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The antibacterial and anti-inflammatory effects of zinc oxide
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Background and objectives
The emerging nanotechnology-prepared medications and their applications in
industrial and medical fields have gained great progress. This study aimed to
investigate the efficacy of zinc oxide nanoparticles (ZnO-NPs) synthesized by the
green method using the Thymus vulgaris plant extract against the most common
pathogenic bacteria causing endometritis in horses (Escherichia coli) and E. coli
lipopolysaccharide (LPS).
Materials and methods
Uterine swabs from mares (n=50) with clinical endometritis were collected for
isolating the pathogenic bacteria. A total of 40 Wistar rats were divided equally into
control (n=10), LPS (n=10; 10mg/kg body weight), ZnO-NPs (n=10; 50mg/kg body
weight), and LPS+ZnO-NPs (n=10). ZnO-NPs were administered for 4 days and
the LPS on the fourth day. Histopathological and ultrastructures of liver, kidney, and
testes were obtained. Blood samples were collected for measuring superoxide
dismutase (SOD), malondialdehyde, nitric oxide, and testosterone.
Results and conclusion
ZnO-NPs of 15–30nm showed antimicrobial effectiveness against the isolated
multidrug-resistant E. coli. The LD50 for ZnO-NPs was 2000mg/kg body weight.
The histopathological changes showed massive damage to the seminiferous
tubules, liver, and kidney of LPS-treated rats, which was reversed to a great
extent by preadministration of ZnO-NPs. The activity of SOD was high in LPS
and ZnO-NPs, but the LPS+ZnO-NPs and the controls had the lowest SOD activity.
LPS and LPS+ZnO-NPs decreased malondialdehyde concentrations. LPS
decreased NO, but ZnO-NPs restored control values. Testosterone declined
after LPS administration, with no observed changes in the rats treated with
ZnO-NPs or LPS+ZnO-NPs. ZnO-NPs proved dual actions of antimicrobial and
anti-inflammatory. Short course and suitable dose should be investigated to avoid
its cytotoxicity effects to vital organs.
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Introduction
In equine, endometritis is considered a major cause of
infertility [1]. Endometritis with mixed bacterial
infections involving Escherichia coli was highly
encountered [2]. Bacterial endometritis is caused by
E. coli through the binding of its lipopolysaccharide
(LPS) with Toll-like receptor 4 of endometrial
epithelial cells, which activates mitogen-activated
protein kinase and downstreaming nuclear factor κB
pathways, stimulating the release of cytokines [2,3].
Both inflammatory mediators and E. coli LPS disturb
the hypothalamic-pituitary-ovarian axis, suppress
ovulation, delay or block the luteinizing hormone
surge, reduce estradiol rise, decrease conception, and
induce embryonic loss [4]. In rats, a single injection of
LPS-induced inflammation, caused a biphasic decline
in Leydig cell testosterone production and
Wolters Kluwer - Medknow
gonadotropin responsiveness, reduced LH levels,
decreased the testicular interstitial fluid formation,
but maintained the intra-testicular testosterone
concentrations to support qualitatively normal
spermatogenesis [5].

The misuse of antibiotics for treatment of bacterial
endometritis has led to the generation of bacterial
antibiotic resistance [3]. Zinc oxide nanoparticles
(ZnO-NPs) could overcome microbial resistance [6].
The antimicrobial activities of ZnO-NPs increased
with decreasing their particle size or with increasing
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their surface area [7]. In mice, ZnO-NPs in doses of 50
and 500mg/kg showed minimal toxicity [8], caused
kidney and liver toxicity in rats [9], and increased the
proinflammatory cytokines in concentration from 0.5
to 20 μg/ml [10]. The daily administration of 2mg/kg
ZnO-NPs for 3 weeks affected the nephron
ultrastructure [11].

ZnO-NPs induced cytotoxic effects in the male
reproductive system, which eventually compromised
male fertility [12], induced apoptosis in Leydig and
Sertoli cells with nuclear DNA damage [13,14], and
increased the apoptosis of Sertoli and Leydig cells [15].

