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Synergistic protective effects of zinc and 
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ABSTRACT

Flonicamid exerts toxicity in humans and environment, which requires a 
thorough risk assessment to ensure safety. This study evaluated the efficacy 
of zinc and vitamins to mitigate flonicamid induced toxicity in male rabbits. 
For this purpose, the experimental rabbits were categorized into four 
groups. GI group was control, while the GII, GVI and GVII groups were 
orally administered with flonicamid (18 mg/kg) for 30 days. The GVI and 
GVII groups also received zinc chloride (5 mg/kg) alone and in combination 
with vitamin C and E (each 100 mg/kg) prior to flonicamid administration 
respectively. Flonicamid toxicity observed in animals significantly increased 
hepatic enzymes, decreased antioxidant enzymes with severe changes in the 
hepatic histo-architecture. Significant improvement was observed in the 
hepatic enzyme activities and tissue histology in the GVII group followed by 
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GVI group, corroborating the synergetic protective effects of Zn and vitamins 
in ameliorating flonicamid induced hepatotoxicity.

Keywords: flonicamid, toxicity, vitamins, zinc, hepatic marker enzymes

INTRODUCTION

The utilization of pesticides has been instrumental in improving crop yields 
and curbing post-harvest losses globally1. However, the excessive use of 
these chemicals is associated with environmental and public health problems 
due to highly toxic and cancer causing residues2. Flonicamid is a unique 
pyridine carboxamide insecticide with its frequent applications in Agriculture 
specifically for pest control in the areas where cotton is cultivated3. It is a vital 
component of the Integrated Pest Management (IPM) program for controlling 
cotton aphids, which have developed resistance to both traditional and 
some modern insecticides4. Its application typically involves foliar spraying, 
after which it undergoes degradation upon contact with solvents and is 
metabolized into several compounds including 4-trifluoromethylnicotinic acid, 
4-trifluoromethylnicotinamide, and N-(4-trifluoromethylnicotinoyl) glycine 
etc. Notably, flonicamid presents a promising alternative to neonicotinoids, 
exhibiting minimal cross-resistance and posing low risk to beneficial 
arthropods and mammals5,6.

Flonicamid exhibits targeted activity against aphids, whiteflies, thysanopterous 
pests and mosquitoes. Its mechanism involves blocking the A-type potassium 
channels, hindering the movement of potassium ions and disrupting insect 
salivation and feeding, ultimately leading to mortality6,7.  It is widely used on 
crops like cotton and cabbage and a range of other fruits and vegetables used 
in routine life3,8. While flonicamid has lower toxicity compared to many other 
pesticides, it still poses a risk to natural predators such as Chrysoperla species 
and coccinellid beetles. Research has shown that Coccophagus japonicus 
wasps experienced a mortality rate of 17.39% following exposure to flonicamid. 
Residues of the pesticide have been detected in various food items, including 
bell peppers, cucumbers, apples, cabbages, tea leaves, peaches and paddy rice, 
as well as in several areas within the Great Lakes Basin in the United States. 
Because pesticide residues can persist in both the environment and food 
supply, they may enter the human body through multiple exposure routes, 
potentially leading to adverse health effects via bioaccumulation7,9.

Currently, the detection of flonicamid residues in human serum and urine 
samples has raised serious concerns10. Previous experimental studies have 
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shown that excessive exposure to flonicamid may damage the DNA in exposed 
mice11. For example, when orally administered to animals at doses ranging 
from 625 to 5000 mg/kg body weight, flonicamid (98% purity) exert mortality 
at doses of 1250 mg/kg and above. The affected animals exhibited clinical signs 
including loss of mobility, reduced activity, deformed posture, hypothermia, 
labored breathing, tremors, convulsions, ataxia and prostration. Additionally, 
the presence of dark red to black discoloration on the serosal surface of the 
stomach following flonicamid exposure was also reported12.

