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Abstract. Primary biliary cirrhosis (PBC)is a chronic autoimmune cholestatic liver disease that manifests a latitudinal gradient in
prevalence and incidence. The mechanisms leading to the initiation and perpetuation of PBC remain largely enigmatic, although
it is established that a combination of genetic predisposition and environmental stimulation is required. PBC is also characterized
by a high concordance rate in monozygotic twins and is considered a model autoimmune disease because of several features
common to other conditions and the relatively homogeneous serological and biochemical features. From a diagnostic standpoint,
PBC is characterized by the highest specificity of serum autoantibodies directed at mitochondrial proteins. Several risk factors
have been suggested to be associated with PBC, including exposure to infectious agents and chemical xenobiotics that will be
critically discussed in the present review article.

1. Introduction

Primary biliary cirrhosis (PBC) is a rare organ-
specific autoimmune disease characterized by an
immune-mediated destruction of small- and medium-
size bile ducts with resulting chronic cholestasis and
ultimately liver cirrhosis [1]. One major paradox in
PBC pathogenesis is common to several autoimmune
diseases and is based on the observation that, although
the autoimmune attack is directed against ubiquitous
mitochondrial antigens belonging to the family of 2-
oxoacid dehydrogenase complexes (2-OADC), the dis-
ease specifically involves biliary epithelial cells, i.e.
cholangiocytes [2]. Among components of 2-OADC,
the E2 subunit of the pyruvate dehydrogenase complex
(PDC-E2) constitute the predominant autoantigen rec-
ognized by the vast majority of patient sera [3]. As for
other autoimmune diseases, genetic and environmental
factors are involved in PBC pathogenesis, as well rep-
resented in monozygotic twins who fail to demonstrate
a complete concordance rate [4] or the reported signif-
icant genetic associations encountered in subgroups of
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patients [5]. The immunologic scenario of the disease
is based on both the innate and adaptive arms of im-
munity [6] while the latter includes both humoral and
cellular responses [7]. Highly disease-specific serum
antimitochondrial autoantibodies (AMA) are directed
against components of the 2-oxoacid dehydrogenase
complex (2-OADC) and are detected in the vast major-
ity of patients [8]. Similarly, liver infiltrating autoreac-
tive T cells are found in patients with PBC irrespective
of their AMA status [9]. These cells recognize antigens
overlapping with AMA specificities and are thought to
play the major role in biliary cell destruction through
direct cytotoxicity (CD8+ cells) and as a result of cy-
tokine production (CD4+) [7,10], as well established
in liver immunity [11,12].

2. The immunobiology of the biliary epithelium

Biliary epithelial cells are actively involved in the
peculiar immunity of the liver [13] as they represent a
specialized epithelium expressing a plethora of factors
contributing to antimicrobial defense. Overall, cholan-
giocytes represent the first line of defense for the biliary
system against microbes derived from the gut through
the portal vein and the extrahepatic bile ducts [14], but
they are also a possible target of immune mediated in-
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jury as in the cases of PBC, primary sclerosing cholan-
gitis [15], or graft-versus-host liver disease [16], along
with autoimmune hepatitis overlap syndromes [17].

Indeed, cholangiocytes express receptors for pat-
hogen-associated molecular pattern (PAMP) represent-
ed by the majority of toll like receptors [18,19], cy-
tokines, such as IL-6 and IL-8 [20], chemokines, such
as MCP-1 [20], growth factors, such as TGF-β, CT-
GF, PDGF, endothelin-1 [19], and immunoactive pep-
tides, such as defensinβ [21]. Further, cholangiocytes
can cross-talk with other immune cells [22] in the liver
through the expression of specific adhesion molecules,
such as LFA-3 and CD40 [23] and, unlike other epithe-
lial cells, they also feature as antigen presenting cells
expressing HLA class II [24–26] and co-stimulatory
molecules, such as CD80 and CD86 [23,27]. More per-
tinent to PBC pathogenesis, biliary epithelial cells are
unique in secreting immunoglobulins A of the secre-
tory type (sIgA) through transcytosis in the biliary lu-
men [28,29] which may in turn cause the organ-specific
immune-mediated injury and justify the detection of
IgA-AMA in the bile and saliva of patients [30] or the
general pro-inflammatory milieu [31].

