Porphyrin metabolism 
Biosynthesis of heme:


In mitochondria: 



1) Succinly-CoA + glycine ( ALA




Catalyzed by ALA synthase, is the rate limiting step, induced in AIP


In cytosol:



2) 2 ALA ( PBA




Catalyzed by ALA dehydratase



3) 4 PBA ( linear tetrapyrrole




Catalyzed by PBG deaminase, defective in AIP



4) Linear tetrapyrrole  ( Uroporphyrinogen III (urinary)




Catalyzed by Uroporphyrinogen cosynthase, defective in CEP



5) Uroporphyrinogen III ( Coproporphyrinogen III (fecal)



Catalyzed by Uroporphyrinogen decarboxylase, defective in PCT


In mitochondria:



6) Coproporphyrenogen III ( ( Protoporphrin IX




Catalyzed by protoporphyrinogen oxidase, defective in VP



7) Protoporphrin IX ( Heme (with addition of Fe++ in middle)




Catalyzed by ferrochelatase, defective in EP

Regulation of erythroid aminolevulinic acid synthase (ALAS-2) by iron:  A molecular mechanism was recently identified for post-translational control of two proteins involved in Fe metabolism.  The iron response element (IRE) is a nucleotide repeat causing a hairpin loop structure within the corresponding RNAs.  In the presence of excess Fe, a protein (IBP) is released from the IRE leading to synthesis of ferritin (an Fe storage protein).  Aminolevulinic acid synthase is regulated similarly.  In contrast, the presence of excess iron causes the transferring receptor RNA to be degraded.  

Feedback control: hemin is a major regulator of heme biosysnthesis and protein biosynthesis.  Combined activites lead to a balance of heme and globin:  1) Hemin inhibits heme biosynthesis by interfering with enzyme biosynthesis, transport, and activity of ALA synthase.  2) Heme stimulates biosynthesis of globin and other proteins by inhibiting the protein kinase which negatively regulated eIL-2, needed for translation of RNA.  Increased globin binds heme, thereby reducing heme concentration.
Porphyrin degradation: Destruction of RBCs in the spleen leads to release of large amnts of heme (purple) which is broken down into biliverdin and bilirubin (yellow).  This occurs in tissues at the site of bruising.  Excess bilirubin is rendered hydrophilic (free bilirubin is hydrophobic) by conjugation to glucuronic acid in the liver and excreted into bile.  

Clinical problems in porphyrin metabolism: 1)Porphyria and 2)Jaundice

1a) Acute intermittent porphyria (AIP): the most common genetic porphyria among northern Europeans.  This autosomal dominant disorder results from partial deficiency of PBG deaminase activity, which leads to a toxic build up of PBA.  Intermittent exacerbations of otherwise latent clinical expression may result from nutritional, hormonal, or pharmacologic induction of ALA synthase.  The major clinical features include peripheral, autonomic, and central neuropathies.  King George III of England may have had AIP.

1b) Congenital Erythropoietic Prophyria (CEP): rare, recessive disorder resulting from nearly absent uroporphyrinogen cosynthase.  This prevents the synthesis of type III porphyrins, leading to a massive buildup of type I molecules resulting in red urine and tissues.  CEP is usually detected in infancy because of severe hemolysis, photosensitivity of skin, and hepatobiliary dysfunction.  

1c) Porphyria cutanea tarda (PCT) is a heterogeneous, autosomal dominant disorder found in all ethnic groups which results from partial deficiency of uroporphyrinogne decarboxylase.  The major clinical feature is extreme photosensitivity (blistering).  There is also skin hyperpigmentation and hyper-facial hair growth.  The expression is precipitated by alcohol intake, probably due to disruption of iron metabolism in the liver. 

1d) Veriagate Porphyria (VP) : is an autosomal dominant disorder resulting from partical deficiency of protporphyrinogen oxidase.  Is commonest amongst the Dutch and South African.  

1e) Eruthropoietic protoporphria (EP): and autosomal dominant disorder resulting from partial deficiency of Ferrochelatase.  The disorder is manifest in childhood but less severe than CEP.  Clinical features include photosensitivity, hepatobiliary dysfunction, and anemia.

