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Abstract
Glibenclamide (GLB) is one of the most widely used in the treatment of type II diabetes mellitus, inhibits K+

ATP channel in
pancreatic-β cells and releases insulin, while thioacetamide (TAA) is a well-known hepatotoxicant and most recommended for
the induction of acute and chronic liver disease. The purpose of this study was to evaluate the hepatoprotective potential of GLB
against TAA-induced hepatic damage in Wistar rats. TAA (200 mg/kg, ip, twice weekly) and GLB (1.25, 2.5, and 5 mg/kg/day,
po) were administered for 6 consecutive weeks. Different biochemical, DNA damage, histopathological, TEM, immunohisto-
chemical, and western blotting parameters were evaluated. GLB treatment has no effects on the TAA-induced significant
decrease in body weights. TAA treatment significantly increased liver weight as well as liver index and treatment with GLB
has no effect the same. TAA treatment altered the liver morphology, whereas treatment with GLB normalized the alteration in
morphology. Further, significant increase in oxidative stress, apoptosis, and DNA damage was found in TAA-treated animals and
GLB treatment significantly reduced these effects. TAA exposure significantly increased the plasma transaminases and serum
ALP levels and GLB treatment restored the same. Furthermore, histopathological findings showed the presence of lymphocyte
infiltration, collagen deposition, bridging fibrosis, degeneration of portal triad, and necrosis in TAA-treated animals and GLB
intervention significantly reduced the same. TEM images revealed that GLB significantly normalized the hepatic stellate cell
morphology as well as restored the number of lipid droplets. GLB treatment significantly downregulated the expressions of
TGF-β1, α-SMA, NLRP3, ASC, caspase-1, and IL-1β, and upregulated MMP-2 and catalase against TAA-induced liver
damage. The outcomes of the present study confirmed that GLB ameliorated the liver damage induced by TAA.
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ASC Apoptosis-associated speck-like protein
containing a caspase-recruiting domain

AST Aspartate transaminase
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ECM Extracellular matrix
GLB Glibenclamide
HSC Hepatic stellate cell
IL Interleukin
IL-1β Interleukin-1 beta
ip Intraperitoneal
MT Masson’s trichrome
MMP-2 Matrix metalloproteinase-2
NLRP3 NACHT, LRR, and PYD
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TMO Tail moment olive
PAS Periodic acid-Schiff base
po Per os (oral administration)
PSR Picro Sirius Red
PSRF PSR with fast green FCF
SOD Superoxide dismutase
T2DM Type II diabetes mellitus
TAA Thioacetamide
TEM Transmission electron microscopy
TGF-β1 Transforming growth factor beta1
TL Tail length
TM Tail moment
TUNEL Terminal deoxynucleotidyl transferase

dUTP nick end labeling assay
US-FDA United States Food and Drug

Administration
WHO World Health Organization
α-SMA Alpha-smooth muscle actin
γ-GT γ-Glutamyl transferase

Introduction

Global burden of chronic liver diseases and its complications
are responsible for more than two million deaths annually.
Cirrhosis is the top ten cause of death in lower middle-
income countries, ranks 13th in overall disorders, and 4th
among chronic diseases in terms of life expectancy (Rowe
2017; WHO 2015). In 2010, there were an estimated
188,575 cirrhosis deaths in India, accounting for almost one-
fifth (18.3%) of the global liver cirrhosis deaths (Mokdad et al.
2014). In fact, approximately 45% of all deaths in western
countries took place because of fibrosis (Wynn 2008). Until
today, no US-FDA-approved drugs available for the treatment
of fibrosis. Fibrosis is the defense mechanism of liver tissue in
response to injury and inflammation. In the initial stage of
liver injury, the quiescent hepatic stellate cells (HSCs) get
activated and triggered the formation of extracellular matrix
(ECM), which results the deposition of collagen. An imbal-
ance between the collagen formation and breakdown leads to
the deposition of excess collagen and subsequently triggers
new angiogenesis. The excess deposition of collagen in the
extracellular space of hepatic cells causes the obstruction of
blood flow and results in the hardening of hepatic tissue
(Ba t a l l e r and Brenne r 2005 ; F r i edman 2004 ) .
Biotransformation of thioacetamide (TAA) bymicrosomal en-
zyme CYP2E1 results highly reactive TAA di-sulfoxide,
which facilitates the formation of adducts with hepatic mac-
romolecules. This leads to oxidative stress-induced cellular
damage, apoptosis, and necrosis of hepatocytes. TAA induces
periportal (zone 1) and pericentral (zone 3) damages as com-
pared to other standard hepatotoxins such as carbon tetra chlo-
ride and diethylnitrosamine (Liu et al. 2013). Intraperitoneal

