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ABSTRACT
Back ground: Zinc oxide nanoparticles (ZnO-NPs) are among the most commonly used metal nanoparticles and are nowadays 
increasingly used in food. This might increase the chances of their exposure to the human body via the oral route. The heart 
is an important toxic site for nanoparticles. 
Aim: The aim of the current study was to investigate the possible histological changes that might accompany the oral 
administration of two different doses of ZnO-NPs on left ventricular cardiomyocytes of adult albino rats. 
Materials and Methods: Forty-eight adult male rats were included. The animals were randomly divided into 3 main groups. 
Group I (Control group). Group II (ZnO-NPs group) was further subdivided randomly into subgroup IIa that were given 
ZnO-NPs at a dose of 100mg/kg body weight/day. Subgroup IIb received 400 mg/kg body weight/day ZnO-NPs for 28 days. 
Group III (Withdrawal group), the animals of this group did not receive any treatment for four weeks after the 28 days of 
treatment. Specimens from the heart apex were processed for microscopic examination. Serum level of oxidative stress and 
cardiac makers, as well as the morphometric study (for collagen quantification and mitochondrial morphometry), were done.
Results: The light and the electron microscopes revealed histological changes in the left ventricular cardiomyocytes. 
Changes were dose-dependent. Group II revealed some pale stained muscle fibers with pyknotic nuclei. Others showed 
deeply acidophilic sarcoplasm. The electron microscope examination confirmed these changes and showed focal myolysis 
and abnormal mitochondria. This was associated with some hyperchromatic nuclei. After withdrawal histological changes 
were exaggerated. Serum marker of oxidative stress and cardiac markers showed a significant increase. Mitochondrial 
morphometry demonstrated fragmentation. 
Conclusion: The study demonstrated that oral ZnO-NPs are associated with variable microscopic changes, which is dose-
dependent. These changes didn’t improve after the withdrawal of the ZnO-NPs administration.

Received: 09 January 2019, Accepted: 13 March 2019

Key Words: Cardiomyocytes; microscopic structure; mitochondrial morphometry; zinc oxide nanoparticles.
Corresponding Author: Amany Solaiman, MD,  Department of Histology and Cell Biology, Faculty of Medicine,  
Alexandria University, Egypt, Tel.: +20 1096366227, E-mail: amanysolaiman@gmail.com
ISSN: 1110-0559, Vol. 42, No. 3 

INTRODUCTION                                                                            

Nanotechnology is one of the key technologies of the 
21st century. With the rapid growth of nanotechnology 
and increasing exposure to nanoparticles (NPs), there is 
a need to evaluate their toxicity. Thus, nanotoxicology 
has emerged[1]. Metal oxide NPs belong to a family of 
nanomaterials that have been manufactured for both 
industrial and household applications. Zinc oxide 
nanoparticles (ZnO-NPs) are highly applicable and among 
the most commonly used metal NPs[2]. ZnO-NPs are being 
used as a food additive as well as in food processing and 
packaging[3]. The cardiovascular system is an important 
toxic site of NPs[4]. 

So, the aim of the current study was to investigate 
the possible histological changes in the left ventricular 
cardiomyocytes of adult albino rats after receiving two 
different doses ZnO-NPs and the effect of their withdrawal.

The study demonstrated histological changes. These 
changes didn’t improve after the withdrawal of the ZnO-
NPs administration. 

MATERIALS AND METHODS                                              

Chemicals
Zinc oxide nanoparticles (ZnO-NPs) with an average 

size of 20 nm were purchased from NanoTech Egypt for 
Photo-Electronics Company (City of 6 October, Egypt).  
Immediately before administration, ZnO-NPs were 
dissolved in distilled water. The suspension was sonicated 
at 230 V for 2 minutes using USR3/2907 sonicator 
(JulaboLabortechnik, Seelbach, Germany) at room 
temperature.

Animals
Forty-eight adult male rats (6–8 weeks old, 200 ± 20 

g) were included in the present work. The animals were 
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kept under standard laboratory conditions of temperature 
and humidity and 12 hours light/dark cycle with free 
access to the ordinary rat food and water. Guidelines for 
the care and use of animals approved by the Animal House 
Center, Faculty of Medicine, University of Alexandria, 
were followed. All procedures were approved by the 
Ethics Committee of the Faculty of Medicine, Alexandria 
University.

The animals were randomly divided into 3 main groups. 
All animals were given the treatments by oral gavage.

Group I (Control group): included 24 rats that were 
further subdivided into 2 equal subgroups;

Subgroup Ia: negative control received no treatment.

Subgroup Ib: each rat received distilled water of 10ml/
kg/ kg body weight day[5].

Group II (ZnO-NPs group): included 12 rats. It was 
further   subdivided randomly into two equal subgroups:

Subgroup IIa: each rat received a daily dose of 100 mg/
kg body weight ZnO-NPs for 28 days[6,7].

Subgroup IIb: each rat received a daily dose of 400 mg/
kg body weight ZnO-NPs for 28 days[6,7].

