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Insulin resistance and hyperglycemia are risk factors for
periodontitis and poor wound healing in diabetes, which
have been associated with selective loss of insulin activation
of the PI3K/Akt pathway in the gingiva. This study showed
that insulin resistance in the mouse gingiva due to selective
deletion of smooth muscle and fibroblast insulin receptor
(SMIRKO mice) or systemic metabolic changes induced
by a high-fat diet (HFD) in HFD-fed mice exacerbated
periodontitis-induced alveolar bone loss, preceded by de-
layed neutrophil and monocyte recruitment and impaired
bacterial clearance compared with their respective con-
trols. The immunocytokines, CXCL1, CXCL2, MCP-1, TNFq,
IL-1$3, and IL-17A, exhibited delayed maximal expression in
the gingiva of male SMIRKO and HFD-fed mice compared
with controls. Targeted overexpression of CXCL1 in the
gingiva by adenovirus normalized neutrophil and mono-
cyte recruitment and prevented bone loss in both mouse
models of insulin resistance. Mechanistically, insulin en-
hanced bacterial lipopolysaccharide-induced CXCL1 pro-
duction in mouse and human gingival fibroblasts (GFs), via
Akt pathway and NF-kB activation, which were reduced in
GFs from SMIRKO and HFD-fed mice. These results pro-
vided the first report that insulin signaling can enhance
endotoxin-induced CXCL1 expression to modulate neutro-
phil recruitment, suggesting CXCL1 as a new therapeutic
direction for periodontitis or wound healing in diabetes.

Delayed resolution of infections is a major contributor to
chronic inflammation and poor wound healing in diabetes

ARTICLE HIGHLIGHTS

e The mechanism for the increased risks for periodonti-
tis in the gingival tissues due to insulin resistance and
diabetes is unclear.

e We investigated how insulin action in gingival fibro-
blasts modulates the progression of periodontitis in
resistance and diabetes.

e |nsulin upregulated the lipopolysaccharide-induced neu-
trophil chemoattractant, CXCL1, production in gingival
fibroblasts via insulin receptors and Akt activation.

e Enhancing CXCL1 expression in the gingiva normal-
ized diabetes and insulin resistance-induced delays in
neutrophils recruitment and periodontitis.

e Targeting dysregulation of CXCL1 in fibroblasts is po-
tentially therapeutic for periodontitis and may also im-
prove wound healing in insulin resistance and diabetes.

and insulin resistance (1,2). A major example of delayed
resolution of infections and chronic inflammation is peri-
odontitis, which causes loss of teeth and poor nutrition,
even mortality, in older people with diabetes (3-6). Peri-
odontitis is one of the most common noncommunicable
diseases and is associated with aging, obesity, nephropathy,
and cardiovascular outcomes (7-11). Risk factors for peri-
odontitis in diabetes are hyperglycemia, diabetes duration,
and insulin resistance (12). Insulin’s beneficial effects to
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resolve periodontitis and wound healing are attributed to
glycemic control and its direct actions on cell types involved
in infection and inflammation (13). However, insulin’s di-
rect action to enhance its anti-infectious and anti-inflamma-
tory activities in gingival myofibroblasts and tissues to
mitigate periodontitis has not been elucidated.

We reported that, in the gingiva of Zucker fatty rats, a model
of obesity-induced diabetes and insulin resistance, insulin sig-
naling to activate eNOS (p-eNOS) was impaired because of se-
lective inhibition of the PI3Kinase/Akt pathway (14). Mice with
diet-induced obesity and type 2 diabetes exhibited more severe
periodontitis-induced alveolar bone loss and delayed wound
healing than controls (15-17). Clinically, people with insulin re-
sistance, without diabetes, have increased risk for severe peri-
odontitis (18). However, it is unclear which type of gingival cells
are responding to insulin and how those responses contribute
to the development and exacerbation of periodontitis.

This study characterized the direct effect of insulin actions
on the development of periodontitis by deletion of insulin re-
ceptors (IR) in myofibroblasts of mice (SMIRKO), a major gingi-
val cell type that is activated during injury in periodontitis (19).

RESEARCH DESIGN AND METHODS

Materials
The primary antibodies and reagents (all analytical grade)
are listed in Supplementary Tables 1 and 2.

