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Abstract: Nanomaterials, due to their large aspect-to-size ratio and reactive surfaces that facilitate
their access through biological barriers, can induce oxidative stress in host cells. Therefore, there is a
growing concern about the biological risks of nanomaterials. This study investigated the biological
effects of copper (1.5 mg/L) as CuO or nanoparticles (Cu-NPs) in common carp Cyprinus carpio along
with the beneficial effects of Myristiga fragrans seed extract (MFSE) administrated as post-treatment at
different doses (4 or 8 or 12 mg/L) for 28 days. The MFSE exhibited a protective role by reducing
in a dose-dependent manner the bioaccumulation of Cu level in CuO (from 2.46 to 1.03 ug/Kg in
gills; from 2.44 to 1.06 nug/Kg in kidney) and Cu-NPs treated carps (from 2.44 to 1.23 ug/Kg in gills;
from 2.47 to 1.09 ug/Kg in kidney) as well as modulating different blood parameters. A mitigation
of the histological alterations induced by CuO and Cu-NPs exposure in carp gills (i.e., primary and
secondary lamellar degeneration, lamellar fusion, necrosis) and kidneys (i.e., abnormal glomerulus,
tubular injury, necrosis) was also observed after MFSE administration. The dietary supplementation
of MFSE modulated also the antioxidant defense of carps with respect to the elevated levels of lipid
peroxidation (LPO) and glutathione (GST) and the reduced catalase (CAT) induced by CuO and
Cu-NPs. Overall, the CuO and Cu-NPs-induced toxicity in C. carpio was mitigated by using MFSE.
Further studies are suggested to determine the optimum dose and delivery method of MFSE to
guarantee a sustainable conservation of aquatic species.

Keywords: nanoparticles; fish; dietary supplement; bioaccumulation; hematology; histology;
oxidative stress

1. Introduction

Particles with a size less than 100 nm are recognized as nanoparticles (NPs), which may
be classified based on their properties, shapes or sizes [1-3]. Nowadays, among modern
technologies, the nanotechnology is rapidly advancing, and it has a pivotal role in our daily
life enabling the improvement of products from many sectors such as drug delivery [4,5],
nano-fertilizers (NFs) [6,7], paints [8,9] and electronics [10,11]. Moreover, nanotechnology
is employed for nutrient balance in agronomic systems through NFs at a large scale [7].

NFs are nutrient delivery systems with an extraordinary large surface area compared
with conventional chemical fertilizers, and they have high sorption capability at specific
active sites that increase their absorption rates by plants [12]. However, ultimately, due
to their increasing use, NFs have become an important source of environmental and
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aquatic pollution [6,13]. Micronutrients such as silica [14], zinc [15], copper [16], iron [17],
ammonium [18] and potassium [19] have been synthesized in a nanoscale manner and
used in the management of plant growth. Alongside this, some nutrients of agronomical
importance are transferred to plants with specialized nano-carriers including titanium
oxide, silica and chitosan NPs [20], since the nanoparticulate size makes them a significant
carrier for bio-agents and enhances penetration into the plant surfaces [21]. In addition,
nano-carriers could provide a favorable environment for the bioagents to remain viable
and active for a longer time [22].

Nano-copper fertilizers (NCuFs) have a great ability to activate the enzymes involved
in the photosynthetic processes of plants, besides being essential also for respiration [23]
and the metabolism of carbohydrates and proteins in plants [24]. In addition, NCuFs
possess one of the components of plastocyanin, a copper-containing protein [25], which
mediates electron transfer and that is found in a variety of plants [26], where it participates
in photosynthesis. Apart from all the positive aspects on the use of NCuFs, the distinctive
properties of NFs on the other hand adversely affect human and ecosystem health [27,28].
Indeed, NPs have a smaller size than cells and cell components, so they can easily en-
ter in the small biological structures and in turn interrupt their normal structure and
function [1,29]. Aquatic systems are the ultimate sinks for all contaminants, including NFs,
which pose unknown threats to the aquatic environmental quality [29]. Once accumulated
by biota, NFs are able to induce the direct generation of harmful free radical oxygen species
(FROS) in living systems. These FROS produce several injuries into the cells, including also
DNA damage [30]. Aquatic species are at risk of NFs exposure, and a body of literature
is emerging concerning the chemical behavior of NFs in aquatic systems, including their
accumulation and toxicity in aquatic species [14]. Overall, about NPs, it is known that they
tend to accumulate into cells, especially in macrophages and hepatocytes [29]. Moreover,
several toxic effects induced by NPs have been documented in different aquatic organisms,
such as phytoplankton [25], sea urchins [31], mollusks [32], and fish [33,34].

The World Health Organization (WHO) encourages the use of medicinal herbs and
plants as drugs [35]. Plants have antioxidant properties because of the presence of ac-
tive phytochemical compounds including vitamins, flavonoids, terpenoids, carotenoids,
cumarins, curcumins, lignins, saponins, and plant sterols [36-38]. The nutmeg (Myris-
tica fragrans), whose seed is widely used as a spice, is a tropical evergreen tree native
of Indonesia [39,40]. The nutmeg has a characteristic pleasant fragrance and a slightly
warm taste. It is used to flavor many kinds of baked goods, confections, puddings, meats,
sausages, sauces, vegetables, and beverages [41]. It is also used as a component of curry
powder, teas and soft drinks, or mixed in milk and alcohol [42]. In Pakistan, M. fragrans is
commonly known as “Jaiphal”, and it is used for slight illnesses [35]. M. fragrans is also
rich in natural antioxidants such as phenolics, saponins, flavonoids and tannins, which
act as antioxidants [43,44]. Indeed, numerous epidemiological studies have showed the
ability of nutmeg to reduce oxidative stress-related diseases [45]. Overall, M. fragrans
possesses strong antioxidant and anti-inflammatory activities, acts as a good preservative
agent and offers benefits in some medical treatments [40], acting as a soothing [46], for
muscle pain [47] and cardiovascular diseases [48], having antithrombic [49] and anti-aging
properties [50].

