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Molecular Mechanisms of Toxicity and Cell Damage by
Chemicals in a Human Pancreatic Beta Cell Line, 1.1B4
Srividya Vasu, PhD, Neville H. McClenaghan, PhD, and Peter R. Flatt, PhD
Objectives: Mechanisms of toxicity and cell damage were investigated
in novel clonal human pancreatic beta cell line, 1.1B4, after exposure to
streptozotocin, alloxan, ninhydrin, and hydrogen peroxide.
Methods: Viability, DNA damage, insulin secretion/content, [Ca2+]i, and
glucokinase/hexokinase, mRNA expression were measured by MTT assay,
comet assay, radioimmunoassay, fluorometric imaging plate reader, enzymecoupled photometry, and real-time polymerase chain reaction, respectively.
Results: Chemicals significantly reduced 1.1B4 cell viability in a time/
concentration–dependent manner. Chronic 18-hour exposure decreased cellular insulin, glucokinase, and hexokinase activities. Chemicals decreased
transcription of INS, GCK, PCSK1, PCSK2, and GJA1 (involved in secretory function). Insulin release and [Ca2+]i responses to nutrients and
membrane-depolarizing agents were impaired. Streptozotocin and alloxan up-regulated transcription of genes, SOD1 and SOD2 (antioxidant
enzymes). Ninhydrin and hydrogen peroxide up-regulated SOD2 transcription, whereas alloxan and hydrogen peroxide increased CAT transcription. Chemicals induced DNA damage, apoptosis, and increased
caspase 3/7 activity. Streptozotocin and alloxan decreased transcription
of BCL2 while increasing transcription of BAX. Chemicals did not affect
transcription of HSPA4 and HSPA5 and nitrite production.
Conclusions: 1.1B4 cells represent a useful model of human beta cells.
Chemicals impaired 1.1B4 cell secretory function and activated antioxidant
defense and apoptotic pathways without activating endoplasmic reticulum
stress response/nitrosative stress.
Key Words: 1.1B4 cells, apoptosis, beta cells, chemicals,
oxidative stress, toxicity
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C

onsiderable effort has been made over the past 30 years to
delineate mechanisms underlying beta cell death and protection in diabetes. Key in protective mechanisms are antioxidant
enzymes, which are essential for detoxification of superoxide
and hydroxyl radicals that are generated as a result of various
biological processes including oxidative phosphorylation.1 Beta
cells are highly metabolically active, and hence these defense
mechanisms play a particularly important role in maintenance
of cell function and survival. The majority of contributions to
understanding of beta cell demise has come from studies using
rodent beta cell lines to evaluate the effects of beta cell toxins,
streptozotocin, alloxan, ninhydrin, and hydrogen peroxide.2
Alloxan monohydrate (5,6-dioxyuracil or 2,4,5,6-tetraoxypyrimidine) is an oxygenated pyrimidine derivative, which has a
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half-life of 1.5 minutes at 37°C and pH 7.4.2 It mimics glucose
in structure and enters beta cells via low-affinity GLUT2 glucose
transporters.3 Once inside the cell, alloxan is reduced to dialuric
acid, which takes part in redox cycling reactions with alloxan.
Dialuric acid is oxidized to form hydrogen peroxide, superoxide
radicals, hydroxyl radicals, and an alloxan radical, which is an important toxic intermediate in the redox cycling reactions.2 Ninhydrin, a stable analog of alloxan is nondiabetogenic in rats and is
selectively toxic to pancreatic beta cells only at very low concentrations. At high concentrations, it is toxic to all types of endocrine
cells and exocrine parenchymal cells.4
In contrast to alloxan compounds, streptozotocin (2-deoxy2-([(methylnitrosoamino) carbonyl] amino)-D-glucopyranose) is
an antibiotic and antineoplastic agent produced by Streptomyces
achromogenes. It is diabetogenic and used to induce diabetes in
experimental animals by initiating selective destruction of beta
cells. Streptozotocin is classed as an alkylating agent; it alkylates
DNA and proteins once inside the cell.2,5 Like alloxan, it enters
beta cells via low-affinity GLUT2 glucose transporters and has
been shown to be nontoxic to RINm5F cells, which do not express
GLUT2.5,6 Prolonged exposure to streptozotocin results in alkylation of mitochondrial DNA and proteins, which leads to reduced
insulin secretory response to glucose and amino acids.7,8 Thus,
apoptosis induced by excessive DNA damage caused by methylnitrosourea moiety of streptozotocin is the main mechanism of
streptozotocin toxicity.
Unlike the other beta cell toxins, hydrogen peroxide is a
harmful by-product of aerobic respiration and other vital biological processes. In phagocytic immune cells, NADPH (nicotinamide
adenine dinucleotide phosphate) oxidase induces formation of hydrogen peroxide that acts as cytotoxic agent.9 In nonimmune cells,
NADPH oxidase induces generation of reactive oxygen species
(ROS) that act as signaling molecules in processes including angiogenesis and insulin action. Hydrogen peroxide can also be
transported from outside cells through aquaporins and by diffusion.9 Accumulation of hydrogen peroxide in cells results in
chronic oxidative stress causing extensive cellular damage. Pancreatic beta cells are more susceptible to ROS because of very
low expression of antioxidant enzymes especially catalase. This
enzyme converts hydrogen peroxide to water and nascent oxygen,
thereby preventing the harmful effects of hydroxyl radicals.10 Antioxidants derived from the diet protect from oxidative stress, but it
is the local concentrations of antioxidants in the vicinity of beta
cells that determine the fate of insulin-secreting cells.9
Compared with rodent beta cell lines and primary tissue derived from animals, considerably less information has been gathered concerning actions of beta cell toxins on human islet cells
due to scarcity of investigative material. Nevertheless, similarities
and differences are evident when comparing animal and human
beta cells. Cellular responses of the recently described human
pancreatic beta cell line, 1.1B4, to lipotoxicity, glucotoxicity
and cytokine toxicity were similar to primary human islets.11–13
In the present study, we investigated the cellular responses of
1.1B4 cells after chronic 18-hour exposure to streptozotocin, alloxan, ninhydrin, and hydrogen peroxide in terms of cell secretory
function, gene expression, DNA integrity, and cell survival. These
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studies highlight key pathways involved in human beta cell dysfunction and survival in diabetes conditions.