Group III (Withdrawal group): included 12 rats 
that were further subdivided randomly into two equal 
subgroups;

Subgroup IIIa: each rat received ZnO-NPs in the same 
dose as that of subgroup IIa.

Subgroup IIIb: each rat received ZnO-NPs in the same 
dose as that of subgroup IIb.

The animals of subgroups IIIa and IIIb did not receive 
any treatment for an additional four weeks after the 28 days 
of treatment.

METHODS                                                                           

I- Characterization of the zinc oxide nanoparticles

The prepared NPs were characterized using the 
following:

1- Transmission electron microscope (TEM)

TEM yields information about the size and the 
morphology of NPs used. Using a Jeol 2100 electron 
microscope (Tokyo, Japan) at the Electron Microscopy 
Unit, Faculty of Agriculture, Mansoura University, Egypt, 
the size was determined.

2- Nano Zeta particle analyzer
Using Nano Zeta particle analyzer (Malvern, UK) at 

the Central Laboratory, Faculty of Pharmacy, University of 
Alexandria, Egypt, the zeta potential (surface charge) was 
determined.

3- X-Ray Diffraction (XRD)
The ZnO-NPs powder was analyzed using X-ray 

diffractometer (Shimadzu XRD-7000, Maxima, Japan) at 
the Central laboratory, Faculty of Pharmacy, University of 
Alexandria, Egypt. The voltage and current used were 30 
kilovolts and 30 milliamperes, respectively.

4- Ultraviolet-visible absorption spectroscopy (UV-
Vis)

It was carried out on a UNICAM UV-Vis spectrometry 
model UV5-220 at the Medical Biophysics Department, 
Medical Research Institute, University of Alexandria, 
Egypt. UV-Vis spectrum shows the Surface Plasmon 
Resonance that depicts the size and distribution of NPs.

II- Biochemical study

1- Malondialdehyde (MDA)
MDA levels were measured as markers of oxidative 

stress. The MDA calorimetric assay provides a sensitive 
tool for detection of the MDA, by a Humalyzer junior 
photometer (Human Diagnostics, Germany) at the 
Biochemistry Department, University of Alexandria, 
Egypt. The MDA in the sample reacts with thiobarbituric 
acid (TBA) to generate MDA-TBA adduct that can be 
easily quantified colorimetrically(OD = 532 nm)[8].

2- Creatinine Kinase (CK-MB) isoenzyme
Creatine kinase (CK) catalyzes the reversible transfer 

of a high-energy phosphoryl group from ATP to form 
phosphocreatine (PCr), which acts as an energy storage 
molecule, rapidly regenerating ATP at times of increased 
energy demand. Increase levels clearly signal muscle 
damage with concomitant leakage of intracellular muscle 
constituents into the circulation that remains high as long 
as the damage exists[9].

CK is a biomarker and specific tool for assessing of 
myocardial cell injury. CK exists in two dimeric forms, 
Ck-MM and CK-MB. Measurement of the CK-MB 
(Spectrum –Diagnostic, Hannover, Germany) was done at 
the Biochemistry Department, University of Alexandria, 
Egypt.

The test principle is to use a specific antibody that 
inhibits the M subunits of Ck-MM and CK-MB and thus 
allows the determination of the B subunit of CK-MB[10]. 
CK-B is determined from the rate of NADPH formation, 
measured at 340 nm by means of hexokinase and glucose 
-6- phosphate dehydrogenase coupled reaction.
3- Cardiac troponin- T (cTnT)

Due to the greater cardio-specificity of cTnT, it is 
increasingly used as diagnostic marker for myocardial cell 
injury, as it is released in the circulation. The more that 
is detected in blood, the more severe the cardiac lesion[11]. 
The cTnT assay (Roche Diagnostics, Mannheim, USA) 
was performed at Biochemistry Department, University 
of Alexandria, Egypt. The test employs monoclonal 
antibodies directed against cTnT. 
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III-Histological study
24 hours after the end of the experimental period, half 

of the rats of subgroup Ia and Ib together with the rats of 
group II were sacrificed. Rats of group III (withdrawal 
group) and the remaining rats of subgroups Ia and Ib 
were sacrificed 4 weeks after the last dose of ZnO-NPs. 
All animals were euthanized. Blood samples were taken 
from the abdominal aorta. Then samples were centrifuged 
at 3000 rpm for 20 minutes to obtain sera. Samples were 
stored (-20 oC) till further use.  The animals were sacrificed 
by decapitation after ether anesthesia (Sigma -Aldrich St. 
Louis, USA).

The chest of each animal was opened and the heart was 
rapidly excised. The heart apex of each rat, which is mostly 
formed by the left ventricle was dissected and cut into 2 
pieces. The first piece was immediately cut into small 
pieces (1×1 mm3) and fixed in 3% phosphate-buffered 
glutaraldehyde solution and processed for transmission 
electron microscopic study[12]. The second piece was fixed 
in 10% formol saline and processed to get 5-6 μm thick 
paraffin sections. These sections were stained with H&E 
and Masson's trichrome stains[13] for light microscopic 
examination.

