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Abstract

Background—Dietary fat is the most important energy source of all the nutrients. Fatty acids,

stored as triacylglycerols in the body, are an important reservoir of stored energy and derive

primarily from animal fats and vegetable oils.

Design—Although the molecular mechanisms for the transport of water-insoluble amphipathic

fatty acids across cell membranes have been debated for many years, it is now believed that the

dominant means for intestinal fatty acid uptake is via membrane-associated fatty acid-binding

proteins, i.e., fatty acid transporters on the apical membrane of enterocytes.

Results—These findings indicate that intestinal fatty acid absorption is a multistep process that is

regulated by multiple genes at the enterocyte level, and intestinal fatty acid absorption efficiency

could be determined by factors influencing intraluminal fatty acid molecules across the brush

border membrane of enterocytes. To facilitate research on intestinal, hepatic and plasma

triacylglycerol metabolism, it is imperative to establish standard protocols for precisely and

accurately measuring the efficiency of intestinal fatty acid absorption in humans and animal

models. In this review, we will discuss the chemical structure and nomenclature of fatty acids and

summarize recent progress in investigating the molecular mechanisms underlying the intestinal

absorption of fatty acids, with a particular emphasis on the physical-chemistry of intestinal lipids

and the molecular physiology of intestinal fatty acid transporters.

Conclusions—A better understanding of the molecular mechanism of intestinal fatty acid

absorption should lead to novel approaches to the treatment and the prevention of fatty acid-

related metabolic diseases that are prevalent worldwide.
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Introduction

Dietary fat is the most important source of energy of all the nutrients, supplying 9 kcal/g,

about double that contributed by either protein or carbohydrate at 4 kcal/g [1]. Fatty acids,

stored as triacylglycerols (also called triglycerides) in the body, are an important reservoir of

stored energy. In a healthy person with a body weight of 70 kg, approximately 141,000 kcal

are stored as fat as compared to 24,000 kcal as protein and 1,000 kcal as carbohydrate. In

addition, dietary fat provides essential fatty acids and fat-soluble vitamins A, D, E and K to

the body, and represents the only source of precursors of eicosanoids such as prostanoids,

thromboxanes, leucotrienes and lipoxins. Because essential fatty acids cannot be synthesized

by human beings, these or their precursors must be supplied in the diet. In general, dietary

lipids account for ~42% of the calories ingested in the Western diet, whereas nutritional

recommendations are 20–35% fat for adults [2]. In the Western diet, ~95% of dietary lipids

are triacylglycerols, mainly composed of long-chain fatty acids, and the remaining are

phospholipids (~4.5%) and cholesteryl esters (~0.5%). Dietary triacylglycerols derive

principally from two sources: animal fats and vegetable oils. Animal fats contain a high

proportion of saturated fatty acids. By contrast, vegetable oils have a higher proportion of

unsaturated fatty acids than animal fats. In addition to food being a source of lipids absorbed

by the intestines, bile also provides additional lipids for intestinal absorption, primarily in

the form of phospholipids, unesterified cholesterol and bile acids. Approximately 10–15 g of

biliary phospholipids enters the intestine daily and the major phospholipids are lecithin

(phosphatidylcholine) in human bile. Of note, unesterified cholesterol, plant sterols and bile

acids do not supply energy to the body.

The small intestine is a vital organ for triacylglycerol homeostasis. Indeed, increased

quantities of dietary fat will cause plasma triacylglycerol concentrations to rise in most

individuals. Because the high fat diet is an important risk factor for cardiovascular disease,

obesity, diabetes, nonalcoholic fatty liver disease, the metabolic syndrome and cancer, many

studies have focused mainly on identifying cellular, physical-chemical and genetic

determinants of intestinal fatty acid absorption in humans and laboratory animals. Because

triacylglycerols of the body originate mainly from both de novo lipogenesis and absorption

from the diet, a better understanding of the mechanisms of intestinal fatty acid absorption

should lead to novel approaches to the treatment and the prevention of these metabolic

diseases that are prevalent worldwide.

In this review, we will discuss the chemical structure and nomenclature of fatty acids and

summarize recent progress in investigating the molecular mechanisms underlying the

intestinal absorption of fatty acids, with a particular emphasis on the physical-chemistry of

intestinal lipids and the molecular physiology of intestinal fatty acid transporter system.
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The chemical structure and nomenclature of fatty acids

Fatty acids are a class of molecules that contain a hydrocarbon chain and a terminal carboxyl

group. They are combined with propan-1,2,3-triol (i.e., glycerol) to make triacylglycerol in

fats and vegetable oils. Fatty acids also constitute a major component of phospholipids,

which typically contain a diacylglycerol, a phosphate group, and a simple organic molecule

such as choline. Similar to the nomenclature of other lipids, many common (trivial) names

and shorthand nomenclatures of fatty acids have been widely used. To better understand the

molecular metabolism elucidating intestinal absorption of fatty acids, the nomenclature of

the International Union of Pure and Applied Chemists (IUPAC), common (trivial) names

and shorthand (omega, ω) terminology of fatty acids will be briefly reviewed here although

we have systematically discussed it elsewhere [3].

a. Nomenclature of fatty acids

As shown in Figure 1A, fatty acid carbon atoms are often numbered starting at the carboxyl

end. Carbon atoms 2 and 3 are usually referred to as α and β, respectively. The methyl

carbon atom at the end of the chain is called the omega (ω) carbon. The position of the

double bond is represented by the symbol (Δ) followed by a superscript number.

Alternatively, the position of a double bond can be denoted by counting from the distal end,

with the ω carbon atom (the methyl carbon) as number 1 (Figure 1B).

b. Standard IUPAC nomenclature of fatty acids

In standard IUPAC terminology, the systemic name for a fatty acid is derived from the name

of its parent hydrocarbon by the substitution of oic for the final e. For example, the C18

saturated fatty acid is called octadecanoic acid because the parent hydrocarbon is

octadecane. The C18 fatty acids with one, two, three and four double bonds are named

octadecenoic, octadecadienoic, octadecatrienoic, and octadecatetraenoic acids, respectively.

Moreover, the symbols 18:0, 18:1, 18:2, 18:3 and 18:4 denote C18 fatty acids with no double

bonds, as well as one, two, three, and four double bonds, respectively.

The delta (Δ) configuration is usually used to indicate the locations of double bonds, which

represents the distance from the carboxyl carbon. As shown in Figure 1C, γ-linolenic acid

has three double bonds between C-6 and C-7, C-9 and C-10, and C-12 and C-13 from the

carboxylic acid group and it is shown as Δ6, Δ9, and Δ12 bonds, respectively. The double-

bond positions are shown with numbers before the fatty acid name (Δ6,Δ9,Δ12-

octadecadienoic acid or simply 6,9,12-octadecadienoic acid).

Double-bond geometry is designated with the cis-trans nomenclature systems (also known

as (E/Z)-isomerism), which indicates the positions of two carbon atoms or groups in the

chain that are bound next to either side of the double bond. If atoms/groups lie on same (cis)

or opposite (trans) sides of a reference plane in the molecule, they are cis or trans. For

example, cis-Δ9 shows that there is a cis double bond between C-9 and C-10 while trans-Δ5

shows that there is a trans double bond between C-5 and C-6. The prefixes cis and trans are

often abbreviated as c and t in structural formulas.
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c. Common nomenclature of fatty acids

Of note, the use of common names is more convenient and popular because they are concise

and clear compared to the above-mentioned standard IUPAC system. Also, the common

names are the most frequent naming system used in literature. For example, oleic acid rather

than cis-9-octadecenoic acid is often used. In general, the common names of most fatty acids

originate from the first identified botanical or zoological origins. For example, myristic acid

is found in seed oils from the Myristicaceae family (nutmeg is an example) and oleic acid is

enriched in the fruit of the olive tree (Olea europaea).

d. Shorthand (ω) nomenclature of fatty acids

The shorthand nomenclature always consists of two numbers separated by a colon, i.e., the

carbon number of the fatty acid chain followed by a colon, then the number of double bonds

and the position of the double bond closest to the methyl side of the fatty acid molecule. For

example, the symbol 16:0 denotes palmitic acid, a common saturated fatty acid, and 18:1

denotes oleic acid, a common monounsaturated fatty acid.

Both the shorthand nomenclatures and the systemic names can be combined to be used for

showing the exact position and configuration of double bonds. For example, linoleic acid

could be shown as cis(Δ-)9,cis(Δ-)12–18:2 or (cis,cis)9,12-octadecadienoic acid, which

indicates that it is an 18-carbon (C18) fatty acid with cis double bonds between C-9 and C-12

from the carboxyl terminus. Occasionally, linoleic acid is also named as (cis,cis)n-6,9-

octadecadienoic acid with the n donating that numbering is from the methyl terminus for cis

double bonds between C-6 and C-9.

In addition, the ω can be replaced by the form (n-x), i.e., 18:2(n-6) instead of 18:2ω6.

