
  

• Our bodies make all the cholesterol we need.
• 85 % of our blood cholesterol level is 

endogenous
• 15 % = dietary from meat, poultry, fish, seafood 

and dairy products. 
• It's possible for some people to eat foods high in 

cholesterol and still have low blood cholesterol 
levels. 

• Likewise, it's possible to eat foods low in 
cholesterol and have a high blood cholesterol 
level 



  

SYNTHESIS OF 
CHOLESTEROL

• LOCATION

• All tissues
• Liver
• Cortex of adrenal gland
• Gonads
• Smooth endoplasmic reticulum



  

Cholesterol biosynthesis and 
degradation

• Diet: only found in animal fat
• Biosynthesis: primarily synthesized in 

the liver from acetyl-coA; biosynthesis 
is inhibited by LDL uptake

• Degradation: only occurs in the liver



  

• Cholesterol is only synthesized by animals
• Although de novo synthesis of cholesterol occurs in/ by almost all 

tissues in humans, the capacity is  greatest in liver, intestine, 
adrenal cortex, and reproductive tissues, including  ovaries, testes, 
and placenta. 

• Most de novo synthesis occurs in the liver, where cholesterol is 
synthesized from acetyl-CoA in the cytoplasm. 

• Biosynthesis in the liver accounts for approximately 10%, and in the 
intestines approximately 15%, of the amount produced each day. 

• Since cholesterol is not synthesized in plants; vegetables & fruits 
play a major role in low cholesterol diets.

• As previously mentioned, cholesterol biosynthesis is necessary for 
membrane synthesis, and as a precursor for steroid synthesis 
including steroid hormone and vitamin D production, and bile acid 
synthesis, in the liver. 

• Slightly less than half of the cholesterol in the body derives from 
biosynthesis de novo.

• Most cells derive their cholesterol from LDL or HDL, but some 
cholesterol may be synthesize: de novo. 



  

• The pathway of cholesterol synthesis is driven in large part 
by hydrolysis of high-energy thioester acetyl CoA and 
phosphoanhydride bonds of ATP and is generally thought 
to occur in the cytosol and endoplasmic reticulum.

• However, more recent evidence suggests that a good deal 
of the enzymes in the pathway exist largely, if not 
exclusively, in the peroxisome, because patients with 
peroxisome biogenesis disorders (PBDs) have a variable 
deficiency in cholesterol biosynthesis

• From inspection of its structure it is apparent that 
cholesterol biosynthesis should require a source of carbon 
atoms and considerable reducing power to generate the 
numerous carbon—carbon and carbon— hydrogen bonds. 

• Reducing power in  the form of NADPH is provided mainly 
by glucose 6-phosphate dehydrogenase and  6-
phosphogluconate dehydrogenase of the pentose 
phosphate pathway.



  

TO REPEAT

In the Synthesis of Cholesterol

•   The C atoms in cholesterol provided by acetyl CoA and the          
reducing equivalents by NADPH

•   The pathway  is driven by high energy thioester bond of Acetyl CoA and 
breakdown of ATP

•   Synthesis occurs in cytoplasm with enzymes from cytosol and the ER

•  Since intake of cholesterol varies from individual to individual and within 
individual from day to day, rate of cholesterol synthesis and excretion is 
balanced

•  Imbalance in cholesterol synthesis versus excretion → 

Increases in circulating cholesterol → possibility of coronary artery 
disease

Increase in excretion of  cholesterol → precipitation of cholesterol in 
gall bladder and bile duct 



  

• Cholesterol is synthesized from Acetyl CoA 
• All carbon atoms of cholesterol are derived 

from acetate (Acetyl CoA). 
• The acetyl CoA utilized for cholesterol 

biosynthesis can be obtained from the 
following sources

• 1-the beta -oxidation of fatty acids in the 
mitochondria 

• 2- the oxidation of ketogenic amino acids  
such as leucine and isoleucine

• 3- the pyruvate dehydrogenase reaction in 
the mitochondria. 

• 4- the cytoplasmic oxidation of ethanol by 
acetyl-CoA synthetase



  

• Acetyl-C0A Is the Source of All Carbon Atoms in 
Cholesterol.

• Cholesterol synthesis occurs in the cytoplasm and 
microsomes from the two-carbon acetate group of acetyl-
CoA. 

• The biosynthesis of cholesterol may be divided into five 
stages. 

