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2.3.10 Haem biosynthesis and
excretion of porphyrins
Hervé Puy and Jean-Charles Deybach

Introduction
Synthesis of porphyrins occurs in nearly all living cells: in
animals for haem production and in plants for chlorophyll production. Porphobilinogen (PBG) and δ-aminolaevulinic acid
(ALA) are linear porphyrin precursors, whereas porphyrins are
molecules that are cyclic precursors of haem. In mammalian
cells, haem synthesis occurs mostly in liver and erythropoietic
tissues. Eight enzymes are involved in haem synthesis from succinyl CoA and glycine; the biosynthetic pathway starts in the
mitochondrion and, after passing through three cytoplasmic
stages, re-enters the mitochondrion for the final steps of haem
formation. Therefore, the first and last three enzymes are found
in mitochondria and the others in the cytosol (Fig. 1). All these
enzymes are encoded by nuclear genes, and their full-length
human cDNA and genomic sequences have been isolated and
characterized [1]. Haemoproteins, including haemoglobin or
myoglobin, mitochondrial or microsomal cytochromes, catalase,
peroxidase, nitric oxide synthase, prostaglandin endoperoxide
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Fig. 1 The haem biosynthetic pathway. Subcellular distribution of enzymes and intermediates in the synthesis of haem is shown. ALA, d-aminolaevulinic acid;
PBG, porphobilinogen; Ac, acetyl (CH2-COOH); CoASH, coenzyme A; Pr, propionyl (CH2-CH2-COOH); Vi, vinyl (CH=CH2).

synthase, guanylate cyclase or tryptophan pyrrolase, play very
important roles in electron and oxygen transport, in the
activation of oxygen or hydrogen peroxide and, finally, in
hydrogen peroxide decomposition.

Haem biosynthesis
Structure of porphyrins
Porphyrins are cyclic tetrapyrroles in which the pyrrole rings,
conventionally designated as A, B, C and D, are linked through
their carbon atoms by methene (–CH=) bridges (Fig. 1). All the
cyclic tetrapyrrole intermediates of the biosynthetic pathway,
with the exception of protoporphyrin IX, the last intermediate,
are porphyrinogens, which are reduced forms that are rapidly
oxidized to porphyrins when exposed to air with the loss of
six protons. Porphyrins emit intense red fluorescence when
exposed to light at around 400 nm. Thus, spectrofluorometric
methods provide very sensitive detection and quantification of
porphyrins (Soret band).

The naturally occurring porphyrins all have side-chains on
the carbon atoms of the pyrrole rings. The porphyrin isomers
differ in the arrangement of the side-chain substituents (e.g.
acetyl and propionyl in uroporphyrins; methyl and propionyl in
coproporphyrins). Water solubility of porphyrins is favoured
by the presence of carboxylic acid side-chains. Uroporphyrin,
the most water-soluble of the porphyrins, is excreted predominantly in urine, coproporphyrin mostly in urine and partly in
bile, whereas protoporphyrin, the least soluble, is excreted only
in the bile. There are four isomers of each of these porphyrins;
only the I and III isomers occur in nature. In isomer I, the sidechains are arranged symmetrically around the ring; in isomer
III, the substituents on ring D are reversed [2]. In animals, the
complex between ferrous iron and protoporphyrins is usually
called haem.

Biosynthesis
The two types of cells in the body that are responsible for synthesizing most of the haem are the erythropoietic cells (80%)
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and the liver parenchymal cells (20%). The steps in the pathway
are outlined in Figure 1.

the deaminase, starting with ring A and building round to ring
D, to form the unrearranged bilane. The deaminase furnishes a
straight-chain tetrapyrrole, hydroxymethylbilane, but it is not
an enzyme for ring closure. The PBG deaminase contains, at its
catalytic site, a dipyrrolomethane cofactor. The function of the
dipyrrolomethane cofactor appears to be that of anchoring the
substrate molecules at the catalytic site and directing the condensation of PBG to form the tetrapyrrole. Uroporphyrinogen
III cosynthase then rapidly converts the intermediate into
uroporphyrinogen III, a cyclic tetrapyrrole with eight carboxyl
side-chains. In the absence of this ring-closing and side-chainrearranging enzyme, an abortive I isomeric uroporphyrin is
formed spontaneously, and, after partial decarboxylation to I
isomeric coproporphyrinogen, is excreted via the hepatobiliary
route as well as in urine. Uroporphyrinogen decarboxylase (EC
4.1.1.37), encoded on the short arm of chromosome 1, catalyses
the stepwise decarboxylation of uroporphyrinogen III and converts the four acetic acid side-chains to methyl groups to form
coproporphyrinogen III. The reactions, passing through 7-, 6and 5-carboxylic states of the porphyrin molecule, take place at a
single catalytic site. Only isomer III can be used in the remaining
steps [3].