Therefore, this study was designed to evaluate the potential of natural bioactive
phytocompounds extracted from the nutmeg in mitigating the impact of nanomaterials
on aquatic organisms. In detail, different dosages of M. fragrans seed extract (MFSE) were
administrated as post-treatment to common carp Cyprinus carpio waterborne exposed to
copper in its bulk counterpart (copper II oxide, CuO) and as nanoparticle (Cu-NPs) in order
to elucidate the ameliorative effects of nutmeg on the health status of fish, as assessed by
tissue metal accumulation, investigation of the hematological profile, histology of fish gills
and kidney, and analysis of oxidative stress enzymes.
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2. Materials and Methods
2.1. Procurement and Acclimatization of Fish

Common carp C. carpio of similar weight (35-40 g) were obtained from the Department
of Fisheries Seed Hatchery Faisalabad, in Punjab, Pakistan. Fish were then transferred
to the research laboratory of the Department of Zoology, Government College Women
University in Faisalabad (GCUF), Pakistan, and were acclimatized for two weeks in a 100 L
tank prior to the experiment. During the acclimatization period, a normal photoperiod
(12 h light:12 h dark) was maintained, and carps were fed twice daily using commercial
fish feed (Super Nova, SKU103892996_PK-1250174609). The water was changed regularly
daily, and dead fish were removed. About water quality parameters, pH, temperature,
dissolved oxygen, ammonia, total hardness and total dissolved solids were monitored and
maintained constant by using a multiparameter apparatus (HI 9828, Hanna Instruments,
Keison Co., Chelmsford, UK) throughout the entire experiment, which consisted of semi-
static exposures. The parameters of water quality are reported in Table 1.

Table 1. Water quality parameters maintained during the acclimatization period.

Water Quality Parameters

pH 6.9-7.2
Temperature (°C) 25

Dissolved oxygen (mg/L) 6.8-7.4

NH; (ppm) 0.4-0.6

Total hardness (ppm) 47-52

Total dissolved solids (ppt) 6.8-7.5

Prior to run the experiments, risk assessment was conducted including general risks
e.g., availability of water, proper cleanliness of fish aquaria to minimize the deposition of
CuO and Cu-NPs, use of electric air pumps and the risks associated with the handling of
Cu-NPs.

2.2. Characterization of CuO and Cu-NPs

All the chemicals used in this study were of high-quality analytical and molecular
grade. The CuO (copper II oxide, <10 um; CAS No. 1317-38-D) and Cu-NPs (60-80 nm;
CAS No. 7440-50-8; 99% pure) were acquired as a powder from Sigma-Aldrich. The Cu-
NPs were characterized by using an X-ray diffraction (XRD), which is a rapid analytical
technique primarily used for the phase identification of a crystalline material and to provide
information on unit cell dimensions. The XRD pattern for Cu-NPs was recorded by a Bruker
D8 Advance X-ray diffractometer, using Cu-K« radiation of wavelength A = 1.5406 A° in
the scan range 20 = 10°-80° degrees with a step of 0.02 degrees and the generator settings
of 30 mA and 40 kV. The indexing process of the powder diffraction pattern was performed,
and Miller Indices (hkl) were assigned to each peak at the first step. The diffractogram of
the entire data is shown in Figure 1. Three main characteristic diffraction peaks for Cu were
observed at around 20 = 42.292°, 49.859° and 73.644°, which correspond to the (999), (450)
and (220) crystallographic planes of the face-centered cubic (FCC) Cu phase.
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Figure 1. XRD pattern of Cu-NPs.

Moreover, considering the three characteristic diffraction peaks for Cu, the average
particle size of NPs has been estimated by using the Debye-Scherrer formula:

D = 0.89\/ (B *cosB)

where

D = particle diameter (average crystallite size);

B = Full Width at Half Maximum (FWHM);

0 = Bragg angle;

A = X-ray wavelength, Cu-Kx emission (A = 1.54056 A°).

Asreported in Table 2, the average crystallite size of Cu-NPs was in the range of 78.33 nm.

Table 2. Calculation of the crystallite size of Cu-NPs.

D 20 FWHM K D

A° Degree Rad Constant nm
2.08600 43.341 0.294 0.89 84
1.80650 50.479 0.356 0.89 72
1.27740 74.173 0.388 0.89 79

Additionally, the scanning electron microscopy (SEM) was also used to estimate the
homogeneous dispersion of Cu-NPs particle size. The sample of Cu-NPs was imaged
by an FEI Helios Dual-Beam SEM-based measuring system, which was equipped with a
high-performance electron beam column and sample stage. The best spatial resolution
of the system is 1 nm at optimum settings at 15 kV accelerating voltage. For this study,
the best results were obtained with 86 pA beam current and 30 ps beam dwell-time for
each image pixel, and with the sample at 3.5 mm working distance. The samples were
imaged at 20, 000x and 30,000 x magnification at a 1.2 um field of view, which provides a
good balance between high spatial details and particle density. The results revealed the
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uniform dispersion of Cu-NPs with cubical morphology. The dispersion of particles was
homogeneous, and the average particle size was in the range of 65-90 nm, as shown in

Figure 2.