The mitochondrial antigens recognized by both B
and T cell autoimmune responses in PBC are ubiq-
uitously expressed in nucleated cells and highly con-
served in phylogenesis [32]. It has been proven that mi-
tochondrial antigens are not cryptic to the immune sys-
tem and that the immune system is normally tolerant to
mitochondrial self-antigens, even if responsive against
bacterial homologues. During spontaneous or induced
apoptosis, various cell types (virtually all) express mi-
tochondrial antigens on the intact plasma membrane
and within the apoptotic blebs [33,34] which are then
capable to initiate the immune response by presenting
the AMA antigens [35]. This latter process is specific
to cholangiocytes and suggests why the disease recurs
following liver transplantation [36,37]. Indeed, AMA
react, though weakly, against biliary epithelial cells of
normal subjects [38], and specific autoreactive T [39,
40] and B cells, and serum AMA [41] have been found
in the serum of non-PBC subjects. Nevertheless, the
immune system starts an autoimmune attack against
cholangiocytes only in PBC patients and this appears to
be irrespective of whether the biliary epithelium is de-
rived from a patient with PBC or a control subject [42].
Accordingly, liver infiltrating autoreactive T cells were
found only in PBC patients [43], irrespective of the
AMA status [44]. Genetic predisposition is evoked to
explain the breakdown of tolerance to 2-OADC anti-
gens in PBC [8,45] but additional factors are advocat-

ed, including the peculiar processing and presentation
of antigens within cholangiocytes and the occurrence
of an environmental trigger which represents the major
issue to be discussed in the present article.

Mitochondrial antigens undergo cell-specific pro-
cessing that are thought to contribute to PBC organ
specificity [46,47]. Of seminal importance is the ob-
servation that the lysine-lipoylated domains (common
immunogenic core of 2-OADC autoantigens, includ-
ing PDC-E2) derived from cholangiocytes retain their
immunogenicity following apoptosis [48]. The lack of
putative post-translational modifications alters protein
degradation leading to the accumulation and exposure
of a great amount of self-reactive antigens, as hypothe-
sized in other organ-specificautoimmunediseases [49].

As previously stated, the AMA immunodominant
epitope is represented by the inner lipoylated domain
of PDC-E2 while other epitopes are localized within
the outer lipoylated domain of the same complex, the
E2 subunit of the branched chain 2-oxoacid dehydroge-
nase complex (BCOADC-E2), and the E2 subunit of the
2-oxoglutarate dehydrogenase [50] complex (OGDC-
E2). They all share a common motif in the N-terminal
region containing lysine-lipoylated domains [47]. In
most cell types lysine-lipoylated sequences are oxi-
dized by glutathiones when released from mitochondria
during apoptosis [46] as the oxidated forms are not im-
munogenic and are not recognized by serum AMA as
the glutathionylation masks the autoantibody recogni-
tion site [46] via potential mechanisms [51]. Converse-
ly, cholangiocytes and cells from other epithelia fail to
covalently link glutathione to lysine-lipoyl groups dur-
ing apoptosis [46] with consequent accumulation and
exposure of potentially self-reactive antigens as the re-
duced forms of PDC-E2 fail to undergo normal protease
degradation. In cholangiocytes the cleavage of the im-
munodominant PDC-E2 epitope has not been detected
in vivoeither during apoptosis [46,48] or during phago-
cytosis [52]. Moreover, some authors reported an en-
hanced expression of 2-OADC proteins, with particular
luminal concentration, in cholangiocytes from patients
with PBC compared to healthy subjects and patients
with other chronic inflammatory biliary disease such
as primary sclerosing cholangitis [38]. This abnormal
expression can be explained by different mechanisms;
one possibility is that self-antigens are presented by
cholangiocytes complexed to HLA molecules. Nev-
ertheless, HLA class II have a prevalent intrahepatic
basolateral, rather than luminal, surface expression on
cholangiocytes [24–27,53]and are weakly expressed in
the early stages of disease [27]. Different hypotheses
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state that self-antigens are exposed on the cell mem-
brane during cholangiocyte apoptosis [33,46] or dur-
ing the rearrangement of lipid rafts as seen after toll
like receptor activation by microbe infection [54] or
after the ingestion of apoptotic cholangiocytes by oth-
er cholangiocytes [52]. Cholangiocyte phagocytosis of
neighboring apoptotic cholangiocytes is not specific to
PBC, being observedin vitro in cultured cholangiocyte
lines and in other chronic liver diseases, but it has been
suggested that this phenomenon can be involved in the
presenting process of mitochondrial antigen observed
in PBC.

