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Cystine accumulation attenuates insulin release
from the pancreatic β-cell due to elevated oxidative stress
and decreased ATP levels
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Key points

� In cystinosis, a lysosomal storage disorder, an altered redox state has been suggested as
contributing to cellular dysfunction.

� Ctns gene knockdown in a pancreatic β-cell line caused increased cystine levels.
� Attenuated nutrient stimulated insulin secretion was observed after Ctns knockdown which

may have been caused by an increase in oxidative stress.
� Oxidative stress may reduce ATP production in pancreatic β-cells resulting in attenuated insulin

release.
� The redox-sensitive transcription factor NF-κB was activated after Ctns knockdown which may

contribute to the increased incidence of apoptosis.

Abstract The pancreatic β-cell has reduced antioxidant defences making it more susceptible to
oxidative stress. In cystinosis, a lysosomal storage disorder, an altered redox state may contribute
to cellular dysfunction. This rare disease is caused by an abnormal lysosomal cystine transporter,
cystinosin, which causes excessive accumulation of cystine in the lysosome. Cystinosis associated
kidney damage and dysfunction leads to the Fanconi syndrome and ultimately end-stage
renal disease. Following kidney transplant, cystine accumulation in other organs including the
pancreas leads to multi-organ dysfunction. In this study, a Ctns gene knockdown model of
cystinosis was developed in the BRIN-BD11 rat clonal pancreatic β-cell line using Ctns-targeting
siRNA. Additionally there was reduced cystinosin expression, while cell cystine levels were
similarly elevated to the cystinotic state. Decreased levels of chronic (24 h) and acute (20 min)
nutrient-stimulated insulin secretion were observed. This decrease may be due to depressed ATP
generation particularly from glycolysis. Increased ATP production and the ATP/ADP ratio are
essential for insulin secretion. Oxidised glutathione levels were augmented, resulting in a lower
[glutathione/oxidised glutathione] redox potential. Additionally, the mitochondrial membrane
potential was reduced, apoptosis levels were elevated, as were markers of oxidative stress, including
reactive oxygen species, superoxide and hydrogen peroxide. Furthermore, the basal and activated
phosphorylated forms of the redox-sensitive transcription factor NF-κB were increased in cells
with silenced Ctns. From this study, the cystinotic-like pancreatic β-cell model demonstrated that
the altered oxidative status of the cell, resulted in depressed mitochondrial function and pathways
of ATP production, causing reduced nutrient-stimulated insulin secretion.
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Introduction

Cystinosis is an autosomal recessive, lysosomal storage
disorder where the cell becomes dysfunctional due to the
accumulation of cystine (Gahl et al. 2002). The cause of
cystinosis is a defect in the CTNS gene that causes partial
or complete functional failure of the cystinosin protein,
which transports cysteine out of the lysosome. Renal
dysfunction due to the progression of Fanconi syndrome,
results in the loss of small molecules and nutrients
in the urine (Gahl et al. 2002). The low-molecular
weight proteinuria associated with Fanconi syndrome in
cystinosis has been attributed to dysfunctional endocytosis
in the proximal tubule (Wilmer et al. 2010), although
the expression of important receptors necessary for end-
ocytosis, megalin and cubulin, are normal in individuals
with this disease (Wilmer et al. 2008). Furthermore, the
cellular dysfunction has been suggested to occur due to
abnormal ATP and mitochondrial activity as well as altered
antioxidant capabilities of cystinotic kidney proximal
tubule cells, which have a high metabolic demand (Wilmer
et al. 2010).

In the pancreas, CTNS is expressed at similar levels
to those observed in the kidney and the Cystinosin LKG
isoform is expressed slightly higher in the pancreas than
in the kidney (Taranta et al. 2012). This suggests that
the pancreas requires cystinosin at a similar level to
the kidney therefore predicting likely functional failure
when cystinosin is defective in metabolically active
cells, such as pancreatic islet cells. Lysosomal cystine
accumulation leading to cellular dysfunction in the insulin
secreting pancreatic β-cells can result in diabetes mellitus.
Post-transplant diabetes mellitus develops in less than
25% of adults between 18 and 40 years (Ammenti et al.
1986; Theodoropoulos et al. 1993; Filler et al. 1998; Gahl
et al. 2007; Prokai et al. 2008). However, it develops
more frequently following transplant in individuals with
cystinosis compared to those without cystinosis (Gahl et al.
1986) and this is not fully associated with corticosteroid
therapy (Fivush et al. 1987). With the introduction of
cysteamine therapy the age of onset of diabetes is delayed

and can sometimes be prevented (Brodin-Sartorius et al.
2011).

In histological studies of individuals with cystinosis,
pancreatic β-cell hyperplasia and increased β-cell number
have been noted (Milner & Wirdnam, 1982; Gahl et al.
2001) as well as high concentrations of cystine in the
β-cells (Fivush et al. 1987). It has been suggested that
in cystinosis the altered ability of cells to counter stress,
including metabolic stress, is altered very slowly over the
patient’s lifetime eventually resulting in loss of blood
glucose control and therefore diabetes which may be a
consequence of altered glucose uptake and metabolism
in insulin sensitive tissues and/or cystine may partially
attenuate the pancreatic β-cell insulin secretion pathway
(Robert et al. 1999; Nesterova & Gahl, 2008). While
insulin resistance is not evident, diabetes associated with
cystinosis appears to be due to a deficient insulin release
mechanism in response to elevated glucose (Robert et al.
1999). Notably, both the first and second phases of
insulin secretion appear to be reduced in individuals with
cystinosis and the decrease in insulin release and related
C-peptide production is slow and progressive (Filler et al.
1998). β-Cell failure in cystinosis is not associated with
pancreatic islet inflammation as known to occur in type I
diabetes (Filler et al. 1998).

In this study, the effect of Ctns gene silencing on
cellular function was assessed in insulin secreting rat clonal
pancreatic β-cells. The effects of cystinosin knockdown on
insulin secretion, intracellular thiol levels, ATP levels and
ATP production capacity, as well as levels of apoptosis
and changes in mitochondrial membrane potential, were
investigated.

