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assessment of trace element levels in organs such as the liver con-
tinues to be refined as technologies such as scanning transmis-
sion electron microscopic analysis are developed. Nonetheless,
the necessity and function of certain elements such as boron,
nickel, tin and vanadium continues to be debated (Table 1)
because dietary deficiency models in animals sometimes suggest
that they are essential, yet their specific functions at the molecu-

lar level have not been established [5,6]. Described below are the
functions of major trace elements relevant to the liver with spe-
cial emphasis on selenium, an element now recognized to play a
unique role in human biology. The importance of many trace
elements in nutrition and disease was reviewed extensively by an
expert panel [7], and the summary below includes many of their
key findings.

Table 1 Physiological trace elements in the body.a

Element

Arsenic

Cobalt

Chromium

Fluorine

Iodine

Lead

Manganese

Molybdenum

Nickel

Selenium

Silicon

Tin

Vanadium

Zinc

aCopper is discussed in Chapter 2.3.13.
bCertain elements may have physiological roles based on animal studies of specific dietary deficiencies, but requirements and specific functions in humans are

not known [5,7].

Function(s)

Uncertainb

Cobalamin (vitamin B12)

Improves insulin signalling

Uncertainb

Thyroid hormone

Uncertainb

Cofactor for multiple

enzymes (e.g. MnSOD,

pyruvate carboxylase,

phosphoenolpyruvate

carboxykinase, arginase,

prolidase)

Xanthine oxidase

Aldehyde oxidase

Sulphite oxidase

Nickelb known to have a

catalytic role in six bacterial

enzymes (including urease),

but no eukaryotic enzymes

See Table 2

Uncertainb

Uncertainb

Uncertainb

Cofactor for multiple

enzymes and transcription

factors

Causes of deficiency

Multiple

Defined diet without

supplementation

Defined diet without

supplementation

Defined diet without

supplementation

Dietary protein

deficiency

Dietary protein solely

from Se-deficient areas

Increased urinary loss 

in cirrhosis

Alcoholism

Malabsorption (e.g.

coeliac disease,

inflammatory bowel

disease)

Deficiency: hepatic
consequences

Fatty liver disease

Impaired glucose tolerance

Impaired glucose tolerance,

elevated ammonia levels,

impaired cholesterol

synthesis, impaired clotting

factor synthesis

Altered sulphur amino acid

metabolism

Oxidant stress

Altered ammonia

metabolism

Deficiency: non-
hepatic consequences

Multiple

Impaired glucose

tolerance

Impaired glucose

tolerance, dermatitis

Not established

See text

Encephalopathy in

cirrhotics

Changes in liver
disease

Impaired elimination 

of vitamin B12

degradation products

Hepatic accumulation in

chronic liver disease

Decreased urinary

excretion and increased

liver concentration in

alcoholic cirrhotics [58]

Increased levels in

globus pallidus in

cirrhotics, may cause

extrapyramidal

symptoms [53]

Low serum levels in

chronic liver disease [26]

Low serum levels in

chronic liver disease [26]

Low liver levels in

alcoholic cirrhosis [58]
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Selenium

Selenium has a special role in the normal function of the liver
and tissues throughout the body. Found directly below sulphur
on the periodic table, selenium thus shares many of the chemical
properties of sulphur [8]. In fact, most selenium in the body is
found in selenoproteins, which contain the amino acid seleno-
cysteine (Sec), a modification in which selenium is found in
place of the sulphur atom of cysteine. Failure to produce seleno-
proteins in the liver causes liver necrosis in mice, attesting to the
importance of selenium in normal liver function [9]. Selenium
is also incorporated into proteins as selenomethionine from
ingested selenomethionine. In contrast to the specific incorpo-
ration of Sec in proteins, selenomethionine (Se-met) replaces
methionine arbitrarily during translation depending on the 
relative abundance of Se-met [10]. Although Se-met may exert
different local steric effects from methionine, it has not been
found to have specific biological functions [11].

