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Metabolism

o Most pathways can be classified into:

TP & AR H ’_
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‘0 Catabollsm degrade complex molecules (proteins,
carbohydrate and triglycerides) to few simple products (CO,,
Moz L rNH3 and H,0). Capture chemical energy to form ATP.
/ Considered a convergent process (large no. of substances
are degraded toifew common end products).
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‘a Anabollsm synthesize complex end products from simple
~ precursors. Requires energy which is provided by the
N S\E " breakdown of ATP. Considered a divergent process (few
AD ! starting precursors produce W|de» varlety of complex
substances) et 200 <
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o Signals from within the cell (mtracellular)

The rate of a metabolic pathway may be influenced by the |
availability of substrates, product inhibition, or aIteratlons in
the levels of allosteric activators or |nh|b|tors

(a), Communication between cells (intercellular) “~

\

Mewrenz . Can be mediated by surface-to-surface contact, hormones

Xo N
maech €5 and, in some tissues, by ’rorgWo gapgunctlons
— cells ) ] ‘

st 1 o Second messenger systems e ﬁws ﬁ«w /
s Two of the most widely recognlzed second messenger

A\dcolssis I\ Adsas 2,
systems are: (octan 1o opimm) 19E864) g 1),

o  The calcium/phosphatidylinositol system
o The adenylyl cyclase system
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Communication between cells
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Regulation of metabolism su i o,
denylyl cyclase
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Dephosphorylation of proteins: Phosphatases reverse the effect of
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P-dependent regulatory proteins (Gs and Gi-proteins)eea/) oL
d_él,f/[/ /gkyld»logbf. CAMP 3 byws ATP

Protein kinases: phosphorylates different proteins and enzymes

Occupled receptor changes a Subunit of G,-protein When hormone Is no longer
shape and interacts with dissociates and activates present, the receptor reverts
G,-protein. G-Protein releases ‘ adenylyl cyclase. 'S to resting state, GTP on the
GDP and binds GTP, | T T )Je,;\, « subunit Is hydrolyzed
0. G-pretik O UAL o o Mz g1 to GDP, and adenylyl cyclase
‘ brengy) Ju- oy Jp» is deactivated.
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Transport of glucose to cells
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Wit Al 4ucose cannot diffuse directly into cells, but
09 enters by one of two transport mechanisms:

/gm’«“ . Na-independent, facilitated diffusion transport
Liom \%z system
1o L In facilitated diffusion, glucose movement
Ba w follows a concentration gradient

Tissue specificity of GLUT gene expression:

|
Jl )J.S/v;) LA
3-—»‘5/”_} Thswiin

. . ) Gluct;se/"”
Endeteid I’ﬂL ..\ GLUT-®is the primary glucose transporter in =
G, e Neurons pr;rfgeilu:ar o= | 4 g:;p%rter
‘u,wﬁ”“d GLUT41"is abundant in erythrocytes and | \% | Coll membrane
brain, but is low in adult muscle Cytosol /

jp (in adipose tissue and skeletal
(W "/ muscle). Their number is increased by
wsu\ivne M _insulin T ‘_/323?,?@
ebi Lo * GLUT-2 (in thediver, kKidney, and p cellsiof | === s ) A\ (state2)
J\c\&\ﬂ' 2§°’ the pancreas? canither t transport glucose | ‘-
sulin )p// Y into these cells or fromjt depending on Cytosol W/

level —
(ecepter Jl | o4 blood glucose ﬁ()‘*@ |2243) ® Tntestine
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Transport of glucose to cells

—> Pacefre
GLUT-5is the primary transporter-for-fructose in the smalkintestine
P& I/Q_( { and theestes
AT

GLUT-7 gm the liver and other gluconeogenic tissues) mediates
g ~ V\ glucose flux across the endoplasmic reticular membrane.

alucoss ™ “= Na-monosaccharide cotransporter system: is an energy-
< \/requiring process that transports glucose agalnst aconc.
Amactose | gradient Lo
_1-;0 4~ = This system is a carrier- medlated process in WhICh the movement
S of glucose is coupled to the conc. gradient of Na, which is
trasported into the cell at the same time.

