Basi biochimiche nutrizionali
delle diete chetogene

Lorenzo M Donini

SAPIENZA

UNIVERSITA DI ROMA

()

Dipartimento di Medicina
Sperimentale

Sezione di Fisiopatologia Medica,
Scienza dell’Alimentazione ed
Endocrinologia

Lorenzomaria.donini@uniromal.it




Lehninger

Principles of
Blochemistr

Sixth-Edition NA Tl

David L. Nelson
Vlichael M. Cox

\ l
?
~‘.u ’
TR \ ‘
i ) % ) ¥ "‘
ry
() ) -] ‘ “ " o ¥ \ »
\ ! I ] ; d .
\ ) 1 | |
I '\l 4 L
\ BV v )
2 Y
: , i
: ! :
| i |
| / ; ) :
. , e
|' N / ) . 3
|. ! { ‘\
l i . ’
) : L} LA
, - 48 1\ '
! ; .
!

Biochemical,
Physiological, and
Molecular Aspects
of Human Nutrition

Martha H. Stipanuk » Marie A. Caudill




* Metabolismo dei macronutrienti
 Metabolismo energetico
* Regolazione del metabolismo energetico

\_/

8 SAPIENZA

@M/  UNIVERSITA DI ROMA




 Metabolismo dei macronutrienti
 Metabolismo energetico
* Regolazione del metabolismo energetico

& SAPiENzA

&/  UNIVERSITA DI ROMA




' Metabolismo proteico I




Metabolic Fate of Amino Acids

AA are used

for the synthesis of enzymes, transporters and other
physiologically significant proteins (neurotransmitters, porphyrins,

for synthesis of the cell’s genetic information (synthesis of
nitrogenous bases).

as precursors of several hormones (peptide hormones like insulin
and glucagon and amine hormones such as catecholamines).

as precursors of acetyl CoA, pyruvate or intermediates of the TCA
cycle for complete oxidation.
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Glucose

 The molecular N that makes up
80% of the earth’s atmosphere is

unavailable to most living Glucose G-phosphate

organisms until it is reduced. 4 steps
* This fixation of atmospheric N, e

takes place in the N cycle entails * steps phosphate

formation of ammonia by bacterial ﬁ
fixation of N,, nitrification of ——

ammonia to nitrate by soil . R . o erate
organisms, conversion of nitrate to e -
ammonia by higher plants,

synthesis of AA from ammonia by —
all organisms. Phosphoenolpyravaia’ | Cvaceine

* Inliving systems, reduced N is l ,
incorporated first into AA and then pLryptophan U W Tty
into a variety of other Tyrosine l Ieolencine
biomolecules, including Citrato

nucleotides. /" \\
* The key entry point is the AA

Oxaloacetate -Ketoglutarate

glutamate. Glutamate and
glutamine are the N donors in a I \\‘// I
I A-;pa‘rtate I | Glutamate I

wide variety of biosynthetic

reactions. Glutamine synthetase, | |
which catalyzes the formation of Asparagine R
glutamine from glutamate, is a Threonine Lrotine.
main regulatory enzyme of N Lysine
metabo“sm_ FIGURE 22-9 Owverview of amino acid biosynthesis. The carbon
skeleton precursors derive from three sources: glycolysis (pink), the
SAP]ENZA citric acid cycle (blue), and the pentose phosphate pathway (purple).
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FIGURE 18-2 Amino group catabolism. (a) Overview of catabolism

of amino groups (shaded) in vertebrate liver. (b) Excretory forms of ni-

trogen. Excess NH] is excreted as ammonia (microbes, hony fishes),

urea (most terrestrial vertebrates), or uric acid (birds and terrestrial rep-

tiles). Notice that the carbon atoms of urea and uric acid are highly

oxidized; the organism discards carbon only after extracting most of

its available energy of oxidation.
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(a)

and
other
tissues

NHy
Ammonia (as
ammonium ion)

Ammonotelic animals:
most aquatic vertebrates,
such as hony fishes and
the larvae of amphibia

IﬁN—ﬁ—NHZ
0

Urea

Ureotelic animals:
many terrestrial
vertebrates; also sharks

C. _Ce
7NN
Y H

O m
Uric acid

Uricotelic animals:
birds, reptiles

(b)

Glutamate and glutamine play
especially critical roles in N
metabolism, acting as a kind of
general collection point for amino
groups.

In the cytosol of hepatocytes,
amino groups from most AA are
transferred to -ketoglutarate to
form glutamate, which enters
mitochondria and gives up its
amino group to form NH,.

Excess ammonia generated in
most other tissues is converted to
the amide nitrogen of glutamine,
which passes to the liver, then into
liver mitochondria.

Glutamine or glutamate or both
are present in higher
concentrations than other AA in
most tissues.

In skeletal muscle, excess amino
groups are generally transferred to
pyruvate to form alanine, to
transfer amino groups to the liver.



* In muscle and certain other tissues that
degrade AA for fuel, amino groups are

Muscle
collected in the form of glutamate by Profis
transamination. w -

* Glutamate can be converted to glutamine |
for transport to the liver or it can transfer NH
its -amino group to pyruvate, a readily Glucose mmmmpm Pyruvate ¥
available product of muscle glycolysis, by - X
the action of alanine aminotransferase Pietoglutarate

Alanine

 The alanine so formed passes into the
blood and travels to the liver. ‘

Blood Blood

* |Inthe cytosol of hepatocytes, alanine glucose alanine
aminotransferase transfers the amino
group from alanine to -ketoglutarate, ‘

forming pyruvate and glutamate. e

* Glutamate can then enter mitochondria,
where the glutamate dehydrogenase Glucose e Pyruvate 1P
reaction releases NH,, or can undergo n
transamination with oxaloacetate to form l
aspartate, another N donor in urea — fren
synthesis.

FIGURE 18-9 Glucose-alanine cycle. Alanine serves as a carrier of
ammonia and of the carbon skeleton of pyruvate from skeletal mus-
cle to liver. The ammonia is excreted and the pyruvate is used to pro-
*» duce glucose, which is returned to the muscle.
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To sum up ...

Humans derive a small fraction of their oxidative E from the
catabolism of AA.

AA are derived from the normal breakdown (recycling) of cellular
proteins, degradation of ingested proteins, and breakdown of body
proteins in lieu of other fuel sources during starvation or in
uncontrolled diabetes mellitus.

An early step in the catabolism of AA is the separation of the amino
group from the carbon skeleton.

In most cases, the amino group is transferred to -ketoglutarate to
form glutamate.

Ammonia formed in different tissues is transported to the liver as
the amide N of glutamine or, in transport from skeletal muscle, as
the amino group of alanine.

Glutamate is transported to liver mitochondria,where glutamate
dehydrogenase liberates the amino group as ammonium ion (NH,).

The pyruvate produced by deamination of alanine in the liver is
converted to glucose, which is transported back to muscle as part
of the glucose-alanine cycle.
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Intracellular i As in CHO and FA

s t 1 )
e catabolism, the
u processes of AA
Dietary _, Amizo degradation converge
on the central catabolic
NH, (—JL} Carbon pathways, with the
skeletons
Fiosynthes?‘ils Ca rbon Ske|etOnS Of
0l amino acias, . . .
pllcleptitles, (}nd i mOSt AA f|nd|ng the|r
pological amines way to the citric acid
) r a-Ke
e NN cycle.

 One important feature
co,-mo distinguishes AA
+a degradation from other
catabolic processes: the
pathways for AA
degradation include a

Aspartate-
arginino-
succinate
shunt of

citric acid
cycle

Urea (nitrogen Oxaloacetate

excretion product) l key Step |n Wh|Ch the -
S amino group is
FIGURE 18-1 Overview of amino acid catabolism in mammals. The Glucose d f h
amino groups and the carbon skeleton take separate but intercon- (synthesized in Sepa rate rom the
nected pathways. gluconeogenesis) carbon skeleton and
shunted into the urea
cycle.
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FIGURE 18-10 (facing page) Urea cycle and reactions that feed
amino groups into the cycle, The enzymes catalyzing these reactions
(named in the text) are distributed hetween the mitochondrial matrix
and the cytosol. One amino group enters the urea cycle as carbamoy
phosphate, formed! in the matrix; the other enters as aspartate, formed
in the matrix by transamination of oxaloacetate and glutamate, cat-
alyzed by aspartate aminotransferase. The urea cycle consists of four
steps. (1) Formation of cituline from omithine and carbamoy phos-
phate (enty of the first amino group); the cirulline passes into the cy-
tosol. [2} Formation of argininosuccinate through a citrullyl-AMP in-

ermediateentry of the econd aminogrou. (3 Formation of arginine

from argininosuccinate; this reaction releases fumarate, which enters
. . A \ . .
the citric acid cycle. (4 Formation of urea; this reaction also regen-

erates, omithing. The pathways by which NH; arrives in the mito-
chondrial matrix of hepatocytes were discussed in Section 18.1.



