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Abstract
Background Silver nanoparticles (AgNPs) have anti-cancer effects with fewer side effects than standard chemotherapeutic 
agents, however, they exert oxidative stress-based adverse effects on normal cells and so their applications have raised con-
cern about possible health and environmental risks.
Objective We evaluated whether green tea extract (GTE), which contains potent antioxidants, could ameliorate AgNPs 
geno-, cyto-, and histotoxicities without decreasing their therapeutic potential against Ehrlich ascetic carcinoma (EAC).
Results GTE enhanced the anti-cancer effect of AgNPs against EAC cells and ameliorated the genotoxic effect of AgNPs as 
indicated by lowering chromosomal aberrations and micronucleus frequencies. Additionally, GTE relieved most of degen-
erative histological changes induced by AgNPs. GTE restored the increased MDA and the decreased SOD, GPx and CAT 
serum levels induced by AgNPs to levels comparable to normal. The pre-treatment with GTE and AgNPs showed better 
improvement than the post-treatment strategy.
Conclusions GTE can not only ameliorate AgNPs-induced adverse effects but also improve their anti-cancer effect against 
EAC. So, it could be useful in the treatment of liver dysfunction associated with AgNPs.

Keywords Silver nanoparticles · Ehrlich ascetic carcinoma · Green tea extract · Oxidative stress · Genotoxicity · 
Hepatotoxicity

Introduction

While medical technology has improved, cancer remains a 
serious health problem and has been recognized as an impor-
tant factor in mortality and morbidity. Cancer is the second 
leading cause of death worldwide. Cancer chemothera-
pies have nonspecific toxicity due to their biodistribution 

throughout the body which requires administration of a large 
dose to achieve high local concentrations in tumor (El-Magd 
et al. 2017; Khamis et al. 2018). Most chemotherapeutic 
agents also induce formation of multidrug resistance in 
patients which interferes with their therapeutic potential 
(Gottesman et al. 2002). Therefore, it is necessary to develop 
bioessential and non-toxic anti-cancer agents as new alterna-
tive plans for overcoming constraints during current chemo-
therapy (Badawy et al. 2019; Elgazar et al. 2018; Elkeiy 
et al. 2018).

Because of its anti-bacterial properties, silver nanoparti-
cles (AgNPs) have been widely used in a wide range of med-
ical care and consumer products (Jia et al. 2017). Previous 
studies denoted that AgNPs had anti-cancer effects against 
a large variety of cancers (such as ovarian, breast and cervi-
cal cancers) and inhibitory effects against microorganisms 
(such as fungi and bacteria) and these cytotoxic effects are 
mainly mediated through induction of apoptosis-dependent 
oxidative stress (Anandalakshmi et al. 2016; Devaraj et al. 
2013; Gurunathan et al. 2015; Lee et al. 2019; Lin et al. 
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2014). Increased production and utilization of AgNPs-based 
products ultimately increased the accumulation of AgNPs 
in environment and human tissues. Although AgNPs have 
anti-cancer effects with less toxicity than chemotherapeu-
tic agents, they still have some adverse effects on normal 
cells. AgNPs can penetrate cell membrane and bind to DNA 
and protein causing apoptosis not only for cancer cells but 
also for normal cells (Ahamed et al. 2008; Cho et al. 2018; 
Jeyaraj et al. 2013). Rats injected with AgNPs showed tes-
ticular degenerative changes accompanied by increased lev-
els of oxidative markers and decreased levels of antioxidant 
markers (Ansar et al. 2017). Additionally, mice intraperito-
neally injected with AgNPs at different sizes (10, 60, and 
100 nm) showed histopathological changes in their hepatic 
tissues (congestion, vacuolation, necrosis, and apoptosis) 
only with smaller AgNPs (10 nm) (Cho et al. 2018). Simi-
larly, no degenerative changes were observed in the major-
ity of mice organs (liver, kidney, brain, lung, testis, spleen) 
following injection of larger AgNPs (100 nm) (Kanipandian 
et al. 2019). However, little is known regarding geno-, cyto-, 
and histotoxicities induced by small AgNPs during treatment 
of Ehrlich ascetic carcinoma (EAC) in mice.

