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Abstract

Our laboratory has conducted the first systematic survival studies to examine the biological effects of the an-
tioxidant protein thioredoxin (Trx) on aging and age-related pathology. Our studies with C57BL/6 mice over-
expressing Trx1 [Tg(act-TRX1)"° and Tg(TXN)*/°] demonstrated a slight extension in early lifespan compared
to wild-type (WT) mice; however, no significant effects were observed in the later part of life. Overexpression
of Trx2 in male C57BL/6 mice [Tg(TXN2)"/°] demonstrated a slightly extended lifespan compared to WT mice.
The pathology results from two lines of Trx1 transgenic mice showed a slightly higher incidence of age-related
neoplastic diseases compared to WT mice, and a slight increase in the severity of lymphoma, a major neoplas-
tic disease, was observed in Trx2 transgenic mice. Together these studies indicate that Trx overexpression in
one compartment of the cell (cytosol or mitochondria alone) has marginal beneficial effects on lifespan. On the
other hand, down-regulation of Trx in either the cytosol (Trx1KO) or mitochondria (Trx2KO) showed no sig-
nificant changes in lifespan compared to WT mice, despite several changes in pathophysiology of these knock-
out mice. When we examined the synergetic effects of overexpressing Trx1 and Trx2, TXNTg x TXN2Tg mice
showed a significantly shorter lifespan with accelerated cancer development compared to WT mice. These
results suggest that synergetic effects of Trx overexpression in both the cytosol and mitochondria on aging
are deleterious and the development of age-related cancer is accelerated. On the other hand, we have recently
found that down-regulation of Trx in both the cytosol and mitochondria in Trx1KO x Trx2KO mice has benefi-
cial effects on aging. The results generated from our lab along with our ongoing study using Trx1KO x Trx2KO
mice could elucidate the key pathways (i.e., apoptosis and autophagy) that prevent accumulation of damaged
cells and genomic instability leading to reduced cancer formation.
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enzymes [1-7]. It contains two redox-active cysteine resi-
dues in the active center (Cys-Gly-Pro-Cys). In humans,
two forms of protein have been identified: one in cytosol
(Trx1) [8] and another in mitochondria (Trx2) [9]. Trx
is important in maintaining a reduced intracellular envi-
ronment, which is accomplished through thiol-disulfide
exchange reactions [1]. This unique feature allows Trx to
efficiently control protein function by altering the redox
state of structural or catalytic SH groups. Therefore, Trx
may have an important function in development of age-
related pathophysiological changes through attenuation

Thioredoxin and aging

Initially discovered in the early 1960s, Trx is a small
protein (12kDa) that acts as a reductant for a variety of
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of oxidative stress/damage or alteration of redox state in
various signaling pathways.
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Previous studies conducted in Caenorhabditis elegans
and Drosophila melanogaster have shown that Trx plays
important roles in oxidative stress/damage and longevity
[10, 11]. However, the exact roles of Trx in aging and age-
related diseases in mammals and its effect on crucial sig-
naling pathways have not been fully explored. Therefore,
our laboratory has conducted the first systematic study to
examine the effects of Trx on survival using mice over-
expressing or down-regulating Trx1 (cytosol) and Trx2
(mitochondria).

Here, we review the survival studies conducted in our
laboratory and discuss what we have learned about the ef-
fects of Trx on aging and age-related changes.

Transgenic mice/rats overexpressing thiore-
doxin 1 (cytosol)

The first survival study to test the effects of Trx1 overex-
pression was conducted using a transgenic mouse model
generated with human TRX1 cDNA and the B-actin pro-
moter [Tg(act-TRX1)"] [12]. An extension in lifespan
and increased resistance to oxidative stress were observed
in Tg(act-TRX1)"”’ mice compared to WT mice [13,14].
Although these observations were very exciting, it is
worth noting that the lifespan of WT mice (C57BL/6) in
this study (approximately 23 months) was considerably
shorter than expected from other studies using C57BL/6
mice housed in barrier facilities, which suggests that con-
ditions for the survival experiment were not optimal. The
median lifespan of C57BL/6 mice in our aging colonies,
for example, is approximately 29-30 months. Thus, it was
necessary to conduct an additional survival study using
Tg(act-TRX1)" mice to determine the effects of overex-
pressing Trx1 under defined pathogen-free housing condi-
tions.