In animals, amino acids undergo oxidative degradation in three
different metabolic circumstances:

During the normal synthesis and degradation of cellular proteins,
some AA that are released from protein breakdown and are not
needed for new protein synthesis undergo oxidative degradation.

When a diet is rich in protein and the ingested AA exceed the
body’s needs for protein synthesis, the surplus is catabolized; AA
cannot be stored.

During starvation or in uncontrolled diabetes mellitus, when CHO
are either unavailable or not properly utilized, cellular proteins are
used as fuel.

Under all these metabolic conditions, AA lose their amino groups to
form -keto acids, the “carbon skeletons” of AA.

The -keto acids undergo oxidation to CO, and H,O or, often more
importantly, provide three- and four-carbon units that can be
converted by gluconeogenesis into glucose, the fuel for brain,
skeletal muscle, and other tissues
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Leucine

Acetoacetyl-CoA

l

Acetyl-CoA
A A

[soleucine
Leucine
Threonine

Tryptophan

Arginine
(Glutamine
Glutamate [ . .0 o

l Proline

[socitrate a-Ketoglutarate
J Citric \ [soleucine
Citrate acid Succinyl-CoA | €= %:S;ﬁ?ﬁge
- J, Valine

Succinate

Oxaloacetate ‘ ghl'?;ls}i(ﬂanine
v~ 'H y
“I™=}=| Malate

Alanine
Cysteine
Glycine
Serine
Threonine
Tryptophan

Asparagine
Aspartate

Glucose

[ ] Glucogenic
[T Ketogenic

FIGURE 18-15 Summary of amino acid
catabolism. Amino acids are grouped
according to their major degradative end
product. Some amino acids are listed more
than once because different parts of their
carbon skeletons are degraded to different
end products. The figure shows the most
important catabolic pathways in vertebrates,
but there are minor variations among
vertebrate species. Threonine, for instance, is
degraded via at least two different pathways
(see Figs 18-19, 18-27), and the importance
of a given pathway can vary with the
organism and its metabolic conditions. The
glucogenic and ketogenic amino acids are
also delineated in the figure, by color
shading. Notice that five of the amino acids
are both glucogenic and ketogenic. The
amino acids degraded to pyruvate are also
potentially ketogenic. Only two amino acids,
leucine and lysine, are exclusively ketogenic.



Ketogenic AA

* The seven AA that are degraded entirely or in part to acetoacetyl-CoA
and/or acetyl-CoA (phenylalanine, tyrosine, isoleucine, leucine, tryptophan,
threonine, and lysine) can yield ketone bodies in the liver, where
acetoacetyl-CoA is converted to acetoacetate and then to acetone and -
hydroxybutyrate .

* The ability of ketogenic AA to form ketone bodies is particularly evident in
uncontrolled diabetes mellitus, in which the liver produces large amounts of
ketone bodies from both FA and the ketogenic AA.

Glucogenic AA

* The AA that are degraded to pyruvate, - ketoglutarate, succinyl-CoA,
fumarate, and/or oxaloacetate can be converted to glucose and glycogen.

The division between ketogenic and glucogenic amino acids is not sharp

* Five AA—tryptophan, phenylalanine, tyrosine, threonine, and isoleucine—
are both ketogenic and glucogenic.

e Catabolism of AA is particularly critical to the survival of animals with high-
protein diets or during starvation. Leucine is an exclusively ketogenic amino
acid that is very common in proteins. Its degradation makes a substantial
contribution to ketosis under starvation conditions.
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Glucose is not only an excellent fuel,
it is also a remarkably versatile
precursor of metabolic intermediates
for biosynthetic reactions

It has 4 major fates. It may be

pathway to vyield ribose 5-
phosphate stored (as a
polysaccharide or as sucrose)

oxidized to a 3-C compound
(pyruvate) via glycolysis to
provide ATP and metabolic
intermediates

oxidized via the pentose
phosphate (phosphogluconate)
or nucleic acid synthesis (ribose-
5-phosphate) and NADPH for
reductive biosynthetic processes

converted to acetyl CoA and then
fat

Organisms that do not have access to
glucose from other sources must
make it. Non-photosynthetic cells
make glucose from simpler 3- and 4-
C precursors by the process of
gluconeogenesis.

Glycogen,
starch, sucrose

A

storage

Glucose

oxidation via
pentose phosphate oxidation via
pathway glycolysis

Ribose 5-phosphate Pyruvate

FIGURE 14-1 Major pathways of glucose utilization. Although not
the only possible fates for glucose, these three pathways are the most
significant in terms of the amount of glucose that flows through them
in most cells.
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Under aerobic conditions pyruvate is
oxidized to acetate, which enters the
citric acid cycle and is oxidized to CO, and
H,0, and NADH formed by the
dehydrogenation of glyceraldehyde 3-
phosphate is ultimately reoxidized to NAD
by passage of its electrons to O, in
mitochondrial respiration.

Under hypoxic conditions, as in very
active skeletal muscle, in submerged
plant tissues, or in lactic acid bacteria,
NADH generated by glycolysis cannot be
re-oxidized by O,.

Failure to regenerate NAD would leave
the cell with no electron acceptor for the
oxidation of glyceraldehyde 3-phosphate,
and the E-yielding reactions of glycolysis
would stop.

NAD must therefore be regenerated in
some other way.

When animal tissues cannot be supplied
with sufficient oxygen to support aerobic
oxidation of the pyruvate and NADH
produced in glycolysis, NAD is
regenerated from NADH by the reduction
of pyruvate to lactate

hypoxic or
anaerobic
conditions

2 Ethanol + 2C0,

Fermentation to ethang

in yeast

1

(Glucose

glycolysis

(10 successive

reactions)

2 Pyruvate

aerobic
conditions

200,

2 Acetyl-CoA

citric
acid
cycle

\

anaerobic
conditions

( 2 Lactate

Fermentation to
lactate in vigor-
ously contracting
muscle, in erythro-
cytes, in some
other cells, and

In some micro-

400, +4H,0 |

Animal, plant, and
many microbial cells

under aerobic conditions

Qrganisms

\

J

FIGURE 14-3 Three possible catabolic fates of the pyruvate formed
in glycolysis. Pyruvate also serves as a precursor in many anabolic re-

actions, not shown here.
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The lactate formed by active skeletal
muscles (or by erythrocytes) can be Glucose
recycled; it is carried in the blood to

. oy lycolysis
the liver, where it is converted to B e
glucose during the recovery from reactions)
strenuous muscular activity. 4 hypoxicor
. . anaerobic anaerobic
When_lgctate is pro_duced in large conditions 9 Pyruvate conditions
quantities during vigorous muscle / \
contraction (during a sprint, for aerobic
example), the acidification that 2 Ethanol + 2C0, conditions - 719 Lactate )
- o o o _
results from ionization of lactic §C|d 1] I ——————— + | Fermentation to
muscle and blood limits the period of \ i yeast lactate in vigor-
vigorous activity. 2 Acetyl-CoA | | ously contracting
muscle, 1n erytnro-
Fermentation is the general term for . cytes, in some
) CILr1C v
such processes which extract energy acid other cells, and
1n some micro-
(as ATP) but do not consume oxygen e\ organisms y
or change the concentrations of NAD
or NADH.
: : 400, + 41,0
Fermentations are carried out by a |
wide range of organisms, many of Animal, plant, and
. . . many microbial cells
which occupy anaerobic niches, and under aerobic conditions

they yield a variety of end products,
some of which find commercial uses FIGURE 14-3 Three possible catabolic fates of the pyruvate formed
(Etha nol is the Reduced Product in in glycolysis. Pyruvate also serves as a precursor in many anabolic re-
Ethanol Fermentation actions, not shown here.
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Blood Other
G LU CO N EOG E N ES I S gluf{c\ose Glycoproteins monosaccharides Sucﬁz‘ose
‘ Gly(iogen Disaccharides Sta&rch
* The important S—— e
precursors of glucose in Glucose 6-phosphate
animals are three-C
compounds such as J— ——
lactate, pyruvate, and
glycerol, as well as
certain AA. i
Phosphoenol- ™
pyruvate oy N\
* In mammals,

. 4 Citric ‘
gluconeogenesis takes A acia |
place mainly in the \"yde
liver, and to a lesser _ a

. Pyruvate Glucogenic Glycerol 3-Phospho-
extent in renal cortex. amino glycerate
“ acids T T
Lactate Triacyl- COy
glycerols fixation

FIGURE 14-15 Carbohydrate synthesis from simple precursors. The
pathway from phosphoenolpyruvate to glucose 6-phosphate is com-
mon to the biosynthetic conversion of many different precursors of
carbohydrates in animals and plants. Plants and photosynthetic bac-
teria are uniquely able to convert CO, to carbohydrates.
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Excess glucose is converted to polymeric forms for storage—glycogen in
vertebrates and many microorganisms, starch in plants.

