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ABSTRACT 

  

 The neonicotinoid insecticide acetamiprid has been linked to toxicity in various 

organs and organisms. However, its effects on the exocrine pancreas remain largely 

unexplored. This study aimed to investigate the toxic effects of acetamiprid on the exocrine 

pancreas through in-vivo and in-vitro investigations. We also explored the potential 

preventive effects of carnosine. In the in-vivo study, male Wistar rats were administered 

acetamiprid orally at two doses (21.7 and 43.4 mg/kg/day, respectively) with or without 

carnosine supplementation (200mg/kg/day) for 30 days. The body and pancreatic weight 

were measured, malonaldehyde, glucose, lipase, amylase levels, and histopathological 

examination were evaluated. In the in-vitro study, AR42J pancreatic cells were exposed 

to acetamiprid with or without carnosine, and the cell viability, MAPK signaling pathway, 

intracellular calcium levels, and trypsin secretion were investigated. Sub-acute 

acetamiprid exposure led to significant adverse effects, including decreased body weight 

and pancreatic somatic index, increased blood glucose, altered pancreatic enzyme levels 

(decreased amylase and increased lipase levels), and elevated malondialdehyde levels. 

Histological examination revealed damage to pancreatic tissue. While carnosine 

supplementation partially mitigated these adverse effects. Acetamiprid exposure altered 

AR42J pancreatic cell viability in a dose-dependent manner, while co-treatment with 

carnosine significantly improved cell survival, and activated the MAPK signaling 

pathway, which was attenuated by carnosine. While acetamiprid increased intracellular 

calcium levels, it did not significantly affect trypsin secretion. This study shows that 

acetamiprid harms the exocrine pancreas. However, carnosine supplementation may offer 

protection against these harmful effects.     

Key words: Neonicotinoid insecticide, exocrine pancreas, carnosine, subacute toxicity, 

AR42J cells, acetamiprid, Wistar rats. 
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RÉSUMÉ 

  

 L’insecticide néonicotinoïde acétamipride a été associé à une toxicité dans divers 

organes et organismes. Cependant, ses effets sur le pancréas exocrine restent largement 

inexplorés. Cette étude visait à étudier les effets toxiques de l’acétamipride sur le pancréas 

exocrine à travers des investigations in-vivo et in-vitro. Nous avons également exploré les 

effets préventifs potentiels de la carnosine. Dans l’étude in-vivo, des rats Wistar mâles ont 

reçu de l’acétamipride par voie orale à deux doses (21,7 et 43,4 mg/kg/jour, respectivement) 

avec ou sans supplémentation en carnosine (200 mg/kg/jour) pendant 30 jours. Le poids 

corporel et le poids pancréatique ont été mesurés, les niveaux de malondialdéhyde, de 

glucose, de lipase, d’amylase et un examen histopathologique ont été évalués. Dans l’étude 

in-vitro, des cellules pancréatiques AR42J ont été exposées à l’acétamipride avec ou sans 

carnosine, et la viabilité cellulaire, la voie de signalisation MAPK, les niveaux de calcium 

intracellulaire et la sécrétion de trypsine ont été étudiées. L’exposition sous-aiguë à 

l’acétamipride a entraîné des effets indésirables significatifs, notamment une diminution 

du poids corporel et de l’indice somatique pancréatique, une augmentation de la glycémie, 

des modifications des niveaux d’enzymes pancréatiques (diminution de l’amylase et 

augmentation des niveaux de lipase) et une élévation des niveaux de malondialdéhyde. 

L’examen histologique a révélé des lésions tissulaires pancréatiques. La supplémentation 

en carnosine a atténué partiellement ces effets indésirables. L’exposition à l’acétamipride 

a modifié la viabilité cellulaire des cellules pancréatiques AR42J de manière dose-

dépendante, tandis que le traitement concomitant avec la carnosine a amélioré 

significativement la survie cellulaire et activé la voie de signalisation MAPK, qui a été 

atténuée par la carnosine. Bien que l'acétamipride ait augmenté les niveaux de calcium 

intracellulaire, elle n’a pas affecté de manière significative la sécrétion de trypsine. Cette 

étude montre que l’acétamipride nuit au pancréas exocrine. Cependant, la 

supplémentation en carnosine peut offrir une protection contre ces effets néfastes. 

Mots-clés : Insecticide néonicotinoïde, pancréas exocrine, carnosine, toxicité subaiguë, 

cellules AR42J, acétamipride, rats Wistar. 



 ملخص 

 

VI 
 

 ملخص

  

ومع  . في أعضاء وكائنات حية مختلفةبالسمية  يرتبط  مبيد الحشرات النيونيكوتينويدي أسيتاميبريد أظهرت الدراسة الحالية أن 

مة للأستاميبريد االسإلى دراسة الآثار  . هدفت هذه الدراسة إلى  لم يتم استكشافها بشكل كامل  خارجي الافرازذلك، فإن آثاره على البنكرياس  

  على في الدراسة   .كما استكشفنا الآثار الوقائية المحتملة للكارنوزين.  والخلاياالمختبر    جرذان على البنكرياس خارجي الافراز باستخدام  

طريق الفم، مع أو    البيضاء عن  نلجرذالذكور املغ/كغ/يوم(    43.4و  21.7الجسم الحي، تم إعطاء جرعات مختلفة من الأسيتامبريد )

المالونديالدهيد،   30ملغ/كغ/يوم( لمدة    200بدون مكملات الكارنوزين ) البنكرياسي، ومستويات  تم قياس وزن الجسم والوزن  يومًا. 

والليباز،   إجراء  والأميلوزوالجلوكوز،  وتم  النّسيجي،  الدراسةالتقييم  في  البنكرياسالخلايا  على  .  خلايا  تعريض  تم   ، AR42J 

، مستويات الكالسيوم داخل الخلية، وإفراز  MAPK  الخلوية   والإشاراتتقييم حيوية الخلية  للأسيتامبريد مع أو بدون الكارنوزين، وتم  

التربسين. أدى التعرض للأسيتامبريد إلى آثار ضارة كبيرة، بما في ذلك انخفاض في وزن الجسم والوزن البنكرياسي، وزيادة في نسبة  

)انخفاض   البنكرياس  إنزيمات  مستويات  في  وتغيرات  الدم،  في  مستويات    الأميلوزالسكر  في  وارتفاع  الليباز(،  مستويات  وزيادة 

عن تلف في أنسجة البنكرياس. أدت مكملات الكارنوزين إلى تخفيف جزئي لهذه الآثار الضارة.   التقييم النّسيجيالمالونديالدهيد. كشف  

بشكل يعتمد على الجرعة، بينما أدى العلاج المصاحب   AR42J غيير قابلية بقاء الخلايا البنكرياسيةأدى التعرض للأسيتامبريد إلى ت 

وفعّل  كبير  بشكل  الخلايا  بقاء  تحسين  إلى  الخلويةمسار    سيتامبريدالأ  بالكارنوزين  بواسطة  MAPK والإشارات  تخفيفه  تم  والذي   ،

الكارنوزين. على الرغم من أن الأسيتامبريد زاد من مستويات الكالسيوم داخل الخلية، إلا أنه لم يؤثر بشكل كبير على إفراز التربسين.  

. ومع ذلك، فإن مكملات الكارنوزين قد توفر حماية ضد هذه الآثار  خارجي الافراز توضح هذه الدراسة أن الأسيتامبريد يضر بالبنكرياس  

 .الضارة

  خلايا  الحادة،السمية تحت  الكارنوزين، ،الافراز البنكرياس خارجي النيونيكوتينويد،: مبيدات الحشرات الكلمات المفتاحية

 AR42J،    ،ويستار جرذانالأسيتاميبريد  
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INTRODUCTION 

 

The pervasive presence of chemicals in the environment, driven by 

industrialization and urbanization, poses significant exposure risks to living beings, 

leading to increased health hazards for both humans and wildlife (Bisesi & Lee, 2024). 

Within this context, pesticide exposure constitutes a significant global health concern, 

contributing in an estimated 150,000 to 300,000 fatalities annually (Eddleston, 2020; 

Traore et al., 2016). This issue is particularly prevalent in rural regions of developing 

nations due to widespread access to pesticides (Lee & Cha, 2009).  

Pesticides, particularly insecticides, warrant extensive scientific investigation 

alongside conventional contaminants such as heavy metals, due to their unique toxicity 

profiles, environmental persistence, and profound implications for human health and 

ecosystems. These substances have been associated with a range of disorders, including 

neurodevelopmental abnormalities, endocrine disruption, and carcinogenesis. 

Furthermore, their propensity to bioaccumulate within food chains poses long-term 

ecological and public health risks (Adil et al., 2023). Among insecticides, 

neonicotinoids have emerged as the most widely used and rapidly expanding class 

globally, recognized for their efficacy against a broad range of pests (Jeschke et al., 

2011; Jeschke & Nauen, 2008). Their selective action on insect nicotinic acetylcholine 

receptors contributes to their high target specificity and adaptability across various 

application methods (Kundoo et al., 2018). 

Acetamiprid (ACE), a widely utilized neonicotinoid insecticide, is extensively 

employed in agricultural practices to manage a broad spectrum of pests (Zuščíková et 

al., 2023). However, apprehensions have arisen concerning its potential environmental 

and health repercussions. Indeed, ACE has been shown to persist in soil environments 

and accumulate in nectar and pollen, potentially impacting non-target species, such as 

pollinators and aquatic invertebrates (Goulson, 2013). Furthermore, its widespread 

occurrence in the environment, drinking water sources, and food supply has prompted 

concerns regarding potential human health hazards (Devan et al., 2015).  
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A growing body of evidence highlights the necessity for a thorough 

understanding of the risks associated with ACE exposure. Animal studies have 

demonstrated potential for genotoxicity and cytotoxicity (Thompson et al., 2020). 

Additionally, ACE has been confirmed to induce oxidative stress, disrupt 

spermatogenesis, and cause endocrine disruption within the reproductive systems of 

animals (El-Hak et al., 2022; Phogat et al., 2023; Zuščíková et al., 2023). Despite 

these findings, the majority of research on insecticides toxicity, including ACE, have 

primarily focused on direct mechanisms of action, often overlooking secondary effects 

on specific organs such as the pancreas which could be a target organ for such toxicity.  

Chemicals such as heavy metals have been shown to alter pancreatic function, 

particularly by disrupting mitochondrial activity and inducing oxidative stress (Lința 

et al., 2024). These toxins can also interfere with glucose and glucagon metabolism and 

enzyme activity, primarily by disrupting the function of β-cells, α-cells, and acinar cells 

(Im et al., 2024; Javaid et al., 2021). Besides, neonicotinoid insecticides may exhibit 

analogous effects. For instance, imidacloprid has been demonstrated to disrupt glucose 

metabolism and  induce insulin resistance (Khalil et al., 2017). Additionally, ACE has 

been proven to induce genotoxicity and cytotoxicity in the AR42J pancreatic cell line 

(Kara et al., 2019). 

Carnosine (CARN), a naturally occurring dipeptide, is found in high 

concentrations in skeletal muscle, brain tissue, and other organs. It is renowned for its 

antioxidants, anti-glycation, and pH-buffering properties, which play a critical role in 

maintaining cellular homeostasis and protecting against oxidative stress (Turner et 

al. 2021). Extensive research has highlighted CARN’s ability to scavenge free radicals, 

chelate metal ions, and inhibit the formation of advanced glycation end-products, which 

are implicated in aging and various chronic diseases (Boldyrev et al. 2013). 

Additionally, CARN has demonstrated protective effects in numerous physiological and 

pathological contexts, including neurodegenerative diseases, diabetes, and 

cardiovascular disorders (Boldyrev 2012; Peters et al. 2020). Given its multifaceted 

therapeutic potential, CARN is increasingly being explored as a potential intervention 

to counteract the adverse effects of toxic substances on cellular and organ function.       

To date, the toxicity of insecticides, particularly ACE, on the exocrine pancreas 

remains poorly understood and warrants further investigation. Similarly, the potential 
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efficacy of natural compounds such as CARN in mitigating these toxic effects requires 

in-depth exploration.  

This study aims to elucidate the effects of ACE on the physiology of exocrine 

pancreatic cells, identify the underlying mechanisms involved, and explore its potential 

role in the pathogenesis of pancreatic disorders. Furthermore, it investigates the 

preventive effects of CARN against these alterations. 

The experimental design was conducted in multiple phases. Male Wistar rats 

were selected as the animal model, and subacute toxicity was induced using ACE at 

doses of 43.4 mg/kg/day and 21.7 mg/kg/day. Concurrently, CARN was administered at 

a dose of 200 mg/kg/day as a preventive treatment. Biochemical analyses were 

performed to assess blood glucose levels, amylase and lipase activity, as well as 

oxidative stress markers in pancreatic tissues. Histological examinations were 

conducted to assess tissue damage, and in-vitro analyses using AR42J cells were 

carried out to evaluate cell viability, the MAPK signaling pathway, intracellular 

calcium mobilization, and trypsin secretion. These investigations provide critical 

insights into the molecular mechanisms underlying ACE-induced toxicity and the 

potential protective role of CARN. 
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CHAPTER 1 

ACETAMIPRID: PROPERTIES, ENVIRONMENTAL 

IMPACT, AND TOXICITY 

 

1.1 Pesticides use 

 Pesticides encompass any substance or combination of substances designed to 

control or eliminate organisms deemed harmful. These substances, often chemical in 

nature, target pests such as insects, weeds, and disease-causing organisms that 

threaten agricultural productivity (US EPA, 2014; World Health Organization, 

2020). 

 Over the past few decades, pesticide usage has dramatically increased, with a 

particularly notable fortyfold rise in the application of modern synthetic pesticides over 

the last three decades (Alavanja, 2009). Although these chemicals have contributed to 

increased crop yields and enhanced food security, their widespread use raises 

significant concerns (Sharma et al., 2019). This is because of their persistent nature 

and potential for bioaccumulation, which poses risks to both the environment and 

human health (Sharma et al., 2020). 

1.1.1 In the world 

 Global pesticide use has surged in recent decades, reaching approximately 2.7 

million tons in 2020, with an average application rate of 1.8 kilograms per hectare. This 

marks a substantial 50% increase since 1990, driven largely by a significant rise in 

herbicide use (Wisnujati, 2023). Notably, low-income countries have experienced a 

dramatic 153% increase in pesticide usage over the past decade, underscoring the likely 

underreporting of pesticide use trends in these regions (Shattuck et al., 2023).  

 Pesticide use has surged across Asia, with Southeast Asia accounting for 

approximately 20% of global consumption (Schreinemachers & Tipraqsa, 2012). 
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Countries like India, a major producer, saw production skyrocket from 5,000 to 90,000 

metric tons annually (Pozo et al., 2011). While China, now the world's largest 

producer, experienced a dramatic increase in consumption more than doubled between 

1991 and 2006, increasing from 76 million tons to 146 million tons (Qiao et al., 2022). 

Whereas 45% of worldwide consumption is used by Europe and 25% by the USA (De et 

al., 2014).     

1.1.2 In Algeria  

 The expansion of agricultural land in Algeria has led to a significant increase in 

the use of pesticides, reaching an estimated 6,000-10,000 tons per year (Youcefi & 

Mokhtari, 2024). The market currently boasts a wide array of pesticide options, with 

approximately 400 active substances and nearly 7000 commercial formulations 

available. In the El-Oued region, 41.7% of all pesticides used are insecticides, and 

within this category, acetamiprid constitutes 25.58% of the active ingredients 

(Zamoum et al., 2023). Whereas in the Biskra region, extensive pesticide use was 

recorded, with acetamiprid applied at rates of 500-600 g per hectare, significantly 

exceeding the registered dose limit of 125 g/hectare (Soudani et al., 2022).   

1.2 Pesticide classification  

 The classification of pesticides is essential for understanding their applications, 

mechanisms, and potential impacts on health and the environment. It can be classified 

by their target organism (e.g., insecticides, herbicides, fungicides), chemical class (e.g., 

organophosphates, pyrethroids, neonicotinoids), mode of action (contact, systemic, 

fumigant), and origin (synthetic or biopesticides) (Figure 1.1) (Hassaan & El Nemr, 

2020). 
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  Figure 1.1  Pesticides classification (I. Ansari et al., 2021) 

1.3 Neonicotinoids insecticides  

 Neonicotinoids constitute a major class of systemic insecticides widely employed 

in agriculture for pest control. These insecticides function by mimicking the action of 

acetylcholine at insect nicotinic acetylcholine receptors, disrupting their nervous 

systems which lead to death (Garud et al., 2024). 

 This class of pesticides covers seven insecticides based on their active 

compounds, as depicted in Figure 1.2.   

 
Figure 1.2 Neonicotinoid insecticides (Bass et al., 2015) 
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1.4 Acetamiprid   

 Acetamiprid (C10H11ClN4) is a neonicotinoid insecticide that was primarily 

developed by the Japanese chemical company (Nippon Soda Co., Ltd.) in the early 

1990s. The company was working to produce a new powerful insecticide that could be 

used against a wide range of insects without affecting harmful effect on non-target 

organisms  (Bass et al., 2015). 

 Acetamiprid (or N-((6-chloro-3-pyridinyl) methyl)-N’-cyano-N-

methylethanimidamide) can be described as a carboxamidine compound where the 

amino hydrogens are replaced by a (6-chloropyridin-3-yl) methyl group and a methyl 

group. Additionally, the hydrogen attached to the imino nitrogen is substituted by a 

cyano group (Figure 1.3) (X. Zhang et al., 2023). 

 

 

Figure 1.3 Chemical structure of acetamiprid (PubChem) 

1.5 Physicochemical properties  

 Acetamiprid exists as a white crystalline solid with a very slight identifiable 

odor. It comes in various formulations, such as dusts, granules, and liquid concentrates 

(Sheets et al., 2016). The specific physical characteristics and odor of acetamiprid can 

vary, contingent upon the formulation and purity of the compound (Bondareva & 

Fedorova, 2021). Table 1.1 summarized the physicochemical properties of 

acetamiprid. 
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Table1.1 Physicochemical properties of acetamiprid (extracted from PubChem) 

Property Value 

Chemical formula C10H11ClN4 

International Union of Pure and 

Applied Chemistry (IUPAC) 

nomenclature 

N-[(6-chloropyridin-3-yl) methyl]-N'-cyano-N-

methylethanimidamide 

Molecular weight 222.67 g/mol 

Hydrogen bond donor count 0 

Hydrogen bond acceptor count 1 

Melting point 98.9 °C 

Solubility (in water) 4.25X10+3 mg/L at 25 °C 

Vapor pressure 0.000044 millimeter of mercury (mmHg) at 25 

°C 

Density 1.33 g/cm³ at 20° C 

Henry’s Law Constant 6.92X10-8 mol/(L·Pa) at 25 °C 

Ionization mode Positive 

pH 2.7 

Dissociation Constants (pKa) 0.7 

Log kow 0.80 at 25 °C 

Henry's Law Constant is the concentration of a gas in a liquid to the partial pressure of that gas 

above the liquid, know (Octanol-Water Partition Coefficient) is a measure of a substance's 

tendency to partition between organic and aqueous phases. Acetamiprid has a relatively high 

Kow value, indicating that it has a greater affinity for organic solvents than for water. 

1.6 Mode of action  

 Acetamiprid is one of the neonicotinoid insecticides that acts similarly to 

nicotine (Figure 1.4). Its involves an irreversible interaction with the nicotinic 

acetylcholine receptors (nAchRs) in the nervous system of insects (Shamsi et al., 

2021). 

 When acetamiprid attaches to nAChRs, it triggers their activation, causing 

irregular nerve signal transmission that results in paralysis and death of the targeted 

insect. This binding process is highly selective for insects, making it less harmful to 

non-target organisms (Zuščíková et al., 2023). This selectivity is due to the 

differences in nAChR structure and composition between insects and other organisms. 

Acetamiprid has a much stronger affinity for insect nAChRs compared to mammalian 

nAChRs (EFSA PPR et al., 2022). 
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Figure 1.4 Agonists of nAchRs including neonicotinoid insecticides (Casida, 2018)  

  

 Certainly, acetamiprid's binding to nAChRs initiates a surge in 

neurotransmitter release, including acetylcholine, which overstimulates nerve cells. 

This overstimulation leads to hyperexcitability in the insect's nervous system. 

Furthermore, acetamiprid downregulates the enzyme acetylcholinesterase (AChE), the 

enzyme that breaks down acetylcholine in the synapses. By blocking AChE, 

acetamiprid prolongs the action of acetylcholine, intensifying the overstimulation of the 

insect's nervous system (Figure 1.5) (Wallace, 2024). 
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Figure 1.5 Nicotinic acetylcholine receptor’s action in front of acetylcholine or 

neonicotinoid insecticide (Zuščíková et al., 2023) 

1.7 Toxicokinetic  

1.7.1 Absorption 

 According to several studies, intestinal absorption is considered the primary 

route of administration. In the study of Brunet et al. (2008), the apparent 

permeability coefficient of acetamiprid flux was determined to be 26.106 cm/s in a 

bidirectional manner using the Caco-2 cell line at a temperature of 37°C. This finding 

indicates that acetamiprid crosses the cell transepithelial barrier in substantial 

quantities. Furthermore, in Wistar rats, it has been demonstrated that acetamiprid is 

rapidly absorbed from the intestine. This absorption results in increased permeability 

of the intestinal epithelium and initiates the initial damage in the body (Matsuo et al., 

1998). 

1.7.2 Distribution  

 The distribution of acetamiprid in various tissues has been extensively studied. 

In the study of Devan et al. (2015), acetamiprid was detected in multiple tissues of 

Wistar rat including the liver, muscles, fat, kidneys, spleen, and brain, following oral 

administration. In another interesting investigation conducted by Yeter and Aydın 

(2014), using HPLC analysis, acetamiprid and its metabolites were identified in the  

stomach (47.35 µg/g), liver (0.79 µg/g), and blood ( 2.7 µg/mL) of a postmortem human 

following a fatal intoxication case.    
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 Hence, according to Nimako et al. (2021), both acetamiprid and imidacloprid, 

along with their  respective metabolites, were identified in eight different tissues of 

mice after prolonged exposure to 0.6 mg/kg in powdered diet. The highest levels were 

detected in the blood, followed by the testes, lungs, brain, inguinal white adipose tissue, 

kidneys, gonadal white adipose tissue, and lastly, the pancreas. Whereas a single study 

detected N-desmethyl-acetamiprid, the primary metabolite of acetamiprid, at higher 

levels in cord serum compared to other metabolites (Zhang et al., 2022).  

