agronomy

Article

Investigation of the Effects of Probiotics on Sub-Chronic
Neonicotinoid Toxicity in Rats

Cigdem Sevim L* Erol Akpinar 2 Aristides Tsatsakis 3, Serkan Yildirim %, Manolis Tzatzarakis 3,

Alexander I. Vardavas *, Constantine I. Vardavas 3, Mehtap Kara °

check for

updates
Citation: Sevim, C.; Akpinar, E.;
Tsatsakis, A.; Yildirim, S.; Tzatzarakis,
M.; Vardavas, A.L.; Vardavas, C.I.;
Kara, M.; Gul, Z. Investigation of the
Effects of Probiotics on Sub-Chronic
Neonicotinoid Toxicity in Rats.
Agronomy 2021, 11, 2003. https://
doi.org/10.3390/agronomy11102003

Academic Editor: Stefano Cesco

Received: 16 August 2021
Accepted: 1 October 2021
Published: 3 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Zulfiye Gul °

Department of Medical Pharmacology, Faculty of Medicine, Kastamonu University,

Kastamonu 37150, Turkey

Department of Pharmacology, Faculty of Medicine, Ataturk University, Erzurum 25240, Turkey;
erol.akpinar@atauni.edu.tr

Laboratory of Toxicology & Forensic Sciences, Faculty of Medicine, University of Crete,

71003 Heraklion, Greece; tsatsaka@uoc.gr (A.T.); tzatzarakis@uoc.gr (M.T.); vardavasc@uoc.gr (C.I1.V.)
Department of Pathology, Faculty of Veterinary Medicine, Ataturk University, Erzurum 25240, Turkey;
syildirim@atauni.edu.tr

Deparment of Pharmaceutical Toxicology, Faculty of Pharmacy, University of Istanbul,

Istanbul 34116, Turkey; mehtap.kara@istanbul.edu.tr

Department of Medical Pharmacology, Faculty of Medicine, Bahcesehir University, Istanbul 34349, Turkey;
eczulfiyegul@gmail.com

Correspondence: cigdemsevim@kastamonu.edu.tr (C.S.); avardavas@hotmail.com (A.LV.);

Tel.: +90-536-3131402 (C.S.)

Abstract: Probiotics have been shown to have positive effects when it comes to combating various
health issues when consumed, preventing even the absorption of environmental toxins. One of the
main environmental toxins encountered today is pesticide residues. Neonicotinoids, widely applied
today in countries that have approved of them, are a known class of insecticides with an excellent
and effective potency. Neonicotinoids have been shown to cause various toxic effects, either acutely
or chronically, on human health and on beneficial insects when exposed. To clarify the assumption
that probiotics could counteract these toxic effects, especially on vital organs, the probiotic yeast
“Saccharomyces boulardii” (S. boulardii) was tested against the neonicotinoids, acetamiprid (ACE)
and imidacloprid (IMI), as it has outstanding physiological and metabolic properties. The results
obtained from the studies indicated that although ACE and IMI induced liver, kidney, brain and
bowel damage, there was a considerable level of protection by the dietary supplementation of S.
boulardii, as it reduced the absorption of these insecticides.
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1. Introduction

Probiotics are defined as microbial food additives that have positive effects on host
health when consumed in certain amounts [1]. There are many scientific studies about
probiotics showing that they prevent the absorption of environmental toxins such as
pesticides, heavy metals and aflatoxins [2,3]. The results obtained from the studies indicate
that use of probiotics is an inexpensive and safe method of protection from microbial
infections [4]. Probiotics need to be consumed regularly to protect against stomach acids,
bile salts and various enzymes and to pass into the host intestine and colonize and maintain
their viability [5]. Many scientific studies have revealed that the regular intake of probiotics
contributes to the biosynthesis of vitamins (e.g., vitamin K), detoxification of xenobiotics,
enhancing host immunity (by competing with pathogenic microbes for binding sites on the
mucosal epithelium) and contributing to human health in many areas [6-9].

