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ABSTRACT
The increase in sugar consumption has been associated with current metabolic disease epidemics. This study aimed to investigate
the pancreatic molecular mechanisms involved in cellular stress, inflammation, mitogenesis, and apoptosis in metabolic disease
induced by high-fructose diet. Here, we used biochemical, histopathological, Western blot, and immunohistochemistry methods
to determine the metabolic and pancreatic alterations in maleWistar rats fed 20% fructose in drinking water for 15 weeks. High-
fructose consumption in rats increased the immunopositivity and protein expression of glucose transporter 2 (GLUT2) and insulin
in the pancreatic tissue, in association with abdominal adiposity, hyperglycemia, and hypertriglyceridemia. The expressions of
cellular stress markers, glucose-regulated protein-78 (GRP78) and PTEN-induced putative kinase 1 (PINK1), were increased in
the pancreas. The levels of interleukin (IL)-6, nuclear factor kappa B (NFκB), tumor necrosis factor α (TNFα), and IL-1β and
components of the Nod-like receptor protein 3 (NLRP3) inflammasome were elevated. Excess fructose intake stimulated the
activation of mitogenic extracellular signal-regulated kinases 1/2 (ERK1/2), p38, and c-Jun N-terminal kinase (JNK)1 as well as the
apoptotic p53 andFas pathways in the pancreas of rats. Therewas also an increase in caspase-8 and caspase-3 cleavage. Our findings
revealed that dietary high-fructose in the pancreas causes hyperinsulinemia due to the upregulation of GLUT2 together with
cellular stress and inflammatory markers, thereby stimulates mitogenic mitogen-activated protein kinase (MAPK) and apoptosis
pathways, resulting in a complex pathological situation.

1 Introduction

Metabolic diseases such as obesity, metabolic syndrome, and
Type 2 diabetes are considered severe health problems world-
wide. The main causes of metabolic diseases include sedentary
lifestyles, genetic factors, environmental exposure, and soft

drink consumption in all age groups, particularly children
and adolescents [1]. Numerous studies have indicated a strong
relationship between high-fructose beverage consumption and
metabolic disease occurrence [2–5]. Previously, we showed that
the excess fructose intake suppressed insulin signaling pathways
in different tissues of rats, such as blood vessels, liver, kidney,
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testis, and adipose tissue, thereby causing systemic and tissue
insulin resistance [5, 6]. High-fructose-induced hyperglycemia,
hyperinsulinemia, and insulin resistance may lead to structural
and functional changes in the pancreas. However, research on
pancreatic irregularities caused by fructose-rich diet is limited.
Various changes to pancreatic morphology resulting from dietary
fructose have been observed [7], but the underlying molecular
mechanisms remain unclear.

In a hyperinsulinemic state, increased secretory activity and
cellular energy utilization in the pancreas cause an overload in
organelles such as endoplasmic reticulum (ER) andmitochondria
[8]. Elevation of ER workload induces ER stress, which is also
predicted to play a role in diabetes pathogenesis [9]. Stress in
cellular organelles with critical functions, such as the ER and
mitochondria, can activate inflammatory and apoptotic pathways
as a pathological condition [8, 10]. A chronic low-grade inflamma-
tory state is one of the components of metabolic syndrome, which
can lead to tissue damage and contribute to the pathogenesis of
metabolic diseases [11]. Previous studies have reported an associ-
ation between diabetes pathogenesis and inflammatory cytokines
such as interleukin (IL)-6, IL-1β, and tumor necrosis factor α
(TNFα). Elevated levels of these cytokines have been determined
in the plasma and pancreatic tissue of Type 2 diabetic patients [12,
13]. Specifically, IL-1β-mediated pancreatic islet destruction plays
a role in the pathogenesis of diabetes [14]. Another component
involved in inflammatory conditions is the Nod-like receptor
protein 3 (NLRP3) inflammasome, an inflammatory complex
composed of NLRP3, apoptosis-associated speck-like proteins
(ASCs), and caspase-1 proteins. Various stress factors, such as
intracellular damage and stimulation of nuclear factor kappa
B (NFκB) pathway, trigger the formation of this inflammasome
complex and lead to the activation of IL-1β [15]. Furthermore,
studies show that NLRP3 inflammasome production induces
islet dysfunction [16, 17]. These findings indicate that several
inflammatory factors play a role in pancreatic abnormalities
associated with diabetes pathogenesis. A detailed investigation
of the alterations in pancreatic inflammatory mediators of
high-fructose-induced insulin-resistant conditions may provide a
better understanding of diabetes and metabolic disturbances.

