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Carbohydrate metabolism
HMP & Glucronic acid

Ahmed Salem, MD, MSc, PhD, FRCR



CHO metabolism

1. Glycolysis
a. First phase
b. Second phase

2.Pentosephosphate pathway

3.Metabolism of non-glucose sugars
a.metabolism of fructose.
b.metabolism of galactose
c.metabolism of glucuronic acid

4. Glycogen metabolism

a. Glycogen synthesis
b. Glycogen breakdown




Minor Pathways for Glucose Oxidation

* A. Hexose Monophosphate pathway (HMP-pathway)

e B. Uronic Acid Pathway (Glucuronic Acid Pathway)

AV Laall 4 ~laill g 5 gl GlILul 5] aglll




Pentose phosphate pathway

(Hexose Monophosphate pathway or HMP-pathway)
age 3 5 ribose Ly | cpiile s Lidany 43) () 58 1audll

NADPH Lk jleS5 | RNAJ)s DNAJ) ppinai
reductive Jb) arail S 5Ll g
(biosynthesis

The source of NADPH is a major

ribose phosphate product of the
for synthesis of RNA pentose phosphate
and DNA pathway in all cells

 The pentose phosphate pathway is a cytosolic pathway present in all cells

* This pathway is active in the cytosol of many cells e.g. liver, adipose
tissues, adrenal cortex, ovaries, testis, RBCs and retina.
adrenal cortexd! s liverd) agea) (81 LIAD (lel 2 g 5e




* The pentose phosphate pathway is divided into:

Irreversible redox stage (Oxidative phase),

which vyields both NADPH and pentose
> phosphates.

one molecule of glucose gives:
- 1 molecule of CO2 loses s 43 La

- 2 molecules of NADPw keto sugar 4| ix
- 1 molecule of ribulose 5- phosphate

> Reversible interconversion stage (non-| staged cls e —iaeis

. . . . - LI N \ \ v . 4—.’\
oxidative phase), in which excess pentose |~ 231 pentosed! J3a 4

i . | S« intermediatesd
phosphates are converted into glycolytic e glycolysisdl sl

intermediates sl =Lial

lic Cacld giall Cand 3ac clif all




Odeat|Ve phase Steps (which is irreversible)

1. Glucose 6-P is oxidized by NADP+ dependent glucose 6-P dehydrogenase = 6-
phosphogluconolactone  s1.),, oyidation 4 ja: (activated 43} S P 4xs 43) Lag) G-6-PJ) 4} s jpay Al

- Rate limiting step . . .
i i ~) 6-phosphogluconolactone Lik= s D-6-P dehydrogenased! (a: kb NADP+J!
(C=0 255 o adadall algy gl anY) PROSPRog 7 yaros SE O

2. Llactone is hydrolyzed by gluconolactone hydrolyase = 6-phosphogluconicacid ~y
Jeldil) 22y sie i M COOHJ) (= 4l acid 4elS
3. Decarboxylation of 6-phosphogluconic acid catalyzed by 6-phosphogluconate dehydrogenase -
- 1 xRibulose 5-P

- 2 x NADPH+H (C=0J) .») — =
CHO (COOH) =
- 1xC02 Glucose-6-P- ( A § VUL (CO,)
s —T"OH  dehydrogenase iz g Hydrolase ——OH 6-phospho ~*% CH,OH
oxidative s AUl 5 ghaally juay My 0 | O el T ketone J! 2)
e § 1 0 ydrogenase -
o C Lasd 43 La s | decarboxylation e HO Ak . (E9 (group
e OH NADP* NADPH+H' _| o OH o
s A5 5C structure be @i ) oz b OH
. +
(keto sugar s2 ) ribulose 5-P CH,0PO,= CH,0PO= CH,0PO,= NADP  NADPHH'  ——oH
: : CH,0P0,=
3 glucose e Lo yuay Jelal) 45) ain 4 i
Ly Jeldll zala e L;Ld\_a EEN Py Glucose-6- 6-phospho- 6-phospho- Ribulose-

phosphate glucono-lactone gluconic acid 5-phosphate

3 Ay eiaa S
We start with 3 Glucose 6-P to obtain 3 ribulose 5-P to enter non-oxidative phase



All reactions are reversible

1.

5.