VI- Morphometric study and Statistical analysis

1- Collagen quantification
Semi-automated image analysis was applied[14]. From 

each Masson's trichrome stained section, 5 random fields 
for each group were selected and imaged using an objective 
lens magnification of 40x. ImageJ software (version 1.51k, 
Wayne Rasband, National Institutes of Health, USA) was 
used for the analysis.

2- Mitochondrial morphometric study
To analyze mitochondrial morphology, regions 

containing numerous mitochondria from the electron 
micrographs at the magnification of 2000 were selected. 
Mitochondria from the edge of the micrographs were 
excluded. Mitochondrial measurements were obtained 
using Image J (version 1.51k, Wayne Rasband, National 
Institutes of Health, USA) by manually tracing only clearly 
detectable outlines of mitochondria on the micrographs[15,16]. 
The followings were measured:

1. Surface area (mitochondrial size) was reported in 
square pixels.

2. Perimeter in pixels.

3. Surface area/perimeter ratio was then calculated.

4. The aspect ratio (AR) was computed as (major 
axis/ minor axis).

5. Circularity [4 ח (surface area/perimeter2)].

Data were fed to the computer and analyzed using 
IBM SPSS software package version 20.0 (Armonk, NY: 
IBM Corp). The Kolmogorov-Smirnov test was used to 

verify the normality of distribution. Quantitative data 
were described using range (minimum and maximum), 
mean, standard deviation and median. Differences were 
considered statistically significant at  p≤0.05.

RESULTS                                                                                         

I-Characterization of the prepared ZnO-NPs
TEM showed that the particles were with an average 

size of 11± 5 nm (Figure 1A and B). The Zeta potential 
(surface charge) of ZnO-NPs in solution was -32±5 mV 
(Figure 1C) and the XRD revealed sharpness of the 
peaks pattern that showed a good formation of ZnO-NPs                 
(Figure 1D). Finally, the UV-Vis exhibited an absorption 
band at ~ 370 nm, indicative of the formation of ZnO-NPs 
(Figure 1E).

II- Biochemical results

1- Malondialdehyde (MDA)
Is considered as an indicator of lipid peroxidation. As 

shown in the (Hsitogram A), no significance was noticed 
between subgroup Ia and Ib. However, the serum level of 
MDA showed significant increase in group II. Furthermore, 
in subgroup IIb it was significantly increased as compared 
with subgroup IIa. In addition, MDA showed significant 
increase in subgroups IIIa and IIIb at p ≤ 0.05 as compared 
with groups I and II.

2- Serum creatinine phosphokinase isoenzyme (CK-
MB)

As shown in the (Hsitogram B), no statistical 
significance was noticed between subgroups Ia and Ib. 
CK-MB level showed significance increase in group II, 
with the higher dose of ZnO-NPs in subgroup IIb shows 
more elevation. In addition, its level showed significance 
increase at p ≤ 0.05 in subgroups IIIa and IIIb as compared 
with groups I and II.

3- Cardiac troponin- T (cTnT)
As shown in the (Hsitogram C), the serum level of cTnT 

showed a significant increase in group II, with the higher 
dose of ZnO-NPs in subgroup IIb shows more elevation 
than the lower dose in subgroup IIa. In addition, the serum 
level showed significance increase at p ≤ 0.05in subgroups 
IIIa and IIIb as compared with groups I and II.

III- Histological results

1- Light microscopic results

a- H&E stain results

Group I (control group)
Light microscopic examination of ventricular 

myocardial sections of subgroups Ia and Ib, showed 
branching and anastomosing fibers with narrow interstitial 
spaces in between. Each cardiomyocyte exhibited an 
acidophilic sarcoplasm with centrally located vesicular 
nucleus (Figure 2).
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Group II (ZnO-NPs group)

Subgroup IIa
Examination revealed focal areas of pale acidophilic 

sarcoplasm and few muscle fibers were fragmented. Some 
nuclei appeared pyknotic (Figure 3).

Subgroup IIb
More extensive myocardial lesions were encountered. 

Multiple areas of myocytic fragmentation and 
widening of the interstitial spaces were frequently seen. 
Hypereosinophilic sarcoplasm and pyknotic nuclei were 
frequently encountered (Figure 4).

Group III (withdrawal group)

Subgroup IIIa
The four week period of withdrawal after administration 

of the low dose of ZnO-NPs was not efficient in reversing 
the myocardial lesions. Foci of interrupted fibers were 
depicted. Some cardiomyocytes exhibited pale acidophilic 
sarcoplasm and others show pyknotic nuclei (Figure 5)

Subgroup III b
Progressive changes were seen. Cells with pale 

acidophilic sarcoplasm and deeply stained nuclei were still 
frequently seen (Figure 6).

b- Masson's trichrome stain results
To visualize any collagen deposition between the 

muscle fibers Masson's trichrome stain was used.