• (1) Mevalonate, a six-carbon compound, is synthesized 
from acetyl-CoA 

• (2) Isoprenoid units are formed from mevalonate by loss of 
CO2 

• (3) Six isoprenoid units condense to form the intermediate, 
squalene 

• (4) Squalene cyclizes to give rise to the parent steroid, 
lanosterol. 

• (5) Cholesterol is formed from lanosterol after several 
further steps, including the loss of three methyl groups 



  

Overview of Cholesterol biosynthesis



  

• Think of cholesterol synthesis this way
• 2C+2C= 4C
• 4C +2C= 6C
• 6C -1C= 5C
• 5C + 5C+ 5C= 15C
• 15C+ 15C= 30C
• 30C-3C =27C 



  

• In the first stage  of cholesterol biosynthesis, 
mevalonate, a six-carbon compound, is synthesized from 
acetyl-CoA in a sequence of reactions in which acetyl-
CoAs are converted to 3-hydroxy-3-methylglutaryl-CoA 
(HMG-CoA)  & then HMG-CoA is converted to 
mevalonate. 

• Unlike the HMG-CoA formed during ketone body 
synthesis in the mitochondria, this form is synthesized in 
the cytoplasm. However, the pathway and the necessary 
enzymes are the same as those in the mitochondria. 

• Since mevalonate is the first compound unique to 
cholesterol biosynthesis from acetyl CoA is mevalonic 
acid, once the synthesis of mevalonate is blocked, there 
can be no synthesis of cholesterol.
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STEP ONE - Formation of 
Mevalonate
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• Cholesterol biosynthes begins with the 
transport of acetyl-CoA from the 
mitochondrion to the cytosol.

• The acetyl-CoA utilized for cholesterol 
biosynthesis is first transported to the 
cytoplasm by the same process as that 
described for fatty acid synthesis

• That is, the citrate shuttle carries 
mitochondrial acetyl-CoA into the cytoplasm 
and NADPH is provided by the HMP shunt 
and malic enzyme. 



  

• Then two molecules of acetyl-CoA condense 
to form acetoacetyl-CoA catalyzed by a 
cytosolic thiolase enzyme. 



  

• Alternatively, in liver, acetoacetate made within 
the mitochondrion in the pathway of 
ketogenesis diffuses into the cytosol and may 
be activated to acetoacetyl-CoA by 
acetoacetyl-CoA synthetase, requiring ATP 
and CoA. 

• Two forms of the enzyme have been cloned 
in humans, a cytosolic form and a 
mitochondrial form. 

• The mitochondrial form terminates in GIn-
Lys-Leu, a tripeptide similar to the 
peroxisomal targeting signal type 1 (PTS1). 



  

• Acetoacetyl-CoA  then condenses with a further 
molecule of acetyl-CoA catalyzed by HMG-CoA 
synthase (3-hydroxy-3- methylglutaryl 
CoA:acetoacetyl CoA lyase) to form 3-
hydroxy-3-methylglutaryl CoA (HMG-CoA).



  



  

• In this reaction, an aldol condensation occurs between 
the methyl carbon of acetyl CoA and the beta carbonyl 
group of acetoacetyl CoA with the simultaneous 
hydrolysis of the thioester bond of acetyl CoA. The 
thioester bond in the original acetoacetyl CoA remains 
intact. 

• HMG CoA can also be formed from oxidative 
degradation of the branched- chain amino acid leucine, 
through the intermediates 3-methylcrotonyl CoA and 3-
methylglutaconyl CoA. 

• NOTE  that the first two reactions in cholesterol 
biosynthesis are shared by the pathway that  produces 
ketone bodies. 

• Liver parenchymal cells contain two isoenzyme forms 
of HMG CoA synthase: the one in the cytosol is 
involved in cholesterol synthesis, while the other has a 
mitochondrial location and functions in the synthesis 
of ketone bodies.



  

Two Fates of HMG-CoA



  

• HMG-CoA is then converted to mevalonate in a 
two- stage reduction by NADPH catalyzed by HMG-
CoA reductase, a microsomal enzyme that is 
bound to the endoplasmic reticulum.

• REMEMBER that 
• 1- this reaction- the 3-hydroxy-3-methylglutaryl-

CoA (HMG-CoA) reductase catalyzed step is 1- the 
rate limiting step in cholesterol biosynthesis

• 2- HMG-CoA reductase is both the major rate-
limiting and regulated enzyme for the pathway, 
and that this enzyme HMG-CoA reductase is 
subject to complex regulatory controls. 

