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Abstract: The study aimed to determine the effect of dietary inclusion of the recommended
(6.5 mg Cu/kg diet) or double the recommended (13.0 mg Cu/kg diet) levels of copper
nanoparticles (CuNPs) in combination with different types of dietary fibre on selected
redox status indicators in the blood and tissues of male Wistar rats. Control groups were
fed diets containing cellulose and a mineral mixture with standard or enhanced content
of CuCOs;. The experimental groups were fed a diet supplemented with CulNPs (6.5 or
13 mg/kg) and combined with various fibre types—cellulose, pectin, inulin, or psyllium.
After the feeding period, rats” organs were collected to assess selected indicators of redox
status. The obtained results suggest that the addition of dietary fibre in the form of inulin
may beneficially stimulate the response of the redox system in the conditions of CulNPs
nutrition at the recommended dose, pectin, or psyllium in the case of an excessive supply
of CulNPs in the diet. Thus, selecting the appropriate type of dietary fibre based on the
CuNPs’ level in the diet may effectively protect the organism from the potentially harmful
prooxidative effect of CuNPs, ultimately contributing to a favourable regulation of their
metabolic impact in the body.
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1. Introduction

Nanotechnology, a rapidly advancing scientific field, is finding increasingly broad
applications across various sectors, including medicine, the food industry, electronics, and
environmental protection [1]. Nanoparticles have also garnered growing interest among
nutritionists due to their potential dietary use, which offers new avenues for enhancing
health, primarily by improving nutrient bioavailability [2]. Copper (Cu) is an example
of a micronutrient for which dietary supplementation is necessary to ensure the proper
functioning of the body. However, the conventional, standardly used Cu inorganic forms
have relatively poor absorption in the organism [3,4]. The existing animal studies indicate
that incorporating copper nanoparticles (CulNPs) into the diet may significantly enhance
the absorption and utilisation of copper within the body [3-6]. However, dietary inclusion
of copper nanoparticles in animals may pose certain risks. The current literature suggests
that CuNPs may exhibit some toxicity towards living organisms [5,7,8], which is likely
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attributable, to a significant extent, to their capacity for inducing oxidative stress [9]. It
is hypothesised that in the gastrointestinal tract lumen, CuNPs may dissociate into ionic
forms, which, by catalysing the Fenton reaction, lead to the generation of highly reactive
oxygen species [10-12]. The resulting increasing oxidative stress may lead to the loss of
cellular functionality through lipid peroxidation, metabolic enzyme dysfunction, damage
to protein structures, and DNA mutations [13-15]. Our previous research confirmed that
replacing conventional CuCO3 with CuNPs in rat diets can enhance lipid peroxidation
processes and impair antioxidant defences in the lungs and kidneys [16]. Nonetheless, this
replacement contributed to reduced lipid peroxidation in the brain and liver and decreased
protein oxidation and nitration, as well as DNA oxidation and methylation in the blood of
the studied animals [17]. Given that the inclusion of copper nanoparticles in animal diets
can exert both positive and negative impacts on certain aspects of the organism’s redox
status, it appears plausible that this effect could be additionally beneficially modulated
through dietary fibre incorporation. This common dietary component has demonstrated
antioxidant properties [18-21]. The available literature suggests that prebiotic fibres, such
as inulin—and to a lesser extent, pectin and psyllium—promote the production of short-
chain fatty acids (SCFAs) during fermentation in the colon, which may exert antioxidant
effects [19,20]. Additionally, inulin supports the growth of beneficial gut bacteria that
produce vitamins essential for properly functioning antioxidant enzymes [20]. Dietary
fibre may also bind heavy metals and other ions, including Cu ions in the small intestine,
which could positively regulate CuNPs’ bioavailability while reducing the free radicals
generated within the organism [21-24]. The results of our previous studies align with
these findings, demonstrating that dietary fibre supplementation strengthens the intestinal
barrier in rats receiving CuNPs in their diet [25]. Furthermore, adding dietary fibres such as
pectin, inulin, or psyllium to a diet containing CuNPs at concentrations twice the nutritional
recommendation helps maintain copper homeostasis within the organism by significantly
modifying the absorption and excretion of this trace element [6].

It was hypothesised that a dietary combination of CuNPs with various types of fibre—
neutral cellulose (control), prebiotic inulin, viscous pectin, or swelling psyllium—would
influence the redox response, thereby modulating the metabolic effects of CuNPs within
the organism. The study aimed to test this hypothesis by evaluating the impact of dietary
inclusion of the recommended (6.5 mg Cu/kg diet) or double the recommended (13.0 mg
Cu/kg diet) levels of CuNPs in combination with different types of dietary fibre—cellulose,
pectin, inulin, or psyllium—on selected redox status indicators in the blood and tissues of
rats. In terms of animal models, there is a notable similarity between the internal organs
of rodents and humans, particularly regarding redox status. While in vivo data on metal
nanoparticles derived from rats may not be directly applicable to humans, it is important
to emphasise that this new information enhances our understanding in the field.

2. Materials and Methods

The study presented in this paper is part of a large research project aimed at determin-
ing the effects of the dietary combination of CuNPs with various fibre types—cellulose,
inulin, pectin, or psyllium on multiple aspects of the biological response in rats. There-
fore, the experiment’s design and the procedures used have previously been published in
scientific articles [6,26-28].

2.1. Materials’ Characterisation: Copper Nanoparticles and Fibre Types

Commercially available copper nanoparticles (CulNPs) supplied by SkySpring Nano-
materials, Inc. (Houston, TX, USA) were used in the study. These CuNPs were selected
because of their well-documented stability and clearly defined physicochemical properties,
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including a purity of 99.9% trace metal basis, the appearance of addle brown nanopowder,
an aerodynamic Particle Size (APS) of 40-60 nm, a specific surface area (SSA) of ~12 m?/g,
a spherical morphology, bulk density of 0.19 g/cm?, and true density: 8.9 g/cm?, without
the presence of additional coatings, surfactants, or surface modifiers. The experiment used
the same CuNPs as those used in our previous studies [4,6,16,17,26-28]. CuCOs3, serving
as the control source of dietary copper, was obtained from Merck KGaA (Darmstadt, Ger-
many). «-Cellulose (Sigma, Poznan, Poland) was used as the control dietary fibre. The
experimental diets included the following fibre sources: pectin (PectinE 440(I), Brouwland,
Beverlo, Belgium), inulin (Frutafit Tex, Sensus, 's-Hertogenbosch, The Netherlands), and
psyllium (Psyllium husk powder, NaturaleBio, Rome, Italy).

2.2. Animal Study Protocol and Diet Composition

All procedures involving animals were carried out following Polish regulations on
animal experimentation and ethical standards, and were fully compliant with Directive
2010/63/EU of the European Convention for the Protection of Vertebrate Animals for
Experimental and Other Scientific Purposes [29]. The Local Ethics Committee for Animal
Experiments in Olsztyn approved the experimental protocol (Approval No. 19/2021;
Olsztyn, Poland; Approval date: 17 March 2021). The protocol containing the research
questions, experimental schema with the in vivo study design, and analysis plan was
submitted to the reviewers of the National Science Center (Krakéw, Poland) for evaluation,
and was subsequently approved and funded.

The study involved one hundred healthy outbred male Wistar rats Cmdb:Wi, obtained
from a certified breeding facility (breeder register 051, Institute of Animal Reproduction and
Food Research PAS, Olsztyn, Poland). After a two-week acclimatisation period, they were
randomly divided into ten groups, each consisting of ten rats. The environment included a
12 h light-dark cycle, a temperature maintained at 22 4+ 1 °C, a relative humidity ranging from
45% to 65%, and 15 air changes per hour. Random numbers were created using Microsoft
Excel’s standard = RAND() function. In the room with the animals, the cages were placed
so that the same number of rats from a given group was placed in respective places on the
cage rack (top, bottom, left side, right side). The rats were fed for 6 weeks on a standard
semi-purified rat diet with two levels of CulNPs (the recommended level and double that level,
ie., 6.5 and 13 mg/kg diet, respectively) in combination with different types of dietary fibre.
All diets have been prepared in our laboratory using high-end ingredients, including casein
as the main protein source, rapeseed oil as a fat source, and maize starch as the main energy
source (see Table 1 for details). In the control diets, CuCO3 was incorporated into the mineral
mix at a standard and high level (6.5 and 13 mg/kg diet). In CuNP-supplemented groups,
CuCO3 was excluded from mineral mixtures, and CuNPs were added to diets as an emulsion
in rapeseed oil to ensure safe handling. The control dietary fibre was o-cellulose at 8% of the
diet. Experimental fibres—pectin (viscous), inulin (prebiotic), and psyllium (bulking)—were
included at 6%, replacing a portion of the cellulose. The experimental protocol consisted of
10 groups, n = 10 per group. The sample size was determined based on our own previous
research. A single animal was considered an experimental unit.

