
Periodontitis aggravated pancreatic b-cell
dysfunction in diabetic mice through
interleukin-12 regulation on Klotho
Yihua Liu1*, Qiuli Zhang2
1Department of Stomatology, and 2Department of Ophthalmology, Affiliated Hospital of Inner Mongolia University For The Nationalities, Inner Mongolia Tongliao, China

Keywords
Klotho, Pancreatic b-cell, Periodontitis

*Correspondence
Yihua Liu
Tel./Fax: +86-0475-8435499
E-mail address: l_yhhua@163.com

J Diabetes Investig 2016; 7: 303–311

doi: 10.1111/jdi.12410

ABSTRACT
Aims/Introduction: Recent studies have shown that periodontitis can contribute to
adipose tissue inflammation and subsequent systemic insulin resistance in the obese rat
model. However, the related inflammatory mechanism is not yet clear. The present study
aims to investigate the effects of periodontitis on the function of pancreatic b-cells with
pro-inflammatory cytokines-related immune mechanism in a mouse model.
Materials and Methods: C57BL/6-db/db and inbred C57BL/6 mice were chosen here
to establish a mouse model with periodontitis, which was induced by ligatures for
8 weeks. Glucose-stimulated insulin secretion was introduced to evaluate the function of
pancreatic islets and b-cells. Serum levels of pro-inflammatory cytokines and Klotho were
also measured, and the correlation between immunostimulation and Klotho level was
deeply investigated in vitro.
Results: Pancreatic b-cell failure, with insulin resistance, was observed in db/db mice,
while periodontitis could aggravate b-cell dysfunction-related features. Serum levels of
interleukin (IL)-12 and Klotho showed a negatively synergistic change, whereas the expres-
sion of Klotho was also inhibited under IL-12 treatment in MIN6 b-cells or isolated islets.
Furthermore, IL-12-induced immune stimulation and also decreased insulin secretion were
proven to be reversed by Klotho overexpression.
Conclusions: Periodontitis aggravated pancreatic b-cell failure in diabetic mice. Further
in vitro studies showed IL-12 regulation on Klotho, while Klotho also acted as an inhibitor on
IL-12, indicating the potential of Klotho for preserving pancreatic b-cell function in diabetes.

INTRODUCTION
Diabetes is a group of metabolic diseases characterized by
hyperglycemia resulting from defects in insulin secretion, insu-
lin action or both. Physiologically, the pancreatic b-cells con-
stantly synthesize insulin, the principal hormone that regulates
uptake of glucose from the blood into most cells including
skeletal muscle cells and adipocytes1. Type 2 diabetes mellitus,
the most common form in the human population2, is a com-
plex pathophysiological spectrum including insulin resistance
and b-cell failure. Significant b-cell failure is now believed to
take place at an early stage in the disease progression; that is,
b-cell function declines sharply before and after diagnosis of
type 2 diabetes mellitus3. Maintaining recommended targets of

blood glucose control is difficult for many patients with type 2
diabetes mellitus because of the progressive loss of b-cell func-
tion. Thus, one of the goals in the treatment of type 2 diabetes
mellitus is to preserve functional b-cells in pancreatic islets.
The mouse Klotho (also called a-Klotho) gene, predomi-

nantly expressed in the kidney and the brain choroid plexus4,
has been reported to function as a cofactor for activation of
fibroblast growth factor receptor 1c (FGFR1c) by fibroblast
growth factor 23 (FGF23) in the regulation of calcium, phos-
phate and vitamin D metabolism5. It is noted that Klotho-/-

mutant mice show pancreatic islet atrophy, decreases in insulin
content and messenger ribonucleic acid (mRNA) levels in pan-
creatic islets, and decreases in serum insulin levels6. Most
recently, it was reported that Klotho mRNA and proteins are
expressed in the mouse pancreatic islets, and that silencing of
Klotho impaired glucose-stimulated insulin secretion in MIN6Received 3 May 2015; revised 22 July 2015; accepted 4 August 2015
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b-cells7. Furthermore, it was concluded that b-cell-specific
expression of Klotho protects b-cell function and attenuates the
development of diabetes in db/db mice8.
Chronic periodontitis (CP), one of the most widespread oral

