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Nonylphenol induces pancreatic damage in rats
through mitochondrial dysfunction and oxidative
stress†
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The organic alkylphenol 4-nonylphenol (NP) is regarded to be an endocrine disrupting chemical (EDC),

one of the widely diffused and stable environmental contaminants. Due to its hydrophobicity and long

half-life, NP can easily accumulate in living organisms, including humans, where it displays a series of

toxic effects. It has been widely reported that NP affects male reproduction. In addition, there is increasing

evidence suggesting that NP is detrimental to various organs, including the pancreas. This study investi-

gated the adverse effects of NP exposure on the pancreas. Sprague–Dawley rats were treated with

different doses of NP for 90 consecutive days. The data suggested that the body weights of the rats

treated with NP decreased, and the highest dose of NP treatment (180 mg kg−1) dramatically increased

water consumption by rats. Meanwhile, H&E staining and immunohistochemistry indicated that islets in

the pancreases shrunk when the rats were treated with the indicated doses of NP. TUNEL staining demon-

strated that NP exposure up-regulated the level of apoptosis in the pancreases in a dose-dependent

manner. Besides this, NP exposure inhibited the secretion of insulin and disrupted glucose tolerance. The

levels of reactive oxygen species (ROS) and intracellular calcium ([Ca2+]i) in the islets were up-regulated in

the groups of rats treated with NP, but the levels of Mitochondrial Membrane Potential (MMP) were

down-regulated. These results suggest that NP-induced pancreatic damage in rats occurs through mito-

chondrial dysfunction and oxidative stress, which causes disruption of glucose tolerance and decrease in

insulin secretion.

Introduction

The organic alkylphenol 4-nonylphenol (NP) is one of the
widely diffused and stable environmental contaminants.1,2 It
is the final degradation of alkyl phenol ethoxylates, which are
the common surfactants used in several industrial, domestic,
and agricultural applications.3–5 It has been reported that
more than 50 000 tons of NP per year enter into the soil and
water around the world.6 Although the use and production of
NP-related compounds has been banned or strictly monitored

in Europe and other parts of the world, such as Canada and
Japan, NP could still be found at concentrations of 4.1 μg l−1

in the river water and 1 mg kg−1 in river sediments.7 In China,
Zhengyan Li (2008)41 investigated the distribution of NP, octyl-
phenol (OP) and bisphenol A (BPA) in Jiaozhou Bay and its
adjacent rivers. The results showed that the concentration of
NP exceeded the biologically effective threshold in more than
50% of the areas, which placed local organisms at potential
risk. In more than 10% of the areas, the NP concentration
exceeded the level leading to the feminization of male aquatic
organisms. Due to its hydrophobicity and long half-life, NP
can easily accumulate in living organisms, including humans,
where it displays a series of toxic effects.8,9 Therefore, NP’s
contamination and toxicity poses a potential hazard to human
health and development.

It has been widely shown that NP affects male
reproduction.10–12 Previously, we also reported that 90 days
exposure to NP has adverse effects on the spermatogenesis
and sperm maturation of adult male rats.13 In addition, there
is increasing evidence suggesting that NP is detrimental to
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various organs, including the pancreas. It was reported that
NP affected the function of the adrenal gland in salamanders
and inhibited the synthesis and secretion of glucocorticoids.14

It can inhibit luteinizing hormone (LH) secretion in ovari-
ectomized rats by affecting the function of the anterior pitu-
itary and cause thyroid hyperplasia.15,16 NP-induced toxicity
could lead to apoptosis. In 2012, Jubendradass reported NP
induced apoptosis via mitochondria- and Fas L-mediated path-
ways in the liver of adult male rats.17 Besides this, NP can
cause neurotoxicity and weaken neurological function in Rana
nigromaculata and impair immune responses.18–20 Recently, a
series of animal studies suggested that NP could alter glucose
metabolism and enhance the risk of diabetes. But the con-
clusions are not consistent. Jubendradass et al. reported that
long-term NP exposure increased the levels of blood glucose
and serum insulin.21 Meanwhile, short-term NP treatment
decreased blood glucose levels and increased the serum
insulin levels.22 Song and his partners showed that short-term
exposure to NP lead to an increase in blood glucose and a
decrease in serum insulin.23 Adachi et al. proposed that long-
term exposure to NP increased insulin secretion, but acute
exposure did not alter the secretion of insulin.24 Owing to its
hydrophobicity and long half-life, NP can easily accumulate in
living organisms and cause long-term toxic effects. But the
effects of long-term NP exposure on the function of the
pancreas remain obscure and there is a need to confirm its
adverse effects on the secretion of insulin and the damage of
the pancreas.