The study was conducted following the ARRIVE guidelines [30], and all possible
measures were taken to minimise the suffering of the animals used in the experiment.
During the period of experimental feeding, in the event of adverse effects related to humane
endpoints, i.e., cessation of diet intake for more than 2 days, making specific sounds as
a pain signal for more than 1 h, the appearance of neurological symptoms (e.g., ataxia,
impairment in maintaining a favorable body position), and the presence of blood in the
feces for more than 1 day, a veterinarian (employed for these purposes at the institute) may
make a decision of humane euthanasia using the method of gradual filling of the chamber
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with the animal with carbon dioxide or the method of dislodging the cervical vertebrae
of a previously sedated animal. To the best of our knowledge, based on the literature and
our previous experiments, the above symptoms should not be related to the experimental
factors (fiber, nanoparticles), and there is only a minimal risk of their occurrence.

After 6 weeks of dietary treatments, rats were fasted for 8 h and then anaesthetised
i.p. with ketamine and xylazine (K, 100/kg BW; X, 10 mg/kg BW). None of the animals
were excluded from the experiment. It was assumed that for each experimental group, the
criterion for removing an animal from the experiment was humane endpoints. The project
manager was the only person who was aware of the animal’s allocation to a particular
study group. Not all of the analysis contractors were acquainted with the treatment animal
allocation. Blood was drawn from the caudal vena cava into both EDTA and heparinised
tubes. Animals were subsequently sacrificed by cervical dislocation, and major organs
such as the heart, lungs, jejunum, liver, pancreas, kidneys, spleen, and testes were collected.
Blood plasma was obtained by chilling and centrifugation at 350 g for 10 min at 4 °C.
Tissue homogenates were prepared by homogenising 1 g of each organ sample in 9 mL
of phosphate-buffered saline (PBS), followed by centrifugation (3000 g, 10 min, 4 °C).
Supernatants obtained from centrifuged homogenates and plasma samples were stored at
—80 °C until further analysis.

Table 1. The composition of experimental diets administered to rats for 6 weeks (this table was also
published in [6,26-28].

CH CN CNH PN PNH JN JNH SN SNH
Casein ! 14.8 14.8 14.8 14.8 14.8 14.8 14.8 14.8 14.8 14.8
DL-methionine 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Cellulose 2 8.0 8.0 8.0 8.0 2.0 2.0 2.0 2.0 2.0 2.0
Pectin 6 6
Inulin 6 6
Psyllium 6 6
Choline chloride 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Rapeseed oil 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
Cholesterol 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Vitamin mix 3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Mineral mix 35 35 35 3.5 35 3.5 3.5 35 3.5 35
Maize starch 5 64.0 64.0 64.0 64.0 64.0 64.0 64.0 64.0 64.0 64.0
Calculation:
Cu from, mg/kg
CuCOs 6.5 13 0 0 0 0 0 0 0 0
CuNPs 0 0 6.5 13 6.5 13 6.5 13 6.5 13

1 Casein preparation: crude protein 89.7%, crude fat 0.3%, ash 2.0%, and water 8.0%. 2 x-Cellulose (SIGMA,
Poznan, Poland), the main source of dietary fibre. 3 AIN-93G-VM [31], g/kg mix: 3.0 nicotinic acid, 1.6 Ca
pantothenate, 0.7 pyridoxine-HCI, 0.6 thiamin-HCI, 0.6 riboflavin, 0.2 folic acid, 0.02 biotin, 2.5 vitamin B-12
(cyanocobalamin, 0.1% in mannitol), 15.0 vitamin E (all-rac-a-tocopheryl acetate, 500 IU g~1), 0.8 vitamin A
(all-trans-retinyl palmitate, 500,000 IU/g), 0.25 vitamin D-3 (cholecalciferol, 400,000 IU g’l), 0.075 vitamin K-1
(phylloquinone), 974.655 powdered sucrose. # In the experimental treatments with CuNPs, the MX was deprived
of CuCQOs to keep the operator safe while preparing the experimental diets, and the CuNP preparation was
added as an emulsion along with dietary rapeseed oil. Such a procedure was successfully applied in the previous
experiments. 5 Maize starch preparation: crude protein 0.6%, crude fat 0.9%, ash 0.2%, total dietary fibre 0%, and
water 8.8%.

2.3. Blood and Tissue Analyses

Inblood plasma, levels of selected redox status indicators including superoxide dismutase
(SOD), catalase (CAT), ceruloplasmin (Cp), total antioxidant status (TAS), malondialdehyde
(MDA), 3-nitrotyrosine (3-NT), protein carbonyl derivatives (PCs), 8-hydroxydeoxyguanosine
(8-OHdG), DNA repair enzymes—Apurinic/Apyrimidinic Endonuclease 1 (APE-1) and
8-oxoguanine DNA glycosylase (OGG1)—and markers of apoptotic cell death, caspase 3
(Casp3) and caspase 8 (Casp8), were measured. The measurements were performed using
a commercially available enzyme-linked immunosorbent assays (ELISA) kit, following the
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manufacturer’s instructions (Shanghai Qayee Biotechnology Co., Ltd., Shanghai, China).
Absorbance readings were taken at 450 nm using an ELISA microplate reader (Sunrise™,
Tecan Group Ltd., Médnnedorf, Switzerland). For global DNA methylation analysis, DNA
was first isolated from blood using the Blood Mini Kit column-based extraction system (A&A
Biotechnology, Gdarisk, Poland), according to the manufacturer’s protocol. Then, global
DNA methylation levels were subsequently assessed in the isolated DNA using commer-
cial diagnostic kits provided by Sigma-Aldrich (Taufkirchen, Germany). The activities of
the antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT), along with the
concentration of malondialdehyde (MDA) as an indicator of lipid peroxidation, were assessed
in homogenates of the heart, lungs, jejunum, liver, pancreas, kidneys, spleen, and testes,
following the procedure outlined by Ognik and Wertelecki [32].

2.4. Data Analysis and Statistics

Statistical analyses were performed using STATISTICA software, version 12.0 (StatSoft
Corp., Krakow, Poland). A two-way ANOVA was conducted to evaluate the effects of two
main factors: the CuNPs dose (L: 6.5 mg/kg and H: 13 mg/kg) and the type of dietary fibre
(cellulose, pectin, inulin, and psyllium), followed by Duncan’s multiple range post hoc test.
In addition, t-tests were applied to compare each group receiving the lower CuNP dose (L)
with the control group C (fed 6.5 mg/kg Cu from CuCOj3 and cellulose as the fibre source),
and to compare groups receiving the higher CuNPs dose (H) with the control group CH
(fed 13 mg/kg Cu from CuCOs; with cellulose). Differences were considered statistically
significant at p < 0.05. SEM, the pooled standard error of the mean, was calculated as the
standard deviation for all rats divided by the square root of rat number, n = 100.

3. Results

3.1. One-Way ANOVA
3.1.1. Cvs. CN, PN, JN i SN

The one-way analysis comparing the experimental groups CN, PN, JN, and SN to the
control group C revealed a significant reduction in SOD levels in the blood plasma of all
experimental groups (CN, PN, JN, and SN) compared to the control. Simultaneously, CAT
levels were increased in the plasma of the CN, PN, and JN groups. In the plasma of rats
in the PN and SN groups, a decrease in Cp levels alongside an increase in MDA levels
compared to the control group C was noted. Additionally, in the blood plasma of rats from
the PN, JN, and SN groups, higher levels of 8-OHdG were found than in the control group
(C). Lower plasma PC levels were observed in the PN group compared to the C group.
In turn, DNA methylation levels in the blood were decreased in the CN and SN groups
vs. the C group. Lower levels of APE-1 and OGG-1 were observed in the blood plasma
of rats from the SN group than in the control group C. A decreased level of APE-1 in the
blood plasma was also observed in rats from the CN and JN groups. In the SN group,
a decrease in the level of CASP3 and CASPS8 in the blood was observed, whereas in the
blood of rats from the JN group, only the level of CASP3 decreased compared to the C
group (Table 2). In the CN group, an increase in MDA levels was recorded in the testes,
while their levels in intestinal tissue and liver decreased compared to the control group
(©). Relative to the control group (C), the MDA levels in the PN group increased in the
heart, lungs, kidneys, spleen, and testes, but decreased in the liver. The JN group showed
reduced MDA levels in the heart, lungs, intestinal tissue, liver, pancreas, and spleen vs. the
C group. In contrast, the SN group exhibited increased MDA levels in the liver, spleen, and
testes, with a concurrent decrease in the intestinal tissue compared to the control group
(C) (Figure 1; see Supplementary Materials—Table S1 for details). In the CN group, an
increase in SOD activity was noted in the kidneys; meanwhile, the decreased activity of
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this enzyme was detected in the heart, lungs, intestinal tissue, and liver compared to the
C group. Relative to the control group (C), SOD activity in the PN group increased in the
pancreas and kidneys but decreased in the lungs. The JN group showed increased SOD
activity in the lungs, pancreas, and kidneys, alongside a decrease in this enzyme activity
in the heart and spleen vs. the C group. In the SN group, increased SOD activity was
observed in the pancreas and kidneys, while it decreased in the heart and liver compared
to the control group (C) (Figure 2; see Supplementary Materials—Table S2 for details). In
the CN group, CAT activity increased in the heart, intestinal tissue, liver, and pancreas
but decreased in the lungs, kidneys, and spleen relative to the control group (C). Relative
to control group C, CAT activity in the PN group increased in the liver but decreased in
the heart, intestinal tissue, kidneys, and spleen. The JN group exhibited increased CAT
activity in the intestinal tissue and liver, with lowered activity in the kidneys and testes vs.
the C group. In the rats from the SN group, increased CAT activity was noted in the liver;
meanwhile, its activity decreased in the intestinal tissue, kidneys, and testes compared to
the control group (C) (Figure 3; see Supplementary Materials—Table S3 for details).

