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Abstract Indole-3-carbinol (I3C) is a plant based compound present in vegetables mostly belong-

ing to cruciferous family. I3C has been shown to possess anticancer, antioxidant and anti-

inflammatory properties. Humans are increasingly being exposed to GNPs due an due to their wide-

spread and increased applications in different fields. Consistently, recent animal and cell based stud-

ies have found them to be carcinogenic, prooxidant and inflammatory. This study sought to

examine the beneficial effects of I3C against oxidative stress, inflammation and histopathological

changes in liver tissues of rats administered with GNPs. Forty rats randomly divided into four

groups: G1 control G2, rats injected i.p. with a suspension of GNPs (10 nm in size) (20 lg/kg body

wgt) for 7 days; G3, rats supplemented orally with I3C (150 mg/kg body wgt) for 7 days; and G4,

rats injected with GNPs along with oral supplementation ofI3C. Compared to control, rats admin-

istered with GNPs had significantly increased liver functional markers including ALT, AST, ALP,

total and direct bilirubin and significantly decreased albumin levels. GNP administered rats also

demonstrated increased oxidative stress and inflammatory markers, MDA, 8-OHdG and IL-6 levels

and significantly depleted activities of antioxidants such as glutathione reductase (GR) and glu-

tathione S-transferase (GST), and transcription factor, Nrf2 compared to control. GNPs also

exerted marked histological changes in liver tissues. Treatment with I3C significantly restored the

GNP induced changes in the levels of all the studied parameters and also prevented pathological

changes in liver tissues. Molecular docking studies confirm the interaction of I3C with hepatic cell

surface receptor protein LT3 and thereby blocking GNPs from binding to I3C, confirming above

experimental findings. Collectively, the data demonstrate the hepatoprotective effects of I3C against

GNP-induced adverse effects on liver tissue. These protective effects of I3C appear to be mediated

by its ability to downregulate oxidative stress and inflammation. Thus dietary intake of plant prod-

ucts rich in I3C may have beneficial health effects.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nanotechnology is an emerging scientific filed with with

diverse application (Shu and Tang, 2019). The unique proper-
ties of nanoparticles including flexibility in functionalisation,
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biocompatibility, resistance to oxidation and high surface reac-
tivity make them ideal candidates to use in drug delivery,
imaging and other medical applications (BarathManiKanth

et al., 2010, Khan et al., 2013).
Among various nanoparticles, the noble metal nanoparti-

cles such as gold nanoparticles (GNPs) gained immense impor-

tance due to their catalytic, electronic, fluorescence, and
biological potential (Huang et al., 2018). However, increased
and widespread use has led to an increased risk of human

exposure to these GNPs. The application of GNPs includes
their use in plasmon-based labeling and imaging, optical and
electrochemical sensing, and diagnostics. Gold nanoparticles
may also be used in photothermal and radiofrequency-

mediated thermal therapies as well as delivery vehicles for
genetic materials, imaging agents, and drugs (Adewale et al.,
2019). Consistently, recent studies have shown that exposure

to GNPs elicited cytotoxic, inflammatory reactions
(Oberdörster et al., 2005, Nel et al., 2006, Adewale
et al.,2019). Importantly, smaller-sized GNPs were found to

be more toxic as opposed to larger-sized GNPs due to their
increased reactivity and surface area which impact their con-
tact and binding with the cells (Nel et al., 2006, Oberdörster

et al., 2005).
Long-term oral exposure studies revealed that, GNPs accu-

mulate in the main organs such as the liver and lungs (Sung
et al., 2012). Resident phagocytes, including liver Kupffer cells

and macrophages and B cells in spleen, play a major role in the
uptake and accumulation of GNPs in liver and spleen (Xue
et al., 2012). Abdelhalim and Jarrar (2011) affirming that,

bioaccumulation of GNPs in rat tissues, such as liver, kidney,
heart and lung, depends on the particle size and duration of
exposure.

The phytochemical indole-3-carbinol (I3C) is a breakdown
product of glucosinolates, which are a diverse group of small
molecules produced in the Cruciferae family, including Bras-

sica vegetables, such as broccoli and cauliflower (Katz et al.,
2015).