1.7.3 Metabolism  

 Acetamiprid is metabolized within both human and animal bodies, although the 

exact processes involved are not fully understood. It appears that this insecticide is 

broken down primarily through aldehyde oxidase and cytochrome P450 enzymes, 

undergoing a nitro-reduction reaction to produce nitro/amino metabolites in the liver 

(Swenson & Casida, 2013). Additionally, the metabolite N-desmethyl-acetamiprid 

has been observed in both rainbow trout and rats, indicating a conserved metabolic 

pathway across these species (Kolanczyk et al., 2020).  

1.7.4 Excretion   

 Excretion through urine and feces facilitates the elimination of this compound 

in both humans and animals, regardless of the exposure route. A study using Liquid 

Chromatography/Time-of-Flight Mass Spectrometry (LC/TOFMS) identified seven 

insecticides metabolites in human urine samples, with N-desmethyl-acetamiprid, 5-

hydroxy-imidacloprid, and N-desmethyl-clothianidin being the most prevalent (Taira 

et al., 2013). Additionally, urine samples from 24 adults who were given a single 5 µg 

dose of acetamiprid revealed the presence of the parent compound, with concentrations 

of 1.14 µg/day. The half-life of this chemical was reported to be between 0.17 to 1.45 

days (Harada et al., 2016). 

1.8 Persistence and environmental contamination  

1.8.1 Soil   

 Acetamiprid demonstrates different sorption and dissipation patterns 

depending on the soil type. Biochar addition to agricultural soils enhances acetamiprid 
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sorption, decreasing its dissipation (Yu et al., 2011). However, in sandy soils, 

acetamiprid exhibits high persistence and mobility, with low sorption values and slow 

mineralization rates, increasing the risk to soil organisms and potential transfer to 

water sources (Potts et al., 2022). In Brazilian tropical soils, acetamiprid sorption is 

relatively low, indicating a high risk of surface and groundwater contamination (Carbo 

et al., 2007). Encouragingly, a strain of Pigmentiphaga sp. AAP-1 has been identified 

that can degrade acetamiprid, suggesting the potential for bioremediation of 

acetamiprid-contaminated environments (Wang et al., 2013). 

1.8.2 Water    

 The insecticide acetamiprid has the potential to contaminate water sources, 

thereby threatening aquatic ecosystems and humans (Qamruzzaman & Nasar, 

2014). Nevertheless, implementing proper forestry practices can help mitigate this 

risk, as evidenced by Thomas et al. (2023) research on chemical runoff from trees 

treated with acetamiprid. Several approaches have been suggested for eliminating 

acetamiprid from water, such as ozonation (Fasnabi et al., 2012) and Fenton and 

Fenton-like oxidation (Mitsika et al., 2013). These studies underscore the importance 

of developing efficient water treatment strategies to address the potential consequences 

of acetamiprid contamination. 

1.8.3 Crops  

 Recent research has given great interest in developing methods for detecting 

and analyzing acetamiprid in food products. Surface-enhanced Raman spectroscopy has 

been utilized as a quick and precise approach for identifying acetamiprid in apple juice 

and on apple surfaces (Wijaya et al., 2014). A combined strategy using HPLC-MS and 

QueChERS extraction revealed the presence of acetamiprid in hazel leaves, honey, and 

pollen, as well as various transformation products (Calza et al., 2022). A label-free 

fluorescent assay based on a triplex-to-G-quadruplex molecular switch exhibited strong 

sensitivity and selectivity for acetamiprid detection in food extracts (Tang et al., 2018). 

 Indeed, acetamiprid residues were strongly present in cucumber, cauliflower, 

tomato, chilies, apple, and mango after extraction with ethyl acetate (Nawaz et al., 

2015). Additionally, when acetamiprid was used at 200-400 ppm to treat tomato fruits, 
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the amount was over five times higher than the safe limit (i.e., 0.2 mg/kg) after 7 days 

of application (Ali, 2018). All these studies contribute to understanding the persistence 

of acetamiprid in food products, as well as its potential effects on human health (Figure 

1.6).     

 

Figure 1.6 Assessing the environmental degradation and exposure pathways of 

acetamiprid Post-Application (Zuščíková et al., 2023) 

1.9 Effect of acetamiprid  

1.9.1 Target organisms 

 Acetamiprid is a potent insecticide effective against a broad range of insects and 

pests. This efficacy is attributed to its wide spectrum of action, long-lasting residual 

effect, and relatively low potential for pests to develop resistance (Kundoo et al., 

2018).  

 The effectiveness of acetamiprid extends even further. In the study by Waqas 

et al. (2019), acetamiprid was shown to reduce the reproductive capacity of Solenopsis 

mealybug by impacting oviposition, fecundity, and feeding behavior at sublethal doses. 

Furthermore, similar effect was observed on Eriopis connexa, where acetamiprid 

disturbed embryogenesis by up to 45% and reduced egg producing by up to 100% (Fogel 

et al., 2013).  
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 Indeed, in apple orchards, acetamiprid showed reduced effectiveness (78.3-

86.7%) against rosy apple aphid in four out of six locations but maintained high efficacy 

(89.7-95.3%) in two orchards (Holdaj et al., 2020). For cotton pests, acetamiprid at 20 

grams of active ingredient per hectare was highly effective against Aphis gossypii and 

Amrasca biguttula biguttula, with increased efficacy at higher concentrations (Kanna 

et al., 2007). It also significantly reduced jassid, whitefly, and thrips populations in 

cotton for up to nine days (Raghuraman et al., 2008). However, while acetamiprid 

effectively controlled Bemisia tabaci in cotton, it negatively impacted six predator 

species, potentially disrupting integrated pest management programs (Naranjo & 

Akey, 2004). Overall, acetamiprid demonstrates high efficacy against various pests but 

may have unintended effects on beneficial insects, requiring careful consideration in 

pest management strategies. 

1.9.2 Non-target organisms  

 Recent research indicates that acetamiprid can have considerable negative 

impacts on non-target organisms. In aquatic habitats, both the active ingredient and 

commercial formulations of acetamiprid impair detoxification and oxidative 

metabolism in snails (Cossi et al., 2020), and expose high toxicity to crustaceans such 

as Daphnia magna and Plea minutissima (Gacem et al., 2023). Terrestrial insects are 

also disturbed, with field studies showing up to 78% decline in plant bug populations 

following exposure to acetamiprid-based insecticides (Sedlmeier et al., 2024). 

Interestingly, some non-target insects demonstrated nearly 10,000 times greater 

sensitivity to acetamiprid than honeybees, with males being more sensitive than 

females in certain species (Renaud et al., 2018). 

 Moreover, acetamiprid has been associated with reproductive system 

disruptions in mammals, including oxidative stress in testes and pathological changes 

in ovarian follicles (Zuščíková et al., 2023). These findings underscore the potential 

risks of acetamiprid to various non-target organisms across diverse ecosystems. 

1.10 Toxicity of acetamiprid 

 There is a significant concern regarding the potential organotoxic effects of 

acetamiprid on non-target organisms, including human beings. Various findings have 
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shown that exposure to this neonicotinoid insecticide can lead to disruptions in the 

function of different organs and tissues, including the liver, kidneys, nervous system, 

and reproductive system.   

1.10.1 Neurotoxicity  

 Numerous studies have demonstrated that acetamiprid can cause neurotoxicity 

in mammals. Exposure to this insecticide during prenatal development can result in 

neurodevelopmental toxicity, impacting neurogenesis and neuronal distribution in the 

developing brain (Kagawa & Nagao, 2018). In adult rats, administration of 

acetamiprid leads to oxidative stress, altering brain physiology and behavior (Gasmi 

et al., 2016). It can also induce neuronal apoptosis and structural changes in the 

hippocampus (Abdallah et al., 2021). Besides, Dhouib et al. (2017), Gasmi et al. 

(2019), and Shamsi et al. (2021), stated that acetamiprid exposure has been shown to 

increase adrenaline levels, decrease the activity of acetylcholine esterase, 

butyrylcholine esterase, dopamine, and serotonin in the cerebellum of male rats. It has 

also been found to induce oxidative stress in the brain (Gasmi et al., 2017). 

 However, certain natural compounds have exhibited protective effects against 

acetamiprid-induced neurotoxicity. Supplementation with quercetin has been shown to 

improve biochemical parameters and reduce oxidative stress in rats treated with this 

compound (Gasmi et al., 2016). Likewise, Moringa oleifera extract has displayed 

neuroprotective and anti-apoptotic properties, reducing oxidative stress markers and 

downregulating apoptosis-related genes (Albrakati, 2024). Administration of 

curcumin has also demonstrated neuroprotective effects, significantly reducing nitric 

oxide levels and mitigating acetamiprid-induced structural changes in the 

hippocampus (Abd El-Kader et al., 2022). 

1.10.2 Hepatotoxicity and nephrotoxicity 

 Extensive studies have been conducted on the potential liver and kidney toxicity 

of acetamiprid. In rats, repeated exposure to acetamiprid resulted in liver and kidney 

damage, with more severe effects observed at higher doses (Didenko et al., 2022). 

Sub-chronic exposure also caused oxidative damage and affected liver function markers 

(such as ASAT and ALAT levels) (Figure 1.7), with histopathological examinations 
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revealing greater toxicity to the liver than the kidney (Karaca et al., 2019a). In mice, 

sublethal doses of acetamiprid induced oxidative stress along with histological 

alterations in liver and kidney tissues (El-Gendy et al., 2022).  

 Furthermore, comparative studies suggest that acetamiprid may be less 

hepatotoxic and nephrotoxic than other neonicotinoids like thiamethoxam, though both 

compounds induced alterations in liver and kidney function tests and caused 

histological changes in these organs (Hataba et al., 2014). Overall, these studies 

indicate that acetamiprid can cause liver and kidney damage, particularly at higher 

doses or with prolonged exposure. 

 

Figure 1.7 Effect of acetamiprid on liver and kidneys (Phogat et al., 2023) 

1.10.3 Reproductive toxicity and immunotoxicity 

 Besides other pesticides, acetamiprid tend to impair the reproductive system of 

rodents. Exposure to this insecticide led to a decrease in sperm count, motility, and 

viability of male Wistar rats (Arıcan et al., 2020; Hataba et al., 2014; Terayama et 

al., 2018; Zhang et al., 2011). Moreover, it leads to a reduction in testosterone levels 

and the weight of reproductive organs, while simultaneously increasing the number of 

abnormal sperm cells. These toxic effects seem to be linked to oxidative stress, 
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hormonal imbalances, and apoptosis in the testicular tissue (Karaca et al., 2019; 

Toghan et al., 2022).  

 In humans, the study of Mahai et al. (2022) and Pan et al. (2022) have shown 

that acetamiprid beside other insecticides and its metabolites can negatively affect 

birth outcomes, including gestational age, ponderal index, and head circumference. 

Additionally, two cross-sectional studies have provided evidence that acetamiprid and 

thiamethoxam, are positively associated with reduced levels of 

dehydroepiandrosterone, testosterone, and dehydrocorticosterone in 143 male 

farmworkers, as reported by Suwannarin et al. (2021).  

 The sub-chronic toxicity of acetamiprid in Swiss albino mice has been linked to 

immunotoxic effects. According to Marzouki et al. (2017), these effects include a 

decrease in spleen weight and an increase in IgG antibody levels. Additionally, 

Shakthi Devan et al. (2015) observed a reduction in β-cell proliferation, further 

indicating immunotoxicity caused by this compound exposure in these mice. 

1.10.4 Oxidative stress induction  

 Acetamiprid has been found to induce oxidative stress in a range of organisms. 

Research on earthworms (Li et al., 2018), silkworms (Lu et al., 2021), Wistar rats 

(Chakroun et al., 2016), and human umbilical cord blood erythrocytes (Quintana et 

al., 2018) has shown that exposure to acetamiprid results in increased production of 

reactive oxygen species (ROS) and alterations in antioxidant enzyme activities.  

 In both earthworms and silkworms, acetamiprid exposure led to changes in the 

activities of superoxide dismutase (SOD), catalase (CAT), and glutathione S-

transferase (GST) (Li et al., 2018; Lu et al., 2021). Male Wistar rats exposed to 

acetamiprid exhibited increased levels of malondialdehyde and catalase activity, while 

glutathione levels decreased (Chakroun et al., 2016).  

 In human umbilical cord blood erythrocytes, this exposure resulted in elevated 

ROS levels and decreased activities of CAT and SOD (Quintana et al., 2018). These 

findings collectively indicate that oxidative stress induced by acetamiprid can lead to 

various harmful effects, including DNA damage, reproductive toxicity, and 

developmental issues in non-target organisms.   
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1.10.5 Pancreatic toxicity  

 Regarding pancreas toxicity, few of the findings have investigated this toxic 

effect of acetamiprid insecticide.  

Research has shown its cytotoxic and genotoxic potential on pancreatic cells, 

with a dose-dependent decrease in cell viability and an increase in DNA damage (Kara 

et al., 2015). In rats, exposure to acetamiprid resulted in significant increases in 

plasma glucose, glycosylated hemoglobin, serum amylase, and lipase, while decreasing 

plasma insulin levels (El-Nagdy et al., 2024). These changes were accompanied by 

histological alterations in pancreatic tissue and reduced β-cell insulin reactivity.  

Furthermore, acetamiprid exposure induced oxidative stress, affecting 

antioxidant enzymes and increasing inflammatory markers (Toghan et al., 2022). 

These findings suggest that acetamiprid can have detrimental effects on pancreatic 

function and may contribute to the development of pancreatic disorders.  
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CHAPTER 2 

PANCREAS: ANATOMY, PHYSIOLOGY, AND 

PATHOPHYSIOLOGY 

2.1 Pancreatic anatomy  

 The pancreas represents an amphicrine gland consisting of two distinct types of 

tissue: endocrine and exocrine. These tissues are organized into lobes that are 

macroscopically visible and are separated by connective tissue septa containing blood 

vessels, lymphatics, and nerves. In humans, most of the pancreatic volume, 

approximately 80-85%, is made up of exocrine tissue, while 10-15% comprises the 

extracellular matrix and vessels. However, the endocrine portion constitutes around 

2% of the pancreatic volume (Sastre et al., 2005). 

 In an adult human, the pancreas typically has an average volume of 72 cm3, with 

the parenchyma comprising 44 cm3 and fat making up 28 cm3. Macroscopically, the 

pancreas can be divided into four parts: the head, neck, body, and tail. Positioned as a 

secondarily retroperitoneal organ, it rests against the posterior wall of the abdominal 

cavity. The head of the pancreas is adjacent to the duodenum, the neck is in proximity 

to the superior mesenteric vessels, the body lies posterior to the stomach's rear wall, 

and the tail extends towards the hilum of the spleen (Figure 2.1). Unlike most glands 

in the human body, the pancreas lacks a distinct fibrous capsule (Henry et al., 2019).   
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Figure 2.1 Pancreatic anatomy (Henry et al., 2019) 

2.2 Innervation  

 The pancreas is conveyed to the central nervous system through both vagal and 

spinal pathways. The cell bodies of spinal afferent pancreatic neurons reside in the 

dorsal root ganglia of the T6-L2 spinal segments. These neurons' axons travel through 

the splanchnic nerves and celiac plexus before reaching the pancreas (Travagli, 2016). 

Innervation is regulated by the autonomic nervous system, which consists of its 

parasympathetic and sympathetic divisions (Bachem et al., 1998). 

2.2.1 Sympathetic innervation  

 It arises from sympathetic preganglionic neurons located in the lower thoracic 

and upper lumbar segments of the spinal cord. Axons stemming from these neurons 

exit the spinal cord through the ventral roots. They then distribute either to the 

paravertebral ganglia of the sympathetic chain via communicating rami of the thoracic 

and lumbar nerves, or to the celiac and mesenteric ganglia via the splanchnic nerves 

(Figure 2.2.a) (Travagli, 2016). This innervation primarily operates indirectly, 

exerting its effects by reducing blood flow and suppressing transmission in pancreatic 

ganglia, ultimately leading to inhibition of secretion (Love et al., 2007). 
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2.2.2 Parasympathetic innervation  

 It serves as the primary excitatory input to the pancreas. Preganglionic 

parasympathetic neurons responsible for pancreas innervation originate in the dorsal 

motor nucleus of the vagus. These neurons stimulate parasympathetic post-ganglionic 

neurons in the pancreatic ganglia, predominantly through activation of nicotinic 

acetylcholine receptors (Figure 2.2.b). The vagus nerve acts as the principal 

cholinergic component influencing exocrine pancreas secretion, with its prominent 

neurotransmitters being acetylcholine and vasoactive intestinal peptide (Love et al., 

2007). 

 

Figure 2.2  Pancreatic innervation (Hampton et al., 2022) 

2.3 Histology 

 The pancreas can be functionally segregated into two intermixed tissues: an 

exocrine tissue primarily comprising acini, which are clusters of acinar cells that lead 
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into ductules, and an endocrine tissue consisting of the islets. It is enveloped by a 

capsule of non-pattern connective tissue, which extends partitions into the interior, 

dividing it into lobes and lobules. This connective tissue serves supportive functions 

and facilitates the innervation and irrigation of the gland (Omary et al., 2007). 

2.3.1 Acinar cells 

 Pancreatic acinar cells are responsible for synthesizing and secreting nearly all 

the digestive enzymes required for nutrient digestion in the lumen of the small intestine 

(Williams, 2010). Each fundamental functional unit comprises acinar secretory cells, 

centroacinar cells, and ductal cells, organized in rounded or tubular clusters (Figure 

2.3). It typically exhibits polygonal or pyramidal morphology, with their apex facing the 

central lumen of the acinus. The nucleus is situated basally, while the cytoplasm is 

characterized by abundant rough endoplasmic reticulum, imparting an intense 

basophilia. Additionally, acinar cells feature a prominent Golgi apparatus, surrounded 

by numerous acidophilic granules or zymogen granules. These granules are membrane-

bound and house the enzymes constituting pancreatic secretion (Sastre et al., 2005). 

 

Figure 2.3  Schematic illustration of pancreatic acinar cell, centroacinar cells, and 

the pancreatic duct (Foster, 2014) 

2.3.2 Islets of Langerhans 

 The islets of Langerhans are scattered throughout the acinar lobules of the 

pancreas, with larger islets often found along the main and interlobular ducts. In adults 

of most mammalian species, the islets constitute approximately 1-2% of the pancreas. 
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The majority of cells within the islets are β-cells, which make up about 75-80% of the 

islet cell population, followed by α-cells at approximately 15%, δ-cells at about 5%, and 

a small number of pancreatic polypeptide (PP)-cells (Figure 2.4) (Longnecker, 2014).  

 When examining the ultrastructure of these cells, the α-cells, β-cells, and δ-cells 

can be differentiated primarily based on the characteristics of their granules. Typically, 

α-cell granules are slightly larger than those found in β-cells, while δ-cell granules tend 

to be less densely stained in comparison to the granules in α- and β-cells (Shahid & 

Singh, 2024). 

 

 

 

 

 

 

 

 

Figure 2.4 Schematic illustration of islets of Langerhans (Tamang, 2024) 

2.4 Physiology   

 The pancreas can be functionally divided into an exocrine gland, which produces 

enzymes that aid digestion in the gastrointestinal tract, and an endocrine gland 

composed of the islets, which, among other functions, secretes hormones that regulate 

carbohydrate metabolism (El Sayed & Mukherjee, 2024).  

2.4.1 Endocrine pancreas  

 Pancreatic hormones are secreted directly into the bloodstream in an endocrine 

manner. These hormones are produced by the islets of Langerhans. These small, island-

like structures are located within the exocrine pancreatic tissue and make up only 1-

2% of the pancreas' total volume (Röder et al., 2016). The five main cell types within 

the islets, each releasing different hormones: 
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• α-cells, which produce glucagon and make up 15-20% of the islet cells, 

• β-cells, which produce amylin, C-peptide, and insulin and account for 65-80% of 

the cells, 

• γ-cells, which produce pancreatic polypeptide and constitute 3-5% of the cells, 

• δ-cells, which produce somatostatin and make up 3-10% of the cells,  

• ɛ-cells, which produce ghrelin and represent less than 1% of the cells (Golson 

& Kaestner, 2017). 

 Each hormone has a specific role. Glucagon raises blood glucose levels, while 

insulin lowers it. Somatostatin inhibits the release of both glucagon and insulin, and 

pancreatic polypeptide regulates the secretion activities of both the exocrine and 

endocrine pancreas. These hormones work together to maintain glucose homeostasis in 

vertebrates. Once secreted, they travel through the bloodstream to reach their target 

organs and tissues (Henry et al., 2019). 

2.4.2 Exocrine pancreas  

 The exocrine pancreas consists of two primary cell types: acinar cells and duct 

cells. Acinar cells release a small amount of isotonic, plasma-like fluid containing NaCl 

and digestive enzymes. Duct cells, on the other hand, alter the ionic composition of the 

fluid and secrete the majority of the fluid and HCO3 in the pancreatic juice. The main 

triggers for acinar cell secretion are acetylcholine, which is released by vagal 

postganglionic neurons, and CCK, which is released by intestinal endocrine cells 

(Williams, 2010). 

2.4.2.1 Hydro-electrolytic secretion 

 Centroacinar and duct cells are responsible for electrolyte secretion in the 

exocrine pancreas. This secretion primarily consists of water (98%) and is highly 

enriched in sodium and bicarbonate. The cation concentrations, including sodium (154 

± 7 mEq/l), potassium (4.8 ± 0.9 mEq/l), calcium (1.7 ± 0.3 mEq/l), and magnesium (0.27 

± 0.08 mEq/l), remain relatively constant and similar to those found in plasma. The 

main anions are chlorine and bicarbonate. Bicarbonate equilibrium concentration in 

plasma is approximately 25 mM, and its secretion increases in response to food intake 

(Jun et al., 2017). 
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 The secretion of water and electrolytes in the exocrine pancreas is primarily 

stimulated by secretin, which consequently regulates the volume of pancreatic juice. 

Secretin triggers an increase in bicarbonate secretion by ductal cells and activates 

adenylate cyclase in centroacinar cells, leading to an increase in cyclic adenosine 

monophosphate levels (Sastre et al., 2005). 