Animals

SM22a-Cre "/~ IRA (SMIRKO) mice were generated by breed-
ing IRV mice with SM22-Cre™’"TRY® mice, as reported (20).
Male SMIRKO and SM22a-Cre '~ IR¥ (wild type [WT]) litter-
mates were fed with regular diet (RD). Male WT littermates at
6-weeks-old age were fed with 60% high-fat diet (HFD)
(D12492; Research Diet, New Brunswick, NJ) for 10 weeks. All
mice were housed under climate-controlled conditions with a
12-h light/dark cyde and with food and water ad libitum. These
primers were used for genotyping: floxed IR forward
5'-GATGTGCACCCCATGTCT-3, reverse 5'-CTGAATAGCTGA-
GACCACAG-3, and floxed IR delta 5'-TCTATCAACCGTGCC-
TAGAG-3'. Mice were perfused with 20 mL PBS. Gingivae
around maxilla and mandibular molars were dissected and
used for experiments. Intraperitoneal glucose tolerance tests
(IPGTTs) and insulin tolerance tests (IPITTs) and ex vivo insu-
lin or IGF-1 stimulation on gingiva were performed as reported
(14,20). All protocols for animal use and euthanasia were ap-
proved by the Animal Care Committee of the Joslin Diabetes
Center (Boston, MA) (#2017-02) and are in accordance with
National Institutes of Health (NIH) guidelines.

Immunoblotting and Assays

Gingival samples, snap frozen on dry ice, and cultured cells
were homogenized in ice-cold radioimmunoprecipitation
assay buffer (Boston BioProducts, Milford, MA) buffer
with protease (Sigma-Aldrich) and phosphatase inhibi-
tors, with protein concentrations determined by bicin-
choninic acid (BCA) protein assay kit (Thermo Fisher

Shinjo and Associates 987

Scientific, Rockford, IL). Immunoblotting was per-
formed and analyzed using ImageJ software (NIH), as
described (20). Murine and human CXCL1 (R&D Sys-
tems, Minneapolis, MN), and plasma insulin and IGF-1
levels (Crystal Chem, Elk Grove Village, IL) were deter-
mined by ELISA kit according to the manufacturer’s
instruction.

Induction of Periodontitis

At 14 weeks of age, male WT, SMIRKO, and HFD-fed mice
were randomly divided into groups with or without 7-0 silk
ligature around maxillary second molars to induce experimen-
tal periodontitis (Supplementary Fig. 1A), as reported (21,22).
Each cage contained both WT and SMIRKO mice to stabilize
their oral microbiome. After 4, 7, or 14 days, mice were eutha-
nized under anesthesia and perfused with PBS. Assessment
of periodontitis by alveolar bone loss (Supplementary Fig. 1B)
and histological analysis were performed as reported (21,23).
RD-fed male C57BL/6, ApoE_/ ~ (Jackson Laboratory, Bar
Harbor, ME), and SM22Cre*’ 7—Ap0E7/ ~ mice at 14 weeks
old were also studied to determine the effect of Cre recombi-
nase on alveolar bone loss.

Histological Analysis

Left hemisected maxillae were fixed in 10% neutral buff-
ered formalin and decalcified in 10% EDTA(23). Paraffin-
embedded sections were subjected to tartrate-resistant
acid phosphatase (TRAP) stain to detect osteoclastic activ-
ity. Methods for obtaining bone marrow-derived macro-
phages (BMDMs) and differentiation into osteoclasts were
as described (24). Active osteoclasts were defined as multi-
nucleated (>2) and TRAP-positive cells in contact with the
bone surface (25) or on a plate.

Real-Time PCR

Total RNA was isolated using PureLink RNA Mini kit or TRIzol
reagent (Thermo Fisher Scientific) and subjected to real-time
PCR to assess mRNA levels (Applied Biosystems, Grand Island,
NY) normalized to mouse 18S rRNA. The sequences of PCR
primers are listed in Supplementary Table 3.

Flow Cytometry

Gingivae were prepared for FACS analysis as reported (26).
Spleen was grounded using a 70-pm strainer; 100 wL blood
and bone marrow were suspended in ACK Lysing buffer
(Thermo Fisher Scientific) for 5 min at 37°C. Antibodies for
FACS and gating strategies are shown in Supplementary
Table 1 and Supplementary Fig. 2. Cells were sorted using
LSR2 (BD Biosciences, San Jose, CA), and cell populations
were determined using Flow Jo software version 10.0 (Tree
Star Inc., Ashland, OR).

