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A class of imidazolium salts is anti-oxidative and anti-fibrotic in hepatic
stellate cells
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Abstract

A class of imidazolium salts (IMSs) is routinely used in organic synthetic chemistry as precursors to generate N-heterocyclic
carbenes (NHCs) with catalytic activity. However, their biological properties are largely unknown. The current study
investigates the biological activity of a typical NHC precursor DBZIM and its trimer TDBZIM in hepatic stellate cells
(HSCs), which is an in vizro model for studying liver fibrosis. The results show that HSCs treated with IMSs have an
enhanced GSH/GSSG ratio and a reduced level of reactive oxygen species (ROS), which may consequently contribute to the
attenuation in gene expression of fibrogenic molecules such as smooth muscle actin-« (SMAA), transforming growth factor-
beta 1 (TGF-f1), procollagen «I(I) and fibronectin. Further, the i vivo experiments demonstrate that DBZIM is an anti-
fibrotic agent in a mouse model of liver fibrosis. These findings suggest that the versatile IMSs could be a potential source for
developing novel therapeutics to treat liver fibrosis and other fibrogenic disorders caused by oxidative stress and TGF-f1
mal-signalling.
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Abbreviations: IMSs, imidazolium salts; DBZIM, 1,3-bisbenzylimidazolium bromide; TDBZIM, 1,3,5-tris(4-methyl-
imidazolium)-linked cyclophane - 3Br; GSH, Glutathione; GSSG, disulphide dimer of glutathione; ROS, reactive oxygen
species; SMAA, smooth muscle actin-o; HSCs, hepatic stellate cells; TGF-f1, transforming growth factor-beta 1;
NHCs, N-heterocyclic carbenes

Introduction two decades. Among many cytokines, transforming
growth factor-beta 1 (TGF-f1) has been recognized
as a major factor responsible for the induction of
ECM proteins in the fibrotic liver. HSCs respond to
TGF-f1 secreted from Kupffer cells, endothelial cells
during liver injury and themselves via autocrine
action, resulting in HSC activation and liver fibrogen-
esis [1].

Oxidative stress resulting from the metabolic gen-

Hepatic stellate cells (HSCs) are activated by default
in response to initial liver injury and may eventually be
trans-differentiated to myofibroblast-like cells, if the
insult is chronic by nature. This process is character-
ized by phenotypic changes including cell prolifera-
tion, over-expression of smooth muscle actin-o
(SMAA) and deposition and abnormal cross-linking

of excessive extracellular matrix (ECM) proteins,
including collagen type «I (I) (collal) and fibronec-
tin. The mechanisms leading to HSC activation and
liver fibrogenesis have been studied over the past

eration of reactive oxygen species (ROS) is believed
to play an important role in HSC activation and liver
fibrogenesis [2,3]. It was shown that products of lipid
peroxidation led to an increased synthesis of collagen
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by HSCs [4,5]. The potential application of several
anti-oxidants as inhibitors of hepatic fibrosis has
been examined [6]. (—)-Epigallocatechin gallate
(EGCG), a major active component of tea catechin,
was shown to suppress HSC activation in vitro by
inhibiting TGF-f signalling [7-9]. N-acetyl-L-
cystein (NAC), a synthetic precursor of glutathione
(GSH) used clinically as an antioxidant, displayed
anti-fibrogenic property also through suppressing
TGF-p signalling [10]. In clinical studies, a combi-
nation therapy of vitamins E and C has also been
shown to decrease the fibrosis score in non-alcoholic
steatohepatitis patients, but did not affect hepatic
inflammation [11].

N-heterocyclic carbenes (NHCs) have been widely
used as a nucleophilic organo catalyst or universal
ligand in synthetic chemistry. Stable NHCs can be
generated from imidazolium salts (IMSs) in an
aqueous environment. Thus, certain IMSs, such as
those used in the current experiment (Table I), are
also viewed as NHC precursors. Some attempts to
examine the biological applications of this group of
materials have been made recently. For example,
gold-NHC complex has been reported to induce
mitochondrial swelling in a cell-free environment
[12]. We recently showed that DBZIM can be
converted into NHC and reduce total cellular ROS
level [13]. Here we investigate the anti-oxidative

Table I. Chemical structures of IMSs used in the current study.

mechanisms and assess the anti-fibrotic effect of an
additional set of IMSs (Table I) in HSCs.

