Pentose phosphate pathway
and NADPH



The pentose phosphate pathway

also called the hexose monophosphate shunt or 6-phosphogluconate
pathway Cotucme)

It occurs in the cytosol of the cell.

It consists of two, irreversible oxidative reactions, followed by a series
of reversible sugar-phosphate interconversions

No ATP is directly consumed or produced in the cycle.

Carbon one of glucose 6-phosphate is released as CO2, and two
NADPH are produced for each glucose 6-phosphate molecule entering
the oxidative part of the pathway.
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The pathway provides a major portion of the body’s' NADPH, which
functions as a biochemical reductant.
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The pentose phosphate pathway

@
> Ribose 5-phosphate is required for ¢ biosynthesis of nucleotides
@ provides a mechanism for the metabolic use of five-carbon sugars
obtained from the diet or ® degradation of structural carbohydrates in
the body. N
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> The oxidative portion of the pentose phosphate pathw
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> ooy chu,n ~ Liver and lactating mammary glands, which are active in the
biosynthesis of fatty acids — re VP
>B Adrenal cortex, which is active in the NADPH-dependent
synthesis of steroids

Erythrocytes, which require NADPH to keep glutathione reduced.
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Irreversible oxidative reactions ¢+ ==
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Reversible nonoxidative reactions

The nonoxidative re of the pentose phosphate pathw;
sizing nucleotides p g phnue&eadaxa

ranckefolase occur in all cell types s
A ey These reactions catalyze the interconversion of three-, four-, five-

six-, and seven- carbon sugars.

H These reversible reacuons permn ribulose 5-phosphate to be
& -on converted either to ribose 5-phosphate or to intermediates of
glycolysis-fructose 6- phosp te and glyceraldehyde 3-phosphate.

)
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H-C-OH C-H
HE 4 n-c-on In reductive biosynthetic reactions, there is a great need for
- n-c-o-@ NADPH, so transketolase (which transfers two-carbon units) and

oGl m (which transfers three-carbon units) convert the
ribulose 5-phosphate to glyceraldehyde 3-P and fructose 6-P, which

\ Mosphaur{ are intermediates of glycolysis 2
ques

At increased demands for ribose to synthesize nucleic acids, the

"y -l non-oxidative reactions can provide the biosynthesis of ribose 5-P
Hg oH from G-3-P and F-6-P in the absence of the oxidative steps
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Glucose 6-Phosphate dehydrogenase
deficiency

This deficiency is a genetic disease characterized by hemolytic anemia.
G6PD deficiency impairs the ability of the cell to form the NADPH that is

essential for the maintenance of the reduced glutathione pool.
o\ '
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The cells most affected are the red blood cellhey

have additional sources of NADPH. Free radicals and peroxides formed
within the cells cannot be neutralized, causing denaturation of protein
(as hemoglobin) and membrane proteins.

At
The cells become rigid, and they are removed by the reticuloendothelial
system of the spleen and liver. Wl Jo2 & 5T

Hemolytic anemia can be caused by the production of free radicals a%
peroxides following the taking of oxidantdrugs, ingestion of fava bean

or severe infections. | — free recdicedls accumiledion 9>
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Glucose 6-Phosphate dehydrogenase
deficiency

)W
> Babies with G6PD deficiency may experience neonatal jaundice
appearing one to four days after birth.

> The degree of severity of the anemia depends on the location of the
mutation in the G6PD gene

> Class | mutations are the most severe (for example, G6PD
| 5;\ Mediterranean). They are often associated with chronic nonsphercytic
anemia. 555 5

>~ Class lll mutations (for example, G6PD A-) cause a more moderate
form of the disease g
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NADPH

The coenzyme NADP differs from NAD only by the presence of a
phosphate group (PO4-) on one of the ribose units

The steady-state ratio of NADP/NADPH in the cytosol of hepatocytes
is approximately 0.1, which favors the use of NADPH in reductive

biosynthetic reactions 1 . wpee
(o PV
NADPH

This contrasts with the high ratio of NAD/NADH approximately 1000
in the cytosol of hepatocytes, which favors an oxidative role for NAD
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—4F Uses of NADPH N

A. Reductlon of hydrogen peroxide
T L oret be lizd Cfree cedicatis)
Hydrogen peroxide is formed from the partial reduction of molecular
oxygen

1 ol

It is formed continuously as by (froducu of lo}Sbl':vhoubolhm
lhmum reactions with drugs and environmental toxins, or when the
of antioxidants is diminished, all creating the condition of

ot o o sy
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i ctive oxygen intermediates can cause
, and unsaturated , and can
nal damage proteins W

The cell has several protective mechanisms that minimize the toxic
potential of these compounds.

Rec!ueod e-thiol present in = e
b nd !
= ..m.,z.am%% -
-0
which no longer has protective ‘“:‘ e
properties 3.: A
The cell regenerates m a B o R
reaction calalyzed by se, usang \ o )
NADPH as a source of reducing electrons.
NADPH indirectly provides electrons for the L
reduction of hydmgon peroxide el L
Ei es are d on this 4| _}
their susg PH so dofect. T 577 Swa
| accumulate, th ing .~ — —

mmne stability and cauung red cell lysis
Superoxide dismutase and catalase, catalyze the conversion of

other toxic oxygen intermediates to harmless products so guard the
cell against the toxic effects of reactive oxygen species.

| e gi—
/. such as abtolomduoe

and detoxify oxyqen intermediates in the laboratory.
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B.Cytochrome P450 monooxygenase( systen

Ly e —

lhlw ncorporate one atom from molecular oxgen into
a substrate (creating a hydroxyl group), with the other atom being
reduced to water.

In the cytochrome P450 monoox%genase tem, NADPH provides
lhe reducing equivalents required X:s of reactions

ThommeddmdbvacmdmmoPASOenzvmls
jo o, + NADPH + H‘ - R-OH + H;O + NADP*
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mreRmaybeaswond drug or other chemical

Pha wark i Sam SRy

! wm involved in the hydroxylation of steroids that
makes them more water sol
lissues, such as the placenta,

bvg_nos' . , and it is used to hydro.
i in ”t‘t:: emv«s‘cog‘ g’:cgi&ol twh:mom
- M syshm n symhc
1o hydroxylate hydroxycholmluforol
vitamin D) to its bnolooaly octivo 1 2s-hydvoxyh ted form

Arother ke v oo of dhuns o mcaoms, (90)

+ Microsomal system: found associated with the membranes of the
smooth endoplasmic reticulum (particularly in the liver) is the
_ detoxification of foreign compounds (xenobiotics). These include
nune(ous drugs and such varied polutanls as petroleum products,
carcinogens, and pesucndes "

e d Hhase st ore

ncanbeusodtom toxins, using NADPH as the
source of reducing equivalents in orderto: ..
activate or inactivate a drug

= make a toxic compound more soluble, thus facilitating its
e;cretion in the urine or feces ‘
=) Frequently the new hydroxyl group will serve as a site for
 conjugation with a polar compound, such as glucuronic acid, -
"= which will significantly increase the compound's solubility.

Consumption of foods rich in these antioxidant compounds has
been correlated with a reduced risk for certain types of cancers




C.Phagocytosis by white blood cells

NADPH provides the reducing equivalents for
phagocytes in the process of eliminating invading

microorganisms

NADPH oxidase uses molecular oxygen and
NADPH electrons to:produce superoxide radicals,
which can be converted to peroxide, hypochlorous &
acid, and hydroxyl radicals using Myeloperoxidase

enzyme.

A genetic defect in NADPH oxidase causes chronic
a disease characterized by severe,
persistent, chronic infections.

Any superoxndo that escapes the phagolysosome is
converted to h rogen peroxldo by superoxide
dismutase ( ) e

Excess paroxide is either neutri ahzed@calalase or
by glutathione peroxidase &)

vasochilstior

D. Synthesis of nitric oxide

Nitric oxide (NO) is recognized as a mediator in a broad
array of biologic systems.

N oo\ aa

NO is,tc%wm-denved relaxing factor, which
causes n by relaxing vascular smooth
muscle. NO also acts as a neurotransmitter, prevents

&) and plays an essential role in

) macrop

NO is a free radical gas that has a very short half-life in
tissues (three to ten seconds) because it reacts with
oxygen and superoxide, and then is converted into
nitrates and nitrites.

Y ymiasied byt

Flavi‘r‘uﬂr‘nononucleotide (EMN ﬂavm adenine d-nuoleotide (FAD),
heme and tetrahydrobooplann are coenzymes for the enzyme

Lo fer piinc omide symitesc

e
NADPH
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Protein metabolism



Proteins

NH2
Nitrogen is a characteristic component of proteins forming about

16% of their weight i.e. 100 g of protein contains 16 g of nitrogen.
T loog o probine ontain by N

Proteins are not stored in body as such
we slore a.«

Amino acids are degraded by deamination to ammonia and a-
ketoacid Aimind arcid — amine grp = o - leeloacid + cmmonia

PR W

Ammonia is used to produce urea and excreted in urine
& @ )

a-ketoacid can be metabolized to CO2 and water, glucose, fatty
acid or ketone bodies

- @




nol- 0 -a-Pmino acids

L-a-Amino acids are the

a g Hydrogen atom
structural or the building e o
units of proteins |
carboxylic
side chain ./ group
radicle .
. . T V4
The common amino acids R C— COOH
have the general structure S
depicted in the following
figure: a- carbon NH2 S
atom " amino group

Representation of o. Amino Acid




Abbreviations for the 20 Amino Acids

Amino Acid Abbreviation Amino Acid Abbreviation
Three |One Three |One
letter letter letter letter

Alanine Ala A Leucine Leu L

Arginine Arg R Lysine Lys K

Asparagine Asn N Methionine Met M

Aspartic acid | Asp D Phenylalanine | Phe F

Cysteine Cys C Proline Pro P

Glycine Gly G Serine Ser S

Glutamine Gin Q Threonine Thr T

Glutamic acid | Glu E Tryptophan Trp )}

Histidine His H Tyrosine Tyr Y

Isoleucine lle I Valine Val Vv




©

Glucogenic amino acids:
AA that can yield pyruvate,

Vs - lketoacid Vse
o male gluwse

oxaloacetate, a-ketoglutarate

Succinyl-CoA, fumarate

®

Ketogenic amino acids: y
AA that can form acetyl-COA, «cid eelones love)
acetoacetyl CoA or 3-hydroxybutyrate.

C;’)Or both

15 o - leeloacid use
bo ynedee (u bk

( Essential ] [ Nonessential )

Metabolic Classification of Amino Acids

Glucogenic -
Glucogenic and Ketogenic
Ketogenic
Alanine Tyrosine
Arginine
Asparagine
Aspartate
Cysteine Nonc
Glutamate
Glutamine
Glycine
Proline
Serine
- + - \
Histidine Isoleucine Leucine
Methionine |Phenyl- Lysine
Threonine | alanine
Valine Tryptophan
\ v & - ~




Amino acid metabolism

_ i
° Amino acid pool:
° There is about 12 kg of protein in 70 kg man
° 75% of aa are used in synthesis of new tissue proteins on'y 2°# ﬁ,"rs
o The remainder is used as precursor for synthesis of many @t "
substances
\ﬂ;‘?ﬂ 2 a;»;
° Protein turnover:
° Proteins are constantly degraded and synthesized which is
regulated by the concentration of protein in the cell
300-400 g of proteins are hydrolyzed and resynthesize daily
° Protein turnover varies:"short lived (regulatory and misfolded
proteins),"long-lived (most of tissue proteins) and structurally
stable (collagen) -



| TURNOVER

Protein turnover results from the
simultaneous synthesis and
degradation of protein molecules. |
In healthy adults, the total amount |
of protein in the body remains '
constant because the rate of

protein synthesis is just sufficient |
to replace the protein thatis _ »/}
degraded. f

Dietary
protein
100 g/day

typical of
U.S. diet

)
2
)

Amino acid
pool {100 g)

Body Synthesis of:
protein + Porphyrins v
~400 g/day + Creatine v
* Neurotransmitters
* Purines

| | - Pyrimidines -
Varies | | | - Other nitrogen-

compounds

=
~

e

containing
Uz o)

a rSynthesis of

Body nonessential

protein amino acids
~400 g/day varies

Amino acid
pool (100 g)

Glucose, Ketone bodies,
lycogen fatty acids,
e steroids

b4

The amino acids not used in |
biosynthetic reactions are |
burned as a
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Nitrogen Balance

[ Positive Nitrogen Balance means N2 intake is more than N2
output: |, e oulpu”

This exists when intake of N2 exceeds the output. It occurs
whenever new tissues are being built up for example:

1- During growth (growing children). 5-<>
2- Pregnancy. &+~

3- Muscular training. s-=s =

4- Convulsions from different diseases.

g Lz



Nitrogen Balance

@ Negative Nitrogen Balance: N2 Output is more than N2 intake:
outpuy Zinkulce

o It occurs in cases of : P

~v~ 1- Decreased protein intake: e.g. starvatlon malnutrltlon and G.I.T.
Lo diseases.

4
VN E 2- Increased Loss of proteins: e.g. in chronic hemorrhage,
4 SV albuminuria“and Lactation on an inadequate proteln diet.

3- Increased of protein catabolism: e.g. fever, hypeﬂhyronism,

fﬁﬁ’ diabetes mellitus, Cushin/g syndrome, advanced cancer and post-
’ surgical. - =

° Prolonged periods of negative nitrogen balance are dangerous and
may lead to death.
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° Protein degradation occurs by:
° energy dependent ubiquitin-protesome
) . :
mechanism (endogenous proteins)
° (21| non-energy dependent lysosomes
(extracellular protein)
° Oxidized or ubiquitin tagged proteins are
preferentially degraded i
) Certain aa sequences:
° Serine (S)at N-terminal: long t1/2 (>20 hr)
° Aspartate (D) at N-terminal: short t1/2 (3 min)
° Proteins rich in the sequence (PEST) are
rapidly degraded = | Proline | Glutamic acid
Serine Threonine
A:-",".}\ NMJ/ N e s Cool — N = cm—m Coolt — -t

-

when p :serine —» \ong hal b lif-e C72°h)
Aspartate —s < 1) (2 @in)

Oendogenous Linsicle Fhe cell)

Protein selected for
degradation is ta?ged
with molecules o
ubiquitin.

are recognized by
the cytosolic
proteasome,
which unfolds and
transports the
protein to its
proteolytic core.

Tandemly

linked

. molecules
of ubiquitin

Cellular protein

ATP AMP + PP; Proteasome

o

Qo
Ubiquitin

A

Non-specific /

proteases . \
rﬂe

Amino acids

Peptide fragments produced
by the proteasome are
degraded to amino acids.

[ 3

Ubiquinated proteins

cul’

ks




Zmeyen: inackive Borm of- & prolien
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s Digestion of proteins
<M)y;v,é}’
° protein is antigenic i.e. able to stimulate an immunologic response.

