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Preface

We are pleased to present the Reprint of the Special Issue titled “Perspectives in Veterinary
Toxicology and Pharmacology”. This represents a collection of seven original research articles, a
review, and a brief report that provide valuable insights into the emerging disciplines of veterinary
pharmacology and toxicology. In the present day, the study of these disciplines is of great concern for
evaluating the well-being of people, animals, and the environment from a One Health perspective.

This Reprint, together with the study of the therapeutic effect of drugs and other natural
products against several diseases, explores the impact of emerging contaminants and their industrial
applications, demonstrated on different animal models, and analyzes the risks related to the
consumption of contaminated food.

We believe this Reprint will be of particular interest to academics, researchers, and scientists
interested in the “One Health” paradigm.

We want to thank all of the contributing authors from around the world for their high-quality work,
the reviewers for their valuable efforts in reviewing these scientific papers, and all of the editorial staff.

We hope you enjoy reading and find inspiration from this Reprint.

Maria Vittoria Varoni, Elena Baralla, and Valeria Pasciu
Guest Editors
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The Effects of Aflatoxin B1 Intake in Assaf Dairy Ewes on
Aflatoxin M1 Excretion, Milk Yield, Haematology and
Biochemical Profile

Ratl Bodas 1'*, F. Javier Giraldez 2, Sara Olmedo !, Marta Herrera 3, Susana Loran 3, Agustin Arifio 3,
Secundino Lépez 2, Alberto Benito ! and Teresa Juan 34

1 Agrarian Technological Institute of Castile and Leon (ITACyL), Ctra. Burgos, Km 119, 47071 Valladolid, Spain
Instituto de Ganaderia de Montaria (CSIC-Universidad De Leon), Finca Marzanas s/n, 24346 Grulleros, Spain
Facultad de Veterinaria, Instituto Agroalimentario de Aragon-IA2 (Universidad de Zaragoza-CITA),

50013 Zaragoza, Spain

Centro de Investigacion y Tecnologia Agroalimentaria de Aragén (CITA), Avda. Montafiana 930,

50059 Zaragoza, Spain

*  Correspondence: bodrodra@itacyl.es

Simple Summary: Aflatoxin Bl is a mycotoxin produced by toxigenic moulds that contaminate
feedstuffs. If aflatoxin Bl is ingested by ewes, they can get sick and aflatoxin M1 can be found in
milk. The objective of this work was to study the transfer of different moderate doses of aflatoxin
Bl ingested by Assaf ewes (40 or 80 pg aflatoxin B1/day) into milk (aflatoxin M1) and its effect on
animals” health and performance. There is a clear transfer of aflatoxin B1 (feed) into aflatoxin M1
(milk). The transfer rate depends on the aflatoxin B1 dose (the lower the dose, the higher the transfer
rate) and milk yield (high-producing animals show higher transfer rates than low-producing ones).
Ewes’ milk yield and health were not visibly affected.

Abstract: The aim of this study was to investigate the in vivo transfer of aflatoxin B1 (AFB1) to Assaf
ewes’ milk (aflatoxin M1, AFM1) and its effect on animal performance and health. Thirty Assaf
ewes were allocated to three groups (C, L, H), and received a different individual daily dose of AFB1
(0, 40 and 80 pg) for 13 days. Milk (days 1, 2, 3, 4, 7, 14, 16 and 18) and blood (days 1, 7, 14 and
18) samples were collected. Milk yield, composition (except protein) and somatic cell counts (SCC)
were not affected by AFB1 intake (p > 0.05). Haemoglobin concentration increased (p < 0.05) and
haematocrit and alanine aminotransferase levels tended to increase (p < 0.10) in group H on day 14.
AFM1 excretion was highly variable and detected in L and H animals from days 1 to 16 (3 days
increase, 10 days steady-state, 3 days clearance). Carry-over rate (0.23%) was significantly higher in L
(0.22-0.34%) than in H (0.16-0.19%) animals (p < 0.05). AFB1 daily doses of 40 to 80 ng do not impair
milk yield; however, it may start affecting animals” health. Milk AFM1 depends mainly on the AFB1
intake whereas carryover rate is positively influenced by the level of milk production.

Keywords: aflatoxin B1; aflatoxin M1; milk; dairy ewes; Assaf; carryover; haematology; blood
biochemical parameters

1. Introduction

Aflatoxins are mycotoxins produced by toxigenic strains of Aspergillus flavus and
A. parasiticus that may contaminate foodstuffs. Aflatoxin M1 (AFM1) is the hydroxylated
metabolite of aflatoxin B1 (AFB1) and can be found in milk and derived products obtained
from livestock that have ingested contaminated feed. The contamination of food and feed
with mycotoxins is a global threat to food safety and has great public health and economic
significance. The European Food Safety Authority (EFSA) is continuously updating its
risk assessment to advise the EU Commission about the need for new limits and/or
modifications to the existing maximum contents in food and feed.

Animals 2023, 13, 436. https:/ /doi.org/10.3390/ani13030436 1 https://www.mdpi.com/journal /animals
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The presence of AFM1 in milk in the EU should not be considered a major public
health concern as there are strict regulations in place to protect the health of consumers.
Furthermore, several screenings carried out on milk and dairy products [1-4] have shown
that levels are controlled. Thus, although AFB1, which is the precursor of AFM1, is present
in up to 30% of cattle feed, the amounts are below the maximum limit established in the
legislation, with very few positive cases [2,4-6].

However, outside the EU, the number of AFB1-positive feed samples can be much
higher [7]. In this regard, the import of feedstuffs from third countries in a food shortage
scenario may increase the frequency of AFB1-positives. In this regard, the impact of the
Russia-Ukraine conflict on agri-food products trade has been immediate, inducing critical
shortages of animal feed that may be addressed by securing imports from other origins [8].

Aflatoxins possess a high acute and chronic toxicity, including genotoxic and carcino-
genic effects on animal and human health [9]. Ruminants have a higher resistance to afla-
toxicosis than other animals; however, their ability to inactivate AFB1 is severely limited [9],
and this mycotoxin can affect the animals” biochemical profile. For example, increases in
aspartame transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP),
malondialdehyde (MDA) and lipid peroxidation as well as decreases in gamma-glutamyl
transferase (GGT) have been reported in response to mycotoxin intake [10,11].

The main target organ of aflatoxins in animals is the liver, whose adverse effects
have been reported in the form of acute intoxication characterized by severe liver damage,
anorexia, jaundice, weight loss, gastrointestinal disorders, haemorrhage, oedema and even
death. Chronic sublethal exposure leads to immunosuppression, nutritional dysfunctions
and cancer. Several studies on AFM1 occurring in milk reported carcinogenic and immuno-
suppressive effects similar to those of AFB1, both in humans and in other animals, although
with a less potent effect [12]. AFM1 is the only mycotoxin for which maximum levels in
milk have been established. Lactocytes also have some ability to transform AFB1 into
AFM]1, which transports both by passive diffusion and via an active xenobiotic transporter
into the lumen of the mammary alveolus, allowing high concentrations to be reached in
short periods of time [9]. Moreover, a recent study has shown that, depending on the
concentration of spores and fungi present in the feed, aflatoxin production may be also
possible in the rumen of the animals [13].

The transfer rate of AFB1 from feeds to AFM1 in milk is highly variable, with values
ranging from 0.6 to 6% in cows [6]. The transfer rate in sheep is generally lower, with
values ranging from 0.08 to 0.33% in Sarda ewes [14,15] to 0.54% in Lacaune ewes [16].
Nevertheless, the transfer rate is influenced by various pathophysiological factors, includ-
ing feeding regime, health status, individual biotransformation capacity and volume of
milk production. In this regard, the expression of the BCRP/ABCG2 transporter, present in
the luminal part of the lactocytes and contributing to the excretion of AFM1 in milk, seems
to increase with the production potential of the animal [9].

Sheep milk production is typical in the Mediterranean region, and Spain is one of the
main producers with an approximate production of 536,000 t/yr [17]. Almost 45% of the
Spanish dairy industry is located in in Castile and Leon (northwest Spain), which produces
54% of the total ewe milk production of Spain [17,18]. Spanish Assaf is currently the most
important dairy sheep breed in Spain. This breed has undergone a process of adaptation
and selection over the last 35 years to achieve sustained high levels of production over
time [19]. These animals are heavier and with higher milk production potentials than the
Sarda [14,15] and Lacaune ewes [16]. However, there are no available data in the literature
concerning the rate of transfer of AFB1 to AFM1 or the average excretion of AFM1 in milk
in Assaf ewes.

Therefore, the aim of the present work was to study the in vivo transfer of AFB1
ingested by Assaf ewes into milk (detected as AFM1) and its effect on the productive
performance and biochemical profile and haematic parameters.
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2. Material and Methods
2.1. Animal Ethics

The experiment was compliant with the Directive 2010/63/EU of the European Par-
liament and of the Council of 22 September 2010 on the protection of animals used for
scientific purposes. The experimental procedures were approved by the Institutional An-
imal Care and Use Committee of the Agrarian Technological Institute of Castilla y Ledn
(ITACyL, Spain) and the competent authority (Directive 2010/63/EU) under the protocol
number 2017/25/0H.

2.2. Animals and Diets

Thirty lactating Assaf ewes in week 4 of lactation were used (average body weight
+ standard deviation = 80.0 £ 8.23 kg). Animals were allocated to three experimental
groups balanced by body weight and milk yield at the experimental farm of the Instituto
de Ganaderia de Montafia (CSIC-Universidad de Ledn) located in the northwest of Spain
(Castilla y Le6n). The ewes were individually housed, fed and milked, and were able to
hear and see other sheep. All the animals received during the whole experimental period
the same total mixed ration (TMR) comprised of 472 g of dehydrated alfalfa, 147 g of maize,
134 g of soybean meal, 76 g of barley, 53 g of beet pulp, 50 g of cereal straw, 42 g of molasses,
11 g of mineral vitamin corrector, 10 g of sodium bicarbonate and 5 g of sodium chloride
per kg of mix. The chemical composition of the TMR was as follows (per kg): 909 g of dry
matter, 116 g of ash, 154 g of crude protein, 2.3 g of ether extract, 328 g of neutral detergent
fibre and 214 g of acid detergent fibre. Individual feed consumption was measured daily.
The TMR was supplied once a day after milking; the amount of feed offered was adjusted
daily on the basis of the previous day’s intake, allowing refusals of 20% of feed offered. The
ewes were weighed (Magrifia 102, Barcelona, Spain) on days 1 and 18 of the experimental
period immediately after milking and before TMR supply.

AFB1 was purchased from Sigma-Aldrich (Merck, Rahway, NJ, USA). The mycotoxin
was suspended in methanol and doses prepared by pipetting onto a wheat flour matrix
contained in an oral gelatine capsule. The capsule was offered to the animals and ingested
by them immediately after daily milking and before supplying the TMR, and was ad-
ministered ensuring that each ewe received the correct dose of AFB1. The ewes of each
group were orally supplemented from day 1 to 13 of the experimental period with different
amounts of aflatoxin B1: no addition (control group C, only the amount naturally present
in the ration and one capsule without AFB1 added), 40 ug aflatoxin B1 in one capsule per
day (group L, low dose, 0.5 pg/kg body weight per day) and 80 g aflatoxin Bl in one
capsule per day (group H, high dose, 1.0 ug/kg body weight per day).

2.3. Milking

Ewes were machine-milked once a day (at 08:00) ina 1 x 10 low-line Casse system
milking parlour (120 pulsations/min, 50:50 pulsation ratio, 36 kPa vacuum). Milk yield
was recorded daily, and milk samples were taken on days 1, 2, 3, 4, 7 and 14. To assess
AFM1 excretion after cessation of AFB1 intake, samples were taken on days 16 and 18.
Two subsamples of milk were taken: one was immediately stored at —20 °C until used for
AFM1 analysis and the other one was preserved (Bronopol, Broad Spectrum Micro-tabs
II, D&F Control Systems, Inc., Norwood, MA, USA) and kept at 4 °C until analysed for
chemical composition, which was performed within the following 24 h.

2.4. Blood Samples and Analyses

Blood sampling by jugular venepuncture took place on days 1, 7, 14 and 18 before
offering the daily TMR. Blood samples were collected into Vacutainer tubes (10 mL; Bec-
ton Dickinson, Franklin Lakes, NJ, USA) containing either no anticoagulant or sodium
heparin. Blood samples in sodium-heparin tubes were processed immediately using the
automated haematology cell analyser Dymind DF50 Vet (Dymind, Shenchen, Guangdong,
China) to determinate the following haematological parameters: haematocrit, haemoglobin,
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red blood cells, mean corpuscular volume, mean corpuscular haemoglobin, leukocytes,
segmented leukocytes, eosinophils, lymphocytes and monocytes. Blood samples in tubes
with no anticoagulant were allowed to clot for 30 min at room temperature and centrifuged
at 2000x g for 15 min at 4 °C. The serum was stored at —20 °C until used to measure
the metabolic profile (Analitica Veterinaria, Mungia, Spain), which consisted of: aspartate
aminotransferase (AST), alanine aminotransferase (ALT), gamma glutamyl transferase
(GGT), alkaline phosphatase (ALP), total protein, albumin, urea and creatinine.

2.5. Physicochemical Analysis

Feed samples were analysed for dry matter [20], ash [21], crude protein [22], neutral
and acid detergent fibre [23,24] and ether extract [25]. Milk samples were assayed for fat,
protein and lactose concentration by automatic infrared spectrophotometry [26] using a
MilkoScan 255 A/S N (Foss Electric A/S, Hillerrad, Denmark), while somatic cell counts
(SCC) were assayed by a fluoro-opto-electronic technique using a Fossomatic 90 A/S N
(Foss Electric A /S, Hillerrad, Denmark)).

2.6. Aflatoxin Analysis

Aflatoxin M1 in milk was analysed by method ISO 14501:2007 with some modifications.
Milk samples were thawed, then 100 mL was warmed to 37 °C for ten minutes and then
centrifuged at 4200 rpm for 30 min to separate the fat layer. The extract (lower phase) was
filtered through Whatman No. 4 filter paper. About 50 mL of the filtrate was transferred
into a syringe barrel attached to an immunoaffinity clean-up column (IAC Afla M1, VICAM,
Watertown, MA, USA) and passed at 1-2 drops per second. The column was rinsed with 20
mL of milli-Q water for impurities removal. After that, 1.25 mL of acetonitrile/methanol
(3:2 v/v) and 1.25 mL of milli-Q water were passed through the column to elute aflatoxin
M1. The eluate was filtered with a 0.45 um filter, placed in autosampler vials and analysed
by UPLC with fluorescence detection.

The chromatographic system consisted of an Acquity UPLC H-Class system (Waters
Corp., Milford, MA, USA) coupled to a fluorescence detector (2475 Multi A Fluorescence
Detector, Waters Corp., Milford, MA, USA) and controlled by Empower 3 software (Waters
Corp., Milford, MA, USA). Separation was carried out on an Acquity UPLC HSS T3 column
(150 mm x 2.1 mm x 1.8 pum, Waters Corp., Milford, MA, USA), with a mobile phase
consisting of water/acetonitrile/methanol (68:24:8, v/v/v) acidified with formic acid up
to pH 2.0, pumped at a flow rate of 0.2 mL/min in isocratic mode. The samples and the
column were kept at 5 °C and 35 °C, respectively. The injection volume was 15 pL and the
total running time was 10 min. The retention time of AFM1 was approximately 6.25 min.
The wavelength of the detector was set at 360 nm (excitation) and 440 nm (emission). The
detection limit was 0.92 ng/L of AFM1.

Aflatoxins in the TMR were analysed by method EN 17375:2006 with some modi-
fications, as described by Bervis et al. [6]. Briefly, a 25 g sample was extracted with a
solvent solution, filtered and diluted with water. The assay portion was passed through
an immunoalffinity column, eluted with methanol, and then quantified by reversed-phase
high-performance liquid chromatography (RP-HPLC) with photochemical derivatization
(PHRED) followed by fluorescence detection (FLD).

2.7. Calculations and Statistical Analysis

Data of daily milk yield and composition, AFM1 concentration and carryover, feed
intake and blood parameters were analysed using a mixed model with the fixed effects of
diet, sampling day and their interaction, and the random effect of the animal nested within
the treatment and the residual error. Fat- and protein-corrected milk [27] on day 0 (before
the commencement of the trial) was used as a covariate in the analyses of milk yield and
composition. Different covariance matrices were evaluated based on Schwarz’s Bayesian
information model fit criteria. The linear mixed-effects model was performed using the
ImerTest package [28] of the statistical software R version 3.3.3 [29].
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The daily carryover of AFM1 in milk was calculated as the ratio between the AFM1
excreted in milk and the intake of AFB1 the previous day. Average carryover of AFM1 was
calculated for the steady state (from day 4 to 13 of the experimental period). Clearance rate
was calculated as the difference between AFM1 excretion on days 16 and 14 divided by
that of day 14.

A stepwise regression analysis was performed (stats package of R) to select those
independent parameters that helped to explain the variation in AFM1 excretion (dry matter
intake, fat- and protein-corrected milk yield and AFB1 intake) and carryover rate (dry
matter intake, fat- and protein-corrected milk yield, AFB1 intake and AFM1 excretion).

3. Results and Discussion
3.1. Feed Intake, Body Weight and Milk Yield and Composition

Table 1 shows that the ingestion of AFB1 (G) only affected the protein milk content
(p < 0.05). The day of experiment (D) affected milk production and components (p < 0.001),
but did not affect feed intake and udder health status (SCC). The G x D interaction was
not significative in any case.

Table 1. Mean values of feed intake, milk yield and composition for animals receiving no AFB1 or 40
and 80 pg AFB1/day (groups C, L and H, respectively) throughout the experimental period.

Days s.e.d. p-Value

Q

D1* D4* D7* D14 D18 G D G xD G D GxD

3.22 3.21 3.27 3.20 3.18 0.147 0.117 0166  0.110 0.351 0.341

Feed intake 313 3.04 2.92 3.15 3.01

(kg/animal and day) 292 3.03 3.04 3.14 2.77
Milk vield 238 200 1.93 1.95 179 0139 0095 0.136 0987 <0.001 0977

« /anim;l’an 4 day) 239 195 2.01 1.90 1.84

8 y 238 185 2.02 1.89 1.88
580 594 5.50 5.66 575 0351 0208 0294 0792 <0.001 0.612

Fat (%) 590 570 5.84 5.48 5.67

5.89 5.82 5.78 5.70 5.80

490 5032 5072 4883 4923 0156 0.066 0.093 0.010 <0.001 0.565
493 5203 519ab 5713k 50gab
520 554P  553b  540b  537b

Protein (%)

4.81 4.83 478 4.73 4.79 0.065 0.030 0.043 0.357 <0.001 0.528
4.83 4.88 4.80 4.78 4.85
475 4.82 4.71 4.73 4.74

Lactose (%)

16.50 16.60 16.20 16.20 16.50 0431 0228 0322 0228 <0.001 0.692
16.70 16.60 16.70 16.30 16.60
16.90 17.00 16.90 16.80 17.00

Total solids (%)

4.88 4.79 478 4.80 476 0.160 0.062 0.089 0724 0.169 0.689

Somatic cell counts 4.85 481 4.91 4.87 4.88

(log cells/mL) 4.99 4.92 4.94 494 4.85
Total solids (g/animal 394 331 313 316 294 204 152 218  0.655 <0.001 0.846

o ;é ) 398 324 335 309 304

per day 402 314 338 315 320

2.16 1.85 1.74 1.76 1.62 0.111 0.083 0119 0.738 <0.001 0.687
2.19 1.79 1.86 1.69 1.66
2.21 1.72 1.87 1.73 1.75

Fat and protein
corrected milk
(kg/animal per day)

alia ol lolollnlolollnlaNeolNolalo i RnNaNolnl ol NNl aNo iRl ale!

s.e.d. = standard error of the difference; G = Group; D = Day; * = Animals in groups L and H received 40 and
80 ug AFB1/day, respectively, from D 1 to D 13. P Different letters within the same day indicate significant
differences (p < 0.05) between groups.
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A decrease in milk production was observed as the experimental period progressed,
although this occurred for all three experimental groups. Variations over time in milk
production and composition are common in sheep and have already been described in ex-
periments carried out under similar conditions to those described in the present study [30].
Ewes in the H group (i.e., receiving the highest dose of AFB1) had a higher protein per-
centage than control ewes from day 4 until the end of the experimental period (p < 0.05).
Changes in protein percentage due to AFB1 intake are not a common effect in dairy animals.
Indeed, neither sheep [14,16,31], goats [32] nor cattle [33] have suffered modifications in
milk protein content in response to AFB1 administration. Therefore, this is an unexpected
finding because impaired microbial protein synthesis and total protein balance in dairy
animals have been previously reported [9,11]. In any case, this increased milk protein
content might be also partially explained by the fact that animals in the H group exhibited
numerically higher protein contents from the beginning of the experiment (6% in day 1,
which become significant from day 4 onwards, with increments of 10, 9, 11 and 9% on days
4,7,14 and 18, respectively).

According to previous reports [14-16,31], AFB1 intake did not affect milk production
or composition. In the experiment carried out with Lacaune ewes [16], these even received
doses of AFB1 much higher than in the present work, as they were given an average
of 210 pg AFB1/animal/day for 4 weeks. On the other hand, the AFB1 doses tested in
Sarda sheep without effects on productivity ranged from 2 mg in a single acute dose [14],
through to 32 to 128 pg/animal per day for 1 week [15], and up to 7 pg/animal per day for
2 weeks [31].

In addition, no changes were observed in feed intake and body weight (p > 0.05),
with mean body weight values being 79.8, 80.3 and 79.9 kg at the beginning and 82.3, 82.6
and 81.1 kg at the end of the experimental period for groups C, L and H, respectively.
Previous reports [14-16,31] have also described no changes in these parameters in response
to varying doses of AFB1 in the diet.

3.2. Haematological and Biochemical Parameters

AFB1 ingestion only affected the level of haemoglobin in the blood (p < 0.05). The day
of the experiment affected most of the haematological parameters (p < 0.05—p < 0.001) and a
great part of them presented significant G x D interactions (p < 0.001). In general, haema-
tological and biochemical parameters except for blood urea remained within expected
reference values for sheep [14,30,34,35]. The intake of AFB1 did not cause statistically sig-
nificant changes (p > 0.05) in most of the analysed parameters throughout the experimental
period (Tables 2 and 3). Blood urea stood out for its high value in relation to what has been
referenced (20-53 mg/dl, [34,35]). However, studies on the Lacaune breed [36] showed
that this parameter is usually higher in lactating animals (69.1 mg/dl).

Haematological parameters were affected by the day of sampling; however, changes
that could be detected throughout the experiment were observed in all groups of animals.
No significant differences were observed between groups in white blood cells counts and
distribution, as well red blood cells” mean corpuscular volume and mean corpuscular
haemoglobin (p > 0.10). The only effect that could be observed was a slight but signifi-
cant increase in blood haemoglobin concentration (p < 0.05) and a tendency to increase
haematocrit (p < 0.10) in group H animals at the end of the AFB1 ingestion period (day
14). This effect could be due to the cumulative effects of consecutive daily AFB1 intake,
because the differences between groups disappeared after the clearance period (day 18). In
any case, the values are within the normal range for sheep. The only recent study on this
regard reported a reduction in this parameter in cows [37], whereas no changes have been
reported in sheep [14] or goats [32]. This variability in response would seem to indicate
that the effect would be dose- and species-dependent.
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Table 2. Mean values of haematological parameters for animals receiving no AFB1 or 40 and 80 ug
AFB1/day (groups C, L and H, respectively) throughout the experimental period.

Days s.e.d. p-Value

9]

D1* D7* D14 D 18 G D GxD G D GxD

28.7 28.6 29.2 293 121 0.64 0.90 0.083 0.021  0.030
29.4 29.1 28.7 29.8
30.8 30.0 32.7 31.7

Hematocrit (%)

100 100 10.1® 102 036 021 0.29 0.032 0231  0.001
104 103 1002 104
108 106 115 107

Haemoglobin (g/dL)

8.99 9.01 9.17 9.31 0409 0.191 0.270 0.289 0.027  0.004
8.92 8.92 8.78 9.13
9.39 9.22 10.07  9.42

Red blood cells (10° cells/pL)

32.2 32.0 32.0 317 124 020 0.28 0.704 0.012 <0.001
33.0 32.7 32.7 32.7
32.9 32.6 32.6 33.7

Mean corpuscular volume (fl)

11.2 11.1 11.0 11.0 034 0.06 0.08 0.386 <0.001 0.533
11.6 11.5 11.4 114
11.5 11.5 11.5 11.4

Mean corpuscular haemoglobin (pg)

34.8 35.0 347 350 088 0.23 0.33 0.957 <0.001 <0.001
35.3 35.3 349 34.8
35.1 35.4 35.1 33.8

Mean corpuscular haemoglobin

(g/dL)

7.69 7.63 8.20 779 0957 0398  0.563 0993 0.007 0.723
7.36 8.06 8.21 8.11
7.33 8.04 8.46 7.77

Leukocytes (103 cells /uL)

30.4 36.9 28.0 312 413 3.34 4.72 0.832 <0.001 <0.001
27.4 36.1 234 32.6
25.2 344 38.2 23.8

Segmented leukocytes (%)

2.20 5.70 1.00 350 1.132 1.030 1.456 0.576 <0.001 0.281

Eosinophils (%) 2.60 7.30 1.20 1.60
2.60 5.60 0.60 1.20
Lymphocytes (%) 58.2 49.7 63.2 56.2 390 3.21 4.54 0.704 <0.001 0.001
o 60.6 49.1 66.2 58.0
Lymphocytes (%) 624 526 546 666
Monocytes (%) . ) ) )

9.20 7.70 7.80 940 1442 1342 1.897 0.813 0.067  0.568

9.40 7.50 9.20 7.80
9.80 7.30 6.60 8.40
212 2.83 2.32 247 0475 0321 0453 0994 <0.001 0.001

Monocytes (%)
Segmented leukocytes
(103 cells /uL)

2.00 2.98 1.93 2.67
1.87 2.77 3.19 1.77
0.171 0447 0.067 0.236 0.0985 0.0922 0.1304 0.550 <0.001 0.554

Segmented leukocytes
(103 cells /uL)
Eosinophils (103 cells /uL)

0.208 0.607 0.085 0.129
0.182 0.447 0.051 0.096
441 3.76 5.17 431 0.606 0.317  0.449 0.888 <0.001 0.029

Eosinophils (10° cells /uL)
Lymphocytes (10% cells /uL)

4.46 3.87 5.44 4.68
453 4.23 4.64 524
0.670 0595 0.644 0.749 0.1404 0.1095 0.1548 0961 0351 0.627

Lymphocytes (103 cells /uL)
Monocytes (10° cells /L)

0.705 0597 0.750 0.614
0.736  0.588 0.569  0.668

Tt NI NI | O OD - O | 0D -0 I 00| I 00| I 00| I 0| I I 0| DI er0| T en

Monocytes (103 cells /L)

s.e.d. = standard error of the difference; G = Group; D = Day; * = Animals in groups L and H received 40 and
80 ug AFB1/day, respectively, from D 1 to D 13. P Different letters within the same day indicate significant
differences (p < 0.05) between groups.
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Regarding effects on blood biochemistry, most of the parameters were affected by the
day of sampling, indicating an evolution over time of some of them throughout the course
of the experiment in all groups of animals. Some authors have pointed out that high acute
doses of AFB1 (2 mg, single dose) can lead to liver damage, usually manifested by alter-
ations in ALP in sheep [11,14] or AST in cattle [38]. However, Battacone et al. [31] showed
that low doses (up to 7 pg AFB1/day) did not lead to alterations in blood biochemistry.
The animals in the present experiment received between 40 and 80 ug AFB1/day, giving a
total cumulative dose of 600 and 1200 ug AFB1, which is much lower than the acute dose
used by Battacone et al. [14]. Thus, the only remarkable differences were the tendency
to increase in alanine aminotransferase (ALT) and total protein concentrations on day 14
(p < 0.10), which disappeared on day 18. This brief temporal increase could be attributable
to the potential damage caused by the cumulative effects of AFB1 on liver metabolism that
disappeared after the clearance period [10,11,37-39].

Table 3. Mean values of serum biochemical parameters for animals receiving no AFB1 or 40 and
80 ug AFB1/day (groups C, L and H, respectively) throughout the experimental period.

Days s.e.d. p-Value

D1* D7* D14 D 18 G D GxD G D G xD

116 140 145 139 213 87 12.3 0.964 <0.001 0.958
116 131 135 136
114 131 140 140

Aspartate aminotransferase (AST,
IU/L)

28.7 28.6 29.2 293 1213 0.639  0.903 0.083 0.021  0.030
294 29.1 28.7 29.8
30.8 29.9 327 31.7

Alanine aminotransferase (ALT,
IU/L)

48.1 69.2 65.9 59.7 813 5.06 7.15 0.573 0.004 0.224
50.9 56.8 56.3 54.9
51.2 54.7 54.7 55.8

Gamma glutamyl transferase (GGT,
IU/L)

185 245 229 200 516 15.0 21.2 0988 0.020 0.010
230 227 215 218
235 233 206 206

Alkaline phosphatase (ALP, IU/L)

6.68 6.29 6.76 701 0217 0.143 0.202 0.096 <0.001 0.061

Total protein (g/dl) 6.59  6.14 6.87 6.91
693 647 7.49 711

339 328 3.49 352 0.163 0.092 0.130 0.575 <0.001 0.931
Albumin (g/dl) 346  3.31 3.60 3.67
347 342 3.68 3.72

66.5 593 60.8 595 335 219 3.09 0.625 <0.001 0.127
Urea (mg/dl) 66.6  61.1 61.9 64.8
71.5 62.2 62.6 59.9

0.780 0.740 0.750  0.780 0.0468 0.0351 0.0497 0.999 0.132  0.339
Creatinine (mg/dl) 0.740 0.760 0.770  0.780

T | TN TN TCN|ICf0 DT Cf0 D00 I -0l o

0.800 0.700 0.780  0.770

s.e.d. = standard error of the difference; G = Group; D = Day; * = Animals in groups L and H received 40 and
80 nug AFB1/day, respectively, from D 1 to D 13.

3.3. AFM1 Excretion

Both the ingestion of AFB1 (G) and the day of the experiment (D) affected the excretion
of AFM1 (p < 0.001), and a significant GxD interaction (p < 0.001) was also observed
(Tables 4 and 5). No differences between groups were observed in the present study
on day 1, coinciding with the start of AFB1 supplementation (p > 0.10). The increase
in AFM1 concentration observed in the supplemented groups (L, H) compared to the
control group was already significant (p < 0.001) on day 2 (first milk sampling after AFB1
supplementation), reaching a mean AFM1 concentration of 45.6 ng/L in group L, and
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68.6 ng/L in group H, which confirms that the toxin ingested orally is easily absorbed in
the gastrointestinal tract and rapidly metabolised [9], as observed in previous studies in
sheep supplemented with AFB1 [14-16,31].

It should be noted that AFM1 excretion was highly variable both between animals of
the same group within each day and between days for the same animal. The presence of
AFM1 was detected in all milk samples from the control group, with a mean concentration
of 3.33 ng/L. The presence of AFM1 at residual concentrations was expected, since AFB1
(0.06 ug/kg), as well as aflatoxins B2 and G1 (0.03 and 0.05 pg/kg, respectively) were
detected in the basal rations of the experiment.

Table 4. Mean values of AFM1 excretion in milk (ng AFM1/L milk) for animals receiving no AFB1 or
40 and 80 ug AFB1/day (groups C, L and H, respectively) throughout the experimental period.

ng AFM1/L Milk
D1* D2* D3* D4* D7* D14 D16 D18 G D G xD
C 29 29% 57% 3.3% 3.6 3.1% 2.7 3 s.e.d. 10.16 9.14 12.92
L 2.72 4565y 559by  719by  562by  572by 834 242 p-value  <0.001  <0.001  <0.001
H 294 68.6%%  61.1PY 793Py 714bY 647D 892 332
s.e.d. = standard error of the difference; G = Group; D = Day; * = Animals in groups L and H received 40 and
80 ug AFB1/day, respectively, from D 1 to D 13. *P Different letters within the same group indicate significant
differences (p < 0.001) between days for a given parameter. *¥ Different letters within the same day indicate
significant differences (p < 0.001) between groups for a given parameter.
Table 5. Mean values of AFM1 excretion in milk (ng AFM1/animal and day) for animals receiving
no AFB1 or 40 and 80 ug AFB1/day (groups C, L and H, respectively) throughout the experimen-
tal period.
ng AFM1/Animal and Day
D1* D2* D3* D4* D7* D14 D16 D18 G D G xD
C 10.2 9.1% 13.5% 10.0* 10.5% 9.3% 8.3 8.8 s.e.d. 21.54 18.47 26.51
L 6.4° 9025y 1048PY  1364PY 1068 1089bY 1542 422 p-value  <0.001  <0.001  <0.001
H 35%  151.6b# 1237P¥  1492P¥  150.1P¥  1240P¥ 1320 3.0°

s.e.d. = standard error of the difference; G = Group; D = Day; * = Animals in groups L and H received 40 and
80 nug AFB1/day, respectively, from D 1 to D 13. *P Different letters within the same group indicate significant
differences (p < 0.001) between days for a given parameter. *¥ Different letters within the same day indicate
significant differences (p < 0.001) between groups for a given parameter.

In the period of toxin supplementation, no statistically significant differences were
observed within the same group between days 3 and 14, which could be considered
a steady-state phase. This phase starts with an upward trend, reaching the maximum
concentration on day 4 (79.3 and 71.9 ng/L in groups H and L, respectively). Once this
maximum was reached, a downward trend was observed, with mean concentrations of
64.7 ng/L in group H and 57.2 ng/L in group L on day 14 (the first day after cessation of
AFBI1 supply). This kinetics, which has been described also in cattle [9,10,37] and goats [32],
is very similar to those reported in sheep supplemented with doses of 23 ug, 64 pug and
128 ug of AFB1 [15]. Zhang et al. [40], in an in vitro assay, observed an increase AFM1
transporter protein gene expression followed by a gradual decrease with AFM1 incubation
time. In addition, the decrease in milk yield during the experimental period may entail
a reduction in the number of epithelial mammary cells and, therefore, a decrease in the
transport of AFM1 to milk.

From days 14 to 16 (two days after AFB1 supply was stopped), the AFM1 concentration
decreased rapidly to 8.9 and 8.3 ng/L for groups H and L, respectively, with the average
clearance rates being 86 and 90% per day (3.8 and 5.1 ng/h). Clearance rates are highly
variable between experiments; however, these values are within the wide range reported by
other authors for dairy cattle [33,37,41]. On day 16, no statistically significant differences in
AFM1 concentration in milk were observed between control and L and H groups. Likewise,
the decrease in AFM1 concentration continued on day 18, as expected, when the mean
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concentrations were 3.27 ng/L (H group) and 2.36 ng/L (L group). These results agree
with those obtained by Battacone et al. [31] in ewes fed with naturally contaminated feed,
resulting in AFB1 intakes of 1.58, 3.22 and 7.07 pg/day. In ewes supplemented with 32, 64
and 128 ug of AFB1, Battacone et al. [14,15] reported that slightly longer periods (between
3 and 4 days) were needed for the disappearance of AFM1 in milk (restoration to the
baseline situation).

The analysis of the regression of AFM1 concentration in milk versus AFB1 intake, milk
yield and dry matter intake on the steady-state phase (once the plateau has been reached,
days 2 to 14) allowed us to express AFM1 concentration in milk according to the following
Equation (1):

AFM1 (ng/L milk) = 6.67 + 0.88 x AFB1 (nug/day) (1)

Residual standard error (RSE) = 23.57, R-square = 0.589, p < 0.001.

This means that the presence of AFM1 in milk, under the conditions of the present
experiment, depends mainly on the amount of AFB1 ingested, and is not affected by the
total dry matter intake or milk production. Furthermore, our results show that there may be
a small amount of excretion of AFM1 in milk without being detected in the feed, something
that has already been suggested by other authors [2].

Although the dose of AFB1 given to group H (80 nug) was twice that given to group
L (40 ng), the excretion of AFM1 was only slightly higher in group H, and no statistically
significant differences in AFM1 concentration were observed between the two groups
within the same day of treatment in the plateau phase. This lack of difference is related to
the carryover rate from AFB1 to AFM1, as discussed below.

3.4. AFM1/AFB1 Carryover

The carryover rate of AFB1 ingested orally to AFM1 excreted in milk was calculated.
In so doing, the amount of AFB1 given to each animal, the individual milk production data
and the concentration of AFM1 in milk was taken into consideration (Table 6). Overall, the
carryover rate was around 0.23% (AFM1/AFB1) considering the average of both, L and H
groups, during the steady-state phase (days 2 to 14 of the experimental period).

Table 6. Mean values of AFM1 carry over (AFM1/AFB1, %) for animals receiving 40 and 80 ug
AFB1/day (groups L and H, respectively) throughout the experimental period.

D2* D3* D4* D7* D 14 D16 G D GxD
L 0.224%  0262Py  0341%Y 0267  0270bY  0.0392 s.e.d. 0.0529 0.0424 0.0590
H 0194 0.159P*  0.191°*  0192P  0160P* 00213  p-value 0.035 <0.001 0.193

s.e.d. = standard error of the difference; G = Group; D = Day; * = Animals in groups L and H received 40 and
80 nug AFB1/day, respectively, from D 1 to D 13. *P Different letters within the same group indicate significant
differences (p < 0.001) between days. *¥ Different letters within the same day indicate significant differences
(p < 0.001) between groups.

Both AFB1 ingestion (G) and the day of experiment affected (p < 0.05 and p < 0.001,
respectively) AFM1 carry over, but the G x D interaction was not significant (p > 0.10,
Table 6). From day 3 until the withdrawal of the AFB1 supplementation, the transfer rate
was significantly higher (p < 0.05) in animals given 40 ug (0.22-0.34%) compared to those
receiving 80 pg (0.16-0.19%). A similar dose-response in carryover rate has been already
reported in dairy cows [10]. The results obtained are also in line with those reported by
Battacone et al. [15] in ewes supplemented with 32, 64 and 128 pug AFB1 (0.33%, 0.29% and
0.26%, respectively). These authors observed a decreasing trend in carryover rate, without
statistical significance between groups, as the AFB1 intake increased. Further research on
sheep fed with naturally contaminated feeds (AFB1 intake of 1.58, 3.22 and 7.07 ug/day),
revealed higher carryover rates (2.9, 1.9 and 1.3%, respectively) than those obtained in our
study. These values also differed significantly depending on the dose ingested: the higher
the AFBI intake, the lower the carryover rate [31]. Carryover rates observed for Assaf
ewes are somewhat lower than those reported for Lacaune ewes (0.24-0.54% [16]), even
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though the latter received higher doses (up to 160 ng/day) than those in the present study.
Therefore, carryover rate in sheep depends not only on the dose and the individual; the
breed also seems to have a clear influence.

The observed inverse relationship between AFM1 transfer and amount of AFB1 in-
gested could be related to the biotransformation processes of this mycotoxin in different
animal tissues. Thus, AFB1 is metabolised through complex metabolic pathways involving
different enzyme systems whose activity would be modified by increasing doses of AFB1,
which would eventually be metabolised and secreted by other pathways. In fact, several
studies have shown that the extensive variability in the expression and catalytic activity
of liver enzymes involved in the biotransformation and detoxification of AFB1 (such as
cytochrome P450 and glutathione transferases) are considered to be the main cause of the
differences in AFM1/AFB1 transfer found between species [9-11,32].

Regression analysis shows that the carryover rate (AFM1/AFB1, %) in the steady-state
phase (once the plateau was reached, from days 2 to 14) can be expressed as a function
of AFM1 concentration in milk, AFB1 intake and milk yield according to the following
Equation (2):

AFM1/AFB1 (%) = 0.049 + 0.091 x Milk yield (L/day) + 0.003 x AFMI (ng/L) — 0.003 x AFBI (ug/d)  (2)

RSE = 0.045, R-square = 0.887; p < 0.001.

Therefore, carryover rate is positively influenced by the level of milk production
(probably due to increased numbers of mammary epithelial cells or AFM1 transporter
proteins). Likewise, the negative influence of AFB1 may be explained by the limited AFM1
transport capacity [40].

4. Conclusions

In Assaf ewes that receive a daily dose of AFB1 (40 or 80 pg) for 13 days, the excretion
of AFM1 in milk from starts 24 h after the first intake and depends on the dose. AFM1/AFB1
carryover is higher in animals supplemented with 40 ug AFB1 (0.22-0.34%) than in those
receiving 80 pg AFB1 (0.16-0.19%). Likewise, carryover rate is positively influenced by
milk yield. Once AFB1 intake has ceased, AFM1 decreases sharply, with a clearance rate of
nearly 90% in the first 24 h. At the levels tested in the present study, AFB1 intake does not
impair milk yield; however, it might affect animals’ health since changes in haemoglobin,
ALT and total proteins were observed after 13 days AFB1 supplementation.
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Simple Summary: Zinc oxide nanoparticles (ZnO-NPs) can exert toxic effects on living organisms.
The fish olfactory epithelium is considered the first organ affected by ZnO-NPs, and we demonstrated
that a 60-day exposure to ZnO-NPs induced significant malformations of the olfactory rosettes at
histological, ultrastructural, and genetic levels in zebrafish, affecting the cellular repairing mecha-
nisms. The present study shows that ZnO-NPs can mediate the cellular oxidative stress and arrest
cell growth that induces apoptosis without the ability of cellular regeneration, damaging the olfactory
epithelium and affecting fish smell and appetite.

Abstract: Nanotechnology has gained tremendous attention because of its crucial characteristics
and wide biomedical applications. Although zinc oxide nanoparticles (ZnO-NPs) are involved in
many industrial applications, researchers pay more attention to their toxic effects on living organisms.
Since the olfactory epithelium is exposed to the external environment, it is considered the first organ
affected by ZnO-NPs. Herein, we demonstrated the cytotoxic effect of ZnO-NPs on the olfactory
organ of adult zebrafish after 60 days post-treatment. We opted for this period when fishes stop eating
their diet from the aquarium, appear feeble, and cannot swim freely. Our study demonstrated that
ZnO-NPs induced significant malformations of the olfactory rosettes at histological, ultrastructural,
and genetic levels. At the ultrastructure level, the olfactory lamellae appeared collapsed, malformed,
and twisted with signs of degeneration and loss of intercellular connections. In addition, ZnO-NPs
harmed sensory receptor and ciliated cells, microvilli, rodlet, crypt, and Kappe cells, with hyper-
activity of mucous secretion from goblet cells. At the genetic level, ZnO-NPs could activate the
reactive oxygen species (ROS) synthesis expected by the down-regulation of mRNA expression for
the antioxidant-related genes and up-regulation of DNA damage, cell growth arrest, and apoptosis.
Interestingly, ZnO-NPs affected the odor sensation at 60 days post-treatment (60-dpt) more than at
30-dpt, severely damaging the olfactory epithelium and irreparably affecting the cellular repairing
mechanisms. This induced a dramatically adverse effect on the cellular endoplasmic reticulum (ER),
revealed by higher CHOP protein expression, that suppresses the antioxidant effect of Nrf2 and is
followed by the induction of apoptosis via the up-regulation of Bax expression and down-regulation
of Bcl-2 protein.

Keywords: zebrafish; zinc oxide nanoparticles (ZnO-NPs); olfactory epithelium; oxidative stress; apoptosis
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1. Introduction

The future insight into nanomaterials utilization has grown considerably. Along with
silicon dioxide nanoparticles, zinc oxide nanoparticles (ZnO-NPs) are considered one of
the most applied nanomaterials in biomedical industries [1-6]. The bio-safety of ZnO-NPs
is still a controversial issue since increasing studies assumed that they are biocompatible
and could be applied to biomedical materials [7-10]; at the same time, others indicated the
toxicological influences of ZnO-NPs on living species from bacteria to humans [11-20].

Zebrafish have gained great importance in developmental genetics, aquatic toxicol-
ogy, and neuroscience research [21,22] due to their unique physiological aspects, such
as external fertilization, rapid development, and rapid recovery rate from damage [23].
Although extensive research has been conducted on the zebrafish at the embryonic and
larval stages [24,25], studies of ZnO-NPs’ influence on the adult stage are still limited.

For most living creatures, olfaction is one of the most important ways of interacting
with the environment. It is one of the oldest senses, permitting organisms with receptors
for the odorant to identify the surrounding environment and territory [26,27], contributing
to food finding, predator escaping, and mating in wildlife [27]. The olfactory system is
known for its role in associative behaviors mediated by odorants sensed in the olfactory
mucosa and olfactory receptors in the olfactory epithelium of the nasal cavity, so it plays a
fundamental role in the daily life of all animal species [26].

Olfactory dysfunction has received increased attention recently because it is a common
age-related disease associated with some pathologies [1,2,28]. These pathologies include viral
infection and the intake of toxic substances related to the progress of olfactory dysfunction [29].
Other studies have also demonstrated that olfactory dysfunction is an independent risk factor,
even in mortality [30,31]. This is because the peripheral olfactory organs are open to the
environment; therefore, they are always at risk of being injured by extrinsic pathogens and
chemicals, unlike the peripheral structures of most other sensory systems [27].

Indeed, few studies referred to the toxic effects of nanoparticles on the olfactory bulb
and sensory epithelium, especially in teleost. Exposure to copper nanoparticles in rainbow
trout led to detrimental effects, including oxidative stress and immune suppression [32],
silver nanoparticles induced a toxic effect on the olfaction of Crucian carp [33], and ZnO-
NPs exhibited a toxic effect on the rat olfactory system [34].

Therefore, the main goal of the present work was to study the hazardous effect
of ZnO-NPs on the olfactory sensory cells in the zebrafish model via investigating the
histological and ultrastructural alterations but also the changes in the mRNA expressions
of antioxidant-, stress-, and apoptotic-related genes to clarify the mechanisms of ZnO-NPs
toxicity.

