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Summary

H,0, is a major reactive oxygen species produced by mitochondria that is implicated to be
important in aging and pathogenesis of diseases such as diabetes; however, the cellular and
physiological roles of mitochondrial H,O, remain poorly understood. Peroxiredoxin 3 (Prdx3/
Prx3) is a thioredoxin peroxidase localized in mitochondria. To understand the cellular and
physiological roles of mitochondrial H,O5 in aging and pathogenesis of age-associated diseases,
we generated transgenic mice overexpressing Prdx3 (Tg(PRDX3) mice). Tg(PRDX3) mice
overexpress Prdx3 in a broad range of tissues, and the Prdx3 expression is localized exclusively in
the mitochondria. As a result of increased Prdx3 expression, mitochondria from Tg(PRDX3) mice
produce significantly reduced amount of H,O5, and cells from Tg(PRDX3) mice have increased
resistance to stress-induced cell death and apoptosis. Interestingly, Tg(PRDX3) mice show
improved glucose homeostasis, as evidenced by their reduced levels of blood glucose and
increased glucose clearance. Tg(PRDX3) mice are also protected against hyperglycemia and
glucose intolerance induced by high-fat diet feeding. Our results further show that the inhibition of
GSK3 may play a role in mediating the improved glucose tolerance phenotype in Tg(PRDX3)
mice. Thus, our results indicate that reduction of mitochondrial H,O» by overexpressing Prdx3
improves glucose tolerance.
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Introduction

Mitochondria dysfunction is believed to underlie age-associated function losses and to
contribute to pathogenesis of diseases such as diabetes and neurodegeneration (Ames et al.,
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1995; Lowell and Shulman, 2005). Mitochondria are the major source of cellular reactive
oxygen species (ROS), and ROS from mitochondria are believed to mediate the detrimental
effects of mitochondria dysfunction (Harman, 1987; Nishikawa and Araki, 2007). O,*~ and
H,0, are the two major species of ROS produced by mitochondria. Both O,*~ and H,0, are
able to induce oxidative damage and thus are thought to play important roles in the
development and progression of diseases such as diabetes and aging (Green et al., 2004).
H,0, produced by mitochondria participates in redox signaling though reversible oxidation
of cysteine residues in target proteins; thus H,O, is an important molecule for cell growth,
differentiation and death (Rhee, 2006; Stone and Yang, 2006).

As part of the antioxidant system, the cell has evolved efficient means of reducing reactive
oxidative species, and within the mitochondrion, H,O5 is mainly reduced by glutathione
peroxidases and peroxiredoxins. Glutathione peroxidases in mitochondria include Gpx1 and
Gpx4. However, Gpx1 is found both in cytoplasm and mitochondria (Panfili et al., 1991,
Esworthy et al., 1997; Ho et al., 1997), while Gpx4 is localized in mitochondria, cytoplasm
and various membrane factions and its primary role is to reduce lipid hydroperoxide in
membrane (Brigelius-Flohe, 1999; Ran et al., 2004). Because of their high affinity toward
H»0,, peroxiredoxins are efficient in removing low levels of H>O, (Chae et al., 1999; Rhee
et al., 2005). Peroxiredoxin 3 (Prdx3/Prx3) is a peroxiredoxin localized exclusively in the
matrix of mitochondria (Cao et al., 2007; Zhang et al., 2007). Previous studies show that
overexpression of Prdx3 in cell lines leads to reduced cellular ROS and that knockdown of
Prdx3 in cells results in elevated cellular ROS (Chang et al., 2004; Matsushima et al., 2006;
Hattori et al., 2003), suggesting that Prdx3 plays an important role in quenching H,O, in
mitochondria. Deficiency in Prdx3 is associated with Fanconi anemia (Mukhopadhyay et al.,
2006) and neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS),
Parkinson’s disease and Down syndrome (Wood-Allum et al., 2006; Krapfenbauer et al.,
2003), suggesting that Prdx3 is an important protein in protecting an organism from
pathogenesis of diseases.

Recent reports have suggested that reduction of mitochondria H,O5 by overexpression of
catalase in mitochondria through genetic engineering may lead to retarded aging and
prevention of diseases (Schriner et al., 2005; Anderson et al., 2008). Mitochondria ROS are
also implicated to be important in development of diabetes (Green et al., 2004), and
manipulations to reduce mitochondria ROS are shown to improve glucose tolerance and
insulin sensitivity (Houstis et al., 2006). However, transgenic mice overexpressing Gpx1
develop insulin resistance and obesity (McClung et al., 2004). Because Gpx1 can reduce
H,0, at both cytoplasm and mitochondria, the specific effect of mitochondria H,O, in
regulating glucose tolerance remains controversial.

Although transgenic animal models with reduced mitochondrial production of H,O, have
been generated by targeting catalase into mitochondria (Schriner et al., 2005), no transgenic
mouse models with reduced mitochondria H,O, by overexpressing a native mitochondrial
peroxidase are currently available. To further understand the cellular and physiological roles
of mitochondrial H,O, and to define the effects of reducing mitochondria H,O, on aging
and pathogenesis of age-associated diseases, we generated a transgenic mouse model
overexpressing Prdx3: Tg(PRDX3) mice. Tg(PRDX3) mice overexpress Prdx3 protein
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exclusively within mitochondria. As a result of increased Prdx3, mitochondria from
Tg(PRDX3) mice produce significantly reduced amount of HoO, Our results show that cells
from Tg(PRDX3) mice have increased resistance to stress-induced cell death and apoptosis.
Interestingly, Tg(PRDX3) mice show improved glucose homeostasis, as evidenced by their
reduced blood glucose level and increased glucose clearance. In addition, Tg(PRDX3) mice
are protected against hyperglycemia and glucose intolerance induced by high-fat diet
feeding. We further show that the increased glucose homeostasis in Tg(PRDX3) mice is
correlated with activation of Akt and inhibition of GSK3 in their liver tissues.