The digestion of protein destroys its antigenicity. So, proteins must
... be digested into amino acids: o il won - caude immurne respencd

.+ 1)_In the stomach :
A- gastric acid: denature the protein

B- Pepsin: is the major proteolytlc enzyme in the stomach :
° Pepsin is produced and secreted by the chief cells of the stomach as
the inactive zymogen, pepsinogen, which activated by HCI produced by
parietal cells of stomach. chief == 2ymogen (pepsinegen) + Hel ——> pepsin
° Pepsin catalyzes the cleavage of proteins into smaller polypeptides. # funclin

2) in small intestine: large polypeptides are further cleaved to
:-10 oligopeptides and amino acids by a group of pancreatic proteases.

Each of these enzymes has a different specificity (trypsin cleaves only
at C-terminal of arginine or lysine).-.~ 3 —7

Activation of zymogens: Enteropeptidase converts the pancreatic
trypsinogen to trypsin which starts a cascade, of proteolytic activity,
because trypsin is the activator of all the pancreatic zymogens o

Lr\/ps noyen Cntecopeptice Leypsin



Digestion of proteins

Abnormalities in protein digestion:

In individuals with a deficiency in pancreatic _ _
secretion (chronic pancreatitis, cystic fibrosis, DteLy/prcieR)
or surgical removal of the pancreas), the
digestion and absorption of fat and protein is | .
mcgmplete. | o sToMAcﬁ Pepsin
This results in:the abnormal appearance of " Polypeptides
lipids (Steatorrhea)/and undigested protein in and amino acids
the feces. ® TO LIVER ol

@| Elastase
PANCREAS | Carboxy- ...
peptidase
Digestion of oligopeptides by enzymes of the e e

w927 [DAmino- w-ter

SMALL .. |®peptidases
INTESTINE et Di- and tri-
_

. . . . peptidases
The luminal surface of the intestine contains

aminopeptidase (an exopeptidase that | Amino acids
repeatedly cleaves the N-terminal residue of
oligopeptides to produce free amino acids and
smaller peptides.

small intestine {M
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Absorption of amino acids and dipeptides ;-

o’
oM

Free amino acids and dipeptides are taken up by the intestinal
epithelial cells.

Y L=
the dipeptides are hydrolyzed in the cytosol to amino acids before
being released into the portal system (only free amino acids are
found in the portal vein)

: \)725'
/\eb
/ S

The absorption of amino acid is active process that needs energy
(ATP).




Transport of aa to the cells

° Amino acids are transported to the cells by active transport
systems, driven by the hydrolysis of ATP

° At least seven different transport systems are known that have
overlapping specificities for different amino acids. Lpes
v
° For example, one transport system is responsible for reabsorption
of the amino acids cystine, ornithine, arginine, and lysine in kidney
tubules. =S N w
not sSH L /—-"§
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Cystinuria

In the inherited disorder cystinuria, this

+<' carrier system is defective, resulting in the

reaboserbe

appearance of all four amino acids in the

urine. —» Lur we said oyeking can’l- e el
crecceled o s non=pelar. 257 ;f

Cystinuria is the most common genetic error
of amino acid transport.

The disease expresses itself clinically by the
precipitation of cystine to form kidney stones
(calculi) that may block the urinary tract.

Oral hydration is important in treatment for
this disorder

Proximal
convoluted
tubule

Cystinuria is a disorder of the

proximal tubule's reabsorption of
filtered cystine and dibasic amino
acids (lysine, ornithine, arginine).

Cystine

Ornithine Ornithine
Arginine Arginine
Lysine Lysine

The inability to reabsorb
cystine leads to accumulation
and subsequent precipitation
of stones of cystine in the
urinary tract.
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Metabolism of amino acids

A Transamination (by mDisposal of amino acids
NH;
aminotransferases)
—> « egtomeid /G lulamale -NH, \ /""'°9'"‘°"‘°\|A/<§£o°p’b)
s \

B Oxidative deamination of | =
amino acids [ removal of R /A _NHZ/ \
nitrogen from aa (NH3) gutamate

C Transport of ammonia from
tissues to the liver and
hyperammonimeia

D Urea cycle. oS @il palaa¥l au oo Soliadl s
Alpha ketoacide ) Lelisat o4 gt
G U dis Bulaii |

microbenotes.com



Transamination and oxidative deamination:

1¥ removal of nitrogen from aa

Removing the a-amino group is essential for Urea
producing energy from any amino acid H,N o
, H,N
u—-’s| d:') amine VYV ¢ ST

Transamination ar%g oxidative deamln tion reactions
which provide ammonia and aspartate he two

sources of urea nitrogen e I} pisposal of amino acids
NH;
The first step is transfer their a-amino group to -NH; Ketoslutarate,¢(¢:o°Pm,
a-ketoglutarate to produce an a-ketoacid and glutamate. o \V4
TRANSAMINATION OXIDATIVE DEAMINATION
Aminotransferase >Glutamare dehydrogenase,
. . a-Keto Lg /\
Glutamate produced by transamination can be acids -NH, NAD*

® oxidatively deaminated(orused as an amino group® glutamate
donor in the synthesis of nonessential amino acids.




A) Transamination

The transfer of amino groups from one carbon skeleton to another is
catalyzed by a family of enzymes called aminotransferases.

These enzymes are found in the cytosol of cells throughout the
body (especially the liver, kidney, intestine, and muscle).

All amino acids (except and) participate in
transamination at some point in their catabolism. ar?

Lysine and threonine lose their a-amino groups by deaminatioa RALRPY
s



Aminotransferases

Each aminotransferase is specific for
one or, at most, a few amino group
donors and named after that enzyme

Alanine aminotransferase (ALT): enzyme
catalyzes (reversibly) the transfer of the
amino group of alanine to a-
ketoglutarate, resulting in the formation of
pyruvate and glutamate.

Aspartate aminotransferase (AST) is
During amino acid catabolism, AST
transfers amino groups from glutamate to
oxaloacetate, forming aspartate, which is
used as a source of nitrogen in the urea
cycle

All amlnotransferases require the

B Alanine aminotransferase

Alanine o-Ketoglutarate
ALT Rysidoxal
Riaosphale
Pyruvate Glutamate

B Aspartate aminotransferase

Oxaloacetate Glutamate

Rysidoxal

AST  qhosphaie

Aspartate a-Ketoglutarate
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Diagnostic value of plasma
aminotransferases

° Aminotransferases are normally intracellular enzymes, )low levels in
the plasma)
° The presence of elevated plasma levels of aminotransferases

indicates damage to cells rich in these enzymes. Two
aminotransferases (AST and ALT) are of particular diagnostic value
when they are found in the plasma.

 a. hepatic disease: Plasma AST and ALT are elevated in nearly all
liver diseases, specjally in extensive cell necrosis (severe viral
(») hepatitis, toxic injur@and prolonged circulatory coIIapie).

Elevated serum bilirubin results from hepatocellular damage that
decreases the hepatic conjugation and excretion of bilirubin

b. Nonhepatic disease: Aminotransferases may be elevated in
nonhepatic disease (myocardial infarction and muscle disorders) but
those can be clinically distinguished.



B) Oxidative deamination of amino acids
Glutamate Dehydrogenase

A o es 23N
It is the transfer amino groups from glutamate,
oxidative deamination, by glutamate
dehydrogenase results in the liberation of the
amino group as free ammonia. —=~

occur primarily in the liver and kidney.

5
Glutamate is unique in that it is the only amino
acid that undergoes rﬁEiE oxidative deamination

W\

Glutamate dehydrogenase can use either NAD
or NADP as a coenzyme. NAD is used primarily
in oxidative deamination and NADPH is used in
reductive amination

O?(l- —_— N@D
redd —s PADPH

u Disposal of amino acids
uri C67 le.)\) Lp.\“op.bo é_ommu

NH,
~NH,

a-Ketoglutarate NADH
(NADPH)
amlno
acids <\

TRANSAMINATION OXIDATIVE DEAMINATION
Aminotransferase Glutamate dehyd 'ogenase,
a-Keto ﬁ’ \
'N H 2
5

acids N AD*
(NADP")

glutamate

B Synthesis of amino acids
NH;

gc.iel
= l!rl 2 a-Ketoglutarate |  NADPH

! (NADH)
a-amino

Aminotransferase \\ Glutamate dehydrogenase

acids AN \ /
<TnANSAMINATION <REDUCTIVE AMINATION

=
a-Keto % \ /\
acids -NH, NADP*
of (NAD")
glutamate




Glutamate dehydrogenase

The direction of the reaction depepds on the relative concentrations

© of glutamate, a-ketoglutarate. and @mmonia, and the ratio of

oxidized to reduced coenzymes.

After ingestion of a meal containing protein, glutamate levels in the
liver are elevated and enhance amino acid degradation and the
formation of ammonia

The reaction can also be used to synthesize amino acids from the
corresponding a-ketoacids

ATP and GTP are allosteric inhibitors of glutamate dehydrogenase,
whereas ADP and GDP are activators of the enzyme.

Yigh o~ o
3“6‘?3/< 9h (ATP(6TP) — | Jehydrogendse
low (ADP/GPP) —> 4 lehydrogenas®
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D-Amino acid oxidase
¢ AD
D-Amino acids are present in the diet, and are efficiently
metabolized by the liver using D-Amino acid oxidase (FAD-
dependent enzyme) that catalyzes the oxidative deamination of
these amino acid isomers.

The resulting a-ketoacids can enter the general pathways of amino
acid metabolism, and be reaminated to L-isomers, or catabalized for
energy.



MOST TISSUES
C) Transport of ammonia from >l
tissues to the liver
#There are two mechanisms: e
e onefoundin most tissues, uses glutamine synthetase to {f\ *‘Sy”
combine ammonia with glutamate to form glutamine N
(a nontoxic transport form of ammonia) ZNHz~ D
The glutamine is transported in the blood to the liver . ﬁ—\
where is cleaved by glutaminase to produce e T
glutamate and free ammonia Aeke 2 P
or/)(y Glucose
® ... used primarily by muscle, involves transamination of Vs
pyruvate (the end-product of aerobic glycolysis) to  [eueos=
form alanine e ey
Alanine is transported by the blood to the liver, where it -
is converted to pyruvate, again by transamination i —
(pyruvate is used in gluconeogenesis). This pathway e

H Alanine Ira‘zl/;'llggse Pyruvate
called the glucose-alanine cycle. x
u-Ketoglutarate  Glutamate

Glutamate
dehydrogenase

NH3

A

Amino acids
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D) UREACYCLE ¢ ==5
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ool
Urea is the major disposal form of amino groups derived from amino
acids (90% of the nitrogen-containing components of urine).

One nitrogen of the urea molecule is supplied b and the

other nitrogen b A the carbon and oxygen of urea are

derived fro
/7\
© @ €

Urea is produced by the'liver, and then is transported in the blood to
the kidneys for excretion in the urine. " N Urea Cycle

eReactions of the cycle: On the scheme below ﬁﬁé"si%"fé' cwane (o s

ccccccccc



Tissues in addition to the liver use 1
this pathway to make

6. Fate of urea: Urea diffuses from the liver, and is transported in the
H. ,COO™ CYTOSOL blood to the kidneys, where it is filtered and excreted in the urine.

Ni
'g‘ ﬁu :2‘,‘20 ﬂl[l:v:’l: cn reach //
00C H y :';D
40 CH,
Omm:lno

Malate <—— - Fumarate @
p e = is regenerated

| (.:M2 and innoponed into the
4. Argininosuccinate is cleaved to yield arginine and fumarate. The ?“2 >
arginine formed by this reaction serves as the immediate precursor HCNH,* P57
of urea. Fumarate can reenter the TCA cycle ) oo™ iver Y MITOCHONDRIAL!
Arginino- MATRIX
</ © L-Argini NH,*
NH,* COO hase (':H, Ammona __)Canamort
¢=N‘-éH —— 3 .0 e viine
| Y CH,
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Citrulline is transported Gy 'O-l"=0 l
out of the mitochondrion, o .’ 'T
Carbamoyl e
NH, NH phosphate -
5 |
¢-o0 ¢0 4
NH NH ) 1. Formation of carbamoy! phosphate by carbamoy!

phosphate synthetase | which requires 2 ATP. N-

1
GHy CH, acetyiglutamate is required as allosteric activator
it e aH+
ot cnatver N CH, CH, H
3. Citrulline condenses with aspartate to form a + 9.
amino group of aspartate provides the nitrogen HQNHE HQNHE 2ADP
utimately incorporated inlo urea, which is driven by the deavage of ~ Coo Coo o
ATP to AMP and pyrophosphate (PP). GO0 L-Citrulline w~Citrulline Pi Catamon
-?H 2 Formanon of ciniine %mmcmnmuumum

hat parscpane tydtﬂd celular
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The amino group of aspartate
. provides one of the

L-Aspartate
nitrogen atoms of urea.
. Carbon dioxide provides
l _ the carbon atom of urea.
d“\\m"
X

Oxaloacetate

2 Free ammonia provides
one of the nitrogen
Glutamate a-Ketoglutarate atoms of urea.

3 The enzyme has an absolute
requirement for N-acetyl-

glutamate, which acts

as an allosteric activator.

7 Fumarate is hydrated to
malate, which is oxidized
to oxaloaccme', which is
% inated to asp




UREA CYCLE

J(ﬁﬁdk\'on

simple
6. Fate of urea: Urea diffuses from the liver, and is transported in the
blood to the kidneys, where it is filtered and excreted in the urine.

A portion of the urea diffuses from the blood into the intestine, and is
cleaved to CO2 and NH3 by bacterial urease. This ammonia is
partly lost in the feces and is partly reabsorbed into the blood.

In patients with kidney failure, plasma urea levels are elevated
(hyperammonemia), promoting a greater transfer of urea from blood
into the gut.

ar?” finki biokics
+ Qral administration of neomycin reduces the number of intestinal
bacteria responsible for this NH3 production.



Overall stoichiometry of the urea cycle
2\

Aspartate + NH3 + CO2 + 3ATP —> Urea + fumarate + 2ADP +
RO Nl AMP + 2 Pi +PPi + 3 H20

° the synthesis of urea is irreversible, with a large, negative AG.
s>

Regulation of the urea cycle

° N-Acetylglutamate is an essential activator for carbamoyl phosphate
synthetase | (the rate-limiting step in the urea cycle) (synthesized
> from acetyl CoA and glutamate using arginine as an activator).

° the intrahepatic concentration of N-acetylglutamate increases after
ingestion of a protein-rich meal, which provides both the substrate
t (glutamate) and the regulator of N- -acetylglutamate synthesis.
]

_ This leads to an increased rate of urea synthesis.



Metabolism of ammonia

Slight increase in the concentration of urea in blood
leads to hyperammonemia which is toxic to the CNS

Sources of ammonia:

—s- From amino acids: mainly in liver by the
aminotransferase and glutamate dehydrogenase
reactions

—> From glutamine: The kidneys form ammonia from
glutamine by the action of renal glutaminase.
Ammonia is also obtained from the hydrolysis of
glutamine by intestinal glutaminase.

—> From bacterial action in the intestine: Ammonia is
formed from urea by the action of bacterial urease in
the lumen of the intestine.