Non-Oxidative phase steps

Ribulose 5-P is a substrate for 2 enzymes:
- Epimerase = xylulose 5-P (x2)

*.. 54 .0.*
- Isomerase = ribose 5-P L™ T4 alads

Transketolase reaction 9 (= L ,thiamine pyrophosphated‘ e—‘)—‘\ gslc Wisy reactiond) g=la
pathwayd! u=la s # ) thiamine deficiency be sz Ll 4
- Tansketolase is a thiamine pyrophosphate dependent enzyme
- It transfers 2 carbon units (with a keto group) from xylulose 5-P to ribose 5-P forming:
- Sedoheptulose 7-P , Gl )S auw odic yuan g 2C Jin ~ ) ribosed!
- Glyceraldehyde 3-P  glyceraldehyded Js~iis 2C 254 ~ ) xylulosed s

- Inthiamine deficiency, transketolase activity is

Transaldolase™ enzyme: transfers 3 carbons (with keto group) from sedoheptulose 7-P to
glyceraldehyde 3-P forming:

-fructose 6-P - 6C keto sugar
-eythrose 4-P - 4C aldo sugar

Transketolase reaction: transfers 2 carbons from the remaining 3 xylulose 5-P to

eythrose 4-P forming: Ji A phased) ¢ 3 ribulose Lie zi Ua) Lua)
-fructose 6-P ,Je il Alaw agia (pi eadiu) LS ja 3J aalil ga
-glyceraldehyde 3-P ( 3rde 2 paiall (ala g G AR50 = 5 sh

The produced 2 fructose 6-P are converted to 2 glucose 6-P
laaY 5,1 glyceraldehyde 3-P s 2 fructose 6-P z &) & diasll cuil€ Jelaill Aleh
4 » glyceraldehyde 3-Pdls ,a5ala caua dza Julaly avall 5 G-6-PJ J 5o F-6-PJ)
ialall s gluconeogenesisd! sl glycolysisdb day (Sas

2 enzymes agle Jaily 5 0 ,J8 U phasedv 3 ribulose be &5 Lo ax
isomer Likay = 5 sisomerase s ,ribulose epimer Lub~: 7 5 5 epimerased)

CH,OH CH,OH CHO
=0 =0 —1—OH
HO—— —1—OH =t=OH
—1—OH —1—OH —1—OH
CH,0PO,= CH,0P04= CH,0PO4=
Phosphopentose Phosphopentose
Epimerase Isomerase

Xylulose- ~. Ribulose- ~. Ribose-

5-phosphate ~ 5-phosphate ~ 5-phosphate

Ribose- Glyceraldehyde-
5-phosphate 3-phosphate
CHO CHO
OH —I—OH
OH Transketolase CH,0PO3=
with (TPP)
OH
CH20P03= e
|{CH,OH
CH,OH LEO
HO——
O —1—OH
HO 1 oH
OH ——OH
CH,OPO5= CH,0PO,=
Xylulose- Sedoheptulose-

5-phosphate 7-phosphate



O

H
OH Il
7= ;i goor
+
H-C-OH NADP™* NADS H-C-OH H20 H-G-OH
HO-C-H O A —— » HO-C-H O AN -~ HO-C-H
Gluc ose-G-phosphate |
H_?_OH Dehydrogenase H_?'OH Hydrolase H_?_OH
H—(T“. H—(I3 H—(T“,—OH
CH0-(P) CH0(B CH20-(F
Glucose-8-phosphate 6-phospho-gluconolactone S-phospho-gluconic acid
NADP*
G-phospho-gluconate
(l.“,HzOH dehydrogenase
c—0 NADPHH*
|
HO—C—H
. é on "\,lg-epimersse| ?OOH
| CHoOH CO2 H-C-OH
CH0 <) L ® |
C=0 - = Cc=—0
Xylulose-5-P Mn |
H—-C-OH H-C-OH
(|3HO H—(T“,—OH H—(iT—OH
H—G—oH rz0-® Era0-B
H-C-OH Ribulose-5-phosphate 2-keto-8-phospho-
| gluconic acid
H-C—OH
CH,O-P Ribose-5-P
XyIquse—S—E,,\ # Ribose-5-P Xylulose-5-P

T

X

Transketolase
TPP

Ry

~
'
o

Glyceraldehyde-3-P - /Sedoheptulose-7-P

A
Fructose-6-P #

Glucose-6-P
~———a Fructose-6-P /

Transaldolase

.

