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 Increasing applications of carbon nanotubes (CNTs) indicate the necessity to examine their 
toxicity. According to previous studies, CNTs caused oxidative stress that impaired β-cell 
functions and reduced insulin secretion. Our previous study indicated that single-walled carbon 
nanotubes (SWCNTs) could induce oxidative stress in pancreatic islets. However, there is no 
study on the effects of multi-walled carbon nanotubes (MWCNTs) on islets and β-cells. 
Therefore, the present study aims to evaluate effects of MWCNTs on the oxidative stress of islets 
and the protective effects of caffeic acid (CA) as an antioxidant. The effects of MWCNTs and CA 
on islets were investigated using MTT assay, reactive oxygen species (ROS), malondialdehyde 
(MDA), activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-
Px), the content of glutathione (GSH) and mitochondrial membrane potential (MMP) and insulin 
secretion measurements. The lower viability of islet cells was dose-dependent due to the 
exposure to MWCNTs according to the MTT assay. Further studies revealed that MWCNTs 
decreased insulin secretion and MMP, induced ROS creation, increased the MDA level, and 
decreased activities of SOD, GSH-Px, CAT, and content of GSH. Furthermore, the pretreatment of 
islets with CA returned the changes. These findings indicated that MWCNTs might induce the 
oxidative stress of pancreatic islets occurring diabetes and protective CA effects that were 
mediated by the augmentation of the antioxidant defense system of islets. Our research suggested 
the necessity of conducting further studies on effects of MWCNTs and CA on the diabetes. 
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Introduction 
 

Nanotoxicology refers to the study of nanoscale 
materials and their nature and the mechanism of toxic 
effects on living organisms and other biological systems.1 
Carbon nanotubes (CNTs) are remarkable substances 
resulting from innovative nanotechnology. Their physical 
properties have the following potential advantages 
despite their small nano-sizes (1.00 - 100 nm): Suitability 
for drug delivery platforms, contact to inside living cells, 
and bio-sensing properties.2 In treating cancers, carbon 
nanotubes have the potential to deliver chemotherapy 
agents with target technology. They can also be applied 
in blood glucose monitoring in diabetics, radiological 
revealing, and radiation therapy. Numerous increasing 
 

 

 applications of CNTs result in the necessity to examine 
their toxicity and biocompatibility. However, there are 
only a few studies on the cytotoxicity of CNTs, and their 
results are usually different.3 

CNTs are single-dimension nanomaterials with two 
main constituents: single single-walled (SWCNTs, micro-
meter sizes and diameters of 0.40–2.00 nm) and multi-
walled (MWCNTs, with micrometer sizes and diameters of 
2.00 - 100 nm) nanotubes. Studies on potential risks of 
carbon nanotubes have commonly focused on their 
inhalation and epidermal contact because passing through 
the skin, or respiratory tract is the possible way of 
contacting nanomaterials.4,5 Poland et al. detected 
asbestos-like pathogenicity when the mesothelial lining of 
mice’s body cavity was exposed to MWCNTs.6 
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Muller et al. explained the dose-dependent 
inflammation and granuloma creation by MWCNT in the 
tracheas of rats.7 A research mentioned the migration of 
MWCNTs to the sub pleura and related higher number 
of mononuclear cells and fibrosis in mice through the 
inhalation.8 Shvedova et al. found that the dermal 
contact to CNTs might lead to dermal toxicity due to the 
improved oxidative stress, defeat of cell viability, and 
morphological changes.9 Another study discovered that 
CNTs could be suspended in the air and deposited by 
inhalation while arriving in the alveolar region of the 
lung, and they could then be translocate into the blood 
circulation10,11 and reach the cerebral cortex, lung, and 
the other organs.12  

It is generally found that the apoptosis of β-cells and 
impairment of islets, which are created by an increasing 
number of reactive oxygen species, are the main factors 
for induced diabetes mellitus.13 On the other hand, 
previous studies indicated that CNTs caused oxidative 
stress and decreased cell viability. According to our 
previous study, SWCNTs could induce oxidative stress to 
pancreatic islets leading to the occurrence of diabetes.14 
However, there is not any study on the effects of MWCNT 
on islets and β-cells.  

Caffeic acid (CA) is a natural polyphenolic compound 
deriving from coffee, fruits, and traditional Chinese 
medicines.15 The CA and its analogs bear a variety of 
pharmacological activities, including the anti-
inflammation, antioxidant, anti-cancer, and anti-virus 
features.16 Also, some studies discovered that the CA 
treatment could lead to beneficial effects on pancreatic β-
cells by counterbalancing the oxidative stress and 
inhibition lipid peroxidation and increasing the 
antioxidant status in diabetic rats.17 CA was thus selected 
to reduce the oxidative stress, which was produced by 
MWCNTs under its antioxidant effect.  

