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BACKGROUND AND PURPOSE
Acute liver failure (ALF) is a severe and potentially lethal clinical syndrome. 3,3′-Diindolylmethane (DIM) is a natural
plant-derived compound with anti-cancer activities. Recently, DIM has also been shown to have anti-inflammatory properties.
Here, we tested the hypothesis that DIM would suppress endotoxin-induced ALF.

EXPERIMENTAL APPROACH
We investigated the therapeutic potential of DIM in a mouse model of D-galactosamine/Lipopolysaccharide
(GalN/LPS)-induced ALF. The efficacy of DIM treatment was assessed by survival, liver histopathology, serum levels of alanine
transaminase, pro-inflammatory cytokines and number of activated liver macrophages. Effects of DIM on the expression of
two miRNAs, 106a and 20b, and their predicted target gene were measured by qRT-PCR and Western blotting. Effects of DIM
on the release of TNF-α from RAW264.7 macrophages transfected with mimics of these miRNAs and activated by LPS was
assessed by ELISA.

KEY RESULTS
DIM treatment protected mice from ALF symptoms and reduced the number of activated liver macrophages. DIM increased
expression of miR-106a and miR-20b in liver mononuclear cells and decreased expression of their predicted target gene IL-1
receptor-associated kinase 4 (IRAK4), involved in signalling from Toll-like receptor 4 (TLR4). In vitro transfection of RAW264.7
cells using miRNA mimics of miR-106a and 20b decreased expression of IRAK4 and of TNF-α secretion, following LPS
stimulation.

CONCLUSIONS AND IMPLICATIONS
DIM attenuated GalN/LPS-induced ALF by regulating the expression of unique miRNAs that target key molecules in the TLR4
inflammatory pathway. DIM may represent a potential novel hepatoprotective agent.

Abbreviations
ALF, Acute liver failure; ALT, Alanine transaminase; DIM, 3,3′-Diindolylmethane; GalN/LPS, D-galactosamine and LPS;
IRAK4, IL-1 receptor-associated kinase 4; KCs, Kupffer cells; MNCs, Mononuclear cells
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Introduction
Acute liver failure (ALF) is a severe life-threatening clinical
syndrome caused by sudden and severe injury to the liver
(Bernal et al., 2010). The syndrome involves rapid loss of liver
function and in many cases can lead to multi-organ failure
and even death (Bernal et al., 2010). The underlying patho-
logical cause for ALF is the extensive necrosis and apoptosis of
hepatocytes (Liang et al., 2013). Common causes for the syn-
drome include viral hepatitis, drug overdose, idiosyncratic
drug reactions and toxins (Zhan et al., 2014). ALF is associ-
ated with a very high mortality of up to 80% (Bernal et al.,
2010). Currently, there are no effective therapeutic strategies
available against ALF and liver transplantation remains the
only treatment option. However, non-availability of donors
and other associated complications warrant the need to iden-
tify novel modalities to treat ALF (Bernal et al., 2010; Sarra
et al., 2013).

Increasing evidence suggests that the activation of an
acute inflammatory response plays a major role in the patho-
genesis of ALF (Antoniades et al., 2008). Among other cell
types, the macrophages resident in the liver, Kupffer cells
(KCs), have been shown to play an important role in the
development of acute liver injury in a number of ALF models
(Antoniades et al., 2008). One such experimental model,
induced by D-galactosamine and LPS (GalN/LPS), has been
widely used to study the mechanisms of the pathogenesis of
ALF and identify novel therapeutic drugs (Zhang et al., 2010).
The liver injury induced in this model closely resembles clini-
cal ALF (Silverstein, 2004). In GalN/LPS-induced ALF, LPS
triggers an innate immune response by stimulating the Toll-
like receptor 4 (TLR4) on KCs and infiltrating macrophages to
produce pro-inflammatory cytokines such as TNF-α, IL-6 and
the chemokine CCL2 (Liang et al., 2013). These cytokines and
chemokines then mediate massive infiltration of other
immune cells into the liver tissue to cause hepatocyte apop-
tosis and ultimately ALF (Liang et al., 2013). Among the pro-
inflammatory cytokines, TNF-α is an important mediator that
induces hepatocyte apoptosis to cause liver injury (Zhan
et al., 2014). IL-1 receptor-associated kinases (IRAKs) are a
family of proteins involved in signalling downstream of
various TLRs (Flannery and Bowie, 2010). TLR4 stimulation
by LPS leads to activation of IRAK4 and through a signal
transduction pathway to the activation of NF-κB, which then

promotes the transcription of various pro-inflammatory
genes (Kim et al., 2007; Lu et al., 2008; Flannery and Bowie,
2010).

