
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​​​​t​p​:​/​/​c​r​e​​a​​​t​i​
v​e​​c​​o​​m​​m​​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​​

Seki et al. BMC Nephrology           (2025) 26:38 
https://doi.org/10.1186/s12882-025-03965-z

BMC Nephrology

*Correspondence:
Yoshihiko Sawa
ysawa@okayama-u.ac.jp

Full list of author information is available at the end of the article

Abstract
Background  Diabetes treatments by the control of sodium-glucose cotransporter 2 (SGLT2) is commonly conducted 
while there are still uncertainties about the mechanisms for the SGLT2 overexpression in kidneys with diabetes. 
Previously, we have reported that glomeruli and proximal tubules with diabetic nephropathy express toll-like receptor 
TLR2/4, and that the TLR ligand lipopolysaccharide (LPS) of periodontal pathogens have caused nephropathy in 
diabetic model mice. Recently, many researchers suggested that the periodontal pathogenic bacteria Fusobacterium 
(F.) nucleatum has the TLR4-associated strong activator of the colorectal inflammation and cancer. The present study 
aimed to investigate the possibility of F. nucleatum as an exacerbation factor of diabetes through the renal SGLT2 
induction.

Methods  The induction of the SGLT2 by F. nucleatum LPS (Fn-LPS) were investigated in the streptozotocin-induced 
diabetic mouse renal tissue and cultured renal proximal epithelial cells. The changes of blood glucose levels and 
survival curves in diabetic mice with Fn-LPS were analyzed. The Fn-LPS-induced SGLT2 production in the diabetic 
mouse renal tissue and in the cultured proximal epithelial cells was examined by ELISA, quantitative RT-PCR, and 
immunohistochemical analysis.

Results  The SGLT2 expression in the cultured mouse tubular epithelial cells was significantly increased by TNF- or 
co-culture with Fn-LPS-supplemented J774.1 cells. The period to reach diabetic condition was significantly shorter 
in Fn-LPS-administered diabetic mice than in diabetic mice. All Fn-LPS-administered-diabetic mice reached humane 
endpoints during the healthy period of all of the mice administered Fn-LPS only. The promotion of the SGLT2 
expression at the inner lumen of proximal tubules were stronger in the Fn-LPS-administered-diabetic mice than in 
diabetic mice. The renal tissue SGLT2 mRNA amounts and the number of renal proximal tubules with overexpressed 
SGLT2 in the lumen were more in the Fn-LPS-administered-diabetic mice than in diabetic mice.

Conclusions  This study suggests that F. nucleatum causes the promotion of diabetes through the overexpression 
of SGLT2 in proximal tubules under the diabetic condition. Periodontitis with F. nucleatum may be a diabetic 
exacerbating factor.
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Introduction
Exacerbation of diabetes may be fatal due to complica-
tions such as diabetic nephropathy caused by chronic 
inflammatory glomerulosclerosis [1, 2]. It has been dis-
cussed that periodontal diseases may contribute to dia-
betic complications and the exacerbation of diabetes, but 
there are many unclear aspects related to the interaction 
between diabetes and periodontal diseases [3–7]. In addi-
tion, sodium-glucose cotransporter 2 (SGLT2) is respon-
sible for glucose reabsorption in the proximal renal 
tubules and SGLT2 inhibitors have attracted attention 
for diabetes control [8, 9], but the renal SGLT2 increase 
system in the tubules under diabetic circumstances has 
not also been fully elucidated [10–13]. Recently, we 
reported that glomerular endothelial cells in diabetic 
kidneys express toll-like receptor TLR2/4 but are not 
expressed in the surrounding renal small blood vessels 
[14–16]. The TLRs are innate immune receptors sens-
ing pathogen-associated molecular patterns and play a 
role in innate immunity [17–19]. The TLR2/4 are com-
monly expressed on phagocytes and the recognition of 
lipoteichoic acid from Gram-positive bacteria and lipo-
polysaccharide (LPS) from Gram-negative bacteria by 
TLR2/4 induces the production of inflammatory cyto-
kines. Since the excessive signal transduction via TLR2/4 
induces a cytokine storm like SARS-CoV-2 pneumonia, 
TLR2/4 expression is usually not observed in blood ves-
sels in general tissues [14–19]. In a hyperglycemic envi-
ronment advanced glycation end products (AGEs) are 
generated by non-catalytic glucose modification of the 
blood proteins, accumulate in organs with complex 
structures like renal glomeruli, stimulate leukocytes and 
cause the TLR2/4 expression in the glomerular endothe-
lial cells by the chronic activation via the interaction of 
AGEs and receptor for AGEs (RAGE), which is ubiqui-
tously expressed in somatic cells [1, 2, 20–27]. Elevated 
levels of TLR2/4 expression have been reported in leu-
kocytes and kidney in diabetic patients and animal mod-
els. It has been thought that hyperglycemia induces the 
TLR2/4 expression in leukocytes and that AGEs are rec-
ognized by leukocytes via TLR2/4 in the renal tissue. The 
recognition of AGEs in the renal TLR has been suggested 
as one candidate promoting tubular inflammation and 
interstitial fibrosis in diabetic nephropathy [21–32]. Fur-
thermore, it is speculated that the inflammatory response 
via TLR in renal tissue and leukocytes in the presence 
of periodontal pathogens in the renal microcirculation 
induces the production of inflammatory cytokines which 
promote inflammatory events in kidneys [24–30].

In our recent studies, we have reported that the admin-
istration of Porphyromonas (P). gingivalis LPS under 
the buccal mucosa caused the nephropathy in the strep-
tozotocin (STZ)-induced diabetic mice as an infection 
model for the oral circulatory invasion of periodontal 

pathogens [14, 15]. In these studies all of the P. gingivalis 
LPS-administered diabetic mice reached humane end-
points with nephropathy within the survival period of all 
of the diabetic mice and LPS-administered healthy mice, 
and that the TLR4 inhibitor eritoran suppresses nephrop-
athy [16]. Since P. gingivalis LPS is a TLR2-dominant 
ligand with weak activation to TLR4, it was speculated 
that even a weak level of TLR4 activation would cause an 
inflammatory response in diabetic kidneys. Therefore, we 
further investigated the inflammatory events in the kid-
ney of P. gingivalis LPS-administered diabetic mice and 
found that P. gingivalis LPS caused the abnormal renal 
tubular expression of the leukocyte adhesion molecule; 
vascular endothelial cell adhesion molecule-1 (VCAM-
1), and the overexpression of SGLT2 [33, 34]. Bacte-
ria causing oral infections such as periodontal diseases 
directly enter the systemic circulation, spread throughout 
the body, and reach a number of organs [4–6]. For the 
example, it is well known that streptococci-IgA-immune 
complexes which have formed in the tonsils accumulate 
in the glomeruli and cause IgA nephropathy [3–6]. On 
the contrary, intestinal bacteria that enter the intestinal 
circulation do not cause sepsis because intestinal bacte-
ria enter the liver via the portal circulation and are ster-
ilized, and septic pneumonia occurs in newborns with 
immature liver immunity. Diabetic frailty is at a high risk 
of sepsis and is prone to gastrointestinal hypersensitiv-
ity such as diabetic diarrhea. In severe periodontal dis-
ease, tooth brushing is able to easily cause bacteremia, so 
it is quite possible that periodontal pathogenic bacterial 
components invaded in the oral circulation easily reach 
the kidneys, accumulate in glomeruli with a complex 
structure of the blood capillary, and cause an inflamma-
tory response through activation of TLRs abnormally 
expressed in the diabetic environment [3–6].

