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1. INTRODUCTION
Hepatic fibrosis is the final, common pathological outcome
of chronic liver injury from a number of causes includ-
ing alcohol, toxin, and persistent viral and helminthic
infections.1 Fibrosis, or scarring, is defined by the accu-
mulation of fibrous connective tissue (components of
the extracellular matrix (ECM) such as collagen and
fibronectin) in and around inflamed or damaged tissue.
If highly progressive, the fibrotic process eventually leads
to end organ failure, hepatic carcinoma and, ultimately,
death.2 According to the Office for National statistics in
the United Kingdom, liver disease is the fifth most com-
mon cause of death after heart disease, stroke, chest dis-
ease and cancer.3 Recent World Health Organization fact
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sheets (updated in June 2014) show that out of more than
400 million detected cases of potentially life-threatening
liver infection, more than 1.3 million people die every
year due to acute or chronic consequences of advanced
liver damage.4 On the other hand, there is hardly any drug
available for effective long term treatment of chronic liver
diseases with no or minimal side effects.5–8 Therefore,
it is necessary and of considerable interest to develop new
medicines for treatment of chronic liver diseases.
Currently, there is a great deal of interest in the health

benefits of inorganic nanoparticles. But one of the major
problems in application of nanomedicine against chronic
diseases is its route of administration.9 For long term ther-
apy, oral administration of drugs are mostly preferred due
to their convenience and compliance. But unfortunately,
NPs are not sufficiently effective because of their nonspe-
cific distribution to the entire body, metabolism in the GI
tract, low retention in the lesion area and undesired adverse
effects.10
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ABSTRACT

Currently there is a great deal of interest on health benefits of inorganic nanoparticles. Although they have been
successfully introduced against several diseases, their direct use in treatment of chronic diseases are sparse in
literature. Chronic liver diseases are the fifth most common cause of death, affecting around 400 million people
per  year  worldwide  and  have  no  effective  medication.  The  aim  of  this  study  was  to  evaluate  potential  hep-
atoprotective activity of orally administered citrate functionalized Mn3O4 nanoparticles (C-Mn3O4 NPs) against
CCl4 induced hepatotoxicity. Our results show that oral treatment of C-Mn3O4 NPs can effectively reduce severe
chronic liver damage even fibrosis in CCl4-induced mice model. Further investigations revealed that C-Mn3O4
NPs show increased antioxidant activity upon acid treatment (both in vitro and in vivo i.e., stomach), which is
in turn responsible for its hepatoprotective nature. Assessment of various liver function parameters along with
histopathology and immunohistochemistry were performed to evaluate pathophysiological condition of the liver.
To unravel the mechanisms involved in attenuation of liver injury by NPs, various antioxidant parameters (like
superoxide dismutase, catalase, glutathione peroxidase, reduced glutathione etc.) were also examined. An in
depth  study  of  the  effect  of  C-Mn3O4  NPs  on  mitochondria,  the  cellular  mediator  of  oxidative  stress  further
revealed the  molecular  mechanism behind  its therapeutic  efficacy. To best of our knowledge,  this is the first
study  that  demonstrates  direct  oral  treatment  of  an  inorganic  NPs  (i.e.,  C-Mn3O4  NPs)  without  any  delivery
system can efficiently reduce chronic hepatotoxicity and liver fibrosis through its antioxidant activity.
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method without any modification.13 Free radical scaveng-
ing activity of NPs and acid treated NPs were determined
using the DPPH method reported earlier.14 The DPPH�

radical scavenging capacity was calculated using the fol-
lowing equation:

DPPH� scavenging capacity �%� =
(
1− AbsSAMPLE

AbsCONTROL

)

×100 (1)

2.6. Animals
Healthy Swiss albino mice of either sex (5–7-weeks old,
weighing 27± 4 gm) were used in this study. Animals
were housed in standard, clean polypropylene cages and
maintained in controlled laboratory environment (tem-
perature 22± 3 �C; relative humidity 45–60%; 12 hrs
light/dark cycle). Water and standard laboratory pellet diet
for mice (Hindustan Lever, Kolkata) were available ad libi-
tum throughout the experimental period. All mice were
allowed to acclimatize for one week prior to experimen-
tation. All animals received human care according to the
criteria outlined by the Committee for the Purpose of Con-
trol and Supervision of Experiments on Animals (CPC-
SEA), New Delhi, India and the study was approved by the
Institutional Animal Ethics Committee (Approval number-
Dey’s/IAEC/PHA/14/15, dated 31.01.2015).

