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Overexpression of Peroxiredoxin 4 Protects Against
High-Dose Streptozotocin-Induced Diabetes by Suppressing
Oxidative Stress and Cytokines in Transgenic Mice

Yan Ding; Sohsuke Yamada Ke-Yong Wang! Shohei Shimajiri! Xin Guo, Akihide Tanimoto,? Yoshitaka
Murata?® Shuji Kitajima,* Teruo Watanabe® Hiroto Izumi® Kimitoshi Kohnof and Yasuyuki Sasaguri’

Abstract

Peroxiredoxin 4 (PRDX4) is one of a newly discovered family of antioxidative proteins. We generated human
PRDX4 (hPRDX4) transgenic (Tg) mice, displaying a high level of hPRDX4 expression in the pancreatic islets,
and then focused on the functions of PRDX4 in a type 1 diabetes mellitus (T1IDM) model using a single high
dose of streptozotocin (SHDS). After SHDS-injection, Tg mice showed significantly less hyperglycemia and
hypoinsulinemia and a much faster response on glucose tolerance test than wild-type (WT) mice. Morphologic
and immunohistochemical observation revealed that the pancreatic islet areas of Tg mice were larger along
with less CD3-positive lymphocyte infiltration compared with WT mice. Upon comparison between these two
mouse models, ff-cell apoptosis was also repressed, and reversely, f-cell proliferation was enhanced in Tg
mice. Real-time RT-PCR demonstrated that the expression of many inflammatory-related molecules and their
receptors and transcription factors were significantly downregulated in Tg mice. These data indicate that
PRDX4 can protect pancreatic islet fi-cells against injury caused by SHDS-induced insulitis, which strongly
suggests that oxidative stress plays an essential role in SHDS-induced diabetes. This study, for the first time,
implicates that PRDX4 has a pivotal protective function against diabetes progression in this TIDM model.
Antioxid. Redox Signal. 13, 1477-1490.

Introduction (SHDS) demonstrate a specific disruption of f-cells accom-
panied by increased ROS production (2).

Toxicity of proinflammatory cytokines, as well as that of
oxidative stress, also plays a crucial role in f-cell dysfunction

and cell death by apoptosis during the development of TIDM

INSULIN-PRODUCING [-CELLS OF PANCREATIC ISLETS exhibit
a markedly low antioxidative defense status and are very
susceptible to reactive oxygen species (ROS) such as super-

oxide anion (O, "), hydrogen peroxide (H,O,), hydroxyl rad-
icals, and the concomitant generation of nitric oxide (NO)
because they have low levels of free radical-detoxifying and
redox regulating enzymes, including peroxidases (4, 9, 10, 12).
To make matters worse, the alteration of glucose metabolism
during type 1 diabetes mellitus (TIDM) progression does not
only lead to a corresponding increase in mitochondrial ROS
production (10, 12), but also stimulates a dramatic increase in
the development of fS-cell apoptosis (4, 8, 24). Especially,
T1DM models induced by a single high dose of streptozotocin

(8,9, 24). It is known that the majority of TIDM cases can be
attributed to autoimmune-mediated specific f-cell apoptosis,
which is generally accepted to be an inflammatory disease of
the pancreatic islet cells, also known as ‘insulitis” (4, 8), quite
similar to a delayed type 4 hypersensitivity reaction (8). In
fact, f-cell mass is reduced by 70%-80% at the time of diag-
nosis of TIDM, which reveals that variable degrees of insulitis
and even a lack of detectable ff-cell apoptosis are present in a
stage of diabetes (4, 24), indicating that the progressive de-
pletion of first-phase insulin secretion should start long before
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the development of TIDM. Apoptosis of f-cells in insulitis can
be caused either by direct contact with activated T-cells and
macrophages or by exposure to soluble inflammatory medi-
ators secreted by these cells (8, 24). Indeed, emerging reports
show the expression of proinflammatory cytokines in the
pancreas of TIDM (1, 2, 28).

A newly discovered family of antioxidative proteins, now
designated as peroxiredoxin (PRDX), is ubiquitously synthe-
sized and abundantly identified in various organisms (30).
The PRDX family, which includes at least six distinct PRDX
genes expressed in mammals, contains a reactive Cys in a
conserved region near the N-terminus that forms cysteine-
sulfenic acid as a reaction intermediate during the reduction
of peroxide, and functional peroxidase activity is dependent
on reduced forms of thioredoxin and/or glutathione (19, 30).
The function of PRDXs, however, still remains unclear, even
though several studies have shown that PRDXs suppress
downstream signaling mediated by various types of recep-
tors, such as the signaling of apoptosis (19, 28). In vivo, PRDX1
prevents excessive endothelial activation and atherosclerosis
(14), and PRDX1 deficiency increases the susceptibility to
multiple cancers with aging (26). Loss of PRDX2 is sufficient
to influence the growth and migration of smooth muscle cells
during vascular remodeling (3). These data show PRDX may
not function only in an antioxidative signaling but also in
other protective cascades against various types of pathologi-
cal processes.