TAA administration in rat induced hepatic encephalopathy,
metabolic acidosis, increased levels of transaminases, abnor-
mal coagulopathy, and centrilobular necrosis. These are the
main features of clinical chronic liver disease and TAA can
precisely replicate the initiation and progression of human
liver disease in experimental animal model (Lee et al. 2011).
It has also been well reported that thioacetamide administra-
tion in laboratoryWistar rats is the most recommended for the
induction of liver damage in experimental animal model
(Koblihova et al. 2014). Glibenclamide (GLB) is the most
widely used long-acting sulfonylurea drug for the treatment
of T2DM and acts on pancreatic beta cells by inhibiting ATP-
sensitive K+ channels. It has been identified as NLRP3
inflammasome inhibitor in cultured monocytes, bone
marrow-derived macrophages, and LPS-challenged
endotoxemic mice (Lamkanfi et al. 2009). GLB improved
the kidney and heart structure as well as functions in
chronic kidney disease of male Wistar rats, which might
be due to the inhibition of inflammation through NLRP3
inflammasome activity (Diwan et al. 2014). In another
study, GLB acts as a NLRP3 inflammasome inhibitor and
attenuated myocardial injury in diabetic mice (Cai et al.
2014). GLB blocked the NLRP3 inflammasome activation
and physiological dysfunction in cyclophosphamide-
induced bladder inflammation in female Sprague-Dawley
rats (Hughes et al. 2014). NLRP3 inflammasome and ASC
adapter knockout mice had reduced hepatic fibrosis, when
induced with carbon tetrachloride and TAA (Watanabe et
al. 2009). Low-dose delayed treatment with GLB demon-
strated significant beneficial effects and displayed highly
favorable therapeutic window in three different rat models
of ischemic stroke (Simard et al. 2009b). It has been suc-
cessfully reported that GLB inhibited NLRP3 and reduced
the severity of experimental acute pancreatitis in genetical-
ly obese mice (York et al. 2014). Recent meta-analysis
study showed that GLB was safe and effective for use in
gestational diabetes when compared with insulin (Song et
al. 2017). Further, GLB stimulates the fluid and electrolyte
secretion in cystic fibrosis transmembrane conductance
regulator defective mice, which makes sulfonylurea as
the model class of compounds to design drugs useful in
the treatment of cystic fibrosis in liver (Spirli et al. 2005).
However, GLB at the dose of 20 mg/kg (po) administered
in the 1st, 5th, 10th, and 15th day of gestation showed light
brown precipitate in the central vein of the liver and no
serious anatomical and histological changes reported in
the liver of these fetuses and this might be due to the pos-
sible passage of the drug through the blood placental bar-
rier (Aguillar-Gomes et al. 2014).

Chronic inflammation has been associated with progres-
sive hepatic fibrosis and the subsequent development of cir-
rhosis (Czaja 2014). Inflammation contributes to the patho-
genesis of acute and chronic liver diseases and the activation
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of inflammasome has been identified as the major contributing
factor for hepatocyte damage, HSC activation, and amplifica-
tion of liver inflammation (Szabo and Petrasek 2015). A paper
published in Nature Scientific Report in 2013 reported that
GLB also reduced the pro-inflammatory cytokine production
by neutrophils of diabetic patients in response to bacterial
infection (Kewcharoenwong et al. 2013). It is interesting to
note that GLB reduced pro-inflammatory cytokines in an ex
vivo model of human endotoxinemia under hypoxemic con-
dition (Schmid et al. 2011). GLB acts as an anti-inflammatory
agent by reducing the secretion of IL-1β and the bacterial
dissemination to distant organs in streptozotocin-induced dia-
betic mice (Koh et al. 2013). Further, GLB reduced inflam-
mation, vasogenic edema, and caspase-3 activation in mild-to-
moderate subarachnoid hemorrhage rat model (Simard et al.
2009a). So far, there is no direct report on the effects of GLB
on hepatic fibrosis and associated damage induced by
thioacetamide in rat model. Recent clinical trial conducted as
“Glyburide Advantage in Malignant Edema and Stroke Pilot
(GAMES-PILOT)” revealed better outcomes in brain swell-
ing or vasogenic edema in ischemic stroke patients (Kimberly
et al. 2014; Sheth et al. 2014). Further, phase II clinical trial
study reported that intravenous GLB is well tolerated in pa-
tients with risk for cerebral edema (Sheth et al. 2016). Another
clinical trial reported that GLB can effectively and safely con-
trol the glycemic index in women with gestational diabetes
mellitus in comparison to insulin (Mirzamoradi et al. 2015).
In addition, sulfonylurea therapy benefits neurological and
psychomotor functions in patients with neonatal diabetes ow-
ing to potassium channel mutations (Beltrand et al. 2016). In
the present investigation, GLB was selected to evaluate its

possible hepatoprotective effects at different molecular targets
(Fig. 1), because it is one of the widely used drugs in the
treatment of T2DM since 1966 and possesses both anti-
inflammatory and anti-oxidant properties as reported in sever-
al literatures.

Materials and method

Animals

Healthy male Wistar rats (250 ± 20 g) were procured from the
Central Animal Facility (CAF), NIPER SAS Nagar. Rats were
housed in polypropylene cages. Animals were divided into six
groups (n = 7) at random. The room temperature controlled in
between 20 and 26 °C, relative humidity between 50 and 70%,
and 12-h light/dark cycle were maintained for the animals dur-
ing the experiment. The experimental protocol was approved
by the Institutional Animal Ethics Committee (IAEC) against
approval number IAEC/16/54. Rats were fedwith normal pellet
diet and purified water ad libitum and the environmental con-
ditions such as temperature and humidity were maintained
throughout the experiment. The animals were well acclimatized
for at least 1 week prior to the commencement of experiments.

