
The Krebs Cycle: Metabolic Integration and Dysregulation in Medicine 

1 Introduction: The Central Metabolic Hub 

The Krebs Cycle (Citric Acid Cycle, Tricarboxylic Acid Cycle) is the central, amphibolic hub of 

intermediary metabolism. Residing in the mitochondrial matrix, it serves as the final common 

pathway for the oxidation of acetyl-CoA derived from carbohydrates, fatty acids, and amino 

acids. Its primary role is catalytic: it completely oxidizes the acetyl moiety to CO₂, capturing 

high-energy electrons in the form of NADH and FADH₂, which drive oxidative phosphorylation. 

Crucially, the cycle is not a closed loop; its intermediates are actively siphoned off for 

biosynthetic purposes (cataplerosis), necessitating replenishment reactions (anaplerosis). This 

dual nature makes it essential for both energy production and cellular biosynthesis. 

2 The Mitochondrial Matrix: A Specialized Biochemical Compartment 

The matrix is not an inert solution. Its slightly basic pH (~8.0) optimizes enzyme function. 

Critically, it maintains a low concentration of calcium ions (Ca²⁺), which acts as a key second 

messenger. A rise in mitochondrial Ca²⁺, as occurs during muscle contraction or neuronal 

excitation, activates three key enzymes—Pyruvate Dehydrogenase Complex (PDC), Isocitrate 

Dehydrogenase (IDH), and α-Ketoglutarate Dehydrogenase (α-KGDH)—thereby synchronizing 

ATP production with cellular demand. 

3 The Pyruvate Dehydrogenase Complex (PDC): The Irreversible Gateway 

Before entering the cycle, pyruvate from glycolysis must be irreversibly committed to oxidation 

via the PDC, a multienzyme complex comprising E1, E2, and E3 subunits, and five cofactors (TPP, 

lipoic acid, CoA, FAD, NAD⁺). 

 Mechanism: The reaction is a masterpiece of substrate channeling: 

1. Decarboxylation (E1): Pyruvate is decarboxylated, forming a hydroxethyl-TPP 

complex. 

2. Oxidation & Transfer (E2): The hydroxethyl group is oxidized and transferred to 

the lipoamide swinging arm of E2, forming an acetyl-thioester. 

3. Acetyl Transfer (E2): The acetyl group is transferred to CoA, forming Acetyl-CoA. 

4. Regeneration (E3): The reduced lipoamide is re-oxidized by FAD, and the 

electrons are ultimately transferred to NAD⁺, forming NADH. 

 Regulation: PDC activity is controlled by a sophisticated three-tiered system: 

1. Product Inhibition: Acetyl-CoA and NADH inhibit E2 and E3, respectively. 

2. Allosteric Control: High energy charge (high ATP/NADH/Acetyl-CoA) inhibits the 

complex. 



3. Covalent Modification (Master Switch): PDH Kinase phosphorylates and 

inactivates PDC in the fed, high-energy state. PDH phosphatase 

dephosphorylates and activates PDC in response to signals of energy demand 

(Ca²⁺) or the fed state (Insulin). This explains the physiological suppression of 

glucose oxidation during fasting. 

4 The Eight Steps of the Krebs Cycle: Chemical Logic and Regulation 

The cycle consists of eight enzymatic steps, each with distinct mechanistic and regulatory 

features. 

1. Citrate Synthase: Condenses OAA and Acetyl-CoA to form citrate. Its ordered sequential 

mechanism and induced fit prevent wasteful hydrolysis of Acetyl-CoA. It is inhibited by 

ATP, NADH, and citrate. 

2. Aconitase: Isomerizes citrate to isocitrate via cis-aconitate. This Fe-S cluster-containing 

enzyme converts a non-oxidizable tertiary alcohol to an oxidizable secondary alcohol. 

3. Isocitrate Dehydrogenase (IDH): Catalyzes the first oxidative decarboxylation. The NAD⁺-

dependent isozyme is the primary rate-limiting step of the cycle, allosterically inhibited 

by ATP and NADH and activated by ADP. 

4. α-Ketoglutarate Dehydrogenase Complex (α-KGDH): Catalyzes the second oxidative 

decarboxylation. Structurally and mechanistically homologous to PDC, it is regulated by 

its products (Succinyl-CoA, NADH) and is similarly vulnerable to arsenic poisoning. 