T
Eryth rOSE-4-P-“\\\\ TransTI?:e;olase
)

-

Glyceraldehyde-3-P

We started with 3 x Glucose 6-P
and obtained 2 x fructose 6-P + 1 x
glyceraldehyde 3-P

Remaining 3 carbons are released
as CO2

Glyceraldehyde 3-P is one of the products of
3 important pathways:

- Glycolysis

- Gluconeogenesis

- HMP pathway

) shd S ala reactiond) 4 L g
zlisae auall gl 4] =y ala <o reversible
,oiSally Jelailly Jdiad (Sas Db ribose-6-P

ribose-6-P (siad 4iled Cusy



Regulation of HMP pathway:

Oxidative phase
* |s controlled by the level of NADP+

* The first reaction (catalyzed by G6PD) is a rate limiting step and is inhibited by T
NADPH
Jelalll inhibition dexi 7 S JS& NADPHJ 35S 53334 ) <o NADPH sk Jelaill 43) Loy

Induction:

 CHO feeding = 1 insulin = induction of synthesis of both dehydrogenases
leading to activation of HMP Shunt

* Fasting 2 { insulin = repression of synthesis of both dehydrogenases, so HMP
is inhibited

al) o Caldall g 81 5 (g2edl Sl ) Al
3 3 3 !




phased! ¢la , St aa )i

Non-oxidative phase " il 750

Regulation of this phases allows flexibility as to fulfill needs of various organs for ribose 5-P

and NADPH

* |f needs for NADPH and ribose 5-P are balanced (e.g. liver)
» HMP will proceed through oxidative phase
» Formed ribose 5-P will not continue in non-oxidative part

* |f more ribose 5-P is needed (e.g. muscle)
» This will be provided only by reversibility of non-oxidative phase

ribosed! ¥ a5 glucose-6-P (< Jeldll (iln jaan Al gl Smy

* |f more NADPH is needed (e.g. RBCs)

» NADPH is produced in oxidative phase > must get rid of excess ribose 5-P (otherwise will
feedback inhibit further NADPH production)

» The non-oxidative phase gets rid of resultant ribose 6-P
inhibition W_xa: 7 phased s (w ,oxidative phased &b oo a0 ) NADPH (paliss Ua) Da (9
ribose-6-PJ) (» u=ldds (lic non-oxidative phased! (paliss Ua) JUL #85 ) ribose-6-PJ) S 5 sl



Importance of HMP shunt:

*age WLI*

* Important in cells which have a high rate of nucleotide synthesis (bone
marrow, skin, gastric mucosa) or need NAPDH:
1. Formation of pentose phosphates that are used in

Nucleic acid synthesis: DNA, RNA

Coenzymes: NAD+, FAD, NADP pentose sugar ?@_ﬁ J gma JS 43) Cus
High energy compounds: ATP, GTP and UTP (ribose sugars a@_"\...\,df_ij)

2nd messengers: cAMP, cGMP

2. Major source of NADPH which is used for

Biosynthesis of FA, cholesterol sl (58 12 daga ciluaall 185 gl 0 L
Lens of eye: maximum concentration of NADPH, preserves transparency (ﬂm) transparent
Bactericidal action LsSul i g phagocytosisdb 483le Ll

RBC membrane integrity ,.<ill 4 Leaiah g RBCs) (e Jadlaty
Coenzyme of cytochrome p450 (very imp in detoxification of harmful substances in liver)

o R

Dietary ribose cannot be utilized by tissues because there is no specific kinase Ge adde deany ribosed\. Js
to convert it to ribose-5-phosphate (dietary ribose is excreted in urine) urinedb cilhall 48 ¢ £13al)



NADPH for RBC membrane integrity

<) glutathioned) s 5! b <@ o n& 5 hydrogen peroxide s free radicals 4w oxidative stresses Le ;3 RBCJ) Jals 43 () sa Tawdll
in a reduced state Luls 4ualise Ua) 5 stressesd g (o palddy (lie (glutamyl cysteinyl glycine (< 055« tripeptide o= 3ke 2
(Sas s ,RBCsd) e Jilail sab ~ 5 hydrogen peroxided reduced glutathioned) Le aa) ¢ L sl 43y (Lgad Jazay NADPHJ) sac sy M 4)
. . ] oxygend dea e 5l saie W ) methemoglobind Hbd) J3a3 o

* NADPH is required to: (oxye S - : =

* Keep glutathione in reduced state (via glutathione reductase where NADPH is coenzyme)

» Reduced glutathione serves as sulfhydryl buffer 2 maintains cysteine residue of Hb
in reduced state

» Plays imp role in detoxification of H202 (via glutathione peroxidase), which:

