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The diversity of natural phytochemicals represents an unlimited source for discovery and development of
new drugs. Ochradenus arabicus, (family: Resedaceae) a notable medicinal plant displays a high content of
flavonoid glycosides. This study investigates a possible preventative role of zinc nanoparticles biosynthe-
sized by O. arabicus leaf extracts (OAZnO NPs) in limiting genotoxicity and cytotoxicity caused by indole
acetic acid (IAA) in laboratory mice. ZnO NPs were synthesized using O. arabicus leaf extracts and char-
acterized with UV–visible spectroscopy, scanning electron microscopy (SEM) and X-Ray diffraction
(XRD). The mice were randomly distributed into the following six groups: control, OAZnO NPs treated
(10 mg/kg BW), IAA treated (50 mg/kg BW); simultaneous treatment, pre-treatment, and post-
treatment. Reactive oxygen species (ROS), DNA damage, chromosome aberration, and apoptosis were
analyzed as toxicity endpoints. IAA exposure significantly induced production of ROS, DNA damage,
apoptosis, chromosome aberrations, and micronuclei. Pre-, post-, and simultaneous treatment with
OAZnO NPs ameliorated the damage caused by IAA exposure. Exposure to OAZnO NPs alone caused no
toxicity for any endpoint based on comparison to controls. This study demonstrated that IAA-induced
cytotoxic damage in mice could be ameliorated by treatment with OAZnO NPs. These findings require
additional verification in mechanistic and in vitro studies.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Indole acetic acid (IAA) is a naturally occurring plant growth
phytohormone. Previous studies on the toxic effects of IAA often
focused on genotoxicity and genomic changes in mammalian cells
(Furukawa et al. 2005; Jeong et al. 2010). The ability of IAA to
induce intracellular generation of ROS may cause DNA damage,
increase apoptosis, and ultimately stimulate carcinogenesis due
to activation of p38 mitogen-activated protein kinases. IAA
induces caspase-9 and caspase-8, products of polymerase cleav-
age, and caspase-3 activation (Jeong et al. 2010). Further, treating
rats with IAA during the early stages of development of the cere-
bral cortex caused decreased motor activity in embryos,
decreased brain size with microcephaly, genotoxicity, and apopto-
sis (Patten et al. 2013).

In recent years, the use of traditional plant-derived medicines
has gained attention, and many studies have confirmed their effi-
cacy for treatment of a variety of diseases in humans
(Aleebrahim-Dehkordy et al. 2017). Such actions reflect the pres-
ence of important phytochemicals, such as flavonoids, terpenoids,
phenolics, and alkaloids (Tungmunnithum et al. 2018). Plant-
based products have been used in many areas, including medicine,
nutrition, flavoring, cosmetics, and beverages (Yuan et al. 2016).
Further, plant-derived products, such as grassy teas, extracts, cos-
metics, and tinctures, are widely used for preparing traditional
medicines. Certain phytochemicals in extracts of medicinal plants
act as scavengers of reactive oxygen species (ROS) by donating
hydrogen atoms to peroxy roots, singlet oxygen, hydroxyl radicals,
and superoxide anions. Phytochemicals also act as chelators of
metal ions that can induce lipid peroxidation (Li et al. 2016).
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Ochradenus (Resedaceae) is a genus of plants comprising eight
species common in the arid deserts of North Africa and South-
West Asia. The center of diversity is the Arabian Peninsula (Al-
kawmani et al. 2020). Ochradenus arabicus is considered a valuable
medicinal species in arid regions (Khanet al. 2012). Currently, plants
with medicinal properties are used in the preparation of nanoparti-
cles with silver, zinc, iron, gold, and copper. These nanoparticles can
be used to treat various diseases. Their pharmacological activity
reflects biocompatibility between biological components of plants
and chemical makeup of nanoparticles (Santhoshkumar et al.
2017). Zinc oxide nanoparticles (ZnO NPs) were reported to have
toxicological hazards in vivo and in vitro. Antibacterial, antioxidant,
anticancer, and immunomodulatory effects of ZnO NPs have been
reported in various studies (Huang et al. 2010, Sharma et al. 2012).
However, bioengineered ZnO NPs contains bioavailability and bio-
compatibility that makes them very promising tools in biomedical
applications with therapeutic benefits (Elshama et al. 2018).