Human PRDX4 (hPRDX4) was first identified by yeast 2-
hybrid screening as a partner for a thiol-specific antioxidant
(11), and in contrast to the intracellular localization of other
family members, it is the only known secretory form located
in the extracellular space (25, 30), and exerts its protective
function against oxidative damage by scavenging ROS in the
extracellular space (18, 25). However, despite the regulatory
role of PRDX4 in the nuclear factor kB (NF-«B) (18), epidermal
growth factor, and p53 (37) or thromboxane A2 receptor (11)
cascade shown in several previous studies, the pathological
and physiological relevance of PRDX4 remains to be clarified.
To investigate the aggravation of TIDM by increasing oxi-
dative stress and the protective function of PRDX4 against
insulitis, we generated hPRDX4 transgenic (Tg) mice and
evaluated the role of PRDX4 in a TIDM model induced by
SHDS.

Materials and Methods
Construction of human PRDX4 transgenic mice

Tg mice were generated using the following procedure.
hPRDX4 c¢DNA was amplified by reverse transcriptase-
polymerase chain reaction (RT-PCR) and cloned into the
PGEM-T easy vector system (Invitrogen, Life Technologies
Japan Ltd., Tokyo, Japan) (Fig. 1A), and its primers were
based on a published sequence (Genebank accession no.
NM_006406). The Notl fragment containing hPRDX4 cDNA
was inserted into the Not] site of 5.4 Kb pcDNAS3 (Invitrogen),
and a bovine growth hormone polyadenylation (BGHPA)
sequence was inserted into the tail of transgene to stabilize the
expression. The entire nucleic acid sequence, containing a
0.6Kb cytomegalovirus (CMV) enhancer/promoter, 0.8 Kb
hPRDX4 cDNA, and 0.2 Kb BGHPA, was purified by restric-
tion enzyme digestion with Bg/II and Smal, and was micro-
injected into male pronuclei of one-cell C57BL/6 mouse
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embryos with standard transgenic technology. However, this
CMV promoter is not a tissue-specific promoter, suggesting
that the expression of hPRDX4 transgene at protein levels will
be affected by the integration site of mouse genome. C57BL/6
mice (Charles River Laboratories, Yokohama, Japan) were
used as the control wild-type (WT) mice in this study.

Animals and type 1 diabetes mouse model

Experiments were performed on 8-week-old male WT and
Tg mice weighing 20-25g. Mice were fasted for 18 h and in-
traperitoneally injected with a SHDS (Sigma-Aldrich, Co., St
Louis, MO) at 150 mg/kg body weight, dissolved in sodium
citrate buffer (pH 4.5). The third day after SHDS-injection,
blood glucose was measured from blood obtained from the
mice tail veins using a blood glucose monitor (Sanwa Kagaku
Kenkyusho CO., Ltd. Nagoya, Japan), and mice with blood
glucose levels higher than 250 mg/dl were considered to be
diabetic. Controls were given the same volume of sodium
citrate buffer. Animals were killed 1 or 2 weeks (wk) after
SHDS-injection by intraperitoneal anesthetization with an
overdose of ketamine and medetomidine, and the pancreases
were excised.

Serving as the other protocol of multiple low-dose strep-
tozotocin (MLDS)-induced T1DM, mice were treated with
intraperitoneal injections of STZ (40 mg/kg body weight)
during 5 consecutive days; day 1 was defined as the day of the
first injection of streptozotocin. Blood glucose concentrations
were measured on days 0, 3, 7, 14, and 21.

All protocols were approved by the Ethics Committee of
Animal Care and Experimentation, University of Occupa-
tional and Environmental Health, Japan, and were performed
according to the Institutional Guidelines for Animal Experi-
ments and the Law (no. 105) and Notification (no. 6) of the
Japanese Government.

Histology and immunohistochemistry

We studied more than 10 animals from each group in-
vestigated. The pancreatic tissues were removed and im-
mediately immersed in cold PBS, fixed in 10% neutral
buffered formalin, and embedded in paraffin. Paraffin sec-
tions (4 um) were prepared for hematoxylin and eosin (H&E)
or immunohistochemical staining. For detection of hPRDX4,
a rabbit anti-human polyclonal antibody (1:500; Affinity
BioReagents, Golden, CO) was used. To analyze the alter-
ations of islet areas before and after SHDS-injection, images
of H&E sections were captured and areas were calculated
using a NanoZoomer Digital Pathology Virtual Slide Viewer
soft (Hamamatsu Photonics Corp., Hamamatsu, Japan).
To evaluate the expression of insulin and glucagon, we
performed immunohistochemistry using a guinea pig anti-
porcine polyclonal insulin antibody (1:200; DAKO
Corporation, Carpinteria, CA) and a rabbit anti-human
polyclonal glucagon antibody (1:1; DAKO Cytomation Co.,
Kyoto, Japan). Additionally, double immunostaining was
performed to detect the distribution of both insulin- and
glucagon-positive cells among the islets (glucagon with
Vulcan Fast Red and insulin with DAB as a substrate,
respectively) using the MACH 2 Double Stain system
(BIOCARE MEDICAL, LLC., Concord, CA). To detect either
hPRDX4- and insulin-positive f-cells or both hPRDX4- and
glucagon-positive o-cells in islets, we performed hPRDX4
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FIG.1. Schema of human peroxiredoxin 4 (hPRDX4) transgene construct and the expression of hPRDX4 in WT and Tg