Table 2. Blood parameters in rats fed experimental diets (n = 10 per group) *.

SOD CAT Cp  TAS MDA 3NT  PC M Megle;‘tion APE1  OGG1  Casp3  Casp$
ng/mL ng/mL U/L mmol/L  nmol/mL ng/mL nll,rrl Stléril:‘g ng/mL % ng/mL  pg/mL ng/mL  ng/mL
Control C 36.6 27.1 164 0.902 1.49 14.8 4.75 6.93 1.46 180 493 434 102
Control CH 17.2 29.7 125 0.973 156 14.7 3.36 7.80 1.16 171 460 441 100
2-way ANOVA:
CN 173%  31.7* 141 0.932 1414 14.6 4.82 7.93 0.853 b* 167 #* 454 4022 99.3
CNH 18.6 31.4 148 & 0.974 1.50 «d 14.6 420 7.76 1.52° 1672 460 387 ab& 97.7
PN 831% 335% 131* 1.08 1.83 bet 15.8 3.35% 8.07*% 1.28° 169 2 471 4112 123
PNH 107 & 322 125 0.943 1.64 184 & 3.03 8.93 & 0.915° 155 2 386 & 335 & 101
JN 5.04%  319* 162 0.956 1.63<d 14.8 4.35 7.90* 1.59° 153 ab# 428 347 bet 105
JNH 818% 299 158 & 0.968 2.87 2& 15.2 4.75 & 8.45 0.909 ® 152 ab & 408 350 be& 93.3
SN 6.99* 31.1 138*# 0.954 2.07b* 16.8 5.29 9.05# 0.966 b* 143 b* 398 # 330 <# 77.9#
SNH 6.56 & 31.0 129 1.09 1.36 9& 17.2 5.01%& 8.62 0.845° 1622 399 & 350 be& 83.7
SEM 0986 0389  2.083 0.019 0.054 0.323 0.139 0.119 0.044 1.934 7.941 6.108 2.934
CuNPs dose (D)
L (6.5 mg/kg) 9.42 32.1 143 0.981 1.74 15.5 445 8.24 1.17 158 438 373 101
H (13 mg/kg) 11.0 31.1 140 0.995 1.84 16.4 425 8.44 1.05 159 413 356 93.8
p value 0.065 0242  0.239 0.724 0.197 0.268 0.480 0.406 0.110 0.737 0.137 0.132 0.309
Fibre type (F)
C (cellulose) 18.0° 31.6 144° 0.953 1.45 14.6° 4522 7.84° 1.19 167 457 394 97.32b
P (pectin) 9.53b 329 128 1.01 1.74 17.12 3.19° 8.50 ab 1.10 162 428 373 1122
J (inulin) 6.61°¢ 30.9 1602 0.962 2.25 15.0 2 4552 8.17 b 1.25 153 418 349 98.9 b
S (psyllium) 6.77 € 31.0 133¢ 1.02 1.71 17.02 5152 8.842 0.906 153 399 340 80.8°
p value <0.001 0309  <0.001 0.513 <0.001 0.033 <0.001 0.028 0.015 0.024 0.090 0.004 0.017
Interaction D x F
p value 0488  0.837  0.19 0.117 <0.001 0.607 0.649 0.192 <0.001 0.037 0.192 0.019 0.445

* The dietary treatments used in the experimental feeding period: groups C and CH, fed a control diet with
standard and enhanced Cu content in the mineral mixture (6.5 and 13 mg/kg from CuCOj3, respectively) with
8% of cellulose as dietary fibre source; groups CN and CNH, fed diets with supplementation of CuNPs (6.5 and
13 mg/kg from Cu-nanoparticles, respectively), with 8% of cellulose dietary fibre source; groups PN and PNH, fed
diets with supplementation of CuNPs (6.5 and 13 mg/kg from Cu-nanoparticles, respectively), with 2% of cellulose
and 6% of pectin dietary fibre source; groups JN and JNH, fed diets with supplementation of CuNPs (6.5 and
13 mg/kg from Cu-nanoparticles, respectively), with 2% of cellulose and 6% of inulin dietary fibre source; groups
SN and SNH, fed diets with supplementation of CuNPs (6.5 and 13 mg/kg from Cu-nanoparticles, respectively),
with 2% of cellulose and 6% of psyllium dietary fibre source; L, treatment (1 = 40) with dietary CuNPs (6.5 mg/kg
dose); H, treatment (n = 40) with dietary CuNPs (13 mg/kg dose); C, treatment (1 = 20) with cellulose as dietary
fibre; P, treatment (1 = 20) with pectin as dietary fibre; J, treatment (1 = 20) with inulin as dietary fibre; S, treatment
(n = 20) with psyllium as dietary fibre; 4 Mean values within a column with unlike superscript letters are shown
to be significantly different (p < 0.05); differences among the groups (CN, CNH, PN, PNH, JN, JNH, SN, SNH) are
indicated with superscripts only in the case of a statistically significant interaction D x F (p < 0.05). Additionally,
each experimental group fed CuNPs 6.5 mg/kg (CN, PN, JN, SN) was compared with the control C one with the
aid of t-test (* indicates a significant difference versus the C group); similarly, each experimental group fed CuNPs
13 mg/kg (CNH, PNH, JNH, SNH) was compared with the control CH one with the aid of ¢-test (% indicates a
significant difference versus the CH group); SEM, pooled standard error of mean (standard deviation for all rats
divided by the square root of rat number, n = 100). SOD, superoxide dismutase; CAT, catalase; Cp, ceruroplasmin;
TAS, total antioxidant capacity; MDA, malondialdehyde; 3-NT, 3-nitrotyrosine; PC, protein carbonyl derivatives;
8-OHdG, 8-hydroxy-2'-deoxyguanosine; APE-1, apurinic/apyrimidinic endonuclease 1; OGG1, 8-oxoguanine
glycosylase; Casp3, caspase 3; Casp8, caspase 8.
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Figure 1. Level of malondialdehyde (MDA; umol/g) in selected tissues in rats fed experimental
diets (groups C and CH: control diets with standard (6.5 mg/kg) and enhanced (13 mg/kg) copper
from CuCOj3, with 8% cellulose as fibre; groups CN and CNH: diets supplemented with CuNPs (6.5
and 13 mg/kg) plus 8% cellulose; groups PN and PNH: diets supplemented with CuNPs (6.5 and
13 mg/kg), with fibre from 2% cellulose and 6% pectin; groups JN and JNH: diets supplemented
with CuNPs (6.5 and 13 mg/kg), with fibre from 2% cellulose and 6% inulin; groups SN and SNH:
diets supplemented with CuNPs (6.5 and 13 mg/kg), with fibre from 2% cellulose and 6% psyllium).
7€ Mean values within a column with unlike superscript letters are shown to be significantly different
(p < 0.05); differences among the groups (CN, CNH, PN, PNH, JN, JNH, SN, SNH) are indicated with
superscripts only in the case of a statistically significant interaction D x F (p < 0.05). Additionally,
each experimental group fed CuNPs 6.5 mg/kg (CN, PN, JN, SN) was compared with the control
C one with the aid of t-test (* indicates a significant difference versus the C group); similarly, each
experimental group fed CuNPs 13 mg/kg (CNH, PNH, JNH, SNH) was compared with the control
CH one with the aid of t-test (¥ indicates a significant difference versus the CH group).
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Figure 2. Activity of superoxide dismutase (SOD; U/g) in selected tissues in rats fed experimental
diets (groups C and CH: control diets with standard (6.5 mg/kg) and enhanced (13 mg/kg) copper
from CuCOj3, with 8% cellulose as fibre; groups CN and CNH: diets supplemented with CuNPs (6.5
and 13 mg/kg) plus 8% cellulose; groups PN and PNH: diets supplemented with CuNPs (6.5 and
13 mg/kg), with fibre from 2% cellulose and 6% pectin; groups JN and JNH: diets supplemented
with CuNPs (6.5 and 13 mg/kg), with fibre from 2% cellulose and 6% inulin; groups SN and SNH:
diets supplemented with CuNPs (6.5 and 13 mg/kg), with fibre from 2% cellulose and 6% psyllium).
37¢ Mean values within a column with unlike superscript letters are shown to be significantly different
(p < 0.05); differences among the groups (CN, CNH, PN, PNH, JN, JNH, SN, SNH) are indicated with
superscripts only in the case of a statistically significant interaction D x F (p < 0.05). Additionally,
each experimental group fed CuNPs 6.5 mg/kg (CN, PN, JN, SN) was compared with the control
C one with the aid of t-test (* indicates a significant difference versus the C group); similarly, each
experimental group fed CuNPs 13 mg/kg (CNH, PNH, JNH, SNH) was compared with the control
CH one with the aid of t-test (¥ indicates a significant difference versus the CH group).
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Figure 3. Activity of catalase (CAT; U/g) in selected tissues in rats fed experimental diets (groups
C and CH: control diets with standard (6.5 mg/kg) and enhanced (13 mg/kg) copper from CuCO3,
with 8% cellulose as fibre; groups CN and CNH: diets supplemented with CuNPs (6.5 and 13 mg/kg)
plus 8% cellulose; groups PN and PNH: diets supplemented with CuNPs (6.5 and 13 mg/kg), with
fibre from 2% cellulose and 6% pectin; groups JN and JNH: diets supplemented with CuNPs (6.5 and
13 mg/kg), with fibre from 2% cellulose and 6% inulin; groups SN and SNH: diets supplemented with
CuNPs (6.5 and 13 mg/kg), with fibre from 2% cellulose and 6% psyllium). *¢ Mean values within a
column with unlike superscript letters are shown to be significantly different (p < 0.05); differences
among the groups (CN, CNH, PN, PNH, JN, JNH, SN, SNH) are indicated with superscripts only
in the case of a statistically significant interaction D x F (p < 0.05). Additionally, each experimental
group fed CuNPs 6.5 mg/kg (CN, PN, JN, SN) was compared with the control C one with the aid of
t-test (* indicates a significant difference versus the C group); similarly, each experimental group fed
CuNPs 13 mg/kg (CNH, PNH, JNH, SNH) was compared with the control CH one with the aid of
t-test (¥ indicates a significant difference versus the CH group).
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3.1.2. CHvs. CNH, PNH, ]NH i SNH

