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Abstract—— Chronic tissue injury resulting in fibrosis of multiple organs, responsible for
one-third of the death globally. Liver fibrosis is a common pathway/condition involved
in all chronic liver diseases. Thioacetamide (TAA), a hepatotoxicant, was used to induce
hepatic fibrosis. Anti-diabetic drug glibenclamide (GLB) possesses anti-inflammatory
properties and inhibits NACHT, LRR, and PYD domains-containing protein 3 (NLRP3)
inflammasome activation. Dimethyl fumarate (DMF), a multiple sclerosis drug, activates
the nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response element (ARE)
pathway and maintains the antioxidant status in the cell. The present study was designed
to investigate (i) role of NLRP3 inflammasome and Nrf2/ARE pathway in TAA-induced
hepatotoxicity and liver fibrosis, (ii) mechanism involved in GLB and DMF mediated
hepatoprotection against TAA-induced hepatotoxicity, and (iii) additional/synergistic
hepatoprotective effect of combination treatment with NLRP3 inhibition + Nrf2 activa-
tion or GLB +DMF or MCC950 + 401 to reverse/ameliorate the experimental liver fibrosis
completely. TAA was administered intraperitoneally to mice for seven consecutive weeks,
and treatments of GLB, DMF, GLB + DMF, MCC950, 401, and MCC950 +40I were pro-
vided for the last three consecutive weeks. The intervention with GLB, DMF, GLB + DMF,
MCC950, 401, and MCC950 + 401 significantly protected TAA-induced oxidative stress
and inflammatory conditions by improving biochemical, histological, and immunoexpres-
sion changes in mice. The GLB, DMF, and GLB + DMF intervention exhibited a better
protective effect compared with MCC950, 401, and MCC950 + 40I, which revealed that
this specific inhibitor/activator possesses only NLRP3 inflammasome inhibitory/Nrf2 acti-
vatory properties. In contrast, the clinical drug GLB and DMF have several other beneficial
effects, which are independent of NLRP3 inhibition and Nrf2 activation.
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INTRODUCTION

Globally, liver diseases are responsible for more
than two million deaths annually [1]. According to a
report published in The Lancet Journal Gastroenterol-
ogy and Hepatology on cirrhosis by the global burden
of disease (GBD) collaborators, 2017 estimated more
than 1.32 million deaths occurred due to liver cirrhosis
in 195 countries [2]. The etiologies include imbalanced
diets, excessive alcohol consumption, viral infection,
industrial exposure, and autoimmune disorders. Oxida-
tive stress and inflammation are essential partners that
present simultaneously and interact with each other,
creating a vicious cycle to aggravate hepatic diseases,
and mitigation of both oxidative stress and inflamma-
tion could be a successful strategy for protecting against
liver injury. Chronic liver injury, persistent activation
of inflammatory signaling, and sustained wound heal-
ing responses result in fibrogenesis. Fibrogenesis is a
cellular and tissue process that drives progressive and
excess deposition of extracellular matrix components,
subsequently disrupting liver physiology. Thioaceta-
mide (TAA) is a widely known hepatotoxicant used
to induced liver fibrosis. These reactive metabolites
covalently bind to cellular proteins and lipids and form
adducts, which lead to alterations in the physiological
functioning of hepatic parenchymal cells [3]. The mito-
chondria, peroxisomes, and microsomes in hepatocytes
can produce reactive oxygen species (ROS), regulating
on PPAR«, which is mainly related to the hepatic fatty
acid oxidation gene expression [4]. Under normal condi-
tions, these physiologically generated ROS scavenged
by endogenous antioxidant substances of cells. Dys-
regulation of the endogenous antioxidant system due
to impaired physiological functioning arising from the
TAA-mediated toxicity in hepatocytes results in exces-
sive ROS production [4]. The prolonged and unregulated
imbalance between the generation of free radicals and
their elimination by endogenous antioxidant systems in
the liver results in damage to crucial biomolecules of
cells. During the repetitive hepatic injury, the infiltration
of inflammatory cells, like lymphocytes, monocytes, and
neutrophils, occurs at the injury site. This recruitment
of inflammatory cells at the injury site further induces
ROS production and upregulates the gene expressions
of inflammatory mediators/substances. Oxidative
stress generates various inflammatory cytokines such
as TNF-a in Kupffer cells, which enhance inflammation

and apoptosis in the liver [4]. Since these pathways
modulate gene transcription, protein expression, cell
apoptosis, and hepatic stellate cell activation, thereby
oxidative stress and inflammation are considered as one
of the pathological mechanisms that result in the ini-
tiation as well as the progression of chronic liver dis-
eases. Thus, reducing oxidative stress and inflammation
might be a successful strategy targeting hepatoprotec-
tion against chronic liver diseases.

