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ABSTRACT

In this study, Nile tilapia (Oreochromis niloticus) fingerlings were used as a model to examine acute and
chronic toxicity of silver nanoparticles (AgNP). Expression levels of metallothionein (MT) transcripts in fish
exposed to 0, 1 or 100mg AgNP/kg fish were investigated by quantitative real-time RT-PCR. The results
showed MT expression levels were significantly decreased 0.3-0.7-fold in the liver and spleen of fish
exposed to 1 or 100 mg AgNP/kg after 6-48h. In contrast, during this period, MT mRNA expression levels
were increased 2-3-fold in the head kidney of the fish exposed to either level of AgNP. Investigations of
effects of AgNP on the fish immune responses and hematological parameters revealed that phagocytic
activity, the amount of red blood cells (RBC) and the percent hematocrit (%Hct) in fish exposed to AgNP
were decreased significantly 1 week after exposure, especially those exposed to 100mg AgNP/kg. Fish
immunized with Streptococcus agalactiae vaccine and simultaneously exposed to 100 mg AgNP/kg pre-
sented decreased antibody titers during the early phase. Lastly, a challenge test showed that vaccinated
fish exposed to AgNP, regardless of concentration, remained protected against S. agalactiae infection,
with a lower mortality (10-20%) compared to 70% in control fish. These findings indicated that expression
patterns of the MT gene in the liver, spleen and head kidney at different timepoints could be used to
assess acute and chronic exposure of Nile tilapia to AgNP. Additionally, changes in innate immune
responses and hematological parameters in fish may prove useful for evaluation of AgNP toxicity. Data
obtained in this study strongly support the use of Nile tilapia as an animal model to potentially serve as a
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bio-indicator of environment contamination caused by AgNP.

Introduction

Silver nanoparticles (AgNP) are novel silver agents synthesized at
the nano-scale level and are typically of diameters from
1-100nm (Fabrega et al. 2011). Physicochemical properties,
including size, shape, surface area, charge and solubility, make
AgNP both interesting to — and challenging for - industrial mar-
kets worldwide. To date, AgNP have been used increasingly in
global markets for their antibacterial properties (Wijnhoven et al.
2009). A large number of products containing AgNP have been
rapidly put on the market (Wijnhoven et al. 2009; Shaw &
Handy 2011), especially medical devices and engineering materi-
als (Gunasekaran et al. 2011; Hadrup & Lam 2014).
Unintentionally, the liberation into (and subsequent contamin-
ation of) the environment by AgNP has been increasing and has
become a great concern with regard to their toxicity, particularly
in aquatic animals (Benn & Westerhoff 2008; Fabrega et al. 2011;
Pham et al. 2012).

Studies have focused on AgNP toxicity in fish. Hepatotoxicity
has been observed in adult zebrafish (Danio rerio) exposed to
AgNP, as indicated by increases in malondialdehyde (MDA) lev-
els, formation of pyknotic nuclei, decreases in levels/activity of
oxyradical-scavenging enzymes, increases in DNA damage and
up-regulation of apoptosis-related genes (Choi et al. 2010).
AgNP-induced toxicity in zebrafish embryos has also been

documented (Yeo & Kang 2008). Clinical symptoms included an
irregularly developed notochord that is short and curved, eye
deformities, weak heartbeat and diminished hatching rates.
Bilberg et al. (2010) noticed that AgNP affected the Eurasian
perch (Perca fluviatilis) respiratory system by disrupting oxygen
consumption via the gills, resulting in hypoxemic intolerance.
Accordingly, these major concerns indicated that studies assess-
ing the impact of AgNP on living organisms and the environ-
ment are urgently needed.

Biomarkers are defined as indicators of biological events and
can be used as tools to clarify relationships between exposed
units and exogenous substances (Mussali-Galante et al. 2013).
Chae et al. (2009) and Pham et al. (2012) demonstrated utiliza-
tion of a group of biomarker genes to monitor the events occur-
ring in Japanese medaka (Oryzias latipes) exposed to AgNP. In
those studies, metal-binding proteins (metallothionein, MT) were
used as a biomarker to monitor biological events in experimental
fish exposed to AgNP. MT expression is typically used as a bio-
marker of exposure to heavy metals as the protein is ubiquitous,
of low molecular weight, cysteine-rich and favorably binds a var-
iety of transition elements (Lap et al. 2005; Thirumoorthy et al.
2007; Roy et al. 2011). Apart from metals, MT inducers include
glucocorticoids, endotoxins, acute-phase cytokines, stress and
irradiation (Lynes et al. 2014). Nevertheless, very little is known
regarding effects of AgNP on MT responses at the molecular
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level; even less so is information with regard to in fish, including
Nile tilapia.