Synthesis of porphyrin precursors:
d-aminolaevulinic acid and porphobilinogen

ALA synthase (EC 2.3.1.37), the first enzyme in the pathway, is
a mitochondrial protein that requires pyridoxal phosphate as a
cofactor. Two different isoenzymes, erythroid-specific or housekeeping, are encoded by two separate genes on different chromosomes (see below). It catalyses the condensation of glycine
and succinyl-CoA, which is produced by the tricarboxylic acid
cycle, to form ALA, which is exclusively committed to the synthesis of haem. ALA dehydrase (EC 4.2.1.24) then catalyses the
condensation of two molecules of ALA to form monopyrrole
PBG. The ALA dehydrase gene, situated on chromosome 9, has
two codominant alleles, 1 and 2 [3]. The isoenzymes produced
in the liver and erythroid tissue through tissue-specific alternative splicing are identical, with the form of splicing determined
by activation of an untranslated region. The ALA dehydrase-2
isoenzyme is more electronegatively charged than ALA
dehydrase-1, and its affinity for lead, which inhibits its
activity by competing with the zinc atoms needed for catalytic
action, is therefore higher. As a consequence, individuals with
the ALA dehydrase-2 genotype are more vulnerable to lead
exposure.

Synthesis of haem

Coproporphyrinogen oxidase (EC 1.3.3.3), encoded by a gene
on chromosome 9, selectively converts two propionic acid
chains to vinyl groups on the III isomeric form of coproporphyrinogen and then catalyses the stepwise decarboxylation to
produce protoporphyrinogen IX. This mitochondrial enzyme,
which requires copper for its action, is not membrane bound
and was shown to be present in the intermembrane space. This
localization implies that protoporphyrinogen oxidase (EC
1.3.3.4) must cross the inner membrane because haem is formed
within the inner membrane (Fig. 2). Protoporphyrinogen

Synthesis of coproporphyrinogen III

Two cytoplasmic enzymes, PBG deaminase (EC 4.3.1.8) and
uroporphyrinogen III cosynthetase (cosynthetase; EC 4.2.1.75),
convert four molecules of PBG to uroporphyrinogen III (with
liberation of four molecules of ammonia). PBG deaminase
catalyses the polymerization of four molecules of PBG, yielding
a linear tetrapyrrole intermediate, hydroxymethylbilane (Fig. 1).
In this reaction, four units of PBG are assembled head-to-tail by

Haem
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Fig. 2 Haem biosynthetic pathway. Association of the three terminal enzymes (coproporphyrinogen oxidase CPO, protoporphyrinogen oxidase PPOX,
ferrochelatase FECH) with the inner mitochondrial membrane.