The one-way analysis comparing experimental groups CNH, PNH, JNH, and SNH to
the control group CH indicated a significant reduction in SOD levels in the blood plasma
of rats from the PNH, JNH, and SNH groups. Additionally, an increase in Cp levels in the
blood plasma of the CNH and JNH groups was observed. Relative to the CH group, the
levels of 3-NT and 8-OHdG in the blood plasma of rats from the PNH group were elevated.
The MDA levels in the blood plasma increased in the JNH group but decreased in the SNH
group compared to the control group (CH). Furthermore, blood samples collected from rats
from the JNH and SNH groups exhibited higher PC levels than the CH group. There was
also a reduction in the APE-1 level in the JNH group vs. the CH group, the OGG-1 level
in the PNH and SNH groups vs. the CH group, and the CASP3 level in all experimental
groups (CNH, PNH, JNH, and SNH) vs. the CH group (Table 2). MDA levels were higher
in rats” lungs, pancreas, and testes from the CNH group than in the rats from the control
group (CH). Compared to the CH group, the MDA levels in the PNH group increased in
the liver, pancreas, and testes but decreased in intestinal tissue. In the JNH group, rats
exhibited increased MDA levels in the liver and testes while showing reduced levels in the
heart and intestinal tissue relative to the control group (CH). In contrast, the SNH group
demonstrated elevated MDA levels in the liver, spleen, and testes compared to the CH
group (Figure 1; see Supplementary Materials—Table S1 for details). In the CNH group,
increased SOD activity was noted in the heart; meanwhile, its activity was reduced in the
pancreas compared to the control group (CH). Compared to the CH group, SOD activity
in the PNH group decreased in the intestinal tissue, liver, and pancreas. Rats from the
JNH group exhibited reduced SOD activity in the lungs, liver, and pancreas relative to the
control group (CH). In turn, in the SNH group, SOD activity was increased in the heart but
decreased in the lungs, intestinal tissue, liver, and pancreas (Figure 2; see Supplementary
Materials—Table S2 for details). In the CNH group, CAT activity was reduced in the heart,
lungs, intestinal tissue, liver, pancreas, kidneys, spleen, and testes relative to the control
group (CH). Compared to the CH group, CAT activity in the PNH group increased in the
heart, lungs, and testes, but its activity decreased in the liver and kidneys. In the JNH
group, rats showed increased CAT activity in the intestinal tissue with reduced activity in
the kidney compared to the CH group. The SNH group exhibited increased CAT activity in
the heart, liver, and testes, while it decreased in the lungs, kidneys, and spleen compared
to the CH group (Figure 3; see Supplementary Materials—Table S3 for details).

3.2. Two-Way ANOVA

The two-way ANOVA revealed the occurrence of significant interactions for MDA
levels (p < 0.001), DNA methylation (p < 0.001), APE-1 (p = 0.037), and CASP3 (p = 0.019) in
the blood (Table 2). Numerous interactions were also identified for MDA levels, as well as
for SOD and CAT activities in various tissues (Figures 1-3; see Supplementary Materials—
Tables S1-S3 for details). The occurrence of interactions were noted for MDA levels in
the lung (p < 0.001), intestinal tissue (p < 0.001), liver (p < 0.001), pancreas (p < 0.001),
kidney (p = 0.020), spleen (p = 0.001), and testis (p < 0.001) (Figure 1; see Supplementary
Materials—Table S1 for details), and for SOD and CAT activity in the heart (p < 0.001; both),
lung (p < 0.001; both), intestinal tissue (p < 0.001; both), liver (p < 0.001; both), pancreas
(p < 0.001; both), kidney (p < 0.001; both), and spleen (p < 0.001; both), and also CAT activity
in the testis (p < 0.001) (Figures 2 and 3; see Supplementary Materials—Tables S2 and S3 for
details). The occurrence of the mentioned interactions indicates that the main effects had
no significant influence on the parameters examined or were mutually cancelled out.
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3.2.1. Effect of CulNP Dose

The two-way ANOVA revealed that increasing the CulNPs level from 6.5 to 13 mg/kg
diet did not significantly impact the redox parameters in blood and tissues (Table 2,
Figures 1-3; see Supplementary Materials—Tables S1-S3 for details).

3.2.2. Effect of Fibre Type

Irrespective of the level of CuNPs, feeding rats a diet containing pectin, inulin, or
psyllium resulted in a decrease in SOD levels in blood plasma (p < 0.001) compared
to the control group receiving cellulose as a standard fibre source. Pectin or psyllium
inclusion in the diet reduced Cp levels in blood plasma; meanwhile, inulin inclusion
increased this indicator (p < 0.001) compared to rats receiving a diet containing only
cellulose as a fibre source. Pectin or psyllium inclusion into the diet also elevated 3-NT levels
(p = 0.033) in blood plasma compared to the control group. Furthermore, rats fed a diet
supplemented with pectin had reduced PC levels (p < 0.001) in blood plasma, and psyllium
supplementation to the diet resulted in elevated 8-OHdG levels (p = 0.028) in the blood
plasma relative to the cellulose-only control group. Psyllium inclusion in the diet also
significantly reduced CASP3 levels (p = 0.017) in the rats’ blood plasma compared to rats
from the group that received a pectin-supplemented diet (Table 2). In the hearts of rats
receiving an inulin-supplemented diet, a lower MDA level than in the control group was
observed (Figure 1; see Supplementary Materials—Table S1 for details).

4. Discussion

The current experiment utilises Wistar rats (Cmdb:Wi) as they are a well-established
model for nutritional and metabolic studies, particularly in examining the internal organs’
responses to nutritional interventions and the systemic metabolic changes associated with
dietary supplementation. It is essential to acknowledge the limitations when extrapolating
findings from animal studies to humans. These limitations arise not only from species
differences but also from variations in dietary fibre and copper content, as well as the
challenges of testing dietary nanoparticles in humans. Nevertheless, a substantial body
of the literature supports the notion that the rat model offers significant advantages for
investigating human health and disease in relation to dietary habits and environmental
factors. The available literature indicates that the CulNPs introduced into the organism
may induce oxidative stress [33-35]. The mechanism of the CuNPs’ prooxidant action
seems to result primarily from the fact that, under the influence of the strong oxidants that
occur in living cells, they can undergo oxidation processes to Cu* and Cu?* ions [3,36],
which then enter the redox cycle [11,12]. In the presence of reducers such as ascorbic acid
or glutathione, Cu?* ions may reduce to Cu* ions which, when reacting with hydrogen
peroxide (H,O,) in the Fenton reaction, lead to the highly reactive hydroxyl radicals’
synthesis. Cu* ions can also reduce molecular oxygen (O,), forming the superoxide anion
radical (O,°7). Importantly, after reacting with HyO, or O,, Cu* ions re-oxidise to Cu?,
allowing them to re-enter the redox cycle, generating further reactive oxygen species
(ROS) portions [11,12]. Due to their high reactivity and low specificity, these species can
oxidise lipids, proteins, and nucleic acids, disrupting cellular function by compromising
cell membrane integrity and protein functionality and causing DNA mutations that may
contribute to cancer development [14,15].