Epidemiological studies suggest that, a low risk of develop-
ing cancer is linked to high dietary intake of cruciferous veg-

etables and that, their protective properties may be partly
attributable to their I3C content. The I3C has shown to exert
immunomodulatory, anti-microbial and anti-inflammatory

effects. Additionally, I3C has proven effective in lowering
the risk of developing different types of cancer including mam-
mary glands and liver (Kim and Park, 2018). Importantly, I3C

is a highly unstable molecule and several studies have attribu-
ted its effects to its dimer products, such as 3–30-diindolylme
thane (DIM) (Anderton et al., 2004, Leibelt et al., 2003,
Reed et al., 2006). Therefore, the positive effects of I3C may

actually be mediated by its dimer products.
The molecular docking approach can be used to model the

interaction between a small molecule and a protein at the

atomic level, which allows us to characterize the behaviour
of small molecules in the binding site of target proteins as well
as to elucidate fundamental biochemical processes (Cross

et al., 2009; Li et al., 2010). The docking process involves
two basic steps: prediction of the ligand conformation as well
as its position and orientation within these sites (usually

referred to as pose) and assessment of the binding affinity.
These two steps are related to sampling methods and scoring
schemes, respectively, which will be discussed in the theory sec-
tion. Knowing the location of the binding site before docking
processes significantly increases the docking efficiency. In
many cases, the binding site is indeed known before docking
ligands into it. Also, one can obtain information about the

sites by comparison of the target protein with a family of pro-
teins sharing a similar function or with proteins co-crystallized
with other ligands. In the absence of knowledge about the

binding sites, cavity detection programs or online servers
(Plewczynski et al., 2011; McConkey et al., 2002).

The objective of this study was to examine the effect of

GNPs on liver function, oxidative stress, inflammation and tis-
sue architecture in rat liver and to assess the potential of I3C to
reverse these GNP induced effects. We measured the liver
functional markers including aspartate transaminase (AST),

alanine transaminase (ALT), and alkaline phosphatase
(ALP), albumin and bilirubin. Malondialdehyde (MDA), glu-
tathione reductase (GR), glutathione S-trnasferase (GST), and

8-hydroxy-20 -deoxyguanosine (8-OHdG) were measured to
assess oxidative stress, while IL-6 levels were determined to
assess inflammation. The nuclear factor erythroid 2–related

factor 2 (Nrf2) was measured to understand its role in the
effects of I3C. Additionally, H&E staining was carried out to
assess histopathological changes in live tissue. Molecular dock-

ing studies were carried out to verify the favourable effects of
I3C.

2. Materials and methods

2.1. Chemicals

The GNPs with a molecular weight of 196.97 and a diameter of
10 nm were obtained from Sigma-Aldrich Company (USA).
The GNPs were supplied as stabilised suspension in citrate

buffer. I3C was purchased from Fair vital –Bioactive Vital-
stoffe Company, Europe). As reported by the supplier, the
concentration, optical density, wavelength and polydispersity

index of GNPs are ~ 6.0E + 12 particles/mL, 1, 510–525 nm
and < 0.2 respectively.

2.2. Animals

Forty male Sprague Dawley rats (150–180 g body weight) were
randomly divided into four groups with 10 rats in each group
and housed in plastic cages. Rats were acclimatized for 2 weeks

to laboratory conditions prior to initiation of experiments.
Rats were maintained on standard laboratory conditions and
had access water and normal chow diet ad libitum. The study

was approved by the Ethical Committee of King Fahad Med-
ical Research Center. Jeddah, KSA. Approval number (177–
19).

The details of different groups are given below.

Group 1 (C): Healthy control.

