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Apoptosis is the major cause of death of insulin-producing
b-cells in type 1 diabetes mellitus (T1DM). Klotho is a re-
cently discovered antiaging gene. We found that the
Klotho gene is expressed in pancreatic b-cells. Interest-
ingly, halplodeficiency of Klotho (KL+/2) exacerbated
streptozotocin (STZ)-induced diabetes (a model of T1DM),
including hyperglycemia, glucose intolerance, diminished
islet insulin storage, and increased apoptotic b-cells.
Conversely, in vivo b-cell–specific expression of mouse
Klotho gene (mKL) attenuated b-cell apoptosis and pre-
vented STZ-induced diabetes. mKL promoted cell adhesion
to collagen IV, increased FAK and Akt phosphorylation,
and inhibited caspase 3 cleavage in cultured MIN6 b-cells.
mKL abolished STZ- and TNFa-induced inhibition of FAK
and Akt phosphorylation, caspase 3 cleavage, and b-cell
apoptosis. These promoting effects of Klotho can be abol-
ished by blocking integrin b1. Therefore, these cell-based
studies indicated that Klotho protected b-cells by inhib-
iting b-cell apoptosis through activation of the integrin
b1-FAK/Akt pathway, leading to inhibition of caspase 3
cleavage. In an autoimmune T1DM model (NOD), we
showed that in vivo b-cell–specific expression of mKL
improved glucose tolerance, attenuated b-cell apopto-
sis, enhanced insulin storage in b-cells, and increased
plasma insulin levels. The beneficial effect of Klotho
gene delivery is likely due to attenuation of T-cell infil-
tration in pancreatic islets in NOD mice. Overall, our
results demonstrate for the first time that Klotho pro-
tected b-cells in T1DM via attenuating apoptosis.

Although type 1 diabetes mellitus (T1DM) affects 0.5% of
the population in the developed countries (1), there is no
cure for the devastating disease. The insulin replace-
ment therapy remains the only choice for T1DM, which

is susceptible to failure for appropriate control of blood
glucose levels. T1DM results from immune-mediated de-
struction of the insulin-producing pancreatic b-cells (2). It
has been estimated that at the time of diagnosis, patients
with T1DM suffer from ;60–80% reduction in b-cell
mass (3). It has been shown that b-cell apoptosis causes
a gradual b-cell depletion in rodent models of T1DM (4).
Both direct cytotoxic (T-cell mediated) and indirect cytokine-
dependent (e.g., tumor necrosis factor-a) mechanisms are
considered to be responsible for b-cell apoptosis (5). Thus,
one of the goals in preventing T1DM is to preserve b-cells
from apoptosis.

Klotho was identified as a putative aging-suppressor gene
(6). In mice, overexpression of Klotho extended life span
by 20–30%, whereas mutation of the Klotho gene caused
numerous premature-aging phenotypes and shortened life
span (7,8). The Klotho gene is primarily expressed in the
kidneys and brain choroid plexus (7). Our most recent
studies indicated that Klotho mRNA and proteins are
also expressed in mouse pancreatic islets (9,10). In kid-
neys, the Klotho gene generated two types of transcripts,
the full-length (130 kDa) and the short-form Klotho
(65 kDa), due to alternative RNA splicing or proteolytic cleav-
age (6,11). We recently reported that only the short form of
Klotho is expressed in pancreatic b-cells (9,10). Whether
Klotho deficiency affects the development of T1DM is an
interesting topic that was pursued in this study.

Multiple low doses of streptozotocin (STZ) have been
shown to selectively destruct b-cells, which in turn indu-
ces immune reactions against pancreatic islets, leading to
b-cell apoptosis and subsequently T1DM (12,13). This
model resembles key features of human T1DM, including
apoptosis and dysfunction of pancreatic b-cells. The STZ
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model demonstrates a loss of b-cell function and the de-
velopment of hyperglycemia. Our recent study showed
that Klotho attenuated b-cell damage in T2DM (10). T2DM
is initiated by increased insulin resistance followed by
hyperglycemia-induced b-cell damage. In contrast, the pri-
mary cause of T1DM is b-cell depletion. Thus, the major
therapeutic strategy for T1DM is to protect b-cells. In this
study, we investigated if in vivo expression of Klotho
protects b-cell apoptosis and attenuates the development
of T1DM induced by STZ.

Human T1DM is an autoimmune disorder that leads to
the destruction of pancreatic b-cells. Therefore, we also
investigated if Klotho gene delivery has beneficial effects
in b-cells in nonobese diabetic (NOD) mice, an autoim-
mune model of T1DM. The NOD mouse is considered an
autoimmune model of T1DM, which mimics the immuno-
pathogenic features of human T1DM (14,15).

RESEARCH DESIGN AND METHODS

AAV Vector Construction and Recombinant Viral
Production
The procedure for plasmid construction, viral package,
and viral purification has been described in our recent
study (10,16). In brief, b-cell–specific expression was
achieved by AAV-2 delivery of the Klotho gene driven by
a b-cell–specific promoter (rAAV-mKL) (10). Recombinant
AAV-GFP (rAAV-GFP) was generated and used as a virus
control (10).

Animal Studies in the STZ Model
This study was performed according to the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals. This project was approved by the
Institutional Animal Care and Use Committee at the
University of Oklahoma Health Sciences Center. All
mice were housed in cages at room temperatures 25 6
1°C and were provided with Purina laboratory chow
(no. 5001) and tap water ad libitum.

