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Abstract

This study was undertaken to assess associations between age, gender, cigarette smoke and non-workplace cadmium exposure, and liver
pathology and inter-individual variation in cytochrome P450 (CYP) expression in human tissues. Autopsy specimens of twenty-eight
Queensland residents whose ages ranged from 3 to 89 years were analyzed for the presence of nine CYP protein isoforms by immuno-
blotting. All subjects were Caucasians and their liver cadmium contents ranged from 0.11 to 3.95mg/g wet weight, while their kidney
cadmium contents were in the range of 2 to 63mg/g wet weight. CYP1A2, CYP2A6, CYP2D6, CYP3A4, and CYP3A5 were detected in
liver but not in kidney, and CYP1A1 and CYP1B1 were not found in liver or kidney. Lowered liver CYP2C8/19 protein contents were found
to be associated with liver pathology. Importantly, we show elevated levels of CYP2C9 protein to be associated with cadmium accumulation
in liver. No mechanism that explains this association is apparent, but there are two possibilities that require further study. One is that
variation in CYP2C9 protein levels may be, in part, attributed to an individual’s non-workplace exposure to cadmium, or an individual’s
CYP2C9 genotype may be a risk factor for cadmium accumulation. A positive correlation was found between liver CYP3A4 protein and
subject age. Levels of liver CYP1A2 protein, but not other CYP forms, were increased in people more exposed to cigarette smoke, but there
was no association between CYP1A2 protein and cadmium. CYP2A6 protein was found in all liver samples andCYP2A6gene typing
indicated the absence ofCYP2A6null allele (CYP2A6(D)) in this sample group, confirming very low prevalence of homozygousCYP2A6(D)
in Caucasians. CYP2A6 gene typesW/W, W/C, and C/C were not associated with variations in liver microsomal CYP2A6 protein.
CYP2D6 protein was absent in all twenty-five kidney samples tested but was detectable in liver samples of all but two subjects, indicating
the prevalence of theCYP2D6null allele (CYP2D6(D)) in this sample group to be about 7%, typical of Caucasian populations. © 2001
Elsevier Science Inc. All rights reserved.
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1. Introduction

Remarkable inter-individual variations in abundance and
activity of some human CYP forms have been reported
[1–7]. For example, in one study [3] using a human liver
bank of twenty-one samples (fourteen males, six females,

and one unknown), the fold variations (number in parenthe-
ses) in catalytic activity found for each CYP were reported
as follows: 1A2 (3), 2A6 (21), 2C9 (8), 2C19 (175), 2D6
(18), 2E1 (5), 3A4 (18). It is considered that such variation
may be due to exposure to particular classes of drugs and
compounds of endogenous and exogenous origin in some
individuals [1,3,8,9] and to genetically determined variation
in CYP expression, since a number of genetic polymor-
phisms of human genes have been identified to contribute to
variability in the abundance of the corresponding CYP pro-
teins [10–14]. A recent study on genetic polymorphism
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reported striking differences inCYP1A1, 1B1, and2D6gene
polymorphism in Caucasians and Japanese [13,14].

Among the environmental factors that are important
sources of CYP variability among individuals, cigarette
smoke exposure has been subject to the most intense re-
search. Results have shown that among the many chemicals
in tobacco smoke, polycyclic aromatic hydrocarbons may
be inducers of CYP1A2 in liver and CYP1A1 in lung and
placenta in tobacco smokers [1,8,9]. Cadmium is another
common environmental toxin found in low levels in ciga-
rette smoke and in most foods [15–21], but the possible
influence of environmental cadmium exposure on CYP ex-
pression and inter-individual variation has not been clari-
fied.