MATERIALS AND METHODS
Cell Culture and Viability
Human electrofusion-derived 1.1B4 cells (available from
PHE Culture Collections, Salisbury, United Kingdom; catalog
10012801)14 (passages 25–40) were routinely cultured in RPMI1640 medium (Gibco; Invitrogen, Paisley, United Kingdom) containing 11.1 mM glucose, 10% (vol/vol) fetal bovine serum
(Gibco; Invitrogen), and 1% (vol/vol) antibiotics: penicillin
(100 U/mL) and streptomycin (0.1 mg/L) (Gibco; Invitrogen),
with 5% CO2 and 95% air. The generation, culture, and basic

characteristics of these cells have been described in detail
elsewhere.11–16 For investigations of effects of chemicals, streptozotocin and alloxan were prepared in 0.01 N HCl immediately
before use. Ninhydrin and hydrogen peroxide were prepared in
distilled water immediately before use. Viability of cells after
exposure to chemicals was assessed by MTT assay.17

Insulin Release, Insulin Content, Intracellular
Ca2+, and Glucokinase
1.1B4 cells were harvested and seeded at a density of 70,000
cells per well in 24-well plates and allowed to attach overnight.
Following 18-hour exposure to chemicals, secretory function,
gene expression, and other parameters were assessed. Cells were
extracted using ice-cold acid ethanol (75% vol/vol ethanol, 1.5%

TABLE 1. Human Primers
Gene Symbol (Accession No.)
Secretory function
INS (NM_000207)

Alias/Common Name
Insulin

GCK (NM_000162)

Glucokinase

PCSK1 (NM_001177875)

PC1/3, proprotein convertase
subtilisin/kexin type 1

PCSK2 (NM_001201528)

PC2, proprotein convertase
subtilisin/kexin type 2

GJA1 (NM_000165)

Connexin 43A, gap junction protein 1

Antioxidant defense
SOD1 (NM_000454)
SOD2 (NM_000636)
CAT (NM_001752)
GPX-1 (NM_000581)
Apoptosis
BCL2 (NM_000633)

120
207
173
137
493

121

B cell lymphoma 2

F-TGGAGAGCGTCAACCGGGAG
R-ATCAAACAGAGGCCGCATGCTG
F-TGGACTTCCTCCGGGAGCGG
R-CTGGGGGCCTCAGCCCATCT
F-CAGCACAGGTGCAGCAGTGA
R-AACCCAGGGGTCCTGCCGAG
F-CCTGGATGACTCTTGGGAAA
R-TCAGCCAGCTGTTTCATGTC