Mitogen-activated protein kinases (MAPKs) are involved in
regulating various cellular events, including proliferation, differ-
entiation, survival, and death. Because of these critical cellular
functions, alterations in this pathway have been implicated in
the pathogenesis of numerous diseases, such as cancer and
metabolic diseases, including obesity and Type 2 diabetes [18].
The extracellular signal-regulated kinases 1/2 (ERK1/2) MAPK
is a major signaling pathway involved in the regulation of cell
growth and development. In addition, this pathway plays a pos-
itive regulatory role in glucose-stimulated insulin secretion and
pancreatic β-cell survival [18]. The activation of p38 and c-Jun N-
terminal kinase (JNK) MAPKs under different stress conditions,
including inflammation and oxidative stress, may contribute to
the dysregulation of glucose and lipid metabolism [19]. Studies
have shown that the inhibition of p38 and JNK1 reduces adiposity
and improves insulin sensitivity in diabetic or obese mice [20,
21]. These findings suggest that MAPK pathways are essential
for maintaining the physiological function of the endocrine
pancreas. Alterations in the expression of molecules involved in
these pathways play an influential role in the pathophysiology of

diabetes. Therefore, it is crucial to elucidate possible changes in
the pancreatic ERK1/2, p38, and JNK1 MAPK pathways caused
by excessive fructose intake, which is a known contributor to
metabolic disturbances.

Another pathophysiological process implicated in the develop-
ment of diabetes is controlled cell death, also known as apoptosis,
which is activated by cellular stress, inflammatory cytokines, and
mitogenic factors [22]. Evidence suggests that bothmitochondrial
(intrinsic) and receptor-mediated (extrinsic) apoptotic pathways
play a role in inadequate insulin secretion and islet β-cell failure,
which occur in diabetes [23]. A previous study involving diabetic
rat with a high-fructose/high-fat diet showed an increase in
apoptosis-relatedmolecules, including JNK1 and caspase-3, in the
pancreatic tissue [24]. However, the apoptotic pathways in the
pancreas in relation to fructose-rich diets remain unclear. This
study aimed to investigate the changes in the mitogenic ERK1/2,
p38, and JNK1 pathways and several interrelated parameters such
as cellular stress, inflammation, and apoptosis in the pancreatic
tissue of rats with high-fructose-induced metabolic disorder.
Ultimately, this study demonstrates how excess dietary fructose
leads to pancreatic dysfunction and diabetes development using
the molecular mechanisms driven by this metabolic stress.
These findings may be critical for the development of novel
preventive and curative strategies for the global metabolic burden
attributable to high sugar/fructose intake.

2 Experimental Section

2.1 Animals and Diets

The experimental protocol of this study was approved by the
Animal Experiments Local Ethics Committee of Gazi University
(G.Ü.ET-21.054). Three-week-oldmaleWistar rats were housed in
temperature- and humidity-controlled rooms (20–22◦C and 45%–
55% relative humidity) with a 12-h light–dark cycle. The animals
were fed a standard rodent chow diet containing 62% starch,
23% protein, 4% fat, 7% cellulose, standard vitamins, and a salt
mixture. After 1 week of acclimatization, the rats were randomly
divided into two groups: control (n = 6) and high-fructose (n =
9). Rats in the high-fructose group were fed ad libitum drinking
water containing 20% (w/v) sugar (fructose; Danisco Sweeteners
OY, Kotka, Finland) and regular chow for 15 weeks. Body weight
and food and liquid intakes were recorded weekly during the
experimental period of all rats. At the end of the experimental
period, rats were anesthetized with an intraperitoneal injection
containing a ketamine (100 mg/kg) and xylazine (10 mg/kg)
mixture. Subsequently, blood samples were rapidly collected via
cardiac puncture. Pancreatic tissues were immediately isolated,
weighed, frozen in liquid nitrogen, and stored at−85◦C for further
analysis. Abdominal and epididymal adipose tissueswere isolated
and weighed.

2.2 Biochemical andMetabolic Measurements
in the Plasma and Pancreas

The plasma of the blood samples was immediately separated
by centrifugation at 1500 × g for 15 min at 4◦C. The pancreatic
samples were homogenized with 0.1 M phosphate buffer (1:10
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w/v), pH 7.4, using a homogenizer (MICCRa D1). The pancreatic
homogenateswere centrifuged at 10 000× g for 10min at 4◦C, and
supernatant fractions were collected. The plasma and pancreatic
supernatants were immediately stored at −85◦C until analysis.
Plasma glucose and lipid parameters, including triglyceride, very-
low-density lipoprotein (VLDL), low-density lipoprotein (LDL),
high-density lipoprotein (HDL), and total cholesterol levels,
were measured using an automatic biochemical analyzer (Otto
Scientific, Mindray-BS400). According to the manufacturer’s
instructions, insulin, glucagon, IL-6, NFκB, TNFα, and IL-1β
levels in the plasma or pancreatic tissue were measured using
rat-specific ELISA kits (Bioassay Technology Laboratory or ELK
Biotechnology).

