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The liver is the most vital organ that could be influenced by inducers of hypersensitivity such as ovalbumin. The current study was
carried out to explore the effects of butterbur (Petasites hybridus) extract on the ovalbumin-induced liver hypersensitivity in Swiss
albino male mice. Animals were divided into 4 groups, 1** group served as a control group, 2™ group treated with daily oral
administration of 75mg/kg of butterbur extract, 3" group received single oral dose 100 mg/kg of ovalbumin to induce
hypersensitivity, and 4™ group treated with oral administration of butterbur extract one-day post to the hypersensitivity
induction. Ovalbumin induces a significant increase in the activity of liver enzymes and MDA and decreased the activity of CAT
after the ovalbumin treatment. Histopathological investigations revealed marked pathological alterations in liver tissues in the
form of hyaline degeneration and fibrosis. Additionally, heavy immune response indicated by immunostaining of MDA and
TNF-a could be observed. In contrast, posttreatment with butterbur extract after hypersensitivity induction resulted in a
significant decrease of liver enzymes and oxidative stress and reduced the inflammation and fibrosis of liver tissues. These
results suggest that butterbur extract is considered as anti-inflammatory and antioxidant therapeutic herb for hypersensitivity
treatment of liver.

1. Introduction

The liver is the largest organ in the mammalian body that
plays a main role in proteins, lipids, and carbohydrate metab-
olism [1]. Additionally, it plays a vital role to remove bacteria,
viruses, and exogenous antigens from the systemic circula-
tion. However, the liver might be subjected to injury associ-
ated with its role [2-5]. On the other hand, ovalbumin is
known to induce asthma by causing chronic airway inflam-
mation manifested by infiltration of neutrophils, eosinophils,
and lymphocytes into bronchial lumen with increasing of
reactive nitrogen and reactive oxygen species (ROS) levels.
Inflammation and ROS production might induce liver injury,
as well as lung damage ([6, 7]; Abdsmall et al., 2018).
Nowadays, herbal remedies attract growing interest as an
alternative of chemical therapy, because of their potential
role in reducing pathological changes and oxidative stress

([8-10]; 5 [11]). Petasites hybridus or butterbur is considered
one of the best remedies in treating asthma, cough, plague,
and fever [12-14]. The main active constituents of butterbur
are petasin and isopetasin [15]. Both are responsible for the
inhibition of leukotriene synthesis and consequently, inflam-
mation. Therefore, it had been suggested that butterbur is
able to effectively treat urinary disorders, obstructive bron-
chitis, and bile obstruction, as well as liver and intestinal dis-
orders [16, 17]. In this study, we illustrate the potential effect
of butterbur extract to reduce the ovalbumin-induced inflam-
mation and liver damages in albino mice.

2. Materials and Methods

2.1. Animals. Male mice of the Swiss albino strain aged 12
weeks and weighing 25 + 5g were used for the experiment.
The animals were acclimated to 22(+1) °C and maintained
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under conditions of 12 h periods of light and dark, with free
access to clean water and commercial mice food. The animals
were housed in polypropylene cages inside a well-ventilated
room. The experiments were approved by the board of stud-
ies, College of Science, King Saud University, Riyadh, Saudi
Arabia. The animals which were used in this study were
maintained and used by following the local and international
guidelines for the use and care of laboratory animals.

2.2. Chemicals. Ovalbumin (cat # 02230) was purchased from
LOBA CHEMIE, Colaba, Mumbai, Maharashtra 400005,
India. Butterbur extract powder (Petasites hybridus) was
from Swanson Health Products Company, 075 40th Ave S,
Fargo, ND 58104, USA.

2.3. Experimental Design. Mice were distributed into four
experimental groups each containing 10 mice. Animals were
randomly divided into 4 groups, 1* group served as the con-
trol group, 2™ group treated with daily oral administration of
75 mg/kg of butterbur extract [18], 3" group received single
oral dose 100 mg/kg of ovalbumin to induce hypersensitivity
[19], and 4™ group treated with oral administration of but-
terbur extract one-day post to the hypersensitivity induction.
Oral gavage was used for the administration of each of the
medication. The experiment lasted for 45 days. At the end
of the 45 days, the animals were sacrificed, and the blood
was collected without anticoagulant and centrifuged at
3000 rpm for 15 minutes to separate the sera and stored at
-80°C until used. Livers were collected, cut, and fixed in
10% neutral buffered formalin.

2.4. Liver Index. At the end of the experimental period, each
mouse was weighed; livers were removed and weighed. Liver
index was calculated by dividing the weight of liver by the
body weight and then multiplying by 100 [20].

2.5. Biochemical Analysis. Sera were used for the estimation
of ALT, AST, creatinine, and BUN according to Pratt and
Kaplan [21].

2.6. Catalase (CAT). Catalase activity in liver homogenate
was assayed by the method according to [22]. The assay
depends on the ability of the enzyme to inhibit
phenazinemethosulphate-mediated reduction of nitro blue
tetrazolium dye and measured at 560nm (Bio-systems,
BTS-350, Spain). The concentration of produced CAT has
been expressed as nanomole per gram.

2.7. Lipid Peroxidation (MDA). Lipid peroxidation in liver
homogenate was determined according to the method of
[23]. It determined by the absorbance at 535nm (Bio-sys-
tems, BTS-350, Spain). The concentration of produced
MDA has been expressed as nanomole per gram.

2.8. Histopathological Analysis. Livers were collected and cut
into small pieces and fixed in 10% neutral buffered formalin.
Following fixation, specimens were dehydrated, embedded in
wax, and then sectioned into 5 ym thickness sections. Stain-
ing was performed using hematoxylin/eosin and Masson’s
trichrome as described elsewhere [24]. Sections were exam-
ined under light microscope, and images were taken at 400x.

Oxidative Medicine and Cellular Longevity

2.9. Immunohistochemical Analysis. The sections were pre-
pared and mounted on electrostatic slides. Sections were
deparaffinized in xylene and rehydrated in descending con-
centration of ethanol and finally in distilled water. Sections
were heated in citrate buffer (pH = 6) within microwave for
5 minutes and washed with PBS buffer for 5 minutes.
Sections were incubated in peroxidase blocking solution for
10 minutes and incubated overnight at 4°C in diluted pri-
mary antibodies (1:1000) anti-malondialdehyde (ab194225,
Abcam) and anti-TNF-a antibody (ab1793, Abcam). Sec-
tions were rinsed with PBS buffer 3 times each for 5 minutes
and incubated with biotinylated goat anti-mouse (ab128976)
for 30 minutes at room temperature, followed by incubation
in avidin-biotin complex for 30 min. The sections were then
rinsed 3 times with PBS each for 5 minutes and incubated
in DAB solution for 10 minutes. After that, Mayer’s hema-
toxylin was added. Finally, the sections were dehydrated
using ascending concentrations of ethanol and cleared with
two washes of xylene. Sections were mounted, and images
were taken at 400x. Images were analyzed using the Fiji
software to calculate the optical density using the formula
OD =log (max intensity/mean intensity), where the max
intensity = 255 for 8-bit images.

2.10. Statistical Analysis. One-way ANOVA was carried out,
and the statistical comparisons among the groups were per-
formed with Duncan’s test using a statistical package pro-
gram (SPSS version 16.0). Data=mean + standard error
of mean and p values <0.05 were considered significant.

3. Results

3.1. Posttreatment with Butterbur Extract Decreases the Liver
Index of Ovalbumin-Treated Mice. To investigate the effect of
butterbur extract on the ovalbumin-induced liver abnormal-
ities in mice, liver index has been calculated. As shown in
(Figure 1(a)), we could observe an insignificant decrease in
liver index in butterbur-treated animals in comparison to
the untreated controls. In contrast, ovalbumin-treated ani-
mal showed an increase in liver index in comparison to the
control animals. However, posttreatment with butterbur
(75mg/kg) insignificantly decreases the liver index of the
ovalbumin-treated animals.

3.2. Butterbur Extract Improves Liver Function of
Ovalbumin-Treated Mice. Liver function in mice was assessed
by measuring the level of liver enzymes (ALT and AST) in
treated mice and control group. The group that received but-
terbur extract showed insignificant changes compared to the
control group in all tested animals. In contrast, ovalbumin
administration induced a significant increase of ALT and
AST activities (Figures 1(b) and 1(c), respectively), whereas,
posttreatment with butterbur seems to rescue the liver toxicity
induced by ovalbumin. Indeed, ALT and AST activities
dropped significantly compared to ovalbumin-treated mice
as shown in Figures 1(b) and 1(c), respectively.

3.3. Butterbur Extract Lowers the Ovalbumin-Induced
Oxidative Stress in Mice Liver. We further investigated the
effect of butterbur extract on the ovalbumin-treated mice.
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F1GURe 1: Effects on liver index and liver functions. (a) Histogram of liver index showing a significant increase of the group treated with
100 mg/kg ovalbumin compared to the control group and a significant decrease in the posttreated group with 75 mg/kg of butterbur
extract. (b, ¢) Ovalbumin (100 mg/kg) induces a significant increase of ALT and AST activities of treated mice, respectively, compared to
the control mice. Posttreatment with butterbur extract (75mg/ml) induces a significant decrease of both activities. Data = mean + the
standard error of mean. **Significant compared to the control group. *"Significant compared to the ovalbumin group. p < 0.05.

The oxidative stress level was detected by measuring the
known oxidative stress markers CAT and MDA in liver
homogenate. The results are shown in Figure 2. Mice livers
treated with butterbur extract displayed an insignificant
change in CAT and MDA activities compared to the
untreated control group. In contrast, we measured a signifi-
cant decrease of CAT activity, as well as a significant
increase of MDA activity in ovalbumin-treated mice com-
pared to the untreated control group, whereas posttreatment

of butterbur extract resulted in an insignificant increase of
CAT activity and a significant decrease of MDA activity
compared to ovalbumin-treated group that referred to the
effective role of butterbur extract to lower the oxidative
stress induced by ovalbumin.

3.4. Butterbur Extract Posttreatment Improves the Pathological
Abnormalities Induced by Ovalbumin Treatment in Mice
Liver. We further explored the effect of butterbur extract on
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FIGURE 2: Butterbur extract lowers oxidative stress induced by the ovalbumin in mice liver. Histograms of oxidative stress activity. (a)
Ovalbumin treatment (100 mg/kg) shows a significant decrease of CAT activity compared to control and an insignificant increase in the
posttreated mice group with 75 mg/kg of butterbur extract. (b) Ovalbumin treatment (100 mg/kg) reveals a significant increase of MDA
activity compared to the control group. Posttreatment with butterbur extract (75 mg/kg) displays a significant decrease of MDA activity.
Data = mean + the standard error of mean. **Significant compared to the control group. **Significant compared to the ovalbumin group.

p<0.05.

the ovalbumin-induced toxicity using histochemical analysis
of treated and nontreated liver sections. As shown in
(Figure 3(a)), control liver section exhibited normal liver tis-
sue that consisted of central vein surrounded by network of
hepatocytes separated from each other by blood sinusoids
with Kupffer cells. Similar results could be obtained in
butterbur-treated animals. However, activation of Kupffer
cells could be observed here (Figure 3(b)). In contrast, liver
section of mice treated with ovalbumin exhibited marked
pathological abnormalities, manifested by accumulation of
large infiltration cells and giant macrophages. Furthermore,
hyaline degeneration, fibrosis, and necrotic foci could be
also observed (Figure 3(c)). In contrast, posttreatment with

butterbur extract revealed healthy hepatocytes with some
Kupffer cell activation and a few numbers of scattered
inflammatory cells (Figure 3(d)).

On the other side, Masson’s trichrome-stained liver
sections revealed no collagenous fiber depositions in both
control and mice group treated with butterbur extract
(Figures 3(e) and 3(f)), whereas the liver section treated with
ovalbumin displayed heavy incidence of collagenous fiber
depositions between hyaline-degenerated hepatocytes and
around the vein (Figure 3(g)). Posttreatment of butterbur
extract showed less depositions of collagenous fibers sur-
rounding the vein and a few numbers of inflammatory cells

(Figure 3(h)).
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FIGURE 3: Posttreatment with butterbur extract reduces the pathological singe induces after ovalbumin treatment. Photomicrographs of liver
showing (a) normal control liver; (b) normal structure of liver in the group treated with butterbur extract (75 mg/kg); (c) liver of the group
treated with (100 mg/kg) ovalbumin shows great aggregations of inflammatory cells (labelled I), giant macrophage (green arrow), and hyaline
degeneration (black arrows); (d) liver of the group posttreated with butterbur extract shows healthy hepatocytes, activation of Kuppfer cells
(black arrow), and inflammatory cells (green arrows) (H&E-400x scale 10 ym); (e) no fibrosis in control liver; (f) no collagenous fibers in the
liver of the group treated with butterbur; (g) liver of the group treated with ovalbumin (100 mg/kg) reveals depositions of collagenous fibers
surrounded the vein and in between hyaline-degenerated hepatocytes (black arrows); (h) liver of the group posttreated with butterbur extract
(75 mg/kg) displays less depositions of collagenous fibers (green arrows), inflammatory cells (red arrows), and activation of Kuppfer cells

(black arrows) (M.Tr.-400x; scale bar = 10 ym).

3.5. Butterbur Extract Posttreatment Lowers the Ovalbumin-
Induced Oxidative Stress and Inflammation in Mice Liver.
As shown in Figures 4(a) and 4(b), control group and
butterbur-treated groups showed no immune response against
MDA and TNF-« antibodies, whereas the group treated with
ovalbumin revealed strong immune response manifested by
intense brown spots against MDA (Figure 4(c)) and also
against TNF-a. Interestingly, the last spots were mainly con-
centrated in leukocytes (Figure 4(g)). In addition to a signif-

icant increase of optical density compared to the control
group (Figure 5), butterbur extract posttreatment resulted
in a weak immune response against MDA (Figure 4(d)) and
TNF-« (Figure 4(h)). Furthermore, optical density revealed
a significant decrease compared to the ovalbumin-treated
group (Figure 5).

Collectively, our results suggest a positive effect of butter-
bur extract on the reduction of oxidative stress and inflam-
mation induced by ovalbumin.
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FIGURE 4: Posttreatment with butterbur extract reduces MDA and TNF-« in ovalbumin-treated liver. Photomicrographs of liver sections
stained immunohistochemically (a) no immune response against MDA in the control group, (b) no immune response in the group treated
with butterbur extract (75 mg/kg), (c) intense immune response against MDA (arrows) in ovalbumin-treated group, (d) weak immune
response against MDA in the group posttreated with butterbur extract to ovalbumin, (e) no immune response against TNF-« in the
control group, (f) no immune response in the group treated with butterbur extract, (g) strong immune reactivity against TNF-« in the
group treated with ovalbumin, and (h) weak immune reactivity against TNF-« in the group posttreated with butterbur extract to

ovalbumin (ABC-method 400x; scale bar = 10 ym).

4. Discussion

Ovalbumin has been reported to develop hypersensitivity in
lung tissues indicated by perbronchial and perivascular cell
inflammation composed principally of eosinophils and lym-
phocytes [25]. Additionally, ovalbumin induces hypersecre-
tion of mucus in treated animals, which considers the
prominent histopathological features of ovalbumin-induced
hypersensitivity [26]. Furthermore, it considered as a potent
allergen that causes activation of allergic mediators such as
mast cells, inflammatory cytokines, eosinophils, and hista-
mine, which have been recognized to play a key role in
inflammatory reactions against ovalbumin upon exposure
[27, 28]. To our knowledge, the induction of hypersensitivity
through ovalbumin in the liver has not been reported. There-
fore, the biochemical and pathological changes in the liver
after ovalbumin treatment had been highlighted for the first
time in this study. The ovalbumin treatment exhibited high
levels of liver enzymes due to severe degeneration of hepato-
cytes, besides accumulation of large aggregations of inflam-
matory cells and macrophages, in addition to the induction
of hyaline degeneration, necrosis, and fibrosis.

Some studies have indicated that allergens in general
lead to autoimmune inflammation in the liver such as
granulocytic and lymphocytic cell inflammation, granulo-
mas, necrosis, and fibrosis [6, 29, 30]. Indeed, the present
study illustrated that ovalbumin induced hypersensitivity in
the form of heavy oxidative stress in treated mice. This
hypersensitivity is manifested by the high level of MDA
activity and the significant decrease of CAT activity in liver
homogenate. Additionally, the immunohistochemistry study
showed high incidence of MDA in the liver tissue and strong
immune reactivity against TNF-a.

Butterbur is a herbaceous plant, belonging to the Aster-
aceae, that has been used in folk medicine in Asia and
America for therapeutic of many illnesses such as fever,
respiratory diseases, spasms, and pain. Beside many other
compounds included in butterbur, two major compounds
(petasin and isopetasin) are suggested to be responsible for
the pharmacological effects of butterbur [31, 32]. The
extracts from butterbur are used to treat a variety of ail-
ments including spasms of the urogenital and digestive
tracts, asthma, migraines, and allergic rhinitis [33-35]. The
current study pointed out that butterbur extract is a potent
inhibitor of hypersensitivity induced by ovalbumin. This
finding had been suggested depending on the decrease of
hypersensitivity-related liver enzymes in response to butter-
bur extract treatment. Catalase is an important liver enzyme
that is dealing with oxidative stress and reactive oxygen spe-
cies. Ovalbumin reduced the activity of CAT in treated mice;
however, posttreatment with butterbur extract reinduces the
CAT activity. The activity CAT in addition to decreasing of
MDA and increasing of CAT activities that changed due to
ovalbumin administration that coincided with findings of
other study demonstrated that butterbur extract could
enhance the biochemical and oxidative stress which changes
by kainic acid [36]. It was reported that the intense antioxi-
dant effect of butterbur extract might be attributed to the
impact incidence of polyphenols, glycosides, and some
flavonoids as patuletin. On the other hand, the presence of
furofuran lignan called petaslignolide seemed to have pow-
erful antioxidant effect that exerts an effort to ameliorate
the hepatocellular damage by reducing oxidative stress
[37]. Moreover, treatment with butterbur extract after
hypersensitivity induction resulted in attenuation of patho-
logical signs resulted from hypersensitivity as inflammation,
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FiGure 5: Histograms of optical density of immunohistochemistry staining. (a) Optical density of images stained against MDA shows a
significant increase in the group treated with 100 mg/kg of ovalbumin and a significant decrease in the posttreated group with 75 mg/kg of
butterbur extract. (b) Optical density of images stained against TNF-« shows a significant increase in the group treated with 100 mg/kg of
ovalbumin and a significant decrease in the posttreated group with 75mg/kg of butterbur extract. Data = mean + the standard error of
mean. **Significant compared to the control group. *"Significant compared to the ovalbumin group. p < 0.05.

degeneration, and fibrosis that agreed with previous studies
which clarified that petasin and isoptasin of butterbur could
exert anti-inflammatory actions via inhibition of leukotriene
synthesis and cyclooxygenases [12]. Furthermore, decreasing
of oxidative stress and inflammation in the liver tissue was
clarified by immunohistochemistry. Altogether, our study
suggests the effectiveness of butterbur extract in the treat-
ment of ovalbumin-induced hypersensitivity in mice liver.

5. Conclusion

Present finding suggests that butterbur extract is considered
as an anti-inflammatory and an antioxidant therapeutic herb
for hypersensitivity treatment of liver.
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Silver nanoparticles are among the most significant diagnostic and therapeutic agents in the field of nanomedicines. In the current
study, the green chemistry approach was made to optimize a cost-effective synthesis protocol for silver nanoparticles from the
aqueous extract of the important anticancer plant Fagonia indica. We investigated the anticancer potential and possible
involvement of AgNPs in apoptosis. The biosynthesized AgNPs are stable (zeta potential, -16.3 mV) and spherical with a crystal
size range from 10 to 60 nm. The MTT cell viability assay shows concentration-dependent inhibition of the growth of Michigan
Cancer Foundation-7 (MCEF-7) cells (ICs,, 12.35 ug/mL). In addition, the fluorescent microscopic analysis shows activation of
caspases 3 and 9 by AgNPs that cause morphological changes (AO/EB assay) in the cell membrane and cause nuclear
condensation (DAPI assay) that eventually lead to apoptotic cell death (Annexin V/PI assay). It was also observed that
AgNPs generate reactive oxygen species (ROS) that modulate oxidative stress in MCF-7 cells. This is the first study that
reports the synthesis of a silver nanoparticle mediated by Fagonia indica extract and evaluation of the cellular and
molecular mechanism of apoptosis.

1. Introduction metal oxide nanoparticles have developed as a stimulating
area of research because of their widespread applications
[2-8]. Nanobiotechnology has noteworthy applications in

biomedical sciences as a field aiding therapeutics and diag-

Cancer of the breast is the most important cause of mortal-
ities in women all over the globe. Various chemotherapeutic

treatments can be applied for its treatment. However, they
are costly and accompanied by frightening side effects. In
addition, cells in breast cancer are becoming resistant to the
various available chemotherapies [1]. Therefore, it is manda-
tory to search for alternative treatment options that are effi-
cient, cost-effective, and biocompatible. Recently, metal and

nostics [9-11]. Recently, AgNPs have been comprehensively
researched because of their interesting physical, biochemical,
and therapeutic properties [12, 13].

Numerous chemical and physical methods are adopted
for the synthesis of AgNPs [14]. Although these methods
are effective, they come with some shortcomings. The chem-
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ical and physical methods require high energy resources
and generate toxic by-products and hazardous wastes [5,
15]. Recent researches indicate the presence of noxious
chemicals with the chemically synthesized nanoparticles
making them relatively unfavourable for biomedical appli-
cations [16]. To overcome the issue of energy balance and
toxic by-products, complete green methods are used for
the synthesis of AgNPs. Therefore, a paradigm shift is
observed towards the biological synthesis of AgNPs. Many
biological assets like plants, microbes, algae, and yeasts are
used to synthesize nanoparticles [17]. However, due to
their ample availability, low cost and a rich source of bior-
educing agents, plants, and plant products are the most
frequently used approach for the synthesis of nanoparticles
[18, 19]. Biosynthesis is beneficial over other methods
because of its low cost, rapidity, single step synthesis, high
yield, and biocompatibility [20]. Furthermore, the size can
be controlled easily by adjusting the salt concentrations,
pH, and temperature.

The interface of medicinal plants, nanoparticles, and can-
cer is an exciting horizon for the search of alternative and
cheap chemotherapeutics. Herein, we optimized a complete
green protocol for the phytosynthesis of AgNPs via aqueous
extracts of the medicinally important plant Fagonia indica.
Indigenous knowledge reveals potential anticancer proper-
ties of Fagonia indica. It is used in making herbal tea. Recent
research also indicated the significant anticancer potential of
Fagonia against MCEF-7 cells [21]. Hitherto, the biological
synthesis of AgNPs has been reported by researchers [13,
22, 23]; however, to date, no reports are available to study
the anticancer mechanism of the phytosynthesized AgNPs
mediated by the aqueous extract of Fagonia indica. This
novel study describes the biosynthesis of AgNPs and investi-
gates their cellular and molecular mechanisms of apoptosis
caused by the Fagonia extract-mediated AgNPs. Earlier stud-
ies show various biological properties of biogenic AgNPs,
such as antimicrobial [24-28], anticancerous [29-31], anti-
angiogenic, antiparasitic [32, 33], cytotoxic [34-37], and
antitumor [38, 39]. AgNPs have differential effects in the kill-
ing of cancer cells. Sanpui and his coworkers demonstrated
that AgNPs induced apoptosis by affecting the membrane
integrity and normal cellular functions [40]. Vasanth and
his colleagues reported apoptosis in human cervical cells by
treatment with AgNPs [29].

Chemotherapy and combinational chemotherapy are still
the common methods for the treatment of breast cancer [41].
However, due to their potential disadvantages, it is impera-
tive to look for alternative and effective treatments. The
current study was intended to synthesize silver nanoparti-
cles by a simple and ecofriendly process using medicinal
flora. Furthermore, the phytosynthesized AgNPs were
studied for their anticancer activities in MCF-7 breast can-
cer cells while their anticancer mechanism is unveiled
using different mechanistic assays.

2. Materials and Methods

2.1. Optimization of AgNP Biosynthesis. The stock solution of
Fagonia indica aqueous extract (5 mg/mL) and AgNO; (1 M)
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was prepared in distilled water. AgNO, (extra pure, Merck)
was diluted into 1, 2, 4, and 8 mM solutions. The extract
and AgNO; solution were mixed in the ratio of 1:2, 1:4,
1:8,and 1: 10. The reaction mixtures were kept at room tem-
perature and at 50, 60, 70, 80, and 90°C in the dark. The time-
dependent data were taken at an interval of 10, 20, 40, 60, 90,
and 120 min and 3, 4, and 5 hrs. The solution was stirred for 4
hours, and a color change was observed. For characterization,
the mixture was centrifuged for 20 min at 13,000 rpm to get
the pellet. The pellet was washed three times to remove any
unbound plant compounds with distilled water by repeated
centrifugation. Finally, the pellet was freeze-dried and lyoph-
ilized. The powder AgNPs obtained were further processed
for characterization.

2.2. Characterization of AgNPs. UV-vis (JASCO, V-530) with
aresolution of 1 nm in the range of 300 to 600 nm was used to
observe the reduction of Ag" ions in a colloidal solution. The
zeta potential and hydrodynamic size were calculated using a
Zetasizer (Malvern Instruments Ltd., U.K.). The crystalline
nature and size of the nanoparticles were confirmed through
X-ray diffraction analysis (X-ray diffractometer, Bruker D8
Advance) equipped with 40kV/30 Ma X-ray, 20/6 scanning
mode, CuKa radiation (A = 1.5418 A) and a fixed monochro-
mator in the range of 20-80 degrees. The Scherrer approxi-
mation (D =kA/B1/2 cos 0) was used to calculate the
average size of the nanoparticles. FT-IR was carried out at
Shimadzu (Shimadzu Corporation) to investigate the type
of functional groups involved in the reduction and capping
of nanoscale silver. The samples for electron microscopy
were gold coated (JEOL, Model No. JEC-1600), and images
were obtained by scanning electron microscope (ZEISS
EVO-MA 10, Oberkochen, Germany).

2.3. Cell Culture. Dulbecco’s modified Eagle’s medium
(DMEM) pH =7.2 to which 10% FBS was supplemented
was used to culture breast cancer MCF-7 cells. The media
were also added with gentamicin (100 U/mL) to prevent
any cross contamination. A humidified incubator with 5%
CO, was used to incubate cells. The cell population (80
—90%) was harvested using trypsin then washed in PBS and
used for further experiments.

2.4. Cell Viability Assays. The previously described protocol
of MTT cytotoxicity assessment with slight modifications
was used to investigate the viability of cells [42]. Cancer cells
were grown to a density of 2 x 10* cells/well for 24 hours and
then exposed to different test concentrations of AgNPs for 24
hours. After, PBS with added 5.0 mg/mL MTT was intro-
duced at the rate of 10 4L into each well and incubated for
another 4 hours. The introduction of MTT led to the forma-
tion of formazan crystals inside the live cells. DMSO (100 L)
was introduced for dissolving the formazan crystals, and the
readings were taken at 570nm using a microplate ELISA
reader (BioTek).

2.5. Morphological Study with Fluorescence Microscopy.
AgNP-treated MCF-7 cells were investigated by AO/EB fluo-
rescence staining techniques for determination of apoptosis
[43]. Briefly, six-well plates were used to culture MCEF-7 cells
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to a density of 1 x 10° cells per well for 24 hours. Cells were
then exposed to the already calculated inhibitory concentra-
tion (IC50,) for 24 hrs. Unexposed cells to AgNPs were taken
as the control. A mixture of the AO/EB dyes (20 yL) was pre-
pared by mixing the two dyes prepared initially at 100 yg/mL
in PBS each. After staining the treated and control samples,
these cells were monitored and imaged by fluorescence
microscope (Olympus) with excitation (488 nm) and emis-
sion (520 nm).

2.6. Observation of Chromatin Changes. 4,6-Diamidino-2-
phenylindole (DAPI) staining assay was used to further
examine the alterations of chromatin which is an integral
part of the process of apoptosis [44]. The fluorescent dye
DAPI was intended for the staining of nuclear DNA in cells
which have undergone the process of apoptosis. Briefly, cells
(MCF-7) were grown to the density of 1 x 10° cells/well and
introduced to the 24-well plates in the log phase followed
by 24h incubation. Afterwards, the IC, concentrations of
photosynthesized AgNPs were applied, and the culture was
kept for up to 24 hours. After the treatment, 1x PBS was used
to wash the cells which were fixed with 50 yL of water and
methanol mixed together in 1:1. 100 uL of the 1 ug/mL of
the DAPI dye was used for staining followed by incubation
at 37°C for 30 minutes in the dark. 20 L of PBS:glycerin
(1:1) was introduced to remove the excess dye. Changes in
chromatin were observed under inverted fluorescence micro-
scope (40x). Apoptotic cells were expressed in percentage cal-
culated as

amount of apoptotic nuclei
%apoptotic cells = < “ POP “ ) 100

amount of all cells
(1)

2.7. Cell Apoptosis Assay. The quantification of the extent of
apoptosis was performed by using Annexin V-FITC/PI dou-
ble staining assay [45]. Only the IC., concentration of AgNPs
was considered for the treatment. Briefly, washing was car-
ried out with PBS for the collected cells at least two times,
and then staining was carried out with PI and Annexin V-
FITC. Flow cytometry (Millipore Corporation, Billerica,
MA, USA) was performed. Number of live cells, necrotic
cells, late apoptotic cells, and early apoptotic cells were distin-
guished by direct counting of the cells.

2.8. Quantification of Caspase 3 and 9 Activities. Caspase 3
and 9 assay kits (Caspase-Glo® 3 and 9 reagents, Promega)
were used to quantify caspase activities. Briefly, 50,000
MCE-7 cells/well were seeded in a 96-well plate. The cells
were incubated in a 5% CO, humidified incubator at 37°C
for 24 hours. The 96-well plates containing AgNP-treated
and AgNP-untreated control cells were then allowed to equil-
ibrate at room temperature. 100 uL of Caspase-Glo® 3 or 9
reagent was added to each well of a 96-well plate (test well
and control) containing 100 uL of culture medium. The plate
was covered and the content mixed for 30 seconds at
500 rpm. The optical density was measured (ELISA reader,
BioTek) at 405 nm after incubation of the plate at room tem-
perature for 30 min.

2.9. ROS Assay in MCF-7 Cells. Dichlorofluorescein diacetate
(DCFDA) probes were used to investigate the intracellular
ROS production [46]. Briefly, the MCF-7 cells were seeded
in 12-well plates for 24 hours and then treated with the
IC,,, concentration of AgNPs for 24h. Trypsin EDTA was
used to detach the cells. The cells were washed with PBS
and resuspended in 200uL PBS containing a 10mM
DCFH-DA fluorescent probe. The reaction mixture was
incubated for 30 minutes at 37°C. The extent of ROS gener-
ated was measured through a fluorescent spectrophotometer.

2.10. Data Analysis. Cytotoxicity of the nanoparticles was
expressed as the concentration (ug/mL) inhibiting the
growth of 50% cells (IC;,). Data was analyzed through MS
Excel 2019, and IC,,, was estimated through TableCurve 2D
software. The graphs were prepared with OriginPro 8.1 and
GraphPad.

3. Results and Discussions

3.1. Biosynthesis. Biosynthesis of AgNPs using the green
route has been optimized using the extract of Fagonia indica.
Biological synthesis is considered the most adequate
method compared to the physical and chemical means.
Hitherto, while being effective, these physical and chemi-
cal synthesis methods are accompanied by certain disad-
vantages like cost, energy demands, and generation of
toxic hazardous waste streams [15, 47]. Furthermore, in
some reports, it was indicated that some toxic chemicals
could remain adhered with the nanoparticles synthesized
from chemical means which could not be used in bio-
medical applications [16, 48]. Therefore, biomodulated
synthesis of AgNPs is preferred. Fagonia indica is a very
important medicinal plant, and its therapeutic potential
is well documented. Recent reports suggested the signifi-
cant anticancer potential for the Fagonia species under
in vitro conditions [49]. The medicinal potential of Fago-
nia is attributed to the novel phenolic and flavonoid
chemical components, and these phytochemicals play the
role of chelation and stabilize the nanoparticles in their
biosynthesis. Although the biogenic synthesis of Ag nano-
particles has been reported successfully via plants, biosyn-
thesis using medicinal pants with anticancer potential is
rare. A mechanism proposed for the biosynthesis has been
suggested in Figure 1.

3.2. UV-Vis Spectrophotometry. Biomodulated synthesis of
AgNPs was optimized using different parameters. These
parameters include optimization by (a) precursor concen-
tration, (b) extract concentration, (c) temperature, and
(d) time. As the aqueous extracts were added to the pre-
cursor solution, a color change was observed which indi-
cates a successful reduction process. Figure 2 indicates
the variation in color from light brown to darkish brown
which can be attributed to the enhancement in the biore-
duction process.

Aqueous extract-mediated reduction of AgNO, in
AgNPs was monitored using a spectrophotometer in the
UV-visible range. The surface plasmon resonance was found
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FIGURE 1: Proposed mechanism of silver ion reduction by plant metabolite into silver nanoparticles.

to be ~430 nm. Results of the various optimization parame-
ters are presented in Figures 3(a)-3(d). The concentration
of 1mM AgNO, was found to be effective and yielded sil-
ver nanoparticles, while at higher concentrations, the bio-
synthesis was insignificant as indicated in Figure 3(a).
Therefore, the concentration of 1 mM was processed for
the further optimization experiments. Figure 3(b) suggests
the variation in concentrations of plant extracts by keeping
the concentration of the precursor as 1 mM as indicated in

Figure 3(b). Temperature-dependent biosynthesis was per-
formed by applying a varying degree of temperature with a
difference of 5°C between the ranges of 40°C to 60°C. It
can be observed that below 50°C, there was no formation
of AgNPs. Ag nanoparticle formation was indicated at
55°C and 60°C. The temperature of 60°C was considered
as the optimum temperature for biomodulated AgNP syn-
thesis. Furthermore, the formation of AgNPs was moni-
tored relative to time. Time-based optimization was
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FIGURE 2: Variation in color intensity of green silver nanoparticles
mediated at different AgNO, concentrations by leaf extracts
combined at the ratio of 1 to 10 (extract: AgNO;).

carried out from Ohr to 2hrs. It was investigated that the
biosynthesis was increased relative to the increase in the
time period. Biosynthesis was maximum after the duration
of 2hrs as deduced from Figure 3(d). Already optimized
parameters were used to carry out the biosynthesis. The
results of our study using UV-vis spectroscopy are consis-
tent with the earlier study reported using diverse plant
extracts [50-54].