3. The epidemiology of PBC suggests a crucial role
for the environment

Studying the epidemiology of complex diseases is
commonly utilized as a proof of concept to determine
the impact of the environment on their development,
although these observations rarely lead to the iden-
tification of specific factors. In the case of PBC, it
has been observed that prevalence and incidence rates
are higher in Northern European countries (particular-
ly the United Kingdom and Scandinavian countries)
and the Northern United States (Minnesota) compared
to other areas such as Mediterranean countries. How-
ever, these observations might be the result of differ-
ent methodologies for case finding in epidemiologi-
cal studies, rather than reflect a true difference in the
prevalence of cases and, similar to clusters [55], could
ultimately be anecdotal. More importantly, no solid
population-based study has been proposed thus far and
all estimates are based on the identification of cases
already diagnosed [56]. This is in part due to the lack
of a sensitive non-invasive marker of disease with the
exception of serum AMA which, may appear decades
before the disease and cannot ben detected in up to
10% of PBC cases. It has also been hypothesized that
the incidence of PBC in the developed world might be
increasing, but this hypothesis is potentially burdened
by additional types of bias as observed in other condi-
tions [57]. Finally, it should be noted that population-
based studies on PBC must necessarily rely on AMA
detection using indirect immunofluorescence, an assay
that fails to determine antibody positivity in up to 15%
of PBC cases. Following numerous studies in which
PBC incidence and prevalence have been addressed in
different populations, more recent data were reported
to support a possible role for genetics as well as envi-
ronmental factors in determining disease susceptibility,

as supported by increasing incidence rates. Once again,
however, the impact of an increased disease awareness
among physicians and of the more widespread use of
AMA determination cannot be overlooked when com-
paring different time frames. A population-based study
performed in Australia has identified 84 cases of PBC
from the region of Victoria using rigorous case-finding
methods that included all three major diagnostic crite-
ria and reported a PBC prevalence of 19.1 per million,
among the lowest rates ever reported [58]. However,
a subsequent study from the same region reported dif-
ferent data on 249 cases with a cumulative incidence
almost 10-fold higher than that reported earlier [59].
Importantly, prevalence rates were significantly higher
for British, Italian, and Greek immigrants, compared
to the Victorian-born population (which clearly recog-
nizes a British background in most cases) thus imply-
ing the importance of environmental priming possibly
occurring early in life. In the United States, a large
study performed on the population of Olmsted coun-
ty, Minnesota [60] estimated the age- and sex-adjusted
PBC prevalence to be 27 per million, among the high-
est ever reported, and the calculation was based on data
from a computerized State index of diagnoses for in-
patients and outpatients. Data from Canada have pro-
vided intriguing observations on subjects from British
Columbia of Native Canadian ancestry for whom PBC
has strikingly high prevalence and incidence rates [61].
Whether these ethnic differences reflect solely the ef-
fects of genetics or include a role for migratory fluxes
still needs to be determined while anecdotal data are
fascinating in suggesting that pollutants may enhance
the incidence of PBC in specific areas [62]. The role
of genetics in PBC appears well established, yet data
from association studies in candidate genes including
human leukocyte antigens [63] have been inconclusive
or limited to specific geographical areas [56] and a
genome-wide study is awaited [64].