inflammatory diseases, is characterized by inflammatory break-
down of connective tissue attachment and alveolar bone9.
Plenty of studies suggest that periodontitis is associated with
insulin resistance, and inflammatory processes as common
pathways are involved in the pathogenesis of periodontitis, obe-
sity and type 2 diabetes mellitus10–12. Recently, it was reported
that experimental periodontitis can induce initial stages of adi-
pose tissue inflammation, and acted as a contributing factor to
exacerbate pro-inflammatory phenotype of adipose tissue and
promote the development of insulin resistance in the obese rat
model13. However, the role of periodontitis in regulating pan-
creatic b-cell function, involving the level change of pro-inflam-
matory cytokines and Klotho, remains unknown.
In the present study, periodontitis model was established in

db/db mice, a commonly used type 2 diabetes mouse model.
Pancreatic b-cell function, including insulin secretion, Klotho
expression and related immune response, was mainly investi-
gated. The purpose of the present study is: (i) to explore
whether chronic low-grade inflammation induced by experi-
mental periodontitis can impact pancreatic b-cell function; and
(ii) to find the key points during pancreatic b-cell failure,
involving pro-inflammatory cytokines and Klotho; and (iii) to
provide evidence to support a novel role for Klotho in preserv-
ing functional b-cells in pancreatic islets.

MATERIALS AND METHODS
Animal studies
Male C57BL/6-db/db mice and inbred C57BL/6 mice aged
8 weeks were purchased from the Laboratory Animal Center of
Nanjing University. All mice were housed in cages at room
temperature (25 – 1°C), and were provided with laboratory
chow (Purina) and tap water ad libitum throughout the experi-
ment. Every 16 db/db or C57BL/6 mice were randomly divided
into two groups of eight, respectively: (i) db/db mice with peri-
odontitis (combination group, DCP[+]); (ii) db/db mice without
periodontitis (diabetic group, DCP[-]); (iii) C57BL/6 mice with
periodontitis (periodontitis group, CCP[+]); and (iv) C57BL/6
mice without periodontitis (control group, CCP[-]). In the
combination and periodontitis groups, when the mice were
aged 12 weeks, 3/0 silk ligatures soaked with periodontal patho-
gens were placed subgingivally around the bilateral maxillary
first and second molars for 8 weeks, with the control group
free of this ligation14. The mice in all groups were killed under
general anesthesia at the end for tissue studies.

Analysis of diabetic periodontitis model
The periodontal status was assessed by two standard periodon-
tal parameters, gingival index (GI)15 and probing pocket depth
(PD). The GI, defined as the distance from the cementum
enamel to the gingival margin bone loss defect, is measured by

the distance from the metal wire to the base of the defect,
whereas PD is defined as the distance from the gingival margin
into the bottom of the pocket16. GI and PD measurements
were recorded at six points around each tooth with a manual
periodontal probe (Hu-Friedy, Chicago, IL, USA), and the aver-
age values were calculated and subjected to statistical analysis.
In addition, blood glucose was also measured weekly from the
tail vein blood using a Reli OnUltima glucose reader (Solartek
Products, Alameda, CA, USA) after fasting for 12 h, and serum
insulin level as described later. Accordingly, insulin resistance
was calculated using a homeostasis model assessment for insu-
lin resistance17.

Enzyme-linked immunosorbent assay analysis
Whole blood was allowed to stand at room temperature for
2 h and then centrifuged at 4°C for 15 min. Serum was col-
lected to detect the concentrations of tumor necrosis factor-a,
interleukin (IL)-6, IL-1b, and IL-12 by enzyme-linked
immunosorbent assay according to the manufacturer’s instruc-
tions. Cytokines concentrations in the respective samples were
determined on the basis of standard curves prepared using
recombinant cytokines of known concentrations. Serum Klotho
level was also measured using an enzyme-linked immunosor-
bent assay according to the kit (Immuno-Biological Laborato-
ries Co, Gunma, Japan), consisting of a solid-phase sandwich
enzyme-linked immunosorbent assay (ELISA) according using
two kinds of highly specific antibodies18.

Mouse pancreatic islet isolation
Mouse pancreatic islets were isolated from C57BL/6 mice with
a modified protocol as described previously19. In brief, collage-
nase-P was injected into the common bile duct of a mouse.
The pancreas was then excised and digested at 37°C. The islets
were first purified with premixed Histopaque gradient, and then
purified by handpicking the separated islets with low-retention
pipette tips under a dissecting microscope. When viewed under
the microscope, spherical and golden-brown particles (darker
color) with a diameter of 50–250 lm were considered as islets7.
Isolated islets were cultured with RPMI1640 with 10% fetal
bovine serum overnight for further experiments.

