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o Most pathways can be classified into:

o) oyl =
;;\'5&\% s O Catabolism: degrade complex molecules (proteins,

-* 7 carbohydrate and triglycerides) to few simple products (COs3,
NHz7and"H50). Capture chemical energy to form ATP.
Considered a convergent process (large no. of substances
are degraded to few common end products).

=x\b on 0 ANAbolism: synthesize complex end products from simple
- ..~ precursors. Requires energy which is provided by the
< breakdown of ATP. Considered a divergent process (few
starting precursors produce wide variety of complex
substances)
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o Signals from within the cell (intracellular)

The rate of a metabolic pathway may be influenced by the

omolism 2 < @Vailabilitysofsubstrates, or alterations in
the levels of BT

<&
. CommunicationBEWEsRICalls (intercellular) it Wiz» 5,Geteb
Can be mediated(by surface-tao-surface contact, hormones
and, in some tissues, by formation of gap junctions

a
Second messenger systems
Two of the most widely recognized second messenger
systems are:
o The calcium/phosphatidylinositol system—7\too{oﬂ mefoloolism
o  The adenylyl cyclase system




Synaptic signaling
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= cfposph, sl (ooheyoline ;Nov= solvenalive)

1 Unoccupied receptor does Occupied receptor changes « Subunit of Gg-protein When hormone is no longer
not interact with G,-protein. shape and interacts with dissociates and activates present, the receptor reverts
= G,-protein. G;-Protein releases adenylyl cyclase. to resting state. GTP on the
ceexlhlualar () Hormone or neuro- GDP and binds GTP. « subunit is hydrolyzed
= t it 2 to GDP, and adenylyl cyclase
space -/ ransmitter et _ is deactivated.
C) Cell membrane 3¢ /o

| a: 1 " -
(81} ll‘l\"' L

Gs-rrrotelr:’ ( In;ctivlel
with boun adenylyl cyclase adenylyi
) cyclase
osol GDP 1 ad\\e cyclase - CAMP + PP; Y
S C\jd'\c AP

1.  GTP=dependentiregulatory proteins (GS and Gi*proteins)

- P%V‘ Protein kinases: phosphorylates different proteins and enzymes
@M@leo\ (ca;nolwr‘
<\ o Miﬁ) 3. Dephosphorylation of proteins: Phosphatases reverse the effect of

cephor kinases.
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Glucose _lnto cells, but

r@_ fickese cloesn] need o ATP
LI 2 FEIN N oo NN j j]vcvse and ﬁoloc%se fleed KTP
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In facilitated diffusion, glucose movement
follows a concentration gradient

_ —by &bl ofifusion

L1y — oicase {inspor fex

Glucose 7
GLEUT=3'is the primary glucose transporter in e
MIS abundant in e_m_ogggg and S ’ Gell membrane
t is low in

GEUT=4(in aimﬂ@.e and_skeletal

Their number is increased by
insuli

-h (in the liver, kh|dne¥, and_(3 clglls of
the pancreas) can either transport glucose
into these cells or from |§depend|ng on

blood glucose levels ) 7 cothngy i oot




Transport of glucose to cells

st
‘ = M&primaw transporter for fructose in the small intestine
‘@LP;{_‘K.SM (/5\53\;3:?_@; —=Spef) d\e(P‘lV\d o fucloe

PRy _ in the liver and other gluconeogenic tissues) mediates

q\um-é-p%osrmdv 9eese glucose fluxaeross the endoplasmic reticular membrane.

0 e)AO(%)\%Mi( YéHCuHW\ |S an energy_

ond fhen Hens by requiring process that transports giucose against @ conc.

GUT-) gradient >0chve plocess (reed FP)
= This system is a carrier-mediated process in which the movement

ofiglucoserisicoupledsto the conc. gradient of Na, which is
trasported into the cell at the same time.

. m epithelial cells of the intestine, renal tubules, and
Choroid plexus.