In vertebrates, glycogen is found primarily in the liver and skeletal muscle; it
may represent up to 10% of the weight of liver and 1% to 2% of the weight of
muscle.

Glycogen is stored in muscle and liver as large particles. Contained within the
particles are the enzymes that metabolize glycogen, as well as regulatory
enzymes:

* Glycogenolysis: glycogen phosphorylase catalyzes phosphorolytic cleavage
at the non-reducing ends of glycogen chains, producing G-1-P.

* The debranching enzyme transfers branches onto main chains and releases
the residue at the (1n6) branch as free glucose.

* New glycogen particles begin with the autocatalytic formation of a
glycosidic bond between the glucose of UDP-glucose and a Tyr residue in
the protein glycogenin, followed by addition of several glucose residues to
form a primer that can be acted upon by glycogen synthase.

* A separate branching enzyme produces the (1n6) linkages at branch points.
SAPIENZA
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G-6-P has other catabolic fates,
than glycolytic breakdown, which
lead to specialized products needed
by the cell.

Of particular importance in some
tissues is the oxidation of G-6-P to
pentose phosphates by the pentose
phosphate pathway (also called the
phosphogluconate pathway or the
hexose monophosphate pathway)

In this oxidative pathway, NADP is
the electron acceptor, yielding
NADPH. Rapidly dividing cells, such
as those of bone marrow, skin, and
intestinal mucosa, use the
pentoses to make RNA, DNA, and
such coenzymes as ATP, NADH,
FADH2, and coenzyme A.
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Nonoxidative

phase

Oxidative
phase

transketolase,

transaldolase

| l
Glucose 6-phosphate

6-Phosphogluconate

Ribulose 5-phosphate

(" )

Ribose 5-phosphate

|

Nucleotides, coenzymes,

NADP™

COy : NADPH

DNA, RNA
\. J

2 GSH

glutathione

req | uctase
GSSG

Fatty acids,
sterols, ete.

reductive
biosynthesis

Precursors

FIGURE 14-20 General scheme of the pentose phosphate pathway.

NADPH formed in the oxidative phase is used to reduce glutathione,

GSSG (see Box 14-3) and to support reductive biosynthesis. The other

product of the oxidative phase is ribose 5-phosphate, which serves as

precursor for nucleotides, coenzymes, and nucleic acids. In cells that

are not using ribose 5-phosphate for biosynthesis, the nonoxidative

phase recycles six molecules of the pentose into five molecules of the

hexose glucose 6-phosphate, allowing continued production of

NADPH and converting glucose 6-phosphate (in six cycles) to CO,.



* In other tissues (erythrocytes and the Nonoxidative  Oxidative
cells of the lens and cornea) the phase phase
essential product of the pentose | i;chose 6_phosph;te
phosphate pathway is not the
pentoses but the electron donor
NADPH, needed for reductive o
biosynthesis or to counter the transaldolase  6-Phosphogluconate

. : NADP*

damaging effects of oxygen radicals (
(by maintaining a high ratio of NADPH COz NADPH
Ribulose 5-phosphate

to NADP and a high ratio of reduced to
oxidized glutathione).

2GSH1

glutathione

reductase
GSSG

atty acids;
sterols, ete.

reductive
biosynthesis

Precursors

J

Ribose 5-phosphate
* Tissues that carry out extensive FA l
synthesis (liver, adipose, lactating Nucleotides, coenzymes,
mammary gland) or very active DNA, RNA
Synthesis of cholesterol and steroid FIGURE 14-20 General scheme of the pentose phosphate pathway.

NADPH formed in the oxidative phase is used to reduce glutathione,

hormones (Iiver; adrenal gland; GSSG (see Box 14-3) and to support reductive biosynthesis. The other
gonads) require the NADPH product of the oxidative phase is ribose 5-phosphate, which serves as

. precursor for nucleotides, coenzymes, and nucleic acids. In cells that
prOV|dEd by the pathway are not using ribose 5-phosphate for biosynthesis, the nonoxidative

phase recycles six molecules of the pentose into five molecules of the
hexose glucose 6-phosphate, allowing continued production of
SAP]ENZA NADPH and converting glucose 6-phosphate (in six cycles) to CO,.
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Metabolic Fate of Fatty Acids

Fatty acids are
e oxidized to acetyl CoA for energy production in the form of NADH

e converted to ketone bodies

e used for the biosynthesis of bioactive molecules such as
arachidonic acid and eicosanoids, cholesterol, steroids and steroid
hormones

e stored away as triglycerides in adipose tissue.

Vertebrates obtain fats in the diet, and, in the liver, convert excess
dietary CHO to fats for export to other tissues.
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Dietary Dietary When the mobilization of FA is
carbohydrates proteins .
required to meet E needs,
l l release from adipose tissue is

stimulated by the hormones
Glucose Amino acids

RK_J glucagon and epinephrine.

o Simultaneously, these hormonal
insulin ————-— %@ .
i signals decrease the rate of
| Acetyl-CoA—> —> —> Ketone bodies glycolysis and increase the rate
o e, \Acetoacetate, of gluconeogenesis in the liver
————— > @ D-B-hydroxybutyrate, . qe .
acetone) (providing glucose for the brain).

Fatty acids

The released FA is taken up by a
number of tissues, including
Triacylglycerols muscle, where it is oxidized to
provide E.

FIGURE 21-19 Regulation of triacylglycerol synthesis by in-

sulin. Insulin stimulates conversion of dietary carbohydrates

and proteins to fat. Individuals with diabetes mellitus lack insulin; in Much of the FA taken up by liver
uncontrolled disease, this results in diminished fatty acid synthesis, is not oxidized but is recycled to
triacylglycerol and returned to
adipose tissue.

and the acetyl-CoA arising from catabolism of carbohydrates and pro-
teins is shunted instead to ketone body production. People in severe
ketosis smell of acetone, so the condition is sometimes mistaken for

drunkenness (p. 909). .
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Mobilization of triacylglycerols stored in adipose
tissue.

When low levels of glucose in the blood trigger
the release of glucagon,

1 the hormone binds its receptor in the adipocyte

membrane and thus

2 stimulates adenylyl cyclase, via a G protein, to
produce cAMP. This activates PKA, which
phosphorylates

3 the hormone-sensitive lipase and

4 phosphorylation of perilipin molecules on the
surface of the lipid droplet permits hormone-
sensitive lipase access to the surface of the lipid
droplet, where

5 it hydrolyzes triacylglycerols to FFA.

6 FA leave the adipocyte, bind serum albumin in
the blood, and are carried in the blood; they are
released from the albumin and

7 enter a myocyte via a specific FA transporter.

8 In the myocyte, FA are oxidized to CO,, and the
E of oxidation is conserved in ATP, which fuels
muscle contraction and other energy requiring
metabolism in the myocyte
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FIGURE 17-3 Mobilization of triacylglycerols stored in adipose tis-
sue. When low levels of glucose in the blood trigger the release of
glucagon, 'i'_l)- the hormone binds its receptor in the adipocyte mem-
brane and thus 'f_é_} stimulates adenylyl cyclase, via a G protein, to
produce cAMP. This activates PKA, which phosphorylates @ the
hormone-sensitive lipase and @ perilipin molecules on the surface
of the lipid droplet. Phosphorylation of perilipin permits hormone-
sensitive lipase access to the surface of the lipid droplet, where (éj it
hydrolyzes triacylglycerols to free fatty acids. i@i Fatty acids leave the
adipocyte, bind serum albumin in the blood, and are carried in the
blood; they are released from the albumin and (7?' enter a myocyte
via a specific fatty acid transporter. Cé) In the myocyte, fatty acids are
oxidized to CO5, and the energy of oxidation is conserved in ATP,
which fuels muscle contraction and other energy requiring metabo-
lism in the myocyte.