2.3 Histopathological and
Immunohistochemical Examinations in the
Pancreas

Pancreatic tissues were fixed in buffered formalin and embedded
in paraffin. The paraffin tissue blocks were then sectioned at 5-
µm thickness. Pancreatic tissue samples were deparaffinized in
xylene and rehydrated using a graded alcohol series (5 min each;
100%, 95%, 90%, 80%, and 70%). Tissue sections were stained with
hematoxylin and eosin (H&E) [25] and periodic acid-Schiff (PAS)
using standard protocols according to Luna [25] and the PAS kit
(Bioptica, Italy). For immunohistochemistry, the tissue sections
were deparaffinized and rehydrated in phosphate buffered saline
(PBS) solution. Subsequently, the sections were treated with a
citrate buffer-EDTA mix (pH 6.0) and used to reveal antigenic
determinants in amicrowave oven at 800W for 25min. Pancreatic
sections were kept in 3% hydrogen peroxide (H2O2)-methanol
solution for 20 min to eliminate endogenous peroxidase activity.
Tissue sectionswere blockedwith bovine serumalbumin (BSA) to
prevent nonspecific protein binding. The samples were incubated
with glucose transporter 2 (GLUT2; 1:200, Bioss), insulin (1:200,
Abcam), and NFκB (1:200, BioLegend), antibodies at 37◦C for
60 min. Sections were incubated with avidin/biotin complex per-
oxidase (ABC-P) as a secondary antibody (HRP/DAB Detection
IHC kit, Abcam). The following steps were performed according
to the ABC-P staining method, following the manufacturer’s
instructions. The tissue sections were washed twice with PBS for
5 min at the end of each step, except for the protein-blocking step.
As a negative control, tissue sections were incubated with PBS
instead of the primary antibody. The sections were stained with
diaminobenzidine (DAB) as a chromogen and counterstained
with Gill’s hematoxylin. All results were semi-quantitatively
determined using a light microscope at 40, 100, and 250 ×magni-
fications. Field counting was performed 10 times, and the average
value was calculated (Olympus BX51, Olympus, Tokyo, Japan).

2.4 Western Blot Analysis in the Pancreas

Pancreatic tissue samples (75 mg) were homogenized in RIPA-
homogenization buffer (four-fold volume) containing 50 mM
Tris, 150 mM sodium chloride, 5 mM EDTA, 1% (w/w) Tri-
ton X-100, 0.26% (w/v) sodium deoxycholate, 50 mM sodium
fluoride, 0.1 mM sodium orthovanadate, and 0.2 mM PMSF.
Tissue homogenates were centrifuged at 1500 × g for 10 min
at 4◦C, and the supernatants were collected. The total protein

concentration was determined using the Lowry method [26].
An equal amount of total proteins (40 µg) for each group were
separated using 12% polyacrylamide gel by electrophoresis and
transferred to a polyvinylidene fluoride membrane using a semi-
dry blotting apparatus (TransBlot Turbo, Bio-Rad Laboratories).
Subsequently, themembraneswere then blocked in 3%BSA for 1 h
at room temperature and incubated with the appropriate primary
antibodies, including GLUT2 (1:1000, Bioss), glucose-regulated
protein-78 (GRP78) (1:1000, Santa Cruz), PTEN-induced putative
kinase 1 (PINK1) (1:500, Santa Cruz), NFκB (1:500, BioLegend),
phosphoNFκB (pNFκB; 1:500, SantaCruz), TNFα (1:500,Abcam),
NLRP3 (1:500, Boster), ASC (1:500, Santa Cruz), caspase-1 (1:500,
SantaCruz), IL-1β (1:1000,Abcam), Raf1 (1:1000,Abcam), ERK1/2
(1:1000, Abcam), phospho ERK1/2 (pERK1/2; 1:1000, Abcam),
p38 (1:2000, Abcam), phospho p38 (pp38; 1:1000, Abcam), JNK1
(1:1000, Abcam), phospho JNK1 (pJNK1; 1:500, Abcam), Fas
(1:1000, Abcam), p53 (1:1000, Abcam), caspase-8 (1:1000, Abcam),
caspase-3 (1:1000, Abcam), and actin (1:2000, Abcam) at 4◦C
overnight. After washing with Tris-buffered saline, the mem-
branes were incubated with horseradish peroxidase-conjugated
rabbit or mouse secondary antibodies (1:10 000, Advansta or
Santa Cruz) for 1 h at room temperature. Subsequently, the
blots were detected with enhanced chemiluminescence Western
Blotting substrate (WesternBright, Advansta) for 5 min. Blot
images were captured using a chemiluminescence detection
system (c300, Azure). Protein band intensities were quantified
using the ImageLab 6.1 software (Bio-Rad Laboratories). Actin
was used as the internal control. The catalog numbers of all
antibodies used in this study are listed in Table S1.

