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Abstract
Background and Aims  Concanavalin A is known to activate T cells and to cause liver injury and hepatitis, mediated in part 
by secretion of TNFα from macrophages. Poly(ADP-ribose) polymerase-1 (PARP-1) inhibitors have been shown to prevent 
tissue damage in various animal models of inflammation. The objectives of this study were to evaluate the efficacy and 
mechanism of the PARP-1 inhibitor 3-aminobenzamide (3-AB) in preventing concanavalin A-induced liver damage.
Methods  We tested the in vivo effects of 3-AB on concanavalin A-treated mice, its effects on lipopolysaccharide (LPS)-
stimulated macrophages in culture, and its ability to act as a scavenger in in vitro assays.
Results  3-AB markedly reduced inflammation, oxidative stress, and liver tissue damage in concanavalin A-treated mice. 
In LPS-stimulated RAW264.7 macrophages, 3-AB inhibited NFκB transcriptional activity and subsequent expression of 
TNFα and iNOS and blocked NO production. In vitro, 3-AB acted as a hydrogen peroxide scavenger. The ROS scavenger 
N-acetylcysteine (NAC) and the ROS formation inhibitor diphenyleneiodonium (DPI) also inhibited TNFα expression in 
stimulated macrophages, but unlike 3-AB, NAC and DPI were unable to abolish NFκB activity. PARP-1 knockout failed to 
affect NFκB and TNFα suppression by 3-AB in stimulated macrophages.
Conclusions  Our results suggest that 3-AB has a therapeutic effect on concanavalin A-induced liver injury by inhibiting 
expression of the key pro-inflammatory cytokine TNFα, via PARP-1-independent NFκB suppression and via an NFκB-
independent anti-oxidative mechanism.
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Introduction

Acute liver injury by viruses, toxins, drugs, or autoimmune 
mechanisms may lead to fulminant hepatitis and liver failure. 
Available medications are limited and additional agents are 
needed. The T cell mitogen, concanavalin A (ConA), induces 
acute hepatitis in a well-known experimental mouse model 
of liver injury. Various immune cells are involved in the 
resulting inflammation, including CD4+ T cells [1], natural 
killer T (NKT) cells [2], and macrophages [3]. ConA-stim-
ulated T cells release low amounts of interferon (IFN)γ and 
tumor necrosis factor (TNF)α [4, 5]. Importantly, a T cell-
secreted factor activates the resident macrophages (Kupffer 
cells) and infiltrating monocytes-derived macrophages to 
express and release high levels of the key pro-inflammatory 
cytokine TNFα [4], in part via the transcription factor NFκB 
[6]. In turn, the stimulated macrophages synergistically 
amplify IFNγ expression by ConA-stimulated T cells, hence 
establishing a reciprocal cross talk [4]. Inflammation and 
liver damage in various mouse models were considerably 
reduced in TLR4-deficient mice, implicating also TLR4 in 
macrophages activation [7–9]. The activation of TLR4 may 
be carried out by endogenous proteins, such as extracellular 
histones and high-mobility group box 1 (HMGB1), which 
are released from liver cells following ConA treatment and 
are essential for hepatitis development [9, 10]. Thus, liver 
macrophages and the TNFα they express are instrumental for 
development of inflammation and liver damage in response 
to toxins, including ConA [3], and TLR4 activation is essen-
tial for this process [10].

Poly(ADP-ribose) polymerase-1 (PARP-1) is a DNA 
repair enzyme that is activated in acute cellular injury. 
It binds to DNA breaks and uses NAD+ as a substrate to 
catalyze poly-ADP-ribosylation on itself and on other tar-
get proteins to enable recruitment of repair proteins to the 
damaged DNA. Yet, excessive PARP-1 activity results in 
NAD+ and ATP depletion and cell necrosis [11]. PARP-1 
was also found to be involved in other cellular processes. 
For example, PARP-1 activation in immune cells results in 
posttranslational modification of NFκB p65 [12] and sub-
sequent expression of pro-inflammatory cytokines, such as 
TNFα [13]. Accordingly, PARP-1 inhibition or knockout 
decreased tissue damage in various animal models of inflam-
mation and ischemia–reperfusion injury [14]. Inhibition of 
PARP-1 attenuated liver injury in the models of bile duct 
ligation and carbon tetrachloride (CCl4) [15], acetaminophen 
overdose [16] and alcoholic liver disease [17]. The present 
study examined the preventive and therapeutic effects of the 
PARP-1 inhibitor 3-aminobenzamide (3-AB) in an acute 
immune model of ConA-induced experimental hepatitis in 
mice. The mechanism of action of 3-AB was further studied 
using stimulated macrophages and in vitro assays.

Materials and Methods

Reagents

Lipopolysaccharide (LPS; Escherichia coli serotype 
O55:B5), concanavalin A (ConA), 3-aminobenzamide 
(3-AB), Tween-20, isoproterenol, 3-isobutyl-1-methylxan-
thine (IBMX), NADPH, cytochrome C, N-acetylcysteine 
(NAC) and DPI were purchased from Sigma-Aldrich (St. 
Louis, MO). The antibodies against p65 NFκB phosphoryl-
ated on Ser-536 or Ser-276 were purchased from Cell Sign-
aling Technology (Danvers, MA). The antibodies against 
general p65 NFκB, α-tubulin, iNOS, and PARP-1 were pur-
chased from Merck (Burlington, MA), Santa Cruz Biotech-
nology (Santa Cruz, CA), Abcam (Cambridge, UK), and 
Alexis (San Diego, CA), respectively. Infrared dye-labeled 
secondary antibodies and blocking buffer were obtained 
from Li-COR Biosciences (Lincoln, NE). Hoechst 33342 
and Alexa Fluor 488-conjugated secondary antibody were 
from Thermo Fisher Scientific (Waltham, MA). Paraform-
aldehyde was from Electron Microscopy Sciences (Hatfield, 
PA). XTT, l-glutamine, and penicillin–streptomycin–nysta-
tin were purchased from Biological Industries (Beit Haemek, 
Israel). DMEM, OptiMEM, and FBS were purchased from 
GIBCO. The TNFα ELISA set that included also the horse-
radish peroxidase (HRP) used for the H2O2 assay was pur-
chased from R&D Systems (Minneapolis, MN). The HRP 
substrate mix (TMB and H2O2) and LiDS were purchased 
from Merck KGaA (Darmstadt, Germany). The mouse 
TNFα promoter luciferase reporter gene construct was a kind 
gift from Dr. C. Yu (Xiamen University, Xiamen, Fujian, 
China) [18]. A plasmid carrying four copies of the consensus 
NFκB binding site upstream to a luciferase reporter gene was 
purchased from Clontech (Mountain View, CA). A CRE-
containing EVX-1 promoter luciferase reporter gene con-
struct (hereafter CRE-luciferase, [19]) was a kind gift from 
Dr. M. Montminy (Salk Institute, La-Jolla, CA). A plasmid 
carrying five copies of the AP-1 binding site from the human 
collagenase promoter upstream to a luciferase reporter gene 
(hereafter AP-1-luciferase, [20]) was a kind gift from Dr. P. 
Angel (German Cancer Research Center, Heidelberg, Ger-
many). Plasmids were amplified using DH10B bacteria (Inv-
itrogen, Carlsbad, CA) and purified using Endofree Plasmid 
Maxi Kit (Qiagen, Hamburg, Germany). TransIT-2020 and 
Lipofectamine 2000 transfection reagents were purchased 
from Mirus Bio (Madison, WI) and Invitrogen (Carlsbad, 
CA), respectively. The Cell Nucleofector kit V was pur-
chased from Lonza (Basel, Switzerland). The Dual-lucif-
erase reporter assay kit and the Griess reagent were from 
Promega (Fitchburg, WI). The siRNA targeting PARP-1 
and a non-specific control were from Dharmacon (Lafayette 
CO). The gRNA oligonucleotides were from IDT (Skokie, 
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IL), and the pX330-U6-Chimeric_BB-CBh-hSpCas9 vector 
was a gift from Feng Zhang (Addgene plasmid # 42230). 
The complete protease inhibitors mixture was purchased 
from Roche (Mannheim, Germany).