Previous studies show that indole acetic acid increases ROS gen-
eration, inducing severe cytotoxicity via oxidative stress on lipid
membranes and nucleic acids (Folkes and Wardman 2001; de
Melo et al. 2004). IAA enhances apoptosis, necrosis (loss of mem-
brane integrity), chromatin condensation, and DNA fragmentation
(Wardman 2002). The present study performed biosynthesis of
zinc oxide nanoparticles using O. arabicus leaf extracts (OAZnO
NPs), and investigated their protection against oxidative stress,
genotoxicity, and cytotoxicity (apoptosis) induced by IAA in an
experimental animal model (mice).
Fig. 1. Schematic representation of experimental plan for the treatment of mice in
different six groups. DW*, distilled water.
2. Materials and methods

2.1. Plant material and preparation of the extract

Fresh O. arabicus leaves were randomly collected (November
2019) from wild habitat around Riyadh, Saudi Arabia
(24�4301000N, 46�3605500E). The plant species was documented by
plant taxonomists in the Centre of Biodiversity and Plant Taxon-
omy, Department of Botany, King Saud University. The collected
leaves (50 gm) were rinsed thoroughly with MilliQ water, then
cut into small sections. The leaves from sterile stems were air-
dried in the dark at 20 ± 5 �C for 12 days. Dried plant leaves were
made powder using an electric blender. Finally, an aqueous extract
was prepared as described by Santhoshkumar et al. (2017), with
slight modifications.

2.2. Biosynthesis and characterization of ZnO NPs

ZnO NPs were biosynthesized as described by Chaudhuri and
Malodia (2017). Briefly, 2.195 g zinc acetate dihydrate (Lot #
MKBQ7110v obtained from Sigma-Aldrich) mixed with 35 mL
Milli-Q water was dissolved in 10 mL of O. arabicus leaf extract.
The reaction mixture was stirred for 6 h. Two molar NaOH (ob-
tained from Sigma-Aldrich) was added to the solution, and incu-
bated overnight at 60 �C with magnetic stirring (Chaudhuri and
Malodia 2017). The mixture was then centrifuged at 10,000 rpm
for 10 min and the precipitate was washed twice with distilled
water. The precipitate was dried at 60 �C in an incubator. The fine
powder was used for characterization using a scanning electron
microscope (SEM), Energy dispersive X -ray spectoroscopy (EDX),
X-ray diffraction (XRD), and ultraviolet–visible spectroscopy
(UV–Vis spectroscopy) (Chaudhuri and Malodia 2017).

2.3. Selection of doses

A short term acute toxicity test was conducted in mice to deter-
mine LD50 doses of OAZnO NPs and IAA (Sigma chemical company,
7191
USA). The LD50 value of OAZnO NPs and IAA were 150, and 100 mg/
kg BW, respectively. Treatments were administered using oral gav-
age. OAZnO NPs and IAA doses were 10 and 50 mg/kg of BW,
respectively, both notably below LD50 values (Hassan et al. 2019).

2.4. Animals and treatment

Male mice (SWR/J) between 10 and 12 weeks old, weighing (25–
28) g, were selected randomly. Mice were purchased from the Exper-
imental Animal Care Center, Department of Pharmacy, King Saud
University, Riyadh, KSA. Animals were housed in cages and main-
tained in an environmentally controlled room with a temperature of
22 �C, a relative humidity of 45%, and a dark/light cycle of 12 h. They
were providedwith food (commercial mouse pellets) andwater ad li-
bitum throughout the experiment. All protocols were followed, and
experiments conducted in strict compliance with the ethical princi-
plesandguidelinesof theAnimalEthicsCommittee,KingSaudUniver-
sity, Riyadh, KSA (Ethics References No. SE-19–127).

