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a  b  s  t  r  a  c  t

Zinc  oxide  nanoparticles  (ZnO  NPs)  are  widely  used  in  industry  and  cosmetic  products  with  promising
investment  in  medical  diagnosis  and  treatment.  However,  these  particles  may  reveal  a high  potential  risk
for human  health  with  no  information  about  hepatotoxicity  that might  be  associated  with  their  exposure.
The  present  work  was  carried  out  to  investigate  the histological  and  histochemical  alterations  induced  in
the hepatic  tissues  by  naked  35  nm  ZnO  NPs.  Male  Wistar  albino  rats  were  exposed  to  ZnO  NPs  at  a  daily
dose  of  2 mg/kg  for 21  days.  Liver  biopsies  from  all rats  under  study  were  subjected  to  histopathological
examinations.  In comparison  with  the  control  rats,  the  following  histological  and  histochemical  alter-
ations  were  demonstrated  in  the hepatic  tissues  of  rats  exposed  to  ZnO  NPs:  sinusoidal  dilatation,  Kupffer
epatotoxicity
ydropic degeneration
lycogen depletion
emosidrosis

cells hyperplasia,  lobular  and  portal  triads  inflammatory  cells  infiltration,  necrosis,  hydropic  degenera-
tion, hepatocytes  apoptosis,  anisokaryosis,  karyolysis,  nuclear  membrane  irregularity,  glycogen  content
depletion  and  hemosidrosis.  The  findings  of  the  present  work  might  indicate  that  ZnO  NPs  have  potential
oxidative  stress  in the  hepatic  tissues  that may  affect the  function  of  the  liver.  More  work  is needed  to
elucidate  the  toxicity  and  pathogenesis  of  zinc  oxide  nanoparticles  on  the vital  organs.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanoparticles (NPs) are biologically reactive due to their
mall size and larger surface area to volume ratio (Lanone and
oczkowski, 2006; Yu et al., 2011, 2012). The available informa-
ion indicate that small size NPs have easier clearance from the
ite of injection, longer circulating residue and slower passage to
he interstitial spaces than the large size ones (Hussain et al., 2005;

ang et al., 2010; Yu et al., 2011). In addition, NPs with all sizes can
nduce oxidative stress and generate free radicals that could cause
amage to tissues, cells and macromolecules where smaller par-
icles are more toxic than the larger ones (Abdelhalim and Jarrar,
011, 2012).
Zinc oxide NPs are currently being produced in high tonnage
nd utilized in various cosmetic and makeup products. These par-
icles are utilized in sunscreens, ointments, tooth pastes and in
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some coatings for protection from UV radiation (Xia et al., 2008;
Zvyagin et al., 2008; Smijs and Pavel, 2011; Vanderiel and Jong
2012). Also, ZnO NPs have recently received much attention due
to their possible applications in cancer therapy (Rasmussen et al.,
2010). These fine particles exhibited selective apoptosis in some
cancer cells via p53 pathway mediation (Hanley et al., 2008; Guo
et al., 2008; Zhang et al., 2008; Nair et al., 2009; Hackenberg et al.,
2010; Akhtar et al., 2012). In addition, ZnO NPs have important
application in the industry of electronic devices and paint industry.
Furthermore, these particles have been incorporated in polymeric
matrices, packaging materials and food systems to provide antimi-
crobial activity (Vanderiel and Jong 2012; Tayel et al., 2011). Zinc
oxide NPs have bactericidal effects on both Gram-positive and
Gram-negative bacteria with activity against spores that are resis-
tant to high temperature and high pressure (Arabi et al., 2012).

Zinc oxide NPs toxicity was found to be related to their solubil-
ity and ability to generate free radicals (Osmond and McCall, 2010).
In addition, these particles have the ability to cross the cell mem-

brane and some blood vital organs barrier. Moreover, some reports
indicated that ZnO NPs could exhibit cytotoxicity, genotoxicity,
oxidative stress, mitochondrial dysfunction, apoptosis, neurotoxic-
ity and inflammatory response (Yang et al., 2009; Yuan et al., 2010;
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Fig. 1. (a–d) (a) Scanning electron micrograph demonstrating morphology and size of the used ZnO NPs, (Bar = 40 nm). (b) Section in the liver of control rats demonstrating
normal hepatic architecture, hepatic strands and hepatocytes. H&E stain. (Bar = 40 �m).  (c) Section in the liver of control rats demonstrating normal portal triads. H&E stain,
(Bar  = 40 �m). (d) Section in the liver of control rats demonstrating Normal sinusoids and Kupffer cells. Toluidine blue stain, (Bar = 15 �m).