.l RBC lifespan RBCsJ! e Jilil soly 7, (H202J)) hydrogen peroxidedi reduced glutathioned) Lie aalsile 4l

(oxygend) Jes e 3 a8l sxie W M) methemoglobind Hbd) J 33 cas (Saa
* ‘I rate of oxidation of Hb to methemogolbin (cannot carry oxygen)

i Maalb G ) 2H20d A s> 5 H202J! neutralization Jex ) Co-factor & seleniumd #lasiuls 5 glutathione peroxidaseJyé
Aalall ae 5 Co-factor & FADJ) 252 5) g2kl 4axa o} aa 3 7 glutathione reductased) 2 b o= s oxidized glutathione Le

. . . L ol .
* Keep ferrous iron of Hb in reduced state: reduced glutathioned 42 i a5 (42 NADPH+HU

» Prevents accumulation of methemoglobin

- NADPH, glutathione, glutathione reductase cooperate to preserve integrity of RBC membrane

AlalS 2y Adije 45 9 48ld dae sdasy g Al Gl



HMP pathway is the main source of NADPH+H* required for the
reaction of many reductases and hydroxylases.

A- Reductases use of NADPH +H*

e -Glutathione reductase and glutathione peroxidase which are
important for removal of H,0,. H2 O, is powerful oxidant that
produce damage of cellular DNA, proteins and phospholipids.

Reduced Glutathione

(2 GSH)
Hydro?den
NADP* peroxide
‘\ / \ H,0,

Glutathione reductase Glutathione peroxidase
Riboflavin

(FAD)

NADPH+H*

(GSSG)
Oxidized Glutathione




,reductive biosynthesisdb 3 _uS 338 1) NADPHJ Ll W 5 4
A- Reductases use of NADPH +H* (05 Ll 35 KAall) A 505 58S ) galy Jayg

* Reductase for fatty acids synthesis
* Retinal reductase (rhodopsin cycle) = vision
* Folate and dihydrofolate reductase

e HMG —CoA reductase for cholesterol synthesis

B- Hydroxylases use of NADPH+H*

* - Hydroxylases of steroid synthesis
* - Phenyl alanine hydroxylase

* - Tryptophan hydroxylase

e - Synthesis of calcitriol




NADPH oxidase:

It is present in cell membranes of phagocytic cells, and
is responsible for generation of superoxide

Superoxide is converted to H202 (by superoxide

. o ) .
dismutase “SOD”) ,superoxide <ldazs 43) () g lawll 5 (LSS i) phagocytosisdh s caelis
LoaiSall el () o8 4wadivi » ) A hydrogen peroxided Jsaiy (Ses I

H202 is converted to hypochlorus acid (HOCL) by
myeloperoxidase that kills the bacteria
Al ey aebw 7 AN geid Lidany (Sas 4ua

Genetic deficiency of NADPH oxidase produces chronic
granulomatosis, this disease is characterized by sever
and persistent chronic pyogenic infections

48 Ja sy NADPHJ! pes 4 0 (oY Ly o I (g o
granulomatosisd) el addll (a j2iy (S




NADPH +05
+ NADPH Oxidase

Superoxide Q5 *
* Superoxide Dismutase

Hydrogen

ret +. Peroxide

Catalase
Ho0-
Hydroxvl 0, + H0
Radical l
OH*" Myeloperoxidase
Hypochlorite
HOCI

(acid s As)



Comparison of HMP pathway and glycolysis

HMP Glycolysis )

Complexi :
Plexity Multi-cyclic process Simple, linear
Oxidation Early in the pathway Later in the pathway

Produced (gives Not produced
3 CO2

ATP Generated (6-8 ATP)
Riboses Not generated

Dehydrogenase NADP-specific NAD-specific
N% N%
reductive biosynthesis —sagll ) sa energy e caagll

el Saall (e el Sl oally aedl ey se ] ) aglll




Clinical aspects of HMP pathway

* Congenital hemolytic anemia (favisim)

e Deficiency of G6PD enzyme, x-linked condition
* Resultsin { level of NADPH —> { concentration of reduced glutathione

« > H202 | life span of RBCs, and * rate of oxidation Hb into methhemoglobin
Lilas a6~ 5 L Julby NADPHJ! Jd&t! 63k = 5 A ,GBPD enzymed! 48 (e &5 (i 3 favisimd)
H202J) S yisau 3 ook 7 <@ reduced glutathioned) S 5 e