The experiment consisted of six groups (n = 6): pre-,
simultaneous- and post-treatment groups, an OAZnO NPs treat-
ment group, and positive (IAA) and negative (distilled water) con-
trol groups. After 22 days of treatment, mice were euthanized by
cervical dislocation. Bone marrow, liver tissues, and peripheral
blood were collected for analysis. The following treatments were
administered to mice of different groups via gavage for 22 days.

Control group (distilled water 0.5 mL/kg BW), OAZnO NPs group
(10 mg/kg BW), IAA (50 mg/kg BW); simultaneous treatment group
OAZnO NPs (10 mg/kg BW) and IAA (50 mg/kg BW), pre-treatment
group OAZnO NPs (10 mg/kg BW) for 18 days followed by IAA
(50 mg/kg BW) until the 22nd day (four days), and post-
treatment group IAA (50 mg/kg BW) on the first four days and then
OAZnO NPs (10 mg/kg BW) for the next 18 days. Fig. 1 is showing
the experimental plan for the treatment of mice in six different
groups through a scheme.

2.5. ROS assay

A commercial kit (Image-iTTM LIVE Green ROS Detection Kit,
Molecular Probes, USA) was used to determine ROS levels in bone
marrow cells. Mice were euthanized by cervical dislocation, and
bone marrow was removed (Bagri and Jain 2019). Bone marrow
cells were mixed well with NaCl (0.9%), and 100 mL of cell suspen-
sion was stained with the working solution (25 mM) of carboxy-
H2DCFDA stain provided in the kit. Liver cells were incubated at
38 �C in a water bath for 35 min. Quantitative analysis was per-
formed as described by Liu et al. (2018). Similarly, qualitative anal-
ysis of ROS generation by fluorescence microscopic imaging was
performed by transferring 10–20 mL of cells onto a glass slide.
The images were captured using appropriate filter settings with a
microscope (Olympus BX41, Japan) fitted with a fluorescence
attachment and CCD camera.
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2.6. Comet assay

Bone marrow cells were used for the comet assay. Cell suspen-
sion was embedded in layers of agarose gel on slides and allowed
to unwind for 20 min in electrophoresis buffer (pH > 13), followed
by electrophoresis for 25 min. Slides were stained with 15 mg/mL of
ethidium bromide and analyzed under a fluorescence microscope
using an appropriate filter. Alkaline comet tests for DNA damage
were performed as previously described (Zhang et al. 2018a).
Lengths of the comet tails were divided into five classes (0, 1, 2,
3, and 4), and total DNA damage points were calculated as
described by Ali et al. (2019).
2.7. TUNEL assay

Liver tissue paraffin sections obtained from treated and control
mice were used for the detection of DNA fragmentation using a
TUNEL assay kit (FITC-labeled, Genescript, USA). Briefly, tissue sam-
ples were processed following themanufacturer’s protocol. 50 lL of
TUNEL ReactionMixture was added to each sample. A coverslip was
placed over the sample and incubated for 50–60 min at 37–38 �C
Fig. 2. (A) The color of reaction mixtures changed from yellow to white (B) UV–

Fig. 3. (A) Scanning electron microphotograph of OAZnO NPs at 30,000� mag
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under moist conditions in the dark. The slides were washed three
times with a 70% saline solution for 4–5 min and changes were
observed under a fluorescencemicroscopewith an excitationwave-
length of 450–500 nm and an emission wavelength of 515–565 nm.

