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ย่อยเป็น

น้ ำตำล

โมเลกุลเดี่ยว

ดูดซึม เข้ำกระแสเลือด

เข้ำเซลล์

ATP ATP 
ATP 

Enzymes & coenzymes

ชุดของปฏิกิริยำเคมีที่

เกิดขึ้นในเซลล์ =

metabolic pathways

**มีกำรควบคุม
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Metabolic reactions occur in specific sites within cells



Major pathways of glucose utilization
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Major Pathways in Carbohydrate Metabolism

3 stages of cellular respiration
Cellular respiration is a metabolic 

pathway that breaks down glucose and 

produces ATP (Adenosine 

triphosphate).



3 stages of cellular respiration

Glycolysis

Krebs cycle

ETS (electron 

transport 

system)

Mitochrondria

Cytoplasm

ATP

GTP

ATP

8

การหายใจระดบัเซลล์



• Glyco = sugar, lysis = breaking

• เกิดใน cytoplasm ของเซลล์

• 1 glucose ถูกออกซิไดส์เป็น 2 pyruvate และ

ได้ 2 NADH + H+ และ 2 ATP

• มี 10 ปฏิกิริยำ และ 3 ใน 10 ปฏิกิริยำ เป็น 

irreversible reaction 

• แบ่งเป็น 2 ระยะ (Phase I and Phase II)

1 Glucose (C6)  2 pyruvate (C3)





• Phase I preparatory phase (ต้องกำร ATP)

ขั้นลงทุน
เปลี่ยนจากสารประกอบ C6 เป็น 
C3 ใช้พลังงาน 2 ATP/1 Glc

G-3-P

DHAP



• Phase II Payoff phase (ให้ ATPs and NADHs)

ขั้นคืนก าไร
เปลี่ยนจากสารประกอบ C3 เป็น
pyruvate ได้ ATP



Rnx 1 - Phosphorylation of glucose to glucose-6-phosphate

• ใช้ ATP (Phosphate มำจำก ATP)

• เร่งปฏิกิริยำโดย hexokinase โดยกำรช่วยของ Mg2+

• Irreversible reaction ผันกลับไม่ได้

• Phosphate group (มีขั้ว) ท ำให้ออกนอกเซลล์ไม่ได้

Phase II



Rnx 2 - Conversion of G-6-P to F-6-P

• Isomerization of an aldose to a ketose (G6P to F6G) 

• Reversible reaction

Primary OH

Reacts w/ other ATP to form FBP (next step)



Rnx 3 – Phosphorylation of F-6-P to FBP or F1,6P

• ใช้ ATP ซึ่งเหมือน step แรก (hexokinase)

• Key point! PFK-1 ควบคุม วิถี glycolysis (Irreversible reaction & rate-

determining reaction) 

Effectors: Fructose-2,6-bisphosphate

(F-2,6-BP), ATP/ADP, citrate

(Effectors = ตัวที่มีบทบำทในกำรควบคุม กระตุ้นหรือยับยั้ง

Potent activator 

สร้ำงจำก PFK-2



Rnx 4 – Cleavage of F-1,6-bis P

• Aldolase enzymatically cleaves a 6-carbon compound to two 

3-carbon compounds (2 triose phosphates: DHAP and GAP).

• To complete Phase I, DHAP isomerises to GAP (Next reaction).



Rnx 5 – Inter-conversion of triose phosphates

• DHAP and GAP are ketose-aldose isomers. 

• Isomerization reaction.

• Convert DHAP to Glyceraldehyde-3-phospahte for the next reaction



Rnx 6 – Oxidation and phosphorylation of GAP by NAD+ and Pi to 

1,3-Bisphosphoglycerate

• Catalyzed by glyceraldehyde-3-phosphate DH.

• NAD+ is the coenzyme and oxidizing agent (NAD+ reduces to NADH).

• Pi is the source of the phosphate.

• From the first “high energy phosphate compound” (1,3-BPG).

Phase II

สารพลงังานสงู



Rnx 7 – Phosphoryl transfer from 1,3-

Bisphosphoglycerate to ADP

• Produces ATP and 3-

phosphoglycerate

• Direct phosphate 

transfer; Substrate level 

phosphorylation (Differs 

from oxidative 

phosphorylation ซึ่งเกิดใน 

Electron Transport 

System) 

สารพลงังานสงู



Rnx 8 – Conversion of 3-PG to 2-PG

• Phosphoglycerate mutase catalyzes the transfer of a phosphate 

group from C-3 to C-2



Rnx 9 – Dehydration of 2-PG to PEP

• Formation of a second “high energy” intermediate

• F– เป็นตัวยับยั้ง Enolase

สารพลงังานสงู



Fluoride blocks glycolysis by inhibiting the 
Mg2+-dependent enzyme enolase

• Adding fluoride to toothpaste can 

prevent tooth decay

o Common pathogens produce 

lactic acid

o Inhibiting enolase  2PG 

cannot get access to active 

site of enzyme
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Rnx 10 – transfer of P from 

PEP to ADP

• Formation of second ATP

• Irreversible (Secondary 

control point in glycolysis)

• Second substrate-level 

phosphorylation (ADP receives 

a phosphate group from the 

PEP)

• Pyruvate formed.