2. Materials and Methods
2.1. Zebrafish Husbandry and ZnO-NPs Exposure

Adult zebrafish (Danio rerio) were bought from a local fish supplier (Cairo, Egypt). The fish
supplier reared only wild-type zebrafish in large glass tanks (1270 mm x 610 mm x 457 mm)
with known reared dates. Adult males (n = 90; average weight 0.62 - 0.21 g, 6 months
old) were acclimatized for two weeks before the experiment. During the acclimatization
and throughout the investigation, fishes were kept in aerated de-chlorinated tap water at
27.5 £ 1 °C in glass aquaria (80 x 40 x 30 cm, water capacity 60 L) 14 h light:10 h
dark, pH 6.7 £ 0.2 and dissolved oxygen 6.3 = 0.5 mg/L. The fish were fed twice daily
on Artemia nauplii (hatched shrimp eggs) according to well-established protocols [35].
Acclimatized fishes were randomly divided into two experimental groups (n = 45/group),
each in triplicate (15 fish in each replication in separate tanks). The first group served
received no treatment (control group), while the second group was exposed to 1/5th
of the estimated LCsp of ZnO-NPs (0.69 mg/L) in the water daily for 60 days (treated).
All the animal procedures used in this study were approved by the Institutional Animal
Care and Use Committee of the Zagazig University, Zagazig, Egypt (Approval number:
ZU-TACUC/1/F/213/2023).
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The synthesis and characterization of ZnO-NPs were previously described in
Mawed et al. (2022), where the UV-VIS spectroscopy results of the characterization of
ZnO-NPs show the maximum peak at 340 nm [36]. TEM analysis reveals a spherical shape
with an average size of 108 nm. The net surface charge is —33 mV based on the data from
the zeta potential analysis. The hydrodynamic size is 8 nm based on the DLS analysis.
The LCsp of ZnO-NPs was estimated in our laboratory and found to be 3.48 mg/L.

2.2. Scanning Electron Microscopy (SEM) Preparations

The sacrificed adult zebrafish heads were dissected under a stereoscopic binocular
microscope (ZEISS LuMAR.V12, Oberkochen, Germany) to expose olfactory rosettes in the
bottom of the olfactory chamber; then, they were quickly fixed in vivo by perfusion with
a mixture solution (2% formaldehyde, 1.25% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.2) for about 24 h at 4 °C. After fixation, the rosettes, which were lifted in
their natural position, were rinsed in the same buffer for about 10 min and subjected to
post-fixation in 1% osmium tetroxide in 0.1 M cacodylate buffer (pH 7.2) for 2 h. The setting
rosettes were washed with the same buffer and dehydrated through a graded acetone series,
which was followed by amyl acetate. The dehydrated rosettes were then dried using a
Critical Point Dryer (Hitachi Ltd., Tokyo, Japan) [37]. The dried specimens were then fixed
to stubs with the colloidal carbon and coated by gold—palladium in a sputtering device.
Then, they were examined and photographed by a JEOL SEM device (Faculty of Science,
Alexandria, Egypt) at an accelerating voltage of 15 kV, a working distance of 5.6-6.6 mm,
and a standard acquisition resolution of 1536 x 1024.

2.3. Transmission Electron Microscopy (TEM) and Semi-Thin Sections Preparations

The fixed olfactory rosettes were cut into small pieces and then post-fixed for 2 h at
room temperature in the same glutaraldehyde solution and 1% osmium tetroxide. Rosette
pieces were then dehydrated in a graded ethanol series and embedded in an Epon-Araldite
mixture. Then, using a Reichert ultra-microtome, ultrathin sections of 1.5 mm were cut and
stained with toluidine blue contrasted in a 50% alcohol-uranyl acetate solution and lead
citrate with a transmission Philips EM 400 electron microscope (Philips, INCAEDX, Oxford,
UK) [30]. The semi-thin sections after toluidine staining were examined and photographed
(Faculty of Science, Alexandria, Egypt).

2.4. Histological Assessments by Light Microscope

The newly separated olfactory rosettes were fixed in 10% formalin. After 24 h, rosettes
were appropriately dehydrated through an ascending series of ethyl alcohols, cleared
with xylene, and embedded in paraffin wax. Tissue sections at 5 um were prepared
using a microtome (Leica Model, RM2125 Biosystems, Deer Park, NY, USA) and stained
with hematoxylin and eosin (H&E) to be examined and photographed by light with a
PANNORAMIC MIDI I (Digital Slide Scanners MIDI, 3D HISTECH Company, Budapest,
Hungary) [38].

2.5. Total RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from the control and treated olfactory rosettes (n = 10/group)
using TRIzol reagent according to the manufacturer’s instructions (Life Technologies, Carls-
bad, CA, USA). RNA purity and concentration were evaluated using gel electrophoresis
and the spectrophotometer (METTLER, TOLEDO, Mississauga, ON, Canada). First, 1 pug
from the isolated RNA was reverse transcribed into cDNAs by PrimeScript TM RT reagent
Kit with gDNA Eraser (Stratagene, Takara, Shiga, Japan). Quantitative real-time PCR was
performed on the MSLPCR30 Thermal Cycler system (Biobase Biozone Co., Ltd., Shaanxi,
Guangdong, China) with thermal cycling conditions comprised denaturation at 95 °C for
1 min followed by 40 cycles of 95 °C for 10 s and then 60 °C for 20 s and 72 °C for 30 s. The
mRNA expressions of the studied genes were normalized to 3-actin, and the primers used
in the study are listed in Table 1.
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Table 1. Primer sequences (forward and reverse) used for real-time qPCR analysis.

Gene Name Primers Accession (Gene ID)
. . F: 5 CGCACTTCAACCCTCATGAC 3
sodl Superoxide dismutasel R: 5 TGAATCACCATGGTCCTCCC 3/ NM_131294
. . F:5" CCTCCAGACAGAAGCA 3’
sod?2 Superoxide dismutase2 R:5’ CTGAAATGAGCCAAAGT 3 NM_199976
. . F:5" GCACAACAGTCAGGGAT ¥
gpxla glutathione peroxidase 1a R:5’ TCAGGAACGCAAACAG 3 NM_001007281
. . F: 5" CCAACCACCTCAAATGCT 3
gstpl.2 glutathione S-transferase pi 1.2 R: 5 ACGGGAAAGAGTCCAGACAG 3/ NM_131734
F: 5 TGTGGAAGGAGGGTCG 3’
cat Catalase R: 5 CTTTGGCTTTGGAGTAG 3 NM_150912
cyclin-dependent kinase inhibitor ~ F: 5 CCTACGTTCACTCGGTAATGGG 3’
p21 1A (cdknla) R: 5 CACTAGACGCTTCTTGGCTTGG 3/ NM_001128420
53 Tumor protein p53 (tp53), F: 5 GCAGTCTGGCACAGCAAAATCTGT 3’ NM 131327
P transcript variant 2 R: 5 TCAGCCACATGCTCGGACTTCTTA 3’ -
Growth arrest and F: 5 GCTGCGAGAACGACATCAACA 3
gadd45aa DNA-damage-inducible, alpha,a ~ R: 5 GGGCACCCACTGATCCATACA 3’ NM_200576
) . . F: 5 CCGCTACCGACAGGAGATCTACGA 3’
sival Apoptosis-inducing factor R: 5 GGTCTGGAGCGCGCTCTGTGCAGT 3/ NM_001327928
baxa BCL2 associated X, F: 5 GACAGGGATGCTGAAGTGA 3/ NM 131562
apoptosis regulator R: 5 TGAGTCGGCTGAAGATTAGA 3’ -
. ( ) F: 5 GACGGTGAGCCTGATGAGCCAA 3/ NM 131505
caspa caspase a fcaspa R: 5 CCTGAACAGTTCCTCGATGTGA 3/ -
Actin bl actin, beta 1 (actbl) F: 5 ATGGATGAGGAAATCGCTGC 3 NM_131031

R:5 CTTTCTGTCCCATGCCAACC 3’

2.6. Protein Extraction and Western Blot Analysis

Total protein was extracted from homogenates of 8 frozen olfactory organs (stored at
—80 °C) for each experimental group, including control and ZnO-NPs treated for 30 and
60 days. Western blot was performed according to a previous report [36]. After the processes
of electrophoresis and electro-transferase, Nylon Fluoride membranes (Millipore, Burlington,
MA, USA) were cut at the desired band of protein marker and then washed by Tris-Buffered
Saline Tween (TBST) for 15 min; then, they were blocked against 5% BSA (Bovine Serum
Albumin, AUG pharma, Giza, Egypt) for 1 h in room temperature. Nylon membranes were
blotted with primary antibodies overnight at 4 °C. Primary antibodies were kindly provided
from the National Research Central (El-Dokii, Giza, Egypt), and procedures were performed
according to the manufacturer’s instructions: Nrf2 antibody (N2C2) (1:500 dilution, Internal
Cat. No. GTX103322, Gene Tex, Alton, IL, USA), rabbit anti-Chop protein (GADD153) (1:400,
G6916, Sigma Aldrich, Taufkirchen, Germany), Bax polyclonal antibody (1:5000 dilution, 50599-
2-lg, proteintech, Manchester, UK), Becl-2 antibody N1N2 (1:1000, GTx100064, GeneTex, Alton,
IL, USA) and rabbit anti-f-actin was used for normalization (1:1000 dilution, Cell signaling,
49675, Inc., Global Headquarters, USA), respectively. The next day, blots were probed with a
secondary antibody (HRP-conjugated, Abcam, Cambridge, UK) and then visualized by ECL
Western blot detection reagents. Band scanning and protein area quantifications were detected
by NIH software Image J. 1.51 k; Java 1.6.0_24.

2.7. Statistical Analysis and Graphs Preparation

Statistical analysis was performed using SPSS. Data were analyzed by Student’s ¢-
test when comparing two groups and one-way ANOVA when comparing more than two
groups. All data are presented as the means + standard error of the mean and were first
checked for normality using the D’ Agostino—Pearson normality test. Histological image
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quantification and analysis were calculated by the 3D Histech Quant Center (3DHISTECH
Budapest, Hungary). For protein band quantification, images were analyzed using Image ]
software (1.51k, Javal.6.0., National Institutes of Health, Bethesda, Maryland, USA). All
plots and graphs were designed using Graph Pad Prism 8 package (GraphPad Inc., La Jolla,
CA, USA). The significance was given as (* p < 0.05; ** p < 0.01; *** p < 0.001) [39-45].

3. Results
3.1. Macrostructure of Zebrafish Olfactory Organ

Anatomically, zebrafish have two nasal cavities (olfactory chamber) anterodorsally
positioned and slightly close to the orbits and mouth; in a parasagittal section at the orbital
level, each nasal cavity is covered by a boat sail-shaped skin flap that outlines the funnel-
shaped inlet and outlet. Through these openings, water conveying odorants circulates via
the olfactory chamber to submerge the sensory structure (olfactory rosette) sitting on the
bottom. Longitudinal sections show normal olfactory rosette organization in the control
fish (Figure 1A-C). On the other hand, the ZnO-NPs treated group showed a malformed
olfactory rosette with stacked lamellae (Figure 1D-F).

Figure 1. Gross morphology of the adult zebrafish (Danio rerio) olfactory rosette and main olfactory
system structures: (A) Control zebrafish, (B) Lateral view of a dissected olfactory rosette (OR) of
control fish (red arrow), (C) H&E histological assay of a longitudinal section of the whole control OR
showing some lamellae; (D) ZnO-NPs treated zebrafish, (E) Lateral view of a dissected OR of treated
fish (red arrow), and (F) H&E histological assay of a longitudinal section of the whole treated OR
showing some lamellae.
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3.2. ZnO-NPs Alter the Histological Architecture of the Olfactory Rosette

Light microscope observations for the control group revealed the normal histological
architecture of the olfactory rosette. In Figure 2A, the arranged olfactory lamellae radiating
from the midline raphe are represented. Each olfactory lamella appears to be covered
on both sides by a pseudostratified columnar epithelium that encloses a central lamellar
stromal sheet, the central core. This central core comprises loose connective tissues of
collagenous fibers comprising a network of blood capillaries and nerve fibers which run
from the olfactory epithelium to the olfactory bulb. The olfactory epithelia on both sides
of the central core are of unequal thickness (Figure 2A(b—d)). The sensory epithelium
comprises spindle-shaped (bipolar neuron) ciliated receptor cells with oval nuclei and
cylindrical non-sensory supporting cells arranged in alternate rows besides rounded basal
cells and goblet mucous cells. However, besides the last two types of cells, basal and
mucous goblet cells, the non-sensory epithelium embraces round to cubical indifferent
epidermal cells and some cylindrical supporting cells, as shown in Figure 2A(c,d). The
basal cells are relatively small and spherical, with rounded nuclei scattered in the whole
epithelium’s deeper part just above the basal lamina. They are a reservoir for forming
receptors and supporting cells as they migrate toward the upper part of the olfactory
epithelium. The goblet mucous cells are scattered all over the superficial layer of the
olfactory epithelium, particularly in the non-sensory area (Figure 2A(c,d,f)). They vary in
size and shape according to the activity; most are oval with basal nuclei.

On the other hand, the ZnO-NPs treated group showed an obvious disorganization
of the lamellar arrangement of the treated fish. Olfactory lamellae appeared collapsed,
malformed, and twisted with signs of degeneration and loss of intercellular connections
(Figure 2B(a,b)). The olfactory epithelium appeared swollen with many holes between the
central core and detached from the basal lamina (Figure 2B(c,d)). It was also evident that
the cilia of different olfactory sensory and non-sensory were decreased in number, adherent,
and stuck together. Also, goblet mucous cells were hyperactivated (Figure 2B(d,f)) with a
higher precipitation of ZnO-NPs in the central core of the olfactory lamellae and appeared
as large black accumulations (Figure 2B(c,e,f)). Statistical analysis of histopathological
alterations in the olfactory rosette for both control and ZnO-NPs treated zebrafish indicated
high ZnO-NPs precipitation in the treated fishes, lamellar adhesion, epithelial separation,
and goblet cells were also well distributed. At the same time, the percentages of ciliated
receptor cells, supporting cells, and distributed cilia were scarcely observed (Figure 2C).

3.3. ZnO-NPs-Treated Rosette Exhibited Lamellar Sensory Area Destruction at the Scanning
Electron Microscope (SEM) Level

On the bottom of each nasal cavity of the control group, the olfactory rosette appears
as an oval-shaped multi-lamellar sensory structure. Its olfactory lamellae are lined up on a
wide midline raphe to support the lamellae, which radiate outward and extend toward the
periphery of the nasal cavity, increasing in size as it goes from the rostral to caudal direction.
The young lamellae are rostral built at both sides of the midline raphe; these olfactory
lamellae range from 12 up to 15 (Figure 3A(a—c)). On higher magnification, the olfactory
epithelia covering each olfactory lamella are separated into non-sensory and sensory
epithelia (Figure 3A(d,e)). The edge of each lamella is covered with the ciliated non-sensory
epithelium of ciliated non-sensory cells organized in a valleys-like system that extends to
the upper edges of the lamellae as well as indifferent epithelium with apparent micro-ridges
and goblet mucous cells observed in between (Figure 3A(f)). However, the medial part of
each side of the lamellae encloses the olfactory sensory epithelium continuously planned
with its receptor cells. It also covers the intervening areas between every two successive
lamellae at the midline raphe.
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Figure 2. H&E histological assay of (A) the control and (B) ZnO-NPs-treated zebrafish olfactory
rosettes: (A(a)) horizontal section of the whole control olfactory rosette (OR), olfactory lamellae
(OL), median raphe (MR); (A(b)) transverse section of the whole control OR, OL, MR, and central
core (CC); (A(c)) magnified part of the OR showing CC, sensory epithelium (SE), ciliated receptor
cells have darken spindle shape (CRC), cilia of the ciliated non-sensory cell (Ci), and goblet cell
(GC); (A(d)) magnified part of the olfactory rosette showing supporting cell (SC) and basal cell
(BC); (A(e)) magnified portion of the olfactory rosette showing CC; (A(f)) photomicrographs of
the semi-thin section stained with toluidine blue of the olfactory lamella showing CC, SE, Ci, and
GC (black arrow); (B(a)) horizontal section of the whole treated OR, collapsed OL, necrosis in MR;
(B(b,c)) transverse section of the whole treated olfactory rosette showing swollen and detached
olfactory epithelium (black arrow) and precipitation of ZnO-NPs in the olfactory epithelium and
the central core (red arrow); (B(d)) magnified part of the olfactory rosette showing a large number
of GC (black arrow); (B(e)) magnified portion of the olfactory rosette showing lamellar destruction
(black arrow) and precipitation of ZnO-NPs (red arrow); (B(f)) photomicrographs of the semi-thin
section of the olfactory lamella showing a large number of GC (black arrow) and precipitation of
ZnO-NPs (red arrow). (C) Statistical analysis for three different sections from the OR of the control
and treated group showing histopathological alterations after ZnO-NPs treatment. The results are the
mean + SEM.* p < 0.05, ** p < 0.01, *** p < 0.001.
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B-ZnO-N

Figure 3. Scanning electron microscopy observations of the epithelial surface of (A) the control and
(B) ZnO-NPs zebrafish olfactory rosette: (A(a)) scanning electron micrograph of the head of an adult
zebrafish with two olfactory rosettes (ORs) (red arrows); (A(b)) olfactory rosette located in the nasal
cavity, with olfactory lamellae (OL) arranged on both sides of the midline raphe (MR); (A(c)) higher
magnification of the OL and the MR; (A(d,e)) sensory epithelium (SE) and indifferent epithelium
(IE) are strictly separated; (A(f)) lamella is covered with ciliated non-sensory epithelium (CNE);
(A(g)) cilia of the ciliated non-sensory cell (CNC); (A(h)) the surface of the sensory epithelium shows
ciliated receptor cells (CRC) with olfactory knobs (OK), microvillous receptor cells (MV), and rod
cells (RD); (B(a)) scanning electron micrograph of the head of an adult zebrafish with two treated
OR (blue arrows); (B(b,¢)) the olfactory rosette stunted appearance with preserved OL and the MR;
(B(d)) numerous pores of mucous cells (MC), the IE without micro ridges; (B(e)) IE without micro-
ridges; (B(f-h)) cilia of CNC fused with a decreased number.

On SEM, we could detect three receptor cell types based on the structure and shape of
their apical dendrites, whether ciliated, microvillar, or rod-shaped (Figure 3A(g,h)). The
sensory cells can be organized by scanning microscopy into:

i.  Ciliated receptor cells, their dendritic part protrudes slightly beyond the supporting
cells” boundary, forming a small terminal swelling hillock-like apex, the olfactory
knob. From this knob, six to eight long cilia or flagella arise radially projecting into
the lumen of the olfactory cavity (Figure 3A(h)).

ii. ~ Microvillous receptor cells with apical surfaces full of numerous shorter microvilli
protruding into the olfactory space (Figure 3A (g,h)).

iii. Rod cell shows rod-like projection and protrudes from its free surface by an olfactory knob.
Rod neurons can be observed randomly between the ciliated sensory cells (Figure 3A(h)).
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Contrarily, the olfactory rosette of the zebrafish treated with ZnO-NPs showed a stunted
appearance with preserved olfactory lamellae and degenerated olfactory rosette (Figure 3B(a—c)).
The long cilia of ciliated non-sensory cells were decreased in number, thinned out, curled,
and fused. This was observed mainly in the outer distal region of the lamella with massive
mucus secretion given by the activated mucous cells with wider pores compared to the normal
non-treated fish (Figure 3B(d)). The micro-ridges of the indifferent epithelium lost their linear
appearance and sometimes disappeared entirely in some areas (Figure 3B (e,f)).

Concerning the sensory epithelia, they were extensively damaged, with almost com-
plete loss of cilia and microvilli of all receptor cells to the extent that some of their knobs
appeared utterly naked, and some with a rod-like extension, the ciliated and microvillous
neurons had been hardly detected (Figure 3B(f-h)).

3.4. ZnO-NPs Induce Sensory Cell Apoptosis and Cytoplasmic Organelles Destruction at the
Transmission Electron Microscope (TEM) Level

TEM observations highlighted the olfactory epithelium of the control group into
ciliated non-sensory cells and seven distinct types of olfactory sensory receptor cells. All
these cells are closely crowded, including ciliated receptor cells, microvillous receptor cells,
rod cells, rodlet cells, crypt cells, Kappe cells, and pear-shaped cells in addition to the
supporting cells, the small rounded basal cells, and the mucous goblet.

i.  Ciliated non-sensory cells are club-shaped with a narrow, deep surface and a relatively flat,
broad, free surface. They do not have dendrites and axons but have numerous long rootlet
cilia arising as a tuft oriented in the same direction from the cell’s surface (Figure 4A(a)).
At the most apical cytoplasmic region, plentiful oval or rounded mitochondria are found
without preferential orientation (Figure 4A(a,b)). Each cilium’s basal structure comprises
a pair of centrioles and one rootlet (Figure 4A(c)). These cilia are kino-cilia, showing a
typical axonemal pattern (9 + 2) of microtubules (mi) (Figure 4A(c,d)).

ii.  Ciliated receptor cells are long, slender-shaped bipolar sensory cells (neurons). Their
most basally located somata are highly granulated cytoplasm packed with elongated or
rounded mitochondria. A basal axonal process penetrates the basal lamina, and apical
long dendritic processes extend toward the surface of the olfactory epithelium. These
processes (cilia) randomly arise from an olfactory knob. Each cilium has a basal body
without any rootlets but is associated with centrioles with several neuro-filaments present
just beneath the plasma membrane of the olfactory knob (Figure 4A(e)).

iii. Microvillous receptor cells are also elongated bipolar cells (neurons), their bodies
featuring short dendrites and visible nuclei located at intermediate depths of the
olfactory epithelium. Their apical surface is provided with a tuft of shorter dendrites,
microvilli, which project radially outwards in the olfactory lumen from a concave
olfactory knob under the surface level of the adjacent supporting cells. Some basal
bodies are arranged in two rows at the microvilli’s base. Numerous elongated or
rounded mitochondria are scattered in the cell cytoplasm (Figure 4A(f)).

iv.  Rod receptor cells are elongated bipolar cells (neurons) but differ from the other
receptor cells in having a single thick cilium, rod-like projection, so they are known
as rod receptor cells. This rod-like projection extends from a knob-like apex and has
a pair of basal bodies at the base of its axonemal microtubules. As in all receptor
cells, the cell body of a rod cell is fully packed with mitochondria scattered within its
granulated cytoplasm (Figure 4A(g)).

v.  Rodlet cells are ovoid-shaped cells enclosed by a distinctive thick cuticula-like wall,
found against the inner aspect of the cell plasma membrane, with a narrow apex
pore. So, there is not any junction with neighboring cells. These cells have a typical
animal cell structure with a basally located nucleus of various forms and shapes. Their
cytoplasm is crowded with rounded to elongated vesicular mitochondria as well as
few vesicular vacuoles and free ribosomes in addition to clusters of its most striking
club or rod-shaped electron-opaque vesicles, rodlets (Figure 4A(h)).
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Figure 4. Transmission electron micrographs of (A) the control and (B) ZnO-NPs-treated zebrafish
olfactory epithelium: (A(a)) olfactory epithelium consisting of ciliated non-sensory cells (CNC) with
cilia (Ci) and mitochondria (Mit); (A(b)) magnified part of ciliated non-sensory cells showing Mit;
(A(c,d)) cross-section of cilia exhibits nine pairs of outer microtubules (Mi) and two central ones (red
arrow), basal body (bb); (A(e)) magnified view of ciliated receptor cells (CRC) showed an olfactory
knob (Ok) bearing cilia (Ci). (A(f)) magnified view of microvillous receptor cell (MV), which showed
an Ok bearing short microvillar processes (Mi) on its apical surface and Mit; (A(g)) magnified view
of rod cell (RD) shows parallel oriented microtubules (red arrows) in rod-like cilia (R) and Mit.
(A(h)) the rodlet cell (Rt) is identified by the thick cuticle (cu) and its typical rodlets (red arrows) and
nucleus (N); (B(a—d)) olfactory epithelium consisting of ciliated non-sensory cells with decreased
number of Ci and Mit swelling and vacuolation (blue arrow); (B(e-g)) the cilia, microvilli, and rods
of all olfactory neurons injured mitochondria swollen and vacuolated (blue arrow); (B(h)) rodlet cell
with hypertrophy nucleus (blue star) and detached apical rodlets (blue arrow).

vi. Crypt cells are olfactory sensory neurons (OSNs) with elongated pear-shaped somata
found near the apical surface of the sensory epithelium of examined zebrafish.

Although crypt cells occur regularly in all lamellae, their absolute number is low
and not as high as that of ciliated and microvillous OSNs. They bear cilia and sub-
merged microvilli (Figure 5A(a,b)). These cilia, as those of ciliated OSNs, show the typical
(9 + 2) axonemal pattern of microtubules (Figure 5A(b)); the cytoplasm of these crypt cells
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is electron-dense, packed with elongated or rounded mitochondria and free, abundant
ribosomes, but its nucleus fills about one-third of the cell body (Figure 5A(a)). These crypt
cells are surrounded by one or two specialized electron-lucent supporting cells bearing
micro-ridges but do not have cilia.

A-Control B-ZnO-NPs

Figure 5. Transmission electron micrographs of the degenerated sensory cells of (A) the control and
(B) ZnO-NPs-treated zebrafish olfactory epithelium: (A(a)) crypt cell (Cc) with in-sunk cilia, the
nucleus (N) in the lower portion of the cell, supporting cell (SC) surrounding the crypt cell and
mitochondria (Mit); (A(b)) higher magnification of the upper portion of a crypt cell, (Cc) showing
cilia (Ci) and microtubules (Mi). (A(c)) the Kappe cells (KP), the nucleus (N) in the basal part of
the cell, micro-ridges upper part (red arrows), and mitochondria (Mit); (A(d)) pear-shaped cell (Pr),
the cytoplasm with mitochondria (Mit) and ribosomes (red arrows); (A(e,f)) basal cells (BC, red
arrow) with N; (A(g,h)) goblet cells (GC); (B(a,b)) crypt cell (Cc) showing the disappearance of
cilia, elongated mitochondria (blue star), and the surrounding supporting cells (5C) thinned out;
(B(c,d)) the Kappe and pear-shaped cells that have lost their distinct shape (blue star); (B(e,f)) basal
cells (BC) increased in size, and with the nucleus (N) enlarged; (B(g,h)) hyper-activated goblet cells
(GC) with retention of a large amount of ZnO-NPs (blue star).

vii. Kappe cells are found in the most apical epithelial positions close to the olfactory
lumen. Their cell bodies are elongated pear-shaped, similar to crypt cells, but their
inward superficial cap apical end is fortified with few cilia and microvilli. Their less
flattened nuclei are positioned in the basal part of the cell body and swim in the
ground cytoplasm with fully packed rounded mitochondria (Figure 5A(c)).
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viii. Morphologically, a pear-shaped cell is similar to Kappe cells but rounded and variable
in size. It is located in the apical part of the epithelium, and its cytoplasm has
numerous rounded mitochondria-free ribosomes (Figure 5A(d)).

ix. Basal cells are intermingled with the basal portion of the other cell types in the
olfactory epithelium. They are small polyhedral cells having a distinct globular shape
and darkly stained centrally located nuclei. Basal cells are grouped and interposed by
the bases of the sensory and non-sensory supporting cells, forming a discontinuous
layer in the deeper part of the epithelium just above the basal lamina and did not
reach the free surface of the epithelium (Figure 5A(e f)).

x.  Goblet mucous cells are restricted to the non-sensory epithelium. They are oval-shaped,
having basally located nuclei, and about two-thirds of the cell body is filled with large
mucous granules. They are surrounded by ciliated non-sensory or epidermal cells
bearing micro-ridges. Mature goblet cells secrete their mucous granules into the lumen
of the olfactory cavity over the non-sensory epidermal cell surface (Figure 5A(g,h)).

Conversely, in ZnO-NPs-treated fishes, the cilia emitted from the ciliated non-sensory
cells appeared shrunken and decreased in number. The mitochondria showed signs of
partial or complete degeneration through swelling and vacuolation; tight junctions between
different cells were diminished and rarely noticed (Figure 4B(a—d)).

Cilia, microvilli, and rods of all olfactory ciliated microvillus and rod cells (neurons)
were significantly injured with large cytoplasmic empty vacuoles (Figure 4B(e-g)), respec-
tively. The mitochondria in all these sensory cells (neurons) were swollen and vacuolated
compared with the control siblings. They had a clear matrix and lost their electron-dense
deposits with destructive changes in their cristae (Figure 4B(d-f)). Furthermore, the appear-
ance of swollen or filamentous mitochondria in the rod cells was evident (Figure 4B(g)).

Moreover, the rodlet cell lost its thick cuticle-like characterized by degenerated rodlets
and hypertrophy nucleus with an irregular crescent shape containing detached chromatin
as a sign of oncocytic changes (Figure 4B(h)).

Alongside, the crypt cells lost their distinctive shape. The nucleus appeared irregular
and highly condensed; dark chromatin masses were observed but with a continuous nuclear
envelope. Their mitochondria were swollen and vacuolated with stacked cilia and microvilli,
and the surrounding supporting cells were squeezed and decreased in size (Figure 5B(a,b)).

The Kappe cells and pear-shaped cells appeared empty and lost their distinct shape. The
nucleus seemed shrunken with decreased chromatin without a nuclear envelope; the mito-
chondria were swollen and vacuolated (Figure 5B(c,d)). Basal cells showed a compensatory
increase in size; the nucleus was enlarged with condensed chromatin surrounded by a distinct
nuclear membrane (Figure 5B(e,f)). The goblet mucous cells+ showed an increased number
and became hyper-activated. Their secretions covered the olfactory epithelium'’s surface with
many ZnO-NPs retaining the black stain on the goblet granules (Figure 5B(g/h)).

3.5. ZnO-NPs Induce Apoptosis in the Olfactory Epithelium via Mediating Oxidative Stress and
DNA Damage

To detect the underlying mechanisms of ZnO-NPs cytotoxicity effect on the zebrafish
olfactory organs, the mRNA expression of antioxidant, DNA damage, and apoptosis-related
genes was evaluated by qRT-PCR [44] to support our TEM observations between the control
and ZnO-NPs treated groups. It has been observed that ZnO-NPs alter mitochondrial
structure and function, resulting in the generation of excessive reactive oxygen species
(ROS) that weaken the antioxidant enzyme activity, altogether placing the olfactory cells
at oxidative stress risk [46-49]. Accordingly, the mRNA expression of antioxidant-related
genes, including sod1, sod2, gpxla, gstpl.2, and cat, was down-regulated in the treated
olfactory rosette compared with the control one (Figure 6A). In addition, the ROS mediate
genotoxicity, which results in chromosomal alteration and DNA damage [50,51], and this
is revealed by the up-regulation of cyclin-dependent kinase inhibitor (CDKN1A) or p21,
tumor suppressor protein p53, and growth arrest and DNA damage-inducible alpha a
gadd45aa, all of which play an essential role in inhibiting DNA replication and subsequently
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induce cell cycle arrest, apoptosis, and senescence (Figure 6B). In the present study, cellular
apoptosis was revealed in the TEM of the treated rosette by destroying the sensory and
supporting cells” cytoplasmic components. The latter observations were confirmed by the
mRNA up-regulation of pro-apoptotic related genes, including sival, baxa, and caspa, in the
treated group compared with the control group (Figure 6C).
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Figure 6. ZnO-NPs-induced cellular apoptosis via oxidative stress and DNA damage at the genetic

level: (A) mRNA expression evaluated by qRT-PCR for antioxidant-related genes; (B) mRNA expression
evaluated by qRT-PCR for DNA damage-related genes; (C) mRNA expression evaluated by gqRT-PCR
for apoptosis-related genes. The results are the mean + SEM.* p < 0.05, ** p < 0.01, *** p < 0.001.

Western blot analysis was conducted on the control, (30-dpt), and (60-dpt) groups
to reveal the dramatic changes in the protein expression for the previously mentioned
pathways. Herein, nuclear factor erythroid 2-related factor 2 (Nrf2), a crucial regulator in the
cellular defense against oxidative stress, was slightly up-regulated after 30-dpt, indicating
the cytoprotective effect and antioxidative response of Nrf2 against ZnO-NPs toxicity. Nrf2
was suddenly down-regulated after 60-dpt, indicating its suppression due to high ROS
accumulation (Figure 7A,B). At the same time, CHOP, which is involved in apoptosis via
DNA damage and growth arrest [52], exhibited higher expression at 60-dpt (Figure 7A-C).
In addition, Bax, a core regulator of the cellular pathway of apoptosis, was highly up-
regulated in the 60-dpt group compared with the control or 30-dpt groups (Figure 7A-D).
Contrarily, the anti-apoptotic protein, BecL-2, exhibited a lower expression in the 60-dpt
group compared with the control or the 30-dpt groups (Figure 7A-E). Altogether, these
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results ensure the highly oxidative damage in the olfactory epithelium after 60-dpt of
ZnO-NPs, leading to DNA damage and cellular apoptosis.
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Figure 7. Apoptotic pathway induction by ZnO-NPs via oxidative stress induction: (A) immunoblots
showing Nrf2, CHOP, Bax, and Bcl-2 proteins of control, 30-dpt, and 60-dpt (3-actin was used for
normalization and relative protein levels were quantified using NIH software Image J), (B-E) protein
expression revealing the ratio analysis of Nrf2/Bactin, CHOP/Bactin, BAX/ {3 actin, Bcl-2/Bactin
quantified by the Image J 1.51k; Java 1.6.0_24 (64-Bit). The results are the mean & SEM. * p < 0.05,
**p < 0.01, ** p < 0.001.

4. Discussion

Unlike most other sensory systems, the olfactory organs are externally open to the
surrounding environment, allowing exposure to various toxicants [53]. Although the
cytotoxicity of ZnO-NDPs has been widely studied, the underlying mechanisms are still un-
clear [24,54-60]. Olfaction is a critical sense for detecting and discriminating the surround-
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ing environment of all vertebrates, finding food, and recognizing adverse conditions [61].
Generally, the environmental chemical information is transmitted from the olfactory organ
to the brain via the olfactory nerve, causing alarm response, predator avoidance, food
search, social communication, reproductive activity, and migration [62-64].

Zebrafish, as with other animals [65,66], possess a well-developed sense of smell, re-
sponsible for various behaviors involved in reproduction, appetite, and fear. Moreover, the
functional properties within its sensory epithelium and the olfactory bulb are comparable
to those of mammals [67].

Despite the morphological variations and anatomy of the olfactory system within
different vertebrates, the neural basis of odor detection is well maintained since the sense of
smell is necessary to perform key functions, mainly securing survival [68,69]. Teleost, such
as zebrafish, have a sole olfactory epithelium located on the floor of the nasal cavity and
lack the separate vomeronasal organs of higher vertebrates [70]. This olfactory epithelium
is organized in lamellae, which radiate from a central ridge or raphe and give rise to an
olfactory rosette set on the bottom surface of the nasal cavity on each side of the skull [9,71].
From each olfactory sensory cell, outspread axonal projection forms a fasciculate olfactory
nerve [72] and a well-organized neuronal circuitry [73]. So, zebrafish is a key model
organism for studying the olfactory system [74].

In all teleosts, there are two main types of OSNs: ciliated and microvillous OSNSs.
These two morphologically distinct receptor cell types have been distributed in differ-
ential patterns within the olfactory epithelium since they are the foremost OSNs in the
zebrafish [73]. Nonetheless, teleost, in addition to these two major types of OSN, have
two more minor OSN types: crypt OSNs, which express only a single olfactory recep-
tor [75], and the recently identified Kappe neurons [76] that are believed to be absent in
tetrapods [77].

All four OSN types are recognized by their morphological features like the cell shape
and position within the olfactory epithelium, axons, and dendritic features and preferential
response to different stimuli [78]. Ciliated OSNss tend to have a very slender pattern and
instead basally situated cell bodies with long apical dendrite-bearing cilia usually radiating
from an olfactory knob at its distal ends and extending to the surface of the lamellae, as also
shown in channel catfish [10,78] and zebrafish [79,80]. On the other side, the microvillous
OSNs are located at the intermediate depths of the epithelium. They have short apical
microvilli stemming from a thick dendrite. These microvillous neurons are responded to
by amino acids, as mentioned in Salmonids [81], Rainbow trout [82], channel catfish [78],
and zebrafish [79,83]. In other words, the ciliated OSNs serve as generalists, whereas
microvillous are specialists. Salmonids and cyprinids have shown that both ciliated and
microvillous OSNs generally respond to amino acid odorants, but bile acids stimulate
ciliated OSNs, and nucleotides activate microvillous OSNs [71]. Earlier, Cancalon (1982)
clarified that zinc could induce an extensive degeneration of the olfactory sensory cells and
result in severe damage [84].

Exposure to mercury, a toxic and harmful metal for the olfactory organs, reacted
differently with the three main types of OSNs. Bazdes and Schmachtenberg (2012) recently
showed that microvillous OSNs are more susceptible to mercury exposure than ciliated
OSNss, and crypt cell density decreases [85].

Crypt neurons constitute an exciting cell population comprising the third type of
olfactory receptor neurons. They appeared early in vertebrate evolution since they are
common in almost all marine and freshwater actinopterygian fish, even in cartilaginous
fish, but not sarcopterygian lungfishes [77,86]. Such cells are observed by TEM only at the
olfactory lamellar surface, which was probably due to their positioning and enwrapping
between other closely adjacent receptors and supporting cells [63]. Crypt neurons are lo-
cated close to the epithelial surface in addition to relatively short microvilli and submerged
cilia without olfactory knobs [74,85]. Many attempts have been made to clarify the function
of the crypt cell during spawning, indicating its significant relation to the reproductive
status and sex pheromone detectors [87].
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Conversely, Kappe neurons are a limited cell population exhibiting conspicuous short
globular shape somata equipped with a few cilia and microvilli. They are positioned
superficially within the olfactory epithelium close to the lumen and far away from the basal
lamina [75]. Ahuja et al. (2015) suggested that they are new types of OSNs characterized
by their cap apical end [76].

Their absolute existence in the olfactory epithelium shows an astonishing complexity
of odor signs already in the periphery of the olfactory system. In addition, the present
study described the pear-shaped cell, which is located in the apical part of the epithelium,
with numerous mitochondria, ribosomes, and extremely short dendrites, and this is in
agreement with other authors, who declared that these cells are present in a very small
number in the most superficial layer of the olfactory epithelium and serving for detection
of adenosine [73,88].

Cheung et al. (2021) later confirmed the presence of a rare rod cell in the olfactory
epithelium of zebrafish, especially in the early stages [89]. They are morphologically
distinguishing from the other well-known sensory cells as they possess a conspicuous
single compound cilium-like-rod extending from the center of a knob-like apex without a
detectable axon. So, they do not belong to the two broad classes of sensory receptors, ciliated
and microvillous, but have been identified based on morphology, receptor expression, and
projection pattern [90]. Olfactory rod cells have been previously described in many other
teleost fish species, including several eel species [91], goldfish [92], rainbow trout [93],
common bleak [94], catfish [95], Mugil cephalus, and Malapterurus electricus [96] cave loach
species [97,98]. However, some authors presumed that the existence of receptor cells
bearing rod cilium or microvilli represented intermediate stages of the ciliated one [99,100].

Interestingly, rod cells are more distinctive from rodlet cells, described in many differ-
ent epithelial tissues of all fish, including zebrafish [101,102]. The rodlet cells appeared in
the olfactory epithelia of the presently studied zebrafish, often among sensory and non-
sensory epithelia. These are ovoid-shaped cells enclosed by a distinctive thick cuticula-like
wall and have been reported as being immature stages of goblet cells [103].

Nonetheless, these cells, initially supposed to be protozoan parasites, are prevalent
in fish organ tissue and are not parasitic [104-106]. These confusing rodlet cells are often
associated with fish viscera and epithelium such as skin, intestine, kidney tubules, and
biliary duct [105,107-110]. These rodlet cells represent inflammatory cells closely related to
other innate immune cells and potential biomarkers for stressors and chemical agents [111].

Among other nanoparticles, zinc oxide might enhance the odorant responses of
OSN s [112]. However, in the present investigation, the cilia, microvilli, and rod of all
olfactory ciliated microvilli and rod cells were adversely affected by ZnO-NPs. These
dendritic projections were atrophied, minimized in number, and significantly injured. The
mitochondria in all these sensory neurons swelled or became filamentous and showed
distinctive signs of degeneration compared to the normal, non-treated fish, particularly
in the rod cells. Nonetheless, although the crypt cells have both cilia and microvilli not
directly immersed in the water flow in the olfactory chamber [113], these were less affected
by zinc nanoparticles. Crypt cells” density dropped and lost their distinctive shape, nuclei
shrunk, and their mitochondria were elongated, becoming filamentous, according to other
literature reports [114,115]. Alongside, the cilia and micro-ridges of ciliated non-sensory
cells were shortened, minimized, or erased.

Furthermore, their surrounding supporting cells were also squeezed and decreased in
size [116]. Nonetheless, the goblet mucous cells increased in number and became hyper-
activated. Their mucous secretions covered the surface of all the olfactory epithelium
with retention of large amounts of ZnO-NPs, as reported by Ghosh et al. (2014), who
observed the same effect upon mercury exposure and interpreted it as a type of protec-
tion [117]. When the mucous layer becomes excessive, it can prevent pollutants from
directly contacting the epithelial surface and decrease toxicity effects [118].

Accordingly, ZnO-NPs in the present study induced mitochondrial damage and
impaired the genetic antioxidant enzymes synthesized at the genetic level, releasing ROS

29



Animals 2023, 13, 2867

that modulate oxidative stress, which agrees with previous studies [27,59,119,120]. The
super oxidase dismutase (sod1l) and (sod2), catalase (cat), and glutathione peroxidase
(gpx) are important markers in defending cells against oxidative stress by catalyzing
the conversion of superoxide free radicals (O27) into hydrogen peroxide then reduced
to water [121-123]. Earlier, it was found that ROS can cause severe damage to DNA
molecules [124-128], and this was ensured by the up-regulation of cyclin-dependent kinase
inhibitor p21, tumor protein p53, and growth arrest gadd45aa expressions indicating the
cell cycle arrest after DNA damage [56,129-133]. As a result, damaged DNA activates
apoptosis via the loss of membrane integrity, cytoplasmic content fragmentation, and
chromatin condensation, as demonstrated earlier [134-136].

Nrf2 is a transcription factor activated in response to stress. It significantly enhances
the antioxidant defense of stressed cells and helps detoxify and eliminate exogenous
chemicals and their toxic metabolites [137]. Herein, Nrf2 was down-regulated after 60-dpt,
which might be a defense mechanism against ROS accumulation. Moreover, in the 60-dpt
group, there was an up-regulation of the apoptotic CHOP and Bax expression and a down-
regulation of the anti-apoptotic protein BcL-2 expression, confirming the apoptotic effect
of ZnO-NPs. Similar to these findings, in zebrafish embryos exposed to ZnO-NPs, the
gene expression analysis of several genes of antioxidant proteins (Bcl-2, Nqol, and Gstp2)
revealed an important down-regulation [54].

Furthermore, the production of ROS, which is the basis of oxidative stress, was
confirmed by an altered expression of anti-apoptotic genes (Bcl-2, B-cell lymphoma?2) and
pro-apoptotic (bax, puma, and apaf-1) genes in zebrafish exposed to ZnO-NPs, where the
expression of BCL2-associated X apoptosis regulator (Bax) was significantly up-regulated,
while Bcl-2 was down-regulated [138]. The overexpression of CHOP and microinjection
of CHOP protein have been reported to lead to cell cycle arrest and/or apoptosis [139].
Moreover, the overexpression of CHOP leads to decreased Bcl-2 protein and translocation
of Bax protein from the cytosol to the mitochondria [140].

5. Conclusions

The present study shows that ZnO-NPs can mediate the cellular oxidative stress and arrest
cell growth that induces apoptosis without the ability of cellular regeneration, hence leading to
sensory toxicity that directly damages the olfactory epithelium and affects fish smell.
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Simple Summary: Living organisms may be simultaneously exposed to several stressors. Trout
are a clear example of this scenario, being usually exposed to chemical contaminants and parasites.
Moreover, it is also an intensely farmed fish, often caught for human consumption. Thus, trout may
be considered a sentinel species, and the related evidence is a matter of importance. We looked at
a sample of wild brown trout from a protected area of Southern Italy. Different numbers of gastro-
intestinal helminths and concentrations of organochlorine pollutants were detected among sample
units. In particular, a negative correlation between the presence of parasites and the concentration of
polychlorinated biphenyls was assessed, suggesting that these organochlorine pollutants can affect
parasite survival. Our results provide a contribution to the advancement of the knowledge of the
interplay among environment, parasites, and host.

Abstract: We investigated the occurrence of organochlorine pollutants (OCs) in the muscle of brown
trout and evaluated their potential modulation of parasite infection. The toxicological risk for
consumer health was assessed, too. Trout were collected from the Sila National Park (Calabria
region, South of Italy). The highest concentrations emerged for the sum of the 6 non-dioxin-like
(ndl) indicator polychlorinated biphenyls (£6ndl-PCBs), followed by the 1,1,1-trichloro-2,2-di(4-
chlorophenyl)-ethane (DDT), dioxin-like PCBs, hexachlorobenzene (HCB), and dieldrin. Measured
on lipid weight (LW), the mean value of Z6ndl-PCBs amounted to 201.9 ng g~ !, that of XDDTs (the
sum of DDT-related compounds) to 100.2 ng g1, with the major contribution of the DDT-metabolite
p,p’-DDE which was detected in all sample units (97.6 ng g~! on average). Among dioxin-like
congeners, PCB 118 showed the highest mean concentration (21.96 ng g~! LW) and was detected
in all sample units. Regression analysis of intestinal parasites on OC concentration was performed,
controlling for two potential confounding factors, namely sex and sexual stage. The results evidenced
the existence of interactions between the dual stressors in the host-parasite system in the wild. A
negative and statistically significant correlation was estimated, suggesting that OCs may decrease
parasite infection degree. Regarding the toxicological risk evaluation, OC concentrations were
consistently below the current European Maximum Residue Limits.

