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Expression of cysteine dioxygenase (EC 1.13.11.20)
and sulfite oxidase in the human lung: a potential role for
sulfate production in the protection from airborne
xenobiotica
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Aims: The lung is one of the major sites of phase I cytochrome P450 enzyme and phase II sulfotrans-
ferase expression, which together are thought to act as an enzymic barrier against the unimpeded
transfer of airborne xenobiotics into the lung parenchyma and systemic circulation. Sulfate for conjuga-
tion is produced primarily from the oxidation of cysteine, begun by cysteine dioxygenase (CDO), and
completed with the conversion of sulfite to sulfate via sulfite oxidase (SO). Little is known about the site
of expression of these two enzymes in the alveoli of the human lung.
Methods: Antibodies and oligonucleotide probes raised against both CDO and SO were used for
immunohistochemistry and in situ hybridisation, respectively, to investigate the expression of CDO and
SO in human lung alveoli.
Results: CDO and SO were expressed in alveolar epithelial cells, which is also the site of expression
of cytochrome P450 1B1.
Conclusions: These results demonstrate that the two key enzymes in sulfate production are expressed
in the same locale as phase I and phase II enzymes, and that these two enzymes may be involved in
the production of sulfate for the maintenance of a metabolic barrier against the entry of airborne xeno-
biotics and the synthesis of important structural proteins and proteoglycans.

The lung is a major point of entry for many xenobiotics

present in the environment, and eliminating them before

they enter the blood system via the lungs is essential to

the health of the human body. Gas exchange occurs in the

alveoli, and as such the alveoli are the first point of contact for

airborne xenobiotics. They are also a major site of phase I

cytochrome P450 enzyme expression1 and Phase II sulfotrans-

ferase expression,2 which together are thought to act as an

enzymic barrier against the ingestion of airborne xenobiotics

into the systemic circulation. Phase II sulfation reactions rely

upon a readily available supply of sulfate. However, sulfate

ions are relatively poorly absorbed in the gut.3 Consequently,

the source of sulfate for the numerous sulfation reactions that

occur in vivo, including phase II xenobiotic elimination, is the

oxidation of cysteine. The first and rate limiting step in this

pathway is that of conversion of cysteine to cysteine sulfinic

acid by cysteine dioxygenase (CDO).4 This reaction occurs in a

single step, which uses molecular oxygen.5 The pathway is

continued by the conversion of sulfite to sulfate by the molyb-

denum containing enzyme, sulfite oxidase (SO), before the

formation of the cofactor of sulfation reactions,

phosphoadenosine-5′-phosphosulfate (PAPS) (fig 1). It has

been shown that CDO mRNA is present in the bronchiolar

epithelia of the rat6; however, little is known about the expres-

sion of these two enzymes in the alveoli of the lung. Here we

report the results of immunohistochemistry and in situ

hybridisation studies investigating the expression of CDO and

SO in the alveoli of the human lung, and immunohisto-

chemical studies on the expression of the phase I metabolising

enzyme, cytochrome P450 1B1 (CYP 1B1).

“The source of sulfate for the numerous sulfation
reactions that occur in vivo, including phase II xenobiotic
elimination, is the oxidation of cysteine”

METHODS
Unless otherwise stated, all reagents were of the highest

purity available and were obtained from Sigma (Poole, Dorset,

UK). Formalin fixed, paraffin wax embedded human lung

samples obtained as pneumonectomies from two male

patients aged 45 and 52 years were kindly provided by Profes-

sor J Crocker, Heartlands Hospital, Birmingham, UK. There

was no suggestion that either of these patients had been

exposed to toxicants during their daily lives other than what

would be expected for the general population, and neither

patient was reported to be a smoker. Anti-CDO antibodies

(anti-H and anti-R) were raised for us by The Binding Site

Limited (Birmingham, UK) and affinity purified and charac-

terised by ourselves as has been described previously.7 Anti-SO

antibodies were also raised for us by The Binding Site Ltd

against the following epitope: QPEEYSHWQRRDYKG. Anti-

CYP 1B1 antibody was obtained from Chemicon Ltd (Chan-

dlers Ford, Hampshire, UK). We have previously shown that

this antibody has no crossreactivity with other cytochrome

P450 1 family members.8

Immunohistochemical analysis
Sections of human lung (12 µm) were cut and mounted on to