Methods

Reagents

RPMI 1640 medium, penicillin–streptomycin, fetal bovine
serum (FBS) and L-glutamine were obtained from Gibco
(Life Technologies, Carlsbad, CA, USA). Ctns-targeting
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and non-targeting siRNA and DharmaFECT 1 trans-
fection reagent were obtained from GE Dharmacon
(Lafayette, CO, USA). Fluorescent probes including
Annexin-V-Fluorescein, DFF-DA, hydroethidine and JC-1
are from Molecular Probes (Life Technologies). All other
reagents were obtained from Sigma-Aldrich (St Louis, MO,
USA) unless stated otherwise.

Cell culture

RPMI 1640 medium supplemented with 10% (v/v) FBS,
100units ml–1 penicillin, 0.1 mg ml−1 streptomycin
and 2 mM glutamine was used to culture the clonal
rat insulin-secreting β-cell line, BRIN-BD11. These
cells have been extensively characterised with respect
to metabolic stimulus–secretion coupling, intracellular
signalling, redox regulation, apoptosis and proliferation
in response to various stimuli (McClenaghan et al. 1996;
McClenaghan & Flatt, 1999; Brennan et al. 2003; Krause
et al. 2011; Mullooly et al. 2014). Cells were seeded at
1.5 × 105cells ml–1 in 24-well or 6-well plates. Cells were
maintained at 37°C in a humidified atmosphere of 5%
CO2 and 95% air using a Forma Scientific incubator.

Ctns gene knockdown

Ctns-targeting siRNA were selected and produced based
on the rat Ctns gene (homologous to the human CTNS
gene), using ON-TARGETplus SMARTpool technology
by GE Dharmacon. BRIN-BD11 cells were seeded and
allowed to adhere overnight. Ctns-targeting siRNA pool
(80 pmol μl−1; CT80) was transiently transfected into
the cells for 18 h using DharmaFECT 1, according
to the instructions of the manufacturer. Mock trans-
fection involved the transfection in the absence of
siRNA, while the negative control was the non-targeting
siRNA pool (NT80). Real-time PCR was performed at
24 h post-transfection and subsequent experiments were
performed at 72 h post-transfection.

Real-time PCR

TRIzol reagent (Life Technologies) was used to extract
total RNA from BRIN-BD11 cells, before mRNA was
reverse-transcribed into cDNA using SuperScript II
Reverse Transcriptase (Life Technologies), according to
the instructions of the manufacturer. The cDNA was
combined with Taqman primers for rat Ctns and β-actin
and PCR master mix, which contained AmpliTaq Gold
DNA polymerase, dNTP mix, uracil-DNA glycosylase and
ROX passive reference dye. The multiplex reaction mixture
for duplicate reactions was created as follows: 1 μl target
and control probes, 10 μl Taqman master mix, 1 μl cDNA
template, brought up to 20 μl with RNase-free water.

Results are presented as relative quantity based on delta Ct
values relative to the Mock TF.

Western blot

Cell lysates containing 20 μg protein were prepared
and subjected to 7.5% SDS-PAGE before being electro-
phoretically transferred to a nitrocellulose membrane.
Blocking buffer and antibodies were prepared in 5%
non-fat milk in Tris-base saline buffer (pH 7.4) containing
0.1% (v/v) Tween-20 (TBST). The membranes were
incubated for 60 min at room temperature (RT) with
blocking buffer, followed by overnight incubation with
primary antibody (dilutions Cystinosin monoclonal anti-
body 1:5,000 (Abnova, Taipei, Taiwan), NF-κB 1:5000
(Cell Signalling Technology, Danvers, MA, USA) or
β-actin 1:10,000) at 4°C. Three TBST washes were
then performed before incubation with secondary anti-
body conjugated to horseradish peroxidase followed by
three TBST washes. Enhanced Chemiluminescence Kit
(Thermo Fisher Scientific, Rockford, IL, USA) was used
to detect the bound secondary antibody following the
instructions of the manufacturer. Densitometry analysis
was performed on the bands developed on auto-
radiographic film using ImageJ software.

Insulin secretion

At 72 h post-transfection, the cell supernatant was
removed and used to determine chronic insulin release
(over the previous 24 h). The cells were then washed with
PBS and acute insulin secretion was stimulated after cells
were starved for 40 min with Krebs Ringer buffer (KRB),
pH 7.4, containing 1.1 mM D-glucose. The cells were then
stimulated with KRB containing 16.7 mM glucose plus
10 mM alanine for 20 min at 37 °C (a standard potent
stimulus for insulin secretion). The KRB was collected
and insulin release was determined using the Mercodia
ultra-sensitive rat insulin ELISA kit (Uppsala, Sweden),
according to the instructions of the manufacturer.

Glucose consumption

The cell supernatant was removed at 72 h post trans-
fection and used to determine the concentration of
glucose consumed (over the previous 24 h) using the
glucose liquicolour enzymatic colorimetric determination
assay (HUMAN, Wiesbaden, Germany), according to
manufacturer’s instructions.

Intracellular cysteine and glutathione levels

Total and free intracellular cysteine concentrations were
determined using a method developed by Gaitonde (1967)
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with the modifications described by Dominy et al (2007).
In brief, cell lysates were acidified with acetic acid
before reaction with acid ninhydrin reagent at 100°C for
10 min and rapidly cooled on ice. The acid ninhydrin
reagent forms a pink colour in an acidic solution
following reaction with cysteine that can be detected
at 560 nm. Dithiothreitol was used to reduce cystine
to cysteine for detection by disrupting the disulphide
bonds. The difference between intracellular total and
free cysteine (Cys) concentrations were used to determine
cystine content. All concentrations were normalised for
protein content.

Using the enzyme-recycling method developed by Baker
et al (1990) with slight modifications, total glutathione
(GSH) and oxidised glutathione (GSSG) concentrations
were determined and levels were normalised for protein
content.

The Nernst equation (Eh = E0 + RT/nFln([disulphide]/
[thiol]2) was used to calculate the theoretical redox
potential (Eh) of the GSH/GSSG couple. (E0, standard
potential for the redox couple (−264 mV for GSSG/GSH2);
R, gas constant; T, absolute temperature; n, number of
transferred electrons (e.g. 2); F, Faraday’s constant; Jones
et al. 2000). A dilution volume of 5 μl (mg protein)–1 was
assumed when calculating the redox couple. The value of
Eh was expressed in millivolts.