Generation of Tg(PRDX3) mice

Transgenic mice were generated using a human BAC clone fragment containing the intact
human PRDX3 gene plus approximately 16.5 kb and 6.7 kb of 5’- and 3’-flanking
sequences, respectively. Line 1 of PRDX3 transgenic mice [Tg(PRDX3)] was used in this
study; in this line of Tg(PRDX3) mice, Prdx3 mRNA levels (human PRDX3 mRNA from
the transgene plus endogenous mouse Prdx3 mRNA) were increased by 3- to 5-fold in
cerebral cortex, heart, liver, kidney, skeletal muscle and lung of the Tg(PRDX3) mice
(Figure 1A). Tg(PRDX3) mice also have more total Prdx3 protein in all tissues than Wt
mice, as indicated by the Western blot results in Figure 1B.

Increased Prdx3 in mitochondria from Tg(PRDX3) mice

To determine whether the high level of expressed Prdx3 in Tg(PRDX3) mice localizes to the
mitochondria, we compared the levels of Prdx3 protein in cytosolic and mitochondrial
subcellular fractions from the livers of Tg(PRDX3) and Wt mice. As previously reported
(Chae et al., 1999), Prdx3 protein was localized only in mitochondria in Wt mice. More
importantly, livers from Tg(PRDX3) mice showed a higher level of Prdx3 protein than Wt
mice in the mitochondria fraction, but there was no expression of Prdx3 in cytosolic faction
(Figure 1C), indicating that the Prdx3 protein expressed from the human PRDX3 transgene
was localized only in mitochondria. We confirmed that Prdx3 in Tg(PRDX3) mice was
localized exclusively to mitochondria using confocal laser microscopy (Figure 1D). Skin
fibroblasts from Tg(PRDX3) mice have a 3.8-fold increase in Prdx3 mRNA compared to
fibroblasts from Wt mice (data not shown), an increase that is similar to the levels of
increase observed in various tissues from Tg(PRDX3) mice (Figure 1B). We first loaded
fibroblasts with MitoTracker red to label mitochondria. After fixation, the cells were
sequentially stained with anti-Prdx3 antibody and with an Alexa488-labeled secondary
antibody. In the confocal laser scanning microscopy images (Figure 1D), the Prdx3 protein
staining was shown in green whereas the mitochondria was shown in red. The merged
picture of Prdx3 staining and mitochondria revealed a near perfect co-localization for Prdx3
protein and mitochondria (Figure 1D), indicating that the expressed Prdx3 protein resides
exclusively within mitochondria in fibroblasts from Tg(PRDX3) mice.

Reduced production of H,O, by mitochondria from Tg(PRDX3) mice

To determine whether overexpression of Prdx3 had an effect on mitochondrial H,0O,
production, we isolated mitochondria from brain and skeletal muscle tissues of Tg(PRDX3)
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mice and Wt mice that were 2-3 months of age. The level of mitochondrial H,O, was
measured using an amplex red-horseradish peroxidase method (Zhou et al., 1997; Muller et
al., 2007). As shown in Figure 2A and 2B, compared to mitochondria from Wt mice,
mitochondria from brain and skeletal muscle of Tg(PRDX3) mice had reduced H,0, release
in state 1. In the presence of glutamate/malate or in the presence of succinate plus rotenone,
H,0, produced by mitochondria from Wt mice was dramatically increased. Importantly,
mitochondria from Tg(PRDX3) mice produced significantly reduced amount of H,0O, with
these substrates relative to the amount of H,O, produced from mitochondria from Wt mice,
indicating that increased expression of Prdx3 decreases H,O, production. To determine
whether overexpression of Prdx3 affects mitochondria function, we also compared ATP
production and membrane potential of mitochondria from Tg(PRDX3) mice and control Wt
mice. As shown in Figure 2C and 2D, there were no significant differences in ATP
production and membrane potential between mitochondria isolated from brain tissues of
Tg(PRDX3) mice and Wt mice. Mitochondria isolated from skeletal muscle tissues of
Tg(PRDX3) and Wt mice also show no difference in ATP production and membrane
potential (data not shown).

Reduced cellular ROS and oxidative damage in Tg(PRDX3) mice

Mitochondria are the major source of cellular ROS. To test whether high levels of Prdx3 can
reduce the ROS production, we compared levels of intracellular ROS in fibroblasts from
Tg(PRDX3) mice and Wt mice using a DCF fluorescence spectrophotometer method
described by Kashino et al (2003). As shown in Figure 3A, fibroblasts from Tg(PRDX3)
mice had a significantly reduced level of DCF fluorescence compared to fibroblasts from Wt
mice, indicating that overexpression of Prdx3 reduces levels of ROS in these cells.

To determine whether overexpression of Prdx3 can reduce levels of oxidative damage, we
compared the basal level of total F,-isoprostanes in liver from Tg(PRDX3) mice and Wt
mice that were 3 to 4 months of age. As shown in Figure 3B, Tg(PRDX3) mice showed
significantly lower levels of F,-isoprostanes compared to Wt mice.

We further tested whether Tg(PRDX3) mice showed lower levels of oxidative damage in
their mitochondria. 4-HNE adduct levels in mitochondrial proteins from Tg(PRDX3) mice
and control Wt mice were measured and compared. As shown in Figure 3C, mitochondria
isolated from Tg(PRDX3) mice showed a lower level of protein-bound 4-HNE than
mitochondria isolated from control Wt mice.