Group 2 (GNPs): Rats were injected intraperitoneally (i.p).
with a suspension of GNPs with a dose of 20 lg/kg body
weight, daily for 7 days following the procedure described
by Abdelhalim and Moussa, (2013)and Siddiqi et al.,

(2012).
Group 3 (I3C): Healthy rats were dosed orally by gavage
with I3C at 150 mg/kg body weight daily for 7 days; the

dose of 150 mg/kg body weight was comparable to those
used by other researchers (Okulicz et al.,2009).
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Group 4 (GNPs + I3C): Rats were injected with GNPs as

described in Group 2 followed by a daily oral supplementa-
tion of I3C as described in Group 3.

At the end of treatment duration, rats were euthanized by
diethyl ether. Blood samples were collected from hepatic portal
vein, serum was separated by centrifugation at 1200g for
15 min and stored at � 20 �C until used. Liver tissues were

excised, washed in cold saline and used for biochemical and
histological examinations.

2.3. Determination of liver functional markers

Serum levels of liver functional markers including AST, ALT,
and ALP activities were determined by following the manufac-

turer’s instructions (Bio-Diagnostic). Total and direct bilirubin
and albumin were determined by following the methods
described by supplier (BioVision, Milpitas, CA, USA).

2.4. Determination of oxidative stress and inflammatory
biomarker in liver tissues

Liver tissues were homogenized in Tris HCl buffer (0.1 mol/L,

pH 7.4) and the homogenate was centrifuged at 4000g for
30 min. The clear supernatant was separated and used for esti-
mating MDA, GR, GSH, 8-OHdG, IL-6 and Nrf2. Malondi-

aldehyde in tissue homogenates was determined as
thiobarbituric acid reactive substances (TBARS) according
to the method of Draper and Hadley (1990). Briefly, reaction

mixture containing tissue homogenate, SDS, acetic acid and
thiobarbituric acid (TBA) was heated in a boiling water bath
for 1 h and 2.5 ml n-butanol was added and centrifuged at
2500g for 10 min. Absorbance of the organic layer was read

at 532 nm. The MDA content was expressed as nmol/mg
protein.

The activity of GST was determined according to manu-

facturer’s guidelines (Cloud-Clone Corp. USA). Briefly,
1.35 ml reduced glutathione (GSH) solution, 0.15 ml 1-
chloro-2,4-dinitrobenzene (CDNB), 1.4 ml phosphate buffer,

and 0.1 ml tissue homogenate were incubated at 25 �C and
the absorbance was measured at 340 nm every minute for a
total of 3 readings. Enzyme activity was expressed as nmol/

min/mg protein. Glutathione reductase (GR) activity was
measured using commercially available kits following the
procedure recommended by supplier (Cloud-Clone Corp.
USA). Briefly, reaction mixture in 0.5 ml of 0.2 M potas-

sium phosphate buffer containing 1 mM EDTA, 250 ml of
5,5ʹ-Dithio-bis-(2-nitrobenzoic Acid) (DTNB), 125 ml distilled
water, 50 ml of NADPH, and 25 ml of the tissue homogenate

and 50 ml L-glutathione oxidized (GSSG). The absorbance
was measured at 412 nm and the content of GR was
expressed as nmol/min/mg protein.

8-hydroxydeoxyguanosine (8-OHdG) was estimated by
ELISA based assay as described by manufacturer (Kamiya
Biomedical Company, USA). Briefly, tissue homogenates
and standards were added to wells and incubated for 2 h. at

room temperature. Wells were thoroughly washed, incubated
with HRP-conjugated monoclonal primary antibodies and
incubated for 1 h. at room temperature. Wells were washed

thoroughly and incubated with TMB substrate in the dark
for 30 min. Absorbance was measured at 450 nm and the
content of 8-OHdG was inferred from standard curve and
expressed as nmol/mg protein.

The levels of inflammatory marker, IL-6 and transcription

factor, Nrf2 were determined in liver tissues by ELISA based
assay following the manufacturer’s instructions (LifeSpan Bio-
sciences, USA). Briefly, wells precoated with anti-IL6 or anti-

Nrf2 antibodies were incubated with supernatants of tissue
homogenates or standards for 2 h at room temperature. Wells
were washed and incubated with respective biotin labelled anti-

bodies for 1 h. at room temperature. Wells were washed and
further incubated with avidin-HRP conjugated secondary anti-
bodies for 1 h. at room temperature. Wells were washed and
incubated with substrate TMB. The OD was measured at

450 nm and the content of IL-6 or Nrf2 was inferred from
the standard curve and expressed as pg/mg protein.