NP is regarded to be an endocrine disrupting chemical
(EDC).25 A prominent effect of EDCs is the induction of oxi-
dative stress.26–28 Moreover, enhanced oxidative stress results
in the damage of DNA, protein, or lipid, which may induce
apoptosis. NP has been reported to generate reactive oxygen
species (ROS) and to induce oxidative damage in brain, testis,
and neutrophils.25,29,30 However, its effects on pancreas are
still not clarified. While NP has been reported that it could
induce insulin secretion via intracellular estrogen of pancreas
and hyperinsulinemia are one of the important leading factors
for the development of insulin resistance and altered glucose
metabolism.24,31,32 Disruption of insulin secretion could pro-
foundly affect hepatic glucose metabolic enzymes and serum
glucose levels.33 Additionally, the facilitative glucose trans-
porter (GLUT-2), a glucose sensor, was decreased in a dose
dependent manner in the rats exposed to NP for 7 consecutive
days.22

In this study, we aimed to investigate the long-term NP
exposure effects on the rat pancreas by focusing on the
changes in insulin secretion and glucose tolerance, as well as
any effects on oxidative stress.

Experimental
Chemicals

NP (4-nonylphenol; C15H24O), corn oil, 2′,7′-dichlorodihydro-
fluorescein diacetate (H2DCFDA), mitochondrial membrane

potential kit, Fluo-3/AM and collagenase V were purchased
from Sigma-Aldrich. The Rat Insulin (INS) ELISA kit was
purchased from Research & Diagnostics System, Inc. (R&D
System). Pentobarbital sodium, eosin, hematoxylin were pur-
chased from Thermo Scientific. The in situ cell death detection
kit was purchased from Roche Diagnostics Limited (Roche).
The primary antibody against insulin was purchased from
Santa Cruz Biotechnology.

Animals and treatments

32 male rats (Sprague–Dawley) weighting 250–350 g were pur-
chased from the National Institutes for Food and Drug
Control. All animals were housed one per cage in a specific-
pathogen-free environment under a light cycle of 12 h
dark/12 h light with a controlled ambient temperature of
22 °C−24 °C and a humidity of approximately 10%–50%, and
received water and food ad libitum. Animals received humane
care in compliance with the Guidance Suggestions for the Care
and Use of Laboratory Animals, formulated by the Ministry of
Science and Technology of the People’s Republic of China.
Experimental procedures were approved by the Animal Care
and Use Committee of Soochow University. The rats were
randomly allocated into 4 groups (8 rats per group): 0 mg kg−1

(corn oil), or NP (20 mg kg−1, 60 mg kg−1, 180 mg kg−1 in corn
oil) and treated by gavage for 90 consecutive days. The dosages
and the time used in this study were selected based on the pre-
vious studies.11,13,34 The body weights, food consumption, and
water consumption of animals were monitored regularly until
the end of treatment. Each rats’ food consumption was
measured everyday and averaged for a week, including the loss
of ground pellets in the litter. After 24 h of the last treatment,
the rats were sacrificed and the blood and the pancreas were
collected. The collected blood was centrifuged (2500 rpm ×
25 min) and incubated for 30 min at room temperature. The
serum was removed and stored at −80 °C. The pancreatic
tissues were isolated from the indicated doses of NP treatment
(Fig. 2A and B). The pancreas was cut into two parts: one part
was used to analyze the ROS levels, MMP levels, and [Ca2+]i
levels of islets in the pancreas with different doses of NP treat-
ment. Briefly, the comparable amount of the pancreatic head
from rats treated with indicated doses of NP was directly
digested with collagenase V for 15 min and washed with PBS
with 5% BSA three times, followed by re-suspending in 3 ml
PBS, which was used to analyze insulin secretion, ROS levels,
MMP levels, and [Ca2+]i levels. The other part was fixed in 10%
buffered formalin and embedded in paraffin for histological
analyses.

Glucose tolerance tests

The oral glucose tolerance test outcomes of interest
included basal (fasted) serum glucose concentration, or
glucose and insulin concentrations at individual time points
following glucose ingestion. At 20 h before performing the
oral glucose tolerance test, animals were fasted overnight
with water available. After the rats were weighed, a baseline
blood sample was obtained from the tail vein, and
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additional blood samples were obtained at 30, 60, and
120 min following oral glucose administration at 3 g per kg
body weight. The levels of blood glucose were measured
with an automatic blood biochemical analyzer (Abbott
Laboratories, US).