Intracellular ATP content and production

Cells were detached using 0.05% trypsin–EDTA and
washed with ice-cold PBS. The cell pellets were
resuspended in 100 μl ice-cold PBS. The cell suspension
was then diluted 25-fold and the ATP content was assessed
using the ATP Bioluminescence Assay Kit HSII (Roche
Diagnostics, Mannheim, Germany), according to the
instructions of the manufacturer. Protein concentration
of the cell lysates was used to normalise the ATP
content.

ATP production was assessed by inhibiting glycolysis
and mitochondrial ATP production. Cells were incubated
for 1 h at 37°C with sodium iodoacetate (300 μM

SIA), which inhibits GAPDH and therefore glycolysis,
or 1.8 μg ml−1 oligomycin (Brennan et al. 2002),
which inhibits mitochondrial complex V (ATP synthase).
Following incubation with the inhibitors the intracellular
ATP levels were determined.

Apoptosis and necrosis

Apoptotic and necrotic cell death were determined using
Annexin V-FITC and propidium iodide (PI), respectively.
Cell pellets were resuspended in 1× Annexin-V binding
buffer (BD Biosciences, San Jose, CA, USA) containing 5μl
of both Annexin V-FITC and 1 μg ml−1 PI and incubated

for 5 min at RT before being analysed using the BD Accuri
C6 flow cytometer (BD Biosciences).

Mitochondrial membrane potential

JC-1 lipophilic cationic dye enters the mitochondria and
reversibly emits red fluorescence in healthy cells with
high mitochondrial transmembrane potential, while JC-1
emits green fluorescence in cells with low mitochondrial
transmembrane potential. Cell pellets were resuspended
in media containing 2 μM JC-1 dye and incubated at
37°C for 30 min. Cells were pelleted by centrifugation
and resuspended in PBS before being analysed using
the BD Accuri C6 flow cytometer. The ratio of green
to red fluorescence represented the mitochondrial trans-
membrane potential.

Reactive oxygen species (ROS), superoxide
and hydrogen peroxide

Generation of ROS and superoxide were detected
using the ROS-sensitive probe, 5-(and-6)-carboxy-
2’,7’-difluorodihydro fluorescein diacetate (carboxy-H2

DFFDA) or the fluorogenic probe hydroethidine,
respectively. Cells were incubated with 20 μM carboxy-
H2DFFDA for 45 min or 5 μM hydroethidine for 30 min.
Cells were detached using trypsin–EDTA and the cell
suspension was analysed immediately using the BD Accuri
C6 flow cytometer.

The intracellular hydrogen peroxide concentration was
determined using the Amplex Red hydrogen peroxide and
peroxidase assay kit (Life Technologies) according to the
instructions of the manufacturer.

Protein concentration

Protein concentrations were determined using a bicin-
choninic acid protein assay kit (Thermo Fisher Scientific)
according to the instructions of the manufacturer.

Statistical analysis

Data are presented as the means of three independent
experiments ± SEM and were analysed with the GraphPad
Prism 5.0 software (GraphPad Software Inc., San Diego,
CA, USA). Data were analysed by Student’s t test and dif-
ferences at P value of < 0.05 were considered significant.

Results

Effect of Ctns targeting siRNA on Ctns gene
expression and cystinosin protein expression

Ctns mRNA levels were potently and significantly
decreased by 85% compared to Mock transfection (MT)
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(P < 0.001) and non-targeting siRNA control (NT80
P < 0.001) as determined by real-time quantitative PCR
following 24 h transfection with Ctns targeting siRNA
(Fig. 1A). This was associated with a 50% decrease in
cystinosin expression compared to both MT (P < 0.001)
and NT80 (P < 0.001) as determined by Western blot at
72 h post-transfection (Fig. 1B).

Effect of Ctns gene knockdown on insulin release
over 24 h and following nutrient stimulation

Ctns gene knockdown caused a 50% decrease in chronic
insulin release over 24 h compared to NT80 (21.53 ± 3.642
to 46.55 ± 6.386 ng (mg protein)−1, respectively;
P < 0.01; Fig. 2A). Acute insulin release following nutrient
stimulation over 20 min was also significantly reduced
from 2.238 ± 0.415 ng mg−1 protein in NT80 cells to
0.989 ± 0.187 nmol (mg protein)−1 in cells treated with
CT80 (P < 0.01) (Fig. 2B).

Effect of Ctns gene knockdown on glucose
consumption over 24 h

Cells transfected with CT80 utilised only half of the
glucose consumed by NT80 (9.47 ± 0.81% versus 16.14 ±

0.85%, respectively). This decrease in glucose con-
sumption was significantly different compared to control
(P < 0.001).

Effect of Ctns gene knockdown on intracellular
thiol/disulphide systems

The hallmark of cystinosis is the accumulation of cystine
in the lysosome. The accumulation of cystine in the cells
with decreased Ctns expression was assessed by finding
the difference between the total and free cysteine levels
(Fig. 3). Cystine concentration was increased over 3-fold
in cells treated with CT80 compared to the non-targeting
control, NT80 (1.826 ± 0.177 vs. 0.623 ± 0.161 nmol (mg
protein)−1, respectively; P < 0.01) (Fig. 3A). A smaller
but still significant 2-fold increase was also observed in
total cysteine levels between NT80- and CT80-treated cells
from 5.574 ± 0.293 to 10.64 ± 0.880 nmol (mg protein)−1

(P < 0.001) (Fig. 3B).
There was no significant change in total glutathione

levels as NT80-treated cells at 34.50 ± 1.503 nmol (mg
protein)−1 were comparable to CT80-treated cells
31.58 ± 2.492 nmol (mg protein)−1 (Fig. 3C). In contrast,
oxidised glutathione was increased in CT80 cells compared
to NT80 (0.303 ± 0.037 vs. 0.187 ± 0.028 nmol (mg
protein)−1, respectively; P < 0.05) (Fig. 3D). This

Mock NT 80 CT 80

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5†

†

C
tn

s
 /
 β

-a
c
tin

 (
R

e
l t

o
 M

o
c
k
)

Mock NT 80 CT 80

†

†

C
ys

tin
o
s
in

/α
-T

u
b
u
lin

 (
F

o
ld

 M
o
c
k
)

