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A B S T R A C T   

Purpose: Previous research has highlighted the impact of X-ray irradiation-induced organ damage, on cancer 
patients after radiation therapy. The ionizing radiation-induced oxidative stress causes injury to the pancreatic 
islet cells of Langerhans. We used histopathological, immunohistochemical, and biochemical analyses to examine 
α- and β-cells in the islets of Langerhans in rats undergoing whole-body x-ray ionizing radiation, a group of which 
was treated with NAC. 
Material and methods: Twenty-four male rats were randomly divided into 3 groups, one control, and two 
experimental groups. Group I (Control) was administered only saline solution (0.09% NaCl) by oral gavage for 7 
days. Group II (IR) was administrated whole body single dose 6 Gray ionizing radiation (IR) and saline solution 
(0.09% NaCl) by oral gavage for 7 days. Group III (IR + NAC) was administered 300 mg/kg NAC (N-ace
tylcysteine) by oral gavage for 7 days, 5 days before, and 2 days after 6 Gray IR application. 
Results: In the X-ray irradiation group, we observed diffuse necrotic endocrine cells in the islets of Langerhans. In 
addition, we found that Caspase-3, malondialdehyde (MDA) levels increased, and insulin, glucagon, and gluta
thione (GSH) levels decreased in the IR group compared to the control group. In contrast, we observed a decrease 
in Caspase-3, and MDA levels in necrotic endocrine cells, and an increase in insulin, glucagon, and GSH levels in 
the IR + NAC group compared to the IR group. 
Conclusion: This study provides evidence for the beneficial effects of N-acetyl cysteine on islets of Langerhans 
cells with X-ray ionizing-radiation-induced damage in a rat model.   

1. Introduction 

Ionizing radiation (IR) exposure may occur via a variety of envi
ronmental agents, the most prominent of which are cancer therapy and 
imaging methods [1]. Exposure to ionizing radiation results in cell 
damage, membrane lipid peroxidation, and ultimately, cell death and 
apoptosis due to an increase in reactive oxygen species that is caused by 
DNA double-strand breaks [2]. Despite the important advances in x-ray 
irradiation, which is commonly used in cancer treatment, and the 
organ-protective, tumor-focused protocols; the acute and chronic dam
age caused by ionizing radiation in healthy tissues remains to be an 
important concern for clinicians and cancer survivors [3]. This concern 

has driven researchers toward the development of safe and effective 
radioprotective agents, especially due to the increased survival resulting 
from the advances in cancer treatment. 

In recent years, an increasing number of animal studies and human 
studies involving cohorts of child cancer survivors have created a causal 
relationship between ionizing radiation and the development of diabetes 
mellitus (DM) [4–7]. Although the molecular mechanism of this rela
tionship has not been elucidated, there is consensus that the main un
derlying pathology is damage to insulin-secreting beta cells in 
pancreatic islets of Langerhans due to ionizing radiation-induced 
oxidative stress [8,9]. This hypothesis is confirmed as the protective 
effects of antioxidants in ionizing radiation-induced damage have been 
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demonstrated. Therefore, it is of major importance to develop safe and 
effective adjuvant antioxidant agents without a tumor-protective effect 
that can be used clinically to eliminate the damage induced by ionizing 
radiation exposure in healthy tissues. 

Ionizing radiation increases the production of reactive oxygen spe
cies [10]. The most important intracellular antioxidant that can be 
endogenously produced in all cells is glutathione (GSH), which is 
capable of scavenging endogenously and exogenously produced free 
radicals and detoxifying electrophiles. In oxidative stress conditions, its 
levels rapidly deplete as it detoxifies free radicals [11]. GSH mainly 
comprises three amino acids (cysteine, glutamic acid, and glycine). 
N-acetylcysteine (NAC) is an amino acid derivative that has been well 
acknowledged in the medical field for its mucolytic capabilities, 
particularly in the realm of respiratory ailments such as chronic bron
chitis. Additionally, its therapeutic efficacy in cases of paracetamol 
intoxication is of significant importance [12]. Over the course of time, 
recent studies have provided insights into the potential advantages of 
this substance that extends beyond its ability to dissolve mucus [13]. 
The potential of N-acetylcysteine (NAC) as a preventative agent in many 
health disorders is a subject of great interest and promise in current 
research. The antioxidative, anti-inflammatory, cardioprotective, and 
neuroprotective properties of this substance have prompted scholars to 
explore its potential preventive effects on a wide range of ailments, 
including neurodegenerative diseases, psychiatric disorders, cardiovas
cular events, and acute organ injury [13]. NAC fundamentally resembles 
GSH and consists of a precursor molecule (L-cysteine) for GSH produc
tion [14]. In oxidative stress conditions where GSH is depleted, NAC 
serves as a substrate source for GSH production [15]. A multitude of 
studies have demonstrated NAC to play a cytoprotective role by pre
venting DNA damage [16,17]. 