mice. (A) hPRDX4 cDNA (0.8 Kb) was driven by the cytomegalovirus (CMV) enhancer/promoter (0.6 Kb). A bovine growth
hormone (BGH) polyadenylation (polyA) sequence (0.2 Kb) was inserted into the transgene to stabilize the expression. The
construct was purified from the pcDNA3 (5.4Kb) by restriction digestion with BgIIl and Smal. (B) In RT-PCR, Tg mice
expressed hPRDX4 mRNA in every tissue, which was more markedly expressed in pancreas, heart, aorta, testis, and brain.
No expression was observed in WT mice. The expression of mPRDX4 was clearly recognized in every tissue of nontreated
mice, and in particular, was observed in the pancreas, testis, liver, and brain. (C) In Western blotting, hPRDX4 was markedly
expressed in nontreated Tg pancreas, and to a lesser amount, in nontreated Tg testis. In addition, nontreated WT pancreas
showed a faint expression of hPRDX4. (D) In immunohistochemistry, hPRDX4 was expressed particularly in Tg pancreatic
islets, ductal epithelium, and a small number of acinar cells. (D) 200X, Bar =100 um. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article at www liebertonline.com/ars).

Reverse transcriptase-polymerase
chain reaction

and insulin or glucagon staining on sequential sections and
captured the mirror images. For analysis of ROS/oxidative
stress expression in pancreas before and after SHDS-
injection, we used an anti-8-hydroxy-2'-deoxyguanosine
(8-OHdG) monoclonal antibody (1:100; Japan Institute for
the Control of Aging, Fukuroi, Japan) (15, 21). To determine
the SHDS-induced insulitis, a polyclonal rabbit anti-human
CD3 antibody (1:1; DAKO Cytomation Co.) or an anti-mouse
Mac-2 monoclonal antibody (1:500; Cedarlane Laboratories
Ltd., Burlington, Ontario, Canada) was used, and we coun-
ted positive T-cells or macrophages in one islet. Ad-

To assess the expression of the hPRDX4 transgene, total
RNA isolated from various tissues using Trizol reagent (In-
vitrogen) was analyzed by RT-PCR. The relative amounts of
PCR products were normalized by those of mGAPDH. The
pairs of primers specific for hPRDX4, mGAPDH and mouse
PRDX4 (mPRDX4) are shown in Supplement 1 (see www
iebertonline.com/ars).

ditionally, caspase-3 (1:25; Epitomics, Inc., Burlingame, CA)
and MIB-1 (1:2000; Epitomics, Inc.) rabbit monoclonal anti-
bodies were used to analyze f-cells apoptotic activity and
the degree of f-cells proliferation, respectively.

Western blotting analysis

Proteins (40 ug) isolated from WT and Tg mice tissues were
separated by electrophoresis on 10% SDS-PAGE gels and
transferred onto Immun-Blot PVDF membranes (Bio-Rad
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Laboratories, K.K., Tokyo, Japan). The membranes were incu-
bated with a rabbit anti-human polyclonal hPRDX4 antibody
(1:10,000) and a mouse anti-chicken monoclonal f-actin anti-
body (1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA).

ELISA for insulin

The concentration of serum insulin on days 0, 3, 7, and 14
after SHDS-injection was measured using an ELISA kit
(Morinaga Institute of Biological Science, Inc., Yokohama,
Japan).

Glucose tolerance and glucose response test

To determine glucose tolerance, mice were fasted for 18 h
and given an intraperitoneal injection of glucose (1mg/g
body weight). For the glucose response to insulin injection,
mice received an intraperitoneal injection of insulin at a dose
of 1U/kg body weight. Both blood samples were withdrawn
from the tail vein promptly at 0, 30, 60, and 120 min after
injection.

Real-time PCR

After cDNA was synthesized, quantitative real-time PCR
was performed using a TagMan fluorogenic probe method
with an ABI PRISM 7000 (Applied Biosystems, Foster City,
CA). The pairs of specific primers and probes are shown in
Supplement 2 (see www liebertonline.com/ars). The relative
amounts of the gene expression were normalized by that of
18S ribosomal RNA (rRNA) using random primers.

TUNEL analysis

To measure the percentage of f-cells apoptosis, TUNEL
assays were performed using TACS™ 2 TdT-DAB in situ
Apoptosis Detection Kit (Trevigen, Inc., Gaithersburg, MD)
on pancreatic paraffin sections.

Statistical analysis

Results were expressed as means & SE. Significant differ-
ences were analyzed using the Student’s or Welch's t-test or
ANOVA analysis where appropriate. A value of p < 0.05 was
considered to be statistically significant.

Results

Expression of PRDX4 gene and its influence
on glucose homeostasis

The expression of hPRDX4 mRNA and protein in various
tissues of nontreated Tg and WT mice was detected by RT-
and real-time RT-PCR and Western blotting. In PCR, the ex-
pression of mPRDX4 was clearly recognized in every tissue of
nontreated mice, and in particular, was observed in the pan-
creas, testis, liver, and brain. The hPRDX4 expression in Tg
mice was highly enhanced in the pancreas, heart, aorta, testis,
and brain (Fig. 1B). Western blotting analysis (Fig. 1C) re-
vealed that hPRDX4 was markedly expressed in nontreated
Tg pancreas, and to a lesser amount, in the testis, whereas
nontreated WT pancreas showed a faint band reactive for the
anti-hPRDX4 antibody, indicating a slight cross-reaction of
the antibody to mPRDX4. Immunohistochemistry showed
hPRDX4 was expressed particularly in non-treated Tg islets
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including - and o-cells (Supplemental Fig. 1; see www
Jiebertonline.com/ars), ductal epithelium, and a small num-
ber of acinar cells (Fig. 1D), but was not expressed in
nontreated WT mice. Additionally, immunohistochemical
results showed that a small number of spermatogenic cells
only from the testis of Tg mice were specifically positive
for hPRDX4 (Supplemental Fig. 2, see www liebertonline
.com/ars). However, no morphological or biochemical dif-
ference was seen between the testes of the two groups of mice
(data not shown). Smooth muscle cells in the Tg aorta and
columnar epithelial cells in the Tg large intestine also revealed
a weak expression of hPRDX4 by immunohistochemistry
(Supplemental Fig. 2), but this data was inconsistent with the
Western blotting findings that showed no band of hPRDX4
(Fig. 1C). On the other hand, the other Tg tissues, including
hypothalamus, thymus, or spleen (Supplemental Fig. 2), and
all WT tissues (data not shown) displayed no expression for
hPRDX4 in immunohistochemistry.