—> From amines: Amines obtained from the diet, and
monoamines that serve as hormones or
neurotransmitters

—— From the catabolism of purines and pyrimidines

METABOLISM

Glutamate  NAD(P)*
o-Keto acids

Glutamate

Aminotransferases dehydrogenase

o-Amino acid:

" u-Ketoglutarate NAD(P)H

DIET
BODY PROTEIN

Glutamate + ATP

Glutamine N H 3

synthetase
ADP + Pj

Glutamine

Glutaminase

H,0  Glutamate

Amide nitrogen
donated in
biosynthetic
reactions

URINE

Urea




Transport of ammonia in circulation
O 050 ¥

e O As urea: the most disposal form of ammonia which moves from liver
to the kidney

e ®As Glutamine: _
° Occurs primarily in the muscle and liver and nervous system.

° Circulating glutamine is removed by the kidneys and deaminated
by glutaminase.

Hyperammonemia
° when the liver function is compromised, due either to genetic

defects of the urea cycle, or liver disease, blood levels can rise
above 1000 umol/L.

° hyperammonemia is a medical emergency, because ammonia
has a direct neurotoxic effect on the CNS (tremors, slurring of
s_pg:-ec)h, somnolence, vomiting, cerebral edema, and blurring of
vision).

° At high concentrations, ammonia can cause coma and death.
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Acquired hyperammonemia: It may be due to viral
hepatitis, ischemia, or hepatotoxins. Cirrhosis of the liver
caused by alcoholism, hepatitis, or biliary obstruction may
result in formation of collateral circulation around the liver.

% genelic

Hereditary hyperammonemia: Genetic deficiencies of
each of the five enzymes of the urea cycle had an overall
prevalence estimated to be 1 in 30,000 live births.

aneee e, Ornithine transcarbamoylase deficiency,

catbamoylase

Hyperammonemia

affecting males predominantly

-~ All of the other urea cycle disorders follow an
autosomal recessive inheritance pattern. The failure to
synthesize urea leads to hyperammonemia during the
first weeks following birth leading to mental retardation

4 Treatment includes:
©limiting protein in the diet

(=)administering compounds that bind covalently to amino
acids, producing nitrogen-containing molecules that are
excreted in the urine (phenylbutyrate given orally is

converted to phenylacetate

Take a break &

which is X-
linked, is the most common of these disorders,

|
| Phenylacetylglutamine
Protein

| Phenylacetate Amino acids
|Glutamine ¥

| Glutamine Glutamine
| Gluta it synthelase ¢
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|
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Catabolism of the carbon skeleton



—fJF Amino acid are catabolized to form:

oxaloacetate
a-ketoglutarate

pyruvate

Asparagine
Aspartate

Aspartate

Phenylalanine

Tyrosine

Isoleucine
Methionine
Threonine
Valine

5. fumarate

6. succinyl-CoA

7. acetyl-CoA and acetoacetyl CoA.

Alanine
Cysteine
Glycine
Serine
Threonine
Tryptophan | | Isoleucine
Leucine
Tryptophan
Pyruvate I
Acetyl CoA -

\ / :
Oxaloacetate
-

Fumarate Citrate
»
y
Succinyl a-Keto-
CoA glutarate

Leucine
Lysine
Phenylalanine
Tryptophan
Tyrosine

= Acetoacetyl CoA

Arginine
Glutamate
Glutamine

Histidine

Proline
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° Methionine: Methionine is one of four amino
acids that form succinyl CoA. This sulfur-
containing amino acid deserves special
attention because it is converted to S-
adenosylmethionine (SAM), the major methyl-
group donor in one-carbon metabolism

° Methionine is also the source of
homocysteine, a metabolite associated with
atherosclerotic vascular disease.

Degradation of valine, isoleucine, and threonine also results in the
production of succinyl CoA- a TCA cycle intermediate and
glucogenic compound.

L&Y  L-Methionine

ATP
S-Adenosyl-
methionine W‘h
5)”7”30 P, + PP

CH3
Adenosine - 8* 2P,
C:Hz “‘“M\'tc\

CHa
HCNH,*
COO
S-Adenosylmethionine
Methy! acceptors

— CH2 Methyitransferases

Methylated

Adenosine -S PICCNCES

S-Adenosylhomocysteine Loxic

0
,::z A

Adenosine



Methylcobalamin
(Methyl-B, ,)

;l- — H

N°-Mecthyltetrahydrofolate

There are two major disposal
pathways for homocysteine.
Conversion to methionine
requires folate and vitamin
B,,-derived cofactors. The
formation of cysteine
requires vitamin Bg (pyridoxine).

» Succinyl-CoA




Lipid metabolism



Fatty acids
Saturation of fatty acids

Fatty acid chains (with no double bonds or one or more double
bonds that are always in the cis configuration) and this causes fatty
acid to kink at that position

Addition of double bond decreases the melting temperature (Tm) of
a fatty acid, whereas increasing the chain length increases the Tm

AR G-
e =T 'C-0

<«—— Saturated ——>»
bond

Unsaturated —>»
bond

(cis configuration)




Chain length of fatty acids

The number before the colon indicates the
number of carbons in the chain, and those
after the colon indicate the numbers and
positions of double bonds

For example, arachidonic acid, 20:4(5, 8, 11,
14), is 20 carbons long ana double bonds
(between carbons 5-6, 8-9, 11-12, and 14-
15). The carbon to which the carboxyl group
is attached (carbon 2) called the a-carbon,
carbon 3 is the B-carbon. The carbon of the
terminal methyl group is called w-carbon
regardless of the chain length

Arachidonic acid is referred to as an w-6
while linolenic acid, 18:3(9,12,15), is an w-3
fatty acid.

significant gantities in m

( Fatty acids with chain lengths of
four to ten carbons are found in

ilk

Structural lipids a

least sixteen carb

contain primarily fatty acids of at

nd triacylglycerols

ons.

COMMON
NAME

Formic acid

Acetic acid
Propionic acid
Butyric acid
Capric acid
Palmitic acid
Palmitoleic acid
Stearic acid
Oleic acid
Linoleic acid
o-Linolenic acid
Arachidonic acid
Lignoceric acid
Nervonic acid

STRUCTURE

1
2.0
3.0
4.0

10:0

16:0

16:1(9)

18:0

18:1(9)

18:2(9,12)

18:3(9,12,15)
20:4(5,8,11,14

24:.0

24:1(15)

[Precursor of prostaglandins

Essential fatty acids|
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Arachidonic acid, 20:4(5, 8, 11, 14) is an w-6 fatty acid (] [20 minus 14=6].
a-linolenic acid, 18:3(9,12,15), is an w-3 fatty acid [] [18 minus 15=3].
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HO" .7 Arachidonic acid ' e
o) w-3 fatty acid
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Essential fatty acids

Two fatty acids are dietary essentials in humans:
Linoleic acid, which is the precursor of arachidonic acid, the
substrate for prostaglandin synthesis

Linolenic acid, the precursor of other w -3 fatty acids important
for growth development

A deficiency of linolenic acid rest decreased vision and altered
learning behaviors

Arachidonic acid becomes essential if linoleic acid is deficient in
the diet.



De novo synthesis of fatty acids

In humans, fatty acid synthesis occurs primarily in the liver and
lactating mammary glands and, to a lesser extent, in adipose tissue.

The process incorporates carbons from acetyl CoA into the growing
fatty acid chain, using ATP and reduced nicotinamide adenine
dinucleotide phosphate (NADPH).

Mitochondrial matrix

eProduction of cytosolic acetyl CoA OAA~, —Acetyl CoA
eFirst acetate units is transferred from mitochondrial e
acetyl CoA to the cytosol. Mitochondrial acetyl CoA is l\ ’

produced by:

e The oxidation of pyruvate

e The catabolism of fatty acids
e Ketone bodies ZE : : R Y%,
e Certain amino acids C i K N

Citrate

e The coenzyme A portion of acetyl CoA cannot cross .

the mitochondrial membrane and only the acetyl o AT
portion is transported to the cytosol. It does so in the SIESERTEN o anp +,
form of citrate produced by the condensation of Oxaloacetate [+~ Acetyl CoA

oxaloacetate (OAA) and acetyl CoA



1. translocation of citrate from the
mitochonderion to the cytosol

The translocation of citrate from the mitochonderion to the cytosol,
where it is cleaved by ATP-citrate lyase to produce cytosolic acetyl
CoA and OAA, occurs when the mitochondrial substrate concentration

is high.

e This is observed when isocitrate
dehydrogenase is inhibited by the
presence of large amounts of ATP.
causing citrate and isocitrate to
accumulate.

oA large amount of ATP is needed for
fatty acid synthesis

e The increase in both ATP and citrate
enhances this pathway.

Acetyl-CoA
/;L\ !
Oxaloacetate Citrate
’// \:\ isocitrate
Malate Isocu‘trit/e/demmlmgmase
(1 >CO,
Fumarate a-Ketoglutarate
\A (
\ /\,CO2
Succinate Succinyl CoA
it




Source of cytosolic Acetyl coA

The glycolytic pathway produces
pyruvate, which is the primary
source of the mitochondrial
acetyl CoA to be used for

hlly acid synlhms Il also

oqmvllorm of NADH Pyruvm
enters the mitochondria.

Jarr¥ primusy  sedf®
e

®

Mitochondrial oxaloacetate Acetyl CoA is produced

3 in the mitochondria and
condenses with OAA to
form citrate, the first step
in the tricarboxylic acid
cycle.

(OAA) is produced by the first
step in the gluconeogenic
pathway.

Glucose zwmm

OAA €——> Acetyl
Gikralelyase

\-coa

Calty aciel

) ? CO, ?“lo
Jyoe NADP*'(\(’W

on _Df) -

(€)

ﬁrud
B, cacberylase

5 Cy li ival (NADH)
produood durmg glyeolyus contribute to
the reduction of NADP* to NADPH

ded for palmitoyl CoA synth

Citrate leaves the mitochondria
and is cleaved in the cytosol to
produce cytosolic acetyl CoA.

The carbons of cytosolic acetyl CoA are e« [(eltly A 31 g ke
used to synthesize palmitate, with
NADPH as the source of reducing

for the p y
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and? sl "3\/\““5\
2. Carboxylation of acetyl CoA to form
- malonyl CoA

acetyl 7 Base I\ quine

S The carboxylation of acetyl CoA to form

malonyl CoA is catalyzed by acetyl CoA () 32 a2 Oo
- carboxylase and requires:HCO3-and ATP |, 0 con S AL
L/f; and biot@ coenzyme. et (inactive protomers)
%\6 Balty acid chain cntoan carboiy group
¢o |\ s\/\cou\c& add i’ cnm) ;:J-—) OO0« ng%l‘

Y
Peymesien | 00000000000
Acelyl CoA carboxylase -~°

(active polymer)
| 9 o« X0 9
|CH-C-5-Co & o‘,c-cu,i‘c-s-m
Acetyl CoA O mMalonyl CoA
O,

ATP  ADP+P,




Regulation of acetyl CoA carboxylase

Short-term regulation of acetyl CoA carboxylase:

This carboxylation is both the rate-limiting and the
regulated step in fatty acid synthesis

The acetyl CoA carboxylase is a dimer. Which is
allosterically activated by citrate by polymerizing it.

The enzyme can be allosterically inactivated by
» Long-chain fatty acyl CoA (the end product of the
pathway), which causes its depolymerization.
» Reversible phosphorylation in the presence of
epinephrine and glucagon
In the presence of insulin, Acetyl CoA carboxylase is
dephosphorylated and, so activated.

Long-term regulation of acetyl CoA carboxylase:

[+ B8N _insulin |

Protein phosphatase

Acetyl CoA

P

Acetyl CoA

carboxylase- P carboxylase

(inactive)

(active)

AMP-activated protein

ADP

AMPK kinases AMP
(covalent) (allosteric)

kinase (AMPK)
ATP

Glucagon
Epinephrine
(covalent)

e Prolonged consumption of high-calorie, high-carbohydrate diets causes an
increase in acetyl CoA carboxylase synthesis, thus increasing fatty acid

synthesis.

e Conversely, a low-calorie diet or fasting causes a reduction in fatty acid
synthesis by decreasing the synthesis of acetyl CoA carboxylase.




Fatty acid synthase

The remaining series of reactions of fatty acid synthesis is catalyzed
by the multifunctional, dimeric enzyme, fatty acid synthase.

Each fatty acid synthase monomer is a multicatalytic polypeptide with
seven different enzymatic activities plus a domain that covalently binds
a molecule of 4’-phosphopantetheine, carries acetyl and acyl units on
its terminal thiol (-SH group) during fatty acid synthesis

| cysteine |
| residue

2

CHy~C-S-CoA

CYS+SH Acetyl CoA CYS+SH
\ 0

=
I/ A(,p SH (1 ‘/ ALP-)S'([:X-CN,

\ FATTY ACID

SYNTHASE

\ Acyl c*tmor pfotoln dom'lln wlth
\ 4'-phosphopantetheine (ACP-SH)




Steps of fatty acid synthesis

[1] A molecule of acetate is transferred from acetyl CoA to the -SH group
of the ACP. Domain: Acetyl CoA-ACP acetyltransacylase

[2] This two-carbon fragment is transferred to the holding site, the thiol
group of a cysteine residue on the enzyme.

[3] The now-vacant ACP accepts a three-carbon malonate from malonyl
CoA. Domain: Malonyl CoA-ACP-transacylase

[4] The malonyl group loses the HCO; originally added by CoA
carboxlyase, facilitating its nucleophilic attack of thioester bond linking
the acetyl group to the cysteine residue The result is a four-carbon unit
attached to the ACP

[5] The keto group is reduced to an alcohol. Domain: 3-Ketoacyl ACP
reductase.

[6] A molecule of water is removed to introduce a double bond. Domain:
3-Hydroxyacyl-ACP dehydratase.

[7] A second reduction step occurs. Domain: Enoyl-ACP reductase

O At the end, Palmitoyl thioesterase cleaves the thioester bond,
producing a fully saturated molecule of palmitate (16:0).



