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Type of Lipids

Definition of Lipids
• Substances in dairy foods
• Known as fats and oils
• Hydrophobic and soluble in ethanol like
alcohol, petroleum and chloroform
• Classified into 2 general types
– Fats and waxes (can be hydrolyzed with ester
linkages)
– cholesterol and steroids (cannot be hydrolyzed)

• Saturated fat

– Animal oil like meat, milk, butter
– Vegetable oil like coconut and palm kernel oil

• Polyunsaturated fat

– Plant source like safflower, corn, cottonseed,
sunflower oil and soybean oil

• Monounsaturated fat

– Plant and animal product like olive oil, canola
oil, avocado and peanut oil
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Lipids Functions
•
•
•
•
•
•
•

Excellent energy reserves
Structure of cell membranes (neuron, glia, heart)
Organ padding
Body thermal insulation
Essential fatty acids (EFA)
Hormone synthesis
Fat soluble vitamin absorption

Lipoproteins

Cholesterol
• Plant and animal food contain sterols but only
animal food contains cholesterol
• Why? Cholesterol is made in the liver and plants
do not have a liver
• Cholesterol is needed to make bile, sex
hormones, steroids and vitamin D.
• It is the constituent of cell membrane structure
• Dietary recommendation - <300 mg/d
• Sources – egg yolks, liver, shellfish, organ foods

Blood levels for Lipids

• Low Density Lipoproteins (LDL) – is made by the liver and is
comprised of cholesterol that is delivered to the cells in the
body
– High levels of LDL is strongly correlated with heart disease
• High Density Lipoproteins (HDL) - made by the liver and picks
up cholesterol from the cells for recycling or excretion
– High levels of HDL is inversely correlated with heart
disease

• Total Cholesterol:
– <200 mg/dl = desirable
– 200-239 mg/dl = borderline hyperlipidemia
– >240 mg/dl = hyperlipidemia

• LDL < 130 mg/dl is favorable
• HDL > 35 mg/dl is favorable

– It is protective
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Fat Metabolism
I’m not fat, I’ve just got a lot of potential energy!

Lipid Metabolism

Lipid Metabolism
• Digestion - Hydrolysis Reaction
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Fatty Acid Metabolism
• Why are fatty acids important to cells?
– fuel molecules

• stored as triacylglycerols
• phospholipids
• glycolipids

- fatty acid portion is highly reduced

• Why do triacylglycerols store large amounts of
energy?
– fatty acid portion is highly reduced
– nonpolar molecules are stored in anhydrous form

– building blocks

– precursors of hormones and
other messengers
– used to target proteins to
membrane sites

Fatty Acid Metabolism

• Where are triacylglycerols stored?
– Adipocytes, ---> break down to glycerol and fatty
acids
Triglycerides are a highly concentrated store
of energy
9 kcal/g vs 4 kcal/g for glycogen
Glycogen is also highly hydrated, 2 g
H2O/g glycogen

Fatty Acid Metabolism

Pancreatic Lipases

• What is needed for triacylglycerol breakdown?

Dietary triacylglycerols must be broken down before
being absorbed by the intestines.

– bile salts
• made in liver, stored in gall bladder
• E.g.: Glycocholate (Glycocholic acid, or cholylglycine, is
a crystalline bile acid involved in the emulsification of
fats. It occurs as a sodium salt in the bile of mammals. It
is a conjugate of cholic acid with glycine. Its anion is
called glycocholate)

Bile salts, which act as detergents, are used to
solublize the triacylglycerols

– lipases
• pancreas
• hydrolyze ester bond
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Pancreatic Lipases
• Pancreatic lipases hydrolyze the ester bonds of
the triacylglycerols while in the micelles.

Chylomicrons

– In the intestinal mucosal cells, the fatty acids and
monoacylglycerides are resynthesized into
triacylglycerides and packaged into chylomicrons
(particles consisting of triacylglycerols and protein, apolipoproteins).
Chylomicrons and lymph are dumped via the thoracic
duct into the left subclavian vein

Fatty acids and monoacylglcerols are absorbed across the plasma membrane
of intestinal epithelial cells.

