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Abstract
Purpose of Review Diabetes has a detrimental effect on bone, increasing the risk of fracture and formation of osteolytic lesions
such as those seen in periodontitis. Several diabetic complications are caused by diabetes-enhanced inflammation. This review
examines mechanisms by which IL-17 contributes to diabetes-enhanced periodontitis and other effects of IL-17 on bone.
Recent Findings IL-17 upregulates anti-bacterial defenses, yet its expression is also linked to a destructive host response in the
periodontium. Periodontal disease is caused by bacteria that stimulate an inflammatory response. Diabetes-enhanced IL-17
increases gingival inflammation, which alters the composition of the oral microbiota to increase its pathogenicity. In addition,
IL-17 can induce osteoclastogenesis by upregulation of TNF and RANKL in a number of cell types, and IL-17 has differential
effects on osteoblasts and their progenitors.
Summary Increased IL-17 production caused by diabetes alters the pathogenicity of the oral microbiota and can promote
periodontal bone resorption.
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Introduction

The IL-17 family consists of six members, IL-17A through IL-
17F. IL-17A and IL-17F are the best studied and have the highest
degree of sequence homology and signal as homodimers or het-
erodimers consisting of IL-17A/A, IL-17F/F, and IL-17A/F [1,

2]. IL-17 is largely produced by CD4+ T helper 17 cells (Th17)
[3] and γδ T cells and also by CD8+ T cells and natural killer T
(NKT) cells [4, 5]. Both Th17 and γδ T cells are found in peri-
odontal tissues in relatively high numbers [5, 6]. IL-17 produc-
tion by these cells is important in the response to bacterial infec-
tion [6, 7••, 8].

There are five distinct IL-17 receptor genes, IL-17 receptor A
(IL-17 RA) through IL-17 receptor E (IL-17RE) [1]. IL-17A and
IL-17F signal through a heteromeric IL-17 receptor complex
(e.g., IL-17RA/IL-17RC) that forms in the presence of ligand
[1]. IL-17RA is expressed ubiquitously in cells while IL-17RC
is primarily expressed by resident, non-hematopoietic cells such
as mesenchymal, epithelial, and endothelial cells [9, 10]. IL-17A
and IL-17F are important in protecting mucosal surfaces, in part,
by activating host defense mechanisms in keratinocytes through
upregulation of neutrophil chemoattractants and anti-microbial
peptides such as defensins [11]. Their importance in upregulating
host-defenses is established in an animalmodelwith dual IL-17A
and IL17F deletion [12]. The amount of oral bacteria is increased,
and the ability of bacteria to disseminate systemically from the
oral cavity is increased in IL-17A/IL-17F-deletedmice compared
to wild-type mice [12]. Signaling downstream of the IL-17R
complex induces mitogen-activated protein kinase (MAPK)
and NF-κB activation, leading to the production of pro-
inflammatory cytokines and chemokines and subsequent mye-
loid cell recruitment to the inflamed tissue [13, 14].
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IL-17 and Periodontitis

Bacteria on the tooth surface stimulate an inflammatory re-
sponse that induces gingival inflammation and is referred to
as gingivitis. In gingivitis, the inflammation does not spread to
bone cells [15]. Once the inflammation reaches the deeper
connective tissue and involves bone, RANKL is expressed
by osteoblasts, osteocytes, and periodontal ligament cells to
induce bone resorption [12, 16–18]. The inflammation also
suppresses the production of factors that stimulate osteoblastic
cells to form new bone, thereby inhibiting osseous coupling
and promoting osteolytic lesion formation [19].