Group I (control group)
Sections of group I (Ia and Ib), showed scanty collagen 

fibers in between cardiac muscle fibers (Figure 7a). On the 
other hand, subgroup IIa revealed only a few interstitial 
collagen fibers (Figure7b). Furthermore, subgroup 
IIb, revealed a considerable amount of collagen fibers 
(Figure7c). While subgroup IIIa revealed a noticeable 
amount of collagen fibers (Figure 7d).  Those of subgroup 
IIIb depicted excessive deposition of collagen fibers 
(Figure7e).

2- Electron microscopic results

Group I (control group)
Examination of the control group revealed ventricular 

cardiac muscle fibers formed of cardiomyocytes. Their 
sarcolemma was almost straight with very minimal 
subsarcolemmal sarcoplasm. The sarcoplasm of 
cardiomyocytes revealed several longitudinally-arranged 
myofibrils with alternating dark and light bands. Sarcomeres 
were seen between two Z lines. Each cardiomyocyte 
exhibited a single oval centrally located euchromatic 
nucleus. Elongated mitochondria were arranged in rows 
between the myofibrils (Figure 8).

Group II (ZnO-NPs group)

Subgroup IIa
The arrangement and morphology of the mitochondria 

varied. Many mitochondria lost their arrangement in rows 
and they appeared aggregated in large groups. Some 
mitochondria showed accumulation of electron dense 
deposits.  In addition, dilated T-tubules were depicted 
(Figure 9).  

Subgroup IIb
Cardiomyocytes revealed more evident ultrastructural 

alterations. It was obvious that ZnO-NPs at a higher 
dose induced more extensive myocardial changes 
with an elevation of the overlying sarcolemma and 
marked scalloping (Figure 10a). Notably, disruption and 
discontinuation of the sarcolemma (Figure 10b) were also 
encountered. Occasionally, there were multiple areas of 
myofibrillar interruption (Figure 10a) and loss (Figure 10 b). 
Many mitochondria were aggregated in groups of variable 
size and shape (Figure 10b). As for the nuclear changes, 
many nuclei exhibited irregularity, peripheralization and 
increased chromatin condensation (Figure 10c).

Group III (Withdrawal group)

Subgroup IIIa
Patches of myofibrillar interruption was depicted.  

Mitochondria showed variability in the size and shape. The 
nuclei appeared euchromatic (Figure 11).

Subgroup IIIb
The cardiomyocytes of this group revealed areas 

of myofibrillar interruption and loss (Figure 12a). 
Disorganized myofibrils with the accumulation of 
large groups of irregularly arranged intermyofibrillar 
mitochondria were seen (Figure 12b), some were 
bizarre shaped, while others appear small and rounded                                                                     
(Figure 12c). Shrunken peripheral heterochromatic nuclei 
(Figure 12a) and multiple vacuoles (Figure 12a,c) were 
also depicted.

III- The Histo-morphometric results

1-Collagen quantification
In group II (ZnO-NPs group), the mean area percentage 

occupied by collagen in subgroup IIa was insignificantly 
increased in comparison with the control group. Regarding 
subgroup IIb, the mean values were significantly higher 
than those of the control group and subgroup IIa at                               
p ≤ 0.05 (Hsitogram D).

For group III, the withdrawal group, the mean value 
of the area percentage occupied by collagen in subgroup 
IIIa was significantly higher compared to the control group 
and subgroup IIa. In addition, the mean value of the area 
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occupied by collagen in subgroup IIIb was significantly 
higher compared to in group I, group II and subgroup IIIa 
at p ≤ 0.05.

2-Mitochondrial morphometric results

a- Analysis of mitochondrial surface area/perimeter 
ratio

Subgroup IIa and IIb were significantly less than 
the control group indicating a significant mitochondrial 
fragmentation. For subgroup IIIa, the results were no longer 
significant as compared to the control group (Hsitogram E), 
but significantly higher than subgroup IIa at p ≤ 0.05. This 
indicated that after the four week withdrawal period with 
the smaller dose of ZnO-NPs, mitochondria appeared to be 
recovering from fragmentation. For subgroup IIIb, the ratio 
was significantly higher compared to the control group, but 
not significant compared to subgroup IIb. This indicated 
that after the withdrawal period with the higher dose the 
mitochondria were unable to recover from fragmentation.

b- The mitochondrial circularity
It is an index of sphericity with a value of 1.0 indicating 

perfect sphere shape. Regarding subgroup IIa, average 
circularity was significantly increased compared to the 
control group which appeared elongated. For subgroup 
IIb, average circularity (Hsitogram F) was even more 
significantly increased compared to the control group 
and subgroup IIa at p ≤ 0.05.  Regarding subgroup IIIa, 
mean circularity was significantly increased compared to 
the control group but was not statistically significant in 
comparison with subgroup IIa. The average circularity 
for subgroup IIIb was significantly increased compared to 
the control group and subgroup IIa and IIIa, but was not 
statistically significant compared to subgroup IIb, indicated 
that the mitochondria did not recover from fragmentation.

c- The aspect ratio (AR; major axis/minor axis)
It is a measure of the mitochondrial length and branching. 