Various antioxidant mechanisms have evolved in living organisms to mitigate the
risk of such adverse oxidative changes induced by free radical activity. Among these,
endogenous enzymatic antioxidant defence, including enzymes like superoxide dismutase
(SOD) and catalase (CAT), plays a crucial role [37]. SOD catalyses the conversion of the
aggressive superoxide radical (O;°7) to HyO, and O, [21], while CAT neutralises the
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resulting HyO, to HyO and O, [38]. The results of our study confirmed that replacing the
standard Cu form (CuCOj3) with CuNPs in rat diets influenced the enzymatic antioxidant
defence, as evidenced by an increase in CAT levels and a simultaneous decrease in SOD
levels in the blood. Potentially, this could indicate enhanced free radical synthesis due to
the CuNPs’ action. The observed reduction in blood SOD levels may suggest the depletion
of enzyme resources in response to increased superoxide anion (O,°~) generation in the
presence of CuNDPs. It is possible that the oxidative degradation of SOD could occur under
experimental conditions, reducing its activity and stability, too. The increased CAT level
may also indicate enhanced H,O, synthesis due to the replacement of CuCO3; with CuNPs
in the rats” diet, which the body tries to combat by adjusting the enzyme activity to the
current catalytic needs. However, it is worth noting that the observed changes in blood
antioxidant enzyme levels, which suggest potential oxidative stress, were not accompanied
by adverse changes in the total antioxidant status (TAS), biomarkers of protein oxidation
(PC), lipid (MDA), and DNA (8-OHdG), or elevated markers of apoptotic cell death (CASP-
3 and CASP-8). This suggests that the organism may adapt to the recommended level of
CuNPs in the diet by modulating antioxidant enzyme activity to maintain proper redox
status. Furthermore, the results of our study showed that replacing CuCOj; with CuNPs
in the rat diet positively stimulated the antioxidant response in liver and small intestine
cells, subsequently reducing lipid peroxidation, as indicated by decreased MDA levels.
The small intestine is initially exposed to the highest CuNP concentrations due to direct
contact with food content [27], while the liver serves as the main organ responsible for Cu
metabolism and storage [39]. Both tissues are characterised by dense vascularisation and
high metabolic activity [40,41], which favors exposure to potentially pro-oxidative CuNP
action. Therefore, the obtained results seem to confirm that the dietary inclusion of CuNPs
in the diet at the recommended dose does not generate excessive oxidative stress in the
blood and tissues of rats.

However, it appears concerning that replacing CuCO3; with CulNPs in the rats” diet
led to reduced levels of APE-1 and DNA methylation in blood, potentially suggesting
their negative impact on DNA stability and integrity. APE-1 (apurinic/apyrimidinic
endonuclease 1) is a crucial enzyme in DNA repair through the base excision repair (BER)
pathway. BER is initiated by DNA glycosylases, which identify and remove damaged bases,
creating apurinic/apyrimidinic (AP) sites in the DNA chain. APE-1 then initiates the repair
process by cutting the DNA backbone to remove AP sites and replacing them with correct
nitrogenous bases, which helps maintain genome stability [42]. Therefore, the observed
reduction in APE-1 levels in this study may suggest impairment of the DNA repair system
or the increased degradation of this protein. Although this study did not demonstrate
increased DNA oxidation as the increased production of 8-OHdG in the blood, it cannot be
ruled out that extending the period of feeding rats with a diet containing CuNPs would
lead to the complete inactivation of APE-1 and accumulation of oxidative DNA damage.
Moreover, rats fed a diet containing CuNPs instead of CuCO3; showed a decrease in DNA
methylation levels in their blood, which may lead to the deregulation of the expression of
various genes, including those responsible for an oxidative stress response and DNA repair.
The results of our study indicate that replacing the recommended level of CuCOj in the rat
diet with CulNPs does not negatively affect the oxidation of lipids and proteins in the blood
and tissues. However, it may weaken DNA repair processes and reduce DNA methylation,
significantly increasing the risk of mutations underlying numerous degenerative diseases.

The results of our study did not reveal an effect of doubling the level of CuNPs
(13.0 mg Cu/kg diet) compared to nutritional recommendations (6.5 mg Cu/kg diet) in the
rat diet on blood redox status indicators. However, it was found that the effect of CuNPs on
blood redox status could be modulated by simultaneously introducing alternative dietary
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fibre sources. The results of the conducted studies showed a reduction in SOD levels in
the blood of rats receiving a diet containing all tested dietary fibre forms—pectin, inulin,
or psyllium—regardless of the CuNP level used. Meanwhile, none of these experimental
treatments affected CAT activity in rat blood, which could indicate increased oxidative
stress. It is hypothesised that the observed decrease in blood SOD levels could be due to a
Cu deficiency in the body caused by the inclusion of different dietary fibre forms. Copper is
an essential trace element for SOD1 and SOD3 synthesis because it is their cofactor with Zn.
Cu’s presence in the active center of SOD is crucial for binding the super-oxide anion and its
dismutation [43]. Consequently, a lack of Cu in the body may lead to limited SOD synthesis
or impaired SOD antioxidant function, increasing the same the risk of oxidative stress and
cellular damage. The available literature indicates that the presence of dietary fibre in the
diet can decrease the absorption of trace elements, including Cu, from the gastrointestinal
tract and impact their bioavailability and metabolism in the body [6,27,44-46]. The study
by Krzysik [24] shows that adding pectin or cellulose as dietary fibre sources reduced
the absorption of divalent ions from the diet, including Cu. The mechanism by which
dietary fibre affects the absorption of Cu from the gastrointestinal tract seems to be closely
dependent on the fibre’s type and physicochemical properties. The available literature
indicates that pectin can chelate divalent ions via free hydroxyl groups, which may, in turn,
reduce the amount of Cu available for absorption from the gastrointestinal tract [22,24,47].
Liu [33] and McRorie [48] also report that both pectin and psyllium have high viscosity
and form a unique gel in the gastrointestinal tract, which the entrapment of Cu facilitates.
This can physically hinder the dietary micronutrients’ contact with the absorptive surface
of the intestines, thereby reducing Cu absorption [33,48]. Conversely, inulin seems to act
oppositely to pectin and psyllium. It is a prebiotic that stimulates the growth of beneficial
bacteria in the intestines, whose activity can affect mineral metabolism and absorption.
Moreover, inulin fermentation produces short-chain fatty acids (SCFAs) such as butyrate,
propionate, and acetate [49,50], which acidify the intestinal contents. Consequently, it may
increase Cu solubility, thus enhancing its absorption from the gastrointestinal tract [50].
Nonetheless, irrespective of the type of dietary fibre used, this ingredient can accelerate
intestinal transit, reducing the contact time of food contents with enterocytes of the small
intestine, which may also limit the number of nutrients and minerals absorbed into the
body [24,51]. The results of our previous studies have also confirmed that dietary fibre can
limit the bioavailability of dietary Cu [6]. It has been shown that the addition of dietary fibre
in the form of pectin, inulin, or psyllium to a diet with twice the CuNP content of dietary
recommendations significantly increased Cu excretion and prevented its accumulation in
the brain and muscles of rats [6]. In light of the above, it can be assumed that the observed
decrease in blood SOD levels in our study may result from a Cu deficiency caused by
its reduced absorption from the gastrointestinal tract due to supplementation with the
tested alternative forms of dietary fibre. This hypothesis seems to be also supported by
the decreased Cp levels in the blood of rats fed a diet with pectin or psyllium addition,
regardless of the CulNP level. Ceruloplasmin is a glycoprotein that binds about 95% of Cu
in blood plasma. Each molecule of ceruloplasmin can bind up to six atoms of this element.
Thus, it is considered the most important blood Cu transport protein [52,53]. Furthermore,
ceruloplasmin exhibits antioxidant properties, with effects similar to superoxide dismutase,
although slightly weaker but more stable [54]. Ceruloplasmin is primarily synthesised in the
liver, though small amounts can also be produced in the brain, placenta, kidneys, adipose
tissue, and Sertoli cells [55]. This protein is sensitive to Cu deficiency, which quickly inhibits
its synthesis [54]. Therefore, the reduced Cp levels in the blood of rats fed diets containing
both CulNPs and pectin or psyllium may indicate a disturbance in Cu homeostasis due to its
deficiency. The weakened antioxidant defence and increased oxidative stress of rats under
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a diet supplemented with pectin or psyllium seem to be confirmed by the increased level
of 3-NT in the blood plasma, indicating the intensification of protein nitration processes.
Additionally, the rats receiving psyllium in their diets, regardless of using CuNP levels,
exhibited increased blood levels of 8-OHdG, suggesting enhanced nucleic acid oxidation.
These observed adverse oxidative changes are likely due to a disturbance in Cu homeostasis,
leading to a weakened antioxidant defence. Interestingly, however, inulin inclusions in the
rats’ diet increased Cp levels in the blood, indicating its potentially beneficial effect on Cu
metabolism in the body. This observed effect may be due to the antioxidant properties of
inulin and improved Cu absorption in the gastrointestinal tract throughout the acidification
of intestinal contents resulting from the fermentation of this type of fibre [54]. Moreover,
rats who received a diet containing CulNPs, regardless of the dose, and inulin did not
exhibit increased oxidative reactions of lipids, proteins, and nucleic acids in the blood. The
conducted studies also showed that inulin inclusion in the diet, irrespective of the CuNPs’
supplementation level, reduced MDA levels in the heart. Therefore, it can be assumed that,
unlike pectin and psyllium, the presence of inulin in the diet does not negatively affect Cu
homeostasis and the blood antioxidant system, thereby enabling the effective protection of
cells from oxidative processes.