Detection of insulin levels in serum and secreted from islets

30 islets were randomly picked from the digested pancreatic
mixture above and cultured with 500 μl PBS containing
16.7 mM glucose at 37 °C in a humidified incubator contain-
ing 5% CO2. After 2 h, the supernatant was harvested and
insulin concentration was detected. The serum insulin levels
and the insulin secreted from pancreatic islets were measured
using the Rat Insulin ELISA kit. The assay was used according
to the manufacturer’s instructions. Briefly, the plate was
coated with 100 μL capture antibody in coating buffer per well
and incubated overnight at room temperature. The plate was
washed with 250 μL washing buffer, blocked with 200 μL of the
assay diluents, and incubated at room temperature for 1 h. A
100 μL of supernatant or serum was added and incubated at
room temperature for 2 h. 100 μL detection antibody was then
added to each well and incubated for 1 h at room temperature.
Subsequently, 100 μL avidin–HRP was added and the plate was
incubated for 30 min at room temperature. 100 μL of the sub-
strate solution was added to each well and incubated for
15 min at room temperature and then 50 μL of the stop solu-
tion was added to stop the reaction. The plate was then read at
450 nm and analyzed. The ELISA was performed in triplicate.
Serial dilutions of standards were also used to obtain a stan-
dard curve.

Tissue collection, hematoxylin and eosin (H&E) staining and
immunohistochemistry (IHC)

Formalin fixed, paraffin embedded tissues were cut into 5 μm
sections and stained with H&E. For IHC analysis, the tissue
sections were baked and deparaffinized. Antigen retrieval was
performed by boiling in sodium citrate buffer. After blocking
endogenous peroxidase and nonspecific binding, tissue sec-
tions were incubated with primary and then with secondary
antibody. Staining was performed with the ABC kit (Vector
Lab, Burlingame, CA, USA) and 3,3′-diaminobenzidine (DAKO,
Carpinteria, CA, USA). The slides were then counterstained
with hematoxylin.

Apoptotic cell death

An in situ cell death detection kit was used for detecting apop-
totic cell death in the slides of the pancreas according to the
manufacturer’s instructions. Tissue sections were pretreated
with proteinase K (15 μg mL−1 final concentration) in 10 mM
Tris/HCl (pH 7.8) at 37 °C for 30 min. After washing 3 times
with PBS, tissue sections were incubated with the TUNEL reac-
tion mixture for 1 h at 37 °C in the dark. Tissue sections were
then co-stained with Hoechst, and analyzed under a fluo-
rescence microscope (Olympus, BX5). Excitation wavelength:
450–500 nm and the detection wavelength: 515–565 nm.

Detection of levels of ROS, MMP and [Ca2+]i

To detect the changes of ROS production and intracellular
calcium ([Ca2+]i) in the islets when the rats were treated with
NP with the indicated doses, 200 μL of the digested mixture
was aliquoted, washed with PBS, and fresh medium contain-
ing H2DCFDA (10 μg mL−1 final concentration) or Fluo-3/AM
(2 μM final concentration) was added according to the manu-
facturer’s instructions. The plates were incubated for
60 minutes at 37 °C. Islets were washed twice with PBS and
resuspended in 3 mL PBS. Fluorescence was measured using
an Olympus microscope (BX5) with excitation at 488 nm and
emission at 525 nm. All steps were handled in the dark.

To detect the MMP and monitor the apoptosis in the islets
induced by NP treatment, the mitochondrial membrane poten-
tial kit was used according to the manufacturer’s instructions
(Sigma Aldrich). Briefly, to a 200 μL of the islets mixture men-
tioned above was added 2 μL of 200× JC-10. The plates were
incubated for 60 min at 37 °C with 5% CO2, the fluorescence
images were taken with a microscope (BX5) with excitation at
540 nm and emission at 590 nm for red and excitation at
490 nm and emission at 525 nm for green. All steps were
handled in the dark. The images were analyzed using Image J
online free software.

Statistics

The results are presented as fold changes to the NP untreated
group. Data are all shown as mean ± SEM (n = 8). Statistical
tests were performed using SPSS 20.0. Unpaired Student’s
t-tests were used to compare the means of the two groups.
One-way analysis of variance was applied to compare the
means of three or more groups. p < 0.05 was considered to be
significant.

