Original Article

In Vitro Toxic Effects of Zinc Oxide Nanoparticles on Rat
Adipose Tissue-Derived Mesenchymal Stem Cells

Mahmoud Orazizadeh, Ph.D." 2, Ali Khodadadi, Ph.D.3, Vahid Bayati, Ph.D.2, Sadegh

Saremy, M.Sc.!, Maryam Farasat, M.Sc.?, Layasadat Khorsandi, Ph.D." ?*

1. Cell and Molecular Research Center, Faculty of Medicine, Ahvaz Jundishapur University of Medical Sciences,

Ahvaz, Iran

2. Department of Anatomical Sciences, Faculty of Medicine, Ahvaz Jundishapur University of Medical Sciences,

Ahvaz, Iran

3. Department of Inmunology and Cancer, Petroleum Pollutants Research Center, Ahvaz Jundishapur University of

Medical Sciences, Ahvaz, Iran

*Corresponding Address: P.O.Box: 61335, Cell and Molecular Research Center, Faculty of Medicine, Ahvaz Jundishapur

University of Medical Sciences, Ahvaz, Iran
Email: layasadat@yahoo.com

Received: 8/Jul/2014, Accepted: 17/Sep/2014
Abstract
Objective: Zinc oxide nanoparticles (ZnO-NPs) are increasingly used in sunscreens, bio-
sensors, food additives, pigments, manufacture of rubber products, and electronic materi-
als. There are several studies about the effects of NPs on dermal fibroblast or keratino-
cytes, but very little attention has been directed towards adipose-derived mesenchymal
stem cells (ASCs). A previous study has revealed that ZnO-NPs restricted the migration
capability of ASCs. However, the potential toxicity of these NPs on ASCs is not well un-
derstood. This study intends to evaluate the effects of ZnO-NPs on subcutaneous ASCs.

Materials and Methods: In this experimental study, In order to assess toxicity, we ex-
posed rat ASCs to ZnO-NPs at concentrations of 10, 50, and 100 pg/ml for 48 hours. Tox-
icity was evaluated by cell morphology changes, cell viability assay, as well as apoptosis
and necrosis detection.

Results: ZnO-NPs concentration dependently reduced the survival rates of ASCs as re-
vealed by the trypan blue exclusion and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium-bromide (MTT) tests. ZnO-NPs, at concentrations of 10 and 50 pg/ml, induced a
significant increase in apoptotic indices as shown by the annexin V test. The concentration
of 10 pg/ml of ZnO-NPs was more toxic.

Conclusion: Lower concentrations of ZnO-NPs have toxic and apoptotic effects on
subcutaneous ASCs. We recommend that ZnO-NPs be used with caution if there is a
dermatological problem.

Keywords: Nanoparticles, Mesenchymal Stromal Cells, Apoptosis
Cell Journal(vaknten), Vol 17, No 3, Autumn 2015, Pages: 412-421

Citation: orazizadeh M, Khodadadi A, Bayati V, Saremy S, Farasat M, Khorsandi L. In vitro toxic effects of zinc oxide
nanoparticles on rat adipose tissue-derived mesenchymal stem cells. Cell J. 2015; 17(3): 412-421.

Introduction

Metal nanoparticles (NPs) and their oxides have
a considerable number of present and future ap-
plications in the medical and industrial fields. The
smaller size and unique properties of NPs has sub-
stantially improved their application (1-3). One of
the most popular industrial applications of NPs is
sunscreens (4). A major component of sunscreens,
zinc oxide NPs (ZnO-NPs) can effectively absorb
ultraviolet light (5). ZnO-NPs are also used in sev-
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eral products such as biosensors, food additives,
pigments, manufacture of rubber products, and
electronic materials (6). Despite their wide use,
very little data on their toxic effects are available.
In vivo studies have demonstrated that ZnO-NPs
show greater adverse effects when compared to
normal-scale particles (7, 8).

