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A B S T R A C T

This study aimed to elucidate the anti-inflammatory, anti-oxidant and antifibrotic effects of gold nanoparticles
(GNPs) in rats subjected to liver injury with ethanol and Methamphetamine (METH). The liver injury was in-
duced by gavage administrations of 30% alcoholic solution (7 g/kg) once a day during 28 days, followed by
METH (10mg/kg) on the 20th and 28th days of treatment. GNPs treatment (724.96 µg/kg) during the ethanol
and METH exposure was associated with reduced steatosis, hepatic cord degeneration, fibrosis and necrosis.
Furthermore, there was a reduction in biochemical markers of liver damage and oxidative stress, and pro-
inflammatory cytokines IL-1β and TNF-α, compared to ethanol+METH group alone. A decrease of FGF, SOD-1
and GPx-1 expression was also observed. GNPs down-regulated the activity of Kupffer cells and hepatic stellate
cells affecting the profile of their pro-inflammatory cytokines, oxidative stress and fibrosis through modulation
of signaling pathways AKT/PI3K and MAPK in ethanol+METH-induced liver injury in a rat model.

1. Introduction

Many drugs, including alcohol and stimulants, are used in social
contexts, perhaps because they enhance prosocial behaviors such as
social bonding, talking, and empathy (Kirkpatrick and De Wit, 2013;
Sayette et al., 2012). Poly-substance use is a term coined to denote the
concomitant or sequential consumption of more than one psychoactive
drug over an interval of at least 12months for either therapeutic or
recreative purposes. Amongst the substances that are co-administered
with illicit drugs, ethanol is undoubtedly the most prevalent chemical
responsible for the increasing number of hospital admissions and deaths
(Winkler et al., 2016). Ethanol is frequently co-used with

psychostimulant drugs such as methamphetamine (METH) or cocaine
(Kedia et al., 2007) in order to enhance and prolong the drug effects.

Evidence suggests that the co-administration of ethanol and cocaine
produces amplified and extended subjective effect (Ikegami et al.,
2002), fewer studies have examined the somatic impact of the METH-
ethanol combination in brain (Zendulka et al., 2012; Almalki et al.,
2018; Wells et al., 2016). Concerning toxic effects on liver, (Koriem and
Soliman, 2014) found that a hoop of edema in the periportal area
compresses the surrounding hepatocytes, leading to formation of hy-
peremic vessels. The association of ethanol and METH produces a
variety of histological abnormalities in liver such as abundant cyto-
plasmic lipid droplets diffusely distributed along the lobules. Besides, a
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pronounced deposition of collagen fibers between the hepatocytes and
the endothelial cells of the sinusoids results in an apparent reduction of
the size and density of the hepatocytes in the sinusoids and in the bile
canaliculi (Pontes et al., 2008).

Three mechanisms have been proposed for alcoholic liver injury: (i)
acetaldehyde toxicity (Guo et al., 2009); (ii) metabolic generation of
reactive oxygen species (ROS) or exposure to oxidative stress (Tang
et al., 2014); and (iii) oxidative stress in hepatocytes caused by immune
response (Chen et al., 2011; Park et al., 2013). The latter has been
found in alcoholic-liver-injury patients (Chen et al., 2011), which helps
prevent ethanol-induced liver disease.

In liver injury, activated Kupffer cells release a number of soluble
agents, including cytokines, such as TGF-β, and TNF-α, ROS (Kang
et al., 2008) and factor nuclear kappa B (NF-κB) translocates to the
nucleus, in which it binds to the promoter of target genes such as TNF-α
and other pro-inflammatory cytokines (Son et al., 2011). These factors
act on hepatic stellate cell (HSC), which are localized in the para-
sinusoidal space (Wen et al., 2013). The activated phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3-K) participate in regulation of HSC mi-
gration, proliferation, collagen secretion and adhesion(Friedman, 2000)
besides being involved in regulating a number of cellular responses,
such as cell growth, survival and migration. The protein kinase B (Akt
or PKB) is downstream of PI3-K and activation of Akt is associated with
HSC proliferation and α1 (I) collagen transcription and translation (Reif
et al., 2003).

Functionalized spherical gold nanoparticles (GNPs) with controlled
geometrical and optical properties are the subject of intensive studies
and biomedical applications, including genomics, biosensorics, im-
munoassay (Bartneck et al., 2014; He et al. 2008), clinical chemistry
(Bartneck et al., 2014), laser phototherapy of cancer cells (Gunes et al.,
2010), the targeted delivery of drugs (Aslan et al., 2004), DNA and
antigens (Dykman and Bogatyrev, 2000), optical bioimaging and the
monitoring of cells (Hirsch et al., 2003) and tissues with the use of
state-of-the-art detection systems.

Investigation of GNPs cytotoxicity focuses on their size, shape, doses
and surrounding ligands being those chemically positive and negative
charged responsible for causing cell damages through oxidative al-
terations in mitochondrial membrane potential (De and Vincent, 2008;
Schaeublin et al., 2011). Spherical neutral GNPs are more suitable for
biomedical application due to the their inability in removing electrons
from molecules, such as membrane lipids and mitochondria, as well as
generating free radicals (Loumaigne et al., 2010; Fröhlich, 2012). Local
macrophages like kupffer cells ingest foreign materials such as patho-
gens and nanoparticles, and recruit additional macrophages to the in-
flamed microenvironment, producing cytokines including TNF-α, IL-6
and TGF-β that up-regulate the inflammatory process (Tilg and
Alexander, 2008). Positively charged nanoparticles are preferentially
taken up by monocyte-derived macrophages and Kupffer cells that have
an M2-like phenotype which produce high level of TGF-β (MacParland
et al., 2017).

In this context, macrophages like Kupffer cells therefore not only
represent attractive targets for nanomedicine in liver disease, but they
also need to be considered as potential particle scavenging cells in any
kind of parenteral nanoparticle administration. As such, changing local
Kupffer cell behavior may affect the progress of inflammation-related
disorders. Therefore, the aim of the present work was to evaluate the
anti-inflammatory, antioxidant and antifibrotic effect of GNP in an
animal model of ethanol and METH-induced liver injury through an
analysis of several markers.

2. Methods

2.1. Chemicals

The absolute ethyl alcohol (PA 99.8%) was obtained from Vetec
Quimica, Brazil. Methamphetamine (METH) was acquired from Fisher

Scientific, according to the law 10.357 of December 27, 2001, which
establishes rules for production, control and inspection of chemical
substances.