The pancreatic islet area from nontreated WT and Tg mice
showed no difference (WT 24.0+1.9x10° um? vs. Tg
24.9+25x10% um?) (Fig. 2A), and the percentage of insulin-
positive cells in nontreated WT islet was very similar to that of
Tg mice (WT 87.5+2.0% vs. Tg 85.9 +1.3%) (Fig. 2B).

Next, on the glucose tolerance test, glucose levels were
found to be maximal 30 min after glucose injection (Fig. 2C).
However, there was no significant difference between non-
treated WT and Tg mice at 30, 60, or 120 min. In addition, the
result of the glucose response test also did not show any
significant difference at any time between the two groups
(Fig. 2D).

The contrast of metabolic parameters between
WT and Tg mice after SHDS- or MLDS-injection

Blood glucose was detected on days 3, 7, and 14 after
SHDS-injection. All treated animals developed hyperglyce-
mia as a model of diabetes, while blood glucose in Tg mice
demonstrated a slower increase and less hyperglycemia than
that of WT mice for 1 and 2 wk (p < 0.05; Fig. 3A). The insulin
levels of serum, measured by ELISA, quickly decreased in
both groups, and were not significantly different between the
two on days 0 and 3 after SHDS-treatment. However, insulin
synthesis was significantly increased in Tg mice 1 (WT
69.2+17.5pg/ml vs. Tg 1234+ 17.4pg/ml) and 2wk (WT
91.7+14.8 pg/ml vs. Tg 292.7 £ 82.9 pg/ml) after SHDS-in-
jection compared with that of WT mice (p <0.05; Fig. 3B).
Furthermore, the body weight of treated WT mice was sig-
nificantly less than that of Tg mice at 2wk (p < 0.05; data not
shown).

Although basal blood glucose levels after fasting were not
different between the two groups, after glucose injection, the
normalization of increased blood glucose in Tg mice was
faster than that of WT mice (p < 0.05; Fig. 3C). Blood glucose
concentrations after insulin injection showed a lower ten-
dency in Tg mice compared with WT mice, but this difference
was not significant between the two groups at 0, 30, 60,
120 min (Fig. 3D).

Whereas, the blood glucose concentrations increased in
both WT and Tg mice on day 14 and 21 after given a MLDS-
injection, no significant differences were found between two
groups on day 0, 3, 7, 14, and 21, respectively (Supplemental
Fig. 3A; see www liebertonline.com/ars).
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FIG. 2. Expression of hPRDX4 does not affect islet histology and glucose homeostasis in WT and Tg mice under
basal conditions. (A) Pancreatic islet area revealed no difference between nontreated WT (24.0+1.9x10° um?) and Tg
pancreas (24.9 +2.5x10 ym?). (B) Immunohistochemical analysis showed that the cellular components of insulin-positive
cells in WT islets (87.5+2.0%) were very similar to those of Tg islets (85.9 £1.3%). (C) Glucose tolerance and (D) glucose
response test showed no significant difference between WT and Tg mice before and at 30, 60, and 120 min after intraperi-
toneal glucose (C) or insulin (D) injection. (A) and (B) 200X, Bar =100 um. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article at www liebertonline.com/ars).

Alterations of islet areas and hPRDX4 or mPRDXs
expression induced by SHDS- and MDLS-injection
in WT and Tg pancreas

In H&E staining, islet areas of both WT and Tg mice were
markedly decreased compared with those of untreated con-
trols, and the area of islets were not different between WT and
Tg mice 1 wk after SHDS-injection (WT 5.8 +0.5x10° yum? vs.
Tg6.3£0.5x% 10° um?). The islet area of WT mice continuously
decreased during the 2wk after SHDS-injection (p < 0.05),
whereas Tg islet area significantly recovered at 2wk
(9.240.8x10° ym?) compared with that of 1wk (p <0.05),
and was 2.2-fold larger than that of WT mice at 2wk
(42+0.4x10% um?) (p < 0.0001; Figs. 4A and 4B).

At 3wk after MLDS injection, islet areas demonstrated no
significant difference between WT and Tg mice (WT
3.34+0.7x10° um? vs. Tg 3.6+ 0.5x10°um?) (Supplemental
Fig. 3B).

