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Destino metabolico del piruvato
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Relationship Between Glycolysis & Pentose Phosphate Pathway

Glucose

G6P
VAN

Reducing power used for reductive biosynthesis lipids

pentose phosphate
pathway
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La via dei pentoso fosfati

Shunt degli esosi monofosfati

Via metabolica parallela alla glicolisi
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Relationship Between Glycolysis & Pentose Phosphate Pathway

Principal function:

Glucose

G6P
VAN

Reducing power used for reductive biosynthesis lipids

pentose phosphate

pathway
Eycobsts m— . ribose-5 phosphate (R5P)
Nucleotid synthesis in cells
\/
FeP
GAP
Pyruvate
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La via dei pentoso fosfati ——
Produzione di NADPH per le biosintesi riduttive e
ribosio 5-fosfato per la biosintesi dei nucleotidi.
ribosio 5-fosfato NADPH
Sintesi di nucleotidi nelle o S _ NADPH deriva
cellule che hanno una - Per la biosintesi di acidi grassi, dalla vitamina B3
elevata velocita di colesterolo e ormoni steroidei (niacina)
divisione - Protegge le cellule dai danni
( midollo osseo, pelle ossidativi (eritrociti, cornea)
mucosa intestinale
tumori) _ _
NADP+ e un accettore di elettroni
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NADP+ € un accettore di elettroni

Cellule in rapida divisione’
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Tessuti che necessitano di una intensa sintesi di acidi grassi

Fegato, tessuto adiposo, ghiandola mammaria

Tessuti con una intensa sintesi di colesterolo e ormoni steroidei
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Fegato, ghiandole adrenali e gonadi

Richiedono NADPH.




VIA dei pentosio-fosfato (via del fosfogluconato o dell’esosio monofosfato)

Fase Fase
non ossidativa ossidativa
I | | NADPH
(";IAéSS?DATNA , / Glucosio 6-fosfato
3 Glucosio- ‘ : NADP* 2 GSH
6-fosfato ! glutatione
reduttasi
NADPH GSSG
6 transchetolasi, l Acidi grassi,
transaldolasi 6-Fosfogluconato steroli, ecc.
DA NADP*
biosintesi
3 Ribulosio- i ( riduttiva
5-fosfato €O NADPHX
Y
\ Ribulosio 5-fosfato Frecurson
Ribosio-5- Fase di isomerizzazione
festato ed epimerizzazione v
Ribosio 5-fosfato
Nucleotidi 3 zuccheri a cinque
atomi di carbonio {
Nucleotidi, coenzimi,
DNA, RNA
Figura 14.21 Schema generale della via del pentosio fosfato.
5 uccheriaeol I! NADP'H che s_i forma nella fasg ossidativa viene utilizzato per
—iomi dicarbornio ridurre il glutatione, GSSG (vedi il Box 14.4) e per supportare
FASE le reazioni della biosintesi riduttiva. L'altro prodotto della fase
NON OSSIDATIVA + ossidativa é il ribosio 5-fosfato, che serve come precursore

di nucleotidi, coenzimi e acidi nucleici. Nelle cellule che non
utilizzano il ribosio 5-fosfato per le reazioni di biosintesi, la
fase non ossidativa ricicla sei molecole di pentosio in cinque
di glucosio 6-fosfato, consentendo la produzione continua di

Fase di scissione e formazione Iegami C-C NADPH e convertendo una molecola di glucosio 6-fosfato (in
sei cicli) in CO,.

1 zucchero a tre
atomi di carbonio




Biosintesi riduttive o per contrastare gli effetti dannosi dei radicali dell’'ossigeno

Eritrociti, cellule del cristallino e della cornea sono
direttamente esposti all'ossigeno ai dannosi radicali liberi
generati dall’'ossigeno.

Eritrociti: (NADPH previene il danno ossidativo.

Un difetto genetico nella glucosio 6-fosfato deidrogenasi (primo enzima della
via) puo avere gravi conseguenze.