AR has a minimum value of 1.0 when the mitochondrion 
is a small, perfect circle and this value increases as the 
mitochondrion becomes elongated. Regarding subgroup 
IIa, the AR was significantly decreased compared to the 
control group (Hsitogram G). For subgroup IIb, the AR was 
even more significantly decreased compared to the control 
group and subgroup IIa indicated that the mitochondria 
tended to be more fragmented. As for subgroup IIIa, 
the mean AR was significantly decreased compared to 
the control group but was not statistically significant in 
comparison with subgroup IIa. Moreover, the AR for 
subgroup IIIb was significantly decreased compared to the 
control group but was not statistically significant compared 
to subgroup IIb.

A

B

Continued
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Fig. 1: Characterization of ZnO-NPs. (A) TEM micrograph. Mic. Mag. X 
60,000) (B) Histogram of the different nanoparticle sizes (nm). (C) Zeta 
potentialin mV. (D)X-Ray diffractometer pattern. (E) UV absorbance 
(nm).

Fig. 2: A photomicrograph of the control group shows branching and 
anatomizing muscle fibers with narrow interstitial spaces (S). Each 
cardiomyocyte shows acidophilic sarcoplasm and central oval vesicular 
nucleus (N). F; Nucleus of interstitial fibroblast. (H&E Mic. Mag. X 400).

Fig. 3: A photomicrograph of a section of rat left ventricular 
cardiomyocytes of subgroup IIa showing some muscle fibers with pale 
stained sarcoplasm and some muscle fibers are fragmented (*). N; 
pyknotic nucleus. (H&E Mic. Mag. X 400).

Fig. 4: A photomicrograph of subgroup IIb showing fiber  fragmentation 
(*), hypereosinophilic sarcoplasm (short arrow) and fibers with pyknotic 
nuclei (N). S;Wide interstitial space. (H&E Mic. Mag. X 400).
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Fig. 5: A photomicrograph of subgroup IIIa showing  focal areas of pale 
acidophilic sarcoplasm (arrow) and interrupted muscle fibers (arrow 
head). N; pyknotic nuclei. (H&E Mic. Mag. X 400).

Fig. 6: A photomicrograph of subgroup IIIb showing  multiple areas of 
pale acidophilic sarcoplasm (arrow) and pyknotic nuclei (N). (H&E Mic. 
Mag. X 400).

Continued
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Fig. 7: Photomicrographs of cardiomyocytes, (a)  Control group showing 
scanty collagen fibers. (b) Subgroup IIa, only few interstitial collagen 
fibers. (c) Subgroup IIb showing considerable amount of collagen fibers. 
(d) Subgroup IIIa, noticeable amount of collagen fibers is seen. (e) 
Subgroup IIIb with excessive deposition of collagen fibers. (Masson's 
Trichrome stain Mic. Mag. X400).

Fig. 8: Electron micrograph of the control group (Ia, Ib) showing parts of 
three cardiomyocytes with alternating dark and light bands. Sarcomeres 
are seen between two Z lines (double arrow). The subsarcolemmal (M1) 
and intermyofibrillar mitochondria (M2) are elongated and regularly 
aligned in rows, whereas mitochondria at the nuclear poles (M3) are oval 
or rounded and aggregated in groups. The nucleus (N) is oval central 
and euchromatic.The sarcolemma of the cardiomyocytes (yellow arrow) 
appears as a straight line. (Mic.Mag.x1000)

Fig. 9: Electron photomicrograph of subgroup IIa showing parts of 
three cardiomyocytes. Groups of irregularly arranged intermyofibrillar 
mitochondria (M) and dilated t- tubules (t) are seen. Inset; Mitochondrion 
with electron dense deposits (P) inside. (Mic.Mag.x1000, inset x5000)

Fig. 10: Electron photomicrograph of subgroup IIb showing (a) parts 
of two cardiomyocytes with a fibroblast (F) in the interstitial space. 
Scalloping of the sarcolemma (yellow arrow) and areas of myofibrillar 
interruption (*) are seen. (b) Disruption of the sarcolemma (yellow arrow), 
areas of myofibrillar loss ( ) and accumulated groups of mitochondria (M) 
are seen. (c) Irregular peripheral nucleus (N) with chromatin condensation 
is depicted. An adjacent blood capillary (cap) is seen.  (Mic.Mag. ax1200, 
b x1000,c x2000)
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Fig. 11: Electron photomicrographs of subgroup IIIa showing an 
elongated, euchromatic nucleus (N) and small patches of myofibrillar 
interruption (*). (Mic.Mag.x2000)

Fig. 12: Electron photomicrographs of subgroup IIIb showing (a) 
multiple patches of myofibrillar interruption (*) and myofibrillar loss 
( ), vacuoles with electron dense material (red arrow) and a shrunken 
peripheral heterochromatic nucleus. (b) Disorganized myofibrils with the 
accumulation of large groups of irregularly arranged mitochondria (M) 
of variable sizes and shapes. Inset shows electron dense particles inside 
a mitochondrion. (c) Bizarre shaped mitochondria M1 are seen; others 
appear small and rounded M2. Multiple sarcoplasmic vacuoles (V) of 
variable sizes are also seen. (Mic.Mag. a x2000, bx 1200, inset x5000,  
c x2500,)

Continued
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Histogram (A-C): Biochemical studies. (A) Serum MDA levels (nM/
ml). (B) Serum creatine kinase-MB (U/L) levels. (C) Serum cardiac 
troponin-T (µg/ml). Values represent mean ± SD. Statistical significance 
was determined using ANOVA and Post Hoc (Tukey) tests. Different 
letters are statistically significant at p ≤ 0.05.

