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Abstract—Analogues of Bz-423, a pro-apoptotic 1,4-benzodiazepine with potent activity in animal models of systemic lupus ery-
thematosus and rheumatoid arthritis, have been designed, synthesized, and evaluated in cell-culture assays. The results of these
experiments have defined the structural elements of this new cytotoxic agent required for activity.
# 2003 Published by Elsevier Ltd.
Benzodiazepines such as diazepam and clonazepam are
among the most widely studied class of drugs. These
compounds exert an anxiolytic effect by increasing g-
aminobutyric acid (GABA) channel gated chloride flux
in neural cells.1 Some benzodiazepines along with iso-
quinolinecarboxamides like 1-(2-chlorophenyl)-N-
methyl-N-(1-methylpropyl)-3-isoquinolinecarboxamide
(PK11195), also bind to a ‘peripheral benzodiazepine
receptor’ (PBR). The PBR is an 18 kDa transmembrane
protein located primarily in mitochondria and is dis-
tributed in a wide variety of tissues and organs.2 This
protein is one component of an assembly known as the
mitochondrial permeability transition pore complex,
which serves to regulate the release of pro-apoptotic
factors (e.g., cytochrome c) in response to various sti-
muli such as DNA damaging agents. Although nano-
molar ligands of the PBR including PK11195 and 4-
chlorodiazepam can influence cell survival and prolifera-
tion, these effects do not seem to result from binding to
this receptor.2

We have recently described a 1,4-benzodiazepine (Bz-
423, Fig. 1) that is extremely effective at treating disease
in two of the most clinically relevant animal models of
systemic lupus erythematosus (SLE)3,4 and a model of
rheumatoid arthritis.4 Unlike current drugs used for
lupus (e.g., cyclophosphamide with prednisone), at its
therapeutic dose Bz-423 is neither myeloablative nor
adversely immunosuppressive. Bz-423 alters disease
progression by selectively inducing apoptosis of acti-
vated (autoreactive) B and T cells. Incubation of cells
with Bz-423 provokes a rapid increase in intracellular
superoxide (O2

�) from mitochondria. This reactive oxy-
gen species (ROS) is an upstream signal that initiates
apoptosis. Pre-treating cells with agents that either
block the formation of Bz-423-induced O2

� or scavenge
free radicals attenuates the death cascade, demonstrating
that cell killing by Bz-423 depends on O2

�.3 Although the
mechanistic basis for the observed selectivity has not yet
been fully elucidated, lupus lymphocytes have less
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Figure 1. Structure of Bz-423 and analogues. Bz-423 does not bind to
the GABA channel and the affinity for the PBR is >1 mM.3
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glutathione and increased ROS relative to normal cells.5

Thus, their vulnerability may result from an additive
effect of Bz-423-induced O2

� and endogenously gener-
ated ROS, such that radicals from all sources combine
to overwhelm the limited reducing potential of auto-
immune lymphocytes and trigger apoptosis.

Based on these properties of Bz-423, we synthesized a
range of derivatives to probe the structural elements of
this novel compound required for activity.6 Replacing
the N-methyl group or chlorine with a hydrogen atom
did not diminish the lymphotoxic activity of Bz-423
against immortalized Ramos B cells in culture (the EC50

of Bz-423 is 4 mM; see Fig. 1). Similarly, the enantio-
mers of Bz-423 were equipotent, which indicates that
the interaction between Bz-423 and its molecular target
3 5 10 12
involves two-point binding. In contrast to these data,
replacing either the naphthylmethyl group (analogue 1)
or the phenolic hydroxyl group with a hydrogen atom
(analogue 2) abolished all cytotoxic activity (EC50>80
mM; Fig. 2). Based on these observations we focused on
changes to the C3 and C04 positions (Tables 1 and 2).
Replacing the 2-naphthylalanine group with a 1-
naphthylalanine unit (3) had little effect on cell killing.
Similarly, replacing the naphthalene moiety with other
hydrophobic groups of comparable size (4–6) had little
effect on the cytotoxic properties of Bz-423. By contrast,
quinoline derivatives 7–9 were each less potent than Bz-
423. These data suggest a preference for a hydrophobic
substituent within the binding site of the molecular tar-
get for Bz-423. Smaller C3 substituents (10–13) were
only somewhat less potent than Bz-423, whereas com-
pounds with aromatic groups containing oxygen were
significantly less cytotoxic (14 and 15). Although the
binding site has yet to be fully mapped with respect to
stereoelectronic complementary, these data clearly indi-
cate that a bulky, hydrophobic, aromatic substituent is
needed for optimal activity (non-polar aliphatic C3
substituents are not active; unpublished data).