Identifying risk factors is a critical challenge in
directing experimental research, particularly when
searching for environmental factors. Familial history
and genetic predisposition are by far the most convinc-
ing risk factors identified for PBC. However, several
non genetic factors have also been proposed to play
a role. Our group recently concluded the largest epi-
demiological study reported thus far which included
1032 patients from 20 Tertiary Referral Centers in the
US representative of all but two States [65]. A similar
number of controls were matched to cases for sex, age,
and geographical origin (using the random-digit dial-
ing matching system) and we utilized a survey based
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on over 180 standardized questions, including subques-
tions, investigating demographics, personal and family
medical history, reproductive history, and lifestyle fac-
tors [66]. The multivariate analysis demonstrated that
having a first-degree relative with PBC, a history of
recurrent urinary tract infections, past smoking, or the
use of hormone replacement therapies are significantly
associated with an increased risk of having PBC [65].
The frequent use of nail polish also slightly increased
the risk of having PBC. A potentially confounding fac-
tor in this study was that patients with PBC had a sig-
nificantly higher family income compared to controls
suggesting a role for a better quality of healthcare. Nev-
ertheless, the proposed association were most recently
independently confirmed [67].

4. Environmental agents in PBC onset

As previously illustrated, cell type-specific differ-
ences in apoptosis and phagocytosis of apoptotic cells
seem to contribute to tissue-specific damage in PBC
rather than to the breakdown of tolerance to 2-OADC
antigens [68] and should thus be considered mecha-
nisms for injury perpetuation rather than initiation. To
this regard, environmental factors, such as chemical
compounds and/or infectious agents are more likely in-
volved into the breakdown of tolerance through molec-
ular mimicry and cross reactivity mechanisms [69].
This is well supported by the incomplete concordance
rate for PBC in monozygotic twins [4] and more gen-
erally by the epigenetic differences in healthy monozy-
gotic twins sharing different durations of environmental
stimuli [70] that have already been advocated for oth-
er autoimmune diseases [71] through different mech-
anisms [72,73]. A mimotope carried by a microbe or
a neo-antigen generated by xenobiotic-modified self-
antigen mimicking mitochondrial proteins may acti-
vate autoreactive lymphocytes. Then, the process could
become self-perpetuating because of the presence of
cross reactive unmodified self-antigens on cholangio-
cytes surface.

PDC-E2 specific autoantibodies and autoreactive
CD4+ and CD8+ T cells recognize different overlap-
ping or close epitopes [41,74–77]. These self-epitopes
are well-conserved sequences among species with a
high degree of similarity between human and microbial
sequences. As a result, molecular mimicry between
human and microbial epitopes is the base of the cross
recognition by B and T cells of microbial proteins by

PBC sera that has been repeatedly proposed to support
molecular mimicry [78].

Different from other conditions [79], the pathogenet-
ic role of serum AMA is still debated and a recent report
has questioned the sequence of the immunodominant B
cell epitope and the role of the lysine-lypoilated motif
in the PBC B cell response [77], the study of the im-
munodominant T cell epitope, PDC-E2 163-176, has
provided evidence crucial to PBC pathogenesis [40].
This can be summarized in one unifying hypothesis.
Based on the reactivity of cloned PDC-E2 163-176-
specific T cell lines, it has been demonstrated that
the contact residues with T cell receptors (TCRs) are
168EIExDK173 and that microbial proteins, whether re-
lated to PDC-E2 or not, that have an ExDK sequence
can undergo cross recognition by autoreactive T cells.
Interestingly, the PDC-E2 peptide was not lipoylated in
K173 and conservative substitutions in this position did
not abrogate T cell response thus suggesting a minor
role of the lysine-lipoylated group in T cell recogni-
tion. Moreover, E170 is crucial to T cell recognition
as no substitution was allowed without abrogating the
immunoreactivity, possibly secondary to the fact that
the CDR3 motif used by TCRs to contact the negative
charged glutamic acid (E170) is RGxG or G,S, and/or R
i.e. a sequence containing the positive charged arginine
(R). These results are of particular relevance consider-
ing the proximity of E170 to K173 and we hypothesize
that the glutathionylation of the lysine-lipoyl residue in
position 170 can mask or alter the exposure of E170 thus
abolishing the critical contact residue with CDR3. This
mechanism is an immunologic defense in all cell type
but cholangiocyteswhere the reduced form of the group
can favor the TCR recognition of the epitope and the
role of lipoic acid per se requires further studies [80].