The story of how Sec becomes incorporated into selenopro-
teins is one that has challenged the accepted dogma of protein
synthesis pathways as it has unfolded over the past three
decades. While one possible mechanism of selenium incorpora-
tion could be replacement of the sulphur atom in cysteine by

selenium through posttranslational peptide modification, the
surprising reality is that Sec is preformed as a unique amino acid
and incorporated during translation. The conceptual difficulty
this raised is that it contradicted the decades-old paradigm that
the 64 possible ribonucleotide triplets of mRNA encode either
insertion of 20 specific amino acids or translational termination.
Understanding how Sec, now considered to be the 21st amino
acid, could be synthesized and incorporated during translation
required a revision of this paradigm.

Through a number of elegant experiments conducted over
the past two decades, Sec is now recognized to be translationally
inserted into nascent peptide chains by a unique transfer RNA,
t-RNA[Ser]Sec, which recognizes the UGA codon, a codon canon-
ically identified as a termination signal (Fig. 1). In the context of
several proteins acting in trans and a specific cis-acting hairpin
sequence in the 3′ untranslated regions of selenoprotein mRNA
transcripts, the UGA codon is recognized as the signal for Sec
insertion into nascent peptides [12–15]. Genetic deletion of 
t-RNA[Ser]Sec in mice is embryonically lethal, attesting to the
importance of this pathway [9]. Adding to this complexity was
the finding that t-RNA[Ser]Sec directly participates in the enzy-
matic formation of Sec. The t-RNA is first charged with serine,
but the bound serine is subsequently converted to Sec while still

t-RNA[Ser]Sec

+ Serine

t-RNA[Ser]Sec

Sec synthetase, PSTK, SPS2

Ser

t-RNA[Ser]Sec

eEFSec, SBP2

mRNA

Selenoprotein
. . . X-X-Sec-X-X-X . . . .

start

UGA

Sec

end

‘SECIS’

3′-UTR

Fig. 1 Synthesis of selenoproteins.
Selenocysteine (Sec) is synthesized from the
serine (Ser) carbon backbone on t-RNA[Ser]Sec. 
t-RNA[Ser]Sec is a unique transfer RNA that is
required for both Sec synthesis and
translational incorporation of Sec into nascent
selenoproteins. Sec synthesis is facilitated 
by an uncharacterized Sec synthetase and
selenophosphate synthetase 2 (SPS2).
Selenoprotein mRNAs contain an essential
stem–loop cis element, the Sec insertion
sequence (SECIS), in the 3′ untranslated region
(3´ UTR) that is required for the recognition of
the UGA codon as a Sec codon rather than a
termination signal. Binding of t-RNA[Ser]Sec to
the mRNA–ribosomal complex is also facilitated
by other unusual factors including a Sec-
specific elongation factor (eEFSec) and SECIS
binding protein 2 (SBP2).
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attached to t-RNA[Ser]Sec [16]. In no other case is a t-RNA known
to participate catalytically in the modification of a bound 
amino acid. The unique enzymes needed for these steps were
first elucidated in bacteria and then defined in eukaryotes,
although many details remain to be clarified [12,17]. An inter-
esting recent observation with respect to liver disease is that 
the antigenic epitope for antisoluble liver antigen (anti-SLA), 
an antibody associated with autoimmune hepatitis, appears to
be t-RNA[Ser]Sec [18].

Biological functions of selenium

The biological functions of selenium are mediated primarily by
Sec in selenoproteins. Early tracer studies with 75Se identified
several major selenoproteins that included glutathione peroxi-
dase (GPx) and selenoprotein P (SelP). Until recently, computer
algorithms used to identify open reading frames in genes could
not accurately identify UGA codons that encode Sec instead 
of translational termination. However, the recognition of an
obligate and unique 3′ cis element in selenoprotein transcripts
led to new computational approaches that subsequently iden-
tified a total of 25 putative selenoproteins, now identified as 
the ‘selenoproteome’ of the mammalian genome (Table 2) [19].
Reconciling the selenoproteome with previously identified sele-
noproteins has been complicated by the existence of multiple
alternative splice forms of many of the transcripts.