= [1] A molecule of acetate is transferred from acetyl CoA to the -SH group - [3) The now-vacant ACP accepts a three-carbon malonate from malonyl
| of the ACP. Domain: Acetyl CoA-ACP acetyltransacylase CoA. Domain: Malonyl CoA-ACP-transacylase
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)
7] [5] The keto aroup is reduced to an alcohol. Domain: 3-Ketoacyl ACP CH,
reductase. !
NADP* .
o 0o O
Domain: Enoyl-ACP O -CH,-C-5-CoA Malate
o s ‘e’m cHocH, s-C 2 CH,-CH,-CH,
CYs ’) X ~CH Malonyl CoA “C-CH;CH,-
9 2—.) = : T) 9\
ACP4S-C-CH;CHcH, 2] SH 3 R CO,
— o~ NADP*-dependent
e € malate dehydrogenase NADP*
MA second reduction s(ep occurs. Domain: Enoyl-ACP reductase (41 (malic enzyme)
Four-carbon, saturated CcO, ]
tatty acyl-ACP (butyryl-ACP) "+
N N ADP* P
SH 15 e NADP* :?‘I:H H0 NADP NAI’)PH SH & -
o (_5.4_ (_L.. o o
< . N I | !
$-C-CH;CH,CH,-CH~CH, 7 (6] §-C-CH,-C-CH,-CH, CH, C=0
N e ]
\ CH,
Pyruvate
\ Six-carbon, saturated Sixteen-carbon, saturated Reductive synthesis of
\ I:L‘zaﬁ;&ccpp) { fatty acld (paimitoyl-ACP) [ fatty acids, steroids, sterols]
Firel- cycle> ¢ hrome P450 system
Repeat atops\ SH H,0 = o0 ¢ —dioc=EC (cytochrom y )
2 A S PALMITATE \ ; Detoxification of reactive
S/ndmimc . . - SH 7% cycle 1a oxygen intermediates
| Palmitoyl thioesterase

0 At the end, Palmitoyl thioesterase cleaves the thioester bond,

producing a fully saturated molecule of palmitate (16.0).



Further elongation of fatty acids

Palmitate can be further elongated by the addition of two-carbon units
in the endoplasmic reticulum (ER) and the mitochondria. These
organelles use separate enzymatic processes.

The brain has additional elongation capabilities allowing it to produce
the very-long-chain fatty acids (up to 24 C) that are required for
synthesis of brain lipids.

Enzymes present in the ER are responsible for desaturating fatty acids
(that is, adding cis double bonds). Termed mixed-function oxidases,
the desaturation reactions require NADH and O2.

We must have the polyunsaturated linoleic and linolenic acids
provided in the diet.



Storage of fatty acids as components of

triacylglycerols

Mono-, di-, and triacyiglycerols consist of one,
two, or three molecules of fatty acids are esterified
to a molecule of glycerol through their carboxyl
groups, resulting in a loss of negative charge and
formation of ‘neutral fat”

Fatty acid at C1 is usually saturated

Fatty acid at C2 is usually unsaturated
Fatty acid at C3 can be either

If a species of acylglycerol is solid at room
temperature, it is called a “fat”, if liquid, it is called
an “oil”

0{2 /CHz
Ho~ CH OH
|
HO
Glycerol

Glycerol component
of triacyglycerol

H H
(0] 2, SH2 _0
\}C_O):\(I:H \o__c/
(4]

O‘\(I:




Storage of TAG

TAGs are slightly soluble in water and cannot form stable micelles
so they coalesce within adipocytes to form oily droplets that are

nearly anhydrous.

They act as the major energy reserve of the body.

Production of glycerol 3P

LIVER

Dihydroxyacetone phosphate

Glycerol-P
dehydrogenase
ADP ATP

Glycerol
phosphate

ADIPOSE TISSUE

Glucose
GEOEB

Dihydroxyacetone
phosphate

Giycerol-P
dehydrogenase

Glycerol

phosphale




Synthesis of triacylglycerol

Synthesis of glycerol phosphate from glucose during
glycolysis in liver and adipose tissue

Conversion of a free FA to its activated form (CoA)
TAG is synthesized

Different fates of TAG in the liver and adipose tissue
In adipose tissue, TAG is stored in the cytosol of the
cells in a nearly anhydrous form.
In liver, most are exported, packaged with
cholesteryl esters, cholesterol, phospholipid, and
protein (apollpoproteln B- 100) to form lipoprotein
particles called very low density lipoproteins (VLDL).
VLDL are secreted into the blood where they mature
and function to deliver the endogenously-derived
lipids to the peripheral tissues.

Cb LOM
HO - C H O
(‘} 0- P (&)
O
Glycerol 3-phosphate

o
"
CoA-C=R,
Acytransierace
CoA

(]
CH;-0-C-R,

HO-C-H ©
CHy=0-P -0

o
Lysophosphatidic acid

o
b
CoA-C=-R,
Acyt anshorase
CoA

o
0 CH,-0-C-R,
R;-C-0-C-H O
CHy-0-P -0
é,
Phosphatidic acid (DAG phosphate)

H,0
> Prosphatase
P

°
o CH,~O-C-R,
n,—E -0-C-H
LI;H:OH
Diacylglycerol (DAG)

o
CoA-C=-R,
Acytransferase
CoA

o
o cn,~o-(':-n,
ReE-0-C-H O
CH,-0-C=R,
Triacylglycerol (TAG)




1Y Mobilization of stored fat

Release of fatty acids from TAG

This process is initiated by hormone-sensitive lipase, which
rerréoves a fatty acid from carbon 1 and/or carbon 3 of the
TAG.

Additional lipases specific for diacylglycerol or
monoacylglycerol remove the remaining fatty acids.



Mobilization of stored fat

Activation of hormone-sensitive lipase (HSL):
This enzyme is activated when phosphorylated by
a 3',5 ‘-cyclic AMP-dependent protein kinase in the
adipocyte upon binding of hormones (like
epinephrine) to receptors on the cell membrane,
and activation of adenylate cyclase

The process is similar to that of the activation of
glycogen phosphorylase :
Because acetyl CoA carboxylase is inhibited
upon phosphorylation, when the cAMP-
mediated cascade is activated. fatty acid
synthesis is turned off when TAG degradation
is turned on.
In the presence of high plasma levels of insulin
and glucose, HSL is dephosphorylated
(inactive)

Insulin
(low)

Epinephrine
(high)

/&

T L e - 7 [t
11 Pl 1111 PR 1
H Adenylyl
HE cyclase

ATP cAMP + PP,

Hormone-sensitive
P lipase

{nactive)

Phosphatase

\/—ATP [+

Active protein kinase
ADP

TRIACYLGLYCEROL

1 -
Hormone-sensitive

lipase
@ctive)
Fatty acid

DIACYLGLYCEROL




Mobilization of stored fat

Fate of glycerol:

It cannot be metabolized by adipocytes because they lack glycerol
kinase. Rather, glycerol is transported through the blood to the liver,
where it can be phosphorylated, which can be used to form TAG in
the liver; or can be converted to DHAP that can participate in
glycolysis or gluconeogenesis.

Fate of fatty acids:
The free fatty acids move through the cell membrane of the adipocyte,

and immediately bind to albumin in the plasma, enter cells, get
activated to their CoA derivatives, and are oxidized for energy.

Active transport of fatty acids across membranes is mediated by a
membrane fatty acid binding protein

plasma free fatty acids cannot be used for fuel by erythrocytes, which
have no mitochondria, or by the brain because of the impermeable

BBB



II B-Oxidation of fatty acids

(©) The major pathway for catabolism of saturated fatty acids is a
mitochondrial pathway called B-oxidation, in which two-carbon
fragments are successively removed from the carboxyl end of the
fatty acyl CoA, producing acetyl CoA, NADH, and FADH2.

T ransport of long-chain fatty acids (LCFA) into the mitochondria:

Net effect: Long-chain fatty acyl CoA is transported from the outside to the inside of mitochondria
ag o ™==F A c-ﬂyaf(gsosho"_"v- 3 r?f" s W) o¥iddlf™
CoA oo p ) AG-CoA AL RS S . wibHd e
o Fatty acyl CoA (5 ¢ Fatty acyl CoA  Carnitine | Fatty acyl CoA
Afor LCFA entors a cob, R Is comveriod 50 the CoA dervative by o)) / ‘/ ~ ) Sttt

long-<hamn fatty acyl CoA synthetase (thioknase) in the cytosol L Camaine (CrT e Wansler of
Pe acyl group bom camaee o &-\ A T ™

regenerainyg Yee (e

Bocause (-oxidation occurs in the mitochondria matrix, the mty ackl
must be transported from the cylosol across the mitochondrial inner
membrane by a specialzed camer, Carmaine. Camibne

(2) An acyl growp is transferred lmucylnooucCMlowmby m
:mm n-ynnmummrm | (CPT-1), an enzyme associated with

e, to form e, and
regenerates free

‘),"2
: % MATRIX

Can ;cnm lur oo carnibne witn @y, acylcarmaine is transported into the mitochondrion in exchange
Achfl CoA (omind b for free camitine by camitine-acylcamitine translocase.

- T e 1 Q;- e 9‘ \
RC-Carnitine _-_—’3'““’“” AC-Carnitine CoA

ST «O

CYTOSOL

Inhibitor of the carnitine shuttle

o o e b When fatty acid synthesis is occurring in the cytosol (as indicated by
Malonyl CoA inhibits CPT, thus preventing the entry of long-chain the presence of malonyl CoA), the newly made palmitate cannot be
acyl groups into the mitochondrial matrix. transferred into the mitochondria and degraded :



Carnitine

Sources:
from the diet (meat, diary products, nuts), synthesized from the

amino acids lysine and methionine by an enzymatic pathway
found in the liver and kidney but not in/skeletal or heart muscle.

these tissues are totally dependent on carnitine provided by
hepatocytes or the diet, and distributed by the blood.
(Skeletal muscle contains 97% of all carnitine in the body)

Additional functions:
The carnitine system also allows the export from the

mitochondria of branched-chain acyl groups (such as those
produced during the catabolism of the branched-chain amino

acids).
The carnitine system is involved in the trapping and excretion via

thedkidney of acyl groups that cannot be metabolized by the
body.



Carnitine deficiencies

result in a decreased ability of tissues to use LCFA as a metabolic
fuel, can also cause the accumulation of toxic amounts of free fatty
acids and branched-chain acyl groups in cells.

Secondary carnitine deficiency occurs for many reasons:

1) in patients with liver disease causing decreased synthesis of
carnitine

2) individuals suffering from malnutrition or those on strictly vegetarian
diets

3) in those with an increased requirement for carnitine as in
pregnancy, severe infections, burns, or trauma

4) in those undergoing hemodialysis, which removes carnitine from
the blood

Congenital deficiencies in one of the components of the carnitine
palmatoyltransferase system, in tubular reabsorption of carnitine, or
a deficiency in carnitine uptake by cells, can also cause carnitine

deficiency.
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- ——— Reactions of B-oxidation

(Zof cal - even V\)O-df)- g’_

_ Fatty acyl CoA 1
F.A breakdown - .—'H: '
. Patby acids
e
CHy=(CHy), 0“ 0“- C-8-CoA
m M whonyl endf I
i #a0 [1] oxidation that produces FADH2
brectrr] _—
enzymes) FADH,
s
CHy~ (CH,),-CH=CH-C- S~ CoA
Enoyl CoA
s ™ [2] hydration step
OH ""‘"B Domasn  3-Hydroxyacyl-
CHy~ (CHy),-CH-CHy~C-S-CoA R
3-Hydroxyacyl CoA
oY\ NAD* . .
el . [3] a second oxidation that produces NADH
NADH # *
P
CHy~ (CH,), ~c-cu,-c-s CoA %—:M
bm _
[4] Thlolytm cleavage that releases a
molecule of acetyl CoA.
! cm-w.-e S-CoA Oe&-c S-CoA| malonyt Coa - ww*aTch: Mf r;arlotlt’gglytlc cleavage produces two
Fatty acyl CoA AcetyiCoA|

It consists of a sequence of four reactions
—— that result in shortening the fatty acid
chain by two carbons.

These four steps are repeated for
saturated fatty acids of even numbered

carbon chains (n16? each cycle
oducing an acetyl group plus one

I
RIADH and one FADH2
7 cycles

=175
<+

Pa\mﬁ(‘ic :

25 * 7 To\-ATP= 2%

T NADH =
7 FADHe = 1-9#T = 105

16 —> % ﬂC\"\/]f’ COA'\

5

% #10 = %0

ﬂc]"\[ \ \SS
ColA

2%+ 40 = 0B =&=—

Palw\el’l('_S\ _S) = ﬂTF

+# Acetyl CoAis a positive allosteric effector
of pyruvate carboxylase, thus, linking fatty

acid oxidation and gluconeogenesis.




Medium-chain fatty acyl CoA dehydrogenase

Acyl CoA .
(o lany f coi (MCAD) deficiency
L
° In mitochondria, there are four fatty acyl CoA dehydrogenase

species, each of which has a specificity for either short-, medium-,
long-, or very-long-chain fatty acids.

MCAD deficiency is:
an autosomal, recessive disorder
one of the most common inborn errors of metabolism.
causes a decrease in fatty acid oxidation and severe
hypoglycemia (no full energetic benefit from fatty acids and so
must now rely on glucose).

° Treated by a carbohydrate-rich diet.

° Infants are particularly affected by MCAD deficiency, because they
rely for their nourishment on milk, which contains primarily MCADS
° MCAD dehydrogenase deficiency has been identified as the cause

of sudden infant death syndrome (SIDS) or Reye’s syndrome



Oxidation of fatty acids with an odd number

It oxidizes two carbons at a time (producing acetyl
CoA) until the last three carbons (propionyl CoA).

(Propionyl CoA is also produced during the
metabolism of certain amino acids)

This compound is carboxylated to methylmalonyl
CoA by propionyl CoA carboxylase (requires biotin),
which is then converted to succinyl CoA by
methylmalonyl CoA mutase (requires vitamin B12).

(Succinyl CoA can enter TCA cycle)

A genetic error in the mutase or vitamin B12
deficiency causes methylmalonic acidemia and
aciduria in addition to developmental retardation.

L
CH3CH,C- CoA
Propionyl CoA

co,
Propionyl CoA
carboxylase ATP Biotin
ADP + P;

900'
H -CII-CHa
C-CoA
IOI
D- Methylmalonyl CoA

Methylmalony! CoA
racemase

CO00™
HyC-G-H
9- CoA
O
L-Methylmalonyl CoA

Coenzyme form
Methylmalony! CoA of vitamin By,

mutase | (peoxyadenosyl
cobalamin)

goor
HZ(ID-CHZ
C-CoA
6
Succinyl CoA




Oxidation of unsaturated fatty acids

° The oxidation of unsaturated fatty acids provides less energy than
that of saturated fatty acids because they are less highly reduced
and, therefore, fewer reducing equivalents can be produced from
these structures.

° Oxidation of monounsaturated fatty acids, such as 18:1(9) (oleic
acid) requires one additional enzyme, 3,2-enoyl CoA isomerase
(converts the 3-cis derivative obtained after three rounds of p-
oxidation to the 2-trans derivative that can serve as a substrate for
the hydratase)

1 15 3
Oleoyl-CoA |
|

-» 3 Acetyl CoA

y
H H O

. \__/
M@s-cu

cis-A3-Dodecenoyl-CoA

/\\/\\/\\/\‘ \,»’ﬁ/LS-CoA trans-A2-Dodecenoyl-CoA

|, “\H

& Oxidation of polyunsaturated fatty acids, such as 18:2(9,12) (linoleic l -
acid) requires an NADPH-dependent reductase in addition to the
isomerase 6 Acetyl CoA




Oxidation in the peroxisome

° Very-long-chain fatty acids (VLCFA), twenty carbons long or longer,
undergo a preliminary B-oxidation in peroxisomes. The shortened
fatty acid is then transferred to a mitochondrion for further oxidation.