Dietary natural products were reported to have many bio-
logic activities including antioxidant and anti-cancer prop-
erties (Abu Gazia and El-Magd, 2018a; Abu Khudir et al. 
2019; Badawy et al. 2019; El-Magd et al. 2019; Elkeiy et al. 
2018; Khamis et al. 2018; Mohamed et al. 2019). Hence, 
researchers search for natural products with anti-cancer 
effect which can be individually or synergistically used with 
anti-cancer agents (chemotherapeutic and NPs) to improve 
therapeutic potential and decrease side effects. Green tea is a 
popular and globally consumed beverage and its active com-
ponents (potent antioxidant polyphenolic flavonoids, includ-
ing catechins gallate and epigallocatechin) are found in vari-
ous herbal and dietary supplements (Chacko et al. 2010). 
Green tea extract (GTE) has anticarcinogenic, antiviral, anti-
inflammatory, and antidiabetic activities (Abdel-Daim et al. 
2017; Miyata et al. 2018). Moreover, green tea catechins 
alone prevent prostate cancer development in patients with 
high-grade intraepithelial neoplasia (Bettuzzi et al. 2006) 
and when used in combination with anti-cancer drugs syner-
gistically induce apoptosis in human cancer cells and inhibit 
tumor formation in mice (Fujiki et al. 2002). However, to 
best of our knowledge, the combined anti-cancer effect of 
AgNPs and GTE on EAC is still unknown. Therefore, we 
hypothesized that GTE could ameliorate AgNPs oxidative 
stress-based adverse effects without decreasing their thera-
peutic potential against EAC in mice. This study was per-
formed to assess this hypothesis.

Materials and methods

Preparation and characterization of silver 
nanoparticles

Silver nanoparticles (AgNPs) were prepared by chemical 
reduction method. In brief, 1000 ml of 0.001 M silver nitrate 
(AgNO3, purity 99.9%, Sigma-Aldrich) was heated, then 
20 ml of 2% trisodium citrate (purity 99%, Sigma-Aldrich) 
was added dropwise, followed by vigorous mixing until the 
color change was evident (pale yellow). AgNPs pellet was 
then separated by centrifugation at 9000 rpm for 30 min and 
was suspended in double distilled water to obtain the desired 
concentration. The characterization of AgNPs was per-
formed by Fourier transform infrared (FTIR) spectroscopy, 
X-ray diffraction, and UV–Vis spectroscopy as previously 
described (Anandalakshmi et al. 2016; Devaraj et al. 2013).

Preparation of green tea aqueous extract

The aqueous extraction of green tea was prepared as previ-
ously described (Safer et al. 2012). Briefly, dried Japanese 
tea leaves (500 g) purchased from a local store were pow-
dered in a waring blender and extracted with double distilled 
water (2 L) at 80 °C for 1 h. The extract was filtered through 
a nylon filter and the filtrate was centrifuged at 3000×g for 
15 min. The clear supernatant was removed and the residual 
pellet was shaken with distilled water, warmed at 35 °C, 
and centrifuged again. The supernatants were pooled and 
lyophilized under freezing and the resulting material was 
stored at − 20 °C in a screw-capped bottle.

Animals and experimental design

All experiments were conducted in accordance with US 
National Institutes of Health Guidelines for the Care and Use 
of Laboratory Animals and followed Helsinki declaration 
of animal ethics. This study was approved by the Research 
Ethics Committee of Kafrelsheikh University.

A total number of sixty adult male Swiss albino mice 
with weight ranging from 25 to 32 g were used in the pre-
sent study. These mice were housed in metal cages and 
received food (basal diet) ad libitum. They also had free 
access to water. They were raised under a light/dark system 
of 12 h/12 h. The animals were accommodated to the labora-
tory conditions for 1 week before the experiment.

The mice were divided into six groups. In group 1 (G1, 
normal), mice were intraperitoneally (i.p.) injected with 
0.2 ml saline daily for 16 days. In G2 (EAC), mice were i.p. 
inoculated with a single dose of 0.2 ml EAC cells with a 
total count of 2.5 × 106 and kept for 8 days until the abdomen 



273Molecular & Cellular Toxicology (2020) 16:271–282 

1 3

reached maximal distention. In G3 (AgNPs pre-treatment), 
mice were i.p. injected with 10–50 nm AgNPs at a dose of 
0.3 mg/kg body weight (bw) daily for 8 days (Cho et al. 
2018) and then were i.p. inoculated at the 9th day with EAC 
cells once and kept for additional 8 days (from the 9th to 
16th day of the experiment). In G4 (AgNPs + GTE pre-treat-
ment), mice were injected with AgNPs (as stated in G3) and 
were orally given GTE at a concentration of 200 mg/Kg bw 
with a volume of 0.5 ml per mouse (Safer et al. 2012) daily 
for 8 days and then were i.p. inoculated with EAC cells (as 
detailed in G3). In G5 (AgNPs post-treatment), mice were 
i.p. inoculated with EAC cells once and kept for 8 days and 
then were injected with AgNPs at the 9th day and continued 
till the 16th day. In G6 (AgNPs + GTE post-treatment), mice 
were i.p. inoculated with EAC cells once and kept for 8 days 
and then were treated with AgNPs and GTE from the 9th to 
the 16th day.