The use of animal models to investigate particular events and
determine modes of action of toxicity in response to harmful
chemicals is the best way to clarify host-toxicant interactions. Fish
models provide answers regarding toxicological testing because
they can convey important information regarding absorption,
metabolism, accumulation and excretion (Doherty et al. 2010).
The most popular fish species - including zebrafish, Japanese
medaka and fathead minnow (Pimephales promelas) (Yousefian &
Payam 2012), are commonly used in biological research to deter-
mine the mechanisms underlying events occurring in higher verte-
brates. Nile tilapia (Oreochromis niloticus) is an economically
important aquatic animal cultured worldwide. Its rapid growth
rate, adaptability to a wide range of environmental conditions and
ability to grow at low trophic levels make it an excellent candidate
for aquaculture, especially in tropical and subtropical regions,
including Thailand (Bahnasawy et al. 2009). Nile tilapia are cap-
able of adaptation to various habitats and may be a good represen-
tative of aquatic animals for studying the impact of polluting
toxicants, like AgNP, on local animal health.

Accordingly, the study here was undertaken to determine the
potential effects of AgNP on aquatic animals (i.e. using tilapia as
representative fish species). The analyzes used included measures
of effects from exposure on expression of the MT gene, as well
as on select hematologic and immunologic parameters that could,
in turn, reflect on fish innate and adaptive reactions after AgNP
exposure. It was hoped this study would provide basic important
information on hematological changes and responses associated
with MT gene expression that could be used in the future to
assess effects of AgNP contamination on various aquatic hosts in
order to draw attention to the implications from such contamin-
ation of the aquatic environment.

Materials and methods
Silver nanoparticles (AgNP)

AgNP powder (99.5% purity [#576832]) containing polyvinylpyr-
rolidone (PVP) as a dispersant agent was purchased from Sigma
(St. Louis, MO). The AgNP size was declared by the manufac-
turer to be uniformly of diameters <100 nm.

Experimental design

Nile tilapia fingerlings with weights of ~ 30 g were obtained from
the central area around Bangkok, Thailand. The fish were accli-
mated in fiberglass tanks containing tap water that was aerated
with an air stone supplied by an air generator. Tilapia were fed
commercial fish feed twice per day at a level of 5% body weight.
Waste and excreta were suctioned out of each tank, and 20% of
the water was drained and replaced with clean tap water, daily.
After a 7-d acclimatization, 90 fingerling Nile tilapias were sepa-
rated into three groups (n=21-30/group; the additional fish/
group were held in reserve in case fish in a group died during
the postexposure period) following the completely randomized

design (CRD). In Group I (control), fish were intraperitoneally
(IP) injected with 0.1 ml phosphate-buffered saline (PBS, pH 7.4);
in Groups II and III, fish were exposed by the same route to dif-
ferent doses of AgNP (1 or 100 mg/kg, respectively) prepared in
PBS. At 6, 12, 24 and 48 h post-injection (hpi) and at the end of
the 1st, 2nd and 4th week post-injection (wpi), three fish/group
were removed, euthanized by immersion in a solution of 5mg
synthetic eugenol/L (Batter Pharma, Bangkok, Thailand) for
2min and then had their livers, spleens and anterior kidneys col-
lected for analyses.

Analysis of metallothionein (MT) gene expression
Total RNA extraction and cDNA synthesis

Livers, spleens and anterior kidneys of fish collected at each
timepoint noted earlier were stored in TRIzol reagent (Gibco
BRL, Grand Island, NY). To extract total RNA, tissues were
homogenized using a Fast-Prep® homogenizer (MP Biomedicals,
Santa Ana, CA) for 40s and then underwent phase separation
with chloroform as recommended by manufacturer protocol
Total RNA was precipitated with propanol and washed with 75%
ethyl alcohol. After the RNA pellet was dried, total RNA was
quantified using a NanoDrop 2000 spectrophotometer (Thermo-
Scientific, Waltham, MA) and adjusted to a final concentration
of 1pg/puL. To convert mRNA to complementary DNA (cDNA),
a Revert Aid First Strand cDNA Synthesis Kit (Fermentas,
Waltham, MA) was employed using the company’s protocol.

Quantitative real-time PCR was then conducted using 1 pL
first-strand ¢DNA isolated as described earlier, Brilliant®Il
SYBR® Green QPCR Master Mix (Stratagene, La Jolla, CA) and
specific primers for the Nile tilapia MT gene (MT F/MT R)
(Table 1). The measure for each gene was laterally normalized to
B-actin expression levels using specific primers for the tilapia
p-actin gene (B-actin F/B-actin R) (Table 1). Primers were
designed from nucleotide sequences deposited in the NCBI data-
base (http://www.ncbinlm.nih.gov/); sequence accession numbers
are indicated in Table 1. The real-time PCR conditions were as
follows: 1 cycle of 95°C for 10min, followed by 40 cycles of
95°C for 30s, 55°C for 30s, 72°C for 1 min and finally 1 cycle
of 95°C for 1min, 55°C for 30s and 95°C for 30s. Obtained
values for threshold cycle (Cr) were recorded to further calculate
expression levels of the MT gene in each organ tested. Relative
expression ratios of the genes of interest were determined using
the 2724¢T method (Livak & Schmittgen 2001).