Histogram (D-G): Comparison between the studied groups according 
to (D) areas percentage of collagen, (E) surface area/perimeter ratio, 
(F) circularity. Values represent mean ± SD. Statistical significance was 
determined using ANOVA and Post Hoc (Tukey). Different letters are 
statistically significant at p ≤ 0.05. (G) Aspect ratio. Values represent 
mean ± SD. Statistical significance was determined using Kruskal Wallis 
and Post Hoc (Dunn's multiple comparisons) tests. Different letters are 
statistically significant at p ≤ 0.05.

DISCUSSION                                                                                

Zinc oxide nanoparticles (ZnO-NPs) are known to 
be one of the most important metal oxide nanomaterials 
used. It is conceivable that the human body is exposed 
via several routes. Nevertheless, uptake of NPs from the 
gastrointestinal tract is the most important route[17]. Thus, 
the present study was undertaken to investigate the oral 
toxicity of ZnO-NPs on the histology of the ventricular 
cardiomyocytes of adult male albino rats.

In the present study, microscopic examination of 
treated groups revealed variable myocardial histological 
changes. At the cellular level, loss of contractile elements 
that was marked histologically by myocytic fragmentation, 
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interrupted muscle fibers and hypereosinophilia which 
could be attributable in part to increased binding of eosin 
to the denatured cytoplasmic proteins. It was reported that 
degeneration of cardiac myocytes occurs due to increased 
protein degradation and decreased myofibrillar protein 
synthesis[18,19]. 

In the current study, ultrastructural examination 
revealed prominent blebbing and scalloping of the 
sarcolemma of many cardiomyocytes with areas of 
sarcolemmal disruption. The sarcolemma is lifted off the 
myofibrils by edema fluid. Multiple vacuoles were seen 
and might be attributed to severe myocardial damage with 
dilated T- tubules. The same was depicted to be associated 
with cardiomyocyte damage[20].

The mitochondria are the most predominantly affected 
organelles. It is now evident that all the phenomena 
that modify mitochondrial morphology can modify cell 
functions[21] Heterogeneity of the size and distribution of 
cardiac mitochondria usually evidences unbalanced fusion/
fission cycles[22]. Particularly, it is common in cases of 
altered redox status and calcium homeostasis, which were 
related to an overproduction of reactive oxygen spesies 
(ROS). Moreover, ROS overproduction is responsible for 
the so-called ROS-induced ROS release phenomenon,[23] 

which postulates that excess mitochondrial ROS trigger 
mitochondrial ROS production in nearby mitochondria. 
This mitochondrial crosstalk would impact on cardiac cells 
and leads to apoptosis, necrosis, and even might end by 
fibrosis[23,24].

Mitochondrial fission/fusion is unfortunately associated 
with the generation of ROS and induces mitochondrial 
fragmentation[25,26]. The mitochondria might lose their 
connections to the cytoskeleton-associated with a reduction 
in their size[27]. In the current study, the linear registry of the 
mitochondria was infrequently seen and they were rather 
arranged in clusters. This might explain the existence of 
numerous mitochondria that were irregularly organized in 
the treated groups.

Generally, the measured parameters of mitochondrial 
morphology include number, size, and elongation 
(circularity). Elongation is the best thought of the 
shape of mitochondria and is a sensitive parameter 
for fragmentation[28]. An example for the importance 
of measuring multiple parameters for mitochondrial 
morphology is that the decrease in the number of 
mitochondria, for example, might not occur because of a 
loss in mitochondrial biomass, but because most of them 
are connected to each other and counted as one, large 
mitochondria[29,30]. Therefore, it is recommended for the 
assessment of mitochondrial morphology to use more than 
one parameter. At this time, however, it is unknown which 
parameter is the most important in regards to the health of 
the cell[29].

The morphometric analysis was in line with the 
histological study. In group II the surface area /perimeter 
ratio was significantly lower compared to the control group 

indicating fragmentation. About the circularity and AR, 
group II was significantly near to one value compared to 
the control group indicating that they are less elongated 
and thus more fragmented. In addition, in subgroup IIb 
(given the higher dose) the mitochondria were significantly 
more fragmented compared to subgroup IIa (given the 
smaller dose). Importantly, several studies were also 
able to demonstrate mitochondrial fragmentation in adult 
rat ventricular cardiomyocyte in response to increased 
cytosolic Ca+2[30] and ROS, which are both proved to 
be the main mechanisms involved in ZnO-NPs induced 
toxicity[26,30].