In an acute inhalation toxicity study conducted on rats, exposure to flonicamid 
(98% purity) at 4.90 mg/L for four hours resulted in exaggerated breathing, 
brown staining around the snout and the appearance of dark foci in the lungs13. 
Further, the male and female rats exposed to high dietary doses of flonicamid 
(approximately 200 ppm) exhibited increased kidney weights, hyaline droplet 
accumulation, granular casts within the renal tubules and tubular basophilic 
alterations. At 2000 ppm, pale kidneys were observed in males, while at 5000 
ppm, females showed further increases in kidney weight along with pronounced 
cytoplasmic vacuolation in the proximal tubules. Hepatic changes included 
centrilobular hepatocellular hypertrophy at higher doses in both sexes, with an 
associated increase in liver weights observed in females14. These physiological 
alterations were deemed relevant for human health risk assessment. In an oral 
toxicity study involving dogs, flonicamid administration induced consistent 
clinical signs such as vomiting, ataxia, reduced activity, labored breathing, 
prostration, and diarrhea, accompanied by decreased red blood cell counts and 
elevated reticulocyte levels in both male and female subjects15.

Based on these facts, natural products with healing efficacies are investigated 
to counteract pesticide intoxication. In this regard, vitamins, known for their 
antioxidant properties, play a pivotal role in shielding cells from oxidative 
damage. Vitamin C, a water-soluble compound, acts as a free radical scavenger 
and effectively inhibits ROS, thereby protecting bio membranes from lipid 
peroxidation16. Vitamin E naturally present in cell membranes, acts as an 
antioxidant, inhibits the ROS and safeguarding cells from polyunsaturated 
fatty acids peroxidation, which are present in the phospholipids of membrane. 
It also protects against oxidative damage to the plasma LDL proteins, cellular 
proteins, DNA and maintains the membrane integrity16,17. 

Zinc (Zn) also serves as a crucial micronutrient, forming the basic building 
block for over 200 metalloenzymes. These enzymes play vital role in metabolic 
functions, appetite regulation, stress management, boosting the immune 
system and promoting normal cell growth.  Additionally, Zn play a notable role 
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in protecting cells from oxidative damage induced by several xenobiotics and 
in regulating cellular glutathione, which is essential for cellular antioxidant 
defense18. Human body does not synthesize Zn instead; it is acquired from 
external sources such as diet. Various inquiries have documented the toxicity 
reducing properties of Zn on pesticide-induced toxicity in animal models18-20. 
In Pakistan, due to resistance against certain pesticides like neonicotinoids, 
flonicamid has become a commonly used insecticide for controlling cotton and 
rice pests since 20174. Unnecessary use of pesticides may spread toxicants in 
the environment, leading to adverse effects on both living organisms and the 
environment2.

While previous studies have investigated the oral toxicities of flonicamid using 
various animal models, there remains a significant gap in our understanding of 
its sub-chronic effects, particularly at low doses, in non-rodent species such as 
rabbits. Most existing research has focused on acute or high-dose exposures and 
has largely overlooked the physiological, biochemical, and histo-pathological 
consequences of prolonged low-dose exposure. Additionally, there is a lack 
of comprehensive studies evaluating potential therapeutic interventions 
that could mitigate flonicamid-induced toxicity. Specifically, the protective 
roles of essential micronutrients such as Zn, either alone or in synergistic 
combination with antioxidant vitamins like vitamin C and vitamin E, have 
not been systematically explored in this context. To date, no published work 
has addressed the interactive effects of these nutrients on pesticide-induced 
toxicity in rabbits, a model that shares greater physiological similarities with 
humans than traditional rodent models. Therefore, the objective of this study 
was to assess the toxic effects of low dose flonicamid in male albino rabbits and 
to evaluate the potential protective and therapeutic efficacy of Zn, both alone 
and in combination with vitamins C and E. The findings are expected to provide 
novel insights that can inform regulatory policies on pesticide safety, guide 
therapeutic strategies against pesticide toxicity, and support environmental 
and public health decision making.