Increased stress resistance of fibroblasts from Tg(PRDX3) mice

To determine whether the overexpression of Prdx3 affected cellular response to stress, we
compared the sensitivities of fibroblasts from Tg(PRDX3) and Wt mice to several different
agents that may cause cell death by elevated oxidative stress. Paraquat causes cell death by
generation of intracellular superoxide (Bus et al., 1976; Cocheme and Murphy, 2008), while
the toxicity of hydrogen peroxide is primarily ascribed to lipid peroxidation, lipid membrane
perturbation, and its subsequent dissociation into hydroxyl and superoxide radicals
(Halliwell and Gutteridge, 1989). The cytotoxicity of several metals, including cadmium,
has been shown to be partly due to the generation of ROS (Stohs and Bagchi, 1995; Salmon
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et al., 2005). The LD50 (lethal dose, 50%) value for each agents was determined as
previously described by Salmon et al (2005). Compared to fibroblasts from Wt mice,
fibroblasts from Tg(PRDX3) mice have greater resistance to paraquat (Figure 4A), hydrogen
peroxide (Figure 4B) and cadmium (Figure 4C) as measured by the LD50 of cell lines
isolated from 3-6 individual animals of each genotype. Thus, the overexpression of Prdx3
can increase cellular resistance to oxidative stress. Cells from Tg(PRDX3) mice were also
resistant to tert-butyl hydrogen peroxide (t-BOOH) as measured by activation of caspase-3.
As indicated in Figure 4D, treatment of t-BOOH resulted in an increase in level of activated
caspase-3 in both Wt and Tg(PRDX3) cells. However, fibroblasts from Tg(PRDX3) mice
showed reduced levels of activated caspase-3 compared to fibroblasts from Wt mice,
indicating that oxidative stress-induced apoptosis was suppressed by overexpression of
Prdx3.

Reduced plasma glucose and increased glucose clearance in Tg(PRDX3) mice

Tg(PRDX3) mice develop normally and there were no difference in bodyweight between Wt
mice and Tg(PRDX3) mice up to 6 months of age (data not shown). Mitochondrial ROS are
implicated to be important in the pathogenesis of diabetes (Houstis et al., 2006); to
determine whether reduction in mitochondrial H,O5 affects glucose metabolism, we
measured the basal and fasting blood glucose levels in Tg(PRDX3) and Wt mice. As shown
in Figure 5A, Tg(PRDX3) mice had significantly reduced fasting glucose levels compared to
Wt mice. We also compared insulin levels between Tg(PRDX3) and Wt mice. As shown in
Figure 5B, there were no differences in serum insulin levels between Tg(PRDX3) and Wt
mice, indicating that the reduced blood glucose in Tg(PRDX3) mice was not a result of
elevated insulin level. Because glucose intolerance plays an important role in development
of insulin resistance and diabetes, we also compared glucose tolerance between Tg(PRDX3)
mice and Wt mice. As shown in Figure 5C, Tg(PRDX3) mice had significantly lower levels
of blood glucose than Wt mice at all time points investigated after glucose administration,
indicating that Tg(PRDX3) mice have increased glucose clearance.

Mitochondria ROS has been implicated as an important mediator of glucose intolerance and
insulin resistance in diabetes (Houstis et al., 2006; Green et al., 2004). In mice, glucose
metabolism can be impaired experimentally by feeding a diet high in dietary fat (Winzell
and Ahren, 2004); so, to determine whether reduction in mitochondria H,O, could lead to
protection against hyperglycemia and glucose intolerance in Tg(PRDX3) mice, we fed
Tg(PRDX3) mice and control Wt mice a high-fat diet (HFD) for 8 weeks. No differences in
bodyweight and body fat content were observed between Tg(PRDX3) mice and Wt mice
after HFD feeding (data not shown). At the end of the HFD feeding, we measured the basal
and fasting blood glucose levels in Tg(PRDX3) and Wt mice. As shown in Figure 5D, HFD
feeding increased blood glucose levels in Wt mice. Importantly, compared to HFD-fed Wt
mice, HFD-fed Tg(PRDX3) mice had significantly reduced blood glucose levels both at fed
and fasting conditions. As shown in Figure 5, HFD-fed Tg(PRDX3) mice had reduced
serum insulin levels at both fed and fasting conditions compared to HFD-fed Wt mice,
indicating that the reduced glucose was not a result of elevated insulin level. We also
compared glucose tolerance between HFD-fed Tg(PRDX3) mice and HFD-fed Wt mice
(Figure 5F). HFD-feeding induced glucose intolerance in Wt mice; however, as with mice
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fed a normal diet, we found that HFD-fed Tg(PRDX3) showed lower blood glucose levels
relative to HFD-fed Wt mice at all time points measured following glucose administration.
Thus, these results suggest that Tg(PRDX3) mice were protected from HFD-induced
hyperglycemia and glucose intolerance.

Inhibition of GSK3 in Tg(PRDX3) mice

The PI3K/AKkt signaling pathway is the classic signaling pathway mediating insulin-
stimulated glucose usage and uptake. H,O» is an important modulator of cell signaling and
previous in vitro studies suggest that H,O, may modulate the activation of this signaling
pathway (Kwon et al., 2004). To address whether alteration of the PI3K/Akt signaling
pathway played a role in mediating the improved glucose homeostasis phenotype in
Tg(PRDX3) mice, we measured the levels of phosphorylated Akt in liver tissues of
Tg(PRDX3) mice and Wt mice. As shown in Figure 6A and Figure 6B, Tg(PRDX3) mice
had significantly increased levels of phosphorylated Akt compared to Wt mice.

