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We have recently identified a novel gene, klotho (kl), which may suppress several aging phenotypes. A defect of kI gene
expression in the mouse results in a syndrome resembling human aging, such as arteriosclerosis, skin atrophy, osteoporosis,
and pulmonary emphysema. To determine whether mouse homozygotes for the kI mutation (kl/kl) show abnormal glucose
metabolism, an oral glucose tolerance test (OGTT) was performed at 6 to 8 weeks of age. Blood glucose levels during the OGTT
were significantly lower in kl/ kI mice versus wild-type mice. The insulin content of the pancreas was significantly lower in kiI/ kI
mice compared with wild-type mice. Decreased insulin production was also supported by Northern blot analysis showing
lower levels of insulin mMRNA in kl/kl mice. To examine how lower blood glucose levels may exist in kl/kl mice despite
decreased insulin production, insulin tolerance tests (ITTs) were performed. The glucose decline following insulin injection was
more severe in kl/kl mice versus wild-type mice, suggesting that insulin sensitivity was higher in kl/kl mice versus wild-type
mice. In kI/kl mice, an augmented expression of GLUT4 in skeletal muscle was demonstrated by both Northern blot analysis
and Western blot analysis. Thus, we conclude that insulin production is decreased and insulin sensitivity is increased in the
klotho mouse, a novel animal model for human aging.

Copyright © 2000 by W.B. Saunders Company

SERIES OF REPORTS have shown that aging is associencodes a membrane protein that shares sequence similarity
ated with impaired glucose tolerance and type 2 diabetesvith the 3-glucosidase.
mellitus which may be caused by a decrease in insulin secretion The precise mechanism by which tkltho gene product
and an increase in insulin resistadéelhe reduction of insulin  suppresses the aging syndrome is still ill defined. In this study,
secretion with aging is attributed to a decreased responsivenesge sought to determine whether mutation of thlegene is
of the B cells to glucose stimulatioh? However, the exact associated with abnormal glucose metabolism and insulin
mechanisms by which insulin secretion decreases in olderesistance as found in aged subjects.
subjects remain ill defined because of a lack of a proper animal
model for human aging. MATERIALS AND METHODS
Recently, we have established a new animal model for h“ma'lxnimals
aging that expresses several aging phenotypes such as arterio- )
sclerosis, osteoporosis, skin atrophy, and pulmonary emphy- The mouse homozygote for thidotho mutation kI/kl) and the

_ _ N . ) _ e "
semé The klotho mouse was generated by an insertional heterozygc’te W/+) were used in this StUd.y The wild typﬁ(. )
liftermates were used as a control. All animals were maintained on

mutation ofa transgeng through generatlng transgenic mice th? gular rat chow and tap water in a specific pathogen—free facility at
overexprgss t.he rabbit t)/pe‘l sodium-proton exchanger. Th%unma University, and were cared for according to the guidelines for
transgenic mice that did not express the transgene wergnimal care of Gunma University.

independently mated to obtain any mutant mice that were

homozygous for the transgene-inserted allele. One of thesgyral Glucose Tolerance Test and Insulin Tolerance Test
mice, now termedklotho, exhibited several phenotypes resem-

. . An oral glucose tolerance test (OGTT) and intraperitoneal insulin
bling human aging. As reported, the novel gene was cloned ang)I J ( ) "

erance test (ITT) were performed after 8 hours and 2 hours of fasting,
respectively, at age 6 to 8 weeks. The OGTT was performed by oral

. administration of glucose (2 g/kg body weight) with determination of
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performed using anti-insulin antibody and anti-glucagon antibody,zZ=~ 250 "
respectively (Japan, Kyoto, Japan) as previously descfibed. o)
2 200 -
Measurement of Growth Hormone, Thyrotropin, g
and Corticotropin )
. _ ® 150 7
To determine the level of growth hormone (GH), thyrotropin (TSH), ©
and corticotropin (ACTH), blood samples were obtained after 8 hours g A
of fasting and these hormones were determined by RIA. 6 100
Expression of GLUT4 Protein in the Soleus Muscle 'g 50 a de
The soleus muscle was homogenized and subjected to centrifugatioe ’ f.g
for 10 minutes at 1,200< g (4°C) as reported by Klip et &P The o 0 Y ™ Y —
supernatant was used to assess GLUT4 by Western blot analysis as 0 30 60 120

previously describedt . .
Time (min)

Northern Blot Analysis of GLUT4 and Insulin
Fig 1. OGTT in kiI/kl mice. kl/kl mice demonstrate a hypoglycemic