Saccharomyces boulardii (S. boulardii) is a probiotic yeast with outstanding physiological
and metabolic properties. S. boulardii has been accepted as a probiotic by the World Health
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Organization (WHO). It is widely used for the prevention and treatment of infectious
enteritis and Clostridium-difficile-associated enterocolopathies. Lactic acid bacteria are
preferred in toxicological studies as their ability to maintain viability and colonization and
their binding capacity to toxic substances have been analyzed.

Neonicotinoids, such as imidacloprid (IMI) and acetamiprid (ACE), are a known
class of insecticides with excellent potency and systemic effect on plant protection against
piercing and sucking insects [10,11]. Acetamiprid (ACE) (EC 603-921-1), on the European
level, has a current approval period from 1 March 2018 until 28 February 2033, based on
its status under Reg. (EC) No 1107/2009 and Reg. (EU) 2018/113, and it is classified in
Annex VI of the Regulation No. 1272/2008/EC with the tags, Acute Tox. 4-H302 and
Aquatic Chronic 3-H412. Imidacloprid (IMI) (EC 428-040-8) had an approval period from
1/08/2009 until 1/12/2020, whereas it is no longer approved, based on the current status
under Reg. (EC) No 1107/2009, and Reg. (EU) 2020/1643, and it is currently classified in
Annex VI of the Regulation No. 1272/2008/EC with the tags, Acute Tox. 4-H302, Aquatic
Acute 1-H400 and Aquatic Chronic 1-H410. Since 2018, IMI usage has been limited in
Turkey. ACE is the second compound that started to be produced in the neonicotinoid
group, and was offered for sale for the first time in Japan under the trade name mospilan.
About 20 years after the discovery of neonicotinoids, the insecticide dominated the market,
and its annual sales exceeded $ 3.5 billion worldwide. Annual production of the active
ingredient in neonicotinoids is estimated to have been approximately 20,000 tons in 2010,
and neonicotinoids accounted for 85% of sales for plant protection in 2012. [12-14].

Despite the belief that neonicotinoids have low mammalian toxicity, studies have
shown that the increased use of neonicotinoids has serious cytotoxic effects on neuro-
toxicity, immunotoxicity, hepatotoxicity, nephrotoxicity, and on the reproductive system
in humans, vertebrates and invertebrates [15-17]. It has been shown that ACE causes
hepatocellular damage by harming the hepatic membrane structure, disrupts defense
barriers in vertebrates, and increases pro-inflammatory cytokines [18,19]. As regards IMI,
their administration to mice at a dose of 10 mg/kg for more than 28 days suppresses cell-
mediated immune response and reduces the delayed type hypersensitivity response, and
with IMI doses higher than 5 mg/kg, there was an immunosuppressive effect, indicating
that long-term exposure to IMI can be harmful to the immune system [20]. Like these
studies, many others have shown that neonicotinamides can increase pro-inflammatory
cytokine expression [21-23].

This study aims to clarify the effect of the probiotic S. boulardii on the chronic toxicity
effects of two insecticides, IMI and ACE in rats, focusing on preventing possible toxic
effects of these pesticides on the liver, intestine, kidney and brain tissue.

2. Materials and Methods
2.1. Chemicals and Reagents

An imidacloprid-based insecticide (Gortca FS 600) and acetamipirid-based insecticide
(Mosetam 20 SL) was purchased from Safa Tarim company (Turkey). Formaldehyde (37%)
and phosphate buffer saline (PBS) were obtained from Sigma-Aldrich (St. Louis, MO,
USA).

2.2. Ethics

This study was approved by the Ataturk University Local Board of Ethics Committee
for Animal Experiments, Erzurum, Turkey (decision no: 42190979-000-E.1700332023). The
study was in compliance with OECD principles of good laboratory practice, guidelines for
testing of chemicals no. 408, and in accordance with standard operating procedures of the
host institution [24].