Chylomicrons
Chylomicrons and lymph
are dumped via the
thoracic duct into the
left subclavian vein.

Utilization of Fatty Acids as Fuel
• Three stages of processing
– Triglycerols are degraded to fatty acids and glycerol
in the adipose tissue and transported to other tissues.
– Fatty acids are activated and transported into the
mitochondria.
– Fatty acids are broken down into two-carbon acetyl–
CoA units and fed into the citric acid cycle (Kreb’s
cycle).
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Fatty Acid Metabolism
• How are fatty acids made available to
peripheral tissues as an energy source?

Breakdown of Triacylglycerols
• In the adipose tissue, lipases are activated by
hormone signaled phosphorylation

– hormones trigger lipolysis in adipose tissue
• epinephrine, glucagon, ACTH
• insulin inhibits lipolysis

– released fatty acids insoluble in plasma
• must be attached to serum albumin for transport

Breakdown of Triacylglycerols
• The lipases break the
triacylglycerols down to
fatty acids and glycerol
– The fatty acids are
transportred in the blood by
serum albumin

Fatty Acid Metabolism
• What happens to the glycerol released?
– converted to glyceraldehyde-3-PO4
• Glycolysis (see steps 4-6)
• gluconeogenesis

The glycerol is absorbed by the liver and converted to glycolytic intermediates.
23
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Lipid Metabolism

Activation of Fatty Acids

• What must happen to fatty acids for them to be oxidized?
– activated
– transported into mitochondria
– Acyl CoA synthetase reaction occurs at the mitochondrial
membrane.

Fatty Acid Degradation
• What is the role of
carnitine in fatty acid
oxidation?
• carnitine carries longchain activated fatty
acids into the
mitochondrial matrix

Transport into Mitochondrial Matrix
• Carnitine carries long-chain activated fatty
acids into the mitochondrial matrix
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Fatty acid oxidation

Fatty Acid Oxidation

• Each round in fatty acid
degradation involves four
reactions

• What is the reaction
sequence for the
oxidation of fatty acids?
1.

2.

– first step is an oxidation

– 2nd step: Hydration to L–3–
Hydroxylacyl CoA

• acyl CoA dehydrogenase

- The pathway is called the β-oxidation
pathway.
- Like succinyl dehydrogenase, this reaction
uses FAD and is linked to Complex 2 of the
electron transport chain.

b

- The pathway is called the β-oxidation
pathway.
- The hydration produces only the L–isomer.

a

Fatty acid oxidation

Fatty acid oxidation

• Each round in fatty acid
degradation involves four
reactions

• Each round in fatty acid
degradation involves four
reactions

– 3rd step: Oxidation to
3–Ketoacyl CoA by a L-3hydroxyacyl CoA
dehydrogenase

• cleavage of 3-ketoacyl CoA by
thiol group of CoA

3.

4.

– 4th step: Thiolysis to
produce Acetyl–CoA

– acyl CoA shortened by 2 carbons
– acetyl CoA formed
enters Krebs cycle
---> ATP generation
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Acetyl-CoA alternative pathway

Acetyl CoA

The acetyl-CoA produced by mitochondrial beta-oxidation of fatty acids enters the Kreb's cycle to produce energy, but that is
not the only fate of acetyl-CoA. In liver mitochondria, some acetyl-CoA is converted to acetoacetate, beta-hydroxybutyrate, and
acetone, collectively called ketone bodies. Ketone bodies are transported to other tissues such as brain, muscle or heart where
they are converted back to acetyl-CoA to serve as an energy source. The brain normally uses only glucose for energy, but
during starvation ketone bodies can become the main energy source for the brain. In the metabolic condition called ketosis,
ketone bodies are produced faster than they are consumed by tissues and the smell of acetone can be detected on a person's
breath. The smell of acetone is one indication that a person may have diabetes. The consumption of high-fat/low carbohydrate
diets has been used as a weight loss program by many, intentionally inducing ketosis to consume fat stores, but these
ketogenic diets can cause unwanted side effects related to increased urea production resulting from protein intake and risk of
heart disease from increased cholesterol and fat intake.