Therefore, the present study was designed to evaluate 
the effects of MWCNTs on the viability of β-cells and 
oxidative stress of islets and the effects of CA as an 
antioxidant on the improvement of all of these defects. We 
examined the effects of MWCNTs and CA on islets 
according to the MTT assay, measurement of reactive 
oxygen species (ROS), malondialdehyde (MDA), activities 
of superoxide dismutase (SOD), catalase (CAT), 
glutathione peroxidase (GSH-Px), the content of 
glutathione (GSH) and mitochondrial membrane potential 
(MMP) content. 

 
Materials and Methods 
 

Materials. The multi-walled carbon nanotubes (> 
95.00%, length: 20.00 - 100 nm and diameter: 5.00 – 15.00 
nm) were purchased from US Research Nanomaterials 
(INC), CA, 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic 
acid; (HEPES), mannitol, ethylene glycol tetra acetic acid  
 

 (EGTA), bovine serum albumin (BSA), 2,7- di chloro 
fluorescein diacetate (DCFH-DA), 3,4 3-(4,5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 
(MTT), thiobarbituric acid, trichloroacetic acid, 1,1,3,3-
tetramethoxypropane, reduced glutathione, oxidized 
glutathione, and Coomassie Brilliant Blue powder were 
purchased from Sigma-Aldrich (St. Louis, USA), and 
sucrose 5, 5'-dithiobis-2-nitrobenzoic acid (DTNB), 
dimethyl sulfoxide (DMSO), NaCl, KCl, CaCl2, MgCl2 and 
NaHCO3 were obtained from Merck company (Darmstadt, 
Germany). GSH-Px (Cat No. S0058), GSH assay kit (Cat. No. 
S0052) were purchased from Beyotime institute of 
Biotechnology (Jiangsu, China).  

Dispersion of nanomaterial. The carbon nanotubes 
were dispersed in distilled water. Then for decrease 
agglomeration, the stock suspensions (600 μg mL-1) were 
vortexed for 20 sec and sonicated for 20 min by a 
sonicator probe (Ultrasonic processor VCX-750 W - 
UP50H; Hielscher, Teltow, Germany). The stock 
suspensions were then diluted with distilled water and 
sonicated as before to prepare test concentrate. 

Animals. Eighty-four male NMRI mice (25.00 - 30.00 
g) were obtained from the animal house of Ahvaz 
Jundishapur University of Medical Science (Ahvaz, Iran) 
and housed in cages (22.00 ± 2.00 ˚C, under a standard 12 
hr light: 12 hr dark cycle) and allowed ad libitum feed 
access. All experimental procedures were done according 
to standards for animal care, established by the Ethical 
Committee of Ahvaz Jundishapur University of Medical 
Sciences (IR.AJUMS.REC.1396.288). 