TTOC02_03 3/8/07 6:47 PM Page 210

210 2 FUNCTIONS OF THE LIVER

oxidase, encoded by a gene on chromosome 1, catalyses the
oxidation of protoporphyrinogen IX to protoporphyrin IX: six
hydrogen atoms are removed (four from methylene bridges and
two from pyrrole rings). Only oxidized molecules (porphyrins)
are brightly coloured, whereas reduced porphyrins (porphyrinogens) are colourless. The final enzymatic step in haem
synthesis is the insertion of iron by the enzyme ferrochelatase
(EC 4.99.1.1), which is encoded by a gene on chromosome 18
and is localized to the inner membrane of mitochondria. Unlike
the three preceding enzymes in the haem biosynthetic pathway,
which use porphyrinogens as substrates, ferrochelatase uses protoporphyrin IX; other dicarboxyl porphyrins, such as deuteroand mesoporphyrin IX, serve as good substrates for this enzyme
in vitro. Only the reduced form of iron (Fe2+), and not Fe3+,
is incorporated into protoporphyrin IX by the enzyme. Co2+
and Zn2+ are more efficient substrates for the enzyme than
Fe2+. Therefore, various rates of ferrochelatase activity can be
obtained in vitro, depending upon which metal and porphyrin
substrates are used. Moreover, in humans, ferrochelatase
deficiency leads to free protoporphyrin accumulation, whereas
iron deficiency leads to zinc protoporphyrin accumulation.
The biosynthesis of haem requires 8 mol of glycine and 8 mol
of succinic acid [3]. Each of the enzymes and their respective
deficiency diseases are described in Chapter 16.5, Human hereditary porphyrias.

Haem catabolism
All cells are able to handle haem left over from the breakdown
of haem proteins, thus preventing toxic accumulation of the
compound. Haem oxygenase 1 (HO-1, EC 1.14.99.3), situated
in the endoplasmic reticulum, is considered as a heat shock
protein that is ubiquitously expressed, but is present in
especially large amounts in liver and spleen, where the main
degradation of haemoglobin takes place. Combined with
nicotinamide adenine dinucleotide phosphate hydrogenase
(NADPH) cytochrome 450 reductase, it cleaves one of the
methene bridges of the porphyrin ring and generates carbon
monoxide. The linear tetrapyrrol, biliverdin, is oxidized to
bilirubin and excreted via the liver–bile route, whereas the
liberated iron is reutilized. HO-1 activity is induced by a variety
of stimuli, including haem itself, heavy metals, organic chemicals, endotoxins, hyperthermia, hypoglycaemia, burns and
oxidative stress. Stimuli that increase HO-1 gene expression
could accelerate the flux of metabolites through the haem
biosynthetic pathway, and may thereby trigger clinical symptoms in some forms of hepatic porphyria by overload of the
deficient enzyme [4]. The isoenzyme haem oxygenase 2 (HO-2),
encoded by another gene, is not induced by the same agents that
increase the transcription of the ubiquitous gene. This HO-2
gene is strongly expressed in brain, where it may serve to supply
the tissue with carbon monoxide, a neuronal messenger that
binds to the haem prosthetic group of guanylate cyclase generating cyclic GMP.

Regulation of haem synthesis
The mechanisms applied in the control of haem biosynthesis
differ between liver and bone marrow, the two tissues that make
haem in the largest amounts. Both erythroid-specific and nonerythroid or ‘housekeeping’ transcripts have been identified for
each of the first four enzymes in the pathway. ALA is the first
intermediate in the haem biosynthetic pathway exclusively
committed to haem synthesis, and the rate of ALA synthesis is
an important controlling step for haem formation. Erythroidspecific and housekeeping transcripts for the first step enzyme
ALA synthase are encoded by two separate genes on different
chromosomes: the erythroid-specific gene, expressed only in
fetal liver and adult bone marrow (ALA synthase-2 on
chromosome X), and the housekeeping gene, expressed in all
cells (ALA synthase-1 on chromosome 3). For ALA dehydrase,
porphobilinogen deaminase and uroporphyrinogen synthase,
each transcript is activated from the same gene [5].