Animals 2023, 13, 2961. https:/ /doi.org/10.3390/ani13182961 37 https://www.mdpi.com/journal /animals
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1. Introduction

Polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCPs) are organochlo-
rine compounds (OCs) widely used in the past that still persist in the environment due to
their high chemical stability and lipophilicity. Aquatic organisms living in a contaminated
ecosystem undergo OC biomagnification processes [1], resulting in high OC concentrations
in the case of predatory species [2].

OCs are endocrine disruptors that induce a wide range of adverse effects, including
alterations of reproductive, nervous, and immune systems, in both humans and wild
animals, especially aquatic species [3]. In general, exposure to OCs leads to a suppression
of the immune system’s capability in fish [4-9]; in some cases, it leads to stimulation [10,11]
or lack of adverse effects [12]. The extent of stimulus or suppression may be influenced by
the exposure level and physiological factors, including sex and age [13,14]. For instance,
Duffy and coauthors observed that the immunodepression increased in young Japanese
medaka (Oryzias latipes) exposed to PCB 126, whereas it was unaffected in mature fish [15].

Digenean trematodes are the most common eukaryotic parasites in the aquatic en-
vironment with roughly 25,000 species identified and widely distributed in European
ecosystems [16,17]. In particular, the intestine of freshwater teleost commonly harbors
trematodes of the genus Crepidostomum [18]. Some authors suggest that these parasites do
not cause relevant damage to fish [19], just exploiting the intestinal fluids [20].

Chemical xenobiotics and parasites may co-contaminate living beings [21], determin-
ing a host response that may depend on their interaction [22]. Recent research based
on donkey milk [23] provided evidence of a positive correlation between intestinal para-
sitic infection and OC contamination, the latter being probably responsible for weakened
immune system defense. Henriquez-Hernandez et al. [24] hypothesized that intestinal
parasites in dogs might reduce OCs bioavailability and their body burden in the host by
bioaccumulating OCs introduced through food intake by the host itself. OCs may impair
parasite success in reaching the host [25] and decrease the population density of those
parasites with complex life cycles [22] and free-life stages [26].

The main goal of the present study was to investigate the potential interaction between
OCs and parasites in freshwater fish. We analyzed wild brown trout (Salmo trutta) from a
protected area of Southern Italy for the presence of parasites and OCs contamination of the
fillet. We looked at brown trout because it is a predatory species, common in freshwaters
and coastal marine fish faunas, endemic in Europe [27]. Trout are frequently exposed to
OCs [28-30] and gastro-intestinal (GI) helminths [31,32]. In rainbow trout, these parasites
may induce moderate pathogenicity, such as gut inflammation and malabsorption as well
as decreased hemoglobin level and hematocrit [33].

Since trout are intensely farmed and often caught for human consumption [34], their
contamination by several PCBs and OCPs could be a cause of concern for human health.
We thus also evaluated the ensuing risk to human health due to the consumption of
contaminated fillets.

2. Materials and Methods
2.1. Study Area and Fish Collection

Fish were collected in the Trionto River, in the municipality of Longobucco (Cosenza
province of Calabria region in Southern Italy) (Figure 1). The Trionto River with a length
of about 40 km arises in the province of Cosenza, from the mountains of the Sila National
Park, and flows east, entering the Ionian Sea. This site has long suffered from inadequate
urban waste disposal (including illegal dumps or not compliant landfills located very
close to riverbeds), inefficient wastewater treatment plants, and the presence of some areas
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of concern for environmental remediation, including a National Interest Site (Rapporti
ISTISAN 16/9).

|
|
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CALABRIA T\ %% *? \ e 3

Figure 1. Italy and sampling area in Calabria Region.

A total of 87 brown trout were collected by electrofishing with an IG600 Scubla & C.
Snc equipment in the daytime in June and July 2013. Electrofishing permits (n. 2283, 4 April
2013) were issued by the Parco Nazionale della Sila on request by the Istituto Zooprofilattico
Sperimentale del Mezzogiorno (n. 0001933, 13 February 2013). Immediately after being
caught, fish were euthanized by gills cutting to ensure death while still unconscious
according to the recommendations by the European Directive 2010/63 and Jung-Schroers
et al. [35]. Specimens were transported to the laboratory under refrigerated conditions
(4-8 °C) and then stored at —20 °C until the analyses were performed. Soon after thawing,
biometrical data, length (cm), and weight (g) of trout were recorded. Fish were weighed
using an electronic balance to the nearest 0.1 g. The length was measured considering the
fork length (FL), that is, from the tip of the snout to the fork of the tail to the nearest 0.1 cm,
with the help of a digital caliper. The gonads of examined fish were fixed in 10% formalin,
embedded in paraffin wax, sectioned at 6 um thick, and stained with hematoxylin and eosin.
Then, slices were microscopically examined to evaluate sex and gonadal maturity stage
(mature and immature trout), on the basis of criteria by Hajirezaee et al. [36]. Prevalence,
abundance, and mean abundance of infection were according to Bush et al. [37].

2.2. Analytical Sample Preparation

We started with 87 pieces of the dorsal muscle of as many trout. However, since each
piece of trout was too small to be analyzed individually, we formed 22 statistical units,
each one consisting of 3-5 trout pieces obtained from trout as homogenous as possible in
terms of weight, sex, sexual developmental stage, and presence or absence of GI parasites.
The length of each sample unit is the average fork length of the trout corresponding to
these pieces.

2.3. Analytical Procedure

Each sample unit was examined for the presence of 5 OCPs, 15 non-dioxin-like (ndl)-
PCBs, and 8 dioxin-like (dl)-PCBs. As regards OCPs, the concentrations of p,p’-DDT (1,1,1-
trichloro-2,2-di(4-chlorophenyl)-ethane) and its main metabolites p,p’-DDE (1,1-dichloro-
2,2-bis(4-chlorophenyl)-ethylene) and p,p’-DDD (1,1-dichloro-2,2-bis-(4-chlorophenyl)-ethane)
as far as HCB (hexachlorobenzene) and dieldrin were determined. In the following, we re-
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ported as XDDTs the sum of DDT-related compounds. As regards ndl-PCBs, we measured
the six indicator congeners (IUPAC nos. 28, 52, 101, 138, 153, and 180) and the other nine
non-indicator ndl-PCBs (namely, [IUPAC nos. 66, 74, 128, 146, 170, 183, 187, 194, and 196).
The sum of the indicator PCBs was reported as >~6ndI-PCBs, while ~15ndI-PCBs denotes
the sum of all ndl-congeners. ~6ndl-PCBs is indicative overall of ndl-PCBs pollution and
has been adopted since 2011 by EU legislation to set tolerance limits in several foodstuffs
(EU Reg. no. 1259/2011). The other non-indicator ndl-PCBs were examined because
previously detected in foods of animal origin and other biotic matrices [38,39]. Finally,
among the dI-PCBs we measured 3 non-ortho congeners (IUPAC nos. 77, 126, 169) and
5 mono-ortho congeners (IUPAC nos. 105, 118, 156, 157, 167), selected because of their
overall high toxic equivalency factors (TEFs). Their concentrations were summed up and
reported as 23dl-PCBs and X~5d1-PCBs, respectively.

2.3.1. Chemical Analysis

Regarding the OCs analysis, for the extraction procedure, including the separation of
the analytes from the lipid fraction and the purification of the final extracts, we followed
the method described by Ferrante et al. [40]. Briefly, each sample unit (roughly 3 g) was
homogenized and manually cold-extracted using petroleum ether/acetone (1:1, v/v). After
centrifugation, the extract was passed through a glass tube packed with anhydrous sodium
sulfate. Extraction was repeated and additional extract was put into the column. The eluate
was then evaporated to dryness by rotavapor, and the lipid content was gravimetrically
determined. Separation of OCs from the lipid fraction was performed using a combined
system of Extrelut-3/Extrelut-1 cartridges (Merck Kga A Darmstadt, Germany), previously
modified by adding 0.36 g C-18 Isolute (40 to 60 mesh Merck Kga A Darmstadt, Germany).
The analytes were eluted with acetonitrile and cleaned up on a glass column containing 2.5 g
of heat-activated Florisil (60/100 mesh Supelco, Bellefonte, PA, USA) to separate OCs in
three fractions. The column was eluted with 30 mL of n-hexane, 25 mL of n-hexane/toluene
(80:20, v/v), and 30 mL of n-hexane/toluene/ethyl acetate (180:19:1, v/v/v) in subsequent
order. The first fraction contained all PCBs, HCB, and p,p’-DDE, the second one contained
pp’-DDT and p,p’-DDD, while dieldrin was obtained with the third fraction. The three
fractions were then concentrated to a small volume and PCB 209 was added as an internal
standard (IS) for instrumental analysis. The choice of using PCB 209 as IS was due to its
almost absence in the environment [41]; a more detailed explanation has been previously
reported [38].

2.3.2. Instrumental Analysis

OCs analysis was carried out using an Agilent 7890A /7000A GC triple quadrupole
mass spectrometer system (GC/QQQ), and the gas chromatograph was equipped with
the Agilent 7693 autosampler. Data analysis and quantification of individual OCs were
conducted using Agilent MassHunter Workstation software—Quantitative Analysis. The
fractions were injected in the splitless mode and the injector was kept at 270 °C. A (35%
Phenyl)-methylpolysiloxane DB 35 ms capillary column (30 m x 0.25 mm id, 0.25 mm film
thickness) (J&W Scientific from Agilent, Santa Clara, CA, USA) was used for analytes sepa-
ration and helium was employed as carrier gas. The oven temperature was programmed
as follows: hold for 1 min at 120 °C, increase 15 °C min ! to 160 °C, increase 3 °C min! to
220 °C, hold for 2 min at 220 °C, increase 8 °C min—! to 280 °C, hold for 4 min at 280 °C.
The GC/MS/MS operated in multiple reaction monitoring (MRM). The QQQ collision
cell helium quench gas was set to 2.25 mL min~! with N2 collision gas at 1.5 mL min~!.
Two MRM transitions were used for each OC to quantify and qualify the compounds. The
calibration curves were linear with a R? coefficient greater than 0.998.

For quality assurance and quality control, we mainly followed the guidelines proposed
by the European Commission Regulation No. 644/2017. To confirm method selectivity
and to check for cross-contamination, matrix, and procedural blanks were extracted and
analyzed. Pure reference standard solutions (Dr. Ehrenstorfer Laboratory) were used for
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instrument calibration and analytes quantification, as well as for precision and recovery
tests. Recovery rates, calculated at 3 concentration levels, ranged from 81% to 105%
depending on the compound. Analytical performances of the method were also assured
by the analyses of reference materials: IAEA-406 for OCPs and ndl-PCBs and WMF-01 for
dl-PCBs (International Atomic Energy Agency and Wellington Laboratories, respectively).
Since the GC-MS/MS produces virtually no noise in the chromatogram, the standard
deviation (SD) of the lowest reference standard solution in seven replicates was calculated
and used to determine the limit of detection (LOD) and limit of quantification (LOQ)
values (assumed as 3 x SD and 10 x SD, respectively). They ranged from 0.005 ng mL !
to 0.03 ng mL~! and from 0.02 ng mL~! to 0.10 ng mL~! (on solvent), respectively, for
detection and quantification limits. Data, not corrected for recovery, were expressed as
ng g~ ! on lipid weight (LW), as well as on wet weight (WW). and they were reported as
not detectable (ND) when below LOD. For the calculation of sum and mean values, we
chose to assume a value of zero for concentrations lower than LOD.

2.4. Parasitological Examination

Skin, gills, mouth cavity, GI tract (stomach and intestine), liver, heart, gonads, visceral
cavity, and mesenteries of each fish were dissected and studied for metazoan parasites using
a Zeiss Axio Zoom V16 (Carl Zeiss, DE) dissecting microscope [42,43]. The musculature of
each specimen was cut into thin slices (~0.5 cm) and examined under the same microscope
for helminth parasites [44]. For each organ/tissue, ecto- and endo-parasites were studied,
collected, counted, washed in physiological saline solution, and preserved in 70% ethanol.
For morphological identification, trematodes and acanthocephalans were stained with
Mayer’s acid carmine dehydrated through a graded ethanol series, cleared in methyl
salicylate, and mounted in Canada balsam; nematode larvae were clarified in Amman’s
lactophenol. All parasites were then studied by light microscope and identified to the
lowest possible taxonomic level using the available literature. Parasites were found almost
exclusively in the GI (mostly in the intestine). For this reason, we referred to GI parasites
throughout the text.

2.5. Statistical Analysis

Statistical analysis was performed using STATA software. Data obtained from OC
determinations and from parasite detection were preliminarily evaluated through summary
statistics and presented as mean & SD. To assess and quantify the relationship between
parasitic infection and OC contamination levels, regression analysis was exploited. The
outcome variable was either a dummy identifying sample units characterized by the
presence of parasites or the variable measuring the (average) number of parasites; the right
side of the regression contains a measure of OC compounds divided by the (average) length
of the trout. In this latter case, since the outcome variable is a count variable that takes on
nonnegative integer values, we considered a Poisson regression model, which is well suited
for modeling count variables. Moreover, we also provided evidence by adding two control
variables, that is sex and sexual stage, to check whether differences in these parameters can
be responsible for a confounding effect on the results of the previous analysis.

Measures of OCs concentrations were the sum of OCs concentrations on LW, consider-
ing the following groups of compounds: ~6ndl-PCBs, >15ndl-PCBs, >~3d1-PCBs, ~5d1-PCBs,
~DDTs, HCB and dieldrin. The null hypothesis (absence of a relationship between the two
variables of interest) was rejected in the case of a p-value lower than 0.05.

3. Results and Discussion

Fork length ranged from 10.65 to 20.1 cm (mean value: 14.18, SD: 2.49); the weight
ranged from 18.9 to 151.3 g (mean value: 57.18, SD: 29). Among the 22 sample units
assembled, 11 units consisted of only female trout and 11 of only male ones; 45% of female
sample units and 27% of male sample units were sexually mature. The sample mean
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fat content was 0.033 g g~! muscle (range 0.080-0.130 g). GI parasites infested 54% of
sample units.

3.1. OCs in Trout Muscle

PCBs were the most plentiful OCs followed by DDTs, HCB, and dieldrin (Tables 1
and 2). Among PCBs, the mean concentration was highest for the £15ndI-PCBs group,
followed by >~6ndl-PCBs, £5d1-PCBs, and ~3d1-PCBs (Table 1). The >~6ndl-PCBs amounted
to roughly 72% of £15ndI-PCBs.

Table 1. Summary statistics of ndl-PCB and dI-PCB concentrations (ng g~ 1).

Mean SD Min Max
Panel A (LW)
>6ndI-PCBs 201.99 80.69 97.82 408.04
215ndI-PCBs 281.18 111.23 140.03 560.86
>.3d1-PCBs 11.3 6.53 0.00 22.04
>5d1-PCBs 35.44 16.85 14.61 79.79
Panel B (WW)
>6ndl-PCBs 6.58 2.55 3.61 13.60
>15nd1-PCBs 9.15 3.49 5.10 18.69
3.3d1-PCBs 0.36 0.21 0.00 0.74
>5d1-PCBs 1.16 0.55 0.49 2.66

Notes: The table reports PCB concentrations expressed as ng g~ on lipid weight basis (LW, Panel A) and wet
weight basis (WW, Panel B). 26ndl-PCBs refers to the sum of the concentrations of six indicator PCBs; ~15ndl-
PCBs indicate the sum of indicator and non-indicator ndl- congeners.; ¥3d1-PCBs and £5d1-PCBs are the sums of
concentrations of 3 non-ortho and 5 mono-ortho congeners, respectively.

Table 2. Summary statistics of OCP concentrations (ng g~ !).

Mean SD Min Max
Panel A (LW)

HCB 8.09 3.11 2.63 13.97
Dieldrin 1.25 1.60 0.00 5.09
p,p-DDT 0.79 1.78 0.00 7.51
p,p’-DDD 1.86 1.94 0.00 8.60
p,p’-DDE 97.57 43.45 38.33 228.42

>DDTs 100.23 43.69 42.72 228.42
Panel B (WW)

HCB 0.27 0.11 0.10 0.49
Dieldrin 0.04 0.05 0.00 0.14
p,p’-DDT 0.02 0.05 0.00 0.20
p,p’-DDD 0.06 0.06 0.00 0.23
p,p’-DDE 3.19 1.46 1.42 7.61

>DDTs 3.28 1.45 1.43 7.61

Notes: The table reports OCP concentrations expressed as ng g~ ! on lipid weight and wet weight basis (Panel A
and Panel B, respectively). ZDDTs refers to the sum of the three DDT-related compounds.

Each indicator ndl-PCB congener was detected in all sample units (Figure 2). The
indicator hexa-chlorinated PCBs IUPAC Nos. 153 and 138 showed the highest mean
concentrations among all OCs, with values of 63.25 and 49.74 ng g~! LW, respectively.
Adding up these two congeners, we accounted for 56% and about 40% of £6ndl-PCBs and
215ndI-PCBs, respectively. The tri-chlorinated PCB 28 followed with a mean concentration
of 33.77 ng g~ ! LW. The indicator tetra-chlorinated PCB 52 was detected at the lowest
concentration, contributing to 7% of £6ndl-PCBs (Figure 2).
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Figure 2. Mean concentrations and standard deviation of indicator and non-indicator ndl-PCBs
expressed as ng g~ ! on lipid weight basis (LW).

Regarding the non-indicator ndl-PCBs, the tetra-chlorinated PCB 66 was detected
with the highest mean concentration (21.56 ng g~! LW), accounting for 7.6% of £15ndI-
PCBs, while the PCBs Nos. 194 and 196 were detected with the lowest ones (1.30 and
1.56 ng g~ LW, respectively). The latter two congeners were found in 65% of sample units;
other non-indicator ndl congeners were in all sample units.

Regarding dI-PCBs, £5d1-PCBs were higher than 23d1-PCBs (mean value of 35.44 ng g~ LW
vs. 11.30 ng g~ ! LW) (Table 1). Among non-ortho congeners, PCBs Nos. 126 and 169 were
never detected (Figure 3); therefore, the concentration of ~3d1-PCBs is only due to PCB
77 (mean value of 11.28 ng g~! LW and detection in 83% of sample units). Four out of
five mono-ortho PCBs were detected; in particular, in all sample units, we found PCB 105
and PCB 118 (mean values 7.99 and 21.96 ng g~ ! LW, respectively). The latter congener
showed the highest concentration among dl-PCBs and contributed 62% to £5d1-PCBs. PCB
156 and PCB 167 had relatively low mean concentration levels (3.63 and 1.86 ng g~ ! LW)
(Figure 3); they were detected in 69% and 78% of the sample units, respectively. The
congeners PCB 118, PCB 77, and PCB 105, recognized as more toxic and usually detected
at lower concentrations than ndl ones [45], were instead found at mean concentrations
roughly comparable to those of some indicator and non-indicator ndI-PCBs (i.e., PCB 52,
101, 180, 66, 74).

The finding of relatively high concentrations of PCBs fairly reflects our expectations. In
fact, a National Interest Site and three sites contaminated with OCs undergoing remediation
procedures are located in the same province of the study area.

Regarding OCPs, p,p’-DDE and HCB were found in all sample units with the highest
mean concentrations (97.57 and 8.09 ng g~! LW, respectively); p,p"-DDE was the dominant
compound in terms of contribution to XDDTs (97%) (Table 2). p,p’-DDD, p,p’-DDT, and
dieldrin were detected in 83%, 26%, and 43% of sample units, respectively, with quite low
concentrations (Figure 4).

As it is well known, DDT is quickly metabolized to DDE that persists for a long time
in the environment. Indeed, the relatively high p,p’-DDE concentration suggests that the
parent compound was strongly used in the past. This hypothesis is supported by the value
of the DDE/DDT ratio, based on the average concentration of the compounds, which is
usually used to investigate the timing of DDT entering the environment [46]. In our case,
the ratio is much higher than 1 (amounting to 123). The reasons behind the presence of
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HCB can be identified both with its past use as a fungicide and because it is a by-product
of several chlorine-containing chemicals [47].
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Figure 3. Mean concentrations and standard deviation of dI-PCBs expressed as ng g~ ! on lipid
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Figure 4. Mean concentrations and standard deviation of OCPs expressed as ng g ! on lipid weight
basis (LW).

Trout feeding could explain the presence of OCs. Crustaceans, insects, and small fish
are the main components of trout’s diet. These organisms live on the seabed in direct
contact with sediments that accumulate OCs.

3.2. Regression Analysis of Parasites Infection and OCs

A total of 233 helminth parasites belonging to three taxa were found in the GI tract of
41 brown trout. The most prevalent (42.5%) and abundant taxon (mean abundance: 5.4 per
specimen ranging from 1 to 35) was the trematode Crepidostomum metoecus, with the other
trophically transmitted parasites found in 5.7% (the acanthocephalan Echinorhynchus sp.)
and 2.3% (unidentified nematode larva) trout, respectively (Table 3). Crepidostomum metoe-
cus has been previously reported as a common parasite of brown trout in European coun-
tries [31]. However, its presence has been rarely investigated in Italian rivers [48].
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Table 3. Taxa and number of gastro-intestinal (GI) parasites found in the infected trout.

Number of Parasites Number of
Total Min Max Infected Trout
Crepidostomum metoecus 225 1 35 37
Echinorhynchus 4 1 1 4
Unidentified nematodes 2 1 1 2
Other unidentified parasites 2 1 1 2
All 233 1 35 41

Notes: some trout hosted more than one species of parasites.

The results of the regression analysis are shown in Tables 4-6. When the outcome
variable identified the presence or not of parasite infection, that is, the outcome variable
was a dummy, and OC concentration levels were expressed on LW basis, the relationship
between OCs and parasite presence was (i) negative and statistically significant in the case
of 26ndl-PCBs, 215ndl-PCBs, £5d1-PCBs, and 2DDTs; and (ii) negative but insignificant in
the case of 23d1-PCBs, HCB, and dieldrin (see Table 4). These results suggest that relatively
high OC concentrations might reduce the probability of parasite infection.

Table 4. Regression analysis: presence of parasites and OCs.

Presence of Parasites

26ndl-PCBs

215ndl-PCBs

>3d1-PCBs

25d1-PCBs

>DDTs

HCB

Dieldrin

—0.034 *+
(—4.69)
—0.024 ***
(—4.76)
~0.350
(—2.03)
—0.154 #*
(—4.04)
—0.055 **
(—3.54)

—0.633
(—2.02)

—0.837
(—0.14)

Notes: The table reports results of the regression analysis of GI parasites on OC concentration levels (LW);
t statistics in brackets. Number of observations: 22. Significance is denoted as follows: ** p < 0.01, *** p < 0.001.

The use of the two control variables enabled us to verify if previous results were
biased by potential confounding factors. Table 5 shows that the negative and statistically
significant relationship between parasite infection and OC concentration still emerged
for £6nd1-PCBs, %~15ndl-PCBs, and %~5d1-PCBs. Moreover, we also notice that while the
variable sex does not have any statistical impact, the coefficient attached to the stage of
sexual development (immature versus mature) was estimated negative for all regressions,
and statistically significant in several cases, consistent with the idea that immature younger
fish had less time to accumulate parasite.

Our main evidence was also confirmed by exploiting the Poisson regression analysis
where the outcome variable was the number of parasites (see Table 6). A negative and
statistically significant relationship between parasite infection and OC concentration was
estimated for X6ndl-PCBs, £15ndI-PCBs, and X5dI-PCBs.

Our evidence regarding the negative relationship between chemical pollutants and
parasites accords with that of other authors. By relying on a meta-analysis of the effects
of pollution on parasitism in aquatic animals, Blanar et al. [26] conclude with a strong,
significant negative effect for Digenea and Monogenea, especially in response to metal
pollution. For many other parasite/contaminant interactions, effect sizes were instead not
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significantly different from zero. However, few studies focus on OCs and do not reach a
consensus [25,49].

Table 5. Regression analysis: presence of parasites and OCs, with control variables.

Presence of Parasites

26ndl-PCBs —0.024 *
(—2.49)
215ndl-PCBs —0.018 *
(—2.49)
¥3d1-PCBs -0.211
(—1.12)
25d1-PCBs —-0.115*
(—2.37)
>~DDT —0.035
(—2.00)
HCB -0.175
(—0.51)
Dieldrin —5.771
(—1.50)
Immature —0.395 —0.395 —0.463 * —0.436 * —0.422 —0.494 * —0.601 **
(—=1.91) (—1.90) (—2.28) (—2.21) (—1.98) (—2.63) (=3.70)
Male 0.088 0.089 0.149 0.096 0.122 0.139 0.197
(0.48) (0.48) (0.79) (0.52) (0.64) (0.70) (1.03)
Notes: the table reports results of the regression analysis of GI parasites on OC concentration levels (LW)
controlling for sex and sexual maturity; t statistics in brackets. Number of observations: 22. Significance is
denoted as follows: * p < 0.05, ** p < 0.01.
Table 6. Poisson regression analysis.
Number of Parasites
26ndl-PCBs —0.079 **
(—2.59)
2.15ndl-PCBs —0.056 *
(—2.55)
>3d1-PCBs —0.464
(—1.06)
25d1-PCBs —0.439 *
(—2.09)
2DDT —0.104
(—1.43)
HCB -1.177
(—1.24)
Dieldrin —8.940
(—0.74)
Immature —1.054 —1.054 —-1.181* —1.160 * —1.072 —1.091 —1.398 **
(—1.90) (—1.91) (—2.30) (—2.10) (—1.80) (—=1.79) (—2.69)
Male 0.561 0.558 0.555 0.628 0.555 0.522 0.546
(1.39) (1.39) (1.35) (1.40) (1.28) (1.27) (1.21)

Notes: The table reports results of the Poisson regression analysis of the number of GI parasites on OC concen-
tration levels (LW) controlling for sex and sexual maturity; t statistics in brackets. Number of observations: 22.
Significance is denoted as follows: * p < 0.05, ** p < 0.01.

The digenetic class of trematodes, to which Crepidostomum metoecus belongs, has been
reported as more vulnerable than other parasite species and a negative correlation with OCs
has been noticed [26]; for freshwater taxa, the correlation was not determined due to lack of
data relative to OC concentration levels. Vidal-Martinez et al. [50] evidenced a significant
negative correlation between the degree of parasitism by larval trematode Mesostephanus
appendiculatoides and DDT concentrations in the Mayan catfish collected in Chetumal
Bay, Mexico. The authors reported that, although the catfish were highly contaminated,
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they seemed to be barely susceptible to the OCPs toxicity, which instead heavily affected
parasites. A negative correlation was also documented with respect to the digenetic
trematode Steringophorus furciger in the GI tract of flatfish species, which is a significantly
greater presence of parasites in specimens poorly contaminated by PCBs [51]. Similar
evidence was also reported by Carreras-Aubets et al. [25], who observed a lower abundance
of adult digenean endoparasite Opecoeloides furcatus in Mullus barbatus fish related to higher
concentrations of the sum of indicator PCBs plus PCB 118 in Western Mediterranean
sediments. To the best of our knowledge, a positive relationship has never been recorded
for the digenetic class of trematodes. With data from German Bight, Schmidt et al. [52]
evidenced a negative relationship between the infection degree to some parasite species
and OC concentrations measured in the muscle of European flounder, sediments, and
blue mussels. In particular, they documented a lower abundance of parasites with higher
concentrations of HCB, DDD, DDE, and the sum of indicator PCBs. In the liver and
muscle of acanthocephalan-infected perch, Brazova and co-authors [53] detected PCB
concentrations several times lower than in not parasitized perc. Similar findings, observed
only for some PCB congeners, were recently reported by the same authors for another
host-parasite system (GI cestode—freshwater bream) [54].

In addition to aquatic species, a negative correlation was also evidenced in dogs [55]
and African immigrants [24]. The authors showed that serum concentration levels of some
indicator PCBs (PCB 52, PCB 138, PCB 153) were significantly lower in subjects infected
with GI parasites than in non-parasitized ones. The same results were found examining
several OCs, including those that we analyzed in the present study, in dogs positive for
earthworm Dirofilaria immitis [55]. Since OC serum concentrations remained low after
antiparasitic treatment, the authors hypothesized that nematode parasites may metabolize
OCs in addition to accumulating them.

Some other studies reported, instead, an increase in parasitism because of animal
exposure to OCs. Parasitic infection prevalently by nematodes of the lung (but also intestine
and uterus) was significantly and positively correlated to p,p"-DDT, p,p"-DDD, and o,p’-DDD
concentrations measured in the blubber of finless porpoises (Neophocaena phocaenoides) [56].
In blubber of the same species, Isobe et al. [49] evidenced significantly higher concentrations
of PCBs (expressed as the sum of 62 congeners including indicator congeners and dl-
PCBs) in animals infected with liver trematodes, relative to non-infected ones. A similar
correlation was also reported by Kannan and co-authors [57] for PCBs and infectious agents
including intestinal acanthocephalans, protozoa, bacteria, and fungi in another marine
mammal, the Southern Sea otter. Bamidele and co-authors [58,59] observed a significant
positive correlation between the protozoa Myxosoma sp infection found in blackchin tilapia
and silver catfish from Lagos lagoon (Nigeria) and p,p’-DDT concentrations in freshwaters;
however, no correlation was determined between intestinal helminth parasites and OCP
congeners [58].

Few potential explanations have been raised for the results obtained. Some authors
related the findings of a positive relationship to the frequent immunosuppressive effect
of the OCs reported in in vivo and in vitro studies [6,60-62]. Indeed, exposure to chemical
xenobiotics can disrupt the host’s immune response, so that adverse effects may depend on
the indirect outcome of the pollutant on the host’s capacity to cope with a pathogen [13],
making the host itself more susceptible to parasitosis [63,64]. Instead, regarding the neg-
ative correlation, some authors suggest that high environmental OC concentrations may
disrupt the parasite life cycle, impairing the ability of the free-life form to survive and reach
the host [25,51,65]. To protect themselves from chemical contaminants, parasites may rely
on their host for detoxification mechanisms, even though the parasitic infection itself could
cause a decrease in host detoxification enzymes [65]. In the case of trematodes, which have
a complex life cycle with a first intermediate host, usually a mollusk, several free-living
forms, and, finally, one or multiple vertebrate hosts, the toxic effects of the pollutants may
impair their ability to assimilate essential nutrients; as a consequence of this condition,
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also their reproductive potential results to be affected and some mutagenic damages could
occur to developing embryos, leading to a reduced transmission [65].

The negative relationship has been also interpreted suggesting that parasites determine
a decrease in OC concentrations. The explanation would be that, because of their lipid
content, GI parasites, and thus also trematodes, are able to bioaccumulate OCs introduced
by the animal host through contaminated feed consumption [21,53,54,66,67]. This makes
OCs less bioavailable for the host and therefore may increase the tolerance of the host to
contaminants-induced toxicity. For parasites other than helminths, another explanation
may result from their metabolizing ability through cytochrome P-450 activity leading to
the reduction of OCs body burden in the host [68]. Indeed, helminths perform limited OC
detoxification because of the lack of cytochrome P450 mono-oxygenases [69,70]. Moreover,
according to Brazova and co-authors [54], since a higher Fulton’s condition factor was
determined in infected breams, some parasites may even positively impact their hosts
co-exposed to PCBs.

Overall, assessing the potential outcomes for parasites exploiting contaminated hosts
is a crucial but neglected issue, since toxic effects on parasites may alter interspecific
relationships. However, joint effects of parasites and chemical pollutants on host perfor-
mance are extremely intricate depending on the level of parasitism, as well as the chemical
pollutant, its mode of action, and the exposure levels. Contaminant accumulation by
parasite results in positive effects among which is a reduction of both oxidative stress
and histological modifications. This scenario indicates the possibility that a shift from
parasitism to mutualism occurs. If concentration levels of the contaminant are high, they
could induce damage to both host and parasites changing their relationships (see [71] and
references therein).

3.3. Risk Assessment

Human exposure to OCs is due to a large extent to the consumption of foods of animal
origin, mainly dairy and fishery products [72]. For consumer health risk assessment, the
European Union (EU) established maximum residue limits (MRLs) for some OCs, namely
dioxins, dI-PCBs, and six indicator ndl-PCBs in foodstuffs of animal origin (European
Commission Regulation no. 1259/2011). The regulation fixed for “Muscle meat of wild
caught freshwater fish, with the exception of diadromous fish species caught in freshwater,
and products thereof” a MRL of 125 ng g~! WW for Y 6nd1-PCBs. All the samples analyzed
showed concentrations below this threshold.

For dioxins and dI-PCBs, MRLs are expressed as Toxic Equivalent Quantity (WHO-
TEQ). To evaluate the compliance of any sample units with the thresholds set by the EU,
we summed up the concentration of each congener of interest multiplied by the respective
Toxic Equivalency Factor adopted by the World Health Organization (WHO-TEFs) and then
compared the sum with the corresponding MRL. TEFs are the results of the comparison
of the relative different toxicity of individual dioxins/furans and dI-PCBs congeners to
that of 2,3,7,8-TCDD [73]. Since there is no specific limit for dI-PCBs, we considered
a value of 3 pg g~! fat arising from the difference between the MRL referred to as the
sum of all dioxin-related compounds (PCDDs/Fs and dI-PCBs) and the value referred to
PCDDs/Fs alone. Also, in this case, the measured concentrations were lower than the
above-extrapolated value.

With respect to the considered pesticides, the EU has not set a specific MRL for fish
and fish products to date. As far as concern Italian national legislation, tolerance limits for
residues of chloro-organic substances in products of animal origin have been established by
Decreto Ministeriale on 13 May 2005 (annex 4), which states limits differentiated according
to the different fat content. All sample units in the present study showed a lipid percentage
below 5%, thus falling into the so-called group 1, with tolerance limits for ) DDTs, HCB,
and Dieldrin, respectively, of 0.050, 0.010, and 0.005 ug g~! WW. No sample units exceeded
the limits of the above-mentioned pesticides established by the Italian legislation.
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4. Conclusions

We investigated the potential existence of a relationship between parasitic infection de-
gree and OC concentration levels found in brown trout specimens from the Calabria region.
The regression analysis revealed the possibility that relatively high PCB concentrations
lead to lower parasite infection degree. Results supporting this conjecture are summarized
as follows: (i) there is a strongly significant negative relationship between parasites and
PCB concentrations; (ii) such relationship is robust to the inclusion of two regressors in the
empirical model that controls for sex and sexual maturity of trout, although the magni-
tude of the significance reduces due to the relatively low number of observations; (iii) the
negative relationship is confirmed by results of the Poisson regression model for counting
data; and (iv) among all considered OCs, concentrations of PCBs, that is, £15ndl-PCBs,
26ndl-PCBs and >5d1-PCBs, are the highest ones.

However, we are aware that the sample size may be an issue in our analysis and
that the reverse causal direction cannot be dismissed. Therefore, more studies about the
relationship between chemical pollutants and parasites in host-parasite systems, assessing
whether a concern would arise for the host, the parasite, or the final consumers would
be beneficial.

While OC concentration levels detected do not pose a risk to consumer health, being
always below the threshold levels set by the EU, they signal non-negligible background
pollution by PCBs and OCPs, although the monitored area is a protected one.
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Simple Summary: This experiment was conducted to examine the protective role of curcumin (CUR)
in mitigating imidacloprid (IMI)-induced toxic effects on broilers” growth performance, immune
response, antioxidant status, and the expression of immune-associated genes. CUR significantly
improved overall growth performance-related indices when compared to IMI-exposed birds. Addi-
tionally, CUR enhanced hematological indices, phagocytosis, and total protein, albumin, globulin,
AST, ALT, lysozyme, and IgG levels when compared to the IMI-exposed birds. CUR supplementa-
tion significantly modulated oxidative stress-related indices, including TAC, SOD, CAT, and GPx,
and decreased MDA levels when compared to IMI-exposed birds. The inflammatory response was
modulated after CUR supplementation as supported by down-regulation of IL-13, TNF-x, and TLR4
mRNA expression levels and up-regulated the IL-10 mRNA expression levels in the spleen when
compared to IMI-exposed birds. These results collectively showed, for the first time, that CUR had
an in vivo protective effect against IMI toxicity in broiler chickens.

Abstract: Birds appear to be especially vulnerable to adverse impacts from insecticides. This is
especially true for imidacloprid (IMI), which is considered the most toxic to avian species. Re-
cently, prospective studies aimed at including natural alternative products to alleviate the toxic
impact that comes from insecticides have been increased. Focusing on herbal growth promoters
and antioxidative medicament for the poultry industry, this ongoing experiment was conducted
to examine the curcumin role (CUR) in mitigating IMI-prompted detrimental effects on broilers’
performance, immunity, and antioxidant status. A total number of one hundred and fifty commercial
meat-type Ross 308 broilers chicks (one-day-old) were randomly allocated into equal five groups
(30 chicks/group and 10 birds/replicate). The first group (C) was the control; the second group
(CUR) was fed a diet containing CUR at the level of 450 mg/kg; the third group (IMI) was fed
control diet for 14 days and then was fed a diet containing IMI at the level of 50 mg/kg; the fourth
group (CUR+IMI co-treated) was fed a diet containing CUR+IMI; and the fifth group (CUR+IMI
pro/co-treated) was fed a diet containing CUR for 14 days as protective and then a diet containing
CUR+IMI for the rest of the trial. CUR supplementation either in the (CUR pro/co-treated) or (CUR
co-treated) groups significantly (p < 0.05) improved final body weight and total body weight gain
while decreasing the total feed intake and feed conversion ratio when compared to the IMI-exposed
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and non-treated birds. CUR induced a significant (p < 0.05) enhancement in hematological indices,
phagocytosis %, phagocytic index, intracellular killing capacity, total proteins, globulin, liver function
enzymes, lysozyme activity, and immunoglobulin-G levels compared to IMI-exposed and non-treated
birds. In addition, dietary supplementation of CUR significantly (p < 0.05) modulated oxidative
stress-related biomarkers in splenic tissues (total antioxidant capacity, superoxide dismutase, catalase,
and glutathione peroxidase) and decreased malondialdehyde levels (p < 0.05) when compared to
IMI-exposed and non-treated birds. CUR significantly down-regulated mRNA levels expression of
IL-1B, TNF-«, and TLR4 and up-regulated IL-10 mRNA expression levels in spleens of birds when
compared to those exposed to IMI-and non-treated. Finally, our results provided new insight into
IMI-induced immuno-toxicity in broiler chickens. Furthermore, for the first time, our study informed
that CUR can cause an in vivo protective effect against IMI toxicity, principally as a protective and/or
as concurrent supplementation during the exposure to IMI toxicity.

Keywords: curcumin; imidacloprid; immune-toxicity; hematological indices; phagocytosis;
immune-related genes mRNA expression; oxidative stress; growth performance; 308 Ross Broiler

1. Introduction

Worldwide, poultry production has actively selected features that maximize birds’
output as well as boost birds” immunity, thereby enhancing birds’ productivity [1], feed
profitability and utilization [2], and their performance [3,4]. In such a scenario, the poultry
industry sector has seen a rise in the valuation of plant-based products and their bioactive
components that are targeted to improve birds” health, productivity, and the products
quality derived from them [5]. For broiler producers, boosting birds” immunity is a critical
area [6,7]. Various approaches have been used, such as adding feed additives like natural
extracts [8] with antioxidant potentials [9-12] and to modulate the metabolic homeostasis
and immune status of birds [13]. To this end, turmeric, also known as Curcuma longa
Linn (member of the Zingiberaceae family), is one of the most widely used nutritional
supplements worldwide [14,15]. Turmeric is a potential medicinal herb used as a natural
feed supplement in chickens’ diets and has been used to replace dietary antibiotics with
a beneficial impact on health [16]. According to Ashraf [17], CUR makes up the majority
(80%) of the total amount of curcuminoids in turmeric powder. The hydrophobic phenolic
compound gives turmeric its orange-yellow pigment [18]. It is mostly used to enhance
food palatability, improve food appearance, preserve food, regulate aflatoxin-induced
mutagenicity, and protect against hepatic carcinogenicity [19]. Owing to its capacity to
affect a variety of signaling molecules, including inflammatory molecules, cell survival
proteins, and drug resistance proteins, CUR has been described as a multi-target drug [20].

Abou-Elkhair, et al. [21], reported that CUR can be used as a feed additive in poultry
to improve their growth performance. The free radical scavenging, anti-inflammatory activ-
ities, and immune response boosting are just a few of the therapeutic and pharmacological
effects of dietary CUR [22-24]. According to the above-mentioned biological characteristics,
dietary CUR has been identified as a possible feed additive to lessen the harmful effects
of chronic heat stress in poultry [25]. Various experimental and clinical research data
have reported that CUR is pharmacologically considered to be a harmless substance that
possesses antioxidant, anti-inflammatory, and antimicrobial consequences [15,26,27].

Neonicotinoids are a group of globally used insecticides with systemic properties
that were increasingly utilized from early 2000 onwards and are approved in 120 coun-
tries [28]. Besides, imidacloprid (IMI) has been established as a novel insecticide due to its
molecular properties and distinct effect on pests [29]. Undesirable impacts on non-target
species resulted from a wide spectrum of neonicotinoids [30]. Additionally, exposure to
neonicotinoids has been linked to sub-lethal effects in birds, including neurobehavioral
alterations, immunotoxicity, poor growth and development, and decreased reproductive ef-
ficiency [31,32]. Cestonaro, et al. [33], reported that the immune system could be challenged
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by neonicotinoids. Due to the association with decreased fitness and survival probability
in birds, immunotoxicity is one of their notable sub-lethal impacts [34]. Neonicotinoids
pesticides target nicotinic-acetylcholine receptors, which are found in several immune
system components [35,36]. This may contribute to the immune suppression seen in bees,
rodents, and birds [37-39].

Birds appear to be particularly susceptible to adverse impacts from neonicotinoids,
together with IMI being the most utilized pesticide worldwide [40] and the most toxic in-
secticide to avian varieties [32,41]. Exposure to IMI through water or food occurs frequently
as broiler chickens are the most common source of animal protein and are frequently
raised using traditional farming practices, particularly in developing nations [42]. IMI is
regularly found in food samples and drinking water samples at levels as high as 4.49 ng/g
and 8.622 ng/L, respectively; this is due to its high water solubility and extended per-
sistence [43,44]. IMI is applied to control insects that attack poultry farms and damage
crops [45]. To combat the intense presence of insects, IMI spray is applied for utensil
cleaning and wall painting [46]. Although IMI appears to be safe for birds to consume and
selectively kills insects, it can still be harmful to birds because the safe dosage levels are
unknown, and the chance of its ingesting through feed and water are high [47,48]. The
breakdown products of IMI can also potentially cause immunosuppression directly or
indirectly through triggering stress responses and the neuroendocrine system [49].

Dietary supplements containing natural products with antioxidant activities offer
excellent possibilities for mitigating neonicotinoid toxicity since mitochondrial oxidative
stress (OS) is a significant factor in neonicotinoid-induced toxicity [50]. Free radicals im-
plicated in lipid peroxidation and OS are produced in large quantities as a result of IMI
toxicity [51]. Osman et al. [52], found that birds exposed to IMI regularly exhibited dis-
turbance of their antioxidative status, inflammation, and immunosuppression. Moreover,
levels of liver-related indices (alkaline phosphate and transaminase), lipids (cholesterol and
triglycerides), and hematological indices were altered in these birds [53]. Previous studies
stated that feed supplements with vitamin E, selenium, and silymarin were found to reduce
the harmful effects of IMI exposure in Japanese quails and chickens [46,54,55]. In layers,
the hepatic tissue levels of GSH were dropped while TBARS were increased following
exposure to IMI [56]. In addition to teratogenic concerns in white leghorn chicken [57], IMI
exposure has an impact on embryonic development and chicks” survivability in bobwhite
quails [58]. Following IMI exposure, OS and lipid peroxidation were prompted in the
RBCs, liver, kidney, and testes of white leghorn cockerels [59]. Therefore, it is advised to
use natural antioxidants to restore the antioxidative ability, lessen lipid peroxidation, and
control the physiological and metabolic processes inside the birds” body [51,53]. In light of
the aforementioned problems, the goal of the current study was to assess the effectiveness
of pro and/or concurrent dietary additions of CUR to the diets of Ross 308 broiler chickens
that had been exposed to IMI by evaluating the chickens’ growth performance, hematologi-
cal indices, phagocytosis, immune and oxidative status, and mRNA expression profiling of
immune-related genes.

2. Materials and Methods
2.1. Test Compounds and Chemical Reagents

Imidacloprid (IMI) (CAS No. 138261-41-3), analytical standard, purity grade (100%)
PESTANAL®, Curcumin (CUR) (CAS: 458-37-7) with purity determined by HPLC to be
more than 98% were obtained from Sigma-Aldrich Laborchemikalien GmbH; Germany.
The total RNA extraction reagent was Trizol™ (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), and the HiSenScript™ RH (-) cDNA Synthesis Kit was also used
(iNtRON Biotechnology Co., Seongnam, Kyonggi-do, Republic of Korea).
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2.2. Experimental Birds, Design, and Diet Preparation

The protocol of the study complied with the principles and regulations approved by
Zagazig University’s Faculty of Veterinary Medicine’s Institutional Animal Care and Use
Committee (IACUC) (ZU-IACUC/2/£/75/2022).