5. Infectious agents: Numerous studies, limited
evidence

Epidemiology suggests an involvement of an exter-
nal trigger in PBC. The diagnosis of PBC at the same
time or within a short period of time among members
of the same family [81], the reported cases of non fa-
milial clustering [55,62,82], and the concordance rates
among monozygotic twins [4] suggest the need for a
common environmental factor. Moreover, it has been
described a changing risk of PBC in subjects moving
from areas with high risk of PBC to areas with lower
risk and vice versa [58,83]. As with other autoimmune
diseases, infectious agents have been implicated as pu-
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tative triggers in the induction and/or maintenance of
PBC. To further support this hypothesis it has been re-
ported that lipopolysaccharide (LPS), a specific compo-
nent of gram negative bacteria cellular wall, alone or in
combination with PDC-E2, can induce portal lympho-
cyte infiltration and cholangiocyte degeneration mim-
icking PBC in mice. On the other hand, lipoteichoic
acid (LTA), the gram positive cell wall component, has
been detected in PBC liver samples around damaged
bile ducts and LTA-specific IgA titer has been found to
be significantly higher in sera from patients with PBC
compared to healthy subjects [84]. In addition, it has
been reported that bacterial DNA,containing unmethy-
lated CpG motifs, could trigger PDC-specific Th1 re-
sponse in mice immunized with PDC [85]. Recent-
ly, Th17 cells, i.e. components of mucosal host de-
fense system against infections, but also involved in the
pathogenesis of other autoimmune diseases [86], have
been found around bile ducts in PBC [87,88]. How-
ever, the identity of the pathogen and the exact mech-
anism potentially triggering the disease remain to be
determined despite the large number of studies who
attempted to address the issue.

Several mechanisms have been proposed to explain
how an infectious agent may trigger or contribute to per-
petuate an autoimmune disease in susceptible subjects.
Molecular mimicry is by far the most studied having
been reported for many microbes [89]. In fact, shared
sequences between human and microbial proteins can
break the immune tolerance to self proteins by inducing
cross reactive antibodies or cross recognition by effec-
tor T cells. Moreover, molecular mimicry can lead to
epitope spreading accelerating or perpetuating the au-
toimmune process [90], a phenomenon which has been
repeatedly disproven in PBC. Pathogens can also stim-
ulate autoreactive lymphocytes through bystander acti-
vation. The release of self-antigens from damaged cells
together with microbial antigens (mitochondrial related
and unrelated proteins, LPS, LTA) and DNA (unmethy-
lated CpG motifs) causes hyperactivation of antigen
presenting cells and innate immune system cells [91]
leading to over-processing of self-mimicking micro-
bial antigens and enhanced cytokine production with
consequent immune complex formation and expansion
of autoreactive cells [92], similar to other experimen-
tal settings [93]. Other non-exclusive mechanisms in-
volve superantigen polyclonal activation of T cells, i.e.
staphylococcal enterotoxins [94], mouse mammary tu-
mor virus antigens [95] and viral polyclonal activation
of B cells, i.e. Epstein Barr virus [96], IgA production,
and Th17 differentiation. Of particular interest is the

