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Abstract

The current study was performed to explore potential toxic effect of nickel oxide nanoparticles (NiO NPs) on muscle tissue
of catfish, Heteropneustes fossilis. Fishes were exposed to different concentrations of NiO NPs (12 mg/L, 24 mg/L, 36 mg/L
and 48 mg/L) for a period of 14 days. Results revealed that NiO NPs caused significant increase in Ni accumulation, metal-
lothionein content, lipid peroxidation and activity of different antioxidant enzymes (catalase, glutathione s transferase and
glutathione reductase) while decrease in activity of superoxide dismutase (p <0.05). Data also reported induction of Na*t/
K* ATPase activity initially and then its decrease in concentration dependent manner. Fourier transform infrared spectros-
copy revealed shift and changes in spectra of muscle of NiO NPs treated fishes. Fluctuations in activity of aspartate amino
transferase, alanine amino transferase and alkaline phosphatase were also noticed. Nutritional contents like protein, lipid,
and moisture significantly reduced while glucose and ash percent increased.
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Fish has widely been remained a rich source of proteins hav-
ing essential amino acids and other nutrients like omega-3
highly unsaturated fatty acids (HUFA) i.e., eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) (Mesias et al.
2015). It has many health benefits and prevents many dis-
eases like cancer, blood pressure, inflammatory disease etc.
(Balami et al. 2019). Fish muscle is the major edible part and
an important source of protein for human beings.
Nowadays, environmental health problems of the aquatic
ecosystem have received major concern due to health haz-
ards caused by different toxicants like heavy metals (Vaseem
2019), endocrine disruptors (Akhbarizadeh et al. 2021) and
nanoparticles (Kakakhel et al. 2021). Among these toxicants,
information related to toxic impact caused by nanoparti-
cles on living organisms especially aquatic animals is very
scanty. Also very few studies have been performed showing
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harmful effect of NPs on fishes. Nanoparticles (NPs) are
the nano sized particles having at least one dimension with
1-100 nm in size.

Among different nanoparticles, nickel oxide nanoparti-
cles (NiO NPs) have been given major attention because
of their wide uses in many sectors e.g., battery electrodes,
sensor magnetic materials, electrochemical films, printing
inks, catalyst and diesel fuel additives (Aitken et al. 2006;
Brody 2006).

Adverse effect of nanoparticles have been demonstrated
by many studies in different tissues of various fishes: liver
of Pangasius hypophthalmus treated with selenium nano-
particles (Kumar et al. 2018); gills of Oreochromis niloti-
cus treated with titanium dioxide nanoparticles (Firat and
Bozat 2019); serum of Pangasianodon hypophthalmus
treated with zinc nanoparticles (Kumar et al. 2020). While
studies related to their impacts on muscle tissue is very
less (Mani et al. 2020; Mahboob et al. 2017; Shahzad et al.
2019).

In case of NiO NPs, no data is reported till now regarding
its toxicity to fish muscle tissues. There are only few studies
that reported its toxicity to fishes like changes in haematol-
ogy, biochemical parameters and enzymatic activities in Het-
eropneustes fossilis (Samim and Vaseem 2021), alterations
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in antioxidant enzymes in Labeo rohita (Aziz et al. 2021)
and toxicity to different stages of embryonic development
in zebra fish (KovriZnych et al. 2013).

Till now, no study has been conducted to examine impact
of NPs on nutrient content of fishes. Such study will be very
useful to monitor the quality of NPs exposed fishes in terms
of nutrient content. Heteropneustes fossilis, an economically
important fish was selected for this study due to its hardness
and capacity to survive in several harsh conditions.

Therefore, this study was designed to manifest harmful
impact caused by NiO NPs on fish by analyzing bioaccumu-
lation of Ni, oxidative stress, metabolic enzymes and nutri-
ent content of muscle tissue.

Materials and Methods

NiO NPs were procured from St. Louis, Missouri, United
States, with an average particle size < 50 nm and trace metal
basis 99.8% (CAS. 1313-99; MW: 74.69 gm/mol; d: 6.67
gm/ml at 25°C). Detailed characterization of NiO NPs has
been discussed in our previous published paper (https://doi.
org/10.1007/s11356-021-14451-y).

