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termined whether this promoted insulin resist-
ance when injected into mice. Intraperitoneal
injection of insulin (0.5 Urkg) and purified
Klotho extracellular peptide (10 pg/kg, Fig.
2F) in wild-type male and female mice atten-
uated the hypoglycemic response expected
from insulin alone (Fig. 2G). Klotho peptide
alone rapidly increased blood glucose levels in
male wild-type mice and to a smaller extent in
females (Fig. 2H). However, Klotho peptide
imjection did not induce significant changes in
blood insulin and glucagon levels (fig. S4),
suggesting that Klotho peptide inhibits insulin
action directly in peripheral tissues.

To test whether Klotho antagonizes insulin at
receptive cells, we determined whether re-

combinant Klotho peptide would reduce ghicose
upiake by blocking insulin binding to the insulin
receptor. We measured cellular glucose uptake
n cultured myoblastic cells (L6) incubated with
or without insulin in the presence or absence of
100 pM of Klotho extracellular peptide. Klotho
peptide suppressed insulin-induced glucose
uptake by 55% without reducing the binding of
{1231 ] insulin to the cells (fig. S5). Thus, Klotho
does not appear to inhibit igand-binding to the
insulin receptor, suggesting that Kloiho may
block insulin action by disrupting one or more
alternative insulin-dependent intracellular sig-
naling pathways. Accordingly, we measured
the potential for [*2°[]-labeled Klotho to bind
directly to the cell swrface. Hepatoma cells
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Fig. 4. Rescue of aging-like phenotypes in KL=/~ mice by genetic intervention in insulin and IGF1
signaling. (A and B) Life-span extension in KL=/~ mice by reducing IRS-1 expression. KL=/~ mice
heterozygous for an IRS-1 null allele (/RS-7+/) lived longer than those without the mutation
(IRS-17+/+) bath in males (P =0.0005 by log-rank test) and females {P = 0.01 by log-rank test). [(C)
to (N)] Rescue of aging-like phenotypes in KL=/~ JRS-1+/~ mice at the histological level. Typical
findings from four 8-week-old males of each genotype are shown. (C and D) Aorta (von Kossa
staining). Calcification of arterial walls [black deposits in (C)] was decreased in KL=/~ /RS-7+/~
mice (D). (E and F) Kidney (von Kossa staining). Calcification of small arteries and renal tubules
[black deposits in (E)] was decreased in KL/~ JRS-7+/~ mice (F). (G and H) Stomach (von Kossa
staining). Ectopic calcification in gastric mucosa and small arteries [black deposits in (G)] was
alleviated in KL=/~ JRS-7*+/~ mice (H). (1 and J) Cross-sections of the skin. Hematoxylin-eosin (HE)
staining. Reduction in epidermal layer (e) thickness observed in KL~/ mice (1) was improved and
subcutaneous fat (s) was restored in KL=/~ /RS-1*/~ mice (J). (K and L) Lung (HE staining).
Emphysematous changes, including enlargement of air spaces and destruction of the normal
alveolar architecture were observed in KL=/~ mice (K), but were alleviated in KL=/~ IRS-7+/~ mice
(L). (M and N) Testis (HE staining). Seminiferous tubules were atrophic and no mature sperm was
observed in KL=/~ mice (M). Spermatogenesis was restored in KL=/~ [RS-7+/~ mice (N). All panels
were shown in the identical magnification {x200). Scale bar, 200 pm.

bound [!*3]] Klotho in a dose-dependent
manner and satwrated when the total Klotho
concentration exceeded 600 pM, and unlabeled
Klotho peptide inhibited the binding of [29]
Klotho (fig. S6). Together, these observations
suggest that cells present a receptor at their
surface other than the insulin receptor that
binds to the Klotho peptide.