• 3- this reaction is the site of action of the most 
effective class of cholesterol-lowering drugs, the 
HMG-CoA reductase inhibitors (statins)



  

Reduction of HMG-CoA to mevalonate

• This reduction reaction is irreversible,  
consumes two molecules of NADPH, 
results in hydrolysis of the thioester 
bond of HMG CoA, and produces  the 
six carbon compound,  mevalonate. 



  

Reduction of HMG-CoA to mevalonate



  

HMG-CoA reductase
• HMG-CoA reductase  (3-Hydroxy-3-methylglutaryl (HMG)-CoA reductase) 
• Is also called (mevalonate:NADP+ oxidoreductase)
• has an absolute requirement for NADPH as reductant 
• is the rate-limiting enzyme  in the formation of mevalonate; i.e HMG CoA 

reductase catalyzes the rate-limiting reaction in cholesterol biosynthesis. 
• Is found on the smooth endoplasmic reticulum (SER) as an intrinsic membrane 

protein
• Its carboxyl terminus extends into the cytosol and contains the enzyme’s active 

site.
• (i.e HMG-CoA reductase is located in the endoplasmic reticulum with its active 

site extending into the cytosol.) 
• Is activated by insulin (by dephosphorylation) Phosphorylation regulates HMG 

CoA reductase activity of the cell by diminishing its catalytic activity (Vmax) and 
enhancing the rate of its degradation by increasing its susceptibility to 
proteolytic attack.

• Is inhibited by glucagon and the statin drugs by competitive inhibition.
• Cholesterol represses the expression of the HMG-CoA reductase gene and also 

increases degradation of the enzyme. Increased intracellular cholesterol 
stimulates phosphorylation of HMG CoA reductase.



  

Review of the pathway to date

• Think of 
stage one of 
cholesterol 
synthesis 
this way

• 2C+2C= 4C
• 4C +2C= 6C



  



  

• TO RECAP Step 1—How Acetyl-C0A Forms HMG-CoA and Mevalonate: 
• Synthesis begins with the transport of acetyl-CoA from the mitochondrion to the 

cytosol.. 
• The pathway through HMG-CoA (3- hydroxy-3-methylglutaryl-CoA) follows the same 

sequence of reactions for the synthesis in mitochondria of ketone bodies; the 
pathway and the necessary enzymes are the same as those in the 
mitochondria.

• However, since cholesterol synthesis is extramitochondrial, the two pathways 
are distinct. 

• All the reduction reactions of cholesterol biosynthesis use NADPH as a 
cofactor.

• Acetyl-CoA units are converted to mevalonate by a series of reactions that begins 
when two moles of acetyl-CoA are condensed in a reversal of the thiolase reaction, 
forming acetoacetyl-CoA.

• Then a third molecule of acetyl-CoA is added to acetoacetyl-CoA to form  3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA) by the action of HMG-CoA synthase.

• Unlike the HMG-CoA formed during ketone body synthesis in the mitochondria, this 
form is synthesized in the cytoplasm. 

• Then HMG-CoA is converted to mevalonate by HMG-CoA reductase (this enzyme 
is bound to the endoplasmic reticulum). 

• HMG-CoA reductase absolutely requires NADPH as a cofactor and two moles 
of NADPH are consumed during the conversion of HMG-CoA to mevalonate. 

• The reaction catalyzed by HMG-CoA reductase is the rate limiting step of 
cholesterol biosynthesis, and this enzyme is subject to complex regulatory 
controls. 



  

• Bridge to Pharmacology
• Treatment of Hypercholesterolemia
• HMC-CoA reductase inhibitors such as 

lovastatin and simvastatinwork by 
inhibiting the de novo synthesis of 
cholesterol in the hepatocyte, with 
subsequent increase of LDL receptor 
expression.



  

• The central role of HMG CoA reductase in 
cholesterol homeostasis is evidenced by the 
effectiveness of a family of drugs  that lower 
plasma cholesterol called statins 

• Statins (e.g., lovastatin, pravastatin, fluvastatin, 
cerivastatin, and atorvastatin) inhibit HMG CoA 
reductase activity, particularly in liver, and 
commonly lower total plasma cholesterol by as 
much as 50%.

• TO REPEAT: Lovastatin and the other “statins” are 
reversible, competitive inhibitors of HMG CoA 
reductase which are used to decrease plasma 
cholesterol levels in patients with 
hypercholesterolemia.



  

In the biosynthesis of 
mevalonate, the activity of the 

enzyme 
HMG-CoA reductase is 
inhibited by the fungal 

metabolites called the statins; 
eg  mevastatin (compactin), 

lovastatin (mevinolin), 
provastatin, and simvastatin. 