2.5 Statistical Analysis

Data is presented as mean ± standard error of the mean (SEM),
where n represents the number of rats. The protein expression
results were normalized to the mean of the control groups, and
the relative changes were expressed as fold changes relative
to the control. Data were assessed for normal distribution and
homogeneity of variance between groups before further analysis.
Statistical analyses were performed using an unpaired Student’s
t test. Data were evaluated with GraphPad Prism (version 8.0,
GraphPad Software, La Jolla, CA, USA). Values were considered
statistically significant when the p value was less than 0.05.

3 Results

3.1 The Changes in Metabolic and Biochemical
Parameters

The initial and final body weights, in addition to the daily food,
liquid, fructose, and calorie intake of the rats are shown in Table 1.
Food and liquid intake were significantly decreased in high-
fructose-fed rats, whereas total caloric intake was increased due
to the additional calories from fructose. Dietary fructose caused
a statistically significant increase in abdominal and epididymal
adipose tissue weights, but not in final body weight. Pancre-
atic weight and body weight ratio did not change significantly
between the groups. This dietary intervention elevated plasma
triglyceride, VLDL, and total cholesterol levels, but not LDL levels
in rats. The increase in plasma HDL levels was also considered.
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TABLE 1 Metabolic parameters of rats.

Parameters Control High-fructose

Initial body weight (g) 85.64 ± 3.47 87.64 ± 5.30
Final body weight (g) 349.4 ± 15.41 355.5 ± 14.90
Food intake (g/day) 19.87 ± 0.4 13.83 ± 0.28*
Liquid intake (mL/day) 43.21 ± 1.08 38.56 ± 0.39*
Fructose intake (g/day) − 7.7 ± 0.1
Total caloric intake (kcal) 69.53 ± 1.41 77.72 ± 1.13*
Plasma triglyceride (mg/dL) 97.33 ± 4.34 269.8 ± 8.16*
Plasma VLDL (mg/dL) 19.47 ± 0.87 53.96 ± 1.63*
Plasma LDL (mg/dL) 23.50 ± 3.56 18.21 ± 0.83
Plasma HDL (mg/dL) 36.89 ± 2.70 50.86 ± 2.07*
Plasma total cholesterol (mg/dL) 31.25 ± 3.01 43.93 ± 2.05*
Abdominal adipose tissue weight (g) 2.4 ± 0.32 5.9 ± 0.47*
Abdominal adipose tissue weight to bw (g/100 g bw) 0.82 ± 0.11 1.77 ± 0.08*
Epididymal adipose tissue weight (g) 3.331 ± 0.20 6.302 ± 1.26*
Epididymal adipose tissue weight to bw (g/100 g bw) 1.105 ± 0.056 1.732 ± 0.21*
Pancreas weight (g) 0.962 ± 0.054 0.972 ± 0.037
Pancreas weight to body weight (g/100 g bw) 0.297 ± 0.015 0.300 ± 0.014

3.2 The Findings of Histopathological Analysis

Routine histopathological examination of the pancreatic tissues
of high-fructose-fed rats revealed intense degenerative changes
in the nucleus, cytoplasm, and cell membrane. Dietary fructose
was observed to cause the loss of cell boundaries, pale pink
cytoplasm, and karyopyknosis. In addition, vascular changes
such as hyperemia were observed in the high-fructose group but
not in the control group. PAS staining was performed to detect
glycogen deposits, showing a significant increase in the number
of PAS-positive cells in the pancreatic tissue of fructose-fed rats.
All histopathological findings are presented in Figure 1.

3.3 The Changes in Plasma or Pancreatic
Endocrine Parameters

Plasma glucose levels and endocrine parameters of the rats are
shown in Figure 2. A high-fructose diet caused an elevation in
plasma glucose and insulin levels as well as pancreatic insulin
levels. Immunohistochemical examination demonstrated that
excessive fructose intake leads to an increase in insulin expression
in the pancreatic tissue, given a supply to plasma and pancreatic
high levels of insulin. However, excessive fructose intake did not
alter plasma glucagon levels.

3.4 The Changes in GLUT2 Expression

High-fructose consumption markedly increased the immunos-
taining and protein expression of GLUT2 (glucose and fructose
transporter) in the pancreas (Figure 3).

3.5 The Changes in Cellular Stress Parameters

Cellular stress-associated parameters, such as GRP78, an ER
stress marker, and PINK1, a mitophagy marker, were signifi-
cantly increased in the pancreas of rats fed high-fructose diet
(Figure 4).