Animal Care

Male Balb/c (8–10 weeks old) mice, obtained from Tel-Aviv 
University animal breeding center, were kept in the animal 
breeding house of the Wolfson Medical Center and fed a 
Purina chow ad libitum. The animals were kept with a 12-h 
light–dark cycle at constant temperature and humidity.

Cell Culture

Mouse RAW264.7 macrophage cells and mouse EL-4 T 
cells were obtained from American Type Culture Collec-
tion (ATCC, Rockville, MD) and were routinely verified 
to be mycoplasma-free. The cells were grown to 80–90% 
confluence in DMEM medium supplemented with 100 U/
ml penicillin, 100 μg/ml streptomycin, 1250 U/ml nystatin, 
and l-glutamine to a final concentration of 12 mM (hereafter 
culture medium), and with 10% FBS, at 37 °C in a humidi-
fied incubator with 5% CO2.

In vivo Experiments

Experimental hepatitis was induced as previously described 
[21], by injecting ConA (10 mg/kg) into the tail vein of the 
mice (n = 4–12/group). NaCl (0.9%) served as vehicle. Two 
doses of the PARP-1 inhibitor 3-AB were administered intra-
peritoneally (i.p.) at 50 mg/kg—concurrently with the ConA 
intravenous (i.v.) injection and 2 h later. Blood was drawn at 
2 h and 6 h for serum TNFα measurement and at killing time 
(24 h) for liver enzymes measurement. Oxidative stress was 
evaluated by malondialdehyde (MDA) measurements in the 
extracted liver tissues at killing. The livers were fixated in 
formalin and stained by hematoxylin–eosin.

In vitro TNFα Expression

RAW264.7 macrophages and EL-4 T cells were maintained 
for 48 h prior to the experiment in 96-well plates, at 1.0·105 
cells per well, in culture medium supplemented with 5% 
FBS, up to a confluence of 90%. The culture medium was 
replaced 2 h before treatment in order to avoid the artifact 
of medium replacement on signaling. Macrophages and T 
cells were stimulated with either LPS (100 ng/ml) or with 
ConA (25 μg/ml), respectively, in the presence or absence 
of 3-AB (20 mM unless indicated otherwise) at 37 °C for the 
indicated incubation time (2–24 h).

TNFα Assay

TNFα secretion to the medium was measured with a com-
mercially available ELISA reagents set, according to the 
manufacturer’s instructions, using a microplate reader (Bio-
Tek, Winooski, Vermont). TNFα secretion was undetectable 
(< 20 pg/ml) in resting cells.

Serum Liver Enzymes Analysis

The degree of liver injury was evaluated by measuring serum 
levels of the liver enzymes alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) using a COBAS 8000 
analyzer (Roche Diagnostics, Madison, WI), according to 
the manufacturer’s instructions. Briefly, enzymatic activities 
of serum ALT and AST were determined by measurement 
of NADH consumption in a follow-up reaction with lactate 
dehydrogenase (LDH) or malate dehydrogenase (MDH), 
respectively.

Malondialdehyde (MDA) Analysis

Mice livers were frozen with liquid nitrogen and stored at 
− 70 °C until assayed for MDA. Liver tissue (5 g) was cut 
into small pieces using a razor blade and homogenized in 
DDW (1:10 w/v). Liver homogenate was centrifuged at 
900 rpm for 5 min, and then, the supernatant was collected 
and centrifuged at 20,000 rpm for 30 min. MDA in the clear 
supernatant was measured and expressed as nmol/g wet tis-
sue using the thiobarbituric acid method [22].

Histology

Following mice killing, the livers were removed and ran-
domly sectioned and processed for light microscopy. The 
specimens were fixed with 5% neutral formalin solution and 
embedded in paraffin. Sections of 5 μm were made and then 
stained with hematoxylin and eosin and Masson trichrome. 
The liver tissue slices were scanned and scored for inflam-
mation and necrosis by a grading scale of 0–3 as previously 
described [23].

Transfection and Reporter Gene Assay

RAW264.7 macrophages were grown for 24 h at 2 × 105 cells 
per well (24-well plates) in culture medium supplemented 
with 10% FBS. The cells were then transfected for 24 h with 
0.2 µg of the indicated reporter plasmid and 0.07 µg of TK-
Renilla luciferase (for normalization). The plasmids were 
initially incubated with TransIT-2020 transfection reagent 
in OptiMEM for 15 min at RT. Following transfection, the 
cells were washed and stimulated with LPS (100 ng/ml) 
in the presence or absence of 3-AB or ROS inhibitors, at 
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37 °C for the indicated time, after which luciferase activity 
in cell extracts was determined following the manufacturer’s 
instructions. Data were expressed as a ratio of firefly lucif-
erase activity divided by the Renilla luciferase activity.

PARP‑1 Silencing Using siRNA

RAW264.7 macrophages were grown for 24 h in 24-well 
plates, at 1.2 × 105 cells per well, in culture medium sup-
plemented with 10% FBS. Transfection with siRNA against 
PARP-1 (or a non-specific control sequence) was performed 
as described by Fraser et al. [24]. A mixture of each siRNA 
with Lipofectamine 2000 transfection reagent, initially 
incubated in OptiMEM medium for 20 min at room tem-
perature, was added to the cells at 100 nM for the first 4 h, 
after which the volume was increased so the siRNA was at 
a concentration of 62.5 nM for the following 20 h. The cells 
were washed and the transfection process was repeated the 
next day for another 24 h. The siRNA-containing medium 
was removed, and the cells were seeded for a recovery 
period of 24 h in a 96-wells plate (2 × 105 cells per well, for 
TNFα assay) and a 24-wells plate (5 × 105 cells per well, for 
PARP-1 expression analysis by WB). For the TNFα assay, 
the cells were pre-incubated with 3-AB (20 mM) or vehicle 
for 2 h, and then, LPS (100 ng/ml) was added for 24 h at 
37 °C. TNFα secretion was analyzed by ELISA.