In the non-occupationally exposed population, food and
tobacco smoke are known to be major sources of cadmium
[15,16,19,22]. Cadmium intake in the range of 9–15mg/day
was estimated for an average Australian consumer, using
data from the 1996 Market Basket Survey [21]. Potatoes,
wheat, cocoa, and meat constitute 46%, 16%, 12%, and 7%,
respectively of total cadmium intake. Crustaceans, liver,
peanuts, and vegetables each constitute only 2–3% of cad-
mium in the diet, providing a further 11% to the total intake.
Cadmium of dietary and tobacco smoke origin is known to
accumulate in the tissues where CYP enzymes are found,
including the placenta, although its accumulation in the
proximal tubular cells of the kidney cortex appears to be
most extensive [20,22–28], which explains why kidney is a
target for cadmium toxicity in the non-occupationally ex-
posed population. Cadmium in the kidneys accounts for
one-third of the total body cadmium burden, while cadmium
in the placenta has been found to increase with age of
mothers [27]. Cadmium in lung was found to derive mainly
from cigarette smoke and from polluted air [22,29].

The purpose of this present study was to reveal variations
in the expression of selected CYP proteins in liver and
kidney that may be attributable to human exposure to en-
vironmental cadmium, as reflected by levels of cadmium
accumulated in liver and kidney cortex samples. Formula-
tion of this hypothesis developed out of work by ourselves
and others [30–34] showing changes in tissue CYP content
associated with cadmium administration to rats and rabbits.
Other variables were also taken into consideration in this
analysis. These variables were donor age, gender,CYP2A6
genotype, levels of exposure to cigarette smoke, and liver
histopathology, some of these being established to be a
cause of inter-individual variation in CYP expression [35–
44]. The present paper focuses on the following CYP forms:
CYP1A1, 1A2, 1B1, 2A6, 2C9, 2C8/19, 2D6, 3A4, and
3A5. Levels of these CYP forms in liver and kidney samples
were determined by Western immunoblotting with a panel
of polyclonal antipeptide antibodies possessing high speci-
ficity and which have previously been validated for use in
studying CYP expression in human liver, lung and placenta
tissues [1,6,8,9].

2. Materials and methods

2.1. Chemicals

Bovine liver standard (SRM 1577a) was purchased from
the US National Institute of Standards (NST) and ICP multi-
element standards were from EM Science. To achieve the
highest purity possible, analytical grade HNO3 (69%, w/v)
was distilled before use. All containers used in specimen
collection and preparation were tested prior to their use to
ensure they contained undetectable amounts of cadmium or
were metal-free. The Qiagen DNeasy Tissue Extraction Kit
was obtained from Qiagen Pty Ltd., Australia and pre-
stained protein molecular weight markers were obtained
from Amrad Pharmacia Bitotech. Antipeptide antibodies
raised in rabbits and specific for the following human CYP
forms: 1A1, 1A2, 1B1, 2A6, 2A6/2B6, 2C8/9/19, 2D6,
3A4, and 3A5 were used [1,6]. Polyacrylamide/bis solution,
goat anti-rabbit immunoglobulin conjugated with alkaline
phosphatase, and alkaline phosphatase colour development
reagents (BCIP/NBT) were obtained from Bio-Rad Labo-
ratories Pty Ltd. All other chemicals were of reagent grade.

2.2. The sample group

The sample group of this study consisted of 28 individ-
uals, 22 males and 6 females, aged from 3 to 89 years. It was
a subset of samples drawn from a wider investigation, de-
signed to quantify human exposure to environmental cad-
mium [22]. The study was approved by the Queensland
Health Scientific Services Ethical Committee and was car-
ried out in accordance with the standard code of practice
prescribed by the Australian National Health and Medical
Research Council and no donor’s consent was required at
the time this study was undertaken. The sample group in-
cluded those who had died from accidental causes in 1997/
1998 and were subject to post-mortem examination at the
John Tonge Centre for Forensic Sciences, Queensland Health
Scientific Services, Brisbane, Australia. About 95% of subjects
in this sample population were residents of Queensland. None
were Aboriginal Australians and none had been exposed to
cadmium in the workplace. None of the cases showed gross
pathology in any tissues and histological examination of liver
was used to assess any pathological changes in these samples.
The time lapse between death and collection of samples was
usually within 24 hr. Causes of death were as follows; motor
vehicle accident (58%), drowning (14%), workplace acci-
dent (10%), fall (8%), electrocution and all other accidents
(10%). Age, gender, body weight, organ weight, smoking
habits, alcohol use, and histology of the lung, liver and
kidney of the cases were obtained from autopsy reports.