3,3′-Diindolylmethane (DIM) is a derivative product of its
precursor indole-3-carbinol (I3C), a natural indole compound
found in cruciferous vegetables, such as broccoli, kale and
cauliflower (Cho et al., 2008). Upon exposure to acidic envi-
ronment of the gastric juices, I3C undergoes condensation to
generate several derivatives, including DIM (Cho et al., 2008).
Both I3C and DIM have been extensively studied with respect
to their anti-cancer properties (Ahmad et al., 2010; Banerjee
et al., 2011). However, more recently, a role in immunosup-
pression has also been identified for these indole compounds
in various models of inflammatory diseases (Kim et al., 2009;
Dong et al., 2010; Busbee et al., 2013). Previous studies from
our laboratory have also shown that both I3C and DIM
attenuate disease symptoms in mouse models for experimen-
tal multiple sclerosis and staphylococcal enterotoxin B (SEB)-
induced toxic shock (Rouse et al., 2013; Busbee et al., 2014).
Furthermore, DIM has also been shown to decrease in vitro
macrophage (Cho et al., 2008) and microglial (Kim et al.,
2014) activation by down-regulating NF-κB activity. However,
a mechanistic link between DIM and the decrease in LPS-
induced NF-κB transactivation has not been identified.
Moreover, the potential of DIM in the treatment of an animal
model of ALF has not been studied so far.

miRNAs are a class of evolutionarily conserved short (∼22
nt) non-coding RNAs (Taganov et al., 2006) and they are
involved in the regulation of almost all cellular and develop-
mental processes by controlling the expression of a number
of genes (Tili et al., 2007). To achieve this, the seed sequence
of a miRNA binds the 3′ untranslated region of the target
mRNA to cause a translational inhibition or degradation of
the mRNA of the target gene. miRNAs have emerged as poten-
tial immunomodulators because of their role in a number of
clinical disorders such as cancer and inflammatory diseases
(O’Neill et al., 2011; Kohanbash and Okada, 2012). In addi-
tion, a number of studies have identified miRNAs to be
important players in regulating different aspects of mac-
rophage activation and TLR signalling pathways (Chaudhuri
et al., 2011; O’Neill et al., 2011). In this study, we investigated
if the ability of DIM to ameliorate GalN/LPS-induced ALF
involved miRNAs. We found that DIM protected mice from
ALF-associated lethality and attenuated disease parameters by

Tables of Links

TARGETS

Catalytic receptorsa

TLR4

Enzymesb

IRAK4, IL-1 receptor-associated kinase 4

Caspase-3

LiGANDS

CCL2

IL-6

LPS

TNFα

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guideto PHARMACOLOGY 2013/14 (a,bAlexander et al., 2013a,b).

BJP S Tomar et al.

2134 British Journal of Pharmacology (2015) 172 2133–2147

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=316#show_object_1754
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2045
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1619
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4406
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4998
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=5019
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5073
http://www.guidetopharmacology.org/
http://www.guidetopharmacology.org/


suppressing macrophage activation in vivo. Furthermore, our
results suggested that DIM protected mice from liver injury,
at least in part, through regulation of key miRNAs that target
molecules in the TLR4 signalling pathway and thus suppress
macrophage activation.

Methods

Animals
All animals were housed and maintained under specific
pathogen-free conditions at the AALAC-accredited animal
facility of School of Medicine at the University of South
Carolina. All experimental procedures complied with NIH
guidelines and the protocols were pre-approved by the Insti-
tutional Animal Care and Use Committee of the University of
South Carolina. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 60 animals were used in the experi-
ments described here. Female C57BL/6 mice (8–10 weeks old)
were purchased from the National Cancer Institute (Freder-
ick, MD, USA).

Induction of ALF and treatment with DIM
Mice were randomly allocated to the experimental groups
(12 in the group treated with GalN/LPS and 10 in the other
three groups, DIM alone, GalN/LPS + DIM and vehicle
alone). GalN and LPS (Sigma Aldrich, St. Louis, MO, USA)
were dissolved in PBS. To induce ALF, mice were injected
i.p. with a combination of GalN (800 mg·kg−1) and LPS
(18 μg·kg−1). PBS was used as vehicle for these experiments.
DIM (Sigma Aldrich) was dissolved initially in Dimethyl sul-
foxide (DMSO) (Sigma Aldrich) and diluted further in corn
oil (Sigma Aldrich). For treatment with DIM, mice were pre-
treated (i.p. injection) with two doses of 40 mg·kg−1 each:
the first dose was given 24 h before the GalN/LPS injection
and the second 2 h before the GalN/LPS injection. Blood
samples were collected 2 and 12 h after GalN/LPS injection,
and sera were separated and stored at −20°C until further
use. Mice were observed for morbidity each hour after the
injection of GalN/LPS and any mice that were very sick
(lack of mobility, heavy breathing, tremors and raised fur)
were sacrificed (with overdose of isoflurane). None of the
mice were found dead during the course of our studies. At
12 h after GalN/LPS treatment, all mice were sacrificed (iso-
flurane) and liver tissues were collected for histology and
isolation of mononuclear cells (MNCs). For some experi-
ments (isolation of liver MNCs and expression of NF-κB; see
Figure 6D), mice (groups of 4) were sacrificed at 1.5 h after
the GalN/LPS injection. The liver tissues were frozen and
stored at −80°C until further use.

Serum cytokine analysis and alanine
transaminase (ALT) activity assay
Serum samples collected 2 and 12 h after GalN/LPS injection
were analysed for the levels of cytokines using sandwich ELISA

kits for TNF-α, IL-6 and CCL2 (BioLegend, San Diego, CA,
USA). Serum samples collected 12 h after GalN/LPS injections

were also analysed to measure levels of the liver enzyme ALT,
using the quantitative ALT determination kit (Pointe Scien-
tific, Canton, MI, USA).