3.3. X-Ray Diffraction (XRD). XRD analysis was used to
examine the crystallinity level of silver nanoparticles.
Figure 4 demonstrates the XRD pattern of biosynthesized
AgNPs. The obtained Bragg peaks were found to be con-
sistent with crystallographic reflections from 111 (35.68°),
200 (51.62°), 220 (65.86°), and 311 (77.95°) that corre-
sponds to the JCPDS pattern 04-0783. Average size was
calculated as 12.09nm using the Debye-Scherrer approxi-
mation [55]; the results accord with previous results
reported by Ullah et al. [56], Prakash et al. [57], and
Ajitha et al. [58].

3.4. Dynamic Light Scattering (DLS) Analysis. The size distri-
bution was further studied using the dynamic light scattering
technique. An average hydrodynamic particle size was calcu-
lated as 23.68 nm with a polydispersity index near 1. Our
result agrees with the particle size of 27 to 32 nm obtained
by Kotakadi et al. [59] using the leaf extract of Catharanthus
roseus. Anandalakshmi and coworkers reported a hydrody-
namic size of 150 nm with a diameter of 74nm [60]. Zeta
potential value is an indicator of the stability of the nanopar-
ticle which was calculated as -16.3 mV (Figure 5). The zeta
potential is the electric potential resulting from the distribu-
tion of charges which indirectly determine the stability of
nanoparticles in colloidal suspension [61]. Our results are
consistent with the earlier data reported by many research
groups [9, 62].

3.5. Scanning Electron Microscopy (SEM). SEM micrograph is
indicated in Figure 6. The figure shows polydispersed
nanoparticles with low agglomeration. The shape of the
nanoparticles was observed to be spherical (73.37 at the
200nm scale). Remya et al. obtained nanoscale silver with
a size range of 25-51 nm using Cassia fistula flower extract
[63]. The same type of results was reported in Acalypha

indica- and Syzygium alternifolium-mediated syntheses of
AgNPs [24, 64].

3.6. Cytotoxicity. 3-(4,5-Dimethylthiazol-2-Y1)-2,5-diphenyl-
tetrazolium bromide (MTT) cell viability assay was used to
determine the cytotoxicity of the extract and AgNPs in
MCEF-7 cells. The percent growth inhibition of the MCF-7
cells at different doses (5, 10, 20, 25, 50, 100 and
200 yg/mL) was compared to that of untreated cells.
Figure 7(a) shows a concentration-dependent growth inhi-
bition of in vitro cultured breast cancer cells. The IC,,
value was calculated as 12.35 yg/mL for AgNP-treated cells
and 25.09 ug/mL for extract-treated cells. This 50% cyto-
toxic concentration was used for further experiments in
this study. Earlier studies report the same type of results
studying the effect of green-synthesized AgNPs in MCF-7
cells [22, 65, 66].

3.7. Acridine Orange-Ethidium Bromide (AO/EB) Fluorescent
Assay. The AO/EB fluorescence microscopic staining
assay was used to observe the morphological changes in
MCEF-7 cells. AO/EB staining differentiates between apo-
ptotic and normal cells. Figure 8 shows the control
untreated, extract, and AgNP-treated cells at 12.35ug/mL
(AgNPs) and 25.09 ug/mL (extract) concentrations after
24 hours. The figure shows that the control cells did
not change and the cell remains green after staining,
whereas the color of the treated cells changed (orange),
indicating the apoptotic cells. Moreover, the treated cells
show membrane blebbing, shrinkage, and nuclear frag-
mentation. The same type of membrane changes was
observed in MCEF-7-treated cells of Morinda pubescens-
synthesized silver nanoparticles [67], Teucrium stocksia-
num extract-mediated AgNPs [23], Syzygium aromaticum
extract-mediated AgNPs [22, 68], and Solanum trilobatum
fruit extract silver nanoparticles [69].

3.8. Nuclear Morphology. The outcome of AgNPs on nuclear
changes was observed using the DAPI staining assay.
Figure 8 indicates significant changes in the morphology
of the chromatin nuclear material after DAPI staining
of AgNP and extract-treated cells for 24 hours compared
to the untreated control. It can be observed that the con-
trol cells have normal rounded nuclei with normal blue
color, whereas the treated cells have a bright color,
abnormal nuclei, and condensed chromatin with irregular
cell structure. These results are consistent with Ciftci
et al. [70]. Our results coincide with the previous studies
on the influence of green-synthesized AgNPs and plant
alkaloids on apoptosis in MCF-7 cells [22, 71, 72]. The
apoptosis was further confirmed with Annexin V/PI flow
cytometric assay.

3.9. Annexin V/Propidium Iodide Apoptosis Detection Assay.
To further confirm apoptosis, Annexin V/PI staining assay
was used. The assay demonstrated the apoptosis in cancer
cells exposed to AgNPs (12.35ug/mL) and extract
(25.09 pg/mL) for 24 hours. Figure 9 shows that untreated
cells did not display any significant apoptosis, whereas
extract and AgNP-treated cells become apoptotic after 24
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F1GURE 3: Optimization of different parameters for bioinspired synthesis of silver nanoparticles. UV-vis spectrum of AgNPs mediated by leaf
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nanoparticles, (c) effect of temperature, and (d) duration of time for synthesis of silver nanoparticles at different time intervals.

hours with early apoptotic cell populations of 43.05% and
an apoptotic population of 23.62%. Changes in the popu-
lation of viable cells indicate that the cell becomes apopto-
tic due to AgNP-inducing antitumor activities. Similarly,
Sriram and colleagues studied the anticancer effects of
AgNPs in a tumor model and observed a decrease in the
tumor volume [38]. Furthermore, silver nanoparticles
induce various biochemical pathways that are involved in
the enhanced anticancer activities in MCF-7 cells
(Figure 10). Liang et al. [73] and Venugopal et al. [68]
observed that green-synthesized silver nanoparticles conju-
gated with hyaluronic acid-induced apoptosis in cells via

autophagy, mitochondrial dysfunction, arrest of the cell
cycle, and causing lipid peroxidation.

3.10. Caspase 3 and 9 Activities. Apoptosis is the course
of programmed cellular death that manifests disassem-
bling of the intracellular components while avoiding
harm and inflammation of surrounding cells [74]. Cas-
pases are involved in the regulation of inflammatory
responses and cell death [75]. Functionally, caspases have
two main types, ie., effector (caspases 3, 6, and 7) and
initiator (caspases 2, 8, 9, and 10) caspases [76, 77]. Apo-
ptosis is initiated by the interaction of caspase 3 with
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caspases 8 and 9. This signal interaction also displays no
return in the apoptotic pathway [78]. The apoptosis was
further authenticated by measuring the level of the cas-
pase 3 and 9 production in AgNP and extract-treated
MCEF-7 cells over the untreated control group. Caspases
3 and 9 are the terminal phase inducer of program cell
death in cancer cells when activated by external stimuli.
The caspase 3 and 9 activities were twofold enhanced in
cells exposed to AgNPs and extract compared to control
(untreated) cells (Figure 11). The results are consistent
with that of Kikuchi et al. [79, 80]. Morphological
changes in the membrane and nucleus suggest the possible
role of silver nanoparticles in inducing apoptosis in cancer
cells [22]. During apoptosis, a series of initiator caspases,
e.g., caspase 9, and executioner caspases, e.g., caspase 3,
are expressed as an inactive zymogen in the cytoplasm
that helps in the program cell death [81, 82]. AgNPs acti-
vate these caspases 3 and 9 and some other reactive oxy-
gen species that cause DNA damage, endoplasmic
reticulum stress, misfolding of proteins, and apoptosis as

shown in Figure 10. It has been reported that on activa-
tion, caspase 3 cleaves and translocates caspase-activated
DNAse (CAD) that results in DNA fragmentation. DNA
fragmentation by endonuclease activity is considered as a
prominent event in the apoptosis which occurs in the early
stages [83]. The same type of observation was made by
Arora et al. studying the effect of AgNPs on cellular
responses [84].

3.11. Measurement of ROS (Reactive Oxygen Species). The
oxidative pressure made by the free radical produced in
response to the external stimuli is the premier cause of
apoptosis in cancer cells. Previous research indicates that
AgNPs cause oxidative stress and suppress the function
of tumor suppressor genes, reduce mitochondrial poten-
tial, and induce lipid peroxidation that results in cell apo-
ptosis [85]. A possible mechanism by which apoptosis is
manifested by AgNPs is shown in Figure 10. The produc-
tion of ROS was estimated after treating MCF-7 cells
with extract (25.09 ug/mL) and AgNPs (12.35pug/mL).
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The estimation of ROS equivalent to H,O, (uM) was
evaluated compared to the control untreated cell with a
different time interval. Figure 12 demonstrates the quan-
tification of ROS in AgNP- and extract-exposed cells
related to the control cells. However, AgNPs were more
efficient in the production of ROS as compared to
extract-treated cells. This may be due to the effect

wherein the plant extract has the ability to scavenge some
free radicals. The production of ROS was maximum after
16 hours, and it turned to decrease gradually. The effect
of ROS on cellular events depends on the concentrations
and duration of treatment. A typical response of cellular
events during stress condition is the cell cycle arrest at
the G, phase, mitochondrial dysfunction, and apoptosis
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[86]. The level of ROS-triggering agents is proposed to be
used as a therapeutic agent that can selectively kill cancer
cells [69, 87]. We observed that the level of ROS gener-
ated by AgNPs is on a time-dependent manner. Hsin
and colleagues reported that AgNPs generate ROS (reac-
tive oxygen species) in the NIH3T3 cell and induce
mitochondria-dependent apoptosis by activating the JNP
pathway [88]. ROS are free radicals generated by the
biological system for their normal cell functions. The
abnormal level of ROS results in the malfunction of cel-
lular components that cause damage to DNA, lipid per-
oxidation, arresting cell cycle caspase activation, and
apoptosis [89].

4. Conclusion

In this study, we report a one-step biosynthesis of eco-
friendly and stable AgNPs from Fagonia indica leaf extract
at an optimum condition of 1mM AgNO, when com-
bined with 5mg/mL extract in a ratio of 1:10 (extract to
AgNO,) at 60°C for 2 hours. Furthermore, controlled size
nanoparticles (10-60nm) were obtained that were con-
firmed by XRD, DLS, and SEM analyses. The Fagonia
indica extract and AgNPs induced anticancer activity in
a concentration-dependent manner. The NPs and extract
induce membrane permeability, nuclear condensation in
an apoptotic manner due to activation of caspases, and
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generation of reactive oxygen species. Furthermore, these
nanoparticles have the potential for the future develop-
ment of the anticancer drug.
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1. Introduction
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Melanoma is an aggressive cancer with high lethality. In order to find new anticancer agents, isokotomolide A (Iso A) and
secokotomolide A (Sec A) isolated from Cinnamomum kotoense were identified to be potential bioactive agents against human
melanoma but without strong antioxidative properties. Cell proliferation assay displayed Iso A and Sec A treated in the normal
human skin cells showed high viabilities. It also verified that two of them possess strong antimelanoma effect in concentration-
dependent manners, especially on B16F10, A2058, MeWo, and A375 cells. Wound healing assay presented their excellent
antimigratory effects. Through 3-N,3-N,6-N,6-N-Tetramethylacridine-3,6-diamine (acridine orange, AO) staining and Western
blot, the autophagy induced by treatment was confirmed, including autophagy-related proteins (Atgs). By using annexin V-
FITC/PI double-stain, the apoptosis was confirmed, and both components also triggered the cell cycle arrest and DNA damage.
We demonstrated the correlations between the mitogen-activated protein kinase (MAPK) pathway and antimelanoma, such as
caspase cascade activations. To further evaluate in vivo experiments, the inhibition of tumor cell growth was verified through the
histopathological staining in a xenograft model. In this study, it was confirmed that Iso A and Sec A can encourage melanoma
cell death via early autophagy and late apoptosis processes.

(SCC), basal cell carcinoma (BCC), and malignant mela-
noma. BCC grows slowly and can damage the surrounding

Skin cancer is one of the most aggressive malignant tumors,
which especially occurs in people with light skin. The pri-
mary reason of skin cancer is the overexposure to ultraviolet
(UV) radiation [1]. Chemical mutagens, genetic susceptibil-
ity, human papillomavirus, and tobacco consumption can
also lead to skin cancer. In addition, the utilization of immu-
nosuppressive drugs such as azathioprine and cyclosporine A
has been reported to result in the occurrence of skin cancer
[2]. There are three skin cancers: squamous cell carcinoma

tissue, but it does not have the ability to spread to other areas.
SCC is a kind of abnormal cell cancer with uncontrolled
growth arising from the squamous cells. It can occur in all
areas of the body and are the most common in the areas
exposed to sunlight. SCC possesses the ability of metastasis
and can harm other areas of the body. BCC and SCC are
defined as nonmelanoma skin cancer (NMSC) [3]. Malignant
melanoma is highly aggressive which develops from the
pigment-containing cells known as melanocytes. Melanoma


https://orcid.org/0000-0002-4692-4917
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/3425147

can spread rapidly through the whole body of the patient,
and thus causes a very low survival rate [4].

The most effective method to prevent skin cancer is
avoiding exposure to UV radiation and using sunscreen. If
the skin cancer occurs, in the initial stage, it can be curable
by surgical elimination, while in the advanced stage, it is usu-
ally treated by immunotherapy and chemotherapy [5]. The
classical pharmacotherapy employed for the treatment of
skin cancers usually includes 5-fluorouracil, imiquimod,
diclofenac, and ingenol mebutate. In recent years, the phyto-
chemicals such as quercetin, epigallocatechin-3-gallate, res-
veratrol, and curcumin have been applied in the melanoma
treatment [6-8].

The mitogen-activated protein kinase (MAPK) cascade
activation is the center of various signaling pathways. It plays
an important role in receiving the membrane receptors to
convert and transmit signals into the nucleus. There are three
different pathways of MAPKSs, i.e., the extracellular-signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK),
and p38 MAPK. The JNK pathway is known to regulate the
cell growth and death, however, the mechanism of how the
JNK/MAPK signaling pathway inhibits the melanoma has
not been fully clarified. This study was aimed at figuring
out the naturally occurring chemotherapeutic agent and eval-
uated their cytotoxicity on melanoma. Cinnamomum
kotoense Kanehira is a kind of Lauraceae evergreen small tree,
which is native to Lanyu Island, a small island of southeast
Taiwan. The bark is used as medicine to prevent colds, pain,
bleeding, and so on. It is also rich in cinnamon oil to be the
main component as cinnamaldehyde and exudes fragrance
to clean air. Iso A and Sec A were constitutes isolated from
the leaves of Cinnamomum kotoense (Figure 1). A previous
study had shown that Iso A was an agent capable of inducing
human nonsmall lung cancer apoptosis [9]. Iso A and Sec A
also exhibited cytotoxicity on Hela cells [10]. In this study, a
hypothesis was proposed that both components were poten-
tial elements against the melanoma cells to investigate the
possible antimelanoma mechanism. We investigated the
effects of Iso A and Sec A on the suppressions in cellular pro-
liferation, cell cycle arrest, cell migration, and the activations
of autophagy and apoptosis pathways, and in vivo
examinations.

2. Materials and Methods

2.1. Materials and Reagents. Vitamin C, ethylene diamine tet-
raacetic acid (EDTA), butyl hydroxy anisd (BHA), trichloro-
acetic acid, potassium ferricyanide, FeCl,, FeCl,-4H,0, 3-(4,
5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS),
Trpsin-0.5%EDTA, and phosphate-buffered saline (PBS).
Antibodies against S-actin, cleaved caspase 3, 9, and
peroxidase-conjugated anti-rabbit IgG secondary antibody
were purchased from cell signaling (Beverly, MA, USA).
Antibodies of B-cell lymphoma 2 (Bcl-2), JNK, Beclin-1
(Atg-6), Atg 5, 10, and 16 were purchased from ABGENT
Co. (San Diego, CA, USA). Peroxidase-conjugated anti-
mouse IgG secondary antibody was purchased from Pierce

Oxidative Medicine and Cellular Longevity

(Rockford, IL, USA). All the other chemicals and reagents
were purchased from Sigma Chemical (St. Louis, MO, USA).

2.2. Extraction and Isolation of Compounds. The air-dried
leaves of Cinnamomum kotoense (11.0kg) were extracted
with MeOH (80 L x 6) at room temperature, and the MeOH
extract (201.2 g) was obtained upon the concentration under
reduced pressure [9]. The MeOH extract, suspended in H,O
(1L), was partitioned with CHCI, to give fractions soluble in
CHCI, and H, 0. The CHCl;-soluble fraction was chromato-
graphed over silica gel using n-hexane-EtOAc-acetone as an
eluent to produce five fractions. Part of fraction 1 was sub-
jected to Si gel chromatography by eluting with n-hexane-
EtOAc, and then enriched with EtOAc to furnish 10 frac-
tions. Fraction 1-1 was resubjected to Si gel chromatography,
eluting with n-hexane-EtOAc, and enriched gradually with
EtOAc to obtain five other fractions. Fraction 1-1-2 eluted
with n-hexane-EtOAc was further separated using silica gel
column chromatography and preparative thin-layer chroma-
tography (TLC), giving Sec A (327 mg). Part of fraction 2 was
subjected to Si gel chromatography by eluting with n-hexane-
EtOAc and enriched with EtOAc to furnish six fractions.
Fraction 2-3 was resubjected to Si gel chromatography, elut-
ing with n-hexane-EtOAc, and enriching gradually with
EtOAc to obtain four fractions [11]. Fraction 2-3-2 eluted
with n-hexane-EtOAc was further separated with silica gel
column chromatography and preparative TLC (n-hexane-
EtOAc; and gave Iso A).

2.3. 1, 1-Diphenyl-2-Picrylhydrazyl (DPPH) Radical
Scavenging Activity. DPPH is an unstable radical and has a
strong absorbance at 517 nm, when DPPH is reduced by an
antioxidant or combined with another free radical, its absor-
bance will be reduced or even disappear [11]. Thus, DPPH is
applied to examine the antioxidant activity by detecting rad-
ical scavenging capability. Briefly, added 1.0 uL accurate con-
centration (10, 50, 100, and 200 uM) of Iso A or Sec A to
99 uL DPPH (60 uM). In addition, the positive control was
vitamin C, because of its excellent antioxidant activity. We
detected the absorbance value at 517 nm; the radical scaveng-
ing capability (percentage) was calculated by formula as fol-
lows:

(Acontrol - Asample) % 100%

Radical scavenging activity (%) = 1

control

(1)

2.4. Metal Chelating Activity. Metal ion is one of the causes
for the lipid peroxidation, especially ferrous ion which is pro-
oxidant. This assay is based on the complexes of ferrous ions
and ferrozine have a color reaction at 562 nm, and the lower
absorbance means the better metal chelating activity [12].
1.0 uL various dosages (10, 50, 100, and 200 uM) of Iso A
or Sec A were added into 10 uL FeCl,-4H,O (2.0 mM) to
mix with 20 L ferrozine (5.0 mM), and EDTA acted as a pos-
itive control. The absorbance of the mixture was observed at
562 nm. The chelating power activity was calculated as Equa-
tion (1):
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(gradient)

Cinnamomum kotoense
(MeOH extract)

n-Hexane-EtOAc

Fraction 1 4’
| (6]
n-Hexane/EtOAc/acetone O

n-Hexane-EtOAc
(10:1) HO...
Fraction2 ———————p

(20:1)
Isokotomolide A

0) o Secokotomolide A

F1GURE 1: The purification and chemical structures of Iso A and Sec A.

2.5. Reducing Power. We used the reduce power assay to test
the reductive ability of Iso A and Sec A. Briefly, 85uL, 0.2 M
phosphate buffer (pH 4.4), 2.5 uL K Fe (CN), (20%), and var-
ious suitable concentrations of samples were mixed together
at 50°C for 20 min. After that, 160 uL of trichloroacetic acid
(TCA) (10%) was added to the mixture with the centrifuga-
tion at 3,000rpm for 10min to collect the supernatant
(75 pL). 25 uL FeCl, (2%) was incubated with the supernatant
for the optical absorbance measurement at 700 nm. Butyl
hydroxyl anisd (BHA) was viewed as a positive control. A
higher absorbance value means a better reductive activity
[13].

2.6. Cell Cultures. Hs68, HaCaT, B16F10, MeWo, A2058, and
A375 cell lines were purchased from the Bioresource Collec-
tion and Research Center (BCRC, Hsinchu, Taiwan). Six cells
were kept in a cell culture dish at 37°C and 5% CO, in
DMEM supplemented with 10% FBS, 100 U/mL of penicillin,
100 mg/mL of streptomycin, and 0.25 yg/mL of amphotericin
B [10]. DMSO was dissolved stock solutions of Iso A and Sec
A (both at 1.0 M), and the tested concentrations were pre-
pared by diluting with free medium, and the final DMSO
concentration was less than 1.0% to avoid from unexpected
biochemical reactions.

2.7. Cell Proliferation Assay. The cell proliferation effects of
Iso A and Sec A on normal and melanoma cells were tested
by MTT assay [14]. This method was based on the property
that mitochondrial succinate dehydrogenase from living cells
made MTT reduced to water-insoluble blue-violet crystal
formazan and deposited in the cells, and dead cells without
this function. Briefly, 1 x 10* cells were seeded in a 96-well
microplate. After 24h, discarded the medium, cells were
treated with wvarious concentrations (10, 25, 50, and
100 uM) of Iso A and Sec A or vehicle control in a final vol-
ume of 100 yL culture medium. The experimental doses were
accorded to our previous tests. After cultured within 37°C,
5% CO, incubator for 24h, we replaced the medium with
100 uL fresh broth contained 0.5mg/mL MTT. The plate
was kept in a 37°C incubator for 2h. We discarded the
medium to add 100 uL DMSO dissolving the purple forma-
zan crystals and gently shook the plate in darkness for
10 min. The optical absorbance values (A) were measured
at 595nm (BioTek, WA, USA). Cell viabilities were calcu-

lated according to the formula as follows:

(Asample - Ablank)

Cell viability (%) = x100%.  (2)

control ~ 4*blank

2.8. Autophagic Vacuoles Detection by Acridine Orange
Staining. B16F10 cells were chosen for the further homolo-
gous study to seed in a 6-well dish at a density of1 x 10, after
24 h, treated with various concentrations of Iso A and Sec A
for 24h, washed cells twice with PBS, and then incubated
with serum-free medium contained 5 ug/mL acridine orange
(AO, Molecular Probes, Eugene, Oregon, USA) at room tem-
perature for 15min [15]. We used an inverted fluorescence
microscope to obtain the AO fluorescence images. AVO
was stained with red color, and the nucleus DNA and cyto-
solic RNA were stained with green color.

2.9. Annexin V-FITC/PI Binding Assay to Analyze Apoptosis.
To further confirm the apoptosis of Iso A and Sec A-treated
malignant melanoma B16F10 cells, annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) double-
staining was performed (Biovision, annexin V-FITC apopto-
sis kit) [16]. 1 x 10° cells were kept in a 6-well dish and were
treated with tested Iso A and Sec A concentrations (10, 25,
50, and 100 uM) or vehicle control in a total volume of
100 pL culture medium for 24 h. We collected the medium,
washing twice with PBS to trypsinize the adherent cells.
The centrifugation at 1,000 rpm at 4°C for 10 min was set to
collect cells and label with annexin V-FITC/PL The incuba-
tion was in darkness for 15 min, and the samples were ana-
lyzed by a flow cytometry (Millipore guava easyCyte HT,
MA, USA).

2.10. DNA Damage and Cell Cycle Analysis. To identify the
phase distribution of cellular DNA, cell cycle analysis was
performed as described [17]. B16F10 cells were cultured at
a density of 1 x 10° cells in a 6-well dish, and then monolayer
cells were treated with various concentrations (10, 25, 50, and
100 uM) of Iso A, Sec A, or vehicle control for 24 h. Collected
adherent and floating cells and washed once with precooled
PBS, then fixed cells with precooled 70% ethanol overnight
at 4°C. After centrifugation at 1,200 rpm for 3 min, wash the
cell pellets once with precooled PBS, centrifuged again, and
then stained cells with 100 yg/mL RNase and 50 ug/mL PI
in PBS buffer, and incubated in darkness at room



temperature for 30 min. The DNA contents of PI-stained
cells were analyzed by flow cytometry.

2.11. Western Blot Analysis. 1 x 10° B16F10 cells were treated
with Iso A, Sec A, or vehicle control for 24 h. Cells were har-
vested and lysed with lysis buffer (Thermo Scientific Pierce
RIPA Buffer) to extract cellular proteins. The lysates were
centrifuged at 1,2000 rpm for 30 min, and the protein con-
centrations were measured with the bicinchoninic acid
(BCA) protein assay kit (Pierce, Rockford, IL, USA). Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed to separate the same amounts of pro-
teins and then electrotransferred the proteins on gel to a
polyvinylidene fluoride (PVDF) membrane (PALL Life Sci-
ence, Ann Arbor, MI, USA). The membrane was blocked
with a blocking buffer (Pierce TOOLSpeed PLUS Blocking
Reagent) and washed with TBST (Tris-buffered saline, with
Tween-20, pH 8.0). The membrane was incubated with the
corresponding primary antibody, shaking at 4°C overnight,
washed three times with TBST and blocked again, and then
incubated with secondary antibody against the correspond-
ing primary antibody for 90 min. The signal was visualized
by enhanced chemiluminescence (ECL) detection with West
Femto Maximum Sensitivity Substrate kit (SuperSignal,
Rockford, IL, USA) [12].

2.12. RNA Isolation and Extraction. The RNA was isolated
and extracted by Trizol RNA isolation reagent, which could
resolve cell lysates and separate RNA, DNA, and proteins.
First, 1 mL Trizol reagent was increased to each and move
to the 1.5mL microtube at room temperature for 5min.
Then, 200 uL BCP per mL of Trizol reagent was added and
mixed intensely [18]. After incubation for 2 min, the samples
were centrifuged at 14,000 x g for 20min. The sample
homogenates formed three phases, from which the aqueous
phase on the top of the homogenate was move to a new
Eppendorf tube. To precipitate RNA, an equal volume of iso-
propanol was blended. The mixture was centrifuged at 13,000
x g for 15 min, and the supernatant liquid was divided. The
RNA pellet was washed with 1 mL of 75% ethanol to get rid
of the residual salts. In the end, the mixture was centrifuged
at 13,000g for 5min, and the RNA pellet was dehydrated
and dissolved with 50 uL diethylpyrocarbonate- (DEPC-)
treated water. The concentration and quality of the RNA
extracts were determined by BioTek (Lionheart Technolo-
gies, Inc.)

2.13. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). qRT-PCR is a method detected for evaluating
gene expression level by measuring the cDNA products after
each cycle of PCR increase. For qRT-PCR, a reactive mixture
with SYBR Green Master Mix (Qiagen, Valencia, CA, USA)
templates and primers was used [4]. All qRT-PCR reactions
were finished by a StepOnePlus™ System. The reactions were
carried out according to the following program: cDNA tem-
plates were initiated at 95°C, annealed at 65°C, and elongated
at 70°C, and all steps were repeated with 40 cycles of enlarge-
ment. At the end of the annealing stage of the experiments,
fluorescence acquisition was started to determine. The
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designed forward and reverse primers from 5’ to 3’ used in
this experiment are shown in (Table S1).

2.14. Cell Migration Assay. The population of cellular migra-
tory inhibition effect was examined by wound healing assay
as described [15] and performed with minor modification.
In brief, 5 x 10° cells were seeded in 6-well plates and grown
to complete confluence. We created a clear wound area on a
monolayer culture with a 200 yL plastic pipette tip to wash
once with PBS and then treated with the samples. Afterward,
we used a microscope taking photos at time intervals of 0, 6,
12, and 24 h to check the wound closure. The cell movement
and migration through the wound area were calculated by the
free software, Image].

2.15. Animal Material. In this study, the application of ani-
mals complied with the guiding principles in the care and
use of animals of the American physiology society was
approved by the National Chung Hsing University Use Com-
mittee (IACUC: 106-111, Figure S1). BALB/c nude female
mice (4-5 weeks) were purchased from BioLASCO
Experimental Animal Center (Taiwan Co., Ltd) [19, 20].
The mice were housed in plexiglass cages in a temperature-
controlled room (22+1°C), on a 12h/12h light/dark
schedule, and with free access to food and water (fed a
standard laboratory diet). After one week, 18 mice were
randomly divided into 3 groups (n =6, each group): Group
A, vehicle blank control; Group B, B16F10 only; and Group
C, B16F10 with Iso A treatment.

2.16. Xenograft Tumor Assay. The performance of xenograft
tumor assay was described previously with minor modifica-
tions. In brief, BALB/c nu/nu female mice were housed,
and the in vivo experiments were performed at the animal
center. Mice were implanted subcutaneously with 1 x 107 of
B16F10 homologous cells in 0.1 mL PBS injected subcutane-
ously in each mouse [19]. Mice were treated four times a
week with a subcutaneous injection of Iso A (200 mg/kg)
until sacrifice at day 35. The diameters of xenograft tumor
were measured at 4 days intervals with Vernier calipers and
calculated as (length x width?)/2 in mm”,

2.17. Histopathological Analyses of Xenografted Tumor. The
fresh tumor tissues were made in paraffin, cut into 3 mm
thick chunks, set in plastic cassettes, and immersed in 10%
neutral buffered formalin for 7 days. Staining of sectioned
paraffin-embedded tumor tissue with Hematoxylin and
Eosin (H&E). This stain is visible for tissue processing,
embedding, and sectioning. The range of Iso A-treatment
shrunk the tumor weight and volume was evaluated, and
the assessment of mitotic cell division in the xenografted
tumor fragments was also observed via H&E images [20].

2.18. Statistical Analysis. Statistical data were shown as
mean + standard deviation (SD) values, and Student’s test
was applied to determine the difference between the control
vehicle and experimental groups, *p < 0.05 versus control;
**p < 0.01 versus control.
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3. Results

3.1. Antioxidant Activity of Iso A and Sec A. Since melanomas
occur on the skin and most of them are caused by UV expo-
sure, the impacts of oxidative stresses on melanoma have
attracted researchers’ attentions. Antioxidants are thought
to prevent UV-induced oxidative stress and DNA damage,
and previous studies have shown that antioxidant intakes
can prevent melanoma developments. Therefore, the antiox-
idant activities of Iso A and Sec A were evaluated (Table 1).
At testing concentrations, two constitutes did not show good
antioxidant activities, and thus it was speculated that both
components did not suppress melanoma proliferation by
antioxidative properties.

3.2. Antiproliferative Effects of Iso A and Sec A. This work was
aimed at finding the potential agents with antimelanoma
effects, and a good leading compound should also be safe
enough for normal cells. Thus, the effectivenesses of two
components was evaluated on the proliferation of normal
human skin cells including fibroblast Hs68 cell line and ker-
atinocyte HaCaT cell line. Figure 2(a) showed the results
from MTT assay of 24h treatment at the concentrations of
0 (a vehicle control), 10, 25, 50, and 100 uM, respectively.
All experimental concentrations were at less than 1.0%
DMSO. Iso A presented no cytotoxicity on fibroblasts and
minor cytotoxicity on keratinocytes at high concentrations.
Sec A demonstrated a slight cytotoxic effect on keratinocytes
and fibroblast cells at concentrations of 10 and 25uM,
respectively, but at the concentrations of 50 and 100 uM,
Sec A influenced the survival of fibroblasts. IC,, (the half-
maximal inhibitory concentration) is the quantitative value
of the potency on Iso A or Sec A in the suppression to the
specific cellular viability. To evaluate the effects of two com-
pounds on malignant melanomas, the MTT method was also
applied on B16F10, MeWo, A2058, and A375 cells
(Figure 2(b)). Four melanoma cells were treated with concen-
trations from 0 to 100 uM for 24 h, respectively. The cell pro-
liferation of melanoma cells was inhibited by both
compounds in concentration-dependent manners, and the
treatments illustrated excellent anticancer effects, especially
on B16F10, A2058, and MeWo cells. At the concentrations
of 50 and 100 uM, we observed that more than half of the
cells were dead. According to these findings, we chose
B16F10 as our testing cell line at 25 and 100 uM for the fur-
ther studies.

3.3. The Formation of Autophagic Vacuoles (AVO) in Iso A
and Sec A-Treated BI16F10 Cells. To identify if Iso A and
Sec A treatments will induce autophagic cell death in
B16F10 cells, AO staining was performed. AO is a lysomotro-
pic metachromatic fluorescent dye and can be used to ana-
lyze the lysosomal membrane permeability status. During
the autophagy process, autophagosome fuses with lysosome
to produce autolysosome, phagolysosome, and autophagoly-
sosome. B16F10 cells were incubated with Iso A and Sec A
and then labeled with AO to visualize the acidic vesicular
organelles (AVOs) of acidic autophagolysosome. The cell
nuclei DNA and cytosol RNA were stained with green color,

and AVOs were observed in red color (Figure 2(c)). There
was an obvious enhancement of red fluorescence, which indi-
cated that testing samples can induce autophagy on the mel-
anoma cells. In addition, the number of cells was also
significantly reduced at high concentrations, pointing out
the excellent cytotoxicity in dose-dependent manners.

3.4. Iso A and Sec A Cause Apoptotic Cell Death on B16F10
Cells. The two-dimensional flow cytometry was employed
to evaluate the cytotoxic effects of Iso A and Sec A. In the
early apoptotic cells, cell membrane surface damage occurs,
and the phospholipidine serine (PS) on the inner surface
can be reversed to the outer membrane of the cell. Annexin
V is a phospholipid-binding protein with a high affinity for
phosphatidylserine and was applied to detect the early cell
apoptosis. Propidium iodide (PI) is a nucleic acid dye and
was used to label the late apoptotic cells and dead cells. The
flow cytometry presented annexin V-FITC staining in x
-axis and PI staining in y-axis. Briefly, the left lower quadrant
means living cells, and the right lower and right upper quad-
rants mean early and late apoptotic cells, respectively. In
addition, the left upper quadrant refers to necrotic cells.
B16F10 cells were cultured with various concentrations of
Iso A and Sec A or a vehicle control for 24h (Figure 3(a)).
The treated cells presented obvious apoptosis compared with
the vehicle control. Iso A caused significant apoptotic cell
death at the concentration of 50 and 100 uM, and the per-
centage of late apoptosis cells in the group treated with
50 uM Iso A was increased to 64.07 £ 0.97% and the group
treated with 100 uM was increased to 91.51 +0.30%, com-
pared with 5.26 + 0.28% of the control. Sec A presented a
concentration-dependent manner to trigger apoptosis mech-
anism as Iso A to suppress melanoma growth. The group
treated with 100 uM Sec A induced 46.76 + 3.49% cells to
enter late apoptosis, compared with 6.03 + 0.78% of the vehi-
cle control group.