Recently, it has been strongly suggested that the 
periodontal pathogenic bacterium Fusobacterium (F.) 
nucleatum may induce inflammation and cancer in the 
large intestine through the strong activation of TLR2/4 
[35–38]. This present study was conducted using dia-
betic mice and cultured renal tubular epithelial cells to 
verify the possibility that F. nucleatum exacerbates diabe-
tes through induction of SGLT2 overexpression in renal 
tubules in diabetic mice.

Methods
Animals
This study was designed to investigate the induction of 
the SGLT2 overexpression with Fn-LPS in murine dia-
betic renal tubules and diabetes exacerbation. All experi-
ments were conducted in the Fukuoka Dental College 
Animal Center following the conditions described else-
where [10, 14–16, 33, 34]. The protocol was approved by 
the Animal Experiment Committee of Fukuoka Dental 
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College (No. 19010). The 4-week-old male genetically 
identical ICR mice were purchased from a commercial 
vendor (Kyudo, Fukuoka, Japan). The number of mice 
was decided by rules of the Animal Experiment Com-
mittee of Fukuoka Dental College based on the view-
point of animal welfare [10]. This study used 4 groups 
(9 mice in each group): non-treated control, Fn-LPS-
administered non-diabetic control, diabetic control, and 
Fn-LPS-administered diabetic experimental. The humane 
endpoints were daily assessed according to the ARRIVE 
guidelines and mice reaching humane endpoints were 
euthanized by induction anesthesia with intraperitoneal 
injections of sodium pentobarbital and cervical disloca-
tion. In this study, all mice were used as the data included 
in the experimental and control data, and there were 
no exclusions. The methods of the production of STZ-
induced diabetic mice and of the LPS administration in 
diabetic mice were described elsewhere [14–16, 33, 34]. 
Briefly, a single intraperitoneal injection of STZ (200 mg/
kg body weight; Sigma-Aldrich Japan, Tokyo, Japan) in a 
0.05 M citric acid buffer at pH 4.5 (20 mg/ml) and a sin-
gle Fn-LPS injection under the buccal mucosa were per-
formed to mice under inhalation anesthesia, and blood 
glucose concentrations were checked by a Glutest Sensor 
(Sanwa Kagaku Kenkyusyo CO., LTD., Nagoya, Japan) 
twice a week after the administrations of STZ and Fn-
LPS. Most studies for the STZ-induced murine diabetes 
model consider blood glucose levels over 300  mg/dL as 
a sign of diabetes and 50% of mice commonly become 
diabetic two weeks after STZ administration with blood 
glucose levels in the 300 to 600 mg/dl range [39, 40]. In 
this study mice with blood glucose levels above 300 mg/
dl were determined to be diabetic, and mice with blood 
glucose levels above 600  mg/dl were used in the renal 
immunohistochemical study as the severe diabetic model 
according to our previous studies [14–16, 33, 34]. The 
dosage of Fn-LPS (3  mg/kg) was determined according 
to our previous studies and it was confirmed that the 
Fn-LPS dosage has no effect on the health condition of 
these ICR mice (Fig. 1) [33, 34]. There are many reports 
that the amount of LD50, given all at once, for LPS of 
the reference strain like Escherichia (E.) coli 0111:B4 
(Sigma-Aldrich, St. Louis, MO, USA) which causes the 
death of one half of a group due to the endotoxin shock 
caused by intraperitoneal administration to C57BL6 
mice at 5–6 weeks of age is approximately 27–30 mg/kg. 
Fusobacterium (F.) nucleatum is a normal inhabitant of 
the oral cavity and its proliferation causes periodontitis, 
but there have been rare cases invade vascular from the 
oral to cause sepsis worldwide. Since it was assumed that 
the lethality and physiological toxicity of septic shock 
by F. nucleatum LPS would be much lower than that of 
E. coli LPS, in this experiment the same amount of LPS 
was administered as in the previous experiment with P. 

gingivalis LPS [41, 42]. Urine and blood samples of dia-
betic mice with Fn-LPS were collected after euthanasia 
on the day the mice reached humane endpoints, and of 
other mice were collected on the day the last diabetic 
mice with Fn-LPS reached humane endpoints. The sam-
ples were analyzed for urine albumin by albumin ELISA 
kit (Bethyl Laboratories, Inc. Montgomery, Texas, USA), 
for blood urea nitrogen (BUN) by DetectX (BUN detec-
tion kit, Arbor Assays LLC, Ann Arbor, MI, USA), and 
for blood creatinine (CRE) by LabAssay (Fujifilm Wako 
Pure Chemical Corporation, Osaka, Japan). Survival 
curves of control and diabetic mice with/without Fn-LPS 
were plotted from the day blood glucose levels reached 
the diabetic range described above.

Cells
This study used the human monocyte-macrophage-
like cell line (THP-1, JCRB0112, Japanese Collection 
of Research Bioresources, Ibaraki, Japan) and mouse 
monocyte-macrophage-like cell line (J774.1, JCRB0018, 
Japanese Collection of Research Bioresources) to exam-
ine the activity of purified Fn-LPS described below. The 
cells were cultured in RPMI1640 with 10% fetal calf 
serum in the usual culture condition. This study also 
used C57BL/6 mouse primary proximal tubular epithe-
lial cells (C57-6015, Cell Biologics Inc., Chicago, IL) to 
examine the SGLT2 expression with mouse recombinant 
TNF-α (R&D Systems Inc., Minneapolis, MN). The cells 
were cultured in the epithelial cell medium (M6621, Cell 
Biologics) in the usual culture condition. The MC3T3-
E1 cells (RCB1126, RIKEN BioResource Research Cen-
ter, Tsukuba, Japan) were also used as a negative control 
for the immunostaining with anti-SGLT2 cultured in 
α-MEM.