2.8. Annexin V-FITC apoptosis assay by flow cytometry

After treatment, liver cell suspensions were prepared in PBS
using a cell strainer with 100 mm pore size. Samples of liver cell
suspensions were washed and centrifuged. After the final wash,
cells were resuspended in 100 mL of 1� binding buffer. The cell sus-
pension were stained using a commercial kit containing Annexin-
V-FITC and propidium iodide (BD Biosciences, San Jose, CA, USA)
for the differentiation of early and late apoptotic and necrotic cells
using flow cytometry (BD FACS Calibur).
2.9. Micronucleus (MN) test

MN tests on peripheral blood were performed as described by
Hayashi et al. (1988) and Hayashi (2016), with some modifications.
Peripheral blood was collected by cutting tail tips. Blood smears
vis spectrum for OAZnO NPs showing absorption at wavelength at 320 nm.

nifications, (B) and (C) elementals weight percent from the EDX pattern.



Fig. 4. X-ray diffraction (XRD) pattern of OAZnO NPs.

Table 1
Genotoxic effect of all treatments on bone marrow cells in Mice using the comet assay.

Group Total Count Cells per damage class Total DNA damage %Total DNA damage TDS

0 1 2 3 4

Control 500 465 30 5 0 0 35 7 40
OAZnO NPs 500 450 30 15 3 2 50 10 77
AAI 500 360 70 51 10 9 140 28 238**

Per-treatment 500 411 51 31 4 3 89 17.8 137*
Post-treatment 500 410 54 30 3 3 90 18 135*
Simu-treatment 500 445 30 20 3 2 55 11 87

TDS: total damage score.
* p < 0.05.
** p < 0.01.
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were prepared on clean microscope slides, air-dried, fixed in abso-
lute methanol for 10 min, and stained with acridine orange
(125 mg/mL in pH 6.8 phosphate buffer) just before evaluation.
Slides were coded and observed using a fluorescence microscope
(Olympus, BX41, Tokyo, Japan) at 40� magnification with appro-
priate filter settings. Micronucleated cells were identified by scor-
ing 2000 polychromatic erythrocytes (PCEs) per animal to identify
clastogenic and aneugenic potential of the test compound. Possible
cytotoxic effects were assessed using the PCE/NCE (normal/chro-
matic erythrocyte) ratio in 200 erythrocytes/animals (Gollapudi
and McFadden 1995).
2.10. Chromosomal aberrations

After treatments, mice were injected with 0.05% colchicine
(0.1–0.12 mL/kg BW). After 1.30–2 h., mice were euthanized by
cervical dislocation. Chromosome aberrations were tested in bone
Table 2
Frequency of micronucleus induced treatments in the peripheral blood of mice exposed t

Groups No. all cells No. NCE No. PCE

Control 8000 7843 157
OAZnO NPs 8000 7881 119
IAA 8000 7937 63
pre-treatment 8000 7930 70
post-treatment 8000 7926 74
simu-treatment 8000 7883 117

Columns with different superscripts are significantly affects a-e (P < 0.001).
Values were represented as means ± SE.
2000 PCE were analyzed for each animal (n = 4).
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marrow cells as previously reported (Abou-Tarboush and Abdel-
Samad 2010), and accurately described by Prasad et al. (2009).
Cells were stained with 10% Giemsa and analyzed following the
methods of Al-Anazi (2015). Briefly, structural changes (breaks,
gaps, acentric fragments, etc.) and numerical aberrations were ana-
lyzed under an Olympus� BX41 microscope using a 100� oil
immersion objective lens. Mitotic index was also calculated by
observing 2000 cells from each animal (n = 4) (Al-Anazi, 2015).
2.11. Statistical analysis

All experiments were performed in triplicate to assure data
reproducibility. Data are presented as mean ± SE. One -way ANOVA
was used to determine the significance of the data. P-values < 0.05
were considered statistically significant. Statistical analyses were
performed with SPSS software (SPSS Inc., Chicago, IL, USA).
o indicate doses 22 day duration.