Generation of PARP‑1 Knockout Cells

The KO cells were prepared as described by Zhang et al. 
[25]. In short, the gRNA (forward sequence CGA​GTG​GAG​
TAC​GCG​AAG​AG) was designed using the MIT website 
(crispr.mit.edu) and incorporated into a pX330-U6-Chi-
meric_BB-CBh-hSpCas9 vector [26]. The plasmid was 
purified using the Endofree Plasmid Maxi Kit and elec-
troporated into RAW264.7 cells using Cell Nucleofector kit 
V. Positively transfected cells were sorted by FACS, and 
single-cell clones were analyzed by western blot. Mock cells 
were created by transfection with a plasmid not containing 
gRNA and sorting.

Analysis of p65 NFκB Phosphorylation on Ser‑536

RAW264.7 macrophages were grown for 48 h at 2 × 105 cells 
per well (24-well plate) in culture media supplemented with 
10% FBS. The cells were washed and stimulated with LPS 
(100 ng/ml) in the presence or absence of 3-AB (20 mM) 
at 37 °C for 30 min. The cells were then washed with ice-
cold PBS, and whole-cell lysates were prepared using RIPA 
buffer (pH 7.5, 20 mM Tris–HCl, 20 mM sodium phosphate 
buffer, 150 mM NaCl, 1% Triton X-100, 0.5% deoxycho-
late, 0.1% SDS, 5 mM EDTA, 3 mM EGTA, 1 mM sodium 
orthovanadate, 10 mM sodium fluoride, 10 mM sodium 

pyrophosphate, 3 mM β-glycerophosphate, complete pro-
tease inhibitors mixture). The lysates were centrifuged at 
20,000×g for 20 min at 4 °C, and the supernatants were 
stored at − 80 °C until analysis by western blot.

Western Blotting

Cell extracts (30–50 μg protein) were boiled for 5 min in 
SDS–PAGE buffer, subjected to 10% SDS–PAGE, and 
proteins were transferred to Immobilon-FL polyvinylidene 
fluoride (PVDF) membrane. The membrane was simultane-
ously exposed to antibodies against iNOS (1:400 dilution) 
or PARP-1 (1:4000 dilution) and α-tubulin (1:1000 dilution) 
for normalization, or to an antibody against phosphorylated 
Ser-536 p65 NFκB (1:1000 dilution) and general p65 NFκB 
(1:500 dilution) for normalization. Exposure to dye-labeled 
secondary antibodies (1:10,000 dilution) then followed. 
Two-color imaging and quantitative analysis of western 
blots was performed using the Odyssey infrared imaging 
system (Li-COR Biosciences), according to the manufac-
turer’s instructions.

Fluorescence Microscopy—Analysis of p65 
NFκB Phosphorylation on Ser‑276 and Nuclear 
Translocation

The time course of p65 NFκB phosphorylation on Ser-276 
and nuclear translocation was determined as previously 
described [27]. In brief, 1 × 104 RAW264.7 cells per well 
were seeded in a black, clear bottom 96-well plate. The 
cells were pre-treated with or without 3-AB (20 mM) for 
2 h before addition of LPS (100 ng/ml) for the indicated 
time. At the end of the experiment, cells were fixed using 4% 
paraformaldehyde for 10 min and then blocked and permea-
bilized using 5% BSA and 0.05% Tween 20 for 1 h. Staining 
was performed with Hoechst 33342, anti-phospho-Ser-276 
p65 NFκB (1:500 dilution), and Alexa Fluor 488 conju-
gated secondary antibody (1:1000 dilution). Imaging and 
quantitation of nuclear phospho-p65 was performed on 500 
cells/well using the Cellinsight NXT high content imager 
(Thermo Scientific).

Nitric Oxide (NO) Analysis

NO was measured using the Griess method according to the 
manufacturer’s instructions.

Superoxide Assay

Superoxide production rate was measured as previously 
described [28]. In short, the cell-free assay of NADPH oxi-
dase (Nox) activity is setup by reconstitution of the recom-
binant cytosolic subunits p47phox, p67phox, and the small 



Digestive Diseases and Sciences	

1 3

GTPase Rac1 (100 nM each) with membrane liposomes 
containing the catalytic cytochrome b558 component (5 nM). 
The reaction mixture contains lithium dodecyl sulfate (LiDS, 
0.12 mM) and cytochrome C (0.2 mM) which is specifi-
cally reduced by superoxide. The reaction is started by the 
addition of NADPH (240 μM) that reduces oxygen to form 
superoxide which in turn reduces cytochrome C leading to 
its increased absorbance at 550 nm, followed every 6 s over 
a period of 5 min. The inhibitors tested were 3-AB (10 mM), 
NAC (20 mM), and DPI (10 μM). Specificity of cytochrome 
C reduction by superoxide was confirmed by superoxide dis-
mutase (SOD, 250 u/ml) which enzymatically eliminates 
superoxide.

Hydrogen Peroxide (H2O2) Measurement—
Enzymatic Assay

H2O2 (0.11 mM) was mixed with 3-AB (1-20 mM), NAC 
(20 mM), DPI (10 μM), or vehicle (5% DMSO) and with 
the HRP substrate TMB (65 μM). The reaction was started 
by the addition of HRP (1:500 dilution of the enzyme in the 
ELISA reagents set), and following 1.5 min it was termi-
nated and analyzed as for the TNFα ELISA assay.

H2O2 Measurement—Fluorescent Probe Assay

The specific H2O2 probe peroxyfluor-2 (PF2) was synthe-
sized as previously described [29]. H2O2 (50 μM) was mixed 
with PF2 (0.1 mM) and either 3-AB (0.5–20 mM), NAC 
(0.1–20 mM), DPI (10 μM) or vehicle (10% DMSO). Fluo-
rescence development (λex = 480 nm, λem = 530 nm) was fol-
lowed for 5 h, every 20 min. The final 8 time points served 
for calculation of H2O2 concentration, which was linear up 
to 50 μM, according to the calibration curve.

Protein Determination

Protein was determined by a modification of the Bradford 
procedure, which yields linear results, increased sensitiv-
ity, and reduced detergent interference, as we have previ-
ously described [30, 31]. Bovine serum albumin served as 
standard.

Statistics

All experiments were performed at least twice on different 
days. Values are expressed as mean and standard deviation 
where n represents the number of mice or biological rep-
licate in each group. The 2-tailed Mann–Whitney test was 
used for intergroup comparison. P values of less than 0.05 
were considered significant, and they represent statistical 
significance of the 3-AB treatment (e.g., LPS + 3-AB vs. 