The results of the redox status analyses of the internal organs conducted in this
experiment did not show distinct effects of the main experimental factors, such as increasing
the dietary CulNP level from the recommendation (6.5 mg Cu/kg) to twice the nutritional
recommendation (13.0 mg Cu/kg) and replacing standard dietary fibre (cellulose) with
alternative forms (pectin, inulin, or psyllium) in rat diets. Nevertheless, the obtained results
allow us to notice certain relationships between the type of dietary fibre used and the level
of CuNPs in the diet, in the context of the redox status of the tested organs. In rats fed a diet
containing the recommended CuNP level and alternative dietary fibre, regardless of its form,
the stimulation of the enzymatic antioxidant defence response was observed in the studied
organs, with the effect being most beneficial in the case of inulin. Our previous research
indicates that replacing the recommended level of CuCO3; with CuNPs in rats” diets may
intensify lipid peroxidation processes in the lungs and kidneys [17]. However, the current
study showed that none of the analysed organs in rats supplemented with inulin and a
standard dose of CuNPs in the diet exhibited increased lipid peroxidation. Interestingly,
lipid peroxidation in the lungs, pancreas, and testes was even favorably inhibited, as
evidenced by decreased MDA levels. In light of the above, it can be concluded that inulin
effectively protects the body against the potentially toxic, pro-oxidant effects of CuNPs.
In turn, pectin inclusion in the rats” diets containing standard CulNP levels reduced lipid
peroxidation in the liver but enhanced this process in the intestine and kidney. Psyllium
supplementation in the rats’ diet containing a recommended level of CuNPs increased
lipid peroxidation in the spleen and liver. Our previous studies indicate that replacing
the recommended CuCOj level with CuNDPs in the rats” diet attenuates lipid peroxidation
processes in the liver. Therefore, it seems that the simultaneous inclusion of pectin or
psyllium in the rat diet containing the recommended level of CuNPs is not sufficient to
ensure the effective functioning of the antioxidant system, which may be probably related
to the limitation of the amount of Cu absorbed from the gastrointestinal tract due to the
strengthening of the intestinal barrier. Interestingly, the situation is markedly different with
a twofold increase in dietary CuNPs. The most effective stimulation of antioxidant enzyme
activity (SOD and CAT) in internal organs was observed in rats simultaneously receiving
psyllium in their diets, which translated into reduced lipid peroxidation levels in the lungs,
liver, pancreas, spleen, and testes. Nevertheless, rats from this treatment showed intensified
lipid peroxidation in the small intestine, which may be related to the fact that this tissue
was the first of all the examined tissues to be exposed to direct contact with the CuNPs
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introduced into the body with the diet and at the highest concentration. The elevated
CuNP amount in the digestive contents could lead to the increased local concentration
of reactive oxygen species, subsequently increasing lipid peroxidation in adjacent tissues.
The results of our study indicate that, with excessive CuNPs in the diet, pectin addition
could also favorably modulate the antioxidant system, protecting the pancreas and spleen
from lipid oxidation. However, it was insufficient to shield the liver from CuNP-generated
free radicals, as indicated by elevated MDA levels in this tissue. Among all the alternative
fibres tested, inulin demonstrated the least protective effect against the prooxidative effects
of excess CulNPs, as it did not reduce lipid peroxidation in any of the tissues examined and
even exacerbated this process in the lungs, pancreas, kidneys, liver, and testes. It is highly
likely that the improved redox status of the studied tissues through pectin or psyllium
supplementation in the diet results from these fibres’ role in limiting the amount of CuNPs
absorbed from the gastrointestinal tract, thereby reducing the generation of free radicals in
the body. There is also a possibility that the antioxidant potential of the applied dietary
fibers results from their direct beneficial effect on the gut microbiota composition and the
increased production of short-chain fatty acids (SCFAs) during fiber fermentation. The
literature data indicate that SCFAs exhibit strong antioxidant properties by enhancing the
activity of antioxidant enzymes, inducing protective proteins, and activating the Nrf2—
Keap1 signaling pathway [56]. Our previous research also confirmed that the inclusion
of experimental types of dietary fiber in diets containing copper nanoparticles (CulNPs)
significantly increased the activity of intestinal bacterial enzymes such as «-glucosidase,
-glucosidase, 3-glucuronidase, and x-arabinofuranosidase, as well as the production of
SCFAs in rats, with the most pronounced effect observed with pectin supplementation [57].
This suggests that functional fiber may mitigate the negative impact of CuNPs on the gut
microbiota by supporting its metabolic activity, which in turn may translate into enhanced
antioxidant protection of the organism. In turn, lipid oxidation in the tissues of rats
receiving excess CulNPs in their diet, enhanced by inulin, is probably because this additive,
due to its physicochemical properties, may support the absorption of Cu, or at least to a
lesser extent than pectin and psyllium, inhibit its absorption. Consequently, this could
increase Cu bioavailability in the body, raising the risk of enhanced reactive oxygen species
generation.

5. Conclusions

In conclusion, replacing CuCO3 with CulNPs in the rat diet did not affect protein and
lipid oxidation processes, but it deteriorated DNA stability and integrity in the blood by
weakening the DNA repair system and reducing DNA methylation levels. However, this
treatment favorably limited lipid peroxidation in the liver and small intestine. Regardless of
the CuNPs level in the rats’ diet, inulin did not negatively impact redox status; meanwhile,
pectin intensified protein nitration processes, and psyllium induced both protein nitration
and DNA oxidation in the blood. Furthermore, adding pectin or psyllium to rats” diets with
standard CulNP content weakened the antioxidant defence of internal organs and intensified
oxidative changes in tissues, likely due to the Cu deficiency resulting from increased Cu
binding in the gastrointestinal tract. However, in the presence of excessive amounts
of CuNPs in the diet, pectin or psyllium inclusion reduced the release of free radicals
by CulNPs, thereby beneficially affecting the redox status of tissues. Meanwhile, inulin
inclusion improved the redox status of tissues in rats fed the recommended CuNP level in
the diet but worsened it when the dietary CulNP level was excessive, likely due to increased
Cu absorption from the gastrointestinal tract in the presence of inulin. The obtained results
suggest that the addition of dietary fibre in the form of inulin may beneficially stimulate
the response of the redox system in the conditions of CuNP nutrition at the recommended
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dose, pectin, or psyllium in the case of an excessive supply of CulNPs in the diet. Thus,
selecting the appropriate type of dietary fibre based on the CuNP level in the diet may
effectively protect the organism from the potentially harmful prooxidative effect of CuNPs,
ultimately contributing to the favourable regulation of their metabolic impact in the body.
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3-NT

3-nitrotyrosine

8-OHdG 8-hydroxy-2'-deoxyguanosine

APE-1 Apurinic/apyrimidinic endonuclease 1

Casp3 Caspase 3

Casp8 Caspase 8

CAT Catalase

Cp Ceruloplasmin

CuNPs Copper nanoparticles

EDTA Ethylenediaminetetraacetic acid

Group C Rats fed a control diet with standard Cu content in the mineral mixture
(6.5 mg/kg from CuCO3), with 8% of cellulose as a dietary fibre source

Group CH Rats fed a control diet with enhanced Cu content in the mineral mixture
(13 mg/kg from CuCO3), with 8% of cellulose as dietary fibre source
Rats fed diets with supplementation of CuNPs (6.5 from Cu-nanoparticles), with

Group CN . .
8% of cellulose dietary fibre source

Group CNH Rats fed diets' with st%pplementation of C1'1NPs (?3 mg/kg from
Cu-nanoparticles), with 8% of cellulose dietary fibre source

Group JN Rats fed diets with supplementation of CuNPs (6.5 mg/kg from

Cu-nanoparticles), with 2% of cellulose and 6% of inulin dietary fibre source
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G JNH Rats fed diets with supplementation of CuNPs (13 mg/kg from
rou
P Cu-nanoparticles), with 2% of cellulose and 6% of inulin dietary fibre source

Group PN Rats fed diets with supplementation of CuNPs (6.5 mg/kg from
Cu-nanoparticles), with 2% of cellulose and 6% of pectin dietary fibre source

Group PNH Rats fed diet? with su'pplementation of CuNPs (13 mg / kg from '
Cu-nanoparticles), with 2% of cellulose and 6% of pectin dietary fibre source

Group SN Rats fed diets with supplementation of CuNPs (6.5 mg/kg from
Cu-nanoparticles), with 2% of cellulose and 6% of psyllium dietary fibre source

Group SNH Rats fed dieté with st?pplementation of CuNPs (13 mg/.kg fro.m .
Cu-nanoparticles), with 2% of cellulose and 6% of psyllium dietary fibre source

MDA Malondialdehyde

0OGG1 8-oxoguanine DNA glycosylase

PBS Phosphate-buffered saline

PC Protein carbonyl derivative

SCFAs Short-chain fatty acids

SOD Superoxide dismutase

TAS Total antioxidant capacity

References

1.

10.

11.

12.

13.

14.

15.