Numerous studies have shown that human periodontitis is
associated with increased levels of locally produced IL-17
compared with healthy periodontal tissue [20]. Th17 lympho-
cytes and IL-17 levels are positively correlated with periodon-
tal disease severity and with clinical parameters of periodontal
destruction [21–24]. Cause and effect relationships between
IL-17 and periodontitis have been carried out, but the inter-
pretation of the results is complex since IL-17 has both impor-
tant protective and destructive roles. Genetic ablation of IL-
17RA leads to reduced neutrophil recruitment to periodontal
tissues in response to oral infection and increased susceptibil-
ity to periodontitis, suggesting that IL-17RA signaling is
needed to protect periodontal tissues from bacteria [25].
Interestingly, the production of IL-17A, which is stimulated
by the minor mechanical injury that occurs during mastication
in the oral cavity, contributes to maintaining homeostasis in
this environment [11]. In contrast, short-term administration
of an antibody to IL-17A inhibited periodontal bone loss in an
acute periodontitis model, suggesting that in this model, high
levels of IL-17A, per se, contributed to periodontal damage
[26]. Long-term genetic deletion of IL-17A also reduces bone
loss in a model of spontaneous periodontal disease associated
with older mice [11]. This result is consistent with observa-
tions that, compared to young mice, aged mice exhibit a great-
er inflammatory and osteoclastogenic response to a bacterial
stimulus [27].

Taken together, the above studies suggest that some IL-17
receptor signaling is needed to protect against bacteria in peri-
odontal tissues since its absent increases susceptibility to
bacteria-induced inflammation and periodontal bone loss
[12]. However, excessive IL-17 signaling results in inflamma-
tion that leads to increased RANKL production by osteoblast-
lineage and periodontal ligament fibroblasts and periodontal
bone loss [12, 21, 26].

Diabetes and Bone

Over 400 million adults are estimated to have diabetes on a
worldwide basis [28]. The majority (> 90%) have type-2 dia-
betes mellitus (T2DM), which is caused by a combination of
insulin resistance and a failure to compensate by increasing

insulin production [29]. T2DM is linked most closely with
obesity, and susceptibility is affected by race, ethnicity, diet,
exercise, smoking history, and age. Type-1 diabetes mellitus
(T1DM) is due to tolerance failure, which leads to an autoim-
mune response that attacks the beta cells in the pancreas and is
associated with inadequate insulin production [30]. Increased
gingival inflammation is observed in subjects with both
T1DM and T2DM [31–33]. Periodontitis, which involves in-
flammation - induced resorption and periodontal bone loss, is
significantly increased in both T1DM and T2DM [34–38].
High glucose levels may directly contribute to the increased
levels of inflammation by leading to the generation of reactive
oxygen species (ROS), the nonenzymatic formation of ad-
vanced glycation end products (AGEs) that activate NF-kB,
and the loss of antioxidants [35•, 39, 40]. Diabetes also affects
inflammation by increasing the inflammatory activity of neu-
trophils [40], monocytes [41], and dendritic cells [42]. The
increased risk and severity of periodontal bone loss in humans
is supported by animal studies that show a comparable effect
[43-45]. The latter has provided insight into mechanisms by
which diabetes-enhanced inflammation affects bone and con-
nective tissue through its effect on proteolytic enzymes, mes-
enchymal stem cells, osteoblasts, and fibroblasts [46, 47•].

Both T1DM and T2DM affect bone. There is a six-to sev-
enfold increased risk of fracture in T1DM and a 1.5-fold in-
creased risk in T2DM [47•,48]. T1DM is associated with re-
duced bone density, and T2DM is associated with reduced
mechanical strength and diminished bone quality but not a
loss of bone density [47•,48]. Hyperglycemia in vivo reduces
expression of transcription factors that coordinate the differ-
entiated function of osteoblasts such as Runx-2, Dlx5, and c-
fos [49]. Several diabetic complications involve upregulation
of inflammatory cytokines such as TNF [35•, 48, 50-53].
When TNF is inhibited, osteoclastogenesis is reduced, and
there is improved angiogenesis and increased numbers of
mesenchymal stem cells [19, 51-55]. AGEs may contribute
to the reduced osteoprogenitor pool seen in diabetics [55,
56]. Mesenchymal stem cell and periodontal ligament cell
apoptosis are increased, and differentiation of MSC to osteo-
blasts is reduced by AGEs [57, 58]. Diabetes increases more
than twofold the mRNA levels of 70 genes that directly or
indirectly regulate apoptosis in response to bacterial challenge
and leads to significantly enhanced caspase-8, -9, and -3 ac-
tivities [58]. That apoptosis of matrix-producing cells is im-
portant in bone coupling following periodontal infection was
shown by significant improvement by treatment with caspase-
3 inhibitor that substantially reduced inflammation-induced
cell death [46].

