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Abstract. Various environmental factors have been proposed asersggf primary biliary cirrhosis (PBC), a progressive
autoimmune cholestatic liver disease which is charaaers the destruction of the small intrahepatic bile ductsppgert for
their pathogenic role in PBC is provided by epidemiologistldies reporting familial clustering and clusters of tlgedse
within a given geographical area. The seminal study by Trigporting that the great majority of PBC cases in the Ehglis
city of Sheffield drank water from a specific water resenioas been followed by studies reporting disease ‘hot spathima
restricted geographic region of the former coal mining arfeldewcastle. The New York study reporting an increased aistk
significant clustering of PBC cases near toxic federal wdistposal sites has added strength to the notion that emental
factors, possibly in the form of infectious agents or tasti@mical environmental factors in areas of contaminated, liater or
polluted air may play a key role in the development of the alige This review discusses the findings of reports invesiga
environmental factors which may contribute to the causeriafigry biliary cirrhosis.
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1. Introduction

The aetiology of primary biliary cirrhosis (PBC), an
immune mediated and potentially fatal cholestatic liver
disease, remains unsolved [1-3]. Genetic, infectious
and environmental factors have been considered impor-
tant for the development of the disease [4—-10]. Support
for the implication of environmental factors has been
provided by case-control or large epidemiological stud-
ies [11-22]. Immunological investigations in biolog-
ical material obtained from patients at early stages of
the disease, and studies in experimental models resem-
bling the human disease have revealed the pathogenic
potential of specific environmental agents [10,23,24].
This review will discuss the findings of epidemiologi-
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cal, clinical and experimental studies investigating en-
vironmental factors which may contribute to the devel-
opment of primary biliary cirrhosis.

2. General considerations

In looking for the causes of PBC, a major issue is the
relative contribution of genetics and environment [1,
25,26]. Theaabula rasa(Latin for blank slate) view has
swung back and forth over time with regard to the rela-
tive contribution of nurture (i.e. environmengnature
(i.e. genes) in the development of PBC. The proponents
of the thesis that environmental factors dominate the

pathogenic processes determining the disease’s induc-
tion have based their arguments on the findings of a se-

ries of studies failing to identify a strong genetic basis.

D. Smyk et al. / Environment and primary biliary cirrhosis

treated with caution due to methodological constraints
and the significant intra- and inter-variability between
studies. Nevertheless, environmental factors such as
viruses, bacteria, chemicals, drugs, or xenobiotics may
indeed play arole in the development of the disease [1,
3,9,23,37-50]. The expectation is that these environ-
mental factors would be absent in regions or popula-
tions of low PBC prevalence, or that exposure to them
is minimal. On the other hand, regions with a high
incidence of PBC would have an increased exposure to
these environmental factors via a common media, such
as air, soil, or water.

4. Familial and non-familial clustering of cases
with PBC

Thus, several independent studies have shown overthe Evidence in support of environmental and genetic

years a weak association of specific HLA class | or Il
genes with disease susceptibility [4,27]. This is differ-

factors in relation to risk for developing PBC has been
developed from familial studies [51-53]. One study

ent from other autoimmune diseases affecting the liver, of familial PBC based in the Japanese city of Hiroshi-
as in the case of autoimmune hepatitis which shows ma found that the relative risk of a first degree relative
a strong association with the HLA DR3 and DR4, or was 50 to 100 times higher than compared to the gen-
other autoimmune diseases like insulin dependent dia- eral population [54]. This study involved 18 cases of
betes, multiple sclerosis and rheumatoid arthritis [28— PBC which were derived from eight different families
32]. The contribution of a single non-HLA gene that in which more than one family member had a history
could predispose to the development of most PBC casesof PBC. It frequently included mothers and daughters

is virtually absent [4,7,8,29].