Materials and methods
Synthesis and characterization of IMSs

The chemical structures of DBZIM (1,3-bisbenzyli-
midazolium bromide), DBZBIM (1,3-bisbenzyl-
benzimidazolium bromide) and TDBZIM (1,3,5-
tris(4-methyl-imidazolium)-linked cyclophane-3Br)
are illustrated in Table I. DBZIM and DBZBIM
were synthesized based on a published method [14].
TDBZIM was synthesized by mixing 4-methylimi-
dazole (123 mg, 1.5 mmol) and 2,4,6-tris(bromo-
methyl)mesitylene (400 mg, 1 mmol) in 200 ml of
N,N’-dimethylformamide (DMF) in a reaction vial.
The reaction mixture was heated to 100°C for 2
days. Colourless crystals of TDBZIM were precipi-
tated and collected in 40% yield (160 mg). 'H
nuclear magnetic resonance (NMR) (400 MHz,
CD5;0D): 6 7.77 (s, 1H), 5.53 (s, 2H), 5.41 (s,
2H), 4.60 (s, 1H), 2.55 (s, 3H), 2.19 (s, 6H). 1°C
NMR (100 MHz, CD;0OD): & 143.49, 136.27,
131.73, 131.54, 123.45, 67.06, 16.35, 9.57. Ele-
mental analysis for TDBZIM (Cs¢H4sBrsNg): C,
53.21; H, 5.88; N, 10.12 (calc. C, 53.95; H, 5.66;
N, 10.49). Additional five IMSs (Table I) were
purchased from Sigma Chemicals (St. Louis, MO).

Name Abbreviation Structure Name Abbreviation Structure
(ICsp) (ICs0)
1.3-Bisbenzylimida- DBZIM 1,3-Bis(1- ANDM @
zolium bromide B adamantyl)imida- 7
(1.7 mM) -@’_Q zolinm (0.17 mM) Ly e
g—— tetrafluoroborate @
1,3,5-tris(4-methyl- TDBZIM 1,3-Bis(2.,4,6- TMPHIM CHy
imidazolium)-linked 38r trimethylphenyl)- me—{ Y
cyclophane-3Br (0.5 mM) ‘x;/ % imidazolinium (0.11 mM) W
AN & ]\ chloride (:, » e
\Lé . /" HyC CHy
CHy
1,3- DPIM H,C 1,3-Bis(2,6- DPPHIM HyG
Diisopropylimida- >\c|-|3 diisopropyl-phenyl)-
zolium (3.1 mM) J r:’ imidazolinium (34 M) N
tetrafluoroborate q,) BFy  Cchloride C'-‘s(:3 c:,’ ci
HyC CHy
1,3-Di-tert- DBIM HeC [\ CHs 1,3-Bisbenzyl- DBZBIM "
butylimidazolinium HsC _},N\’ NL,I_,:;H3 benzimidazolium N
tetrafluoroborate (2.5 mM) CH, CH, bromide (0.31 mM) O/‘ @
BFg
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Hepatic stellate cell culture and immunocytochemistry

(ICC)

The HSC-T6 cells [15], commonly used as an iz vitro
model for studying hepatic fibrosis, were kindly
provided by Dr Scott Friedman of Mount Sinai
School of Medicine (New York) and were routinely
cultured in DMEM with 10% foetal bovine serum
(FBS) in a humidified incubator containing 5% CO,
at 37°C. The HSCs were grown in DMEM supple-
mented with 10% FBS on glass cover slips in 24-well
culture plates prior to staining with antibodies against
SMAA. The cells were washed once with sterile PBS
and fixed with 100% methanol for 20 min at 4°C,
followed by three washes with PBS. The cells were
blocked and permeabilized in blocking solution (10%
horse serum, 0.1% Triton X-100 in PBS) for 1 h at
37°C. The cells were incubated with primary anti-
body SMAA conjugated to Cy3 (Sigma Aldrich,
USA) at 1:200 in blocking solution overnight at
4°C. Following overnight incubation, the cells were
washed three times with PBS and counterstained with
DAPI. Images were acquired with a confocal micro-
scope (LEICA).

Cell proliferarion and cytotoxicity assays

The effects of IMSs on HSC-T6 cell proliferation
and cytotoxicity were measured using the CellTiter
and CytoTox kits (Promega, WI, USA), respectively.
The control compounds NAC and EGCG were
purchased from Merck KGaA (Germany) and Sigma
Chemicals, respectively. Cells were initially seeded in
cell culture plates or flasks in DMEM supplemented
with 10% FBS for 1824 h prior to the addition of
compounds of various concentrations for different
time periods. Final dimethylsulphoxide (DMSO)
concentration in the culture medium was kept below
0.2% (v/v). Details of each treatment can be found in
the figure legends.

Determination of cellular ROS

The ROS level in HSC-T6 cells was determined
using the dichlorofluorescein (DCF) labelling
method according to the manufacturer’s instructions
(Molecular Probes, Inc., OR, USA). The fluores-
cence readout obtained from a Tecan Safire II plate
reader was normalized against viable cell numbers, as
determined using a cell viability assay kit (Promega,
WI, USA).