More changes were detected with the higher dose 
of ZnO-NPs in subgroup IIb. These findings were in 
agreement with results of previous works. They attributed 
these changes to oxidative stress (OS)[31-34].

A major OS response is the intracellular calcium 
(Ca2+) release, which leads to mitochondrial Ca2+ 
overload causing irreversible cellular damage. Moreover, 
studies declared that ZnO-NPs were shown to induce a 
significant and sustained increase in Ca2+ concentration 
causing changes in membrane potential and mitochondrial 
dysfunction[35,36].

It has been reported that ZnO-NPs exhibit a dose-
dependent intracellular accumulation of ROS. As the levels 
of ROS exceeded the capacity of cellular antioxidants, the 
antioxidant system could not eliminate them[37,38]. This 
might explain the more severe damage observed in the 
animals given the higher dose of ZnO-NPs.

Malondialdehyde (MDA), a marker of lipid 
peroxidation, was shown to increase significantly after 
ZnO-NPs administration in a dose-dependent manner[39]. 
Moreover, it has been reported that ZnO-NPs at lower 
concentration induced gene expression of antioxidant 
defense systems[40]. This might explain the less toxic effect 
on the animals of subgroup IIa that were given the smaller 
dose associated with the non-significant increase in the 
serum level of MDA. On the contrary, at a higher dose, 
these antioxidant defense systems were inhibited[38,41,42]. 
This was documented by the significant increase of serum 
MDA level in subgroup IIb compared to the control group. 
Again, this might explain the more toxic effect with the 
higher dose of ZnO-NPs with the statistically significant 
difference in the serum level of cardiac enzymes in 
subgroup IIb compared to group I. This confirms the more 
evident histological changes in the animals given the 
higher dose. 

Nevertheless, the mechanism of ZnO-NPs toxicity 
was attributed to the combination of more than one 
phenomenon. Dissolution and release of zinc ions (Zn2+) 
and physical interaction of ZnO-NPs were reported also 
as major mechanisms[43]. Zn2+ at a low concentration is 
essential for maintaining cellular metabolism; however, at 
a high level, it shares an essential role in the cellular toxicity 
of ZnO-NPs[44]. There are some reports which attributed 
the toxicity of ZnO-NPs, to the particles dissolution and 
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subsequent release of Zn2+ intracellularly, leading to 
ROS mediated cytotoxicity[45]. In addition, this rapid Zn2+ 
influx results in a rapid decline of mitochondrial membrane 
potential which subsequently activates the caspase-
dependent apoptosis. Upon reaching the mitochondria, 
NPs can generate mitochondrial ROS with disruption of 
mitochondrial redox state[46,47] causing more elevation of 
intracellular levels of ROS, cell membrane injury, cell 
damage and eventually cell death[48,49]. This was confirmed 
by detection of NPs that appeared as accumulated electron 
dense deposits inside the mitochondria in the current study.  
From the data, it was declared that the histological changes 
in the current study might be attributed to the same causes 
and declared that the higher dose was more damaging to 
the myocytes.

Another potential mechanism involves the generation 
of ROS by the NPs themselves and depends on their 
physicochemical characteristics that lead to the spontaneous 
generation of ROS at their surface[50]. NPs of smaller size 
induce more OS by disturbing the balance between oxidant 
and antioxidant processes[51].

In addition, a study demonstrated that ZnO-NPs lead 
to cell death through autophagic vacuole accumulation[52]. 
This was supported in the current study by the appearance 
of vacuoles containing electron-dense material that might 
be residual organelles including the mitochondria. Failure 
to remove the damaged mitochondria might increase 
cellular damage and the generation of excessive ROS[52-54].

Meanwhile, data indicated that exposure to ZnO-
NPs induces the expression of genes which are involved 
in apoptosis[55]. This was determined by downregulation 
of B-cell lymphoma 2 (Bcl-2) gene, which protects 
cardiomyocytes from apoptosis[56]. In addition, increased 
expression of caspase-3 activity was also observed by some 
researchers. Apart from inducing apoptosis, activation 
of caspase-3 was implicated in causing sarcomere 
disorganization and myofibril disruption. As proved, 
caspase-3 can cleave cardiac myofibrillar proteins, such 
as ventricular myosin light chain, α -actin,α -actinin and 
troponin T[57]. Consequently, this might have a direct effect 
on the reduction of myocyte contractile performance.

As for the interstitium, in the current study collagen 
fibers deposition was confirmed by the Trichrome stain. 
The morphometric analysis of the area percentage of 
collagen fibers was significantly higher in the animals 
that were given the higher dose. Again, this might 
reflect the severely damaging effect of the higher dose 
of ZnO-NPs. ROS-mediated activation of fibrogenesis 
is also responsible for the toxicity of NPs[58]. Myocardial 
injury induces fibroblast proliferation, migration to the 
injured area, and transdifferentiation into myofibroblasts 
producing large amounts of interstitial collagen[59,60]. In 
the normal myocardium, fibroblasts are quiescent cells 
and are responsible only for homeostasis of extracellular 
matrix (ECM). In the diseased myocardium, fibroblasts are 

major players of cardiac remodeling, including fibroblast 
proliferation, migration and increased ECM turnover[61]. 

