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Preface

In the five years since I wrote the first edition, it is not surprising that advances in the
understanding of drug metabolism and toxicity have been rapid and wide-ranging, both
experimentally and in patients. In vitro, the refinement of many analytical techniques has
illuminated how the major drug metabolising enzymes, the cytochrome P450s, accomplish
their catalytic activities on a molecular level. This is reflected in the considerable expan-
sion of detail available on how these isoforms manage to combine the apparently contra-
dictory features of selectivity and flexibility. Aside from the role of the CYPs, Chapter 3
now includes more focus on other enzyme systems involved in oxidative drug metabolism,
such as the flavin monooxygenases. Since the first edition was written, the interdependence
and communication of the various nuclear and cytoplasmic receptor systems that control
CYP expression is now better understood and this area has been broadened in Chapter 4.
The marked expansion of clinical knowledge of the impact made on co-administered drugs
by the selective serotonin reuptake inhibitors has been addressed more fully in Chapter 5.
More is also understood about conjugative systems, not only with regard for their ability
to accelerate the clearance of drugs, but also their important role in detoxification, which
is underlined in the updated Chapter 6.

With respect to the situation in vivo, one of the most important issues clinically is the
relevance of human polymorphisms in drug metabolism to the ‘real world’. Again, the
scientific and medical literature has grown considerably in recent years and surprisingly,
polymorphisms can be beneficial in several therapeutic areas and in others, the anticipated
impacts on drug efficacy and toxicity have not been as severe as expected. Hence, Chapter
7 is now more than twice the length of its predecessor. Regarding Chapter 8, the areas
concerning the competing theories on drug hypersensitivity have been expanded and
the powerful impact of microarrays in the possible prediction of future hepatotoxins is
underlined. Appendix A provides an updated summary of some major methods in drug
metabolism pertaining to drug discovery and Appendix B describes advances in our under-
standing of the metabolism of drugs of abuse, although some are clinically essential.
Appendix C remains as an uncompromising guide to those who wish to excel academically
and Appendix D is retained and slightly expanded. The further reading section has also
been updated and widened in scope with the intention of providing improved insights into
the detail of the different areas.

Overall, I have tried to expand the clinical aspects of drug metabolism, whilst retaining
some of the scientific detail that informs the clinical drug disposition process. An under-
standing and appreciation of biotransformation remains crucial in the perpetual struggle
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to harness safely the sheer power of modern drug efficacy. Again, I must thank my wife
Clare for her tolerance and my mother Jean for her continued encouragement while I have
been updating this book, which I hope will be of help to your studies.

M.D. Coleman, DSc.
September 2009



Preface to First Edition

‘Throw physic to the dogs; I'll none of it’ exclaims the eponymous Macbeth in Act 5,
Scene 3, in one of Shakespeare’s shortest and most violent plays. This response to the
lack of efficacy and severe toxicity of early seventeenth-century therapeutics unfortunately
has some resonance today. Despite the spectacular advances made in the last 50 years,
many medicines in practice are neither beneficial nor safe. Indeed, increasing numbers of
patients are dying as a result of their treatment, rather than their condition. There are many
reasons for our inability to eradicate ‘iatrogenic’ (literally, physician induced) disease;
these might include pharmacological interactions or factors relating to the patient’s condi-
tion. However, the metabolism of drugs by the patients’ own systems can have a powerful
influence on the success of treatment.

This book is intended to provide a basic grounding in human drug metabolism, although
it is useful if the reader has some knowledge of biochemistry, physiology and pharma-
cology from other sources. In addition, a qualitative understanding of chemistry can
illuminate many facets of drug metabolism and toxicity. Although chemistry can be
intimidating, I have tried to make the chemical aspects of drug metabolism as user-friendly
as possible.

Regarding the layout of the book, Chapter 1 uses the idea of the therapeutic window to
outline how both efficacy and toxicity are dependent on drug concentration, which is in
turn linked to the rate of drug removal from the system. Biological systems actively elimi-
nate small xenobiotic (foreign) molecules and how quickly this happens is a strong deter-
minate of treatment outcome. Chapter 2 tries to put the metabolism of drugs in the context
of other biological processes. Human metabolizing systems must synthesize endogenous
molecules, inactivate them when their purpose is served and defend the body from foreign
molecules. Drugs fit into the latter category and are treated by biological systems as foreign
and unwelcome. Chapter 3 outlines how human metabolizing systems have availed them-
selves of highly specialized metabolizing enzymes of bacterial and eukaryotic origin,
particularly cytochrome P450s. Phase I, the initial, mainly oxidative, phase of metabolism,
begins the process of the conversion of lipophilic drugs to easily excreted water-soluble
metabolites. The chapter considers the remarkable flexibility and capability of these oxida-
tive enzymes. Chapter 4 reveals the mechanisms whereby the presence of some drugs can
induce a massive adaptive increase in the metabolizing capability of cytochrome P450s.
The threat to clinical drug efficacy posed by the resulting acceleration of drug removal
from the body is outlined in a number of drug classes. By contrast, the inhibition of drug-
metabolizing systems described in Chapter 5 is shown to cause life-threatening drug
accumulation in a very short space of time. The mechanisms of cytochrome P450 inhibi-
tion are explained in the context of the main pharmacological features of enzyme inhibi-
tion. Chapter 6 illustrates the processes of conjugation, which can either act as companion
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processes for oxidative metabolism, or eliminate drugs in their own right. In conjugative
metabolism, large hydrophilic molecules are either attached directly to drugs or oxidized
metabolites with the object of increasing their water solubility and molecule weight. This
process, in concert with Phase III efflux pump systems, facilitates the removal of the
metabolites from cells to the urine and the bile. Chapter 7 discusses other factors that
influence drug-metabolizing processes, such as genetic polymorphisms, age, gender, diet,
alcohol intake and disease. Chapter 8 explains some of the toxicological consequences of
xenobiotic metabolism. The roles of cytochrome P450s in the origins of reversible and
irreversible effects on the body are discussed. Irreversible events associated with reactive
species formation due to cytochrome P450 metabolism include necrosis, immune-related
toxicity and cancer.

At the end of the book, in Appendix A, there is a brief discussion of the role of drug
metabolism in the commercial development of new therapeutic agents. The increasing
popularity of illicit drugs makes it interesting to include some background on the metabo-
lism of some major drugs of abuse in Appendix B, although it does include clinically
useful agents such as opiates. Many readers of this book will be studying for formal
examinations of some type, so some accumulated general advice on the preparation for
examinations is supplied in Appendix C. Appendix D contains a brief list of cytochrome
P450 substrates, inhibitors and inducers, and finally there is a list of suggested reading for
those interested in a deeper, more detailed knowledge of the subject.

Whilst no human effort is without error and this book is no exception, it is hoped that
it will facilitate understanding of the impact of metabolizing systems on drug therapeutic
outcomes. All of us eventually participate in healthcare in some capacity, if not profes-
sionally, then as patients. Therefore, it is our duty to constantly update our therapeutic
knowledge to liberate the full potential of the many remarkably effective drugs currently
available.

I am very grateful to Mr Graham Smith for drawing the detailed figures. I would like
to acknowledge the support and encouragement of my wife Clare, as well as my mother
Jean, during the writing process and I very much hope you, the reader, find this book
useful.

M.D. Coleman, DSc.



1 Introduction

1.1 Therapeutic window
1.1.1 Introduction

It has been said that if a drug has no side effects, then it is unlikely to work. Drug therapy
labours under the fundamental problem that usually every single cell in the body has to be
treated just to exert a beneficial effect on a small group of cells, perhaps in one tissue.
Although drug-targeting technology is improving rapidly, most of us who take an oral dose
are still faced with the problem that the vast majority of our cells are being unnecessarily
exposed to an agent that at best will have no effect, but at worst will exert many unwanted
effects. Essentially, all drug treatment is really a compromise between positive and negative
effects in the patient. The process of drug development weeds out agents that have seriously
negative actions and usually releases onto the market drugs that may have a profile of side
effects, but these are relatively minor within a set concentration range where the drug’s
pharmacological action is most effective. This range, or ‘therapeutic window’ is rather vari-
able, but it will give some indication of the most ‘efficient’ drug concentration. This effec-
tively means the most beneficial pharmacodynamic effects for the minimum side effects.

The therapeutic window (Figure 1.1) may or may not correspond exactly to active tissue
concentrations, but it is a useful guideline as to whether drug levels are within the appro-
priate range. Sometimes, a drug is given once only and it is necessary for drug levels to
be within the therapeutic window for a relatively brief period, perhaps when paracetamol
(acetaminophen) is taken as a mild analgesic. However, the majority of drugs require
repeated dosing in time periods which range from a few days for a course of antibiotics,
to many years for anti-hypertensives and antithyroid drugs. During repeated intermediate
and long-term dosing, drug levels may move below or above the therapeutic window due
to events such as patient illness, changes in diet or co-administration of other drugs. Below
the lowest concentration of the window, it is likely that the drug will fail to work, as the
pharmacodynamic effect will be too slight to be beneficial. If the drug concentration climbs
above the therapeutic window, an intensification of the drug’s intended and unintended
(off-target) pharmacodynamic actions will occur. If drug levels continue to rise, irrevers-
ible damage may occur which is usually described by the word ‘toxicity’. To some extent,
every patient has a unique therapeutic window for each drug they take, as there is such
huge variation in our pharmacodynamic drug sensitivities. This book is concerned with
what systems influence how long a drug stays in our bodies.

Human Drug Metabolism 2E, Michael D. Coleman
© 2010 John Wiley & Sons, Ltd
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Drug Therapeutic window
toxicity

Dose

Drug
failure

Figure 1.1 The ‘therapeutic window’, where drug concentrations should be maintained for
adequate therapeutic effect, without either accumulation (drug toxicity) or disappearance (drug
failure). Such is human variation that our personal therapeutic windows are effectively unique for
every drug we take.

Whether drug concentrations stay in the therapeutic window is obviously related to how
quickly the agent enters the blood and tissues prior to its removal. When a drug is given
intravenously, there is no barrier to entry, so drug input may be easily and quickly adjusted
to correspond with the rate of removal within the therapeutic window. This is known as
‘steady state’, which is the main objective of therapeutics. The majority of drug use is by
other routes such as oral or intramuscular rather than intravenous, so there will be a con-
siderable time lag as the drug is absorbed from either the gastro-intestinal tract (GIT) or
the muscle, so achieving drug levels within the therapeutic window is a slower, more ‘hit
and miss’ process. The result from repeated oral dosing is a rather crude peak/trough
pulsing, or ‘sawtooth’ effect which you can see in the diagram (Figure 1.1). This should
be adequate, provided that the peaks and troughs remain within the confines of the ‘thera-
peutic window’.

1.1.2 Therapeutic index
Drugs vary enormously in their toxicity and the concentrations at which one drug might

cause potentially lethal effects might be 10 or 100 times lower than a much less toxic
drug. A convenient measure for this is the ‘therapeutic index’. This has been defined as
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the ratio between the lethal or toxic dose and the effective dose that shows the normal
range of pharmacological effect.

In practice, a drug (such as lithium) is listed as having a narrow TI if there is less than
a twofold difference between the lethal and effective doses, or a twofold difference in the
minimum toxic and minimum effective concentrations. Back in the 1960s, many drugs
in common use had narrow TIs, such as barbiturates, that could be toxic at relatively low
levels. Over the last 30 years, the drug industry has aimed to replace this type of
drug with agents with much higher TIs. This is particularly noticeable in drugs used for
depression. The risk of suicide is likely to be high in a condition that takes some time
(often weeks) to respond to therapy. Indeed, when tricyclic antidepressants (TCAs) were
the main treatment option, these relatively narrow TI drugs could be used by the patient
to end their lives. Fortunately, more modern drugs such as the SSRIs (selective serotonin
reuptake inhibitors) have much higher TIs, so the risk of the patient using the drugs for
a suicide attempt is greatly diminished. However, there are many drugs (including the
TCAs to a limited extent), which remain in use that have narrow or relatively narrow TIs
(e.g. phenytoin, carbamazepine, valproate, warfarin). Therefore the consequences of
accumulation of these drugs are much worse and happen more quickly than drugs with
wide TIs.

1.1.3 Changes in dosage

If the dosage exceeds the rate of the drug’s removal, then clearly drug levels will accu-
mulate and depart from the therapeutic window towards toxicity. If the drug dosage is
too low, levels will fall below the lowest threshold of the window and the drug will
fail to work. If a patient is established at the correct dose that does not change, then this
is the oral version of ‘steady state’. So, theoretically, the drug should remain in its thera-
peutic window for as long as therapy is necessary unless other factors change this
situation.

1.1.4 Changes in rate of removal

The patient may continue to take the drug at the correct dosage, but drug levels may drop
out of, or exceed, the therapeutic window. This could be linked with redistribution of
the drug between bodily areas such as plasma and a particular organ, or protein binding
might fluctuate; however, the major factor in the maintenance of drug levels within the
therapeutic window is the rate of removal and/or inactivation of the drug by bodily
processes.

1.2 Consequences of drug concentration changes

If there are large changes in the rate of removal of a drug, then this can lead in extremis
to severe problems in the outcome of the patient’s treatment: the first is drug failure, whilst
the second is drug toxicity (Figure 1.2). These extremes and indeed all drug effects are
directly related to the blood concentrations of the agent in question.
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distribution

change :
Changes in
excretion

Deleterious
drug interactio

Accumulation

Disappearance

Drug failure

Figure 1.2 Consequences of drug interactions in terms of metabolic changes and their effects on
drug failure and toxicity

1.2.1 Drug failure

Although it might take nearly a decade and huge sums of money to develop a drug that is
highly effective in the vast majority of patients, the drug can only exert an effect if it reaches
its intended target in sufficient concentration. There may be many reasons why sufficient
concentrations cannot be reached. Drug absorption may have been poor, or it may have
been bound to proteins or removed from the target cells so quickly it cannot work. This
situation of drug ‘failure’ might occur after treatment has first appeared to be successful,
where a patient becomes stabilized on a particular drug regimen, which then fails due to
the addition of another drug or chemical to the regimen. The second drug or chemical
causes the failure by accelerating the removal of the first from the patient’s system, so drug
levels are then too low to be effective. The clinical consequences of drug failure can be
serious for both for the patient and the community. In the treatment of epilepsy, the loss
of effective control of the patient’s fits could lead to injury to themselves or others. The
failure of a contraceptive drug would lead to an unwanted pregnancy and the failure of
an antipsychotic drug would mean hospitalization for a patient at the very least. For the
community, when the clearance of an antibiotic or antiparasitic drug is accelerated, this
causes drug levels to fall below the minimum inhibitory concentration, thus selecting
drug-resistant mutants of the infection. Therapeutic drug failure is usually a gradual
process, where the time frame may be days before the problem is detected (Figure 1.2).
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1.2.2 Drug toxicity

If a drug accumulates for any reason, either by overdose or by a failure of drug removal,
then serious adverse reactions will result. A reduction in the rate of removal of the drug
from a system (often due to administration of another drug), will lead to drug accumula-
tion. Toxicity can be an intensification of a drug’s therapeutic action, or an unrelated
damaging effect on a tissue or organ system. If the immunosuppressive cyclosporine is
allowed to accumulate, severe renal toxicity can lead to organ failure. Excessive levels of
anticonvulsant and antipsychotic drugs cause confusion and drowsiness, whilst the accu-
mulation of the antihistamine terfenadine, can lead to lethal cardiac arrhythmias. In con-
trast to drug failure, drug toxicity may occur much more rapidly, often within hours rather
than days.

1.3 Clearance
1.3.1 Definitions

The consequences for the patient when drug concentrations either fall below the therapeu-
tic window or exceed it can be life threatening. The rate of removal of the drug from the
body determines whether it will disappear from, or accumulate in the patient’s blood. A
concept has been devised to understand and measure rate of removal; this is known as
‘Clearance’. This term does not mean that the drug disappears or is ‘cleared’ instantly.
The definition of clearance is an important one that should be retained:

Clearance is the removal of drug by all processes from the biological system.
A more advanced definition could be taken as:

A volume of fluid (plasma, blood or total body fluid) from which a drug is irreversibly
removed in unit time.

Clearance is measured in millilitres of blood or plasma per min (or litres per hour) and is
often taken to mean the ‘clearance’ of the drug’s pharmacological effectiveness, which
resides in its chemical structure. Once the drug has been metabolized, or ‘biotransformed’,
even though only a relatively trivial change may have been effected in the structure, it is
no longer as it was and products of metabolism, or metabolites as they are known, often
exert less or even no therapeutic effect. Whether or not they retain some therapeutic effect,
metabolites are usually removed from the cell faster than the parent drug and they will
eventually be excreted in urine and faeces. There are exceptions where metabolites are as
effective as the parent drug (some tricyclic antidepressants, such as desipramine and mor-
phine glucuronides), and there are metabolites that are strangely even less soluble in water
and harder to excrete than the parent compound (acetylated sulphonamides), but in general,
the main measure of clearance is known as total body clearance, or sometimes, systemic
clearance:

Cltma]
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This can be regarded as the sum of all the processes that can clear the drug. Effectively,
this means the sum of the liver and kidney contributions to drug clearance, although the
lung and other organs can make some contribution.