LPS alone), unless depicted otherwise. EC50 values were 
calculated using the GraphPad Prism 5 software.

Results

PARP‑1 Inhibitor 3‑AB Markedly Reduces Serum 
Levels of Liver Enzymes and Attenuates Oxidative 
Stress in Mice Exposed to ConA

To test the hypothesis that the PARP-1 inhibitor 3-AB would 
prevent ConA-induced experimental hepatitis, 3-AB at a 
dose of 50 mg/kg or vehicle was i.p.-injected to BALB/c 
mice concurrently with, as well as 2 h following, i.v. injec-
tion of ConA. Liver inflammation and damage were assessed 
by measurement of serum levels of the liver proteins ala-
nine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) and of the pro-inflammatory cytokine TNFα, 
by determination of liver tissue levels of the oxidative stress 
marker malondialdehyde (MDA) and by liver histology. 
Figure 1a shows that 3-AB decreased serum ALT and AST 
levels by 93% and 76%, respectively, as measured 24 h after 
ConA injection. MDA tissue levels, reflecting liver oxida-
tive stress, were increased 3.5-fold after 24 h in the ConA-
treated group compared to only 1.8-fold in the group treated 
by both ConA and 3-AB, demonstrating 67% inhibition by 
3-AB (Fig. 1b).

3‑AB improves Liver Histology in ConA‑Induced 
Hepatitis

Liver histology performed 24 h after ConA injection shows 
marked inflammatory infiltrate containing lymphocytes and 
numerous plasma cells and prominent interface hepatitis, 
as well as foci of geographic hepatocyte necrosis in mid-
zonal areas of the liver lobules (Fig. 1c). In contrast, 3-AB 
efficiently prevented both of these apparent ConA-induced 
liver damages; the portal areas in the 3-AB-treated group 
demonstrate only patchy minute inflammation by a few lym-
phocytes and no identified necrosis (Fig. 1c). Histology of 
mice treated with 3-AB only (without exposure to ConA) 
shows a normal liver (Fig. 1c). The therapeutic benefit of 
3-AB administration was quantitatively demonstrated by sig-
nificantly reduced necrosis and inflammation scores - 0.4 
each, compared to 2.2 and 1.7, respectively, in mice treated 
with ConA alone (Fig. 1d).

3‑AB Reduces ConA‑Induced Serum TNFα Levels

As an early sign of inflammation, serum TNFα levels were 
measured 2 h and 6 h following ConA administration. Fig-
ure 1e shows that 3-AB reduced ConA-stimulated serum 
TNFα level by 72–75% at both time points. To conclude the 
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in vivo experiment, 3-AB demonstrated a large therapeu-
tic effect at all examined parameters in a mouse model of 
ConA-stimulated liver inflammation and damage.

3‑AB Inhibits TNFα Secretion from ConA‑Stimulated 
T Cells and LPS‑Stimulated Macrophages

As ConA directly targets T cells, we examined the in vitro 
effect of 3-AB on ConA-stimulated TNFα expression in cul-
tured mouse T cells, EL-4. Figure 2 shows that 3-AB abol-
ished TNFα secretion from EL-4 cells during a 24 h ConA 
incubation, with a maximal effect observed at a concentra-
tion of 20 mM and an EC50 of 7 mM. Liver macrophages 
are accountable for the majority of the circulating [32] and 
intrahepatic [3] TNFα that is critical for the progression 
of hepatitis and liver damage induced by ConA. Moreo-
ver, ConA-stimulated T cells secrete factors that directly 
induce TNFα expression in macrophages [4]. Thus, we next 
sought to determine whether 3-AB can inhibit TNFα secre-
tion not only from T cells, but also from macrophages. As 
TLR4 was demonstrated to be required for the development 
of liver damage in various mouse models [7], RAW264.7 

macrophages were stimulated with the TLR4 agonist LPS 
in the presence or absence of 3-AB. As expected, follow-
ing 24-h stimulation, the LPS-treated macrophages secreted 
three orders of magnitude more TNFα than the ConA-stimu-
lated T cells (Fig. 2a, b). Importantly, 3-AB inhibited TNFα 
secretion from the LPS-stimulated RAW264.7 macrophages, 
with the same potency as in the T cell culture (EC50 = 7 mM) 
(Fig. 2a, b). Thus, TNFα suppression by 3-AB appears to be 
independent of the context of cell type and stimulus. A time 
course experiment (Fig. 2c) demonstrated that the magnitude 
of the suppressive effect of 3-AB on LPS-stimulated TNFα 
secretion correlates with the co-incubation duration time, 
starting with 47% at 2 h and gradually increasing to 86% at 
24 h. Cell viability was measured to confirm that 3-AB was 
not cytotoxic to the cells at the maximal time and concentra-
tion used in this study (data not shown).

We compared 3-AB with another PARP-1 inhibitor, 
PJ-34, in order to assess whether the effect on TNFα secre-
tion should be attributed to PARP-1 inhibition. Interestingly, 
3-AB inhibited LPS-stimulated TNFα secretion to a much 
larger extent than PJ-34 (75% vs. 37%, respectively). More-
over, 3-AB and PJ-34 additively inhibited LPS-stimulated 

Fig. 1   3-AB protects against ConA-induced liver inflammation and 
damage. BALB/c mice were i.v.-injected with ConA (10 mg/kg, t = 0) 
and i.p.-injected with two doses of 3-AB (50 mg/kg) at t = 0 and at 
t = 2  h. Liver damage (expressed as mean ± SEM) was assessed by: 
a liver enzymes serum levels at t = 24 h (n = 10–12/group); levels in 
the control (3-AB alone) group were 85 ± 17 and 53 ± 22 for AST and 
ALT, respectively. b Oxidative stress represented by MDA level in 

liver tissue at t = 24 h (n = 4–8/group); c, d liver histology at t = 24 h 
(representative H&E staining; magnification 20× and 80×). Control 
mice were treated with 3-AB only. Histology shows a normal liver; e 
serum TNFα level at the indicated time points (n = 4–10/group). a–e 
*p < 0.05, **p < 0.01 and ***p < 0.001—relative to treatment with 
ConA alone. Levels in the control (3-AB alone) group were identical 
to naïve mice
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TNFα secretion, as 3-AB reduced LPS activity by 75% 
regardless of PJ-34 presence or absence (Fig. 2d). These 
results imply that 3-AB and PJ-34 inhibit TNFα secretion, at 
least in part, by distinct mechanisms, and suggest that 3-AB 
can regulate TNFα expression independently of its activity 
as a PARP-1 inhibitor.