3.6 The Changes in Inflammatory Parameters

The changes in inflammatory parameters such as IL-6, NFκB,
TNFα, IL-1β, and NLRP3 inflammasome components were deter-
mined in the pancreatic tissue of rats (Figure 5). In addition,
systemic IL-6 and NFκB levels were measured in the plasma.
Excessive fructose intake increased plasma levels of IL-6, but
that of NFκB did not reach a statistical significance. Pancreatic
IL-6, NFκB, TNFα, and IL-1β levels were elevated in high-
fructose-fed rats. Dietary fructose caused an increase in NFκB
and pNFκB protein expression in the pancreatic tissue but did
not change the pNFκB/NFκB ratio. Supportively, excess fructose
increased immunostaining of NFκB, an inflammatory factor
and cellular stress marker, in the pancreas. High-fructose diet
caused a significant enhancement in TNFα protein levels and
expression in pancreatic tissue samples of rats. Regarding the
NLRP3 inflammasome components, a high-fructose diet caused
an upregulation of the protein expression of NLRP3, a sensor
protein of the inflammasome, but did not alter the expression
of ASC, an adaptor protein of the inflammasome. Additionally,
this dietary intervention elevated the protein expression of pro-
caspase-1 and cleaved-caspase-1, which are effector proteins of
the inflammasome. In addition, high-fructose intake significantly
increased levels of IL-1β and the protein expressions of pro-IL-1β
and mature-IL-1β in the pancreatic tissue of rats.
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FIGURE 1 Effects of high-fructose diet on the pancreaticmorphology of rats. H&E and PAS staining images (a) and histopathological degeneration
scores (b) of the pancreas. Values are expressed as mean ± SEM, n = 6–9 rats. Statistical differences were analyzed using an unpaired Student’s t test,
with significance set at *p < 0.05. Scale bar = 250, 100, and 40 µm. H&E, hematoxylin and eosin; PAS, periodic acid-Schiff; SEM, standard error of the
mean.

3.7 The Changes in the Mitogenic MAPK
Pathway Elements

The changes in mitogenic pathway proteins, including ERK1/2,
p38, JNK1, their phosphorylated forms, and Raf1, were exam-
ined following fructose exposure (Figure 6). Raf1, ERK1/2, and
pERK1/2 expression levels in the pancreas were significant in
fructose-fed rats. Additionally, the expression of other MAPKs,
including p38, pp38, JNK1, and pJNK1, was significantly elevated
in the pancreatic tissues. The ratios of pERK1/2 to ERK1/2 and
pJNK1 to JNK1, but not pp38 to p38, were increased.

3.8 The Changes in Apoptotic Parameters

The changes in apoptotic marker proteins such as Fas and p53, as
well as caspase-8 and caspase-3 (initiator and effector caspases,
respectively), were examined in fructose-fed rats (Figure 7). High
dietary fructose intake caused a statistically significant increase
in the protein expression of Fas and p53 in the pancreatic
tissue of rats. In addition, this dietary intervention increased
the expression of cleaved-caspase-8 and cleaved-caspase-3 (active
proteins), but not that of pro-caspase-8 (an inactive form of
caspase-8).

4 Discussion

Excessive fructose intake, especially in children and young adults,
has drawn attention as an important health issue. Currently, it
has been confirmed that high-fructose consumption contributes
to the global increase in the prevalence of metabolic disorders
[27]. Numerous studies have demonstrated that a high-fructose

diet causes various pathologies, such as abdominal obesity,
insulin resistance, hypertriglyceridemia, and hepatic steatosis
[2, 5, 28, 29]. However, there is a lack of research examining
molecular mechanisms behind excess fructose-related changes
in the pancreas, one of the most critical endocrine organs. This
study on excess fructose intake displayed that hyperglycemia
and hyperinsulinemia, due to increased expression of GLUT2
in association with cellular stress, inflammatory status, acti-
vates mitogenic ERK1/2, p38, and JNK1 MAPK pathways as
well as apoptosis, thereby showing a metabolic adaptation to
high-fructose conditions in the pancreas.

A fructose-rich diet caused abdominal and epididymal adi-
posity rather than general obesity, which is characteristic of
this monosaccharide [5]. In similarity with previous study
results, we have shown that high-fructose consumption of
rats causes abdominal and epididymal adiposity together with
hyperglycemia and hypertriglyceridemia, thus presenting the
development of metabolic syndrome. Previously, it was reported
that the metabolic disturbance due a high-fructose diet may lead
to alterations in pancreatic morphology including the islet num-
ber and volume abnormalities [7]. We observed necrotic changes
and membrane and cytoplasmic degeneration in the pancreas
of rats fed high-fructose diet. In a further step, we investigated
various cellular pathways at the molecular level to elucidate the
mechanismsunderlying these pancreaticmorphological changes.