Results
Effects of NP on body weight, food consumption and water
consumption

Rats were treated with either vehicle control or NP (20, 60,
180 mg per kg of body weight) by gavage for 90 days. NP treat-
ments decreased the body weight in a dose-dependent manner
(Fig. 1A). Rats treated with 20 mg kg−1 and 60 mg kg−1 NP had
lower body weights than untreated rats (0 mg kg−1) starting on
the 6th week, but did not show significant difference.
Meanwhile, rats treated with 180 mg kg−1 NP dramatically
decreased the body weight starting on the 2nd week, and
showed significant difference on the 6th week. However, NP
treatments did not alter the blood glucose levels when com-
pared to the untreated group (Fig. S1†).

Since food consumption levels could affect the animals’
body weight, the amount of food consumed by each treated
group was surveyed (Fig. 1B). The data showed that NP
exposure did not affect the levels of food consumption com-
pared to the untreated group. And interestingly, the levels of
water consumed by the group of rats treated with 180 mg kg−1

NP began to show dramatic increase compared to the
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untreated group since the 4th week (Fig. 1C). However, lower
doses of NP (20 mg kg−1 and 60 mg kg−1) did not affect the
water-consumption levels (Fig. 1C). Since the disruption of
glucose metabolism would cause the alternation of the body
weight and the amount of water consumed, and the decrease
in the body weight and increase in water consumption may be
because NP exposure affects the glucose metabolism.

NP treatments lead to pathological pancreatic changes and
induce apoptosis

To investigate the effects of NP-induced pancreatic injury,
rats were exposed to the indicated doses of NP for 90 days.
Pancreatic morphology was analyzed to assess pathological
changes. H&E staining revealed the infiltration of inflamma-
tory cells in the pancreas of rats in the NP treated groups
compared to the pancreas of rats in the untreated groups
(Fig. 2, A1–4, B1–4). Additionally, the size of islets in the pan-
creas of rats in the NP treated groups significantly decreased

in a dose dependent manner (Fig. 2, A1–4, B1–4, C1–4;
Fig. 3C). When the rats were treated with 60 mg kg−1 and
180 mg kg−1 NP by gavage, the islets in the pancreas

Fig. 1 Effects of NP treatment on rats. Rats were administered the indi-
cated doses of NP for 90 consecutive days and the following parameters
were recorded weekly. (A) Relative body weight. (B) Relative food con-
sumption. (C) Relative water consumption. Results are expressed as
mean ± SEM (n = 8) (*p < 0.05 indicated doses of NP treated groups vs.
control group).

Fig. 2 Histopathology changes in the pancreas of rats treated with NP.
Rats were treated with the indicated doses of NP for 90 consecutive
days, after which their pancreases were harvested for histological ana-
lyses (n = 8 a representative image of the pancreas from each group is
shown). A1–D1, 0 mg kg−1; A2–D2, 20 mg kg−1; A3–D3, 60 mg kg−1;
A4–D4, 180 mg kg−1. A1–4, H&E staining of the pancreas with the indi-
cated doses of NP treatment, 100×; B1–B4, H&E staining of the pancreas
with the indicated doses of NP treatment, 400×; C1–4, the histopatho-
logy change of islets was analyzed by IHC staining with an insulin anti-
body, 200×; D1–4, cell death was analyzed using TUNEL staining, 200×.
Scale bar for 100×: 150 μm; 200×: 80 μm; 400×: 40 μm. The white
arrows indicated the infiltration of inflammatory cells in the pancreas of
rats treated with NP.

Fig. 3 NP exposure decreased the levels of insulin, the size of pancrea-
tic islets, and impaired glucose tolerance. (A) Changes in serum insulin
levels after NP exposure with the indicated doses for 90 consecutive
days. (B) The relative levels of secreted insulin from islets with the indi-
cated doses for 90 consecutive days. (C) The size of islets in the pan-
creas of rats with the indicated doses of NP treatment. (D) Changes in
glucose tolerance after 90 days NP exposure. Results are expressed as
mean ± SEM (n = 8) (*p < 0.05 indicated doses of NP treated groups vs.
control group).
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decreased significantly compared to the untreated group
(Fig. 3C). These results indicated that NP gavage caused a
pronounced pancreatic inflammation, which is a process that
leads to the dysfunction of pancreas.