METHODOLOGY

Chemicals/reagents

Ascorbic acid with 99% purity, zinc chloride (>98% pure) and vitamin E (99% 
pure) were acquired from Sigma Aldrich (Germany). Flonicamid (Batch# 
2020072098510) with 98.6% purity was purchased from Avansagro Chemicals 
Shanghai Limited, China.
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Animal procurement and maintenance 

The experimental male albino rabbits (Oryctolagus cuniculus domesticus) 
were obtained from the University of Veterinary and Animal Sciences (UVAS), 
Lahore, Pakistan. The animals selected were between 20 to 24 weeks of age 
having 1 to 2 kg body weight, maintained in the animal house of the PCSIR labs 
Lahore Pakistan under optimal conditions (temperature 22 ± 3oC, humidity 
between 30-70%, light dark cycle 12 hrs)3,21. The commercially available feed 
with complete nutrients and water was given to the rabbits and nutritional 
composition of the feed was already reported in our previous study3. The use of 
animals for experimental purpose was approved from the Bioethics Committee 
of the University of the Punjab Lahore, Pakistan with reference number 3356 
approved on 14/12/2020.

Experimental design

Present experiments were based on toxicity assessment of flonicamid sub-
lethal dose (18mg/kg body weight) given to male albino rabbits for 30 days. 
The doses of vitamin C and E, each at 100mg/kg body weight were selected 
following our previous work3. Zn was administered as zinc chloride (ZnCl2) at a 
concentration of 5.0 mg/kg body weight. About 30 minutes prior to flonicamid 
oral administration, antioxidant solutions were given to the experimental 
subjects with feeding gavage. We divided healthy male rabbits into 7 major 
groups (GI, GII, GIII, GIV, GV, GVI and GVII) based on various treatments 
(each group with 5 rabbits). The number of animals selected was based on the 
Health Effects Test guidelines OPPTS 870.305022. 

Among the groups, GIII, GIV and GV were already investigated and reported 
in our previous study3, while for this study, we have included the groups GI, 
GII, GVI and GVII. Group I was reserved as control, administered with only 
vehicle (non-fortified corn oil). Group II animals were administered with only 
flonicamid (18mg/kg body weight) and groups VI and VII received flonicamid 
(18mg/kg body weight) in co-administration with ZnCl2 (5.0mg/kg body 
weight) only and ZnCl2 (5.0mg/kg body weight) together with Vitamin C and E 
(100mg/kg body weight each)23,24. The dose of flonicamid was selected as 1/10th 
of the lethal dose 50 (LD50) of flonicamid as determined in our previous study3. 
After the treatments, changes in body weight were recorded subsequently after 
every 10th day to amend the treatment dosage accordingly. Blood and tissue 
sampling of rabbits were carried out according to the standard procedures3.
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Determination of serum hepatic markers and status of antioxidant 
enzymes 

Hepatic marker enzymes including ALT (alanine aminotransferase), ALP 
(alkaline phosphatase) and AST (aspartate aminotransferase) were assessed 
by means of commercial spectrophotometric enzymatic kit (BIOLABO, France) 
using the Automated Chemistry Analyzer (Roche Hitachi 1912, Germany). 
Malondialdehyde (MDA) level was estimated with TBA (thiobarbituric acid) 
method25.  The pink colored chromophore was obtained at the end of the 
reaction, measured at 530 nm through the spectrophotometer (Shimadzu UV-
1900). The calculation was performed using the co-efficient of molar extinction 
(1.56 x 10-5 /mol/cm) and the results were stated as nmol/mg of protein. 

The superoxide dismutase (SOD) activity in liver tissue homogenate was 
assessed following the procedure based on NBT reduction described by 
Beauchamp and Fridovich26. SOD activity was expressed as IU/mg of protein/
min, with one unit corresponding to the enzyme necessary to inhibit 50% 
absorbance compared to control. The catalase enzyme activity (CAT) in the 
liver tissue homogenate was appraised using a colorimetric assay following 
literature27. This method relies on green colored chromic acetate formation 
which was measured at 570 nm in a spectrophotometer (Shimadzu UV-1900). 
The CAT results were expressed as mmol of H2O2 per mg of protein per min. 