2.4.2.2 Enzymatic secretion 

 Acinar cells are responsible for the synthesis and secretion of digestive enzymes, 

which can be classified into four groups based on their function: proteolytic, lipolytic, 

glycolytic, and nucleolytic (Table 2.1). The synthesis of these enzymes occurs in the 

rough endoplasmic reticulum, where they are then transported to the Golgi apparatus. 

During their passage through the Golgi apparatus, the enzymes undergo various post-

translational modifications, particularly glycosylation. After these modifications, the 

enzymes are concentrated and stored in zymogen granules. The secretion of these 

enzymes occurs through exocytosis (Karpińska & Czauderna, 2022). 

Table 2.1 Pancreatic enzymes (Sastre et al., 2005) 

Enzyme Activator Function-action 

Trypsin Enteroquinase breaks peptide bonds 

Chymotrypsin Trypsin breaks peptide bonds 

Elastase Trypsin breaks peptide bonds 

Carboxypeptidase A Trypsin Slices residues of Phe, Tyr and Trp from the 

carboxy terminal end of a polypeptide 

Carboxypeptidase B Trypsin Slices Arg and Lys residues from the carboxy 

terminal end of a polypeptide 

Phospholipase A2 Trypsin Split fatty acid of phospholipids 

Amylase -  Digest the starch into small polymers of Glu, 

maltose and Glu 

Lipase -  Split fatty acid of glycerol 

Carboxylesterase -  Hydrolyzes cholesterol esters 

Ribonuclease -  Slices RNA to form short chains 

Deoxyribonuclease -  Slices DNA to form short chains 

Arg: Arginine; Phe: Phenylalanine; Glu: Glucose; Lys: Lysine; Trp: Tryptophan; Tyr: Tyrosine. 
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2.5 Exocrine pancreatic diseases    

 The exocrine pancreas is susceptible to two major diseases: pancreatitis and 

pancreatic cancer. In both conditions, acinar cells are believed to play a crucial role in 

their pathogenesis.  

 In pancreatitis, the activation of digestive enzymes within acinar cells leads to 

cell damage and inflammation. This intracellular activation of enzymes can cause 

autodigestion of the pancreas, resulting in acute or chronic pancreatitis (Mayerle et 

al., 2019).  

 In pancreatic cancer, acinar cell plasticity is thought to contribute to the 

formation of ductal tumors. This process involves the transformation of acinar cells into 

duct-like cells, which can then give rise to pancreatic ductal adenocarcinoma, the most 

common type of pancreatic cancer. Overall, understanding the role of acinar cells in 

these diseases is crucial for developing effective treatments and improving patient 

outcomes (Karpińska & Czauderna, 2022). 

2.5.1 Acute pancreatitis  

 Acute pancreatitis is a prevalent condition characterized by sudden 

inflammation of the pancreas. The severity of acute pancreatitis can range from mild 

cases that can be managed conservatively to severe and complex cases with high 

morbidity and mortality. Mortality rates for acute pancreatitis range from 3% in 

patients with mild edematous pancreatitis to as high as 20% in those with pancreatic 

necrosis (Gapp et al., 2024).  

 Microscopically, it is marked by the death of acinar cells and the presence of 

inflammatory cells infiltrating the pancreatic tissue (Bhatia et al., 2005). While 

macroscopically, it is characterized by pancreatic enzyme activation (i.e., trypsinogen 

and protease) and disruption of both intracellular and extracellular separation, which 

includes impaired exocytosis, retention of zymogens, and the formation of endocytic 

vacuoles that facilitate the conversion of trypsinogen to active trypsin. Active trypsin 

predominantly triggers apoptosis, dampening inflammatory responses, whereas 

unregulated calcium release can induce necrosis and elicit inflammatory reactions. 
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 Additionally, endocytic vacuoles harboring trypsin and cathepsin B merge with 

lysosomes, releasing these enzymes into the cytosol and resulting in either apoptosis or 

necrosis of pancreatic acinar cells. Necrosis leads to the release of cellular components 

into the extracellular space, activating leukocytes via the inflammasome signaling 

pathway. Furthermore, TNFα can promote necroptosis in acinar cells (Figure 2.5) 

(Mayerle et al., 2019). 
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Figure 2.5 Molecular mechanisms of acute pancreatitis (Mayerle et al., 2019) 
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2.5.2 Chronic pancreatitis  

 Chronic pancreatitis represents a fibroinflammatory syndrome of the exocrine 

pancreas that is characterized by recurrent episodes of pancreatic inflammation with 

varying intensity and duration, ultimately leading to irreversible damage to pancreatic 

tissue. Definitive signs of chronic pancreatitis include parenchymal or intraductal 

calcifications, pancreatic fibrosis, impairment of both exocrine and endocrine 

pancreatic functions resulting in malabsorption and diabetes, persistent pain, and an 

elevated risk of pancreatic cancer (Beyer et al., 2020). 

 Indeed, five mechanisms are hypothesized to contribute to the development of 

chronic pancreatitis (Figure 2.6): 

1) Necrosis-fibrosis sequence: Chronic pancreatitis may arise from repeated 

episodes of acute pancreatitis, leading to fibrosis. 

2) Sentinel acute pancreatitis event: A single acute pancreatitis event triggers 

inflammation and fibrosis, with ongoing damage driving further fibrosis. 

3) Direct metabolic-toxic effect: Environmental factors like alcohol and tobacco 

may directly harm acinar cells, but this effect is not fully understood. 

4) Oxidative stress: Free radicals in acinar cells cause inflammation and fibrosis 

through various pathways. 

5) Ductal dysfunction: Abnormalities in pancreatic duct function, such as CFTR 

mutations, may lead to protein plug formation and ductal obstruction, 

contributing to chronic pancreatitis. 

These mechanisms are not mutually exclusive and may interact in complex ways to 

cause chronic pancreatitis (Kleeff et al., 2017). 
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Figure 2.6 Main mechanisms of chronic pancreatitis a) Pancreas anatomy. b) Chronic 

pancreatitis pathophysiology, tobacco or alcohol trigger the initial episode of acute 

pancreatitis, characterized by inflammation and immune cell recruitment, continued 

exposure to these factors leads to recurrent acute pancreatitis attacks, activating 

pancreatic stellate cells and initiating fibrosis. A specimen from a patient with chronic 

pancreatitis appears hypertrophic and dystrophic nerves (asterisks) enclosed by 

massive fibrotic tissue and infiltration of lymphocytes (arrows) (Kleeff et al., 2017). 
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2.5.3 Pancreatic cancer   

 Pancreatic cancer is a significant global health issue, responsible for 

approximately 227,000 deaths annually (Vincent et al., 2011). In recent years, the 

incidence of this disease has risen. Despite comprising only 2% of all cancers, pancreatic 

cancer is responsible for 5% of cancer-related deaths. The most prevalent form of 

pancreatic cancer is pancreatic ductal adenocarcinoma (PDAC), which affects the 

majority of patients diagnosed with this disease (Zhao & Liu, 2020). 

 PDACs progress through noninvasive precursor lesions, primarily pancreatic 

intraepithelial neoplasia, accumulating genetic and epigenetic changes along the way. 

They can also develop from intraductal papillary mucinous neoplasms or mucinous 

cystic neoplasms. Interactions between cancer-related fibroblasts (the main stromal cell 

type) and neoplastic cells may contribute to tumor initiation, progression, and 

metastasis (Vincent et al., 2011). 

 The immune system's role in pancreatic cancer progression has been studied, 

with a focus on inhibiting T regulatory lymphocytes (cells that suppress anti-tumor 

immune responses) or using vaccines, such as irradiated genetically modified 

pancreatic cancer cells or immunostimulatory pancreatic cancer antigens (e.g., 

overexpressed or mutated proteins) (Figure 2.7). Researchers have also investigated 

how cancer cells and cancer-associated fibroblasts evade immune responses (Ansari et 

al., 2016). The existence and role of tumor-initiating cells (cancer stem cells) in 

pancreatic cancer development is debated. While potential cells have been identified, 

reconciling the concept of tumor-initiating cells with the clonal selection provided by 

tumorigenic mutations is challenging. One hypothesis is that cancer stem-cell markers 

identify cells most likely to survive specific cellular stresses, such as growth in nude 

mice or resistance to chemotherapeutic agents  (Vincent et al., 2011). 
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Figure 2.7 Schematic illustration of pancreatic tissue in normal and PDAC 

conditions (Tamang, 2024) 
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CHAPTER 3 

CARNOSINE: A PHYSIOLOGICAL AND THERAPEUTIC 

OVERVIEW 

3.1 Carnosine discovery   

 Carnosine (C9H14N4O3) represents a biological active dipeptide discovered for the 

first time by the Russian biochemist Gulevich V.S. in the early XX century. It was 

isolated from the muscular tissue of beef and was given its name “carnosine” refer to 

caro, carni in Latin that means meat  (Gulewitsch & Amiradžibi, 1900). It is 

composed of β-alanine and L-histidine and has naturally occurring derivatives. The 

most common variant of this substance are the methylated analogues (i.e., anserine and 

ophidine), whereas the acetylated analogues represent an important variant also such 

as acetylcarnosine and carcinine  (Figure 3.1) (Boldyrev et al., 2013). 

 

Figure 3.1 The chemical structure of carnosine and its derivatives (Boldyrev et al., 

2013) 

 Carnosine is highly present in muscular tissues. However, it can be found as 

well in brain, kidneys, skin, and liver of vertebrates (Boldyrev & Severin, 1990). 
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Instead, another methylated variant of carnosine was found in snake and whale muscle 

named, respectively, ophidine and balenine, all these dipeptides are called the histidine 

containing dipeptides (HCDs) (Menon et al., 2020) that characterizes by the imidazole 

ring which is the responsible of the physiological activities (Table 3.1) (Boldyrev et 

al., 2013). 

Table 3.1 HCDs in different tissues and organisms 

Compound Localization 

β-alanyl-L-histidine (carnosine) Skeletal muscles of vertebrates 

β-alanyl-1-N-methylhistidine (anserine) Skeletal muscles of vertebrates 

β-alanyl-3-N-methylhistidine 

(ophidine) 

Snake and whale musculature 

ϒ-aminobutyrylhistidine 

(homocarnosine) 

Human and animal brain 

ϒ-aminobutyryl- 1 -N-methylhistidine 

(homoanserine) 

Bovine brain 

N-acetylhistidine Central nervous system and ocular 

tissues of frogs and fishes 

β-alanylhistamine 

(carcinine) 

Central nervous system and 

musculature of crab 

N-acetylanserine Myocardium 

3.2 Tissue distribution of carnosine  

 In mammals, one of the methylated carnosine analogs (eighter anserine or 

ophidine) are present with carnosine, except in human beings, where only the 

nonmethylated carnosine itself is present (Hall, 2001). 

 In tissues, only skeletal muscle and the olfactory bulbs have higher carnosine 

concentrations that are in the millimolar range. Since only the former makes up a 

significant percentage of the body's overall mass, it may be estimated that skeletal 

muscle tissue contains more than 99% of an organism's carnosine. Additionally, it’s 

measurable in other tissues such as the brain and body fluids with lower concentration 

compared to muscles (Boldyrev et al., 2013). 
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3.3 Physiological and biochemical properties of carnosine 

3.3.1 Buffering activity  

 Carnosine is soluble in water (1g in 3.1 ml of water at 25°C), characterized by 3 

ionizable groups: the carboxylic group (Pka 2.76), the amino group of the β-alanine 

residue (pKa 9.32), and the nitrogen of the imidazole ring (pKa 6.72). According to the 

pKa values, carnosine is mostly found in the zwitterionic form at the physiological pH, 

with both the carboxyl and amino group of β-alanine in their ionized forms (Wu, 2020). 

The control of buffering activity of carnosine is regulated by the imidazole ring. This 

function is suggested by the pKa values of carnosine that is very close to 7 which their 

proton sequestering capacity is high (Turner et al., 2021).   

3.3.2 Carnosine and metal ion  

 Carnosine has a capacity to bind with metals from the first transition metals 

series, including Cu²⁺, Zn²⁺, and Co²⁺, to form a complex with different biological roles. 

 On one hand, the complex copper-carnosine can be formed in both monomeric 

and dimeric forms, with the dimeric form being favored at neutral pH (Baran, 2000). 

The ligand of this complex can bind through carboxylate, amid, and amino donor atoms. 

While imidazole rings bind the copper (II) ions through the N3 nitrogen atoms 

(Torreggiani et al., 2000).  

 On the other hand, the zinc-carnosine complex represents an interesting 

biological complex. It was proved that Zn (II)-carnosine complex protects gastric mucosa 

from ulcers (Mustafa et al., 2009) and gastritis affected by Helicobacter pylori 

infection (You & Jiao, 2006). 

3.3.3 Quencher of reactive carbonyl species 

 reactive carbonyl species represent a group of oxylipins that have both α and β 

unsaturated carbonyl structure, including acrolein and 4-hydroxy-E-2-nonenal (HNE) 

(Biswas & Mano, 2021). Carnosine has the ability to quenching this species through 

an autocatalytic process which engages both imidazole ring and β-alanine group 

(Figure 3.2) (Aldini et al., 2005).  
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 Additionally, this capacity was detected as endogenous agent in skeletal muscle 

and the nervous system of rat (Aldini et al., 2011), by reducing acrolein-protein adduct 

formation which lead to suppress the activity of inflammation (Spaas et al., 2021). 

 

Figure 3.2 Quenching of HNE by carnosine and GSH (Reddy et al., 2005) 

  

 Moreover, the ability of carnosine to counteract carbonyl compounds can be 

primarily attributed to the peptide's metal-chelating properties, with a minor direct 

capacity for carbonyl sequestration (Price et al., 2001), as a similar effect to the 

inhibitors of lipid peroxidation end products such as aminoguanidine and pyridoxamine 

(Zhao et al., 2019, Orioli et al., 2007). 

3.3.4 Antioxidant properties 

 The major studied property of carnosine is its antioxidant activity, in both 

physiological and pathophysiological conditions. 

 In physiological conditions, carnosine tend to be oxidated to 2-oxocarnosine 

(Ihara et al., 2019) (Figure 3.3). This metabolite was a result of histidyl imidazole 

radical formation with addition to a molecule of oxygen, becoming a greater antioxidant 

molecule in excess of glutathione and ascorbate (Aldini et al., 2021). Indeed, the study 

of Klebanov et al. (1997) demonstrated that carnosine interacts with superoxide union 
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such as superoxide dismutase (SOD) as a quencher molecule of this free radicals. In 

addition, carnosine could react on reactive oxygen species (ROS) such as hydroxyl  

radicals, by formation of a transient intermediate through water elimination reaction 

catalyzed commonly by a base (Boldyrev et al., 2013).              

 Another carnosine ability is to become a protective agent against nitration by 

peroxynitrite. The study of Fontana et al. (2002) showed that carnosine and its 

derivative (i.e., anserine) protects the amino acid tyrosine against nitration, 

inactivation of α1-antiproteinase, and significantly decreases the oxidation of low-

density lipoprotein by ONOO-. 

 

 

 

 

 

 

 

 

Figure 3.3  Oxidation of carnosine (Aldini et al., 2021) 

 Furthermore, detoxification of hypochlorite is also an ability of carnosine, as was 

investigated by several studies. Formaziuk et al. (1992) firstly discovered that 

carnosine reacts promptly with hypochlorite to make poorly and less reactive species 

with a long live for these molecules. Importantly, the direct antioxidant influence, 

particularly concerning H2O2, has been substantiated in ex vivo samples by detecting 

the resulting oxidation product (Kulikova et al., 2020).    

 Moreover, recent studies have reported that carnosine can indirectly mitigate 

oxidative stress by amplifying the expression and activation of the nuclear factor 

erythroid 2-related factor 2 (Nrf2) pathway. This pathway controls the transcription of 

over two hundred genes containing an antioxidant response element (ARE) in their 

promoter region (Aldini et al., 2021). Among these genes are those encoding 

antioxidant proteins and enzymes related to phases I, II, and III, as well as enzymes 

involved in lipid, carbohydrate, and amino acid metabolism, proteasome components, 
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and regulators of inflammation. Collectively, these genes form a comprehensive stress-

response network aimed at preserving microenvironmental homeostasis (Figure 3.4) 

(Mou et al., 2020). 

 

Figure 3.4 Activation of Nrf2-Keap1 pathways by carnosine (Matsumaru & 

Motohashi, 2021) 

 Hence, when carnosine was administered after a liver injury caused by CCI4
-, it 

restored Nrf2 expression compared to the group treated only with CCI4
-. This carnosine-

induced Nrf2 nuclear translocation was found to account for its notable antioxidant 

effects and its ability to alleviate inflammation, as indicated by a reduction in hepatic 

tumor necrosis factor (TNF) levels and the restoration of interleukin-10 (IL-10) levels 

(Nagai et al., 1990). Similar effect was observed in rats, were carnosine improved 

learning and memory functions by modulation of signaling pathway of nuclear factor-

κB and Nrf2 (Ahshin-Majd et al., 2016). 

3.3.5 Anti-aging activity 

 The anti-aging property of carnosine was first reported in 1994 by the study of 

McFarland & Holliday (1994). It was approved that carnosine can improve cell division 

of human fibroblasts and rejuvenate senescent cells.    

 In the brain, it was demonstrated that carnosine at concentration of 10 mM 

protected SH-SY5Y cells from aging caused by D-galactose, through the up-regulation 
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of neuronal markers and antioxidant enzymes (i.e., GSH and SOD) and decrease in IL-

10 and TNF α (Kim & Kim, 2020). Similar effect was observed in brain tissue of rats 

treated with d-galactose for 8 weeks, in addition with an increase in malondialdehyde 

(MDA) and caspase-3 expression (Aydın et al., 2016). Furthermore, carnosine 

protected spermatogonia and Sertoli cells in mice accelerated aging stain (Gopko et 

al., 2005), and decreased MDA level which lead to improve oxidative status in seminal 

plasma (Rocha et al., 2018). While some studies attribute the anti-aging effect to its 

antioxidant properties, and other studies suggest that its gero-protective benefits  are 

linked to its capacity to inhibit protein carbonylation and regulate the degradation of 

aged proteins (Boldyrev et al., 2013).   

3.4 Metabolism of carnosine 

 The synthesis of carnosine is facilitated by carnosine synthetase 1 (CARNS1), 

an enzyme responsible for catalyzing the formation of the dipeptide (β-alanyl-L-

histidine) using β-alanine and L-histidine amino acids through an ATP-dependent 

process (Wang-Eckhardt et al., 2020; Drozak et al., 2010).  

 CARNS1, a member of the ATP-grasp superfamily of adenosine 5′-diphosphate 

(ADP)-producing ligases, also known as ATPGD1 (ATP-Grasp domain containing 

protein 1), is primarily found in the cytosol of skeletal and cardiac muscles as well as 

in the olfactory bulb of the brain (She et al., 2022; Jukić et al., 2021). 

 Various proteins from the proton-coupled oligopeptide transporter (POT) family, 

alternatively recognized as solute carrier family 15 (SLC15), facilitate the transport of 

carnosine across cellular membranes (Sasawatari et al., 2011). In humans, multiple 

transmembrane proteins within the SLC15 family, namely SLC15A1 (PEPT1), 

SLC15A2 (PEPT2), SLC15A4 (PHT1), and SLC15A3 (PHT2), are capable of 

transporting di- and tripeptides, including carnosine. These proteins are responsible 

for either the uptake or release of carnosine (Andou et al., 2009). 

 The expression levels of genes responsible for carnosine transporters in humans 

are generally minimal. On one hand, detectable expression of SLC15A2 and SLC15A4 

is observed in microglia, while mature astrocytes exhibit expression only of SLC15A2 

(Caruso et al., 201). Neurons, on the other hand, demonstrate very low expression 
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levels of these transporters, although possibly adequate for carnosine imports (Schön 

et al., 2019).  

 Carnosine absorption occurs in the small intestine, with a portion entering the 

bloodstream unchanged upon oral intake (Asatoor et al., 1970). The transportation of 

carnosine across the brush-border membrane is facilitated by PEPT1 (Figure 3.5). 

Within enterocytes, carnosine is likely hydrolyzed, possibly by CNDP2 (or CN2), or 

transported across the basolateral membrane (Gardner et al., 1991). In renal tubules, 

PEPT2 aids in the reabsorption of filtered peptides, primarily situated in the apical 

membrane of epithelial cells. Removal of PEPT2 significantly hinders carnosine 

reabsorption in the kidneys, affecting renal carnosine clearance close to the glomerular 

filtration rate (Peters et al., 2015). Although PEPT2 is crucial in renal carnosine 

reabsorption, the overall movement of carnosine across epithelial cells is restricted, 

likely resulting in the breakdown of the dipeptide during renal passage (Elbarbary et 

al., 2018). 

 

 

Figure 3.5 Intestinal absorption of carnosine in mammals (Boldyrev et al., 2013) 

Regarding degradation, carnosine levels in tissues and biological fluids are regulated 

mainly through degradation mechanisms involving two distinct dipeptidases from the 

M20 metalloprotease family: carnosine dipeptidase 1 (CNDP1) in serum, and carnosine 

dipeptidase 2 (CNDP2) in the cytosol (Bellia et al., 2014). CNDP1, prevalent in human 

serum, exhibits specific degradation activity toward carnosine and its analogs anserine 
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and homocarnosine (Solana-Manrique et al., 2022). It is predominantly expressed in 

the liver and the brain, particularly in oligodendrocytes (Toviwek et al., 2023). 

CNDP2, a Mn2+-dependent cytosolic enzyme, possesses a broader substrate spectrum 

compared to CNDP1 and is ubiquitously expressed in human tissues, albeit at lower 

levels in the brain (Solana-Manrique et al., 2022).  

 Additionally, carnosine can be converted into its analogue, anserine, by 

carnosine N-methyltransferase enzyme (CARNMT). Similarly, it methylates other 

HCDs ( i.e., homocarnosine) and demonstrates weak expression in brain cells (Figure 

3.6) (Drozak et al., 2015). 