2.3. Specimen preparation

Liver and kidney specimens were kept on ice during
collection and preparation in the laboratory of the National
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Research Centre for Environmental Toxicology. The tissue
samples were rinsed in ice-cold normal saline and blotted
dry. The medulla and cortex of the kidney samples were
dissected apart. The liver samples were cut into small
pieces. Immediately after dissection, 1–2 g samples of kid-
ney cortex and liver were frozen in liquid nitrogen and
stored at280° for later analysis. For metal analysis, sam-
ples of the kidney cortex and liver about 1–2 g each were
frozen in liquid nitrogen and lyophilized at240° for 24 hr.
Lyophilized samples were digested in distilled HNO3 equil-
ibrated on a boiling water bath for 2 hr. Samples of the acid
digest were analysed for Cd by inductively coupled plasma
mass spectrometry (ICP/MS). The accuracy and precision
of our analysis for tissue metals were assessed by a simul-
taneous analysis of a standard reference bovine liver sample
(SRM 1577a).

2.4. DNA preparation andCYP2A6 gene typing

Samples of liver (about 25 mg each) were cut into small
pieces and digested in buffer containing proteinase K for
2–3 hr. Protein-free solutions were treated with buffer and
ethanol before loading onto the Qiagen Dneasy spin column.
The bound DNA was eluted with Tris–EDTA buffer to a final
volume of 100mL after washing. The DNA samples were
analyzed forCYP2A6gene types by the restriction fragment
length polymorphism technique as described previously [45].

2.5. Microsomal preparation

Microsomal fractions were prepared from the liver and
kidney cortex samples as described previously [46]. The
tissue samples were homogenised using a motor-driven
glass pestle and mortar in 0.1 M Tris–acetate buffer con-
taining 0.1 M KCl, 1 mM EDTA, and 20mM butylated
hydroxytoluene (BHT) (pH 7.4). The pellet resulting from
centrifugation of the homogenate (20 min, 4°, 10,000g)
was discarded and the supernatant filtered through Mira-
cloth™ (Calbiochem) and centrifuged at 100,000g for 1 hr.
The pellet was collected and washed twice in 100 mM
potassium pyrophosphate buffer containing 1 mM EDTA
and 20 mM BHT by resuspension and centrifugation at
100,000g for 1 hr at 4°. The microsomal pellet was col-
lected and resuspended in 10 mM Tris–acetate buffer con-
taining 1 mM EDTA and 20% glycerol (pH 7.4). Protein
concentrations of the microsomal samples, using bovine
serum albumin as a standard, were in the range of 22–138
mg/mL and 24–75mg/mL for the liver and kidney cortex
samples, respectively [47]. Microsomal suspensions were
kept at280° for later analysis.

2.6. Immunoblotting

Selected CYP forms in the liver and kidney microsomal
suspensions were analysed by immunoblotting using liver
and kidney cortex microsomal fractions containing fixed

amounts of protein. For the liver microsomal samples, 10
mg of protein was used for detection of CYP apoproteins.
For the kidney cortex microsomal samples, 40mg of protein
was used. The liver and kidney cortex microsomal protein
samples were separated by SDS–PAGE (4.5% acrylamide
stacking gel, 9% acrylamide resolving gel) in a Tris–glycine
buffer system [48]. The prestained protein molecular weight
markers (See-Blue) were included in every SDS–PAGE which
was run along with 10 liver or kidney cortex microsomal
samples. The proteins on each gel were blotted onto a PVDF
membrane for 90 min at 25V [49]. Membranes were incubated
overnight in 3% non-fat, dry milk-TBS to block membrane
non-specific binding sites, and individual CYP forms were
detected with antibodies diluted 1:4000 in 1% non-fat, dry
milk-Tween-TBS. After incubation with primary antibody, the
membranes were incubated with alkaline phosphatase-conju-
gated goat anti-rabbit immunoglobulin. Incubations with pri-
mary antibody preparation were for 1.5 to 2 hr and with
secondary antibody for 45 min. Immunoreactive proteins were
visualized by incubation with the alkaline phosphatase colour
development reagents (BCIP/NBT) used according to the
manufacturer’s instructions. The specificities of the antipep-
tide antibody preparations had been demonstrated previ-
ously, using recombinant CYPs expressed in the microso-
mal fraction of lymphoblastoid cells or insect cells which
showed extremely high specificity of the antibody prepara-
tions used in this present study and hence their suitability
for purposes of measuring CYP apoprotein abundance [1,6].