The present study aimed the following: (a) synthesize
and characterize ZnO-NPs by the green method using
Thymus plant extracts; (b) to isolate and identify the
pathogenic E. coli from mares with endometritis; (c) to
evaluate antimicrobial resistance profiles of ZnO-NPs
in vitro using agar well diffusion, minimum inhibitory
concentration (MIC), and minimum bactericidal
concentration (MBC); (d) to evaluate in vivo
protective effects of ZnO-NPs against E. coli LPS
by measuring the blood oxidant, antioxidant status,
and testosterone; and (e) to examine the
histopathological and ultrastructural changes using
transmission electron microscope (TEM).
Materials and methods
Preparation and characterization of zinc oxide
nanoparticles
Three types of thymuses (Thymus bovei, Thymus
decussate, and Thymus origanum) were used in this
Figure 1

Scanning (a) and transmission (b) electron microscope of ZnO-NPs pre
study for preparation of ZnO-NPs. For every 1 g of
dried Thymus plant, 10ml of distilled water was added
and kept in a shaker incubator at 37°C and 200 rpm for
48 h. The plant extract was then filtered using
Whatman filter paper number 1 and kept in the
refrigerator at 4°C. For every 10ml of the plant
extract, 1 g of zinc sulfate (molecular weight=287.54;
Kock-Light Laboratories Ltd, Colnbrook Bucks,
England) was added. The mixture of zinc sulfate
and the plant extract is heated on a magnetic stirrer
at the highest temperature until complete
disappearance of the salt. The shape and the size of
the prepared ZnO-NPs were determined using a TEM
in the liquid and diluted samples (Fig. 1b). The
remaining prepared ZnO-NPs are kept in the shaker
incubator at 37°C (200 rpm) until complete
evaporation of the liquid, and then the dried powder
was characterized using a scanning electron microscope
(NRC, QUANTA FEG250) to determine the shape
and size of powdered ZnO-NPs (Fig. 1a). Radiograph
diffraction was used (Diffractometer
system=EMPYREAN, NRC) (42 kV/120mA) with
CuKa radiation, using Ka of the Cu (k=1.542Å), and
the sweep was conducted between 10° and 80°.
Uterine sample collection and isolation, identification,
and antibiotic sensitivity of Escherichia coli
Uterine swabs/washes (n=50) were taken by sterile
guarded swabs/Foley catheters from repeat breeder
mares having endometritis and nonresponsive to
several antibiotic treatments. Endometritis was
confirmed clinically by diagnosis of endometrial
fluid, transrectal ultrasonographic examination
(SonoAceR3) equipped with a 12-MHz linear-array
pared by thymus extract. ZnO-NP, zinc oxide nanoparticle.
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B-mode transducer [16]. The sterile swabs were
inoculated into sterile tubes containing recovery
broth (Oxoid). The swabs were transferred to the
laboratory and analyzed for the presence of E. coli by
incubating them for 24 h at 37°C. A loopful from each
broth was then streaked onto MacConkey’s agar
(Oxoid, Oxoid Limited, Wade Road, Basingstoke,
Hampshire, RG24 8PW, United Kingdom) and
then chromogenic agar (Oxoid). All plates were
incubated aerobically at 37°C for 24–48 h.
Identification of the recovered isolates was done
using API kit (Biomerieux) and according to colony
appearance, Gram stain analysis, Koneman’s Color
Atlas, and Textbook of Diagnostic Microbiology
[17]. The confirmed isolates were preserved for long
term in brain-heart infusion broth (Oxoid) with 15%
glycerol at −80°C. Using Mueller-Hinton agar
(Oxoid), antimicrobial sensitivity was assessed by the
Kirby-Bauer disk diffusion method [18],and then disks
were impregnated with cefazolin (KZ 30 μg),
amoxicillin/clavulanic acid (AMC 30 μg), gentamicin
(Gn 10 μg), cefotaxime (CTX; 30 μg), amikacin (AK;
30 μg), cefepime (FEP 30 μg), cefoxitin (FOX 30 μg),
imipenem (IPM 10 μg), ceftazidime (CAZ 30 μg),
ciprofloxacin (CIP 5 μg), tetracycline (TE 30 μg),
chloramphenicol (C 30 μg), norfloxacin (NOR
10 μg), trimethoprim-sulfamethoxazole (SXT 25 μg),
ampicillin (AMP 10 μg), and cephalothin (KF 30 μg).
All plates were then incubated at 37°C for 24 h, and the
inhibition zones were measured and interpreted [19].
Antibacterial effectiveness, minimum inhibitory
concentration, and minimum bactericidal concentration
of the autoclaved and nonautoclaved zinc oxide
nanoparticles
A stock solution of powdered ZnO-NPs (333.3mg/ml
saline) was prepared. Half of the ZnO-NP stock
solution was autoclaved at 121°C for 20min. Then,
different dilutions of autoclaved and nonautoclaved
ZnO-NPs were tested for their antimicrobial
effectiveness against clinically isolated E. coli.
Another four dilutions were made from the stock
solution (first stock=0.333mg/μl, second 75%=
0.250mg/μl, third 50%=0.167mg/μl, fourth 25%=
0.083mg/μl, and fifth 10%=0.033mg/μl). All
dilutions were tested through agar well diffusion
method. Mueller-Hinton agar plates were prepared