2.7. Acute Toxicity Study
Single-dose oral toxicity study was conducted to determine
the possible acute toxicity of C-Mn3O4 NPs following the
general principles of the OECD guideline 423 with some
adjustments.15 Twelve female mice were divided in four
groups: one control group (received 0.2 ml MilliQ water)
and three experimental groups (received either 500, 2000
or 5000 mg/kg body weight (BW) of NPs). All the animals
were kept in fasting condition overnight prior to feeding.
Behavior, mortality and body weight were monitored daily
for a period of 14 days.

2.8. In Vivo Distribution of NPs
The manganese contents in the liver (24 hrs after
treatment) and blood (2 hrs after treatment) were
estimated using inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES; ARCOS, Simultaneous ICP
Spectrometer, SPECTRO Analytical Instruments GmbH,
Germany) at SAIF, IIT Bombay, India. The samples were
prepared using open acid digestion method. In brief, dried
tissue were dissolved in HNO3 (15 ml), H2SO4 (10 ml),
and H2O2 (5 ml), heated at 120 �C until only a residue
remained and then diluted with deionized water to 10 mL.

2.9. Treatment Protocol
The animals were randomized into eight groups (n= 10 in
each group). The division of groups and treatment protocol
is described below.
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In the present study, we have demonstrated the potential
of orally administered C-Mn3O4 NPs in effective treatment
of  severe  liver  damage  in  CCl4-intoxicated  mice  model.
To the best of our knowledge, this is  the first study that
demonstrates direct oral treatment of an inorganic NP (i.e.,
C-Mn3O4 NP) without any delivery system can efficiently
reduce chronic hepatotoxicity and liver fibrosis through its
pH dependent antioxidant activity.

2.  EXPERIMENTAL SECTION
2.1.  Materials
Ethanol    amine,    hydrochloric    acid    (HCl),    sulfuric
acid    (H2SO4 ,    hydrogen    peroxide    (H2O2 ,    2×,7×-
dichlorofluorescin  diacetate   (DCFH-DA),  and   glycerol
were  obtained  from  Merck  (NJ,  USA).  Other  chemi-
cals  were  purchased  from  Sigma-Aldrich  (MO,  USA).
As  aqueous  solvent  Millipore  water  was  used  whenever
required.  All  the  chemicals  used  for  this  study  were  of
analytical grade and used without further purification.

2.2.  Synthesis of C-Mn3O4 NPs
For  template  free  synthesis  of  bulk  Mn3O4  NPs  at  nor-
mal  temperature  and  pressure  we  followed  a  bottom  up
approach  reported  earlier.11 12  Surface  functionalization
with citrate, was done in the following way. Firstly, as pre-
pared  Mn3O4  NPs  were  added to  0.5  M  aqueous ligand
(citrate) solution of pH 7.0 (∼20 mg Mn3O4 NPs/ml ligand
solution) and extensively mixed for 12 hrs in a cyclomixer.
A syringe filter of 0.22    m diameter was used to eliminate
the nonfunctionalized bigger-sized NPs.

2.3.  Preparation of Acid Treated NPs

To mimic the acidic condition of stomach, C-Mn3O4 NPs
were  kept  in  0.1  M  sodium  citrate  buffer  (pH  3.8)  for
30  mins.  Then  they  were  transferred  to  0.01  M  phos-
phate  buffered  saline  (PBS)  (pH  7.4)  for  further  studies
(1:10 w/v).

2.4.  Characterization Techniques
An  FEI  TecnaiTF-20  field  emission  HRTEM  operating
at  200  kV  was  used  for  obtaining  transmission  electron
microscopy  (TEM)  and  High-resolution  TEM  (HRTEM)
images.  Samples  were  prepared by  dropwise addition of
NP solution (both normal and acid treated) on 300-mesh
carbon-coated  copper  grid  and  dried  overnight  at  room
temperature.  Absorbance  spectra  were  recorded  in  Shi-
madzu  Model  UV-2600  spectrophotometer.  All  fluores-
cence  studies  were  performed  using  Jobin  Yvon  Model
Fluoromax-3 spectrofluorimeter.