DeLouise (9) reported that ZnO-NPs were non-
toxic for cultured human dermal fibroblasts. Other



reports also suggested that ZnO-NPs were toxic for
dermal fibroblasts (10), neuroblastoma cells (11)
and vascular endothelial cells (12). However, toxi-
cological studies have not provided a complete un-
derstanding of the potential toxicity of ZnO-NPs.

Mesenchymal stem cells within the stromal-
vascular fraction of subcutaneous adipose tissue,
adipose-derived mesenchymal stem cells (ASCs),
display multi-lineage developmental plasticity and
secrete various growth factors that control and
manage damaged neighboring cells. The synthesis
and secretion of growth factors are essential func-
tions of ASCs. Regeneration diversity of ASCs
has been shown in skin (13). Conditioned medium
from ASCs can stimulate both collagen synthesis
and migration of dermal fibroblasts, which im-
proves wrinkles and accelerates wound healing in
animal models (14). ASCs also protect dermal fi-
broblasts from oxidative stress induced by chemi-
cals and Ultraviolet irradiation (15).

There are several studies of the NPs effects on
dermal fibroblast or keratinocytes, but very lit-
tle attention has been directed towards ASCs. In
present study, we have investigated the effects of
ZnO-NPs on rat subcutaneous ASCs.

Materials and Methods
Cell culture

This experimental study was approved by the
Ethics Committee of Ahvaz Jundishapur Uni-
versity of Medical Sciences. For this experi-
ment, we used 12 female Wistar rats. Subcuta-
neous adipose tissues were removed from the
rats under sterile conditions and cut into small
pieces. The removed tissues were incubated
in order seeding the cells in 25 cm? flasks that
contained Dulbecco’s modified eagle’s medium
(DMEM, Invitrogen, Carlsbad, CA) and 1.0
mg/ml of collagenase type [A (C9891, Sigma,
USA). Incubations were performed for 15 min-
utes at 37°C in a water bath where the flasks
were shaken at a speed of 120 cycles/minute.
After 10 and 15 minutes, respectively, the
flasks were vigorously mixed for 10 seconds,
after which the contents of the flasks were fil-
tered through a nylon screen (250 pm pore size)
to collect any remaining and non-disintegrated
tissue. The cell suspension was subsequently
centrifuged at approximately 300 g for 3 min-
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utes. When a homogenous cell suspension was
achieved, the suspension cells were centrifuged
at 1200 rpm for 7 minutes and 3 ml of culture
medium was added to the cell pellet and pipet-
ted. The cells were cultured in 25 cm? flasks
with 5 ml DMEM and maintained at 37°C in a
humidified atmosphere of 5% CO,. The culture
media were changed every three days. Cells
were passaged after they reached approximately
75% confluency. The mesenchymal population
was isolated on the basis of its ability to adhere
to the bottom of the flask (16).

Characterization of adipose-derived mesenchy-
mal stem cells

We used flow cytometry to analyze cell sur-
face marker expressions by the ASCs culture
prior to ZnO-NPs treatment. The cells were
characterized according to a set of cell surface
markers characteristic for ASCs that included
cluster of differentiation (CD) CD73 (sc-14682,
Santa Cruz Biotechnology Inc., USA), CD105
(sc-20632, Santa Cruz Biotechnology Inc.,
USA), CD45 (sc-25590, Santa Cruz Biotech-
nology Inc., USA) and CD34 (sc-7045, Santa
Cruz Biotechnology Inc., USA).The differen-
tiation potentials of the ASCs were checked in
specific media. For adipocyte differentiation,
cells were cultured in 1 pmol/l dexamethasone
(D4902, Sigma, USA), 60 umol/l indomethacin
(17378, Sigma, USA), and 450 pl 3-isobutyl-
1-methylxanthine (15879, Sigma, USA). Adipo-
cytes were characterized by oil red-O (00652,
Sigma, USA) staining under a light microscope.
For differentiation into osteoblasts, culture me-
dium was supplemented with 0.1 pmol/l dex-
amethasone, 10 mmol/l B-glycerophosphate
(G9422, Sigma, USA) and 60 mmol/l ascorbate
(A0157, Sigma, USA). Osteoblasts were char-
acterized by alizarin red (A5533, Sigma, USA)
staining and microscopic examination (16).