Although it has been recommended eliminating ω and using n- exclusively, both n- and ω
are often used in the literature and are considered equivalent. Shorthand designations for

polyunsaturated fatty acids are sometimes reported without the ω term (18:3). However, this

notation is ambiguous since 18:3 could represent 18:3ω1, 18:3ω3, 18:3ω6, or 18:3ω9, and

these fatty acids are completely different in their origins and nutritional significance. Two or

more fatty acids with the same carbon and double-bond numbers are possible in many

common oils. Therefore, the shorthand nomenclature should always be used with the ω term

specified.

Classes of Fatty Acids

Fatty acids are composed of two major types: saturated and unsaturated fatty acids, and the

presence or absence of carbon-carbon double bonds in the hydrocarbon chain is the only

difference between them. Saturated fatty acids do not have double bonds in the hydrocarbon

chain and unsaturated fatty acids contain at least one double bond. The latter are often

divided into two subgroups: monounsaturated fatty acids with a single double bond and

polyunsaturated fatty acids with two or more double bonds. The basic formulae of saturated

and monounsaturated species are CH3(CH2)nCOOH and CH3(CH2)nCH=CH(CH2)nCOOH,

respectively. In addition, based on chain length, they are often categorized as short-chain,

medium-chain, or long-chain fatty acids. Short-chain fatty acids have aliphatic tails of fewer

than eight carbons (<C8). Fatty acids with aliphatic tails of 8–12 carbons (C8-C12) are
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classified as medium-chain fatty acids, and long-chain fatty acids have aliphatic tails longer

than 12 carbons (>C12). Sometimes, fatty acids with aliphatic tails longer than 22 carbons

(>C22) are defined as very-long-chain fatty acids. In humans, nearly all fatty acids have an

even number of carbon atoms in a straight chain. The number of carbon atoms in biological

systems is typically between C14 and C24, with the C16 and C18 fatty acids being the

commonest in humans.

Physical-chemical properties and compositions of intestinal lipids

Lipids within the lumen of the small intestine comprise triacylglycerols, phospholipids,

cholesterol, plant sterols, and bile acids. Intestinal lipids originate from the diet, bile and

cells sloughed from the lining of the small intestine. In bile, cholesterol, phospholipids and

bile acids are three major lipid species. Although bile does not contain digestive enzymes,

bile acids and phospholipids play critical roles in promoting intestinal lipid digestion and

absorption by the enterocytes.

Triacylglycerols are the major source of dietary lipids and derive principally from two

sources: animal fats and vegetable oils. They are triesters of one glycerol molecule with

three fatty acids. Each of the three hydroxyl (-OH) groups of glycerol forms an ester group

by reaction with the carboxyl (-COOH) group of a fatty acid molecule to form the

triacylglycerol molecule. Triacylglycerols are also categorized as simple and complex. The

former comprise three molecules of the same fatty acid that are esterified to glycerol. In the

latter group, three fatty acids esterified with glycerol are different. In general, naturally

occurring triacylglycerols are complex compounds. When all three positions have different

acyl groups, each ester linkage is stereochemically distinct and a denotation by

stereospecific number (sn)-1, -2, and -3 has been recommended. In general, saturated fatty

acids tend to be esterified in the sn-1 or sn-2 positions of fats derived from animals. Most

dietary triacylglycerols contain long-chain fatty acids, including the monounsaturated oleic

acid (18:1) and the saturated palmitic acid (16:0). Animal fats differ from vegetable oils in

the relative amounts of saturated and unsaturated fatty acids. The former usually contain less

than 50 to 60% unsaturated fatty acids and the latter contain more than 80% unsaturated

fatty acids. In the Western diet, dietary fat usually constitutes as much as 50% of total

calories (i.e., 100–160 g/day). Of the dietary fat, triacylglycerols contribute as much as 90%

of the total calories supplies by fat, with other fats such as phospholipids also yielding the

remainder.

Phospholipids are composed of glycerol, fatty acids, phosphate and an organic base or

polyhydroxy compound. The phosphate is always linked to the sn-3 position of the glycerol

molecule. Approximately 10–15 g of biliary phospholipids enter the intestine daily, whereas

the dietary contribution is only 1 to 2 g per day. The major phospholipid in human bile is

lecithin (phosphatidylcholine), which accounts for more than 95% of total phospholipids.

Lecithin consists of a zwitterionic phosphocholine head group and hydrophobic tails

comprised of two long fatty acyl chains. The remainder is composed of cephalins

(phosphatidylethanolamines) and trace amounts of sphingomyelins. The phospholipids

comprise 15–25% of total lipids in bile. Similar to all naturally occurring phospholipids,

biliary lecithin is a complex mixture of molecular species. The sn-1 position is esterified by
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the saturated fatty acyl chains 16:0 (~75%) and 18:0 (<20%), with small amounts of

monounsaturated sn-1 16:1 or 18:1 comprising the remainder. The sn-2 position is esterified

by unsaturated fatty acyl species, with 18:2, 18:1 and 20:4 fatty acids predominating. The

major molecular species of lecithin in human bile are 16:0–18:2 (40–60%), 16:0–18:1 (5–

25%), 18:0–18:2 (1–16%) and 16:0–20:4 (1–10%) [4].

Cholesterol is the most abundant steroid in animal tissues and in the intestinal lumen. It is

poorly soluble in an aqueous environment. In addition to a double bond at C-5 and C-6

nucleus and a hydroxyl group on the third carbon of the cholestene nucleus, the angular

methyl groups at C-10 and C-13, the hydrogen atom at C-8 and the side-chain at C-17 are in

the β configuration. The hydrogen atoms at C-9 and C-14 are in the αconfiguration. Of note

is that in bile, approximately 95% of the cholesterol molecule is in the free (esterified) form

and the remaining 5% of the sterols are cholesterol precursors and dietary sterols. Moreover,

the concentration of cholesteryl esters is negligible in human bile. The cholesteryl esters of

dietary origin must be hydrolyzed to unesterified cholesterol and fatty acids for intestinal

absorption.

Plant sterols (also called phytosterols) refer to sterols that originate from plants. These are

abundant in the intestine as well. Plant sterols are naturally occurring and their chemical

structures are very similar to cholesterol (i.e., a Δ5 double bond and a 3β-hydroxyl group,

but with structural modifications of the side chain). Sitosterol and campesterol, which are

24-ethyl and the 24-methyl substituted variants of cholesterol, respectively, are the most

abundant plant sterols. They are consumed in the diet and may be absorbed in the intestine.

However, they are usually present only at very low plasma concentrations in humans due to

a poor (<5%) net absorption rate by the small intestine. Sterols may also originate from

shellfish, including brassicasterol and isofucosterol.

Bile acids are a family of closely related acidic sterols that are synthesized from cholesterol

in the liver. They comprise approximately two thirds of the solute mass of normal human

bile. Due to the presence of both hydrophilic and hydrophobic surfaces, bile acids are highly

soluble, detergent-like amphiphilic molecules. At low concentrations in aqueous solution,

bile acids exist as monomers; however, above a certain concentration, i.e., when a critical

micellar concentration (CMC) is exceeded, they can spontaneously form negatively charged

spherical aggregates called micelles. At this point, bile acids in bile can form simple

micelles. Importantly, bile acids can solubilize other types of lipids such as cholesterol, fatty

acids, phospholipids, monoacylglycerols and diacylglycerols by forming mixed micelles.

This is a key function of bile acids in the small intestine where they emulsify dietary fat to

facilitate their digestion and absorption. The potency of bile acids as detergents depends

critically upon the distribution and orientation of hydroxyl groups around the steroid nucleus

of the molecule, which is usually described as its hydrophobicity. The physical-chemical

properties of bile acids depend upon the nature and ionization state of functional groups on

the side chain. In general, the glycine conjugate is more hydrophobic than the taurine

conjugate. In human bile, more than 95% of bile acids are 5β,C-24 hydroxylated acidic

steroids amide-linked to taurine or glycine. These conjugates are present in an approximate

ratio of 1:3 taurine:glycine in human bile.
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Molecular physiology of intestinal fatty acid absorption

Conceptually, intestinal absorption of fatty acids is most precisely defined as the transfer of

intraluminal fatty acids into intestinal or thoracic duct lymph. By contrast, intestinal uptake

of fatty acids refers to its entry from the lumen into intestinal absorptive cells. As can be

inferred from this distinction, intestinal fatty acid absorption is a multistep process that is

regulated by multiple genes, as shown in Figure 2.

Similar to cholesterol, triacylglycerols are totally water-insoluble. The solubility of long-

chain fatty acids in aqueous solutions is extremely low, i.e., in the range of 1–10 nM.