For drugs like atenolol or gabapentin, which unusually do not undergo any hepatic
metabolism, or indeed metabolism by any other organ, it is possible to say that:

Cltolal = Clrenal

So renal clearance is the only route of clearance for these drugs, in fact it is 100 per cent
of clearance.

For paracetamol and for most other drugs, total body clearance is a combination of
hepatic and renal clearances:

Cllotal = Clhepalic + Clrenal

For ethanol, you will probably already be aware that there are several routes of clearance,
including hepatic, renal and the lung, as breath tests are a well-established indicator of
blood concentrations.

Cl[mal = Clhepa[ic + Clrenal + Cllung

Once it is clear what clearance means, then the next step is to consider how clearance
occurs.

1.3.2 Means of clearance

In absolute terms, to clear something away is to get rid of it, to remove it physically from
the system. The kidneys are mostly responsible for this removal, known as elimination.
The kidneys cannot filter large chemical entities like proteins, but they can remove the
majority of smaller chemicals, depending on size, charge and water solubility. The filtrate
eventually reaches the collecting tubules that lead to the ureter and the bladder. As the
kidney is a lipophilic (oil-loving) organ, even if it filters lipophilic drugs or toxins, these
can easily leave the urine in the collecting tubules and return to the surrounding lipophilic
tissues and thence back to the blood. So the kidney is not efficient at eliminating lipophilic
chemicals.

One of the major roles of the liver is to use biotransforming enzymes to ensure that
lipophilic agents are made water soluble enough to be cleared by the kidney. So the liver
has an essential but indirect role in clearance, in that it must extract the drug from the
circulation, biotransform (metabolize) it, then return the water-soluble product to the blood
for the kidney to remove. The liver can also actively clear or physically remove its meta-
bolic products from the circulation by excreting them in bile, where they travel through
the gut to be eliminated in faeces. Bacterial effects on this process can lead to the reab-
sorption of the metabolite or parent drug into the gut, a process known as enterohepatic
recirculation (Chapter 6, section 6.2.9).

The liver has an impressive array of enzymatic systems to biotransform drugs, toxins
and other chemical entities to more water-soluble products. However, the ability of the
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liver to metabolize a drug can depend on the structure and physicochemical characteristics
of the agent, so some drugs are easy for it to clear and some are difficult.

1.4 Hepatic extraction and intrinsic clearance
1.4.1 High extraction drugs

Hepatic extraction is a useful term to measure how easily the liver can process, or metabo-

lize, a given drug or toxin. The term ‘hepatic extraction’ effectively means the difference

between the drug level in blood that enters the liver (100 per cent) and the amount that

escapes intact and unmetabolized (that is, 100 per cent minus the metabolized fraction).
Extraction is usually termed E and is defined as the extraction ratio, or

Concentration entering the liver

. . — concentration leaving the liver
Extraction Ratio (E) = g

Concentration entering the liver

Clinically, most drugs’ hepatic extraction ratios will either be high (E > 0.7), or low
(E <0.3), with a few agents falling into the intermediate category (E is >0.3, but <0.7). For
high extraction drugs, the particular enzyme system that metabolizes this drug may be
present in large amounts and drug processing is very rapid. This often happens if the drug
is very similar in structure to an endogenous agent, which is normally processed in great
quantity on a daily basis. Hence, the early anti-HIV drug AZT (zidovudine), is a close
structural analogue of the DNA constituent thymidine and so possesses a half-life of an
hour or less in man. In the case of a high extraction drug, the inbuilt or ‘intrinsic’ ability
of the liver to metabolize the drug means that the only limitation in the liver’s ability to
metabolize this type of drug is its rate of arrival, which is governed by blood flow.

So, in the case of a high clearance drug, where the liver’s intrinsic ability to clear it is
very high:

Clyepaic = Q (liver blood flow) x Extraction ratio E
ie.
Clyepuic = OF
So, basically, hepatic clearance is directly proportional to blood flow:

Clhepa[ic o Q

During intensive exercise, human liver blood flow can fall temporarily by more than
70%, but during normal day-to-day living, blood flow through the liver does not normally
vary that much. This means that a high extraction drug will be cleared at a fairly predict-
able rate. However, hepatic blood flow can be significantly reduced in old age (Chapter
7, section 7.3.1) and end-stage cirrhotic alcoholism (Chapter 7, section 7.7.7). Patients
with impaired cardiac output, either as a result of congestive heart failure or myocardial
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infarction, also experience marked reductions in liver blood flow. All these circumstances
have been shown to reduce the clearance of high extraction drugs clinically and should
be borne in mind during drug dosage determination in these patients.

Many drugs are bound in plasma to proteins such as human serum albumin (HSA) or
alpha-1 acid glycoprotein (AAG). HSA usually transports endogenous acidic agents, such
as fatty acids, bilirubin and bile acids, although it also binds drugs such as warfarin, ibu-
profen and diazepam. The endogenous function of AAG is not fully understood, but may
involve modulation of the immune system. AAG will bind basic drugs such as erythro-
mycin and protease inhibitors.

Usually, for any given drug, there is equilibrium between protein-bound and free drug.
In effect, high extraction drugs are cleared so avidly, that the free drug disappears into the
metabolizing system and the bound pool of drug eventually becomes exhausted. As the
protein binding of a high extraction drug is no barrier to its removal by the liver these
drugs are sometimes described as undergoing ‘unrestricted’ clearance. Drugs in this cat-
egory include pethidine (known as meperidine or Demerol in the US), metoprolol, pro-
pranolol, lignocaine, nifedipine, fentanyl and verapamil.

You also might see the term ‘intrinsic clearance’ which reflects the inbuilt ability of the
liver (independent from other variables like blood flow) to remove a drug; high extraction
drugs have a high intrinsic clearance. As mentioned above, the only limitation in clearance
for these drugs is how much drug the blood can deliver. If blood flow was to be infinite,
then hepatic clearance would be the same as intrinsic clearance.

1.4.2 Low extraction drugs

On the opposite end of the scale (E < 0.3), low extraction drugs are cleared slowly, as the
metabolizing enzymes have some difficulty in oxidizing them, perhaps due to stability in
the structure, or the low capacity and activity of the metabolizing enzymes. The metaboliz-
ing enzymes may also be present only in very low levels. These drugs are considered to
be low intrinsic clearance drugs, as the inbuilt ability of the liver to remove them is rela-
tively poor.

If a low extraction drug is not extensively bound to protein (less than 50 per cent bound)
then how much drug is cleared is related directly to the intrinsic clearance of that drug.
In the case of a low extraction, strongly protein bound drug, then the liver finds clearance
even more difficult, as the affinity of drug for the protein is much greater than the liver’s
affinity for the drug. The anticonvulsants phenytoin and valproate are both highly protein
bound (~90 per cent) and low extraction drugs and so the amount of these drugs actually
cleared by the liver really depends on how much unbound or free drug there is in the
blood. This means that:

Clhcpatic o Clinlrinsic X fraction unbound

Therefore, clearance is proportional to the ability of the liver to metabolize the drug
(Cliyginsic) as well as the amount of unbound or free drug in the plasma that is actually
available for metabolism. Hepatic blood flow changes have little or no effect on low
extraction drug plasma levels, but if the intrinsic ability of the liver to clear a low extrac-
tion drug falls even further (due to enzyme inhibition or gradual organ failure), there will
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be a significant increase in plasma and tissue free drug levels and dosage adjustment
will be necessary. Conversely, if the intrinsic clearance increases (enzyme induction,
Chapter 4) then free drug levels may fall and the therapeutic effects of the agent will be
diminished.

It is worth noting, that with drugs of low extraction and high protein binding such as
phenytoin and valproate, a reduction in total drug levels due to a fall in protein binding
(perhaps due to renal problems or displacement by another, more tightly bound drug) will
actually have no sustained effect on free drug plasma and tissue levels, as the ‘extra’ free
drug will just be cleared or enter the tissues and the bound/unbound drug ratio will quickly
re-assert itself. Since the free drug is pharmacologically active and potentially toxic whilst
the bound drug is not, it is not usually necessary to increase the dose in these circum-
stances. The concentration of the free drug has the greatest bearing on dosage adjustment
considerations and laboratory assay systems are now routinely used to determine free drug
levels with highly bound, low extraction drugs which are therapeutically monitored, such
as with phenytoin and valproate. Other examples of low extraction drugs include para-
cetamol, mexiletine, diazepam, naproxen and metronidazole. The term ‘restrictive’ clear-
ance is also used to describe these drugs, as their clearance is effectively restricted by their
protein binding.

1.5 First pass and plasma drug levels

Clearance is the removal of drug from all tissues and usually the liver is seen as the major
force in the clearance of drugs. However, this is an oversimplification, as other tissues can
clear drugs and in the real world of a drug entering the body, the gut makes a significant
contribution to clearance (Figure 1.3). To be absorbed from the gut, the drug must pass
through the gut mucosal epithelial cells and enter the hepatic portal circulation, which
leads directly to the liver. A drug may diffuse past the membranes of the gut epithelial
cells passively, due to its relative lipophilicity or if it is more water soluble, it may require
‘help’ from transporter systems called solute carriers (Chapter 2, section 2.6.2). These
transporters normally convey vital nutrients such as amino acids as well as drugs with
similar physicochemical characteristics (like some statins). However, once in the gut
epithelial cells, a drug can be pumped back out into the lumen by efflux proteins (Chapter
4, section 4.4.7) and/or metabolized by various enzymes in the gut wall cells. In the case
of some drugs, this can account for a high proportion of the dose before it reaches the
liver. The fraction of the original dose left then enters the liver and following hepatic
extraction, most of the dose will have been inactivated. This is particularly apparent with
high extraction drugs. This process, where an oral dose is metabolized by various systems,
is termed ‘first pass’.

In some drugs, the vast majority of the dose is lost before it reaches the systemic cir-
culation. The amount that actually reaches the plasma can be measured and the amount
that was dosed is also known, so an equation can be produced which gives us how much
enters the system. This is known as the ‘absolute bioavailability’ of the drug and is termed
F. It can be defined as

Total amount of drug in the systemic circulation after oral dosage

* Total amount of drug in the systemic circulation after intravenous dose
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Figure 1.3 The ‘first pass’ of an orally dosed highly cleared drug showing the removal of drug
by the gut and liver, leading to relatively low levels of drug actually reaching the circulation

Highly extracted drugs are often stated to have a ‘poor bioavailability’. This means that
the oral dose required to exert a given response is much larger than the intravenous dose.
If the bioavailability is 0.2 or 20 per cent, then you might need to administer about five
times the intravenous dose to see an effect orally.

1.5.1 Changes in clearance and plasma levels

Consider an extreme example; if the intravenous dose of a poorly bioavailable (F = 0.2),
narrow TI drug X was 20mg and the usual oral dose was 100mg, it is clear that if the
whole oral 100mg were to reach the plasma, the patient would then have plasma levels
far in excess of the normal intravenous dose, which could lead to toxicity or death. This
could happen if the first pass effect was reduced or even completely prevented by factors
that changed the drug’s clearance.

Similarly, if the clearance of the drug was to be accelerated, then potentially none of
the 100mg would reach the plasma at all, so causing lack of efficacy and drug failure.
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1.6 Drug and xenobiotic metabolism

From the therapeutic point of view, it is essential to ensure that drug concentrations remain
within the therapeutic window and neither drug failure, nor drug toxicity, occur in the
patient. To understand some of the factors related to drug metabolism that can influence
the achievement of these aims, there are several important points to consider over the next
few chapters of this book.

e What are the metabolic or biotransformational processes that can so dramatically
influence drug concentrations and therefore drug action?

e How do these processes sense the presence of the drugs and then remove these
apparently chemically stable entities from the body so effectively?

e What happens when these processes are inhibited by other drugs, dietary agents and
toxins?

e What is the effect of illness, genetic profile and other patient circumstances on the
operation of these processes?

®* How can these processes of removal of a drug lead to toxicity?

e What were these processes originally designed to achieve and what is their endog-
enous function?

The next chapter considers the last point and illustrates that in a subject usually termed
‘drug metabolism’, modern drugs are newcomers to an ancient, complex and highly adapt-
able system that has evolved to protect living organisms, to control instruction molecules
and carry out many physiological tasks.






Drug Biotransformational
2 Systems - Origins and Aims

2.1 Biotransforming enzymes

John Lennon once said ‘Before Elvis, there was nothing’. Biologically, this could be para-
phrased along the lines of ‘Before bacteria, there was nothing’. Bacterial life has existed
on this planet for more than 3.5 billion years and it first emerged in a far more hostile
environment than that of today. Bacteria would have had to survive above and below the
earth whilst exposed to corrosive/reactive chemicals, heat and lack of oxygen. The phe-
nomenal growth and generation rates of bacteria enabled them to evolve their enzyme
systems quickly enough to not only survive but prosper in all environmental niches. Cell
structures eventually settled around the format we see now, a largely aqueous cytoplasm
bounded by a predominantly lipophilic protective membrane. Although the membrane
does prevent entry and exit of many potential toxins, it is no barrier to other lipophilic
molecules. If these molecules are highly lipophilic, they will passively diffuse into and
become trapped in the membrane. If they are slightly less lipophilic, they will pass through
it into the organism. So aside from ‘housekeeping’ enzyme systems, some enzymatic
protection would have been needed against invading molecules from the immediate envi-
ronment. Among the various molecular threats to the organism would have been the waste
products of other bacteria in decaying biomass, as well as various chemicals formed from
incomplete combustion. These would have included aromatic hydrocarbons (multiples of
the simplest aromatic, benzene) that can enter living systems and accumulate, thus derang-
ing useful enzymatic systems and cellular structures. Enzymes that can detoxify these
pollutants such as aromatics are usually termed ‘biotransforming enzymes’.

2.2 Threat of lipophilic hydrocarbons

Organisms such as oysters that cannot rid themselves of lipophilic aromatic and non-
aromatic hydrocarbons tend to accumulate these chemicals to toxic levels. Mudskippers,
however, are less vulnerable to such toxicity as they use their biotransforming enzymes
to remove these chemicals from their systems. With the advent of human dependence on
petrochemical technology, vast amounts of lipophilic hydrocarbons are now a fixture of
the air we breathe, as well as our food and drink. Dioxin (2, 3, 7, 8-tetrachlorodibenzo-p-
dioxin; TCDD) is part of a series of polychlorinated dibenzo derivatives and it is one
the best studied toxic lipophilic hydrocarbons. This herbicide contaminant demonstrates

Human Drug Metabolism 2E, Michael D. Coleman
© 2010 John Wiley & Sons, Ltd
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perhaps an extreme form of the threat of these molecules to all life on earth. Dioxins are
not only carcinogenic and teratogenic endocrine disruptors, but also their half-lives in man
can exceed 10 years. What is particularly worrying is that we have created molecules like
dioxins of such stability and toxicity that despite the fact they actually trigger a potent
cellular response intended to metabolize and clear them (Chapter 4), we still cannot get
rid of them quickly enough to protect ourselves.

Although dioxins are for humans a ‘worst case scenario’, the majority of living organ-
isms including ourselves now possess some form of effective biotransformational enzyme
capability which can detoxify and eliminate most hydrocarbons and related molecules.
This capability has been effectively ‘stolen’ from bacteria over millions of years. The main
biotransformational protection against aromatic hydrocarbons is a series of enzymes so
named as they absorb UV light at 450 nm when reduced and bound to carbon monoxide.
These specialized enzymes were termed cytochrome P450 monooxygenases or sometimes
oxido-reductases. They are often referred to as ‘CYPs’ or ‘P450s’. CYPs may have
evolved at first to accomplish reductive reactions in the absence of oxygen and they
retain this ability, although their main function now is to carry out oxidations. These
enzymes are part of a family whose functional characteristics are reminiscent of a set of
adjustable spanners in a tool kit. All the CYPs accomplish their functions using the same
basic mechanism, but each enzyme is adapted to dismantle particular groups of chemical
structures. It is a testament to millions of years of ‘research and development’ in the
evolution of CYPs, that perhaps 50,000 or more man-made chemical entities enter the
environment for the first time every year and the vast majority can be oxidized by at least
one form of CYP.

2.3 Cell communication
2.3.1 Signal molecule design

At some point in evolution, single-cell life forms began to coalesce into multi-cell organi-
zations, allowing advantages in influencing and controlling the cells’ immediate environ-
ment. Further down this line of development, groups of cells differentiated to perform
specialized functions, which other cells would not then need to carry out. At some point
in evolution, a dominant cellular group will have developed methods of communicating
with other cell groups to coordinate the organisms’ functions. Once cellular communica-
tion was established, other cell groups could be instructed to carry out yet more specialized
development. In more advanced organisms, this chain of command and control has two
main options for communication: either by direct electrical nervous impulse or instruction
through a chemical. Neural impulse control is seen where the sympathetic nervous system
influences the adrenal gland by direct enervation. For an instructional chemical such as a
hormone (from the Greek meaning to urge on) to operate, its unique shape must convey
information to a receptor, where the receptor/molecule complex is capable of activating
the receptor to engage its function. An instructional molecule must possess certain features
to make it a viable and reliable means of communication. Firstly, it must be stable and
not spontaneously change its shape and so lose the ability to dock accurately with its
receptor. Secondly, it must be relatively resistant to reacting with various other cell
enzymes or chemicals it might contact, such as proteolytic enzymes on the cell surface or
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in the cytoplasm. Finally, it must be easily manufactured in large amounts with the
components of the molecule being readily available. It is immediately obvious that the
pharmaceutical industry uses the same criteria in designing its products that often mimic
that of an endogenous molecule. The final feature of an instruction molecule is that it
must also be controllable. It is no use to an organism to issue a ‘command’ that continues
to be slavishly obeyed long after the necessity to obey is over. This is wasteful at
best, and at worst seriously damaging to the organism which will then carry out unneces-
sary functions which cost it energy and raw materials which should have been used
to address a current, more pressing problem. The chemical instruction must be controlled
in a period that is appropriate for its function. This might range from seconds to
many years.