Isolation of mice pancreatic islets. Pancreatic islets 
were isolated from overnight-fasted male NMRI mice by 
Lacy and Kostianovsky modified collagenase digestion 
method.18 In brief, after cervical dislocation, the abdomen 
of animals was opened. The common bile duct (CBD) was 
occluded at the distal end close to the duodenum, and 5.00 
mL of Hank’s Balanced Salt Solution (HBSS) (115 NaCl, 
10.00 NaHCO3, 5.00 KCl, 1.10 MgCl2, 1.20 NaH2PO4, 2.50 
CaCl2, 25.00 HEPES, and 5.00 D-glucose, all units in mmol, 
pH 7.40 as well as 1.00% BSA) containing 1.40 mg mL-1 of 
collagenase P was injected into the duct.19 After removing 
the pancreas, it was placed into a 50 mL conical tube and 
incubated for 15 min at 37.00 ˚C water bath. After that, 
15.00 mL cold Hank’s solution was added to the tube to 
dilute collagenase concentration and stop further 
digestion. For washing the collagenase from islet tissues, 
the tube was centrifuged at 5000 g for 2 min at 37.00 ˚C, 
and supernatant has discarded. The washing procedure of 
islets repeated, and remains were moved to a blackened 
petri dish. The islets were separated by handpicking under 
a stereomicroscope (Euromex, Arnhem, Netherland) and 
were cultured in RPMI-1640 medium, which added with 
10.00% fetal calf serum, 100 U mL-1 penicillin, 100 U mL-1 
streptomycin, 5.00 mM D-glucose was and gassed with 
95.00% O2 and 5.00% CO2 atmosphere. 
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Dose optimization for MWCNTs nanoparticles. 
Before starting the experiments, the isolated islets were 
cultured overnight in RPMI-1640 medium, in 5.00% CO2 
at 37.00 ˚C. Selected doses are based on previous 
studies10,20, and in order to select the best dose, 
optimization of the dose was done by pretreating the 
islets with various concentrations of MWCNTs 
nanoparticles (80.00, 160, 320, and 640 μg mL-1) for 24 
hr to reach the effective doses. The islets were divided 
into six groups of 10 islets including: (1) Con (negative 
control): Islets in RPMI-1640 medium alone for 24 hr; (2) 
hydrogen peroxide (H2O2) (positive control): Islets in 
RPMI-1640 medium for 22 hr + H2O2 (50.00 μM) for 2 hr; 
(3, 4, 5 and 6) islets in RPMI-1640 medium + MWCNTs 
nanoparticles (80.00, 160, 320 or 640 μg mL-1) for 24 hr. 
Then islets viability assay was done on pretreated islets. 
This assay was based on reducing MTT, a yellow 
tetrazole to purple formazan by mitochondrial 
respiration in viable cells. After removing the medium, 
pretreated islets were washed twice by Krebs–HEPES 
buffer and 20.00 μL of MTT solution was added and 
incubated for 4 hr at 37.00 ˚C. After washing, the 
formazan was resuspended in 100 μL dimethyl sulfoxide, 
and the absorbance was measured in 570 nm by ELx808 
absorbance microplate reader (BioTek, Shanghai, China). 
The viability of the groups was shown as the percentage 
of controls that is assumed as 100 %.21 

Insulin secretion measurement. Insulin secretion 
was evaluated in a glucose static incubation. The islets 
were preincubated overnight in RPMI medium. Isolated 
mouse islets were divided into seven groups, each of 10 
islets: (1) control islets cultured with RPMI medium for 48 
hr, (2) islets cultured for 24 hr and then in the same 
medium were exposed to MWCNTs nanoparticles (320 μg 
mL-1) for 24 hr, (3) islets cultured for 24 hr pretreated 
with CA (20.00 μM), and then were exposed to MWCNTs 
nanoparticles (320 μg mL-1) for 24 hr, (4) islets cultured 
for 24 hr pretreated with CA (40.00 μM), and then were 
exposed to MWCNTs nanoparticles (320 μg mL-1) for 24 
hr, (5) islets cultured for 24 hr pretreated with CA (80.00 
μM) and then were exposed to MWCNTs nanoparticles 
(320 μg mL-1) for 24 hr, (6) islets cultured for 24 hr 
pretreated with glibenclamide (GLB; 10.00 μM), and then 
were exposed to MWCNTs nanoparticles (320 μg mL-1) 
for 24 hr, and (7) islets cultured for 24 hr pretreated with 
CA (80.00 μM) and then exposed to RPMI medium for 24 
hr. Then islets were washed with HBSS, and 1.00 mL 
culture medium, including 2.80 mM, 5.60 mM or 16.70 
mM concentration of glucose (basal, and stimulatory), 
was added and incubated in 37.00 ˚C for 1 hr.22 Then, the 
supernatants were collected and stored in separate 
microtubes. According to the manufacturer's protocol, 
insulin concentration was determined by an insulin ELISA 
kit (Monobind Inc., Lake Forest, USA). Results are 
displayed as micro-units insulin secreted per islet per hr.23 

 

 Measurement of reactive oxygen species. The level 
of ROS in islets was measured using 2,7-dichlorofluorescin 
diacetate (DCFDA), which was converted into fluorescent 
DCF by cellular peroxides. Briefly, pretreated islets (seven 
groups similar to those previously mentioned in the 
insulin secretion measurement protocol) were mixed with 
40.00 mL of 1.25 mM DCFDA in methanol for ROS 
estimation for each test. All samples were incubated for 15 
min in a water bath at 37.00 ˚C. Moreover, fluorescence 
was calculated using a fluorimeter at 488 nm excitation 
and 525 nm emission wavelength.24 