with a uniform thickness of ∼4mm, then allowed to
set at ambient temperature to solidify, and then wells
were formed in each agar plate. A swab spreading of 0.5
McFarland concentrations of overnight cultured E. coli
was done onto the surface of Mueller-Hinton agar
medium. Then, 100 μl of ZnO-NP dilutions was
added into the formed agar wells of Mueller-Hinton
agar. The plates were then left at room temperature for
30min to allow the diffusion of ZnO-NPs. Then, the
plates were incubated at 37°C for 24 h. The
antimicrobial effectiveness was calculated by
measuring the diameters of the inhibition zones.
The MIC and MBC were determined for the
autoclaved ZnO-NP dilutions using six sterile
13×100mm tubes closed with metal caps. From the
prepared and autoclaved stock solution of dried ZnO-
NPs (333.3mg/ml saline), two-fold serial dilutions
were done using Mueller-Hinton agar broth to
prepare various concentrations (166.7, 83.3, 41.7,
20.8, 10.4, and 5.2mg/ml) using the broth macro-
dilution method by adding 1ml of serially diluted
ZnO-NPs to 1ml of the adjusted bacterial
concentration inoculums (5×105 CFU/ml). The test
tubes were then incubated at 37°C for 18–20 h. The
lowest concentration of ZnO-NPs that inhibited the
bacterial growth was considered as the MIC [19].
Aliquots of 100 μl from each test tube that did not
show any bacterial growth were streaked onto BHI agar
(Oxoid) plates and then incubated at 37°C for 20 h.
The lowest concentration of ZnO-NPs that killed
100% of the initial bacterial population on the BHI
agar was considered the MBC [19].
Determination of LD50 of zinc oxide nanoparticles
Before performing any laboratory animal experiments,
the Animal Care and use Committee approval
(National Research Centre Medical Research Ethics
Committee number (19–143) was obtained. Albino
mice (n=42) of either sex, weighing between 25 and
30 g, belonging to the NRC animal laboratory were
distributed equally into seven groups and administered
orally 100, 200, 400, 600, 800, 1000, and 2000mg/kg
body weight. LD50 of ZnO-NPs is calculated by
determining the dose that causes 50% mortality of
the mice within 24–48 h. After administration, the
skin and fur changes, eye secretion, and respiration
and behavior patterns of the mice were observed.
Special attention was paid to the signs of toxicity
including tremors, convulsions, salivation, nausea,
vomiting, diarrhea, lethargy, and coma [20].
Animals
MaleWistar albino rats (body weight: 150–200 g) were
purchased from the animal house of Faculty of
Medicine, Cairo University, and kept there until the
end of the experiment. Rats (n=40) were equally
divided into four groups. The control group received
an intraperitoneal (i.p.) injection of physiological saline
(0.9% NaCl) for four successive days. The LPS group
received saline i.p. for three successive days and then
10mg/kg LPS (LPS of E. coli O111:B4; Sigma, St
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Louis, Missouri, USA) dissolved in saline on day 4.
The ZnO-NPs group was administered i.p. 50mg/kg
body weight ZnO-NPs dissolved in distilled water for
four successive days [21]. The LPS+ZnO-NPs group
received 50mg/kg body weight ZnO-NPs i.p. for four
successive days and LPS (10mg/kg) on day 4. One day
after the last dosing (day 5), all animals were
anesthetized with chloroform and killed.
Blood and tissue sampling, oxidants, antioxidants, and
testosterone measurements
Blood samples were collected in blank vacuum tubes,
centrifuged for 10min at 3000 rpm to separate the
serum, and then the animals were killed after
anesthesia. The testicles, liver, and kidneys were
harvested for histopathological examinations. On the
contrary, liver and kidney of animals treated with
ZnO-NPs and LPS+ZnO-NPs were preserved in
4% glutaraldehyde buffer for electron microscope
examinations. Measurements of superoxide
dismutase (SOD), nitric oxide (NO), and lipid
peroxide product [malondialdehyde (MDA)] were
done in blood sera using commercial diagnostic kits
(Biodiagnostic, Cairo, Egypt). Testosterone was
assayed using quantitative enzyme immunoassay
(Catalog Number: BC-1115 MYM Laboratory and
Medical Supply Inc., San Diego, California, USA).
The sensitivity of the assay was 0.05 ng/ml, and intra-
assay and interassay precisions were 10 and 8.4%,
respectively.
Histopathological examinations and ultrascanning with
the transmission electron microscope
For histopathological examination, the excised testes,
liver, and kidney were washed with physiological saline,
sliced into small pieces (2–3mm3), and fixed in 10%
neutral buffered formalin. After dehydration and
clearing in xylene, tissues were embedded in
paraffin; 4–6-μm sections were cut and stained with
hematoxylin and eosin. The sections were viewed and
photographed with the camera of Olympus light
microscope (Olympus BX51, Tokyo, Japan) [22].

