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Fatty acid metabolism, including β-oxidation (βOX), plays an important role in human physiology and pathology.

βOX is an essential process in the energy metabolism of most human cells. Moreover, βOX is also the source of

acetyl-CoA, the substrate for (a) ketone bodies synthesis, (b) cholesterol synthesis, (c) phase II detoxication, (d)

protein acetylation, and (d) the synthesis of many other compounds, including N-acetylglutamate—an important

regulator of urea synthesis. 

beta-oxidation  peroxisomal fatty acid oxidation  acyl-CoA  fatty acid metabolism

1. Introduction

Fatty acids (FAs) are critical compounds for the health control and development of the human body due to their

participation in cellular metabolism, especially energy production (ATP synthesis), metabolism regulation, and cell

proliferation. They are (a) building blocks for complex lipids in cellular membranes, (b) precursors for signaling

molecules, such as eicosanoids, (c) allosteric regulators of metabolic pathways, (d) substrates for protein acylation,

and (e) ligands for transcription factors. FAs are also responsible for lipotoxicity and contribute to the release of

proinflammatory molecules, which play an important role in many diseases. Moreover, an increase in citrate,

isocitrate, and malate production associated with free fatty acid (FFA) β-oxidation (βOX) leads to increased

NADPH levels in some cells. Cytosolic isocitrate dehydrogenase (which catalyzes the conversion of isocitrate in

the presence of NADP to α-ketoglutarate and NADPH) and a cytosolic malic enzyme (ME) (which catalyzes the

conversion of malate in the presence of NADP to pyruvate and NADPH) play an important role in NADPH

homeostasis.

The most important sources of FAs found in humans include dietary supply, mainly triacylglycerols, and de novo

synthesis, mainly from glucose .

As already mentioned, FAs serve a predominant role as substrates for ATP production in many human and animal

organs, including the heart, skeletal muscle, kidney, and liver. Over 20 proteins are involved in the uptake,

activation, transport into the organelles (mainly mitochondria and peroxisomes), and finally, fatty acid oxidation

(FAO). The most important process of FAO-βOX occurs primarily in the mitochondria of many organs and, to a

lesser extent, in peroxisomes, mainly in the liver and kidney. In peroxisomes, not only βOX but also α-oxidation

takes place. Alfa oxidation produces a fatty acyl CoA, one carbon shorter . From a practical point of view, this
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process plays an important role in the oxidation of phytanic acid (a compound present in the human diet,

originating mainly from ruminant animals and fish) . ω-oxidation undergoes in microsomes (smooth endoplasmic

reticulum) . In this process, FAs are degraded starting from the end methyl group (so-called ω-carbon) of FAs,

and the CYP (cytochrome P-450) family is involved. ω-oxidation is considered a rescue process for some genetic

diseases in humans, in which mitochondrial and peroxisomal FA oxidation is impaired. Interestingly, phytanic acid

also undergoes ω-oxidation .

The energy production from FAs is strictly associated with the mitochondrial βOX. The intensity of βOX is

controlled by a plethora of regulatory factors, including the supply of nutrients and the action of several hormones,

including insulin, glucagon, catecholamines, triiodothyronine, and cortisol. The crucial regulator of FAO is

peroxisome proliferator-activated receptor α (PPARα) . PPARα is a transcription factor that functions as a

heterodimer in complex with the retinoid X receptor α (RXRα) and binds via the PPARα DNA-binding domain

(DBD) to the PPRE (peroxisome proliferator response element) sequence in the promoter region of target genes

involved mainly in hepatic and cardiac muscle FA and FAO . The initiation of transcription by PPARα (similar to

other PPARs) requires its activation. Briefly, in its inactive form, the PPARα-RXRα complex is associated with

corepressors . The complex activation occurs following ligand binding . A wide range of lipophilic molecules can

activate PPARα. These include natural saturated, unsaturated, and polyunsaturated fatty acids (PUFAs) and

synthetic ligands, collectively called PPARα activators . The natural ligands show different binding affinities and

strengths of PPARα activation. The potent PPARα ligands are unsaturated fatty acids, including omega-3

eicosapentaenoic acid (20:5, ω3), docosahexaenoic acid (22:6, ω3), and phytanic acid . The natural and

synthetic ligands (pharmacological ligands, for instance, fibrates) directly bind to PPARα via the ligand-binding

domain (LBD). The ligand binding to a nuclear receptor causes the release of corepressors and begins the

recruitment of coactivator complexes to the PPARα-RXRα, which enables the activation of the expression of genes

involved in FAO . PPARα is expressed at the highest level in hepatocytes, cardiomyocytes, enterocytes, and

kidney proximal tubule cells, which are involved in the increased FAO . Other members of the PPARs family—

PPARβ/δ and PPARγ—are involved in the regulation of different processes generally associated with lipid

metabolism. PPARβ/δ participates in the activation of FAO . It has been observed that expression of the PPARβ/

δ genes increases in skeletal muscles after fasting and endurance exercises, which promotes the transition from

glucose, as the primary source of energy substrate, to lipids . In comparison, PPARγ plays an important

role in adipogenesis, lipid uptake, triacylglycerols (TAG) storage, and lipid droplet formation .