Measurement of islets viability. Mitochondrial 
viability in the islets was tested using MTT assay to 
investigate the protective effect of CA on cell viability of 
islets exposed to MWCNTs nanoparticles (320 μg mL-1). 
Briefly, pretreated islets (seven groups similar to those 
previously mentioned in the insulin secretion 
measurement protocol) were washed twice by Krebs–
HEPES buffer and 20.00 μL of MTT solution was added and 
incubated for 4 hr at 37.00 ˚C. After washing, the formazan 
was resuspended in 100 μL dimethyl sulfoxide, and the 
absorbance was measured in 570 nm by the ELISA reader. 
The viability of the groups was shown as the percentage of 
controls that is assumed as 100%.24 

Preparation of the samples for biochemical 
analyses. For biochemical analysis, islets were isolated 
from overnight-fasted male NMRI mice and divided into 
seven groups similar to those previously mentioned in 
the insulin secretion measurement protocol in this study. 
However, in this analysis, each group contained 50 islets. 
In the end, islets were incubated 1 hr in a medium 
containing 2.80 mM, 5.60 mM, or 16.70 mM 
concentration of glucose (basal and stimulatory), then 
islets washed three times with ice-cold phosphate-
buffered saline (PBS) and lysed through sonication 
(Ultrasonic processor VCX-750 W- UP50H, Hielscher, 
Teltow, Germany) for 10 sec and centrifugation at 10,000 
g for 10 min at 4.00 ˚C.25 Supernatants were used 
immediately for assaying SOD, CAT, and GSH-Px 
activities, and MDA and GSH levels as follows. 

Malondialdehyde level measurement. The level of 
lipid peroxidation was measured in terms of MDA 
creation. Briefly, 1.00 mL islets tissue supernatant was 
mixed with one mL TCA (20.00%) and 2.00 mL TBA 
(0.67%) and heated for one hour in a bath of boiling water. 
After cooling, the centrifuged mixture at 5,000 g for 10 min 
at 37.00 ˚C and the supernatant's absorbance were 
measured at 532 nm against a suitable blank. The amount 
of TBARS was calculated using a molar extinction 
coefficient of ɛ = 1.56 × 105 M cm-1, expressed as mol mg-1 
of protein.26 

Determination of catalase activity. Catalase activity 
was assayed according to the method used by Góth.27 Also, 
500 µL of 0.05 mmol Tris-HCl, 1.00 mL H2O2, and 50.00 µL 
of the sample was mixed and incubated for 10 min, 
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followed by stopping the reaction by adding 500 µL 4.00% 
ammonium molybdate solution. The absorbance was read 
at 410 nm, and the result was expressed as U mg-1 protein. 

Determination of superoxide dismutase activity. 
The activity of SOD was determined using a xanthine/ 
xanthine oxidase system for the production of superoxide 
radicals and subsequent measurement of cytochrome c as 
a scavenger of the radicals. Furthermore, optical density 
was determined using a spectrometer at 550 nm (UV-
1601; Shimadzu, Apeldoorn, The Netherlands). One unit of 
enzyme activity was defined as the quantity of SOD 
required to inhibit the reduction rate of cytochrome c by 
50.00%.28 The SOD activity was presented as units per 
milligram of protein (U mg-1 protein).29 

Measurement of GSH-Px activities. The activities of 
GSH-Px were determined using assay kits (Jiancheng 
Bioengineering Ltd., Nanjing, China). In this regard, the 
GSH-Px activity was assayed by quantifying the reduced 
glutathione’s oxidation rate to the oxidized glutathione by 
H2O2 catalyzed by GSH-Px. Generally, the GSH kit utilizes 
an enzymatic recycling method based on the reaction 
between GSH and 5, 5’-Dithiobis (2-nitrobenzoic acid; 
DTNB) that produces a yellow-colored compound (NBT).30 

GSH level measurement. The method described by 
Thomas was used to measure the glutathione content. Islet 
tissue supernatants were incubated with one mL of 
20.00% trichloroacetic acid (TCA) and one mL EDTA one 
mM for 5 min, which was used as protein precipitant. The 
homogenate was centrifuged at 5000 g for 30 min at 4.00 
˚C, and 200 µL of supernatant was mixed with 1.80 mL of 
0.10 mM 5.5´-dithiobis (2-nitro benzoic acid) (DTNB). The 
GSH reacts with DTNB and forms a yellow-colored complex 
with DTNB. The absorbance was read at 412 nm, and the 
result was expressed as µM of GSH mg-1 of protein.28 

MMP measurement. Rhodamine 123 (Rh123) was 
used as an indicator of MMP. Rh123 is a lipophilic cation 
that partitions selectively into the negatively charged 
mitochondrial membrane. Hyperpolarization of the mito-
chondrial membrane causes the uptake of Rh123 into 
mitochondria and a decrease in fluorescence due to 
quenching.29 Islets were incubated in Krebs-Ringer 
bicarbonate buffer containing (in mM) 119 NaCl, 4.70 KCl, 
2.50 CaCl2, 1.20 MgCl2, 1.2 KH2PO4, 25.00 NaHCO3, 2.00 
glucose supplemented with 10.00 g mL-1 Rh123 for 20 min 
at 37.00 ˚C. The Rh123 fluorescence was excited at 540 nm 
(to decrease phototoxicity) and measured at 590 nm.  

