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08 [O787T thomozygotes, TT) (n=128)
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787C F 7213 787T @ TNSALP =TI
DNWTHHARY #—%Ef L, COS7Hla
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Insulin, estrogen, and dietary signals cooperatively regulate the longevity signals in mice.
Takahiko Shimizu, Tomonori Baba, Takuji Shirasawa

Department of Molecular Gerontology, Tokyo Metropolitan Institute of Gerontology
35-2 Sakae-cho, Itabashi-ku, Tokyo 173-0015, JAPAN

Summary

To investigate the biological significance of longevity mutation found in daf-2 nematode, we generated the
homologous murine model by replacing Pro-1195 of insulin receptors with Leu by targeted knock-in strategy.
Under 80% oxygen, mutant female mice survived 33.3% longer than wild type female mice while mutant
male mice survived 18.2% longer than wild type male mice. These results suggested that mutant mice ac-
quired more resistance to oxidative stress, but the benefit of longevity mutation was more pronounced in fe-
males than males. Manganese superoxide dismutase activity in mutant mice was significantly up-regulated,
suggesting that the suppressed insulin signaling induces an enhanced antioxidant defense system. To ana-
lyze the molecular bases of gender difference, we administered estrogen to mutant male mice. The result
showed the extended survival of male mice under 80% oxygen. On the contrary, mutant and wild type fe-
male mice failed to show enhanced survivals when their ovaries were removed, suggesting that estrogen
modulate insulin signaling to attribute to the longevity phenotypes. Furthermore, we showed the additional
extension of survival rate in oxidative condition when their diet was restricted. Collectively, we show that 3
distinct signals; insulin, estrogen, and dietary signals work in independent and cooperative way to enhance

the resistance for oxidative stress in mice.

Key words: Insulin signaling, oxidative stress, estrogen, dietary restriction, longevity
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coq7/clk-1 regulates mitochondrial respiration and the
generation of reactive oxygen species via coenzyme Q

Daisuke Nakai, " Takahiko Shimizu,' Hidetoshi Nojiri,"
Satoshi Uchiyama, ' Hideo Koike," Mayumi Takahashi,'
Katsuiku Hirokawa® and Takuiji Shirasawa'

"Department of Molecular Gerontology, Tokyo Metropolitan
Institute of Gerontology, Itabashi-ku, Tokyo, 173-0015, Japan
Department of Pathology and Immunoclogy, Aging and
Developmental Science, Graduate School, Tokyo Medical and
Dental University, Bunkyo-ku, Tokyo, 113-8519, Japan

Summary

coq7/ctk-1 was isolated from a long-lived mutant of
Caenorhabditis elegans, and shows sluggish behaviours
and an extended lifespan. In C. elegans and Saccharomyces
cerevisiae, coq7/clk-1 is required for the biosynthesis of
coenzyme Q (CoQ), an essential co-factor in mitochondrial
respiration. The clk-7 mutant contains dietary CoQ; from
Escherichia coli and demethoxyubiquinone 9 (DMQ9)
instead of CoQ,. In a previous study, we generated COQ7-
deficient mice by targeted disruption of the coq7 gene and
reported that mouse coq7/cik-1 is also essential for CoQ
synthesis, maintenance of mitochondrial integrity and
neurogenesis. In the present study, we rescued COQ7-
deficient mice from embryonic lethality and established
a mouse model with decreased CoQ level by transgene
expression of COQ7/CLK-1. A biochemical analysis showed
a concomitant decrease in CoQ,, mitochondrial respiratory
enzyme activity and the generation of reactive oxygen
species (ROS) in the mitochondria of CoQ-insufficient
mice. This implied that the depressed activity of respirat-
ory enzymes and the depressed production of ROS may
play a physiological role in the control of lifespan in
mammalian species and of C. elegans.

Key words: cog7/clk-1, coenzyme Q, mitochondrial respira-
tion, reactive oxygen species.