2.7. Scoring of immunoblots

Qualitative assessment of the CYP apoprotein abundance
in tissues was achieved by using a scoring system based on
visual inspection of individual immunoreactive bands. This
analysis was conducted blind, i.e., without knowledge of
any information on the sample donors or the CYP isoform
being analysed. Each band on all blots was scored as trace,
11, 12, and 13 levels, where a trace level indicates a
definite band at the expected molecular weight region but
having the lowest intensity relative to the one with the
highest intensity of the same blot. The11, 12, and13
levels indicate increasing immunoreactive protein band in-
tensity from low, medium, and high, respectively.

2.8. Statistical analysis

Data were analysed by the Statistical Package for Social
Sciences (SPSS) for Windows (version 6.1). Kruskal–Wal-
lis one-way ANOVA was used to determine statistical sig-
nificance levels for differences in the levels of particular
CYP forms in more than two groups of subjects. The Mann–
Whitney U-Wilcoxon Rank Sum W test was used to deter-
mine significance levels for differences in CYP protein
abundance in pairs of subject groups. Spearman’s rank cor-
relation test was used to reveal correlations between age and
individuals’ CYP protein levels.
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3. Results

The sample group was composed of twenty-two males
and six females with ages ranging from 3 to 89 years. Each
individual’s age, gender, level of exposure to cigarette
smoke, liver and kidney cadmium contents, and liver his-
topathology results are shown in Table 1. The overall mean
age for the sample group was 42.5 years. The mean ages for
males and females were not significantly different. The level
of exposure to cigarette smoke of each subject was assessed
as being high, medium, or low based on the individual
autopsy report, the lung cadmium content relative to liver
and kidney levels, and lung histology showing evidence of
exposure to cigarette smoke such as carbon residues in lung
macrophages. Four individuals were found to have been
extensively exposed to cigarette smoke and were reported to
be heavy smokers. Twelve individuals whose cigarette
smoke exposure was found to be at the medium level were
considered to be light smokers or passive smokers. Nine
individuals were minimally exposed to cigarette smoke as
judged by the above criteria and were reported to be non-
smokers or ex-smokers. Four cases had chronic hepatitis,
seven cases showed fatty change, which may be indicative
of relatively high alcohol intake, and sixteen individuals had

histologically normal livers. Liver histology was not deter-
mined for one individual. Kidney samples from all subjects
showed normal histology with the exception of a 79-year-
old female, who had the highest kidney cortex cadmium
level (63.7 mg/g wet tissue weight), and whose kidney
histology showed mild tubular atrophy and interstitial ne-
phritis. None of the subjects were on regular medication.

Fig. 1 shows examples of immunoblots obtained with
liver microsomal samples where the scoring system for
qualitative analysis is depicted on the CYP1A2 panel. The
antipeptide antibody preparations used in the blotting of
these CYP proteins each gave one immunoreactive band
corresponding to each individual CYP form except for
CYP2C8/9/19, where two immunoreactive bands were
identified. The upper band was assessed as CYP2C9 while
the lower band corresponded to CYP2C8 plus CYP2C19
that were not separable because of very close electro-
phoretic migration [50,51]. This enabled the relative abun-
dance of nine CYP isoforms to be assessed.