In addition, immunohistochemistry and real-time PCR
demonstrated little or no expression of hPRDX4 in WT mice,
whereas high expression of this peroxiredoxin remained in Tg

islets both 1 and 2 wk after SHDS-injection (Figs. 4C and 4D).
Similar to the results of the basal condition, not only both
hPRDX4- and insulin-positive f-cells, but also both hPRDX4-
and glucagon-positive o-cells were easily detected at 1 and
2 wks by mirror images of immunostained sequential sections
(Supplemental Fig. 1). Additionally, we also exhibited the
expression of mPRDX4 in WT and Tg mice pancreas at 0, 1,
and 2 wk after SHDS-injection by RT- and real time-PCR. The
results revealed that although no difference was noted under
basal conditions between WT and Tg mice, the mPRDX4
expressions in Tg pancreas were significantly higher than
those in WT mice at 1 and 2 wk after SHDS-injection (Fig. 5A).
In addition, the other endogenous isoforms including
mPRDX1, 2, 3, 5, and 6 demonstrated similar expressions
(Fig. 5B).

Loss of p-cells and insulitis in islets induced
by SHDS- or MLDS-injection

Immunohistochemistry showed that insulin-positive
f-cells diminished in both WT and Tg islets 2wk after
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SHDS-injection (Fig. 6A) compared with those of controls. The
percentage of fi-cells in one islet, however, was significantly
higher in Tg than WT mice after SHDS-injection (WT
27.8+1.5% vs. Tg 41.8 +2.5%; p < 0.0001), but there was no
difference in glucagon-positive o-cells (Fig. 6B) (WT
63.0+£1.6% vs. Tg 64.6 +1.5%). Double immunostaining for
both insulin (brown)- and glucagon (red)-positive cells was
specifically noted only in Tg islets (Fig. 6C).

CD83-staining demonstrated that in all animals insulitis
appeared 2wk after SHDS-injection (see Fig. 10A), but Tg
mice showed a lesser number of infiltrating lymphocytes than
that of WT mice (WT 10.1£0.7 vs. Tg 6.6 £0.4; p <0.0001).
Mac-2-staining showed that the number of macrophages per
islet exhibited no difference between the two groups (WT
8.0+0.4 vs. Tg 7.5+ 0.5) (Fig.10B).

As to MLDS models, the percentage of insulin-positive f-
cells per islet also demonstrated no significant difference be-
tween WT and Tg mice at 3wk after MLDSinjection (WT
25.7+£2.3% vs. 26.7 = 1.7%) (Supplemental Fig. 3C).

Levels of 8-OHdAG in WT and Tg islets
before and after SHDS -injection

We detected the expression of 8-OHAG, a marker for ox-
idative stress, using immunohistochemistry (Fig. 7). The
percentage of 8-OHdG-positive cells in per islet was very
low in both untreated WT and Tg mice (WT 2.2 £0.3% vs. Tg
2.3+£0.4%, data not shown), whereas after SHDS injection,
those expressions in both groups were significantly in-
creased. Although a p value of 0.063 can be considered to be
borderline (in)significant between two groups, 8-OHdG ex-
pression was suppressed in Tg mice as compared with that in

WT mice at 2wk (WT 86.4 £1.4% vs. Tg 81.6 £ 2.4%, data not
shown).

Analysis of inflammatory signaling and
tissue remodeling in WT and Tg pancreas

Real-time RT-PCR demonstrated that various genes in-
cluding interleukin (IL)-1f, tumor necrosis factor (TNF)-,
tumor necrosis factor receptor (TNFR)2, Toll-like receptor
(TLR)3/4, and NF-«B were markedly increased in WT mice
2wk after SHDS-injection compared with untreated WT and
treated Tg mice (p < 0.05; Fig. 8). These genes, however, did
not show such an upregulation in Tg mice except for IL-1f
compared with the untreated Tg mice (p < 0.05). In addition
to these genes, the expression of signal transducer and acti-
vator of transcription-1 (STAT1) was significantly down-
regulated in Tg mice compared with both those of treated and
untreated WT mice (p <0.05). Changes in the expression of
TLR2 (Fig. 8), IL-1R1, interferon (IFN)-y, and inducible nitric
oxide synthase (iNOS) (data not shown) were not detected in
these animals.

Analysis of -cells apoptosis and proliferation

Although a small number of apoptotic -cells were observed
in both WT and Tg islets 1wk after SHDS-injection, the per-
centage of TUNEL-positive cells was much lower in Tg
(1.0£0.6%) than in WT mice (3.240.7%) (p < 0.05; Fig. 9A).
Similar to TUNEL results, caspase-3-positive cells demon-
strated a significant decrease in Tg mice (2.7 & 1.2%) compared
with WT mice (9.7 £ 3.2%) (p < 0.05; Fig. 9B). Furthermore, the
percentage of MIB-1-positive cells significantly increased in Tg
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nificantly larger by 2.2-fold than that of WT (4.2 +0.4x 10% um?®) 2 wk after SHDS-treatment. (C) In immunohistochemistry,
there was little or no expression of hPRDX4 in WT islets, whereas Tg islets expressed a much higher level of that after SHDS-
injection 1 and 2wk. (D) In real-time PCR, hPRDX4 was observed specifically in Tg pancreas during the 2wk, and its
expression decreased 1 or 2wk after SHDS-injection. (A) 200X, (C) 400X, Bar =100 um. *p < 0.05, ***p < 0.0001.

islets at wk 1 (13.9+0.9%) compared with that of WT islets
(8.7 0.6%) (p < 0.0001; Fig. 9C).

