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complex atoms, ions and
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important roles in biology

or medicine.
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tatins were discovered in the 1970s. They have

become a huge commercial success and promise to
save as many lives in the future as have been saved by
antibiotics in the past. They have revolutionised the
treatment of heart disease and strokes. Akira Endo, a
scientist working for the Sankyo Pharmaceutical
Company in Tokyo, discovered the new drugs. Like
many previous world-changing discoveries, Endo’s idea
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Figure 1 Compactin and
how it works. The active
site of the drug (tinted
area) is very similar to
HMG CoA, the starter
molecule on the pathway
to cholesterol. Compactin
competes with HMIG CoA
for the enzyme that
normally converts it to
mevalonic acid.
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was simplicity itself. Fungi such as Penicillium notatum
produce antibiotics like penicillin, which are apparently
irrelevant to the fungus but lethal to bacteria such as
Staphylococcus and Pneumococcus (see Box 1). Endo
argued that fungi might be persuaded to generate other
substances, again harmless to the fungus, but which
would be capable of harnessing and controlling key
metabolic processes in humans. Could fungi be
persuaded to produce not only antibiotics but also regu-
latory agents capable of changing the rate of certain
key chemical reactions within the body? Endo was
looking for an agent that would modify key pathways
of human metabolism without blocking or destroying
them completely — not an easy task.

The Sankyo Company was keen to develop a drug that
could lower the level of cholesterol in the blood (see
Box 2). Cholesterol is an essential structural compo-
nent of all mammalian cell membranes and is the basic
building block for a number of vital hormones. It is
absorbed from food but is also made in the body. Accu-
mulation of cholesterol in the blood leads to its precip-
itation in the walls of arteries supplying vital organs like
the heart and brain. Raised blood cholesterol therefore
leads to increased risk of heart attack and stroke (see
pp. 21-25).

Endo looked for a fungal product which, when given
to humans, would lower the level of cholesterol in the
blood by reducing its production in the body. In 1976,
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[image: image2.jpg]after much trial and error, he and his colleagues isolated
the compound compactin (see Figure 1) from a fermen-
tation broth of a fungus related to the penicillin mould.
This compound mimics the structure of one of the
earliest precursor molecules on the biosynthetic
pathway to cholesterol, and partly blocks an enzyme
central to the production of cholesterol in the liver. It
lowered the level of cholesterol in the blood by blocking
an enzyme called HMG CoA reductase. Compactin was
the forerunner of a whole series of similar compounds
called HMG CoA reductase inhibitors (or more popu-
larly, ‘statins’). Statins have revolutionised our approach
to preventing heart attacks and strokes.

Origins, transport and genetics of
cholesterol

In the 1970s research biologists were investigating how
cholesterol was transported in the blood and how it was
taken up into cells. Study of a human genetic disease
called familial hypercholesterolaemia (FH, see Figure 2)
provided some interesting answers. At the University of
Texas, Joseph Goldstein and Michael Brown carried out
a series of studies of FH (see Box 3 on p. 40) which
ultimately gained them the Nobel prize in physiology or
medicine in 1985. The importance of the liver and intes-
tine in cholesterol metabolism was incompletely under-
stood when they began their work.

The intestine is largely responsible for absorbing
cholesterol from the diet while the liver is the primary
source of cholesterol synthesis in the body. Each
contributes equally to the 1 g or so of cholesterol which
is acquired by the body every day. The problem was
that neither of these organs is particularly accessible
when it comes to studying the defect in FH patients.
Goldstein and Brown used cultures of skin fibroblasts,
the cells responsible for producing the structural fibres

Box 1 Microorganisms and

antibiotics
Penicillium notatum

A species of Penicillium which, by chance, was found
in 1928 by Alexander Fleming to secrete penicillin G.
Penicillin

A group of antibiotics derived from cultures of some
species of the fungus Penicillium. These drugs are
active against a range of bacteria such as Meningo-
coccus (meningitis), Streptococcus (sore throats),
Pneumococcus (pneumonia) and Staphylococcus (pus-
producing skin infections, e.g. boils). Penicillins kill the
bacteria by blocking the synthesis of an essential
protein component of the bacterial cell wall. As a
result, the bacteria cannot regulate their uptake of
water, swell, and burst. The fungus is unaffected by
antibiotics since the structure of its cell coat is funda-
mentally different from that of bacteria.