Our study showed that Trx1 overexpression in Tg(act-
TRX1)" mice resulted in a higher resistance to oxidative
stress and lower levels of oxidative damage to proteins
and lipids [15]. However, our survival study examin-
ing male Tg(act-TRX1)" mice indicated a significant
life-extension only during the first half of their lifespan
compared to WT mice, and no significant changes were
observed thereafter. To further support these initial obser-
vations, we conducted another survival study with both
male and female mice [15].

To determine why beneficial effects of Trx1 overex-
pression were observed only early in life, we examined
whether: 1) the levels of Trx1 changed during aging; and
2) Trx1 overexpression altered age-related pathology.
Our data demonstrated that Tg(act-TRX1)" mice showed
significant age-related decline of Trx1 overexpression
as well as less reduction in protein oxidation levels in
the later part of life [15]. This result is likely explained
by the use of the B-actin promoter to control decreased
expression of the transgene with age. End-of-life pathol-
ogy data for these mice showed that: 1) the incidence of
lung inflammation was significantly reduced in young

Tg(act-TRX1)"" mice; and 2) the incidence of total fa-
tal tumors and lymphomas were slightly higher in old
Tg(act-TRX1)" mice compared to WT littermates [15].
Therefore, Tg(act-TRX1) " mice significantly increased in
survival only during the first half of their lifespan because
of an age-related reduction of Trx1 overexpression and/or
enhanced tumor formation in old mice [15].

Next, we generated a new line of Trx1 transgenic mice
(Tg(TXN)™) in order to determine whether continu-
ous overexpression of Trx1 throughout life could extend
maximum lifespan. These mice were generated using a
fragment of the human genome containing the TXN gene
[16]. Tg(TXN)" mice showed significantly higher (ap-
proximately 20% to 40%) levels of Trx1 in the tissues
than WT mice. Trx1 overexpression in Tg(TXN)" mice
was maintained up to at least 28-30 months-of-age. The
study showed that the survival curve of Tg(TXN)" mice
was not significantly different from WT mice. Although
the early part of lifespan (75% survival) showed a 6.3%
extension compared to WT mice, no significant life-ex-
tending effect was observed over the lifespan [16]. There-
fore, our survival data obtained from Tg(TXN)"’ mice
indicate that continuous Trx1 overexpression in mice had
some benefits only in the early part of life. This observa-
tion is similar to the effect of Trx1 overexpression in the
Tg(act-TRX1)" mice.

As mentioned above, the incidence of lung inflammation
in young Tg(act-TRX1)"’ mice was significantly less than
WT mice, and the incidence of total fatal tumors and lym-
phomas in old Tg(act-TRX1)"’ mice was slightly higher
than WT mice [15]. These observations are consistent with
some of the biological effects of Trx1, i.e., anti-inflamma-
tory and anti-apoptotic effects. Our previous study showed
lower IL-1p mRNA levels in the liver of Tg(act-TRX1)"
mice than WT littermates [15], which could be a contribut-
ing factor in the reduction of lung inflammation in Tg(act-
TRX1)" mice. Additionally, increased levels of the ASK1/
Trx1 complex were observed in Tg(act-TRX1)""’ mice [15],
which causes inhibition of the apoptosis signal-regulating
kinase-1 (ASK1) pathway [17, 18]. Therefore, Trx1 over-
expression in young mice could be beneficial because of
resistance to environmental stresses, including oxidative
stress, and reduced inflammatory changes in the tissues,
including lung. On the other hand, Trx1 overexpression in
old mice may be deleterious because of its anti-apoptotic
action by ASK1 inhibition and promoting cell prolifera-
tion, both of which could promote the growth of various
cancers, including lymphoma [8, 19].