2.3. Animals

A total of 72 male Sprague-Dawley rats (250 = 10 g) were used in this study. Animals
were randomly assigned into 6 groups (n = 12/group), including control (CON), probiotic
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(PRO), ACE, ACE + PRO, IMI, and IMI + PRO. The NOAEL doses from reports of risk
assessment were taken into account. The imidacloprid-based and acetamiprid-based
herbicide was mixed with water to allow the administration of a 5.7 mg/kg and 12.4 mg/kg
bw imidacloprid and acetamiprid equivalent dose, respectively [25,26]. A volume of
1mL was injected intraperitoneally. The animals were sacrificed at 90 days following
injection. Rats were decapitated rapidly under deep anesthesia (Sevoflurane) [27]. Liver
and kidney samples collected were snap-frozen in liquid nitrogen and stored at —80 °C
until further analysis. Brain, kidney, liver and small intestine tissues were fixed in 10%
neutral formaldehyde for immunohistochemical analysis (Sigma-Aldrich Corp., St. Louis,
MO, USA).

2.4. Biochemical Assays

After the decapitated session, a 5-7 mL blood sample was collected from the heart, and
the blood samples were collected in tubes using K-EDTA as anticoagulant for urea analysis,
and in tubes without anticoagulants (Vacutainer, BD-Plymouth, UK) for the other analysis.
Blood samples in non-anticoagulant tubes were centrifuged at 5000 rpm for 15 min, and the
serum was used. Measurement of biochemical parameters (alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase (AP), and lactate dehydrogenase
(LDH)) determined with commercial test kits (Roche Diagnostics GMBH Sandhofer STR.
116 D-68305). The measurements were performed on an auto-analyzer (Roche/Hitachi
Cobas 6000 C501).

2.5. Liquid Chromatography—Mass Spectrometry Analysis
2.5.1. Tissue Sample Preparation Procedures

The extraction procedure was applied according to the method described by Vardavas
et al. 2018 [28].

2.5.2. Instrumental Conditions

Liquid chromatography was carried out using a Shimadzu LC system, consisting
of a binary LC pump, a vacuum degasser, an autosampler, and a column oven. Similar
conditions to a previous study were used for the chromatographic separation and detection
of IMI, ACE and its metabolite, 6-chloronicotinic acid (6- CINA) [29]. Briefly, a gradient
of 0.1% formic acid in water (solvent A) and methanol (solvent B) was used: starting at
20% of solvent B, 50% (5.0 min linear ramp), 80% (3.0 min linear ramp), and finally, 100% B
(6.0 min linear ramp). The mobile phase was pumped at 0.6 mL/min through a Discovery
C18 HPLC column (25 cm x 4.6 mm, 5 um) (Bellefonte, Supelco), which was thermostated
at 30 °C. A volume of 10 uL. was injected into the system. A mass spectrometer (LCMS-2010
EV Shimadzu), which consisted of an atmospheric pressure chemical ionization (APCI)
interface, and a single quadrupole mass filter was used to detect and quantify IMI and
6-CINA in the column effluent. The interface, curved desolvation system (CDL) and heat
block temperatures were 400 °C, 200 °C and 200 °C, respectively. The detector voltage
was 1.5 kV and the nebulizing gas flow was 2.5 1/min. The drying gas pressure was set
at 0.02 MPa. The ion signals were acquired in time in the selected ion monitoring (SIM)
mode with ions m/z = 256.100, 211.895, 288.00 174.95 for IMI, 223.05, 255.1, 198.9 for ACE,
157.985, 19089.090, 96.00 for 6-CINA and 210.10, 182.05, 206.05 for IS (underlined fragments
were used for quantification) [29]. The mass spectrometry operating conditions were tuned
according to the manufacturer’s recommendations.

2.6. Pathological Analysis
2.6.1. Histopathological Examination

Livers, kidneys, brains and small intestines were fixed in 10% neutral formaldehyde
for 24-48 h and were embedded in paraffin blocks. Paraffin-embedded tissues were pro-
cessed to give 5 pm thick sections and were stained with hematoxylin—eosin, followed by
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microscopic examination. The histopathological findings in the sections were graded as 0
(none), 1 (mild), 2 (moderate), and 3 (severe) [30,31].