Liver histology
Liver tissues isolated at 12 h after GalN/LPS injection were
rinsed gently with PBS and fixed in 10% neutral buffered
formalin for 24 h, paraffin embedded and sectioned using a
microtome to obtain 5 μm thick sections. The sections were
stained with haematoxylin-eosin and examined by light
microscopy to evaluate tissues for histopathological damage.
The sections were number coded before embedding in the
paraffin blocks and the stained slides were evaluated without
knowledge of the treatment groups.

Isolation of liver MNCs
The cells infiltrating the liver were isolated using a protocol
described earlier (Dong et al., 2004). Briefly, livers were per-
fused with liver perfusion medium, cut into small pieces and
digested using liver digestion medium (Gibco Life Technolo-
gies, Grand Island, NY, USA). The liver digest was diluted with
8 volumes of PBS, followed by centrifugation (50× g at 4°C for
5 min) to pellet the hepatocytes. MNCs were isolated from
the supernatant using centrifugation through a Percoll
density gradient (GE Healthcare Life Sciences, Pittsburgh, PA),
as described (Dong et al., 2004). MNCs were then filtered
using 70 μm nylon mesh filters, counted and stained with
fluorochrome conjugated antibodies for the markers: CD11b,
CD80 and CD86 (BioLegend) and analysed with the FC 500
flow cytometer (Beckman Coulter, Brea, CA, USA) using the
CXP analysis software (Beckman Coulter).

RNA isolation, miRNA microarray, pathway
analysis and real-time PCR
Total RNA was isolated from liver MNCs using miRNeasy kit
(Qiagen, Valencia, CA, USA). Total RNA isolated from liver
MNCs of the (LPS + Veh) group and the (LPS + DIM) group
was analysed using Affymetrix microRNA microarray v.1.0, as
described previously (Hegde et al., 2013). The miRNA micro-
array data was analysed using the Affymetrix miRNA QC Tool
software, to identify miRNAs that were altered by more than
1.5-fold change in experimental groups, compared with con-
trols. Statistical significance (p values) for ‘detection calls’ was
determined by Affymetrix test by using a p value < 0.05 . The
log-transformed fluorescence intensity values were mean-
centered and are shown in the form of the heat map. A scatter
plot was developed using Microsoft Excel to show the miRNA
that were increased or decreased in LPS + DIM group, com-
pared to the LPS + Veh group.

The TLR pathway regulated by miRNAs was generated
through the use of Ingenuity® Systems, Ingenuity Pathway
Analysis (IPA) software (IPA®, QIAGEN Redwood City;
www.qiagen.com/ingenuity). IPA was also used as described
previously (Hegde et al., 2013) to identify the miRNAs in the
dataset that were either strongly predicted or have been vali-
dated in published papers to target molecules in the TLR
signalling pathway. In addition to IPA, we also used the
miRWalk database (Dweep et al., 2011) to select miRNAs from
the IPA-identified miRNA dataset to further shortlist miRNAs
with a minimum predictive score of 4. qRT-PCR was per-
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formed to quantify the levels of miRNAs using miScript SYBR
Green PCR kits and the following primer assays (Qiagen):
mmu-miR-106a, mmu-miR-20b, mmu-miR-125b-5p. Snord61
was used as the reference gene for qRT-PCR.

Immunoblotting
Total protein was isolated from the liver tissues and MNCs
collected 12 h after GalN/LPS injection using RIPA buffer
(Santa Cruz Biotechnology, Dallas, TX, USA) supplemented
with protease inhibitor cocktail (Thermo Fisher Scientific,
Rockford, IL, USA). For investigating NF-κB activation and
nuclear localization, nuclear and cytosolic protein samples
were isolated from liver tissues obtained 1.5 h after GalN/LPS
injection using the NE-PER nuclear and cytoplasmic extrac-
tion kit (Thermo Fisher Scientific). The protein samples were
quantified using a BCA protein estimation kit (Thermo Fisher
Scientific). Twenty micrograms of protein was loaded for each
sample. The proteins were transferred to the nitrocellulose
membrane using the wet transfer method. The membranes
were blocked in 5% milk in Tris-buffered saline (pH 7.6),
containing Tris base, sodium chloride and 0.1% Tween-20
(TBST) for 1 h and probed with the following antibodies (Cell
Signaling, Danvers, MA, USA): β-actin (1:1000), NF-κB p65
subunit (1:500), IRAK4 (1:1000) and caspase-3 (1:1000).

Cell culture and transfections
The mouse macrophage cell line, RAW264.7, was cultured in
complete DMEM containing 10% FBS (Life Technologies) and
cells were allowed to adhere for 24 h. Thioglycollate-induced
macrophages were isolated from the peritoneal cavity of
mice, washed in medium, plated for 90 min at 37°C in a 5%
CO2 incubator, harvested using a cell scraper, seeded at 0.5
million per well in 24-well plates and allowed to adhere for
24 h. Both cell types were then treated with vehicle (0.05%
DMSO) or DIM (10 μM). One hour later, cells were treated
with LPS (10 ng·mL−1 for RAW264.7 cells, and 10 and
100 ng·mL−1 for peritoneal macrophages). Twenty-four hours
later, cell culture supernatants were obtained for ELISAs to
quantify TNF-α secretion by the RAW264.7 cells and perito-
neal macrophages. For transfections, miRNA mimics and
negative controls were (Qiagen) used as described (Liu et al.,
2009) at 40 nM and the cells were transfected using HiPerFect
transfection reagent (Qiagen).

