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Background: Peroxiredoxin 4 facilitates de novo disulfide bond formation by metabolizing hydrogen peroxide.
Results: Overexpression of peroxiredoxin 4 improved insulin synthesis and glucose-induced insulin secretion.
Conclusion: Increasing the constitutively low expression of peroxiredoxin 4 enhances the ER folding capacity and improves
�-cell function.
Significance: Peroxiredoxin 4 contributes to the preservation of �-cell function under conditions of high insulin requirement.

Oxidative folding of (pro)insulin is crucial for its assembly and
biological function. This process takes place in the endoplasmic
reticulum (ER) and is accomplished by protein disulfide isomer-
ase and ER oxidoreductin 1�, generating stoichiometric
amounts of hydrogen peroxide (H2O2) as byproduct. During
insulin resistance in the prediabetic state, increased insulin bio-
synthesis can overwhelm the ER antioxidative and folding
capacity, causing an imbalance in the ER redox homeostasis and
oxidative stress. Peroxiredoxin 4 (Prdx4), an ER-specific anti-
oxidative peroxidase can utilize luminal H2O2 as driving force
for reoxidizing protein disulfide isomerase family members,
thus efficiently contributing to disulfide bond formation. Here,
we examined the functional significance of Prdx4 on �-cell
function with emphasis on insulin content and secretion during
stimulation with nutrient secretagogues. Overexpression of
Prdx4 in glucose-responsive insulin-secreting INS-1E cells sig-
nificantly metabolized luminal H2O2 and improved the glucose-
induced insulin secretion, which was accompanied by the
enhanced proinsulin mRNA transcription and insulin content.
This �-cell beneficial effect was also observed upon stimulation
with the nutrient insulin secretagogue combination of leucine
plus glutamine, indicating that the effect is not restricted to glu-
cose. However, knockdown of Prdx4 had no impact on H2O2

metabolism or �-cell function due to the fact that Prdx4 expres-
sion is negligibly low in pancreatic �-cells. Moreover, we pro-
vide evidence that the constitutively low expression of Prdx4 is
highly susceptible to hyperoxidation in the presence of high glu-
cose. Overall, these data suggest an important role of Prdx4 in
maintaining insulin levels and improving the ER folding capac-
ity also under conditions of a high insulin requirement.

Pancreatic �-cells are highly specialized in the synthesis and
secretion of insulin. The biosynthesis of (pro)insulin, the major
product of �-cells, takes place in the endoplasmic reticulum (ER),2

which provides a unique oxidizing environment for proper protein
folding and formation of intra- and interchain disulfide bonds (1,
2). Before trafficking to the Golgi apparatus and storage in
secretory granules, (pro)insulin must be folded into a three-
dimensional structure that is stabilized by three disulfide
bonds: two between the A and B chains and one within the A
chain (3, 4). This folding process is catalyzed by a large family of
ER oxidoreductases, including protein disulfide isomerase
(PDI) and the flavin adenine dinucleotide-binding (FAD)
enzyme ER oxidoreductin 1 (ERO-1) (5, 6). The PDI-mediated
introduction of a disulfide bond into a nascent polypeptide
results in the oxidation of the polypeptide and the reduction of
the PDI active site. Reoxidation of PDI is catalyzed by members
of the ERO-1 family (Ero1� and Ero1� in mammals), which in
turn deliver the electrons in a FAD-dependent reaction to
molecular oxygen, thereby generating stoichiometric amounts
of H2O2 for every disulfide bond produced (7–9). It has been
estimated that ERO-1-mediated reoxidation of PDI could
account for �25% of intracellular H2O2 production (9). In pan-
creatic �-cells with an extremely high protein-folding load (3)
and an unfolded protein response (UPR)-inducible ERO-1�
oxidase (10, 11), the H2O2 generated during the process of oxi-
dative protein folding could represent a major source of this
reactive oxygen species (ROS). Pancreatic �-cells easily accu-
mulate H2O2 and are very prone to H2O2-induced toxicity due
to the low expression level of H2O2-detoxifying enzymes such
as catalase and glutathione peroxidases (GPx) (12–15). How-
ever, only three antioxidative enzymes, GPx7, GPx8, and per-
oxiredoxin 4 (Prdx4) occur within the ER (16 –18). Prdx4 is a
typical 2-cysteine peroxiredoxin that utilizes luminal H2O2 to
reoxidize PDI (19, 20), thus contributing to disulfide formation
while preventing H2O2-mediated oxidative damage in the ER.
In this respect, it has recently been shown that PDI is more
efficiently reoxidized by Prdx4 than by ERO-1 (19) and that
Prdx4 complements the ERO1 function (20, 21). In addition,
overexpression of Prdx4 in mice resulted in a significant pro-
tection of �-cells against streptozotocin-induced diabetes and
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against the progression of nonalcoholic steatohepatitis and
insulin resistance in the liver (22, 23). However, the significance
of Prdx4 in the disulfide transfer chain promoting efficient oxi-
dative folding of (pro)insulin must still to be clarified.

Hence, we investigated the potential role of Prdx4 in improv-
ing �-cell function with emphasis on insulin content and
secretion during stimulation with glucose and other nutrient
secretagogues. Furthermore, we provide evidence that the
constitutively low endogenous expression of Prdx4 in insu-
lin-secreting cells is highly susceptible to inactivation in
response to high glucose concentrations.

EXPERIMENTAL PROCEDURES

Tissue Culture of Insulin-producing INS-1E Cells—Insulin-
secreting INS-1E tissue culture cells (kindly provided by C.
Wollheim, University of Geneva Medical Center, Geneva, Swit-
zerland) were cultured in RPMI 1640 medium supplemented
with 10 mmol/liter glucose, 10% (v/v) fetal calf serum (FCS), 10
mmol/liter HEPES, 1 mmol/liter sodium pyruvate, 50 �mol/
liter 2-mercaptoethanol, penicillin, and streptomycin in a
humidified atmosphere at 37 °C and 5% CO2 as described pre-
viously (24).

Overexpression and Suppression of Peroxiredoxin 4 in INS-1E
cells—For stable overexpression of Prdx4, isolated RNA from
human HepG2 cells was reverse transcribed with random hex-
amers and RevertAid H-M-MuLV reverse transcriptase (Fer-
mentas, St. Leon-Rot, Germany). Prdx4 cDNA was amplified
using specific hPrdx4 forward (5�-ATGGAGGCGCTGC-
CGCT-3�) and hPrdx4 reverse (5�-TCAATTCAGTTTATC-
GAAATACTTCAGCTT-3�) primers. The PCR product was
subsequently subcloned into the EcoRV restriction site of the
pLenti 6.3/V5-MCS plasmid for lentiviral production. The PCR
reaction was performed with the Phusion proofreading poly-
merase (New England Biolabs), and all constructs were verified
by sequencing as described previously (25). Two short hairpin
RNAs (shRNA) directed against rat Prdx4 mRNA and a non-
targeting shRNA as control were generated by Sirion Biotec
(Sirion Biotec GmbH, Munich, Germany).