Protein measurement. The protein concentration 
was estimated using Bradford's method using bovine 
serum albumin (BSA; 1.00 mg mL-1) as standard.31 The 
absorption was read spectrophotometrically at 750 nm. 

Statistical analysis. The results were statistically 
analyzed using GraphPad Prism (version 5.04; GraphPad 
Inc., San Diego, USA) as mean ± standard error of the mean 
(SEM). The behavioral assessments were analyzed by 
repeated-measures two-way analysis of variance (ANOVA). 
 

 The biochemical estimations were analyzed by one-way 
ANOVA. Post hoc comparisons between groups were made 
by Tukey’s test. Meanwhile, data with non-normal 
distribution and non-homogenous variance were analyzed 
by Kruskal-Wallis test followed by the Mann-Whitney U 
test and presented as median (interquartile range). p value 
less than 0.05 was considered to be statistically significant. 

 
Results 
 

Dose optimization for MWCNTs nanoparticles. 
Optimization of MWCNT nanoparticle doses was done 
through pretreating islets with various MWCNT nano-
particle MWCNT nanoparticle concentrations (80.00, 160, 
320, and 640 μg mL-1) for 24 hr, and then the viability of 
islets was tested by MTT test. The viability of groups was 
shown by the percentage of controls assumed equal to 
100% compared with H2O2 50.00 μM. Cell viability was 
decreased to approximately 53.48, 49.50, and 50.50%, 
respectively, when islets were treated by 160, 320, and 
640 μg mL-1 of MWCNT nanoparticles, which were 
comparable with islets treated by H2O2 50.00 μM (p < 
0.01), (Fig. 1). We thus used 320 μg mL-1 of MWCNTs 
nanoparticles in this experiment. 

Effect of CA on insulin secretion in MWCNTs 
nanoparticles treated islets. In the presence of 2.80 mM 
glucose, Islet cells did not exhibit a significant change in 
insulin secretion (Fig. 2A). As shown in Figures 2B and 2C, 
a high glucose level caused a significant increase in insulin 
secretion compared to the low glucose. Incubation with 
MWCNTs significantly decreased glucose-induced insulin 
secretion (p < 0.05). However pretreatment with CA 
(40.00 and 80.00 μM) indicated prevention of the 
MWCNTs-induced decrease in insulin secretion (p < 0.05), 
the pretreatment with CA 80.00 μM could not individually 
increase insulin secretion compared to control after 24 hr. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Effects of multi-walled carbon nanotubes (MWCNTs) 
nanoparticles treatment on the viability of isolated mice islets. 
Islets were exposed to MWCNTs (80.00, 160, 320, and 640 μg mL-

1) for 24 hr or H2O2 50.00 μM for 2 hr, and then cell viability was 
measured (n = 7). Results are expressed as mean ± SEM of five 
independent experiments performed in duplicate. The difference 
between control and other groups was significant at p < 0.01 (a).  
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Effect of CA on oxidative stress in MWCNTs 
nanoparticles treated islets. As shown in Figure 3A, the 
exposure of islets to MWCNT significantly increased ROS 
production compared to controls (p < 0.05). However, the 
pretreatment with CA 80.00 μM significantly inhibited the 
MWCNTs -induced ROS production (p < 0.01). Pre-
treatment with CA 80.00 μM did not produce any 
significant changes compared to controls. 

Effect of CA on cell viability in MWCNTs nano-
particles treated islets. The cell viability decreased to 
approximately 55.00% when cells were treated with 320 
μg mL-1 of MWCNT nanoparticles for 24 hrs. We then 
investigated the effects of different doses of CA on cell 
viability. As shown in Figure 3B, MTT assay indicated that 
the pretreatment of islets with CA 80.00 μM significantly 
increased the oxidative stress-reduced cell viability (p < 
0.05). However, there was no significant change in cell 
viability than control after 24 hr exposure to CA 80.00 μM. 