Table 2 shows a summary of immunoblotting of liver
and kidney microsome samples using the eight antibody
preparations. CYP1A1 and CYP1B1 were not detectable in
those liver or kidney samples subjected to these analyses.
CYP1A2 was expressed in all the liver samples but was not

Table 1
Age, gender, cigarette smoke exposure levels, liver and kidney cadmium contents, and liver histopathology state of the subjects

Subject Age (yr) Gender Cigarettea smoke Liverb cadmium Kidneyb cadmium Liver histopathology

1 3 Male Low 0.23 2.12 Normal
2 5 Male Low 0.35 1.99 Normal
3 15 Male Low 0.30 4.71 Normal
4 15 Male Medium 1.22 9.00 Normal
5 18 Male Medium 0.58 4.56 Normal
6 18 Male Low 0.29 4.19 Fatty change
7 18 Female Low 0.40 5.53 Normal
8 19 Male Medium 0.20 2.22 Normal
9 21 Male High 1.50 14.27 Normal

10 22 Male Medium 0.29 3.82 Normal
11 32 Female Medium 2.56 27.35 Normal
12 32 Male Medium 0.87 8.37 Normal
13 38 Male Low 0.11 6.85 Fatty change
14 44 Male High 1.88 27.77 Normal
15 46 Male Low 0.43 6.89 Fatty change
16 47 Male High 3.23 43.03 Normal
17 49 Male Medium 0.31 22.28 Chronic hepatitis
18 54 Female Medium 2.58 61.05 Fatty change
19 56 Male Low 0.27 9.23 Chronic hepatitis
20 60 Male Medium 1.45 36.87 Fatty change
21 60 Male Medium 0.17 11.14 Chronic hepatitis
22 61 Male High 1.93 37.57 Fatty change
23 64 Male Low 0.16 6.43 Fatty change
24 72 Female Medium 3.95 63.72 Normal
25 74 Female Medium 2.29 19.72 Normal
26 79 Female Medium 1.31 18.53 Chronic hepatitis
27 81 Male Medium 1.55 14.01 ND
28 89 Male Medium 0.44 4.38 Normal

Kidney samples from all subjects show normal histology except for subject number 24, whose kidney histology showed mild tubular atrophy and interstitial
nephritis. ND: not determined.

a Cigarette smoke exposure level of each individual was assessed by smoking history, lung cadmium level, and lung histology.
b Liver and kidney cadmium contents are expressed inmg/g wet tissue weight.
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identified in the nine kidney samples tested. CYP2A6 apo-
protein was identified in all liver samples and in no kidney
samples. CYP2C9 was detected in 27/28 liver samples and
CYP2C8/19 was detected in all liver samples. Analysis of
these CYP forms in kidney was inconclusive due to very
low intensity of the immunoreactive bands. CYP2D6 was
found in 26/28 liver samples but was not identified in the
nine kidney samples tested. CYP3A4 apoprotein was iden-
tified in all liver samples but not in the nine kidney samples
tested. CYP3A5 was detected in 16/28 liver samples but not
in any of the kidney samples.

Table 3 gives details of immunoblotting scores for CYP
forms in families 1, 2, and 3 in liver and kidney samples of
the twenty-eight subjects.CYP2A6gene types determined
for 23/28 subjects are also shown. None (0/23) carried the
CYP2A6null allele and theW/W, W/C, C/C gene types
were found in 9/23 (39%), 8/23 (35%), and 6/23 (26%)
samples, respectively.

The immunoblot scores of the CYP forms shown in
Table 3 were subject to non-parametric statistical analysis to
reveal potential associations with individuals’ age, gender,
exposure to cigarette smoke, liver cadmium content, and liver
histopathology. Results of these tests are summarized in Table
4, where the statistical tests used for association analysis are
indicated in the table legend. None of the CYP forms ex-
pressed in liver showed a significant association with gender.
CYP3A4, but no other forms, showed a positive correlation
with age (Spearman’s rank correlation coefficient5 0.35,P 5
0.03). CYP3A5 was found in 16/28 samples. However, no
correlation was found between level of CYP3A5 in the 16
positive cases with age (r 5 20.05,P 5 0.43).Levels of
CYP1A2, but not other forms, showed significant associa-
tion with levels of exposure to cigarette smoke, while the
levels of CYP2C8/19 showed statistically significant asso-
ciation only with liver histopathology state. CYP2C9 apo-
protein levels were positively correlated with tissue cad-
mium content. These associations are detailed in Table 5.

A test for association between variations in liver
CYP2A6 protein levels andCYP2A6gene types revealed
that variation in the abundance of liver microsomal
CYP2A6 protein was not attributable to differences in
CYP2A6gene types (Kruskal–Wallis one-way ANOVA,
x2 5 0.35, df5 2, 21,P 5 0.84).