(Juter mitochondrial
membrane

\

[nner mitochondrial

membrane

J

Cytosol Intermembrane Matrix
space
Carnitine
] acyltransferase 1
i /0 h O
\ R-C, e’
G(o\ - Camitine \
\ 0 \/Camitine SoA
/
) Carnitine R C// CoA-SH
+ (oA-SH \ Carnitine
Carnitine Transporter
acyltransferase |

FIGURE 17-6 Fatty acid entry into mitochondria via the acyl-carnitine/
carnitine transporter. After fatty acyl-camitin is formed at the outer
membrane o in the intermembrane space, it moves into the matrix
by facilitated diffusion through the transporter in the inner membrane.
In the matrix, the acyl group is transfarred to mitochondrial coanzyme
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A, freeing carnitine to return to the intermembrane space through the
same transporter. Acyltransferase | is inhibited by malonyl-CoA, the
first intermediate in fatty acid synthesis (see Fig. 21-1). This inhibition
prevents the simultaneous synthesis and degradation of fatty acids.

The FA with chain
lengths of <12 C
enter
mitochondria
without the help
of membrane
transporters.

Those with = 14
C, which
constitute the
majority of the
FFA obtained in
the diet or
released from
adipose tissue,
cannot pass
directly through
the mitochondrial
membranes—
they must first
undergo the
three enzymatic
reactions of the
carnitine shuttle.



FIGURE 17-8 The B-oxidation pathway. (a) In each pass through this
four-step sequence, one acetyl residue (shaded in pink) is removed in
the form of acetyl-CoA from the carboxyl end of the fatty acyl chain—
in this example palmitate (C,¢), which enters as palmitoyl-CoA. (b) Six
more passes through the pathway yield seven more molecules of
acetyl-CoA, the seventh arising from the last two carbon atoms of the
16-carbon chain. Eight molecules of acetyl-CoA are formed in all.
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Fatty Acid Oxidation is Tightly Regulated

e Oxidation of FA consumes a precious fuel, and it is
regulated so as to occur only when the need for E requires
it. In the liver, fatty acyl-CoA formed in the cytosol has two
major pathways open to it:

(1) Oxidation by enzymes in mitochondria or

(2) Conversion into triacylglycerols and phospholipids by
enzymes in the cytosol.

 The pathway taken depends on the rate of transfer of long-
chain fatty acyl-CoA into mitochondria.

* The three-step process (carnitine shuttle) by which fatty
acyl groups are carried from cytosolic fatty acyl—-CoA into
the mitochondrial matrix is rate-limiting for FA oxidation
and is an important point of regulation.

* Once fatty acyl groups have entered the mitochondrion,
they are committed to oxidation to acetyl-CoA.
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The oxidation of long-chain FA to acetyl-CoA is a central
energy-yielding pathway in many organisms and tissues.

In mammalian heart and liver, for example, it provides as
much as 80% of the energetic needs under all physiological
circumstances.

In particular, triacylglycerols provide more than half the E
requirements of some organs, particularly the liver, heart,
and resting skeletal muscle

The electrons removed from fatty acids during oxidation
pass through the respiratory chain, driving ATP synthesis.

The acetyl-CoA produced from the FA may be completely
oxidized to CO, in the citric acid cycle, resulting in further E
conservation.

In some species and in some tissues, the acetyl-CoA has

alternative fates: in liver, acetyl-CoA may be converted to
ketone bodies— water-soluble fuels exported to the brain
and other tissues when glucose is not available.
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The total energy of the universe
is constant; the total entropy is
continually increasing.

Rudolf Clausius,

The Mechanical Theory of Heat
with Its Applications to the
Steam-Engine and to the Physical
Properties of Bodies, 1865




Living cells constantly perform work.

* They require E for maintaining their
highly organized structures,
synthesizing cellular components,

generating electric currents, and
many other processes.

The first law of thermodynamics is the
principle of the conservation of energy:

* for any physical or chemical change,
the total amount of energy in the
universe remains constant;

* energy may change form or it may

For example, the chemical (potential) energy
be transportedfrom one region to in food will be converted to the kinetic

energy of the cheetah’s movement

another, but it cannot be created or
destroyed.
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The second law of thermodynamics, which can be stated in several forms, says

that the universe always tends toward increasing disorder:

* Heat can never pass from a colder to a warmer body without some other
change, connected therewith, occurring at the same time (Clausius
statement, 1850).

(passage of heat, as is usual in thermodynamic discussions, means «net transfer of
energy as heat». Heat cannot spontaneously flow from cold regions to hot regions
without external work being performed on the system)

* Inall natural processes, the entropy of the universe increases.

* Energy transformations proceed spontaneously to convert matter from a
more ordered, less stable form, to a less ordered, more stable form.

* Spontaneous changes that do not require outside energy increase the
entropy, or disorder, of the universe

* For a process to occur without energy input, it must increase the entropy of
the universe

Living organisms preserve their internal order by taking from the surroundings

free energy in the form of nutrients or sunlight, and returning to their
surroundings an equal amount of energy as heat and entropy.
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Second Law of Thermodynamics
During each conversion, some of the energy dissipates into the environment

as heat.

During every energy transfer or transformation, some energy is unusable,

often lost as heat.
Heat is defined as the measure of the random motion of molecules.
Living cells unavoidably convert organized forms of energy to heat.

Every energy transfer or transformation increases the entropy of the universe.

For example, disorder is added to the cheetah’ssurroundings in the form of heat and the small
molecules that are the by-products of metabolism.
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Catabolism is the degradative phase
of metabolism in which organic
nutrient molecules (CHO, fats, and
proteins) are converted into smaller,
simpler end products (such as lactic
acid, CO,, NH,).

Catabolic pathways release E, some of
which is conserved in the formation of

ATP and reduced electron carriers
(NADH, NADPH, and FADH,); the rest
is lost as heat.

In anabolism, also called biosynthesis,
small, simple precursors are built up
into larger and more complex
molecules, including lipids,
polysaccharides, proteins, and nucleic
acids.

Anabolic reactions require an input of
E, generally in the form of the

phosphoryl group transfer potential of

ATP and the reducing power of NADH,
NADPH, and FADH,.
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Energy-
containing
nutrients

Carbohydrates
Fats

Proteins
ADP + HPOZ
NAD*
NADP*
FAD ' > |
ATP Catabolism
NADH
NADPH
FADH,
Chemical
energy . y
Energy-
depleted
end products
CO,
H,0
NH,

FIGURE 3 Energy relationships between catabolic and anabolic
pathways. Catabolic pathways deliver chemical energy in the form
of ATP, NADH, NADPH, and FADH,. These energy carriers are used
in anabolic pathways to convert small precursor molecules into cell
macromolecules.



ATP is the chemical link
between catabolism and
anabolism.

It is the E currency of the
living cell.

The exergonic conversion
of ATP to ADP and Pi, or to
AMP and PPi, is coupled to
many endergonic
reactions and processes.

Direct hydrolysis of ATP is
the source of E that
produces muscle
contraction and anabolic
reactions, including the
synthesis of informational
molecules, and for the
transport of molecules and
ions across membranes
against concentration
gradients and electrical
potential gradients.

(a) ATP consists of three phosphate groups, ribose, and adenine.

0 0 0

I Ll B
o-—r’>—o—|‘>—o—l’>—o—cn2

0 0 O H H Adenine
Phosphate groups H H

OH OH

Ribose

Copyright © 2008 Pearson Benjamin Cummings. All rights reserved.