No. MN PCE / NCE mean ± SE MN/PCE mean ± SE

5 2.00 ± 0.22a 3.19 ± 0.29a

7 1.51 ± 0.23a 5.9 ± 0.23a

21 0.79 ± 0.25b 33.59 ± 0.22b

13 0.88 ± 0.21c 18.56 ± 0.20c

14 0.93 ± 0.21c 18.95 ± 0.26c

15 1.49 ± 0.22a 12.71 ± 0.23c



Fig. 5. Representative images of bone marrow cells of mice stained with DCFDA showing generation of reactive oxygen species (ROS). (A) Control, (B) IAA (50 mg/kg) BW, (C)
pretreatment, and (D) simultaneous treatment. Magnification; 20�. (E) Effect of treatments on the ROS generation of liver cells in mice. An increase or decrease in ROS level is
shown as a percentage relative to the control, set at 100%. **Significant (p < 0.01).

Table 3
Genotoxic effect of all treatments on bone marrow cells in mice using the chromosome aberration.

Groups No. of Metaphase Numerical aberrations Mean (%) ± SD Structural aberrations Mean (%) ± SD

Hypo Hyper Poly B R F CAd D Pulv

Controls 200 3 3 1 2.6 ± 0.75 1 1 5 6 0 2 5.96 ± 0.77
OAZnO NPs 200 21 6 5 3.65 ± 1.54 4 4 7 6 5 10 10.42 ± 2.2*
IAA 200 13 7 9 7.15 ± 1.88* 3 2 4 7 3 5 22.06 ± 2.2*
Per-treatment 200 9 2 5 4.34 ± 1.22* 3 4 6 8 4 2 18.3 ± 3.12*
Post-treatment 200 16 11 4 4.97 ± 2.1* 4 3 6 12 5 9 18.98 ± 2.7*
Simu-treatment 200 3 4 2 3.74 ± 0.88 1 0 4 5 0 2 15 ± 0.65

* Significant (p < 0.05) Hypo- Hypoploidy; Hyper- Hyperploidy; Poly- Polyploidy; B- Break; R- Ring; F- Fragment; Cad- Centromeric Adhesion; D- Deletion; Pulv-
Pulverization.
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3. Results

3.1. Biosynthesis and characterization of ZnONPs

UV–visible spectral analysis was used to investigate reducing
capacity of O. arabicus aqueous extract used for the biosynthesis
of ZnO NPs. The color of the reaction mixture was initially yellow-
ish, then changed to off-white Fig. 2A. This change in color was
observed at 372 nm. UV–visible spectra of synthesized
microwave-assisted ZnO NPs are shown in Fig. 2B.

Scanning electron microscopic images show variations in the
size and shape of NPs (Fig. 3A). Two-dimensional geometry of
Fig. 6. Representative images of bone marrow cells of mice stained with ethidium brom
treatment, and (D) simultaneous treatment. Magnification; 40�. (E) The effect of differ
damage is shown as a percentage relative to control. **Significant (p < 0.01).
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the NPs was identified as circular, elliptical, and slightly hexagonal
or irregular. Average size of the NPs was 55 nm. The EDX pattern
identifies zinc with the highest elemental weight percent
(55.94%) (Fig. 3B). Oxygen, carbon, and Sulphur made up 13.60,
7.76, and 22.71%, respectively (Fig. 3C).

X-ray diffraction (XRD) was used to measure average nanopar-
ticle sizes. The diffraction pattern biosynthesized ZnO NPs is pro-
vided in Fig. 4. Bragg reflection was set to be prominent at (2h),
where values were observed at 33�, 35�, 38�, 44�, 59�, 62�, 65�,
65�, 71�, 74�, 78�, and 83� with intensities of 100, 002, 101, 102,
110, 103, 200, 112, 201, 004, 202, and 102, respectively. The full
width-at-half-maximum value of 45� was used to account for NP
ide showing DNA damage analyzed by comet assay. (A) Control, (B) IAA, (C) post-
ent treatments on the % total DNA damage. An increase or decrease of total DNA
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size. The average NP size was 55 nm. This value is consistent with
the results obtained using SEM.