= This system is mediated by a family of four I

transporters in cell membranes (GLUT-1 to GLUT-14)

= They exist in the membranelin_two conformational states)
' he tran , which tl

—  Extracellular glucose binds to the transporter
}===" conformation, transporting gl ross the cell membrane.

Lo Coveye W Shape




o Glycolysis occurs in the cytosol of all tissues and cells

Dzbb’f}\éﬁ '
o Defined as oxidation of glucoese to pyruvic acid (in the presence
of O,, Aerobic) and to lactic acid (in the absence of O,,
anaerobic) O e

o The catabolism of 1 mol of glucose (6 C) produces 2 moles of
pyruvate or lactate (3 C)

o RBG: as there is no mitochondria — lier (conrled to pictvic)

+ EXEIEISINGIMUSEIES; Iack of O,
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= Phosphorylated sugar molecules do not readily penetrate cell
membranes (no carriers, too polar to cross)

=i oll cdi—- Yo (b <o 2

Hexokinase has broad substrate s 6peC|f|C|t and it is inhibited

,by tf\éreactlaup pr%du%9 Oglucose phosphate

>3\uQOJ\W\0\59 \/\)OY\NS o cow\/ﬂ”k

f@m 3\»@3& lo gdo-_rj\ucose

n Bel — Teney inside cell >
coleipm  channel ﬁux_mch'\/o\h‘om

'ﬁeﬁ'uﬁ It has a low Km (high afﬂnlty) for glucose. And low Vmax ot 5‘*"'%3,,;3' .,5",,"::,0,,
H;n&:\dl;w ]AI\‘j‘/\ Kim o apfm_b ]/\\j\(\ \mow blggcf:iagltm:gose
sze (similar broad specificity): dn liver parenchymal E 3 Venax
cells and islet cells of the pancreas \ - B Decmis Glicokinase ~~
' poncfés by 56216 “-4%?5}3 3&3?5 : §
In p cells, glucokinase functions as the 3”" /LE .
WQJhﬂhreshahiQLmsmLse;Letm In the IIVer/ g Glucokinase
the enzyme facilitates glucose phosphorylation during e
hyperglycemia. S
ﬁ he%mase
Hexokinase

s Glucokinase functions onl

only when the intracellular
concentration of glucose in the hepatocyte is elévated ssuch
as during the brief period following congmptlon of a

carbohydrate- rich meal

‘ 15 20

Glucose concentration, mmol/L

sy
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e s el e gl BB 20

oud el ey 0 Step 1: glucose is phosphorylated to glucose-6-phosphate.

0 3\»«%@&3& The reaction is irreversible and is catalyzed by either
gltcokinase(GK) in liver cells and iEXOKIRGSEN(HK) in other

tissues. — roploled

€ mﬁi\/ms{d{im%
a Step 2! glucose-6-phosphate islisomerized to fructose-6-

_— phosphate(by)isomerase enzyme

@ ﬁ)%os@)%?a’&cb Kinase

e wrosk \Mpor‘|o«w o Step 3: fructose-6-phosphate is phosphorylated to F-1,6-
=ep (ow o) diphosphate. The reaction is catalyzed by, phosphofructo®
_

Cle dppele ¢, SEEpE: F-1,6-bP is splltF in rioses
wsihy Q(Glyceraldehyde -3-P and"dehydroxyacetone phosphate)
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Steps of glycolysis

o Step5: DHAP is isomerized to G-3-P which is catalyzed'by

s%alo b SiX

Himse- prophtilae | G=3=Pi5 OXidliZEd" pHOSPhOFylated-forming 1;3-
Oxidose ey biphosphoglycerate (1,3-BPG) and NADH WhICh is catalyzed by

persde. 0 | lyGETAIdEhYGEIBEPIdeyarogenase. NAD es in

ETC. >0moooshu/\ MJMCLloV\

o >
o \;i;s o Step7: 1,3-BPG gives its high energy phosphate to ADP to form
N ATP converting to 3-PG. This is catalyzed by phosphoglycerate