Glucose-stimulated insulin secretion
Glucose-stimulated insulin secretion (GSIS) test for islets was
executed as described before, with minor changes20. After over-
night incubation of isolated islets in 10% fetal bovine serum
RPMI1640 (Invitrogen, Shanghai, China), islets were starved
with Krebs–Ringer bicarbonate buffer (125 mmol/L NaCl,
4.74 mmol/L KCl, 1 mmol/L CaCl2, 1.2 mmol/L KH2PO4,
1.2 mmol/L MgSO4, 5 mmol/L NaHCO3 and 25 mmol/L
HEPES, pH 7.4) supplemented with 0.1% bovine serum albu-
min and 2.8 mmol/L glucose for 1 h. Then, islets were washed
with phosphate-buffered saline and incubated with Krebs–
Ringer bicarbonate buffer supplemented with 3.3 or
16.7 mmol/L glucose (Invitrogen) for 1 h. Media were sampled
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and insulin measured using an insulin ELISA kit according to
the manufacturer’s instruction (ALPCO Diagnostics, Windham,
NH, USA).

MIN6 cell culture
Pancreatic insulinoma MIN6 b-cells were kindly provided by
Dr Miyazaki and Dr Steiner21. MIN6 cells were cultured and
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen) containing 25 mmol/L glucose, 10% fetal bovine
serum, 1% penicillin/streptomycin, 2 mmol/L glutamine and
100 lmol/L b-mercaptoethanol. MIN6 b-cells of less than 20
passages were used in this experiment. For the GSIS test, where
indicated, cells were washed with phosphate-buffered saline and
pre-incubated in Krebs–Ringer bicarbonate buffer supplemented
with 0.5% bovine serum albumin and 1.1 mmol/L glucose for
10 min. Then, cells were stimulated with 2 or 20 mmol/L glu-
cose for 20 min. Media were sampled and insulin measured as
described above.

Adenoviral vector production and transfection
As previously described, an adeno-associated virus carrying
mouse Klotho full-length complementary deoxyribonucleic acid
was constructed, with adeno-associated virus carrying green flu-
orescent protein as the control22. Plasmid deoxyribonucleic acid
including pAAV-mKL, a recombinant adeno-associated virus
(rAAV) vector carrying the open reading frame(ORF) of the
membrane form Klotho protein, and pAAV-GFP with green
fluorescent protein gene was purified with a QIAGEN Maxikit
(Valencia, CA, USA). MIN6 cells were transfected with plasmid
deoxyribonucleic acid using Optifect reagent (Invitrogen)
according to the manufacturer’s protocol, followed by 72-h
incubation in DMEM with 10% fetal bovine serum at 37°C in
a CO2 incubator. For isolated islets, after incubation with aden-
ovirus-containing media for 1 h, new media with serum were
added to the plate; then, the islets were washed and placed into
culture for in vitro studies.

RNA isolation and reverse transcription polymerase chain
reaction
Total RNA was purified from isolated mouse pancreatic islets
and MIN6 cells using TRIzol reagent, followed by a QIAGEN
RNeasy minikit. RNA (~500 ng) was reverse transcript using
SuperScript III reverse transcriptase with OligodT20 (Invitro-
gen) in the presence of 10 lL deoxynucleotide triphosphate for
1 h at 50°C. The resulting complementary deoxyribonucleic
acid were used as templates for polymerase chain reaction with
oligonucleotide primers to amplify the mRNAs of Klotho (F:
50-GGGTCACTGGGTCAATC T-30; R: 50-GCAAAGTAGCCA
CAAAGG-30), inducible nitric oxide synthase (iNOS) (F: 50-
CCTGGTACGGGCATTGCT-30, R: 50-GCTCATGCGGCCTC
CTT-30) and b-actin (F: 50-AGGTCATCACTATTGGCAA
CGA-30; R: 50-CACTTCATGATGGAATTGAATGTAGTT-30).
Real-time polymerase chain reaction was carried out on a Bio-
Rad CFX96TM Real-Time polymerase chain reaction Detection

System (Hercules, CA, USA), and the results of Klotho or
iNOS mRNA levels were normalized against b-actin mRNA in
each sample through three independent experiments.

Western blotting analysis
Western blot analysis was carried out as described previously23.
Briefly, MIN6 cells or isolated islets were lysed with radioim-
munoprecipitation assay buffer containing the protease inhibitor
cocktail. Protein concentration was measured with the Pierce
BCA assay (Rockford, IL, USA). Lysates (40 lg protein/well)
under the reducing condition were directly subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis (4 ~ 20%
Tris-HCL precast gel) followed by western blotting with the
anti-Klotho or anti-iNOS antibody. The same blot was re-
probed with antibody against b-actin after stripping the blot.
Bands were detected by Electrochemiluminescence (ECL) detec-
tion reagents (Amersham Biosciences, Piscataway, NJ, USA).