Cystinosin

α-Tubulin

A

B

NT 80 CT 80

Figure 1. Assessment of Ctns gene knockdown by real-time PCR and Western blot analysis
BRIN-BD11 cells were transiently transfected with a Ctns targeting siRNA pool (80 pmol μl−1, CT80) for 24 h
using DharmaFECT 1 transfection reagent, according to manufacturer’s instructions. Mock transfection (Mock)
was performed in the absence of siRNA, while the negative control contained scrambled non-targeting siRNA pool
(NT80). Ctns mRNA and cystinosin levels were assessed by real-time PCR (A) and Western blot (B) at 24 and 72 h
post transfection, respectively. Lanes 1 and 2 of the representative Western blot analysis correspond to NT 80, and
lanes 3 and 4 correspond to CT 80. Densitometry analysis of Western blots are expressed as ratio of cystinosin
to α-tubulin expression and are presented as mean fold change relative to Mock TF ± SEM of three or more
independent experiments. †statistically significant difference from Mock TF or NT80, as indicated, at P < 0.05 and
P < 0.001, respectively. Mock TF, mock transfection; NT, non-targeting siRNA; CT, Ctns targeting siRNA.
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alteration in the oxidised glutathione was associated
with a slight but significant, less negative glutathione
redox potential compared to NT80 (−250.4 ± 3.437 vs.
−269.4 ± 4.59 mV, respectively; P < 0.01) (Fig. 3E).
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Figure 2. Effect of Ctns knockdown on chronic and acute
nutrient stimulated insulin secretion and glucose consumption
A, the chronic release of insulin was assessed in BRIN-BD11 cells
between 48–72 h following transfection. Cells were initially
incubated with KRB containing 1.1 mM glucose for 40 min at 37°C
before insulin release was stimulated for 20 min using KRB
containing 1.1 mM glucose (basal) or 16.7 mM glucose and 10 mM

alanine. B, acute stimulated insulin secretion was determined in
BRIN-BD11 cells at 72 h post-transfection. C, glucose consumed was
determined between 48–72 h post transfection. Results are
expressed as mean ± SEM of at least four independent experiments.
∗∗ and †, statistically significant difference from NT80 at P < 0.01
and P < 0.001, respectively. NT, non-targeting siRNA; CT, Ctns
targeting siRNA.

Effect of Ctns gene knockdown on ATP
concentrations and production

Total intracellular ATP levels were significantly decreased
in cells with decreased cystinosin expression compared
to NT80 (3.167 ± 0.248 vs. 5.764 ± 0.529 nmol (mg
protein)−1, respectively; P < 0.01) (Fig. 4).

The source of ATP was further investigated by
inhibiting glycolysis or mitochondrial ATP production.
Glycolytic capacity as indicated by ATP concentration
was assessed by inhibiting mitochondrial ATP production
using oligomycin. ATP derived from glycolysis was
50% lower in CT80-treated cells than NT80 control
(41.316 ± 6.538% vs. 79.686 ± 12.482% of control)
(P < 0.01) (Fig. 4). In contrast, ATP derived from
mitochondrial oxidative phosphorylation was slightly but
not significantly decreased following Ctns knockdown
compared to NT80 (8.6 ± 0.991% vs. 11.334 ± 0.628%
of control), as assessed after addition of the glycolytic
inhibitor, sodium iodoacetate.

In cells with high mitochondrial membrane poten-
tial (��m), JC-1 spontaneously forms complexes
(J-aggregates) with intense red fluorescence. In cells with
compromised mitochondrial function, with low ��m,
JC-1 remains in the monomeric form, as indicated by
green fluorescence. Using JC-1 to assess BRIN-BD11
mitochondrial membrane potential changes, the ratio
of green to red fluorescence was significantly higher in
CT80-treated cells compared to NT80 (3.571 ± 0.472
vs. 2.075 ± 0.133, respectively) (P < 0.05) (Fig. 4E).
This indicated a decrease in the mitochondrial membrane
potential, thus impaired ability to generate ATP.

Effect of Ctns gene knockdown on cell viability

The effect of cystinosin knockdown on cell death and
apoptosis was assessed by flow cytometry using propidium
iodide and Annexin-V-FITC, respectively. Propidium
iodide measures cells in late apoptosis or necrosis when
the cell plasma membrane becomes permeable. This is not
a measure of total cell death. Annexin-V on the other hand
binds to the phosphatidylserine that has translocated from
the inner leaflet in healthy cells to the outer leaflet in cells
undergoing apoptosis. An increase in apoptotic cells was
observed in CT80-treated cells, which was indicated by an
increase in Annexin-V positive fluorescence, compared to
NT80 (12.05 ± 2.515% vs. 7.260 ± 0.527%, respectively)
(P < 0.01) (Fig. 5). There was no change in the percentage
of dead cells which were identified as those that stained
positive for PI between the two treatments.

Effect of Ctns gene knockdown on the intracellular
oxidative stress levels

Three markers of oxidative stress including reactive oxygen
species, superoxide and hydrogen peroxide were found to
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be significantly increased in the cells where cystinosin was
knocked-down. ROS was increased from 2875 ± 116.5
RFU in control NT80 cells to 3997 ± 249.5 RFU in
CT80 (P < 0.01) (Fig. 6). Superoxide was elevated from
21710 ± 568.1 RFU in NT80 cells to 27201 ± 1542 RFU
in CT80 cells (P < 0.01). Similarly, hydrogen peroxide
was increased from 3.792 ± 0.109 nmol (mg protein)−1 in
NT80 cells to 5.314 ± 0.344 nmol (mg protein)−1 in CT80
(P < 0.01).