Inflammasomes are the multimolecular protein
complexes that initiate and perpetuate an inflamma-
tory form of programmed cell death called pyroptosis.
NLRP3 is one of the most characterized inflammasomes
and has been well reported to upregulate in response to
inflammatory stimuli. Recent evidence supports a key
role of NLRP3 inflammasomes and their effectors in
liver fibrogenesis and fibrosis development. Caspase-1
knockout mice have been reported to be protected from
high-fat-diet-induced hepatic inflammation and fibro-
genesis [5]. For the amelioration of inflammation, one
of the most widely used anti-diabetic drugs, gliben-
clamide (GLB), was selected, which has already been
reported to inhibit NLRP3 inflammasomes [6]. GLB
mediated inhibition of NLRP3 inflammasomes has been
well reported in several in vitro and in vivo experiments
[7]. GLB has been reported to possess anti-inflammatory
properties, as evidenced by the reduced secretion of
IL-1p in diabetic mice [8], whereas Nrf2 is a transcrip-
tion factor and is considered the master regulator of
antioxidant status in cells. A tricyclic cyanoenone TBE-
31 mediated Nrf2 activation in wild-type mice, reduced
insulin resistance, decreased hepatic steatosis, and ame-
liorated NASH and suppressed liver fibrosis, but Nrf2-
knockout mice showed obese and insulin resistance
by long-term consumption of a high-fat high-fructose
diet [9]. To overcome oxidative stress, an Nrf2 activa-
tor dimethyl fumarate (DMF) was chosen. DMF is a
drug used for the treatment of a neurological disorder
named multiple sclerosis. It has been reported to exhibit
protective effects by activating the Nrf2 pathway in sev-
eral experimental models such as pancreatitis, vascular
injury, renal fibrosis, lung fibrosis, and hypertension
[10].

MCC950 is a specific and selective NLRP3
inflammasome inhibitor, which blocks the release of
IL-1B in LPS-primed and ATP/nigericin-activated mac-
rophages in vitro [11]. Coll et al. reported that MCC950
did not directly inhibit NLRP3-ASC or NEK7-NLRP3
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interaction, but it inhibits upstream signaling of the
NLRP3 inflammasome [11]. It has been reported
that oral intervention with MCC950 at the dose of 10
and 20 mg/kg for 8 weeks ameliorated liver levels of
NLRP3, caspase-1, IL-1p, reduced plasma levels of
IL-1B, IL-6, lowered ALT/AST, and suppressed the
severity of liver inflammation as well as liver fibro-
sis in mice exposed to atherogenic diet or methionine-
choline deficient diet [12]. In recent years, Green et al.
reported that, like other chloride efflux inhibitors,
MCC950 inhibits the formation of ASC specks [13].
Itaconate comprises an electrophilic compound that
alkylates essential KEAP1 cysteine residues, which
permits the aggregation of newly synthesized Nrf2.
Subsequently, Nrf2 translocates to the nucleus, and
the transcription of antioxidant and anti-inflammatory
signaling cascade occurs [14]. 4-OI alkylates a number
of KEAPI1 cysteines (Cys) residues Cys151, Cys257,
Cys288, Cys273, and Cys297. Cysteine 151 is the pri-
mary sensor on KEAP1 for DMF as well as other Nrf2
activator sulforaphane [14]. Tang et al. reported that
treatment with 40l inhibited high glucose-induced
ROS and superoxide generation, lipid peroxidation,
mitochondrial depolarization, death, and apoptosis of
human umbilical vein endothelial cells [15].

Therefore, either the inhibition of the NLRP3
inflammasome or the activation of the Nrf2/ARE path-
way could be a rational strategy for protection against
liver diseases. Alone and a combination treatment of GLB
and DMF were provided to check whether simultaneous
modulating the NLRP3 and Nrf2 pathway could ame-
liorate the experimental chronic liver disease. Further,
the hepatoprotective protective effect of test drugs (GLB
and DMF) compared with specific NLRP3 inflammasome
inhibitor (MCC950) and specific Nrf2 activator (4-octyl
itaconate; 40I). The present study was designed to inves-
tigate (i) role of NLRP3 inflammasome and Nrf2/ARE
pathway in TAA-induced hepatotoxicity and liver fibro-
sis, (ii) mechanism involved in GLB and DMF mediated
hepatoprotection against TAA-induced hepatotoxicity,
(iii) compare hepatoprotective effect exhibited by GLB
versus MCC950 (specifically inhibit NLRP3 inflam-
masome), DMF versus 40l (specifically activate Nrf2),
and (iv) additional/synergistic hepatoprotective effect of
combination/concurrent treatment with NLRP3 inhibi-
tor + Nrf2 activator or GLB + DMF or MCC950 + 401
to completely reverse/ameliorate the experimental liver
fibrosis completely.

Dwivedi and Jena

MATERIALS AND METHOD

Animals

The Institutional Animal Ethics Committee
approved the experimental animal protocols against
approval number TAEC/19/15. Male BALB/c mice
(18-22 g; 7-8 weeks old) were obtained from the Cen-
tral Animal Facility (CAF) of our institute NIPER, SAS
Nagar, Punjab. The environmental conditions such as rel-
ative humidity (40-70%), room temperature (20-26 °C),
and 12-h light/dark cycle were constant during the period
of the whole experiment. Normal/standard pellet diet and
purified water were provided to animals ad libitum.

Chemicals

TAA (99%, CAS# 62-55-5), GLB (99%, CAS#
10238-21-8), DMF (99%, CAS# 624-49-7), carboxy-
methyl cellulose sodium salt (sodium CMC), and other
general-purpose reagents were procured from Sigma-
Aldrich Chemicals (St. Louis, MO, USA). MCC950
(>97%, CAS# 256373-96-3) was purchased from Merck
KGaA, Darmstadt, Germany. 4-octyl Itaconate (> 98%,
CAS# 3133-16-2) was purchased from Cayman Chemi-
cal, Ann Arbor, MI, USA. Dimethyl sulfoxide, Hanks bal-
anced salt solution, low and normal melting-point aga-
rose, ethylenediaminetetraacetic acid disodium salt, and
triton X-100 were purchased from Hi-Media Laboratories
Ltd, Mumbai, Maharashtra, India.