Glutathione (GSH) and GSH/disulphide dimer of
glutathione (GSSG) assays

Total cellular GSH and GSSG levels were determined
by using assay kits from Cayman Chemical (MI, USA)
following the manufacturer’s instruction. The protein
concentration was determined by bicinchonicic acid
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(BCA) assay. The colourimetric signal was obtained
on a Tecan Safire II plate reader. The level of GSH or
GSSG was presented as nmol/pg protein.

Glutathione peroxidase (GPx), catalase (CAT) and
superoxide dimutase (SOD) assays

For GPx and CAT activities, protein samples were
prepared in ice-cold phosphate buffered saline (PBS)
containing 1 mM of ethylenediaminetetraacetic acid
(EDTA). For SOD activity, protein samples were
prepared in 20 mM of N-(2-hydroxyethyl)-
piperazine-N’-2-ethanesulfonic acid (HEPES) buffer
containing 1 mM of ethylene glycol-bis(2-aminoethy-
lether)-N,N,N’,N’-tetraacetic acid (EGTA), 210 mM
of mannitol and 70 mM of sucrose. Protein content
was determined by BCA assay. The cellular activities
of the three anti-oxidant enzymes, GPx, CAT and
SOD, were determined using assay kits from Cayman
Chemical.

Glutathione S-transferase (GST) assay

The GST activity was assayed using a kit from
Cayman Chemical. Total GST (cytosolic and micro-
somal) activity was measured and presented as nmol/
min/mg protein.

Real-time RT-PCR

Total RNA isolation and real-time RT-PCR quanti-
fication of mRNAs for SMAA, collagen Ial, fibro-
nectin, TGF-£1 and TGF-p receptor I (TGFf RI)
were done similarly as previously reported [16] by
using the respective Tagman’s assays run on the ABI
7500 Fast Real-Time PCR System (Applied Biosys-
tems, CA, USA). Messenger for the rat f-actin gene
served as a normalizing reference.

Protein extraction, SDS-PAGE and Western blot

For liver tissue proteins, 30 pg of total protein
extracts were further boiled at 95°C for 5 min with
0.1%SDS, resolved in a 4-12% SDS-PAGE gel and
transferred onto a nitrocellulose membrane. Primary
antibodies SMAA (Sigma Chemicals), Collagen 1al,
Fibronectin (Santa Cruz Biotechnology, CA, USA)
and f-actin (Abcam) were used at 1:1000 dilution.
Target bands were detected by horseradish perox-
idase-conjugated secondary antibody (Santa Cruz
Biotechnology). Protein bands were recorded on X-
ray film by reacting with ECL chemiluminescence
reagents (Amersham Biosciences, NJ, USA). Band
intensity was quantified using the SpotDenso density
analysis function of the AlphaDigidoc RT software.
Similar procedures were used for cellular protein
extracts, except that «-tubulin (Abcam, UK) was
used as a loading control.
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Bile duct ligation (BDL), compound dosing and Sirius
Red staining of liver sections

The experimental protocol covering the current study
was approved by the Institutional Animal Care and
Use Committee. Adult male FVB/N mice (8-10
weeks), which had free access to water and diet,
were anaesthetized with Ketamine (150 mg/kg)/Xy-
lazine (10 mg/kg) via i.p. injection. An abdominal
incision at the midline was made to expose the
common bile conduct, which was then ligated twice
using 5-0 silk suture. In the sham-operated animal,
the bile duct was exposed, but not ligated. After a
two-day recovery from the surgery, mice of different
treatment groups were given free access to drinking
water containing DBZIM at an indicated concentra-
tion (0, 0.8 or 2 g/l) for 4 weeks. The control group
had free access to pure drinking water only. At the
end of the 4th week, livers from each group (z=8)
were removed, after being perfused with 20 ml of PBS
buffer, and total proteins extracted for immunoblot-
ting or fixed in 10% formalin prior to paraffin
embedding and sectioning.

Paraffin-sections (5 pm in thickness) from the left
and median lobes were stained with Sirius Red to
visualize the collagen content. After de-waxing, re-
hydration and air-drying, the sections were stained in

Cell proliferation

0 50 100 200 250 300 350 400
Concentration of DBZIM (uM)

Cytotoxicity (LDH Leakage)

Cell proliferation

0.1% Sirius Red solution for 1 h, washed twice with
0.5% acetic acid, dehydrated in three changes of
ethanol, cleared in xylene and finally mounted with
Histomount (National diagnostics, Georgia, USA) for
microscopy. The collagen stained areas were digitally
captured in six low-magnification (4 x ) fields from
each left and median lobes and were quantified using
the Image J software according to the instructions.

Statistical analysis

All quantitative results were presented as mean+
SEM (standard error of the mean). Experimental
data were analysed using two-tailed Student’s r-test
assuming unequal variances. A p-value of < 0.05 was
considered statistically significant.