The enzymatic function of selenoproteins typically depends
on the presence of a negatively charged deprotonated selenium
and, for this reason, the Sec is usually located within the active
site. The pKa of the selenol group of Sec is substantially higher
than the analogous sulphydryl of cysteine and, as such, is mostly
deprotonated (R-Se–) at physiological pH. By comparison, the
pKa of cysteine is lower, and it is mostly protonated (R-SH) at
physiological pH. Thus, Sec is a much more facile nucleophile
than cysteine at reactive sites of selenoprotein enzymes. Three
examples of selenoproteins are described below.

The first selenoprotein to be characterized was glutathione
peroxidase 1 (GPx1), an enzyme that catalytically eliminates
hydrogen peroxide and lipid hydroperoxides in the cytosol 
and mitochondria using glutathione as an electron donor. The
highest cellular concentrations of GPx1 are found in the liver.
Catalase, a non-selenium-dependent enzyme, also eliminates
hydrogen peroxide but is confined to peroxisomes and does not
participate in the general intracellular defence against oxidant
stress. Moreover, catalase does not eliminate lipid hydroperox-
ides. Although oxidant stress impairs normal cellular functions,
overexpression of GPxs may adversely influence normal redox-
mediated cellular signalling [20]. For example, mice that over-
express GPx1 in the liver develop features of insulin resistance,
suggesting that too much antioxidant defence could have a 
negative impact on normal insulin signalling [21].

Another selenoprotein, thioredoxin reductase (TrxR), plays
an important role in most organs in maintaining normal redox
status. TrxR-1 is localized to the cytoplasm where, in addition to

its role in thiol redox regulation, it is essential for deoxynu-
cleotide synthesis. Another form, TrxR-2, is located within
mitochondria and prevents oxidant injury caused by the con-
stitutive release of superoxide from the mitochondrial electron
transport chain. Deletion of TrxR (but not GPx1 or SelP)
induces a cellular stress response [22], and human tumour 
cells treated with tumour necrosis factor (TNF)α undergo
increased apoptosis when they lack Sec in TrxR. In addition,
non-physiological trace elements such as gold and platinum
actively inhibit TrxR [23].

All Sec-containing selenoproteins except SelP contain only
one Sec, whereas SelP, thought to serve as a transport protein 
for selenium, has 10 Sec. Although many tissues express SelP,
impaired liver synthesis of SelP reduces serum levels by 75% in
mice, indicating that the liver serves a primary role in the synthesis
and secretion of this selenium transport protein [9,24]. Evidence
that liver-synthesized and secreted SelP is required by other
organs is provided by a liver-specific knockout of SelP in mice
that demonstrates impaired renal synthesis of selenoproteins [25].

Deficiency states

Profound liver-specific deficiency of selenoproteins causes liver
necrosis and death in genetically modified mice that cannot 
synthesize selenoproteins in the liver [9]. Dietary selenium
deficiency in humans is unlikely to mimic this extreme pheno-
type, and such overt liver manifestations of selenium deficiency
have not been described clinically. However, low selenium levels
have been found in patients with chronic liver disease [26–28],
and selenium-deficient rodents have higher serum liver enzymes
and markers of oxidant stress [29,30]. Studies in cultured cells
have shown that selenium deficiency in hepatocytes leads to 
cell death by oxidative stress, but many malignant hepatocellu-
lar carcinoma cell lines survive in culture despite selenium
deficiency, possibly indicating the resistance of liver cancer to
normal oxidant-mediated mechanisms of cell death.