3. Migration studies and PBC

Evidence in support of environmental factors con-
tributing to the risk of developing PBC, is based on the
observation that the risk in migrants is adjusted to, and
correlates with the risk of the population into which
they move [15,33-35]. An example of this can be found
with British migrants to Australia [33,34]. In the UK,
the PBC rate is 150—240 cases/million compared to a
much lower rate of 19 cases/million in Australia [33].
British migrants to Australia show a 3-5 times decrease
in risk of developing PBC (47 cases/million) [36]. The
opposite trend is seen in migrants from India to the
UK, whose rate increases from 1-4 cases/million in the
Indian subcontinent, to 14 cases/million in those who
migrate to the UK [35]. These findings added support
to the notion that affected individuals within a familial
or regional group that has a high PBC prevalence, are
exposed to a common environmental factor which trig-
gers or contributes to the development of PBC. The in-
terpretation of the epidemiological studies needs to be

(4 families), sisters (1 family), and intriguingly also
included brothers and sisters (2 families) and a mother-
daughter-son (1 family) [54]. A subsequent study has
also estimated that the prevalence of PBC among atom-
ic bomb survivors in Nagasaki was much higher (792
per million women) than that reported for the gener-
al population in Japan, suggesting that environmental
factors, including radiation exposure, may predispose
to PBC [55]. Another study from the North-East of
England also showed an increase in relative risk of de-
veloping PBC, with siblings showing an increased risk
of 10.5 [53]. This level of risk is similar to that found

in other autoimmune diseases.

Two shared factors between affected individuals
should be examined when looking at familial clustering
of adisease: genes and environment. These two factors
are likely to play a role individually, or combined in dis-
ease clusters. Although genetics are more commonly
associated with a familial disease, commonly stated ev-
idence in support of environmental factors comes from
the timing of disease onset, in that the disease tends to
occur at the same time or within a short period of time
from the diagnosis of the first case. However, this is
not entirely correct. When a patient is diagnosed with
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PBC, screening of relatives for autoantibodies and liver can have a prolonged sub-clinical period of the dis-
biochemical profiles is advised. It is often this screen- ease [3,57]. Thus, the possibility that the 3 disease-free
ing that detects PBC cases which may be asymptomatic women (aged 55, 60 and 61 at the time of the report) of
at the time. That is to say, that early screening often the discordantfor PBC monozygotic pairs may develop
detects relatives (usually mothers, sisters, or daughters full-blown disease can not be excluded [57]. The fact

with PBC, as opposed to symptomatic clinical presen-
tation. Further evidence in support of an environmen-
tal factor in these familial clusters is found when ex-
amining unrelated, but affected individuals who share

that the disease affected only one of the dizygotic twins
is of interest. Four of them were men and PBC in men
is infrequent. The overall discordance for PBC in 11
(3 monozygotic and 8 dizygotic pair sets) is puzzling.

the same environment. Douglas and Finlayson report Such findings are against the role of environmentin the
a mother and daughter affected by PBC, as well as a development of PBC. If environmental factors played
close family friend [52]. In that case, the mother and a role in PBC development, one would expect some
family friend developed PBC within 21 months of the concordance in the non-genetically identical dizygotic
daughter’s death from PBC [52]. Another PBC clus- twins who share environmental factors. This would be
ter was reported in six women living in two cities in  especially true in female-female twin pairs, but could
Alaska, where three of the women worked together as be questionable in male-female pairs due to the low
phone operators for several years [51]. Yet another re- preponderance of PBC in males. Dizygotic pairs do not
port involves two women in a German town, both with  share the same genes and therefore this discordance is
a 20 year history of deranged liver function tests, who more in support of genetic involvement.

developed PBC within two years of each other [56].

These two women were found to share common ge-

netic factors, as well as environmental. Genetically, 6. The Triger who triggered the

they shared alleles A2, B51, DR4, DR8 and DR53 [56]. water-contaminant hypothesis as a PBC trigger
Environmentally, they shared the same desk at school
from ages six to ten, and were lifelong friends [56]. Perhaps the most significant contribution to the hy-
pothesis of an environmental trigger of PBC came from
a 1980 study by David Triger, a 38 year old physician
and Senior Lecturer in Medicine at Royal Hallamshire
Hospital [21]. This study, published in the British Med-