3.5. Iso A and Sec A Induce DNA Damage and Cell Cycle
Arrest. The cellular DNA content and cell cycle were tested
after the treatments at various concentrations of Iso A and
Sec A for 24 h. B16F10 cells were harvested and washed once
with PBS, fixed by precooled 70% ethanol overnight, stained
by PI, and analyzed by the flow cytometry. The accumulation
of the GO/G1 population is usually thought as a biomarker of
DNA damage and an occurrence of apoptosis [21]. As shown
in Figure 3(b), after exposure to Iso A for 24h, the G0/G1
accumulation arose obviously, and the G2/M profile
decreased. To compare with 48.20 + 1.3% on the shape in
GO0/G1 phase of vehicle control, the treated groups were
increased to 48.27 +0.2%, 58.30 + 0.4%, 73.50 + 0.1%, and
55.77 £0.9% at the concentrations of 10, 25, and 50 uM,
respectively. At 100 uM, alive BI6F10 cells were too few to
be examined precisely. Sec A induced DNA damage to arise
the GO/G1 accumulation which was similar to Iso A perfor-
mance. We compared with the value of 47.4+0.6% in
GO0/G1 accumulation in the control group; Sec A treatment
elevated the other group values to 50.77 + 0.6%, 58.95 + 0.2
%, and 70.30 + 0.8% in sequence at 10, 25, and 50 M. For
the same reason, at high dose, B16F10 surface structure and
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FiGuUre 2: Effects of Iso A and Sec A on the normal and melanoma cells. (a) HaCaT and Hs68 proliferations after the treatments of Iso A and
Sec A for 24h. (b) Quantifications of B16F10, MeWo, A2058, and A375 cell growth inhibitions in the above conditions, respectively. (c)
Fluorescent images of Iso A and Sec A-induced acidic autophagic AVOs. Cells were stained with AO to detect with a fluorescence
microscopy. At least three photos were taken in various view versions, and one was chosen as an example to be demonstrated. The data
represented mean values + SD of three independent experiments performed. *p < 0.05 and **p < 0.01. n = 3.

DNA integrity were not good to be detected. In addition, the
tumor cellular viability was decreased from 10 to 100 uM
compared with the vehicle control group, which indirectly
indicated the dose-dependent anticancer effects.

3.6. The Autophagy-Related mRNA and Protein Expressions.
Since the AVO fluorescence enhancement after 24 h treat-
ment was observed, quantitative real-time polymerase chain
reaction (QRT-PCR) and Western blot analyses were con-
ducted to further confirm the autophagy performance in
Iso A and Sec A treated-B16F10 cells. In Figure 4(a),
autophagic-related genes were examined, and we chose rep-
resentative hallmarks to present this mechanism. Here, the
transcriptional expressions involved in the programmed cell
death signaling pathway were evaluated by the treatments
of both experimental groups. It revealed that gene expres-
sions of Atg 3, 6 (Beclin-1), and 12 were enhanced at a low
dosage of 25 uM (early cell death phase) and decreased at
100 uM (late cell death phase). We also demonstrated typical
autophagic-related proteins in Figure 4(b) after both com-
pound treatments. Beclin-1, Atg 10, 16, and LC3B expres-
sions were initially increased and then diminished at the
concentrations of 25 and 100 uM, respectively, to show a
consistent phenomenon with mRNA expressions. In addi-
tion, the expression level of Atg 5 was not upregulated dras-
tically, but diminished significantly. The results presented
that at the concentration of 25 uM, the expressions of mRNA
and proteins were higher than that at 100 M to point out in
the early phase (lose dose), melanoma triggered a pro-
grammed cell death of autophagy.

3.7. Examining the Apoptotic-Related mRNA and Protein
Expressions. Caspases are a family of cysteinyl aspartate-
requiring proteases, which can be activated by proapoptotic
stimuli. To additionally investigate the molecular mecha-
nisms underlying the induced apoptosis in the cells, qRT-
PCR analysis was focused on two panels of related genes in
Figure 4(c). The tested concentrations were 0 (control, with

DMSO less than 1%, and PBS buffer), 25, and 100 yuM for
Iso A and Sec A-treated groups, respectively. There was a
concentration-dependent extending manner on three genes
in comparison to unstimulated counterparts, including cas-
pase 9, Bax, and Bad. Western blot analysis was performed
after 24 h treatment (Figure 4(d)). Here, the transcriptional
expressions involved in the programmed cell death signaling
pathway were evaluated of famous apoptotic proteins, JNK,
Bcl-2, cyto ¢, cleavage caspase 9, and 3. Both data demon-
strated that at the concentrations of 25 and 100 M (in the
late phase, high dosages), there were higher expressions of
genes and proteins than the vehicle control group.

3.8. Cell Migration Inhibited by Iso A and Sec A. The cell
migration usually plays a significant role in the maintenance
of normal human physiology homeostasis. However, for can-
cer cells, the irregular proliferation of cell migration is usually
responsible for the tumor metastasis. The potential migratory
inhibition of B16F10 cells by Iso A and Sec A was evaluated
by cellular wound healing assay as shown in Figure 5. After
the treatments of 24h, little cells migrated into the center
zone between two dash lines of two experimental groups.
The cell migration capacities were weakened, and it was con-
cluded that our compounds inhibited the melanoma cellular
movements in dose-dependent manners. At the concentra-
tions of 50 and 100 M, both compounds also had a cytotox-
icity effect on B16F10 cells and influenced the survival of
cells. At the concentrations of 10 and 25uM, these com-
pounds did not show strong cytotoxicity activities on cells,
but the migration abilities were greatly inhibited compared
with the vehicle control. This assay indicated that Iso A and
Sec A possessed migration inhibitory potentials. Besides that,
we will continue to examine the suppression abilities by using
transwell assay in the coming future.

3.9. Histopathological and Immunohistochemical Analyses.
After the above experimental studies and according to the
regulations of 3R (Replacement, Reduction, and
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F1cure 3: Cell apoptotic death and cycle distribution in B16F10 cells of Iso A and Sec A. (a, b) Iso A and Sec A induced cell apoptotic death.
Apoptosis was analyzed by a flow cytometry after exposed to Iso A from 0 to 100 M for 24 h and stained with annexin V/PI. (c, d) Effects of
Iso A and Sec A on the cell cycle distribution in B16F10 cells. The cell cycle distribution in Iso A-induced B16F10 cells was determined by the
flow cytometry. Cells were administered from 0 to 100 yM for 24 h. The data represented mean values + SD of three independent experiments

performed. n=3.

Refinement), we selected Iso A as our unique target com-
pound to work in vivo. The xenograft assay showed that Iso
A inhibited the melanoma B16F10 cell growth, and encour-
agingly, the dissected tumors were visibly smaller in the treat-
ment groups compared to the vehicle group (Figure S2 and
Figure 6(a)). We observed mice of the melanoma only
group were all dead after four weeks without any
therapeutic treatments; in the meantime, the other two
group mice were alive with good exercise activity abilities
and normal feeding properties. The data demonstrated that
Iso A treatment effectively suppressed the tumor growth in
the xenograft mice on tumor weight and tumor volume.
Furthermore, H&E staining of the tumor tissues revealed
abundant mitosis in the control group, whereas the number
of mitosis-positive cells was significantly reduced in the
sections from the Iso A treated mice (Figure 6(b)).

To further strengthen our research that Iso A induced
autophagy and apoptosis promotes the inhibition of tumor
growth in the in vivo examination, the immunohistochemical
analyses revealed that the changes in autophagy and apoptosis
were noteworthy in xenografted tumor tissues. Iso A treatment
significantly increased the LC3B and cleavage caspase 3 expres-
sions (Figure 6(c)). The quantification illustrated that the expres-
sion of cleavage caspase 3 was significantly higher than LC3B.
Those results were consistent with our in vitro tests and indi-
cated that Iso A induced the autophagy in the early stage and
then triggered the cell death through apoptosis pathway.

4. Discussion

As a persuasive antimelanoma component, the agent should
be harmless on normal cells and without side effects. Thus,
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FIGURE 4: The autophagy and apoptosis-related mRNA and proteins

(d)

induced by Iso A and Sec A in B16F10 cells. (a) Atg 3, 6, and 12 mRNA

expression in B16F10 cells treated with different concentration (25 and 100 yM) was evaluated by the quantitative polymerase chain reaction
and normalized to the GAPDH gene. (b) The autophagic-related proteins Beclin 1, Atg 10, 5, and 16 expressions. 3-Actin was viewed as an
internal control. (c) The mRNA expression of caspase 9, Bax, and Bad in B16F10 cells treated with different concentrations (25 and 100 4M)
was evaluated by the quantitative polymerase chain reaction and normalized to the GAPDH gene. (d) The apoptosis-related proteins JNK,
Bcl-2, Cytochrome ¢, Caspase 9, and 3 expressions in B16F10 cells with or without Iso A and Sec A treatment. 3-Actin was viewed as an
internal control. The data represented mean values + SD of three independent experiments performed. *p < 0.05 and **p < 0.01. n=3.

the cytotoxicity effect on normal skin cell growth is greatly
important. Therefore, the cell viability assays were performed
on the normal skin cells including fibroblasts and keratino-
cytes [22, 23]. Iso A and Sec A are pale yellowish liquid with
the molecular formulas of C,;H,,0; and C, H,,O,, respec-
tively. Iso A is a butanolide and Sec A is a secobutanolide.
It was found that the Sec A inhibited the cell growth of both
the melanoma and normal epidermal cells and HaCat kerati-
nocytes cells because of the long-chain chemical structure. As
shown in Figure 2(a), Iso A-treated normal cells presented
high cell viabilities, thus Iso A may act as a potential antican-
cer agent. Sec A presented little cytotoxicity on keratinocytes
and mild cytotoxicity at the concentrations of 10 and 25 yM

on the fibroblasts, and when the concentration increased to
50 and 100 uM, the cytotoxicity on the fibroblasts was also
increased. Topical administration can also show good anti-
melanoma effect and cause less damage to normal cells.
One of the major problems with cancer treatment is the
abnormal fast proliferation and metastatic of tumor cells,
which also leads to an increase in recurrence and mortality.
In this study, to determine the cell proliferation inhibition
effects of natural products on melanoma, four melanoma
cells including B16F10, A2058, A375, and MeWo were
treated with Iso A and Sec A from 0 to 100 uM for 24 h. As
shown in Figures 2(b) and 2(c), our samples presented inhib-
itory activities on all four melanoma cells, and the
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quantitatively measured by the software, Image]. The data represented mean values + SD of three independent experiments performed. *p
<0.05 and **p < 0.01 (the vehicle group was compared as the control standard). n = 3.

cytotoxicity effects on B16F10, MeWo, and A2058 were rela-
tively stronger. Previous studies have presented that the
interaction between cancer cells and the extracellular matrix
(ECM) plays an important role in the cell proliferation and
migration [24]. Malignant melanoma is one of the most
aggressive cancer, but the traditional treatment for metastatic
melanoma is limited [25]. Chemotherapies such as fotemus-
tine, dacarbazine, and temozolamide have been used for
more than 35 years but are still ineffective in many ways
[26]. Therefore, there is an urgent need to find new agents
with antimigratory activity. In Figure 5, our results indicated
that two compounds reduced the migratory ability of meta-
static malignant melanoma cells. In high concentration treat-
ment, the depression of cell migration might also contribute
to the cell growth inhibition and cell death. Thus, it will be
valuable to examine if Iso A and Sec A can modulate the
ECM metabolism process to inhibit the metastasis and inva-
sion of melanoma in the future work [27, 28]. In the coming
future, we will continue to evaluate the migratory suppres-
sion via the transwell assay to reveal the detailed mechanism.

We further identified the roles of Atg caspase proteins in
the autophagic and apoptotic cells induced by Iso A and Sec
A in malignant melanoma B16F10 cells, and involved mRNA
and proteins were examined. On the basis of the cell viability
and cell migration assays, it was confirmed that both treat-
ments induced the death of melanoma cells. There are three

major types of programmed cell death (PCD): apoptosis,
autophagy, and necrosis [29]. In this study, the first two cell
death mechanisms were focused on. Autophagy is a con-
served catabolic process that digests cytoplasmic components
within lysosomes, and it can be triggered by organelle dam-
age, DNA damage, and cell starvation [30]. It is thought as
a survival mechanism, which accelerates the degradation of
damaged cytoplasmic contents and maintains the cellular
homeostasis. However, excessive active autophagy can also
lead to cell death. Through AO staining (Figures 2(d) and
2(e)), the performance of autophagy induced by the experi-
mental treatment was initially confirmed, and Western blot
analysis identified the autophagic cell death. Autophagy is
regulated by a set of Atg proteins. Figures 4(a) and 4(b)
revealed that two components enhanced the expressions of
Atg 5, 10, 6, and 16 [29].

Among three PCD types, apoptosis is considered as the
principal cell death pathway [31]. A series of assays were car-
ried out to identify that the tumor cells are induced by
autophagy in the early stage, and then apoptosis is induced
by the treatments after the autophagy. Annexin V-FITC/PI
double staining presented that in tested concentrations, the
fraction radio of late apoptosis cells which were in the right
upper quadrant was significantly increased in dose-
dependent manners (Figures 3(a) and 3(b)). With the pur-
pose of blocking cell proliferation, controlling the cell cycle
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presents a foremost regulatory mechanism [15]. The cell
cycle analysis showed that two treatments stimulated DNA
damage, arrested the cell cycle, and induced G2/M accumula-
tion (Figures 6(d) and 6(e)). Caspases play a crucial role in
the process of apoptotic cascade. Apoptosis can be triggered
by internal or external factors, such as cytotoxic stress,
DNA damage, and growth factor withdrawal [32]. In
response to those proapoptotic stimuli, the outer membrane
of mitochondrial will be damaged and lose the integrity, the
permeabilization of mitochondrial will be increased, and
the proapoptotic protein cytochrome c will be released to
accelerate the caspase activation [33]. Western blot analysis

showed that both treatments triggered the release of cyto-
chrome ¢, induced the activation of caspase 9, and then cas-
pase 9 stimulated the downstream of caspase 3
(Figures 4(c) and 4(d)) [34]. JNK is an important branch of
MAPK pathways, which plays a vital role in cell cycle, repro-
duction, apoptosis, cell stress, and other physiological and
pathological processes. The results indicated that the MAPK
signaling pathway might be the apoptosis reaction in those
processes (Figure 7(b)). Bcl-2 is an antiapoptotic protein
which can suppress the apoptosis. Previous studies have
shown that Bcl-2 could inhibit autophagy by interacting with
Bax/Bad and Beclin 1 [35]. The JNK-Bcl-2 pathway
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FIGURE 7: Proposed molecular mechanism diagram of C. kotoense components inhibit melanoma in vitro and in vivo signaling pathway.

activation can both trigger apoptosis and autophagy [36].
Because autophagy also plays a role in protecting the cells
from death stimulus, the interaction between autophagy
and apoptosis in Iso A and Sec A-treated cells should
undergo advanced investigation.

In vivo research was followed to further boost the antitu-
mor activities of our sample by xenografted BALB/c nude
mice. This study demonstrated that Iso A has lower toxicity
on normal human skin cells. The treatment via subcutaneous
injection in xenografted nude mice resulted in a decrease of
the tumor volume during the time course [37, 38]. Histo-
pathological H&E staining of the tumor tissues demonstrated
that there was abundant mitosis in the control group; how-
ever, the dorsal implant massive necrosis phenomenon was
identified in the tumor sections treated with Iso A
(Figures 6(b) and 6(c)). Smaller tumor mass and tumor cells
expressed round to polygonal shapes with melanin pigment,
advanced mitosis, and central massive necrosis within the
xenografted mice. In summary, in vitro and in vivo examina-
tions confirmed that Iso A and Sec A treatments inhibit the
melanoma growth and metastasis effectively in Figure 7.

5. Conclusions

Based on the above results, we targeted Iso A and Sec A iso-
lated from Cinnamomum kotoense from a variety of com-
pounds screening with the purpose of melanoma therapy.
Both Iso A and Sec A showed biofunctions that induced
autophagy in the early stage and induced the cell death
through apoptosis in human malignant melanoma and
showed a little cytotoxicity on normal skin cells. Histopatho-
logical staining and immunohistochemical staining demon-
strated that the tumor cell inhibited by Iso A. To our best
knowledge, this is the first study of Iso A and Sec A to be
potential natural herbal components for human melanoma

chemotherapy. Abbreviation within figures: Iso A: isokoto-
molide A; Sec A: secokotomolide A.
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Background. Pulicaria crispa (P. crispa) is a plant from the Compositae family that exhibits antioxidant, anti-inflammatory,
antibacterial, and cytotoxic activities. Objective. The current study aimed at investigating the immunomodulatory effects of P.
crispa extract in lipopolysaccharide- (LPS-) stimulated human monocytic THP-1 cells. Methods. To induce macrophage
differentiation, THP-1 cell lines were treated with phorbol-12-myristate 13-acetate, followed by exposure to LPS with or without
50 or 100 pg/ml of P. crispa extract. The following tests were employed to test the immunomodulatory effects of the extract:
MTT assay, ELISA, Western blotting analysis, cell migration and phagocytosis assays, and Annexin V staining method. Results.
Exposure to 100 ug/ml P. crispa extract significantly reduced THP-1 cell proliferation, migration, and phagocytosis (in LPS-
stimulated cells, but not in unstimulated cells). Moreover, the extract alone significantly reduced the rate of THP-1 cell
apoptosis, while it increased the rate of late apoptosis. Molecular investigations showed that treatment with P. crispa extract
significantly upregulated the expression of ERK1, p-MAPK, P-P38, and Bcl2, while it significantly reduced the expression of
ERKS, Bax, NF-«B, P-NF-«B, CCL1, CCL2, CCL5, CCL22, CXCLI, and CXCL10. Conclusion. Pulicaria crispa extract exhibited
anti-inflammatory, antiproliferative, antimigratory, and antiphagocytic effects in LPS-stimulated THP-1 cells. Future studies
should investigate these mechanisms in animal models with chronic inflammatory diseases.

1. Introduction

Macrophages (M®s) are cells of the innate immune system
that start differentiating in the human body in the second tri-
mester of gestation. They are essential in maintaining
immune homoeostasis and play several roles in initiating
and regulating the immune responses to foreign antigens
[1]. Generally, M®s were seen primarily as phagocytes that
engulf bacteria and dying cells [2]; however, substantial
recent evidence uncovered other functions executed by vari-
ous surface and intracellular receptors of these cells. Such
functions include regulation of bone remodeling [3], erythro-

poiesis [4], brain development [5], iron recycling [6], and tis-
sue regeneration [7]. M®s are classically divided into M1 and
M2 cells: M1 M®s which exhibit proinflammatory, bacteri-
cidal, and phagocytic activities and M2 cells which are
involved in tissue regeneration and regulating the immune
response via interleukin- (IL-) 10 secretion [8].

The role that M®s play in inflammation is multifaceted
[1]. Exposure to damage-associated molecular patterns
(DAMPs), released from damaged cells, causes M®s to
secrete several cytokines including IL-1p, IL-6, tumor necro-
sis factor-a, and proinflammatory eicosanoids. These
secreted molecules cause vasodilatation and edema, followed
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by neutrophil recruitment [9]. Further, following phagocyto-
sis and lysis of foreign organisms, M®s present antigens from
its surface major histocompatibility complex- (MHC-) II
receptor molecules to allow T-helper cells to initiate adaptive
immune response [10].

During resolution of the inflammation, some M®s
undergo apoptosis or convert from an initial proinflamma-
tory (M1) phenotype to a healing proresolving (M2) pheno-
type consistent with plasticity of myeloid cells [11]. Examples
of this behavior were observed in the muscles [12] and kid-
neys [13]. However, M®s sometimes escape these destinies
and become more active and with a longer lifespan [14].
The latter cells have been implicated in chronic inflammatory
and autoimmune diseases [15].

Pulicaria crispa (also known as Francoeuria crispa) is a
plant from the Compositae family that commonly grows
in the Middle East countries, including Saudi Arabia and
Egypt. Although it has been used in traditional medicine
for a long time, it has become a topic of interest for
medicinal research since the 1980s [16]. Previous studies
have shown that P. crispa derivatives exert antioxidative
[17], anti-inflammatory [18], and chemopreventive activi-
ties [19]. A phytochemical screening of P. crispa extract
attributed these effects to the presence of coumarins, tan-
nins, and flavonoids [18, 20].

The extracts of P. crispa have shown anti-inflammatory,
as well as immunostimulatory effects. For example, several
studies have shown antimicrobial effects for P. crispa extracts
against Gram-negative bacteria [21-23], Mycobacteria [20,
21], Candida albicans [17], Schistosoma mansoni [24], Leish-
mania [25], and hepatitis B virus [26]. On the other hand,
extracts from the Pulicaria species have been shown to
inhibit neutrophil infiltration and alleviate oxidative stress.
It was also postulated that it suppresses the generation of
nitric oxide [27] and modulates the expression of intracellu-
lar adhesion molecule-1 (ICAM-1), tumor necrosis factor-
(TNF-) « [18], and prostaglandin E2 [18]. Therefore, further
study of their effects on the immune system, especially at the
molecular level, will be particularly insightful.

Despite the benefits of the immune inflammatory
response to foreign antigens, a dysregulated immune
response can lead to a wide array of chronic inflammatory
conditions [28]. Several in vivo and in vitro models have
been proposed to study the anti-inflammatory and immuno-
modulatory effects of various phytochemicals and pharma-
ceutical compounds. Of these models, human leukemic
THP-1 monocytes have attracted attention as a valid
in vitro model to investigate the molecular mechanisms of
inflammation [29-31]. For example, previous studies have
used this model to evaluate the anti-inflammatory effects
of several phytochemicals extracted from different organ-
isms, including Corydalis crispa, Corydalis dubia, Ajania
nubigena, Meconopsis simplicifolia, Ocimum sanctum, and
Uncaria tomentosa [32-34].

Owing to the scarcity of molecular research regarding the
immunomodulatory effects of P. crispa effects, the current
study was performed to utilize human THP-1 cells as an
in vitro model to test the effects of their exposure to lipopoly-
saccharide (LPS) and P. crispa extract.
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2. Materials and Methods

2.1. P. crispa Extract. The preparation of the extract was
described in detail elsewhere [26].

2.2. Growth and Maintenance of THP-1 Cells. The human
monocytic THP-1 cells were cultured in RPMI media supple-
mented with 10% fetal bovine serum (FBS), 100 IU/ml penicil-
lin, 100 ug/ml streptomycin, and 3.7 g/l sodium bicarbonate.
The cells were maintained in 37°C temperature and 5% CO.,.

2.3. Differentiation of THP-1 Cells into Macrophage-Like
Cells. THP-1 cells (5 x 10°) were incubated with 100 ng/ml
of phorbol 12-myristate 13-acetate for 48 hours. The cells
were then washed with RPMI 1640 serum-free medium to
eliminate undifferentiated cells.

2.4. Treatment of M®s with LPS and/or P. crispa Extract. Dif-
ferentiated cells were treated with 100 ng/ml LPS, isolated
from Escherichia coli O26:B6 bacteria (Sigma-Aldrich, St.
Louis, MO, USA), alone, LPS + 50 yg/ml or LPS + 100 pg/ml
of P. crispa extract. In some experiments, differentiated cells
were treated with the extract alone (50 or 100 yug/ml). The
duration of the treatment was either 4 hours or 6 hours.

2.5. MTT Cell Proliferation Assay. The MTT assay kit
(Abcam, Cambridge, MA, USA) was used following the man-
ufacturer’s instructions. The treated cells, at a density of 5
x 10* cells/well, were incubated with either 50 or 100 pg/ml
P. crispa extract for 1 to 8 days. After incubation with MTT
reagent for three hours, the absorbance was read in the Spec-
traMax i3x Multi-Mode Microplate Reader (Molecular
Devices, Sunnyvale, CA, USA) at 540 nm wavelength.

2.6. Expression Analysis by Real-Time Quantitative Reverse-
Transcriptase Polymerase Chain Reaction (qRT-PCR). Total
RNA was extracted from treated THP-1 cells using the
QIAamp RNA Blood Mini Kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions, followed by a
double-stranded ¢cDNA synthesis using All-in-One cDNA
Synthesis SuperMix (Biotool, Houston, TX, USA). The gen-
erated cDNA was used for real-time PCR experiments using
target-specific primers and probes purchased from Applied
Biosystems (Foster City, CA, USA). The mRNA expression
levels of studied genes were normalized to GAPDH.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). Super-
natants from treated cells were collected for quantitation of
secreted proteins. The DuoSet® ELISA kit (R&D Systems,
Minneapolis, MN, USA) was used to determine the quanti-
ties of IL-13, IL-8, CCL22, and CXCL10 following the man-
ufacturer’s instructions. Briefly, supernatants were added to
wells precoated with protein-specific antibodies, incubated
for 2 hours, washed three times with PBS, and incubated with
Streptavidin-horseradish peroxidase (HRP) for 20 minutes.
After washing, tetramethylbenzidine (TMB) substrate was
added for 20 minutes, the reaction was stopped, and the color
intensity was measured at wavelength 450 nm.

2.8. Western Blotting Analysis. The expression of ERK5, Bax,
Bcl2, Cyclin-D1, ERK1, MEK1, NF-xB, P-IKB-a, P-MAPK,
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P-NF-xB, and P-P38 in THP-1 cells was evaluated using the
Western blotting analysis. The treated cells were lysed in the
RIPA buffer, and the cellular proteins were separated on 12%
SDS-polyacrylamide gel electrophoresis (PAGE). The proteins
were then transferred to polyvinylidene difluoride (PVDEF)
membranes which were treated with 5% nonfat dry milk. The
membranes were then probed with protein-specific primary
antibodies overnight at 4°C, washed, and incubated with
HRP-conjugated secondary antibodies. The reaction was
detected by the addition of SuperSignal West Pico 16 Chemilu-
minescent substrate (Thermo Fisher Scientific, Waltham, MA).
The bands were visualized on a GE Amersham Imager 600, and
the proteins were quantified using the Image] software
(National Institutes of Health, Bethesda, MD).

2.9. Cell Migration Assay. Cell migration was evaluated using
the CytoSelect™ 24-Well Cell Migration Assay (Cell Biolabs,
San Diego, CA, USA) following manufacturer’s instructions.
Briefly, treated cells were incubated in a serum-free RPMI in
the upper chamber. The cells were allowed to migrate to the
lower chamber filled with RPMI and FBS. The chamber was
then incubated for 24 hours, and the migration capability
was analyzed by reading the fluorescence of the GR dye at a
wavelength of excitation/emission 480/520 nm.

2.10. Phagocytosis Assay. Treated THP-1 cells were incubated
with Alexa Fluor 405-labeled Zymosan particles Molecular
Probes (Carlsbad, CA, USA) for 1 hour in a serum-free RPMI
medium at 37°C. Cells were washed three times with PBS to
eliminate noninternalized fluorescent beads. The cells were
analyzed by measuring the absorbance at OD of 405 nm.

2.11. Apoptosis Assay. Apoptosis was measured in treated
cells by flow cytometry using Annexin V/propidium iodide
double-staining as described before [35, 36], and the analysis
was performed in FACScan equipped with the Cell Quest
software (Becton Dickinson, Cockeysville, MD, USA).

2.12. Statistical Analysis. Data generated from the aforemen-
tioned assays were expressed as mean + standard error of
mean and were presented in bar graphs with error bars. To
compare the groups in, t test was used. A p value was consid-
ered significant if less than 0.05.

3. Results

3.1. The Effects of Pulicaria crispa Extract on THP-1 Cell
Proliferation. To assess the effects of P. crispa extract on
THP-1 cell proliferation, MTT assay was used by incubating
the cells with 50 and 100 ug/ml of the extract for 8 days.
Analysis of the change in proliferation of the cells showed
that while the vehicle control (DMSO) did not produce any
significant difference in THP-1 cell proliferation in compari-
son to control monocytes, both concentrations of P. crispa
extract significantly reduced the proliferation of the cells at
each time point (p =0.01) (Figure 1).

3.2. The Effects of P. crispa Extract on mRNA Expression in
THP-1 Cells. To evaluate the mRNA expression of CCL2,
CCLS5, and TNF-a in THP-1 cells exposed to LPS or different
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FIGURE 1: The effect of P. crispa extract on proliferation of THP-1
cells. The y-axis shows absorbance at 490 nm after incubation of
cells treated with DMSO alone, 50 pg/ml or 100 ug/ml of P. crispa
extract relative to untreated cells (control). *xp value < 0.01
(treatment vs. control). Values represent the mean of three
different experiments done in triplicate + SEM for each time point
tested. Statistical analysis was performed using the ¢ test.

concentrations of P. crispa extract, we used the qRT-PCR
analysis. Exposure of cells to 100 ng/ml LPS at 4 and 6 hours
significantly increased mRNA expression of CCL2 and CCL5
in a time-dependent manner (p=0.001). However, treat-
ment of LPS-exposed cells with P. crispa extract at 50 and
100 ug/ml was associated with a significant decrease in
CCL2 and CCL5 expression in comparison to LPS alone
(p=0.001) (Figures 2(a) and 2(b)). On the other hand, treat-
ment of THP-1 cells with P. crispa extract alone resulted in a
significant increase in mRNA expression of TNF-« at 4 and 6
hours (p <0.01) (Figure 2(c)).

3.3. Protein Array Expression Analysis. Protein array was
used to simultaneously detect expression of several proteins
in treated cells. Comparison of control cells to cells treated
with 100 ng/ml LPS showed significantly higher expression
of ICAM1/CD54 (p=0.01) and CCL2/MCP1 (p = 0.03), as
well as significantly lower expression of IL1ra/IL1F3 (p=
0.004). However, no statistically significant differences were
observed with regard to MIF, IL8, CCL1, MIP1la/MIP1b,
CCL5/RANTES, and CXCL1/GROa (Figure 3(a)). In con-
trast, LPS-exposed cells treated with 100 pg/ml P. crispa extract
showed significant reductions with regard to CCLI and
CXCL1/GROa expression (p < 0.05). In addition, a significant
increase in CCL5/RANTES, ICAM-1/CD54, and IL8 was
observed. No significant differences were detected in the expres-
sion of MIF, IL1ra/IL1F3, and MIP-1a/MIP-1b (Figure 3(b)).

3.4. ELISA Assay Results. ELISA assay was used to confirm
the results obtained by the protein array analysis. The super-
natants of cultured cells were harvested after six hours of
stimulation. The analysis of cells exposed to LPS only showed
significant increase in the production of CCL22 (p=0.03)
and CXCL10 (p =0.001) in comparison to control cells. On
the other hand, LPS-exposed cells treated with P. crispa
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FIGURE 2: QRT-PCR analysis for the expression of (a) CCL2, (b) CCL5, and (c) TNF-a. The mRNA expression levels were normalized with
GAPDH. Control cells were compared with LPS-treated cells. All other cells with different treatments were compared with LPS-treated cells.
The data were expressed as mean + standard error done in triplicate for three independent experiments. Statistical significance was established

using the ¢ test. #<0.05; % %<0.01; % %<0.001.

extract showed significant reduction in the production of
CCL22 and CXCL10 (p =0.001) (Figures 4(a) and 4(b)).

3.5. Western Blotting Analysis. The expression of 11 cell sur-
vival, apoptosis, and inflammatory proteins was measured
through Western blotting analysis. In comparison to non-
treated cells, LPS-exposed cells showed significant overex-
pression of ERK5, p-NF-xB, and p-P38, as well as
significant decreased expression of Bcl2, Bax, MEK1, ERK1,
P-IKB-a, and NF-«B. However, the expression of p-MAPK
and Cyclin-D1 could not be detected in LPS-exposed cells
(Figure 5). In contrast, LPS-exposed cells treated with
100 pug/ml P. crispa extract showed significant downregula-
tion of ERKS5, Bax, P-IKB-«, and NF-«B, as well as upregula-
tion of Bcl2, ERK1, p-MAPK, and p-P38 in comparison to
LPS only-treated cells. Of note, the expression of MEK1, P-
NF-«B, and Cyclin-D1 could not be detected in cells treated
with LPS + P. crispa extract (Figure 5).

3.6. Cell Migration Assay. To assess the effect of P. crispa
extract on the ability of THP-1 cell to respond to external
stimuli, cell migration assay was used. The analysis showed
that LPS-exposed cells were not significantly different from
untreated control cells (p=0.279). However, cells treated
with P. crispa alone or in combination with LPS showed sig-
nificantly reduced (p < 0.0001) cell migration capability in
comparison to cells treated with LPS alone (Figure 6).

3.7. Phagocytosis Assay. The results of the phagocytosis assay
showed that LPS-exposed THP-1 cells exhibited significantly
less phagocytic activity than control untreated cells (p <
0.0001). Further, the addition of P. crispa extract to LPS-
exposed cells reduced their phagocytic activity (p < 0.0001).
However, THP-1 cells treated with P. crispa extract alone
exhibited significantly higher phagocytic activity than cells
treated with LPS alone (p < 0.0001) (Figure 7).

3.8. Flow Cytometry-Based Detection of Apoptosis. This assay
was conducted using Annexin V/PI double-staining method.
As shown in Figure 8 and Table 1, the majority (>90%) of
monocyte cells and LPS-treated THP-1 cells remained viable
with no statistically significant difference in both groups with
regard to apoptotic and late apoptotic cells (p = 0.77). How-
ever, exposure of cells to P. crispa extract significantly
decreased the number of apoptotic cells and increased the
number of late apoptotic cells in comparison to control cells
(p=015). In comparison to LPS-treated cells, THP-1 cells
treated with both LPS and P. crispa extract did not show sig-
nificant differences in the percentage of apoptotic and late
apoptotic cells (p =0.77).

4. Discussion

Persistent activation of M®s has been implicated in sev-
eral chronic inflammatory and autoimmune diseases [37].
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FIGURE 3: Protein expression array analysis. (a) Control THP-1 cells (al); cells treated with (100 ng/ml) of LPS (a2); histograms comparing the
protein array expression results from controls and THP-1 cells treated 100 ng/ml of LPS (a3). (b) Cells treated with B2 B1 25 (100 ng/ml) of
LPS + 100 pug/ml of P. crispa (bl); graphical representation of LPS-treated cells (shown in a2) compared with cells treated with LPS + P. crispa

extract (b2). Statistical significance was established using the ¢ test.

M®s under prolonged stimulation secrete large quantities of
proinflammatory and chemotactic molecules. These cells also
become more resistant to apoptosis [38]. Here, we used an
in vitro model (THP-1 human monocytes) to simulate acti-
vated macrophages during an inflammatory response.