Experimental design

Passage 3 ASCs, after characterization, were used
in this experiment. For each treatment at least 16
flasks of culture cells were used [8 flasks for trypan
blue and the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium-bromide (MTT) assay, 8 flasks for
annexin/propidium iodide (PI)]. These cultures were
obtained from 12 female adult Wistar rats. The con-
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trol group consisted of untreated cells. Experimen-
tal groups were treated with 10, 50, and 100 pg/
ml of ZnO-NPs, respectively, for 24, 48 and 72
hours. All three concentrations were treated at all
three time periods. ZnO-NPs (100 mg/ml, 677450,
Sigma, USA) was prepared in the culture medium
and dispersed for 10 minutes by using a sonicator.
The stock solution of ZnO-NPs was kept at 4°C
and used within one week for the experiments. Just
prior to use, the stock solution was diluted in cul-
ture medium and prepared by ultrasonication (Sol-
id State/Ultrasonic FS-14, Fisher Scientific) for 15
minutes to prevent aggregation. To ensure non-
aggregation of ZnO-NPs, the time interval from
preparation to use was strictly limited to less than
20 minutes. In addition, 20 minutes after prepara-
tion, the particle size of ZnO-NPs was analyzed by
atomic force microscopy (AFM).

Cell morphology

Morphological observations using an inverted
light microscope (Olympus, IX71) were per-
formed. Digital micrographs were documented by
a digital camera (Olympus E620-SLR) coupled to
the microscope.

Cell viability and proliferation

Cell viability was measured by trypan blue
(9). Trypsin/Ethylenediaminetetraacetic acid
(EDTA, T4049, Sigma, USA) cell suspensions
of the culture ASCs were used to measure cell
viability. A total of 20 pl of the cell suspension
(500 cells/ul) and 20 pl of trypan blue reagent
(T6146, Sigma, USA) were mixed and incubat-
ed at room temperature for 5 minutes. Viable
cells were counted using a Neubauer hemo-
cytometer under a light microscope (Olympus
IX71). MTT assays were also used to determine
the effect of ZnO-NPs on cell viability and pro-
liferation. Briefly, cells were maintained with
culture media for 24, 48 and 72 hours in 24-
well plates. MTT (M2128, Sigma, USA) was
then added to each well (0.5 mg/ml) and cells
were further incubated for 4 hours at 37°C. We
removed the supernatants and 700 pl of dime-
thyl sulfoxide (DMSO, D2650, Sigma, USA)
was added to each well to dissolve the formazan
product. A 680 Microplate reader (BioRad, Her-
cules, CA) was used to measure absorbance at
540 nm. MTT assay values were expressed as
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the percentage of corresponding average values
in control cultures. Absorbance is in proportion to
the number of living cells in a sample. Thus, the
MTT assay indicates the extent of cell prolifera-
tion (17).

Annexin V-FITC/propidium iodide apoptosis
assay

ASCs were placed in a six-well culture plate
and treated with 10, 50 and 100 pg/ml of ZnO-
NPs for 48 hours. Normal, apoptotic, and ne-
crotic cells were distinguished using an Annexin
V-fluorescein isothiocyanate (FITC)/PI Assay Kit
(V13242, Molecular Probes/Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instruc-
tions. Briefly, after the incubation period, the cells
(1.0x10°) were washed in cold phosphate-buffered
salin (PBS). The washed cells were re-centrifuged.
After the supernatant was discarded, cells were
resuspended in 1X annexin-binding buffer. We
added 25 pl of annexin V conjugate and 2 pl of
the 100 pg/ ml PI working solution to each 100
ul of cell suspension. The cells were incubated at
room temperature for 15 minutes after which they
were washed with 1X annexin-binding buffer and
deposited onto slides. Fluorescence was observed
by using appropriate filters. The cells were sepa-
rated into three groups: live, apoptotic, and necrot-
ic. Weak annexin V staining was observed only on
the cellular membrane of live cells. Apoptotic cells
showed higher degrees of cell surface labeling. In
necrotic cells both membrane stained by annexin
V (green) and strong nuclear staining from PI (red)
was observed.