A diverse diet usually contains sufficient selenium to meet the
recommended daily allowance of 55–70 µg per day and prevent
a deficiency state. However, with the new recognition of multi-
ple Sec-containing proteins, this assertion is being revisited to
determine whether some of the previously unknown proteins
may be impaired by inadequate selenium status despite a 
diet containing the currently recommended amount [31,32].
Dietary protein is an important source of selenium. Rats fed 
a protein-deficient diet had low GPx levels and exhibited
increased sensitivity to liver injury induced by carbon tetrachlo-
ride [33], abnormalities that could be ameliorated by selenium
supplements [34]. Acute alcohol feeding has also been shown to
decrease hepatic selenium levels in animal studies, whereas
deficiency states in people are usually associated with consum-
ing food produced in a limited geographical region (e.g. certain
regions in New Zealand and China) and are associated with
growth retardation, defective spermatogenesis, cataracts and
cardiomyopathy.
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As is true of many other trace elements and vitamins, sub-
optimal health attributed to mild and clinically undetected
deficiency states has been proposed and is the basis for selenium
supplementation as an antioxidant in many multivitamins and
other supplements. Disease states that have been attributed to
moderately low selenium levels include cancer, susceptibility to
viral infections, progression of AIDS, defective spermatogenesis,
arthritis, vascular disease, asthma and immune system dysregu-
lation [12,35]. Mice lacking both GPx1 and GPx2 have been
found to develop ulcerative colitis and colon cancers, attesting

to the potential importance of selenium enzymes in preventing
inflammation and neoplasia [36,37]. On the other hand, the
selenium-dependent thioredoxin pathway is antiapoptotic and
may favour the survival of malignant cells.

Selenium provided in dietary supplements is typically in
forms such as sodium selenite or selenate, although the primary
dietary source may be selenomethionine in plant proteins
[11,38]. Other organic forms of selenium have been found to 
be a potentially useful source as well [39] and, despite major dif-
ferences between selenite supplements and selenate supplements

Table 2 Selenoprotein functions.

Selenoprotein

GPx1a

GPx2

GPx3

GPx4

GPx6

H

I

J

K

M

N, SEPN1

O

P, SelP

R, MsrB1

S

SPS2

T

Trx1

Trx2

Trx3

V

W

X

Z

DI-1b

DI-2

DI-3

Sep15, 15 kDa protein

aGPx, glutathione peroxidase (note, GPx5 is not a selenoprotein).
bDI, iodothyronine diodinase [65].

CNS, central nervous system; HMG-CoA, hydroxymethylglutaryl-CoA.

Adapted from refs 19, 12 and 10.

Function

Eliminates cytosolic hydrogen peroxide and lipid

hydroperoxides; most abundant in the liver

Gastrointestinal mucosal antioxidant, inhibits absorption of

lipid hydroperoxides [36]

Plasma antioxidant

Eliminates diverse hydroperoxides [59]

Unknown function

Hypothetical protein

Selenocysteine synthesis

Hypothetical protein

Putative membrane protein

Unknown function [61]

Possible antioxidant in muscle

Hypothetical protein

Selenium storage and transport [24]

Methionine sulfoxide reductase [63]

Putative membrane protein

Essential for tRNA[Ser]Sec synthesis

Hypothetical protein

Catalyses flavin-mediated reduction of oxidized thioredoxin

Thioredoxin reduction

Thioredoxin reduction

Hypothetical protein

Probable antioxidant function

Hypothetical protein

Hypothetical protein

Catalyses the monodeiodination of thyroxine (T4) to the

active thyroid hormone (T3) or inactive form (rT3)

Conversion of T4 to T3 and rT3

Conversion of T4 to rT3

Possible role in endoplasmic reticulum protein folding

Comments

First selenoprotein characterized; also called cystosolic GPx

Originally described in gut mucosa but also found in liver

Secreted glycoprotein, kidneys may be the major source;

‘plasma GPx’

May regulate intracellular signalling [60]; ‘phospholipid

hydroperoxide GPx’

Identified by genomic analysis [19]

Abundant in brain

Possible role in muscular dystrophy; requires prenylation for

function, HMG-CoA reductase inhibitors may interfere and

cause myopathy [62]

10 selenocysteines per molecule, widely expressed in different

organs; liver may be the major source of circulating SelP

Possible selenium donor

Localized to cytosol

Localized to mitochondria

Localized to testis

Most abundant in cardiac and skeletal muscle

mRNA abundant in liver, leukocytes

mRNA abundant in liver, kidney

Found in liver, may play a role in liver-specific effects of thyroid

hormone

Not localized to liver

Primarily localized to the CNS

High expression in liver; localized to the endoplasmic reticulum

[35,64]
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[40], the best approach to dietary selenium supplementation 
has not been established.