To discuss our results, some physiological perspective is
needed to be considered. Activated M®s usually exhibit
increased expression of molecules involved in proinflamma-
tory signals such as NF-«B. This protein is essential in the
pathway that increases the production of some interleukins,

such as IL-1, IL6, and TNF-« [39]. Furthermore, activated
macrophages orchestrate the immune response by recruiting
other cells into the inflammation area through chemotactic
proteins, including CCL1, CCL2, CC5, CCL22, CXCL1, and
CXCL10 [40]. Inside activated macrophages, the tran-
scriptional program shifts in favor of prolonged survival,
increased proliferation, and enhanced migration [41]. In this
study, we further investigated these mechanisms and evalu-
ated the role of P. crispa extract in modulating these func-
tions in M®s.
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FIGURE 4: ELISA analysis of THP-1 cells after stimulation with LPS (100 ng/ml) with or without P. crispa extract (100 pg/ml). The expressions
of CCL22 (a) and CXCL10 (b) are detected. Culture supernatants were harvested 6 hours after stimulation and processed for ELISA. All
samples were processed in triplicate for three independent experiments + SEM. Statistical significance was established using the t test.

LPS - + + -

P. crispa - - + +

DY g —— —

p-MAPK | e—— E———

PIKB-of i —— —

U e —— —

MEK1

LR om— o— —— gy
Cyclin-D1 (-

BOL) O, —— e—

Y — —
RKS i w— — —

()

FiGure 5: Continued.



Oxidative Medicine and Cellular Longevity

P =0.005
= fggggg P =0.005 P=0.020" "~ - 14000 P < 0.0001
> N . i i i . [
& 160000 ] B 12000 - -
g o | § 1o
Z 3
S 100000 2!; 8000
g 80000 g 6000 P'<0.0001
5 60000 S 4000 , I
40000 } ) ] }
0 0 ——
LPS - + + - LPS - + + —
P.crispa — - + + P.crispa — - + +
3 P00 F 350009 P00 b2 g0001
= 20000 = 30000 - - E - !
.g S 25000 P-<0.0001
2 15000 g 20000 : !
£ 10000 £ 15000
o ~ 10000
5000 3
z & 5000
B0 Z
LPS LPS _ . + _
Poerispa = B * * P. crispa — - + +
P <0.0001 P <0.0001 —
'T‘g 250000 E - P-<0.0001 % 25000 7 7 7
) —_—
g 200000 § 20000 5 < 0oL P <0.0001
7 150000 % 15000 T
£ 100000 £ 10000 L P<0.0001
5]
S 50000 3 5000
3 @
) 0 =] 0
LPS - + + - ~  LPS — + + —
P.crispa  — - + + P.crispa — - + +
] —
& 180000 % 180000 P <0.0001
160000 2 160000
£ 140000 g 140000 e
% 120000 5 120000
5, 100000 € 100000
£ oo 5 oo
— 5]
A 28888 40000
S 20000 & 20008 . . .
S 0 T T T 1 = T T T
O 1pS - + + - LPS - + + -
P.crispa  — - + + P. crispa — - + +
- 200000 .- P.<0.0001 . . . P <0.0001 B 20000 P < 0.0001
g 180000 ’ - ’ ’ 5 13000 E—
160000 - 15000 :
§ 140000 £ 19000
‘% 120000 2
& 100000 g, 13888
£ 80000 28000
& 60000 ) ) @ 6000
g 0000 £.<0.0001 ¥ 000
20000 ; - 2000
= 0 E 0 T T T
LPS - + + - LPS - + + -
P crispa  — - + + P.crispa — - + +
_ P <0.0001
S 40000 S
£ 35000 . . . . . _
§ 30000 P < 00001 ~£50:0001
Z 25000 — -
£ 20000
% 15000
L
Ay
A, 0
LPS - + + -
P crispa  — - + +
(b)

FI1GURE 5: Expression analysis of proteins in THP-1 cells. (a) Western blot analysis and (b) densitometric analysis of the expression of ERK5,
BAX, BCL2, Cyclin-D1, ERK1, MEKI, NF-«B, P-IKB-«, P-MAPK, P-NF-«B, and P-P38 proteins. Cells were either untreated (control),
treated with 100 ng/ml of LPS, treated with 100 ng/ml of LPS + 100 ug/ml of P. crispa extract, or treated with 100 yg/ml of P. crispa extract
alone. All data are expressed as mean + SEM. All samples were processed in triplicate in three independent experiments. Statistical

significance was established using the ¢ test.
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FIGURE 6: Migratory potential of THP-1 cells. Cells were treated
with LPS (100ng/ml) in the presence or absence of P. crispa
extract (100 ug/ml). Migration capability of cells was quantified by
cell migration assay. Values represent the mean of triplicate
experiments done in triplicate for each time point tested.
Statistical significance was established using the f test. RFU:
relative fluorescence units.
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FIGURE 7: Phagocytosis assay using Zymosan particles. THP-1 cells
were treated with LPS (100ng/ml) and/or P. crispa extract
(100 pg/ml). Values represent the mean of triplicate experiments
done in triplicate for each time point tested. Statistical significance
was established using the ¢ test

Several studies have documented that biochemical con-
stituents, such as Alkaloid, Flavonoids, and Terpenoids, in
the extract of P. crispa might be associated with antimicrobial
and anti-inflammatory activity [20, 22]. Another study found
that organic constituents from P. undulata significantly pro-
moted apoptosis in hepatocellular carcinoma (HCC) HepG2
cells and elevated the expression of miR-34a. Furthermore,
the extract enhanced the caspase 3/9 and proapoptotic p53
protein expression with plummeting of B-cell lymphoma-2
protein expression. Therefore, the antitumor activity of P.
crispa through regulation of p53/B-cell lymphoma-2/cas-
pases signaling pathway in the HCC HepG2 cells by overex-
pressing miR-34a is suggested. Such an antitumor effect
might be attributed to the presence of triterpenoids and cou-
marins [42]. Also, Foudah et al. reported noticeable antioxi-
dant and antimicrobial properties, and this could be owing
to the presence of flavonoids, phenols, and tannins in the
methanol extract of P. crispa plant [17].

Overall, this study showed that treatment of LPS-
stimulated cells with 50 and 100 yg/ml of P. crispa extract
inhibited THP-1 cell proliferation, migration, and phagocy-
tosis and altered the expression of several inflammatory-
and cell survival/apoptosis-related proteins. To our knowl-
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edge, this is the first in vitro study to evaluate the immuno-
modulatory and anti-inflammatory effects of P. crispa in
LPS-stimulated human THP-1 cells.

First, results from the MTT assay showed that both con-
centrations of P. crispa extract inhibited THP-1 cell prolifer-
ation. In parallel, downregulation of ERK5 and lack of MEK1
and Cyclin-D expression were observed in treated cells.
ERKS5 is a member of the MAPK family that responds to
extracellular stimuli, such as stress and growth factors, to reg-
ulate cell proliferation and differentiation via its downstream
targets including AKT serine-threonine protein kinase and
myocyte enhancer factor [43]. Downregulation of this
MAPK protein may explain the observed proliferation inhi-
bition. In addition, the lack of MEK1, another MAPK protein
involved in cell growth and proliferation, [44] and Cyclin-D
(a cell cycle regulator [45] expression in P. crispa-exposed
cells could explain the ability of the extract’s constituents to
suppress the intracellular proliferation signaling pathways.
However, flow cytometry plots showed a large increase in
necrotic cells following treatment with extract, which is also
a sign of potential toxicity of P. crispa extract.

Interestingly, we also observed the increased expression
of prosurvival (ERK1, MAPK, and P-P38) and antiapopto-
tic (Bcl2) proteins in THP-1 cells, exposed to P. crispa
extracts. Activated ERK-1 activates the MAPK signal
transduction pathway, which regulates cell cycle progres-
sion and survival [46]. Moreover, previous studies have
shown that phosphorylated-p38 (P-P38) expression is linked
to enhanced cell survival in normal and malignant cells [47,
48]. In parallel, the Annexin V staining method showed that
exposure to P. crispa extract alone reduces the frequency of
THP-1 cell apoptosis yet increases the frequency of late apo-
ptosis. This discrepancy may be caused by a shift in the
expression pattern after exposure to the P. crispa extract.

Another interesting finding was the ability of P. crispa
extract to inhibit the migration of stimulated THP-1 cells.
Molecular investigations revealed supporting results, i..,
treatment with P. crispa extract significantly downregulated
the expression of CCL1, CCL2, CCL5, CCL22, CXCL1, and
CXCL10 (all are known chemoattractant proteins) [49] in
human THP-1 cells. These chemokines are produced by
macrophages, and their function is to recruit leukocytes to
the inflammation site. Of interest, it has been shown that P.
crispa extract ameliorates leucocytes infiltration [27]; how-
ever, the current study is the first to focus on the molecular
mechanisms underlying these cellular changes. No signifi-
cant effects were observed with regard to ICAM1 expression
upon P. crispa extract exposure, which may indicate that the
extract constituents may inhibit the cellular migration, but
their effects on leukocyte adhesion and cell-to-cell interac-
tions are not significant [50].

In addition, the P. crispa extract showed multiple anti-
inflammatory effects in the present study. First, the signifi-
cant reduction in NF-xB and P-NF-«B expression in LPS-
stimulated cells occurred after treatment with 100 ug/ml of
the extract. Pereira and colleagues showed that inhibiting
ERKS5 suppresses the NF-«B signaling pathway [51]. Another
study by Kloster et al. reported that MEK signaling is impor-
tant for activating NF-«B signaling [52]. The observation that
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F1GURE 8: Flow cytometry using Annexin V staining method to analyze apoptosis in THP-1 cells. Analysis of apoptosis in the cells exposed to
100 ng/ml LPS and/or 100 pg/ml P. crispa extract. Cells that were propidium iodide (PI) negative and Annexin V negative are considered
healthy, cells, PI negative and Annexin V positive cells are considered apoptotic, and cells that are positive to both PI and Annexin V

considered necrotic. * indicates significance.

TaBLE 1: Flow cytometry using Annexin V staining method to
analyze apoptosis in THP-1 cells.

Control (100 ng/ml) of LPS  p value
Apoptosi 2.24 2.54
poptosis . 0774
Late apoptosis 3.57 43

(100 ng/ml) of LPS
+ (100 pug/ml) of  p value
P. crispa extract

(100 ng/ml) of LPS

Apoptosis 2.54 0.29
. 0.774
Late apoptosis 43 5.31
(100 pg/ml) of
Control P. crispa extract p value
Apoptosi 2.24 0.05
Poprosis . 0.015
Late apoptosis 3.57 16.48

MEK expression was absent in LPS-stimulated cells after P.
crispa extract exposure may explain the observed reduction
in NF-«B signaling. Moreover, it has been shown that activa-
tion of NF-xB mainly occurs via IKB kinase-mediated phos-
phorylation of the inhibitory molecule IKB-a [53]. The

downregulated NF-«B expression may explain the observed
underexpression of chemotactic factors in the current study
[54]. However, to our surprise, P. crispa extract increased
TNF-a expression in LPS-stimulated and unstimulated cells.
Although this would need confirmation in future studies, it
may indicate that P. crispa extract constituents target other
regulatory factors that control the TNF-a expression.

Phagocytosis is a major function of macrophages in
the innate immune response against foreign bodies. It is
regulated by several cytokines including TNF-« and IL-1
[55]. However, it may be implicated in several chronic
inflammatory diseases such as chronic infections, systemic
lupus erythematosus, and autoimmune anemia [56]. The
present study showed that P. crispa extract inhibited the
phagocytic activity in LPS-stimulated cells. However, sur-
prisingly, it enhanced phagocytosis in unstimulated THP-1
cells. This differential effect needs to be further confirmed
in future studies.

In conclusion, treatment of THP-1 cells with P. crispa
extract significantly reduced cell migration, proliferation,
and phagocytosis in LPS-stimulated cells. Moreover, it signif-
icantly reduced the expression of various chemotactic and
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cell survival-related proteins. These results highlight the anti-
inflammatory and immunomodulatory effects of P. crispa
extract in LPS-stimulated THP-1 cells. Future studies should
investigate these mechanisms in animal models with chronic
inflammatory diseases.

Abbreviations

CCL: C-C motif chemokine ligand

CXCL: C-X-C motif ligand 2

ERK: Extracellular-signal regulated kinase
ICAM: Intracellular adhesion molecule
IKB-a: Inhibitor kappa B-«

LPS: Lipopolysaccharide,

MAPK:  Mitogen activated protein kinase

TNEF: Tumor necrosis factor

MOs: Macrophages

IL: Interleukin

DAMPS: Damaged associated molecular patterns
MHC: Major histocompatibility complex
ICAM-1: Intracellular adhesion molecule

FBS: Fetal bovine serum
qRT-PCR: Quantitative reverse-transcriptase polymerase
chain reaction

ELISA: Enzyme-linked immunosorbent assay
TMB: Tetramethylbenzidine

HRP: Streptavidin-horseradish peroxidase
PVDE: Polyvinylidene difluoride

HCC: Hepatocellular carcinoma.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

AAA and SA conceived and designed the study. TA, MMA,
and MRA were responsible for the performance of the exper-
iments. MMA, MRA, and MDA analyzed the data, prepared
the figures, and analyzed the data. AAA and SA interpreted
the results. TA, MMA, MRA, and MDA helped in writing
the preliminary draft of the manuscript. AAA and SA were
responsible for revising and approval of the final version of
the manuscript.

Acknowledgments

This research was funded by the Deanship of Scientific
Research at Princess Nourah bint Abdulrahman University,
through the Research Funding Program (Grant Number:
FRP-1440-T).

Oxidative Medicine and Cellular Longevity

References

[1] S. Gordon and L. Martinez-Pomares, “Physiological roles of
macrophages,” Pfliigers Archiv - European Journal of Physiol-
0gy, vol. 469, no. 3-4, pp. 365-374, 2017.

S. Gordon, “Phagocytosis: the legacy of Metchnikoff,” Cell,
vol. 166, no. 5, pp. 1065-1068, 2016.

[3] Z. Bar-Shavit, “The osteoclast: a multinucleated, hematopoi-
etic-origin, bone-resorbing osteoimmune cell,” Journal of Cel-
lular Biochemistry, vol. 102, no. 5, pp. 1130-1139, 2007.

[4] J. A. Chasis and N. Mohandas, “Erythroblastic islands: niches
for erythropoiesis,” Blood, vol. 112, no. 3, pp. 470-478, 2008.

[5] R.C. Paolicelli, G. Bolasco, F. Pagani et al., “Synaptic pruning
by microglia is necessary for normal brain development,” Sci-
ence, vol. 333, no. 6048, pp. 1456-1458, 2011.

[6] T.Ganz, “Macrophages and systemic iron homeostasis,” Jour-
nal of Innate Immunity, vol. 4, no. 5-6, pp. 446-453, 2012.

[7] S. E. Headland and L. V. Norling, “The resolution of inflam-
mation: principles and challenges,” Seminars in Immunology,
vol. 27, no. 3, pp- 149-160, 2015.

[8] M. Hesketh, K. B. Sahin, Z. E. West, and R. Z. Murray, “Mac-
rophage phenotypes regulate scar formation and chronic
wound healing,” International Journal of Molecular Sciences,
vol. 18, no. 7, p. 1545, 2017.

[9] A. Shapouri-Moghaddam, S. Mohammadian, H. Vazini et al.,
“Macrophage plasticity, polarization, and function in health
and disease,” Journal of Cellular Physiology, vol. 233, no. 9,
pp. 6425-6440, 2018.

[10] Y. Chen and X. Zhang, “Pivotal regulators of tissue homeosta-
sis and cancer: macrophages,” Experimental Hematology &
Oncology, vol. 6, no. 1, 2017.

[11] A. Das, M. Sinha, S. Datta et al., “Monocyte and macrophage
plasticity in tissue repair and regeneration,” The American
Journal of Pathology, vol. 185, no. 10, pp. 2596-2606, 2015.

[12] L. Arnold, A. Henry, F,. Poron et al., “Inflammatory mono-
cytes recruited after skeletal muscle injury switch into antiin-
flammatory macrophages to support myogenesis,” Journal of
Experimental Medicine, vol. 204, no. 5, pp. 1057-1069, 2007.

[13] S.Lee, S. Huen, H. Nishio et al., “Distinct macrophage pheno-
types contribute to kidney injury and repair,” Journal of the
American Society of Nephrology, vol. 22, no. 2, pp. 317-326,
2011.

[14] A. Parihar, T. D. Eubank, and A. L. Doseff, “Monocytes and
macrophages regulate immunity through dynamic networks
of survival and cell death,” Journal of Innate Immunity,
vol. 2, no. 3, pp. 204-215, 2010.

[15] S. Deane, C. Selmi, S. S. Teuber, and M. E. Gershwin, “Macro-
phage activation syndrome in autoimmune disease,” Interna-
tional Archives of Allergy and Immunology, vol. 153, no. 2,
pp. 109-120, 2010.

[16] D. Watts and A. H. Al-Nafie, Vegetation and biogeography of
the sand seas of Saudi Arabia, Kegan Paul, 2003.

[17] A. L Foudah, A. Alam, G. A. Soliman, M. A. Salkini, E. O.
Ibnouf Ahmed, and H. S. Yusufoglu, “Pharmacognostical,
Antioxidant and Antimicrobial Studies of Aerial Part of Puli-
caria Crispa (Family: Asteraceae),” Bulletin of Environment,
Pharmacology and Life Sciences, vol. 4, no. 12, pp. 19-27, 2015.

[18] A. A. Fahmi, M. Abdur-Rahman, A. F. Aboul Naser et al.,

“Chemical composition and protective role of Pulicaria undu-
lata (L.) C.A. Mey. subsp. undulata against gastric ulcer

[2

—



Oxidative Medicine and Cellular Longevity

(19]

(20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

induced by ethanol in rats,” Heliyon, vol. 5, no. 3, article
e01359, 2019.

M. A. alo Yahya, A. M. el-Sayed, J. S. Mossa et al., “Potential
cancer chemopreventive and cytotoxic agents from Pulicaria
crispa,” Journal of Natural Products, vol. 51, no. 3, pp. 621-
624, 1988.

Y. H. Elshiekh and M. A. AbdEIMoniem, “Phytochemical,
antibacterial screening and antioxidant activity of Pulicaria
crispa extracts,” The Pharma Innovation, vol. 3, no. 12,
pp. 12-15, 2015.

A. Adebiyi, E. Bassey, R. Ayo, I. Bello, J. Habila, and G. Ishaku,
“Anti-mycobacterial, antimicrobial and phytochemical evalu-
ation of Pulicaria crispa and Scoparia dulcis plant extracts,”
Journal of Advances in Medical and Pharmaceutical Sciences,
vol. 7, no. 4, pp. 1-11, 2016.

Y. H. Elshiekh and A. Mona, “Gas chromatography-mass
spectrometry analysis of Pulicaria crispa (whole plant) petro-
leum ether extracts,” American Journal of Research Communi-
cation, vol. 3, no. 3, pp. 58-67, 2015.

V. Kuete, B. Wiench, M. S. Alsaid et al., “Cytotoxicity, mode of
action and antibacterial activities of selected Saudi Arabian
medicinal plants,” BMC Complementary and Alternative Med-
icine, vol. 13, no. 1, 2013.

A. S. Maghraby, N. Shalaby, H. 1. Abd-Alla, S. A. Ahmed,
H. M. Khaled, and M. M. Bahgat, “Immunostimulatory effects
of extract of Pulicaria crispa before and after Schistosoma
mansoni infection,” Acta Poloniae Pharmaceutica, vol. 67,
no. 1, pp. 75-79, 2010.

M. M, A. MM, E. EH, W. SE, and M. SE, “In vitro antileishma-
nial activity of Helianthus annuus and Pulicaria crispa (Aster-
aceae),” Natural Products Chemistry & Research, vol. 5, no. 4,
p. 2, 2017.

A. H. Arbab, M. K. Parvez, M. S. al-Dosari, and A. J. al-Reha-
ily, “In vitro evaluation of novel antiviral activities of 60
medicinal plants extracts against hepatitis B virus,” Experi-
mental and Therapeutic Medicine, vol. 14, no. 1, pp. 626—
634, 2017.

A. A. Alghaithy, H. A. el-Beshbishy, A. AbdelNaim, A. A.
Nagy, and E. M. Abdel-Sattar, “Anti-inflammatory effects of
the chloroform extract of Pulicaria guestii ameliorated the
neutrophil infiltration and nitric oxide generation in rats,”
Toxicology and Industrial Health, vol. 27, no. 10, pp. 899-
910, 2011.

P. Hunter, “The inflammation theory of disease. The growing
realization that chronic inflammation is crucial in many dis-
eases opens new avenues for treatment,” EMBO Reports,
vol. 13, no. 11, pp. 968-970, 2012.

Z.D.Hu, T.T. Wei, Q. Q. Tang et al., “Gene expression profile
of THP-1 cells treated with heat-killed Candida albicans,”
Annals of Translational Medicine, vol. 4, no. 9, 2016.

H. Bosshart and M. Heinzelmann, “THP-1 cells as a model for
human monocytes,” Annals of Translational Medicine, vol. 4,
no. 21, 2016.

S. Tedesco, F. de Majo, J. Kim et al., “Convenience versus bio-
logical significance: are PMA-differentiated THP-1 cells a reli-
able substitute for blood-derived macrophages when studying
in vitro polarization?,” Frontiers in Pharmacology, vol. 9,
no. 71, 2018.

P. Wangchuk, P. A. Keller, S. G. Pyne, and M. Taweechotipatr,
“Inhibition of TNF-a production in LPS-activated THP-1
monocytic cells by the crude extracts of seven Bhutanese

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

(44]

(45]

[46]

(47]

(48]

13

medicinal plants,” Journal of Ethnopharmacology, vol. 148,
no. 3, pp. 1013-1017, 2013.

S. S. Choudhury, L. Bashyam, N. Manthapuram, P. Bitla,
P. Kollipara, and S. D. Tetali, “Ocimum sanctum leaf extracts
attenuate human monocytic (THP-1) cell activation,” Journal
of Ethnopharmacology, vol. 154, no. 1, pp. 148-155, 2014.

L. Allen-Hall, P. Cano, J. T. Arnason, R. Rojas, O. Lock, and
R. M. Lafrenie, “Treatment of THP-1 cells with Uncaria
tomentosa extracts differentially regulates the expression if
IL-1f and TNF-a,” Journal of Ethnopharmacology, vol. 109,
no. 2, pp. 312-317, 2007.

J. Balsinde, B. Fernandez, J. A. Solis-Herruzo, and E. Diez,
“Pathways for arachidonic acid mobilization in zymosan-
stimulated mouse peritoneal macrophages,” Biochimica et Bio-
physica Acta (BBA) - Molecular Cell Research, vol. 1136, no. 1,
pp. 75-82, 1992.

L. Gil-de-Gémez, A. M. Astudillo, C. Meana et al., “A phos-
phatidylinositol species acutely generated by activated macro-
phages regulates innate immune responses,” The Journal of
Immunology, vol. 190, no. 10, pp. 5169-5177, 2013.

D. M. Mosser and J. P. Edwards, “Exploring the full spectrum
of macrophage activation,” Nature Reviews. Immunology,
vol. 8, no. 12, pp- 958-969, 2008.

I. Tabas, “Macrophage death and defective inflammation reso-
lution in atherosclerosis,” Nature Reviews. Immunology,
vol. 10, no. 1, pp. 36-46, 2010.

M. G. Dorrington and I. D. Fraser, “NF-«B signaling in macro-
phages: dynamics, crosstalk, and signal integration,” Frontiers
in Immunology, vol. 10, 2019.

G. E. Jones, “Cellular signaling in macrophage migration and
chemotaxis,” Journal of Leukocyte Biology, vol. 68, no. 5,
pp. 593-602, 2000.

N. H. Bergman, K. D. Passalacqua, R. Gaspard, L. M. Shetron-
Rama, J. Quackenbush, and P. C. Hanna, “Murine macro-
phage transcriptional responses to Bacillus anthracis infection
and intoxication,” Infection and Immunity, vol. 73, no. 2,
pp. 1069-1080, 2005.

M. A. Emam, H. I. Khattab, and M. G. Hegazy, “Assessment of
anticancer activity of Pulicaria undulata on hepatocellular car-
cinoma HepG2 cell line,” Tumour Biology, vol. 41, no. 10,
2019.

G. N. Nithianandarajah-Jones, B. Wilm, C. E. P. Goldring,
J. Miiller, and M. J. Cross, “ERKS5: structure, regulation and
function,” Cellular Signalling, vol. 24, no. 11, pp. 2187-2196,
2012.

R. Aoidi, A. Maltais, and J. Charron, “Functional redundancy
of the kinases MEK1 and MEK2: rescue of the Mekl mutant
phenotype by Mek2 knock-in reveals a protein threshold
effect,” Science Signaling, vol. 9, no. 412, 2016.

M. Fu, C. Wang, Z. Li, T. Sakamaki, and R. G. Pestell, “Minire-
view: Cyclin D1: normal and abnormal functions,” Endocrinol-
0gy, vol. 145, no. 12, pp. 5439-5447, 2004.

R. Roskoski Jr., “ERK1/2 MAP kinases: structure, function,
and regulation,” Pharmacological Research, vol. 66, no. 2,
pp. 105-143, 2012.

B. Wang, H. Jiang, N. Ma, and Y. Wang, “Phosphorylated-p38
mitogen-activated protein kinase expression is associated with
clinical factors in invasive breast cancer,” Springerplus, vol. 5,
no. 1, 2016.

T. M. Thornton and M. Rincon, “Non-classical p38 map
kinase functions: cell cycle checkpoints and survival,”



14

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

International Journal of Biological Sciences, vol. 5, no. 1,
pp- 44-52, 2009.

T. Jin, X. Xu, and D. Hereld, “Chemotaxis, chemokine recep-
tors and human disease,” Cytokine, vol. 44, no. 1, pp. 1-8,
2008.

L. Yang, R. M. Froio, T. E. Sciuto, A. M. Dvorak, R. Alon, and
F. W. Luscinskas, “ICAM-1 regulates neutrophil adhesion and
transcellular migration of TNF-«-activated vascular endothe-
lium under flow,” Blood, vol. 106, no. 2, pp. 584-592, 2005.

D. M. Pereira, S. E. Gomes, P. M. Borralho, and C. M. P. Rodri-
gues, “MEKS5/ERK5 activation regulates colon cancer stem-
like cell properties,” Cell Death Discovery, vol. 5, no. 1, 2019.

M. M. Kloster, E. H. Naderi, H. Carlsen, H. K. Blomhoff, and
S. Naderi, “Hyperactivation of NF-«B via the MEK signaling
is indispensable for the inhibitory effect of cAMP on DNA
damage-induced cell death,” Molecular Cancer, vol. 10, no. 1,
2011.

P. Viatour, M. P. Merville, V. Bours, and A. Chariot, “Phos-
phorylation of NF-«B and I«B proteins: implications in cancer
and inflammation,” Trends in Biochemical Sciences, vol. 30,
no. 1, pp. 43-52, 2005.

M. Penzo, D. M. Habiel, M. Ramadass, R. R. Kew, and K. B.
Marcu, “Cell migration to CXCLI2 requires simultaneous
IKKa and IKKp-dependent NF-«B signaling,” Cell Research,
vol. 1843, no. 9, pp. 1796-1804, 2014.

G. Arango Duque and A. Descoteaux, “Macrophage cytokines:
involvement in immunity and infectious diseases,” Frontiers in
Immunology, vol. 5, 2014.

D. Hirayama, T. Iida, and H. Nakase, “The phagocytic func-
tion of macrophage-enforcing innate immunity and tissue
homeostasis,” International Journal of Molecular Sciences,
vol. 19, no. 1, 2018.

Oxidative Medicine and Cellular Longevity



Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2020, Article ID 2647670, 13 pages
https://doi.org/10.1155/2020/2647670

Hindawi

Research Article

A Novel Oral Astaxanthin Nanoemulsion from Haematococcus
pluvialis Induces Apoptosis in Lung Metastatic Melanoma

Hsing-Yu Haung,' Yi-Chen Wang,” Ying-Chen Cheng,' Wenyi Kang,’ Shang-Hsiu Hu,*
Dengyong Liu (),” Chaogeng Xiao,® and Hui-Min David Wang®"”*%°

'Graduate Institute of Biomedical Engineering, National Chung Hsing University, Taichung City 402, Taiwan

2Division of Cardiology, Department of Internal Medicine, Kaohsiung Armed Forces General Hospital, Kaohsiung City 802, Taiwan

*National R&D Center for Edible Fungus Processing Technology, Henan University, Kaifeng 475004, China

*Department of Biomedical Engineering and Environmental Sciences, National Tsing Hua University, Hsinchu 30013, Taiwan

*College of Food Science and Technology, Bohai University, National & Local Joint Engineering Research Center of Storage,
Processing and Safety Control Technology for Fresh Agricultural and Aquatic Products, Jinzhou 121013, China

®Food Science Institute, Zhejiang Academy of Agricultural Sciences, Hangzhou 310021, China

’Graduate Institute of Medicine, College of Medicine, Kaohsiung Medical University, Kaohsiung City 807, Taiwan

8Department of Medical Laboratory Science and Biotechnology, China Medical University, Taichung City 404, Taiwan

®College of Food and Biological Engineering, Jimei University, Xiamen 361021, China

Correspondence should be addressed to Hui-Min David Wang; davidw@dragon.nchu.edu.tw
Received 3 June 2020; Accepted 3 July 2020; Published 26 August 2020
Guest Editor: Daoud Ali

Copyright © 2020 Hsing-Yu Haung et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Astaxanthin (AST) is a naturally occurring xanthophyll carotenoid having the potential to be used as an anticancer agent; however,
the human body has a low bioavailability of AST due to its poor solubility in the water phase. Therefore, we applied D-a-tocopheryl
polyethylene glycol succinate (TPGS) as an emulsifier and natural edible peanut oil to form a steady oil-in-water (O/W)
nanoemulsion loaded with AST (denoted as TAP-nanoemulsion). TAP-nanoemulsions were stable without the droplet
coalescence against thermal treatments (30-90°C), pH value changes (over a range of 2.0-8.0), and ionic strength adjustments (at
NaCl concentrations of 100-500 mM) measured by dynamic light scattering (DLS). AST within TAP-nanoemulsion was released
up to 80% in a simulated intestinal enzymatic fluid in vitro, and the overall recovery rate was fairly consistent in the Caco-2
cellular model. In order to further evaluate in vivo melanoma inhibitory experiments, we injected the fluorescent-stained
B16F10 cells into female C57BL/6 mouse tail veins and treated TAP-nanoemulsion in an oral gavage. QRT-PCR and Western
blot demonstrated that TAP-nanoemulsion triggered effectively the apoptosis pathway, including enhancements of cleaved
caspase-3 and caspase-9, ataxia-telangiectasia mutated kinase (ATM), and p21WAF1/CIP1 (p21) and decreases of B-cell
lymphoma 2 (Bcl-2); cyclins D, D1, and E; mitogen-activated protein kinase (MEK); extracellular signal-regulated kinases
(ERK); nuclear factor x-light-chain-enhancer of activated B cells (NF-«B); and matrix metallopeptidase-1 and metallopeptidase-
9 (MMP-1 and MMP-9) in both gene and protein expressions. In conclusion, this study suggests that TAP-nanoemulsion with
the oral treatment has a positive chemotherapy effect in melanoma with lung metastases in vivo. As far as we know, this is the
first time to demonstrate that an antioxidant in nanoparticle administration cures lung metastatic melanoma.

1. Introduction family members [1]. H. pluvialis is composed of high pro-
teins, low fat, necessary vitamins, and important minerals,
Haematococcus pluvialis is very famous for its excellent pow-  including magnesium, iron, calcium, and zinc. Astaxanthin

erful antioxidative property and is one of the widespread  (AST) is a kind of xanthophyll carotenoid, which commonly
freshwater Chlorophyta species from Haematococcaceae  occurs in natural seafood creatures, such as salmon, trout,
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shrimp, lobster, and crab; microorganisms; and plants [2]. H.
pluvialis is frequently observed in temperate climate regions
around the world [3]. The high quantity of AST is produced
in H. pluvialis resting cells, which are secreted and speedily
accumulated while the ecological situations develop unfavor-
ably for cell proliferation. This species yielded AST in low
accessibility of nutrients, high salinity, and strong bright
sunshine irradiation. AST has been reported with many
functions like oxidative stress decrease, immune response
enhancement, cardiovascular disease treatment, antibacte-
rial property, macular degeneration improvement, anti-
inflammatory activity, and certain cancer inhibition [4-6].
However, AST might be limited in aquaculture, medicine,
cosmetics, and functional food ingredient business applica-
tions due to its low stability in storage and poor solubility
in the water phase for the human body. An attractive solv-
ing approach is to encapsulate AST within the emulsion
delivery system. The nanoemulsion diameter is less than
200nm and made up of two immiscible liquid phases
blended by surfactants and mechanical shear forces. In gen-
eral, the benefit of nanoemulsion is not only having a
higher surface area than the conventional emulsion but also
having better bioavailability and physicochemical stability
due to the smaller droplet size [7].

Surfactants reduce the interfacial tension of water and oil
in the emulsion and combine the hydrophilic group to the
aqueous phase and the hydrophobic domain toward the oil
phase. The emulsifier forms a stable interface and prevents
the oil/water droplet from aggregation [8], and in this study,
we apply D-a-tocopheryl polyethylene glycol succinate
(TPGS) as the emulsifier. TPGS is comprised of the esterifica-
tion of vitamin E succinate with polyethylene glycol, having
advantages of extending the drug half-life in plasma and
enhancing cellular uptake capacity. TPGS inhibits ATP-
dependent p-glycoprotein transporters, and this unique
ability improves the poorly soluble anticancer drug bio-
availability, such as paclitaxel. Nowadays, it is widely
employed in the hydrophobic drug delivery systems and
is a suitable emulsifier to prepare the nanoemulsion as it
enlarges the drug encapsulation efficiency and bioavailabil-
ity. The medium-chain triacylglycerols and hydrolyzed
vegetable oil were suggested widely for use in nanoemul-
sions. We applied natural edible oil and noncytotoxic
and stable peanut oil, to raise the embedding concentra-
tion of AST.

The gastrointestinal tract secretes lipases to degrade
nanoemulsions into diglycerides, monoglycerides, and free
fatty acids [9]. The small intestine absorbs lipid compo-
nents, and the fat-soluble materials need to be broken
down by the engulfing action. Small size droplets with
high surface areas of nanoemulsions accelerate the degra-
dation ratio and constitute the release rate. In other words,
the active agent easily diffuses into the surrounding aque-
ous environment from an oil phase. After digestion, the
chylomicron stimulates bile secretion and gastrointestinal
motility. Bile decomposes nanoemulsions as endogenous
surfactants and colloidal structures called mixed micelles,
and bile with these micelles further dissolve and absorb
the free components.
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Melanoma is an invasive tumor to metastasize other
organs, and its 5-year survival rate is less than 15% [10]. In
general, microenvironments and blood flow patterns influ-
ence the primary tumor cell spread to target organs. The tight
junction with the basement membrane and endothelial cells
resists transendothelial cancer migration. Nevertheless, mel-
anoma utilizes the leakage of the vessel wall to spread out
[11]. At the present time, nanoemulsion products as antican-
cer drug vehicles develop the inhibitory efficacies, and we
prepare TAP-nanoemulsion to suppress melanoma prolifer-
ation and facilitate the apoptosis reactions. This work’s pur-
pose is to embed a high concentration and poorly soluble
AST in O/W nanoemulsion which is stable at various pH,
temperature, and ionic strength surroundings. We test
TAP-nanoemulsion cytotoxicity in foreskin fibroblasts and
bioavailability in Caco-2 cells and suppression in metastatic
melanoma of the lung in vivo.