For Klotho gene deficiency study, we used heterozygous
Klotho-deficient (KL+/2) mice with more than nine gen-
erations in a 129Sv background, which were provided by
Dr. M. Kuro-o (Department of Pathology, University of
Texas Southwestern Medical School) (7,17). In brief, age-
matched KL+/2 and wild-type (WT) male mice (8–10
weeks) were injected with multiple low doses of STZ
(50 mg/g/day, 5 days, i.p.) or citrate buffer, respectively. The
WT littermate 129Sv mice were used as controls. STZ
provokes b-cell destruction and immune reaction against
pancreatic islets (12,13). Klotho homozygous (Klotho2/2)
mice demonstrate early and extensive aging phenotypes
and die before the age of 8 weeks (body weight = 8 g) (7).
Klotho homozygous mice also develop severe hyperphos-
phatemia and soft tissue calcification (6,18). As a result,
Klotho homozygous mice were not used.

For the in vivo Klotho gene delivery study, male 129Sv
mice were used (8 weeks, male) (The Jackson Laboratory,
Bar Harbor, ME). In brief, PBS, rAAV-GFP, or rAAV-mKL
was carefully injected, at the dose of 2.57 3 109 viral

genome copies per gram body wt (500 mL), into the
region of pancreas starting from the splenic lobes to-
ward the duodenal lobes of pancreas via intraperitoneal de-
livery. One week later, these mice were injected with multiple
low doses of STZ (50 mg/g/day, 5 days) or citrate buffer.

Body weight was monitored weekly. Blood glucose was
measured weekly from the tail vein blood using a ReliOn
Ultima glucose reader (Solartek Products, Inc., Alameda, CA).
All mice were fasted for 3 h before glucose measurement.

Glucose Tolerance Test and Insulin Sensitivity Test
In experiments with KL+/2 mice, the glucose tolerance
test (GTT) was performed during weeks 2 and 4 after
the initial injections of STZ. Insulin sensitivity test (IST)
was performed during week 5 after the initial injections of
STZ. In experiments with 129S1/SvIm mice, the GTT was
performed during weeks 3 and 5 after the initial injec-
tions of rAAV. The IST was performed during week 6 after
the initial injections of rAAV. In brief, blood glucose levels
were measured at 30, 60, 90, and 120 min after subcuta-
neous injections of D-glucose (1 g/kg; Fisher Scientific) or
insulin (1.0 units/kg; Sigma-Aldrich). The baseline glucose
levels were determined before the injections of glucose or
insulin after 3-h fasting.

Tissue Collections
The KL+/2 mice were killed with an overdose of sodium
pentobarbital (100 mg/kg, i.p.) at the end of week 5 after
the initial injection of STZ. The 129S1/SvIm mice were
euthanatized at the end of week 6 after rAAV delivery. For
all mice, blood was collected before perfusion with hepa-
rinized saline. Plasma was stored at 280°C for later anal-
ysis of plasma insulin levels. Pancreas was fixed in 4%
PBS-buffered paraformaldehyde for 24 h and then embed-
ded in paraffin.

Animal Protocol for the NOD Model
Three groups of female NOD/ShiLtJ mice (stock 001976)
and one group of female ICR/HaJ (stock 009122) mice
were used (4 weeks; The Jackson Laboratory). Both NOD/
ShiLtJ and ICR/HaJ mice are descended from ICR stock
and carry the unique H2g7 MHC haplotype. However,
ICR/HaJ mice do not develop diabetes and were used as
controls. Blood glucose was measured weekly after 3-h
fasting. At the beginning of the 14th week of age, three
groups of NOD mice were treated with PBS, rAAV-GFP,
and rAAV-mKL, respectively. The ICR/HaJ group was
treated with PBS and served as controls. In brief, PBS,
rAAV-GFP, or rAAV-mKL was carefully injected, at the
dose of 2.57 3 109 viral genome copies per gram body wt
(500 mL), into the region of pancreas starting from the
splenic lobes toward the duodenal lobes of pancreas
via intraperitoneal delivery (10). Glucose tolerance was
tested at 7 and 14 days after gene delivery. Animals
were killed at 16 days after gene delivery. Blood was col-
lected for measuring plasma insulin levels. After perfusion
with saline, pancreases were processed for fixation and
paraffin embedding. The immunohistochemical staining

diabetes.diabetesjournals.org Lin and Sun 4299



for Klotho, insulin, and/or T-cell infiltration was perfor-
med as described below.

Insulin Measurement
Plasma levels of insulin were measured using an insulin
EIA kit according to the manufacturer’s instructions (ALPCO
Diagnostics, Salem, NH).

Immunohistochemistry
The immunohistochemistry (IHC) procedure was provided in
our previous studies (10,11). In brief, these sections were
incubated with antibodies against GFP (ab290; Abcam),
Flag tag (ET-DY100; Aves Laboratories), CD3 (MCA1477;
Bio-Rad), Klotho (R&D Systems), and insulin (sc-9168; Santa
Cruz Biotechnology) overnight at 4°C and then with appro-
priated secondary antibodies conjugated with horseradish
peroxidase at room temperature for 60 min. The islets of
Langerhans in the cross sections of pancreas for each mouse
were located under a microscope (Eclipse Ti; Nikon). Images
of islets from consecutive cross sections for each animal were
collected at equal exposure conditions and at the same mag-
nification (403 objective lens). The staining density was
quantified using ImageJ (NIH freeware) as mean gray value
per pixel (10,11). The TUNEL assay on the cross sections of
mouse pancreas was performed using TACS-XL Blue Label In
Situ Apoptosis Detection Kit (Trevigen, Gaithersburg, MD).
The number of cells with positive insulin or TUNEL staining
in the islet was counted in NIS-Elements BR 3.0 (Nikon).

Cell Culture
Pancreatic insulinoma MIN6 b-cells were provided by
Dr. Y. Miyazaki (Institute for Medical Genetics, Kumamoto
University Medical School) and Dr. D. Steiner (Department
of Biochemistry and Molecular Biology, University of
Chicago) (19) and were cultured as described recently (10).