° In contrast to mitochondrial 3-oxidation, the initial dehydrogenation
in peroxisomes is catalyzed by an FAD-containing acyl CoA
oxidase.

° The FADHZ2 produced is oxidized by molecular oxygen, which is
reduced to H202. The H202 is reduced to H20 by catalase

s The genetic defects Zellweger Aot 7 X ’

(cerebrohepatorenal) syndrome (a defect in

FAD FADH,

peroxisomal biogenesis in all tissues) and X-linked
adrenoleukodystrophy (a defect in peroxisomal
activation of VLCFA) lead to accumulation of VLCFA
in the blood and tissues.




/ PEROXISOMAL DISORDERS

Zellweger Syndrome Cerebro-hepato-renal syndrome

Clinical signs
* Typical and easily recognized dysmorphic facies.

* Progressive degeneration of Brain/Liver/Kidney, with
death ~6 mo after onset.

Hypotonic, seizures and poor feeding
Distinctive facies.
Retinal dystrophy,
hearing loss, severe DD

os\ &

——

e The genetic defects
Zellweger
(cerebrohepatorenal)
syndrome (a defect in
peroxisomal biogenesis in all

tissues) Diagnosis
» Biochemical, serum Very Long Chain Fatty Acids- VLCFAs
eand X-linked > Gene test

adrenoleukodystrophy (a
defect in peroxisomal
activation of VLCFA) lead to
accumulation of VLCFA in
the blood and tissues.

Adrenoleukodystrophy
- damages the

~ white matter of the
brain and impairs the
adrenal glands

_oxicldion ool s Ty



[7; a-Oxidation of fatty acids

The branched-chain fatty acid (phytanic acid) is not a
substrate for acyl CoA dehydrogenase due to the methyl
group on its third carbon

o}
Instead, it is hydroxylated at the a-carbon by fatty acid a - “C-OH
hydroxylase. <
-CH,
The product is decarboxylated and then activated to its CoA
derivative, which is a substrate for the enzymes of -oxidation.
-CH,
Refsum disease is a rare, autosomal recessive disorder
caused by a deficiency of a-hydroxylase. Leading to the
accumulation of phytanic acid in the plasma and tissues. ~CH,
The symptoms are primarily neurologic, that treated by dietary e
= 3

restriction to halt disease progression
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Ketone bodies — -
S
Liver mitochondria can convert acetyl CoA derived from fatty acid

oxidation into the ketone bodies, acetoacetate and 3-hydroxy-

butyrate. B_ faky ai 5 Acetyl cop _Lvet o eelon boddies

Peripheral tissues possessing mitochondria can oxidize 3-
hydroxybutyrate to acetoacetate, which can be reconverted to acetyl
CoA, thus producing energy for the cell.

Unlike fatty acids, ketone bodies can be utilized by the brain and,
therefore, are important fuels during a fast.

y‘-“'"" BNPORS /»—"‘?\»
The liver lacks the ability to degrade ketone bodies, and so
synthesizes them specifically for the peripheral tissues.



Synthesis of ketone bodies by the liver

‘- F\ )\ KS) 2 \ "
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"0-C - CH,~C~ CH, - G- CoA
CH,

HMG CoA (3-nyrory miel:

bl )

2 Sl
"0-C ~CH,~C~ CH,~ C- CoA
CH,

HMG CoA
0

n
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CO,
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Ketoacidosis

Ketoacidosis occurs when the'rate of formation of
ketone bodies is greater than their rate of use, as
seen in cases of uncontrolled, type 1 (insulin-

dependent) diabetes mellitus.

Insulin Glucagon

their levels begin to rise in the blood (ketonemia)
and eventually in the urine (ketonuria).

Lipolysis
In such individuals, high fatty acid degradation S S
produces excessive amounts of acetyl CoA. A

A 4

It also depletes the NAD+ pool and increases the el
NADH pool, which slows the TCA cycle

A 4

Ketoacidosis
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Metabolism of phospholipids
and cholesterol



+ This nafrer include

© Biosynthesis of membrane phospholipids

@ Synthesis of sphingomyelin
@ Synthesis of PE, PC and PS
®  Synthesis of P!

© Synthesis of PGH2

©® Cholesterol synthesis

@ Synthesis of Bile acids



Phospholipids

c\\ﬂ("o\"ﬁg
Z— uV“""“*“:)J
> Are polar, ionic compounds composed of an alcohol that is attached
by a phosphodiester bridge to either diacylglycerol or sphingosine
(amphipathic)
> Phospholipids are the predominant lipids of cell membranes that

function as a reservoir for intracellular messengers and for some
proteins, they serve as anchors to cell membranes.
N SN am S
: ?V“’\S\E‘— -\ D) - -
fcc“ mwkmnc,u e fpe prosphelipicls
# >Nonmembrane-bound phospholipids serve phosphatidic
additional functions in the body, as components i
®of lung surfactant and essential components

: i R headgroups — 5
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Phospholipids

hosphoglycerides Head group
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So meny only fwo PhOSphOIIpIdS——
carbonS Cearbon

> @ cardiolipin: cardiolipin is virtually exclusive to the inner

> (@ Plasmalogens: when an unsaturated alkyl group attached by

mitochondrial membrane, where it is required for the
maintenance of certain respiratory complexes

an ether linkage to the core glycerol molecule, a plasmalogen
is produced. phosphatidalethanolamine (abundant in nerve

tissue, phosphatidalcholine (abundanimh&attmusgle) is the
other quantltatlvely significant ether lipid in mammals. ™~ ...

> (@ Platelet-activating factor (PAF): is an unusual ether

Fextic
fn<hion
unless its
m nermul
olmeunts

glycerophospholipid, with a saturated alkyl group in an ether
link to carbon 1 and an acetyl residue at carbon 2

It binds to surface receptors, triggering potent thrombotic and
acute inflammatory events. PAF activates inflammatory cells
and mediates hypersensitivity, acute inflammatory, and
anaphylactic reactions. It causes platelets to aggregate and
degranulate, and neutrophils and alveolar macrophages to
generate superoxide radicals

Fatty acids ——

ﬁ@\
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Biosynthesis of membrane phospholipids

> Synthesis of mecr)nbrane lipids requires in general :
\ A 23
> Synthesis of backbone molecule (glycerol or sphingosine)
> @W by ester or am|de linkage.
ST gphigsine
> @ Addition of hydrophilic head group through phosphodlester
T NN T S TN —

linkage.
> DW_’;‘J Alteration or exchange othgg\cl/g/(gup to yield final

phospholipids.

B

>

TFale PL:

to Golgi apparatus and then to membranes of organelles or the
@ plasma membrane, or are secreted from the cell by exocytosis®

PL Synthesis occur in smooth endoplasgc reticulum then goes

> All cells except mature RBC can synthesize phospholipid



< > Sphingophospholipids Z
Ceramice + chotg Sph|ngomye|| —s furns

The backbone of sphingomyelin is the amino alcohol sphingosine,

rather than glycerol . serine

&)_[_‘ 9 l\/ccf ol

A long-chain fatty acid is attached to the amino group of sphingosine
through an amide linkage, producing a ceramide, which can also serve
as a precursor of glycolipids. The alcohol group at carbon 1 of
sphingosine is esterified to phosphorylcholine, producing
sphingomyelin, the only significant sphingophospholipid in humans.

> Sphingomyelin is an important constituent of
the myelin of nerve fibers that insulates and
protects neuronal fibers of the central nervous

system

\CH,—~®-CH,CH,N*
: e
1l 2 . CH3 CH;
C—NH-CH

: 3 --="choline
- CH—OH\E\)
/ Sphing;[)sine oty

Fatty acids seriene + Fatty acicd
26 s\
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Synthesis of sphingomyelin

Coz CoA ) 8

e N ad Ny
W-C-CoA + HN-C-H 15{CHz)5~CHyCH,-C—~C~CH,0H
COM N ADPH 4+ H*  NADP* Ot
Palmitoyl CoA Serine = Sphinganine feyletion
(o)
L] L] L] [l . L] FAD -E-COA
Sphingosine-based phospholipid, is a major Fatly scyl CoA
. e g . FADH, CoA
structural lipid in the membranes of nerve tissue.
WY
) ] ) ) - -C'Z—(II-CH‘.OH}Sphingosinc
The synthesis of sphingomyelin: palmitoyl CoA OHNH

condenses with serine, as CoA and the carboxyl
group (as CO2) of serine are lost. requires
pyridoxal phosphate as a coenzyme

The product is reduced in an NADPH-requiring
reaction to sphinganine, which is acylated at the
amino group with one of a variety of long-chain
fatty acids, and then desaturated to produce a
ceramide

¢=0

Ceramide  <s — unsal
Phosphatidylcholine

Diacylglycerol
Wy 9
~CH-G=G-CHL0-P-OCH,CHN'(CHo):

OH T:JH O
(o 0) Choline
|

Sphingomyelin 4=



Degradation of sphingomyelin

Ll

> Sphingomyelin is degraded by the lysosomal sphingomyelinase.

> Ceramides appear to be involved in the response to stress, and

sphingosine inhibits protein kinase C

Protein Kinase C (PKC) is a family of enzymes that act as intracellular
messengers by phosphorylating proteins, which changes their activity and
function. PKC plays a crucial role in various cellular processes, including cell
growth, differentiation, proliferation, and immune responses. ¢ <«— y= 0"

NIEMANN-PICK DISEASE

® Sphingomyelinase deficiency
® Enlarged liver and
spleen filled with lipid
e Severe mental retardation
and neurodegeneration

® Death in early childhood
(Type A)

Sphingomyelinase

Ceramide
R - +
CHy(CHy),-CH=CH-C—C~CH; OF-P-OCH,CH,N(CHa)s
OH NH \0_'__\/\/
Ceramidase Phosphorylcholine

CHG(CHZ)"—&C; } Fatty acid
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Synthesis of PE and P

Chranel Amine

C

Ph05‘°h° cholin amine
> PC and PE are the most abundant phospholipids in 0 875
most eukaryotic cells. Choline and ethapolamine are | _¢0-¢ aconol
.,»>* obtained either from the'diet or from theturnover of § wi-o-cop  inosiel
the body's phospholipids. COP.Diacyglycero
> % Synthesis from preexisting choline and A
ethanolamine: by phosphorylation of choline or oo
ethanolamine by kinases, followed by conversion to the C-0-6-H
activated form, CDP-choline or CDP-ethanolamine. Then, O HC-@-Aloohol
choline-phosphate or ethanolamine-phosphate is © Phospholipid
transferred from the nucleotide (CMP) to a molecule of
diacylglycerol T/"”'P
> The reutilization of choline is important because, as o Hoo-l w:ﬁ\u;o:ﬁ
humans can synthesize choline de novo, the amount ~C-0-C-H ™ CDP-Choline _
made is insufficient for our needs. N 'fz,c‘OH, %",’f\.}c::?;;'c;“‘*
% // coPpir"_ fllce
> dipalmitoylphosphatidylcholine (DPPC) made and secreted by Type II
. wu- «— Pneumocytes, is the major lipid component of lung surfactant. Surfactant
Y

needed to reinflate"alveoli, thereby preventing alveolar collapse. Lung
maturation can be accelerated by giving the mother glucocorticoids shortly

before delivery.

inhibilion

serves to decrease the surface tension of this fluid layer, reducing the pressure

Phospnolipuse Az
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Synthesis of PE, PC and PS

)7\6 ()\}377,) cerien —=> cholh

# Synthesis of PC from PS in the liver: To provide
the needed PC (secreted in bile), PS is
decarboxylated to PE by PS decarboxylase, an
enzyme requiring pyridoxal phosphate as a
cofactor. PE then undergoes three methylation
steps to produce PC

> membrane SY

# Phosphatidylserine (PS): provided by the base
exchange reaction, in which the ethanolamine of PE
is exchanged for free serine to produce the PS
required for membrane synthesis

n bhesls

S PL M e gio e e o 3y
@ diel" — Prce choline / chhe. —> synthesis

(@) intercenversions
@ exchanoe reackions

&
C-0-CH,
o]
W
C-O-CH

o) W N &

Wdylserine

Phosphatidy!-
serine

decarboxylase

C-O-CH,
9
C-0-CH

Qekivakeys®, G2

o 2
ne. i
N‘el—h\at,“ Y HgNHf

COo0
S-Adenosyl-
methionine
Merhy\ )~

/~'\denosme-3I b ')_
2" a3
T dS’
G
HCNH*
COO™

S-Adenosyl-

homocysteine

v
C-0-CH,
?

C-0-CH

CH,-®-CH,CH

(base exchange
CO, ‘{//// \M
(0]

CH, -®)-CH,CH,~NH,§

Qhosphalidylﬁhgnglgmine

|
CH,-(®-CH,CH,N*—=CH,
|

c;o\,u/ * Phosphatidylcholine

}}
. NH.
NH CH
OH
Ethanolamine
[/ ®
Phosphatidyl-

ethanolamine-

serine X}

transferase react

reaction)

+

NH;
HO-CH,CH
CO0

Serine
@ serin®
-Coo”
ethano\aming
+3CH;

cholin

ol

N-Methyltransferases

CH,

CH,
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Pl is synthesized from free inositol and CDP-
diacylglycerol

Synthesis of Pl

Pl is an unusual phospholipid in that it often
contains stearic acid on carbon 1 and arachidonic
acid on carbon 2 of the glycerol

Pl serves as a reservoir of arachidonic acid in
membranes and, thus, provides the substrate for
prostaglandin synthesis when require

Phosphatidylglycerol is a precursor of cardiolipin. It
is synthesized by a two-step reaction from CDP-

diacylglycerol and glycerol 3-phosphate. s 57
PL >\ f"’)
Cardiolipin is synthesized by the transfer of Sacyle ==

diacylglycerophosphate from CDP-diacylglycerol to a
preexisting molecule of phosphatidylglycerol.

27

diancyl glecers| buck bone

Site of cleavage by

> phospholipase C

C-O-CH,

S

C-0-CH
CH,

2@

0= |::———-—- O OH
o) H
| H OH

0= IP-O_
o-

Sujl'.r

Phosphatidylinositol 4,5-bisphosphate

Fatty acids ——

yas

1
C=0

0
0 o o
0 CHZOC— — C-0-C-H
—COCH H

CHZ ®-CH,- c CH,~-®-CH,

Polar > OH
head

Cardiolipin

H,C-0-C

—C O- C H r o
O HZC O-CDP
CDP-Diacylglycerol

heuc’ 9“’0‘0 O
o cH; 0-C-R'
[o) R C O-CH o]

General chemical structure of a

are fatty acid side chains

|1}
CH3-0~P—0~CH3CHOH—CH ,OH
| 2 2

phosphatidyl glycerol where R' and R?