At the end of the experiment, the peritoneal fluids con-
taining EAC cells were collected by a clean syringe, blood 
samples were collected in clean tubes either with (for micro-
nucleus assay) or without EDTA for serum separation (for 
biochemical assays) (Badawy et al. 2018). Animals were 
euthanized by decapitation and livers (for histopathology) 
and femurs (for chromosomal aberrations) were obtained.

Cell count and viability

Trypan blue exclusion test was performed as previously 
described (El-Magd et al. 2017). In this test, EAC cells 
were counted via hemocytometer after staining with 0.5% 
trypan blue: the percentage of viable cells = [(total number 
of cells − number of trypan blue (dead) cells)/total number 
of cells] × 100.

Micronucleus and chromosomal aberrations assays

Blood smears were air dried for 24 h, fixed in ethyl alco-
hol for 10 min, and stained by 10% Giemsa staining for 10 
min. Three slides were prepared from each mouse and 1000 
erythrocytes of each mouse were examined under oil immer-
sion at × 1000 for presence of micronuclei (Fenech et al. 
2003). Chromosomes of bone marrow somatic cells were 
prepared and examined as previously described (Pacchierotti 
and Stocchi 2013).

Histopathological investigation

For light microscope examination, liver specimens were 
fixed in 10% formalin, dehydrated in ethyl alcohol, cleaned 
in xylene, embedded in paraffin, cut into 5 μm sections, and 
stained by hematoxylin and eosin (H & E). For transmission 
electron microscope (TEM), liver specimens were fixed in 
2.5% glutaraldehyde and 1% osmium tetroxide. The sections 

were dehydrated in ascending grades of ethanol ending with 
propylene oxide and embedded in epoxy resin. Ultrathin sec-
tions were cut on an RMC MT6000-XL ultramicrotome, 
mounted on cupper grids, stained with uranyl acetate and lead 
citrate, and examined using TEM-100 CXII operating at 80 kV 
(Abu Gazia and El-Magd, 2018b).

Biochemical analysis

The level of lipid peroxidation biomarker malondialdehyde 
(MDA) and activities of antioxidant enzymes [catalase 
(CAT), glutathione peroxidase (GPx), and superoxide dis-
mutase (SOD)] were determined in serum using commer-
cially available kits (Biodiagnostic, Egypt) and as previously 
described (El-Bayomi et al. 2018).

Statistical analysis

The results were expressed as mean ± standard error of mean 
(SEM). Data were statistically analyzed by GraphPad Prism 
Software 7 (LaJolla, CA, USA) using one-way analysis of 
variance (ANOVA) followed by Duncan’s test for compari-
son between different treatment groups. Statistical signifi-
cance was set at P ≤ 0.05.

Results

Characterization of silver nanoparticles

The physicochemical properties of nanoparticles are impor-
tant for their behavior, biodistribution, safety, and efficacy. 
Figure 1 shows characterization of prepared AgNPs using 
Fourier transform infrared (FTIR) spectroscopy, X-ray 
diffraction (XDR), and UV–Vis spectroscopy. The latter 
showed an absorption peak at 411 nm indicating the for-
mation of AgNPs (Devaraj et al. 2013). XRD pattern of 
AgNPs showed main diffraction peaks at 2θ = 37°, 44°, 64° 
and 76° that were attributed to (111), (200), (220) and (311) 
planes, respectively (Anandalakshmi et al. 2016). FTIR of 
AgNPs also showed two prominent peaks at 3449 assigned 
to stretching vibrations of O–H groups. While, there was 
a strong absorption band at 1637/cm that was assigned to 
the C=O stretching vibration in carboxylic group and NH 
bending vibration of amines (Marimuthu et al. 2011). The 
TEM image of the prepared AgNPs revealed that the parti-
cles ranged in size from 10 to 50 nm, with an average size 
of ~ 29 nm.