Luciferase assay and nitrite determination
Nuclear factor-jB (NF-jB) luciferase activity was measured
with luciferase assay and normalized with b-gal activity, by
using reporter genes plasmid cytomegalovirus vector (pCMV)-
b-galactosidase and Endothelial cellleukocyte adhesion molecule
luciferase reporter plasmid (ELAM)-NF-jB-luciferase. After a
24-h transfection, cells were stimulated for 24 h with 2.5 ng/
mL IL-12 (PeproTech, Rocky Hill, NJ, USA). Then, cells were
lysed, and luciferase activity was measured with a Promega kit
(Promega, Madison, WI, USA) and a luminometer. b-Galac-
tosidase activity was determined by the calorimetric method to
normalize transfection efficiency as described earlier24. Measure-
ment of nitrite accumulation into the culture medium was used
to determine NO production. At the indicated time-points, the
culture medium was collected and nitrite was measured by the
Griess reaction25. Data shown are means of three independent
experiments.

Statistical analysis
Data are presented as the mean – standard deviation. The
significance of differences among groups was evaluated using
analysis of variance with Fisher post-hoc least significant differ-
ence test. A P-value of <0.05 was considered to be statistically
significant.

RESULTS
Periodontitis aggravated islets damage with potential insulin
resistance
During periodontitis induced by ligatures for 8 weeks, GI,
based on the clinical characteristics of the different grades of
gingival inflammation16 and PD were scored and recorded to
evaluate the periodontal status. As shown in Figure 1, these
two parameters both increased significantly in mice with peri-
odontitis (periodontitis and combination group) compared with
mice without periodontitis (control and diabetic group;
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Figure 1a). Fasting blood glucose and plasma insulin both
showed higher level in db/db mice compared with C57BL/6
mice, whereas increased glucose level and decreased insulin
level were detected in the combination group compared with
the diabetic group (Figure 1b), with the strong increase of
homeostasis model assessment for insulin resistance values only
shown in diabetic mice compared with controls (Figure 1c).

After inducing periodontitis, mice in all groups were killed
under general anesthesia at 20 weeks for islets isolation, and
partial islets were subjected to a GSIS test. The results showed
that low glucose stimulation increased the insulin secretion in
the diabetic group compared with the control, whereas high
glucose resulted in decreased trends, indicating badly damaged
islets (Figure 1d). Furthermore, both low and high glucose

3.0

CCP(–) group

** **

** ** ** ** ** **

** **

** **
** **

** **

**
********

**
**

**

**

**

** ** **

*

*
*

*
* * *

*

DCP(–) groupCCP(+) group DCP(+) group

CCP(–) group

CCP(–)
group

40
35
30
25
20
15
10

5
0

DCP(–) group

DCP(–)
group

12

10

8

6

4

2

0

0.10 3.3 mmol/L
16.7 mmol/L0.09

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

0

12

H
O

M
A 

IR

10

8

6

4

2

0

CCP(+) group

CCP(+)
group

DCP(+) group

DCP(+)
group

G
in

gi
va

l i
nd

ex
Fa

st
in

g 
bl

oo
d 

gl
uc

os
e

(m
m

ol
/L

)

Fa
st

in
g 

pl
as

m
a 

in
su

lin
(m

lU
/L

)
Pr

ob
in

g 
de

pt
h 

(m
m

)

2.5

2.0

1.5

1.0

0.5

0
1 week 4 weeks 8 weeks 12 weeks 1 week

0

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

4 weeks 8 weeks 12 weeks

1 week 4 weeks 8 weeks 12 weeks

In
su

lin
 se

cr
et

io
n/

in
su

lin
 c

on
te

nt

1 week 4 weeks 8 weeks 12 weeks

1 week 4 weeks 8 weeks 12 weeks

(a)

(b)

(c) (d)

