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Abstract- The aim of the present study was to evaluate the effect of silver nanoparticles (AgNPs) on energy
metabolic enzymes in selected tissues of Aeromonas hydrophila injected Indian major carp, Catla catla. Fishes
exposed to 1/10™ concentration of AgNPs (100 pg/l) did not alter lipid peroxidation levels as compared to 1/5"
concentration of AgNPs in gills, liver and kidney of fishes. Therefore, 1/10™ concentration of AgNPs was
selected for subsequent experiments. Significant decrease in the activity levels of succinate dehydrogenase with
a significant increase in the activity levels of glucose-6-phosphate dehydrogenase and lactate dehydrogenase in
gills, liver and kidney of A. hydrophila infested fishes as compared to controls over a 14-day exposure period.
On the other hand, exposure of bacterial infected fishes to /10" concentration of AgNPs reversed the activity
levels of enzymes in selected tissues as compared to bacterial infected fishes. However, no significant changes
were observed in the activity levels of selected enzymes in tissues of fishes exposed to 1/10" concentration of
AgNPs alone over controls. From the results, it can be concluded that A. hydrophila injection leads to
prevalence of anaerobic conditions to meet the demand of energy in tissues whereas AgNPs through their
antibacterial properties mitigate A. hydrophila induced changes in oxidative metabolism thereby energy crisis
in tissues of fishes.
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I. Introduction

Aquaculture is gaining importance day-by-day as one of the food production sectors in addition to
terrestrial sources to meet the needs of food problem for ever growing population (1). It is well known that
among the indigenous fish fauna, Indian major carp, Catla catla is one of the commercially and highly
cultivable species among aquaculture species (2). However, bacterial infections are the major constraint for
rapid cultivation of these species and moreover, it is believed that contaminated water is one of the root causes
for the origin of bacterial-borne infections in fishes (3). Aeromonas hydrophila is a gram negative opportunistic
pathogen that commonly infects freshwater fishes (4). In fishes, it causes a disease known as hemorrhagic
septicemia where lesions occur within numerous organs and finally leads to ulcers of the fish’s skin (5). In C.
catla, infestation of A. hydrophila adversely targets immune system of fishes (6, 7). In addition, previously it
has been reported that it negatively affects spleen, which play an important role fish immune responses (8, 9).
Earlier it has also been suggested that A. hydrophila accumulates in vital organs such as liver and kidney of
freshwater fishes including C. catla (4). Thus, it seems apparent that A. hydrophila negatively targets all vital
organs of the fish and eventually leads to death. Furthermore, A. hydrophila has ability to cause zoonotic
diseases where mismanagement of these bacteria might even affects humans through fishes. Though,
antimicrobial agents such as terramycin and Remet-30 are currently available against A. hydrophila infection,
the wide and frequent use of these antibiotics in fisheries has resulted in development and spread of antibiotic
resistance of these bacteria. To overcome these problems and also for sustainable development of fisheries, it is
important to develop novel strategies to control Aeromonas infections in fishes.