Bacterial culture
F. nucleatum (ATCC 25586) were cultured in Gifu 
anaerobic medium (Code 05422, Nissui Pharmaceuti-
cal Co., Ltd., Tokyo, Japan) in an anaerobic jar for 7 days 
at 37  °C until the absorbance at OD595 = 1.0, adjusted 
to 1.0 × 108 CFU /ml and the colonies were counted on 
the agar plate (Nissui Plate 51041, NK-containing ABHK 
agar; Shimadzu Diagnostics Corporation, Tokyo, Japan) 
according to the manufacturer’s instructions. Bacterial 
cells were harvested by the centrifugation at x 4000 x g 
for 30 min and the pellet was heat-inactivated at 60 °C for 
1 h to confirm the absence of growth on the Nissui plate 
(Shimadzu).

Purification of periodontal pathogen F. Nucleatum LPS
This study used F. nucleatum (ATCC 25586) to examine 
the SGLT2 overexpression in the renal proximal tubu-
lar epithelial cells with Fg-LPS in vitro and in vivo. The 
F. nucleatum membrane components including LPS 



Page 4 of 15Seki et al. BMC Nephrology           (2025) 26:38 

termed as Fn-LPS was purified using a LPS extraction 
kit (iNtRON Biotechnology, Inc., Seongnam, Korea). The 
activity of purified Fn-LPS was determined by the RT-
PCR analysis to determine the increase of interleukin-6 
(IL-6) mRNA expression in the THP-1 cells and the inhi-
bition of the IL-6 mRNA production by the TLR4 Inhibi-
tor TAK-242 (Sigma-Aldrich Japan, Tokyo, Japan) which 
inhibits IL-6 production with IC50 of 1.3 nM. All were 
performed according to the manufacturer instructions 
and previous studies [43–45]. The THP-1 cells (1.0 × 108/
well) were treated with RPMI1640 culture medium con-
taining LPS (100 ng/ml) or LPS (100 ng/ml) and TAK-242 

(1 µM, Sigma-Aldrich Japan) in a 6-well plate for 24  h. 
After the treatment the attached cells were trypsinized 
and collected by centrifugation with the floating cells, 
and the cell pellets were analyzed by real-time PCR 
described below. The LPS yield was quantified at 545 nm 
using a ToxinSensor (LAL Endotoxin Assay Kit, Gen-
Script Biotech Corporation, Piscataway, NJ, USA) and a 
microplate reader.

Cell viability assay
The viabilities of the cells cultured with medium con-
taining LPS (100 ng/ml), TAK-242 (1 µM, Sigma-Aldrich 

Fig. 1  Analysis for the antigenicity of Fn-LPS to THP-1 cells. A. Cell adhesion test and immunostaining by anti-IL-6. Left panels: immunostaining for TLR2 
and TLR4 on human monocyte-macrophage-like THP-1 cells cultured without any treatment. It is found that THP-1 cells usually express TLR2 and TLR4. 
Right top panels: THP-1 cells cultured without any treatment as a control (cont) and with Fn-LPS (LPS) / LPS and TLR4 antagonist TAK-242 (LPS + TAK). At-
tached cells after the treatment are stained by DAPI in blue. The THP-1 cells are floating cells, attached cell assemblies differentiated into macrophage-like 
cells are more numerous in the culture of LPS-treated cells than in the control, and there are fewer in culture of LPS + TAK-treated cells than in the culture 
of LPS-treated cells. Right bottom panels: immunostaining with anti-IL-6 in red on all the cells collected by trypsinization and centrifugation. The nuclei 
are counterstained by DAPI in blue. The control cells are not stained but the LPS-treated cells are strongly stained. The LPS + TAK-treated cells are immu-
nostained less than the LPS-treated cells. Bar: 100 μm. B. Quantitative analysis for the amounts of attached cells and IL-6 mRNA from all cells. The THP-1 
cells were cultured without Fn-LPS (LPS) or TLR4 antagonist TAK-242 (TAK) as a control (cont) and cultured with LPS/LPS + TAK. The amounts of attached 
cells were determined by the absorbance at 450 nm for the medium containing metabolites of a cell counting kit (solid bars). All data were normalized 
to the amount of control cells and expressed relative to the control in arbitrary units. The amounts of attached cells were larger in LPS-treated cells than 
in cells without any treatment, and less in LPS + TAK-treated cells than in LPS-treated cells only. The amounts of alive cells in culture with both attached 
and floating cells were determined by the absorbance of medium containing metabolites of a cell counting kit at 450 nm. There were no significant 
differences in the number of alive cells among cultures (open bar) and the viability of THP-1 cells was not influenced by LPS and TAK. The antigenicity of 
LPS to THP-1 cells was also evaluated by the IL-6 mRNA production and the inhibitory effect of TAK. The target gene cDNA from the total cell volumes, 
attached and floating, in culture were normalized to β-actin cDNA. All data were expressed relative to the control in arbitrary units. The amounts of IL-6 
mRNA were for cells with LPS than in cells without any treatment, and smaller in cells with LPS + TAK than in cells with LPS only. *Significantly different 
from the other two in ANOVA (P < 0.001)

 



Page 5 of 15Seki et al. BMC Nephrology           (2025) 26:38 

Japan), and recombinant mouse TNF-α (10 pg/ml, 
sodium azide free, R&D Systems) were tested using 
water soluble tetrazolium salts WST-8 (2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophe-
nyl)-2 H-tetrazolium) of a Cell Counting Kit-8 (Dojindo 
Molecular Technologies, Inc., Tokyo, Japan). The dos-
ages were determined according to the data sheets and 
previous studies [46–49]. The nicotinamide adenine 
dinucleotide produced by intracellular dehydrogenase in 
mitochondria reduces WST-8 to orange formazan dye via 
1-methoxy-5-methylphenazinium methylsulfate. Since 
the amount of formazan dye as a reduction product of 
WST-8 is proportional to the number of alive cells, the 
number was estimated with optical density measure-
ments at the 450 nm wavelength by a microplate reader. 
Relative viabilities were calculated according to the fol-
lowing formula: absorbance of experimental culture / 
absorbance of control culture. All data were normalized 
to controls with no treatment and expressed in arbitrary 
units.

Cell adhesion assay
The antigenicity of purified Fn-LPS was also determined 
by the cell adhesion to investigate the number of macro-
phage-like THP-1 cells differentiated from monocyte-like 
THP-1 cells cultured with the Fn-LPS and evaluated by 
the inhibitory effect to the cell adhesion by TAK-242. The 
THP-1 cells were cultured with LPS (100 ng/ml) or with 
LPS (100 ng/ml) and TAK-242 (1 µM, Sigma-Aldrich 
Japan) in a 6-well plate for 24  h. After the treatment 
the culture medium was removed and washed by new 
medium five times. The cells attached on the 6-well plate 
were cultured in the medium containing the substrate of 
cell counting kit-8 for 4 h and the absorbance of WST-8 
metabolizing was measured at 450 nm to determine the 
number of macrophage-like attached cells differentiated 
from THP-1. All data were normalized to the control 
with no treatment and expressed in arbitrary units.