electrostatically charged microscope slides (BDH, Poole,

Dorset, UK). Several sections (n > 5 for each subject) were

used for each experiment.
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Detection of CDO and SO
CDO and SO were detected using diaminobenzidine (DAB)

immunohistochemistry, as described previously,7 9 using the

following conditions: anti-CDO (1/25 dilution for both anti-H

and anti-R) or anti-SO (1/50 dilution) overnight at 4°C;

donkey antisheep IgG (1/12.5 dilution; The Binding Site), one

hour at room temperature; goat peroxidase–antiperoxidase

(PAP; 1/25 dilution), one hour at room temperature. As addi-

tional negative controls, antibody diluent alone and non-

immune sheep serum (1/25 dilution) were used on further

slides instead of anti-CDO antibody. In addition, anti-SO (1/50

dilution) was incubated with an excess of antigenic peptide

for one hour under continuous rotation, centrifuged to remove

any precipitate that may have formed, and used instead of

anti-SO antibody as a preabsorbed antibody control.

Detection of cytochrome P450 1B1
As a positive control and to assist in the identification of the

alveolar epithelium, anti-CYP 1B1 was also used, because it is

known to be expressed in the bronchiolar and alveolar epithe-

lia of the lung.10 11 CYP 1B1 was detected using DAB immuno-

histochemistry, as described previously,8 using the following

conditions: anti-1B1 (1/50 dilution), overnight at 4°C; goat

antirabbit 1B1 (1/25 dilution; The Binding Site), one hour at

room temperature; rabbit PAP (1/50 dilution, Zymed, Cam-

bridge BioScience, Cambridge, UK), one hour at room

temperature. Additional negative controls of no primary anti-

body and non-immune rabbit serum (1/50 dilution; The Bind-

ing Site) were performed as described above.

In situ hybridisation analysis
Detection of CDO
CDO was detected using non-radioactive nitroblue

tetrazolium/5-bromo-4-chloro-3-indolyl phosphate in situ

hybridisation, as described previously,9 using 5′ digoxigenin

labelled probes under the following conditions: positive or

negative probe (10 ng/µl; Alta Bioscience, University of

Birmingham, UK), overnight at 37°C; antidigoxigenin alkaline

phosphatase conjugate (1/100 dilution; Boehringer Man-

nheim GmbH, Lewes, Sussex, UK), one hour at room

temperature. Additional slides were incubated with water

replacing the probe in the hybridisation solution or hybridisa-

tion solution alone.

Detection of SO
SO was detected using the conditions described above but

using oligoprobes 5′ conjugated to digoxigenin with the

following sequences:

Figure 1 Pathways of cysteine
metabolism forming the cofactor,
PAPS, for sulfation reactions.
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Positive: GGTAATATAGGGTTTGGTGCAATCTGTGGTTTC.

Negative: GAAACCACAGATTGCACCAAACCCTATATTACC.

Controls were used as above.

Digital image analysis
At least 10 fields were photographed for each tissue section

using a Canon EDO 35 digital camera attached to a Leica

Laborlux D microscope. Image analysis was performed using

Adobe PhotoShop v4.0.12

RESULTS
The results of immunohistochemistry and in situ hybridisa-

tion experiments were identical in both subjects studied. Both

anti-H and anti-R CDO antibodies gave identical results.

Results shown are typical of the staining observed.

CDO
CDO was expressed in the alveolar epithelial cells as

demonstrated by both immunohistochemistry (fig 2A) and in

situ hybridisation (fig 2B). These cells were characterised by

the presence of cilia on their apical surface. Expression was

not seen in the smooth muscle cells lining the alveoli or in

blood vessels within the surrounding tissue. Both the

omission of primary antibody (fig 2C) and the use of

non-immune sheep serum (fig 2D) as immunohistochemistry

controls resulted in no staining. A similar negative result was

obtained with the use of a sense oligonucleotide probe in the

in situ study (fig 2H).