2.5.  ROS Generation and Free Radical Scavenging
Activity of C-Mn3O4 NPs

In vitro ROS generation ability of the NPs and acid treated
NPs  were  evaluated  using  DCFH  following  a  reported
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Group I: Sham Control (2.4 ml/kg BW Olive Oil/day for
8 weeks)
Group II: CCl4 Control (CCl4 +Olive Oil (1:4 solution)
3 ml/kg BW/alternative day for 8 weeks)
Group III: NP Control (C-Mn3O4 NPs 1.5 ml/kg BW/day
for 2 weeks)
Group IV: NP Treated (CCl4 +Olive Oil (1:4 solution)
3 ml/kg BW/alternative day for 8 weeks then C-Mn3O4

NPs 1.5 ml/kg BW/day for 2 weeks)
Group V: Citrate Control (CCl4+Olive Oil (1:4 solution)
3 ml/kg BW/alternative day for 8 weeks then Citrate
0.75 ml/kg BW/day for 2 weeks)
Group VI: Standard Drug Treated (CCl4 + Olive Oil
(1:4 solution) 3 ml/kg BW/alternative day for 8 weeks then
Silymarin 1.5 ml/kg BW/day for 2 weeks).

All treatments were done via oral administration. At the
end of the experiment, the animals were kept in fasting
condition overnight and sacrificed by cervical dislocation.

2.10. Histopathological Examination
After collection of blood, liver was excised, washed
with ice-cold phosphate buffer and dried with tissue
paper. It was weighed and fixed in neutral formalin solu-
tion (10%), dehydrated in graduated ethanol (50–100%),
cleared in xylene and embedded in paraffin. 4–5 �m thick
sections were cut, deparaffinized, hydrated and stained
with hematoxylin and eosin (H/E).

2.11. Immunohistochemistry (IHC)
Paraffin-fixed liver tissue slices were sectioned, deparaf-
finized, rehydrated, and immersed in 3% H2O2 for
10 min to block endogenous peroxidase activity. Anti-
gen retrieval was performed in citrate buffer (pH 6.0)
in a microwave oven for 15 min. Bovine serum albu-
min (BSA) (5%) was used to block non-specific protein
binding. The sections were incubated with �-SMA pri-
mary antibody overnight at 4 �C. The sections were subse-
quently washed with PBS and incubated with horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG sec-
ondary antibodies, followed by incubation for 5–10 min
with 3,3′-diaminobenzidine tetrachloride. Stained slides
were analyzed using high-power field images captured
under microscope (magnification×400) (Olympus BX51).
Computer-assisted semi-quantitative analysis was used
to evaluate the �-SMA positive areas using ImageJ
software following reported literature.16 The data for
�-SMA staining was expressed as the mean percentage
of the positively stained area over the total tissue section
area.

2.12. Scoring of Fibrosis
Scoring of fibrosis was done by an independent pathologist
unaware of the experiment using random microscopic field
images of H/E, MT and IHC stained liver sections. For
the scoring of hepatic necrosis we used METAVIR system

as well as Ishak Modified Hepatic Activity Index (HAI).
Fibrosis score was calculated following both original and
modified Ishak Staging.

2.13.  Serum Isolation
For  biochemical  studies,  blood  samples  were  collected
in sterile tubes (nonheparinized) from retro-orbital plexus
just  before  sacrifice  and  allowed  to  clot  for  45  min.
Serum  was  separated  by  centrifugation  at  3000  rpm  for
15 min.

2.14.  Measurement of Liver Function Enzymes
Sterile,  hemolysis-free  serum  samples  kept  at −20 C
were  used  for  determination  of  the  biochemical  param-
eters.  The  activities  of  alanine  aminotransferase  (ALT), 
aspartate  aminotransferase  (AST), -glutamyltransferase
(GGT), alkaline phosphatase (ALP), total bilirubin, direct 
bilirubin  and  total  protein  in  plasma  were  determined 
using  commercially  available  test  kits  (Autospan  Liquid 
Gold, Span Diagnostics Ltd., India) following the proto-
cols described by the corresponding manufacturers.