Pancreatic cells with high secretory activity possess large and
well-developed ER. However, in hyperinsulinemia, increased
secretory activity can overload the ER and lead to ER stress [8].
Accumulating evidence suggests that impaired ER homeostasis
plays a role in the pathogenesis of Type 2 diabetes [8, 9]. Studies
have shown that a high-fat, high-fructose diet increases the
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FIGURE 2 Plasma levels of glucose (a), glucagon (b), and insulin (c) in rats. Pancreatic insulin levels (d), relative immunopositivity (e), and
immunohistochemical staining (f) for insulin in rats. Values are expressed as mean ± SEM, n = 6–9 rats. Statistical differences were analyzed using an
unpaired Student’s t test, with significance set at *p < 0.05. Scale bar = 250 and 40 µm. SEM, standard error of the mean.

FIGURE 3 Effects of high-fructose diet on GLUT2 expressions in the pancreas. Immunohistochemical staining (a), relative immunopositivity
(b), representative Western blot bands (c), and relative protein expression (d) of GLUT2. Values are expressed as mean ± SEM, n = 6–9 rats. Statistical
differenceswere analyzedusing anunpaired Student’s t test, with significance set at *p< 0.05. Scale bar= 250, 100, and 40 µm.GLUT2, glucose transporter
2; SEM, standard error of the mean.

expression of GRP78 and other proteins associated with ER stress
in the rodents pancreas [24, 30, 31]. In present study, we found
that the expression of GRP78, which acts as an ER stress sensor,
was elevated in high-fructose-induced pancreatic hyperinsuline-
mia. ER stress triggers the unfolded protein response (UPR),
which aims to restore cellular homeostasis. TheUPRpathway can
activate several cellular prosses, including the NLRP3 inflamma-
some, IL-6, TNFα, NFκB, and mitogenic ERK1/2, p38, and JNK

pathways [32–34]. Moreover, high secretory activity in pancreatic
β-cells under hyperinsulinemic conditions leads to increased
cellular energy utilization, thereby causing mitochondrial dam-
age and mitochondrial dysfunction. PINK1/Parkin signaling in
the cells controls mitochondrial function and repairs organelle
damage [35]. Previous studies have shown that dietary fructose
may alter mitochondrial energy balance [36–38]. In these studies,
it was determined an impaired mitochondrial function; how-
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FIGURE 4 Effects of high-fructose diet on cellular stress parameters in the pancreas. Representative Western blot bands (a) and relative protein
expressions (b) of GRP78 and PINK1. Values are expressed asmean± SEM, n= 6–9 rats. Statistical differences were analyzed using an unpaired Student’s
t test, with significance set at *p < 0.05. GRP78, glucose-regulated protein-78; PINK1, PTEN-induced putative kinase 1; SEM, standard error of the mean.

ever, pancreatic mitophagy has not been investigated. Here, we
demonstrated that the protein expression of PINK1, a mitophagy
marker, was increased in the pancreatic tissue of fructose-fed
rats. Thus, high-fructose diet may disrupt pancreatic cellular
energy utilization and function by upregulating ER stress and
mitophagy. This stressful condition may also provoke mitogenic
and apoptotic processes in the pancreas.

A chronic inflammatory state is critical in the pathogenesis of
metabolic diseases and diabetes. In this line, high levels of inflam-
matory factors such as IL-6, IL-1β, and TNFα were determined
in the plasma of Type 2 diabetic patients [12]. Additionally, an
increase in inflammatory cytokines and macrophages in pancre-
atic islets has been reported to contribute to β-cell destruction
and dysfunction [39–41]. Evidence indicates that a high-fructose
diet induces a systemic inflammatory state extending to various
organs such as the liver, adipose tissue, testes, kidney, ileum, and
heart [29, 42–49]. Histopathological examinations have demon-
strated that high-fructose consumption causes inflammatory cell
infiltration and tissue damage in the pancreas of rodents [24,
50]. Further, a high-fructose/high-fat diet has been shown to
increase plasma IL-6, accompanied by decreased insulin secretion
and impaired β-cell morphology in rats [51]. NFκB, an inflam-
matory factor, plays a key role in cellular response to various
stimuli such as oxidative stress, inflammatory cytokines, and free
radicals. NFκB activation is important in the pathogenesis of
inflammation-related diseases, including diabetes [52]. Studies
have shown that the protein expression of proinflammatory
factors such as TNFα, IL-6, and NFκB is enhanced in the
pancreatic tissue of diabetic rats [53, 54], and treatment with the
oral antidiabetic drug metformin decreases these inflammatory
factors in fructose- and streptozotocin-induced diabetic rats
[54]. Consistent with these findings, we observed an elevation
of pancreatic IL-6, TNFα, NFκB, pNFκB, and circulatory IL-
6 in high-fructose-fed rats, thereby indicating an inflammatory
burden on this endocrine organ. On the other hand, the activation
of theNLRP3 inflammasome, a critical component of the immune
system, can be triggered with various harmful conditions such
as hyperglycemia, hypertriglyceridemia, and ER stress [9, 55].
The high-fructose-inducedmetabolic disturbancewas also shown
to induce NLRP3 inflammasome activation in metabolic organs,
including the liver and adipose tissue [28, 56–58]. In this study,