Histo-pathological analysis

For the histo-pathological analysis, specific part of the liver preserved in 10% 
formalin was selected and dehydrated by passing through ethanol (70 - 100%) 
and then cleaned with xylene and fixed in paraffin. Subsequently, thin sections 
of 5-6 µm thickness were prepared and stained with standard procedure of 
dyeing using heamatoxylene and eosine (H&E)28. The automated inverted 
fluorescent microscope (Olympus IX83) was used to take images of the stained 
slides.

Statistical analysis

The data obtained was assessed statistically with GraphPad Prism 8.0.2 
using two-way ANOVA with Dunnett’s multiple comparison tests and mean 
comparison. The obtained data was mean of at least five independent replicates 
( ± SE) and p value considered as significant was <0.05.
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RESULTS and DISCUSSION

Changes in body and organ weight 

For 30 days period, no mortalities in the animals were observed when the sub-
lethal flonicamid dose was orally administered. Data regarding the body weight 
changes of the flonicamid treated rabbits from different groups (GI, GII, GVI 
and GVII) is shown in Figure 1 (A). Regarding the observed physical signs of 
toxicity, from the first to 30th day, significant (p<0.05) reduction in percent 
body weight was noticed in the group GII (-6.54%) while substantial increase 
in percent body weight was recorded in the group GVI (6.70%) and GVII 
(10.49%). Findings displayed that the co-administration of Zn with vitamins 
(C and E) in GVII in retaining the bodyweight posed overall better outcomes 
than the group GVI, where the rabbits were fed only with Zn as therapeutic 
agent (Figure 1 [B]). A significant (p<0.002) liver weight (2.64%) increase was 
observed in rabbits from the group GII treated only with flonicamid than the 
control group (GI) (Figure 1 [C]). The percent relative liver weight gain was 
lower in rabbits treated with pre-supplementation of Zn alone (GVI group, 
1.47%) and with Zn vitamins combination (GVII group, 0.29%). Overall, the 
outcomes here substantiated a noteworthy liver weight increase in rabbits 
from the GII group administered with flonicamid only than the control group 
(Figure 1 [C]).

The rapid body weight reduction and increase in liver size were major toxicity 
signs observed in flonicamid exposed rabbits. These outcomes are in parallel 
to the results of Low and Lambré29 where the Wistar rats when treated with 
flonicamid (3.61 to 353 mg/kg body weight) for 28 days presented dose 
dependent toxicity including the body weight reduction.

A decrease in rabbit’s body weight and increase in liver weight of group GII 
(only flonicamid treated) could be due to lower consumption of feed. However, 
the synergistic action of Zn and vitamins effectively retained the normal body 
weight of rabbits by modulating metabolic hormones such as insulin and leptin, 
supporting gut microbiota, balance through the maintenance of intestinal 
barrier integrity, promoting epithelial cell regeneration and enhancing the 
body’s detoxification processes30,31.
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Figure 1. (A) Body weight changes (g) in rabbits exposed to flonicamid, vitamins and Zn 
in different groups, (B) Changes in the body weight (%) of rabbits after flonicamid exposure 
and supplementaion of  Zn and vitamins, (C) Liver weight gain (g) in rabbits after exposure 
to flonicamid and supplementaion of Zn and vitamins. Values are the mean ( ± SE) of at least 
five independent readings. Astericks represents significance level. * = p<0.05 (significant),  
** = p<0.002 (moderately significant) and *** = p<0.001(highly significant)

Hepatic markers

The flonicamid sub-lethal dose when administered in rabbits displayed toxic 
effects on liver tissues with altered normal level of serum hepatic markers. 
A significant increase (p<0.001, 44.91%) of ALT (alanine aminotransferase) 
and AST (aspartate aminotransferase) (p<0.05, 15.66%) enzymes were found 
at the 30th day in rabbits from GII in comparison to control group. Rabbits 
of GVI group, supplemented with only Zn exhibited moderate (p<0.002) 
increase (12.39%) of ALT and AST (7.84%) enzyme. Nevertheless, when Zn in 
association with vitamin C plus E were supplemented in GVI, the liver marker 
enzymes were normalized with non-significant (p>0.05) increase (4.07% and 
4.23%, respectively) than the rabbits in control group (Figures 2 [A] and 2 [B]). 
The alkaline phosphatase enzyme (ALP) exhibited highly significant increase 
of 12.62% (p<0.001) in rabbits form the group GII, moderate significant 
increase of 5.84% (p<0.05) in the group GVI and non-significant increase 
of 3.91% (p>0.05) in the group GVII than the control group (Figure 2 [C]). 
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These variable enzyme levels were controlled to the normal range when Zn and 
vitamin C and E were co-administered. 