2. Materials and Methods

2.1. Reagents and Samples. H. pluvialis AST extract was pur-
chased from Tianbaoherb Biotech Co., Ltd. (Shanxi Province,
China) and Trade Wind Biotech Co. Ltd. (Taiwan). Briefly,
the environmentally friendly ethanol supercritical carbon
dioxide fluid extraction method was applied to obtain AST
extract. TPGS was bought from Wei Ming Pharmaceutical
MFG. Co., Ltd. (Taiwan). Peanut oil was obtained from
God Bene Enterprise Co., Ltd. (Taiwan). AST (purity > 97%)
was used to prepare the standard curve; aprotinin, bile extract
porcine, bromo-3-chloropropane (BCP), dimethyl sulfoxide
(DMSO), ethylenediaminetetraacetic acid (EDTA), glycerol,
hydrochloric acid, f-glycerophosphate, pancreatin from
porcine pancreas, leupeptin, phenylmethylsulfonyl fluoride,
protein assay kit, radioimmunoprecipitation assay buffer
(RIPA), sodium chloride, sodium fluoride, sodium hydroxide,
sodium orthovanadate, sodium pyrophosphate, Tris-HCI, 3-
(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT), and TRIzol were purchased commercially from
Sigma-Aldrich Chemical Inc. (St Louis, MO, USA). Dulbec-
co’s Modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), and penicillin-streptomycin-amphotericin (PSA) were
obtained from Life Technologies Co., Ltd. (Gibco, Grand
Island, NY, USA). All other chemicals within this work were
analytical grade. Milli-Q (Merck Co. NJ. USA) water was
prepared for all the solutions and nanoemulsions.

2.2. Preparation of TAP-Nanoemulsion. AST was dissolved in
peanut oil to stir at room temperature by a magnet stirrer for
a proper time period, and undissolvable AST was removed
via a 0.45um membrane filter. Before the preparation of
the nanoemulsion, AST concentration in the oil phase was
analyzed at the absorbance of 450 nm by a spectrophotome-
ter. TPGS at 0.5% was dissolved in the oil phase at 45°C
and uniformly mixed to a soluble status, and then 2.0 mL
deionized water was added and shaken to nanosized scale
in an ultrasonicator. In the stability assay, we produced dif-
ferent concentrations of TPGS (0.25-1.5%, w/w) of TAP-
nanoemulsion using the same method.
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2.3. Droplet Size Analysis. The droplet size and size distribu-
tion of TAP-nanoemulsion was measured by dynamic light
scattering (DLS, Nano ZS90, Malvern Instruments Ltd.,
Worcestershire, UK). This equipment can analyze nanoe-
mulsion droplet size ranging between 0.3nm and 10 um.
Samples were diluted with a buffer solution (1:100) before
the analysis to avoid multiple scattering effects. The evalua-
tion of each sample was repeated in triplicate for each exper-
imental condition.

2.4. Cryo-Field Emission Scanning Electron Microscopy (Cryo-
FESEM). A drop of dispersion was filled into brass rivets to
dive frozen within liquid nitrogen. Samples were stored in
liquid nitrogen and transferred into the cryo-FESEM stage
(Quorum Technologies, PP3010T, UK) of the microscope
(JEOL, JSM-7800F, Japan). The sample was fractured on
the cryo-SEM and coated with platinum. Images were
acquired at a temperature of —140°C and a voltage of 10kV.

2.5. TAP-Nanoemulsion Stability Assays: Temperature, pH,
and Ionic Strength. Physical and chemical stabilities of
TAP-nanoemulsions were examined in various experimental
surroundings which may be encountered in preparations and
storages [12]. Briefly, TAP-nanoemulsion was prepared in
0.5% TPGS, 10% AST, and 20% peanut oil. Fresh TAP-
nanoemulsions were put in a water-bath tank at different tem-
peratures (30, 60, and 90°C) for 1 hr, to wait for it to cool to the
room temperature before analyzing the resulting samples via
DLS. In pH stability assay, TAP-nanoemulsion samples were
adjusted to designed pH values (pH 2.0-8.0, phosphate buffer,
5mM) by adding 0.1 mol/L HCI or 0.1 mol/L NaOH solu-
tions and continuously stirred and then analyzed. Finally,
in the ionic strength stability test, we put samples in various
salt concentrations (NaCl, 0, 100, 200, 300, 400, and
500 mM). The resulting samples were gently mixed for 30s,
and the samples were put at 5°C for 24 hrs to analyze.

2.6. Quantification of AST Amount in TAP-Nanoemulsion
System. The concentration of AST in the nanoemulsion sys-
tem was assayed by UV-visible spectroscopy (Bio-Tek Co.,
VT, USA) with minor modifications. AST was separated
from the nanoemulsion droplet using solvent extraction
and quantified from the UV-visible spectrophotometer.
9.8 mL of an organic solvent (methanol : dichloromethane =
1:2, v/v) was mixed with 0.2mL of TAP-nanoemulsion,
and the nanoemulsion was completely separated from the
oil phase into an aqueous phase. The absorbance was mea-
sured at 470 nm and the dichloromethane/methanol solution
as a blank control. A calibration curve (R? = 0.9983, data not
shown) was calculated for the AST concentration generated
from the above solution while the concentration was
expressed in mg/mL. Calculating AST encapsulation effi-
ciency in nanoemulsion follows

Encapsulation efficiency (%) = % 100, (1)
0

where C, is the initial concentration of AST in the nanoemul-
sion, while C, is the concentration of AST at a specific time
interval point.

2.7. Cell Culture. Human foreskin fibroblasts were gifts
acquired from Kaohsiung Medical University (Dr. Su-Shin
Lee), and all procedures were approved by the Institutional
Review Board (IRB) (Figure S2; KMUHIRB-2014-07-07
(I), Kaohsiung City, Taiwan), and the cells were added
with 143 U/mL benzylpenicillin potassium, 10mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
1% antiseptic, 10% fetal bovine serum (FBS), 100 yg/mL
streptomycin sulfate, and DMEM medium (13.4 mg/mL)
[13]. Human colon adenocarcinoma Caco-2 cells were
kindly provided by Professor Ping-Shan Lai (National
Chung Hsing University, Taichung City, Taiwan). Mouse
skin melanoma B16F10 cells were acquired from Bioresource
Collection and Research Center (BCRC#60031, Hsinchu,
Taiwan). Caco-2 and BI16F10 cells were incubated in
medium including DMEM with amphotercine 25 pug/mL,
10% FBS, penicillin 100 U/mL, 2mmol/L 1-Glu, and
streptomycin 30 pg/mL. Both cells are cultured at 37°C in a
5% CO, humidified atmosphere.

2.8. In Vitro Cytotoxicity Study for TAP-Nanoemulsion.
Before the experiment, cells are washed with PBS and incu-
bated with DMEM supplement [13, 14]. The cytotoxicity of
TAP-nanoemulsion was determined by MTT assay. MTT is
a yellow tetrazolium that is absorbed by living cells and chan-
ged to a purple color because mitochondrial dehydrogenase
is in a less reducing state. Cells were cultured with a density
of 8 x 10° cells per well in a 96-well plate. After one-day incu-
bation, fresh DMEM and the nanoemulsion were added to
the plate and recultured for 24 hrs. We changed the broth
to a medium including 100 4L of MTT (0.5mg/mL) and
incubated at 37°C, 5% CO,, for 2 hrs. After that, we discard
the medium and added 100 4L of DMSO to dissolve MTT
formazan and then quantified the absorbance values (A) of
the supernatants measured at 595 nm. To determine the cell
viability following

T _ Asample - Ablank

Cell viability (100%) = ————— x 100%, (2)
control Ablank

is the OD of the sample, A, is the OD of the

is the OD of the

where A, e
MTT solution but without cells, and A
untreated group.

control

2.9. Measurement of Intracellular Reactive Oxygen Species
(ROS) Level in Foreskin. ROS-sensitive fluorescent dye, 2!
,7 -dichlorofluorescin diacetate (DCFDA) was used to deter-
mine PMA upregulated intracellular oxidative stress level in
cells [15]. DCFDA is nonfluorescent, but in ROS presence
(when reagent is oxidized), it shows green fluorescence. In
order to observe sample antioxidative property, cells
were pretreated with and without TAP-nanoemulsion (0-
26 ug/mL) for 24hrs and stimulated by PMA (20 ug/mL)
for another 24 hrs. Afterward, it was rinsed with warm
phosphate-buffered saline (PBS) buffer, and incubated with
20uM DCFDA containing PBS at 37°C, 5% CO,, for
30 min, to replace a fresh cell medium and to wash cells at
least 3 times with PBS. Using trypsin/EDTA cuts away the
focal adhesion anchored cell to the culture dish. The cellular



fluorescence intensity was analyzed with Guava® easyCyte
Flow Cytometers (Merck KGaA, Darmstadt, Germany) at
485nm excitation and 530 nm emission for 2,7-dichloro-
fluorescein (DCF) detection.

2.10. In Vitro Mimic Digestion Model: Simulated Gastric and
Intestinal Fluid. The simulated gastric fluid was made of
7.0mL HCI and 2.0g NaCl to set the working volume of
1.0L to adjust the pH value to 1.2 [16]. The simulated intes-
tinal fluid was dissolved in 2.5 mL of pancreatic lipase solu-
tion (60mg in PBS), 3.5mL of bile extract (187.5mg in
PBS), and 1.5mL of calcium chloride (110 mg in water) at
pH7.0, 37°C. TAP-nanoemulsion (2.0 mL) was added to the
dialysis bag and put into the simulated gastrointestinal fluid
maintained at 37°C and stirred by a magnetic stirrer (RT-
10, IKA, Germany) at 100 rpm. At the scheduled time, an ali-
quot (1.0mL) was taken and immediately replaced with the
same volume of prewarmed fresh PBS. The concentration
of AST was analyzed by HPLC to measure three times, and
the results are shown as a percentage of AST-released
amount over time.

2.11. Cellular Uptake and Transepithelial Permeation of TAP-
Nanoemulsion. Caco-2 cells (1x10° cells/2.4cm? insert)
were seeded in a transwell chamber (0.4um pore size,
24mm diameter; Costar, Kennebunk, ME, USA). The cell
culture media were changed every two days, and we evalu-
ated the integrity of monolayers by a Millicell ERS-2 epithe-
lial cell volt-ohm meter (Taiwan Instrument Co., Ltd,
Taiwan) to determine the transepithelial electrical resistance
(TEER) by [17]

TEER (Q-cm?) = (ohm' - ohm?) x 4, (3)

where A is the surface area of the insert (4.4 cm?), ohm' is the
resistance of the insert with cells, and ohm” is the resistance
of the insert with cell culture medium only.

After the incubation, the resistance of cells achieved
above 500 Q/cm” could be used for performing all the exper-
iments. To analyze the cellular uptake of TAP-nanoemulsion
in vitro, the medium was changed to fresh DMEM for 24 hrs
before the infiltration experiment. The monolayer cells were
washed twice with PBS (pH 7.4, 37°C), and it was cultured
with TAP-nanoemulsion overnight at 37°C in 5% CO, atmo-
sphere. TAP-nanoemulsion was gently removed after the
incubation, and the resulting solution was loaded into a 6-
well transwell plate. To analyze AST permeability, 0.5 mL ali-
quot was added to each test solution (1.66, 3.22, 6.64, 13.3,
and 26.6 ug/mL AST in TAP-nanoemulsion) in the top side
of the transwell plate (donor chamber). The receiving cham-
ber obtained 0.5 mL of medium, and all samples were cul-
tured in a 5% CO, incubator overnight. After the culture,
the apical and receiving chamber solutions were gathered
and analyzed by UV-visible spectroscopy.

2.12. Animal Model. In the research, the animals conformed
to the guidelines of the American Society of Physiology for
animal care and use, approved by the National Chung
Hsing University and Institutional Animal Care and Use

Oxidative Medicine and Cellular Longevity

Committee (Figure S3; IACUC number: 105-141). C57BL/6
female mice (6-7 weeks) were bought from BioLASCO
Experimental Animal Center (Taiwan Co., Ltd.). All mice
were kept in plexiglas cages in a temperature-controlled
room (22 + 1°C) with a light/dark (12/12hrs) schedule and
free to obtain food and water [18]. Fifteen C57BL/6 mice
were randomly divided into 3 groups: vehicle control (n = 3),
tumor only (n=6), and TAP-nanoemulsion treatment
(n =6), after 7-day prebreeding.

2.13. Tumor Development and TAP-Nanoemulsion Regimen
Administration. B16F10 cells were cultured in DMEM and
stained with PKH26, and all experiments were carried out
in cells cultured less than 15 passages. We injected the fluo-
rescent stained cells (1 x 10° cells within 200 uL of PBS) into
female mouse tail veins twice a week. Two weeks after tumor
injection, the mice were treated with the following condi-
tions: vehicle control group (without treatment), tumor-
only group (0.2mL normal saline per day), and TAP-
nanoemulsion group: 10 mg TAP-nanoemulsion per every
other day by an oral gavage. The body weights of all mice
were recorded every twice a week to check that the mice are
healthy. Tumor growth inhibition was measured by IVIS
spectral imaging system (Caliper Life Sciences, Hopkinton,
MA, USA). After the 35™ day, all mice were sacrificed by cer-
vical dislocation, and the lung, spleen, heart, kidney, and liver
organs were gathered at the end of this study.

2.14. Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction (qRT-PCR) Analysis. qRT-PCR
consists of an exclusive primer probe to generate the fluores-
cence signal. It uses a fluorescent detection technique to sense
each cycle by a StepOnePlus™ System (Thermo Fisher Scien-
tific Inc., USA). It detects and records the fluorescent inten-
sity per cycle and calculates achieving the real-time
quantitative data. We applied TRIzol™ (Invitrogen Co., CA,
USA) to extract RNA from the lung tissue, and subsequently,
a reverse transcription kit (Takara, Japan) generated DNA.
Primers for qRT-PCR are listed in Table S1. First, the
sample was heated to form a single strand of DNA. Second,
primers were bound to form a double-stranded DNA
(dsDNA). Third, SYBR Green dsDNA were combined by
SYBR green Plus reagent kit (Roche, Basel, Swiss), releasing
the fluorescence. A detection of fluorescent signals during
the elongation or annealing phase of each cycle was
detected [4, 19]. The expression levels of target genes were
normalized with a-tubulin levels using the 2"*““" method.

2.15. Western Blotting of Lung Organization. Lung tissues
were homogenized with RIPA buffer and centrifugated of
the lysate at 18,000 g for 30 min. The supernatant was ana-
lyzed by BCA (bicinchoninic acid) protein assay kit (Sigma-
Aldrich Co., St. Louis, MO, USA) [20, 21]. The samples
(20ng) were qualified by Western blotting protein electro-
phoresis on sodium dodecyl sulfate (SDS). The 8-10% SDS
gels were transferred to polyvinylidene fluoride (PVDF)
membranes. Next, PVDF membranes were added into Bcl-
2, cleaved caspase-3 and caspase-9, ataxia-telangiectasia
mutated kinase (ATM), p21WAF1/CIP1 (p21), cyclins D
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and E, mitogen-activated protein kinase (MEK), extracellular
signal-regulated kinases (ERK), nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB), and matrix
metallopeptidase-1 and metallopeptidase-9 (MMP-1land
MMP-9, respectively) antibodies at 4°C for 24 hrs. It was
added into biotinylated secondary antibodies at 25°C for
1 hr. Finally, it was detected by enhanced chemiluminescence
(ECL) detection reagent (PerkinElmer, USA; ECL1 : ECL2 =
1:1) exposing it to X-rays for a specific period of time to
obtain the vision. Dyeing images can be visualized via a com-
mercially available image system. We took a-tubulin as our
experimental loading control.

2.16. Statistical Analysis. All results within each experiment
were in triplicate and presented as a mean + standard
deviation (SD). All data were compared multiple times by
Student’s t-test for statistical analysis. Significant difference
(%) was defined as p < 0.05.

3. Results and Discussion

3.1. Characterization of TAP-Nanoemulsion in
Different Surroundings

3.1.1. Effects of Various Emulsifier Concentrations on TAP-
Nanoemulsion Droplet Diameters. It is well known that oil
and water are immiscible because of polar properties, and
the interfacial tension between two phases is fairly high. In
order to successfully prepare emulsions, surfactants adsorbed
at the boundary reduce the interfacial tension and droplet
size [22]. We made nanoemulsions in different emulsifier
concentrations and measured the particle size changes in
Figure 1(a). TAP-nanoemulsion with 5mg TPGS had the
biggest size distribution and the mean particle radius was
542.1+49.5nm (polydispersity index, PDI: 0.251). Con-
versely, increasing TPGS concentration to 10 mg, the average
droplet size decreased 3.5 times and the mean particle radius
was 150.5 £ 7.32 nm (PDI: 0.239). The average droplet sizes



of the samples with treatments at 20 and 30 mg were 155.0
+40.8 and 145.6 + 27.7 nm, respectively. It was insignifi-
cantly altered to compare with over 10 mg dosage, and the
system was pretty stable at least six months better than
5mg treatment. Therefore, as the emulsifier concentration
increased from 0 to 10 mg TPGS, the globule size reduced
to around 150 nm and the system stability was improved.

3.1.2. Effects of Various pH Values on TAP-Nanoemulsion
Droplet Diameters. In beverage and food, the pH value of
the aqueous phase is widely distributed, from acidic soft
drinks to minor alkaline nutritional beverages. We investi-
gated the pH value influence on TAP-nanoemulsion physical
stability stored at 25°C for one day in Figure 1(b). The nanoe-
mulsion with 10mg TPGS was stable in different pH
environments, and the droplet size remained constant
(~150nm), and there was no phase segmentation phenome-
non and droplet aggregation. At pH 8.0, the droplet size
showed only a little increase, indicating TAP-nanoemulsion
was stable at pH6.0. With pH at 2.0 and 4.0, TAP-
nanoemulsion droplet size was 154.0 £ 8.6 and 155.3+4.9
nm, respectively. The results indicated TAP-nanoemulsion
was stable at a wide pH range from 2.0 to 6.0 because of the
steric repulsion.

3.1.3. Effects of Various Ionic Strengths on TAP-Nanoemulsion
Droplet Diameters. Analyzing TAP-nanoemulsion stability
for ionic strength is important since many emulsified foods
and beverages may contain some minerals that affect the final
product stability and appearance. TAP-nanoemulsion per-
manence was investigated at different NaCl concentrations
(0, 100, 200, 300, 400, and 500mM) at pH7, 25°C in
Figure 1(c). The electrostatic repulsion was sufficient to
ensure both hydrophobic attractiveness and Van Der Waals
forces were low at all designed salt concentrations. We added
NaCl to decrease the electrostatic repulsions between nano-
particles which led to the O/W droplet becoming unstable.
As NaCl concentration increased to 500 mM, the droplet size
did not significantly vary, and its average particle radius was
143.8 £ 0.7nm (PDI: 0.144). The spatial repulsive force of
TAP-nanoemulsion droplets was strong enough to keep
droplets steady even at high NaCl solution dosage of our
experimental conditions.

3.1.4. Effects of Various Temperatures on TAP-Nanoemulsion
Droplet Diameters. We designed this nanoemulsion model to
release AST after being attached to the digestive enzymes in
the gastrointestinal system in vivo. As we know, the mammal
creature temperature range is above 30°C (34-38°C), and we
also consider the temperature changes at the manufacturing,
shipping, and storage processes. Accordingly, we proposed
the temperature stability between 30 and 90°C as the con-
stancy assay (Figure 1(d)) to avoid the TAP-nanoemulsion
quality lost during the whole process. After it was incubated
at 30°C and 60°C for 1hr, the particle size did not notably
vary. The droplet size markedly increased at 90°C, and the
inference of unstable nanoemulsion was due to the droplet
coalescence and aggregation to weaken the interfacial tension
compared to the same in recent studies. We observed the
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solution color was a kind of orange-red due to AST separa-
tion from the oil phase at high temperature. Prior studies also
found that carotenoid degrades quickly when stored at high
temperatures [22], indicating carotenoids were unstable due
to biochemical demotion. TAP-nanoemulsion was des-
tructed at 90°C, showing temperature had a major effect on
the short-term thermal stability of the nanoemulsion, and
AST release increased when the temperature increased.

3.1.5. Cryo-FESEM Images of TAP-Nanoemulsion. The
microstructure of TAP-nanoemulsion was observed by elec-
tron microscopy in Figure 1(e). One advantage of using
cryo-FESEM was that the liquid dispersion could be frozen
and viewed in the solid state. The micrograph of TAP-
nanoemulsion revealed spherical droplets in the nanometer
scale range which was in agreement with the size data deter-
mined by DLS as above.

3.2. Cytotoxicity Evaluations on TAP-Nanoemulsion System.
Any latent chemoprotective substance should be first evalu-
ated for its sensitivity and safety, and we assessed our raw
materials via MTT assay on human primary foreskin fibro-
blasts [1, 4]. The cellular viability was less than 10% after
treatments with TPGS over 1 mg/m in Figure 2(a), and the
surfactant was cytotoxic to cells. It was a normal phenome-
non that adding a surfactant directly to the culture medium
will cause cell membrane lysis and cell death. In previous
studies, TPGS was used as an anticancer agent to enhance
cellular uptake. Fibroblasts had cell growths greater than
90% at peanut oil concentrations lower than 50% (v/v) in
Figure 2(b), and the peanut oil was not toxic. To cultivate
cells with all peanut oil (100%, v/v) forces cells to suffo-
cate and die. Finally, cells were incubated with TAP-
nanoemulsion at suitable concentrations in Figure 2(c). After
AST dosage within the nanoemulsion reached to 53 ug/mL,
the cell viability declined gradually. We believed high TPGS
concentrations induce cell death due to the above reason.
In order to avoid the experimental errors inflicted by unde-
sired toxic effects, the highest dosage of TAP-nanoemulsion
was set at 53 ug/mL.

3.3. Antioxidative Assay of TAP-Nanoemulsion System. Anti-
oxidants are important agents for foods and cosmetics
because of the core functions in reducing the radical-
induced degradation and scavenging free radicals of living
cells and tissues. We already published several papers to
demonstrate that 3S, 3'S-astaxanthin is the most powerful
antioxidant to scavenge ROS all over the world [1, 2, 6]. It
has a powerful capacity to scavenge hurt-free radicals than
vitamins and other natural pure compounds, especially in
human healthy rejuvenation applications. For measuring
the antioxidative properties on the testing samples of interest,
the cellular experimental platform was carried out in prac-
tice. DCFDA staining is a typical quantitative method for
the intracellular H,O, amounts to survey oxidative stresses
[1]. To determine whether TAP-nanoemulsion suppresses
oxidations, we investigate ROS generations in cell-based
foreskin fibroblasts. PMA is an inducer for endogenous
superoxide secretions, and PMA-activated cells produced
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ROS which emitted the fluorescent intensity to be detected

[23]. In Figure 3, it was demonstrated that TAP- 9
nanoemulsion gradually reduced oxidative stresses in a E 150
dose-dependent manner. The fluorescence potency of Z 100
DCFDA was reduced from 159.35% to 101.00% (58.35% e
reduction) at 0 and 26.66 yug/mL AST-nanoemulsion at £ 50
20um/mL PMA presence. We discovered that TAP- 4
nanoemulsion inhibited the production of cellular ROS 2 0 Control 0 332 664 1333 26.66
successfully. AST concentration in
TAP-nanoemulsion (ug/mL) ~ PMA (20 pug/mL)

3.4. TAP-Nanoemulsion Bioaccessibility Measurement In
Vitro. During the digestion process, TAP-nanoemulsion
passed through three phases, including the oral, gastric, and
small intestine stages. It should be noted that the size and
interface characteristics of nanoemulsion might be changed
during component assimilations [5, 6]. Our sample was in
an aqueous gavage form (hence, the chewing procedure was
irrelevant), and the oral residence time was ignored. More-
over, it did not contain starch, meaning the main enzyme
did not work on amylase and saliva. The bioavailability of
TAP-nanoemulsion was evaluated via incubating with the
simulated digestive fluid environmental model, and AST
kinetic release was monitored by the cumulative amount
for 8 hrs in Figure 4(a). The gastrointestinal release profile
exhibited two-stage drug discharge behaviors in the stomach
and intestines. Initially, AST was released slightly and
followed to speed up in the first phase. As for the gastric fluid
digestion in vitro, we observed that the cumulative release
sum of AST was less than 35% within 2 hrs. The small intes-

FiGure 3: The ROS production percentage was enhanced by PMA
(20 ug/mL) and reduced via TAP-nanoemulsion administration
measured by flow cytometry.

tine is a digestive tract responsible for physiological activity
and drug absorption. We found that AST was slowly released
from simulated intestinal surroundings, and the released
amount was higher over 80% after another 6 hrs in the sec-
ond digestive phase. A reasonable explanation for this phe-
nomenon was that lipases leisurely penetrated approaching
the oil droplets to destroy the TAP-nanoemulsion conforma-
tional structure. In addition, bile adsorption took place in the
oil/water interface contributing to the lipase attack on the
lipid hydrolysis [24].

3.5. AST Uptake in Caco-2 Cell from TAP-Nanoemulsion. In
our research, TEER calculated values were confirmed
whether the Caco-2 confluent Transwell® monolayer culture
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was suitable for the permeation experiments [25]. The values
increased while the culture time was extended, and it reached
over 500 Q-cm? after the incubation, and the data is shown in
Figure 4(b). AST was retrieved from the basolateral cell and
top compartment after the Caco-2 cells were cultured for
24hrs. The overall recovery rate of different AST-
nanoemulsion concentrations raised fairly ranging from
30.7 +0.04% (1.6 ug/mL AST) to 47.9 + 0.86% (26.6 ug/mL
AST). AST imbalanced recovery loss might be due to AST
metabolic conversion and chemical biodegradation occur-
rence during transepithelial infiltration. It was reported that
the diameter of nanoemulsion less than 200 nm was delivered
through the epithelial layer by the passive transport [26].
TAP-nanoemulsion with smaller particle size was able to
penetrate the cell membrane efficiently compared to the con-
ventional emulsion. Moreover, the smaller droplet had an
extensive surface area to volume ratio resulting in an elevated
cellular uptake. AST may have to be released from the cap-
sule matrix by mechanical, chemical, and enzymatic pro-
cesses that take place in the mouth, stomach, and small
intestine. The released AST may be merged into droplets
formed by coingested lipids within the mouth and stomach.
Dietary lipids, such as triacylglycerols (TAG), undergo diges-
tion within the stomach and small intestine due to the pres-
ence of gastric and pancreatic lipases leading to the
formation of free fatty acids (FFA) and monoacylglycerols
(MAG). These surface-active lipid digestion products inter-
act with endogenous surface-active lipids (bile salts and
phospholipids) to form mixed micelles, vesicles, and other
colloidal structures [27]. These colloidal structures are capa-
ble of solubilizing lipophilic bioactive components (such as
B-carotene) and transporting them to the epithelium cells
where they are absorbed.

3.6. TAP-Nanoemulsion Inhibits Lung Metastatic Melanoma
Proliferation In Vivo. The oral administration strategy is pre-
ferred over a variety of other administration routes of medi-
cine delivery due to the many benefits it exhibits. The oral
dosage forms include liquids, tablets, capsules, and granules.
The advantages of the oral liquid form are the most conve-

nient way of drug administration. These advantages include
good patient compliance, high versatility, prolonging the
time of curative effect, reducing the fluctuation of the blood
concentration, pain avoidance, ease of ingestion, improving
the compliance of the medication, reducing the number of
administrations, decreasing the side effects, and superior
safety to accommodate different types of medicines. At first,
we designed TAP-nanoemulsion as nutritional supplements.
Nanoemulsions have shown the potentials to deliver various
kind of drugs (hydrophilic, lipophilic, and amphiphilic
agents) through many routes like oral, transdermal, ophthal-
mic, and parenteral modes. When the agent is directly
injected to the site of intravenous (IV) injection, some med-
icines may cause local irritation. These pharmaceuticals, as
well as certain cosolvents in aqueous solutions, induce the
phlebitis, an inflammation of a vein leading to pain or red-
ness. Considering the convenience, practicality, and safety,
we planned the accumulation by oral administration. We
assessed the anticancer potential of TAP-nanoemulsion in a
metastatic melanoma C57BL/6 mouse model. Mice were
anesthetized with 3.5% isoflurane (Abbott Scandinavia AB,
Stockholm, Sweden) and injected with B16F10 cells (1 x 10°
cells within 200 4L PBS) through the tail vein at each concen-
tration of 150 mg/g mouse body weight [7]. Anesthesia is
kept by 2% isoflurane during bioluminescence scanning
using an IVIS spectral imaging system to observe the red sig-
nal strength enhancement which corresponded with the
tumor development. The result was quantified by the soft-
ware Living Image 4.3, and images were obtained at 2 min
intervals. The region of interest (ROI) is used to delineate
the signal and made measurements. The signal intensity
(radiation) was analyzed in photons/s/cm?/steradian
(p/s/cm?/sr). The melanoma-only group showed a strong
metastasis consequence of B16F10 in the thorax, especially
in the lung organ. After one week, all mice presented mela-
noma invasion results in the melanoma-only group. Until
about three weeks, the strong metastatic developments were
observed, and all mice were dead in the no-treatment group.
It is about two weeks from the beginning to start the oral
administration after tumor injection, and the mice were
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mRNA expressions associated with the three groups in qRT-PCR assay. (e) TAP-nanoemulsion inhibited lung metastatic melanoma through
induction of apoptosis-related proteins by Western blotting. We took a-tubulin as our experimental loading control. Data are representative
of 3 experiments. Blue: blank control; yellow: tumor only; red: TAP-nanoemulsion treatment groups. *p < 0.05 as compared with the tumor-

only group.

treated with the vehicle control or TAP-nanoemulsion. TAP-
nanoemulsion was conducted to the experimental group at
10 mg/kg by the oral route and did not generate any signifi-
cant changes and problems in normal defecation, posture,
expression, respiration, skin shedding, and yellowing of the
hair. The mice’s body weight was measured every week dur-
ing the experiment time period. As shown in Figure 5(a), the
body weight of the TAP-nanoemulsion group was signifi-
cantly enhanced over 30 days, and the volume of the mouse
tumor was reduced compared to the 0 day between the three
groups (Figure S1). Notably, the TAP-nanoemulsion group
demonstrated longer survival periods, and only 1/4 of mice
died within 35 days in Figure 5(b). The heart, liver, spleen,
lung, and kidneys were cut from the sacrificed mice and
weighed (Figure 5(c)). The weight of the lung from the
tumor-only group compared with that from the vehicle
control group was increased because the extra tissue of lung
metastatic melanoma. On the other hand, after being
treated with TAP-nanoemulsion in an oral form, the
metastatic melanoma of the lung was reduced appreciably.
In the tumor-only group, the average lung weight was 1.06
1 0.06 g, whereas the TAP-nanoemulsion group suppressed
the lung melanoma proliferation weights to 0.25+0.05g.
There was no major difference in other organ weights

among the three groups, suggesting that TAP-nanoemulsion
had no significant toxic effects on these parts. Our previous
study confirmed that AST restrained the formation of
melanoma [15], and in this case, we also inhibited B16F10
cellular melanoma with lung metastases successfully.

Based on our previous findings, we discovered AST sup-
pressed melanoma proliferation via apoptotic mechanism
in vitro and in a xenograft model [6, 7], and the lung metasta-
tic melanoma inhibition by the oral TAP-nanoemulsion
administration within this work was demonstrated. Bcl-2
family proteins are well known as major regulators of the
mitochondrial apoptosis mechanism. We found that Bcl-2
decreased in the TAP-nanoemulsion treatment group in
Figure 5(d), and it was assumed that TAP-nanoemulsion
increased downstream representative apoptotic expressions
of caspase-3 and caspase-9 which were proteolytic mRNA
playing necessary roles in the programmed cell death. The
ATM gene provides instructions for making a protein that
is located in the nucleus, where it helps to control the cell
growth and division rates. In particular, the nanoemulsion
promoted the expression of ATM in the mouse lungs com-
pared to the other two groups. The activities of cyclin-
dependent kinases are positively regulated by cyclins and
negatively adjusted by cyclin-dependent kinase inhibitors.
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The cyclin-dependent kinase inhibitor p21 triggers cell cycle
arrest to stop at the GI phase in many stimulus responses
[28]. It was important for the transition stage from Gl to S,
and the suppression of cyclin D1 reduced the hyperplasia of
tumor cells. Extracellular signal-regulated protein kinase
(ERK) signaling communicates to a neighboring protein by
adding phosphate groups to play a switch position in the can-
cer process and is a required pace in the assistance of mela-
noma. Nuclear factor x-light-chain-enhancer of activated B
cell (NF-«xB) not only facilitates tumor initiation/prolifera-
tion/development, augments angiogenesis, inhibits apoptosis,
and resists drugs but also causes epithelial-mesenchymal
transition which assists distant metastasis. Most human can-
cers have a constitutive of NF-«B because of the numerous
oncogenic mutations and inflammatory microenvironments
[29]. TAP-nanoemulsion inhibited mRNA expressions of
ERK with significant difference and minor effect on NF-«B.
The famous migratory mRNA of matrix metalloproteinase-
9 (MMP-9) was lower in the TAP-nanoemulsion treatment
group than in the tumor-only group. The experimental data
showed that it had a positive potential to suppress the inva-
sion and metastasis of melanoma in the lung.

Following the gene expression analysis changes measured
by qRT-PCR in vivo, we believed that our sample induced
lung metastatic melanoma apoptosis due to the invasive sup-
pression. To determine the involvements of signal transduc-
tion pathways in TAP-nanoemulsion cancer inhibition,
further assays were shown to survey the protein expressions
in Figures 5(e) and S4. Western blotting was used to measure
the related protein expressions. TAP-nanoemulsion inhib-
ited Bcl-2, cyclin D, ERK, NF-xB, and MMP-9 that exhibited
similar resultant trends as qRT-PCR consequences. Dysregu-
lated cyclin E activity causes cell lineage-specific abnormali-

ties, such as impaired maturation, apoptosis, and senescence
[30]. MEK is often overactive in some cancers. Once it is
blocked, tumor growth is controlled and apoptosis is to take
the field. The MMP family is related in the breakdown of all
kinds of extracellular matrixes in the normal physiological
processes. MMPs are recognized to be implicated with the
tumor adhesion and dispersion, the cytokine and chemokine
inactivation, the release of apoptotic ligands, the angiogenesis,
and the cleavage of cell surface receptors [7]. In particular, the
expressions of three proteins (cyclin E, MEK, and MMP-1)
were reduced with the addition of TAP-nanoemulsion. Over-
all, we confirm that TAP-nanoemulsion effectively reduced
the growth of melanoma and induced lung metastatic mela-
noma apoptosis in mRNA and proteins.