Data analysis
For experiments with mice, groups of 10–12 mice were used.
For in vitro assays and qRT-PCRs, all experiments were per-
formed in triplicate. Data have been shown as mean ± SEM
wherever applicable. For statistical analysis, one-way ANOVA

was used to analyse for significance for each experiment, and
Tukey’s post hoc test was performed to analyse differences
between groups. Survival curves were created using product
limit method of Kaplan and Meier and analysed for statistical
significance using log-rank (Mantel–Cox) test. A P-value of
≤0.05 was used to determine statistical significance. The
graphs were plotted using GraphPad Prism software (Graph-
Pad Software, Inc., La Jolla, CA, USA) and densitometric
analysis was performed using ImageJ software (http://
rsb.info.nih.gov/ij/).

Results

Attenuation of ALF in DIM-treated mice
ALF induced by GalN/LPS is a well-established animal model
for screening hepatoprotective compounds to identify new
therapeutic agents. The model involves severe mortality and
an increase in serum ALT levels of mice with ALF (Zhang
et al., 2010). In this study, we investigated the possible use of
DIM in the treatment of ALF induced by GalN/LPS (hence-
forth referred to as LPS-induced ALF). We used a dose of
40 mg·kg−1 of DIM in our studies based on our previous find-
ings where DIM was able to attenuate other inflammatory
disorders (Rouse et al., 2013; Busbee et al., 2014). All mice
treated with vehicle or DIM alone survived. However, mice
injected with LPS had a survival rate of 70% at 10 h and 50%
at 12 h (Figure 1A). In contrast, mice pretreated with DIM
and injected with LPS had 100% survival rate (Figure 1A).
Injection with LPS increased the serum ALT levels 12 h later,
and these raised levels were decreased by DIM pretreatment
(Figure 1B). Also, mice injected with DIM alone did not show
any increase in serum ALT levels (Figure 1B). Histological
analysis of the liver tissues 12 h after injection with LPS
showed severe tissue damage and infiltration of inflammatory
cells (Figure 1C). On the other hand, liver tissues from the
DIM pretreated group showed less tissue damage and a much
reduced infiltration of inflammatory cells (Figure 1C). Mice
injected with DIM alone did not show any mortality, increase
in serum ALT levels or liver tissue damage over the 12h
experimental period (Figure 1A–C).

DIM treatment decreases production of
pro-inflammatory cytokines and liver
apoptosis upon LPS injection
Pro-inflammatory cytokines have been shown to play a major
role in the development and progression of ALF in the GalN/
LPS model (Liang et al., 2013). Therefore we investigated the
serum levels of pro-inflammatory cytokines, TNF-α, CCL2
and IL-6, 2 and 12 h after injecting mice with LPS and
observed an increase in all these cytokines in LPS-injected
mice at both 2 and 12 h (Figure 2A and B). On the other
hand, in mice pretreated with DIM, the levels of these pro-
inflammatory cytokines after LPS, were decreased (Figure 2A
and B). Because hepatocyte apoptosis is a significant event
(Liang et al., 2013) that leads to ALF and caspase-3 is a major
mediator of apoptosis, we investigated the effect of DIM on
LPS-induced apoptosis in liver tissues by performing immu-
noblotting on 12 h liver tissue protein samples to determine
caspase-3 cleavage. LPS treatment triggered liver tissue apop-
tosis as shown by caspase-3 cleavage, while DIM pretreatment
significantly reduced the caspase-3 cleavage (Figure 2C),
showing an attenuation of apoptotic damage in the liver
tissues.

DIM decreases liver infiltration of MNCs and
decreases macrophage activation in the
infiltrating MNCs
ALF induced by GalN/LPS is accompanied by an extensive
infiltration of inflammatory cells in the liver tissues (Liang
et al., 2013). Next, we determined the absolute cell numbers
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of MNCs that had infiltrated the liver tissues in different
groups of mice. LPS-treated mice had a significant increase in
the number of liver-infiltrating MNCs (Figure 3A), compared
with the control mice injected with saline. The mice pre-
treated with DIM and then given LPS, in contrast, showed
significantly decreased infiltration of MNCs in the liver
tissues (Figure 3A). A number of studies have identified mac-
rophages as playing a major role in ALF induced by GalN/LPS
(Stuart et al., 2011). CD11b+ macrophages are the main phe-
notype that infiltrates liver during inflammatory responses

(Holt et al., 2008; Ramachandran et al., 2012; Ikarashi et al.,
2013; Nakashima et al., 2013). In our study, we found that
LPS injection increased both the percentage and absolute
numbers of CD11b+ macrophages in the liver (Figure 3B and
D) and that pretreatment with DIM reduced the infiltration
of these macrophages in the liver tissue, following LPS
(Figure 3B and D). CD80 is an activation marker that has been
shown to be up-regulated upon stimulation of macrophages
with LPS (Xia et al., 2009). Furthermore, previous studies
have shown that CD80+ macrophages are significantly