We calculated the apoptotic index (Al) and ne-
crotic index (NI) by dividing the number of ap-
optotic or necrotic cells in a random microscop-
ic field by the total number of cells in that field,
multiplied by 100. The Als and NIs of 10 random
fields were evaluated and the mean Al and NI of
each case were calculated.

Statistical analysis

Comparisons of multiple (>3) group means (Al,
trypan blue and MTT assay) were performed us-
ing one-way analyses of variance and post hoc
procedures based on the Newman-Keuls tests. The
student’s t tests were used for comparisons of two
group means. A P value less than 0.05 was consid-
ered statistically significant.
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Results acterized as mesenchymal stem cells according to
flow cytometry analysis and differentiation poten-
tial. Cell surface markers detected by flow cytom-

AFM showed the size and morphology of the etry showed that ASCs highly expressed CD105
synthesized particles. The complexes appeared (96%) and CD73 (83%), whereas no expressions
spherical with a mean size of 20-30 nm (Fig.1). of CD34 and CD45 were detected. As expected
and previously described, culture in the appropri-
ate media showed that isolated ASCs were capable

In culture, the ASCs appeared to have a spindle of in vitro differentiation into osteoblasts and adi-
shape. They were harvested at passage 3 and char- pocytes (Fig.2).

Atomic force microscopy

Cell culture characterization

Low (um)
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Fig.1: Atomic force microscopy (AFM) image of nanoparticles (NPs) showed distinct spherical particles at size ranges between 20 and 30 nm.

Fig.2: Characteristics of adipose-derived mesenchymal stem cells (ASCs) at passage 3. A. Potential differentiation of ASCs into osteogenic (alizarin
red staining, magnification: x1000) and B. Potential differentiation of ASCs into adipogenic (oil red O staining, magnification: x400).
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Effects of zinc oxide nanoparticles on cellular
morphology

Untreated ASCs (control) exhibited an elon-
gated spindle morphology. Cells treated with
10 pg/ml of ZnO-NPs showed morphological
changes of cell damage (Fig.3A). At this con-
centration the majority of ASCs had a round
shape with a shrunken morphology (Fig.3B).
At 50 pg/ml, the numbers of cells with round
shape morphology were less than cells exposed
to 10 pg/ml (Fig.3C). At 100 pg/ml ZnO-NPs,
the majority of ASCs had normal spindle mor-
phology (Fig.3D).

Cell viability and proliferation

Trypan blue exclusion showed that ZnO-NPs
induced a decrease in the number of viable cells

in a concentration-dependent manner. As shown
in figure 4, ZnO-NPs at a concentration of 10
pug/ml for 24, 48 and 72 hours induced a strong
decline in the number of viable cells (P<0.001).
ASCs treated with 50 pg/ml of ZnO-NPs for
24 and 48 hours showed significant decrease
in viable cell number (P<0.01). No significant
changes in the number of viable cells were ob-
served following exposure of ASCs to 100 pg/
ml ZnO-NPs at 24, 48 and 72 hours.

MTT assays showed that exposure of ASCs to
10 and 50 pg/ml of ZnO-NPs induced a signifi-
cant decrease in cell viability (P<0.01). No sig-
nificant changes in cell viability were observed
at 100 pg/ml of ZnO-NPs (P>0.05). The MTT
proliferation assay also showed that ZnO-NPs
had a concentration-dependent effect on ASC
cell growth (Figs.4, 5).

Fig.3: Zinc oxide nanoparticles (ZnO-NPs) effects on adipose-derived mesenchymal stem cell (ASCs) morphology. A. Control group cells
have a fibroblast-like morphology, B. Treatment with 10 pg/ml of ZnO-NPs. Numerous round shape cells are observed, C. Treatment with
50 pg/ml of ZnO-NPs. The round morphology are decreased and D. Treatment with 100 pug/ml of ZnO-NPs. The majority of cells exhibit a
fibroblast-like morphology (magnification: x250).
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Fig.4: A. Effect of zinc oxide nanoparticles (ZnO-NPs) on adipose-derived mesenchymal stem cell (ASCs) viability by the trypan blue and
B. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) assays. Values are expressed as mean * standard deviation (SD).
*; P<0.05, **; P<0.01 and ***, P<0.001.
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Fig.5: Effect of zinc oxide nanoparticles (ZnO-NPs) on proliferation of adipose-derived mesenchymal stem cells (ASCs) by trypan blue and
the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) assay. Values are expressed as mean * standard deviation (SD).
*; P<0.05, **; P<0.01 and ***; P<0.001.
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Annexin V-FITC/propidium iodide apoptosis
assay