For electron microscopic examination, sections of 1
mm3 of liver and kidney were preserved in a 4%
glutaraldehyde solution (pH 7.3). Samples were
fixed from outside using glutaraldehyde buffer (pH
7.3) for 2 h. For the inner fixation of the sample,
osmium tetroxide (0.1M) was used for 2 h. The
sample was then dehydrated through ethanol series
(30, 50, 70, 90, and 100%); the time of dehydration in
each concentration was 10min except for the last one,
which needed 30min. After fixation with buffered
fixatives and the dehydration using increasing
concentrations of ethyl alcohol, dehydration
continued by increasing concentration of a solvent (a
combination of ethyl alcohol 50% with propylene oxide
50%) for 10min and propylene oxide 100% for 10min
to enable infiltration with a liquid resin. Samples were
passed through a transition solvent (propylene oxide
50% and resin 50%) for 1 hand embedded in a liquid
resin (100%) for 1 h. After embedding the samples in
the resin block and keeping for 24 h at 60°C, an ultra-
microtome was used to slice the samples into semithin
sections (50–70 nm thickness), which were collected on
metal mesh ‘grids’ and stained with Toluidine blue for
light microscopy orientation and selecting of a small
area for ultra-thin sectioning. Ultrathin sections of
50–70 nm were made using a diamond knife and
were placed/collected on a grid of metal.
Statistical methods
Data were analyzed using IBM SPSS software (2016,
version 20.0) and expressed as mean±SEM. One-way
analysis f variance was applied to test the significance of
biochemical data of different groups followed by
Duncan’s multiple range test. Results were
considered significant when P value less than or
equal to 0.05.
Results
The morphology of the synthesized ZnO-NPs shows
aggregation, with a mean size of 23.71 nm and ranged
from 15.74 to 30 nm (Fig. 1a). With the TEM, ZnO-
NPs had the shape of polygonal spheres, and their
diameters ranged from 5.3 to 31.99 nm (Fig. 1b).

Of 50 examined uterine swabs of repeat breeder mares,
11 indicated E. coli (22%). The E. coli recovered from
mares with endometritis showed a broad and variable
antimicrobial resistance profile with complete
resistance (100%) against amoxicillin/clavulanic acid,
ampicillin, ciprofloxacin, tetracycline, gentamicin, and
trimethoprim-sulfamethoxazole, followed by amikacin
(91%), cephalothin 72.7%, cefotaxime 63.6%,
ceftazidime 54.6%, and cefazolin 45.5%, and was
36.4% against each of cefoxitin, cefepime, imipenem,
and chloramphenicol (Table 1; Fig. 2a, b). Compared
with the nonautoclaved ZnO-NPs (Fig. 2d), the
autoclaved ZnO-NPs (Fig. 2c) showed higher
antimicrobial effectiveness against the isolated E. coli
at a concentration of 0.333mg/μl (Fig. 3) and showed
the maximal MIC and MBC of 20.8 (Fig. 2e) and
166.7mg/ml, respectively (Fig. 2f).

The LD50 of ZnO-NPs was 2000mg/kg body weight.
Other doses less than 1000mg/kg body weight did not



Table 1 Resistance profiles of Escherichia coli recovered from mares with endometritis

Antimicrobial Resistance phenotype of Escherichia
coli (N=11 isolates)

Name Concentration n (%)

Amoxicillin/clavulanic acid (AMC) 30 μg 11 (100)

Ampicillin (AMP) 10 μg 11 (100)

Ciprofloxacin (CIP) 5 μg 11 (100)

Tetracycline (TE) 30 μg 11 (100)

Gentamicin (CN) 10 μg 11 (100)

Amikacin (AK) 30 μg 10 (91)

Trimethoprim-sulfamethoxazole (SXT) 25 μg 11 (100)

Norfloxacin (NOR) 10 μg 3 (27.3)

Cephalothin (KF) 30 μg 8 (72.7)

Cefazolin (KZ) 30 μg 5 (45.5)

Cefoxitin (FOX) 30 μg 4 (36.4)

Cefotaxime (CTX) 30 μg 7 (63.6)

Ceftazidime (CAZ) 30 μg 6 (54.6)

Cefepime (FEP) 30 μg 4 (36.4)

Imipenem (IPM) 10 μg 4 (36.4)

Chloramphenicol (C) 30 μg 4 (36.4)
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kill any animal and showed neither toxicity signs nor
abnormal behaviors.