5. Nature vs nurture: The twins study

To disentangle the effects of genes (and indirectly
of the environment), Selmi et al. performed a twins
study [6]. These investigators identified 16 pairs of
twins within a 1400-family cohort, including 8 sets
each of monozygotic (all female) and dizygotic twins
(4 female and 4 female-male pairs). In 5 of 8 sets

ical Journal, noted a high prevalence of PBC in the city
of Sheffield in Northern England (a total of 34 cases,
giving a prevalence of 54 cases/million) [21]. Triger
suggested a potential environmental cause of this in-
creased prevalence, possibly due to the heavy industri-
alisation of the city with coal mines and steel smelting

of the monozygotic twins, both individuals had PBC factories. Clusters of PBC were found in districts of
(0.63 concordance). The argument that in cases that the city with prevalence rates too high to be attributed
genes were the only risk factors, someone would expect to chance [21]. Examination of the HLA subtypes and
that all monozygotic pairs would develop the disease careful questioning ruled out the possibility that these
is not valid. In fact, the concordance rate of PBC in clusters were familial. Atmospheric pollution was im-
identical twins is among the highest reported for any plicated due to the large scale smelting works, but this
autoimmune disease. was ruled out as a potential trigger, as surrounding areas
Among the 8 dizygotic twin pairs, however, none did notreportclusters of PBC. Triger demonstrated that
were concordant for PBC [6]. Interestingly, the age at 30 (88%) of all PBC cases received their water supply
onset of disease was similar in 4 of the 5 concordant from a single reservoir, known as the Rivelin reservoir
monozygotic twin pairs. In the fifth pair, the diagnosis (this was one of six reservoirs supplying the city at the
of PBC was made with a 5 year gap. In one case, the time) [21]. The population supplied by this reservoir
twins had variant clinical behaviour, with one listed for showed a prevalence of PBC ten times higher than the
liver transplantation 8 years after presentation and the population supplied by other reservoirs. The remain-
other showing no sings of advanced liver disease for ing 4 PBC cases received their water supply from the
more than 13 years of follow-up [6]. Patients with PBC remaining five reservoirs, which provided 60% of the
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cities water. In order for the water supply to be im-

plicated, it would need to be established that affected
individuals had a lengthy exposure to a common water  Epidemiological studies of PBC have been done ex-
supply. Triger notes that 26 of the 34 patients lived tensively in the city of Newcastle, perhaps more so than
in Sheffield their entire lives, with the remaining eight in any other population [11,12,14,16,17]. Much like

having lived there for an average of 49 years before Sheffield, Newcastle was a heavily industrialised city,
presenting with PBC [21]. The average amount of time especially in regards to coal mining. Prince etal. noted
in the same house was 20 years, with the mean period & high prevalence of PBC in the North-East of England,
of time spent in the area supplied by the same reservoir With 32.2 new cases per million, and a prevalence of

7. Triggers of PBC: The Newcastle ‘hot spots’

was 42 years.

With the above data in mind, Triger set out to exam-
ine the cities water supply for aluminium and other met-
als. Aluminium was selected based on a previous report
which noted its high concentrations in Sheffield’s wa-
ter, and implicated this with cases of bone disease and
encephalopathy due to haemodialysis for chronic renal
failure. Triger found high aluminium concentrationsin
three reservoirs, one of which was the Rivelin reservoir.
This finding pointed away from aluminium as a poten-
tial trigger/cause for PBC, as the other two reservoirs
did not supply a population with a high PBC preva-
lence [21]. No other significant findings were found in
relation to zinc, copper, and several other metals. The
only significant finding was that the Rivelin reservoir
has particularly soft water (total and non-carbonate),
and lower concentrations of fluoride. It remained un-
clear as to whether these findings had any significance
in the pathogenesis of PBC. In addition to the reser-
voirs, Triger also examined the water delivery system,
as contamination along this route was also a possibil-
ity [21]. This was performed by analysing random
water samples from the taps of patients and controls
homes. A 300 fold variation in copper concentrations
was found from one house to another, in the patient
and control groups. The study by Triger, reporting a
clustering of cases and their temporal association with