Results
DBZIM and TDBZIM had low cytotoxicity

We first assessed the effects of DBZIM and TDBZIM
on the proliferation of HSC-T6 cells treated with the
two compounds separately for 48 h. DBZIM at 250
400 pM and TDBZIM at 125-200 pM moderately
inhibited cell proliferation by 3.5-8.9% and 13-19%,
respectively (Figure 1A and B). Higher concentra-
tions of DBZIM (400-1000 pM) began to show some
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Figure 1. Proliferation and cytotoxicity assays on DBZIM and TDBZIM. (A) The HSC-T6 cells were initially seeded at a density of 5000
cells/well in 96-well plates in DMEM medium supplemented with 10% FBS for 18-24 h. Subsequently DBZIM was added to the culture at
final concentrations of 0400 pM and the cells were further cultured for an additional 48 h prior to the proliferation assay (Promega’s
CellTiter kit). (B) TDBZIM was similarly assayed in the range of 0-200 pM. A moderate (but statistically significant) inhibition of cell
proliferation was noted for the two compounds at high concentrations. (C) The cytotoxicity of DBZIM (0-1000 nM) was assayed at 48 h
using the CytoTox kit (Promega). A significant toxicity was observed for cells treated with this compound at high concentrations. The data
presented here were from four independent experiments; they were presented as mean and SEM, *a p <0.05, *b p <0.01, *c p <0.005 and

*d p <0.0005.
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sign of cytotoxocity, as assayed for LDH leakage
(Figure 1C).

DBZIM and TDBZIM simultaneously artenuated
cellular ROS and enhanced GSH/GSSG ratio

To measure the influence of IMSs on the cellular
oxidative stress level, the HSC-T6 cells treated with
DBZIM (10, 50, 100 and 300 uM) or TDBZIM (10,
50 and 100 pM) for 48 h in full serum medium were
assayed for ROS, GSH and GSSG, using NAC (1 or
5 mM) and EGCG (25 pM) as references. As shown
in Figure 2, the cellular ROS level was significantly
reduced by 25% by 300 uM of DBZIM (p < 0.005;
Figure 2A) or by 34% by 100 uM of TDBZIM
(p» < 0.0005; Figure 2B) in a dosage-dependent man-
ner. For comparison, EGCG attenuated the ROS
level by a moderate 14% at 25 pM (p < 0.005), while
NAC (1 mM) did not show an apparent inhibition on
the ROS level.

We also investigated the perturbation effect of the
exogenous DBZIM and TDBZIM on the level of a
key endogenous anti-oxidant, GSH. Figure 3A and B
quantified the total amount of cellular GSH including
the reduced glutathione (GSH) and the oxidized
glutathione (GSSG). As shown in Figure 3A, DBZIM
actually reduced the total GSH level by 12%
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Figure 2. DBZIM and TDBZIM attenuated total cellular ROS
level. (A) The HSC-T6 cells were incubated with DBZIM (10, 50,
100 and 300 uM), with 100 pM of H,0,, NAC (1 mM) and
EGCG (25 pM) as controls for 48 h prior to ROS assay. (B)
TDBZIM at slightly lower concentrations (10, 50 and 100 pM) was
subject to the similar treatment and assay as in (A). All data were
presented as relative values in mean (z =6) and SEM. *a p <0.05,
*b p <0.01, *c p <0.005 and *d p <0.0005, when compared to the
vehicle control value normalized to 1.
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(p<0.005) and 20% (p<0.0001) at 50 and 100
UM, respectively. However a higher concentration of
DBZIM (300 uM) did not significantly change the
GSH level. For comparison, NAC (5 mM) did not
show any effect on the total GSH, while EGCG (25
pM) increased the GSH level by 19% (p<0.01),
which was thought to occur via a de novo synthesis [8].
On the other hand, TDBZIM (10-100 pM) did not
alter the total cellular GSH level (Figure 3B). At the
same time, the DBZIM (10-300 uM) and TDBZIM
(10-100 pM) treatments led to had significantly lower
levels of GSSG (Figure 3C and D) and a higher GSH/
GSSG ratio (Figure 3E and F). In particular, 300 pM
of DBZIM dramatically increased the GSH/GSSG
ratio to 7.4-fold of the control.