A Few Types of Coenzymes and Proteins Serve
as Universal Electron Carriers

NAD, NADP, FMN, and FAD are water-soluble
coenzymes that undergo reversible oxidation
and reduction in many of the electron transfer
reactions of metabolism.
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Cellular respiration occurs in three
major stages

1.

organic fuel molecules (glucose,
FA, and some AA) are oxidized to
yield 2C fragments in the form of
the acetyl group of acetyl-
coenzyme A (acetyl-CoA)

the acetyl groups are fed into
the citric acid cycle, which
enzymatically oxidizes them to
CO,; the E released is conserved
in the reduced electron carriers
NADH and FADH,.

these reduced coenzymes are
themselves oxidized, giving up
protons and electrons. The
electrons are transferred to O,—
the final electron acceptor—via
a chain of electron-carrying
molecules known as the
respiratory chain. In the course
of electron transfer, the large
amount of E released is
conserved in the form of ATP, by
a process called oxidative
phosphorylation

Stage 1

Amino Fatty Acetyl-CoA
acids acids Glucose production
//, Glycolysis
///
rd
E-—_ Pyruvate
/ pyruvate
o e— comples
v
e d Acetyl-CoA
Stage 2
Acetyl-CoA
oxidation
H ate
Oxaloacetate
— € - Citric
_,-'/ acid cycle
."'/_-f (=4 ““'\-\\
g e« "
yd ¥ v Cco,
C]Oz ell
II\ f,"ll
LY .._\ .
—»* NADH, _—
FADH,
(reduced e— carriers) Stage 3

Electron transfer

and oxidative

e prhosphorylation
- oH' + %02
Respiratory
(electron-transfer)
chain H,O
ADP + P; ATP
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The citric acid
cycle (Krebs cycle,
TCA cycle) isa
nearly universal
central catabolic
pathway in which
compounds
derived from the
breakdown of
CHO, fats, and
proteins are
oxidized to CO,,
with most of the E
of oxidation
temporarily held in
the electron
carriers FADH, and
NADH. During
aerobic
metabolism, these
electrons are
transferred to O,
and the E of
electron flow is
trapped as ATP.
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FIGURE 16-7 Reactions of the citric acid cycle. The carbon atoms
shaded in pink are those derived from the acetate of acetyl-CoA in
the first turn of the cycle; these are not the carbons released as CO,
in the first turn. Note that in succinate and fumarate, the two-carbon
group derived from acetate can no longer be specifically denoted;
because succinate and fumarate are symmetric molecules, C-1 and
C-2 are indistinguishable from C-4 and C-3. The number beside each

@

Oxidative
decarboxylation

reaction step corresponds to a numbered heading on pages 608-612.
The red arrows show where energy is conserved by electron transfer
to FAD or NAD™, forming FADH, or NADH + H*. Steps (1), (@),
and @ are essentially irreversible in the cell; all other steps are re-
versible. The product of step @ may be either ATP or GTP, depend-
ing on which succinyl-CoA synthetase isozyme is the catalyst.



The overall rate of the citric acid cycle is Pyruvate

. ATP, acetyl-CoA,
controlled by the rate of conversion of e ruvate NADH, fatty acids
pyruvate to acetyl-CoA, by the concentrations ~ complex | (@) AMP, CoA, NAD*, CaZ*
of substrates and products (end products ATP v
and NADH are inhibitory), by metabolites that Acetyl-CoA
signal a sufficiency of met:?\bollc E (ATP, acetyl- ®N ADH. suceinyl-CoA. citrate, ATP
CoA, NADH, and FA) and stimulated by

metabolites that indicate a reduced E supply
(AMP, NAD, CoA).

citrate
synthase

FIGURE 16-18 Regulation of metabolite flow . .1 .80 iat0 Citric

from the PDH complex through the citric acid

acid cycle. The PDH complex is allosterically / \ cycle . ;Socitmw
denydrogenase

inhibited when [ATP]/[ADP], [NADH]/[NAD"], malate T

and [acetyl-CoA]/[CoA] ratios are high, | dehydrogenase

indicating an energy-sufficient metabolic state.  pra1ate T \

When these ratios decrease, allosteric activation ~ a-Ketoglutarate

of pyruvate oxidation results. The rate of flow FADH a-ketoglutarate ® succinyl-CoA, NADH
through the citric acid cycle can be limited by f dehéﬁa‘ﬁi;a“ @) ca?+

the availability of the citrate synthase substrates,

succinate

N
oxaloacetate and acetyl-CoA, or of NAD ™, dehydrogenase Succinyl-CoA

which is depleted by its conversion to NADH,
slowing the three NAD-dependent oxidation
steps. Feedback inhibition by succinyl-CoA,
citrate, and ATP also slows the cycle by
inhibiting early steps. In muscle tissue, Ca*™ GTP
signals contraction and, as shown here, (ATP)
stimulates energy-yielding metabolism to

replace the ATP consumed by contraction.

SAPIENZA

UNIVERSITA DI ROMA




W/  UNIVERSITA DI ROMA

B SAPIENZA

rpyr]

pyruvate
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FIGURE 16-15 Role of the citric acid cycle in anabolism.
Intermediates of the citric acid cycle are drawn off as
precursors in many biosynthetic pathways. Shown in red
are four anaplerotic reactions that replenish depleted cycle
intermediates (see Table 16-2).

* The role citric acid cycle is not limited to E conservation.

* 4-and 5-Cintermediates of the cycle serve as precursors for
a wide variety of products.
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Carbohydrates
(Digestion)
Glucose
Fats
(Digestion) 6-carbon Protein
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3-carbon ¢—) 3-carbon Amino acids
(glycerol) Glyceraldehyde-3-phosphate
Fatty NHg «——
acids 3
3-carbon Keto acids
(pyruvic acid)
CO-
2-carbon
2-carbon M
fragments (acetyl)

Krebs

cycle \
COs

FIGURE 6.11 The Interconversion of Fats, Carbohydrates,
and Proteins

Cells do not necessarily use all food as energy. One type of food can
be changed into another type to be used as raw materials for the
construction of needed molecules or for storage. Nortice that many
of the reaction arrows have two heads (i.e., these reactions can go
in either direction). For example, glycerol can be converted into
glyceraldehyde-3-phosphate and glyceraldehyde-3-phosphate can
become glycerol.



Liver glycogen

A e Glucose 6-phosphate is at the crossroads of CHO
@ metabolism in the liver.
® It may take any of several major metabolic routes,
Glucose 6- === Blood =====trp .
phosphate glucose depending on the current
metabolic needs of the organism.
s N> AR
glycolysis pat “55 (1) G-6-P is dephosphorylated by glucose 6-
SO, Nucleotides phosphatase to yle.ld free glucose which is
phospholipids v , exported to replenish blood glucose
Pyruvate Ribose 5- . .
. phosphate (2) G-6-P not immediately needed to form blood
acids Chalesterol glucose is converted to liver glycogen, or it has
t E A M one of several other fates. Following G-6-P
cetyl-CoA ) )
breakdown by glycolysis and decarboxylation of
® the pyruvate
5 ADP + P, (ATP (3) the acetyl-CoA so formed can be oxidized for E
/:d ) production by the citric acid cycle
eyele : (4) Acetyl- CoA can also serve as the precursor of
03  H0 FA which are incorporated into TAGs and
B shomsheiation phospholipids, and cholesterol.

Much of the lipid synthesized in the liver is
FIGURE 23-13 Metabolic pathways for glucose 6-phosphate in the tra nSpOrted to other tissues by blood ”pOprOteinS
liver. Here and in Figures 23-14 and 23-15, anabolic pathways are (5) Flna”y G-6-P can enter the pentose
I

shown leading upward, catabholic pathways leading downward, and

distribution to other organs horizontally. The numbered processes in phosphate pathway

each figure are described in the text.
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FIGURE 23-14 Metabolism of amino acids in the liver,

1 AA are precursors for protein synthesis. The
liver constantly renews its own proteins, which
have a relatively high turnover rate, and is also the
site of biosynthesis of most plasma proteins.

2 Alternatively, AA pass in the bloodstream to
other organs, to be used in the synthesis of tissue
proteins.

3 Other AA are precursors in the biosynthesis of
nucleotides, hormones, and other nitrogenous
compounds in the liver and other tissues.

4a AA not needed as biosynthetic precursors are
transaminated or deaminated and degraded to
yield pyruvate and citric acid cycle intermediates,
with various fates

4b The ammonia released is converted to

the excretory product urea

5 Pyruvate can be converted to glucose and
glycogen via gluconeogenesis or

6 it can be converted to acetyl-CoA, which has
several possible fates

7 It can be oxidized via the citric acid cycle and

8 oxidative phosphorylation to produce ATP,

9 converted to lipids for storage

10 Citric acid cycle intermediates can be siphoned
off into glucose synthesis by gluconeogenesis.
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1 Some FA are converted to liver lipids

2 Under most circumstances, FA are the
primary oxidative fuel in the liver. FFA may be
activated and oxidized to yield acetyl-CoA and
NADH

3 and 4 The acetyl-CoA is further oxidized via
the citric acid cycle, and the oxidations in the
cycle drive the synthesis of ATP by oxidative
phosphorylation.