D. Nelson, M. Cox, / principi di biochimica di Lehninger-Settima edizione, Zanichelli editore 2018



D. Nelson, M. Cox, I principi di b

La via dei pentoso fosfatsi

Consiste in due fasi distinte:
1) Fasi ossidativa

2) Fase non-ossidativa




PHASE | (Oxidative Phase)

Pentose Phosphate Pathway

Glucose 6-phosphate
NADP™

The first is the oxidative phase,
in which NADPH is generated. Glucose 6-phosphate dehydrogenese
There are three reversible
reactions

NADPH + H*
6-Phosphoglucono-delta-lactone
H20

Lactonase

6-Ph0sph(Ygluc0nate

6-Phosphogluconate dehvdrogenase

NADPH + H*
Ribulose 5-phosphate
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Oxidative phase (three reversible reactions)
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Glucose-6 phosphate dehydrogenase
s
o
PO, Ha 0 H* HE—0H
|
HO- o N . HO—CH
rikd HC—OH
M Lactonase HI::—::lH
HaC— 0P,

6-phosphoglucono-d-lactone
6- phosphogluconate

o A Q=L=0
':L“"IT- :
HC—OH MADP"  NADPHMH® H,C—OH

HD—I:ZH e c=0

|
HC—OH HC—OH
|-.||I:—|:||-| 6- phosphogluconate |-.||I:—|:|H
| |
HoC—OPO, dehydrogenase HyC— PO,

BINaion MICox  panemians 6- phosphogluconate ribulose-5-phosphate




D. Nelson, M. Cox, I principi di b

G6PD Generates 1st NADPH

Oxidative reaction produces NADPH

NADP+ is the electron

acceptor, and the ; I/C'
H* "~
+
+
CH,0PO2" L CH,0PO2%"
H o, O]l H O
H H o
OH H glucose-6-phosphate OH H_ /A2
HO H dehydrogenase HO
H OH Transfers hydride ion from C1 H OH
of G6P to NADP+
Glucose-gosphate 6-phosphoglucono-6-lactone

Derived from glycolysis or glicogenolysis (cyclic ester)




=0 H20 N C/O—

H(|TOH H(|70H

oo | gpmosene- ~ o & Phosphogluconate
HCOH - HCOH

H(:' H(}OH

CH,OPO3~ CH,0PO3~

The lactone is hydrolyzed to the free acid 6-phosphogluconate
by a specific lactonase,
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Ribulose 5-phosphate is
Generates 2" NADPH important in the regulation of

Oxidative decarboxylation glycolysis and gluconeogenesis
BV o _O\C/‘(D :
wt-on L e pommmene | n—tZon | {5 qmon
HO—(lj—H NG | : \' - (|3=o - (|3:o
H—<|3—OH II\I I, H—C— OH H—C—OH
H—C—OH R H—C—OH H—C—OH
(IIHZOPOg_ (|3H20PO§_ (IJHQOPO?,)'
6- phosphogluconate ~ NADP® | BKetoacid | RubP

Beta hydroxy acid mtermediate  ribulose-5-phosphate

6-phosphogluconate undergoes oxidation and decarboxylation by
6-phosphogluconate dehydrogenase

to form the ketopentose ribulose 5-phosphate; the reaction
generates a second molecule of NADPH.
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H. .0

CH,OH "
(IJ: 0 HL—UOH
| Ribulose 5-phosphate isomerase HE—0OH
H— (ll —iOH HC—OH
H—(IJ—OH H.C—0P0,7
CHgOPOg_ ‘i
Ru5P
ribulose-5-phosphate ribose-5-phosphate

Phosphopentose isomerase converts
ribulose 5-phosphate to its aldose isomer, ribose 5-phosphate.

In some tissues, the pentose phosphate pathway ends at this
point.

Glucose 6-phosphate + 2NADP+ + H,O -> ribose 5-phosphate + CO, + 2NADPH + 2H*




Glucose 6-phosphate dehydrogenase (G6PD) deficiency

Glucose 6-phosphate dehydrogenase catalyzes the first step in the pentose
phosphate pathway which produces NADPH.