Toxicity of selenium

In general, excess selenium intake is rare in humans but is a
significant environmental issue for animals. Liver selenium 
levels are increased in elderly people from the Faeroe Islands
where whales are a dietary mainstay, and also in Inuits of the
Arctic North American continent [41]. Environmentally, sele-
nium accumulates in the groundwater in specific geographical
regions having poor drainage, and wetland birds that dwell in
such regions develop selenium toxicity. Cattle and sheep grazing
in such regions also develop colourfully named syndromes such
as ‘blind staggers’ and ‘alkali disease’ attributed to selenium 
toxicity, although hepatic manifestations of selenium toxicity
have not been described.

Routes of selenium excretion have not been fully identified.
The liver converts Se-met to Sec, and Sec is converted to serine and
selenide, possibly involving an enzyme that specifically removes
selenium from Sec [42]. Selenide is di- or trimethylated and 
then exhaled or excreted [11]. Additionally, a water-soluble 
carbohydrate conjugate, Se-methyl-N-acetylselenohexosamine,
has been identified as a major urinary selenium metabolite in
one study [43]. Whether secretory mechanisms can compensate
for excessive intake is unknown, although selenium levels do
reach a steady-state level during nutritional supplementation
with Se-met [11]. The specific role of the liver in these metabolic
pathways has not been established.

Zinc

The liver plays a central role in zinc homeostasis, removing it
from albumin in the blood and distributing it to the body as
needed. Hormonal stimuli such as glucocorticoids and epin-
ephrine upregulate hepatic zinc uptake by upregulating hepatic
metallothionein levels [44]. Zinc serves as an essential cofactor
for over 100 enzymes and zinc finger transcription factors that
are necessary for intermediary metabolism in the liver and other
organs. It serves a major antioxidant function as a cofactor for
copper–zinc superoxide dismutase, the first line of defence
against cytosolic reactive oxygen intermediates generated in the
liver. The specific effects of zinc deficiency on these metabolic
steps have not been fully elucidated.

Excretion of zinc is mostly in the stool; biliary secretion is
minimal, and most zinc lost in the stool originates from gut
mucosa and pancreatic secretions. Cirrhotics have increased
urinary zinc loss and can become zinc deficient. Zinc supple-
ments, typically zinc sulphate, 220 mg three times daily in 
cirrhotics, may be effective in treating portosystemic encep-
halopathy and muscle cramps [26,45–47], although these data
have been disputed [48]. Zinc supplements increase metal-
lothionein expression, which can impair normal copper uptake.
This is the desired effect when zinc is used to treat Wilson’s 

disease, but the importance of impaired copper uptake in cir-
rhotics taking zinc supplements requires further investigation.

Chromium

Chromium in its various forms is both an industrial toxin and a
commonly used dietary supplement. The toxicity of chromium
depends on its redox state. Whereas Cr VI (i.e. chromate) is a
known industrial toxin and carcinogen, Cr III is hypothesized to
improve insulin sensitivity by enhancing postreceptor insulin
signalling [49]. Cr VI is a strong oxidizing agent but is rapidly
reduced to Cr III when ingested. The effect of Cr III on insulin
signalling is the rationale for its promotion in forms such as
chromium picolinate as a dietary supplement to prevent or
improve diabetes. It has also been promoted as an aid in weight
reduction and as a stimulant for increasing muscle mass,
although controlled clinical trials have not confirmed these
claims. The uptake of chromium by hepatocytes is facilitated 
by an anion channel, probably the same channel that mediates
the uptake of other anions such as phosphate.