- -—»eV\e\@lﬁ Pfad\)ce f(evv\ b@af( J\‘nkaj@ belween Molecle ool ]o]noshp\na%e +ADP — KTP
Q -XB-PGkis converted to 2-phosphoglyceratelby mutase

g - (P)ﬂos()l"()ﬁ\che)@ ke




Steps of glycolysis
/ao?él\ﬁ()\ﬁil(\\()\/\ (gmwove 10)

o Step 9: Enclase enzyme dehydrates 2-PG forming 2-

 siloes phosphoenol pyruvate (PEP
o PEP is dephosphorylatéed giving its P to ADP torform

. . Q
o=y K'”“."’ATP ande«convertedtopyruvate. Rxn islifreversible’and catalyzed
X lo%osf)]/\bﬁ)\@W
i )\AO\ & Steép"11%in [RBC's and under anaerobic conditioEﬁ NADH
deprephalilotion  in step 6 is oxidized to give hydrogen and pyruvate which
o= &yl 5k converts into lactate
RTP Vo 5u5 |e=B\Bs N,
1 Oe(B}JIC 31300\6%\% r)ﬁxlmcc 7 AT {P

|\Y\ ooerdbic ﬁ|j¢613g'\s J)@Juce 2 A‘]" IO




Schematic representation
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Energy gain in aerobic glcolysis

Step 1 Glucokinase (GK) -1 ATP
Step 3 Phosphofructokinase (PFK) -1 ATP
Step 7 Phosphoglycerate kinase + 2 ATP
Step 10 Pyruvate kinase (PK) + 2 ATP
Step 6 2 NADH + 5 ATP
Net gain + 7 ATP




P oridation fir j]ucosg—> 32 ATP

Anaerobic glycolysis — n. woi

Step 1 Glucokinase (GK) -1 ATP
Step 3 Phosphofructokinase (PFK) -1 ATP
Step 7 Phosphoglycerate kinase + 2 ATP
Step 10 Pyruvate kinase (PK) + 2 ATP
Net gain + 2 ATP
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0 Fructose 6-P
imiting enzyme. e, U
o Hormones regulate glycolysis according to blood SLll R
glucose level: —— <Pyl v Fup o0 euycera:ﬁhyae P S 2233{.%’%
_ blood glucosedncreases, this : &
stimulates insulin secretion, insulin stimulates e 7 t
glycolysis @ increasing the synthesis of the three SERLS LU
Cagi) o ey enzymes: GK, PFK and PK. z-phosptfg.yoemte
"7 7 o Dufingifasting: blood glucose level decreases; Phosphseriblpyrivais
which nhibits in r and stimulates O <~
glucagon,@drenalin® and(corticosteraidwhich.  |Amee /& <n{SIETELD
inhibit the synthesis of and activity of GK, PFK anc , '
PK. s

Lactate



Hormonal regulation of Glycolysis

Glucose — Lhel) Tlm)sc e/llh”ft@
LUT-%Q@L&}SMA; MEMBRANE
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active protein klnase:. Active protein kinase A _-_-_-_-;_-_-;E Glucagon\
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- 1 Dephosphorylated PFK-2 is active, l 7‘\__‘ i
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o Flouride inhibits enolase enzyme (step 8) Phﬁ?hodoh&mo mmale

%o W‘W‘o ZdﬂlVICc for ﬂov\ro/c ?1

o It is used in toothpastes as it inhibits glycolysis in mouth bacterial
flora.

o Itis also used as anticoagulant for blood samples to estimate its
glucose content. oy

—_



Formation of acetyl CoA

o Formation of oxaloacetic acid

o Formation of lactate — iy 1{RC<

O

o Formation of ethanol (in yeast
and some M. O)

\39
s

[ L

Oxa cetate Acetyi CoA

ETHANOL SYNTHESIS

® Occurs in yeast and
some bacteria (including
intestinal flora).

* Thiamine pyrophosphate-
dependent pathway.