3.2. ROS assay

After treatments, a substantial increase in ROS generation in the
bone marrow cells was reflected by the intensity of green fluores-
cence compared with the control mice, where low levels of fluores-
cence were detected (Fig. 5A-D). Fluorescence in the OAZnO NPs
and simultaneous treatment groups was similar to the control
group. Fluorescence levels in pre- and post-treatment groups were
less intense compared to the IAA group. Quantitative estimates of
fluorescence showed that ROS in the IAA treatment group
increased significantly (p < 0.01) compared to other groups. A max-
imum ROS level of 115% was recorded after 22 days of treatment
with IAA (50 mg/kg of BW), while ROS levels were 6.56% after
treatment with OAZnO NPs (10 mg/kg of BW). Finally, the pre-
and post-treatment, as well as the simultaneous treatment group,
showed increases in ROS levels of 26.02%, 22.45%, and 11.59%,
respectively, compared with the control group (Fig. 5E). These
ROS levels were significantly lower than ROS levels in the IAA
group.

3.3. Comet assay

Representative images of comets obtained after treatments are
provided in Fig. 6 A-D, and quantitative results from this assay
were shown in Table 1 and Fig. 6E. Total damage scores in all treat-
ment groups were 238, 137, 135, 77, 87, and 40, for IAA, OAZnO
Fig. 7. Representative images of the liver cells of mice showing the effects of differen
simultaneous treatment, (C) pretreatment, and (D) IAA. Magnification; 20�.
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NPs, pre-, post- and simultaneous treatments, respectively. Signif-
icant differences (p < 0.01) in percentages of DNA fragmentation
between IAA and pre- and post-treatment groups but not simulta-
neous treatment and OAZnO NPs groups were noted when com-
pared with the control group.

3.4. Cytotoxicity analysis (apoptosis) by TUNEL assay

Representative images obtained from the TUNEL assay of apop-
totic effects of IAA, pre- and post-treatment, OAZnO NPs, and
simultaneous treatment are provided in Fig. 7A-D. An increase in
apoptosis in cells (green spots) was observed in pre- and post-
treatment groups compared with the control, OAZnO NPs, and
simultaneous treatment groups. The apoptotic cells stained by
TUNEL when treated with IAA remarkably increased, indicating
high numbers of hepatocytes as a result of IAA intoxication.

3.5. Annexin-V apoptosis assay using flow cytometry

Apoptosis was measured using flow cytometry. In controls, only
1.56% of cells were in the late apoptosis stage (Annexin V + ve/PI +
ve), and necrosis was not observed (Fig. 8A-F). OAZnO NPs and
simultaneous treatments displayed no increase in early and late
apoptosis or necrosis. The highest early and late apoptosis and
necrosis events were observed in IAA exposed mice (10.14%,
7.63%, and 5.53%, respectively), percentages were lower in pre-
(8.32%, 7.2%, and 2.39%, respectively) and post-treatment (8.15%,
8.53%, and 4.04%, respectively) groups relative to the control group
(Fig. 8G).
t treatments on TUNEL apoptosis assay results (FITC-Labeled Kit). (A) Control, (B)



Fig. 8. Apoptosis detection by annexin V-FITC/PI staining of liver cells analyzed by flow cytometry showing (A) Control, (B) OAZnO NPs, (C) IAA alone, (D) post-treatment (E)
pretreatment, and (F) simultaneous treatment. (G) The effect of different treatments on the early and late apoptosis and necrosis of liver cells in mice. The values are
expressed as mean ± Standard Error (SE), (*Significant, p < 0.05).
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3.6. Micronucleus assay