However, the digestion of dietary fat takes place in an aqueous environment within the

gastrointestinal tract. Fortunately, pancreatic lipase is active only at an oil-water interface,

which facilitates the digestion of triacylglycerols. Furthermore, biliary bile acids can form

mixed micelles together predominantly with fatty acids, and to lesser degrees, with mono-,

di- and triacylglycerols. These mixed micelles can function as a transport vehicle to deliver

fatty acids to the apical membrane of enterocytes for the absorption. Because the efficiency

(>90%) of intestinal fatty acids is significantly higher than that of cholesterol (~50%) in

human beings, this indicates that fatty acids are much more efficient to be absorbed by the

small intestine compared to cholesterol.

a. Intraluminal digestion of lipids

The digestion of fat begins in the stomach where dietary constituents are mixed together

with lingual and gastric enzymes, resulting in partial fat digestion by preduodenal lipases

and emulsification by peristalsis. The stomach also regulates the delivery of gastric chyme

into the duodenum where it is mixed with bile and pancreatic juice. The major lipases and

proteins secreted by the pancreas into the intestinal lumen in response to a meal include

carboxyl ester lipase (CEL), pancreatic triglyceride lipase and the Group 1B phospholipase

A2, as well as pancreatic lipase-related protein-1 and -2. However, the regulatory effects of

the Group 1B phospholipase A2, as well as pancreatic lipase-related protein-1 and -2 on

intestinal fatty acid absorption have not yet been defined. Of special note is that the key

enzymes on the digestion of triacylglycerols include lingual lipase secreted by the salivary

gland and gastric lipase secreted by the gastric mucosa. Humans express primarily gastric

lipase, whereas rodents express mainly lingual lipase. Human gastric lipase and rodent

lingual lipase share many characteristics of physiological functions. For example, both

enzymes have a pH optimum ranging from 3 to 6, and hydrolyze medium-chain

triacylglycerols better than long-chain triacylglycerols. These lipases preferentially

hydrolyze fatty acids at the sn-3 position to produce diacylglycerols. However, they do not

hydrolyze phospholipids or cholesteryl esters. Surprisingly, patients with cystic fibrosis can

still absorb dietary cholesterol, despite a markedly or completely inhibition in the secretion

of pancreatic lipase. This suggests that the digestion of triacylglycerols by both lingual and

gastric lipase in the stomach also plays an important role in lipid absorption.

The stomach is also the major site for the mechanical emulsification of dietary fat, which is

an important prerequisite for efficient hydrolysis by pancreatic lipase. Emulsification is

facilitated by the diacyloglycerols and fatty acids produced as a result of the action of acid

lipases in the stomach, as well as the phospholipids normally present in the diet. The lipid
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emulsion enters the small intestine as fine lipid droplets with diameters of less than 500 nm.

The combined actions of bile and pancreatic juice markedly alter the chemical composition

of the lipid emulsion in the upper part of the small intestine. As shown in Figure 3,

pancreatic lipase functions at the interface between oil and aqueous phases, and hydrolyzes

mainly the sn-1 and sn-3 positions of the triacylglycerol molecules to release

monoacylglycerols and fatty acids. Further hydrolysis of monoacylglycerols by pancreatic

lipase results in the formation of glycerols and fatty acids. When fat digestion is observed by

polarizing light microscopy in vitro, it is appreciated that at least three phases are present: an

oil phase (mainly triacylglycerols, partial diacylglycerols, and fatty acids), a calcium soap

phase (Ca2+ ions and protonated long-chain fatty acids), and a viscous isotropic phase

(monoacylglycerols and fatty acids) [5].

Pancreatic lipase is present only in pancreatic juice. Its high concentration in pancreatic

secretions together with its great catalytic efficiency ensures the complete digestion of

dietary fat in the small intestine. The very high capacity for fat digestion is highlighted by

the findings that the symptom of fat malabsorption is present in patients only with severe

pancreatic lipase deficiency. It is surprising to find that purified pancreatic lipase is

inefficient at hydrolyzing triacylglycerols in a model lipid mixture; however, it is highly

efficient when present in pancreatic juice. These findings led to the discovery that the

colipase is required for pancreatic lipase to produce its physiological functions in the

intestine (Figure 4). Further studies found that colipase is also secreted by the pancreas as a

procolipase. After entering the small intestinal lumen, the procolipase is activated by the

cleavage of a pentapeptide from the N-terminus. Whereas lipid droplets of triacylglycerols

surrounded by bile acids are not accessible to pancreatic lipase, the binding of the colipase

to the triacylglycerol/aqueous interface allows the binding of the lipase molecule to the lipid/

aqueous interface, which greatly facilitates digestion of dietary fat.

Phospholipids are the second main source of fat in the intestine although their concentrations

are much lower compared to dietary triacylglycerols. The digestion of phospholipids from

bile and the diet also takes place in the small intestinal lumen. These phospholipids, i.e.,

principally lecithin (phosphatidylcholine), are hydrolyzed by pancreatic phospholipase A2 at

the sn-2 position to yield fatty acids and lysolecithin (lysophosphatidylcholine) molecules

(Figure 3). The fatty acids are released and the lysophospholipids are incorporated into

micelles and transported into mucosal cells and appear in the intestinal lymph in

chylomicrons. Moreover, in concentrated gallbladder bile, phospholipids are solubilized

primarily in mixed micelles together with bile acids and cholesterol. In the intestinal lumen,

phospholipids are largely solubilized in mixed micelles, but also participate in the

emulsification of triacylglycerols.

Because only unesterified cholesterol is incorporated into simple and mixed micelles and

transported to the brush border of enterocytes for uptake, a critically important step is lipase-

mediated hydrolysis of cholesteryl esters. The enzymes for the hydrolysis of cholesteryl

esters include cholesterol esterase, carboxylic ester hydrolase (also called carboxylic ester

lipase), and sterol ester hydrolase (Figure 3). However, the contribution of unesterified

cholesterol (mainly biliary) to intestinal cholesterol is much greater than the dietary

esterified cholesterol. As a result, inhibition or loss of some of the pancreatic lipolytic
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enzyme activities would be unlikely to result in an appreciable reduction of cholesterol

absorption. This may partly explain why targeted disruption of the carboxylic ester lipase

(Cel) gene in mice has little or only a slight inhibitory effect on intestinal cholesterol

absorption [6, 7]. In human beings, cholesterol esterase has a broad specificity, with the

capacity to hydrolyze triacylglycerols, cholesteryl esters and phospholipids [8, 9].

Cholesterol esterase activity is greatly enhanced by the presence of bile acids, particularly

the trihydroxy bile acid cholate. As entering the small intestine, dietary cholesterol is

typically mixed in a lipid emulsion with triacylglycerols and phospholipids. The digestion of

phospholipids on the surface of the lipid emulsion particles and triacylglycerols in the core,

is required to liberate the dietary cholesterol. This cholesterol molecule is transferred to

phospholipid vesicles and then bile acid micelles for its transport to the brush border of

enterocyte. Therefore, the cholesterol molecules often have to be incorporated into disk-

shaped micelles and liquid crystalline vesicles prior their uptake by enterocytes [10, 11].

Interestingly, a lack of triacylglycerol hydrolytic activity in the intestinal lumen in

pancreatic triglyceride lipase knockout mice reduces dietary cholesterol absorption

substantially, without impairing digestion and absorption of triacylglycerols [12].

Due to their critical detergent properties, biliary bile acids are crucial to the uptake of fatty

acids and cholesterol by the enterocytes because they coordinate micellar solubilization of

intraluminal fatty acids and cholesterol [13]. Simple bile acid micelles (3 nm in diameter)

are small, thermodynamically stable aggregates that can solubilize only minimal amounts of

cholesterol. By contrast, phospholipids, monoacylglycerides, and fatty acids are highly

soluble in simple bile acid micelles. As a result, when combined together with ionized and

non-ionized fatty acids, monoacylglycerides and lysophospholipids, bile acids form mixed

micelles. Mixed micelles can solubilize much greater amounts of cholesterol compared with

simple micelles. Bile acids also form mixed micelles with fat-soluble vitamins,

diacylglycerols and triacylglycerols in the small intestinal lumen. Mixed micelles are larger,

thermodynamically stable aggregates and their sizes (4–8 nm in diameter) vary depending

on the relative proportion of bile acids and phospholipids. More importantly, mixed micelles

function as transport vehicles for fatty acids and cholesterol across the unstirred water layer

toward the brush border of enterocytes, where they facilitate uptake of fatty acid and

cholesterol molecules by the enterocytes [14–16].

In the small intestinal lumen, excess triacylglycerols and cholesteryl esters that are not

dissolved in mixed micelles can exist as a stable emulsion that is mainly composited by bile

acids, phospholipids, monoacylglycerides and fatty acids (Figure 4). During the fat

hydrolysis, liquid crystals composed of multilamellar products of lipid digestion form at the

surface of the emulsion droplets [10, 11]. These liquid crystals give rise to vesicles, which

are unilamellar spherical structures and contain phospholipids and cholesterol, with little, if

any, bile acids. Vesicles (40–100 nm in diameter) are substantially larger than either simple

or mixed micelles, but much smaller than liquid crystals (~500 nm in diameter) that are

composed of multilamellar spherical structures. Liquid crystals and vesicles each provide an

accessible source of fatty acids, cholesterol and other lipids for continuous formation and

modification of mixed micelles in the presence of bile acids. Within the intestinal lumen, the

presence of hydrophilic bile acids may reduce the solubility of cholesterol by favoring the
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formation of liquid crystals and vesicles at the expense of mixed micelles [17]. As a result,

cholesterol molecules are poorly absorbed by the enterocytes when incorporated into liquid

crystals or vesicles. By contrast, hydrophobic bile acids markedly increase micellar

solubility of cholesterol and thereby augment cholesterol absorption [17, 18]. This suggests

that the hydrophobic bile acids are more effective at promoting cholesterol absorption than

the hydrophilic bile acids. However, the hydrophilic-hydrophobic index of bile acid pool

seems not to markedly influence intestinal fatty acid absorption. Luminal bile acids are

derived from hepatic secretion and reabsorbed from the intestine (mainly the ileum) through

an active bile acid transporter mechanism and returned to the liver via portal blood to

complete the enterohepatic circulation.

b. Intestinal uptake of lipids

The mixed micelles in the small intestinal lumen promote the absorption of fatty acids and

cholesterol by facilitating transport of these lipids across the unstirred water layer adjacent

to the surface of the apical membrane of enterocytes. The micelle particle itself does not

penetrate the cell membrane. Rather, it facilitates passage across a diffusion barrier that is

located at the intestinal lumen-membrane interface for the uptake by the enterocytes.