There are contradictions in this approach; the formation of a stable molecule which will
be easily and quickly disposable. To make a stable compound will cost energy and raw
materials, although to dismantle it will also cost the organism. It all hinges on for what
purpose the instruction molecule was designed. For changes that are minute by minute,
second by second, then perhaps a protein or peptide would be useful. These molecules
can retain information by their shape and are often chemically stable, although the large
numbers of various protease and other enzymes present at or around cell membranes mean
that their half-lives can be exceedingly short. This allows fine control of a function by
chemical means, as rate of manufacture can be adjusted to necessity given that the mol-
ecule is rendered non-functional in seconds.

2.3.2 Lipophilic hydrocarbons as signal molecules

Unlike short-term modulations of tissue function, processes like the development of sexual
maturity require long-term changes in tissue structure as well as function and these cannot
be achieved through direct neural instruction. Chemical instruction is necessary to control
particular genes in millions of cells over many years. To induce these changes, hormone
molecules need to be designed and assembled to be stable enough to carry an instruction
(the shape of the molecule) and have the appropriate physicochemical features to reach
nuclear receptors inside a cell to activate specific genes.

Lipophilic hydrocarbon chemicals have a number of advantages when acting as signal-
ling molecules. Firstly, they are usually stable, plentiful and their solubility in oils and
aqueous media can be chemically manipulated. This sounds surprising given that they are
generally known to be very oil soluble and completely insoluble in water. However, those
enzymes we inherited from bacteria such as CYPs have evolved to radically alter the shape,
solubility and stability of aromatic molecules. This is in effect a system for ‘custom build-
ing’ stable instructional small molecules, which are easiest to make if a modular common
platform is employed, which is usually the molecule cholesterol. From Figure 2.1 you can
see the position of cholesterol and other hormones in relation to oil and water solubility,
relative to a detergent, which is amphipathic, i.e. soluble in oil and water. The nearest
agents with a detergent-like quality in biological systems are bile salts, which use this
ability to break large fat droplets into smaller ones to aid absorption.

Cholesterol itself is very soluble in lipids and has almost zero water solubility so it
requires a sophisticated transport system to move it around the body. Although a contro-
versial molecule for its role in cardiovascular disease, it has many vital functions such as
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Figure 2.1 The lipophilicity (oil loving) and hydrophilicity (water loving) of various chemical
entities that can be found in living organisms

the formation of bile acids as well as maintenance of cell membrane fluidity. This latter
function shows that cholesterol itself is so lipophilic that it is trapped in membranes.
However, steroid hormones built on the cholesterol ‘platform’ are much less lipophilic
than their parent molecule so they do not get trapped in lipid-rich areas, although from
Figure 2.1 it is clear they are still not water-soluble. Highly lipophilic pollutant molecules
like large polycyclic hydrocarbons are trapped within membranes and fatty tissue. Steroid
hormones are synthesized so that they move through the circulation bound to the appropri-
ate carrier molecule and then they can leave the blood to enter cells without being trapped
within membranes.

They can then progress through the cytoplasm, binding various sensor molecules associ-
ated with the nucleus. Thus, their information is conveyed intact to instruct the cell. Once
the stable steroid platform has been built by CYPs and served its purpose, the final link
in the process is the use of various other CYPs to ensure the elimination of these molecules.
The complete synthesis and degradation system is fully adjustable according to changing
circumstances and can exert a remarkably fine control over steroid molecules. Such is the
efficiency of this system that early human contraception studies showed that after an oral
dose of oestradiol-17p, systemic bioavailability was virtually zero.

2.4 Potential food toxins

As living organisms developed in complexity and their diets expanded to include many
types of plants and animals, it was clearly necessary to evolve a system that would protect
an organism from food toxins. This process was probably greatly accelerated by the evolu-
tion of land animals from their sea-going ancestors. Diets rich in plant material led to the
consumption of high numbers of lipophilic agents with long half-lives, including many
aromatic-based compounds. To counter this, it has been suggested that plants evolved
chemical defence agents like toxic alkaloids to avoid being eaten. In response, animals
probably developed enzymes such as CYP2D6 to metabolize the alkaloids (Chapter 3,
section 3.6.2, and Chapter 7, section 7.2.3). Aside from direct lipophilic toxins, more
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long-term threats to animals in this regard would be the large number of plant hormone-
like chemicals, such as phytoestrogens. Animals and humans can have enough problems
regulating their own hormone levels to ensure timely and appropriate reproduction and
maintenance of reproductive tracts, without exogenous hormones deranging function, just
because the organism prefers a diet rich in hormone-laden plants. It is now clear that
oestrogen receptors will bind and function in response to a wide variety of chemicals. This
is mainly because large numbers of molecules have an aromatized ring in a similar orienta-
tion to a steroid. Regarding diet, there are so many oestrogens and other female hormones
in some foods that diet alone has been successfully used to control the menopause in
women as an alternative to drug therapy. There are commercial sources of plant oestrogens
that are sufficiently potent to be marketed as human breast size enhancers that actually
work. It is also clear that long-term exposure to inappropriate hormone levels can lead to
cancer in vulnerable tissues such as the endometrium, breasts and ovaries. CYPs are a
major defence against such unwanted molecules and they actively protect us from exog-
enous hormone-like molecules. Interestingly, the fact that plant phytoestrogen breast
enhancers and other hormone ‘mimics’ do exert effects in humans indicates that these
agents partially thwart CYP systems, as they are not easy to metabolize and inactivate
rapidly enough to prevent interference in human hormone balances.

As has been mentioned, plants synthesize many protective toxin-like agents, but in
a harsh environment, to be able to consume such plants without toxicity provides an
animal with a significant advantage in its survival prospects. CYPs have also evolved to
protect us from such molecules, such as coumarin anticoagulants in some plants. If these
cannot be quickly rendered safe and eliminated, severe haemorrhaging can result. The
evolutionary ‘arms race’ between animals, plants and fungi is fiendishly inventive, as
agents such as mycotoxins can use our own CYPs to cause lethal toxicity and carcinogenic-
ity (Chapter 8, section 8.6.5). Figure 2.2 illustrates the varying roles of CYPs in living
systems.

Biotransformation enzymes
e.g. cytochrome P450s

Endogenous Diet?ry Drug
steroid synthesis toxin clearance
clearance

steroid clearance

Figure 2.2 Various functions of biotransformational enzymes, from assembly of endogenous
steroids, modulation of various biological processes as well as the clearance of drugs, toxins and
endogenous steroids
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2.5 Sites of biotransforming enzymes

Aside from their biotransformational roles in steroid biosynthesis and drug/toxin clearance,
CYPs carry out a wide array of metabolic activities that are essential to homeostasis. This is
not surprising, as they are found in virtually every tissue. The main areas are the liver and
gut that have the highest concentrations of biotransformational capability. These CYPs are
mainly concerned with the processing and clearance of large amounts of various endogenous
and exogenous, or ‘xenobiotic’, chemicals. The CYPs and other metabolizing systems in
organs such as the lung and kidney make relatively little contribution to the overall clearance
of a drug, but are relevant in the formation of toxic species from drugs and xenobiotics. The
brain is a good example of this; CYPs are often found in particular areas, rather than univer-
sally distributed. They are found at very low levels, often less than 2 per cent of hepatic P450
levels. Their central nervous system (CNS) role involves catalyzing specific neural functions
by regulating endogenous entities such as neurosteroids, rather than larger-scale chemical
processing. A number of CYPs are also engaged in the regulation of vascular tone through
arachidonic acid metabolism in the periphery as well as the brain. To date, nearly 60 human
CYPs have been identified and perhaps surprisingly, about half of them have highly specific
biomodulatory roles that are distinct from high volume chemical oxidation. It is likely that
hundreds more CYP-mediated endogenous functions remain to be discovered.

2.6 Biotransformation and xenobiotic cell entry
2.6.1 Role of the liver

Drugs, toxins and all other chemicals can enter the body through a variety of routes. The
major route is through the digestive system, but chemicals can by-pass the gut via the
lungs and skin. Although the gut metabolizes many drugs, the liver is the main biotrans-
forming organ and the CYPs and other metabolizing enzymes reside in the hepatocytes.
These cells must perform two essential tasks at the same time. They must metabolize all
substances absorbed by the gut whilst also processing all agents already present (from
whatever source) in the peripheral circulation. This would not be possible through the
conventional way that organs are usually supplied with blood from a single arterial route
carrying oxygen and nutrients, leading to a capillary bed that becomes a venous outflow
back to the heart and lungs. The circulation of the liver and the gut have evolved anatomi-
cally to solve this problem by receiving a conventional arterial supply and a venous supply
from the gut simultaneously (Figure 2.3); all the blood eventually leaves the organ through
the hepatic vein towards the inferior vena cava.

The hepatic arterial blood originates from the aorta and the venous arrangement is
known as the hepatic portal system, which subsequently miniaturizes inside the liver into
sinusoids, which are tiny capillary blood-filled spaces. This capillary network effectively
routes everything absorbed from the gut direct to the hepatocytes, which are bathed at the
same time in oxygenated arterial blood. Metabolic products can leave the hepatocytes
through the hepatic vein or by a separate system of canalicali, which ultimately form
the bile duct, which leads to the gut. So, essentially, there are two blood routes into the
hepatocytes and one out, which ensures that no matter how a xenobiotic enters the body,
it will be presented to the hepatocytes for biotransformation.
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Figure 2.3 The hepatocytes can simultaneously metabolize xenobiotics in the circulation and those
absorbed from the gut through their dual circulation of venous and arterial blood. Metabolites escape
in the hepatic vein for eventual renal excretion, whilst biliary metabolites reach the gut

2.6.2 Drug and xenobiotic uptake: transporter systems

Although an agent might be presented to the vicinity of a hepatocyte, there is no guarantee
it will enter the cell. This depends on the lipophilicity, size, charge and other physiochemi-
cal properties of the agent. If an agent is too lipophilic, as described in section 2.3, it may
enter a cell and become trapped in the membrane. Alternatively, if a drug is very water
soluble, it would not be capable of crossing the lipid membrane bilayer of the cell. Until
the last decade or so, it was often assumed that drug absorption would usually be simply
through passive diffusion from high to low concentration. It is now apparent that many
drugs and toxins which are charged or amphipathic diffuse rather poorly across lipid
membranes and their successful cellular and systemic absorption is in a large part due to
their exploitation of the complex membrane transport systems which are found not only
in the gut, but also on the sinusoidal (sometimes called the basolateral) membranes of
hepatocytes, which are bathed in blood from the portal circulation direct from the gut, as
well as arterial blood. These membrane transporters regulate cellular entry of amino acids,
sugars, steroids, lipids and hormones which are vital for homeostasis. We know this
because if the hepatocyte transporters are inhibited, the bioavailability of several drugs
increases because they escape hepatic clearance by the CYPs and other systems. Transporter
proteins are found in all tissues and can be broadly categorized into two ‘superfamilies’;
those that assist the entry of drugs, toxins and nutrients into cells (uptake, or influx trans-
porters) and those that actively pump them out using ATP in the process, usually against
concentration gradients (efflux transporters: Chapters 4 and 5).

Hepatic and gut uptake (influx) transporter systems
These transporters, usually known as the solute carriers (SLCs), are found in the liver,

gut, brain, kidney and the placenta. These systems operate without using ATP and trans-
port everything from small peptides to anions like bilirubin-related metabolites. The main
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hepatic uptake transporters are known as organic anion transporting peptides, or OATPs.
These transporters originate from a gene known as SLCO1B1 which is found on chromo-
some 12. OATPs are sodium independent and they effectively operate a process of facili-
tated diffusion, known as electroneutral exchange. For every amphipathic molecule they
pump in, they expel a neutralizing anion, like glutathione (GSH), bicarbonate or even a
drug metabolite. The system is rather like a revolving door and many drugs enter gut
epithelial cells and hepatocytes this way, particularly the more hydrophilic statins. The
best documented OATPs are OATP1A2, OATP1B1 and OATP1B3. These transporters
are vital to the uptake of several classes of drugs and OATPIB1 can be inhibited by
gemfibrozil, rifampicin, cyclosporine and by the anti-HIV protease inhibitors such as
ritonavir (Chapter 5, section 5.4.1). In Chapter 4, it will be described how metabolizing
systems respond in concert to changes in concentrations of substrates and the degree of
OATP expression is modulated by the nuclear PXR receptor system, which controls the
expression of many CYPs and detoxifying enzymes.

Regarding other hepatic transporters, NTCP (sodium taurocholate cotransporting
polypeptide) transports bile salts, but also can handle rosuvastatin and NTCP has also been
used to selectively target liver tumours by linking cytotoxic agents to bile salts. There are
several other uptake transporters which are of most relevance in tissues other than the
liver, such as the kidneys and the gut. The OATs pump small anions mainly in the kidney,
but OAT2 and OATS5 are hepatic. OATSs can be inhibited by the cephalosporin antibiotics,
which may be linked with their renal toxicity.

2.6.3 Aims of biotransformation

Once drugs or toxins enter the hepatocytes, they are usually vulnerable to some form of
biotransformation. Although you can see some of the many functions of CYPs and other
biotransformational enzymes (Figure 2.2), it is essential to be clear on what they have to
achieve with a given molecule. Looking at many endogenous substances like steroids or
xenobiotic agents, such as drugs, all these compounds are mainly lipophilic. Drugs often
parallel endogenous molecules in their oil solubility, although many are considerably
more lipophilic than these molecules. Generally, drugs, and xenobiotic compounds, have
to be fairly oil soluble or they would not be absorbed from the GI tract. Once absorbed
these molecules could change both the structure and function of living systems and their
oil solubility makes these molecules rather ‘elusive’, in the sense that they can enter
and leave cells according to their concentration and are temporarily beyond the control of
the living system. This problem is compounded by the difficulty encountered by living
systems in the removal of lipophilic molecules. As previously mentioned in Chapter 1,
section 1.3.2, even after the kidney removes them from blood by filtering them, the
lipophilicity of drugs, toxins and endogenous steroids means that as soon as they enter
the collecting tubules, they can immediately return to the tissue of the tubules, as this
is more oil-rich than the aqueous urine. So the majority of lipophilic molecules can
be filtered dozens of times and only low levels are actually excreted. In addition, very
high lipophilicity molecules like some insecticides and fire retardants might never leave
adipose tissue at all (unless moved by dieting or breast feeding, which mobilizes
fats). Potentially these molecules could stay in our bodies for years. This means that for
lipophilic agents:
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¢ the more lipophilic they are, the more these agents are trapped in membranes, affect-
ing fluidity and causing disruption at high levels;

e if they are hormones, they can exert an irreversible effect on tissues that is outside
normal physiological control;

e if they are toxic, they can potentially damage endogenous structures;

e if they are drugs, they are also free to cause any pharmacological effect for a con-
siderable period of time.

The aims of a biotransformational system include assembly of endogenous molecules, as
well as clearance of these and related chemicals from the organism. These aims relate to
control for endogenous steroid hormones (assembly and elimination), as well as protec-
tion, in the case of highly lipophilic threats, like drugs, toxins and hormone ‘mimics’
(endocrine disruptors). Metabolizing systems have developed mechanisms to control bal-
ances between hormone synthesis and clearance so the organism can finely tune the effects
of potent hormones such as sex-steroids. These systems also actually detect the presence
of drugs and act to eliminate them.

2.6.4 Task of biotransformation

Essentially, the primary function of biotransforming enzymes such as CYPs is to ‘move’
a drug, toxin or hormone from the left-hand side of Figure 2.1 to the right-hand side. This
means making very oil-soluble molecules highly water-soluble. This sounds impossible
at first and anyone who has tried to wash their dishes without using washing up liquid will
testify to this problem. However, if the lipophilic agents can be structurally altered, so
changing their physicochemical properties, they can be made to dissolve in water. Once
they are water-soluble, they can easily be cleared by the kidneys into urine and they will
finally be eliminated.