The testicles of control groups showed normal
histological architecture, multiple seminiferous
tubules lined with several rows of spermatogonial
cells, interstitial cells in between, and normal
spermatogenesis with normal sperm production
(Fig. 4a). The ZnO-NPs group showed normal
structures with mild intertubular edema (Fig. 4b).
The LPS group (Fig. 4c) showed severe disruptive
effects and pathological alterations, severe atrophy of
seminiferous tubules, severe interstitial edema, and
congested blood vessels. The LPS group showed
degenerated spermatogonial cells and Sertoli cells,
primary and secondary spermatocytes, spermatids,
and Leydig cells with loss of sperm cell population.
The testicles of LPS+ZnO-NPs group appeared
normal with mild intertubular edema and
amelioration of these histopathological changes
(Fig. 4d). The hepatic tissue of the control rats
showed a normal histological architecture of the
hepatic lobule (Fig. 5a). ZnO-NPs showed normal
liver structure with mild congestion of central veins
and mild spacing of blood sinusoids (Fig. 5b). LPS
(Fig. 5c) exhibited severe histopathological changes,
which were characterized by dilation of the blood
sinusoids, multifocal leukocytic cell infiltration
associated with severe hemorrhage and congestion of
hepatic blood sinusoids, and vacuolar degeneration and
necrosis of the hepatocytes. The administration of LPS
+ZnO-NPs resulted in the attenuation of these
pathological lesions with mild dilation of the blood
sinusoids, mild vacuolar degeneration, and mild
vascular congestion (Fig. 5d). The kidney of control
rats showed normal renal structure (Fig. 6a); ZnO-NPs
showed normal renal structure with mild congestion
and mid leukocytic cells infiltration (Fig. 6b); LPS
induced significant histopathological degenerative
changes, including degeneration of tubular cells
lining renal tubules, glomerular tuft atrophy, severe
hemorrhage, and leukocytic cell infiltration (Fig. 6c);
and LPS+ZnO-NPs reduced renal degeneration,
vascular congestion, and glomerular atrophy with the
presence of mild congestion of renal blood vessels
(Fig. 6a).

The ultrastructure (TEM) of rats’ kidney treated with
ZnO-NPs showed normal glomerular capillary, several
elongated mitochondria, black zinc particles, intact
glomerular capillary basement membrane with red
blood cell, peroxisome with a circular outline, and
homogeneous contents are present in the basal
region of the cell endoplasmic reticulum (Fig. 7a–c).
The nucleus with an intact nuclear membrane,
endosomes, lysosomes, cytoplasm, and peroxisomes
showed characteristic angular outlines. The TEM of
the kidney for rats treated with both LPS+ZnO-NPs
showed cells with fewer organelles (mitochondria,
nucleus, nucleolus, endosomes, lysosome, and zinc
particles) with cell evacuated from its organelles
except the nucleus (Fig. 7e,f).

The liver TEM of rats treated with ZnO-NPs
(Fig. 8a–d) demonstrated multiple mitochondria,
glycogen granules, and endoplasmic reticulum, but
those administered LPS showed evacuated cells from
the organelles, caused dominance of the endoplasmic



Figure 2

Antimicrobial susceptibility patterns of Escherichia coli to antimicrobial disks on Mueller-Hinton agar plate (a, b). Antimicrobial effectiveness of
the prepared autoclaved (c) and nonautoclaved (d) ZnO-NP dilutions againstE. coli using the agar well diffusionmethod andMueller-Hinton agar
plate. First stock=0.333mg/μl, second 75%=0.25mg/μl, third 50%=0.1666mg/μl, fourth 25%=0.0833mg/μl, and fifth 10%=0.0333mg/μl. The
MICs (e) and MBC (f) of ZnO-NPs against clinically isolated E. coli. MBC, minimum bactericidal concentration; MIC, minimum inhibitory
concentration; ZnO-NP, zinc oxide nanoparticle.
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reticulum, more lipids, few and hardly demarcated
mitochondria, and the nucleus contained less
chromatin (Fig. 8e–h).

The LPS and LPS+ZnO-NPs decreased (P<0.0001)
MDA, but LPS+ZnO-NPs increased (P<0.0001)
SOD activity. Meanwhile, LPS decreased NO levels
(P<0.0001) and testosterone (P<0.002) concentrations
(Table 2).

Discussion
E. coli is one of the major causes of chronic equine
endometritis [23]. A higher percentage (39.8%) of
multidrug-resistant E. coli was isolated from infertile
mares [24]. E. coli isolates in this study indicated a
broad antimicrobial resistance pattern against most
penicillins, tetracyclines, ciprofloxacin, trimethoprim,
and chloramphenicol [24].