Introduction

clk-1 is one of the longevity mutants discovered in Caenorhab-
ditis elegans. This mutant shows an extended lifespan, delayed
embryonic and postnatal development, and slow behaviours
such as retarded defecation, swimming and pharyngeal pumping
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(Wong etal., 1995; Lakowski & Hekimi, 1996). The primary
sequence of the causal gene, c/k-1, is conserved through evo-
lution among various species ranging from yeast to mammails
(Asaumi et al., 1999; Ewbank et al., 1997, Vajo et al., 1999).
Sequence homology showed that c/k-7 is the mammalian ortho-
logue of yeast cog7/cat5 and this plays an essential role in the
biosynthesis of coenzyme Q (ubiguinone, CoQ) (Fig. 1) (Marbois
& Clarke, 1996). CoQ transfers electrons from complex | to com-
plex Ill, or complex Il to complex Iil, in the mitochondrial inner
membrane (Do et al., 1996). Previous studies demonstrated that
the majority of superoxide (O;—) is generated at the CoQ site in
the mitochondrial respiratory chain (Lass et al., 1997). Reactive
oxygen species (ROS) such as 0, , OH", H,0, and ONOQ"™ are
endogenous substances harmful to macromolecules such as
DNA, lipids and proteins, damage to which eventually limits the
lifespan of animals (Sohal & Weindruch, 1996). CoQ presents
the characteristic structure of a redox-active quinone with a
variable number of isoprene units, ranging from seven to 12
depending on the animal species. For example, in C. elegans
and rodents, CoQq is the dominant form, whereas CoQ,q is the
dominant form in other mammals such as bovines and humans
(Lass et al., 1997; Jonassen et al. 2001) showed that clk-1
mutant worms failed to produce endogenous CoQg, but instead
absorbed exogenous CoQg from dietary £ coli Clk-1 mutant
worms, and then accumulated demethoxyubiguinone 9 (DMQy),
the precursor of CoQ,, because the mutants cannot catalyse the
conversion from DMQq to CoQ, (Fig. 1). Therefore, it is not
surprising that the clk-7 mutant fails to develop when dietary
CoQ, was removed by supplying them with CoQ-deficient E. coli
(Jonassen et al., 2001). In this context, the deficiency of CoQ,
confers extended lifespan to C. elegans under conditions where
the dietary CoQy is just sufficient for the worm’s development
and survival. It is interesting, then, to note that COQ7-deficient
mice, which exhibited an abnormal accumulation of DMQ,, Tail
to grow beyond embryonic day 10.5 (Nakai et al., 2001). Overall,
the data provide only limited support for the possibility that DMQ,
functions as an electron messenger to support the development
and survival in C elegans and mice. Conversely, wild-type
C. elegans showed an extended lifespan when dietary CoQg was
removed (Larsen & Clarke, 2002). Therefore, a reduced level of
CoQ in mitochondria may extend the lifespan of C. elegans.

In this study, we successfully rescued COQ7-deficient mice
from embryonic lethality by exogenous expression of c/k-7 in
transgenic mice. interestingly, the rescued COQ7-deficient mice
showed a decreased level of CoQ in the kidney, and we further
showed a significant correlation between the mitochondrial
enzyme activities and ROS production in the model mice. The
results imply that this model system may shed light on the
biochemistry of lifespan in mammals.
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Results

COQ7-transgene rescues the embryonic lethality of
COQ7-deficient mice

To rescue the embryonic lethality of COQ7-deficient mice, we
generated prion promoter-driven COQ7/CLK-1 transgenic mice
(Fig. 2A). This prion promoter is capable of driving low levels
of transgene expression in various tissues, with the highest
expression occurring in the brain and heart (Borchelt etal,,
1996). We therefore assumed that the brain and heart were
essential to the rescue from embryonic lethality.

To generate Tg mice with a cog7-/— background, we crossed
coq7+/— mice with COQ7 Tg mice. Subsequently, cog7+/~ mice
expressing the COQ7 transgene were crossed with coq/7+/-
mice (Fig. 2B). COQ7-deficient mice were successfully rescued
from embryonic lethality by intercrossing with two independent
transgene lines, Tg23 and Tg96. COQ7-deficient mice were
born following Mendelian rules and grew without obvious
abnormalities; there were no differences in body weight at the
age of 8 weeks among coq7+/+ mice with COQ7 Tg, coq7—/-
mice with COQ7 Tg and wild-type mice (data not shown). West-
ern blot analysis indicated that Tg23 exhibited a lower COQ7
expression and Tg96 exhibited a higher COQ7 expression in
various tissues (Fig. 20). Immunohistochemical studies also indi-
cated that transgenic COQ7 expression in the kidneys of Tg96
mice was comparable with that of endogenous COQ7 in the
kidneys of wild-type mice. Although COQ7 Tg expression in the
kidney is controlled by the prion promoter, the localization of
transgenic COQ7 is indistinguishable from that of endogenous
C0OQ7 (data not shown).

Rescued mice showed decreased CoQq

To investigate whether COQ7 transgene expression rescues
CoQ, deficiency in COQ7-deficient mice, we measured the
amount of CoQq, CoQ,, and DMQ, (hereafter called quinones)

5-hydroxy-ubiquinone 9

Fig. 1 Pathway for the biosynthesis of CoQy,.
The proposed pathway for CoQq biosynthesis in
eukaryotes is as previously described (Marbois &
Clarke, 1996). COQ7/CLK-1 is essential for the step
in which demethoxyubiquinone 9 (DMQ) is
hydroxylated at the 5-position and converted to
5-hydroxy-ubiquinone.