DBZIM and TDBZIM attenuated GPx and CAT, but
induced GST activity

We further measured the activity of several key anti-
oxidant enzymes, GPx, CAT and SOD, under the
influence of either DBZIM or TDBZIM. As shown in
Figure 4A, DBZIM slightly attenuated the GPx
activity by 10% at 10-50 pM, but enhanced the
GPx activity at 300 pM by 15% (p < 0.005), display-
ing a mild biphasic pattern. TDBZIM (10-100 pM)
dose-dependently suppressed the GPx activity (Fig-
ure 4B). As controls, EGCG (25 pM) was found to
reduce the GPx activity by 53% (p <0.005), while
NAC (5 mM) did not have a significant influence on
the GPx activity (Figure 4B). Similarly DBZIM and
TDBZIM had a moderate attenuating effect on the
CAT activity (Figure 4C and D). As controls, EGCG
(25 pM) had no impact on the CAT activity, while
NAC (5 mM) surely inhibited the CAT activity by
35% (p<0.01). Under the assay conditions used,
DBZIM or TDBZIM had no effect on the SOD
activity (Figure 4E and F). Finally in this category,
the GST activity (Figure 4G) was found to be
induced by DBZIM (100-300 pM).

DBZIM and TDBZIM suppressed HSC activation
marker and fibrogenic molecules

We next investigated the ability of DBZIM and
TDBZIM to inhibit HSC activation. Real-time RT-
PCR data showed that DBZIM and TDBZIM
suppressed the transcription of SMAA, procollagen
oI(I) and fibronectin in a dosage-dependent (Figure
5A and B) and a time-dependent (Figure 6A-C)
manner. At the protein level, DBZIM (100 uM) also
suppressed SMAA and fibronectin significantly at
48 h (Figure 6D).

DBZIM and TDBZIM suppressed TGF-B1 and TGF 3
RI expression

To see whether the DBZIM and TDBZIM con-
ferred their anti-fibrotic effect by inhibiting TGF-£1
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Figure 3. Effects of DBZIM and TDBZIM on total cellular GSH level and the GSH/GSSG ratio. The HSC-T®6 cells were incubated with
various concentrations of DBZIM or TDBZIM for 48 h and assayed for the total GSH and GSSG. (A) DBZIM slightly attenuated the total
cellular GSH level in the 50-100 pM range; (B) TDBZIM did not change the total GSH level; (C) DBZIM and (D) TDBZIM both at the
UM range suppressed the level of cellular GSSG (the oxidation product of GSH); by calculation, both DBZIM (E) and TDBZIM (F)
enhanced the GSH/GSSG ratio. The GSH and GSSG amounts were normalized against the total protein. The data were presented as mean
and SEM, n =6, *a p <0.05, *b p <0.01, *c p <0.005 and *d p <0.0005, when compared to the vehicle control.

signalling, we measured the TGF-f1 mRNA levels
in cells treated with DBZIM (100-300 pM) and
TDBZIM (1-100 uM) and found that both IMSs
significantly reduced the TGF-f1 transcript in a
dose-dependent (Figure 7A and B) and a time-
dependent fashion (Figure 7C).

DBZIM attenuated H;O»-induced activation and
proliferation of HSC-T6 cells

We recently showed that IMSs can scavenge ROS in
a cell-free environment [13]. Here we specifically
investigated the ability of DBZIM to attenuate the
oxidative stress of hydrogen peroxide in cultured
HSCs. As expected, HSC-T6 cells treated with
100 uM of H,O, were at a more activated state
(Figure 8A), as shown by ICC using with a SMAA

antibody, when compared to the vehicle (0.1%
DMSO) control. More critically, cells co-treated
with H,O, and DBZIM displayed a less intense
staining for SMAA. In addition, DBZIM also
significantly reduced the H,O,-induced proliferation
in a dose-dependent manner (Figure 8B).

DBZIM decreased activation marker and ECM proteins
in the liver of BDL-mice

To investigate whether the anti-fibrotic property of
IMSs, as observed in wvitro, is preserved in vivo,
DBZIM was administered to BDL-mice through
drinking water for 4 weeks. Quantification of col-
lagen content (by Sirius Red stain) from the liver
sections showed that DBZIM (2 g/l) significantly
reduced the total collagen content in the BDL-mice
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Figure 4. Effects of DBZIM and TDBZIM on the total cellular activity of four anti-oxidant enzymes. The HSC-T6 cells were treated with
compounds of various concentrations for 48 h and homogenized by sonication (60% frequency for 30 s) in PBS (pH 7.4, 1 mM of EDTA)
for GPx, GST and CAT assays or in 20 mM of HEPES buffer containing 1 mM of EGTA, 210 mM of mannitol and 70 mM of sucrose (pH
7.2) for SOD assay. The GPx activity was reduced slightly by DBZIM (A) and moderately by TDBZIM (B). The CAT activity was reduced
similarly by DBZIM (C) and TDBZIM (D). The SOD activity however was not affected by either DBZIM (E) or TDBZIM (F). (G) The
GST activity was induced by DBZIM (100-300 uM). The data were presented as mean and SEM, n =6, *a p <0.05, *b p <0.01, *c p <

0.005 and *d p <0.0005, when compared to the vehicle control.

by 60% at the end of the 4-week treatment (p < 0.05)
and, at the same time, the DBZIM (2 g/l) treatment
alone did not change the collagen content in the
sham mice (Figure 9A and B). DBZIM at a lower
concentration (0.8 g/l) also showed some inhibitory
effect, but did not achieve a significant level. At the
molecular level, immunoblotting of liver proteins
revealed that DMZIM (2 g/l) significantly decreased
the protein level of collagen lal, fibronectin and
SMAA by 63% (p<0.0001), 73% (p<0.001) and
64% (p <0.01; Figure 9C and D), respectively.