Murine macrophage cells (RAW 264.7; cat. no. TIB-71) were ob-
tained from American Type Culture Collection (Manassas, VA, USA).
Dulbecco’s modified Eagle’s medium (DMEM) was purchased from
Invitrogen Corporation (Carlsbad, CA, USA); fetal bovine serum from
Hyclone Company (Logan, UT, USA).

Antibodies anti-TGF- β, FGF, SOD-1, GPX, IL-1β, TNF-β and MIF
were obtained from Santa Cruz Biotechnology Enterprise, Brazil.
Streptavidin-HRP-conjugated secondary antibody (Biocare Medical,
Concord, CA, USA), TrekAvidin-HRP Label+ Kit (Biocare Medical,
Dako, USA), IL-1β, IL-10, TNF-α and ELISA kit (R&D Systems,
Minneapolis, MN, USA) were also utilized in this study.

2.2. Cell culture

RAW 264.7 macrophage cells were grown in DMEM medium with
10% fetal bovine serum. Cells were seeded at a density of 5× 104 cells
per well in 6-well plates and reached 50–60% confluence 24-h after
seeding, just before exposure to the non-cytotoxic concentration of
GNPs in 10 μg/mL for treatment (Zhang et al. 2011). The cells were
maintained in a 5% CO2 incubator at 37 °C and 95% humidified air.
Cells were subsequently analysed by a phase-contrast microscope.

2.3. Immunofluorescence

RAW 264.7 macrophage cells were plated onto glass coverslips in 24
well plates (5×104 cells/well) and allowed to grow for 24 h. The cells
were then washed, fixed with 1% paraformaldehyde, permeabilized
with Triton-X and incubated with 100 μL of GNPs and 4′,6-diamidino-2-
phenylindole was used for nuclear stainingfor 10min in a humid at-
mosphere at room temperature. Control experiments were performed
under the same conditions but without GNPs addition. The glass cov-
erslips were then directly observed with the Leica DM5500 B fluores-
cence microscope (filter settings: TXR, Cy7, FITC and DAPI), equipped
with a condenser using laser excitation from 512 to 542 nm.

2.4. Animal

Thirty six Wistar rats male weighing between 270 g and 300 g, ob-
tained from the animal house of Department of Biophysical and
Pharmacology – Federal University of Rio Grande do Norte (UFRN),
Natal, Brazil, were randomly divided into six groups of six animals each
and used for experiments. Animals were housed in cages with free ac-
cess to food and water at temperature and humidity controlled en-
vironment under a 12 h light/dark cycle. Animals were treated ac-
cording to the ethical principles for animal experimentation. All
experiments were approved by UFRN Ethics Committee (approval
number: 018/2015).

2.5. Preparation and administration of ethanol

7 g per kg body weight of 30% v/v ethanol solution was used as
chronic dose in this experiment and 30 g of absolute ethanol was dis-
solved in distilled water and made up to 100ml, then 6.2 ml of the
solution was daily administered for 28 days to each rat treated with
ethanol (de Araújo et al., 2016).

2.6. Preparation and administration of methamphetamine

We used the dose of 10mg/kg for METH, in which 25mg of METH
were diluted in 10ml of distilled water. Each animal received 0.1 ml of
this solution, which corresponds to 2.5 mg in each dose (Halpin et al.,
2013).
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2.7. Production of gold nanoparticles

Gold nanoparticles (GNPs) were obtained from a partnership with
the Department of Chemistry of the Federal University of Rio Grande do
Norte-UFRN, Brazil. These GNPs are produced as described by
(Gasparotto et al., 2012).

First, Au3+ was reduced by glycerol in alkaline medium and poly-
vinylpyrrolidone was used to stabilize the gold nanoparticles. Diluted
HCl was then added to bring the solution pH to 7 and generate neutral
GNPs. Considering the quantitative transformation of gold ions into
nanoparticles, the concentration of GNPs was estimated to be 197 μg/
mL−1. The final mixture has a dark-red color due to the GNPs formation
of 7.4 ± 1.6 nm in size.

A Zeta-Meter 3.0+ system (Zeta-Meter Inc., USA) at a temperature
of 25 ± 2 °C was used to determine the electrophoretic mobility of the
GNPs colloidal solution (20ml). The zeta potential was calculated using
the Smoluchowski equation:

=ζ
μ η
ε ε

0E

r0

where µE is the electrophoretic mobility, ƞ0 is the continuous phase
viscosity, Ɛ0 is the permittivity of a vacuum, and r is the relative per-
meability of the continuous phase.

2.8. Dosage and administration of gold nanoparticles

The doses of GNPs were chosen through a pilot project, the doses of
700 μg/kg, 1000 μg/kg and 1.500 μg/kg were tested. The dose 700 μg/
kg showed best results in decreased inflammatory cytokines IL-1β and
TNF-α (de Araújo et al., 2017). The dose of 700 μg/kg was used to
calculate the doses to be used in the experiment, based on a gold na-
noparticle formulation with a concentration of 197 μg/mL−1.

The doses were adjusted so that for all groups treated by the oral
route by gavage the final volume used was standardized in 1ml. In
order to evaluate the dose-dependent effect, the doses were fractionated
into 3: starting with the highest dose: 724.96 µg/kg (GNP3); an inter-
mediate dose corresponding to 362.48 µg/kg (GNP2); and finally the
third dose with the lowest concentration: 181.48 µg/kg (GNP1).

2.9. Induction of ethanol and METH-induced liver injury

The protocol for hepatic injury induction by exposure to alcohol and
METH is summarized below:

1) Animals were treated with GNP1, GNP2 and GNP3 one hour before
ethanol administration (30%, 7 g/kg) by oral gavage. Each treat-
ment had three doses to be tested: 181.48 μg/kg, 362.48 µg/kg and
724.96 µg/kg, respectively.

2) Saline solution (NaCl 0.9%) was administered by oral gavage once a
week every six days during the first and second week of hepatic
injury induction. Methamphetamine was administrated by oral ga-
vage on the 3rd and 4th weeks in place of the saline solution. Saline/
Methamphetamine were administered by oral gavage 3 h after
ethanol. In the non-methamphetamine groups, saline solution was
used by oral gavage to simulate the methamphetamine in the 3rd
and 4th week.

3) Step 1 was repeated 7 days a week during 28 days.
4) Step 2 was repeated once a week every 7 days until the end of

28 days of injury induction.

Euthanasia was performed on the 29th day by intraperitoneal in-
jection of Ketamine 7.5ml/kg (50mg/ml) and Xylazine 2.5 ml/kg
(20mg/ml). All animal groups were fasted for 12 h to perform the
subsequent biochemical analysis. Once unconscious, the animals un-
derwent cardiac puncture followed by removal of the liver.