160

F-AGCAGCGCTCTCGGTTGCAG
R-AGACAGGACACGGACCCCCG
F-TGCTGCTGCCCAACTGGCTG
R-GAACACGCCGACGCAGGAGT

133

MAPK10 (NM_002753.3)

Mitogen-activated protein kinase 10

NFKB1 (NM_003998)

Nuclear factor of κ light polypeptide
gene enhancer in B cells 1

Reference gene
ACTB (NM_001101)

F-TACCAGCATCTGCTCCCTCT
R-TGCTGGTTCAAGGGCTTTAT
F-GGACCAAGGGCTTCAAGGCC
R-CATGTAGCAGGCATTGCAGCC
F-TCGCGCCTCCTAGCTCTTCGCA
R-GCAGACTCCAGGCTCTTCGCTC
F-TCGACCAGGTGGTGCGGGAT
R-AAAGGCGGATGTGCAGCGCT
F-GCTATTGTGAATGGGGTGCT
R-CTGCCAAAATTGGGAACACT

F-ACGGGGTGCTGGTTTGCGTC
R-TTCAGCACGCACACGGCCTT
Superoxide dismutase 2, mitochondrial F-TCCAAGGGAAACACTCGGCTTT
R-ACCACTGGGTGACATCTACCAGA
Catalase
F-CGTGCTGAATGAGGAACAGA
R-AGTCAGGGTGGACCTCAGTG
Glutathione peroxidase 1
F-TCCCTGCGGGGCAAGGTACTAC
R-TTCGTTCTTGGCGTTCTCCTGATG

BCL2-associated X protein

HSPA5 (NM_005347)

Product Size, Base Pairs

Superoxide dismutase 1 (soluble)

BAX (NM_004324)

ER stress response
HSPA4 (NM_002154)

Primer Sequence (5′–nt-3′)

Hsp70, heat shock 70-kd protein 4
BiP, heat shock 70-kd protein 5

Actin, beta

F-AGAGCCTCGCCTTTGCCGATCC
R-CACATGCCGGAGCCGTTGTCG

95
118
171

167
140
173

160

103

Specific human primers were designed using Primer3 and BLAST. Primer sequences and product size are listed. Primers with efficiencies between
90% and 110% were used.
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vol/vol concentrated HCl) for assessment of insulin content.
Insulin was measured by radioimmunoassay using human insulin
standards and expressed as nanograms per million cells per
20 minutes (Sigma, Poole, United Kingdom).18 Intracellular Ca2+
responses were determined using fluorometric imaging plate
reader calcium 5 assay kit (Molecular Devices, Sunnyvale, Calif )
as described previously.19 Following exposure to chemicals,
[Ca2+]i responses to secretagogues were monitored using
FlexStation scanning fluorimeter, and the area under the curve
was calculated using GraphPad Prism (La Jolla, Calif ). [Ca2+]i
responses to glucose (5.6 mM) were used as baseline for
comparing effects of secretagogues. Glucokinase and hexokinase
activity was assessed using enzyme-coupled photometric assay.20

consisting of 12.5 μL buffer (Quantifast SYBR green PCR
kit; Qiagen), 1 μL primers (forward and reverse, Table 1; Invitrogen), 1 μL respective cDNA, and 9.5 μL RNase-free water
was used. Amplification conditions were set to 95°C for
5 minutes for initial denaturation, 95°C for 30 seconds for final
denaturation, 58°C for 30 seconds for annealing, and 72°C for
30 seconds for 34 cycles for extension, followed by melting
curve analysis at temperature range of 60°C to 90°C. Realtime data were acquired using MiniOpticon 2-color real-time
PCR detection system (BioRad, Hertfordshire, United Kingdom)
and analyzed using ΔΔCt method, with mRNA expression normalized to ACTB expression.

Real-Time Reverse Transcription Polymerase
Chain Reaction

Catalase Assay

mRNA extraction and cDNA conversion were carried out
using RNeasy mini kit (Qiagen, Manchester, United Kingdom)
and Superscript II reverse transcriptase–RNase H kit (Invitrogen)
following the manufacturer’s instructions. For real-time reverse
transcription polymerase chain reaction (PCR), reaction mix

Following exposure to chemicals, catalase enzyme activity in
cytoplasmic extracts was determined using Amplex red catalase
assay kit (Molecular Probes; Invitrogen). Catalase activity in unknown samples was assessed using standards, with concentrations
of catalase ranging from 62.5 to 1000 mU/mL and expressed as
units per milligram of protein.