2.6.5 Phase’s I-III of biotransformation

Most lipophilic agents that invade living systems, such as aromatic hydrocarbons, hor-
mones, drugs and various toxins, vary in their chemical stability, but many are relatively
stable in physiological environments for quite long periods of time. This is particularly
true of polycyclic aromatics. This means that a considerable amount of energy must be
put into any process that alters their structures. This energy expenditure will be carried
out pragmatically. This means that some molecules may require several changes to attain
water solubility, such as polycyclics, whilst others such as lorazepam and AZT, only one.
The stages of biotransformation are often described as ‘Phases’ I, II and III. Phase I
metabolism mainly describes oxidative CYP reactions, but non-CYP oxidations such as
reductions and hydrolyses are also sometimes included in the broad term ‘Phase I’. This
has been highlighted as rather arbitrary and inconsistent and it is recommended that it is
more accurate to refer to a particular process specifically, rather than using the loose term
‘Phase I'.
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The term ‘Phase II’ describes generally conjugative processes, where water-soluble
endogenous sugars, salts or amino acids are attached to xenobiotics or endogenous chemi-
cals. The very term ‘Phase II’ suggests that ‘Phase I’ processes must necessarily occur
prior to conjugative reactions with a molecule. Although this does often happen, conjuga-
tion also occurs directly without prior ‘preparation’ by oxidative processes. The products
of ‘Phase II” tend also to be strongly associated with detoxification and high water solubil-
ity. This is not always the case either and it is important to realize that some conjugative
‘Phase II” processes can form either toxic species, or metabolites even less water-soluble
than the parent drug. The more recent term ‘Phase III” describes the system of efflux
pumps that excludes water-soluble products of metabolism from the cell to the interstitial
fluid, blood and finally the kidneys. The efflux pumps can also exclude drugs as soon as
they are absorbed from the gut, as well as metabolites. Although the Phase I-III terminol-
ogy remains popular and thus is sometimes used in this book, it is important to recognize
the limitations of these terms in the description of many processes of biotransformation.

Biotransformation has a secondary effect, in that there is so much structural change in
these molecules that pharmacological action is often removed or greatly diminished. Even
if the metabolite retained some potential pharmacodynamic effects, its increased polarity
compared with the parent drug means that the Phase III systems are likely to remove it
relatively quickly, so diminishing any effects it might have exerted on the target tissue.

The use of therapeutic drugs is a constant battle to pharmacologically influence a system
that is actively undermining the drugs’ effects by removing them as fast as possible. The
processes of oxidative and conjugative metabolism, in concert with efflux pump systems,
act to clear a variety of chemicals from the body into the urine or faeces, in the most rapid
and efficient manner. The systems that manage these processes also sense and detect
increases in certain lipophilic substances and this boosts the metabolic capability to
respond to the increased load. The next chapter will outline how mainly CYP-mediated
oxidative systems achieve their aim of converting stable lipophilic agents to water-soluble
products.



How Oxidative Systems
Metabolize Substrates

3.1 Introduction

It is essential for living systems to control lipophilic molecules, but as mentioned earlier,
these molecules can be rather ‘elusive’ to a biological system. Their lipophilicity means
that they may be poorly water-soluble and may even become trapped in the first living
membrane they encounter. To change the physicochemical structure and properties of
these molecules they must be conveyed somehow through a medium that is utterly hostile
to them, i.e. a water-based bloodstream, to a place where the biochemical systems of
metabolism can physically attack these molecules.

3.2 Capture of lipophilic molecules

Virtually everything we consume, such as food, drink and drugs that are absorbed by
the gut will proceed to the hepatic portal circulation. This will include a wide physico-
chemical spectrum of drugs, from water-soluble to highly lipophilic agents. Charged or
water-soluble agents (if they are absorbed) may pass through the liver into the circulation,
followed by filtration by the kidneys and elimination. The most extreme compounds at the
end of the lipophilic spectrum will be absorbed with fats in the diet via the lymphatic
system and some will be trapped in membranes of the gut. The majority of predominantly
lipophilic compounds will eventually enter the liver. As mentioned in the previous chapter,
the main functional cell concerned with drug metabolism in the liver is the hepatocyte. In
the same way that most of us can successfully cook foodstuffs in our kitchens at high
temperatures without injury, hepatocytes are physiologically adapted to carry out millions
of high-energy, potentially destructive and reactive biochemical processes every second
of the day without cell damage occurring. Indeed, it could be argued that hepatocytes have
adapted to this function to the point that they are biochemically the most resistant cells to
toxicity in the whole body — more of those adaptations later.

In the previous chapter it was outlined how the circulation of the liver and gut had
evolved to deliver xenobiotics to the hepatocytes. The next task is ‘subcellular’, that is,
to route these compounds to the CYPs themselves inside the hepatocytes. To attract and
secure highly physicochemically ‘slippery’ and elusive molecules such as lipophilic drugs
requires a particular subcellular adaptation in hepatocytes, known as the smooth endplas-
mic reticulum (SER; Figure 3.1). You will be aware of the rough endoplasmic reticulum
(RER) from biochemistry courses, which resembles an assembly line where ribosomes
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Figure 3.1 Location of CYP enzymes and their REDOX partners, cytochrome b5 and POR (P450
oxidoreductase), in the hepatocyte and how lipophilic species are believed to approach the enzymes’
active site
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‘manufacture’ proteins. Regarding the SER, pictures of this organelle’s structure resemble
a spaghetti-like mass of tubes. The most lipophilic areas of the SER are the walls, that is,
the membranes of these interconnected tubes, rather than the inside (lumen). The drugs/
toxins essentially flow along inside the thickness of the walls of the SER’s tubular structure
(Figure 3.1) straight into the path of the CYP monooxygenase system. This is a highly
lipophilic environment in a lipid-rich cell within a lipid-rich organ, so in a way, it is a
‘conveyor belt” along which lipophilic molecules are drawn along once they enter the liver
for two reasons. Firstly, their lipophilicity excludes them from the aqueous areas of the
cell and secondly, the CYPs metabolize them into more water-soluble agents. This ‘repels’
the metabolites from the SER walls, so they enter the lumen or the cytoplasm, so creating
and maintaining a concentration gradient, which causes the lipophilic agents to flow
towards the P450s in the first place.

3.3 Cytochrome P450s: classification and basic structure

CYPs belong to a group of enzymes which all have similar core structures and modes of
operation. Although these enzymes were discovered in 1958, vast amounts of research
have not yet revealed all there is to know of their structure and function. Their importance
to us is underlined by their key role in more than 75 per cent of all drug biotransforma-
tions. In all living things, over 7,700 individual CYPs have been described so far, although
humans make do with just 57; of these, only 15 metabolize drugs and other xenobiotics.
Many of the other CYPs are poorly understood in terms of their physiological function
and regulation and have been termed ‘orphan’ CYPs.

In principle, to understand how CYPs operate, it is first necessary to discover their
detailed structure. Currently, every CYP from any source is classified according to its
amino acid sequence homology, that is, if two CYPs have 40 per cent of the full length
of their amino acid structure in common they are assumed to belong to the same ‘family’.
To date, more than 780 CYP families have been found in nature in total, but only 18 have
been identified in humans. The families are numbered, such as CYP1, CYP2, CYP3, etc.
Subfamilies are identified as having 55 per cent sequence homology; these are identified
by using a letter and there are often several subfamilies in each family. So you might see
CYPIA, CYP2A, CYP2B, CYP2C, etc. Regarding the individual CYP enzymes them-
selves, these ‘isoforms’ originate from alleles, or slightly different versions of the same
gene. They are given numbers within the subfamily, such as CYP1A1l or CYP1A2 and
these isoforms have 97 per cent of their general sequences in common. From a practical
point of view, differences in the binding site amino acid sequences of the isoforms rather
than the full length structure are likely to be more relevant in terms of which specific
molecules these enzymes can actually metabolize. With CYP2D6, it is known that change
in just one amino acid residue in the binding site is crucial in substrate binding. The amino
acid sequences of many bacterial, yeast and mammalian enzymes are now well known
and this has underlined some large differences, as well as surprising similarities between
the structures of our own CYPs and those of animals, eukaryotes and bacteria. Interestingly,
the same metabolite of a given substance will be made by different CYPs across species.
Ideally, it’s often easiest to understand how machines work by watching cutaway models,
like the ones seen of engines at motor shows. With enzymes in living systems, options
are much more limited and the most practical method is to ‘catch it in the act’, that is, to
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crystallize it when it is bound to a substrate. Then, the technique of X-ray crystallography
can be used to explore and map the contours and features of the enzyme. Some CYPs are
water-soluble, such as P450cam, which was crystallized relatively early on, affording the
opportunity to study it in detail. As mammalian CYPs function in a lipid environment,
this renders crystallization exceedingly difficult. However, by making certain minor exter-
nal structural modifications to improve water solubility, in 2000 a rabbit CYP (2C5) was
crystallized, followed in 2003 by the crystallization of some of the most important human
CYPs, CYP2C9, and CYP3A4. Since then, other human drug metabolizing CYPs have
also been crystallized, such as CYP2D6, CYP2C8 and CYP2AG6.

However, in some ways, using crystallography in this context is like studying how an
animal runs or how a machine operates through a series of ‘freeze frames’, rather than
being able to watch the process operating in real time in a ‘natural’ environment. Indeed,
with any research technique, findings are influenced by the limitations of that technique
and X-ray crystallography requires the subjection of the CYP isoforms to extremely
unphysiological conditions. In some cases, such as CYP2C9, several crystal structures
exist, each capturing the isoform binding a different substrate. Nonetheless, great progress
has been made in our understanding of external CYP structure, including details of the
access and egress pathways for substrates and products, as well as the dimensions of the
inner structure such as the active site. The many basic structural similarities between
the CYPs have also been revealed using crystallography. As mentioned above, because
crystallography is a ‘freeze frame’ technique, it has been much harder to determine how
CYPs actually operate catalytically and it has also been particularly difficult to determine
the key to their flexibility; that is, how they can apparently recognize and bind so many
disparate groups of substrates. These range from large molecules such as the immunosup-
pressant cyclosporine, down to relatively small entities such as ethanol and acetone. The
advent of many in silico, or computer-based techniques such as molecular dynamics, have
allowed researchers to understand in much more detail how the protein structures of CYPs
unwind and unfold to provide that remarkable degree of flexibility during substrate binding.

Although CYPs in general are capable of metabolizing almost any chemical structure,
they do have a number of features in common:

e Most mammalian CYPs exist in a so-called ‘lipid microenvironment’. This means
that the CYP is partially embedded in the lipophilic membrane of the SER and their
access channels are actually positioned inside the membrane ready to receive lipo-
philic substrates, rather like having an underwater entrance to a tropical island cave.

e CYPs feature a haem group in their active site which contains iron, which is a crucial
and highly conserved part of their structures. This area is quite rigid, but it is sur-
rounded by much more flexible complex binding areas.

e All CYPs contain at least one binding area in their active site, which is the main
source of their variation and their ability to metabolize a particular group of
chemicals.

e To catalyze substrate oxidations and reductions, CYPs exploit the ability of a metal,
iron, to gain or lose electrons, rather like a rechargeable battery in a cordless drill.
(Figure 3.1).
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e They all have closely associated ‘REDOX partners’, which are P450 oxidoreductase
(POR) and cytochrome bs, that supply them with electrons to ‘fuel’ their catalytic
activities (Figure 3.1).

e They all bind and activate oxygen as part of the process of metabolism.

e They are all capable of reduction reactions that do not require oxygen.

3.4 CYPs - main and associated structures
3.4.1 General structure

There are many complex and detailed three-dimensional structures of the CYPs available
online which are worth viewing. However, there is perhaps a simpler way to help you
visualize some idea of CYP flexibility and structure at the same time. If you place a small
coin a little off centre of the palm of your hand towards your first finger, you could imagine
that this is the haem iron catalytic centre, the active site of the CYP. If your hand is par-
tially clenched, but not forming a tight fist around the coin, you might see how there are
various flexible ‘access channels’ or entrances where a ‘substrate’ can enter and a ‘product’
leave. You can also see how flexible your fingers are in assisting the ‘binding’ of various
substrates of different shapes to the less mobile ‘catalytic centre’ of the palm of your hand.
In fact, to some extent, we can superimpose the actual generic structural features of real
CYP isoforms onto this basic ‘CYP hand’ analogy. The haem — iron active site ‘palm and
coin’ is set inside what is sometimes termed the CYP protein ‘fold’ (your hand). This
consists of many coils of protein, known as o helices. The whole enzyme structure is
usually anchored (the wrist) in the membrane of the smooth endoplasmic reticulum (SER)
by an N-terminal o helix, rather like the legs of an oil rig reaching down to the seabed.
The structural features of a CYP are often referred to as distal (far from) or proximal (close
to) the haem-iron. Hence, the substrate enters the distal area of the isoform (wrist/palm
edge/fingers), whilst the REDOX partners which provide the electrons to operate the
enzyme, are proximal to the haem iron (near the thumb and first finger).

3.4.2 Haem moiety

Among the major core o helix sub-structures of CYPs, the backbone of these enzymes is
known as the ‘I’ helix, which has a kink in it which locates an area called the ‘cys pocket’,
which in turn holds the haem-iron active site in place. This could be the ‘palm and coin’
of the CYP hand analogy. CYPs such as 3A4 and 2C9 have some flexibility in the move-
ment of the haem, but in most CYPs this is a relatively rigid part of the protein’s structure.
The haem structure is also known as ferriprotoporphyrin-9 (F-9; Figure 3.2). The F-9 is
the highly specialized lattice structure that supports a CYP iron molecule, which is the
core of the enzyme, which catalyzes the oxidation of the substrate. This feature is basically
the same for all CYP enzymes; indeed, F-9 is a convenient way of positioning and main-
taining iron in several other enzymes, such as haemoglobin, myoglobin and catalase. The
iron is normally secured by attachment to five other molecules; in the horizontal plane,
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Figure 3.2 Main structural features of ferriprotoporphyrin-9, showing the iron anchored in five
positions (pentacoordinate form). The cysteinyl sulphur holds the iron from below

four of them are pyrrole nitrogens, whilst the fifth group, a sulphur atom from a cysteine
amino acid residue holds the iron in a vertical plane. This is known as the ‘pentacoordinate’
(five-position) state and could be described as the ‘resting’ position, prior to interaction
with any other ligand (Figure 3.2).

The pentacoordinate state appears to show iron bound tightly to the sulphur and below
the level of the nitrogens. When the iron binds another ligand, it is termed ‘hexacoordinate’
and iron appears to move ‘upwards’ and draws level with the nitrogens to bind a water
molecule which is hydrogen bonded to a threonine amino acid residue that is located just
above the iron, which is linked with proton movements during operation of the enzyme.
The F-9 is held in place by hydrogen bonding and a number of amino acid residues, par-
ticularly an argenine residue, which may also stabilize the F-9 molecule. As mentioned
previously, the iron is crucial to the catalytic function of CYP enzymes, and the process
whereby they oxidize their substrates requires a supply of electrons, which is sourced by
the dual ‘fuel pumps’ of the system, POR and cytochrome bs. These REDOX partners are
sited extremely close to a relatively flat area of the proximal side of the CYP and we will
look at them in more detail later on, in section 3.4.6.

3.4.3 CYP flexible regions

Running across and over the ‘I’ helix/haem active site, is a series of helices which form
a cover or lid on the active site. These helices are usually described as the F and G
‘domain’. This domain consists of an F helix, and F/G loop structure and a G helix. A
B/C helix loop is also part of the cover of the active site. Human CYPs contain extra F
and G helices (usually termed F” and G”) which give them added flexibility in uncovering
the active site enough to accommodate large molecules. To follow the CYP hand analogy,
these flexible regions to the structures, the various F/G helices, their loops and the B/C
helix loop, could be regarded as the ‘fingers’ which are normally partially clenched, but
can open out to form an access pathway to accommodate large substrates. As the human
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hand can grasp a pin or a beach ball, the small substrate metyrapone binds to CYP3A4
without any visible movement in the ‘fingers’, whilst erythromycin requires them to stretch
out widely to allow binding to the active site. Indeed, CYP3A4 increases its active site
area by 80 per cent to accommodate erythromycin. To try to see how the whole CYP
isoform is oriented in the SER membrane, then you could imagine the lipophilic substrates
diffusing through the membrane and entering the isoform through the access path, which
includes the highly lipophilic opening ‘fingers’. In any CYP, the access path is generally
defined as the widest, shortest and usually the most lipophilic route to the haem iron active
site. The active site is supplied with electrons through another access channel from the
other side of the CYP by POR and cytochrome bs5. As mentioned above, in the CYP hand
analogy, this area could be visualized as located between the thumb and first finger. These
REDOX partners are also embedded in the SER membrane right next to the CYP. Finally,
there is also what is often termed an egress channel (between the ‘fingers’), which is routed
away from the SER membrane into either the lumen of the SER or the cytosol, where the
more hydrophilic product will naturally exit the isoform, as the other paths are so lipophilic
they effectively repel the product.