Klotho inhibits intracellular insulin
and IGF1 signaling. Because membrane-
bound Klotho peptide st inhibit ligand acti-
vation of the insulin receptor within the cells, we
investigated the influence of Klotho on insulin
receptor signal transduction (25, 26). We in-
cubated L6 cells or rat hepatoma cells (H4IIE)
with recombinant Klotho peptide and insulin
(10 nM) or IGF1 (10 nM). Klotho peptide did
not inhibit the binding of ['2*I] insulin or
[**I] IGF1 (fig. S5) bui suppressed ligand-
stimulated autophosphorylation of insulin
and IGF1 receptors in a dose-dependent man-
ner (Fig. 3, A and B). Additionally, Klotho
reduced activation of signaling events down-
stream of receptor activation, including tyrosine-
phosphorylated isulin receptor substrate (IRS) 1
and 2, the association of the subunit of
phosphoinositide 3-kinase p85 with IRS proteins
(Fig. 3, A and B). Because the inhibitory effect
of Klotho on insulin signaling was observed as
early as 1 niin afler insulin stinmlation (Fig. 3C),
the decline in tyrosine-phosphorylated insulin
and IGF1 receptors is unlikely due siniply to the
loss of receptors. Notably, Klotho peptide can
mactivate active insulin receptors thal were
previously tyrosine phosphorylated by insulin
stimulation. In HAIIE cells that were exposed to
10 nM insulin before adding Klotho pepiide,
Klotho suppressed tyrosine phosphorylation of
the insulin receptor (Fig. 3D). We observed a
similar effect on IGF1 receptor autophospho-
rylation in L6 cells with IGF1 before adding
Klotho peptide (9). Importantly, the inhibitory
effect of Klotho on autophosphorylation of re-
ceptor tyrosine kinases is specific. We observed
no inhibitory effect of Klotho on the epidermal
growth factor receptor and the platelet-derived
growth factor receptor (fig. S7). Overall, Klotho
appears to inhibit activation of the insulin and
IGF1 receptor and o repress activated insulin
and IGF1 receptors. Whether Klotho peptide
functions by accelerating removal of tyrosine
phosphorylation from the activated insulin recep-
tor remains to be determined.

Inhibition of insulin and IGF1 signaling
rescues KL=/~ phenotypes. Ifthe ability of
Klotho to inhibit insulin and IGF1 signaling
extends survival by retarding senescence, in-
dependent manipulations to inhibit insulin
and IGF1 signaling may ameliorate some of
the aging-like phenotypes in KL=~ mice.
Accordingly, we crossed a loss-of-function
mutation of IRS-1 into the KL~ ~ mice (27).
Swrvival was improved in KL~ mice het-
erozygous for an IRS-1 null allele (KL=~
[RS-1+7) relative to KL~ control mice
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(Fig. 4, A and B). In addition, K=/~ IRS-1+'~
nuice ameliorated many age-related patholo-
gies typical of KL~'~ mice, including arterio-
sclerosis, ectopic calcification, skin atrophy,
pulmonary empliysema, and hypogonadism
(Fig. 4, C to N). Heterozygosity of IRS-1
alone (KL++ IRS-1*+'~ littermates) appears o
have no effect on survival and the age-
progressive degeneration when compared with
those factors in wild-type littermates during
these experiments (9).

Conclusion. We previously reported that a
defect in Klotho gene expression leads to a
syndrome that may resemble premature aging
(I). Here, we show that overexpression of
Klotho can extend life span, and we suggest
that Klotho functions as an aging suppressor
gene in mammals. We found that the extra-
cellular domam of Klotho protem circulates in
the blood and binds to a putative cell-surface
receptor. Klotho has marked effects on insulin
physiology, apparently because it suppresses
tyrosine phosphorylation of insulin and IGF1
receptors, which results in reduced activity of
IRS proteins and their association with PI3-
kinase, thereby inhibiting msulin and IGF1
signaling. Extended life span upon negative
regulation of insulin and IGF1 signaling is an
evolutionarily conserved niechanism to sup-
press aging (28). Klotho appears to be a peptide

hormone to modulate such signaling and
thereby mediate insulin metabolism and aging.
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Gamma-ray burst (GRB) afterglows have provided important clues to the nature
of these massive explosive events, providing direct information on the nearby
environment and indirect information on the central engine that powers the
burst. We report the discovery of two bright x-ray flares in GRB afterglows,
including a giant flare comparable in total energy to the burst itself, each peaking
minutes after the burst. These strong, rapid x-ray flares imply that the central
engines of the bursts have long periods of activity, with strong internal shocks
continuing for hundreds of seconds after the gamma-ray emission has ended.

Gamma-ray bursts (GRBs) are the most power-
ful explosions since the Big Bang, with typical
energies around 107! ergs. Long GRBs (du-
ration > 2 s) are thought to signal the creation
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the fireball) lasting for several seconds 1o
minutes, followed by afterglow emission (from
external shocks as the fireball encounters
swrounding material) covering a broad range
of frequencies fiom radio through x-rays (5-7).
Because of the time needed to accurately
deterniine the GRB position, most afterglow
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