สารพลงังานสงู



Phase IIPhase I 2 x

2 x

1 x



Glucose + 2 NAD+ + 2 ADP + 2 Pi

2 Pyruvate + 2 NADH + 2 H+ + 2 ATP
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Fructose and galactose are converted into 

glycolytic intermediates
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Local control involves dependence of enzyme-catalyzed reactions on 

concentrations of pathway substrates or intermediates within a cell. 

3 key enzymes:

o Hexokinase

o Phosphofructokinase

o Pyruvate kinase
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Rxn 1 

Rxn 3 

Rxn 10 



Hexokinase
G-6-P

G-6-P -
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- ต่ าในภาวะอดอาหาร 
- สูงเมื่อรับประทานอาหาร 
เพิ่ม glycolysis



Fates of pyruvate

Anaerobic conditions

In humans, animals, 

and some 

microorganisms

Anaerobic conditions

In some microorganisms

Aerobic conditions

In humans, animals, 

and some 

microorganisms
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Hexokinase versus Glucokinase

• Hexokinase (all 
tissues)
– Non-specific

– KM = ~100 µM

– Inhibited by glucose-
6-P (G-6-P)

• Glucokinase (primarily 
in liver)
– Specific

– KM = ~10 mM

– Not inhibited by 
glucose-6-P



Functional Rationale

• Most tissues: metabolize blood glucose which 

enters cells

– Glc-6-P impermeable to cell membrane

– Product inhibition

• Liver: maintain blood glucose

– High blood glucose: glycogen

– Low blood glucose: glycolysis



Regulation!

Metabolism of Glucose-6-P



Oxidation of pyruvate to Acetyl-CoA

• Oxidation and decarboxylation

• เอนไซม์ท่ีใช้คือ pyruvate dehydrogenase complex มีหลำย subunits และ 

active sites.

• ต้องกำร coenzyme 5 ชนิด CoA-SH, NAD+, FAD, lipoic acid and TPP

• Acetyl-CoA เข้ำสู่ TCA cycle

Thiamine pyrophosphate 

(TPP), B1
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3 stages of cellular respiration

Glycolysis

Krebs cycle

ETS (electron 

transport 

system)

GTP, 

CO2



2 CO2 + 3 NADH + 1 GTP + 1 FADH2

จำก glycolysis

หรือจำก b-

oxidation

ของ fatty acids

"Citric Acid Is 

Kreb's Starting 

Substrate For 

Mitochondrial 

Oxidation"Reducing equivalents for ETS



Final common pathway for the oxidation of carbohydrates, 

lipids and proteins

Take place in the mitochondria.

5 in 8 reactions are oxidation-reduction reactions.

Electron carriers: NADH & FADH
2 
to be used in electron 

transport chain/system (ETC/ETS)
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3 enzymes 

control the rate 

of the TCA cycle:

o Citrate synthase

o Isocitrate 

dehydrogenase

o a-ketoglutarate 

dehydrogenase 

complex





3 stages of cellular respiration

Glycolysis

Krebs cycle

ETS (electron 

transport 

system)



• เกิดขึ้นที่เยื่อหุ้มชั้นในของไมโทคอนเดรีย

• เกิดขึ้นเป็นทอด ๆ ผ่ำน protein complexes

• ล ำดับของกำรถ่ำยทอดอิเล็กตรอน

NADH  Cpx1  CoQ  Cpx3  Cpx4  3 ATP

FADH
2
 Cpx2  CoQ  Cpx3  Cpx4  2 ATP

• Oxidative phosphorylation: concentration gradient of H+

• ตัวรับ electron ตัวสุดท้ำยคือ O
2

• Inhibitors of ETS: CO, cyanine (CN-) ยับยั้ง complex IV



electron transport system and ATP synthesis

http://www.youtube.com/watch?v=vZz-KLK-X40
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NADH from 

glycolysis, b-

oxidation, Kreb’s

cycle

NADH dehydrogenase 

Complex I
Cytochrome b-c1

Complex III
Cytochrome oxidase

Complex IV

../Cellular Respiration 5 - Oxidative Phosphorylation.mp4
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the process in which ATP is formed as a result of the transfer of 

electrons from NADH or FADH 2 to O 2 by a series of electron 

carriers.

1 NADH  2.5 ATP

1 FADH
2
 1.5 ATP

Cellular Respiration 5 - Oxidative Phosphorylation.mp4


NAD+

regeneration
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NADH ที่เกิดจำก glycolysis ใน 

cytoplasm ไม่สำมำรถผ่ำนเข้ำ

ออก mitochondrial 

membrane ได้ แต่จะมีกลไกที่

เกิดขึ้นเสมือนมีกำรน ำโมเลกุล

ขนำดใหญ่ผ่ำน membrane ได้ 

กลไกดังกล่ำวคือ 

Glycerol phosphate 

shuttle

Malate-aspartate shuttle



Active in skeletal muscles and brain.