Since the first compound 
unique to cholesterol 

biosynthesis from acetyl CoA is 
mevalonic acid, once the 

synthesis of mevalonate is 
blocked, there can be no 
synthesis of cholesterol.



  

Lovastatin, a competitive inhibitor of HMG-CoA reductase. The part of 
the structure that resembles the 3-hydroxy-3-methylglutaryl moiety is 

shown in red.
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Inhibition of Cholesterol Biosynthesis
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• For a large majority of people, statin drugs work 
efficiently and without side effects 

• Maximum lowering of blood cholesterol takes about 4-6 
weeks. Because the liver is the site of most cholesterol 
synthesis, LFTs should be measured 2-3 months after 
starting the statin regimen.

•  One consequence of statins inhibiting HMG-CoA 
reductase is the lessening of the downstream 
synthesis of CoQ, which is needed for the electron 
transport chain. 

• Without properly functioning mitochondria, muscle 
would have a decreased ability to generate ATP 
required for muscle contraction. 

• The red-brown urine is caused by the spillage of 
myoglobin from damaged muscle cells. 

• CRP is a liver protein that is secreted in inflammation. 
There is a direct correlation between elevated CRP and 
atherosclerosis.



  

• Cholestyramine and other drugs that 
increase elimination of bile salts force the 
liver to increase their synthesis from 
cholesterol, thus lowering the internal level 
of cholesterol in the hepatocytes. 

• Decreased cholesterol within the cell 
increases LDL receptor expression, 
allowing the hepatocyte to remove more 
LDL cholesterol from the blood.



  

• STEP TWO-SYNTHESIS OF THE ACTIVE 
ISOPRENE UNIT

• Mevalonate is converted to the isoprene 
based molecule, isopentenyl 
pyrophosphate (IPP), with the 
concomitant loss of CO2. so that  

• 6C -1C= 5C



  

• In step 2 of cholesterol biosynthesis the 
formation of active isoprenoid units from 
mevalonate occurs by the activation of 
mevalonate by three successive 
phosphorylations involving ATP, yielding 5-
pyrophosphomevalonate.

• In addition to activating mevalonate, the 
phosphorylations maintain its solubility, since 
otherwise it is insoluble in water. 

• After phosphorylation, an ATP-dependent 
decarboxylation yields the active isoprenoid unit, 
isopentenyl pyrophosphate, IPP, an activated 
isoprenoid molecule. 

• In this  step  we  see  that    6C -1C= 5C
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• So far, in cholesterol 
biosynthesis, acetyl CoA 
units have combined to form 
the 6-carbon molecule, 3-
hydroxy-3-methyl-glutaryl 
CoA, and then a 5-carbon 
building block (an isoprene, 
as shown at right.)

• As synthesis continues these 
isoprene units link up with 
other 5-carbon isoprene units 
to form multiples called 
isoprenoids

• The C5 molecule becomes 
C10, C15, C30, and finally, 
with some last minute 
modifications, cholesterol, 
which has 27 carbons. 



  

• STEP THREE - SYNTHESIS OF THE 
ACTIVE ISOPRENE UNIT

• IPP is converted to squalene by the 
condensation of IPP into polyprenyl 
compounds

• Six isoprenoid units condense to form 
the intermediate, squalene 
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Isoprenoid Condensation
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Isopentenyl pyrophosphate is converted to its 
isomer, dimethylallyl pyrophosphate, DMPP via 

a reaction involving a shift of the double bond 

Isopentenyl pyrophosphate is in equilibrium with its 

isomer, dimethylallyl pyrophosphate, DMPP. 
   

CH2=C-CH2CH2OPOP

CH3
Isopentenyl
pyrophosphate

CH3-C=CH2CH2OPOP
CH3

Dimethylallyl
pyrophosphate

Isomerase



  

Next, one molecule of IPP condenses with one molecule of 
DMPP to generate geranyl pyrophosphate, GPP. 

GPP further condenses with another IPP molecule to yield 

farnesyl pyrophosphate, FPP. 

Dimethylallyl
pryophosphate

IPP 
isomerase



  

• Finally, the NADPH-requiring enzyme, 
squalene synthase catalyzes the head-
to-tail condensation of two molecules of 
FPP, yielding squalene (squalene 
synthase also is tightly associated with the 
endoplasmic reticulum). 