FIGURE 1. Cell viability of 1.1B4 cells after 18-hour exposure to streptozotocin (A), alloxan (B), ninhydrin (C), and hydrogen peroxide (D).
E, Lethal dose 50 for 1-hour exposure and 18-hour exposure to chemicals. Values are mean ± SEM (n = 8). *P < 0.05, **P < 0.01,
***P < 0.001 compared with untreated control cells.
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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Alkaline Comet Assay

Acridine Orange/Ethidium Bromide Assay

For analysis of DNA damage after exposure to chemicals, alkaline comet assay was carried out,21 with UV light exposure for
20 minutes as positive control. After comet assay, the gels were
stained with DAPI (4′,6-diamidino-2-phenylindole) (100 μg/mL)
and viewed using epifluorescent microscope (model BX51; Olympus
System Microscope; Olympus, Southend-on-Sea, United Kingdom).
Extent of DNA damage was determined by CometScore software
(TriTek Corp, Sumerduck, Va), with analyses of densitometric and
geometric parameters including percent tail DNA and olive tail
moment (product of tail length and fraction of total DNA in tail).

Apoptosis after exposure to chemicals was assessed using acridine orange/ethidium bromide, as described previously.13 Cells
with bright green nuclei were designated healthy, whereas cells
with dense green nuclei with evidence of chromatin condensation
were designated early apoptotic. Cells with bright yellow nuclei
and yellow cytoplasm were designated late apoptotic, and cells
with orange/red nuclei with orange cytoplasm as late apoptotic.

Caspase Assay
Apoptosis was assessed by determining caspase 3/7 activity
using caspase Glo 3/7 assay kit (Promega, Southampton, United
Kingdom) according to the manufacturer’s instructions. Briefly,
after exposure to chemicals, 1.1B4 cells were lysed with RIPA
buffer containing 150 mM NaCl, 1.0% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, and 50 mM Tris HCl
(pH 7.6) in the absence of protease inhibitor cocktail to protect caspase activity. The extracts were mixed with Caspase-Glo reagent
and incubated for 1 hour, and luminescence was measured using
Flexstation III (Molecular Devices, Sunnyvale, CA). Caspase 3/7
activity was expressed in terms of relative luminescence units.

Nitrite Assay
Nitrite production by 1.1B4 cells was determined using
Griess reagent kit (Invitrogen). Briefly, Griess reagent was prepared by mixing equal amounts of sulfanilic acid and N-(1naphthyl) ethylenediamine. After 30 minutes’ incubation with
samples, absorbance was read at 548 nm using microplate reader
(Molecular Devices).

Statistical Analysis
Results were analyzed in GraphPad PRISM (version 3.0) and
presented as mean ± SEM. Statistical analyses were carried out by
unpaired Student t test (nonparametric) (with 2-tailed P values and
95% confidence intervals) and 1-way analysis of variance with
Bonferroni post hoc test wherever applicable. Results were considered significant if P < 0.05.

RESULTS
Cellular Viability
Chemicals caused a dose-dependent decrease in 1.1B4 cell
viability after chronic 18-hour exposure (P < 0.05, P < 0.01,
P < 0.001; Figs. 1A–D). Lethal dose 50% (LD50) was between
0.26 and 20 mM for 1-hour exposure and between 0.03 and
2.35 mM for 18-hour exposure to streptozotocin, ninhydrin,
and hydrogen peroxide (Fig. 1E). LD50 for alloxan toxicity was
12 mM for 1-hour exposure and more than 5 mM for 18-hour
exposure (Fig. 1E).

Insulin Secretion and Beta Cell Function
Chemicals markedly reduced 1.1B4 cellular insulin content,
with the exception of alloxan (P < 0.01; Fig. 2A). All chemicals

FIGURE 2. Cellular insulin content (A), glucokinase (B), and hexokinase (C) activities of 1.1B4 cells after 18-hour exposure to chemicals
(streptozotocin [STZ; 0.5 mM], alloxan [AX; 0.5 mM], ninhydrin [NIN; 25 μM], hydrogen peroxide [HP; 30 μM]). Glucokinase (D)
and hexokinase (E) activities after 5 minutes’ incubation of 1.1B4 cell lysate with chemicals. Catalase activity (F) after chemical exposure is
also shown. Values are mean ± SEM (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001 compared with untreated control cells.
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TABLE 2. 1.1B4 Cell Insulin Secretory Function After 18-Hour Exposure to Chemicals
Insulin Release, ng/million cells per 20 min
Secretagogues