In addition to the studies with mice overexpressing Trx1,
we also conducted a survival study with Trx1 transgenic
rats, which were generated using a fragment of the human
genome containing the TXN gene as described above.
We generated transgenic rats using F344 rats because
they are commonly used for aging studies and could al-
low us to examine the possible species differences of the
role of Trx1 in aging. Our data showed that the levels of
Trx1 were significantly higher [approximately 20% to
40%: similar to Tg(TXN)"’ mice] in all tissues examined

http://www.antpublisher.com/index.php/APT/index



http://www.antpublisher.com/index.php/APT/index


g
<
—
=1
s

128 Madeline G. Roman, et al.

in the Tg(TXN)" rats compared to their WT littermates,
and overexpression of Trx1 was maintained up to 28-30
months of age. Although Tg(TXN)™ rats showed similar
Trx1 overexpression to Tg(TXN)"’ mice, the survival
curve of Tg(TXN) " rats was similar to WT rats, i.e., Trx1
overexpression had little beneficial effects on longevity in
F344 rats (Figure 1).

Overall, the survival studies described above, which were
conducted with two lines of Trx1 transgenic mice, indi-

showing no changes in lifespan [20]. To further support
the importance of maintaining mitochondrial functions on
pathophysiology, studies have shown that mitochondrial
Trx overexpression: 1) attenuated vascular dysfunction
and hypertension development [21], and 2) maintained
endothelial function and protected against atherosclerosis
development [22]. Thus, we conducted a survival study to
test whether mitochondrial Trx overexpression could show
beneficial effects on aging and/or age-related diseases us-

Figure 1. Survival curves of Tg(TXN)" and WT rats. The results from a survival study with male Tg(TXN)
triangles) rats are presented. The survival study was conducted with 22 Tg(TXN)

Tg(TXN)" and WT rats was observed.

cate that Trx1 overexpression is beneficial in young mice
and has potential deleterious effects in old mice, possibly
due to the development of different pathophysiological
conditions. Similarly, overexpression of Trx1 in a line of
transgenic rats had little effect on lifespan.

Trx2 transgenic mice overexpressing thiore-
doxin in mitochondria

The results of the aging study with Trx1 transgenic mice
suggest another possibility, in which Trx overexpression
in mitochondria could be more important in aging. Indeed,
there are several lines of evidence that strongly suggest
that maintaining mitochondrial functions could provide
benefits on age-related pathophysiological changes. For
example, a study with mice overexpressing catalase in
mitochondria (mCAT) showed significant extension of
lifespan and attenuated development of some cancers, de-
spite catalase overexpression in the nucleus or peroxisome

+/0

(closed squares) and WT(open

“* and 24 WT male rats. No significant difference between

ing Trx2 transgenic mice.

Tg(TXN2)" mice were generated with the human thio-
redoxin 2 (TXN2) gene [23]. The young Tg(TXN2)"
mice showed significantly higher levels of Trx2 in tissues
examined than WT mice, which was maintained up to
22-24 months old [23]. Tg(TXN2)" mice showed less
hydrogen peroxide production from isolated mitochon-
dria than WT control mice. Despite the reduced hydrogen
peroxide production from mitochondria by Trx2 overex-
pression, the effects on oxidative damage in the tissues
were disappointing: 1) Tg(TXN2)"’ mice showed slightly
less (approximately 13-14%) lipid peroxidation measured
by plasma isoprostane levels than WT littermates, and
2) levels of 8-0xodG, a marker of DNA oxidation, were
not changed by Trx2 overexpression. The effects of Trx2
overexpression on signaling pathways were also mini-
mal: 1) mTOR and NF«B pathways were not changed in
Tg(TXN2)" mice compared to WT littermates; 2) Trx2
overexpression increased levels of c-Jun and c-Fos com-
pared to WT mice [23].
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Our survival study showed that male Tg(TXN2)" mice
had approximately 8-9% extension of lifespans (the mean,
median, and 10th percentile) compared to WT control
mice. However, these differences were not statistically sig-
nificant [23]. The cross-sectional pathology results showed
that male Tg(TXN2)"’ mice had a similar number of total
tumors (tumor burden) and incidence of lymphoma com-
pared to WT mice. Although the incidence of lymphoma
was not changed by Trx2 overexpression, Tg(TXN2)"
mice showed a slightly higher severity of lymphoma than
WT mice [23]. These pathological analyses suggest that
overexpression of Trx2 in mitochondria may accelerate
age-related lymphoma development, which is similar to
the effects of Trx1 overexpression on tumor development
[15, 16]. As mentioned above, Tg(TXN2)"’ mice showed
higher levels of c-Jun and c-Fos than WT littermates. Ac-
tivator protein 1 (AP-1), a complex of proteins of the Jun
and Fos families, binds to TPA-response elements (TRE)
or AP-1 binding sites to transcriptionally activate effector
genes; subsequently, stimulation of cell proliferation and
transformation occur. Thus, increased levels of c-Jun and
c-Fos may be one of the mechanisms that accelerates age-
related tumor development in Tg(TXN2)"’ mice.