3‑AB Suppresses NFκB‑Dependent Gene Expression

In order to shed light on the mechanism of TNFα secre-
tion inhibition by 3-AB, we initially examined the ability 
of 3-AB to suppress TNFα transcription by using a TNFα 
promoter reporter construct. Figure 3a shows that 3-AB was 
able to inhibit 81% and 86% of LPS-stimulated TNFα pro-
moter activity at 4 h and 24 h, respectively. As NFκB is the 
major transcription factor mediating TNFα expression, we 
also used a luciferase reporter construct regulated by four 
repeats of the consensus NFκB recognition sequence. As 
expected, 3-AB inhibited 86% and 95% of LPS-stimulated 
NFκB transcriptional activity at 4 h and 24 h, respectively 
(Fig. 3b). These results imply that 3-AB inhibits TNFα 
secretion by suppressing NFκB transcriptional activity at 
the TNFα promoter.

The observed inhibition of NFκB transcriptional activity 
predicted that 3-AB would also inhibit the NFκB-regulated 
gene expression of iNOS, an enzyme catalyzing the produc-
tion of the important inflammatory mediator nitric oxide 
(NO). Indeed, 3-AB almost completely abolished iNOS 
expression (Fig.  4a) and NO production (Fig.  4b) in 
RAW264.7 macrophages stimulated for 24 h with LPS.

TNFα transcription depends specifically on the p65 subu-
nit of NFκB [33] whose activation by LPS requires both 
nuclear translocation and phosphorylation on multiple ser-
ine/threonine acceptors [34]. Two well-established activa-
tion marks of p65 are Ser-276 and Ser-536 phosphoryla-
tion, leading to enhanced transcriptional activity, in part by 
increasing p65 interaction with the CBP/p300 coactivator 
and decreasing p65 interaction with corepressors [34]. We 
set out to determine whether 3-AB affects either of these 
activation steps. Phosphorylation of p65 on Ser-536 was 
measured by treatment of RAW264.7 macrophages with LPS 
and/or 3-AB for the peak time of 30 min, followed by whole-
cell lysis and quantitation in western blot. LPS-stimulated 
p65 phosphorylation by 3.6-fold, while 3-AB did not inhibit, 
and even modestly increased the phosphorylation (Fig. 5a). 
Next, we measured NFκB nuclear translocation and Ser-
276 phosphorylation using immuno-fluorescence and high 

Fig. 2   3-AB inhibits TNFα 
secretion in stimulated T cells 
and macrophages. a Mouse 
EL-4 T cells were pre-incubated 
with 3-AB (0–20 mM) for 
2 h and then ConA (25 μg/
ml) was added for 24 h; b 
RAW264.7 macrophages 
were pre-incubated with 3-AB 
(0–20 mM) for 2 h and then 
LPS (100 ng/ml) was added for 
24 h; c RAW264.7 macrophages 
were pre-incubated with 3-AB 
(20 mM) or vehicle for 2 h 
and then LPS (100 ng/ml) was 
added for the indicated time; 
d RAW264.7 macrophages 
were pre-incubated with 3-AB 
(20 mM) and/or PJ-34 (10 μM) 
for 2 h and then LPS (100 ng/
ml) was added for 4 h; a–d 
TNFα secretion to the medium 
was measured by ELISA. 
Data represent mean ± SD 
(n = 6). *p < 0.05, **p < 0.01, 
***p < 0.001. TNFα was unde-
tectable in resting cells



	 Digestive Diseases and Sciences

1 3

content imaging. LPS sharply increased the nuclear level of 
phospho-Ser-276 p65 with a peak time of 30 min; surpris-
ingly, 3-AB did not significantly inhibit the effect of LPS 
(Fig. 5b). In a parallel experiment, we verified that 3-AB 
inhibited LPS-stimulated TNFα expression as expected (data 
not shown). Thus, our results indicate that 3-AB does not 
impair LPS-stimulated p65 nuclear translocation and phos-
phorylation of Ser-276 and Ser-536, and yet it does abolish 
NFκB reporter activity.

To verify that 3-AB does not generally inhibit expres-
sion of the luciferase reporter, we compared luciferase 
expression in RAW264.7 cells using three different report-
ers coding for the firefly luciferase and regulated by either 
one of the transcription factors—NFκB, AP-1, or CREB. 
The cells were then stimulated with either LPS—to acti-
vate the NFκB- and AP-1-dependent reporters, or with a 
combination of isoproterenol (a β-adrenergic receptor ago-
nist) and IBMX (a phosphodiesterase inhibitor)—to activate 
the cAMP-CREB-dependent reporter. Interestingly, 3-AB 
abolished LPS-stimulated NFκB- and AP-1-dependent 

luciferase activity, but had no effect on cAMP-stimulated 
CREB-dependent luciferase activity (Fig. 5c). These results 
suggest that 3-AB specifically affects gene expression in pro-
inflammatory macrophages and indicate that 3-AB does not 
generally affect total or luciferase expression.

As 3-AB largely reduced oxidative stress in the ConA-
induced mouse liver damage model (Fig. 1b), while reactive 
oxygen species (ROS) can contribute to TNFα expression 
[35], we sought to determine whether suppression of NFκB 
activity and TNFα expression by 3-AB are due to its anti-
oxidative activity. To this end, we treated LPS-stimulated 
macrophages with 3-AB and/or either the well-established 
ROS scavenger N-acetylcysteine (NAC) or diphenyleneiodo-
nium (DPI), an inhibitor of NADPH oxidase (Nox), a key 
ROS producing enzyme in macrophages [36]. Interestingly, 
all three compounds significantly inhibited LPS-stimulated 
TNFα expression and 3-AB demonstrated additivity with 
either NAC or DPI (Fig. 6a). In contrast, while 3-AB sup-
pressed 90% of NFκB transcriptional activity, NAC inhibited 
only 45% and DPI even increased NFκB reporter activity 
by twofold (Fig. 6b). Taken together, these results suggest 
that 3-AB may inhibit TNFα expression both via NFκB 
suppression and via an NFκB-independent anti-oxidative 
mechanism.