Inappropriate and overenthusiastic use of penicillins
has resulted in the appearance of penicillin-resistant
strains of bacteria like the dreaded MRSA (methicillin-
resistant Staphylococcus aureus). Methicillin is a
variant of penicillin G.
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Box 2 Cholesterol is vital to human health

e Cholesterol is a type of lipid called a sterol.

® |t is found exclusively in animal tissues. Plants and insects contain sterols

that differ in structure from cholesterol.

® Cholesterol is an essential structural component of all mammalian cell
membranes. It is the precursor of bile acids which facilitate fat absorp-
tion in the gut and is also required for the synthesis of various steroid

hormones like cortisone and the sex hormones.

@ Because it is not water soluble, cholesterol cannot circulate freely in the
blood but is transported inside a lipid—protein envelope in spherical struc-
tures called lipoproteins. The most prevalent lipoprotein in the blood, in

terms of mass, is low-density lipoprotein (LDL).
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in the tissues of our bodies. They hoped that the FH
defect might be as evident in these cells as in the liver.
The gamble paid off.

Tissue culture proves feedback mechanism
Human skin fibroblasts will grow in a test tube as long
as they have a source of energy, amino acids and a few
essential nutrients (vitamins, trace minerals etc.) which
are found in serum. The serum added to the cells in
culture also contains low-density lipoprotein (LDL)
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Figure 2 (A) Clinical features of familial hypercholesterol-
aemia. The arrows indicate deposits of cholesterol around
tendons. (B) A typical family tree in FH. The family with
homozygous children resulted from a marriage between
cousins.
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Familial hypercholesterolaemia

Familial hypercholesterolaemia (FH) is characterised by high blood choles-
terol levels, premature coronary heart disease and unusual deposits of
cholesterol in tendons exposed to trauma because they lie just beneath
the skin (see Figure 2).

FH is equally distributed between males and females. It is an autosomal
rather than a sexlinked gene defect.

The mutated gene is dominant — 50% of the offspring of an affected
parent would be expected to have FH

Most affected individuals possess only one defective gene. They are
heterozygous for the condition and have mild symptoms.

Rarely, two affected individuals will marry (usually as a result of consan-
guineous (cousin—cousin) marriage). According to normal Mendelian
inheritance rules, one in every four children will be expected to receive
two defective genes (one from each parent). These individuals are
homozygous for the condition.

In the UK one person in 500 is heterozygous for FH. Such people
commonly have heart attacks in their 40s and 50s and have a 50% chance
of having one by the age of 60. Blood cholesterol levels in these individ-
uals are commonly twice the normal level.

Homozygous FH is exceedingly rare (one in a million in the UK) but cata-
strophic for the victims. Their cholesterol levels may be 4-5 times normal
and many die before they reach puberty.
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Coloured scanning electron micrograph of human fibroblasts
growing in culture. x1800

particles which are primarily responsible for transporting
cholesterol through the blood. If the LDL and its asso-
ciated cholesterol were completely removed from the
culture medium, the fibroblasts immediately increased
their own production of cholesterol, shown by an
increase in the activity of HMG CoA reductase.
Conversely, when cholesterol-rich LDL was added to
the culture medium, the activity of HMG CoA reductase
declined. So the cholesterol synthesising machinery
inside the growing fibroblast could in some way sense
the availability of cholesterol-rich LDL in the culture
medium and adjust its own production accordingly. A
feedback mechanism to regulate cholesterol synthesis
had been revealed.

Cells from patients with FH, when treated in the
same way, were much less efficient in feedback control,
suggesting that the defect in FH is linked to the process
of cholesterol transport across the plasma membrane.
Since cholesterol in the blood is packaged exclusively
within lipoprotein particles like LDL, Goldstein and
Brown realised that there must be a mechanism whereby
intact LDL particles can cross the cell membrane.