we identified an increase in NLRP3 as well as pro-caspase-1,
cleaved-caspase-1, pro-IL-1β, and mature-IL-1β in the pancreas
of high-fructose-fed rats. The results of our study suggest that
excessive fructose intake triggers a complex inflammatory state
via IL-6, NFκB, TNFα, and NLRP3 inflammasome components
in the pancreas. Previous studies showed that inflammation
accompanies the increase in ERK1/2, p38, and JNK expressions
in different tissues such as kidney, liver, heart, and testis in
high-fructose-fed rats [5]. Hence, the collective increase in these
inflammatory parameters may trigger the activation of MAPK
pathways in the pancreatic tissue of high-fructose-fed rats.

The MAPK pathways have been shown to be involved in numer-
ous physiological and pathophysiological cellular processes.
Besides, ERK1/2 is the major regulatory pathway in cell growth
and development [18]. It has been shown that high glucose-
induced activation of ERK1/2 via Raf1 leads to mitogenesis in
pancreatic β-cells [59], while inhibition of the ERK signaling
pathway reduces β-cell proliferation andmass [60]. Furthermore,
studies have revealed that increased ERK1/2 activity causes
systemic insulin resistance, because ERK1/2 knockdown in the
liver of obese mice improves insulin resistance and glucose
intolerance [61]. Similarly, we observed that Raf1, ERK1/2, and
pERK1/2 protein expression levels increased in the pancreas
of rats with high-fructose-induced hyperinsulinemia. The onset
of insulin resistance, a sign of metabolic syndrome, leads to
increased insulin production in response to decreased insulin
utilization and efficiency in tissues [62]. Accordingly, pancreatic
β-cells exhibit enhanced secretory activity, along with increased
cell size and number [9]. In insulin resistance, glucose levels
are high in the blood despite hyperinsulinemia. Concurrently,
hyperglycemia upregulates the expression of glucose and fructose
transporter GLUT2, thereby stimulating insulin secretion in
β-cells [63]. In the present study, we found that pancreatic
immunopositivity and protein expression of GLUT2 together
with plasma levels of glucose and insulin are increased in
response to a high-fructose intake, showing a consecutive status.
In connectionwith these, pancreatic insulin expression and levels
were also enhanced by this dietary intervention. However, the
plasma glucagon level was not changed, which is consistent with
previous studies [64–67]. Alternative studies have indicated that
dietary interventions with high fat and/or fructose may alter
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FIGURE 5 Effects of high-fructose diet on inflammatory parameters. Plasma or pancreatic tissue levels of IL-6 (a, b), NFκB (c, d), TNFα (e), and
IL-1β (f). Immunohistochemical staining (g) and relative immunopositivity (i) of NFκB in the pancreas. Representative Western blot bands (h) and
relative protein expressions (j, k) of NFκB, pNFκB, TNFα, NLRP3, ASC, pro-caspase-1, claved-caspase-1, pro-IL-1β, and IL1-β. Values are expressed as
mean ± SEM, n = 6–9 rats. Statistical differences were analyzed using an unpaired Student’s t test, with significance set at *p < 0.05. Scale bar = 250 and
40 µm. ASC, apoptosis-associated speck-like protein; IL, interleukin; NFκB, nuclear factor kappa B; NLRP3, Nod-like receptor protein 3; SEM, standard
error of the mean; TNFα, tumor necrosis factor α.
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FIGURE 6 Effects of high-fructose diet on mitogenic ERK1/2, p38, and JNK1 protein expressions in the pancreas. Representative Western blot
bands (a, c, e) and relative protein expressions (b, d, f) of pancreatic Raf1, ERK1/2, pERK1/2, p38, pp38, JNK1, and pJNK1. Values are expressed as mean
± SEM, n = 6–9 rats. Statistical differences were analyzed using an unpaired Student’s t test, with significance set at *p < 0.05. ERK1/2, extracellular
signal-regulated kinases 1/2; JNK, c-Jun N-terminal kinase; SEM, standard error of the mean.

pancreatic glucagon secretion implying its effects on glucose
homeostasis and lipid metabolism [68, 69]. Further research
is needed to elucidate the role of glucagon, a key endocrine
hormone, in high-fructose-inducedmetabolic and pancreatic dis-
turbances. Taken together, the present results demonstrate that
high-fructose diet-induced hyperinsulinemia due to increased
GLUT2 expression is associatedwith the upregulation of the Raf1,
ERK1/2, and pERK1/2 pathways in pancreatic tissue showing an
organ-related metabolic adaptation.