Transfection with Plasmid DNA
Plasmid DNAs including pAAV-CMV-mKL and pAAV-
CMV-GFP were constructed as described previously (20)
and purified with Qiagen Maxi Kit. For the MIN6 b-cell
study, pAAV-CMV-GFP and pAAV-CMV-mKL were re-
ferred to as pGFP and pmKL, respectively. MIN6 b-cells
cultured in six-well plates were transfected with various
plasmid DNAs at the concentration of 0.072 mg/mL using
Optifect reagent according to the manufacturer’s proto-
col, followed by a 48-h incubation in DMEM with 10%
FBS at 37°C in a 5% CO2 incubator.

Cell Adhesion
Transfected cells (105 cells/well) were seeded on 48-well
tissue culture plates coated with mouse collagen IV
(5 mg/mL, catalog no. 35233; BD Biosciences) or 1% BSA
and incubated in serum-free medium for 3 h. Nonadhered
cells were removed and adhered cells were thoroughly
washed. In brief, three to five random fields were imaged per
well under a microscope (Eclipse Ti; Nikon). The number of
cells that attached and spread were counted in NIS-Elements
BR 3.0 (Nikon). For blocking experiments, transfected cells
were preincubated with 5 mg/mL of integrin b1 blocking

antibody (catalog no. ab24693; Abcam) or isoform control
antibody IgG1 (catalog no. 401403; Biolegend) for 1 h before
they were seeded on the plate.

Apoptosis Assay
Transfected cells were seeded on collagen IV–coated cov-
erslips in a six-well plate and incubated in DMEM con-
taining 10% FBS for 24 h. Cells were then in serum-free
condition overnight before incubation with STZ (1 mmol/L),
TNFa (40 ng/mL), IgG1 (5 mg/mL), or integrin b1 block-
ing antibody (5 mg/mL) for 24 h. Apoptotic nuclear
changes were assessed with ApopTag Plus Peroxidase in
Situ Apoptosis Detection Kit (Millipore). In brief, five
random fields were imaged per well under a microscope
(Eclipse Ti; Nikon). Apoptotic cells were assessed by nu-
clear staining color (brown) and condensation. The per-
centage of apoptotic cells was calculated for each field and
averaged for the treatment group.

Western Blotting
In some experiments, cells were directly lysed in Ripa buff-
er containing protease inhibitor cocktail (catalog no. P8340,
1:100 dilution; Sigma-Aldrich) 48 h after the transfection.
The lysates were directly subjected to SDS-PAGE followed
by Western blotting with antibody against Klotho (AF1819;
R&D Systems). The blot was rinsed and reprobed with
antibody against b-actin as the loading control. In other
experiments, transfected cells were seeded on collage IV–
coated dishes and incubated in DMEM containing 10%
BSA for 24 h. These cells were incubated in serum-free
medium overnight and then treated with 1 mmol/L STZ,
40 ng/mL TNFa, IgG1 (5 mg/mL), or integrin b1 blocking
antibody (5 mg/mL) for 24 h. Cells were lysed in Ripa
buffer containing protease inhibitor cocktail (2.5 mmol/L
sodium pyrophosphate, 1 mmol/L b-glycerolphosphate,
2 mmol/L sodium vanadate, 1 mmol/L EDTA, and 1 mmol/L
EGTA). The protein concentration was measured with Pierce
BCA assay (Thermo Scientific). Lysates (40 mg protein/
well) under the reducing condition were directly subjected
to SDS-PAGE (4–20% Tris-HCL precast gel; Bio-Rad) fol-
lowed by Western blotting with antibody against p-Akt (Ser
473, catalog no. 4051; Cell Signaling Technology), p-FAK
(Y397, catalog no. ab4803; Abcam), or cleaved caspase 3
(catalog no. 9664; Cell Signaling Technology), respectively.
The same blot was reprobed with antibodies against Akt
(catalog no. 4685; Cell Signaling Technology), FAK (catalog no.
ab72140; Abcam), or caspase 3 (catalog no. 9662; Cell Sig-
naling Technology) after stripping the blot, respectively.
The same blot was stripped again and reprobed with anti-
body against b-actin as the loading control.

Immunoprecipitation
Transfected cells were lysed with Ripa buffer containing
protease inhibitor cocktail. Lysates (500 mg/250 mL) were in-
cubated with 1 mg integrin b1 antibody (catalog no. 610467;
BD Biosciences) overnight at 4°C. Lysates were then incubated
with 50 mL of 50% Protein A beads (catalog no. 16-125; Milli-
pore) for 2 h. Immune complexes were pelleted and washed
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with Ripa buffer five times. After the final wash, each pellet was
resuspended in 100 mL of 23 Laemmli sample buffer contain-
ing b-mercaptoethanol and boiled for 5 min. Samples were
subsequently analyzed through Western blotting.

Statistical Analysis
All data were expressed as mean 6 SEM. Blood glucose
was analyzed by a repeated-measures one-way ANOVA.
The remaining data were analyzed by a one-way ANOVA.
The Newman-Keuls procedure was used to reveal differ-
ences between groups. A probability value with P , 0.05
was considered to be statistically significant.

RESULTS

Haplodeficiency of Klotho (KL+/2) Exacerbated the
Development of T1DM Induced by STZ
To study the roles of endogenous Klotho in the develop-
ment of T1DM, we used KL+/2 and their littermate WT
mice treated with multiple low doses of STZ (12,13). STZ
caused hyperglycemia in both KL+/2 and WT mice after
1-week treatment with STZ (Fig. 1A). Notably, KL+/2 mice

demonstrated more severe hyperglycemia than the WT
mice (Fig. 1A), indicating that half deficiency of Klotho
exacerbated T1DM in response to the STZ challenge.

To gain insights for the mechanism of Klotho action, we
examined subcutaneous GTT at weeks 2 and 4 and sub-
cutaneous IST at week 5 after the initial injection of STZ.
Indeed, KL+/2 and WT mice displayed glucose intolerance
after STZ challenge. KL+/2 mice demonstrated increased glu-
cose intolerance versus the WT mice (Fig. 1B–E), suggesting
that half deficiency of Klotho exacerbated b-cell damage in
response to the STZ challenge. KL+/2 and WT mice treated
with STZ did not show a significant difference in IST (Fig. 1F
and G). Thus, these data indicate that half deficiency of Klo-
tho may directly impair pancreatic b-cell function rather than
affect insulin sensitivity in STZ-induced diabetic mice.