MMPs analysis

The analysis of MMPs demonstrated that MMP2, 3,7, and 9
were significantly upregulated in WT pancreas compared
with those of Tg mice treated for 2 wk and untreated WT mice
(p <0.05; Fig. 10C). Only MMP?7 expression was higher in Tg
mice than that of untreated mice.

Discussion

In the current study, Tg mice exhibited a relatively specific
and high expression of hPRDX4 in islets of the pancreas,

which were verified by real-time RT-PCR or by immuno-
histochemistry, respectively (Fig. 1). PRDX4 is the only
known secretory form located in the extracellular space (18,
25, 30) such as in the vascular vessels ranging from small to
large sizes, where atherosclerotic lesions are called arter-
iolosclerosis to atheroma. Additionally, as to the former
“arteriolosclerosis”, diabetes is closely related to its patho-
physiological features. Therefore, we hypothesized that this
unique PRDX4 in vivo plays a pivotal role in the protection
against the autoimmune destruction of pancreatic f-cells
during the development of diabetes, with a TIDM model
induced by SHDS-injection. Morphological and biochemical
examinations between WT and Tg mice showed no dif-
ference in endogenous mPRDX4 expression, pancreatic islet
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areas, percentage of insulin-positive cells, morphological
appearances of islets, whole-body glucose homeostasis, or
insulin resistance under basal conditions (Fig. 2). Besides,
from a recent paper using PRDX4 knockout mice (PRDX47Y),
whose spermatogenic cells were more susceptible to apo-
ptosis via oxidative damage than those of wild-type
PRDX4"/Y male mice, PRDX4 protein in PRDX4"/Y male
mice was present in nearly all tissues with much higher
levels found in testis and pancreas (16). These findings were
similar to our results obtained by Western blotting and im-
munohistochemical analysis (Fig. 1 and Supplemental Fig.
2), although no morphological or biochemical difference was

seen between the testes of our two groups of mice (data not
shown).

After SHDS injection, WT mice showed a dramatic increase
in blood glucose, a decrease in blood insulin levels, and a
delay of glucose clearance. This damage to glucose/insulin
metabolism should be attributed to disruption of pancreatic
islets by SHDS. Tg mice, however, had significantly less hy-
perglycemia and hypoinsulinemia, along with a much faster
response on the glucose tolerance test compared with treated
WT mice, even though there was no significant difference in
insulin resistance (Fig. 3). MLDS-induced diabetes models
were performed at the same time, which is also well known to
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FIG. 6.

Immunohistochemical analysis on WT and Tg pancreas 2 wk after SHDS-injection. (A) The percentage of insulin-

positive ff-cells per islet was significantly higher in Tg (41.8 £ 2.5%) compared with WT mice (27.8 £+ 1.5%). (B) The percentage
of glucagon-positive cells was not significantly different between the two groups (WT 63.0 +1.6% vs. Tg 64.6 +1.5%). (C) In
double immunostaining, both insulin- (brown) and glucagon- (red) positive cells were detected only in Tg islets (arrows). (A)
and (B) 200X, (C) 400X, Bar =100 um. **p < 0.0001. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article at www .liebertonline.com/ars).

be a good model of TIDM. However, we could not demon-
strate any more drastic or significant results including glucose
levels, islet area alterations, or insulin-positive f-cells per islet
between Tg and WT mice in MLDS models (Supplemental
Fig. 3), compared with those induced by SHDS (Figs. 3, 4, and
6). Although this discrepancy between the two models cannot
be further explained, SHDS models may be a more appro-
priate choice to study the in vivo function of PRDX4 compared
with MLDS under the condition of PRDX4 overexpression.
Morphological observation showed that SHDS caused a
serious injury to islet areas that were dramatically diminished
in animals 1 or 2wk after the injection. However, compared
with WT mice, Tg mice revealed a resistance to injury and an
accelerated reconstruction of the islets 2wk after SHDS-in-
jection, along with maintaining a high level of not only
hPRDX4 (Fig. 4) but also endogenous mPRDXs expression
including mPRDX4 (Fig. 5). This morphologic observation
was in parallel with the above biological results. Therefore,
these data indicated that overexpression of hPRDX4 in Tg
mice protected against critical injury to islets by SHDS to-
gether with more resistant or less vulnerable endogenous
mPRDXs expression, reminiscent of a cascade of PRDX fam-

ily. This expression pattern restored the damage of glu-
cose/insulin metabolism and amelioration of injured islets as
observed in WT mice.

T1DM is primarily a T-cell-mediated disease termed ‘in-
sulitis” (4, 8, 24, 31, 33). Previous reports have shown that
diabetes does not develop in non-obese diabetic mice that are
genetically athymic or T lymphopenic (24). SHDS-injury
causes a specific disruption of f-cells, an increase in the
number of T-cells infiltrating into islets, and obstacles of in-
sulin synthesis. Consequently, an inflammatory response
takes place. Apoptosis is the main cause of selective f-cell
death at the onset of TIDM, which is typically caused by an
autoimmune assault against f-cells with infiltration of
mononuclear cells (8, 24). Mechanisms of apoptosis involve
direct T-cell cytotoxicity-, inflammatory factor-, and ROS-in-
duced processes in insulitis (1, 2, 4, 8, 24, 28). In our experi-
ments, the number of CD3-positive T-cells was increased in
islets injured by SHDS, but the number of Mac-2-positive
macrophages was not, indicating that the inflammatory re-
sponse in this insulitis is attributed to increased infiltrating
CD3-positive T-cells (Fig. 10). Therefore, the suppression of
CD3-positive T-cell infiltration, but not of Mac-2-positive
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macrophages, in Tg mice has a special implication in this
model. These results show that hPRDX4 can suppress an in-
filtration of CD3-positive T lymphocytes.