GTE improved the anti‑cancer effect of AgNPs 
on EAC cells

Previous studies reported anti-cancer effect for AgNPs and 
GTE each alone but not in combination. To evaluate their 
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combinatory effect on EAC cells, we determined changes in 
EAC cell counts (total, dead and viable) and tumor volume. 
The obtained results revealed that EAC mice either pre (G4)- 
or post (G6)-treated with AgNPs and GTE in combination 
gave better anti-cancer effect (as evidenced by a significant 
reduction in total and viable EAC cells, tumor volume and 
a significant increase in dead tumor cells) than untreated 
EAC mice (G2) and EAC pre (G3)- or post (G5)-treated 
with AgNPs alone (Fig. 2). Moreover, pre-treatment strat-
egy resulted in better anti-cancer effect than post-treatment 
strategy.

GTE ameliorated the genotoxic effect of AgNPs

The genotoxic effect of AgNPs was evaluated using periph-
eral blood micronucleus test and the obtained results (Fig. 3) 
exhibited a significant increase in erythrocyte micronucleus 
frequencies in untreated EAC mice (G2), AgNPs pre (G3)- 
and post (G5)- treated EAC mice as compared to the con-
trol group (G1). Again, combined pre (G4)- and post (G6)-
treatment of GTE and AgNPs showed significant decrease in 

micronucleus frequencies, with lowest level in G4, relative 
to other treated groups (G3 and G5).

To confirm GTE ameliorative effect on AgNPs genotoxic-
ity, we evaluated the combined effects of AgNPs and GTE 
on bone marrow somatic cells chromosomal distribution. 
The obtained data (Table 1 and Fig. 4) revealed the presence 
of a significantly higher number of several chromosomal 
aberrations (ring, deletion, centromeric attenuation and end-
to-end association) in untreated EAC mice (G2) and EAC 
mice treated with AgNPs (G3 and G5) than in the control 
group (G1). This elevated number of aberrations was signifi-
cantly decreased following combined treatment with GTE. 
Again, chromosomal aberration showed significant decrease 
in pre-treated groups relative to post-treated groups.

Effect of AgNPs and GTE on liver histology

Light microscope examination of stained liver tissues of 
mice in the control group (G1) revealed presence of normal 
hepatic architecture in form of normal hepatic parenchyma 
with preserved hepatic cords (arrows) radiating from the 

Fig. 1  Characterization of prepared AgNPs. a XRD of AgNPs with 
the main peaks at (2θ) 37, 44, 64 and 76 corresponding to the (111), 
(200), (220) and (311) planes, respectively. b FTIR spectra of AgNPs 

exhibited prominent peaks at 3449 and 1637 cm−1. c UV–Vis absorp-
tion spectrum of AgNPs with silver surface plasmon resonance band 
occurring initially at 411 nm
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central vein (arrowhead, Fig. 5a). In contrast, EAC group 
(G2) showed presence of a variable number of anaplastic 
metastatic cells (with enlarged, atypical, pleomorphic and 
hyperchromatic nuclei) distributed among hepatic cells 
(arrows) and around the dilated central vein (arrowhead, 
Fig. 5b). On the other hand, AgNPs pre-treated group (G3, 
Fig. 5c) showed a marked decrease in number of anaplas-
tic metastatic cells, portal congestion (green arrowhead), 
mononuclear round cells aggregation (yellow arrowhead), 
and biliary proliferation (black arrowhead). Some hepato-
cytes appeared with large hyperchromatic nuclei and oth-
ers were degenerated (arrows, Fig.  5c). AgNPs + GTE 
pre-treated group (G4) had apparently normal hepatic 
parenchyma with preserved cord arrangement and normal 
stroma (arrow, Fig. 5d). However, mice post-treated with 
AgNPs (G5) had congested portal vein (black arrowhead), 
interstitial aggregation of pro-inflammatory mononuclear 

cells (yellow arrowhead), and hemosiderosis in some 
macrophages (arrows, Fig. 5e). Animals post-treated with 
AgNPs + GTE (G6) showed hepatocellular proliferative 
changes with moderate atypia (arrow), pleomorphism (black 
arrowhead) and hyperchromia (yellow arrowhead, Fig. 5f).