Effects of AgNP on tilapia immune system
Nonspecific immune response and hematologic alterations

Experimental animal design A separate set of 105 tilapia was ran-
domly allocated to three groups (n =35 fish/group) following the
CRD basic design. Group I fish were to be IP injected with
0.1 mL normal saline (0.85% NaCl), while fish in Groups II and
III were to be exposed to 1 or 100mg/kg AgNP (in normal
saline), respectively, via the same route. Blood samples from

Table 1. Oligonucleotide primers used for quantitative real-time RT-PCR (Thummabancha et al. 2016).

Target gene Accession number Primer name Sequence (5" to 3') Purpose Amplicon size (bp)
Beta-actin XM_003443127 Beta-actin F ACAGGATGCAGAAGGAGATCACAG Real-time PCR 155
Beta-actin R GTACTCCTGCTTGCTGATCCACAT Real-time PCR
Metallothionein XM_003447045 MT F GCCAAGACTGGAACCCGCAACTGC Real-time PCR 136
MT R TTCCTTTGCACACGCAGCCAGAGG Real-time PCR
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three fish/group were collected from the caudal vein with a 1-mL
heparinized syringe at the end of weeks 1, 2, 4, 6 and 8 post-
AgNP to permit examination of host phagocytic cell activity, red/
white blood cell counts and percent hematocrit levels. The 20
remaining fish from each group were used for the bacterial
resistance assays (described further below).

Phagocytic activity Blood (1 mL) from the caudal vein was diluted
with 2mL RPMI (Sigma) and its cells then separated over 3 mL
Lymphoprep™ solution (Axis-Shield, Oslo, Norway; p=1.077 g/
mL) via centrifugation at 400xg for 30 min. Phagocytic cells that
settled between the upper and intermediate phases were carefully
removed, transferred to a new tube and washed twice with PBS
(i.e. centrifugation at 250xg for 15min). After the final wash,
cells were re-suspended in PBS and the number of phagocytic
cells (and viability using trypan blue) evaluated using a hemocyt-
ometer; cell levels were then adjusted to 5 x 10° live cells/mL.

For the assay, 200 pL of the phagocytic cells was loaded onto
the surface of a 22 x 22-mm? coverslip (10° cells/grid), and the
slip was then incubated for 2h at room temperature to allow the
cells to adhere. After the cells were repeatedly washed with PBS,
2-um carboxylate-modified polystyrene fluorescent yellow-green
latex beads (Sigma) at a concentration of 2 x 107 latex beads/mL
were added (200 pL/slip) and the slips incubated 1.5h at room
temperature to allow for phagocytosis of the beads by the cells.
After incubation, the coverslip was washed repeatedly with PBS,
fixed with methanol and then staining with eosin and methylene
blue dye solutions (each for 10s). After drying, phagocytic cells
were examined using a light microscope and phagocytic activity
(PA), phagocytic index (PI) and phagocytic efficiency (PE) were
calculated (Puangkaew et al. 2004; Koenigsknecht & Landreth
2004). In each case, a minimum of 300 cells/slide was examined;
a total of two slides/fish was examined.

Hematologic parameters To determine the number of red (RBC)
and white blood cells (WBC), 5 pL of the isolated blood/fish was
added to 995uL of Natt and Herrick staining solution, then
pipetted into a hemocytometer and examined under a light
microscope. Hematocrit (Hct) in each sample was determined by
filling a heparinized glass capillary tube with blood (Modulohm
A/S, Roedovre, Denmark). At least three-fourths of the height of
the capillary tube was filled with blood, and then, the tube was
sealed and centrifuged at 13000xg for 5min in a microhematoc-
rit  centrifuge (Suranaree Medical Equipment, Nakhon
Ratchasima, Thailand). The %Hct level in each sample was then
measured in a Suranaree-automated hematocrit reader.

Specific immune response

Preparation of formalin-killed antigen Streptococcus agalactiae
(FASA) Streptococcus agalactiae SAAQHO01 is a pathogenic bac-
terium that causes a systemic infection and is a causative agent
of streptococcosis for Nile tilapia. The bacteria were provided by
the Laboratory of Aquatic Animal Health Management
[Department of Aquaculture, Kasetsart University] and cultured
in trypticase soy broth (Difco, Detroit, MI) for 18h at 33°C. The
bacterial suspension was then centrifuged at 800xg for 5min,
washed twice with 0.85% sodium chloride (NaCl) solution and
the final pellet re-suspended in 1% formalin (in 0.85% NaCl).
The suspension was placed at 4°C for 24h and then centrifuged
at 800xg for 5min; the resulting supernatant was removed, and
0.1% formalin (in 0.85% NaCl) was added to re-suspend the pel-
let. These samples were then held at 4°C until use. For actual
use in assays, the suspension was centrifuged at 800xg for 5min,
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the supernatant was removed, and the pellet was washed twice
with 0.85% NaCl. The final pellet was re-suspended in 0.85%
NaCl and turbidity then adjusted (with 0.85% NaCl) to obtain an
optical density (OD) at 560 nm of 0.6 (a value equivalent to a
level of bacteria that would yield, if the organism was alive, ~ 10°
colony-forming units (CFU)/mL) in a Spectronic Bio Mate 3
spectrophotometer (Thermo Electron, Cambridge, UK).