Our review of the literature showed us that there were not any 
studies reporting the effects of NAC therapy on ionizing radiation- 
induced damage in pancreatic islets of Langerhans cells. Based on the 
idea that NAC therapy could offer a solution in conditions of injury 
where the depletion of GSH levels has a key role, we aimed to observe 
the potential damage caused by ionizing radiation in pancreatic islet 
cells and explore the effect of NAC pretreatment against this potential 
damage in islet cells. For this purpose, we used histopathological, 
immunohistochemical, and biochemical analyses to examine α- and 
β-cells in the islets of Langerhans in rats undergoing whole-body x-ray 
ionizing radiation, a group of which was treated with NAC. 

2. Materials and methods 

2.1. Animals and experimental design 

This study was performed with the approval of Recep Tayyip Erdo
ğan University Animal Research Ethics Committee (Rize, Türkiye; 
Approval number: 2023/22). The animals were cared for according to 
the guidelines of the Institutional Animal Care and Use Committee 
(IACUC). This study used 24 male, 3-to-4-month-old Sprague-Dawley 
rats (280 ± 26 gr) procured from Recep Tayyip Erdoğan University 
Animal Research Unit. All rats were housed in cages of eight, under 
optimal laboratory conditions (50–55% humidity rate, temperature 22 
±2 ◦C, 12-h dark:12-h light period). Subjects that freely roamed in the 
cage were fed with pellet chow consisting of the same protein rate (20%) 
and daily water. Eight rats were randomly selected from subjects with 
similar biological and physiological characteristics to compose each of 
the three groups, which included one control and two experimental 
groups. Group I (Control) was given only saline solution (0.09% NaCl) 
by oral gavage for 7 days. Group II (IR) received 6 Gray whole-body 
ionizing radiation (IR) in a single dose and (0.09% NaCl) by oral 
gavage for 7 days. Group III (IR + NAC) was given 300 mg/kg NAC (N- 
acetyl cysteine) regularly for 5 days before receiving 6 Gray IR and for 2 
days after irradiation at the same dose over 7 days in total [17]. NAC 
administration was performed via oral gavage. The dosage of NAC was 

determined based on prior studies documented in the literature [17–19]. 

2.2. Drugs & chemicals 

Before being sacrificed, the animals were anesthetized with Keta
mine HCL ((Ketalar®, 50 mg/kg, Pfizer İlaçları Ltd. Şti, Istanbul, 
Turkey) and Xylazine HCL ((Rompun®, 5 mg/kg, Bayer, USA). N-acetyl 
cysteine (ASIST 4% 150-mL 60g granule, Hüsnü Arsan İlaçları A.S., 
İstanbul, Türkiye). 

2.3. X-ray irradiation procedure 

Prior to irradiation, all rats were fixed in a prone position under 
anesthesia (IM, 50 mg/kg ketamine and 5 mg/kg xylazine). In this study, 
the ELEKTA Synergy model linear accelerator device was used, gener
ating photon energy of 6 MV. A dose of 6 Gy was planned to be delivered 
to the rat, and bolus material was placed 1 cm above and below the 
anesthetized rat for simulation computed tomography. Simulation im
ages with applied bolus were obtained, and the rat contours were 
delineated. The CMS XIO planning system and Convolution algorithm 
defined a field size of 40 × 40 cm2. Care was taken to position the rat at 
least 3 cm away from the edges of the irradiation field, and the irradi
ation dose was calculated. Doses were calculated at gantry angles of 
0 and 180◦, with a Source-to-Axis Distance (SAD) of 100 cm and a 
Source-to-Skin Distance (SSD) of 97.5 cm to ensure dose homogeneity 
(4 Gy/min). Irradiation was performed in pairs, adhering to simulation 
conditions. Group 2 and Group 3 received whole-body 6 Gy x-rays in a 
single fraction [20,21]. All subjects were sacrificed under anesthesia 48 
h after irradiation. 