Cellular total RNA_ was p're'pared from the soleus muscle andstate compared with kl/+ and +/+ mice. Results are the mean + SEM
pancreas by the acid guanidium phenol chloroform procedure agor 6 animals and were analyzed by 1-way ANOVA and multiple-
described previously Total RNA (10 pg) was denatured with formal-  comparison methods of Fisher’s PLSD. kI/kl v +/+, P < .01; bkl/+ v
dehyde, separated by 1.2% agarose gel electrophoresis, and transferred+, P < .01; ckl/kl v +/+, P < .01; Skl/kl v +/+, P < .01; ekl/kl v ki/ +,
onto a nitrocellulose filter. Th@®ral-Xba fragment of rat GLUT4 P < .01;'kl/klv+/+, P < .01;9kl/klvkl/+,P < .01. W, +/+;O, ki/+; ®,
cDNA (nucleotides 143 to 1947) and full-length rat proinsulin cDNA K//kl.
were labeled wit#2P, and hybridization of the filters with probes was
performed in 50% formamide,»5 SSC (IX SSC is 0.15 mol/L NaCl
plus 0.015 mol/L sodium citrate),>s Denhardt solution, 50 mmol/L  insulin content of the pancreas was significantly loweklif-
sodium phosphate buffer, pH 7.4, and 1% sodium dodecy! sulfate ayersus+/+ mice (P < .05). In contrast, the glucagon content of
42°C. The filters were washed and subjected to autoradiography. the pancreas was not significantly different among these 3
groups (Fig 2). The reduced insulin production in the pancreas
is supported by the Northern blot analysis (Fig 3). Histological

The data are presented as the meaBEM and were analyzed using findings showed that insulin-positigcells in the islets of the
the Statview 4.5 software package for Macintosh (Abacus Conceptspancreas were slightly diminished in number kitkl mice

Berkeley, CA). One-way ANOVA and Fisher's protected least- compared with+/+ mice, whereas glucagon-positivecells

significant difference (PLSD) test were performed for 3-group compari—seemed to be relatively increasedlfkl mice (Fig 4)
sons, and the Mann-Whitney test was used for 2-group comparisons.

P values less than .05 were statistically significant. The Klotho Mouse Demonstrates Increased Insulin Sensitivity

RESULTS To determine how lower glucose levels may existkirfkl
mice despite decreased insulin production, an ITT was per-
formed. Blood glucose irkl/kl mice immediately decreased
To determine glucose metabolism kirkl mice, an OGTT  after insulin administration and this hypoglycemic state was
was performed after 8 hours of fasting (Fig 1). At the age of 8maintained throughout the ITT at a dose of 0.05 U/kg, whereas
weeks, blood glucose at 0, 30, 60, and 120 minutes after thélood glucose levels ir-/+ mice did not significantly change
glucose load irkl/kl mice was 71.0+ 8.3, 116.7+ 9.9, 64.3+ at this insulin dose (Fig 5). When insulin was injected at a dose
8.3, and 44.5- 3.8 mg/dL, respectively (r 6 in each group).  of 0.1 U/kg, blood glucose ikl/kl mice declined immediately,
These were significantly lower than the values-i+ mice resulting in hypoglycemic coma or death, while levelstift-
(101.7+= 6.8, 202.8*= 16.6, 130.2- 15.5, and 105.2= 11.8  mice gradually decreased, suggesting enhanced insulin sensitiv-
mg/dL, respectively, &= 6). Also, blood glucose levels in ity in ki/kl mice compared with wild-type mice (data not
heterozygote i{|/+) mice were in an intermediate state and shown).
significantly higher at 60 and 120 minutes after the glucose load
versuskl/kl mice (n= 6). Plasma insulin levels ikl/kl mice ~ Measurement of GH, TSH, and ACTH
during the OGTT were too low to be detected constantly by a To determine whether low blood glucose kitkl mice is
conventional RIA using rat insulin as standard, although plasmaelated to the level of insulin counterregulatory hormones, some
insulin at 0, 30, 60, and 120 minutes after the glucose load irof the insulin counterregulatory hormones such as GH, TSH,
+/+ mice was 3.0t 0.1, 4.2+ 0.4, 3.4+ 0.3, and 2.6- 0.3  and ACTH were measured after 8 hours of fasting when blood

Statistical Analyses

The Klotho Mouse Demonstrates a Hypoglycemic State

ng/mL, respectively (= 6). glucose levels irkl/kl and wild-type mice were 60.% 7.8 and
) ) 109.0=+ 3.7 mg/dL, respectively. None of these hormones were
Reduced Insulin Production of the Pancreas lower inkl/kl mice versus wild-type mice (Table 1).