Fatty acid oxidation

Fatty acid oxidation
• Each round in fatty acid
degradation involves four
reactions

• Each round in fatty acid degradation involves
four reactions

– The process repeats itself
activation / transport into mitochondria

1
2
3
4
enters Krebs cycle ---> ATP generation
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Fatty Acid Degradation - ATP Yield

Beta Oxidation

• What are the products of fatty acid degradation?
– For a C16 fatty acid
• 8 acetyl CoA
• 7 FADH2
• 7NADH + 7 H+

– How much energy does this generate?
•
•
•
•

7 x 1.5 ATP = 10.5
7 x 2.5 ATP = 17.5
8 x 10 ATP = 80
Total = 108 ATP – 2 ATP (activation) = 106 ATP

Beta Oxidation

Beta Oxidation
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Special Cases

Special Cases

• Unsaturated fatty acids (polyunsaturated)

• Unsaturated fatty acids
(monounsaturated)

go to 2nd step
of fatty acid beta oxidation
pathway

Unsaturated fatty acids require additional
steps for degradation
isomerization
shifts position and configuration of a
double bond
reduction
needed to remove double bond in
wrong position
go to 2nd step
of fatty acid beta oxidation pathway

Odd-Chain

Fatty Acid Degradation

• How is the oxidation of odd-chain fatty
acids different from even-chain ones?
– in final round of degradation products
are acetyl CoA and proprionyl CoA
– proprionyl CoA is converted to succinyl
CoA

• Where, in addition to the mitochondria does fatty acid
oxidation take place?
– peroxisomes

- Proprionyl CoA is carboxylated to give
D-methylmalonyl CoA

• How is this different from b oxidation?
– in first step electrons are transferred to O2

catalyzed by proprionyl CoA carboxylase
uses biotin

• D-methylmalonyl CoA is racemized
to L form

Redox-Reaction combined with O2
Bio Fuel Cell options

enter Kreb’s cycle

– methylmalonyl CoA mutase
• uses a derivative of vitamin B12

•

In last step a 5-deoxyadenosyl free radical
removes a H atom to aid in rearrangement of Lmethylmalonyl CoA to succinyl CoA
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Acetyl-CoA alternative pathway

Ketone Bodies
• Use of fatty acids in the citric acid (Kreb’s)
cycle requires carbohydrates (CHO) for the
production of oxaloacetate (OAA) – ‘fat burns
in CHO flame’.
• During starvation or diabetes, OAA is used to
make glucose
– Fatty acids are then used to make ketone bodies
(acetoacetate and D–3–hydroxybutarate)

The acetyl-CoA produced by mitochondrial beta-oxidation of fatty acids enters the Kreb's cycle to produce energy, but that is
not the only fate of acetyl-CoA. In liver mitochondria, some acetyl-CoA is converted to acetoacetate, beta-hydroxybutyrate, and
acetone, collectively called ketone bodies. Ketone bodies are transported to other tissues such as brain, muscle or heart where
they are converted back to acetyl-CoA to serve as an energy source. The brain normally uses only glucose for energy, but
during starvation ketone bodies can become the main energy source for the brain. In the metabolic condition called ketosis,
ketone bodies are produced faster than they are consumed by tissues and the smell of acetone can be detected on a person's
breath. The smell of acetone is one indication that a person may have diabetes. The consumption of high-fat/low carbohydrate
diets has been used as a weight loss program by many, intentionally inducing ketosis to consume fat stores, but these
ketogenic diets can cause unwanted side effects related to increased urea production resulting from protein intake and risk of
heart disease from increased cholesterol and fat intake.