In periodontal tissues, diabetes leads to enhanced inflamma-
tion, RANKL expression, osteoclastogenesis, and periodontal
bone loss [35•, 44, 50]The induction of experimental periodon-
tal disease stimulates NF-κB activation in periodontal ligament
fibroblasts, osteoblasts, and osteocytes that is associated with
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bone loss and reduced bone coupling, two major factors in
periodontitis [16–18]. Experimental mice with osteocyte-
specific ablation of RANKL through DMP-1-mediated gene
deletion have significantly reduced osteoclast numbers and
bone resorption in both the normoglycemic and diabetic
groups, demonstrating the importance of these cells in experi-
mental periodontitis [17]. Diabetes reduces the numbers of
bone-lining cells, osteoblasts, and periodontal ligament fibro-
blasts that may limit bone coupling [50, 53–55]. Osseous cou-
pling is significantly enhanced in diabetic animals by a TNF
specific inhibitor that rescues bone formation and expression of
bone-producing factors such as FGF-2, TGFβ-1, BMP-2, and
BMP-6 [19]. The effect of diabetes on periodontitis is summa-
rized in Fig. 1.

Diabetes, IL-17 and Periodontal Bone Loss

Diabetes increases periodontal bone loss in animals and in
humans [19, 59-63].Until recently, there was little evidence
shown that diabetes causes the change in bacterial composition
to render it more pathogenic [63, 64]. Human studies have re-
ported variable findings on the effect of hyperglycemia on the
oral microbiota. For example, the effect of diabetes on the level
of oral bacteria such as Capnocytophaga, Porphyromonas
gingivalis, or Tannerella forsythia has been shown to varywidely
[65–69]. Even with more robust techniques such as DNA-seq,
there is little consensus on the specific changes in oral bacterial
compositions caused by diabetes [65, 70–72]. Several factors
may play into this variability including confounding factors such

Alters Oral Microbiota  
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Fig. 1 Diabetes is associated with
an increased risk and severity of
periodontitis. Several cytokines
are elevated by diabetes and play
a role in the pathogenesis of
periodontal disease including IL-
1, TNF, and IL-17. Conditions
present in diabetes such as high
glucose, ROS, and AGEs increase
the inflammatory response
induced by oral bacteria.
Conversely, the increased
inflammation alters the bacterial
composition to render it more
pathogenic. Theenhanced
inflammation affect the key cell
types, osteoblasts, osteocytes, and
osteoblast progenitors, which
produce RANKL and contribute
to bone coupling following an
episode of periodontal bone
resorption.
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as the degree and duration of hyperglycemia, environmental fac-
tors such as diet and oral hygiene, and medications. Just as im-
portantly, there is no consensus of the specific bacterial compo-
sition that causes periodontitis. In addition, it is possible that the
major change induced by diabetes is the response to bacteria
rather than the change in bacterial pathogenicity. Diabetes in-
creases mRNA levels of host defense, pro-apoptotic, inflamma-
tory, and coagulation/hemostasis/complement regulating genes
[60, 61]. In controlled experiments where bacteria are injected
into connective tissue, diabetic animals exhibit greater inflamma-
tion compared to normoglycemic controls [73,74].Therefore, it is
necessary to test whether diabetes alters the pathogenicity of the
oral microbiota rather than just change its composition.

To address the issue of the impact of diabetes on the overall
microbial pathogenicity, our lab undertook experiments on ex-
amined db/db mice that spontaneously develop T2DM and their
lean control littermates that are normoglycemic [75••]. Prior to
the development of hyperglycemia, both groups of mice had a
similar oral microbiota as determined by beta- and alpha-
diversity measurements. The onset of hyperglycemia in the db/
db group caused a decrease in microbial diversity and a higher
proportion of Proteobacteria (Enterobacteriaceae) and
Firmicutes (Enterococcus, Staphylococcus, and Aerococcus).
The increase in these bacterial taxa has been associated with
changes in other diabetic pathologies [69, 76]. Similarly, reduced
bacterial diversity occurs in other sites caused by diabetes or in
the oral microbiota associated with aging and is thought to render
the bacterial community more susceptible to disruption [27, 77,
78].