Liver fragments were frozen at −80 °C for cytokine and oxidative

stress analysis, Western blot quantification, qPCR and ultra-structural
evaluation using the Transmission Electron Microscopy technique.
Other liver fragments were immersed in 10% buffered formalin for
histopathological Analysis.

3. Biodistribution of gold nanoparticles

3.1. Conjugation of near-infrared (NIR) fluorescence to the GNPs

Firstly, GNPs were conjugated to the thiol group of the alpha-amino-
omega-mercapto poly(ethylene glycol) hydrochloride (SH-PEG-NH2,
MW 3.000 g/mol) during 3 h at room temperature. The excess of non-
conjugated SH-PEG-NH2 was removed by dialysis (for three days in a
membrane Spectra/MWCO: 6-8000) against sodium citrate 2.2mM.
The GNPs-PEG-NH2 were coupled to the IRDye® 680RD NHS ester in
bicarbonate buffer (pH 8.1) during 12 h at room temperature. The
GNPs-PEG-IRDye complex was then purified by dialysis (for four days
in a membrane Spectra/MWCO: 6-8000) against sodium citrate 2.2 mM
and the solution was changed two times a day.

3.2. Ex vivo fluorescence imaging of major organs and quantification

6weeks oldfemale BALB/c mice (n= 3–4) (Charles River, France)
were sacrificed after 48 h of intravenous injection (I.V) of the GNPs at
three different concentrations (GNP1;GNP2 and GNP3). After 48 h, all
major organs were excised for ex vivo fluorescence imaging. Images
were acquired 700 nm at a resolution of 85mm. The data were ana-
lyzed using Pearl Impulse software, version 3.01 (LI-COR Biosciences,
Lincoln, NE, USA). Total fluorescence intensity was determined by
drawing a region of interest (ROI). The size and shape of the ROI was
the same.

3.3. Antioxidant activity of GNPs

The antioxidant effect of GNPs was evaluated through the GSH
consumption, MDA formation and MPO inhibition. Liver samples were
harvested as described above and stored at −80 °C until required for
assay. After homogenisation and centrifugation (2000×g for 20min),
MPO activity was determined by a previously described colorimetric
method (De Araújo et al. 2016). Results are reported as units of MPO
per gram of tissue.

To quantify the increase in free radicals in the liver sample, MDA
content was measured via the assay described by (Esterbauer and
Kevin, 1990). Liver samples were suspended in buffer Tris HCl 1:5 (w/
v) and minced with scissors for 15 s on an ice-cold plate. The resulting
suspension was homogenised for 2min with an automatic Potter
homogenizer and centrifuged at 2500×g at 4 °C for 10min. The su-
pernatants were assayed to determine MDA content. The results are
expressed as nanomoles of MDA per gram of tissue.

GSH levels in the liver tissues were measured to antioxidant. GSH
content was measured via the assay described by (de Araújo et al.,
2017). Liver samples (5 per group) were stored at 70 °C until use. Liver
tissue homogenates (0.25 ml of a 5% tissue solution prepared in 0.02M
EDTA) were added to 320ml of distilled water and 80ml of 50% TCA.
Samples were centrifuged at 3000 rpm for 15min at 4 °C. The super-
natant (400ml) was added to 800ml of 0.4M Tris buffer at pH 8.9 and
20 μL of 0.01M DTNB. The absorbance of each sample was measured at
420 nm, and the results were reported as level of GSH per milligram of
tissue.

3.4. Cytokine analysis

Liver samples (three samples per group) were stored at −80 °C until
use. The tissue was homogenized and processed as described by (Safieh-
Garabedian et al., 1995). Levels of IL-1β (detection range:
62.5–4000 pg/mL; sensitivity or lower limit of detection [LLD]:
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12.5 ng/mL of recombinant mouse IL-1β), IL-10 (detection range:
62.5–4000 pg/mL; sensitivity or LLD: 12.5 ng/mL of recombinant
mouse IL-10) and TNF-α (detection range: 62.5–4000 pg/mL; sensi-
tivity or LLD: 50 ng/mL of recombinant mouse TNF-α) in the intestinal
samples were determined with a commercial ELISA kit (R&D Systems,
Minneapolis, MN, USA), as described previously. All samples were
within the wavelength used in UV–VIS spectrophotometry (absorbance
measured at 490 nm).

3.5. Histological analysis from hepatic parenchyma

Liver samples were fixed in 10% neutral buffered formalin, dehy-
drated and embedded in paraffin. Sections of 5 μm thickness were ob-
tained for hematoxylin–eosin staining (H&E) and examined by light
microscopy (40×, Nikon E200 LED). Three sections of liver (six ani-
mals per group) were analyzed by two pathologists. Liver pathology
was scored as follows: steatosis (the percentage of liver cells containing
fat): < 25%=1, 25–50%=2, 50–75%=3,> 75%=4.; inflamma-
tion and necrosis: 1 focus per low-power field; 2 or more foci. Pathology
was scored in a blinded manner by one of the authors and by an outside
expert in rodent liver pathology (Nanji et al., 1989). The main values of
scores were used for statistical analysis.

Histological sections were stained using picrosirius red staining kit
(1% Sirius red in saturated picric acid; EasyPath, Indaiatuba, Brazil) for
24 h, or haematoxylin and eosin (Easypath) and examined under light
microscopy (Nikon Eclipse 2000 equipped with Nikon DS-Fi2; Nikon
Corporation, Tokyo, Japan). For the purpose of quantitative analysis
the collagen content, randomly sampled two hundred light microscope
images (200X) per liver specimen, including large centrilobular veins
and large portal tracts (≥150mm) were analyzed. About 20 polarized
light microscopy images using an Olympus BX60 microscope (Olympus,
Tokyo, Japan) (200X) per specimen were captured and analyzed using a
color threshold detection system developed in ImageJ (National
Institutes of Health). Known positive and negative controls were in-
cluded in each batch of samples. Tissue reactivity in all groups (nega-
tive control, alcohol group and treated group with GNPs) was assessed.
Values are expressed as percentage of positive area. Contrast index
measurements were obtained from selected area×100/total area po-
sitioned across the regions of interest (three samples per animal).
Moreover, hepatic fibrosis was quantified using by (Ishak et al., 1995)
scoring system: level 1 indicating the absence of fibrosis; level 2 in-
dicated enlargement of portal area; level 3 was assigned to fibrous
expansion of most portal areas; level 4 was assigned to lobules with
fibrous expansion of most portal areas with occasional portal to portal
bridging; level 5 was assigned to lobules with fibrous expansion of most
portal areas with marked bridging (portal to portal and portal to cen-
tral); level 6 was assigned to lobules with marked bridging (portal to
portal and portal to central) with occasional nodules (incomplete cir-
rhosis); level 7 was observed Cirrhosis in the lobules.