-
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Figure 2. Photomicrograph of SEM analysis of Cu-NPs.

Moreover, the transmission electron microscopy (TEM) performed by using the Elec-
tron Microscope, model JEM-1010 (JEOL, Tokyo, Japan) revealed the individual particle size
of Cu-NPs of 70-90 nm having irregular morphology, with more particles having the cubical
crystalline form and some particles observed in clumps (Figure 3). These characterization
results were also presented in our previous papers [34,51].

For preparation of the stock solutions, the required amounts of CuO and Cu-NPs
were separately weighed by using a laboratory weight balance (Model HC series), placed
into polypropylene tubes (Pyrex) and dispersed in deionized/ultra-pure water (Millipore,
18.2 Mcm resistance, ThermoFisher Scientific, Waltham, MA, USA) without any solvent.
The suspension was then vortexed (Vortex Genie-2T, ThermoFisher Scientific, Waltham,
MA, USA) for 3—4 h at 2200 rpm in order to obtain the maximum dispersion, and then, it
was ultrasonicated (Jp-031) for 2 h prior to the immediate transfer into glass aquaria to run

the experiments.
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Figure 3. Electron micrographs of Cu-NPs at different magnifications, namely at (A) 8K DSC_2273,
(B) 30K DSC_2278, (C) 50K DSC_2280, and (D) 80K DSC_2286.

2.3. Preparation of the Nutmeg Extract

Seeds of M. fragrans were procured from authenticated stores and were ground, sieved,
and stored in an air-tight jar for extract preparation. The preparation of the plant extract
was performed according to the standard method of Morsy et al. [52] and slightly modified.
Briefly, after collection of the powdered plant material, it was mixed with methanol in a
ratio of 1:1, kept for one week at room temperature, and then filtered by Whatman filter
paper No. 1. The filtrate was then dried, weighed, and stored for successive analysis. The
determination of the biochemical composition of MFSE was performed in accordance with
the Association of Official Analytical Chemists (AOAC) [53]. In addition, for exploration of
the secondary metabolites, standard protocols were applied for the total soluble phenolics,
tannins, flavonoids [54], alkaloids [55] and saponins [56].

2.4. LC50 of MFSE for Common Carp

The 96 h median lethal concentration (LC50) value of MFSE for C. carpio was evaluated
as follows. Firstly, fish were exposed (3 replicates) to different doses (8 or 16 or 32 or 64
or 128 mg/L) of MFSE separately. The trial was conducted in glass aquaria of 40 L water
capacity, with maintenance of the same physico-chemical parameters applied during the
period of acclimatization (see Table 1). During the 96 h time period, the test water was not
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changed, and no feed was administrated to the exposed fish. Dead fish were removed on a
daily basis in the early morning and late evening. The 96 h LC50 was calculated by the use
of Probit Analysis (Minitab®17.1.0 software, ©2013 Minitab Inc., State College, PA, USA).

2.5. Experimental Design

A total of 135 common carps of similar weight were distributed into 9 treatment
groups (n = 15), including two positive control groups (CuO and Cu-NPs) treated, respec-
tively, with a sub-acute selected dose (1.5 mg/L) of CuO or Cu-NPs, three treated groups
(Cu01, Cu02, and CuO3) reared with three different dosages of MFSE (4 or 8 or 12 mg/L,
respectively) along with the selected dose of CuO through waterborne exposure, three
other treated groups (Cu-NP1, Cu-NP2, and Cu-NP3) reared with three different dosages
of MFSE (4 or 8 or 12 mg/L, respectively) along with the selected dose of Cu-NPs through
waterborne exposure, and one negative control group (C or control) with fish exposed to
no treatment with free access to food. The selected dose of 1.5 mg/L of CuO and Cu-NPs
was selected in accordance with our previous studies by Noureen et al. [34,51], which were
conducted in order to establish the 96 h LC50 of Cu-NPs in C. carpio. The experimental
exposures were conducted for 28 days in triplicates. The water physico-chemical parame-
ters such as temperature, pH, total dissolved solids, and oxygen were determined by using
a multiparameter apparatus (HI 9828, Hanna Instruments) and maintained in the same
conditions as used during the acclimatization period (see Table 1).

The fish were anesthetized with clove oil in bucket [51]. Blood samples were collected
from the caudal vein by the use of a sterile syringe to be then transferred in EDTA micro-
tubes [34] in order to conduct the hematological analysis. Fish tissues, including gills and
kidneys, were excised and stored at —20 °C until the determination of metal accumulation
and oxidative stress enzymes. Additionally, small pieces of carp gills and kidneys were
collected and immediately fixed in a Bouin solution to conduct the histological analysis.

All the experiments conducted on carps herein described were approved by the
Animal Ethics Committee, GCUF, Pakistan and carried out according to the Animal Ethics
Committee’s guidelines on the use of animals for research purposes, using the minimum
possible number of fish.