2.15.  Liver Homogenate Preparation
Samples  of  liver  tissue  were  collected,  homogenized  in
cold 0.1 mM phosphate buffer (pH 7.4), and centrifuged
at 10,000 rpm at 4 C for 15 mins. The supernatants were
collected to determine the activity of SOD, CAT, GSH-Px
and GSH as well as the content of MDA.

2.16.  Assessment of Lipid Peroxidation and
Hepatic Antioxidant Status

The  supernatants  were  used  to  determine  the  activity  of
SOD,  CAT,  GSH-Px  and  GSH  as  well  as  the  content
of  MDA.  Degree  of  lipid  peroxidation  was  determined
in   terms   of   thiobarbirbituric  acid   reactive  substances
(TBARS)  formation  using  a  reported  procedure.17  SOD
and  CAT  activities  were  estimated  following  methods
described  by  Kakkar  et  al.18  and  Britton  and  Mehley19

respectively.  Hepatic  GSH  level  was  determined  by  the
method of Ellman with slight modification.20

2.17.  Mitochondria Isolation
Mitochondria were isolated from mouse livers according to
the method of Graham,21 with some slight modifications.
In  brief,  livers  were  excised  and  homogenized  in  liver
homogenization medium containing 225 mM D-mannitol,
75 mM  sucrose,  0.05 mM  EDTA,  10 mM  KCl,  10  mM
HEPES  (pH  7.4).  The  homogenates  were  centrifuged  at
600 × g  for  15  min  and  resulting  supernatant  were  cen-
trifuged at 8500 × g for 10 min. The pellet were washed
thrice and resuspended in same buffer. All procedures were
done at 4 C. Protein concentration were determined using
commercially available kit (Autospan Liquid Gold, Span
Diagnostics Ltd., India) following the protocol described
by the manufacturer.
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2.18. Cytochrome C Oxidase (COX) Activity
COX activity was measured spectrophotometrically using
isolated mitochondria.22 Briefly, reduced cytochrome c was
prepared by mixing cytochrome c and ascorbic acid in
potassium phosphate buffer. COX activity was taken as the
rate of ferrocytochrome c oxidation to ferricytochrome c,
detected as the decrease in absorbance at 550 nm.

2.19. Measurement of Mitochondrial Membrane
Permeability Transition (MPT)

Opening of the pore causes mitochondrial swelling, which
results in reduction of absorbance at 540 nm. Mitochon-
drial permeability transition (swelling assay) was moni-
tored as changes at 540 nm at 10 sec intervals over 10 min
time with 250 �g mitochondrial protein in the swelling
buffer, which contains 120 mM KCl (pH 7.4) and 5 mM
KH2PO4.

2.20. Statistical Analysis
All quantitative data are expressed as mean± standard
deviation (SD) unless otherwise stated. One-way analy-
sis of variance (ANOVA) followed by Tukey’s multiple
comparison test was executed for comparison of different
parameters between the groups using a computer pro-
gram GraphPad Prism (version 5.00 for Windows), Graph-
Pad Software, California, USA. p < 0�05 was considered
significant.

3. RESULTS AND DISCUSSION
The present study was performed with the aim of explor-
ing the potential therapeutic effect of C-Mn3O4 NPs as

Fig. 1. Characterization of C-Mn3O4 NPs. (a) TEM image of the NPs. (b) HRTEM image of the NPs showing interfringe distance. (c) Size distribution
of the NPs. (d & d inset) Absorbance spectrum of the NPs in aqueous solution. (e) Fluorescence emission spectra of the same.
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orally  administered  drug  against  chronic  liver  diseases.
The  C-Mn3O4  NPs  used  in  this  study  were  approxi-
mately  spherical  (Fig.  1(a)),  with  mean  particle  size:
6.19 ± 0.05 nm (Fig. 1(c)). HRTEM image of single NP
(Fig. 1(b)) shows interfringe distance to be 0.312 nm (cor-
responding  to  the  (112)  planes  of  the  Mn3O4  tetragonal
crystal lattice) confirming its crystallinity. The absorbance
spectra of the NPs and the capping ligand citrate are illus-
trated  in  Figure  1(d).  A  magnified  view  of  the  absorp-
tion spectrum of the NPs (400–800 nm) is represented in
the  inset  of  Figure  1(d).  The  observed  absorbance  peak
at  around  290  nm  signifies  high-energy  ligand  to-metal
charge transfer (LMCT) transition involving citrate–Mn4+

interaction. 429, 526, 746 nm absorbance maxima are cor-
responding to the Jahn–Teller (J–T) distorted d–d transi-
tions  centered  over  Mn3+  ions.  The  NPs  are  also  found
to be fluorescent under various excitation wavelengths as
reported earlier (Fig. 1(e)).12 23