2) Jaundice: Hyperbilirubinemic state, which may result from increased production of bilirubin from destructing RBCs, the inability of liver to conjugate bilirubin due to obstruction of bile outflow or liver cell damage.

2a) Neonatal jaundice: occurs within weeks of birth and is due to increased destruction of fetal red cells.  Although considered physiologic, excessice staining of neural tissues (kernicterus) may produce permanent brain damage.  Treatment with UV lights enhances photooxidation to water soluble products.
2b) Hepatocellular jaundice: results from reduced bilirubin conjugation due to primary liver diseases including hepatitis and alcohol liver degeneration.  The elevated serum bilirubin is unconjugated.

2c) Obstructive jaundice: results from the inability of conjugated bilirubin to be excreted because of intrahepatic obstruction (cholangitis) or outflow tract obstruction (pancreatic carcinoma).  This elevated serum bilirubin is conjugated.

Purine/Pyrimidine metabolism
Purines (2 ring structures) – Adenine and guanine

Pyrimidines (single ring) – Cytosine, Uracil and thymine

Nucleosides – (deoxy)ribose + A/G/C/U/T

Nucleotides – (deoxy)ribose + A/G/C/U/T + Phosphate group(s)

Nucleotide biosynthesis: nucleotides are not stored in the body and require constant synthesis, degredation, salvaging, and resynthesis.  De novo synthesis of purines and pyrimidines are fundamentally different, yet the formation of PRPP is the key in each step

1) purine biosynthesis occurs by the sequential addition of small molecules to the PRPP core.  The first step is the replacement of the 1’-PO4 by NH2, leading to 5’-phophoribosylamine, a highly unstable intermediate.  Several small molecules are added in sequence (gycine, formyl, NH) and this is followed by ring closure.  The adjacent six membered ring is similarly formed in several stages by carboxylation, addition of a NH2, formylation and ring closure resulting in nucleotide inosinate (IMP).  AMP and GMP are independently formed from IMP by addition of an amino acid at positions 6 or 2.  Interestingly, the energy needed to form AMP is derived by hydrolysis of GTP, and the opposite occurs when GMP is formed.  The concentrations of the products are therefore balance.  

2) Salvage of purines occurs by removal of the free bases from a nucleotide and remanufacture of the nucleotide by attachment to PRPP by the actions of adenine or hypoxanthine-guanine phosphoribosyl transferases (HGPRT).  HGPRT is of large clinical significance in the lesch-Nyhan syndrome.

3) Pyrinidine biosynthesis occurs by formation of the free base which is then attached to PRPP.  Carbamoyl phosphate is synthesized, combines with aspartate, and then converted to the free base orotate.  Orotate is attached to PRPP and converted to uridylate (UMP).  Diphosphate and triphosphate nucleotides are produced from the nucleoside monophosphates by a series of kinases.  Cytidine triphosphate is formed by amination of UTP.

4) Conversion of ribonucleotides to deoxyribonucleotides occurs by a complex and highly efficient oxidation-reduction cascade.  Reconversion back to ribonucleotides is not known to occur, suggesting that RNA preceded DNA in evolution.  Ribonucleotide reductase catalyzes the generation of a free radical at C-3’ of the ribonucleotide diphophates ADP, GDP, CDP, and UDP.  An –OH is lost from C-2’ and is replaced by an H.  Ribonucleotide reductase is then reactivated by reduction mediated by a series of intermediates including thioredoxin, thioredoxin reductase, FADH2, and NADPH.  The process is stimulated by ribonucleotides and inhibited by certain deoxyribonucleotides.  

5) Biosynthesis of deoxythymidylate (dTMP) occurs via methylation of DUMP.  This process requires transfer of a methyl group from a donor molecule, methylene tetrahydrofolate (MTHF), catalyzed by thymidylate synthetase.  Reduced THF is the nregenerated by dihyrofolate reductase.  This pathway is of large clinical significance in cancer chemotherapy and nutritional anemia. 