In the liver
In the liver, the haemoprotein enzymes formed, including
cytochrome P450s, are rapidly turned over in response to current metabolic needs. ALA synthase-1 has many features of a
rate-limiting enzyme in the production of haem. The rate of this
enzyme turnover is very rapid; the half-life of mitochondrial
ALA synthase-1 is among the shortest of all mitochondrial proteins. The ALA synthase-1 activity in normal liver is the lowest
among all enzymes in the haem biosynthetic pathway. The free
intracellular haem pool inhibits ALA synthase-1 activity via a
negative feedback regulation (Fig. 3). Four potential targets for
regulating the formation of the enzyme by haem have been
identified: regulation of the production of ALA synthase at
either (i) the transcriptional level or (ii) the translational level
with a destabilization of ALA synthase mRNA by haem; (iii)
modulation of the rate of entry of the enzyme into the mitochondria; or (iv) direct inhibition (Fig. 4). Basal or uninduced
hepatic ALA synthase-1 provides sufficient ALA and haem to
maintain normal levels of liver haemoproteins but, when the
synthesis of the cytochrome P450 enzymes is induced and more
haem synthesis is required, ALA synthase-1 is induced. The
activity of PBG deaminase, the third enzyme in the pathway, is
close to that of ALA synthase-1. Increased hepatic ALA synthase
activity has been described during acute attacks in patients
with acute porphyrias. ALA synthase induction is a secondary
phenomenon; it is the result of exposure to several factors
(such as drugs, hormones) that act on an enzyme more or less
derepressed by haem deficiency. Under these conditions of ALA
synthase-1 induction and increased ALA production, such as in
an acute attack of an acute hepatic porphyria, PBG deaminase
can become a rate-limiting metabolic step. This would account
for the especially marked increases in ALA and PBG that are
produced and excreted in acute intermittent porphyria (see
Chapter 16.5). The activity of HO, the rate-limiting enzyme for
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haem degradation to CO, iron and bile pigment, can also
influence the level of regulatory free haem in hepatocytes.
Starvation leads to increased HO activity, which may contribute
to precipitating a crisis in acute hepatic porphyrias by depleting
haem [6]. Conversely, attacks of these disorders can be prevented by a high carbohydrate diet. Thus, mechanisms for both
haem synthesis and degradation can regulate haem formation.

In erythroid cells
In the erythroid cell, the synthesis of the enzymes participating in the formation of haem is under the control of iron and
erythropoietin, formed under hypoxic conditions. Indeed,

4
3

Fe2+

Haem

Haemoproteins

regulatory influences in the erythrocyte act during cell differentiation and, in contrast to the liver, the erythrocyte also responds
to stimuli for haem synthesis by increasing its cell numbers to
meet changing requirements for haemoglobin. The haemoglobinization of the erythroid cell is controlled by the ALA synthase-2
isoenzyme, which exhibits a 75% identity in the C-terminal part
with ALA synthase-1. This enzyme, produced by a gene on the
X chromosome, is not inducible by the drugs that induce ALA
synthase-1 in the liver and is not repressed by exogenous haem
treatment. ALA synthase-2 activity is induced only during the
period of active haem synthesis of the red cell, and its rate of
formation, and thus its activity in the cell, is in the end regulated
by the amount of free iron present. The erythroid ALA synthase-
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2 gene encodes an iron-responsive element (IRE), which is
a stable stem–loop structure on the mRNA with affinity for a
specific cytosolic protein, the IRE-binding protein (IRE-BP). If
there is enough free iron present in the erythroid cell, the IREBP is modified by the formation of sulphur/iron clusters; it then
loses its ability to bind the IRE sequence. ALA synthase-2 translation is increased as a result, and the rate of formation of haem,
and thus of globin chains as well, is activated. In iron deficiency,
the unmodified IRE-BP blocks ALA synthase-2 translation by
associating with its mRNA, and haem synthesis is consequently
inhibited by lack of ALA synthase activity (Fig. 5). ALA dehydrase and PBG deaminase are other sites of regulation mediated
by alternative splicing. The single PBG deaminase gene is located
at chromosome 11q24.1–24.2 and contains 15 exons. It encodes
erythroid-specific and ubiquitous isoforms of PBG deaminase
that are generated by the use of separate promoters and alternative splicing of the two primary transcripts. The isoforms differ
only at their NH2 ends where the ubiquitous isoform extends for

poly A

Fig. 6 Gene structure of the human
porphobilinogen deaminase gene and its two
transcripts produced by alternative splicing. NE,
non-erythroid promoter; E, erythroid promoter.

an additional 17 residues, making a polypeptide of 361 amino
acids (Fig. 6).
The upstream promoter is active in all tissues, and thus the
enzyme encoded by the larger transcript was termed the ‘housekeeping PBG deaminase’. The other promoter, located 3 kb
downstream, is active only in erythroid cells. It displays some
structural homology with the β-globin gene promoter, suggesting that some common trans-acting factors may coregulate the
transcription of these genes during erythroid development. The
expression of ALA synthase-2, ALA dehydrase and PBG deaminase erythroid isogenes is determined by trans-activation of
nuclear factor GATA-1, CACC box and NF-E2 binding sites
in the promoter areas [7]. Ferrochelatase, the final enzyme in
haem biosynthesis, may also play a significant role in controlling
the rate of haem formation in erythroid cells. Ferrochelatase
deficiency in human protoporphyria results in the accumulation
of protoporphyrin almost exclusively in erythroid tissue, even
though ferrochelatase is deficient in all other tissues in these