 

Figure 3.6 Reaction mechanisms of carnosine’s metabolism (Solana-Manrique et 

al., 2022) 

3.5 Carnosine’s role in various health conditions 

3.5.1 Brain and neurodegenerative diseases 

 It was demonstrated that the concentration of carnosine is significantly higher 

in the olfactory system than other brain regions. Based on this significant presence, 

there's a hypothesis suggesting carnosine's involvement in sensory neurotransmission, 

either as a neurotransmitter or a neuromodulator (Colín-Barenque et al., 2018).  
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 In most sensory pathways, glutamate serves as the primary excitatory 

neurotransmitter within the synapse between olfactory neurons and target cells (i.e., 

periglomerular and mitral cells) in the olfactory bulb. Intriguingly, studies utilizing 

immunohistochemistry have revealed the coexistence of carnosine and glutamate 

within the terminal of synapses olfactory neurons in mice and the bipolar cells within 

the retina of frogs (Nicoll et al., 1980; Sakai et al., 1988). This observation supports 

the proposal for a potential role of this dipeptide in modulating glutamatergic sensory 

neurons.  

 Carnosine, specific brain areas, is thought to offer protective effects via its 

antioxidant, anti-glycation activities, and metal chelating, potentially compensating for 

low levels of other endogenous antioxidants in the nervous system (Figure 3.7). While 

its therapeutic potential is recognized, its precise physiological role in normal function 

remains to be fully understood. Additionally, carnosine's ability to chelate transition 

metals like copper and zinc might indirectly impact neurotransmission, contributing to 

its role in neural function (Boldyrev et al., 2013, Solana-Manrique et al., 2022). 

 A growing body of evidence is concentrated on carnosine homeostasis and its 

relationship with neurodegenerative diseases such as Alzheimer's disease. This 

neurological disorder recognized by a memory loss and cognitive decline due to brain 

cell degeneration (Niu et al., 2017). Carnosine has demonstrated the inhibition of Aβ 

aggregation within the central nervous system of transgenic mouse models of 

Alzheimer’s patients (Kitazawa et al., 2012). Additionally, it diminishes the in vitro 

formation of Aβ1-42 fibrils (Wu et al., 2013; Shen et al., 2022) (Greco et al., 2020). 

The suggestion is that carnosine may disrupt both the elongation process of fibrils and 

the formation of globular oligomeric species during the assembly phase (Aloisi et al., 

2013). Furthermore, in the study of Fonteh et al. (2007) comparing patients of 

Alzheimer’s disease to non-diseased subjects, lower carnosine and higher anserine 

levels were observed in the plasma of these  patients. However, the total amount of 

carnosine and anserine together was reduced in these patients.  
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Figure 3.7 Probable mechanisms of action of carnosine as a neuroprotector (Caruso 

et al., 2019) 

 Another neurodegenerative disorder that is Parkinson’s disease were related to 

carnosine metabolism. It was shown that carnosine was accumulated in serum of 

Parkinson’s disease patients, as a result of a reduction of CNDP1 activity (Wassif et 

al., 1994). Hence, carnosine was demonstrated as an inhibitor of α-synuclein in 

oligomerization process in model systems, and to mitigate certain modifications 

observed in animal models mimicking Parkinson’s disease (Boldyrev et al., 2013).    

3.5.2 Muscular disorders  

 The reduction in carnosine levels within skeletal muscles, observed with age or 

in muscular diseases, may lead to functional decline and structural alterations due to 

diminished antioxidant protection. This decline could potentially interact with specific 

atrophic and pathological mechanisms. Analysis of free carnosine concentrations in 

skeletal muscles, both from patients with muscular diseases and rats of varying ages, 

revealed a significant negative correlation with age. The study indicated that age is a 

noteworthy negative predictor of carnosine concentrations in skeletal muscles, with a 

63% decrease observed between the ages of 10 and 70 in human subjects 

(Stuerenburg, 2000).  
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 Hence, during exercise and the contraction of skeletal muscles, carnosine is 

released into both the interstitium and the blood circulation. This release helps in 

decreasing acidosis that caused muscular fatigue (Figure 3.8) (Holeček, 2020). 

Indeed, an increase in muscle carnosine levels via β-alanine supplementation enhances 

exercise capacity and performance lasting from 30 seconds to 10 minutes. This is likely 

achieved by serving as a pH buffer to mitigate fatigue induced by the accumulation of 

H+ ions (Matthews et al., 2019). In contrast, the quantity of carnosine was observed 

to decrease by 53.2% in type II fibers of patients with osteoarthritis, emphasizing the 

importance of its homeostasis in muscle to prevent such disorders (Tallon et al., 2007).  

 

Figure 3.8 Carnosine absorption and release in muscles (Adapted from 

(Stuerenburg, 2000) 

3.5.3 Endocrine disorders 

 A growing body of evidence studied the relationship between carnosine and 

endocrine disorders such as diabetes and thyroid diseases due to its diverse function in 

the organism. 

 In diabetic disorder, carnosine plays a protective role. This action is related to 

its capacity to maintain glycemic control and mitigate or ameliorate diabetic 

complications (e.g., nephropathy) (Boldyrev et al., 2013). Numerous studies have 
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assessed this protective effect, Lee et al. (2005) and Albrecht et al. (2017) indicated 

that treatment with carnosine (at 200 mg/kg) in diabetic mice was the result of 

decreasing hyperglycemia and maintaining blood glucose levels all with reducing 

dyslipidemia.  

 Indeed, De Courten et al. (2016) assessed the effect of carnosine 

supplementation during 12 weeks to decrease the resistance of insulin in overweight 

persons. Furthermore, the administration of carnosine was observed to prevent 

diabetes-induced nephropathy, specifically by inhibiting glomerular apoptosis, 

preventing the loss of podocytes, and reducing the expression of Bcl-2-associated X 

protein and cytochrome c, which are widely recognized as pro-apoptotic proteins (Riedl 

et al., 2011). Additionally, carnosine was found to improve diabetic neuropathies, 

particularly in terms of abnormal sensory perception (Kamei et al., 2008).    

 Hence, carnosinase deficiency was found to be significantly correlated with 

serum thyroxine level in hypothyroidism patients, suggesting that carnosine 

homeostasis could play a crucial role in thyroid dysfunction (Bando et al., 1986). 

Moreover, carnosine daily supplementation was observed to elevated serum 

triiodothyronine and thyroxine levels (Maurin & Garnuszek, 2010).      

 In sum, the endocrine system could be enhanced and protected by carnosine, 

particularly by increasing pancreatic secretion, maintaining glycemic blood level, and 

improving endocrine hormonal secretion. 

3.5.4 Cardiovascular diseases 

 Carnosine improves cardiac contractility via calcium handling and raising pH 

buffering capacity (Boldyrev et al., 1999). This evidence suggested that carnosine 

could play an effect in cardiovascular disease such as atherosclerosis. 

 Barski et al. (2013) conducted a study using an atherosclerosis model with 

ApoE−/− mice on a high-fat diet. They found that dietary carnosine supplementation 

prevented the formation of early atherosclerotic lesions. This effect was attributed to 

the positive modulation of oxidative stress-related processes.  Similarly, Menini et al. 

(2012) found that carnosine supplementation affected a reduce in inflammation and 

carbonyl stress that caused atherosclerosis. Additionally, when administered 

intraperitoneally, carnosine exhibited cardioprotective effects in rats by mitigating 

cardiac ischemia and enhancing heart function. These protective actions were 
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associated with carnosine's capacity to reduce lipid peroxidation in cell membranes 

(Caruso et al., 2019). Accordingly, carnosine is thought to enhance angiogenesis, boost 

exercise performance, improve vasodilatory response,  and concurrently offering 

protection against ischemic tissue damage (Figure 3.9) (Feehan et al., 2022). 

 

Figure 3.9 Role of carnosine in perivascular diseases (Feehan et al., 2022) 

3.5.5 Cancer 

 In the latter part of the 20th century, the anti-neoplastic property of carnosine 

was discovered by Nagai and Suda (1986). The study demonstrated that 50 mg/kg/day 

of carnosine induced a reduction in the growth of sarcoma-180 tumor cells. Lately, it 

was shown that 20 mM of carnosine inhibited neoplastic cells growth without altering 

the growth of human fibroblasts (Holliday & McFarland, 1996). Indeed, it decreases 

the generation of ATP in cancer cells that primarily use glycolysis for energy without 

exerting inhibition on differentiated fibroblasts, which rely more on oxidative 

phosphorylation for ATP synthesis (Boldyrev et al., 2013). 

 Furthermore, growing research indicating carnosine's anti-proliferative effects 

on glioblastoma models, a particularly aggressive form of brain cancer, has been first 

conducted and then expanded to other cancer cell lines. These include colorectal cancer 

cells, intestinal cancer cells, and ovarian cancer cells (Artioli et al., 2019). 
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3.5.6 Bone damage 

 In physiological conditions, numerous studies suggested that carnosine can 

promote bone formation by stimulating the proliferation and activity of osteoblasts, 

suppressing bone resorption by osteoclasts, and influencing the differentiation of bone 

marrow mesenchymal stem cells (Figure 3.10) (Yang et al., 2022). Yet, in pathological 

conditions, carnosine is observed to have a significant impact on various conditions 

related to bone damage. 

 

Figure 3.10 Effect of carnosine on bone metabolism (Yang et al., 2022) 

  Carnosine participates in the control of bone marrow mesenchymal stem cells 

(BMSCs), C2C12 myogenic stem cells, periodontal ligament stem cells (PDLSCs), and 

bone marrow macrophages (BMMs) differentiation, along with the regulation of 

chondrocyte, osteoblast, and osteoclast activity through the reduction of ROS (Ko et 

al., 2022). 

 Hence, carnosine is suggested to potentially inhibit sympathetic nerve activity 

while enhancing parasympathetic nerve activity through the activity of natural killer 

cells in spleen or the regulation of the autonomic nervous system via the histidine H3 

receptor, these mechanisms are involved in postmenopausal osteoporosis 

(Ciaffaglione & Rizzarelli, 2023). Additionally, in hydrocortisone-induced 

osteopathy, carnosine regulated parathyroid hormone levels, alkaline phosphatase 
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activity, and enhanced both zinc and DNA contents (Segawa et al., 1992). 

Alternatively, numerous research indicates that carnosine has the ability to boost the 

expression of protein components and the release of cytokines in the process of bone 

remodeling following a fracture, thereby supporting bone formation (Ko et al. 2022 , 

Igarashi & Yamaguchi 2003). Thus, carnosine's potential bioactive impact in bone 

tissue may occur via the mitogen-activated protein kinases (MAPK) signaling pathway 

or protein kinase C mediated stimulation of albumin synthesis, thereby playing a role 

in maintaining bone mass and contributing to homeostasis during bone reconstruction 

(Yang et al., 2022). 

 Furthermore, carnosine exhibits antitumor properties and inhibits glycolysis, 

which could impact the growth and spread of bone tumor cells (via MAPK, mTOR, and 

STAT3 signaling pathway), all with enhancing genomic stability and shields cells from 

DNA damage (Hipkiss & Gaunitz, 2014). 

3.5.7 Castro-intestinal disorders 

 Castro-intestinal disorders cover a variety of issues, from typical minor 

conditions like acute infections or irritations leading to sickness and diarrhea, 

ambiguous and undetermined symptoms, to significant diseases such as cancer and 

acute abdominal emergencies, and specific organic disorders like peptic ulcers, hernias, 

and piles (Fry, 1985).  

 A number of studies have investigated the effects of carnosine in these disorders. 

In the study of Arakawa et al. (1990), carnosine at 10 and 30 mg/kg protected gastric 

mucosa of rat from irritation caused by ethanol. A similar study has assessed the same 

effect in rat where inflammatory cytokines (e.g., IL-8, IL-6, and TNF-α) were decreased 

and expression of antioxidant enzymes and growth factors were upregulated (Choi et 

al., 2013). In inflammatory bowel disease, which is ulcerative colitis, investigations are 

underway to anticipate disease relapse. Diminished histidine levels in the plasma, a 

component of carnosine, serve as an indicator for the likelihood of relapse in this disease 

(Hisamatsu et al., 2015). In addition, carnosine induce inhibition of mRNA expression 

of IL-8 in human intestinal epithelial cells stimulated by hydrogen peroxide and TNF-

α (Jukić et al., 2021).        

 A growing body of evidence evaluated the effectiveness of zinc-L carnosine in 

improving intestinal damage. The study by Mahmood et al. (2007) involved an In-
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vitro investigation utilizing both colonic human cells and intestinal epithelial rat cells 

treated with zinc-L carnosine. The findings indicated that this compound enhanced 

both migration and proliferation. Moreover, zinc-L carnosine suppressed the 

proliferation of human gastric carcinoma by arresting the cell cycle, triggering 

apoptosis, and downregulating the mTOR signaling pathway (Zhang et al., 2014). 

Hence, it reduced the expression of inflammatory cytokines (such as TNF-α, IFN-γ, and 

interleukins) in murine colitis, growth factors (i.e., IGF-1), and upregulated the 

expression of heat shock proteins (HSP 72)  (Figure 3.11) (Efthymakis & Neri, 2022). 

 

Figure 3.11 Mechanisms of zinc-L carnosine in gastric mucosa (Efthymakis & Neri, 

2022) 

3.5.8 Kidney diseases 

 Recent studies have been interested in the relationship between carnosine and 

kidney diseases such as acute kidney failure.  

 Acute kidney failure represents a sudden decline in kidney function, resulting 

in reduced filtration rate, imbalance of electrolyte, and reduce in pH regulation (Kilis-

Pstrusinska, 2020). Carnosine tends to have a reno-protective effect against acute 

kidney failure by suppressing adrenergic activity and activating histamine H3 

receptors in the central nervous system (Kurata et al., 2006).  

 Moreover, it decreased the oxidative stress and inhibited matrix 

metalloproteinase-2 which decreased urate nephrolithiasis development (Zharikov et 
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al., 2023). Additionally, carnosine was observed to decrease urea, creatinine, and 

serum lipid levels via its anti-glycation and antioxidant activities in diabetic 

nephropathy in male rats (Fatih Aydın et al., 2017).  

3.5.9 Carnosine and COVID 

 Since December 2019, the world has witnessed the rapid spread of the novel 

severe acute respiratory syndrome coronavirus 2. This virus has led to severe 

complications affecting multiple organs, including the lung, pancreas, and kidneys 

(Gusev et al., 2022). A few studies have investigated the role of carnosine in COVID-

19 patients. 

 In a study conducted by Lopachev et al. (2020), Wistar rats afflicted with ulcers 

were utilized as a model of severe inflammation to investigate the effects of a combined 

molecule of salicylic acid and carnosine (salicyl-carnosine). The study also assessed the 

antioxidant properties on leukocyte cells and the antithrombotic effect using human 

thrombocyte cells. The findings led the researchers to conclude that salicyl-carnosine 

could play a crucial role in mitigating factors such as thrombosis, inflammation, and 

oxidative stress, which are prominent pathogenetic factors in severe cases of COVID-

19. 

 Additionally, in an in-silico study, Saadah et al. (2020) explored the inhibitory 

effects of carnosine on both the angiotensin-converting enzyme 2 ( ACE 2) and the spike 

protein of the coronavirus. Their findings suggest a promising potential for carnosine 

in mitigating the effects of the COVID-19 pandemic. Hence, the multi-properties of 

carnosine (e.g., antioxidant, anti-inflammation, and anti-hyperglycemia) has been 

suggested to enhance the severe complications in COVID-19 patients (Figure 3.12) 

(Diniz et al., 2022).    
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Figure 3.12 The possible impact of carnosine on various organs prone to COVID-19 

infection (Diniz et al., 2022) 

3.6 Supplementing with carnosine 

3.6.1 Carnosine as nutritional supplements 

 When it comes to carnosine supplementation, there are two possibilities to 

increase carnosine concentration in the organism. The major source is derived from 

dietary intake. Various nutrients contain a considerable amount of carnosine, such as 

meat (chicken and beef), seafood like fish and shrimps, along with vegetables such as 

asparagus, white mushrooms, and green peas. While consuming 30 g of dehydrated beef 

daily has the potential to fully meet the daily carnosine needs of a 70 kg adult, 

contributing to the improvement of human nutrition and overall health (Cesak et al., 

2023). 

 The commercial form of carnosine could be an alternative source. This form could 

be as a naturally occurring form (that is L-carnosine), conjugated, or in a complex 

formulation. The most common formulation is L-carnosine, plays various roles in 

enhancing the health, from the antioxidant scavenger in different tissues and anti-

aging effects to improving several organ’s function (such as the cardiovascular, 

cognitive, and ocular functions) (Hoffman et al., 2018).  
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 The conjugated forms of carnosine could be a good choice as a supplement. N-

acetyl-carnosine supplementation has been potentially investigated in improving 

ocular diseases such as cataracts and retinal disorders (Babizhayev, 2009). 

Furthermore, salicyl-carnosine which is a combined form of carnosine and salicylic acid 

represent a new formulation that was studied for its anti-ulcer and anti-inflammation 

properties (Kulikova et al., 2020). The combination form between zinc and carnosine 

is widely used as a gastrointestinal tract protector, which play a role in improving 

gastric and intestinal damage, preventing mucositis, and enhancing loss of taste 

(Cesak et al., 2023).       

 In the meanwhile, carnosine could be combined to form complexes with vitamin 

E, α-lipoic acid, and resveratrol where it is used as a neuroprotective agent and 

cardiovascular protective agent (Aryal et al., 2021; Kulikova et al., 2018).  

3.6.2 Potential side effects of carnosine supplement 

 The adverse side effects of carnosine supplementation remain infrequent due to 

its rapid metabolization by CNDP1 and CNDP2. However, it could be referred to the 

effects of alanine and histidine overdose (mainly the components) where no adverse 

effect were highlighted except some transient paresthesia (HOLEČEK, 2022).     
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CHAPTER 4 

MATERIALS & METHODS

4.1 Study aims  

 The primary aims of the present investigation were to enhance comprehension of 

the impact of an insecticide acetamiprid (ACE), C10H11ClN4, chosen to carry out this 

study, on exocrine pancreatic cell physiology and to elucidate the underlying 

mechanisms involved in its effects on pancreatic function and its potential role in 

disease induction. Secondary aims included the preventive effect of carnosine (CARN) 

against these alterations. The study was conducted in several steps: 

1) Selection of the insecticide ACE and male Wistar rats as an animal model for 

in-vivo study; 

2) Induction of sub-acute toxicity using ACE doses of 43.4 and 21.7 mg/kg/day in 

male Wistar rats, with CARN administered at 200 mg/kg/day as a preventive 

treatment. This phase was carried out in the animal house of the laboratory 

of Nutrition, Pathology, Biotechnology, and Health (Lab-NuPABS), Sidi Bel-

Abbes, during the period of June-July 2021 and December 2022-January 

2023; 

3) Biochemical assessment of blood glucose, amylase, and lipase levels, as well 

as measurement of MDA level in pancreatic tissue homogenates. This step 

took place at Lab-NuPABS, from January to February 2023; 

4) Histological analysis and scoring of pancreatic tissue, conducted at the 

service of anatomy & pathology, University Hospital Center HASSANI 

ABDELKADER, Sidi-Bel-Abbès, during the period of September-December 

2021 and to January 2023-April 2023;  

5) In-vitro investigation using AR42J pancreatic cells to delve deeper into the 

molecular pathways of ACE toxicity and the preventive effects of CARN on 

exocrine pancreatic function. This step was carried out in the laboratory of 

cell biology and communication research group, department of biology, 
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university of Extremadura, Caceres, Spain, from March-July 2023 and 

November-December 2024.   

4.2 Experimental design 

The study was divided into two main parts as described in Figure 4.1. 

 
Figure 4.1 In-vivo and In-vitro assessment diagram 

4.3 In-vivo procedures  

4.3.1 Animals  

  Thirty-six male albino Wistar rats (Figure 4.2), aged 5 weeks and an average 

weight of 110±16 (g), were purchased from the Pasteur Institute in Algiers.  The 

rodents were placed in plastic cages within a controlled environment, maintaining 
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a constant temperature of 22 ± 2 °C, a relative humidity of 55 ± 10%, and a regular 

12-hour light/dark cycle. Additionally, they were granted unrestricted access to 

standard laboratory chow and water in the animal house of the Laboratory Lab-

NuPABS, Sidi Bel-Abbes. The rats were treated ethically, following the 

international guidelines for treating laboratory animals (ethical approval No. IRB-

A001/03.2022 from LA B-NUPABS-IRB).  

 

Figure 4.2 Male albino Wistar rat 

4.3.2 ACE solution preparation 

  The commercial product of ACE, Mospilan®20 SL (Mospilan Max - Certis 

Belchim), contains 20% as an active ingredient (95% purity). The quantity of the two 

doses used in this study (i.e., 43.4 mg/kg and 21.7 mg/kg of ACE), following the 

methodology outlined by Chakroun et al. (2016), was calculated as follows:  

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐴𝐶𝐸 (𝑚𝑔) =
𝑑𝑜𝑠𝑒 𝑜𝑓 𝐴𝐶𝐸 (𝑚𝑔) × 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑛𝑖𝑚𝑎𝑙 (𝑔)

1000𝑔
 × 𝐷…………………….(I) 

Were the dose of ACE either 43.4 mg or 21.7 mg, the concentration factor (D) is 5 (as 

mentioned, the product contains only 20% of ACE). 

  The calculated mass of ACE for each dose was dissolved in 1 mL of distilled water 

for administration to each respective rat.  

https://certisbelchim.es/productos/mospilan-max/
https://certisbelchim.es/productos/mospilan-max/
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4.3.3 Carnosine solution preparation  

  The concentration of the CARN solution (Pure Carnosine in capsules - 500mg , 

99,9% pure -  dynveo.fr) used in this study (200 mg/kg), as outlined by Fadda et al. 

(2020), was calculated as follows:  

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝐴𝑅𝑁 (𝑚𝑔) =
𝑑𝑜𝑠𝑒 𝑜𝑓 𝐶𝐴𝑅𝑁 (𝑚𝑔) × 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑛𝑖𝑚𝑎𝑙 (𝑔)

1000𝑔
 ……………(II) 

  The calculated mass of CARN was dissolved in 1 mL of distilled water for 

administration to each respective rat.  

4.3.4 Rodents' treatment  

  The animals underwent an eight-day acclimatization period. Subsequently, the 

rats were randomly assigned to six groups (six rats per group) using Research 

Randomizer©, as outlined below: 

- Group I (Control): Received 1 mL of distilled water (vehicle solvent). 