SO
SO was expressed in the alveolar epithelial cells, again as

demonstrated by both immunohistochemistry (fig 2E) and in

situ hybridisation (fig 2F). No expression was seen in the

smooth muscle cells lining the alveoli or in blood vessels

within the surrounding tissue. The appropriate control

experiments resulted in no staining: omission of primary

antibody (data not shown), the use of non-immune sheep

serum (data not shown), preabsorption of SO antibody with

antigenic peptide (fig 2G), and the use of sense oligonucle-

otide probe (fig 2H).

P450 1B1
P450 1B1 was expressed in the alveolar epithelium (fig 2I). No

expression was seen in the smooth muscle cells lining the

alveoli or in blood vessels within surrounding tissue. The

omission of primary antibody control and the use of

non-immune rabbit serum resulted in no staining (data not

shown). This is in accord with the previous demonstration of

this protein in human lung epithelia.10 11

DISCUSSION
The demonstration of CDO and SO protein and mRNA in

human alveolar epithelial cells suggests that these enzymes

are responsible for the production of sulfate in situ, which can

then be converted to the substrate for phase II sulfotrans-

ferases or be used for the sulfation of structural components of

the alveolus. Sulfate is present within the alveolus,13 as

Figure 2 Expression of cysteine dioxygenase and sulfite oxidase in the human lung typical of the expression observed in all sections
investigated. Immunohistochemistry (positive staining is brown, haematoxylin nuclear counterstain is blue) and in situ hybridisation (positive
staining is blue) were performed as outlined in the Methods section. (A–D) Expression of cysteine dioxygenase (CDO). Both CDO protein and
mRNA were expressed in the bronchiole epithelium. (A) CDO protein; (B) CDO mRNA; (C) omission of anti-CDO antibody in
immunohistochemistry; (D) replacement of anti-CDO antibody with non-immune sheep serum. (E–H) Expression of sulfite oxidase (SO). Both SO
protein and mRNA were expressed in the bronchiolar epithelium. (E) SO protein; (F) SO mRNA; (G) replacement of anti-SO antibody with
anti-SO antibody preabsorbed with antigenic peptide, as described in the Methods section; (H) replacement of antisense oligoprobe with sense
oligoprobe. (I) Expression of cytochrome P450 1B1 protein. Cytochrome P450 1B1 was localised in the bronchiolar epithelium and was used
to confirm the localisation of CDO and SO.
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demonstrated by the expression of heparan sulfate and

dermatan sulfate proteoglycans within the human alveoli,14 15

but there has been no direct measurement of sulfate produc-

tion to date. The presence of the metabolic machinery for sul-

fate production in the epithelial cells of the alveolus, as shown

in our study, does not prove conclusively that sulfate produc-

tion actually occurs here. It is possible that PAPS, the sulfate

carrier for sulfation reactions, may be transported to the lung

after synthesis elsewhere in the body, but no evidence for this

has yet been provided. However, the presence of sulfated pro-

teins within the alveolus suggests that sulfate is indeed

produced in the alveolus.
It is not possible to exclude the possibility that longterm

exposure to environmental pollutants over the period of a life-
time could be affecting the expression of CDO and SO
observed in these two subjects. To date, there have been no
studies that have investigated the effect of environmental pol-
lutants upon the expression of CDO and SO, which makes it
impossible to gauge the effects that they may be having upon
our results. In addition, because the two subjects had not been
exposed to pollutants or toxicants other than what would be
expected for the general population, obtaining a baseline
expression for comparison purposes would prove very
difficult. However, because the exposure of these patients to
environmental pollutants was only what would be expected in
the general population, the effects of these pollutants can be
disregarded for the purposes of our study.

Therefore, in light of these considerations, it is reasonable to
conclude that sulfate is probably produced in situ within the
alveolar epithelial cells; our study is the first to produce direct
evidence for this. Owing to the requirement of sulfate within
the alveolus for detoxification reactions (as demonstrated by
the expression of phase I enzymes such as P450 1A116 and
1B1) and for the sulfation of proteins, such as structural and
mucous proteins, it would be useful to consider the
importance that in situ sulfate production may have.