2.6. Biochemical Analysis
2.6.1. Tissue Metal Analysis

For tissue metal analysis, fish gills and kidney sub-samples (1 g) were transferred
to a flask and mixed with nitric acid (HNOj3) (10 mL) and perchloric acid (HCIO) (2 mL)
for sample digestion. The mixture was then heated on a hot plate (6796-620D) by the use
of a fuming hood at 100 °C until the color disappeared. The digested samples were then
cooled and diluted with deionized water (50 mL) and filtered with Whatman filter paper
No. 1 [57]. The absorbance was detected by an atomic absorption spectrometer (Al 1200,
Aurora Instruments LTD, ThermoFisher Scientific, Waltham, MA, USA) and expressed as
g/kg wet weight (w.w.).

2.6.2. Hematological Analysis

Evaluation of hemoglobin (Hb), hematocrit (Hct), red blood cells (RBC), white blood
cells (WBC), mean cell volume (MCV) and platelets (PLT) was performed by a hematology
automated analyzer (Beckman Coulter UniCel DxH, ThermoFisher Scientific, Waltham,
MA, USA), following the manufacturer’s guidelines.

2.6.3. Histological Analysis

Fish tissues, previously fixed, were further processed using standard protocols men-
tioned previously [58] and stained with hematoxylin and eosin (H&E staining). Observa-
tions of histological slides were then conducted on five fields of one section per sample at
200x magnification by the use of a light microscope (MEIJI, Model: MT4300H, Saitama,
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Japan), which was equipped with a Canon digital camera (EOS 1300D) for the acquisition
of images.

2.6.4. Analysis of Oxidative Stress Enzymes

For the analysis of oxidative stress enzymes (OSEs), fish tissues (gills and kidney) were
firstly processed by a Potter—Elvejham homogenizer (ThermoFisher Scientific, Waltham,
MA, USA). The obtained homogenates were centrifuged (Z32-HK) at 10,000 rpm for 10 min,
and the supernatants were collected and kept at —20 °C until the analysis of OSEs [58],
namely lipid peroxidation (LPO) [59], glutathione (GSH) [60], and catalase (CAT) [34].
In order to evaluate LPO, malondialdehyde (MDA; nmol/mg protein) was measured by
using the thiobarbituric acid reactive (TBARS) method [59]. The level of reduced GSH
(uM/g) was assessed by the colorimetric Ellman’s method, treating the tissue homogenate
with trichloroacetic acid (TCA) 10%, and adding 0.2 M Tris EDTA buffer to prevent GSH
oxidation [60]. Furthermore, CAT enzymatic activity (mol/min/mg protein) was measured
by the dismutation of HyO, at 240 nm for 90 s using a colorimetric technique [34].

2.7. Statistical Analysis

Data were expressed as mean =+ standard error (SE). By the use of Minitab17 software,
data were analyzed for comparative purposes by application of one-way ANOVA and the
Tukey’s post-hoc test. In addition, the Principal Component Analysis (PCA), an unsuper-
vised statistical technique, was applied by the use of MATLAB to assess the influence of
CuO, Cu-NPs and the different dosages of MFSE on the different biomarker parameters
tested on carps. Data were considered statistically significant at p < 0.05.

3. Results
3.1. LC50, Phytochemical and Proximate Composition of MFSE

The 96 h LC50 value of the nutmeg M. fragrans for C. carpio was 31.64 £ 4.77 mg/L.
This was baseline information that was helpful to establish the appropriate dosage of MFSE
extracts to be used against CuO or Cu-NPs-induced toxicity in fish.

The analysis of bioactive phytocompounds present in MFSE revealed a higher percent-
age of alkaloids (365.6 = 10.15 mg/100 g of MFSE) and tannins (2.53 £ 0.02 mg/100 g of
MEFSE), as clearly reported in Table 3. The flavonoids, total phenolics and saponins were
also reported in significant percentages (Table 3).

Table 3. Mean (+ SE) of bioactive compounds and proximate composition of M. fragrans.

Total phenolics (mg/100 g) 0.41 +0.01

Tannins (mg/100 g) 2.53 £ 0.02
Bioactive compounds Alkaloids (mg/100 g) 365.6 + 10.15
Saponins (%) 0.03 £0.01
Flavonoids (mg/100 g) 0.33 £0.02
Moisture (%) 10.12 +1.21
Ash (%) 3.17 £ 0.32
Biochemistry Oil contents (%) 29.54 +2.07
Carbohydrates (%) 59.07 + 5.06
Proteins (%) 823 £1.22
Fiber (%) 10.87 + 1.01

Similarly, in regard to the proximate composition of MFSE, it was found that it is
characterized by a significant presence of macro and micro components of various biochem-
ical composition in the following order: carbohydrates > oil contents > fiber > moisture
> proteins > ash, as reported in Table 3. Additionally, the results revealed also that MFSE
exhibited significant percentages of a variety of minerals including K (432.7 &+ 10.20), Mg
(40.34 + 1.03), Ca (79.78 + 4.02), Zn (2.99 + 0.02), Mn (0.7 = 0.20), Cu (1.27 + 0.21), Fe
(26.70 £ 1.50) and Na (96.32 & 3.02).
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3.2. Bioaccumulation of Cu in Fish Tissues

After 28-day exposure, it was observed that the administration of MFSE significantly
(p < 0.05) decreased the concentration of Cu accumulated in carp tissues in all the different
treatment groups with respect to the positive control groups (CuO and Cu-NPs), as reported
in Table 4. Moreover, not significant (p > 0.05) differences were observed among the different
treated groups of MSFE along with CuO and Cu-NPs (Table 3). Moreover, the level of ion
concentration of Cu (ug/Kg w.w.) in fish tissues (gills and kidney) was found to be not
significantly different among the CuO and Cu-NPs treatment, while there were significant
(p < 0.05) differences between and within each treatment group in respect to the MFSE
dosage applied.

