
Blood clotting requires aggregation of blood platelets. This is
encouraged by thromboxane A2 (page 242), which is synthe-
sized by cells lining blood vessels. The synthesis is selectively
inhibited by low doses of aspirin (100 mg/day). This is com-
monly used medically to help prevent vascular problems.

Rat poison, blood clotting, and vitamin K

The widely used rat poison, warfarin, kills by preventing blood
clotting so that the rodents die from unchecked internal bleed-
ing from minor lesions that continually occur. Warfarin is used
clinically, for example, after strokes caused by blood clots, to
minimize the danger of further clotting. It is structurally similar
to vitamin K (K for the German koagulation) and acts as a com-
petitive inhibitor. It competes with the vitamin for an enzyme
site and inactivates it (have a quick look at the two structures in
Fig. 20.4). Vitamin K is needed for prothrombin conversion to
thrombin; it acts as a cofactor in an unusual enzyme reaction
that adds an extra —COOH group, using CO2, to several glu-
tamic acid side chains of prothrombin.

The carboxyglutamate is needed to bind Ca2�, which is essential
in the prothrombin → thrombin activation process. The same
modification also applies to other factors in the cascade.
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Protection against ingested foreign
chemicals (xenobiotics)

Large foreign molecules such as proteins are dealt with by the
immune system (Chapter 29). Small foreign molecules (which
are not indicative of invasion by a living pathogen) are coped
with by different systems, enzymic in nature.

Human beings ingest large numbers of different foreign chem-
icals, collectively referred to as xenobiotics (xeno meaning for-
eign). These include pharmaceuticals, pesticides, herbicides, and
industrial chemicals as well as complex structures such as the ter-
penes, alkaloids, and tannins of plants. Many of these are rela-
tively insoluble in water, but soluble in fats, and they therefore
tend to partition into the hydrocarbon layer of membranes and
the fat globules of adipose cells rather than being excreted in the
urine. Unless they are rendered more polar and therefore more
water soluble, they will accumulate in the body with deleterious
consequences. To facilitate their excretion, foreign chemicals are
metabolized in several ways, but the cytochrome P450 (P450)
system is of central importance. P450 is a haem–protein complex
as are the respiratory chain cytochromes. The name comes from
P for pigment and 450 from the absorption maximum (in
nanometres) of the complex formed with carbon monoxide. (CO
is not involved in the reaction—it just happens to give a complex
with a spectrum that makes measurement of the amount of P450
easy.) A typical reaction of this P450 system is to add a hydroxyl
group to an aliphatic or aromatic grouping. This is known as
phase I of xenobiotic metabolism. In phase II different enzymes
add various highly polar groups, of which glucuronate is the
major one, thus facilitating excretion in the urine.
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Fig. 20.4 Comparison of the structures
of (a) vitamin K and (b) warfarin. Vitamin K
is needed for blood clotting. Warfarin
antagonizes vitamin K and prevents
blood clotting.
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one at a time, to the Fe3� in the haem of P450 by a P450 reductase
enzyme also present in the smooth ER membrane.

Medical significance of P450s

Many pharmaceutical drugs are attacked by P450 so that the
half-life of a drug in the body is a function of how rapidly it is
attacked and excreted. The level of a given enzyme may vary
from one individual to another because of genetic variations so
that the correct dose of a drug may vary from person to person.
Another aspect is that some P450s are induced by drugs. Thus if
barbiturates are fed to a rat there is a massive proliferation of the
smooth ER and of the P450s in it. Once the inducing drug is dis-
posed of the smooth ER returns to normal. This can complicate
drug therapy for if a patient on a correct dose of one drug is
given another that induces the P450 that attacks the first one,
then the dose of the latter may now be inadequate. An illustra-
tive case is warfarin the anticlotting agent (page 315), whose dose
is carefully calibrated. If the patient is also given a P450-inducing
drug the warfarin dose could now be inadequate.

The P450s are not always beneficial in their attacks on xeno-
biotics. An ironic twist to the story is that the oxidation of some
substances by the P450 increases their carcinogenic effect.
Benzpyrene in tobacco smoke is converted by P450 in the liver
to a reactive species that can covalently react with DNA and is a
carcinogenic mutagen.

Secondary modification—addition of a polar group to
products of the P450 attack

This is known as phase II of xenobiotic metabolism. The pur-
pose is to convert the products of the P450 attack into a more
water-soluble form for excretion in the urine. There are several
reactions for doing this but we will describe the most important
ones only. These are glucuronidation and conjugation with
glutathione.

The glucuronidation system

This is present in the smooth ER and it transfers the highly
hydrophilic glucuronate group from UDP-glucuronate to the
hydroxyl group generated on a foreign chemical by P450
(Fig. 20.5). UDP-glucuronate is produced by oxidation of UDP-
glucose (page 175). This facilitates excretion in the urine by
increasing water solubility of the chemical. The same system is
used for the excretion of endogenous products such as bilirubin
arising from haem degradation (page 304).