Malik, S.; Muhammad, K.; Waheed, Y. Nanotechnology: A Revolution in Modern Industry. Molecules 2023, 28, 661. [CrossRef]
[PubMed]

Altemimi, A.B.; Farag, H. A M.; Salih, TH.; Awlqadr, FH.; Al-Manhel, A.J.A.; Vieira, LR.S.; Conte-Junior, C.A. Application of
Nanoparticles in Human Nutrition: A Review. Nutrients 2024, 16, 636. [CrossRef] [PubMed]

Ognik, K.; Stepniowska, A.; Cholewiriska, E.; Kozlowski, K. The effect of administration of copper nanoparticles to chickens in
drinking water on estimated intestinal absorption of iron, zinc, and calcium. Poult. Sci. 2016, 96, 2045-2051. [CrossRef]
Cholewiniska, E.; Ognik, K.; Fotschki, B.; Zduniczyk, Z.; Juskiewicz, ]. Comparison of the effect of dietary copper nanoparticles
and one copper (II) salt on the copper biodistribution and gastrointestinal and hepatic morphology and function in a rat model.
PLoS ONE 2018, 18, €0197083. [CrossRef] [PubMed]

Lee, I.C.; Ko, J.W,; Park, S.H.; Shin, N.R.; Shin, 1.S.; Moon, C.; Kim, J.H.; Kim, H.C.; Kim, J.C. Comparative toxicity and
biodistribution assessments in rats following subchronic oral exposure to copper nanoparticles and microparticles. Part. Fibre
Toxicol. 2016, 13, 56. [CrossRef]

Marzec, A.; Cholewiniska, E.; Fotschki, B.; Juskiewicz, J.; Stepniowska, A.; Ognik, K. Are the biodistribution and metabolic effects
of copper nanoparticles dependent on differences in the physiological functions of dietary fibre? Ann. Anim. Sci. 2025, 25, 175-187.
[CrossRef]

Magaye, R.; Zhao, ].; Bowman, L.; Ding, M. Genotoxicity and carcinogenicity of cobalt-, nickel- and copper-based nanoparticles.
Exp. Ther. Med. 2012, 4, 551-561. [CrossRef]

Lee, 1.C.; Ko, J.W,; Park, S.H.; Lim, ].O.; Shin, I.S.; Moon, C.; Kim, S.H.; Heo, ].D.; Kim, ].C. Comparative toxicity and biodistribution
of copper nanoparticles and cupric ions in rats. Int. J. Nanomed. 2016, 11, 2883-2900.

Scott, N.R.; Chen, H.; Cui, H. Nanotechnology Applications and Implications of Agrochemicals toward Sustainable Agriculture
and Food Systems. J. Agric. Food Chem. 2018, 66, 6451-6456. [CrossRef]

Montes-Garcia, V.; Pérez-Juste, J.; Pastoriza-Santos, I.; Liz-Marzan, L.M. Metal Nanoparticles and Supramolecular Macrocycles: A
Tale of Synergy. Chem. Eur. |. 2014, 20, 10874-10883. [CrossRef]

Chang, Y.N.; Zhang, M,; Xia, L.; Zhang, J.; Xing, G. The Toxic Effects and Mechanisms of CuO and ZnO Nanoparticles. Materials
2012, 5, 2850-2871. [CrossRef]

Bondarenko, O.; Juganson, K.; Ivask, A.; Kasemets, K.; Mortimer, M.; Kahru, A. Toxicity of Ag, CuO and ZnO nanoparticles
to selected environmentally relevant test organisms and mammalian cells in vitro: A critical review. Arch. Toxicol. 2013, 87,
1181-1200. [CrossRef] [PubMed]

Halliwell, B. Free radicals and antioxidants: Updating a personal view. Nutr. Rev. 2012, 70, 257-265. [CrossRef]

Phaniendra, A.; Jestadi, D.B.; Periyasamy, L. Free Radicals: Properties, Sources, Targets, and Their Implication in Various Diseases.
Indian. J. Clin. Biochem. 2015, 30, 11-26. [CrossRef] [PubMed]

Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress:
Harms and Benefits for Human Health. Oxid. Med. Cell Longev. 2017, 2017, 8416763. [CrossRef]


https://doi.org/10.3390/molecules28020661
https://www.ncbi.nlm.nih.gov/pubmed/36677717
https://doi.org/10.3390/nu16050636
https://www.ncbi.nlm.nih.gov/pubmed/38474764
https://doi.org/10.3382/ps/pew200
https://doi.org/10.1371/journal.pone.0197083
https://www.ncbi.nlm.nih.gov/pubmed/29758074
https://doi.org/10.1186/s12989-016-0169-x
https://doi.org/10.2478/aoas-2024-0057
https://doi.org/10.3892/etm.2012.656
https://doi.org/10.1021/acs.jafc.8b00964
https://doi.org/10.1002/chem.201403107
https://doi.org/10.3390/ma5122850
https://doi.org/10.1007/s00204-013-1079-4
https://www.ncbi.nlm.nih.gov/pubmed/23728526
https://doi.org/10.1111/j.1753-4887.2012.00476.x
https://doi.org/10.1007/s12291-014-0446-0
https://www.ncbi.nlm.nih.gov/pubmed/25646037
https://doi.org/10.1155/2017/8416763

Antioxidants 2025, 14, 695 18 of 19

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.
40.

41.

42.

43.

Ognik, K.; Cholewiniska, E.; Stepniowska, A.; Drazbo, A.; Koztowski, K.; Jankowski, J. The Effect of Administration of Copper
Nanoparticles in Drinking Water on Redox Reactions in the Liver and Breast Muscle of Broiler Chickens. Ann. Anim. Sci. 2019, 19,
663-677. [CrossRef]

Ognik, K.; Cholewiriska, E.; Tutaj, K.; Cendrowska-Pinkosz, M.; Dworzariski, W.; Dworzariska, A.; Juskiewicz, J. The effect of the
source and dosage of dietary Cu on redox status in rat tissues. J. Anim. Physiol. Anim. Nutr. 2020, 104, 352-361. [CrossRef]
Patel, M.K.; Tanna, B.; Mishra, A.; Jha, B. Physicochemical characterization, antioxidant and anti-proliferative activities of a
polysaccharide extracted from psyllium (P. ovata) leaves. Int. |. Biol. Macromol. 2018, 118, 976-987. [CrossRef]

Jabeen, N.; Atif, M. Polysaccharides based biopolymers for biomedical applications: A review. Polym. Adv. Technol. 2024, 35,
€6203. [CrossRef]

Slavin, J. Fiber and Prebiotics: Mechanisms and Health Benefits. Nutrients 2013, 5, 1417-1435. [CrossRef]

Wang, Y.; Branicky, R.; Noé, A.; Hekimi, S. Superoxide dismutases: Dual roles in controlling ROS damage and regulating ROS
signaling. J. Cell Biol. 2018, 217, 1915-1928. [CrossRef] [PubMed]

El-Zoghbi, M.; Sitohy, M.Z. Mineral absorption by albino rats as affected by some types of dietary pectins with different degrees
of esterification. Nahrung 2001, 45, 114-117. [CrossRef] [PubMed]

Asvarujanon, P; Ishizuka, S.; Hara, H. Inhibitory Effects of Psyllium on Rat Mineral Absorption Were Abolished by Reduction of
Viscosity with Partial Hydrolysis. Biosci. Biotechnol. Biochem. 2004, 68, 1737-1742. [CrossRef] [PubMed]

Krzysik, M.; Grajeta, H.; Prescha, A. Effect of Pectin and Cellulose on the Content of Minerals in the Femur of Rats. Pol. J. Food
Nutr. Sci. 2009, 59, 357-360.

Cholewiniska, E.; Sotek, P; Juskiewicz, ]J.; Fotschki, B.; Dworzarski, W.; Ognik, K. Chromium nanoparticles improve bone turnover
regulation in rats fed a high-fat, low-fibre diet. PLoS ONE 2024, 19, e0300292. [CrossRef]

Marzec, A.; Fotschki, B.; Napiérkowska, D.; Fotschki, J.; Cholewinska, E.; Listos, P; Juskiewicz, J.; Ognik, K. The Effect of Copper
Nanoparticles on Liver Metabolism Depends on the Type of Dietary Fiber. Nutrients 2024, 16, 3645. [CrossRef]

Cholewinska, E.; Marzec, A.; Solek, P.; Fotschki, B.; Listos, P.; Ognik, K.; Juskiewicz, J. The Effect of Copper Nanoparticles and a
Different Source of Dietary Fibre in the Diet on the Integrity of the Small Intestine in the Rat. Nutrients 2023, 15, 1588. [CrossRef]
Majewski, M.; Gromadziniski, L.; Cholewiriska, E.; Ognik, K.; Fotschki, B.; Juskiewicz, J. The Interaction of Dietary Pectin, Inulin,
and Psyllium with Copper Nanoparticle Induced Changes to the Cardiovascular System. Nutrients 2023, 15, 3557. [CrossRef]
OJEU. Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the Protection of Animals Used for
Scientific Purposes; OJEU: Luxembourg, 2010; Volume L276, pp. 33-79.

Percie du Sert, N.; Hurst, V.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, .C; Dirnagl, U.; et al.
The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol. 2020, 18, €3000410.