One hundred and fifty chicks (one-day-old) of a meat type (Ross 308) with an average
body weight of 45 £ 5 g and provided by a commercial chicks” producer (Dakahlia Poultry,
Mansoura, Egypt) were used for the current study. On arrival, they were weighed then
equally divided randomly into five experimental groups. Each group contained 30 chicks
(three replicates/treatment, and 10 birds/replicate). Study groups included the first control
group (C), fed a normal control diet; the second group (CUR), the curcumin group, fed
a supplemented diet with 450 mg/kg of CUR, according to Cheng et al. [60]; the third
imidacloprid group (IMI), fed on control diet for 14 days then fed on a supplemented
diet with a dose of IMI 50 mg/kg diet following Ravikanth et al. [61]; the fourth group,
CUR+IMI co-treated, fed the control diet for 14 days then fed a supplemented diet with
CUR+IMI until the end of the experiment; the fifth group, CUR+IMI pro/co-treated,
curcumin + imidacloprid protected/co-treated group fed a supplemented diet with CUR
for 14 days then fed a supplemented diet with CUR+IMI until end of the experiment
(4 weeks). Experimental groups and the treatment design are shown in Figure 1. Birds were
raised in an open home with natural ventilation in the Faculty of Veterinary Medicine at
Zagazig University’s animal research unit. Birds were reared in batteries with an automatic
water system, ban feed in front of birds, and at a density of 10 birds/m?. Lighting regime
was 24 h from days 1 to 3 and then 23 h lighting was applied up to the end of the experiment.
The starting temperature was adjusted to 33 £ 1 °C for the first 3 days and then decreased
by 3 °C each week until it reached 24 °C at the end of the experimental period according
to the Aviagen guidelines [62]. Humidity was maintained at around 60% throughout the
whole experiment.

E Day 1 Control diet Day 42
I A
: Day 42
G2:CUR Day 1 CUR diet A
A
Day1 Day 14 Day 42
G 3: IMI A Control diet A IMI diet A
Day 1 Day 14 Day 42
G 4: CUR+IMI - : . A
Co-reated A Control diet A CUR+ IV diet A
G 5: CUR+IMI Day 1 Day 14 i

Pro/co-treated
/ A CUR diet A CUR+IMI diet A

Figure 1. Experimental groups, doses, durations, and treatments: CUR (450 mg/kg diet) and IMI
(50 mg/kg diet) in Ross 308 broilers.

The basal isocaloric and isonitrogenous diets were formulated following Ross Broiler-
Pocket Guide specifications from Aviagen [63]. The chemical composition and nutrient
concentrations of the basal diets are listed in Table 1. The experiment lasted for seven
weeks. Diets for the starter stage (1-10 days), grower stage (11-20 days), and finisher stage
(2142 days) were available throughout the experiment. The utilized feedstuffs and the
experimental diets” proximate chemical analyses (for moisture, crude protein, and ether
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extracts) were conducted following AOAC [64] and are shown in Table 2. Birds received
vaccinations against Newcastle disease at 7 and 14 days of age and against Gumboro
disease at 11 and 22 days of age, according to Giambrone et al. [65]. Birds of all groups

were monitored for any disease challenge or mortalities over the experimental period.

Table 1. The ingredients and nutrient contents of basal diet.

Ingredient, % Starter Grower Finisher
! (1-10 Days) (11-20 Days) (21-35 Days)
Yellow corn 57.8 61 65.2
Soybean meal, 48% 34.8 30.3 25.6
1.2 1.2 1.2
Soybean oil 0 0 0
Calcium carbonate 1.8 3.2 3.7
Calcium diphasic phosphate 1.2 1.2 1.2
Common salt 1.2 1.2 1.2
Premix ! 0.3 0.3 0.3
L-Lysine HCL, 78% 0.8 0.8 0.8
DL-Methionine, 99% 0.35 0.3 0.3
Choline chloride 0.20 0.20 0.20
Anti-mycotoxin 0.10 0.10 0.10
Calculated composition
Metabolizable energy (Kcal/Kg) 3013 3130 3200
Crude protein, % 23.02 21.00 19.22
Ether extract, % 4.31 5.76 6.35
Crude fiber, % 2.64 2.54 2.47
Calcium, % 1.09 1.08 1.07
Available phosphorous, % 0.47 0.44 0.48
Lysine, % 1.45 1.29 1.17
Methionine, % 0.60 0.53 0.51

! Vitamin premix supplied per kilogram of diet: tocopheryl acetate, 80 mg; cholecalciferol, 5000 IU; retinol,
20.000 IU; menadione, 2.9 mg; thiamine, 4.5 mg; riboflavin, 5.5 mg; pantothenate, 10 mg; niacin, 450 mg; folate,
2.5 mg; pyridoxine, 8 mg; biotin, 250 ug; Fe (sulphate), 40 mg; cyanocobalamine, 17 pug; Se (selenate), 0.3 mg;

I (iodide), 1.50 mg; Cu (sulphate), 8 mg; Zn (sulphate and oxide), 120 mg; Mn (sulphate and oxide), 120 mg.

Table 2. Chemical composition (%) of feedstuffs used in formulation of the experimental diets (air

dry basis).
Ingredient Nutrient (%)
Moisture CcP EE *CF  *Calcium *AP1 * Lysine * Methionine * ME 2

yellow corn 8 8.9 3.7 23 0.05 0.08 0.26 0.18 3350
Soybean meal, 48% 10.6 47.8 1.1 3.7 0.25 0.27 2.92 0.67 2440
Corn gluten, 60% 11 59.4 24 1.8 0.07 0.14 1.03 1.78 3720
Soybean oil - - 98 - - - - - 8800
Calcium carbonate - - - - 38 - - - -
Calcium dibasic phosphate - - - - 26 18 - - -
premix - - - - 26 - - - -
Lysine, HcL, 78% - 118 - - - - 78 - 4600
DL-Methionine, 98% - 58 - - - - - 98 3600

1 Available phosphorus; 2 Metabolizable energy Kcal/kg; * Calculated according to Council [66]. Moisture,
CP (crude protein), EE (ether extract), CF (crude fiber) were chemically analyzed according to procedures of

AOAC [67].

2.3. Total Growth Performance Related Indices

To obtain the average initial body weight (IBW), each bird was weighed separately
on the first day of life. The body weight was then calculated each week by dividing the
total bird weights by the number of birds in each group. According to procedures outlined
by Kishawy, et al. [68] and Ibrahim, et al. [69], the total body weight gain (TBWG), total
feed intake (TFI), total feed conversion ratio (TFCR), and final body weight (FBW) per each

replicate for the entire experimental period were estimated.
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2.4. Collection of Samples

Six birds per group were randomly chosen at the end of the 42-days feeding study;,
fasted overnight, and weighed. At the end of the experimental period, blood from each
group was aseptically collected from the wing vein and separated as follows: one part
was collected into clean and dry 15 mL falcon tubes without the use of an anticoagulant,
allowed to clot at room temperature, and then centrifuged for five minutes at 3000 rpm for
serum separation and kept at —20 °C until biochemically analyzed for protein and lipid
profiles, liver functions, and immunological markers. Another part of blood was collected
in sterile tubes containing dipotassium Ethylene di amine tetra acetic acid salt (EDTA) for
hematological examination. The third part of blood was collected in heparinized tubes for
phagocytosis assay.

Splenic tissues (1 g) were collected, cleaned with an ice-cold 0.85% NaCl solution, and
homogenized in 9 mL of ice-cold phosphate buffer saline (PBS, pH 7.5). For the purpose of
estimating oxidative stress-related indices, the homogenate was spun in a cooled centrifuge
for 15 min at 3000 rpm. The supernatant was then collected into Eppendorf tubes and
maintained at —80 °C.

Small parts of splenic tissues were dissected for molecular analysis immediately
after scarification and maintained in TRIzol reagent at —80 °C until further examination
by the RT-qPCR assay of immune-related genes including Toll-Like Receptor 4 (TLR-4),
Interleukin 1 Beta (IL-1f), and Interleukin 10 (IL-10). Other splenic tissues were stored for
histopathological and immunohistochemical analysis in neutral buffered formalin (10%) at
room temperature.

2.5. Hematological Analysis and Phagocytosis Assay

Haematological parameters were measured using Hemascreen 18 Automatic Cell
Counter (Hospitex Diagnostics, Sesto Fiorentino, Italy), on the basis of Harrison and
Harrison [70], including red blood cells (RBCs), hemoglobin (Hb), hematocrit value (Hct),
total leukocyte counts (WBCs), and differential leukocyte counts were determined as
described by Nengsih and Mustika [71].

The phagocytic assay was carried out as described by Bos and de Souza [72], with some
adjustments. Blood was collected quickly followed by the extraction of a peripheral blood
mononuclear cell layer, washing, re-suspension in Roswell Park Memorial Institute (RPMI-
164) medium, and the addition of 15% fetal calf serum (FCS). Then, 5 x 10® mononuclear
cells were seeded in a 1 mL volume for culture in chambers with coverslips; these were
stained and incubated for 1 h at 37 °C with 5% CO, and 99% humidity to create a monolayer
of macrophages. After washing three times to eliminate non-adherent cells, adherent
macrophages were treated for 24 h with 1 mL of Candida albicans (107 /mL of RPMI with
15% FCS) before being washed three times, fixed, and stained. In order to calculate the
percentage of phagocytic macrophages (number of phagocytic macrophages/total number
of macrophages), 100 macrophages were counted.

2.6. Biochemical Measurements of the Serum and Splenic Tissue

The serum lysozyme activities of broilers were determined according to Ellis [73].
Serum IgG levels were determined with chicken immunoglobulin (IgG) ELISA kits obtained
from MyBioSource with Catalog number: MBS260043.

Colorimetric diagnostic kits from Sigma Aldrich were used for estimation of serum
total cholesterol (TC), triglycerides (TG), high-density lipoprotein-cholesterol (HDL-C),
low-density lipoprotein-cholesterol (LDL-C), and very low-density lipoprotein (VLDL)
levels, with product number MAK043 for TC, TR0100 for TGs, and MAKO045 for HDL and
LDL/VLDL assay Kits, following the manufacturer’s instructions. The serum levels of
albumin and total protein (TP) were determined by ready-made diagnostic kits provided
by Agappe diagnostics kits, Code No: 51001002. The serum globulin (Gl.) levels were
calculated mathematically by subtracting albumin values from total proteins as described
by Doumas, et al. [74]. Serum levels of aspartate aminotransferase (AST) and alanine
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aminotransferase (ALT) were determined by ready-made diagnostic kits provided by
Agappe diagnostics kits, Product. NO.: 51408002 and 51409002, respectively.

Splenic levels of total antioxidant capacity (TAC), catalase (CAT) activity, Superoxide
dismutase (SOD) activity, and Glutathione peroxidase (GPx) was determined by colorimet-
ric determination method by ready-made diagnostic kits provided by Bio-diagnostic, Egypt
CAT. NO. TA 2513, CA 2517, SD 25 21, GP 2524, respectively. Malondialdehyde (MDA)
levels were determined by enzymatic colorimetric method by using ready diagnostic kits
provided by Bio-diagnostic, Egypt, CAT. No. MD 25 29.

2.7. Transcriptional Analysis of Immune-Related Genes IL-1B, TLR-4, and IL-10 in Spleen Tissue
Using Quantitative Real-Time PCR

Splenic tissue samples were used for detecting the mRNA expression levels of immune-
related genes. Extraction of total RNA was completed via the QlAamp RNeasy Mini kit (Cat.
No. 51304; Qiagen, Hilden, Germany) following the instructions of the manufacturer. The
extracted RNA concentration was detected at 260 nm and the clarity of RNA was detected
by Spectrostar NanoDrop TM 2000 spectrophotometer (Cat. No. ND-2000; Thermo Fisher,
Santa Clara, CA, USA). The Stratagene MX3005P real-time PCR machine (Cat. No. PF1457N;
Thermo Fisher, Santa Clara, CA, USA) was utilized for one-step RT-qPCR amplification,
in triplicate, via a Quanti Tect SYBR Green RT-PCR Kit (Cat. No. 204243; Qiagen, Hilden,
Germany) according to the protocol of the manufacturer. All PCR amplifications were
verified via melting curve analysis. The housekeeping gene, namely S-actin, was used as
an endogenous control to normalize the transcripts’ expression levels. The sequences of
the primers utilized in RT-qPCR assays are presented in Table 3. The 2-42T method was
used to assess the relative mRNA expression outcomes of the examined genes [75].

Table 3. Primer Oligonucleotide Sequences for target gene RT-PCR analysis.

Gene Forward Primer (5'-3') Reverse Primer (5'-3') Gene.Bank Product Size
Accession No.

TLR-4 GTTCTTCTGTGACCCGTGAGA GTGAGGAGCGTTGCGCTTIT FJ915520.1 129

IL-1p3 TGCCTGCAGAAGAAGCCTCG CTCAGGTCGCTGTCAGCAAAG NM_204524.2 173

IL-10 TTGGGGTGGCATTTCTCCTTG GTTAGACTGCCTCAAACAGCG EU999771.1 89

actin-b GTGGATCAGCAAGCAGGAGT ATCCTGAGTCAAGCGCCAAA NM_205518.2 182

TLR-4: Toll-Like Receptor 4, IL-1f: Interleukin 1 Beta, IL-10: Interleukin 10.

2.8. Histopathological and Immunohistochemical Investigations

At the end of the experimental period, ten birds per group were randomly selected,
euthanized by cervical dislocation, and necropsied. Representative tissue samples from
the brains and spleens of all birds were harvested, fixed in 10% neutral buffered formalin
for 24 h, processed for paraffin technique, sectioned at 5-um thickness and stained with
hematoxylin and eosin [76], and examined microscopically to evaluate any histological
alterations. Next, quantitative lesion scoring was carried out in ten randomly selected
splenic (10 x) microscopic fields per bird. The investigated cerebral lesions were included
(neuronal pyknosis, and necrosis, perineuronal vacuolations, gliosis, neuropil vacuolations,
vascular congestions, thrombosis, hemorrhages, and leukocytic infiltrations) while the
investigated splenic lesions were included, lymphoid depletion, and necrosis, vascular
congestions, endothelial hypertrophy, and thrombosis. Finally, the results were expressed
as percentages (means + SEM) using the formula—Lesion FQ (%) = N lesion/N total x 100,
where (N lesion) is the number of images exhibited a lesion and (N total) is the total number
of images per group.

Successive formalin-fixed, paraffin-embedded, 5 pm thick splenic tissue sections
were prepared and immunohistochemically stained following the protocol developed by
Hsu, et al. [77]. The splenic tissue sections were stained for (1) TNF-o using the rabbit
monoclonal anti-TNF-o« primary antibody [TNF/1500R] (ab270264) (abcam, INC, London,
UK) at 8 ug/mL dilution with the goat anti-rabbit IgG H&L (HRP) secondary antibody
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(ab205718) (abcam, INC) at 1/20,000 dilution, and (2) TLR4 using the mouse monoclonal
anti-TLR4 primary antibody [76B357.1] (ab22048) (abcam, INC) at (1/100) dilution with
the goat anti-mouse IgG H&L (HRP) secondary antibody (ab205719) (abcam, INC) at
(1/10,000) dilution. The immune reactions were visualized using 3,3’-Diaminobenzidine
(DAB) chromogen and the nuclei were counterstained with Harris hematoxylin. The degree
of immunoexpression of the splenic TNF-a and TLR4 were quantified by calculating the
percentages of the area fractions of the positively stained brown color concerning the
total areas of the images using the image analyzing software, Image ] version 1.33, in ten
randomly selected (40x) microscopic fields for each marker; the results were expressed as
percentages (means £ SEM).

2.9. Statistical Analysis of Data

Statistical tests were performed using a one-way analysis of variance (ANOVA) in
SPSS version 21 for Windows (SPSS, Inc., Chicago, IL, USA). The regularly distributed
nature of the data was established, followed by post hoc Tukey HSD multiple comparisons
to determine the statistically significant variations among the various parameters in all
experimental replicates. A p-value of <0.05 was considered statistically significant. Data
were shown as means + standard error mean (SEM). All graphs were generated using
GraphPad Prism 8. Version 8.0.2 (263) (GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Effect of Dietary Supplementation of CUR, IMI, and Their Combinations on Ouverall
Performance-Related Indices of Ross 308 Broiler Chickens

The results regarding the modulating effects of dietary supplementation of CUR, IMI,
and their combinations on the growth performance-related indices (TFI, TBWG, TFCR,
and FBW) of Ross 308 broiler chickens are shown in Table 4. The obtained data showed
that there were no significant differences (p < 0.05) in IBW among all experimental groups.
CUR dietary exposure significantly (p < 0.05) decreased TFI and TFCR in birds fed CUR by
3.14% and 6.56%, respectively, compared to birds of the C group, but significantly (p < 0.05)
increased TBWG and FBW by 3.15% and 3.09%, respectively, in birds fed CUR compared to
birds of the C group. IMI dietary exposure induced a non-significant (p < 0.05) decrease in
TFI (0.77% decrease) and a significant increase in TFCR (17.49% increase) in birds fed an
IMI-supplemented diet compared to birds of the C group. Additionally, IMI significantly
(p < 0.05) decreased TBWG and FBW by 15.45% and 15.08%, respectively, in birds fed
an IMI-supplemented diet compared to birds of the C group. Supplementation of CUR
significantly (p < 0.05) decreased TFI by 5.95% and 4.17% in the (CUR+IMI co-treated) and
(CUR+IMI pro/co-treated) groups, respectively, and decreased TFCR by 0% and 1.09% in
the (CUR+IMI co-treated) and (CUR+IMI pro/co-treated) groups, respectively, compared
to birds of the IMI-exposed group.

Table 4. Effect of dietary supplementation of imidacloprid (IMI), curcumin (CUR), and their combi-
nations on overall performance of Ross 308 broiler chickens.

Parameter IBW (g) TFI (g) TBWG (g) TFCR FBW (g)
Group
1st group C 4520 +0.80 4300 +8.0972 2349 +8.84° 1.83£0.01° 2394 £ 8.79 P
2nd group CUR 46.00 +0.84 4133 £1825> 2423 +9.672 1.71+0.01°¢ 2468 +9.50 2
3rd group IMI-treated 4400 +130 4267 £11.40° 1986 +36.46¢  215+0.042 2033 +£36.17¢
4th group CUR+IMI Co-treated 4420+086 4013 +£2374° 2196 +2.88°¢ 1.83+0.01°> 2242 +2594

5th group CUR+IMI pro/co-treated 45.40 £ 0.51 4089 +12.20° 2259 £551¢ 1.81 £0.01° 2303 £5.24°¢

Total feed intake (TFI), Total body weight gain (TBWG), Total feed conversion ratio (TFCR), and Final body weight
(FBW). Values are mean + SEM of six birds per experimental group. Means within the same column carrying
different superscripts were significantly different at (p < 0.05).
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3.2. Effect of Dietary Supplementation of CUR, IMI, and Their Combinations on Blood
Hematological-Related Indices of Ross 308 Broiler Chickens

The results regarding the modulating effects of dietary supplementation of CUR, IMI,
and their combinations on the blood hematological indices (R.B.Cs, Hb, hematocrit, W.B.Cs,
heterophils, and lymphocytes) of Ross 308 broiler chickens are shown in Table 5. The
obtained data showed that CUR dietary supplementation induced a significant (p < 0.05)
decrease in total R.B.C count, Hb content, and Hct value by 11.11, 11.25, and 12.35%, re-
spectively, compared to birds of the C group. IMI dietary exposure induced a significant
(p < 0.05) decrease in total R.B.Cs count, Hb content, and Hct values by 21.94, 21.22, and
22.58%, respectively, in birds fed IMI when compared to birds of the C group. Supplemen-
tation of CUR restored the decrease in total R.B.Cs count, Hb content, and Hct value to
decrease of 15.67, 16.78, and 17.74%, respectively, in the (CUR+IMI co-treated) group and
to a decrease of 21.37, 19.05, and 21.52%, respectively, in the (CUR+IMI pro/co-treated)
group (p < 0.05) when compared to birds of the IMI-exposed group.

Table 5. Effect of dietary supplementation of imidacloprid (IMI), curcumin (CUR), and their combi-
nations on blood hematological-related indices of Ross 308 broiler chickens.

Parameters RBCs Hb Hct TLC o o,
Group (x10° mL3) (g/dL) %) (x10°70) Heterophils % Lymphocytes %
1st group C 3514013 10134034  31.00+£0.73% 1020 +1.62%c  31.83 +1.142P 68.17 +£1.142
2nd group CUR 3124002  8994+0.04°> 27174011  12.80 £042° 32.00 £ 0.582 68.00 & 0.58 2
3rd group IMI-treated 27440149 798+029°  24.00+0.84°¢ 5.96 + 0.63 4 37.66 + 1.02°¢ 62.33 +£1.02°
4th group CUR+IMI Co-treated ~ 2.96 £ 0.02> 843 £0.05°> 2550 +0.18®  8.50 + 0.55b<d 35.00 + 0.68 * 65.00 %+ 0.68 2
5th group CUR+IMI 276 £0.10%  820+0.12°  2433+£059¢ 950+ 0.37b¢ 3383+ 1.11° 66.17 +1.112

Pro/co-treated

Red blood cells (R.B.Cs.); hemoglobin (Hb), hematocrit value (Hct), total leukocytic count (TLC). Values are
mean £ SEM of six birds per experimental group. Means within the same column carrying different superscripts
were significantly different at (p < 0.05).

Dietary supplementation of CUR induced a non-significant (p < 0.05) increase of
W.B.Cs counts and heterophils % by (25.49 and 0.53% increase, respectively) in birds fed
diet supplemented with CUR when compared to birds of the C group. IMI dietary ex-
posure induced a significant (p < 0.05) decrease in W.B.Cs counts and lymphocytes %
(decrease by 41.57 and 8.57%, respectively) but significantly increased heterophils % (in-
creased by 18.32%) in birds fed IMI-supplemented diet when compared to birds fed control
diet. Supplementation of CUR non-significantly (p > 0.05) restored the decreased W.B.Cs
counts and lymphocytes % (decreased by 16.67 and 4.65%) and restored the heterophils
% (increased by 9.96%) in the (CUR+IMI co-treated) birds unlike birds exposed to IMI-
and non-treated. Moreover, CUR in the (CUR+IMI pro/co-treated) group, significantly
(p < 0.05) restored the decreased W.B.Cs count and lymphocytes % to (6.68 and 2.93%
decrease) and restored the heterophils % (increased by 6.82%) in comparison with birds
exposed to IMI-and non-treated.

3.3. Effect of Dietary Supplementation of CUR, IMI, and Their Combinations on Phagocytosis %,
Phagocytic Index, Intracellular Killing Capacity, Lysozyme Activity, and IgG of Ross 308
Broiler Chickens

The results regarding the modulating effects of dietary supplementation of CUR, IMI,
and their combinations on phagocytosis, phagocytic index, intracellular killing capacity,
lysozyme activity, and IgG of Ross 308 broiler chickens are shown in Figure 2. The obtained
data showed that CUR dietary supplementation induced a significant (p < 0.05) increase in
phagocytic % by 17.18% and a non-significant increase in Phl and IKC by 7.62 and 12.67%,
respectively, in birds fed a diet supplemented with CUR when compared to birds of the C
group. IMI dietary exposure induced a significant (p < 0.05) decrease in phagocytic %, Phl,
and IKC by 66.67, 49.33, and 56.36% decrease, respectively, in birds fed a diet supplemented
with IMI when compared to birds of the C group. Supplementation of CUR significantly
(p < 0.05) restored the decreased phagocytic %, Phl, and IKC to a decrease of 34.33, 37.22
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and 36.63%, respectively, in the (CUR+IMI co-treated) group and to a decrease of 12.12,
13.45, and 21.12%, respectively, in the (CUR+IMI pro/co-treated) group when compared to
birds of the IMI-exposed group.
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Figure 2. Effect of dietary supplementation of CUR, IMI, and their combinations on Phagocytosis,
lysozyme activity, and IgG of Ross 308 broiler chickens. 1st group C, 2nd group CUR, 3rd group
IMI-treated, 4th group CUR+IMI Co-treated, 5th group CUR+IMI Pro/co-treated. (A): Phagocytosis
% (Ph %). (B): Phagocytic index (PhI). (C): Intracellular killing capacity (ICK). (D): Lysozyme activity
(LYZ). (E): Immunoglobulin G (IgG). Values are shown as mean + SEM of (6) birds per experimental
group. Means bearing different superscripts are significantly different at p < 0.05.

The obtained data showed that dietary supplementation of CUR induced a non-
significant (p > 0.05) increase of LYZ and IgG serum levels % (increased by 9.07 and 6.05%
respectively) in birds fed diet supplemented with CUR if compared to birds of the C group.
IMI dietary exposure induced a significant (p < 0.05) reduction of LYZ and IgG serum
levels (decreased by 47.39 and 38.33% respectively) in birds fed diet supplemented with
IMI if compared with birds of the C group. Supplementation of CUR significantly (p < 0.05)
restored the decreased LYZ and IgG levels to (decreased by 18.86 and 20.25%, respectively)
in the CUR+IMI co-treated group and to 16.22 and 19.27% decrease, respectively, in the
CUR+IMI pro/co-treated group when compared to birds of the IMI-exposed group.

3.4. Effect of Dietary Supplementation of CUR, IMI, and Their Combinations on Serum
Biochemical Measurements of Ross 308 Broiler Chickens

The modulatory impact of dietary supplementation of CUR, IMI, and their combina-
tions on blood protein profile and liver function indices (ALT, AST, TP, Album, Gl., and
A /G ratio) of Ross 308 broiler chickens is shown in Table 6. The obtained data showed that
CUR dietary supplementation induced a significant (p < 0.05) decrease in ALT serum levels
by 13.74%, but the decrease was non-significant for AST levels (decreased by 19.19%). Also,
CUR non-significantly increased TP, albumin, globulin, and A /G ratio by 4.66, 7.79, 0.8 and
9.76%, respectively, in birds fed diet supplemented with CUR when compared to birds of
the C group. IMI dietary exposure induced a significant (p < 0.05) increase in ALT and AST
serum levels (increased by 24.14% and 1-fold, respectively), but significantly decreased TP,
albumin, and globulin by 37.28, 39.61, and 34.4%, respectively, in birds fed IMI when com-
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pared with birds of C group. Supplementation of CUR significantly reduced the increased
AST serum levels by 6.50% and non-significantly (p > 0.05) reduced the increased ALT, TP,
albumin, globulin, and A/G ratio to 12.05, 27.24, 24.03, 31.20 and 8.13%, respectively, in the
(CUR+IMI co-treated) group when compared to birds of the IMI-exposed group. Also, CUR
supplementation in the (CUR+IMI pro/co-treated) group significantly (p < 0.05) restored
the increased ALT and AST levels to 1.59 and 32.66%, respectively, and non-significantly
reduced the increased TP, albumin, globulin, and A /G ratio to (decreased to 25.09, 21.43,
29.6 and 15.45%, respectively) unlike birds in the IMI-exposed group.

Table 6. Effect of dietary supplementation of imidacloprid (IMI), curcumin (CUR), and their com-
binations on serum biochemical measurements (liver function, protein profile, and lipid profile) of
Ross 308 broiler chickens.

Parameter ALT AST TP Albumin  Globulin A/G TG TC HDL LDL VLDL

Group (U/L) (U/L) (g/dL) (g/dL) (g/dL) Ratio (mg/dL)  (mg/dL)  (mg/dL)  (mg/dL) (mg/dL)
Ist eroup C 20.67 215.33 2.79 1.54 1.25 1.23 43.00 115.33 78.33 34.60 10.07+
group +0.92° +2458° 4016 +0.092 +0.072 +0.01 +1.32° +3.75¢ +1.122 +1.27¢ 022"
ond eroup CUR 17.83 174.00 292 1.66 1.26 1.35 24.00 101.33 82.67 11.07 7.60+
group +0.60 +20.10° +0.17°2 +0.07 @ +0.11° +0.10 +0.73 ¢ +2.744 +1.65° +1.004 0.48°

31d eroup IMI-treated 25.66 438.33 1.75 0.93 0.82 1.16 77.04 147.00 55.00 76.57 15.43+
group +0.56 2 +55.56 2 +0.09° +0.04 +0.05° +0.05 +2.01° +4.21° +2.39¢ +1.44° 0392
4th group CUR+IMI 23.16 229.33 2.03 1.17 0.86 1.33 49.50 128.33 71.67 46.00 10.67+
Co-treated +0.70 2 +8.83° +0.11° +0.08 «d +0.05° +0.08 +1.78° +2.79" +4.59° +4.05° 022"
5th group CUR+IMI 21.00 285.67 2.09 il(')zég 0.88 1.42 4433 121.00 76.00 34.67 10.33+
Pro/co-treated +0.73° +16.61°  +0.16°¢ bed +0.08° +0.11 +2.76° +1.32°b¢ +2.032 +3.17¢ 0.28"

Alanine aminotransferase (ALT), Aspartate aminotransferase (AST), Total protein (TP), Albumin (Album), Globu-
lin (Gl.), Albumin/Globulin ratio (A /G ratio), Triglycerides (TGs), Total Cholesterol (TC), High-density lipoprotein
(HDL), Low density lipoprotein (LDL), and Very low-density lipoprotein (VLDL). Values are mean 4 SEM of six
birds per experimental group. Means within the same column carrying different superscripts were significantly
different at (p < 0.05).

The modulatory influence of dietary supplementation of CUR, IMI, or their combina-
tions on blood lipid profile (TGs, TC, HDL, LDL, and VLDL) of Ross 308 broiler chickens is
shown in Table 6. The obtained data showed that CUR dietary supplementation induced a
significant (p < 0.05) decrease of TG, TC, LDL, and VLDL serum levels by 44.19, 12.14, 68.01,
and 24.53%, respectively, but non-significantly increased HDL serum levels (increased
by 5.54%) when compared to the C group. IMI dietary exposure induced a significant
(p < 0.05) increase of TG, TC, LDL, and VLDL serum levels by 79.17%, 27.46%, 1 fold, and
53.23%, respectively, but significantly decreased HDL serum levels by 29.78% in birds fed
IMI when compared with birds of the C group. Supplementation of CUR significantly
reduced the increased TG, TC, LDL, and VLDL serum levels to 15.12, 11.27, 32.95, and
5.95%, respectively, and significantly (p < 0.05) restored the decreased HDL to 8.50% in the
CUR+IMI co-treated group, unlike IMI-exposed group. Also, CUR supplementation in
the CUR+IMI pro/co-treated group significantly (p < 0.05) reduced the increased TG, TC,
LDL, and VLDL serum levels to 3.09, 5.20, 0.20, and 2.58%, respectively and significantly
(p < 0.05) restored the decreased HDL levels to 2.97% in comparison with birds exposed
to IMIL.

3.5. Effect of Dietary Supplementation of CUR, IMI, and Their Combinations on Oxidative
Stress-Related Indices in Spleen of Ross 308 Broiler Chickens

The impact of dietary supplementation of CUR, IMI, or their combinations on serum
antioxidant-related parameters (TAC, SOD, CAT, GPx, and MDA) in the spleen of Ross
308 broiler chickens is shown in Figure 3. The obtained data showed that CUR dietary
supplementation induced a non-significant (p > 0.05) increase of TAC, SOD, CAT, and GPx
levels in the spleen by 11.32, 0.59, 7.32, and 18.64%, respectively, and non-significantly
decreased MDA levels in the spleen by 9.29% when compared to the C group. IMI dietary
exposure induced a significant (p < 0.05) decrease of TAC, SOD, CAT, and GPx spleen
levels by 54.72, 15.78, 65.06, and 49.73%, respectively, and significantly increased MDA
spleen levels by 78.89% in birds fed IMI when compared with birds of the C group. Supple-
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mentation of CUR non-significantly elevated the decreased TAC spleen levels by 47.17%.
CUR significantly elevated the decreased SOD, CAT, and GPx spleen levels (10.07, 30.12,
and 27.12% decrease, respectively) and significantly (p < 0.05) reduced the increased MDA
levels by 24.89% in the CUR+IMI co-treated group when compared to the IMI-exposed
group. Also, CUR supplementation in the CUR+IMI pro/co-treated group significantly
(p < 0.05) elevated the decreased TAC, SOD, CAT, and GPx spleen levels to 28.30, 5.56,
16.81, and 25.42%, respectively, and significantly (p < 0.05) reduced the increased MDA
levels to 19.82% when compared to the IMI-exposed group.
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Figure 3. Effect of dietary supplementation of CUR, IMI, and their combinations on Phagocytosis,
lysozyme activity, and IgG of Ross 308 broiler chickens. 1st group C, 2nd group CUR, 3rd group IMI-
treated, 4th group CUR+IMI Co-treated, 5th group CUR+IMI Pro/co-treated. (A): Total antioxidant
capacity (TAC). (B): Superoxide dismutase (SOD). (C): Catalase (CAT). (D): Glutathione peroxidase
(GPx). (E): Malondialdehyde (MDA). Values are shown as mean 3 SEM of (6) birds per experimental
group. Means bearing different superscripts are significantly different at p < 0.05.

3.6. Effect of Dietary Supplementation of CUR, IMI, and Their Combinations on mRNA
Expression of IL-1B, TLR-4, and IL-10 Genes in Spleen of Ross 308 Broiler Chickens

The effects of dietary supplementation of CUR, IMI, or their combinations on mRNA
expression of IL-18, TLR-4, and IL-10 genes in splenic tissues of Ross 308 broiler chickens are
shown in Figure 4. The obtained data showed that CUR dietary exposure non-significantly
(p > 0.05) modulated the IL-18 and TLR-4 mRNA expression by 11 and 6%, respectively,
but significantly increased spleen IL-10 mRNA expression by 17% in the birds fed CUR-
supplemented diet compared to the birds of the C group. IMI dietary exposure significantly
(p < 0.05) up-regulated IL-1p and TLR-4 mRNA expression levels (increased by 1-fold
and 1 fold %, respectively), but significantly down-regulated IL-10 mRNA expression
levels (decreased by 74%) in splenic tissues of birds fed diet supplemented with IMI if
compared with birds of the C group. Supplementation of CUR significantly (p < 0.05)
restored the up-regulated IL-18 mRINA expression levels to 61%, and non-significantly
(p > 0.05) restored the up-regulated TLR-4 mRNA expression levels (increased by 78%).
CUR non-significantly restored the down-regulated IL-10 mRNA expression levels to 61% in
splenic tissues in the CUR co-treated group when compared with birds of the IMI-exposed
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group. Supplementation of CUR significantly (p < 0.05) restored the up-regulated IL-15 and
TLR-4 mRNA expression levels to 32 and 33%, respectively, and significantly restored the
down-regulated IL-10 mRNA expression levels by 23% in the CUR pro/co-treated group
when compared with birds of the IMI-exposed group.
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Figure 4. Effect of dietary supplementation of CUR, IMI, and their combinations on mRNA expression
of IL-1B, TLR-4, and IL-10 genes in spleen of Ross 308 broiler chickens. 1st group C, 2nd group
CUR, 3rd group IMI-treated, 4th group CUR+IMI Co-treated, 5th group CUR+IMI Pro/co-treated.
(A): Interleukin 1 Beta (IL-1p). (B): Toll-Like Receptor 4 (TLR-4). (C): Interleukin 10 (IL-10). Values are
shown as mean & SEM of three birds per experimental group. Means bearing different superscripts
are significantly different at p < 0.05.

3.7. Histopathological and Immunohistochemical Findings

The investigated splenic lesions included lymphoid depletion and necrosis, vascular
congestion, endothelial hypertrophy, and thrombosis. The results were expressed as per-
centages (means + SEM) and are shown in Table 7. The negative control and CUR-treated
groups showed normal histology in Figure 5A, B, whereas the IMI-exposed group mani-
fested some structural alterations such as lymphoid depletion, vascular congestion, and
thrombosis (Figure 5C). The response of the splenic tissue to the CUR supplementation in
the birds exposed to IMI was reduced in the extent and frequencies of the IMI-induced
splenic lesions that were noticed in all CUR-supplemented groups (co-treated or pro/co-
treated). The most encountered lesions in these groups were expressed by vascular conges-
tion and lymphoid depletion (Figure 5D, E). The quantitative lesion scoring in the splenic
tissue sections of all groups is shown in Table 7.

Table 7. Effect of dietary supplementation of IMI, CUR, and their combinations on the splenic
histology, and the immuno-expression of the splenic TNF-oc and TLR-4 of Ross 308 broiler chickens.

Groups 1st Group 2nd Group 3th Group ‘étll}lg; :;)13[}; ?&1[?2%11[{)
Parameters C CUR IMI-treated Co-Treated Pro/Co-Treated
Lymphoid depletion 0.00 4 0.00 0.00 4+ 0.00 © 32.00 +2.912 8.00 £2.00° 9.00 +1.79°
Lymphoid necrosis 0.00 +0.00° 0.00 £0.00° 6.00 +1.63 2 2.00 +£1.33% 4.00 + 1.632b
Vascular congestion 0.00 £0.00¢ 0.00 £ 0.00 € 16.00 £1.632 5.00 + 1.66 7.00 +1.52°
Vascular thrombosis 0.00 4 0.00 2 0.00 +0.002 2.00 +1.332 0.00 4 0.00 1.00 4 0.10 2
Endothelial hypertrophy 0.00 +0.00 0.00 +0.002 5.00 + 1.66 2 2.00 +1.332 3.00 £2.132
TNF-o Immuno-positive area fraction 0.48 + 0.06 © 047 +0.04 ¢ 749 £0432 3.63+0.13P 438 +022°
TLR4 immuno-positive area fraction 0.43 +0.07 4 0.46 + 0.08 4 8.18 £0.44° 4.01 £0.11 ¢ 462 +0.14°

Values are mean + SEM of 10 birds per experimental group. Means within the same row carrying different
superscripts were significantly different at (p < 0.05). TNF-« and TLR-4 splenic immuno-reactivity.

The data analysis obtained from Image ] software (version. 1.32j, http://rsb.info.
nih.gov/ij, accessed on 20 November 2023) declared that exposure to IMI significantly
upregulated the immunoexpression of the TNF-« and TLR4 in the splenic tissues of the
IMID-treated group compared to the control and CUR groups. CUR supplementation
either in the CUR co-treated group or CUR pro/co-treated significantly down-regulated the
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immunoexpression of both the TNF-« and TLR4 in the splenic tissue. The levels of immuno-
reactivity of the splenic TNF-o and TLR4 among all groups are shown in Figures 6 and 7,
respectively, and statistically summarized in Table 7.

Control

Figure 5. Representative photomicrographs of H&E-stained splenic tissue sections for the effect of
dietary supplementation of CUR, IMI, and their combinations splenic tissue structure showing normal
histology in the control (A) and the CUR (B) groups. Histopathological alterations in the IMI-treated
group (C), with reduction of these splenopathic alterations in the CUR co-treated group or CUR
pro/co-treated group. (D,E). The symbols in the images denote black arrowhead; lymphoid depletion,
blue arrowhead; lymphoid necrosis, black arrow; thrombus, red arrow; vascular congestion. (Scale
bar is 100 um).

IMI+CUR co-treated IMI+CUR Pro/co-treated

Figure 6. Representative photomicrographs of the TNF-a immuno-stained splenic tissue sections
for the effect of dietary supplementation of CUR, IMI, and their combinations in spleen of Ross
308 broiler chickens. (A,B): control and CUR groups for TNF-a showing weak expression in splenic
tissue. (C): showing up-regulation of the TNF-«x expression in the IMI-treated group in splenic
tissue. (D,E): CUR-supplemented groups, showed down-regulation of TNF-« expression in the CUR
co-treated group or CUR pro/and co-treated groups. (Scale bar is 25 um).
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IMI+CUR Pro/co-treated

Figure 7. Representative photomicrographs of the TLR-4 immuno-stained splenic tissue sections
for the effect of dietary supplementation of CUR, IMI, and their combinations in spleen of Ross
308 broiler chickens. (A,B): control and CUR groups for TLR-4 showing weak expression in splenic
tissue. (C): showing up-regulation of the TLR-4 expression in the IMI-treated group in splenic tissue.
(D,E): CUR- supplemented groups, showed down-regulation of TLR-4 expression in the CUR-treated
group or CUR pro/and co-treated groups. (Scale bar is 25 um).

4. Discussion

Optimizing the farming practices of chickens is essential for preserving their produc-
tivity and assuring the production of high-quality food for human consumption because
chickens are a valued source of protein [78,79]. Considering the indiscriminate use of
insecticides, birds are frequently exposed to IMI through different sources, and there is a
need to search for herbal growth promoters and antioxidative medication to be used in
the poultry industry. The purpose of the current study was to assess the impact of dietary
supplementation of CUR in ameliorating IMI-induced effects on immune-related indices of
Ross 308 broiler chickens.

Regarding the growth performance-related indices, the obtained data revealed that IMI
induced a significant increase in TFCR, and significantly decreased TFI, TBWG, and FBW in
birds fed the IMI-supplemented diets compared to the C group and the CUR-supplemented
group. The obtained outcomes are consistent with those reported by Osman, Shaaban and
Ahmed [52], Adegoke et al. [80], and Abotaleb, et al. [81]. In the IMI-fed groups, there was
a correlation between the observed lower TFI and lower TBWG and FBW. IMI's hazardous
potential could be the reason for the broilers” lower feed intake because the pesticides
have detrimental toxic effects on the broilers” gross performance measures, which causes
appetite loss and decreased body weight [82]. Additionally, FCR was significantly elevated
owing to the reduced weight gain in IMI-exposed birds. Additionally, IMI’'s detrimental
effects on health status can be related to its effects on the digestion and absorption of
feed in the birds’ stomachs, which resulted in poor growth performances [48]. Moreover,
IMI exposure resulted in a weakened state of health due to abnormal metabolic and
physiological reactions resulting from OS [50,83]. Furthermore, IMI exposure has been
linked to a drop in cumulative body gain in birds, as reported by Gibbon et al. [31] and
Lopez-Antia et al. [84].

In contrast, birds fed the CUR-supplemented diets in the CUR+IMI co-treated and
CUR+IMI pro/co-treated groups showed a significantly decreased TFI and TFCR with
an increased TBWG and FBW compared to birds of the C group or the IMI-exposed
group. These results were consistent with those reported by Hafez et al. [85], Khodadadi
et al. [86], Rajput et al. [87], and Yadav et al. [88]. Hafez et al. [85] reported that CUR
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dietary supplementation (200 mg or 100 mg) for 42 days significantly enhanced BW and
FCR of Cobb 500 chicks during the finisher phase. This may be linked to CUR’s ability to
boost bile production, intestinal villi length, cecal width, and gastric digestion fluid, which
contributed to better fat digestion. In addition, these advantages were attributed to feeding
CUR for a longer period, which improved nutrient absorption during the mature stage [23].

Additionally, CUR boosted intestinal sucrose and maltase activity [89]; up-regulated
pancreatic lipase; increased trypsin, amylase, and chymotrypsin; and up-regulated trypsin,
amylase, and chymotrypsin. These effects lead to an improved FCR in CUR-supplemented
birds. Moreover, the carcass quality was significantly enhanced after adding turmeric
powder to the diet of broiler chickens at levels of 500 and 750 mg/kg. In addition, a
significant effect of dietary turmeric on BW was discovered at week 3 and later ages
concerning desirable biological activities according to Khodadadi et al. [86].

Concerning hematological indices, the obtained results of the current study showed
that birds exposed to IMI- had decreased values of RBCs, Hb, Hct, and TLC. These birds
showed reduced lymphocytes and increased heterophils. The obtained results are consis-
tent with those of Ravikanth et al. [55], Eid, et al. [90], Sankhala, et al. [91]. Gul et al. [54]
reported that birds exposed to IMI showed decreased values of RBCs, Hb, Hct, and WBCs.
Oxidative stress, weakened immunity, and metabolic failure in birds exposed to IMI could
be responsible for these effects [50,83]. Stressed birds that have been physiologically ex-
posed to insecticides showed disruption in feed digestion and metabolism, which resulted
in abnormal values of hematological indices [92]. Additionally, the decline in the mean
values of RBC count, Hb, and Hct values may be caused by the direct toxic effects of IMI
on the bone marrow, liver, and kidneys, which may have a crucial effect on the production
of hemopoiesis and erythropoietin in these organs [55]. The considerable decrease in total
leukocytic count observed in the present study was consistent with the results reported by
Babu et al. [56] regarding laying birds. The pathological lesions found in the splenic tissues
of birds exposed to IMI supported the hypothesis that the lymphocytic depletion seen in
the current investigation was caused by splenic hemorrhages.

Regarding the mitigating impact of CUR dietary supplementation, the obtained results
showed that birds fed CUR-supplemented diets in the CUR+IMI co-treated or CUR+IMI
pro/co-treated groups significantly improved all hematological indices unlike IMI-exposed
birds, which are in agreement with those of Adegoke et al. [80], Hafez et al. [85], and Abd
El-Samie et al. [93]. This beneficial effect may be linked to CUR’s anti-inflammatory and an-
tioxidant properties, which boosted the metabolism and, in turn, improved iron absorption
and utilization, and subsequently RBC formation and Hb concentration. Dietary CUR at
the levels of 200 mg or 100 mg for 42 days in Cobb 500 chicks enhanced all hematological
indices, along with an improvement in the antioxidant defense system of broiler raised
at high stocking density [89]. On the other hand, when broiler birds were supplemented
with turmeric powder, Kafi, et al. [94] and Shohe, et al. [95] observed that there were no
significant variations in the Hb and PCV levels. Furthermore, broilers fed a basal diet
containing 400 g/100 kg CUR exhibited no appreciable changes in PCV, RBCs, or Hb with
the exception of WBCs [80]. Ali, et al. [96], demonstrated that a variety of factors, including
age, country, temperature, environment, production level, and maintenance system, might
affect the variations of erythrocyte count. One type of white blood cell, lymphocytes, can
strengthen the immune system and attack pathogens that enter the body [97]. Chickens
exposed to excessive stress resulted in higher cortisol hormone production, which in turn
resulted in suppression of the immune system, causing lymphoid organs to contract and
reduced lymphocyte numbers. In the same line, higher blood levels of cortisol hormone
account for the prevention of lymphocyte formation [98,99]. Moreover, Puvadolpirod and
Thaxton [99] explained that heat or environmental stress can have an impact on the number
of lymphocytes because it reduces the weight of the thymus and bursa Fabricius, two lym-
phoid organs, which in turn affects the lymphocytes number [100]. In contrast, turmeric
extract can serve as an immunomodulator via stimulating lymphocyte formation causing
more lymphocyte production [101]. Therefore, in the current investigation, the broilers’
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immune system appeared to be strengthened by the increased proportion of lymphocytes,
suggesting that dietary CUR can activate T and B lymphocyte cells [102].