251 cases per million (based on data from 1994) [12].
In women over the age of 40, the PBC prevalence was
940 per million. The study included 770 patients with
PBC, and showed a significant non-random spatial dis-
tribution of cases. Three well defined clusters of high
PBC prevalence were found [12]. Ten cases were noted
in one cluster, which is located in a suburb of New-
castle and North Tyneside, with an area of 1.4?°km
giving a case density of 7.1/kim The remaining two
consisted of eight cases in a 0.75%area (10.7 cases
per kn?), and six cases in a 1 kharea [12]. Familial
clustering was ruled out, and there did not appear to
be any other commonality between the clusters. This
study noted that there was no association with the wa-
ter supply, which came from a variety of sources, but
unlike the study by Triger, the Newcatle group did not
test the water supply [12]. The clustering of patients
with PBC has led the Newcastle group to suggest that
an unidentified environmental factor may explain the
higher prevalence and clustering of PBC in former in-
dustrial and/or coal mining areas. As these regions are
no longer heavily industrialised, one would expect the
incidence of PBC to decrease, as the exposure to these
environmental triggers is reduced or absent. Howev-
er, this is not the case, and there is still a significant
prevalence of PBC in these regions. If an environmen-
tal trigger related to industry and/or coal mining exists,
it could be hypothesised that regions which are still

a specific water supply system has formulated a series currently involved in coal mining (such as in parts of

of subsequent studies aiming at investigating whether
clusters of PBC do really exist, and whether there is a
waterborne risk factor which can be identified. Anoth-
er study of the epidemiology of PBC noted an urban
clustering of this disease in the Greater Nottingham
area, UK but no specific risk factor has been identified
on analysis of water [58]. Neither the Sheffield nor the

Canada, Arizona, and China) will show a higher preva-
lence of PBC in the future. Whether or not this is the
case remains to be seen.

Another factor in favour of an environmental trig-
ger is the prevalence of men with PBC in the clusters,
compared to the general (non-clustered) prevalence of
PBC. As the coal mining and steel working industries

Nottingham studies have published subsequent reportswere heavily employed by men in these regions, there
in their series and the possibility that clustering may would therefore be a higher rate of exposure to envi-
have been coincidental has been considered. This hasronmental factors, and therefore a higher rate of PBC
been strengthened by studies of patients with PBC in in men than is normally found. Although the studies by
Ontario, Canada which were unable to identify clusters Prince et al and Triger note an overwhelmingly high-
of the disease [59]. er preponderance of females affected with PBC, both
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studies include affected men, at a rate higher than that 19]. Of relevance to the New York study, Amano et al.
of the general (non-clustered) PBC population. In oth- reported that halogenated forms of benzene may mimic
er words, the prevalence of PBC among males remains the lipoylated PBC autoantigen epitope, and indicated
low, but is higher than expected in some clusters. that air-borne volatile organic compounds such as ben-
Emerging data from the Newcastle group may help zene may indeed contribute to the immunopathogenesis
us to better understand the relative contribution of en- of PBC [23,24].
vironmental factors in the disease pathogenesis [11].  The higher prevalence of cases with primary scleros-
McNally et al. analyzed for space-time clustering using INg cholangitis (an immune mediated cholestatic dis-
population-based data from northeast England over a €ase which does notoverlap with PBC) near toxic waste
defined period of seven years (from 1987—-2003) [11]. Sites suggests that exposure to toxins is not specific for
Space-clustering is observed when excess cases of aPBC [22].
given disease can be identified within restricted geo-
graphical areas at limited periods_of time. Analy_sis of 9. Xenobiotics vs Xen@P)b(C)iotics
their data suggests space-clustering of PBC which can
not be attributed to variations in population density. Although specific environmental compounds caus-
These findings indicate the possible involvement of ing PBC have not been clearly identified, xenobiotics
a geographically widespread, but transient, causative are now emerging as compounds that could possibly
agent and are consistent with ‘either a very short “lag narrow the gap between environmental exposure and
time” between exposure to an etiologically relevant PBC pathogenesis [1,26]. This is not overly surpris-
agent and subsequent diagnosis or a longer, but rela-ing, as xenobiotics have been linked with autoimmune
tively constant, “lag time” between exposure and diag- disease, so much that specific xenobiotics are linked to
nosis’ [11]. specific autoimmune diseases. Xenobiotics are capable
of altering or forming complexes with self or non-self
proteins. This induces a change in the proteins molec-
8. From Newcastle to New York ular structure, which may cause an immune response,
and subsequent cross-recognition with mitochondrial
In 2006, Ala et al. published a study evaluating the autoepitopes. This process is similar to that of molec-
relationship of environmental factors with PBC [22]. ular mimicry both in concept, as well as the transient
This study showed that the prevalence of PBC patients Presence of the triggering molecule/organism [60,61].
listed for transplantation was increased near superfund The list of exogenous compounds is long and complex,
toxic waste sites in New York State. Additionally, a butincludes common items such as detergents and cos-
statistically significant PBC patient cluster, including Metics, as well as polluting materials [62]. Being the
both patients not listed for transplantation and those Primary detoxification organ, the hepatocytes and the
listed for transplantation, was identified in Staten Island Piliary epithelial cells are prime targets of chemical
near a superfund waste site contaminated with volatile C0Mpounds. The working hypothesis is that modifica-
aromatic hydrocarbons and trichloroethylene [22]. The tions of the lipoylated major mitochondrial autoantigen
precise mechanism(s) by which the proximity to such could trlggerthe production of autoanpbodles. A_serles
sites may increase exposure to these toxins is not clear. of regent studies from the group O_f E”.C Qer_shwm have
The Sheffield study speculated that differences in re- p_rowded data to support this view; thewfmdmgs are re-
ional water supplies might account for clustering. Ac- viewed elsewhere [1’10’2.3’24.’6?’]‘ Hence’ it has been
glona PP 9 g shown that that 2-nonynoic acid is recognized by PBC
cording to Ala et al., 85% of ground water near super- o - o :
. N . . sera with high affinity, and indicate that this compound
fund toxic waste sites in New York State is contami-