As all orally applied drugs needs to pass through highly
acidic stomach before entering hepatic circulation, it is of
considerable interest to study the effect of acidic environ-
ment (of stomach) on activity and physicochemical prop-
erties of NPs. The property of C-Mn3O4  NPs to degrade
bilirubin in  dark24  was  monitored as  a  method for com-
paring  the activities  of  neutral  and  acid  treated  NPs'.
Figure 2(a) clearly shows an increase in bilirubin degra-
dation activity of NPs upon acid treatment. The increased
catalytic  activity  caused  by  acid  treatment  is  in  agree-
ment  with  the  fact  that,  at  higher pH,  Mn3+  in  the  NPs
surface is stable due to comproportionation of Mn2+  and
Mn4+ and dose not tends to react with bilirubin.24 In acidic
pH, Mn3+  ions are unstable and tend to disproportionate
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Fig. 2. Effect of acid treatment on activity of C-Mn3O4 NPs. (a) Biliru-
bin degradation after 45 mins. (b) ROS generation ability after 15 mins.
(d) DPPH free radical scavenging activity after 1 hour.

into  Mn2+  and  Mn4+  which  are  highly  reactive  towards
bilirubin.25 In various studies, C-Mn3O4  NPs have shown
a  tendency  to  produce  ROS  in  solution.26  In  this  study
emission intensity at 520 nm of nonfluorescent DCFH-DA
was  monitored  with  time  to  evaluate  the  extent  of  ROS
generation.  We  observed  an  increase  in  ROS  generation
upon acid treatment (Fig. 2(b)). The nature of ROS was
found to be singlet oxygen, as in presence of sodium azide,
a well-known singlet oxygen quencher, emission of DCF
reduced significantly (Fig. 2(b)). It is also well recognized
that hepatoprotective effect of a compound greatly depends
on  its  antioxidant capacity. So, we  estimated the  antioxi-
dant  activity  of  C-Mn3O4  NPs  (both  neutral  and  acid

treated) using DPPH   method. Figure 2(c) clearly shows
that C-Mn3O4 NPs hold substantial free radical scavenging
activity  which  is  significantly  increased  upon  acid  treat-
ment. This antioxidant activity of C-Mn3O4  NPs may be
due to the redox reaction between the Mn(II) and Mn(III)
states due to LMCT. The formation of complex between
Mn and an anion causes a decrease in the redox potential
of the Mn(II) ↔ Mn(III) couple, enhancing the dispropor-
tionation of Mn(III) to Mn(II).27 28

In  order  to  estimate  the  maximal-tolerated  dose  of
C-Mn3O4  NPs, single-dose acute toxicity study was con-
ducted  following  OECD  guideline.  No  mortality  was
observed  after  oral  administration  of  C-Mn3O4  NPs  for
all three dose groups. During the study period no behav-
ioral  and  physical  symptoms  of  acute  toxicity  such  as
decreased activity or decreased uptake of food and water
were spotted.

The internalization of NPs from GI tract is very impor-
tant for its therapeutic activity. So that, we estimated
Mn content both in liver and circulation using ICP-AES.
The results depict increased deposition of Mn in liver
12 hrs after treatment with C-Mn3O4 NPs (4.04 ± 0.2 g/
gm tissue compared to 2.54 ± 0.1 g/gm tissue of Con-
trol; p < 0 05). The Mn content of blood also increased
from 0.81± 0.1 g/ml to  1.54 ± 0.3 g/ml (p < 0 05)
after 2  hrs of treatment.