Figure 1 | Impaired function of pancreatic b-cells was aggravated under the introduction of periodontitis in diabetic mice. Every 16 db/db or
C57BL/6 mice were randomly divided into two groups of eight, respectively: (i) db/db mice with periodontitis (combination group, DCP[+]);
(ii) db/db mice without periodontitis (diabetic group, DCP[-]); (iii) C57BL/6 mice with periodontitis (periodontitis group, CCP[+]); and (iv) C57BL/6
mice without periodontitis (control group, CCP[-]). (a) Increased gingival index and probing depth in periodontitis-introduced mice compared with
controls (CCP[+] vs CCP[-], DCP[+] vs DCP[-]). (b) Introduction of periodontitis led to increased glucose level and decreased insulin level in diabetic
mice (DCP[+] vs DCP[-]), whereas the effect was not obvious in normal mice (CCP[+] vs CCP[-]). (c) Homeostasis model assessment for insulin
resistance scores showed a strong increase in diabetic status (DCP[-] vs CCP[-]), with no obvious change observed in periodontitis-induced mice
(CCP[+] vs CCP[-]; DCP[+] vs DCP[-]). (d) Glucose-stimulated insulin secretion test for pancreatic islets showed that low glucose (3.3 mmol/L)
stimulation increased the insulin secretion of diabetic mice compared with normal mice (DCP[-] vs CCP[-]), whereas high glucose (16.7 mmol/L)
resulted in decreased secretion of insulin, indicating impaired function of pancreatic b-cells. In addition, low and high glucose stimulation both
inhibited the insulin secretion under periodontitis introduction in diabetic mice (DCP[+] vs DCP[-]), whereas the inhibition was not obvious in
normal mice (CCP[+] vs CCP[-]). *P < 0.05, **P < 0.01.
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stimulation led to decreased secretion of insulin in the combi-
nation group compared with the diabetic group.

Periodontitis induced increased IL-12 level and decreased
Klotho level in diabetic mice
Recent studies have identified inflammation as an underlying
component of diabetes. Tumor necrosis factor-a, IL-6, IL-1b
and IL-12 are common pro-inflammatory cytokines; these
cytokines are increased in serum, vitreous, retinas or islets from
diabetic patients or rats26,27. In the present study, all of these

cytokines were activated in the diabetic group compared with
the control (Figure 2a–d), indicating general pro-inflammatory
response. However, these cytokines were not evaluated under
periodontitis treatment in normal mice, whereas only particu-
larly increased IL-12 was detected in diabetic mice with peri-
odontitis, showing the correlation between IL-12 and
periodontitis-aggravated islets dysfunction. Furthermore, serum
Klotho level decreased synchronously with increased IL-12
(Figure 2e), indicating the possible modulatory function of IL-
12 on Klotho.
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Figure 2 | Detection for the levels of pro-inflammatory cytokines, including (a) tumor necrosis factor (TNF)-a, (b) interleukin (IL)-1b, (c) IL-6 and (d)
IL-12, and (e) also serum Klotho level. TNF-a, IL-1b, IL-6 and IL-12 were all activated in diabetic mice without periodontitis compared with normal
mice. Furthermore, IL-12 level was further induced under periodontitis introduction in diabetic mice, whereas the increase was not obvious in
normal mice with periodontitis. The level change of IL-12 was consistent with the impaired pancreatic function. Besides, serum Klotho level was
also decreased in diabetic mice without periodontitis compared with normal mice, and this inhibition was aggravated under periodontitis
introduction in diabetic mice, but not obvious in normal mice. *P < 0.05, **P < 0.01. CCP(-), C57BL/6 mice without periodontitis; CCP(+), C57BL/6
mice with periodontitis; DCP(-), db/db mice without periodontitis; DCP(+), db/db mice with periodontitis.
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Klotho expression was inhibited by IL-12 stimulation in MIN6
b-cells and isolated islets
In order to investigate the relationship between IL-12 and
Klotho, MIN6 b-cells and isolated mice islets were both intro-
duced and performed under IL-12 treatment for 24 h. Results
showed that b-cell-specific expression of Klotho was
significantly repressed at both mRNA and protein levels by IL-
12 (Figure 3). As former studies have proven that Klotho can
improve b-cell function and attenuate the development of
type 2 diabetes20, it can be speculated that periodontitis
aggravated islets damage, mainly b-cell dysfunction, through
the negative modulation of IL-12 on Klotho expression.
Furthermore, mounting evidence suggests that Klotho can pro-
tect against endothelial dysfunction and regulate the production
of nitric oxide28, whereas induction of iNOS and activation of
NF-jB by IL-12 has also been reported in microglial cells29.
Here, nitric oxide production and insulin secretion were chosen
to evaluate the effect of IL-12 treatment, and also of Klotho
function.