* Manifested only after intake of certain oxidant drugs (primaquine, fava beans)

—> distort RBC membrane resulting in hemolysis
,((d=d)) TBJ)s malariad! &2l 5 fava beansd! ) Wad 4 92¥1 (aany J515 (e 730 ala ()
hemolysis & s3s s RBCsd) Sl ddleilly ol 7 )

* Urine turns black, jaundice develops and Hb levels fall (sometimes fatal)
Lled (i) fatal iies 38 U5 Hbd) (s sise & oalisil 5 jaundice sl a4y ol )

* Treatment: avoid cause, regular RBC transfusions, antioxidants




B. Uronic Acid Pathway (Glucuronic Acid Pathway)

* Definition:
It is an alternative minor oxidative pathway for glucose
involving the formation of: active glucuronic acid 4ic zis

- glucuronic acid in active form (UDP- glucuronic acid) as intermediate

 Site: Cytosol of liver mainly (and kidney)



Importance of uronic acid pathway:

(1) Formation of UDP—glucuronic acid (the active donor of

glucuronic acid) for: .. .o 1w highly polar 43 e glucuronic acidd) |

=it excretiondl 2elui (lic soluble s Al compounds (i
A-Conjugation with many compounds, to make them more
soluble before excretion, for example:
J

** Glucouronic acid is highly polar so it can be conjugated
with less polar compounds

/

% Steroid hormones and their metabolites

*»* Bilirubin, which is excreted in bile in the form of bilirubin
diglucuronide (direct bilirubin)

** Detoxification reactions e.g. phenols, aspirin, morphme
4453 (and detoxification dexy Jliie axiingd 4ca s

In humans, development of this conjugation mechanism
takes several days to 2 weeks after birth  **ic. aka



Physiologic jaundice is caused by a combination of:
- increased bilirubin production secondary to accelerated destruction of erythrocytes

- decreased excretory capacity secondary to low levels of ligandin in hepatocytes

- low bilirubin conjugation with Glucouronic acid
UL Lgd 5l a8 gla 5 Jan dage Adali**

Jlow bilirubin conjugation to the glucuronic acidd! st ledbusl (e 33Y 1l (30 (I Y1 ALY 2y juaiy A physiological jaundiced!
RBCsJb S & gan duia Ll (52 (s | fully developed Jise 4l (S pathwayd! (=la 43y

Slislie a5 & Shg el K& e liel agll)




* B-Synthesis of glycosaminoglycans (GAGs) e.g.
heparin and chondroitin sulfate glycosaminoglycansd) sl (2 addieg aca y

(2) Formation of vitamin C (L-ascorbic acid): This occurs in
some lower animals (not in human or guinea pigs because

the enzymes needed to convert L-gulonic acid to L- ascorbic acid are **daga ddadi*

not found in our tissues) . L,y puall JAly juas b pala ¢S1) vit CJ formationdu padiug g
(L-ascorbic acidd L-gluconic acidd! Jis=3 Je 3 sl

(3) It is converted to L- and then D-xylulose which enters
HMP pathway



H\c"OH H\c”'OH H\C/O@
I ] i | el |
—C- ATP ADP —C- -C-
H-C-OH N H-C-OH Iphosphogm(;omutasel H-C-OH pathwayd & structured
HO-G-H O Mg : = HO-C-H O — Ho-cI:—H o e compoundsdb
H-C-OH [ Stucokinase | H-C-OH H-C-OH .
H—(i‘. H-(|3 H-<:3 u—*—u”=~°
CH-OH CHO(P CH-OH R ole OS amgaal oS
Glucose Glucose-6-phosphate Glucose-1-phosphate N
e ele JS& pathwayd
UDP-GI 'RE R - .
Pyroph:sc:r'nsoerylas4 — QL’J \'ﬂ—..ﬁ L‘:\J‘“ Q_AM ‘—"JL;M}
_UDP _UDP productsd! bla y L
H o H o » we .
gHo o et +H20 Sei— i structured) s sa a)
S > L 2 NADHH" 2 NAD" —C—
H-C-OH N / H-C-OH ~_ P H-C-OH (g._a SSL.A
HO-C-H ~— HO-C-H O == HO-C-H o
H-—(i‘.-OH H—('?.-OH UDPG-Dehydrogenas+ H—(l}-OH
H-C—OH H—c:: H—c::
JCOOH COOH CHLOH
D-Glucuronic acid DP-Glucuronic acid UDP-Glucose
A .
NA D'