In the current study, ZnO-NPs showed tremendous
antibacterial efficiency, and the inhibition zone ranged
from 26 to 45mm for all concentrations (Fig. 3). In a
previous study, when SEM and TEM were performed
for the bacterial cells treated with ZnO-NPs, both
indicated cell membrane disintegration, accumulation
of ZnO-NPs in the cytoplasm, and interaction with



Figure 3

Antimicrobial effectiveness of different concentrations of autoclaved (a) and nonautoclaved (N) ZnO-NPs against Escherichia coli (mm) using
the agar well diffusion method. ZnO-NP, zinc oxide nanoparticle.
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biomolecules causing cell apoptosis and bacterial cell
death [25]. The autoclaved ZnO-NPs showed higher
antimicrobial effectiveness than the nonautoclaved,
with the widest zone of inhibition (45mm) observed
in case of autoclaved ZnO-NPs prepared by T. bovei
aqueous plant extract. Similarly, ZnO-NPs inhibited
the growth of E. coli at different concentrations
(20–60 μg/ml) using the agar disk diffusion method
[26]. ZnO-NPs at a concentration of 0.72mg/ml
produced 10-mm zone of inhibition [27], 100 μg/ml
exhibited 17-mm zone of inhibition [28], and 0.4mg/
ml increased the zone of inhibition to 23±0.5mm [29],
indicating better antibacterial activity with lower
concentrations. On the contrary, various
concentrations of ZnO-NPs showed inability to
inhibit E. coli [30]. The autoclaved ZnO-NPs
prepared by T. bovei showed the lowest MIC
(20.8mg/ml) and MBC (166.7mg/ml). The MIC of
green route-prepared ZnO-NPs was 5 μg/ml [26],
40mg/l [31], and 156.2 μg/ml [32]. These
differences depend on the original source of the zinc
and the plant used for preparation of the nanoparticles.

ZnO-NPs have shown to be safe nontoxic
antimicrobial agents besides being well
biocompatibility with human and animal cells when
used at an appropriate concentration [27]. ZnO-NPs
have the ability to reserve the antioxidant enzymes to
inhibit the capability of removing ROS [33]. The
formation of active free radicals on the surface of the
ZnO-NPs eradicated the bacteria through disrupting
the bacterial cell components [34]. Antimicrobial
activity of ZnO-NPs depends on the sensitivity of
microorganisms, the particle size and morphology,
pH, and the concentration [35].

LPS in E. coli is one of its cell wall components that is
responsible for endometritis. It is known that
endometrial cells prompt Toll-like receptor 4 for
identification of the LPS endotoxin of gram-
negative bacteria leading to interleukins secretion
(IL-6 and IL-8) [36]. The anti-inflammatory effects
of ZnO-NPs in rats treated with LPS of E. coli were
evident by histopathology and TEM of testis, liver, and
kidney, which were associated with mild cytotoxicity
that did not influence neither testosterone nor the
oxidative stress parameters. On the contrary, ZnO-
NPs induced mechanical harm to Saccharomyces
cerevisiae, which changed the cell morphology,
distorted the membranes, led to spillage of
intracellular structures [37], distorted mitochondria
[38], and led to the outflow of specific organelles



Figure 4

Hematoxylin and eosin (×10) of testicular section of the control rat (a) showing normal seminiferous tubules (SNF) lined with several rows of
spermatogonial cells (arrows), with interstitial cells in between, and normal spermatogenesis with intraluminal sperm production (SP). Zinc
nanoparticles-treated rats (b) show mild interstitial edema (*). LPS-treated rats (c) show severe atrophy of seminiferous tubules, severe
interstitial edema (*), and degenerated spermatogonial cells (black arrow), Sertoli’s cells, primary and secondary spermatocytes, spermatids,
and Leydig cells, associated with congested blood vessels and loss of sperm cell population (red arrows). Co-LPS+zinc nanoparticles (d)
ameliorated these histopathological changes but with mild interstitial edema (*). LPS, lipopolysaccharide.
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[39]. These effects were not evident in rats’ liver and
kidney of our experiment when LPS+ZnO-NPs were
administered. This could be attributed to the selective
ability of Zn-NPs in enhancing cytotoxicity,
destructing the pathogens, and acting as an
anticancer agent [40].

In agreement with our observation using TEM, the
presence of Zn-NPs intracellularly in the liver and
kidney cells could be referred to their ability to build
penetrability by obliterating lipid and proteins of the
cell membrane and puncturing the cell separator
materials to empower them [41]. Similarly, our
previous study used the same dose of LPSs of E. coli
with three other protectors and revealed that the
normal euchromatic nucleus and mitochondria in the
renal tissue of nontreated control rats were different
when compared with the swollen mitochondria, many
vacuoles, and residual bodies in rats treated with LPS.
Similarly, in animals treated with ZnO-NPs and then
LPS, mitochondria were few and swollen with many
vacuoles [42].