3‑AB Displays Scavenger Activity for H2O2, but Not 
for the Reactive Superoxide Ion

It was previously suggested that 3-AB serves as a ROS scav-
enger [37], but detailed information about the exact nature 
of the ROS involved was lacking. Following stimulation, 
macrophages respond with an oxidative burst, which was 
reported to involve Nox creating the highly reactive super-
oxide ion, from which other ROS, including the more sta-
ble H2O2, are then derived [36, 38]. To determine whether 
3-AB can directly interfere with superoxide production or 
act as a scavenger for this particular ROS, we employed a 
cell-free assay, in which the subunits of Nox were recon-
stituted, NADPH served as a substrate, and superoxide 
production rate was measured by cytochrome C reduction 
rate. Figure 7a clearly shows that superoxide formation and 
level was unaffected by either 3-AB or NAC, whereas it was 
completely abolished by the pharmacological Nox inhibitor, 
DPI, as well as by the degrading enzyme, superoxide dis-
mutase (SOD). We then determined whether 3-AB can act as 
a scavenger for H2O2 by pre-incubating H2O2 (0.11 μM) with 
3-AB at increasing concentrations (1–20 mM) and measur-
ing horseradish peroxidase (HRP) activity. Figure 7b shows 
that 3-AB efficiently reduced HRP activity with an EC50 
of 5.0 ± 0.5 mM. NAC completely blocked HRP activity 
(data not shown), but it should be noted that in addition 
to being a scavenger, NAC also directly interacts with the 
enzyme [39]. Thus, to conclusively prove that 3-AB indeed 

Fig. 3   3-AB inhibits NFκB transcriptional activity and TNFα pro-
moter reporter activity. RAW264.7 macrophages were transfected 
with a luciferase reporter regulated by the mouse TNFα promoter (a) 
or by four repeats of a consensus NFκB sequence (b). The cells were 
pre-incubated with 3-AB (20 mM) or vehicle for 2 h and then LPS 
(100 ng/ml) was added for the indicated time. Luciferase reporter data 
expressed as mean ± SD (n = 3) of values normalized against Renilla 
luciferase activity, relative to unstimulated control cells. Values of 
3-AB treatment alone were indistinguishable from control values. 
*p < 0.05, **p < 0.01, ***p < 0.001



Digestive Diseases and Sciences	

1 3

acts as a scavenger for H2O2, we next employed peroxy-
fluor-2 (PF2), a highly specific H2O2 fluorescent probe [29]. 
Figure 7c shows that 3-AB scavenged H2O2, albeit with a 
lower potency (EC50 > 20 mM) compared to NAC in the 
same assay (EC50 = 2.0 ± 0.3 mM) and also compared to its 
own activity in the HRP assay (Fig. 7b). The Nox inhibitor 
DPI had no effect on H2O2 detection in either assay (data 
not shown).

PARP‑1 Is Not Required for Inhibition of TNFα 
Expression by 3‑AB

The scavenger activity of 3-AB, together with the TNFα 
suppression activity of the ROS inhibitors NAC and DPI, 
promoted us to evaluate whether PARP-1 inhibition by 3-AB 
is required for its activity as a TNFα suppressor. To that end, 
PARP-1 expression in RAW264.7 macrophages was down-
regulated by siRNA, reaching silencing efficiency of 70% 
relative to cells transfected with control siRNA (Fig. 8a). 
Interestingly, 3-AB inhibited LPS-induced TNFα expression 
to a similar extent in non-transfected control cells and in 
cells transfected with either siPARP-1 or siControl (Fig. 8b), 
suggesting that the activity of 3-AB as a PARP-1 inhibitor 
is not essential for TNFα suppression. Similarly, PARP-1 
silencing did not significantly impair the ability of 3-AB to 
suppress LPS-stimulated NO production (data not shown).

In order to verify that 3-AB activity in the silenced 
cells is not due to the 30% remaining PARP-1, we gener-
ated RAW264.7-derived PARP-1 knockout (PARP-1-KO) 
macrophages using CRISPR/Cas9 (Fig.  8c). As in the 

knockdown experiment, we observed that 3-AB simi-
larly inhibited LPS-induced TNFα secretion in wild-type, 
mock-transfected, and PARP-1-KO cells (60, 70, and 65%, 
respectively) (Fig. 8d). Furthermore, 3-AB abolished LPS-
stimulated NFκB transcriptional activity in both wild-type 
and knockout cells (Fig. 8e). In conclusion, the experiments 
with PARP-1-KO cells suggest that 3-AB suppresses NFκB 
activity and subsequent TNFα expression and secretion by 
a mechanism which is independent of PARP-1 inhibition.

Discussion

The recent FDA approval of the PARP-1/2 inhibitor olapa-
rib for use in gynecologic oncology [40] may pave the 
way for its use also in additional indications, including 
hepatology. The present study was based on the hypoth-
esis that the experimental model of ConA-induced hepa-
titis might have a pathophysiological similarity with the 
model of ischemia–reperfusion injury that is characterized 
by increased activation of PARP-1. This occurs in various 
circumstances of acute cellular damage, leading to energy 
crisis and cell necrosis, and therefore, PARP-1 inhibition 
and/or knockout were widely tested as a potential therapeu-
tic approach. For instance, Biro et al. [41] recently showed 
that 3-AB markedly attenuated kidney damage in a gen-
tamycin-induced acute tubular necrosis (ATN) rat model. 
Mukhopadhyay et al. [15] recently demonstrated attenua-
tion of liver injury in the acute and chronic CCl4 models 
of liver inflammation and fibrosis by two pharmacologic 

Fig. 4   3-AB inhibits induction 
of the NFκB-dependent gene, 
iNOS. RAW264.7 macrophages 
were pre-incubated with 3-AB 
(20 mM) or vehicle for 2 h 
and then LPS (100 ng/ml) 
was added for 24 h. a iNOS 
expression was evaluated by 
WB with tubulin serving for 
normalization. Data expressed 
as mean ± SD (n = 3); b NO 
level was assessed using the 
Griess reagent and expressed as 
mean ± SD (n = 6). ***p < 0.001
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PARP inhibitors, PJ-34 and AIQ, or by genetic ablation 
of PARP-1. Thus, in that study, the therapeutic protection 
provided by PARP-1 knockout apparently confirmed the 
mechanism of action of the pharmacological inhibitors. 
However, in other reports, a PARP-1 inhibitor was effec-
tive also in the absence of PARP-1 expression, suggesting 
an off-target effect [42, 43]. The anti-oxidative properties 
of multiple PARP-1 inhibitors, including 3-AB [37], are 
likely to play a role, as suggested in the animal model 
of acetaminophen overdose, where the protective effect 
of 3-AB largely remained also in PARP-1 knockout mice 
[42]. Cover et al. [42] further showed that 3-AB inhibits 
glutathione depletion caused by the reactive metabolite 

formed in the liver from acetaminophen (NAPQI) and sug-
gested that 3-AB directly inhibited its formation. However, 
metabolism of acetaminophen results also in formation of 
H2O2 [44] which can create oxidative stress unless neutral-
ized, for example by glutathione via glutathione peroxi-
dase. Our results suggest that 3-AB inhibits liver damage 
resulting from administration of ConA, in part by acting 
as a scavenger for H2O2. This mechanism may be relevant 
also for acetaminophen cytotoxicity. It should be noted 
that oxidative stress involves multiple ROS that are gener-
ated from H2O2. We show that 3-AB was more potent in 
inhibiting HRP activity than in reducing the fluorescence 
of the specific H2O2 probe, suggesting that 3-AB may be 