Essential in many biosynthetic pathways, also protects cells
from oxidative damage by hydrogen peroxide (H,O,) and
superoxide free radicals,

Highly reactive oxidants generated as metabolic byproducts
and through the actions of drugs such as primaquine and
natural products such as divicine (the toxic ingredient of fava

H
beans) N
+
CH,0P02" L e CH,0P02%"
H G O—H H o
H - H 0
OH H glucose-6-phosphate OH H
HO H dehydrogenase HO
H OH H OH

G6P 6-Phosphoglucono-
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NADPH is important to obtain GSH (glutathione)

GSH is not produced when pentoso phosphate pathway is broken
and this happens when there is a G6PD deficit

NADP_

Gluthatione
reductase

H20,

Gluthatione
peroxidase

H,O
+
CH2OPO§ - CHzOPOg -
H . O—H H O
H - H 0
OH H glucose-6-phosphate . OH H_ /
HO H dehydrogenase HO

H OH H OH

G6P -. 6-Phosphoglucono-

o-lactone
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slsu
CH, NH,

0 | 0
S L 7
N6 —CH, —NH —C —CH—NH—C —CH, —CH, —CH—C
/ i i o
Glycine (Gly) Cysteine (Cys) Glutamic Acid (Glu)

Glutathione (GSH is a tripeptide that performs various functions, such
as antioxidant, reducing the -SH groups of proteins, reducing the
ferrous ion of Hb and cofactor of some enzymes

Glutamic acid Cysteine

~_—

i| +Glutamylcystaine synthase

It is synthesized from glutamate

y-Glutamyl cysteine

Glycine~ gsh synthetase

—@GsD

Feedback Machanizm
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Glucose 6-phosphate dehydrogenase (G6PD) deficiency

In G6PD-deficient individuals, the NADPH production is diminished and
detoxification of H,O, is inhibited.

Glucose
Hexcokinase Glucose=-6-phosphate Glutathione
dehydrogenase peroxidase
A During normal
Gl -6=phosphat. +
HeoseThrphospRate NADP detoxification, H,O, is
converted to H,O in a
reaction which
glutathione is oxidated
6-phosphogluconate NAD by
- +
+ . .
Oxidized glutathione is converted H glutathione peroxidase
back to the reduced form by Glutathione
glutathione reductase and NADPH reductase
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Reduced intra erythrocyte glutathione counteracts the action of ROS

Gluthatione

peroxidase
2GSH + H-0—0—H - GSSG + 2 Hy0

Glutathione is oxidated by glutathione peroxidase

Gluthatione
reductase

P L TL TR

- 2 GSH + NADP"

GSSG + NADPH + H

f
)G

Oxidized glutathione is converted back to the
reduced form by glutathione reductase and NADPH
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ROS (Reactive oxygen species)

00 O :0:0:
Oxygen Superoxide anion Peroxide
0O E o 052 Oxidizing
2 2 ? ——> | molecules
H:0:0:H ‘O'H :O'H
Hydrogen Peroxide Hydroxyl radical Hydroxyl ion
Hy0, - OH OH"
The absence of intra \
erythrocyte glutathione Destruction of the
causes damage to the ) tertiary structure of
erythrocytes the Hb
v
Oxidation of heme iron with the P
formation of methemoglobin vsl;b'* B ol Ol Hoinz
. )

S 'R &9
Damage to cellular membrane Q HEMO,. ;
Cellular damage results: lipid peroxidation leading to 't s therefore vital for the integrity of the

) : erythrocytes to have a continuous supply
breakdown of erythrocyte membranes and oxidation of of NADPH + H+.

proteins and DNA
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Glucose 6-phosphate dehydrogenase (G6PD) deficiency

G6PD is expressed in

all tissues, but its MUTATION,IN Tlﬂ GENE(G6PD
deficiency occurs
essentially in

erythrocytes 400 variant GENE is located on the X chromosome

PEnzyme is not expressed

Pthe enzyme is expressed but is

labile (half-life of a few days)
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Glucose 6-phosphate dehydrogenase (G6PD) deficiency

The maximum incidence (about Death from malaria
30%) is observable in areas where
malaria was endemic P

>

"v

ti

deficit G6PD

Oxidative stress, induced by a condition of GE6PD deficiency, has created an
unfavorable environment at the erythrocyte level for the establishment of
the protozoan Plasmodium falciparum
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Factors triggering hemolysis

® oo B
in G6PD deficient subjects & .