('ZOOH Decarboxylase

NA D

HO—C—H NAD'
HO—C—H \

H—(':—OH
HO—(lZ—H
wCH_OH
L-Gulonic acid

in lower animals

Z
N

Not in Quman or guinea pigs

* L-Ascorbic acid®™

C Lxylulose reductase > Dehydrogenase
-~
CH_OH A NADP T CHZOH CH_-OH

NA D" )
?=

1 NAD'
N A _HO—¢—H_\
H—(i“.—OH
H—C-—OH
CH-OH

Xylitol

HMP-Shunt



Essential pentosuria:

* |t is an inborn error of metabolism caused by
deficiency of L-xylulose reductase which
converts L-xylulose to xylitol

* L-xylulose is not metabolized and is excreted
in large amounts in urine (the L-form of sugars
are not metabolized) s sl s 0 iad s b,

L-form of sugarsd! metabolism

e |Itis a harmless condition needs no treatment

dane L e alu g ha agll




Metabolism of fructose

insulind! e ia% W fructose metabolismd! 45 <o jzi Jas aga

* Fructose transport and metabolism are insulin independent
degall enzymesd) (e Ala U e W controlsdl OS ha <
Sl (e 15% s 43) 2 e anealdl A5 558 33 92 50 e glycolysisdh
e Asaia Uiag fructosed) Gasb e 058z sdie sk 2
S (regulation) abaii alale (i o 4ie 35S SliS

* Only few tissues can metabolize fructose (liver, kidney, intestinal mucosa, adipose
tissue BUT NOT brain) liverd) s tissuesd) sla aal

* fructose does not stimulate insulin secretion
* - less tightly regulated c.f. glucose

* Renal threshold for fructose is low = more radially excreted in urine c.f.
glucose (glucosed! e le)

* Most fructose is ultimately converted to glucose (e.g. 50% converted to
glucose in intestines) (¢S diabetesd) (o e pany s < insulindl 483ke 4 Le 4d) Ly
Ay Lald | i ) el Al) (ala ¢ g sall Llad (S glycosed! dan &l o 6l gLy
glucosed Jsai = ) 43a 50% Ly s



Fructose metabolism steps

* Step 1: phosphorylation to form fructose 1-P

* Step 2: cleavage to DHA-P and glyceraldehyde

Le =34~ aldolase BJ) @bk oo 5 (pam
44LYL DiHydroxyAcetone-Phosphoate

Rate limiting step
Catalyzed by fructokinase (insulin independent)
Rate depends primarily on fructose concentration

fructokinased) Gk e s J5Y) reactiond)

phosphorylationd! §& W s ) 5) F-1-P Lidasy
(ATPJY Mgl (& 4uim o () 568 ATP o3 glucosed!
rate of reactiond) 2 » fructosed! xS i ol j L JS

Aldolase B catalyzes this step

glyceraldehyded

glyceraldehyde-3-PJ Lua

) 5% 98 (Saa (2 triosesd)) DHA-PJ)s -

(Sas 5 glycolytic pathwaydh -
fructose-1,6-biP | sk s | saaiy

The 2 trioses can be:

metabolized by glycolytic pathway
Combined to form fructose 1,6 bi-P (by
aldolase)

» Step 3a: glyceraldehyde is then phosphorylated

Toglyceraldehyde 3-P
Triose kinase catalyzes this step (ATP is used)

triose kinased) &k (e phosphorylation Jezis (pas

- Most dietary fructose is converted to
glucose by gluconeogenesis

~p - Dihydroxy acetone
?quﬂ?‘—u' phosphate
C=0

glyceraldehyde 3-P Le il 5 (ATP aladiuly) CH,OH  Fructokinase ?Hzo@i | Aldolase B |
o ye =H== EHZOH Triose kinase
* Step 3b: DHAP is converted to glyceraldehyde 3-P Hz:g:gH atp || ADP HS:E:ZH Absentin ?HOZ m ' H_E:)C;
* Triose phosphate isomerase catalyzes this step H—(IE-OH | H—(::-OH ;'fl:gtdo';fy EH i ATP ADP (':HZO'PE
CH,OH ?rtzxscetgémia CH,OH Intolerance ’ e
Fructose Fructose-1-phosphate Glyceraldehyde Glyceraldehyda-

3-phosphate



Fructose in organs

* Absorption of fructose is relatively slow:
* Fructose is used as a sweetener for drinks in diabetics it causes little rise in blood glucose