Experimental Design and Rationality of Dose
Selection

The treatments were provided as follows. Intraperi-
toneal TAA treatment at an escalating dose (50-400 mg/
kg, thrice-weekly) for seven consecutive weeks, started
with initial treatment with 50 mg/kg, as described by
Kim et al., in the research topic titled “Optimized mouse
models for liver fibrosis” [16]. The GLB dose 1 mg/kg
and DMF and DMF dose 50 mg/kg were provided on the
basis of literature as well as previous studies performed
by the authors [17-20]. The protective dose of MCC950
at 10 mg/kg was selected on the basis of a literature report
for the beneficial effects on the liver as well as other
organs [21, 22]. The protective dose of 401 at 50 mg/kg
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was selected on the basis of a literature report for the ben-
eficial effects on the liver and other organs [23, 24]. The
interventions of oral GLB (1 mg/kg), oral DMF (50 mg/
kg), MCC950 (10 mg/kg, ip), and 40I (50 mg/kg) were
provided for the last three consecutive weeks. The termi-
nal body weight was taken on the last day before sacri-
fice. After sacrifice, the livers from mice were isolated,
washed in chilled phosphate-buffered saline (pH 7.4),
blotted dry, and weighed. The schematic presentation of
the experimental design is depicted in Suppl. Fig. 1.

Evaluation of Biochemical Parameters
Evaluation of Plasma Parameters

The aspartate aminotransferase (SGOT/AST;
IFCC method), alanine aminotransferase (SGPT/ALT;
IFCC method), bilirubin total (BiT; Diazo method, end-
point), and y-glutamyl transferase (GLUPA, y-GT; IFCC
method) were evaluated in liver or plasma using reagents
and semi auto-analyzer provided by ERBA Diagnostics,
Mannheim, Germany.

Evaluation of Triglycerides, Hydroxyproline,
and NLRP3 in Liver

Rat NLRP3 ELISA (E-EL-R1463) and hydroxy-
proline colorimetric assay kits (E-BC-K062-S) were
purchased from Elabscience, TX, USA. Triglycerides
(GPO-Trinder method) level was measured provided
by ERBA Diagnostics, Mannheim, Germany. The total
protein levels were estimated by mixing supernatant
with solution D containing 2% Na,CO;, 0.4% NaOH,
0.04% KNaC,H,04-4H,0, and 0.02% CuSO, for 10 min
at 37 °C. The resultant solution was further mixed with
an equal volume of Folin-Ciocalteu reagent at 37 °C for
30 min [25].

Evaluation of Cellular Damage

Liver sections were processed for the staining
procedure of deparaffinization, dehydration, and stain-
ing with hematoxylin & eosin (H&E), dehydration, and
DPX mounting. Picro-sirius red and Masson’s trichrome
stains were performed to evaluate collagen deposition, as
described previously [26]. The necro-inflammatory scor-
ing with H&E staining and staging of liver fibrosis with

picro-sirius red staining were adapted from a modified
Ishak system (Suppl. Tables 1 and 2) [27, 28]. For the
histological observation and analyses, at least 20 images/
focuses (at a total magnification of 400 X) were taken ran-
domly from each sample, and percent fibrotic areas were
quantified using the ImageJ software (version 1.44p, NIH,
Bethesda, USA).

Evaluation of Immunohistochemical/
Immunofluorescence Analyses

Liver sections were deparaffinized using xylene,
hydrated in gradients of alcohol, and processed further
for immunohistochemical/immunofluorescence analy-
sis by using either InmPRESS excel staining kit (Vec-
tor lab, CA, USA) as per the protocol suggested by the
manufacturer. Primary rabbit/mouse/goat polyclonal/
monoclonal antibodies of NLRP3 (sc-66846), 8-OHdG
(sc-66036) caspase pl0 (sc-514), ASC (N-15)-R (sc-
22514), TGF-p1 (sc-146), and IL-1p (sc-7884) were
diluted (1:50) and incubated overnight at 4 °C as
described previously [29]. Subsequently, liver sections
were incubated with amplifier antibodies and FITC- or
HRP-conjugated secondary antibodies. Finally, sections
were further incubated with 3,3'-diaminobenzidine at
37 °C for 10-20 min, stained with hematoxylin, dehy-
drated, and mounted. For the IHC analyses, at least 20
images/focuses (at a total magnification of 400 X) were
taken from each sample, and percent immunopositive
areas were quantified using the ImageJ software (version
1.44p, NIH, Bethesda, USA).

Evaluation of Proteins Expressions by Western
Blot

Approximately 100-150 mg of liver tissue was
homogenized in RIPA buffer containing protease inhibi-
tors, centrifuged as 10,000 X g for 10 min, and supernatants
were collected. Total protein level was determined, and
protein concentration was kept constant at 3 mg/ml. Super-
natants were mixed with sample buffers and were separated
on 8-15% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis as described elsewhere [30]. Primary monoclo-
nal or polyclonal antibodies of catalase (sc-50,508), pro
caspase-1+pl0+pl12 (ab-179,515), SOD-1 (sc-11407),
Nrf2 (sc-722), IL-6 (sc-1265), NF-xB p50 (sc-114), and
B-actin (sc47778 HRP) from mouse or goat or rabbit (in
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1:250-1500 dilution in TBS) incubated with membrane
overnight at 4 °C. After washing, the membrane was incu-
bated with HRP-conjugated secondary antibodies against
primary antibodies (Promega Corporation, WI, USA, or
Santa Cruz, CA, USA). Detection was done using west-
ern blotting luminol reagent (sc-2048, Santa Cruz, CA,
USA) and X-ray films. The optical density analyses of band
intensity on X-ray films were done by ImagelJ (1.44p, NIH,
Bethesda, USA).