Table 4. Concentration (mean + SE) of Cu (ug/Kg w.w.) in gills and kidney of the common carp
C. carpio experimentally treated with 1.5 mg/L of CuO or Cu-NPs alone, and with different doses
of MSFE, besides the control group (C). Means with different superscripts (a, b, ¢, d) presented
significant differences.

Groups CuO or Cu-NPs MFSE Gills Kidney
P (mg/L) (mg/L) (ug/Kg w.w.) (ug/Kg w.w.)
C 0 0.0 0.11 & 0.004 d 0.14 + 0.008 4
CuO 1.5 0.0 2.46 + 0.006 2 2.44 4+ 0.006 2
CuO1 1.5 4.0 1.23 +£0.010° 1.24 +0.010b
CuO2 1.5 8.0 1.10 £ 0.010 ¢ 1.13 £ 0.015P
CuO3 15 12.0 1.03 £ 0.010°¢ 1.06 £+ 0.010 ¢
Cu-NPs 1.5 0.0 2.44 + 0.006 2 2.47 + 0.006 2
Cu-NP1 1.5 4.0 1.22 +£0.010° 1.27 £0.010 b
Cu-NP2 1.5 8.0 1.33 £0.010¢ 1.16 £ 0.010 ¢
Cu-NP3 1.5 12.0 1.23 +£0.010° 1.09 £ 0.010 b

3.3. Hematological Assessment

Different blood parameters, including Hb, Het, RBC, WBC, MCV and PLT, were mea-
sured in common carps from all the different experimental groups, as reported in Table 5.
In respect to the normal hematological profile observed in fish from the negative control
group (C), a significant (p < 0.05) reduction in almost all the hematological parameters was
noticed in the positive control groups because of the toxicity induced by CuO or Cu-NPs,
except for WBC and PLT that were instead significantly (p < 0.05) increased in respect to C.
It is noteworthy that the administration of MSFE induced a mitigative effect in the common
carps against the toxicity induced by CuO or Cu-NPs, since the levels recorded for all the
blood parameters tended to be comparable with those measured in fish from the negative
control group (Table 4).

Table 5. Value of different hematological parameters (mean + SE) measured in the common carp C.
carpio experimentally treated with 1.5 mg/L of CuO or Cu-NPs alone, and with different doses of
MSEE, besides the control group (C) (Hb: hemoglobin; Het: hematocrit; RBC: red blood cells; WBC:
white blood cells; MCV: mean cell volume; PLT: platelets).

CuO or Cu-NPs MFSE Hb Hct RBC WBC PLT
Groups (mg/L) (mg/L)  (g/dL) %) (x109M)  (x10%uD  MEV@ )
C 0 0.0 9.21 24.62 2.82 3.34 139.41 181.22
CuO 15 0.0 5.81 19.73 1.18 45.85 130.42 1252.34
CuO1 15 4.0 6.03 18.15 1.57 5.95 134.21 171.55
CuO2 15 8.0 6.23 18.97 1.54 4.45 135.23 167.32
CuO3 15 12.0 6.21 19.15 1.58 3.55 137.22 156.53
Cu-NPs 15 0.0 5.62 18.16 1.08 68.98 129.42 1272.33
Cu-NP1 1.5 4.0 6.11 18.16 1.56 5.95 135.21 799.36
Cu-NP2 15 8.0 6.12 19.26 1.58 5.85 136.22 792.31
Cu-NP3 15 12.0 6.31 20.15 1.64 4.45 137.24 789.54
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3.4. Histological Assessment

The gills of common carps from all the experimental groups are shown in Figure 4. The
histological structure of the gills of carps from the group C presented a regular morphology
of the branchial tissue, as shown in Figure 4a. Contrarily, severe histological alterations
including secondary lamellar degeneration (sld), primary lamellar degeneration (pln),
lamellar fusion (lf), and necrosis (n) were noticed in the gills of carps from the positive
control groups after exposure to 1.5 mg/L of CuO (Figure 4b) or Cu-NPs (Figure 4c). The
same alterations, but at a moderate extent, were also observed in the gills of carps treated
with CuO or Cu-NPs along with different dosages of MFSE (Figure 4d-i), which showed a
mitigative effects toward the toxicity of CuO and Cu-NPs.

.‘,X,‘: e . ‘ V :
¥ i e~ < “
= \“\\\“\@\\}\f\h{' W ™

Figure 4. Comparative histological images of gills of the common carp C. carpio from the different
experimental exposures. (a) Regular gill morphology of carps from the control negative group;
(b) Gills of carps from the control positive group exposed to 1.5 mg/L of CuO; (c) Gills of carps from
the control positive group exposed to 1.5 mg/L of Cu-NPs; (d—f) Gills of carps exposed to 1.5 mg/L
of CuO in addition to MSFE administrated at 4 mg/L (d), 8 mg/L (e) and 12 mg/L (f); (g—i) Gills
of carps exposed to 1.5 mg/L of Cu-NPs in addition to MSFE administrated at 4 mg/L (g), 8 mg/L
(h) and 12 mg/L (i). Overall, it is possible to notice the primary gill lamellae (pgl), secondary gill
lamellae (sgl), secondary lamellar degeneration (sld), primary lamellar degeneration (pIn), lamellar
fusion (If), and necrosis (n). The scale bar represents 20 um; five fields of one histological section per
sample were analyzed. (H&E; 200 x magnification).