Table 1 Quantities of quinones in the kidneys and liver of Tg96 and Tg23
mice

n COQg DMQQ CQQm
Kidney
wWT 4 3.04+0.24 n.d. 0.51+0.13
Tg96 4 1.81£0.44* 0.60+0.23 0.41 £0.11
WT 4 2.72£0.62 n.d. 0.46 £ 0.14
Tg23 3 2.10+£0.34 0.36+0.20 0.30+£0.11
Liver
WT 4 0.59%£0.14 n.d. 0.015 £0.004
Tgo6 4 0.52 £0.05 n.d. 0.014 £0.002
WT 4 0.44+0.13 n.d 0.015 £0.009
Tg23 4 0.42 £0.16 0.021 £0.016 0.013 £0.006

Values indicate nmol {mg protein)™. The standard deviation represents
differences hetween analytical mice.
*P < 0.05 when compared with wild-type mice; n.d., not determined.

in various tissue homogenates of Tg23 and Tg96 mice using
HPLC. In reverse-phase HPLC of quinones from kidney mito-
chondria, extracts from Tg23 and Tg96 mice, as well as wild-
type mice, yielded a major peak at 16.1 min and a minor peak
at 23.2 min, corresponding to CoQg and CoQ,,, respectively
(Fig. 3).

In total homogenates from the kidneys of Tg36 mice, the
amount of CoQq (1.81 % 0.44 nmol mg™" protein) was signi-
ficantly depressed by 60% compared with wild-type mice
(3.04 £ 0.24 nmol mg“1 protein), and the amount of CoQ,q was
slightly depressed (0.41+0.11 vs. 0.51 £ 0.13 nmol mg™' pro-
tein) (Table 1). Although the precise validation of the quantified
CoQq would need the internal standard in the extraction process
as described previously (Jonassen et al., 2001), the standard
deviation observed among samples from wild-type animals
(Table 1) suggested negligible variations in the recovery of CoQq
in this assay. In the kidneys of Tg23, the amounts of CoQq or
CoQ,, in the mutant mice were not significantly different as
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Fig. 2 Generation of COQ7 transgenic mice.

(A) Schematic presentation of the mouse cog7
knock-out targeting vector and mouse cog7
transgenic construct. In the targeting vector, exons
from the cog7 genome are indicated by closed
boxes, and the open boxes indicate the neomycin
resistance cassette (Neo) and HSV-TK gene. The bar
(*) indicates the fragment of cog7 mutant allele
used for PCR amplification. In the transgenic
construct, mouse cog7 cDNA was cloned into the
mouse prion promoter construct (Borchelt et al.,
1996). Closed boxes represent mouse COQ7
¢DNA, and open boxes are exon sequences of the
prion. The bar (**) indicates the fragment used for
PCR amplification. N; Notl. (B) Genotypic analysis
of COQ7-deficient mice with the COQ7 transgene.
The genotypes of cog7/clk-1 were confirmed by
PCR (upper panel) (Nakai et al., 2001). The COQ7
transgene was confirmed by PCR with the
COQ7-transgene-specific primers (lower panel)
as described in the Experimental procedures.

coq7/clk-1 +/+
Tg coq7

brain
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1kb

“PCR™
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(C) Western blot analysis of COQ7-deficient mice
with the COQ7 transgene. Tissue extracts (40 pg)
were separated on 15% polyacrylamide-gel and
COQ7 proteins were analysed by anti-mouse cog7/
clk-1 antibody. The 22-kDa molecule is recognized
by anti-mouse cog7/clk-1 antibody. Rescued
COQ7-deficient mice showed detectable COQ7
expression in the brain, liver and kidneys.
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Table 2 Quantities of quinones in the kidneys and liver mitochondria of Tg96
and Tg23 mice

n CoQy DMQyq CoQyg

Kidney

WT 5 4.39+£0.80 n.d. 0.80x0.10

Tg96 5 2.29+£0.79* 1.16 £0.49 0.55+0.25

WT 3 4.77 £0.19 n.d. 0.88+0.17

Tg23 3 4.65+1.01 1241018 0.93£0.21
Liver

WT 10 1.24 £0.19 n.d. 0.04 +0.01

Tg96 10 0.95+0.37** n.d. 0.03 +£0.01

Values indicate nmol (mg mitochondrial protein)". The standard deviation
represents differences between analytical mice.
*P < 0.005, **P < 0.05; n.d., not determined

compared with wild-type mice (Table 1). In the liver of Tg96 and
Tg23 mice, the amounts of CoQq or CoQ,, were not significantly
different as compared with wild-type mice (Table 1).