2.6.2. Immunohistochemical Examination

After dehydration, transparency, and paraffinization, 4-5 pm thick sections were
taken from paraffin blocks and placed on poly-L-lysine slides. Slides were taken into
preparation transport apparatus and left at 56 °C for 1 h. Immunohistochemical staining
Expose Kit (Abcam: ab80436, Cambridge, UK) was performed as recommended by the
manufacturer. Briefly, after xylene and graded ethanol administration, the sample was
washed in phosphate buffer (PBS) solution. For blocking endogenous peroxidase activity,
10% hydrogen peroxide was applied. Then, protein block (ABCAM: ab80436) was applied
to each slide to cover the tissue (block non-specific antibody binding). The primary antibody
was reconstituted with 8-OHdG and IL-6 (Santa Cruz, USA), GFAP (Novus Biological,
USA). After washing, 1-2 drops of secondary antibody were added for 20 min, followed
by the addition of horseradish peroxidase (HRP) conjugate. The mixture was incubated
for 30 min in a humidified vessel at room temperature. Moreover, 3—3 diaminobenzidine
(DAB) was applied, and then washed with distilled water. The hematoxylin (Mayer’s)
was applied for 15—20 s. The tissue slice was washed until the excess of hematoxylin was
removed. After this process, the slides were suspended by lamination with 80% ethanol,
96% ethanol, 100% ethanol, and xylol. Sections were evaluated as (—), mild (+), moderate
(++) and severe (+++) according to immune positive values [30,31].

2.7. Statistical Analysis

All statistical analyses were carried out by using the SPSS statistical software (SPSS
for Windows, version 20.0). All data were presented in mean (%) standard deviation
(S.D.). For biochemical analysis, differences were assessed using one-way analysis of
variance (one-way ANOVA). For immunohistochemical analysis, differences in measured
parameters between the groups were analyzed with a nonparametric test (Kruskal-Wallis).
Dual comparisons between groups exhibiting significant values were evaluated with the
Mann-Whitney U test (p < 0.05).

3. Results
3.1. Body Weight

At 12-week follow-up, weight gain did not differ significantly between the groups, and
there was no relationship between drug administration and body weight. Comparing the
changes in body weight from before-drug to during-drug administration, although there is
no statistically significant, all groups gained weight compared to the control (Table 1).

3.2. Biochemical Analyses

ALT, AST, ALP, LDH, and urea levels were not significantly higher in IMI and ACE
groups compared to control group (Table 2). The following blood parameters were deter-
mined: the number of red blood cells—RBC (10/mm?3), the hemoglobin content—HGB
(g/L), the mean corpuscular volume—MCV (um?), the mean corpuscular hemoglobin—
MCH (pg), the mean corpuscular hemoglobin concentration—MCHC (g/L), and the hema-
tocrit value—HCT (%). The following types of leukocytes (g/L) were counted under the
microscope, using an automatic counter: eosinophils, basophils, lymphocytes, monocytes,
and neutrophils. Hematological indices were not significantly altered (Table 3).
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Table 1. Groups’ 13-week weight measurement results.