Effect of CA on MDA level in MWCNTs nanoparticles 
treated islets. After incubation of islets with 320 μg mL-1 of 
MWCNT nanoparticles, MDA levels (nmol mg-1 of protein) 
were significantly increased compared to the control 
group (p < 0.05). Furthermore, a 24 hr treatment of islets 
with CA 80.00 μM and glibenclamide decreased the MDA 
level compared to the MWCNT group (p < 0.05), (Table 1).  

Effect of CA on GSH level in MWCNTs nanoparticles 
treated islets. Glutathione assessment results indicated a 
significant decrease in 320 μg mL-1 of the MWCNT 
nanoparticles group compared to the control (p < 0.05). 
 

  
 

 

  
 
 
 
 
 
 
 
 
 
 
 

 
Furthermore, a 24-hr treatment of islets with CA 80.00 μM 
and glibenclamide significantly prevented this decrease at 
GSH level in MWCNT-treated islets (p < 0.01 and p < 0.05, 
respectively), (Table 1). 

Effect of CA on CAT activity in MWCNTs nano-
particles treated islets. Due to the effects of CA on 
catalase activity in MWCNT nanoparticles treated islets 
according to obtained results after the addition of MWCNT 
nanoparticles to islets, CAT activity of islet tissues (U mg-1 
of protein) was decreased significantly compared to the 
control group (p < 0.01). A remarkable increase in CAT 
activity was observed in the pretreated CA 80.00 μM (p < 
0.01), and also glibenclamide 10.00 μM (p < 0.01) 
compared to the MWCNT group (Table 1). 

Effect of CA on SOD activity in MWCNTs nano-
particles treated islets. After the addition of MWCNT 
nanoparticles (320 μg mL-1), islets SOD activity was 
significantly decreased compared to the control group (p < 
0.01). Significant improvement of SOD activity was shown 
in CA 80 μM (p < 0.01) and also glibenclamide 10.00 μM (p 
< 0.01) groups compared to MWCNT group (Table 1). 

Effect of CA on GSH-Px activity in MWCNTs nano-
particles treated islets. According to obtained results, 
after the addition of MWCNT nanoparticles to islets, GSH-
Px activity of islet tissues was (U g-1 of protein) decreased 
significantly compared to the control group (p < 0.01). 
Furthermore, significant improvement of GSH-Px activity 
was shown in CA 80.00 μM groups compared to the 
MWCNT group (p < 0.05), (Table 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 1. The effects of caffeic acid (CA; 0, 20.00, 40.00 and 80.00 μM ) and glibenclamide (GLB; 10.00 μM) pretreatment on the MDA and 
GSH level, SOD, CAT, and GSH-Px activities and MMP of mice isolated pancreatic islets (n = 7) following 24 hr exposure of islets to 
MWCNTs (320 μg) and subsequent 1 hr incubation with 16.70 mM glucose-containing medium. Data are presented as Mean ± SD. 

Variables Control MWCNTs  
MWCNTs (320 μg)  

20.00 μM CA 40.00 μM CA 80.00 μM CA 10.00 μM GLB 

MDA (nmol mg-1 protein) 6.65 ± 2.30 8.35 ± 1.90a 7.98 ± 1.80 7.54 ± 2.70 6.53 ± 2.70b 6.54 ± 2.40b 
GSH (µg mg-1 of protein) 57.86 ± 3.80 44.81 ± 2.30a 46.40 ± 4.30a 49.14 ± 3.80 58.69 ± 7.30b* 54.33 ± 2.20b 
Catalase (U mg-1 of protein) 4.20 ± 0.90 2.43 ± 0.09a* 2.30 ± 0.09a* 3.10 ± 0.09 3.80 ± 0.20b 3.20 ± 0.09b 
SOD (U mg-1 of protein) 39.43 ± 2.10 24.42 ± 2.50a* 26.76 ± 2.70a* 29.52 ± 3.60 ab 33.23 ± 2.80b* 30.70 ± 1.90b* 
GSH-Px (U g-1 of protein) 98.54 ± 6.23 87.33 ± 5.34a* 87.00 ± 5.12a* 89.90 ± 3.90a 93.40 ± 4.60 ab 94.70 ± 4.40 ab 

MMP (% of control) 100.00 ± 4.70 86.70 ± 4.60a* 85.50 ± 4.60a* 89.70 ± 5.60a 95.40 ± 4.70b 91.90 ± 7.01b 

MDA: Malondialdehyde, GSH: Glutathione, SOD: Superoxide dismutase, CAT: Catalase, GSH-Px: Glutathione peroxidase, and MMP: 
Mitochondrial membrane potential. Difference between control and other groups was significant at p < 0.01 (a*) and p < 0.05 (a). 
Difference between MWCNTs and other groups was significant at p < 0.01 (b*) and p < 0.05 (b). 