GSK3 is a downstream target of Akt playing an important role in regulating glucose
homeostasis (Lee and Kim, 2007). Phosphorylation of serine residues in GSK3 (ser-9 for
GSK3p and ser-21 for GSK3a) by Akt inhibits GSK3 kinase activity, and inhibition of
GSK3 has been shown to decrease blood glucose levels and to increase glucose clearance
rates (Cline et al., 2002; Ring et al., 2003). To determine whether increased activation of
Akt is correlated with inhibition of GSK3 in Tg(PRDX3) mice, we compared levels of
phosphorylated GSK3p and levels of phosphorylated GSK3a in liver tissues from
Tg(PRDX3) mice and Wt mice by Western blots. As shown in Figure 6C-6E, livers from
Tg(PRDX3) mice had increased levels of phosphorylated GSK3p and GSK3a, suggesting
that the activation of Akt resulted in inhibition of GSK3 in Tg(PRDX3) mice. After feeding
a HFD diet, Tg(PRDX3) mice also showed increased phosphorylation of GSK3 that was
correlated with activation of Akt (data not shown). Thus, the inhibition of GSK3 may play a
role in mediating the improved glucose homeostasis phenotype in Tg(PRDX3) mice.

Discussion

Mitochondria are the major source of cellular ROS. During oxidative phosphorylation,
electrons can escape from the mitochondrial electron transport complexes (ETC), especially
from complexes | and 111, and react with O, to form O,°~ (Balaban et al., 2005). 05" is
subsequently converted to HoO, by MnSOD and Cu/ZnSOD. It was estimated that up to 2%
of the oxygen consumed by mitochondria is partially reduced to form O,°~, which is
subsequently converted to H,O, (Chance et al., 1979), although more recent determinations
have reduced this value to between 0.1% and 0.5% (Bayne et al., 2005). Unlike O,"~, which
can not cross the mitochondrial membranes because of its negative charge (Takahashi and
Asada, 1983; Gus’kova et al., 1984), mitochondrial H,0, readily diffuses through
membranes, thereby producing bio-physiological effects both inside and outside of
mitochondrion. Although H,0, itself is only mildly reactive, H,O, can react with transition
metal such as FeZ* through the Fenton reaction to generate hydroxyl radical (OH®"), which
is highly reactive and can induce oxidative damage to DNA, protein and lipids. H,O5 also
plays an important role in redox signaling through its ability to directly oxidize the redox-

Aging Cell. Author manuscript; available in PMC 2015 May 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 7

active cysteinyl thiol in various target proteins (Stone and Yang, 2006). Recent data suggest
that reduction in mitochondria HoO, may be beneficial in retarding aging and diseases
(Giorgio et al., 2007). For example, Schriner et al (2005) showed that transgenic mice
overexpressing catalase in mitochondria had significant extension of lifespan, and Anderson
et al (2008) showed that overexpression of catalase in mitochondria and overexpression of
mitochondrial peroxidredoxin rescues frataxin deficiency in a Drosophila model of
Friedreich’s ataxia. However, the cellular and physiological roles of mitochondrial HyO5
were not fully explored in those studies. In addition, although overexpression of catalase in
mitochondria by genetic engineering is effective in quenching H,O,, catalase is not a
mitochondrial protein, thereby preventing it from being used as a cellular target for reducing
mitochondrial H,O5. Prdx3 is a peroxiredoxin exclusively localized in mitochondria. In this
report, we generated Tg(PRDX3) mice to determine whether mitochondrial H,0,
production can be quenched in vivo by overexpressing this native mitochondrial protein and
to further understand the role of mitochondria H,O» in aging and pathogenesis of diseases.
Our results show that increased Prdx3 expression in Tg (PRDX3) mice leads to significantly
reduced levels of H,O, produced by mitochondria. Therefore, our results indicate that an
increase in Prdx3 level is effective in reducing mitochondrial H,O, in vivo and suggests that
the Tg(PRDX3) mouse is a useful animal model in studying the cellular and physiological
mechanisms of reduced mitochondrial H,O5 in aging and diseases.

Our data show that fibroblasts from Tg(PRDX3) mice have reduced cellular ROS and that
tissues from Tg(PRDX3) mice have reduced levels of F,-isoprostanes. Our results further
show that mitochondria from Tg(PRDX3) have reduced 4-HNE protein adducts. Thus, our
results indicate that overexpression of Prdx3 in mitochondria is effective in decreasing
cellular ROS and oxidative damage. Our data also show that skin fibroblasts from
Tg(PRDX3) mice have increased resistance to a variety of stressors. Previous results from
immortal cell lines by other groups show that over-expression of Prdx3 leads to increased
resistance to apoptosis and that knockdown of Prdx3 leads to increased sensitivity to
apoptosis (Chang et al., 2004; Matsushima et al., 2006; Hattori et al., 2003). Thus, our
results are consistent with these previous results, indicating that mitochondria H,O, plays an
important role in induction of apoptosis and that reduction in mitochondrial H,O5 by
overexpression of Prdx3 is anti-apoptotic.