In addition, the basal plasma insulin levels in KL+/2

mice were significantly lower than those of WT mice
(Fig. 1H). Both KL+/2 and WT mice displayed lower plasma
levels of insulin after the STZ challenge (Fig. 1H). KL+/2

mice demonstrated lower insulin levels than WT mice
after STZ treatments (Fig. 1H). Fasting urine glucose

Figure 1—Half deficiency of Klotho in KL+/2 mice exacerbated the development of T1DM induced by STZ. KL+/2 and WT male mice were
injected with STZ or citrate buffer. Blood glucose levels, glucose tolerance, insulin sensitivity, and plasma insulin levels were measured
during the 5-week period. Fasting blood glucose levels (A). GTT results at week 2 (B) and week 4 (D) after the initial STZ injections. Area
under the curve for GTT results at week 2 (C) and week 4 (E) after the initial STZ injections. Original readings of IST results at week 5 (F ) after
the initial STZ injections. Normalized blood glucose levels of IST results at week 5 (G) after the initial injections. Plasma insulin levels
at week 5 after the injections (H). Urine glucose levels after the injections (I). Data = mean 6 SEM. n = 4–8 animals/group. **P < 0.01 and
***P < 0.001 vs. the WT group; +P < 0.05 and ++P < 0.01 vs. the WT-STZ group.
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levels were significantly higher in KL+/2 mice versus WT
mice treated with STZ (Fig. 1I). STZ decreased body
weights in both WT and KL+/2 mice (Supplementary
Fig. 1A). However, the genotype difference did not alter
body weight after the injection of STZ (Supplementary
Fig. 1A). Therefore, endogenous Klotho deficiency exac-
erbated STZ-induced diabetes.

Haplodeficiency of Klotho (KL+/2) Exacerbated
STZ-Induced Cell Apoptosis and Depletion
IHC analysis indicated that Klotho staining in pancreatic islets
of Langerhans was significantly lower in KL+/2mice versus WT
mice (Fig. 2A and B). STZ did not alter Klotho staining.

There was no significant difference in insulin staining
in pancreatic islets between the WT and KL+/2 mice
without STZ treatments (Fig. 2C and D). STZ decreased

insulin staining in islets of WT and KL+/2 mice. Inter-
estingly, insulin staining was significantly lower in KL+/2

mice than in WT mice after treatment with STZ (Fig. 2C
and D). In addition, STZ caused a significant drop in the
number of insulin-positive cells in pancreatic islets in
both strains. STZ resulted in a greater drop in the number
of insulin-positive cells in pancreatic islets in KL+/2 mice than
in WT mice (Fig. 2C and E). Therefore, Klotho deficiency
predisposed mice to STZ-induced insulin depletion in pancre-
atic b-cells.

STZ caused an increase in the number of apoptotic cells
in pancreatic islets in both strains (Fig. 2F and G). Notably,
STZ led to a greater increase in the number of apoptotic
cells in pancreatic islets in KL+/2 mice versus WT mice (Fig.
2F and G). Therefore, half deficiency of Klotho predisposed
pancreatic islet cells to STZ-induced apoptotic stimuli.

Figure 2—Immunohistochemical analysis of Klotho and insulin expression and apoptosis in pancreatic islets of mice treated with STZ. KL+/2

and WT male mice were injected with STZ or citrate buffer. Animals were killed 5 weeks after the initial injections. A: Representative
images of Klotho staining (brown color) in cross sections of mouse pancreatic islets. B: Semiquantification of Klotho staining in pancreatic islets.
C: Representative images of insulin staining (brown color) of cross sections of islets. D: Semiquantification of insulin staining in pancreatic islets.
E: The percentage of cells with positive insulin staining in pancreatic islets. F: Representative images of TUNEL staining (blue color) in pancreatic
islets. Arrows point to apoptotic cells (blue). G: The number of TUNEL-positive apoptotic cells in pancreatic islets. Data = mean6 SEM. n = 4–8
animals/group. **P < 0.05 and ***P < 0.001 vs. the WT group; ++P < 0.01 and +++P < 0.001 vs. the WT-STZ group.
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b-Cell–Specific Expression of mKL Attenuated the
Development of Hyperglycemia in Mice Challenged
with STZ
To test whether b-cell–specific expression of mKL atten-
uates hyperglycemia induced by STZ, we injected PBS,
rAAV-GFP, or rAAV-mKL into 10-week-old male WT
mice (129S1/SvIm) at the region of pancreas via intraper-
itoneal delivery. One week later, these mice were injected
with multiple low doses of STZ or citrate buffer (control).
As shown in Fig. 3A, injections of STZ caused mild hyper-
glycemia in these 129S1/SvIm mice. In contrast, rAAV-mKL
prevented the development of hyperglycemia induced
by STZ.

STZ caused glucose intolerance versus the control group
(Fig. 3B–E). However, the treatment of rAAV-mKL pre-
vented glucose intolerance compared with the PBS and
rAAV-GFP–treated control groups (Fig. 3B–E). Injections
of rAAV or STZ did not alter insulin sensitivity in 129S1/
SvIm mice (Fig. 3F and G). Therefore, rAAV-mKL prevented
STZ-induced hyperglycemia and improved glucose toler-
ance via preserving pancreatic b-cell function.