Fig. 2. (a–b) Light photographs of section in the liver of ZnO NPs treated rats demonstrating: (a) Lobular inflammatory cells infiltration (arrow). H&E stain. (Bar = 20 �m)  (b)
Microgranulomus inflammatory infiltration (star). H&E stain. (Bar = 40 �m).

Fig. 3. (a–b) Light photographs of section in the liver of ZnO NPs treated rats demonstrating: (a) Sinusoidal dilation (arrows). H&E stain, (Bar = 30 �m) (b) Sinusoidal dilation
(stars). Toluidine blue stain, (Bar = 10 �m).
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Fig. 4. (a–b) Light photographs of sections in the liver of ZnO NPs treated rats demonstrating: (a) Kupffer cells hyperplasia. H&E stain, (Bar = 20 �m)  (b) Kupffer cells
enlargement. Toluidine blue stain, (Bar = 10 �m).
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ig. 5. (a–b) Light photograph of section in the liver of ZnO NPs treated rat demonstra
f  ZnO NPs treated rats demonstrating necrotic hepatocytes (stars), (Bar = 1 �m).

harma et al., 2011; Pasupuleti et al., 2010). Other studies indi-
ated potential risks of ZnO NPs on the liver, spleen, lung, kidney
nd heart as target organs (Jachak et al., 2012; Li et al., 2012). Fur-
hermore, some previous reports showed that ZnO nanorods were

ore toxic than spherical ones and the smaller ones were more
oxic than the larger ones (Hsiao and Huang, 2011).

Zinc oxide NPs are rapidly taken into the circulatory system
ith the highest accumulation in the vital organs (Lanone and
oczkowski, 2006). Some in vivo reports indicated that inhala-
ion of ZnO NPs induced bronchoalveolar inflammation together
ith damage in the tissue of liver and kidney (Wang et al., 2010;
u et al., 2012; Warheit et al., 2009). In addition, exposure to
nO NPs (50–70 nm)  induced potent but reversible inflamma-
ion while 10 nm of these particles resulted in granulomatous
nflammation (Sayes et al., 2007; Cho et al., 2012). Other studies
howed that exposure to ZnO NPs induced proliferation of air-
ay epithelial cells, goblet cells hyperplasia and pulmonary fibrosis

Cho et al., 2011). Moreover, ZnO NPs significantly altered lev-
ls of serum alanine aminotransferase, aspartate aminotransferase,
lkaline phosphatase, total protein, creatine kinase, and lactate
ehydrogenase compared to the unexposed controls (Wang et al.,
010).

It is expected that the investment of ZnO NPs will grow and
uman body will be increasingly exposed to these nanomaterials
ia inhalation, ingestion and to lesser extent via dermal exposure.
n parallel to the widespread use and rapid commercialization of

nO NPs, a concern has been growing regarding their toxicity. The
nowledge of ZnO NPs potential risks in human health is lim-
ted with a need to be identified. Full attention must be given to
afety and toxicological issues of these nanoparticles on the tis-
ecrotic hepatocytes. H&E stain, (Bar = 20 �m)  (b) Transmission electron micrographs

sue, cells and macromolecule of human body. To the best of the
authors knowledge, limited information is available on the histo-
logical and histochemical alterations induced by ZnO NPs on the
vital organs. Therefore, the present study was  carried out to explore
the alterations that might be induced by these particles in the hep-
atic tissues.

2. Materials and methods

2.1. Nanoparticles

Well-dispersed ZnO NPs (average particle size 35 nm) at 50 wt%
in distilled water (Sigma, Aldrich) were used in the present
study. The nanoparticles dispersion had the following charac-
terization: concentration 50 wt.% in H2O; pH 5.5 ± 0.1; density
1.7 g/ml ± 0.1 g/ml. To evaluate the veracity of the manufacturer’s
specification, the particle size was  assessed by using Jeol transmis-
sion electron microscope at 80 kv (JEM-1011, Japan) in the Research
Center, College of Science at King Saud University (Fig. 1a).

Zinc oxide NPs have rapid dissolution in acidic condition (pH
5.5). Accordingly, nanoparticles dispersion was disaggregated by
ultrasonication before being diluted with sterile acidic distilled
water (pH 5.5) at 37 ◦C immediately before use. Nanoparticles solu-
tion was  prepared so that the necessary dose could be administered
i.p. in a volume of 400 �l.
2.2. Animals and conditions

Twenty healthy male Wistar albino rats from King Saud Univer-
sity colony of the same age (10–12 weeks old) weighing 210–230 g
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ere used. The animals were housed at 24 ± 1 ◦C, on 12 h dark/light
ycle, randomly assigned and separately caged to one test group
nd a control one (10 rat each).