Metabolic changes that affect glucose homeostasis and insulin sensitivity are believed to be
important in the development of diabetes and aging (Chang and Halter, 2003; Facchini et al.,
2001; Barzilai et al., 1998). ROS has been implicated to play a role in regulating glucose
metabolism and insulin sensitivity (Houstis et al., 2006); however, whether reduction in
mitochondrial H,O5 can directly lead to change in glucose metabolism is unclear. Our
results show that Tg(PRDX3) mice had reduced fasting glucose levels and increased glucose
clearance. Therefore, overexpression of Prdx3 improves glucose metabolism in Tg(PRDX3)
mice. Because the direct result of Prdx3 overexpression is reduced mitochondrial H,O,
production, our data suggest that reducing mitochondrial H,O5 can lead to change in glucose
homeostasis. Mitochondria ROS is believed to be important in pathogenesis of diabetes
(Nishikawa and Araki, 2007), and reduction in mitochondria ROS is proposed to be a
therapeutic strategy in diabetes (Houstis et al., 2006; Green et al., 2004). In this study, we
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show that Tg(PRDX3) mice are protected against glucose metabolism impairment induced
by high-fat diet feeding. Interestingly, a previous study showed that transgenic mice
overexpressing Gpx1 develop hyperglycemia and obesity (McClung et al., 2004). Although
a small portion of Gpx1 is present in mitochondria, the majority of Gpx1 is located in
cytosol (Panfili et al., 1991; Esworthy et al., 1997; Ho et al., 1997). Therefore, the different
phenotypes observed between the Gpx1 transgenic mice and Tg(PRDX3) mice may arise
from differences in subcellular locations of Gpx1 and Prdx3. Our results from Tg(PRDX3)
mice suggest that decreasing H,O, in mitochondria may be a therapeutic/preventive strategy
in diabetes. Glucose intolerance is associated with aging (DeFronzo, 1981), and calorie
restriction, a manipulation that retards aging, improves glucose tolerance (Weiss and
Holloszy, 2007). Reduction of mitochondria H,O, through transgenic overexpression of
mitochondrially-targeted catalase has also been shown to retard aging (Schriner et al., 2005),
Thus, it seems that mitochondrial H,O, is important for both the regulation of aging and
age-related diseases and it will therefore be important to determine whether Tg(PRDX3)
mice are long-lived.

We also investigated the potential mechanisms by which reduced mitochondrial H,O, may
leads to improved glucose homeostasis. The phosphatidyinositol 3 kinase (PI3K)/Akt
pathway is responsible for insulin-stimulated glucose storage and uptake. Although there
was no difference in insulin levels between Tg(PRDX3) mice and control Wt mice,
Tg(PRDX3) mice showed increased level of phosphorylated Akt, indicating that Akt is
activated in Tg(PRDX3) mice. GSK3 is a downstream target of PI3K/Akt signaling pathway
that plays a very important role in regulating glucose homeostasis. Our result showed that
Tg(PRDX3) mice have increased phosphorylation of GSK3p and GSK3a. Thus, activation
of Akt appears to lead to increased phosphorylation of GSK3, thereby inhibition of GSK3
activity in Tg(PRDX3) mice. Previous studies show that inhibition of GSK3
pharmacologically with GSK3 inhibitors reduces blood glucose level and increases glucose
disposal in diabetes-prone Zucker diabetic fatty rats and db/db mice (Cline et al., 2002; Ring
et al., 2003; Kaidanovich-Beilin and Eldar-Finkelman, 2006). Thus, our results suggest that
improved glucose homeostasis phenotype in Tg(PRDX3) mice may be partially mediated by
activation of Akt and the resultant inhibition of GSK3 activity. The mechanism by which
reduced mitochondria H,O, may lead to activation of Akt is unclear at present.

Interestingly, previous studies show that increased H,O, level activate the PI3K/Akt
signaling pathway and that the mechanism of H,O,- induced activation of PI3K/Akt
involves inhibiting the activity of protein-tyrosine phosphatases (PTPs) conferred by
oxidation of cysteine residues of PTPs by H,0, (Salmeen et al., 2003; van Montfort et al.,
2003). Our observation that reduction of H,O, leads to activation of Akt in Tg(PRDX3)
mice appears to go against this model of cell signaling induced by H,0,. However, the
signaling in Tg(PRDX3) mice was initiated from reduced level of endogenous H,O5, which
is lower than the concentrations of H,O, used in many of the in vitro studies (Salmeen et al.,
2003). It is known that there are many PTPs (Alonso et al., 2004; Andersen, 2004) and each
PTP appears to have different susceptibility to oxidation (Groen et al., 2005). Under the
reduced level of H,O5 in Tg(PRDX3) mice, activation of Akt could result from activation or
deactivation of a different set of PTPs. Thus, our observation that reduced H,0, activates
Akt may not be irreconcilable with the classic model. Alternatively, reduction in H,O, could
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lead to activation of Akt through mechanisms other than deactivation of PTPs, such as redox
regulation of transcription factors (Veal et al., 2007). Tg(PRDX3) mice may allow us to
investigate the signaling pathways modulated by H,0, in vivo and to understand
consequences of H,O, action under physiological conditions.

In summary, we generated a novel transgenic mice model overexpressing Prdx3 in
mitochondria. We showed that overexpression of PRDX3 resulted in significant reduction of
H»0, produced by mitochondria and as a result of reduced H,O, production by
mitochondria, Tg(PRDX3) mice show low level of oxidative damage and cells from
Tg(PRDX3) mice exhibit increased resistance to stress. More importantly, Tg(PRDX3) mice
show improved glucose homeostasis and are protected against hyperglycemia and glucose
intolerance induced by HFD feeding. Therefore, our results indicate that reduction in
mitochondrial H,O, could be beneficial for therapy and prevention of diseases such as
diabetes.

Experimental Procedures

Animals

The BAC clone CTD-2537P4 containing the entire human PRDX3 gene was obtained from
Invitrogen Co. (Carlsbad, CA). The presence of PRDX3 gene and 5" and 3’ flanking
sequences was confirmed by restriction digestion, Southern blot and PCR analysis. The Sofl
fragment (34.4 kb) of this BAC clone contains the intact human PRDX3 gene
(approximately 11 kb) plus approximately 16.5 kb and 6.7 kb of 5’- and 3’-flanking
sequences, respectively. This fragment was isolated and used to generate transgenic mice.
The transgenic mice were generated in B6SJL F1 background at the Transgenic Core of the
University of Michigan. A PCR based genotyping protocol was used to genotype the mice
with the human PRDX3 gene using forward primer (AGC TTC TGA TCA ACG GTC CT)
and reverse primer (ATT TCA GGG ATG AGG GAT CA). The Tg(PRDX3) mice were
subsequently backcrossed two generations to C57/B6J mice. The Tg(PRDX3) mice used in
this study were in a mixed background of B6 and SJL. The control wildtype were littermates
of Tg(PRDX3) mice. Male and female mice that were 2 to 3 months of age were used for
measuring expression, mitochondrial H,O, and oxidative damage. Female mice that were 2
to 4 months of age were used for glucose metabolism study and high-fat diet feeding study.
The group sizes for each study were indicated in the results.