Statistical Analyses

Data sets were processed for statistical analyses
using GraphPad prism 6 (Statistical Software, Califor-
nia corporation, USA). For multiple comparisons, a one-
way analysis of variance (ANOVA) followed by post hoc
analysis with Tukey’s test was performed. The level of
significance was indicated by asterisks (*) as below, if
p <0.05 then indicated as *, if p <0.01 then indicated as
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** and if p <0.001 then indicated as ***. All the results
were expressed as mean + standard deviation (SD).

RESULTS

Intervention with GLB, DMF, MCC(C950, 401,
and Their Selected Combinations Reduced
TAA-Induced Hepatic Damage

Morphological analyses at the time of necropsy
from the TAA-exposed group showed a diffused fibro-
sis with mild discoloration of the liver compared with
control, whereas such morphological changes were
mildly attenuated with interventions of GLB, DMF,
GLB + DMF, MCC950, 401, and MCC + 40I compared
with TAA control (Suppl. Fig. 2). TAA treatment sig-
nificantly decreased body weight (p <0.01) and increased
the liver weight (p <0.001) and liver coefficient [(liver to
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Fig. 1 The effect of GLB, DMF, GLB +DMF, MCC950, 401, and MCC950 +40I treatment on A body weight (at the day of sacrifice), B liver
coefficient (liver to body weight ratio), C plasma alanine aminotransferase (ALT), D plasma aspartate aminotransaminase (AST), E hepatic tri-
glycerides (TG), and F y-glutamyl transferase (y-GT) levels altered by TAA. Values are expressed as mean+SD (n=5 for each group), *p <.05,

*#p <.01, and ***p <.001, “a” vs control, “d” vs TAA.
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Fig. 2 A Representative photomicrographs with quantification from different groups showing H&E staining, B necro-inflammatory scoring, and
C hydroxyproline content. The TAA-exposed group was observed with an area of hepatocellular damage surrounded by inflammatory cell infiltra-
tion (marked with black dashed lines), single enlarged hepatocyte (marked with red dashed lines), hepatocyte enlargement with large vacuoliza-
tion (white arrowhead), macrovascular steatosis (black arrowhead), microvascular steatosis (white arrow), and inflammatory cell infiltrations (black
arrow). Values are expressed as mean=+SD (n=3), *p <0.05, **p <0.01, and ***p <0.001, “a” vs control, “d” vs TAA.

body weight ratio), (p <0.001)] compared with control.
Interventions with GLB, DMF, GLB + DMF, MCC950,
401, and MCC950+ 40l did not significantly increase
body weight and decrease liver weight compared with
TAA control (Fig. 1A; Suppl. Fig. 3A). Intervention with
GLB (p<0.05), DMF (p <0.01), GLB + DMF (p <0.01),
MCC950 (p <0.05), 40I (p <0.05), and MCC950 + 401
(p <0.05) significantly decreased liver coefficient com-
pared with TAA control (Fig. 1B). TAA treatment sig-
nificantly increased (p <0.001) the plasma levels of
ALT, AST, y-GT, total bilirubin, and hepatic triglyc-
erides (TG) compared with control. Interventions with
GLB (p<0.05), DMF (p <0.01), GLB + DMF (p <0.01),
MCC950 (p <0.05), 40I (p <0.01), and MCC950 + 401
(p <0.05) significantly decreased plasma ALT compared
with TAA control (Fig. 1C). Interventions with GLB

(p <0.05), DMF (p<0.05), GLB+DMF (p <0.01),
MCC950 (p <0.05), 401 (p <0.05), and MCC950 + 401
(p <0.05) significantly decreased plasma AST compared
with TAA control (Fig. 1D). Interventions with GLB
(p <0.05), DMF (p<0.01), GLB+DMF (p<0.01),
MCC950 (p <0.05), 401 (p <0.05), and MCC950 + 401
(p <0.05) significantly decreased hepatic TG compared
with TAA control (Fig. 1E). Interventions with GLB
(p<0.01), DMF (p<0.001), GLB +DMF (p <0.001),
MCC950 (p <0.05), 401 (» <0.01), and MCC950 + 401
(p<0.01) significantly decreased plasma y-GT compared
with TAA control (Fig. 1F). Interventions with GLB
(p <0.05), DMF (p<0.001), GLB + DMF (p <0.001),
MCC950 (p <0.01), 40I (p <0.01), and MCC950 +40I
(p<0.001) significantly decreased plasma bilirubin com-
pared with TAA control (Suppl Fig. 3B).
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Fig. 3 The effect of GLB, DMF, GLB + DMF, MCC950, 401, and MCC950+40I treatment on A fibrosis scoring and B representative photomi-
crographs with quantification showing picro-sirius red staining and C quantification of percent fibrotic area in liver. The TAA treatment revealed the
deposition of collagen (indicated by the black arrow, collagen has stained red against a yellow background), which expands in the form of fibrous
septae, divided liver into pseudolobules (indicated by an asterisk), and termed as bridging fibrosis. Values are expressed as mean=+SD (n=3),

*p <0.05, *¥p <0.01, and ***p <0.001, “a” vs control, “d” vs TAA.