In recent years, application of nano-particle (NP) size compounds to treat bacterial infections (10)
attracted the attention of aquaculturists all over the world. It is well recognized that silver (Ag) NPs possess
potential antibacterial properties against a wide range of bacteria (11). Previously, in vitro studies suggested that
AgNPs showed antimicrobial effects against fish pathogens such as Streptococcus iniae, Lactococcus garvieae,
Yersinia ruckeri and Aeromonas hydrophila (12). However, studies pertaining to the antibacterial effects of
AgNPs in vivo are not exploited. Though, AgNPs are promising bactericidal agents, Ag-induced toxicity limits
the use of AgNPs. Previous studies indicated that AgNPs induces toxicity in fish embryos of zebra fish at a dose
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of 42 pg/L (13). Studies of Scown et al. (14) suggested that AgNPs 30nM size did not affect LPx levels
whereas, AgNPs at a size of 10nM increased LPx levels in gills and liver rainbow trout fishes. Thus, it seems
apparent that response of AgNPs differs with type of species and also size of NPs used. However, for effective
therapeutic applicability of AgNPs in aquaculture, it is important to evaluate the precise mechanism(s)
underlying antimicrobial effects of AgNPs in vivo. It is well established that during toxicity studies, stressors
including bacteria primarily target energy metabolism which is of prime concern in fish physiology. Previously,
it has been reported that A. hydrophila infection alters the levels of glucose and lactate levels in Catla catla
during a 28-day exposure period (8). It has been also been claimed that decrease in metabolic scope negatively
affects growth, reproduction and immune response and eventually decreases the efficiency of fish growth (15).
On the other hand, AgNPs are claimed to regulate oxidative metabolism (14). So it is clear that A. hydrophila
and AgNPs target oxidative metabolism through unknown mechanism(s). However, studies related to the effect
of AgNPs on energy metabolism in A. hydrophila infected fishes are poorly understood. Energy metabolism is
complex process which involves a range of enzymes and enzymes such as succinate dehydrogenase (SDH),
glucose-6-phosphate dehydrogenase (G6PDH) and lactate dehyrogenase (LDH), which are believed to be
important in the cascade of energy metabolism. Thus, alterations in these enzymes or their substrates reflect
changes in energy metabolism which can also use as valuable indicators of stress factors including bacterial
infections (16). Considering the facts that a) AgNPs inhibits A. hydrophila in vitro b) AgNPs and A. hydrophila
both influence energy metabolic factors in fishes and c) till date no studies demonstrated the effect of AgNPs on
energy metabolism in A. hydrophila infected fishes, the present study was aimed to evaluate the effect of AgNPs
on the activity levels of SDH, G-6-PDH and LDH in selected tissues such as gills, liver and kidneys in A.
hydrophila infected C. catla. We observed that AgNPs ameliorated metabolic fate of selected enzymes in A.
hydrophila infected fishes and AgNPs mediated protective effects seems to be indirect.

Il. Materials And Methods

2.1. Collection and maintenance of fishes

Catla catla (10.0 £ 0.52 cm in length and 11.0 £ 1.2 g in weight) were collected from A.P. Government
Central Fish Farm, Kalyani dam, Chittoor Distrtict, AP, INDIA. All male fishes were maintained in cement
aquaria (each 1,000 liters capacity), where they received un-chlorinated continuous gentle flow of water from a
deeply sunk bore well within University campus. All the fishes were acclimated for at least two weeks and fed
ad libitum fish diet in a laboratory conditions at the ambient, uncontrolled temperature of 28 + 2°C under the
12h:12h light:dark conditions. The fish were starved 24 h prior to the start of the experiments in order to avoid
metabolic variations due to diet, if any.

2.2. Bacterial strain

Bacterial strain, A. hydrophila was obtained from Microbial Type Culture Collection and Gene Bank
(MTCC) Institute of Microbial Technology, Sector 39-A, Chandigarh, India. After obtaining bacteria, it was
cultured in tryptone soya broth (Himedia) for 24 h at 37°C. After incubation period, the culture was centrifuged
at 800g for 15 min at 4°C. The packed cells were washed with phosphate buffered saline (PBS; pH 7.2) twice
and then the required dose was prepared in PBS. The bacterial suspension was prepared to 1x10° Colony Forg
Units as determined using a Neubauer haemocytometer. The selection of bacterial dose was based on earlier
reports (6).

2.3. Ag nano-particles

Citrate coated Ag nanoparticles were kindly gifted from Head, Department of Soil Sciences, SV
Agricultural College, Tirupati, AP, INDIA. The citrate coated Ag nanoparticles were prepared using chemical
routes with an average size of 30nm. The measured zeta potentials of prepared Ag nanoparticles were formed to
be -42mv. AgNPs stocks were prepared by suspending 100 mg of citrate coated AgNPs in 1 litre millipore water
and mixed well by sonicating for at least 30 minutes. After, sonication the dilutions were prepared as required.