Drugs and materials

GLB (CAS no. 10238-21-8), TAA (CAS no. 62-55-5),
carboxy methyl cellulose sodium salt (sodium CMC) (CAS
no. 9004-32-4), bovine serum albumin (CAS no. 9048-46-8),
hematoxylin and eosin (H&E), trizma (CAS no. 77-86-1),
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glycine (CAS no. 56-40-6), and other commonly use reagents
were purchased from Sigma-Aldrich Chemicals (St. Louis,
MO, USA). Dimethyl sulfoxide (DMSO), normal melting
point agarose, low-melting point agarose, Triton X-100, eth-
ylenediaminetetraacetic acid (EDTA), and Hank’s balanced
salt solution were obtained from Hi-Media Laboratories Ltd.
(Mumbai, Maharashtra, India).

Rationality of dose selection

Kim et al. reported that thioacetamide is activated to its toxic
metabolite(s) by CYP2E1 and not by CYP 2B in rats and mice
(Kim et al. 2014). Further, Kim and Park reported that GLB
has no effect on liver microsomal enzyme CYP2E1 activity
(Kim and Park 2003). Hence, it can be deduced that GLB did
not alter the metabolism of TAA in in vivo test system. Diwan
et al. reported the improvement in kidney and heart structure
and function in male Wistar rats aged in between 9 and
10 weeks administered with 10 mg/kg/day GLB in powdered
food for 8 weeks, which significantly inhibited the expression
of NLRP3 in kidney (Diwan et al. 2014). In another study of
myocardial injury induced by lipopolysaccharides and
streptozotocin in diabetic male C57BL/6 mice treated with
GLB 20 mg/kg/day orally for 14 days, it showed significant
inhibition of NLRP3 and other pro-inflammatory cytokines
(Cai et al. 2014). Previous study on the inflammation of uri-
nary bladder in adult female Sprague-Dawley rats treated with
GLB (2.5 mg/kg in 10% ethanol, po) twice daily reported that
GLB completely blocked cyclophosphamide-induced activa-
tion of caspase-1 and the production of IL-1β (Hughes et al.
2014). Based on the above information, three doses of GLB
(1.25, 2.5, and 5 mg/kg/day for 6 weeks, po) were selected for
the present investigation. TAA at the dose of 200 mg/kg, ip,
twice in a week for 6 consecutive weeks was administered as
reported in different studies for the successful induction of
experimental rat model of hepatic fibrosis (El-Mihi et al.
2017; Tsai et al. 2010). TAA in the present investigation is
used as an experimental model compound.

Experimental design

The animals were randomly divided into six groups (n = 7).
Subsequent treatments were as follows: Group-1, animals
were administered with normal saline, ip + 0.5% sodium
carboxy methyl cellulose (CMC), po and served as control
(CON); Group-2, animals were treated with GLB 5 mg/kg/
day, po and served as GLB control (GLB 5); Group-3, animals
were treated with TAA (200 mg/kg, ip) on every third day and
served as TAA control (TAA); Group-4, animals were treated
with TAA (200 mg/kg, ip, on every 3rd day) + GLB 1.25 mg/
kg/day, po and served as TAA+GLB 1.25; Group-5, animals
were treated with TAA (200 mg/kg, ip, on every 3rd day) +
GLB 2.5 mg/kg/day, po and served as TAA + GLB 2.5;

Group-6, animals treated with TAA (200 mg/kg, ip, on every
3rd day) + GLB 5 mg/kg/day, po and served as TAA +GLB 5
for 6 consecutive weeks. The study plan is diagrammatically
described in Fig. 2a. In the present experiment, 0.5% sodium
CMC was used to suspend glibenclamide and used normal
saline to dissolve the thioacetamide. It is well reported in the
literature that majority of the chemicals which are not soluble
in water were given as suspension using CMC. Further, it is
reported that CMC is well tolerated in rats when administered
as 5% in water by oral gavage for 1 year (Gad et al. 2006). It is
very well reported that GLB is an inflammasome (NLRP3)
inhibitor. We thought it is imperative to use GLB to reduce
TAA-induced inflammasome activation, thereby reducing fi-
brosis. Hence, the present experimental model was designed.

Evaluation of biochemical parameters

Measurement of lipid peroxidation

Liver was dissected out, washed thoroughly in chilled PBS,
and immediately blotted dry and weighed. Piece of liver was
homogenized in phosphate buffer (pH 7.4, containing 3 mM
EDTA) and centrifuged at 10,000 rpm. Supernatants (100 μL)
were incubated with 100 μL 8.1% SDS, 750 μL 20% acetic
acid, and 750μL 0.8% thiobarbituric acid at 95 °C for 1 h until
pink color developed. The product absorbance was taken at
532 nm along with standard prepared with known concentra-
tions of malondialdehyde (MDA). Results were expressed as
micromoles of MDA per milligram of protein (Khan and Jena
2014b).

Measurement of reactive oxygen species level

Level of reactive oxygen species (ROS) was measured using
2,7-dichlrofluorescein diacetate (DCFDA), which is convert-
ed to highly fluorescent DCF by cellular peroxides (including
hydrogen peroxide). The assay was performed as described by
Socci et al. Small piece of liver was homogenized in Tris-
sucrose buffer (pH 7.4). Five microliters of supernatants was
mixed with 5 μL of 5 μM DCFDA and added 990 μL of
water. After 30 min, the product absorbance was taken at
485/525 nm. Result was expressed as fluorescence units per
milligram of protein (Socci et al. 1999).