Representative images of MN obtained after treatments of mice
were provided in Fig. 9A-D. Genotoxic effects are shown in Table 2
and Fig. 9E. The incidence of MN in the pre- and post-treatment
groups increased, and MN frequency increased significantly
(p < 0.01) in IAA-treated compared with control group mice. The
frequency of MN recorded after IAA was (33.59 ± 0.22). A frequency
of 12.71 ± 0.23 was observed for simultaneous treatment. IAA-
treated mice showed a significant (p < 0.01) decrease in numbers
(PCE/NCE) compared to other treatment groups. In summary, treat-
ments (pre- and post-treatment and simultaneous treatment) sig-
nificantly reduced the MN levels compared to that in the IAA
group.
7197
3.7. Chromosomal aberrations

Chromosome aberrations in mice after IAA, pre- and post-
treatment, OAZnO NPs, and simultaneous treatment showed a sig-
nificant increase compared with the controls (Table 3). The repre-
sentative images for normal and aberrant metaphases are shown in
Fig. 10A-D. Mitotic indices of bone marrow cells were shown in
Fig. 10E. Mitotic index significantly decreased (p < 0.05) in treat-
ment groups compared to the control groups.

4. Discussion

ZnO NPs were successfully synthesized in the present study. A
similar result was reported for synthesis of ZnO NPs with an inter-



Fig. 9. Representative images of peripheral blood cells of mice showing the effects of different treatments on MN. (A) Control, (B) simultaneous treatment, (C) pretreatment,
and (D) IAA alone. Magnification 40�. (E) The effect of different treatments on MN of bone marrow cells of mice. An increase or decrease of MN is shown as a percentage
relative to control. **Significant (p < 0.01).
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esting absorbance peak of approximately 372 nm (Al-Shabib et al.
2016, Khatami et al. 2018, Hassan et al. 2019). ZnO NPs synthe-
sized from leaf extracts of O. arabicus showed an absorption max-
imum in the range of 357–378 nm due to surface plasmon
resonance (Liu et al. 2016, Chaudhuri and Malodia 2017, Hassan
et al. 2019). SEM and EDX analyses are routinely used identifica-
7198
tion of the shape and size of nanoparticles. These parameters for
nanoparticles in this study were similar to the shape and size of
nanoparticles reported by Al-Shabib et al. (2018) and Hassan
et al. (2019). Dried powder of AOZnO NPs was used for X-ray
diffraction for an estimate of the size of the NPs. Results were
almost identical to results reported by Chaudhuri and Malodia



Fig. 10. Representative images of the bone marrow cells of mice stained with 10% Giemsa stain showing the effects of different treatments on chromosomal aberration. (A)
Control, (B) OAZnO NPs, (C) IAA, and (D) simultaneous treatment. Magnification; 100�. (B; Break, R; Ring, F; Fragment, D; Deletion). The white arrows indicate chromosomal
aberration. (E) Mitotic index for different treatments. **Significant (p < 0.01).
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(2017) for particles synthesized with Calotropis gigantea extracts,
with 2h values acquired at 32.25�, 34.88�, 36.70�, 47.97�, 56.99�,
63.23�, 66.79�, 68.33�, 69.43�, and 77.39�.