6) Purine degredation occurs by deamination to IMP and cleavage of the ribose phosphate.  One pathway is catalyzed by adenosine deaminase which is involved in congenital immune dysfunction.  The free base, hypozanthine, is oxidized to xanthine, and finally ot uric acid which is excreted in the urine.  The concentration of urin acid in human plasma is much higher than in lower primates and correlates with life expectancy.  Urate is a potent antioxidant which may reduce the aging process, however, increase uric acid concentrations are also critically involved in gout and Lesch-Nyhan syndrome.

AMP  ( (catalyzed by adenosince deaminase) IMP ( hypoxanthine ( (catalyzed by xanthine oxidase) Xanthine ( (catalyzed by xanthine oxidase) Urate

Clinical problems relating to nucleotide metabolism:

a) Cancer chemotherapy included many diverse drugs, several of which are nucleotide analogs or inhibitors of nucleotide metabolism.  Some induce a clinical setting similar to extreme forms of folic acids deficiency, a very common nutritional deficiency which features macrocytic anemia and glossitis.

i) 5-Fluorouracil (5-FU) is widely used for the treatment of adenocarcinoma and other malignancies.  This pyrinidine analog is converted to fdUMP which is recognized as a substrate by thymidylate synthetase, however, the drug binds irreversibly to the enzyme and inactivates it.

ii) Methotrexate (MTX) is useful in the management of several malignancies and other proliferative disorders such as psoriasis.  MTX is chmically unrelated to the nucleotide analogs but interferes with biosyn of thymidylate (dTMP).  MTX is an analog of dihydrofolate (DHF) and binds with high affinity to dihydrofolate reductase.  This antitumer effect and toxicity is greatly accentuated by administration of lethal doses of MTX followed by administration of reduced folate (“rescue”).
b) Antiviral therapy:

i) Acyclovir is a purine analog in which the sugar is not cyclic.  To be active, the drug must be phosphorylated and certain DNA viruses encode thymidine kinase with >200 fold affinity for acyclovir.  The phosphorylated analog competes with normal GTP during DNA synthesis in virus-infected cell.  This drug is very useful in controlling herpes simplex virus.

ii) AZT is effective in slowing the progression of AIDS by interfering with the replication of HIV.  The antiviral effects are due to the much greater affinity of the drug for viral reverse transcriptase than for human DNA polymerases.

c) Lesch-Nyhan syndrome was discovered in a group of boys with severe mental retardation, motor dysfunction, and high uric acid levels.  These boys exhibit compulsive self-destructive behavior.  The molecular defect is a complete deficiency of HGPRT which functions in the salvage pathway of xanthine and guanine.  The HGPRT gene is on the X chromosome.

d) Monoclonal bodies are extremely useful in clinical diagnostics.  The preparation of monoclonals is based upon the selection of hydriomas.  Myoloma cells will proliferate in culture, but lines which are deficient in HGPRT or thymidine kinase will not grow in HAT medium since the de novo purine synthesis pathway is blocked by antifol (and they can’t do salvage pathways because of missing enzyme).  Lymphocytes from the spleen of an immunized mouse will secrete antibodies but will not proliferate in the culture even though they have active HGPRT and thymidine kinase.  Hybrid cells resulting from the fusion of the myeloma cells and lymphocytes may be selected by their ability to grow in HAT medium.  Individual cell clones (monoclones) may then be isolated and will secrete a uniform population of immunoglobulin.

e) Congenital immunodeficiency caused by adenosine deaminase (ADA) deficiency is a rare disorder.  Children with this disorder are completely deficient in ADA which functions in purine degredation.  This enzyme is normally very rish in thymus and lympoid tissues, and its absence results in severe immune compromise with survival possible on in sterile environments (bubble boy).  

f) Gout is a very common disorder in which elevated levels of uric acid may precipitate or crystallize joints (causing severe pain) and kidney tissues (causing renal failure).  The genetics of gout are not known, but it is suspected to reflect diet and genetically increased biosynthesis of nucleotides.  Gouty arthropathy can produce severe disability and acute gouty attacks are very painful.    

i) Allopurinal is a hypoxanthine analog.  The drug is the therapeutic mainstay of gout prevention.  Allopurinol should also be administered prophylactically before cancer chemotherapy, since tumor lysis releases massive amounts of xanthine oxidase in the purine degradation pathway which significantly lowers uric acid plasma levels.