2.4. Experimental design
2.4.1.  Selection of dose of AgNPs

Fishes were randomly allocated into three groups with 20 each. Acute toxicity studies were designed
over a period of 48 hours and 96 hours to evaluate the effect of AgNPs on changes in lipid peroxidation in
fishes. Fishes in group 1 served as control fishes which were maintained on unchlorinated normal water. Fishes
in groups 2 and 3 were treated as experimental fishes which were maintained in unchlorinated water containing
1/5" and 1/10™ concentrations of 100 pg/L. The dose selection was based on earlier reports (14). The quantity of
silver in the selected concentrations was determined by atomic absorption spectroscopy available in Department
of Soil Sciences, S.V. Agricultural College, Tirupati, AP, INDIA (data not shown). The appropriate dose of Ag
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anoparticles for further experiments was selected based on lipid peroxidation (LPx) assay, since this assay
provides valuable information regarding the stress response of the test chemical.

2.4.2. Bacterial Challenge Tests

After selection of dose of Ag nanoparticles, the fishes were challenged with bacteria and the infected
fishes were maintained in water containing Ag nanoparticles. This experiment demonstrates an animal system
where the effect of Ag nanoparticles on A. hydrophila was observed in vivo. For the present study, fishes were
randomly allocated into four groups consisting of 8 each. The experimental design is as follows:

Group 1: Fishes maintained in normal water served as controls

Group 2: Fishes were intramuscularly injected just below the dorsal fin with A. hydrophila (1x10° CFU/50pl of
0.85% NaCl). Disinfection was performed before injections using 70 % ethanol and sterile and
disposable insulin syringes were used for injection purposes. All the fishes were maintained for 14
days after post-injection.

Group 3: Fishes maintained in water containing 1/10" of 100pg/L of AgNPs for a period of 14 days.

Group 4: Fishes received same experimental regimen as that of fishes in group and maintained in water
containing 1/10™ of 100ug/L of AgNPs for a period of 14 days. The AgNPs containing medium was
changed at every 24 h.

For the present study, 14 days experimental period was selected based on histological observations
(author’s unpublished data). Histological experiments revealed that organs such as gills, liver and kidneys were
severely targeted by A. hydrophila at selected concentration in fishes. Hence these tissues were selected for the
present study.

2.5. Necropsy
After completion of experimental period, fishes were sacrificed by cervical disloocation and gill, liver
and kidneys were quickly isolated and placed in chilled box immediately and stored at -20 C until further use.

2.6. Lipid peroxidation assay

The level of lipid peroxidation (LPx) was determined according the method described by Hiroshi et al.
(17) with minor modifications. The level of LPx in the tissues was measured by a broken down product,
malondialdehyde content by thiobarbituric acid reagent.

2.7. Energy metabolism

The isolated tissues were chopped with sterile scissors and homogenized (10% W/V) in the required
medium at 4°C in an ice-jacketed glass homogenizer with a motor driven teflon-coated pestle. The homogenate
was centrifuged at 700g for 30 min at 4°C to remove nuclei and cell debris. The supernatant was collected and
centrifuged at 16,000 rpm for 1 h at 4°C to obtain mitochondrial and cytosolic fractions which were used for the
study. The optimal assay conditions for individual enzymes were as follows:

2.7.1. Succinate dehydrogenase (E.C: 1.3.99.1)

Mitochondrial source was used for the SDH activity. The activity of SDH was assayed according to the
method described by Nachlas et al. (18). Briefly, a reaction mixture (2.0 ml) containing phosphate buffer (100
umoles: pH 7.4), sodium succinate (40 umoles: pH 7.4), and INT (2,4-lodo phenyl-3-(4-nitrophenyl)-5-phenyl
tetrazolium chloride; 2 pmoles) and enzyme source (20 mg) prepared in 0.25M sucrose solution.

2.7.2.  Glucose-6-phosphate dehydrogenase (E.C: 1.1.1.49)

G-6-PDH activity in the cytosolic fraction was assayed according to the method described by
Bergmeyer and Bernt (19). Briefly, a reaction mixture (2.0 ml) containing phosphate buffer (100 pmoles: pH
7.4), INT (4 pmoles), glucose-6-phosphate (20 pmoles), NADP (0.1 pmoles) and enzyme source (20 mg)
prepared in 0.25M sucrose solution.