Ethanol

NAD*

NADH + H*

Acetaldehyde Lactate
NAD*

NADH
co, + HY
(Thiamine-PP)

| PYRUVATE

PYRUVATE
DEHYDROGENASE
COMPLEX

* Inhibited by
acetyl CoA.
® Source of acetyl
CoA for TCA and
fatty acid synthesis.
® An irreversible
reaction.

PYRUVATE
CARBOXYLASE

e Activated by acetyl CoA.

* Replenishes intermediates
of the TCA cycle.

* Provides substrates for
gluconeogenesis.

* An irreversible reaction.




Aerobic phase of glucose oxidation
lodhendio & fiam gl c

gwco iﬂSf‘S oo W %%30]8 —'V\OKWVIIC OCi(% eY‘FeY‘ YV)I) j(o ACO
= Pyruvic acid formed by glycolysis enters thermitochondria

where:
= it will be metabolized to acetyl-CoA by oxidative decarboxylation
and lepve (ool
« then Acetyl-CoA is oxidized in Kreb’s cycle

pfofnch Thio-Ester

0 cHigh Ene gy
%E,,DH Eio nd
t=0 + CoA-SH CHe-C-5-Cod
|
s /
‘ e
> sone. shickare VUIM aofodvc

r)(%r loic g

JKreb’s cycle
2 CO, + 10 ATP



o Occurs in mitochondria

o Irreversible _—in one diedipn— while lochale @t (Hﬂ o cl'l@t‘JHOVO

o Needs pyruvate dehydrogenase (PDH) complex —sq@p fan enzyae

(o)

CoA
R

dehydrogenase

NAD*
Acetyl COA ww> ) $<
NADH > @ CO2

O 0O 0O O O

CoA-C-CH,
Acetyl CoA
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) _ - Lot rate
Z>TCh wj l -A;..%E..gg__ o
. . . W\ / >
a Occurs in the mitochondria of u}\:’-' / S

each cell ~

o Does not occur in RBCs (no
mitochondria)

Acetyl-CoA

o Considered the final-common
pathway-forthercomplete . oyaloacetaic  Citrate
oxidation-ofacetylsCoA —=<=~5) /7 N

S B Chtained from partial oxidation Malate Isocitrate
of CHO, lipids and proteins. I p>co,
fin | weduct €2 omgf i LRIt arietoghparets

s ? 20 \ /sco,

A

{ Succinate Succinyl CoA




O
okl CH; (o 2 2 o
SEEPSIGAMCA — 2 /- 4
(J,o‘\?o\&s NS, 52551 Cirate <
o Step 1: condensatlon of acetyl-CoA and Ot t-o ’V@”"’b I
oxaloacetic acid to form citric acid. @c 2 cfnce cyck
Catalyzed ByiGitrate/symthase! =
/_\ Citrate. X(
e . ] . . f ol
-iOtrlc acid Is converted byilsoatratej s ] '?me 2ol
CH,-C-0O
(o)
o/ecarﬁoxg\ojf?om : -C
Step’3: Isocitrate is oxidized to a- 0-¢-cm m C{
ketoglutarate by iSoCitrate’denydrogenase: leootiats
NADH is produced and CO2 is released. NAD*
Isocitrate NADH + H*
3\mLo\mIVle oinol D\M}amfc CoW\ GWWF/AQC{ Imk‘o @W’@/} demfbo@u%mﬁ’
CH,-C-0
O CH, wdaloohza)
10-8-G=0 | for gwanic
«-Ketoglutarate! anel 31"&0“"""




Steps of TCA

o Stép 4: a-ketoglutarate is converted to

succinyl CoA. CO, is released and NADH is

produced. The reaction is catalyzed by'a-
It

S also requires 5 coenzymes (thiamine,

pyrophosphate lipoic acids,”CoA-SH, "FAD
and’NAD)

o Step’5iithe high-energy, thioester bond of
succinyl-CoA is cleaved providing energy

(ot s formediand the reaction o
and the reaction is
catalyzed stccinate'thiokinase:
So\b A e con )
AP A Slonep 15