  

Head

Tail



  

• Two molecules of farnesyl diphosphate 
condense at the diphosphate end in a reaction 
involving first an elimination of inorganic 
pyrophosphate to form presqualene 
diphosphate, followed by a reduction with 
NADPH with elimination of the remaining 
inorganic pyrophosphate radical 

• The resulting compound is squalene. 
• An alternativie pathway known as the “trans-

methylglutaconate shunt” may be present. 
• This pathway removes a significant 

proportion of the dimethylallyl diphosphate 
(5% in fed livers, rising to 33% in fasted 
livers) and returns it, via trans-3- 
methylglutaconate CoA to  HMG-CoA. This 
pathway may have regulatory potential with 
respect to the overall rate of cholesterol 
synthesis.
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Dimethylallyl pyrophosphate

Isopentenyl pyrophosphate

Isopentenyl pyrophosphateGeranyl pyrophosphate

Farnesyl pyrophosphate

Farnesyl pyrophosphate
Squalene



  



  



  

 
• NOTE that farnesyl diphosphate gives rise to other 

important isoprenoid compounds
• Farnesyl diphosphate is the branch point for synthesis 

of the other polyisoprenoids, dolichol and ubiquinone. 
The polyisoprenyl alcohol dolichol is formed by the 
further addition of up to 16 isopentenyl diphosphate 
residues, whereas the side chain of ubiquinone is 
formed by the addition of a further three to seven 
isoprenoid units. 

• Some GTP-binding proteins in the cell membrane may 
undergo polyprenylation by combining with farnesyl-
derived residues. This may facilitate the anchoring of 
prenylated proteind into lipoid membranes.

•  In addition to farnesyl (15 carbon) residues, 
geranylgeranyl (20-carbon) are also involved in protein 
prenylation.



  

• NOTE THAT 
• Farnesyl pyrophosphate, an intermediate in the 

pathway, may also be used for:
• Synthesis of CoQ for the mitochondrial electron 

transport chain
• Synthesis of dolichol pyrophosphate, a required 

cofactor in N-linked glycosylation of proteins in 
the endoplasmic reticulum

• Prenylation of proteins (a posttranslational 
modification) that need to be held in the cell 
membrane by a lipid tail. 

• An example is the p21™5 G protein in the 
insulin and growth factor pathways.



  

• STEP FOUR- Squalene undergoes a two step 
cyclization to yield lanosterol. 

• Squalene, which has a structure that closely resembles 
the steroid nucleus undergoes a two step cyclization 
to give rise to the parent steroid, lanosterol. 

• Before ring closure occurs, squalene is first converted to 
squalene 2,3 epoxide in a reaction catalyzed by 
squalene monooxygenase (squalene epoxidase) a 
mixed-function oxidase in the endoplasmic reticulum. 

• This enzyme uses NADPH as a cofactor to introduce 
molecular oxygen as an epoxide at the 2,3 position 
of squalene. Through a series of 19 additional 
reactions, lanosterol is converted to cholesterol. 

• Then the methyl group on C14 is then  transferred to 
C13  and that on C8 to C14 as cyclization occurs, 
catalyzed by oxidosqualene:lanosterol cyclase 
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Conversion of Squalene to lanosterol
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• STEP FIVE- Lanosterol Is Converted to 
cholesterol via a series of 20 additional 
reactions, including the loss of three methyl 
groups.

•  In this last stage, the formation of cholesterol 
from lanosterol takes place in membranes of the 
endoplasmic reticulum and involves changes in 
the steroid nucleus and side chain. 

• The methyl group on C14 is oxidized to CO2 to 
form  14-desmethyl lanosterol. Likewise, two 
more methyl groups on C4 are removed to 
produce zymosterol.

• Δ7.24 cholestadienol is formed from zymosterol 
by the double bond between C8 and C7 moving 
to a position between C8 and C7. 



  

• Desmosterol is formed at this point by a further shift in the 
double bond in ring B to take up a position between C5 and C6, 
as in cholesterol.

• Finally, cholesterol is produced when the double bond of the 
side chain is reduced, although this can occur at any stage of 
the overall conversion to cholesterol. 

• The exact order in which the steps described actually take 
place is not known with certainty.

• It is probable that the intermediates from squalene  to 
cholesterol are attached to a special lipid carrier protein known 
as the squalene and sterol carrier protein. 

• This protein binds sterols and other insoluble lipids, allowing 
them to react in the aqueous phase of the cell.