= It occurs in the epithelial cells of the intestine, renal tubules, and
Choroid plexus.

= This system is mediated by a family of fourteen glucose
transporters in cell membranes (GLUT-1 to GLUT-14)

= They exist in the membrane in two conformational states.
Extracellular glucose binds to the transporter, which then alters its
conformation, transporting glucose across the cell membrane.
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Glycolysis

RBQJI (A 4\)
o Glycolysis occurs in the cytosol of all tissues and cells
= ec 2=

o Defined as oxidation of glu‘éose to pyru/gic acid (in the presence
of O,, Aerobic) and to lactic acid (in the absence of O,,
Rbs ) anaerobic)
e o I
‘;jwlﬁ 7 The catabolism: of &=mol-of glucose (6 C) produces 2=moles of
222 pyruvate-or lactate«(3-C)

o3 GE Ly Koolne @ retina &
a Lactate is produced only in: \ “8”\‘-”’“1’)
a RBC: as there is no mitochondria >
a Exercising muscles: lack of O, Pas<tve transPeries
ol Hs o o L4 s TN copa Wo need af ATE

: | I j From Wl T2 (ow
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2 Phosph‘orylatl

Phosphorylated sugar molecules do not readily penetrate cell
membranes (no carriers, too polar to cross)

Hexokinase has broad substrate specificity and it is inhibited
by the reaction product, glucose 6-phosphate

2 5 >
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GIucoklnase (S|m|Iar broad speeiﬁuty) In I|ver parenchymal
cells and |sIet ceIIs of the pancreas

= Inp cells, glucoklnase functlons as the qucose sensor
determlnlng the threshold for insulin secretion. In the I|ver
the enzyme facilitates/glucose phosphorylation\during

hyperglycemia.

Glucokinase functions only when the intracellular
concentration of glucose in the hepatocyte is elevated, such
as during the brief period following consumption of a
carbohydrate- rich meal
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o A of fasting
‘C~  plood glucose
- Ve
""" Glucokinase |
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° Glucokinase
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=
N Vmax
uc_' hexokinase
Hexokinase
x i A et Y | J
0 5 10 15 20
A .
= Km
Hexokinase Glucokinase

Concentration |

Glucose concentration, mmol/L
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- _.,.a Energy investing phase:

a Step 1:.glucose is phosphorylated to glucose-6-phosphate.
The reaction is‘irreversiblé and is catalyzed by either

glucokinase (GK) in liver cells and he@ase (HK) in other
tissues.

Q glucose-6-phosphate is isomerized to fructose- -6-
phosphatesby isomerase enzyme

e % M o Step 3: fructose-6-phosphate is phosphorylated to| F-1,6-

diphosphate. The reaction is catalyzed by( phosphofructo-)
The ff’fe« kinase (PFK):
\
\‘"“Q Step 4:(F=1,6=bP)is split by aldolase’into two trioses

Yo (GcheraIdehyde 3-P and dihydroxyacetone phosphate)
Lyes
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v acetone  PhosPhat
Qleconbre ) [2) Aezsis e
s Steps off glycolysis
ol%

Y o Step 5: DHAP is isomerized to ‘G-3-P which is catalyzed by
CRIREE (lsomerase )

@& | II- Energy generating phase: © e 65&

AMEPEY, G-3-P is oxidized phosphorylated-forming Mﬁj\uﬁ#
J@ ¥ biphosphoglycerateY(1,3-BPG) and_ NADH)which is catalyzed by
F-F‘ s glyceraldehyde 3-P dehydrogenase NADH produces 2.5 ATP in

wUICJ> o ETC
s A Aaw Q Step7 1,3-BPG gives its high energy phosphate to ADP to form

gl cofinase ) ATP converting to 3-PG. This is catalyzed by phosphoglycerate
- kinase.

o Step 8:3-PG is converted to 2=phosphoglycerateby mutase



Steps of glycolysis
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Step 9: Enolase enzyme [dehydrates) 2-PG forming 2-
phosphoenol pyruvate (PEP)