Weeks Control IMI ACE PRO IMI + PRO ACE + PRO
1 190.63 £ 63.93 192.61 £+ 4.67 198.45 + 28.34 195.25 + 32.11 195.83 £ 3.63 191.18 £ 6.66
2 250 £ 65.48 254.53 £ 591 247.72 4+ 35.56 25591 +37.73 254.83 + 10.62 250.18 + 7.64
3 283.45 + 64.24 290.69 £+ 7.19 280.54 + 36.80 282.50 4+ 32.52 282.16 +20.94 287.72 +9.15
4 313.81 £ 67.97 319.76+ 8.85 302 +-48.53 318.08 £+ 38.18 302.75 +24.33 307.27 + 11.67
5 330.72 4+ 64.44 340.07+ 10.04 332 £ 36.62 339.91 + 36.67 319.41 4+ 25.64 328.90 + 12.13
6 360.45 £ 69.04 362.84 + 10.69 357.36 + 33.67 366.08 £+ 39.76 344.33 £+ 30.07 351.72 +12.43
7 378.27 £+ 69.66 376.07 + 11.65 357.36 + 33.67 380.66 + 40.50 359.83 4+ 34.10 370.18 4+ 11.47
8 379.36 + 64.81 395.69 + 11.84 396.63 + 38.15 391.75 + 32.65 379.33 4+ 37.88 392.63 +11.22
9 400.81 &+ 67.56 417.30 + 11.96 416.18 +41.80 422.83 +41.25 397.66 + 40.34 405.09 + 16.37
10 402 + 64.84 420.84 +12.24 421.36 +41.75 428.33 1+ 41.57 398.83 + 40.56 416.45 +12.70
11 415.63 £ 58.11 428.84 +12.46 422.09 +42.70 429.58 + 37.04 417.58 + 46.04 429.09 £ 11.67
12 400.81 + 67.56 417.38 +11.94 416.18 +41.80 422.83 +41.25 397.66 + 40.34 414.18 +12.12
13 431.18 4+ 59.56 450.76 + 12.88 44945 4+ 45.31 453.75 + 53.46 439.25 4+ 48.19 448.72 +11.88
Table 2. Blood ALT, AST, ALP, LDH, and urea values.
Control IMI ACE PRO IMI + PRO ACE + PRO
ALT (IU/L) 62.6 £ 12.87 64.5 £ 893 70.1 £ 11.68 76+ 10.95 71.14+ 8.93 68.3+ 10.59
AST (IU/L) 189.1 £ 36.17 196.5 £ 23.27 194.3 £+ 14.67 250 £+ 61.84 205.6 + 50.01 192.8 £2.22
ALP (IU/L) 112.8 + 20.49 186.2 + 19.09 172.2 £+ 20.39 179.1 £+ 20.40 185.4 + 22.33 166.8 + 14.02
LDH (IU/L) 1758.8 £227.41 24235+ 21654 2350.7 £19146 2577.8 £171.15 2031.4 +276.98 1432.4 + 127.06
UREA(mg/dL) 40.7 £ 2.50 42.7 +2.54 38.6 +2.45 39.1+221 40.6 +£1.44 40.7 +4.40
Table 3. Hemogram values of experimental and control group rats.
Control IMI ACE PRO IMI + PRO ACE + PRO
WBC (103 /uL) 6.28 +1.24 7.43 1+ 2.88 12.05 £ 7.51 591 + 4.62 6.23 + 1.07 13.82 £ 9.90
Notrofil 1.79 + 0.49 1.24 + 0.54 1.73 +£1.20 1.12 + 0.69 1.07 + 0.05 1.51 +0.39
Lenfosit 424+ 092 592 +2.36 9.73 + 5.96 443 + 3.61 474 +£1.00 11.87 £ 9.46
Monosit 0.09 & 0.06 0.11 £ 0.04 0.07 + 0.00 0.09 + 0.09 0.08 + 0.05 0.14 +0.07
Eozinofil 0.13 £ 0.09 0.15 £+ 0.06 0.50 £ 0.35 0.25 £ 0.34 0.32+0.18 0.27 £ 0.08
Bazofil 0.01 &+ 0.00 0.01 £ 0.00 0.01 &+ 0.00 0.01 + 0.00 0.01 &+ 0.00 0.02 + 0.00
RBC (10°/uL) 8.18 +0.48 8.92 + 1.03 9.23 £0.34 9.05 £+ 0.30 9.21 £0.52 8.71 £ 0.62
HGB (gm/dl) 14.63 £ 1.04 1547 £ 1.71 16.30 £ 0.42 16.17 £ 0.47 16.50 £ 0.98 15.45 £+ 0.99
HCT (%) 47.68 + 3.22 50.67 &+ 5.62 51.45 + 0.63 51.77 +£2.19 52.52 +3.16 49.40 +2.51
PLT (103 /uL) 73250 £93.22  543.37 £321.53  740.50 £+ 17.67 866.75 +49.77  702.50 + 140.14 761 &+ 83.76
MCYV (fL) 58.21 + 0.95 56.83 + 0.95 55.70 + 1.41 57.30 4+ 4.36 56.97 + 0.33 56.85 + 2.59
MCH (pg) 17.83 £ 0.28 17.36 £ 0.42 17.65 + 0.21 17.87 £ 047 17.90 + 0.37 17.72 £ 0.36
MCHC (g/dL) 30.66 + 0.33 30.53 + 0.46 31.70 £ 0.42 31.32 £2.03 31.42 +0.58 31.25 £ 0.96
IG (g/L) 0.17 £0.40 0.01 £ 0.00 0.01 &+ 0.00 0.01 + 0.00 0.02 £ 0.01 0.03 + 0.02
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3.3. Liquid Chromatography—Mass Spectrometry