2.7.3. Lactate Dehydrogenase (E.C: 1.1.1.27)

LDH activity was assayed in the cytosolic fraction was assayed according to the method described by
Nachlas et al. (18). Briefly, a reaction mixture (2.0 ml) containing phosphate buffer (100 umoles: pH 7.4),
sodium lactate (20 pmoles: pH 7.4), NAD (0.1 pmole) and INT (2 pmoles) and enzyme source (20 mg) prepared
in 0.25M sucrose solution. The enzyme activities were measured at 37°C with appropriate enzyme and reagent
blank using a spectrophotometer (Hitachi-U, Model No. 2001).

2.8. Estimation of proteins
The protein content in the enzyme source was estimated by the Lowry et al. (20) using Folin phenol
reagent. The protein concentrations were determined by using bovine serum albumin as standard.
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2.9. Statistics
The data were presented as mean + S.D. The statistical analysis of Data were performed using analysis
of variance (one way ANOVA) followed by Dunnet’s test. The differences were considered to be significant at

p < 0.01. All statistical tests were performed using Statistical Package for Social Sciences (SPSS Inc., Chertsey,
UK).

I11. Results
3.1. General toxicity
No mortality was observed in any of the controls and experimental groups. However, fishes injected
with bacteria showed lethargic movements.

3.2. Effect of Ag nanoparticles on lipid peroxidation levels in selected tissues of fishes

No significant changes in the LPx levels were observed in gills, liver and kidneys of fishes maintained
in water containing 1/10™ concentrations of 100pg/I of AgNPs as compared to control fishes (Table 1) over a
period of 48h or 96h. No significant changes were found in the LPx levels in liver and kidneys of fishes
maintained in water containing 1/5™ concentrations of 100pg/l of AgNPs as compared to unexposed fishes
(Table 1) over a period of 48h or 96h. However, a significant increase in LPx levels was observed in the gills of
fishes exposed to 1/5" concentrations of 100pg/I of AgNPs over a period of 48 h (Table 1) and after 96 h LPx
levels in the gills were declined at the same concentration as compared to its respective control (Table 1). Hence
for the present study, since no stress response was observed at 1/10™ concentrations of 100ug/l of AgNPs,
further experiments were conducted by using this concentration.

3.3. Effect of Ag nanoparticles on energy metabolism in A. hydrophila infected fishes

Table 2 represent the changes in the activity levels of selected energy metabolic enzymes. Significant
(p<0.001) decrease in the activity levels of SDH with a significant (p<0.01) increase in the activity levels of
LDH and G6PDH in gills, liver and kidneys were observed in bacterial intoxicated fishes as compared to
controls (Table 2). However, a significant (p<0.01) increase in the activity levels of SDH with a significant
(p<0.01) decrease in the activity levels of LDH and G6PDH in gills, liver and kidneys were observed in
bacterial intoxicated fishes exposed to Ag nanoparticles as compared to bacterial intoxicated fishes (Table 2).
No significant changes were observed in the activity levels of SDH, LDH and G6PDH were observed in
selected tissues of Ag nanoparticles exposed fishes as compared to controls.