Step 10:PEP is dephosphorylated giving |tsJP to ADP to form
ATP and converted to pyruvate Rxn is |rreverS|bIe and catalyzed

by [pyruvate kinase.)
Step 11: in RBC's and under anaerobic conditions NADH formed

in step 6 is oxidized to give hydrogen and pyruvate which
converts into lactate by lactate dehydrogenase
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Schematic representation

Aerobic . Anaerobic
B glycolysis by glucoKinase glycolysis
o

Glucose 6-P_ Glucose Wene Kws & Glucose 6-P,_ Glucose

b

| 4 A
Fructvose 6-P Fruct:)se 6-P
e 4
Fructose 1,6-bis-P Fructose 1,6-bis-P
Adolase «—1 ; N
\} ihydroxy Glyceraldehyde 3PS Dlhydroxy-

acetone-P acetone-P

i

4

ADH

1,3-bis-Phosphoglycerate 1 .3-bis-Phosphog|ycerate

V1
|| 3-Phosphoglycerate 3- Phosphoglycerate

A

v y‘

2-Phosphoglycerate f 2-Phosphoglycerate
d L Phosphoenolpyruvate d@jﬁl of““‘ o.| Phosphoenolpyruvate
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\/)e)*gfJ ;’i?:rg\ll:hon Pyruvate Lactate *_“____ , Pyruvate
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Energy gain in aerobic glcolysis %
Step 1 Glucokinase (GK) // 1 ATP\/
Step 3 Phosphofructokinase (PFK) \ @ 1ATP
e Step 7 Phosphoglycerate kinase + 2 ATP
0 2¢ o] [ step 10 Pyruvate kinase (PK) + 2 ATP
o) As
52| Istep6 2NADH - 4. d3 + 5 ATP
Glicera yl\ € B v
;C-PkDSPfMC 5-212.5 £
Net gain + 7 ATP
- & Mcose~s-Phoshhacsizo Z,Z/Lﬂ 617)/19_3 ﬂljco/{% o s ool 2 PP
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Anaerobic glycolysis

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
Anaewbic | ,«/=Ab=;/ & Lo

Net gain 2@5}3%\ Zislb L+ 2 ATP
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Hormonal regulation of Glycolysis
"d'e /ghj&/f,ﬁ’&ﬂdﬁ_ Glucose

em. 200
GK (orHK), PFK and PK arestheskey enzymes of Pkt
g glycolysis. gﬁ%o\gon Wz Mfw | C}ﬂ} J5.00 : c&:— ..,m
é"‘».ué) {N\“ explresion ) wy «— \W8W\lW\b Z-“-wﬁﬂlo UCOSG

N@\ PFK is the most important and con5|dered the rate @fo ESsion F'"°t°se‘5 P
“ limiting enzyme. A2 LY actVity Aol sy Prosshoce | 9 o Insulin_}

kinase Q __,43@
&Uﬁ_}@l{%:(mlﬂ._)\) AAl\;H/ (b«w?/”fé‘*)ﬁJ/ <
Fructose 1,6-bis-P
o Hormones regulate glycolysis according to blood

¥
glucose level: Giyceraldehyde 3P %5 Dihydeoxy.
o After CHO feeding: blood glucose increases, this : I
. . . . . . . 1,3-bis-Phosphoglycerate
stimulates insulin secretion, insulin stimulates 1
glycolysis by increasing the synthesis of the three | 3-Phosphoglycerate

o During fasting: blood glucose level decreases,
which inhibits insulin secretion and stimulates O <
@Iucagon, adrenaline and corticosteroid)which Pyrvate [—JP== Glucagon |

g\é\ibit the synthesis of and activity of GK, PFK anc Privats
. +
Lactate

8
Phosphoenolpyruvate

key enzymes: GK, PFK and PK. S Prossoyoasie




Activation of many enzymes

1 High insulin/glucagon ratio causes
decreased cAMP and reduced lovels of
active protein kinase A.

—Glycolysis
bbby e ATP
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Phosphofructo-

S Fructose 1,6-bisphosphate

.

|

Active profein kinase A

Bilunctional enzyme

Fructose

Elevated concentration of fructose 2,6-bisphosphate activates

PFK-1, which leads to an increased rate of glycolysis.