• In addition, it seems likely that in the form of cholesterol-sterol 
carrier protein cholesterol is converted to steroid hormones and 
acids and participates in the formation of membranes and of 
lipoproteins.
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Conversion of Squalene to Cholesterol
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NOTE THAT 
The isoprenoid intermediates of cholesterol biosynthesis can be 
diverted to other synthesis reactions, such as those for dolichol 
(used in the synthesis of N-linked glycoproteins, coenzyme Q 
(of the oxidative phosphorylation) pathway or the side chain of 
heme a. Additionally, these intermediates are used in the 
lipid modification of some proteins.

• Note that patients deficient in peroxisome biogenesis have 
severely reduced mevalonate kinase activity. Patients 
specifically deficient in peroxisomal targeting signal type 2 
(PTS2) import are also deficient in this activity, suggesting that 
it targets to the peroxisome via the PTS2 pathway  Mevalonate 
kinase phosphorylates mevalonate at the 5th position. 

• Note too that the activity of the enzymes phosphomevalonate 
decarboxylase, Isopentenyl-pyrophosphate isomerase (IPP 
isomerase) and farnesyl-pyrophosphate transferase are all 
severely reduced in patients with peroxisome biogenesis 
disorders 

http://web.indstate.edu/thcme/mwking/protein-modifications.html
http://web.indstate.edu/thcme/mwking/protein-modifications.html
http://web.indstate.edu/thcme/mwking/oxidative-phosphorylation.html
http://web.indstate.edu/thcme/mwking/oxidative-phosphorylation.html
http://web.indstate.edu/thcme/mwking/protein-modifications.html


  

Review of cholesterol synthesis
• Cholesterol can be synthesized by 

most cells. 
• But the liver and small intestine are 

especially active in synthesizing 
cholesterol.

• The precursor of cholesterol is acetyl 
CoA, which can be produced from 
glucose, fatty acids, or amino acids.

• Two molecules of acetyl CoA form 
acetoacetyl CoA, which condenses 
with another molecule of acetyl CoA to 
form hydroxymethylglutaryl CoA (HMG-
CoA).

• Reduction of HMG-CoA produces 
mevalonate.  This reaction, catalyzed 
by HMG-CoA reductase, is the major 
rate-limiting step of cholesterol 
synthesis.



  



  

• Mevalonate is phosphorylated by 
ATP and subsequently 
decarboxylated to produce 
isopentenyl pyrophosphate.

• These isoprene units may 
condense to form 
cholesterol….OR 

• They may also form dolichol (a 
compound used to transfer 
branched oligosaccharides 
during glycoprotein synthesis)  
OR ubiquinone (a component of 
the electron transport chain). 



  

• In cholesterol biosynthesis, mevalonate is 
converted to the isoprene based molecule, 
isopentenyl pyrophosphate (IPP), with the 
concomitant loss of CO2 
2 isoprene units condense to from geranyl 
pyrophosphate.

• An additional isoprene unit is added to 
produce farnesyl pyrophosphate.



  



  

• The condensation of 2 farnesyl 
pyrophosphates generates squalene, a 
compound containing 30 carbon atoms.

• After oxidation at carbon 3, squalene is 
cyclized to produce lanosterol, which 
contains the four rings that form the steroid 
nucleus of cholesterol.

• In a series of steps, 3 carbons are released 
from lanosterol as it is converted to 
cholesterol.



  



  



  



  



  



  



  

Finally, remember all the things in which isopentenyl 
pyrophosphate gets involved!
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REGULATION OF 
CHOLESTEROL SYNTHESIS

• KEY ENZIME
• HMG-CoA reductase
• Allosterism
• Cholesterol
• Polyunsaturated fatty acids
• Competitive inhibition
• Lovastatin, simvastatin, pravastatin, 

etc.



  

HEPATIC REGULATION OF 
CHOLESTEROL SYNTHESIS

• ALLOSTERISM

• HORMONE REGULATION
• Glucagon
• Epinephrine
• Insulin



  

EXTRAHEPATIC REGULATION 
OF CHOLESTEROL 

SYNTHESIS
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• THE COMPLEX REGULATION OF CHOLESTEROL 
BIOSYNTHESIS TAKES PLACE AT SEVERAL 
LEVELS

• Cholesterol can be obtained from the diet or it can be synthesized de novo. 
An adult on a low-cholesterol diet typically synthesizes about 800 mg of 
cholesterol per day. Normal healthy adults synthesize cholesterol at a rate of 
approximately 1g/day and consume approximately 0.3g/day. Cholesterol 
from both diet and synthesis is utilized in the formation of membranes and in 
the synthesis of the steroid hormones and bile acids. The greatest 
proportion of cholesterol is used in bile acid synthesis. 