Concerning phagocytosis-related indices, the obtained results of the present experi-
ment revealed that birds fed the IMI-supplemented diets had significantly declined Ph %
and Phl and IKC values. In contrast, birds fed the diets supplemented with CUR in either
the CUR+IMI co-treated group or the CUR+IMI pro/co-treated group showed improved
phagocytosis-related indices when compared to IMI-exposed birds. The first immune
system activity, known as phagocytic activity, is responsible for engulfing and destroy-
ing foreign pathogens before presenting them to the remainder of the immune system
for pathogen neutralization [103]. In the present study, IMI dietary exposure markedly
decreased Ph % and Phl, indicating IMI-mediated nonspecific adverse effects on cellular
immunity. Our outcomes are consistent with those reported by [Abou-Zeid, et al. [104],
Mohany, et al. [105], Walderdorff, et al. [106]]. The decrease in phagocytic activity could be
brought on by several factors, including the impact of the pesticide used on hematopoietic
organs, the uptake prevention of macrophage-arming factor, and an increase in migration
inhibitory factor (MIF) brought on by IMI, which inhibits the mobility of neutrophils and
macrophages and impairs their capacity to reach inflammatory sites [105]. Additionally,
OS may alter receptor-mediated phagocytosis and membrane fluidity; these are essen-
tial for innate and adaptive immune responses [107]. Similar results have been reported
in domestic chickens exposed to thiamethoxam, a different neonicotinoid, at sub-lethal
dosages, which resulted in impaired humoral and cellular immunity [108]. Similar results
of decreased phagocytic activity of leukocytes have also has been reported by Mohany
et al. [105] and Gawade et al. [109]. In a previous study, old domestic chickens (1-4 weeks
old) exposed to IMI at the level of 0.05 mg/kg/d for 37 days experienced a reduction
in humoral and cellular immune responses and histopathological changes in the spleen
and bursa of Fabricius [39]. Moreover, the results are in agreement with Franzen-Klein,
et al. [48]. Neonicotinoid-related immunotoxicity in birds [39,84,110] and the decreased
percentages of killed E. coli and C. albicans after oral exposure may be a sign of immune sup-
pression induced by IMI [48]. Similarly, Khayal, et al. [111] mentioned that IMI decreased
phagocytic activity, Phl, and LYZ activity in rats. The observed CUR immune-enhancing
effect is consistent with the results described by Farag et al. [112], which may be alluded
to the activation of neutrophils and macrophages to produce ROS [113]. Dietary CUR ele-
vated WBCs and phagocytic activity and resulted in greater expression of immune-related
cytokines [114].

Humoral and cell-mediated immunity are the two main components of the immune
system. According to the current study, there was a significant drop in blood IgG levels of
broilers, which may indicate immunosuppression after IMI exposure. Similarly, chickens
given IMI showed a marked reduction in serum levels of total immunoglobulin and circulat-
ing immune complexes on day 45 [39]. Additionally, the decrease in LYZ activity following
IMI exposure is consistent with [Attia, et al. [115], Rahman, et al. [116]]. According to
Hafez et al. [85], CUR prevents the decline of Ig synthesis induced by the high stocking
density (HSD). Likewise, Isroli, et al. [117] revealed that turmeric could elevate the globulin
concentration in broilers. Current outcomes are parallel to the results of Shawky, et al. [118],
who stated that turmeric powder (5 g/kg diet) enhanced levels of IgM and IgG in broilers.
Similar findings were described by Arshami, et al. [119], who mentioned that the IgM and
IgG titers were elevated by various concentrations of CUR powder (0.25 to 0.75%).

Regarding serum biochemical parameters, the obtained results of the present study
showed that IMI dietary exposure considerably elevated serum AST and ALT levels. The
obtained results are in agreement with those reported by Abu Zeid et al. [41], Eid et al. [90],
Mia, et al. [83], Sankhala et al. [91], and Xu et al. [50]. This demonstrates the pathological
abnormalities induced by IMI in various essential organs, including the liver and kidneys.
Interestingly, Akter, et al. [120] reported that the hepatic serum enzymes AST and ALT were
noticeably elevated in rabbits exposed to IMI, which indicated liver injury. Our findings are
in the same line with the results reported by Emam et al. [46], who discovered that birds
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exposed to IMI had higher ALT and AST levels. Lipid peroxidation may be the cause of the
unregulated release of ALT and AST after IMI exposure. The overproduction of ROS impli-
cated in OS caused by pesticide exposure leads to increased MDA levels [52]. When MDA
levels are higher than the capacity of the body’s defenses against oxidation, ROS severely
damage cellular DNA [121]. Therefore, increased MDA levels may be responsible for the
change in the metabolism, physiological responses, immunological responses, and growth
rate of birds exposed to IMI poisoning. The outcomes of this study revealed that birds
exposed to IMI had elevated MDA levels. Indeed, IMI-induced ROS overproduction leads
to high LPO and inflammatory responses [122]. CUR supplementation in the diet reduced
ALT and AST activities in birds, demonstrating CUR'’s capacity to scavenge and neutralize
free radicals to protect liver cells from attack by free radicals [85,123]. The observed decline
in liver enzymes’ activities in the present experiment confirmed the improved liver func-
tions and showed the antioxidant-modulating effect of CUR supplementation and its role
in preventing liver cell damage induced by free radicals.

The drop in albumin, globulin, and total protein levels found in broilers” blood af-
ter IMI exposure was parallel to results reported by Abu Zeid et al. [41]. This might
be caused by competitive inhibition of phenylalanine-t-RNA synthesis, which prevents
amino-acylation and peptide elongation and inhibits hepatic protein synthesis at the post-
transcriptional stage [124]. Reducing the downstream absorption of digested amino acids
from birds’ guts to the blood is considered one of the IMI-induced impacts on blood protein
reductions [47,48]. Additionally, Nebbia [125] reported that the liver tissue predominantly
detoxifies and eliminates xenobiotics that are harmful to birds.

The observed effect of IMI in increasing TC in our investigation is consistent with
findings showed that stressors elevate blood cholesterol concentrations in broiler chickens.
In comparison to birds fed a control diet, we noticed that adding CUR to broiler chickens’
diets reduced TG, TC, LDL-C, and VLDL-C levels, while increasing HDL levels. Hafez
et al. [85] discovered that feeding broilers CUR lowered their blood’s TC compared to
those fed a control diet. Furthermore, it has been reported the impact of dietary CUR
supplementation on TC and LDL in rats [126].

Notably, IMI induced a decrease in SOD, CAT, GPx, and TAC levels; this is consistent
with Zhang, et al. [127], who found that the concentrations of T-AOC, SOD, GSH, and
GSH-Px were reduced, but the levels of MDA were elevated in renal tissue of mice given
(10 mg/L,) IMI for 30 days in drinking water when compared with the control mice. This is
supported by the fact that CUR therapy reversed the elevated MDA levels and decreased
T-AOC, SOD, GSH, and GSH-Px concentrations in the current study in contrast, exposure
to IMI reduced the antioxidants levels, resulting in an accumulation of lipid peroxide,
which led to inflammatory reactions.

According to Kammon et al. [39], exposure of birds to IMI had negative effects on
biochemical and immune system indices and induced OS-related biomarkers. The hepatic
tissue of laying birds fed IMI showed a considerable decline in GSH levels and raised
levels of thiobarbituric acid reactive compounds (TBARS) [56]. In RBCs, liver, kidney,
and testes of cockerels, IMI induced oxidative stress, reduced CAT, and increased lipid
peroxidation [59]. In agreement with Ravikanth et al. [61] and Subha [128], IMI-exposed
birds had significantly lower levels of antioxidant-related biomarkers and higher lipid
peroxidation levels in the splenic tissue.

Similar to our findings, Salah et al. [89] reported that dietary supplementation of CUR
in chickens reduced the TBA (thiobarbituric acid) and enhanced the activities of antioxidant
enzymes. CUR prevents OS by increasing the antioxidant enzyme activity including SOD,
CAT, and GPx enzymes. On the other hand, CUR could antagonize OS induced by IMI in
broilers’ spleen, which is consistent with the findings of Cheng, et al. [60]. Similarly, Li,
etal. [129], reported that CUR mitigated the AFB1-induced changes in GSH, SOD, CAT, and
MDA levels. This might be a result of CUR'’s capacity to neutralize free radicals by boosting
the activities of antioxidant enzymes and decreasing OS [130]. Additionally, earlier studies
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reported by [Nayak and Sashidhar [131], Zhang, et al. [132]] have shown that CUR has
antioxidant properties against hepatic damage induced by AFBlin rats and chicks.

In the current investigation, IMI-exposed broilers showed up-regulated expression
levels of IL1p and TLR-4 in splenic tissues and, in contrast, down-regulated IL-10 mRNA
expression levels. The spleen is a peripheral lymphoid organ that plays a crucial role in the
body’s innate and adaptive immune responses against systemically acquired antigens [133,
134].To the best of our knowledge, this is the first study that reported that IMI-induced
up-regulated the expression level of the TLR-4 gene in the spleen of IMI-exposed broilers.
Similar findings were obtained by Farag, et al. [135], who found that the Toll-like receptor
2 (TLR2) gene was up-regulated in the brains of rats after IMI exposure, while TLR2 had
a strong immunopositive response in the brains of IMI-treated rats. Toll-like receptor
is activated by molecules generated from pathogens, which causes the production of
inflammatory mediators including TNF-o [136]. Lipopolysaccharide (LPS), a crucial part
of Gram-negative bacteria’s cell walls, ligates TLR4 to start an inflammatory response
in organs [137]. There is evidence that IL-13, TNF«, and interferon (INFy) expression
levels are increased in the blood and brain after sub-lethal exposure to insecticides such as
acephate [138]. The identification of endogenous damage-associated molecular patterns
(DAMPs) and exogenous pathogen-associated molecular patterns (PAMPs) is a critical
function of TLRs [139]. Stimulation of TLRs by PAMPs or DAMPs results in the release of
chemokines and cytokines, which intensifies inflammatory responses [140]. Inflammation
and OS have complicated interactions. Cell injury as a result of redox stress brought on
by ROS can activate TLR2/4 and the downstream gene NF-B, producing inflammation and
organ damage [141]. Our obtained outcomes are in disagreement with those of Pandit
et al. [142], who reported that there was a non-significant fold increase in the expression of
TLR-4 and TNFx mRNA following the oral administration of IMI.

Similarly, Farag, et al. [143] observed that oxidative damage was significantly enhanced
by thiacloprid, including elevated protein carbonyl, MDA content, and DNA damage in the
brain of exposed chicken embryos. Additionally, proinflammatory cytokine induction is a
primary indicator of the inflammatory process [143]. High levels of nitric oxide (NO) can
trigger pro-inflammatory cytokine (IFN-y, TNF-a, and IL-1[3) overexpression. According to
the current research, IMI exposure caused splenic tissues to become oxidatively damaged,
which, in turn, induced or encouraged subsequent inflammatory responses that were
probably mediated by the NF-«B signaling system. Herein, the observed up-regulation of
IL-1B mRNA expression served as evidence for this hypothesis.

Curcumin supplementation markedly decreased the mRNA expression patterns of
IL-1B, mucin 2, COX-2, and p38 MAPK in the ileal mucosa [144] and serum TNF-« concen-
tration [145]. CUR predominantly alters the p38-MAPK pathway and thus suppresses the
downstream activation of IL-18, IL-6, and TNF-a genes.

The histopathological alterations observed in the current study were consistent with
those of Gupta and Deepika [146], who reported that 14 day old broiler chicks exposed
to IMI showed congestion in the spleen. Additionally, splenic tissues of rats treated with
IMI displayed low numbers of lymphocytes, and thymus tissues showed lymphocytic
depletion with pyknotic nuclei [105,147]. The intense immunopositive reactivity of TLR2
and TNF« in the liver found in this study could be explained by the up-regulation of TLR4
and TNF« in the spleen in this study. The obtained results are in agreement with those of
Alhusaini, et al. [148], who reported that acetamiprid-treated rats showed detectable TLR4
protein expression in the glomeruli that were mainly localized to podocytes, moderately
expressed along the proximal tubule and strongly expressed along the distal tubule

5. Conclusions

Herein, the current study provided potent evidence that the consumption of CUR
improved the broiler chicken’s immune system. Curcumin counteracts IMI-induced detri-
mental effects on growth performance, hematological associated indices, oxidative status,
and mRNA expression of immune-related genes (IL-18, TLR-4, and IL-10) in 308 Ross
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broiler chickens. Thus, CUR has the potential for utilization as a remedy in biomedical
and pharmaceutical products, especially as antioxidant supplements constructing a precise
antidote owing to its unique properties for numerous biomedical applications. Finally, our
results provide new insight into IMI-induced immuno-toxicity in broiler chickens, more-
over, for the first time, CUR preserves an in vivo protective effect against IMI principally in
the pro/concurrent-supplementation compared with the con-current supplementation only.
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Simple Summary: The inappropriate use of pesticides is one of the underlying causes of the extensive
honeybee die-off that is taking place worldwide. Pesticides can cause acute, sub-acute, and chronic
toxicity, in the latter case leading to physiological and behavioral changes in honeybees. Acute
pesticide toxicity is exacerbated by nutritional deficiencies and poor immune system fitness. Studies
have shown that polyphenols extracted from many botanical species have been shown to possess
protective properties against acute and chronic pesticide intoxication. In this study, we wanted to
test the protective role of the bergamot polyphenolic fraction (BPF) against deltamethrin intoxication
in honeybees. The semi-filed toxicity tests showed that, when administered in combination with
deltamethrin, BPF was able to protect against pesticide toxicity. In particular, survival indices were
improved, and the honeybees showed a reduction in abnormal behavior compared to the positive
control group treated with deltamethrin alone.

Abstract: Pesticide-induced poisoning phenomena are a serious problem for beekeeping and can
cause large losses of honeybee populations due to acute and sub-acute poisoning. The reduced
responsiveness of honeybees to the damage caused by pesticides used in agriculture can be traced
back to a general qualitative and quantitative impoverishment of the nectar resources of terrestrial
ecosystems. Malnutrition is associated with a decline in the functionality of the immune system and
the systems that are delegated to the detoxification of the organism. This research aimed to verify
whether bergamot polyphenolic extract (BPF) could have protective effects against poisoning by
the pyrethroid pesticide deltamethrin. The studies were conducted with caged honeybees under
controlled conditions. Sub-lethal doses of pesticides and related treatments for BPF were administered.
At a dose of 21.6 mg/L, deltamethrin caused mortality in all treated subjects (20 caged honeybees)
after one day of administration. The groups where BPF (1 mg/kg) was added to the toxic solution
recorded the survival of honeybees by up to three days. Comparing the honeybees of the groups in
which the BPF-deltamethrin association was added to the normal diet (sugar solution) with those in
which deltamethrin alone was added to the normal diet, the BPF group had a statistically significant
reduction in the honeybee mortality rate (p < 0.05) and a greater consumption of food. Therefore, it
can be argued that the inclusion of BPF and its constituent antioxidants in the honeybee diet reduces
toxicity and oxidative stress caused by oral intake of deltamethrin. Furthermore, it can be argued
that BPF administration could compensate for metabolic energy deficits often induced by the effects
of malnutrition caused by environmental degradation and standard beekeeping practices.

Keywords: honeybee (Apis mellifera); natural products (NPs); bergamot polyphenolic fraction (BPF);
deltamethrin; pyrethroid
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1. Introduction

The honeybee die-off that has occurred in recent years is due to numerous factors [1,2].
Among these, pesticide poisoning is particularly important [3,4]. The term pesticides is
generally used to indicate all products that are employed to combat harmful organisms,
especially in agriculture [5]. Unfortunately, it is not only the organisms targeted by pesticide
treatments that suffer but very often also the useful ones [6,7]. Honeybees can be exposed
to pesticides through a variety of routes, with contact or ingestion being the main two [8].
In addition to the usual way, contact between honeybees and pesticides can also occur in
ways that are not easily predictable. For example, the treatment of the seeds of various
crops with some insecticides, in particular neonicotinoids, can pose a danger to honeybees
comparable to that of spray formulations [9]. During sowing, the abrasion of the film
covering the seed in the hopper of the seeder produces dust that is dispersed in the
surrounding environment, which can form a deadly cloud for the bees in flight that cross it
or cause, after being deposited, intoxications at a later time [9,10]. Contamination can also
occur at a considerable distance from the treated field due to the drift effect caused by the
wind or through indirect contamination [11,12]. According to Krupke et al. (2012) [13], the
main sources of hive contamination for adults and larvae are nectar, recently stored pollen,
and bee bread [13]. When forager honeybees collect contaminated pollen, nectar, honeydew,
or water, they may die immediately, or if the dosages are not fatal, the contaminants may be
carried into the hive. During the most crucial times, when honeybees need to utilize their
food reserves, they are likely to consume these contaminants [13]. Therefore, moderate
levels of pesticides can still pose a serious threat to the honeybee colony, leading to a
gradual decline in the population. Paradoxically, direct treatments of honeybees with
very toxic substances can have less impact, as by killing or preventing the foragers from
returning to the hive, they do not act on the brood and the queen’s fecundity. In these
cases, families can recover quickly by replacing the foragers, even if there is an irreversible
loss of harvest. Most pesticides have different levels of toxicity based on a variety of
variables, such as the exposure method, the age of the honeybees, the fitness of the colonies
or honeybee subspecies, and the nutritional requirement [8,14,15]. The research studies
revealed significant levels of pesticide toxicity and the related detrimental consequences
for honeybees [16-18]. For example, research attention has been focused on neonicotinoid
pesticides [19-21], and nowadays their use has been limited due to their negative effects on
honeybees and growing resistance to them in treated pest populations [22].

Today, pesticides commonly used in agriculture belong to the class of
pyrethroids [23,24]. Their insecticidal activity is due to the lipophilic keto-alcoholic esters
of chrysanthemum and pyrethroic acid [25]. First- and second-generation pyrethroids
are distinguished. Compared to second-generation (Type II) pyrethroids, first-generation
(Type I) pyrethroids are less dangerous to mammals [26]. The voltage-dependent sodium
channels are the major target of pyrethroid pesticides. Because of their low environmental
persistence and toxicity, the pyrethroid family of insecticides is employed as alternatives to
organochlorines, organophosphates, and neonicotinoids in pest-control programs [27,28].
Deltamethrin is a Type II pyrethroid characterized by a broad spectrum of activity that is
widely used in professional agriculture, forestry, and hobby farming [29]. Its use is not free
from the dangers of pollinating insects. Deltamethrin disrupts physiology in honeybees
by causing memory disturbances, hypofertility, hypothermia, alterations in body and in-
testinal development, and altering normal dances and foraging activity [30-33]. It is also
important to emphasize that pesticides exacerbate their effects when the body’s defenses
are poor.

In the last few years, the modification of the landscape caused by human activity has
led to a decrease in the quality of bee food [34]. As agriculture becomes more intensive,
the landscape changes and the availability of bee food supplies progressively decreases,

80



Animals 2023, 13, 3764

which reduces environmental sustainability. Consequently, the variety of flowering plants
has decreased [35]. Low species diversity of flowering plants results in a reduction in the
variety and availability of macro- and micro-elements in bee nutrition, which ultimately
has a detrimental impact on honeybee populations [18]. Ineffective beekeeping techniques
also contribute to nutritional deficiency; when winter supplies need to be replenished, bees
are sometimes given little more than a solution of sugar and synthetic pollen replacements.
The majority of the time, these food supplements are deficient in nutrients that are present
in honeybees” normal diets [36,37]. The number of honeybee colonies may be declining as a
direct consequence of poor nutrition, which may also increase susceptibility to diseases and
pesticides [38]. Many studies have demonstrated that the dietary consumption of phenolic
compounds and flavonoids can increase the body’s ability to respond to pesticide injuries
and pathogens [18,39]. Depending on food sources, the quantity and intake of phenolic
compounds and flavonoids could change considerably [40]. The phenolic acids, flavonoids,
and their derivatives are often abundant and diverse in honeybees’ natural diets [41], and
it is these varying concentrations and ratios that affect the detoxifying effects [42]. Natural
products (NPs) have been shown to have several properties [43—47]. Supplementing the diet
with NPs and/or their compounds, such as polyphenols, could help honeybees respond
better to the injuries that pesticides pose to their normal physiology. Citrus Bergamia Risso
and Poiteau, commonly known as bergamot, is a shrub native to the Calabrian area of
Southern Italy [48]. Its juice and albedo both exhibit a distinctive flavonoid and flavonoid
glycoside profile. The composition and especially the high flavonoid concentration of
bergamot set it apart from other citrus fruits [48]. Researchers have found that BPF, a
polyphenol-rich fraction produced from bergamot juice and albedo, possesses antioxidant,
anti-inflammatory, lipid-lowering, and hypoglycemic properties [49-55]. Bergamot requires
particular cultivation conditions, such as alluvial, clayey, and calcareous soils. Calabria is
the world’s largest producer. Over 90% of the world’s bergamot production comes from
this region [56]. Among the flavonoids and flavonoid glycosides present in bergamot, there
are neoerocitrin, neoesperidin, naringin, rutin, neodesmin, roifolin, and poncirin [53]. A
total of 95% of flavonoids are represented by flavanones. It also features carbohydrates,
pectins, and other compounds [53]. Our research aims to shed more light on the intricate
and subtle impacts that pesticides could have on honeybee behavior and health. This
study’s primary objective was to ascertain the impact of polyphenols on the mortality of
honeybees poisoned by deltamethrin, one of the most popular pyrethroids. The polyphenol
fraction of bergamot, also known as BPF, was chosen for the food supplementation. To
assess the positive effect of polyphenol intake, the mortality rate of the honeybees fed
BPF-deltamethrin in sugar solution was monitored over time and compared with that of
honeybees taking only the pesticide in sugar solution. Furthermore, the abnormal honeybee
behavior of the experimental groups as well as food consumption were assessed.

2. Materials and Methods

This investigation was carried out in the summer of 2023 at the Interregional Research
Center for Food Safety and Health (IRC-FSH), Department of Health Science, University
“Magna Graecia” of Catanzaro (Italy). The experimental honeybees came from one healthy
honeybee colony. The honeybees used for the experiment belonged to the subspecies
A. mellifera ligustica. The colony was conducted using conventional beekeeping methods.
To ensure that the colony was healthy and free from parasitic or infectious infestations,
established inspection procedures were used. As established by the standard methods for
toxicological research, to obtain individuals of the same age, honeycombs of brood with
hatching honeybees were placed in an incubator (35 °C and 65-80% relative humidity),
and emerging honeybees were collected after 12 h [15].

After brushing the frames, all the honeybees were mixed and split into the experimen-
tal groups. Disposable cages have been used for toxicological studies because it is difficult
to remove chemical residues [15]. Only one feeder (a plastic syringe with the tip cut off to
enable solution flow) was given to each test cage [57].
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Therefore, the young honeybees were moved into cages (20 per cage). To introduce
the honeybees into the cages and administer the treatments, routine procedures with-
out anesthesia were used [15,58]. After honeybees were introduced, cages were kept at
33 £ 2 °C and 50-70% RH in a dark chamber. Before the trial started on Day 0, the 1 day
old emerged honeybees were kept in cages for one day (from Day —1 to Day 0) and fed
with a sucrose solution (50% (w/v)) to give them time to become accustomed to the test
conditions.

Subsequently, they were fed with the treatment solutions. Five experimental replicates
were performed for each treatment under study.

Tests were conducted on the individual effects of deltamethrin (Sigma
Aldrich—Schnelldorf, BO, Germany) and BPF, as well as the protective impact of BPF
when administered in association with deltamethrin. Two doses of deltamethrin and one
of BPF were chosen for administration. The doses were chosen for preliminary studies.
Specifically, deltamethrin dosages were combined with the sucrose solution at two distinct
concentrations: 2.16 mg/L and 21.6 mg/L; five control groups (dose of 0 mg/mL honey-
bee) were also devised. BPF dosage (1 mg/kg) was evaluated in conjunction with each
sublethal dose of deltamethrin in the combined deltamethrin and BPF therapy. The effects
of the treatments on honeybee survival (1-72 h) and the frequency of aberrant behavior in
honeybees (1-4, 24, 48, and 72 h after treatment) were recorded.

The organization of the experimental groups is summarized below:

1.  Deltamethrin treatment 1 (DTM 1): a low concentration of deltamethrin (2.16 mg/L)
in a 50% w/v sugar solution;

2. Deltamethrin treatment 2 (DTM 2): deltamethrin at a high dose (21.6 mg/L) in a 50%
w/v sugar solution;

3. Bergamot polyphenolic fraction treatment 1 (BPF-1): a BPF (1 mg/kg) combination in
a 50% w/v sugar solution with the lower dose of deltamethrin (2.16 mg/L);

4. Bergamot polyphenolic fraction treatment 2 (BPF-2): a combination of BPF (1 mg/kg)
in a 50% w/v sugar solution with a higher concentration of deltamethrin (21.6 mg/L);

5. Bergamot polyphenolic fraction (BPF): BPF (1 mg/kg) dose in a 50% w/v
sugar solution;

6.  Control treatment: sucrose solution (50% w/v).

2.1. BPF Preparation

For the study, fruits of the Citrus bergamia Risso and Poiteau varieties were collected
in the area between Bianco and Reggio Calabria (Calabria Region, Italy). Subsequently,
squeezing was carried out to extract the juice from the peeled citrus fruits.

The juice underwent oil fraction depletion by stripping, clarification by ultra-filtration,
and loading onto an appropriate polystyrene resin column capable of absorbing polyphenol
chemicals with molecular weights between 300 and 600 Da (Mitsubishi).

A solution of 1 mM KOH was used to elute the polyphenol fractions. To lower the
amount of furocoumarin, the basic eluate was incubated on a rocking platform. According
to the quantity of furocoumarin impurities, the shaking duration was modified. The phyto-
complex left over from the procedure used to extract furocoumarins was then neutralized
by filtering cationic resin at an acidic pH. To obtain BPF powder, it was vacuum dried
and then chopped to the appropriate particle size [48]. The BPF was subjected to physical,
microbiological, and compositional analyses. In particular, the power was analyzed in
search of flavonoids, furocoumarin, and other polyphenols. The amount of polyphenols in
BPF powder was analyzed using HPLC.

2.2. Feeding Solutions

Deltamethrin and BPF stock solutions were created using deionized water and kept
at a temperature of 4 °C. By combining the stock solutions of deltamethrin and BPF with
50% (w/v) water sugar solutions, the final treatment solutions were created.
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The BPF treatment had concentrations of 1 mg/kg. Deltamethrin treatments were
prepared at concentrations of 2.16 mg/L and 21.6 mg/L. The above detailed deltamethrin
concentrations were mixed with BPF concentrations to verify the protective effect of the
polyphenolic extract. The honeybees received feeding solutions ad libitum from the begin-
ning of the experiment and were supplied with new ones every 24 h. At least once every
three days, the feeding dilutions were made, carefully wrapped in aluminum foil to shield
them from light deterioration, and kept at a temperature of 6 to 2 °C. No precipitation was
ever seen in feeding solutions.

2.3. Behavior

The OECD's established guidelines were used to categorize and quantify behavioral
disorders [58]. Depending on the pesticide dosage, the percentage of honeybees displaying
aberrant behaviors across time (1, 2, 4, 24, 48, and 72 h after treatment) and the number of
improperly behaving honeybees per cage were evaluated. The following behaviors were
taken into account: a curved-down abdomen, hyperactivity, apathy, motion coordination
impairments, and moribundness [17]. These types of anomalous behaviors are based on
ecotoxicological recommendations. We monitored each honeybee for 6 s (up to 120 s for a
cage with 20 honeybees), with the cage serving as the unit of replication.

2.4. Food Composition

The cages were equipped with feeders. The feeders were inserted horizontally into the
bottom of the cage. The feeders were sterile 2.5 mL disposable syringes with capped ends.
A notch was made at the top of the syringe, near the capped end, creating a slit through
which the bees fed. Food consumption was recorded daily.

2.5. Data Analysis

The statistical analysis was conducted using GraphPad PRISM software (version 9.0,
GraphPad Software Inc., La Jolla, CA, USA). To estimate the survival function from the
data obtained, the Kaplan-Meier estimator was employed. Once the analysis was obtained,
the Longrank test was performed to compare the survival of the different treated groups.
The difference between the experimental groups was considered significant for p-values
of <0.05.

3. Results
3.1. Bergamot Polyphenolic Fraction (BPF) Analysis

The results of the analysis, including the chemical characteristics, active ingredients,
heavy metals, and microbiological evaluation, are shown in Table 1 [59,60].

Toxicological tests ruled out the existence of any harmful substances. Microbiologi-
cal standard testing found no bacteria or mycotoxin. Neoeriocitrin (370 ppm), naringin
(520 ppm), and neohesperidin (310 ppm) were the primary flavonoids found in BPF.

3.2. Honeybee Survival and Mortality

Results for honeybee survival are depicted in Figure 1.

In the control groups, survival remained essentially unchanged over the three days
of the trial, suffering a slight deflection on the third day. The same trend was found for
the groups treated with BPF, deltamethrin 2.16 mg/L, and deltamethrin 2.16 in association
with BPF. The deaths that occurred in the above mentioned groups can be associated
with a physiological death that was not statistically significant when compared to the
control group. Since deltamethrin 2.16 mg/mL and BPF1 were found to be non-toxic, the
combination was also found to be non-toxic and safe.

Honeybees treated with deltamethrin (21.6 mg/L) had a survival probability of
38% compared to the control (sugar syrup) at 1 day of treatment. There was therefore a
reduced survival, which was statistically significant (p < 0.001) compared to the control
group, already from day one of treatment. Even at day two, the difference between the two
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groups was statistically significant (p < 0.001); on day three, in the deltamethrin-treated
group, all subjects had died. The groups fed BPF plus deltamethrin (21.6 mg/mL) after
one day of treatment had a survival probability of 86%. At two days post-treatment, the
survival probability was 72%, and at three days, it stood at 46%. Therefore, the combination
with BPF statistically increased the survival of honeybees compared to those in the group
fed deltamethrin at 21.6 mg/mL (p < 0.001).

Table 1. Results of the bergamot polyphenolic fraction (BPF) analysis.

Description Specifications Methods
Chemical Characteristics
pH 3.0-4.0
Average Mesh Size Pass 70 mesh IM (0.5% in water) at 25 °C
Mass Density 30-70 g/100 mL Sieve: (CQ-MO-023)
Water Content <10.0% PT CHIM 65 rev 0 2011
Organic Solvent Residue None ISTISAN 96/34
Soluble in 40 °C H,O Good GC: (CQ-MO-168)
Soluble in 50% H,O + EtOH Good visual: (CQ-MO-148)
Active Ingredient Strength HPLC visual: (CQ-MO-148)
Pesticides Residue Negative PT CHIM 69rev 02 011
Active Ingredients Unit Range
Polyphenols (neoeriocitrin,
naringin, neohesperidin, % 38%
melitidin, bruteridin, and
hesperetin)
Heavy Metals
Arsenic ppm <2.0
Lead ppm <2.0
Heavy Metal Tot. Quantity ppm <20.0
Microbiological Evaluation
Aerobic Plate Count <1000 CFU/g 1SO 4833-1:2013 [61]
Yeast and Mold Count <100 CFU/g 1SO 21527-1:2008 [61]
E. coli Negative 1SO 16694-2:2001 [61]
Coliform Negative ISO 4832:2006 [61]
Salmonella Negative UNI EN ISO 6579:2000 [61]
Staphilococcus aureus Negative UNI EN ISO 6888-2:2004 [61]
Streptococci Negative UNIEN 150 7218:2007—
PT BAT26 rev0 02012 [61]
Product Treatment
Extraction Solvents Water + KOH
Drying Method Spydry
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Figure 1. Honeybee survival curve.

3.3. Abnormal Behavior

The overall percentage of abnormal behavior throughout the duration of the experi-
ment was taken as the basis for recording this data. Figure 2 depicts the trend in abnormal
behavior for the various experimental groups.
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Figure 2. Abnormal behavior.

The BPF, deltamethrin 2.16, and deltamethrin 2.16 in combination with BPF groups
did not present significant abnormal behaviors compared to the control group. Subjects
in the deltamethrin 21.6 groups exhibited the highest percentage of abnormal behavior,
involving precisely 88% of all subjects under treatment. The data was statistically significant
compared to the control group (p < 0.001). BPF not only increased survival but also
reduced the percentage of abnormal behaviors exhibited in a statistically significant manner
compared to the deltamethrin 21.6 group (p < 0.001).

3.4. Feeding Solution Consumption

The results relating to the average consumption of the experimental groups recorded
in the three days of treatment are depicted in Figure 3.
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Figure 3. Consumption of feeding solutions.

The consumption was calculated by dividing the quantity of solution consumed by
the number of surviving bees. Except for the BPF group, all experimental groups drank less
solution than the control. The deltamethrin 21.6 group consumed food solution significantly
less (p < 0.05) compared to deltamethrin 2.16. The deltamethrin 2.16 group, in associa-
tion with BPF, resulted in significantly higher food consumption than the deltamethrin
2.16 group (p < 0.001). The groups with deltamethrin 21.6 in combination with BPF con-
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sumed more solution than both the control and deltamethrin 21.6 groups, with a statistical
significance of less than 0.05 and 0.001, respectively.

4. Discussion

Beekeepers often utilize artificial food in the form of candies or syrup during the
winter or to encourage the queen to oviposit. When the addition of food supplements
to the normal diet is not dictated by management practices, they are dutifully necessary
in ecosystems increasingly modified by man. Overbuilding, intensive agriculture, and
increasingly monocultured land reduce the availability of food for honeybees, resulting
in a shortage of nectar and pollen. Therefore, nowadays, honeybees” normal diet is often
altered. The majority of the time, the food replacements employed lack some essential
nutritious elements that make up the normal diet of these pollinating insects. Along with
macronutrients (carbohydrates and proteins), honeybees’ diets should also include trace
elements and other substances, such as phenolic compounds, that have a significant influ-
ence on their capacity for detoxification. Phenolic compounds are among the components
in honey that contribute most significantly to its antioxidant action [62]. The therapeutic
qualities of honey are attributed to the phenolic chemicals found in honey, particularly
the flavonoids and phenolic acid, which are important natural antioxidants of medicinal
relevance [63]. Previous research has shown a considerable correlation between the an-
tioxidant capabilities of honey derived from different floral sources and their phenolic
content [64]. Numerous research investigations have also emphasized the benefits of in-
cluding compounds with high nutritional value and rich in certain phenolic components.
The molecular processes behind pesticide-induced toxicity entail the formation of free
radicals, lipid peroxidation induction, and disruption of the body’s overall antioxidant
capacity [65]. There is a strong correlation between pesticide exposure, elevated reactive
oxygen species, and oxidative stress induction. According to Uchendu et al. (2018) [66],
deltamethrin and chlorpyrifos (CPF), which are classified as pyrethroid and organophos-
phate (OP) pesticides, respectively, cause oxidative stress by changing antioxidant defense
systems and producing free radicals. The authors used a combination of pyrethroid and OP
insecticides, which are often applied by farmers and kept close to cereals in certain nations,
such as Nigeria [66]. Rats exposed to CPF and deltamethrin, either alone or in combination,
exhibited considerably higher levels of malondialdehyde and significantly lower levels of
catalase, superoxide dismutase, and glutathione peroxidase than the control group [66].
Citrus fruits have been widely reported for their strong bioactivities, such as antioxidant,
anti-inflammatory, antimicrobial, etc., activities [67-70]. Over 40% of BPF is made up of
flavonoids; the remaining 60% is made up of various chemicals, fatty acids, carbohydrates,
pectins, and maltodextrins, which are added to facilitate exsiccation [71]. The flavonoids
and flavonoid glycosides present in BPF are neoeriocitrin, naringin, neohesperidin, meli-
tidin, bruteridin, and hesperetin. These flavonoids have a wide range of positive effects
on animals, including anti-inflammatory, anti-allergic, antibacterial, and anti-apoptotic
capabilities. Analyzing how Naringin interacts with pesticides in animal models has drawn
more attention recently. Mani et al. (2015) [72] experimented to learn more about the amelio-
rating benefits of naringin (100 mg/kg BW by gavage, 21 days) against hepato-pathological
and hematological impairments (12.8 mg/kg BW by gavage, 21 days) in rats intoxicated by
deltamethrin. The researchers discovered that the percentages of neutrophils, eosinophils,
monocytes, and white blood cells in the serum, as well as the degree of tissue damage, lipid
peroxidation level, lactate dehydrogenase, AST, ALT, and ALP activities in the liver of rats
given deltamethrin, were significantly higher than those of the control group. Naringin
therapy significantly returned all prior values to normal ranges in deltamethrin-intoxicated
rats, indicating that naringin acted as a protective agent against the hematotoxicity and
hepatotoxicity associated with deltamethrin exposure. Naringin’s efficacy in combating
deltamethrin poisoning in rats may be attributed to its capacity to scavenge free radicals,
its anti-inflammatory properties, and its immune- and defense-stimulating properties [72].
Positive results were also obtained by Agha et al. (2015) [73], who showed that Hesperidin
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supplementation before experimental deltamethrin intoxication drastically reduced the
frequencies of chromosome aberrations and restored mitotic activity compared to the group
treated with deltamethrin alone [73]. A recent study by Hybl et al. (2021) [18] showed that
supplementation of phenolic acids and flavonoids to the diet of thiacloprid-intoxicated bees
resulted in increased longevity, probably due to the increased detoxification capacity caused
by the increased expression level of genes encoding the cytochrome P450 enzyme [18]. The
BPF administered in our study could act both by attenuating the consequences of oxidative
stress, such as lipid peroxidation, and by increasing the activity of the enzymatic systems
deputed to detoxification. The protective results against pesticide intoxication obtained in
this study with BPF were achieved in other animal species with other polyphenols of plant
origin, such as quercetin, catechin, epicatechin, (—)-epigallocatechin-3-gallate, apigenin,
luteolin, and taxifolin. It can be hypothesized that these other plants or their polyphenols
may also have a similar protective action [74,75]. Based on the findings of this experimental
study, the inclusion of phenolic compounds in the bee diet may, to a certain extent, increase
the bees’ capacity for detoxification, which is frequently decreased due to malnutrition
brought on by environmental degradation and the ensuing loss and contamination of
food resources, as well as by factors related to the routine management of beekeeping.
The survival data that were recorded in the groups in which deltamethrin was associated
with BPF are promising and encourage the integration of polyphenolic substances into
the normal diet. In the present study, two doses of deltamethrin were used in connection
with preliminary toxicity studies. The dose chosen of 21.6 mg/L was the one that allowed
us to cause the death of caged subjects within 48 h, as required by the guidelines for the
evaluation of acute toxicity. The lowest dose of 2.16 mg/L was chosen because it was the
one that resulted in mild toxic effects, such as behavioral abnormalities. This dose allowed
us to appreciate the protective effects of BPF against mild poisoning. The intoxicated
subjects with the highest concentration of the pesticide managed to survive one day longer
than those who received deltamethrin alone. On the second day, all the honeybees that had
been intoxicated with deltamethrin (21.6 mg/mL) had died, while in the intoxicated groups
to which BPF had been added, the honeybees remained alive until the third day, with a
survival rate of 46%. There was no statistically significant difference regarding survival
and mortality data between the control group and the group that had been fed BPF alone.
BPF, therefore, proves to be safe. The improvement trend observed with survival is also
common with anomalous behaviors. Intoxicated subjects administered BPF show a lower
percentage of behavioral anomalies in both groups in which BPF was supplemented at
the highest and lowest doses than in the respective groups without BPF supplementation.
These described results are preliminary and need to be further developed to give more
strength to our evidence; however, it can be asserted that the integration of compounds
with high biological value into food substitutes could help honeybees respond better to
pesticide-induced stress.

5. Conclusions

The use of pesticides in agriculture is a common practice for the control of insects,
pests, and plant pathogens. Often, the compounds used do not have good selectivity
for the target but can also harm insects valuable to ecosystems, such as honeybees. In
such conditions, the discovery of mixtures and/or compounds that can protect or aid
the detoxification of the organism is particularly important. In this study, the BPF was
shown to increase the probability of survival of honeybees intoxicated by deltamethrin.
BPF may reduce intoxication damage caused by exposure to this pesticide, probably by
improving the body’s detoxifying abilities. Subsequent studies are needed to better define
the mechanisms by which BPF exerts its protective action. However, it can already be said
that the addition of BPF as a dietary supplement could be of interest in improving the
fitness of hives.
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Simple Summary: Dietary vitamin supplementation is frequently mentioned as an alternative
therapy for people with autism but is still controversial due to a lack of studies. The current study
described a hypothetical real-life situation and evaluated the effect of vitamin Bj, on the behavior
of zebrafish. Vitamin-treated fish showed behavioral improvements after 14 days of daily exposure.
In addition, the presence of the vitamin improved the redox state, leading to increased activity of
antioxidant enzymes.

Abstract: Constant exposure to a variety of environmental factors has become increasingly prob-
lematic. A variety of illnesses are initiated or aided by the presence of certain perturbing factors.
In the case of autism spectrum disorder, the environmental component plays an important part
in determining the overall picture. Moreover, the lack of therapies to relieve existing symptoms
complicates the fight against this condition. As a result, animal models have been used to make
biomedical research easier and more suited for disease investigations. The current study used ze-
brafish as an animal model to mimic a real-life scenario: acute exposure to an increased dose of
pesticides, followed by prospective intervention-based therapy with vitamin By, (vit. Byp). It is
known that vit. By, is involved in brain function nerve tissue, and red blood cell formation. Aside
from this, the role of vit. By, in the redox processes is recognized for its help against free radicals.
To investigate the effect of vit. Byy, fish were divided into four different groups and exposed to
a pesticide mixture (600 pg L~ fipronil + 600 nug L~ pyriproxyfen) and 0.24 pg L~! vit. By, for
14 days. The impact of the compounds was assessed daily with EthoVision XT 11.5 software for
behavioral observations, especially for sociability, quantified by the social interaction test. In addition,
at the end of the study, the activities of superoxide dismutase (SOD), glutathione peroxidase (GPx),
and malondialdehyde (MDA) were measured. The results showed significant improvements in
locomotor activity parameters and a positive influence of the vitamin on sociability. Regarding the
state of oxidative stress, high activity was found for SOD and GPx in the case of vit. Byp, while fish
exposed to the mixture of pesticides and vit. B, had a lower level of MDA. In conclusion, the study
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provides new data about the effect of vit. By, in zebrafish, highlighting the potential use of vitamin
supplementation to maintain and support the function of the organism.

Keywords: Danio rerio; behavior; autism spectrum disorder; pesticide; vitamin By,; oxidative stress

1. Introduction

Being one of the eight vitamins of group B, vitamin By, (vit. Byy), also called cobalamin
due to the presence of the mineral cobalt in its structure, has often been mentioned as
essential for cellular metabolism [1]. It is known to be involved in the synthesis of DNA
molecules and myelin but also intervenes in the mediation of oxidative stress [2]. Its
deficiency in the body has been linked to motor alterations, memory loss, irritability,
poor balance, and cognitive impairment [1-3]. It has frequently been associated with
increased anemia; alterations in the central or peripheral nervous system; and the onset of
mechanisms prior to disorders such as autism spectrum disorder (ASD), schizophrenia,
and epilepsy [3-5]. Despite the established recommended intake, which can vary across
countries and continents, vit. By, levels can be recorded at different values that indicate a
deficiency. For instance, children, adolescents, women of childbearing age, and the elderly
are considered vulnerable to vit. By, deficiency, according to Vargas-Uricoechea et al. [6].
With an underrecognized capacity to be considered a serious disorder, this deficiency
can be heightened by autoimmune conditions, alcohol consumption, malabsorption, or
a dietary insufficiency (e.g., in vegetarians) [7]. Additionally, vit. B, serves as a cofactor
for two enzymes [8]. Methionine synthase in the cytoplasm requires vit. By, in the form
of methylcobalamin to catalyze the conversion of homocysteine to methionine. If the
process is impaired due to a lack of vit. By, the intracellular homocysteine level increases,
homocysteine being implicated in the mediation of ROS buildup, e.g., homocysteine auto-
oxidation [9]. Vit. By, is also essential for the mitochondrial enzyme methylmalonyl CoA
mutase, which converts methylmalonyl CoA to succinyl CoA, a step in the oxidation of
odd-chain fatty acids and the catabolism of ketogenic amino acids [1].

Mentioned for the first time in 1985, the concept of “oxidative stress” has been defined
as an imbalance between oxidants and antioxidants, characterizing the capacity of an organ-
ism to maintain its physiological state [10-12]. Usually, increased levels of reactive oxygen
species (ROS) are linked to important changes in cell functioning that lead to biomolecule
damage and, in the end, can be a determining factor causing cell apoptosis [13,14]. It has
been indicated that there is a strong correlation between ASD and oxidative stress [15].

Recognized through the presence of significant disruptions in speech and social
skills and through repetitive behavior, ASD is a well-known neurodevelopmental illness
that started to gain more attention due to its high incidence [16,17]. Recent data have
highlighted the prevalence of ASD among US children, estimated at 1 in 36 [18]. The
rate of prevalence depends on several variables. For instance, it has been shown that the
frequency of ASD is greater for Asian children, non-Hispanic Black children, children
with higher Social Vulnerability Index scores, and children who receive treatment in urban
primary care locations [19]. Additionally, the sex-ratio difference is another concern among
specialists. There are reports that present a much higher incidence for boys than girls in
detecting ASD, and this is due to the complicated process needed to discover the specific
features of autism in girls [20]. In real-world practice, according to the Diagnostic and
Statistical Manual of Mental Disorders (DSM-V), ASD is diagnosed based on three main
characteristics: difficulty in social communication; deficiencies in social relationships; and
specific, repetitive patterns of behavior, activities or interests [21-23]. Although its etiology
is not fully understood, ASD may be seen from a complex perspective that combines
genetic and environmental components [17,24-26]. The most common cause is genetic
susceptibility, although prenatal stress, infections, parental age, dysfunctional familial
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relationships, and exposure to neurotoxic chemicals are all believed to be risk factors [27-
31].