Experimental design Yet another separate set of 176 tilapia were
randomly placed into four groups (n=44 fish/group) following
the CRD similar to the above description. The fish in Group I
were IP injected with 0.1 mL normal saline. Fish in Group II
were vaccinated by IP injection with 0.1 mL FASA only. The fish
in Groups III and IV were immunized with FASA and then
(within minutes) IP injected with AgNP at, respectively, 1 or
100 mg/kg. Blood samples (1 mL) from three fish/group were col-
lected at the end of the each week (up to 8 week total) from the
caudal vein to examine antibody titers. Because it was expected
that by the end of Week 3 antibody levels induced in this first
period were expected to have declined, on Day 22 of the experi-
ment (start of Week 4), a second immunization with FASA was
conducted on fish in Groups II, III and IV; fish in Group I were
injected with normal saline at the same time. The 20 remaining
fish from each group were used for the bacterial resistance assays
(described further below).

Antibody titer assay The blood withdrawn from the caudal vein
of each fish was transferred to a 1.5-mL microfuge tube that was
then inclined and incubated for 2h at room temperature to allow
for serum separation. After centrifugation at 600xg for 15min,
serum was isolated, removed and transferred to a new microfuge
tube. Antibody titer was determined using U-shaped 96-well
plates and twofold serial dilutions of the starting serum sample
(using normal saline). Thereafter, 50 uL of a solution containing
antigen (FASA, at 10° CFU/mL) was loaded into each well. After
incubation at 37°C for 24 h, the wells were checked for antigen-
antibody complex mats; a negative result presented as a white
button-like spot at the bottom of the well (Kwon et al. 2006).
The titer was calculated as the inverse of the final dilution to
give rise to the mat product in a well.

Bacterial resistance analysis in unvaccinated tilapia The 20
remaining (unvaccinated) fish from each group prepared for use
in the phagocytosis and hematology analyses were transferred to
two 150-L fiberglass tanks containing 100 L fresh water (10 fish/
tank). After acclimatization for 2 d, a challenge test was con-
ducted by IP injecting all fish in each group with 0.1 mL live
S. agalactiae suspension (10° CFU/mL). Cumulative mortality in
each group was then monitored daily until Day 7 post-infection.
In this case, the organism was grown as in the FASA preparation
protocol, but not killed with formalin.

Bacterial resistance analysis in FASA-vaccinated tilapia The 20
remaining unused fish that had been vaccinated (twice) with
FASA were also challenged with 0.1 mL live S. agalactiae suspen-
sion via the same protocol as earlier. Cumulative mortality in
each group was then monitored daily until Day 7 post-infection.

Statistical analyses

Relative expression ratios of the MT gene in each organ at differ-
ent timepoints, PA, PI, PE, hematological parameters, antibody
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Figure 1. Relative expression ratios of MT gene in Nile tilapia. (a) Liver. (b) spleen. (c) anterior kidney. Values shown are means+SD. At each given timepoint, bars
with different lettering significantly differ from one another at p < 0.05. N =3 fish/group/timepoint.

titers and cumulative mortality rates in each treatment group at
different timepoints in each experiment described previously
were analyzed using a one-way analysis of variance (ANOVA)
based on the basic design of the CRD method. A Duncan’s new
multiple range test (DMRT) was used to compare differences of
means for all observed values at a 95% confidence interval
(p <0.05).

Results

Expression levels of MT gene in tilapia in response to AgNP
exposure

Different expression patterns of the MT gene in each organ were
obtained after the fish were exposed to different doses of AgNP (1
or 100 mg/kg) for different durations covering acute and chronic
phase responses. Significantly suppressed MT mRNA expression
was found in livers in all AgNP-exposed fish at the beginning of
the monitoring times at Hours 6 through 48 with fold changes of
0.3-0.7 (p < 0.05) (Figure 1(a)). In the spleen, the MT gene in all
groups exposed to AgNP was significantly down-regulated at
Hours 6 and 24 by about 0.5-fold (p <0.05) (Figure 1(b)). MT
transcripts in the head kidneys in fish exposed to AgNP were sig-
nificantly elevated in a dose-related manner at Hour 12 with fold
changes of 2-3 and were continuously expressed at 24 hpi by
similar expression levels of 12 hpi until 4 wpi, with the exception
of Week 2 in which only fish that received 100 mg AgNP/kg dem-
onstrated a significant 2.5-fold change to a level higher than those
in the control and the 1mg AgNP/kg treated group (p <0.05)
(Figure 1(c)). At the end of Week 4, in the head kidney, MT

expression was inverted in a dose-related manner in the 1 and
100 mg AgNP/kg treated groups, with relative expression ratios
(fold-changes) being 5.5 and 1.5, respectively.