CCl4  is  a  well-known  hepatotoxic  agent  extensively
used to study hepatoprotective activity of new drugs in pre-
clinical animal models of liver cirrhosis and fibrosis.29–31

To evaluate the protective effect of C-Mn3O4 NPs against
CCl4  induced chronic hepatitis, structural changes in H/E
stained  liver  sections  were  studied  under  microscope.
Figure  3(a)  illustrates  the  changes  in  outer  morphology
of the liver throughout experimental groups. Livers from
group II  and  V  have  shown  signs  of  CCl4  toxicity. H/E
stained  liver  sections  of  the  vehicle  control animals  dis-
played  a  typical  hepatic  architecture  with  hepatic  plates
directed  from  the  portal  triads  towards  the  central  vein.
In the CCl4-intoxicated mice (Group II, Fig. 3(b)), mas-
sive centrilobular necrosis, vacuolation, increased cellular
mitosis  and  inflammatory infiltrations  into  the  portal  tri-
ads  and  distortion  of  CVs  were  detected.  Liver  sections
from NPs  (Group IV)  and Silymarin (Group VI)  treated
groups  showed  better  conservation  of  the  normal  liver
architecture (Fig. 3(b)). All of these treated groups exhib-
ited  irregular peripoprtal inflammatory infiltration, minor
dialation of Disse space and restoration of compact liver
structure.  However,  in  comparison  to  NPs,  conventional
drug silymarin showed lesser activity as observed in hep-
atic  morphological  analysis.  The  animals  treated  with
only  C-Mn3O4  NPs  (Group  III,  Fig.  3(b))  showed  reg-
ular  liver  architecture  similar  to  vehicle  control  group.
Citrate  displayed  no  or  slight  healing  effect  on  hepatic
morphology  (Group  V,  Fig.  3(b)).  To  evaluate  necroin-
flammatory changes, Ishak modified hepatic activity index
and METAVIER system were used.32 33 In the Ishak’s and
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Fig. 3. Effect of C-Mn3O4 NPs on hepatic morphological analysis in CCl4-intoxicated mice. (a) Representative photographs of liver after the exper-
imental period. (b) Hematoxylin and eosin stained liver sections under microscope of Group I–VI. (c) �-SMA immunohistochemistry. Portal arears
showed high immunoreactivity in case of CCl4 treated mice. CV-central vein; Ne-necrosis, MI-mononuclear infiltration; ∗-increased mitotic activity;
→-hemorrhage; V-vacuolation.

METAVIER grading, tissue sections from CCl4 induced
mice scored 14 (highest score possible is 18) and 3 (severe;
highest score possible is 3) respectively. However, treat-
ment with C-Mn3O4 NPs reduced it to level of the control
(0 for both scoring). So, according to the microscopic
examinations, severe cellular liver damage induced by
CCl4 was remarkably reduced by oral administration of
the NPs.
CCl4 is a well-known genotoxic agent that causes fibro-

sis of liver. Keeping that in mind we further performed
immunostaining against �-SMA, a definitive marker of
fibrotic liver. �-SMA immunoreactivity increases with
increased ECM deposition. Figure 3(c) depicts liver
sections stained with anti-�-SMA antibody (showing only
�-SMA positive areas processed with Image J). In case
of control animals, �-SMA immunopositivity was limited

to the smooth musculature belonging to the arterial tunica
media, as well as to the wall of majority of portal
and central veins, while other liver cells remain negative
(Fig. 3(c), Control). CCl4 strongly induced perisinusoidal
�-SMA expression, which was recognized as activated
HSCs, through affected lobule, connected between them-
selves with thin, “bridging” immunopositivity (Fig. 3(c),
CCl4�. The livers of mice receiving C-Mn3O4 NPs dis-
played staining pattern alike control animal (Fig. 3(c),
CCl4 +NP) with infrequent �-SMA positivity. The cal-
culated �-SMA positive area were shown in Figure 3(c).
It is clear from the plot that CCl4 treatment caused more
than two fold increase in �-SMA level, which after treat-
ment with NPs decreased to a level similar as control
animals, representing an attenuation of the fibrogenic prop-
erties of HSCs. On the basis of histological outcomes, we
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Fig. 4. Effect of C-Mn3O4 NPs on liver function enzyme activity in CCl4-intoxicated mice. (a) AST (b) ALT (c) ALP (d) GGT (e) Total bilirubin
(f) Direct Bilirubin.

applied scoring to the livers of different groups. Both Ishak
and Ishak modified fibrosis staging was performed. After
6 weeks of CCl4 administration, most mice had fibrous
portal expansion with short fibrous septa (Ishak 3), and sel-
dom proceeded to complete bridging fibrosis with appear-
ance of a few of regenerative nodules (Ishak 4). However,
treatment with C-Mn3O4 NPs reduced the degree of fibro-
sis, decreasing the score to normal.