Klotho overexpression could reverse both immunostimulation
and decreased insulin secretion induced by IL-12
To investigate the function of Klotho under IL-12 treatment,
Klotho overexpression was executed in both MIN6 b-cells and
isolated islets through adenoviral transfection. Then, IL-12
induced immunostimulation about NO production and insulin
secretion changes were observed in Klotho-overexpressed sub-
jects. As shown in Figure 4, NF-jB was activated under IL-12
treatment, with upregulated iNOS expression and also NO pro-
duction in MIN6 b-cells. Interestingly, Klotho overexpression
would reverse IL-12-induced abundance of nitric oxide, indicat-
ing the key role of Klotho in IL-12-induced pathways. In addi-
tion, a GSIS test was also carried out in Klotho overexpressed
subjects, with results showing that Klotho overexpression could
also recover impaired insulin secretion by IL-12 in both MIN6
b-cells and isolated islets (Figure 5). Taken together, it can be
speculated that islets damage was aggravated through the mod-
ulation of IL-12 on Klotho, involving functional b-cells in pan-
creatic islets, in the diabetic mouse model with periodontitis.
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DISCUSSION
The present study showed that periodontitis could aggravate
pancreatic b-cell failure in a diabetic mouse model, and further
showed the functional role of Klotho, as an inhibitor on IL-12,
in preserving functional b-cells in pancreatic islets. Previous
studies have confirmed the direct effect of periodontitis on
adipose tissue inflammation and also subsequent systemic insu-
lin resistance in an obese rat model13. Thus, this effect was
investigated here in a diabetic mouse model, mainly focusing
on the influence on insulin secretion. As expected, diabetic
mice with periodontitis showed potential insulin resistance with
more serious dysfunction in insulin secretion under glucose
stimulation, indicating aggravated pancreatic b-cell failure.

Previous study has indicated that some pro-inflammatory
cytokines cannot only work as a network to regulate inflamma-
tion, but also influence insulin sensitivity and glucose metabo-
lism30. Therefore, serum levels of common pro-inflammatory
cytokines, like tumor necrosis factor-a, IL-6, IL-1b and IL-12,
were detected here. Fortunately, only particularly increased IL-
12 was observed synchronously with periodontitis-aggravated
islets dysfunction. Klotho, an anti-aging gene, can be repressed
in pancreatic islets of db/db mice though its normal expression
is slight in pancreas20,28. Thus, serum Klotho level was also
measured here with results showing decreased Klotho content
along with increased IL-12. Although the correlation between
IL-12 and Klotho has not been explored yet, these results
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showed the important role of this correlation in periodontitis
aggravated dysfunction of islets.
Former evidence suggests that IL-12 can functionally impair

GSIS in INS-1 cells, one homogeneous b-cell line, and human

donor islets, suggesting a direct role of IL-12 in mediating
b-cell pathology27. Therefore, the direct effects of IL-12 on mice
islets and b-cells were observed, and the corresponding
change of Klotho expression was also investigated. After IL-12
treatment, mice islets and b-cells both showed decreased func-
tion in insulin secretion, whereas Klotho expression was also
proven to be negatively regulated by IL-12. It was the first time
that the functional negative regulation of IL-12 on Klotho was
explored. Furthermore, it can be speculated that periodontitis-
aggravated dysfunction of islets was as a result of the inhibition
of Klotho under upregulated IL-12, given the fact that b-cell-
specific expression of Klotho can attenuate the development of
diabetes in db/db mice20.
For further verification of the functional role of Klotho,

Klotho overexpression was carried out to examine its influence
on IL-12 stimulation, including IL-12-induced NO produc-
tion29. Interestingly, IL-12-stimulating results could be signifi-
cantly reversed by Klotho overexpression. In addition, impaired
b-cell function in insulin secretion was also recovered to some
extent under Klotho overexpression, providing more evidence
for the function of Klotho in preserving b-cell function.
IL-12, as an important cytokine in early inflammatory

responses, has been implicated in immune-mediated pathogene-
sis of pancreatic islets in diabetes27. However, the mechanism
of IL-12-mediated b-cell function is not clear. In the present
study, IL-12 was chosen for acting as an important mediator in
periodontitis-aggravated dysfunction of islets in diabetic mice.
Subsequently, the negative regulation of IL-12 on Klotho was
shown, and the function of Klotho as an inhibitor in IL-12
stimulation was also shown, indicating the potential role of
Klotho to be one candidate for the improvement of insulin
resistance in diabetes. Further studies will be required to deter-
mine the functional role of Klotho in vivo, as well as its appli-
cation in clinical therapy.
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