All procedures for handling the mice in this study were reviewed and approved by the
IACUC (Institutional Animal Care and Use Committee) of University of Texas Health
Science Center at San Antonio (UTHSCSA) and the IACUC of South Texas Veterans
Health Care System, Audie Murphy VA Hospital.

RNA isolation and RT-PCR

Total RNA was isolated from tissues using Tri Reagent (Molecular Research Center,
Cincinnati, OH) according to the manufacturer’s instructions. Total RNA (1 pg) from
Tg(PRDX3) mice and Wt mice was reverse-transcribed using random hexamers and Multi-
Scribe Reverse Transcriptase (Applied Biosystems, Foster City, CA). Quantitative real-time
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PCR was performed to determine total Prdx3 mRNA levels using the following PCR
primers: Prdx3-1f (GTG TGT CCT ACA GAA ATT GTT) and Prdx3-1r (AAC CAC CAT
TCT TCC TTG GTG). Quantitative real-time PCR was performed with the SYBR Green
detection system (Applied Biosystems) using an ABI Prism 7500 sequence detector and
under thermal cycling conditions of preincubation (50°C, 2 min); DNA polymerase
activation (95°C, 10 min); and 40 PCR cycles for 15 s at 95°C, and 1 min at 60°C. The
MRNA levels were normalized to beta-actin to control for input RNA. The mean levels of
Prdx3 mRNA in Wt mice were assigned as 1 arbitrarily, and relative levels of Prdx3 mRNA
were presented as means + SEM.

Subcellular fractionation

Liver tissues were homogenized in buffer 1 (250 mM Mannitol, 75 mM Sucrose, 500 uM
EGTA, 100 uM EDTA, and 10 mM Hepes, pH 7.4) supplemented with protease inhibitor
cocktail. The homogenates were centrifuged at 600g for 10 min at 4°C to pellet nuclei and
unbroken cells. The resultant supernatant was then centrifuged at 10,000g for 10 min at 4°C
to obtain the mitochondria pellet. The supernatant was further centrifuged at 100, 000g for
60 min at 4°C to yield the cytosol. Prdx3 protein levels in each fraction were determined by
Western blots. ATPase was used as a mitochondria marker, whereas p-tublin was used as a
cytosol marker.

Immunostaining and confocal-microscopy

Skin fibroblasts from Tg(PRDX3) mice and Wt mice were isolated and cultured using
methods similar to those described by Salmon et al (2005). Briefly, tail skin biopsies were
obtained from the latter half of the intact tail of isoflurane-anesthetized mice after skin
sterilization with 70% ethanol. Biopsies were then diced and digested overnight with
collagenase type Il (400 U/ml, 1,000 U total per tail, GIBCO-Invitrogen) dissolved in
DMEM supplemented with 10% heat-inactivated fetal bovine serum, antibiotics (100 U/ml
penicillin and 100 pg/ml streptomycin; Sigma, St. Louis, MO), and 0.25 pg/ml fungizone
(Biowhittaker-Cambrex Life Sciences, Walkersville, MD). After collagenase treatment, cells
were resuspended in DMEM with 20% heat inactivated fetal bovine serum, antibiotics, and
fungizone and seeded into tissue culture flasks of 25 cm? surface area. All subsequent cell
subcultures were grown in this media and all cultures were grown at 37° C in a humidified
incubator with 5% CO2 in air.

For co-localization study, fibroblasts were firstly loaded with MitoTracker red to label
mitochondria. After fixation, the cells were sequentially stained with anti-Prdx3 antibody
and with an Alexa488-labeled secondary antibody. The confocal microscopy images of
Prdx3 staining (green) and mitochondria (red) were taken using a Zeiss confocal LSM 510
microscope.

Assays for mitochondria H,O,, ATP production and membrane potential

Mitochondria were isolated from whole hindlimb skeletal muscle and brain, as described
previously (Muller et al., 2007). Briefly, hindlimb skeletal muscle was excised, weighed,
bathed in 150 mM KCI, and placed in Chappell-Perry buffer with the protease nagarse. The
minced skeletal muscle was homogenized, and the homogenate was centrifuged for 10 min
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at 600 g, with the supernatant then being passed through cheesecloth and centrifuged at
14,000 g for 10 min. The resultant pellet was washed once in modified Chappell-Perry
buffer with 0.1% fatty acid free BSA and twice in modified Chappell-Perry buffer without
bovine serum albumin. Mitochondria from whole brain were isolated by homogenization
followed by two-step centrifugation: 10 min at 1000 g to remove unbroken cells/tissue and
at 10,000 g for 10 min to pellet the mitochondria. Protein concentration was measured with
the Bradford method.