Lentivirus Preparation and Transduction of INS-1E Cells—
For stable transduction of INS-1E cells with the hPrdx4 and
shRNA constructs (shRNA 275 and shRNA 477), lentiviruses
were prepared as described previously in detail (26). Briefly, 4 �
106 293T cells were transfected with the packaging plasmid
pPAX2 (11.25 �g), the envelope plasmid pcDNA-MDG (3.75
�g), and the transfer plasmids pLenti6.3/V5-MCS-hPrdx4,
pcDH-shRNA-rPrdx4 –275, and pcDH-shRNA-rPrdx4 – 477
(15 �g) by calcium phosphate precipitation. 48 h after transfec-
tion, the lentiviral particles were harvested from the culture
medium and purified by ultrafiltration columns at 4 °C and
3,000 � g for 25 min (Amicon Ultra Ultracel-100K; Millipore,
Schwalbach, Germany). INS-1E cells were seeded at a density of
1 � 105 cells per well onto a six-well plate and allowed to attach
for 24 h before transfection with purified lentiviral particles.
After 16 h of infection, the viral supernatant was replaced by
fresh medium. Cells were selected for hPrdx4 expression by
zeocin (250 �g/ml) (Invitrogen) and for shRNAs (shRNA 275
and shRNA 477) using puromycin (0.25 �g/ml) (InvivoGen).

Immunofluorescence Staining—Immunofluorescence stain-
ing was performed as described previously (25). Briefly, INS-1E
cells overexpressing Prdx4 were seeded overnight at a density of
1 � 105 cells per well on four-well LabTek chamber slides
(Nunc, Roskilde, Denmark). Thereafter the cells were washed
twice with PBS and fixed with 4% paraformaldehyde overnight
at 4 °C. After washing, the cells were permeabilized and blocked
with PBS containing 0.2% Triton X-100 and 1% BSA. The cells
were incubated with primary antibodies (anti-PDI, ab5484,
diluted 1:100, Abcam, Cambridge, UK, and anti-Prdx4, diluted
1:100, R&D Systems, Minneapolis, MN) diluted in PBS contain-
ing 0.1% Triton X-100 and 0.1% BSA at room temperature for
60 min. Then, the cells were washed with PBS and incubated
with specific secondary antibodies that were conjugated with
Texas Red (diluted 1:200) or FITC (diluted 1:500, Dianova,
Hamburg, Germany) for 60 min in the dark. Afterward the cells
were washed and nuclei were counterstained with 300 nmol/
liter DAPI for 5 min at room temperature. Finally, the cells were
washed and mounted with Mowiol/DABCO anti-photobleach-
ing mounting medium (Sigma). Stained cells were examined
with an Olympus IX81 inverted microscope (Olympus, Ham-
burg, Germany), and microscopic images were post-processed
using AutoDeblur and AutoVisualize (Autoquant Imaging).

Western Blot Analysis—Whole cell extracts were prepared in
radioimmune precipitation assay buffer according to the man-
ufacturer’s recommendation (Sigma) supplemented with com-
plete protease inhibitor mixture (Roche Diagnostics, Manheim,
Germany). Protein content was determined by the BCA assay
(Thermo Fisher Scientific, Rockford, IL). 20 �g of total protein
were separated by a 12.5% SDS-PAGE and electroblotted to
polyvinylidene fluoride membranes. Nonspecific binding sites
of the membranes were blocked with 5% nonfat dry milk for 1 h
at room temperature. The membranes were incubated with
specific primary antibodies overnight at 4 °C. The following
antibodies were used: anti-Prdx4 (diluted 1:250), anti-Prdx-
SO3 (ab16830, diluted 1:2000), and anti-�-actin (sc-1615,
diluted 1:250, Santa Cruz Biotechnology, Santa Cruz, CA). The
excess of primary antibody was removed by three washes with
washing buffer (PBS, 0.1% Tween 20, 0.1% BSA). Subsequently,
the membranes were incubated with peroxidase-labeled sec-
ondary antibodies at a dilution of 1:20,000 at room temperature
for 1 h. The protein bands were visualized by chemilumines-
cence using the ECL detection system (GE Healthcare). The
protein band intensity was quantified related to �-actin though
densitometry with the Gel-Pro Analyzer program (version 6.0,
Media Cybernetics, Silver Spring, MD).

Alkylation of Free Thiols by N-Ethylmaleimide—To prevent
disulfide exchange reactions during protein preparation whole
cell extracts were lysed in the presence of 10 mmol/liter thiol-
alkylating agent N-ethylmaleimide (27) (Sigma-Aldrich).
Thereafter, total proteins were subjected to Western blot anal-
ysis as described above.

Real-time Quantitative RT-PCR—Total RNA from INS-1E
cells was isolated using the Qiagen RNeasy Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. For
cDNA synthesis, random hexamers were used to prime the
reaction of the RevertAidH-M-MuLVreverse transcriptase
(Fermentas). The reactions were performed using the Quanti-
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Tect SYBR Green technology (Qiagen) and the ViiA 7 real-time
PCR system (Invitrogen). Samples were first incubated for 5
min at 50 °C and then denatured at 95 °C for 10 min followed by
40 PCR cycles comprising of a melting step at 95 °C for 30 s, an
annealing step at 60 °C for 30 s, and an extension step at 72 °C
for 30 s. Primers for quantitative RT-PCR were used at an
annealing temperature of 60 °C and gave an amplicon of
79 –200 base pairs. The optimal parameters for the PCR reac-
tions were empirically established, and the purity and specific-
ity of the amplified PCR product in each experiment was veri-
fied by melting curves. All analyzed transcripts showed Ct
values, which were at least 10 Ct values lower than the blank
values. Each measurement was performed in triplicate. The
housekeeping genes �-actin, peptidylprolyl isomerase A, and
ribosomal protein L32 were used for normalization. Data anal-
ysis was performed with qBasePLUS (Biogazelle, Zulte,
Belgium).

Assessment of Cell Viability after H2O2 Treatment—INS-1E
cells were seeded at 40,000 cells per well in 100 �l of culture
medium onto 96-well plates and allowed to attach for 24 h
before they were incubated with different H2O2 concentra-
tions. The cells were incubated with H2O2 in a concentration
range from 1–50 �mol/liter for 2 h in 20 mmol/liter HEPES-
supplemented Krebs-Ringer bicarbonate medium with 5
mmol/liter glucose, and after removal of the H2O2 containing
medium for another 22 h in fresh medium. Cell viability was
determined thereafter by a microplate-based MTT assay
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) (Sigma-Aldrich) (28).