Cell activation assay
The activation of mouse primary proximal tubular epi-
thelial cells by Fn-LPS, TNF-α, and J774.1 cells with 

Fn-LPS was investigated. The procedures and dosages 
were determined according to the data sheets and pre-
vious studies [15, 33, 34, 46, 47, 50, 51].The tubular cells 
were cultured in 24-well plates and in 6-well plates on 
glass cover slips with the medium containing Fn-LPS 
(100 ng/ml) or TNF-α (10 pg/ml, azide free, ED50: 8–50 
pg/m, aa80-235; R&D Systems Inc., Minneapolis, MN), 
and co-cultured with J774.1 cells supplemented with Fn-
LPS (100 ng/ml) in the culture insert (pore size 0.4 μm, 
Falcon, Thermo Fisher Scientific Inc., Chino, CA). After 
culturing the SGLT2 production was analyzed by RT-
PCR, cell ELISA, and immunostaining as described 
below.

Real-time PCR
The real-time PCR was performed to quantify the mRNA 
expressed amounts of human IL-6 in THP-1 cells and 
mouse SGLT2 in the cultured mouse renal proximal 
tubular epithelial cells, and in the mouse kidney tis-
sue using primer sets where the specificities had been 
confirmed by the manufacturer (Sigma-Aldrich Japan) 
described elsewhere [15, 16, 33, 34](Table  1). Imme-
diately after excision five mm squares of tissue from 
mouse kidneys were ground into a paste with a scalpel on 
glass plates on ice and dissolved in the RLT buffer of an 
RNeasy kit (Qiagen, Inc., Tokyo, Japan). Also, THP-1 cell 
pellets collected by centrifugation at 200 x g for 10 min, 
and the renal proximal tubular epithelial cells attached 
on the 6-well plate were also dissolved in the RLT buf-
fer of an RNeasy kit (Qiagen). The total RNA extrac-
tion from the tissue was performed with a QIAshredder 
column and an RNeasy kit (Qiagen). When many non-
specific bands were identified at the gel electrophore-
sis after the PCR, a DNAfree kit (Ambion, Huntingdon, 
UK) was used to remove contaminating genomic DNA. 
The cDNA samples were analyzed by RT-PCR to quan-
tify the mRNA amounts with 50 pM of primer sets. The 
cDNA (1 µl) was amplified in a 25 µl volume of Power-
SYBR Green PCR Master Mix (Applied Biosystems, Fos-
ter City, CA, USA) in a Stratagene Mx3000P real-time 
PCR system (Agilent Technologies, Inc., Santa Clara, CA, 
USA) and the fluorescence was monitored at each cycle. 
Cycle parameters were 95˚C for 15  min to activate Taq 
followed by 40 cycles of 95˚C for 15s, 58˚C for 1  min, 
and 72˚C for 1  min. Two standard curves were created 
for the real-time analysis from amplicons for β-actin and 
target genes in three serial 4-fold dilutions of cDNA. 
The β-actin/SGLT2/IL-6 gene cDNA levels in each of 
the samples were quantified with β-actin/SGLT2/IL-6 
standard curves by allowing the Mx3000P software to 
accurately determine each cDNA unit. Finally, the target 
gene cDNA amounts in each sample were normalized to 
β-actin cDNA. All data were normalized to controls with 
no treatment and expressed in arbitrary units.

Table 1  Primer sets
gene bp Upper (5`-3`) Lower (5`-3`)
human IL-6 101 ​C​T​G​G​A​T​T​C​A​A​T​G​A​G​G​A​G​A​C​

T​T​G​C​C
​C​T​C​A​C​T​A​C​T​C​T​C​A​
A​A​T​C​T​G​T​T​C​T​G​G​A

mouse IL-6 263 ​A​T​G​T​T​C​T​C​T​G​G​G​A​A​A​T​C​G​T​G​
G​A​A​A​T

​T​C​T​C​T​G​A​A​G​G​A​C​T​
C​T​G​G​C​T​T​T​G​T

mouse SGLT2 209 ​C​C​C​A​T​C​C​C​T​C​A​G​A​A​G​C​A​T​
C​T​C​C

​C​T​C​A​T​C​C​C​A​C​A​G​A​
A​C​C​A​A​A​G​C​A

mouse 
actin-b

441 ​G​T​T​C​T​A​C​A​A​A​T​G​T​G​G​C​T​G​A​
G​G​A

​A​T​T​G​G​T​C​T​C​A​A​G​T​
C​A​G​T​G​T​A​C​A​G

human 
actin-b

495 ​A​T​G​T​T​T​G​A​G​A​C​C​T​T​C​A​A​C​A​C ​C​A​C​G​T​C​A​C​A​C​T​T​C​
A​T​G​A​T​G​G
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Cell ELISA
The ELISA to examine the induction of SGLT2 in proxi-
mal tubular epithelial cells (C57-6015, Cell Biologics) 
by Fn-LPS, TNF-α, and J774.1 cells with Fn-LPS was 
performed according to the method described else-
where [33]. The cells with the treatment in 24-well plates 
described above were fixed in 100% methanol for 5 min 
at -20˚C followed by treatment with 0.5 µl of PBS block-
ing solution containing goat serum (0.1%) for 30 min at 
20˚C and then with 0.5 µl of blocking solution containing 
rabbit anti-mouse SGLT2 (1 µg/ml of #ab85626, Abcam 
plc., Cambridge, UK) for 8  h at 4˚C. After the primary 
antibody treatment, the sections were washed three 
times in PBS for 10  min, treated with 0.5  ml of block-
ing solution containing a peroxidase-conjugated second 
antibody (0.1 µg/ml, Vector Elite ABC kit; Vector Labo-
ratories, Burlingame, CA) for 1 h at 20˚C, reacted with a 
TMB kit (volume 0.18 ml; Thermo Fisher Scientific, Inc., 
Waltham, MA) at room temperature, and then the absor-
bance changes at 450 nm were measured by a microplate 
reader. The relative production amounts of SGLT2 pro-
tein were evaluated by the absorbance of TMB metabo-
lizing and normalization to the control, expressed in 
arbitrary units.