.3. Experimental protocol

The control animals received single i.p. injection of 400 �l of
he distilled water. Each rat of the test group received a daily i.p.
njection with a dose of 2 mg/kg bw of 35 nm ZnO NPs for 21 days.
dministration volume was adjusted based on body weight mea-
ured each week.

All animals were handled and all experiments were conducted
n accordance with the protocols approved by King Saud University
nimal Care Ethical Committee while the experimental procedures
ere carried out in accordance with international guidelines for

are and use of laboratory animals.

.4. Histological and histochemical processing

All members of both groups were euthanized by cervical dis-
ocation after two days of the final administration. Fresh liver
iopsies from each rat of both groups were cut rapidly, fixed in
eutral buffered formalin, dehydrated with ascending grades of
thanol (70, 80, 90, 95 and 100%), cleared in xylene, impregnated
hen embedded and blocked out in paraffin wax. Paraffin sections
4–5 �m)  of the control and ZnO NPs treated rats were stained with
he following histological and histochemical stains: hematoxylin
nd eosin (H&E), periodic acid-Schiff (PAS), Mallory trichrome, reti-
ulin stain and Prussian blue reaction. Stained sections of control
nd treated mice were examined for alterations in the architec-
ure, portal triads, hepatocytes, sinusoids and for histochemical
lterations.

.5. Semithin sections preparation

Small pieces of liver from each rat minced into small cubes of
 mm in length were fixed in 2.5% glutaraldehyde fixative in 0.1 M
hosphate buffer (pH 7.4) for 24 h at 4 ◦C. Specimens were then post
xed in 2% osmium tetroxide (OsO4) in cacodylate buffer for 90 min
t room temperature. Tissues were washed in the buffer and dehy-
rated at 4 ◦C through a gradual series of acetone and embedded

n Epon-araldite resin mixture. Semithin sections (500–1000 nm)
ere obtained in a Leica EM UC6 ultramicrotome mounted on glass

lides and stained with toluidine blue stain.

.6. Microscopic examination

Histological sections of all rats under study were examined by
sing Leica photomicroscope equipped with Leica Las EZ digital
amera.

. Results

.1. Control rats

Microscopic examination of the control rat liver sections
emonstrated normal well preserved and kept intact lobular archi-
ecture and zonal accentuation together with normal hepatocytes,
inusoids, Kupffer cells and hepatic portal triads (Fig. 1b–d). No
istological or histochemical abnormalities were detected in the
epatic tissue of any member of this group of rats.
.2. Rats exposed to 35 nm ZnO NPs

In comparison with the control group, microscopic examina-
ion of hepatic tissues of rats exposed to 2 mg/kg daily dose of
Fig. 6. Light photograph of section in the liver of ZnO NPs treated rat demonstrating
hydropic degenerated hepatocytes. H&E stain, (Bar = 30 �m).

35 nm ZnO NPs for 21 days showed the following histological and
histochemical alterations:

3.2.1. Inflammatory cell infiltration
Lobular and portal triads focal scattered inflammatory cells infil-

tration was  demonstrated in the hepatic tissues of this group of rats
(Fig. 2a–b). Inflammatory cells were seen intervening the hepatic
strands and surrounding degenerative hepatocytes. Lobular inflam-
mation was mostly seen in the form of microgranulomus one. In
addition, pericentral vein inflammation was also seen.

3.2.2. Sinusoidal dilatation
The liver of ZnO NPs treated rats exhibited sinusoidal dilatation

accompanied by Kupffer cells activation (Fig. 3a). This abnormal-
ity was also demonstrated in the toluidine blue stained semithin
sections (Fig. 3b). This vascular alteration was  characterized by
widening of capillaries lining the hepatic strands.

3.2.3. Kupffer cells hyperplasia
Enlarged and prominent Kupffer cells lining the walls of sinu-

soids were seen in the liver of rats subjected to 35 nm ZnO NPs
(Fig. 4a). This abnormality was  also noticed in the liver semithin
sections of all members of this group (Fig. 4b).

3.2.4. Necrosis
The liver of ZnO NPs treated rats for 21 days demonstrated

well-defined necrotic hepatocytes (Fig. 5a–b). Some of the insulted
hepatocytes exhibited eosinophilic amorphous cytoplasm with
occasional apoptotic characterization.