Fructose 6-phosphate ) Fructose 6-phosphate

FBP-2
(inactive)

—————

Decreased protein kinase A activity
favors dephosphoryiation of
PFK-2/FBP-2 complex.

T
H
!
|

<

"
ADP -

Dephosphorylated PFK-2 is active,
whereas FBP-2 is inactive; this favors
formation of fructose 2,6-bisphosphate.

ATP  CAMP + PP,

!

Active protein kinase A
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In-vitro inhibition of glycolysis

-+ Flouride inhibits enolase enzyme (step 8)
9B ey S

3\ alg : : N . .
Yo Wt o Itis used in toothpastes as it inhibits glycolysis in mouth bacterial

flora.
2120 o Itis also used as anticoagulant for blood samples to estimate its
! glucose content. Pl lue Badbio]s o pne o
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ETHANOL SYNTHESIS

* Occurs in yeast and
some bacteria (including

intestinal flora). ~ — <

P
Fate of pyruvic acid =

o Formation of acetyl CoA

V\/\N-_"

o Formation of oxaloacetic acid

@ ® m\oaoefwfe?@g (DKrebs J2

o Formation of lactate = Teycie® e
i | .
o Formation of ethanol (in yeast N— S COMPLEX
and some M.O) acatyl Coa.

* Source of acetyl
CoA for TCA and
fatty acid synthesis.

* An irreversible

reaction.

Acety|cor

PYRUVATE
CARBOXYLASE

| | = Activated by acetyl CoA.

* Replenishes intermediates
of the TCA cycle.

* Provides substrates for
gluconeogenesis.

* An irreversible reaction.
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Aerobic phase of glucose oxidation

= Pyruvic acid formed by glycolysis enters the

where:
= it will be metabolized to acetyl -CoA by oxidative decarboxylation
and __'
E then Acetyl-CoA is oxidized in Kreb’s cycle LM ﬁ/

AC fb’{ o2 ue Lo a3
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Transport protein reduction cety|
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Kreb’s cycle
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Coenzyme A Acetyl CoA

CH, A
Pyruvate e
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A-Oxidative decarboxylation of pyruvic
acid

o Occurs in mitochondria
o Irreversible

o Needs pyruvate dehydrogenase (PDH) complex

o}
o Requires 5 coenzymes c=0
- CH;
4> Thiamine pyrophosphate @ Bl
o 2-lipoic acid
& CoA-SH 7Py
% FAD
+ =
a2 NAD byruvate JWA/gﬂwse/(gjy] L)—k&_ e
o 2192 5 o PFe
- CoA-C-CHy
(2) cetyi CoR)
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1 - Krebs cyecle

2~ TQA e ols+3

2- C—\'\-flc acm{ cdcle -

Trlcarboxyllc acid cycle

e ] SSTdS ebs ey

cYcle
o Occurs in the mitochondria of
—t‘?
each cell
@

a Does not occur in RBCs (no
mitochondria) -

\’__-——\A—/

o

o Considered thelfinal common) ~

C . ke i ot | yil| JZ)'J Is
pathway for the complete (& <f Oxaloacetatﬁltrate ‘
oxidation of acetyl-CoA | f/‘ﬂ A\“\#
obtained from partial oxidation . -~ Malate Isocitrate
of CHO, lipids and proteins. ., || p>co,

— . Fumarate a-Ketoglutarate
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Steps of TCA  z.zn

PYruvate
KF
; Q Step 1: condensation of‘;aceyl -CoA and
e Sle 4 oxal id to form citric acid.
DY Ut e’ p)@ oacet|d acid to form citric aci

e AN\ A /—ﬁ
A\

Catalyzed by citrate synthase

Jd1 O i P
ue/gU%} ///L/JL/ x(w/l % (*’/‘

i =~
40
J

By Isocitrate

/ dketogiutaraterby isocitrate dehydrogenase.
“~NADH is produced and CO2 is reIeased

AN——

P

&R@Ml

Sy
? 0 C-C-0r
CoA-C-CH; + "0-C-CH,
Acetyl CoA Oxaloacetate
Citrate <H20
! | o CoA