Control (RPMI-1640) Streptozotocin (0.5 mM) Alloxan (0.5 mM) Ninhydrin (0.025 mM) H2O2 (0.03 mM)

Glucose (5.6 mM)
Glucose (16.7 mM)
Alanine (10 mM)
Arginine (10 mM)
KCl (30 mM)
CaCl2.2H2O (7.68 mM)

0.12 ± 0.01
0.21 ± 0.03†
0.28 ± 0.03‡
0.27 ± 0.03‡
0.45 ± 0.03‡
1.00 ± 0.06‡

0.03 ± 0.003*
0.02 ± 0.001*
0.03 ± 0.001*
0.04 ± 0.003*
0.02 ± 0.002*
0.668 ± 0.05*‡

0.03 ± 0.001*
0.03 ± 0.002*
0.04 ± 0.004*
0.06 ± 0.004*
0.04 ± 0.002*
0.88 ± 0.02*‡

0.13 ± 0.01
0.12 ± 0.05
0.17 ± 0.02§
0.16 ± 0.008§
0.11 ± 0.006*
0.35 ± 0.06||¶

0.1 ± 0.01
0.13 ± 0.03
0.15 ± 0.02||
0.12 ± 0.02||
0.14 ± 0.02*
0.25 ± 0.05*†

After 18-hour exposure to chemicals in culture, 1.1B4 cells were stimulated with secretagogues for 20 minutes, and insulin release was measured by
radioimmunoassay. Values are mean ± SEM (n = 8).
*P < 0.001 when compared with control culture (RPMI-1640).
†
P < 0.05 when compared with 5.6 mM glucose.
‡
P < 0.001 when compared with 5.6 mM glucose.
§
P < 0.05 when compared with control culture (RPMI-1640).
||
P < 0.01 when compared with control culture (RPMI-1640).
¶
P < 0.01 when compared with 5.6 mM glucose.

reduced glucokinase and hexokinase activities after chronic
18-hour exposure (P < 0.05, P < 0.01, P < 0.001; Figs. 2B, C).
On incubation of 1.1B4 cytoplasmic extract with chemicals,
alloxan significantly reduced glucokinase and hexokinase activities within 5 minutes (P < 0.05, P < 0.001; Figs. 2D, E). Streptozotocin (0.5 mM) and alloxan (0.5 mM) abolished insulin
secretory responses to glucose (5.6 and 16.7 mM) (P < 0.001;
Table 2), whereas ninhydrin (25 μM) and H2O2 (30 μM) did not
affect insulin output. All chemicals decreased insulin secretory
responses to alanine, arginine, KCl, and elevated Ca2+ (P < 0.05,
P < 0.01, P < 0.001; Table 2). As shown in Figure 3, the ability
of these secretagogues to enhance intracellular Ca2+ was also

impaired (P < 0.05, P < 0.01, P < 0.001; Fig. 3). Streptozotocin
(0.5 mM) and alloxan (0.5 mM) significantly reduced transcription
of INS, GCK, PCSK1, and GJA1 (P < 0.05, P < 0.01, P < 0.001;
Table 3). Ninhydrin (25 μM) and H2O2 (30 μM) did not affect expression of GCK and PCSK2 (Table 3). Ninhydrin (25 μM) significantly increased transcription of PCSK1, whereas H2O2 (30 μM)
decreased GJA1 (P < 0.001 and P < 0.05, respectively; Table 3).

Antioxidant Defense
Streptozotocin (0.5 mM) significantly up-regulated transcription of SOD1 and SOD2, whereas alloxan up-regulated
transcription of SOD1, SOD2, and CAT (P < 0.05, P < 0.01,

FIGURE 3. [Ca2+]i responses of 1.1B4 cells to glucose (5.6 mM, 16.7 mM), 10 mM alanine, 10 mM arginine, 30 mM KCl, elevated
7.68 mM Ca2+ after 18-hour exposure to chemicals. Temporal responses are shown in A. Data are expressed as area under the curve (B).
Tests were performed at 5.6 mM unless otherwise stated. Values are mean ± SEM (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001
compared with control. ΔP < 0.05, ΔΔP < 0.01, ΔΔΔP < 0.001 compared with respective secretagogue at control.
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 3. 1.1B4 Gene Expression After 18-Hour Exposure to Chemicals
Genes

Control (Untreated)