2. Uptake and Activation of Fatty Acids

In blood, FAs are present as components of lipids in (a) cell membranes (mainly in erythrocytes and white blood

cells), (b) lipoproteins (mainly in chylomicrons, VLDL, LDL, and HDL), and (c) FFAs mostly bound to albumin. The

major FAs in the whole lipids in the blood are palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic

acid (C18:2), and arachidonic acid (C20:4) . The concentration of FFAs in the serum increases during

exercise or fasting, and they are mainly used as FAO substrates in skeletal muscles, the heart, liver, and kidney

. The physiological FFA concentration in blood is around 0.2–0.5 mmol/L . Due to their low solubility in H O
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(1–10 nmol/L, depending on FA chain length), FFAs (mainly long-chain—LCFAs and medium-chain—MCFAs) are

attached to the albumin . Binding the FFAs to the albumin (a) enables transport in the blood and (b) protects

human organs against some pathologies, including insulin resistance, non-alcoholic fatty liver disease,

atherosclerosis, and heart dysfunction . FFAs are translocated from the albumin FFA complex into the target

cell (cells where FFAs are metabolized) cytosol across the endothelial layer of the blood vessels . In the liver,

the sinusoidal endothelial cells are fenestrated and do not have a basement membrane, so the absorption of FFAs

is much easier than in other organs . The transfer of FFAs from the blood to other cells, for instance,

cardiomyocytes, seems to be more complicated since the endothelial wall in the heart capillaries is not-fenestrated

and the FFAs are transferred through three lipid membranes: two endothelial (in and out of the endothelial cells)

and one myocyte membrane (transported into the cell). Arts et al. proposed a model of FFA translocation across

heart capillaries into cardiomyocytes, where FFAs bind to compartment-specific carrier proteins . According to

this model, the crossing of the plasma membrane remains under the control of several proteins, including (a)

cluster of differentiation-36 (also known as FA translocase—CD36), (b) FA-binding protein—FABPm, and (c) FA-

transporting protein—FATP (Figure 1). These proteins enable the cell to control the inflow of FFAs precisely. They

increase the uptake of FFAs at the beginning of muscle contraction, even if the concentration of FFAs in the blood

is low. Moreover, they also prevent the entrance of excess FFAs into the cell and help to select FFAs according to

the cell’s demand. It should be noted that FFAs may also translocate into the target cell by a flip-flop system driven

by the FFA concentration gradient .

The delivery of FFAs to the cells and their activation before usage in several cellular processes involves many

proteins, including enzymes (Figure 1). Among these proteins are FATPs, which exhibit acyl-CoA synthetase

activity. These two functions of FATPs (transport and activation) enable the immediate utilization of FFAs in the cell.

Other proteins, like FABPm, CD36, and a family of acyl-CoA synthetases (ACSs), form an integrated system of the

transport and activation of LCFAs, MCFAs, and short-chain FAs (SCFAs). FABPc proteins are also involved in

binding FFAs in the cytosol (Figure 1).

FFAs are activated by specific ACSs. After activation, some FFAs become bound by the acyl-CoA-binding proteins

(ACBPs). The binding of FFAs is responsible for channeling acyl-CoA to particular cellular compartments and

processes. Acyl-CoA’s minor pool is deacylated by acyl-CoA diesterases (ACOTs) . However, the

physiological significance of deacylation is unknown. Very recently, it has been reported that ACOT1 knock-out

partially protects mice from high-fat diet-induced weight gain by increasing energy expenditure . Thus, these

results suggest that inhibition of ACOT1 could prevent obesity during caloric excess.
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Figure 1. Fatty acid transport and metabolism in the cell. CAC—acylcarnitine translocase, CP—carnitine

palmitoyltransferase, FABP—fatty acid-binding protein, LCEH—long-chain enoyl-CoA hydratase, LCHAD—long-

chain fatty acid hydroxy acyl-CoA dehydrogenase, LCKAT—long-chain fatty acid β-ketothiolase, MCAD—medium-

chain acyl-CoA dehydrogenase, MCKAT—medium-chain ketoacyl-CoA thiolase, OXPHOS—oxidative

phosphorylation, SCAD—short-chain acyl-CoA dehydrogenase, SCHAD—short-chain hydroxy acyl-CoA

dehydrogenase, TCA—Krebs cycle, VLCAD—very-long-chain acyl-CoA dehydrogenase, OCTN2—carnitine

transporter, present in the heart, skeletal muscle, and kidney (hepatocytes have a different translocator with low

affinity and high capacity), FABPm—membrane fatty acid-binding protein, FABPc—cytosolic fatty acid-binding

protein, MTP—mitochondrial trifunctional protein, MTP ? – possible involvement of MTP protein, CD-36—fatty acid

translocase, FATP—fatty acid transporting protein (the acyl-carnitines are transported across the outer

mitochondrial membrane via a voltage-dependent anion channel (VDAC) ).

According to the chain length, influencing the hydrophobicity and water solubility of FFAs, four ACS families have

been established: (a) short-chain acyl-CoA synthetases (ACSSs), (b) medium-chain acyl-CoA synthetases
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(ACSM), (c) long-chain acyl-CoA synthetases (ACSLs), and (d) very-long-chain acyl-CoA synthetases (ACSVLs)

. An overview of the characteristics of ACS isoforms is presented in Table 1.