3.4.4 Substrate binding in CYPs

The term ‘active site’ of an enzyme usually means the area where structural changes in
the substrate are catalyzed with the help of various co-factors. This term can encompass
a binding area which locates and holds the substrate in such an orientation that the appro-
priate moiety of the molecule is presented to the structures on the enzyme that catalyze
the reactions the enzyme is intended to accelerate. In many enzymes, the dimensions and
properties of the active and binding sites are quite well defined and mapped in detail. With
acetylcholinesterase for example, the anionic site is mainly responsible for attracting and
locating the substrate acetylcholine and the esteratic site is intended to catalyze the
hydrolysis of the substrate. This is not the case in CYPs, as crystallographic studies have
shown that what constitutes the ‘active and binding sites’ of a CYP can be a very broad
area indeed. To date, it has been generalized that CYP3A4, CYP2CS8 and CYP2C9 have
very large active sites, whilst that of CYP2D6 is intermediate and CYP2AG6’s site is quite
small. However, with the larger sited CYPs like CYP3A4 and CYP2C9, they can still bind
very small substrates alongside the giant ones. If we return to the ‘CYP hand’ analogy, if
you grasp an object like a door key, which is similar in size to the coin at the ‘catalytic
centre’, the ‘binding site’ is a relatively small area on the palm and little hand/finger
movement is required to grasp it. If you grasp a dinner plate, you can easily hold it in such
a way that the edge contacts the coin, although all your fingers and thumb are now required
to articulate to grasp the plate and the CYP ‘binding site’ is pretty much your whole hand.
With real CYPs, they undergo similar huge changes in movement and binding area to
accommodate substrates of differing sizes like the contrasting agents metyrapone and
erythromycin mentioned earlier. Essentially, what constitutes the ‘binding site’ of any
given CYP is very difficult to define. Examination of crystallized CYPs bound to different
substrates have shown that CYPs do contain small-intermediate hydrophobic pockets, as
well as a capability of the rest of the F and G helices to act as ‘extending and enclosing
fingers’ to bind larger substrates. What is usually described as the hydrophobic pocket
in a CYP comprises many amino acid residues that can bind a molecule by a number
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of means, including weak van der Waals’ forces, hydrogen bonding, as well as other
interactions between electron orbitals of phenyl groups, such as ‘pi-pi bond stacking’.
This provides a grip on the substrate in a number of places in the molecule, preventing
excessive movement. Interestingly, when not binding substrates, CYP active site areas are
full of water molecules, which are displaced upon substrate binding.

In effect, crystallographic studies have shown that the type of hydrophobic amino acid
residues seen in the smaller, ‘internal’ CYP hydrophobic pockets are also found on the
‘fingers’ of CYPs, such as CYP3A4. These are the F and F’, G and G helices (among
others) and they are capable of binding a hydrophobic molecule by using the same pi-pi
bond stacking and van der Waals forces. This effect is borne out by observations of the
binding of progesterone, which appears to be held between the ‘fingers’ of CYP3A4, rather
than in the ‘palm’. Technically, progesterone actually appears to be stuck to the outside
of the enzyme. So it is not unusual for many CYPs, that large swathes of the interior and
exterior of the isoforms are available for substrate binding.

It is also apparent from crystallographic studies, that there is much more about CYP
binding to discover. Studies have shown that substrate binding is not always ‘productive’,
in that the substrate may not be bound near enough to the active site to actually be oxidized
(such as a published crystallographic models of CYP2C9 and CYP3A4 with S-warfarin
and testosterone binding respectively). Hence, binding may occur in non-productive and
productive stages, involving internal rearrangement of the isoform, or may involve simul-
taneous binding of other substrates. There is also evidence that other conformational
changes in the F and G helices occur in contact with an oxidized product molecule, which
effectively facilitates its passage out of the CYP.

3.4.5 CYPs: summary of structure and function

CYPs such as CYP3A4 and CYP2C9 managed to combine binding features which at first
appear to be contradictory. These and other CYPs can not only bind a range of sizes of
substrates, but their sophisticated binding control processes also enable them to even
distinguish between left and right-handed versions of the same molecule. This is achieved
because we have seen that their structures maintain some areas of relative rigidity and
others of constant fluidity, like the relatively rigid palm and flexible fingers of the human
hand. Rigidity in the haem promotes oxidation of the substrates, whilst the proximal side
of the CYP is sufficiently flexible to link with the REDOX partners, but rigid enough to
conduct electrons from the partners to the haem iron. The highly flexible and lipophilic
distal side buried in the membrane allows the entrance of virtually any size and shape of
molecule and can even facilitate simultaneously the temporary binding of the main body
of the molecule during orientation of the target moiety to the haem. In essence, CYPs
manage paradoxically to be both broad and highly specific in terms of substrates by ensur-
ing that flexibility in one area does not impair rigidity in the others and vice-versa.

In modern cars, when you turn the key in the ignition, fractionally before the starter
motor turns the engine, the electronic management system engages the fuel pump to raise
the fuel system to the correct pressure for start up. Similarly, when a substrate binds a
CYP, it causes the CYP to become ‘coupled’ with one or other of its REDOX partners
which then supply it with sufficient reducing power to oxidize the substrate. The next two
sections describe these vital components of CYP function, the REDOX partners.
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3.4.6 CYP REDOX partners (i) P450 oxidoreductase (POR)

P450 oxidoreductase (POR) is an NADPH reductase that is a separate entity from mam-
malian CYPs but it is indispensible to them (Figure 3.3). NADPH reductases in general
are found in most tissues, but they are particularly common in the liver. POR is essential
to life, as removal of the gene from animal embryos is lethal. There is a rare human condi-
tion known as Antley-Bixler Syndrome (ABS) which is linked with POR mutations and
in severe form results in major structural malformations which are associated with disor-
dered steroid metabolism. Perhaps logically, the expression of POR is mainly under the
control of the same nuclear receptors that control CYP expression, such as HNF4o. and
CAR (see Chapter 4). The reductase is a flavoprotein complex, which consists of a large
vaguely butterfly-shaped protein ‘framework’, which locates and binds two equal compo-
nents, FAD (flavin adenine dinucleotide, an electron carrier) and FMN (flavin mononu-
cleotide). The structure is unusual in enzymology, as FAD and FMN do not usually
function together in the same enzyme, except in the various nitric oxide synthetases.
Although in tissues, NADH (used in oxidative metabolic reactions) can be plentiful, FAD
has evolved to discriminate strongly in favour of NADPH, which fuels reductive reactions.
NADPH is formed by the consumption of glucose by the pentose phosphate pathway in
the cytoplasm. This oxidative system, which can consume up to 30 per cent of the glucose
in the liver, produces NADPH to power all reductive reactions related to CYPs, fatty acid
and steroid synthesis, as well as the maintenance of the major cellular protectant thiol,
glutathione (Chapter 6, section 6.4.2).

POR will not pass electrons to a CYP unless it is embedded in the SER membrane very
close to the CYP. The enzyme complex operates as follows: FAD is reduced by NADPH,
which is then released as NADP+ (Figure 3.3). FAD then carries two electrons as FADH,
that it passes on to FMN, forming FMNH,, which in turn passes its two electrons to the
CYP. In the presence of high substrate concentrations, POR is required to provide a
‘current’ of electrons to sustain continuous CYP catalytic activity, rather like a machine
tool would need electricity in a factory (Figure 3.4). Interestingly, POR is probably not the
only source of electrons for the CYP catalytic cycle, which is discussed in the next section.

In the lung, POR is toxicologically relevant, as it mediates the metabolism of the her-
bicide paraquat, which occasionally features in accidental and suicidal poisonings. The
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Figure 3.3 Position of CYP reductase in relation to CYP enzyme and the direction of flow of
electrons necessary for CYP catalysis
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Figure 3.4 Direction of electron flow in P450 oxidoreductase (POR) supply of reducing power to
CYP-mediated metabolic processes

reduction of paraquat by POR leads to a futile cycle that generates vast amounts of oxidant
species, which destroy the non-ciliated ‘Clara’ cells of the lung leading to subsequent
death several days later. To date there is still no known antidote to paraquat poisoning and
it is an agonizing and drawn-out method of suicide. Oxidoreductases are also implicated
in the reduction of nitroaromatic amines to carcinogens (Chapter 8).

3.4.7 CYP REDOX partners (ii) Cytochrome b;

Cytochromes b; are electron transport haemoproteins which strongly resemble the active
sites of CYP P450’s, in that they also are built around a central F-9 haem group. These
proteins are ubiquitous in nature, where they convert plentiful cellular supplies of NADH
to NAD+, so building up proton gradients which in turn stimulate the flow of electrons.
There are numerous forms and structures of cytochrome bs; a soluble form is found in
erythrocytes, where it is known as NADH-dependent methaemoglobin reductase, or some-
times NADH diaphorase. This version of cytochrome b5 converts methaemoglobin (Chapter
8, section 8.2.2), which is formed normally in small amounts and cannot carry oxygen,
back into haemoglobin. Interestingly, those with a rare genetic absence of NADH diapho-
rase spend their whole lives with blue cyanotic skin. Other forms of the enzyme are
lipophilic and membrane bound, such as a variant which is found in the outer membrane
of hepatic mitochondria (known as OM cytochrome bs) which is functionally very different
to microsomal cytochrome bs , which is of greatest interest in drug metabolism.

Our understanding of the role of microsomal cytochrome b; in the operation of CYPs
is far from complete but has advanced considerably over the last few years. Microsomal
cytochrome b; is anchored by a helix which penetrates deep into the SER membrane, but
its haem structure is cytosolic (it stands clear of the SER membrane) and it is physically
linked with its CYP isoform and it is also closely associated with POR. Until relatively
recently, it was widely assumed that the flow of electrons needed to ‘power’ CYPs was
entirely dependent on POR, which required an adequate supply of NADPH to operate.
However, it appears that cytochrome bs also has a complex but essential role in CYP
function. The standard CYP catalytic cycle (see section 3.7 and Figure 3.5) requires two
electrons to undergo a complete ‘turn’. The second electron is the ‘rate limiting step’, in
that the speed of the CYP operation depends on how rapidly this electron can be supplied.
It is now clear that cytochrome b5 can supply this electron just as quickly and possibly
even quicker than POR/NADPH. This suggests that CYPs can source their electron flow
indirectly from NADH as well as NADPH.

Although work has been carried out using antibodies to inactivate cytochrome b;
which has shown it is likely to be essential for CYP activity, a key study in 2008 actually
deleted the expression of hepatic microsomal cytochrome b;s expression in mice. This work
showed firstly that the mice suffered no ill-effects and developed normally, which suggests
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that other enzyme systems can carry out the main functions of cytochrome bs in cellular
housekeeping. What was particularly interesting about this study was that both in vitro
and in vivo, drug clearance by CYPs was greatly reduced by up to 90 per cent of normal
with some drugs. This means that in the mouse, not only do most CYPs rely on cytochrome
bs to be part of the process of electron supply, but also the utilization of NADPH and the
efficient function of POR is also conditional on the presence of functional cytochrome bs.
If these processes occur in man, then it is likely that the two REDOX partners are not only
interdependent, but their individual contributions to the supply of electrons may be exqui-
sitely modulated. Indeed, there is some evidence in bacterial CYPs that REDOX activity
is coupled to substrate binding and cytochrome bs binding can even change the structure
of the main CYP, changing dimensions of access channels and even binding characteris-
tics. It is likely that this process operates both ways as CYPs and REDOX partners couple
and uncouple according to substrate binding and processing.

The full complexity and flexibility of the modulation of CYP substrate binding and the
resultant internal enzymatic conformational changes remain to be uncovered. It is likely
that the CYP’s response to a particular substrate is effectively ‘customized’ in terms of
binding, electron supply and catalytic activity. In some ways CYPs can be regarded as
highly sophisticated pumps, which draw up lipophilic agents from the SER membrane
‘conveyor belt’ and expel them as processed and more hydrophilic products into the lumen,
thousands of times per second.

3.5 Human CYP families and their regulation

As we have seen, despite their common structure and function, CYP substrate specificity
varies enormously within the main families of these enzymes. Aside from CYPs that are
involved in steroid synthesis and arachidonic acid metabolism, there are only three CYP
families which are relevant to humans in terms of drug and toxin biotransformations. These
include:

CYPI family (CYPIA1, CYP1A2, and CYP1BI1);

CYP2 family (CYP2A6, CYP2A13, CYP2B6 CYP2C8, CYP2C9, CYP2CIS,
CYP2C19, CYP2D6, CYP2EL);

CYP3 family (CYP3A4, CYP3AS, CYP3AT).

It is believed that 9 out of 10 drugs in use today are metabolized by only five of these
isoforms; CYPs 1A2, 2C9, 2C19, 2D6 and 3A4/5. CYP2EI is interesting mostly from a
toxicological perspective and the internal regulation of small hydrophilic molecules. Each
CYP has its own broad substrate ‘preferences’, and in some cases they may not be
expressed in some individuals at all, or in very low levels (CYP2D6 polymorphisms;
Chapter 7, section 7.2.3). Using immunologically based methods which employ specific
antibodies raised to bind to the various CYPs in ELISA and Western Blotting systems, it
has been a remarkable achievement that these often extremely similar isoforms have been
distinguished, structurally as well as functionally using other assay systems. However,
their respective levels of expression in man are often difficult to determine, particularly
concerning members of the same family and subfamily.
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3.5.1 CYP regulation-transcriptional

As befits such important and complex enzyme systems, there are multiple layers of CYP
modulation, which are far from fully understood. Timeframes of control of CYP expres-
sion and functionality range from weeks to fractions of a second. An organism may need
to build and/or destroy new hormones, such as during the onset of puberty and the regula-
tion of sexual cycles. In addition, xenobiotic ‘threat’ molecules such as toxins or drugs
must also be biotransformed. All these instances require a sustained increase in the expres-
sion of a CYP or CYPs which processes these particular molecules in response to their
changing concentrations. This process of specific isoform enzyme induction is discussed
in detail in Chapter 4 and is governed through sensor molecules in the cytoplasm or more
usually the nucleus, which then bind to response elements on the genes which code for
the particular CYPs. This transcriptional control thus involves the massive upregulation
of the CYP expression system, which includes changes in DNA and various types of RNA
activity, which results in increased ribosomal protein manufacture. This process is revers-
ible but rather slow, taking place in humans over 1-3 weeks.

It is now established that there are intermediate steps controlling the CYP transcription
process. CYP mRNAs possess sites which can bind a number of regulator molecules which
can prevent or reduce translation of the protein (CYP2B1, CYP2EI: see below). Indeed,
with the CYP1A family, the ratio between CYP mRNA activity and functional protein
produced can be up to 100: 1, whilst with CYP2C9 it is closer to 1: 1. In addition, a series
of quality control ‘chaperone’ molecules exist (such as BAP31) which assist in the normal
assembly, folding and delivery of CYPs to the ER. Misfolded or faulty CYPs are ‘rejected’
and degraded. Indeed, molecules like BAP31 also play a role in how CYPs are finally
located in the ER, as well as how long they remain anchored and functional. These steps
may provide another opportunity for modulation over days rather than weeks.

3.5.2 CYP Regulation-post-translational

Once assembled and operational, it is logical that there should be further apparatus govern-
ing CYP which can respond to ‘fine tuning’ necessary in processes which are controlled
over hours and minutes rather than days and weeks. In terms of post-translational modi-
fication of a finished protein, one of the most important means is phosphorylation of key
amino acids and/or peptides which confer selectivity and specificity on an enzyme.
Phosphorylation may control enzymatic activity as well as stability and consequent func-
tional capability, rather like changing the ‘sell by date’ on a foodstuff. Several CYPs may
be influenced to some extent post-translationally through phosphorylation, such as
CYP3A4, CYP2EI and CYP1A?2 and it is likely that most human CYPs are modulated in
this way to some extent and this may provide a control mechanism over timeframes of
hours and minutes.

As already described, there is also evidence that CYPs may ‘internally’ automatically
regulate their own ability to process substrates, by altering the conformations of their
access and egress channels, in response to either the number of substrates binding (see
testosterone and CYP3A4 in the next section) and/or the changing physicochemical prop-
erties of the substrate as it becomes a product during biotransformation. Binding in the
general area of the hydrophobic pockets and access channels can accelerate processing of
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similar substrates actually at the haem active site and some substrates may impede or
accelerate the processing of others, which may be linked with endogenous processes. It is
also apparent that the degree of coupling between CYPs and their REDOX partners is also
highly variable; indeed, CYP3A4 is usually uncoupled until more than one of several
similar substrate molecules is bound. This makes sense, as it is wasteful in traffic to keep
the engine ‘in gear’ unless you intend to move off reasonably quickly. Overall, these control
mechanisms at the enzymatic level may modulate CYP processing over infinitesimal frac-
tions of a second, as required for endogenous processes such as steroid metabolism.

The main human families of CYPs have been extensively studied over the last 15 years
and a summary of what is known of these enzymes is given below. In Appendix D, a more
extensive list of substrates, inhibitors and inducers of the main clinically relevant human
CYPs can be found.