2.5. H&E staining of liver tissue

Liver tissue specimens were fixed in 10% formalin solution,
sectioned and deparaffinised. Sections were stained with

H&E and evaluated for histological changes under light
microscopy.

2.6. Docking studies (Molecular docking)

Auto docking tools 4.2 module was used to predict the binding
of drug candidates to the known 3D structure of receptors.
Gasteiger partial charges were added to the atoms in ligand

(designed drug). Rotatable bonds were clarified, and non-
polar hydrogen atoms were conjoined. Kollman united atom
type charges and salvation indices were applied following the

addition of fundamental hydrogen atoms (Zayed et al.,
2018a, 2019). Van der Waals and electrostatic bindings were
determined using distance-dependent dielectric functions and

auto Dock parameter set respectively. Lamarckian genetic
algorithm and Solis & Wets local search method were executed
for simulative docking. (Dobbs and Hehre, 1987) Orientation,

initial position and torsions of the ligand molecule were set.

2.7. Statistical analysis

The SPSS Statistical programme for Windows (Version 19,

(SPSS Inc., Chicago, IL, USA) was used for data analysis.
The significance of difference between various groups was
measured by one-way ANOVA (LSD) test. Data were

expressed as the mean ± SD. p < 0.01 was considered
significant.

3. Results

3.1. Liver functional markers

Serum levels of liver functional markers in different treatment
groups of rats are presented in Table 1. Compared to control,

rats treated with GNPs had significantly elevated ALT, AST,
ALP, total and direct bilirubin (p < 0.01) and significantly
declined albumin levels (p < 0.01). Whereas, rats co-treated
with GNPs and I3C exhibited a significant reduction

(p < 0.01) in ALT, AST, ALP, total and direct bilirubin and
a significant increase in albumin levels as compared to those



Fig. 1 IL-6 levels in liver tissues of control and treated rats. G1,

control; G2, AuNP treated rats; G3, I3C treated rats; G4,

AuNP + I3C treated rats. Data are presented as mean ± SD.
asignificantly different (p < 0.01) compared to G1 group
bSignificantly different (p < 0.01) compared to G2 group.

Table 1 The levels of liver functional markers in serum of control and treated rats.

Parameters G1 (control) G2 (GNPs) G3 (I3C) G4 (GNPs + I3C)

ALT (U/L) 19.8 ± 1.68 61.3 ± 3.52a 20.2 ± 1.56a 41.9 ± 3.6b

AST (U/L) 47.1 ± 3.17 110.3 ± 2.7a 49.1 ± 2.0a 66.5 ± 3.5b

ALP (U/L 39.6 ± 3.16 117.9 ± 2.84a 40.3 ± 2.94a 60.9 ± 8.19b

Total bilirubin (mg/dL) 0.49 ± 0.03 1.72 ± 0.1a 0.49 ± 0.03a 0.49 ± 0.03b

Direct bilirubin (mg/dL) 0.23 ± 0.011 1.13 ± 0.027a 0.23 ± 0.009a 0.25 ± 0.02b

Albumin (mg/dL) 7.0 ± 0.14 2.3 ± 0.14a 7.1 ± 0.34a 6.1 ± 0.21b

AST, aspartate transaminase ALT, alanine transaminase; ALP, alkaline phosphatase. aCompared to G1 group, bCompared to G2, abp < 0.01.

Data are presented as mean ± SD (N = 10).
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in GNP treated rats (group 2) Additionally, no significant
change was observed between control and I3C alone treated
rats (group 3).

3.2. Oxidative stress markers

The levels of oxidative stress markers in the liver tissues of con-
trol and different treatment groups of rats provided in Table 2.