role of IgA which represents the major class of anti-
bodies produced in the mucosal immune system of gas-
trointestinal and respiratory tract as defense against mi-
crobes entering by these routes. Cholangiocytes, hav-
ing the unique role of secreting IgA into bile through
transcytosis, are exposed to IgA antimitochondrial an-
tibodies. It has been experimentally demonstrated that
PDC-E2-specific dimeric IgA during transcytosis can
activate caspases leading to cholangiocyte apoptosis
and contributing to bile duct damage in PBC [48]. In
a different fashion, Th17 cells are essential for effec-
tive microbial host defense against extracellular bacte-
ria and fungi; moreover, Th17 contribute to virus per-
sistence and chronic inflammation during parasite in-
fections [97], but also to the balance between microbial
defense and immune diseases in concert with Treg. It
has been suggested that Th17, eventually differentiat-
ing after liver microbial exposure, could contribute to
the Th1 shift observed in PBC [86–88] along with the
defect of T regulatory cells [98] which resembles data
from other clinical settings [99].

Numerous specific agents, mainly bacteria, but al-
so viruses, parasites, and fungi, have been investigat-
ed as possible agents involved in PBC (recapitulated
in Table 1), but most of the studies failed to demon-
strate a clear association of a microbial agent with the
disease and reported only circumstantial evidence that
could not be independently recapitulated. Indeed, most
studies supporting the role of infectious agents in the
pathogenesis of PBC are based on the linear or confor-
mational mimicry between microbial proteins and hu-
man mitochondrial antigens. Notwithstanding a sub-
stantial shared sequence homology, in a fewer cases
a cross reactivity by 2-OADC-specific autoantibodies
and/or T cells has been also demonstrated. This is
the case forEscherichia coli [100,101,103], Novosph-
ingobium aromaticivorans [32,104,105], Salmonel-
la Minnesota [106], Pseudomonas aeruginosa [107],
Haemophilus influenzae [103], Yersinia enterocol-
itica [103], Streptococcus intermedius [108], Lac-
tobacillus delbrueckii [109], Paracoccus denitrifi-
cans [110], Mycoplasma [111,112], Mycobacteri-
um gordonae [113], Borrelia burgdorferi [114], Try-
panosomes [115], and Ascaridia galli [115](Table 1).
Moreover, microbial antigens or DNA have been found
in liver specimens, gallbladder bile, and fecal sam-
ples of patients with PBC as forN. aromaticivo-
rans [104], Propionibacterium acnes [116], andEp-
stein Barr virus [117]. It should be note, however, that
these findings were not limited to patients with PBC
thus supporting the major role of individual susceptibil-



292 C. Selmi et al. / Environmental factors in PBC

Table 1
Infectious agents proposed for PBC etiology and the putative evidence available in the literature

Infectious
agents

Proposed evidence References

Gram negative
bacteria

Escherichia coli higher frequency of urinary tract infections in patients with PBC
presence of anti-bacterial proteins Ab in PBC pts sera
molecular mimicry with Ab and CD4 cross reactivity between bacterial mito-
chondrial homologous proteins and non mitochondrial proteins and PDC-E2
21-226 and 163-176

[40,100–103]

Salmonella
minnesota mutant

Ab cross recognition between mitochondrial antigens and bacterial peptides [106]

Salmonella
typhimurium

molecular mimicry between product of mutB gene and gp 210 recognized by
PBC pts Ab

[100]

Novosphingobium
aromaticivorans

molecular mimicry and Ab cross reactivity between lipoylated microbial pro-
teins and PDC-E2 208-237
autoreactive AMA and chronic T cell-mediated cholangiopathy in a murine
model of PBC

[32,104,105,118]

Helicobacter
pylori

molecular mimicry but not Ab or CD4 TCR cross recognition between urease
beta and PDC-E2 212-226
exposure of experimental animals to helicobacter species is able to induce
hepatobiliary pathology

[119,155]

Pseudomonas
aeruginosa

molecular mimicry and CD8 TCR cross recognition between diaminopimelate
decarboxylase and PDC-E2 159-167