Effect of Ctns gene knockdown on the expression
of NF-κB

One of the transcription factors affected by altered
oxidative stress is NF-κB. Interestingly, this protein was
potently and significantly increased in both its basal and
phosphorylated activated forms. Following transfection
with Ctns targeting siRNA, basal NF-κB was increased
from 1.008 ± 0.107 in NT80 cells to 1.921 ± 0.259 in
CT80 (P < 0.01) (Fig. 7). This increase was even more
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Figure 3. Effect of Ctns knockdown on thiol and disulphide levels
Following transfection with Ctns siRNA, intracellular total cysteine (A), cystine (B), total glutathione (C) and
oxidised glutathione (GSSG) (D) levels in BRIN-BD11 cells were determined. Total cysteine was determined using
acid ninhydrin reagent developed by Gaitonde (1967), while total GSH and GSSG levels were determined using
an enzyme recycling assay. E, using the Nernst equation, theoretical redox potential (Eh) of GSH/GSSG couple
was assessed. Results are expressed as the means ± SEM of at least three independent experiments. ∗, ∗∗ and
†, statistically significant difference from NT80 control at P < 0.05, P < 0.01 and P < 0.001, respectively. NT,
non-targeting siRNA; CT, Ctns targeting siRNA.
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pronounced for the phosphorylated form, increasing from
1.176 ± 0.167 to 2.995 ± 0.264 in NT80 and CT80 cells,
respectively (P < 0.001). The more pronounced increase
in phosphorylation of NF-κB (compared to the level of
NF-κB) indicates an increase in the phosphorylation level
(per unit of NF-κB), and is not simply a secondary effect
of the increase in NF-κB.

Discussion

The response of the pancreatic β-cell to glucose is critical
to its function as an insulin secreting cell and it is known
that appropriate levels of intracellular reactive oxygen
and nitrogen species regulate this process. High levels
of oxidative stress may adversely affect insulin secretion
(Newsholme et al. 2012). Pancreatic β-cells are particularly
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Figure 4. Effect of Ctns gene knockdown on intracellular ATP levels, ATP production and mitochondrial
membrane potential
A, total ATP concentration was determined in BRIN-BD11 cells at 72 h post-transfection with Ctns targeting siRNA.
B, ATP production was assessed following inhibition of mitochondrial ATP production with oligomycin or inhibition
of glycolysis using sodium iodoacetate. E, at 72 h post-transfection, the mitochondrial transmembrane potential
was determined by flow cytometry using the JC-1 dye. Data are presented as means ± SEM of at least three
independent experiments. ∗ and ∗∗, statistically significant difference from NT80 control at P < 0.05 and P < 0.01,
respectively. C and D, representative 2D density plots of green (x-axis: FL-1; ex: 488 nm, em: 530 ± 30 nm) vs. red
fluoresence (y-axis: FL-2; excitation: 488 nm, emission: 585 ± 40 nm) are shown for NT80 (C) and CT80 (D). NT,
non-targeting siRNA; CT, Ctns targeting siRNA.
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susceptible to oxidative stress due to decreased levels
of antioxidant defence. In the genetic lysosomal storage
disorder cystinosis, oxidative stress, as a consequence
of lysosomal cystine accumulation, has been reported
and may contribute to the high (5–25%) incidence of
diabetes in individuals with this disease (Gahl et al.
2007; Wilmer et al. 2010). The occurrence of diabetes is
reduced with long-term therapy with the cystine depleting
aminothiol cysteamine (Cystagon) (Gahl et al. 2007),
which may enhance antioxidant defences. The effect of
cystine accumulation on pancreatic β-cell antioxidant
defence and metabolic stimulus–secretion coupling has
not been previously investigated.

In the present study, clonal insulin-secreting BRIN-
BD11 pancreatic β-cells were utilised, based on their
well characterised responses to glucose and amino
acids, as well as their reproducible secretory responses,
consistent receptor/signalling protein levels, and cell
survival/death responses (Corless et al. 2006; Kiely et al.
2007; Krause et al. 2011). Due to the complexity of
the pancreas and limited access to viable human islets,
the development of a stable human β-cell line has
been difficult (Scharfmann et al. 2013). However, the
development of rodent cell lines, such as the BRIN-BD11
cell line, has provided a valuable resource in investigating
the pancreatic β-cell and in advancing the understanding
of diabetes and β-cell dysfunction (Steiner et al. 2010;

Newsholme et al. 2012). In the present study, this rat
cell line was used to determine the potential impact
of substantial loss of the cystinosin transporter on the
function of the β-cell including nutrient stimulated insulin
secretion.

Alteration to the CTNS gene sequence results in the
cystinosis phenotype due to the inability of the lysosome
to export cystine following protein degradation (Gahl et al.
2002). In the model of cystinosis used in this study, the
rat Ctns gene (homologous to human CTNS) mRNA
transcripts were targeted for degradation by sequence
specific siRNA. This model resulted in a biochemical
and molecular model similar to cellular dysfunction
in cystinotic disease. The decrease in Ctns mRNA was
associated with a reduction in the expression of the
cystine lysosomal transporter, cystinosin, in pancreatic
β-cells, which was similar to levels detected in individuals
heterozygous for cystinosis and in the milder variants of
the disease, late-onset and ocular (Gahl et al. 1982a,b).
Further confirmation of the model used in this study
was achieved by demonstrating a 3-fold increase in
intracellular cystine levels. Similar levels of cystinosin
knockdown and cystine accumulation were also observed
in human kidney cells (HK-2) using a similar model
(Bellomo et al. 2010; Sumayao et al. 2013) and in rabbit
primary renal proximal tubule cells (Taub et al. 2011; Taub
& Cutuli, 2012).

Annexin V positive PI positive

0

5

10

15

20
NT 80

CT 80**

%
 A

n
n
e
xi

n
 V

 o
r 

P
I p

o
s
iti

ve
 c

e
lls

BA

C

1
0
1

101 102 103 104 105 106 107.2 101 102 103 104 105 106 107.2

1
0
2

1
0
3

1
0
5

1
0
4

1
0
6

1
0
7

.2 Gate: (P1 in R1) Gate: (P1 in R1)