Electrons enter 

the ETS via 

complex II, 

therefore only 1.5 

molecules of ATP 

are produced. 43



Active in heart and liver.

2.5 molecules of ATP are 

produced. 44



45

NADH  Cpx I  CoQ  Cpx III 

 Cpx IV  2.5 ATP

FADH
2
 Cpx II  CoQ  Cpx

III  Cpx IV  1.5 ATP 

หัวใจและตับ 32 ATP; สมองและกล้ำมเนื้อลำย 30 ATP



Fates of pyruvate

Anaerobic conditions

In humans, animals, 

and some 

microorganisms

Anaerobic conditions

In some microorganisms

Aerobic conditions

In humans, animals, 

and some 

microorganisms
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When O2 is not available, cells use anaerobic 

respiration to obtain energy 
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Fermentation

In yeast and certain bacterial species, pyruvate is decarboxylated to form 

acetaldehyde, which is then reduced by NADH to form ethanol. 

Fermentation products
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Aerobic cellular respiration:

Glycolysis  acetyl CoA formation  Krebs cycle  ETS 

Anaerobic cellular respiration (eg. during exercise, in RBCs):

Pyruvate เปลี่ยนเป็น lactate โดย lactate dehydrogenase



•

•

•

Glycolysis  acetyl CoA formation

 Krebs cycle  ETS/ETC



•

 

o 

o



Gluconeogenesis

• กระบวนกำรสร้ำงกลูโคสขึ้นมำใหม่จำก

สำรประกอบที่ไม่ใชค่ำร์โบไฮเดรต

• Substrates for gluconeogenesis: 

Lactate, glycerol and 

glucogenic amino acids 

• เกิดในภำวะที่ร่ำงกำยต้องกำรกลูโคส

และได้รับสำรอำหำรคำร์โบไฮเดรตไม่

เพียงพอ

• เกิดมำกในตับ พบในไต ล ำไส้เล็ก

the generation (genesis) of new 
(neo) glucose

52



Glycolysis and gluconeogenesis are 
repiprocally regulated

• Pathways not active at the 

same time.

• Regulated by products of 

reaction and precursors 

• Inhibitors in glycolysis 

could be activators in 

gluconeogenesis ex. F-2,6-

BP, AMP, citrate.
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Substrates for 

gluconeogenesis คือ
Lactate, glycerol, 

some amino acids



Glucose is synthesized from lactate (the Cori cycle)



Pentose phosphate pathway (PPP)/ hexose 

monophosphate shunt 

•

•



Pentose phosphate pathway (PPP)



http://www.herbs-hands-

healing.co.uk/pictures/superfood/redbloodcells.jpg



• Glycogen: a storage form of glucose, very large and branched

• It is mainly stored in liver and muscle.

• Glycogenesis is the synthesis of glycogen from glucose; mainly occurs 

in muscle and liver. 

• Glycogenolysis is the breakdown of glycogen (n) to glucose-1-

phosphate and glycogen (n-1).

Glycogen: 

expanding from a 

core sequence 

bound to a protein 

(glycogenin).

Glycogen metabolism: 
glycogenesis & glycogenolysis
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Glycogenolysis

Glycogenesis & glycogenolysis

60

Enzyme: 

glycogen 

synthase



• Glycogen is synthesized when blood 

glucose levels and ATPs are high.

• This occurs in liver and muscle

cells.

• Stimulated by the hormone insulin.

• Uridine diphosphate glucose (UDP-

glucose): activated form of glucose; 

building block for glycogen 

synthesis.

• The rate-determining enzyme of 

glycogenesis is glycogen synthase!

http://themedicalbiochemistrypage.org/glycogen.php
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= glycogen  breakdown

o only the nonreducing ends are shorthened. 

o nonreducing ends = the ends lacking a 

C1-OH group.

o there is a nonreducing end in every 

branch. 



Glycogenolysis

Glycogenesis & glycogenolysis
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o Requires 3 enzymes :

1. Glycogen phosphorylase

2. Glycogen debrancing enzyme

3. Phosphoglucomutase
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1. Glycogen phosphorylase catalyzes 

glycogen phospholysis (bond cleavage 

by the substitution of a phosphate gr.)

Glycogen + Pi  Glycogen + G1P

This enz. leave 4 residues along each 

branch.

2. Glycogen debranching enzyme has active 

sites:

• Transferease shifts a block of 3 residues 

from one outer branch to the other. 

• α-1,6-Glucosidase removes the rest residue, 

leaving linear chain. 

3. Phosphoglucomutase  converts G1P to G6P
65



Be processed 

by PPP

Converted to free glc 

in liver for release into 

blood.

Used as a fuel for aerobic & 

anaerobic metabolism
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Phosphoglucomutase



Insulin and glucagon

http://chemistry.gravitywaves.com/CHE450/19_Insulin%20&%20Glucagon.htm