ROS are produced by organisms as a normal product of metabo-
lism. Free radicals and antioxidants are currently used to assess
underlying mechanisms of chronic diseases (Lobo et al. 2010). In
the present study, ROS generation was confirmed in IAA-injected
mice in all treatment groups. These results were like results in pre-
vious studies (Al-Shabib et al. 2016; Hassan et al. 2019). Short-
term oxidative stress may occur in tissues injured by trauma, infec-
7199
tion, heat, hyperoxia, toxins, or excessive exercise. The generation
of ROS is closely related to oxidative stress, and may cause toxicity
by damaging DNA, proteins, and lipids (Schieber and Chandel
2014). The generation of intracellular ROS leads to significant and
continuous changes in cell signal transduction and gene expression
that may lead to cell death via apoptosis or necrosis
(Bhattacharyya et al. 2014). IAA causes an increase in oxidative
stress associated with loss of membrane integrity, DNA fragmenta-
tion and chromatin condensation, and apoptosis (de Melo et al.
2004). As expected, IAA stimulated the generation of ROS, DNA
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damage, apoptosis, and MN and chromosome aberration compared
to the control group in this study. These findings are consistent
with previous studies (de Melo et al. 2004; Hassan et al. 2019).
Genotoxicity of IAA was evaluated by Salopek-Sondi et al. (2010);
however, mechanisms involved in apoptosis induced by IAA were
not determined. Antioxidant enzymes can detect Zn2+ ions in cells,
and these ions can augment the activity of primary antioxidant
enzymes in pretreated cells (Cho et al. 2011). In this study, the
treatment with OAZnO NPs (pre- and post-treatment and simulta-
neous) significantly reduced this damage. OAZnO NPs might have
entered target cells and may have blocked the production of oxi-
dizing enzymes (SOD, CAT, GR, and GPx), thereby reducing cell tox-
icity caused by IAA. Since natural phytochemicals present in O.
arabicus extract acted as a stabilizing and reducing agent for the
synthesis of ZnO NPs. The antioxidants, such as phenols would
attached to the biosynthesized ZnO NPs, might have suppressed
the expression of oxidizing enzymes and, thus, reduce generation
of ROS and DNA damage. Further, OAZnO NPs appear stable in alka-
line pH environments (Cho et al. 2011); however, when cellular pH
decreases because of increased ROS levels caused by IAA, cells
become semi-oxidized and, thus, the potential for apoptosis
increases.

Apoptosis is a complex process that involves numerous energy-
dependent molecular reactions (Redza-Dutordoir and Averill-
Bates, 2016). IAA-induced apoptosis was confirmed as the primary
mode of cytotoxicity using TUNEL and annexin V-FITC/ propidium
iodide assays, which are standard methods for apoptosis analysis.
A high rate of apoptosis in mice treated with IAA was observed.
However, when OAZnO NPs and simultaneous treatments were
administered, no increase in early and late apoptosis or necrosis
occurred. In vitro apoptosis leads to plasma membrane permeabi-
lization (secondary necrosis). However, this event does not occur
in vivo because apoptotic cells are digested by macrophages or sur-
rounding cells before plasma membranes become non-functional
(Zhang et al., 2018b).

MN frequency and chromosomal aberrations are essential for
measuring levels of DNA damage. Stimulation of the micronucleus
formation by chromosome fragmentation can be easily distin-
guished kinetically or by centromere detection using molecular
tests (OECD 2016). However, because most antioxidants prevent
ROS production and programmed cell death, OAZnO NPs may not
cause significant damage to DNA (Redza-Dutordoir and Averill-
Bates, 2016).

The fundamental reason for conducting genotoxicity studies is
to evaluate a compound’s potential as a carcinogen, mutagen, or
teratogen (OECD 2016). OAZnO NPs appear to lack genotoxicity
since it fails to produce significant structural or numerical aberra-
tions. This lack of genotoxicity, again, may be due to high amounts
of antioxidants, such as phenols in O. arabicus. OAZnO NPs may
help maintain or return ROS generation normal levels and thus
ameliorated the effects of IAA.
5. Conclusion

The results of this study show increased ROS generation, DNA
damage, and apoptosis after exposure to IAA. IAA also induced
micronucleus formation and chromosomal aberrations, decreased
mitotic index and inhibited cell proliferation. The study also
demonstrates successful biosynthesis of ZnO NPs using O. arabicus
extracts. Further, oral OAZnO NPs administration to mice mitigates
IAA-induced genotoxicity and cytotoxicity. ZnO nanoparticles pro-
duced using O. arabicus extracts is thus a promising candidate drug
that requires further verification with mechanistic and in-vitro
studies.
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