Assessment of ER Luminal ROS Generation by Flow
Cytometry—The intracellular ROS generation was assessed
using dichlorodihydrofluorescein diacetate (Invitrogen), a
chemically reduced, acetylated form of fluorescein (29). INS-1E
cells were seeded at a density of 1 � 106 cells per well in a
six-well plate and allowed to attach for 24 h, before they were
preincubated with 10 �mol/liter DCF for 30 min. Thereafter,
the DCF-containing medium was removed, and cells were
treated with DTT at a final concentration of 5 mmol/liter for
different times. Thereafter, the cells were trypsinized and col-
lected by centrifugation at 700 � g for 5 min. After washing with
ice-cold PBS, 20,000 cells were analyzed by flow cytometry
(CyFlow ML, Partec, Münster, Germany) using the FL-1 chan-
nel (488 nm excitation/520 nm emission). Data were analyzed
by FlowJo software (Tree Star, Ashland, OR).

Assessment of Insulin Secretion—Modified INS-1E cells were
seeded at a density of 0.5 � 105 cells per well in a six-well plate
and allowed to grow for 48 h. Then, the cells were pre-incu-
bated for 1 h in bicarbonate-buffered Krebs-Ringer solution
without glucose, supplemented with 0.1% albumin, and there-
after stimulated for 2 h with 3, 10, or 30 mmol/liter glucose or
with leucine (10 mmol/liter) plus glutamine (2 mmol/liter).
After incubation, the medium was removed and gently centri-
fuged to remove detached cells. Secreted insulin in the super-
natant fraction was determined by radioimmunoassay using rat
insulin as standard, and the resulting values were normalized to
DNA content. For determination of insulin content, cells were
homogenized by sonication in phosphate-buffered saline and
measured by radioimmunoassay in the homogenization buffer.

Assessment of Cell Proliferation—The proliferation rate of
INS-1E cells was quantified by the colorimetric 5-bromo-2-de-
oxyuridine (BrdU) cell proliferation ELISA (Roche Molecular
Biochemicals, Mannheim, Germany) according to the manufac-
turer’s manual.

Data Analysis—Data are expressed as means � S.E. Statisti-
cal analyses were performed by ANOVA followed by Dunnett’s
test for multiple comparisons or by t test (unpaired, two-tailed)
using the Prism analysis program (Graphpad, San Diego, CA).

RESULTS

Stable Modulation of Prdx4 Expression in Insulin-secreting
INS-1E Cells—To evaluate the role of the ER-specific antioxi-
dative enzyme Prdx4 on �-cell function and survival, we estab-
lished stable INS-1E cell lines in which the Prdx4 expression
was either overexpressed or knocked down. For knockdown of
Prdx4 expression, lentiviral constructs encoding two different
shRNAs against Prdx4 were used. In addition, Mock-trans-
fected cells were generated to control for pleiotropic effects
(Fig. 1A).

Immunoblotting revealed that cells stably transduced with a
lentiviral construct carrying human Prdx4 exhibited a signifi-
cant increase in the hPrdx4 expression level (576%), whereas
both shRNAs directed against Prdx4 led to a marked decrease
in endogenous Prdx4 expression (shRNA 275, 56%; shRNA 477,
78%) compared with non-modified or Mock-transfected
INS-1E cells (Fig. 1A). Co-immunostaining of Prdx4 overex-
pressing cells with PDI, an ER-specific protein, and DAPI, a
nuclear probe, revealed that Prdx4 was exclusively localized in
the ER (Fig. 1B).

Effects of Prdx4 Overexpression or Knockdown on ER Stress,
Homeostasis, and Cell Proliferation Rate—To determine
whether modulation of Prdx4 expression itself results in an
activation of UPR and alteration of ER redox homeostasis, the
expression of two primary UPR components CHOP and XBP1
spliced and two of the oxidative ER folding machinery enzymes
PDI and ERO-1� was examined in all generated cell lines. As
shown in Fig. 2A, neither overexpression nor knockdown of
Prdx4 had an effect on PERK (double-stranded RNA activated
protein kinase (PKR)-like endoplasmic reticulum kinase) or
inositol-requiring enzyme 1, representing the most conserved
UPR signaling pathway. The expression level of the two tran-
scription factors CHOP and XBP1 spliced was comparable with
that in Mock-transfected cells (Fig. 2A). Moreover, the expres-
sion of PDI and ERO-1� (Fig. 2B) and the cell proliferation rate
(Fig. 2C) were not affected by stable modulation of Prdx4
expression, indicating that modulation of Prdx4 expression did
not induce ER stress nor altered the ER homeostasis and also
had no deleterious effect on cell growth.

Effects of Prdx4 Overexpression or Knockdown on H2O2
Toxicity—Prdx4 is the only ER-resident typical two-cysteine
peroxidase with antioxidative properties. To analyze this capa-
bility, Mock-transfected cells and cells stably overexpressing or
suppressing Prdx4 were treated with increasing H2O2 concen-
trations, and the cell viability was measured. As shown in Fig. 3,
exogenously added H2O2 induced a significant concentration-
dependent loss of cell viability in control and Prdx4 knockdown
(shRNA 274 and shRNA 477) cells. Overexpression of Prdx4
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provided significant protection against H2O2-mediated toxicity
(Fig. 3). The half-maximal effective concentration (EC50) of
H2O2 toxicity was �30 �mol/liter in Mock-transfected and
Prdx4 knockdown cells. In Prdx4-overexpressing cells, the EC50
value of H2O2 was increased to 45 �mol/liter and was thus
significantly (p � 0.01) higher than in Mock-transfected cells,
indicating that the reduced H2O2 toxicity after the overexpres-
sion of the ER-specific Prdx4 is due to its ability to eliminate
H2O2.

Effects of Prdx4 Overexpression or Knockdown on DTT-in-
duced H2O2 Generation—As an independent approach for ver-
ification of the antioxidative effect of Prdx4 in the ER, Mock-
transfected cells and cells stably overexpressing or suppressing
Prdx4 were exposed to DTT to generate H2O2 within the ER. It
is known that ERO-1 preferentially oxidizes DTT, thereby pro-
ducing equimolar H2O2 (7, 30). Exposure of Mock-transfected
cells to 5 mmol/liter DTT resulted in a significant generation of
ROS, determined by DCF, within 15 min and persisted for up to
60 min (Fig. 4). As in Mock-transfected cells, the DTT-induced

DCF oxidation was also observed in Prdx4-suppressing cell
lines. However, overexpression of Prdx4 significantly reduced
DTT-mediated ROS generation (Fig. 4).