For instance, the lack of a sufficient amount of cobalamin in the bodies of autistic
people is mainly due to poor nutrition, specifically in terms of micronutrients, but this is
not the only cause [4,32]. Data on the prevalence of clinical eating issues such as anorexia
nervosa and bulimia nervosa in the population with autism are limited, but the latest results
indicate that these conditions are more common in people with autism and/or attention-
deficit/hyperactivity disorder (ADHD) than in the general population [33-36]. Moreover,
screening for vit. By, in children diagnosed with ASD showed lower vitamin levels in those
children than in the control group, according to several studies [37-40]. Methylcobalamin
supplementation has been proven to be effective for participants in several studies carried
out, leading to a relief of autism-related symptoms [41-45]. Even though little research has
been conducted on the effect of vit. By, in ASD or its effectiveness in alleviating core or
associated symptoms, it appears that the current evidence supports the vitamin’s capacity
to help and even to be regarded as a prospective treatment intervention [45].

The role of vit. By, has long been recognized, starting with the preliminary data
obtained from experimental research, whose outcomes contributed to new data acquisition.
For instance, vitamin activity has been investigated in several studies that used animals as
model organisms (zebrafish, mice, rats) for a specific disorder. Although an animal model
cannot mimic 100% of human features, there are three rules for validating its suitability
as a model; it should have similar causes or mechanisms of onset, similar symptoms, and
similar responsiveness to treatment [46,47]. In this study, the zebrafish (Danio rerio) was
chosen due to its multiple advantages, and it was considered to be eligible for development
as an animal model for ASD, a fact highlighted by numerous reports [48-52]. In addition, it
possesses the full complement of cobalamin metabolic enzymes, and a deficiency of this
nutrient can be caused by mutations in mmachc, a gene responsible for vit. By, activity
regulation [8,53,54]. According to Sloan et al. [53], zebrafish with mmachc mutant alleles
showed impaired growth and developmental delays but also responded to established
therapies, suggesting that this may be a suitable model for studying cobalamin deficiency.
A 2012 study evaluated the effect of various vit. By, levels in zebrafish and demonstrated
that 5 pg vit. Bjo kg ! was insufficient to support whole-body vitamin storage, but there
were also no signs of deficiency [55]. When vit. B, was administered in a mixture with
100 pg L~! malathion, an organophosphate insecticide, it led to an arousal of the motor
functions by modulating acetylcholinesterase activity. These results were further supported
by the diminished oxidative-stress status [56].

Aside from the genetic component, the environment has recently attracted increased
attention as a risk factor for ASD. Specialists started to point out the involvement of
the environment in ASD and the negative impact [16,24,28,30]. An imbalance between
excitatory and inhibitory neuronal activity in most cases of ASD has been hypothesized as a
common underlying defect with many converging etiologies. For example, the impairment
of gamma-aminobutyric acid (GABA) neurotransmission in autistic people is described
by numerous reports [57-59]. These findings led to the choice of a mixture of pesticides
(fipronil and pyriproxyfen), whose synergistic effect was correlated with the induction
of GABA malfunction. Fipronil (FIP) is a compound from the phenylpyrazole class of
insecticides that acts on the insect nervous system [60]. The main mechanism of action is the
inhibition of GABA receptors and glutamate-gated chloride channels, and, depending of
the dose, this can end in extreme neuronal excitation until the death of the organism [61,62].
Pyriproxyfen (PYR) is a compound that mimics the natural hormone for insect growth [63].
Both compounds, alone or in a mixture, are linked to developmental and histological
abnormalities, behavioral disturbances, and elevated levels of oxidative stress [64-73].

Due to the increased role of the environment as a risk factor for ASD and the need for
new therapeutic interventions for autistic people, the present study aimed to evaluate the
effects of vit. of By, and a mixture of pesticides administered individually or in combination
in a zebrafish animal model, mimicking a real-life scenario. This objective was approached
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in the following steps: (1) evaluation of the effect of the compounds on locomotor activity,
(2) characterization of sociability after exposure to the compounds, and (3) measurement of
specific parameters of oxidative stress.

2. Materials and Methods
2.1. Animals

A total of 200 zebrafish juveniles (Danio rerio, WT AB, 2-3 months, ~2 cm body length,
0.22 + 0.05 g body weight, sex ratio 1:1) were obtained from an authorized local supplier
and kept in the laboratory for three weeks as an acclimatization period. The water in the
housing aquarium was replaced every 48 h with dechlorinated tap water, and the water
in the experimental tanks was changed every single day. The water parameters were
constantly measured and kept at normal values using filtration and an air pump (Table 1).
The tanks were illuminated with LED bends (307.5 LUX) with a photoperiodic cycle of
14:10 h (light:dark). The fish were fed twice a day with TetraMin Tropical Flakes (5% of
body weight in food per day, of which vit. By accounted for approximately 0.12 ug).

Table 1. Environmental conditions from the housing and experimental tanks observed during the
experimental period.

Temperature Conductivity .. Ammonia Dissolved

Type of Tank o) pH (uS em—1) Salinity (mg L-1) Oxygen (%)
Housing tank 26 £0.5 7.6 551 0.26 0.05 90.8
Experimental tanks 25+£05 7.5 553 0.24 0.06 90.7

2.2. Chemicals

The pesticide mixture used in this study was purchased from a veterinary store in
liquid form. The product purchased was mainly made up of the two pesticides (67.5 mg FIP
and 67.5 mg PYR) but also contained other chemicals such as 0.3 mg of butylated hydrox-
yanisole, 60 mg of benzyl alcohol, and 0.15 mg of butylhydroxytoluene. The concentration
of each pesticide compound was 600 pg L1, which was achieved by dissolving a certain
quantity of the previously prepared stock solution into the medium. Vit. Bj, was bought
from a local pharmacy as tablets of a recommended product for dietary supplementation,
and the formulation contained microcrystalline cellulose, dicalcium phosphate, hypromel-
lose, cellulose powder, magnesium stearate, and stearic acid in addition to the vitamin.
The concentration of the vitamin used was 0.24 pg L~1. Each solution was prepared daily
by grinding the tablets and dissolving the fragments in a 100 mL volumetric flask. Plastic
vials with lids were filled with 40 mL of solution (prepared by dissolving a certain amount
of the stock solution), and the fish were kept for 30 min according to Pena’s protocol [74].
The chemicals used in this protocol (the pesticide mixture and the vitamin tablets) were
commercial compounds, since it is more common to use them that way than in the pure
state of the active ingredients (to avoid conflicts of interest, the brands of the products will
not be mentioned). The oxidative stress analysis was performed using the Superoxide Dis-
mutase Determination Kit (SOD, 19160-1KT-E); Glutathione Peroxidase Cellular Activity
Assay Kit (GPx, CGP1-1KT,); and Total Protein Kit, Micro Lowry, Peterson’s Modification
(TP0300-1KT) from Merck, Darmstadt, Germany. In addition, malondialdehyde (MDA)
levels were assessed through the thiobarbituric acid-reactive substances assay according to
the protocol of Balmus et al. [75].

2.3. Experimental Design

The fish were randomly transferred from the housing aquarium to the experimental
tanks, with a capacity of 5 L each, and left to adjust to the new space. Four experimental
groups were divided from each other as follows: untreated, 0.24 pg L1 vit. By, 600 ug L1t
FIP + PYR, and 0.24 ug L~! vit. By + 600 ug L~! FIP + PYR. Zebrafish juveniles were
exposed to a single dose of the pesticide mixture, while vit. Bj was administered for a
period of two weeks in order to simulate a real-life situation.
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Following the accommodation period, the initial behavior of each fish was evaluated
through the locomotor activity and social interaction tests.

A newly prepared pesticide solution was dissolved directly into the experimental
tanks for the mixture and mixture + vit. groups. As regards vitamin administration, this
was performed by placing each fish in a plastic vial filled with vit. By, solution and leaving
it in for 30 min. The control and mixture groups simulated exposure to the vitamin. Each
fish was tested in the T-maze to collect data on locomotor activity and sociability as in
the initial assessment of behavior. These tests were repeated daily for two weeks. Data
were acquired every day using a camera situated above the maze, connected to a computer
with EthoVision XT 11.5 software (Noldus Information Technology, Wageningen, Holland),
with which all the behavioral parameters were calculated. In the end, fish were killed by
immersion in ice-cold water for a minimum of 5 min after opercular motion had stopped
and then stored in the freezer at —80 °C for oxidative stress analysis. The study included
two more replicates. A schematic representation of the entire study is presented in Figure 1.

COMPOUND
| PRETREATMENT | EXPOSURE |  TREATMENT |
Evaluation S g -
ﬁ o 0 pg Lt vit. By, and 0 pg L pesticide mixture
u':‘“ of the initial
é behavior
= 14 days x 0.24 pg L1 vit. B,,
-'é' Behavioral
b7} >— — ~ SACRIFICE
3 | observations
2 Eecth | O e s : r_]soi_\p
=1 activity and GPx
&2 social 14 days x 0.24 pg L vit. By, +

7 il i MDA
interaction tests 1 day x 600 pg L pesticide mixture

- =2 L= =)

Figure 1. The experimental design of the study for evaluating the impact of vitamin By, and pesticide
mixture on zebrafish.

2.4. Behavioral Tests
2.4.1. Locomotor Activity Test

The specific locomotor activity parameters of the animals were measured before and
after the treatment using a T-maze adapted for this test. The experimental apparatus is
made from transparent Plexiglass (40 x 30 x 10 cm, length x height x width) and divided
into three arms: left, right, and center (Figure 2). The starting point was established at the
end of the center arm. To investigate the impact of the compounds on animals, a series
of parameters were chosen to describe the locomotor activity. The total distance swum
was the first one chosen; it represents the total distance travelled by fish in the T-maze
(cm) during a trial. Secondly, the average velocity parameter refers to how fast the fish is
moving (cm s~ 1), while maximum acceleration is defined as the fish’s maximum speed of
reaction (cm s~2). In addition, the time spent active or inactive describes the amount of
time in which the fish was or was not moving (s). Each trial had a duration of 4 min, and
an experimental session was carried out every day between 9 a.m. and 6 p.m.
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Locomotor activity test
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Figure 2. The T-maze adaptation for performing the locomotor activity test; C: center arm, L: left arm,
R: right arm, and SP: start point.

2.4.2. Social Interaction Test

The social interaction test aims to assess the tendency of an individual to choose
and/or spend time next to its conspecifics. This test used the same experimental apparatus
described in the previous subsection, but with several adaptations. A transparent wall
was added in the left arm to divide the area into two zones: the social stimulus and the
tested zone (Figure 3). In the social stimulus zone was placed a group of three animals
(from the same group tested and with a different sex ratio every day), while the tested zone
corresponded to the experimental fish. Each fish was allowed to swim freely in all arms,
except for the social stimulus zone, which was separated. Social behavior was quantified
by recording the time spent by fish next to the social stimulus zone in a session of 4 min.
Beside this, the time spent in the center and right arms was measured.

Social interaction test

L :- <,,_,_,,,%,(,,,,,_,,_,_,,_,;, R

-
—
S8Z IZ

4 minutes . Time spent
C = mmmmmm) in/next to the
@ social stimulus
Zone

heatmap

SP

Figure 3. The T-maze adaptation for performing the social interaction test; C: center arm, L: left arm,
R: right arm, SP: start point, SSZ: social stimulus zone, TZ: tested zone.

2.5. Oxidative Stress Measurement

At the end of the chronic exposure, all the experimental fish were killed by immersion
in cold water (under 5 °C) and kept in the freezer for the oxidative stress analysis. To
measure the oxidative stress markers, each fish was defrosted and homogenized in ice-
cold saline (0.90% NaCl). Afterward, all the samples were centrifuged at 5500 rpm for 15
min following Jin’s protocol [76]. The obtained supernatant was used to determine the
SOD and GPx activity, MDA level, and protein concentrations. The enzyme activity was
determined according to the suggested protocols from the kit packages and quantified with
a Specord 210 Plus spectrophotometer from Analytik Jena, Jena, Germany, at the following
specific wavelengths: 450 nm for SOD, 340 nm for GPx, and 532 nm for MDA. Protein was
measured using the Bradford method and determined at 595 nm [77]. Each sample was
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tested in triplicate (Supplementary Materials), and values were presented as the average +
SEM.

2.6. Statistical Analysis

OriginPro v.9.8 software (OriginLab Corporation, Northampton, MA, USA, 2021)
was used to realize the statistical analysis for both experimental tests. The first step in
analyzing the data consisted of verifying of the normality of the data distribution through
the Shapiro-Wilk test. When normality was confirmed, Tukey’s post hoc test was applied
to demonstrate the significant differences between group parameters before and after the
treatment period. The « value was established at 0.05 to indicate the mean differences
between the group, with the data being expressed as the average + standard error of the
mean (S.E.M.). The graphic presentation of the results for the locomotor activity and social
interaction tests was generated using OriginPro software and Microsoft Package Excel files
(Microsoft Office Professional Plus 2021) for oxidative stress results.

2.7. Ethical Note

The guidelines for the accommodation and care of animals used for experimental
and other scientific purposes, Directive 2010/63/EU of the European Parliament, and the
Council of 22 September 2010 on the protection of animals used for scientific purposes were
strictly followed and maintained [78,79]. Additionally, this experiment was approved by
the Ethical Commission of the Faculty of Veterinary Medicine, University of Agricultural
Sciences and Veterinary Medicine lasi, with registration number 750/04.07.2019.

3. Results
3.1. Short-Term Changes in Locomotor Activity Due to the Presence of Vitamin By

The total distance swum by the control group did not reveal any changes during
the experimental period (initial behavior: 886.3 &= 206.1 cm vs. the average of the study
period: 886.6 £ 181.3 cm, p > 0.05, Tukey, ANOVA). Compared to the control group’s
activity, the total distance for the 0.24 ug L~! vit. By group registered increased val-
ues, with maximum peaks on D_5 (1518.3 &+ 238.1 cm, p = 0.03, Tukey, ANOVA), D_7
(1333.4 £ 157.2 cm, p = 0.04, Tukey, ANOVA), and D_8 (1485.9 £ 152.8 cm, p = 0.04, Tukey,
ANOVA) in contrast to the initial average: 755.1 & 74.5 cm (Figure 4). A single exposure
to the 600 pg L~! FIP + PYR mixture triggered a decrease in the distance travelled in the
first day (735.8 &= 166.4 cm, p > 0.05, Tukey, ANOVA) in comparison to the initial behavior
(1090.1 £ 149.9 cm), but in the following days, the values of this parameter exhibited an
upward trend—specifically, on D_2 (1638.5 £ 421.8 cm), D_5 (1592.6 &+ 404.8 cm), and D_8
(1666.4 £ 294.5 cm)—without showing significant changes. Regarding the activity of the
zebrafish exposed to the vitamin and pesticide mixture, the total distance value decreased
on D_1 (707.2 £ 277.5 cm, p > 0.05, Tukey, ANOVA) vs. pretreatment (913.6 & 53.8 cm),
with ups and downs during the entire experimental period, ending at a greater value
(1203.4 £ 323.8 cm) than was measured in the initial phase (Figure 4).

In regard to the parameter “swimming speed”, it presented similar trends, as can
be seen in Figure 5. Swimming speed registered high levels for the 0.24 pug L~=! (initial
behavior: 3.14 + 0.31 cm s~ ! vs. end of the study: 5.07 £ 1.07 cm s 1 p > 0.05, Tukey,
ANOVA) and 600 pg L1 FIP + PYR (initial behavior: 4.54 4 0.62 cm s~! vs. end of the
study: 5.44 4 0.81 cm s~ !, p > 0.05, Tukey, ANOVA) groups compared to the control (initial
behavior: 4.09 + 0.70 cm s~ ! vs. end of the study: 4.50 & 0.34 cm s~!, p > 0.05, Tukey,
ANOVA) and the remaining group (initial behavior: 3.78 + 0.17 cm s~ ! vs. end of the
study: 5.01 + 1.35 cm s~ (p > 0.05, Tukey, ANOVA).
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Figure 4. The total distance travelled by juveniles from experimental groups. D: day, PTR: pretreat-
ment, TR: treatment, green: control, purple: 0.24 ug L1 vit. By, blue: 600 pg L~! FIP + PIR, and
orange: 0.24 ug L1 vit. Byp + 600 ug L~! FIP + PIR. The data are expressed as average + SEM
(n=15); * p < 0.05 (ANOVA, Tukey) is significant compared to the results from the PTR stage.
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Figure 5. The average swimming speed of the experimental groups. D: day, PTR: pretreatment,
TR: treatment, green: control, purple: 0.24 ug L1 vit. By, blue: 600 ug L~! FIP + PIR, and orange:
0.24 pg L1 vit. By + 600 ug L~! FIP + PIR. The data are expressed as average + SEM (n = 15);
p < 0.05 (ANOVA, Tukey) is significant compared to the results from the PTR stage.

Another quantified parameter for the locomotor activity characterization was “max-
imum acceleration”. As can be seen in Figure 6, this parameter did not show important
modifications in any group during the experimental period. In addition, the single ex-
posure to the pesticide mixture triggered a slight increase in maximum acceleration on
D_5: 235.8 & 12.4 cm s~ 2 (p > 0.05, Tukey, ANOVA) compared to the pretreatment data:
211.9 + 2.35 cm s—2. On the other hand, when the vitamin was also present, the parame-
ter of maximum acceleration was reduced on D_1 (192.6 + 19.16 cm s 2, p > 0.05, Tukey,
ANOVA) and D_13 (191.1 + 15.6 cm s 2, p > 0.05, Tukey, ANOVA) versus the pretreatment
value: 223.2 + 11.06 cm s~ 2.
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Figure 6. The maximum acceleration of the experimental groups. D: day, PTR: pretreatment, TR:
treatment, green: control, purple: 0.24 pug L~! vit. By, blue: 600 ug L~! FIP + PIR, and orange:
0.24 ug L1 vit. Byp + 600 ug L~! FIP + PIR. The data are expressed as average + SEM (n = 15);
p < 0.05 (ANOVA, Tukey) is significant compared to the results from the PTR stage.

The “active swimming” parameter presented several changes in the activity of the
fish. Although most zebrafish individuals did not exhibit important modifications in this
parameter’s values, a fluctuating trend was observed during the experimental period. The
vit. By, group was the only one with constant activity. Even though the 0.24 g L=! group
showed constant activity, there was a decrease in it on D_2 (205.4 &+ 8.54 s, p > 0.05, Tukey,
ANOVA) in comparison to the pretreatment value: 217.6 &+ 3.14 s (Figure 7). After the first
week of exposure to the pesticide alone, fish were able to regain values close to the initial
behavior (223.3 £ 7.43 s). Thus, the lowest values of this parameter were recorded on the
treatment day (176.9 £ 41.1 s), D_2 (191.5 + 31.7 s), and D_5 (199 £ 37.9 s). When fish
were exposed to the vitamin and the pesticides, the active swimming parameter revealed
unstable behavior. The highest value was recorded on D_12 (229.4 £ 3.91 s, p > 0.05, Tukey,
ANOVA), and the lowest on D_1 (161.2 &+ 32.7 s, p > 0.05, Tukey, ANOVA), compared to
pretreatment (215.3 + 10.2 s).
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Figure 7. The active swimming parameter recorded for all the experimental groups. D: day, PTR:
pretreatment, TR: treatment, green: control, purple: 0.24 ug L1 vit. Byp, blue: 600 pg L1 FIP + PIR,
and orange: 0.24 pug L1 vit. By + 600 pg L~ FIP + PIR. The data are expressed as average + SEM
(n =15); p < 0.05 (ANOVA, Tukey) is significant compared to the results from the PTR stage.
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The ”inactive status” parameter revealed short-term changes in the experimental
groups during the tested period. In the first week of exposure, as can be seen from Figure §,
the group exposed to 0.24 pg L~! vit. Bjp + 600 pg L~ FIP + PIR presented a more
pronounced time spent in inactivity compared to the initial behavior (average of the week:
62.36 £ 35.10 s vs. initial behavior: 24.64 &= 10.29 s). When the compounds were given
separately, this trend changed. For instance, the vitamin group exhibited the lowest values
for this parameter, in contrast to the pesticide group, which had several elevated peaks
recorded for the treatment day (63.01 = 41.1s), D_2 (48.44 4+ 31.7 s), D_5 (40.9 & 37.3 s), and
D_7 (41.3 & 41.1 s). The control group did not show any modifications to this parameter

(p > 0.05, Tukey, ANOVA).
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Figure 8. The inactive status recorded for all the experimental groups. D: day, PTR: pretreatment,

TR: treatment; green: control, purple: 0.24 ug L~! vit. Byp, blue: 600 pg L~ FIP + PIR, and

orange: 0.24 ug L~ vit. By, + 600 ug L~! FIP + PIR. The data are expressed as average + SEM

(n=15); p <0.05 (ANOVA, Tukey) is significant compared to the results from the PTR stage.

3.2. Impact of the Presence of Vitamin By, on Zebrafish Social Behavior

The sociability of zebrafish was evaluated through the social interaction test by mea-
suring the time spent next to the stimulus zone. In Figure 9, the variations of this behavior
during the experimental period are exhibited.

PTR TR D7 D 14

024pgl?  CTRL
(FIP+PYR)  vit. By,

600 pug L1

vit. By,
+ FIP+PYR

Figure 9. The time spent in the T-maze areas during the social interaction test, presented through
heatmaps. D: day, PTR: pretreatment, TR: treatment.
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The control group revealed a normal and natural behavior that is specific to this
organism, with the most time spent next to the stimulus zone (124.5 = 31.8 s), followed
by the center arm (88.5 & 27.3 s) and then the right arm (26.9 & 15.7 s), with no significant
difference between the experimental period and pretreatment (left: 135.04 £ 35.3 s vs.
center: 92.4 £ 30.5 s, vs. right: 12.6 & 8.84 s, p > 0.05, ANOVA) (Figure 10).
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Figure 10. The time spent in the T-maze areas, recorded for the control group. D: day, PTR: pretreat-
ment, TR: treatment. The data are expressed as average = SEM (n = 15); p < 0.05 (ANOVA, Tukey_ is
significant compared to the results from the PTR stage.

Regarding the 0.24 ug L~! By, group, the time spent in the maze arms reflected
elevated values for the left and center arms (average of tested period: 111.3 4= 22.6 s vs.
106.1 = 20.2 s) and a reduced value for the right arm (22.6 £ 9.71 s) compared to initial
behavior (left: 157.9 £ 16.1 s vs. center arm: 41.5 £ 8.5 s vs. right arm: 34.6 & 14.6 s)
(Figure 11).
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Figure 11. The time spent in the T-maze areas, recorded for the group exposed to 0.24 ug L~ vit. By».
D: day, PTR: pretreatment, TR: treatment. The data are expressed as average + SEM (n = 15); p < 0.05
(ANOVA, Tukey) is significant compared to the results from the PTR stage.

Exposure to a single dose of 600 g L~ FIP + PIR did not trigger long-term effects on
zebrafish sociability; however, this combination was able of disturbing this behavior after
the first days of treatment. The time spent in the left arm decreased on D_1 (70.4 £ 43.1 s)
and D_3 (96.7 £ 27.7 s) compared to the pretreatment period (124.1 £ 29.7 s). Thus, after
these days, the fish started to regain their normal behavior, as can be observed in Figure 12.
Additionally, the time spent in the right arm registered the lowest values (pretreatment:
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202 £7.7svs. D_14: 14.1 £ 7.7 s), in contrast to the left arm (pretreatment: 95.7 &= 27.9 s vs.
D_14: 75.1 £ 26.1 s) and center arm (pretreatment: 124.1 £ 29.7 s vs. D_14: 150.2 &= 33.1 s).
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Figure 12. The time spent in the T-maze areas, recorded for the group exposed to 600 pg L.~ FIP + PIR
mixture. D: day, PTR: pretreatment, TR: treatment. The data are expressed as average £ SEM (n = 15);
p <0.05 (ANOVA, Tukey) is significant compared to the results from the PTR stage.

The group treated with 0.24 g L~! vit. By, and 600 ug L~! FIP + PIR spent less
time in the left arm on the treatment day (96.02 + 42.1 s), D_1 (70.4 4 43.1 s), and D_2
(108.1 £ 35.7 s) than during the pretreatment period (120.4 £ 23.2 s). Starting on D_3, the
time spent in the stimulus zone gradually increased, registering an average of 128.6 & 30.8 s,
almost matching that from the initial period (Figure 13). Regarding the other areas of the
maze, the time spent in the right and center arms by the fish presented ups and downs
with no significant activity (p > 0.05, Tukey, ANOVA) (Figure 13).
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Figure 13. The time spent in the T-maze areas, recorded for the group exposed to 0.24 ug L~! vit. By
and 600 pg L~ FIP + PIR mixture. D: day, PTR: pretreatment, TR: treatment. The data are expressed
as average = SEM (n = 15); p < 0.05 (ANOVA, Tukey) is significant compared to the results from the
PTR stage.

3.3. Antioxidant Boost after Vitamin By, Supplementation

The biochemical activity is represented in Figure 14. A single exposure to the pesticide
mixture did not trigger significant changes in SOD activity; neither did exposure to the
pesticides and vit. By, (p > 0.05 Tukey, ANOVA). The same trend was observed for GPx
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activity (p > 0.05 Tukey, ANOVA). In contrast, 14 days of treatment with 0.24 pg L1 vit.
By; resulted in increased activities for SOD (p = 0.03 Tukey, ANOVA) and GPx (p = 0.02
Tukey, ANOVA). Regarding the lipid peroxidation process, the MDA marker did not show
important variations among the experimental groups except for the last group (p = 0.03
Tukey, ANOVA), exposed to the pesticide mixture and the vitamin.
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Figure 14. A graphical representation of the activity of superoxide dismutase (SOD), glutathione
peroxidase (GPx), and malondialdehyde (MDA) for the experimental groups. The data are expressed
as the average & SEM; * p < 0.05 (Tukey) compared to the control.

4. Discussion

The purpose of this study was to determine whether vit. B, can act as a therapeutic
tool in an ASD animal model developed through environmental risk factor exposure.
Modeling traits comparable to those reported in autistic people in another organism implies
multiple phases. The first step in the construction of an animal model is the discovery of a
suitable inductor, followed by the validation of the existence of ASD and the evaluation of
an adequate response after trying a recognized therapeutic method. The effectiveness of
vit. By in treating symptoms induced by exposure to FIP and PYR (already established to
have the potential to produce ASD-like impairments) was assessed in this trial. To date, no
animal studies have been performed to evaluate the effects of vit. Bj; on locomotor activity,
on social features, or in association with ASD. In this study, the first of its kind, the findings
reveal that vit. By, can assist in restoring normal behavior in zebrafish after exposure to a
mixture of pesticides by interacting with enzymes of the antioxidant system. As shown in
the study results section, supplementing the zebrafish diet with vit. By, led to improved
levels of movement parameters describing fish locomotor activity.

Hyperactivity was one of the main findings recorded for the pesticide group, which
presented high values for distance, velocity, and maximum acceleration parameters in
comparison to the other experimental groups. Even when no significant, differences could
be seen between the pretreatment and treatment phases. Although there was only a single
high exposure to the mixture of pesticides, the impact could be seen over the whole study
period, particularly during the first week. This may be explained by the time required
for pesticides to be metabolized in fish. Furthermore, excessive movement can also be a
response to the interaction of fish with these two pesticides, which causes the appearance of
stress and triggers an increase in cortisol secretion but also in ROS [80,81]. This observation
has been made in many research studies after FIP and PYR exposure due to the pesticides’
transformation into more toxic and lasting compounds. For example, the administration of
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a single oral dose of PYR (2 and 1000 mg kg~!) to rats showed that this pesticide had not
only a higher excretion rate but also a reduced depuration period when the presence of
tissue residues was determined after 7 days [82]. A more recent work, in which zebrafish
were exposed to 10 and 100 pg L~! PYR for 30 days, demonstrated the ability of the
pesticide to accumulate after only one day of exposure, while the depuration period of
14 days indicated different half-life values: 2.3 days and 92.5% on day 7 for the lowest
dose compared to 1.2 days and 94.6% on day 7 for the highest. In addition, compared with
the other metabolites, both doses of PYR inhibited the activity of CAT and SOD in the
liver [83]. Similar results as well as elevated levels of lipid peroxidation in the brain and
kidney were obtained after oral administration of 2.5, 5, and 10 mg kg ! body weight FIP to
mice for 28 days [67]. The same observations were made in zebrafish after 96 h of exposure
to 0.5, 1, and 2 mg L~! FIP [82]. Compared with the previous study, in the present work,
no significant effects were recorded on the activity of SOD, GPx, or MDA after pesticide
exposure. This may be explained by variations in dose, exposure time, and developmental
stage that may trigger different consequences on zebrafish. Moreover, when this pesticide
mixture was used in a 14-day treatment for zebrafish, it resulted in increased activities for
SOD, GPx, and MDA [83]. Consequently, it can be concluded that there is a link between
the transformation of pesticides and the occurrence of oxidative stress, especially through
the overproduction of free radicals, which can overwhelm the antioxidant system.

Although an effect of vit. B12 on the social behavior of zebrafish was not evidenced,
oscillations between the left and central arms were observed after two weeks of treatment.
On the other hand, the group exposed to 0.24 ug L~! vit. By and 600 pg L~! FIP + PIR
showed a clear preference for the region with social cues, suggesting that vit. Bj; may
participate in certain fish metabolic processes, allowing them to behave as prior to treatment.
This observation could lead to the conclusion that the vitamin does not directly participate
or act on social behavior, but its involvement in other metabolic processes could impact
the behavior of individuals. For example, compared to the results of the previous group,
a single dose of the pesticide mixture was capable to induce short- and medium-term
changes in fish sociability in the first week of exposure. This behavioral alteration did
not last until the end of experimental period, indicating that pesticides and their effects
began to fade via the excretion process as soon as fish were transferred to system water.
Even if the differences were not validated by a specific degree of significance, the graphical
representations indicate certain trends for the behavioral parameters studied, which must
be further investigated.

The potential antioxidant effect of vit. Bj, has been mentioned several times, but it
remains unclear, though its involvement as a broad-spectrum micronutrient is known [84].
A recently published study discovered associations between subclinical vit. By, deficiency
and serum metabolic markers linked to neuronal and mitochondrial function, along with
increased oxidative stress [85]. Moreover, vit. By, interacts with superoxide, a product of
aerobic metabolism, at rates comparable to SOD, which highlights the mimetic behavior of
the vitamin towards the enzyme. [86,87]. This may indicate a possible mechanism through
which the vitamin protects against chronic inflammation and controls redox homeostasis.
In this study, exposure to 0.24 ug L~ vit. By, for 14 days resulted in elevated activities
for SOD and GPx, whereas, when the vitamin was given after the pesticide mixture, the
activity was lower than for control group. Similar to these results, a 7-day treatment with
0.63 g kg ! vit. By, reduced the levels of hepatic enzymes (aminotransferase and aspartate
aminotransferase), increased antioxidant activities, and diminished inflammatory cell
infiltration and necrosis processes in a male rat study of acetaminophen hepatotoxicity [88].

A possible explanation for this finding could be the ability of the vitamin administered
in a non-stressful environment to promote and enhance the activity of the enzymes of
the antioxidant system. On the other hand, in a disturbed environment (exposure to a
mixture of pesticides) the vitamin participated together with the antioxidant system in
counteracting the effects induced by FIP and PYR even with a single exposure. At the
same time, the rate of accumulation in the zebrafish body and the products resulting from
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the metabolism of FIP and PYR may cause variations in the response to contact with the
compounds. The ability of FIP to accumulate and the rate of metabolite formation in
rainbow trout (Oncorhynchus mykiss) was measured after 32 days of exposure followed by
96 days of depuration. That study concluded that FIP is rapidly converted to its metabolite,
fipronil sulfone, known to have a longer half-life [89]. For instance, the elimination half-life
of FIP was 8.5 h, compared to 208 h for fipronil sulfone, after administration of 4 mg kg !
FIP in rats [62,90]. Additionally, the persistence of fipronil sulfone was confirmed after a
7-day depuration process in European sea bass (Dicentrarchus labrax) juveniles previously
fed with 10 mg kg_1 FIP for 14 days [91].

Another parameter measured to identify the existence of oxidative stress was MDA, a
popular marker for lipid peroxidation. Exposure to a single dose of pesticides followed by
14 days of vit. By led to a decrease in the MDA level compared to the other groups. This
result indicates a possible intervention of the vitamin to regulate the balance between ROS
products and antioxidants, which is also supported by the decreased activities of SOD and
GPx. Dietary supplementation with vit. Bj; had a positive influence on the methylation
process, GSH activity, and oxidative stress in autistic children after an 8-week course of
therapy [43]. Similar results were previously reported by Bertoglio et al. following a
3-month course of therapy with 0.06 mg kg~! vit. By, [42]. A substantially decreased level
of vit. B, was recently found by two studies that assessed the vitamin’s activity in children
with ASD [39,92]. Perturbation of vitamin activity can also occur due to genetic mutations,
as demonstrated in zebrafish by mutations in the abcd4 gene, whose deficiency caused
anemia, or the mmachc gene, responsible for processing the vitamin and transporting it
to cells [53,93]. Vitamin deficiency was also proven in a mouse model of ischemic stroke,
where both females and males had impaired balance and coordination as well as elevated
homocysteine levels compared to the 0.025 mg kg~! group [94]. Neurologic alterations
such as anxiety, deficits in learning and memory, and changes in brain mass were obtained
in a knockout mouse in which the transcobalamin receptor (TCbIR) gene (CD320) was
ablated [95].

Finally, the interaction among vit. By, antioxidants, and ROS should be further
studied and developed using animal models in an environmental setting, especially due to
the high incidence of side effects, but also in a neuropsychiatric context.

5. Conclusions

The usefulness of the vitamin will need to be examined by developing animal models
with similar characteristics to ASD, considering the new research that has come to light in-
dicating a lack of vitamin By, in people with autism, whether it is genetic or environmental.
Furthermore, the present findings revealed the vitamin’s participation in an environment
of oxidative stress, along with its contribution to zebrafish behavior. This study requires
further attention to find out the optimal route of exposure, dose, and treatment duration;
all of these are considered limitations of the current study.
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Simple Summary: Considering the increasing popularity of cannabinoid-rich hemp-based full-
spectrum nutraceuticals, there is a need to better understand the tolerability and adverse events
associated with their use. This study aimed to examine the effects on dogs when using a 2 mg/kg
and 4 mg/kg dose of CBD/CBDA-rich hemp product every 12 h in an academic teaching colony of
dogs when compared to the consumption of a placebo soft-gel capsule every 12 h for two weeks.
The results indicated that although there were serum concentrations of CBD in the 30-100 ng/mL
concentration and 100-200 ng/mL concentration of CBDA, there were no adverse effects or behavioral
changes observed regardless of the treatment used, thus showing that in normal healthy dogs,
2-4 mg/kg every 12 h appears to a safe dosing regimen.

Abstract: With the increase in popularity of utilizing cannabidiol (CBD) for human ailments, owners
are actively interested in the possible utilization of cannabinoid products for their pets. The evaluation
of CBD-rich hemp as an anti-anxiolytic, anti-inflammatory, immunomodulator, and anti-epileptic
supplement has been assessed in previous studies in dogs, with adverse events such as ataxia or
lethargy noted. In this study, the utilization of CBD-rich hemp was assessed at two concentrations
to ascertain the impact on behavior as well as the tolerability of the medication given in a typically
recommended dose and then twice that dose. Eighteen dogs were utilized in a randomized, double-
blinded, placebo-controlled, 3 x 3 designed study. Each group of six dogs was provided placebo,
2 mg/kg, and 4 mg/kg of a cannabidiol /cannabidiolic acid (CBD/CBDA)-rich hemp in two-week
intervals with one-week washout periods between each treatment period. Throughout the 10-week
treatment period, student evaluations were performed, simulating clients’ subjective assessments.
Improvements in anxiety-related behavior and adverse events related to lethargy and ataxia were not
observed and may indicate that the utilization of CBD-rich hemp products for behavioral changes
may require higher dosing to mitigate unwanted behaviors in normal, healthy dogs. Furthermore,
serum chemistry and serum cortisol were evaluated after each treatment period showing only a
mildly significant increase in serum alkaline phosphatase when dosing at 4 mg/kg every 12 h, which
is consistent with previously reported CBD dosing at these higher concentrations. Adverse events
associated with CBD/CBDA-rich hemp extract given at 2 and 4 mg/kg every 12 h for two weeks
were not reported, suggesting that using CBD-rich hemp in young, healthy dogs was safe during two
weeks of treatment.

Keywords: dog; cannabidiol; cannabidiolic acid; adverse events; tolerability

1. Introduction

The use of Cannabis sativa hemp strains for cannabinoid treatment has gained pop-
ularity among pet owners and veterinarians alike over the past 10 years [1,2]. Cannabis
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Sativa in the United States that has less than 0.3% delta 9-tetrahydrocannabinol (THC)
is considered hemp, and is federally legal, creating a burgeoning market of pet supple-
ments made from these low THC cultivars [3]. Current research supports the potential
use of cannabidiol (CBD) isolates and CBD/cannabidiolic acid-rich (CBDA) hemp extracts
clinically in canine veterinary medicine for ailments including osteoarthritis, refractory
idiopathic epilepsy and atopic dermatitis [4-10]. Currently, clinically relevant dosing has
been established at approximately 2-2.5 mg/kg every 12 h generally for osteoarthritis
and 2-4.5 mg/kg every 12 h for refractory seizure activity [4-10]. In general, these are
considered safe doses based on 12-36 weeks safety studies [11-14], and older literature
suggesting that even higher doses are potentially safe in dogs [15]. Though safe, there are
still questions about adverse events with the continued use of CBD isolates or CBD-rich
hemp extracts due to slightly higher doses causing potential lethargy, ataxia, somnolence
or appetite changes at doses from 2 to 5 mg/kg either SID or BID [4-10]. Clinical veteri-
nary assessments of CBD-rich hemp extract have reported physiological issues observed
by veterinarians including mydriasis and mildly delayed hopping responses at doses
5-10 mg/kg as a single daily dose within 2 h of ingestion, yet there appears to be tolerance
with chronic dosing of 5 mg/kg daily [16].

Behavioral issues or owner-perceived side effects have been observed in the
2-4.5 mg/kg every 12 h range, with some evidence that CBD-rich hemp can be anxi-
etolytic or can possible hinder aggression [17-19]. A study assessing aggressive tendencies,
using an approximate dose of 2-4 mg/kg daily, showed that over time there was a decrease
in aggressive tendencies during 4 weeks of kenneling; however, when compared to placebo
there were no significant differences [17]. Another study suggested that 1.4 mg/kg of CBD
4-6 h prior to a recorded thunderstorm event in shelter/teaching dogs at a University
showed no behavioral changes related to this dose of CBD isolate after dosing [18]. In
kenneled dog studies on separation and car ride anxiety models, utilizing 4 mg/kg of
CBD isolate as a one-time dose, there was found to be minimal physiological alteration in
parameters associated with anxiety within 2 h of dosing (i.e., cortisol, lip-licking or heart-
rate variability), yet behaviorist video evaluations suggest a more relaxed demeanor [19].
To date, no clinical study in client-owned populations have been performed related to
behavioral pathologies.

We hypothesized that increasing the dosage from 2 mg/kg every 12 h to 4 mg/kg
every 12 h would elicit adverse effects, behavioral alterations resulting in tolerability issues.
The aim of our study was to examine adverse events at two different doses of CBD/CBDA-
rich hemp within the dosing range utilized in multiple studies using medical records
and weekly veterinary examinations for adverse events; as well as student evaluations of
the dogs in an “owner-like” unvalidated observation related to their kenneled lifestyle.
A second objective was to determine the serum chemistry alteration that may be attributed
to dosing of 2 mg/kg and 4 mg/kg every 12 h for two weeks in a randomized placebo
blinded cross-over design to better understand tolerability.

2. Materials and Methods
2.1. Dogs

The study population included 20 dogs acquired from the local shelter chosen over
a period of two days. Dogs that had “good temperament” and were considered “people
friendly” were chosen. A 3-week acclimation period to the long-term teaching colony was
observed for all dogs. During this time, unsterilized animals were spayed or neutered,
screened for parasites and rickettsial diseases, and ancillary procedures necessary for op-
timal quality of life were performed. Dogs were allowed to undergo these procedures
and were included in the study after these medical screens were deemed negative and/or
treated appropriately. All dog’s received a complete blood count and a serum biochemistry
prior to enrollment and were deemed free of any clinically significant organ-related dys-
function with a physical examination showing all physiological parameters within normal
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limits. The study was performed with approval from the Texas Tech University School of
Veterinary Medicine Institutional Care and Use Committee approval (protocol 2022-1272).

2.2. Randomization, Treatment and Physical Assessment

Twenty dogs were randomized, in a double-blinded, placebo-controlled, study de-
sign with one week washout periods between treatment periods (two week duration)
and each dog was assigned to a sequence of treatment (i.e., ACB, BAC, or CBA). The
cohort was randomized into two groups of 7 and one group of 6 dogs, each ranging in
size from 10 to 40 kg, using a random number generator (randomizer app version 8.0). All
resources for production including the hemp extract, sesame oil, and gelatin were food
grade products made under certified and audited good manufacturing processes. Dogs
were provided oral soft gel capsules (gelatin based) in groups A (2 mg/kg CBD/CBDA),
B (placebo-sunflower oil), and C (4 mg/kg CBD/CBDA) using incremental dosing based
on weight of the dog at the beginning of the study phase using capsules designed at 5 mg,
10 mg or 20 mg of total cannabinoid. Each ml of the oil utilized to fill the gel capsules
was 29 mg/mL CBD, 30 mL CBDA, 1.2 mg of THC, 1.4 mg/mL tetrahydrocannabinolic
acid (THCA), 0.9 mg/mL of cannabichromene (CBC), 1.0 mg/mL cannabichromenic acid
(CBCA), 1.2 mg/mL cannabigerol (CBG), 1.2 mg/mL cannabigerolic acid (CBGA) and no
other detectable cannabinoids based on third party analysis in a 17025 certified facility
(Proverde Analytics, Milford, MA, USA). The hemp oil was also certified free of detectable
nonpathogenic or pathogenic microbes, heavy metals, pesticides, extraction solvents and
mycotoxins at the same certified facility. Treatment was provided every morning at approx-
imately 7 am and in the evening at approximately 6 pm in a “pill pocket” with the dog’s
meals; dogs were weighed every 3 weeks and dose was adjusted appropriately. There was a
1-week washout period and then each group transitioned to the next treatment formulation
based on the prior literature that behavioral effects are transient and that any residual
cannabinoid in the serum would be negligible to final cannabinoid assessment after the
1-week washout and then two weeks of treatment [20]. To assess physiologic response
to the treatments, blood was taken before and after each treatment period (6 samples
total) on all dogs in the study to assess cannabinoid concentrations, cortisol, and serum
biochemistry, with complete blood counts performed at the initiation and end of the 9-week
study period. These samples were taken between 3 and 4 h after morning treatments to
provide consistency for serum cannabinoid testing. Physical examinations were performed
by the veterinary principle investigator (TM) every week where the dogs were examined
and received neurological (i.e., cranial nerve, reflexes, ataxia assessment and proprioceptive
testing) and orthopedic examinations (i.e., gait, lameness and proprioception).

2.3. Student Interaction Evaluations and Video Assessment

Two weeks before starting the study, students in their first year of the veterinary
curriculum worked with their specifically assigned dog for teaching clinical skills examina-
tions. Dogs were then started on the protocol as described and visualized in Figure 1, with
both students and veterinarians blinded to treatments. Basic behavior evaluations assessing
subjective anxiety, lethargy, ease of working with the dog, aggressive behaviors, jumping
behavior, and vocalization/barking were tracked utilizing a Likert scale administered
via online survey for the students. Students were asked to fill out evaluations at each
interaction with the dog over the 9-week period (Supplemental Figure S1). Scaling was
based on 0 suggesting no changes, scores of —1 being a little worse, —2 being a lot worse,
1 being a little better and 2 being a lot better.
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Figure 1. Timeline for treatment and procedures during the trial and treatment groups. Treatment A
was 2 mg/kg BID, Treatment B was placebo, Treatment C was 4 mg/kg.

Evaluations were assessed as a change from baseline after interacting with the dogs
for two weeks (week 0) for each student interacting with each dog only if they had an
evaluation between days 4 and 14 of treatment in all three treatment periods. Typically, for
each dog there were 4-6 complete student evaluations for each treatment period which
were averaged across the students for each category of behavior/adverse event assessment
and presented as a mean and standard deviation score for that specific dog during each
treatment period.

A secondary behavior assessment was performed looking at panting, circling, self-
mutilation/licking, posture in kennel, sleep habits, interest in enrichment, utilizing objec-
tive video recording performed once weekly between 6 and 7 pm for a 10 min duration
approximately 1 h after evening dosing, which was recorded and assessed via remote
observation. A running medical evaluation kept track of any illness experienced by the
dogs through laboratory animal care attendants and veterinarians” observations for any
illness including attitude changes, decreased appetite, vomiting, diarrhea, coughing, or
other clinical signs related to illness or injury.

2.3.1. CBC, Serum Chemistry and Cannabinoid Analysis

Blood was drawn from each dog prior to and after the completion of each phase of
treatment, the day before the treatment started and then again on day 14 of treatment.
Two cc of blood was collected in a 4 mL. EDTA tube (Beckton Dickenson, Franklin Lakes,
NY, USA) while 4 cc was collected in a red top tube that was allowed to clot for 20-40 min
before being spun at 3600 G for 10 min to collect serum with 1 cc allocated to clinical
chemistry for serum biochemical and cortisol assessment. A 1 mL aliquot of serum was also
frozen at —80 °C for eventual cannabinoid analysis. CBCs were performed at week 0 and
week 9 of the study to assess any hemogram changes from initiation to study end (IDEXX
Laboratories, Memphis, TN, USA). CBC parameters assessed were red blood cell count,
hemoglobin, hematocrit, white blood cell count, neutrophils, lymphocytes, eosinophils,
basophils and platelets. Serum biochemistry and cortisol assessment was performed
prior to and at the completion of each phase of the experiment (IDEXX Laboratories,
Memphis, TN, USA). Parameters assessed through serum chemistry included glucose,
symmetric dimethyl arginine, serum urea nitrogen (SUN), creatinine, sodium, potassium,
chloride, magnesium, calcium, phosphorus, total protein, globulin, albumin, alkaline
phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST),
bilirubin, cholesterol and cortisol concentrations.