CH,-C-0

HO-C-C-O°
o
“0-C-CH,
Citrate

3

5
CHz’C "O'

H-c

2
"0-C-C-OH

I:L

NAD™

Isocitrate NADH + H®
dehydrogenase

0 CO;

a-Ketoglutarate




o Step@: W is converted to CH,-6-0°
Succinyl-GoA.) COyisreleased and NADHsiS = | 9/
predueed. The reaction is catalyzed by a- | i
ketoglutarate dehydrogenase complex. It | ., o
" also requires 5 coenzymes)(thiamine —
pyrophosphate, lipoic acids, CoA-SH, FAD s i co,
«-and NAD) it )
_Lé W 'g—# : NADH + H* |
{ the high-energy, thioester bond of | e
o)\ ng‘ U « succmyl -CoA|is cleaved providing energy Succinyl CoA

e« a45%2 “for the synthesis of GTP fro GDP and Pi.
o 2 Succinate is formed and the reaction is

|
J
l
|
“ GDP + P
; Succinyl CoA
-—&\\\9\/‘1 rowf . - : l rh:ok?nase <
[ surier) catalyzed|succinate thiokinase) | N
t
|
|
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Succinate




Steps of TCA

o @StépI6: succinate is oxidized to fumarate
by succinate dehydrogenase. FAD is
reduced to FADH2.

C:;/AJQL>>--

o Step 7: fumarate is hydrated to form

malate by fumarase.
\/\/\——M

® Malate is oxidized to oxaloacetate by
malate dehydrogenase. NAD is reduced to

| -

"0
Q CH,-C-O°
‘O'C CH2
Succinate

FAD
Succinata
dehydrogenase
FADH,
(o)

H. C-0°
C

O¢
‘0-C" 'H
Fumarate

H,0
le/
H O

HO-C-C-0"
o |
'0'C'CH2

-M
L-Malate NAD'

Malate

dehydrogenase

9 (.? NADH + H”
C-C-O°
o |
"
“‘0-C-CH,
Oxaloacetate




- , X
Energy gain in Kreb’s cycle™ 2 Zions

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 10 ATP
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The overall energy gain of glucose
oxidation

. ywetabolie m
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_ d2Vos e ot 227 4
Defects infGlycolysis)-%= 5 2w<5 vt

A gy Lo ey
- . (o Pyruvate dehydrogenase deficiency: leads to congenital
()LL"”"‘DS <~ Jactic acidosis. & meictal refrdation -
() B\ 2
S A . o
lactare. 0 This enzyme deficiency results in an inability to convert
st O pyruvate to acetyl CoA, causing pyruvate to be shunted to lactic

9Py acid via lactate dehydrogenase.
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/ ;)\A,UJ‘é_J fay Il _ _ _ _
& ‘G This causes particular problems for the brain, which relies on

oA L85 the TCA cycle for most of its energy, and is particularly sensitive
132 WL  to acidosis.
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Gluconeogenesis \ & =i

When and where does it occur % &=

o During prolonged fast and depletion of
hepatic glycogen

erm ,
o Aot 40-

o During overnight fast,diver’is responsible

for the majority of gluconeogenesis (90%)
-

and the rest in the kidney = i
- e . A \\’A§A§J S J E —
ug |- 6}‘\9\9 {0'/-_/0‘5{9 wver 3 )45 s d\%\ Oj}(fg 3 C-JSL. G'“j‘L’j | 9 l
2 During prolonged fast, kidney produces 3 20- me@'v‘jﬁﬁ o
about 40% of glucose production. <§ -

o Glucose is formed from precursors as

lactate, pyruvate, glycerol and ketoacids L)
&‘_9(’0’7% '&%“J‘L ] — '” Tl =
. 0 8 16 24 2 20 40
(“'11);\"4(' dgl 6 Lhs @ Yedoacy "‘C <—Hours —> <—Days—>
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Substrates for gluconeogenesis

Those include all the intermediates of glycolysis and the citric acid
cycle.