Table 1. Characteristics of acyl-CoA synthetases. ACSL—long-chain acyl-CoA synthetase, ACSM—medium-chain

acyl-CoA synthetases, ACSS—short-chain acyl-CoA synthetases, ACSVL—very-long-chain acyl-CoA synthetase,

BAT—brown adipose tissue, ER—endoplasmic reticulum, WAT—white adipose tissue.

[33]

Name/AbbreviationOrgan/Tissue Localization Subcellular Compartment References

ACSVL [FATP2]
Liver, intestine, kidneys,
brain

Peroxisomes, ER

ACSVL [FATP6] Heart Cytosol, plasma membrane

ACSVL [FATP3] Lungs, gonads, adrenals ER, mitochondrial membrane

ACSVL [FATP1]
Skeletal muscles, BAT, WAT,
heart

Plasma membrane

ACSVL [FATP4]
Skeletal muscles, BAT, WAT,
intestine, skin

Peroxisomes, ER, mitochondrial
membrane

ACSVL [FATP5] Liver Plasma membrane

ACSL1
Liver, heart, BAT, WAT,
skeletal muscles

Mitochondria (outer mitochondrial
membrane on the cytosolic side), lipid
droplets, microsomes, plasma
membrane

ACSL3
Brain, gonads, small
amounts in other tissues
(liver)

Lipid droplets, the cytoplasmic face of
ER, the outer mitochondrial membrane

ACSL4
Adrenals, ovaries, testes,
liver, skeletal muscles, small
amounts in the brain

Endosomes, peroxisomes, plasma
membrane, secretory vesicles, ER
regions in close contact with
mitochondria—mitochondrial-associated
membranes

ACSL5
BAT, the duodenal mucosa,
liver, skeletal muscles,
kidneys, lungs

The outer mitochondrial membrane on
the cytosolic side

ACSL6

Ovaries, testes, brain,
skeletal muscles, small
amounts in the WAT,
kidneys, the duodenal
mucosa

Plasma membrane

ACSM Liver, skeletal muscles,
cardiomyocytes,

Mitochondria. All ACSMs belong to a
group of enzymes called XM-ligases
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Except for lauric acid, MCFAs are activated and oxidized in mitochondria .

3. Carnitine Shuttle

3.1. Carnitine Palmitoyltransferase 1 (CPT1)

The inner mitochondrial membrane is impermeable to the long-chain acyl-CoAs. Thus, the acyl-CoAs are

converted to acylcarnitine in the reaction catalyzed by carnitine palmitoyltransferase 1 (CPT1):

acyl-CoA + carnitine → acylcarnitine + CoASH

CPT1 is a hexamer, a part of a protein complex formed and attached to the outer mitochondrial membrane. Other

elements of that complex are ACSL and VDAC (voltage-dependent anion channel) . Three isoforms of CPT1

are known: CPT1A, CPT1B, and CPT1C. CPT1A is the main CPT1 in the liver, but it is also present in minor

amounts in the heart, skeletal muscles, brain, kidneys, lungs, spleen, intestine, pancreas, ovaries, and fibroblasts.

It is involved in transporting LCFAs and medium-chain lauric acid (C:12) into mitochondria, though its highest

activity is in lauric acid. CPT1B is the dominating form in the skeletal muscles, heart, and testes, and like CPT1A, it

is an enzyme transporting LCFAs to mitochondria, with the highest activity in C12-C16 FFAs. CPT1C is a neural

form attached to endoplasmic reticulum (ER) membranes. Potentially, it is involved in the neuronal control of

thermogenesis in brown adipose tissue (BAT) . CPT1C activity is significantly (20–300 times) lower than

CPT1A . CPT1A and B share 62% similarity in the amino acid sequence. Both isoforms differ significantly

in activity and regulation .

A high-fat diet induces the expression of the CPT1 gene by the PPARα transcription factors in the liver and

muscles . Insulin, glucagon, and triiodothyronine regulate CPT1 activity in the liver, and the physiological

status significantly influences that regulation . The major regulator of CPT1 is malonyl-CoA, a negative

allosteric effector of this enzyme. The intracellular level of malonyl-CoA depends on acetyl-CoA carboxylase (ACC

—enzyme-synthesizing malonyl-CoA) activity and malonyl-CoA decarboxylase (MCD—enzyme-degrading malonyl-

CoA) activity . Malonyl-CoA, an intermediate in palmitate synthesis, inhibits FAO during intensive FFA

synthesis. It protects the cell from the immediate oxidation of the newly synthesized FFAs . At a negative energy

balance, when the activity of MCD is elevated, CPT1 restores its activity, leading to efficient acylcarnitine synthesis.

It should be noted that CPT1B is activated mainly by exercise and is more sensitive to changes in the malonyl-CoA

level.

Name/AbbreviationOrgan/Tissue Localization Subcellular Compartment References
colonocytes, kidneys (xenobiotic/medium-chain fatty acid-CoA

ligases)

ACSS1
Brain, blood, testes,
intestine, heart, kidneys,
skeletal muscles, BAT

Mitochondria. ACSS1 activates acetate

ACSS2 Liver and kidneys
Cytosol, nucleus. ACSS2 activates
acetate. ACSS2 is downregulated during
fasting

ACSS3 Liver
Mitochondria. ACSS3 has a higher
affinity for propionate. ACSS3 is
upregulated in the fasting state
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Both LCFAs and MCFAs stimulate CPT1 activity during the exercises . A high-fat diet or fasting induces the

expression of the CPT1 gene by the two independent systems involving PPARα transcription factors or the

PGC1α/PPARγ complex in the liver and muscles. The binding site in the Cpt1 gene for PPARα in the rat liver is

located in the second intron and PGC1α/PPARγ in the first intron . Mutations in PPRE totally eliminate the

induction of Cpt1 gene expression by both regulatory systems .