Measurement of superoxide dismutase level

Native polyacrylamide gel electrophoresis of supernatant from
liver tissue homogenatewas performed in 8% separating gel with
4% stacking gel. The gels were stained for superoxide dismutase
(SOD) activity by the negative staining procedure. The gels were
immersed in 1 mM nitro blue tetrazolium in distilled water and
incubated for 20 min in the dark. Subsequently, gels were placed
for 10 min in 38 mM phosphate buffer (pH 7.8) containing
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28 mM tetramethyl ethylene diamine and 28 mM riboflavin in a
bright place. Areas in the gel showing SOD activity remained
achromatic (bands), whereas the remainder of the gel was stained
violet (Beauchamp and Fridovich 1971).

Measurement of protein level

Supernatants (5 μL) of the liver tissue homogenate were in-
cubated with solution D (2% sod. carbonate, 0.4% sod. hy-
droxide, 0.04% sod. tartrate, and 0.02% copper sulfate) for
10 min at 37 °C. Resultant solution was treated with equal
volume of Folin’s reagent for 30 min at 37 °C. Blue color
was developed. The product absorbance was taken at

660 nm along with standard prepared with known concentra-
tion of bovine serum albumin (Khan and Jena 2014b).

Evaluation of parameters in plasma and serum

Blood was collected in tubes and kept for half an hour at
room temperature for serum; subsequently, tubes were
centrifuged at 3000 rpm for 10 min at 4 °C. In another
tube, blood was collected in tubes coated with EDTA for
plasma and centrifuged at 7000 rpm for 10 min at 4 °C.
The blood plasma was evaluated for alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and γ-
glutamyl transferase (γ-GT), and serum was evaluated
for alkaline phosphatase (ALP) by ERBA CHEM 7 semi
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Fig. 2 a Schematic diagram illustrates the experimental design in Wistar
rats. Hepatic damage was induced by TAA (200mg/kg, ip) on every third
day (twice weekly) for 6 consecutive weeks, so the total study period was
42 days and the animals were sacrificed on day 43. GLB was
administered daily at the doses of 1.25, 2.5, and 5 mg/kg, po for 6
consecutive weeks. b Representative photomicrographs depict liver
morphology from different groups of rat at the time of necropsy.
Control (CON) and GLB per se (GLB 5)-treated groups showed normal
liver morphology. Only thioacetamide (TAA)-treated group showed

profuse nodular appearance in all the liver lobes, GLB at all the three
(TAA +GLB 1.25, 2.5, and 5) doses reduced the nodular appearance
uniformly in all the liver lobes. Effect of GLB treatment on the c
change in body weight, d liver weight, e alanine transaminase (ALT), f
aspartate transaminase (AST), g alkaline phosphatase (ALP), h γ-
glutamyl transferase (GT), i lipid peroxidation (MDA), and j reactive
oxygen species (DCFDA method) levels in TAA-induced liver damage.
All the values are expressed asmean ± SEM (n = 4–7), ***p < 0.001, **p
< 0.01, *p < 0.05, “a” vs. control, “c” vs. TAA control
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auto-analyser (ERBA Diagnostics, Mannheim, Germany).
Plasma glucose level was evaluated by GOD-POD kit
(ACCUREX, Mumbai, India) method.

Quantification of DNA damage and cell death in liver
tissue

The extent of DNA damage was analyzed by comet assay.
Small piece of liver was taken out and chopped into single
cell suspension in the solution containingHank’s balanced salt
solution, dimethyl sulfoxide, and EDTA. The comet assay was
performed in the liver as described by Khan and Jena (2014a).
Briefly, base slides were prepared by the coating of 1% normal
melting agarose and dried overnight at room temperature.
Every step (from tissue collection to scoring) was performed
in the absence of light to avoid photo-induced DNA damage.
The suspended cells were mixed with 0.5% low-melting point
agarose and spread over a glass slide. The slides were kept at
4 °C for 16 h in lysis buffer [10 mM Tris (pH 10.0), 2.5 M
NaCl, 100 mM EDTA, freshly prepared 10% DMSO, 1%
Triton X-100]. Subsequently, slides were washed in chilled
distilled water for the removal of detergents and salts. Slides
were submerged in chilled running buffer [1 mM EDTA and
300 mM NaOH (pH 13)] for 20 min in horizontal electropho-
resis tank [(model, CSLCOM20), Cleaver Scientific Ltd.,
Warwickshire, UK] for unwinding of DNA. Further, electro-
phoresis was performed at 300 mA and 38 V (0.90 V/cm) for
30 min. The slides were treated with neutralizing buffer con-
taining 0.4M Tris (pH 7.5) for 15 min and stained with SYBR
Green I (1:10,000) for 1 h and cover slips were spread over the
slides. The DNA damage was quantified using an AXIO
imager M1 fluorescence microscope (Carl Zeiss,
Altlussheim, Germany) and the pictures were captured
with image analysis software (Comet Imager V.2.0.0).
Arbitrarily, 50 comets per slide were captured and quanti-
fied for DNA damage. Duplicate slides were analyzed from
each animal. DNA damage parameters included the fol-
lowing: % tail DNA (% DNA), tail moment (TM), tail
length (TL), and tail moment olive (TMO). The comets
were chosen for analyses that have uniform background,
not any comets overlapping or touching other comets.
Areas with disturbed agarose bed, edges of slides, and
comets with irregular shapes were not taken into consider-
ation for quantification. Cell death (apoptosis) was
assessed by using TUNEL assay (Calbiochem, USA) com-
mercial kit according to the manufacturer protocol.