‘Ketone-bodies’ as energy substrates for the brain

Ketone-bodies [2)&3)] oxidized in neurons, astrocytes and oligodendrocytes;
but free fatty acids exclusively in astrocytes [ 1)-3) in astrocytes]
1)-3) Products from lipid metabolism: maternal milk, starvation and diabetes

1)

2)

[AcAc)]

(3-HB)

3)

(3-HB)
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Ketone Bodies
• Ketone bodies, acetoacetate and 3–hydroxybutarate (or bhydroxybutyrate) and acetone) are formed from Acetyl–CoA
• when fats are rapidly broken down

Ketone Bodies as Fuel Source
• The liver is the major source of
ketone bodies.
– It is transported in the blood to other
tissues

• Acetoacetate in the tissues
– Acetoacetate is first activated to
acetoacetate by transferring the CoASH
from succinyl–CoA.
– It is then split into two Acetyl–CoA by a
thiolase reaction
- Ketone bodies are a water soluble equivalent of Acetyl-CoA units.
- Some tissues, such as cardiac muscle or kidney cortex, preferentially use ketone bodies.
- The brain can use ketone bodies under conditions of long term starvation.
- Because of their acidity, high concentrations of ketone bodies can be detrimental, high levels of
acetoacetate decreases lipolysis

Ketone Bodies

Ketone Bodies
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Blood Glucose and Glucosuria

Ketone Bodies

Diabetes and Ketone Bodies

Comparison of Fat Metabolism per gram
and CHO per gram

• When there is not enough insulin in the blood and it
must break down fat for its energy.
• Ketones build up in the blood and then spill over into
the urine so that the body can get rid of them.
Acetone can be exhaled through the lungs. This gives
the breath a fruity odor. Ketones that build up in the
body for a long time lead to serious illness and coma.
(Diabetic ketoacidosis)

• Fats provide about 9 kilocalories per gram and
carbohydrates provide about 4 kilocalories per
gram.
• Using nutritional units, that is 9 Calories/gram
for fats and 4 Calories/gram for carbohydrates.
• CHO provide energy more quickly
• Fats are good fuel for endurance events, but
not sprints
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Fatty Acids Cannot be Used to Synthesize Glucose
• Even though the citric acid cycle intermediate
oxaloacetate can be used to synthesize
glucose, Acetyl–CoA cannot be used to
synthesize oxaloacetate.
– The two carbons that enter the citric acid cycle as
Acetyl–CoA leave as CO2.

plants have enzymes associated with glyoxylate cycle that allow acetyl
CoA to form oxaloacetate

Formation of Malonyl Coenzyme A
• Formation of malonyl–CoA is the committed
step in fatty acid synthesis.

Fatty Acid Synthesis
• Fatty acid are synthesized and degraded by different
pathways.
– Synthesis takes place in the cytosol (not mitochondria).
– Intermediates are attached to the acyl carrier protein
(ACP).
– In higher organisms, the active sites for the synthesis
reactions are all on the same polypeptide.
– The activated donor in the synthesis is malonyl–ACP.
– Fatty acid reduction uses NADPH + H+ (as opposed to NAD+
and FAD).
– Elongation stops at C16 (palmitic acid)

Acyl Carrier Protein
• The intermediates in fatty acid synthesis are covalently
linked to the acyl carrier protein (ACP) (role similar to
coenzyme A)

Biotin, Mn2+
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Elongation

• In bacteria the enzymes that are involved in
elongation are separate proteins; in higher
organisms the activities all reside on the same
polypeptide.
– To start an elongation cycle, Acetyl–CoA and
Malonyl–CoA are each transferred to an acyl
carrier protein

Elongation

• The next three reactions are similar to the
reverse of fatty acid degradation, except

Elongation
• Acyl-malonyl ACP
condensing enzyme forms
Acetoacetyl-ACP.
-This reaction is driven by the decarboxylation.
Essentially the free energy from the ATP that
was hydrolyzed to put the CO2 onto the acetylCoA when forming the malonyl-CoA is released
when the CO2 comes off in the condensation
reaction.