The glutathione S-transferase system

Glutathione is a tripeptide of glutamic acid, cysteine, and
glycine, the peptide link between glutamate and cysteine being

We now need to look a little more closely at these processes.
First the P450 system.

Cytochrome P450

There are a large number of isoforms or isozymes of P450s in the
body—more than 100 are known. A nomenclature system has
been adopted based on amino acid sequence homologies. All are
given the name CYP followed by a number indicating families
(�40% homology), then a capital letter indicating subgroups
(�55% homology), and then a number defining an individual
isoform. An example is CYP2B4. The nomenclature is relevant
because of the medical importance of the enzymes but for the
purposes of this discussion the term P450 will be used. P450
enzymes have two roles. Some are concerned with normal meta-
bolic roles. A number are needed for the conversion of choles-
terol to steroid enzymes so that the adrenal glands are very rich
in them. The second role is in xenobiotic metabolism.

The amazing thing about the P450 system is the large number
of different compounds that it attacks, including many that liv-
ing organisms could not have encountered before the advent of
the modern chemical industry. Without it, it is difficult to see
how we could have survived the vast variety of newly produced
synthetic chemicals to which we are now exposed. It may be that
the collection of compounds such as terpenes, alkaloids, etc.
found in plants were developed as protection for the plants
against attacks (for example, grazing) by animals. The latter,
therefore, it may be speculated, evolved a detoxifying system
that could cope with almost anything present in plants and
other food sources and fortunately it also copes with the chem-
icals newly devised by humans. The basis of this versatility is
that a P450 enzyme has a wide specificity—it attacks a variety of
related structures—and many different P450 enzymes exist
with different but overlapping specificities.

The enzyme is found in most tissues, the liver having the
largest amounts. It is anchored into the smooth endoplasmic
reticulum (ER) facing the cytoplasm. P450s collectively can
bring about a surprising variety of reactions including dehalo-
genations and desulphurations but the most important are
hydroxylations. In the latter a foreign compound, AH, is
attacked according to the reaction

AH � O
2

� NADPH � H� → A—OH � H
2
O � NADP�.

It is called a monooxygenase reaction because it uses only one
atom of oxygen from each O2 molecule. NADPH is used to
reduce the other oxygen atom to water. It is also called a mixed-
function oxygenase because it both hydroxylates AH and
reduces O to H2O. The electrons from NADPH are transferred,
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on the �-carboxyl (see Fig. 20.6). It is present in large amounts
in liver, muscle and other tissues. Its main function appears to
be to establish a reducing situation in the cells by virtue of its 
—SH group. For this reason it is abbreviated to GSH.

Glutathione S-transferases add the sulphur to xenobiotics
which include halogenated molecules, epoxide metabolites of
carcinogens, and others. The transferases are present in the
smooth ER. The reaction catalysed is as follows:

RX � GSH → RSG � HX.

The reaction is an important defence against reactive car-
cinogenic molecules for it prevents them reacting with DNA
and causing genetic damage. The product, RSG, of the trans-
ferase reaction is modified before excretion. (The glutamyl and
cysteinyl groups are hydrolysed off and the cysteinyl amino
group acetylated to form a mercapturic acid which is excreted.)

Glutathione is involved in quite separate important protect-
ive reactions against peroxides (page 319).

Multidrug resistance

Another form of protection of cells against toxic chemicals
is the reduction of their accumulation inside cells. Many
cells, including those of human tissues, express a P glycoprotein
(P for permeability) in their cell membranes that is an ATP-
driven multidrug transporter of drugs out of the cell. It is one of
a very large family of ABC (ATP-binding cassette) transporters
with common structural features (page 117). They are found in
bacteria and eukaryotes. A remarkable range of chemicals is
transported, amongst them several of the anticancer drugs used
in chemotherapy. This has caused much interest in the
phenomenon but a much wider range of chemicals reacts with
the transporter. These include many pharmacological agents
and cytotoxic chemicals. Multidrug resistance can occur after
prolonged administration of a drug due to P glycoprotein(s)
being induced. The acquired resistance might be to drugs other
than to the original one causing the resistance in the first place.

Since steroids are also transported and the transporter pro-
tein is prevalent in steroid-secreting adrenal cortical cells, the
system may have this as a primary biological role. It has recently
been found to transport cholesterol out of cells (see page 180).
The molecules transported have no chemical similarities but all
are amphipathic compounds preferentially soluble in lipids.

Protection of the body against its own
proteases

We have seen (Chapter 10) how the digestive system manages to
escape the actions of its own proteolytic enzymes. However,
proteases exist elsewhere in the body. A particularly important
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Fig. 20.5 (a) The glucuronidation system. (b) Structure of a
glucuronide.
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Fig. 20.6 Structures of reduced glutathione (GSH) and of the oxidized
form (GSSG). Glu, Cys, and Gly are abbreviations for glutamate,
cysteine, and glycine, respectively, using the three-letter system.

Daph-20.qxd  29/10/04  10:24 PM  Page 317


