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Peripheral benzodiazepine receptor and its clinical targeting

Didier Decaudin?

Tumor cell targeted therapies, by induction or enhancement
of apoptosis, constitute recent promising approaches
achieving more specific anti-tumor efficacy. The peripheral
benzodiazepine receptor (PBR), which belongs to the
permeability transition pore (PTP), the central regulatory
complex of apoptosis, is a potential target. A number of
findings argue in favor of the development of PBR targeting
approaches: (i) overexpression of PBR has been described
in a large range of human cancers, (ii) PTP-mediated
regulation of programmed cell death is an apoptotic-
inducing factor-independent check-point that could be
modulated by various conventional cancer therapies, and
(iii) PBR ligation enhances apoptosis induction in many
types of tumors and reverses Bcl-2 cytoprotective

effects. Altogether, these observations support the use of

Introduction

The benzodiazepine family constitutes a group of
anxiolytic and anti-convulsant drugs initially described
as ligands of central nervous system sites closely linked to
GABA receptors and which modulate the GABA-regulated
anion channel [1]. In 1977, a second type of benzodia-
zepine receptor was identified, the so-called peripheral
benzodiazepine receptor (PBR) [2]. Two classes of
benzodiazepine are therefore distinguished: one with
high affinity for the central-type benzodiazepine receptor
and a weak interaction with the PBR, and the other which
binds to the peripheral-type benzodiazepine receptor
with a nanomolar affinity and no anxiolytic or anti-
convulsant activity. The mitochondrial localization of the
PBR explains recent research performed on the potential
anti-tumor effect of PBR ligands, as the PBR, located at
the outer membrane, belongs to a multiprotein complex
called the permeability transition pore (PTP) that plays a
key role in control of the apoptotic process. Numerous
reports have shown a direct relationship between PBR
targeting and apoptosis induction, and particularly a role
of PBR in regulation of programmed cell death. This
review focuses on the relationship between the PBR and
malignant diseases and PBR tumor cell targeting therapy
approaches.

PBR structure, intracellular localization and
protein interaction

PBR is an evolutionarily conserved, highly hydrophobic
18-kDa protein, for which three-dimensional modeling
has shown five o helix transmembrane domains [3]. This
channel-like structure is mainly located and spanned on
the outer mitochondrial membrane, but PBR localization
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has also been detected on plasma membranes [4,5], the
Golgi apparatus, lysosomes, rough endoplasmic reticular
microsomes, peroxisomes [5] and nuclear membranes [6].
In mitochondria, PBR belongs to the PTP, which is a
multiprotein complex located at the contact site between
the mitochondrial inner and outer membranes (Fig. 1).
Several proteins contribute to PTP formation, including
mitochondrial hexokinase, the PBR and a porin called the
voltage-dependent anion channel (VDAC) in the outer
membrane, creatine kinase in the intermembrane space,
the adenine nucleotide translocator (ANT) in the inner
membrane, and cyclophilin D in the matrix [7,8].
Mitochondrial fraction analyses have shown that ANT
and VDAC proteins are strongly associated with the PBR.
A few other proteins have been found to be associated
with the PBR, i.e. PRAX-1 (PBR associated protein 1)
which interacts with the C-terminal end of PBR and
induces its dimerization [9], a 10-kDa protein whose
function remains unknown [10], two steroidogenic
regulatory proteins, StAR which binds cholesterol and
promotes its mitochondrial transfer [11,12] and PAP7
[13], and finally the myxoma poxvirus virulence factor
MI11L, the interaction with which prevents apoptosis
induction via inhibition of the transmembrane mitochon-
drial potential drop and cytochrome ¢ mitochondrial
release [14]. All these PBR-associated proteins indicate
the two main functions of the PBR that have now been
clearly identified, i.e. regulation of steroidogenesis and
the apoptotic process (Fig. 2).

Benzodiazepine receptors can be divided into two
categories, i.e. central and PBRs, whose main character-
istics are summarized in Table 1. Numerous PBR ligands
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Fig. 1
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The permeability transition pore structure. Several proteins contribute to PTP formation, including mitochondrial hexokinase (H), the PBR and the
VDAC in the outer membrane, creatine kinase (CK) in the intermembrane space, ANT in the inner membrane, and cyclophilin D (CD) in the matrix.