Evaluation of cellular damage

Histological evaluation and quantification

Formalin-fixed liver tissue was washed dehydrated and
embedded in paraffin. Sections (5 μm) were stained with
hematoxylin and eosin (H&E). Other special stains for
collagen deposition such as Masson’s trichrome (MT)
(HT15-1KT, Sigma-Aldrich, USA), Picro Sirius Red
(PSR), and PSR with fast green FCF (PSRF) were per-
formed and %fibrotic area was quantified using ImageJ
software (1.44p, NIH, USA). To check out the status of
glycogen stores, periodic acid-Schiff (PAS) stain was per-
formed (Marumo et al. 2010).

Immunohistochemical analysis and quantification

Immunohistochemistry of paraffin-embedded tissue were per-
formed by using Novolink polymer detection system kit
(RE7140-K, Leica Biosystems, UK). Briefly, 5-μM-thick liv-
er sections were deparaffinized and hydrated and washed with
TBS. Antigen retrieval were done by heating in citrate buffer
at 95 °C for 30min. Further, the rabbit polyclonal antibodies
of anti-NLRP3 (sc-66846), anti-ASC (sc-22514), anti-
caspase-1 (sc-514), anti-IL-1β (sc-7884), anti-TGF-β1
(sc-146), and mouse monoclonal antibody of anti-α-SMA
(sc-53015) were incubated overnight. Subsequently, sec-
tions were incubated with HRP-conjugated Novolink poly-
mer. Finally, slides were incubated with 3,3′-diaminoben-
zidine as a chromogen. Slides were counterstained with
hematoxylin, dehydrated with gradient alcohols and xy-
lene, mounted using DPX, and quantified using ImageJ
software (Maremanda et al. 2016).

Detection of HSC activation by transmission electron
microscopy

The liver tissue was cut into 1 × 1 × 1 mm3 blocks and
fixed with 2.5% glutaraldehyde in the phosphate buffer.
Samples were washed using phosphate buffer. Then
samples were fixed with 1.0% osmium tetroxide for
overnight, dehydrated with alcohol, and substituted with
Spur’s embedding media. Ultrathin sections were taken
using ultramicrotome, stained with uranyl acetate, and
observed for morphological changes in HSC with the
help of transmission electron microscope (model TF-20;
FEI, Hillsboro, OR, USA).

Quantification of protein content by western blot
analysis

Approximately, 100 mg of the liver tissue was homogenized
in 1 mL radioimmunoprecipitation assay buffer containing

�Fig. 3 Representative photomicrographs from different groups showing
the TUNEL-positive cells (green signal indicated by arrows in FITC
panels) in liver tissue sections. Effect of GLB treatment on apoptosis in
TAA-induced liver fibrosis evaluated by TUNEL assay. All the values are
expressed as mean ± SEM (n = 3), ***p < 0.001 and **p < 0.01, *p <
0.05, “a” vs. control, “c” vs. TAA
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protease inhibitor. Then, homogenized samples were sonicat-
ed for 10, 5, and 5 s. The samples were centrifuged at
10,000 rpm for 10 min at 4 °C and protein concentration
was determined in supernatant. Samples were separated by
8–15% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto PVDFmembrane. Three percent
BSA in TBS was used as blocking agent then primary rabbit
polyclonal antibody of anti-MMP-2 (sc-10736), anti-catalase
(sc-50508), and mouse monoclonal anti-tubulin used in
1:1000 dilution in TBS, then incubation with HRP-
conjugated secondary antibodies anti-mouse and anti-rabbit
(Santa Cruz, CA, USA). Fluorescent signal was detected
using enhanced chemiluminescence solution and X-ray films.
Densitometric analyses of immunoblots were performed using
ImageJ software (Maremanda et al. 2014).

Statistical analyses

Results were expressed as mean ± SEM for each group.
Statistical analyses were performed using graph pad prism 6
(Statistical Software, California corporation). For multiple
comparisons, ANOVA was used and post hoc analysis was
performed with Tukey’s test. p values ≤ 0.05 were considered
significant.

Results

Effect of GLB on hepatic morphology, body, and liver
weight

Control and GLB 5 per se treated groups have normal liver
morphology; however, profuse superficial nodules were ob-
served in TAA treatment groups. Treatment with GLB re-
duced the nodular appearance uniformly in all lobes (Fig.
2b). TAA treatment significantly decreased the body weight
and significantly increased the liver weight while GLB treat-
ment has no effect on the body weight (Fig. 2c,
Supplementary Figs. 1 & 2) as well as the liver weight (Fig.
2d). TAA treatment increased the liver to body weight ratio
(liver index), while GLB treatment has no effect on this pa-
rameter (Supplementary Fig. 3).

Effect of GLB on biochemical parameters

TAA per se treatment significantly increased the plasma ALT
and AST levels and serum ALP level; significant protection for
ALTwas observed for the groups TAA+GLB 1.25 and TAA+
GLB 2.5, and for AST and ALP, significant protection was
observed only for TAA+GLB 1.25 when compared to TAA-
treated group (Fig. 2e–g). Significant increase in the γ-GT
levels was found in per se TAA-treated group and GLB treat-
ment has no effect on the same (Fig. 2h). TAA treatment

significantly increased the lipid peroxidation in the liver, and
th i s was ref lec ted by the increase in the MDA
(malondialdehyde) and ROS level in comparison to control
group. Treatment with GLB at low and mid doses decreased
the MDA level in a significant manner and decreased ROS at
low dose (Fig. 2i, j). Co-treatment of TAA and GLB (low and
mid doses) significantly decreased the plasma glucose level
(Supplementary Fig. 4). TAA treatment significantly reduced
the SOD level while GLB treatment at low dose significantly
restored the same (Supplementary Fig. 5).