Blood samples collected from the rat and were centrifuged at 3000g
for 10min, and resultant supernatants were used to measure the blood
alanine aminotransferase level (ALT), aspartate aminotransferase (AST)
to evaluate the alcohol-induced liver injury. Liver cytosolic protein
solution was used to measure the hepatic triglyceride concentration
(mg/g total liver protein, % of control) as a marker of the alcohol-in-
duced lipid surplus in the liver. The levels of ALT and hepatic trigly-
ceride were measured with an automatic analyzer (FDC4000; Fuji
Medical Systems, Tokyo, Japan). The data is presented as means with
their standard errors (SEM).

3.6. Transmission electronic microscopy

In order to evaluate the uptake of the GNPs by hepatic cells, 0.5 cm
fragments were taken from samples of each treatment and fixed in
Karnovisky Solution (2.5%) and paraformaldehyde (2.5%) in buffer of
0.1 M cacodylate) for approximately 4 h at 4 °C. After fixation the

material was washed with 4× sodium cacodylate (15min each bath). A
drop of 1.6% Potassium Ferrocyanide (FCK) and 2% Osmium Tetroxide
for 1 h in a darkroom was added, followed by 2 washes with 0.1M
sodium cacodylate for 15min and two washes with distilled water. “In
block” contrast with 0.5% uranyl acetate in a darkroom for 2 h under
refrigeration, dehydrated with acetone in different concentrations, in-
filtrated and included in resin. Ultra-thin sections (1 μm) are stained
with toluidine blue and examined under Zeiss transmission electron
microscope, model EM 902 at 80 Kv.

3.7. Immunohistochemical staining

Thin sections of liver (4 μm) were obtained from each group with a
microtome and transferred to gelatine-coated slides. Each tissue section
was then deparaffinised and rehydrated. The liver tissue slices were
washed with 0.3% Triton X-100 in phosphate buffer (PB) and quenched
with endogenous peroxidase (3% hydrogen peroxide). Tissue sections
were incubated overnight at 4 °C with primary antibodies (Santa Cruz
Biotechnology, INTERPRISE, Brazil) against TGF- β, FGF, SOD-1, GPX-1
e IL-1β. Dilution tests (3 dilutions) were performed with all antibodies
to identify the 1:800; 1:600; 1:800; 1:1000 and 1:600, dilutions as
appropriate, respectively. Slices were washed with phosphate buffer
and incubated with a streptavidin/HRP-conjugated secondary antibody
(Biocare Medical, Concord, CA, USA) for 30min. Immunoreactivity to
the various proteins was visualized with a colorimetric-based detection
kit following the protocol provided by the manufacturer (TrekAvidin-
HRP Label+ Kit from Biocare Medical, Dako, USA). Sections were
counter-stained with hematoxylin. Known positive controls and nega-
tive controls were included in each set of samples. Planimetry micro-
scopy (Nikon E200 LED, Morphology Department/UFRN) with a high-
power objective (40×) was utilised to score the intensity of cell im-
munostaining: 1= absence of positive cells; 2= small number of po-
sitive cells or isolated cells; 3=moderate number of positive cells; and
4= large number of positive cells. Labelling intensity was evaluated by
two previously trained examiners in a double-blind fashion. Three
tissue sections per animal (six animals per group) were evaluated.

3.8. Immunofluorescence microscopy

Three tissue sections from each animal (six animals per group) were
deparaffinized in xylene and washed in a series of concentrations of
ethanol and PBS. Antigen retrieval was performed by placing the sec-
tions in a 10mM sodium citrate with 0.05% Tween 20 for 40min at
95 °C. Autofluorescence background noise was reduced by incubating
the sections in 0.1% Sudan black in 70% alcohol for 40min at room
temperature (RT). The sections were incubated overnight with rabbit
anti-IL-1β, TNF- β and MIF primary antibody (1:200, 1:400 e 1:400
Abcam, EUA and Santa Cruz Biotechnology, USA, respectively), in
blocking solution/1% normal goat serum; Abcam, USA and Santa Cruz
Biotechnology, USA, respectively) at 4 °C, washed three times in PBS/
0.2% triton X-100 for 5min and incubated with Alexa Fluor 488-
conjugated goat anti-rabbit secondary antibody (1:500 in BSA 1%) and
DAPI nuclear counterstain (Sigma, USA). Finally, the sections were
mounted with Vectashield medium. Fluorescent images were obtained
as described by (Araújo et al., 2016).

3.9. Western blot analyses expression

The liver segments were homogenized in RIPA lysis buffer (25mM
Tris-HCL, pH 7.6; 150mM NaCl; 5 mM EDTA; 1% NP40; 1% triton X-
100; 1% sodium deoxycholate; 0.1% SDS) and protease inhibitor (1 µL
inhibitor: 100 µL RIPA). For protein extraction, liver samples were
centrifuged (17min, 4 °C, 13000 rpm) and the supernatant was col-
lected. Protein concentrations were determined through the acid assay
(Thermo Fisher Scientific) according to the manufacturer‘s protocol.
SDS-polyacrylamide gel electrophoresis (10% or 8%) were performed
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using 50 µg of protein (previously prepared with sample buffer, BioRad
and denatured at 95 °C for 5min). Then, the protein was transferred to a
PVDF membrane (BioRad) for 2 h, blocked with 5% BSA for 1 h, in-
cubated overnight with a primary antibody (mouse anti-β actin, sc-
81178, 1:500, Santa Cruz Biotechnology; mouse anti-TGFβ- 1/2-
sc80346, 1:200, Santa Cruz Biotechnology; mouse anti-ERK1/ERK2,
136200, 1:500, Invitrogen; Goat anti-Iba-1, ab107159, Abcam) and a
secondary antibody (goat anti-rabbit, 656120, Invitrogen, 1:1000; goat
anti-mouse IgG, 626520, Invitrogen, 1:500; or rabbit anti-goat,
A16142, Invitrogen, 1:1000) for 1 h and 30min. The membranes were
incubated using the ECL system according to the manufacturer’s in-
structions (BioRad) and the chemiluminescence signal was detected
using the ChemiDocTM XRS system (BioRad). Densitometric quantifi-
cation of bands was done through the software ImageJ (NIH, Bethesda,
MD, USA).