Effect of AgNPs and GTE on liver ultrastructure

Analysis of TEM images from the control group (G1) 
showed presence of normal hepatocytes (Fig. 6a). The 
hepatocyte had normal nucleus surrounded by intact 
nuclear membrane (NM, yellow arrow) and its nucleo-
plasm contained clear nucleolus (white arrow) with dis-
tinct eu- and heterochromatins. The cell organelles also 
appeared normal with a large number of normal spheroid 
mitochondria (MITO, red arrow) and rough endoplasmic 
reticulum (RER, blue arrow). However, hepatocytes of 

Fig. 2  Combined effect of AgNPs and GTE on total tumor cell count, 
viable and non-viable tumor cell count, and tumor volume. Values 
were expressed as mean ± SEM. Means within columns carrying dif-
ferent superscript letters [a (highest)–d (lowest)] were significantly 

different at P ≤ 0.05. EAC (G2); AgNP(pre) (G3), AgNP + GTE (pre) 
(G4), AgNP(post) (G5), AgNP + GTE (post) (G6). Pre pre-treatment, 
Post post-treatment
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EAC mice (G2) exhibited some cytopathological altera-
tions (Fig. 6b). The nucleus had indented nuclear mem-
brane with small irregular nucleoli and both condensed 
and dispersed chromatins. The cytoplasm contained 
scanty mitochondria, but with abundant deformed rough 
and smooth endoplasmic reticulum (RER, SER), glyco-
gen granules (blue star, GR), and numerous electron-dense 
bodies (EDB, Fig. 6b). Animals pre-treated with AgNPs 
(G3) showed notable cytopathological changes (Fig. 6c). 

The cytoplasm contained numerous membranous envel-
oped vacuoles present inside phagolysosomes (blue cir-
cle, red arrowhead, and blue arrow) and was accompanied 
by a group of activated macrophages (white arrow) and 
electron-dense endosomes (orange arrows). The bile duct-
ules (BD) were enwrapped by thick basal lamellar mem-
brane (red and black arrows) and lined by short cuboi-
dal epithelial cells (E.C, green arrow) with luminal side 
microvillous projections (M. villi, Fig. 6c). Hepatocytes 

Fig. 3  Combined effect of 
AgNPs and GTE on micronuclei 
distribution. a, b Representa-
tive photomicrographs from 
stained blood films showing 
micronuclei (arrows) within 
erythrocytes. Giemsa stain, 
X400 (a) and X1000 (b). c 
Histogram showing distribu-
tion of micronuclei in different 
groups. Values were expressed 
as mean ± SEM. Means within 
columns carrying different 
superscript letters [a (highest)–
c (lowest)] were significantly 
different at P ≤ 0.05.Cnt (G1); 
EAC (G2); AgNP(pre) (G3), 
AgNP + GTE (pre) (G4), 
AgNP(post) (G5), AgNP + GTE 
(post) (G6). Pre pre-treatment, 
Post post-treatment

Table 1  Effects of AgNPs and GTE on chromosomal aberrations

Data were expressed as mean ± SEM
Pre pre-treatment, Post post-treatment
Values in the same column carrying different superscript letters [a (highest)–f (lowest)] were significantly different at P ≤ 0.05

Groups Ring chromosome Deletion Centromeric attenuation End-to-end association

Cnt (G1) 0.07 + 0.001d 3.20 ± 0.20 d 3.50 ± 0.20f 2.50 ± 0.30f

EAC (G2) 6.20 ± 0.55a 7.40 ± 0.90a 9.96 ± 0.55a 10.22 ± 0.60a

AgNP (pre) (G3) 4.20 ± 0.35bc 5.21 ± 0.37b 7.41 ± 0.42b 6.22 ± 0.32d

AgNP + GTE (pre) (G4) 3.40 ± 0.24c 4.15 ± 0.34c 5.84 ± 0.30c 3.91 ± 0.28e

AgNP (post) (G5) 5.34 ± 0.42b 6.21 ± 0.42b 8.06 ± 0.31b 8.84 ± 0.43b

AgNP + GTE (post) (G6) 3.55 ± 0.34c 5.08 ± 0.39c 6.28 ± 0.34c 7.31 ± 0.38c
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of the combined pre-treated group (G4) had less severe 
cytopathological changes (Fig.  6d). The hepatocytes 
contained phagolysosomes (blue circle) encompassing 
numerous endosomes (orange arrow). The cytoplasm had 
numerous ribosomes (white arrows), electron-dense small 
spherical bodies (EDB), membrane-bound vacuoles (red 
arrow) of variable size, and mitochondria (Fig. 6d). Hepat-
ocytes of EAC mice post-treated with AgNPs showed 
active nuclear division (binucleation, blue arrow) and 
their cytoplasm contained numerous elongated electron-
dense structures (green arrow), rounded ovo-spheroid bod-
ies surrounded by bright halos (could be AgNPs, orange 
arrows), and cytoplasmic vacuoles of variable size (red 
arrow, Fig. 6e). Hepatocytes of combined post-treated 
animals (G6) had many mitochondria, rough endoplasmic 
reticulum (RER), and rounded ovo-spheroid bodies sur-
rounded by bright halos (could be AgNPs, orange arrows, 

Fig. 6f). Additionally, intercellular digitating membrane 
(blue arrow), desmosomes (red arrow) and bile canalicular 
microtubules (green arrow, Fig. 6f) were also seen.