Role of Pl

> Pl in signal transmission =

Pl in membrane protein
across membranes

an Ch (o) ri n g EXTRACELLULAR SPACE

)\ Anchored
") protein

|
Ethanolamine - (P)

I
Ethanolamine- (P)-Olig haride
I
(GleN)
|
o
H
H OH
G- CH-CH,—® H

; ? 9
0=C 0O=C
I
H‘) }H 2 l 1At }

OH OH

Inositol 1,4.5-
trisphosphate (IP,)

1P, binds to a specific recoptor
on the endoplasmic mtculum.‘

of od :
9 q
Ccat Pygeted o Lipophilic side chains of
M hosphatidylinositol are i
inserted into the lipid core |
of the cell membrane.

CYTOPLASM




V', Degradation of phosphoglycerides

performed by phospholipases found in all tissues and pancreatic juice

Some toxins and venoms have phospholipase activity, and several
pathogenic bacteria produce phospholipases that dissolve cell
membranes and allow the spread of infection.

Phospholipases hydrolyze the phosphodiester bonds of
phosphoglycerides, with each enzyme cleaving the phospholipid at a
specific site. P =

Phosphoglyceride

Phospholipases release molecules that can serve as messengers (DAG
and IP3), or that are the substrates for synthesis of messengers
(arachidonic acid).

phospholipases A1 and A2 remove specific fatty acids from membrane-
bound phospholipids; these can be replaced with alternative fatty acids
using fatty acyl CoA transferase. This mechanism is used as one way to
create the unique lung surfactant, DPPC and to insure that carbon 2 of PI
(and sometimes of PC) is bound to arachidonic acid



Degradation of phosphoglycerides

PHOSPHOLIPASE D < °%,

® Phospholipase D is found
primarily in plant tissue.

PHOSPHOLIPASE A,

® Phospholipase A, is present
in many mammalian tissues.

' PHOSPHOLIPASE A, (»"/;

® Phospholipase A, is present in many
mammalian tissues and_pancreatic juice.
Itis also present in snake and bee venoms.

® Phospholipase A, acting on phosphatidyl-
inositol, releases arachidonic acid (the

precursor of the prostaglandins). 0 cul T
) o€
® Pancreatic secretions are especially rich CHz'OIg'Rt PHOSPHOLIPASEC <t
in the phospholipase A, proenzyme, o) | Ny B
- - : »Y ® Phospholipase Cis found in liver
which is activated by trypsin and R,- c4o-cH lysosomes and the c-toxin of
requires bile salts for activity. ostridia and other bacilli.

® Phospholipase A,is inhibited by
glucocorticoids (for example, co;‘t:isol).

® Membrane-bound phospho- %
CHzO4P-OF X lipase Cis activated by the PIP,
system and, thus, plays a role in
producing second messengers.
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1 Synthesis of PGH2 —~

e
The first step in the synthesis of
prostaglandins is the oxidative cyclization of Chemorane hospholpls
free arachidonic acid to yield PGH2 by Eiospholnase 2
prostaglandin endoperoxide synthase (PGH @ArachijonicAcid
synthase). Arachidonic acid —— pGHa zor\lcyd‘goéiyﬁ;,}a;i)
Prostaglandin oK
Srocperdel’s ) (SRR NSAC
This enzyme is an endoplasmic reticulum R | ey
membrane-bound protein that has two catalytic .-
activities: ey PGS
fatty acid cyclooxygenase (COX), which P e (e
requires two molecules of O2, and Y. . P*G,z
peroxidase, which is dependent on cystol

reduced glutathione

PGH2 is converted to a variety of
prostaglandins and thromboxanes, by cell-
specific synthases.
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Isozymes of PGH synthase e

Two isozymes of the synthase are known.
COX-1 is made constitutively in most tissues, and is
required for maintenance of healthy gastric tissue, renal
homeostasis, and platelet aggregation.

COX-2 is inducible in a limited number of tissues in

response to products of activated immune and inflammatory
cells.

. The increase in prostaglandin synthesis
f”)subsequent to the induction of COX-2 mediates the

pain, heat, redness, and swelling of inflammation,!
and the fever of infection.

Dietary linoleic acid
18:2(9,12)

Elongation
Desaturation
mo_

Arachidonic acid
20:4 (5,8,11,14)

20,
Cyclooxygenase
(COX)
<::I\/K\/A\/“\/foo_

o OOH
PGG,

Peroxidase 2Erds
GS-SG
O/,,w
<::L\/A\//\¢/\»/?oo—

e OH
PGH,




Inhibition of prostaglandin synthesis

> The synthesis of prostaglandins can be inhibited by a number of
unrelated compounds. For example, cortisol (a steroidal anti-
inflammatory agent) inhibits phospholipase A2 activity and so, the
precursor of the prostaglandins is not available.

®

> Aspirin, indomethacin, and phenylbutazone (all nonsteroidal anti-
inflammatory agents [NSAIDS]) inhibit both COX-1 and COX-2 and so,
prevent the synthesis of the parent prostaglandin, PGH2.

L

> 4% Aspirin's toxicity is due to the systemic inhibition of COX-1, leading
to damage to the stomach and the kidneys, and impaired clotting of
blood.

> Inhibitors specific for COX-2 (e.g. celecoxib) were designed to reduce
pathologic inflammatory processes while maintaining the physiologic &



>

2 Leukotrienes . liner

Leukotrienes are linear molecules produced by the lipoxygenase
pathway from arachidonic acid )

Neutrophils € -lipoxygenase, whieit converts arachidonic
acid to 5-hydroxy-6,8,11,14 €i aenoic acid (5-HPETE) which
is converted to a series 0

Lipoxygenases are not affected by NSAIDS. Leukotrienes are

# mediators of allergic response and inflammation.

simpy such as  prostagandins

Inhibitors of 5-lipoxygenase and leukotriene receptor antagonists
are used in the treatment of asthma |
consl”

o\ P\ anes)



7 Cholesterol

cholesterol is a structural component of all cell
membranes, modulating their fluidity,

In specialized tissues, cholesterol is a precursor of
bile acids, steroid hormones, and vitamin D

Hydrocarbon "tail"
/—/%

Cholesterol is a very hydrophobic compound. It
consists of four fused hydrocarbon rings (A, B, C,
and D, called the “steroid nucleus”), and it has an
eight-carbon, branched hydrocarbon chain attached
to C-17 of the D ring. Ring A has a hydroxyl group at
C-3, and ring B has a double bond between C-5 and
C-6

= Cholesteryl ester
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Cholesterol synthesis

Cholesterol is synthesized by all tissues in
humans, although liver, intestine, adrenal cortex,
and reproductive tissues, including ovaries, testes,
and placenta, make the largest contributions to the
body's cholesterol pool.

Synthesis occurs in the cytoplasm, with enzymes
in both the cytosol and the membrane of the
endoplasmic reticulum.

The first two reactions in the cholesterol synthetic
pathway are similar to those in the pathway that
produces ketone bodies. They result in the
production of HMG CoA

o
2 CH;-C-CoA

2 Acetyl CoA

Thiolase
CoA

o o
CH;- C-CH,- C-CoA
Acetoacetyl CoA
(o}

CH;C-CoA
HMG-CoA synthase
CoA

O_ CH; OH O
SO CQECN
0 CH, CH, CoA

3-Hydroxy-3-methylglutaryl CoA
(HMG CoA)

(2C)

(4C)

(6C)

Liver parenchymal cells contain two isoenzymes of HMG CoA synthase
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Cholesterol synthesis "’°Ccoo-

HMG

The next step, the reduction of HMG CoA to
mevalonic acid, is catalyzed by HMG CoA
reductase, and is the rate-limiting and key
regulated step in cholesterol synthesis.

Expression is
inhibited by
cholesterol

0]
BN
_ /C\ /C\ /c\

O CH, CH, CoA

CHy OH ©

It occurs in the cytosol, uses two molecules of

NADPH as the reducing agent, and releases HMGCoA  (6C)
CoA, making the reaction irreversible 2 NADPH + 2 H*
HMG CoA reductase
i . CoA 2 NADP*
HMG CoA reductase is an intrinsic membrane
protein of the endoplasmic reticulum (ER), with O CH, OH
the enzyme's catalytic domain projecting into C. _C_ _CH,0H
the cytosol O CHS TGk,

Mevalonic acid  (6C)
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Regulation of cholesterol synthesis

HMG CoA reductase, the rate-limiting enzyme, and is subject to

different metabolic control.

Sterol-dependent regulation of gene expression: Expression of the
HMG CoA reductase gene is controlled by the transcription factor, SREBP
(sterol regulatory element—binding protein that is bound to ER membrane)
that binds DNA at the cis-acting sterol regulatory element (SRE) of the
reductase gene. SREBP is associates with a second ER membrane protein
SCAP (SREBP cleavage—activating protein).

When sterol levels in the cell are low, the SREBP-SCAP complex is sent
out of the ER to the Golgi. Where it generates a soluble fragment that enters
the nucleus and functions as a transcription factor. This results in increased
synthesis of HMG CoA reductase and cholesterol synthesis. If sterols are
abundant, it results in the retention of the SCAP-SREBP in the ER, leading
to down-regulation of cholesterol synthesis.

Sterol-accelerated enzyme degradation: The reductase itself is an
integral protein of the ER membrane. When sterol levels in the cell are high,
the reductase binds to insig proteins. This binding leads to ubiquitination and
proteasomal degradation of the reductase.



Regulation of cholesterol synthesis

Sterol-independent phosphorylation/dephosphorylation: HMG
CoA reductase activity-is controlled covalently through the actions of
AMP-activated proteln kinase (AMPK), and a(phosphoprotein
phosphatase. The phosphorylated form of the enzyme is inactive, so
cholesterol synthesis, is decreased when ATP availability is decreased.

Hormonal regulation: The amount and the activity of HMG CoA
reductase is up-regulated by insulin and down-regulated by glucagon.

HMG CoA

——

\ reductase (inactive) <

SREBP e
-
‘ \p ~_
roleolyuc
XOOOOOOOCK ona cleavage R
SRE
lenscfipuon snEBP-» C\
NUCLEUS LSCAP_ | Golgi
ANNANANNANS mMRNA a"....} °

==

\/
o ANANANANNAY mRNA
e ::)«':”\Y P Translation
2 phosphatase
reductase (active)

ADP ATP

T~ AMP
B

HMG CoA

-
-
Mevalonic acid =

¥
¥

T
Cholesterol il

———— e ——

o',
4

/

Endoplasmic /
reticulum

A

T /
gl

Y/

‘.\!




Drug Inhibitors of cholesterol synthesis

The statin drugs (atorvastatin, fluvastatin,
lovastatin, pravastatin, rosuvastatin, and
simvastatin) are structural analogs of HMG
CoA, and are (or are metabolized to) reversible,
competitive inhibitors of HMG CoA reductase.

They are used to decrease plasma cholesterol
levels in patients with hypercholesterolemia

Portions of the statins (shown in |
blue) clearly resemble HMG-CoA. |
However, the bulky hydrophobic |
groups of the inhibitors differ from |
the CoA moiety of the substrate.

HMG
H coo-
OH
(0]
CH QH”E':
ch/ 2\(;'_'/ \O
CH3 CH3
HaC

Simvastatin




Degradation of Cholesterol

The ring structure of cholesterol cannot be metabolized to CO2 and
H20 in humans but the intact sterol nucleus is eliminated from the
body by conversion to bile acids and bile salts, which are excreted in
the feces, and by secretion of cholesterol into the bile, which
transports it to the intestine for elimination.

Some of the cholesterol in the intestine is modified by bacteria
before excretion. The primary compounds made are the isomers
coprostanol and cholestanol, which are reduced derivatives of
cholesterol.
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Synthesis of Bile acids

Bile acids are synthesized in the liver by a
multistep, multiorganelle pathway in which hydroxyl
groups are inserted at specific positions on the
steroid structure, the double bond of the cholesterol
B ring is reduced, and the hydrocarbon chain is
shortened by three carbons, introducing a carboxyl
group at the end of the chain

The most common resulting compounds, cholic
acid (a triol) and chenodeoxycholic acid (a diol), are
called fprimary’ bile acids.

The rate-limiting step in bile acid synthesis is the
introduction of a hydroxyl group at carbon 7 of the
steroid nucleus by cholesterol-7-a-hydroxylase, an
ER-associated cytochrome P450 (CYP) enzyme
found only in Iiver(&,

>

The enzyme is down-regulated by cholic acid and
up-regulated by cholesterol

‘bc

Cholesterol ° Cholic acid

o Cholesterol
o<

7-w-hydroxylase
——

COoO™

”

%\')\ Cholic acid (2ot)
o

c,mnor,leo)()/Chl?“h (20tt)




Enterohepatic circulation of bile salts

> Bile salts secreted into the intestine are efficiently reabsorbed (greater than
95%) and reused. The mixture of primary and secondary bile acids and bile
salts is absorbed primarily in the ileum. They are actively transported from
the intestinal mucosal cells into the portal blood, and are efficiently removed
by the liver parenchymal cells.

> Bile acids are carried in blood by albumin as a noncovalent complex

> The liver converts both primary and secondary bile acids into bile salts by
conjugation with glycine or taurine, and secretes them into the bile to the
duodenum where some are converted to bile acids, and their subsequent
return to the liver as a mixture of bile acids and salts

DUOOENUM

LIVER Cholesterol

» Primary bile acids
(0.5 g/day)
Glyc!ne

Q Secondary
bile .dd\s( Taurine 7

r

ile salts

ﬁ Primary and dary 4 dary "
bile salts BILE DUCT bile salts -
i
cine 41
auri /
Secondary

> Bile acid sequestrants,
such as cholestyramine,
and dietary fibers bind
bile acids in the gut,

prevent their PORTAL VEN bile acids
reabsorption, and so — B ; _

. . (15-30 g bile salts/day) al ILEUM
promote their excretion — POHTAL CRGRLATION oot}
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Glycogen metabolism
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Glycogen

©,
e = Blood glucose can be obtained from thfée'sources: diet,

(= degradation of glycogen and gluconeogenesis. &)

° Glycogen is a rapidly mobilized form of glucose which is stored in
both liver and kidney to raise blood glucose during early stages of
fast. only in

° When glycogen stores are depleted, glucose is produced from

amino acids in specific tissues. <uwnosenysis

° Glycogen works aor synthesis of ATP during muscle

contraction



Structure and function of glycogen

o 400 g make up 1-2% of muscle weight but 100 g make up 10% of
liver

o~

° Glycogen is a branched chain homopolysaccharides made of a-D-

glucose linked together by a (1-4) glycosidic bond in the linear chain
and a-(1-6) glycosidic bond in the branches.

Y — :
e ~ Fluctuation in glycogen stores: muscle glycogen is not affected by
short fast (days) but decreased in prolonged fasting.