A few necrotic cells were observed in the control
group. Treatment with 10 pg/ml of ZnO-NPs caused
a large number of ASCs to undergo apoptosis and ne-
crosis. The numbers of both apoptotic and necrotic

cells at 50 pg/ml significantly increased compared to
the control group (P<0.01). Al and NI significantly de-
creased compared to 10 pg/ml treated cells (P<0.01).
No significant changes in the number of apoptotic
cells were observed at exposure of ASCs to 100 ug/
ml (P>0.05). Al and NI significantly decreased com-
pared to 10 pg/ml treated cells (Figs.6, 7).

Fig.6: Fluorescent microscopy of annexin V- fluorescein isothiocyanate (FITC)/propidium iodide (PI) stained adipose-derived mesenchy-
mal stem cells (ASCs) from control and experimental groups. A. Control group, B. Treatment with 10 pug/ml of zinc oxide nanoparticles
(ZnO-NPs), C. Treatment with 50 pg/ml of ZnO-NPs and D. Treatment with 100 pug/ml of ZnO-NPs. A; Apoptosis (cell membrane is strongly
stained), N; Necrosis (nucleus is red) and L; Live (cells show green stain, magnification: x250).
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Fig.7: Apoptotic index (Al) and necrotic index (NI) in control and experimental groups. Values are expressed as mean + standard devia-
tion (SD) for eight rats. *; P<0.05, **; P<0.01, ***; P<0.001, t; P<0.01, T1; P<0.001. * and t symbols respectively indicate comparison to
control and 10 pg/ml of zinc oxide nanoparticles (ZnO-NPs) treated cells.
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Discussion

Our results have demonstrated that ZnO-NPs had
concentration-dependent toxic effects on ASCs,
induced loss of viability, apoptosis induction and
morphological changes. To our knowledge this
study is the first to demonstrate the cytotoxic ef-
fects of NPs on subcutaneous ASCs. A previous
study has shown that ZnO-NPs impaired mi-
gration capability of ASCs (18). Numerous re-
searchers reported that ZnO-NPs caused cytotox-
ic effects to various cell types such as osteoblast
cancer cells (19), human bronchial epithelial
cells (BEAS-2B) (20), human kidney cells (21),
human alveolar adenocarcinoma cells (22) and
human hepatocytes (23).

In the present study, ASCs treated with a lower
concentration of ZnO-NPs appeared to be strongly
damaged as evidenced by their round morphology
and detachment from the substrate which indicat-
ed almost complete cell destruction. This typical
change in morphology reflected drug toxicity.

To confirm that these signs of morphology were
followed by a reduction in ASCs growth after treat-
ment with ZnO-NPs, we measured MTT activity.
We found a concentration-dependent decrease in
ASC viability. Similar results were obtained with
trypan blue exclusion. Pasupuleti et al. (24) ad-
ministered 5, 50, 300, 1000 and 2000 mg/kg body
weight of nano- and micro-sized ZnO to Sprague
Dawley rats. They reported that the incidences of
toxicity in the liver, pancreas, heart and stomach
were higher at lower doses of ZnO-NPs compared
to higher doses.

However, Talebi et al. (25) demonstrated that
ZnO-NPs at 50 and 300 mg/kg body weight had
toxic effects on mouse spermatogenesis while no
significant changes in spermatogenesis were ob-
served at the 5 mg/kg dose.