To test the impact of diabetes on bacterial pathogenicity, trans-
fer experiments were carried out in which the oral microbiota
was collected from normoglycemic and diabetic mice and used
to inoculate normoglycemic germ-free mice [75••]. The oral mi-
crobiota from diabetic mice was more pathogenic than that of
normoglycemic mice. In these studies, inflammation was mea-
sured by increased neutrophil accumulation and IL-6 expression.
Diabetic oral microbiota also inducedmore bone loss as reflected
by a greater induction of RANKL and osteoclastogenesis with a
resultant increase in osteolysis. Since inflammation is greater in
the diabetic periodontal tissues, we examined whether the en-
hanced inflammation of diabetes contributed to the bacterial
changes. A pilot study determined that IL-17 exhibited the
greatest change when inflammatory mediators were compared
between diabetic and normoglycemic mice. To experimentally
determine whether high levels of IL-17 induced a change in
bacterial composition, we examined one group of diabetic mice
treated by microinjection of IL-17 antibody into the gingiva and
compared their responses to mice that had microinjection of con-
trol IgG. Treatment with IL-17 blocking antibody altered the oral
microbiota in the diabetic mice. Interestingly, the antibody treat-
ment made the composition of the oral microbiota in the diabetic
group closer to that in the normoglycemic mice. The blocking
antibody also diminished the pathogenicity of the oral microbiota

in the diabetic group as determined by bacterial transfer experi-
ments. The microbiota from the oral cavities of the diabetic mice
treated with the IL-17 antibody stimulated less recruitment of
neutrophils, had reduced IL-6 and RANKL expression, and di-
minished osteoclastogenesis and bone loss compared to micro-
biota transfer from diabetic mice, treated with control IgG. These
results indicate that IL-17 induced inflammation alters the bacte-
rial composition in the oral cavity and renders it more pathogenic
(Fig. 2). This may be due to the generation of inflammatory
products that serve as bacterial substrates and favor the growth
of pathogenic species. It is also possible that the host-response is
skewed by high levels of IL-17 in the diabetic group so that it is
less effective in dealing with bacteria that are pathogenic, as
shown in studies with leukocyte adhesion deficiency [79, 80].
Both scenarios point toward the importance of controlling in-
flammation in order to reduce oral microbial pathogenicity. We
propose that diabetes causes an increase in IL-17 and inflamma-
tion, which, in turn, alters the microbial composition of the oral
cavity in a pro-inflammatory direction. This enhances the level of
inflammation, which increases osteoclastogenesis and limits os-
seous coupling, producing more bone loss.

Although T1DM and T2DM have different etiologies and
their impact on bone is not identical, they sharemany of the same
complications that result from the common thread of increased
inflammation. Both animal studies and human studies confirm
that both forms of diabetes increase inflammatory events in peri-
odontal tissue, impair new bone formation, and increase expres-
sion of RANKL in response to a bacteria-induced challenge.
Studies in animals, moreover, suggest that there are multiple
mechanisms affected by diabetes that impact a large number of
cell types. As in humans, poorly controlled diabetes in rodents
accelerates the process of periodontal disease and causes it to
occur at a younger age. The etiology of periodontal disease in-
volves the host response to bacterial challenge. Animal studies
indicate that the host response triggers activation of NF-κB and
inflammation in periodontal ligament cells, osteoblasts, and os-
teocytes. This then affects the expression of RANKL and
coupled bone formation, which are both further exacerbated by
the presence of diabetes. In addition to affecting cells which are
in close proximity to bone, the inflammatory response to bacteria
also modifies the oral microbiota to render it more pathogenic.
Thus, animal studies have provided new insights into the patho-
genic mechanisms of diabetes and merit further investigation to
unravel the cause and effect relationships between diabetes and
periodontitis/peri-implantitis. However, the results of these ex-
periments will need to be confirmed in human studies, which
will present new challenges.