Placing a methyl group ortho to the phenolic hydroxyl
group (16) did not alter the activity of Bz-423, whereas
moving the hydroxyl to the C03 position (17) decreased
potency 2-fold (Table 2). In contrast, replacing the
phenolic hydroxyl group with chlorine (18) or azide
(19), or methylating the phenol (20), nearly abolished all
the cytotoxic activity of Bz-423. These data indicate that
a hydroxyl group positioned at the C04 carbon is
required for optimal activity, possibly by making a cri-
tical contact with the physiologically relevant target of
Bz-423. However, molecules possessing a phenolic sub-
structure can also act as alternate electron carriers
within the mitochondrial respiratory chain (MRC).7

Such agents accept an electron from MRC enzymes and
transfer it back to the chain at points of higher reducing
Figure 2. Bz-423 derivatives replacing either the naphthylalanine or
phenolic hydroxyl group with a hydrogen atom.
Table 1. Potency of Bz-423 derivatives with altered C3 side chainsa
C3 side
chain
Compd
 EC50

(mM)a

C3 side
chain
Compd
 EC50

(mM)
4
 4
 11
 10
5
 7
 12
 7
6
 3
 13
 7
7
 10
 14
 30
8
 11
 15
 22
9
 13
aCell death was assessed by culturing Ramos B cells in the presence of
each compound in a dose–response fashion. Cell viability was measured
after 24 h by propidium iodide exclusion using flow cytometry. In this
assay, the EC50 for PK11195, diazepam, and 4-Cl-diazepam is >80 mM.
Table 2. Potency of Bz-423 derivatives with changes to the C04 or C03 positionsa
Aryl Group
Compd
 16
 17
 18
 19
 20
EC50
 3
 6
 >80
 >80
 >80
aCell death was assessed as described in Table 1.
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potential. This type of ‘redox cycling’ consumes endo-
genous reducing equivalents (e.g., glutathione) along
with pyrimidine nucleotides and results in cell death. To
better ascertain the role of the phenolic hydroxyl group,
we determined if Bz-423 redox cycles in the presence of
beef heart submitochondrial particles using standard
NADH and NADPH oxidation assays as previously
described.8 Unlike the positive controls (doxorubicin
and menadione), Bz-423 does not lead to substrate oxi-
dation, which strongly suggests that it does not redox
cycle (Fig. 3). Collectively, therefore, our data suggest
that the difference in potency between Bz-423 and 18–20
results from removing an interaction that mediates target
binding and activity.

Cells rapidly produce O2
� in response to Bz-423 and

blocking this signal (e.g., by inhibiting ubiquinol cyto-
chrome c reductase, which is the enzyme within the
MRC that produces ROS in response to Bz-423) pre-
vents apoptosis.3 To determine if the derivatives listed
in Tables 1 and 2 kill cells in a manner analogous to Bz-
423, presumably as a result of binding to a common
molecular target, we examined the ability of FK506,
micromolar amounts of which effectively inhibit ubi-
quinol cytochrome c reductase, to protect against cell
death.3 Substantial inhibition by FK506 (�60%)9 was
only observed for 3–6, 12, 13, 16, and 17, which are the
compounds with hydrophobic C3 side chains larger
than phenyl (Table 3). With the exception of 17, cell
death induced by both Bz-423 and the group of com-
pounds blocked by FK506, was also inhibited by pre-
treating cells with 20 (20 mM). Compound 20 blocks the
cytotoxic action of Bz-423 in a dose dependent fashion
presumably by acting as a competitive inhibitor.9,10

These data suggest that Bz-423, 3–6, 12, 13, 16, bind the
same site within the target protein and induce apoptosis
through a common mechanism. In contrast to these
data, compound 20 had no effect on blocking the cyto-
toxic activity (inhibition �10%) of the other benzodia-
zepines listed in Table 1. The other compounds
apparently do not bind at this site and may induce a
death response through a different pathway.

In summary, we have presented a structure–activity
study for a family of new 1,4-benzodiazepines with
profound therapeutic activity in the animal models of
human lupus and autoimmune arthritis. Analysis of the
analogues in Tables 1 and 2 indicate that the aromatic
side chain and the phenolic hydroxyl group in the C’4
position are key elements for target binding and cyto-
toxic activity. In addition, competition experiments with
20 revealed which aromatic side chains promote binding
to the molecular target of Bz-423. Present studies are
directed at identifying the mitochondrial target for these
benzodiazepines to advance both drug discovery efforts
and additional mechanistic experiments.
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1
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2
 ND
 ND

3
 72
 67

4
 77
 81

5
 74
 69

6
 91
 55

7
 42
 0

8
 39
 4

9
 20
 0

10
 4
 0

11
 59
 0

12
 78
 29

13
 80
 23

14
 17
 0

15
 14
 20

16
 78
 87

17
 70
 0

18
 ND
 ND

19
 ND
 ND

20
 ND
 ND
ND, not determined.
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