Fig. 2. 24 hr pretreatment effects of caffeic acid (0, 20.00, 40.00 and 80.00 μM) and glibenclamide (10.00 μM) for 24 hr on insulin 
secretion from mice isolated pancreatic islets after 24 hr exposure of islets to 320 μg mL-1 multi-walled carbon nanotubes (MWCNTs) 
and subsequent 1 hr incubation with A) 2.80 mM, B) 5.60 mM or C) 16.70 mM glucose-containing medium (n = 7). Results are 
expressed as mean ± SEM. The difference between control and other groups was significant at p < 0.05 (a). The difference between 
MWCNTs and other groups was significant at p < 0.05 (b). CA: Caffeic acid, GLB: Glibenclamide. 
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Effect of CA on MMP in MWCNTs nanoparticles 
treated islets. Cationic fluorescent dye and rhodamine 
123 were used for the measurement of mitochondrial 
membrane potential collapse. As shown in Table 1, 
MWCNT nanoparticles significantly decreased MMP in 
pancreatic islets (p <0.01), however, the 24-hr treatment 
of islets with CA 80.00 μM and glibenclamide 10.00 μM 
increased membrane potential compared to the MWCNT 
group (p < 0.05), (Table 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 3. 24 hr pretreatment effects of caffeic acid (0, 20.00, 40.00 
and 80.00 μM) and glibenclamide (10.00 μM) for 24 hr on ROS 
production (A) and cell viability (B) in mice isolated pancreatic 
islets after 24 hr exposure of islets to 320 μg mL-1 multi-walled 
carbon nanotubes (MWCNTs), (n = 7). Results are expressed as 
mean ± SEM. Difference between control and other groups was 
significant at p < 0.05 (a) and p < 0.01 (a*). Difference between 
MWCNTs and other groups was significant at p < 0.05 (b) and  
p < 0.01 (b*). CA: Caffeic acid, GLB: Glibenclamide. 

 
Discussion 
 

Carbon nanotubes (CNT), particularly MWCNTs, have 
been widely used due to their mechanical, magnetic, and 
electrical properties. Moreover, this potential certifies the 
use of toxicological research to evaluate probable adverse 
effects on human and environmental health.32 There is not 
any epidemiological study on the toxicity of MWCNTs in 
humans. However, studies on animals indicated that they 
could be collected in the liver and lung tissues and cause 
disruption of transmembrane electron transfer, 
penetration of cell envelope, oxidation of cell components, 
and production of secondary products such as ROS.33 

Generally, the use of MWCNTs indicated more adverse 
effects in mouse models compared to SWCNTs.34 The 
shape and sizes of MWCNTs also affect the extent of 
toxicity.35,36 Studies on probable risks of carbon nanotubes 
have been generally focused on their inhalation and 
epidermal interaction because the skin or respiratory tract 
 

 is the possible way of contact with nanomaterials.4,5 The 
mice exposure to CNTs resulted in granulomatous 
reaction, acute inflammatory response, and fibrosis.37 
Another study discovered that inhaled nanoparticles were 
accumulated in the olfactory bulb of rats and reached the 
cerebral cortex, lung, and other organs such as their 
tongue, esophagus, kidney, spleen, aorta, septum, heart, 
and blood.12 The CNTs can be suspended in the air and 
deposited by inhalation that arrives beyond the bronchus 
deep into the lung’s alveolar region and is then translocate 
into the blood circulation.11,12  

Some studies have focused on the effects of 
nanoparticles’ toxicity on different cell lines, such as the 
inhibition of HEK 293 cell proliferation after exposure to 
CNTs,38 cytotoxicity of CNTs on a lung-carcinoma cell line 
(A549),39 and oxidative stress in lung cells of rats.40 Several 
toxicity mechanisms have been suggested for CNTs, 
including the disruption/penetration of the cell envelope, 
oxidation of cell components, interruption of trans-
membrane electron transfer, and the creation of secondary 
products such as ROS or dissolved heavy metal ions. 
Oxidative stress seems to be the primary cause of side 
effects of CNTs because it induces inflammation by 
stimulating transcription oxidative stress-responsive 
factors.41 According to research, MWCNT-treated RTL-W1 
cells had five times higher control levels than the 
intracellular ROS production.42 Nel et al. reported ROS 
production and oxidative stress when they contacted 
keratinocytes and bronchial epithelial cells with CNTs.43 
Similarly, we found a significant increase at ROS and MDA 
rates in islets treated with MWCNTs as some of the main 
mechanisms in apoptosis of β-cells. Oxidative stress is a 
harmful situation that occurs when additional reactive 
oxygen species exist, or a reduction at antioxidant levels. 
Excessive formation of ROS may induce cell damage 
either by a direct method through interaction and 
destruction of cellular proteins, lipids, and DNA, or an 
indirect method affecting normal cellular signaling ways 
and the gene regulation.44  