Corpi di Heinz

Ingestion of fava beans

They contain the vicine and the
S~ convicine, able to promote oxidative
stress

Vicine and Convicine are
pyrimidine glycosides.
HO

H H
Os. _N_ _NH; 0. _N_ _O
o XY X
0Ny 07N
7o o
NH, NH,
OH o OH  on

Vicine Convicine




Vicine and Convicine

By hydrolysis of the B-glucosidic bond between glucose and the hydroxyl group at
C-5 on the pyrimidine ring, generate the aglycones divicine (2,6-diamino-4,5-
dihydroxypyrimidine) and isouramil (6-amino-2,4,5-trihydroxypyrimidine),

respectively.
Aglycon
N, _NH, /
CH; "" HO._ N, NH; O, O..N., NH,
--O 0 ] e - » -
. 0( )" \" 0 107 N O N ¢ H0,
N, NH;
Dnwcina oquinone |
HO N, OH no. N, _on
CHLOH \f il i 0,,'_. N, _OH
I _O e "0"““7“.‘ ) N
/ \ . o ¢ i o*' 0 . N
OH , )} NI, p-glycosidase a e "N
OPEN Degradatlon of vicine, convicine T
and their aglycones during
fermentation of faba bean flour Aglycon
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Factors triggering hemolysis in
G6PD deficient subjects

Some drugs can promote
oxidative stress

Ascorbic acid
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Controindicato

# Acido nalidissico
# Nitrofurantoina
# Metamizolo sodico

# Rasburicase

» Sulfadiazina (via arale)

# Sulfarmetossazolo jvia omale e
parenterale)

# Sulfasalarina
& Trimetoprim {via arale e
parenterale)

Sconsigliato (eccetto particolari situazioni) a causa dell'osservazione di casl di

emolisi acuta

# Ciprofloxacina (via arale ¢ paren-

terale)
# Clorochina
* [mercaprolo

# Fitomenadione (vitxmina Ki)

+ Glibenclamide

* Levofloxacina (via orale ¢ parente-
rale)

# Morfloxacing (via orale)

* Spiramicina {via orale ¢ parentera-
le}

# Sulfadiazina (via orale)

Sconsigliato (eccetto particolari situazionl) a causa dell'appartenenza ad una
classe farmacologica a rischio, 0 a causa di un rischio potenziale di emolisi

* Acido pipemidico

« Chini

+ Ennxacina

# Fenazone jvia auricolare)
# Gliclazide

# Acido acetilsalicilico

o Climepiride

# Glipizide

» Idrossicorochina
# Lomefloxacina

» Moxifloxacna

* Ofloxacina (via orale e parenterale)
» Pefloxacina via orale ¢ parenterale)
* Prilocaina

# Sulfacetamide

# Paracetamolo

Possibile utilizzo dopo I"analisi dei dati disponibili
(letteratura & farmacovigllanza)

* Blu di metilene (via topica)*

* Bupivacaina®

# Chinidina*

* Ciprofloxacing ivia oftalmica ¢
auricalare)™

o Cloramienicolo (via ofalmica)®

# Colchicing®

# Dietilamina®

# Diidrochinidina™

* Dimenidrinato®

» Doxorubicina®

* Fenazone (via auricolare)®

# Fenilbutazone™

# Fenitoina*

# Glicole propilenico®

* Isoniazide {via orale & parenterale)™
* Levodopa®

# Meflochina®

& Mnnnegidn di arntn®

» Nitroprussiato*

# Norfloxacina {via oftalmica)®

# Ofloxacina jvia oftalmica e auricols-
re)f*

# Pirimetamina®™

* Proguanile”

» Streplomicina®

+ Tiamfenicolo®

# Triesilienidile®
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Ascorbic acid

CH,0OH CH,0OH CH,OH
H |—OH Hl—OH H | OH
0 0 0
O Ascorbate O O
oxidase

S >

OH 49 OH ) (@) @)
Ascorbate monoanion

Ascorbate radical Dehydroascorbic acid
GSGG +«— 2GSH

o Ascorbic acid is oxidized to
U dehydroascorbic acid (DHA)
NADPH +H* and converted back to ascorbic

acid at the expence of
glutathione.