In addition, the STZ challenge caused a decrease in
plasma insulin levels (Fig. 3H). In contrast, the treat-
ments with rAAV-mKL attenuated the decrease in insulin
levels (Fig. 3H), suggesting that rAAV-mKL may increase
insulin release in 129S1/SvIm mice. No significant change
in urine glucose was found in these mice (Fig. 3I). Injec-
tion of rAAV or STZ did not alter body weights in these
129S1/SvIm mice (Supplementary Fig. 1B). Therefore,
b-cell–specific expression of mKL prevented hyperglyce-
mia and glucose intolerance in STZ-treated animals.

b-Cell–Specific Expression of mKL Prevented
Apoptosis in Pancreatic Islet Cells in STZ-Treated
Mice
Several serotypes of rAAV have been used for pancreatic
islet gene transfer with various efficiencies via different
routes (21–23). In our rAAV construct, a Flag tag sequence
was inserted at the 39 end of mouse Klotho gene. Six weeks
after the injections, we first examined GFP protein and
FLAG tag in cross sections of paraffin-embedded pancreatic
islets using IHC. Obviously, the intraperitoneal deliveries

Figure 3—Effects of the b-cell–specific expression of mKL on blood glucose levels, glucose tolerance, insulin sensitivity, and plasma
insulin levels in STZ-induced diabetic mice. 129S1/SvIm male mice were injected with PBS, rAAV-GFP, or rAAV-mKL, respectively. One
week after gene delivery, these mice were injected with STZ or citrate buffer. Blood glucose levels, glucose tolerance, insulin sensitivity,
and plasma insulin levels were measured during the 6-week period. Fasting blood glucose levels (A). GTT results at week 3 (B) and week 5
(D) after gene delivery. Area under the curve for GTT results at week 3 (C ) and week 5 (E) after gene delivery. Original readings of IST results
at week 6 (F ) after gene delivery. Normalized blood glucose levels of IST results at week 6 (G) after gene delivery. Plasma insulin levels
in mice at week 6 (H) after gene delivery. Urine glucose levels (I). Data are mean 6 SEM. n = 4–6 animals/group. *P < 005, **P < 0.01, and
***P < 0.001 vs. the control (treated with PBS-citrate buffer) group; ++P < 0.01 and +++P < 0.001 vs. the PBS-STZ–treated group.
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of rAAV-GFP or rAAV-mKL drove GFP or FLAG tag expres-
sion in pancreatic islets of 129S1/SvIm mice (Supplemen-
tary Fig. 1C and D). These results confirmed that rAAV
coupled with mouse insulin II promoter led to b-specific
expression of target genes in mice.

The IHC analysis indicated that treatments with rAAV-mKL
increased Klotho protein staining in pancreatic islets (Fig. 4A
and B), suggesting effective gene delivery. In addition, STZ did
not alter Klotho expression in pancreatic islets (Fig. 4A and B).

STZ decreased insulin staining and the number of
b-cells in pancreatic islets (Fig. 4C–E). In contrast, b-cell–
specific expression of mKL prevented the STZ-induced
decreases in insulin staining (storage) and the number of
b-cells in pancreatic islet (Fig. 4C–E). Therefore, b-cell–specific
expression of mKL preserved pancreatic b-cell function and

prevented the insulin depletion in pancreatic islets in STZ-
treated mice.

STZ increased apoptosis in pancreatic islets of 129S1/
SvIm mice (Fig. 4F and G). In contrast, b-cell–specific
expression of mKL protected against STZ-induced apopto-
sis in pancreatic islets (Fig. 4F and G). Therefore, b-cell–
specific expression of mKL prevented STZ-induced b-cell
failure and apoptosis in pancreatic islets.

Expression of Klotho Attenuated Basal and STZ- and
TNFa-Induced Apoptosis, Respectively, and Increased
Cell Adhesion to Collagen IV in MIN6 b-Cells
We further studied the molecular mechanism underlying
the beneficial effects of Klotho on b-cells using MIN6
b-cells. STZ and TNFa have been shown to cause apoptosis

Figure 4—Effects of the b-cell–specific expression of mKL on insulin storage and apoptosis in pancreatic islets of mice challenged with
STZ. 129S1/SvIm male mice were injected with PBS, rAAV-GFP, or rAAV-mKL. One week after gene delivery, these mice were injected with
STZ or citrate buffer. Animals were killed 6 weeks after the rAAV injections. A: Representative images of Klotho staining (brown color) in
cross sections of mouse pancreatic islets. B: Semiquantification of Klotho staining in pancreatic islets. C: Representative images of insulin
staining (brown color) of cross sections of islets. D: Semiquantification of insulin staining in pancreatic islets. E: The percentage of cells with
positive insulin staining in pancreatic islets. F: Representative images of TUNEL staining (blue color) in pancreatic islets. Arrows point to
apoptotic cells. G: The number of TUNEL-positive apoptotic cells in pancreatic islets. Data = mean 6 SEM. n = 4–6 animals/group. **P <
0.01 and ***P < 0.001 vs. the control group; +++P < 0.001 vs. the PBS-STZ–treated group.
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in MIN b-cells (24). Transfection of cells with plasmid DNA
pmKL for 48 h increased Klotho protein in MIN6 b-cells
(Fig. 5A–C). Interestingly, expression of mKL attenuated
the basal, STZ-induced, and TNFa-induced apoptosis, re-
spectively, in MIN6 b-cells as demonstrated by TUNEL
staining (Fig. 5D and E). In addition, expression of mKL
enhanced collagen IV–induced cell adhesion (Fig. 5F and G).
Therefore, Klotho protected against apoptosis and pro-
moted cell adhesion to collagen IV in MIN6 b-cells.