Evaluation of cell apoptosis and DNA damage

TAA-treated group induced significant TUNEL-positive cells
in comparison to control, and treatment with GLB decreased
the TUNEL-positive cells in a significant way in comparison
to TAA group (Fig. 3). Further, TAA treatment increased the
comet assay parameters such as TL, TM, TMO, and % DNA,
while GLB treatment significantly restored these comet assay
parameters (Fig. 4).

Evaluation of cellular damage

Effect of GLB on histological alterations

Liver sections were processed for H&E staining to evaluate
the alterations at tissue and cellular level. The infiltration of
inflammatory lymphocytes, excessive ECM protein (collagen
deposition) formation, and necrotic hepatocytes were ob-
served (Fig. 5) and GLB treatment significantly ameliorated
these effects. The extent of hepatic fibrosis especially collagen
deposition (portal, septal, and sinusoidal) was determined by
special staining such as MT, PSR, and PSRF staining. In MT
staining, the collagen taken up blue stain against red back-
ground was quantified (Supplementary Fig. 6). Both PSR
and PSRF that have red stain (for collagen) against yel-
low and green backgrounds, respectively, were quantified
(Fig. 6, Supplementary Fig. 7). GLB significantly re-
duced the collagen deposition as observed in MT, PSR,
and PSRF staining. PAS staining was performed as an
indicator of glycogen storage. Hepatocytes with glycogen
content have undergone the PAS reaction and showed
magenta color. TAA treatment altered the glycogen stor-
age as less hepatocytes have taken the magenta color,
while treatment with GLB restored the magenta color
(indicating restoration of glycogen) in the hepatocytes
(Supplementary Fig. 8).

Effect of GLB on α-SMA, TGF-β1, NLRP3, ASC, caspase-1,
and IL-1β expression

TGF-β1 and α-SMA are well-established markers to eval-
uate the hepatic fibrogenesis as well as progression of
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fibrosis. Immunohistochemistry was performed to validate
our observation. TAA-treated group showed the enhance
expression of α-SMA and TGF-β1, while GLB treatment
significantly normalized these expressions (Fig. 7a, b).

TAA treatment induced the NLRP3 inflammasome, its
adapter ASC, and its downstream caspase-1 and IL-1β
expression in TAA-treated group, while treatment with
GLB restored the level of same (Fig. 8a–d).
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Effect of GLB on hepatic stellate cells

Hepatic injury induced by TAA activated the quiescent state
of HSC. TAA treatment activated HSC as well as significantly
decreased the number of lipid droplets around the nucleus as
visualized by TEM imaging. The comparison of HSC mor-
phology was performed with control group. Activated HSC
showed myofibroblast-like morphology as observed in TAA-
treated group, when compared with control group. The treat-
ment with GLB significantly restored the HSCmorphology as
well as the number of lipid droplets, when compared to TAA
group (Fig. 9).

Effect of GLB on MMP-2 and catalase

TAA treatment significantly reduced the expressions of
MMP-2 and catalase while GLB treatment significantly re-
stored the expressions of same (Fig. 10a, b).

Discussion

Liver fibrosis is a common pathophysiological disorder and
initially manifested by the presence of inflammatory response,
deposition of ECM, activation of HSC, and scar formation

(Ouyang et al. 2013). The liver is one of the most vital organs
that maintain the inner workings of the body. The liver serves
as the first line of defense against and metabolizes/detoxifies
the beneficial/toxic agents that are absorbed from the stomach
and intestine. Hepatic lobule is a building block of the liver
parenchyma. Lobule contains millions of functional units of
liver known as hepatocytes. Besides oxygen, hepato-
cytes require a lot of energy to perform their many and varied
functions, and that hepatocytes contain abundant mitochon-
dria, which results more production of ROS on the occurrence
of any abnormal condition. Out of the total volume of the
liver, 70–85% is occupied by parenchymal hepatocytes, and
non-parenchymal cells (hepatic stellate cells) constitute only
6.5% of its volume (Kmiec 2001). Parenchymal cells
(hepatocytes) are primary cells subjected to oxidative stress-
induced injury in the liver. The mitochondria, microsomes,
and peroxisomes in parenchymal cells can produce ROS.
Moreover, Kupffer, hepatic stellate, and endothelial cells are
potentially more exposed or sensitive to oxidative stress-
related molecules (Li et al. 2015). The present experiment
reported that TAA-induced oxidative stress decreased antiox-
idant status and increased inflammation-mediated liver dam-
age. TAA treatment led to decrease the feed intake which
resulted in decreased final body weight and body weight gain.
In addition, TAA treatment increased in liver weight, liver

500 µm

CON TAA GLB  5

TAA+GLB 1.25 TAA+GLB 5TAA+GLB 2.5

500 µm 500 µm

500 µm500 µm

500 µm

Fig. 5 Representative photomicrographs from different groups showing
the H&E staining of liver tissue sections. TAA group exhibited the
extreme fibrosis as the portal zone showed a severe degree of
infiltration of inflammatory lymphocytes in the area indicated by

arrows. The hepatic artery and vein are present, but the corresponding
interlobular bile duct is not clearly visible. Portal triad is not clearly
visible. Higher magnifications of the indicated areas were further
inserted in the respective panel