The MDA and 8-OHdG were significantly elevated in GNPs
treated rats as matched to those in control rats. In contrast,
antioxidants including GST and GR levels were significantly

(p < 0.01) declined in in rats treated with GNPs as compared
to control group. Co-treatment of rats with GNPs and I3C led
to a significant (p < 0.01) reduction in MDA and 8-OHdG,

and a significant elevation in GST and GR levels, compared
to those in GNPs treated rats. The levels of all the studied
markers in I3C treated rats were identical to the levels found

in control rats indicating that I3C treatment alone exerted
no significant change on these markers.

3.3. IL-6 and Nrf2

The levels IL-6 and Nrf2 in the liver tissues of control and dif-
ferent treatment groups are shown in Figs. 1 and 2. Rats trea-
ted with GNPs demonstrated a significant increase in IL-6

(p < 0.01) and a significant decrease in Nrf2 levels
(p < 0.01) as compared to control group. On the other hand,
a significant reduction of IL-6 (p < 0.01) and a significant aug-

mentation of Nrf2 levels (p < 0.01) were noticed in rats co-
treated with GNPs and I3C. Interestingly, a significant
increase was observed in IL-6 level in G3 rats as compared
to those in control(p < 0.01). In contrast the Nrf2 levels in rats

treated only with I3C were equal to the levels found in control.
Table 2 The levels of oxidative stress markers in liver tissues of co

Parameters G1 (control) G2 (A

MDA (nmol/mg protein) 1.03 ± 0.04 1.9 ±

8-OHdG (nmol/mg protein) 0.17 ± 0.005 0.35

GST (nmol/min/mg protein) 13.1 ± 1.19 5.9 ±

GR (nmol/min/mg protein) 59.3 ± 4.4 33.8

MDA, Malondialdehyde; 8-OHdG, 8-hydroxydeoxyguanosine; GST, Glu

group, and bCcompared to G2, abp < 0.01. Data are presented as mean
3.4. Liver histology

Changes in the liver architecture in response to GNPs and I3C

treatments were assessed by H&E staining of liver sections.
The data are presented in Fig. 3. Liver tissue of rats exposed
to GNPs, demonstrated a marked congestion of central vein,
vacuolization in cytoplasm of hepatocytes and the hepatic

necrosis of foci, along with inflammatory cell influx, as com-
pared to normal histology found in the liver tissue of control
rats. On the other hand, these GNP-induced changes, were sig-

nificantly reversed in rats co-treated with GNPs and I3C, as
evident from reduced congestion and fewer inflammatory cell
ntrol and treated rats.

uNP) G3 (I3C) G4 (AuNP + I3C)

0.19a 1.02 ± 0.07a 1.39 ± 0.05b

± 0.007a 0.18 ± 0.008a 0.22 ± 0.005b

0.73a 10.3 ± 0.93a 10.81 ± 0.73b

± 3.01a 55.0 ± 2.83a 37.7 ± 3.19b

tathione S-transferase; GR, glutathione reductase.a Compared to G1

± S (N = 10).



Fig. 2 Nuclear factor erythroid 2-related factor 2 (Nrf2) levels in

liver tissues of control and treated rats. G1, control; G2, AuNP

treated rats; G3, I3C treated rats; G4, AuNP + I3C treated rats.

Data are presented as mean ± SD. aSignificantly different

(p < 0.01) compared to G1 group bSignificantly different

(p < 0.01) compared to G2 group.
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infiltrations. No change in liver histology in rats treated only

with I3C was found compared to that of control indicating
lack of any apparent effects of I3C alone on liver histology.
Fig. 3 Micrographs of H&E stained liver sections of rats. (A) Contr

exhibiting congestion of the central vein (square), cytoplasmic vacuolisa

with inflammatory cell influx (circle). (C) Rats exposed to gold NPs a

inflammatory cell population. (D). Rats treated only with I3C showin
3.5. Molecular docking