Liver is a very vital internal organ for the detoxification of toxins entering 
into the body. In most cases, liver is affected due to toxicity posed by harmful 
xenobiotis leading to the impairment of liver tissues and alteration in the 
level of liver marker enzymes32,33. The findings of hepatic marker enzymes 
showed a substantial increase in AST, ALT and ALP in rabbits from GII group 
when fed with flonicamid. Previously, Riaz and Yousafzai34 reported that 
the administration of 20 mg/kg body weight of malathion or cypermethrin 
significantly increases the level of ALT (280.29 or 482.04%) and ALP (145.15% 
or 47.13%) in the male rabbit’s plasma. An increase in AST, ALT and ALP 
enzymes could be due to the disturbance in hepatic membrane ornamentation 
posed by insecticides leading to the leakage of enzymes from cytosol into 
the blood at intracellular level25. Likewise, Ismail35 reported elevated levels 
of hepatic enzymes (ALP, AST and ALT) in rats when administered with 
malathion. These effects were reduced when malathion was given with vitamin 
C. In this study, group GVII rabbits when administered with Zn, vitamins 
and flonicamid, the extreme levels of hepatic enzymes were decreased which 
could be due to the synergistic antioxidant potentials of Zn and vitamins. It 
ultimately reduced flonicamid induced oxidative stress and thus shielded the 
hepatocytes from damage. Further, Sayed36 reported ALP decrease in male 
rats when exposed to mancozeb and diazinon separately or in combination. 
The treatment with Zn metallothionein injection for 5 days interval reversed 
the adverse effects caused by the exposure to pesticide. It is expected that the 
exposure to pesticides in low dose for longer time (chronic dose) poses more 
toxicity than acute dose, leading to significant changes in the configuration of 
antiradical and antioxidant enzymes37.  
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Figure 2. Changes in the hepatic enzyme markers in rabbits treated with flonicamid, Zn and 
vitamins. (A) Alanine aminotransferase (ALT), (B) Aspartate aminotransferase (AST), and (C) 
Alkaline phosphatase (ALP). Values presented are the mean ( ± SE) of at least five independent 
readings. Astericks represents significance level. * =  p<0.05 (significant), ** = p<0.002 
(moderately significant) and *** = p<0.001(highly significant), IU/L = international unit per liter
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MDA level and antioxidant enzymes (SOD and CAT)

Flonicamid when administered orally in low dose with pre-supplementation of 
Zn alone and in association with vitamins significantly protected the oxidative 
stress levels of hepatic tissues than malondialdehyde (MDA) and antioxidant 
enzyme profiles of the treated rabbits. 

Rabbits from the group GII showed significant (p<0.002) increase of MDA 
(33.08%) in liver tissues, whereas animals of the groups GVI and GVII showed 
less significant (p<0.05) increase (9.68%) and non-significant (p>0.05) 
increase (4.03%) of MDA respectively (Figure 3 [A]). 

In this study, higher MDA levels in the liver tissues were evident that might be 
associated with membrane lipid peroxidation due to free radicals when exposed 
to flonicamid. A significantly higher MDA level was noticed for flonicamid 
intoxicated rabbits from the GII group which declined near to the normal 
values in rabbits from the group GVII. These outcomes are in accordance with 
previous inquiries where vitamins C and E were reported with reduced lipid 
peroxidation by inhibiting ROS production when exposed to pesticides38,39. 