Secretory function
INS
1.0 ± 0.08
GCK
1.0 ± 0.13
PCSK1
1.0 ± 0.09
PCSK2
1.0 ± 0.15
GJA1
1.0 ± 0.13
Antioxidant defense
SOD1
1.0 ± 0.05
SOD2
1.0 ± 0.22
CAT
1.0 ± 0.04
GPX-1
1.0 ± 0.16
Apoptosis
BCL2
1.0 ± 0.03
BAX
1.0 ± 0.10
NFKB1
1.0 ± 0.05
ER stress
HSPA4
1.0 ± 0.04
HSPA5
1.0 ± 0.05

Streptozotocin (0.5 mM)

Alloxan (0.5 mM)

Ninhydrin (0.025 mM)

H2O2 (0.03 mM)

0.31 ± 0.15*
0.70 ± 0.12†
0.25 ± 0.14*
0.97 ± 0.09
0.54 ± 0.07†

0.43 ± 0.07*
0.71 ± 0.10†
0.32 ± 0.14*
0.88 ± 0.12
0.27 ± 0.11*

0.31 ± 0.18†
0.68 ± 0.10
5.60 ± 0.34‡
0.14 ± 0.29
0.96 ± 0.14

0.25 ± 0.12*
0.65 ± 0.16
1.17 ± 0.20
0.13 ± 0.36
0.64 ± 0.07†

1.29 ± 0.08†
3.38 ± 0.20‡
1.18 ± 0.11
0.92 ± 0.18

1.36 ± 0.09†
3.53 ± 0.22‡
1.54 ± 0.08*
0.90 ± 0.11

1.36 ± 0.09
1.73 ± 0.10†
1.66 ± 0.08
0.70 ± 0.03

1.14 ± 0.03
1.82 ± 0.10†
1.31 ± 0.06†
0.81 ± 0.08

0.32 ± 0.11*
1.37 ± 0.04†
1.31 ± 0.08†

0.35 ± 0.09‡
1.43 ± 0.04†
1.33 ± 0.12†

0.21 ± 0.21
1.39 ± 0.32
1.34 ± 0.04†

0.13 ± 0.27
1.64 ± 0.24*
1.29 ± 0.06

0.91 ± 0.04
0.76 ± 0.05†

0.74 ± 0.06†
0.80 ± 0.09

1.09 ± 0.13
0.89 ± 0.14

1.01 ± 0.03
0.74 ± 0.04*

Values are mean ± SEM (n = 4). mRNA expression was normalized to ACTB expression and compared with untreated control.
*P < 0.01 compared with untreated control (1.0).
†
P < 0.05 compared with untreated control (1.0).
‡
P < 0.001 compared with untreated control (1.0).

P < 0.001; Table 3). Ninhydrin (25 μM) significantly increased
SOD2 mRNA expression, and H2O2 (30 μM) increased SOD2
and CAT mRNA expression (P < 0.05; Table 3). Catalase enzyme
activity was significantly increased in streptozotocin-treated (0.5 mM)
and ninhydrin-treated (25 μM) cells, whereas it was decreased in
H2O2-treated (30 μM) cells (P < 0.05, P < 0.001; Fig. 2F).

DNA Damage
Representative images showing comets of 1.1B4 cells (control and chemical treated cells) are shown in Figure 4A. All
chemicals significantly increased tail DNA and olive tail moment
(P < 0.001; Figs. 4B, C).

FIGURE 4. Comets of 1.1B4 cells showing extent of DNA damage following 18-hour exposure to chemicals (streptozotocin [STZ; 0.5 mM],
alloxan [AX; 0.5 mM], ninhydrin [NIN; 25 μM], hydrogen peroxide [HP; 30 μM]) (A). Arrows indicate cells with comets. % Tail DNA (B) and
olive tail moment (C). Values are mean ± SEM (n = 4). *P < 0.01, **P < 0.001 compared with untreated control cells.
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FIGURE 5. Acridine orange/ethidium bromide stained 1.1B4 cells showing extent of apoptosis following 18-hour exposure to chemicals
(streptozotocin [STZ; 0.5 mM], alloxan [AX; 0.5 mM], ninhydrin [NIN; 25 μM], hydrogen peroxide [HP; 30 μM]) (A). Arrows indicate
cells undergoing apoptosis. % apoptotic cells (B). Caspase 3/7 activity (C). Nitrite levels (D). Values are mean ± SEM (n = 4).
*P < 0.001 compared with untreated control cells.