The insulin content of the pancreaskitkl mice was 34.3¢
3.3 mg/g pancreas, significantly lower verdds+ and +/+
mice (118.2+ 19.5 and 171.6- 15.8 pug/g pancrea®, < .01v To understand the increased insulin sensitivitklifkl mice,
kl/+ andP < .01v +/+, respectively, n= 6 per group), and the we examined GLUT4 expression in the skeletal musclil/af

GLUT4 Expression in Skeletal Muscle
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Fig 2. Insulin and glucagon content of the pancreas in kl/ kI mice. Insulin and glucagon were determined by RIA, and data are the mean + SEM
for 6 animals. Mean values for insulin and glucagon were compared with 1-way ANOVA and PLSD. The insulin content of kl/kl mice was
significantly lower v kl/+ and +/+ mice. 2kl/kl v +/+, P < .01; *kl/kl v kl/+, P < .01; °kl/+ v +/+, P < .05. In contrast, the glucagon content of the
pancreas was not significantly different in these 3 animals.

mice. Northern blot analysis using rat GLUT4 cDNA as a proberats show a decrease in insulin secretion although the islets are
showed that the abundance of GLUT4 mRNA was increased ilarge, the number of cells per islet is high, and the insulin
the soleus muscle dl/kl mice compared withl/+ and +/+ content in the islet is high in these old anim#i4® Several
mice (Fig 6). In immunoblot analysis, GLUT4 protein was also studies using animal models for type 2 diabetes, such as the GK
increased in the soleus musclekttkl mice compared withl/+ rat'” and the Akita mousé& have shown that not only is insulin
and +/+ mice, when an equal amount of total membranesecretion impaired but pancreati cells are decreased in
protein was applied to each lane (Fig 7). number and the insulin content of the pancreas is low in these
animals. Thus, the&lotho mutant mouse could be the first
DISCUSSION non-obese animal model for decreased insulin production
In this study, we used tHdothomutant mousek{/kl), anovel  coexisting with human aging—related disorders.
animal model for human aging, to examine the hypothesis thata The precise mechanisms by whiklkl mice have a reduc-
mutation of theklotho gene product leads to abnormal glucose tion in the insulin production of the pancreas remain ill defined
metabolism and insulin resistance. We have demonstrated thaéecause th&lotho protein has not been completely character-
kl/kl mice have decreased insulin production in the pancreas anided yet. At the present time, there are several possible
increased insulin sensitivity. mechanisms. First, thdothogene product may have insulino-
Human studies have shown that insulin secretion decreasdsopic actions. Histological studies demonstrate that pancreatic
with aging, which is attributed to a decrease in glucose-a cells seem to be unaffected, and the glucagon content of the
stimulating insulin releas®:4 In animal studies as well, old pancreas was not different betweeri+ and ki/kl mice. In

-28S

-18S

mRNA

Fig 3. Northern blot analysis
| |1 | of insulin mRNA for the whole
pancreas in klI/kl mice. Expres-

L |
+/ + k’/ + kl/ kl i’il?: g;;nit;inr:??el\.m was low v
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Fig 4. Histological findings in Vo IR
pancreatic islets of kI/kl mice at m%}%ﬁ%%ﬁ*gﬁg D.» : -
age 8 weeks. A and C, hematoxy- LGl {‘5‘,’-’"1},.!_‘ ‘@% 5
lin and eosin staining of an islet 'n‘;_t;,:;
of the pancreas from +/+ or el
kl/kl mice, respectively. B and D, ¥

immunostaining with anti-insu-
lin and anti-glucagon antibodies,
respectively. Insulin-positive B

i
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cells are relatively few in ki/kl -&%‘&—
mice, whereas glucagon-posi- ¢‘-='\§.;

tive a cells are relatively in-
creased in klI/kl mice. Original
magnification x200.
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contrast, serum insulin and the insulin content of the pancreagousklothomice® Since microvasculature forms the infrastruc-

are remarkably low, suggesting that tki®tho protein could
specifically regulate the differentiation @& cells among the
other endocrine cells in the pancreas. Secondkltthoprotein
may preserve the function of pancreaficcells through an
improvement of vascular endothelial function. As reported,

ture of anislet of the pancreas and each islet cell is faced to both
arterial and venous capillariésjt is possible that decreased
B-cell function inkl/kl mice is due to an impaired function of
capillary endothelial cells in the islets. Third, reduced insulin
production inkl/kl mice may result from increased insulin

nitric oxide production is impaired and the vasodilator responsesensitivity. Exercise training leads not only to enhanced insulin

of the arteries to acetylcholine is attenuatedklfkl micel®
Moreover, parabiosis of wild-type and heterozygddstho

sensitivity via an increase in GLUT4 expression in skeletal
muscle but also to a reduction in insulin secrefidmhe insulin

mice results in a restoration of endothelial function in heterozy-requirement to maintain blood glucose is reduced in subjects
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Fig 5. Intraperitoneal ITT in kl/kl mice. Insulin sensitivity was high

in kl/kl' mice v kl/+ and +/+ mice. Results are the mean * SEM for 6
animals and were analyzed by 1-way ANOVA and multiple-compari-
son Fisher’'s PLSD. 2kl/kl v +/+, P < .01; ®kl/+ v +/+, P < .01; ¢kl/+ v
+/+, P < .01;9i/klv+/+, P < .01;¢kl/kl v kI/+, P < .01; tkl/+ v +/+,
P < .01; 9kl/kl v +/+, P < .01; "ki/kl v kl/+, P < .05; kl/+ v+/+, P <
.0L;ikl/klv +/+, P < .01; kkl/+ v +/+, P < .01; 'klkl v +/+, P < .01. I,
+/+; 0O, ki/+; @, kI/K.