Carnitine is transported from the blood to the cells by the high-affinity OCTN2 carnitine transporter in the cell

membrane of the heart, skeletal muscle, and kidney (Figure 1) . It should be noted that different types of

carnitine transporters with low affinity and high capacity are present in hepatocytes.

3.2. Carnitine Palmitoyltransferase 2 (CPT2) and Acylcarnitine Translocase CAC
(SLC25A20)

CAC (SLC25A20) transfers acylcarnitines across the inner mitochondrial membrane . CAC forms a functional

complex with carnitine palmitoyltransferase 2 (CPT2) in the inner mitochondrial membrane (Figure 1), leading to

the transesterification of acyl groups from acylcarnitines to mitochondrial CoAs according to the reaction:

acylcarnitine + CoA-SH → acyl-CoA + carnitine

A high acylcarnitine concentration in the intermembrane space drives its translocation into the matrix . The

overall role of CPT1, CAC, and CPT2 in the transport of acyl-CoA into the mitochondrial matrix is presented in

Figure 1. NO, H S, nonenzymatic acetylations, β-lactam antibiotics, omeprazole (proton pump inhibitor), and

heavy metals inhibit CAC . PPARα and other transcription factors or transcriptional

coactivators (estrogen receptors, PGC1α) activate the transcription of CAC, and polyphenols (antioxidants)

increase the effectiveness of βOX. Statins, drugs lowering serum cholesterol concentration, and retinoic acid also

increase CAC activity .

4. Mitochondrial β-Oxidation

A few years ago, the mitochondrial βOX was described by Hounten et al. in an excellent review . Briefly, the first

step of each βOX round is catalyzed by an acyl-CoA dehydrogenase (AD), producing trans-2-enoyl-CoA. In the

next step, the hydration of a double-bond is catalyzed by enoyl-CoA-hydratase (ECH), and the following

dehydrogenation by hydroxy-acyl-CoA dehydrogenase (HAD) leads to the production of 3-keto-acyl-CoA. The last

step of the cycle is thiolysis. In each round of βOX, one FAD and NAD  accept two electrons each and change into

FADH  and NADH, respectively. The electrons are then transferred to the mitochondrial respiratory chain, where

oxidative phosphorylation (OXPHOS) occurs. The acetyl-CoA formed may enter the Krebs cycle (TCA) (mainly in

the heart, kidney, and skeletal muscle) and other processes (for instance, ketogenesis in the liver) (Figure 1) 

. The acyl-CoAs, which are shorter by two carbons compared to the initial substrate, enter the next round of

βOX. The odd-chain FFAs (present in a small amount in human tissue) are degraded, like the even-chain acyl-

CoAs, to several acetyl-CoAs (depending on FFAs). However, propionyl-CoA arises from the methyl end of the
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odd-chain acyl-CoA. Propionyl-CoA is converted via methylmalonyl-CoA to succinyl-CoA, metabolized in the TCA,

or converted to glucose in the liver. The amount of propionyl-CoA formed from odd-chain FFAs is very small

because the number of such FAs in the diet is relatively low.

Five ADs found in human cells are involved in the first step of βOX. Characteristics of ADs are presented in Table

2.

Table 2. Characteristics of acyl-CoA dehydrogenases. ACAD9—acyl-CoA dehydrogenase DH-9, BCFA—branched-

chain fatty acid, LCAD—long-chain acyl-CoA dehydrogenase, LCFA—long-chain fatty acid, MCAD—medium-chain

acyl-CoA dehydrogenase, MCFA—medium-chain fatty acid, SCAD—short-chain acyl-CoA dehydrogenase, SCFA

—short-chain fatty acid, VLCAD—very-long-chain acyl-CoA dehydrogenase, VLCFA—very-long-chain fatty acid.

4.1. Oxidation of Long-Chain Acyl-CoA

Oxidation of long-chain acyl-CoA is catalyzed by one of three ADs: a) very-long-chain acyl-CoA dehydrogenase

(VLCAD), b) acyl-CoA dehydrogenase DH-9 (ACAD9), and c) long-chain acyl-CoA dehydrogenase (LCAD).

VLCAD oxidizes most LCFAs entering mitochondria. This enzyme, bound to the inner mitochondrial membrane,

oxidizes C14:0–C22:0 acyl-CoA, although the preferred substrate is palmitoyl-CoA. The presence of an

unsaturated bond in FFAs decreases the efficiency of the reaction catalyzed by this enzyme. PPARα is the most

important VLCAD regulator, increasing its gene expression. Sirtuins (especially sirtuin 3) may also activate VLCAD

through deacetylation .