2.4. Biochemical analysis 

2.4.1. Tissue sampling and homogenization 
One gram of pancreatic sample was added with 9 ml of a working 

solution consisting of 0.15 M KCl to be homogenized on ice. The ho
mogenates were then transferred to Eppendorf tubes and homogenized 
on ice at 9500 rpm for several minutes. In the next stage, the homoge
nates were centrifuged at 4000×g for 10 min at +4,◦C and supernatants 
were separated [22]. MDA and GSH levels were spectrophotometrically 
measured from the separated supernatants. 

2.4.2. Malondialdehyde (MDA) analysis 
The determination of MDA, which is produced by lipid peroxidation, 

was performed by spectrophotometrically measuring the concentration 
of the pink-colored mixture on heating with TBA solution. After incu
bation, 900 μL from the assay tubes was added to 600 μL of TCA solution 
and centrifuged at 3000 rpm for 10 min. Following centrifugation, the 
obtained 900 μL of supernatant was added to 300 μL of freshly prepared 
TBA solution, and the resulting new mixture was left to incubate in 
boiling water for 15 min. Absorbance was measured at 532 nm and lipid 
peroxide contents were given as nmol/gr tissue [23]. 

2.4.3. Glutathione (GSH) analysis 
Ellman’s reagent method was used to measure glutathione (GSH) 

levels in pancreatic tissue [24]. 200 μL 3 M Na2HPO4 and 50 μL DTNB 
(4 mg DTNB, prepared in 1% 10 mL sodium citrate solution) were added 
to the 50 μL supernatant. The obtained mixture was vortexed and 
measured spectrophotometrically at 412 nm. 

2.5. Histopathological analysis 

In histopathological analysis, the following procedures were 
sequentially performed: Pancreatic tissues excised from the rats were 
divided into pieces of an approximate volume of 1.5 cm3 and fixed by 
being kept in 10% neutral formalin solution (Sigma-Aldrich, Saint Louis, 
MO, USA) for 24 h. In the next stage, in line with the stages of routine 

H. Yilmaz et al.                                                                                                                                                                                                                                 



Biochemical and Biophysical Research Communications 685 (2023) 149154

3

histological tissue processing, pancreatic tissue specimens were dehy
drated by being kept in an ascending series of ethanol (50%, 70%, 80%, 
90%, 96%, 100%, 100%; Merck GmbH, Darmstadt, Germany) using a 
tissue processor (Shandon Citadel 2000, Thermo Scientific, Germany). 
After dehydration, the specimens were cleared by being passed through 
two series of xylol solutions (Merck GmbH, Darmstadt, Germany). In the 
next stage, the specimens were embedded into tissue embedding cas
settes (Isolab GmbH, Germany) using a tissue embedder (Leica, EG1150, 
Germany), and sections of 4–5 μm were obtained by trimming the tissue 
to sections of 30 μm using a rotary microtome (Leica RM2525, Ger
many). The obtained sections were stained with Harris hematoxylin and 
Eosin (Eosin G Merck GmbH, Darmstadt, Germany) using a tissue stainer 
(Leica ST5020, Germany) according to the standard procedure. In the 
final stage; the sections were analyzed and photographed using a light 
microscope (Olypmus BX51, Olympus Corp, Japan) with an attached 
digital camera (Olypmus DP71, Olympus Corp, Japan). 

2.6. Immunohistochemical (IHC) analysis 

Pancreatic tissue sections were cut into sections of 1–2 μm using a 
rotary microtome (Leica Biosystems, RM2525, Germany). Pancreatic 
tissue sections that were transferred to positively charged slides and 
incubated with insulin primary antibody (ab181547, Abcam, UK), 
glucagon antibody (ab92517, Abcam, UK), caspase-3 primary antibody 
(ab2302, Abcam, UK), and an appropriate secondary antibody (Goat 
Anti-Rabbit IgG H&L (HRP), ab97051, Abcam, UK)), were incubated 
using a fully automated closed-system with the Leica Bond Max IHC/ISH 
stainer (Leica microsystem, Melbourne, Australia) according to the 
manufacturer’s instructions. In the next stage, the sections were coun
terstained with Harris Hematoxylin (Merck GmbH, Darmstadt, 
Germany). 