Primary Gingival Fibroblast Cultures

Mouse gingiva was immersed in PBS containing penicillin
and streptomycin, dissected into small pieces, suspended in
DMEM containing 10% BSA, and placed on a collagen
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I-coated plate. Primary gingival fibroblasts (GFs), passages
3-6, from male WT/SMIRKO/HFD mice were cultured in 0.1%
FBS DMEM with low glucose (5.5 mmol/L) (DMEM-L) over-
night before treatment with insulin or IGF-1 (0-100 nmol/L)
for 10 min for analyses. Cells were stimulated with Escheri-
chia coli lipopolysaccharide (LPS), Pam3CSK4, and TNFa
(10 ng/mL) at the indicated time (6-24 h for quantitative
PCR [qPCR] and 10 h for ELISA) and pretreated with insulin
and each inhibitor for 30 min. Cells were stimulated with
0-1,000 ng/mL E. coli LPS for 30 min, with or without insu-
lin pretreatment. Human primary GFs were obtained from
ATCC (PCS-201-018; Manassas, VA) and cultured according
to the manufacturer’s protocol.

Immunocytohistology Studies

GFs from male WT/SMIRKO mice were cultured in glass
chambers (Nunc Lab-Tek Chamber Slide; Thermo Fisher
Scientific) and fixed with 4% paraformaldehyde and treated
with PBS containing 0.1% Triton-X100 (Sigma-Aldrich)
(PBST) for 10 min. Then, cells were incubated with primary
antibodies diluted in 1% BSA in PBST overnight at 4°C,
washed, and incubated with secondary antibodies for 1 h,
and mounted with a DAPI kit (Agilent, Santa Clara, CA).

Adenoviral Transduction/Intragingival Adenovirus
Injection

Adenovirus expressing mouse CXCL1 (no. 188914A) and cyto-
megalovirus (CMV) null adenovirus (no. 000047A) were pur-
chased (ABM, Richmond, British Columbia, Canada). GFs
from male WT mice were infected with adenovirus(1 x 10%
indusion-forming units/mL) for 1 h at 37°C and incubated
with 10% FBS DMEM-L with PC/SM for 48 h. Intragingival ad-
enovirus injections were performed as described (27). Briefly,
anesthetized mice were injected with a total 20 wL of 1 x 10°
inclusion-forming units/mL adenovirus into the palatal gingiva
on the right side (Supplementary Fig. 1C), and CMV null ade-
novirus was injected into the left side. For interventional study,
ligatured or nonligatured mice were concomitantly injected
with adenovirus intragingivally as above. Noninjected mandib-
ular gingiva samples were used as a control.

Lentiviral shRNA Transfection

Lentivirus short hairpin (sh) Aktl (ABIN3775910) and
shCMV (ABIN5691888) were from Antibodies-online GmbH
(ABIN3775910; Aachen, Germany). shRNA transfection was
performed using the Ambion Silencer Select Validated siRNA
kit in 70% confluent GFs, which were selected with puromy-
cin (InvivoGen, San Diego, CA) for 7 days and used for
analysis.

Statistical Analysis

Values are expressed as mean + SEM. Comparisons be-
tween two groups were performed with an unpaired Stu-
dent t test. One-way and two-way ANOVA, followed with
post hoc tests, were performed for comparisons of multiple
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groups using GraphPad Prism8 (GraphPad Software, San
Diego, CA).

Data and Resource Availability
Data sets and resources generated during this study are
available from the corresponding author.

RESULTS

Systemic and Gingival Characterization of SMIRKO
Mice
Male SMIRKO and WT mice (Fig. 14) exhibited similar
body weights, and blood glucose, fasting plasma insulin,
and IGF-1 levels (Supplementary Fig. 3A-E). No changes
were observed in IPGTT and IPITT (Supplementary Fig. 3F
and G) between these two types of mice, as reported (20).
Only male mice were studied in all the experiments.
Gingiva protein levels of IRB from SMIRKO mice de-
creased by 73% compared with WT mice (P < 0.05), but IGF-
1RB expression was not different (Fig. 1B). Ex vivo study
showed that insulin-mediated pIRf and pAkt in SMIRKO
mouse gingiva were suppressed by 62.5% (P < 0.05) and
56.1% (P < 0.001), respectively (Fig. 1C-E), whereas insulin-
induced pErk levels were not impaired (Fig. 1F). IGF-1-
induced pIGF1RB and pAkt levels were decreased only at
IGF-1 = 100 nmol/L (both at P < 0.05) in the gingiva from
SMIRKO mice compared with WT mice (Fig. 1G-J).