Hematological parameters

Results concerning %Hct levels (Table 2) revealed that at Week 1
post-injection (1st wpi), the 100 mg AgNP/kg-exposed fish had a
significant decrease in their %Hct to 19.3% compared to 28.3%
in the controls (reduction of =~ 32%; p < 0.05). At Weeks 2, 4, 6
and 8 post-injection, both AgNP doses had led to significant
reductions in these values relative to controls. At Week 8, the 1
and 100 mg AgNP/kg regimens resulted in %Hct values of 19.7
and 22.0% compared with 28% for control fish (p < 0.05). This
showed that the effects as time progressed well after the single
injection were not necessarily dose-related at least with regard to
this endpoint.

For the most part, and over all timepoints post-injection, all
AgNP-exposed fish displayed a significant reduction in RBC lev-
els compared with values in controls (Table 3). Interestingly,
after Week 6 post-injection, values began to normalize to control
levels. Toxicity as regards this endpoint seemed to be worst right
at Week 1 post-injection, wherein values for RBC levels for the 1
and 100mg AgNP/kg fish were 0.96 and 0.57 x 10° cells/mm”,
respectively, compared to control fish levels (1.68 x 10° cells/
mm?® p<0.05). Again, none of the effects at the earlier time-
points appeared dose-related with regard to this endpoint.

With regard to WBC levels, only at Week 1 post-injection did
any AgNP treatment cause a significant effect (Table 4).
Specifically, among fish that received 100mg AgNP/kg, cell



Table 2. Hematocrit levels in fish.
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%Hematocrit
Experimental group 1st wpi 2nd wpi 4th wpi 6th wpi 8th wpi
0.85% NaCl 28.30+1.53° 26.70+1.53° 26.70 % 1.53° 28.70+1.15 28.00 = 1.00°
1mg Ag NPs/kg fish 26.70 +2.08° 19.30+1.15° 16.00+ 1.00° 19.30+1.15° 19.7+0.58°
100 mg Ag NPs/kg fish 1930+ 1.15° 23.00+2.00° 21.00 +2.00° 25.30+0.58° 22.00+ 1.00°

In each column, values with superscripts that differ are significantly different at p < 0.05.

Table 3. Red blood cell counts in fish.
Red blood cell count (x10%/mm?)

Experimental

group 1st wpi 2nd wpi 4th wpi 6th wpi 8th wpi

0.85% NaCl ~ 1.68+0.28" 1.60+0.20° 1.65+0.14° 1.69+0.06° 1.66+0.12°

1mg Ag 0.96+0.30° 1.75+0.13* 1.50+0.27°° 1.45+0.10° 1.45+0.10°
NPs/kg fish

100mg Ag  057+0.33° 1.02+0.11° 1.27+0.05° 149+0.11° 149+0.14°
NPs/kg fish

In each column, values with superscripts that differ are significantly different at
p <0.05.

counts decreased to 10.25 x 10° cells/mm? compared to a control
value of 14.67 x 10° cells/mm’ (p < 0.05). Again, apart from these
values differing from those of the 1mg AgNP/kg fish at this
timepoint, there were no dose-related trends with regard to this
endpoint.

Immunological responses in chronically AgNP-exposed Nile
tilapia

Innate immunity

The data on the activity of phagocytic cells revealed that at the
high doses (100 mg AgNP/kg) used here, cells from exposed fish
showed an obvious decrease in phagocytic activity (PA) at Week
1 all the way through until the end of the experiment
(Figure 2(a)). During these periods, both AgNP levels resulted in
significantly lower PA (ranging from 6-8%) values compared
with that from the controls (PA =~ 10-11%; p < 0.05). At a low
dose (1mg Ag NP/kg), PA values declined from Week 2 until
Week 4 (Figure 2(a)).

At Week 1, the PI in cells from all AgNP-exposed fish did
not significantly differ among the groups. However, over Weeks
2-8, the PI values were significantly decreased in a dose-related
manner, especially at the 4th wpi showing an average PI of 3.1
(control), 2.7, and 1.8, respectively (p < 0.05) (Figure 2(b)).

The PE values for cells from fish exposed to AgNP were dra-
matically diminished by the end of Week 1 and continuously
decreased thereafter until the 6™ wpi of the experiment, where
cells from all treated fish groups exhibited PE values significantly
lower (i.e. ~1.7-1.8) than the mean value of 2.5 for cells from
the controls (p < 0.05) (Figure 2(c)).

Specific immunity

The results for the analyses of antibody titers against FASA
revealed that positive control (FASA immunization) fish
showed a normal pattern, that is, Ist highest peak was found
at Week 1 with a titer of &21.33 (+9.24) that later declined
to the lowest level at Week 3. Antibody titers reached the
second-highest peak at Week 6 after the second immunization
was administered (Figure 3). The titer in the 1mg AgNP/kg-
injected fish was found to exhibit a sharp first peak (mean

titer of ~170.67 [£73.90]) at Week 2 that was immediately
reduced (mean titer of ~6.67 [£2.31]) by Week 3. After the
second immunization, antibody levels of fish in this group
were only slightly changed. When the second immunization
was performed, the serum antibodies showed a slight response.
Antibodies in fish exposed to 100 mg AgNP/kg could not be
detected after the first immunization. However, after the
second immunization, serum levels gradually increased every
week until reaching a high (a mean titer of ~341.33
[£147.80]) at Week 7; this level significantly differed from val-
ues in all the other groups (p <0.05) (Figure 3).