In the regard to apoptosis, activated cytotoxic T-cells pro-
duce an inflammatory cytokine and release cytotoxic mole-
cules including granzyme B or perforin. The consequence is
that these cytokines can upregulate Fas expression on f-cells,
thereby facilitating cell recognition via Fas/Fas ligand, acti-
vate the fi-cell gene networks under the control of the tran-
scription factors NF«x-B and STAT-1, and induce ROS, iNOS,

and NO production, exacerbating apoptosis via caspase acti-
vation (1, 2, 13, 20, 24, 28). Indeed, we demonstrated that the
expression of many inflammatory factors was significantly
stimulated in WT mice after SHDS-induction. Conversely,
such inflammatory signaling was significantly down-
regulated in Tg pancreas compared with those of WT pan-
creas (Fig. 8). As also shown in our data, particularly and
classically, IL-1p has a more pronounced pro-apoptotic effect
than others in f-cells, and some reports have demonstrated
that in vitro exposure of fi-cells to IL-1f or to IL-1f + IFN-y
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http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3137&iName=master.img-006.jpg&w=297&h=238
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3137&iName=master.img-007.jpg&w=417&h=205

OVEREXPRESSION OF PEROXIREDOXIN 4 IN DIABETES

A WT
- ety N v
SNy
. \ )
TUNEL , A Ao
ik SRS
2 '.c".-
B WT
‘f -
r
TN |5 Ve i
o e s e
Caspase-3 . & SN -
\“ W e ! 2
TR e T X T
\. - ]
C WT
Y - »
| R
] ¥ ¥ .
L - = o .
MiB-1 s & o R
. 2 ‘..'z::;_a.._. &, ; e
- » % T H:r - :
s e s

1487
Tg
P A
etsty £ |
o £ o |
viLa =g ?“:_U_ 2| *
o L eyl S g e T
S 58 | [
W FTo WT T
* .8 g
Tg
2
ST 7 12| |
iy ‘ ______ *
i ™y 8
68 :
& [ L
§ . m
WT Tg
Tg
s
i;- 2.9 =
\ gg12
L4 ‘Lg Si
S G'J84i
S Tg

FIG.9. Apoptosis and proliferation of f-cells in WT and Tg islets 1wk after SHDS-injection. (A) In TUNEL staining, the
percentage of TUNEL-positive apoptotic fi-cells (arrows) per islet was significantly lower in Tg (1.0 £0.6%) than that of WT
mice (3.2 £ 0.7%). (B) The percentage of caspase-3-positive cells was significantly decreased in Tg (2.7 £+ 1.2%) compared with
that of WT mice (9.7 +3.2%). (C) The percentage of MIB-1-positive cells was significantly increased in Tg (13.9 & 0.9%) islet
compared with that of WT mice (8.7 £0.6%). (A, B, and C) 400X, Bar =100 um. *p < 0.05, ***p < 0.0001.

causes elevated proinsulin/insulin levels and a preferential
loss of first-phase insulin secretion in response to glucose,
which are very likely in diabetic patients (27). Besides, the
significantly suppressed STAT-1 expression in Tg pancreas
was interestingly noted not only in the treated but also in the
untreated basal state (Fig. 8), unlike other inflammatory sig-
naling and tissue remodeling genes. These results indicate
that, particularly under the condition of PRDX4 over-
expression, this transcription factor STAT-1 might play a
critical role in SHDS-induced diabetes from initiation to pro-
gression, more recently described similar discussion by other
groups (21). Furthermore, it is suggested that PRDX4 might
have a close relationship with STAT-1.

It has been also reported that pancreatic islets have a
markedly low antioxidative defense status and unusual sus-
ceptibility to ROS that cause apoptosis of ff-cells in insulitis (2,
4,9, 10, 12, 28). Since f-cell protective effects by PRDX4 may
include ameliorating islet mass destruction with an accom-
panying significant decrease of inflammatory signaling in
addition to suppression of CD3-positive T-cell infiltrate,
hPRDX4 function should be implicated in the avoidance of 8-
cell apoptosis in Tg mice. Additionally, the expression of 8-
OHJG, as an oxidative stress marker (15, 23), was much
higher in WT and Tg islets after SHDS-injection than before

treatment in immunohistochemistry (Fig. 7), supporting the
premise that activated ROS production is not only induced by
upregulated cytokines from stimulated T-cells, but also is
derived from f-cells themselves in increased glucose con-
centration (12) in this diabetes model. At 2 wk, expression in
Tg was borderline (in)significantly suppressed, as compared
with that in WT mice. These results strongly suggest that
hPRDX4 plays a protective role against injury by inhibiting
cytotoxic T-cell infiltration as well as by preventing f-cell-
derived ROS generation or scavenging of the generated ROS,
particularly the extracellular pool of ROS. Compared with
those of WT, the downregulated findings of TUNEL and
caspase-3 activation in Tg islets verified (Fig. 9) and support
these suggestions.