5. Succinyl-CoA Synthetase (Succinate Thiokinase): Catalyzes the only substrate-level 

phosphorylation in the cycle. The energy from the thioester bond of Succinyl-CoA is 

conserved through the formation of a high-energy enzyme-bound succinyl-phosphate 

intermediate, leading to the direct production of GTP (convertible to ATP). 

6. Succinate Dehydrogenase (Complex II): Oxidizes succinate to fumarate, reducing FAD to 

FADH₂. It is the only enzyme that is part of both the Krebs Cycle and the Electron 

Transport Chain. 

7. Fumarase: Hydrates fumarate to malate. 

8. Malate Dehydrogenase (MDH): Regenerates OAA by oxidizing malate. Despite a positive 

ΔG°', this reaction is pulled forward by the highly exergonic citrate synthase reaction, a 

classic example of metabolic coupling. 

5 Amphibolic Nature, Anaplerosis, and Energetics 

The Krebs Cycle is fundamentally amphibolic. 

 Cataplerosis: Intermediates are drained for biosynthesis: 



o Oxaloacetate → Aspartate → Pyrimidines, Asparagine 

o α-Ketoglutarate → Glutamate → Purines, GABA, Glutamine 

o Succinyl-CoA → Heme 

o Citrate → Cytosolic Acetyl-CoA → Fatty Acids, Cholesterol 

 Anaplerosis: To maintain cycle capacity, intermediates are replenished. The most 

important anaplerotic reaction is catalyzed by Pyruvate Carboxylase: Pyruvate + CO₂ + 

ATP → Oxaloacetate + ADP + Pi. This enzyme is allosterically activated by Acetyl-CoA, 

ensuring that when fuel is abundant, the cycle is replenished to support both energy 

production and biosynthesis. 

The complete oxidation of one glucose molecule yields approximately 32 ATP: 

 Glycolysis: 2 ATP + 2 NADH (cytosolic) 

 PDC: 2 NADH 

 Krebs Cycle (2 turns): 2 GTP + 6 NADH + 2 FADH₂ 

This calculation accounts for the shuttling of cytosolic NADH via the efficient Malate-

Aspartate Shuttle and modern P/O ratios. 

6 Clinical Correlations: From Inborn Errors to Cancer 

 Inborn Errors of Metabolism: 

o PDC Deficiency: The most common enzymatic cause of primary lactic acidosis, 

often presenting in neonates with severe neurological impairment. Treatment 

involves a ketogenic diet to provide an alternative fuel source for the brain. 

o Fumarase Deficiency: Causes severe encephalopathy, seizures, and 

developmental delay due to the accumulation of fumarate. 

 Oncometabolites and Cancer: 

o IDH Mutations: Somatic mutations in *IDH1/2*, common in gliomas and acute 

myeloid leukemia (AML), confer a neomorphic activity that produces 2-

hydroxyglutarate (2-HG). 2-HG acts as a competitive inhibitor of α-KG-dependent 

dioxygenases, leading to a hypermethylation of DNA and histones. This 

epigenetic dysregulation blocks cellular differentiation and promotes 

tumorigenesis. 

o SDH and FH Mutations: Loss-of-function mutations in these genes cause 

hereditary paragangliomas and leiomyomatosis, respectively. The accumulating 



succinate or fumarate inhibits prolyl hydroxylases (PHDs), leading to the 

stabilization of HIF-1α under normal oxygen conditions (pseudohypoxia). This 

activates angiogenic and glycolytic programs, driving the Warburg effect and 

tumor growth. 

 Neurodegeneration: Impaired mitochondrial function, including defects in the Krebs 

Cycle and ETC, is a hallmark of neurodegenerative diseases like Parkinson's and 

Alzheimer's. The resulting energy deficit, oxidative stress, and disrupted calcium 

buffering contribute to excitotoxicity and neuronal death. 

In conclusion, the Krebs Cycle is a dynamic, multifunctional network whose integrity is 

paramount for human health. Its role extends far beyond energy production to encompass cell 

signaling, biosynthesis, and the prevention of disease, making it a cornerstone of medical 

biochemistry. 