Fish (H. fossilis) were obtained from native fish mar-
ket, Aligarh, India and acclimatized in laboratory condi-
tion for 4 weeks in water having temperature, pH, salin-
ity, dissolve oxygen, total alkalinity, total hardness in the
range of 26 +3°C, 7.2+ 0.4, 0.4 +0.08 pg/l, 6.8 + 0.04 mg/l,
20.3+6.1 mg/l and 16+0.04 mg/I respectively. Fish were
given ad libitum as food at regular one day interval.

The 96-h lethal concentration (LCs;) value of NiO NPs
for H. fossilis was determined and was found to be 240 mg/1.
After that fishes were exposed to sub-lethal concentrations
such as 5% of LCsg i.e., 12 mg/l, 10% of LCj i.e., 24 mg/l,
15% of LCs i.e., 36 mg/l and 20% of LCj i.e., 48 mg/l for
14 days for the toxicity studies. Details regarding LCs, value
have been given in our previous published paper (Samim
et al. 2022).

The detailed experimental design and exposure proce-
dure of fishes with different concentrations of NiO NPs
(12 mg/l1, 24 mg/1, 36 mg/1 and 48 mg/1) have already been
explained in our previous published paper (Samim and
Vaseem 2021) (https://doi.org/10.1007/s11356-021-14451-
y). Irrespective of sex, ten fishes of almost similar length
and weight (18 +2.5 cm and 25 + 3 g) were sacrificed from
each group and muscles were collected from control and
all exposed groups after 14 days of exposure. 0.6% normal
saline was used to wash tissues during collection to get rid
of any impurity and blood. After that, tissues were kept at
—80°C.

For analysis of NiO NPs, collected muscles tissues
were dried in hot air oven. Thereafter, 1 gm of tissue from
each exposed fish was dried and digested in two acids i.e.,
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HNO; and HCIO, in 2:1 ratio at 100°C. Samples were
filtered after the mixing of digested samples with distilled
water. The concentration (mg/kg) of Ni in muscle tissue
was measured using a flame atomic absorption spectro-
photometer (Perkin Elmer Model 2380, Inc., walk, CT,
USA) (Samim et al. 2022). Quality control measures were
used to detect contamination and to ensure data reliability.
After every ten readings, the instrument was calibrated by
running a blank and a nickel standard solution (catalog
Number: 1.19792.0500, Merck). Detection limit for Ni was
0.01 mg/kg.

For enzymatic analysis, muscle tissues were homog-
enized in a pH 7.4 ice cold 50mM phosphate buffer con-
taining 0.25 M sucrose at 4°C. Homogenates were then
centrifuged at 2500 rpm for 10 min while keeping the tem-
perature at 4°C. A sample of supernatant was used for lipid
peroxidation and protein analysis. Further, to obtain post
mitochondrial supernatant (PMS), the supernatant was
centrifuged for 25 min at 12,000 rpm maintaining 4°C
temperature. For additional enzyme analyses, the PMS was
kept at —20°C. Metallothionein content was analyzed by
the method of Viarengo et al. (1997). Lipid peroxidation
of muscle was estimated by Ohkawa et al. (1979) method.
The super oxide dismutase (SOD) activity of muscle tis-
sues was assayed by the method described by Das et al.
(2000). The method of Aebi (1984) was used to analyze
catalase (CAT) activity. Glutathione s transferase (GST)
activity was estimated by Habig et al. (1974). Carlberg
and Mannervik (1985) method was followed to measure
glutathione reductase (GR) activity. Nat/K* ATPase activ-
ity was estimated by Shiosaka et al. (1971). The functional
groups in muscles associated with nanoparticle interaction
were examined using Fourier Transform Infra-Red (FTIR)
spectroscopy.

Reitman and Frankel (1957) method was used to measure
aspartate amino transferase (AST) & alanine amino trans-
ferase (ALT) activities. Activity of alkaline phosphatase
(ALP) was analyzed following the method suggested by
Kind and King (1954).