Mucous coating the intestinal mucosa is also diffusion-limiting barrier, especially since

cholesterol molecules may be extensively bound to surface mucins prior to transfer into the

enterocyte. Physiological quantities of epithelial mucin encoded by the MUC1 gene are

necessary for normal intestinal uptake and absorption of cholesterol in mice, as evidenced

by a reduction of cholesterol absorption efficiency by 50% in MUC1 knockout mice [19].

However, it is likely that MUC1 loss does not impair intestinal fatty acid uptake in mice.

The molecular mechanisms for the transport of water-insoluble amphipathic fatty acids

across membranes have been debated for many years: by a simple passive diffusion

mechanism [20–24], a protein-mediated mechanism [25–30], or both. A protein-mediated

fatty acid uptake system is now believed to be the dominant means by which fatty acids are

taken up by membrane-associated fatty acid-binding proteins, i.e., fatty acid transporters on

the apical membrane of enterocytes [31]. As shown in Figure 2, a large number of fatty acid

transporters have been identified, which facilitate the cellular uptake of fatty acids and these

include cluster determinant 36 (CD36, also called fatty acid translocase), plasma membrane-

associated fatty acid-binding protein (FABPpm), and a family of fatty acid transport proteins

1–6 (FATP1–6). Fatty acid binding protein (FABP) is present in the small intestine and may

play an important role in the intracellular transport of the absorbed fatty acids [25, 28, 29].

This assertion is based on the higher concentration of FABP in villi compared with crypts, in

the jejunum compared with the ileum, and in intestinal mucosa of animals fed a high-fat diet

compared with those fed a low-fat diet. The prevalent view is that these fatty acid

transporters could act as acceptors for fatty acids and subsequently the fatty acids make their

way through the cell membrane possibly by simple diffusion [31–35]. At the inner side of

the membrane, the transmembrane proteins may provide a docking site for a cytoplasmic

fatty acid-binding protein (FABPc) that is abundantly present in the soluble cytoplasm of

enterocytes [31, 36, 37]. Thus, these proteins may function to sequester fatty acids in the

membrane, and help organize them within specific membrane domains so as to make the

fatty acids readily available for subsequent aqueous transport [38]. It is still unclear whether
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there is a difference in the intestinal uptake among saturated, monounsaturated and

polyunsaturated fatty acids and among short-chain, middle-chain, and long-chain fatty acids.

A major advance in the effort to identify intestinal sterol transporters was the discovery that

mutations in the genes encoding human ABCG5 and ABCG8 transporters constituted the

molecular basis of sitosterolemia in patients [39, 40]. Studies in genetically engineered mice

and in vitro experiments further found that ABCG5 and ABCG8 are localized in the apical

brush border membrane of enterocyte and in the canalicular membrane of hepatocyte [41–

43], and appear to function as an efficient efflux pump system for both cholesterol and plant

sterols. Consistent with this hypothesis, there is a negative correlation between the

efficiency of cholesterol absorption and the expression levels of ABCG5 and ABCG8 in the

jejunum and ileum but not in the duodenum [44]. This suggests that under normal

physiological conditions, the jejunal and ileal ABCG5 and ABCG8 play a major regulatory

role in modulating the amount of cholesterol that is absorbed from the intestine. The

expression levels of these genes may explain, in part, why cholesterol absorption occurs

selectively, and plant sterols and other non-cholesterol sterols are absorbed poorly or not at

all.

The discovery of ezetimibe as a specific and potent inhibitor of intestinal cholesterol

absorption helped identify a putative sterol influx transporter at the brush border membrane

of enterocyte [45]. Radiolabeled ezetimibe is localized to the brush border membrane of

enterocyte and appears to directly inhibit the uptake activity of this cholesterol transporter

[45]. Using a genomic-bioinformatics approach, the transcripts containing expression

patterns and structural characteristics anticipated in cholesterol transporters were identified

[46, 47]. This led to the discovery of the Niemann-Pick C1 like 1 (NPC1L1) protein and

established it as a strong candidate for the ezetimibe-sensitive cholesterol transporter.

Moreover, similarities in cholesterol absorption characteristics between ezetimibe-treated

mice and NPC1L1 knockout mice support the likelihood that NPC1L1 is the ezetimibe-

inhibitable cholesterol transporter [46]. The Npc1l1 gene is expressed predominantly in the

small intestine in mice, with peak expression in the proximal jejunum [46, 47], paralleling

the efficiency of cholesterol absorption along the gastrointestinal axis. Moreover, NPC1L1

has been found to mediate cholesterol uptake mostly via vesicular endocytosis and ezetimibe

inhibits cholesterol absorption possibly by blocking the internalization of the NPC1L1/

cholesterol complex [48].

These studies indicate that intestinal uptake and absorption of fatty acids and cholesterol is

determined by two different transporter-mediated systems. Both intestinal fatty acid and

cholesterol absorption are a multistep process that is regulated by multiple genes at the

enterocyte level. Moreover, the efficiency of cholesterol absorption is determined by the net

effect between influx and efflux of intraluminal cholesterol molecules crossing the brush

border membrane of the enterocyte [1].

c. Intracellular metabolism of absorbed lipids

Another potential step for sorting/regulation is the incompletely characterized intracellular

pathway whereby the absorbed fatty acid molecules reach the endoplasmic reticulum and are

re-esterified to triacylglycerols. After entering the enterocytes, monoacylglycerols and fatty
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acids are largely reconstituted to form triacylglycerols mainly via the consecutive actions of

monoacylglycerol and diacylglycerol acyltransferases. The locations of these enzymes on

the cytoplasmic surface of the endoplasmic reticulum, suggest that triacylglycerols are

formed in the cytoplasmic surface of the endoplasmic reticulum and gain entry into the

cisternae of the endoplasmic reticulum. The second pathway present in intestinal mucosa for

the formation of triacylglycerols is the α-glycerophosphate pathway that involves the

stepwise acylation of glycerol-3-phosphate to form phosphatidic acid. In the presence of

phosphatidate phosphohydrolase, phosphatidic acid is hydrolyzed to form diacylglycerols,

which are then converted to triacylglycerols. The relative importance of these two pathways

depends greatly on the supply of monoacylglycerols and fatty acids. During normal lipid

absorption, the monoacylglycerol pathway is the predominant route for the synthesis of

triacylglycerols, because monoacylglycerols and fatty acids are very efficiently converted to

triacylglycerols. Monoacylglycerols also inhibit the α-glycerophosphate pathway. By

contrast, when monoacylglycerols are insufficient, the α-glycerophosphate pathway

becomes the major route for the formation of triacylglycerols. Some of the absorbed

lysophosphatidylcholines are reacylated to form phospholipids, and the others are

hydrolyzed to form glycerol-3-phosphorylcholine, which may be transported to the liver via

the portal vein. The liberated fatty acids are then used for triacylglycerol synthesis. Finally,

some lysophosphatidylcholine molecules are combined to form one molecule of

phospholipid and one molecule of glycerol-3-phosphorylcholine.