- Group II (CARN): Administered 1 mL of the CARN solution. 

- Group III (High Dose; HD): Administered 1 mL of ACE (43.4 mg/kg) solution. 

- Group IV (Low Dose; LD): Administered 1 mL of ACE (21.7 mg/kg) solution. 

- Group V (HD+CARN): Administered 1 mL of ACE (43.4 mg/kg) solution, 4 

hours after receiving 1 mL of CARN solution. 

- Group VI (LD+CARN): Administered 1 mL of ACE (21.7 mg/kg) solution, 4 

hours after receiving 1 mL of CARN solution. 

  All solutions were administered using a syringe attached to an oral gavage probe 

(Figure 4.3), and the treatment continued for 30 consecutive days and the body weight 

was recorded each week.  

https://www.dynveo.fr/carnosine.html
https://www.dynveo.fr/carnosine.html
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Figure 4.3 Oral gavage administration procedure 

  On the day following the cessation of treatment, the rats were euthanized under 

chloroform anesthesia. Blood samples were immediately collected via cardiac puncture 

and stored in tubes. Subsequently, the rats were sacrificed, and the pancreas were 

extracted, weighed using an analytical balance, and promptly rinsed with a sodium 

chloride buffer (0.9%) (Figure 4.4).  

 The Pancreatic Somatic Index (PSI) was calculated by multiplying the weight of 

each pancreas by 100 and dividing the result by the body weight measured directly 

before sacrifice. Subsequently, half of the organs were preserved in a 10% formaldehyde 

solution for histological examination, while the remaining half was frozen at -18 °C for 

lipid peroxidation analysis.  
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Figure 4.4 Experimental procedure. A) Rat under anesthesia, B) sacrifice 

instrument, C) sacrifice procedure, D) organ weight measurement 

4.3.5 Biochemical Assay  

4.3.5.1 Blood glucose level  

 The glucose level was measured using a colorimetric technique that employed an 

enzymatic method incorporating glucose oxidase and peroxidase following the method of 

Trinder (1969) (Figure 4.5). 

  Firstly, the blood was centrifugated for 10 min at 1500 rpm. The serum was 

collected in tubes, and the glucose level was determined using standard kits by a 

colorimetric technique. 
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  Using a micropipette, 10 µL of serum is dispensed into a test tube, followed by the 

addition of 1000 µL of reagent buffer 1, which contains p-hydroxybenzoic acid, glucose 

oxidase, peroxidase, and 4-aminoantipyrine. Additionally, 10 µL of reagent buffer 2 

(glucose standard solution) is introduced into another tube (standard) along with 1000 

µL of reagent buffer 1. In a separate tube (blank), 1 mL of distilled water is added. The 

three tubes are then placed in a water bath at 37 °C for 10 min, resulting in the 

observation of a pink color. Subsequently, the absorbance measured at 505-510 nm 

against the blank (Ref. 05269397001, 2010). 

The concentration of glucose level (g/L) is calculated as follows:  

𝐶 (
𝑔

𝐿
) =  

𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
× 𝐶𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑………………………………….(III) 

Where: A sample is the absorbance of the sample, C standard is 100 g/L of D-glucose 

containing in standard, A standard is the absorbance of  100 g/L of D-glucose of the 

standard detected against the blank. 

 

Figure 4.5 Glucose assay reactions (created using BioRender)  

4.3.5.2  Amylase level  

  Alpha-amylase was measured using a colorimetric technique involving an 

enzymatic reaction that hydrolyzes 4,6-ethylidene- (G7)-p-nitrophenyl-(G1)-α-D-

maltoheptaoside (EPS-G7) into ethylidene-glucoside and glucose(7-X)-p-nitrophenol 
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(G(7-X)-pNP). This product (G(7-X)-pNP) is further hydrolyzed into glucose and pNP, 

forming a yellow product that is quantified at 405 nm(Zafer et al., 2021) (Figure 4.6). 

 

Figure 4.6 α-amylase assay reactions (created using BioRender) 

  Using a micropipette, 50 µL of serum is dispensed into a test tube, followed by the 

addition of 100 µL of amylase assay buffer, which contains 50% of EPS-G7, and 50% of 

α-glucosidase. Additionally, 50 µL of standard solution is introduced into another tube 

(standard) along with 100 µL of amylase assay buffer. In a separate tube (positive 

control), 50 µL of amylase positive control is added with 100 µL of amylase assay buffer. 

Subsequently, the absorbance is directly measured at 405 nm (Ref. 05269397001, 2010), 

and an incubation of 10 minutes is conducted, followed by a remeasurement of the 

absorbance at various time intervals. Each 1 unit represents the quantity of amylase 

required to hydrolyze EPS-G7 to produce 1 µmol of pNP per minute.    

 

 α-amylase activity (U/mL) is calculated as follows: 

α − amylase activity (𝑈
𝑚𝐿⁄ ) =  

𝐶

∆𝑇 ×𝑉
……………….(IV) 
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Where: C is the concentration of nitrophenol(nmol) produced by α-amylase during 

incubation time (10 min), ΔT is incubation time (10 min), and V is the volume of samples 

(ml). 

4.3.5.3 Lipase level  

  Lipase level was measured using a colorimetric technique that involves an 

enzymatic reaction that cleaves 1,2-O-dilaurylrac-glycero-3-glutaric acid-(6'methyl-

resorufin)-ester (glycerol-derived compound) into 1,2-O-dilauryl-rac-glycerol and 

glutaric acid-6'-methylresorufinester in the presence of emulsifies. These products 

further decompose to form glutaric acid and methylresorufin, forming a bluish-purple 

product that is quantified at 570-580 nm (Panteghini et al., 2001) (Figure 4.7). 

 

Figure 4.7 Lipase assay reactions (Rocha et al., 2023)  

  Using a micropipette, 10 µL of serum is dispensed into a test tube. Then, 1000 µL 

of reagent buffer 1, which contains the substrate and the emulsifies. Additionally, 10 

µL of standard solution is introduced into another tube (standard) along with 1000 µL 

of reagent buffer 1. In a separate tube (blank), 10 µL of distilled water is added with 

1000 µL of reagent buffer 1. The three tubes are then placed in a water bath at 37 °C 

for 5-10 min. After the time spent out, 600 µl of stop solution is added and the 
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absorbance is measured directly at 570-580 nm (Ref. 05269397001, 2010) against the 

blank. One unit represents the quantity of lipase enzyme that formed 1 µmol/min of 

methylresorufin.  

 The concentration of lipase level (mU/mL) is calculated as follows:  

𝑙𝑖𝑝𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝛥𝑠𝑎𝑚𝑝𝑙𝑒

𝛥𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
× 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑐𝑡𝑖𝑐𝑖𝑡𝑦……………(V) 

Where: Δ sample represents the absorbance of samples per unit of time, Δ standard represents 

the absorbance of a standard used per unit of time, and standard activity represents 

the activity of the standard used calculated from the standard curve. 

4.3.5.4 Malondialdehyde (MDA) measurement    

  MDA level in the pancreatic tissue was determined following the methods of 

Nagasawa et al. (2001) and Kebièche et al. (2011). The approach involves measuring 

the product (MDA-TBA2 adduct) formed by the reaction between malondialdehyde 

(MDA), the final product of lipid peroxidation in cells, and 2 molecules of thiobarbituric 

acid (TBA) (Figure 4.8). MDA-TBA2 adduct is a pink chromophore that is quantified 

at 532 nm.   

 

Figure 4.8 MDA and TBA reaction (Jablan, 2016) 

  The homogenate of pancreatic tissue was prepared by blending 1 g of tissue with 

3 ml of potassium chloride solution (1.15 M). Subsequently, 0.5 mL the homogenate was 

combined with 0.5 mL of trichloroacetic acid (20%) and 1mL of thiobarbituric acid 

(0.67%). The resulting mixture was then heated for 15 minutes at 100°C, and 4 mL of 
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n-butanol was added. Following centrifugation for 15 minutes at 3000 rpm, the 

absorbance of the 1 mL of the supernatant at 532 nm was determined (Figure 4.9). 

 MDA concentration (nmol/mL) is calculated as follows:  

𝐶
𝑀𝐷𝐴 =

𝑂𝐷

ɛ

……………(VI) 

Where: OD: optical density of samples subtracted from the blank at 532 nm, ɛ: 

extinction coefficient (156,000 M–1 cm–1).  

 

Figure 4.9 MDA quantification procedure (created by BioRender) 

4.3.6 Histological Evaluation & Scoring  

4.3.6.1 Histological evaluation 

  In the current study, pancreatic tissue was fixed in a 10% formaldehyde solution 

for 48h. Then, it was embedded in paraffin using a Leica TP1020 automatic Benchtop 
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(Figure 4.10) tissue processor as described in (Table 4.1). Subsequently, re-embedded 

manually in paraffin was using Histo-Line TEC2900 embedding center (Figure 4.10). 

After the hardening of blocks, it was sectioned into 3-4 µm slices using Histo-Line 

manual rotatory microtome (Figure 4.10). Sections were placed onto warm water at 

45°C affixed onto AmScope microscope slides and left to dry. Furthermore, the slides 

underwent staining using Hematoxylin and Eosin (H&E) stains by Leica ST4040 linear 

staining system (Figure 4.10) as described in (Table 4.2). Finally, microscope slides 

were mounted using DPX mountant under cover glass (Figure 4.11).      

Table 4.1 Embedding process 

Step Solution Time 

1 Ethanol (70%) 1h 

2 Ethanol (90%) 1h 

3 Ethanol (100%) 1h 

4 Ethanol (100%) 1h 30min 

5 Ethanol (100%) 1h 30min 

6 Xylene 1h 

7 Xylene 1h 

8 Paraffin wax 1h 

9 Paraffin wax 2h 

10 Paraffin wax 2h 
 

Table 4.2 Staining process 

Step Solution Time 

1 Ethanol (80%) 2 min 

2 Running water 3 min 

3 
Harris’s 

hematoxylin 
5 min 

4 Running water 3 min 

5 Ethanol (70%) 2 min 

6 Ethanol (95%) 2 min 

7 
Orange G-

solution 
5 min 

8 Ethanol (95%) 1 min 

9 EA-50 5 min 

10 Ethanol (95%) 1 min 

11 Ethanol (100%) 1 min 

12 Xylene 3 min 
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Figure 4.10 Instrumentation for Histological Processing. A) Leica TP1020 automatic 

Benchtop, B) Histo-Line TEC2900 embedding center, C) Histo-Line manually rotatory 

microtome, D) Leica ST4040 linear staining system 

 

Figure 4.11 Histology process (created by BioRender) 
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4.3.6.2 Histological scoring  

  In the present study, pancreatic histological scoring was conducted as previously 

described by Dembiński et al. (2006). After (H&E) staining, eight microscope slides 

per rat underwent an examination to assess histopathological features (i.e., edema, 

inflammatory infiltration, and vacuolization), utilizing an ordinal scale ranging from 0 

to 3 to grade severity levels (Table 4.3). Blinding procedures were strictly adhered to 

by assigning codes to all slides. The evaluation was initially performed by one 

pathologist and subsequently validated by another, ensuring thorough verification.    

Table 4.3 Histological score based on Dembiński et al. (2006) 

Histological 

feature 
Score Description 

Edema 

0 Absent 

1 Presence of interlobular edema 

2 
Presence of interlobular with moderate intralobular 

edema 

3 Interlobular with severe intralobular edema 

Inflammatory 

infiltration 

0 Absent 

1 Presence of scarce perivascular infiltration 

2 
Presence of moderate perivascular and scarce diffuse 

infiltration 

3 Presence of abundant diffuse infiltration 

Vacuolization 

0 Absent 

1 Presence of 25% of vacuolated acinar cells 

2 Presence of 25-50% of vacuolated acinar cells 

3 Presence of <50% of vacuolated acinar cells 
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4.4 In-vitro procedures  

4.4.1 Cell line used 

  To investigate the effect of ACE and/or CARN on the exocrine pancreas using in-

vitro techniques, the AR42J cell line was used in this study. It was acquired from the 

university of Extremadura, service of applied techniques, Badajoz, Spain, and stored at 

-90°C until needed. 

4.4.2 Preparation of cell culture  

  Firstly, the cells were rapidly defrizzed under running water. Under a biological 

safety cabinet Telstar EN12469, 3 mL of the supplemented RPMI-1640 medium was 

added (cf. Appendix). The tube was centrifuged (Eppendorf Centrifuge 5430 R) for 5 

min at 2000 rpm (23°C). subsequently, the supernatant was removed, and the cell pellet 

was recovered in a new conical tube with 12 mL of the supplemented RPMI-1640 

medium. Finally, using an electronic pipette, the cell suspension was suspended in a 

cell culture flask and incubated in an incubator (New Brunswick Galaxy 170 S, USA) 

with 5% CO2 at 37°C (Figure 4.12).      

 

Figure 4.12 Cell culturing process (created by BioRender) 
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4.4.3 Cell viability assay 

 In the current study, the commercial cell viability assay Alamar Blue® was used to 

determine the effect of ACE and/or CARN on pancreatic AR42J cell proliferation 

following the method of O’Brien et al. (2000). 

4.4.3.1 Cell counting and seeding  

  Cell counting is a preliminary step in determining cell concentrations before 

seeding the cells for a cell viability assay. Trypan blue was used for this procedure 

(Strober, 2001). In aseptic conditions, 2 mL of cell media was removed (transferred to 

a new tube), and 2 mL of trypsin solution (0.25% in PBS) was added to initiate 

trypsinization. After 5 min of incubation, the 2 mL of original media was reintroduced 

to the cell suspension, and the entire mixture was transferred to a new conical tube for 

centrifugation at 3000 rpm for 5 min. The resulting cell pellet was resuspended in 12 

mL of fresh RPMI-1460 medium (Figure 4.13). In an Eppendorf tube, 10 µL of cell 

suspension was mixed with 40 µL of trypan blue solution (0.4%). Subsequently, the 

mixture was gently drawn into a glass hemocytometer (BLAUBRAND®, Germany) 

(Figure 4.14), and under a microscope NIKON ECLISPE (NIKON instruments, USA) 

equipped with a 10X objective, viable cells were counted within the grid lines (Figure 

4.14).   

Cell concentration was calculated as follows:  

𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑐𝑒𝑙𝑙

𝑚𝑙
) =  

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 𝑝𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒

4
 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 104…….(VII) 

Where: 4 is the number of squares, the dilution factor is 5, and 104 is to convert 0.1 mm3 

to 1 mL.  
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Figure 4.13 Cell counting process using Trypan blue (created by BioRender) 
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Figure 4.14 Cell counting. A) hemocytometer, B) Viable cells under a microscope 

(10X) 

4.4.3.2 Alamar Blue® assay 

  The commercial cell viability assay Alamar Blue® operates on the principle of 

resazurin reduction (O’Brien et al., 2000).  

  In a 96-well plate, cells were seeded at a density of 5000 cells per well in 100 µL 

of medium and incubated at 37°C, 95% humidity, and 5% of CO2 for 24 hours. 

Subsequently, the ACE stock solution was dissolved in the RPMI-1640 medium, and 

various dilutions were prepared with fresh medium to achieve the desired 

concentrations (from 0.1 µM to 10 mM of ACE). For the ACE/CARN combination, cells 

were pretreated with 50 µL of 10 mM CARN for 5 min before adding the ACE solution. 

2 µl of Staurosporine (2 µM) was used as positive control. The plates were then further 

incubated for 24, 48, and 72 hours.   

  After 24 hours, 20 µL of Alamar Blue was added to each well. The plate was then 

incubated for 4 hours in the incubator (Figure 4.15), following which the fluorescence 
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was measured with excitation at a wavelength of 560 nm and emission at 590 nm (RF-

6000 Spectro-fluorophotometer, Shimadzu, USA).      

 Cell viability (%) was calculated as follows:  

𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 (%) =  
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑝𝑚𝑙𝑒−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑙𝑎𝑛𝑘

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑙𝑎𝑛𝑘
 × 100……..(VIII) 

 

Figure 4.15 AR42J cells stimulated with ACE and/or CARN in 96 wells plate 

4.4.4 Proteins quantification by Western blotting  

  In the present study, the focus was on three MAPKs pathways (Figure 4.16). The 

phosphorylation form of P44/42, p38, and JNK proteins was quantified to assess the 

effect of ACE and CARN on the intracellular signaling pathways of AR42J cells. β-actin 

was used as a loading control. Therefore, Western blotting techniques were used to 

quantify proteins (Towbin et al., 1979).    
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Figure 4.16 MAPKs signaling by ERK, JNK, and p38 pathways (Pua et al., 2022) 

4.4.4.1 Cell stimulation   

  AR42J cells were detached, counted, and seeded at a density of 105 cells per well 

in 100 µL of medium in a 6-well plate, as previously described. Subsequently, the plate 

was incubated at 37°C, 95% humidity, and 5% CO2 for 24 hours. Following this 

incubation period, the cells were stimulated with ACE solution (from 0.5, 1, 2, and 3 

mM) alone or combined with 10 mM of CARN, and subsequently incubated for 1h 

(Figure 4.17).    
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Figure 4.17 ACE and CARN stimulation cells in 6 wells plate (created by BioRender) 

4.4.4.2 Cell lysis   

  In this study, cell lysis was performed using both chemical and physical methods. 

The chemical method entailed the utilization of cell lysis buffer. Whereas the physical 

approach entailed the use of sonication.  

  The medium was aspirated on ice using an aspirator (AFT 1 aspirator, Biosan, 

Lativia), and the wells were quickly washed three times with 1 mL of cold PBS. Then, 

50 µL of lysis buffer (cf. Appendix) was added to each well and the cells were gently 

scraped using a scraper. The lysates were subsequently collected in Eppendorf tubes 

and placed on ice. Next, the tubes were sonicated for 1 minute using a sonicator 

(SONOplus sonicator, BANDELIN, Germany). After sonication, the tubes were 

incubated for 15 minutes and then centrifuged at 14,000 rpm for 15 minutes at 4°C. 

Following centrifugation, the supernatants were carefully collected in new Eppendorf 

tubes. A dilution of 1:10 (5 µL of sample + 45 µL of MilliQ water) was prepared in new 

Eppendorf tubes and stored at -20°C until use.         

4.4.4.3 Total protein quantification   

  The determination of protein concentration is carried out using the colorimetric 

Bradford method (Bradford, 1976). This technique allows the calculation of proteins 

concentration in a sample based on the formation of a complex between the brilliant 
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blue dye Coomassie G250 and the proteins in solution. This complex is then compared 

to a standard curve established by the reaction of known quantities of a standard 

protein, typically bovine serum albumin (BSA).  

  To perform the assay, BSA standard tubes are thawed, and 5 µL of lysis buffer 

and 5 µL of MilliQ H2O are added. The blank was prepared by mixing 45 µL of MilliQ 

H2O with 5 µL of lysis buffer. Subsequently, the tubes were subjected to centrifugation, 

to bring all the contents to the bottom. Afterwards, the tubes of 1:10 dilution were 

thawed, and Bradford solution was prepared (80 mL of MilliQ H2O with 20 mL of 

Bradford stock solution). 10 µL of each solution (standards, blank, and the samples) 

was added to a 96-well plate as depicted in Figure 4.18. Using an electronic pipette, 

190 µL of Bradford solution was added to each well, and the absorbance was measured 

at 595 nm using a micro-plate reader (CLARIO star Plus, BMG LABTECH, Germany).    

 

Figure 4.18 96 wells plate filled with standards, blank, and samples (created by 

BioRender) 

The concentration of proteins was calculated using the following equation:  

𝑌 = 𝑎𝑋 + 𝑏…………..(IX) 
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Where: Y is the absorbance at 595 nm, X is the protein concentration, a= 0.0008, and 

b= 0.0289 calculated using the standard curve (Figure 4.19).  

 

Figure 4.19 Standard curve of concentration (µg/mL) versus absorbance 

4.4.4.4 Electrophoresis    

  The separation of total proteins was conducted using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970). This approach 

includes denaturing the proteins prior to electrophoresis. 

  Initially, the samples were diluted with lysis buffer to attain a total protein 

concentration of 12 µg/ml. The volume of lysis buffer to add was calculated by the 

difference between the volume of the most diluted sample and the volume of each 

sample. 

 The loading buffer was prepared by combining 100 µL of β-mercaptoethanol with 

900 µL of Laemmli buffer. Subsequently, this buffer was added to the samples and 

stored at -20°C until needed.  The following calculation is used to determine the 

required volume of loading buffer:  

Loading buffer volume (µL) = Target protein amount (µg) x Final volume in 

well/Sample protein amount ………………..(X) 
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 On the day of electrophoresis, the glass plate containing the polyacrylamide gels was 

placed into the electrophoresis chamber and filled with the running buffer (cf. 

Appendix). The sample tubes were subjected to heating at 70°C for duration of 10 

minutes, vortexed, and carefully loaded into the wells of the gel. The first and the last 

wells were loaded with 2 µL of the molecular weight marker. The electrophoresis was 

initially run at 90 V, and when the samples reached 2 cm from the wells, the voltage 

was increased to 110 V. Finally, the electrophoresis was stopped when the samples 

(blue front) reached the end (Figure 4.20).   

 

Figure 4.20 SDS-PAGE process 

4.4.4.5 Blotting    

  At the end of the electrophoresis, the glass plates were carefully removed, and the 

gels were transferred to a container containing transfer buffer 1X (cf. Appendix) and 

allowed to equilibrate for a few minutes. The sandwich was then assembled in the 

following order: sponge, followed by 3 Whatman papers, then the nitrocellulose 

membrane, the gel, another 3 Whatman papers, and finally another sponge. The 

assembled transfer sandwiches were placed in the cassettes, and the cassettes were 

placed in the transfer tank. The transfer tank was filled with cooled transfer buffer 1X, 
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and placed in a container filled with ice, and the transfer was performed at 100 V for 1 

h and 30 min at 4°C (Figure 4.21).  

 

Figure 4.21 Blotting process. A) instrument used, B) transfer tank on ice 

4.4.4.6 Blocking and antibody incubation   

 After the end of the blotting process, the membranes were placed in small boxes for 

Ponceau staining. The objective of this method is to confirm that the lanes have been 

accurately transferred from the gel to the nitrocellulose membrane. 3 mL of Ponceau 

solution was added to each membrane, and they were gently agitated until the lanes 

became visible (Figure 4.22). Following this, photographs were taken (by G: Box Chemi 

XX6/XX9, Syngene) using the Ponceau reader through the GeneSys software after the 

membranes were washed three times with distilled water.   
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Figure 4.22 Nitrocellulose membrane with visible lanes by ponceau solution 

  The membranes were then washed 3 times with the 10 mL blocking solution (cf. 