Figure 1
DIM treatment attenuates LPS-induced ALF. (A) Survival of mice (n = 10–12 per group) at different times after co-administration of GalN
(800 mg·kg−1) + LPS (18 μg·kg−1) (shown as LPS) along with vehicle or DIM (40 mg·kg−1). (B) Sera collected at 12 h after LPS treatment were
analysed for ALT levels. Data presented as mean ± SEM (n = 6 for the LPS + Veh group; n = 10–12 for the other groups). (C) Representative images
of histological examination of livers (10×) from mice injected with vehicle alone, DIM alone, LPS or LPS + DIM following haematoxylin-eosin
staining. *P < 0.05, **P < 0.01, significantly different as indicated.
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increased in liver tissues of both ALF patients and mice with
GalN/LPS-induced ALF and may contribute to the pathogen-
esis of liver failure (Leifeld et al., 1999). Therefore, we double-
stained the CD11b+ macrophages for the marker CD80 and
determined the proportion of macrophages expressing this
activation marker CD80. Mice with LPS-induced ALF exhib-
ited both significantly increased percentages and absolute cell
numbers of macrophages expressing CD80, while DIM pre-
treatment decreased these effects (Figure 3C and D). These

results together suggested that pretreatment with DIM sup-
pressed macrophage activation in liver after GalN/LPS injec-
tion in vivo.

DIM treatment suppresses the LPS-induced
activation of RAW264.7 cells in vitro
We next investigated the effects of DIM on in vitro mac-
rophage activation using the mouse macrophage cell line,
RAW264.7. In our pilot studies, we performed a dose response

Figure 2
DIM treatment suppresses the production of systemic pro-inflammatory cytokines and apoptotic damage in livers of mice with LPS-induced ALF.
Blood was collected from mice at (A) 2 and (B) 12 h after GalN + LPS (shown as LPS) injection. Sera were analysed for cytokines using sandwich
ELISA for TNF-α, CCL2 and IL-6. Data presented as mean ± SEM (n = 6 for the LPS + Veh group); n = 8 for the other groups). (C) Protein samples
were isolated from liver tissues harvested 12 h after LPS injection and run on SDS-PAGE for immunoblotting to probe for caspase-3 (uncleaved:
35 kDa and cleaved: 17 kDa) and β-actin (42 kDa). *P < 0.05, **P < 0.01, significantly different as indicated.
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Figure 3
DIM treatment reduces infiltration of MNCs and suppresses activation of infiltrating macrophages in vivo. Mice were treated with LPS + Veh or
LPS + DIM as described earlier and 12h later, infiltrating MNCs were isolated. (A) The cells were counted to obtain absolute numbers of infiltrating
cells in liver. Liver MNCs were stained using monoclonal antibodies for the macrophage marker CD11b and the activation marker CD80 and were
analysed by flow cytometry to identify (B) CD11b+ cells and (C) CD11b+ CD80+ cells. Representative histogram plots for these cell populations
are shown (B and C). (D) These data were used to calculate the absolute numbers of infiltrating CD11b+ macrophages and CD11b+ CD80+
macrophages in the liver using the formula: Total number of MNCs × Percentage of CD11b+ CD80+ macrophages/100. Data are presented as
means ± SEM (n = 4 per group). *P < 0.05, **P < 0.01, significantly different as indicated.
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of DIM and studied apoptosis of RAW264.7 cells and perito-
neal macrophages, and found that a concentration of 10 μM
was non-cytotoxic, and therefore that dose of DIM was used
to study changes in macrophage activation and responses.
RAW264.7 cells were treated with DIM (10 μM), and 1 h later,
LPS (10 ng·mL−1) was added to the cultures to stimulate the
cells. Flow cytometric analysis showed that RAW264.7 cells
activated with LPS exhibited significant increase in the
expression of activation markers CD80 (Figure 4A) and CD86
(Figure 4B), and the co-stimulatory molecule CD40
(Figure 4C). Treatment with DIM attenuated these increases
in expression of these three markers in response to LPS
(Figure 4A–C). LPS stimulation also triggered a robust
increase in TNF-α, which was also decreased by pretreatment
of the RAW264.7 cells with DIM (Figure 4D). DIM also
decreased TNF-α secretion from LPS-stimulated peritoneal
macrophages (Figure 4E).

DIM treatment of LPS-injected mice
significantly alters the miRNA profile of
liver MNCs
miRNAs have been implicated in a number of disease
pathologies and inflammatory disorders (Kohanbash and
Okada, 2012). Thus, we tested the role of miRNAs in the
protection by DIM against LPS-induced ALF, by performing a
miRNA microarray analysis that screened for 609 miRNAs. In
mice treated with DIM and LPS, there was a significant
change in the miRNA expression profile of liver MNCs as seen
in the heat map, compared with those from mice that
received LPS alone (Figure 5A). Further analysis led us to
identify 42 miRNAs that were up-regulated and 21 miRNAs
that were down-regulated in DIM + LPS groups when com-
pared with LPS + Veh groups (Figure 5B).