Cyrotoxicity and anti-fibrotic property of additional IMSs

In addition to DBZIM and TDBZIM, six other IMSs
with different substituents (Table I) were also tested
in HSC-T6 cells to assess cytotoxicity. In general,
those with smaller aliphatic groups, such as 1,3-
diisopropylimidazolinium tetrafluoroborate (DPIM)
and 1,3-di-tert-butylimidazolium tetrafluoroborate
(DBIM), showed less cytotoxicity, compared to those
with bulky aromatic groups, such as 1,3-bis(2,4,6-
trimethylphenyl)imidazolium chloride (TMPHIM)
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Figure 5. DBZIM (A) and TDBZIM (B) suppressed gene transcription of HSC activation marker SMAA and fibrotic end points (Collal
and fibronectin) in a dosage-dependent manner. The HSC-T6 cells were treated with DBZIM (1, 10, 100 and 300 uM) and TDBZIM
(1, 10 and 100 pM) for 48 h. Messengers for individual genes were quantified by real-time RT-PCR method using f-actin as a reference.
The data were presented as mean and SEM, n =6, *a p <0.05, *b p <0.01, *c p <0.005 and *d p <0.0005, when compared to the vehicle

control.

and 1,3-bis(2,6-diisopropylphenyl)imidazolium chlo-
ride (DPPHIM). Those with a methyl spacer be-
tween the imidazolium and aromatic ring, such as
DBZIM and 1,3-bisbenzylbenzimidazolium bromide
(DBZBIM), had moderate cytotoxicity. For compar-
ison, the cytotoxicity (ICsq value) of all eight IMs was
listed in Table I.

The anti-fibrotic property of the additional IMSs
was evaluated in the HSC-T6 cells using a concen-
tration below their respective 1Cs5q. Individual IMs
were either dissolved in DMSO or H,O depending on
their solubility. At the transcript level, several IMSs,
particularly DPIM, significantly reduced the mRNA
level for SMAA, Collal and fibronectin at 48 h
(Figure 10). At the protein level, all IMSs demon-
strated a certain degree of anti-fibrotic efficacy by
reducing the protein level of five important fibrogenic
molecules (SMAA, Collal, fibronectin, TGF-f1 and
TGFp RI) (Figure 11). The densitometric measure-
ments of the protein blots (Figure 11) were summar-
ized in Table II. In an over-simplified model, in which
all five parameters (molecules) weigh equally, the
in vitro efficacy of individual IMSs (at the concentra-
tions used) and EGCG could be roughly ranked
as DPIM >TMPHIM > EGCG > AMIM > DBZBIM >
DBZIM > DPPHIM.

Discussion
IMSs have low cytotoxicity

One of the primary concerns in developing synthetic
anti-oxidants for therapeutic application is the po-
tential cytotoxicity. The ICsq values (Table I) for
most of the IMSs compared favourably to those (25—
75 uM) for two common anti-oxidants, EGCG and
genistein [7,16]. The moderate cytotoxicity of the
IMSs would certainly provide some confidence in
synthesizing additional IMS candidates with novel
properties and functionalities tailored to specific
therapeutic needs.

IMSs’ anti-oxidative property is mediated through the
neutralization of ROS

Anti-oxidants exert their effects mainly through three
different pathways: (1) neutralization of cellular ROS
generated during metabolism and immune response;
(2) induction of endogenous anti-oxidative enzymatic
activity; and (3) chelation of iron or copper ions that
catalyse the generation of hydroxyl radical. GPx,
CAT and SOD, which constitute the first line of
cellular anti-oxidative defense, are directly involved in
the neutralization of ROS. GPx enzyme reduces
H,0, to H,O, while GSH functions as a cofactor
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Figure 6. DBZIM (100 pM) and TDBZIM (100 pM) reduced mRNA level for (A) SMAA, (B) Collal and (C) fibronectin in a time-
dependent manner. The HSC-T6 cells were treated with DBZIM or TDBZIM and harvested after 8, 24 and 48 h for mRNA quantification
by real-time RT-PCR method using f-actin as a reference. (D) DBZIM (100 pM) and TDBZIM (50 uM) also reduced fibrotic marker and
end point proteins SMAA, Collal and fibronectin protein expression for 48 h. a-tubulin was used as a reference. The data were presented as
mean and SEM, n =6, *a p <0.05, *b p <0.01, *c p <0.005 and *d p <0.0005, when compared to the vehicle control.