The SOD activity was significantly (p<0.002) decreased (52.18%) in rabbits 
from the group GII. Conversely, rabbits from the groups GVI and GVII 
administered with Zn and vitamins presented non-significant reduction 
(16.35% and 7.35%) in SOD activity, respectively (Figure 3 [B]). For the CAT 
activity, significant (p<0.002) reduction was noticed in rabbits from the group 
GII with mean value of 27.89%. In the group GVI rabbits with only Zn, the 
CAT activity was less significantly (p<0.05) declined (9.38%). But rabbits 
from the group GVII when co-administered with Zn and vitamins displayed 
the protective effects in liver tissues with non-significant (p>0.05) decrease in 
CAT values (3.75%) as compared to the control group (Figure 3 [C]).

In this inquiry, the flonicamid intoxication decreased CAT and SOD activities 
due to structural changes in the enzymes that may inactivate or reduce their 
synthesis. Zn and vitamins when supplemented orally in rabbits from the 
group GVII improved the CAT and SOD activities and thereby protected the 
liver tissue from damage due to oxidative stress (Figures 3 [B] and 3 [C]). 

According to the literature20, administration of lambda-cyhalothrin (LCH) 
at a dose of 2.6 mg/kg body weight in male rats significantly increased lipid 
peroxidation due to oxidative stress. However, treatment with Zn in LCH-
intoxicated animals showed a protective effect by mitigating the abnormal 
biochemical alterations induced by the pesticide. Similarly, another study40 
demonstrated that a daily supplementation with vitamin E at 100 mg/kg body 
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weight in acetamiprid-exposed Blb-C male mice lead to improved oxidative 
stress markers including reduced MDA levels and restored CAT and SOD 
activities. Supporting these findings, an in vitro study using rabbit erythrocytes 
revealed that vitamin E effectively attenuate LCH-induced oxidative stress by 
reducing lipid peroxidation and modulating the antioxidant defense system16. 
Notably in a previous study41, the protective role of vitamin E was more 
pronouncing where the vitamin E was reported to be more potent antioxidant 
in pesticide-induced toxicity.

Pesticides exert oxidative stress by generating free radicals and disrupting the 
body’s antioxidant defense systems. Studies have shown that increased levels of 
ROS and nitrogen species due to pesticide exposure lead to lipid peroxidation 
and reduced antioxidant levels, particularly affecting tissues like the brain, 
skeletal muscles and red blood cells42. To counteract ROS, the body depends 
on its antioxidant defense system which includes vital vitamins, minerals and 
enzymes that protect cellular components from oxidative damage. When the 
balance between free radical production and antioxidant defenses is disturbed, 
oxidative stress can occur that potentially harm overall health31. Among the 
key enzymes involved, SOD identifies and neutralizes superoxide anions by 
converting them into hydrogen peroxide, which is then broken down into 
water by CAT, thereby safeguarding cells from oxidative injury.

When the body’s primary antioxidant defenses are overwhelmed by oxidative 
stress, a secondary defense system is activated. This includes non-enzymatic 
antioxidants like glutathione (GSH) and vitamins such as C, E and beta-
carotene, the precursor to vitamin A43. These antioxidants are stored in the 
body and work to neutralize free radicals, although they themselves become 
oxidized and lose activity in the process. Each of these nutrients plays a 
specific role and together they function synergistically to enhance the overall 
antioxidant defense system42.
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Figure 3. (A) Effects of flonicamid toxicity on liver tissue lipids peroxidation (MDA level), 
(B) Superoxide dismutase activity, (C) CAT enzyme activity and protective effects of Zn and 
vitamins in reduction of hepatocytes toxicity. Values presented are the mean ( ± SE) of at least 
five independent readings. Astericks represents significance level. * = p<0.05 (significant), 
** = p<0.002 (moderately significant) and *** = p<0.001 (highly significant)
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Hepatic tissue histology