The kidney of common carps from all the experimental groups are shown in Figure 5.
The histological structure of the kidney of carps from the group C presented a regular
morphology of the tissue, as shown in Figure 5a. Contrarily, histological abrasions including
the presence of abnormal glomerulus (ag), tubular injury (ti) and tubular necrosis (tn) were
noticed in the kidney of carps from the positive control groups after exposure to 1.5 mg/L
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of CuO (Figure 5b) or Cu-NPs (Figure 5c) as well as moderately in the kidney of carps
treated with CuO or Cu-NPs along with different dosages of MFSE (Figure 5d—i), which
partly suppressed the histological abrasions in a dose-dependent manner after 28 days
of exposure.

Figure 5. Comparative histological images of kidney of the common carp C. carpio from the different
experimental exposures. (a) Regular kidney morphology of carps from the control negative group;
(b) Kidney of carps from the control positive group exposed to 1.5 mg/L of CuG; (c) Kidney of carps
from the control positive group exposed to 1.5 mg/L of Cu-NPs; (d—f) Kidney of carps exposed to
1.5 mg/L of CuO in addition to MSFE administrated at 4 mg/L (d), 8 mg/L (e) and 12 mg/L (f);
(g-i) Kidney of carps exposed to 1.5 mg/L of Cu-NPs in addition to MSFE administrated at 4 mg/L
(g), 8 mg/L (h) and 12 mg/L (i). Overall, it is possible to notice normal glomerulus (g), normal
renal tubule (rt), abnormal glomerulus (ag), tubular injury (ti), and tubular necrosis (tn). The scale
bar represents 20 pum; five fields of one histological section per sample were analyzed (H&E; 20
magnification).

3.5. Oxidative Stress Enzymes (OSEs)

Table 6 presents the concentration of OSEs (namely LPO, GSH and CAT) measured in
the kidney and gills of the common carp C. carpio from the different treatment groups. It
was found that the levels of LPO and GSH in carps exposed to CuO or Cu-NPs increased
significantly (p < 0.05) with respect to the negative control group, whereas a significant
(p < 0.05) decline was noticed in the activity of CAT. Interestingly, the administration of
MSEFE was able to reduce in a dose-dependent manner the values of both LPO and GSH in
respect to those measured after exposure to CuO or Cu-NPs, and it concomitantly enhanced
the level of CAT, whose values were similar to those recorded in common carps from the
negative control group (Table 6).
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Table 6. Concentration of oxidative stress enzymes (mean £ SE) measured in gills and kidney of
the common carp C. carpio experimentally treated with 1.5 mg/L of CuO or Cu-NPs alone, and with
different doses of MSFE, besides the control group (C). Means with different superscripts (a, b, ¢, d)
presented significant differences. (LPO: lipid peroxidation; GSH: glutathione; CAT: catalase).

CuO or LPO GSH CAT
Groups Cu-NPs (nmol/mg of Protein) (uM/g) (mol/min/mg)
(mg/L) Kidney Gills Kidney Gills Kidney Gills
C 0 319.11 + 18.08 4 423 4+ 19.02 4 1235 +28.11 4 2239 + 41.08 ¢ 23740227 254 +11.022
CuO 15 517.70 £19.05% 718.7 £21.092 1455 + 25.01° 5587 4 45.08 2 113 £041¢ 1.57 +0.24 4
CuO1 15 47210 £17.06 433.4 4+18.08 ¢ 1564 £27.05° 2465+ 41.08° 217 +£0.22° 2.08£0.13"°
CuO2 15 480.40 £ 16.04 ¢ 487.8 £19.02 ¢ 1591 £ 28.03 © 2484 + 40.09 P 212+0.19° 2.01 £11.04°¢
CuO3 15 570.70 + 19.07 ® 505.1 4 18.01 P 1598 + 28.13 € 2489 +41.81° 2.08 £0.17 ¢ 2.03+0.13¢
Cu-NPs 15 545.80 +20.03 2 759.4 +22.052 2040 +31.04? 5407 +56.11 2 1.11+0214 1.93 +0.05 ¢
Cu-NP1 15 397.70 £17.08 © 472.1 +16.08 © 1562 + 27.09 © 2455 £40.12°¢ 217 +£0.23° 2.08 +£0.12°
Cu-NP2 15 409.70 £ 18.03 © 487.8 +15.09 ¢ 1601 =+ 28.03 ° 2488 +40.23 P 211+022° 2.03+£0.11°¢
Cu-NP3 1.5 503.40 + 18.08 ® 530.6 4 20.03 1617 +28.11° 2527 +41.08 ¢ 2.06 £0.15¢ 2.03+£0.11°¢
3.6. Principal Component Analysis (PCA)