2.7. Semi-quantitative analysis 

Findings of necrosis in endocrine cells, loss of volume in the islets of 
Langerhans, and edematous areas were evaluated and scored as shown 
in Table 1 according to studies that histopathologically analyzed X-ray 
irradiation-induced pancreatic damage in H&E-stained pancreatic tissue 
sections [25,26]. Immunopositive cells in pancreatic tissue sections that 
underwent IHC were scored as shown in Table 2 [27]. In 
semi-quantitative analyses, 20 randomly selected areas from sections of 
each rat were scored by two histopathologists blinded to the study 
groups using x20 objective magnification. 

3. Results 

3.1. Biochemical results 

Pancreatic tissue MDA level measurements were performed to 
determine lipid peroxidation. In this context, we observed that the MDA 
level of pancreatic tissue in the IR group was significantly increased 
compared to the control group (Table 3, p = 0.001). On the other hand, 
we found that pancreatic tissue MDA level was significantly reduced in 
the IR + NAC group compared to the IR group. (Table 3, p = 0.001). 

In the measurements of pancreatic GSH level, we observed that the 
pancreatic tissue GSH level of the IR group decreased significantly 
compared to the control group. (Table 3, p = 0.02). However, we 
observed that the pancreatic tissue GSH level in the IR + NAC group was 
elevated compared to the IR group. (Table 3, p = 0.012). 

3.2. Histopathological results 

Light microscopic examination of pancreatic tissue sections deter
mined normal cells in the islets of Langerhans in the control group 
(Table 4, Fig. 1a and b, p = 0.001, PPDS 0(0-0)). In contrast, in 
pancreatic tissue sections of the IR group, there were necrotic cells 
accompanied by abundant cytoplasmic vacuoles in the islets of Lang
erhans. In addition, we determined a decrease in the surface area of the 
islets of Langerhans and the presence of extensive edematous areas 
(Table 4, Fig. 1c–d, p = 0.001, PPDS: 6(6-6)). In the IR + NAC group, we 
observed a decrease in the necrotic endocrine cells and edematous areas 
in the islets of Langerhans. In addition, we observed a reduction in the 
shrinkage found in the islets of Langerhans of the IR + NAC group 
(Table 4, Fig. 1e–f, p = 0.001, PPDS: 0.5(0–2)). 

3.3. Immunohistochemical results 

In the control group, we determined extensive immunohistoposi
tivity in beta cells in the islets of Langerhans (Table 5, Fig. 2a, p = 0.001, 
Insulin positivity score 3(3-3). In contrast, in beta cells of the IR group, 
there was a decrease in insulin positivity (Table 5, Fig. 2b, Insulin pos
itivity score 0(0–1). In the IIR + NAC group, we found extensive insulin 
positivity in beta cells in the islets of Langerhans (Table 5, Fig. 2c, p =
0.001, Insulin positivity score 3(2–3). 

In the control group, we determined alpha cells with extensive 
immunopositivity in the islets of Langerhans (Table 5, Fig. 3a, p = 0.001, 
Glucagon positivity score 2.5(2–3). In contrast, in alpha cells of the IR 
group, there was a decrease in glucagon positivity (Table 5, Fig. 3b, 

Table 1 
Pancreas pathological damage score (PPDS).  

Score Findings 

Necrotic Endocrine Cells 
0 ≤5% 
1 6%25% 
2 26%–50% 
3 51%–75% 
4 >75% 
Langerhans Islet Narrow 
0 1 
1 1–1.5 
2 2–2.5 
3 2.5–3 
4 >3 
Edema 
0 ≤5% 
1 6%–25% 
2 26%–50% 
3 51%–75% 
4 >75%  

Table 2 
Immunpositivity Scoring Methods Results 
median (25%–75% interquartile range)).  

Score Findings 

0 ≤5% 
1 6%–25% 
2 26%–50% 
3 51%–75% 
4 >75%  

Table 3 
Biochemical Analysis Results (mean ± standart deviation).  

Group MDA (nmol/g tissue) GSH (nmol/g tissue) 

Control 12.23 ± 0.79 3.38 ± 0.27 
IR 16.68 ± 0.78a 2.42 ± 0.47c 

IR + NAC 14.46 ± 0.67a,b 3.45 ± 0.76d 

ap = 0.001: Compared to the Control group. 
bp = 0.001: Compared to the IR group. 
cp = 0.02: Compared to the Control group. 
dp = 0.012: Compared to the IR group,One-Way ANOVA-Tukey HSD. 
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Glucagon positivity score 0(0-0). In the IR + NAC group, we found an 
increase in alpha cells showing extensive glucagon positivity in the islets 
of Langerhans (Table 5, Fig. 3c, p = 0.001, Glucagon positivity score 2 
(2–3). 