[107]

Haemophilus
influenzae

molecular mimicry and Ab cross reactivity between caseinolytic proteases P
and PDC-E2 212-226

[103]

Yerisinia
enterocolitica

molecular mimicry and Ab cross reactivity between caseinolytic proteases P
and PDC-E2 212-226

[103]

Gram positive
bacteria

Streptococcus
intermedius

high anti-bacterial histone-like DNA-binding protein titers and cross reactivity
against BECs cytoplasmic proteins

[108]

Lactobacillus
delbrueckii

molecular mimicry and Ab cross recognition between beta galactosidase and
PDC-E2 212-226

[109]

Propionibacterium
acnes

DNA in liver granulomas [116]

Paracoccus
denitrificans

cross reactive Ab with bacterial membrane vesicles [110]

Intracellular
bacteria

Chlamydia
pneumoniae

presence of anti-chlamydia Ab in PBC sera but not specific antigens or DNA
in PBC liver samples

[156]

Mycoplasma
pneumoniae

molecular mimicry and Ab cross reactivity between microbial and human PDC [112]

Mycoplasma
gallisepticum

molecular mimicry between bacterial surface molecules andPDC-E2 [111]

Mycobacterium
gordonae

molecular mimicry and Ab cross reactivity between microbial hsp65 and PDC-
E2 212-226 but not mycobacterial DNA in PBC liver granulomas

[113,157]

Spirochetes Borrelia
burgdorferi

molecular mimicry and Ab cross recognition between bacterial p41 flagellin
and PDC-E2 208-235

[114]

Parasites Trypanosomes molecular mimicry and Ab cross reactivity between parasitic and human mito-
chondrial antigens

[115]

Ascaridia galli molecular mimicry and Ab cross reactivity between parasitic and human mito-
chondrial antigens

[115]

Fungi Saccharomyces
cerevisiae

high frequency of anti-saccharomyces cerevisiae Ab in PBC sera [158]

Viruses Mouse mammary
tumor virus

questioned molecular mimicry between viral proteins and mitochondrial
antigens

[159,160]

Epstein Barr
virus

high frequency of viral DNA in PBMCs, liver and saliva of PBC cases [117]

ity in the presence of a common trigger. In a few cases
an autoimmune cholangiopathy has been mimicked in
animal models after bacterial components exposure as
in the most recent case ofN. aromaticivorans [118]
or the less convincingHelicobacter pylori [119]. Tak-
en together these studies suggest that multiple agents

and multiple mechanisms could be involved in the

pathogenesis of PBC. Interestingly, among microbial

pathogensN. aromaticivoransis supported by the most

solid data, considering also its ability to metabolize

halogenated compounds [32,104,105,118].
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6. Chemical compounds

A different environmental factor proposed to trigger
disease onset is constituted by foreign chemicals (i.e.
xenobiotics) that can either alter or complex to a de-
fined self or non-self protein, causing a change in its
molecular structure that induces an immune response.
This fascinating hypothesis has been proposed for nu-
merous autoimmune diseases, particularly based on the
observed geoepidemiological gradient [50,120,121] in
which definitive confirmation is awaited and should not
be considered as exclusive with regard to the role of in-
fectious agents. The hypothesis is supported by a num-
ber of epidemiology studies,as previously discussed,as
well as by the appearance of autoantibodies in subjects
immunized with halothane, an inhalatory anesthetic no
longer used, with antibodies crossreacting with lipoy-
lated PDC-E2 [122]. As previously stated, lipoic acid
is attached to a limited number of proteins, yet it is a
critical component of the PDC-E2 epitope [80]. The
PDC-E2 structure exposes lipoic acid at the exterior of
the protein complex making it accessible to chemical
modification [123]. The role of xenobiotics in PBC is
supported by serum reactivity against specific organic
compounds with structures similar to lipoic acid [124];
further, two of these compounds (6-bromohexanoate
and 2-octynoic acid) are capable of inducing AMA
and PBC-like liver lesions in guinea pigs [125] and
NOD.1101 [126] or C57BL/6 [127] mice, respective-
ly. The ability of N. aromaticivoransto metabolize
chemical compounds might link xenobiotics and bacte-
ria in the etiology of PBC, as discussed in the previous
paragraph.