Comparative Analysis of Periodontitis Pathology

The severity of silk ligature-induced periodontitis showed
that the buccal and palatal net bone loss was lower on day
4 but significantly increased by 64.1 and 100% on day 14
in SMIRKO mice compared with WT mice (Fig. 2A and B)
(P < 0.01 to ~0.001). The number of TRAP (+) osteoclasts
was increased by 60% in ligatured SMIRKO mice compared
with WT mice on day 14 (Fig. 2C and D) (P < 0.05), but no
differences were found without ligature. Overexpression of
Cre recombinase did not affect the alveolar bone loss
(Supplementary Fig. 4). The capacity of differentiation into
osteoclasts in BMDMs was similar in the two types of mice

(Fig. 2E and F).

Bacterial Clearance and Inflammatory Responses After
Ligature

Bacterial load measured by eubacterial 16S gene expression
in the SMIRKO mouse gingiva was higher than in WT mice
on day 4 (Fig. 2G) (P < 0.05). Both neutrophils (CD45"
CD37CD19°CD11b* Gr-1*SCC'™) and monocytes (CD45*
CD3~CD19° CD11b™ e Gyr-1™4) on day 4 after ligature
were lower (P < 0.05), but they were higher on day 14 in
the gingiva of SMIRKO mice (Fig. 2H) (P = 0.051), whereas
T and B lymphocyte counts were not significantly altered
(Supplementary Fig. 5A). Splenic, blood, and bone marrow
neutrophils, but not other inflammatory cells, were increased
in response to ligature, but were not different from baseline
in WT and SMIRKO mice (Supplementary Fig. 5B-D).
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Figure 1—IR expression and insulin/IGF-1 signaling in the gingiva of WT and SMIRKO mice. A: A schema of breeding between WT and
SMIRKO mice. B: IRB and IGF-1Rp expression levels in the gingiva of WT and SMIRKO mice (N = 6). C—F: Insulin-induced signal transduc-
tion in the gingiva of WT and SMIRKO mice (N = 6). G-J: IGF-1-stimulated signal transduction in the gingiva of WT and SMIRKO mice
(N =6). *P < 0.05, **P < 0.01, ***P < 0.001. #P < 0.05, ###P < 0.001 versus WT 0 nmol/L. $P < 0.05, $$P < 0.01, $$$P < 0.001 versus

SMIRKO 0 nmol/L. Blue circle, WT; orange square, SMIRKO.

Multiple inflammatory (CXCL1, CXCL2, MCP-1, TNFq, IL-
1B, and IL-17A) and osteoclastogenesis-related (RANKL and
OPG) genes were upregulated by ligature with peaks on days
4 and 7 in WT mice (Fig. 2I). However, in the SMIRKO mice,
the gingival expression of all these inflammatory cytokines
was lower on day 4 but higher on day 14 after ligature. This
delayed expression was confirmed in the protein changes of
CXCL1, which were lowered on day 4 (P < 0.01) and elevated
on day 14, comparing SMIRKO to WT mice (Fig. 2J).

Characterizing Periodontitis and Cytokines in HFD-Fed
Mice

To support the idea that male SMIRKO mice are mimicking
the changes of insulin resistance induced by obesity and diabe-
tes, we studied the effect of HFD in mice (15). Male HFD-fed

mice exhibited significant weight gain, insulin resistance mea-
sured by IPITT, and mild diabetes measured by IPGTT (Sup-
plementary Fig. 6A-E). Fasting insulin levels, but not IGF-1
levels, were elevated in HFD-fed mice compared with RD-fed
mice (Supplementary Fig. 6F and G). No systemic differences
were noted between mice with and without ligature (Sup-
plementary Fig. 6A-C, F, and G). IR levels were downregu-
lated mice by 63% in the gingiva of HFD-fed mice (P < 0.05),
but the expression of VCAM1 (P < 0.05) and ICAM1 levels
was increased compared with RD-fed mice (Fig. 3A-D). Insulin-
induced pAkt and pErk were reduced significantly by 37 and
37%, respectively, in the gingiva of HFD-fed mice compared
with RD mice (Fig. 3E-G).