In the control group, we determined normal endocrine cells in the 
islets of Langerhans (Table 5, Fig. 4a, p = 0.001, Caspase-3 positivity 
score: 0(0-0). In the IR group, we observed an increase in endocrine cells 

showing extensive caspase-3 positivity in the islets of Langerhans 
(Table 5, Fig. 4b, p = 0.001, Caspase-3 positivity score 2(2-2). In the IR 
+ NAC group, we found a decrease in endocrine cells showing extensive 
caspase-3 positivity in the islets of Langerhans (Table 5, Fig. 4c, p =
0.001, Caspase-3 positivity score 0.5(0–1)). 

4. Discussion 

The results of the present study show that whole-body X-ray 

Table 4 
Pancreas Pathological Damage Score (PPDS) Score Results (median-25%–75% 
interquartile range).  

Group Necrocit Endocrine 
Cells 

Langerhans Islets 
Narrow 

Edema PPDS 

Control 0(0–0) 0(0–0) 0(0–0) 0(0–0) 
IR 2(2-2)a 2(2–3)a 2 

(1–2)a 
6(6-6)a 

IR +
NAC 

0(0–1)b 0(0–1)b 0 
(0–1)b 

0.5 
(0–2)b 

ap = 0.001 versus to Control Group. 
bp = 0.001 versus IR,Kruskal Wallis test with Bonferroni corretions. 

Fig. 1. The representative light microscopic screenshot of sections of pancreatic tissue. H&E staining. 
Langerhans Islets (L), Eczocrin asinuse (a) 
A(x20)-B(x40) Control Group: Islets of Langerhans (L) consisting of normal endocrine cells (arrow) are observed (PPDS median: 0(0-0)). C(x20)-D(x40) IR Group: 
Islets of Langerhans (asterisk) with reduced volume (narrow) consisting of necrotic endocrine cells (spiral arrow) are observed. In addition, widespread edematous 
areas are observed in the islets of Langerhans and exocrine acini (PPDS median: 6(6-6)). E(x20)-F(x40) IR þ NAC Group: It is observed that the necrotic endocrine 
numbers and edematous areas in the islets of Langerhans are decreased (PPDS median: 0.5(0–2)). 

Table 5 
Immunpositivity Score Results (median-25%–75% interquartile range).  

Group Insulin Positivity 
Score 

Glucagon Positivity 
Score 

Caspase-3 positivity 
Score 

Control 3(3–3) 2.5(2–3) 0(0–0) 
IR 0(0–1)a 0(0-0)a 2(2-2)a 

IR +
NAC 

3(2–3)b 2(2–3)b 0.5(0–1)b 

ap = 0.001 versus to Control Group. 
bp = 0.001 versus IR,Kruskal Wallis test with Bonferroni corretions. 
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Fig. 2. Representative light microscopic screenshot of Pancreatic tissue incu
bated with insulin primary antibody. 
A(x40) Control Group: Beta cells (white arrow) with intense Insulin positivity 
are observed in the islets of Langerhans (Insulin Positivity Score: 3(3-3)). B 
(x40) IR Group: It is observed that insulin positivity is decreased from beta 
cells in the islets of Langerhans (Insulin Positivity Score: 0(0–1)). C(x40) IR þ
NAC Group: Increased insulin positivity is observed in beta cells in the center of 
the islets of Langerhans (Insulin Positivity Score: 3(2–3)). 