NADP*




H,O, is also broken down to H,O and O, by catalase,
which also requires NADPH.

Catalase

2 H202 > ) HQO + 02

Hydrogen
Peroxide

Water Oxygen
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Glucosio

l

Glucosio glicolisi
6-fosfato > ATP

via del ®<—-<————-\
\

pentosio ey, NADPH

fosfato

¥
6-Fosfo-
gluconolattone

l\> NADPH—~

Pentosi
fosfato

W W—————— —"

D. Nelson, M. Cox, / principi di biochimica di Lehninger-Settima edizione, Zanichelli editore 2018



D. Nelson, M. Cox, I principi di b

PHASE Il: Non-oxidative phase

H
Hrfﬁn
HI:I’:—DH
_ HG—0H
erqubrS]ets- H?_[}H
phosphate HC—OP Oy
isomerase
=0 4. .0 H:C—OH
H,,_l__GH Ribose-5-phosphat ~e® g=o
' ' HO=CH
HC—0H -OH [
HoC—OPO;? \ + — HC—OPO,? + o
HC—0H
Transketolase I
| Cy HC—OH
| Cs | . HC—OPO,
) Glycerinaldehyd-
Ribulosa-5-phosphat @ s phosphat
Ribulose 5-

Sedoheplulose-
phosphate HO—CH T-phosohat
epimerase HI:IZ'.—DH

HC—0OPO,?

Rylulose-S-phosphat

Transketolase transfers 2 carbon atoms

of xylulose-5-phosphate on C1 of acceptor
aldose (ribose 5-phosphate)




He. 20

l:i OH
H,C—0PD,?

&)

Glycerinaldehyd-

La transchetolasi catalizza |l
trasferimento di un frammento a
due atomi di carbonio da un
chetosio donatore a un aldosio
accettore.

Ryhulose-S-phosphat

3.phosphat

HD—?H
HC—OH
HC—0OP0,?

<)

La transaldolasi trasferisce una unita a tre atomi di carbonio

HC—0H
HC=—0H
HC—0H
H,C—OPO,?
losg-
T-oihanhal
H.. -0
HC—0H
Hllé—-DH
HC—OPO,T
Ca |
Erythrose-4-phosphat

H., 0
transaldolase
HC—OH
Hé—-l:I-H

|
HC—0P0y™

<)

Erythrose-4-phosphat

transketolase "'a.ﬂ-:'ﬂ

@]

Glycerinaldehyd-
3.phosphat
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Transketolase requires thiaminepyrophosphate (TPP) as coenzyme

»:i -OH +
HyC—OPO,?

H,C—0OH
C=0
HO—CH
o
HEG—CH
H;lJ..‘.—III-FD]i'

o]

Fructose-8-phosphat

0
@

H,C—0OH
t=0
HO—CH
o
HC—0H
H;l.J.I—EI-FD]i'

]

+

Eriurtoves Aondurse ndund
Form 2 fructose 6-phosphate

BEIICHELLT
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Transchetolasi Transchetolasi
| H A
Vie sriaboliche ‘oH ' Transaldolasi
riduttive A2C 0 30 A2C g
C-H HO| c o\ o HC oH
Biosintesi degli | "
acidi nucleicg <: H-C-OH -C-OH C-H G20
H-C-OH -(lz-on | H-C-OH HO-C-H
H-c OH H-?'OH ‘uu-g-on H-C-OH
NADPH H-c-o-® H-C-0-@® H<|:o~® H-C-0-®
A A H \H H
Rnbosio oeptulosio Eritrosio Xilulosio
5-fosfato 7-fosfato +fo§fato 5-fosfato
\ \
O NADP* O  NADP*
C-H c-o g OH
H-C-0H H-C-OH H—c- H’C'OH
HO -C-H Hy HO -(':-H oo -o C:0 HO -€- o]
| | _) '3 H "
H-C-OH H-C-OH H ¢‘: oH € —— HO-(I: H -?'OH C-H
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(irreversibili) (reversibili)
Via glicolitica
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Principal products of this way are NADPH and R5P:
transketolases and transaldolases are activated to produce metabolic
intermediates of glycolysis (GAP)