Effects of Prdx4 Overexpression or Knockdown on Insulin
Content and Secretion—Having demonstrated that lentivirus-
induced overexpression of Prdx4 is specifically localized within
the ER and efficiently detoxifies H2O2, we next investigated the
effects of Prdx4 overexpression on insulin secretion in response
to glucose (3, 10, or 30 mmol/liter) or leucine (10 mmol/liter)
plus glutamine (2 mmol/liter). Stimulation of Mock-trans-
fected INS-1E cells with glucose resulted in a significant 3-fold
increased rate of insulin secretion compared with basal glucose
(3 mmol/liter; Fig. 5A). Leucine (10 mmol/liter) together with
glutamine (2 mmol/liter) caused a four times higher insulin
secretion than at basal glucose concentration (3 mmol/liter;
Fig. 5A). In Prdx4-overexpressing INS-1E cells, basal insulin
secretion at 3 mmol/liter glucose was not significantly
increased compared with Mock-transfected cells (Fig. 5A).
However, at higher glucose concentrations (10 and 30 mmol/

FIGURE 1. Stable modulation of peroxiredoxin 4 (Prdx4) expression in insulin-secreting INS-1E cells. A, Prdx4 expression in unmodified (INS-1E), Mock-
transfected (Mock), Prdx4-overexpressing (hPrdx4), and knockdown (shRNA 275 and shRNA 477) INS-1E cells was quantified by immunoblot analysis and
normalized to �-actin as housekeeping protein. Prdx4 protein expression in unmodified INS-1E was set as 100%. A representative blot is shown for Prdx4
expression. Data are means � S.E. of four independent experiments; *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with unmodified INS-1E; §, p � 0.05; §§,
p � 0.01; §§§, p � 0.001 compared with Mock cells (ANOVA/Dunnett’s test; Mock versus hPrd4, t test, unpaired, two-tailed). B, subcellular localization of Prdx4
overexpressed in INS-1E cells. INS-1E cells stably overexpressing Prdx4 were seeded overnight on LabTek chamber slides. After fixation and permeabilization,
the cells were stained with specific antibodies for the ER-specific PDI (red) and for Prdx4 (green) followed by counterstaining with DAPI (blue). When hPrdx4
occurs within the ER, the green (hPrdex4) and red (PDI) colors merge, and yellow appears in the overlay image (merge).
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liter), insulin secretion was significantly increased in Prdx4-
overexpressing cells compared with Mock-transfected cells
(Fig. 5A). An augmented insulin secretion could also be
observed in Prdx4-overexpressing cells incubated with leucine
(10 mmol/liter) plus glutamine (2 mmol/liter), indicating that
the stimulatory effect of Prdx4 overexpression on insulin secre-
tion was achieved also by other nutrient secretagogues (Fig.
5A). In addition, the insulin content was assessed in both Mock-
transfected and Prdx4-overexpressing cells. Insulin content
was significantly higher in INS-1E cells stably overexpressing
Prdx4 than in Mock-transfected cells at all glucose concentra-
tions tested (Fig. 5B). Although insulin content was decreased
in the Prdx4-overexpressing cells after exposure of leucine (10
mmol/liter) plus glutamine (2 mmol/liter), the remaining insu-

FIGURE 2. Overexpression or knockdown of Prdx4 does not induce ER
stress, change ER homeostasis, or affect proliferation rate in insulin-se-
creting INS-1E cells. A, gene expression of the ER stress markers CHOP and
spliced xBP1 (xBP1sp) in INS-1E stably overexpressing and suppressing Prdx4.
B, gene expression of the ER-specific folding catalysts PDI and ERO-1� in
INS-1E stably overexpressing and suppressing Prdx4. Total RNA was isolated
24 h after cell culture and analyzed by quantitative RT-PCR with gene specific
primer sets. The relative expression levels were normalized to the housekeep-
ing genes �-actin, peptidylprolyl isomerase A, and ribosomal protein L32.
Data are means � S.E. of three independent experiments. C, proliferation rate
in INS-1E cells stably overexpressing, suppressing Prdx4, and in cells express-
ing non-targeting (NTC) shRNA as control. INS-1E cells were seeded onto
96-well plates and allowed to attach overnight. Thereafter, the proliferation

rate was quantified by a BrdU-specific ELISA and expressed as a percentage of
the proliferation rate of Mock-transfected cells. Data are means � S.E. of four
independent experiments.

FIGURE 3. Overexpression of Prdx4 protects insulin-secreting INS-1E cells
against H2O2-induced toxicity. Mock-transfected cells (filled circles), Prdx4
overexpressing (hPrdx4, open circles), and knockdown cells (shRNA 275, filled
squares; shRNA 477, open squares) were incubated under control conditions
and with H2O2 at concentration ranging from 1–50 �mol/liter for 2 h in Krebs-
Ringer medium and after removal of the H2O2-containing medium for
another 22 h in fresh culture medium without H2O2. Thereafter, cell viability
was determined by the MTT assay and expressed as a percentage of
untreated cells. Data are means � S.E. of six independent experiments; *, p �
0.05; **, p � 0.01, compared with cells incubated under the same conditions (t
test, unpaired, two-tailed).

FIGURE 4. Overexpression of Prdx4 prevents DTT-mediated ROS genera-
tion in insulin-secreting INS-1E cells. Mock-transfected cells (filled circles),
Prdx4 overexpressing (hPrdx4, open circles), and knockdown cells (shRNA 275,
filled squares; shRNA 477, open squares) were loaded with 10 �mol/liter of
DCFH-H2 dye for 30 min and then cultured with 5 mmol/liter DTT for the
indicated times. Thereafter, the intracellular DCF fluorescence intensity was
measured by flow cytometry. Data are means � S.E. of four independent
experiments; **, p � 0.01 compared with cells incubated under control con-
ditions (ANOVA/Dunnett’s-test); ##, p � 0.01 compared with cells incubated
at the same time point (t test, unpaired, two-tailed).
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lin content was still significantly higher than in Mock-trans-
fected cells (Fig. 5B).

To further characterize the impact of Prdx4 on the insulin
secretory capacity of INS-1E cells, insulin secretion and content
was assessed also in Prdx4 knockdown cells. In knockdown
Prdx4 INS-1E cell lines, both glucose-induced insulin secretion
and insulin content were not significantly affected when com-
pared with control cells (Fig. 6, A and B).

Effects of Prdx4 Overexpression or Knockdown on Insulin 1
and Insulin 2 Gene Expression—To determine whether the
observed elevated insulin content and the increased glucose-
induced insulin secretion might be a result of an improved syn-
thesis of insulin, the mRNA expression level of insulin 1 and
insulin 2 genes was quantified. In agreement with the elevated
insulin content, the expression of the insulin 1 and insulin 2 was
significantly higher in Prdx4-overexpressing cells than in con-
trol cells (Fig. 7, A and B), suggesting that overexpression of
Prdx4 raises the insulin translation rate in INS-1E cells. How-
ever, knockdown of the endogenous Prdx4 expression had no

significant influence on transcriptional insulin gene expression
when compared with control cells (Fig. 7, C and D).

Prdx4 Gene Expression in Different Rat Tissues and in Insu-
lin-producing Tissue Culture Cells—Because knockdown of
Prdx4 had neither beneficial nor deleterious effects on �-cell
function and survival, we quantified the endogenous expression
of Prdx4 in different rat tissues (Table 1). The gene expression
level of Prdx4 in liver was set as 100%. As shown in Table 1,
Prdx4 was expressed at a higher level in liver followed by pan-
creas, testis, and heart muscle. In all other investigated tissues,
including pancreatic islets, thymus, spleen, kidney, and intes-
tine, Prdx4 expression was extremely low when compared with
that in liver (� 10%; Table 1). Hence, Prdx4 is highly abundant
in exocrine pancreas but only negligibly expressed in pancreatic
islets.