(o)
CH2 C o
O CH2
-0-C c=0
a-Ketoglutarate

CoA

a-Ketoglutarate |
dehydrogenase
complex

GDP + P;
Succinyl CoA <
thiokinase
GTP
>

CH2
Succinate




Steps of TCA T

-O-C'CHZ

32”9&’ L)olw{ o OVOV()(ﬁ Jool/lO{ Succinate
d oxidized to fumarate, e
_ FAD is == 01
reduced to FADH2. 4 C -
odd  H0 0 C =

0 is hydrated to form e

=
o

0 gs oxidized td-oxaloacetatellsyl e
. NAD is reduced to Q|

"0-C-CH,
NADH. b NAD
dshynzalafe
rogenase
o Oxaloacetate will reinitiate the cycle again. OO\.NADH+H
C C=67
O

“0-C-CH,

Uy A \iszhy < (Oxaloacetate)

Proc)mca 3Dk L 1 FADH, , 10TP,




Energy gain in Kreb’s cycle

Isocitrate DH 1 NADH 2.5 ATP
a-ketoglutarate 1 NADH 2.5 ATP
Succinate thiokinase 1 GTP 1 ATP
Succinate DH 1 FADH2 1.5 ATP
Malate DH 1 NADH 2.5 ATP
Net gain @
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o Glycolysis --------- 7 ATP + 2 pyruvate
o 2 pyruvate -------- 2 acetyl-coA + 2 NADH ----- 5 ATP
a 2 acetyl CoA --------- 20 ATP

a The net ATP produced by the oxidation of 1 mol of glucose = 32
ATP



0 ‘leads to congenital
lactic acidosis. >0\£)Ler CMOO |33i5
Z>acCu|/w‘J<7nLc lorchic acil blowed ondl Hssue  cause acigoms
o This enzyme deficiency results in an inability to convert

pyruvate to acetyl CoA, causing pyruvate to be shunted to lactic
acid via lactate dehydrogenase.

L This causes particular problems for the brain, which relies on
‘the TCA cycle for most of its energy, and is particularly sensitive
to acidosis. PSR
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Gluconeogenesis

When and where does it occur

\_q R 52 s L»'m CE{)\-OSDL& of Jver ond Kio&le

During BROIGNGEANESE and HEPIGHORIGE ~  cihecls in ritodncl
hepatic glycogen

 40-

Duringiovernightifast, ivemis responsible

for the majority of gluconeogenesis (90%)
and the rest in the kidney (o) — Qw2

' Ingested glucose

L

Glucose used, g/hr
1 il
¥

During prolonged fast, «idney produces
about 40% of glucose production. Giyeogen
(Y. W Gluconeogenesis

Glucose is formed from{précursors as
lactate, pyruvate, glycerol and ketoacids
b 0

] LC
~ 1 1 T 22 1 1 1
pyrovele \ 0="8:7167-:24  2-950-40
O |
fj\visc of \bo\c M& : <—Hours —>» <—Days—> y




o Those include all the intermediates of glycolysis and the citric acid
& e
" 1. |[BI@EEI8H released during the hydrolysis of triglycerols in adipose

o] tissue and delivered to the liver._Gl ' lat

excheive )| (aleeTolKinGse to glycerol 3-phosphate, which is oxidized by

" liver to dihydroxyacetone

phosphate which is an intermediate of glycolysis. —— 3\\/&0&6
—= RRCs ard exeftaces Muscle

>.  Lactate: released by exercising muscles and RBC's. This is
transferred to the liver and reconverted to glucose.