Fig. 3
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PBR-specific targeting. PBR ligation induces intracellular events such as toxic mitochondrial intermembrane protein release and/or modulation of
protein interactions that leads to irreversible induction of the apoptotic process.
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Fig. 2
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In vivo enhancement of chemotherapy-induced apoptosis by Ro5-4864 (Decaudin). (A) Xenografted SCLC61 tumors were treated by etoposide
with (open circles) or without (solid triangles) Ro5-4864. Two control groups received Ro-excipient alone (open triangles) or Ro-excipient and
etoposide (open diamonds). (B) Etoposide and ifosfamide were administered to nude mice bearing SCLC6 tumors, with (open circles) or without
(solid triangles) Ro5-4864. Two control groups received injections of either Ro5-4864 (open squares) or 0.9% NaCl alone (solid circles). Tumor
growth was evaluated by measuring the relative tumor volume (RTV). Statistical analyses were performed using the Student's t-test.

Table 1 Characteristics of central- and peripheral-type benzodiazepine receptors

Central-type receptors Peripheral-type receptors
Intracellular localization plasma membrane outer mitochondrial membrane, (plasma membrane)
Tissue distribution Neuronal ubiquitous
Molecular components heterogeneous (o and B subunits of the GABA pK18, VDAC, ANT, pK10

receptor)
Physiological function inhibitory neurotransmitter steroidogenesis, regulation of apoptosis and
inflammation processes

Endogenous ligands DBI DBI, porphyrins, cholesterol
Exogenous ligands benzodiazepines (clonazepam, diazepam) benzodiazepines (diazepam, Ro5-4864), PK11195,

FGIN-1-27, SSR180575

GABA, y-aminobutyric acid; VDAC, voltage-dependent anion channel; ANT, adenine nucleotide translocator; DBI, diazepam binding inhibitor.

have been identified: (i) endogenous ligands such as DBI IX, heme) and cholesterol, and (2) synthetic ligands
(‘diazepam binding inhibitor’; also called endozepine), such as benzodiazepines (diazepam, 4’-chlorodiazepam or
and its derived fragments, porphyrins (protoporphyrins R05-4864), isoquinoline  carboxamides (PK11195),

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



740 Anti-Cancer Drugs 2004, Vol 15 No 8

indolacetamide derivatives (FGIN-1-27) and pyrisanoin-
dole derivatives (SSR180575).

PBR expression in normal and tumor tissues
PBR is ubiquitously expressed in normal tissues and
organs, but with various receptor densities. In particular, a
high level of PBR expression has been observed in the
convoluted tubules and ascending loop of Henle of the
kidney, the adrenal cortex, and afferent olfactory nerves
in the brain. This expression was correlated with high
concentrations of mitochondria in the same areas [1]. In
contrast, low PBR expression is observed in the liver and
other parts of the brain. This modulated expression could
be affected by numerous physiological or physiological-
like factors, such as hormonal regulation (the gonado-
trophin-releasing hormone agonist decapeptyl inducing
pharmacological castration), catecholamines, interleukin
(IL)-1B, tumor necrosis factor (TNF)-o and interferon
(IFN)-y [15-20]. Similarly, PBR levels are significantly
increased by non-neoplastic diseases, such as brain [21],
kidney [22] and myocardial [23] ischemia, brain damage
induced by toxins [24,25], viral encephalitis [26], hepatic
encephalopathy [27], epilepsy [28], nerve degeneration
[29], and trauma [30]. Moreover, lithium and antide-
pressants induce decreased PBR expression, while
diuretics upregulate PBR levels [31,32]. Finally, neutro-
phil PBR expression is altered in X-linked chronic
granulomatous disease [33] and this expression can be
restored by IFN-y [34].

Considerable data are available concerning PBR tumor
cell line expression, as PBR overexpression has been
described in various breast [35-40], Levydig [41,42],
esophageal [43], colorectal [44], ovarian [45], osteosar-
coma [46], neuroblastoma [46], T cell lymphoid [46],
prostatic [47], small cell lung cancer [46] and glioma
[46,48] cancer cell lines. In contrast to the published data
on tumor cell lines, very few data have been reported
concerning PBR expression of human cancers iz vivo. PBR
overexpression has been reported in hepatocellular
carcinoma [49], ovarian cancer [50], astrocytomas [51],
endometrial carcinoma [52] and colorectal cancers [53].
Moreover, a pejorative prognostic impact of PBR over-
expression has been found in stage III colorectal tumors
[53] and breast cancer cell lines [6]. However, it has
not been determined whether PBR upregulation is a
characteristic of numerous cancers, and whether PBR
overexpression constitutes an independent prognostic
factor for chemotherapy-induced responses.