The results obtained from the PCA using multiple biomarkers, such as data of Cu
bioaccumulation in gills and kidney, blood parameters such as Hb, Hct, RBC, WBC, MCV
and PLT, and oxidative enzymes such as LPO, GSH and CAT in gills and kidney, is depicted
in Figure 6. It was found that the CuO and Cu-NPs groups were close in the score plot and
clearly separated from the control and MFSE treatment groups, which were separated from
each other but almost overlapped. In detail, the first axis (78.12%) of PCA was influenced by
almost all the tested biomarkers, which overlapped except for the level of GSH measured
in carp gills and the amount of PLT.
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Figure 6. PCA of multiple biomarker parameters (Cu G and Cu K: bioaccumulation of Cu in gills and
kidney, respectively; Hb: hemoglobin; Het: hematocrit, RBC: red blood cells; WBC: white blood cells;
MCV: mean cell volume; PLT: platelets; LPO G and LPO K: lipid peroxidation in gills and kidney,
respectively; GSH G and GSH K: glutathione in gills and kidney, respectively; CAT G and CAT K:
catalase in gills and kidney, respectively) measured in common carps exposed to CuO (red triangles)
and Cu-NPs (blue squares), CuO and three different dosages of MFSE (light, medium and dark green
triangles for CuO1, CuO2, and CuO3, respectively), Cu-NPs and three different dosages of MFSE
(light, medium and dark green squares for Cu-NP1, Cu-NP2, and Cu-NP3, respectively), and the
control group (C, black circles).
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4. Discussion

Nanotechnology has significant and promising implications in modern society, even if
recently concerns have been raised about its impact on human and ecosystem health [1-3].
The NPs released in the environment are able to accumulate into biota and, due to their
physico-chemical properties, induce the generation of FROS, which produce several injuries
into the cells that may result in the progression of numerous diseases [20]. Usually, the
organism reacts to ROS through stimulating their intracellular antioxidant mechanisms [40],
resulting in an imbalance between ROS and antioxidant defense system-induced cell
damage [17]. In the aquatic ecosystems, the main sources of CuO and Cu-NPs are mostly
geological deposits, volcanic activity, and the weathering and erosion of rocks and soils,
but there are also anthropogenic sources, including mining activities, agriculture, metal,
electrical manufacturing, sludge and pesticides [61]. In addition, the antifouling paints
that are used for coatings on ship bodies are one of the major sources of nano copper
in the marine environment [62]. The distinctive physico-chemical properties of Cu-NPs
may enhance their toxicological behavior in vivo by aiding in the cellular uptake and
translocation of the particles in the body [24], where they trigger the production of ROS.

Recently, the researchers are focusing on discovering plant antioxidants as protecting
agents against toxins [38], which may be represented by the various active compounds
generally present in plants, such as alkaloids, flavanoids, pigments, phenolics, terpenoids,
steroids and essential oils [41]. The current research highlighted the ameliorative effects
of M. fragrans against CuO and Cu-NPs induced toxicity in C. carpio. Indeed, it is evident
from the present study that MFSE exerted significant antioxidant potential against the
impact provoked by CuO and Cu-NPs exposure in fish, as it was confirmed by metal
accumulation, hematological, histological and oxidative stress assessment. The antioxidant
potential of nutmeg was reported in many previous studies. For instance, Olaleye et al. [63]
documented the antioxidant properties of M. fragrans in rats by investigating the histology
of different organs. However, it was also found that a prolonged administration of M.
fragrans may cause a variety of tissue abnormalities. Bamidele et al. [64] reported that M.
fragrans improved the hematological indices in albino rats. Nasreen et al. [65] documented
also the ameliorative potential of the nutmeg on oxidative stress produced by diabetes
mellitus in mice. Therefore, all these findings are in agreement with the results obtained in
the present study, in which M. fragrans effectively mitigated the CuO and Cu-NPs toxicity
in exposed fish.

The 96 h LC50 value of the M. fragrans for the common carp C. carpio was herein
determined in order to establish the appropriate doses of MFSE to be administrated in fish
to mitigate the CuO and Cu-NPs-induced toxicity. Interestingly, in the current investigation,
the chemical composition of M. fragrans showed significant amount of bioactive compounds,
especially alkaloids and tannins, and high levels of nutrients and minerals. Similar findings
were previously reported by Olaleye et al. [63], Li et al. [43], Anaduaka et al. [66] and Rancy
et al. [56]. However, as herein reported, it is particularly worthwhile to note that nutmeg
contains significant amounts of K, Ca, Na and Mn. Indeed, the presence of these minerals in
such a high percentage was not documented before for M. fragrans. Moreover, the chemical
analysis conducted in the current study revealed that the nutmeg is characterized by the
presence of proteins, fats, total carbohydrates, minerals, saponins, flavonoids, alkaloids,
tannins and total phenolics, which make the nutmeg suitable for fish to enhance their
growth. This was specifically demonstrated by Bhavan et al. [67], who reported the effects
of M. fragrans, Glycyrrhiza glabra and Quercus infectoria on the growth performance of the
prawn Macrobrachium rosenbergi.

Among the beneficial effects of using nutmeg in fish, it is relevant to mention that
the administration of MFSE reduced significantly in a dose-dependent manner the tissue
concentration of Cu among the different treatment groups with respect to the positive
control groups (CuO and Cu-NPs). Recently, natural coagulants including M. fragrans were
used for the purification of heavy metals-contaminated water [68,69]. To date, the research
studies regarding the treatment of heavy metals are restricted mainly to some chelating
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agents to be used alone or in combination with few antioxidants, even if most of the
conventional metal chelating agents and antioxidants have been reported to possess toxic
side effects such as headache, nausea, hypertension, hepatotoxicity, and nephrotoxicity [70].
Generally, the chelating agents accomplish their binding with metal ions forming complex
structures, which might be toxic for organisms and therefore are excreted from the body [71].
As demonstrated in the current study, the MFSE possesses a number of molecules acting as
antioxidants (i.e., total phenolics, alkaloids and tannins) that can contribute to reducing the
level of metals accumulated in fish, as herein observed in the experimental common carps
exposed to CuO and Cu-NPs.