The 2-OADC antigens undergo several post-
translational modifications endogenously, and such
changes may alter the epitope regions of the proteins.
Nevertheless, external influences can also contribute to
protein alterations and neo-antigen formation [47]. Of
note, the liver is constantly exposed to chemicals de-
rived from the gut through the portal circulation to be
metabolized, activated, or excreted in the bile. It has
been reported that xenobiotics can either alter or com-
plex mitochondrial proteins. In 2001, Long and col-
leagues first demonstrated that specific organic struc-
tures attached to the mitochondrial antigens were rec-
ognized by PBC sera with a higher affinity than the
native forms of such antigens [128] and indicated that
an organic compound may serve as a mimotope for
an autoantigen. This provided further evidence for a
potential mechanism by which environmental organ-
ic compounds can cause PBC. One such halogenated

compoundshas been shown to induce AMA production
in rabbits without requiring the peptide backbone of
PDC-E2 [129] but failed to produce liver lesions (pos-
sibly in agreement with observations in humans where
AMA is present several years prior to the appearance
of liver injury) and disappeared when the stimulus was
discontinued [130]. A different approach reported the
induction of PBC-like liver lesions following longer
follow-ups in guinea pigs [125]while a further study re-
ported two new xenobiotic-induced PBC murine mod-
els based on the immunization with 2-octynoic acid of
NOD.1101 [126] or C57BL/6 [127] mice. These two
most recent models share the breakdown of tolerance in
the absence of PDC-E2 molecules but fail to manifest
the progression to liver cirrhosis. Utilizing a different
approach, our group also demonstrated that 2-nonynoic
acid is capable of being recognized by PBC sera with
high affinity [124]. This is particularly interesting since
this non-naturally occurring compound is known to be
found in several cosmetic products (including specific
nail polish products) and could contribute to the asso-
ciation of PBC with their frequent use [65,67] or possi-
bly the female predominance of the disease [131]. Re-
garding this issue, several sex-related factors appear to
increase the risk of PBC, mostly by means of reproduc-
tive life variables. Among these are the role of pregnan-
cies [132], contraceptives, estrogen replacement treat-
ments [65], and recurrent vaginitis [133] but the data
provided thus far are inconclusive and the mechanisms
remain to be clearly defined. However, the novel hy-
pothesis of sex chromosome-relatedeffects on PBC ap-
pears promising [134], and may possibly operate via
gene dosage or epigenetic changes [135] which appear
to be common to autoimmunity in general [136–139].

7. Conclusions and future views

Currently available data on the pathogenesis and epi-
demiology of PBC support the role of environmental
triggers but fails to identify specific agents that are
causative of disease onset. Indeed, while geoepidemi-
ology warrants further investigation [140–145], identi-
fied risk factors and experimental data appear to point
in the same directions and support a role for infectious
agents and/or xenobiotics. However, we cannot rule
out that what is currently thought to be caused by an
agent found in the environment is in fact a result of
epigenetic changes, as suggested in other autoimmune
diseases [146]. Similarly, the study of innate immu-
nity, as supported by data in other autoimmune condi-
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tions [147] is expected to provide crucial evidence to
complete the scenario. Ultimately, over the past few
years several animals models have been proposed for
PBC, in some cases based on genetic defects [148],
in others on specific immunizations [149,150]. It will
therefore be necessary for future efforts to gather the
available models and unite their major strengths into a
single comprehensivemodel. The development of such
a model will allow us to overcome the major obstacles
to the study of environmental determinants of PBC i.e.
the long latency period prior to disease appearance and
possibly control additional confounding factors [151]
while identifying new therapeutic agents [152–154].
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