Reeves, P.G. Components of the AIN-93 diets as improvements in the AIN-76A diet. . Nutr. 1997, 127 (Suppl. S5), 8385-841S.
[CrossRef]

Ognik, K.; Wertelecki, T. Effect of different vitamin E sources and levels on selected oxidative status indices in blood and tissues
as well as on rearing performance of slaughter turkey hens. J. Appl. Poult. Res. 2012, 21, 259-271. [CrossRef]

Liu, N.; Tong, L.; Li, K.; Dong, Q.; Jing, J. Copper-Nanoparticle-Induced Neurotoxic Effect and Oxidative Stress in the Early
Developmental Stage of Zebrafish (Danio rerio). Molecules 2024, 29, 2414. [CrossRef] [PubMed]

Naz, S.; Gul, A.; Zia, M. Toxicity of copper oxide nanoparticles: A review study. IET Nanobiotechnol. 2020, 14, 1-13. [CrossRef]
Sajjad, H.; Sajjad, A.; Haya, R.T.; Khan, M.M.; Zia, M. Copper oxide nanoparticles: In vitro and in vivo toxicity, mechanisms of
action and factors influencing their toxicology. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2023, 271, 109682. [CrossRef]

Kim, B.E.; Nevitt, T.; Thiele, D.J. Mechanisms for copper acquisition, distribution and regulation. Nat. Chem. Biol. 2008, 4, 176-185.
[CrossRef]

Eddaikra, A.; Eddaikra, N. Endogenous Enzymatic Antioxidant Defense and Pathologies. In Antioxidants—Benefits, Sources,
Mechanisms of Action; IntechOpen: London, UK, 2021. [CrossRef]

Alfonso-Prieto, M.; Biarnés, X.; Vidossich, P.; Rovira, C. The Molecular Mechanism of the Catalase Reaction. J]. Am. Chem. Soc.
2009, 131, 11751-11761. [CrossRef]

Wijmenga, C.; Klomp, L.W.J. Molecular regulation of copper excretion in the liver. Proc. Nutr. Soc. 2004, 63, 31-39. [CrossRef]
Campbell, J.; Berry, J.; Liang, Y. Anatomy and Physiology of the Small Intestine. In Shackelford’s Surgery of the Alimentary Tract;
Elsevier: Amsterdam, The Netherlands, 2019; Volume 2, pp. 817-841.

Rui, L. Energy Metabolism in the Liver. In Comprehensive Physiology, 1st ed.; American Physiological Society: Rockville, MD, USA,
2014; pp. 177-197.

Liu, T.C.; Guo, K.W,; Chu, J.W,; Hsiao, Y.Y. Understanding APE1 cellular functions by the structural preference of exonuclease
activities. Comput. Struct. Biotechnol. J. 2021, 19, 3682-3691. [CrossRef] [PubMed]

Lewandowski, L.; Kepinska, M.; Milnerowicz, H. The copper-zinc superoxide dismutase activity in selected diseases. Eur. ]. Clin.
Investig. 2019, 49, e13036. [CrossRef]


https://doi.org/10.2478/aoas-2019-0009
https://doi.org/10.1111/jpn.13207
https://doi.org/10.1016/j.ijbiomac.2018.06.139
https://doi.org/10.1002/pat.6203
https://doi.org/10.3390/nu5041417
https://doi.org/10.1083/jcb.201708007
https://www.ncbi.nlm.nih.gov/pubmed/29669742
https://doi.org/10.1002/1521-3803(20010401)45:2%3C114::AID-FOOD114%3E3.0.CO;2-G
https://www.ncbi.nlm.nih.gov/pubmed/11379283
https://doi.org/10.1271/bbb.68.1737
https://www.ncbi.nlm.nih.gov/pubmed/15322358
https://doi.org/10.1371/journal.pone.0300292
https://doi.org/10.3390/nu16213645
https://doi.org/10.3390/nu15071588
https://doi.org/10.3390/nu15163557
https://doi.org/10.1093/jn/127.5.838S
https://doi.org/10.3382/japr.2011-00366
https://doi.org/10.3390/molecules29112414
https://www.ncbi.nlm.nih.gov/pubmed/38893289
https://doi.org/10.1049/iet-nbt.2019.0176
https://doi.org/10.1016/j.cbpc.2023.109682
https://doi.org/10.1038/nchembio.72
https://doi.org/10.5772/intechopen.95504
https://doi.org/10.1021/ja9018572
https://doi.org/10.1079/PNS2003316
https://doi.org/10.1016/j.csbj.2021.06.036
https://www.ncbi.nlm.nih.gov/pubmed/34285771
https://doi.org/10.1111/eci.13036

Antioxidants 2025, 14, 695 19 of 19

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Rockway, S.W.; Brannon, P.M.; Weber, C.W. Bioavailability of copper bound to dietary fiber in mice and rats. J. Food Sci. 1987, 52,
1423-1427. [CrossRef]

Caballero, B. Nutritional implications of dietary interactions: A review. Food Nutr. Bull. 1988, 10, 1-12. [CrossRef]

Adams, S.; Sello, C.T.; Qin, G.X.; Che, D.; Han, R. Does Dietary Fiber Affect the Levels of Nutritional Components after Feed
Formulation? Fibers 2018, 6, 29. [CrossRef]

Wang, R.; Liang, R.; Dai, T.; Chen, J.; Shuai, X.; Liu, C. Pectin-based adsorbents for heavy metal ions: A review. Trends Food Sci.
Technol. 2019, 91, 319-329. [CrossRef]

McRorie, ].W.; Gibb, R.D.; Sloan, K.J.; McKeown, N.M. Psyllium: The Gel-Forming Nonfermented Isolated Fiber That Delivers
Multiple Fiber-Related Health Benefits. Nutr. Today 2021, 56, 169-182. [CrossRef]

Shang, HM.; Zhou, H.Z; Yang, ].Y.; Li, R.; Song, H.; Wu, H.X. In vitro and in vivo antioxidant activities of inulin. PLoS ONE 2018,
13, e0192273. [CrossRef]

Coudray, C.; Feillet-Coudray, C.; Gueux, E.; Mazur, A.; Rayssiguier, Y. Dietary Inulin Intake and Age Can Affect Intestinal
Absorption of Zinc and Copper in Rats. ]. Nutr. 2006, 136, 117-122. [CrossRef]

Spiller, G.A. (Ed.) CRC Handbook of Dietary Fiber in Human Nutrition, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2001. [CrossRef]

Lopez, ML].; Royer, A_; Shah, N.J. Biochemistry, Ceruloplasmin; StatPearls: Treasure Island, FL, USA, 2023.

Hellman, N.E.; Gitlin, ].D. Ceruloplasmin metabolism and function. Annu. Rev. Nutr. 2002, 22, 439-458. [CrossRef]

Liu, Z.; Wang, M.; Zhang, C.; Zhou, S.; Ji, G. Molecular Functions of Ceruloplasmin in Metabolic Disease Pathology. Diabetes
Metab. Syndr. Obes. 2022, 15, 695-711. [CrossRef]

Kim, O.Y.; Shin, M.]J.; Moon, J.; Chung, ].H. Plasma ceruloplasmin as a biomarker for obesity: A proteomic approach. Clin.
Biochem. 2011, 44, 351-356. [CrossRef]

Ferrer, M.; Buey, B.; Grasa, L.; Mesonero, J.E.; Latorre, E. Protective role of short-chain fatty acids on intestinal oxidative stress
induced by TNF-«. Cell Stress Chaperones 2024, 29, 769-776. [CrossRef]

Juskiewicz, J.; Fotschki, B.; Stepniowska, A.; Cholewinska, E.; Napiérkowska, D.; Marzec, A.; Brzuzan, L.; Fotschki, J.; Zary—
Sikorska, E.; Ognik, K. Dietary Fiber with Functional Properties Counteracts the Thwarting Effects of Copper Nanoparticles on
the Microbial Enzymatic Activity and Short-Chain Fatty Acid Production in the Feces of Rats. Pol. J. Food Nutr. Sci. 2024, 74,
363-375. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1365-2621.1987.tb14098.x
https://doi.org/10.1177/156482658801000213
https://doi.org/10.3390/fib6020029
https://doi.org/10.1016/j.tifs.2019.07.033
https://doi.org/10.1097/NT.0000000000000489
https://doi.org/10.1371/journal.pone.0192273
https://doi.org/10.1093/jn/136.1.117
https://doi.org/10.1201/9781420038514
https://doi.org/10.1146/annurev.nutr.22.012502.114457
https://doi.org/10.2147/DMSO.S346648
https://doi.org/10.1016/j.clinbiochem.2011.01.014
https://doi.org/10.1016/j.cstres.2024.11.002
https://doi.org/10.31883/pjfns/194694

	Introduction 
	Materials and Methods 
	Materials’ Characterisation: Copper Nanoparticles and Fibre Types 
	Animal Study Protocol and Diet Composition 
	Blood and Tissue Analyses 
	Data Analysis and Statistics 

	Results 
	One-Way ANOVA 
	C vs. CN, PN, JN i SN 
	CH vs. CNH, PNH, JNH i SNH 

	Two-Way ANOVA 
	Effect of CuNP Dose 
	Effect of Fibre Type 


	Discussion 
	Conclusions 
	References