Bacterial resistance under different exposure conditions
Normal tilapia exposed to various levels of AGNP

Significant differences in mortality among fish were observed
only on Days 1 and 2 post-infection with S. agalactiae. The
results revealed that fish exposed to the highest dose of AgNP
here (100 mg/kg) had significant mortality (75 [+7]%; Figure 4)
on Day 1; rates were 45 [+7] and 35 [+7] in control and 1mg
AgNP/kg-exposed fish, respectively. On Day 2, mortality in the
control and 1mg AgNP/kg fish significantly differed from the
100mg AgNP/kg fish with values of 60 [+1], 45 [£7] and 80
[£7]%, respectively. Thereafter, mortality rates did not signifi-
cantly differ among any of the groups.

Tilapia immunized with FASA and then exposed to AgNP

The cumulative mortality data for each group of fish that had
undergone earlier FASA immunization revealed that over Days
1-7 post-challenge, FASA-vaccinated control fish and FASA-
vaccinated fish exposed to any doses of AgNP had insignificant
differences in mortality (all 10-15%) (Figure 5). However, the
control group (0.85% NaCl) that had received no vaccine dis-
played ~45, 60 and 70% mortality levels at, respectively, Days 1,
2 and over 3-7 post-injection. Unsurprisingly, the differences in
mortality between the infected unvaccinated control and all test
vaccinated fish were significant from Day 1 onwards until the
end of experiment.

Discussion

When AgNP are released into aquatic systems, water chemistry
directly affects the particles, resulting in changes in their physico-
chemistry (i.e. solubility, aggregation, surface charge) (Fabrega
et al. 2011; Shaw & Handy 2011). Such changes then impact on
the degree of toxicity eventually imparted by the particles to the
local aquatic animals. A large number of AgNP products are
extensively available worldwide (Gunasekaran et al. 2011;
Wijnhoven et al. 2009; Shaw & Handy 2011; Hadrup & Lam
2014). Therefore, with increases in manufacturing, there is a con-
comitant increase is risk for contamination of the local
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Table 4. Total white blood cell levels in fish

Total white blood cell count (x10*/mm?3)

Experimental group 1st wpi 2nd wpi 4th wpi 6th wpi 8th wpi
0.85% Nacl 14.67 £0.15% 12.25+0.25% 11.25+0.17° 11.25+0.35° 11.50 +0.19°
1mg Ag NPs/kg fish 13.33+0.12° 10.25+0.24° 10.00 +£0.23° 10.25+0.15° 10.75+0.34°
100 mg Ag NPs/kg fish 10.25+0.10° 12.25+0.25% 10.75+0.13? 10.25+0.19° 10.25 +0.26°
In each column, values with superscripts that differ are significantly different at p < 0.05.
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Figure 2. Functionality of isolated phagocytes. (a) Phagocytic activity (PA). (b) Phagocytic index (P). (c) Phagocytic efficiency (PE). Cells (from all peripheral blood leu-
kocytes) were isolated from tilapia exposed to 1 or 100 mg AgNP/kg at 1st, 2nd, 4th, 6th and 8th wpi. Values shown are means+ SD. At each given timepoint, bars
with different lettering significantly differ from one another at p < 0.05. N =3 fish/group/timepoint.
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Figure 3. Antibody titer levels in tilapia immunized with vaccine (FASA) and exposed to various doses of AgNP. Values shown are means+SD. At each given time-
point, bars with different lettering significantly differ from one another at p < 0.05. N =3 fish/group/timepoint.

environment. This is especially true for aquatic habitats where
local hosts cannot avoid exposures to toxicants via the gills,
mucus and skin, and so manifest toxicities.

Because AgNP contamination in water environments may, in
turn, affect local aquatic organisms, analyses of the impact of
these agents are urgently needed in general. Further, it would be
of great help to identify potential bioindicators of impact of any
such AgNP contamination. In this vein, determining if a local

model - like the easily manageable/accessible Nile tilapia (or
other region-specific small fish) - could serve as a good sentinel
would allow systems to be developed that could be used for lon-
gitudinal monitoring of contamination levels (as well as during
acute contamination events) of AgNP in local freshwater systems.
To achieve this, the studies here used Nile tilapia to establish
their potential utility in assessing toxicity from exposure to
AgNP; in particular, immune endpoints (deemed by many
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Figure 4. Cumulative mortality (%) in tilapia with/without AgNP exposure and then challenged with S. agalactiae. Fish that not exposed to AgNP served as control for
infections. Values shown are means + SD. At given timepoint, bars with different lettering significantly differ from one another at p < 0.05. N = 3 fish/group/timepoint.
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Figure 5. Cumulative mortality (%) in FASA-vaccinated tilapia with and without
AgNP exposure and then challenged with S. agalactiae. Fish that were not immu-
nized with FASA or then exposed to AgNP served as control for infections. Values
shown are means = SD. At each given timepoint, bars with different lettering sig-
nificantly differ from one another at p < 0.05. N =3 fish/group/timepoint.

agencies as most useful for evaluating low-dose exposure effects
in short timeframes) were evaluated.