Previous studies found that nanoparticles could induce 
intracellular oxidative stress disturbing the balance of 
oxidant and antioxidant procedures. Cells also bear 
different cellular defense systems, including antioxidant 
enzymes such as SOD, GSH-Px, catalase, and low-
molecular-weight antioxidants such as GSH to prevent 
damage by ROS. SOD often plays a role as the main line of 
resistance against the cellular injury created by ROS. It 
catalyzes the dismutation of superoxide anion to peroxide. 
The CAT and GSH-Px provide a second protection line by 
dismutating peroxide into the water and molecular 
oxygen. GSH can directly or indirectly scavenge ROS and 
play a vital role in the xenobiotic metabolism.45 Since 
pancreatic islets have fewer antioxidant enzymes than 
other tissues, and they are often at the risk of oxidative 
stress. Our results indicated that activities of SOD, CAT, 
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GSH-Px and levels of GSH in islets were reduced after 
treating with MWCNTs.  

Mitochondria are the main intracellular bases of ROS. 
Mitochondrial dysfunction can contribute to cell death by 
decreasing ATP production, increasing ROS production of 
ROS, releasing death regulatory and signaling molecules 
from the intermembrane space.45 The present study also 
examined the effects of MWCNTs on the MMP of islets. 
MWCNTs induced a decrease in MMP of islets, like the 
previous study by Grabinski et al., indicating that HEL-30 
cell, which was exposed to CNT, resulted in dye's 
dissipation from mitochondria.46 Therefore, the defeat of 
transmembrane potential of mitochondria may involve 
MWCNTs-induced apoptosis of β-cells. 

In the present study, the exposure of islets of mice to 
MWCNTs significantly decreased the insulin release after 
adding glucose mediums. Due to the susceptibility of 
pancreatic islets to oxidative injury, their contact with ROS 
can stimulate some cellular stress-sensitive ways related 
to decreased insulin secretion.47 Three causes, namely 
glucose metabolism, ROS generation, and ATP production 
(and thus KATP channel activity), are closely related to 
insulin release. The present study indicated that MWCNTs 
decreased the insulin secretion of pancreatic islets by 
generating oxidative stress.  

The administration of compounds with antioxidant 
properties could increase islet cells' protection ability to 
deal with oxidative stress.14 The present study also 
indicated that the pretreatment of damaged MWCNTs-
induced islets with CA increased insulin secretion. 
Consistent with the present study, Bhattacharya et al. 
found that CA stimulated the insulin secretion in MIN6 β-
cells.47 Jung et al. also reported similar interesting effects 
on insulin secretion in mice.48 Pretreatment of islets with 
CA was likely to increase islets’ restored secretary function 
by potentiating the islet antioxidant defense system. Lipid 
peroxidation and damage to the cell membrane were 
examined by evaluating MDA and MMP levels.49 Our 
findings indicated that the pretreatment with CA reduced 
the lipid peroxidation and MDA generation; however, it 
increased MMP levels in islet cells, which might have 
protected islets against MWCNTs-induced impairment. 

The research results also indicated that antioxidant 
enzyme activities including SOD and CAT significantly 
were increased in CA groups compared to MWCNTs 
groups indicating the antioxidative effect of CA on islet 
cells. Reduction of damaging oxidative stress on the 
function of islets, viability, and ROS-induced cell death by 
increasing antioxidant capacity or decreasing the ROS 
production is the promising strategies for inhibiting the 
oxidative damage of pancreatic islets. 

In conclusion, the present study indicated CA’s 
protective effects against MWCNT induced oxidative 
damage in pancreatic islets. Based on the results, these 
effects might be mediated by reduced lipid peroxidation, 
 

 elevated antioxidant enzyme activities, and increased GSH 
and MMP levels. However, there is a need for further 
detailed studies on CA’s molecular mechanism against the 
effects of MWCNTs on pancreatic islets. 
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