IL-17 and Its Effect on Osteoclasts and Osteoblasts

IL-17 can induce osteoclastogenesis, inhibit bone formation, and
lead to bone loss in osteoporosis [81-83]. IL-17 induces bone
loss by increasing pro-osteoclastogenic cytokines including
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TNF-α and RANKL from osteoblasts. IL-17 promotes osteo-
clastogenesis by stimulating RANKL expression by osteoblastic
cells, through interactions with IL-17RA. Deletion of the IL-
17RA protects mice from ovariectomy-induced bone loss.
Estrogen deprivation promotes RANKL expression and bone
resorption in association with upregulation of the IL-17 effector
Act1 [84]. Anti-IL-17 suppresses ovariectomy-induced CD4+ T
cell proliferation, pro-inflammatory cytokine production, and B
cell lymphopoiesis with reduced Treg formation [85]. This treat-
ment restores trabecular microarchitecture and improves bone
biomechanical properties [86]. IL-17A inhibits late osteoblast
differentiation by downregulation of genes involved in the Wnt
pathway, including Axin2, Wisp1, and Bmp4 [87]. In addition,
IL-17 induces NF-κB activity in osteoblasts, which can inhibit
the differentiated function of these cells [16].

IL-17Aaccelerates bone formation in early bone fracture
healing by stimulating the proliferation and osteoblastic dif-
ferentiation of mesenchymal progenitor cells [88, 89]. In a
fracture healing model, loss of IL-17A in IL-17A-deficient
mice, disrupted proliferation, and differentiation of MSCs,
resulting in delayed callus formation and lower bone mineral

density [89, 90]. Moreover, IL-17 acts in a synergistic manner
with BMP-2 to enhance new bone formation [91].

In spondyloarthritis or rheumatoid arthritis, IL-17 promotes
osteoclastogenesis through induction of RANKL [92]. In rheu-
matoid arthritis, IL-17 has a pathogenic role in cartilage destruc-
tion by inhibiting matrix synthesis by chondrocytes and promot-
ing MMP production [93]. It also contributes to uncoupling by
inhibition of bone formation [94]. IL-17 blockade has therapeutic
value by reducing joint inflammation and articular bone erosion
and diminishing systemic bone loss by suppressing RANKL, IL-
1, andTNFα production [95, 96]. Phase I trials indicate that signs
and symptoms of rheumatoid arthritis are significantly sup-
pressed following treatment with anti-IL-17 antibodies, without
notable adverse effects [97, 98]. Targeting IL-17 with antibodies
has been shown to improve rheumatoid disease activity in pa-
tients and reduce bone loss [99–101]. Thus, IL-17 produced by
Th17 cells can induce bone loss in estrogen deficiency associated
osteoporosis and rheumatoid arthritis. In contrast, IL-17 pro-
duced by γδ Tcells appears to accelerate bone formation in early
bone fracture healing by stimulating the proliferation and differ-
entiation of mesenchymal progenitor cells.

Normoglycemic Diabe�c 

Transfer Oral Bacteria to Normoglycemic Germ-free Mice 

No Treatment Control IgG IL-17 An�body

Normal Dysbiosis More Similar to 
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Fig. 2 Diabetes increases IL-17
expression, leading to increased
periodontal inflammation and
dysbiosis. Treatment with IL-17
antibody reduces dysbiosis in di-
abetic animals. When transferred
to germ-free mice, the oral mi-
crobiota from diabetic mice in-
duce more periodontal inflamma-
tion and bone loss than microbio-
ta from normal mice. Treatment
of diabetic donor mice with IL-17
antibody reduces the inflamma-
tion and bone loss stimulated by
the oral microbiota when it was
transferred to germ-free recipi-
ents. Thus, diabetes increases the
pathogenicity of the oral microbi-
ota through an IL-17-mediated
mechanism
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Conclusions

In conclusion, IL-17 receptor signaling is needed to protect
against bacteria in periodontal tissues. However, excessive IL-
17 signaling results in periodontal inflammation and bone loss.
The host response to oral microbiota in diabetic conditions trig-
gers inflammation that is more severe than in the euglycemic
state. Additionally, the inflammatory response to bacteria also
modifies the oral microbiota to render it more pathogenic.
Importantly, the pathogenicity of the oral microbiota from a dia-
betic mouse was more pathogenic compared to microbiota from
a normal mouse when it was transferred to a germ-free host.
Therefore, further animal studies could potentially reveal the
relationships between diabetes and periodontitis/peri-implantitis.
Finally, human studies will be needed in the future to confirm the
results in the animal models.
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