In a previous study, an acute toxicity test for AgNP in Nile
tilapia fry was performed to determine the 50% lethal concentra-
tion (LCsy). However, the trial failed because fish did not
die even after a 96-h exposure to the highest concentration
(500 mg/L; data not shown). This indicated that the AgNP was
not very toxic to these test animals or that properties of the
water might have affected the AgNP. To circumvent this interfer-
ing effect, here, intraperitoneal (IP) injection was used as the
route of AgNP administration. Interestingly, even when finger-
lings were exposed to/injected with high doses of AgNP (100 mg/
kg), again none died. However, some fish did exhibit physio-
logical changes, including lethargy, darkened stripes along the
body and increased opacity of the eyes, at 1-week post-injection.
This suggested to us that high levels of AgNP may cause chronic
rather than acute toxicities.

Previously, Sarkar et al. (2015) reported an acute toxicity
(LDsp) of 1-27nm AgNP in Nile tilapia prefingerlings (0.53
[£0.10] g) of ~8mg/L. The present results were relatively differ-
ent from those of Sarkar et al. (2015) most likely due to the dif-
ferent: (1) AgNP preparations used, (2) stabilizers/dispersants
added, (3) sizes of the AgNP, (4) weights of the fish; and, (5)
routes of exposure. While host size/route of exposure are key fac-
tors for any difference in outcomes, the studies of Jeong et al.

(2014) strongly suggested that one of the most important factors
affecting the degree of AgNP toxicity was size. In particular,
those studies found that smaller AgNP (10nm) were more toxic
to peripheral blood mononuclear cells than larger (100nm)
particles.

Mechanisms for these toxicities remain in dispute. Several
reports have stated that AgNP have the potential to induce tox-
icity via induction of reactive oxygen species (ROS) (Hussain
et al. 2005; Wise et al. 2010; Foldbjerg et al. 2011; Chairuangkitti
et al. 2013). Chairuangkitti et al. asserted that toxic effects of
AgNP on human lung cells were mediated by (1) ROS-dependent
pathways leading to cell death and/or (2) ROS-
independent pathways leading to cell cycle arrest. ROS generated
in cells disturbed mitochondrial membrane permeability, affected
membrane potentials and led to cell death via mitochondria-
dependent apoptotic pathways (Hussain et al. 2005; Hsin et al.
2008; Teodoro et al. 2011).

Ideally, molecular biomarkers are important tools that are
used to monitor potential toxic effects (Lam et al. 1998; Lap
et al. 2005; Thirumoorthy et al. 2007). Here, in Nile tilapia used
as representative aquatic hosts, metallothionein (MT) gene was
monitored as a representative biomarker of potential effects from
AgNP. Here, the AgNP-exposed fish revealed up-regulated
MT mRNA levels in the head kidney (starting at Hour 12 by
2-3-fold) that was continuously (more-or-less) expressed until
Week 4. However, the findings in the liver were very different.
Specifically, expression of MT gene in liver was suppressed at
Hour 6 until Hour 48 by 0.2-0.7-fold, and then induced at
Week 1. These changes in liver MT are akin to those noted by
Pham et al. (2012) who saw that the MT gene in the liver
AgNP-exposed medaka was initially significantly down-regulated
and - after some time - up-regulated. It would be interesting to
speculate that the MT gene in fish liver is a “negative effect” bio-
marker in acute phase responses, while up-regulated MT tran-
scripts may be indicators of host chronic exposure. Overall, the
suppressive effects of the AgNP on the MT gene in fish liver here
indicated the particles might disturb the sequestering processes
fish use to eliminate metals from the liver. This type of change, in
turn, would lead to an ongoing additional accumulation of AgNP
in the organ until toxic/lethal burdens were likely attained.

The differential effects on MT in the liver versus head kidney
also suggested potential differences in AgNP deposition/retention
in each site. Platonova et al. (2013) noted accumulation of
AgNP in the liver and spleen of rats after injection of AgNP
solution. In adult zebrafish exposed to AgNP, accumulation was



916 K. THUMMABANCHA ET AL.

also noted in the liver (Choi et al. 2010). Very recently, severe
damage to the liver and spleen was noted in Nile tilapia exposed
to AgNP (via peritoneal injection) (Thummabancha et al. 2016);
this outcome suggested to us that AgNP may also accumulate in
these sites in tilapia exposed by intraperitoneal injection.

Hematological parameters are also important measures reflect-
ive of fish health status (Cheraghi et al. 2013; Imani et al. 2015).
Shaluei et al. (2013) conducted subacute toxicity studies of AgNP
on silver carp and found that RBC and %Hct levels in exposed
hosts were significantly lowered after a week. Imani et al., (2015)
reported a decrease in %Hct levels in rainbow trout after 8 days
of AgNP exposure. Likewise, %Hct and the levels of RBC after
AgNP exposure in the tilapia were significantly decreased from
Weeks 1-8. Hematotoxic effects of AgNP have been reported not
only in lower but also in higher vertebrates (i.e. rodents).
Cheraghi et al. (2013) conducted a 15-day oral dosing of rats
with AgNP solution and found RBC and %Hct levels were sig-
nificantly decreased. AgNP are believed to exert these types of
toxicity by inducing ROS (Hussain et al. 2005; Wise et al. 2010;
Foldbjerg et al. 2011; Chairuangkitti et al. 2013) that destroy
membrane integrity (Mohanty et al. 2014). Cheraghi et al. (2013)
also found decreased amount of WBCs in the treated rats.