Freshly isolated mitochondria were used for H,O» release assay with the amplex red-
horseradish peroxidase (HRP) method (Zhou et al., 1997; Muller et al., 2007). HRP (1 U/ml)
catalyzes the H,O,-dependent oxidation of nonfluorescent Amplex red (80 pM) (Molecular
Probes, Eugene, OR) to fluorescent resorufin red. Fluorescence was followed at an
excitation wavelength of 544 nm and emission wavelength of 590 nm using a Fluoroskan
Ascent type 374 multiwell plate reader (Labsystems, Helsinki, Finland). The slope of the
increase in fluorescence is converted to the rate of H,O, production with a standard curve.
All assays were performed at 37°C in 96-well plates. Substrates used were 10 mM succinate
plus rotenone and 5 mM glutamate plus malate. For each assay, one reaction well contained
buffer only, and another contained buffer with mitochondria, to estimate the background
oxidation rates of Amplex red and to estimate the rate of H,O5 release in mitochondria
without substrate (state 1). The reaction buffer consisted of 125 mM KCI, 10 mM HEPES, 5
mM MgCl,, 2 mM KoHPO4, pH 7.44 and 37.5 U/ml of Sod.

ATP production was measured using a luciferase/luciferin based system as described Drew
and Leeuwenburgh (Drew and Leeuwenburgh, 2003). Mitochondria in reaction buffer were
incubated with either 5 mM malate plus pyruvate or 10 mM succinate plus 1 UM rotenone
and a buffer containing 0.8 mM luciferin/20 mg/ml luciferase and 0.3 mM ADP. The rate of
mitochondrial ATP synthesis is expressed as nmol ATP per minute per mg mitochondrial
protein.

The mitochondrial membrane potential was measured by safranin O uptake into the
mitochondria as previously described (Feldkamp et al., 2005; Vercesi et al., 1991) with the
following modifications: 5 pg of mitochondria protein was added into 100 ul reaction buffer
containing 5 pM safranin O. After 5 minutes of incubation with substrates as above
described, the fluorescence was followed at 485-nm excitation, 590-nm emission using a
Fluoroskan Ascent (Labsystems, Finland). The safranin O uptake was calculated as the
change in fluorescence between the reaction buffer without and with mitochondria.

Measurement of Fo-isoprostanes

Levels of Fo-isoprostanes in liver were determined as described by Morrow and Roberts
(Morrow and Roberts, 1999). Briefly, Fo-isoprostanes were extracted and quantified by
GC/MS using the internal standard, [2H,4] 8-1s0-PGF5,,, which was added to the samples at
the beginning of extraction to correct yield of the extraction process. The amount of Fo-
isoprostanes in liver was expressed as pg of 8-1so-PGF,., per mg of total liver protein.
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Cellular stress resistance assay

The cytotoxicity assay was conducted as described by Salmon et al (2005). Briefly, cells
were exposed to a range of doses of one of the cytotoxic stressors. Cells were then incubated
in DMEM supplemented with 2% BSA, antibiotics, and fungizone, and their survival was
measured 18 h later by a test based on oxidative cleavage of the tetrazolium dye WST-1
(Roche Applied Science, Indianapolis, IN) to a formazan product, using the protocol
suggested by the manufacturer. At each dose of chemical stressor, mean survival was
calculated for triplicate wells for each cell line. The LD50, i.e., dose of stress agent that led
to survival of 50% of the cells, was then calculated using probit analysis as implemented in
NCSS software (NCSS, Kaysville, UT).

Caspase-3 protein levels in fibroblasts were determined by Western blot using an anti-
caspase-3 antibody (sc-7148, Santa Cruz Biotechnology, Inc., CA). The intensities of bands
corresponding to p20 of caspase-3 (the subunit of activated caspase-3) were used as
indicators of caspase-3 activation.

Blood glucose and insulin measurement and glucose tolerance test

Blood was collected from the tail vein of fed mice (basal) and fasting mice (for 18 hrs) and
glucose level was measured using as One-touch hand-held glucometer. The plasma insulin
level was measured using the Insulin (Mouse EIA) kit from ALPCO Diagnostics (Salem,
NH). For glucose tolerance test, mice were deprived of food overnight (18 hrs), after which
an intraperitoneal injection of dextrose (1mg/g) was administrated to mice at time zero. Tail
vein blood samples were collected for glucose analysis at the indicated time points, and
glucose level was measured as above descibed.

High-fat diet feeding

Female mice that were 8-9 weeks of age were fed a high-fat diet (Research Diets, New
Brunswick, NJ) for 8 weeks. On caloric basis, the high-fat diet consisted of 58% fat from
lard, 25.6% carbohydrate, and 16.4% protein (total 23.4 kJ/g).

Western blots

4-HNE measurement: Levels of 4-HNE protein adducts in isolated mitochondria were
measured by Western blots. Briefly, mitochondria from liver tissues were homogenized in a
RIPA buffer (20 mM Tris, pH7.4, 0.25 M NaCl, 1 mM EDTA, 0.5% NP-40, 50 mM sodium
fluoride) supplemented with protease inhibitors. Equal amounts of total proteins (20 ug)
were separated by 4-20% SDS-PAGE and transferred to nitrocellulose membranes. The
membranes were blocked for 1 hour in 5% nonfat dry milk and were incubated for 2 hours at
room temperature with an anti-4-HNE monoclonal antibody (MAB3249, R&D Systems,
Inc., Minneapolis, MN). 4-HNE adducts bands were scanned and quantified using
ImageQuant software (Molecular Dynamics, Sunnyvale, CA).