In the present study, ZnO-NPs inhibited cell pro-
liferation in a concentration-dependent manner.
Taccola et al. (26) reported that ZnO-NPs showed
cytotoxic effects on rapidly proliferating benign
and malignant cells. To confirm that the reduc-
tion of viability was due to apoptosis or necrosis,
the cells were assayed with the annexin V-FITC/
PI apoptosis assay. Annexin V binds to phosphati-
dylserine that is translocated from the inner to the
outer leaflet when apoptosis occurs in a cell (27,
28). PI is used as a DNA stain, which is excluded
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by the cell membrane of living cells. Exposure to
PI without prior permeabilization is used to distin-
guish necrotic cells from apoptotic and living cells
(29). In the experimental group, especially at the
5 mg/kg dose, the percentage of annexin V-posi-
tive cells significantly increased. The NI at lower
concentrations also significantly increased. Our
results revealed that apoptosis, not necrosis, was
the predominant mechanism in ZnO-NPs-induced
cytotoxicity.

Wilhelmi et al. (30) reported that ZnO-NPs in-
duced necrosis and apoptosis in macrophages.
Meyer et al. (10) reported that ZnO-NPs induced
apoptosis in human dermal fibroblasts. Sharma et
al. (31) also stated that ZnO-NPs, even at low con-
centrations, possessed a genotoxic potential in hu-
man epidermal cells. On the other hand, ASCs had
beneficial effects on skin disease (32). Chavez-
Munoz et al. (33) have stated that adipose tissue
is a suitable source for keratinocytes. According
to recent studies, ASCs have wound-healing and
antioxidant properties. ASCs and their secretory
factors show promise for use in skin repair and
regeneration. Thus, reduction in ASCs viability
may suppress wound healing as factors secreted
by ASCs can induce dermal fibroblast prolifera-
tion, migration and extracellular matrix secretion
(33). Additionally, Kocbek et al. (34) have dem-
onstrated that exposure to ZnO-NPs can induce
adverse effects on human keratinocytes in vitro.
On the other hand, Hackenberg et al. (35) showed
that titanium dioxide NPs and ZnO-NPs impaired
the migration capability of ASCs. They concluded
that restricted migration might critically influence
wound healing capacity.

The amount of time and exposure concentration
to ZnO-NPs are important factors that affect cy-
totoxicity (36). In this study, ASCs have been ex-
posed to ZnO-NPs for 24, 48 and 72 hours. Mes-
enchymal stem cells (MSCs) have a limited life
span in cultures and undergo senescence as indi-
cated by loss of proliferation and altered morphol-
ogy (37). Proliferation capacities of MSCs derived
from BM-MSCs, UCB-MSCs and ASCs have
been analyzed by Kern et al. (18). They reported
that ASCs possessed the lowest population dou-
bling numbers after passage 3. Additionally, Rubio
et al. (38) stated that after long-term in vitro ex-
pansion, the ASCs populations could immortalize
and transform spontaneously. Thus, in the current
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study, short-term exposure to ZnO-NPs was con-
sidered. Hackenberg et al. (39) exposed Ag-NPs
to human MSCs (hMSCs) for 1, 3 and 24 hours.
Cytotoxic effects were reported at all test exposure
periods.

The exact mechanism of ZnO-NPs toxicity on
ASCs was not determined in the current study.
The reason for significant toxicity at lower con-
centrations was not clear. It has been demonstrated
that NPs at high concentrations tend to cluster and
form aggregates often larger than 100 nm. Thus,
absorption of NPs by cells might be limited at high
concentrations (40, 41). One possibility was that
more ZnO-NPs at lower concentrations might be
absorbed which could stimulate various signaling
pathways involved in apoptosis or necrosis. Ad-
ditionally, high concentrations of ZnO-NPs might
have stimulated anti-apoptotic molecules inside
ASCs. Future experiments are needed to clarify
these hypotheses.

Conclusion

The present study has demonstrated that ZnO-
NPs at lower concentrations have toxic and apop-
totic effects on subcutaneous rat ASCs. This data
provides a stimulus for true clinical studies. Fur-
ther experiments are needed to clarify the mecha-
nisms of ZnO-NPs induced cytotoxicity in MSCs.
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