Functions of PBR

Two main functions of PBR have been described: a role in
steroidogenesis and modulation of the apoptotic process,
with few recent implications in other physiological or
pathological domains. The next part of this review will
focus on PBR regulation of apoptosis.

The PBR function was first identified in steroidogenesis.
In this situation, PBR binds cholesterol and mediates its
transport from the outer to the inner mitochondrial
membranes [3,41,54-58]. This translocation results in
increasing pregnenolone formation and finally steroido-
genesis. Molecular modeling of PBR has suggested that
cholesterol might cross the membrane via the five o helix
of the receptor, and that synthetic and endogenous
ligands might bind to common sites in the cytoplasmic
loops. In vitro reconstitution of PBR in proteoliposomes
demonstrated that PBR binds both drug ligands and
cholesterol with high affinity [59]. It has been shown that
the PBR polymer might be the functional unit respon-
sible for ligand-activated cholesterol binding, and that
PBR polymerization is a dynamic process modulating the
function of this receptor in cholesterol transport and
other cell-specific PBR-mediated functions [60]. These
data indicate that hormone-induced cholesterol transport
and subsequent steroid formation is a dynamic multistep
process involving protein—protein interactions [61]. This
PBR function is particularly crucial in brain neurosteroid
biosynthesis [62-64]. In this context, a correlation has
been observed between PBR expression, steroid bio-
synthesis and oligodendrocyte differentiation, suggesting
a role of the PBR in neurologic development and
differentiation processes [65]. Concurrently, PBR over-
expression described in numerous neuropathologies, such
as Alzheimer’s disease [66] and Huntington’s disease
[67], is associated with an increase of pregnenolone levels
in pathological brain regions [28,68,69]. Various reports
have therefore suggested that stimulation of neurosteroid
synthesis, combined with promotion of neuronal cell
survival via regulation of apoptosis, participate to support
the survival of nerves affected by neurodegenerative
diseases.

PBR is involved in human cancer cell proliferation, as a
relationship between cell proliferation and PBR expres-
sion has been observed in human astrocytomas [51] and
breast cancer cell lines [36,37]. Similarly, it has been
reported that PBR ligands induce 7 wvitro inhibition of
cancer cell proliferation [35,43,44,46,70-74], and that
vivo formation of human breast tumor in SCID mice may
depend on the amount of PBR present in the cells [75].
This antiproliferative effect is mediated by mitosis arrest
in the G,/M stage without affecting DNA synthesis [72].
Another mechanism to explain PBR-induced modulation
of cell proliferation is supported by the various subcellular
localization of the PBR, as PBR detected in and around
the nucleus of human glioma and breast cancer cell lines
was associated with aggressive tumors and high prolif-
erative index [6,76]. Moreover, PBR-dependent cell
proliferation was found to be strongly correlated with
PBR-mediated changes in nuclear membrane cholesterol
levels. Altogether, these results indicate that the nuclear
localization of PBR increases cholesterol transport into
the nucleus, and intranuclear cholesterol levels have been

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



shown to increase cell proliferation and cancer progres-
sion [77].

Some other publications have provided further evidence
for a role played by PBR in regulation of inflammation
processes, as various z ovivo mouse models of acute
inflammation have shown that PBR ligands inhibit
inflammatory signs of pleurisy [78], arthritis [79] or
lupus erythematosus [80]. In this context, various
observations have been reported to explain the mechan-
isms by which PBR modulates inflammation responses,
i.e. (1) modulation of the human natural killer cell activity
[81], (ii) induction of heat shock protein expression [82],
(ii1) modulation of the activity of monocytes/macrophages
[83-85] and (iv) restoration of the apoptotic process in
auto-immune components [86]. Finally, several other
functions of PBR have been identified, i.e. regulation of
ischemia-reperfusion injury via membrane biogenesis
[64,87], protection of hematopoietic cells against oxygen
radical damage [88], lipid fluidity of mitochondria [89]
and modulation of bronchomotor tone [90]. PBR has also
been reported to play a role in erythroid differentiation
[91], and a role in the intracellular transport of heme and
porphyrins, similar to the effect observed in steroidogen-
esis [92,93].