3.6 Main human CYP families
3.6.1 CYP 1A series
CYP 1A

The gene that codes for CYP1A1 is on chromosome 15. This isoform binds and oxidizes
planar aromatic, essentially flat, lipophilic molecules. The most common representatives
of these compounds are multiples of benzene, such as naphthalene (two benzenes), and
what are usually termed polycyclic aromatic hydrocarbons (PAHs) that are many benzene
molecules in chains. There is evidence that CYP1AL1 also processes many other variants
of planar aromatics, such as the polybrominated diphenylethers (PBDEs), known for their
carcinogenicity and endocrine disruptor effects. Interestingly, this isoform is hepatically
‘non-constitutive’, i.e. it is not normally expressed or found in the liver. This is probably
because the accumulation of large amounts of planar aromatics in the liver should not
normally occur. CYP1AT1 is inducible (Chapter 4) in all tissues, and this occurs in the lung
in response to aromatics encountered in industrial and traffic pollution. Tobacco smokers
exhibit high lung levels of this CYP due to the PAHs and other aromatics present in the
smoke. Interestingly, non-smokers exposed to environmental tobacco smoke also show
increased levels of CYP1A1. Metabolic products of CYP1A1, which are often epoxides,
vary in their stability and the most reactive, such as those from benzpyrene derivatives,
are carcinogenic. There is also evidence of higher levels of CYP1A1 in breast cancer suf-
ferers. Experimentally, this CYP is often studied through its ability to O-deethylate the
test substrate 7-ethoxyresorufin. In general, CYPs have partly evolved to clear potential
threats to the organism, so the metabolism and clearance of toxic agents such as the PDBEs
by CYP1AI would be necessary and beneficial. However, the isoform is polymorphic
(Chapter 7, section 7.2.3) and its absence may predispose to toxicity with such agents. In
addition, CYPIA1-mediated production of reactive metabolites is likely to be more of a
threat than a protection, as it is often overexpressed in the vicinity of carcinogenesis.
Hence, whether CYP1Al-mediated clearance of xenobiotics is beneficial or deleterious
may change from day to day according to the individual. The proton pump inhibitor ome-
prazole induces this CYP in man (Chapter 4) and in vitro studies suggest it also inhibits
it, thus possibly protecting cells from CYP1A1-formed reactive species.
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CYPIA2

This CYP is also found on chromosome 15, only 25 kilobases away from CYP1A1 in man
and it is linked with oestrogen metabolism. Increased levels of this enzyme are also asso-
ciated with colon cancer. CYTP1A2 oxidizes planar aromatic molecules that contain
aromatic amines, which its relative CYP1A1 does not. CYP1A2 orientates aromatic
amines, some of which are quite large, in such a way as to promote the oxidation of the
amine group. Consequently, this enzyme is able to metabolize a variety of drugs that
resemble aromatic amines: these include caffeine, -naphthylamine (a known human
bladder carcinogen; Chapter 8, section 8.6.4) and theophylline. The enzyme is also capable
of oxidizing several tricyclic antidepressants (TCAs). It tends to be inhibited by molecules
that are planar and possess a small volume to surface area ratio. It can be inhibited by the
methylxanthine derivative furafylline, as well as ciprofloxacin, enoxacine, cimetidine,
mexiletine and fluvoxamine. The CYP1A1 inducer omeprazole promotes a similar response
in CYP1AZ2. Other inducers of this CYP include TCDD and (probably fairly heavy) con-
sumption of broccoli (Chapter 7, section 7.4.3).

CYPIBI

To provide a perspective on the vast stretches of time over which CYPs have evolved, it is
thought that CYP1B1 became distinct from the CYP1A sub-family over 300 million years
ago. The isoform CYP1B1 is found in most tissues expressed at a modest or low level and it
does not appear to make much contribution to drug clearance. CYP1B1 is the only member
of its sub-family discovered so far and the gene that codes for it is found on chromosome 2.
It is inducible through the same pathway as CYP1A1/2 (Chapter 4, section 4.4.2) and it can
form reactive and carcinogenic species from endogenous oestrogens as well as from PAHs
and it also metabolizes the anti-oestrogenic drug tamoxifen. Recent research has uncovered
several endogenous roles for CYP1B1, which paradoxically may even include suppression of
tumorigenesis, if work in mice is confirmed in man. It is now established that CYP1BI1 is vital
in eye development and it catalyzes the production of an arachidonic acid metabolite which
maintains the transparency of the cornea, as well as the regulation of its aqueous humour.
Indeed, mutations in this CYP are linked with congenital glaucoma, where intra-ocular
pressure is excessive and can lead to early blindness. CYP1B1’s role in oestrogen metabolism
is linked strongly with its overexpression in malignant breast tissue. Indeed, CYP1BI is
overexpressed in tumours of so many differing tissues (particularly the lung and pancreas)
that it is being considered as a therapeutic target, as the effects of anticancer prodrugs which
are activated by this CYP would be confined to the tumours, as the CYP is poorly expressed
in bystander tissues. Interestingly, the messenger RNA which codes for CYP1B1 has a site
which binds a microRNA known as MIRN27B, which is thought to inhibit the amount of
active CYP produced. In patients with breast cancer, a study has shown that these patients
possessed low levels of MIRN27B, which suggests that defective post-transcriptional regula-
tion of CYP1B1 by MIRN27B was a major factor in the development of their malignancy.

3.6.2 CYP2 series

Around 18-30 per cent of human CYPs are in this series, making it the largest single
group of CYPs in man. They appear to have evolved to oxidize various sex hormones, so
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their expression levels can differ between the sexes. As with many other CYPs, they are
flexible enough to recognize many potential xenobiotics and they are thought to oxidize
as much as half of all administered drugs.

CYP2A6

This CYP was originally of interest as it is partly responsible (with a cytosolic aldehyde
oxidase) for the metabolism of nicotine to its much less pharmacologically active metabo-
lite, cotinine. CYP2AG is also known for its small binding site area in relation to other
CYPs. More recently, studies of the polymorphisms (Chapter 7, section 7.2.3) associated
with this CYP have indicated that low expression leads to reduced smoking behaviour and
it is much easier for these individuals to stop the habit. CYP2A6 comprises up to 10 per
cent of total liver CYP content and it uniquely clears coumarin to 7-hydroxycoumarin,
which has been used as the major marker for this CYP for many years. Methoxsalen (an
antipsoriatic agent) is a potent mechanism-based (Chapter 5, section 5.3.5.) inhibitor of
2A06, as is grapefruit juice, although it is also weakly inhibited by imidazoles (e.g. keto-
conazole). Methoxsalen will inhibit CYP2A6 in man and it prolongs the plasma survival
of nicotine, so reducing smoking. Interestingly, CYP2AG6 also has toxicological signifi-
cance, in that it oxidizes carcinogens and mutagens, such as aflatoxins, 1, 3 butadiene and
nitrosamines, which are all discussed in Chapter 8. It tends to have a small role in the
metabolism of a number of drugs (pilocarpine, letrozole and valproate), but it is often
difficult to determine how large a contribution CYP2AG6 is making in the metabolism of
these substrates. This CYP is clinically inducible by anticonvulsants such as phenobarbi-
tone and the antibacterial rifampicin, amongst others.

CYP2B6

This originates from a gene found on chromosome 19; the 2B series have been extensively
investigated in animals, but CYP2B6 is the only 2B form found in man. This isoform
is found in all human livers and comprises around 3-10 per cent of total hepatic CYPs.
Its level of expression varies by more than 100-fold and it may be subject to sex dif-
ferences, being more common in women than men. CYP2B6 may be the most polymor-
phic of all CYPs in man (see Chapter 7, section 7.2.3). It is thought to be implicated
in the metabolism of more than 70 xenobiotics, including amfebutamone (bupropion),
mephenytoin, some coumarins, cyclophosphamide and its relatives, the antimalarial
artemisinine, selegiline (I-deprenyl), as well as methadone and ketamine. Three agents
have been shown to inhibit this isoform, the antiplatelet drugs clopidogrel and ticlopidine
and the antineoplastic drug thiotepa. It is inducible by rifampicin, phenobarbitone, the
anti-HIV reverse-transcriptase inhibitor efavirenz and also the DDT substitute pesticide
methoxychlor. This pesticide acts as an endocrine disruptor when it is oxidized to pro-
oestrogenic metabolites by a number of human CYPs including CYP2B6 itself. CYP2B6
prefers non-planar neutral or weak bases which accept hydrogen bonding. It tends to
hydroxylate at highly specific areas of molecules, particularly close to methoxy groups,
which suggests that it may have a biosynthetic role in the assembly of specific endogenous
molecules.
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CYP2CS8

This polymorphic CYP originates on chromosome 10 and is one of four CYP2C isoforms
(the others are CYP2C9, 18 and 19) which comprise about 18 per cent of total CYP content
which share 80 per cent amino acid sequence identity. CYP2CS tends to bind and metabo-
lize relatively large molecules which are also weak acids. It is known to clear the anti-
cancer agent taxol as well as verapamil, cerivastatin (now withdrawn), amodiaquine and
rosiglitazone. Although CYP2CS is similar in structure to CYP2C9, it differs catalytically
concerning several drugs, metabolizing tolbutamide more slowly than 2C9, but clearing
trans-retinoic acid more efficiently. Warfarin is cleared by CYP2C9 to a 4-hydroxy
metabolite, whilst 2C8 forms a 5-hydroxy derivative. Ibuprofen is mainly cleared by
CYP2C9, whilst 2C8 plays a minor role. The different binding orientations of substrates
such as diclofenac that both 2C9 and 2C8 metabolize are related to differences between
the hydrophobicity and geometry of the respective binding sites. CYP2C8 can be inhibited
by quercetin, the glitazone drugs, gemfibrozil and diazepam in high concentrations, as well
as the leukotriene receptor antagonist montelukast and the antibacterial trimethoprim. The
antiretroviral agents efavirenz and saquinavir are also inhibitors of this isoform. It is induc-
ible by rifampicin and phenobarbitone.

CYP2(CY9

CYP2C9 has been particularly heavily studied in terms of its structure and function. It has
evolved to process relatively small, acidic and lipophilic molecules that accept hydrogen
bonds. It is thought that the structure of the access channel area may be responsible for
this enzyme’s preference for acidic molecules. There are a large number of substrates for
this CYP, which include tolbutamide, dapsone, phenytoin, valproate, rosuvastatin and
warfarin. Substrates of CYP2C9 often have relatively narrow TIs, so polymorphisms and
inhibition of the CYP can have serious clinical consequences. As described above in
section 3.4.4, the active site is flexible, extensive and capable of great binding ‘plasticity’.
Indeed, initial binding is not always productive, in the case of warfarin. This CYP is a
particular focus for many analytical and theoretical studies to uncover CYP mechanisms
of action, such as how substrate binding affects REDOX electron supply, subsequent
substrate binding and promotion of product egress. Sulphafenazole is a potent inhibitor of
this polymorphic enzyme and other inhibitors include amiodarone and fluconazole. It is
inducible by the usual suspects (rifampicin and phenobarbitone) as well as the steroids
prednisone and norethindrone.

CYP2CI8

This CYP does not have any real role in either the metabolism of drugs or environmental
toxins, as its mRNA is found in the liver in plentiful amounts, yet very little actual protein
appears. Studies with the CYP when it is expressed have shown that it can clear some
CYP2C substrates such as tolbutamide and ifosfamide, as well as some steroids. It is
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polymorphic, but there is relatively little literature on it and it does not appear to be linked
with any disease states or conditions.

CYP2C19

This is also inducible and differs by only around 10 per cent of its amino acids from
CYP2C9, but it does not oxidize acidic molecules, indicating that the active sites and
access channels are subtly different. CYP2C19 prefers weak bases such as amides which
have at least two hydrogen bond acceptors. It metabolizes omeprazole and its related
proton pump inhibiting anti-ulcer agents, as well as S-mephenytoin and diazepam.
CYP2C19 is inducible (rifampicin and carbamazepine) and polymorphisms in this gene
exist and there is a higher incidence of poor metabolizer phenotypes in Chinese/Japanese
than Caucasians. This means that parent drug can accumulate in poor metabolizers, some-
times advantageously in the case of ulcer therapy (Chapter 7, section 7.2.3). Tranylcypromine
acts as a potent inhibitor of 2C19, as well as the antiplatelet drugs (clopidogrel, ticlopidine)
and fluvoxamine. Paradoxically, clopidogrel’s clinical anti-platelet response is linked
strongly with CYP2C19 status (Chapter 7, section 7.2.3).

CYP2D6

The gene which codes for this isoform is on chromosome 22; CYP2D6 processes basic
drugs which feature a nitrogen atom which can be protonated, so it is responsible for
myriad N-dealkylation reactions. Indeed, this CYP is responsible for more than 70 differ-
ent drug oxidations and is particularly noteworthy as it is non-inducible, which is very
unusual for human CYP isoforms. Famously, it was the first CYP to reveal the clinical
effects of a genetic polymorphism (Chapter 7, section 7.2.3), with around 7-10 per cent
of Caucasians expressing poorly or even non-functioning enzyme. As with CYP2C9 sub-
strates, in cases of polymorphism or enzyme inhibition, serious clinical problems can arise
if CYP2D6 is the main route of clearance of a low TI drug. As many as 15 per cent of
prescribed drugs are cleared by this isoform, including:

e antiarrhythmics: (flecainide, mexiletine);

e TCAs, SSRI and related antidepressants: (amitriptyline, paroxetine, venlafaxine,
fluoxetine);

e antipsychotics: (chlorpromazine, haloperidol);
e beta-blockers: (labetalol, timolol, propanolol, pindolol, metoprolol);

e analgesics: (codeine, tramadol, oxycodone, hydrocodone, meperidine [pethidine]).

It is important to realize that the clinical risks of polymorphisms are difficult to assess
conclusively and to some extent remain controversial. They are discussed in more detail
in Chapter 7, in sections 7.2.2 and 7.2.11. CYP2D6 also forms the metabolites necessary
for the optimal anti-oestrogenic actions of tamoxifen. Quinidine, fluoxetine, propoxyphene,
celecoxib and paroxetine inhibit this enzyme. Relatively little is found in the gut, and it
comprises about 2—4 per cent of the CYPs in human liver.
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CYP2E]

This comprises around 7 per cent of human liver P450 and is the only human member of
the CYP2E subfamily. It is found in a number of extra-hepatic sites, such as the lung,
kidney and lymphocytes. Curiously, CYP2E1 has been detected in cellular areas besides
the endoplasmic reticulum, such as the Golgi apparatus and the plasma membrane. CYP2E
is also found in mitochondria, although it is not clear why it is there but it is functional
and uses adrenodoxin reductase to supply it with reducing power, as this variant does not
use NADPH.

Generally, this CYP is also unusual in that it oxidizes small, often water soluble hetero-
cyclic agents, ranging from pyridine through to ethanol, acetone and other small ketones
such as methyl ethyl ketone and methyl isobutyl ketone (MEK and MIBK). Ethanol and
acetone are strong inducers of this isoform and CYP2EL is found in 5-10 fold greater
quantities than normal in heavy drinkers, compared with those who imbibe moderately or
lightly. Indeed, this ethanol-mediated induction leads to much increased vulnerability to
CYP2E1-mediated drug and toxin damage, most notably paracetamol-induced liver failure
in alcoholics (Chapter 7, section 7.7.5). The muscle relaxant drug chlorzoxazone is cleared
by this CYP and is a marker for CYP2EI capability in man.

Many of the substrates of CYP2EI are implicated in toxicity and/or carcinogenicity, as
the metabolites formed can be highly reactive. It also seems that CYP2E1 produces large
amounts of reactive oxygen species and it has been suggested that oxygen is its main
substrate. This process underlines the significant role CYP2EI has in oxidative stress in
alcoholics. CYP2EI] is also linked with hepatotoxicity due to trichloroethylene, which was
used in manufacturing as a degreaser and also in dry cleaning. It is also partly responsible
for the oxidation of paracetamol (Chapter 8) and it is thought to convert acrylamide into
its carcinogenic epoxide glycidamide. Several dietary N-nitrosamines are activated by
CYP2E], as is the tobacco procarcinogen NNK (4-[methylnitrosamine]1-[3-pyridyl]-1-
butanone). This is one of a number of CYP isoforms that may be related to smoking-
induced cancers (see CYP1A1/2 above). Many sulphur-containing agents block this
enzyme, such as carbon disulphide, diethyl dithiocarbamate and the ethanol abstinence-
inducing drug antabuse (disulfiram; Chapter 5 section 5.6.4; Chapter 7, section 7.7.3).
There is evidence in mice that CYP2E1 mRNA is tightly regulated around 24 circadian
rhythms by hepatic nuclear factor-10. (HNF-1a) and molecular clock genes such as CRY-
1. It is probable that a similar system may exist in man and regulates more than one CYP.

3.6.3 CYP3A series
CYP3A4, 3A5, 3A7 and 3A43

All the CYP3A protein gene loci are found on chromosome 7. CYP3AS5 exhibits only about
a 10 per cent difference in its sequence homology with CYP3A4 and the two isoforms are
also difficult to distinguish catalytically, as they metabolize mostly the same substrates at
similar rates. CYP3AS5 appears to be in the minority, as only about a fifth of human livers
express it, making CYP3A4 the major human biotransformational CYP by some margin.
In contrast, CYP3AS5 is found in greater quantity than CYP3A4 in human lung. Overall,
the two main CYP3A isoforms are responsible for the metabolism of more than 120 drugs
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and they comprise more than half of our hepatic CYP content. Indeed, the colour of a
healthy liver with normal blood flow is actually partly due to these enzymes. CYP3A
isoforms are also found in our intestinal walls in considerable quantity. The major endog-
enous function of the CYP3As is to metabolize steroids, but their active sites are so large
and flexible that a vast array of different molecules can undergo at least some metabolism
by these enzymes. Crystallographic studies have shown the three-dimensional structure of
human CYP3A4 to resemble most closely bacterial CYPBM-3, but there are similarities
with other bacterial CYPs that can metabolize erythromycin. It is clear that human CYP3A
isoforms have much larger active sites compared with bacterial enzymes, which underlines
their evolution to oxidize such a wide variety of exogenous substrates. As discussed above,
like CYP2C9, CYP3A4 has a large access channel and hugely flexible active site with
many points of potential hydrophobic binding. Binding studies with steroids and erythro-
mycin again show the similarities with other CYP enzymes across various species.