Intervention with GLB, DMF, MCC950, 401,
and Their Selected Combinations Decreased
the Development of TAA-Induced Fibrosis

Histopathological analyses revealed inflamma-
tory cell infiltration, necrosis, macrovascular, and
microvascular steatosis in the TAA-exposed group
compared with the control (Fig. 2A). Histopatho-
logical necro-inflammatory scoring, fibrosis scoring,
and liver hydroxyproline were significantly increased
(p<0.001) in the TAA-exposed group compared
with the control (Fig. 2B & C; 3A). The interventions
with GLB (p <0.001), DMF (p <0.01), GLB + DMF
(p<0.001), MCC950 (p < 0.001), 40I (p <0.001), and
MCC950+40I (p <0.001) significantly decreased
necro-inflammatory score compared with TAA con-
trol (Fig. 2B). The interventions with GLB (p <0.01),
DMF (p <0.001), GLB + DMF (p <0.001), MCC950
(p<0.05), 401 (p <0.05), and MCC950+40I1 (p <0.01)
significantly decreased hydroxyproline compared with
TAA control (Fig. 2C). The interventions with GLB
(p<0.05), DMF (p <0.05), GLB + DMF (p <0.01),

MCC950 (p <0.05), 401 (p < 0.05), and MCC950 + 401
(p <0.05) significantly decreased fibrosis score com-
pared with TAA control (Fig. 3A). Further, a hallmark
of liver fibrosis was evident by picro-sirius red and
Masson’s trichrome staining, which revealed a sig-
nificant increase (p < 0.001) in the collagen content in
the TAA-exposed group compared with control. The
interventions with GLB (p <0.05), DMF (p <0.01),
GLB + DMF (p <0.001), MCC950 (p <0.05), 401
(p<0.01), and MCC950+40I (p <0.01) signifi-
cantly decreased collagen compared with TAA con-
trol in picro-sirius red staining (Fig. 3B & C). The
interventions with GLB (p <0.01), DMF (p <0.01),
GLB + DMF (p <0.001), MCC950 (p <0.05), 401
(p<0.01), and MCC950 +40I (p <0.001) signifi-
cantly decreased collagen compared with TAA con-
trol in Masson’s trichrome staining (Suppl. Fig. 4).
Further, the immunoexpression analyses revealed a
significant increase (p <0.001) in the expressions
fibrosis markers TGF-1 and CTGF in the TAA group
compared with control. The interventions with GLB
(p<0.01), DMF (p <0.001), GLB +DMF (p <0.001),
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Fig.4 A Representative photomicrographs with quantification from different groups showing TGF-pl immunoexpression in the liver. White
arrows indicate the immunopositive area (green against a black background) and B the effect of GLB, DMF, GLB +DMEF, MCC950, 40I, and
MCC950+40I treatment on CTGF expression. Values are expressed as mean+SD (n=3), *p <0.05, **p <0.01, and ***p <0.001, “a” vs control,
“d” vs TAA. The depiction of the vehicle control (5% DMSO) group has not been evaluated in the above protein expression profiles because no
significant changes were observed compared with the control group in the biochemical and histological parameters. The same p-actin has been pre-

sented in Fig. 4B (CTGF/B-actin) and Fig. 8C (NF-kB/f-actin).

MCC950 (p <0.05), 401 (p <0.01), and MCC950 + 401
(p <0.01) significantly decreased TGF-f1 compared
with TAA control (Fig. 4A & B). The interventions
with GLB (p <0.01), DMF (p <0.01), GLB + DMF
(»<0.001), MCC950 (p <0.05), 401 (no significance),
and MCC950+40I (p <0.01) significantly decreased
CTGF compared with TAA control (Fig. 4C).

Intervention with GLB, DMF, MCC950, 401,
and Their Selected Combinations Reduced
TAA-Induced Oxidative Stress

An oxidative stress in TAA-exposed animal was
evident by a significant decrease (p <0.001) in the expres-
sions of Nrf2, HO-1, NQO-1, SOD-1, and catalase
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Fig. 5 Representative immunoblots with quantification from different groups showing A Nrf2, B SOD-1, and C catalase expressions in the liver.
Values are expressed as mean+ SD (n=3), *p <0.05, **p <0.01, and ***p <0.001, “a” vs control, “c” vs TAA. The depiction of the vehicle control
(5% DMSO) group has not been evaluated in the above protein expression profiles because no significant changes were observed compared with the

control group in the biochemical and histological parameters.

as observed in immunoblot and immunofluorescence
analyses and compared with the control. The interven-
tions with GLB (p <0.05), DMF (p <0.05), GLB + DMF
(p<0.05), MCC950 (no significance), 40I (p <0.01), and
MCC950+40I (p <0.05) significantly decreased Nrf2 and
SOD-1 expressions compared with TAA control (Fig. 5A
& B). The interventions with GLB (p <0.05), DMF
(p<0.01), GLB+DMF (p<0.01), MCC950 (p <0.05),
40I (p<0.01), and MCC950+40I (p < 0.05) significantly
decreased catalase expression compared with TAA control
(Fig. 5C). The interventions with GLB (p <0.05), DMF
(p<0.05), GLB+DMF (p<0.01), MCC950 (p <0.05),
40I (p<0.01), and MCC950+40I (p <0.01) significantly
decreased HO-1 expression compared with TAA control
(Fig. 6). The interventions with GLB (p <0.05), DMF
(p<0.01), GLB+DMF (p <0.001), MCC950 (p<0.01),
40I (p<0.01), and MCC950+40I (p <0.001) significantly
decreased NQO-1 expression compared with TAA control
(Suppl. Fig. 5).