Effect of GTE and AgNPs on MDA level 
and antioxidant enzyme activities

Untreated EAC mice and those treated with AgNPs alone 
showed significant increase in serum level of the lipid 
peroxidation biomarker MDA and significant decrease 
in activities of the antioxidant enzymes (SOD, GPx, and 
CAT) in serum as compared to the control mice (Table 2). 
These altered biochemical parameters were restored fol-
lowing either pre- or post-treatment with GTE and AgNPs, 
with best effect for pre-treated group, but their levels 
remained lower than that of the control group.

Fig. 4  Photomicrographs of 
metaphase spread from bone 
marrow cells of mice showing 
effect of AgNPs and GTE on 
chromosomal distribution. a Cnt 
(G1); b EAC (G2); c AgNP pre-
treatment (G3); d AgNP + GTE 
pre-treatment (G4); e AgNP 
post-treatment (G5); and d 
AgNP + GTE post-treatment 
(G6). Giemsa stain, scale 
bar= 100 µm. CA centromeric 
attenuation, EE end-to-end 
association, Del deletion, R ring 
chromosome
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Discussion

Previous studies reported potent anti-cancer effects for 
AgNPs (Devaraj et al. 2013; Gurunathan et al. 2015; Jeyaraj 
et al. 2013; Lin et al. 2014) with fewer side effects than 
chemotherapeutic agents. However, AgNPs, similar to the 
majority of other NPs, can adversely affect normal cells 
(Ahamed et al. 2008; Cho et al. 2018). To the best of our 
knowledge, this may be the first study to report that GTE 
can not only ameliorate AgNPs-induced adverse effects but 
also improve their anti-cancer effect against EAC in mice.

In the present study, we found that pre- and post-treatment 
with AgNPs and GTE significantly decreased the tumor vol-
ume (ascitic fluid), and the count of total and viable tumor 

cells and significantly increased dead EAC cell count. This 
anti-cancer effect was previously reported, but for each com-
pound alone in models other than EAC. AgNPs induced 
apoptosis-dependent oxidative stress in breast, ovarian, lung, 
and cervical cancer cells (Devaraj et al. 2013; Gurunathan 
et al. 2015; Jeyaraj et al. 2013; Kanipandian et al. 2019; 
Lin et al. 2014). Green tea and its active components also 
induced apoptosis in most cancers (Bettuzzi et al. 2006), but 
via a different mechanism of action which has not been fully 
elucidated yet (Miyata et al. 2018).

After confirming that GTE synergistically potentiates the 
anti-cancer effect of AgNPs against EAC cells, we evaluated 
whether GTE can ameliorate the geno-, cyto- and histotoxic 
effects of AgNPs. To check genotoxic effects, we applied 

Fig. 5  Effect of AgNPs and 
GTE on liver histology as 
revealed by light microscope. a 
Liver of the control group (G1) 
showed normal hepatic cords 
(arrows) radiating from the cen-
tral vein (arrowhead). b Liver 
of the EAC group (G2) showed 
anaplastic metastatic cells 
(arrows) and dilated central 
vein (arrowhead). c Liver of the 
AgNP pre-treatment group (G3) 
showed portal congestion (green 
arrowhead), mononuclear 
round cells aggregation (yellow 
arrowhead), biliary proliferation 
(black arrowhead), and some 
hepatocytes appeared with large 
hyperchromatic nuclei and oth-
ers were degenerated (arrows). 
d Liver of the AgNP + GTE 
pre-treatment group (G4) 
showed normal hepatocytes 
(arrows). e Liver of the AgNP 
post-treatment group (G5) 
showed congested portal vein 
(black arrowhead), aggregated 
pro-inflammatory mononuclear 
cells (yellow arrowhead), and 
hemosiderosis (arrows). f Liver 
of the AgNP + GTE post-treat-
ment group (G6) showed pro-
liferation with moderate atypia 
(arrow), pleomorphism (black 
arrowhead) and hyperchromia 
(yellow arrowhead). H&E, scale 
bar = 50 µm (a, c, d, f) and 
20 µm (b, e)
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micronucleus and chromosomal aberrations assays and the 
obtained results confirmed our hypothesis that pre- and 
post-treatment with GTE and AgNPs relived the genotoxic-
ity induced using AgNPs alone. The cyto- and histotoxic 
effects of AgNPs were evaluated by detection of cytologi-
cal and histological changes in liver tissues using TEM 
and light microscope, respectively. Expectedly, treatment 
with AgNPs (with size range of 10–50 nm) alone produced 
several degenerative histological alterations in the hepatic 