Fig. 3. Representative light microscopic screenshot of Pancreatic tissue incu
bated with Glucagon primary antibody. 
A (x40) Control Group: Alpha cells (white arrow) with intense Insulin posi
tivity are observed in the islets of Langerhans (Glucagon Positivity Score: 2.5 
(2–3)). B(x40) IR Group: It is observed that Glucagon positivity is decreased 
from alpha cells in the islets of Langerhans (Glucagon Positivity Score: 0(0-0)). 
C(x40) IR þ NAC Group: Increased glucagon positivity is observed in alpha 
cells in the peripheral area of the islets of Langerhans (Glucagon Positivity 
Score: 2(2–3)). 
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irradiation in rats caused damage and cell apoptosis in the pancreatic 
islet of Langerhans cells; however, this damage is alleviated by NAC 
pretreatment. Moreover, the index of the oxidative status induced by 
ionizing radiation could be shifted back to an antioxidant status with 
NAC treatment as shown by the elevated levels of GSH. Moreover, the 
reduced MDA levels in the IR + NAC group indicate that NAC prevents 
lipid peroxidation in cell membranes, probably through an antioxidative 
effect. Ionizing radiation results in oxidative damage and inflammation 
by increasing the production of reactive oxygen species [10]. The 
occurrence of oxidative stress can result in the oxidation of many 
cellular components such as cell membranes, DNA, proteins, and lipids 
[28]. Consequently, this oxidative damage can give rise to compromised 
cellular activities, DNA damage, and ultimately, cell death through the 
process of apoptosis [29]. The persistence of oxidative stress, particu
larly inside organs and tissues, has the potential to contribute to the 
advancement of several diseases [28,29]. The implementation of tech
niques aimed at effectively managing oxidative stress and enhancing 
antioxidant defenses is crucial in the prevention and mitigation of tissue 
damage and its subsequent health implications. Antioxidants have the 
potential to mitigate the effects of oxidative stress. 

Pancreatic islet cells, particularly beta cells, are highly susceptible to 
oxidative stress due to their low antioxidant enzyme capacity [14]. 
Inflammation and oxidative stress constitute an important mechanism in 
the development of diabetes [14,30]. Prospective follow-up of child 
survivors of cancer who received radiotherapy for cancer during child
hood revealed that they were more likely to develop diabetes compared 
to both their twin siblings and the general population and that abdom
inal radiation exposure and the radiation dose had a causal relationship 
with the development of diabetes [4,7,31]. A prospective examination of 
radiation workers showed that these individuals developed diabetes at 
higher rates [1]. Furthermore, experimental animal model studies 
proved that IR-induced damage occurred in both the endocrine and 
exocrine pancreas and that insulin resistance developed [5,22,32]. 

Cells are protected from oxidative damage by antioxidant defense 
systems [33]. In conditions of excessive oxidative stress or depleted 
antioxidant capacity, the high levels of reactive oxygen species lead to 
various pathological processes [2,34]. GSH, a cellular detox found in all 
cells, is considered the most important member of the antioxidant de
fense system [12]. In conditions of excessive oxidative stress, GSH is 
depleted due to its increased use, and cells are rendered defenseless 
against reactive oxygen species. GSH mainly comprises three peptides 
(cysteine, glutamic acid, and glycine) [35]. The GSH concentration in 
cells depends on the levels of the used substrates and the synthesizing 
enzymes [11]. The cell is generally rich in glycine and glutamate con
tent; however, the amount of cysteine is limited [36]. NAC serves as a 
cysteine substrate for GSH and supplies cysteine in situations where GSH 
levels are low [37]. Although this is not the only mechanism underlying 
the organ protective quality of NAC, it is certainly responsible for a 
significant portion of this quality. Numerous studies prove this NAC’s 
antioxidant quality [15–17]. Accordingly, our study also showed that 
GSH increased in the NAC group, while MDA levels that indicate lipid 
peroxidation decreased. These results support the use of NAC as an agent 
that can improve oxidative stress in the endocrine pancreatic tissue with 
IR-induced damage. The results of our study are consistent with both 
data from the literature and the results of other studies on this matter. 

There are studies in the literature showing that NAC has favorable 
effects on both insulin resistance and diabetes [14,30,35,36,38]. This 
effect is thought to derive from its protective role against the oxidative 
stress that develops due to glucotoxicity and lipotoxicity. Two different 
animal model studies have shown that the high-fat-fed offspring of rats 
receiving NAC during pregnancy and breastfeeding had improved in
sulin sensitivity and glucose tolerance in isolated islet cells, with higher 
beta cell function and survival [30,35]. NAC was also demonstrated to 
offer protection via an antioxidant effect in pancreatic damage related to 
ischemia/reperfusion [36]. Two different animal studies that were quite 
similar showed that NAC treatment along with bone marrow 