Expression of Klotho Promoted Phosphorylations of
FAK and Akt and Decreased Caspase 3 Cleavage in
MIN6 b-Cells
We found that expression of mKL increased phosphory-
lation of FAK and abolished the STZ-induced inhibition of

phosphorylation of FAK in MIN6 b-cells (Fig. 6A and B).
In addition, expression of mKL increased phosphorylation
of Akt and abolished STZ-induced inhibition of phosphor-
ylation of Akt in MIN6 b-cells (Fig. 6C and D). Further-
more, expression of mKL decreased caspase 3 cleavage
and prevented STZ-induced caspase 3 cleavage in MIN6
b-cells (Fig. 6E and F). Therefore, the actions of Klotho
involve upregulation of phosphorylation of FAK (an ad-
hesion signaling) and phosphorylation of Akt (a survival
signaling) as well as the inhibition of caspase 3 activity (a
general apoptotic pathway). STZ suppressed expression of
integrin b1, which can be abolished by expression of mKL
(Fig. 6G and H). Thus, we will investigate if integrin b1
mediates the beneficial effect of Klotho.

Figure 5—Effects of expression of mKL on basal and STZ-induced and TNFa-induced apoptosis, and cell adhesion to collagen IV in MIN6
b-cells. MIN6 b-cells were transfected with plasmid DNA including pmKL, pGFP, or vehicles (transfection agent alone) for 48 h. A: Western
blot analysis of Klotho protein expression. B: Quantification of full-length Klotho protein expression. C: Quantification of short-form Klotho
protein expression. Results were standardized to b-actin and then expressed as fold changes vs. the control group (transfection reagent
alone). n = 4. **P < 0.01 and ***P < 0.001 vs. the control group. D: Apoptotic nuclear change (pointed by arrows, brown color) detected by
TUNEL staining in MIN6 b-cells. Transfected MIN6 b-cells were seeded on collagen IV–coated six-well plates and then incubated with or
without STZ or TNFa for 24 h. E: The percentage of apoptotic cells. Data are means6 SEM. n = 4 wells. *P < 0.05 and ***P < 0.001 vs. the
control group; +P < 0.05 vs. the control-STZ group; ^^^P < 0.001 vs. the control-TNFa group. F: Phase contrast images of transfected
MIN6 b-cells cultured in dishes coated with 1% BSA or collagen IV (5 mg/mL) for 3 h. G: Quantification of cell adhesion. n = 4 wells. ***P <
0.001 vs. the control-BSA group; +++P < 0.001 vs. the control–collagen IV group.
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Integrin b1 Was Required by Klotho for Protecting
Against Apoptosis and Promoting Cell Adhesion
Next we investigated whether integrin b1 subunit, which
acts as a receptor for extracellular matrix (ECM) including
collagen IV with various integrin a subunits, was required
for b-cell response to Klotho expression. Integrin b1 is
expressed in mouse pancreatic islet cells and MIN6 cells
(25). Blocking of integrin b1 using integrin b1 blocking
antibody abolished the protection against apoptosis by
Klotho in MIN6 cells (Supplementary Fig. 2A and B). In
addition, blocking of integrin b1 attenuated Klotho-
promoted cell adhesion to collagen IV (Supplementary
Fig. 2C and D). Therefore, integrin b1 was required by
Klotho for inhibiting apoptosis and promoting cell adhe-
sion in MIN6 b-cells.

Integrin b1 Was Required by Klotho for Promoting
Phosphorylation of FAK and Akt and Inhibiting
Caspase 3 Cleavage
We found that blocking of integrin b1 attenuated the pro-
moting effect of Klotho on phosphorylations of FAK and
Akt in MIN6 cells (Supplementary Fig. 3A and B). Fur-
thermore, blocking of integrin b1 abolished the inhibitory
effect of Klotho on caspase 3 cleavage (Supplementary Fig.
3C). Thus, integrin b1 is required by Klotho for promoting
phosphorylations of FAK and Akt and inhibiting caspase 3
cleavage. The coimmunoprecipitation assay revealed that
Klotho was coimmunoprecipitated with integrin b1 (Sup-
plementary Fig. 3D).

b-Cell–Specific Expression of mKL Abolished Glucose
Intolerance and Increased Plasma Insulin Levels in
NOD Mice
We further investigated the effect of in vivo b-cell–specific
expression of Klotho in NOD mice, an autoimmune T1DM
model. The NOD mice demonstrated glucose intolerance
versus the control mice (ICR/HaJ) (Fig. 7A–C). Interest-
ingly, rAAV-mKL abolished glucose intolerance in NOD
mice. Plasma insulin levels were slightly but not signifi-
cantly increased in NOD mice (Fig. 7D). Notably, rAAV-
mKL significantly increased plasma insulin levels in NOD
mice (Fig. 7D). Body weight was greater in NODmice versus
the control mice (Supplementary Fig. 4A). In vivo AAV
delivery does not affect body weights in the three NOD
groups. Blood glucose levels started to increase in NOD
mice by 13 weeks of age (Supplementary Fig. 4B). rAAV-
mKL attenuated the development of hyperglycemia and
the percentage of patients with diabetes in NOD mice,
although it did not reach a significant level (Supplemen-
tary Fig. 4B and C). The increase in blood glucose levels
remained attenuated in NOD mice by rAAV-mKL after 16
days of gene delivery, although no statistical difference
was found (Supplementary Fig. 4D).

b-Cell–Specific Expression of mKL Increased Insulin
Storage and Attenuated T-Cell Infiltration and
Apoptosis in Pancreatic Islets of NOD Mice
Klotho expression levels were decreased in pancreatic islets
as evidenced by a decrease in Klotho staining (Fig. 8A and B).

In vivo, b-cell–specific expression of mKL increased
Klotho staining in NOD mice, suggesting effective gene de-
livery. Insulin was largely depleted in NOD mice (Fig. 8C
and D). b-Cell–specific expression of mKL significantly
increased insulin levels in NOD mice (Fig. 8C and D).

The number of CD3-positive T cells was increased in
pancreatic islets in NOD mice (Fig. 8E and F). b-Cell–
specific expression of mKL significantly decreased T-cell
infiltration in NOD mice (Fig. 8F). The number of apo-
ptotic cells was increased in islets in NOD mice, which can
be attenuated by b-cell–specific expression of mKL (Fig.
8G and H).