ACAD9 is homologous to VLCAD and uses mostly unsaturated long-chain acyl-CoAs as substrates. It is abundant

in the brain and liver. Despite the homology of this enzyme with VLCAD, neither enzyme can compensate for each

other in their deficiency . LCAD is localized in the mitochondrial matrix. It is mainly present in lung alveolar

cells. LCAD knockout caused pulmonary surfactant (complex substances, mainly lipids, which play important

Enzyme Mitochondrial
Compartment

Preferred Substrates
(Acyl-CoAs) Tissue/Organ/Cell Reference

VLCAD
Inner mitochondrial
membrane

LCFA (mainly palmitoyl-CoA)
and VLCFA (C14–C22)

Muscles, heart, liver,
skin fibroblasts

Acyl-CoA DH-
9 (ACAD9)

Inner mitochondrial
membrane

Unsaturated LCFA, VLCFA
(C16:1, C18:1, C18:2;
C22:6)

Brain, liver, heart,
skeletal muscle

LCAD Matrix
LCFA, unsaturated MCFA,
SCFA, BCFA (in vitro)

Lungs—pulmonary
surfactant

MCAD Matrix MCFA (C6:0–C12:0)
Heart, skeletal muscles,
liver

SCAD Matrix
SCFA (mainly butyryl-CoA);
MCFA (C6:0–C12:0)

Liver, heart, skeletal
muscle
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functions in the alveoli and small airways) dysfunction and increased susceptibility to lung infections . An in vitro

investigation showed that some unsaturated and branched-chain acyl-CoA are the principal substrates for LCAD.

This enzyme is exceptional among ADs because it tends to leak electrons, producing H O . Its function in organs

other than the lungs has not been estimated .

Each AD uses FAD as an electron acceptor. Formed FADH  has to be re-oxidized, so the electrons are

translocated to a flavoprotein, electron-transferring flavoprotein (ETF), and then ETF-dehydrogenase transfers

them into coenzyme Q (CoQ) in the OXPHOS system (Figure 1) .

The mitochondrial trifunctional protein (MTP) complex participates in the second step of LCFA oxidation. The MTP

catalyzes three different reactions in a row. The MTP enzymatic activities are long-chain enoyl-CoA hydratase

(LCEH), long-chain hydroxy acyl-CoA dehydrogenase (LCHAD), and long-chain β-ketothiolase (LCKAT). The MTP

complex contains “a” and “b” subunits, forming an octamer bound to the surface of the inner mitochondrial

membrane due to a strong interaction with membrane phospholipids . Subunit “a” contains the enzymatic

activities of hydratase and dehydrogenase, whereas subunit “b” contains thiolase activity. This enzymatic complex

binds the enoyl-CoAs containing 6–16 carbons, but in the liver, its activity is the highest for C10 and longer acyl-

CoAs. The final product of MTP activity is acetyl-CoA and acyl-CoA, which is shortened by two carbons and enters

the next cycle of βOX .

4.2. Oxidation of Monounsaturated and Polyunsaturated Long-Chain Acyl-CoA

Oxidation of monounsaturated long-chain acyl-CoA requires an additional enzyme called 3,2-trans-enoyl-CoA

isomerase (ECI), which catalyzes the following reaction:

trans-3-enoyl-CoA → trans-2-enoyl-CoA

ECI exists in two isoforms: ECI1 and ECI2. ECI1 is found in mitochondria only, whereas ECI2 is present in

mitochondria and peroxisomes. ECI2 has a much higher affinity for LCFAs . The studies on ECI isoforms

were performed using enzymes isolated from rat liver  and the ECI1 knock-out mice model , and structural

studies using X-ray scattering were performed for a human ECI2 isoform .

The βOX of polyunsaturated FAs requires a) ECI and b) 2,4-dienoyl-CoA reductase, which catalyzes the following

reaction:

trans-2,cis-4-dienoyl-CoA + NADPH + H  → tans-3-enoyl-CoA + NADP

Formed tans-3-enoyl-CoA by 2,4-dienoyl-CoA reductase is converted to trans-2-enoyl-CoA by ECI, as presented

above.

4.3. Oxidation of Medium-Chain Fatty Acids
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In the first cycle of MCFA mitochondrial FAO, medium-chain acyl-CoA dehydrogenase (MCAD) catalyzes the initial

step. It is a flavoprotein cooperating with ETF and ETF-dehydrogenase. MCAD is a homotetrameric protein

localized in the mitochondrial matrix. It is abundant in the human heart, skeletal muscles, and liver . The

enzymes responsible for the subsequent reactions are not well-defined in humans. It is possible that human MTP

participates in the oxidation of medium-chain enoyl-CoAs. However, it is not excluded that MCFAs, which

translocate from the cytosol to mitochondria, might be activated and elongated, finally becoming the substrate for

MTP .