Auto Dock and MOE tools were used to verify hepatoprotec-
tive properties of indole-3-carbinol to support the experimen-
tal outcome. Molecular docking with the crystal structure of

indole-3-carbinol over liver in which growth factor receptor is
highly expressed (Zayed et al., 2018b). Pictorial representation
of best possible binding sites of liver protein LT3 (PDB code:
4RT7) with synthesized compounds is shown in Fig. 4. The

results of the docking studies show that the compounds inter-
acted favourably with the active binding sites of the proteins in
amino acids (4rt7-h/A1/A/ASP‘829/HN–with hydrogen bond

length = 2.2 Ao, 4rt7-h/A1/A/VAL‘675/O– with hydrogen
bond length = 2.7 Ao and 4rt7-h/A1/A/ILE‘827/O– with
hydrogen bond length = 2.8 Ao, the calculated free energy

of binding for 1-indole-3-carbinol in the receptor binding site
was �6.12 kcal/mol.

4. Discussion

The findings of the present study identify the liver as a primary
target organ for GNPs as significant changes in liver functional

markers, oxidative stress and inflammatory markers and
histopathological changes in liver tissues were noted in GNP
treated rats. Further, these adverse effects indicate the possible
accumulation GNPs in liver tissue as evident from previous

study (Lanone and Boczkowski,2006). Besides, this study
ol rats displaying normal histology. (B) Rats exposed to gold NPs

tion of hepatocytes (arrow head) and hepatic necrosis of foci along

nd treated with I3C, demonstrating reduced congestion and fewer

g normal liver architecture. CV; central vein.



Fig. 4 3D plot interaction of indole-3-carbinol ligand with liver protein LT3 (PDB) code: 4RT7) receptor by Auto dock (A) and MOE

(B) methods.

Attenuating effect of Indole-3-Carbinol 8065
demonstrates the protective effects of I3C in alleviating GNP-

induced changes.

4.1. Effect of small sized gold nanoparticles diameter

The GNPs of 10 nm diameter size used in the present study are
proven to exert most adverse effects on liver tissue. stated that,
Smaller-sized GNPs showed tissue distribution within 3 days

after their administration through inhalation, or through
oral/dermal exposure, as its absorption and distribution into
the blood circulation depended mainly on the size of GNPs
(Abdelhalim and Jarrar, 2011). Similarly, the accumulation

of GNPs in rat liver 24 h after intravenous injection, was found
to be in the range of 91.9 to 96.9% for 200, 80, 10 and 5 nm
sizes (Hirn et al., 2011). Whereas, the hepatobiliary clearance

of GNPs (from liver to small intestine to fecal excretion)
showed an inverse linear relationship for GNPs with size range
of 5 nm to 200 nm. Niidome et al. (2006) showed that GNPs

with 65 ± 5 nm size were accumulated in liver
It is proposed that liver was the main target of GNPs as

they were shown to be accumulated in the liver within minutes

after their injection. Additionally a significant fraction of
18 nm sized GNPs are eliminated from blood and accumulated
mainly in the spleen and liver. Collectively, above data suggest
that smaller sized GNPs accumulate rapidly and in large

amounts in liver and that the liver is the primary organ of their
accumulation.

4.2. Effects of GNPs and I3C on liver function

The present data showed that, GNPs significantly impaired
liver function as all the studied liver functional parameters

including ALT, AST, ALP, and total bilirubin and direct
bilirubin significantly increased, while albumin level signifi-
cantly decreased in response to GNPs. Serum AST and ALT
levels are indicators of liver injury: as their levels increase as

a result of hepatotoxicity, hepatitis or hepatic cirrhosis. The
increased activities of these enzymes also related to structural
changes in liver damage, which corroborates with greater

membrane permeability resulting in an increased leaking of
these enzyme into circulation (Sheth et al., 1998).

The findings of adverse effects of GNPs on liver function

are consistent with previous studies which have reported
similar cytotoxic effects induced by GNPs under both in vivo
and in vitro conditions (Ali et al., 2020; BarathManiKanth

et al., 2010). Importantly, different levels of toxic effects have
been observed depending on the particle size, shape, dose, sam-
pling points, surface coating and functionalization of GNPs

(Tao 2018), Besides, differences in cell lines or animal models
have also been contributed to different levels cytotoxic effects
of GNPs (Tao 2018). The main toxicity mechanism of GNPs

includes cell damage via extrinsic and intrinsic apoptotic path-
ways (Huo et al., 2018). Additionally, the cytotoxic effects of
GNPs also depend on their cellular uptake rate, cell pheno-
type, internalisation, kinetics of dissociation and its compara-

tive location inside microarchitecture of liver (Tsoi et al.,
2016).