Chromium has the potential to accumulate in the liver of
patients with chronic liver disease, and excess dietary supple-
ments should be avoided in this group [7]. One case of severe
hepatotoxicity attributed to chromium picolinate use has been
reported [50]. It is not secreted into the bile and, thus, choles-
tasis is not a cause of chromium accumulation. Accumulation in
the liver may develop in long-term peritoneal dialysis patients,
although the significance of this is uncertain [51].

Manganese

Manganese is a cofactor for a number of enzymes important for
intermediary metabolism, including the hepatic urea cycle
enzyme arginase. However, deficiency syndromes and how they
affect normal metabolism in the liver are not well described [52].
A provocative finding with respect to fatty liver disease was that
manganese-deficient animals developed insulin resistance and
glucose intolerance, but clinical studies of supplements have 
not been found to improve insulin sensitivity or diabetes. As a
cofactor for prolinase, an enzyme needed for proline synthesis,
and glucosyltransferases, enzymes needed for glycosamino-
glycan synthesis, manganese also plays a role in extracellular
matrix production and maturation.

Manganese absorbed from food is avidly taken up by the liver
and distributed to tissues bound to transferrin and albumin. The
mechanisms of absorption appear to be regulated in parallel
with iron absorption such that iron deficiency increases man-
ganese absorption from the gastrointestinal tract and iron excess
reduces manganese absorption. Excess manganese is secreted
into the bile, and some authorities recommend that supple-
ments should be avoided in patients with chronic liver disease to
avoid hepatic accumulation [7]. Manganese has been shown to
accumulate in the globus pallidus of the brain in patients with
cirrhosis [53].
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Cobalt

Cobalt is best known as the catalytic centre of the corrin ring 
in cobalamin, the active core of vitamin B12. Vitamin B12 is 
synthesized by gut bacteria and is thus not directly affected by
altered hepatic metabolism. However, the liver plays a central
role in enterohepatic circulation of vitamin B12 and the disposal
of corrinoid metabolites of vitamin B12 through biliary secre-
tion of degradation products. Alterations in vitamin B12 func-
tion leading to manifestations of a deficiency state have thus
been attributed to altered hepatic metabolism of B12 [54].

Molybdenum

Molybdenum is an essential cofactor for three enzymes: sul-
phite oxidase, xanthine oxidase and aldehyde oxidase. Sulphite
oxidase is essential for the hepatic metabolism of sulphur-
containing molecules such as cysteine and the formation of 
taurine. Whether molybdenum deficiency impairs the produc-
tion of the bile acid taurocholic acid or alters the function of 
bile is not known. The second molybdenum enzyme, xanthine
oxidase, metabolizes purines and is required for the elimination
of degraded nucleotides. It has also been proposed to be a
significant source of superoxide generation during ischaemia–
reperfusion injury. Lastly, aldehyde oxidase requires molyb-
denum as a cofactor. It is known for its role in the hepatic
metabolism of ingested ethanol from toxic acetaldehyde 
to acetate, but it also plays a key role in eliminating other 
more toxic aldehydes such as the lipid peroxidation product 
4-hydroxynonenal.

Despite these known metabolic roles of molybdenum, there
are no recognized hepatic effects of molybdenum deficiency or
excess. This metal does undergo enterohepatic circulation and
crosses cell membranes through an anion channel. It interacts
with copper to form thiomolybdate complexes that increase
copper elimination and cause copper deficiency. This inter-
action is the rationale for its use to promote copper excretion 
in patients with Wilson’s disease.

Toxicity and elimination of trace
elements

The liver has a central role in the uptake and disposition of 
many trace elements, especially the heavy metals [55].
Metallothionein, a cytosolic metal-binding protein composed 
of 25–30% cysteines, binds heavy metals, prevents their toxic
interaction with other cellular components and facilitates their
elimination. Metallothionein is especially important in the
uptake and detoxification of cadmium [56]. Stress markedly
upregulates hepatic metallothionein expression, but the reason
for this is uncertain [57]. The liver also has the highest gluta-
thione levels of any organ, and glutathione plays an important
role in the biliary secretion of heavy metals, especially copper,
cadmium, mercury, lead and zinc [55]. Although cholestasis is

commonly associated with hepatic copper accumulation, the
impact of impaired biliary secretion on the disposal of other
heavy metals is less certain.