Generates reducing equivalents (NADPH)

*Produces erythrose 4-phosphate
*Produces ribose 5-phosphate *Precursor of aminoacid and vitamin B6
*Nucleotid and nucleic acid synthesis .
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Relationship Between Glycolysis & Pentose Phosphate Pathway

Glycolysis and
gluconeogenesis

Principal function:

Glucose

G6P
VAN

Reducing power used for reductive biosynthesis

pentose phosphate

pathway
Ru5P
Eycobsts m— o ribose-5 phosphate (R5P)
Nucleotid synthesis in cells
\/
FeP
@ Pentose phosphate pathway produts
can be entered to glycolysis

GAP
NADH: synthesis ATP

Pyruvate
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- c” NADPH + CO,
NADPH + H* |
o H— C OH CH,OH
CH20P03 CH20P03 H2O NADP""‘ l
0 OH (0 9 HO= C H 3 (|: =0
¥ H= C —OH > H—C—OH
OH H glucose- OH H 6-phospho- 6-phospho- |
6-phosphate glucono- H= C OH gluconate H— (E —OH
dehydrogenase OH lactonase CHZOPOE” dge?g;i:g- CH20PO§‘
Glucose-6- 6-Phosphoglucono- 6-Phospho- Ribulose-5-
phosphate (G6P) d-lactone gluconate phosphate (Ru5P)
H (0}
CH,OH b (I/ 1
IC =0 6 H— (|3 —OH ) 4 )
HO=C=—F transketolase H—C—OH ribulose-5-phosphate
I | isomerase
r = Hos (|J —OH H=0—=—0Fl
S |
A ¢ < H—C—OH CH,OPO3"
H—C—OH + H—C—O0OH Ribose-5-
| | 5 phosphate (R5P)
CH,OPO35™ CH,0POj35
Glyceraldehyde- Sedoheptulose-7- CH.OH
3-phosphate phosphate (S7P) fis2 2
(GAP) =0 5 )
| <
HO— (|: —H ribulose-5-phosphate
H_(lj —OH epimerase
7 | transaldolase CH20P0§"
Xylulose-5-
phosphate (Xu5P)
(|3H20H (|1H20H
C=0 =0
| on, " | 3)
HO=—=C == C HO—C—H
| l | O T
H_?_OH H—(])_OH 8 H—C—OH \C/
| |
H—-?—OH + H—(ll—OH transketolase H—C—0H + N —0h
- | |
CH,0PO% CH,0PO? CH,0PO% CH,0PO%
Fructose-6- Erythrose-4- Fructose-6- Glyceraldehyde-
phosphate (F6P) phosphate (E4P) phosphate 3-phosphate

Pentose Phosphate Pathway

1) Oxidative phase

2) Isomerization and
epimerization




Wernicke-Korsakoff Syndrome Is Exacerbated by a Defect in
Transketolase

Transketolase requires thiaminepyrophosphate (TPP) as coenzyme

Wernicke-Korsakoff syndrome is a disorder caused by a
severe deficiency of thiamine, a component of TPP.

The syndrome is more common among people with alcoholism than in the

general population, because chronic, heavy alcohol consumption interferes with
the intestinal absorption of thiamine.

The syndrome can be exacerbated by a mutation in the gene
for transketolase that results in an enzyme with a lowered
affinity for TPP—an affinity one-tenth that of the normal
enzyme.
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The result is a slowing down of the whole pentose phosphate
pathway.

Wernicke-Korsakoff syndrome symptoms:

Severe memory loss
Mental confusion

Partial paralysis
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