Apoptosis, Endoplasmic Reticulum Stress, and
Nitrite Production
Representative images showing acridine orange/ethidium
bromide–stained 1.1B4 cells (control and chemical treated cells)
are shown in Figure 5A. All chemicals significantly increased
numbers of apoptotic cells (P < 0.001; Fig. 5B). Caspase 3/7 activity was significantly higher in streptozotocin-treated (0.5 mM),
alloxan-treated (0.5 mM), and H2O2-treated (30 μM) cells
(P < 0.001; Fig. 5C), whereas none of the chemicals affected
nitrite production by 1.1B4 cells (Fig. 5D). Streptozotocin
(0.5 mM) and alloxan (0.5 mM) significantly decreased mRNA
expression of BCL2 (P < 0.01, P < 0.001; Table 3), whereas
streptozotocin (0.5 mM), alloxan (0.5 mM), and H2O2 (30 μM)
increased BAX mRNA expression (P < 0.05, P < 0.01; Table 3).
Streptozotocin (0.5 mM), alloxan (0.5 mM), and ninhydrin
(25 μM) increased NFKB1 transcription. Streptozotocin (0.5 mM)
and H2O2 (30 μM) decreased HSPA5 transcription, whereas alloxan
(0.5 mM) decreased HSPA4 transcription (P < 0.05; Table 3).

DISCUSSION
Oxidative stress plays a crucial role in pathophysiology of
many diseases including diabetes, neurodegenerative disorders,
ischemia, atherosclerosis, rheumatoid arthritis, and cancer.9,22
Mammalian cells have protective mechanisms to scavenge excessive amounts of free radicals, the net biological response to ROS
being determined by the concentration of superoxide and hydroxyl radicals, the localization and expression of antioxidant
enzymes, and the posttranslational regulation of antioxidant
enzymes.9 In types 1 and 2 diabetes, ROS are involved in executing pancreatic beta cell death, although the triggers are different,
namely, cytokines in type 1 diabetes and chronic hyperglycemiahyperlipidemia in type 2 diabetes. Importantly, the expression
level of antioxidant enzymes in pancreatic islets is approximately 20 times lower than in liver, making beta cells particularly
© 2016 Wolters Kluwer Health, Inc. All rights reserved.

vulnerable to damage by ROS.23–25 Indeed, previous reports on effects of chemicals including streptozotocin, alloxan, ninhydrin,
and hydrogen peroxide on pancreatic beta cell models and isolated
pancreatic islets suggest that oxidative stress is the main mechanism of toxicity.2,26,27 In the present study, we investigated the
toxicity mechanisms in a novel human pancreatic beta cell line,
1.1B4, after chronic 18-hour exposure to these agents.
Acute or longer-term exposure to chemicals decreased 1.1B4
cell viability, with LD50 values for streptozotocin and alloxan
at 60 minutes being 20 and 12 mM, respectively. This contrasts
with values of approximately 5 mM reported for MIN6 mouse
insulinoma cells.28 Even lower LD50 values were observed in
RINm5F and INS-1E cells,29 indicating that 1.1B4 cells, like primary human beta cells, are relatively resistant to streptozotocin
and alloxan toxicity when compared with rodent beta cell lines.
The fact that human beta cells are susceptible only to relatively
high concentrations of alloxan and streptozotocin may be attributed to low expression of GLUT2 transporter as well as greater
expression of antioxidant enzymes.30–32 From gene expression
studies, we observed that 1.1B4 cells demonstrated very low
levels of GLUT2 mRNA (cycle threshold >32), thus confirming our results. Interestingly, 1.1B4 cells exhibited toxicity to
ninhydrin and hydrogen peroxide at low concentrations, consistent with deleterious effects of these agents at 0.2 to 0.5 mM concentrations in human islets.33 This increased sensitivity compared
with alloxan and streptozotocin may be partly due to independence from GLUT2-mediated transport together with greater induction of oxidative stress.
In addition to negative effects on 1.1B4 cell viability, chemical toxins induced wide-ranging effects on beta cell function.
Within 5 minutes of alloxan exposure, glucokinase activity was
inhibited by alloxan because the central 5-carbonyl group reacts
readily with thiol functional groups.2 Other chemicals do not
directly inhibit glucokinase activity, but they indirectly affect
glucokinase activity by accumulating ROS, which are toxic to proteins. On exposure of 1.1B4 cells to cytotoxins, we observed
www.pancreasjournal.com
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down-regulation of cellular insulin content and mRNA expression
of multiple genes involved in secretory function. This is consistent
with the idea that free radicals generated by these chemicals
induce DNA damage and result in global decrease in gene
expression. Chemicals (with the exception of ninhydrin) also
appeared to affect cell communication, evident from the reduced
mRNA expression of GJA1, a gap junction protein (connexin
43) involved in synchronizing secretory responses of pancreatic
beta cells.34–38 mRNA expression of INS, GCK, PCSK1, and
PCSK2 was also reduced in toxin-treated 1.1B4 cells. Such
effects were reflected by reduced secretory responses to nutrients
and other agents inducing membrane depolarization. Thus,
chemicals affect 1.1B4 cell function by interfering with functions
of crucial proteins involved in cell secretory function, glucokinase
in particular, which is central to glucose oxidation. Ability of these
secretagogues to enhance intracellular Ca2+ ions was also impaired.
Interestingly, ability to secrete insulin in response to elevation of
intracellular Ca2+ with 7.68 mM CaCl2 was retained, suggesting
that the final events culminating in exocytosis were relatively spared.
In addition to impairing insulin secretion, chemicals exerted
significant effects on mechanisms involved in 1.1B4 defense.
mRNA expression of antioxidant enzymes was up-regulated in
toxin-treated cells with SOD1 increased by streptozotocin and alloxan, SOD2 increased by all chemicals, and CAT increased by alloxan and hydrogen peroxide. Catalase enzyme activity was found
to be increased in toxin-treated cells with the exception of alloxan.
Exposure to hydrogen peroxide also decreased enzyme activity
possibly due to exhaustion of catalase by hydrogen peroxide. Importance of antioxidant enzymes for protection from oxidative
stress has been discussed extensively in literature.10,39 Overexpression of catalase in mouse beta cells protected partially from