DISCUSSION

This study demonstrated, for the first time, that haplo-
deficiency of Klotho in pancreatic islets predisposes mice
to insulin-deficient diabetes induced by STZ. STZ-induced
hyperglycemia, glucose intolerance, pancreatic islet apo-
ptosis, and decreases in pancreatic insulin storage and
plasma insulin levels were significantly exacerbated by
deficiency of Klotho (Fig. 1). Most recently we found that
knockdown of Klotho by siRNA significantly attenuated
glucose-induced insulin secretion in MIN6 b-cells (9).
Therefore, endogenous Klotho may be involved in the
regulation of the physiological functions of b-cells. Nota-
bly, KL deficiency makes b-cells more susceptible to apo-
ptotic stimuli (STZ) and predisposes to b-cell dysfunction
(Figs. 1 and 2). Interestingly, b-cell–specific expression of
Klotho preserved pancreatic b-cells from apoptosis, atten-
uated hyperglycemia, and enhanced the performance in
glucose tolerance in STZ-treated mice (Figs. 3 and 4).
Therefore, overexpression of Klotho in pancreatic b-cells
is sufficient to preserve the physiological functions of
b-cells in response to STZ challenge.

A key novel finding of the current study is that ex-
pression of mKL promoted cell adhesion to collagen IV,
abolished STZ-induced inhibition of FAK and Akt, and
attenuated STZ-induced caspase 3 cleavage and apoptosis
in MIN6 b-cells (Figs. 5 and 6). Furthermore, we found
that blocking of integrin b1 subunit abolished the pro-
moting effects of Klotho on cell adhesion and phosphor-
ylations of FAK and Akt as well as the protective effects of
Klotho against apoptosis in MIN6 b-cells (Supplementary
Figs. 2 and 3). Therefore, integrin b1 may contribute to
the beneficial effects of Klotho in b-cells.

Several lines of evidence support our findings. The ECM
stimulates a plethora of cellular processes, including cell
differentiation, proliferation, survival, and function, by in-
teracting with classical cell adhesion receptors, the in-
tegrins (26,27). Integrins are heterodimeric transmembrane
molecules composed of distinct a and b subunits (28).
Integrins have unique bidirectional signaling properties
that incorporate the external and internal environments
of a cell, allowing for dynamic coordination of extracellular
events with intracellular changes (26). The major compo-
nents of the ECM in pancreatic islets are collagen IV, lam-
inins, and heparan sulfate proteoglycans such as perlecan

4306 Klotho and T1DM Diabetes Volume 64, December 2015

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0066/-/DC1


Figure 6—Expression of mKL increased phosphorylations of FAK and Akt and decreased caspase 3 cleavage in MIN6 b-cells. Transfected
cells were seeded on collagen IV–coated six-well plates and then incubated with 1 mmol/L STZ for 24 h. Cells were lysed with Ripa buffer.
A: Western blot analysis of phosphorylated FAK (Tyr 397; top panel) and FAK protein (middle panel) in cell lysates. B: Quantification of
phosphorylation of FAK. Results were standardized to FAK protein levels and then expressed as fold changes vs. the control group. C:
Western blot analysis of phosphorylated Akt (Ser 473; top panel) and Akt protein (bottom panel). D: Quantification of phosphorylation of
Akt. Results were standardized to Akt protein levels and then expressed as fold changes vs. the control group. E: Western blot analysis of
cleaved caspase 3 in cell lysates. F: Quantification of caspase 3 cleavage. Results were standardized to total caspase 3 and then
expressed as fold changes vs. the control group. G: Western blot analysis of integrin b1. H: Quantification of integrin b1. n = 4 wells.
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. the control vehicle; ++P < 0.01 and +++P < 0.001 vs. the control–1 mmol/L STZ group.
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(29). In isolated human islets, collagen IV has been shown
to upregulate insulin secretion and b-cell survival (30,31).
In vitro, collagen IV has been found to prevent MIN6
b-cells from apoptosis (32). In mouse pancreatic islets,
heterodimers containing integrin b1 have been suggested
to affect insulin transcription and secretion as well as b-cell
proliferation (25). Integrin b1 has been shown to regulate
rat b-cell (INS-1) survival (33). Male mice with a conditional
knockout of integrin b1 in collagen I–producing cells dis-
play impaired glucose tolerance, with a significant reduc-
tion in pancreatic insulin contents and b-cell mass (34). In
addition, FAK activation has been shown to be involved in
glucose-stimulated insulin secretion in MIN6 b-cells, rat
primary b-cells, or isolated islets (35,36). Most recent stud-
ies have shown that pancreatic b-cell–specific deletion of
FAK attenuated b-cell viability and function in transgenic
mice (37). Furthermore, Akt is believed to play impor-
tant roles in the growth of b-cells and the protection of
b-cells from apoptotic stimuli (38,39). Finally, caspase 3
knockout mice were protected from STZ-induced b-cell
apoptosis and diabetes (12). Integrin b1 may be an im-
portant upstream mediator of Klotho-induced activation
of FAK/Akt and inhibition of caspase 3 cleavage, which
can be abolished by blocking of integrin b1 (Supplemen-
tary Fig. 3). Therefore, Klotho might protect b-cells from
apoptosis and preserve b-cell function via interacting
with integrin b1.

It has been reported that Klotho exhibited weak
b-glucuronidase activity in vitro (40). Klotho participated
in the removal of a2,6-linked sialic acids of TRPV5 through
its sialidase activity in CHO cells (41). Removal of terminal
sialic acids from N-glycans exposes underlying LacNAc for
binding with galectin-1, leading to enhanced retention of
TRPV5 at the cell surface (41). Based on the amino acid
sequences, integrin b1 contains twelve potential asparagine-
linked glycosylation sites, and desialylation of a5b1
integrin leads to increased adhesion to fibronectin, affect-
ing cell adhesion in myeloid cells (42–44). Although Klotho
can be coimmunoprecipitated with integrin b1 (Supple-
mentary Fig. 3D), a further study is required for determin-
ing if Klotho physically interacts with integrin b1. On the
other hand, Klotho activated the downstream signaling of
integrin b1 (FAK/Akt-caspase 3) in MIN6 cells (Supple-
mentary Fig. 3). Therefore, it would be interesting to
investigate a hypothesis that Klotho targets sialic acid
on the N-glycan of integrin b1 to regulate integrin sig-
naling in MIN6 cells.