5 Excess acetyl- CoA released by oxidation of
FA and not required by the liver is converted
to the ketone bodies, acetoacetate and —
hydroxybutyrate.

6 Some of the acetyl-CoA derived from FA (and
from glucose) is used for the biosynthesis of
cholesterol, which is required for membrane
synthesis.

7 FA are converted to the phospholipids and
TAGs of plasma lipoproteins, which carry
lipids to adipose tissue for storage as TAGs.

8 Some FFA become bound to serum albumin
and are carried to the heart and skeletal
muscles, which absorb and oxidize FFA as a
major fuel.
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FIGURE 23-15 Metabolism of fatty acids in the liver.



Bursts of Skeletal muscle can use FA, ketone bodies, or
h tivit .
—— glucose as fuel, depending on the degree of

Muscle glycogen o
. muscular activity.
Light activity actate
or rest
Fatty acids, COy In resting muscle, the primary fuels are FA
ketone bodies, : : . .
blood glucose Phosphocreatine from. adipose tissue and ketone bodies from
Bursts of the liver.
h tivit s .
cavy acivity These are oxidized and degraded to yield
Freatine tyl-CoA, which enters the citric acid
ADP + P, - acetyl-Co )W !c enters the citric aci
cycle for oxidation to CO,.
The ensuing transfer of electrons to O,
provides the E for ATP synthesis by
Muscle idati h h lati
contraction oxidative phosphorylation.

FIGURE 23-17 Energy sources for muscle contraction. Different fu-
els are used for ATP synthesis during bursts of heavy activity and dur- Moderately active muscle uses blood glucose

ing light activity or rest. Phosphocreatine can rapidly supply ATP. in addition to FA and ketone bodies.
The glucose is phosphorylated, then degraded
by glycolysis to pyruvate, which is converted
to acetyl- CoA and oxidized via the citric acid
cycle and oxidative phosphorylation.
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Bursts of The relatively small amount of glycogen in
heavy actmty skeletal muscle (about 1% of its total weight)

Muscle glycogen o .
Loctat limits the amount of glycolytic energy
. . actate . . .
Light activity available during all-out exertion.
Fatty acids, COz Moreover, the accumulation of lactate and
Sl Phosphocreatine] consequent decrease in pH in maximally active
Bursts of muscles reduces their efficiency.
heavy activity
Creatine Skeletal le h tai th
ADP + P, o eletal musc (.a, owever, contains ano er.
source of ATP, in the form of phosphocreatine
which can rapidly regenerate ATP from ADP by
the creatine kinase reaction
Muscle
contraction

FIGURE 23-17 Energy sources for muscle contraction. Different fu- Dy ring periods of active contraction and
fels a!’e useci‘Tc?r ATP synthesis during b‘ursts of hea.vy activity and dur- glycolysis, this reaction proceeds
ing light activity or rest. Phosphocreatine can rapidly supply ATP. . . ] .
predominantly in the direction of
ATP synthesis
During recovery from exertion, the same
enzyme resynthesizes phosphocreatine
from creatine at the expense of ATP.
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. . Muscle: ATP produced by
After a period of intense muscular glycolysis for rapid contraction.

activity, the individual continues
breathing heavily for some time, Lactate-7-—ely<::>gen
using much of the extra O, for ATP

oxidative phosphorylation

in the liver. ¥
Blood Blood
lactate glucose

The ATP produced is used for
gluconeogenesis from lactate that

has been carried in the blood Lacl;te7—.elucose
from the muscles. A

Liver: ATP used in synthesis

The glucose thus formed returns to of Elu NP oncogenesis)
g recovery.

the muscles to replenish their

glycogen, completing the Cori cycle.

FIGURE 23-18 Metabolic cooperation between skeletal muscle and
the liver. Extremely active muscles use glycogen as energy source,
generating lactate via glycolysis. During recovery, some of this lactate
is transported to the liver and converted to glucose via gluconeogen-
esis. This glucose is released to the blood and returned to the muscles
SAPIENZA to replenish their glycogen stores. The overall pathway (glucose —

UNIVERSITA DI ROMA lactate — glucose) constitutes the Cori cycle.
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FIGURE 23-26 The well-fed state: the lipogenic liver. Immediately
after a calorie-rich meal, glucose, fatty acids, and amino acids enter
the liver. Insulin released in response to the high blood glucose
concentration stimulates glucose uptake by the tissues. Some glucose
is exported to the brain for its energetic needs, and some to fat and
muscle tissue. In the liver, excess glucose is oxidized to acetyl-CoA,
which is used to synthesize fatty acids for export as triacylglycerols in

VLDLs to fat and muscle tissue. The NADPH necessary for lipid
synthesis is obtained by oxidation of glucose in the pentose phosphate
pathway. Excess amino acids are converted to pyruvate and acetyl-
CoA, which are also used for lipid synthesis. Dietary fats move via the
lymphatic system, as chylomicrons, from the intestine to muscle and
fat tissues.
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FIGURE 23-27 The fasting state: the gluco-
genic liver. After some hours without a meal,
the liver becomes the principal source of
glucose for the brain. Liver glycogen is
broken down, and the glucose 1-phosphate
produced is converted to glucose 6-phos-
phate, then to free glucose, which is
released into the bloodstream. Amino acids
from the degradation of proteins and
glycerol from the breakdown of TAGs in
adipose tissue are used for gluconeogenesis.
The liver uses fatty acids as its principal fuel,
and excess acetyl-CoA is converted to
ketone bodies for export to other tissues for
fuel; the brain is especially dependent on
this fuel when glucose is in short supply.



In the liver,

1.

To provide glucose for the brain, the liver

O

Urea is

®

Glucose is

Fatty acids
(imported from

Ketone hodies are
exported via the

degrades certain proteins. Thee non-
essentials AA are transaminated or
deaminated

2. The extra amino groups are converted to
urea

3. The carbon skeletons of glucogenic AA are
converted to pyruvate or intermediates of
the citric acid cycle

4, These intermediates, as well as the glycerol
derived from triacylglycerols in adipose
tissue, provide the starting materials for
gluconeogenesis in the liver, yielding
glucose for the brain.

5. FA are oxidized as fuel producing Acetil-CoA

6. Eventually the use of citric acid cycle
intermediates for gluconeogenesis depletes
oxaloacetate, inhibiting entry of acetyl-CoA
into the citric acid cycle. Acetyl-CoA
produced by FA oxidation now accumulates,
favoring

7. The formation of acetoacetyl-CoA and
ketone bodies in the liver.

8. After a few days of fasting, the levels of
ketone bodies in the blood rise as these
fuels are exported from the liver to the
heart, skeletal muscle, and brain, which use
them instead of glucose
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and excreted bloodstream.

in urine.

bloodstream
to the brain, which
uses them as fuel.

adipose tissue)
are oxidized as fuel,
producing acetyl-CoA.
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FIGURE 23-28 Fuel metabolism in the liver during prolonged fast-
ing or in uncontrolled diabetes mellitus. After depletion of stored car-
bohydrates, (1) to (4) proteins become an important source of glu-
cose, produced from glucogenic amino acids by gluconeogenesis. (5}

to (8) Fatty acids imported from adipose tissue are converted to ke-
tone bodies for export to the brain. Broken arrows represent reactions
with reduced flux under these conditions. The steps are further de-
scribed in the text.
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FIGURE 23-29 Concentrations of fatty acids, glucose, and ketone
bodies in the plasma during the first week of starvation. Despite the
hormonal mechanisms for maintaining the level of glucose in the
blood, it begins to diminish after two days of fasting. The level of ke-
tone bodies, almost immeasurable before the fast, rises dramatically
after 2 to 4 days of fasting. These water-soluble ketones, acetoacetate
and B-hydroxybutyrate, supplement glucose as an energy source dur-
ing a long fast. Fatty acids cannot serve as a fuel for the brain; they
do not cross the blood-brain barrier.
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An example of regulation of food
intake

Leptin carries the message that fat
reserves are sufficient, and it promotes
a reduction in fuel

intake and increased expenditure of E.

Leptin receptor interaction in the
hypothalamus alters the release

of neuronal signals to the region of the
brain that affects appetite.