Fig. 5   3-AB does not inhibit NFκB p65 nuclear translocation and 
phosphorylation on Ser-276 and Ser-536. a RAW264.7 macrophages 
were pre-incubated with 3-AB (20 mM) or vehicle for 2 h and LPS 
(100  ng/ml) was added for 30  min. Phosphorylation on Ser-536 of 
p65 NFκB was determined by WB of cellular extracts with general 
p65 NFκB serving for normalization. Data expressed as mean ± SD 
(n = 3); b RAW264.7 macrophages were pre-incubated with 3-AB 
(20 mM) or vehicle for 2 h and LPS (100 ng/ml) was added for the 
indicated time. The cells were then fixed, permeabilized, and exposed 
to phospho-Ser-276 p65 pNFκB antibody. Data represent mean ± SD 
(n = 3) of fluorescence intensity in 500 nuclei/well (arbitrary units, 

divided by 10,000); c RAW264.7 macrophages were transfected with 
a luciferase reporter regulated by four repeats of a consensus NFκB 
sequence, five repeats of the AP-1 binding site from the human col-
lagenase promoter, or a CRE-containing EVX-1 promoter. The cells 
were incubated for 6  h with 3-AB (20  mM) or vehicle in the pres-
ence or absence of the relevant stimulus—LPS (100  ng/ml) for the 
NFκB and AP-1 reporters or cAMP inducers—isoproterenol (1 μM) 
and IBMX (0.25 mM) for the CRE reporter. Luciferase reporter data 
expressed as mean ± SD (n = 3) of values normalized against Renilla 
luciferase activity, relative to unstimulated control cells. *p < 0.05, 
***p < 0.001
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more efficient as a scavenger of ROS derived from H2O2 
(e.g., hydroxyl radical) compared to H2O2 itself [45].

In this study, we show that 3-AB markedly reduced the 
acute hepatitis and liver necrosis caused by ConA. The 
reduced oxidative stress may reflect an important mechanism 
for protection from liver damage by 3-AB, consistent with 
a previous study showing the efficacy of ROS scavengers in 
preventing ConA-induced liver damage [21]. Additionally, 
we show that 3-AB significantly reduced TNFα secretion 
in the ConA mouse model and in cell culture. This find-
ing suggested that PARP-1 inhibition by 3-AB, resulting in 
NFκB suppression [46], is a major mechanism for TNFα 
suppression by 3-AB. Yet, we also show that anti-oxida-
tive agents, NAC and DPI, strongly inhibit TNFα secretion 
from macrophages in an NFκB-independent manner, sug-
gesting that ROS produced in LPS-stimulated macrophages 
are involved in TNFα secretion. Consistently, LPS-induced 
ROS are required for expression of TNFα, iNOS, and addi-
tional inflammatory factors via the p38 kinase pathway 
[47]. Thus, the ability of 3-AB to reduce oxidative stress 
in vivo and to act as a scavenger for H2O2 in vitro suggests 
that the observed inhibition of TNFα and iNOS expression, 
and subsequent TNFα secretion and NO production may be 
attributed to dual independent mechanisms—suppression of 
NFκB activity and ROS neutralization.

We show that partial PARP-1 silencing or its complete 
knockout did not significantly impair the ability of 3-AB 
to inhibit TNFα expression (Fig. 8) or NO production (data 
not shown). Interestingly, knocking-out PARP-1 did not 
reverse suppression of NFκB activity by 3-AB. This result 
was somewhat surprising in light of previous reports show-
ing that PARP-1 catalyzes poly ADP-ribosylation of the 
NFκB p65 subunit, leading to increased nuclear accumula-
tion and activity in LPS-stimulated macrophages [12, 48, 

Fig. 6   Oxidative stress inhibitors and 3-AB suppress TNFα expres-
sion in an additive manner. RAW264.7 macrophages, transfected with 
a luciferase reporter regulated by four repeats of a consensus NFκB 
sequence, were stimulated for 6 h with LPS (100 ng/ml) in the pres-
ence or absence of 3-AB (20  mM) and/or either NAC (20  mM) or 
DPI (10  μM). a TNFα secretion to the medium was measured by 
ELISA. Data represent mean ± SD (n = 6); b Luciferase reporter data 
expressed as mean ± SD (n = 6) of values normalized against Renilla 
luciferase activity, relative to unstimulated control cells. ***p < 0.001

Fig. 7   3-AB acts as a scavenger for H2O2, but has no effect on super-
oxide formation or stability. a NADPH was added to a reconstituted 
cell-free NADPH oxidase complex, and the resulting superoxide 
was concurrently quantified by a reaction with cytochrome C which 
then absorbs at 550 nm. Inhibitors tested were 3-AB (10 mM), NAC 
(20  mM), and DPI (10  μM) and the enzyme superoxide dismutase 
(SOD, 250 u/ml). Data represent mean ± SD of three independent 
experiments of superoxide formation kinetics (5 min, n = 3); b H2O2 

(0.22 mM) was mixed with 3-AB (1–20 mM) or vehicle (5% DMSO). 
HRP-catalyzed oxidation of TMB (0.13 mM) by H2O2 was followed 
for 1.5 min by measurement of the absorbance at 450 nm. Data rep-
resent mean ± SD (n = 3); c H2O2 (50 μM) was mixed with the probe 
PF2 (0.1  mM) and either 3-AB (0.5–20  mM), NAC (0.1–20  mM) 
or vehicle (10% DMSO). Fluorescence development at 530  nm 
was followed for 5  h. Data represent mean ± SD (n = 3). **p < 0.01, 
***p < 0.001
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49]. It is possible that NFκB activation by PARP-1 is com-
pensated for by other NAD+-binding enzymes which are 
non-selectively inhibited by 3-AB, including other PARPs 
and mono-(ADP-ribosyl)transferases [50] or even NADases 
[51]. Yet, it should be noted that the requirement of PARP-1 
expression and/or catalytic activity for NFκB activation 
seems to be highly context-dependent rather than a general 
mechanism [52–54].

We further show that 3-AB neither interferes with 
nuclear translocation of the NFκB p65 subunit nor does 
it interfere with the key activating phosphorylation 

events—on Ser-276 and Ser-536 of p65. Although other 
phosphorylation sites are considered to have a more 
moderate regulatory effect on p65 activity [34], we can-
not exclude the possibility that 3-AB suppresses NFκB 
reporter activity by inhibiting phosphorylation on a dif-
ferent p65 site positively associated with transcription, or 
that it elevates phosphorylation on a p65 site negatively 
associated with transcription. Alternatively, 3-AB may 
affect a different posttranslational modification, such as 
acetylation which has been shown to regulate DNA bind-
ing and additional NFκB functions, or methylation [34].