Total protein, lipid and glucose level were estimated by
Lowry et al. (1951), Folch et al. (1957) and Trinder (1969)
method respectively. For moisture content, samples were
first weighed (initial weight), and then dried in an electric
oven for 24-30 h at 105°C to get a constant weight. The
following formula was used to calculate moisture content:
Moisture% = (initial weight — dry weight) X 100/ Initial
weight. To determine ash, 1 g of sample was heated in a muf-
fle furnace at 550°C until a constant weight was obtained.
The following formula was used to calculate ash content:
Ash% = Ash weight X 100/sample weight.

Data were shown as mean value with standard deviation
(SD) (n=3). One-way ANOVA was performed followed by
Duncan’s Multiple Range Test (p <0.05). SPSS software
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version 16.0. was used for statistical analyses. Furthermore,
to evaluate the impact of NiO NPs in overall parameters of
muscle target fish, principal component analysis (PCA) was
done using Minitab Statistical Software (Version 19.1).

Results and Discussion

Owing to potential in addressing hunger problems, the
importance of fish in terms of food and nutrition security is
growing day by day (Thilsted et al. 2016). Therefore, many
countries are identifying fisheries and aquaculture as critical
resources for addressing food and nutrition security issues
(NFNC 2011). However, pollution has been remained a great
threat to aquatic organisms including fishes due to harmful
effect of various toxicants on them. Along with other bio-
logical parameters, these toxicants also cause deterioration
in the quality (nutrient content) of aquatic food especially
fishes.

As muscle do not remain in direct contact with exter-
nal environment, they are considered to be secondary tar-
get organ. Despite of being secondary target organ, muscle
still remains in great threat of getting affected by toxicants.
Moreover, muscles are also the main consumed part of the
fish. Therefore, changes in the quality of fish muscle would
be reflected in human health.

There are many studies which have reported effect of vari-
ety of NPs on fish muscle (Mani et al. 2020; Kakakhel et al.
2021) while best of our knowledge, no study has reported
impact of NiO NPs on fish muscle.

Fishes are capable of absorbing metals from their sur-
roundings and can accumulate them in their tissues. These
metals are neither excreted nor egested that in turn may
cause deteriorating biological impact on physiology of
fishes (Abdel-Khalek et al. 2015, 2018). Figure 1 showed
accumulation of Ni (mg/kg) in muscle which was signifi-
cantly elevated (p <0.05) in all exposed fishes. Highest
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Fig. 1 Niconcentration in muscle of Heteropneustes fossilis after
exposure ofdifferent concentrations of NiO NPs for a period of 14
days. The data arepresented as mean+ SD. The different superscripts
indicate a statisticallysignificant difference at a significant level of p
< 0.05

accumulation was observed in 48 mg/l NiO NPs exposed
fishes while lowest was observed in 12 mg/l exposed ones.
However, Ni accumulation in control group was found to be
below detectable limit. Ni accumulation in muscles may lead
to deteriorating effects on fish health. Accumulation of Ni
might be responsible for generation of free radicals which
led to oxidative stress and ultimately resulted in damaging
alterations in various vital biomarkers. Consumption of Ni
accumulated muscles may also cause serious health issues
in human being as well as other organisms. In present study,
alterations in different antioxidant & metabolic enzymes as
well as nutritional contents in NiO NP—treated fish are the
consequences of Ni accumulation in muscle. Kakakhel et al.
(2021) showed similar kind of results who reported higher
level of significant accumulation of silver nanoparticles in
muscle of Cyprinus carpio.

Metallothioneins are very significant molecular bio-
marker, involved in detoxification of metals due to their
chelating capacity and are being commonly used to evalu-
ate the effect of toxicants (Vicari et al. 2018). The present
study indicated significant increase in metallothionein con-
centrations in all exposed group compared to control one
(Fig. 2). The increased metallothionein in muscle might
be due to higher accumulation of nickel in exposed groups
(Fig. 1). Further, muscle is the site of oxidative metabolism
where production of free radicals might be higher because
of greater accumulation of nickel that indicate higher bind-
ing affinity of metallothionein to nickel in order to detoxify,
metabolize and maintenance of homeostasis in fish (Abdel-
Tawwab and Wafeek 2014; Klaassen et al. 2009).