Effects of Glucose on Prdx4 Sulfenylation—Prdx4 is a typical
two-cysteine peroxiredoxin whose peroxidase activity is based
on a peroxidatic and resolving cysteine residue. In the presence
of H2O2, the peroxidatic cysteine is selectively oxidized to sul-
fenic acid, which then reacts with an adjacent resolving cysteine
to form an intermolecular disulfide bond that is reduced by the
thioredoxin/thioredoxin reductase system or PDI (6, 30). How-
ever, at very high H2O2 concentrations, sulfenic acid can be
overoxidized to sulfinic acid or even irreversibly to sulfonic acid
(31). Thus, Prdx4 can be easily inactivated by H2O2 and thereby
lose its antioxidative activity. To determine whether prolonged

FIGURE 5. Overexpression of Prdx4 enhances insulin content and glu-
cose-induced insulin secretion in insulin-secreting INS-1E cells. INS-1E
control cells (gray bars) and cells overexpressing Prdx4 (black bars) were
seeded 48 h before stimulation with secretagogues. After starvation at zero
glucose for 1 h, cells were incubated with 3, 10, or 30 mmol/liter glucose or
leucine (10 mmol/liter) plus glutamine (2 mmol/liter) for 2 h. Thereafter, insu-
lin secretion (A) and insulin content (B) were measured by radioimmunoassay.
Data are means � S.E. of 8 –12 independent experiments; **, p � 0.01; ***, p �
0.001 compared with cells incubated at 3 mmol/liter glucose (Glu; ANOVA/
Dunnett’s test); #, p � 0.05; ##, p � 0.01; ###, p � 0.001 compared with Mock-
transfected cells incubated under the same conditions (t test, unpaired,
two-tailed).

FIGURE 6. Knockdown of Prdx4 does not affect insulin content and glu-
cose-induced insulin secretion in insulin-secreting INS-1E cells. Cells sta-
bly transfected with a non-targeting control (NTC) shRNA (open bars) and cells
knocking down Prdx4 with shRNA 275 (gray bars) or with shRNA 477 (black
bars) were seeded 48 h before incubation with glucose. After starvation for 1 h
at zero glucose (Glu), cells were incubated with 3, 10, or 30 mmol/liter glucose
for 2 h. Thereafter, insulin secretion (A) and insulin content (B) were deter-
mined by radioimmunoassay. Data are means � S.E. of six independent
experiments; ***, p � 0.001 compared with cells incubated at 3 mM glucose
(ANOVA/Dunnett’s test).
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high glucose exposure would possibly give rise to an overoxida-
tion of the constitutively poorly expressed Prdx4, INS-1E cells
were treated with glucose (3, 10, or 30 mmol/liter) for 24 h. As
shown in Fig. 8, exposure of INS-1E cells to glucose (30 mmol/
liter) resulted in a significant increase in the level of overoxi-
dized Prdx4 compared with basal glucose (3 mmol/liter),
strongly suggesting that Prdx4 is highly susceptible to oxidative
inactivation.

DISCUSSION

Oxidative protein folding is crucial for the structural stability
and proper function of most secretory and membrane proteins
(5, 32). Disulfide bond formation in the ER is accompanied by
the formation of equimolar amounts of H2O2 as a byproduct

(7). In particular in specialized secretory cells, such as pancre-
atic �-cells with insulin as the major biosynthetic product
accounting for �50% of total protein synthesis (33, 34), the
H2O2 generated during the oxidative folding of (pro)insulin
could be potentially harmful to the �-cell. However, recently, it

FIGURE 7. Overexpression, but not knockdown of Prdx4 enhances the gene expression of insulin 1 and insulin 2 in insulin-secreting INS-1E cells. Gene
expression of insulin 1 (A) and insulin 2 (B) in Mock-transfected (open bars) and Prdx4 overexpressing cells (black bars). Gene expression of insulin 1 (C) and
insulin 2 (D) in cells stably transfected with a non-targeting control (NTC) shRNA (open bars) and cells knocking down Prdx4 with shRNA 275 (gray bars) or with
shRNA 477 (black bars). All cells were starved for 1 h at zero glucose and then incubated with 3, 10, or 30 mmol/liter glucose (Glu). After 2 h, total RNA was
isolated, and gene expression was analyzed by quantitative RT-PCR with insulin 1-specific (A and C) and insulin 2-specific (B and D) primer sets. The relative
expression levels were normalized to the housekeeping genes �-actin, peptidylprolyl isomerase A, and ribosomal protein L32. Data are means � S.E. of 8 –12
independent experiments; **, p � 0.01, ***, p � 0.001 compared with cells incubated at 3 mmol/liter glucose (ANOVA/Dunnett’s test).

TABLE 1
Prdx4 gene expression in rat tissues and in insulin-producing tissue
culture cells
Prdx4 expression in different rat tissues and in insulin-producing INS-1E cells was
assessed by quantitative real-time RT-PCR and normalized to the housekeeper
genes �-actin, peptidylprolyl isomerase A, and ribosomal protein L32. Results are
means � S.E. with the numbers of experiments given in parentheses. Gene expres-
sion of the liver was set as 100%.

Tissue
Peroxiredoxin 4 gene
expression (% of liver)

Liver 100 � 7 (7)
Pancreas 38 � 5 (7)a

Testis 29 � 4 (6)a

Heart muscle 27 � 6 (8)a

Skeletal muscle 9 � 0 (5)a

Pancreatic islets 8 � 1 (7)a

Thymus 7 � 1 (7)a

Spleen 6 � 1 (6)a

Kidney 6 � 1 (8)a

Intestine 5 � 0 (5)a

INS-1E cells 16 � 2 (6)a

a p � 0.001 compared with liver (ANOVA/Dunnett’s test for multiple
comparisons).