Glycerol: released during the hydrolysis of triglycerols in adipose
tissue and delivered to the liver. Glycerol is phosphorylated by
glycerol kinase to glycerol 3-phosphate, which is oxidized by
glycerol 3-phosphate dehydrogenase to dihydroxyacetone
phosphate which is an intermediate of glycolysis.

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

Amino acids: hydrolysis of tissue proteins are the major source of
glucose. a-ketoacids (oxaloacetate and a-ketoglutarate are
derived from the metabolism of glucogenic aa which can enter
the TCA




Reactions unique to gluconesasracic

Glucose 6-P* N Glucose

)

o Seven of the glycolysis reactions are e e
reversible and are used for gluconeogensis meosei'?&bss-p

while three of them are irreversible (Pyruvate ; e e
. . . Glyceraldehyde 3-P 5. Dihydroxy- |
kinase, phosphofructokinase and hexokinase) 1

acsions-P

b C—> 2NAD*
N 2 NADH + 2H"

1. Pyruvate carboxylase: Pyruvate is converted

2 1,3-bis-Phosphoglycerate

to phosphoenolpyruvate (PEP) by pyruvate e
carboxylase and PEP caboxykinase ,F:)?-ADP
o Biotin: covalently bound to the N of lysinein | 2 3 Prosphodiyeeris
the pyruvate carboxylase, requires CO, and | 26DP 22_phos§,fog,yce,ate
ATP for the convertion of pyruvate to LR i
oxaloacetate. It occurs in mitochondria of liver e b
and kidney. Muscles contain also pyruvate 2"2“;”;‘;
carboxylase for the use of OAA in TCA. o /g )
o Allosteric regulation: it is allosterically 2 ADP + 2 P;
activated by Acetyl coA. S
2GTP




Reactions unique to gluconeogenesis

2. Transport of oxaloacetate to the cytosol: 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.

3. Oxaloacetate is decarboxylated and phosphorylated in the cytosol by
PEP carboxykinase which utilize 1 GTP. PEP will continue in the
reverse of glycolysis until reach fructose 1,6- biphosphate.

4. Dephosphorylation of frucose 1,6- biphosphate by frucose 1,6-
biphosphatase to produce fructose 6-phosphate will bypass the
irreversible PFK reaction.

The enzyme is inhibited by high levels of AMP and fructose 2,6-
biphosphate, while high level of ATP and low AMP stimulate
gluconeogenesis



Reactions unique to gluconeogenesis

5. Dephosphorylation of glucose 6-phosphate: 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)

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
a Lactic acidosis
a Growth failure



Pyruvate carboxylase
, |

| Pyruvate carboxylase Acetyl CoA
(with covalently g

CO, is activated and transferred to pyruvate
by pyruvate carboxylase producing oxaloacetate.

attached biotin)

I S8 I ==

' Lysyl residue | C C o .. ..
. of enzyme CO; -C-O°
| : CH3 0 !
Pyruvate
“0O-C-cCH,
Oxaloacetate
Oxaloacetate ' -
cannot cross NADH +H
the mitochondrial |
membrane so it is |
reduced to malate NAD*
that can.
®-0-C-C-0 GDP* “orp NADH + H* NAD* - B In the cytosol, malate |
| éHz X / D4 is reoxidized to oxalo-
' acetate, which is
Phosphoenolpyruvate Oxaloacetate _ < Malate converted to phospho-

enolpyruvate by PEP

k T\ carboxykinase. )
CO» |




Regulation of gluconeogenesis

1. Glucagon: stimulates gluconeogenesis in three mechanisms:

1. Change in allosteric effectors: it lowers level of fructose 2,6-
biphosphate leading to activation of fructose 1,6-biphosphatase
and inhibition of phosphofructokinase.

2.  Covalent modification of enzyme activity: it elevate CAMP
leading to activation of CAMP-dependent protein kinase activity
which will phosphorylate pyruvate kinase to its inactive form.

5. Induction of enzyme synthesis: it increases the transcription
of PEP carboxykinase gene.

2, Substrate availability: like glucogenic amino acids
3, Allosteric activation of pyruvate carboxylase by acetyl coA.
s.  Allosteric inhibition 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.