3. |BIIRGIEGIESE hydrolysis of tissue proteins are the major source of

glucose. are_
derived from the metabolism of glucogenic aa which can enter
the TCA o

————é



alfermative
Is gﬂ\l&e

and 2

o Seven of the glycolysis reactions are
reversible and are used for gluconeogensis
while threerofrthemrarevirreversible (Pyruvate
kinase, phosphofructokinase and hexokmase)

S\AQoKW\(MSQ

LPyruvate carboxylasetPyruvate is converted
to phosphoenolpyruvate (PEP)by)pyruvate

carboxylase and PEP caboxykinase

o Biotin: covalently bound to the N of lysine in
the pyruvate carboxylase, requires CO, and
ATP for the convertion of pyruvate to
oxaloacetate. It occurs in mitochondria of liver
and kidney. Muscles contain also pyruvate
carboxylase for the use of OAA in TCA.

Allosteric regulation: it is allosterically
activated by Acetyl coA.

! 3

f‘o H/I 1S ell=-wie A
(U\HOO \Oﬁ&ﬁ Glucose 6-P Glucose

w
EP or ﬁ%mfmdzse 3

Fructose 1,6-bis-P

\
Glyceraldehyde 3-P 5. Dihydroxy-
acstone-P

2 NAD*

P, 2
2 NADH + 2H

a2

2 1,3-bis-Phosphoglycerate
=t
| 2 ADP
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Reactions unigue to gluconeogenesis

: oxaloacetate can't cross
the mitochondrial membrane so it is reduced to malate by malate
dehydrogenase that can cross. In cytosol malate is reoxidized to
oxaloacetate by cytosolic malate dehydrogenase.

by
PEP carboxykinase which utilize 1 GTP. PEP will continue in the
reverse of glycolysis until reach fructose 1,6- biphosphate.

by frucose 1,6-
biphosphatase to produce fructose 6-phosphate will bypass the
irreversible PFK reaction. =elp (o

The enzyme is inhibited by high levels of AMP and fructose 2,6-
biphosphate,A@SiLe high level of ATP and low AMP stimulate
gluconeogenesi — M}wikihow d{)}\oS\p\/lo)ro\se enzyme ond achvation to )o]/\ospko%clo](maﬁﬁ



Reactions unigue to gluconeogenesis

occurs by glucose 6-
phosphatase. This occurs only in liver and kidney. Two enzymes
are required (glucose 6-phosphate translocase to transfer
glucose 6-phosphate to ER and glucose 6-phosphatase) (i1 -7
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Type 1a glycogen storage disease results from inherited diffeciency
of one of them which has the following symptoms:

a Hypoglycemia
o Hepatomegaly and liver problems
o Lactic acidosis

V a Growth failure
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Pyruvate carboxylase
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CO, is activated and transferred to pyruvate
by pyruvate carboxylase producing oxaloacetate. J

i

/

' Lysyl residue
of enzyme

©

CO»

P/\>

T ADP + Pi

Pyruvate
“O-C-CH,

Oxaloacetate

—
Oxaloacetate '
cannot cross '
the mitochondrial |
membrane so it is |

QNADH +HT
reduced to malate NAD* _
that can. Y :

—— 2 Malate

GDP +

Phosphoenolpyruvate

CO»

NADH + H* NAD? \d = In the cytosol, malate |
N\~ is reoxidized to oxalo-
acetate, which is
P Malate converted to phospho-
enolpyruvate by PEP

carboxykinase.

GTP

Oxaloacetate




Glucagon: stimulates gluconeogenesis in three mechanisms:

.. Change in allosteric effectors: it lowers level of fructose 2,6-

biphosphate leading to activation of fructose 1,6-biphosphatase
and inhibition of phosphofructokinase.

.. Covalentmodification of enzyme activity: it clevate CAMP

leading to activation of CAMP-dependent protein kinase activity
which will phosphorylate pyruvate kinase to its inactive form.

.. Induction’of enzyme synthesis: it increases the transcription

of PEP carboxykinase gene.

2. Substrate availability:like glucogenic amino acids
3. |Allesteric activationlof pyruvate carboxylase by acetyl coA.

. Allestericinhibition of fructose 1,6-bisphosphatase by AMP

Note: ATP and NADH are produced in large quantities during fasts
from fatty acid oxidation is required for gluconeogenesis.
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