Effects of Trx down-regulation in the cytosol
(Trx1) or mitochondria (Trx2) on aging

We also conducted the survival studies to test the effects
of thioredoxin down-regulation in the cytosol (Trx1) or
mitochondria (Trx2) on aging. Because Trx1 or Trx2 null

mice are embryonically lethal [24, 25], we conducted
survival studies with heterozygous Trx1KO and hetero-
zygous Trx2KO mice. Since Trx plays important roles in
maintaining a reduced state in the cells, we anticipated
that these mice might have higher oxidative stress/damage
and/or mitochondrial functional changes, which may lead
to a shorter lifespan.

Trx1 heterozygous knockout mice were generated with an
ES clone purchased from Lexicon Pharmaceuticals, Inc.
(OST452454), in which Trx1 expression was abolished
by gene-trap insertion into the first intron of the Trx1
gene. The young (4-6 months) and old (18-20 months)
heterozygous Trx1KO showed significantly lower (ap-
proximately 40% to 60%) Trx1 levels in the tissues exam-
ined compared to WT mice. Trx1 down-regulation did not
affect levels and activities of other antioxidant enzymes.
Trx1KO mice showed significantly lower levels of Trx-
ASK1 complex and higher levels of ASK1 phosphoryla-
tion, which indicates that apoptosis is enhanced through
the ASK pathway. As a consequence, a slight reduction
in tumors was observed in Trx1KO compared to WT
mice at 22-24 months of age. However, Trx1KO mice
did not have remarkable changes in the survival curve
compared to WT control mice, i.e., no significant changes
were observed in median (50% survival) and maximum
(10% survival) lifespans compared to WT mice (Figure
2).Therefore, a reduction in Trx1 levels does not seem
to have significant effects on aging, although there was a
subtle indication it may attenuate age-related tumor devel-
opment.

To test the effects of Trx down-regulation in the mitochon-

Figure 2. Survival curves of Trx1KO and WT mice. The survival curves of Trx1KO (closed squares) and WT (open triangles) mice are presented.
The survival study was conducted with 18 Trx1KO mice and 18 WT male mice. No significant difference was observed between Trx1KO and WT

mice.
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dria on aging, we conducted a survival study using Trx2KO
mice [26]. Trx2KO mice were generated by gene trapping
using random insertional mutagenesis [27]. Our previ-
ous study showed that levels of Trx2 were approximately
50% less in Trx2KO mouse tissues compared to WT lit-
termates [26]. Trx2 down-regulation did not change other
antioxidant enzymes levels and activities. Reduced Trx in
mitochondria showed that mitochondrial ATP production
and ETC activity were significantly reduced and ROS pro-
duction and oxidative damage were increased in Trx2KO
mice. In addition, the mitochondrial apoptosis pathway was
enhanced in Trx2KO mice, resulting in higher sensitivity
to apoptosis induction in isolated cells from Trx2KO mice
[26]. Although reduced Trx in mitochondria led to mito-
chondrial function impairment, increased ROS production
and oxidative damage, and enhanced apoptosis in Trx2KO
mice, the survival curves of Trx2 mice showed no signifi-
cant changes compared to WT littermates [26, 28].

Thus, in spite of several pathophysiological changes, re-
duced Trx in either cytosol or mitochondria alone did not
have a significant impact on the longevity of Trx1KO or
Trx2KO mice.

Combined effects of overexpressing Trx1 and
Trx2

Based on our survival studies, overexpression of Trx1 or
Trx2 alone did not show a significant impact on longevity
(i.e., extending the lifespan only in the earlier part of life
by Trx1 or slight extension of lifespan by Trx2), despite
interesting cellular and physiological changes. These
results indicate that Trx overexpression in only one com-
partment of the cell is not enough to extend the lifespan.
In other words, Trx overexpression in both the cytosol and
mitochondria may be required to have a notable impact
on aging, i.e., significant life extension and reducing age-
related pathology including cancer.