Intervention with GLB, DMF, MCC950, 401,
and Their Selected Combinations Decreased
TAA-Induced NLRP3 Inflammasome Activation

The level of NLRP3 inflammasome was signifi-
cantly increased in the TAA (p <0.001) treated group,
as evident by the NLRP3 ELISA test (Fig. 7A). Further,
the involvement of NLRP3 inflammasome pathway in
liver fibrosis was confirmed by the immunohistochemi-
cal analyses, which showed the increased expressions
of NLRP3 (p <0.001), ASC (p <0.001), caspase-1
(»<0.001), and IL-1P (p <0.001) in TAA group com-
pared with control (Fig. 7B & C, Suppl. Figs. 6-8). Fur-
thermore, the activation of NLRP3 inflammasome was
confirmed by the immunoblot analyses, which revealed
an enhanced expression of active caspase-1 p10 (a sharp
band at molecular weight 10 KDa) in the TAA group
compared with control (Fig. 8A). The active caspase-1
is considered a hallmark for the activation of NLRP3
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Fig. 6 Representative photomicrographs with quantification from different groups showing HO-1 immunoexpression in the liver. White arrows
indicated the immunopositive area (green against a black background). Values are expressed as mean+SD (n=3), *p<0.05, **p<0.01, and
##%p <0.001, “a” vs control, “d” vs TAA.

inflammasome. The interventions with GLB (p <0.01), DMF (p <0.01), GLB + DMF (p <0.001), MCC950
DMF (p <0.001), GLB + DMF (p <0.001), MCC950 (p<0.001), 401 (p <0.05), and MCC950 + 401
(p <0.001), 401 (p <0.05), and MCC950 + 401 (p<0.01) significantly decreased NLRP3 immunoex-
(p <0.05) significantly decreased NLRP3 level com- pression compared with TAA control (Suppl. Fig. 6).
pared with TAA control during ELISA test analysis Moreover, the interventions with GLB (p <0.01),
(Fig. 7A). The interventions with GLB (p <0.01), DMF (p <0.05), GLB + DMF (p <0.01), MCC950

1
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Fig.7 A Representative photomicrographs with quantification from different groups showing IL-1p immunostaining in the liver. Black arrows indi-
cated the immunopositive area, B the effect of GLB, DMF, GLB +DMF, MCC950, 401, and MCC950+40I on NLRP3 level in TAA-induced
hepatic damage. Values are expressed as mean +SD (n=3), *p <0.05, *¥p <0.01, and ***p <0.001, “a” vs control, “d” vs TAA.
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“a” vs control, “c” vs TAA. The depic-

tion of the vehicle control (5% DMSO) group has not been evaluated in the above protein expression profiles because no significant changes were
observed compared with the control group in the biochemical and histological parameters. The same B-actin has been presented in Fig. 4B (CTGF/

p-actin) and Fig. 8C (NF-kB/f-actin).

(p<0.01), 401 (p <0.05), and MCC950+40I (p < 0.05)
significantly decreased ASC immunoexpression com-
pared with TAA control (Suppl. Fig. 7). Further, the
interventions with GLB (p <0.01), DMF (p <0.05),
GLB + DMF (p <0.001), MCC950 (p <0.01), 401
(p <0.05), and MCC950+40I (p <0.01) significantly
decreased caspase-1 p10 immunoexpression compared
with TAA control (Suppl. Fig. 8). The interventions
with GLB (p <0.01), DMF (p <0.05), GLB + DMF

(»<0.001), MCC950 (p <0.001), 401 (p <0.05), and
MCC950 +40I (p <0.001) significantly decreased
IL-1P immunoexpression compared with TAA control
(Fig. 7B & C). Furthermore, the interventions with GLB
(p<0.01), DMF (p <0.05), GLB + DMF (p <0.01),
MCC950 (p <0.05), 40I (p < 0.05), and MCC950 + 401
(p <0.05) significantly decreased caspase-1 p10 immu-
noexpression (immunoblot at 10 KDa) compared with
TAA control (Fig. 8A).
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Intervention with GLB, DMF, MCC950, 401,
and Their Selected Combinations Reduced
TAA-Induced Inflammation, DNA Damage,
and Apoptosis

There was a significantly increase in the expres-
sions of inflammatory markers IL-6 (p <0.001) and
NF-xB p50 (p <0.001), DNA damage marker 8-OHdG
(» <0.001) and apoptosis marker caspase-3 (p <0.001)
were in TAA-treated group compared with control
(Fig. 8B and C, Suppl. Figs. 9, 10). The interventions
with GLB (p <0.05), DMF (p <0.05), GLB + DMF
(p<0.01), MCC950 (no significance), 401 (p <0.05),
and MCC950 +40I (no significance) significantly
decreased hepatic IL-6 immunoexpression com-
pared with TAA control (Fig. 8B). The interventions
with GLB (p <0.05), DMF (p <0.05), GLB + DMF
(p<0.01), MCC950 (p <0.05), 401 (p <0.05), and
MCC950 4401 (p <0.05) significantly decreased
hepatic NF-xB p50 immunoexpression compared with
TAA control (Fig. 8C). The interventions with GLB
(p<0.01), DMF (p <0.01), GLB+DMF (p <0.001),
MCC950 (p <0.05), 40I (p <0.05), and MCC950 +40I
(p <0.05) significantly decreased hepatic 8-OHdG
immunoexpression compared with TAA control
(Suppl. Fig. 9). The interventions with GLB (p <0.05),
DMF (p <0.01), GLB + DMF (p <0.001), MCC950
(»<0.05), 40I (p <0.01), and MCC950+40I (p <0.01)
significantly decreased hepatic caspase-3 immunoex-
pression compared with TAA control (Suppl. Fig. 10).