The study was further extended to investigate 
whether a four week withdrawal period would eliminate 
or improve these histological changes. Unfortunately, 
it could not reverse the myocardial damage induced by 
ZnO-NPs administration. In the same line, there was a 
marked progression of the histological changes in the 
animals of subgroup IIIb indicating that the myocytes 
have undergone severe forms of irreversible cell injury. It 
was previously confirmed that mitochondrial alterations 
induced by ROS were not totally reversible, especially 
in the left ventricle[62,63]. This goes with the histological, 
biochemical and the morphometric results in the current 
study. In the withdrawal group, these changes persisted 
and even exaggerated reflecting the failure to recover from 
the injury induced by the administration of ZnO-NPs even 
after the withdrawal period.

CONCLUSIONS                                                                         

Thus the current study concluded that oral administration 
of ZnO-NPs is associated with variable microscopic 
changes in ventricular cardiomyocytes, which are dose-
dependent. The microscopic changes were accompanied 
with significant elevation of the oxidative stress marker as 
well as the cardiac markers. These changes didn’t improve 
after the four-week period of withdrawal.
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الملخص العربى

دراسة هستولوجية لتاثيرجزيئات أكسيد الزنك المتناهية الصغر على 
خلايا القلب  لذكور لجرذان البالغة  مع الاشارة لدور الميتوكوندريا

مشيرة أحمد زهير، أميرة يحيى مدور، أمانى عبد المنعم سليمان، نعمة محمد عبد الفتاح البنوانى

قسم الهستولوجيا - كلية الطب - جامعة الإسكندرية - الإسكندرية

المقدمة: جزيئات أكسيد الزنك المتناهية الصغر (ZnO-NPs) هي من بين أكثر الجزيئات المتناهية الصغر شيوعاً 

وتستخدم في الوقت الحاضر بشكل متزايد في الغذاء. هذا قد يزيد من فرص تعرض جسم الإنسان عن طريق الفم لتلك 

الجسيمات . القلب والأوعية الدموية من الاماكن الاكثر عرضه للتاثير السام لتلك الجسيمات النانوية

ZnO-  الهدف: كان الهدف من الدراسة الحالية هو التحقيق في التغيرات النسيجية المحتملة التي قد تصاحب إعطاء

NPs عن طريق الفم في جرعتين مختلفتين على خلايا البطين الأيسر فى الجرذان البيضاءالبالغه.

إلى 3 مجموعات  الحيوانات بشكل عشوائي  تم تقسيم  البالغه.  الذكور  ثمانية وأربعين من  أدرج  البحث:  مواد وطرق 

رئيسية. المجموعة الأولى (مجموعة المراقبة) تم تقسيم المجموعة الثانية (مجموعة ZnO-NP) بشكل عشوائي إلى 

 IIb   ZnO-NPs بجرعة 100 مج / كج / يوم. تلقت المجموعة الفرعية ZnO-NP التي أعطيت IIa مجموعة فرعية

400مج / كج / يوم لمدة 28 يوما . المجموعة الثالثة (مجموعة السحب)لم تحصل حيوانات تلك المجموع على أي علاج 

لمدة أربعة أسابيع إضافية بعد 28 يومًا من العلاج. تم تجهيز عينات من قمة القلب للفحص المجهري. تم قياس لعلامات 

الأكسدة وعلامات القلب وكذلك دراسة مورفومترية (لقياس الكولاجين وقياسات للميتوكوندريا).  

النتائج: كشف المجهرالضوء و الإلكتروني عن تغيرات نسيجية في عضلة البطين الايسر. التغييرات كانت تعتمد على 

الجرعة. المجموعة الثانية، كشفت وجود بهتان في السيتوبلازم وظهرت اخرى لون الصبغه  غامقا مع انويه داكنة . 

وأكد فحص المجهر الإلكتروني هذه التغييرات وأظهرت تحللا في خلايا القلب والميتوكوندريا اظهرت تغير في شكلها. 

ذات  بزيادة  هذا  ارتبط  شدة.  أكثر  اصبحت  التغييرات  هذة  السحب  بعد  الانويةالداكنة.   بعض  معوجود   هذا  وارتبط 

دلالة احصائية فى قياسات علامات الاكسده وعلامات القلب  فى الدم مصاحبه للتغيرات المجهرية. أظهرت قياسات 

الميتوكوندرياالموفومتربه تكسير.

الخلاصة: أظهرت الدراسة أن ZnO-NP المعطاه عن طريق الفم مرتبطة بتغييرات مجهرية متعدده ، وهي تعتمد على 

.ZnO-NPs الجرعة. لم تتحسن هذه التغييرات بعد ايقاف


