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Biosynthesis of Cholesterol

Slightly less than half of the cholesterol in the body derives from biosynthesis de
novo. Biosynthesis in the liver accounts for approximately 10%, and in the intestines
approximately 15%, of the amount produced each day. Cholesterol synthesis occurs in
the cytoplasm and microsomes from the two-carbon acetate group of acetyl-CoA.

The process has five major steps:

e 1. Acetyl-CoAs are converted to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
e 2. HMG-CoA is converted to mevalonate

«3. Mevalonate is converted to the isoprene based molecule, isopentenyl
pyrophosphate (IPP), with the concomitant loss of CO,

«4.IPP is converted to squalene

o 5. Squalene is converted to cholesterol.

. (2) NADPH
o

+ ——=HMG-CoA = mevalonate
¢acetoacetyl-CoA™> AMG-CoA {3) ATP

reductase
CO,
isopentenyl pyrophosphate
prenylated
heme a proteins
dolichol
ubiquinone geranyl pyrophosphate
bile salts Steroits farnesyl pyrophosphate
liver endocrine
\ /glands ‘
Cholesterol|--.------------ lanosterol -«——— squalene

Pathway of cholesterol biosynthesis. Synthesis begins with the transport of acetyl-
CoA ffrom the mitochondrion to the cytosol. The rate limiting step occurs at the 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) reducatase, HMGR catalyzed step.
The phosphorylation reactions are required to solubilize the isoprenoid
intermediates in the pathway. Intermediates in the pathway are used for the
synthesis of prenylated proteins, dolichol, coenzyme Q and the side chain of heme
a.
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Acetyl-CoA units are converted to mevalonate by a series of reactions that
begins with the formation of HMG-CoA. 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. Two moles of acetyl-CoA are condensed in a reversal
of the thiolase reaction, forming acetoacetyl-CoA. Acetoacetyl-CoA and a third
mole of acetyl-CoA are converted to HMG-CoA by the action of HMG-CoA
synthase. HMG-CoA is converted to mevalonate by HMG-CoA reductase,
HMGR (this enzyme is bound in the endoplasmic reticulum, ER). HMGR
absolutely requires NADPH as a cofactor and two moles of NADPH are

consumed during the conversion of HMG-CoA to mevalonate.

CI:D—S—C-JA
CHs COOH COoH
+ . CHz e CH;
HMG-C 0 A" I HMI>L oA :
CHs Sniass > CHe—C—OH - = CH; —C—OH
SYntnase reguctase
[’f:[:l i [;,:Hz CHE
]
CH, CO-S5-CoA CHz0H
CO-5—CoA hydroxymethykgutard-C oA L-mevalonic acid
acetyl-CoA +
acetoacety-Cod " HMG = hyd roxymethykg lutaryl

The reaction catalyzed by HMGR is the rate limiting step of cholesterol
biosynthesis, and this enzyme is subject to complex regulatory controls.
Mevalonate is then activated by three successive phosphorylations, 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 isopentenyl
pyrophosphate, IPP, an activated isoprenoid molecule. Isopentenyl
pyrophosphate is in equilibrium with its isomer, dimethylallyl pyrophosphate,
DMPP.
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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. 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). Squalene undergoes a two step cyclization to yield
lanosterol. The first reaction is catalyzed by squalene monooxygenase. 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.

squalens

cholesteng! HO fanosteraf

HO
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Note:

The acetyl-CoA utilized for cholesterol biosynthesis is derived from an
oxidation reaction (eg, fatty acids or pyruvate) in the mitochondria and is
transported to the cytoplasm by the same process as that described for fatty acid
synthesis (see the Figure below). Acetyl-CoA can also be derived from
cytoplasmic oxidation of ethanol by acetyl-CoA synthetase. All the reduction
reactions of cholesterol biosynthesis use NADPH as a cofactor. 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.

Matrix _ Cytosol
inner outer
Citrate Citrate CoA
\ ATP
P ADP+ P,
0/ - .
ATP-citrate
citrate lyase Acetyl-CoA

synthas

Acetyl-CoA

Oxaloacetate
Oxaloacetate

h malate
F
dehydrogenase
ydrog NAD"
ADP + P,
' Malate
pyruvate NADP"
ATP carboxylas malic
enzyme
co, zy NADPH
co,
Pyruvate Pyruvate

copyright 1896 MW King

Pathway for the movement of acetyl-CoA units from within the mitochondrion to the
cytoplasm for use in lipid and cholesterol biosynthesis. Note that the cytoplasmic malic
enzyme catalyzed reaction generates NADPH which can be used for reductive
biosynthetic reactions such as those of fatty acid and cholesterol synthesis.
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Bile Acids Synthesis and Utilization

The end products of cholesterol utilization are the bile acids, synthesized in the liver.
Synthesis of bile acids is one of the predominant mechanisms for the excretion of
excess cholesterol. However, the excretion of cholesterol in the form of bile acids is
insufficient to compensate for an excess dietary intake of cholesterol.

I NADPH +H*  NADP*
ﬁ o\
00 To-hydroxylase
HO 5% HO Ry Ty

7-Hydroxycholesterol

Cholesterol NADPH + H*
0;
2 CoA-SH NADPH + H*
several steps 0,
Propionyl-CoA 2 CoA-SH
oH
(H,—S—COA Propionyl-Co#

L
HO ! OH G—S—CoA
0
Cholyl-CoA
HO OH
H

Chenodeoxycholyl-CoA

Synthesis of the 2 primary bile acids, cholic acid and chenodeoxycholic acid. The
reaction catalyzed by the 77 1-hydroxylase is the rate limiting step in bile acid synthesis.
Conversion of 7[]-hydroxycholesterol to the bile acids requires several steps not shown
in detail in this image. Only the relevant co-factors needed for the synthesis steps are
shown.

The most abundant bile acids in human bile are chenodeoxycholic acid (45%) and
cholic acid (31%). These are referred to as the primary bile acids. Within the
intestines the primary bile acids are acted upon by bacteria and converted to the
secondary bile acids, identified as deoxycholate (from cholate) and lithocholate (from
chenodeoxycholate). Both primary and secondary bile acids are reabsorbed by the
intestines and delivered back to the liver via the portal circulation.
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Structure of the conjugated cholic acids

Within the liver the carboxyl group of primary and secondary bile acids is conjugated
via an amide bond to either glycine or taurine before their being resecreted into the bile
canaliculi. These conjugation reactions yield glycoconjugates and tauroconjugates,
respectively. The bile canaliculi join with the bile ductules, which then form the bile
ducts. Bile acids are carried from the liver through these ducts to the gallbladder, where
they are stored for future use. The ultimate fate of bile acids is secretion into the
intestine, where they aid in the emulsification of dietary lipids. In the gut the glycine
and taurine residues are removed and the bile acids are either excreted (only a small
percentage) or reabsorbed by the gut and returned to the liver. This process of secretion
from the liver to the gallbladder, to the intestines and finally reabsorbtion is termed the
enterohepatic circulation.

Clinical Significance of Bile Acid Synthesis

Bile acids perform four physiologically significant functions:

o 1. their synthesis and subsequent excretion in the feces represent the only significant
mechanism for the elimination of excess cholesterol.

« 2. bile acids and phospholipids solubilize cholesterol in the bile, thereby preventing the
precipitation of cholesterol in the gallbladder.

« 3. they facilitate the digestion of dietary triacylglycerols by acting as emulsifying
agents that render fats accessible to pancreatic lipases.

4. they facilitate the intestinal absorption of fat-soluble vitamins.
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