FIGURE 8. High glucose concentrations induce sulfenylation of Prdx4 in
insulin-secreting INS-1E cells. INS-1E cells were incubated with different
glucose concentrations (3, 10, or 30 mmol/liter) for 24 h. Untreated and
treated cells were washed and lysed in the presence of the alkylating agent
N-ethylmaleimide (20 mmol/liter) to prevent further thiol oxidation. Total
protein lysates were resolved by SDS-PAGE, followed by immunoblotting
with an antibody that recognizes the sulfonic forms of Prdx4-SO3. The Prdx4-
SO3 protein expression was normalized to the housekeeping protein �-actin.
The protein expression level of Prdx4-SO3 incubated at 0 mmol/liter glucose
(Glu) was set as 100%. Data are means � S.E. of five independent experiments.
**, p � 0.01 compared with cells incubated at 0 mmol/liter glucose (ANOVA/
Dunnett’s test).
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has been suggested that exogenously added or enzymatically
produced H2O2 could contribute either non-enzymatically or
via an enzymatic reaction to native disulfide formation (35, 36).
This catalytic reaction can be accomplished by three recently
described ER-localized peroxidases, Prdx4, GPx7, and GPx8
(16, 19, 20). Among them, Prdx4 is ubiquitously expressed and
enriched in highly active secretory tissues (37). Furthermore,
Prdx4 exhibits an extraordinary reactivity toward H2O2 with a
second-order rate constant of 2.2 � 107 M�1 s�1 (27), indicating
that H2O2 preferentially reacts with the peroxidatic cysteine
within Prdx4 rather than with cysteines in GPx7, GPx8, and
PDI or other ER proteins (16, 35). The essential role of disulfide
bond formation in assembly and processing of insulin (38) and
the ability of Prdx4 to couple H2O2 metabolism with disulfide
bond formation (19, 20) motivated us to characterize the func-
tional significance of the ER-specific Prdx4 on �-cell function
with emphasis on insulin content and secretion during stimu-
lation with nutrient secretagogues.

In the present study, we could show that stable overexpres-
sion of the ER-specific Prdx4 in the glucose-responsive INS-1E
insulin-secreting cell line provided a significant protection
against H2O2-mediated toxicity and successfully prevented the
DTT-mediated ROS generation, indicating that Prdx4 overex-
pression can help to efficiently scavenge H2O2 as previously
demonstrated for peroxiredoxin I, II, III, and VI (39 – 41). These
findings are in agreement with those recently reported for non-
insulin-secreting HEK293 cells (30) and our findings obtained
in non-glucose-responsive insulin-producing RINm5F cells
(25). Importantly, modulation of Prdx4 expression in insulin-
secreting INS-1E cells had no conspicuous effect on ER stress
components, folding machinery or cell proliferation, clearly
indicating that neither Prdx4 overexpression nor Prdx4 sup-
pression affect the UPR or ER homeostasis in INS-1E cells.

In particular, the protein-folding machinery in the ER of the
pancreatic �-cells is extremely challenged due to the high (pro-
)insulin synthesis rate, which presumably reflects the high insu-
lin demand during insulin resistance in the prediabetic state (1).
It has been proposed that such an increase in insulin biosynthe-
sis leads to accumulation of misfolded and unfolded proinsulin
in the ER lumen (42, 43) and consequently to the induction of
UPR markers such as of the pancreas-specific oxidoreductase
ERO-1� (11, 44), presumably to cope with the increased (pro)-
insulin folding demand. However, interestingly, Prdx4 is not
induced by ER stress (18, 45), indicating that ER stress-medi-
ated induction of the H2O2-generating ERO-1� could have det-
rimental effects on insulin biosynthesis and glucose-induced
insulin secretion as demonstrated recently (46). In addition to
its antioxidative action in the ER, it has recently been shown
that Prdx4 plays an important role in the oxidation of PDI pro-
teins (19, 47). Depletion of Prdx4 resulted in a lack of disulfide
bond formation and reduced cell viability in the double ERO-
1�/ERO-1� knock-out mice, indicating that Prdx4 is an impor-
tant ERO-1-independent disulfide bond catalyst (20). Indeed,
Prdx4 overexpression resulted in a significantly higher �-cell
insulin content and glucose-induced insulin secretion. The
increased insulin content could be the result of improved insu-
lin biosynthesis and optimized oxidative folding because the
gene expression of insulin1 and insulin2 was significantly ele-

vated. This �-cell beneficial effect did not only apply to the
physiological stimulus glucose but also to the nutrient insulin
secretagogue combination of leucine plus glutamine. Thus, this
effect is not restricted to glucose.

Because Prdx4 overexpression did not significantly affect
insulin secretion at basal glucose concentrations but increased
insulin content, we surmised that Prdx4 overexpression solely
increased the ER protein folding capacity without affecting the
glucose recognition apparatus. This assumption is supported
by the observation that Prdx4 overexpression did not affect the
expression level of �-cell-specific transcription factors Pdx-1,
MafA, and NeuroD (data not shown). However, the mechanism
how overexpression of hPrdx4 influences the insulin 1 and 2
mRNA expressions is unclear and remains to be further inves-
tigated. Knockdown of Prdx4 expression did not significantly
influence H2O2-mediated toxicity and �-cell function, suggest-
ing that either the constitutive expression of Prdx4 as such is
very low in INS-1E cells or other parallel ER antioxidative sys-
tems could complement Prdx4 as recently proposed in other
cell systems (45, 48). Indeed, we found that Prdx4 expression is
very high in exocrine pancreas, confirming an earlier observa-
tion (49), but only negligibly expressed in pancreatic islets and
INS-1E cells when compared with liver.

Despite the important role in antioxidant defense and oxida-
tive protein folding, Prdx4 as a typical two-cysteine peroxire-
doxin is susceptible to hyperoxidation (30). In the presence of
H2O2, the peroxidatic cysteine is selectively oxidized to sulfenic
acid, which then reacts with an adjacent resolving cysteine to
form an intermolecular disulfide bond that is reduced by the
thioredoxin/thioredoxin reductase system or PDI proteins (6,
30, 50). However, at high H2O2 concentrations, sulfenic acid
can be overoxidized to sulfinic acid or even irreversibly to sul-
fonic acid (31). Such an overoxidation has been proposed to
result in the inactivation of peroxidase activity and in the for-
mation of higher order molecular aggregates that exhibit pro-
tein chaperone function (51). Consistent with those observa-
tions, we found that Prdx4 is highly susceptible to oxidative
inactivation following prolonged high glucose exposure. This
overoxidation could be successfully prevented by specific tar-
geting and expression of a functional catalase in the ER.3

In conclusion, the present results demonstrate that endoge-
nous Prdx4 expression in pancreatic �-cells is rather low and
highly susceptible to hyperoxidation in the presence of high
glucose. Increasing Prdx4 expression results in an efficient
metabolism of luminal H2O2 and in a greater insulin secretory
capacity due to increased proinsulin mRNA transcription and
insulin content.

Acknowledgments—The skillful technical assistance of Maren Böger,
Britta Less, and Anke Possler is gratefully acknowledged.