The absorbed cholesterol enters a cholesterol pool within the enterocyte. This contains

cholesterol derived from the diet, from non-dietary sources (biliary cholesterol and

cholesterol from cells shed from the intestinal mucosa), from newly synthesized cholesterol

within the enterocyte, and from plasma lipoproteins. The enterocyte may treat these various

sources of cholesterol differently. For example, in a fasting state, very little newly

synthesized cholesterol is transported into lymph. By contrast, during active lipid

absorption, significantly more of the newly synthesized cholesterol is transported into lymph

following incorporation into chylomicrons. Cholesterol transported by the lymphatic system

is almost exclusively esterified, and the rate of esterification of cholesterol may regulate

lymphatic transport. In the small intestine, acyl-CoA:cholesterol acyltransferase 2 (ACAT2)

is highly specific for cholesterol and does not appreciably esterify plant sterols. This also

explains, in part, very low absorption rate of plant sterols. Re-esterification of the absorbed

cholesterol with fatty acids within the enterocyte would enhance the diffusion gradient from

the lumen to the enterocyte, favoring cholesterol absorption. In this connection, it has been

observed that pharmacological inhibition of ACAT significantly reduces transmucosal

transport of cholesterol in rats [49], and that deletion of the Acat2 gene decreases intestinal

cholesterol absorption in mice [50]. Moreover, the inhibition of intestinal 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) reductase by pharmacological treatment with statins also

reduces intestinal cholesterol absorption in laboratory animals and in humans. Finally,

cholesteryl esters are incorporated into nascent chylomicrons. This process allows nascent

chylomicrons to mature and exit the endoplasmic reticulum for eventual secretion as

chylomicron particles into the lymph [51].
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Together with cholesterol, cholesteryl esters and phospholipids, the triacylglycerols

synthesized in the enterocytes are used as the major lipid components for the assembly of

the surface and core of chylomicrons.

d. Assembly and secretion of intestinal lipoproteins

Triacylglycerols are reformed within the enterocytes from the absorbed medium-chain and

long-chain fatty acids and monoglycerides and are then incorporated into chylomicrons. The

small intestine secretes chylomicrons (75–450 nm in diameter, Sf≥60, d<0.93 g/ml) into the

intestinal lymph, which are predominantly triacylglycerol-rich lipoproteins. These large,

spherical particles are lipid-enriched: triacylglycerols (85–90%), phospholipids (7–9%),

cholesteryl esters (3–5%), unesterified cholesterol (1–3%), and apolipoproteins (1–2%). The

chemical composition of chylomicrons indicates their primary roles as triacylglycerol

transport vehicles. The core of chylomicrons contains triacylglycerols and cholesteryl esters,

whereas the surface of the particles comprises a monolayer of phospholipids, unesterified

cholesterol and apolipoproteins [52, 53]. The major apolipoproteins of chylomicrons are

apolipoprotein-B48, apolipoprotein-AI, and apolipoprotein-AIV. Traces of apolipoprotein-E

and apolipoprotein-C detected in chylomicrons are added to the surface after interactions of

chylomicrons with other plasma lipoproteins. Fatty acid compositions of triacylglycerols in

intestinal lipoproteins reflect the dietary fatty acids [54, 55]. By contrast, the fatty acid

compositions of phospholipids (phosphatidylcholines, phosphatidylethanolamines and

sphingomyelins) and cholesteryl esters present in chylomicrons are not representatives of the

fatty acids present in the diet. Although the size and composition of the secreted

chylomicrons are dependent on the rate of fat absorption and the type of fat absorbed, the

molecular basis for the trafficking of different lipids for incorporation into chylomicrons by

the enterocyte remains unclear.

The assembly of chylomicrons is a characteristic property of the enterocytes during the

postprandial state. The small intestine also produces a large number of very low density

lipoproteins (VLDL)-sized particles (30–80 nm in diameter, Sf=20–60, 0.93<d<1.006 g/ml),

and to lesser degrees, high density lipoproteins (HDL). The VLDLs are constitutively

synthesized and are the primary lipoproteins secreted during the fasting state. VLDL may

transport lipids derived from the bile and sloughed enterocytes, and fatty acids derived from

the plasma.

The assembly of chylomicrons requires apolipoprotein-B48 that is translated from a

common apolipoprotein B mRNA following posttranscriptional editing in which enzymatic

deamination of cytosine by the apolipoprotein B editing complex creates a uracil at

nucleotide 6666. The nucleotide conversion results in truncation of apolipoprotein B codon

2153, so that the mature protein is 48% as long as apolipoprotein B-100 in units of amino

acids [56, 57]. The assembly of chylomicrons involves three independent events [58, 59].

First, the incorporation of preformed phospholipids and synthesis of smaller lipoproteins

results in the formation of primordial lipoproteins. Second, triacylglycerol-rich lipid droplets

of various sizes are synthesized during the postprandial state. Third, the fusion of primordial

lipoproteins with triacylglycerol-rich lipid droplets results in the formation of various

lipoproteins (VLDL-sized particles, small chylomicrons, and large chylomicrons), which is a
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process called core expansion. Core expansion appears to render lipid droplets “secretion-

competent”. This notion is supported by the observation that the smooth endoplasmic

reticulum contains lipid droplets without apolipoprotein-B48 synthesis. In the absence of

apolipoprotein-B48, no lipid droplets are found in the Golgi and the intercellular space [60,

61]. However, after apolipoprotein-B48 is synthesized, lipoprotein particles are detected in

the Golgi and intercellular spaces. Moreover, triacylglycerols and apolipoprotein-B48 are

transported together from the endoplasmic reticulum to the Golgi complex. Therefore, the

core expansion may be a crucial step for the regulation of the assembly and secretion of

large numbers of triacylglycerol-rich particles.

Intestinal microsomal triglyceride transfer protein (MTTP) transfers neutral lipids into

newly-synthesized chylomicrons in the endoplasmic reticulum [62]. MTTP mutations

constitute the genetic basis for patients with abetalipoproteinemia, which is characterized by

severe steatorrhoea, neurological symptoms, liver steatosis, and very low plasma cholesterol

levels. Interestingly, the deletion of the Cel gene in mice induces a significant decrease in

the number of chylomicron particles produced by the enterocytes after a lipid meal, with

most of the intestinal lipoproteins produced by CEL knockout mice being VLDL-sized

particles [6]. Although the exact mechanism by which CEL participates in chylomicron

assembly is unknown at this time, indirect evidence suggests that CEL may have an

important effect on intracellular lipid trafficking. Intestinal apolipoproteins AI/CIII/AIV

have been proposed to play a role in the regulation of cholesterol absorption [63]. However,

the regulatory effects of these proteins remain to be defined. Nevertheless, these collective

observations concerning chylomicron assembly suggest that the later steps in the absorption

process of fatty acids and cholesterol are indeed critically important.

Following secretion into intestinal lymph, chylomicrons enter the blood through the thoracic

duct. As they circulate, the triacylglycerols of chylomicrons undergo hydrolysis by

lipoprotein lipase, an enzyme located on the surface of capillary endothelial cells of muscle

and adipose tissues. Circulating chylomicrons have a half-life of 5–10 minutes. The

hydrolysis of chylomicrons leads to release of fatty acids and glycerol from the core of

chylomicrons, as well as unesterified cholesterol from the surface coat of these particles.

The delipidation occurs predominantly in the adipose, muscle and heart tissues which take

up and oxidize or store the fatty acids released by lipoprotein lipase. After the delipidation

of chylomicrons by intravascular lipolysis, chylomicron remnants are released back into the

circulation and transform into remnant particles. The chylomicron remnants are cleared

rapidly by the liver after further delipidation by intravascular hepatic lipase and then binding

to the LDL receptor and endocytosis.

Fecal excretion of intestinal lipids

Fatty acids, cholesterol and bile acids that escape intestinal absorption are excreted as fecal

fatty acids, as well as neutral and acidic sterols, respectively. This constitutes the major

route for sterol elimination from the body. In addition, transintestinal cholesterol excretion

may be a new pathway for removal of cholesterol from the body, independent from the

classical biliary excretion [64], and proprotein convertase subtilisin kexin type 9 (PCSK9)

and ABCB1a/b may be involved in this pathway in mice [65]. Moreover, transintestinal
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cholesterol excretion may contribute approximately 30% to total neutral sterols excreted

from the body in mice [64]. In the fasting state or on fat-free diets, fecal sterol excretion in

humans ranges from 0.7–1 g/day, emphasizing that fecal sterols do not consist only of

dietary constituents. Likewise, fecal sterol excretion in patients with steatorrhea exceeds

dietary intake, indicating that some of endogenous lipids entering the small intestinal lumen

are excreted in feces.

Genetic analysis of intestinal fatty acid absorption

There is no evidence showing that genetic factors play a critical role in the regulation of

intestinal fatty acid absorption because no significant inter-individual differences and inter-

strain variations in the efficiency of intestinal fatty acid absorption in humans and in

laboratory animals have been found yet. Although the observations strongly suggest that

intestinal fatty acid absorption is regulated by multiple genes (Figure 2), what is not clear is

which cellular step(s) could play a critical role in the absorption process of intestinal fatty

acids.

As discussed above, the identity of the genes responsible for protein-mediated fatty acid

transport has been intensively investigated over the past twenty years. Among these

candidates, CD36, FABP2, FATP4 and caveolin-1 have been proposed as potential intestinal

fatty acid transporters (Table 1). Some in vitro experiments suggest that these proteins may

have an effect on the regulation of intestinal fatty acid absorption [66–68]. However, to date,

none of these candidates has been proven indispensable for physiological intestinal fatty

acid transport in vivo [69–72]. One possible explanation is that intestinal fatty acid

absorption may be regulated by two or more than two genes so that one gene is inactivated

and the other could compensate its function. As a result, intestinal fatty acid absorption is

not impaired in the above-mentioned single gene knockout mice. Thus, it is crucial to

investigate the interaction between these transporters on intestinal fatty acid absorption in

mice. Recent mouse studies found that ezetimibe treatment or NPC1L1 loss reduces

intestinal absorption of saturated fatty acids and cholesterol [73]. Several experiments also

show that NPC1L1 may mediate the metabolism of dietary fatty acids and cholesterol [74,

75]. Nevertheless, further studies are needed to explore these hypotheses by using

genetically engineered mouse models with double-knockout or knock-in of these potential

fatty acid transporter genes.