and is consequently oxidized to GSSG. CAT is a exogenous H,0, on the HSCs, as a less intense
peroxisomal enzyme and converts H,O, to H,O. Our SMAA staining and a lower proliferation were in
experimental data showed that DBZIM can signifi- cells co-treated with H,O, and DBZIM, compared to
cantly neutralize the oxidative stress imposed by cells treated with H,O, alone (Figure 8A). SOD
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Figure 7. DBZIM and TDBZIM suppressed TGF-f1 mRNA. The HSC-T6 cells treated with (A) DBZIM (1, 10, 100 and 300 uM) or
(B) TDBZIM (1, 10 and 100 uM) for 48 h were harvested for the dosage-dependent study at the transcriptional level by real-time RT-PCR
method. Both DBZIM (100-300 uM) and TDBZIM (1-100 pM) significantly suppressed TGF-/1 expression when assayed at 48 h. In (C),
DBZIM (100 puM) and TDBZIM (100 pM) time-dependently suppressed the TGF-£1 mRNA, when assayed at 8, 24 and 48 h. The data
were presented as mean and SEM, n =6, *a p <0.05, *b p <0.01, *c p <0.005, when compared to vehicle control.

RIGHTS LI N Hig



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/04/11
For personal use only

908 C. Zhang et al.

Y 0.1% DMSO

100pM DBZIM

P—

P s

Figure 8. DBZIM inhibited the H,O,-induced activation and proliferation of cultured HSCs. (A) ICC showed that while most of the
HSC-T6 cells in the 0.1% DMSO vehicle control were at a basal activation state, some of the cells (arrows) were at a higher activation state.
Addition of 100 uM H,O, triggered some of the cells (arrows) to an even higher activation state, as shown by the intense SMAA staining.
More importantly, DBZIM (100 pM) effectively inhibited the H,0O,-induced HSC activation. It was also evident that DBZIM dose-

dependently inhibited the H,O,-induced HSC profileration (B).

catalyses the dismutation of superoxide. We showed
that IMSs effectively attenuated ROSs (in particular
H,0, and lipid peroxides), which reacted to 2',7'-
dichloro-fluorescein diacetate (DCF-DA) probe [17]
in a dosage-dependent manner (Figure 2). While the
total GSH level remained relatively constant, the
amount of GSSG was dramatically reduced by IMSs,
resulting in a significant increase in the GSH/GSSG
ratio. We showed in a separate study [13] that IMSs
could be converted to NHCs in an aqueous environ-
ment and acted as free radical scavengers. It was
demonstrated in the cell-free environment that the
strong capacity of a particular IMS to reduce gold
solution to gold nanoparticles is related to its robust
electron-donating ability and with less a sterically
hindered substituent, such as DBZIM. It was shown
in the current study that the reducing and free radical

scavenging power of IMSs are not only preserved in
cells, but also influence fibrogenic signalling path-
ways in HSCs i vitro and in vivo. However it is
entirely speculative whether some IMSs (e.g.
DBZIM) could function as catalytic antioxidants in
cells and tissues, despite the fact that IMSs can be
converted to NHCs and act as catalysts in organic
chemistry synthesis. Interestingly we also observed a
slight attenuation in the GPx and CAT activity by
IMSs (Figure 4). We reason that since a significant
amount of ROSs was already neutralized by the
addition of IMSs, the burden on cellular anti-
oxidative defense, which was borne by GPx and
CAT, was lessened to a point even lower than that
of the control. In the literature, a reduction in GPx,
CAT and SOD was also reported in the reversion
of an experimental cholestasis by administering
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Figure 9. DBZIM significantly attenuated the BDL-induced collagen accumulation in the sinusoidal areas (A) and quantification (B) of
Sirius Red stained areas confirmed this observation; Immunoblotting of liver proteins with antibodies against Col lal, fibronectin and
SMAA (C) and quantification of protein bands (D) confirmed the suppression of key fibrogenic molecules by DBZIM treatment i vivo.

anti-oxidative melatonin [18]. On the other hand, the
slight induction in the GST activity (Figure 4G) by
DBZIM (100-300 puM) may suggest that DBZIM
could help to restore and replenish the detoxifying
GST activity that was diminished in the culturally
activated HSCs [19].