Results of histopathological studies are further backed
by alterations in serum biochemical parameters. The ele-
vation in serum levels of AST and ALT (∼400% and
∼200% respectively) after CCl4 treatment designates to
the damaged structural integrity of the liver.34–36 Leakage
of huge amounts of these enzymes from hepatocytes to
the circulation is related to immense centrilobular necro-
sis, ballooning degeneration and cellular infiltration of
the liver. Other hepatic biomarkers showed similar ten-
dency. Elevated levels of ALP (∼260%), GGT (∼95%),
TB (∼350%), and DB (∼210%) in serum further con-
firmed induction of chronic hepatitis by CCl4. Two weeks
treatment with C-Mn3O4 NPs at a dose of 1.5 ml (OD430

0.5)/kg BW decreased the elevated serum levels of afore-
mentioned biomarkers to almost normal (AST∼ 90%,
ALT ∼ 60%, ALP ∼ 75%, GGT ∼ 35%, TB ∼ 80%,
DB∼ 70% compared to CCl4 treated group; p < 0�05),
inferring that C-Mn3O4 NPs tended to prevent damage
and suppressed the leakage of enzymes. Treatment with
silymarin also improved the liver parameters, but with
lesser efficacy (AST ∼ 60%, ALT ∼ 50%, ALP ∼ 60%,

GGT ∼ 20%,  TB ∼ 70%,  DB ∼ 70%  compared to  CCl4
treated  group; p < 0 05).  Moreover, it  could  not  restore
the above mentioned enzymes particularly AST and ALT
(1.8 and  1.4 times  higher respectively compared to  con-
trol; p < 0 05) to normal level within the treatment period.
This clearly  indicates that,  NPs  could heal  hepatic dam-
age  faster  than  the  conventional  drug  Silymarin.  The
liver function parameters for the NP control group (group
III)  remained  almost  same  as  the  vehicle  treated  group
(group I). No significant improvement in the citrate con-
trol group confirmed that citrate alone is not playing any
role in prevention of hepatotoxicity.

Our in vitro  studies,  as  depicted  in  earlier  section,
have  shown  the  antioxidant  potential  of  C-Mn3O4  NPs.
Therefore,  to  find  its  mechanism  of  action  we  targeted
in vivo antioxidant defense system comprising of the trio;
SOD,  CAT  and  GPx.37  SOD  converts superoxide anions
to  H2O2,  which  is  further  converted  to  H2O  with  the
help of GPx and CAT. SOD also  inhibits hydroxyl radi-
cal production.5 Sustaining the balance between ROS and
antioxidant enzymes is critical for prevention of oxidative
injury  which  can  cause  damage38  to  protein,  lipids  and
DNA  of a  cell.5 Figure 5  shows  that  CCl4  destructed the
hepatic antioxidant enzymes causing  significant decrease
in hepatic SOD (∼61%), CAT (∼65%) and GPx (∼60%)
activities.  Treatment  with  orally  administered  NPs  and
Silymarin substantially raised the antioxidant enzyme lev-
els almost to normal. Citrate also exhibited some amount
of efficacy in reversal of antioxidant defense mechanism.
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Fig. 5. Effects of orally treated C-Mn3O4 NPs on liver SOD, catalase, GPx, GSH and MDA content in CCl4 intoxicated mice. (a) SOD activity
(b) Catalase activity (c) GSH level (d) GPx activity (e) Serum MDA content (f) MDA content from liver homogenate.

mechanisms. Firstly, redox reaction between the Mn(II)
and Mn(III) states in C-Mn3O4 NPs due to LMCT may
help it to act as a scavenger of hydroxyl and superoxide
radicals (details are discussed in previous section of the
text). Secondly, it may act as a chain-breaker in inhibiting
iron-induced lipid peroxidation chain reactions,39�40 and as
proposed in other studies, Mn(II) may scavenge peroxyl
lipid radicals.41�42