We then performed pathway analysis using IPA to identify
the miRNAs in the dataset that could potentially regulate the
TLR signalling pathway or those that have been already
shown to regulate this pathway, by published results
(Figure 5C, black arrows). In addition to IPA, we also used the
miRWalk database (Dweep et al., 2011) to select miRNAs from
the IPA miRNA dataset to further shortlist miRNAs with a
minimum predictive score of 4. These steps provided a list of
miRNAs that were significantly altered in the LPS + DIM
group and were strongly predicted to regulate the expression
of various target molecules in TLR signalling pathway (shown
in blue arrows in Figure 5C). From these analyses, we identi-
fied three miRNAs that were up-regulated following DIM
treatment of GalN/LPS-injected mice and potentially targeted
the TLR signalling pathway: miR-106a, miR-20b and miR-
125b-5p (Figure 5D).

DIM treatment increases the expression of
miRs-106a, 20b and 125b to regulate IRAK4
and TNF-α expression
miRNAs-106a and 20b that were up-regulated by DIM treat-
ment belong to the miR-17 family. These miRNAs were pre-
dicted to target IRAK4 with a miRWalk analysis score of 4 for
each miR-mRNA alignment (Figure 6A). IRAK4 is a crucial
mediator of TLR4 signalling located upstream in the TLR
signalling pathway involved in the transcription of pro-
inflammatory genes (Li and Qin, 2005). miR-125b-5p has

been shown previously to regulate the responses to LPS-
activated TLRs and to down-regulate TNF-α (Tili et al., 2007).
We confirmed the expression of miR-106a and miR-20b using
qRT-PCR in liver MNCs isolated at 2 and 12 h after LPS injec-
tion and demonstrated that they were indeed up-regulated in
DIM + LPS treated groups, compared with levels after LPS
treatment alone (Figure 6B). We then investigated the expres-
sion of IRAK4 in liver MNCs by immunoblotting and found it
to be down-regulated in liver MNCs from DIM + LPS mice,
compared with that in LPS-treated groups (Figure 6C).
Because NF-κB activation and nuclear translocation is an
event downstream of the IRAK4 activation in the TLR signal-
ling pathway, we also investigated the nuclear translocation
of NF-κB in liver MNCs. The data suggested that NF-κB trans-
location was increased in LPS-treated mice, while DIM treat-
ment decreased this translocation (Figure 6D). We also
confirmed the expression of miR-125b-5p and found it to be
increased in liver MNCs isolated at 12 h after GalN/LPS injec-
tion (Figure 6E). The expression of TNF-α was also investi-
gated in the liver MNCs and we noted that DIM pretreatment
of LPS-injected mice decreased its expression, compared with
that in the mice treated with LPS + Veh (Figure 6F).

miR-106a and miR-20b mimics inhibit
LPS-induced increase in TNF-α secretion by
regulating IRAK4 expression
We next investigated the effects of miRNA mimics on LPS-
mediated activation of RAW264.7 cells. Mimics for miRNAs-
106a and 20b suppressed the secretion of TNF-α upon
stimulation by LPS, compared with the transfection control
(Figure 7A and B). In RAW264.7 cells stimulated with LPS,
these mimics also decreased expression of IRAK4 (Figure 7C
and D). Together, these results suggested that, in RAW264.7
cells, DIM may attenuate LPS-mediated induction of TNF-α
through up-regulation of miRs-106a and miR-20b that target
IRAK4.