Appendix) for 10 min each time and then incubated with 10 mL of block solution for 1 

h at room temperature with gentle agitation. Once blocking was complete, the 

membranes were washed with 10 mL of TBST 1X (3 times) to remove any traces of milk 

and prevent antibody contamination (Figure 4.23). To improve the performance of 

Western Blot, the membranes were cut using a scalpel and ruler to separate them into 

different fragments and isolate proteins of interest based on their molecular weight. 



Chapter 4: Materials and Methods 

 
 

79 | P a g e  

 

 

Figure 4.23 Membrane wash with TBST solution 

  After the blocking, the membranes were incubated with the first antibody solution 

(for p-p38 (1:1000 dilution), p-JNK (1:1000 dilution), and p-P-44/42 (1:2000 dilution) 

proteins detection in gentle agitation for 24 h at 4°C (Figure 4.24). After the first 

incubation, the membranes were recuperated in small boxes and washed twice with 10 

mL of blocking solution with rapid agitation. Finally, the membranes were incubated 

with the appropriate IgG-HRP conjugated secondary antibody at a 1:5000 dilution in 

blocking solution (2 µL of antibody with 10 mL of blocking solution) for 1 h at room 

temperature with gentle agitation. The membranes were then washed with 10 ml 

blocking solution for the first time and twice with 10 ml TBST 1X solution, also under 

rapid agitation and for 10 minutes each.   

  For the loading control, and after the blocking, the membranes were incubated 

with β-actin solution (1:50000 dilution) in gentle agitation for 24 h at 4°C. 

Subsequently, the membranes were washed with 10 mL of blocking solution for 10 min 

at rapid agitation and then twice with 10 mL of TBST 1X solution with rapid agitation 

for 10 min each.      
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Figure 4.24 Membrane incubation with 1st antibody 

  The proteins were detected using the chemiluminescent detector SuperSignal™ 

West Femto by adding 200 µL of it to the specific area of the protein interest and then 

the signal was detected by the G: Box Chemi XX6/XX9, Syngene equipment using 

GeneSys software. The detected intensity bands were quantified using the ImageJ 

program.    

 The protein amount (%) was calculated as follows:  

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑏𝑎𝑛𝑑𝑠 (%) 

=  
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓  𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑝𝑟𝑜𝑡𝑖𝑒𝑛𝑠 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙⁄ × 100……….(XI) 

4.4.5 Measurement of intracellular free-calcium concentration   

 Intracellular free calcium concentration was measured using the calcium-

sensitive fluorescent probe Fura-2/AM (Figure 4.25), following the method of 

Grynkiewicz et al. (1985). When exposed to ultraviolet light, the compound becomes 

activated, and its highest absorption point changes from 380 nm when there's no 

calcium present to 340 nm when calcium is bound to it. In both scenarios, the maximum 

emission intensity is observed at a wavelength of 510 nm (Figure 4.26). Fura-2 exhibits 
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a notable binding affinity for calcium, which is commensurate with the calcium levels 

observed in resting conditions (Barreto-Chang & Dolmetsch, 2009).  

 

Figure 4. 25 Fura 2/AM chemical composition (de Melo Reis et al., 2020)  

 

Figure 4.26 The fluorescence excitation spectra of Fura-2 were recorded at various 

calcium concentrations (Burger & Diehl, 2013) 

  Firstly, the cells were detached and counted as previously described. The cells 

were seeded at a density of 100,000 cells per dish in a 35 x 15 mm petri dish containing 

a sterilized coverslip with a diameter of 16 mm. The dishes were then incubated for 72 

hours in the incubator. After incubation, 1.5 µL of dexamethasone (10-4) was added to 
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the cells and they were incubated for 24 hours. Subsequently, Fura-2/AM was added to 

the cells at a concentration of 4 µM (4 µL/mL) and incubated for 40 minutes in obscurity 

(Figure 4.27).        

 

Figure 4.27 AR42J cells for calcium detection. A) Incubation of cells in a petri dish, 

B) Incubation of cells with Fura-2 

 The medium was then removed, and the cells were suspended in Na-Hepes 

solution 1X (cf. Appendix). The coverslip was then mounted into an experimental 

perfusion chamber positioned on an epifluorescence inverted microscope (RF-5001-PC; 

Shimadzu, Kyoto, Japan) (Figure 4.28). The experiment began with a 40-second wash 

of cells using Na-Hepes solution 1X, followed by another 40-second wash with Na-Hepes 

solution without Ca2+. Subsequently, the cells were treated with 1 mM of ACE or 1 µM 

of Thapsigargin (Tps) in Ha-Hepes solution 1X without Ca2+ for 5 minutes. Fluorescence 

excitation at wavelengths of 340 nm and 380 nm was employed to stimulate the cells 

using a monochromator (Polychrome IV, Photonics, Hamamatsu, Japan), while 

fluorescence emission at 505 nm was detected using an ORCA Flash 4.0 V2 digital 

CMOS camera (Hamamatsu Photonics-France, Barcelona, Spain) and recorded using 

dedicated software (HCImage from Hamamatsu Corp., Sewickley, PA, USA).      

 The results are presented as the ratio of fluorescence emitted when excited at 340 

nm and 380 nm, adjusted to the baseline fluorescence level. To facilitate a comparative 

analysis of the responses, the average peak of the intracellular calcium concentration 

was determined. This calculated response, determined as the maximum value attained 

following cell stimulation with ACE. Furthermore, the overall calcium mobilization was 
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determined by calculating the integral of the increase in [Ca2+]i relative to baseline 

values over a 5-min period after cell stimulation with ACE. All fluorescence readings 

were taken from regions identified as individual cells. 

 

Figure 4.28 Perfusion chamber and the epifluorescence inverted microscope used in 

this study 

4.4.6 Measurement of trypsin secretion   

  The current study aimed to assess trypsin secretion in the exocrine pancreas 

following treatment with ACE and/or CARN by measuring its levels in AR42J cells 

following the method of Tapia et al. (1997).     



Chapter 4: Materials and Methods 

 
 

84 | P a g e  

 

  The assay involves the conversion of trypsinogen secreted by AR42J cells to 

trypsin by enterokinase. Subsequently, the former trypsin hydrolyzes BAPNA to 

generate 4-nitroaniline, which is then detected at a wavelength of 405 nm. The color 

intensity is directly proportional to the concentration of p-NA, allowing for accurate 

quantification of trypsin activity. Trypsin secretion was quantified using a calibration 

curve established with known concentrations of trypsin, and the results are expressed 

in units of trypsin (UT).  

   The cells were detached and counted as previously described. Then, they were 

seeded in a 24-well plate at a density of 40000 cells/well and allowed to incubate for 

72h. After the first incubation, the cells were differentiated by adding 1.8 µL of 

dexamethasone (10-4 M) and incubated for 24h. Then, the cells were stimulated with 1 

µL of cholecystokinin (CCK) at 0.15 M, ACE at 1 mM in RPMI medium (5 min before), 

and CARN at 10 mM in RPMI medium (5 min before) (Figure 4.29). The cells were 

then incubated for 1 h.  

 The enterokinase and BAPNA solutions were prepared by first combining 1.8 mL 

of CaCl2 (1M) with 1.8 mL of Trizma Base solution (0.1 M). This mixture was then 

augmented with 120 µL of enterokinase and 9 µL of BAPNA.  For the preparation of 

the standard curve, a known trypsin solution (10 U/µL) was utilized to prepare different 

concentrations ranging from 0 to 50 through dilution with Na-Hepes solution 1X.  

 In a 96-well plate, 25 µL each of the BAPNA and enterokinase solutions were 

combined and incubated for 10 min. Subsequently, 150 µL of each sample was added. 

The absorbances at 405 nm were then measured every 5 min over a period of 60 min 

using a microplate reader (CLARIO Star Plus, BMG LABTECH, Germany). The results 

were expressed as a unit of trypsin secreted by cells.             
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Figure 4.29 AR42J cells with different stimuli in 24 wells plate (created with 

BioRender) 

4.5 Statistical analysis  

  All statistical analyses for this study were performed using Prism version 8.0.2 

for Windows (GraphPad Software, La Jolla, California, USA). The normal distribution 

of the data was verified using the Shapiro-Wilk test and the assumption of equal 

variance was verified using Levene's test. The Statistical differences between groups 

were estimated by one-way analysis of variance (ANOVA) and Tukey's multiple 

comparisons, while the tests and statistical differences between individual treatments 

were estimated by Student's t-test. The statistical significance level for significant 

findings was determined as P ≤ 0.05 and data were presented as mean values ± SD. 

 The results were considered to be significant (*) if the P value fell within the range 

of 0.01 to 0.05, highly significant (**) if it ranged from 0.01 to 0.001, and extremely 

significant (***) (***) if the P value was between 0.001 to 0.0001, respectively. 
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CHAPTER 5 

RESULTS

5.1 In-vivo study  

5.1.1 Clinical signs of toxicity  

During this experimentation, noticeable clinical signs of ACE toxicity were observed 

following ACE administration. The evident symptoms included piloerection, which was 

displayed by the erection of fur; plowing manifested as nose plowing through the cage 

bedding; and increased salivation after dosing. Challenges during handling and dosing, 

trembling, and hair loss were also reported. These clinical signs were consistently 

observed in both groups treated with ACE (III and IV). In contrast, no similar toxicity 

signs were detected in the groups treated with CARN (II, V, and VI).  

5.1.2 Body weight and PSI 

The body weight of each animal was measured before sacrifice to calculate PSI. The 

variations in body weight (g) between the different groups studied are illustrated in 

Figure 5.1. The body weight of all treated groups (groups III, V, IV, and VI) was 

extremely decreased compared to the control group (I) (p < 0.0001). In the groups 

treated with both ACE and CARN (V and VI), it was noted that CARN did not 

significantly prevent body loss compared to those receiving ACE treatment alone (III 

and V).   
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Figure 5.1 The effect of ACE and CARN doses on body weight in experimental groups 

compared to a control group (**p < 0.01, ***p < 0.001, and ****p < 0.0001)  

 

 

Figure 5.2 represents the PSI (%) of the different groups used. Both doses of ACE 

(groups III and IV) exerted an extremely significant decrease in PSI compared to the 

control (group I) with p < 0.001. In contrast, the groups treated with both ACE and 

CARN (groups V and VI) showed an insignificant decrease in PSI compared to the 

control (p > 0.06). This indicates that CARN may have a preventative effect against the 

decrease in PSI caused by the two doses of ACE, especially when the prevention of 

CARN was highly significant between the lowest dose of ACE alone (IV) alone compared 

to the same dose of ACE with CARN administration (VI) (p < 0.001).   
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Figure 5.2 Pancreatic somatic index (PSI) of male Wistar rats after ACE and 

CARN administration **p value < 0.01, and ***p value < 0.001 

5.1.3 Biochemical dosage 

The effect of subacute ACE toxicity on exocrine pancreatic secretion was assessed. 

Amylase, lipase, and blood glucose levels were measured. In addition, the preventive 

effect of CARN administration against ACE toxicity was examined. Indeed, no 

significant changes were observed between the CARN and the control group (I vs. II) 

across all the biochemical analyses.    

5.1.3.1 Blood glucose level 

The blood glucose level (g/L) of all groups is represented in Figure 5.3. The highest 

dose of ACE, whether administered alone or with CARN (groups III and V), 

significantly increased blood glucose levels compared to groups (I and II) (p ≤ 0.001). 

Conversely, the lowest dose of ACE, either alone or with CARN, caused an insignificant 

increase in blood glucose level (p = 0.06). Furthermore, CARN administration slightly 

reduced blood glucose levels in the groups treated with both ACE and CARN compared 

to those treated with ACE alone. This observation suggests that CARN may have a 

preventative role against ACE-induced hyperglycemia.       
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Figure 5.3 Blood glycose level (g/L) in treated male Wistar rat with ACE and/or 

CARN 

**p < 0.001 as a significant difference in comparison to the control group and 

between groups. 

5.1.3.2 Amylase level 

The amylase level (U/mL) of all groups is shown in Figure 5.4. Both the highest and 

the lowest dose of ACE, administered either alone or with CARN (groups III, V, IV, and 

VI), affected an extremely significant decrease in amylase levels (p ≤ 0.001), with the 

greatest reduction observed in HD+ACE group (p ≤ 0.0001) compared to control. 

Simultaneously, the HD+CARN group (V) showed a significant increase in amylase 

levels compared to the HD group (III) (p < 0.001). This suggests that CARN may have 

a preventative effect against the ACE-induced reduction in amylase levels.   
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Figure 5.4 Serum amylase levels (U/mL) in response to ACE and CARN 

treatments 

**p < 0.001, ****p < 0.0001 as a significant difference in comparison to the control 

group and between groups. 

5.1.3.3 Lipase level 

Figure 5.5 illustrates the lipase levels (mU/mL) across all groups. Both the highest 

and the lowest dose of ACE, administered either alone or with CARN (groups III, V, IV, 

and VI), caused an extremely significant increase in lipase levels (p ≤ 0.0001) compared 

to Group I (control). Simultaneously, a significant decrease in lipase levels of ACE + 

CARN groups (V and VI) was observed compared to ACE groups (III and IV) (p < 0.05). 

This indicates that CARN may exert a preventative role in mitigating the ACE-induced 

increase in lipase levels. 
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Figure 5.5 Serum lipase level (mU/mL) in response to ACE and CARN treatments 

*p < 0.05, ***p < 0.001, ****p < 0.0001 as significant difference in comparison to 

control group and between groups.  

5.1.3.4 MDA level in pancreatic tissue 

As shown in Figure 5.6, MDA levels significantly increased in the groups treated 

with HD, LD, and HD+CARN (Groups III, IV, and V) compared to the control group 

(Group I) (0.01 < p < 0.0001). Although the administration of CARN did not result in a 

statistically significant effect. However, it showed a noticeable trend toward preventing 

the increase in MDA levels in the ACE+CARN-treated groups compared to those 

treated with ACE alone. This observation implies that CARN may exert a preventive 

effect against the ACE-induced elevation of MDA levels in pancreatic tissue 

homogenates. 
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Figure 5.6 MDA level of pancreatic tissue homogenate (nmol/mL) 

*p < 0.01, **p < 0.001, ***p < 0.0001 as significant difference in comparison to 

control group. 

5.1.4 Histological evaluation and scoring 

Histopathological analysis of pancreatic sections was performed using hematoxylin 

and eosin (H&E) staining to ensure a detailed examination of the tissue. Both the 

control and CARN groups exhibited typical acinar cells and intact Langerhans islets 

(Figure 5.7).  

The histological scoring of pancreatic alterations induced by ACE administration is 

summarized in Table 5.1. 

The appearance of moderate interlobular and intralobular edema (score 2) was 

extremely significant in the highest dose of ACE (III) (p < 0.0001). Additionally, 

interlobular edema (score 1) was extremely significant in the HD+CARN, LD, and 

LD+CARN groups (Groups IV, V, and VI, respectively) when compared to the control 

(p < 0.0001). 

Furthermore, moderate perivascular and slightly diffuse infiltration (score 2) was 

observed to be extremely significant in the highest dose of the ACE group (Group III) 
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(p < 0.0001).  In contrast, scarce perivascular infiltration (score 1) was significant in the 

HD+CARN group (p < 0.01) but insignificant in the LD and LD+CARN groups 

compared to the control.   

The presence of less than 25% of vacuolated acinar cells was highly significant in the 

groups treated with the highest dose of ACE alone or with CARN (Groups III and V) (p 

< 0.001 and p < 0.01, respectively), While this observation was insignificant in the 

groups treated with the lowest dose of ACE alone or with CARN (Groups IV and VI) (p 

> 0.06).    

 

Table 5.1 Histological scoring of pancreatic damage of male Wistar rats treated with 

ACE alone or with CARN for consecutive 30 days 

Group Edema Inflammatory infiltration Vacuolization 

Control 0 ± 0 0.1 ± 0 0 ± 0 

CARN 0.1 ± 0 0 ± 0 0 ± 0 

HD 1.79 ± 0.23 c 1.89 ± 0.35 c 1.35 ± 0.38 b 

HD+CARN 1.36 ± 0.22 c 1.11 ± 0.26 a 0.90 ± 0.24 a 

LD 1.21 ± 0.24 c 0.85 ± 0.25 0.65 ± 0.19 

LD+CARN 0.89 ± 0.18 c 0.78 ± 0.22 0.55 ± 0.15 

ap value < 0.01, bp value < 0.001, cp value < 0.0001 as a significant difference in comparison to 

the control group. 

 

Subsequently, several histological lesions were observed in the group that received 

the highest dose of ACE (Group III).  These included the following: hyperplasia, 

hypertrophy, and atrophy of acinar cells and a reduction in the number of Langerhans 

islets, and zymogen granules (Figure 5.8).  
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Figure 5.7 Histological findings of pancreatic tissue stained with hematoxylin-

eosin (X 100). A) Normal pancreatic tissue displaying an intralobular pancreatic duct 

(star), along with acini and endocrine islets (arrows). B) pancreatic tissue showing 

interlobular (arrow) and intralobular (arrowhead) edema. C) Vacuolization of acinar 

cells. D) lobular atrophy with a decrease in the number of zymogene granules in 

treated groups with ACE. 
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Figure 5.8 Histological alterations observed in the group treated  with the highest 

dose of ACE (H&E staining, X100, X400). (A) Canal dilatation (arrow). (B) Vascular 

congestion (arrows). C) Acinar cells hyperplasia. (D) Focus of atrophied acinar cells 

with increased basophilia. (E) Peripancreatic lymphadenopathy with vascular 

congestion(arrows). (F) Inflammatory infiltration in pancreatic parenchyma (arrow). 
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5.2 In-Vitro study 

5.2.1 Cell culture  

After incubation, AR42J cells were used for experiments upon reaching 60-70 % 

confluency every 5-6 days (Figure 5.9). Differentiation into the exocrine phenotype was 

performed using dexamethasone 24 h before measurement of free-calcium 

concentrations and trypsin secretion (Figure 5.10). 

 

Figure 5.9 AR42J cells at desired confluence 

 

 

Figure 5.10 Exocrine phenotype of AR42J cells treated with dexamethasone 
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5.2.2 Cell viability  

To investigate the effect of ACE and CARN on the viability of AR42J cells, a kinetic 

analysis was performed involving various concentrations. Staurosporine (stauro) at 2 

µM served as a positive control to induce apoptosis in AR42J pancreatic cells. 

ACE concentrations ranging from 0.1 to 100 µM did not significantly affect AR42J 

cell viability at 24-, 48-, and 72-hours post-treatment. Notably, only the positive control 

treatment demonstrated significant effects (p < 0.05) compared to the non-stimulated 

cells (n.s.), as illustrated in Figure 5.11. 

 

Figure 5.11 AR42J cell viability via treatment with different concentrations of ACE 

*p < 0.05 as a significant difference in comparison to non-stimulated cells.  
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However, treatment with 50 mM of CARN induced cell death in AR42J cells after 24 

hours, whereas 10 mM of CARN did not cause any notable changes in cell viability at 

the same time points (Figure 5.12). 

 

Figure 5.12 AR42J cell viability after treatment with CARN  

 

Furthermore, ACE concentrations ranging from 0.5 to 2 mM exhibited an extremely 

significant increase in AR42J cell proliferation at 24-, 48-, and 72-hour post-treatments 

(0.05 < p < 0.001). Conversely, ACE at 4 -10 mM showed an extremely significant 

decrease in AR42J cell viability (p ≤ 0.001). While treatment with Stauro was 

significant (0.05 < p < 0.001) compared to the non-stimulated cells (n.s.), as illustrated 

in (Figure 5.13). 
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Figure 5.13 AR42J cell viability after ACE treatment with various concentrations 

*p < 0.05, **p < 0.001, ***0.001 <p< 0.0001 as significant difference in comparison to 

non-stimulated cells. 

 

Following these significant findings, further investigation was conducted into the 

cell viability of AR42J cells using a combination of ACE at 0.5-4 mM and 10 mM of 
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CARN treatment. The aim was to explore whether CARN could potentially mitigate the 

adverse effects of ACE. 

 

Figure 5.14 AR42J cell viability following combination treatment with ACE and 

CARN  

**p < 0.001, ***0.001 < p < 0.0001 as significant differences in comparison to non-

stimulated cells. 

 

The co-treatment of AR42J cells with ACE and CARN showed a comparable effect to 

ACE treatment alone after 24 hours. However, beyond the initial 24-hour period, CARN 
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reduced AR42J cell proliferation caused by ACE at concentrations ranging from 0.5 to 

2 mM, suggesting a preventive effect of CARN administration. Conversely, CARN did 

not mitigate the decrease in cell viability observed at concentrations of 3 and 4 mM 

which were extremely significant compared to non-stimulated cells (p < 0.001) (Figure 

5.14). 

5.2.3 Quantification of proteins by Western blotting  

To deeply understand the intracellular mechanisms involved in response to ACE and 

CARN administration in AR42J cells, we investigated the phosphorylated form of 

MAPKs pathways, namely p44/42, p38, and JNK. β-actin was used as a loading control. 

The phosphorylation of p44/42 was highly significant (p < 0.01) at 3 mM of ACE and 

in the presence of staurosporine. However, the combination of ACE with CARN across 

all tested concentrations (i.e., 0.5-3 mM) significantly showed a high decrease in p44/42 

phosphorylation in pncreatic AR42J cells compared to the non-stimulated cells (0.05<p 

< 0.01), as shown in Figure 5.15. 

Yet, ACE treatment at 2 and 3 mM significantly increased the phosphorylation form 

of p38, similar to staurosporine (0.05<p < 0.001), compared to the non-stimulated cells. 

In contrast, the combined treatment with ACE and CARN at 1-3 mM led to a highly 

significant decrease in the phosphorylated form of p38 (0.001<p < 0.0001), as depicted 

in Figure 5.16. 

On the other hand, the phosphorylated form of JNK was significantly increased in 

response to ACE treatment at 3 mM and staurosporine (p < 0.05), when compared to 

non-stimulated AR42J cells. The combination of ACE and CARN did not affect 

significant changes at all tested concentrations (Figure 5.17). 