The fibroblasts (see Figure 3) have specialised areas called
‘coated pits’ on their plasma membrane. Membrane
receptor proteins — LDL receptors — cluster around
these pits. They recognise LDL in the fluids surrounding
the cell, bind it to the cell membrane and then simulta-
neously wrap a number of LDL particles, bound to their
receptor, into little envelopes of cell membrane. These
then bud off and stream through the cytoplasm towards
the nucleus of the cell. Here they fuse with lysosomes
(see BIOLOGICAL ScIENCES REviEw, Vol. 17, No. 2,
pp. 21-23, and Vol. 17, No. 3, pp. 14-16). Digestion g)f

Figure 3 (A)The structure of low-density lipoprotein (LDL).
ApoC-l is one of the lipoprotein components surrounding
the particle. (B) The LDL receptor pathway in fibroblasts.
Cholesterol-rich LDL in the blood can be taken up by cells
because they contain protein receptor molecules on their
surface which bind the LDL and drag it into the cell inside

a coated vesicle of plasma membrane.
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Placebo Statin Placebo Statin in heart
Clinical trial Drug used group group group group attacks (%)
West of Scotland Coronary Pravastatin 8293 3302 248 174 3l
Prevention Study (WOSCOPS)
Cholesterol and Recurrent Pravastatin 2078 2081 207 157 24
Events Study (CARE)
Long-term Intervention with Pravastatin 4502 4512 74k 557 24
Pravastatin in Ischaemic Disease
(LIPID)
Scandinavian Simvastatin Survival Simvastatin 2223 2221 333 194 42
Study (4S)
Air Force Coronary Atherosclerosis  Lovastatin 3301 3304 95 B 40
Prevention Study (AFCAPS)
Heart Protection Study (HPS) Simvastatin 10267 10269 1281 944 24

Table 1 Statins help prevent heart attacks and strokes.
Results of recent clinical trials.

the LDL releases its cholesterol into the cell’s nucleus
where it shuts down the genes responsible for HMG CoA
reductase and LDL receptor production. Meanwhile, the
liberated LDL receptors head back to the cell membrane
where they begin another cycle of LDL uptake.

So normal fibroblasts (and, as it turns out, liver cells)
are capable of sensing cytoplasmic levels of cholesterol
and can adjust the uptake of LDL from the plasma by
altering their production of LDL receptors. When the
LDL concentration in the plasma is low the response of
the cell is to increase HMG CoA reductase synthesis and
boost production from its own cholesterol-generating
machinery.

Most individuals suffering from FH are heterozygotes
— they inherit one defective LDL receptor protein gene
from one parent and must make do with the single func-
tional receptor gene that they got from the other (see
Box 3). Their ability to maintain appropriate intracellular
cholesterol levels by extracting LDL from the plasma is
therefore reduced. Because they absorb cholesterol poorly
from the blood, the blood concentrations of LDL rise and
they must meet cholesterol needs inside the cell by
switching on their own internal synthesising machinery.

Some unfortunate FH sufferers are homozygous for
the defective gene; the regulatory mechanism collapses
completely, LDL receptors are virtually absent, and
cholesterol needs must be met entirely by synthesis
within the cell.
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Figure 4 The effect of statins on liver cholesterol metabolism.

Receptors and statins

The mechanism of action of the statins could now be
explained and LDL receptors play a central role. At
nanomolar (10?mol) concentrations these drugs reduce
the activity of HMG CoA reductase by about 50% and
deplete cells (particularly in the liver) of cholesterol (see
Figure 4). The normal cell cholesterol pool can only be
restored by increasing LDL receptor production. In
consequence, cell uptake increases and blood LDL
cholesterol levels fall by as much as 50%.

Statins have revolutionised our ability to lower
plasma cholesterol. This has enormous clinical benefit.
Trials performed and published over the last few years
have shown that statins uniformly reduce the risk of
heart disease and stroke in men and women of all ages
and at all degrees of risk (see Table 1). The impact of
these agents on vascular health in the future offers as
much promise as antibiotics did 60 years ago. Statins
have already saved the lives of millions.

Jim Shepherd is Professor of Vascular Biochemistry at
the University of Glasgow and works at Glasgow Royal
Infirmary. His research interests include investigation of
lipoprotein metabolism in humans and new strategies for
the prevention of arterial disease.
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