4. Conclusions

Based on the above results, we successfully manufactured a
nanoemulsion loaded with AST and peanut oil, and TPGS
as the emulsifier effectively stabilized the O/W nanoemulsion
against various environment stresses. TAP-nanoemulsion
had a good antioxidative stress in a dose-dependent manner
to reduce the production of cellular ROS. In the physiologic
mimic surrounding, TAP-nanoemulsion demonstrated a
high-quality oral release characteristic and reasonable stability
in vitro. TAP-nanoemulsion triggered apoptosis of human
malignant melanoma in the lung by inhibiting Bcl-2, cyclins
D1 and E, NF-xB, ERK, MEK, and MMP-1 and MMP-9 and
increasing cleaved caspase-9 and caspase-3, ATM, and p21.
We are the first group to present that TAP-nanoemulsion
had the potential clinical application for antioxidation and
metastatic melanoma suppression in vivo in Figure 6.
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The genetic polymorphism in the nuclear factor erythroid 2-related factor 2 (Nrf2) gene has been reported as one of the prognosis
markers for various diseases, including cancer. Nrf2 is a key transcription factor involved in wound healing by regulating
angiogenesis. We investigated the genetic association of NRF2 single-nucleotide polymorphism rs35652124 with T2DM and
DFU and assessed its functional impact. A total of 400 subjects were recruited for the study and categorized into three groups:
infected DFU patients (DFU, n =100), T2DM patients without complications (T2DM, # = 150), and healthy adults with normal
glucose tolerance (NGT, n=150). The subjects were genotyped by PCR-RFLP, and the polymorphism was identified by
bidirectional Sanger sequencing. The expression of NRF2, IL-10, TNF-«, and IL-6 was studied by qPCR to evaluate the
functional impact of rs35652124. The “T'T” genotype of rs35652124 was associated with a significant risk for T2DM [OR =2.2
(1.2-4.2), p=0.01] and DFU [OR =7.9 (4-14.9), p < 0.0001]. A significant decrease in transcriptional levels of NRF2 and IL-10
and a remarkable increase in TNF-« and IL-6 were observed in subjects with TT genotype. In conclusion, rs35652124 (TT) is a
harmful genetic variant that predisposes to insulin resistance and impaired angiogenesis. Hence, it may serve as a diagnostic

genetic marker for T2DM and DFU in combination with different inflammatory markers.

1. Introduction

Diabetic Foot Ulcer (DFU) is the fastest growing chronic
complication of diabetes and a major cause of mortality in
the diabetic population [1]. Amputation in subjects with dia-
betes is ten to twenty times higher than in subjects without
diabetes [2]. The progression of DFU is often complicated
by wide-ranging diabetic changes, such as neuropathy and
vascular disease. Recent research is now focusing on the role
of epigenetic factors, which by themselves and/or in combi-
nation with classical genetic factors, may be the major causa-
tive factor for the progression of DFU. Although genetic and
epigenetic factors predispose an individual to diabetes and,
these molecular mechanisms have not been completely
elucidated.

Nuclear factor erythroid 2-related factor 2 (Nrf2),
encoded by the gene NRF2, is a main redox homeostasis
mediator. Nrf2 triggers an array of proteins such as
glutathione-S-transferase (GST), glutathione peroxidase
(GPx), UDP-glucuronosyltransferase (UGT), NAD(P)H:
quinone oxidoreductase 1 (NQO1), multidrug resistance-
associated protein (MRP), heme-oxygenase-1(HO-1), perox-
iredoxin (Prx), Sulfiredoxin 1 (SRXN1), and Thioredoxin
reductase 1 (TXNRD1) involved in cytoprotection and
detoxification [3]. However, recent research has demon-
strated that Nrf2 is downregulated in various inflammatory
disorders [4, 5]. Studies from our laboratory have reported
that circulatory levels of Nrf2 and its downstream targets
were significantly low in type 2 diabetes and DFU [6, 7]. Pre-
vious investigations have reported that NRF2 expression is
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regulated by genetic factors such as single-nucleotide poly-
morphisms (SNPs), epigenetic factors such as promoter
methylation and posttranslational modifications of histones
[8]. However, the molecular mechanisms that downregulate
the NRF2 expression in T2DM and DFU remain unresolved.

One of the most prevalent genetic variations that predis-
pose an individual to diabetes and its complications is SNPs
[9-12]. It induces nucleotide substitution at specific locations
in a gene, causing variations in susceptibility to disease. Poly-
morphisms in the promoter region can regulate gene expres-
sion [13]. Epidemiological and genetic association studies
have proven the association of NRF2 promoter polymor-
phisms with diseases linked to oxidative stress, suggesting
the genetic predisposition of NRF2 polymorphisms to disease
susceptibility [14]. Among the NRF2 promoter polymor-
phisms, rs6721961, rs6706649, and rs35652124 are the most
studied ones. We have chosen rs35652124 (g.178130073
C/T, c.-214 G>A) due to its involvement in regulating effi-
cient binding of Nrf2 with promoter binding sites like antiox-
idant response element (ARE) [15]. Nrf2 autoregulates its
activity through its ARE, and the consequence of a polymor-
phism in ARE could be the decline of transcriptional activity
of Nrf2-dependent cytoprotective genes [16]. Previous stud-
ies have also demonstrated that rs6721961 and rs6706649
have low minor allele frequencies when compared to
rs35652124 [17, 18].

The association of rs35652124 with a few diseases has
been previously documented. The investigation by Cérdova
et al. demonstrated the association of rs35652124 with
nephritis in childhood-onset systemic lupus erythematosus
[19]. Zhu et al. analyzed three SNPs, namely, rs35652124,
1s6706649, and 156721961, in Hashimoto’s thyroiditis and
reported that the presence of one or more minor alleles was
linked with a near-significant risk [20]. Collectively, these
investigations demonstrated the genetic association of
rs35652124 with diseases linked to autoimmunity, inflamma-
tion, and oxidative stress. However, the functional impact of
rs35652124 on diabetes and DFU has never been explored. In
the present study, we have analyzed the genetic association of
rs35652124 with T2DM and DFU. Further, its functional
impact was analyzed by measuring the expression of NRF2,
interleukin-10 (IL-10), tumor necrosis factor-a (TNF-),
and interleukin-6 (IL-6) in the study subjects.

Our investigation demonstrated that the rs35652124 TT
genotype was significantly associated with T2DM and DFU
and found to have a significant decrease in transcriptional
levels of NRF2 and anti-inflammatory marker IL-10 and a
significant increase in pro-inflammatory markers TNF-«
and IL-6, suggesting the inherent deleterious impacts of the
polymorphism.

2. Patients and Methods

2.1. Study Population. A total of 400 participants were chosen
for this cross-sectional study and grouped into three, ie.,
group I: subjects with normal glucose tolerance (n=150),
group II: subjects with type 2 diabetes mellitus (n = 150),
and group III: subjects with diabetic foot ulcers (n =100).
The research subjects were recruited from the Hycare Super
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Speciality Hospital, Chennai, and the blood samples were col-
lected in the fasting state. The ethics committee of the institute
approved the study protocol (025-A/HYC/IEC/2018), and
all the study subjects gave written informed consent. The
investigation was conducted in accordance with the Decla-
ration of Helsinki.

2.2. Inclusion and Exclusion Criteria. The participants in this
investigation are of south Indian origin aged 50 to 55 years.
Subjects with T2DM and DFU were chosen based on the
World Health Organization criteria and IDSA (Infectious
Diseases Society of America)-IWDF (International Working
Group on the Diabetic Foot) classification, respectively. NGT
included subjects with normal FPG (72 to 99 mg/dL), PPG
(below 140 mg/dL), and HbAlc (below 6.0%). T2DM sub-
jects were identified on the basis of FPG (>100mg/dL),
PPG (200 mg/dL or more), and HbAlc (6.5% or above).
Duration of diabetes was not considered. Similarly, subjects
with infected DFU were selected based on their symptoms
of systemic inflammatory responses (WBC >12,000 or
<4000 cells/uL) and wound size (>2 cm).

Subjects with infectious diseases, peripheral vascular
disease, autoimmune diseases, and haematological diseases
and subjects with other reasons of harm to the peripheral
nerves, such as vitamin B, insufficiency, use of neurotoxic
drugs, and inherited neuropathy were not considered for
this investigation.

2.3.  Anthropometric Measurements and Biochemical
Parameters. Anthropometric measurements of study subjects
like height and weight were obtained using standard tech-
niques. Body mass index (BMI) calculation was done accord-
ing to the formula, i.e., dividing the weight in kilograms by
the height in centimeters squared. The blood pressure was
measured using INFI deluxe mercury sphygmomanometer.
Biochemical analysis of fasting plasma glucose (FPG), post-
prandial plasma glucose (PPG), total serum cholesterol,
HDL-cholesterol (HDL-c), and LDL-cholesterol (LDL-c)
was performed in Hitachi-912 autoanalyzer using kits sup-
plied by Roche Diagnostics (Germany). FPG and PPG were
analyzed by the glucose oxidase-peroxidase method. Total
serum cholesterol was analyzed by cholesterol oxidase-
peroxidase-amidopyrine method. HDL-c was measured by
the direct method with polyethylene glycol-pre-treated
enzymes. LDL-c was calculated by Friedewald formula. Gly-
cated haemoglobin Alc (HbAlc) levels were analyzed using
HPLC. The total blood cell counts were analysed on a hema-
tology analyzer (XN-1000; Sysmex, Kobe, Japan).

2.4. Genotyping of NRF2 rs35652124 Polymorphism. Geno-
mic DNA was isolated using QIAamp DNA Mini Kit (Qia-
gen) according to the manufacturer’s instructions. The
purity and concentration of isolated DNA were analyzed
using Thermo Scientific™ NanoDrop™ 2000/2000c spectro-
photometer. The samples with a purity of 1.8 (A260/280)
was used for the study. The NRF2 promoter region with the
polymorphism rs35652124 was amplified by S1000 thermal
cycler (Bio-Rad, USA), using the primers: Forward: 5'-
CCTTGCCCTGCTTTTATCTC-3" and Reverse: 5'-CTTC
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F1GURE 1: PCR-RFLP results of rs35652124. First lane shows 100 bp DNA ladder. Lanes A and E indicate the “TT” genotype with bands at 192
and 72 bp. Lane D represents CC genotype with a single band at 264 bp alone. Lanes B, C, F, G, H, I, and ] indicate CT genotype with three

bands at 264, 192, and 72 bps.

TCCGTTTGCCTTTGAC-3'. The PCR was done based on
the following protocol: initial denaturation of 95°C for
5min, followed by 30 cycles of denaturation at 95°C for
30s, annealing at 57°C for 30s, and extension at 72°C for
1 min, followed by a final extension at 72°C for 10 min. Follow-
ing PCR, the amplicon of 264 base pairs (bps) was subjected to
Restriction Fragment Length Polymorphism (RFLP) using the
restriction enzyme BseRI (Neb enzyme, USA) as per the
manufacturer’s instructions. The restriction digested prod-
ucts were resolved on three percent agarose gel and visualised
in Syngene G Box XR5 Chemiluminescence Imaging System
(Syngene International Limited, India). The homozygous
wild CC genotype was obtained as 1 band (264 bp), the het-
erozygous CT genotype as 3 bands (264, 192, and 72 bps),
and the homozygous mutant genotype TT as two bands
(192 and 72 bps) (Figure 1). Further, the PCR products were
purified using the QIA quick gel extraction kit (Qiagen, USA)
and sequenced on SeqStudio Genetic Analyzer (Applied Bio-
systems, USA). The chromatograms were visualised in
CodonCode Aligner (CodonCode Aligner 9.0.1).

2.5. Analysis of NRF2 and Inflammatory Markers by qPCR.
5mL of venous blood was obtained from the study subjects
based on their rs35652124 genotypes. Further, peripheral
blood mononuclear cells (PBMCs) were separated from the
whole blood by a Ficoll-histopaque density gradient centrifu-
gation method. mRNA was isolated using the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s instructions.
cDNA conversion was performed using Takara PrimeScript
RT-reagent kit. The expression of NRF2, IL-10, IL-6, and
TNF-a among the study subjects was analyzed by quantita-
tive real-time PCR using CFX Connect Real-Time PCR
Detection System (Bio-Rad, USA). The primers used are as
follows: NRF2 (F): 5'-TGTAGATGACAATGAGGTTTC-3,
NRE2 (R): 5'-ACTGAGCCTGATTAGTAGCAA-3' , IL-10
(F): 5'-ACATCAGGGTGGCGACTCTA-3', IL-10 (R): 5'-
AAGGTTTCTCAAGGGGCTGG-3', IL-6 (F): 5'-GTCCAG

TTGCCTTCTCCCTIG-3', IL-6 (R): 5'-AGCACGACCAC
GACCTTG-3', TNF-a (F): 5 -TCTGGGCAGGTCTACT
TTGG-', TNF-a (R): 5 -GGTTGAGGGTGTCTGAAGGA-
3', GAPDH (F): 5 -AAGAAGGTGGTGAAGCAGGC-3',
and GAPDH (R): 5'-GTCAAAGGTGGAGGAGTGGG-3'.

2.6. Statistical Analysis. Statistical analysis was carried out
using the SPSS version 20.0. The data of continuous variables
are represented as mean + SD. For non-normally distributed
variables, Mann-Whitney U tests were used to compare
medians. The analysis of Hardy Weinberg equilibrium was
performed by chi-square test. Determination of frequencies
of alleles and genotype distribution were performed by chi-
square test of independence with two by twofold contingency
and z-score. Multivariate logistic regression analysis calcu-
lated the odds ratio (OR) with ninety-five percent confidence
interval. p values of less than 0.05 were regarded as statisti-
cally significant.

3. Results

3.1. Biochemical Characteristics of the Study Subjects. The
clinical and biochemical characteristics such as blood glu-
cose, blood pressure, lipid profile, and HOMA index of the
study subjects are depicted in Table 1. The NGT subjects
were normoglycemic with BMI and biochemical parameters
in the normal range. Reflecting the severity of the disease,
SBP, DBP, FPG, PPG, HbAlc, HOMA-IR, LDL-c, total
serum cholesterol, and WBC counts were significantly high
among T2DM and DFU subjects when compared to NGT
(p <0.001), whereas HDL-c levels were significantly low in
T2DM and DFU when compared to NGT (p < 0.001).

3.2. The nsSNP rs35652124 (g.178130073T>C) Is Associated
with T2DM and DFU. Table 2 depicts the genetic interrela-
tion of rs35652124 with T2DM and DFU. The frequency of
TT genotype was significantly higher in DFU subjects
(52%) when compared to T2DM (23.3%) and NGT subjects
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TaBLE 1: Clinical and biochemical characteristics of the study population.

Clinical parameters NGT (n=150) T2DM (n = 150)* DFU (n = 100)°
Gender (M/F) 77M/73F 79M/71F 48M/52F
Age (years) 51.6+1.2 51.4+1.4 52.8+1.6
BMI (kg/m?) 212+1.6 27.6+1.4%" 28.1+1.7°%*
SPG (mmHg) 102.2+6.9 118.6 +7.8"*** 128.5 + 3.5
DBP (mmHg) 75.3+4.1 81.1+£3.2"""" 86.3 £2.5"""
FPG (mg/dL) 89.9+7.2 136.6 £8.5"*** 215.2 +11.4™""
PPG (mg/dL) 100.9+11.2 234.5+10.3""" 271.2 +39.7****
HbAlc (%) 5+0.6 9.4+0.5"**" 11 £0.9"*"
Total serum cholesterol (mg/dL) 128.4+22.4 139.9 +£22.4**** 190 + 5****
HDL-cholesterol (mg/dL) 60.3+4.1 47.6 £4.27 43.5+1.9"""
LDL-cholesterol (mg/dL) 94.7+7.6 108.8 £9.3""** 124.3 4.5
HOMA-IR 1.3+0.3 3.2+1.1% 7.4+ 1777
WBC count (10°/L) 63+1.5 8.1+1.5%" 134425

All data are reported as mean = SD for continuous variables; ****p < 0.0001; *comparison between T2DM and NGT; *comparison between T2DM and DFU.

TaBLE 2: Distribution of allele and genotype frequencies and genetic interrelation of rs35652124 SNP with T2DM and DFU: odds ratio (OR)

for minor alleles and their homozygous and heterozygous genotypes.

Genotypes Alleles

135652124 cc i - c .
NGT 27 (18%) 105(70%) 18 (12%) 159(53%) 141 (47%)
T2DM 22(14.7%) 93(62%) 35(23.3%) 137(46%) 163 (54%)
DFU 8(8%) 40(40%) 52(52%) 56(28%) 144(72%)

0.8 (0.4-1.4) 0.7 (0.4-1.1) 2.2 (1.2-4.2) 0.5 (0.3-0.7) 13 (1-1.8)
NGT vs. T2DM OR (95% CI) p=0.4 p=0.14 p=0.01 =0.0001 p=0.07

0.4 (0.2-0.9) 0.3 (0.2-0.5) 7.9 (4-14.9) 0.3 (0.2-0.5) 2.9 (2-4.3)
NGT vs. DEU OR (95% CI) p=0.03 <0.0001 < 0.0001 <0.0001 < 0.0001

0.5 (0.2-12) 0.4 (0.2-0.7) 4(2.1-6.1) 0.5 (0.3-0.7) 2.2 (1.5-3.2)
T2DM vs. DFU OR (95% CI) p=0.12 »=0.0007 p <0.0001 p=0.0005 p=0.0001

Figures in bold are significant with p < 0.05 and has odds ratio greater than one, suggesting the pathogenicity.

(12%). Patients with TT genotype had a significant risk for
the pathogenesis of T2DM and DFU when compared against
NGT vs. T2DM (OR=2.2 (1.2-4.2), p=0.01) and NGT vs.
DFU (OR =7.9 (4-14.9), p < 0.0001), relative to subjects with
CT and CC genotypes. The minor allele “I” was significantly
prevalent among the DFU subjects relative to T2DM (2.2
(1.5-3.2), p=0.0001) and NGT subjects (2.9 (2-4.3), p<
0.0001). As depicted in Figure 2, bidirectional Sanger
sequencing identified polymorphism in the study subjects.
In forward sequencing, “I” peak is indicative of mutant
allele, and “C” peak is indicative of wild allele. Similarly, in
reverse sequencing, “A” peak is indicative of mutant allele,
and “G” peak is indicative of wild allele.

3.3. Low NRF2 in T2DM and DFU Patients with rs35652124
(TT) Genotype. As depicted in Figure 3, NRF2 expression
was significantly downregulated in DFU subjects when com-
pared to T2DM and NGT subjects. But analysis of NRF2
expression based on patient’s genotype demonstrated that
DFU (2-fold, p < 0.0001), T2DM (1.1-fold, p < 0.0001), and

NGT (1-fold, p < 0.001) subjects with the homozygous mutant
TT genotype had a greater decline in NRF2 expression when
compared to T2DM and DFU subjects with homozygous
wild CC genotype. This is suggestive of the inhibitory effect
of TT genotype in suppressing NRF2 expression.

3.4. Dysregulation in Transcriptional Levels of Pro-
inflammatory and Anti-inflammatory Markers in T2DM
and DFU Patients with rs35652124 (TT) Genotype. The
transcriptional levels of anti-inflammatory cytokine IL-10
and pro-inflammatory cytokines IL-6 and TNF-« were ana-
lyzed in study subjects based on their genotype. As depicted
in Figure 4, DFU subjects with the homozygous mutant TT
genotype were observed to have a significant increase in IL-
6 and TNF-a expression when compared to T2DM and
DFU subjects with homozygous wild CC genotype, whereas
IL-10 expression was significantly decreased in DFU sub-
jects with the homozygous mutant TT genotype when com-
pared to T2DM and DFU subjects with homozygous wild
CC genotype.
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FIGURE 3: Relative gene expression of NRF2 in PBMCs of study
subjects based on their genotype. All data are reported as mean +
SEM; ****p < 0.0001, ***p < 0.001, **p < 0.01.

Further, to understand the influence of the other two
well-known SNPs in NRF2 promoter, namely, rs6721961
(G>T) and rs6706649 (C>T) on NRF2 regulation, we per-
formed bidirectional Sanger sequencing in NGT and DFU
subjects. As represented in Figure 5, none of the analyzed
subjects had homozygous mutant genotype at rs6721961
and rs6706649 loci. NGT subjects were observed to have
homozygous wild genotype at rs6721961 and rs6706649 loci,
whereas DFU subjects were observed to have heterozygous
genotype. However, in-depth genetic association studies are
required to gain more evidence.

4. Discussion

Prolonged hyperglycemia and cellular oxidative stress are
the prime pathophysiological determinants of DFU [21]. In
healthy subjects, the oxidative stress is counteracted by effi-
cient cellular antioxidant machinery. But in diabetic sub-
jects, prolonged hyperglycemia and oxidative stress result
in the generation of excessive reactive oxygen species which
causes endothelial dysfunction, vascular damage, and
delayed wound healing [22]. Nrf2 is a transcription factor
that maintains redox homeostasis in cells. It grants endoge-
nous cellular security to cells by activating antioxidant and
detoxifying genes that resist cellular stress [23]. Studies have
confirmed the downregulation of Nrf2 in several diseases
including diabetes [24, 25]. Extensive investigations indicate
that the Nrf2-Keap1 cascade performs a pivotal role in redox
homeostasis [26].

Under normal physiology, Nrf2 is subjected to proteaso-
mal degradation by its negative regulator Keapl. However,
during cellular stress, the Keapl cysteine residues get cova-
lently modified, and this enables Nrf2 to dissociate from
Keapl complex, moved to the nucleus, and transcribes an
array of genes responsible for detoxification and antioxidant
mechanism. Hence, the Nrf2-Keap1 complex acts as a sensor
for redox status [27]. However, the genetic mechanisms
behind the dysregulation of NRF2 expression in T2DM and
DFU remain unexplored.

Downregulation of Nrf2 is one of the significant factors
that cause impaired angiogenesis in DFU subjects [28]. The
dysfunction of the NRF2 by SNPs is gradually becoming a
milestone to discern disease development and progression
in diabetes [29]. The presence of SNPs in the regulatory
motifs of NRF2 gene would affect the efficient binding of
transcription factors to the gene and consequently repress
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transcription [30]. The present study analyzed the NRF2 SNP
rs35652124 (g.178130073 C/T, c.-214 G>A), in T2DM and
DFU subjects. This polymorphism is located at position
-214 of the NRF2 promoter and adversely affects the binding
of Nrf2 to antioxidant response element (ARE) like promoter
binding sites [15].

The present study demonstrated that NRF2 rs35652124
“TT” genotype was remarkably higher in T2DM and DFU
subjects than in healthy control and conferred significant risk
for the pathogenesis of T2DM and DFU. In addition, it dem-
onstrated that NRF2 expression was significantly decreased
in DFU patients with TT genotype. These observations have
coincided with the report of Santos et al., which demon-
strated that rs35652124 was associated with a lower level of
NRF2 expression in a cohort of alcoholic liver disease sub-
jects [31]. Besides, a few previous studies have also demon-
strated that SNP rs35652124 (TT) decreases the binding of

Nrf2 to ARE and hence downregulates the transcriptional
activity of Nrf2 [15, 32].

Investigations by Shimoyama et al. have shown that
NRF2 rs35652124 TT genotype is associated with increased
risk for blood pressure in a Japanese cohort [33]. Shimoyama
et al. have also demonstrated that TT genotype is a strong
predisposing risk factor for cardiovascular mortality in Japa-
nese hemodialysis patients [34]. Similarly, Song et al. have
also demonstrated that NRF2 rs35652124 TT SNP confers
vitiligo risk in Han Chinese subjects [32]. All these previous
investigations support our findings and confirm that NRF2
rs35652124 TT is a harmful genetic variant of NRF2.

In contrast, there are a few investigations that suggested
that NRF2 rs35652124 TT genotype is not a harmful genetic
variant, whereas NRF2 rs35652124 CC genotype is harmful.
For example, based on studies of Marczak et al. in African
Americans, subjects with “C” variant allele had significantly
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rs6706649: in forward sequencing, “C” peak indicates the wild allele, and “T” peak indicates the mutant allele. Similarly, in reverse
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lower forearm blood flow and higher forearm vascular
resistance when compared to healthy control. Besides, fol-
lowing oxidative stress, the C allele exhibited reduced
NRF2 expression compared with the “T” allele. The dispar-
ity in these findings with the present study could be mainly
due to differences in ethnicity [35]. The present study was
conducted in the South Indian population, whereas the
aforementioned study was conducted in African Americans.
Likely, rs35652124 SNP acts differently in diverse ethnic
population, and samples according to which transcription
factors are regulated [17].

Further, to validate the functional impacts of the
rs35652124 TT genotype on insulin resistance and wound
healing process, we have studied the transcriptional profile
of IL-10, TNF-a, and IL-6 in the study cohort based on their
genotype. The decline of IL-10 and elevation of TNF-« and
IL-6 are reported to be important regulators underlying insu-
lin resistance and a slow nonhealing chronic wound process
[36, 37]. Consistent with these findings, we found a reduced
expression of IL-10 and a significant increase in TNF-a and
IL-6, in T2DM and DFU subjects with TT genotype. In sum-
mary, these findings confirm that the NRF2 rs35652124 TT
genotype dysregulate key genes involved in redox homeosta-
sis and wound healing, and hence, it is a predisposing risk
factor in the pathogenesis of T2DM and DFU.

This work represents an advance in biomedical science as
it demonstrates that NRF2 SNP 1535652124 serves as a diag-
nostic genetic marker for T2DM and DFU in the South
Indian population and is associated with decreased tran-

scriptional levels of NRF2 in these subjects. There are no
investigations, so far, representing the clinical significance
of this polymorphism in T2DM and DFU. The strength of
this case-control study is that it was confined to subjects
with the same ethnicity. However, the shortcoming of the
study is its cross-sectional nature, which implies that no
cause and effect relationship can be conveyed. Further stud-
ies are required in a diverse ethnic population to gather
more evidence.
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Pristine and engineered metal nanoparticles are widely applied in various fields of industry, and as consequences, they are useful as
well as harmful to human health and environment. This study aimed at synthesizing the green zinc oxide nanoparticles (ZnNPs)
using the leaf extract of Ocimum sanctum Linn and assessing its toxicity on human skin epidermal (HaCaT) and human lung
epithelial (A549) cells. The synthesized green ZnNPs (gZnNPs) were characterized by using dynamic light scattering (DLS) and
a high-resolution transmission electron microscope. The average size of gZnNPs obtained was 62 nm with a spherical shape.
The effects of gZnNPs on the viability of HaCaT and A549 cells were investigated using tetrazolium salt (MTT) for 24h. We
have seen more reduction of cell viability of A549 cells in comparison to HaCaT cells. The induction of intracellular reactive
oxygen species (ROS) was measured using DCFDA assay and showed a slightly high intensity of green fluorescence in A549
than HaCaT cells. The different oxidative stress biomarkers such as ROS generation and lipid peroxide were increased, and GSH
was decreased in a dose-dependent manner. The apoptotic and necrotic effect of gZnNPs in both cells was carried out using
Annexin-V-FITC and propidium iodide staining. More apoptotic and necrotic cells were found at a higher concentration of
gZnNPs exposure. Also, we determined the effect of gZnNPs at the molecular level by evaluating the apoptotic and
inflammatory markers, in which gZnNPs downregulated Bcl2 and upregulated Bax, caspase-3, and TNF-« in HaCaT and A549
cells. Ultimately, gZnNPs exerted toxicity and apoptosis in HaCaT and A549 cells.

1. Introduction

Engineered nanoparticles are an inventive class of materials.
Due to this reason, development of nanotechnology is used in
different interdisciplinary areas, e.g., medical purposes and
industry. In this field, the improvement of nanotechnology
headed to the productions of nanoparticles (NPs), as contrast
agents or in targeted treatments. Recently, due to their more
applications in clinical purposes, the NPs are intensively
investigated, and more development was done on new tech-
niques to biological synthesize eco-friendly nanomaterials
and on assessing their biological effects on living organisms
[1]. The manufacturing techniques of eco-friendly NPs are

a challenge that made nanotechnology one of the most stud-
ied and well-financed domains of the last decades. Metal or
metal oxide NPs are progressively used in dermatology and
cosmetology. For example, ZnO and TiO2 NPs have been
extensively used to sunscreens since the 1980s to confer bet-
ter ultraviolet (UV) protection than traditional inorganic
sunscreens [2]. Natural antioxidants are in high demand for
application as nutraceuticals, biopharmaceuticals, as well as
a food additive [3]. Ocimum sanctum Linn is commonly
known as Tulsi and is applied for the curing of various health
indications. However, Ocimum sanctum has medicinal prop-
erties and used as herbal tea. Chandrasekaran et al. [4] have
reported its signs of toxicity for 14 days in Wistar rats. In
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the current investigation, the leaf extracts of Ocimum sanc-
tum were used to biologically synthesize of ZnONPs and
mediate its toxicity involved various mechanisms, in particu-
lar the production of excess ROS. As it is well known, mito-
chondrial dysfunction is the major source of ROS overload
[5]. Oxidative stress, apoptotic, and inflammatory response
are key molecular mechanisms to induce toxic effects of
exogenous substances [6, 7]. Oxidative stress mainly results
from the generation of intracellular ROS. Excessive ROS
causes the imbalance of oxidation and antioxidant system
in the body, which may induce lipid peroxidation and change
various enzymatic activities [8]. Malondialdehyde is one of
the most important products of lipid peroxidation, which
can be measured to reflect cell oxidative damage. However,
antioxidant enzyme superoxide dismutase (SOD) that cata-
lyzes SOD could catalyze superoxide anion radicals to oxygen
and hydrogen peroxide, and then, catalase (CAT) catalyzes
hydrogen peroxide to oxygen and water, helps to scavenge
ROS and free radicals, and prevents the cells from an injury
effectively. Studies showed that oxidative stress is often asso-
ciated with the germination of inflammation. ROS generated
by ZnNPs not only induced oxidative damage but also
increased the synthesis of proinflammatory cytokines in
human epithelial cells. Few studies have confirmed the harm-
ful effects of gZnNPs on human skin epidermal cell lines. So,
in this study, we will investigate the toxic effects of gZnNPs
on HaCaT and A549 cells.

2. Materials and Methods

2.1. Chemical and Reagents. Green zinc oxide nanoparticle
(gZnNPs) was prepared by using leaves extracts of Ocimum
sanctum Linn plant. MTT [3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide], DCFH-DA, dimethyl sulf-
oxide, Annexin-V-FITC, and propidium iodide were pur-
chased from Sigma-Aldrich (St. Louis, Missouri, United
States). Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and antibiotics were purchased from
Gibco, USA.

2.2. Preparation of Leaves of Ocimum sanctum Extracts. The
fresh leaves of Ocimum sanctum Linn were collected from the
local area and washed with running tap water. Leaves were
cut in small pieces, ground, and filtered using mesh (22 ym)
and stored in the refrigerator for further use.

2.3. Green Synthesis of ZnNPs and Physical Characterization.
The leaves extracts (50 g/1) were mixed to 5 g/l of zinc acetate
in a conical flask and very well shacked. After 30 min, the
reaction mixture was heated overnight at 60°C, and the
ZnO NPs powder is obtained.

A measurement of synthesized gZnNPs was done by
using a high-resolution transmission electron microscope
(JEOL Inc., Tokyo, Japan) at an accelerating voltage 120 kV.
The size of gZnNPs in water and culture medium were deter-
mined by DLS (Nano-Zeta Sizer-HT, Malvern, UK) as
described by Alarifi et al. [9]. We have used 35 ug/ml for
DLS measurement because this is the maximum treatment
concentration used to evaluate cell viability.
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2.4. Establishment of Cell Lines and Exposure of gZnNPs.
HaCaT and A549 cells were brought from American Type
Culture Collection (ATCC), USA. These cells were cultured
in DMEM with 10% FBS and 10000 U/ml antibiotics at 5%
CO, incubator at 37°C. The cells at 80% confluence were sub-
culture into 96 well plates, 6 well plates, and 25 cm? flasks
according to designed experiments.

HaCaT and A549 cells were subcultured for one day
before treatment to gZnNPs. The standard solution of
gZnNPs was prepared in Milli-Q water at 1 pg/ul and diluted
according to the experimental dosage (0-35 pg/ml). Control
cells were not exposed to NPs and considered as controls
with each experiment.

2.5. Cell Viability Detection. The cell survival rates were mea-
sured by methylthiazol tetrazolium (MTT) assay after 24
hours of exposure. Briefly, HaCaT and A549 cells in good
growth conditions were collected and seeded into 96-well
plates at 5 x 10° cells/well. Four multiple wells were prepared
for each concertation. After adhesion, the cells were exposed
to various concentrations of gZnNPs (0, 2, 6, 12, 25, and
35 pug/ml). Meanwhile, an equal volume of the medium was
used as a blank control, and cell suspension alone as controls.
After exposure for 24 h, 10 yl MTT (5 mg/ml) was added into
each well and cultured for another 4 hours. Then, 100 ul SDS-
isopropanol-HCL (triple solution) was added to each well
and placed overnight at 37°C. The absorbance at 570 nm
was detected by a microplate reader (BioTek, USA) to calcu-
late cell viability.

2.6. Estimation of Intracellular ROS Production. Formation of
ROS in HaCaT and A549 cell lines due to gZnNPs (0, 6, 12,
25, and 35 pug/ml) treatment for 24 h was determined accord-
ing to the method [10]. Briefly, 1 x 10* HaCaT and A549 cells
were grown in 96-well black culture plates and incubated in a
CO, incubator at 37°C for 24 h for attachment. Different con-
centrations of gZnNPs were added to the culture plates of
HaCaT and A549 cells for 24 h. After exposure, the culture
plates were washed with PBS, and 10 uM DCFH-DA was
mixed per well at 37°C for 60 minutes. After incubation, the
plate was washed and the fluorescence intensity was read at
485 nm excitation and 520 nm emissions using the microplate
reader (Synergy-H1; BioTek). Data were represented as
obtained fluorescence intensity of exposed and control wells.

A parallel set of experiments was carried out in a 6-well
culture plate, and DCF fluorescence images of cells were cap-
tured by using a fluorescence microscope (Olympus CKX 41;
Olympus: Center Valley, Pennsylvania, USA).