In the present study, a significant reversal in all the tested

functional markers of liver was noticed in rats co-treated with
GNPs and I3C demonstrating the protective effects of I3C
against GNP induced functional impairment of liver functions.

The favourable effects of I3C found in this study are in agree-
ment with previous studies. (Hasan et al., 2018) The I3C exhib-
ited hepatoprotective effects against several carcinogens,
including diethylnitrosamine, 2-acetylaminofluorine and tra-

bectedin, and prevented the development of hepatic cancer in
an animal model (Hasan et al., 2018). Likewise, I3C attenuated
the aflatoxin B induced hepatic cancer (Dalessandri et al.,

2004).
4.3. Effect of GNPs and I3C on oxidative biomarkers in liver
tissue

Oxidative stress results due to an imbalance in the levels of oxi-
dants and antioxidants wherein the generation of reactive oxy-

gen species (ROS) over takes the antioxidant levels leading to
cellular damage. In the present study rats treated with GNPs
showed significantly increased oxidative stress marker MDA,
8-OHdG and significantly decreases antioxidants including

GST and GR in liver tissue. Thus the imbalance of oxidants
to antioxidant levels confirms the oxidative status conditions
in the liver of rats treated with GNPs and thereby further con-

firms the capacity of GNPs to induce oxidative stress. Oxida-
tive stress inducing power of GNPs has been demonstrated
by earlier studies, corroborating with the finding in this study.

Oxidative stress, apoptosis and DNA damage were found to be
major pathological conditions observed in rats treated with
GNPs (Lu et al., 2009; Yu et al., 2007, Lankoff et al., 2012).
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In addition, nanoparticles of metallic nature as well as the
presence of transitional metals have shown to generate ROS
and subsequent oxidative damage (Kovács et al., 2016). Simi-

larly, GNPs were shown to directly affect membrane integrity
by structurally an functionally altering intra- and extracellular
biomolecules by generating oxidative stress (Boisselier and

Astruc, 2009). The 8-OHdG is a well-established marker for
oxidative stress induced DNA damage. Its levels were
increased in GNP treated rats in the present study suggesting

possible DNA damaging effects due to oxidative stress induced
by GNPs. Similar observations were made where GNPs were
shown to increase 8-OHdG levels and negatively affect the
genes associated with genome stability and DNA repair (Li

et al., 2018). The GST and GR are antioxidants whose reduced
levels tilt the balance towards oxidative stress (Kamat, 2002).
As found in the present study, a reduction of GST and GR

was noted in liver tissues of rats exposed to GNPs underscor-
ing the increased oxidative stress due to depletion of antioxi-
dants (Al-Hamadani et al., 2020) Nrf2 is a transcription

factor which transactivates an array of antioxidant genes as
a defensive mechanism to counter oxidative stress. In the pre-
sent study there was decrease in Nrf2 levels, which may be

attributed to either its translocation from cytosol to nucleus
or its possibly reduced expression in response to GNPs.

The data in the current study demonstrated antioxidant
potential of I3C as all the studied markers including MDA,

GST, GR and 8-OHdG were restored to their normal levels
in rats co-treated with GNPs and I3C. In line with these obser-
vations reports have shown antioxidant potential of I3C. In

animal models I3C effectively diminished experimentally
induced oxidative stress and reduced the risk of developing
lung, colon, liver and breast cancers (El-Naga et al., 2014;

Andreadou et al., 2002). The I3C has been shown to attenuate
hyperglycaemia induced oxidative stress and protect from neu-
rotoxicity in mice (Jayakumar et al., 2014). Additionally,

breast cancer cells treated with I3C upregulated GST and
abrogated lipid peroxidation underscoring its antioxidant
potential (Szaefer et al., 2015; Lai et al., 2015). In the present
study, I3C treatment also restored cytosolic Nrf2 levels, which

could be attributed to its increased expression in response to
I3C.