Q2-UL
0.1%

Q2-UL
0.0%

Q2-LL
90.9%

Q2-LL
82.9%

Q2-UR
2.0%

Q2-UR
2.5%

Q2-LR
7.0%

Q2-LR
14.6%

P
I6

7
0

L
P

-A

P
I6

7
0

L
P

-A

AV-FITC 488 53030-A AV-FITC 488 53030-A

1
0
1

1
0
2

1
0
3

1
0
4

1
0
6

1
0
5

1
0
7

.2

Figure 5. Effect of Ctns knockdown on necrosis
and apoptosis levels
Following transfection of BRIN-BD11 cells with Ctns
targeting siRNA, apoptosis levels and late apoptosis or
necrosis were determined at 72 h post transfection by
flow cytometry using the Annexin-V-FITC and
propidium iodide (PI), respectively. A and B,
representative 2D density plots of Annexin-V-FITC
(x-axis: FL-1 488 excitation, 530 ± 30 nm emission)
versus PI (y-axis: FL-3 488 excitation, 675LPnm
emission) for NT80, (A) and CT80 (B). C, results are
presented as the mean of the percentage of apoptotic
cells or dead cells ± SEM of three independent
experiments. ∗∗, statistically significant difference
from NT80 control at P < 0.01. NT, non-targeting
siRNA; CT, Ctns targeting siRNA.
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In the present study, the cystinosin knockdown caused
attenuation of both chronic and acute nutrient stimulated
insulin release to be reduced, while glucose consumption
was also diminished. The redox balance of the cells was
also adversely altered as oxidised glutathione (GSSG) was
increased. Interestingly, the ATP levels in the cells were also
decreased which appeared to be due to decreased capacity
to generate ATP from glycolysis. While the mitochondrial
ATP generating capacity was intact following inhibition
of glycolysis, the mitochondrial membrane potential was
adversely altered. The rate of apoptosis also appeared to
be elevated in these cells in the absence of an inducer of
apoptosis. More pronounced rates of apoptosis have been
observed following the addition of inducers of apoptosis,
such as TNF-α which has been shown to increase apoptosis
in normal and cystinotic renal proximal tubule epithelial
cells (Park et al. 2006). Finally, the oxidative stress levels
of the pancreatic β-cells following cystinosin knockdown
were greater than control levels as indicated by elevated
intracellular ROS, superoxide and hydrogen peroxide.
Remarkably, the transcription factor NF-κB was elevated
in both its basal and phosphorylated active form.

Pancreatic β-cells produce and release insulin in
response to circulating nutrient concentration in a
biphasic manner and decreased insulin secretion is a
hallmark of diabetes mellitus (Straub & Sharp, 2002).
Chronic insulin secretion (24 h) in cystinosin depleted
BRIN-BD11 cells was partially attenuated, as was acutely
stimulated insulin secretion (20 min). In individuals with
cystinosis, insulin secretion and C-peptide production
declines slowly and both phases of insulin secretion are
reduced (Filler et al. 1998). It is likely, based on the
results presented herein, that a deficiency of insulin
secretion arises in individuals with cystinosis due to cell
dysfunction rather than either β-cell destruction, such
as occurs in type I diabetes, or insulin resistance as can
occur in type II diabetes (Filler et al. 1998). Notably,
the consumption of glucose was also reduced following
Ctns knockdown, in agreement with the result reported
above that maximal glycolytic ATP generating capacity
was reduced. Mathematical models of metabolism in the
β-cell have also highlighted the importance of glycolysis
for ATP production (Salvucci et al. 2013). It is possible that
a defect in the ‘nutrient sensing’ mechanism of the cell,
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Figure 6. Effect of Ctns knockdown on intracellular reactive oxygen species and oxidative stress
A and B, intracellular reactive oxygen species were determined in BRIN-BD11 cells at 72 h post-transfection with
Ctns targeting siRNA by flow cytometry using DFF-DA, a redox sensitive probe (A), while superoxide levels were
measured using hydroethidine (HEt), a superoxide-sensitive probe (B). C, intracellular hydrogen peroxide levels were
assessed by amplex red assay. Flow cytometry data are presented as mean fluorescence (RFU) ± SEM of at least
three independent experiments. ∗∗, statistically significant difference from NT80 at P < 0.01. NT, non-targeting
siRNA; CT, Ctns targeting siRNA.
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which links nutrient availability with insulin secretion has
occurred in the Ctns knockdown β-cells. This defect may
result from inhibition of glycolytic enzymes, or glucose
transporters due to altered redox balance, oxidative stress
or mitochondrial dysfunction (as pyruvate metabolism
could be impaired). It has been reported that inhibition
of GAPDH activity by hyperglycaemia does not occur
when mitochondrial overproduction of superoxide is pre-
vented by either UCP-1 or MnSOD (Giacco & Brownlee,
2010). When GAPDH activity is inhibited, the levels of all
the glycolytic intermediates that are upstream of GAPDH
increase, resulting in a reduction in glucose consumption.
Previously, treatment with cysteine caused reduced insulin
secretion in a study by Kaneko et al., which was suggested
to be caused by inhibition of glucose metabolism and/or
alterations to the secretory machinery (Kaneko et al. 2006).
A study by Kiely et al. reported that pro-inflammatory
cytokines caused a 50% decrease in chronic insulin
secretion (Kiely et al. 2007), which could be rescued by
treatment with L-arginine (Krause et al. 2011), which
bypassed metabolic stimulus–secretion coupling due to
direct membrane depolarisation. It is possible that cystine
associated cell stress could be bypassed by application of
agents that directly lead to membrane depolarisation and
stimulation of insulin secretion (e.g. use of sulphonylurea
drugs).

While we have reported herein that CTNS knockdown
(similar to the CTNS expression levels of individuals
heterozygous for cystinosis) resulted in a reduced level of

nutrient stimulated insulin secretion, cystinotic patients
are usually asymptomatic and do not develop diabetes.
This apparent discrepancy may be explained by two
factors: (i) there is large variability in regulation of β-cell
mass in the population. For normal glycaemic control only
20–30% of β-cells need to be fully functional (Matveyenko
& Butler, 2008); (ii) rates of β-cell regeneration may
be higher in some individuals than others, leading to
a continuous supply of functionally intact new β-cells
(Bouwens & Rooman, 2005). Interestingly, individuals
with cystinosis display increased β-cell number (Milner
& Wirdnam, 1982) but their level of functionality is not
known. If full functionality is not achieved, then the
number of pancreatic β-cells may be increased to provide
sufficient insulin to maintain the glucose homeostasis in
the body.