3.2.5. Hepatocytes hydropic degeneration
Hepatocytes cytoplasmic vacuolation with partial cytoplasmic

swelling was well demonstrated (Fig. 6). This alteration was mainly
observed in the pericentral and midzonal hepatocytes.

3.2.6. Nuclear alterations
Several forms of nuclear abnormality were exhibited by the

hepatic tissues of this group of rats. Nuclear changes were
demonstrated in the form of binucleation, nuclear vesiculation,
anisokaryosis, karyolysis and nuclear membrane irregularity and
apopotosis (Fig. 7a–c).
3.2.7. Hepatocytes glycogen depletion
In comparison with the control liver sections where PAS stain

exhibited normal hepatocytes content of glycogen, partial hepato-
cytes glycogen content depletion was demonstrated in rats exposed
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Fig. 7. (a–c) (a) Light photographs of section in the liver of ZnO NPs treated rats demonstrating binucleation (arrows) and anisokaryosis (stars). H&E stain, (Bar = 30 �m) (b)
Light  photographs of section in the liver of ZnO NPs treated rats demonstrating karyolysis (yellow stars) and nuclear membrane irregularity (arrows). H&E stain, (Bar = 30 �m)
(c)  Transmission electron micrographs of ZnO NPs treated rats demonstrating apoptotic hepatocytes (arrow), (Bar = 5 �m). (For interpretation of the references to colour in
this  figure legend, the reader is referred to the web version of this article.)
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ig. 8. (a–b) (a) Light photographs of section in the liver of control rats demonstrat
f  section in the liver of ZnO NPs treated rat demonstrating hepatocytes partial glyc

o 35 nm ZnO NPs (Fig. 8a–b). This glycogen depletion was mainly
bserved in the degenerative hepatocytes.

.2.8. Hemosiderin pigments precipitation
Prussian blue reaction demonstrated precipitation of

emosiderin pigments in the hepatic tissues of this group of
ats while no precipitation was seen in those of the control rats
Fig. 9a–b).

No bile-duct hyperplasia, fibrosis, cirrhosis or fatty change was
etected in the liver of any member of the ZnO NPs treated group.

n addition, reticulin stain demonstrated no alterations in the net
f the hepatic reticular fibers of these rats.
. Discussion

The central role of liver in detoxification, metabolism and excre-
ion of drugs and xenobiotics, making this vital organ highly
rmal hepatocytes glycogen content. PAS stain, (Bar = 40 �m) (b)  Light photographs
content depletion. PAS stain, (Bar = 40 �m).

susceptible to their adverse and toxic effects (Singh et al., 2011).
Some previous studies indicated that liver is one of the target organs
of ZnO NPs (Vanderiel and Jong, 2012). Oral and intraperitoneal
administration of 100 nm ZnO NPs accumulated these particles in
the liver, lung, spleen and kidney (Li et al., 2012). Moreover, inhala-
tion of 20 nm ZnO NPs by rats twice daily for 3 days resulted in
increased zinc content in the liver (Vanderiel and Jong, 2012). Some
reports showed that ZnO NPs could cause damage in liver, kid-
neys and lungs tissues together with collagen loss (Landsiedel et al.,
2010; Wang et al., 2010).

Some of the hepatic histological alterations as demonstrated by
the findings of the present work are online with those of previous
studies, who reported inflammation, hepatic necrosis and degen-

eration induced by ZnO NPs (Landsiedel et al., 2010). In addition,
the findings of the present study showed glycogen depletion and
hemosiderin pigments precipitation in the hepatic tissues due to
ZnO NPs exposure. These together may  indicate negative impact on
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ig. 9. (a–b) (a) Light photographs of section in the liver of control rat demonstra
hotographs of section in the liver of ZnO NPs treated rat demonstrating hemoside

he structure and function of the liver induced by these nanoparti-
les.

The findings of the present study illustrated that ZnO NPs dilated
inusoids and activated Kupffer cells. Sinusoidal dilatation is a sort
ascular alteration characterized by focal widening of sinusoidal
paces resulted from hepatocytes atrophy and necrosis (Oligny and
ough, 1992). In addition, the sinusoidal dilatation in the liver of
ats treated with ZnO NPs might be resulted from an injury of their
inusoids endothelia. On the other hand, Kupffer cells hyperplasia
ight be a sort of defense mechanism of detoxification contributed

o hepatic oxidative stress induced by these particles (Neyrinck,
004).