Immunohistochemistry
The procedure was performed according to the method 
described elsewhere [15, 33, 34]. The frozen 10  μm 
mouse kidney tissue sections cut in a cryostat on slide 
glass were fixed in 100% methanol for 5  min at -20˚C. 
The sections were rinsed by 10 mM PBS and immersed in 
the PBS blocking solution containing goat serum (0.1%) 
for 30 min at 20˚C, and then double immunostained with 
a rabbit polyclonal anti-mouse SGLT2 (#ab85626, Abcam 
plc., Cambridge, UK) to discriminate proximal tubules 
and a hamster monoclonal anti-mouse podoplanin clone 
8.8.1 (#127402, BioLegend Inc., San Diego, CA, USA) to 
distinguish renal glomerular podocytes and macrophages 
[34]. The sections were treated with blocking solution 
containing primary antibodies (1  µg/ml) for 8  h at 4˚C. 
After the treatment the sections were washed three times 
in PBS for 10  min and immunostained for 1  h at 20˚C 
with Alexa Fluor 488/568-conjugated goat anti- hamster/
rabbit IgGs (0.1 µg/ml, Probes Invitrogen Com., Eugene, 
OR). The sections were mounted in 50% polyvinylpyr-
rolidone solution and examined by microscope digital 
camera systems with CFI Plan Apo Lambda lens series 
and DS-Ri2/Qi2 (Nikon Corp., Tokyo, Japan). All experi-
ments were repeated three times with several sections.

For the cultured cells, THP-1 and tubular cells were 
immunostained by anti-IL-6 and by anti-SGLT2. The 
monocyte-like THP-1 cells floating in the medium were 
harvested by centrifugation. Since the macrophage-like 
THP-1 cells activated by Fn-LPS were attached in the 

6-well plate, the cells were trypsinized and harvested by 
the centrifugation. The cell pellets were resuspended in 
PBS and the cell suspension (10  µl) was placed on slide 
glass and air dried. The mouse renal proximal convoluted 
tubular cells cultured on glass cover slips were also air 
dried. The cells on the glass were fixed in 100% metha-
nol for 5 min at -20˚C, rinsed by 10 mM PBS, and then 
immersed in the PBS blocking solution containing goat 
serum (0.1%) for 30  min at 20˚C. After blocking, cells 
were exposed to primary antibodies (1 µg/ml) diluted in 
the blocking agent for 8 h at 4˚C. The THP-1 cells were 
treated with a rabbit polyclonal anti-human IL-6 (1  µg/
ml, #ab6672; Abcam plc., Cambridge, UK) and mouse 
proximal tubular cells were treated with rabbit polyclonal 
anti-mouse SGLT2 (#ab85626, Abcam plc., Cambridge, 
UK). After the treatment cells were exposed to secondary 
antibodies (0.1  µg/ml): Alexa Fluor 488/568-conjugated 
goat anti-rabbit IgG (Probes Invitrogen). Cell nuclei 
were counterstained with 4’, 6-diamidino-2-phenylindole 
(DAPI). The immunostained sections were examined 
by microscope digital camera systems with a CFI Plan 
Apo Lambda lens series and DS-Ri2/Qi2 (Nikon Corp., 
Tokyo, Japan).

Measurements of the immunostained areas of tissue 
sections
The SGLT-positive glomeruli immunostained by anti-
SGLT2 (Abcam) were counted by fluorescence micros-
copy (BZ-810; Keyence Corp., Osaka, Japan). The 
proximal convoluted tubules where the luminal side was 
reacted with anti-SGLT2 (Abcam) were also counted 
and determined as tubules in the SGLT2 overexpression. 
Relative numbers of the SGLT-2-positive organs were 
expressed as arbitrary units according to the formula 
of the normalization to the ICR control: the number of 
organs in Fn-ICR, STZ-ICR or Fn-STZ / ICR. All experi-
ments were repeated at least five times.

Statistics
Animal experiments were done with 36 mice of 4 groups 
(9 mice in each group) as described above. All experi-
ments for immunohistochemistry, RT-PCR and ELISA 
were repeated five times. Data were expressed as the 
mean + SD and mean values were calculated with stan-
dard deviations. The statistical significance of differences 
(P < 0.01) was determined by one-way ANOVA and two-
tailed unpaired Student’s t test with STATVIEW 4.51 
software (Abacus concepts, Calabasas, CA, USA). The 
corresponding author is fully aware of the group allo-
cation at the different stages of the experiments. The 
data analysis and assessments were performed by all 
co-authors.
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Results
Antigenicity of purified Fn-LPS
It was confirmed that THP-1 cells usually express TLR2 
and TLR4. The number of macrophage-like cells attached 
on the culture plate was significantly increased with 
Fn-LPS in monocyte-like floating THP-1 cells and the 
increase was suppressed by the TLR4 inhibitor (Fig.  1). 
The produced amount of IL-6 mRNA in THP-1 cells was 
also significantly increased with Fn-LPS and the pro-
duction was suppressed by the TLR4 inhibitor. The via-
bility of THP-1 was not influenced by Fn-LPS or TLR4 
inhibitor.

Expression of SGLT2 in the cultured tubular epithelial cells
The tubular epithelial cells without any treatment and 
the cells cultured with Fn-LPS or co-cultured with J774.1 
were rarely immunostained by anti-SGLT2, whereas the 
tubular epithelial cells cultured with TNF-α were immu-
nostained by anti-SGLT2 as well as the cells co-cultured 

with Fn-LPS-supplemented J774.1 cells (Fig. 2). The via-
bility of proximal tubular epithelial cells was not influ-
enced by the experiment. There was no difference in the 
SGLT2 protein production amounts between tubular 
epithelial cells without any treatment and the cells cul-
tured with Fn-LPS or co-cultured with J774.1, whereas 
the protein amounts were significantly larger in the cells 
with TNF-α than in the cells with Fn-LPS or co-cultured 
with J774.1 (Fig.  2). Moreover, the SGLT2 protein pro-
duction amounts were significantly larger in the cells co-
cultured with Fn-LPS-supplemented J774.1 cells than in 
the cells with TNF-α only (Fig.  2). There was no differ-
ence in the mRNA amounts of SGLT2 between tubular 
epithelial cells and the cells with Fn-LPS or co-cultured 
with J774.1, whereas the mRNA amounts in the tubular 
epithelial cells were significantly larger in the cells with 
TNF-α than in the cells with Fn-LPS or co-cultured with 
J774.1 (Fig. 2). Moreover, the mRNA amounts of SGLT2 
were also significantly larger in the cells co-cultured with 