Glycogenesis
A. Synthesis of UDP-glucose: from glucose 1
by UDP-glucose pyrophospho
L * . . [~ Ve =
Wi Tyrosine . B. Synthesis of a primer to initiate glycogen synthesis:
B « Ghisian S pieophuts l ; srnthaso is responsible for making the a(1- 4) linkages in
) Ackivertesd Corm @ - gly!
<y e (%1\ - glucose as an acceptor of a molecule of glucose from
Glycogenin (prn) glucose (only elongation).
"0 529\ lossepuiiid gt
Base (5-0-0 ®
T RS s o(1-+4) bond
LY et Gayooper p
n—a)bofi;wJ WJ‘:’ME, ‘.‘.: i1 . 1
Shhettetdedaiiao %& 2@ Wi % |
Sug — Mﬂm.:%!ﬂﬂ l::‘@
NONREDUCING 1%%"4“?’.‘.’.‘
ENDS
GLYCOGEN
Branching occurs by branching enzyme (amylo a(1-4)
UDP-Glucose
—
oo Mo
WA O -
Segefefena]”
Wk
o O
Givcose Uridine

Qcgurs in the eytosol and requires energy supplied by ATP and

and UTP
- Sl - el Uate) Soser

ase "

sl ol I\ ol

Glycogen
cogen. This enzyme cannot initiate chain synthesis using free

C. Elongation of glycogen chains by glycogen synthase

D. Formation of branches in glycogen: branches are present almost
every glycosyl residues which has more solubility than unbranched
and increase the number of non-reducing ends where Glu-UDP can
be added and this will accelerate the rate of glycogenesis.

a(1-6)
transglucosidase) followed by elongation using glycogen synthase




o000y REDUCING i
o P glycogenolysis
; e, e o
o. .0 ® Hz0 From breaking of a(1-4) produce glucose 1-phosphate
A ._::o-‘ .o'.—lL—> GLUCOSE
Qr, ." ..-.’ . & 3 af1-+4)-glicosilase Breaking of a(1-6) release free glucose
g i 3 o 3y
> ) . TYPE II: POMPE DISEASE
@ |NONREDUCING (LYSOSOMAL c(1—4)-GLUCOSIDASE DEFICIENCY)
ENDS
N o K (1-1) 1 Shortening of the chains
. a(1-4) is cleaved by glycogen phos lase until four
glycosyl units remain on each chain before branch point
— ~ The enzyme utilize pyridoxal phosphate which is required as
coenzyme -
P ~ The resulting structure is called limit dextrin
/ 2 Removal of branches: it involves two enzymes
:  oligo a(1-4)-> (a(1-4) glucan transferase: removes the three
Glycogen of the four glycosyl residues at a branch. Then it transfers
phosphorylase them to the nonreducing end of another chain
] > The remaining a(1-6) single glucose residue is removed by
amylo- a(1-6) glucosidase activity
Both enzymes are called debranching enzyme.
phosphoglucomutase G6P translocase
B Glucose 1-P ——sG6P —  + G-6P
i
.‘0..’ . cytosol ER
.. Y
wamguean( o @ O L
Franstrese\_ o %o ® . e®, ® G6-phosphatase
N i ®.. o ol
0\i9°  DEXTRIN D o
¢ @
‘ -
i O {—— DEBRANCHING ENZYME glucose
‘e.C « -0
..."i‘-;-.-.-.-. v o*® 2, - . .
5 e, ®® ® Conversion of glucose 1-phosphate to G6P:
~ ’.‘ . o
> e Occurs in cytosol by phosphoglucomutase.
O o’ _.‘ e —
o6500°
M0~ (- DEBRANCHING ENZYME
.. s ° Z In liver, G6P is translocated in ER by G6P translocase and then
0. el g HCORe ! o-® converted to glucose by G6phosphatase.
"0-9-0-0-0-0.¢_ A o : i
*e, o No G6 phosphatase in muscle so G6P enter glycolysis
‘e .9 = - N - - —
o B e
.



w;i’
o glycogenolysis

1\ Lysosomal degradation of glycogen

small amount of glycogen is continuously degraded by the WI
enzyme a(1-4) glucosidase.

deficiency in this enzyme causes accumulation of glycogen in
vaccuole in cytosol (glycogen storage disease type |l (pompe

disease)) como\icatrioN - h\{[‘)c’fy\}/ cernid /hepu\'omegaly//)'l/er pro}ol("_mﬁ
Lackic acidosis/ Growkh Cauliure



wf"”

cel!ular 2=

Unoecupled reeeptor does
not interact with G,-protein.

- O Hormone or neuro-
transmitter

Cell membrane |

At

@
Gg-protein & e

with bound @aden Iyl
GDP cycla{e

Adenylyl cyclase — -

<~ Regulation of metabolism

® Glocugpn Chomon)
ep{ Nor-eP  ( Nurstransmiters)

cor¥ichorsteres C h°"‘"‘°"’)

Qccupled receptor changes
shape and interacts with
G,-protein. G -Protein releases
GODP and binds GTP,

0. — o

,,—vc\-q!

Inactive

GTP GDP

cyclase

|

a Subunit of G.-protein

When hormone Is no longer

dissociates and activates present, the receptor reverts
adenylyl cyclase. to resting state. GTP on the
o subunit Is hydrol
() to GDP, and aden cyclase
is deactivated.
_;_-,x.ﬁ;_;_ R E0!
‘ ;T_]- -w #1 L":"’ﬁ—}' m'\j'_?;x?‘:_‘:_x'._i‘
| \ 9 13 3
'O 8 ] ‘ i\ NOEOEY —espe || l&s i J ________ @...
{ = (% 1._) : A
GTP SV ot com? il ES SRt
F b of- G-protin > cycliasation ( Inactive
aSE ‘ . denyly!
connetion with mceﬂw of ATP Lo P : e
Gt cpppopp | SelcfnP 2 !

eyelic AMP + 2P

¥
sec rr#ssmger‘

1. GTP-dependent regulatory proteins (Gs and Gi-proteins)

2, Protein kinases: phosphorylates different proteins and enzymes

3, E_ephosphorylation of proteins: Phosphatases reverse the effect of
inases.



Regulation of Glycogen metabolism

*P“’"“‘d of ﬂdenj‘)’ C/dqse pal—hwuy

° g:»ﬂ\ cAMP Integrates the Regulation of Glycogenoly3|s & Glycogene3|s
D ~ The principal enzymes controlling glycogen metabolism- 2
)} glycogen phosphorylase and glycogen synthase are regulated by
“allosteric mechanisms/and covalent modifications due to =~ (b= o=
reversible phosphorylation and dephosphorylation of en: enzyme y
protein kinase in response to hormone action

° cAMP is formed from ATP by adenylyl cyclase at the inner surface
of cell membranes and acts as an intracellular second messenger

in response to hormones such as epinephrine, norepinephrine,
and glucagon

~S—

2 7
° cAMP is hydrolyzed by phosphodiesterase, so terminating inese
hormone action, in liver, insulin increases the activity of
phosphodiesterase v [



insuline —5 gkimulet prokine
phospho]asc

SUjer —-ghregen o Ackive

5\\/ @9en

> when muscle glycogen phosphorylase b is bound to
glucose, it cannot be allosterically activated by AMP

Clep)wspho(‘ of
N\ s = glycagen syntheis

Regulation

977"

> In the muscle, insulin indirectly inhibits the enzyme by

increasing the uptake of glucose, leading to an
increased level of glucose 6-phosphate-a potent
allosteric inhibitor of glycogen phosphorylase

[ LiveR

Glycogen Glycogen
phosphorylase  synthase

Glucose 6-Pw> @

Glycogen
Glucose [+ YV
ATP wwd Glucose 6-P

Glucose 1-phosphate

[5) vuscLe
Glycogen
Glucose 6-Punud O <~~~
ATP nwundp e Glucose 6-P

Glycogen Glycogen
phosph lase  synthase

AMP vAAA> O
no ATP

Glucose 1-phosphate

Glucagon Epinephrine
(LIVER) (MUSCLE and LIVER)
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ROLE OF CALCIUM IN MUSCLE ] 7 Phosphodiesterase IS

ATR__, 1cAWP (+) > 5-AMP DEGRADED
During muscle contraction, keinaseo opa—"
Ca?* is released from the J_w\\
sarcgglasrmc reticulum. CAMP-dependent CAMP-dependen 5
Ca“" binds to the cal ulin protein kinase A CRMP 5\ Mm; + h

subunit of phosphorylase
kinase, activating it

orylation. Phosphorylase
kinase can then activate glycogen
phosphorylase, causing
glycogen degradation,

) sl o - ]w[,@
>R ¢/ ATP ADP ’®/—> ﬂm"h

phosphorylase kinase a Protein
b inactive (inactive) (active) tase 1
— in 2 cdaiion ATP o P ()
o —> active o o 65 e phospharylase b
mmt@«whﬁq JCENey

ROLE OF AMP IN MUSCLE Insulin

‘o
In muscle under extreme conditions of anoxla and depletion of ATP, AMP
activates n orylase b without it being phosphorylated.




Glycogen storage diseases
>

They result either in formation ofglycogen that has an abnormal

structure, or in the accumulation of excessive amounts of normal
glycogen in specific tissues as a result of impaired degradation.

A particular enzyme may be defective in a single tissue, such as
the liver, or the defect may be more generalized, affecting liver,
muscle, kidney, intestine, and myocardium.

The severity of the glycogen storage diseases (GSDs) ranges from
fatal in infancy to mild disorders that are not life-threatening



Integration of metabolism
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slayes

Fed State = Blood glucose ~ 6 mM. Liver and muscle make glycogen.
tor potien  <— Liver uses amino acids and fatty acids. ~ _u= U=
eynkhest>  Triaclyglycerols stored in adipose cells.
e’ S sl ST o

6 -12 hrs Blood glucose ~ 4.5 mM. Liver uses muscle amino acids to
avorl Fasking %ake and export glucose. Triacylglycerols split and the

glycerol is used by the liver to make glucose. Fatty acids

' lucwgensis & gluconyesenysis
used by II\:;%??Q‘ESCIGIJ?&P i

1-3 days Carbohydrate reserves depleted. Muscle rapidly degraded to

) p\ear i o amino acids. Triacylglycerols used. rein s
\ B of- eneryy
luesse > loul- dovil- use il T brin
3 days Liver makes ketone bodies (Citric acid cycle slows). The

Starvation switch to ketone body production is coordinated with a

Je SOVusn decrease in the rate of protein degradation in muscle.
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Insulin binding activates
receplor tyrosine kinase
activity in the intracellular
domain of the [Ssubunit

of the insulin receptor.

1

) =
B B _&_,

[8

Insulin
receptor
(inactive)

#|lnsulin

Tyrosine
Tyrosin:
Aule Phsr)hor”ul’(bn

Tyrosine residues of
the i subunit are auto-
phosphorylated,

Synthesized in pancreas (islets of Langerhans, b cells). 5.8
kDa protein, cut from a larger precursor.

A rise in blood glucose is the most important signal for
increased insulin secretion. In addition, high amino acid
concentration and increase in cholecytokinin increase its
secretion GIT ¥ = 4557

lucgonds) yoss Cow
Its synthesis and release are decreased by epinephrine, which
is secreted in response to stress, trauma, or extreme exercise.
Insulin‘increases glucose uptake (by muscle and adipose) and
the synthesis of glycogen, protein, and triacylglycerol orn
These actions are mediated by the binding of insulin to the
insulin receptor, which initiates a cascade of cell-signaling
responses, including phosphorylation of a family of proteins
called insulin receptor substrate (IRS) proteins.

- Q—Tyrosino
@—yrosine g py

‘ﬂ

Insulin
receptor
(active)

. Rstyr—()

Receptor tyrosine kinase
phosphorylates other
proteins, for example,
insulin receptor
substrates (IRS).

1l

Phosphorylated IRS promotes |
activation of other protein ]
ki and phosphat;
g to biologic
of insulin,

T

Biologic effects
of insulin:

Glucose uptake

Fat synthesis

Gluconeogenesis »
Glycogenolysis |
Lipolysis |

[ Altered gene
expression

GIUT Y A\ gl 250




# Glucagon

Glucagon is a polypeptide hormone secreted by the a
cells of the pancreatic islets. Glucagon, along with

_~°_epinephrine, cortisol, and growth hormone (the
“counter-regulatory hormones™), opposes many of the
actions of insulin.

Glucagon acts to maintain blood glucose during
periods of potential hypoglycemia. Glucagon
increases glycogenolysis, gluconeogenesis, lipolysis,
ketogenesis, and uptake of amino acids. = "¢ " =7 7«
Glucagon secretion is stimulated by low blood

glucose, amino acids, and epinephrine. Its secretion is
inhibited by elevated blood glucose and by insulin.

Glucagon binds to high-affinity receptors of
Hepatocytes primary target liver and adipose tissue

Glucagon

i
) JOMG 000
1 | UG
X X Sesscsses
%ive

"
Glucagon adenylyl
receptor cyclase
ATP

cAMP (=) 'W) 5-AMP

Adesmase

CAMP-dependent CAMP-dependent .gS\
protein kinase protein kinase +
(inactive) (acllve)

Tn\c

Enz me
(dephosphorylated) (phosphorylaled)

H,0

/ Protein phosphatase
P,

Biologic effects:
1‘ Glycogenolysis

1‘ Lipolysis

Yoo
1 Uptake of amino
acids

T ovcomss |




Hypoglycemia

° Hypoglycemia is characterized by:

° Central nervous system symptoms, including confusion, aberrant behavior, or
coma

° . A simultaneous blood glucose level equal to or less than 40 mg/dI

° Z_‘P\ /'S Resolution of these symptoms within minutes following the administration of
glucose.

° Hypoglycemia most commonly occurs in patients receiving insulin

treatment with tight control.

s o)
° The conéumption and subsequent metabolism of ethanol inhibits
.— gluconeogenesis, leading to hypoglycemia in individuals with
#041 depleted stores of liver glycogen. Alcohol consumption can also
increase the risk for hypoglycemia in patients using insulin.



= Epinephrine
S
° Epinephrine is a Catecholamine, When released from presynaptic
nerve endings, serves as neurotransmitter.

®

° When released from adrenal medulla, acts as hormone. Signals
glucose limitation.

Glycogenolysis Glycogenolysis |

Gluconeogenesis Gluconeogenesis
° Main targets muscle and adipose tissue. Ketogenesis Ketogenesis

Lipolysis Lipolysis

e|nhibits insulin secretion and stimulates
glucagon secretion.

ePart of “flight or fight” response.

Insulin Glucagon
Epinephrine




Major hormones controlling fuel
metabolism in mammals

Insulin Glucagon Epinephrine
stimulates

cAMP cAMP
glucose uptake glycogenolysis triacylglycerol hydrolysis
egCOIySIS ] gluconeogenesis glycogeno'ysis
glycogenesis  triacylglycerol hydrolysis

triacylglycerol synthesis
protein, DNA, RNA synthesis

Inhibits glycogenesis

Gluconeogenesis glycolysis glycogenesis

lipolysis

protein degradation
.- Yhesis of aa
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Main Purpose

Energy production
18] Glucose storage
@ Raise blood glucose

@ Provide glucose when
needed

Action

Type

Glucose - Pyruvate + ATP |4 Break Glucose

Glucose = Glycogen

Non-carbs = Glucose

Glycogen = Glucose

) Build Glycogen
) Build Glucose

L4 Break Glycogen

Process
Glycolysis
Glycogenesis
Gluconeogenesis

Glycogenolysis



-+ Enzymatic changes in the fed state

N > quwest
° Availability of the substrate

@4 .. Allosteric effect
e __>Forexample, glycolysis in liver is stimulated after meal by
elevation in fructose 2,6-bisphosphate which is an allosteric
activator of phosphofructokinase-1 o

e b Regulation of enzymes by covalent modification < ven Y

° In the fed state, most of the enzymes regulated by covalent
modification are in the dephosphorylated form and are active
(exceptions: are glycogen phosphorylase, fructose 2,6-
bisphosphatase-2, and hormone-sensitive lipase of adipose
tissue, which are inactive in their dephosphorylated state).