Lipoproteins

4 Major lipoproteins in blood:

Chylomicrons: synthesized in intestines and transfer fat of dietary origin.  Rich in TG in core.

VLDL: synthesized in liver and transport fat from liver into vascular space.  Rich in TG and cholesterol esters.

LDL: major carries of cholesterol.  Rich in chol.

HDL: takes chol from periphery to liver for disposal in process called reverse chol transport.  Rich in chol.

Role of the plasma lipoproteins in the development of the atherosclerotic lesion:  the development of the atherosclerotic lesion involves the interaction of lipoproteins with macrophages with the formation of foam cells, which are characteristic of early artherosclerosis.  Elevated levels of three major classes of plasma lps – LDL, VLDL remnants, and lipoprotein a (lp[a]) – have been associated with an increased risk of early cardiovascular disease.  Increased plasma concentrations of these lps are associated with increased diffusion into the vessel wall.  The major artherogenic lipoprotein, LDL, requires oxidative modification to be taken up by the macrophage with the formation of foam cells.  Elevated internal levels of Lpa are also associated with foam cell formation.  Lpa may also contribute to the development of atherosclerosis by competition with plasminogen for the plasminogen receptor.  Thus, the atherogenic potential of lpa may result from both uptake by the macrophage with foam cell formation and its thrombotic potential as a competitor of plasminogen. Foam cell formation, macrophage activation, lipid oxidation, and endothelial cell injury all lead to the release of chemotastic factors that contribute to the development of the atherosclerotic lesion.  The major antiatherogenic lp is HDL, which protects against the development of foam cells and atherosclerosis by several potential mechanisms.  A major proposed mechanism is reverse cholesterol transport, whereby HDL facilitiates the removal of chol from the foam cells and transports this cholesterol out of the vessel wall and back to the liver where it can e removed from the body.  In addition, HDL may protect, HDL may protect LDL from being oxidized in the vessel wall.
Structure of LDL: there is very little TG in the core.  Considerable amounts of plasma tocopherols, carotenoids, and other lipophilic antioxidants are also present.  Its surface is composed of free composed of free cholesterol and phospholipids and a single protein, apoB-100.  LDL is the primary transport molecule for vitamin E.

LDL binds to LDL receptor via Apo-B ( ( cholesterol esters from LDL are degraded to free cholesterol and transported to ER. This free cholesterol serves several regularty functions.  It is esterified by ACAT for storage as cytoplasmic cholesterol ester droplets.  The free cholesterol suppresses activities of the key enzymes of cholesterol biosyn pathway (HMG-CoA synthase and reductase) and suppresses the synthesis of new LDL receptor protein. 

Modified lps and scavenger receptor pathways 

a) Infiltration and entrapment of LDL in arterial wall: circulating LDLs migrate through the endothelial barrier of the arterial wall and penetrate into the intima.  A portion of the LDL is entrapped in the subendothelial space as a result of the interactions with extracellular matrix components.  These include the protoglycans and other intimal GAGs, which have high affinity for apoB.  This entrapment increases the residence time of LDL in the artery and renders the LDL susceptible so modifications such as oxidations and aggregation.  Aggregates of LDL have been identified in association with matrix components. 
b) Foam cell formation: foam cells derive their name from their foamy appearance due to lipid accumulation and are the hallmark of early atherosclerotic fatty acid streak lesions.  The predominant cell type that accumulates lipids is the macrophage, although smooth muscle cell derived foam cells also occur.  The factors that aid in the differentiation of monocytes into differentiated tissue macrophages are yet unknown.  Modified lipoproteins are recognized and internalized by the scavenger receptors on the macrophage; there is no feedback regulation of the uptake by this mechanism.  The accumulated cellular chol is readily converted to cholesterol ester and stored as larger cytoplasmic lipid droplets.  