tissue including congested portal vein, infiltration of proin-
flammatory mononuclear cells (mainly leucocytes), biliary 
proliferation, hemosiderosis in some macrophage cells, and 
vacuolation, suggesting that AgNPs could induce hepatotox-
icity when administered at therapeutic dose. Similar hepato-
toxic effect was reported in mice (Cho et al. 2018) and rats 
(Sarhan and Hussein, 2014) intraperitoneally injected with 
small AgNPs (10 nm/mice and 20–60 nm/rats). Moreover, 
very small AgNPs (4 nm) were reported to induce higher 

Fig. 6  Effect of AgNPs and 
GTE on liver ultrastructure 
as detected by transmission 
electron microscope. a Liver of 
the control group (G1), nuclear 
membrane (NM, yellow arrow), 
nucleolus (white arrow), mito-
chondria (MITO, red arrow), 
rough endoplasmic reticulum 
(RER, blue arrow). b Liver of 
the EAC group (G2), smooth 
endoplasmic reticulum (RER, 
SER), glycogen granules (blue 
star, GR), electron-dense bodies 
(EDB). c Liver of the AgNP 
pre-treatment group (G3), mem-
branous enveloped vacuoles 
(blue circle, red arrowhead, 
and blue arrow), macrophages 
(white arrow), electron-dense 
endosomes (orange arrows), bile 
ductules (BD) enwrapped by 
thick basal lamellar membrane 
(red and black arrows) and lined 
by short cuboidal epithelial 
cells (E.C, green arrow) with 
luminal side microvillous 
projections (M. villi). d Liver of 
the AgNP + GTE pre-treatment 
group (G4), phagolysosomes 
(blue circle), endosomes 
(orange arrow), ribosomes 
(white arrows), electron-dense 
small spherical bodies (EDB), 
membrane-bound vacuoles (red 
arrow). e Liver of the AgNP 
post-treatment group (G5), 
nuclear division (blue arrow), 
electron-dense structures (green 
arrow), rounded ovo-spheroid 
bodies (orange arrows), cyto-
plasmic vacuoles (red arrow). 
f Liver of the AgNP + GTE 
post-treatment group (G6), 
rough endoplasmic reticulum 
(RER), rounded ovo-spheroid 
bodies (orange arrows), intercel-
lular digitating membrane 
(blue arrow), desmosomes (red 
arrow) and bile canalicular 
microtubules (green arrow). 
Scales bars = 5 µm
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levels of free radicals, ROS, and IL8 from macrophages than 
larger AgNPs (70 nm) (Park et al. 2011). However, mice 
treated with larger AgNPs (60 nm and 100 nm) showed no 
histopathological changes in liver and other body organs 
(kidney, brain, lung, testis, spleen) (Cho et al. 2018; Kani-
pandian et al. 2019). Thus, it is likely that the particle size 
is the main determinant for AgNPs toxicity. Other factors 
may also play an important role in this toxicity including 
concentration, exposure time and route of administration for 
AgNPs (Genter et al. 2012). Small AgNPs have higher dis-
solution enabling them to easily penetrate the cell membrane 
and accumulate inside the cells at higher concentrations 
and quicker than the large AgNPs (Ji et al. 2007). Liver has 
been considered as one of the main target organs for AgNPs 
accumulation particularly within hepatic Kupffer cells which 
appeared as electron-dense materials under TEM (Sarhan 
and Hussein, 2014). Again, pre- and post-treatment by GTE 
and AgNPs relieved most of these histological changes 
thereby confirming the ability of GTE to ameliorate AgNPs-
induced hepatotoxicity.