PBR and regulation of apoptosis

The apoptotic process is marked by a series of
morphological and molecular alterations, including dis-
ruption of mitochondrial membrane integrity, caspase
activation and DNA fragmentation [8]. Over recent years,
it has been widely accepted that apoptosis is under the

Table 2 Effect of PBR ligands on apoptosis induction
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control of mitochondria and that the PTP plays a key role
in this regulation [94]. Mitochondrial membrane permea-
bilization (MMP) therefore appears to be a major check-
point in the cascade of biochemical events leading to the
induction of programmed cell death, as it has been
demonstrated that a number of apoptosis-inducing signals
induce MMP and anti-apoptotic proteins also block this
alteration [95]. The loss of mitochondrial membrane
integrity leads to a drop of transmembrane potential and
remodeling of mitochondrial ultrastructure that allow the
release of toxic intermembrane proteins into the cyto-
plasm such as cytochrome ¢, Smac/DIABLO, AIF
(apoptosis-inducing factor) and endonuclease-G [96].
These apoptotic effectors are then responsible for
the late events of the cell death process. In this
cascade of molecular events, MMP appears to be an
irreversible step which commits the cell to undergo
death, suggesting that MMP marks the point-of-no-
return of apoptosis [95].

Numerous observations indicate that PBR participates in
the regulation of apoptosis: (i) transfection-enforced
overexpression of PBR attenuates apoptosis induced by
oxygen radicals or ultraviolet light [97,98], (ii)) permea-
bilized mitochondria release DBI that binds intact
mitochondria and accelerates MMP induction throughout
the cell [99], (iii) the myxoma poxvirus M11L protein
inhibits host cell apoptosis via a physical and functional
interaction with PBR [100], and (iv) various PBR ligands
with nanomolar affinity for the receptor, such as Ro5-4864
and PK11195, modulate cancer cell response to apoptosis-
inducing signals (Table 2) [39,44,46,101-110]. This
effect has been observed in several histologic types

Reference Type of tumor Type of PBR ligand In vitro study In vivo study Effect on apoptosis With other cancer
treatments
101 glioblastoma cells PBR-MEL conjugate + 0 + melphalan
102 thymocyte, B and T PK11195 + 0 + glucocorticoid,;
lymphoid cells etoposide; doxorubicin;
v-irradiation;
ceramide
103 glioblastoma diazepam + + + lonidamide
104 lymphoblastoid cells Ro5-4864 + 0 - TNF-o
105 murine thymocytes peripheral-type + 0 + dexamethasone;
benzodiazepines etoposide
106 murine leukemia cells PP-IX + 0 + photodynamic therapy
44 colorectal cancer FGIN-1-27; PK11195; + 0 + 0
Ro5-4864
107 acute myeloid PK11195 + 0 + daunomycin;
leukemia cytarabine
46 T cells, neuroblastoma, R05-4864; PK11195; + + + anti-CD95 monoclonal
osteosarcoma, diazepam antibody; etoposide;
glioblastoma, small ifosfamide
cell lung cancer
108 myeloid leukemia and PK 11195 + 0 + daunomycin
ovarian carcinoma
109 Chinese hamster ovary Pc4 + 0 + photodynamic therapy
cells
39 breast cancer Ro05-4684; PK11195 + 0 + tamoxifen
110 esophageal cancer FGIN-1-27 + 0 + 0

PP-IX, protoporphyrin-IX; Pc4, the phthalocyanine photosensitizer which accumulates in mitochondria and structurally resembles porphyrins.
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of neoplasms, suggesting that it is not dependent on
tumor-cell specificity. It has also been demonstrated that
enhancement of apoptosis induction by PBR ligands
requires concomitant exposure to PBR ligands and
apoptosis-inducing factor [46], and that Bcl-2-induced
resistance can be overcome by PBR ligation in a number
of in vitro Bcl-2-overexpressing models [46,100,102,109].
PBR ligand-induced enhancement of apoptosis clearly
acts via mitochondrial targeting, as demonstrated by
experiments performed on isolated organelles or cell
cultures, showing cytochrome ¢ and Smac/DIABLO
release, and caspase 9 and 3 activation [46,102]. Finally,
PBR ligands combined with cytotoxic agents have an anti-
tumor effect in several 7z vivo models: Ro5-4864 increased
tumor growth inhibition induced by etoposide or a
combination of etoposide plus ifosfamide of human small
cell lung cancer xenografted tumors into nude mice
(Fig. 3, see p. 738) [46], and diazepam cooperated with
lonidamine to inhibit the growth of human xenografted
glioblastoma tumors [103].