° Induction and repression of enzyme synthesis

° For example, in the fed state, elevated insulin levels result in an
increase in the synthesis of key enzymes involved in anabolic
metabolism




In fed state

After ingestion of the meal, absorptive state took 2-4 hr where an
increase in glucose, amino acids and TAG in blood is observed

As a response pancreas will increase the secretion of insulin and
drop the release of glucagon by islets of langerhans

During the absorptive state, all tissues use glucose as a feul




In fed state

In liver: s> a3s\
It starts glycogenesis to replinish glycogen store.
Replaces any needed hepatic proteins
Increase TAG synthesis, which are packaged as very low
density lipoprotein (VLDL) and exported to the perepheral tissue

In resting skeletal muscles
Increase protein synthesis to replace protein degraded since the
previous meal

In adipose tissue
Increase the TAG synthesis and storage

In brain
It uses glucose extensively as feul



# In fast state (starvation)

Decrease in blood glucose, aa, and TAG levels leading to decrease
in insulin secretion and increase in glucagon and epinephrine

release

For the liver, adipose, skeletal muscles, and brain, their are two

priorities:

(D Need to maintain adequate plasma level of glucose to sustain
energy metabolism of the brain and other glucose-requiring
tissues (reo)

(> Need to mobilize fatty acids from adipose tissue and ketone
bodies from liver to to supply energy to the other tissues



In fast state (starvation)

° In liver, this is accomplished by:
° Glycogenolysis
° Initiate gluconeogenesis using both increased fatty acid

oxidation as source energy and supply acetyl coA for synthesis
of ketone bodies

° Adipose tissues: will degrade stored TAG to fatty acids and glycerol
that move to the liver

° Muscles:
° start using fatty acids and ketone bodies as feul
° Muscle proteins are degraded to supply amino acids for the liver

to use in gluconeogenesis

.Ny Brain can use glucose (short fasting) and ketone bodies (long
fasting) as feul +



7° Diabetes mellitus (DM)

A disease characterized by elevation of fasting blood glucose
caused by relative or absolute deficiency of insulin

wpeel weel
® @ @
The leading cause of:adult blindness, renal failure, heart attacks

and strokes. &

Can be of two types:
Type 1 DM: insulin dependent DM, usually during childhood,

autoimmune, stimulated by environmental (viral) or genetic (low)
Type 2 DM: non insulin dependent DM, old people, genetic

reasons mainly.



7~ Type 1 diabetes mellitus (DM)

° Hyperglycemia and ketoacidosis

) Type 1 DM compared to fasting
° Insulin level

° Blood glucose level

° Ketosis

° hypertriacylgycerolemia



+ Type 2 diabetes mellitus (DM)

U

Insulin resistance alone will not lead to Type 2 diabetes. But it
?evelops in insulin-resistant individuals who show impaired (3-cell
unction.

Insulin resistance and subsequent risk for the development of Type 2
diabetes is commonly observed in the elderly, and in individuals who
are obese, physically inactive, or in the 3—5% of pregnant women
who develop gestational diabetes.

S Impaired Decline
i O 5 o W hicose WA o col M Type 2 nbees
[+
Genetics Genetics
Obesity Glucose toxicity
Sedentary lifestyle Free fatty acid toxicity
Aging g
ICROVASCULAR COMPLICATIONS (retinopathy, nephropathy)
. MACROVASCULAR COMPLICATIONS (cardiovascular disease)
' [} insulin level in blood [B) Glucose level in blood

Blood insulin rises from
basal levels after each meal.

¥ KA

Blood glucose is
kept within the
same narrow

== Obese
== Normal




Bioenergetic and oxidative
phosphorylation



Bioenergetics

Is the study of energy changes
accompanying biochemical reaction which
explains why some reactions occur while
others not

Biological systems conform to the
general laws of thermodynamics

The free energy (G) predicts the direction
in which the reaction will spontaneously
proceed

—

AG: CHANGE IN FREE ENERGY
e Energy available to do work.

e Approaches zero as reaction
proceeds to equilibrium. sac=0

e Predicts whether a reaction is
favorable.

[ AH: CHANGE IN ENTHALPY
e Heat released or absorbed
during a reaction.

¢ Does not predict whether a
reaction is favorable.

@AG = AH -TAS

AS: CHANGE IN ENTROPY

e Measure of randomness.

e Does not predict whether a
reaction is favorable.




Free energy change

> The sign of AG predicts the direction of the reaction
oy
> cas€ L: -AG: there is a net loss of energy, the reaction goes
sponatneously (Exergonic)

> cwssc2: + AG: there is a net gain of energy, reaction needs energy to
preceed (energonic) ol
> cuses:  AG is zero: reactants are in equilibrium

> The AG of the forward reaction is equal in magnitude but opposite
in sign to that of the back reaction

> AG depends on the concentration of the reactants and products at
constant temperature and pressure
where LN
[ [B] } AGo is the standard free enrgy :;C
® k AG=AG°+RT In — . Tisthe absolute temperature (Ko)
[A] | R the gas constant (1.987cal/mol.degree)

L =) [A] and [B] are actual conc. of reactants and products




A Nonequilibrium conditions

56
packword €

C Equilibrium conditions




Y

Standard free energy change, AGo

The energy change when the reactants and products are at
concentration of 1 mol/L

AGo can predict the direction of the reaction only under standard
conditions (AG = AGo) but not under physiological conditions ..~

At equilibrium Keq = [B]/[A] and AG = 0 so:

~ W o | AG?=-RTInK, |
AN L

This equation allows some simple predictions:

If Keg=1,thenaG°=0 A — B
If Keg >1, then AG® <0 (Nl
(9’ If Keq <1, then AG® >0 A «—B
. AGo of consecutive reactlc_)llws are additive e —
AGs of a pathway are additive AN s | . keg<1
. lcegy 7
('?i pee :; 2G50
bG°=O ar® "
A —B—C B —_— ¢ ¢<° e

5)\L

As far as the sum of AGs of the pathway reaction is negative,
— reaction proceeds even if the AG of the individual reaction is positive



7 ATP as energy carrier

If the reaction or process has +AG (as movement of ions against
concentration gradient across cell membrane), it can be coupled
with the spontaneous hydrolysis of ATP to ADP and Pi

Reactions are coupled through common intermediate

A+B C+D aTP 4—;% QDP% AMPp

Energy carried by ATP (high energy phosphate comnoiind)

ATP ADP + Pi AMP + Pi |patatoneray Adenine
\\ \\ N/,IH\Q/N l
AGo for each hydrolysis = -7300 cal/mol 91' 9} ; Y S
ATP — ADPX © + eneryy o taR=a 501 -0

o O (0)

HO HO

———

Ribose




: M) o Y\ g si0a))
Electron transport chain =

> In the metabolism of glucose to CO2 and water, many metabolic
intermediates donate electrons to specific coenzymes (NAD+ and
FAD) to form energy rich reduced coenzymes NADH and FADH2

)MY\’\C\’Q )

NAD: Nicotinamide adenine dinucleotidg
FAD: Flavin adenine dinucleotide 0\

> The reduced form (NADH and FADHZ2) donate a pair of electrons to
special set of electron carriers (Electron transfer chain)
RSN
> The flow of electrons leads to the loss of of free energy which can
Wﬁcaptured and stored by the production of ATP from ADP and Pi
(oxidative phosphorylation)
AOP oo oS LN opmnied\

L_
TP
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Glycolysis : v
ose—=pPyruvale Electron Transport
Chain and Oxidative
Phosphorylation
25X risy
v
| +2 ATP +2 ATP | + about 32 ATP | |
By subsirate level By subsirate level By oxidative
phosphorylation phosphorylation phosphorylation
Cytosol Mitochondrion ™ ¢
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Oxidative phosphorylation occurs in s

mitochondrion

>_,9* The outer membrane is permeable for most of
substances

> ga"\ Oxidative phosphorylation occurs in the inner
membrane of mitochondrion

> ATP synthesizing structures are present at the
end of the e- transport assembly

Y O
> Different enzymes for TCA cycle, fatty acid
oxidation, mtDNA, mtRNA and ribosomes are
present in the matrix’ ¥

Impermeable to
most small ions, [
small and large ‘
molecules

Outer
membrane Intermembrane ’

l T /'

I
|

VY 7\

5% Ja

s s
=W A

ADP ATP f

oONH

Cristae
\

V [': FMN @e
T \ \

~ <)

An electron \\\
transport assembly \ \

ch )\

\

ATP synthesizing {
structures (inner
Lmembrane particles) ‘ l

!
MATRIX ]
® TCA cycle enzymes l
® Fatty acid oxidation enzymes
® mtDNA, mtRNA \
® Mitochondrial ribosomes |




Organization of the chain

Present in the inner mitochondrial membrane

Consist of 5 separate enzyme complexes until e- combine with O2
‘to form water (Respiratory Chain) ™ o~

<——Intermembrane
space

MITOCHONDRION

oxi _recdd ~oxi—red = 50y20M 3

S‘Ubstrate AD'I' FMNH2
reduced)
oKi
Sroduct NADH Fe2+ Fe3+ Fe2+
oxidized) +He ‘““
'Jmm 07 Complex | Cytob Cytoc Cyto a+a,
Fumarate |:,_\|;;,H2 CoQH, :i; Fe?t Fe3t H O
Complex i Complex v
Succnnate c\/rob eybec cyto a+°\5

.\,\_.A_)\
CApH2 — Complex Il |




Reactions of the electron transport chain

(D L LR et
All components of this chain are proteins GW
Some of them contain metals (iron and copper) to function

|- Formation of NADH: needs dehydrogenase which transfers 2e-
and one proton to form NADH + H+ —= @rpekl  ~ €+ [

2. NADH dehydrogenase: NADH + H+ is complexed with NADH
dehydrogenase which has tightly bound flavin mononucleotide
(FMN) which accept 2e- and 2 H+ to become FMNH2

NADH dehydrogenase has iron-sulfur center necessary for the
transfer of H+ to coenzyme Q

2. Coenzyme Q: is quinone derivative which can accept hydrogen
atoms from FMNH2 and from FADH2.  .ee0 o=

Complex| cavnplexil Complexlll 2



Reactions of the electron transport chain

c,\/\’O"blc
4. Cytochromes: the rest of electron transfer chain are cytochromes
with heme group (iron)

@Cytochrome a -; a3 (cytochrome oxidase)
C

- is electron carrier in which the heme iron has a free ligand that can
react directly with molecular O2 to produce water

- contain bound Cu atoms required for complex reaction to occur
V-V C)-:.QLZJ\
6. Site specific inhibitor:

Some compounds prevent passage of e- by binding one of the
components of the chain which blocks oxidation/reduction and
inhibit ATP synthesis



Release of free energy

. Eo « heneling fored & l-aninj Fe oXi
Free energy is released as electrons are

transferred along the electron transport chain Redox pair Eo |
from an“electron donor (reducing agent or
reductant) to an‘electron acceptor (oxidizing NAD"/NADH -0.32
agent or oxidant) FMN/FMNH, -0.22
Pyruvate/lactate -0.18
) ] Cytochrome ¢ Fe®*/Fe* | +0.07 |
The electrons can be transferred in different 1/2 04H,0 +0.82

forms, for example, as hydride ions, as hydrogen ' |
atoms or as electrons

ol

| NADH FMN 3

> v QOxidation of one compound is always | +H* |

accompanied by reduction of a second | ‘
substance. | NAD* FMNH,

Component redox reactions

Redox pairs differ in their tendency to lose \ ”"D”*”> | (HEMAs et

electrons, which is a characteristic of a particular
redox pair, quantitatively specified by a constant, | : | |
EO (the standard reduction potential) in volts [ERDSEeeTallls) sk s EMAL, . <]

|
- . Redox pair Redox pair
\.54%\ as\? | Eo=-0.32volt | | E,=-0.22volt
D \ ) | )




Standard reduction potential (EO)

The standard reduction potentials of various redox pairs can be
listed to range from the most negative Eo to the most positive.

The more negative the standard reduction potential of a redox pair,
the greater the tendency of the reductant member of that pair to lose
electrons.

The more positive the Eo, the greater the tendency of the oxidant
member of that pair to accept electrons.

So electrons flow from the pair with the more negative Eo to that
with the more positive Eo.



NADH and FADH2

Oxidation of one mole of NADH results in free energy sufficient to
produce 2.5 ATP

Oxidation of one mole of FADH2 and FMN results in free energy
sufficient to synthesize 1.5 ATP



ATP synthase (ATPase)

The enzyme complex ATP synthase synthesizes ATP, using the
err]me_rgy of the proton gradient generated by the electron transport
chain.

Ajge N BN a— HLaS el

The chemiosmotic hypothesis proposes that after protons have
been transferred to the cytosolic side of the inner mitochondrial
membrane. they reenter the mitochondrial matrix by passing through
a channel in the ATP synthase complex, resulting in the synthesis of
ATP from ADP + Pi and, at the same time, dissipating the pH and
electrical gradients.

¥ Oligomycin binds to the stalk of ATP synthase, closing the H
channel, and preventing reentry of protons into the mitochondrial
matrix leading to stop in electron transport 1P\ g ol L

Electron transport and phosphorylation are tightly coupled
processes and inhibition of phosphorylation inhibits oxidation.
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Uncouplers of oxidative phosphorylation

Are substance that inhibit the
oxidative phosphorylation by ETC.

They dissociate oxidation from
phosphorylation

The oxidation of hydrogen with
02 to form water proceed while

there is no conversion of ADP to
ATP

The free energy librated during
reaction is librated as heat leading

to increase in body temperature. ¢ceer
> © Billirubin, high Ca level, «— - &~
(3 hyperthyroidism, toxj

from ()
bacteria, some drugs{warfarin,

aspirin) and 2,4-dinitrophenol.
&

Uncoupling proteins create a
“proton leak,"” allowing protons
to reenter the mitochondrial
matrix without capturing any
energy as ATP.

Uncoupling
protein

e
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Drugs that inhibit ETC

> CO, CN-, sodium azide inhibit the cytochrome oxidase which is
fatal

> Rotenone used insecticide

> Amytal as hypnotic

> Antimycin A as antibiotic
Blocking electron transfer by
any one of these inhibitors CN-
stops electron flow from substrate Amytal - E cO
to oxygen because the reactions of (®Rotenone Antimycin A Sodium azide
the electron transport chain are : é ;
tightly coupled like meshed gears. L

= =

Substrate
(reduced) ﬁ