Alterations in ATP metabolism was originally specu-
lated as causing the cellular dysfunction in cystinotic cells
based on experiments using the CDME model of cystinosis
(Foreman & Benson, 1990; Coor et al. 1991). Interestingly
in a study by Laube et al. (2006), cystinotic kidney proximal
tubular cells under hypoxic conditions were not able
to increase mitochondrial complex activity above basal
levels in response to a low oxygen environment. In the
present study, intracellular ATP levels were decreased in
BRIN-BD11 cells with silenced Ctns, while those treated
with oligomycin, a mitochondrial ATP synthase inhibitor,
resulted in a decrease in ATP production. This indicated
that the ability of the cells to produce ATP from glycolytic
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Figure 7. Effect of Ctns knockdown on NF-κB protein expression
At 72 h post-transfection with Ctns targeting siRNA in BRIN-BD11 cells, NF-κB p65 and phosphorylated NF-κB
p65 protein levels were determined by Western blot. A and B, densitometry analysis of blots are expressed as ratio
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sources was greatly impacted. Notably, the inhibition of
glycolysis by SIA had no significant effect on already
depressed ATP levels (due to decreased glycolytic flux)
in cystinotic β-cells compared to control. Similar reduced
ATP levels were observed in rabbit proximal tubular cells
and HK-2 cells with silenced CTNS (Taub et al. 2011;
Sumayao et al. 2013) as well as in fibroblasts and renal
proximal tubular cells from individuals with cystinosis
(Levtchenko et al. 2006; Sansanwal et al. 2010c). The
production of ATP from HK-2 cells with silenced CTNS
demonstrated a slight but not significant decrease in
ATP following oligomycin and SIA treatment (Sumayao
et al. 2013). In addition, altered mitochondrial structures
have been observed in cystinotic kidney cells as well as
increased ROS levels (Jackson et al. 1962; Sansanwal et al.
2010c). Although mitochondrial derived ATP did not
appear to be affected in BRIN-BD11 cells with decreased
cystinosin expression, mitochondrial DNA damage may
still have been caused by the observed increase in ROS.
The ability to generate ATP and alter the ATP/ADP
ratio is an essential step for pancreatic β-cells to secrete
insulin in response to a nutrient stimulus (Straub &
Sharp, 2002). Furthermore, the mitochondrial membrane
potential was adversely affected in pancreatic β-cells with
decreased cystinosin expression. This suggests altered
kinetics of electron transport and/or uncoupling of the
mitochondrial proton gradient as well as the associated
depolarisation of the mitochondrial inner membrane may
adversely affect cells with decreased cystinosin expression.
A loss in mitochondrial integrity has been observed in

cystinotic renal proximal tubular epithelial cells, assessed
by cytochrome C release (Park et al. 2006). In BRIN-BD11
cells and primary mouse islets, diminished ATP levels and
chronic insulin secretion were also observed following
treatment with sub-lethal concentrations of hydrogen
peroxide (Michalska et al. 2010) suggesting that elevated
oxidative stress can impact on mitochondrial function and
the insulin secreting ability of these cells.

The pancreatic β-cell is very sensitive to oxidative
stress and the expression of catalase and peroxidase enzy-
mes are relatively low in these cells compared to other
tissues (Lenzen et al. 1996; Sakai et al. 2003). Glutathione
levels are also much lower in pancreatic β-cells compared
to other cell types, suggesting they may be more at risk
from oxidative stress than other cells (Numazawa et al.
2008). In BRIN-BD11 cells with Ctns knockdown, there
was a 2-fold increase in GSSG, while total and reduced
GSH remained close to control levels. Overall there
was a more oxidised GSH/GSSG redox potential. These
observations are similar to the increase in GSSG exhibited
by cystinotic fibroblasts (Levtchenko et al. 2005) and a
cystinotic proximal tubular epithelial cell line (Wilmer
et al. 2005). Although, HK-2 kidney cells with a similar
level of cystinosin knockdown display decreased total
GSH and GSSG (Bellomo et al. 2010; Sumayao et al.
2013), a similar change in the GSH/GSSG redox potential
was observed in HK-2 cells following CTNS knockdown
(Sumayao et al. 2013). The levels of intracellular cysteine
have been shown to regulate CTNS expression in response
to more oxidised environments (Bellomo et al. 2010). In
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Figure 8. Suggested mechanism of
pathogenesis in cystinosis
Decreased expression of the cystinosin
transporter cause increased cystine (CySS)
levels. This results in increased ROS,
superoxide (SO) and hydrogen peroxide
(H2O2) which can cause detrimental
damage to the cell. In the β-cell
uncontrolled ROS/RNS could quickly
overwhelm antioxidant defences and act on
the mitochondria causing a decrease in ATP.
This results in a decrease in insulin
secretion. Increased ROS/RNS may lead to
apoptosis through multiple mechanisms.
Decreases in glutathione (GSH) through
depletion or decreased synthesis may cause
alterations in the status of GSH/GSSG
couple and can activate signalling
pathways, leading to augmented apoptosis.
Insufficient cellular defence against ROS
due to GSH depletion can lead to loss of
mitochondrial membrane potential (MMP),
causing apoptotic effectors to be released
and activate apoptosis.
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pancreatic β-cells, GSH antioxidant levels can be enhanced
by the availability of extracellular cysteine and cystine
and it is suggested that the cystine/glutamate exchanger
controls GSH levels (Numazawa et al. 2008). However,
higher concentrations of cysteine can suppress insulin
secretion possibly as a consequence of increased hydro-
gen sulphide (Kaneko et al. 2006). Although intracellular
cysteine levels may be elevated in the BRIN-BD11 cells
with decreased cystinosin expression, alterations in the
redox status are evident. The elevated GSSG levels in
the BRIN-BD11 cells may contribute to the reduced
insulin secretion as the cells may be focusing resources
on responding to an oxidative insult, which itself may also
prevent insulin secretion.

The mitochondria are a major source of reactive
oxygen species, through oxidative phosphorylation and
energy production, and so can be more disposed to
oxidative stress and damage caused by ROS. Increases
in ROS and oxidative stress negatively affect pancreatic
β-cell mitochondrial function contributing to pancreatic
β-cell dysfunction in diabetes (Sakai et al. 2003). Intra-
cellular reactive oxygen species, hydrogen peroxide and
superoxide levels were all elevated in BRIN-BD11 cells
with silenced Ctns. Although HK-2 cells with decreased
cystinosin expression had a comparable increase in super-
oxide concentration, hydrogen peroxide levels and catalase
activity were not affected, while a slight but not significant
increase in ROS was detected (Sumayao et al. 2013).
Increased SOD was also observed in a cystinotic fibroblast
cell line (Chol et al. 2004). Intracellular hydrogen peroxide
has been implicated in β-cell dysfunction associated with
diabetes (Krippeit-Drews et al. 1999; Maechler et al. 1999),
and exposure of BRIN-BD11 cells to the saturated fatty
acid palmitic acid caused elevated superoxide production
and depressed insulin secretion (Keane et al. 2011).
Together the observed increases in hydrogen peroxide,
ROS and superoxide could be detrimental for β-cell
function and could contribute to the dysfunction observed
with increased cystine accumulation leading to depressed
cell function and increased cell death.