Therefore, we examined the effects of overexpression of
both Trx1 and Trx2 on lifespan and age-related pathology
(especially cancer) with mice overexpressing Trx in both
the cytosol and mitochondria (TXNTg x TXN2Tg) [29].
Our study showed that TXNTg x TXN2Tg mice over-
expressed Trx1 (2 to 14-fold increase) and Trx2 (1.8 to
2.3-fold increase) in all tissues over the lifespan without
changes in other antioxidant enzymes levels and activities
or developmental abnormalities [29]. Contrary to our ex-
pectations, male TXNTg x TXN2Tg mice had significant-
ly shorter lifespans compared to WT littermates, i.e. ap-
proximately 14.6% (mean), 16.3% (median), and 7% (10th
percentile) shorter lifespans were observed in TXNTg x
TXN2Tg compared to WT mice [29]. The cross-sectional
pathology demonstrated that TXNTg x TXN2Tg mice
had slightly higher incidences of total neoplastic diseases
and lymphoma than WT mice. TXNTg x TXN2Tg mice
showed significantly higher grades of lymphoma com-
pared to WT mice, which indicates that overexpression of
Trx in both the cytosol and mitochondria accelerates lym-

phoma development during aging [29].

The shorter lifespan and accelerated tumor development
in TXNTg x TXN2Tg mice were accompanied with
changes in several redox-sensitive signaling pathways
that could play important roles in: 1) cancer growth (HIF-
la levels and NF«xB activity increase) [30-33] and 2)
apoptosis suppression and cancer development (reduced
ASK1 activity) [17]. These results were surprising since
our studies with mice overexpressing Trx in the cytosol
(Trx1) or mitochondria (Trx2) alone showed protection of
cells/tissues against oxidative stress, and no deleterious
effects were observed during aging in transgenic mice up-
regulating Trx1 or Trx2 [15, 16, 23]. Thus, to our knowl-
edge, our study with TXNTg x TXN2Tg mice was the
first report demonstrating the deleterious effects on aging
by synergetic overexpression of Trx in both the cytosol
and mitochondria.

Combined effects of down-regulating Trx1 and
Trx2

Because of the shortened lifespan and enhanced tumor
development observed in TXNTg x TXN2Tg mice, we
subsequently tested whether down-regulation of Trx in
both the cytosol and mitochondria affects aging and age-
related diseases in mice. Interestingly, survival studies us-
ing Trx1KO x Trx2KO mice showed opposite results from
TXNTg x TXN2Tg mice: an approximately 10% and 9%
extension of median lifespan in male and female Trx1KO
x Trx2KO mice compared to WT littermates, respectively.
The detailed cross-sectional pathological analysis is on-
going, and we are currently examining several signaling
pathways that play important roles in aging and cancer.
Based on our preliminary data, the severity of lymphoma
and disease burden (total number of histological changes/
body) seem to be lower in Trx1KO x Trx2KO mice
compared to WT mice. Since other antioxidant enzymes
levels/activities were similar between Trx1KO x Trx2KO
and WT mice, these data suggest that synergetic down-
regulation of Trx1 and Trx2 had unexpected beneficial
effects on aging. This observation is similar to the results
reported with naked mole-rats and GPx4+/- mice [34, 35].
The slight extension (9-10%) of lifespan and attenuated
tumor development in Trx1KO x Trx2KO mice were ac-
companied with several signaling/molecular changes: 1)
enhanced ASK1 phosphorylation; 2) increased both cas-
pase activity and cytochrome c (cyt c) release; 3) reduced
mTOR and HIF-10; and 4) enhanced autophagy compared
to WT mice. All of these pathways play important roles in
cell death and growth, especially in cancer.

Based on our ongoing work and preliminary observations,
we predict that reduced Trx levels in both the cytosol and
mitochondria may reduce/retard age-related cancer devel-
opment through: 1) enhanced removal of damaged cells
(apoptosis) through mitochondrial and ASK1 pathways;
and 2) enhanced removal of cellular damage (autophagy).
Both of these processes could be major contributing fac-
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tors in reducing age-related genomic instability and at-
tenuating age-related cancer development in Trx1KO x
Trx2KO mice. We also predict that reduced cancer devel-
opment could further extend healthspan and lifespan in
Trx1KO x Trx2KO mice. We are currently seeking the un-
derlying mechanisms of the anti-cancer effects of reduced
Trx in both the cytosol and mitochondria using a unique
mouse model.