Table 4 presents liver reference concentration measures and pesticide residues levels in
liver tissue. Measurements could not be made, because all measured levels in the probiotic
group and 6-chloronicotinic acid (6-CNA), metabolite of IMI and ACE, were below the LOD.
In the liver tissue, the levels of IMI are lower in IMI group in comparison to IMI + PRO
group, while ACE residue was found to be lower in the ACE + PRO group than in the ACE
group. Table 5 present kidney reference concentration measures and pesticide residues
levels in kidney tissue. In the kidney tissue, IMI residue was found to be higher in the IMI
group than in the IMI + PRO group, while ACE residue was found to be higher in the ACE
group than in the ACE + PRO group.

Table 4. Measurement of residue levels in liver tissue (- means remaining below the detection limit). Values were given as

mean + standard deviation (SD). p < 0.05 was considered significant.

Control IMI ACE PRO IMI + PRO ACE + PRO
Mean £ SD - 0.06 = 0.01 - - 0.20 £ 0.02 -
Imidacloprid Minimum - 0.02 - - 0.15 -
(ng/g) Maximum - 0.11 - - 0.25 -
p=0315
Mean + SD - - 0.51 £ 0.06 - - 0.20 £ 0.02
Acetamiprid Minimum - - 0.37 - - 0.15
(ng/g) Maximum - - 0.66 - - 0.25
p =0.003

Table 5. Measurement of residue levels in kidney tissue (- means remaining below the detection limit). Values were given

as mean = standard deviation (SD). p < 0.05 was considered significant.

Control IMI ACE PRO IMI + PRO ACE + PRO
Mean + SD - 0.37 £ 0.30 - - 0.16 £ 0.03 -
Imidacloprid Minimum - 0.04 - - 0.06 -
(ng/g) Maximum - 1.28 - - 0.22 -
p =0.506
Mean + SD - - 0.88 + 0.07 - - 0.18 + 0.05
Acetamiprid Minimum - - 0.72 - - 0.06
(ug/g) Maximum - - 1.08 - - 0.31
p < 0.001

3.4. Histopathological Analysis

Brain tissues show severe degeneration and moderate necrosis in neurons, severe hy-
peremia in meningeal and parenchymal vessels were observed in the ACE and IMI groups,
while moderate hyperemia in the meninges and parenchymal vessels, mild degeneration in
the neurons were observed in the ACE + PRO group, while no necrotic cells were observed.
Mild degeneration of neurons and hyperemia of vessels were detected in IMI + PRO group
(Figure 1). It was observed that 8 OHdG and GFAP immunopositivity were negative in the
control and probiotic groups; severe 8 OHdG and GFAP immunopositivity were observed
in the ACE and IMI groups, but were slightly positive in the IMI + PRO and ACE + PRO
groups (Figures 2 and 3).
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Figure 1. Brain tissue, control group (A), normal his-tological view; PRO group (B), normal histologi-
cal view; ACE group (C), severe necrosis (arrows) in the tubular epithelium, severe degeneration
(arrowheads); ACE + PRO group (D), mild hydropic degeneration in tubular epithelium (arrow),
moderate level hyperemia in parenchyma vessels (star); IMI group (E), severe necrosis (arrows) in
the tubular epithelium, severe degeneration (arrowheads); IMI + PRO group (F), mild degeneration
in tubular epithe-lium (arrow), H&E, Bar: 20 pm.

Figure 2. Brain tissue, control group (A), negative 8-OHdG expression; PRO group (B), negative
8-OHdG expression; ACE group (C), severe 8-OHdG expression in neurons (arrowheads); ACE
+ PRO group (D), moderate 8-OHdAG expression in neurons (arrowheads); IMI group (E), severe
cytoplasmic 8-OHdAG expression in neuron (arrowheads), IMI + PRO group (F), moderate 8-OHdG
expression (arrowheads); IHC-P, Bar: 20 um.
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Figure 3. Brain tissue, control group (A), negative GFAP expression; PRO group (B), negative GFAP
expression; ACE group (C), severe GFAP expression in astrocytes (arrowheads); ACE + PRO group
(D), moderate GFAP expression (arrowheads); IMI group (E), severe GFAP expres-sion in astrocytes
(arrow-heads), IMI + PRO group (F), moderate GFAP expression in astrocytes (arrowheads); IHC-P,
Bar: 20 um.