TTOC02_03 3/8/07 6:47 PM Page 213

2.3 METABOLISM

213

where the amount of endogenous PBG is considerably increased
(for instance acute porphyrias), huge amounts of PBG are found
in urine. Moderately increased excretion of precursors is also
observed in patients with hepatic diseases [8].

patients. This finding suggests that ferrochelatase activity can
become rate limiting in erythroid cells, but not in other tissues,
when the enzyme itself or its substrate, iron, is partially deficient.
Although protoporphyrin is excreted only in the bile and accumulates in the liver in some patients, it presumably originates in
the bone marrow.

Porphyrins

Coproporphyrin is the predominant porphyrin in normal
human urine (Table 1). However, urine contains only 30–35%
of the total coproporphyrin; the remainder is found in bile. This
urinary and faecal distribution is combined with a differential
excretion of coproporphyrin isomers. The type 3 isomer predominates (70%) over the type 1 in urine, whereas the reverse is
found in bile. It is now widely accepted that the unequal excretion rates of the isomers can be attributed to a hepatic carrier
that favours the excretion of the I isomer [9]. In several human
liver diseases with impaired hepatic excretory mechanisms,
there is an increase in the total isomer ratio towards a predominance of the type 1 compound [2]. Other porphyrins present
in normal human urine include uroporphyrin and traces of
porphyrins with seven, six and five carboxyl groups. The intermediates (porphyrinogens) are unstable and rapidly oxidize
to their corresponding porphyrins, and a large fraction of the
porphyrins present in urine are excreted in this form of reduced
colourless precursors. Freshly voided urine from patients with
acute porphyria may have little if any increase in concentrations
of preformed porphyrin; this probably explains why urine is
frequently normal in colour when freshly passed, but darkens
gradually on exposure to light and air. PBG can also be converted non-enzymatically to porphyrins (mostly uroporphyrin
type 1): it is therefore very important to protect urine from light
and to store it between 4 and 10°C if measurement of precursors
has to be carried out.

Excretion of porphyrins and of
porphyrin precursors
Porphyrins and porphyrin precursors are excreted in urine
and/or bile (Table 1). In relation to the total rate of haem
synthesis, excretion of porphyrins is very small; in other words,
few porphyrins (and porphyrin precursors, ALA, PBG) ‘escape’
during haem formation and therefore are not transformed into
bilirubin. Each day, bone marrow and liver synthesize about
375 mg of haem. In humans, the mean level of ALA excreted
in urine is ~ 3 mg/day; this means that less than 0.5% of ALA
synthesized each day has not been used for haem synthesis [8].

Urine
Porphyrin precursors

ALA and PBG are excreted only in the urine. After injection of
labelled precursors, a large fraction of labelled ALA is excreted
unaltered in urine; a small fraction is much more efficiently
incorporated into hepatic haem than into haemoglobin in
erythropoietic cells, probably because of the relative impermeability of the erythropoietic cell membrane to ALA. Injectionlabelled PBG cannot be demonstrated in the liver, probably
because it also does not pass the liver cell membrane; the impermeability of the cell membrane is only relative as, in instances

Table 1 Normal values of haem pathway metabolites in humans: data from the Centre Français des Porphyries.
Urine
(per mmol creatinine)

Faeces
(per g dry weight)

Red blood cell
(per L)

Plasma
(per L)

Normal
value

Method

Normal
value

Method

Normal
value

Method

Normal
value

d-Aminolaevulinic acid
(µmol)
Porphobilinogen
(µmol)
Total porphyrin
(nmol)

0–3

–

–

–

–

–

0–1

Ionexchange
chromatography

–

–

–

–

–

–

–

10– 200

Quantitative
spectrophotometry

500–1900

10–20

Uroporphyrin
(nmol)
Coproporphyrin
(nmol)
Protoporphyrin
(nmol)

0–10

Quantitative
spectrophotometry

0–2

HPLC

0–6

Quantitative
fluorimetric
scanning
HPLC

0–60

HPLC

50–180

HPLC

0–150

HPLC

300–1800

HPLC

0–20
–

–

HPLC, high-pressure liquid chromatography.