. is able to induce cholangiopathy inimmunised mice [1,
nated, but the residents do not rely on groundwater as a10 2324 63]. This xenobiotic is found in cosmetics
water supply [22]. This has led them to suggest that in- ana n:ail ;’)olish which may give a possible clue as to
halation of volatile organic compounds (e.g., benzene) the female pre[;onderance of the disease.
and particle bound chlorinated hydrocarbons released
into the air from these sites, is a more plausible method
of exposure. This view is supported by large epidemio- 10. Novosphingobium aromaticivorans: The
logical studies of risk factors for PBC performed in the missing environmental link?

UK and USA, reporting that cigarette smoking (anoth-
er source of benzene) is associated with PBC [11,18, The same group of investigators has provided sero-
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logical and molecular data suggesting that a ubiqui- [2]
tous xenobiotic-metabolizing Gram-negative bacteri-

um, Novosphingobium aromaticivorangs a poten- 31
tial trigger for the induction of PBC [46]. This bac- 4]
terium contains two proteins which share amino acid
sequences to the immunodominant epitope of PDC-
E2[46]. Itis also capable of metabolizing organic com-
pounds such as oestrogens, which is intriguing given |5
the female preponderance of PBC [64)l. aromati-
civoranswas found in 25% of human faecal samples
tested. Contributing to this is the study by Mattner et al,
who found thafN. aromaticivoransvas capable of in-
ducing PBC-specific anti-mitochondrial antibodies in
mice following immunization [65]. These mice were
also shown to have PBC-like bile duct lesions [65].

(6]

(7]

11. PBC triggering agents may be everywhere —
Concluding remarks
Thirty years after the Sheffield study, the agent con- (8]
tained in the Rivelin reservoir which could account for
the development of PBC remains unknown. Much ef-
fort has been put into identifying chemicals or other
compounds that are contained in the water, but none [9]
have looked for an infectious component. This would
need to be ubiquitous in the environment (soil, water)
and pathogenic to susceptible hosts. The idea that ex- [10]
posure to certain environmental factor(s), not harmful
per se, could resultin the breakdown of immunological
tolerance and the induction of disease-specific destruc- [11]
tion, cannot be discouraged. The number of studies
investigating the role of specific environmental triggers
has increased considerably, and may lead to a more 1]
conclusive result in the not too distant future. There is
no doubt that the triggering agents of PBC can be ev-
erywhere, from water reservoirs and coal mining areas, [13]
to superfund waste disposal sites, from Sheffield and
Newcastle to New York. We may not yet know them,
but we hope that we will find them.

[14]
12. In Memoriam [15]
Professor David R. Triger, DPhil, FRCP [16]
1941-1993
[17]
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