4. Discussion

In our attempt to document environmental sources of
variation in human CYP expression, we elected to analyse
CYP expression in the liver and kidney samples from people
who died of accidental causes. This sample group was likely to
include “apparently healthy” individuals and is the closest to a
random sample of the general population since an accidental
cause of death may be viewed as a random incident. Since
disease and other host factors are also known to contribute to
CYP expression, analysis of samples from apparently healthy
individuals should minimize confounding effects that may be
encountered when samples from hospital patients are used.
Analysis of CYP expression in different tissues of the same
individuals was also possible. An additional advantage of
using autopsy specimens is the availability of tissue histol-
ogy in confirming the health status of the subjects, while
cigarette smoke exposure status could be verified using lung
histology in conjunction with lung cadmium content.

We note, however, that there was a sensitivity limit in
our approach to assessment of CYP protein levels. Under
these conditions, only strong effects (associations) could be
identified. Possible associations between environmental
cadmium exposure, gender, and age affecting variation of
CYP forms in human liver not revealed in the present study
may be revealed with larger sample size and quantitative
assessment of CYP proteins aided by use of recombinant
CYP protein standards.

In the present study, we showed that there was a strong

Fig. 1. Samples of Western immunoblots for CYP proteins in livers of five
individuals. The CYP forms are indicated next to each blot. The protein
molecular weight markers are at the left corner of each blot and are
indicated by arrows at the left corner of the CYP1A2 blot. An example of
the scoring system which was applied is also shown on the liver CYP1A2
blot.

Table 2
A summary of results of Western immunoblotting for various CYP
proteins in liver and kidney cortex microsomal samples

CYP forms Liver microsomes Kidney cortex microsomes

Positive samples Positive samples

1A1 0/10 0/25
1A2 28/28 0/9
1B1 0/10 0/9
2A6 28/28 0/25
2C9 27/28 Inconclusive
2C8/19 28/28 Inconclusive
2D6 26/28 0/9
3A4 28/28 0/9
3A5 16/28 0/25

Inconclusive results were indicated where reliable assessment was not
possible due to very low intensity of immunoreactive bands.
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positive association between cadmium content in the livers
of donors and CYP2C9 apoprotein content (Table 5). This is
the first evidence for a potential effect of environmental cad-
mium on the expression of CYP2C9 in human livers. No
mechanism to explain this association is evident from our
study and no published data appear to offer insights into this
finding. Further work is required to clarify this relationship
because allelic variations in CYP2C9 are known in human

populations [52]. They are important because they cause al-
tered catalytic activity towards a wide range of commonly used
drugs and are associated with altered clinical effectiveness of
some drugs such as phenytoin and warfarin [53,54]. In light of
the positive association we have shown between liver cad-
mium content and CYP2C9 apoprotein abundance in liver, it is
possible that an individual’s CYP2C9 genotype may be a risk
factor for tissue cadmium accumulation.

Table 3
CYP2A6gene types, relative levels of CYP1, CYP2, and CYP3 family proteins in liver microsomal samples for each of the 28 individuals

Subject CYP1A1 CYP1A2 CYP1B1 CYP2A6gene type CYP2A6 CYP2D6 CYP2C CYP3A4 CYP3A5

2C9 2C8/19

1 — 13 — W/C 13 12 11 11 11 13
2 ND 13 ND W/C 12 12 11 11 Trace 13
3 — 11 — C/C 11 12 Trace Trace Trace —
4 ND 13 ND C/C 13 11 12 11 Trace Trace
5 — 13 — W/W 12 11 12 12 12 13
6 — 13 — W/W 13 — 11 11 Trace —
7 ND 12 ND W/W 13 13 11 11 11 Trace
8 ND 13 ND ND 12 11 12 12 12 11
9 — 13 — C/C 13 12 12 11 11 13