One of the known mechanism of toxicity of nanoparti-
cles is to induce oxidative stress which is the result of many
cellular responses (Shahzad et al. 2019). Oxidative stress
is caused by reactive oxygen species which produce free
radicals resulting into induction of cytotoxicity. Lipid per-
oxidation and different antioxidant enzymes like SOD, CAT,
GST and GR play vital role in measuring oxidative stress.
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Fig.2 Metallothioneinlevel in muscle of Heteropneustes fossilis after
exposure of differentconcentrations of NiO NPs for a period of 14
days. The data are presented asmean+ SD. The different superscripts
indicate a statistically significantdifference at a significant level of p
< 0.05
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In aquatic organism, polyunsaturated fatty acids are
essential part of cell membrane and maintain its fluidity.
Also there are greater chance of oxidation of these fatty
acids in aquatic organism than terrestrial organisms (Mon-
serrat et al. 2007). Therefore, LPO is used as key biomarker
of membrane damage and stress caused by nanoparticles
(Ma et al. 2010).

Regarding oxidative stress biomarkers, the present study
found a significant increase in LPO in muscle tissue as a
result of NiO NPs exposure (Fig. 3a). Increased lipid per-
oxidation in treated fishes might be attributed to rise in Ni
accumulation (Fig. 1) in muscle which demonstrate higher
affinity of Ni to lipids of plasma membrane, resulting in
increased lipid damage.

In present study, SOD activity was significantly decreased
(Fig. 3b) but CAT activity was significantly enhanced
(Fig. 3c) in all the NiO NPs treated fishes. This could be
due to SOD protein damage caused by reactive oxygen
species overproduction. Increase in CAT activity might be
to counteract against oxidative stress caused by NiO NPs.
Similarly, decreased SOD activity was noticed in muscle of
zebra fish treated with copper oxide nanoparticles (Mani
et al. 2020). Decreased SOD activity and increase in CAT
activity were also observed in Goodea atripinnis fish treated
with Lake Yuriria water sample (Ortiz-Ordofiez et al. 2011).
GST activity showed highly significant increase (Fig. 3d).
This might be due to rapid adaptive response to neutralize
harmful impact of NiO NPs. Similarly, it was observed that
selenium nanoparticles could induce GST activity in fish
tissues like gill, liver and brain of Pangasius hypophthalmus
(Kumar et al. 2018). Similar to GST, GR activity (Fig. 3e)
also increased in present study. Firat and Bozat (2019) also
showed significantly higher level of GR and GST activity in
gill of Oreochromis niloticus exposed to TiO, NPs. Elevated
GR activity in this study might be to protect the fish from the
oxidative stress triggered by NiO NPs.

The membrane bound ATPase are significant parameter
for determining noxious impact of toxicants in fishes. In
teleost fishes, Na™/K™* gradient between intra and extracel-
lular fluid across plasma membrane is maintained by Na*/K*
ATPase enzyme (McCormick 1993). In this study, activity
of Na*/K* ATPase initially increased and then decreased
significantly (Fig. 4). This could de due to harmful impact of
NiO NPs on ATPase function or accumulation of Ni content
in tissue. It could also be due to changes in lipid peroxidation
(Fig. 3a) leading to damage in plasma membrane. This is an
agreement with the study of Agrahari and Gopal (2007) who
showed decrease Na*/K* ATPase activity in various tissues
of fresh water fish Channa punctatus. Bao et al. (2020) also
reported decreased Na*/K* ATPase activity in liver of zebra
fish exposed to AgNPs.

During accumulation of toxicants, numbers of detoxi-
fication process are involved to protect cells from their
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detrimental effects. In this process, various chemical
modifications take place and as a result number of bonds
are made and dissociated. This mechanism can be stud-
ied clearly by FTIR spectra of tissues exposed to NiO
NPs. Therefore, FTIR spectra of fishes treated with NiO
NPs were analyzed to know the interactions of different
biomolecules with NiO NPs in muscle during exposure
period. The FTIR spectra was assessed with NiO NPs
treated fishes with that of spectra of control group.