The favourable effects of I3C on liver function achieved

through intraperitoneal administration diverges from previous
studies which have indicated that the beneficial effects of I3C
are achieved only if administered orally as it is converted to

its acid condensation products in the gastric juices of stomach
(Grose and Bjeldanes, 1992, Anderton et al., 2004).‘
4.4. Effect of GNPs and I3C on IL-6

The increased IL-6 levels in rats treated with GNPs points to
existence of inflammatory conditions and indicate proinflam-
matory nature of GNPs. Consistent with this observation, pre-

vious studies found GNPs to upregulate IL-6 production and
secretion (Bailly et al., 2019) Whereas other studies suggest
that the response to inflammation is quickly normalised after

an acute phase of treatment (Khan et al., 2013). Importantly,
larger sized GNPs (60 nm) were unable to elicit proinflamma-
tory responses (IL-6) in murine macrophages despite their cel-

lular uptake and localization within intracellular vacuoles.
Although the relationship between oxidative stress and
inflammation has been published in many reports, its function
on inflammatory diseases is still uncertain (Leonavičien _e et al.,
2012).

Decreased IL-6 levels in response to I3C treatment under-
score its antiinflammatory properties. This action of I3C
may be its direct effect on downregulating IL-6 production

or an indirect effect achieved as a result of subsided oxidative
stress. Corroborating with this observation, I3C has been
shown as a powerful anti-inflammatory agent in rat models

of inflammatory diseases due to its capacity to block inflam-
matory cell infiltration including IL-6 (El-Naga et al., 2014).
Likewise, I3C inhibited LPS-induced inflammatory response
by blocking TRIF-dependent signaling pathway in macro-

phages (Jiang et al., 2013) which suggested that, I3C may pro-
vide a valuable therapeutic strategy in treating various
inflammatory diseases. Furthermore, I3C was proved to ame-

liorate colonic inflammation (Alkarkoushi et al.,(2019).

4.5. Effect of GNPs and I3C on liver histology

Histological data showed that rats treated with GNPs demon-
strated marked pathological changes in liver histology. This
correlates well with the impaired liver function observed in

GNP treated rats. In line with present data, GNPs have
reported to induce hepatocyte injury, adema and cytoplasm
vacuolation, indicating subacute and acute liver damage
(Abdelhalim and Jarrar, 2011, Abdelhalim and Jarrar, 2012).

I3C treatment significantly reversed the GNP induced changes
in liver histology, substantiating the protective effects of I3C.

4.6. Molecular docking studies substantiate the experimental
data

Auto Dock and MOE tools were used to verify hepatoprotec-

tive effects of indole-3-carbinol and to support the experimen-
tal actual experimental data. Molecular docking with the
crystal structure of indole-3-carbinol over liver in which

growth factor receptor is highly expressed showed the best pos-
sible binding sites of LT3 with synthesized compounds and
that the compounds interacted favourably with the active
binding sites. Above findings clearly confirm the obtained

experimental data and substantiates the favourable effects of
I3C against GNP induced hepatotoxicity.

5. Conclusion

This study demonstrated that GNPs significantly impaired
liver function as evident from increased levels of liver func-

tional markers as well as histopathological changes found in
rats treated with GNPs. These adverse reactions appear to
be mediated by oxidative stress and inflammation as all the

studied markers of these pathophysiological conditions are
dysregulated in GNP treated rats. The other major finding of
the study is the protective effects of I3C against GNP induced

changes in liver function and architecture. These favourable
effects of I3C can be attributed to the capacity of I3C to blunt
oxidative stress and inflammation. Additionally, molecular
docking data supported the experimental findings thereby,

substantiating the protective effects of I3C against GNP
induced hepatotoxicity. Thus, regular consumption of plant
based diet rich in I3C may impart beneficial health effects.
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