3.10. Analysis of mRNA expression

Total RNA was extracted from liver tissue with trizol reagent
(Invitrogen Co. USA) and the SV Total RNA Isolation System (Promega,
Madison, WI). First-strand cDNA was synthesized from 1 μg of total
RNA with the ImProm-IITM Reverse Transcriptase System for RT-PCR
(Promega) according to the manufacturer’s protocol. Real-time quan-
titative PCR analyses of GAPDH, PCI, PCIII, NF-Kβ, F4/80, AKT and PI3K
mRNAs were performed with SYBR Green Mix in the Applied
Biosystems1 7500 FAST system (Applied Biosystems, Foster City, CA),
according to a standard protocol with the following primers of Table 1.

The reference gene for normalization was selected from an analysis
of 18S (GenBank sequence NM_003286.2), ubiquitin C (UBC,
NM_021009.4), β-actin (ACTB, NM_001101.3) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, NM_002046.3) genes. GAPDH was
chosen as the reference gene because it did not present different am-
plification patterns (Zhang et al., 2014) As it is a constitutive gene for
eukaryotes, the reference gene should not be modified in the disease.

All analyses were performed in a 7500 fast real-time PCR instrument
(Applied Biosystems, CA, USA). The standard PCR conditions were as
follow: 50 °C for 2min and 95 °C for 10min, followed by forty 30-s
cycles at 94 °C, a variable annealing primer temperature for 30 s, and
72 °C for 1min. Reactions were carried in duplicate according to the
TaqMan® fast universal PCR master mix (Applied Biosystems, Foster
City, CA, USA) protocol in a total volume of 10 μL containing ap-
proximately 20 ng cDNA. Mean Ct values were used to calculate the
relative expression levels of the target genes for the experimental
groups, relative to those in the negative control group; expression data
were normalized relative to the housekeeping gene GAPDH using the
2−ΔΔCt formula.

3.11. Statistical analysis

The data is presented as means with their standard errors (SEM) or
as medians. Analysis of variance (ANOVA) followed by Bonferroni test
was used to in parametric tests. The Kruskal-Wallis and Dunn tests was
used to compare medians for non-parametric tests (Graph Pad Prism 5.0
Software, La Jolla, CA, USA).

4. Results

4.1. Gnps biodistribution

After I.V. injection of GNPs, we can observe that the liver, kidneys
and brain were the tissues where nanoparticles migration occurred
most strongly, indicated in Fig. 1A, by greater fluorescence intensity. In
the Fig. 1B, shows the quantification of GNPs biodistribution in the
main organs and that biodistribution of gold nanoparticles have a dose-
dependent effect on the concentrations tested.

Table 1
Primer Sequences used for PCR.

mRNA Oligonucleotideprimers Annealing primer temperature

GAPDH forward: 5′ AAC TTT GGC ATC GTG GAA GG 3′ reverse: 5′ GTG GAT GCA GGG ATG ATG TTC 3′ 60 °C
NF-κβ forward: 5′ TCT GCT TCC AGG TGA CAG TG 3; reverse: 5′ ATC TTG AGC TCG GCA GTG TT 3′ 55,2 °C
PCI forward: 5′ CAG GGA GTA AGG GAC ACG AA 3′;reverse: 5′ TCC CAC AGC AGT TAG GAA CC 3′ 56,8 °C
PCIII forward: 5′ ATG GTG GCT TTC AGT TCA GC 3′;reverse: 5′ TGG GGT TTC AGA GAG TTT GG 3′ 55,2 °C
F4/80 forward: 5′ GCC CTT CCA ACT CAT GT 3′ reverse: 5′ AGG GAA TCC TTT TGC ATG TG 3′ 55,1 °C
AKT forward: 5′ TCA CCT CTG AGA CCG ACA CC 3′ reverse: 5′ ACT GGC TGA GGA GAA CTG G 3′ 58,5 °C
PI3K forward: 5′ AAC TTG GCA TGG AAG G 3′,reverse: GTG GAT GCA GGG ATG ATG TTC 3′ 55,5 °C

Fig. 1. Tecidual biodistribution of GNPs. Main target organs of GNPs 48 h post
i.v. injection of 14 µg/ml (A). Quantitative representation of GNPs distribution
intensity at 700 nm in different organs (B). Quantification of GNPs biodis-
tribution in the main organs.
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4.2. Intracellular localization of GNPs in macrophage

In vitro assays were performed in order to investigate how GNPs
interact with the cells and whether they are internalized. We observed
that GNPs appeared to be internalized by macrophages, likely in the
form of agglomerates/aggregates as shown by the light microscopy
(Fig. 2B and B.1), and in the spectrum of bright green by immuno-
fluorescence microscopy (Fig. 2D.1). The absence of GNPs in control
cells is represented by a lack of agglomerates (Fig. 2A) and absence of
the bright green spectrum (Fig. 2C). When the distribution of the GNPs
in the liver was evaluated, all mice exposed to GNPs accumulations of
nanoparticles were traced in Kupffer cells (Fig. 2E and F), and Fig. 2G.
presents a Kupffer cell from the control group that did not receive
GNPs. After analyzing the cells and the liver fragments, we observed
that the GNPs appear to be primarily localized in the cytoplasm close to
nuclei and excluded from them.

4.3. Effects of GNPs on MPO activity and on MDA and GSH levels

Livers from the ethanol+METH group had significantly greater
myeloperoxidase (MPO) activity than livers harvested from the saline
group (P < 0.0001), and this increase was attenuated in the
ethanol+METH+GNP3 group that received treatment with
724.96 µg/kg GNPs (Fig. 3A). This same group, in turn, significantly
increased glutathione (GSH) levels (P < 0.0001) compared to positive
control group (Fig. 3C). The malonyldialdehyde (MDA) formation was
significantly increased in the ethanol+METH group when compared
to saline group (P < 0.01) and GNPs treated groups (P < 0.01,
P < 0.001), as seen in Fig. 3B.

4.4. Effect of GNPs treatment on inflammation

The combined treatment with ethanol and METH resulted in in-
creased levels of IL-1β (P < 0.001) and TNF-α (P < 0.001) compared
to saline group (Fig. 3D and E). As noted, such combined treatment may
induce side effects which could be reduced by GNPs treatment. Speci-
fically, IL-1β and TNF-α levels in ethanol+METH+GNP3 group were
lower than GNPs absence (P < 0.05 and P < 0.001, respectively). On
the other hand, it can also be seen in Fig. 3F, that the combined
treatment of ethanol+METH+GNP3 was able to increase IL-10 levels
(P < 0.0001) compared to ethanol+METH treatment alone.