Fig. 4. Representative light microscopic screenshot of Pancreatic tissue incu
bated with Caspase-3 primary antibody. 
A (x40) Control Group: Normal endocrine cells are observed to be immuno- 
negative in the islets of Langerhans (Caspase-3 Positivity Score: 0(0-0)). B 
(x40) IR Group: Apoptotic endocrine cells (tailed arrow) with intense Caspase- 
3 positivity are observed in the islets of Langerhans (Caspase-3 Positivity Score: 
2(2-2)). C(x40) IR þ NAC Group: It is observed that Caspase-3 positivity is 
decreased in endocrine cells in the islets of Langerhans. (Caspase-3 Positivity 
Score: 0.5(0–1)). 
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mesenchymal stem cell treatment for severe acute pancreatitis amelio
rated acute pancreatitis and improved the degeneration, apoptosis, and 
necrosis of the islets of Langerhans [11,39]. NAC prevents lipid perox
idation and maintains the integrity of the cell membrane, which is the 
major site of oxidation reactions, by protecting the cell membrane 
against oxidative stress, and hence, inhibits the activation of the caspase 
cascade that initiates apoptosis [15,40]. Our result that the elevated 
MDA levels and caspase-3 positivity in the IR group decreases in the IR 
+ NAC group is supported by these data. 

In this study, we administered NAC to the same subject group in two 
conditions: before and after IR. There is evidence in the literature sug
gesting that NAC treatment is effective in conditions that may lead to 
GSH depletion, but not in environments where GSH is found at normal 
levels [15]. The GSH pool is not depleted before the application of IR. 
However, it is quite likely that the GSH pool would be depleted after the 
application of IR. The administration of NAC before IR and after IR to 
two separate groups will be the subject of another study we plan to 
perform to understand whether the protective effect of NAC derives 
from the time of application or the poor antioxidant capacity of the 
pancreas. Clarifying this matter will also help us gain more information 
regarding the effect mechanism of NAC. Because finding that it is 
effective in both conditions would suggest the presence of mechanisms 
independent of GSH levels. 

Our study is the first study that has shown that NAC improves IR- 
induced damage in pancreatic Langerhans cells. The current work is 
novel since it examines the endocrine pancreas, insulin- and glucagon- 
secreting islet cells, and the impact of n-acetylcysteine on these cells 
in pancreatic damage caused by x-ray ionizing radiation. Accordingly, 
certain limitations of our study should be taken into consideration. 
Studies show that IR-induced islet cell damage is a relatively late 
complication and that DM may develop years after IR exposure [7,31]. 
However, our study investigated the acute effects of IR on pancreatic 
islet cells. It is not known how much of this acute damage progresses to 
the chronic phase. Therefore, studies that will investigate the chronic 
effects of IR on the endocrine pancreas are highly needed. This will be 
the subject of our future studies. Also, it is not known whether the 
protective effects of the NAC treatment will continue in the long term. In 
addition, although this study demonstrated damage in pancreatic islet 
cells after IR, it did not biochemically determine whether or not diabetes 
developed. Future studies should include fasting plasma glucose, insu
lin, and c-peptide levels to determine endocrine pancreatic function 
after IR. Lastly, IR was applied to healthy animals rather than those with 
an induced model of cancer. Certain growth factors and molecules 
produced in cancerous tissues may endogenously cause different cellular 
reactions by affecting various pathways. This may result in a difference 
between the responses of cancerous tissues and healthy tissues to the 
same molecule. Clinical studies on individuals with cancer and animal 
studies with induced cancer models are needed to elucidate this matter. 
In order to gain a deeper understanding of the protective effects of 
N-acetylcysteine (NAC) in endocrine pancreas damage induced by x-ray 
ionizing radiation, it is imperative to do additional molecular in
vestigations that explore potential molecular processes involving 
oxidative stress. Further studies are needed to better determine the 
pathways through which the therapeutic effect is achieved. 

5. Conclusion 

The adverse effects of ionizing radiation from X-rays on pancreatic 
islet cells highlight the necessity for the development of preventive and 
therapeutic interventions to mitigate this harmful radiation-induced 
toxicity. N-acetylcysteine (NAC) has been extensively studied for its 
antioxidant capabilities and is considered a promising candidate for 
mitigating cell damage caused by radiation exposure. The findings of our 
investigation have indicated that N-acetylcysteine (NAC) has the po
tential to mitigate the detrimental impact of ionizing radiation on islet 
cells through its ability to fight oxidative stress. Moreover, the 

administration of N-acetylcysteine (NAC) may have potential conse
quences in the preservation of both endocrine and exocrine functions of 
the pancreas, specifically in clinical situations when there is repetitive 
exposure to radiation. This is due to its ability to mitigate radiation- 
induced pancreatic damage. 
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