Discussion and conclusions

ALF is a severe clinical disorder caused by massive injury to
the liver (Bernal et al., 2010). Over the past few decades, the
role of LPS in the initiation and progression of a number of
acute and chronic inflammatory liver pathologies has been
established (Nolan, 2010; Zhan et al., 2014). This evidence
and the similarity of the pathology of GalN/LPS-induced
model of ALF to clinical ALF (Silverstein, 2004) make this
model highly likely to identify new hepatoprotective drugs.
Inasmuch as there is considerable evidence to point out the
contribution of a systemic inflammatory response syndrome
(SIRS) in ALF (Antoniades et al., 2008), a therapeutic agent
that ameliorates ALF could be a promising drug against other
inflammatory disorders based on SIRS, such as sepsis as well.
In the current study, we demonstrated that pretreatment with
DIM protected mice from GalN/LPS-induced ALF by increas-
ing their survival, decreasing serum ALT levels and decreasing
histological damage to the liver tissues. In addition, our
results here suggest that the changes in the expression of
miRNAs, specifically 106a, 20b and 125b-5p, induced by DIM
in vivo could be involved in the protective effects of DIM.
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Figure 4
DIM treatment reduces LPS-induced activation of macrophages in vitro. RAW264.7 cells were treated with DIM (10 μM) or Veh. One hour later,
the cells were stimulated with 10 ng·mL−1 of LPS. Twenty-four hours later, the cells were harvested to perform flow cytometry after staining with
monoclonal antibodies for the activation markers: (A) CD80, (B) CD86 and the co-stimulatory molecule (C) CD40. Representative histogram plots
for RAW264.7 cells stained with these markers are shown. (D) Levels of TNF-α in the culture supernatants were measured by ELISA. (E) Peritoneal
macrophages elicited with thioglycollate were treated with DIM (10 μM) and 1 h later LPS was added at a concentration of 100 or 10 ng·mL−1.
Culture supernatants were obtained 24 h after LPS stimulation and analysed for TNF-α by ELISA. Data are presented as means ± SEM (n = 3 per
group). *P < 0.05, **P < 0.01, significantly different as indicated.
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Figure 5
DIM treatment up-regulates a number of miRNAs in liver MNCs that can regulate TLR signalling. Mice were treated with LPS + Veh or LPS + DIM.
(A) Heat map of 602 miRNAs differentially altered between liver MNCs of Veh + LPS and DIM + LPS groups. (B) A Venn diagram to show the
number of miRNAs up-regulated (in red) and down-regulated (in green) by more than 1.5-fold in the DIM + LPS group, compared with controls.
(C) An IPA pathway analysis of TLR pathway based on the predicted (blue arrows) and confirmed (black arrows) regulation by several miRNAs
identified. (D) Scatter plot of miRNAs obtained from the microarray dataset that were altered by more than 1.5-fold in the DIM + LPS group. The
miRNAs: 106a, 20b and 125b-5p have been coloured in red.
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Figure 6
DIM increases the expression of miR-106a, miR-20b and miR-125b-5p to regulate TLR signalling in liver MNCs. Mice were treated with LPS + Veh
or LPS + DIM. (A) miRWalk scores of alignment for the predicted interactions between miRNAs-106a and 20b with their target mRNA IRAK4. (B)
Relative expression of miR-106a and miR-20b in liver MNCs as quantified by qRT-PCR at 12 and 2 h after GalN/LPS injection. (C) Immunoblotting
of IRAK4 (55 kDa) and β-actin (42 kDa) in liver MNC samples at 12 h after GalN/LPS injection. (D) The expression of NF-κB p65 subunit (65 kDa)
in the nuclear protein and cytoplasmic protein fractions of liver MNCs at 1.5 h after LPS administration. (E) Relative expression of miR-125b-5p in
liver MNCs as quantified by qRT-PCR at 12 h after GalN/LPS injection. (F) Relative expression of TNF between MNCs from LPS + Veh and LPS + DIM
groups at 12 h after GalN/LPS injection. Data are presented as means ± SEM (n = 4 per group). *P < 0.05, **P < 0.01, significantly different as indicated.
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Treatment with DIM increased the expression of these
miRNAs in the liver-infiltrating MNCs with a concurrent
decrease in the expression of IRAK4, suppressed nuclear trans-
location of NF-κB and decreased TNF-α expression.

Upon stimulation of macrophage TLR4 by LPS, NF-κB is
activated and translocated to the nucleus leading to increased
expression of pro-inflammatory cytokines and chemokines
such as TNF-α, CCL2 and IL-6 (Lu et al., 2008). The release of
these cytokines and chemokines from macrophages plays an
important role in the pathogenesis of ALF (Ogushi et al., 2003;
Antoniades et al., 2008; Stuart et al., 2011). The initial release
of pro-inflammatory cytokines and chemokines in the
liver tissues triggers an extensive infiltration of immune cells
in the liver (Antoniades et al., 2008). In our study, we observed
that DIM treatment decreased the serum levels of these pro-

inflammatory cytokines and chemokines that were increased
by LPS. In addition, DIM treatment caused a decrease in the
infiltration of MNCs. KCs and liver-infiltrating macrophages
have been identified to play an important role in the patho-
genesis of a number of liver diseases such acute liver injury
(Brown et al., 1997; Luckey and Petersen, 2001), viral hepatitis
(Adams and Hubscher, 2006), steatohepatitis (Malaguarnera
et al., 2006) and alcoholic liver injury (Adachi et al., 1994;
Enomoto et al., 1998; Kolios et al., 2006). The activation of KCs
and liver-infiltrating macrophages by LPS has been established
as the first event that ultimately leads to the development of
ALF (Antoniades et al., 2008). One of the possible mechanisms
underlying the DIM-mediated attenuation of ALF in our
studies could be the suppression of the LPS-induced activation
of liver resident macrophages. For instance, DIM decreased
LPS-induced activation of macrophages and microglia in vitro,
by suppressing NF-κB trans-activation induced by TLR signal-
ling (Cho et al., 2008; Kim et al., 2014). In addition, DIM
suppressed microglial and macrophage infiltration in an
animal model of LPS-induced microglial hyperactivation (Kim
et al., 2014). In the present study, DIM treatment suppressed
the infiltration of immune cells, including macrophages. More
interestingly, DIM decreased the numbers of activated mac-
rophages that infiltrated the liver tissues. Our results from in
vitro studies also corroborate earlier findings, where DIM has
been shown to suppress LPS-induced activation of mac-
rophages in vitro (Cho et al., 2008).

Several miRNAs regulate immune responses by altering
the function of a number of cell types, such as B cells, T cells,
neutrophils and macrophages (Lindsay, 2008; O’Connell
et al., 2010). In addition, activation of TLRs has been shown
to increase miR-146a, miR-155 and miR-21 and decrease miR-
125b-5p (O’Neill et al., 2011). Also, miRNAs regulate the
expression of various genes involved in TLR4 signalling in
response to LPS (O’Neill et al., 2011).