In Fig. 5Sa—e it was evidently observed that there was
shift and alterations in spectra of NiO NPs treated fishes in
comparison to control one. This might be due to accumula-
tions of NiO NPs in muscles which involved interactions of
NiO NPs to different biomolecules or due to detoxification
process in which number of bonds are made and dissociates.
Shift in peaks in catfish, Clarias gariepinus exposed to TiO,
NPs was also observed (Matouke 2019). Similarly Punitha
et al. (2014) also reported that ZnS nanoparticles could shift
in peaks in liver tissue of fish Oreochromis niloticus.

The present study reported a significant rise in AST,
ALT & ALP activity in most of the NiO NPs exposed fishes
(Fig. 6). Elevation in AST & ALT activities might be due
to increase in glucose production (Fig. 7b) during gluco-
neogenesis pathway to generate higher energy to withstand
stress or to generate intermediates of tri-carboxylic acid
(TCA) cycle by enhancing transamination pathway through
deamination of amino acids (Kumar et al. 2014). Increased
AST & ALT activities were observed by Kumar et al. (2020)
in gills, liver, muscle and kidney of Pangasianodon hypoph-
thalmus exposed to Zn NPs. Elevated ALP activity might be
an indication of disruption in membrane permeability which
is a direct evident of lipid peroxidation (Fig. 3a). Similar
result was observed in muscle, liver and gills of Labeo rohita
with exposure to silver nanoparticles (Rajkumar et al. 2016).

For nourishment and growth of the body, nutrients are
required in proper amount. Among different nutrients, fish
protein play very important role in muscle building, immu-
nity and blood quality improvement. According to Mohanty
etal. (2019), fish protein is involved in prevention of protein-
calorie malnutrition.

The total protein content decreased significantly in mus-
cle of treated fishes (Fig. 7a) showing deterioration of qual-
ity of fish flesh. Significantly lower level of protein content
in muscle of Mystus gulio exposed to silver nanoparticles
was also demonstrated by Abirami et al. (2017).

In present study, higher glucose content (Fig. 7b) might
be produced in gluconeogenesis pathway by breaking stored
glycogen in order to produce more energy to fight against
stress caused by NiO NPs. Muscle of Chapalichthys pardalis
treated with AgNPs (Valerio-Garcia et al. 2017) also showed
higher glucose level.

In present study, significantly lower level of lipid con-
tent was obtained in muscle of NiO NPs treated fish
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Fig.4 Na'/K*ATPase activity in muscle of Heteropneustes fossilis
after exposure ofdifferent concentrations of NiO NPs for a period of
14 days. The data arepresented as mean+ SD. The different super-
scripts indicate a statisticallysignificant difference at a significant
level of p< 0.05

(Fig. 7¢). This could be attributed with overutilization of
lipid like those of protein content to protect against stress
caused by NiO NPs. Similar kind of results were noticed by

Fig.5 a FTIR spectra of muscle (a)

in control group. b FTIR spectra B
of muscle exposed to12mg/1 Zil
of NiO NPs for a period of |
14 days. ¢ FTIR spectra of E =
muscle exposed to 24mg/1 of o
NiO NPs for a period of 14 :\

days. d FTIR spectra of muscle
exposed to36mg/l of NiO NPs
for a period of 14 days. e FTIR
spectra of muscle exposed to
48mg/1 of NiO NPs for a period
of 14 days
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Fig.6 Muscleenzymes activities (AST, ALT and ALP) of Hetero-
pneustes fossilis afterexposure of different concentrations of NiO NPs
for a period of 14 days. Thedata are presented as mean+ SD. The
different superscripts indicate astatistically significant difference at a
significant level of p < 0.05

Valerio-Garcia et al. (2017) who reported decrease level of
lipid content in muscle of Chapalichthys pardalis exposed
to silver nanoparticles.