4.5. Histopathological analysis

At the end of the treatments, the animals were euthanized and their
livers excised for histopathological analysis. From then on, after 28 days
of saline administration, no pathological changes were observed in the
negative control group (Fig. 4A–C), as indexed by a semiquantitative
scoring system. However, as seen in Fig. 4E–G, the rats liver from
ethanol+METH group exhibited fat accumulation, lymphocytes and
neutrophils infiltrate, and necrosis (thin arrows, circle with arrow heads
and stars, respectively), resulting in a high pathology scores (Fig. 4M).
Additionally, the ethanol+METH group had significantly greater
steatosis than the saline group. On the other hand, ethanol and METH-
induced liver damage was reduced when associated with GNP3 treat-
ment(P < 0.001) compared to its respective control without GNPs
(Fig. 4G–K). The same effect, however, was not observed for
ethanol+METH + GNP1/GNP2 treated groups(Fig. 4I and J). Re-
duced inflammation was most clearly observed in the
ethanol+METH+GNP3 treated group (Fig. 4K), which exhibited
decreased areas of steatosis, inflammatory infiltrate contains neu-
trophils and lymphocytes and reduced levels of necrosis relative to

Fig. 2. Intracellular localization of GNPs in macrophage. (B and D.1) and in Kupffer cells Lysossomos (E-G). Negative control, cell without GNPs (A and C). DAPI in
blue (C and D) and GNPs in green (D.1). Kc: Kupffer cells; N: nucleus; Triangle: GNPs; L: lysosomes; Star: hepatocyte; Two square: Disse’s spaces. Magnification: 400x.
Uptake of nanoparticles was evaluated by Fluorescence microscopy (D1). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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ethanol+METH group alone.
Negative control group livers had weak staining limited to cen-

trilobular veins as shown in the Fig. 4D. Liver sections from the positive
control group exhibited marked portal fibrosis and staining between the
hepatic cords (Fig. 4H). The treated group with GNP3 had a sig-
nificative (P < 0.01) fibrotic response as can be seen when comparing
Fig. 4H, L and M. Morphometric quantification of Sirius red stained
areas demonstrated an attenuation of the fibrotic process in the treated
group compared to the positive control group. Fig. 4M shows that
treatment of the GNP3 group had an attenuation of the fibrotic process
in the liver, according to the analysis of the tissue fractions with the
application of the Ishak scores.

In addition, treatment with ethanol and METH combined with
GNP3 was able to reduce the AST, ALT and hepatic triglycerides levels
(Fig. 5A–C) when compared to the control groups. However, GNPs
treatment modulated this ethanol and METH-induced hepatosteatosis
and liver injury (Fig. 5). After analyzing the data of ALT, AST, hepatic
Triglycerides, pro-and anti-inflammatory cytokines, anatomopatholo-
gical analysis, we concluded that among the 3 doses tested the GNP3
was the one that presented the best results, therefore the following tests
as Immunohistochemistry, Immunofluorescence, Electronic Microscopy
RT-PCR-Real Time, Western Blot, were performed only with the nega-
tive and postoperative control groups and the group treated with the
best dose of GNPs (GNP3).

4.6. Immunohistochemistry and immunofluorescence

The histopathological analysis was followed with antibody labeling
for transforming growth factor-beta (TGF-β), fibroblast growth factor
(FGF), SOD-1 and GPX-1 observation. When compared to alone
ethanol+METH exposure, the ethanol+METH + GNP3 group was
able to reduce the TGF-β, FGF, SOD-1 (P < 0.001) and GPX-1 levels

(P < 0.01), as observed in the Fig. 6 and 7. These changes were con-
sistent with the normalization toward non-ethanol and METH exposure
levels.

Evaluation of IL-1β, TNF-α and macrophage migration inhibitory
factor (MIF) was carried out by labelling with antibodies conjugated
with fluorescent agent. Cellular IL-1β, TNF-α and MIF labelling (green)
were strong and diffuse in the ethanol+METH group(Fig. 8B, E and
H), poorly marked in the ethanol+METH+GNP3 group (Fig. 8C, F
and I), and absent in saline group (Fig. 8A, D, and G). Densitometric
analysis confirmed that there were significantly increased IL-1β, TNF-α
and MIF immunoreactivities in the ethanol+METH group, relative to
the saline group, and lower immunoreactivity in the
ethanol+METH+GNP3 group(Fig. 8J, K, and L).

4.7. Gnps treatment decreased NF-κB, F480, AKT, PI3K, PCI and PCIII
mRNA expression

For all evaluated genes the relative mRNA expression was decreased
when the groups were treated with ethanol+METH+GNP3 in rela-
tion to their respective control without the GNP3 (P < 0.0001 or
P < 0.001), as observed in Fig. 9A–F.

4.8. IBA-1, ERK1/ERK2 and TGF-β expression

The final product of ionized calcium-binding adaptor molecule 1
(IBA-1), ERK1/ERK2 and TGF-β genes expression into rats liver, ex-
posed to ethanol+METH, was evaluated by western blot as show
Fig. 9G. Increased expression of IBA-1, ERK1 and TGF-β and decreased
expression of ERK2in the ethanol+METH+GNP3 group were ob-
served. The final product of IBA, ERK1/ERK2 and TGF-β genes ex-
pression into rats’ liver, exposed to ethanol+METH, was evaluated by
western blot as show Fig. 9G. Increased expression of IBA-1, ERK1 and

Fig. 3. Modulation of the antioxidant activity and cytokine profile by GNPs. Myeloperoxidase activity (MPO) (A), malondialdehy deformation (MDA) (B), and
reduced glutathione levels(GSH) (C). Cytokine analysis(D–F). METH, methamphetamine; GNP1, gold nanoparticles 181.48 µg/kg; GNP2, gold nanoparticles
362.48 µg/kg, GNP3, gold nanoparticles 724.96 µg/kg. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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TGF-β and decreased expression of ERK2 in the
ethanol+METH+GNP3 group were observed. No overexpression of
IBA-1, ERK1 and TGF-β, already in the positive control group we

observed intense marking intense labeling of the analyzed proteins.

Fig. 4. Histological analysis from hepatic
parenchyma. Group treated with saline so-
lution (A–D), alcohol 30% + methamphe-
tamine (METH) (E–H) and groups treated
with GNP1 191.24 μg/kg (I), GNP2
362.8 μg/kg (J), GNP3 724.96 µg/kg (K-L).
Fibrosis analysis by Picrosirius staining (D,
H and L). The area fraction of total fibrosis,
including fibrosis in the portal tract area, in
rats with GNP3 group induced liver injury in
relation to the Ishak score. Graphical re-
presentation of the mean histopathological
score from each treated group (M). Arrow,
fatty changes within hepatocytes; arrow
head, neutrophils; star: necrosis area; circle,
lymphocytes and neutrophils infiltrate.
Magnification 400×. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.