2.7. Detection of MDA Content and GSH Activities. After
treatment with gZnNPs (0, 6, 12, 25, and 35 ug/ml) for 24h,
the cells were collected by 0.25% trypsin and split by ultrasonic
crushing. After that, the cell samples were used for the next
detection. The content of GSH and the MDA was measured
according to the instruction of Cayman Chemical kits.

2.8. Caspase-3 Activity. Caspase-3 enzymes play a significant
role in cell death. Caspase-3 enzymes were determined in
gZnNPs (0, 6, 25, and 35 ug/ml) exposed and control cells
by using the BioVision colorimetric assay Kkits.
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TaBLE 1: Primer sequences and theoretical amplification length.

Genes Orientation primer Sequences (5 "to3 ')

Bd-2 Forward- ATGTGTGTGGAGACCGTCAA
Reverse- GCCGTACAGTTCCACAAAGG

BAX Forward- ATGTTTTCTGACGGCAACTTC
Reverse- AGTCCAATGTCCCAGCCCAT

Caspase-3 Forward- TGTTTGTGTGCTTCTGAGCC
Reverse- CACGCCATGTCATCATCAAC

TNF-a Forward- AAGGACACCATGAGCACTGAAAGC
Reverse- AGGAAGGAGAAGAGGCTGAGGAAC

B-Actin Forward- CCTGGCACCCAGCACAAT
Reverse- GGGCCGGACTCGTCGTCATAC

Zinc acetate

Ocimum sanctum leaves

Aqueous extract of
Ocimum sanctum

leaves

Frequency of gAgNPs (%)

<10 10-20
Size of gZnNPs (nm)

(®)

Size distribution of gZnNPs

>20-50 >50

Stirred and heat at 60 °(
overnight

Production of zinc oxide nanoparticles

Identified by UV and TEM

y=-13x? + 63.2x - 35.5
R?=0.8674

()

FI1GURE 1: Schematic diagram of green synthesis of zinc oxide nanoparticles (gZnNPs) using zinc acetate salt and Ocimum sanctum leaf
extract. (a) TEM image of gZnNPs. (b) Size distribution of gZnNPs (%).

TaBLE 2: Hydrodynamic size and zeta potential of gZnNPs in different dispersion medium. Data represent the mean + SE of three

independent experiments.

Nanopowder Dispersion media DLS mean + SE (nm) Zeta potential + SE (mV)
d-H,0 140+ 1.0 ~10.2+0.8
gZnNPs
DMEM/supplemented media 155+2 ~9.0+1.6

2.9. Analysis of Apoptosis Using FCM. The apoptotic and
necrotic HaCaT and A549 cells due to gZnNP (0, 6, 25, and
35 pg/ml) exposure were detected using Annexin-V-FITC/PI
staining through flow cytometer (Becton-Dickinson Immu-

nocytometry Systems, Sunnyvale, CA, USA). The cells were
collected by trypsin enzyme and washed with PBS and resus-
pended in binding buffer. Annexin-V-FITC (5ul) and PI
(5 pl) were mixed to cell suspension (500 ul) and put in the
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F1GURE 2: Cytotoxicity of gZnNPs on HaCaT and A549 cells for 24h, a:
three experiments. n =3, #p < 0.05, **p < 0.01 vs. control.

dark for 30 minutes at room temperature. Fluorescence emit-
ted by Annexin-V-FITC and DNA-bound propidium iodide
in each event were detected as red fluorescence, respectively.
Results were analyzed by the FACS Diva 6.1.2 software.

2.10. RNA Isolation and RT qPCR. The total RNA was
extracted from gZnNP- (0, 6, 25, and 35ug/ml) treated
HaCaT and A549 cells using the RNAiso Plus reagent
(Takara, China) after treatment for 24 h, and the concentra-
tion was measured at the absorbance of 260 nm by NanoDrop
2000C spectrophotometer (Thermo Scientific, Waltham, Mas-
sachusetts). Then, the total RNA was reverse-transcribed
into single-strand cDNA using the PrimeScript RT reagent
kit (Takara, China). The gene expression levels were quan-
tified using a SYBR Premix Ex Tap II Kit in the IQ5 Real-
Time PCR Detection System (Bio-Rad, USA) under the
conditions of heating at 95°C for 30s, 40 cycles of denatur-
ing at 95°C for 55, annealing at 55-60°C for 30, and exten-
sion at 72°C for 30s. The primer sequences are shown in
Table 1, fB-actin was used as the internal reference, and

Concentration (ug/ml)

s measured by MTT assay. Each value represents the mean + SE of

the relative mRNA expression was calculated by using the
2744t method.

2.11. Western Blot Assay. HaCaT and A549 cells were treated
with gZnNPs (0, 25, and 35 pg/ml) for 24 h, and after expo-
sure, the cell lysate was prepared in RIPA buffer
(ab156034). The cell lysate was centrifuged at 13000 rpm,
4°C for 30 min, and the supernatant was used for protein
expressions. The concentration of protein was evaluated by
the Bradford method [11]. Protein (20 ug) was migrated on
the gel and transferred to a PVDF membrane (Bio-Rad, Lab-
oratories Inc., Berkeley, CA, USA). The PVDF membrane
was incubated with different mouse monoclonal antibody
against f-actin (1:12000 dilutions, Abcam, Cambridge,
UK), Bcl2 (1:500 dilutions, Santa Cruz), Bax (1:1000 dilu-
tions, Antibodies-online), Caspase-3 (1:500 dilutions, Cay-
man), and TNF-a (1:500 dilutions, Santa Cruz) for 24h
at 4°C.

Secondary antibody HRP-conjugated goat anti-mouse
IgG (H + L) antibody (1:2000 dilutions Bio-Rad) was used.
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FIGURE 3: (a) Photomicrograph of green fluorescence (DCF intensity) in HaCaT and A549 cells after exposure to gZnNPs for 24 h. (b)
Intracellular intensity of ROS production in HaCaT cells (c). Intracellular intensity of ROS production in A549 cells. Each value represents
the mean + SE of three experiments. *p < 0.05 and ##*p < 0.01 vs. control.

Immunoreactive bands were detected using an EZ west Lumi
plus (ATTO Corporation, Tokyo, Japan), which is a chemi-
luminescent substrate to detect HRP on the western blotting
membrane. The luminescence intensity (optical density) of
the target protein bands was quantified using Lumino Graph
2 (ATTO Corporation). All protein expression levels were
normalized to the levels of f-actin protein expression in
each band.

2.12. Statistical Analysis. The data were analyzed by the SPSS
24.0 software (IBM) and expressed as mean + standard
deviation (SD). Differences between the groups were deter-
mined by a one-way ANOVA test with the least-significant
difference test. Values of p < 0.05 were considered statisti-
cally significant.

3. Results

3.1. Characterization of gZnNPs. Biosynthesized gZnNPs
were characterized using HR-TEM and DLS (Figure 1). The
TEM image of gZnNPs was presented in Figure 1(a). The aver-
age diameter of gZnNPs with spherical shape was 58.5 + 2.5
nm (Figure 1(b)). The size of gZnNPs in dH,O and culture
media was 140 + 1.0 nm and 155 + 2 nm. The zeta potential
of NPs in dH,O and culture media were ~10.2+0.8mV
and ~9.0 +1.6mV (Table 2).

3.2. Cytotoxicity. Cell viability of HaCaT and A549 cells were
determined by the MTT test, and the results are presented in
Figures 2(a) and 2(b). We have observed the reduction of cell
viability in both cells in concentration in a dependent man-
ner, and the A549 cell viability is more reduced than HaCaT
cells Figures 2(a) and 2(b). We have found the reduction of
cell viability as 0.02, 5%, 8.5%, 11.72%, 22%, and 36.5% in
HaCaT cells (Figure 2(a)) and 0.03, 4%, 6%, 16%, 28%, and
48% in A549 cells (Figure 2(b)) at 0, 2, 6, 12, 25, and 35 pg/ml
gZnNPs, respectively.

3.3. Oxidative Stress. ROS production in HaCaT and A549
cells due to gZnNPs exposure was determined, and its gener-
ation depends on the concentration of NPs. The generation
of ROS was measured by using DCFDA, and it was oxidized
in cells and formed DCEF fluorescent compound. High inten-
sity of green fluorescence demonstrates more generation of
ROS in cells. We have seen more generation of ROS in
A549 cells than HaCaT cells (Figures 3(a)-3(c)). The genera-
tion of ROS was as DCF intensity was more in A549 cells
(Figure 3(b)) than HaCaT cells (Figure 3(c)).

Meanwhile, LPO and GSH were determined and com-
pared with the control group, the activities of LPO was signif-
icantly increased in HaCaT (Figure 4(a)) and A549 cells
(Figure 4(b)), and the GSH level was decreased in HaCaT
(Figure 4(c)) and A549 cells (Figure 4(d)) at 35 ug/ml after
exposing ZnNPs.
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F1GURE 4: Oxidative stress biomarkers after exposure to gZnNPs on HaCaT and A549 cells for 24 h. (a) LPO in HaCaT. (b) LPO in A549 cells
(c). GSH in HaCaT cells. (d) GSH in A549 cells. Each value represents the mean + SE of three experiments. #p < 0.05 and #*p <0.01 vs.

control.

3.4. Detection of Apoptotic. The activity of caspase-3 was cal-
culated in HaCaT and A549 cells. Activities of caspase-3 were
increased according to concentration dependence, and its
level was more in A549 cell than HaCaT cells (Figure 5(h)).
We have confirmed the apoptotic effect of NPs on both cells
using Annexin-V-FITC and PI staining, and the cell scatter
diagram of cell distribution is shown in Figures 5(a)-5(g).
Analysis of the percentage of early and late apoptotic cells
was determined by (FACS) as shown in Figure 5(g). The early
and late apoptosis rates were 44.65 in A549 cells and 29.84%
in HaCaT cells at gZnNPs (35 ug/ml) exposure, respectively,
compared with the control group (Figure 5(g)).

3.5. mRNA Expressions in HaCaT and A549 Cells. The
mRNA expressions of Bax, Bcl2, caspase-3, and TNF-« were
identified to confirm apoptotic and inflammatory effects of
gZnNPs (Figure 6). Compared with the control group, the
mRNA expressions of Bax, caspase-3, and TNF-a were
increased while expression of Bcl2 was decreased at 35 pg/ml
gZnNPs group in HaCaT (Figure 7(a)) and A549 cells

(Figure 7(b)).

3.6. Western Blot Analysis. The expression of apoptotic and
inflammatory proteins in HaCaT and A549 cells after
gZnNPs exposure was determined using western blot anal-
ysis. In HaCaT cells, gZnNPs reduced in Bcl2 protein
expression (Figures 6(a) and 6(b)) and increased expres-

sion of Bax, caspase-3, TNF-a, and IL-6 as the compared
control group (Figures 6(a) and 6(b)). Also, similar effects
of gZnNPs on the expression of apoptotic and inflamma-
tory proteins were observed in A549 cells (Figures 6(a)
and 6(b)). The results indicated higher expressions of apo-
ptotic and inflammatory protein in A549 cells than HaCaT
cells (Figures 6(a) and 6(b)).

4. Discussion

Nanosize particles and dust are key risk factors for respira-
tory diseases and distribute in ambient air at significant
levels. Nanotechnology is an inventive area of science with
more application of new materials. In this study, ZnNPs
was synthesized using the extract of Ocimum leaves and used
to explore the potential influence of exposure to ZnNPs on
the skin and pulmonary inflammation in HaCaT and A549
cells, respectively. TEM analysis explored that the average
size of synthesized ZnONPs was 58.5 + 2.5 nm with a face-
centered cubic structure with a spherical shape (Figure 1).
Moosa et al. [12] and Ahmed et al. [13] reported that the size
of synthesized nanoparticles depends upon the plant extract
volume. No cytotoxicity was observed at a lower concentra-
tion, while exerting clear cytotoxic effects at higher concen-
tration of gZnNPs (at 35ug/ml) for 24h in HaCaT and
A549 cells. These results suggested the cytotoxic effects of
gZnNPs to some extent. Alarifi et al. [14] reported zinc oxide
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FIGURE 5: Scatter diagram after treatments of gZnNPs to HaCaT and A549 cells for 24 h. (a) HaCaT cells at 0 yg/ml. (b) HaCaT cells at
25 pg/ml. (c) HaCaT cells at 35 ug/ml. (d) A549 cells at 0 ug/ml. (e) A549 cells at 25 ug/ml. (f) A549 cells at 35 ug/ml. (g) Percentage of
early and late apoptotic cells after treatment of ZnNPs (0, 25, and 35 ug/ml) for 24 h. (h) Caspase-3 activity after treatment of ZnNPs (0,
6, 25, and 35 pg/ml) for 24 h. Data represents the mean + SE of three experiments. #p < 0.05 and #s#p < 0.01 vs. control.

nanoparticle (at 20 ug/ml) induced cytotoxicity, oxidative
stress, and apoptosis in malignant human skin melanoma cell
line. Also, this study showed that gZnNPs inhibited cell via-
bility more in A549 cells than HaCaT cells. Furthermore,
gZnNPs showed a low reduction of cell viability in HaCaT
and A549 cells than the reduction of cell viability in A375
cells due to ZnONP exposure. This might occur in the pres-
ence of an extract of Ocimum sanctum. Gautam and Goel
[15] reported that 50% ethanol extract of Ocimum sanctum
leaves was nontoxic after its acute and subacute oral admin-
istrations mice. Nowadays, biosynthesized metallic nanopar-
ticles using plant extract have received more attention due to
simple and viable alternative against chemical and physical
methods with their potential applications in nanomedicine.

Zinc oxide nanoparticles were synthesized using Laurus
nobilis L leaf aqueous extract and two different zinc salts
[16] and showed antibacterial activity [17]. In this experi-
ment, we have investigated the generation of intracellular
reactive oxygen species, and its levels increase in a dose-
dependent manner; subsequently, ROS induction was more
in A549 cell than HaCaT cells. Conformably, the current
results showed significant generations of ROS and MDA by
ZnNPs in A549 and HaCaT cells. Nanoparticles induced free
radicals which may damage the cells through oxidative stress
mechanism. The generation of intracellular ROS deteriorates
the lipid membrane of target cells by the formation of malon-
dialdehyde molecule, and this is known as lipid peroxidation
[18]. In this study, LPO activity was observed more in A549



8 Oxidative Medicine and Cellular Longevity

HaCaT cells
25 e
g
E 2
o
2 15-
@
=
g
Q
g 0.5
0
BCL2 Bax Caspase-3 TNF-a
m Control w25 pug/ml
= 6 ug/ml = 35 pg/ml
(@
A549 cells

EEd

Gene expression ratio

BCL2 Bax Caspase-3 TNF-«
= Control w25 ug/ml
m 6 pug/ml ®m 35 pg/ml

(b)

FIGURE 6: ZnNPs induce apoptosis and inflammatory response of HaCaT and A549 cells. Western blot analysis was carried out to assess
apoptosis and inflammatory response-related protein expression in HaCaT and A549 cells. -Actin was used as an internal reference.
ZnNPs significantly increased the expression of Bax, caspase-3, and TNF-a and decreased the expression of Bcl-2 at a concentration
35 ug/ml (a, b). Data represents the mean + SE of three experiments. #p < 0.05 and ##p < 0.01 vs. control.

0 pg/ml 35 ug/ml 0 pg/ml 35 ug/ml

2
3)
k) -
g Bcl2 E g -t
jaW
: Bax | I |
g
L
2 Caspase-3 | ga f ]
i)
>
E - |
~ -
facn [ D] [ -
BCL2 Bax Caspase-3 TNF-o HaCaT cells A549 cells
m HaCaT cells; control m A549 cells; control
® HaCaT cells; 35ug/ml u A549 cells; 35ug/ml

(a) (b)

FIGURE 7: ZnNPs induce apoptosis and inflammatory response of HaCaT and A549 cells. mRNA expression analysis was carried out to assess
apoptosis and inflammatory response-related gene expression in HaCaT cells (a) and A549 cells (b). f-Actin was used as an internal reference.
ZnNPs significantly increased the gene expression of Bax, caspase-3, and TNF-a and decreased the expression of Bcl-2 in a concentration-
dependent manner (a, b). Data represents the mean + SE of three experiments. #p < 0.05 and #=p < 0.01 vs. control.

than in HaCaT cells. ROS has been linked in different mech- ~ anism of cell growth was stopped [18]. Interestingly, among
anisms, viz. damaging of nuclear components (DNA and  these two cell types, A549 cells were more sensitive than
RNA), protein, interference of cellular signaling pathways, = HaCaT cells. Liu et al. [19] found that particulate matters
and alteration in gene expression, and ultimately, the mech- increased intracellular ROS level and induced oxidative stress
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via the activation of IL-6/AKT/STAT3/NF-«xB signaling
pathway in lung epithelial cells. To confirm whether prolifer-
ation of cell was inhibited by the apoptotic response, we have
determined apoptotic cells by using Annexin-V-FITC and PI
staining after exposure to gZnNPs. The gZnNP-induced apo-
ptosis was led by the activation of caspase-3, which is
observed at 35 ug/ml nanoparticle exposure by evaluation
of caspase-3 activity by the enzyme-linked immunosorbent
assay (ELISA) and immunoblotting. Activation of caspase-3
was accompanied by downregulation of bcl2 and upregula-
tion of Bax proteins. All these events indicated the signs of
apoptosis, which were observed more in A549 cells after
exposure to NPs.

It is a more important finding that A549 cells are more
susceptible to gZnNPs than HaCaT cells. In the future, we
will do investigations about the mechanism of toxicity due
to gZnNPs in in vivo experiments.
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The field of nanotechnology is rapidly expanding with the advancement of novel nanopesticide and nanofertilizers that have the
potential for revolutionizing applications in the agricultural industry. Here, we have done chronic toxicity of cadmium dioxide
nanoparticles (CAONPs) on fish Oreochromis mossambicus (O. mossambicus) using oxidative stress and genotoxic biomarkers.
In this current study, the value of LC;-96hr of CAONPs has observed 40 ug/ml for O. mossambicus. The three sublethal
concentrations, e.g., 4, 10, and 20 ug/ml were selected based on the LC,, value. The fishes were treated to the above
concentration of CAONPs for 21 days and were harvested at 1, 7, 14, and 21 days for evaluation of clastogenicity, mutagenicity,
and genotoxicity of NPs. Generally, significant effects (p <0.01) were observed as a dose and duration of exposure. It was
observed that lipid peroxidation (LPO) was increased and glutathione was decreased in both tissues. Micronuclei (MNi) were
produced significantly in peripheral blood on 21 days at maximum concentration. A similar trend was seen in the damage of
DNA with the same manner in terms of the percentage of tail DNA in the lymphocyte, gills, and kidney cells. This study
explored the application oxidative stress, comet assay, and micronucleus assay for in situ aquatic laboratory studies using fish O.

mossambicus for screening the ecomutagenic and genotoxic potential of environmental pollutants.

1. Introduction

Engineered nanoparticles are parts of daily life. The applica-
tion of heavy metals nanoparticles is increasing all over the
world. They are incorporated into a wide array of products
including sunscreens, clothing, electronics, paints, and auto-
mobiles. The continued development and expansion of
industrial applications for nanoparticles ensure that they will
enter the aquatic environment through the manufacture, use,
and disposal of nanoplastics [1]. The effect of metal nanopar-
ticles is still considered to be a big risk for the health of
aquatic animals due to accumulation in different tissues of
aquatic animals [2]. Due to anthropogenic activity such as
manufacturing, agriculture, sewage, and motor vehicle
emissions caused metal pollution in especially developing
countries [3], metals are nonbiodegradable. Some researchers

documented that heavy metals, e.g., Cd, Cr, Hg, and Fe,
affected cellular organelles and enzymes involved in metabo-
lism in aquatic animals [4]. These heavy metals release metal
ions and interact with nuclear materials and protein and alter
the conformational which initiates apoptosis, carcinogenesis,
and modulation of the cell cycle [5]. Many researchers have
found the generation of reactive oxygen species as well as
oxidative stress works as a key role in mutagenicity and
ecotoxicity of metals [6-8]. This is a major risk to aquatic
flora and fauna especially to fish, which contribute one of
the important sources of protein-rich food for animals and
humans. Heavy metallic nanoparticles discharge in the
wastewaters from various sources and settle down in the
sediments of ponds, lakes, and rivers. The nanoparticles
adhere to the surface of plankton and get in the food web.
Due to the increase of genotoxic in the aquatic ecosystem,
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the development of specific biomarkers to find out the
genotoxic effects on aquatic organisms has gained impor-
tance [9, 10]. However, comet assay is now more important
in comparison to other assays due to high sensitivity to find
out a little level of DNA damage [11]. The data regarding
the oxidative stress and mutagenic and genotoxic nature of
CdONPs in aquatic animals is meager, especially the data about
the chronic genotoxic effect of CAONPs in O. mossambicus.
Therefore, the current study investigates the underlying
mechanism of mutagenic and genotoxic properties of CAONPs
in fish O. mossambicus.

2. Materials and Methods

2.1. Experimental Specimens. The experimental specimen fish
Oreochromis mossambicus belongs to family Cichlidae, and
order Cichliformes were bought from fish markets. The fish
had a mean length of 18 + 2.0 cm and an average weight of
260 +10.0g. The fishes were treated with a potassium per-
manganate solution (0.05%) for 3 min to escape any dermal
infections. The fishes were accustomed for 15 days in the
aquarium before CAONP treatments. The fishes were fed
goat liver and poultry waste material. Every work as reported
by Ali et al. [12] was done to maintain optimal conditions
during adaptation.

2.2. Chemicals. For this experiment, cadmium dioxide nano-
particles (CAONPs) (average particle size > 100 nm + 4 nm)
were purchased from American Elements 10884 Weyburn
Avenue Los Angeles, CA, USA. All other chemicals were pur-
chased from local markets.

2.3. Characterization of CAONPs

2.3.1. Transmission Electron Microscopy (TEM). CdONPs
(10mg) were suspended in Milli-Q water (10ml). The
carbon-coated copper grid was immersed into the suspen-
sion (40 ug/ml) of CAONPs, and the grid was dried in the
incubator for 24 hr. After drying the grid, the image of nano-
particles was captured by using a transmission electron
microscope (JEOL Inc., Tokyo, Japan) at 120kV. We have
captured images of 10 areas of the TEM grid.

2.3.2. Determination of the Hydrodynamic Size of CAONPs.
The size and zeta potential of CAONPs in aqueous solution
were measured by using dynamical light scattering (DLS,
Nano-Zeta Sizer-HT, Malvern, UK) as described by Alarifi
and Alkahtani [13]. CAONPs were suspended (40 pg/ml) in
double-distilled water. The nanoparticle suspension was
sonicated at 40 W for 10 min by a sonicator.

2.4. Experimental Design and Evaluation of Sublethal
Concentrations. The fishes were put in an experimental glass
tank (dimensions 40.30 x 50.10 x 40.30 cm) for 4 days in a
semistatic system. Ten fishes were put in each tank. The
suspension of CdONPs (10mg) was prepared in 10ml
ultrapure water and sonicated at 40 mV for 15 minutes using
a sonicator (Q-Sonica). The different concentrations of
CdONPs (0, 1, 10, 20, 40, 80, and 150 mg/L) were exposed
to Oreochromis mossambicus for 4 days.

Oxidative Medicine and Cellular Longevity

During exposure, fishes were not fed to avoid the
adherent of CdONPs to food materials. The experimental
water (20 liters) was exchanged every day before the exposure
of NPs. After 4 days, the LC;, value of CAONPs was deter-
mined as 40.0 ug/ml, applying the probit analysis method
as reported by Finney [14]. Based on LC,, value (4 days),
the three test doses of CAONPs, viz., sublethal I (1/10 of
LC;y~4 pg/ml), sublethal II (1/4 of LC,,~10ug/ml), and
sublethal III (1/2 of LC,,~20 pg/ml) were determined.

The fish Oreochromis mossambicus were treated to the
three sublethal doses of CAONPs for 21 days in a semistatic
system. The exposure was continued up to 21 days, and tissue
sampling was done at intervals of 1, 7, 14, and 21 days at the
rate of 5 fishes per duration. An additional set for the positive
control (cyclophosphamide 20mg/kg body weight) was
separately maintained.

The fishes were sacrificed on each sampling day, and
blood, gills, and kidney tissues were collected for the study
of oxidative stress and genotoxicity. The muscle tissue was
collected to analyze the bioaccumulation of Cd ** ion in fish.
For histological analysis, the tissues were fixed in Bouin’s fix-
ative in small glass tubes. The physicochemical properties of
test water, such as temperature, pH, total conductivity, dis-
solved oxygen, and total hardness, were analyzed by standard
methods [15].

2.5. Preparation of Sample for ICP-MS. The freeze muscle
tissue (5mg) was mixed with concentrated nitric acid
(HNO;, 10 ml) and perchloric acid (HCIO,, 2 ml) in the flask.
The flask was heated on a hot plate up to 100°C in fume hood
till the yellow color was disappeared. Then, hydrogen peroxide
(50 pl) was added. The digested sample was vaporized up to
1.5ml and diluted with dH,O to 50ml and filtered with a
Whatman filter paper. The samples were analyzed using
inductively coupled plasma mass spectrometry (ICP-MS) [15].

2.6. Oxidative Stress

2.6.1. Preparation of Tissue Lysate. The gills and kidney of
CdONPs exposed to fish were washed with cold phosphate-
buffered saline and collected in a small tube and minced in
small pieces in lysis buffer through the homogenizer and cen-
trifuged at 13000 rpm for 15 min at 4°C, and the supernatant
(cell lysate) was put on ice for further tests for reduced gluta-
thione (GSH), lipid peroxide (LPO), catalase (CAT), and
glutathione-S-transferase (GST). The quantity of total pro-
tein in cell lysate was evaluated by the Bradford method
[16] using bovine serum albumin as the standard.

2.6.2. GSH Test. The content of GSH was evaluated according
to Ellman’s [17] method. 100l cell lysate was added with
TCA (5%, TCA 900 ul) and centrifuged at 3000 g for 10 min
at 4°C. Again, 500 yl supernatant was added with DTNB
(0.01%, 1.5ml), and OD of the mixture was taken at
412nm. The quantity of glutathione was represented in
mU/mg protein.

2.6.3. LPO Test. LPO was evaluated according to Ohkawa
et al, [18] method. Cell lysate (100ul) was added with
sodium phosphate buffer (1.9ml, 0.1M, pH7.4) and
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incubated for 60 min 37°C. Later incubation TCA (5%) was
mixed and centrifuged at 3000 g for 10 min at 25°C to collect
the supernatant. Then the supernatant was added with 1 ml
TBA (1%) and boiled at 100°C for 30 min in a water bath.
OD of the mixture was taken at 532 nm and was converted
to MDA and expressed in terms of mU/mg protein.

2.6.4. Catalase (CAT). CAT enzyme was evaluated according
to Ali et al. [19].

2.6.5. Glutathione-S-transferase. The activity of glutathione-
S-transferase was evaluated by assessing the alteration of
absorbance induced by the presence of glutathione dinitro-
benzene complex as a product of the reaction between GSH
and CDNB [20]. The working solution (0.1 M phosphate
buffer, 10mM GSH, and 60 mM EDTA), CDNB (10 mM),
and enzyme source were mixed in a cuvette. The change in
absorbance was measured every 30s for 5min at 340 nm.
The GST level was presented as mU/mg protein.

2.7. MN Assay. After sampling the blood, the blood smear
was made on the frosted glass slides. The smeared slides were
dried at RT and fixed in the method for 10 minutes, and after
air drying, the slide was stained with 6% Giemsa in the buffer
(pH 6.8) for 30 min. Scoring of micronuclei (MNi) was done
using a light microscope (Leitz Wetzlar Germany, 100X
with oil). A total of 10000 erythrocytes were examined for
each concentration. The micronucleus body was identified
according to as described by Ali et al. [12].
MN frequency was calculated as follows:

Number of cells containing micronucleus

MN% = % 100.

(1)

Total number of cells counted

2.8. Comet Assay. The DNA damaging potential of CdAONPs
on different tissues of O. mossambicus was assessed using the
single-cell gel assay [21]. The gills and kidney tissues (about
50 mg each) were washed two times with chilled phosphate-
buffered saline (Ca>* Mg2+ free) to remove blood cells and
transferred to ice-cold homogenization buffer (1-X Hanks’
balanced salt solution, 20 mM EDTA, 10% dimethyl sulphox-
ide (DMSO), pH 7.0-7.5). The tissue was cut into small pieces
using scissors and finally homogenized to obtain a single-cell
suspension. The suspension of the cell was centrifuged at
3000 rpm at 4°C for five min, and the cell pellet was finally
suspended in chilled phosphate-buffered saline for SCGE
assay. Lymphocyte cells were isolated from the blood histo-
paque density gradient centrifugation method, and the cells
were diluted 10-fold for the single-cell gel assay. The two
slides were prepared from each fish (25 cells per slide) (250
cells per dose), and the slides were randomly scored using
an image analysis system (Komet-5.5, Kinetic Imaging,
United Kingdom) attached to a fluorescent microscope
(Leica) equipped with appropriate filters. The parameter
selected for quantification of DNA damage was percent tail
DNA (i.e., %tail DNA = 100 — %head DNA) as determined
by the software.

3
TaBLE 1: Physiochemical characteristics of test water.

Parameters Values
Temperature 23-24.8°C
pH 5.88-7.40
Dissolved oxygen (mg/1) 6.32-8.00
Total hardness (as CaCo3) (ug/ml) 154.0-190
Chloride (ug/ml) 45.06-53.0
Conductivity (yM/cm) 241.2-289

2.9. Statistical Analysis. Data were expressed as the mean
(+SE) and analyzed by one-way analysis of variance
(ANOVA). A p value of less than 0.05 and 0.01 was consid-
ered statistically significant. Minimum three independent
experiments were done in duplicate for each treatment.

3. Results

3.1. Experimental Water Quality. Table 1 shows the
properties of test water quality. During the experiment, the
water quality parameters such as pH of water (5.88-7.40),
temperature (from 23 to 24.8°C), and dissolved oxygen
(DO) (6.32-8.0 mg/1) are found (Table 1). The total hardness
of test water was found to be 154.0-190 pg/ml as CaCO;. The
chloride ion level and conductivity of test water were 45.06 to
53.0 ug/ml and 241.2-289 uM/cm, respectively (Table 1).

3.2. Characterization of CAONPs. The CdAONPs have specific
properties relative to CdO bulk particle counterparts which
impart them beneficial characteristics; they may also bestow
them with unique mechanisms of toxicity. We have charac-
terized the size of CAONPs, and their average size was
45.20 +3.80nm (Figures 1(a)-1(b)). Figure 1(a) shows the
TEM image of nanoparticle, and most of the particles are
round. The hydrodynamic size of CdAONPs was 84.50 nm,
and zeta potential was -9.3 mV.

3.3. Behavioral Response of Fish and Median Lethal
Concentration. After exposure to CdAONPs (1, 5, 10, 20, 40,
80, and 150 yg/ml), the freshwater fish showed abnormal
behavior and we have observed 1%, 10.5%, 14%, 56%, 73%,
and 100% mortality in 96h, respectively (Figure 2). LC,
-96h value with 95% confidence of CAONPs to fish was
40 ug/ml (Figure 2). Behavioral alterations of fish were
noticed up to 4 days, and this might be due to intoxication
of CAONPs. Due to these toxicities, fish was lost of swimming
equilibrium, calmed down to the bottom of the tank, restless,
and died without showing any movement and feeding
activities at a maximum concentration of CAONPs.

3.4. Bioaccumulation of CAONPs. The Cd accumulation in
various tissues such as the muscles, gills, and kidney of
exposed fish was determined using ICP-MS, and the concen-
tration of Cd metal increases according to the concentration-
dependent manner (Table 2). The highest cadmium from
CdONPs was found in the gills as compared to the muscles
and kidneys (Table 2). The Cd bioaccumulation in different
tissues of fish was gills > muscles > kidney (Table 2).
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FIGURE 2: Acute toxicity of CAONPs on fresh water fish Oreochromis mossambicus. n=3; *p < 0.05 and **p < 0.01 vs. control.

TaBLE 2: Bioaccumulation of Cd in gill, kidney, and muscles of fish.

Exposure concentrations

Tissues Control Sublethal T Sublethal II Sublethal TIT
Gill 0.062 £0.013 0.09+£0.01 0.102+0.01 0.119 £0.01
Kidney 0.065 +0.012 0.063 +0.03 0.087 +0.016 0.098 +0.02
Muscles 0.088 +£0.002 0.109 £+ 0.002 0.116 +£0.002 0.124 +£0.001

All values are the mean + SE.

3.5. Induction of Oxidative Stress. The lipid peroxide (LPO)
level was measured by measuring the formation of MDA in
the gills and kidney tissue of fish. The LPO level was signifi-
cantly increased at sublethal III dose (21 days) (Figures 3(a)
and 3(b)). Exposure of NPs at sublethal I, II, and III for 21
days significantly reduced the GSH level in both tissues of
fish (Figures 3(c) and 3(d)). The effect of CdAONPs on the
GST level in both tissues of fish significantly increased the
concentration and time-dependent manner (Figures 4(a)
and 4(b)).

Catalase activity in both tissues is significantly induced at
sublethal I for the 7" and 21*' day, but on the other hand, cat-
alase activity was reduced at sublethal III for the 21% day
(Figures 4(c) and 4(d)).

3.6. Induction of Micronuclei (MNi). The mutagenic effect of
CdONPs on fish was observed (Figures 5(b)-5(d)). The data
showed the significant formation of micronuclei at sublethal
IT and 11T CAONPs exposure at the 21°" day (Figures 5(b)-
5(d)). Also, we have observed that the formation of MNi
was in a concentration and time-dependent manner, and
on the 21*" day, there were 1.5-fold increases from lower to
maximum concentrations. The negative control was unable
to induce nonsignificant MNi frequency fish.

3.7. DNA Damage. The genotoxicity of CAONPs on freshwa-
ter fish was determined using single gel electrophoresis and
DNA damage as measured in % tail DNA in lymphocyte,
gills, and kidney tissue. During electrophoresis, the DNA of
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F1GURE 3: (a) Level of LPO in gill tissue. (b) Level of LPO in kidney tissue. (c) Level of GSH in gill tissue. (d) Level of GSH in kidney tissue.
Each value represents the mean + SE of three experiments. *p < 0.05 and **p < 0.01 vs. control.

all tissues was migrated faster towards the anode at sublethal
III concentration than the sublethal I concentration exposure
(Figures 6(c)-6(h)). The order of DNA damage in different
tissues of fish was gills > lymphocyte > kidney (Figures 6(a)
and 6(b)).