Page7of 10 79

Bulletin of Environmental Contamination and Toxicology (2023) 110:79

pringer

A's

G0'0 >d JO oA JUBOYIUTIS B 18 QOUIJIP JurdyIUSIS A[[eonsne)s e ajedrpursidirosiodns JUaIdgyIp oy, "(S Fueow se pajuasaid are ejep oy, ‘sAep
1 Joporrad & 10} SN QIN JO SUONENUIOUOD JUAISHIP Jo aInsodxd I9)e s11ss0fsaisnaudota1apy Jo 3 29 P 9 ‘q ‘e 9posnuwi ul (yse 2¢ armsiow ‘pidif ‘esoonys ‘urajord) syusjuooreuontnny £ ‘b4

(1/3W) SIN QIN JO SUONEI}U2IU0) 2xnsodxy (/8ur) SgN QIN JO Suoneudu0d dnsodxy
99
0
S0 89
T
|/3w gvm - 1/8wgym oL
/3w osm 1/3w 9ed Z
¢ B w oz
I/3wyzO o B 1/3wyzm g
I/Bwzim S |Buzm w 2
€ &
loxjuod @ |o4u0d @ -~
St 9L
v
3 8L
St
a 08
* (9) (p)
(18w) sqN Q1N J0 Suoea)u0d 2nsodxy (/Bw) SN QIN Jo SuoneL)uddu0d ansodxy (1/3um) SN QIN Jo Suonexuddu0d aansodxy
0 0
1
§0
1/3wgym 1/3wgym 1/3wgym z
1/8wogm = |vsweenm g |yswoen 7
5 ¢
Bz PR |y m /3upzE € 3
-~ 5
13wzt @ 1/3wztm < |/Swzim -3
L f é v &
josuoo @ ST 3 |osuoo@ m jouo @ s
S
4
9
% (0) 05 Pos L
(a) (e)



79 Page8of10

Bulletin of Environmental Contamination and Toxicology (2023) 110:79

(a) 20 !

12man
e

Second Component (10.4%)
o

24mdn
-

28man

-5.0 25 00 25 50
First Component (86.9%)

Second Component (10.4%)

03 02 o1 00 01 02 03
First Component (86.9%)

Fig. 8 Principlecomponent analysis (PCA) of muscle samples of Heteropneustes fossilisexposed to NiO NPs for a period of 14 days. a The loca-

tion of different treatments, b The location of quality biomarkers

Alterations in moisture and ash content (percent) also
indicated susceptibility of fish Heteropneustes fossilis to
NiO NPs toxicity. Moisture content significantly decreased
in all exposed fishes (Fig. 7d) indicating osmoregulatory
disruption caused by accumulation of NiO NPs in muscle of
fish while ash content was found to be significantly increased
(Fig. 7e) which might be due to higher accumulation of
nickel. Vaseem and Banerjee (2016) also observed similar
results where they reported metals and other toxicants could
decrease the moisture content and induce ash content in fish
muscle of Labeo rohita.

To elucidate impact of NiO NPs on various parameters
response, principal component analysis was applied to all
data acquired from muscle tissue. The PCA plots summa-
rize the comparison among samples exposed to NiO NPs.
Figure 8a depicts the location of working treatments while
Fig. 8b depicts the distribution of biomarkers in space
defined by first and second PCA dimensions. The principal
component analysis represented 97.3% (PC1 =86.9% and
PC2=10.4%) in muscle of total variance. The location of
working treatments revealed a clear distinction between
control and NiO NPs treated fish (Fig. 8a). Figure 8a
clearly indicated correlation of biomarkers in response to
NiO NPs concentration where it was observed that protein,
lipid, moisture, SOD activity and Na*/K* ATPase activity
were negatively correlated with the concentrations of NiO
NPs. However, Ni accumulation, lipid peroxidation, differ-
ent antioxidant enzymes (CAT, GST & GR), glucose, ash,
metabolic enzymes (AST, ALT & ALP) and metallothionein
were found to be positively correlated with concentrations
of NiO NPs. Therefore, this study depicted that NiO NPs are
capable to decrease the quality of nutritional composition in
Heteropneustes fossilis by causing oxidative stress.
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