IV. Discussion

Though AgNPs are believed to possess bactericidal properties against fish pathogens in vitro (12),
many in vivo studies demonstrated conflicting results against use of AgNPs in fishes (13, 14). Therefore, the
purpose of the present study was twofold. Firstly, to select appropriate dose of AgNPs that could not induce any
stress response in fishes (see section 2.4.1) and secondly to evaluate the effect of AgNPs on energy metabolism
in A. hydrophila intoxicated fishes (see section 2.4.2). The results of the present study were the first to
demonstrate that AgNPs-induced ameliorative effects on energy metabolism could be indirect and probably
through their antibacterial properties in A. hydrophila infected fishes. In the current study, the rationale for
choosing LPx as an index for selection of appropriate dose was based on the fact that LPx is a well known
indicator of stress response against a range of chemical compounds including Ag. Furthermore, the
establishment of selection of appropriate dose of AgNPs for its therapeutic utility is considered very important
since; some reports indicated the toxic effects of Ag nanoparticles in fishes &13). The results of the present study
suggested that acute exposure of fishes (48h and 96h) to AgNPs at 1/10" concentration of 100ug/L did not
affect LPx levels in gills, liver and kidney of fishes. On the other hand, when fishes were exposed to 1/5"
concentration of 100ug/L AgNPs, LPx levels were enhanced in gills of fishes over 48h as compared to controls.
However, at the same concentration, the LPx levels in the gills of fishes after 96h were declined to its respective
control. Earlier studies suggested that exposure of fishes to Ny particles was found to induce expression
of cytochrome P450 monooxygenase system (cypla2) in the gills, suggesting a possible increase in oxidative
metabolism in this tissue (14). It has also been suggested that gill tissue have ability to modulate up regulation
of several genes associated with DNA repair mechanisms during stress conditions (21). Further, the endogenous
antioxidant system has ability to mitigate generation of free radicals. Thus, the reduced LPx levels after 96h in
the gills of fishes exposed to 1/5™ concentration of 100ug/L AgNPs might be due to up regulation of oxidative
metabolic genes and also intrinsic antioxidant mechanisms. On the other hand, no significant change in LPx
levels in the selected tissues of fishes exposed to 1/10" concentration of 100ug/L AgNPs might indicate a
counter active mechanism of intrinsic antioxidant system. Though, antioxidant enzymes were not determined in
the present study, it is well known that antioxidant enzymes play an important role during alterations in pro-
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oxidant and/or redox changes (22). One of the important findings of the present study (see section 2.4.2)
suggests that 1/10™ concentration of 100ug/L AgNPs reversed the changes induced by A. hydrophila on activity

levels of oxidative enzymes in the selected tissues of fishes. It is well known that energy metabolism plays an
important role in the animal’s physiology. The enzymes such as SDH, G6PDH and LDH were selected because
they are representatives of aerobic respiration, hexose monophospahe shunt pathway and anaerobic respiration,
respectively and which inevitably control energy metabolism (23). In the present study, A. hydrophila
intoxication significantly reduced the activity levels of SDH with a significant increase in the activity levels of
G6PDH and LDH levels in gills, liver and kidneys of fishes over a period of 14 days. From the results it is
evident that during A. hydrophila intoxication shifting of aerobic respiration (decreased activity levels of SDH)
to anaerobic respiration (increased activity levels of LDH) occurs in gills, liver and kidneys of fishes, which
indicates energy crisis in the tissues. In the present study, significant increase in the activity levels of GGPDH
indicate enhanced operation of HMP pathway to meet the needs of energy crisis in gills, liver and kidney of A.
hydrophila intoxicated fishes. These results also demonstrated that A. hydrophila intoxication induced
alterations in the oxidative enzymes might be an adaptive mechanism to compensate energy demands in fishes.
Earlier histological experiments from our laboratory suggests that A. hydrophila intoxication causes
deterioration of structural architecture of gills, liver and kidneys of fishes which might eventually leads to
changes in activity levels of energy metabolic enzymes (data not shown). In consistent with our results earlier
studies of Kaleeswaran et al. (8) also suggested that A. hydrophila infection deteriorates structural architecture
of spleen in Catla catla. The same author’s also demonstrated that A. hydrophila intoxication alters biochemical
variables including serum glucose levels in Catla catla which plays an important role in cellular respiration (8).
In addition, it has also been suggested that injection of heat inactivated A. hydrophila significantly increased the
expression levels of LDH in the spleen of Catla catla (9), which consequently reflects switching of anaerobic
respiration. On the other hand, exposure of bacterial infected fishes to AgNPs showed a reversal changes in the
activity levels of oxidative enzymes in the selected tissues, indicating protective effects of AgNPs against
bacteria.