4.4. Oxidation of Short-Chain Fatty Acids

The first step of SCFA degradation is catalyzed by short-chain acyl-CoA dehydrogenase (SCAD), a flavoprotein

cooperating with ETF/ETF-dehydrogenase. Butyryl-CoA, formed from butyrate produced by gut microbiota, is the

major substrate for SCAD, and the product is crotonyl-CoA . SCAD is abundant in the liver, heart, and skeletal

muscles. It is a matrix-localized homotetramer. In the liver and kidneys, SCAD also displays oxidase activity, but

the significance of this feature is unresolved . The other enzymes involved in short-chain acyl-CoA oxidation

are crotonase (enoyl-CoA hydratase), medium-chain hydroxy acyl-CoA dehydrogenase, short-chain hydroxy acyl-

CoA dehydrogenase (SCHAD), and medium-chain ketoacyl-CoA thiolase (MCKAT), and all those activities are

localized in the mitochondrial matrix. Human crotonase uses crotonyl-CoA as a substrate. It is also involved in the

metabolism of some amino acids. Crotonase is present in significant amounts in the liver, less in muscles and

fibroblasts, and even less in the kidneys and spleen . Hydroxyacyl-CoA dehydrogenase is a homodimer

localized in the matrix, which produces acetoacetyl-CoA and NADH. The highest activity of this enzyme is present

in the heart, muscles, liver, and pancreas . MCKAT catalyzes the last step of short-chain FAO. The activity of

MCKATs is present in the mitochondrial matrix, peroxisomes, and cytosol. MCKATs that are present in the matrix of

human mitochondria have two main substrates: methyl-acetyl-CoA (metabolized into propionyl-CoA) and

acetoacetyl-CoA (metabolized into two molecules of acetyl-CoA).

5. Peroxisomal FAO

In the liver, FAO takes place both in mitochondria and peroxisomes. However, under physiological conditions,

peroxisomal FAO accounts for approx. 5% of total FAO in the liver . Peroxisomal βOX differs significantly from

mitochondrial βOX . In mitochondria, acyl-CoA dehydrogenases transfer the electrons to ETF, which are

subsequently transferred to the mitochondrial respiratory chain and reduce oxygen to water, producing energy

(ATP) . In contrast, peroxisome acyl-CoA oxidase 1 (ACOX1) reduces FAD, and electrons are transported

directly from FADH  to molecular oxygen, generating hydrogen peroxide (H O ) . CoA esters of straight-chain

FAs (VLCFAs, LCFAs, PUFAs, and dicarboxylic acids) are preferred substrates for ACOX1, whereas ACOX2 is

responsible for the oxidation of branched-chain FAs (BCFA) and the transformation of bile acid intermediates .

In addition, Ferdinandusse et al. identified a novel ACOX isoform, ACOX3, which is involved, similar to ACOX2, in

the degradation of BCFAs .

[99][100]
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The oxidation of LCFAs in peroxisomes stops at the level of MCFA-CoAs . MCFA-CoAs can be hydrolyzed to

FFAs by the peroxisomal thioesterases. Then, MCFAs, via the pore-forming proteins, leave the peroxisome and are

transported to the mitochondria, where βOX is completed. The second way of MCFA oxidation uses carnitine and

carnitine acyltransferase with specificity for short- and medium-chain acyl-CoA. Formed acylcarnitines are

transported into mitochondria via the mitochondrial CAC . It should be emphasized that peroxisomal FAO

needs the participation of mitochondria not only for the oxidation of acetyl-CoA (formed from MCFA-CoAs) but also

for the oxidation of NADH . For a summary of mitochondrial and peroxisomal βOX, see Table 3.

Table 3. Comparison between peroxisomal and mitochondrial β-oxidation. ABCD1–4—ATP-binding cassette sub-

family D 1–4, ACADs—acyl-CoA dehydrogenases, ACOXs—acyl-CoA oxidases, BCFA—branched-chain fatty acid,

CPT1—carnitine palmitoyltransferase 1, CPT2—carnitine palmitoyltransferase 2, CAC—acylcarnitine translocase,

FAs—fatty acids, VLCADs—very-long-chain fatty acids, LCFAs—long-chain fatty acids, MCFAs—medium-chain

fatty acids, PUFAs—polyunsaturated fatty acids, SCFAs—short-chain fatty acids, H O—hydrogen peroxide, ETF—

electron-transferring flavoprotein, OXPHOS—oxidative phosphorylation.

It has been shown that during peroxisomal βOX (both dicarboxylic and monocarboxylic acids), free acetate is

formed, which is preferentially exported from the hepatocyte and used as an energy substrate in other organs .

It has been postulated that acetate is formed from acetyl-CoA in a reaction catalyzed by acetyl-CoA hydrolase .

5.1. Peroxisomal α-Oxidation—Role in Phytol and Phytanic Acid Metabolism

[110]

[113]

[110][114]

2

  Peroxisomal β-
Oxidation Mitochondrial β-Oxidation References

Proteins involved in the
transport of FAs to
peroxisomes/mitochondria

ABCD1, ABCD2, and
ABCD3

Carnitine transport system (CPT1,
CPT2, CAC)

Substrates

VLCFAs (>C22), BCFAs
(e.g., pristanic acid),
PUFA, 2-hydroxy FAs,
long-chain dicarboxylic
acids, bile acid
intermediates, and a
number of prostanoids

VLCFAs (≤22), LCFAs, MCFAs,
and SCFAs

Enzyme catalyzing the first
reaction

ACOXs
The transfer of electrons
from FADH  to oxygen
results in the production of
H O , which is
subsequently cleaved by
peroxisomal catalase

ACADs
The electrons that originate from
FADH  are transported to ETF,
the ETF dehydrogenase, and
transferred to OXPHOS. Finally,
they reduce oxygen to water,
which results in the production of
energy in the form of ATP

β-oxidation end products
Acetyl-CoA, NADH,
MCFAs, and FADH

Acetyl-CoA, NADH, and FADH

[115][116]