TLRs belong to a superfamily that shares signaling com-
ponents with IL-1 receptors and are essential for the recog-
nition of pathogen-associated molecular patterns including
conserved microbial components (22). TLR 2, 3, and 4 are
strongly expressed in normal murine pancreatic islets (34-36),
and activation of TLR3 signaling plays an important role in
the viral replicative intermediate double-stranded RNA
(dsRNA)-induced insulitis and f-cell apoptosis (29, 36).
Therefore, our results showing a significantly higher or lower
expression of TLR3 and 4 in WT or Tg pancreas (Fig. 8),
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respectively, may not correspond to a viral infection but to the
expression of proinflammatory cytokines in these animals.
In the current study, we found new pathological findings
that the proportion of glucagon-positive cells in both of Tg
and WT is markedly increased by about 64% after SHDS-
induced islet destruction (Fig. 6B). Consequently, proliferat-
ing glucagon-positive cells became a predominant component
of islets. That result suggested that the replication of gluca-
gon-positive cells compensated for the significantly decreas-
ing numbers of fi-cells caused by insulitis and apoptosis. In
addition, the islet replication rate was significantly higher in
Tg than in WT pancreas based on the MIB-1 immunohisto-
chemical results after SHDS-injection (Fig. 9C). Interestingly,
replicating f-cells in Tg islets were partially overlapping with
replicating o-cells, which was supported by the results that
adding the proportion of a- and f-cell from Tg tissue after islet
destruction exceeds more than 100%. In direct contract, a
proportion of less than 100% was found in WT islets (Figs. 6A
and 6B). These results indicated that the regenerative and
neogenetic islet cells may be immature and pluripotent, and
as a result, both glucagon and insulin are immunoreactive
with one part of many replicating cells in Tg mice (Fig. 6C).

(For interpretation of the references to color in this figure
at www.liebertonline.com/ars).

The current study has demonstrated that a rapid course of
islet hyperplasia after streptozotocin-induced injury depends
on endogenous stem/progenitor cell conversion into f-cells,
or o- and subsequently into S-cells (5, 38). The expression of
hPRDX4 may accelerate replication of pluripotent cells to re-
pair and remodel islets.

Members of the MMP family, which cleave various extra-
cellular matrix macromolecules (ECM), possess a broad range
of pathophysiological activities including regulation of cell
replication and/or apoptosis and are associated with inflam-
matory responses and cytokine production (32, 39). ECM are
components of pancreatic islets, and their turnover is critical
for insular development (6, 7, 17). A recent report indicates
that tissue inhibitors of the metalloproteinase (TIMP)-1 gene,
one representative of the MMP-inhibitor family, can be a
potential target to prevent T1IDM, based on the results that
overexpression of TIMP-1 in f-cells accelerates the replication
of destructive f-cells and counteracts T1IDM (17). Our results
showed that the lower levels of insulitis in Tg pancreas are
associated with more significantly suppressed expression not
only of MMP-9, but also those of other MMPs such as MMP-2,
-3 and -7 compared with those of WT mice (Fig. 10C), which
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indicate a correlation between MMPs in the inflammatory
signaling cascade in insulitis. Our results indicate that PRDX4
modulates islet remodeling of the islets with accompanying
replication of stem/progenitor cells.

In conclusion, insulin-secreting f-cells in Tg islets are more
significantly protective against SHDS-induced insulitis and
apoptosis than those of WT. In addition, hPRDX4 was more
likely to activate the proliferation of stem/progenitor cells to
recover the population of ff-cells in Tg islets. The mechanisms
of PRDX4 in the suppression of apoptosis and stimulation of
replication of stem/progenitor cells may involve scavenging
increased ROS/oxidative stress and preventing inflammatory
signaling activation, particularly of T-cell infiltrates. Con-
sidering the broad spectrum of substrates of PRDX4, all re-
sults obtained in our experiments may not be attributable only
to the protection against oxidative stress-induced f-cell dys-
function. These observations indicate that hPRDX4 transgenic
mice could become a useful animal model to study the rele-
vance between oxidative stress and inflammation, and that a
specific accelerator of PRDX4 might prove to be a potential
therapeutic agent for ameliorating TIDM by suppressing
oxidative damage and inflammatory cytokines throughout
the course of the disease. PRDX4 may be pathophysiologically
relevant to protection against diabetes in humans.
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8-OHdG = 8-hydroxy-2'-deoxyguanosine
BGHPA =bovine growth hormone polyadenylation
CMYV = cytomegalovirus
ECM = extracellular matrix macromolecules
h=hours
H&E =hematoxylin and eosin
H,0; = hydrogen peroxide
IFN-y = interferon-y
IL-1$ = interleukin-1
iNOS = inducible nitric oxide synthase
MLDS = multiple low dose of streptozotocin
MMPs = matrix metalloproteinases
NFx«-B = nuclear factor «-B
NO =nitric oxide
O,~ =superoxide anion
PRDX = peroxiredoxin
ROS =reactive oxygen species
RT-PCR =reverse transcriptase-polymerase chain reaction
SHDS = single high dose of streptozotocin
STAT-1 =signal transducer and activator of transcription-1
T1DM = type 1 diabetes mellitus
Tg = transgenic
TIMP-1 = tissue inhibitors of the metalloproteinase-1
TLRs = Toll-like receptors
TNF-o = tumor necrosis factor-o
wk =weeks
WT = wild-type
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