Stress-associated MAPKs, including p38 and JNK, play a role in
cellular responses to metabolic stress, including inflammation,
oxidative stress, and apoptosis, thus contributing to the patho-

genesis of several diseases [18]. Activation of the p38 pathway has
been implicated in the process of pancreatic β-cell destruction and
inflammation in the diabetic state [18, 70]. Treatment with p38
inhibitors was shown to improve blood glucose levels and insulin
resistance and also reduce pancreatic expression of ER stress and
apoptosis-related factors in diabetic db/db mice [20]. In high-
fat diet and streptozotocin-induced diabetic rats, inflammatory
parameters and mitogenic p38 and JNK protein expressions
were reported to increase in pancreatic tissue [71]. Furthermore,
activation of the JNK pathway in diabetes was shown to induce
an inflammatory state via IL-1β, NFκB, and other inflammatory
factors, mediating functional impairments in β-cells [14]. In
this study, we demonstrated that excess fructose intake caused
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FIGURE 7 Effects of high-fructose diet on apoptotic protein expressions in the pancreas. RepresentativeWestern blot bands (a) and relative protein
expressions (b) of pancreatic Fas, p53, pro-caspase-8, cleaved-caspase-8, and cleaved-caspase-3. Values are expressed as mean ± SEM, n = 6–9 rats.
Statistical differences were analyzed using an unpaired Student’s t test, with significance set at *p < 0.05. SEM, standard error of the mean.

an elevation of p38, pp38, JNK1, and pJNK1 expression in
the pancreas in conjunction with ERK pathway activation and
hyperinsulinemia. This upregulation of p38 and JNK signaling
pathways in the pancreas may result from a complex stress
response involving activation ofGRP78, PINK1, IL-1β, IL-6, TNFα,
NF-κB, and the NLRP3 inflammasome expression, ultimately
contributing to β-cell damage and insulin resistance associated
with high-fructose exposure.

Another mechanism involved in diabetes pathogenesis is β-cell
failure due to increased apoptotic activity. An IL-1β-mediated
increase inNFκB and Fas activation has been shown to induce the
extrinsic apoptotic pathway and contribute to β-cell dysfunction
[72]. Similarly, pancreatic islets isolated from patients with Type
2 diabetes exhibit increased apoptotic caspase-8 and caspase-3
activity, along with reduced insulin content [73]. In rodents fed a
high-fat diet and streptozotocin, p53-mediated apoptotic activity
and caspase-3 levels are elevated in the pancreas during late
stages [74]. Moreover, it has been reported that the increased
expression of JNK leads to the activation of apoptotic caspase-3
and destruction of pancreatic islets of rats fed high-fructose/high-
fat diet [24]. In this study, we demonstrated that the expression
of apoptotic response elements consisting of p53, Fas, caspase-
8, and caspase-3 was increased in the pancreas of high-fructose
diet-fed rats. Thus, excessive fructose intake appears to provoke
apoptotic pathway in the pancreas. Herein, despite ongoing
increased apoptotic activity, presentation of hyperinsulinemia
and upregulation of the mitogenic pathway should be considered
as an outcome. Prolonged excess fructose intake could potentially
lead to a reduction in insulin content owing to increased apoptotic
activity, as a hyperinsulinemic state was observed in the 15-week
fructose diet model.

5 Conclusion

The present study demonstrated that a high-fructose diet acti-
vated the pancreatic mitogenic ERK1/2, p38, and JNK1 pathways
in association with metabolic disturbances, comprising hyper-
glycemia, hyperinsulinemia, hypertriglyceridemia, and abdomi-

nal and epididymal adiposity. Herein, excessive fructose-induced
hyperglycemia and hyperinsulinemia due to the upregulation of
GLUT2 together with cellular stress and inflammatory markers
may promote the activation of MAPK and apoptotic pathway.
Increasedmitogenesis in the pancreas, despite ongoing structural
destruction, is reflected by the overproduction of insulin, indicat-
ing the early stage of Type 2 diabetes. Pancreatic tissuemay be the
first hit site by dietary high-fructose, and other pathologies may
be succeeded by hyperinsulinemia. Our study presents notable
results regarding themolecularmechanisms of fructose-rich diet-
induced changes in the pancreas, which can be extended to
treatment strategies. Moreover, these findings are valuable in
addressing high-fructose intake as the cause of diabetic metabolic
diseases in the development of public health policy.
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