What have we learned from the survival stud-
ies with mice overexpressing or down-regulat-
ing Trx1 and/or Trx2, and where do we go from
here?

Although the pathophysiological roles of Trx and thiore-
doxin interacting protein (Txnip) in mammals have been
demonstrated [1, 36], the systemic examination of the ef-
fects of Trx on mammalian aging had not been achieved
until our laboratory conducted the first systematic survival
studies with mice overexpressing or down-regulating Trx1
and Trx2. Based on our data, several interesting features
of thioredoxin and aging have been revealed: 1) overex-
pression of Trx1 alone [Tg(act-TRX1)" and Tg(TXN)"’
mice] extended lifespan only in the first half of life; 2)
overexpression of Trx2 alone [Tg(TXN2)"’ mice] showed
a slight extension of lifespan; 3) Trx1 or Trx2 down-
regulation in Trx1KO or Trx2KO mice had little effect on
lifespan; 4) synergetic overexpression of Trx1 and Trx2
(TXNTg x TXN2Tg mice) resulted in a shorter lifespan
with accelerated tumor development; and 5) an ongoing
study using mice down-regulating Trx1 and Trx2 (Trx1KO
x Trx2KO) slightly extended lifespan and suppressed tu-
mor development in both males and females. These results
clearly indicate that synergetic changes (overexpression
or down-regulation) in Trx1 and Trx2 are required to have
significant impacts on longevity, although overexpression
or down-regulation of Trx1 or Trx2 alone showed various
molecular and cellular changes.

Considering the life-extending effects of overexpressing
Trx1 or Trx2 alone (only in the earlier part of lifespan
by Tg(TXN)" mice or slight extension of lifespan by
Tg(TXN2)" mice), the shorter lifespan and accelerated
tumor development observed in TXNTg x TXN2Tg mice
were unexpected results. TXNTg x TXN2Tg mice showed
several signaling/molecular changes, i.e., lower phosphor-
ylated ASK1, and increased succinate, HIF-1a, and NF-
kB p65 levels compared to WT mice, which could play
important roles in promoting age-related cancer develop-
ment, possibly leading to a shorter lifespan [29].

These unexpected but very intriguing results led us to
question whether synergetic down-regulation of Trx1 and
Trx2 affects aging and age-related pathology in mice.
Trx1KO x Trx2KO mice showed an approximately 10%
and 9% extension of median lifespan in male and female
mice, respectively, compared to WT littermates. The pre-
liminary cross-sectional pathological analysis showed that
the severity of lymphoma and disease burden were signifi-

cantly lower in Trx1KO x Trx2KO mice compared to WT
mice. These data indicate that down-regulation of Trx in
both the cytosol and mitochondria has anti-cancer effects,
which could be one of the major contributing factors to
slight lifespan extension, although these mice could have
a potential increase in oxidative stress. These unexpected
and opposite results observed in both TXNTg x TXN2Tg
and Trx1KO x Trx2KO mice led us to the following ques-
tion: why did Trx down-regulation in both the cytosol and
mitochondria reduce cancer and have a slight extension of
lifespan? We are currently conducting experiments to seek
the underlying mechanisms that reduce genomic instabil-
ity and tumor development by enhanced apoptosis and
autophagy as consequences of the changes in signaling
pathways by reduced Trx1 and Trx2.

The results of these studies, including the ongoing study
with Trx1KO x Trx2KO mice: 1) provide a major advance
in our understanding and new aspect of oxidative stress
and redox regulation on cancer and aging; 2) lead us to
identify the key pathways (i.e., apoptosis and autophagy)
that prevent accumulation of damaged cells/cellular dam-
age and genomic instability, leading to reduced cancer
formation; and 3) identify potential pharmacological
interventions (inhibition of Trx and/or downstream signal-
ing pathways) for new prevention and/or therapy targets
to attenuate age-related cancer development and extend
healthspan.
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