Fig. 2  Expression of SGLT2 in cultured mouse primary proximal tubular epithelial cells. A. Immunostaining by anti-SGLT2. Cells cultured on glass slips 
were immunostained by anti-SGLT2 in red and nuclei were counterstained by DAPI in blue. The negative control MC3T3-E1 cells were not immunos-
tained by SGLT-2. The untreated tubular epithelial cells (cont) and the cells cultured with Fn-LPS (LPS) were rarely immunostained by anti-SGLT2. The 
tubular epithelial cells cultured with TNF-α were strongly immunostained by anti-SGLT2 as well as the cells co-cultured with Fn-LPS-supplemented 
J774.1 cells (J774.1 + LPS). Bar: 100 μm. B. Cell ELISA analysis for the expression of SGLT2 protein. The produced amounts of SGLT2 protein (closed bars) 
were determined by the mean absorbance of TMB metabolizing at 450 nm. All data were expressed relative to the control cells cultured without any 
treatment (cont) in arbitrary units. The amounts of alive cells in culture with both attached and floating cells were also determined by the absorbance 
of medium containing metabolites of a cell counting kit at 450 nm. There was no significant difference in the number of alive cells among culture (open 
bars) and the viability of proximal tubular epithelial cells was not influenced by the experiment. There was no difference in the SGLT2 protein amounts 
between the control tubular epithelial cells, the control cells with Fn-LPS (LPS) or the control cells co-cultured with J774.1. The SGLT2 protein amounts 
were significantly larger in the cells with TNF-α than in the controls. The SGLT2 protein amounts were also significantly larger in the cells co-cultured with 
Fn-LPS-supplemented J774.1 cells (J774.1 + LPS) than in the cells with TNF-α. *Significantly different compared to the other four in ANOVA (P < 0.001). 
C. real time-PCR analysis for the SGLT2 mRNA. The target gene cDNA amounts were normalized to β-actin cDNA. All data were expressed relative to the 
control cells cultured without any treatment (cont) in arbitrary units. There was no difference in the mRNA amounts of SGLT2 between tubular epithelial 
cells and the cells with Fn-LPS (LPS) or co-cultured with J774.1. The mRNA amounts of SGLT2 in the tubular epithelial cells were significantly larger in the 
cells with TNF-α than in the cells with LPS. The mRNA amounts of SGLT2 in the tubular epithelial cells was also significantly larger in the cells co-cultured 
with Fn-LPS-supplemented J774.1 cells (J774.1 + LPS) than in the cells with TNF-α. *Significantly different compared to the other four in ANOVA (P < 0.001)
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Fn-LPS-supplemented J774.1 cells than in the cells with 
TNF-α only (Fig. 2).

Changes of blood glucose, BUN, CRE levels and survival 
curves
The time to reach diabetic condition where the blood 
glucose level reaches over 300 mg/dl was shorter in mice 
administered with both STZ and Fn-LPS than in mice 
administered with STZ only, and the rise for the blood 
glucose level was significantly steeper in mice adminis-
tered with both STZ and Fn-LPS than in mice adminis-
tered with STZ only (Fig. 3). The mean of blood glucose 
levels was statistically significantly higher than in mice 
administered with both STZ and Fn-LPS than in mice 
with STZ only (Fig.  3). Urine albumin, and blood BUN 
and CRE were significantly higher in the diabetic mice 
administered Fn-LPS than in the diabetic mice not 
administered Fn-LPS and other mice (Fig.  4). For the 
survival curve all of the mice with both STZ and Fn-LPS 
reached humane endpoints during the survival period of 
all of the mice administered Fn-LPS/STZ only (Fig. 4).

Expression of SGLT2 in the mouse renal tissue
The reaction products of immunostaining with anti-
SGLT2 were rare in the renal tissue of control mice both 
with no treatment and with Fn-LPS alone whereas the 
strong immunostaining with anti-SGLT2 was observed in 
the renal tissue of diabetic mice and those with Fn-LPS 

administration (Fig.  5). Reaction products with anti-
SGLT2 were observed in the glomeruli and renal proxi-
mal tubules of the diabetic mice and those administered 
Fn-LPS (Fig.  6). In the diabetic mice the reaction prod-
ucts with anti-SGLT2 were observed in the cytoplasm 
near the outer wall of the proximal tubules whereas in 
the diabetic mice with Fn-LPS the reaction products 
with anti-SGLT2 were observed in the cytoplasm both 
near the outer wall and at the inner wall of the proximal 
tubules with diffused reaction products in the lumen 
(Fig.  7). The promotion of the SGLT2 expression at the 
inner lumen of proximal tubules were stronger in the Fn-
LPS-administered-diabetic mice than in diabetic mice. 
Inflammatory podoplanin-positive macrophages were 
observed, and the tissue appears to be nephropathic 
because secretions filled the lumen of the damaged 
tubules (Fig.  7). The reaction products with anti-podo-
planin were also observed on macrophages. In the quan-
titative analysis for the SGLT2 mRNA expression in the 
mouse renal tissue the expression was higher in the dia-
betic mice than in healthy mice and in mice administered 
Fn-LPS, whereas the amount was higher in the diabetic 
mice administered Fn-LPS than in the diabetic mice 
(Fig. 8). The number of glomeruli with reaction products 
to anti-SGLT2 was more common in the diabetic mice 
than in healthy mice and in Fn-LPS-administered mice, 
while there was no statistically significantly difference 
between the diabetic mice and the Fn-LPS-administered 

Fig. 3  Quantitative analysis of blood sugar levels. The increase of blood glucose was steeper in mice administered with STZ and Fn-LPS (solid lines) than 
in mice administered with STZ only (dashed line). The mean time to reach diabetic condition (300 mg/dl of blood glucose) was shorter in mice adminis-
tered with both STZ and Fn-LPS than in mice administered with STZ only. The mean of blood glucose levels was statistically significantly higher than in 
mice administered with both STZ and Fn-LPS than in mice administered with STZ only
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diabetic mice. The number of renal proximal tubules 
with reaction products to anti-SGLT2 at the luminal side 
was more common in the Fn-LPS-administered diabetic 
mice than in healthy mice, in diabetic mice, and in mice 
administered Fn-LPS only.

Discussion
Induction of SGLT2 by F. Nucleatum LPS in the cultured 
tubular epithelial cells
P. gingivalis is the most important periodontal patho-
gens that have been studied for the association between 

Fig. 5  The renal SGLT2 expression in the mouse tissue The renal tissue sections were immunostained by anti-podoplanin to demonstrate glomeruli in 
green and by anti-SGLT2 in red. Top panels are HE stained. Sections were counterstained to nuclei by DAPI in blue. The reaction with anti-SGLT2 was very 
weak in control mice without any treatment (ICR) and in mice with Fn-LPS only (LPS), whereas there was a strong reaction with anti-SGLT2 in the STZ-
induced diabetic mice (STZ) and in the diabetic mice with LPS (STZ-LPS). Bar: 100 μm

 