REFERENCES
1. Back, S. H., and Kaufman, R. J. (2012) Endoplasmic reticulum stress and

type 2 diabetes. Annu. Rev. Biochem. 81, 767–793
2. Goodge, K. A., and Hutton, J. C. (2000) Translational regulation of proin-

3 S. Lortz, I. Mehmeti, and S. Lenzen, unpublished observations.

Peroxiredoxin 4 and �-Cell Function

SEPTEMBER 26, 2014 • VOLUME 289 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 26911



sulin biosynthesis and proinsulin conversion in the pancreatic �-cell. Se-
min. Cell Dev. Biol. 11, 235–242

3. Scheuner, D., and Kaufman, R. J. (2008) The unfolded protein response: a
pathway that links insulin demand with �-cell failure and diabetes. Endocr.
Rev. 29, 317–333

4. Ron, D., and Harding, H. P. (2012) Protein-folding homeostasis in the
endoplasmic reticulum and nutritional regulation. Cold Spring Harb. Per-
spect. Biol. 4, a013177

5. Appenzeller-Herzog, C., Riemer, J., Christensen, B., Sørensen, E. S., and
Ellgaard, L. (2008) A novel disulphide switch mechanism in Ero1� bal-
ances ER oxidation in human cells. EMBO J. 27, 2977–2987

6. Kakihana, T., Nagata, K., and Sitia, R. (2012) Peroxides and peroxidases in
the endoplasmic reticulum: integrating redox homeostasis and oxidative
folding. Antioxid. Redox Signal. 16, 763–771

7. Gross, E., Sevier, C. S., Heldman, N., Vitu, E., Bentzur, M., Kaiser, C. A.,
Thorpe, C., and Fass, D. (2006) Generating disulfides enzymatically: reac-
tion products and electron acceptors of the endoplasmic reticulum thiol
oxidase Ero1p. Proc. Natl. Acad. Sci. U.S.A. 103, 299 –304

8. Malhotra, J. D., and Kaufman, R. J. (2007) Endoplasmic reticulum stress
and oxidative stress: a vicious cycle or a double-edged sword? Antioxid.
Redox Signal. 9, 2277–2293

9. Tu, B. P., and Weissman, J. S. (2004) Oxidative protein folding in eu-
karyotes: mechanisms and consequences. J. Cell Biol. 164, 341–346

10. Marciniak, S. J., Yun, C. Y., Oyadomari, S., Novoa, I., Zhang, Y., Jungreis,
R., Nagata, K., Harding, H. P., and Ron, D. (2004) CHOP induces death by
promoting protein synthesis and oxidation in the stressed endoplasmic
reticulum. Genes Dev. 18, 3066 –3077

11. Pagani, M., Fabbri, M., Benedetti, C., Fassio, A., Pilati, S., Bulleid, N. J.,
Cabibbo, A., and Sitia, R. (2000) Endoplasmic reticulum oxidoreductin
1-l� (ERO1-L�), a human gene induced in the course of the unfolded
protein response. J. Biol. Chem. 275, 23685–23692

12. Gurgul-Convey, E., Mehmeti, I., Lortz, S., and Lenzen, S. (2011) Cytokine
toxicity in insulin-producing cells is mediated by nitro-oxidative stress-
induced hydroxyl radical formation in mitochondria. J. Mol. Med. 89,
785–798

13. Lenzen, S., Drinkgern, J., and Tiedge, M. (1996) Low antioxidant enzyme
gene expression in pancreatic islets compared with various other mouse
tissues. Free Radic. Biol. Med. 20, 463– 466

14. Mehmeti, I., Lenzen, S., and Lortz, S. (2011) Modulation of Bcl-2-related
protein expression in pancreatic � cells by pro-inflammatory cytokines
and its dependence on the antioxidative defense status. Mol. Cell. Endo-
crinol. 332, 88 –96

15. Tiedge, M., Lortz, S., Drinkgern, J., and Lenzen, S. (1997) Relation between
antioxidant enzyme gene expression and antioxidative defense status of
insulin-producing cells. Diabetes 46, 1733–1742

16. Nguyen, V. D., Saaranen, M. J., Karala, A. R., Lappi, A. K., Wang, L.,
Raykhel, I. B., Alanen, H. I., Salo, K. E., Wang, C. C., and Ruddock, L. W.
(2011) Two endoplasmic reticulum PDI peroxidases increase the effi-
ciency of the use of peroxide during disulfide bond formation. J. Mol. Biol.
406, 503–515

17. Ramming, T., and Appenzeller-Herzog, C. (2013) Destroy and exploit:
catalyzed removal of hydroperoxides from the endoplasmic reticulum. Int.
J. Cell Biol. 2013, 180906

18. Tavender, T. J., Sheppard, A. M., and Bulleid, N. J. (2008) Peroxiredoxin IV
is an endoplasmic reticulum-localized enzyme forming oligomeric com-
plexes in human cells. Biochem. J. 411, 191–199

19. Tavender, T. J., Springate, J. J., and Bulleid, N. J. (2010) Recycling of per-
oxiredoxin IV provides a novel pathway for disulphide formation in the
endoplasmic reticulum. EMBO J. 29, 4185– 4197

20. Zito, E., Melo, E. P., Yang, Y., Wahlander, Å., Neubert, T. A., and Ron, D.
(2010) Oxidative protein folding by an endoplasmic reticulum-localized
peroxiredoxin. Mol. Cell 40, 787–797

21. Zito, E., Hansen, H. G., Yeo, G. S., Fujii, J., and Ron, D. (2012) Endoplasmic
reticulum thiol oxidase deficiency leads to ascorbic acid depletion and
noncanonical scurvy in mice. Mol. Cell 48, 39 –51

22. Ding, Y., Yamada, S., Wang, K. Y., Shimajiri, S., Guo, X., Tanimoto, A.,
Murata, Y., Kitajima, S., Watanabe, T., Izumi, H., Kohno, K., and Sasaguri,
Y. (2010) Overexpression of peroxiredoxin 4 protects against high-dose

streptozotocin-induced diabetes by suppressing oxidative stress and cyto-
kines in transgenic mice. Antioxid. Redox Signal. 13, 1477–1490

23. Nabeshima, A., Yamada, S., Guo, X., Tanimoto, A., Wang, K. Y., Shimajiri,
S., Kimura, S., Tasaki, T., Noguchi, H., Kitada, S., Watanabe, T., Fujii, J.,
Kohno, K., and Sasaguri, Y. (2013) Peroxiredoxin 4 protects against non-
alcoholic steatohepatitis and type 2 diabetes in a nongenetic mouse model.
Antioxid. Redox Signal. 19, 1983–1998

24. Asfari, M., Janjic, D., Meda, P., Li, G., Halban, P. A., and Wollheim, C. B.
(1992) Establishment of 2-mercaptoethanol-dependent differentiated in-
sulin-secreting cell lines. Endocrinology 130, 167–178

25. Mehmeti, I., Lortz, S., and Lenzen, S. (2012) The H2O2-sensitive HyPer
protein targeted to the endoplasmic reticulum as a mirror of the oxidizing
thiol-disulfide milieu. Free Radic. Biol. Med. 53, 1451–1458

26. Zufferey, R., Dull, T., Mandel, R. J., Bukovsky, A., Quiroz, D., Naldini, L.,
and Trono, D. (1998) Self-inactivating lentivirus vector for safe and effi-
cient in vivo gene delivery. J. Virol. 72, 9873–9880

27. Wang, X., Wang, L., Wang, X., Sun, F., and Wang, C. C. (2012) Structural
insights into the peroxidase activity and inactivation of human peroxire-
doxin 4. Biochem. J. 441, 113–118