So, the question now is how AgNPs induced these geno-, 
cyto- and histotoxicities and how GTE can relieve them. It 
is well known that AgNPs, similar to most of NPs, exert 
their anti-bacterial, anti-fungal, and anti-cancer effects 
through induction of oxidative stress (Anandalakshmi et al. 
2016; Devaraj et al. 2013; Gurunathan et al. 2015; Lee et al. 
2019; Lin et al. 2014). It is likely that this effect is not spe-
cific to cancer cells and microorganisms and AgNPs may 
also target normal cells by the same mechanism. Indeed, 
apoptosis of fibroblast, muscle, and colon cells triggered 
by AgNPs treatment is mediated by oxidative stress (Fold-
bjerg et al. 2009). Additionally, AgNPs administration led 
to increased levels of MDA and reduced antioxidant marker 
levels and activities (GSH, SOD, CAT and GPx) in rat tes-
tis (Ansar et al. 2017). Moreover, hepatic oxidative damage 
was also induced by intraperitoneal injection of AgNPs in 
rats (Parang and Moghadamnia, 2018; Sarhan and Hussein, 
2014). Similarly, we and Ebabe Elle et al. (2013) also found 
induction of higher oxidative stress status [as indicated by 

marked elevation of MDA level and reduction in activities 
of antioxidant enzymes (SOD, GPx, and CAT)] in EAC mice 
serum and rats’ livers, respectively, following treatment with 
AgNPs. It is therefore likely that AgNPs generated free radi-
cals which attacked hepatocytes causing geno-, cyto-, and 
histotoxicities. Increased ROS production inside the cells 
induce damage of different cell components and molecules 
(protein, lipid, and DNA) leading to oxidative damage of 
plasma membrane, mitochondria, and nucleus which cause 
cell death (Abdelhady et al. 2017; Abu Gazia and El-Magd, 
2018a, b; El-Magd et al. 2016; Zhao et al. 2004). AgNPs 
can also induce genotoxicity through interaction with thiol 
group of vital enzymes and phosphate groups of nucleic acid 
(Klueh et al. 2000). Unlike AgNPs, GTE and its phytochemi-
cals are potent natural antioxidants. Indeed, pre- and post-
treatment with GTE and AgNPs restored MDA, SOD, GPx 
and CAT to levels comparable to normal. This decreased 
the extent of oxidative damage and prevented geno-, cyto-, 
and histotoxicities triggered by AgNPs and EAC cells. The 
antioxidant activity of GTE may be one of the most probable 
mechanisms that help to prevent AgNPs toxicities.

GTE and AgNPs pre-treatment showed better effects than 
post-treatment in term of increasing the anti-cancer effect on 
EAC cells and decreasing geno-, cyto- and histotoxicities 
indicating the significance of GTE and AgNPs in prevention 
of EAC. Although the present study indicates for the first 
time the importance of combination therapy of GTE and 
AgNPs in EAC, it did not determine the actual molecular 
(at genes and proteins levels) mechanism by which GTE 
ameliorates AgNPs toxicity and potentiates their anti-cancer 
effect. So, further molecular investigations are required to 
fill in this scientific gap.

In summary, to the best of our knowledge, this may be 
the first study to report that GTE, as a potent natural anti-
oxidant, can not only ameliorate AgNPs-induced oxidative 
stress-based adverse effects (geno-, cyto-, and histotoxici-
ties) but also improve their anti-cancer effect against EAC in 
mice. Therefore, GTE could be used as a neoadjuvant in the 
treatment of AgNPs-induced geno-, cyto-, and histotoxicity, 

Table 2  Combined effect 
of AgNPs and GTE on 
malondialdehyde (MDA) levels 
and activity of superoxide 
dismutase (SOD), glutathione 
peroxidase (GPX) and catalase 
(CAT) enzymes in serum

Data were expressed as mean ± SEM
Pre pre-treatment, Post post-treatment
Values in the same column carrying different superscript letters [a (highest)–f (lowest)] were significantly 
different at P ≤ 0.05

Groups MDA (nmol/ml) SOD (U/L) GPx (U/L) CAT (U/L)

Cnt (G1) 12.43 ± 0.54f 26.65 ± 0.90a 70.27 ± 3.71a 58.04 ± 2.18a

EAC (G2) 37.01 ± 1.72a 6.65 ± 0.36f 22.27 ± 1.31f 21.55 ± 1.07f

AgNP (pre) (G3) 25.43 ± 0.80c 10.85 ± 0.51d 38.62 ± 1.26d 36.47 ± 1.12d

AgNP + GTE (pre) (G4) 16.37 ± 0.45e 22.30 ± 0.94b 58.52 ± 2.24b 48.92 ± 1.75b

AgNP (post) (G5) 29.11 ± 0.93b 8.52 ± 0.46e 31.62 ± 1.01e 27.32 ± 1.07 e
AgNP + GTE (post) (G6) 21.28 ± 0.50d 18.85 ± 0.70c 49.23 ± 2.05c 42.11 ± 1.15c
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however, further clinical investigations are needed to con-
firm whether this combination is clinically relevant in 
human.
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