 

 

 



Chapter 5: Results 

 
 

102 | P a g e  
 

 

Figure 5.15 Effect of ACE and/or CARN administration on the expression of the 

phosphorylated form of p44/42 

*p < 0.05, **p < 0.01, as significant difference in comparison to non-stimulated cells. 
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Figure 5.16 Effect of ACE and/or CARN administration on the expression of the 

phosphorylated form of p38 

*p < 0.05, **p < 0.01, ***p < 0.0001 as significant difference in comparison to non-

stimulated cells. 
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Figure 5.17 Effect of ACE and/or CARN administration on the expression of the 

phosphorylated form of JNK 

*p < 0.05 as a significant difference in comparison to non-stimulated cells. 

 

5.2.4 Calcium mobilization 

Since Ca2+ mobilization plays a crucial role in regulating the physiology of pancreatic 

cells, we aimed to investigate whether ACE influences [Ca2+] i in AR42J cells using Fura-

2/AM (Figure 5.18). 
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Figure 5.18 Fura-2/AM Fluorescence in AR42J Cells (20X) 

The initial assessment of calcium mobilization was conducted using two 

concentrations of ACE (1 mM and 4 mM). The stimulation with 1 mM ACE resulted in 

a transient increase in intracellular Ca²⁺ levels ([Ca²⁺]i , followed by stabilization at a 

level that was slightly elevated compared to the baseline (pre-stimulation), as 

demonstrated in (Figure 5.19A). However, the stimulation of the cells with 4 mM ACE 

provoked a significant release in [Ca2+]i (Figure 5.19.B), indicating that this 

concentration induced direct cell death.   
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Figure 5.19 Variations in [Ca2+]i levels in AR42J cells following exposure to ACE. A) 

changes in fura-2 ratio fluorescence in AR42J cells treated with 1 mM of ACE. B) 

changes in fura-2 ratio fluorescence in AR42J cells treated with 4 mM of ACE. 

 

Afterward, we examined the source of Ca2+ mobilization influenced by 1 mM of ACE. 

For this purpose, the cells were treated with ACE and Thapsigargin (Tps), a 

sarcoendoplasmic reticulum Ca2+ ATPase (SERCA) inhibitor, in a Ca²⁺ free medium. 

Similar to the earlier experiment, 1 mM of ACE induced an elevation in [Ca2+]i , which 

subsequently reverted to a consistent value above the initial (pre-stimulation) level 

(Figure 5.20.A). Stimulation with 1 µM of Tps alone, resulted in a marked elevation in 

[Ca2+]i by depleting functional Ca2+ stores (Figure 5.20.B). Following the addition of 1 

µM Tps after stimulation with 1 mM ACE, a transient and modest increase in 

intracellular Ca2+ levels ([Ca2+]i ) was observed, which subsequently declined to a 

steady level above the baseline (Figure 5.20.C). When cells were further treated with 

1 Mm ACE after the SERCA inhibitor, there was no additional Ca2+ mobilization 

(Figure 5.20.D). 

Furthermore, cumulative Ca2+ mobilization in response to ACE was significantly 

reduced in the absence of extracellular Ca²⁺ compared to its presence (P < 0.05), as 

shown in (Figure 5.21.A). Moreover, the cumulative Ca2+ mobilization in response to 

Tps alone or following ACE treatment indicated a significant difference, with greater 



Chapter 5: Results 

 
 

107 | P a g e  
 

mobilization observed in response to Tps alone (P < 0.001) (Figure 5.21.B). These 

findings indicate that ACE-induced Ca²⁺ mobilization originates from intracellular 

sources, and that ACE facilitates Ca²⁺release from Tps-sensitive stores. 

 

Figure 5.20 Variations in [Ca2+]i levels in AR42J cells following exposure to ACE 

and Tps. A) changes in fura-2 ratio fluorescence after treatment with ACE. B) 

changes in fura-2 ratio fluorescence after treatment with Tps. C) changes in fura-2 

ratio fluorescence after treatment with Tps following ACE. D) changes in fura-2 ratio 

fluorescence after treatment with ACE following Tps. 
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Figure 5.21 Total calcium mobilization in AR42J cells after exposure to ACE and 

Tps. A) The integrated response of the increase in [Ca2+]i following the addition of 

ACE in the presence and absence of Ca 2+in the media. B) the integrated response of 

the increase in [Ca2+]i following the addition of Tps after ACE stimulation. 

*p < 0.05, ***p < 0.0001 as a significant difference in comparison to the other group. 

5.2.5 Trypsin secretion  

To investigate the probable effect of ACE and/or CARN on digestive enzyme release, 

we examined the trypsin secretion in response to stimulation with CCK and 

combination with ACE, CARN, and CCK in the exocrine phenotype of AR42J cells. The 

results demonstrated that stimulation with CCK alone induced trypsin release in a 

concentration-dependent manner, reaching a peak at 10−10 M. However, co-incubation 

with ACE and CCK or the combination of ACE, CARN, and CCK, did not induce any 

significant changes in trypsin secretion compared to CCK stimulation alone, as 

observed in Figure 5.22. 
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Figure 5.22 Trypsin secretion in AR42J cells after stimulation with CCK, ACE, and 

CARN 
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CHAPTER 6 

DISCUSSION

 Neonicotinoid insecticides, a novel category of organochlorine pesticides 

structurally similar to nicotine, were developed as safer alternatives to carbamate and 

organophosphate compounds (Gomez et al., 2020). Among these, ACE is characterized 

by its low environmental persistence and relatively low toxicity to mammals. 

Nevertheless, the widespread use of ACE has raised concerns, prompting research into 

its potential toxicity and adverse health impacts on mammals, including humans 

(Erdemli et al., 2020). 

 CARN represents a naturally occurring dipeptide that is found in skeletal muscle. 

It acts as a preventive measure against several physiological functions by acting as a 

copper chelator, quencher of reactive oxygen and carbonyl species, and eliminator of 

aberrant proteins (Aloisi et al., 2013; Barca et al., 2018; Kohen et al., 1988). Up to 

date, numerous studies have investigated its impact in various health conditions such 

as enhancing neural function in patients with Alzheimer’s and Parkinson’s diseases 

(Gasmi et al., 2024; Kulikova et al., 2024; Shen et al., 2024), exerting an antitumor 

effect against colorectal and prostate cells (Habra et al., 2024; Hsieh et al., 2024), 

and maintaining glycemic control in both in-vivo and in-vitro models (Matthews et al., 

2024).  

 However, the toxicity of the exocrine pancreas remains poorly investigated, as it 

is infrequently considered a target organ for chemicals (Martínez-Morcillo et al., 

2019). However, the disruption of exocrine secretion by xenobiotics, such as 

neonicotinoid insecticides, has been demonstrated to occur through the damage of the 

acinus and islets of Langerhans, which are responsible for endocrine secretion  (Rünzi 

et al., 1992; Sheets et al., 2016). In light of this evidence, the present study was 

initiated with the objective of investigating the effect of ACE on exocrine pancreatic 

tissue, employing both in vivo and in vitro approaches. Additionally, the potential 

preventive effect of CARN on exocrine pancreatic tissue was explored. 

 Our in-vivo findings reflected the toxic effect of ACE on the exocrine pancreas of 

male Wistar rats. This toxicity was evident through clinical toxicological signs, in 
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biochemical alterations, and several histopathological changes, all observed in a 

correlational manner. Whereas CARN exhibited a preventive role, mitigating these 

adverse effects. Besides, our in-vitro results revealed ACE-induced toxicity, while 

CARN countered these effects by preserving cell viability, regulating MAPK signaling 

pathways, and preventing excessive intracellular calcium mobilization in AR42J cells.   

6.1 Effect of ACE on clinical signs, body weight, and PSI   

  A deep comprehension and application of clinical toxicity signs across various 

animal models and research domains are essential for furnishing crucial insights into 

the potential side effects and hazard risks linked to the tested substance (Silva et al., 

2021). In the groups treated with ACE (III and IV), clinical toxicity signs observed, such 

as piloerection, plowing, and increased salivation, likely indicate early symptoms of 

toxicity and the stressful effects of this insecticide. Furthermore, these symptoms are 

consistent with the activation of the autonomic nervous system, influenced by ACE’s 

binding to nAChRs. 

  In mice, ACE has also been reported to cause other clinical symptoms such as 

respiratory depression, corner-sitting behavior, and signs of depression and lethargy 

(Singh et al., 2012). These observed behaviors further underscore ACE's potential to 

disrupt normal neurological function and compromise overall neurological health.  

  The rats treated with CARN (groups II, V, and VI) did not exhibit any signs of 

toxicity. This observation may be attributed to the preventive effect of CARN  on the 

neurological system, as multiple studies have demonstrated this specific effect through 

complex mechanisms (Distefano et al., 2022; Kubota et al., 2020; Shen et al., 2024; 

Solana-Manrique et al., 2022).    

 Furthermore, the observed decrease in body weight and PSI in ACE-treated 

groups could be attributed to the compound's toxicity, anorectic properties, and its 

stressogenic effects on the animals’ growth rates. Both low (21,7 mg/kg) and high (43,4 

mg/kg) doses of ACE resulted in a significant decrease in body weight and PSI, 

suggesting a dose-dependent effect. These findings aligns with previous studies, such 

as Mondal et al. (2015), who reported a significant reduction in body weight in Sprague 

Dawley rats after 13 weeks of chronic exposure to ACE at low and high doses  (5, 20, 

and 40 mg/kg). Similarly, sub-acute toxicity of ACE at high doses (100, and 200 mg/kg) 
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led to reduced body weight of Wistar rats (Mondal et al., 2009). Singh et al. (2012) 

also documented A comparable effect in mice administered a high dose of ACE (40 

mg/kg) for 28 consecutive days. 

 The reduction in relative organ weight has been previously investigated. In a 

similar vein, Marzouki et al. (2017), reported that administration of ACE at a low dose 

of ACE  (5 mg/kg) provoked a decrease in relative spleen weight of male Swiss albino 

mice after  60-days of treatment. Hence, a reduction in relative brain weight was 

observed following 90 days of ACE administration at a very low dose of 3.14 mg/kg (G. 

Gasmi et al., 2016). Additionally, the relative weight of the ovaries was reduced after 

90 days administering imidacloprid at low dose (20 mg/kg) in female rats (Kapoor et 

al., 2011).  

 While Lonare et al. (2016) noted a loss in epididymal weight in Wistar rats 

following high doses (45 and 90 mg/kg) of ACE administration for 28 consecutive days. 

In contrast to these results, Chakroun et al. (2016) observed an increase in relative 

liver weight in male Wistar rats treated with both low (21.7 mg/kg) and high (43.4 

mg/kg) doses of ACE, indicating that the effects of ACE may be tissue-specific.   

  On the other hand, 200 mg/kg of CARN provided a slight preventive effect against 

weight loss in the body and the pancreas. Similar results were observed in the study of 

Kamel et al. (2020), where CARN (at 250 mg/kg) protected body weight and relative 

testicular weight of male rats against a protein-deficient diet. Interestingly, Albrecht 

et al. (2017) reported a decrease in kidney weight ratio after 28 days of CARN 

treatment at 4 mM in mice with type 2 diabetes mellitus. In addition, doses of 25 and 

30 mg/kg of CARN have been shown to reduce relative lung weight in male albino rats 

following sepsis.  

  Although scarce data is available on the direct impact of CARN and organ weight, 

its antioxidant and anti-inflammatory characteristics may indirectly aid in tissue 

repair and regeneration. This is consistent with findings by Distefano et al. (2022), 

who demonstrated that CARN enhanced neuronal cell viability by counteracting the 

toxicity of Aβ1–42 oligomers through the inhibition of insulin-degrading enzyme 

activity.  

  Moreover, CARN demonstrated anti-inflammatory effects on microglial cells by 

mitigating oxidative stress. This was achieved through reductions in intracellular nitric 
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oxide (NO) and superoxide anion (O2−•) levels, as well as the downregulation of 

inducible nitric oxide synthase (iNOS) and NADPH oxidase enzymes. Similarly, CARN 

lowered the production of pro-inflammatory cytokines such as interleukin-1β (IL-1β), 

while concurrently elevating the levels of interleukin-10 and transforming growth 

factor-beta 1 (TGF-β1) (Caruso et al., 2019).      

6.2 Effect of ACE on enzyme pancreatic secretion 

 The examination of exocrine pancreatic toxicity is closely linked to the evaluation 

of amylase and lipase secretion, both of which are facilitated by the exocrine function 

of acinar cells (Röder et al., 2016). These enzymes serve as crucial biomarkers for 

numerous pancreatic diseases (i.e., exocrine pancreatic injury and acute/chronic 

pancreatitis)(Usborne et al., 2014). Also, glucose levels serve as a direct indicator of 

insulin and glucagon secretion. In the present study, a significant increase in serum 

lipase and glucose levels, accompanied by a decrease in amylase levels, was observed 

in all treated groups (III, IV, V, and VI) compared to the control group. 

 Several studies have aligned with these results. For instance, Khayal & Ahmed 

(2019) demonstrated that chlorpyriphos administration significantly altered 

pancreatic secretion leading to an elevation of lipase and glucose levels alongside a 

reduction in amylase levels following daily oral dosing at low dose of 6.75 mg/kg for 

eight weeks. In the same manner, oral gavage administration of diazinon at a high 

dosage of 335 mg/kg in Wistar rats resulted in decreased amylase levels and increased 

lipase levels (Gokalp et al., 2005).  

 Furthermore, Mesallam et al. (2018) stated similar results in male albino rats 

after dimethoate insecticide at low dose of 20 mg/kg. Indeed, the level of serum amylase 

level was reduced in albino male rats following parastar administration at low dose of 

6.23 mg/kg for 64 days as highlighted by Akono et al. (2019). While Imizamox has been 

shown to raise serum glucose levels in male Sprague-Dawley rats following 

intraperitoneal injections at both doses of 24 and 36 mg/kg over 72 hours (Sevim et 

al., 2019).  

 In this context, ACE might affect pancreatic enzyme secretions through both 

direct and indirect pathways, akin to other insecticides. The direct effects of ACE could 

involve disruptions in insulin secretion and glucose homeostasis, potentially due to 
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impaired β-cell function. This is supported by the present study's findings of a reduced 

number of islets of Langerhans, which may contribute to hyperglycemia and insulin 

resistance. For instance, imidacloprid has been shown to impact insulin signaling by 

reducing the phosphorylated form of protein kinase B (AKT) and ribosomal S6 kinase, 

a downstream mediator of the AKT pathway that regulate insulin signaling—in 

hepatocytes, myotubes, and adipocytes (Kim et al., 2013).  

 Indirectly, ACE could disrupt glucose homeostasis by affecting glucagon secretion. 

Malathion exposure has been associated with elevated voltage-gated K+ channels in 

both beta and alpha cells, which can disrupt the release of both glucagon and insulin 

(Martins et al., 2023). Additionally, ACE might induce inflammation and oxidative 

stress in endocrine pancreatic cells, further impacting glucose homeostasis. Chronic 

exposure of beta cells to persistent organic pollutants can dysregulate key antioxidant 

enzymes, including catalase, peroxiredoxins, glutathione peroxidase, and thioredoxins. 

This dysregulation leads to increased ROS production, which impairs insulin secretion 

and exacerbates metabolic dysfunction (Bresson & Ruzzin, 2024). 

  An interesting hypothesis suggests that ACE mimics the metabolic effects of 

nicotine in promoting hyperglycemia. Short-term nicotine administration to insulin-

sensitive C57BL/J6 mice has been found to increase blood glucose levels and decrease 

insulin sensitivity, mainly due to nAChR activation and the stimulation of 

glycogenolysis in hepatocytes. However, chronic nicotine exposure appears to elicit 

contrasting effects by activating phosphatidylinositol 3-kinase signaling. This 

activation enhances Akt and glycogen synthase kinase (GSK-3β) phosphorylation while 

decreasing cAMP response element-binding protein (CREB) phosphorylation. These 

molecular changes suppress the expression of critical gluconeogenic genes, such as 

phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), 

thereby mitigating hyperglycemia during prolonged exposure (Vu et al., 2014). 

 Regarding exocrine pancreatic secretion, ACE can disrupt the secretion process. 

The high levels of lipase secretion might be influenced by complex neurohormonal 

mechanisms, including the involvement of cholecystokinin, secretin, and the cholinergic 

pathway (Borovicka et al., 1997). Each of these molecules facilitates enzymatic 

secretion by binding to its cognate receptors. For instance, when CCK binds to its CCK1 

receptor, it activates intracellular signaling pathways that trigger exocytosis, the 
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process by which enzymes are released from zymogen granules at the apical surface of 

acinar cells. The same is true for CCK and acetylcholine (ACh) when they interact with 

their respective receptors. In contrast, secretin increases the levels of intracellular 

cyclic AMP (cAMP) levels, which then drives the exocytosis response (Mössner, 2010).  

On the other hand, the decreased amylase secretion could be due to enzyme retention 

within acinar cells or moving from the apical to the basolateral domains (Gaisano & 

Gorelick, 2009).  

 To sum up, ACE such as other insecticides could alter the enzyme pancreatic 

secretion. However, there is limited research on the effects of ACE and other 

insecticides on these specific mechanisms. 

  Our research has demonstrated the effectiveness of 200 mg/kg of CARN in 

inhibiting lipase increase, enhancing amylase reduction, and having a minor effect on 

glycemia increase. In fact, few studies have examined these effects in adult diabetic 

rats, which serve as a relevant model for investigating the impact of metabolic disorders 

associated with diabetes, as they exhibit altered enzyme activity and glucose 

metabolism. In a study by Vahdatpour et al. (2019) and Albrecht et al. (2017), CARN 

administration at doses of 100 and 200 mg/kg was shown to prevent elevated blood 

glucose, enhancing β-cell function, and lowering hemoglobin A1C. At the cellular level, 

CARN was found to lower the levels of Insulin-like Growth Factor Binding Protein 1 

(IGFBP1), a key regulator of glucose homeostasis. This reduction occurred through a 

complex mechanism that included both direct and indirect actions. Directly, CARN 

suppressed the induction of IGFBP1 by hypoxia-inducible factor-1 alpha (HIF-1α). 

Indirectly, CARN increased circulating insulin levels. These combined effects resulted 

in decreased blood glucose levels and elevated plasma Insulin-like Growth Factor 1 

(IGF-1) levels in HepG2 cells (Forsberg et al., 2015). 

  Nevertheless, lipase and amylase secretion related to CARN treatment had not 

been earlier evaluated, making the current study one of the few to investigate the 

synergistic effects of CARN and ACE on the rat exocrine pancreas.                       

6.3 Effect of ACE on MDA level in pancreatic tissue homogenate  

  The measurement of MDA levels directly indicates lipid peroxidation, thereby 

reflecting disturbances in oxidative balance. The present study showed a significant 
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increase in MDA levels in the pancreatic tissue homogenate of III, IV, and V groups. 

This finding suggests that ACE insecticide causes pancreatic oxidative stress in a dose-

dependent manner.  

  These results align with the findings of the study by Chakroun et al. (2016), which 

reported increased MDA levels in the liver following administration of  both the high 

and the low doses of ACE (21.7 and 43.4 mg/kg). While Hassanen et al. (2022), reported 

that imidacloprid and hexaflumuron insecticides ( at 1/10 of LD50) significantly elevated 

MDA level in liver and kidney tissue homogenates following sub-acute toxicity in male 

Wistar rats. Equally, at low doses, imidacloprid (9 mg/kg), chlorpyrifos (1.9 mg/kg), and 

cypermethrin (5 mg/kg) raised MDA levels in kidney tissue homogenate of male Wistar 

rats following a 28 days treatment period (Taha et al., 2022).  

  Indeed, Gasmi et al. (2017) stated the increase of MDA levels in the brain tissue 

of male Wistar rats as a direct effect of ACE toxicity at low dose (3.14 mg/kg) for over 

90 days. Similar to this study, Karaca et al. (2019) investigated the increase of plasma 

MDA levels in male Sprague-Dawley rats following exposure to the same dose and 

duration. Furthermore, Afolabi et al. (2019) highlighted the same effect in brain tissue 

homogenate of male rats after 25 mg/kg of cypermethrin administration for 14 days.  

  Whereas Arıcan et al. (2020) and Issam et al. (2009) investigated the MDA levels 

increase in testes of male rats following administration of ACE at 35 mg/kg and 

deltamethrin at 200 ppm for 60 days, respectively. All these findings demonstrate that 

ACE, as other insecticides, induced MDA level increase across various tissues and 

animal models, which indicates oxidative stress. 

  This oxidative stress likely arises from disruption in cellular redox balance. For 

instance,  Wang et al., (2022) demonstrated that ACE disrupts the glutathione 

metabolism pathway in neuro-2a cells. This disruption involves affections in 

glutathione peroxidase, oxidized glutathione, and reduced glutathione levels, while also 

leading to increased ROS generation, reducing intracellular lipid hydroperoxides, 

elevated caspase 7 levels, and lactate dehydrogenase levels.  

 Similarly, in SH-SY5Y cells, ACE caused an increase in ROS production and 

endoplasmic reticulum stress, mediated through interactions with binding 

immunoglobulin protein 90 and inositol-requiring enzyme 1-alpha, along with an 
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upregulation of mitogen-activated protein kinase-8 protein levels. These mechanisms 

collectively led to apoptosis, indicating that cell death was initiated by internally 

generated signals, consistent with previous research (Öztaş et al., 2021). This 

oxidative stress highlights the detrimental impact of insecticide exposure, particularly 

ACE, on cellular health and underscores the association between insecticide exposure 

and oxidative stress across diverse tissues and models. 

Regarding the effect of CARN, our results observed an insignificant preventive effect 

of 200 mg/kg CARN against the ACE-induced increase in MDA levels in pancreatic 

tissue homogenates.  However, previous studies suggest a potential for MDA level 

decrease in other experimental settings. Lee et al. (2005) observed a decrease in MDA 

levels in diabetic mice following CARN administration at 0.5, 1 g/l for 4 weeks. 

Relatively, S. Aydın et al. (2010) and Aydın et al. (2016) reported a similar effect of 

CARN on serum MDA level after 250 mg/kg treatment for 1 and 2 months, respectively. 