“It is possible that, without the potential for sulfate
production within the alveolus, many carcinogens or
potential carcinogens would enter into the systemic
circulation unimpeded, without detoxification, with the
potential to cause disease”

The alveolar surface is designed to facilitate the transfer of

compounds across its surface in both directions. It is the first

point of contact for airborne xenobiotics. Xenobiotics that

enter the systemic circulation via the lungs have access to

other tissues before they are available to be metabolised by

hepatic phase I and II enzymes. Orally ingested xenobiotics, in

contrast, undergo the hepatic first pass effect. Therefore, it is

possible that, without the potential for sulfate production

within the alveolus, many carcinogens or potential carcino-

gens would enter into the systemic circulation unimpeded,

without detoxification, with the potential to cause disease.

Evidence for this is provided by the report that the long arm of

chromosome 5, where the CDO gene is located,17 is deleted in

lung cancer,18 suggesting that the abnormal or absent pulmo-

nary expression of CDO might have aetiological implications.

In contrast, the chromosomal region 12q12, where the SO

gene is located, is not linked to human neoplasia.
In addition to the maintenance of a metabolic barrier

against the entry of xenobiotics, sulfate is an important com-
ponent of many structural proteins and proteoglycans within
the alveolus. As described above, the basal lamina of alveolar
cells consists of proteoglycans such as heparan sulfate and

dermatan sulfate. In addition, the surface of the bronchioles

and alveoli is coated with mucous, produced by goblet cells

and submucosal glands, which consists of 1–2% sulfate.19 This

in turn is coated with surfactant and periciliary fluid, secreted

by Clara cells,20–22 the proteins of which are sulfated.23 These

structural components are synthesised in situ, and it is there-

fore important that sulfate is produced in the alveolus for

these metabolic syntheses to occur. It has also been reported

that tobacco smoke can alter the expression of sulfated

mucous in rat tracheal submucosal glands,24 which may be a

protective response. Therefore, the expression of the key

enzymes for sulfate production in the alveolar epithelial cells

is consistent with this need for sulfate production.

In conclusion, the data presented here provide further evi-

dence of the presence of a potent enzymic barrier at the lung

surface–air interface that is capable of inactivating airborne

xenobiotica, and that sulfate may be produced in situ within

the alveolar epithelial cells for the maintenance of such a

metabolic barrier, in addition to providing sulfate for the

metabolic synthesis of structural proteins and proteoglycans.
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(acute); Pancreatitis (chronic); Polymyalgia rheumatica; Post-partum haemorrhage;
Pulmonary embolism; Recurrent miscarriage; Repetitive strain injury; Scoliosis; Seasonal
affective disorder; Squint; Systemic lupus erythematosus; Testicular cancer; Varicocele;
Viral meningitis; Vitiligo

However, we are always looking for others, so do not let this list discourage you.
Being a contributor involves:
• Appraising the results of literature searches (performed by our Information Specialists) to

identify high quality evidence for inclusion in the journal.
• Writing to a highly structured template (about 2000–3000 words), using evidence from

selected studies, within 6–8 weeks of receiving the literature search results.
• Working with Clinical Evidence Editors to ensure that the text meets rigorous epidemiological

and style standards.
• Updating the text every eight months to incorporate new evidence.
• Expanding the topic to include new questions once every 12–18 months.
If you would like to become a contributor for Clinical Evidence or require more information
about what this involves please send your contact details and a copy of your CV, clearly
stating the clinical area you are interested in, to Claire Folkes (cfolkes@bmjgroup.com).

Call for peer reviewers

Clinical Evidence also needs to recruit a number of new peer reviewers specifically with
an interest in the clinical areas stated above, and also others related to general practice.
Peer reviewers are health care professionals or epidemiologists with experience in
evidence based medicine. As a peer reviewer you would be asked for your views on the
clinical relevance, validity, and accessibility of specific topics within the journal, and their
usefulness to the intended audience (international generalists and health care profession-
als, possibly with limited statistical knowledge). Topics are usually 2000–3000 words in
length and we would ask you to review between 2–5 topics per year. The peer review
process takes place throughout the year, and our turnaround time for each review is
ideally 10–14 days.

If you are interested in becoming a peer reviewer for Clinical Evidence, please complete
the peer review questionnaire at www.clinicalevidence.com or contact Claire Folkes
(cfolkes@bmjgroup.com).
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