While a drop in WBC levels alone might be suggestive of
potential immunomodulation in an AgNP-exposed host, phago-
cytic activity is a commonly-used parameter to evaluate immuno-
toxic potentials of chemicals (Fournier et al. 2000). In healthy
Nile tilapia, the normal range of phagocytic activity is 15-18%
(El-Hawarry 2011; Suwannasang et al. 2014); here, the activity of
control fish cells was less than the normal range - an outcome
likely attributable to the weights of fingerlings here being only
~30g. In the present study, it was clearly shown that phagocyt-
osis by Nile tilapia phagocytes was significantly disturbed in a
chronic manner (1-8 weeks). The evaluated parameters (i.e. %PI,
PA, PE) were each significantly lowered by exposure to 1 or
100 mg AgNP/kg. This showed that phagocytosis was sensitive to
impairment by AgNP even at a low concentration (1 mg/kg) in
these potential sentinel hosts.

The effects of AgNP on mouse RAW 264.7 monocytes
revealed that particles could induce necrosis and caspase-1 activ-
ity (Orlowski et al. 2012), events that would impact on any
phagocytic measures. Liu et al. (2013) found that phagocytic
activity of rat alveolar macrophages exposed to AgNP signifi-
cantly declined in a concentration-related manner in parallel
with decreases in cell viability. Aboud (2010) found that phago-
cytic activity in Nile tilapia was dramatically decreased in metal-
exposed fish. Rault et al. (2013), monitoring effects of various
heavy metals (cadmium, lead, mercury, silver) on phagocytic
activity in the bivalve Mytilus edulis found that silver ions
induced decreased phagocytosis. Those findings, in conjunction
with the present ones with Nile tilapia, indicate that both Ag
ions and AgNP have a strong capacity to lower phagocytic activ-
ity in immune cells of exposed hosts.

Here, specific immune responses in fish exposed to AgNP
were also evaluated by monitoring serum antibody titer against
an antigen, FASA. Varying levels of antibodies were noted at dif-
ferent times in each group of tilapia immunized with FASA and
concurrently treated with AgNP. This indicated antibody produc-
tion may be impacted on by AgNP. In the current study, surpris-
ingly, vaccinated fish simultaneously induced by 1mg AgNP/kg
had significantly greater antibody titers after the first immuniza-
tion (at Week 2), while the other groups exhibited lower values.
Conversely, after the booster vaccination, titers in the positive
control (vaccinated with no AgNP) and in fish treated with

100 mg AgNP/kg were now the most elevated (i.e. at Weeks 6
and 7). These outcomes suggested to us that AgNP may induce
specific immune responses of fish might induce differential
effects based primarily upon initial dosage. Further investigation
is warranted to clarify this matter.de Jong et al. (2013) injected
rats with different size AgNP (20 and 100nm) and found that
among a wide variety of immune system alterations that were
noted, levels of circulating IgM and IgE (nonspecific forms, anti-
genic targets not determined) were significantly increased. These
elevated levels suggested to the authors that proliferation of B-
cells (and T-cells) had increased, the former consistent with an
increase in spleen weights that was also noted in these hosts.
Based on the antibody study here, though monocytes isolated
from tilapia peripheral blood had decreased phagocytic activity,
these fish were still able to produce antibodies. It could be then
that host B- and T-cells retained potential roles in antigen proc-
essing and epitope recognition/B-cell triggering and even that
some tissue macrophages may have been able to retain phago-
cytic/antigen-presenting capacities — dependent on the dose of
AgNP faced. Indeed, the current results indicated that at low(er)
doses, AgNP was less immunotoxic to Nile tilapia while at higher
doses the particles appeared innately immunosuppressive.

Conclusions

Nile tilapia exposed to AgNP clearly exhibit toxic responses as
demonstrated by changes in several indices, including in MT
gene expression, hematology, and immune parameters (both
innate and specific immunity). The current studies also indicate
that at low(er) doses, AgNP may be less (immuno-/hemato-)
toxic in Nile tilapia while at higher doses the particles appear to
be impart nonspecific immunosuppressive and hematotoxic
effects. Data obtained in this study strongly support the use of
Nile tilapia as an animal model to potentially serve as bioindica-
tor of environment contamination (specifically freshwaters)
caused by AgNP.

However, we want to be very clear that these studies were
performed using AgNP that were injected. Accordingly, transla-
tional studies wherein these fish are exposed solely by placement
in AgNP-contaminated waters (to allow for dermal, gill, and/or
ingestion exposures) are needed to substantiate the findings here
and to confirm the potential utility of the tilapia for field studies.
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