How a high LDL level may be sufficient to initiate the fatty streak lesion: increased LDL levels ( increased LDL infiltration into intima ( oxidative modification of LDL ( recruitment of circulating monocytes by oxidatively modified LDL ( phenotypic modulation of monocyte to resident macrophage ( retention of macrophages due to inhibitory effects of oxidized LDL on macrophage motility ( uptake of oxidized LDL via scavenger receptors ( foam cells and fatty streak

Link between lipid and endothelial injury- hypothesis of atherosclerosis:  The fatty streak lesions have an intact endothelium.  The monocytes can penetrate the endothelium, differentiate into macrophages, and become foam cells.  Thus the lipid infiltration hypothesis itself may be sufficient to account for the fatty streak lesions.  The oxidized LDLs present in the intima or the oxidized and damaging components released from the foam cell macrophages may injure the endothelium.  Thus, platelets may adhere to the exposed intima, thus advancing the fatty streak lesion to the advanced lesions.  Oxidized LDL may also induce the proliferation of smooth muscle cells and prevent endothelial cell migration, thus affecting the “healing” process.

High LDL and Low HDL is the worst combo for relative risk of CHD.  
Exogenous pathway of lp syn: fat from diet absorbed by intestine, which form chylomicron ( chylomicron remnant by lipoprotein lipase (LPL) ( liver  

Chylomicron remnant can be atherogenic if not cleared into the liver because it is small  enough to enter vascular wall

Chylomicron metabolism: chylomicrons are formed in the intestinal epithelium after absorption of dietary cholesterol, as well as monoglycerides, fatty acids and other hydrolytic products of dietary fats.  The syn of apo B-48 and the transfer of newly synthesized TGs are two essential steps in the generation of chylomicrons.  The gene for this protein generates mRNA, which is edited in the intestine to translate only 48% of the gene sequence.  The liver lacks this editing mechanism and uses the full transcript to secrete the entire protein, called apo B-100.  Several other apolipoproteins are transferred from HDL to chylomicrons after arrival in the plasma.  These include apo C-II, essential for activity of lipoprotein. 

Endogenous pathway of lipoprotein syn: fat mobilized from liver, forms VLDL ( IDL by LPL ( LDL by LPL ( oxidation and into macrophage


Some LDLs and IDLs are recycled to liver.


Metabolism of VLDL: TG syn in the liver provides for efficient energy transfer into the plasma as VLDL.  The VLDL particle is assembled by adding lipid to a large protein, apo B-100.  This protein is a full transcript of the apo B gene.  Several copies of apo C-II, apo C-III and apo E are also added in the liver cell, although additional copies of these latter proteins are transferred from HDL to the nascent VLDL after their arrival in the plasma.  VLDLs follow a process similar to chylomicrons involving LPL and the generation of a remnant lipoprotein.
Reverse cholesterol transport: free chol from macrophage ( nascent HDL ( HDL by LCAT ( 50% of HDL goes to liver, 50% of HDL goes to VLDL and IDL

HDL has ApoA on its surface, LDL has ApoB.

Treatment of hypoalphalipoproteinemia (low level of HDL) : exercise, caloric restriction, stop smoking, drug treatment (nicotinic acid, fibrates, statins, bile sequesterants).
Reduced CHD events are associated with an increase in HDL cholesterol and a decrease in LDL cholesterol – accomplished by gemfibrozil.  A larger reduction in TG does not have a significant independent relationship to a reduction in CHD.

Males are at a greater risk for CHD than pre-menopausal women.

Replacement of saturated fatty acids in the diet can help reduce CHD.  A reduction in the saturated fat can be achieved isocalorically by replacing the saturated fatty acids with either carbs, polyunsaturated fatty acids (omega-3 (from fish oils) and omega-6 (from plant oils)), or monounsaturated fatty acids.  Because saturated fat and cholesterol are often found in the same foods, a reduction in the saturated fatty acid content of the diet is also accompanied by a reduction in dietary cholesterol.  

Atherogenic associations with central obesity (big gut, small butt): insulin resistance, glucose intolerance and NIDDM, dsylipidemia (hypertriglyceridemia, small VLDL and remnants, low HDL, small dense LDL), hypertension.
Antioxidants and lipoprotein oxidation: Lipoprotein particles consist of a hydrophobic lipid core surrounded by a hydrophilic surface.  There are two major classes of antioxidants that can affect/prevent lp oxidation.  1) antioxidants present in the aqueous milieu of the lps (Vit C, uric acid, bilirubin, thials, and HDL).  2) hydrophobic antioxidants (Vit E, ubiquinol-10, beta carontene, lycoprene, and flavonoids)  These become incorporated into the central lipid core and are transported together with the lp particle.  Antioxidant drugs such as probucol are very hydrophobic and become incorporated into the lipid core.  Others can act in the aqueous milieu.