Liver tissues showing degeneration, necrosis in hepatocytes, and severe hyperemia
in parenchymal vessels were observed in ACE and IMI groups, while mild hydropic
degeneration and moderate hyperemia in interstitial vessels were observed in ACE + PRO
and IMI + PRO groups (Figure 4).

Kidney tissues show severe degeneration and necrosis of the renal tubular epithelium
and hyperemia in the interstitial vessels were observed in the ACE and IMI groups, while
mild hydropic degeneration of the tubular epithelium and moderate hyperemia in the
interstitial vessels were observed in the ACE + PRO and IMI + PRO groups (Figure 5).

Intestinal tissues show atrophy of the villi, severe mononuclear cell infiltrations,
desquamation and erosion in the mucosal epithelium were observed in the ACE and
IMI groups, with severe mononuclear cell infiltration in the mucosal layer, very mild
degeneration in the mucous epithelium in the ACE + PRO group, and mucosal epithelial
desquamation in the IMI + PRO group. Mild mononuclear cell infiltration in the dermal
layer, mild degeneration of the mucosal epithelium and mild edema in the tunuka muscu-
laris were observed (Figure 6). It was observed that IL-6 expression was negative in the
control and probiotic groups, severely positive in the IMI and ACE groups, and slightly
positive in the IMI + PRO and ACE + PRO groups (Figure 7).
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Figure 4. Liver tissue, control group (A), normal histological view; PRO group (B), normal histological
view; ACE group (C), severe degeneration in hepatocytes (arrowheads), necrosis (arrows), hyperemia
in the veins; ACE + PRO group (D), Mild degeneration (arrowheads) in hepatocytes; IMI group (E),
Severe degeneration in hepatocytes (arrowheads), necrosis (arrows), moderate hyperemia of the
vessels; IMI + PRO group (F), Mild degeneration in hepatocytes (arrowheads), H&E, Bar: 20 um.

Figure 5. Kidney tissue, control group (A), normal histological view; PRO group (B), normal histo-
logical view; ACE group (C), severe necrosis (arrows) in the tubular epithelium, severe degeneration
(arrowheads); ACE + PRO group (D), mild hydropic degeneration in tubular epithelium (arrow);
IMI group (E), severe necrosis (arrows) in the tubular epithelium, severe degeneration (arrowheads);
IMI + PRO group (F), mild degeneration in tubular epithelium (arrow), H&E, Bar: 20 um.
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Figure 6. Intestinal tissue, control group (A), normal histological view; PRO group (B), normal
histological view; ACE group (C), Severe desquamation and erosion of the mucosal epithelium
(arrowheads), severe mononuclear cell infiltration (stars); ACE + PRO group (D), Mild mononuclear
cell infiltration in the mucous layer (stars), mild degeneration of the mucous epithelium; IMI group (E),
severe mononuclear cell infiltration (stars) in the mucosa, severe erosion of the mucosal epithelium,
desquamation and necrosis (arrowheads), edema in the tunica mucosa; IMI + PRO group (F), Mild
degeneration of the mucosal epithelium, mild mononuclear cell infiltration in the mucosal layer
(stars), H&E, Bar: 20 um.

Figure 7. Intestinal tissue, control group (A), negative IL-6 expression; PRO group (B), negative IL-6
expression; ACE group (C), severe IL-6 expression in mononuclear cells and mucosa epithelium
(arrowheads); ACE + PRO group (D), moderate IL-6 expression in mucous epithelium in the intestinal
mucosa and inflammatory cells (arrowheads); IMI group (E), severe IL-6 expression in mucous
epithelium in the intestinal mucosa and inflammatory cells (arrow-heads), IMI + PRO group (F),
moderate IL-6 expression in mucous epithelium in the intestinal mucosa and inflammatory cells
(arrowheads); IHC-P, Bar: 20 um.
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4. Discussion