To further test the toxicity of NP to the pancreas, apoptotic
cell death was measured by TUNEL labeling. NP induced pan-
creatic cell apoptosis in a dose dependent manner (Fig. 2,
D1–4). There were no apoptotic cells observed in the untreated
group (Fig. 2, D1), and when the rats were treated with 20
mg kg−1 NP, the level of the apoptotic cells began to increase
(Fig. 2, D2). Consistently, the level of the apoptotic cells in the
pancreas in the rats treated with 60 and 180 mg kg−1 NP was
persistent and continuously increased (Fig. 2, D3 and 4).
These results demonstrated that long-term NP treatment
caused a dramatic increase in pancreatic cell apoptosis, which
in turn decreased the size of the pancreatic islets.

NP treatments impaired glucose tolerance via down-regulation
of insulin secretion from pancreatic islets

To further investigate whether the NP treatment affected the
secretory function of the pancreas, the levels of serum insulin
were measured (Fig. 3A). The data indicated that 20 mg kg−1

did not affect the levels of the serum insulin. When the rats
treated with 60 mg kg−1 NP, the levels of serum insulin
decreased, but there is no significant difference. However, in
the rats exposed to 180 mg kg−1 NP for 90 days, the levels of
serum insulin were dramatically decreased (Fig. 3A).

To test the hypothesis that the decrease of the serum
insulin levels was caused by the inhibition of the insulin
secretion from beta cells in the islets, the pancreatic islets
were isolated. 180 mg kg−1 NP dramatically decreased the
secretion of insulin from the islets, but 20 and 60 mg kg−1 NP
had no effects (Fig. 3B).

Since pancreatic islets regulate blood glucose levels by
secreting insulin into the bloodstream, the NP treatment
could affect the insulin levels (Fig. S1†). The oral glucose tol-
erance test outcomes of interest included basal (fasted)
serum glucose concentration, glucose and insulin concen-
trations at individual time points following glucose ingestion.
The data indicated that NP-treated groups were less glucose
tolerant than the untreated group, as measured by the oral
glucose tolerance test (Fig. 3D), which shows that NP treat-
ments inhibit the secretion of insulin from the pancreas.
Taken together, these data demonstrated that NP treatments
inhibited the secretion of insulin and impaired glucose
tolerance.

NP-induced pancreatic damage through mitochondrial
dysfunction and oxidative stress

Since NP treatments decreased the size of islets in the pan-
creas and inhibited the secretion of insulin from the pancreas,
we decided to look into the mechanisms of pancreatic damage
induced by NP treatment. The islets in the pancreases were
isolated from the rats with the indicated doses of NP treat-
ments, and the levels of ROS, MMP and [Ca2+]i were measured

(Fig. 4A–C). In the rats exposed to 20 mg kg−1 NP ROS levels
did not change, but in the rats treated with 60 mg kg−1 and
180 mg kg−1 NP for 90 consecutive days the ROS levels in the
islets were dramatically increased (Fig. 4A). Next, since the
levels of [Ca2+]i are associated with the islets secretion of
insulin, the levels of [Ca2+]i were determined. The [Ca2+]i levels
in the islets increased when the rats were treated with
20 mg kg−1 NP (Fig. 4B). However, when the doses of NP
increased, the levels of [Ca2+]i decreased compared to the
20 mg kg−1 NP treated group, but remained elevated compared
to the control group.

During apoptosis, a collapse of the mitochondrial mem-
brane potential coincides with the opening of the mitochon-
drial permeability transition pores, leading to the release of
cytochrome c into the cytosol, which in turn triggers other
downstream events in the apoptotic cascade. Therefore, the
MMP levels in the islets were next measured, and consistent
with Fig. 2D, NP treatment decreased the MMP levels in a
dose-dependent manner (Fig. 4C).

Fig. 4 NP long term exposure caused mitochondrial dysfunction and
oxidative stress of islet cells in the pancreas. (A) NP exposure increased
the ROS levels of islet cells in the pancreas. (B) NP exposure up-regu-
lated the levels of [Ca2+]i. (C) NP exposure decreased the levels of MMP
in the islet cells in a dose-dependent manner. Results are expressed as
mean ± SEM (n = 8) (*p < 0.05 indicated doses of NP treated groups vs.
control group).
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Discussion