Leptin also stimulates the sympathetic
nervous system, increasing blood
pressure, heart rate, and
thermogenesis by uncoupling electron
transfer from ATP synthesis in the
mitochondria of adipocytes
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FIGURE 23-32 Hypothalamic regulation of food intake and energy
expenditure. (a) Anatomy of the hypothalamus. (b) Interactions be-

Qeen the hypothalamus and an adipocyte, described later iny




The orexigenic
neurons stimulate
eating by producing
and releasing
neuropeptide Y
(NPY).

The blood level of
NPY rises during
starvation

The anorexigenic
neurons

in the arcuate
nucleus produce -
melanocyte-
stimulating
hormone (-MSH),
formed from its
polypeptide
precursor

pro-
opiomelanocortin
(POMC)

Arcuate
nucleus
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FIGURE 23-33 Hormones that control eating. In the arcuate nucleus,
two sets of neurosecretory cells receive hormonal input and relay neu-
ronal signals to the cells of muscle, adipose tissue, and liver. Leptin
and insulin are released from adipose tissue and pancreas, respec-
tively, in proportion to the mass of body fat. The two hormones act on
anorexigenic neurosecretory cells (red) to trigger release of a-MSH;
this produces neuronal signals to eat less and metabolize more fuel.
Leptin and insulin also act on orexigenic neurosecretory cells (green)
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to inhibit the release of NPY, reducing the “eat” signal sent to the tis-
sues. As described later in the text, the gastric hormone ghrelin stim-
ulates appetite by activating the NPY-expressing cells; PYY5 35, re-
leased from the colon, inhibits these neurons and thereby decreases
appetite. Each of the two types of neurosecretory cells inhibits hor-
mone production by the other, so any stimulus that activates orexi-
genic cells inactivates anorexigenic cells, and vice versa. This strength-
ens the effect of stimulatory inputs.
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FIGURE 23-39 Wwariations in ghrelin and insulin relative to meal

times. (a)

Plasma levels of ghrelin rise sharply just before the normal

time for meals (¥ a.m. breakfast, 12 noon lunch, 5:30 p.m. dinner)

and drop precipitously just after meals, paralleling the subjective feel-

ings of hunger. (b) Insulin levels rise immediately after each meal, in
response to the increase in blood glucose concentration.



Control of Food Intake in Aging

L.M. Donini

Sapienza University of Rome, Rome, Italy
Food tor tr
Aging Population

Environmental determinants

* Food palatability

* Psychological factors ‘ A ,

. . . Edlted. by Monique M. Raats, Lisette C.P.G.M.de Groot,
= Cultural, economic, social, and structural determinants RN

Second Edition

CNS control

= Stimulatory effect:
opioid feeding drive (dinorphin
beta-endorphins, enkefalins),
NPY, ghrelin, orexins, galanin,
noradrenaline

» Inhibitory effect:
CRF, serotonin, CCK,
CART, insulin

Peripheral control

= Stimulatory effect: DIT, body temperature, glycaemia
hormones (insulin, ghrelin)

= Inhibitory effect: gastric distension, hormones
(GLP-1, CCK, leptin)

FIGURE 2.1 CNS, peripheral, and environmental control on food intake.
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Control of Food Intake in Aging

L.M. Donini

Sapienza University of Rome, Rome, Italy

latrogenic conditions Second Edition

» Hospitalization or institutionalization
« Side effects of drugs affecting appetite, taste and smell, nutrient absorption or depletion, and/or metabolism Edied by Monique M. Raats,Lisetce C..G. M.de Groor,

and Dieneke van Asselt

Physiological anorexia

» CNS control:
UNPY, U galanin, I ghrelin

* Peripheral feed back signals:

Environmental
determinants

» Social factors
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FIGURE 2.2 Anorexia of aging.
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Regulatory Mechanisms Evolved under Strong Selective Pressures

* Inthe course of evolution, organisms have acquired a remarkable
collection of regulatory mechanisms for maintaining homeostasis at the
molecular, cellular, and organismal level.

 The importance of metabolic regulation to an organism is reflected in the
relative proportion of genes that encode regulatory machinery—in
humans, about 4,000 genes (~12% of all genes) encode regulatory
proteins, including a variety of receptors, regulators of gene expression,
and about 500 different protein kinases!

* These regulatory mechanisms act over different time scales (from seconds
to days) and have different sensitivities to external changes.

* In many cases, the mechanisms overlap: one enzyme is subject to
regulation by several different mechanisms.

* After the protection of its DNA from damage, perhaps nothing is more
important to a cell than maintaining a constant supply and concentration
of ATP.

* The same is true for other important cofactors, such as NADH/NAD and
NADPH/NADP. In addition hundreds of metabolic intermediates also must
be present at appropriate concentrations in the cell.

* For example, the glycolytic intermediates dihydroxyacetone phosphate
and 3-phosphoglycerate are precursors of triacylglycerols and serine,
respectively. When these products are needed, the rate of glycolysis must
be adjusted to provide them without reducing the glycolytic production of

ATP A SAPIENZA
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Metabolic pathways are regulated at several levels, from within the
cell and from outside:

 amount of each nutrient (protein, carbohydrate, fat and alcohol)
being consumed

* availability of substrate: when the intracellular concentration of an
enzyme’s substrate is near or below Km (as is commonly the case),
the rate of the reaction depends strongly upon substrate
concentration.

 metabolic intermediate or coenzyme (e.g. an AA or ATP) that
signals the cell’s internal metabolic state.

e growth factors and hormones that act from outside the cell (GH,
cortisol, insulin, glucagon, thyroid hormones, catecholamines,

* bodily stores of each nutrient including fat stores and muscle/liver
glycogen

* Jlevels of regulatory enzymes for glucose and fat breakdown
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glucose
1 Insulin GLUT2
 Insulin-sensitive tPKB Synthesis of
protein kinase hexokinase II,
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t

Low blood glucose

Regulation may be related to
blood concentration of a
metabolite

Between meals, or during an
extended fast, the drop in
blood glucose triggers the
release of glucagon, which,
activates PKA.

PKA mediates all the effects of
glucagon.

Under these conditions liver
produces G6P by glycogen
breakdown and by
gluconeogenesis, and it stops
using glucose to fuel glycolysis
or make glycogen, maximizing
the amount of glucose it can
release to the blood.

This release of glucose is
possible only in liver, because
other tissues lack glucose 6-
phosphatase
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Endocrine Regulation of Metabolism

The three main endocrine signals that regulate metabolism are
epinephrine, glucagon and insulin.

Epinephrine is responsible for the mobilization of glucose
(glycogenolysis) and an inhibition of enzyme activities of fuel
storage pathways.

Glucagon also increases breakdown of glycogen, but in addition, it
promotes gluconeogenesis in the liver.

Insulin opposes the functions of both glucagon and epinephrine. It
stimulates the uptake of glucose from the blood, stimulates
glycogen and FA biosynthesis and inhibits FA oxidation
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Brain

The brain accounts for 20 % of the E requirements of the
body, mostly to maintain membrane potential required for
transmission of nerve impulses.

Normally, glucose is the sole preferred fuel of the brain.

The brain’s consumption of glucose and oxygen are
constant regardless of resting/ sleeping or active/ waking
state.

The brain cannot store glycogen, it must receive a constant
supply of glucose through the blood.

Brain cells have a glucose transporter, GLUT3, with a low
Km for glucose (Km is an indicator of the affinity of the transporter
protein for glucose molecules; a low Km value suggests a high affinity)

In the event of starvation or disease, the brain cells adapt
quickly and utilize ketone bodies that are made in the liver
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Skeletal muscle

Muscle fuel needs are dependent on activity level.

Muscle can store glycogen. If glucose is not available, glycogen stores are
hydrolyzed by the active muscle.

Muscle cells lack the enzyme glucose-6-phosphatase, thus, muscle glycogen
cannot supply glucose to the circulation and other tissues.

Muscle can use both glucose and fatty acids and occasionally even amino
acids as fuel

* The resting muscle prefers fatty acids as fuel.
* The active muscle undergoing rapid contraction prefers glucose.

During high activity
* anaerobic respiration ensues and glucose metabolism produces high levels of
lactate which is transported to the liver (Cori cycle).

e alarge amount of alanine is formed by transamination of pyruvate. This is also
sent to the liver (alanine) for disposal of N as urea.
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Cardiac muscle

Heart muscle can function only under aerobic
conditions.

Heart muscle cells are rich in mitochondria
facilitating aerobic respiration.

Heart muscle is not able to store glycogen.

Fatty acids are the preferred fuel of the heart.
Glucose is the least favored fuel.