Factors influencing intestinal fatty acid absorption efficiency

Because intestinal fatty acid absorption is a multistep process, any factors that can modulate

the transport of fatty acids from the intestinal lumen to the lymph may influence the

efficiency of intestinal fatty acid absorption. Table 2 lists dietary, pharmacological, biliary,

cellular, and luminal factors that could potentially influence absorption of intestinal fatty

acids.

It has been found that consumption of high dietary fat increases intestinal fatty acid

absorption, thereby excess amounts of triacylglycerols being stored in the body. When

dietary conditions are controlled, biliary factors have been shown to exert a major influence

on the efficiency of intestinal fatty acid absorption. Significant reduction in biliary
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phospholipid output impairs intestinal fatty acid absorption and chylomicron secretion in

mice with the deletion of the Abcb4 gene that encodes a phospholipid transporter on the

canalicular membrane of hepatocytes [76]. By contrast, administration of

phosphatidylcholine-cholesterol liposomes partially reconstitutes intestinal fat absorption in

chronically bile-diverted rats [77]. It is well-known that phospholipids are a critical lipid

component for the assembly of the surface of chylomicrons. Although bile acids play a

critical role in micellar solubilization of intraluminal fatty acids and cholesterol as well as a

stable emulsion, intestinal fatty acid absorption is comparable between bile fistula rats and

control rats with intact biliary secretion as studied by intestinal absorption and lymphatic

transport of radioisotope-labeled fatty acids [78]. This suggests that bile acids can influence

intestinal absorption of cholesterol, but not fatty acids.

It has been found that slow small intestinal transit rate increases the efficiency of cholesterol

absorption in humans [79]. Mice with deletion of the cholecystokinin-1 receptor (Cck-1r)

gene also absorb cholesterol at higher rates, which correlate with slower small intestinal

transit rates [80]. Likely, increased contact time of intestinal lipids with the cholesterol

transporters on the brush border membrane of enterocytes might explain such findings.

However, it is unclear whether altering small intestinal transit influences intestinal fatty acid

absorption.

Before fatty acid and cholesterol molecules in the small intestinal lumen can interact with

their possible transporters for uptake and absorption, they must pass through a diffusion

barrier, which may modify the kinetics of nutrient assimilation. This barrier includes an

unstirred water layer and a surface mucous coat, which is located at the intestinal lumen-

membrane interface. Intestinal uptake and absorption of cholesterol but not palmitic acid are

significantly reduced in Muc1 (−/−) mice compared with the wild-type mice [19]. This study

shows that physiological levels of the epithelial mucin produced by the Muc1 gene are

necessary for normal intestinal uptake and absorption of cholesterol in mice. However, the

lack of epithelial Muc1 mucin does not impair intestinal uptake of fatty acids.

Establishment of standard protocols for measurement of the efficiency of

intestinal fatty acid absorption

Accurate and precise measurements of intestinal fatty acid absorption are one of the basic

requirements for quantitation of triacylglycerol homeostasis in the body. Studies on

investigation of the efficiency of intestinal fatty acid absorption and of factors influencing

intestinal fatty acid absorption have been lagging behind those of intestinal cholesterol

absorption. The lack of an appropriate fat-soluble nonabsorbable substance as a reference

marker for a precise and accurate measurement of the efficiency of intestinal fatty acid

absorption is one of the most important reasons. Due to significant differences in the

chemical structures and the physical-chemical properties among saturated, monounsaturated

and polyunsaturated fatty acids and among short-chain, medium-chain and long-chain fatty

acids, this also makes it more difficult to find an ideal reference marker.

Over the past half a century, the following methods have been used to investigate intestinal

fatty acid absorption in humans and/or animal models.
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(i) Fat mass balance assay. In a metabolic steady state, the fat mass balance method

estimates the mass absorption of exogenous dietary fat based on the difference between

dietary fat and its fecal excretion. Therefore, the analysis of consumed and excreted fat for

the fat mass balance assay is an accepted method for measuring intestinal fat absorption. The

validity of this method is based on negligible chemical alteration of fatty acids during transit

through the colon because intestinal bacteria can metabolize fatty acids [81]. The advantage

of this method is noninvasive and does not need radioisotopes. Although the concept of “fat

intake minus fat output” technique is straightforward, its practice is difficult because an

accurate measurement of diet composition and consumption is required.

(ii) Fecal radioisotope method. Because fat mass balance measurements are cumbersome

and often inaccurate, other techniques have been used to estimate intestinal fatty acid

absorption. The most frequently employed method in the literature is the fecal radioisotope

method, which is based on the administration of a single oral dose of radiolabled fatty acids

and a nonabsorbed radiolabled fat-like compound as reference marker. The measurement is

critically dependent on an accurate assessment of the ratios of excreted radioactivities of the

two isotopes and their bacterial metabolites in feces. Undoubtedly, for fecal radioisotope

method, nonabsorbable radioisotope-labeled reference markers are critical for the

measurement of dietary lipid absorption [82]. Cholesterol absorption has been measured

with radiolabeled dietary plant sterols such as sitostanol or sitosterol as nonabsorbable

reference markers [82], and dietary triacylglycerol absorption by simultaneous feeding of

[133I]-triolein and [75Se]-glyceryl triether [83]. A saturated mixed-chain glycerol triether, 1-

hexadecyl-2,3-didodecyl glycerol (1-hexadecoxy-2,3-didodecoxypropane), is synthesized

with [3H] at positions 9 and 10 or [14C] at position 1 of the hexadecyl moiety [84, 85].

Because less than 0.2% of the triether is absorbed based on lymph and fecal recoveries, and

radioactivity is present exclusively as triether in feces, this shows that it is not degraded by

digestive or bacterial enzymes. Also, it is nonabsorbable and does not influence the

absorption of dietary fat. When the triether is partitioned between an oil phase of triolein or

fatty acid and monoacylglycerol, and an aqueous micellar phase, it remains exclusively in

the oil phase. The triether appears to be an ideal nonabsorbable oil-phase marker for use in

the study of intestinal fatty acid absorption [84, 85].

In addition, intake of radioisotope-labeled or stable isotope-labeled triolein followed by

assay of expired labeled CO2 has been used to give a relative measure of fat absorption. This

technique does not give an absolute fractional absorption measurement and requires

radioactivity or mass spectroscopy.

(iii) Intestinal absorption and lymphatic transport of fatty acids [78, 82, 86–92]. The lymph

fistula animal models (i.e., mice, rats, rabbits, hamsters and dogs) have traditionally been

used to study the intestinal absorption of nutrients such as cholesterol and fatty acids. The

small intestine is responsible not only for the digestion and transport of dietary lipids such as

triacylglycerols, cholesterol and phospholipids, but also for the formation of chylomicrons.

With assistance of radioisotope-labeled fatty acids and cholesterol, this method can be used

for a direct measurement of absorption efficiency of intestinal fatty acids and cholesterol.

Also, it allows investigating the lipid and lipoprotein compositions of chylomicrons and

their physical structures and sizes. However, because it is invasive, this method cannot be
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used for chronic experiments on the investigation of intestinal fatty acid absorption. It is

impossible to be used for human studies.

(iv) Fecal non-radioisotope method [93]. Because the fecal method is useful in the studies of

intestinal fatty acid absorption, it is desirable to use a non-radioisotope rather than a

radioactive compound as a reference marker. Although the polyester made from the

esterification of sucrose and behenic acid (“sucrose polybehenate”; SPB) is not absorbed, it

has the physical properties of dietary fat and is readily measured by gas chromatography

analysis of its hydrolysis product, behenic acid. Thus, SPB is a potential non-radioactive

marker. SPB is part of olestra, a blend of long-chain fatty acid esters of sucrose that is

commercially used in snack foods. The physical properties of olestra are virtually identical

to those of analogous triacylglycerols, but it is not hydrolyzed by pancreatic lipase and not

absorbed from the intestine. More importantly, it does not interfere with the absorption of

dietary triacylglycerols. Another advantage of the use of SPB is the low level of behenic

acid in the diet. Behenic acid is not present in most dietary fats with the exception of peanut

oil, in which it comprises 3% of the fatty acids [93]. To measure intestinal fatty acid

absorption, dietary fat containing 5% sucrose polybehenate is fed in a semisynthetic diet to

rats and mice. At day 2 or 3 on the diet containing test fats, and fecal samples are collected.

Fecal samples of approximately 10 mg (single fecal pellet from mice) are assayed. Intestinal

fatty acid absorption is calculated from the ratios of behenic acid to other fatty acids in the

diet and feces as analyzed by gas chromatography of fatty acid methyl esters. This method is

noninvasive, does not require isotope analyses, and can be carried out as part of an animal’s

normal feeding regimen. The safety and availability of SPB suggest that it should be

applicable in intestinal fat absorption measurements in humans.

In summary, to facilitate research on fatty acid metabolism and lipid-related diseases in

humans, it is imperative to establish a standard protocol(s) for measuring the efficiency of

intestinal fatty acid absorption in animal models and humans.