1266 Naunyn-Schmiedeberg's Arch Pharmacol (2018) 391:1257–1274



index, and profuse nodular appearance as compared to control
animal. Further, treatment with GLB improved the nodular
appearance. TAA-induced significant increase in the liver
weight might be due to collagen deposition, new angiogene-
sis, and increase in other fibrotic components. Study conduct-
ed by Hao et al. reported that TAA treatment for 8 weeks
induced significant decrease in final body weight and signif-
icant increase in the liver weight index. Increased hepatic ox-
idative stress was confirmed by decreased antioxidant en-
zymes like SOD and catalase as well as increased MDA and
ROS levels. GLB treatment at low dose significantly amelio-
rated these changes and improved the liver antioxidant status.
In the present study, significant protection for ALT was ob-
served for the groups TAA+GLB 1.25 and TAA +GLB 2.5,
and for AST and ALP, significant protection was observed
only for TAA +GLB 1.25 when compared to TAA-treated
group. TAA per se treatment significantly elevated the γ-GT
level and treatment with GLB has no effect on the same.
Assessment of serum transaminases were long way consid-
ered to be an important factor to assess human liver abnormal-
ities. Koblihova et al. reported that TAA-exposed Wistar rats
have significant increase in plasma ALT and AST levels
(Koblihova et al. 2014). Al-Attar also reported mice treated
with TAA significantly increased the plasma ALT, AST, ALP,
and γ-GT levels (Al-Attar 2012). Histomorphometric findings

showed the presence of lymphocyte (inflammatory cells) in-
filtration, collagen deposition, bridging fibrosis, degeneration
of portal triad, and necrosis in the TAA-treated animals, which
clearly indicated the development of hepatic fibrosis and treat-
ment with GLB significantly reduced the same. Further, MT,
PSR, and PSRF staining revealed treatment with GLB signif-
icantly reduced the collagen deposition in the portal and cen-
tral vein areas as compared to per se TAA treatment. In the
present study, the HSC activationwas revealed by TEM image
analyses and the results indicated that TAA treatment signifi-
cantly altered the morphology of the HSC and drastically de-
creased the number of lipid droplets around the HSC nucleus.
GLB treatment restored the TAA-induced morphological
changes in the HSC as well as restored the lipid droplets. It
has also been reported that liver injury activates the HSC and
plays a vital role in the development of hepatic fibrosis
(Moreira 2007). Normal HSC nucleus looks regular in
shape; once activated, it looks like elongated/irregular in
shape (Soliman and Selim 2012). Further, the significant
decrease of lipid droplets is another indication for the ac-
tivation of HSC other than shape (Lee et al. 2010; Zhang et
al. 2017b). Previous studies reported that, in response to
injury, normal HSCs activate into myofibroblasts, which
are characterized by an increased proliferation and high
contractility with enhanced expression of pericellular
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Fig. 6 Representative photomicrographs from different groups showing
the PSR staining of liver tissue sections. Effect of GLB treatment on
TAA-induced hepatic fibrosis. As in TAA group, the presence of
fibrosis (collagen stained red against yellow background also indicated
by black arrows) that reaches from a portal area (or lobule) to another
portal area (or lobule) known as bridging fibrosis. Green and red arrows
showed the (peri-) sinusoidal and septal fibrosis, respectively. In the third

panel (TAA), magnified area showed the portal fibrosis. Asterisk
indicated the extent of fibrosis between and among the lobule has
occurred. GLB treatment significantly reduced the all different forms of
fibrosis. Higher magnifications of the indicated areas were further
inserted in the respective panel. All the values are expressed as mean ±
SEM (n = 4–7). ***p < 0.001, **p < 0.01, *p < 0.05, “a” vs. control, “c”
vs. TAA. HA hepatic artery, BD bile duct, CV central vein
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matrix protein such as α-SMA (Puche et al. 2013).
Activated HSCs not only secrete inflammatory, prolifera-
tive, and fibrogenic cytokine TGF-β1, but also express
type I and II TGF-β receptors and the urokinase-type

plasminogen activator, which activates latent TGF-β1
(Mann and Smart 2002). Immunohistochemistry was per-
formed for α-SMA and TGF-β1. Per se TAA treatment
increased the expression of α-SMA and TGF-1, while
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Fig. 7 Representative photomicrographs from different groups showed a
α-SMA and b TGF-β1 expressions in the liver tissue and the effects of
GLB treatment on TAA-induced hepatic fibrosis. Immunopositive area
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GLB treatment significantly reduced the overexpression of
the same as revealed by DAB-positive cells around the
central vein and the sinusoidal space as compared to
control.