Ligature-induced bone loss in HFD-fed mice was lower
on day 4 but was greater by 45% on day 14 compared with
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Figure 2—Exacerbation of ligature-induced experimental periodontitis in SMIRKO mice via delay in neutrophil recruitment. A: Representative
images of maxillae from WT and SMIRKO mice with or without ligature at day 14 after ligation. B: Net bone loss distance and area in WT and
SMIRKO mice after ligation (N = 6). C and D: Representative images and quantification of TRAP stain in WT and SMIRKO mice at 14 days after
ligation (N = 6). Scale bar = 100 um. Red arrows show TRAP-positive cells. E and F: Representative microphotographs and quantification of
TRAP stain in differentiated BMDMs into osteoclasts in WT and SMIRKO mice (N = 5). Red arrows show osteoclasts. G: Eubacterial 16S ex-

pressions (N = 5); H: immune cell populations (N = 5); I: gPCR data (N =

5); and J: CXCL1 protein levels (N = 5) in the gingiva of WT and SMIRKO

mice after ligation. *P < 0.05, **P < 0.01, ***P < 0.001. #P < 0.05, ##P < 0.01, ###P < 0.001 versus WT lig-, $P < 0.05, $$P < 0.01, $$$P <
0.001 versus SMIRKO lig-. Blue circle, WT; orange square, SMIRKO; lig-, without ligature.

RD-fed mice (P < 0.05 and P < 0.001, respectively) (Fig.
3H and I). The number of osteoclasts was elevated by 24%
in HFD-fed mice compared with RD-fed mice (P < 0.01)
(Fig. 3J and K).

In the gingiva of HFD-fed mice, eubacterial 16S levels
were higher at all time points compared with RD-fed mice
(Fig. 3L). Neutrophil recruitment was significantly lower by
45% in the gingiva of HFD-fed mice at day 4 but was greater

at day 14 compared with RD-fed mice (Fig. 3M). Gingival
monocyte and macrophage numbers were significantly
higher in HFD-fed mice at all time points, compared with
RD-fed mice, which peaked at day 7 (Fig. 3M), while T and B
lymphocyte counts were not changed (Supplementary Fig.
7A). Systemically, neutrophils in the spleen, blood, and bone
marrow were not different between RD-fed and HFD-fed
mice (Supplementary Fig. 7B-D), although some elevations
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of monocyte/macrophage levels were observed on days 4
and 7 in the HED-fed mice (Supplementary Fig. 7B-D).

At baseline, gene expression of CXCL1, CXCL2, TNFa,
IL-1B, IL-17a, and RANKL in the gingiva of male HFD-fed
mice was higher, compared with male RD-fed mice. The
expression of inflammatory cytokines peaked at day 4 af-
ter ligature in RD-fed mice, but they remained elevated
and did not peak until day 14 in HFD-fed mice (Fig. 3N).
The protein levels of CXCL1 were higher in HFD-fed mice
than RD-fed mice at day 14 (Fig. 30) (P < 0.001).

Gingiva CXCL1 Overexpression on Bone Loss and
Periodontitis

CXCL1 mRNA expression in murine GFs was specifically in-
creased by sixfold using intragingival injection of adenovirus
containing murine CXCL1 (AdCXCL1) compared with unin-
fected GFs or those infected with adeno-CMV-null viral vec-
tors (AACMYV) (Supplementary Fig. 84). There was increased
expression of neutrophil-selective enzyme myeloperoxidase
and CD11b, a monocyte marker, which remained elevated
7 days after AACXCL1 infection compared with AACMV in-
fection (Supplementary Fig. 8B).

Bacterial clearance, measured by eubacterial 16S rRNA
(Fig. 4A), was significantly lower in the gingiva of SMIRKO
and HFD-fed mice compared with WT and RD-fed mice, re-
spectively, at days 4 and 14. However, after elevating CXCL1
expression by AACXCL1 infection, eubacterial 16S levels in
the SMIRKO and HFD-fed mice were significantly lower
than in mice infected with AACMV and comparable to those
of respective controls of male WT and RD-fed mice (Fig. 44A).

Delays of neutrophil recruitment into the gingiva, exhibited
by male SMIRKO and HED-fed mice, compared with male WT
and RD-fed mice, respectively, on days 4 and 14 were normal-
ized by intragingival infection of AACXCL1 compared with
AdCMV (Fig. 4B). Similarly, the number of monocytes, macro-
phages, and B cells was normalized to WT mice with AACXCL1
overexpression on day 14 (Supplementary Fig. 9).