Hepatocytes of ZnO NPs-treated rats exhibited hydropic degen-
ration characterized by vacuolization, cloudy swelling and
allooning degeneration with pale cytoplasm and poorly delin-
ated and displaced nuclei. This cytoplasmic injury might be
esulted from disturbances of hepatocytes membranes function
hat lead to massive influx of water and Na+ due to ZnO NPs effects.

oreover, hepatocytes ballooning degeneration might be accom-
anied by leakage of lysosomal hydrolytic enzymes that lead to
ytoplasmic degeneration (Del Monte, 2005).

The current work showed that ZnO NPs induced hepatocytes
ecrosis. This finding may  indicate recent hepatotoxicity injury
esulted from the cessation of protein synthesis due to subjection
o these nanoparticles. Necrosis is induced by toxicants that attack
he cell organelles specially the mitochondria, endoplasmic reticu-
um and nucleus thus disturbing their activity (Singh et al., 2011).
ell lines of human bronchial and alveolar epithelial cells were
ecrotized by nano-size zinc oxide and showed low mitochon-
rial membrane potential and loss of membrane integrity (George
t al., 2010). In addition, necrosis was evidenced by glutathione
eletion, reduction in catalase and superoxide dismutase activity,
nd inner mitochondrial membrane depolarization (Sharma et al.,
011; Moos et al., 2010; De Berardis et al., 2010). Zinc oxide NPs
ere reported to affect monocytes and macrophages by initiating
roduction of interferon tumor necrosis factor by the peripheral
lood monocytes (Hanley et al., 2009).

The detected apoptosis in the liver of rats treated with ZnO NPs
ight be resulted from intercellular stress induced by these fine

articles. Zinc oxide NPs were reported to induce apoptosis, p53
nregulation, dermal fibrosis and increased cell cycle progression
Meyer et al., 2011). Apoptosis might be followed by mitochondrial
welling, endoplasmic reticulum dilatation and lysosomal rupture
efore shrinking and dissolution of nuclei (Johar et al., 2004).

The inflammatory cells infiltration induced by ZnO NPs may  sug-

est that these particles might interact with the interstitial hepatic
issues leading to immune response resulted from ROS genera-
ion (Johar et al., 2004). Some studies showed that ZnO NPs could
ncrease neutrophils numbers with affinity to some proteins such
bsence of hemosiderin preciptation. Prusian blue reaction, (Bar = 40 �m) (b) Light
cipitation (stars). Prussian blue reaction, (Bar = 40 �m).

as immunoglobulin and lipoproteins (Landsiedel et al., 2010; John
et al., 2010). Moreover, some previous reports showed that inhaled
ZnO NPs can escape macrophages to the interstitium resulting in
inflammation and energy metabolism disturbance (Osmond and
McCall, 2010; Yan et al., 2012).

The rats subjected to ZnO NPs demonstrated hemosiderosis and
hepatocytes depletion of glycogen storage. Hepatic hemosiderin
deposition is an indicator of negative impact on the iron recycling
capacity of the liver. Iron overload disorder may  lead to hemochro-
matosis and/or micronodular cirrhosis. On the other hand, glycogen
depletion by ZnO NPs may  indicate negative impact on carbohy-
drate absorption or on the enzymes involved in the process of
glycogenesis or/and glycolysis.

Oxidative dissolution of ZnO NPs and releasing of Zn2+ in the
hepatic tissue could deplete hepatocytes dissolved oxygen leading
to ROS generation (Sharma et al., 2009, 2011; Kao et al., 2012). Zinc
is a component of many enzymes and transcription factors (John
et al., 2010). The entrance of ZnO NPs into the cell increases Zn+2

content in the cytosol leading to disruption of cellular zinc homeo-
stasis (Osmond and McCall, 2010; Kao et al., 2012). The induced
alterations by ZnO NPs might be related to increased intracellular
zinc ions, inducing oxidative stress and interaction with the tissues
components (Vanderiel and Jong, 2012; Landsiedel et al., 2010).

One might conclude from the results of the present study that
exposure to ZnO NPs produces hepatic histological and histochem-
ical alterations that might affect the functions of the liver. This
hepatotoxicity might be resulted from the induced oxidative stress
due to disturbance in the pro-oxidant/antioxidant of the hepatic
tissues leading to hepatic tissues damage. Moreover, the results of
current work may  raise the concerns about the potential risk on
human health that might be related with numerous applications
of ZnO NPs. More work is needed to elucidate the potential risks
of these particles on the vital organs and their pathogenesis. The
present study may  suggest finding out whether coating or capping
of ZnO NPs can reduce their toxicity.
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