4. Discussion

Cadmium dioxide nanoparticles (CAONPs) are found natu-
rally in environments and parts of many commercial prod-
ucts, but little is known about their potential hazard on the
freshwater organism. Several studies have been carried out
about the accumulation of Cd CAONPs [22]. Shaw and Handy
[23] reported that copper metal bio accumulated more in the
liver in comparison to other organs such as the gills and
intestine of fish. The distribution of Cd*" during the study
and distribution of CdONPs in Oreochromis mossambicus
has been observed in the gills than in the kidney. The
alteration of behavior is the result of adaptations to the
exchange environment. Behavioral changes are a sensitive
parameter of an animal’s response to stress. Any change in
the behavior of freshwater fish indicates a drop in water
quality. We have observed the immediate reaction of fish after
exposure to the acute concentration of nanoparticles. Fish
moved to surface, and erect fins and secreted mucous were
seen after exposure to CdONPs. The behavioral changes of
this study were following the findings of Khunyakari et al.
[24] for C. carpio and Poecilia reticulata under the effect
of copper.

Maintaining the stress to it is the minimum stage, and
applying their energy to acclimatize the changing water
quality afore for activities may be the reason for behavioral
changes in fish under the effect of CdONPs. Bioaccumula-
tion of Cd*" in different tissues after exposure to CdONPs
depends upon the physiochemical nature of nanoparticles
and water. Nussey et al. [25] have reported that metal

(e.g, Cd and Zn) toxicity is affected by the physical-
chemical characteristic of test water. The acclimatized dose
of Cd was 2 and 0.25 ug/l in surface freshwater bodies in
the United States or acute and chronic exposure [26]. In
the current study, the physical-chemical characteristics of
test water were maintained constant to reduce their effect
on metal nanoparticle toxicity. The accumulation of metals
indicates pollution of the metal and detects their route of
intake and excretion [3, 27]. Some researchers advocated
that heavy metals accumulated in tissues such as the gills,
kidney, spleen, and liver in chronic exposure [28]. Expo-
sure to heavy metals increases mucus secretion in fish to
prevent gill uptake; hence, high levels of metals found in
this tissue might be due to mucus-bonded metals. Lipid
peroxidation occurred due to the reaction of ROS and
membrane lipids [29]. MDA is an important by-product
of polyunsaturated fatty acids. Lipid peroxidation by-product
MDA level has been measured in the gills and kidney tissues
of freshwater fish after exposure to CdAONPs. LPO levels were
significantly increased among controls and treatment groups
in both tissues. Ali et al. [30] have reported that oxidative
stress is a major mechanism of ecotoxicity. GSH and LPO
(Figure 3) were increased, and GST and catalase (Figure 4)
were increased at lower concentrations and increased higher
concentration, indicating that toxic effects were related to
oxidative stress.

In this study, we have used alkaline single-cell gel electro-
phoresis to detect the genotoxic potential of CdAONPs in differ-
ent tissues of freshwater fish because at higher pH > 13, the
expression of alkali labile sites and single-strand breaks was
increased. We have seen that fragments of DNA and loosed
DNA loop were migrated towards the anode and forming
the tail of a comet as seen in Figure 6. The percentage of tail
DNA is an important parameter to express the genotoxicity.

On the basis of the current study, the bioaccumulation of
Cd ion was more in the muscle tissue than in the gills and
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kidney tissues after exposure to CAONPs for the 21° day.
However, the genotoxicity effects of CAONPs were more in
lymphocyte cells in comparison to the gill and kidney. This
can be confirmed that CdONPs were eco-genotoxic and
carcinogenic to aquatic organisms.
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Pseudoalteromonas espejiana (P. espejiana) is a marine bacterium known for its high resistance to alkalinity. The ability of P.
espejiana to reduce Au (III) and biosynthesize gold nanoparticles (AuNPs) is found positive and was confirmed using UV-
VIS, EDS, SEM, and TEM studies. Previously, many studies have been reported regarding the crystalline nature of AuNPs;
therefore, this research aims at studying the crystal growth behaviour of AuNPs through DLS and TEM studies. Spherically
shaped and monodispersed, AuNPs ranging between 5 to 160 nm were obtained with an average particle size of 62 nm. Also,
to achieve maximum production of AuNPs, the reaction kinetic study was performed using an ICP-OES method and the
effect of various parameters including pH, temperature, rpm, and concentration of substrate was analyzed. During the
biosynthesis process, an appropriate phase of nucleation, crystal growth, and saturation was observed and this helped to
determine the rate constants and order of reaction. The parameters such as pH profile (pH9), temperature (30°C), agitation
speed (150rpm), and enzyme substrate ratio (2:3) were found to be the best fits for maximum production of low size
AuNPs. This demonstrates that in initial few hours, a quick conversion of the ionic gold precursor takes place into metallic
gold nuclei, trailed by crystal growth via coalescence of small nuclei. Subsequently, it can be concluded that coalescence
processes drive the crystal growth process of AuNPs over a time interval and finally leads to saturation and no newer particle
formation in the solution.

the synthesis of NPs [9-11]. Since the last one decade, biolog-
ical sources like microbes, plant, and plant parts along with

In the field of material science, nanotechnology is unremit-
tingly carving its own zone as an emerging field of research.
Applicability of nanoparticles (NPs) and nanomaterials is
evolving rapidly; specially on the biomedical front from cell
imaging, targeted drug delivery and cancer diagnostics to
therapeutic applications [1-8]. Both the physical and chemi-
cal methods, or either of any, can be significantly applied for

various biomolecules are being used to biosynthesize NPs
both intra and extracellularly giving rise to the new field
“Nanobiotechnology”. The biological methods involves liv-
ing organisms like bacteria, fungi, actinomycetes, yeast, algae,
and plants [12-16] and exploiting them both intracellularly
and extracellularly to synthesize and produce NPs of desires
shape, size, and morphology [17]. Biogenic synthesis also
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produces more stable NPs because microbes and plant
extracts contain enzymes, phenols, and flavonoids, which
act as a capping agent [18]. Marine microbes exhibit a very
exploitable potential for biosynthesis of metal NPs especially
gold, silver, iron, and copper. [19, 20].

One of the first reports by Singaravelu et al. [21] demon-
strated the synthesis of monodispersed AuNPs using Sargas-
sum wightii (S. wightii) marine algae. Venkatesan et al. [22]
reported an interesting study involving marine brown alga
Ecklonia cava (E. cava) wherein AuNPs biosynthesis
occurred within 1 minute at a high temperature of 80°C
[22]. Bacteria Rhodopseudomonas capsulate (R. capsulate)
was also monitored for its potential in the biosynthesis of
AuNPs. It showed successful synthesis using enzyme
NADPH-dependent nitrate reductase [23]. Since marine
flora and fauna can easily adjust to biotic and abiotic stress
and also to the extreme environmental conditions; thus, an
emphasis to explore marine microbes is trending since the
last decade. Also, the lipid and polymer-based metallic sys-
tems have showed significant activities for eradicating vari-
ous cancer-associated disorders and diseases [24, 25].
However, the noble metals such as gold and silver are expen-
sive, and, thus, it is very important to use these materials as
per need, which could be efficiently achieved through reduc-
ing their particle size and forming NPs through biosynthesis
approach. This approach also regulates the cost and reduces
the waste disposal, thus exhibits high biodegradability and
biocompatibility [19].

Earlier studies have demonstrated that the synthesis of
NPs involves a key mechanism of a precipitation reaction,
followed by nucleation, crystal growth, and accumulation
[26]. As per the reports, the process of nucleation is found
to be an initial one and also appears very fast followed by
the particle growth, which is the slowest step and also the
rate-determining step. After nucleation, the particles having
the size more than the critical size show a particle growth
by coalesce whereas particles with size less than critical size
dissolve back in the solution [27]. Also, the surface charge
and polydispersity index (PDI) of the particles play crucial
roles for regulating the processes of nucleation, crystal
growth, and accumulation. It has been observed that the
lesser the PDI value, the more would be the formation of
monodispersed particles, thus lesser would be the size of
the particles [28]. An extensive study focusing on kinetics
involved in the biochemical process of metal NPs synthesis
will suffice the lack of understanding of reaction complex-
ity and will minimize the trial-and-error approaches. Bio-
genic synthesis still needs understanding and validation
of the formation mechanism of NPs so as to scale up its
bulk production.

The present research focuses on the biosynthesis of
AuNPs using cell lysate supernatant (CLS) of marine bacte-
ria, P. espejiana, and deduces the best possible culture condi-
tions for AuNPs production. Temperature, pH, agitation
speed, and concentration of chloroauric acid (precursor
agent) were the four physico-chemical parameters, which
were varied and tested to observe their effect on the biosyn-
thesis of AuNPs using one-factor-at-a-time (OFAT) method.
Colloidal AuNPs solutions were examined using UV-VIS

Oxidative Medicine and Cellular Longevity

spectroscopy (UV-1800, Shimadzu, Japan); the obtained
spectra presented an absorption band around 540 nm, which
confirmed the successful production of AuNPs. Further,
AuNPs were subjected to DLS, TEM, FE-SEM, and ICP-
OES analysis to deduce out more results in order to establish
an understanding of both the crystal growth kinetics and
reaction kinetics.

2. Materials and Methods

2.1. Chemicals. Chloroauric acid (HAuCl,-3H,0), and other
pure chemicals and biochemicals, were purchased from
Sigma-Aldrich, India. Zobell Marine broth was purchased
from Himedia, India. Freshly prepared aqueous solution of
HAuCl, (1mM), prepared using double-distilled (DD)
water, was used in the experimental work. All the glassware
used was sterilized and thoroughly washed with pure water.
All other chemicals and reagents were of analytical grade.

2.2. Method of AuNPs Biosynthesis Using P. espejiana. The
authors have followed the protocol of AuNP synthesis as
reported previously with some modifications [19]. The
marine bacterial strains of P. espejiana were collected from
Dr. Rajib Bandopadhyay, Associate Professor, The Univer-
sity of Burdwan, West Bengal. Both the bacterial component
version, i.e., cell biomass and cell lysate supernatant (CLS)
were tested for their ability to convert precursor HAuCl, to
gold nanoparticles. Various steps involved in the biosynthesis
of AuNPs are summarized in Figure 1. Visual observation of
aliquot’s color change from yellow to pinkish-purple was the
preliminary indication for successful AuNP production. The
AuNPs produced were further confirmed using UV-Vis
spectroscopy by observing the SPR peak at 540 nm. Thereaf-
ter, the characterization of AuNPs was done using TEM,
SEM, EDX, and DLS studies to access the shape, size, and
morphology.

2.3. Determination of Enzyme-Substrate Ratio. Different
combinations of enzyme-substrate ratios were analyzed, [E|:

[Cy]=1:1,1:2,2:1,2:3, and 3:2, in order to determine
the best enzyme-substrate ratio for significant AuNPs syn-
thesis. Moreover, to observe the crystal growth and reaction
kinetics of AuNPs, the optimum ratio of [E]: [C,] and alter-
ations in the physico-chemical parameters were assessed.

2.4. Size Optimization of AuNPs. In order to optimize the size
and observe the phenomenon of crystal growth of AuNPs,
the synthesis was carried out at four different temperatures
(25°C, 30°C, 35°C, and 37°C) and simultaneously at different
pH ranging from 5 to 9 for a period of 24 hours. This study
helped in deducing the influence of temperature and pH over
the size of synthesized NPs. After obtaining results of the
optimum pH and temperature, the samples were subjected
to access various sizes of the synthesized NPs using DLS
(Nano ZS Zetasizer Malvern Instrument, UK), so as to plot
a graph showing the increase in the size of NPs with respect
to time (time vs. size). Further, the AuNPs samples were
drawn at regular time interval up to 48 hrs and analysis of
morphological characters using FE-SEM (ZEISS Sigma
300), TEM (JEOL, JEM1400, USA).
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Marine bacteria P. espejiana was cultured under suitable conditions
(30°C, 150 rpm, 24 hrs incubation time)

]

Culture broth was collected by centrifuging (10,000 rpm).
Supernatant was stored while the cell biomass was processed further.

Cell biomass was washed
well with phosphate buffer.

Ultrasonicated (15 mins, 30 sec pulse) and centrifuged at 10,000 rpm
to obtain cell lysate supernatant (CLS)

]

Addition of HAuCl , to both the supernatant and CLS (30°C,
150 rpm, 24 hrs incubation time).

Color change, indicated
AuNPs formation

[ Evaluation and characterization of biosynthesized AuNPs ]

F1GURE 1: Schematic flow chart indicating various steps involved in
AuNPs biosynthesis using P. espejiana testing for both intracellular
synthesis and extracellular synthesis of gold nanoparticles.

2.5. Study of Reaction Kinetics. The effect of varying temper-
atures (25°C-40°C), pH (5-9), agitation speed (50-250 rpm),
and HAuCl, concentration (1-10mg/L) over the reaction
kinetics involved in the biosynthesis of AuNPs was attempted
to comprehend in this study. Multiple sets of experiments
were carried out by varying one factor at a time (OFAT)
while keeping the other factors constant over a period of
reaction time (0-48h) intervals. The enzyme substrate ratio
was kept constant i.e., [E]: [C,] =2 : 3. All experiments were
subjected to ICP-OES analysis over a period of 48 hours by
altering different parameters and drawing samples at regular
time interval. The concentrations of formed AuNPs were
measured at regular time intervals to determine the effect of
physical parameters. ICP-OES analysis was done on Perkin
Elmer, USA; Optical 2100DV ICP-OES at CIF, BIT MESRA.
The data and results helped in predicting the best combina-
tion of physical parameters for the most reliable and eco-
nomically viable process for the AuNP production.

2.6. Study of Order of Reaction. The order of reaction was
obtained from the experimental data which was expressed
in the form of graphs. It is the sum of the exponents of the
concentration terms in the rate expression.

3. Results and Discussion

3.1. AuNPs Screening and Characterization Studies. The suc-
cessful synthesis of AuNP formation was confirmed by the
SPR peak at 540 nm in U Visible spectroscopy. It was further
characterized by DLS which gave an average particle size of
62nm with net particle charge of -25.6 analyzed by zeta
potential analyzer hence approving the stability of the

AuNPs. EDX results confirmed AuNPs production by acces-
sing elemental composition.

3.2. Optimized Enzyme to Substrate Ratio. The best enzyme
to substrate relation comes out to be [E]: [C,] =2 : 3 since
maximum UV-VIS absorbance was observed as illustrated
in Figure 2, which demonstrated that 2 units of enzymes is
able to reduce 3 fractions of substrate successfully to synthe-
size the AuNPs. The second best was 3:2 which implied the
amount of substrate is less than the enzyme. The use of less
amount of enzymes at [E]: [C,]=2:3 produced more
amount of AuNPs, hence, makes the process economically
viable.

3.3. Size Optimization of Crystal NPs. Different temperatures
(25°C-40°C) and pH (5-9) were selected for the experimental
setup in order to optimize the best pH and temperature for
the smallest homogeneous bulk production of AuNPs. While
varying the factors, the enzyme substrate ratio was kept con-
stant [E]: [C,] =2 : 3 along with keeping pH constant at 9
and temperature at 30°C. At the optimum pH and tempera-
ture, the crystal growth was keenly observed through TEM
and FE-SEM images. It was also confirmed by DLS observa-
tions that the size of NPs increased with time, so the study
was performed to comprehend the development of NPs and
their growth behaviour. Also, the process parameters of the
reaction were preserved till the reaction reached equilibrium.
Figure 3 shows the AuNPs of largest size, around 250 nm,
among other AuNPs synthesized at the other four tempera-
tures. It could be mainly because of agglomeration and fusion
of small NPs to give rise to larger ones. Further, TEM analysis
confirmed the presence of the smallest AuNPs, around 5 nm,
at 30°C during the time interval of 2-12 hrs.

After the 24th hour, the average particle size was 166 nm
at 30°C. At 37°C, the particle size increased, probably because
of high stability effects at high temperature, thus, the NPs size
increases with the increase of reaction time.

On the basis of DLS results, it was concluded that at pH 9,
maximum AuNPs of small spherical size around 160 nm
were obtained. High alkalinity happens to increases OH™
concentration in the solution mixture, which affects the sur-
face charge of NPs, subsequently resulting in an increase in
the repulsive electrostatic/electrosteric interactions.

This causes an increase in the stability of cluster groups
and colloid formation in the medium with a decreased affin-
ity for agglomeration of the NPs. At alkaline pH, monodis-
persed and small-sized spherical AuNPs were produced,
with the greater amount. At acidic pH like 5 and 6, the size
of AuNPs produced was in the range of 450-550 nmas repre-
sented by the graph in Figure 4.

TEM and FE-SEM micrographs (Figures 5 and 6) clearly
showed that, initially the NPs were mostly spherical but with
an increase in time, the fusion of AuNPs led to the develop-
ment of NPs of various geometrical shapes. The particle size
analysis of AuNPs with varying time duration is tabulated in
Table 1. The values of showed that the AuNPs were the range
of 5-160 nm over a period of 48 hours. It was observed that
with increasing of time, the AuNPs agglomerate and fuse to
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develop into larger crystals, and thus large-sized AuNPs are
produced if the reaction is left for more than 12 hours.

3.4. Reaction Kinetics. This study was done to understand the
influence of temperature, pH, agitation speed, and substrate
(HAuCl,) concentration on the kinetics of the biosynthesis
of AuNPs. Various sets of experiments were done by chang-
ing the abovementioned 4 physical parameters whilst keep-
ing the other parameters constant.

3.5. Effect of Temperature on the Production of AuNPs. The
different temperatures selected were 25°C-40°C, and it was
observed from the ICP-OES data that the concentration of
NPs increased till the 12 hour of the reaction, and as the
reaction reached equilibrium, it was observed that from the
24" hour to 48™ hour, there was no significant increase in
the amount of product. It was seen that with the increase in
temperature, the concentration of the NPs also increased
and the rate of synthesis of the reaction changed.
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Temperature acts as one of the most crucial physical
parameter in the biosynthesis of AuNPs. Figure 7 displays
the ICP-OES analysis of the effect of temperature in the bio-
synthesis of AuNPs. It was observed that with the increase in
the reaction temperature, from room temperature to 30°C,
the biosynthesis of AuNPs also increased. As the temperature
was increased further, the rate of reduction of HAuCl,
decreased, the minimum being at 40°C perhaps because, at
higher temperature, the enzymes tend to get denatured and
loses its activity [29].

The observed mechanism shows that most of the gold
ions were utilized in the formation of nuclei which leads to
the secondary reduction. Once all the active sites of the
enzyme get completely occupied, the reaction halts since
there is no more scope of reduction to AuNPs. The move-
ment of atoms in the solution (Brownian movement)
increases with the increase in temperature and directly affects
the reaction kinetics, leading to the aggregation of the NPs
during synthesis and hence enhances the rate of production
[30]. In this specific case, the results of ICP-OES showed
the highest amount of AuNPs, synthesized at 30°C. The
results when compared at 6 different temperatures, led to
the conclusion that 30°C, were optimum for the biosynthesis
of AuNPs. Further, the formation of AuNPs at other reported
temperatures have been summarized in Figure 7. The ICP-
OES results clearly showed that with every 1mg/L of
HAuCl,, the AuNPs biosynthesized is 0.961 mg/L, which
means up to 96% conversion.

3.6. Effect of pH on the Production of AuNPs. The influence of
pH in the production of AuNPs was evaluated at 5 different
pH values (5, 6, 7, 8, and 9), and the results were demon-
strated through ICP-OES analysis (Figure 8). It was observed
that with the increase in pH, the concentration of the AuNPs
increased. The pH of medium plays an integral role in the
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F1Gure 5: TEM images of AuNPs growth behaviour at varying time intervals: 0-2 h (a), 2-12 h (b), 12-24 (¢), and 24-48 h (d) are depicted. The
AuNPs size showed an increment at successive time interval due to fusion of smaller nuclei leading at a bigger particle due to crystal growth.
All AuNPs in the images were synthesized with HAuCl, as a precursor ion. In the images, the scale on the bottom left corner represents

100 nm.

biosynthesis of NPs, since it encourages and determines the
reactivity of the enzyme present in the bacterial CLS with
gold ions.

As per the ICP-OES estimation, the maximum gold ions
were converted to AuNPs at an alkaline pH of 9. One of the
convincing reasons was that since the bacterial source used
was of marine origin, so the enzyme was more effective at
alkaline pH. Fast reduction of gold occurred in the basic
medium. The rate at which NADPH-dependent nitrate
reductase releases H" ions and donates the electrons is pH
driven, which in turn determines the sensitivity of biosynthe-
sis of AuNPs.

When the pH is basic, the concentration of H ions in
solution is very low, initiating fast dissociation of NADPH-
dependent nitrate reductase and instantaneous reduction of
a large amount of gold atoms, leading to the formation of
many nuclei, which in turn leads to a higher rate of AuNPs
production at pH9. Because of this, the concentration of
reduced atoms decreases and the accelerated growth of the
nuclei takes place to form nanospheres, avoiding the growth
of anisotropic structures [31]. Hence, more spherical AuNPs
are formed at basic pH9.

In the case of neutral to acidic pH, the rate at which
NADPH-dependent nitrate reductase dissociates is slower
because there are enough H" ions already present in the
solution at pH 5 and 6. Furthermore, due to the unavailabil-

ity of requisite electrons, the reduction of gold ions into
AuNPs also lowers. Similar results were reported in Coleus
aromaticus (C. aromaticus) leaf-mediated NPs synthesis
where alkaline pH8.2 showed a narrow peak at 460 nm
with maximum production [29]. Similarly, [32] used an
aqueous extract of Momordica charantia (M. charantia)
for AuNPs synthesis, and it exhibited maximum stability
at pH 10. Several reported results prove that pH plays an
important role in the shape and size and also controls the
activity of synthesized AuNPs. The current study specified
that the alkaline pH was more appropriate for the biosyn-
thesis of AuNPs.

3.7. Effect of Substrate (HAuCl,) Concentration on the
Production of AuNPs. Different concentrations, ie., 1, 2, 3,
4, 5, and 10 mg/L of substrate (HAuCl,) when added to bac-
terial CLS also resulted in the varying amounts of AuNPs
production. ICP-OES results indicated that the production
of AuNPs is directly proportional to the substrate concen-
tration. The rate of reaction and amount of AuNPs produc-
tion in a 48 hrs time period was majorly dependent on the
initial metal ion concentration and reaction time. The more
the concentration of gold ion available for reduction, the
more was the AuNPs product at the end of the reaction.
The substrate to product ratio was estimated via ICP-OES,
and the results confirmed the formation of AuNPs, with a
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F1GURE 6: FE-SEM images depicts growth behaviour of AuNPs at varying time intervals: 0-2h (a), 2-12h (b), 12-24 (c), and 24-48h (d).
Owing to phenomenon of nuclei fusion and crystal growth, a successive increase in the size of AuNPs was observed as the time increased.
The scale of 100 nm is present at left bottom corner of each of the four images.

TABLE 1: Particle size analysis of AuNPs at varying time through
DLS studies.

S. no. Time interval (hrs) Average particle size (nm)
1 0-2 11+£6.36

2 2-12 66 +9.76

3 12-24 119+ 11.57

4 24-48 148 +£17.81

yield of 92% at a HAuCl, concentration of 10 mg/L. Fur-
ther, the effect of different substrate (HAuCl,) concentra-
tion on the production of AuNPs has been summarized in
Figure 9.

3.8. Effect of Agitation Speed on the Production of AuNPs. The
various agitation speeds selected were 50, 100, 150, 200, and
250 rpm. The observations made from the ICP-OES data
and graphs were plotted over a period of 48 hrs which clearly
supports the effective influence of agitation speed over nucle-
ation and crystal growth. The highest production of AuNPs
was obtained at 150 rpm followed by 200 rpm and 100 rpm
(Figure 10). Agitation causes continuous stirring that causes

an overall homogenizing effect on the solution and hinders
the localization of gold ions. Owing to this effect, an effective
distribution of both gold ions and enzymes occur in the solu-
tion results in less agglomeration and production of AuNPs.
An optimum agitation speed of 150rpm increased the
chances of exposure of gold ions to the enzymes which
remarkably enhanced the overall production of AuNPs.
Interestingly, a high agitation speed of 250 rpm had a com-
paratively negative effect on the rate of production of AuNPs
because it causes disruption of a stable interactive system
being formed between the gold ions and the enzymes. Very
low agitation speed of 50 rpm did not show any considerable
effect on the conversion of precursor gold to AuNPs due to
an on-homogeneous mixture and improper mixing. The agi-
tation speed significantly affected the crystallization behav-
iour, growth, and size of the AuNPs.

3.9. Determination of Order of Reaction. Evident facts from
all the 4 graphs (Figures 7, 8, 9, and 10), where the effect of
pH, temperature, substrate concentration, and agitation
speed is studied up to 2 hours indicates the reaction order
to be the first order as the variation of concentration is linear
with the time course of the reaction. The phase up to 2 hours
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FiGurek 7: Influence of different temperatures on AuNPs biosynthesis kinetics based on ICP-OES analysis. Maximum AuNPs production was
achieved at 30°C because the enzyme activity is supposedly the maximum at that temperature followed by 28°C enzyme was least active at
40°C thus lowest conversion rate of precursor gold to AuNPs. The enzyme substrate ratio was kept constant, [E]: [C4] =2 : 3, the pH was
maintained at 9 with substrate concentration of 1 mg/L and agitation speed of 150 rpm throughout the reaction.

marks the nucleation zone, i.e., the initiation regime. From
the 2™ hour onwards, up to the 12" hour, is the propagation
regime, wherein more crystals are formed and AuNP size
increased due to agglomeration as observed through DLS
studies. From the observations, it was proposed that this
phase of the reaction was autocatalytic in nature signifying
the synthesized small-sized AuNPs acting as a catalyst for
the further propagation of the reaction. The characteristic
feature of an autocatalytic reaction is that the rate of the reac-
tion escalates gradually as the reaction proceeds with the
increased amount of catalyst and again decelerates down as
the reactant concentration reduces (Frenklach et al. 1983;
[33]). A similar trend was observed from the results of all
the experiments performed and the graphs validate it effec-
tively. The biosynthesis of AuNPs reaction followed first-
order kinetics at the initiative phase, due to the best activity
performed by enzyme and ample amount of substrate.

For a first-order reaction, the rate of the reaction is
directly proportional to the concentration of the reactant.
Proper crystal growth occurs up to the 12 hour. There was
a minor increase in the production of AuNPs after the 12
hour up to the 24™ hour owing to the start of the saturation
phase, yet the crystal growth phase occurred. After the 24™
hour, the reaction begins to reach its saturation phase, lower-
ing the production of AuNPs. A flat line with a slight increase

to upwards was observed from 24™ hour onwards up to the
48" hour, which can be said to follow zero-order kinetics
wherein the reaction is independent of the reactant concen-
tration. From 24 hours onwards up to 48 hrs was the third
regime or the saturation of crystals regime wherein no new
crystal formation was observed but the existing crystals just
grow more in size. This phase, where the crystals grow in size
is not a function of time, indicated zero-order kinetics. Over-
all from our preliminary study, it was concluded that the
entire study exhibited a mixed reaction kinetics comprising
of (i) first-order reaction, (ii) autocatalytic reaction, and
(iii) zero-order reaction.

3.10. Determination of Rate Constant. In chemical kinetics, a
reaction rate constant or reaction rate coeflicient (k) quan-
tifies the rate of a chemical reaction.

For a general reaction:

aA + bB — Products (1)
Rate of reaction (r,) = k, [A]*.[B]” (2)
x +y =n; order of the reaction (n) (3)

Rate constant (k, ) = Rate of reactionk, [A]*.[B}” (4)
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Ficure 8: Influence of different pH(s) on AuNPs biosynthesis kinetics based on ICP-OES analysis. Maximum AuNPs production was
achieved at pH9 because the concentration of H" ions in solution is very low, causing fast dissociation of enzyme leading to higher
AuNPs production. Enzyme was least reactive at pH 5 thus lowest conversion rate of precursor gold to AuNPs. The enzyme substrate ratio
was kept constant, [E]: [C,] =2 : 3, the temperature at 30°C throughout the reaction with substrate concentration of 1 mg/L along with

agitation speed of 150 rpm.

The substrate (HAuCl,) concentration is represented
by A (r, and k,). The rate constant provides the relation
between the r, and the reactants concentration of a reac-
tion. Here, the k, was estimated via integral method of
analysis [34]. The effect of each parameter (pH, tempera-
ture, substrate concentration, and agitation speed) over
k, and r, was determined, rather keeping other parame-
ters constant.

3.11. Effect of Physico-Chemical Parameters on r, and k.
Physico-chemical parameters that were taken into consider-
ation were temperature, pH, substrate concentration, and
agitation speed. The experimental design involved varying
one factor at a time while keeping others constant. The con-
stant values kept were temperature at 30°C, pH 9, substrate
concentration at 1mg/L, and agitation speed at 150 rpm
while choosing to vary 1 factor at a time. The enzyme sub-
strate ratio [E]:[C,] was kept 2:3 in all the experimental
reactions. Since first-order kinetics was observed up to the
first 2 hours, i.e., initiation phase, the r, and k, values were
calculated for them only.

The different temperatures at which the biosynthesis of
AuNPs were carried out were 25°C, 28°C, 30°C, 35°C, 37°C,
and 40°C. The highest rate constant (k,) of 0.0703h™" was

observed at 30°C (Table 2). The pH was varied in the range
of 5 to 9. The highest rate constant (k,) of 0.0930h™" was
observed at pH 9 (Table 3). Six different substrate concentra-
tions, ie., 1, 2, 3, 4, 5, and 10mg/L of precursor (HAuCl,)
when added to bacterial CLS also resulted in the production
of different amounts of AuNPs. The highest rate constant
(k,) of 0.46388 h! was observed at a substrate concentration
of 10mg/L (Table 4). The various agitation speeds selected
were 50, 100, 150, 200, and 250 rpm. The highest rate con-
stant (k,) of 0.04796h™" was observed at agitation speed of
150 rpm (Table 5).

3.12. Optimum Process Conditions for AuNPs Biosynthesis.
Optimum process conditions for AuNPs biosynthesis were
tabulated with experimental data. The initial substrate con-
centration of HAuCl, was kept at 1 mg/L at the start of bio-
synthesis of AuNPs while varying various physico-chemical
parameters [35]. Optimum process conditions are tabulated
in Table 6. Comparative results of r, showed that s?rnthesis
at pH9 produced the highest r, values of 0.0930h™", which
apparently showed that the biosynthesis of AuNPs was based
on biochemical reactions and the H' ions significantly
affected the k, values and subsequently the r, values.



Oxidative Medicine and Cellular Longevity

10 -

T * %

g = £ =

< =l © S Reaction kinetics plot upto 12 hours

= 64§ O g

S E

s Z 3

—~ -8

—

H

F B

g

=

2

§ D —
/'/ 6 8§ 10 12

0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

0246 8101214161820 22242628 3032 34 36384042 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 8

—e— 1 mg/L
——2 Il’lg/L
3mg/L

F1GURE 9: Influence of various substrate concentration (HAuCl,) on AuNPs biosynthesis kinetics based on ICP-OES analysis. It was observed
that the production of AuNPs is directly proportional to the substrate concentration hence the highest production occurred at 10 mg/L. The

Time interval (in hours)

—e— 4 mg/L
5mg/L
—e— 10 mg/L

enzyme: substrate ratio was 2: 3, the pH was kept at 9 and temperature at 30°C throughout the reaction with 150 rpm agitation.

1.0
O
g =
.4: - p
3064 O
=) —_—
B 5
S Z Reaction kinetics plot upto 12 hours
—
o
E04- /—0.8
g ki / r0-6
b —
g 2 /—"
Q w -
£ 0.2 0.4
O
0.2
0.0 2 4 6 8 10 120
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58
Time interval (in hours)
—e— 50 RPM —e— 200 RPM
—e— 100 RPM 250 RPM
150 RPM

F1Gure 10: Influence of different agitation speeds on AuNPs biosynthesis kinetics based on ICP-OES analysis. Highest AuNPs production was
recorded at 150 rpm because optimum agitation increases the chances of exposure of gold ions to the enzymes resulting in higher production.
The enzyme: substrate ratio was 2: 3, the pH was kept at 9 and temperature at 30°C throughout the reaction with substrate concentration of

1 mg/L.



10

TaBLE 2: Determination of r, and k, with varying temperatures.

Temperature ('C) 7, up to 2hrs (mg/hr)  k, up to 2hrs (h™")

25 0.0791 0.038
28 0.1315 0.0636
30 0.1392 0.0703
35 0.076 0.038
37 0.073 0.032
40 0.0751 0.0369

TaBLE 3: Determination of r, and k, with varying pH(s).

pH r, up to 2 hrs (mg/hr) k, up to 2hrs (h™)
5 0.049 0.0240
6 0.095 0.0491
7 0.0148 0.00732
8 0.1081 0.05372
9 0.1867 0.0930

TaBLE 4: Determination of r, and k, with varying substrate
concentrations.

ubstrate concentration r,up to 2hr )

(Smg/L) A(n}:g/hr) k,upto2hr (h™)
1 0.083 0.047

2 0.2223 0.1119

3 0.1819 0.09084

4 0.2072 0.10333

5 0.4829 0.2425

10 0.9268 0.46388

TaBLE 5: Determination of r, and k, with varying agitation speeds.

Agitation speed (rpm) r, up to 2hr (mg/hr) k, up to 2hr (h')

50 0.0431 0.0219
100 0.0599 0.02988
150 0.0961 0.04796
200 0.0634 0.0346
250 0.0827 0.0487

TaBLE 6: Effect of various parameters on optimum process
conditions.

Product (AuNPs)

. o o
Optimum produced mass/vol—in % yleld Highest 7,
process ) T of ik
conditions total reaction time AuNPs and k,
(at 48 hrs)

r, =0.1867

pH (9) 0.914 mg/L 914 1" _ 40930
4 =0.

Temperature ry =0.1392
(30°C) 0.961 mg/L 96.1 K, = 0.0703
Agitation . =0.0961
speed 0.947 mg/L 947 A0 04796
(150 rpm) AT

Oxidative Medicine and Cellular Longevity

4. Conclusions

The results of AuNPs synthesized using P. espejiana strongly
indicate that particle size increases with the time and the rate
of formation of AuNPs is dependent on the variation of
parameters like temperature, pH, agitation speed (rpm),
and the concentration of substrate (HAuCl,). The increase
in the rate of the reaction is due to an increase in the kinetic
energy and the collision frequency between the molecules. A
proper cycle of nucleation, crystal growth, and final satura-
tion is observed in the AuNP biosynthesis. The measured
rates support the fact that the process is chemically-
controlled since pH has the highest rate of constant value.
This research opens up further avenues to explore in the
fields of kinetics, thermodynamics, and mass transfer
involved in AuNP biosynthesis. Also, this study was a bio-
chemical reaction and is enzyme-driven, so a different kinetic
order was observed during the different phases of the reac-
tion and thus makes it an interesting topic for further in-
depth research.
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