Expression of CXCL1, TNFa, and IL-1f3 in the gingiva of
SMIRKO and HFD-fed mice infected with AACXCL1 was nor-
malized on day 4 and significantly lower on day 14 compared
with mice with AACMV (Fig. 4C-E and Supplementary Fig.
10). Similarly, ligature-induced bone losses in SMIRKO and
HFD-fed mice injected with AACXCL1 measured at day 14
were comparable with each other and lower than in WT and
RD-fed mice injected with AACMV (P < 0.001) (Fig. 4F-H
and Supplementary Fig. 11).

Insulin Signaling and Effects in Gingival Myofibroblasts
Primary GFs from male SMIRKO mice showed reductions of
IRB by 91%, but no changes in IGF1R, compared with male
WT mice (Fig. 5A). No differences were noted in the expres-
sion of vimentin, aSMA, and SM22a between GFs from
WT and SMIRKO mice, indicating similar levels of differen-
tiation (Fig. 5B and Supplementary Fig. 12). Insulin-induced
(1-100 nmol/L) pAkt reduced by 38% (P < 0.001), but
pErk did not, comparing SMIRKO with WT myofibroblasts
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(Fig. 5C-E). IGF-1-induced pIGF1Rp3, pAkt, and pErk were sig-
nificantly inhibited in GFs from SMIRKO mice, by 29, 35, and
28%, respectively, compared with WT cells (Fig. 5F-I).
Cultured GFs from male HFD-fed mice exhibited similar
and persistent reductions of IR and IGF1R[ expression,
by 50 and 39%, respectively, (Fig. 5J-L). Insulin-induced
pAkt and pErk were significantly inhibited, by 32 and 27%,
respectively, in GFs from HFD-fed mice compared with

RD-fed mice (Fig. 5M and N).

CXCL1 Expression in GFs Induced by LPS and Insulin
Insulin’s effect to modulate CXCL1 expression by LPS, a major
inducer of CXCL1 expression in bacterial infection, was stud-
ied (28). CXCL1 gene expression and protein secretion were
strongly induced by a Toll-like receptor 4 (TLR4) ligand, E. coli
LPS (10 ng/mL), a TLR2 ligand, Pam3CKS4 (100 ng/mL), and
a TLRS ligand, flagellin (10 ng/mL), in mouse GFs (Fig. 6A and
B and Supplementary Fig. 13). LPS-induced CXCL1 gene ex-
pression increased by 200-fold at 6 h, with reductions after 12
and 24 h (Fig. 6A and B. Insulin alone did not affect CXCL1 ex-
pression. LPS-induced CXCL1 gene expression at 6 h and pro-
tein secretion were significantly lower in GFs from male
SMIRKO mice, by 64 and 80%, respectively (Fig. 6A and B).
GFs from HFD-fed mice also showed significant reductions of
LPS-induced CXCL1 gene at 6 h and protein expression, by 60
and 50% (Fig. 6C and D), respectively, when compared with
RD-fed cells. Pretreatment of GFs with insulin (100 nmol/L)
enhanced LPS, Pam3CKS4, and flagellin-induced CXCL1 ex-
pression in WT-GFs by 1.5-fold at 6 h, but not in GFs from
both SMIRKO and HFD-fed mice (Fig. 6A-D and Supple-
mentary Fig. 13).

The expression of CXCL1 induced by LPS is by binding to
TLR with activation of the NF-«kB pathway (28). This was con-
firmed, since LPS, Pam3CSK4, and TNFa-stimulated CXCL1
mRNA and protein expression was inhibited by IKK-3 inhibi-
tor BAY 11-7082, but not by JNK inhibitor SP600125 (Fig.
6E). Inhibitors of PI3K, wortmannin (Supplementary Fig.
144), did not affect LPS-induced CXCL1 expression, but
completely inhibited insulin-mediated enhancement of LPS’s
effect (Fig. 6F and G). MAP kinase inhibitor PD98059 tended
to decrease insulin’s additive effects on CXCL1 expression. Ac-
tions of insulin via the Akt pathway were studied further by
shAkt transfection, which reduced Akt by 72%, compared
with shCMV (Supplementary Fig. 14B), and inhibited com-
pletely insulin-enhanced LPS-stimulated CXCL1 expression
(Fig. 6H and ).