We next measured the amounts of quinones in the kidney
and liver mitochondria of Tg23 and Tg96 mice (Table 2). In

s

WT Tg23 Tg96 WT Tg23 Tg96 WT Tg23 Tg96

# < coaQr

«— GAPDH

mitochondria from the kidney of Tg96 mice, the amount of
CoQy (2.29 % 0.79 nmol mg™ protein) was significantly depressed
by 52% compared with the wild-type (4.39 % 0.80 nmol mg™'
protein), and the amount of CoQ,, was slightly depressed
(0.55 + 0.25 vs. 0.80 + 0.10 nmol mg™" protein) (Table 2). In the
mitochondria of kidney from Tg23 mice, the amount of CoQq
or CoQ,, was not significantly different (Table 2). In the mito-
chondria of liver from Tg96 mice, the amount of CoQ, was
significantly depressed (0.95 + 0.37 vs. 1.25 +0.19 nmol mg™’
protein), but the amount of CoQ,, was not significantly differ-
ent (Table 2). These data indicate that the transgenic expression
of COQ7 rescues CoQ, deficiency in mitochondria, but only
partly rescues that found in the kidney and liver of Tg96 mice.

Accumulation of DMQ, in rescued COQ-deficient mice

We previously reported that COQ7-deficient mice fail to syn-
thesize CoQq, but instead yield DMQq (Nakai ef al,, 2001). In
HPLC, the mitochondrial fraction from the kidneys of Tg23 and
Tg96 mice yielded additional peaks at 14.7 min (Fig. 3, Table 2).
Mass spectrometric analysis of these peaks revealed that they
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Fig. 3 Reverse-phase HPLC of CoQ from kidney mitochondria of Tg23, Tg96
and wild-type mice. The standards, CoQq and CoQ,q, are shown in the upper
panel. The two peaks, from Tg23 or Tg96 mice, appeared 1.4 min earlier
than that for CoQg. Using mass spectrometric analysis, this additional peak
at 14.7 min (arrowhead) was found to be identical to DMQ, (Nakai et a/,,
2001). The CoQq peak area in Tg96 is less than that of wild-type and Tg23
mice. One hundred micrograms of mitochondrial protein was used in each
experiment.

represent DMQq (Nakai et al., 2001). Liver homogenates of
Tg23 also demonstrated this peak, although that of Tg96 did
not (Table 1). In mitochondria from Tg96 and Tg23 kidneys, a
large amount of DMQ, was present, whereas in mitochondria
from the liver of Tg96 DMQq was not found (Table 2). These
results indicate that DMQqg accumulated in mitochondria of
rescued COQ7-deficient mice.

Rescued mice with a depressed CoQ, content show
lower mitochondrial respiratory activities

To investigate whether transgene expression of COQ7 rescues
mitochondrial functions in COQ7-deficient mice, mitochondrial
enzyme activities requiring CoQ as an electron transporter
(CoQ-responsive respiratory enzyme) were assayed in Tg23 and
Tg96 mice. The enzyme is succinate-cytochrome ¢ reductase
{complex it + i), which uses succinate as a substrate. Succinate-
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Fig. 4 Enzymatic activities of mitochondria in rescued mice. (A) Activities
of respiratory chain enzymes in the kidneys of Tg96 mice. Enzyme activities
are shown as nmol of the electron acceptor (cytochrome ¢) min™ mg™'
mitochondrial protein. Succinate-cytochrome ¢ reductase activities in the
kidneys of Tg96 mice decreased significantly (*P < 0.05). Error bars represent
the standard deviation. (B) Activities of succinate-cytochrome ¢ reductase in
the kidneys of Tg23 mice. There was no significant change in enzyme
activities, (C) Activities of succinate-cytochrome ¢ reductase in the liver of
Tg96 mice. There was no significant change in enzyme activities.

cytochrome ¢ reductase activity in the kidneys of Tg96 mice
was significantly depressed compared with that of wild-type
mice (533.9 £ 82.0 vs. 396.8 +62.3 nmol min~' mg™" protein)
(Fig. 4A). Mitochondria from the kidneys of Tg23 mice showed
no changes in enzyme activity (Fig. 48). Mitochondria from the
liver of Tg96 mice also showed no changes in enzyme activity
(Fig. 4C). These results suggest that kidney mitochondria with
a lower CoQ, content exhibit reduced succinate-cytochrome ¢
reductase activity.

To understand further the relationship between quinones and
respiratory chain enzyme activity, we evaluated the correlation
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