Fig. 5. Biochemical assessments of liver function. (A) Aspartate aminotransferase (AST), (B) Alanine aminotransferase(ALT). (C) Triglyceride. METH, metham-
phetamine; GNP1, gold nanoparticles 181.48 µg/kg; GNP2, gold nanoparticles 362.48 µg/kg, GNP3, gold nanoparticles 724.96 µg/kg. **p < 0.01; ***p < 0.001;
****p < 0.0001).
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5. Discussion

This study is the first into examine the anti-inflammatory, anti-
oxidant and anti-fibrotic activity of GNPs in a rat model after ethanol
and METH-induced liver injury through an analysis of markers of the
inflammatory, oxidant and fibrotic processes. This was perfectly evi-
denced by a significant increase in several biochemical parameters such
as oxidative stress, biomarkers of inflammation, severe fat accumula-
tion, necrosis and accumulation of collagen type I and III around the
hepatic triad which resulting in an strong steatosis beyond elevated
neutrophil, MPO, and pro-inflammatory cytokine levels were also found
all these changes were well evidence in the positive control groups.

When comparing the results obtained in this research with the re-
sults obtained previously (de Araújo et al., 2017), we have noticed that
the dose used and the size of the GNPs are a key factor for effectiveness

in the treatment with GNPs. Previously our group, observed that the
highest GNPs dose (1500 μg/kg) generated 49% of reduction in leuko-
cyte migration, which attested the activation of a cellular anti-in-
flammatory response, while the groups received GNPs showed de-
creases levels in the pro-inflammatory cytokine IL-1β(700 and 1500 μg/
kg, P < 0.05) and TNF-α(700, 1000 and 1500 μg/kg, P < 0.001)
compared to positive control group (Araújo et al., 2017). Other studies
also showed this relation of importance of the size of GNP and increased
expression of proinflamatory cytokines (Khan et al., 2013; Ibrahim
et al., 2018).

From the biodistribution tests, we have shown that after 48 h GNPs
migrated mainly to the spleen, kidney and liver, reaching 2×105,
5× 105 and 6× 105 ID/g, respectively, corroborating with the results
seen earlier (de Araújo et al., 2017) and evidencing that after admin-
istration these GNPs migrate to the nucleus of Kupffer cells in the liver.

Fig. 6. Immunohistochemicalanalysis from hepatic parenchyma. The saline (A, D, G, and J), alcohol+methamphetamine (B, E, H and K) and
alcohol+methamphetamine+GNP 724.96 μg/kg (C, F, I and L) groups were labeled for evaluation of TGF-β(A-C) and FGF (D-F) growth factors, and for oxidative
stress through SOD-1(G-I) and GPX-1 (J-L). METH, methamphetamine; GNP3, gold nanoparticles 724.96 µg/kg. Magnification 400×.
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Studies have shown that the extent of cerebral uptake of anionic
nanoparticles is higher than cationic and neutral GNPs (Noor et al.,
2016; Goodman et al., 2004). In this way, the surface of the NPs should
be considered in the neurotoxicity profile and in the distribution, since
neutral charges present irrelevant neurotoxicity (Masserini, 2013). Not
all types of nanoparticles are feasible for use in a strategy whose ob-
jective is to cross the blood-brain barrier (BBB). Surface characteristics
vary depending on the nanomaterials used and it was found that neutral
nanoparticles and low concentrationanionic effects have no effect on
this barrier (De Jong and Borm 2008).

In previous studies, we observed that results indicated that GNPs at
the low concentrations below to 2 ppm did not show any toxicity, but at
the higher concentrations, significant changes were observed in the
organ (Araújo et al., 2017; Zhang et al., 2010; Mironava et al., 2010).
However, this accumulation of GNPs in the liver did not cause any
morphological changes in this organ (de Araújo et al., 2017). GNPs
(13 nm in diameter) after 28 days existed with the amount of
1.5%–9.2% in the kidneys, while the amount is negligible in the urine
(Yang et al., 2007). Extreme changes in the histopathology of lung and
liver tissues caused by spherical GNPs with 5–10 nm size in 5 (5000 µg/
kg), 10 (10.000 µg/kg), and 100 (100.0000 µg/kg) ppm treatment
groups, been the pathological changes (lung and liver tissue) in treat-
ment group (Au 100 ppm) more intense compared to the other groups
(Abdelhalim et al., 2011). However, in this work was used 0,724 ppm
GNPs in the treatment groups. However, in our work was used dose of

0,724 (724 µg/kg) ppm GNPs in the treatment groups in the groups that
presented the best results.

Some works have showed a non-immunogenic character of the
GNPs or have even proven their anti-inflammatory effect, consisting of
the reactive oxygen and nitrite species inhibition as well as pro-in-
flammatory cytokines in macrophages (Kurniawan et al., 2017; Zhang
et al., 2011). In vivo experiments also conducted on several animal
models of inflammatory conditions have confirmed the anti-in-
flammatory and antioxidant properties of the GNPs, manifested by a
decrease in the levels of pro-inflammatory cytokines (IL-1β,TNF-α) and
oxidative tissue damage markers (Araújo et al., 2017; Tsai et al., 2012;
Dohnert et al., 2012; Sumbayev et al., 2013).

Oxidative stress is known to play a crucial role in METH-induced
toxicity in the brain and other tissues, as evidenced by previous studies.
However, a comparison of oxidative effects of MET in different organs
has not been sufficiently studied previously (Tokunaga et al., 2006). It
has been suggested that the hepatic catalase level is negatively asso-
ciated with the severity of alcoholic liver injury (de Araújo et al., 2016;
Powell et al., 2010) and that SODs scavenge hydroxyl peroxides gen-
erated in the cytosol and mitochondria, thereby terminating autoxida-
tion. Gold nanoparticles can increase the anti-oxidant defense enzymes
and creating a sustained such as GSH, SOD, Catalase and GPx in dia-
betic mice to normal, by inhibition of lipid peroxidation and ROS
generation (Barathmanikanth et al., 2010). In this work, ethanol asso-
ciated to METH imbalanced the hepatocellular antioxidant system,

Fig. 7. Immunohistochemistry scores. Graphical representation of the mean scores from alcohol+methamphetamine+GNP 724.96 μg/kg treated group for TGF-β
(A), FGF (B), SOD-1 (C) and GPX-1 (D) immunoreactivity. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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inflammatory cytokines and liberated the free radicals (Khan et al.,
2012), as evidenced by the decrease in GSH level and the increased
levels of MDA and MPO in hepatic tissue. GNPs724.96 µg/kg, however,
increased hepatic GSH level and SOD-1 and GPX-1 expression, as well
as decreased the MDA and MPO levels. Other studies in model of acute
peritonitis study suggest that gold NPs of 10 nm diameter produce
significant lipid peroxidation in rat liver however lungs and heart do
not show any oxidative stress (Khan et al., 2012). That probably do not
apply to our GNPs because they are smaller in size.