The increased SOD activity in rats treated with ZnO-
NPs in this study could be attributed to reversing of the
mild distorting effects of ZnO-NPs on testes, liver, and
kidney. Moreover, SOD activity and mRNA
expression increased in diabetic rats treated with
ZnO-NPs owing to decreased lipid peroxidation of
the testicular tissue induced by diabetes, which is
similar to their protection against LPS toxic effects
[43]. In contrast, doses higher than 600mg/kg body
weight of ZnO-NPs reduced SOD and increased
MDA [44]. Similar to kidney and liver
ultrastructures treated with either ZnO-NPs or LPS
+ZnO-NPs, in vitro Leydig cells treated with ZnO-
NPs showed autophagosomes, autolysosomes, and
autophagic vacuoles [45]. These cytotoxic effects of
ZnO-NPs on Leydig cells in vitro were not observed in
the current study by administering ZnO-NPs in vivo.



Figure 5

Hematoxylin and eosin (×10) liver of the control rat (a) shows the normal histological architecture of the hepatic lobule, hepatocytes, and sinusoid
hepatocytes and sinusoids. Zinc nanoparticles-treated rats (b) show normal liver structure with mild congestion of central veins andmild spacing
of blood sinusoids. LPS-treated rats (c) show dilated blood sinusoids, multifocal leukocytic cell infiltration (black arrow) associated with severe
hemorrhage (red arrow) and congestion of hepatic blood sinusoids. The hepatocytes show vacuolar degeneration and necrosis (*). LPS-zinc
nanoparticles-treated rats (d) show mild dilation of the blood sinusoids, mild vacuolar degeneration, and mild vascular congestion. LPS,
lipopolysaccharide.
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The increased testosterone in rats treated with ZnO-
NPs or LPS+ZnO-NPs was attributed to the increased
expression of steroidogenesis-related genes and
decreased SOD gene expression [45]. The
incubation of Leydig cells in vitro with ZnO-NPs
for 4 h increased testosterone production 12 h later
[15]. Similar to the testicular abnormalities recorded
in rats treated with LPS, rats treated with nicotine
alone or with ZnO-NPs demonstrated mild to severe
testicular structural changes together with sperm
morphological abnormalities in the nicotine-treated
rats [15].

The improvement induced by administering Zn-NPs
before and with the LPS on testicular tissue was also
noticed when diabetic rats were treated with 10mg/kg
body weight. ZnO-NPs with and without insulin by
increasing the sperm count and motility [43]. The dose
of ZnO-NPs injected in rats of the current experiment
was not toxic because the toxic effect of ZnO-NPs
significantly decreased the sperm cell count, sperm
motility, live and normal sperms, serum testosterone
level, and antioxidant enzymes activity and causes
severe histopathological damage with increased lipid
peroxidation [46]. The decrease of testosterone and
severe testicular damage in rats treated with LPS in this
study were attributed to the severe inflammation that
inhibited Leydig cell function and compromised
spermatogenesis in vitro with increasing LPS
concentration [5]. These pathological changes of the
spermatogenic function during severe inflammation
were directly induced by the effect of inflammatory
mediators on the seminiferous epithelium or testicular
vasculature [47]. In agreement with our results, the
bacterial LPS inhibited testicular steroidogenesis and
disrupted the spermatogenesis [47]. In rats, the
proinflammatory cytokines and the oxidative stress
resulting from LPS affected spermatogenic and
steroidogenic functions while disrupting the germ
cell layer in testicular seminiferous tubules [48]. The



Figure 6

Hematoxylin and eosin (×10) kidney of control rats (a) shows normal renal histologic structure. Zinc nanoparticles-treated rats (b) show normal
renal structure with mild congestion and mild leukocytic cell infiltration. LPS-treated rats (c) show degeneration of tubular cell lining of renal
tubules, glomerular tuft atrophy (black arrow), severe hemorrhage (*), and leukocytic cell infiltration (red arrow). Zinc nanoparticle and LPS-
treated rats (d) reduced the renal degeneration, vascular congestion, and glomerular atrophy and showed mild congestion of renal blood
vessels. LPS, lipopolysaccharide.
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histopathological alterations associated with LPS
administration included severe atrophy of
seminiferous tubules, severe interstitial edema,
congested blood vessels, necrosis and degenerative
changes of the lining of epithelium of seminiferous
tubules, and loss of sperm cell population, in line with
the impairment of testicular function owing to lipid
peroxidation, oxidative stress, reduced testicular
antioxidant capacity, and the direct effect of
inflammatory mediators on the seminiferous lining
epithelium [49–51]. Currently, the protective effect
of ZnO-NPs against LPS adverse effects was better
than the use of Intermedin to attenuate the LPS-
induced testicular inflammation in rats [52].
Concerning liver histopathology and TEM, LPS
induced harmful effects to the point of cell damage
[49]. Liver of the rats exposed to LPS in this study
exhibited severe histopathological changes: multifocal
leukocytic cells infiltration, severe hemorrhage,
vacuolar degeneration, and necrosis of hepatocytes
[52]. LPS treatment increased DNA damage and
apoptosis, induced oxidative stress in hepatic cells,
and resulted in cell damage [53–55]. Kidney of
LPS-treated rats showed significant degenerative
changes, including degeneration of tubular cells
lining renal tubules, glomerular tuft atrophy, severe
hemorrhage, and leukocytic cell infiltration [52,56].