after exercis&? However, this possibility is unlikely, because
kl/kl mice did not show hyperactivity compared wkh+ and
wild-type mice. The fourth possibility is that hypoglycemia
provides a reduced stimulation fcells of the pancreas. As
previously reported, glucopenia results in a decrease in endog-
enous insulin secretiof.Moreover, hypoglycemia produces a
decrease in insulin gene expression but an increase in glucagon
gene expressiotf.

Blood glucose inkl/kl mice was maintained at low levels
throughout the OGTT. This glucopenia was not due to hyperin-
sulinemia or low levels of insulin counterregulatory hormones.
As demonstrated in this report, serum insulin and the insulin

Table 1. Serum GH, TSH, and ACTH in kl/kl and +/+ Mice

Variable kil/kl +/+ P
GH (ng/mL) 15.5 * 2.5 (4) 10.0 = 1.4 (5) 086
TSH (ng/mL) 2.4 =05 (4) 2.1+ 0.3 (5) 902
ACTH (pg/mL) 88.0 = 11.5 (3) 46.3 + 17.3 (3) 127

NOTE. GH, TSH, and ACTH in serum were analyzed by RIA after 8
hours of fasting when blood glucose in kl/kl and wild-type mice was
60.5 = 7.8 and 109.0 3.7 mg/dL, respectively. None of these
hormones were lower in kl/kl v wild-type mice. The number of mice is
shown in parentheses.

+
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... Fig 6. Northern blot analysis
for GLUT4 expression in skeletal
L . muscle of kl/kl mice. Expression

+/+ k’/+ kl/kl of GLUT4 mRNA was increased v

kl/+ and +/+ mice.

content of the pancreas were lowktikl mice, suggesting that kidney was normal except for calcification of the small arteries
insulin-independent processes for glucose uptake could contritin the kidney? On the other hand, the expression ld6tho

ute to the lower glucose levels observedifkl mice. Glucose = mRNA is predominantly high in the kidney among different
disposal occurs by both an insulin-dependent process and agssues in mice, rats, and humargoreover, the expression of
insulin-independent process that interacts with insulin sensitivi|othomRNA was significantly low in the kidney of the Otsuka
ity in the pt_aripheral tissu® On the other hand, the levels of Long-Evans Tokushima fatty rét,an animal model for type 2
some insulin counterregulatory hormones such as GH, TSHgjighetes mellitus and diabetic nephropathifrom these stud-
and ACTH were similar to those in wild-type mice. From these joq - yne would suspect that in diabetic patients with chronic

_observatlops, g_lucoper_u.a_ /Kl mice COUl.d. t_)e attributed to renal dysfunction, th&lothogene product could be diminished,
increased insulin sensitivity. Insulin sensitivity was evaluated o . . L

. ; . o resulting in the development of systemic arteriosclerosis in
by ITTs as previously reportedWhen insulin was injected at a these patients

dose of 0.1 U/kg, blood glucose kikl mice declined immedi- . .

ately, resulting in hypoglycemic coma or death, while blood I_n conclusion, theklothomuta}nt mouse |s§novel non-obes.e

glucose in+/+ mice gradually decreased, suggesting increaseci‘lmm_al_mOd?I for decreaged insulin sepreﬂon and productpn

insulin sensitivity inkl/kl mice. This increased insulin sensitiv- CO€Xisting with human aging—related diseases. Further studies

ity is explained in part by the increased expression of GLUT4 into characterize thklotho protein show promise in understand-

the skeletal muscle &i/kl mice. ing the relationship between aging and glucose metabolism.
The hypoglycemic condition is not uncommon in diabetic

patients with advanced renal dysfunction, and may be associ-

ated with a decrease of caloric intake, a prolonged clearance of

insulin, and a reduction of renal gluconeogen&si®enal ACKNOWLEDGMENT
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Fig 7. Western blot analysis
for GLUT4 expression in skeletal
muscle of kI/kl mice. Expression

of GLUT4 protein in the soleus 1 1 L 11 | |, |
muscle was increased in ki/kl / k’/‘!‘ kl/kl / k’/‘f‘ k’/k‘l
mice v kl/+ and +/+ mice. +/+ +/+
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