Fig. 4  Quantitative analysis of blood BUN and CRE, and survival curves. Urine and blood samples of diabetic mice with Fn-LPS were collected after 
euthanasia on the day the mice reached humane endpoints, and of other mice were collected on the day the last diabetic mice with Fn-LPS reached 
humane endpoints. The samples were analyzed for urine albumin, blood urea nitrogen (BUN), and for blood creatinine (CRE). Albumin, BUN and CRE were 
significantly higher in the diabetic mice administered Fn-LPS than in the diabetic mice not administered Fn-LPS and other mice. Survival curves of control 
and diabetic mice with/without Fn-LPS were plotted from the day blood glucose levels reached the diabetic range described above. The survival curve 
showed that all of the mice with both STZ and Fn-LPS (solid line) reached humane endpoint during the survival period of all of the mice administered 
STZ/Fn-LPS only (dashed line). Values are mean ± SE. *Significantly different compared to the other four in ANOVA (P < 0.001)
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periodontal disease and circulatory and renal disorders 
in immunocompromised patients [33, 34]. However, 
P. gingivalis LPS activates TLR2 but TLR4 very weakly, 
and it has been reported that P. gingivalis LPS bind-
ing to TLR masks non-specific defense mechanisms. In 
recent years, many researchers reported the induction 
of cancer and inflammation in the large intestine due to 
the activation of TLR4 by F. nucleatum [35–38]. There-
fore, our findings that F. nucleatum may aggravate diabe-
tes and induce nephropathy are significant in elucidating 
the relationship between the progression and complica-
tions of diabetes and periodontitis. Experimental anti-
genicity and clinical pathogenicity of heat-inactivated 
F. nucleatum including LPS has been reported [38, 43, 
44]. It is also well known that there is induction of IL-6 
and TNF-α by sensing LPS via TLR4 in the mouse and 
human monocyte-macrophage like cell line J774.1 and 
THP-1 [43, 44, 51]. In the test for the antigenicity of puri-
fied Fn-LPS, the adhesive macrophage-like cells differen-
tiated from the floating monocyte like THP-1 cells with 
expressing TLR2 and TLR4 were significantly increased 
with Fn-LPS and the differentiation was suppressed by 
the TLR4 inhibitor, indicating that the purified Fn-LPS 
enables stimulating of monocytes via TLR4 (Fig. 1). The 
produced amount of IL-6 mRNA in THP-1 cells was sig-
nificantly increased with Fn-LPS and the induction was 
counteracted by the TLR4 inhibitor, indicating that the 
antigenicity of the purified Fn-LPS in this study is useful 

as a TLR4 ligand (Fig.  1). It has been reported that the 
production of SGLT2 in tubular epithelial cells increases 
by inflammatory cytokines like IL-6 and TNF-α [50]. In 
the cultured proximal tubular epithelial cells, the expres-
sion of SGLT2 was not influenced by Fn-LPS but induced 
by culturing with TNF-α, further, the cells co-cultured 
with Fn-LPS-supplemented monocyte like mouse J774.1 
cells expressed SGLT2 more strongly than the cells cul-
tured with TNF-α (Fig.  2). In our previous studies the 
expression of TLR2/4 are usually not observed in glomer-
uli and tubular epithelial cells while it has been reported 
in human and murine somatic tissue with the diabetic 
condition [14, 15]. There have been also reports that 
inflamed tubular epithelial cells produce inflammatory 
cytokines by sensing pathogens via TLR4 [20, 52, 53]. 
These suggest that the SGLT2 expression is induced by 
several inflammatory cytokines including at least TNF-α 
derived from immunocytes like macrophages sensing Fn-
LPS via TLR4. The overexpression of SGLT2 may also 
occur through recognition of Fn-LPS by TLR4 expressed 
on tubular epithelial cells themselves in the somatic tis-
sue under diabetic conditions.

Effect of Fn-LPS to blood glucose control
There are reports suggesting that periodontal disease is 
an important risk factor for diabetic exacerbation from 
the standpoint of the periodontal-systemic circulation 
[3–7]. We previously demonstrated a model of diabetes 

Fig. 6  SGLT2 distribution in glomeruli The renal tissue sections were immunostained by anti-podoplanin to demonstrate glomeruli in green and by anti-
SGLT2 in red. Top panels are by HE staining. Sections were counterstained to nuclei by DAPI in blue. No reaction to anti-SGLT2 was observed in glomeruli 
of the control mice (ICR) and in mice administered Fn-LPS only (LPS), while there was reaction in glomeruli in the STZ-induced diabetic mice (STZ) and in 
the LPS-administered diabetic mice (STZ-LPS). Bar: 100 μm
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exacerbation induced by P. gingivalis LPS, but the abil-
ity of P. gingivalis LPS to activate TLR4 was very weak, 
therefore, we have been sought to identify periodontal 
pathogens that contribute more strongly to the exacer-
bation of diabetes than P. gingivalis [16, 33]. In this pres-
ent study, the Fn-LPS administration under the buccal 
mucosa of the diabetic model mice shortened the time 
to reach diabetic conditions with the steep rise of blood 
glucose levels comparing with usual diabetic model mice 
(Fig. 3). This may suggest that the infection of F. nuclea-
tum in periodontal disease enables acceleration of the 
exacerbation of diabetes. We have reported that P. gingi-
valis LPS caused the severe diabetic nephropathy due to 
the abnormal immunoreaction of TLR2 in the renal tis-
sue of diabetic model mice [16]. It has been reported that 
the detected level of F. nucleatum is higher in patients 
with uncontrolled diabetes than in patients without dia-
betes, and that F. nucleatum causes TLR4-mediated 
strong inflammation, such as fetal demise [54] and large 
intestine [35–38]. Since urine albumin, and blood BUN 
and CRE were significantly higher in the diabetic mice 
administered Fn-LPS than in the diabetic mice not 
administered Fn-LPS and other mice, it is thought that F. 
nucleatum-associated renal inflammation is not only an 

exacerbation factor of diabetes but also a risk factor pro-
voking diabetic nephropathy (Fig. 4). All of the Fn-LPS-
administered diabetic mice reached humane endpoints 
during the survival period of all of the diabetic mice and 
the Fn-LPS-administered mice, indicating that Fn-LPS 
became a lethal factor in STZ-administered mice in the 
diabetic condition (Fig. 4).