Inhibitors of intestinal fatty acid absorption

Over the past 50 years, prevalence of lipid-related metabolic diseases has significantly

increased and overconsumption of the Western diet containing high-fat and high-cholesterol

content is one of the most important risk factors. As a result, restriction of dietary calories,

saturated fat and cholesterol is a rational primary therapeutic intervention for the treatment

of patients with dyslipidemia. Despite significant restrictions in dietary intake, a reduction of

dietary fat and cholesterol frequently does not reduce plasma triacylglycerol concentrations

and circulating LDL cholesterol levels appreciably. This is due in part to the continued

presence of large amounts of biliary cholesterol in the intestine and de novo synthesis of

triacylglycerols. Therefore, pharmacological inhibition of intestinal fatty acid and

cholesterol absorption is potentially an effective way of lowering plasma triacylglycerol and

LDL cholesterol levels. Because intestinal fatty acid absorption is a complex process (Figure

2), multiple potential therapeutic targets would be expected to be applicable to the

management of patients with hypertriglyceridemia. For example, specific lipase inhibitors

such as orlistat not only reduce intestinal fatty acid absorption by inhibiting the hydrolysis of

triacylglycerols, but also suppress cholesterol absorption by interfering with the digestive
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processes within the gastrointestinal lumen, leading to decreased solubilization of

cholesterol. However, few drugs are currently available to treat patients with

hypertriglyceridemia by inhibiting intestinal fatty acid absorption. Because these

hypolipidemic agents have been shown to lower plasma triacylglycerol levels in humans,

orlistat, fibrates, nacin, lomitapide and ezetimibe will be the focus of the following sections.

a. Orlistat is the saturated derivative of lipstatin, a potent natural gastric and pancreatic

lipase inhibitor that is isolated from the bacterium Streptomyces toxytricini. After an oral

administration, it inhibits both gastric and pancreatic lipases, the key enzymes that break

down triacylglycerols in the small intestine. When lipase activity is blocked, triacylglycerols

from the diet are not hydrolyzed into absorbable unesterified fatty acids, and are excreted

undigested instead. As a result, orlistat prevents the intestinal absorption of about 30% of fat

from the diet, thereby reducing caloric intake. In addition, orlistat is a drug designed to treat

obesity. The effectiveness of orlistat in inducing weight loss is definite, though modest.

b. Fibrates. The fibrates are a class of amphipathic carboxylic acids. They have been in

clinical use since the late 1960s, with clofibrate as the first member followed by the

approval of fenofibrate, bezafibrate, gemfibrozil and ciprofibrate. Fibrates are indicated for

hypertriglyceridemia. Fibrates typically lower triacylglycerols by 20% to 50%. Although

clofibrate and gemfibrozil primarily reduce plasma triacylglycerols along with modest

reductions in total cholesterol, the newer-generation fibrates (fenofibrate, bezafibrate and

ciprofibrate) have greater reductions in total cholesterol and LDL-cholesterol levels. In

addition, level of the good cholesterol HDL is also increased. Similar to statins, there is a

risk of severe muscle damage (myopathy and rhabdomyolysis) with fibrates.

Because the fibrates are synthetic ligands that bind to peroxisome proliferator-activated

receptor α (PPARα), they are known to clinically reduce plasma triacylglycerol levels

through the PPARα-mediated mechanisms, which include (i) increased fatty acid uptake by

inducing fatty acid transport protein and increased fatty acid β-oxidation, which reduces the

substrate needed for the formation of VLDL; and (ii) increased transcription of lipoprotein

lipase and repressed transcription of apolipoprotein C-III, which inhibits lipoprotein lipase

activity [94, 95]. In addition, fibrates increase fatty acid uptake and conversion to acyl-CoA

by the liver due to the induction of fatty acid transporter protein and acyl-CoA synthetase

activity. Induction of the β-oxidation pathway with a concomitant reduction in fatty acid

synthesis by fibrates leads to a lower availability of fatty acids for triacylglycerol synthesis,

a process that is amplified by the inhibition of hormone-sensitive lipase in adipose tissue by

fibrates.

c. Niacin (also known as vitamin B3 or nicotinic acid). Like fibrates, it is also well-suited

for lowering plasma triacylglycerol levels by 20–50% [96]. It reduces plasma LDL by 5–

25% and increases plasma HDL by 15–35%. Niacin may cause hyperglycemia and liver

damage. The niacin derivative acipimox is also associated with a modest decrease in plasma

LDL.

d. Lomitapide is a microsomal triglyceride transfer protein (MTTP) inhibitor which is

necessary for VLDL assembly and secretion in the liver. It is a new hypolipidemic drug that
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was approved in 2012 by the FDA to as an adjunct to a low-fat diet and other lipid-lowering

treatments in patients with homozygous familial hypercholesterolemia. However, it is

unclear whether it could reduce intestinal absorption of fatty acids and cholesterol through

inhibiting intestinal MTTP activity. Thus, further studies are needed to test this hypothesis.

e. Ezetimibe, 1-(4-fluorophenyl)-(3R)-[3-(4-fluorophenyl)-(3S)-hydroxypropyl]-(4S)-(4-

hydroxyphenyl)-2-azetidinone is a highly selective intestinal cholesterol absorption

inhibitor, which effectively and potently prevents the absorption of intestinal cholesterol by

inhibiting the uptake of dietary and biliary cholesterol across the brush border membrane of

the enterocyte. Because NPC1L1 promotes cholesterol uptake probably via vesicular

endocytosis, ezetimibe could inhibit cholesterol absorption by suppressing the

internalization of NPC1L1/cholesterol complex [48]. The high potency of ezetimibe is

evidenced by a 50% inhibition at dose of ranging from 0.0005 to 0.05 mg/kg in a series of

different animal models [45, 97]. Following oral administration, ezetimibe undergoes rapid

glucuronidation in the enterocyte during its first pass [97–99]. Both ezetimibe and its

glucuronide undergo enterohepatic cycling. As a result, there is repeated delivery back to the

site of action in the intestine, resulting in multiple peaks of the drug and a long elimination

half-life of approximately 22 hours [100]. Because ezetimibe is a relatively small molecular

structure and is effective at low concentrations, it does not appear to alter the physical-

chemistry of lipids within the intestinal lumen. Ezetimibe does not affect the enterohepatic

circulation of bile acids and the absorption of fat-soluble vitamins. Furthermore, ezetimibe

neither inhibits pancreatic lipolytic enzyme activities in the intestinal lumen, nor does it

disrupt bile acid micelle solubilization of cholesterol [101]. During ezetimibe treatment,

there is a marked compensatory increase in cholesterol synthesis in the liver, but not in the

peripheral organs, and an accelerated loss of cholesterol in the feces with little or no change

in the rate of conversion of cholesterol to bile acids. Thus, the combination of ezetimibe

with HMG-CoA reductase inhibitors (statins) has proven to be a potent therapeutic approach

to reducing plasma LDL cholesterol levels [102, 103]. It is interesting to find that ezetimibe

protects against diet-induced nonalcoholic fatty liver disease in mice, rats and hamsters

[104–106]. Although the molecular mechanisms underlying the effect of ezetimibe on the

prevention of fatty liver in mice on a high-fat and high-cholesterol diet remain elusive, it is

likely that ezetimibe may reduce intestinal absorption of saturated fatty acids in a graded

manner that correlated with chain length [73]. Of note is that NPC1L1 deletion also prevents

high-fat diet-induced fatty liver in mice [107]. One reasonable explanation is that ezetimibe

treatment or NPC1L1 deletion may influence the assembly and secretion of chylomicrons

because cholesterol and cholesteryl esters are the major lipid components for the surface and

core of chylomicrons, respectively [108]. Thus, intestinal fatty acid absorption may be

reduced indirectly by ezetimibe.