Summary

Trace elements serve essential metabolic functions in the liver,
and the liver plays a central role in the disposition of most trace
elements. Much work is needed to identify optimal measures 
of trace element adequacy and the functional consequences of
deficiency states.
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2.3.15 Hepatic metabolism of drugs
Chris Liddle and Catherine A.M. Stedman

General concepts

Drug metabolism is the process by which drug molecules 
are chemically altered, usually to more polar metabolites that
exhibit increased water solubility to allow elimination in urine
or bile and/or increased access to excretory transporters. The
liver is quantitatively and qualitatively the most important site
of drug metabolism, although extrahepatic metabolism of drugs
is also well recognised, both in the gastrointestinal mucosa and
by circulating enzymes such as esterases. Drug metabolism is
likely to be a byproduct of metabolic pathways that metabolize
endogenously synthesized compounds (endobiotics) such as
steroids, sterols, bile acids and eicosanoids. This is supported 
by the observation that hepatic enzymes involved in drug
metabolism often have these endobiotic compounds as sub-
strates, and that some hepatocellular transporters that handle
bile acids also transport drugs [1,2].

One of the most surprising features of hepatic drug-
metabolizing pathways is their ability to cope with a seemingly

endless array of drug substrates. Thus, many of the newer fully
synthetic drugs that have no close structural counterparts in
nature are successfully metabolized by the liver and irreversibly
removed or ‘cleared’ from the body. This broad substrate 
recognition is achieved by the presence of multiple drug-
metabolizing enzymes in the hepatocyte, and many can meta-
bolize multiple substrates. For example, the calcium channel
blocker nifedipine is almost entirely metabolized by the
cytochrome P450 (P450) CYP3A4, an enzyme with very broad
substrate recognition that is responsible for the metabolism of
some 50% of all therapeutic drugs. In contrast, the benzodi-
azepine diazepam is metabolized by P450s belonging to the
CYP2C, 2D and 3A subfamilies to several primary metabolites,
some retaining pharmacological activity. Thus, individual drugs
may be metabolized in very different ways, and variation in the
expression of individual enzymes and transporters for genetic or
other reasons may have complex effects, which may sometimes
be difficult to model and predict in advance.

Central role of the liver in drug
metabolism

In terms of both gross anatomy and microstructure, the liver is
ideally designed as a drug clearance organ (Fig. 1). Most foreign
chemical compounds (xenobiotics), including therapeutic drugs,
enter the body by absorption from the gastrointestinal tract. As
covered in Chapter 2.1.1 of this book, venous drainage from
most of the gastrointestinal tract is via the portal vein to the liver.
Along with drug-metabolizing enzymes and drug transporters
expressed in the intestinal mucosa, the liver provides an effective
barrier that prevents xenobiotics from entering the systemic 
circulation. The fraction of an absorbed drug metabolized on
this initial postabsorptive pass through the liver is termed ‘first-
pass clearance’ and, factored together with the fraction of the
drug absorbed from the gastrointestinal tract, determines the
‘bioavailability’ or the fraction of an orally administered drug
that reaches the systemic circulation as intact drug [3]. For some
drugs, the extent of first-pass clearance can be so great that oral
administration is largely ineffective; for example, glyceryl trini-
trate and lidocaine (lignocaine).

Within the hepatic lobular architecture, drug metabolism 
is not evenly distributed. Some important drug-metabolizing
P450s such as CYP3A4 are predominantly expressed in peri-
central (zone 3) hepatocytes [4]. One reason for this functional 
specialization may be that metabolism can give rise to highly
toxic electrophilic intermediates, which may lead to cell death.
With metabolic segregation, only pericentral necrosis occurs,
rather than massive necrosis if highly reactive molecules cannot
be successfully detoxified.

Drug-metabolizing enzymes

Phase I metabolism refers to a basic structural alteration of a
drug molecule, whereas in phase II metabolism, a water-soluble
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