In the current study, the chronic exposure of rats for 90 days to IMI and ACE induced
hepatorenal injury without changes in ALP, ALT, and AST enzymes’ activity and LDH and
urea levels. Data from previous studies, using such high doses as 80 or 139 mg/kg/bw,
have shown that neonicotinoid exposure results in a significant increase in serum AST, ALT
and ALP enzyme activity [32,33]. In contrast to other studies, however, there is a reduction
in ALT and ALP enzyme activity when IMI is applied at a low dose [34]. Additionally,
the change in biochemical parameters induced by neonicotinoid exposure depends on the
applied neonicotinoid dose concentration [35].

In this study, we used low neonicotinoid dose concentrations in accordance with
the real-life exposure scenario study type [36,37]. Chronic exposure of low neonicotinoid
doses actually induced hepatorenal injury; however, there were no changes regarding
the biochemical parameters. This finding was unexpected, and it suggests the possible
unforeseen danger that could be induced upon neonicotinoid exposure to humans.

Dietary supplementation with S. boulardii displayed a counteractive effect on the
hepatorenal injury, induced by IMI and ACE exposure, possibly linked to the fact that
probiotics reduce the bioavailability of contaminated toxins. To evaluate the potential of
S. boulardii to alleviate hepatorenal toxicity, the measured residual level of IMI and ACE
in kidney and liver samples showed a decreased residual level of IMI and ACE, with a
significant reduction noted in the ACE exposure group.

In addition to hepatorenal injury, the brain may be the tissue most likely to be affected
by neonicotinoid toxicity due to its direct actions on mammalian nicotinic acetylcholine
receptors (nAChRs). While it has been demonstrated that exposure to neonicotinoid can
cause impairments in sensorimotor performance, the overexpression of glial fibrillary
acidic protein (GFAP) [38] and adverse effects on the developing mammalian brain [39],
our findings showed that severe histopathological lesions and GFAP expression were
similarly detected in brain tissue, induced by IMI and ACE exposure, possibly due to
increased oxidative stress levels.

Neonicotinoids have been shown to induce oxidative stress and lipid peroxidation by
increasing the production of free radicals [40-42]. The concentration of 8-OHdG, the major
product of DNA oxidation, is one of the sensitivity indicators for oxidative DNA dam-
age [43,44], and the obtained results in this study indicated that 8-OHdG levels significantly
increased under IMI and ACE exposure.

Intestinal cells provided a natural barrier to prevent infiltration of toxic substances and
pathogens. Pesticides are absorbed into body via the intestine after their administration [45],
affecting the structure and enzyme activity of the intestine, and impairing the absorptive
function of the intestine [46,47]. Histological results showed that rats exhibited a significant
decrease in villus length from IMI and ACE exposure, which indicated that neonicotinoids
tend to alter the intestinal structure, potentially leading to intestinal disorders and nutrient
absorption effects.

Finally, changes in interleukin levels showed that IL-6 immunopositivity increased
significantly from IMI and ACE exposure, compared to the control groups that comply
with previous results [48,49].

We demonstrated that neonicotinoids disrupted the intestinal immune function and
impaired intestinal health. S. boulardii supplementation inhibited the upregulation of IL-6
level in the intestine of rats treated with IMI and ACE.

5. Conclusions

The neonicotinoid insecticides, IMI and ACE, are known to induce toxicity in insects
and mammals, while prebiotic treatments may actually prevent negative consequences
from chronic neonicotinoid toxicity via enhancing the gut barrier function and decreasing
their intestinal absorption. Dietary supplementation with S. boulardii could possibly be
used to achieve this, especially as a solution for asymptomatic neonicotinoid toxicity effects.
Our results indicated that IMI and ACE induced liver, kidney, brain and bowel damage
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via several biochemical and pathological adverse effects, as well as oxidative stress and
inflammation levels to increase. To conclude, there was a considerable protection ensured
by dietary supplementation with S. boulardii in rats against the above detrimental effects.
Despite the consideration of the prophylactic effect of S. boulardii on neonicotinoid toxicity,
these observations highlight the need for further studies, so that laboratory experiments
can be converted into clinical treatment.
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