A valuable tool to evaluate the health status of fish and monitor potential responses
of stress is represented by investigation of the hematological profile [72,73]. Interestingly,
further significant protective effects exercised by MFSE were revealed by analyzing the
hematological profile of the experimental common carps. Indeed, it was noticed that
MFSE was equally effective in mitigating the toxicity induced in fish by exposures to
both CuO and Cu-NPs, by increasing the levels of Hb, Hct, RBC and MCYV, as well as
reducing the values of WBC and PLT count to levels comparable with those of fish from
the negative control group. Many previous studies also reported the beneficial effects of
MFSE on hematological parameters. Rashidain et al. [74] reported that M. fragrans dietary
supplementation exhibited protective effects on the growth and hematological indices of
common carps against Aeromonas hydrophila. In addition, Bachri et al. [75] documented that
the sub-chronic administration of MFSE induced protective effects on the hematological
parameters in rats, similarly to what was documented in albino rats by Bamidele et al. [62],
who found that extracts of M. fragrans stimulated hemopoiesis at high doses.

In addition, histopathological alterations are commonly used in biomonitoring pro-
grams as a biomarker of the stress induced by different pollutants in fish [58]. Indeed,
based on the histological evaluation performed in the present study, the damage provoked
by CuO and Cu-NPs exposure was evident in fish gills and kidney as well as the recovery
tendency in the morphology of both tissues induced in a dose-dependent manner by the
administration of MSFE. In fish, gills perform a number of vital functions including gas
exchange, osmoregulation, acid-base balance, and show the effects of contaminants very
early as compared to other organs [51]. Conversely, the kidney is the primary excretory and
osmoregulatory organ in fish [58]. In the current study, both gills and kidney showed severe
histological abnormalities after exposure to CuO and Cu-NPs, resulting in alteration of
their physiological functions, as also previously reported by Noureen et al. [34] in C. carpio
exposed to commercial Cu-NPs. However, these morphological changes were notably
reduced in the presence of MFSE, which was likely due to its antioxidant and chelating
properties. Accordingly, similar findings were reported by Rashidien et al. [74] that doc-
umented the protective effects of M. fragrans against the toxicity induced by Aeromonas
hydrophila in the gills and kidney of carp C. carpio.

Finally, it was also observed in the current study that the combined treatments of
CuO or Cu-NPs with different concentrations of MSFE induced ameliorative antioxidant
effects in common carps, as demonstrated by the level of OSEs found at values compa-
rable to those recorded in fish from the negative control group. As a matter of fact, the
phytochemical studies proved that the extracts of the nutmeg M. fragrans have potential
antioxidant activity [54,76], and indeed, the results herein obtained suggested that MSFE
could act as an effective source of antioxidants. Orhan et al. [77] also reported that the
supplementation of MFSE to diabetic rats regularized the elevated level of LPO and en-
hanced susceptibility to oxidative stress associated with depletion of antioxidants in liver,
kidney and pancreas. Overall, there is still limited research focused on the ameliorative
effects of M. fragrans against pollutant toxicity in fish. However, nutmeg is already used
for medicinal purposes in different countries for treatment of a variety of diseases [52].
Recently, the radio-protective and immune-modulatory effects of nutmeg extracts have
been reported in mammalian cells [63], which is likely attributed to the presence in M.
fragrans of macelignan and lignan compounds with antioxidant biological activities [61].
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However, as described by the PCA, the influence of CuO and Cu-NPs exposure in
common carps was revealed in the level of GSH measured in gills and the amount of PLT,
which may be considered as the main factor responsible for sample groupings. As stated
above, the administration of different dosages of MSFE was able to mitigate the CuO and
Cu-NPs effects, and in fact, all the other treatment groups were plotted by PCA closely
each other and to the control group, but oppositely to CuO and Cu-NPs treatments.

It Is worthy to highlight that in the last decades, researchers have been focusing on
innovative strategies designed to remove nanowastes from industrial wastewater in order to
convert it into a nontoxic bulk material and to recycle the deactivated nanomaterials [78,79].
This will surely contribute to minimizing the release of NPs in aquatic ecosystems and
their adverse effects to biota [25,31,34,51,80-82], thus providing important benefits for
environmental and human health.

5. Conclusions

In this study, it was highlighted that MFSE was able to ameliorate the general health
status of CuO and Cu-NPs treated carps in a dose-dependent manner through reducing
the accumulation of Cu, restoring the hematological indices and histopathological lesions,
as well as modulating the activity of oxidative stress enzymes. All these documented
ameliorative effects of MFSE against CuO and Cu-NPs toxicity may be attributed to the
significant amount of natural bioactive phytocompounds, especially alkaloids and tannins,
and high levels of nutrients and minerals, which are found in the nutmeg extracts. Overall,
these findings support the use of nutmeg extracts as a dietary supplement, especially in
aquaculture, and they highlight the need for further studies to determine the optimum dose
and delivery method of MFSE to guarantee a sustainable conservation of aquatic species.
Moreover, the applicative potential of the use of nutmeg extracts to improve the wellness
of freshwater fish, as herein demonstrated, encourages us to test the natural bioactive
phytocompounds of MFSE also in marine fish species exposed to classes of contaminants
different from nanomaterials.
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