Conclusions

Although the research on the molecular mechanism underlying intestinal fatty acid

absorption lagged behind that of intestinal cholesterol absorption, a significant progress has

been made in the past thirty years. Because the efficiency (>90%) of intestinal fatty acids is

significantly higher compared to cholesterol absorption (~50%), this clearly shows that fatty

acids can be efficiently absorbed by the small intestine in human beings. The protein-
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mediated fatty acid uptake system has been proposed to be the dominant means by which

fatty acids are taken up by membrane-associated fatty acid-binding proteins, i.e., fatty acid

transporters on the apical membrane of enterocytes. These findings show that intestinal fatty

acid absorption is a multistep process, which is regulated by multiple genes at the enterocyte

level, and the efficiency of intestinal fatty acid absorption could be determined by factors

influencing intraluminal fatty acid molecules across the brush border membrane of the

enterocyte. However, it remains elusive whether there are differences in the absorption

efficiency of intestinal fatty acids due to their chain length and bond saturation. To facilitate

research on intestinal, hepatic and plasma triacylglycerol metabolism, it is urgent to

establish a standard protocol(s) for precisely and accurately measuring the efficiency of

intestinal fatty acid absorption in humans and animal models. This will also promote the

research and development of hypolipidemic drugs by inhibiting intestinal fatty acid

absorption because the Western diet is prevalent worldwide. It is still unclear whether or not

there is a significant inter-individual difference in fatty acid absorption efficiency in humans

although multiple potential genes are involved in the regulation of intestinal fatty acid

absorption. If such a difference exists, it will provide an opportunity to apply state-of-the-art

genetic techniques to identify the responsible genes, and such a gene(s) may be used as a

therapeutic target for treating patients with hypertriglyceridemia. A better understanding of

the molecular mechanisms whereby fatty acids are absorbed in the small intestine will no

doubt lead to more molecular targets for hyperlipidemic patients who require aggressive

triacylglycerol- and cholesterol-lowering therapy.
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Figure 1.
(A) Fatty acid carbon atoms are numbered often starting at the carboxyl end. (B) The position of a double bond can be denoted

by counting from the distal end, with the ω carbon atom (the methyl carbon) as number 1 (green). (C) The International Union

of Pure and Applied Chemists (IUPAC) Δ and common ω numbering systems.
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Figure 2.
Molecular and cellular mechanisms of intestinal lipid absorption. There are three putative pathways for uptake of fatty acids and

their transport across the apical membranes of enterocytes. (A) Alternatively, CD36 (also referred to as fatty acid translocase; 88

kDa), alone or together with the peripheral membrane protein plasma membrane-associated fatty acid-binding protein (FABPpm;

43 kDa) accepts medium-chain and long-chain fatty acids at the cell surface to increase their local concentrations. This could

help CD36 actively transport fatty acids across the apical membrane of the enterocyte. Once at the inner side of the membrane,

these fatty acids are bound by cytoplasmic FABP (FABPc) before entering metabolic pathways. (B) Medium-chain and long-

chain fatty acids are transported by fatty acid transport protein 4 (FATP4). These fatty acids may be rapidly activated by plasma

membrane acyl-CoA synthetase 1 (ACS1) to form acyl-CoA esters. (C) Short-chain fatty acids may traverse the apical

membrane by simple passive diffusion and may be absorbed into the mesenteric venous blood and then the portal vein.

Monoacylglycerol (MG) may be taken up into enterocytes by facilitated transport. Acyl-CoA and monoacylglycerol are

transported into the smooth endoplasmic reticulum (SER) where they are used for the synthesis of diacylglycerol (DG) and

triacylglycerol (TG). Glucose is transported into the SER and contributes to the synthesis of phospholipids (PL) via α-glycerol

phosphate (αGP). Within the intestinal lumen, the micellar solubilization of sterols facilitates movement through the diffusion

barrier overlying the surface of the absorptive cells. In the presence of bile acids, mixed micelles deliver large amounts of the

sterol molecules to the aqueous-membrane interface so that the uptake rate is greatly increased. The Niemann-Pick C1 like 1

protein (NPC1L1), a sterol influx transporter, is located at the apical membrane of the enterocyte, and can actively facilitate the

uptake of cholesterol by promoting the passage of sterols across the brush border membrane of the enterocyte. NPC1L1 appears
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to mediate cholesterol uptake via vesicular endocytosis and ezetimibe may inhibit cholesterol absorption by suppressing the

internalization of NPC1L1/cholesterol complex. By contrast, ABCG5 and ABCG8 promote active efflux of cholesterol and

plant sterols from the enterocyte into the intestinal lumen for excretion. The combined regulatory effects of NPC1L1 and

ABCG5/G8 play a critical role in modulating the amount of cholesterol that reaches the lymph from the intestinal lumen.

Absorbed cholesterol, as well as some that is newly synthesized from acetate by 3-hydroxy-3-methylglutaryl-CoA reductase

(HMGCR) within the enterocyte, is esterified to fatty acids by acyl-CoA:cholesterol acyltransferase isoform 2 (ACAT2) to form

cholesteryl esters. All of these lipids participate in the formation of chylomicrons, which also requires the synthesis of apoB48

and the activity of microsomal triglyceride transfer protein (MTTP). As observed in lymph, the core of the secreted

chylomicrons contains triacylglycerols and cholesteryl esters and the surface of the particles is a monolayer containing

phospholipids, mainly phosphatidylcholine, unesterified cholesterol and apolipoproteins, including Apo-B48, Apo-AI, and Apo-

AIV.

Wang et al. Page 30

Eur J Clin Invest. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
In the small intestine, pancreatic lipase catalyses the hydrolysis of dietary triacylglycerols to 2-monoacylglycerols by removing

fatty acids from the sn-1 and sn-3 positions. The 2-monoacylglycerol molecule is further hydrolyzed to release the last fatty acid

from the sn-2 position, leaving a glycerol. Cholesteryl esters from the diet are hydrolyzed by the action of cholesterol esterase,

carboxylic ester hydrolase (also called carboxylic ester lipase), and sterol ester hydrolase. Phospholipids, i.e., mainly lecithin

(phosphatidylcholine), from bile and the diet are hydrolyzed by pancreatic phospholipase A2, which removes the fatty acid at the

sn-2 position, leaving a lysolecithin (lysophospholipid), a powerful detergent. The fatty acids released and the lysolecithins are

incorporated into mixed micelles and transported into the apical membrane of enterocyte for uptake and appear in chylomicrons.

R = hydrocarbon chain.
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Figure 4.
Illustration of the physical-chemical event of lipid digestion and absorption in the upper part of small intestine. The core of

crude emulsion particles includes predominately triacylglycerols (TG), followed by diacylglycerols (DG) and cholesteryl esters

(CE). Because of gastric lipase hydrolysis, fatty acids (FA) in emulsion particles migrate to the emulsion-water interfaces and

are built for the surfaces of emulsion particles together with biliary bile acids (BA) and phospholipids (PL). After entering the

small intestinal lumen, the procolipase is activated by the cleavage of a pentapeptide from the N-terminus. Whereas lipid

droplets of triacylglycerols surrounded by bile acids are not accessible to pancreatic lipase, the binding of the colipase to the

emulsion-water interface allows the binding of the lipase molecule to the emulsion-water interface, which greatly facilitates

Wang et al. Page 32

Eur J Clin Invest. Author manuscript; available in PMC 2014 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



digestion of dietary fat. The pancreatic lipase hydrolyzes the emulsion particles, building up a multilamellar liquid crystalline

layer of FA, MG, lysophospholipids (LysoPL), BA and cholesterol (Ch). The budding off as multilamellar liquid crystalline

layers is transformed by BA to form multilamellar vesicles and then unilamellar vesicles. Dissolution of unilamellar vesicles by

BA leads to the formation of mixed micelles that contain FA and Ch. More importantly, mixed micelles function as transport

vehicles for FA and Ch across the unstirred water layer toward the apical membrane of enterocytes, which facilitates the uptake

of FA and Ch molecules by the enterocytes.
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Table 2

Possible factors influencing intestinal fatty acid absorption

A. Dietary factors

Fat

Fiber

Sphingomyelin

B. Pharmacological factors

Intestinal lipase inhibitors

Ezetimibe

Microsomal triglyceride transfer protein (MTTP) inhibitors

Acyl-CoA:cholesterol acyltransferase (ACAT) inhibitors

Estrogen

C. Biliary factors

Biliary phospholipid output

Phospholipid species

D. Cellular factors

Cluster determinant 36 (CD36, also called fatty acid translocase)

Fatty acid binding protein (FABP)

Cytoplasmic fatty acid-binding protein (FABPc)

Plasma membrane-associated fatty acid-binding protein (FABPpm)

Fatty acid transport proteins 1–6 (FATP1–6)

Acyl-CoA:cholesterol acyltransferase, isoform 2 (ACAT2)

Niemann-Pick C1 like 1 (NPC1L1) protein

Microsomal triglyceride transfer protein (MTTP)

Caveolin 1

Caveolin 2

APO-B48

APO-AI

APO-AII

APO-AIV

APO-AV

APO-CI

APO-CII

APO-CIII

APO-CIV

APO-E

Estrogen receptor α

Estrogen receptor β

NR0B2 (small heterodimer partner, SHP)

NR1H4 (farnesoid X receptor, FXR)

NR1H3 (liver X receptor α, LXRα)

NR1H2 (liver X receptor β, LXRβ)
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NR2B1 (retinoid X receptor α, RXRα)

NR1C1 (peroxisomal proliferator activated receptor α, PPARα)

NR1C2 (peroxisomal proliferator activated receptor δ, PPARδ)

NR1C3 (peroxisomal proliferator activated receptor γ, PPARγ)

Sacavenger receptor class B type 1 (SR-BI)

Sterol carrier protein 2 (SCP2)

E. Luminal factors

Small intestinal transit time

Gastric emptying time

Pancreatic triglyceride lipase

Colipase

Pancreatic phospholipase A2

Cholesterol esterase

Carboxylic ester hydrolase (also called carboxylic ester lipase)

Sterol ester hydrolase

Cholecystokinin (CCK)

Cholecystokinin-1 receptor (CCK-1R)

acyl-CoA:diacylglycerol acyltransferase 1 (DGAT1)

Sphingomyelinase

Abbreviations: APO, apolipoprotein; NR, nuclear receptor.
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