Guidelines and goals for drug treatment of LDL cholesterol depends on whether the LDL elevation is a primary or secondary symptom (CHD present as well) as well as the number of risk factors present.
Drugs treatment available:

a) bile acid sequestrants: highly charges resins that are not absorbed.  They form insoluble complexes with bile acids in the gut and increase the fecal excretion causing: There is a decrease in the recirculation and pool of bile acids in the liver resulting in a compensatory increase in the conversion of cholesterol to bile acids.  Hepatic cholesterol content is decreased with an increase in LDL receptor numbers and an increased rate of removal of LDL from the circulation.  However, there is also a compensatory increase in cholesterol syn, which limits the increase in LDL receptors and the decrease in plasma LDL receptors that can be achieved when administered alone.

b) Statins: inhibit the rate limiting enzyme (HMG-CoA reductase) in chol biosyn.  The major organs for chol syn are the small intestines and liver.  The associated decrease in hepatic and cellular chol concentration stimulates the production of LDL receptors, which increase the rate of removal of LDL from the plasma.  There is also increased removal of VLDL remnants and IDL, which are precursors to LDL formation.  In some patients, there may also be a decrease in lp syn.  The enhanced removal of VLDL remnants and IDL and the inhibition of lp syn may contribute to the modest TG-lowering effect of the statins.  
c) Nicotinic acid: major effect is the inhibition of lp syn.  They inhibit lipolysis of the stored fat in adipose tissue with the resultant decrease in free fatty acids delivered to the liver could also indirectly decrease lp syn.  Inhibition of lp syn decreases VLDL secretion or syn, and all subsequent lps in this pathway (VLDL remnants, IDLs, LDLs) are also decreased.  

Mechanism of action of Niacin on intracellular ApoB and ApoA1 metabolism and plasma lipid:

Niacin ( ↓ adipose tissue FA mobilization AND ↓ FA synthesis/esterification ( ↓ TG synthesis ( ↓ large TG-rich VLDL1 and ↓ assembly of ApoB containing lipoproteing/↑ ApoB degradation ( ↓small dense LDL and ↓ VLDL and LDL

Niacin ( ↓ HDL-catabolism receptor ( ↓ HDL ApoA1 uptake/removal ( ↑ Apo A1/reverse cholesterol transport. 

d) Fibric acids: increase lipoprotein lipase (LPL) activity, which results in decreased VLDL and TG levels (but possibly increased IDL and LDL?).  Other reported mechanisms include: 1) increased LDL receptor activity and decreased lipolysis within adipose tissue, which could indirectly decrease lipoprotein synthesis.  2) down regulation of ApoC3 gene (ApoC3 is an inhibitor of LPL) and decrease its inhibition. 3) ↑ ApoA1 and ↑ HDL.

Participation of inflammation in all stages of atherosclerosis:   various risk factors can result in functional impairment of endothelium, resulting in increased LDL and other lipid influx ( inflammation ( leukocyte (monocyte) influx to vascular wall ( rxn where you get oxidation of LDL and formation of cholesterol laden macrophages in the middle ( arteriol smooth muscle cells migrate and proliferate in response to this inflammatory event ( resulting in walling off of the noxious lipid.  However, the macrophages can secrete proteolytic enzymes that can break down collagen in this protective cap and you also have T-lympocyte involvement which can secrete interferon-gamma which decreases the biosyn of cholesterol/collagen.  So now you have a lesion where you are breaking down collagen and decreasing its biosyn and are therefore weakening the fibrous protective cap.  If you then have a plaque rupture, then the noxious lipid can enter blood stream and produce a thrombus, heart attack and/or sudden death.  80% of MIs are result of rupture of unstable plaque (not because of clogging of piping).