It has been reported that different stimuli including patho-
gens are involved in inflammasome activation and its compo-
nents have been demonstrated in a wide range of fibrotic dis-
eases including liver (Ouyang et al. 2013). As reported earlier,
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the inflammasomes majorly contribute to the biology of
fibrogenesis as well as the progression of fibrosis (Wan et al.
2016). It is also reported that NLRP3 inflammasome com-
plexes are present in hepatocytes, hepatic stellate cells, and
Kupffer cells and mediated the inflammatory reaction in

response to various stress conditions (Dixon et al. 2013;
Meng et al. 2016). NLRP3 activation leads to hepatocyte
pyroptosis, liver inflammation, and subsequently fibrosis
(Szabo and Petrasek 2015; Wree et al. 2014). It is noteworthy
to mention that NLRP3 and ASC knockout mice did not
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develop hepatic fibrosis when injected with carbon tetrachlo-
ride and TAA (Watanabe et al. 2009). Present investigation
observed with marked activation of NLRP3 inflammasome
complex, its adapter ASC, and its downstream caspase-1 and
IL-1β tissue expression were significantly increased in TAA
per se treated group, while treatment with GLB significantly
normalized the expression of same. Recently, it has already
been reported that NLRP3 inflammasome inhibitor decreased
the hepatic inflammation and fibrosis in methionine/choline-

deficient diet model as well as ameliorated kidney fibrosis in
adenine crystal-induced experimental mice model (Ludwig-
Portugall et al. 2016; Mridha et al. 2017). Anti-inflammatory
and protective effects of GLB have been reported in diverse
conditions such as respiration, digestion, urology, cardiology,
CNS,melioidosis, ischemia-reperfusion (IR) injury, and septic
shock (Zhang et al. 2017a). However, the most common prob-
lem with GLB is the wide variations of dose (from 0.15 to
500 mg/kg) as reported in different studies and summarized in

CON TAAGLB 5

TAA+GLB 1.25 TAA+GLB 5TAA+GLB 2.5

Fig. 9 Representative photomicrographs from different groups showed
morphology of HSC nucleus in liver as observed by transmission electron
microscopy (TEM). CON and GLB 5 showed normal HSC (area
enclosed in black dashed line). Black arrows represent the presence of
lipid droplets around the nucleus of HSC. TAA group showed activated

HSC with an irregular shape (as indicated by white arrows). Intervention
of GLB against TAAwith all the doses (TAA +GLB 1.25, 2.5, and 5 mg/
kg) restored the changes in morphology as well as restored the number of
lipid droplets
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Supplementary Table 1. In the present study, comet and
TUNEL assay results revealed that TAA treatment significant-
ly increased % DNA, TM, TMO, TL, and % TUNEL-positive
cells, while GLB treatment reduced the same. TAA has al-
ready been reported as centrilobular hepatotoxicant and in-
duces DNA damage, apoptosis, and necrosis in rat liver
(Ledda-Columbano et al. 1991; Uno et al. 2015).
Additionally, the expressions of MMP-2 and catalase were
evaluated by western blot analyses, and it was observed that
TAA significantly decreased the expression of MMP-2 and
catalase as compared to control, whereas GLB treatment re-
stored the same. Zhu et al. reported that low-dose GLB in-
duces MMP-2 gelatinolytic activity in high glucose-
stimulated rat primary mesangial cells (Zhu et al. 2012). It
has already been reported that MMP-2 digests type I, II, and
III collagens, thereby reducing the formation of ECM (Van
Doren 2015). Earlier literatures reported that catalase is an
antioxidant enzyme and serves as the defense against oxida-
tive and other stresses in alloxan-induced diabetic rats
(Chukwunonso Obi et al. 2016). Studies in both humans and
experimental animal models indicate the protective role of
GLB in the liver. GLB prevents the pathological liver damage
due to severe hyperglycemia. It raises the insulin levels not
only by augmenting the secretion of insulin but also selective-
ly decreasing the catabolism of insulin by the endothelial cell
of liver (Mulder et al. 1991; Sokolovska et al. 2012). It is
clearly imperative from the present study that the lower dose
of GLB is more effective than the higher doses in protecting
the liver. Here, it is worthy to mention that the low dose of
GLB (which is 40 to 400 times less than the dose usually
needed to induce hypoglycemia in rat) has strong beneficial
effects in reducing edema, mortality, and lesion volume as
well as high therapeutic windows in ischemic stroke model
of rat (Simard et al. 2009b). The dose in the present study was
selected on the basis that at least one dose should be in the
clinical dose range. The low dose 1.25 mg/kg and mid dose
2.5 mg/kg showed more prominent protective effects in the
majority of parameters as compared to high dose 5 mg/kg.
Similar results were also reported by other investigations such
as Simard et al. that reported that low dose of GLB (infusion
dose 75 ng/h, loading doses 3 and 33 μg/kg) reduced total
lesion volume by 53% in the thromboembolic MCAO model
at 6 h (Simard et al. 2009b). Zhu et al. reported that low dose
of glibenclamide (0.01 and 1 μM) induced collagen IV catab-
olism in high glucose-stimulated rat primary mesangial cells
(Zhu et al. 2012). However, previous studies have reported the
conflicting evidences about the pro- or anti-apoptotic role of
sulfonyl ureas, including GLB, which can be attributed due to
a variety of mechanisms (Ansar and Ansari 2006; Kwon et al.
2013; Sawada et al. 2008). Recently, it has been reported that
the non-alcoholic fatty liver diseases are in between 70 and
80% in patients with metabolic syndrome and T2DM
(Masarone et al. 2017). As GLB is one of the important drugs

of choice for T2DM, so it is worthy to evaluate its further
hepatoprotective effects with appropriate dose ranges
employing different experimental markers in both in vitro
and in vivo models for future clinical applications particularly
in humans with long-term hepatic disorders.
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