Ethanol pre-treatment was also able to exacerbate METH-induced
hepatotoxicity, which could be ascertained by the significant increase
of plasma transaminases activities, (hepatic lesion biomarkers), when
animals were exposed to ethanol and METH. The increase in AST, ALT
and triglycerides levels were already described for both compounds in
humans (Ellis et al., 1996; Yue et al., 2006) and rats (Beitia et al., 2000;
Montet et al., 2002). Increased prostaglandin E2 (PGE2) causes trigly-
cerides accumulation in hepatocytes, and therefore, a state of steatosis

(Bautista, 2002). This hepatotoxic effect was also confirmed by the
decrease in liver weight when METH was administered to ethanol pre-
exposed rats and by histological analysis of liver sections by light and
electron microscopy, which gives further evidences that the con-
comitant exposure to METH and ethanol results in a marked aggrava-
tion of the hepatotoxic effects such as fat accumulation, lymphocytes
and neutrophils infiltrate, necrosis and fibrosis (Araújo et al., 2016).
GNPs724.96 µg/kg, in turn, reduced all these histopathologic features.

Hepatocyte apoptosis causes recruitment of inflammatory cells to
damaged liver and release of pro-fibrogenic cytokines (TGF-β1, IL-6, IL-
1β, TNF-α) (Potter and Mezey, 2007; Seki et al., 2007). IL-10 is a potent
anti-inflammatory molecule that has been shown to inhibit TNF-α and
IL-1 cytokines production and to suppress NF-κB activation (Mandal
et al., 2010). IL-10 reduces nitric oxide and reactive oxygen inter-
mediates macrophage production, and also reduces adhesion molecules
and chemokines expression (Gao, 2012). Bone marrow(BM)-derived
and liver resident macrophages (Kupffer cells, KC) produce TGF-β1 in

Fig. 8. Modulation of expression of IL-1β, TNF-α and MIF. Representative photomicrographs of IL-1β(A-C), TNF-α(D-F) and MIF(G-I) immunoreactivity in liver
specimens from each group (green) with DAPI nuclear counterstained (blue). Graphical representation of the contrast index from IL to 1β (J), TNF-α (K) and MIF (L).
METH, methamphetamine; GNP3, gold nanoparticles 724.96 µg/kg. ***p < 0.001; ****p < 0.0001. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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the fibrotic liver (Potter and Mezey, 2007). TGF-β1 is a critical for
activation of fibrogenic myofibroblasts, which in response to injury up-
regulate α-smooth muscle actin (α-SMA) and secrete extracellular ma-
trix proteins, mostly collagen Type I (Col) (Seki et al., 2007).

Hepatic stellate cells (HSCs) are the major source of fibrogenic
myofibroblast in liver injury. There is an overwhelming evidence that
activated HSCs are the major producers of the fibrotic matrix and that
HSC apoptosis is the primary mechanism of regression of liver fibrosis
(Kweon et al., 2003). Inflammation is the main characteristic in liver
fibrosis and KCs are considered to be the primary source of in-
flammatory cytokines (Nieto, 2006). In this study, we show that IL-1β,
TNF-α levels and PCI and PCIII mRNA expression were increased while
IL-10 cytokine was decreased in ethanol+METH group alone. On the
other hand, inverted results were found in the 724.96 µg/kg GNPs.
Besides, our findings show that GNPs724.96 µg/kg treatment inhibited
NF-κB mRNA expression significantly.

The stimulatory effect of macrophage migration inhibitory factor
(MIF) is, at least partly, dependent on IL-1β and IL-23 production, and
involves the signaling pathways of MAP kinase (MAPK) (Gordon et al.,
2014). The activated PI3-K participate in regulation of HSC migration,

proliferation, collagen secretion and adhesion(Friedman, 2000) besides
being involved in regulating a number of cellular responses, such as cell
growth, survival and migration. The AKT is downstream of PI3-K and
activation of AKT is associated with HSC proliferation and α1 (I) col-
lagen transcription and translation (Reif et al., 2003). In the liver,
macrophage-associated PI3K activation promotes cytokine production
and subsequent hepatocyte proliferation early following partial hepa-
tectomy (Jackson et al., 2008). Hepatocyte-associated PI3K regulates
growth following a reduction in the liver volume, a process involving
AKT activation. The activated PI3K/AKT was found to participate in
regulation of HSC migration, proliferation, collagen secretion, and ad-
hesion (Reif et al., 2003; Aslan et al., 2004). In the present work, GNPs
724.96 µg/kg inhibited macrophage-specific adhesion (F4/80), PI3K
and AKT mRNA expression.

Compared with GNPs, negatively charged were retained longer in
liver and spleen, presumably due to internalization by Kupffer cells and
macrophages causing the formation of oxygen reaction species (Wang
et al., 2016). GNPs appear to a type of be one of the promising treat-
ment for hepatic injury, when the GNPs enter in the bloodstream, they
are trapped by the Kupffer cells in the liver, or if smaller than about

Fig. 9. Gene expression at mRNA and protein levels. Relative mRNA expression fromNF-κB (A), F480 (B), AKT (C), PI3K (D), Procollagen I (E) and Procollagen III (F)
genes. Results are presented as fold-change of the media values, normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and expressed by mean ± SEM
(**p < 0.001; ****p < 0.0001). Protein expression from IBA-1, ERK1/ERK2 and TGF-β genes (Fig. 9G) was detected in total protein extracts determined by western
blot, with detection of β-actin used as a loading control. Graphical representation densitometry analysis the result of analysis western blot (Fig. 9H). METH,
methamphetamine; GNP3, gold nanoparticles 724.96 µg/kg. In Fig. 9G Figs. 1–3 represent the analyzed groups 1-negative control group, 2-positive control group and
3 group treated with GNPs 724.96 μg/kg. Data were representative of at least two similar experiments.
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4–6 nm partially be filtrated into the preurine (Sadauskas et al., 2007;
Sereemaspun et al., 2008) where the nanoparticle retention in the liver
and spleen is low suggesting elimination through the kidneys. This
mechanism seems to be very efficient and capable of protecting the rest
of the organism from the nanoparticles (Sadauskas et al., 2007).

In our study, we showed that 724.96 µg/kg GNPs down-regulated
the activity of Kupffer cells and hepatic stellate cells affecting the
profile of their pro-inflammatory cytokines, oxidative stress and fibrosis
through modulation of signaling pathways AKT/PI3K and MAPK.
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