Results of the microscopic analysis of stained liver tissues of flonicamid 
intoxicated rabbits from various treatments are illustrated in Figure 4. 
Histological analysis in rabbits form the control group (GI) displayed normal 
hepatocytes makeup with hexagonal shape and normal vesicular round shaped 
nuclei, organized in anatomizing cords, uniform cytoplasm, radiating from 
central vein to normal portal triad and detached by blood sinusoids (Figure 4 
[A]). After 30 days of flonicamid administration, the liver tissues of rabbits from 
the group GII showed high infiltration of RBCs in the portal triad and severe 
dilated central vein as well as increased sinusoids and destructed hepatocytes 
(Figure 4 [B]). On the other hand, the flonicamid effects on hepatocytes 
were adequately reduced in rabbits from the groups GVI (Figure 4 [C]) and 
GVII (Figure 4 [D]) displaying moderate to partial destructed hepatocytes, 
moderate to slightly degenerated epithelium layer of bile duct and moderate 
to mild dilated central vein respectively. When Zn and vitamins (C and E) 
were administered in combination, a significant recovery in the damaged liver 
tissues of rabbits from the group GVII and moderate recovery in the group GVI 
were observed that could be due to the synergistic antioxidant effects of Zn and 
vitamins.

It was evident that the normal histo-architecture of liver was damaged severely 
when exposed to flonicamid. Conversely, Zn supplementation alleviated these 
toxicity effects. It was further improved in rabbits from the group GVII when 
supplemented with Zn and vitamins. Zn and vitamins reduced necrosis of 
the liver cells and restored the normal hepatocytes architecture due to their 
synergistic effects. Similar results were reported in a previous study19 where 
the co-administration of Zn to rats intoxicated with chlorpyrifos showed 
normal hepatocytes ornamentation. The histo-pathological alterations found 
in flonicamid intoxicated rabbits are also in line with the outcomes of Low 
and Lambré29 for male Wistar rats where they reported moderate centrilobular 
hepatocellular hypertrophy and infiltration of lymphocytes due to flonicamid 
intoxication at 157 mg/kg concentration. These results are also in accordance 
with results of previous studies39 where male rats when intoxicated with 
Emamectin benzoate and supplemented with vitamin C displayed restoration 
of normal hepatocytes.
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Figure 4. Microscopic images of liver histological sections of rabbits from various treatments. 
(A) Control group (GI) with normal histological section and normal centrilobular vein, bile duct and 
a normal hexagonal hepatocytes and round-shaped nucleus, (B) GII group with severely dilated 
centrilobular vein, degenerative bile duct, high infiltration of blood cells and damaged hepatocytes 
and hepatic sinusoids, (C) GVI group with moderate dilated centrilobular vein and degenerated 
bile duct with maximum number of macrophages causing regeneration of parenchyma cells 
with protective effects of Zn alone. The liver architecture with partial distorted kupfer cells and 
hepatocytes are indicated with arrows, (D) GVII group with mild dilated centrilobular vein and 
partially degenerated bile duct with maximum macrophages causing regeneration of parenchyma 
cells showing protective effects of Zn with vitamin C and E. The liver architecture with normal 
kupfer cells and hexagonal hepatocytes are indicated with arrows. Cv = centrilobular vein, Bi = bile 
duct, Hp = hepatocytes, Ku = kupfer cells. Scale bar = 20-50 µm.

In the light of these findings, it can be concluded that the combined 
administration of zinc and vitamins C and E exhibits remarkable hepato-
protective effects against flonicamid-induced toxicity. This highlights the 
synergistic antioxidant potential of these natural micronutrients in mitigating 
oxidative damage. The present animal study, utilizing a sub-lethal dose of 
flonicamid, offers valuable insights into the possible adverse health effects 
humans may experience upon prolonged exposure to environmental toxins. 
Given the efficacy and cost-effectiveness of using antioxidants such as vitamins 
C and E in combination with Zn, this approach may serve as a practical strategy 
to reduce the biological burden resulting from exposure to environmental 
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pollutants. While this study demonstrates promising protective effects in 
an animal model, further research is needed to explore the long-term safety 
and efficacy of such antioxidant combinations in humans. Clinical trials and 
epidemiological studies should be conducted to validate these findings in 
human populations. Moreover, future studies should aim to elucidate the 
precise molecular mechanisms underlying the synergistic action of these 
micronutrients and assess their impact on other vital organs affected by 
flonicamid and similar toxicants.
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