Notwithstanding, the exact mechanism of AgNPs induced-reversal effects on oxidative enzymes in
selected tissues of bacterial infected fishes is not clear, we speculate that the protective effects of AgNPs are
indirect since no significant changes were observed in the activity levels of SDH, G6PDH and LDH in fishes
exposed to AgNPs alone as compared to unexposed controls and probably associated with its bactericidal
properties. The results are in consonance with earlier reports (Scown et al., 2010). It is fact that currently no
studies provide the interactions between AgNPs and bacteria in vivo, however in vitro experiments have
demonstrated some plausible mechanisms. Piecing the mechanisms of AgNPs-induced antibacterial properties
obtained from in vitro studies, it can be hypothesized that a) positively charged silver particles binds with
negatively charged bacterial membrane by strong electrostatic attractions (24) b) Ag particles after binding with
cell membrane accumulates and causes pits on cell membrane thereby increases permeability which eventually
leads to release of lipopolysaccharides and membrane proteins (25) and c¢) Ag nanoparticles target and damage
cell membrane of bacteria through generation of free radicals and finally leads to cell death (26). Finally, we
conclude that AgNPs at 1/10™ concentration of 100 ug/L did not elicit any stress response and exhibits
antibacterial properties in vivo as evidenced by reversal of activity levels of oxidative enzymes in the gills, liver
and kidney of A. hydrophila injected fishes.

V. Conclusion

In view of future perspectives, we made an attempt to address the therapeutic utility of AgNPs against
bacterial infections in vivo. This provides the first evidence that A. hydrophila infection at least in part targets
oxidative metabolism and it could seriously compromise fish health. Our results also indicated that AgNPs
through their bactericidal properties mitigate A. hydrophila-induced changes in oxidative enzymes of selected
tissues in Catla catla. However, for usage of AgNPs as therapeutic candidates in aquaculture further studies are
warranted. Thus, it is hoped that, further research in the fish model developed will strengthen and expand the
knowledge on AgNPs and its cross-talk with fish physiology during diseased conditions. Ultimately, studies in
this direction could help to shape the future of aquaculture.
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Table 1: Effect of silver nanoparticles (AgNPs) on lipid peroxidation (umoles of malondialdehyde formed/g

wet wt. of tissue) levels in selected tissues of Indian major carp, Catla catla

Time 48 h 96 h

Tissue Control AgNPs (100ug/L) exposed Control AgNPs (100ug/L) exposed

1/5" /10" 1/5" /10"

Gills 3.51°+0.72 6.41° + 0.54 3.83*+0.49 391°+0.43 492°+041 3.75°+0.81

Liver 4.23%+0.56 471°+0.36 4.41°+0.74 4,27+ 0.54 454°+0.74 4.28+0.75

Kidney 3.84*+0.42 4.18%+0.62 408°+035 4.17°+0.38 421°+091 4.15°+0.69

Values are mean = S.D. of 10 individual fishes.
Mean values with different letters in a row differ significantly from each other at p<0.01.
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Effect of silver nanoparticles on energy metabolism in selected tissues...

Table 2: Effect of 1/10™ concentration of silver nanoparticles (AgNPs; 100 pg/L) on activity levels of
selected biochemical enzymes in selected tissues of A. hydrophila injected Indian major carp,

Catla catla
Enzyme

Tissue Groups SDH LDH G6PDH

Gills Control 0.638% + 0.015 0.072°+0.014 0.175% + 0.021
AH infected 0.412" +0.025 0.143° + 0.021 0.245° + 0.031
AgNPs exposed 0.641% + 0.027 0.079% + 0.018 0.168% + 0.041
AH infected + 0.502° + 0.019 0.113°+0.012 0.211°+ 0.027
AgNPs exposed

Liver Control 0.873%+ 0.042 0.318%+ 0.019 0.784% + 0.042
AH infected 0.642° + 0.024 0.438° + 0.021 0.862° + 0.029
AgNPs exposed 0.867% + 0.039 0.324% + 0.035 0.792% + 0.034
AH infected + 0.712° + 0.037 0.384° + 0.018 0.813°+0.019
AgNPs exposed

Kidney Control 0.798% + 0.038 0.284% + 0.021 0.514% + 0.027
AH infected 0.584° + 0.041 0.349° + 0.017 0.743" +0.033
AgNPs exposed 0.781% + 0.038 0.276% + 0.033 0.527% + 0.037
AH infected + 0.658° + 0.027 0.302° + 0.026 0.642° + 0.047
AgNPs exposed

For evaluation of statistical analysis, for all experimental groups, fishes in control group served as control.

Values are mean + S.D. of 10 individual fishes.
Units: p moles of formazan formed/mg protein/h.
Mean values with different letters in a column differ significantly from each other at p<0.01.
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