DISCUSSION

Liver fibrosis is the formation of scars upon repeti-
tive liver injury that impairs normal liver functioning.
Persistent liver fibrosis results in an end-stage liver dis-
ease named cirrhosis, which treatment mostly needs liver
transplantation from a healthy liver donor. Exposure to
TAA significantly induced mild liver discoloration,
decreased body weight, increased liver weight, and liver
to body weight ratio compared with control. TAA expo-
sure led to a significant increase in the plasma levels of
ALT, AST, y-GT, total bilirubin, and hepatic levels of
triglycerides, hydroxyproline, and NLRP3 compared with
control, while treatment with GLB, DMF, GLB + DMF,
MCC950, 401, and MC950 + 40Tl significantly decreased
these parameters. TAA induced significant increase in the

liver weight and liver index, which was due to the deposi-
tion of collagen, induction of angiogenesis process, and
increased fibrotic components. An increase in liver func-
tion test parameters in TAA-exposed mice was due to
the damage to the hepatocytes. Chen et al. reported that
a combination of GLB with AC-YVAD-CMK decreased
cecal ligation and puncture (CLP)-induced acute liver
injury in mice by decreasing inflammatory infiltrations,
pyroptosis, serum concentrations of ALT, AST, IL-1p,
IL-18, and liver expressions of caspase-1 [31]. It has
been reported that treatment with DMF decreased the
liver to body weight ratio in acetaminophen-induced
liver injury in mice [32]. Wang et al. reported that intra-
peritoneal treatment with MCC950 at 3 mg/kg for 7 days
attenuates D-galactosamine-induced acute liver failure in
mice by decreasing the serum ALT, AST activity, and
hepatic expressions of IL-1f and IL-18 [33]. Intraperi-
toneal intervention with 40I at 25 mg/kg before 2 h of
ischemia-reperfusion (I/R) protects hepatocytes from
I/R-induced hypoxia by activating the Nrf2 pathway and
by decreasing ALT activity, necrosis, and LDH release
in mice [23].

Exposure of TAA results in apoptosis as revealed
by increased capspae-3 expression and in DNA damage
as indicated by increased 8-OHdG expression. Interven-
tion with GLB, DMF, GLB + DMF, MCC950, 401, and
MC950 +40I reduced DNA damage and apoptosis. Fur-
ther, histological findings showed the increase in inflam-
matory infiltrations, necro-inflammatory score, ballooned
hepatocytes, bridging fibrosis, and centrilobular necrosis
in the livers of TAA-exposed mice. The establishment
of liver fibrosis was confirmed by an increase in the
Ishak scoring system in the liver of TAA-exposed mice.
Furthermore, picro-sirius red and Masson’s trichrome
staining revealed the collagen deposition in the portal
and central vein areas in the liver of TAA-exposed mice.
The decrease in collagen level was further evident by the
decreased level of hydroxyproline content in the TAA-
exposed liver. Further, TAA exposure also increased the
expressions of several fibrogenic as well as fibrosis mark-
ers such as TGF-B1 and CTGF. Intervention with GLB,
DMF, GLB + DMF, MCC950, 401, and MC950 + 401
significantly decreased the several histological altera-
tions, Ishak fibrosis scoring, necro-inflammatory scor-
ing, collagen deposition, hydroxyproline content, and
immunoexpressions of fibrogenic and fibrosis markers.
De David et al. reported that TAA exerts a hepatotoxic
effect by producing ROS and free radicals and damages
different components of the cell, including proteins,
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lipids, and DNA in Wistar rats [34]. Treatment with GLB
has been reported to reduced intranucleosomal DNA frag-
mentation, thereby decreased DNA damage in the liver of
type I diabetic rats [35]. Schupp et al. reported that DMF
treatment reduced carboxy(methyl)lysine-modified BSA-
induced percent DNA in the proximal tubular cells (LLC-
PK1) of the pig [36]. Intraperitoneal intervention with
MCC950 at the dosage of 2.5 and 5 mg/kg once a day for
2 weeks has been reported to ameliorate liver fibrosis by
inhibiting the NLRP3 inflammasome activation and by
downregulating expressions of IL-1p, a-SMA, collal,
and TGF-f in CCl,-induced liver injury in mice [37].
Intravenous treatment with 4-OI at 1 and 10 mg/kg for
3 weeks has been reported to protect adenine-induced
renal fibrosis in the Sprague—Dawley rats model by sup-
pressing ROS production, inhibiting autophagy, and by
downregulating TGF-f/Smad and NF-xB signaling [24].