• The liver is the major site of cholesterol synthesis in mammals, 
although the intestine also forms significant amounts. 

• A relatively constant level of cholesterol in the body (150 - 200 mg/dL) is 
maintained primarily by controlling the level of de novo synthesis. The level 
of cholesterol synthesis is regulated in part by the dietary intake of 
cholesterol.

• Regulation of HMG-CoA reductase activity (the rate-limiting enzyme in 
cholesterol synthesis) is the primary means for controlling the level of 
cholesterol biosynthesis. The enzyme is controlled in multiple ways.

• All of the regulatory mechanisms are modulated by receptors  that 
sense the presence of cholesterol in the blood.



  



  

• The regulation of cholesterol biosynthesis is 
effected by

• 1 Control of gene expression 
• 2 Rate of enzyme degradation and 
• 3 Phosphorylation-dephosphorylation.
• 4- Drugs 
• The first two control mechanisms are exerted by 

cholesterol itself. 
• Cholesterol acts as a feed-back inhibitor of pre-

existing HMG-CoA reductase as well as inducing 
rapid turn-over of the enzyme. 

• In addition, when cholesterol is in excess the 
amount of mRNA for HMG-CoA reductase is 
reduced as a result of decreased expression of the 
gene. The exact mechanism for this cholesterol-
induced regulation of gene activity is not known. 



  

• Feedback regulation appears to be involved in all the 
mechanisms for the regulation of cholesterol biosynthesis 

• The rate of cholesterol formation is highly responsive to the cellular  
level of cholesterol. This feedback regulation is mediated primarily by 
changes in the amount and activity of 3-hydroxy-3-methylglutaryl CoA 
(HMG CoA)  reductase- the  enzyme that catalyzes formation of 
mevalonate, the committed step in cholesterol biosynthesis. HMG CoA 
reductase is controlled by feedback regulation in many ways.

• 1. Regulation of HMG-CoA reductase activity and levels 
• Cholesterol acts as a feed-back inhibitor of pre-existing HMG-CoA 

reductase

• 2. Regulation of excess intracellular free cholesterol through the 
activity of acyl-CoA:cholesterol acyltransferase, ACAT 

• 3. Regulation of plasma cholesterol levels via LDL receptor-mediated 
uptake and HDL-mediated reverse transport. 

• Remember the more cholesterol that is detected in the body THE LESS 
cholesterol biosynthesis that is formed due to a decrease in the 
amount and activity of 3-hydroxy-3-methylglutaryl CoA (HMG CoA)  
reductase



  

• 1 Control of gene expression  - Sterol-mediated regulation 
of transcription:

• The rate of synthesis of reductase mRNA is controlled by 
the sterol regulatory element binding protein (SREBP). 

• This transcription factor binds to a short DNA sequence called the sterol regulatory 
element (SRE) on the 5’ side of the reductase gene. In its inactive state, the SREBP 
is anchored to the endoplasmic reticulum or nuclear membrane.

• Cholesterol synthesis is regulated by the amount of cholesterol taken up during 
lipoprotein metabolism in this way. Chylomicrons internalized by the  liver cells and 
low density lipoproteins (LDL) internalized by cells of liver and peripheral tissues 
produces a rise in cholesterol which causes a decrease in transcription of   the 
HMG CoA reductase gene which results in a decrease in de novo cholesterol 
synthesis (fig20.6) (Remember increased cholesterol levels lead to decreased 
cholesterol biosynthesis).

• When cholesterol levels fall, the amino-terminal domain is released from its 
association with the membrane by two specific proteolytic cleavages. The released 
protein migrates to the nucleus and binds the SRE of the HMG-CoA reductase gene, 
as well as several other genes in the cholesterol biosynthetic pathway, to enhance 
transcription. (There is an increased secretion of the enzyme HMGCoA)

• When cholesterol levels rise, the proteolytic release of the SR is blocked, and the 
SREBP in the nucleus is rapidly degraded. These two events halt the transcription 
of the genes of the cholesterol biosynthetic pathways.

• AS A RESULT…………… When cholesterol is in excess the amount of mRNA 
for HMG-CoA reductase is reduced as a result of decreased expression of the 
gene. Consequently, the rate of translation of reductase mRNA is inhibited by 
non steroid  metabolites derived from mevalonate as well as by dietary 
cholesterol.