The role of IRAK4 as an important component of TLR
signalling is well established (Suzuki and Saito, 2006; Kim
et al., 2011). The absence of IRAK4 (Suzuki et al., 2002) or
inhibition of its kinase activity (Kim et al., 2007) impaired
TLR signalling and induced resistance to LPS-induced
sepsis through a decreased production of cytokines and
chemokines. These findings imply that decreased IRAK4
expression or function in diseases mediated by TLR activation
may be beneficial as such changes should down-regulate all
the events downstream of IRAK4. In our present study, DIM
treatment increased the expression of miR-106a and miR-20b
in liver MNCs. Interestingly enough, our in silico analyses
suggested that both miR-106a and miR-20b target the mRNA
of IRAK4. We confirmed these findings and found decreased
IRAK4 expression in liver MNCs of DIM-treated mice. These
observations suggested that DIM treatment may suppress
TLR responses by decreasing expression of IRAK4 through
increased expression of miRNAs-106a and 20b. The signifi-
cance of NF-κB in the culmination of TLR signalling pathways
(Kawai and Akira, 2007) leading to the increased expression
of pro-inflammatory cytokines that ultimately lead to ALF
(Lu et al., 2008) is well described. To further provide evidence
for the regulation of IRAK4 by miRNAs 106a and 20b, we
transfected RAW264.7 macrophages with mimics for both
miRNAs. This procedure decreased expression of IRAK4,
with a concomitant decrease in TNF-α secretion after LPS

Figure 7
miR-106a and miR-20b regulate IRAK4 expression to suppress LPS-
induced TLR responses. RAW264.7 cells were transfected with trans-
fection control (mock) or miRNA mimics for miRNAs-106a and 20b.
Twenty-four hours later, LPS was added at 10 ng·mL−1. (A) Cells and
culture supernatants were obtained 24 h after LPS stimulation and
the supernatants were analysed for TNF-α by ELISA. (B) Total protein
was isolated from the harvested cells to normalize the cytokine
production to total protein content for each group. (C) Immunob-
lotting was performed for IRAK4 and the obtained data were quan-
tified using (D) densitometric analysis by ImageJ software. Data
are presented as means ± SEM (n = 3 per group). *P < 0.05,
**P < 0.01, significantly different as indicated.
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stimulation of the transfected macrophages. In accordance
with a previous report of in vitro suppression of NF-κB activity
by DIM (Cho et al., 2008), DIM treatment caused a decrease
in the nuclear translocation of NF-κB in liver MNCs, which
could be a downstream effect of the decreased IRAK4 expres-
sion mediated by DIM.

Among the pro-inflammatory cytokines released during
the initial stages, TNF-α is the main mediator of apoptosis in
hepatocytes leading to ALF (Hishinuma et al., 1990; Leist
et al., 1995; Josephs et al., 2000). This suggests that a thera-
peutic approach based on suppression of TNF-α in response
to TLR stimulation could be effective in an ALF model (Zhan
et al., 2014). In addition, expression of miR-125b-5p
decreased after stimulation of macrophages with LPS and this
miRNA down-regulated expression of TNF-α by targeting its
mRNA directly (Tili et al., 2007). In the current study, DIM
treatment increased expression of several miRNAs including
miR-125b-5p along with decreased expression of TNF-α in
MNCs infiltrating the liver. Our findings are, therefore, con-
sistent with the direct decrease of TNF-α by miR-125b-5p (Tili
et al., 2007), and further strengthen the role of miR-125b-5p
in mitigating responses to TLR activation.

DIM is a ligand for the aryl hydrocarbon receptor (AhR),
one of the transcription factors for cytochrome P450 enzymes
(Chen et al., 1996; Banerjee et al., 2011). Modulation of AhR
signalling by DIM itself attenuated colonic inflammation and
experimental arthritis (Kim et al., 2009; Dong et al., 2010),
which suggests the use of such AhR ligands as anti-
inflammatory agents to treat inflammatory diseases (Busbee
et al., 2013). In addition, research findings from our labora-
tory have shown that indoles including I3C and DIM sup-
press disease symptoms in experimental autoimmune
encephalomyelitis, a mouse model for multiple sclerosis
(Rouse et al., 2013) and in an animal model of SEB-induced
acute inflammation (Busbee et al., 2014). Signalling through
the AhR modulated and altered miRNA expression profiles in
immune cells (Singh et al., 2012; Nakahama et al., 2013). A
possible mechanism for DIM-mediated regulation of miRNAs
observed in our studies could be the formation of a transcrip-
tional activation complex between STAT1 protein and AhR.
Indeed, previous studies have shown that AhR forms a
complex with STAT1 to inhibit NF-κB triggered transcription
of pro-inflammatory genes and thus suppress LPS-induced
inflammatory responses in macrophages (Kimura et al., 2008;
2009). Furthermore, STAT proteins are known to regulate
miRNAs and vice versa (Kohanbash and Okada, 2012). It
would be interesting to see if such a STAT1–AhR complex or
AhR by itself also binds to miRNA gene promoters to regulate
their transcription as well. Our findings here provide support
for the anti-inflammatory potential of indole compounds, in
general, and serve to identify a possible therapeutic agent in
the GalN/LPS-induced ALF model that targets IRAK4 as its
mode of action.

In summary, we have demonstrated here for the first time
that DIM was protective in an animal model of GalN/LPS-
induced ALF and that this protective effect was mediated by
the up-regulation of miRNAs 106a, 20b, and 125b-5p that
decreased expression of IRAK4 and TNF-α to limit responses
to TLRs activated by LPS. Our studies suggest that DIM could
represent a novel therapeutic approach to the treatment
of ALF.
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