A significant increase in oxidative stress as evi-
denced by decreased expressions of Nrf-2, HO-1, NQO-
1, SOD-1, and catalase in TAA-exposed livers. Chronic
exposure of TAA significantly increased inflammation
as indicated by enhanced expressions pro-inflammatory
transcription factor NF-xB, IL-6, NLRP3 inflammasome,
its adapter protein ASC, active product caspase-1, and
downstream product IL-1p. The activation of NLRP3
inflammasome was further confirmed by the immunob-
lot analysis of caspase-1, in which the functional form
caspase-1 p10 at molecular weight 10 KDa was observed.
The antioxidant and anti-inflammatory activity of GLB,
DMF, GLB + DMF, MCC950, 401, and MCC950 + 401
was confirmed by the restoration of TAA-induced changes
in oxidative stress and inflammation; hence, these inter-
ventions reduced the oxidative stress and inflammation
associated with the progression of liver fibrosis. Wree
et al. reported that NLRP3 activation results in hepatocyte
pyroptosis, liver inflammation, and subsequently fibrosis
[38]. An interesting research by Watanabe et al. reported
that NLRP3 and ASC knocked out mice, which did not
develop hepatic fibrosis when injected with carbon tetra-
chloride and TAA [39]. It has already been reported that
NF-kB signaling is essential for the proper activation of
NLRP3 inflammasome in primary cultured hepatocytes
[40]. Benitez et al. reported that GLB and a caspase-1
inhibitor Y-VAD-FMK reduced percent hepatic fibrotic
area from Brucella abortus-infected NLRP3, ASC,
AIM2, and caspase-1/11 knockout mice compared with B.
abortus-infected wild-type mice [41]. An interesting
report by Garstkiewicz et al. demonstrated that Nrf2 posi-
tively regulates NLRP3 inflammasome, but Nrf2-activator
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DMF inhibits inflammasome activation and concludes that
these both stress-related pathways activated simultane-
ously upon stress signaling [42]. Treatment with DMF
has been reported to prevent ATP-induced pyroptosis of
THP-1 cells by decreasing caspase-1 and interleukin-1f
release [43]. Moreover, Giustina and colleagues reported
that DMF reduced oxidative stress and inflammation
associated with CLP-induced sepsis in Wistar rats by
increasing the SOD and catalase activities in the heart,
liver, and lung [44]. Treatment with MCC950 has been
reported to abrogate the palmitic acid-induced expressions
of NLRP3, caspase-1, IL-1p, and IL-18, as well as activ-
ity of caspase-1 in primary hepatocytes from rats [45].
The intraperitoneal 40l treatment at 50 mg/kg has been
reported to exhibit an anti-inflammatory effect against
LPS-induced lethal endotoxemia by decreasing the serum
levels of IL-1, IL-6, lactate, and IL-13 mRNA level in
both RAW264.7 macrophages and BMDMs from mice
[46].

The authors have previously reported that interven-
tion with GLB and DMF significantly ameliorates TAA-
induced alterations in plasma/serum levels of ALT, AST,
ALP, y-GT, bilirubin, uric acid, and hepatic MDA, ROS,
SOD, collagen deposition, histological architecture, HSCs
activation, apoptosis, DNA damage, TGF-f1, a-SMA,
fibronectin, NLRP3, ASC, caspase-1, IL-1f, Nrf2,
SOD-1, and catalase in Wistar rats [10, 47]. Further, the
authors have also reported that intervention with GLB,
DMF, and their combination GLB + DMF significantly
ameliorated DEN + TAA-induced alterations in plasma
levels of ALT, AST, ALP, uric acid, and hepatic triglycer-
ides, apoptosis, histological architecture, and immunoex-
pression of NLRP3, ASC, caspase-1, IL-1p, Nrf2, HO-1,
NQO-1, SOD-1, catalase, TGF-p1, collagen-1, 8-OHdG,
GST-P, STAT3, AFP, PCNA, HGF, ¢c-MET, TGFa, and
EGF in partially hepatectomized Wistar rats [20].

On the basis of our present results and previously
reported outcomes, it could be concluded that simul-
taneous and specific inhibition of NLRP3 inflamma-
some signaling by GLB and MCC950 and activation
of Nrf2/ARE pathway by DMF and 401 ameliorated
TAA-induced hepatic fibrosis in rodents. As the authors
have hypothesized that combination treatment with spe-
cific NLRP3 inhibitor MCC950 and Nrf2 activator 401
could completely reverse/ameliorate liver fibrosis; how-
ever, there was no complete amelioration was observed
with the combined treatment of the specific inhibitor/
activator. Moreover, the present objective was aimed
to compare the hepatoprotective effect of GLB versus
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MCC950, DMF versus 401, and GLB + DMF versus
MCC950 + 40I; however, no significant comparison
was observed when compared with alone or combina-
tion intervention. Treatment of GLB + DMF showed a
higher level of significance compared with alone GLB
and DMF treatment in approximately all of the param-
eters against TAA-induced hepatic damage. The GLB,
DMF, and GLB + DMF intervention exhibited better
protective effects compared with MCC950, 401, and
MCC950+40I, which revealed that this specific inhibi-
tor/activator possesses only NLRP3 inflammasome
inhibitory/Nrf2 activatory properties. In contrast, the
clinical drug GLB and DMF possess some other benefi-
cial effects, which are independent of NLRP3 inhibition
or Nrf2 activation. Zhang et al. reported that, besides
exhibiting insulin-releasing anti-diabetic effect, GLB also
exerts anti-inflammatory effect in respiratory, digestive,
urological, cardiological, ischemia-reperfusion injury,
and CNS diseases by suppressing the production of ROS
and proinflammatory mediators TNF-a and IL-1f, which
indicate that the anti-inflammatory activity of GLB may
occur through other/alternative pathways that are inde-
pendent of NLRP3 inhibition [6]. Schulze-Topphoff et al.
reported that DMF treatment provided equal protective
effect in acute experimental autoimmune encephalomy-
elitis (EAE) in Nrf2-knockout and wild-type mice, which
indicate that the anti-inflammatory activity of DMF may
occur through alternative pathways that are independ-
ent of Nrf2 activation [48]. The overall finding of the
present study indicated that simultaneously targeting
NLRP3 inflammasome inhibition and Nrf2/ARE pathway
activation could be one of the successful strategies to
ameliorate oxidative stress- and inflammation-associated
liver fibrosis.
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