[117][118]
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The average Western diet contains approx. (a) 50–100 mg per day of phytanic acid, (b) 10–30 mg per day of

pristanic acid, and (c) 10 mg per day of phytol . Phytol mostly comes from nuts . Phytanic acid and pristanic

acid are derived primarily from lipids found in beef, dairy products, and fish. . The phytanic acid present in the

diet is derived mainly from phytol . Phytol is widely distributed as a constituent of chlorophyll present in the

green leaves of plants and trees . Bacteria present in the rumen of ruminant animals cleave the phytol from the

porphyrin ring of chlorophyll (the human alimentary tract cannot do this). The released phytol can be oxidized to

phytanic acid in the ruminants . Thus, it is clear that phytanic acid is present in meat and dairy products from

grass-fed cattle or other ruminants. Phytanic acid can also be derived from vegetables (as phytol bound to

chlorophyll) . Moreover, phytyl FA esters are also present in the leaves of some plants, fruits, and vegetables.

These compounds are hydrolyzed in the human gastrointestinal tract, providing phytol .

Subjects consuming products rich in phytol and phytanic acid oxidize these compounds via α-oxidation because

BCFAs containing a methyl group in the 3-position (like phytanic acid) are not metabolized by βOX. First, phytol is

oxidized to phytenal in the reaction catalyzed by alcohol dehydrogenase. Formed phytenal is oxidized by aldehyde

dehydrogenase to phytenic acid, which in turn is converted to phytenoyl-CoA by acyl-CoA synthetase. In the

reaction catalyzed by enoyl-CoA reductase, phytenoyl-CoA is converted to phytanoyl-CoA. Phytanoyl-CoA can also

be formed from phytanic acid in the reaction catalyzed by acyl-CoA synthetase. Formed phytanoyl-CoA undergo α-

oxidation to 2-hydroxyphytanoylo-CoA, catalyzed by phytanoyl-CoA 2-hydroxylase. This process requires 2-

oxoglutarate and Fe , and O . 2-hydroxyphytanoilo-CoA is converted with the participation of hydroxy acyl-CoA

and aldehyde dehydrogenase to pristanic acid, which is activated to pristanoyl-CoA by acyl-CoA synthetase. Next,

pristanoyl-CoA undergoes peroxisomal βOX to 4,8-dimethyl nonaoyl-CoA, which in turn is metabolized in

mitochondria (Figure 2) .

[119] [120]
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Figure 2. Metabolism of phytanic acid.

Deficiency of the phytanoyl-CoA 2-hydroxylase impairs the conversion of phytanic acid to pristanic acid (2-methyl

BCFAs) and leads to Refsum disease (type IV motor and sensory neuropathy) . The only therapy available

for that disorder is a diet low in phytanic acid.

5.2. Peroxisomes Are Essential for the Degradation of Dicarboxylic Acid Formed
during ω-Oxidation in Microsomes

VLCFAs are also oxidized in microsomes via ω-oxidation. In humans, the first step of ω-oxidation is catalyzed by

CYP (CYP4F2 or CYP4F3B). Omega-hydroxy-VLCFAs, formed by CYP4F2 or CYP4F3B, can be oxidized to ω-

HOOC-VLCFA (dicarboxylic-VLCFA) by alcohol dehydrogenase and subsequently by aldehyde dehydrogenase.

Formed HOOC-VLCFA is then oxidized by βOX in peroxisomes. Importantly, the βOX of HOOC-VLCFA is not

affected in X-ALD (X-linked adrenoleukodystrophy) patients . Thus, it has been suggested that the peroxisomal

βOX of dicarboxylic-VLCFA (formed during ω-oxidation) can provide an alternative route of VLCFA oxidation in X-

ALD patients (Figure 3) .
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Figure 3. Omega oxidation of very-long-chain fatty acids (VLCFAs).

5.3. Peroxisomal FAO—Potential Role in the Utilization of Toxic FFAs

Peroxisomal βOX is necessary for the oxidation of VLCFAs (≥22 carbons), both saturated and mono- and

polyunsaturated . These FFAs need to be degraded not because of their role in providing energy but due to

the toxic effect of their excessive accumulation (for instance, monounsaturated erucic acid C22:1, present in

commonly used canola oil) . The βOX of VLCFAs, notably C26:0 and longer-chain FFAs, occurs exclusively

in peroxisomes .

Abnormalities in the biogenesis of peroxisomes are the cause of Zellweger syndrome. This rare familial disease is

characterized by muscle weakness, hepatomegaly, and brain and kidney dysfunction. Goldfischer et al. reported

that peroxisomes are absent in the liver and kidney of patients with this syndrome . Consequently, significant

amounts of VLCFAs and bile acid synthesis intermediates are accumulated in plasma .