10 — 13 — C/C 13 12 Trace 11 12 Trace
11 ND 13 ND W/W 13 Trace 11 11 11 —
12 ND 13 ND ND 13 11 12 12 11 Trace
13 — 12 — W/C 13 11 Trace Trace Trace —
14 ND 13 ND W/C 13 11 11 11 Trace —
15 — 13 — C/C 13 Trace 13 12 11 —
16 ND 13 ND W/W 13 — 11 12 11 Trace
17 ND 13 ND W/C 13 12 11 11 Trace —
18 ND 12 ND ND 11 12 12 11 12 Trace
19 ND 12 ND W/W 12 11 11 11 12 —
20 ND 12 ND ND 11 12 12 11 11 —
21 — 13 — W/C 12 12 Trace Trace Trace —
22 ND 13 ND W/W 12 Trace Trace Trace 11 Trace
23 — 12 — W/C 12 12 — Trace Trace —
24 ND 13 ND W/C 13 13 13 12 13 11
25 ND 13 ND C/C 13 13 12 12 11 —
26 ND 13 ND W/W 13 11 11 Trace 11 11
27 ND 13 ND ND 13 13 13 12 13 13
28 ND 13 ND W/W 13 13 12 12 13 13

For CYP2A6gene types,W is wild type allele andC is conversion-type mutant allele. ND: not determined; —: not detectable.

Table 4
Results of tests for associations between variations in levels of certain CYP forms in the liver microsomal samples with age, gender, cigarette smoke
exposure and liver histopathology

CYP forms Host factors Environmental factors Liver histopathologyc

Agea Genderb Cadmiumb Cigarette smokec

1A2 0.47 0.65 0.26 0.031 0.15
2A6 0.45 0.41 0.34 0.84 0.18
2C9 0.12 0.37 0.051 0.06 0.34
2C8/19 0.25 0.83 0.41 0.08 0.042
2D6 0.12 0.28 0.72 0.44 0.35
3A4 0.031 0.77 0.55 0.12 0.82

Numbers shown areP values and only theP values which are equal to or less than 0.05 were considered to identify statistically significant associations.
1, indicates increased CYP levels.2, indicates decreased CYP levels.

a Analysis was done by Spearman’s rank correlation test.
b Analysis was done by Mann–Whitney U-Wilcoxon Rank Sum W test.
c Analysis was done by Kruskal–Wallis one-way ANOVA.
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Liver pathology, manifested as fatty change and/or
chronic hepatitis, was found to be associated with reduced
levels of liver CYP2C8/19 protein, compared to those of
histologically normal livers. In an earlier study, however, no
changes in CYP2C protein were detected in cirrhotic liver
samples [44]. This may be related to the severity of the liver
pathology affecting the samples in that study. It should be
noted here that the fatty change observed in our subjects
was of a mild, possibly reversible form, and that the reduc-
tion in CYP2C8/19 apoprotein identified here was only
possible due to the high selectivity of the antibody prepa-
ration used here. It remains unclear what factors underlie the
reduction in CYP2C8/19 protein in the livers showing fatty
change and/or chronic hepatitis. Impaired nutrition, ca-
chexia, and elevated serum bilirubin levels were attributed
to a reduction in CYP2C8/10 protein levels in another study
conducted on 71 patients, 21 with histologically normal
livers and 50 with chronic liver disease [40].

Age, gender, and liver histopathology were not associ-
ated with variation in liver CYP1A2 protein, but increased
levels of liver CYP1A2 were found in people more exposed
to cigarette smoke. This confirms results of several other
studies [35–38]. In addition, no association was found be-
tween liver cadmium contents and liver CYP1A2 protein
levels (Table 4). This suggests that involvement of cad-
mium in liver CYP1A2 induction in smokers was unlikely,
although smokers have higher liver cadmium levels com-

pared to non-smokers (Table 1). We also note that the
increase in liver CYP1A2 protein levels by cigarette smoke
was selective, since no other forms were affected (Table 4).
This isoform-specific effect would be expected if induction
of liver CYP1A2gene is mediated by the aryl hydrocarbon
receptor pathway [55].