Fig. 8   PARP-1 inhibition is not 
required for TNFα suppres-
sion by 3-AB. a, b RAW264.7 
macrophages were transfected 
with siPARP-1 or control 
siRNA. a WB showing 70% 
silencing efficiency. The blot is 
representative of 3 independ-
ent experiments; b the cells 
were pre-incubated with 3-AB 
(20 mM) or vehicle for 2 h 
and then LPS (100 ng/ml) was 
added for 24 h. TNFα secretion 
to the medium was measured 
by ELISA. Data represent 
mean ± SD (n = 6). TNFα was 
undetectable in resting cells. 
c RAW264.7-derived PARP-1 
knockout (KO) cells were gen-
erated using CRISPR/Cas9. The 
WB shows PARP-1 expression 
in wild-type (WT) RAW264.7 
macrophages and in mock-trans-
fected cells, and the complete 
absence of PARP-1 in the 
KO cells. d, e WT, mock and 
PARP-1-KO cells were trans-
fected with a luciferase reporter 
regulated by four repeats of a 
consensus NFκB sequence and 
stimulated for 6 h with LPS 
(100 ng/ml) in the presence or 
absence of 3-AB (20 mM). d 
TNFα secretion to the medium 
was measured by ELISA. Data 
represent mean ± SD (n = 4). 
TNFα was undetectable in rest-
ing cells. e Luciferase reporter 
data expressed as mean ± SD 
(n = 4) of values normalized 
against Renilla luciferase activ-
ity. **p < 0.01, ***p < 0.001
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We verified that 3-AB does not generally inhibit expres-
sion of the luciferase reporter. Indeed, 3-AB suppressed 
NFκB- and AP-1-dependent reporter activities in LPS-
stimulated cells, but not CREB-dependent reporter activity 
in cells exposed to cAMP inducers. We therefore suggest 
that the anti-inflammatory effect of 3-AB stems from inhibi-
tion of gene expression downstream to TLR4. Rather than a 
direct effect on the transcription factor, this may result from 
an effect of 3-AB on regulation by LPS of a component of 
the transcriptional machinery which is required for the func-
tion of both NFκB and AP-1. For example, in mouse lung 
epithelial cells, LPS up-regulates the level of the transcrip-
tional coactivator CBP in a time-dependent manner [55].

While the activity of 3-AB as antioxidant appears to be 
direct and unrelated to its activity as an inhibitor of NFκB 
activation, these pathways are known to influence each other. 
ROS production is upregulated in LPS-stimulated mac-
rophages via NFκB which stimulates expression of Nox1, 
while it represses the expression of enzymes that neutral-
ize ROS, such as catalase and glutathione peroxidase [56]. 
Thus, NFκB suppression by 3-AB is expected to indirectly 
augment its direct activity in reducing oxidative stress. This 
putative cross talk may explain the observed time depend-
ency of TNFα suppression by 3-AB.

Hepatic cell death may occur in various modes, includ-
ing necrosis, apoptosis, necroptosis, and autophagy, which 
can exist in parallel. Even a single mode, such as apoptosis, 
may proceed via distinct and sometimes parallel pathways, 
depending on the cause of liver injury [57]. Oxidative stress 
is an integral part of multiple cell death pathways [57–59]. 
Apart from having a key role in inflammation, TNFα is also 
able to stimulate apoptosis in hepatocytes [57]. Addition-
ally, ConA-induced liver damage involves TRAIL which 
is secreted mainly by activated NKT cells and stimulates 
hepatocyte cell death in a mechanism depending on PARP-1 
[60]. Interestingly, while ConA is mainly regarded as a spe-
cific T cell activator, it was also reported to directly induce 
apoptosis of HepG2 cells [61]. Thus, the anti-inflammatory 
and anti-oxidative activities of 3-AB are expected to reduce 
external signals for hepatic cell death, and in addition 3-AB 
is expected also to directly inhibit cell death pathways in 
hepatocytes due to its activities as a PARP-1 inhibitor and 
as an antioxidant. Conversely, 3-AB is expected to promote 
cell death if it abolishes NFκB activity also in hepatocytes, 
as shown here for macrophages. This is because NFκB is 
generally considered as anti-apoptotic, and its inhibition was 
demonstrated to be crucial for TNFα-stimulated apoptosis 
of hepatocytes [62, 63]. Moreover, 3-AB may also promote 
hepatocyte cell death by inhibiting PARP-1 whose activ-
ity can rescue HepG2 cells from oxidative stress-induced 
apoptosis [59]. It is therefore not surprising that contrasting 
effects of 3-AB on hepatocyte cell death have been reported 
[58, 59, 64, 65].

The inflammatory process that leads to liver damage 
in the ConA mouse model involves immune cells, such as 
resident macrophages and infiltrating monocytes [3]. These 
monocytic cells can be activated by cytokines (e.g., TNFα 
and IFNγ) [4, 5] or short-lived mediators [4] secreted from 
the ConA-stimulated T cells. Additionally, these cells can 
be activated via TLR4, either by the pathogen-associated 
molecular pattern (PAMP) LPS or by danger-associated 
molecular pattern (DAMP) molecules released from necrotic 
cells [9, 10]. In fact, TLR4-deficient mice were protected 
from liver injury in the mouse models of ConA and aceta-
minophen toxicity [9] and hemorrhagic shock [7]. Thus, 
the suppressive effect demonstrated here for 3-AB in LPS-
stimulated macrophages is highly relevant for its protective 
effect in the ConA-induced liver damage model.

PARP-1 inhibition was recently demonstrated to attenu-
ate liver injury caused by bile duct ligation [15], CCl4 [15], 
acetaminophen overdose [16], and alcohol toxicity [17]. In 
the current research, we examined the approach of PARP-1 
inhibition in the well-described acute immune model of 
ConA-induced hepatitis that mimics autoimmune hepatitis 
due to the direct effect of ConA on hepatic T cells, initiating 
inflammation. Surprisingly, we found that 3-AB suppresses 
NFκB activity and inhibits TNFα secretion in macrophages 
also in the complete absence of PARP-1 expression. Yet, it 
is possible that PARP-1 inhibition contributes to the over-
all protective effect of 3-AB in vivo, as PARP-1 activity in 
hepatocytes is involved in cell death in the ConA model [60], 
and PARP-1 knockout protects from liver injury in the CCl4 
model [15]. In our study, 3-AB was administered to mice as 
a preventive treatment. Yet, it is possible that the drug would 
be efficient also as a therapy following the toxic liver stimu-
lus, as demonstrated for two other PARP-1 inhibitors in the 
chronic CCl4 model [15]. The main conclusion derived from 
our study is that the dual activity of 3-AB as an inhibitor of 
NFκB and as a scavenger accounts together for the suppres-
sion of TNFα expression and secretion from macrophages, 
which is manifested in prevention of liver damage in vivo. 
Thus, our study supports the possibility that a combination 
of a PARP-1 inhibitor such as olaparib, an NFκB inhibitor, 
and an anti-oxidative agent such as NAC might be useful in 
treatment of acute liver injury of any cause, including cases 
of acetaminophen overdose which are currently treated by 
NAC. A single reagent which possesses all these activities, 
such as 3-AB, may be in particular effective, as shown in 
this study.
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