IMSs are anti-fibrotic

EGCG was shown to suppress TGF-f1 signalling in
HSCs by decreasing the active form of TGF-f1 [8],

while NAC was shown to inhibit TGF-f1 signalling
at distinct molecular steps, including blocking TGF-
f1 binding to endoglin, a component in TGF-f1
receptor complex [10]. Although all eight IMSs
showed anti-fibrotic property of a varying degree
(Figure 11 and Table II), the mechanism(s) on how
individual IMS or IMSs as a class influence TGF-f1
signalling and ECM production remain unclear at the
moment. Further studies, especially in animal models
of hepatic fibrosis, are needed in order to gain
mechanistic insights into this class of compounds.
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Figure 10. Transcriptional assay of additional members of IMSs. The HSC-T6 cells were treated with various concentrations of IMSs for
48 h and subsequently quantified for mRNA level using real-time RT-PCR method for (A) SMAA, (B) fibronectin and (C) collal. DBIM (1
mM), AMIM (50 uM), TMPHIM (50 uM), DPPHIM (10 pM) and DBZBIM (100 uM) were dissolved in DMSO with a final DMSO
concentration of 0.2% (v/v). DPIM (2 mM), EGCG (25 pM) and DBZIM (100 pM) were dissolved in water. The data were presented as
mean and SEM, n =6, *a p <0.05, *c p <0.005 and *d p <0.0005, when compared to the vehicle control.

IMSs as drug-like compounds life of EGCG was only ~30 min in the culture
medium for human oesophageal cancer cells [23] and
~72 min in rat blood [24]. Alternatively, natural
anti-oxidants have been chemically modified to
enhance their potency [25]. Synthetic mimics of
SOD and catalase have also been developed and
shown to be effective in rodent models of ischemia
and Parkinson’s disease [26]. By comparison, less
effort has been devoted to fully synthetic anti-

ROS has been implicated in a number of pathophy-
siological conditions, including liver fibrosis, neuro-
logical disorders, cardiovascular diseases, cancers and
ageing, etc. Therefore, anti-oxidation has been pur-
sued as a therapeutic strategy for a number of
diseases. For example, a number of natural anti-
oxidants including resveratrol [20] and EGCG [21]
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have been tested for health benefits and disease-
fighting capability. However, a stringent scientific
proof for using natural anti-oxidants as therapeutics
has not been established [22] due to a number of
factors, including low potency and rapid turnover in
the body. For example, it was reported that the half-

oxidants. One of a few exceptions was that a class
of nitron-free radical trap agents, alpha-phenyl-N-
tert-butyl-nitron (PBN) and disodium 2,4-disulpho-
phenyl-N-tert-butylnitrone (NXY-059) have been
extensively studied and shown to be a potent neuro-
protective agent [27] and an anti-cancer agent [28].

Control DMSO DBIM DPIM  AMIM

SMAA SR s —

TMPHIM  EGCG Control DMSO DPPHIM DBZIM DBZBIM

oot IR e et et et s
Fibronectin [ e s S L S LS S %H_
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Figure 11. Protein assay of additional members of IMSs. The HSC-T6 cells were treated with various concentrations of IMSs for 48 h and
subsequently quantified for protein level using Western blot method for SMAA, Collal, fibronectin, TGF-f1 and TGFf RI, using o-
tubulin as a reference. DBIM (1 mM), AMIM (50 uM), TMPHIM (50 uM), DPPHIM (10 uM) and DBZBIM (100 uM) were dissolved in
DMSO (dotted line) with a final DMSO concentration of 0.2% (v/v). DPIM (2 mM), EGCG (25 pM) and DBZIM (100 uM) were
dissolved in water (solid line). The data were presented as mean and SEM, n=6, *a p <0.05, *c p <0.005 and *d p <0.0005, when
compared to the vehicle control.
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Table II. Relative densitometric measurement of protein bands in Figure 11. The band intensity for the respective control was normalized

to 1.

DBIM DPIM AMIM TMPHIM DPPHIH DBZIM DBZBIM EGCG

(2mM) (1 mM) (50 M) (50 M) (10uM) (100 uM) (100 uM) (25 M)
SMAA 0.50 0.18 0.42 0.34 0.85 0.94 0.75 0.77
Collal 0.64 0.28 0.64 0.61 0.55 0.87 0.52 0.61
Fibronectin 0.58 0.53 0.96 0.70 0.82 0.67 0.71 0.55
TGF-p1 1.03 0.33 0.29 0.49 0.94 0.81 1.01 0.53
TGF-$ R1 0.35 0.19 0.45 0.35 0.65 0.37 0.45 0.23

Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/04/11
For personal use only

Adding to the short but growing list of synthetic anti-
oxidants are the IMSs as described in the current
report. Particularly DBZIM has been shown be an
effective anti-fibrotic agent i virro and in a mouse
model of liver fibrosis. These preliminary observa-
tions should warrant future efforts in investigating
this class of compounds in animal models of hepatic
fibrosis.
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