Effect of Fn-LPS to the SGLT2 expression in the renal tissue
We have reported that P. gingivalis LPS occurs the abnor-
mal accumulations of the several molecules including 
SGLT2 in diabetic mouse kidneys and induces severe 
nephropathy [14–16, 33, 34]. In the immunohistochemi-
cal study,

the SGLT2 expression was rarely observed in healthy 
mice with/without Fn-LPS but the expression was found 
in diabetic mice and in Fn-LPS-administered diabetic 
mice both in renal proximal tubules (Fig.  5) and also 
in glomeruli (Fig.  6). Considering the results of in vitro 
experimental models (Fig.  2), these may suggest that 
the abnormal SGLT2 expression was induced by the 
inflammatory cells or inflamed glomerular and tubular 
cells themselves sensing Fn-LPS via TLR2/4 under dia-
betic conditions. It has been reported that the SGLT2 

Fig. 7  SGLT2 distribution proximal tubules The renal tissue sections were immunostained by anti-podoplanin to demonstrate macrophages in green and 
by anti-SGLT2 in red. Top panels are by HE staining. Sections were counterstained to nuclei by DAPI in blue. The immunoreaction to anti-SGLT2 was very 
weak in renal proximal tubules in the control mice (ICR) and in mice administered Fn-LPS only (LPS), while there was a strong reaction with anti-SGLT2 
(arrows) in STZ-induced diabetic mice (STZ) and in the LPS-administered diabetic mice (STZ-LPS). The immunoreaction with anti-SGLT2 in the proximal 
tubules of the diabetic mice was mainly observed in the cytoplasm near the basal side (arrows). In the LPS-administered diabetic mice reaction with anti-
SGLT2 in the proximal tubules was observed in the cytoplasm at the inner side and there was significant diffusion of reaction products with anti-SGLT2 
in the lumen of the proximal tubules (asterisk). The tissue appears to be nephropathic based on findings that reaction products with anti-podoplanin 
were also observed on macrophages in green (arrowhead), and that reaction products with anti-SGLT2 fill the lumen of the damaged proximal tubules 
(asterisks in HE). Bar: 100 μm
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expression occurs at the brush border in renal proximal 
tubule epithelial cells [55, 56]. However, it seems natu-
ral that in a healthy state SGLT2 is rarely expressed at a 
detection level of immunostaining because the overex-
pression reads to be hyperglycemia. Further, the SGLT2 
accumulation on the basal side of proximal tubules sig-
nificantly increased in the diabetic mice and transport to 
the luminal side and the significant diffusion of SGLT2 
in the lumen occurred in the mice with severe diabetic 
exacerbation and nephropathy by Fn-LPS (Fig. 7). It was 
thought that SGLT2 in the rough endoplasmic reticulum 
near the nucleus is first stored on the basal side and then 
moves to the luminal side to play a role in the reabsorp-
tion of glucose flowing through the renal tubule [55, 56]. 
Furthermore, in the nephropathic kidneys of severely 
diabetic mice, many podoplanin-positive macrophages 
were observed between tubules (Fig. 7). The Fn-LPS may 
contribute to the abnormal overexpression of SGLT2 
due to the inflammatory response of inflamed tubular 
cells or immunocytes sensing Fn-LPS. The renal SGLT2 
mRNA amounts were higher in the diabetic mice than 
in healthy mice with/without Fn-LPS, and the mRNA 

amounts in the diabetic mice increased significantly 
by the Fn-LPS (Fig. 8). Further, the number of proximal 
tubules with SGLT2 expression at the inner wall and the 
significant diffusion of SGLT2 in the lumen of the dia-
betic mice increased significantly by the Fn-LPS although 
there was no difference in the glomerular SGLT expres-
sion by Fn-LPS administration (Fig. 8). From these above 
results, it is thought that F. nucleatum LPS may accelerate 
the promotion of SGLT expression by the inflammatory 
response of the tubular cells themselves and intertubular 
macrophages which increased susceptibility to infection 
under diabetic circumstances.

Oral bacterial components enter the systemic circulation 
and spread to the whole body, and the immunoreaction 
complexes with the components accumulate in the kidneys 
while intestinal inhabitants enter the liver via the enterohe-
patic circulation and are immediately sterilized [3–7].

The glomerular capillaries rarely express TLR2/4 in 
the healthy condition but strongly express them under 
diabetic conditions, and produce inflammatory cyto-
kines by sensing the periodontal pathogen derived from 
the circulation via abnormally expressed TLR2/4, and 

Fig. 8  Quantitative analysis for the SGLT2 expression in the mouse tissue (A) Real time-PCR. The SGLT2 mRNA amounts of the renal tissue was higher 
in the STZ-induced diabetic mice (STZ) than in healthy control mice without any treatment (ICR) and in the Fn-LPS-administered mice (LPS). The SGLT2 
mRNA amounts were also higher in the Fn-LPS-administered diabetic mice (STZ-LPS) than in the diabetic mice. The target gene cDNA amounts were nor-
malized to β-actin cDNA and all data were expressed relative to controls in arbitrary units. *Significantly different compared to the other three in ANOVA 
(P < 0.001). (B) Number of SGLT2-expressed glomeruli. The number of glomeruli with reaction products to anti-SGLT2 was larger in the STZ-induced 
diabetic mice (STZ) than in the healthy control mice without any treatment (ICR) and in the Fn-LPS-administered mice (LPS), while there is no statistically 
significantly difference between the diabetic mice and the Fn-LPS-administered diabetic mice (STZ-LPS). All data are expressed relative to controls in 
arbitrary units. *Significantly different compared to the other two groups by ANOVA (P < 0.001). (C) Number of SGLT2-expressed proximal tubules. The 
number of renal proximal tubules with reaction products to anti-SGLT2 both in the cytoplasm at the inner side and in the lumen was more in the Fn-LPS-
administered diabetic mice (STZ-LPS) than in healthy control mice without any treatment (ICR), in the Fn-LPS-administered mice (LPS), in the STZ-induced 
diabetic mice (STZ). All data are expressed relative to controls in arbitrary units. *Significantly different compared to the other three in ANOVA (P < 0.001)
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finally causes diabetic nephropathy [10–13, 33, 34, 48, 57]
(Fig. 9).

Since it has been reported that F. nucleatum shows TLR4-
associated strong pathogen, it may be postulated that the 
cell membrane components derived from F. nucleatum LPS 
cause renal inflammatory reactions through the recognition 
by overexpressed TLR4 on the glomeruli and leukocytes 
under renal diabetic conditions and induces the produc-
tion of inflammatory cytokines which accelerate the abnor-
mal expression of SGLT2 in glomeruli and renal proximal 
tubules [35–38](Fig. 9).

The SGLT2 accumulates without being metabolized 
due to renal dysfunction, and inflammatory cytokines 
like IL-6 and TNF-α progressively induce SGLT2 overex-
pression in diabetic kidneys as nephritis progresses [8, 9, 
38, 58, 59]. Altogether this present study may suggest that 
the proximal tubular epithelial cells could abnormally 
upregulate the SGLT2 expression by sensing F. nucleatum 
LPS in patients with increased susceptibility to infection 
under the diabetic condition and cause the tubulointer-
stitial nephritis (Fig. 9). Since SGLT2 increases in diabetic 
patients with persistent hyperglycemia, periodontitis-
induced SGLT2 overexpression may be a serious diabetes 
exacerbating factor.

Conclusions
The results suggest that renal diabetic inflammatory events 
in the presence of pathogens derived from F. nucleatum 
accelerate the expression of SGLT2 in the proximal tubules. 
Periodontal care may prevent the exacerbation of diabe-
tes by the suppression of inflamed overexpression of renal 
SGLT2.
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