We note that haplodeficiency of Klotho decreased the
basal plasma insulin level (Fig. 1H) but did not affect in-
sulin storage levels in pancreatic islets (Fig. 2C–E). There-
fore, KL deficiency may impair insulin release rather than
insulin synthesis. This notion is supported by our recent
study that Klotho enhances glucose-induced insulin re-
lease in MIN6 b-cells (9). Klotho promotes insulin release

Figure 7—b-Cell–specific expression of mKL abolished glucose intolerance and increased plasma insulin levels in NOD mice. GTT was
performed at 7 days (A) and 14 days (B) after gene delivery. Area under the curve for GTT results (C), ^^P < 0.01. Plasma insulin levels (D).
Data are means 6 SEM. n = 5 animals/group. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. the ICR/HaJ-PBS group; ^P < 0.05 and ^^^P <
0.001 vs. the NOD-PBS group; ++P < 0.01 and +++P < 0.001 vs. the NOD-AAV-GFP group.
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likely via increasing membrane retention of TRPV2 and
intracellular levels of Ca2+ (9).

We also investigated the effects of b-cell–specific expres-
sion of Klotho in NOD mice, an autoimmune model of
T1DM. NOD mice mimic the immunopathogenic features
of human T1DM (14,15). The female NOD mice started to
develop hyperglycemia spontaneously by 13 weeks of age
(Supplementary Fig. 4B). We noticed that plasma insulin
levels did not increase significantly (Fig. 7D) in the pres-
ence of hyperglycemia (Supplementary Fig. 4B) in NOD
mice, which suggests a failure of b to respond to high blood
glucose levels. The b-cell function was severely damaged
in NOD mice as evidenced by impaired glucose tolerance
(Fig. 7A–C). Interestingly, in vivo b-cell–specific expres-
sion of Klotho increased plasma levels of insulin (Fig. 7D)
and abolished glucose intolerance in NOD mice (Fig. 7A–C).
This study demonstrates, for the first time, that Klotho
may also have therapeutic potential for autoimmune

T1DM. Indeed, b-cell–specific expression of Klotho largely
improved b-cell function, as evidenced by increased insu-
lin storage levels in pancreatic islets in NOD mice (Fig. 8C
and D).

b-Cells were damaged in NOD mice, as evidenced by
the increased number of apoptotic b-cells (Fig. 8G and H),
which is likely due to T-cell infiltration (Fig. 8E and F).
Leukocyte infiltration is believed to be a major cause of
b-cell damage in NOD mice (15,45,46). Interestingly, a de-
crease in Klotho in pancreatic islets was associated with
T-cell infiltration (Fig. 8). The exciting and unique finding
of this study is that in vivo b-cell–specific expression of
Klotho attenuated T-cell infiltration and apoptotic dam-
age to b-cells in NOD mice. Therefore, a decrease in Klotho
may promote T-cell infiltration and b-cell apoptosis in
NOD mice. We noticed that Klotho gene delivery did not
decrease blood glucose to the control level (Supplemen-
tary Fig. 4B–D). This is probably due to the late treatment

Figure 8—b-Cell–specific expression of mKL increased insulin storage and attenuated T-cell infiltration and apoptosis in pancreatic islets
of NOD mice. A: Representative photomicrograph of Klotho staining (brown color) in cross sections of pancreatic islets. B: Semiquanti-
fication of Klotho staining in islets. C: Representative photomicrograph of insulin staining (brown color) in islets. D: Semiquantification of
insulin staining in islets. E: Representative images of CD3 staining (brown color, red arrow) in islets. F: The percentage of cells with positive
CD3 staining in islets. G: Representative images of apoptotic cells (TUNEL staining, immunofluorescence red color) in islets. H: The
percentage of TUNEL-positive cells in islets. Data are mean 6 SEM. n = 5 animals/group. *P < 0.05, **P < 0.01, and ***P < 0.001 vs.
the ICR/HaJ-PBS group; ^P < 0.05 and ^^P < 0.01 vs. the NOD-PBS group; +P < 0.05 and ++P < 0.01 vs. the NOD–AAV-GFP group.
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with Klotho, which started at 14 weeks of age. Leukocyte
infiltration into pancreatic islets occurred as early as 4
weeks of age in NOD mice (45). Thus, it is expected that
an early intervention with Klotho gene delivery, e.g., before
4 weeks of age, may help achieve a better control of hyper-
glycemia in T1DM. In addition, we believe that a longer
period of treatment with Klotho (e.g., 5 weeks) may further
decrease blood glucose levels. A further study is warranted
to explore how Klotho may attenuate leukocyte infiltration
in NOD mice.

Klotho protected b-cells in T1DM and T2DM likely via
different mechanisms. The beneficial effect of Klotho on
b-cells in T2DM is mediated by suppression of oxidative
stress and ER stress (10). Klotho protects b-cells in T1DM
via the integrin pathway (STZ model) or suppression of
T-cell infiltration in b-islets (NOD model).

In summary, Klotho deficiency promoted b-cell apo-
ptosis in two models of T1DM. This study demonstrates,
for the first time, that overexpression of Klotho effec-
tively improved b-cell function and protected pancreatic
b-cells in both STZ-treated mice and NOD mice. The ben-
eficial effects of Klotho in b-cells are likely mediated via
attenuating b-cell apoptosis. Hence, b-cell–specific expres-
sion of Klotho may find applications in the treatment of
T1DM.
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