Studying CYP3A4 can be difficult, as its expression is linked closely with the efflux
pump p-glycoprotein (Chapter 4, section 4.4.7; Chapter 5, section 5.4.2) and many drugs
are substrates for the CYP and p-glycoprotein, so it is difficult to determine their respec-
tive contributions to drug clearance. Drugs used as ‘probes’ for CYP3A include the short-
acting benzodiazepine midazolam, as well as erythromycin and alfentanil. The
6B-hydroxylation of endogenous cortisol can also be used reliably to measure the effects
of induction and inhibition of CYP3A activity. Total gut and hepatic CYP3A activity can
be differentiated from just hepatic activity by using oral and intravenous midazolam
administration respectively. Although some reactions are specific to CYP3AS5, such as the
demethylation of the anti-rejection drug tacrolimus in vitro, it is usually very difficult in
vivo to determine the relative contributions of CYP3A4 and CYP3AS.

CYP3A4 and CYP3AS5 are inducible through several agents, such as anticonvulsants,
St John’s Wort, phenytoin, dexamethasone, clotrimazole (also an inhibitor of CYP3A
activity), sulfinpyrazone, and rifampicin. Interestingly, with some inducers, the tissue
concerned, as well as the isoform involved may be crucial to the inductive effect. In vitro
studies with human cell models suggest that rifampicin and phenobarbitone preferentially
induce CYP3A4, with little or no effect on CYP3AS. Conversely, phenobarbitone is a
potent inducer of lung CYP3AS, with a minor effect on CYP3A4.

Inhibitors of the CYP3A isoforms include verapamil, the azole antifungals (ketocona-
zole, itraconazole, fluconazole, voriconazole), as well as the macrolides (erythromycin,
clarithomycin, troleandomycin) and various citrus juices, most notably grapefruit.
Fascinatingly, verapamil will not inhibit CYP3AS5 if cytochrome bs is absent, which
underlines the complex relationship between CYP REDOX-partners and substrate/inhibi-
tor CYP binding (see end of section 3.4.7). Ketoconazole is thought to inhibit CYP3A4
more strongly than CYP3AS5, whilst troleandomycin inhibits both isoforms to a similar
degree, but through different mechanisms. Hence, although there are clearly differences
between CYP3A4 and 3AS5 in terms of their catalytic behaviour as brought out by the
effects of various inhibitors and inducers, the net clinical impact of these differences is
probably marginal at best.

Of the other CYPs in the 3A sub-family, CYP3A7 is mainly foetal, where it hydroxy-
lates retinoic acid and steroids. It has been found in adults, mainly extrahepatically.
CYP3A43 is arelatively recent discovery and it is found in the testis and prostate, although
its level of expression is linked with a risk of cancer in these organs. Neither CYPs 3A7
nor 3A43 are involved with biotransformations on the scale of CYP3A4 and CYP3AS.



42 HOW OXIDATIVE SYSTEMS METABOLIZE SUBSTRATES

CYP3A4 binding characteristics-cooperativity

As mentioned previously, CYP3A4 and 3A5 are the most flexible CYP isoforms in terms
of their ability to bind a vast range of different sized substrates, although this has been
bought at the price of reduced stability of the structure of these proteins compared with
other CYPs. Before CYP crystal structures were available, the active sites were studied
through a combination of mutagenesis and binding studies. Using bacterial or insect cell
expression systems, human genes that expressed CYP3A4 were damaged by the use of
mutagens in areas coding for specific amino acids that corresponded to the active site of
the enzyme. This would, of course, change the binding characteristics of the damaged
enzyme. The information gained from these and other studies show that the CYP3A iso-
forms can bind up to three substrate molecules at a time, in a similar manner to CYP2C9.
Clearly, in this area, our basic perception of enzymes just binding one substrate at a time
is far too simplistic. CYPs have evolved the capacity to bind multiple substrates probably
for efficiency, as it utilizes resources (reducing power) in the most rapid and economical
way, in the same way an assembly line is more efficient than hand building cars. An added
bonus, as we have seen, is that the space and flexibility in CYP3A4 and CYP2C9 allow
the option of processing of very large molecules as well as a number of smaller ones.

Regarding the processing of multiple small molecules, if the substrates are the same,
the process of one molecule being metabolized appears to allosterically adjust the mobility
of the molecule on its binding site, making it easier or sometimes more difficult, for it to
be oriented for oxidation, thus modulating the process of CYP function. This is termed a
‘homotropic’ effect. With CYP3A isoforms, the active site is large as we have seen and
testosterone, for example, is a small molecule. When a single testosterone molecule
binds there is no actual catalytic activity in the isoform. Indeed, the CYP is not even
coupled to its REDOX partner and in effect, nothing happens. Once a second testosterone
molecule binds, the CYP is coupled with its REDOX partner and is now ‘in gear’ and
operational and ready to process at maximum capacity as the testosterone molecules dis-
place bound water molecules in the CYP and cause each other to be ‘pushed’ towards the
haem iron to be oxidized, rather like bullets packed into a magazine as they feed into a
machine gun.

These multi-site bindings can be yet more complex; studies with flavonoids have
shown that they can bind at one place in the active site and at the same time stimulate the
metabolism of a different type of molecule (PAHs) in another area of the active site. This
simultaneous binding at two distinct but adjacent areas of the same broad site also is
thought to be responsible for the inhibitory effects of one compound on the metabolism
of another, which is termed a ‘heterotropic’ effect. Testosterone metabolism is partially
competitively inhibited by erythromycin. Whilst in another chapter it will be explained
how the amount of CYPs present in the liver is a response to substrate pressure (Chapter
4), it is now clear that there is a high degree of sophistication in control of function of all
CYPs in all tissues. This is especially important in the liver, where fine-tuning of steroid
levels is necessary in response to changes in menstrual cycles or pregnancy in women, as
well as spermatogenesis formation in men, where various steroid molecules are required
to maintain different levels relative to each other at specific times in the cycles. This
allosterically based process of multi-site internal regulation of CYP function is just one
of the mechanisms whereby hormone metabolism is controlled. As the presence and
binding of one CYP substrate could markedly influence the clearance of another, it is clear
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how xenobiotics can and do exert very complex disruptive effects on hormone regulatory
processes. In a sense, this is a potential ‘Achilles Heel” of CYP regulation and function.

As has been mentioned, the range of substrates that can be oxidized by CYP3A4 runs
from bulky molecules such as cyclosporine A (molecular weight 1202), to small phenolics
such as paracetamol. That a molecule of fungal origin such as cyclosporine can be easily
and rapidly metabolized by CYP3A4, underlines the evolution of these enzymes to cope
with the possibility of the ingestion of exogenous toxin molecules in the diet of humans.
Other substrates include: codeine (narcotic), diazepam (tranquillizer), erythromycin (anti-
biotic), lidocaine (anaesthetic), lovastatin (HMGCoA reductase inhibitor, a cholesterol-
lowering drug), taxol (cancer drug), warfarin (anticoagulant).

Azole antifungal agents, such as ketoconazole and fluconazole, as well as anti-HIV
agents such as ritonavir, inhibit CYP3A4. Due to the importance of this enzyme in the
endogenous regulation of steroid metabolism, any inhibition can have serious conse-
quences in the form of disruption of hormone control and more immediately, marked
changes to the clearance of drugs metabolized by this CYP.

3.7 Cytochrome P450 catalytic cycle

Having established the phenomenal multiplicity and flexibility of these enzymes, it should
be a relief to learn that all these enzymes essentially function in the same way, although
again we do not fully understand the process yet. CYPs can carry out reductions (see later
on) and these occur after substrate binding and before oxygen binding. However, their
main function is to insert an oxygen molecule into a usually stable and hydrophobic com-
pound. Many textbooks present this cycle, but it appears intimidating due to the many
details involved in this complex process. However, it is important to understand that there
are only five main features of the process whereby the following equation is carried out:

Hydrocarbon (—RH)+ O, + 2 electrons + 2 H* ions gives: alcohol (-ROH)+ H,0O

1. Substrate binding (reduction may happen after this stage).
2. Oxygen binding.

3. Oxygen scission (splitting).

4. Insertion of oxygen into substrate.

5

. Release of product.

3.7.1 Substrate binding

The first step, as covered in the previous section, is the binding and orientation of the
molecule. This must happen in such a way that the most vulnerable part of the agent must
be presented to the active site of the enzyme, the iron, so the molecule can be processed
with the minimum of energy expenditure and the maximum speed. The iron is usually (but
not always) in the ferric form when the substrate is first bound:

Fe*'—RH
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Once the substrate has been bound, the next stage is to receive the first of two electrons
from the REDOX partners, so reducing the iron:

Fe?*—RH

3.7.2 Oxygen binding

The next stage involves the iron/substrate complex binding molecular oxygen sourced
from the lungs. This process runs faster than the substrate binding to the iron, as there is
much more oxygen present in the cell than substrate.

Fe?* —RH
I
o

2

You will note that oxygen does not just exist as one atom. It is much more stable when it
is found in a molecule of two oxygen atoms, O,. Indeed, oxygen is almost never found in
nature as a single atom as its outer electron orbitals only have six instead of the much
more stable eight electrons. To attain stability, two oxygen molecules will normally cova-
lently bond so sharing four electrons, so this gives the same effect as having the stable
eight electrons. So therefore, to split an oxygen molecule requires energy, but this is like
trying to separate two powerful electromagnets — the oxygen will tend to ‘snap back’
immediately to reform O, as soon as it is separated. Two problems thus arise: first, how
to apply reducing power to split the oxygen and second, how to prevent the oxygen reform-
ing immediately and keeping the single oxygen atom separate long enough for it to react
with the vulnerable hydrocarbon substrate.

3.7.3 Oxygen scission (splitting)

To split the oxygen molecule into two atoms firstly requires a slow rearrangement of the
Fe?* O, complex to form

The next stage is the key to whether the substrate will be oxidized or not. This is the rate-
limiting step of the cycle. A second electron from supplied by the REDOX partners feeds
into the complex and forms

F|e3+ —RH
022

Or
F|e3+ —RH
0-0,

As stated earlier, it has been suggested that of the two REDOX partners, cytochrome bs
may supply this second electron more quickly than NADPH reductase. As this stage of
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the process is so rapid it is not feasible to detect experimentally, so the most likely pathway
has been worked out which corresponds to what is possible and what happens in terms of
the products that we can actually measure. Certainly an oxygen atom with two spare
electrons is a very attractive prospect to two hydrogen atoms and water is formed, leaving
a single oxygen atom bound to the iron of the enzyme. This solves the two problems
described above; the oxygen molecule has been split, but it cannot just ‘snap back’ to form
an oxygen molecule again, as water is stable and takes an oxygen molecule away from
the enzyme active site.

3.7.4 Insertion of oxygen into substrate

The remaining oxygen is temporarily bound to the iron in a complex, which is sometimes
termed a ‘perferryl’ complex (below).

(Fle —0o)*
RH

It has been suggested that the perferryl complex may operate in low or high spin states
and also that oxygen is bound in different ways to the iron. FeO,* (peroxo-iron) and even
a peroxide (FeOOH?") have both been suggested to take part in some CYP reactions such
as oestrogen aromatizations. The perferryl is thought to be the main method of oxygen
binding to the CYP and it is exceedingly reactive, as it activates the substrate by either
removing hydrogen (hydrogen abstraction) or an electron (e.g. from nitrogen atoms) from
part of the substrate molecule. These steps are not necessarily in that order and multiple
electron or abstractions can take place. It is apparent that the hydrogen abstraction part of
the process takes longer than the subsequent processes and is thought to be the rate-limiting
step in the oxidation process. The hydrogen to be removed will be closest to the carbon
to be oxidized. The abstracted hydrogen is then bound to the perferryl complex. This leaves
the carbon with a spare electron, which makes it a reactive radical, as seen below. The
substrate, i.e. the carbon atom, has been activated which makes sense as it is now much
more likely to react with the hydroxyl group.

(Fle—OH)3+
R

The final stage is the reaction between the newly created hydroxyl group and the carbon
radical, yielding the alcohol, as seen below. The entry of the oxygen atom into the substrate

is sometimes called the ‘oxygen rebound’ reaction.

Fe?* and ROH

3.7.5 Release of product

The whole CYP catalytic process could be described as complex yet dramatic. Although
a ‘pump’ analogy has been used previously in this chapter, in some ways, CYPs could
also be likened to the cycling of an automatic weapon, with the ‘load, fire, extract, eject,
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Cytochrome P450 Catalytic Cycle
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Figure 3.5 Simplified scheme of cytochrome P450 oxidation

reload’ stages analogous to CYP substrate conversion to product. This analogy is not
perfect, as the coupled CYP provides all the energy to sustain the process rather than the
‘substrate’ of a machine gun, but it conveys something of the rapidity and violence of
the process. Once the substrate has been converted to a metabolite, it has changed both
structurally and physicochemically to the point that it can no longer bind to the active
site of the CYP. The metabolite is thus released and the CYP isoform is now ready for
binding of another substrate molecule. It is important to break down the function of
CYPs to separate stages, so it can be seen how they operate and overcome the inherent
problems in their function. However, students often find the catalytic cycle rather daunting
to learn and can be intimidated by it. It is much easier to learn if you try to understand
the various stages, and use the logic of the enzyme’s function to follow how it overcomes
the stability of substrate and oxygen by using electrons it receives from the adjacent
reductase systems to make the product. A simplified cycle is shown on Figure 3.5. As
more research is carried out, fine details may change in the cycle, but the main features,
the substrate binding, option for reduction, oxygen binding and activation, perferryl
complex formation, abstractions of hydrogen or electrons and finally substrate release are
well established.

3.7.6 Reductions

As mentioned earlier, CYPs probably evolved to reduce chemical agents before oxidation
could occur and once an agent is bound to the haem iron, there is an opportunity for a
reduction reaction to occur prior to the oxygen binding stage. This is because a REDOX
partner, usually NADPH reductase, supplies an electron which can be used to reduce the
substrate. There are several enzyme systems that can effect reductions, such as NADPH
reductases themselves, which are found in virtually all tissues and are relevant in
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aromatic amine-mediated carcinogenicity (Chapter 8, Figure 8.12). CYPs are just one of
many systems which can reduce xenobiotics and interestingly, there are examples where
drugs undergo reductions and oxidations sometimes by the same CYPs. This is thought
to occur with the muscle relaxant eperisone and human CYPs are capable of reducing the
antibiotic chloramphenicol also (see Chapter 8).

3.8 Flavin Monooxygenases (FMOs)
3.8.1 Introduction

Alongside the CYPs, other cellular systems can accomplish oxidations of endogenous
molecules and these systems are usually widespread in many tissues. Of these systems, the
flavin monooxygenases (FMOs) have not received anything like the attention directed at
CYPs, although realization of their significance in drug clearance is growing rapidly.
Originally known as ‘Ziegler’s enzyme’, after its discoverer, the FMOs are actually the
second most prolific oxidizers of drugs and xenobiotics after the CYPs. In humans, the five
functional forms of FMO (designated 1-5) are coded for by separate genes found on chro-
mosome 1. The nomenclature for FMOs is based around amino acid sequence commonality
as with the CYPs. Individual isoforms are regarded as belonging to the same family if they
possess greater than 82 per cent amino acid sequence homology. Of the five FMOs, FMO-3
is the most important in human liver and it is thought to be expressed at nearly 60 per cent
of the level of CYP3A4, which gives some idea of its potential contribution to drug oxida-
tion. FMO-5 is also found in the liver in similar proportions to FMO-3, but FMOs-1, 2 and
4 are not usually found in the adult liver. FMO-3 is not expressed in neonates at all (see
Chapter 7, section 7.2.4) and it seems that FMO-1 takes its place. FMO-1 is found mainly
in the adult kidney and intestine, whilst FMO-3 is virtually absent in the kidney. A lack of
selective experimental substrates for FMO-4 and 5 have made it difficult to study them,
although they are not believed to contribute to xenobiotic clearance in man. FMOs are
subject to genetic polymorphisms, and they are linked with the condition trimethylaminuria
(TMAU), otherwise known as fish-odour syndrome (Chapter 7, section 7.2.4).