Subfamily D of ABC transporters (ATP-binding cassette transporters) in mammals comprises four distinct proteins,

namely ABCD1 (adrenoleukodystrophy protein), ABCD2 (adrenoleukodystrophy-related protein), ABCD3 (70 kDa

peroxisomal membrane protein), and ABCD4 (peroxisomal membrane protein 69). Three of these, ABCD1-3, are

localized solely in peroxisomes and mediate the uptake of substrates into the peroxisome for βOX .
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ABCD1 and ABCD2 facilitate the transport of VLCFAs or their CoA derivatives into peroxisomes. Interestingly,

ABCD1 has a higher specificity for saturated VLCFA-CoA. In contrast, ABCD2 prefers to transport PUFAs, such as

C22:6-CoA and C24:6-CoA . However, it is worth adding that the main substrate for ABCD2 in humans is still

not completely defined . The ABCD3 transporter is important in transporting branched chain acyl-CoA and bile

acid intermediates, e.g., di- and tri-hydroxycholestanoyl-CoA (DHCA and THCA) . Abcd genes are under

complex regulation at the transcriptional level. The transcription of Abcd1, Abcd2, and Abcd3 genes is regulated by

PPARα . Leclercq et al. demonstrated that the hepatic expression of Abcd2 and Abcd3, but not Abcd1 and

Abcd4, exhibits a high degree of sensitivity toward dietary PUFA intake .

5.4. Peroxisomal FAO Related to the Synthesis of Cholesterol and Phospholipids

Acetyl-CoA formed during FAO in peroxisomes can be used for synthesizing cholesterol and phospholipids (mainly

plasmalogen) . For instance, the first two steps of plasmalogen biosynthesis occur in peroxisomes from the

acetyl-CoA derived from peroxisomal FAO . Recent studies indicate that peroxisomal βOX stimulates

cholesterol biosynthesis in the liver of diabetic mice . Moreover, it has been reported that the inhibition of

peroxisomal βOX suppresses cholesterol biosynthesis and consequently lowers plasma cholesterol concentration.

Based on these data, the authors suggest that the upregulation of peroxisomal cholesterol biosynthesis related to

βOX may contribute to diabetes hypercholesterolemia .

5.5. Peroxisomal FAO—Inhibition of Lipophagy

Lipophagy involves the encapsulation of lipid droplets into the autophagosome, which fuses with the lysosome,

resulting in the hydrolysis of triacylglycerols catalyzed by lysosomal acid lipase A . Peroxisomal FAO

in the liver promotes hepatic steatosis by inhibiting lipophagy . Supplied by FAO, acetyl-CoA is involved in the

acetylation of Raptor, a component of mTORC1, a metabolic regulatory complex that inhibits autophagy .

5.6. Peroxisomal FAO—Regulation of Mitochondrial β-Oxidation

Peroxisomal βOX increases the cellular NADH/NAD  ratio, which inhibits the SIRT1/AMPK pathway. The inhibition

of that pathway leads to increased ACC activity. It causes elevation of malonyl-CoA levels in the cytosol, inhibiting

CPT1 and the transport of LCFAs into mitochondria, decreasing mitochondrial βOX .

5.7. Peroxisomal FAO As a Process Associated with the Production of H O —An
Important Signaling Molecule and Toxic Substance

As mentioned above, peroxisomal FADH  formed during βOX is involved in H O  production. H O  is an important

signaling molecule that regulates many cellular processes by modulating the activity of several proteins via

cysteine oxidation . Under physiological conditions, catalase converts most of the H O  formed during

peroxisomal βOX to H O and O  . However, when catalase activity is decreasing, for instance, during aging,

part of H O  formed via peroxisomal βOX diffuses out the peroxisome (it is a relatively stable ROS) and may

modulate the activity of redox-sensitive protein, which in turn triggers a complex network of signaling processes
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leading to regulation of (a) NF-ϰB activation, (b) E cadherin expression, (c) the secretion of matrix

metalloproteinases, (d) mTORC activity, and (e) autophagy . However, it is generally believed that reactive

oxygen species (ROS) play a dual role. At physiological conditions, they are required for many signaling processes,

affecting proliferation, differentiation, and aging, but there are also toxic byproducts of aerobic metabolism,

including products of FFA oxidation . H O  can be converted to highly reactive hydroxyl radicals, causing

damage to proteins, lipids, and DNA, leading to many diseases, including atherosclerosis, cancer, diabetes, and

rheumatoid arthritis . Thus, it is tempting to speculate that microsomal βOX, via H O  production, may affect

aging processes and aging-related diseases.

5.8. Microsomal Fatty Acid ω-Oxidation

Under physiological conditions, FA ω-oxidation accounts for no more than 10% of total fatty oxidation in the liver .

In this process, the terminal methyl group (ω carbon) of FFAs is oxidized to the carboxyl group. The first step of ω-

oxidation is catalyzed by the CYP family present in the microsome (including CYP4F2 and CYP4F3B), which

requires NADPH and O . Formed ω-hydroxy-FFAs are oxidized to ω-oxo-FFAs by cytosolic alcohol

dehydrogenase. Finally, ω-oxo-FFAs are oxidized by cytosolic aldehyde dehydrogenase to carboxy-FFAs. Formed

carboxy-FFAs (dicarboxylic-FAs) can be excreted into the urine or transported into mitochondria or peroxisomes,

where they are metabolized via βOX. It should be noted that phytanic acid (described above) can also be oxidized

via ω-oxidation . Moreover, it has also been postulated that microsomal ω-hydroxylase is involved in (a) the

synthesis of ω-hydroxylated arachidonic acid in the human liver and kidney, which regulates cardiovascular

function (as vasoconstrictor), (b) ω-oxidation, and consequently the inactivation of leukotriene B4 (LTB4) in human

leukocytes, and (c) the ω-oxidation of MCFAs and some xenobiotics .
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