The lack of CYP1A1 protein expression in kidney was
perhaps unexpected, since expression and induction of the
CYP1A1 in extrahepatic tissues including the lung and
placenta is well established in people [8,9] and its expres-
sion in kidney of rats treated with TCDD has recently been
reported [56]. The lack of detectable CYP1A1 protein in
liver and kidney samples studied here may indicate endog-
enous tissue-specific constraints or lack of appropriate xe-
nobiotic exposure. As with CYP1A1, CYP1B1 was not
expressed in detectable quantities in liver or kidney samples
(Table 3). CYP1B1 has been found to be expressed in
human skin cells and its expression is induced by UV light
[57]. CYP1B1 has been detected in many types of human
cancer cells but was not found in the corresponding normal
human non-tumor tissue [58]. This is in agreement with the
presently reported lack of detection of this isoform in the
liver and kidney samples used here.

All twenty-eight liver samples contained detectable
CYP2A6 protein and in a majority of samples this protein was
in high abundance. Variation in CYP2A6 protein was not
associated with age, gender, orCYP2A6gene type (Table 4). A

Table 5
Associations between liver CYP2C9 and Cd exposure (panel 5a), CYP1A2 and cigarette smoke exposure (panel 5b), and CYP2C8/19 and liver
histopathology (panel 5c) by Mann–Whitney U-Wilcoxon Rank Sum W test and Kruskal–Wallis one-way ANOVA

Panel 5a.
Cd exposurea

levels
Number of cases
N 5 28

CYP2C9 protein levels Mean rank*
values

Trace 11 12

Low 15 5 6 4 11.8
High 13 1 4 8 17.6

a The lower exposure group had liver Cd concentrations ranging from 0.11 to 0.58mg/g wet tissue weight whereas in the higher exposure group liver Cd
concentration ranged from 0.87 to 3.95mg/g wet tissue weight.

(* P 5 0.04).

Panel 5b.
Cigarette smoke
exposure levels

Number of cases
N 5 28

CYP1A2 protein levels Mean rank*
values

11 12 13

Low 9 1 4 4 10.1
Medium 15 0 2 13 16.2
High 4 0 0 4 18.0

(* P 5 0.03).

Panel 5c.
Liver
histopathology

Number of casesa

N 5 27
CYP2C8/19 protein levels Mean rank*

values
Trace 11 12 13

Normal 16 1 8 5 2 17.0
Fatty change 7 3 3 1 0 10.8
Chronic hepatitis 4 2 2 0 0 8.2

a In this analysis, the case number 27 was excluded due to lack of data on liver histology.
* P 5 0.04.

719J.R. Baker et al. / Biochemical Pharmacology 62 (2001) 713–721



lack of association betweenCYP2A6gene type and CYP2A6
apoprotein, however, does not rule out variations in catalytic
activity in individuals with differentCYP2A6gene types, since
immunoquantitation does not measure enzyme activity. None
of the subjects was found to carry theCYP2A6null allele,
confirming a low frequency of the allele in Caucasians
[10–12]. In contrast, homozygousCYP2A6(D)is found in
4–5% of Japanese and Chinese [11,45,59]. This is the same
prevalence found in our previous study [39] and in a study
conducted recently with 200 Thai volunteers, phenotyped
for CYP2A6 by coumarin hydroxylation test and genotyped
by the method used here (unpublished observations).

CYP3A4 was found in all liver samples whereas CYP3A5
protein was found only in 16/28 liver samples. CYP3A5, but
not CYP3A4, is known to be expressed in lung [9,60] and in
small intestine in 70% of individuals [61]. The variation in
CYP3A5 in liver samples recorded in this present study is
consistent with polymorphic expression also revealed in
other studies [2,4,7,62]. Interestingly, a positive correlation
between hepatic CYP3A4 apoprotein content and age (r 5
0.35,P 5 0.03) wasrevealed in our present study. This is
in opposition to findings on CYP2E1, whose tissue levels
have been shown to decrease with age [41,42].

In conclusion, a number of sources of variation in CYP
expression have been analysed using Western immunoblot-
ting with a panel of highly specific antipeptide antibodies
using liver and kidney cortex samples of Queensland resi-
dents whose non-workplace cadmium exposure and health
status were also characterised. Our study reveals for the first
time a possible association between environmental cad-
mium exposure and variation of CYP2C9 apoprotein abun-
dance in human liver; however, further research is required
to fully characterise this relationship.
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