A. Aydın et al. (2010) also demonstrated the same effect of CARN (i.e., 250 mg/kg) on 

MDA level of the liver, brain, and the heart tissues of aged rats. Additionally, Ziling 

(2007) demonstrated a similar effect of CARN on serum MDA levels in a model of 

reoxygenation injury in male Wistar rats. In light of these findings, the antioxidant 

properties of CARN may be influenced by dose-dependence or may exhibit tissue 

specificity.  

6.4 ACE-induced histopathologic changes in the pancreas 

  The histological examination of the pancreatic tissue showed various pathological 

alterations, particularly in Group III (high dose of ACE). These results were in line with 

our biochemical results. Several findings assessed identical lesions. In a 2017 study, 

Khalil et al. investigated the effects of imidacloprid, administered at low doses of 0.5 

and 1.0 mg/kg on the pancreas of male rats over 60 days. The authors revealed 

significant pathological changes, including islet infiltration, congestion, hemorrhage, 

and duct hyperplasia. Furthermore, lambda-cyhalothrin insecticide at both low and 

high doses (5 and 50 mg/kg/day) led to acinar architecture disruption, hemorrhage, 

acinar shrinkage, and cytoplasmic vacuolation in albino rats (Elhalwagy et al., 2015). 

Hence, administration of dimethoate insecticide at a low dose of 20 mg/kg resulted from 

similar lesions in the same animal model (Mesallam et al., 2018).  
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  Indeed, these observed lesions were also detected in the pancreatic tissue of 

animal models after induction of acute pancreatitis. After hydrogen peroxide injection 

in Wistar rats, severe edema and hemorrhage were detected serving as important signs 

of acute pancreatitis (Tamura et al., 1992).  

  Thus, in fatty acid ethyl ester-induced pancreatitis, acinar vacuolization, severe 

edema, and trypsinogen activation were the major alterations observed in rats 

(Werner et al., 2002). In another study conducted by Novaes et al. (2002), injection 

with venom-induced acute/chronic pancreatitis, lymphocytic infiltration, vacuolization 

of acinar cells, and degranulation were detected 10 min afterward the treatment. 

   Mumcu et al. (2005) conducted a similar investigation, which revealed a notable 

presence of edema and infiltration in the rat pancreas following the induction of acute 

pancreatitis by glycodeoxycholic acid. Likewise, Usborne et al. (2014) illustrated a 

significant incidence of interstitial edema, exocrine gland inflammation, atrophy, and 

cellular vacuolization in the rat pancreas after the administration of 50 and 150mg/kg 

cyanohydroxybutene.  

  Certainly, our observations of acinar changes suggest that ACE can induce 

pancreatic toxicity and dysfunction by impacting acinar cell degeneration. This 

multifaceted process involves several factors and mechanisms, as supported by 

previous research. One potential explanation is the endoplasmic reticulum (ER) stress 

hypothesis. ER stress can occur when there is an increased demand for protein 

synthesis, such as trypsinogen, chymotrypsinogen, lipase, and lysosomal enzyme 

cathepsin B, coupled with a reduced capacity of the cell to process and recycle misfolded 

proteins. This can activate a cellular stress response known as the unfolded protein 

response (UPR) in response to pancreatic toxins. If the UPR cannot resolve the stress, 

it can lead to apoptosis (Lee & Papachristou, 2019).  

   Additionally, ductal hypertension could play a role by activating the transcription 

factor 3 pathway and the signal transducer, leading to clinical manifestations such as 

interlobular and intralobular edema (Bhanot & Möller, 2009). These mechanisms 

collectively contribute to the pancreatic toxicity and dysfunction observed with ACE 

exposure, highlighting the complex interplay of factors involved in this process and 

suggesting that all these pathological alterations could potentially compromise both the 
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exocrine and endocrine functions of the pancreas, thereby raising the possibility that 

ACE could trigger acute pancreatitis or chronic pancreatic diseases. 

  Furthermore, CARN's capacity to impede ACE alteration was manifestly evident 

in the pancreatic tissue. Thus, it has been indicated that CARN protects pancreatic 

tissue against vacuolation in the cytoplasm of acini and infiltration of inflammatory 

cells induced by sodium fluoride at 10 mg/kg for 35 consecutive days in adult male 

Wistar rats (Agha et al., 2012). Certainly, CARN emerges as a promising preventive 

agent for various diseases affecting both endocrine and exocrine pancreatic tissues, 

offering potential due to its multifaceted protective mechanisms mainly through 

scavenging ROS, reactive nitrogen species, and foiling the formation of nitrotyrosine 

and 4-hydroxynonenal species (Cripps et al., 2017; Miceli et al., 2018).    

6.5 Effect of ACE and CARN on cell viability                   

  The effect of (ACE) on the viability of AR42J cells exhibited a biphasic pattern 

that was concentration dependent. At lower concentrations (0.5 to 2 mM), ACE induced 

a mitogenic response, promoting cell proliferation. However, at higher concentrations 

(4 to 10 mM), ACE exerted a cytotoxic effect, leading to cell death. Of particular interest 

is that the effects observed with lower ACE concentrations were analogous to nicotine's 

impact on the same cell line. At 100 µM of nicotine, Bose et al. (2005). These findings 

suggest a potential shared mechanism between ACE and nicotine in modulating 

cholinergic signaling pathways, which may involve receptor-mediated signaling 

cascades or downstream cellular events. Further investigations stated that the increase 

in cell viability was 25.6% compared to control cells.  

  Indeed, Walker et al. (2008) demonstrated that nicotine significantly increased 

AR42J cell proliferation, surpassing the effects induced by 20 µM of H2O2. They 

conclude that nicotine provoked a mitogenic that was analogous to that of growth 

factors. Hence, ACE at 50 µM enhanced the proliferation of 4T1-Luc breast cancer cells 

(Li et al., 2022). Furthermore, chlorfluazuron, an insecticide, caused an accelerated 

the proliferation of Hek293 and HepG2  human cells, beyond their control level at 4.96 

µM (Huang et al., 2015). In contrast to our results, KARA et al. (2020) reported the 

occurrence of cytotoxic and genotoxic effects of ACE on AR42J cells at concentrations 

ranging from 1 to 6 mM, as measured via the MMT assay. Several factors may account 
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for these inconsistencies, including differences in the purity of the ACE compounds 

utilized in each study, variations in measurement sensitivity the distinct assay kits 

utilized in each investigation.  

  At higher concentrations exceeding 3 mM, the presence of ACE induced cytotoxic 

effects, resulting in AR42J cell death. This result was in line with assorted studies. 

Permethrin exerted an identical effect on human endothelial cells at different 

concentrations beyond 24h of treatment, without affecting apoptosis or necrosis 

processes (H.S. Lee et al., 2022). Hence, Abdel-Halim & Osman (2020) investigated 

the cytotoxic effects of imidacloprid and glyphosate on the cell viability of the WPM-Y1 

cell line, which is derived from human prostate epithelial cells. While Lamberti et al. 

(2014) stated the same effect of pyriproxyfen at 10-500 ppm on HepG2 cell viability. 

The cell viability of PC12 cells, a rat-derived adrenal pheochromocytoma cell line, was 

also decreased following exposure to the bipyridilium herbicide at a concentration of 1.4 

× 10-5 mol/L (Zhang et al., 2012).  

  The Proliferation of human lymphocytes was also altered by the insecticide 

bioallethrin at 200 µM, in the study of Arif et al. (2021). Moreover, bifenthrin has been 

shown to reduce the viability of HCT-116 cells, a human colorectal cell line, via 

disrupting the oxidative balance (Bouaziz et al., 2020). Conclusively, these findings 

strongly support the ability of ACE, and other chemicals, to alter cell viability in a dose-

dependent manner.  

  On the other hand, the co-treatment with CARN mitigated the accelerated 

increase in cell viability induced by ACE beyond 48h of treatment. This cytoprotective 

effect of CARN (at 10 mM) was also observed in endocrine pancreatic cells, where this 

dipeptide protected beta cells from the accelerated growth induced by H2O2, inhibited 

caspase-3 activation and promoted insulin secretion (Miceli et al., 2018). Additionally, 

CARN (1 g/L) enhanced glucose levels and the expression of insulin genes in induced 

diabetes in mice (Barca et al., 2018).  

  In another cell line, CARN at 1, 5, and 10mM exhibited a protective effect on PC12 

cells against the cytotoxic effect of morphine (Sharifi, 2014). In hepatocytes of rat, 

CARN exerted a cytoprotective effect at concentrations of 50 and 100 µM by reducing 

oxidative stress and cytotoxicity induced by isoniazid (Eftekhari et al., 2018). 

However, the effect of CARN on exocrine pancreatic cells has not been previously 
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investigated. Nonetheless, our findings following the literature suggest that CARN may 

be a potent agent in preventing various toxic effects exerted by several chemicals.      

6.6 Effect of ACE and CARN on MAPKs pathway 

 MAPK signaling pathways are responsible for translating external signals into 

various cellular responses. Resulting in gene expression, proliferation, metabolism, 

stress response, apoptosis, viability, and cellular differentiation (Cargnello & Roux, 

2011). Our results showed that ACE induced activation of p44/42 (at 3 mM), p38 (at 2 

and 3 mM), and JNK (at 3 mM) through their phosphorylation which was in line with 

our cell viability results. It is noteworthy that these results closely align with those 

reported in previous studies. 

  A Similar effect was detected in AR42J cells treated with 100 µM of nicotine, 

where the phosphorylated form of p44/42 increased, reaching its peak effect 3 min after 

stimulation. However, the p38 and JNK pathways demonstrated no activation (Bose 

et al., 2005).  

  In the study of Song et al. (2012), the insecticide endosulfan provoked 

phosphorylation of JNK, p44/42, and p38 protein kinases at a concentration of 30 µM 

for 24h leading to macrophage activation. Additionally, the authors stated that the 

activation of these protein kinases involves c-Jun transcription, which leads to cell 

survival through ERK1/2 inflammation, and apoptosis via JNK and p38 activation.  

 Moreover, monocrotophos, an organophosphate pesticide, at 10-3 M induced 

significant phosphorylation of JNK in human cord blood stem cells, leading to 

mitochondrial apoptosis (Kashyap et al., 2013). Besides, Ki et al. (2012) demonstrated 

that the insecticide fipronil induced cell death in SH-SY5Y cells through the activation 

of p38, JNK, and p44/42 proteins, with peak phosphorylation observed  2h after 

stimulation. Furthermore, cypermethrin was shown to activate JNK and p44/42 the 

RAW 264.7 cell line, while also causing DNA damage, oxidative stress, and apoptosis 

(Huang et al., 2016).     

  An interesting study conducted by Zhu et al. (2021) demonstrated that 

Avermectin affected neurotoxicity by promoting cell death in SH-SY5Y, PC-12, and SK-

N-SH cells, primarily through the downregulation of ERK pathway. This phenomenon 
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was accompanied by a decrease in the phosphorylation levels of MSK1, p90Rsk, and 

Elk1/2 proteins, which are crucial for gene expression, cell growth, and differentiation. 

Interestingly, the p38 and JNK pathways were unaffected following the insecticide 

treatment.    

  Lower concentrations of ACE (0.5-2mM) did not affect the MAPKs pathway, 

potentially due to the involvement of an alternative signaling pathway. In the study of 

Wang et al. (2023), ivermectin induced a decrease in p-mTOR levels and an increase in 

p-AMPK levels in RAW264.7 cells. Furthermore, it was shown that vinclozolin (at 100 

nM and 1 µM) led to an elevation in p-mTOR and p-Akt levels, resulting in the 

upregulation of ADAM12 in SH-SY5Y cells. ADAM12, a protein that mediates cell 

growth and potentially contributes to oncogenesis, was found to be associated with 

these effects (Graziosi et al., 2022). 

  CARN demonstrated a significant suppression of the ACE-induced increase in the 

phosphorylation levels of p-p44/42, p-p38, and p-JNK. This dipeptide has previously 

been shown to inhibit MAPKs pathway activation under various conditions. In the 

finding of Guo et al. (2019), CARN prevented the increase in MAPKs signaling pathway 

in retinal vascular endothelial cells of diabetic rats. Moreover, accelerated cell 

proliferation of mesangial cells was reduced via inhibition of p44/42 and p38 

phosphorylation after treatment with 20 mM of CARN (Jia et al., 2009). In neuronal 

cells, treatment with 1 mM of CARN led to a reduction in JNK and ERK 1/2 activation, 

resulting in a decrease in free radical accumulation (Kulebyakin et al., 2012).     

 Overall, the insecticide ACE could provoke its toxicity through altering cell signaling 

pathway, namely MAPKs. Additionally, CARN may prevent these adverse effects.        

6.7 Effect of ACE on calcium mobilization  

  Calcium serves as a universal intracellular messenger in eukaryotic cells, 

governing diverse cellular processes such as cell growth, stress responses, apoptosis, 

and gene expression (Rasaily et al., 2024). Studying calcium mobilization in the 

exocrine pancreas is crucial for understanding various physiological processes, 

including enzyme secretion, hormone-receptor interactions, cell membrane changes, 

zymogen granule architecture, pancreatic juice functionality, intracellular pH 

relationships, and acute pancreatitis mechanisms (Williams & Yule, 2012). Our 
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findings indicated that ACE at 1 mM caused intracellular Ca2+ release in AR42J 

exocrine phenotype cells. ACE treatment after Tps did not elicit additional calcium 

release, this suggests that the endoplasmic reticulum serves as the primary source of 

Ca2+.    

  This result aligns with previous studies involving different cell lines. In the study 

of Guzman-Vallejos et al. (2024), ACE and imidacloprid at 500 µM provoked 

intracellular calcium mobilization in SH-SY5Y neurons. In addition, ACE at 50 µM 

affected free-calcium mobilization in 4T1-Luc cell line through G protein-coupled 

estrogen receptor (Li et al., 2022). Furthermore, imidacloprid insecticide at 2.5 mM 

produced an analogous effect on neuroblastoma N1E-115 cells (Tomizawa & Casida, 

2002). 

  It should be noted that calcium mobilization in AR42J cells was previously 

investigated using various chemicals. Melatonin, CCK-8, and Tps have been observed 

to induce calcium release through the alteration of the endoplasmic reticulum (del 

Castillo-Vaquero et al., 2010). Resveratrol, a natural phytoalexin, affected relative 

results along with a decrease in cell viability and JNK phosphorylation (Garcia-

Sanchez et al., 2012). Moreover, ebselen caused free-calcium mobilization with a 

concentration-dependent manner ranging from 1 to 40 µM (Santofimia-Castaño et 

al., 2014). Besides, it was shown that gabapentin causes exocrine pancreatic cancer 

through intracellular Ca2+ mobilization in the AR42J cell model (Dethloff et al., 2000).      

  This emphasizes that ACE, akin to other chemicals, could affect intracellular Ca2+ 

mobilization in the exocrine pancreas. This, in turn, can result in alterations to various 

physiological mechanisms, encompassing cell death/survival, stress and inflammation 

responses, and enzyme secretion. 

6.8 Effect of ACE and CARN on trypsin secretion  

  Trypsinogen is released by the exocrine pancreas and is converted into trypsin by 

enterokinase in the duodenum. In the AR42J exocrine phenotype, trypsinogen occurs 

following CCK stimulation, and its disturbance serves as a significant biomarker for 

monitoring changes in the organ’s physiological and pathophysiological conditions such 

as acute pancreatitis (Vertiprakhov & Ovchinnikova, 2022).  
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 Our findings indicated that neither ACE nor CARN elicited disruption in trypsin 

secretion after stimulation of AR42J exocrine cells with CCK. To the best of our 

knowledge, this study was the first to conduct such an effect. However, several studies 

have examined alterations in trypsin secretion under different conditions. Ameur et al. 

(2018) highlighted that sulfanilic acid at 100µM and 1 mM altered trypsin secretion, 

intracellular calcium concentrations, and oxidative balance in AR42J cells. 

Furthermore, lipopolysaccharide and cerulein induced comparable effects in the same 

cell line in a dose-dependent manner, ranging from 10 to 40 µM, and the protective 

effect of emodin against this observed effect (Zhao et al., 2019).  

 A parallel investigation was undertaken by Qian et al. (2021), in which 

taurolithocholic acid 3-sulfate disrupted trypsin and lipase secretion, with the 

preventive effect of salidroside noted.  

 In the current thesis, the toxic effects of ACE on the exocrine pancreas were 

assessed in both male Wistar rats and the AR42J cell line. The presented findings 

indicated significant impairment in pancreatic function following exposure to this 

insecticide, suggesting a potential health risk associated with these kinds of chemicals. 

Hence, the observed CARN effect indicates its potential as a preventive measure 

against insecticide-induced exocrine pancreatic damage. By unraveling the 

mechanisms underlying this toxicity, researchers will furnish valuable insights into 

pancreatic injury and identify potential preventive agents, such as CARN. 
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CONCLUSIONS 

 The present research thesis demonstrates that the exocrine pancreas may serve as 

a target organ for chemical toxins. Specifically, the neonicotinoid insecticide ACE has been 

shown to alter both the function and structure of exocrine pancreatic cells through various 

mechanisms, underscoring its potential role in the induction of pancreatic diseases. 

Additionally, this study provides new insights into the preventive role of CARN, as a 

natural dipeptide, in preventing and mitigating the adverse effects of ACE on the 

physiology of exocrine pancreatic cells.  

 In this work, we emphasized that ACE could alter the pancreatic somatic index and 

disrupt pancreatic secretion, primarily by decreasing amylase levels, increasing lipase 

levels, and raising blood glucose levels. These alterations reflect changes in insulin and 

glucagon secretion. Furthermore, ACE was found to increase MDA levels in tissue 

homogenates, serving as a direct marker of lipid peroxidation. Histological examination 

revealed several in the pancreatic tissue, including inflammatory infiltration, acinar cell 

vacuolization, atrophy, and hyperplasia. Meanwhile, CARN exhibited a potential 

preventive effect against these alterations in the exocrine pancreas. 

 At the molecular level, we observed that ACE induced a dose-dependent effect on 

AR42J cells viability, elevated the phosphorylated forms of p38, JNK, and p44/42 proteins, 

which are involved in various cellular processes. In contrast, CARN exhibited a potential 

preventive role by mitigating the damage induced by ACE in exocrine pancreatic cells. 

Finally, we found that ACE affected intracellular calcium release, presumably originating 

from the endoplasmic reticulum, which could disrupt various physiological mechanisms in 

AR42J cells. 

 While this study provides strong evidence, several avenues remain for future 

research. Building on the in-vivo findings, subsequent studies could investigate the long-

term effects of ACE exposure beyond 30 days, assess varying dosages, and evaluate the 

efficacy of CARN in combination with other therapeutic agents. Furthermore, there is a 

need for more precise quantification of amylase and lipase secretion in tissue homogenate, 

as well as examining additional enzymes like trypsin and protease. Additionally, oxidative 

stress and lipid peroxidation in pancreatic tissue could be studied by analyzing additional 
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biomarkers such as ROS generation, superoxide dismutase, catalase, and reduced 

glutathione levels.  

 As well, immunohistochemistry studies have the potential to provide significant 

insights into the effects of ACE and/or CARN on various biomarkers within pancreatic 

tissue. 

  Although AR42J cells provided valuable insights into exocrine pancreatic 

physiology, they are tumor-derived rather than primary cells. Future studies should 

consider using primary acinar cells to gain a more accurate understanding of the 

mechanisms underlying ACE and CARN effects. Future research should also explore other 

signaling pathways involved in ACE-induced pancreatic damage, such as Akt, mTOR, and 

NF-κB pathways, which could yield a more comprehensive understanding of these toxic 

effects and help to elucidate the preventive role of CARN. 

 It is noteworthy that exocrine pancreatic cells within AR42J cells express nAChRs 

receptors, which are key targets of ACE, it would be of high interest to investigate whether 

this insecticide exerts similar effects as in neurons, including the involved. A 

complementary line of investigation would explore the synergistic effects of CARN in 

mitigating ACE-induced damage, with the potential to yield valuable insights. To further 

elucidate the effect of ACE on intracellular calcium mobilization in exocrine pancreatic 

cells, it is interesting to investigate its effect on calcium release from the mitochondrial 

matrix using Rhod-2 AM as well as its interaction with IP3 receptors using agonist 

substances. 

 To the best of our knowledge, ACE insecticide exposure can cause hazardous effects 

at various levels in non-target organisms, leading to serious changes in the exocrine 

pancreas. Therefore, its field application requires careful monitoring to minimize potential 

adverse effects on farm animals and occupationally exposed individuals. Given the limited 

data on exocrine pancreatic toxicity, further studies are mandatory to fully understand 

the mechanisms involved and explore the therapeutic potential of CARN and other agents 

in mitigating these effects.   

 Finally, future research should also investigate the clinical implications for human 

health, potentially through epidemiological studies examining the correlation between 

neonicotinoid exposure and pancreatic diseases. Exploring these areas could lead to the 
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development of innovative therapeutic strategies aimed at preventing or treating 

pancreatic diseases associated with environmental toxin exposure. 
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APPENDIX  

 

1. Composition of physiological Na-HEPES solution 

 

Composition Molecular weight  Concentration (g/l) 

NaCL 58.44 8.1816 

KCL 74.56 0.350432 

CaCL2 147.02 0.191126 

MgCL2*6H2O 203.3 0.2033 

Hepes 238.3 2.383 

Glucose 180.16 1.8016 

 

2. Composition of supplemented RPMI medium 

 

RPMI -1640 Medium  FBS 10% Horse serum 4% Streptomycin Penicillin 

500 ml 58.1 ml 23.3 ml 0.1 mg/ml 100 IU 

 

3. Composition of blocking solution 

 

Composition Molarity Quantity 

Tris 50 mM 6.05 g 

NaCL 150 mM 8.76 g 

H2O - 1000 g 

Nonfat dried milk - 50 g 

 

4. Composition of lysis buffer 

Composition Volume 

Lysis solution 700 µL 

Protease inhibitor 7 µL 

Orthophosphate  1.4 µL 

 

5. Composition of running buffer 

Composition Molarity Quantity 

Tris base 25 mM 100 mL 

Glycine  192 mM 14.4 g 

SDS 0.1% (w/v) 1 g 

H2O - 900 mL 
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6. Composition of transfer buffer 

Composition Volume  

Transfer buffer 10X 100 mL 

Methanol  200 mL 

H2O 700 mL 

  