* Free fructose is mainly metabolized by the liver

* Free fructose is present in large quantities in seminal vesicles

* Energy of sperms derived from fructose
* Fructose is secreted from seminal vesicles = estimation of fructose in semen is important
ade sxic OIS 13 4d yral (alAEY) aaf pasds oo Wl
semend! & fructosed) xS s =i age (infertility)

Liall 3Lal) L agunas Juin (3l (g Llaa Y gl




Hereditary fructose intolerance

* Inborn error of fructose metabolism manifested by vomiting and loss
of appetite

* Defect: Aldolase B (therefore fructose 1-P cannot be metabolized)
LeSlginty (puac® ) 48Ul 45) aua p Say el 5 0 308 5 ad 7 JUlbg F-1-PJ) # W) <8 63 (90 (SI5 aldolase BJb gats (& OsSo (9o
aluall 2ie hypoglycemia bllexs s glycogen phosphorylased! inhibitiond 2k 7 4sa_ 0 38 yi glii )l 5 | alille & 5 5y sacld aaliy

e Accumulation of fructose 1-P in liver =2

* fructose induced hypoglycemia during fasting
* due to inhibition of glycogen phosphorylase leading to accumulation of glycogen

Fructosuria:

- Benign metabolic defect

- Due to deficiency of fructokinase

- Only abnormality is fructose excretion in urine

7 %) fructosuriad) 4y L) a5l 30l
urined! & fructosed) xS 5 X ¥



Important facts about fructose

e Diabetes

* Oxidation of fructose is independent on insulin or glucose level

* = soin diabetic patients, fructose metabolism is not affected

* |n small amounts, fructose could be useful for diabetics

» Large amounts of fructose can severely damage liver due to depleting ATP stores/ or it is

converted to glucose o . o T
& e BynS CilaaS J5l OS] Lalad a0 6S) (S, pae e AL 0.8 fructosed) Jsls
glucosed Jsai 7 5 Aledlh o (depletion of ATP) AUall (pe 4w J&BLY (ah 7

* Fructose is atherogenic
* Glucokinase and phophofructokinase bottlenecks in glucose metabolism not present

* Fructose rapidly enters tissues = ) cudl 5 coronary artery diseases i (Sas 43) 51 Atherogenic
* Enhanced FA synthesis OSan Gl e e 5 hexokinased) (b Ce Lead oS3l o glycolytic pathwayd!
e ] serum triglycerides and LDL cholesterol O o+ pathwayd! regulation sl s (Aala 3l 3ie) bottlenecks pa s

i S ¢ 3a et g amalle JAN fructosedB regulationd) sla 2 W
e 20 Sl triglyceridesd) e 2 s FAS (Sia onm Gilu s glucosed
coronary artery diseased!
In extrahepatic tissues fructose is converted to fructose 6-P by hexokinase
- Hexokinase has a very low affinity for fructose (higher km) compared to glucose
- Soitis not a significant pathway for fructose metabolism, unless it is present in very high concentration in blood



Galactose metabolism

* Most galactose comes from lactose (principle sugar in milk)

* Lactose is hydrolyzed to galactose and glucose by lactase in intestines

*glucose and galactose are epimers

* Following absorption, galactose is transported to liver and converted to
glucose

* Galactose is important in:
* Glycolipids
* Glycoproteins
* Lactose during lactation (4=l



Steps to convert galactose to glucose

Galactokinase

Galactose » Galactose-1-R UDP-Glucose
++
‘ Mg \AsDP e Reactionisreversible
) Gal-1-P UDp-GaF :
(ATP llgin Jayiiil)) Uridy| transferase 4 P * If dietary supply of
-epimerase . -

o galactose is deficient,

rate limiting stepd 05 reaction &Y sl Js salall & Rate limiting step glucose can still be

epimerized to galactose
Glucose «——— Glucose-6-P «—» Glucose-1-P UDP-Galactose

Can be used for lactose synthesis
UDP-Galactose-4- &k (= UDP-Glucosed 4l s oy (Sas UDP-Galactosed! Lua
A 4] S g=la ) reversible Jelll s C4dle epimerd) 43Y 4auls 4015 ,epimerase
8y g pall (fia L"QS\ Mie Glraa yall gLl S ,amnll aziial (Saa ¢ )32l galactose LA L
Glycogen (galactose e (s siniy LY Laid dima 2e ] ) iy