As mitochondria are a major site of ROS production, we
further studied the effect of C-Mn3O4 NPs on it. Earlier
studies portrayed the dependence of mitochondrial defense
mechanisms on the cytosolic pool of reducing equivalents
such as GSH. Depletion of these equivalents (also evident
in our study) in the cytosol has direct consequences on
the mitochondrial redox state. Previous studies revealed
that COX plays a crucial role in oxidative stress and
associated apoptosis.43 In this study, the activity of COX
found to be significantly decreased in CCl4 treated mice
(Fig. 6(a)), which is consistent with reported literature.44–46

Even though, treatment with C-Mn3O4 NPs has signifi-
cantly (p < 0�05) improved COX activity, normal level
was not restored. Ca2+-induced liver mitochondria perme-
ability transition (MPT) is a useful model for evaluating
the effects of drugs or other substances on mitochon-
drial function.47 The mitochondria isolated from the CCl4
intoxicated-group were more sensitive to Ca2+ as shown
by a quick drop of 540 nm absorbance. C-Mn3O4 NPs
attenuated Ca2+-induced MPT, as shown by slow decline
of A540 that mimicked the control group (Fig. 6(b)). This
indicates a protective role of C-Mn3O4 NPs on normal
MTP of mitochondria.
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In case of NP control group (Group III), some pro-oxidant
effect was observed. This is because of the inherent prop-
erty of the NPs to produce ROS in solution as described in
our in vitro studies. However this change has not damaged
the  liver  and  it  has  no  effect  on  liver  marker  enzymes.
GSH,  a  non-enzymatic  antioxidant,  plays  excellent  role
in protection of cells from CCl4-induced hepatotoxicity.5
GSH combines with trichloromethyl radical, in presence of
GST catalytic activity, which in turn contributes to detox-
ification  of  CCl4.  GSH  stores  are  markedly  exhausted,
especially  when  liver  necrosis  initiates.  In  the  current
study,  we  noticed decline  in  hepatic  GSH  (∼50%)  level
upon CCl4  administration. Treatment with C-Mn3O4  NPs
restored GSH level to the normal. The effect could either
be due to the de novo synthesis of GSH, its regeneration,
or both. Rapid membrane lipid peroxidation has been pro-
posed as the basis of CCl4  liver toxicity. So, we checked
the  levels  of  MDA,  an  index  of  oxidative  damage  and
one of the decomposition products of peroxidased polyun-
saturated  fatty  acids,  to  estimate  the  effect  of  C-Mn3O4
NPs' treatment  on  CCl4-induced  liver  peroxidation.  As
shown in Figures 5(e and f), significant increase of MDA
(∼172% and ∼205% respectively for hepatic and serum
MDA  content; p < 0 05) in  the  CCl4-treated  group con-
firmed that  oxidative damage had  been induced. Consis-
tent with liver function tests, treatment with C-Mn3O4 NPs
and  Silymarin significantly reduced both hepatic  (∼55%
and ∼45% respectively; p < 0 05) and serum (∼55% and
∼50% respectively; p < 0 05) MDA content. The observed
in vivo ability of C-Mn3O4 NPs in protection against lipid
peroxidation  and  oxidative  damage  may  involve  various
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Fig. 6. Effect of C-Mn3O4 NPs on mitochondria. (a) Effect on
mitochondria  permeability  transition  (MPT),  measured  as  decrease  in
absorbance at 540 nm. (b) Cytochrome c oxidase (COX) activity.

4.  CONCLUSION
In   conclusion,   the   present   study   showed,   C-Mn3O4
NPs  when  administered  orally  can  protect  liver  from
CCl4-induced chronic liver damages due to  its  increased
antioxidant  properties  upon  acid  treatment  in  stomach.
Its  possible  promising  therapeutic  role  against  oxidative
stress and related chronic liver diseases deserves consider-
ation. However, cautions must be taken as there is preva-
lent debate about nanotoxicity. Detailed toxicity study and
more  preclinical  trials  are  required before  it  reaches  the
clinics for use in prevention of liver diseases.
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