28. Mosmann, T. (1983) Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J. Immunol.
Methods 65, 55– 63

29. Rhee, S. G., Chang, T. S., Jeong, W., and Kang, D. (2010) Methods for
detection and measurement of hydrogen peroxide inside and outside of
cells. Mol. Cells 29, 539 –549

30. Tavender, T. J., and Bulleid, N. J. (2010) Peroxiredoxin IV protects cells
from oxidative stress by removing H2O2 produced during disulphide for-
mation. J. Cell Sci. 123, 2672–2679

31. Wood, Z. A., Schröder, E., Robin Harris, J., and Poole, L. B. (2003) Struc-
ture, mechanism and regulation of peroxiredoxins. Trends Biochem. Sci.
28, 32– 40

32. Oka, O. B., and Bulleid, N. J. (2013) Forming disulfides in the endoplasmic
reticulum. Biochim. Biophys. Acta 1833, 2425–2429

33. Schuit, F. C., Kiekens, R., and Pipeleers, D. G. (1991) Measuring the bal-
ance between insulin synthesis and insulin release. Biochem. Biophys. Res.
Commun. 178, 1182–1187

34. Van Lommel, L., Janssens, K., Quintens, R., Tsukamoto, K., Vander Mi-
erde, D., Lemaire, K., Denef, C., Jonas, J. C., Martens, G., Pipeleers, D., and
Schuit, F. C. (2006) Probe-independent and direct quantification of insulin
mRNA and growth hormone mRNA in enriched cell preparations. Dia-
betes 55, 3214 –3220

35. Karala, A. R., Lappi, A. K., Saaranen, M. J., and Ruddock, L. W. (2009)
Efficient peroxide-mediated oxidative refolding of a protein at physiolog-
ical pH and implications for oxidative folding in the endoplasmic reticu-
lum. Antioxid. Redox Signal. 11, 963–970

36. Saaranen, M. J., Karala, A. R., Lappi, A. K., and Ruddock, L. W. (2010) The
role of dehydroascorbate in disulfide bond formation. Antioxid. Redox
Signal. 12, 15–25

37. Zito, E. (2013) PRDX4, an endoplasmic reticulum-localized peroxiredoxin
at the crossroads between enzymatic oxidative protein folding and non-
enzymatic protein oxidation. Antioxid. Redox Signal. 18, 1666 –1674

38. Liu, M., Hodish, I., Rhodes, C. J., and Arvan, P. (2007) Proinsulin matura-
tion, misfolding, and proteotoxicity. Proc. Natl. Acad. Sci. U.S.A. 104,
15841–15846

39. Bast, A., Wolf, G., Oberbäumer, I., and Walther, R. (2002) Oxidative and
nitrosative stress induces peroxiredoxins in pancreatic � cells. Diabetolo-
gia 45, 867– 876

40. Paula, F. M., Ferreira, S. M., Boschero, A. C., and Souza, K. L. (2013)
Modulation of the peroxiredoxin system by cytokines in insulin-produc-
ing RINm5F cells: down-regulation of PRDX6 increases susceptibility of �

cells to oxidative stress. Mol. Cell. Endocrinol. 374, 56 – 64
41. Wolf, G., Aumann, N., Michalska, M., Bast, A., Sonnemann, J., Beck, J. F.,

Lendeckel, U., Newsholme, P., and Walther, R. (2010) Peroxiredoxin III
protects pancreatic � cells from apoptosis. J. Endocrinol. 207, 163–175

42. Harding, H. P., Zeng, H., Zhang, Y., Jungries, R., Chung, P., Plesken, H.,
Sabatini, D. D., and Ron, D. (2001) Diabetes mellitus and exocrine pancre-
atic dysfunction in perk�/� mice reveals a role for translational control in
secretory cell survival. Mol. Cell 7, 1153–1163

Peroxiredoxin 4 and �-Cell Function

26912 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 39 • SEPTEMBER 26, 2014



43. Liu, M., Li, Y., Cavener, D., and Arvan, P. (2005) Proinsulin disulfide mat-
uration and misfolding in the endoplasmic reticulum. J. Biol. Chem. 280,
13209 –13212

44. Khoo, C., Yang, J., Rajpal, G., Wang, Y., Liu, J., Arvan, P., and Stoffers, D. A.
(2011) Endoplasmic reticulum oxidoreductin-1-like � (ERO1l�) regulates
susceptibility to endoplasmic reticulum stress and is induced by insulin
flux in �-cells. Endocrinology 152, 2599 –2608

45. Ramming, T., Hansen, H. G., Nagata, K., Ellgaard, L., and Appenzeller-
Herzog, C. (2014) GPx8 peroxidase prevents leakage of H2O2 from the
endoplasmic reticulum. Free Radic. Biol. Med. 70, 106 –116

46. Awazawa, M., Futami, T., Sakada, M., Kaneko, K., Ohsugi, M., Nakaya, K.,
Terai, A., Suzuki, R., Koike, M., Uchiyama, Y., Kadowaki, T., and Ueki, K.
(2014) Deregulation of pancreas-specific oxidoreductin ERO1� in the
pathogenesis of diabetes mellitus. Mol. Cell. Biol. 34, 1290 –1299

47. Sato, Y., Kojima, R., Okumura, M., Hagiwara, M., Masui, S., Maegawa, K.,
Saiki, M., Horibe, T., Suzuki, M., and Inaba, K. (2013) Synergistic cooper-

ation of PDI family members in peroxiredoxin 4-driven oxidative protein
folding. Sci. Rep. 3, 2456

48. Wang, L., Zhang, L., Niu, Y., Sitia, R., and Wang, C. C. (2014) Glutathione
peroxidase 7 utilizes hydrogen peroxide generated by ero1� to promote
oxidative protein folding. Antioxid. Redox Signal. 20, 545–556

49. Iuchi, Y., Okada, F., Tsunoda, S., Kibe, N., Shirasawa, N., Ikawa, M., Okabe,
M., Ikeda, Y., and Fujii, J. (2009) Peroxiredoxin 4 knockout results in ele-
vated spermatogenic cell death via oxidative stress. Biochem. J. 419,
149 –158

50. Cao, Z., Tavender, T. J., Roszak, A. W., Cogdell, R. J., and Bulleid, N. J.
(2011) Crystal structure of reduced and of oxidized peroxiredoxin IV en-
zyme reveals a stable oxidized decamer and a non-disulfide-bonded inter-
mediate in the catalytic cycle. J. Biol. Chem. 286, 42257– 42266

51. Rhee, S. G., Woo, H. A., Kil, I. S., and Bae, S. H. (2012) Peroxiredoxin
functions as a peroxidase and a regulator and sensor of local peroxides.
J. Biol. Chem. 287, 4403– 4410

Peroxiredoxin 4 and �-Cell Function

SEPTEMBER 26, 2014 • VOLUME 289 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 26913


	Peroxiredoxin 4 Improves Insulin Biosynthesis and Glucoseinduced Insulin Secretion in Insulin-secreting INS-1E Cells*
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	Acknowledgments
	REFERENCES