Method

Quantitative
fluorimetric
scanning

Lack of fluorescence
emission spectroscopy
(620–630 nm)
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Faeces

References

Significant amounts of porphyrins are excreted in faeces (mostly
all of the protoporphyrin and 70% of coproporphyrin; Table 1).
They may represent pigments that have reached the intestinal
tract with the bile, except dicarboxylic porphyrins, which are
mainly of dietary origin and may be derived from haem proteins
of ingested food or intestinal haemorrhages; they may also be
formed by intestinal microorganisms. Because of this, faecal
porphyrins should be measured only if the patient’s food has
been devoid of bleeding or ingestion of meat in the past 3 days.
The mechanism by which protoporphyrin is excreted into bile
has been studied mostly after description(s) of fatal liver disease
in erythropoietic protoporphyria (see Chapter 16.5). Among
haem-forming tissues, the bone marrow is the major source of
protoporphyrin, a very poorly water-soluble compound: in the
plasma, over 90% of protoporphyrin is bound to albumin with
some bound to haemopexin. Hepatic uptake may occur through
a process similar to that for other organic anions (such as bilirubin) that are bound to albumin. In the isolated, in situ-perfused
rat liver, the overall disappearance of protoporphyrin follows
first-order kinetics. Within the hepatocyte, protoporphyrin is
associated with several proteins, among them one of the Z
class of liver cytosolic proteins [10]. The rate-limiting step for
the overall transport of protoporphyrin from plasma to bile
appeared to be canalicular secretion, as less than 5% of the
protoporphyrin extracted by liver was secreted into bile. This
secretion should be mediated by the ABCG2/BCRP transporter,
a member of the ATP-binding cassette (ABC) family [11]. The
basal rate of bile secretion of porphyrins has been studied in
healthy humans [12]: the flow of protoporphyrin is slightly
higher than the flow of coproporphyrin; the flow of uroporphyrin is the lowest. Hepatic conjugation with glucuronic acid
does not occur for protoporphyrin and coproporphyrin.
Approximately 85% of hepatic protoporhyrin remains metabolically unaltered before being eliminated by bile secretion;
15% of protoporphyrin extracted by the liver may be converted to
bilirubin, with non-haemoglobin haem species as intermediaries, and is also excreted in bile.
Hepatic infusion of micelle-forming bile acids facilitates
canalicular protoporphyrin secretion [13]: the micelle-forming
taurocholate increased biliary protoporphyrin concentration
(by more than six times) and secretion (by more than 12 times)
considerably more than dehydrocholate (a non-micelle-forming
bile acid). Some bile acids (taurocholate and glycocholate)
increase protoporphyrin metabolism 1.7- to 2.7-fold over control values. There are a number of direct and indirect ways in
which bile acids might alter the metabolism of protoporphyrin,
including either the stimulation of the activity of enzymes
such as ferrochelatase and HO or the solubilization of protoporphyrin [14]. Before its final faecal excretion, a significant
proportion of protoporphyrin is reabsorbed in the intestine and
may circulate through the enterohepatic system [13]. However,
it is not yet known how much intestinal microorganisms or food
contribute to the total fecal porphyrin excretion.
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2.3.11 Vitamins and the liver (A and D)
Masataka Okuno, Rie Matsushima-Nishiwaki and Soichi Kojima

Summary
The metabolism, pathological relevance and therapeutic applications of retinoids (vitamin A and its derivatives) and vitamin
D are reviewed in human hepatic disorders. Both vitamins have
profound effects on cell activities, including cell growth, differentiation and apoptosis. Retinoids consist of several molecular
species, including retinoic acid (RA), retinol and retinylesters.
Dietary retinoids are packed in nascent chylomicrons that are
taken up by the liver, in which hepatic stellate cells (HSC) store