In human GFs, LPS significantly increased CXCL1 expres-
sion at 6 h and decreased it at 12 and 24 h. Insulin alone
was ineffective, but it significantly elevated LPS-induced
CXCL1 mRNA and protein expression, by 47% (P < 0.001)
and 41% (P < 0.01), respectively (Fig. 6J and K).

GFs exposed to insulin (100 nmol/L) for 48 or 120 h induced
loss of insulin activation of p-Akt (Supplementary Fig. 15A-E)
and attenuated insulin-enhanced LPS-induced CXCL1 gene and
protein expression significantly (Supplementary Fig. 15F-H).
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NF-kB Activation on CXCL1 Expression in GFs

Protein expression of TLR2 and TLR4 was not statistically
different in GFs from all three types of male mice at baseline
and after LPS stimulation, except TLR2 levels were decreased

at 1,000 ng/mL (LPS) in GFs from male HFD-fed mice (Fig.
7A and B). Activation of NF-kB pathway in WT mice showed
that LPS increased pTAK1, IkBa degradation, and p-p65 sig-
nificantly, from 10 to 1,000 ng/mL (Fig. 7A and B). Basal
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levels of p-TAK in GFs from SMIRKO and HFD-fed mice (P <
0.05) were higher (by twofold to threefold) than those from
WT mice. LPS stimulation of p-TAK was comparable to cells
from SMIRKO and HFD-fed mice compared with WT mice.
Basal levels of IkBa between WT and SMIRKO GFs were not
different, but they were elevated in cells from HFD-fed mice
(P < 0.05). LPS (10 to 1,000 ng/mL) reduced IkBa protein lev-
els significantly, by up to 75%, in WT mice, but by 74 and only
20% in GFs from SMIRKO and HFD-fed mice, respectively
(Fig. 7A and B). In contrast, basal p-p65/p65 levels were signifi-
cantly reduced in GFs from SMIRKO and HFD-fed mice com-
pared with WT mice (Fig. 7A and B). LPS stimulated p-p65
levels by 1.6- to 2.6-fold in GFs from WT cells, but was blunted
significantly in GFs from both SMIRKO and HFD-fed mice,
with the greatest reductions from the latter (Fig. 7B). However,
LPS stimulation of pJNK did not differ among the GFs from
WT, SMIRKO, and HFD mice (Fig. 7A and B). Insulin-enhanced
LPS actions increased pTAK1/tTAK1, reduced IkBa protein,
and significantly increased p-p65 levels (P < 0.05) in WT mice,
but not in GFs from SMIRKO and HFD mice (Fig. 7C and D).

DISCUSSION

These results have established, for the first time, that IR in
GF can enhance CXCL1 expression via the NF-«kB pathway
and mitigate the severity of periodontitis and even bone loss.

The physiological importance of insulin enhancement of
LPS induction of CXCL1 expression is supported by the find-
ings that HFD manifested similar reductions of IR and its
signaling via the pAkt pathway in the gingiva, and exhibited
exacerbation of periodontitis and bone loss compared with
WT mice. Thus, we surmised that the reductions in pAkt by
the loss of IR as found in both male SMIRKO and HFD-fed
mice mediated the delay in bacterial clearance and excessive
bone loss in mouse models of periodontitis.

Excessive bone loss in SMIRKO mice was related to the
delay in bacterial clearance that resulted from the dimin-
ished chemotaxis of neutrophils and monocytes into the
gingiva, which remained chronically elevated. This delay
and the persistent infection were similar to inflammatory
cytokine expression with the elevation of TNFa, IL-1j3,
and IL-17A, which are known potent inducers of osteoclast
formation as substantiated by the changes in RANKL and
OPG (29-32). The mechanism for delayed resolution of the
bacterial infection in the gingiva of SMIRKO mice was re-
lated to the decreased expression of CXCL1, CXCL2, and
MCP-1 and the delay in the recruitment of neutrophils and
monocytes. Previous studies have shown that recruitment
of neutrophils and their actions are critical for resolving
periodontitis and wound healing (1,33-36). However, this
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is the first report of IR regulating CXCL1 expression in any
tissues and its relationship to delayed neutrophil recruit-
ment in wound healing and periodontitis. We suggest that
loss of IR signaling in insulin resistance and diabetes de-
creased CXCL1 expression and is responsible for the de-
layed neutrophil recruitment and bacterial clearance with
persistent inflammation in gingiva of HFD-fed and diabetic
mice, resulting in excessive bone loss. Since only CXCL1
and CXCL2 expression was decreased in HFD-fed mice, and
not MCP-1 (Fig. 3N), the delayed recruitment of neutro-
phils is likely the major defect for the chronic inflamma-
tion and bone loss in both male SMIRKO and HFD-fed
mice. However, in HFD-fed mice, baseline levels of bacte-
ria, macrophages, monocytes, and various inflammatory
cytokines were already elevated before periodontal injury,
and bone loss was not present (Fig. 3L-O), which suggest
that insulin resistance caused by HFD can induce chronic
elevation of bacterial load and increased inflammatory cy-
tokine levels in gingiva and systemically.