Prdx3 protein: Prdx3 protein levels in tissues from Tg(PRDX3) and Wt mice were
determined by Western blots using an anti-Prdx3 antibody that recognizes both mouse and
human Prdx3 protein (Ab16751 from Abcam, Inc., Cambridge, MA).
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Akt and GSK3: Liver tissues were homogenized in a RIPA buffer with protease inhibitors
and phosphotases inhibitors. The levels of phosphorylated Akt and GSK3a and GSK3
proteins were determined using antibodies specific to phosphorylated proteins and total
proteins obtained from Cell Signaling Technology, Inc. (Danvers, MA). The following
antibodies were used: anti-phospho-Akt (ser473) (Cat#4058); anti-Akt (Cat# 9272); anti-
phospho-GSK3a (Ser21) (Cat#9316); anti-GSK3a (Cat# 9338); anti-phospho-GSK3p (Ser9)
(Cat#9336); anti-GSK3p(Cat# 9315);

Statistical Analysis

Data are expressed as mean + SEM as indicated in the figures. Results were statistically
analyzed using two-way ANOVA or Student’s t test when appropriate. Statistical
significance is set to a minimum of p<0.05.
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Figure 1. Increased level of Prdx3in Tg(PRDX3) mice
A. Total Prdx3 mRNA levels in tissues from Tg(PRDX3) mice (Tg) and wildtype mice (Wt)

were determined by quantitative Real-time PCR. The mean values obtained from Wt mice
were artificially assigned as 1, and the relative values obtained from Tg mice are presented
as mean + SEM. n=3.

B. A graph of Western blot showing total Prdx3 protein levels in tissues from Tg(PRDX3)
mice and Wt mice. The levels of beta-actin were used as loading controls.

C. Prdx3 protein levels in whole tissue homogenate, mitochondrial fraction and cytosolic
fraction from livers of Tg(PRDX3) and Wt mice were measured by Western blot. Level of
ATPase was used as a mitochondria marker, whereas p-tubulin was used as a cytosolic
marker.

D. Localization of PRDX3 protein in mitochondria. Skin fibroblasts from Tg(PRDX3) mice
were firstly loaded with MitoTracker red to label mitochondria and subsequently stained for
Prdx3 protein. The imaging of Prdx3 staining (green), mitochondria (red) and co-
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localization of Prdx3 and mitochondria (merge) were performed by confocal laser scanning
microscopy.
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Figure 2. Reduced H>0» production by mitochondria from Tg(PRDX3) mice
A. Levels of H,0, produced by mitochondria isolated from brain were measured as

described by Muller et al (2007b).

B. Levels of H,O, produced by mitochondria isolated from skeletal muscle were measured
as described by Muller et al (2007b).

C. Levels of ATP production by mitochondria isolated from brain were measured as
described in Methods.

D. Mitochondrial membrane potential of isolated mitochondria from brain was measured as
described in Methods.

State 1: without substrate; Glut/Malate: with substrates of glutamate/malate; Suc+Rot: with
substrate of succinate plus rotenone. *: P< 0.05. n=3-4.
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Figure 3. Reduced cellular ROS and oxidative damage in Tg(PRDX3) mice
A. Levels of cellular ROS in skin fibroblasts from Tg(PRDX3) mice and Wt mice were

measured by a DCF fluorescence method. The data are presented as mean = SEM of data
obtained from three independent lines. *: P< 0.05. n=5

B. Levels of Fp-isoptostanes in liver tissues of Wt and Tg(PRDX3) were determined as
described by Ran et al (2007). The data are expressed as mean £ SEM. *P<0.05. n=5

C. 4-HNE adducts in mitochondria proteins from liver tissues of Tg(PRDX3) mice and Wt
mice were determined by Western blots and quantified as described in Methods. The mean
value of 4-HNE adducts obtained from Wt mice was artificially assigned as 1, and the
relative values are presented as mean = SEM. *: P<0.05. n=4-5.
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Figure4. Increased stressresistance of fibroblasts from Tg(PRDX3) mice
Fibroblasts from Tg(PRDX3) and Wt mice were exposed to paraquat (A), H,O, (B) and

cadmium (C), and the LD50 (lethal dose, 50%) value for each agents was determined as
described by Salmon et al (2005). The data are expressed as mean + SEM. *: P<0.05. n=3-6
D. Fibroblasts were treated with t-BOOH for 6 hours, and the level of p20 (a subunit of
activated caspase-3) were determined by Western blot.
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Figure5. Blood glucose and insulin levelsin Tg(PRDX3) mice
A. Blood glucose levels of Tg(PRDX3) and Wt mice of female mice that were 2-3 months

of age at fed state and fasting state were determined as described in Methods. The data are
presented as mean + SEM. *: P< 0.05. n=6-7

B. Plasma insulin levels of Tg(PRDX3) and Wt mice at fed state (basal) and fasting state
were determined as described in Methods. The data are presented as mean £ SEM. n=6.

C. Glucose tolerance of Tg(PRDX3) and Wt mice. The data are presented as mean + SEM.
n=6-7.

D. Blood glucose levels of Tg(PRDX3) and Wt female mice after feeding a high-fat diet for
8 weeks. The data are presented as mean = SEM. Wt-HF: HFD fed Wt mice. Tg-HF: HFD-
fed Tg(PRDX3) mice. *: P< 0.05. n=8
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E. Plasma insulin levels of Tg(PRDX3) and Wt female mice after feeding a high-fat diet for
8 weeks. *: P< 0.05. n=4.

F. Glucose tolerance of Tg(PRDX3) and Wt female mice feeding a high-fat diet for 8 weeks.
The data are presented as mean = SEM. n=8
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Figure 6. Inhibition of GSK3in Tg(PRDX3) mice
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A. Western blots showing levels of phosphorylated Akt and total Akt protein in liver tissues

of Tg(PRDX3) and Wt mice.

B. The quantified results of phosphorylated Akt. The data are presented as mean + SEM.

*P<0.05. n=6

C. Western blots showing levels of phosphorylated GSK3p (ser9) and total GSK3p protein

in liver tissues of Tg(PRDX3) and Wt mice.

D. Western blots showing levels of phosphorylated GSK3a (ser21) and total GSK3a protein

in liver tissues of Tg(PRDX3) and Wt mice.

E. The quantified results of phosphorylated GSK3p and GSK3a proteins. The data are

presented as mean £ SEM. *P< 0.05. n=6
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