Galactose 1-P pyrophosphorylase produces UDP-galactose which is directly epimerized to UDP glucose

lactose synthetase 4l a1 3l (& b (e lactose U shay 5 glucosed! UDP-Galactosed! aaiy 7 ) lactose Jexd Ladal 13)

Opallall (e i€ ) il il ) Al Y




Galactosemia:

* Congenital disease caused by deficiency of:

— Galactokinase (mild disease)

— Galactose-1-P uridyl transferase or UDP-Gal epimerase
(sereve disease)

* The deficiency of galactose-1-P uridyl
transferase is more common




It is characterized by:
1) Galactosemia after the intake of galactose or lactose
z (p2b galactosed) 4si g5 ))) galactosemia &s3~5 | Due to galactokinase being

2) Galactosuria < gar cwdls urinedy galactosed) 5 i 533 s indirectly inhibited or absent
a5l galactokinased!

—

3) Cataract in infancy (Opacity in eye lens that looks white in color)
* Cataract is due to:

Accumulation of galactose in the eye lens which is reduced to its alcohol

galactitol by the enzyme aldose reductase — increase osmotic pressure
— Over-hydration of lens — Denaturation of the natural translucent

lens proteins - Cataract aan) ) 421 glcohold! Jsais s reduction 4 sas galactosed) 2 3 W 4 cataractd) faw
hydration «wiy UL 5 osmotic pressured! 2 » 43 alcohold) gala alexy A 5 (galactitol
Ll Gl o b Leidlad duaell Jaxiy A proteinsd! denaturation ) 2 W lensdb

4) Deficiency of the enzyme galactose 1- phosphate uridyltransferase leads
to accumulation of galactose 1-phosphate and depletion of liver
phosphate needed for glycogenolysis and this leads to attacks of
hypoglycemia after galactose or lactose feeding

2ty (aeld Uia) 43) ey L galactose-1-P le laia ) dls yall 2ie pathwayd) < sit sob 5 gal-1-P uridyltransferased) a3 (4 o<l
Ja & hypoglycemiaw sy 7 ) AU 5 glycogenolysisd) dulee lic 48S 40aS Jimy 7 ) Loy | ) 408 Jand e ¢ 52 phosphatedl (deplete)

galactose s lactose Js\s



5) Liver cell failure: In uridyl transferase deficiency,
increases Galactose-1-P which leads to depletion
of Pi. So, no ATP formation in liver leading to liver

cell failure v 7 e Pid! depletion Jex ) galactose-1-PJ)
_ 43 Gass jaundiced 4 3k 7 5, ATP formation
- Jaundice 48le L) pathways (2 4sladiul 23 2c 8 galactosed
- Mental retardation mental retardationd w23 W ,bilirubindu

Galactosemia treatment must be started early in
life: the baby is fed lactose free milk formula and
galactose free diet after weaning

galactose s lactose e (s siahy A e V) Jolii Calay) g 5 davsy (i yall (s #3ke dida (S



Later on, "at 15 vyears” children who have

Galactose-1-P uridyl transferase deficiency can
utilize galactose normally due to the
development of the enzyme UDP-galactose
pyrophosphorylase which can replace the
Galactose-1-P uridyl transferase

Al enzyme sk oS ea.u;j\ A4) ) ,s3le galactose e S ity Ll [y jaddll GL"‘-‘ W aa y =y Ls) 15Jd) e 2z oY)
brain retardation & sas (e <asa & Jhay = 5 ,gal-1-P uridyltransferased) J~ J~x z ' s (UDP-galactose pyrophosphorylase)

UDP-galactose

Galactose-1-P+ UTP __Pyeroserenv™ UDP-Galactose + PPi

Children are able to form UDP-Gal from UDP-
Glucose by the epimerase, which explain their

normal growth and development.  ce sy e lin o st auan o
chapter 10, page 119« polyol pathwayJ

Al dals die o378 | Caegd g culhia g &l J g s jo e Sleagind ) aglll




Integration of metabolism 7/8/2022

*la ga i o 4es 5 e D) (e e e Leay )58 i V) o g0 3 jualae
* Topics (from Textbook of Biochemistry, chapter 8, page 84-89):

— Types of metabolic pathways (10 min)

— Metabolic profile of organs (5 min each; total = 25 min)
* Brain
» Skeletal muscles
* Adipose tissue
* Liver
e Cardiac muscle
— Effect of exercise on metabolic profile (10 min)
— Metabolic adaptations during starvation (10 min)

— Key CHO enzymes under well fed, fasting and starvation conditions (table
8.4; 5 min)