Bono ez al. showed that PK11195 enhanced the sensitivity
of cells to TNF-a and abolished the apoptosis-inhibitory
effect of Bcl-2 via a direct effect on mitochondria [104].
However, the same authors reported that, at concentra-
tions between 10 and 100 nM, Ro5-4864 reduced the pro-
apoptotic effect of TNF-a. This observation is not in
agreement with data showing that, at concentrations
lower than 1pM, Ro5-4864, PK11195 and diazepam,
failed to stimulate CD95-induced apoptosis [46]. This
apparent discrepancy could be explained by the fact that
the two PBR ligands, Ro5-4864 (a benzodiazepine) and
PK11195 (an isoquinoline carboxamide), exert different
conformational and/or physicochemical changes on their
mitochondrial binding partners. The differential effects
observed with Ro05-4864 and PK11195 support the
assumption that the two ligands act as an agonist and as
an antagonist of PBR, respectively [111], and that they
interact with two different conformations or domains of
the mitochondrial PBR [112]. It could be therefore
speculated that the binding of the PBR ligand to its
receptor induces a peculiar conformation of the mito-
chondrial permeability transition pore, which sensitizes
the cell to an apoptotic message. PBR could also
modulate apoptosis via direct molecular interactions with
the PTP components, i.e. VDAC and AN'T] and/or anti-
apoptotic Bcl-2- and pro-apoptotic Bax-like proteins. The
PTP therefore appears to be a multiprotein complex
whose molecular dynamics could be influenced by
several partners. PBR is one of these partners and could
therefore be used as a target in clinical and therapeutic
approaches.

Clinical PBR targeting
A number of findings argue in favor of the development of
PBR targeting approaches in the treatment of human

cancers. (i) PBR overexpression has been observed in a
large variety of human cancers. (ii) PBR is a component of
the central regulatory complex of apoptosis, i.e. the
mitochondrial PTP, which acts as an irreversible check-
point of programmed cell death induction. This regula-
tion remains independent of apoptotic-inducing factors,
suggesting that PBR targeting could be of interest in
combination with various anti-tumor therapies. (iii) PBR
binding by high-affinity ligands enhances apoptosis
induction of numerous inducers, such as cytotoxic agents,
monoclonal antibodies and ionizing radiation. This effect
has been demonstrated in various types of human tumors,
in vitro and in vivo. Moreover, PBR ligands are able to
reverse the Bcl-2 cytoprotective effect. In the context of
tumor cell targeted therapies, PBR constitutes a tumor-
specific intracellular component which interferes with
the regulation of programmed cell death and binding to
PBR induces tumor cell apoptosis. Altogether, these
observations are therefore sufficient to justify the use of
PBR ligands in combination with conventional anti-tumor
therapies, as already tested in small cell lung cancers. In
these clinical situations, it could be of interest to
evaluate, together with the level of PBR expression,
prognostic factors that influence response to these types
of combined therapeutic modalities of PBR ligands and
conventional therapies. The determination of gene
expression patterns by DNA microarray experiments
could be crucial to elucidate the mechanisms that
participate in the apoptosis-regulatory effect of the PBR
and subsequently optimize PBR-mediated therapeutic
enhancement. Lastly, PBR ligation could be associated
with other specific targeted approaches that may
cooperate and bypass tumor cell resistance in order to
obtain more effective cancer cell eradication. However,
this enthusiasm must be modulated by the need to
determine whether PBR ligands are non-toxic to normal
cells, and to evaluate the possibility of concomitant
administration of both PBR ligands and cytotoxic treat-
ments in cancer patients. This clinical research, based on
fundamental observations concerning the basic biological
mechanisms of the cell and the specificities of cancer
cells, offers an attractive perspective for the management
of human cancers. PBR appears to be a functional unit
that should certainly be a subject of interest to the
scientific community in the context of tumor-specific
targeting.
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