At study end, all frozen samples were shipped on dry ice overnight to Cultivate
Analytics (Portland, ME, USA) and were assessed utilizing liquid chromatography and
mass spectroscopy (LC/MS/MS) for serum cannabinoids. Serum assessment included
CBD, CBDA, THC, THCA, CBC, CBCA, CBGA, 6-hydroxy cannabidiol (6-OH-CBD), 7
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hydroxy-cannabidiol (7-OH-CBD), 7 carboxy-cannabidiol (7-COOH-CBD), cannabinol
(CBN) and glucoronidated-THC.

Analysis was performed with a fit-for-purpose LC/MS/MS method for measurement
of seven cannabinoids and five of their metabolites at Cultivate (Portland, ME, USA).
Matrix-matched calibration curves were generated for each compound using reference
standards obtained from Cerilliant Corporation (Round Rock, TX, USA). An internal
standard solution was generated in methanol at 1 pg/mL containing 7-OH-CBD-d3, 11-
OH-delta-9-THC-d3, CBDA-d3, CBD-d3, delta 9-THC-d3, and THCA-A-d3. Dog serum
samples were prepared for analysis by adding 100 pL of serum to 250 uL of methanol and 50
uL of internal standard solution. Samples were vortexed for at least 1 min and centrifuged
at 10,000 rpm (9300 g) at 4 °C. The supernatant was transferred to autosampler vials
for analysis via LC-MS/MS (Agilent 1260 Infinity II HPLC coupled to an Agilent 6490
Triple Quadrupole; Santa Clara, CA, USA). A volume of 10 pL of each sample was injected
onto an Agilent column (Poroshell 120 EC-C18 2.7 um 3.0 x 100 mm). The columns were
equilibrated with 50% mobile phase A (0.1% formic acid in water) and 50% mobile phase
B (0.1% formic acid in acetonitrile). The column compartment was held at 50 °C. The
compounds were eluted by a starting gradient of 50% B held for 0.5 min, ramped to 100% B
over 7 min, and held at 100% B for 1 min. The column was re-equilibrated to the initial
mobile phase composition for 1.5 min. The flow rate was 0.8 mL/min for the entire analysis.
The compounds were detected in electrospray ionization positive and/or negative mode
as described in Supplemental Table S1. The gas temperature and sheath gas temperature
were set to 120 °C and 400 °C, respectively. The gas flow and sheath gas flow were set to
11 L/min and 12 L/min, respectively. The nebulizer was set to 30 psi. The capillary and
nozzle voltage were set to 3000 V and 2000 V, respectively. Concentrations were calculated
using Agilent Mass Hunter Quantitative Analysis version 10.0 using a linear regression
with 1/c weighing based on relative response for each compound. The lower limit of
detection and quantitation in dog serum is provided in Supplemental Table S2.

2.3.2. Statistical Analysis
Student Adverse Event/Behavioral Evaluations

The means from student evaluations from each treatment phase as changes from
baseline were assessed for normality utilizing Shapiro-Wilk test, and residual plots were
examined. If normality was rejected, the data were log transformed and visually inspected
for normal distribution before analysis, utilizing repeated measures mixed-model analysis
on JMP 16 (Wittington House, UK). Variables included in the model as fixed effects were
gender, treatment, time, sequence, and trazodone use. Random effects were period and
dog nested within period. Tukey’s post hoc tests were performed for multiple comparison
correction of p-values for all pairwise least square means (LSM) comparisons found to be
significant, with a value of 0.05 or less being deemed a significant finding.

2.3.3. CBC and Serum Chemistry

All CBC and serum chemistry data were assessed utilizing Shapiro-Wilk test for
normality, and residual plots were examined. When normality was rejected, the data was
log transformed and visually inspected for normal distribution before analysis utilizing
repeated measures mixed-model analysis on JMP 16 (Wittington House, UK). Different
covariance structures were tested for each model and the data was then back transformed
for reporting if logarithmic analysis was utilized. For the serum chemistry, the variables
included in the model as fixed effects were gender, sequence of treatment, time, treatment,
and the interaction term treatment x time. Random effects were period and dog nested
within period. For CBC pre- and post-trial results, the variables included in the model
were gender, sequence of treatment, time with the random effects of period and dog nested
within period. Tukey’s post hoc tests were performed for multiple comparison correction
of p-values for all pairwise LSM comparisons found to be significant, with a value of 0.05
or less being deemed a statistically significant finding.
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2.3.4. Serum Cannabinoids

Serum cannabinoids that were detectable within the LLOQ of detection were assessed
using descriptive statistics to provide serum concentrations found during each treatment
phase. Serum was collected prior to the initiation of each phase and then again between
3 and 4 h after treatment on day 14 of each group. Descriptive statistics including means
(medians and ranges) for the two treatments are reported to examine relative cannabinoids
and cannabinoid metabolites observed in this population of dogs.

3. Results
3.1. Physical Examinations

During the 9-week protocol, there were two dogs that were returned to the shelter due
to inability to control inter-dog aggression at week 4 of the protocol, leaving 16 dogs for
complete data assessment. Demographics including presumed predominant breed, age,
gender and weights over the trial are reported in Table 1. Each weekly physical examination
of each dog revealed no abnormalities including physical examination, neurologic (deficits
in cranial nerves, reflexes, ataxia, or proprioception/hopping responses) or orthopedic
examination (gait or lameness evaluations) at any time point. All dogs showed normal
appetite throughout the protocol with the average weight of the dogs being 23.7 & 6.7 kg
prior to the trial and 24.1 £ 6.6 kg at the end of the trial. During the protocol, there were
two incidences of diarrhea which were treated with metronidazole and probiotic for a
5-day duration; one being during the treatment with 2 mg/kg twice daily and another
dog during the treatment with placebo. No other adverse events were noted during the
treatment or washout periods that could be attributed to the treatments provided.

Table 1. Canine demographics of the cohort that completed the 10-week trial with assumed ages and
weights during the trial.

Breed Est. Age Sex Weight DO (kg) Weight D20 (kg) Weight D41 (kg)
Pit mix 2y MN 33.2 34.0 33.6
Pit mix 2y FS 20.5 209 20
Lab Mix 2y FS 19.5 19.5 19.5
GSD Mix 2y MN 34.1 34.5 34.5
Border Collie Mix 7m FS 13.6 13.6 15
Great Dane mix 4y MN 21.8 27.3 32.7
German Shepherd Mix 2y MN 29.1 30.5 30
Shar pei mix 6y MN 26.4 26.4 25.9
Great Dane Mix ly FS 28.6 29.5 30.4
Pit bull mix 2y FS 232 227 227
Pit bull mix 2y FS 22.7 22.7 22.7
Pit bull mix 2y MN 22.7 22.7 227
Lab Mix ly FS 20.9 20.5 20.5
Terrier 2y FS 21.4 21.8 21.8
Coonhound 2y FS 33.2 33.6 33.6
Boxer mix 2y MN 259 259 25
Papillon 6m MN 9.1 10.5 11.4
Pit mix 2y FS 20.5 20.5 20.5
Border Collie Mix ly MN 14.5 15.0 15

Note: These animals were acquired from the local shelter with minimal to nonexistent historical information. The
ages were estimated and may not reflect true age.
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Due to kennel management issues, some dogs were placed on trazadone treatment at
5 mg/kg body weight due to clinical assessments by handlers in managing dogs through
the recommendation of the clinical vets from the laboratory animal veterinary care services.
There were 6 dogs treated with approximately 5 mg/kg every q 12 h trazodone during
the placebo treatment, 4 dogs during the 2 mg/kg CBD-rich hemp treatment, and 6 dogs
during the 4 mg/kg CBD-rich hemp treatment. Treatment was deemed necessary for
exuberant behavior and easier handling of the dogs by students who were performing
required enrichment and for teaching purposes related to physical examination as part of
their training.

3.2. Student Adverse Event/Behavioral Evaluations

At the beginning of the trial, there were 7-8 students assigned to each dog to partake
in evaluations during each phase of the trial. After examining all students that responded
during each phase of the trial periods, there were between 4 and 6 evaluations from
students that had an evaluation for each phase of the study for their respective dog. The
average response score from each student over the three phases was averaged for each
treatment period and reported as the mean and standard deviation (Table 2). All data
collected were normally distributed, so no transformations of the data were required
before statistical analysis. Across all the evaluations, there were no differences found
in treatment, gender, sequence or trazodone treatment for lethargy, anxiety, jumping,
mouthing/biting, or vocalization. A significance was found for handling and treatment
effects (p = 0.008), whereby post hoc assessment showed improved handling between the
2 mg/kg and 4 mg/kg treatment groups (p = 0.004), but not with the placebo. Additionally,
the sequence was significantly different for handling (p = 0.04) with this difference being
between the sequence of 2 mg/kg—4 mg/kg—placebo vs. 4 mg/kg-placebo-2 mg/kg
for biting/mouthing behaviors. It was found that there was a significant increase in
vocalization during period 2 when compared to period 3 (p = 0.02).

Table 2. Change from baseline scoring of dogs during students’ weekly evaluations during protocol
based on 5-point Likert scaling: —2—much worse, —1—a little worse, 0—no change, 1—a little better,
2—a lot better.

A From Baseline Placebo 2 mg/kg 4 mg/kg Period Tx Seq Gender Traz
Anxiety 0.53 £ 0.58 048 +0.26 0.66 & 0.56 0.47 0.27 0.10 0.36 0.81
Lethargy 0.46 £ 0.34 0.38 £ 0.37 0.50 4 0.39 0.66 0.48 0.93 0.84 0.96
Handling 0.73 +0.58 0.63 - 0.44 0.77 £ 0.59 * 0.70 0.008 0.04 0.3 0.89
Jumping 0.28 £ 0.48 0.14 £0.28 0.28 +£0.34 0.47 0.41 0.96 0.76 0.14

Biting /mouthing 0.35 £ 0.52 0.20 £0.44 0.54 £ 0.52 0.20 0.08 0.57 0.79 0.14

Vocalizing 0.22 +0.42 0.16 +0.44 0.50 4 0.49 0.02 0.19 0.18 0.43 0.07

* Asterisk indicates a significant difference between 4 mg/kg and 2 mg/kg treatment.

3.3. Video Evaluation

Ten-minute evaluations of each dog were recorded to assess kennel behaviors in-
cluding pacing, cage biting, kennel positioning, and vocalization as markers of stress and
anxiety in the kenneled environment between 7 p.m. and 7:30 p.m. on day 7 of treatment
and at the end of each phase of testing on day 14. Video recordings of all 16 dogs that
remained in the study for the duration showed that 15 of the 16 dogs were all recumbent
on their sides or in a curled posture primarily sleeping for the duration of each video
assessment. There was one dog that was observed to be vocalizing during each evaluation
recording, regardless of the treatment period and was persistently vocalizing at the front of
the cage for the entire 10 min time period.
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3.4. Complete Blood Count

Of the CBC results analyzed, all the data was found to be normally distributed. Blood
counts assessed at week 0 and week 9 of the study revealed time-related differences in
a few parameters (Table 3). There was a significant decrease in reticulocyte across the
population of dogs, yet all remained within the reference range (p < 0.001). Hematocrit
and hemoglobin concentrations were also significantly higher at the end of the study
(p = 0.004 and p = 0.003, respectively). Overall, white blood cell and neutrophil counts were
significantly lower at the end of the study as well, (p = 0.02 and p = 0.015 respectively) with
only one dog being above the reference range for white blood cells and neutrophils at the
beginning of the study period which normalized at the end of the study. The basophil
counts were also significantly decreased from baseline by the end of the study, with all
dogs being within reference range at each time point (p = 0.015).

Table 3. Means and standard deviations of CBC parameters (1 = 16) at the beginning and end of the
study period. Time, gender, and sequence significances are reported with p < 0.05 being significant

and bolded.

Analyte (Ref. Range) Pre Trial Post Trial Time Gender Tx Seq
Red blood cells (5.39-8.70 M/ uL) 6.88 +0.79 7.14 £0.52 0.06 0.21 0.41
Hematocrit (38.3-56.6%) 46.8 £5.2 49.7 £5.1 0.004 0.08 0.5
Hemoglobin (13.4-20.7 g/dL) 157 £1.9 16.6 £ 1.5 0.003 0.08 0.47
Reticulocyte (10-110 K/uL) 70 +£ 22 43+ 15 <0.001 0.54 0.32
White blood cells (4.9-17.6 thous/uL) 141+ 4.6 114+ 3.6 0.02 0.78 0.43
Neutrophil (2.94-1270 thous/uL) 944+40 6.7 +22 0.015 0.55 0.46
Lymphocytes (1.06-4.95 thous/uL) 3.28 £1.36 321 +£1.49 0.99 0.22 0.83
Monocytes (0.13-1.15 thous/uL) 0.63 +0.23 0.55 + 0.45 0.48 0.82 0.3
Eosinophils (0.07-1.49 thous/uL) 0.74 + 0.45 0.93 +£0.48 0.09 0.37 0.4
Basophils (0-0.1 thous/pL) 0.05 £ 0.03 0.02 £+ 0.02 0.015 0.31 0.63
Platelets (143-448 thous/pL) 270 £ 114 230 £ 78 0.17 0.18 0.54

3.5. Serum Biochemistry and Cortisol

Of the serum biochemistry evaluated, only ALP and cortisol were found to be non-
normally distributed and log transformation was performed before evaluation and back
transformed for reporting purposes (Table 4). Serum mineral and electrolyte changes were
not observed as treatment effects; however, there was a time effect on both serum potassium
and serum calcium concentrations. Calcium was typically higher pretreatment for each
group than post-treatment (p < 0.001), while serum potassium was slightly higher in the
post-treatment intervals than prior to treatments (p < 0.001). Additionally, serum glucose
showed mild significant differences over time (p < 0.001), with pretreatment samples being
slightly higher than post-treatment samples. Serum proteins including total protein and
albumin were significantly higher in males than in females, yet all parameters fell within
normal reference ranges (p = 0.02 and 0.01, respectively). All serum hepatic enzymes and
renal parameters showed no differences regardless of time or treatment except ALP values
which showed a treatment*time effect (p = 0.001), with post hoc analysis showing the
4 mg/kg every 12 h ALP was higher with 3 of 16 values above the reference range at the
end of the treatment period (Figure 2). Serum cortisol showed no significant differences
over the treatment period or between treatment groups. Both bilirubin and ALT were
elevated in the group designated to the CBA series of treatment compared to the other
two randomization sequences (p = 0.002 and p = 0.01, respectively).
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Table 4. Mean and standard deviations of serum chemistry parameters (n = 16) at the beginning

and end of the study period. Time, treatment (Tx), Tx*time, gender and sequence significances are

reported, with p < 0.05 being significant.

Analyte (Ref. Range) Time Placebo 2 mg/kg 4 mg/kg Tx Time Tx*Time Gender seq
Glucose Pre 83+ 11 79 £12 82+8 0.37 <0.001 0.14 0.69 0.58
(63-114 mg/dL) Post 76 +13 76 £ 11 70 £ 15
SDMA Pre 11+£1 12+£3 11+£2 091 0.15 0.82 0.2 0.14
(0-14 ug/dL) Post 10£3 11+£2 11+£2
Creatinine Pre 1.1+£02 1.0+£03 1.0+£0.2 0.79 0.1 0.43 0.94 0.06
(0.5-1.5mg/dL) Post 11403 11402 1.0+01
SUN Pre 2+7 22+7 19+6 0.25 0.24 0.86 0.75 0.06
(9-31 mg/dL) Post 23+9 22+5 23+5
Phosphorus Pre 6+2 58 +13 59+ 15 0.21 0.02 0.08 0.57 0.57
(2.5-6.1 mg/dL) Post 52+1 56+ 14 59+13
Calcium Pre 100+04 99+08 9.9 £05 0.34 <0.001 0.65 0.62 0.91
(8.4-11.8 mg/dL) Post 94+05 94406 9.7+ 0.6
Sodium Pre 147 £ 4 144 £ 6 147 £2 0.14 0.76 0.41 0.23 0.75
(142-152 mmol /L) Post 144 £9 146 £3 148 £3
Potassium Pre 46+04 45+03 46+03 0.1 <0.001 0.43 0.09 0.89
(4.0-5.4 mmol/L) Post 47+04 47+04 49405
Chloride Pre 110 £3 107 £5 110 £2 0.06 0.11 0.06 0.76 0.58
(108-119 mmol/L) Post 110+ 2 110+ 2 110+ 2
Total protein Pre 61+05 60+04 6.0 £0.5 0.77 0.18 0.3 0.02 0.27
(5.5-7.5g/L) Post 6.0+04 59+04 6.1+05
Albumin Pre 30+£03 3.0+03 3.0+03 0.88 0.96 0.76 0.01 0.73
(27-39¢g/L) Post 30£03 3.0+£03 31+04
Globulin Pre 31+04 30%04 3.0+04 0.73 0.07 0.12 0.55 0.4
(24-4.0g/L) Post 30+£04 29+03 3.0+04
ALT Pre 38 +£11 40+ 14 39+9 0.66 0.95 0.49 0.19 0.01
(18-121 U/L) Post 40 +10 42+ 11 39+38
AST Pre 29+6 31+8 31+7 0.4 0.74 0.42 0.02 0.68
(16-55 U/L) Post 30+7 3249 305
ALP Pre 116 £ 111 75 £ 40 94+ 79 0.92 <0.001 <0.001 0.29 0.27
(5-160U/L) Post 92+79 105 +88  155+187*
Bilirubin Pre 01£01 01£01 01£01 0.98 0.29 0.07 0.37 0.002
(0-0.2U/L) Post 01+£01 01+£01 0.0+0.0
Cholesterol Pre 2324+60 214 £ 52 228 + 57 0.91 0.38 0.06 0.37 0.14
(131-345 mg/dL) Post 221 £47 227 +£47 227 £ 46
Cortisol Pre 1.3+£0.6 1.6 +1.1 19+11 0.23 0.98 0.44 0.27 0.61
(0.6-3.4 ug/dL) Post 14+£08 1.3+£0.6 22+21

* Asterisk indicates a significant difference between 4 mg/kg treatment from both placebo and 2 mg/kg treatment.
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Figure 2. Serum ALP box and whisker plot with boxes showing the 25th and 75th median quartiles
and whiskers indicating the minimum and maximum concentrations (dot within the box is mean)
before treatment (day 0) and post-treatment (day 14) for each phase. Dotted line depicts the upper
reference range. * Depicts a significant difference between the groups pre- and post-treatment.

3.6. Cannabinoid and CBD Metabolite Concentrations

Detectable cannabinoids and metabolites in the serum were CBD, CBDA, 9-THC,
THCA, CBCA, 6-hydroxy cannabidiol (6 OH-CBD), and 7 carboxy cannabidiol (7 COOH-
CBD) above their lower limits of quantitation in the 2 mg/kg and 4 mg/kg treatment
groups (Table 5). All other cannabinoids were non-detectable in the serum of the dogs.
Serum samples collected after each one-week wash out showed no residual cannabinoids
above the LLOQ for any of the cannabinoids or metabolites. The analysis of the CBD
concentrations on the last day of each treatment period, performed 3—4 h after the morning
dose, had the expected results for Group A (placebo) with no detectable cannabinoids for
all animals involved. Group B’s (2 mg/kg) post-treatment analysis can be found in Table 5.
For metabolites 6-OH-CBD and 7-COOH-CBD at 2 mg/kg, nearly all dogs (>12) had
values below the LLOQ and are thus not reported. At 4 mg/kg dosing, four dogs were in
between the LLOQ and LLOD; therefore, the values utilized for calculation were half of the
LLOQ at 2.5 ng/mL for 60H-CBD. The 7-COOH-CBD concentrations at 4 mg/kg revealed
eight dogs with values between the LLOD and LLOQ); therefore, half of the LLOQ being
0.5 mg/mL was entered as data points for those eight dogs to provide the mean, median
and range for this metabolite.

Table 5. Mean (median; range) serum concentration of cannabinoids and CBD-related metabolites (12 = 16)
3—4 h after morning dose on day 14 of 2 and 4 mg/kg BID dosing of CBD/CBDA-rich hemp extract.

Analyte LLOD LLOQ 2 mg/kg 4 mg/kg
CBD 5 10 37.9 (37.4;10.5-82.8) 80.4 (80.7; 17.0-119.8)
CBDA 1 2.5 101.5 (90; 33.1-221.0) 189.7 (154.4; 35.6-674.6)
THC 1 2.5 1.5 (1.3; 0-5.0) 4.8(5.3;1.3-8.2)
THCA 1 2.5 6.3 (6.0; 1.3-13.6) 8.6 (7.8;3.1-14.7)
CBCA 1 2.5 16 (25.6; 4.3-30.2) 24.3 (20.2; 7.3-51.7)
6-OH CBD 1 5 LLOQ 4.2 (3.9;2.5-6.9)
7-COOH-CBD 0.5 1 LLOQ 1.1(1.2;0.5-2.3)

LLOQ indicates values were below the lower limit of quantification.
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4. Discussion

The use of CBD-rich hemp has been observed to induce transient clinical signs of a
delayed hopping response and mydriasis in one clinical study at 5 mg/kg, which, when
dosed over 5 days diminished with repeated 5 mg/kg daily dosing. Based on veterinary
examinations weekly, this was not observed at the end of week one or week two of our
study period, suggesting that acclimation to the dose may be occurring or that this unique
hemp blend did not induce these physical examination changes. No other clinical signs
or observations by veterinarians or students suggested any adverse events related to
every 12 h treatment with 2 or 4 mg/kg. In clinical studies utilizing CBD/CBDA-rich
hemp extract to determine effect on pruritis, Loewinger reported a portion of the study
participants (5/17 dogs) experienced lethargy or calmness attributed to the treatment with
no other clinically notable adverse effects when utilizing 2 mg/kg q 12 h [7]. While studies
utilizing CBD concurrently with traditional seizure medication (singular or combination
use of phenobarbital, zonisamide, levetiracetam and potassium bromide), McGrath and
colleagues noted adverse effects including somnolence and ataxia with the addition of
2.5 mg/kg to every 12 h dosing of a CBD product to established treatment protocols for
epilepsy [9]. This agrees with the findings reported by Garcia et al. as 3/14 dogs utilized in
their study developed transient ataxia during the course of treatment with 2 mg/kg twice
daily dosing of CBD/CBDA-rich hemp added to an established treatment protocol of 2 or
more anti-seizure medications [8]. Both of these studies note that anti-seizure medications
and CBD undergo metabolism via hepatic and gastrointestinal cytochrome p450 and hepatic
conjugation activities which could alter the serum concentrations of typical anti-epileptic
drugs; however, in the Garcia study, no serum alterations of phenobarbital or zonisamide
were observed [8,9,21]. In a later study by Donovan et al., the interactions of CBD and
phenobarbital were elegantly examined showing no influence of CBD on phenobarbital
serum concentrations in normal healthy beagles at similar or higher dosing [22].

In our study, we did not see any notable alterations in CBC parameters that were
related to a treatment effect; however, CBCs were not performed at each stage of the
study. Repeated CBCs at each phase were not performed due to prior studies showing
no alterations in any CBC parameters using doses between 5 and 10 mg/kg per day in
studies examining mixed cannabinoids or CBD-rich hemp products, to date [11,21]. All of
the changes over time surrounded primarily red blood cell alterations and reticulocytosis
which could be related to environment change as feral dogs and treatment of GI parasitism.
More importantly, these changes were not clinically significant as all dogs fell within the
normal ranges for RBC and HCT.

Serum chemistry was followed for each phase of treatment as multiple studies utilizing
between 2 and 10 mg/kg total daily dose of various CBD products have shown alterations
in ALP, with hints towards ALT rises when providing 10 mg/kg as a single daily dose in
dogs [4,9,10,12-14]. An ALP increase is attributed to the upregulation of cytochrome P450
enzymatic activity, while ALT rises can be attributed to hepatocellular damage [10,12]. In
the current study, only dogs given 4 mg/kg CBD/CBDA-rich hemp every 12 h showed
significant alterations in ALP with 3/16 dogs showing elevations above the reference
range. All other serum chemistry alterations were related to the time or sequence of
treatment which may be related to the new environment or differences in feeding from
their prior shelter or feral status. These rises in ALP appear to be innocuous as they are
not accompanied by other serum hepatic enzyme alterations and prior investigations have
shown that these rises are reversable when treatment is discontinued [14]. While several
of the dogs were on concurrent trazodone for ease of handling for teaching purposes, it
should be noted there was no evidence of neurologic deficits during co-administration
of these treatments. Nor were there any adverse events or behavioral alteration noted by
the student evaluation during co-treatment or even single-agent delivery of trazodone.
Similarly, a report on the behavioral alterations in dogs when specifically co-administered
trazodone at 10 mg/kg along with 1.4 mg/kg of CBD isolate as a single dose showed no
behavioral alterations during co-administration or with each as single-agent therapy [17].
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The lack of any behavioral or adverse events with the 2 mg/kg and 4 mg/kg every
12 h dosing regimen was surprising; however, the dogs used in this study were all under the
estimated age of six years old and healthy with no comorbidities unlike clinical studies for
epilepsy, arthritis and atopic dermatitis where there were concomitant treatments ongoing
in dogs with a wider age range [4,7,8]. It must be noted that the veterinary evaluations
were performed between 7:30 a.m. and video at 7 p.m. generally 30-60 min after morning
dosing at 7 a.m. and 6 p.m. in the evening. Any anxiolytic or adverse events may peak
at 1-2 h after dosing; therefore, our evaluations were not carried out just prior to peak
serum exposure, similar to Hunt and colleagues [18]. Student assessments were typically
performed throughout the day between 10 a.m. and 4 p.m., presenting a major limitation in
our study being the lack of a standard timing for these evaluations, which was not possible
due to the varied student activities throughout the day during this study. It must also be
noted that this was not a validated survey and the variability in each student’s assessment
could be related to timing; however, there were no real adverse events related to lethargy
or somnolence and globally the dogs did not show any significant behavior changes during
this chronic exposure. Though speculative, we might consider the student observations
to be similar to what owners might report. Based on this information of no perceived
differences between the treatment groups of placebo, 2 mg/kg and 4 mg/kg, it could be
suggested that the administration of up to 4 mg/kg of this full-spectrum hemp product
should not cause any significant adverse events or positive/negative behavioral effects in
normal healthy dogs.

The management of stress and stress-related co-morbidities in canines has a lim-
ited number of viable pharmaceutical treatment options. In human psycho-therapeutic
medicine, CBD has been purported to benefit users who suffer from anxiety, depression,
and PTSD [23]. Veterinary medicine has begun to examine the behavioral effect of CBD in
areas such as aggression and anxiety. Recent studies by Hunt and colleagues have exam-
ined a single car ride as well as repeated car rides and separation anxiety in kenneled dogs
given a single oral dose of 4 mg/kg CBD isolate showing a lack of traditional measures
such as lip licking, cortisol or heart rate variability changes globally [18,24]. However,
behaviorist video assessment using qualitative behavioral ratings suggested lower stress,
sad, tense and uncomfortable behaviors during vehicle travel [18]. This proved to be
inconsistent in a follow-up study when examining multiple car rides at a single 4 mg/kg
dose 1-2 h before three different car rides over 3 months [24]. The inconsistency and lack of
definitive effects globally suggest that a CBD isolate may only have mild effects on anxiety
and dosing may need to be higher. As noted by Hunt et al., studies on clinically affected
dogs rather than kenneled dogs with no known anxiety disorders are needed to evaluate
efficacy with owner surveys and board-certified veterinary behaviorist evaluation in a
clinical population [18,24].

Blood was drawn from each dog three to four hours after the morning dose of the last
day of each treatment period to assess cannabinoids found in the serum after dosing to
assess relative steady state. It was evident that CBDA was absorbed and retained approxi-
mately two-fold better than CBD with 2 mg/kg every 12 h, with serum concentrations being
approximately half of what was found of both cannabinoids when dosed at 4 mg/kg every
12 h, as expected. Interestingly, of the other minor cannabinoids in the product, the acidic
THCA and CBCA appear to be absorbed and retained at some level suggesting that acidic
cannabinoids may be absorbed better and preferable to the neutral cannabinoids such as
THC and CBD. This has been shown in multiple species including parrots, humans, horses,
primates and rabbits [20,24-28]. As expected, low concentrations of THC were found in the
bloodstream, being a potential psychotropic cannabinoid, with the highest concentration
observed being 8.3 ng/mL in the serum. With no psychotropic effects observed at the
4 mg/kg every 12 h in any dog, this suggests that this is a safe dose free of adverse events
for normal healthy dogs.

As with any study, there were limitations to this study and in the interpretation of
the data. The cohort utilized here were relatively young dogs and therefore may have
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different metabolic capacity than older dogs. Future studies utilizing these higher doses and
potentially even higher doses in geriatric dogs (the typical cohort utilizing such products) is
needed to fully assess the safety. This study only examined a short 2-week dosing regimen
which may not be long enough to fully evaluate safety, similar to other studies showing
safety in chronic dosing [11-14]; therefore, we cannot say what longer dosing regimens
may reveal at 4 mg/kg. Lastly, as healthy dogs without any other significant medications
on board, we cannot suggest that the use of this higher dose would necessarily be safe with
other concomitant medications, although CBD and CBD-rich hemp products appeared
to be safe when given with lower doses alongside non-steroidal anti-inflammatories and
anti-epileptic drugs in 1-3 month clinical studies [4,6,8-10].

5. Conclusions

In this cohort of apparently healthy, young dogs, no adverse events were reported with
the utilization of CBD/CBDA-rich hemp at 2 mg/kg and 4 mg/kg every 12 h. Additionally,
at 2 mg/kg every 12 h, serum chemistry results had no significant findings and at 4 mg/kg
every 12 h, a small portion of the dogs (3/16) had an elevation in ALP above the reference
range, with no corresponding ALT elevation. Furthermore, even with concurrent use of
trazodone in some dogs, hepatic injury was not apparent in the serum chemistry results.
These findings, no adverse reactions/events and an innocuous rise in ALP, indicate that
there is an adequate margin of safety in the use of CBD/CBDA-rich hemp extract for sub-
acute use in dogs, though the use of a larger population of apparently healthy dogs with a
wider range of ages would be prudent in future long-term studies utilizing CBD/CBDA-
rich hemp at the higher dose. Regarding anxiety behavior, this study suggests minimal
to no effect on behavior as observed by non-experts. Further evaluation utilizing board-
certified behaviorists and possibly higher concentrations of cannabinoid could further
define the necessary dose for anxiolytic effect.

Supplementary Materials: The following supporting information can be downloaded at: https:
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detection; Table S2: Percent Accuracy and percent coefficient of variation of assay. Analysis was done
in triplicate on three days.
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Simple Summary: Endocrine disruptors are substances with a capacity to alter the endocrine system,
one of the best known being bisphenol A. Bisphenol A is employed in the manufacture of a multitude
of utensils used daily, and it is constantly being found polluting the environment and food. It
is also an important aquatic pollutant, and its presence has been detected in coastal areas, rivers,
and streams, among others. Due to its ubiquity, human and animal populations are frequently
exposed to this compound. This work has compiled the effects on health of this substance, which are
highly varied and are relevant in affecting reproduction and causing metabolic or immune system
alterations, among others, as well as related to an increase in hormone-dependent pathologies, obesity,
or type 2 diabetes. Monitoring the populations at risk and establishing a safe exposure level are
proposed as being fundamental points in the control of exposure to this compound.

Abstract: Bisphenol A (BPA) is a chemical compound, considered as an “emerging pollutant”, that
appears ubiquitously, contaminating the environment and food. It is an endocrine disruptor, found
in a multitude of consumer products, as it is a constituent of polycarbonate used in the manufacture
of plastics and epoxy resins. Many studies have evaluated the effects of BPA, using a wide range
of doses and animal models. In this work, we carried out a review of relevant research related
to the effects of BPA on health, through studies performed at different doses, in different animal
models, and in human monitoring studies. Numerous effects of BPA on health have been described;
in different animal species, it has been reported that it interferes with fertility in both females and
males and causes alterations in their offspring, as well as being associated with an increase in
hormone-dependent pathologies. Similarly, exposure to BPA has been related to other diseases of
great relevance in public health such as obesity, hypertension, diabetes, or neurodevelopmental
disorders. Its ubiquity and nonmonotonic behavior, triggering effects at exposure levels considered
“safe”, make it especially relevant when both animal and human populations are constantly and
inadvertently exposed to this compound. Its effects at low exposure levels make it essential to
establish safe exposure levels, and research into the effects of BPA must continue and be focused
from a “One Health” perspective to take into account all the factors that could intervene in the
development of a disease in any exposed organism.

Keywords: bisphenol A; One Health; transgenerational; reproductive effects; metabolic disorder

1. Introduction

Bisphenol A (BPA) is an endocrine disruptor (EDC), whose use is authorized in
materials entering into contact with food in the European Union (EU), in accordance with
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Regulation (EU) no. 10/2011 [1] on material and plastic objects destined for that purpose.
In January 2011, the European Commission banned the use of BPA in the manufacture
of polycarbonate feeding bottles for infants. In February 2018, the EU introduced stricter
limits for BPA in materials associated with food conservation, derived from the temporary
tolerable daily intake (TDI) established by the European Food Safety Agency (EFSA) in 2015.
Since September 2018, BPA has been prohibited in bottles and plastic containers of food for
infants, and for children under 3 years of age [2]. Its use was also constrained in thermal
paper as from January 2020, in the European Union [3]. Regarding toys manufactured
with BPA-based polymers, and given that the final users comprise a population group
at great risk, in the EU, there is currently a limit on the amount of BPA that can become
detached from toys for children of up to three, which has been fixed at 0.04 mg/L since
26 November 2018. This order was adopted in accordance with Directive 2017/898 of
24 May 2017 [4]. The two main uses of BPA, accounting for approximately 95% of its
production, are in the manufacture of polycarbonate plastic and of epoxy resins [5]. About
70% of the BPA produced in the industry is used to make the former, and approximately
25% is found in the latter. The remaining 5% is found in a wide variety of products,
including phenolic resins, unsaturated polyester resins, can coatings, as an antioxidant and
end-polymerization inhibitor in the manufacture of polyvinyl (vinyl chloride) plastics, as
an intermediate in the manufacture of thermal paper, and in car tires or flame retardants [6].
The emission of BPA into the atmosphere occurs mainly because of industrial activity. In a
study in which the atmospheric levels of BPA in samples collected on five continents were
evaluated, pg/m?> was detected in coastal areas, the highest levels being reported on the
east coast of Asia. The areas of large agglomerations in Asia, New Zealand, and the United
States presented levels of 170-880 pg/m?, detecting mean concentrations of 4.55 ng/m? in
urban areas of India [7]. Regarding water and effluents, BPA usually appears in surface
waters in low concentrations. The occurrence of various EDCs, including BPA, was studied
in 14 rivers in Portugal. Analyses of the samples revealed widespread contamination
by BPA, with the highest concentration reaching 98.4 ng/L. Investigations conducted in
16 large rivers in Taiwan determined BPA concentrations ranging from 0.01 to 44.65 g/ dm3,
whereas, in the sediments, they were 0.37-491.54 g/kg. In a similar context, in an analysis
of surface, river, and spring water in Poland, BPA was found in all the samples tested at
concentrations ranging from 6-427 ng/L in surface water to 629 ng/L in stream water [8,9].

As a consequence of the enormous production of BPA, and the multiple uses of
this compound, it is found everywhere in the environment and in food, with both the
human and the animal populations being continuously and inadvertently exposed to this
endocrine disruptor. Due to its significant effects on health, attempts have been made to
find alternatives to its use, although there is currently no safe option for this compound,
despite a large number of studies focusing on the search for safe exposure levels [10-
12]. BPA is considered to be an “emerging pollutant” to which we are constantly being
exposed, and the environment, animals, and people can be affected by its possible harmful
effects [13,14]. The effects on reproduction of BPA, at which most of the studies have
initially been aimed, are well known. However, for some years, research has gone deeper
into the effects of BPA at other levels, since it has been possible to verify how certain levels
of exposure would not produce harmful effects on the reproductive system, whereas they
could be observed at other levels, such as on the immune system [6,15,16].

It is, therefore, very important to find out the effects of BPA on health at different
levels and systems, thus avoiding their underestimation at certain levels of exposure. In
this sense, the EFSA experts, in their latest 2023 report, concluded that people of all age
groups with medium and high exposure to BPA would exceed the new TDI, which is a
reason for concern in terms of health.

In investigating the effects of BPA, the “One Health” perspective acquires special
relevance. Studying them on different biomodels, as well as monitoring the exposure of
certain animal species, could serve to understand their possible impact on the human
population, in addition to evaluating the likely incidence of inadvertent exposure to BPA
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in the conservation of biodiversity. The objective of this work was to carry out a review
highlighting appropriate studies on the relationships between BPA and its important
adverse effects on health. For this purpose, we took studies published during the last
10 years, in which a wide range of doses was used in different animal models and human
monitoring studies, from different bibliographic databases (Scopus, Pubmed, WoS and
Science Direct). In addition, we consulted EFSA reports and pages from the Official Journal
of the European Union, as well as official legislation websites.

2. Health Effects of Bisphenol A

Exposure to BPA through different routes has demonstrated its impact on both human
and animal health, describing effects on different systems and organic levels. Prominent
effects described are (1) those on reproduction, (2) those on development, (3) transgen-
erational and multigenerational effects (4) those on the metabolism, (5) immunological
effects, (6) those on the thyroid function, and (7) those on oxidative stress and inflammation,
among others (Figure 1) [11,17,18].

BPA
Reproductive Metabolic P
System disorders effects
Development and _
neurobehavioural ThVTOId
disorders

effects
Figure 1. BPA multisystem toxicity.

2.1. Effects on the Reproductive System

Many studies have shown that the reproductive system is affected by BPA [19-23].
Figure 2 depicts a reproduction toxicity study in two generations. In studies on humans,
the most outstanding effects are its disruption of sex hormone activity, and its influence
on the development and function of the reproductive system. In this context, it has been
proposed that BPA could increase serum estradiol (E2), progesterone, luteinizing hormone
(LH), and testosterone (T) levels, as well as decrease cortisol concentrations [20]. Other
studies, however, revealed that BPA would reduce serum T concentration and increase
E2 concentration [24].

Furthermore, it is important to mention that estrogens are largely responsible for the
development of the sexually dimorphic anatomical, functional, and behavioral charac-
teristics that are essential for reproduction in vertebrates. For instance, a key enzyme in
estrogen synthesis is cytochrome P450 aromatase [25]. Aromatase converts androstene-
dione to estrone (E1) or testosterone (T) to 17(3-estradiol (E2), the major estrogens in
mammals. Aromatase activity is found in invertebrate brain and gonadal tissue; however,
in mammals, including humans, this enzyme is also active in the placenta, adipose tissue,
and fetal liver [25]. In healthy human breast tissue, aromatase expression is regulated by
promoter regions via the protein kinase A (PKA) phosphorylation pathway. In addition,
the bioactive lipid prostaglandin E2 (PGE2) has been shown to regulate the activity of the
aromatase enzyme [26]. PGE2 is generated by the activity of cyclooxygenase-2 (COX-2), the
rate-limiting enzyme that catalyzes the conversion of arachidonic acid to proteinoids [27].
COX-2 inhibition negatively regulates aromatase activity and decreases tumor Leydig cell
proliferation [28], which suggests that COX-2 would play an important role in aromatase
synthesis and steroidogenesis.
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Figure 2. Diagram of a study on reproduction toxicity in two generations (see OCDE 416 “Two-
Generation Reproduction Toxicity” [29]).

In animal experiments, exposure to BPA has been shown to have adverse effects on
the reproductive system [10]. In female reproduction, neonatal or perinatal exposure to
BPA has been reported as causing significant histological changes in the reproductive
tract [30,31], alteration in the cyclicity of heat [32], decreased reproductive capacity [33],
and changes in hormone levels in adult life [34]. In the ovary, interruption of follicular
development and reduction in the number of primordial follicles [35,36] have been noted.
In the case of males, an increase in the weight of the prostate, a decrease in the weight
of the epididymis, a reduction in the production of spermatozoa, and a decrease in the
concentrations of LH and testosterone in the blood serum have been found [37,38].

2.1.1. Effects on the Ovary

Experimental animal studies indicate that prenatal and postnatal exposure to BPA
would cause decreased ovarian weight, follicle number, and primordial follicle recruitment,
as well as an increased corpus luteum number, even at low doses [39-41]. In different
mammalian species, BPA decreases the number of primordial follicles and induces atre-
sia; in both mice and lambs, this effect has been related to the acceleration of follicular
recruitment. In addition, exposure to very high doses of BPA (300 mg/kg) in rats would
cause an increase in cystic follicles and a decrease in corpora lutea and antral follicles [42].
In addition, BPA has been seen to reduce the number of primary and secondary follicles,
as well as increase DNA damage biomarkers, suggesting that this could be an ovarian
toxicity effect [43]; in fact, some studies affirm that these impacts on the ovary could be
transgenerational. Thus, a study on BPA exposure in the ovaries of F1 generation mice
found effects on the ovary in the F3 generation [30]. Numerous studies have concluded
that BPA affects follicular growth and increases the number of atretic follicles [23,35,44,45].

Another of the associations most studied is the correlation between the highest levels
of BPA in serum with the appearance of the polycystic ovarian syndrome (PCOS). PCOS is a
highly prevalent disorder that affects women of a reproductive age, and it is clinically char-
acterized by hyperandrogenism, ovulatory dysfunction, and polycystic ovary morphology,
together with dysfunctions related to metabolism such as hyperinsulinemia, obesity, and in-
sulin resistance. BPA mimics the activity of 17-festradiol, and it has been observed to have
the ability to interrupt steroid feedback at the hypothalamic—pituitary level and steroid
action at the ovarian level, which would suppress the pituitary—ovarian axis functions [46].
This includes hypersecretion of circulating LH and increased follicle-stimulating hormone
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(FSH) levels, which would cause altered LH:FSH ratios [47]. In addition, BPA contributes
to the metabolomic profile seen in PCOS, which includes insulin resistance, association
with obesity, and chronic inflammation. BPA can affect ovarian steroidogenesis in the
case of there being exposure during the periods known as “critical exposure windows”,
which would lead to irreversible effects, as demonstrated by Fernandez et al. [17], who
investigated the effects of neonatal exposure to BPA in female Sprague-Dawley rats, which
exhibited a PCOS-like syndrome during adulthood. This suggests a possible relationship
between the development of a PCOS-like syndrome and early exposure to BPA.

In relation to oocytes, some studies have demonstrated that BPA alters their meiotic
division [48]. Along the same lines, Nakano et al. [49] analyzed the effects of exposure to
BPA on mice oocyte maturation in vitro. The oocytes were cultured in the presence of BPA
(2,20, 50, or 100 ng/mL) for 18 h. At concentrations of 50 and 100 pg/mL, BPA inhibited
oocyte maturation and caused cell-cycle delay under these conditions. In animal studies,
BPA has also been known to disrupt the transition from prophase I to MII in oocytes, with
this adverse effect being related primarily to altered microtubule organization [48-51].

2.1.2. Effects on the Uterus

A large number of experimental animal studies have shown that exposure to BPA
produces adverse effects on the uterus. Neff et al. [52] demonstrated that exposure to
environmentally relevant doses of BPA (60 ug/kg/day) had an uterotrophic effect in mice
that showed increased proliferation in the uterine glandular epithelium, which is the site of
origin of endometrial hyperplasia and cancer. This finding has been backed up by studies
using low- and high-dose exposure in rodents (0.004 and 40 mg/kg/day) [53]. In studies
conducted in CD-1 mice, exposure to low doses (60-600 ug/kg/day) of BPA increased
glandular density, peri glandular collagen accumulation, and abnormal functions of the
endometrial epithelium and stroma [54], indicating that BPA could have an inducing role
in endometrial cancer [55].

2.1.3. Effects on the Placenta

BPA exposure has been linked to certain obstetric complications associated with the
placenta, including preeclampsia, decreased fetal growth, miscarriage, and preterm birth.
The current findings suggest that BPA would cause pathological changes in the placenta
by interrupting its metabolic activities. Depending on the exposure concentrations, BPA
could trigger apoptotic or antiapoptotic signals in trophoblasts, potentially interfering
with pregnancy [56].

In the last decade, several studies have examined the effects of BPA on mouse
placenta [57-61]. Many investigations showed that BPA interferes with the placental
epigenome of mammals. Strakovsky et al. [62] found that BPA affected placental imprint-
ing loss and decreased DNA methylation. In the placental IGF2/H19 domain, loss of
imprinting and decreased methylation led to disrupted nutrient allocation and impaired
fetal growth. Likewise, in that study, in placentas of the same age, without fetal malforma-
tions, they found that there were miR-146a alterations after exposure to BPA.

Other female reproductive abnormalities due to perinatal BPA exposure include early-
onset vaginal opening and puberty, as well as alterations in estrous cyclicity, plasma LH levels,
vaginal and uterine histology, and mammary gland, uterus, and ovarian morphology [63,64].