The idea that CXCL1 reduction is responsible for the ex-
cessive alveolar bone loss in male SMIRKO and HFD-fed
mouse models of periodontitis is strongly supported by the
selective overexpression of CXCL1 in the gingiva with ade-
noviral CXCL1, which corrected the abnormalities of bacte-
ria clearance, elevations of inflammatory cytokines in both
models, and prevented chronic inflammatory changes re-
sponsible for bone loss.

Mechanistic studies in GFs confirmed that insulin’s effect
requires LPS and is due to its activation of the NF-kB path-
way through TLR2/TLR4/TLR5, which is the major pathway
for LPS to activate CXCL1 expression (Supplementary Fig.
13) (26). This insulin action is likely mediated through its ac-
tivation of the pAkt pathway rather than MAPK activation,
since inhibitors of pAkt selectively inhibit insulin’s additive
effect on LPS induction of CXCL1 without inhibiting LPS ac-
tivation (Fig. 6F and G). However, inhibition of MAP kinase
reduced LPS-induced CXCL1 expression completely. Thus,
loss of insulin actions to enhance LPS’s induction of CXCL1
expression in HFD-fed diabetic mice is related to selective
inhibition of insulin signaling of the Akt pathway, as re-
ported in multiple cardiovascular and other insulin respon-
sive tissues (37).

The study using GFs from both male SMIRKO and HFD-
fed mice provided interesting findings that not only are insu-
lin’s additive actions reduced, but LPS induction of CXCL1
alone was also dramatically reduced (Fig. 6A-D). These find-
ings suggest that IR and insulin action could be mediating its
actions at multiple points of LPS activation of the NF-«xB
pathway. One of insulin’s actions is through pAkt activation,
as described. However, the substantial loss of LPS induction
of CXCL1 in GFs from SMIRKO mice suggests that loss of IR
can also reduce LPS activation of NF-kB as measured by IkBa
and p-p65/p65. Further, the persistence of these signaling ab-
normalities of IR and LPS in cultured GF of SMIRKO and
HFD-fed mice indicated the retention of metabolic memory,
possibly at the epigenetic levels, as reported in other tissues
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(38-40). Chronic exposure to insulin clearly attenuated insu-
lin’s enhancing effect of LPS-induced CXCL1 expression in
mouse GFs, which is likely due to downregulation of IR and its
actions reported in many types of cells (Supplementary Fig.
15) (41). Thus, it is possible that hyperinsulinemia due to
HEFD partially contributed to reduction of CXCL1 expression.

Our study has several limitations. First, only male mice
were used for the experiments, since male gender is an in-
dependent risk factor for periodontitis and short reproduc-
tive cycle and hormone changes may affect the progression
of periodontitis during the 14-day study. Future study will
be needed to determine whether the finding of reductions
of CXCL1 expression associated with insulin resistance and
mild diabetes is also applicable in female mice. Second, our
study focused on obesity, insulin resistance, and type 2
diabetes, but not on insulin deficiency diabetes. Since hy-
perglycemia likely also has inhibitory effects on insulin’s ac-
tivation of the pAkt pathway (42-44), future studies will
be needed to address whether hyperglycemia and hypoin-
sulinemia can also cause reductions of CXCL1 expressions
in the gingiva.

These data provide the first evidence of insulin’s actions to
enhance LPS activation in any cell type and suggest enhancing
CXCL1 expression as a potential therapeutic direction for
periodontitis and impaired wound healing in diabetes.
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