Altered apoptosis has been suggested as a potential
mechanism of pathophysiology associated with cysti-
nosis (Thoene, 2007). In BRIN-BD11 cells with
Ctns-knockdown there was an increase in the percentage
of apoptotic cells but not in dead cells. As apoptosis is
a time-dependent phenomenon, sampling at later time
points may demonstrate a shift from apoptotic cells to
dead cells. Elevated apoptosis levels have been detected in
cystinotic proximal tubular cells and in rabbit proximal
tubular cells with cystinosin knockdown (Laube et al.
2006; Sansanwal et al. 2010c; Taub & Cutuli, 2012). Not
only are basal apoptosis levels increased in cystinosis, but
response to stress factors and apoptosis inducers causes
a more significant response in cystinotic fibroblasts and

kidney proximal tubular cells than healthy cells (Park
et al. 2002; Laube et al. 2006). AMPK signalling, the
energy metabolic regulator, has also been suggested as
contributing to apoptosis in the cystinotic cell (Taub &
Cutuli, 2012), while caspase-4 has been implicated in the
loss of proximal tubules (Sansanwal et al. 2010a). Inter-
estingly, when ATP levels were reduced in nephropathic
cystinotic fibroblasts, cell growth was adversely affected
but there was no observable increase in cell death
(Mannucci et al. 2006). The observed increase in apoptosis
in BRIN-BD11 cells following cystinosin knockdown may
be due to the increased levels of reactive oxygen species
and an altered mitochondrial membrane potential.

Uncontrolled alterations in redox homeostasis can
activate transcription factors such as NF-κB, resulting
in an increase in transcription of certain genes. NF-κB
is part of an important signalling cascade and has been
implicated in the progression of diabetes (Salem et al.
2014), inflammation (Baker et al. 2011) and cancer
(Tornatore et al. 2012). In BRIN-BD11 cells with silenced
Ctns, NF-κB is activated and increased in these cells.
Previously, NF-κB gene expression was reported to be
upregulated following gene expression profiling from
the peripheral blood from individuals with cystinosis
(Sansanwal et al. 2010b). In pancreatic β-cells, NF-κB
activation, which is stimulated by the pro-inflammatory
cytokines, interleukin-1β (IL-1β) and tumour necrosis
factor-α (TNF-α), has been linked to apoptosis and
cell death (Ortis et al. 2012). Interestingly, IL-1β is
secreted in response to cystine crystals (perhaps due to
macrophage inflammasome activation) and is found to
be increased in individuals with cystinosis (Prencipe et al.
2014). The altered redox state with increased oxidative
species observed in the BRIN-BD11 cells with decreased
cystinosin expression may activate the NF-κB pathway.
The redox status of the cell has been suggested to activate
upstream kinases that signal through the NF-κB pathway
(Pantano et al. 2006). The downstream genes activated
by this pathway have not yet been investigated, but may
be pro-apoptotic. In relation to cystinosis, the impact of
NF-κB activation on genes involved in stress response
is of interest (Pantano et al. 2006), including super-
oxide dismutase, NADPH oxidase and those involved
in glutathione synthesis. The activity of superoxide
dismutase has previously been identified as increased in
cystinotic cell lines (Chol et al. 2004) and proximal tubular
cells with decreased cystinosin expression (Sumayao et al.
2013). Alterations in the glutathione and redox status
of cystinotic cells have been identified in many models
of cystinosis (Chol et al. 2004; Wilmer et al. 2005;
Sumayao et al. 2013). NF-κB has also been identified as a
transcription factor regulator of apoptosis, affecting genes
such as CASP4 and BCL2L1 (Nakanishi & Toi, 2005),
which have been found to be up- or down-regulated,
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respectively, in the gene expression profile of individuals
with cystinosis (Sansanwal et al. 2010b).

Recent studies have described additional functions for
cystinosin, over and above its role in cystine transport. The
absence of cystinosin resulted in an acute disorganisation
of endo-lysosomal compartments in kidney proximal
tubule cells, with clustering of endocytotic vesicles in the
perinuclear region, decreased expression of multiligand
receptors on the cell surface and delayed processing of
the ligands. Abnormal co-localization of late endosomal
and lysosomal marker LAMP-1 with the motor protein
kinesin-1 in cystinosin-deficient cells was also reported,
suggesting that cystinosin functions as an important
regulator of endo-lysosomal dynamics (Ivanova et al.
2015). The absence of cystinosin may lead to a defective
movement of endosomes to the cell surface. In β-cells
this would severely impact on receptor-mediated action
of endocrine and neuroendocrine regulators of insulin
secretion including GLP-1 (Kuna et al. 2013).

In conclusion, a cystinosin knockdown and the
associated cystine accumulation detrimentally affects the
function of the pancreatic β-cell (overview Fig. 8).
The increased dysfunction and apoptosis in these cells
may be a consequence of alterations in glucose sensing
mechanisms (including glycolysis), or mitochondrial
dysfunction caused by increased oxidative stress, and
results in decreased ATP production. Insulin secretion
may be affected by mitochondrial deficiencies or decreased
glucose sensing and metabolism. In cystinosis, depressed
pancreatic β-cell metabolism and decreased ability to
handle oxidative insults, due to an altered redox status
within the cell, may result in insufficient insulin release
for normal metabolic requirements, leading to hyper-
glycaemia and eventually diabetes. These findings suggest
that even a small increase in intracellular cystine may
cause stress to the pancreatic β-cell which would make all
individuals with cystinosis more susceptible to developing
diabetes and insulin insufficiency, which would cause
further distress to already laboured cells of the patient.
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