2.1.4. Effects on the Fetus
Birth Weight

Multiple studies in women have shown a negative correlation between BPA concen-
trations in amniotic fluid and urine and birth weight [65,66]. On the contrary, in some
works, no association has been reported between BPA concentrations in maternal serum
and urine at the beginning of gestation and at birth, with a lower weight than expected for
gestational age [67,68].
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Hu et al. [69] observed a significant dose-response curve for reduced birth weight
after BPA exposure during gestation. In this study, a total of 452 mother—child pairs were
selected in the city of Wuhan, China during 2012-2014. Mothers with low-birth-weight
infants had significantly higher urinary BPA levels (4.70 pg/L) compared to mothers in
the control group (2.25 pg/L). That association was more pronounced among female
infants than among male ones, evidencing the relationship between the highest levels of
BPA in urine and the sex of the offspring with a lower weight. Scientific research in this
regard has been focused on determining the concentration of BPA in the placenta. In their
study, Troisi et al. [70] analyzed placenta samples from 200 individuals, with BPA levels
being measured by gas chromatography/mass spectrometry (GC-MS). Additional data
on the mother and infant were collected from medical records and correlated with BPA
levels in the placenta. The results of this study gave a significant negative correlation
between the calculated birth weight percentile and placental BPA levels. Low-birth-weight
infants and those small for their gestational age also had significantly higher placental
BPA concentrations compared with infants of a normal weight or average/large for their
gestational age.

In animal studies, it has been found that early exposure to BPA probably influences
several important mechanisms for body weight regulation, including adipocyte deposition,
glucose uptake, and homeostasis. Susiarjo et al. [71] demonstrated that BPA exposure
during gestation and lactation affected postnatal growth of offspring of C57BL/6 mice.
In that study, F1 males exposed to the lowest doses (10 ug/kg/day) of BPA exhibited
accelerated weight gain after weaning, with no difference observed in food intake of F1
male mice in the different exposure groups. This effect appears to be sex-dependent, as
no significant differences in body weight, body fat content, or bone mineral content and
density were detected in females.

Premature Labor

There are few data on the correlation between preterm birth and BPA levels in pregnant
mothers [72-74]. However, Smarr et al. [74] showed that this weak correlation is stronger
for newborn girls than for boys.

In a similar context Behnia et al. [75] evaluated plasma and amniotic fluid in a sample
of pregnant mothers, showing that mothers with higher plasma concentrations of BPA
had a risk of a shorter gestation or premature rupture of membranes. Furthermore, some
studies such as that of Cantonwine et al. [72] and Weinberger et al. [73] described an inverse
correlation between the concentration of BPA in maternal urine and the length of gestation.
However, the results of some research with animals indicate that, in females exposed to
high concentrations of BPA, there was a lengthening of the gestation period, although this
fact could not be directly attributed to exposure to BPA [11].

Fetal Malformation

Several studies have observed BPA-related fetal malformations, which would suggest
that this endocrine disruptor is transferred trans-placentally to the embryo—fetal com-
partment [76]. Guida et al. [77] investigated total, free, and conjugated BPA measured
in the blood of 151 pregnant women divided into two groups: one with an established
diagnosis of the developmental defect, and the other with the normally developing fetus.
The results showed that free BPA was higher in the blood of women pregnant with a
fetus with chromosomal malformations and those of the central and peripheral nervous
system, compared to women in the control group. This suggests a greater susceptibility to
abnormalities among “poor metabolizers”, which could be due to the free fraction being
the active one, i.e., the one capable of binding to its sites of action and producing its adverse
effects. Having a higher free proportion implies that a larger amount of BPA is able to
reach its action sites. In addition, BPA possibly interferes with the progression of meiotic
maturation (as demonstrated in vitro) and causes alterations in spindle organization and
chromosome alignment.
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On another note, the effect of BPA on male genital malformations has been demon-
strated in rats and humans [78,79]. In human male studies, Fernandez et al. [80] observed
an increased risk of genital malformations due to high placental concentrations of BPA. Fur-
thermore, Mammadov et al. [81] correlated decreased anogenital distance (AGD) in male
offspring with high parental exposure to BPA. Cryptorchidism and hypospadias are among
the most frequent neonatal malformations associated with multiple exogenous factors al-
though they could not be significantly correlated with BPA exposure. Dobrzyriska et al. [82]
demonstrated, in a study with mice, the parents (males) of which were exposed for 8 weeks
to 5, 10, and 20 mg/kg bw of BPA, that the frequency of abnormal skeletons in the F1
offspring increased dose-dependently, observing malformations such as the concavity of
the parietal bones and the presence of extra ribs.

2.1.5. Effects on Male Reproduction

Various in vivo and in vitro studies suggest that BPA and its analogs have deleterious
effects on the male reproductive function and sperm quality. In this sense, it is known that
BPA antagonizes endogenous hormones and interferes with steroid-mediated processes
that affect male reproduction. Chianese et al. [83] demonstrated the existence of alterations
in the testes in male rats after exposure to BPA from the fetal period to sexual maturation,
demonstrating an alteration in the cytoarchitecture of the seminiferous epithelium. The
oxidative stress mechanisms and a massive production of reactive oxygen species (ROS)
would explain the interruption of functional communications between Sertoli and germ
cells, as well as the alteration of spermatogenesis and cell damage in post-meiotic stages.
Zhang et al. [84] demonstrated that BPA would increase the number of germ cells entering
meiosis, causing an abnormal state of proliferation. The production of ROS in the testes and
the DNA damage in post meiotic spermatids would justify the fact that BPA can induce the
formation of poor-quality sperm, with possible transgenerational effects on the offspring.

Regarding Leydig cells, the main effects of BPA exposure on their activity are the
alteration of the hormonal microenvironment in the testes, and the upregulation of key
steroidogenic enzymes. In addition to Sertoli and germ cells, Leydig cells are also targets for
BPA. The main effects of the latter’s exposure on Leydig cell activity are the alteration of the
hormonal microenvironment in the testes and the upregulation of steroidogenic enzymes,
with an increase in estrogen production. In this sense, Lan et al. [85] demonstrated that
the ratio of sex hormones (testosterone/estradiol) decreased in male rats administered for
5 days with BPA doses of 0.5 ug/kg/day. In their study, they observed that the ratio of sex
hormones (T/E) was dramatically reduced in the BPA group compared to the control.

In humans, BPA has been known to reduce sperm quality, decrease sexual function,
and reduce fertility. The correlation between BPA exposure and decreased semen quality,
assessed as sperm count, motility, and vitality, has been seen to impact capacity and
acrosomal reaction [86]. In particular, BPA modulates the motility of human spermatozoa
in vitro, affecting their mitochondrial potential in a pathway that involves free Ca®" as
a second messenger [87]. Ji et al. [88] conducted a cross-sectional study in the Chinese
city of Sandu with a sample of 774 men between the ages of 18 and 55, who underwent a
semen analysis, and their BPA levels were associated with linearity, oscillation, amplitude
of lateral displacement of head, mean angular displacement, and sperm concentration. This
is consistent with many other studies showing that infertile men had higher levels of BPA
in urine and plasma [89]. In general, BPA could affect the normal reproductive function
by altering the activity of sex hormones, even triggering the onset of infertility. Similarly,
Manfo et al. [90] found that men exposed to BPA had reduced libido levels, increased
erection and ejaculation difficulties, and decreased satisfaction with their sex life.

2.2. Developmental and Neurobehavioral Effects

Maternal exposure to BPA and its level in umbilical cord blood have been reported
to have a sex-specific effect on shortened AGD in children [91]. Barrett et al. [92] found
that girls who had been exposed to higher levels of BPA during the first trimester of
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pregnancy had a shorter AGD. In rodents, Liu et al. [93] demonstrated that, in knockout
mice exposed to BPA at a dose of 100 mg/L/day per gavage, the anogenital distance
was shortened, and both the male testicular weights and the testosterone levels were
reduced. The development of puberty has also been linked to the levels of exposure to BPA.
Chen et al. [94] found that BPA levels were associated with idiopathic central precocious
puberty (PPCI) in school-age girls. However, the study by Berger et al. [95], found that
higher BPA concentrations could induce delayed puberty in girls and earlier puberty in
boys, demonstrating a sex-dependent effect.

In addition, the neuroendocrine regulation inhibition induced by BPA could cause
a series of mental and behavioral alterations in offspring. Chen et al. [94] investigated
the effects of gestational exposure to BPA related to mental and behavioral problems
in preschool children. They found that increased maternal exposure to BPA could be a
potential risk factor for unusual conduct in children, especially boys, of preschool age.
Perera et al. [96] found that prenatal BPA exposure was significantly associated with
depression and anxiety in children, whereas postnatal BPA exposure was not related to these
illnesses. Therefore, exposure to BPA during gestation, the critical exposure window, could
interfere with brain development in offspring and increase the risk of behavioral problems.
In addition, it was suggested that BPA could be associated with hyperactivity disorder,
antisocial behavior, problems related to sleep, and language development [94,97,98].

Animal studies have reported that exposure to BPA during the prenatal, postnatal,
and juvenile periods causes neurotoxic effects on the brain, and behavioral changes. Zhang
et al. [99] in a multigenerational study with mice observed that even a low dose of maternal
exposure to BPA (0.5 nug/kg/day) could significantly affect, depending on sex, the learning
and memory capacity of male F1 mice, but not of the F2 generation. They also observed a
decrease in the number of neurons in the hippocampus of the F1 and F2 generations after
maternal exposure to BPA, and DNA damage to brain cells, but only in the F1 offspring. In
addition, according to these authors, maternal exposure to BPA could lead to variations in
hippocampal neurotransmitter levels, indicated by a decrease in the glutamic acid /gamma
aminobutyric acid (Glu/GABA) ratio in F1 offspring. Bi et al. [100] exposed transgenic
mice orally to BPA (0.05 mg/kg/day) from postnatal day (PND) 0 to PND 60, subsequently
subjecting them to behavioral tests. Their results suggest potentially detrimental effects
after BPA exposure on the excitatory neuronal circuitry in spatial memory formation.

Neurobehavioral and adult brain effects are mostly due to BPA exposure during critical
life stages; they are subsequently transmitted to their offspring and can persist or further
develop in adulthood. In this regard, Wang et al. [101] demonstrated that intrauterine
exposure to BPA in adult CD-1 mice induced permanent changes in the gene expression
in the brain, including a significant diminution in motor activity, in learning capacities, in
long-term memory, and an increase in anxiety in young mice evaluated at 18 months of
age. Fetal exposure, and that in the first years of life, permanently affected neurobehavioral
functions, which deteriorated with age. They, therefore, revealed that BPA exposure could
worsen aging effects, long-term memory, and an increase in anxiety.

In addition, it has been demonstrated that, after exposure during adult life, similar
effects are produced. For example, Ni et al. [102] exposed adult, male and female, C57BL/6]
mice at 8 weeks of age to 0.05, 0.5, 5, and 50 mg/kg of BPA during 22 weeks, and observed
that exposure impaired the memory and learning capacity of the male mice, which was
associated with an increase in neuroinflammation and a harmed hemato-encephalic barrier.

In studies with fish, authors such as Heredia-Garcia et al. [103] evaluated the neuro-
toxic effects of acute exposure to BPA (96 h) at environmentally relevant concentrations
(220, 1180, and 1500 ng/L) in adult zebrafish (Danio rerio), subsequently performing swim-
ming behavior assessment tests (novel tank). Their results indicated that exposure to
1500 ng/L of BPA reduces the total distance traveled and increases the stopping time of the
fish, concluding that environmentally relevant BPA concentrations could cause anxiety-like
behavior and neurotoxic effects in adult zebrafish.
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On the same lines of the study on the effects on the brain in the adult animal,
Schirmer et al. [104] studied the effects, in the goldfish (Carassius auratus), after 1 month’s
exposure to environmentally relevant concentrations of BPA (1 and 10 ug~L’1) on the Mau-
thner neurone, an essential one in vertebrates to trigger “flight from predators” behavior.
Their findings demonstrated that this exposure for 1 month strongly affected visual and
acoustic processes occurring in those neurons, thus generating an impact on the essential
communication functions in the brain of adult vertebrates. These effects, nevertheless, were
not produced after acute exposure (1 h) in those same vertebrates.

2.3. Transgenerational and Multigenerational Effects

The multigenerational and transgenerational inheritance mechanisms of abnormal de-
velopmental phenotypes include epigenetic misregulation in germ cells. Multigenerational
effects involve direct exposure of the factor influencing in the development of the disease,
in contrast to transgenerational effects, in which transmission between generations does
not imply direct exposure. Very many studies support the theory that BPA could alter epi-
genetic marks in rodents and humans. These epigenetic marks include DNA methylation,
histone post-translational modifications, and noncoding RNAs [105,106]. The transgener-
ational effects of BPA have been demonstrated in mammals and nonmammals [107,108].
There is also evidence of multigenerational and transgenerational inheritance of abnor-
mal developmental changes in offspring after exposure to this endocrine disruptor. BPA
exposure is related to the transgenerational inheritance of reproductive, metabolic, or
neurological phenotypes [22,63,109,110].

In rodents, developmental BPA exposure has been associated with social recognition
and behavioral differences in three-generation studies [107]. In that study, after exposing the
mothers to concentrations of 20 ng/day during mating and gestation, it was observed that,
in subsequent generations of animals, juvenile mice exposed to BPA showed more active
exploratory behavior than controls, without finding any sex differences in the performance
of any of the behavioral tests carried out. These results demonstrated that exposure to BPA
during pregnancy has lasting transgenerational effects on social recognition and activity
in mice.

Various studies have shown that intrauterine exposure to BPA affects the reproductive
function in developing mice, and that function can be altered for up to three genera-
tions [111,112]. Mahalingam et al. [111] exposed FVB mice to BPA at low concentrations
(0.5, 20, and 50 pg/kg/day orally) to investigate the multigenerational effects of BPA on the
F1, F2, and F3 generations. The results revealed that intrauterine BPA exposure decreased
cytochrome P450 aromatase and estradiol mRNA levels in the F1 generation. Likewise, it
was found that this exposure decreased testosterone levels and altered the mRNA levels
of several steroidogenic factors in the F2 generation, producing multigenerational effects
on the ovary and steroidogenesis in mice up to the F2 generation. In adulthood, effects
were observed on the reproduction indices in generations F2 and F3, such as a decrease in
fertility. Of note is that some of the most pronounced effects were measured in mice whose
parents received the lowest dose of BPA. This would be related to the results that back up
the theory that BPA shows a nonmonotonic dose-response curve. A monotonic response
is characterized by a slope that does not change its sign. In contrast, a nonmonotonic
dose-response curve (NMDRC) is characterized by a slope that changes its sign within the
tested dose range. Some curves are U-shaped, some are inverted U-shaped, and, in others,
the sign of the curve may change at multiple points throughout the range of doses studied.
One of the characteristics of endocrine disruptors, specifically BPA, is that they produce
nonmonotonic dose-response curves (Figure 3).

Furthermore, Shi et al. [115] examined the transgenerational effects of BPA on male
reproductive functions using CD-1 mice as a model, and exposing them orally to BPA and
other analogs, at concentrations of 0.5 and 50 ug/kg/day and using mice of F1 and F2
offspring to generate F3 males. Prenatal exposure to BPA was found to decrease sperm
count and motility, and interrupt the progression of germ cell development in F3 males.
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Deregulated serum levels of 173-estradiol and testosterone were also observed, as well as
steroidogenic enzyme expression in adult testes in F3. The results of this study suggest that
prenatal exposure to BPA would originate transgenerational effects on male reproductive
functions due to an altered epigenetic modification in neonatal and adult testes.
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Figure 3. Example of nonmonotonic behavior dose-response curves (see [11,113,114]).

Rahman et al. [112] investigated the histological changes in the testes, together with
the functional, biochemical, and epigenetic (DNA methylation) properties of spermatozoa
from male CD-1 mice exposed to BPA (4 and 50 mg/kg/day) for 6 weeks and crossed
with untreated females to produce up to a third generation (F3). The results showed
that paternal exposure to BPA disrupted spermatogenesis, leading to a decrease in the
total sperm count of the FO-F2 offspring. In addition, they demonstrated that a dose of
50 mg/kg/day decreased sperm motility in FO-F2 males by mediating the overproduction
of ROS. BPA was also shown to compromise sperm fertility in FO-F2 generation mice in
both dose groups, but in F3 only in the high-dose group.

In this context, Bansal et al. [110] used C57BL/6] (FO) mice that were exposed to BPA
doses of 10 ug/kg/day (LowerB) and 10 mg/kg/day (UpperB), to study the effects on the
pancreatic islets of offspring in the first (F1), second (F2), and third generations (F3). Male
F1 and F2 offspring exposed to the low dose of BPA had reduced (3-cell mass and smaller
islets, which was associated with increased glucose-stimulated insulin secretion. The same
did not occur in the case of females, which exhibited comparable results with controls.

The transgenerational effects of BPA in relation to neurobehavioral actions have
also been described in many studies. In this line, Wolstenholme et al. [116] examined

social recognition behaviors in third-generation mice after gestational exposure to BPA.

In their study, they demonstrated that transgenerational exposure to BPA interrupted
social interactions in mice and deregulated the normal expression of genes involved in
excitatory postsynaptic density (PSD), closely related to neurobehavioral disorders during
neuronal development.

2.4. Metabolic Effects

Experimental studies have shown that exposure to BPA generates weight gain, changes
in blood glucose levels, and insulin resistance, as well as the development of dyslipidemia
and alterations in lipid metabolism [117-119]. Epidemiological evidence found positive
associations between BPA exposure and the onset of metabolic diseases such as obesity and
type 2 diabetes. Likewise, numerous animal studies indicated that BPA exposure resulted in
glucose intolerance, insulin resistance, and modifications in glucose homeostasis [120,121].
The alteration of different biochemical parameters could likewise be observed throughout
different generations and be considered an indirect indicator of effects derived from chronic
exposure to BPA. In this respect, Bujalance et al. [11], in a study of several generations of
mice exposed to different concentrations of BPA (0.5, 2, 4, 50 and 100 ug/kg/day), reported
that alterations were produced in the biochemical parameters throughout the generations
exposed, modifying glucose, albumin, and total protein levels. Regarding glucose levels,
it could be said that exposure to BPA causes a hyperglycemic effect, possibly due to an
alteration in glucose metabolism in the pancreas. In addition, the variations in the levels of
total proteins and albumin could be explained by the action of BPA, which would give rise
to an alteration in the liver, resulting in a modification mainly in protein synthesis.
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Exposure to BPA produces obesogenic effects, which not only occur in exposed sub-
jects, but could also cause transgenerational outcomes. A direct interruption of endocrine
regulation, of neuroimmune and signaling pathways, as well as of the intestinal microbiota,
has been identified as being due to exposure to BPA, which would lead to overweight or
obesity creating, in these cases, cardiovascular complications, one of the main consequences
derived from obesity [122].

As a consequence of these obesogenic effects, there is an alteration in energy home-
ostasis, the lipid composition of the liver, and insulin signaling in insulin-sensitive organs
such as the liver, muscle, and adipose tissues [123]. Furthermore, the link between energy
homeostasis and reproduction has been demonstrated, in both animal and human models,
with leptin, a peptide hormone produced in white adipose tissue, which is the main pe-
ripheral biomarker of metabolic status. Leptin (adipokine involved in the control of food
intake through appetite suppression) can also stimulate oxidative stress, inflammation,
thrombosis, arterial stiffness, angiogenesis, and atherogenesis. These leptin-induced effects
could lead to a predisposition to suffer from cardiovascular diseases. Leptin levels have
been positively associated with the presence, severity, extent, and complexity of coronary
atherosclerosis lesion, as well as the presence and severity of ischemic and hemorrhagic
strokes. In addition, leptin has been shown to independently predict common carotid
intima-media thickness and carotid plaque instability. Elevated leptin levels have also
been linked to the incidence and progression of chronic kidney disease, as well as insulin
resistance, type 2 diabetes, and microvascular and macrovascular diabetic complications.

BPA directly affects food intake by modulating the activity of metabolic sensors
produced in the arcuate hypothalamic nucleus (ARC), thus interfering in the interaction
between the gonadotropin-releasing hormone (GnRH) and neural networks involved in
the metabolic control of reproduction [124,125].

In studies on humans, BPA has been confirmed as being closely related to some
metabolic diseases by altering the neuroendocrine function, potentially representing an
important factor leading to the development of chronic diseases. Aktag et al. [126] found
that urinary BPA levels in children during their prepubertal stage were positively associated
with metabolic syndrome (MetS). Shu et al. [127], for their part, demonstrated that the serum
concentration of BPA was positively associated with the increase in fasting plasma glucose
levels. This study suggested that BPA might contribute to obesity and the development of
type 2 diabetes with insulin resistance.

In animal studies, Moon et al. [120] demonstrated that oral exposure to BPA in mice
produced glucose intolerance and insulin resistance. Yang et al. [128], observed that BPA
promoted adiposity in 5 week old mice exposed to doses of 5-5000 ng/kg/day of BPA with
a low-calorie diet in a nonmonotonic dose-response manner. Shu et al. [129] demonstrated
that prenatal exposure in mice to BPA doses of 5 mg/kg/day by oral gavage caused
transcriptomic and methylomic alterations in the liver, adipose tissue, and hypothalamus
of the male offspring, with inter-tissue alterations in the metabolism of the lipids, and tissue-
specific alterations in glucose metabolism, histone proteins, and the extracellular matrix.

Regarding the different metabolic alterations associated with exposure to BPA, high
concentrations of this endocrine disruptor in urine were correlated with higher levels
of blood pressure, indicating that it could possibly contribute to the development of
cardiovascular diseases [130]. Therefore, the peripheral arterial disease (PAD) would be
positively associated with urinary BPA levels, which could be used as a subclinical measure
of atherosclerotic vascular disease, since there are positive associations, demonstrated in
epidemiological studies, between urinary or blood levels of BPA and the development of
coronary artery stenosis, carotid atherosclerosis, and peripheral kidney disease. Recent
epidemiological studies have also verified that urine or serum BPA levels were positively
associated with coronary artery stenosis, carotid atherosclerosis, and peripheral artery
disease, suggesting that BPA exposure might be an emerging risk factor for the development
of atherosclerosis [131].
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Lastly, it should be noted that bone metabolism could also be affected by BPA through
the interruption of calcium phosphate metabolism and the consequent reduction in bone
mineral density [89]. It is known that BPA interferes with bone modeling and remodeling
by altering hormonal regulation and causing the epigenetic alteration of target genes,
which would cause osteoporotic lesions [132]. In particular, BPA has been shown to exert
an estrogen-like action via estrogen receptors « and 3 (ERx and ERf3) and ER-related
v (ERRY); however, unlike estrogens, it harms concomitant bone development with the
inhibition of osteogenic gene expression levels [133,134], which would indicate that, after
exposure to BPA, the agonist effects induced on the ER could inhibit osteogenesis, increasing
bone loss.

2.5. Immunological Effects on Oxidative Stress and Inflammation

BPA is closely linked to immune function, inflammation, and oxidative stress [15,135].
It can also induce mitochondrial damage and cell apoptosis [136]. Xu et al. [137] found that
immune cell populations and innate and adaptive immune system functions were altered
upon exposure to BPA during development, including decreased regulatory T cells and up-
regulated proinflammatory and anti-inflammatory cytokines and chemokines. In 2019, this
same research group found that BPA modulated immune function and the gut microbiome,
which would be closely associated with a higher incidence of type 1 diabetes. In their study
on animals, they demonstrated that BPA exposure caused a change in proinflammatory fac-
tors in females, while, in men, the same exposure caused elevated levels of anti-inflammatory
immune factors and a decrease in the proinflammatory gut microbiome [138].

In this respect, taking into account the evidence from animal data and observational
studies in humans, the immune system has been identified as being the one most sensitive
to BPA exposure. One effect on T helper 17 lymphocytes (Th17 cells) in mice was identified
as being critical; these cells are vital in cellular immune mechanisms and are involved in the
development of inflammatory conditions, including autoimmunity and lung inflammation.
On the basis of all this scientific evidence, the EFSA experts have established a TDI of
0.2 ng/kg/day, replacing the previous temporary level of 4 ug/kg/day, establishing in
April 2023 a TDI approximately 20,000 times lower than that previously established [6].

Oxidative stress is another BPA toxicity mechanism. As a metabolic and endocrine
disruptor, BPA alters redox homeostasis by increasing oxidative mediators and reducing
antioxidant enzymes, leading to mitochondrial dysfunction, disruption of cell signaling
pathways, and induction of apoptosis. Antioxidant enzymes are a class of essential enzymes
that can protect against oxidative damage. BPA could reduce these antioxidant enzymes
and increase free-radical generation and lipid peroxidation, leading to oxidative stress
damage [135,139]. BPA can disrupt the balance of the antioxidant system and cause
adverse effects by inhibiting antioxidant enzyme activity, downregulating antioxidant gene
expression, and lipid peroxidation (LPO) formation.

Kaur et al. [140] observed that BPA could be an environmental risk factor for autism
by inducing oxidative stress and mitochondrial dysfunction. Kazemi et al. [141] showed
that BPA could promote the generation of ROS and increase the expression levels of the
antioxidant gene in liver tissue, causing hepatotoxicity. In the study by Yuan et al. [142],
BPA was found to cause oxidative stress in the testis and to reduce hydrogen peroxide
(Hp0,) primarily through the stimulation of catalase (CAT) activity. In animal models, it has
been observed that chronic exposure to BPA could increase the levels of malondialdehyde
(MDA) and IL-18, as well as reduce the levels of superoxide dismutase (SOD) in the lung
tissue of adult male rats, which could result in inflammatory lung diseases [143]. BPA may
also increase glutathione (GSH) content, CAT activity, and the formation of mitochondrial
reactive oxygen species (ROS) and LPO in the kidney of adult male Wistar rats, leading to
impaired renal function [144].
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2.6. Effects on Thyroid Function

The thyroid hormone is essential for development, growth, and metabolism, and it
plays an especially important role in neurodevelopment. Therefore, the alterations that
may exist in the function of the thyroid hormone could hamper these vital functions. BPA
can interfere with thyroid function through several mechanisms. It can inhibit thyroid
hormone synthesis by altering thyroid hormone regulation through its interference at
the pituitary and hypothalamic levels [145]. Less likely, it can also interfere with thyroid
hormone transport and metabolism, although it is thought that the T3 nuclear receptor
(TR) antagonist effect of BPA may be the primary mechanism through which it disrupts the
thyroid function.

In some animal studies, Da Silva et al. [146] administered BPA to Wistar rats, subse-
quently measuring their thyroid hormone levels. Exposure to BPA (40 mg/kg, 15 days,
orally) in adult rats increased T, levels. Furthermore, Fernandez et al. [17] investigated
neonatal exposure to BPA (2.5-6.2 mg/kg, 10 days, subcutaneously), observing decreased
T4 levels and increased thyrotropin (TSH) levels in adulthood.

Likewise, maternal exposure to BPA in rats can affect thyroid hormone levels in their
offspring. In a study with rats, Silva et al. [147] observed that maternal exposure to BPA
during pregnancy and lactation (10 and 50 pg/kg/day, orally) decreased T3 and T, levels
in the offspring (postnatal day [PND] 15). For their part, Xu et al. [148] observed that
maternal exposure to BPA induced a transient increase in T4 (PND7) levels, followed by a
decrease in T4 (PND21) in the male offspring. However, other investigators showed that
perinatal exposure to BPA (0.0025-40 mg/kg, orally or subcutaneously) did not alter TSH
and Ty levels in the offspring [110,149].

In humans, studies such as the one by Sanlidag et al. [150] evaluated dose-dependent
maternal exposure to BPA effects on thyroid functions in neonates. The levels of BPA, TSH,
and free T4 were measured in the umbilical cord blood, not detecting any significant effect
on thyroid hormones.

For their part, Li et al. [151], conducted an epidemiological study in China to examine
the association between urinary BPA and thyroid nodules (TN) in women. A higher
concentration of BPA in urine was associated with a higher risk of TN only in those with
positive thyroid autoantibodies. Furthermore, this association was dose-dependent, which
would indicate that any increase in BPA exposure was related to an increased risk of TN.

3. Conclusions

BPA is an environmental and food contaminant, which is found ubiquitously in
different sources, whereby both the animal and the human populations remain continuously
and inadvertently exposed to it. Numerous monitoring studies have concluded that
exposure to BPA is constant; thus, the potential health effects of exposed organisms cannot
be underestimated. The effects of BPA follow a nonmonotonic behavior, typical of endocrine
disruptors, which do not behave dose-dependently. Among other reasons, the evaluation
of the risk of exposure to this compound is more complex, and harmful effects may appear
at lower doses. There are multiple effects on health at different levels and systems from
this endocrine disruptor. The initial studies on it focused on evaluating its impact on
reproduction, demonstrating that it interfered with fertility, and that it was related to the
increase in hormone-dependent pathologies, among others. Similarly, a multitude of studies
have shown that BPA exerts important effects, which could cause serious pathologies that
would compromise the long-term life of exposed organisms, by triggering effects at different
levels, such as metabolic, immune system, or neurodevelopmental ones, or those related to
obesity, hypertension, diabetes, or diseases such as depression or anxiety, among others.
The variety of pathologies with which long-term exposure to BPA is associated is so wide,
acting or not at certain stages of development (critical exposure windows); hence, it is a real
challenge to identify safe exposure limits, since that which may be innocuous for a certain
system may not be so for another, and exposed organisms may suffer from subclinical
diseases. At present, it is not known how its long-term effect will evolve in free-living
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animals, and research on its direct impact on the conservation of biodiversity has focused on
the evaluation of toxicity in laboratory animals, or on monitoring in the human population,
demonstrating its adverse effects on multiple systems. However, BPA is an “emerging
contaminant”, whose action affects all exposed organisms; hence, the monitoring of these
species has acquired a special relevance, making it essential to focus the studies according
to the “One Health” concept. It is urgent to establish new lines of research that evaluate
the effects at an environmental, animal, or human level, as well as to establish measures to
prevent environmental and food contamination and foster an essential restriction of its use
and the maintenance of exposure surveillance, as being conducted by regulatory agencies,
while continuing to search for a safe alternative to the use of BPA.
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Simple Summary: There are growing concerns about wildlife and livestock interactions and the
impacts of those interactions on the sustainability of livestock. One of those concerns is the spillover
of wildlife pathogens, including helminths, into livestock. This concern will likely become realized as
the demand for free-range animal products increases. One such helminth with spillover potential
is the eyeworm Oxyspirura petrowi. This eyeworm is common in many wild birds, and particularly
common in Northern bobwhite quail. Related helminths are already commonly found in poultry
raised in free-range conditions in developing nations. The purpose of this research was to investigate
the lethality of fenbendazole, a widely available drug for treating parasites, to these eyeworms. The
lethality estimates were similar to estimates of lethality to other roundworm parasites. However,
studies that have investigated concentrations in host blood following administration of the drug
indicate that it does not stay in the system long enough to achieve elimination of the parasite after a
single dose. This indicates that in order to effectively treat eyeworm, fenbendazole must be delivered
in a repeated or continuous manner.

Abstract: Oxyspirura petrowi is a heteroxenous nematode that infects the harderian gland and other
ocular tissues in birds. High-intensity infections often cause damage to the infected tissues. Due to
the nature of the infection sites, treatment of O. petrowi in these hosts can be difficult. Fenbendazole
(FBZ) is a common anthelmintic used to treat birds for helminth infections; however, little information
exists as to the efficacy of the drug on O. petrowi infections. The present study aims to estimate lethal
concentrations of FBZ to O. petrowi. Adult O. petrowi were maintained in vitro and exposed to doses
of 5, 50, 100, and 200 pM concentrations of FBZ and included both negative and vehicle controls.
Exposure lasted 7.5 days and lethality was determined for each treatment. Negative and vehicle
controls did not differ, and both had 75% survival at the end of the treatment period. The percentage
survivorship in ascending order of concentration, corrected for the controls, was 66.67%, 44.44%,
33.33%, and 0%. LCq, LCyy, and LCy estimates were 7.5 + 0.26,49.1 + 1.69, and 163.2 + 5.63 uM,
respectively. In the context of known pharmacokinetics of FBZ in birds, a single oral dose of FBZ can
achieve exposure levels that are lethal to O. petrowi, but the drug does not stay in the system long
enough. Thus, treatment of O. petrowi infections will require multiple oral doses over several days.

Keywords: Oxyspirura petrowi; fenbendazole; lethality; in vitro; LCsp; nematode; benzimidazole

1. Introduction

Fenbendazole (FBZ), a member of the benzimidazole class of drugs, is a broad-
spectrum anthelmintic approved for treating gastrointestinal helminth infections in various
types of livestock. This anthelmintic is also used to treat helminth infections in people.
The drug works by interacting with (3-tubulin molecules and preventing the formation
of microtubules in the cell [1]. This results in a collapse of cell structure and subsequent
death of the target parasite [2]. Since exposure is often through ingestion, the consequence
of benzimidazole action on nematode intestinal cells has been well studied and has been
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shown to impair digestion and excretion in Haemonchus contortus, a nematode that infects
the rumen of many ungulates [3]. The effectiveness of FBZ as a nematicide and its relative
safety in vertebrates has made FBZ an important anthelmintic [4].

Oxyspirura petrowi is a heteroxenous nematode commonly found to infect wild birds
in North America [5-9]. This eyeworm can be highly prevalent in quail and passerines
in endemic areas. Surveys in West Texas revealed an 89-100% prevalence and a mean
abundance of 44 worms in wild quail [10-13]. These high-intensity infections in quail were
also correlated with cell atrophy, eye inflammation, edema, and damage to the cornea and
eye ducts [13,14]. Oxyspirura petrowi has also been found in songbirds at prevalences of
42.9%, 85.7%, and 100% in Northern cardinals (Cardinalis cardinalis), Northern mockingbirds
(Mimus polyglottus), and Curve-billed thrashers (Toxostoma curvirostre), respectively [6]. The
prevalence and abundance of O. petrowi in wild birds is so great that concern of spillover
into domestic poultry in Michigan was expressed in 1935 [15]. These concerns will likely
be realized with increasing demand for free-range poultry products as Oxyspirura spp.
infections have already been found in poultry kept in free-ranging conditions [16-18].

The global distribution and epidemic potential of O. petrowi and congenerics make un-
derstanding control methods a priority, especially if pharmaceutical interventions become
more relevant in their control. The goal of this research was to explore the pharmacody-
namics of FBZ to O. petrowi and put it in the context of known pharmacokinetics. Knowing
the concentrations at which anthelmintics cause lethality to O. petrowi is important and
will allow for more effective control of O. petrowi populations in hosts and can inform
future work of the in vivo efficacy of FBZ to O. petrowi and its congeners. The objective of
this study is to assess the dose-response of O. petrowi to the anthelmintic FBZ via in vitro
methods to quantify survivorship. FBZ was selected as the anthelmintic for this study
because it is widely available and already approved in several nations for use in many
domestic bird species.

2. Methods
2.1. Chemical Source and Quality

FBZ was obtained from Sigma-Aldrich® (Darmstadt, Germany) (>98% purity, lot
number MKBR9907V). Dimethyl sulfoxide (DMSO) was obtained from Fisher Chemical®
(Pittsburgh, Pennsylvania, USA) (ACS Grade, lot number 187334). Sodium phosphate
monobasic (NaH;PO,) and potassium phosphate monobasic (KH,PO,) were both obtained
from Sigma—AldriCh® (Darmstadt, Germany), lot numbers BCBL2768V and SLBD9446V,
respectively. Sodium chloride (NaCl) was obtained from Fisher Chemical® (Pittsburgh,
Pennsylvania, USA) (lot number 135570). NaH;PO4, KH,POy, and NaCl were all >99%
purity. Egg whites were obtained from a local market.

2.2. Solution Preparation and Treatment Groups

Worms were split into a total of six groups for FBZ lethality testing. The groups were
control, vehicle control, and four treatment groups. Each of the treatment and control
solutions were made based on Dunham et al. [19]. The control solution consisted of
physiological saline, as described in Corba et al. [20], mixed with egg white at a 1:1 ratio.
The physiological saline was made using distilled water and sterilized by autoclave. The
physiological saline for vehicle controls and all treatments was made using 3% DMSO.
Vehicle controls and all treatments consisted of 50% drug solution and 50% egg white
to obtain a final concentration of 1.5% DMSO for the vehicle control and 1.5% DMSO
with 5 uM (1.5 ppm) concentration, 50 uM (15 ppm) concentration, 100 uM (30 ppm)
concentration, and 200 uM (60 ppm) concentration.

2.3. Eyeworm Collection

Eyeworms were collected from hunter-harvested wild Colinus virginianus from Fisher
County, Texas. A researcher would follow along during the hunt and collect birds as they
were harvested. The researcher would place the whole carcass in a resealable plastic bag
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and place the bag in a portable insulated box. The temperature of the box was maintained
between 21 and 27 °C using Hothands™ single-use warmers (Kobayashi Healthcare, Dalton,
Georgia, USA). The warmers were placed under a cloth towel in the bottom of the box
and temperature was monitored using a digital thermometer. Temperature was checked at
least once an hour and whenever the box was opened. The researcher would remove the
heads of the birds and return them to the resealable bag and insulated box once the hunt
was completed. The heads were then transported to the Wildlife Toxicology Laboratory at
Texas Tech University where the eyes and associated tissues were inspected for eyeworms
according to Dunham et al. [7]. Once removed from the host tissue, eyeworms were placed
in 0.01 M PBS or control solution for assessment. Worms were considered suitable for use
in this experiment if there was no visible damage and they demonstrated unprompted
activity within 24 h of being collected.

2.4. Experimental Design

The experimental protocol was carried out in six-well cell culture plates with six
replicates. The wells of each plate were randomly assigned one of the six experimental
conditions and 10 mL of the appropriate solution was added to the well. Four worms were
placed in each well, beginning with well number 1, once all wells had the appropriate
solution. Worms were maintained in a cell incubator at 40 C with 5% CO,. Worms
were checked 12 h later, and then checked at 24-h intervals for a total of 7.5 days under
10 x magnification and assessed as live or moribund. While not a definitive confirmation,
the worms were deemed moribund if they failed to respond to gentle prodding with a
metal probe. Percent mortality was assessed for each treatment and statistical analysis
was completed using the R package drc in R Studio® version 2023.06.0 Build 421 [21].
The model was fitted using the exponential decay function with the lower limit set at 0.
Controls were then removed from the data, the model was run again, and the resulting
model was used to estimate benchmark concentrations [22].

3. Results

A total of 29 C. virginianus heads were donated and examined for eyeworm infection.
Prevalence of eyeworms was 86.2% and mean abundance was 11.7 worms/bird. In total,
144 worms were used to test the lethality of FBZ, with 24 worms in each treatment and
control. Estimated parameters were statistically significant, with the plateau d = 0.695
(p <0.0001) and k = 69.04 (p < 0.0001). Table 1 shows the survival of worms at each time
point for the concentrations used in this study. The dose-response curve in relation to FBZ
concentration at 7.5 days post-treatment with 95% confidence intervals is shown in Figure 1.
The percent mortality relative to control and DMSO treatments are displayed in Table 2
and the mortality curve corrected for the control groups is shown in Figure 2. Estimates
of LCyp, LCsp, and LCqj and their standard errors are 7.5 £ 0.26 uM (2.47 & 0.079 ppm),
49.1 £ 1.69 uM (14.7 + 0.51 ppm), and 163.2 £ 5.63 uM (48.65 + 1.69 ppm), respectively.

Table 1. Percent survivorship of O. petrowi at increasing concentrations of FBZ. Sample size is denoted
after the treatment group with the letter n.

Treatment 12h 36h 60 h 84h 108 h 132 h 156 h 180 h
Con (n = 24) 100.00% 100.00% 91.67% 95.83% 91.67% 79.17% 75.00% 75.00%
(]i hfii)) 100.00% 100.00% 95.83% 87.50% 87.50% 79.17% 66.67% 75.00%
5uM (n =24) 100.00% 100.00% 100.00% 87.50% 87.50% 66.67% 50.00% 50.00%
50 uM (n = 24) 87.50% 83.33% 79.17% 79.17% 75.00% 66.67% 41.67% 33.33%
100 UM (n = 24) 100.00% 100.00% 95.83% 95.83% 91.67% 66.67% 41.67% 25.00%
200 UM (n = 24) 95.83% 95.83% 91.67% 87.50% 70.83% 54.17% 8.33% 0.00%
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Figure 1. Proportion of worms found moribund when placed in a solution containing FBZ after
180 h with observed proportion moribund (circles) and 95% confidence interval (shaded area).
Concentrations are in uM and control and vehicle control groups were pooled. Con = controls.

Table 2. Percent survivorship of FBZ-exposed worms relative to controls and DMSO-exposed
worms combined.

Dose Percent Control
Control and DMSO 100
5uM 66.67
50 uM 44.44
100 uM 33.33
200 uM 0

4. Discussion

This represents the first report of the in vitro lethality of FBZ on the eyeworm O. petrowi.
The percentage of control worms surviving to the end of this experiment was similar to the
percent surviving in other in vitro studies of O. petrowi. Dunham et al. [19] reported 75%
survival after 10 days, reflected here in the survival of control and vehicle control worms
after 7.5 days. Survivability of worms was reduced even at low concentrations of FBZ
and all worms were dead after 7.5 days in a solution containing 200 uM FBZ. The effect of
FBZ on O. petrowi reported here is similar to reports in other nematodes. In the free-living
nematode Caenorhabditis elegans, a concentration of 100 uM was sufficient to achieve 100%
mortality in an albendazole susceptible strain [23]. FBZ concentrations of about 6.7 pM
were sufficient to reduce populations of Pristionchus maupasi, a soil nematode, by over
50% relative to controls [24]. Substantial reduction of the viability of Trichinella spiralis, an
intestinal worm that is transmitted through the ingestion of raw or undercooked meat,
was observed at concentrations of 1.88 uM albendazole solution, a benzimidazole-class
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Proportion Moving

anthelmintic that is more lethal to C. elegans than FBZ [23,25]. Concentrations of 500 ng/mL
(1.67 mM) of FBZ, greater than eight times the maximum dose used in this study, were
sufficient to obtain nearly 90% lethality in Ascaridia galli after 36 h [26]. Based on the
results of this study, the lethality of FBZ to O. petrowi is within the range of lethality to
other nematodes.
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Figure 2. Dose-response curve of O. petrowi corrected for control groups after 7.5 days of exposure to
FBZ. Con = controls.

Interpreting these results in the context of naturally infected hosts is difficult. Studies
of the pharmacokinetics of FBZ in livestock show substantial diversity in the absorption
and secretion rate of the anthelmintic. FBZ is absorbed more slowly and tends to have
longer systemic residence than other benzimidazoles [27], further increasing the difficulty
of interpreting these data in the context of naturally occurring infections. A comparative
study of FBZ in Droughtmaster cattle (Bos indicus and B. taurus cross) and Swamp buffalo
(Bubalus bubalis) found higher FBZ concentrations in blood plasma and greater retention
time in cattle [28]. Beagle dogs given a dose of 20 mg/kg body weight had concentrations
of FBZ in their plasma greater than 0.1 ug/mL for nearly 24 h, with an area under the
curve (AUC) of 9.74 pg-h/mL [29]. Plasma concentrations in goats were similar to that
of the Beagle, with max concentrations of 0.19 pug/mL and concentrations greater than
0.01 pg/mL for nearly 24 h [30]. The AUC in goats administered an oral dose of FBZ
at 7.5 mg/kg body weight was 4.76 pg-h/mL [30]. Metabolism and excretion of FBZ
and its metabolites was more similar between domestic chickens (Gallus gallus domesticus)
and domestic ducks (Anas platyrhyncos domesticus) than chickens and domestic turkeys
(Meleagris gallopavo f. domesticus) [31]. While information on the pharmacokinetics of FBZ

200

in birds is lacking, it appears to be highly variable, even within birds of the same order.

Despite the variability in the available pharmacokinetic data, blood plasma concentrations
of FBZ are below the concentrations used in this study. However, the AUCs reported
suggest that while the expected FBZ exposure in vivo should be high enough to have lethal
effects on O. petrowi, the drug simply does not have a long enough residency time. This
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suggests that the use of anthelmintics to treat O. petrowi infections should consist of multiple
or continuous doses over time and is consistent with in vivo studies of oxfendazole and
albendazole in poultry [32]. However, while the benchmark concentrations reported here
should be attainable in the blood plasma, only an in vivo study conducted with the target
host can verify efficacy of FBZ against O. petrowi. It is also worth considering that one
of the major metabolites of FBZ is oxfendazole. Thus, any worm exposed to FBZ is also
being exposed to oxfendazole, which is a potent anthelmintic in its own right [33]. As the
detrimental effects of heavy parasite burdens in wildlife are being realized, an increase in
anthropogenic intervention is likely, including drug treatment. Future research studying
the pharmacokinetics of FBZ in the wildlife hosts would be extremely beneficial, especially
if used in conjunction with the results of this study. It would allow for a prediction of the
efficacy of FBZ in treating wildlife species for O. petrowi, which in turn would allow for the
implementation of more efficient management plans for the wildlife of concern.

5. Conclusions

Epidemics and spillover events will become more common as the world continues to
change. This will very likely include an increase in the detrimental effects of helminths on
wildlife and helminths common to wildlife finding their way into livestock and poultry.
Understanding the response of enzootic helminths to available anthelmintics will become
ever more imperative to controlling outbreaks. Here we demonstrated the use of an in vitro
assay for measuring the effects of a common anthelmintic on O. petrowi, a helminth that
is likely to occur in free-range poultry and is common in wild birds. The benchmark
doses reported here are similar to those of other in vitro studies with nematodes; however,
in vivo studies must be conducted in order to determine effective treatment plans and
efficacy of fenbendazole against O. petrowi and its congeners. In vivo studies using other
benzimidazole class anthelmintics suggest single-dose treatment regimens using recom-
mended doses may not be suitable for treating O. petrowi. Furthermore, pharmacokinetic
information indicates the FBZ does not have an appropriate residual time in the host.
Thus, in vivo studies and treatment plans should focus on the use of medicated feeds with
continuous or near continuous access for at least 7 days. Another alternative would be
the co-administration of cytochrome P450 inhibitors, which have been shown to increase
the concentration of FBZ in the blood plasma and the residual time [29]. Lastly, FBZ may
have a wide margin of safety, but it can be toxic to vertebrates and particularly so at high
doses. Future work investigating the efficacy of FBZ against O. petrowi should consider this
during research planning. There is clearly still work to be done and it is our hope that this
work will stimulate further investigations into best practices for treating helminths found
outside of the host gastrointestinal tract.
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