Fatty Acid Synthesis

• What are the steps in fatty acid synthesis catalyzed by
the fatty acid synthase complex?

– The NADPH is used instead of NADH and FADH2
– The D–enantiomer of Hydroxybutarate is formed instead of the L–enantiomer
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Elongation
• The elongation cycle is repeated six more
times, using malonyl–CoA each time, to
produce palmityl–ACP.
• A thioesterase then cleaves the palmityl–CoA
from the ACP.

Stoichiometry of FA synthesis
• The stoichiometry of palmitate synthesis:
– Synythesis of palmitate from Malonyl–CoA

– Synthesis of Malonyl–CoA from Acetyl–CoA

– Overall synthesis

Citrate Shuttle

• Acetyl–CoA is synthesized in the mitochondrial matrix,
whereas fatty acids are synthesized in the cytosol;
– Acetyl–CoA units are shuttled out of the mitochondrial matrix as citrate:

- The inner mitochondrial membrane is impermeable to Acetyl-CoA
- The citrate lyase reaction requires an equivalent of ATP.
- The shuttle allows Acetyl-CoA to be shuttled to the cytosol, where fatty acid synthesis can occur.
- The shuttle consumes one equivalent of ATP.
- The shuttle also substitutes an NADPH for an NADH, which is also needed for synthesis.

Sources of NADPH

• The malate dehydrogenase and NADP+–linked
malate enzyme reactions of the citrate shuttle
exchange NADH for NADPH

Most of the NADPH for the synthesis of palmitoyl-CoA still comes from the pentose
phosphate pathway (6 molecules) and reduction of OAA to malate followed by oxidative
decarboxylation of malate to pyruvate (8 molecules).
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In cells reducing energy power is needed and provided by the reduced form of
NADPH. The processing of glucose through the Pentose Phosphate pathway produces
NADPH which is needed, e.g., for synthesis of free fatty acids from acetyl-CoA, which
are components of myelin and other neuronal structural elements

Regulation of Fatty Acid Synthesis
• Regulation of Acetyl carboxylase (key enzyme)
– Global
• + insulin
• - glucagon
• - epinephrine

– Local
• + Citrate
• - Palmitoyl–CoA
• - AMP

Acetyl Carboxylase (ACC) is
inhibited by phosphorylation
and allosterically activated
by binding of citrate

70

Fatty Acid Metabolism
• Synthesis and degradation are reciprocally regulated
– starvation – degradation occurs because epinephrine &
glucagon stimulate lipolysis
– fed state – insulin inhibits lipolysis

• ACC also influences degradation

Overview
of
fatty acid synthesis
and
degradation

– malonyl CoA inhibits carnitine acetyltransferase
• limits beta oxidation in mitocondria

• Long-term control mediated by sythesis and
degradation of key enzymes
– adaptive control
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Lipogenesis

1

Intestine

Maintaining
Blood
Glucose
Homeostasis

Digestion, Mobilization, and
Transport

When a person eats,
blood glucose rises.

2

Pancreas

High blood glucose stimulates
the pancreas to release insulin.

Insulin

3

Insulin stimulates the uptake of
glucose into cells and storage
as glycogen in the liver and
muscles. Insulin also stimulates
the conversion of excess
glucose into fat for storage.

Liver

Fat cell

Muscle

4
5

Pancreas
Glucagon

6
Glucose
Insulin
Glucagon
Glycogen

As the body's cells use
glucose, blood levels decline.
Low blood glucose stimulates
the pancreas to release
glucagon into the bloodstream.
Glucagon stimulates liver
cells to break down glycogen
and release glucose into the
blood.a

Liver

a

The stress hormone
epinephrine and other hormones
also bring glucose out of storage.

7

Blood glucose begins to
rise.
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