In the kidney, the longer (3 weeks) the treatment with
lower doses of ZnO-NPs (2mg/kg body weight of
35 nm size), the more alterations of the glomeruli
accompanied with vascular alterations in the
capillaries of the glomeruli, podocytes hypertrophy
and degenerative changes, basement membrane
thickening, granulation and shrinkage of nuclei
together with reduction in the number and widening
of podocyte pedicels, and lysosomal accumulation, and
the basolateral plasmamembrane enfolding of the renal



Figure 7

TEM of the rat’s kidney treated with zinc nanoparticles shows the glomerular capillary (Gl Ca), elongated mitochondria (M) zinc particles (Z,
black arrow), basement membrane (BM), red blood cell (RBC), peroxisome (P), with a circular outline and homogeneous contents being
present in the basal region of the cell endoplasmic reticulum (white arrows, a); nucleus (N), endosomes (E), lysosomes (Ly), cytoplasm (Cy,
b); Peroxisomes (p) with characteristic angular outlines (c). TEM of the kidney in rats treated with zinc nanoparticles and the LPS (d–f)
showing the nucleus (N), nucleolus (Ne), few mitochondria (M), lysosomes (Ly), endosomes (E), and zinc particles (Z). LPS, lipopolysac-
charide; TEM, transmission electron microscope.
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cells of this group of rats was not as deep as seen in the
control [11]. In rats, LPS induced degeneration of
tubular cell lining of renal tubules, glomerular tuft
atrophy, severe hemorrhage, and leukocytic cell
infiltration in the kidney [54,56]. The
administration of doses of ZnO-NPs with 10–30
nanometer size (4, 8, 25, 50, 100, and 200mg/kg)
twice a week for 4 weeks in female rats increased the
inflammatory cell infiltration and induced fibrosis at
high concentrations [57].
Conclusion
The autoclaved eco-friendly green route-synthesized
ZnO-NPs prepared using Thymus plant extracts
showed excellent antimicrobial effects against
clinically isolated multidrug-resistant E. coli from
mares with endometritis. The green route-
synthesized ZnO-NPs ameliorated the inflammatory
effects produced by the LPS of the E. coli. Further
studies are needed regarding application of nano-
medicine formulations of ZnO-NPs in the



Figure 8

TEM of the rat liver treated with zinc nanoparticles (a–d) shows the nucleus (N), nucleolus (Ne), mitochondria (M), endoplasmic reticulum (ER)
glycogen (G), lipid droplet (L), lysosomes (Ly), and zinc particles (z). The liver of rats treated with zinc nanoparticles and LPS (e–h) shows
glycogen deposition (G), few mitochondria (M), endoplasmic reticulum (ER), lysosomes (Ly), and lipid (L), and Golgi apparatus (Go). LPS,
lipopolysaccharide; TEM, transmission electron microscope.
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veterinary fields as an alternative treatment of
endometritis instead of the conventional antibiotic.
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Table 2 Mean±SEM of malondialdehyde, nitric oxide,
superoxide dismutase, and testosterone of rats treated with
lipopolysaccharide, zinc oxide nanoparticles, and
lipopolysaccharide+zinc oxide nanoparticles

Treatment Control LPS Nano-
zinc

Nano-zinc
+LPS

P
value

MDA (mol/ml) 17.16
±1.15c

13.99
±.59b

16.05
±3.11c

11.03
±.68a

0.0001

NO (mmol/l) 39.09
±5.33c

26.16
±1.61a

37.25
±4.27bc

33.59
±1.02b

0.0001

SOD (U/ml) 350
±38a

547
±27b

542
±77b

333±64a 0.0001

Testosterone
(ng/ml)

2.64
±9.91b

0.89
±0.32a

3.34
±1.07b

3.60
±1.76b

0.002

LPS, lipopolysaccharide; MDA, malondialdehyde; NO, nitric oxide;
SOD, superoxide dismutase. Means with different superscripts (a,
b, c) are significantly different at P value less than 0.05.
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