  



  

• 2. The degradation of the reductase is stringently controlled. 
• Long-term control of HMG-CoA reductase activity is exerted primarily through 

control over the synthesis and degradation of the enzyme. 
• When levels of cholesterol are high, the level of expression of the HMG-CoA 

reductase gene is reduced.
•  Conversely, reduced levels of cholesterol activate expression of the gene. 

Insulin also brings about long-term regulation of cholesterol metabolism by 
increasing the level of HMG-CoA reductase synthesis. The rate of HMG-CoA 
turn-over is also regulated by the supply of cholesterol. 

• When cholesterol is abundant, the rate of HMG-CoA reductase degradation 
increases. 

• HMG CoA reductase is an intrinsic membrane protein of sER with its active site in the 
 cytosol

• The enzyme is bipartite: its cytosolic domain carries out catalysis  (the active site  is 
in the cytosol) and its membrane domain senses signals that lead to its degradation. 
The membrane domain may undergo a change in its oligomerization state in 
response to increasing concentrations of sterols such as cholesterol, making 
the enzyme more susceptible to proteolysis; leading to a decreased presence 
and activity of the enzyme and thus decreased biosynthesis. 

• Homologous sterol-sensing regions are present in the protease that activates 
SREBP. The reductase may be further degraded by ubiquitination and targeting to 
the 26S proteasome under some conditions. A combination of these three regulatory 
devices can regulate the amount of enzyme over a 200-fold range.



  

• 3- Phosphorylation decreases the activity of the reductase 
through covalent modification. 

• Regulation of HMG-CoA reductase through covalent 
modification occurs as a result of phosphorylation and 
dephosphorylation. The enzyme is most active in its unmodified 
or dephosphorylated form. DEPHOSPHORYLATION TURNS 
IT ON. IT INCREASES ITS ACTIVITY.

• Phosphorylation of the enzyme decreases its activity. 
Phosphorylation is catalyzed by AMP-regulated protein 
kinase, AMPRK, (used to be termed reductase kinase), an 
enzyme whose activity is also regulated by phosphorylation. 

• In other words,  HMG-CoA reductase is switched off by the 
AMP-activated protein  kinase ( AMPRK)

• AMPRK itself is activated via phosphorylation. The 
phosphorylation of AMPRK is catalyzed by kinase kinase. 

• Thus, cholesterol synthesis ceases when the ATP level is 
low.

• NOTE   that AMPRK   is NOT  the same as cAMP-dependent 
protein kinase, PKA). 



  

• Hormones such as glucagon and epinephrine negatively affect 
cholesterol biosynthesis by increasing the activity of the 
inhibitor of phosphoprotein phosphatase inhibitor-1, PPI-1. 
Conversely, insulin stimulates the removal of phosphates 
and, thereby, activates HMG-CoA reductase activity.

• The activity of HMG-CoA reductase is further controlled by 
the cAMP signaling pathway. Increases in cAMP lead to 
activation of cAMP-dependent protein kinase, PKA.

•  In the context of HMG-CoA reductase regulation, PKA 
phosphorylates phosphoprotein phosphatase inhibitor-1 
(PPI-1) leading to an increase in its' activity. PPI-1 can inhibit 
the activity of numerous phosphatases including protein 
phosphatase 2C and HMG-CoA reductase phosphatase 
which remove phosphates from AMPRK and HMG-CoA 
reductase, respectively. 

• This maintains AMPRK in the phosphorylated and active state, 
and HMG-CoA reductase in the phosphorylated and inactive 
state. As the stimulus leading to increased cAMP production is 
removed, the level of phosphorylations decreases and that of 
dephosphorylations increases. The net result is a return to a 
higher level of HMG-CoA reductase activity. 



  

• Since the intracellular level of cAMP is 
regulated by hormonal stimuli, regulation of 
cholesterol biosynthesis is hormonally 
controlled. Insulin leads to a decrease in 
cAMP, which in turn activates cholesterol 
synthesis. Alternatively, glucagon and 
epinephrine, which increase the level of 
cAMP, inhibit cholesterol synthesis. 

• The ability of insulin to stimulate, and glucagon 
to inhibit, HMG-CoA reductase activity is 
consistent with the effects of these hormones 
on other metabolic pathways. The basic 
function of these two hormones is to control 
the availability and delivery of energy to all 
cells of the body. 



  

• 4- Inhibition by drugs:
•  Lovostatin and mevastatin are 

reversible inhibitors of HMG CoA 
reductase.

• These drugs are used to decrease 
plasma cholesterol levels in 
hypercholesterolemia 
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