streptozotocin and hydrogen peroxide toxicity.40 Our observations
suggest that 1.1B4 cell defense mechanisms were up-regulated on
exposure to chemicals but failed to protect from toxicity, apparent
from our observations on DNA damage and apoptosis.
After exposure to chemicals, 1.1B4 DNA integrity was compromised, with all chemicals causing DNA fragmentation. Such
effects of streptozotocin and alloxan have been reported in
RINm5F cells.41–43 Excessive fragmentation of DNA interferes
with gene expression and hence affects important biological processes. Depletion of cellular stores of NAD+ and ATP stores by
Poly ADP (Adenosine Diphosphate)-Ribose Polymerase to repair
DNA activates apoptosis pathways. Transcription of Bcl2 was
down-regulated, and that of Bax was up-regulated in 1.1B4 cells
exposed to streptozotocin RINm5F cells.44 The ratio of antiapoptotic
to proapoptotic factors plays a crucial role in cell survival. Mitochondrial morphology is affected by the ratio of BCL2 to BAX,
with a shift toward proapoptosis leading to leakage of cytochrome
c. Chemicals increased NFKB1 transcription in 1.1B4 cells, thus
implicating a role for nuclear factor κB in cellular responses after
exposure to chemicals. Further evaluation of the activity of nuclear factor κB using DNA binding studies will clarify its role in
1.1B4 cell survival. However, from our observations, it was apparent that chemicals did not induce endoplasmic reticulum (ER)
stress response, evident from HSPA4 and HSPA5 mRNA levels.
Further studies investigating the levels of other relevant molecules
in the ER stress response pathways such as phospho-EIF2α,
ATF4, and spliced XBP-1 are needed. Caspase 3/7 activity and
numbers of apoptotic cells were significantly higher in toxintreated 1.1B4 cells, suggesting execution of apoptosis.
In conclusion, this study has delineated the molecular mechanisms of toxicity and cell damage mediated in human 1.1B4

FIGURE 6. Mechanism of toxicity by chemicals in 1.1B4 cells: Streptozotocin alkylates DNA immediately after exposure and causes
DNA fragmentation (1s). Alloxan inhibits glucokinase enzyme activity immediately after exposure and thus affects 1.1B4 cell function (1a).
Alloxan and ninhydrin participate in redox cycling reactions (2a, 1n) and accumulates ROS, which cause DNA fragmentation. Hydrogen
peroxide generates hydroxyl radicals by reactions with metal ions and cause DNA fragmentation (1 h). DNA fragmentation leads to global
decrease in gene expression and activation of apoptosis in the event of excessive damage (3, 4, 5). Figure was constructed from our
observations in 1.1B4 cells and from literature.
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cells by streptozotocin, alloxan, ninhydrin, and hydrogen peroxide (Fig. 6). Further understanding of the responses and factors involved in the damage, protection, and repair of model
human beta cell lines, such as human 1.1B4, may open up
new avenues to the treatment and possible prevention of beta
cell loss in diabetes.
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