).

Once at the inner side of the membrane, the processing of

nonesterified free fatty acids by the enterocyte is initiated by

esterification to CoA to form fatty acyl-CoA. This reaction, called

activation, traps fatty acids within the cell and enables an otherwise

nonreactive fatty acid to be used in fatty acid synthesis and

oxidation and phospholipid synthesis (Watkins, 1997). Enzymes

that catalyze this reaction in LCFA belong mainly to the acyl-CoA

synthetase family specific for long chains (ACSL, members 1, 3, 4, 5,

and 6), although some members of the SLC27A family (including

SLC27A4) also display long-chain acyl-CoA synthetase activity

(Anderson and Stahl, 2013). In this study, mRNAs encoding all

five ACSL were detected throughout the examined intestinal

segments. At the protein level, ACSL1 was expressed at relatively

high levels in the proximal jejunum but at relatively low levels in the

medial and distal intestinal sections. In ruminants, ACSL1 was

shown to be the most abundant ACSL isoform in the mammary

tissue of dairy cattle and was also detected in the duodenum of

sheep (Bionaz and Loor, 2008; Chao et al., 2017). Conversely, in

rodents, ACLS5 is the major intestinal synthetase, while ACSL1 is

expressed at very low levels (Suzuki et al., 1990; Meller et al., 2013).

The newly synthesized fatty acyl-CoAs that are not immediately

targeted to biosynthetic or catabolic pathways are bound to the acyl-

CoA binding protein (DBI) (Knudsen et al., 2000). In the

present study, mRNA expression of this gene was detected in

every examined intestinal region. DBI binds long-chain acyl-CoA

esters with high affinity and acts along with FABP and

ACAT2 as a reservoir, lowering the concentration of free cytosolic

acyl-CoA (Knudsen et al., 2000).

In eukaryotes, fatty acyl-CoA is rapidly re-esterified to

triglycerides during the postprandial period through two major
Frontiers in Animal Science 08
pathways, the de novo glycerol phosphate pathway and

the monoacylglycerol pathway (Coleman and Lee, 2004).

Monoacylglycerol is the predominant pathway in the small

intestine of humans and nonruminants (Yu et al., 2018); however,

because ruminants absorb essentially no monoacylglycerols

(Bauchart, 1993) we focused our RT−PCR analysis only on genes

of the glycerol phosphate pathway. In this pathway, glycerol-3-

phosphate acyltransferases (GPAT) catalyze the initial reaction by

transferring a fatty acid from acyl-CoA to glycerol-3-phosphate,

generating lysophosphatidic acid, which is further acylated at the

sn-2 position of the glycerol backbone to form phosphatidic acid via

the action of the 1-acyl glycerol-3-phosphate acyltransferase

(AGPAT) family. At this point, phosphatidic acid can be

dephosphorylated by phosphatidic acid phosphatases (also known

as lipin) to form diacylglycerol or be directed to phospholipid

synthesis. Diacylglycerol receives one last fatty acid from acyl-CoA

to produce triglycerides through the action of acyl-CoA

diacylglycerol acyltransferases (DGAT) (Yamashita et al., 2014).

The detection of mRNAs encoding genes involved in all steps of this

pathway and of the protein DGAT1 in the present study indicates

its physiological importance in ruminants, with a prominent role in

the distal intestine, since most genes and the protein DGAT1 were

expressed most distally. These findings point to differences with

respect to the nonruminant model, in which the expression of

enzymes of the de novo glycerol phosphate pathway is highest in the

proximal intestine (Cases et al., 1998; Khatun et al., 2016). GPAT3

(microsomal GPAT) is the rate-limiting enzyme in the glycerol

phosphate pathway due to its low specific activity and uses C18:1-

CoA as the preferred substrate compared to C16:0-CoA, C14:0-

CoA, and C18:0-CoA. The levels of GPAT3 were slightly lower than

those of GPAT1 in our study, which is likely associated with the

fasting state at harvest, since GPAT1 selectively assigns acyl-CoA to

b-oxidation or triglycerides synthesis (Yu et al., 2018). DGAT,

which are coexpressed with DGAT1 and DGAT2, catalyze the

only irreversible step in triglycerides synthesis and show a

preference for C18:1-CoA over C16:0-CoA (Cases et al., 2001).

Triglycerides and phospholipids formed in enterocytes are

available for lipoprotein or fat droplet synthesis. For lipoproteins

to assemble, substrates need to be transferred from the membrane

to the cisternae of the endoplasmic reticulum. The microsomal

triglyceride transfers large subunit (MTP, 97 kDa) protein transfers

triglycerides, cholesteryl esters, and phospholipids, especially in the

synthesis of ApoB-containing lipoproteins (Hussain et al., 2012).

These lipoproteins, which include chylomicrons, low-density

lipoproteins (LDL) and very-low density proteins (VLDL), are the

main lipid transport vehicles in nonruminants (Sirwi and Hussain,

2018). The relatively low MTP protein levels found in the present

research might be attributed to the fact that, unlike nonruminants,

bovine lipoproteins are mainly not ApoB-based. In dairy cattle,

HDL accounts for the majority of plasma lipoproteins (~80%), with

lower amounts of LDL and VLDL (Bauchart, 1993; Duran et al.,

2021; Behling-Kelly and Wong, 2022). Cholesteryl esters and

phospholipids represent approximately 90% of the lipid content

in bovine high-density lipoproteins (HDL), and Apo-AI is the core
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structural protein, although other apoproteins are associated with

these particles, including Apo A-IV and C-III (Raphael et al., 1973;

Feingold, 2000). Cholesteryl esters, triglycerides, and phospholipids

are incorporated into LDL and VLDL (Raphael et al., 1973). The

protein expression of Apo A-I was comparable throughout all

intestinal sections in the present study, and at the gene level, the

mRNA levels of A-IV, B, C-III, and D were also detected. Our

results revealed that the protein ACAT2 was expressed in parallel

with the protein Apo-AI in all the examined sections. Notably, the

amount of ACAT2 in the rumen was comparable to that in the

small intestine, although the functional significance of this

expression is unknown. ACAT2 is the main enzyme responsible

for esterification and the incorporation of cholesterol into

lipoproteins in enterocytes in nonruminants.

It is very important to highlight that, although all main proteins

involved in the intestinal absorption of LCFA described in models

for nonruminants were detected in cattle in this study, the exact

function of these proteins in the molecular mechanisms of intestinal

LCFA absorption and how they are regulated under normal

physiological conditions in ruminants remains largely unknown.
5 Conclusion

The findings from this study indicate the presence of genes and

proteins involved in the intestinal absorption of LCFA in cattle

described in nonruminant models. The protein distribution profile

points toward a prominent role of the proximal and distal sections

of the small intestine in protein-mediated absorption of LCFA in

cattle. Future investigations are needed to address the influence of

individual fatty acids and their intestinal flow level on the

expression of proteins involved in the intestinal absorption of

LCFA and how the expression levels of these proteins influence

the capacity of the small intestine to absorb fatty acids in ruminants.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

Ethical approval was not required for the study involving

animals in accordance with the local legislation and institutional

requirements because samples were collected after animals

were slaughtered.
Frontiers in Animal Science 09
Author contributions

FH: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Resources, Software, Validation,

Visualization, Writing – original draft, Writing – review &

editing. FB: Conceptualization, Data curation, Formal analysis,

Methodology, Project administration, Resources, Supervision,

Visualization, Writing – original draft, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Acknowledgments

The authors would like to express their gratitude to Daniel de

Oliveira, Bruno Emanuel Barreta, and Dérick Cantarelli Rosler, all
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