The endocrine system is an important modulator and partici-
pates in the regulation of growth, development, reproduction
and metabolism of organisms to maintain homeostasis.35 As
one of the important endocrine glands, the pancreas syn-
thesizes and secretes insulin. Insulin is the only hormone that
controls blood glucose levels and the only determinant of dia-
betes. A series of evidence suggested that NP is detrimental to
various organs, including pancreas.14–16,18–20

This study focused on the adverse effect of various doses of
NP on the pancreatic function of male rats. Sprague–Dawley
rats were treated with different doses of NP for consecutive 90
days. The data suggested that the body weight of the rats
treated with NP decreased, and highest dose of NP treatment
(180 mg kg−1) dramatically increased water consumption by
the rats, which is consistent with the results reported by
Korkmaz and Jubendradass.21,22,29,36 Since the disruption of
glucose metabolism would cause the alternation of body
weight and the water consumption, this result suggested that
long-term NP exposure caused a decrease in the body weight
and increase in water consumption may be because NP
exposure affects the glucose metabolism.

Many environmental contaminants have been reported
to disrupt the balance of pro-oxidants/antioxidants in cells,
inducing oxidative stress.37 Increased malondialdehyde
(MDA) concentration and decreased glutathione (GSH) con-
centration indicated an increased generation of free oxygen
radicals (ROS) which caused damage in various of
organs.21,22,38 A series of studies have confirmed that NP
exposure produces oxidative stress, enhances ROS level and
inhibits the activity of antioxidant enzymes in testis, testi-
cular cells and epididymal sperm.11,13 Our data supported
that the levels of ROS increased in the groups of rats treated
with high doses of NP, which is consistent with the changes
of the [Ca2+]i levels in the islets. NP exposure with low dose
(20 mg kg−1) increased the levels of [Ca2+]i, but as long as the
NP exposure dose went up, this increase will go back to the
basal level. These data demonstrated that low dose of NP
treatment induce a compensatory increase of [Ca2+]i. Low
dose of NP may induce the ERK1/2 signaling pathway by
binding to ERα, which could increase the levels of [Ca2+]i.
And the increasing levels of [Ca2+]i could enhance the
secretion of insulin by up-regulating the pdx1 expression.39,40

However, high dose of NP treatment increased the levels of
ROS (Fig. 4A), and enhanced oxidative stress results in the
damage of DNA, protein or lipid, inducing apoptosis.13

Consistently, NP treatment decreases the MMP levels of the
islets in the pancreas in a dose-dependent manner (Fig. 4C).
During apoptosis, a collapse of the mitochondrial membrane
potential coincides with the opening of the mitochondrial
permeability transition pores, leading to the release of
cytochrome c into the cytosol, which in turn triggers other
downstream events in the apoptotic cascade. Consistent with
Fig. 4, TUNEL staining demonstrated that NP exposure up-
regulated the level of apoptosis in the pancreases in a dose

dependent manner. The levels of apoptosis in the pancreases
were dramatically increased when the rats were treated with
60 mg kg−1 and 180 mg kg−1 NP (Fig. 2, D1–4). Meanwhile,
H&E staining and immunohistochemistry indicated that
pancreatic islets were shrunk when the rats were treated with
60 mg kg−1 and 180 mg kg−1 NP (Fig. 2A–C). The increasing
levels of apoptosis and shrunk islets would explain the
decrease in the secretion of insulin and disruption of glucose
tolerance.

GLUT2 is the principal transporter for the transfer of
glucose between the liver and blood. And the levels of serum
glucose did not get affected with NP treatment in this study.
We measured the mRNA levels of GLUT2 and IR expression in
the liver, which regulates the levels of glucose in the serum
(Fig. 5). The data suggested that NP long-term exposure did
not change the GLUT2 expression, but dramatically increased
the IR expression in the liver, which could partially explain
why there was no change of serum glucose levels with NP treat-
ments (Fig. S1B and C†).

Conclusions

Our study provides proof-of-concept experimental evidence
that NP induced pancreatic damage in rats through mito-
chondrial dysfunction, oxidative stress and the induction of
islet cells apoptosis. In turn, the size of the islets in the pan-
creas of rats treated with NP decreased in a dose-dependent
manner, and the decrease in the islet size caused a decrease
in the insulin secretion and disruption of glucose tolerance.
This study provides insights for the development of clinical
therapeutic strategies to prevent NP-induced pancreatic
damage. And for the next step of the study, we will focus on
the effects of this damage induced by the NP exposure. In
addition, the chemical protection against the damage will be
tested.
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Fig. 5 A model depicted the action of NP to the pancreatic cells.
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