3.8.2 Structure

The main features of these enzymes are pretty well conserved and are virtually ‘standard
issue’ across the animal kingdom. FMOs have some structural resemblance to oxidore-
ductases (PORs) and a yeast FMO has been crystallized and through similar techniques
used with CYPs, the sequence of its operations can be worked out through a series of
‘freeze-frames’ where FMO can be ‘observed’ binding its co-factor and substrate. The
main structure of the enzyme could be described as clam-shaped, with a small ‘top shell’
and a larger bottom ‘shell’. The access channel is obviously between the two ‘shells’
(Figure 3.6). On the floor of the bottom ‘shell’ there is a depression to which FAD is
anchored firmly. On the top ‘shell’, there is a binding site which will fairly loosely hold
NADPH which is the main co-factor. The NADPH is bound in the orientation where the
adenine portion faces the upper shell, whilst the nicotinamide portion is aimed at the flavin
of FAD.
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Access channel \ NADPH/Substrate

Figure 3.6 Generic structure of a Flavin monooxygenase (FMO)

Figure 3.7 Process of Flavin monooxygenase catalysis: a-c outlines the first step or priming of
the enzyme. The second step (d-f) involves oxygen binding and substrate (S) displacement of
NADPH, followed by reaction of oxygen and substrate and release of the oxide

3.8.3 Mechanism of catalysis

FMOs basically use the co-factor NADPH as an electron donor and FAD as the built in
electron carrier, which is similar to POR. The first step or ‘priming’ of FMO, involves
NADPH transferring a hydride ion to the FAD, forming a FADH, and NADP+ complex
(Figure 3.7). It is believed that this is probably the ‘resting’ state of the enzyme. The
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presence of a nucleophilic (electron rich) substrate seems to initiate step two, which
involves FADH, reacting with molecular oxygen (O,) to form FADOOH, which is called
a hydroperoxyflavin. The substrate then displaces the NADP+ and is held surrounded by
a sort of ‘jacket’ of water molecules. This means that it does not actually make contact
with the enzyme. A crucial amino acid on the lower ‘shell” of the FMO, called asparag-
ine-91 (Asn-91) is instrumental in catalyzing the reaction of the two oxygen molecules
held as FADOOH with the nucleophilic portion of the substrate, a nitrogen lone pair of
electrons. This leads to one oxygen molecule reacting with the substrate forming an oxide,
whilst the other forms water. The enzyme is eventually regenerated to FAD and then it
‘reloads’ itself with more NADPH ready to oxidize another substrate molecule.

The oxidation process is a single step transfer of two electrons, rather than the CYP
system of two successive single electron oxidations. Unlike many CYPs, which do not
initiate their catalytic cycle unless more than one substrate molecule binds, FMOs are
ready primed as the FADH, and NADP+ complex can oxidize immediately; in fact, aside
from nitrogen, they specialize in the oxidation of other nucleophiles, like sulphur and
phosphorus. These groups are found in various drugs and xenobiotics and the respective
oxides formed by the FMOs are more water soluble than the parent drugs. FMOs can also
metabolize tertiary amines to form N-oxides in drugs such as TCAs, as well as morphine,
methadone and pethidine (meperidine). They also can form the 1 and 3-N-oxide metabo-
lites of the 2, 4, diaminopyrimidine antiparasitics (trimethoprim and pyrimethamine), as
well as many other sulphoxide metabolites such as that of cimetidine. There is relatively
little known to date as to details of substrate preferences for the different FMOs, although
FMO-3 oxidizes generally smaller nucleophilic heteroatoms than FMO-1 which prefers
drugs with bulkier side-chains, forming N-oxides of chlorpromazine, imipramine and
orphenadrine. FMO-2 is sporadically expressed man (Chapter 7, section 7.2.4) and when
it is expressed, it oxidizes sulphur, rather than nitrogen containing agents. There is no
evidence so far that FMOs can be inhibited as drastically as CYPs and any relatively mild
inhibition that might occur is more likely to be competitive (nitrogen/sulphur containing
nucleophiles) rather than mechanistic inhibition. If inhibition occurs in vivo, it is thought
it may be related to the influence of the combination of dietary factors and particular poly-
morphic variants of FMOs 1, 2 and 3.

3.8.4 \Variation and expression

FMOs display some interesting differences and similarities in their expression and
operation in comparison with CYPs. Like CYPs, their metabolites are usually more
hydrophilic than the parent, although unlike CYPs, they are less likely to produce reactive
species and their metabolites tend to be low in toxicity, such as the various N-oxides. Our
knowledge of the regulation of FMOs is much less detailed than with CYPs, but their
expression can be regulated hormonally, which accounts for the marked switch from
predominant expression of hepatic FMO-1 to 3, which appears to be accelerated by the
birth process.

As FMOs are considered by many to have evolved as a detoxification system, it
seems inexplicable that FMO expression does not appear to be capable of responding
to xenobiotic challenge over, say days or weeks, which is the hallmark of the complex
and highly efficient CYP enzyme induction system (Chapter 4). It is apparent that the
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variation in FMO expression is mostly genetic and it has been suggested that separate
human populations may have evolved to express particular variants of these isoforms
which detoxify flora and fauna of specific geographical regions. Clearly this theory sug-
gests that individuals would be at significant risk if they strayed to a different area where
potential local toxins could not be cleared by their FMO expression profile.

3.8.5 FMOs in drug development

Clinically, FMOs do represent a potentially attractive prospect in drug development. As
mentioned above, they are not easily inhibited and their general lack of induction response
makes their expression stable and not subject to unexpected and potentially dangerous
changes induced by diet, alcohol/drug consumption or other small-molecule induced
stimuli. From a practical standpoint, it is also useful that FMO-3 is expressed in quantities
capable of clearing drugs in its own right. Additionally, if a new drug was to be cleared
by a combination of FMOs and CYPs, the introduction of a potent CYP inhibitor to a
clinical regime would not completely shut down all drug clearance, so preventing accu-
mulation-mediated toxicity, as the FMO would continue to eliminate the drug. This has
been demonstrated already to some extent by the family of gastroprokinetic agents, cis-
apride, mosapride and itopride. Poor gastric motility leads to accumulation of stomach
acid, which causes pain and inflammation of gastro-oesphageal tissues. These drugs relieve
these symptoms by improving gastric motility, although not without side-effects. In the
presence of a CYP3A4 inhibitor cisapride can accumulate and extend the cardiac QT
interval (Chapter 5, section 5.5.2) potentially lethally. The drug has been withdrawn in
most countries, although apparently it remains highly effective for constipation in cats. In
contrast, itopride, is cleared by FMO-3, thus making the drug potentially ‘idiot proof’,
that is, it would be significantly safer and easier to use in complex real-world clinical
regimens.

However, in common with CYPs, it is apparent that there is a very wide variation in
the expression of FMOs between racial groups and individuals. There are also a large
number of genetic polymorphisms for these enzymes (Chapter 7, section 7.2.4) and the
clearance of some drugs, such as ranitidine, is related to FMO-3 expression in particular
ethnic groups such as Koreans. Hence, the variation in expression of FMOs may compli-
cate or even ultimately frustrate the strategy of designing drugs which are cleared exclu-
sively by FMOs.

3.9 How CYP isoforms operate in vivo

The detailed processes on how living systems operate are sometimes focused on at the
expense of a global understanding of how these systems might operate in the tissue. It is
useful to try to visualize how CYPs process massive numbers of molecules from hydro-
phobic to at least partially hydrophilic products every second. If you visualize just one
hepatocyte, and imagine the smooth endoplasmic reticulum, with its massive surface area,
with vast numbers of CYP and REDOX partners embedded in its tubing, then you can see
how the liver can sometimes metabolize the majority of drugs and endogenous substrates
in a given volume of blood in just one passage through the organ, rather like a automotive
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catalytic converter forms water and CO, and nitrogen oxides from a hundreds of combus-
tion products.

3.9.1 Illustrative use of structures

Most textbooks at this point show a large number of chemical reactions that highlight
how CYP isoforms metabolize specific drugs/toxins/steroids, etc and this one is no excep-
tion. However, it is appreciated that many students might not have studied chemistry,
or struggle with it as a subject and feel intimidated by chemical structures. This is
worth overcoming, as some qualitative understanding of basic organic chemistry really
pays off in illustrating, understanding and appreciating how CYP enzyme systems
operate at the molecular level. If you study the diagrams it should not be too difficult to
eventually see a molecule in a way that approaches how a CYP enzyme might ‘see’ it.
After all, it is worth the effort, as we thrive as a species in part due to these remarkable
enzymes.

3.9.2 Primary purposes of CYPs
As mentioned before, CYP isoforms have evolved to:

¢ make a molecule less lipophilic (and often less stable) as rapidly as possible;

* make some molecules more vulnerable to conjugation.

The first step is the binding of the substrate. As you will have seen, individual CYPs bind
groups of very broadly similar chemical structures. This is partly achieved by the size and
physicochemical characteristics of the molecule, as we have seen. For example, the
entrance to CYP2C9 is not wide enough to bind part of a large molecule like cyclosporine,
so this molecule is virtually excluded from all the CYPs, except the one with the largest
and most flexible entrance and binding area, CYP3A4. The processes involved in the
orientation of substrates to proximity with the haem iron are complex as mentioned previ-
ously, but once an agent is presented to the iron, oxidation and occasionally reduction,
can then occur.

3.9.3 Role of oxidation

CYP metabolism is almost always some form of oxidation, which can achieve their main
aims. Oxidizing a molecule can have three main effects on it, as follows.

Increase in hydrophilicity

Forming a simple alcohol or phenol is often carried out to make a molecule soluble in
water so it can be eliminated without the need for any further metabolic input.
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Reduction in stability leading to structural rearrangement

Obviously some chemical structures are inherently less stable than others and any proto-
type drugs that are unstable and have the potential to react with cellular structures are
weeded out in the drug discovery process. However, the process of CYP-mediated metabo-
lism, where a stable drug is structurally changed, can form a much more reactive and
potentially toxic product (Chapter 8). A very young child hitting objects randomly with a
piece of metal will not be able to discern the difference between an inert object and an
extremely dangerous one (electrical equipment or an explosive device). In the same way,
a molecule may be bound and metabolized by CYPs, irrespective of the impact these
processes may have on the stability and potential toxicity of the product. There is a risk
that the new molecule may be very reactive and dangerous indeed and may attack the CYP
itself or the surrounding cellular structures. Although this does happen, evolution has
retained the advantages of CYPs, such as their ability to process virtually any required
molecule, through the appearance of conjugation and detoxification systems that contain
and usually quench the reactivity of these agents (Chapter 6). This could be compared
with the evolution of the Porsche 911. The weight of the engine over the driven rear-wheels
offers tremendous traction and thus acceleration. However, intensive modification of the
car over many years has counteracted the 911’s inherent tendency to carry straight on
through corners and vastly increased its safety whilst retaining its performance. With CYP
oxidation processes, the evolution of attendant detoxification systems ensures that the risk
to the cell of creating a reactive species usually pays off and a molecule can be quite radi-
cally changed in terms of its physicochemical properties without problems. For example,
a lipophilic functional group might be oxidized to an alcohol, which may be so unstable
that it breaks off. This has the dual advantage of removing a lipophilic structure that leaves
the molecule more hydrophilic (see the oxidation of terfenadine). It can also pave the way
for further metabolism, such as conjugation (Chapter 6).

Facilitation for conjugation

Many oxidative metabolites are much more vulnerable than their parent molecules to
reaction with water-soluble groups such as glucuronic acid and sulphates. Once a conju-
gate is formed, this vastly improves water solubility and Phase III transport systems will
generally remove it from the cell and into the blood.

3.9.4 Summary of CYP operations

A sculptor was once asked how he would go about sculpting an elephant from a block of
stone. His response was ‘knock off all the bits that did not look like an elephant’. Similarly,
drug-metabolizing CYPs have one main imperative, to make molecules more water-
soluble. Every aspect of their structure and function, their position in the liver, their initial
selection of substrate, binding, substrate orientation and catalytic cycling, is intended to
accomplish this deceptively simple aim.

With experience, you should be able to look at any drug or chemical and make a reason-
able stab at suggesting how a CYP enzyme might metabolize it. It is important to see these
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enzymes not as carrying out thousands of different reactions, but as basically carrying out
only two or three basic operations on thousands of different molecules every second.

3.10 Aromatic ring hydroxylation
3.10.1 Nature of aromatics

Large, highly lipophilic, planar and stable molecules with few, if any, vulnerable func-
tional groups look to be a difficult proposition to metabolize (Figure 3.8). Indeed, if there
are any aliphatic groups, or non-aromatic rings associated with an aromatic molecule, these
will often be attacked rather than the aromatic group. The ring hydroxylation of ampheta-
mines is the exception to this. Polycyclic hydrocarbons are not easy to clear and they are
perceived by living systems as a potent threat. This is reflected in the elaborate expression
system (Ah/ARNT; Chapter 4, section 4.4.2) which modulates the non-constitutive isoform
CYP1Al, which has evolved to deal with them, which is highly effective. These include
molecules such as those shown in Figure 3.8. The simplest aromatic is benzene and this
can be oxidized by CYP1A1 eventually to phenol, which is more reactive, but more water-
soluble than benzene and vulnerable to sulphation and glucuronidation during conjugative
metabolism.

3.10.2 The oxidation of benzene

There are several intermediates formed during the oxidation of benzene (Figure 3.9). The
two main routes are the cyclohexadienone and an epoxide; in the presence of water both
stages will rearrange to form the phenol. During this process, the hydrogen atom close to
the oxygen will sometimes be moved around on the ring, or even lost. This is known as
the NIH shift.

Epoxidation is defined chemically as a reaction where an oxygen atom is joined to an
unsaturated carbon to form a cyclic, three-membered ether. Epoxides are also known as
arene oxides and vary enormously in their stability, which depends on the electron density

» (L

Benzene Naphthalene Anthracene

Naphthacene
Benzo[a]pyrene

Figure 3.8 Some aromatic hydrocarbon molecules
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Figure 3.9 Main pathways of benzene hydroxylation

of the double bond being oxidized: the higher the density, the more stable the epoxide.
This means that epoxides of varying stability can be formed on the same molecule, due
to differences in electron densities and this is most apparent in benzpyrene. The anticon-
vulsant carbamazepine forms a number of epoxides and the 10, 11 derivative is stable
enough to be pharmacologically active, whilst bromobenzene 3,4 epoxide’s half-life in
blood is less than 14 seconds. Generally, arene oxides form phenols or diols in the pres-
ence of water (as does carbamazepine 10, 11 epoxide), although the cytosolic enzyme
epoxide hydrolase (Chapter 6, section 6.6, and Chapter 7, section 7.2.4) is present to
accelerate this process.

The phenols and diols are usually substrates for sulphation or glucuronidation. Although
the process of aromatic hydroxylation is difficult to achieve and the phenolic product is
more hydrophilic, the structural features of the larger polycyclics mean that this process
can lead to the formation of unstable carcinogenic reactive intermediates.

3.11 Alkyl oxidations

The saturated bonds of straight chain aliphatic molecules are very stable; indeed, they can
be even harder to break into from the thermodynamic point of view than aromatic rings,
whilst molecules with unsaturated bonds are the easiest to oxidize. Straight chain aliphatic
molecules are easier to oxidize if they have an aromatic side chain. Alkyl derivatives are
generally oxidized by the routes briefly described below.

3.11.1 Saturated alkyl groups

The oxidation of a saturated alkyl group can lead to the alcohol being inserted in more
than one position (Figure 3.10). The ‘end’ carbon group of the molecule is sometimes
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Figure 3.10 Omega and omega minus one carbon oxidation of aliphatic saturated (single bond)
hydrocarbons by CYP isoforms

called the ‘omega’ group and the oxidation can result in this group being turned into an
alcohol (omega oxidation) or alternatively, the penultimate group (omega minus one).

During the oxidation of saturated molecules (Figure 3.10) the CYP will operate as
described in section 3.7, abstracting hydrogen and causing the carbon molecule to form a
radical. The carbon radical and the hydroxyl group then react to form the alcohol. Even
though alkanes like hexane are very simple structures, they can be metabolized to a large
number of derivatives (see section 3.11.3, ‘Pathways of alkyl metabolism”).

As well as the formation of alcohols, CYP isoforms can desaturate carbon—carbon
double bonds to single unsaturated bonds (Figure 3.11). This process can occur alongside
alcohol formation and is a good example of a CYP-mediated process that leads to quite
considerable rearrangement of the molecule’s structure. The first hydrogen is abstracted
by the CYP isoform and may leave the FeO®" complex, allowing it to grab a second
hydrogen atom. The highly unstable adjacent carbon radicals rearrange to form an unsatu-
rated product. The two hydrogens and the single oxygen atom that the CYP enzyme used
to accomplish this effect form water.
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Figure 3.11 Formation of unsaturated bonds from a saturated starting point

3.11.2 Unsaturated alkyl groups

Unsaturated or double bonds are more electron-rich than saturated bonds, and as men-
tioned earlier, this makes them easier to oxidize and several possible products can be
formed (Figure 3.12). These include an epoxide called an ‘oxirane’, as well as two carbo-
nyl derivatives, or aldehydes, which can split the molecule.

3.11.3 Pathways of alkyl metabolism

A good example of where these pathways can lead is the complex metabolism of an oth-
erwise apparently simple molecule, hexane (Figure 3.13). This hydrocarbon was once used
as a volatile component of several adhesive mixtures, which were extensively applied in
the leather and shoe industries. If you want an adhesive or paint to dry or cure quickly,
the volatility of the carrier solvent is crucial. This makes the adhesive or paint easier to
use in a mass production setting. However, it was gradually realized that many people
who used hexane-based adhesives in the leather industry were suffering from damage to
the peripheral nervous system, known as peripheral neuropathy. This was a progressive
effect and was traced to the hexane itself. In humans, hexane is cleared at first to several
hexanols, which is logical, as a volatile, water-insoluble and highly lipophilic agent
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Figure 3.13 Oxidation of hexane to hexanols

capable of causing intoxication will be a strong candidate for rapid clearance to an albeit
only slightly water-soluble alcohol.

The 2-hexanol derivati