Ketone bodies and lactate are used under stress
when the E demand is high.
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Adipose tissue

Adipocytes are specialized storage cells for triglycerides. They hold
50 to 70 % of the total energy stored in the body.

The TG stores of adipose tissue are continually being synthesized
and degraded.

TG hydrolysis is catalyzed by hormone sensitive lipase (HSL).

Epinephrine stimulates the covalent phosphorylation and activation
of HSL.

The glycerol formed is exported to the liver.

When glucose levels are low, fatty acids are released into the
circulation.

When metabolic fuel is in excess, triglycerides are transported to
the adipose tissue for storage. Here, extracellular lipoprotein lipase
hydrolyzes TG to MAG and FA for cellular uptake. They are
reassembled back to TG once inside the cell.
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Kidney |

 The major task of the kidney is excretion.

* The energy required by the kidneys for this

function is supplied by glucose and fatty
acids.

* The kidneys are a minor site of
gluconeogenesis

* During starvation, the kidneys can contribute
significant amounts of blood glucose

ey
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Hypothalamic sensing of fatty acids

Tony K T Lam'2, Gary ] Schwartz!>? & Luciano Rossetti!?

NATURE NEUROSCIENCE VOLUME 8 | NUMBER 5 | MAY 2005

Leptin

Nutrients

/v/' Insulin

nature !
NEUrosCience

Two main sources of
circulating nutrients: food
intake, and production of
glucose and lipids by the liver.
Increased availability of
macronutrients activates
sensing pathways in the
brain, either directly through
metabolic signals, or
indirectly, through
stimulation of insulin and
leptin biosynthesis and
secretion.
The activation of brain
efferent pathways in turn
suppresses food intake and
hepatic output of glucose
and lipids.
S8 SAPIENZA

L&Y  UNIVERSITA DI ROMA




Hypothalamic sensing of fatty acids R

Y S
Tony K T Lam'2, Gary ] Schwartz!>? & Luciano Rossetti!? __fL":JI”“?.',‘_
NATURE NEUROSCIENCE VOLUME 8 | NUMBER 5 | MAY 2005 _’_f_:
Elevated levels of
generated in response -
to increased
availability of FA), — ACS
increased availability Glucose Fatty acidS 3| LCFA-CoA *
of glucose, leptin and ,I,
insulin, are integrated
: . Acetyl- CC Malonyl-
in a multiple hormonal Cﬂtﬁ N con 1| CPT
and metabolic /,
homeostatic pattern | v
of signals within the —{ | AMPK : —
hypothalamus. /‘ '\ :
|
Leptin Insulin

Food intake i R
X3 SAPIENZA

' UNIVERSITA DI ROMA




Hypothalamic sensing of fatty acids

Tony K T Lam!2, Gary J Schwartz!®* & Luciano Rossetti!»?

NATURE NEUROSCIENCE VOLUME 8 | NUMBER 5 | MAY 2005

Leptin }

Nutrients

/v/v Insulin

namre k
NEUrosCciCncce

Under conditions of caloric
abundance rapid onset of
hypothalamic resistance to
multiple adiposity and
nutritional signals—such as
leptin, insulin and FA—
contributes to the susceptibility
to obesity and insulin
resistance in predisposed
individuals and animals.
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Adaptive Thermogenesis (AT) refers to the decrease in REE beyond
those decreases accounted for by changed FFM and FM.

The extent of AT relates to the degree of energy deficit, and it
reduces the magnitude of the negative energy balance.

In obese patients, AT might persist beyond weight loss and it may
favor weight instability and regain.

AT may be beneficial in patients with anorexia nervosa in whom
the metabolic adaptation favors weight gain during refeeding.

AT may be considered an autoregulatory response explained by the
reduced activity of the sympathetic nervous system (SNS) and low
plasma concentrations of tri-iodo-thyronine (T3) and leptin.
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Adaptive thermogenesis (AT) in the
Minnesota Starvation Experiment

* normal weight volunteers went
through phases of semi-
starvation, restricted refeeding,
and subsequently ad libitum
refeeding

e AT inthe BMR compartment,

inferred from mass-adjusted BMR:
* decreasing during the course of g

weight loss and

* remaining low during the period

of restricted refeeding

* increasing during the hyperpha
phase of ad libitum refeeding
* remaining high even after

hyperphagia was no longer
evident

* REE declined by 39%.
Approximately 35% of the
starvation induced fall in REE
(i.e.,w200 kcal/d) was
independent of losses in FFM
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Figure 3 Pattern of changes in body weight (black solid ling), energy intake (blue broken ling), and adaptive thermogenesis (red dotted ling) during
the various phases of the longitudinal ‘Minnesota Experiment’ of human semi-starvation and refeeding. The changes in adaptive thermogenesis at the
various time points are assessed as changes in basal metabolic rate (BMR) after adjusting for changes in fat-free mass and fat mass, and
expressed as a percentage of the baseline control BMR level. Note that at R20, after the hyperphagia has completely subsided, the mass-adjusted
BMR s elevated relative to baseline. C=end of control (baseling) period; $12 and 524 = week 12 and week 24 of semi-starvation, respectively; R12
and R20 =week 12 and week 20 after onset of refeeding. Drawn from the data of Keys et al. (13), Dulloo and Jacquet (15), and Dulloo et al. (27).
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Metabolic Stress

* Sepsis (infection)

* Trauma (including
burns)

e Surgery

Involves most metabolic
pathways

Accelerated metabolism
of LBM

Negative nitrogen
balance

Muscle wasting
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Starvation vs. Stress

Starvation

* decreased E expenditure,
use of alternative fuels,
decreased protein
wasting, stored glycogen
used in 24 hours

e Late starvation: FA,
ketones, and glycerol
provide E for all tissues
except brain, nervous
system, and RBCs

Hypermetabolic state

accelerated E
expenditure, glucose
production, glucose
cycling in liver and muscle

Hyperglycemia can occur
either from insulin
resistance or excess
glucose production via
gluconeogenesis and Cori
cycle.

Muscle breakdown
accelerated
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EBB Phase (calm before the
storm)

Encompasses the immediate
period after the injury (2-48h):
hypovolemia, shock, tissue
hypoxia

 Decreased cardiac output

 Decreased oxygen
consumption

 Lowered body temperature

* |nsulin levels drop because
glucagon is elevated.

Metabolic response to stress

FLOW Phase (hurricane)

Occurs when the patient is
stabilized hemodynamically and
follows fluid resuscitation and O,
transport

* |ncreased cardiac output
begins

* |ncreased body temperature
* Increased energy expenditure

* Total body protein catabolism
begins

 Marked increase in glucose
production, FFAs, circulating
insulin/glucagon/cortisol
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Hormonal Stress Response

Aldosterone: renal Na retention

Antidiuretic hormone (ADH): renal tubular water
absorption

m) preservation of water and salt to support
circulating blood volume

ACTH: acts on adrenal cortex to release cortisol
(mobilizes AA from skeletal muscles)

Catecholamines from renal medulla to stimulate
hepatic glycogenolysis, fat mobilization,
gluconeogenesis




LIPID METABOLISM HORMOMAL CHANGES

Hyperlipidemia
Decreased WAT LPL activity
Increased WAT lipolysis
Increased BAT thiermogenesis

Insulin resistance
Increased counter-regulatory hormones

Argiles JM et al: Targets in
clinical oncology: the
metabolic environment
of the patient. Frontiers
in Bioscience 2007; 12:
3024-3051

CYTOKINES

TUMOUR-DERIVED
FACTORS

PROTEIN METABOLISM CARBOHYDRATE METABOLISM
Increased whole hody protein turnowver 3 ;
Increased hepatic protein symthesis Increased hepatic gluconeogenesis
Changes in circulating amino acid pattern Increased Cori cycle actiity
Increased muscle protein degradation Increased glucose turnover
Decreased muscle amino acid uptake . DE.”EE'SEH muscle
Increased BCAA turnower Insulin-estimulated glucose uptake
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Metabolic Response to Stress

There is a marked increase in Lo i
. SEPSIS
glucose production and uptake 1
secondary to gluconeogenesis, ErE——
for protein
and catabolism
e Elevated hormonal levels Proteing |
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E bello qualcosa che,
se fosse nostro,

ci rallegrerebbe,

ma che rimane tale
anche se appartiene
a qualcun altro.

Umberto Eco
Storia della Bellezza, Bompiani, 2004
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